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On Computing Gauss-Kronrod Quadrature Formulae*
By Franca Calio, Walter Gautschi, and Elena Marchetti

Abstract. We discuss the use of Newton’s method for computing Gauss-Kronrod quadrature
formulae from modified moments. The underlying nonlinear maps are analyzed from the
point of view of numerical condition. A method is indicated of computing the polynomial
whose zeros are the Kronrod nodes. Examples include Gauss-Kronrod formulae for integrals
with a logarithmic and algebraic singularity at one endpoint. Pertinent numerical results are
tabulated in the supplements section at the end of this issue.

1. Introduction. Given a positive measure do(¢) on the real line, whose support
contains infinitely many points and all of whose moments exist, we call

n

n+1
(11) Jf0de(0) = Eof(n) + L o7f(57) + Ri(/)
v=1 p=

a Gauss-Kronrod quadrature formula if 7, = (") are the Gaussian nodes associated
with do and the nodes 7, and weights o,, o are chosen so as to maximize the
degree of exactness of (1.1). Since there are 3n + 2 unknowns, we can achieve degree
of exactness d = 3n + 1, i.e,, R,(f) = 0 whenever f = P;,,,. It is well known, in
fact, that the nodes 7.* must be the zeros of =%, ;, the (monic) polynomial of degree
n + 1 satisfying the orthogonality property

(1.2) Lwn*+l(t)1r,,(t)t’do(t) =0, i=0,1,...,n,

where 7,(-) = m,(-; do) is the nth degree orthogonal polynomial belonging to the
measure do. Note that the measure do*(t) = m,(t; do)da(t), with respect to which
w¥. . is orthogonal, changes sign. We cannot expect, therefore, that =¥ ; has all its
zeros necessarily real.

We are interested here only in Gauss-Kronrod formulae (1.1) with real nodes 7.*,
all contained in [a, b]—the smallest interval containing the support of do—and
with positive weights o*. Then the interlacing property holds (Monegato [17,
Theorem 1]),

(1.3) astH, <T,<T¥<T_ < - <71 <71*<Lb.

Our concern is with the actual computation of these nodes and the corresponding
weights (provided they exist), given the integer n > 1 and the positive measure do.
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Constructive methods for this problem have been considered before. For the
Legendre measure do(t) = dt on [-1,1], Kronrod [16] in his original work obtains
«¥ , in power form by solving (1.2). Patterson [22] expands =}, in Legendre
polynomials, while Piessens and Branders [23] use Chebyshev polynomials, the nodes
7.* each time being computed by an appropriate rootfinding procedure. The weights
can be obtained by interpolation. Monegato [17], [19], Baratella [1], and Dagnino
and Fiorentino [3] use similar procedures to compute «.*, ; for Gegenbauer measures
and other classical measures. Kahaner et al. [13], in the case of the Laguerre
measure, and assuming k > n + 1 Kronrod nodes 7% in (1.1), expand L7} in
Laguerre polynomials L,. All these methods require three distinct phases to obtain
(1.1): The computation of the appropriate polynomial, say ., ,, finding the zeros of
7.¥, 1, and computing the weights o,, 6,*. An entirely different approach is taken by
Kautsky and Elhay [15] and Elhay and Kautsky [5], who compute the nodes 7* as
eigenvalues of a certain matrix derived by matrix decomposition methods—an
approach which extends the well-known method of Golub and Welsch [12] for
ordinary Gaussian quadratures and its extension by Golub and Kautsky [11]. The
weights are then obtained using general methods for constructing interpolatory
quadrature rules [14], [6].

Here we propose to compute (1.1) directly by solving a set of nonlinear equations
that express the exactness of (1.1) for a given set of 3n + 2 polynomials. These
polynomials are chosen so as to generate a well-conditioned problem. The respective
system of nonlinear equations is solved by Newton’s method, careful attention being
given to the choice of initial approximations and to monitoring the progress of the
iteration. We make no claims for our method to be superior in any way to other
methods, but merely demonstrate its feasibility and stability. It would indeed be
interesting to undertake a detailed comparative study of the various methods now in
use.

