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Abstract

The conjugate gradient method is the default iterative method for the solu-
tion of linear systems of equations with a large symmetric positive definite
matrix A. The development of techniques for estimating the norm of the er-
ror in iterates computed by this method has received considerable attention.
Available methods for bracketing the A-norm of the error evaluate pairs of
Gauss and Gauss-Radau quadrature rules to determine lower and upper
bounds. The latter rules require a user to allocate a node (the Radau node)
between the origin and the smallest eigenvalue of the system matrix. The
determination of such a node generally demands further computations to es-
timate the location of the smallest eigenvalue; see, e.g., [14, 15, 16, 20, 21].
An approach that avoids the need for a lower bound of the smallest eigen-
value is to replace the Gauss-Radau quadrature rule by an anti-Gauss rule
such as in [4]. However, this approach may sometimes yield inaccurate error
norm estimates. This paper proposes the use of pairs of Gauss and asso-
ciated optimal averaged Gauss quadrature rules to estimate the A-norm of
the error in iterates determined by the conjugate gradient method.
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1. Introduction

Linear systems of equations
Az =1b (1)

with a large symmetric positive definite matrix A € R™*" and right-hand
side vector b € R™ are often solved by the conjugate gradient (CG) iterative
method. It is desirable to be able to estimate the norm of the error in iterates
computed by the CG method so that the computations can be terminated
as soon as an iterate that approximates the solution of (1) with required
accuracy has been determined.

Let z, € R™ denote the solution of (1) and let zy € R™ stand for the ¢th
iterate determined by the CG method when applied to the solution of this
system. In many applications, e.g., in physics and structural engineering,
since A is symmetric positive definite, it is meaningful to measure the error
€y = Ty — Tp with the A-norm,

[Eella = /€7 A, (2)

where the superscript 7 denotes transposition. The A-norm is often referred
to as the energy norm.

The development of techniques for determining bounds or estimates of
the A-norm of the error (2) has received considerable attention in the liter-
ature; see, e.g., [14, 15, 16, 20, 21, 23, 24, 34]. The CG method is closely re-
lated to Gauss-type quadrature rules, and one approach to calculate bounds
for (2) evaluates pairs of Gauss and Gauss-Radau quadrature rules. To
obtain an upper bound, the latter rule requires the user to specify a node
(the Radau node) between the origin and the smallest eigenvalue of A. In
many applications the allocation of this node is not straightforward, be-
cause further computations typically are required to determine a positive
lower bound for the smallest eigenvalue of A, though there are exceptions;
see, e.g., [13, 18, 27| for preconditioned linear systems of equations that arise
from the discretization of certain boundary value problems for some partial



differential equations for which a lower bound for the smallest eigenvalue of
A can be determined quite inexpensively.

To improve the accuracy of the Gauss lower bound, Golub and Strakos
[16] as well as Golub and Meurant [14, 15, 20] used a Gauss rule of higher
degree of precision. Specifically, they introduce a “delay” of d conjugate
gradient steps when computing an estimate of ||ey||4, i.e., they estimate
|lee]| 4 when £+ d steps of the CG method have been carried out. This adds
an expense of d matrix-vector product evaluations that are not required
to satisfy a specified error-tolerance for the A-norm. How expensive these
d matrix-vector product evaluations are depends on the size of the matrix
A, on how the matrix is stored, and on how the matrix-vector product
is computed. It could be quite expensive; see [10, Example 1.1] for an
illustration. Typical values of the delay d are d = 5, d = 10, or larger; see
[14, 16, 20]. Large delays may sometimes be required. A heuristic algorithm
for an adaptive choice of the delay during the CG iterations to obtain a
required accuracy is proposed in [22]; see also [25].

The difficulties with the approaches mentioned above to estimate the
error norm in the CG method lead Calvetti et al. [4] to propose to compute
estimates of lower and upper bounds for the A-norm by evaluating pairs of
Gauss and associated anti-Gauss quadrature rules. The latter rules, which
were introduced by Laurie [19], do not require a user to specify a node
between the origin and the smallest eigenvalue of A. A sufficient condition
for pairs of Gauss and associated anti-Gauss rules to bracket the A-norm of
the error is that the smallest eigenvalue of A is far away enough from the
origin. This follows from the discussion at the end of [5, Section 2]. However,
it is difficult to verify whether this condition holds for a given linear system
(1), and it is quite easy to find linear systems for which the anti-Gauss rules
yield error estimates of poor quality; see Example 4.3 in Section 4 for an
illustration.

Laurie [19] also defined averaged Gauss quadrature rules, which are the
average of a Gauss rule and an associated anti-Gauss rule. The difference
between the Gauss rule and an associated averaged Gauss rule can be used
to estimate the A-norm of the error. Subsequently, Spalevi¢ [33] introduced
optimal averaged Gauss quadrature rules that are of higher degree of preci-
sion than the averaged Gauss rules by Laurie [19] with the same number of
nodes. In this paper, we propose the use of pairs of Gauss and associated
averaged or optimal averaged Gauss quadrature rules, or pairs of Gauss and
shifted averaged or optimal averaged Gauss rules, to estimate the A-norm.
The shift is analogous to the delay mentioned above. These quadrature rules
do not require a user to explicitly allocate a node between the origin and



the smallest eigenvalue of A. Moreover, the shifted averaged and optimal
averaged Gauss quadrature rules give error estimates of higher quality than
using a delay of the same size as the shift for the Gauss rule. Our imple-
mentation of these rules uses an elegant approach described by Meurant and
Tichy [23] for computing quadrature rules from the recurrence coefficients
of the CG method.

This paper is organized as follows. Section 2 reviews properties of Gauss,
averaged Gauss, and optimal averaged Gauss quadrature rules. The appli-
cation of these rules to the estimation of the A-norm of the error in iterates
computed by the CG method when applied to the solution of (1) is discussed
in Section 3, where also implementations of these quadrature rules are de-
scribed. Section 4 presents a few computed examples. This paper illustrates
the performance of the computed error estimates for a few fixed values of d,
i.e., d is the same for all iterations. The methods can be extended to allow
d to depend on the iteration number ¢, similarly as described in [22, 25] at
the expense of a more complicated algorithm. Concluding remarks can be
found in Section 5.

We conclude this section by noting that techniques based on extrapola-
tion also can be applied to estimate the norm of the error in approximate
solutions determined by iterative methods; see, e.g., Brezinski et al. [2, 3],
Mitrouli and Roupa [26], and [28] for illustrations. A careful comparison of
quadrature methods and extrapolation methods is a topic for forthcoming
work.

2. Gauss, averaged (Gauss, and optimal averaged Gauss quadra-
ture rules

Let dw denote a non-negative real-valued measure with infinitely many
points of support on the positive real axis such that all moments p; =
[thdw(t), k =0,1,2,..., exist. We assume for notational simplicity in this
section that pg = 1. Let the function f be continuous on the convex hull
of the support of the measure and consider the approximation of Riemann-
Stieltjes integrals of the form

ﬂnz/}wmw> (3)

by an f-node Gauss quadrature rule

Ge(f) =3 £t ywll). (4)

1
k=1
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It is well known that the nodes t,(f) are real and distinct, and that the
weights w,(f) are positive. The Gauss rule has degree of precision 2¢ —1, i.e.,

it satisfies
Ge(f)=Z(f), ¥V [fe€Py,

where Pyy_1 denotes the set of all polynomials of degree at most 2¢ — 1; see,
e.g., Gautschi [12] for a proof.
The Gauss rule (4) can be associated with a symmetric tridiagonal matrix

[ a1 B 0 7
B1 ax B

.. ERZX@ (5)
Be—2 1 Pr-1

0 Be-1 oy

with non-trivial entries a, € R and 8; > 0. The oy and B,% are coeflicients
in the three-term recursion formula for the sequence of monic orthogonal
polynomials {py}32, (with deg(py) = k) corresponding to the inner product

(9.h) = / g(£) h(t) duo(2).

Thus,
pk—i—l(t) - (t - Olk+1)pk(t) - /813 pk—l(t)) k= 07 1) ceey
where p_1(t) =0, po(t) = 1, and
~ (tpr,pr) s (propr)
Apy+1 = 7 Bk - 7\
(Pk Pk) (Pr—1,Pr—1)
see [12]. The eigenvalues of Ty are the nodes tgf) and the squared first

components of normalized eigenvectors are the weights wl(f) of the Gauss
rule (4); see [12, 15]. Using the spectral factorization of Ty, it is easy to see
that the Gauss rule (4) can be expressed as

Go(f) = el f(Ty)ex; (6)

throughout this paper e; = [0,...,0,1,0,...,0]T denotes the jth column of
an identity matrix of appropriate order.

Laurie [19] introduced the (£ + 1)-node anti-Gauss rule Goy associated
with the Gauss rule (4). It is characterized by the property

(Z-Ger)(f)=—(T=Go)(f), YV fEPoy. (7)



The rule égH is related to the symmetric tridiagonal matrix

[ a1 B 0 7
fr oz [
Toy1 = e RUEFD*(E+1). 8)
Be—2 ap1 Be1
B ar V28
L 0 \/554 Qrt1 ]
Analogously to (6), we have
éHl(f) = eripf(THl)el- (9)

Moreover, }
Ge(f) = Z(f), V f€EPy 1.

Anti-Gauss rules have recently been analyzed by Diaz de Alba et al. [1].