While aiming directly at the unknown quantities is certainly a virtue if our method
is successful, it is less than satisfactory otherwise, since no information about =¥, | is
generated when the method fails. Nevertheless, if one wishes to examine the
polynomial % ,, one can express it in terms of the orthogonal polynomials
{m.(-;do)} and obtain the coefficients by solving a triangular system of linear
equations.

The implementation of Newton’s method for computing the Gauss-Kronrod rule
(1.1) is discussed in Section 2. In Section 3 we study the condition of the underlying
problem. Section 4 deals with the computation of the polynomial =% ,. Examples
will be given in Section 5, and numerical results for do(¢) = t*In(1/¢) dt on [0,1],
a = 0, + 4, are tabulated in the supplements section at the end of this issue.

For additional questions related to Gauss-Kronrod quadrature we refer the reader
to surveys by Monegato [20], [21].

2. The Computation of Gauss-Kronrod Rules by Newton’s Method. The Gaussian
nodes 7, for the measure do can be computed by well-known methods; see, e.g., [8,
p. 290). We assume therefore that they are available. For a given system of monic
polynomials { p,(-)}, with deg p, = k, k =0,1,2,..., we further assume that the
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first 3n + 2 modified moments of do,
(2.1) mk=f pi()de(r), k=0,1,....3n+1,
R

are known. The system of nonlinear equations defining the Gauss-Kronrod formula
(1.1) then is

n n+1
(2.2) Y opdrn)+ Lorp(nr)=m, k=01,..3n+1
v=1 u=1

We propose to solve this system for the 3n + 2 unknowns 7%, o,, o,* by Newton’s
method. A number of practical issues need to be addressed.
First the choice of polynomials p,. We assume that they satisfy a three-term

recurrence relation,

pa(1) =0, po(1)=1,
Pisi(t) = (t —a,) pi(t) = by py_i(1), k=0,1,2,...,
with known coefficients a,, b,. This makes the evaluation of these polynomials, and
of their derivatives, which is required in the computation of the left-hand side of the
system (2.2) and its Jacobian, easy and straightforward. If, in addition, the poly-
nomials { p, } are orthogonal with respect to some given measure ds(t), then this
computation is also numerically stable. If do is one of the classical measures, the
simplest choice is p,(-) = m,(+; do), the corresponding recursion coefficients a, =
a,(do), b, = B,(da) then being explicitly known; the modified moments become

(2.3)

(2.4) m, =f 7 (t;do)do(1) = Bdy,, Kk =101,2,...,
R

where B, = [g do(¢) and §, , is the Kronecker delta, 8,5 =1, §,, =0 if k > 0.
For nonclassical measures do, the choice of p, is usually dictated by the necessity of
being able to compute the modified moments (2.1).

The next important issue is the computation of the initial approximations for the
Kronrod nodes 7* and for the weights o,, ¢. Since we are interested only in
Gauss-Kronrod formulae with nodes in [a, b] and with positive weights ¢.*, we can
assume the interlacing property (1.3). This suggests as initial approximations 7,
2 < p < n, the midpoints

(2.5) i =3(1,_, +1), w=23,...,n,

» -

between the Gaussian nodes 7, _, and 7,. The choice of the initial approximations #*
and #*_, is less obvious. If the endpoint b is finite, we select a number of trial values
#* equally spaced between 7, and b. If a is also finite, we do the same for 7% | in
the interval (a,7,) and let both %#* , and #* move inward simultaneously, or, if
necessary, let them move independently from one another. If an endpoint, say b, is
infinite, we select #* = 7, + (1, — 7,), or try a number of values 7* equally spaced
between 7, and, say, 7, + 2(7, — 7,). For each set of initial approximations 7* we
compute corresponding approximations 6,, 6, to the weights by solving the first
2n + 1 equations in (2.2), where 7.* is replaced by 7*. Since the matrix of this
system forms part of the Jacobian matrix used in the first Newton step, the only
overhead of this computation is the solution of the linear system.
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Each Newton step is monitored as to the location of the iterates of 7.*. If at any
stage one of these iterates falls outside the interval [a, b] (if either a or b is finite),
the iteration is terminated and restarted with a new set of initial approximations.
The same action is taken if the number of Newton iterates exceeds a preset limit. If
none of the initial approximations leads to a convergent process, the attempt of
computing (1.1) is declared a failure. This is usually an indication (not a proof!) that
the desired Gauss-Kronrod rule does not exist.