If the magnitude of the coefficients of an expansion of the integrand f
in terms of the orthogonal polynomials p; decreases sufficiently quickly with
increasing index, then the Gauss rule (4) and the anti-Gauss rule (9) bracket
the integral (3); see [5] for a proof. We remark that in the application to
estimating the error in the CG method, the integrand of interest is f(t) =
1/t and the support of the measure is at the eigenvalues of the symmetric
positive definite matrix A in (1); see Section 3. Then, the magnitude of the
coefficients decays faster to zero the further away the support of the measure
is from the origin.

However, given a measure dw and an integrand f, it is difficult to verify
whether this condition on the coefficients holds. Therefore, it is typically not
known to a user whether pairs of the rules (4) and (9) bracket the integral
(3). Computed examples with application to the estimation of the A-norm
of the error are presented in [4] as well as in Section 4, where we illustrate
that anti-Gauss rules may determine estimates for the error norm of rather
poor quality for some linear systems of equations.

Laurie [19] also defined the averaged Gauss rule

1 o
A1 = 5(96 +Grt1) (10)

with 20+ 1 nodes. Property (7) suggests that the quadrature error for Agg;
is smaller than the quadrature error for Gy. Indeed, it follows from (7) that
the degree of exactness of Agpyq is at least 2¢ + 1. This suggests that the
difference

Aze11(f) — Ge(f) (11)



may be used to estimate the quadrature error

Z(f) = Gelf)- (12)

It is illustrated in [30] that for many integrands, the difference (11) yields a
quite accurate estimate of the quadrature error (12) for various values of ¢,
where the accuracy of the estimates depends both on the integrand as well
as on /.

Spalevi¢ [33] showed that the averaged Gauss rule (10) can be repre-
sented by a single symmetric tridiagonal matrix of order 2¢ 4 1. This obser-
vation lead him to modify this matrix to obtain the optimal averaged Gauss
quadrature rule A\2g+1 with higher degree of precision and the same number
of nodes as the averaged Gauss rule (10). The symmetric tridiagonal ma-
trix associated with the optimal averaged Gauss quadrature rule with 20+ 1
nodes is defined as follows. Introduce the reverse matrix

[ o B 0 7
Be—1 ou—1 Be—2
. .. .. e RZXZ
B2 az B
0 pfr o |

which is obtained by reversing the order of the rows and columns of the
matrix (5). The nodes and weights of the optimal averaged Gauss rule are
the eigenvalues and the squared first components of normalized eigenvectors,
respectively, of the concatenated symmetric tridiagonal matrix

Ty Beee 0

T _ T T
Torr1 = | Bee;  aup1 Begieg
0 ﬂgﬂel Té

€ REAHDX26+1).

We remark that ¢ eigenvalues of this matrix are eigenvalues of T;. Analo-
gously to (6), we have

Asei1(f) = ] f(Tos1)er.

It is easy to see that this quadrature rule has degree of precision at least
20 + 2; see, e.g., [31] for details. This suggests that the quadrature error in
the Gauss rule (4) be estimated as

Asei1(f) = Go(f). (13)



Computed examples reported in [30] show this estimate to be quite accu-
rate for many integrands. Since this rule has higher degree of precision than
Laurie’s averaged Gauss rule (10), we expect the quadrature error estimate
(13), generally, to be more accurate than the estimate (11) at least for in-
tegrands that are differentiable many times. Computed examples presented
in [30] corroborate this expectation.

It is convenient to use the representation

- Bt B2
A =G0 4+ -G , 14
where
g;ﬂ(f) = eripf(Té*H)@l (15)
with
a1 B 0 7
B oz B
T* — e . c R(Z—l—l)x(f-ﬁ-l)
o Be—2 ap_1 B
Be-1 By
L 0 »3; CTAS
and

»8; = \/ﬂﬁQ + ﬁz?-i-l'

The representation (14) is shown in [29]. It is analogous to the representation
(10) of the averaged rule and simplifies to the latter when By11 = ;. Some
properties of the quadrature rule (15) have recently been shown in [11].
The A-norm of the error in approximate solutions determined by the CG
method can be estimated by evaluating the quadrature error of the Gauss
rule (4) when applied to the integrand f(¢) = 1/t for a certain measure, that
is determined by the matrix A and right-hand side b in (1), with support on
the positive real axis. The quality of the error estimates (11) and (13) may
depend on how close to the origin a node of the averaged Gauss rules Aspiq
and optimal averaged Gauss rules Agyyq is located, because the nodes are
not required to be in the convex hull of the support of the measure that de-
termines the Gauss rule. The location of the extreme nodes of these rules has
been investigated for a variety of classical and other measures for which the
recurrence coefficients for the orthogonal polynomials are explicitly known;
see, e.g., [7, 8, 9] and references therein. The analyses show whether the
nodes are in the convex hull of the support of the measure. However, these



results generally do not shed light on how the nodes for measures that arise
in the application of this paper are allocated.

3. Error norm estimates for the conjugate gradient method

This section discusses how the averaged and optimal averaged Gauss
rules described in the previous section can be used to estimate the A-norm
of the error in iterates of the CG method when applied to the solution of the
system (1). The system is assumed to be preconditioned if preconditioning is
desired; preconditioning is discussed in, e.g., [23, 25]. We use the technique
described by Meurant and Tichy [23] to evaluate the quadrature rules.

In this and the following sections, the initial iterate is set to x¢9 = 0.
We provide an algorithm for the CG method for completeness; see, e.g.,
[15, 17, 32] for discussions of this method.

Algorithm 1 The conjugate gradient method

1: Input: Symmetric positive definite matrix A € R™*"™ b € R™, number
of steps /;

2: 29 :=0€R"; rg:=b; py:=r10;
3: for k=1to /¢

4: w = Apkfl;

5 Ve—1 = T;{_lrkfl/prkfﬂ
6 Tk = Tk—1 + Vk—1Pk—1;

7: Tk = Tk—1 — Vk—1W;

8 (Sk = Tng/T]ZW_lTk,l;

9: Pk =Tk + OpPr—1;

10: end for

11: OQutput: Approximate solution x,, recursion coefficients {'yk}i;%,
{0k Yz

The conjugate gradient method applied to the solution of (1) generates a
sequence of approximations x1, xo, .. ., xy of the solution x,. The kth iterate,
T, minimizes the A-norm of the error,

over the Krylov subspace

Ky (A,b) = span{b, Ab, ..., AF="1p},



i.e., the error (16) satisfies

Sulla = ||z — = mi — 2l a; 17
[Ela=lle —willa = _min | o~ (1)

see, e.g., [32, Chapter 6]. The residual vector r = b — Az, satisfies
rE A7 ey, = A%, = ||k]A-

Let f be a function such that f(A) is well defined and introduce the
spectral factorization

A=UANUT,

where the matrix U € R™*"™ is orthogonal and the diagonal entries of
A= diag[)\l, )\27 ey )\n]

are the eigenvalues of A. Let b/ = [bj]"_; = U”b. Then
T HAD = 3 F00) ) = [ 50 de(), (15)
j=1

where the distribution function w(t) associated with the measure dw(t) is
non-decreasing, piece-wise constant, and has jumps (b;)2 at t = \j for j =

1,2,...,n. Define the lower bidiagonal matrix
- 01
Vo 1
L= : e R, (19)

dg—2

1
L 0 Vo1 1]

the diagonal matrix
Dy = diag[1/70,1/71, ..., 1/7_1] € R, (20)
and the symmetric tridiagonal matrix
Ty = Ly¢D,L] . (21)

This is a Cholesky-type factorization. The entries of these matrices are de-
termined by the CG method and can be evaluated when ¢ steps of Algorithm
1 have been carried out. We have that

Ge(f) = [Ibll*ed f(Tr)er

10



is the f-node Gauss quadrature rule for the approximation of the integral
on the right-hand side of (18).

In the context of approximating the A-norm, we let f(t) = 1/t and define
the matrix 7T, that can be computed when n steps of the CG method have
been executed. Then

€l = IIbl1%el T, ex — [l el T, ex; (22)

see, e.g., [15, Theorem 12.1] or [21]. The matrix 7, is too expensive to
compute. Instead we approximate the first term in the right-hand side of
(22) by a quadrature rule that is more accurate than Gy(f).

We note for future reference that the entries of the matrices Ty, Ly, and
D, are related as follows:

1 _
Bk_@ O I R A Y2 (23)

- Vk—1 ’ Vk—1 Ve—2

with 09 = 0 and y_; = 1; this follows from (21).
Following Meurant and Tichy [23], we evaluate the Gauss rule (4) with
the integrand f(¢) = 1/t by using the Cholesky-type factorization (21),

_ T N1y — —1/2,
Ge(f) = |bl? eI Ty er = [[bl|? €] Ly "Dy Ly er = Bl D, 2Ly e |2,
where the right-hand side is evaluated as

¢
Ge(f) = b7 [0+ D> v-1(6-16,-2...61) | . (24)

j=2
From the definition of the d;’s in Algorithm 1, it can be shown that 6;_19;_2 ..
71 112/[16]]%; see [22].
After having carried out £+ d steps of the CG algorithm, we can evaluate
the quadrature rule Gp14(f) in a similar fashion to obtain

l+d

Gora(f) = Ge(f) = IBI° D 7j-1(8j-165-2-..51).