If do(¢) = do(-t) is an even measure and the support of do is symmetric with
respect to the origin, then both the Gaussian nodes 7, and the Kronrod nodes 7.* are
located symmetrically with respect to the origin, and weights corresponding to
symmetric nodes are equal. As a result, (2.2) is trivially true if p.(¢) is an odd
polynomial. If we choose for { p, } a system of polynomials satisfying

(2.6) pi(-1) = (-1)*p (1), k=0,1,2,...,
the system (2.2), therefore, is equivalent to the system
n/2 n/2

1 1
(2.7) 210.,172/((7.,) + 210,;*1’2/((7,;*) + ‘2""(:/2)+1P2k(0) = 3Myu
/e v= p=
k=0,1,...,3n/2,
if n is even, and to the system
[n/2] 1 [n/2]+1 1
(2.70) Zl ovp2k(Tv) + Eo[n/2]+1p2k(0) + Zl op.*ka(Tp*) = Emz,(,
TJo) *= p=
k=0,1,...,(3n + 1) /2,
if n is odd. This in effect reduces the size of the problem by a factor of 2.

3. The Condition of the Underlying Problem. Let m” = [m,, m,,..., m,,, ] be the
vector of modified moments, and Y’ =[0,,...,0,,0%,...,0% ,, 7 ..., 7% ] the
vector of the weights and Kronrod nodes of the Gauss-Kronrod formula (1.1). The
procedure of Section 2 is an attempt of carrying out the nonlinear map

Gn: R3n+2 N R3n+2 m-y,

where the Gauss-Kronrod formula is assumed to have real nodes. We now wish to
examine the sensitivity of the map G, to perturbations in the modified moments.
The development parallels the treatments given for Gaussian formulae in Gautschi
(8], [9]; see also Gautschi [10, Section 5].

We assume that the polynomials { p,} defining the modified moments are
orthogonal on the real line with respect to some measure ds. The support of this
measure normally coincides with the support of do, but does not have to. We define
normalized modified moments by

(3.1) = ditme, i = [ PR as(0),
and consider, in place of G,, the map
(32) G"Z R3n+2 - R3n+2 m — Y,

where m” = [, iy, ..., M, ,,]. We analyze the sensitivity of G, by computing the
Frobenius norm of the Jacobian matrix, J; , of the map G,




GAUSS-KRONROD QUADRATURE FORMULAE 643

The basic equations can be written in the form

(33) ®(v) = m,
where
n n+1
(34) o,(y)=d;" El"vl’k("'»)'*' Zlou*Pk(Tu*) )
v= p=

k=0,1,2,...,3n + 1.

Since the map G, amounts to solving (3.3) for y, the Jacobian of G, is the inverse of
the Jacobian d® /9y of ®,

(3.5) Js, = (30/9y)™".
An elementary computation shows that
(3.6) 0®/3dy = D'P3Z*,
where D = diag(d,, d,,...,d;,,,), 2* = diag(1,...,1,1,...,1,0%,...,0% ), and
(3.7)
po(m) o+ po(m) po( i) o po(mh) po() o)
p=|p onG) owlw) e om(n) o A(r) e pi(e)
Pruci(m) 0 Paaer(n) Pani(7) 0 paa(nfa) Paaaa(7®) o Phaaa(ni)
Therefore,
(3.8) Jg, = (2*)"'P7ID.