j=0+1

The evaluation of the quadrature rules Gpyq.1(f) and G a1 (f) in (9)
and (15), respectively, with ¢ replaced by ¢ + d is straightforward. We note
that the Cholesky-type factorization of the matrix (8) (with ¢ replaced by
¢+ d) is given by

y y y .
Tryar1 = Levar1Devar1 Lo it

11

.01



with lower bidiagonal matrix
- 01
Vo1

; Chd 1) x (0+d 1
Lovgr = € RUFHDx(E+d+1)

V/0etd—1 1

and diagonal matrix

Dyyar1 = diag[1/70, .., 1/70-1,1/3044] € REFHFDX(Erd+D)

where

L 0- ﬁ)md) o
Ye+d Vet+d-1

Here a1 g, cptgs1, and Byyq are determined by (23) with ¢ replaced by £+d
and s = v/2. In particular, the leading (¢+d) x (£4d) principal submatrices
of f)g+d+1 and lv)HdH agree with the matrices (19) and (20), respectively,
with ¢ replaced by ¢ + d. It follows that we obtain, analogously to (24),

y ) }
Ot+d = $“0r4d, Yerd = (

{+d

Gorarr(f) = 11> [0+ Y v-1(6j-10,2...61) (25)
=2

+ 1616 sa(Orradera10rraa--.01)-

We are in a position to discuss the computation of the difference (11)
with ¢ replaced by ¢+ d in the first term. It follows from (24) and (25) that

Asevay+1(f) — Ge(f)
= %(gmd(f) + Gerar1(f) — Ge(f)

+d

1. .
= o> > Vi-100j-18j-2 - 61) + SVerd(Oe+ddera—1 - - 01)
j=t+1

Finally, we turn to the evaluation of the error estimate (13) with ¢ re-
placed by ¢ + d in the first term, and start with the computation of the
quadrature rule (15). This rule is evaluated similarly as (9). Let

) 1/2
_ (1. Orar1 Vivan
S = + 2 °
Yo+d 6€+d

12



and

* 2 *
5€+d = 570¢4d, Ye+d = (

1 1—82)6pq\ "
N (1-35%) €+d>
Ye4-d Ye+d—1

with ayyq, apygr1, and Brygq determined by (23). This gives analogously to
(25),

l+d
Grrari(f) = I0I% {20+ D v-1(6j-16j-2...61)

j=2
+ 101777 (67 paSesd—1 - - - 61)-

The error estimate (13), with ¢ replaced by ¢+ d in the first term, can now
be computed by using the representation (14). Thus,

Asesay1 (f) = Ge(f)
2
Pisins g, (1) + 00 Ghan(f) - Ge(f)

3 p
Bivat Bivar

l+d
= olIP | D0 v1(6-165-2...60) + oqayvira(5iiaderar - 01) |,
j=t+1
2
where 0(; 4) = ﬁ. It follows from (22) that an estimate of the A-

norm of the error in the iterate x; is given by the square root of the above
error estimate. The other estimates for the error in Gy(f) derived in this
section can be used similarly.

We finally remark that the remainder formula for Gauss quadrature ap-
plied to the integrand f(t) = 1/t on the positive real axis shows that the
integration error (12) is positive, which means that the Gauss rule gives a
lower bound; see [12, 15]. Moreover, Strakos and Tichy [34] have shown
that Gauss quadrature rules for increasing number of nodes ¢ can be eval-
uated accurately in finite precision arithmetic by a recursion formula. The
difficulty is to compute an upper bound.

We have seen that a quite natural approach is to approximate the error
(12) by

Geva(f) = Ge(f) (26)

for some d > 0 as described in [14, 15, 16, 20]. It is desirable to choose the
delay d as small as possible since, as already mentioned in Section 1, the
computational effort required to evaluate Gyy4(f) increases with d; when
the matrix A is large, the dominating computational work is the calculation

13



of ¢ + d matrix-vector products with A. This suggests that one should
choose d = 1. However, Clenshaw and Curtis [6, p.199] have illustrated
that this choice may yield useless estimates of the quadrature error (12); in
their example the actual quadrature error is more than a factor 100 larger
than the computed estimate. The authors of [14, 15, 16, 20, 22, 25] use
a larger value of d. This reduces the difficulty pointed out in [6]. The
following section compares error estimates determined for several values of
d to estimates obtained with the averaged and optimal averaged Gauss rules
and shifted variants thereof.

4. Numerical experiments

This section presents a few computed examples that illustrate the quality
of the error norm estimates discussed in the previous section. All compu-
tations were carried out with IEEE double precision arithmetic, i.e., with
about 15 significant decimal digits, using MATLAB R2021a on a 64-bit per-
sonal computer. The initial approximate solution is g = 0 in all examples.
The iterations are terminated as soon as ||€x||4 < &, where ¢ = 10711, We
observed that the error norm estimates perform well also for smaller values
of ¢, as long as the maximum attainable accuracy of the A-norm of the error
has not been reached.

In the first three examples we compute estimates of the Riemann-Stieltjes
integral (18) with f(t) = 1/, that is, of the bilinear form b7 A~1b. Notice
that this bilinear form is the square of the initial A-norm of the error. The
other examples are concerned with the estimates of the A-norm of the error
er in the CG iterate zy, which is given by (16).

EXAMPLE 4.1. Let the matrix A € R™" be symmetric tridiagonal
with diagonal entries 2[1,2, ..., n] and subdiagonal entries [1,2,...,n—1]/2.
Then A is positive definite. We let n = 500, z, = [1,1,...,1]7/\/n € R",
and b = Az,. The exact value of F(A) := bT A71b is 750.50. The header
MVP in the following tables stands for the number of matrix-vector products
with the matrix A required to compute the iterates and the quadrature rules.
This is the dominating computational cost when the matrix A is large.

Table 1 displays the magnitude of the relative quadrature errors incurred
when approximating b7 A~'b by several quadrature rules. The (£ + 1)-node
anti-Gauss rule o, (f) is seen to yield a smaller error than the f-node Gauss
rule. The smallest errors are achieved by the averaged Gauss rules Agpy1(f)
and the optimal averaged Gauss rules ,Zggﬂ( f) with 2+ 1 nodes; the latter
rules give the smallest errors for £ = 30 and ¢ = 40, and close to the smallest
error for £ = 20. The fact that the quadrature errors achieved with the

14



Table 1: Example 4.1: Magnitude of the relative error of computed approximations of the
integral (18) with f(t) = 1/t for A € R%9°*%%° p = Az, and z. = [1,1,...,1]T /v/500.

MVP =20 ¢ =30 =40
I |%| 1.7668 - 107° 3.5430-107% 9.9117-1077

(+1 |%| 1.1271-107% 2.5176-10~% 8.6987 - 10~

(1 | ReetDEFE 319851070 5127441077 6.0650 - 107

(+1 |%j{5m‘)| 3.4954-10~% 5.0020-10~7 5.1140- 1078

averaged and optimal averaged Gauss rules are smaller than the errors for
the Gauss rule makes the differences (11) and (13) useful estimates of the
quadrature error (12) of the Gauss rule.

Table 2 reports the magnitude of the relative differences determined by
(11), (13), and (26) for a few values of d. The evaluation of the quadrature
rules A\Q(Z+d)+1( f) and Ayrig)11(f) requires £+d+1 matrix-vector products
(MVPs) with the matrix A. It is desirable to keep the number of MVPs
small. We can observe that the error estimates determined by the averaged
and optimal averaged Gauss rules are about the same for the values of d
considered. Moreover, the error estimates determined by ./IQ(Z_Fd)_Fl( f) and
As(r4d)+1(f) are more accurate than those obtained by Gy 4(f) for the same
values of d, i.e., they are closer to the actual errors shown in the first line of
Table 1.

The error estimates in Table 2 are seen not to decrease monotonically
as the delay d increases. This is due to the fact that the Gauss rule Gy(f)
only furnishes an approximation of the exact value F(A). To illustrate that
the quadrature errors of the rules Gpy4(f), ./zl\g(g+d)+1(f), and Ay (r4a)11(f)
decrease monotonically as d increases, we show in Table 3 the quadrature
errors for these rules for the same values of ¢ and d as in Table 2.

EXAMPLE 4.2. Let B € R100%100 he 5 symmetric matrix with randomly
generated uniformly distributed real eigenvalues in the interval [—5,5] and
a random orthogonal eigenvector matrix. Define the matrix A = I g9 + B2,
where I199 denotes the identity matrix of order 100, and let the vector b in
the linear system (1) be b = Ax,, where the vector x, is a random vector of
unit norm.

Table 4 is similar to Table 1 and displays the magnitude of the relative
quadrature errors in the computed approximations. We can observe that the
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Table 2: Example 4.1: Magnitude of the relative error estimates determined by Gauss,
averaged Gauss, and optimal averaged Gauss rules for the problem of Table 1. The entries
should be compared with the entries of line 1 of Table 1.

Error
0+ 1 |%’ 3.0066 - 1076 4.5295-10~7 1.1172-107
(44 |%y 8.9436-107% 1.4605-1075 3.7481-1077

(48 |%;)ge<f>y 1.2962 - 107> 2.2803-107% 6.0758 - 1077

/41 ’W’ 1.4469 - 10~° 3.0303-107% 9.3052- 1077
(43 (RO 55481070 320841076 9.6622- 1077
045 |%| 1.6208 - 107> 3.3308-107% 9.9189-10~"
(41 |%| 1.4172-107°  3.0428-107% 9.4003 - 1077
/+3 ,%y 1.5226-107° 3.1477-107% 9.5042- 1077
/+5 |%| 1.6009 - 10~° 3.2376-1075 9.5490-10~7
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Table 3: Example 4.1: Magnitude of the relative error of computed approximations of the
integral (18) with f(t) = 1/t for A € R%9°*%%° p = Az, and z. = [1,1,...,1]T /v/500.