For the inversion of P, define g,, h,, k, to be the elementary Hermite interpola-
tion polynomials of degree 3n + 1, belonging to the nodes 7, and ¥, defined by

g (n)=6,, A=12,...,n
g(w*)=0, g(=*)=0, p=12,..,n+1)

h(m)=0, A=1,2,...,n

(3.9) h“(f,,*)=8“,, h;('r,"‘)=0, vr=1,2,....,n+1
k,(m) =0, A=1.2,...,n ’
k,(r*)=0, ki(7*)=8,, »v=12,..,n+1
p=12...,n+1
Writing
3n+2 3n+2 3n+2
g,(t) = Zl a,,p,1(t), h,(1) = Zl bupPo-1(1), K, (1) = Zl CupPo-1(1),
p= p= p=

it is easily seen that

(3.10) pl=

A
B]’ 4= [avo]’ B = [buP]’ C= [Cup]‘
C
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By a computation similar to the one in [8, pp. 303-304] one finds from (3.8) and
(3.10) that the Frobenius norm of J; is given by

1/2
n+1

G Vel = {f [ L)+ 2
Its magnitude, therefore, is critically influenced by the magnitude of the polynomial

n+1
(.12 10 = £ 0+ S (50 + Sk

p=1 Oy
on the support of ds. The degree of f, is 6n + 2. The integral in (3.11) can therefore
be computed exactly (up to rounding errors) by a (3n + 2)-point Gaussian quadra-
ture rule belonging to the measure ds.

Explicit forms of the polynomials g,, 4,, k, can easily be given in terms of the

fundamental Lagrange polynomials

h2(t) +—k2(t))]ds(t)}

n+1

"t —1 t— T

L =T1—". (=11 -
A=1T T T =17}f -
A#v )\#

belonging to the nodes 7, and 7.%, respectively. One obtains

(1) = u(z)[——”’“")

R v=1,2,...,n,
77,,*+1(T,,)

(313)  h(1) =

[’*(t)] {1 —(e- )[W;ET*; +2r(n )}}

k,(t) = :((:)) [ (1= 7)., w=12,...,n+1,

where 7 (-) = 7 (-;do) and 7* ,(¢t) = [1721(+ — 7). We also note the following
properties of f,, which follow directly from (3.9) and (3.12),

f,(t)>0 forall e R,
(3'14) f"(TV)= 1’ fn,(Tv)= zg;(Ty)’ v = 1,2,...,”
() =1, f(¥)=0, p=12,...,n+1

These conditions, of course, are not sufficient to determine the polynomial f,. There
are 2n + 1 degrees of freedom left, which allow f, considerable room for movement.

4. Computation of the Polynomial =* . Expressing the polynomial 7% ; in terms
of the orthogonal polynomials =, (-) = m,(-; do),

(4.1) mr () =m0 () + cqm, (1) + eym, 1 () + -+ +e,m(2),
and replacing the powers ¢' in (1.2) by the polynomials =,(¢), one obtains the
conditions

f[,,+1(t)+ Y e () |m()m (1) do(r) =0,  i=0,1,....n
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hence the linear system
n
(4.2) Y auc=b, i=0,1,...,n,
k=0
for the coefficients c,, where

a,-k=jl;w,(t)w,,_k(t)ﬂn(t)do(t), ik=0,1,....n,
(4.3)

b, = —/Rﬂ,(t)wn+l(t)ﬂ,,(t)do(t), i=0,1,...,n.

By orthogonality, a,, = 0 if i < k, so that the matrix 4 = [a,,] is lower triangular,
and a,, = [g72(t)do(t) > 0, so that A is nonsingular. The solution of (4.2),
therefore, can be effected by forward substitution.

The coefficients a,, and b, = —a; _, satisfy a two-dimensional recursion relation,
which could be used for their computation (see [2]). Noting, however, that the
integrands in (4.3) are polynomials of degree at most equal to 3n + 1, we can also
use m-point Gauss-Christoffel quadrature relative to the measure do, with m =
[(3n + 3)/2], to compute a,, and b, This might be preferable, since it requires
nothing beyond standard software.