Error
MVP =20 ¢ =30 ¢ =40
i1 |%| 1.4661-107° 3.0901-107¢ 8.7945.107
(44 \%y 8.7240-107% 2.0825-107% 6.1636- 107"
/48 |% | 4.7051-1075 1.2628-107% 3.8359-10~7

(41 [RetDEF) 500851070 512741077 6.0650 - 10~
(43 (AP 911971076 3.3468-1077  2.4946 1078
(45 [AzeFA) 145081070 212271077 7.2648 10710

(+1 yw\ 3.4954 1076 5.0020-10~7 5.1140-10~8
(+3 |%| 2.4416 - 10~ 3.9533-10~7 4.0747 108
(45 | ReeDEPE 165851070 3.0548 1077 3.6264 107

quadrature errors achieved with the optimal averaged rules are of somewhat
smaller magnitude than the errors achieved with the averaged rules that
require the same number of matrix-vector product evaluations.

Table 5 is analogous to Table 2 and shows the relative differences

(Aseraysa(f) = Ge(N))/F(A)] and  [(Ageray1(f) — Ge(f)/F(A)]

to provide more accurate estimates of the relative errors in Gy(f) than
|(Gera(f) — Ge(f))/F(A)| with fewer matrix-vector product evaluations.

EXAMPLE 4.3. Let the matrix A € R*®*48 in the linear system (1) be of
the form A = WDWT, where W is a random orthogonal matrix and D is a
diagonal matrix with diagonal entries

1 ‘
di:7+z47 (10_’7)048_27 i€{172>"->48}

with p = 100, 0 = 0.875, and v = 0.1. Hence, A is a symmetric positive

definite dense matrix with eigenvalues in [0.1,100]. The vector b is chosen

so that z, = [1,1,...,1] solves the linear system (1). A similar example

can be found in [34].
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Table 4: Example 4.2: Magnitude of the relative error of computed approximations of the
integral (18) with f(t) = 1/t for A € R*%**19° p — Az, and z. a random vector.

MVP (=10 £ =20

7 |%| 1.0883-10™% 3.2009 - 108
(1 ’W’ 1.5541-107% 8.8694 - 1078
/1 ‘W’ 2.3288-107° 2.8343-1078
011 |W| 7.1428 1076 1.6473-107?

Table 5: Example 4.2: Magnitude of the relative error estimates determined by Gauss,
averaged Gauss, and optimal averaged Gauss rules for the problem of Table 4.

Error
MVP (=10 0=20
(1 (EnlEO 638321070 201271078
(4 |FelDeddD) 104901074 3.1407 1078
(+s  |feslDeddD) 108711074 319831078
(1 (Rl 3912.1071 6.0352 1078
(43 |ReestDeglD 07210 323721078

(45 |91 0792-107 319301078

(41 [PeelDG)) 01691074 3.3656 - 1078

F@®
/13 ’%’ 1.1049-10~* 3.2124-1078
45 ’%’ 1.0872-10~* 3.1933-10°%

Figure 1 displays the estimates given by the Gauss rule Gy(f), the anti-
Gauss rule Gyy1(f), and the exact value F(A) = bT A~1p as functions of the
number of iterations £. The Gauss quadrature rules achieve values smaller
than the value of b7 A~1'b, but pairs of Gauss and anti-Gauss rules can be
seen not to bracket the value of the integral.

EXAMPLE 4.4. Let the matrix A € R™" be defined by

A=wWDWT, D = diag[dy, da, ..., dy),

18



60 Convergence history

40
20

(=]

-40

-60

0 5 10 15 20 25 30
# iterations

Figure 1: Example 4.3: Graphs for G,(f) (solid red curve), Gei1(f) (dash-dotted blue
curve), and the value of the integral F(A) (straight black line) for f(t) = 1/t.

where the eigenvector matrix W &€ R™*™ either is the identity or a random
orthogonal matrix, and n = 1000. Thus, the matrix A is symmetric and
either diagonal or dense. Let the diagonal elements of D be d; = j/7. Then
A is positive definite. The right-hand side vector b is chosen so that the
vector x, = [1,1,...,1]T solves the linear system (1).

Figure 2 displays the 10-logarithm of the error norm ||€y|| 4 as a function
of the iteration number £, as well as error estimates determined by several
quadrature rules when the matrix A is diagonal. Panel (a) shows the op-
timal averaged Gauss rule to determine accurate error estimates. Also, all
quadrature rules used for panel (b) give _accurate estimates. The curves ob-
tained from the optimal averaged rule Agsy1, the averaged rule Agpiq, and
the anti-Gauss rule are very close in all panels. Figure 3 shows results for the
situation when A is a dense matrix. The lack of smoothness of the curves
of panels (a) and (b) depends on oscillations of the CG residual vectors.
The optimal averaged rule Ay gives the best error estimates in panel (a),
while all quadrature rules determine accurate estimates in panel (b).