While this procedure of generating =%, , is similar to Kronrod’s original method,
it is significantly more stable, since the use of powers as a polynomial basis is
completely avoided.

5. Examples. It is known that for da(t) = (1 — t?)*~1/24¢ on [-1,1] all Gauss-
Kronrod formulae exist if 0 < A < 2. Furthermore, the interlacing property (1.3)
holds and ¢* > 0 for p = 1,2,...,n + 1 (Monegato [17]). If 0 < A < 1, one has in
addition 6, > 0 for » = 1,2,..., n (Monegato [18]). Our first example deals with the
case A = 3, i.e., with the Legendre measure. All computations reported were done
on the CDC 6500 computer in single precision (machine precision = 3.55 X 1071%),
unless noted otherwise.

Example 5.1. da(t) = dt on [-1,1].

Taking advantage of symmetry, we apply Newton’s method to the system (2.7),
using for p,, the (monic) Legendre polynomials of degree 2k. The required modified
moments are then given by (2.4). We had no difficulty with convergence. By
symmetry, only one “trial” initial approximation, 7, is needed, which was pro-
grammed to move in nine equal steps of length h = (1 — 7,)/10 from 1 — A to
7, + h. Convergence was invariably achieved for the first choice of #*. Moreover,
the problem, suitably scaled, turns out to be extremely stable. In the first four
columns of Table 5.1 we report on the number of iterations required for 12 decimal
place accuracy, the maximum of f,(¢) (cf. Eq. (3.12)) on [-1,1] and the value of
IJg Il r (cf. Eq. (3.11)) for n =5, 10, 20, 40, 80. The maximum of f,(¢)—an even
function of r—is typically assumed between 7, and ¥, if n is even, there being a
couple of smaller maxima on either side of it. If n is odd, the maximum seems to
occur at ¢ = 1. Through most of the interval (-1, 1), however, f, remains < 1.
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TABLE 5.1
Performance and stability characteristics of Newton’s method for generating the
(2n + 1)-point Gauss-Kronrod formula with do(t) = dt on [-1,1].

#it J d d cond, cond,

n iter. “fn"oo “ G,,”F cond, cond, (scaled) (scaled)
5 6 1.126 1293 14(3) 334 1.21) 1.4(1)
10 6 2.456 1397 156)  5.28) 1.8(1) 2.3(1)
20 6 2.520 1333 1512) 53017 41(1) 4.8(1)
40 6 2.535 1.310 1.6(24) 5.8(35) 6.6(1) 7.7(1)
80 6 2.540 1.302 — — 1.3(2) 1.7(2)

The linear systems of equations for determining the initial approximations 6,, 6,*
for the weights, as well as the Jacobian matrices in Newton’s method, appear to
become rapidly ill-conditioned as n increases. Typical condition number estimates
(furnished by the LINPACK routine SGECO; cf. [4, Chapter 1)) for the former are
shown in the fifth column of Table 5.1, while those for the latter are shown in the
sixth column. (Numbers in parentheses indicate decimal exponents.) In spite of the
large condition numbers, numerical difficulties were not observed, except in the case
n = 80, when the computation was aborted due to an arithmetic error. We believe
that the apparent ill-conditioning is caused by the use of monic polynomials p,, in
(2.7); their L,-norm goes to zero rather quickly,

2HQK)? [ 2 e

as k — oo,

thereby introducing a systematic diminution of the rows down the matrices. If the
row involving p,, is scaled by dividing it by 2%4(2k)!? /(4k)!, the condition numbers
indeed become much more reasonable (the solutions remaining the same); they are
shown in the last two columns of Table 5.1.

Example 5.2. do(t) = In(1/t) dt on [0, 1].