ExaMPLE 4.5. Let n = 200 and consider the symmetric Toeplitz matrix
T € R™" with first row [1,1/2,1/22,...1/2"7!]. Define A = T2. Then the
matrix A is symmetric and positive definite. Let x, € R290 he a vector with
normally distributed random entries (with zero mean and variance one), and
let b = Ax,. Figure 4 is analogous to Figure 3 and shows that the optimal
averaged rule Ayg,q gives the best error estimates in panel (a), while all
quadrature rules determine accurate estimates in panel (b). Similarly, as in
Example 4.4, we notice that the three curves obtained from the averaged,
the optimal averaged, and the anti-Gauss rules are almost the same.
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Figure 2: Example 4.4: Diagonal matrix A. (a) 10-logarithm of ||é;||a (solid black graph)
and 10-logarithm of estimates of ||e¢||a given by (i) |Ge+1(f) — Ge(f)| (dashed red curve),
(ii) |Ger1 (f)—Ge(f)| (dotted green curve), (iii) [Asey1(f)—Ge(f)| (dash-dotted blue curve),
and (iv) |Aze41(f) —Ge(f)| (dotted yellow curve) for f(t) = 1/t. (b) 10-logarithm of |||/ a
(solid black curve) and 10-logarithm of estimates of ||é;||a given by (i) |Geta(f) — Ge(f)]

(dashed red curve), (i) |Gera(f) — Ge(f)| (dotted green curve), (iii) |ﬁ25+7(f) — Ge(N)]
(dash-dotted blue curve), and (iv) |Az2e47(f) — Ge(f)| (dotted yellow curve) for f(t) = 1/t.

Finally, Figure 5 is analogous to Figure 1 and displays the convergence
of Gauss and anti-Gauss rules to the value of the integral b” A~'b as the
number of nodes increases. Here the Gauss rule and anti-Gauss rule can be
seen to bracket the exact value.
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Figure 3: Example 4.4: Dense matrix A. (a) 10-logarithm of ||€]| 4 (solid black curve) and
10-logarithm of estimates of ||€¢||4 given by (i) |Ge41(f) — Ge(f)| (dashed red curve), (ii)
1Ger1(F) — Ge(f)]| (dotted green curve), (iii) [Azes1(f) — Ge(f)| (dash-dotted blue curve),
and (iv) |Aze41(f) —Ge(f)| (dotted yellow curve) for f(t) = 1/t. (b) 10-logarithm of |||/ a
(solid black curve) and 10-logarithm of estimates of ||é;||a given by (i) |Geta(f) — Ge(f)]
(dashed red curve), (ii) |Geya(f) — Ge(f)| (dotted green curve), (iii) |Aze7(f) — Ge(f)]
(dash-dotted blue curve), and (iv) |Az2e4+7(f) — Ge(f)| (dotted yellow curve) for f(t) = 1/t.
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Figure 4: Example 4.5: (a) 10-logarithm of ||é;||a (solid black curve) and 10-logarithm of
the estimate of ||&¢]la given by (i) |Ges1(f) — Ge(f)| (dashed red curve), (ii) |Gera(f) —
Ge(f)| (dotted green curve), (iii) |Aser1(f) — Ge(f)| (dash-dotted blue curve), and (iv)
[A2e11(f) — Ge(f)] (point yellow curve) for f(t) = 1/t. (b) 10-logarithm of ||€||a (solid
black curve) and 10-logarithm of the estimate of ||€¢||a given by (i) |Geya(f) — Ge(f)]
(dashed red curve), (i) |Geya(f) — Ge(f)| (dotted green curve), (iii) |Azer7(f) — Ge(f)]
(dash-dotted blue curve), and (iv) |Aze47(f) — Ge(f)| (point yellow curve) for f(t) = 1/t.
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Figure 5: Example 4.5: Graphs for G,(f) (solid red curve), ée+1(f) (dash-dotted blue
curve), and the value of the integral F(A) (straight black line) for f(t) = 1/t.
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5. Conclusion

This paper describes new approaches to estimate the A-norm of the error
in iterates determined by the conjugate gradient method when applied to
the solution of linear systems of equations with a symmetric positive def-
inite matrix. The averaged and optimal averaged Gauss rules and shifted
variants thereof are found to determine more accurate error estimates than
the Gauss and anti-Gauss rules. Since the optimal averaged Gauss rules,
or shifted variants thereof, are of higher degree of precision, than the corre-
sponding averaged Gauss rules and their evaluation requires about the same
computational effort, we propose the application of the former rules.
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