It appears that this measure also admits Gauss-Kronrod formulae for all n,
satisfying the interlacing property (1.3) and having all weights positive. A summary
of our numerical experience with Newton’s method is given in Table 5.2; it contains
information analogous to the one given in Table 5.1 for Example 5.1.

TABLE 5.2
Newton’s method for Gauss-Kronrod formulae with do(t) = In(1/t) dt on [0,1].

#i 7 d d cond, cond,

n 1ter. "fn"oc " G,,”F cond, cond, (scaled) (sca]ed)
5 6 2.90(4) 12.14 2.0(6) 6.909) 5.8(1) 2.7(3)
10 6 4.09(5) 24.35 22(12)  7.5(18) 2.8(1) 1.6(4)
20 6 5.77(6) 4743 2.4(24) 8.2(36) 9.8(2) 1.0(5)
40 6 8.86(7) 94.59 — — 3.8(3) 6.4(5)
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We have used modified moments with respect to the (monic) shifted Legendre
polynomials, p,(t) = [k'2/(2k)!|PX(¢); they are known to be (cf., e.g., Gautschi
(7D

k2 (-1)*

Q) k(k+1)  K=L2e

my=1, mk=/: p(DIn(1/1) dt =

Row scaling of the matrices was performed through division by k!2/(2k)! (of the
row numbered k + 1).

The initial approximations #* and %), were programmed to first move inward
symmetrically in nine steps of length # = (1 — 7,)/10 and A’ = 7,/10, respectively,
and if this did not work, 7* was varied independently over the same set of points for
each fixed #* ;. Convergence, in general, was achieved for the very first choice of #*
and %% ,, i.e, for #* =1 — h and #* , = h’, except when n is small, for example,
n =1 and n = 3, in which cases convergence was realized when #* , = ' and
i*=1-4h (forn=1), #* =1 — 2h (for n = 3).

The polynomial f,(¢) invariably assumes its global maximum at ¢ = 1, has a few
much smaller relative maxima between the first few neighboring nodes 7.* and 7,
and then settles down to magnitudes around 1 for the remaining portion of the
interval [0, 1]. The condition of the problem, though slightly worse than in Example
5.1, is still remarkably good.

Numerical results for the nodes and weights of the (2n + 1)-point Gauss-Kronrod
formula for n = 5(5)25 can be found in Table S.1 of the supplements section at the
end of this issue. They have been computed in double precision to an accuracy of 25
decimal places after the decimal point. As the results are displayed in D-format,
some of the end figures may not be reliable in those numbers that are much smaller
than 1.

We used Example 5.2 to further experiment with alternative choices of initial
approximations. In particular, we examined how inaccuracies in individual initial
approximations affect the speed of convergence. To obtain a basis for meaningful
comparison, we first obtained ‘“reference” values for the number of iterations
required when all initial approximations are at the same level of accuracy. This was
achieved by imposing on the “exact” results for o,, 0.*, 7.* (computed to 12 decimal
digits) a random perturbation at level ¢, ie., by taking 6, = o,(1 + r,e), 6, =
oX(1 + rr¥e), i* = 7X(1 + sre), where r,, r*, sF are random numbers from [-1, 1].
The results for ¢ = 1072, 10-%, 1078, and 107! are shown in Table 5.3. (For
¢ = 10?2 and n = 40, Newton’s method did not converge within 20 iterations.)

TABLE 5.3
The number of iterations required for initial approximations at accuracy level .
€ n=>5 n=10 n=20 n =40
1072 6 6 5 -
1073 3 3 3 4
10-# 2 2 2 2
10°" 2 2 2 2
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TABLE 5.4
The number of iterations required when two pairs of initial approximations
(with indices p and n + 2 — ) are inaccurate.

€ p=1 p=n/4 p=n/2

n=5 n=10 n=20 n=40|n=5 n=10 n=20 n=40|n=5 n=10 n=20 n=40
10-2 5 4 6 6 S 4 6 5 4 4 S 6
10-3 3 3 3 4 3 3 3 3 3 3 3 3
10°% 2 2 2 2 2 2 2 2 2 2 2 2
10°! 2 2 2 2 2 2 2 2 2 2 2 2

We now contrast this with the case in which all initial approximations are at the
accuracy level 110712 of the initially computed results, except for two pairs of
Kronrod nodes and weights (situated symmetrically with respect to the midpoint of
the interval [0, 1]), which are randomly perturbed at level e. Choosing the inaccurate
pairs 7%, 6. to be those corresponding top = 1, p = n/4, and p = n/2 (and to the
symmetric indices n + 2 — ), we observed the results shown in Table 5.4.

Comparing Tables 5.3 and 5.4, we note some improvement, particularly for
p = n/2, in the case ¢ = 1072, when only two pairs of initial approximations are
inaccurate (though for n = 20 there are two instances of deterioration), but in all
other cases the performance of Newton’s iteration is practically the same. This seems
to suggest that it is the maximum relative error in the initial approximations (usually
associated with a Kronrod or Gauss node near the end of the interval) which
determines the speed of convergence.

The choice of initial approximations proposed in Section 2 leads to initial
(relative) errors that are reasonably small for “interior” nodes, but comparatively
larger near the “boundary”. Specifically, if we regard the three Kronrod nodes
nearest to each of the endpoints of [0, 1], and the two Gauss nodes between them, as
belonging to the “boundary”, and all others to the “interior”, then the relative
errors of the initial approximations in our scheme range for » = 10, 20, 40
respectively from 2.0(-3) to 9.5(-2), 2.4(-5) to 5.5(-2), and 4.3(-6) to 2.9(~2) in the
interior, and from 4.3(-3) to 5.4(-1), 1.3(-3) to 5.6(-1), and 3.3(-4) to 5.7(-1),
respectively, at the boundary. The relatively large number of 6 iterations reported in
Table 5.2 appears to be due to the large maximum error of the initial approxima-
tions in the boundary zones.

Attempts to improve the initial approximations for o, by using, for example,
o, = 1o, ** where o(" are the Christoffel numbers for do, and by obtaining the
remaining initial approximations o* from a reduced system (2.2) of n + 1 linear
equations, do not speed up Newton’s iteration (in fact, require 7 iterations, instead
of 6, when n = 5 and n = 10), precisely because of the initial approximations in the
boundary zones remaining at the same low accuracy level.

Example 5.3. do(t) = t*In(1/t)dt on [0,1], a = + 1.
Modified moments with respect to the shifted Legendre polynomials are again
available (Gautschi [7]) and suggest the same scaling as in Example 5.2. Results for

**This approximation was proposed to us by the referee.
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TABLE 5.5
Newton’s method for Gauss-Kronrod formulae with do(t) = t'/*1n(1/t) dt on [0,1].
. 7 cond, cond,
n #iter. ”fn”oo ” G,,”F (scaled) (sca]ed)
S 6 1.03(4) 7.542 3.8(3) 7.8(4)
10 6 1.35(5) 14.64 7.3(4) 1.0(6)
20 6 2.06(6) 29.60 5.2(5) 1.4(7)
40 6 3.40(7) 61.04 1.4(7) 3.08)
TABLE 5.6
Newton’s method for Gauss-Kronrod formulae with do(t) = t™*/*1n(1/t) dt on [0,1].
it I cond, cond,
n 1ter. "./;:"w ” G,,"F (scaled) (scaled)
4 7 9.78(6) 21 132) 9.0(5)
8 9 3.66(8) 889.01 2.003) 1.3(7)
16 9 1.52(10) 2961.5 6.3(3) 2.008)
32 — 6.56(11) 9907.2 8.8(3) 3.19)

a = % are summarized in Table 5.5. (The computation was done in double precision,
the number of iterations referring again to 12 decimal place accuracy.) The perfor-
mance of Newton’s method is similar as in Example 5.2, except for the (scaled)
matrices now being more ill-conditioned. The ill-conditioning of the Jacobian
matrices is still worse in the case @ = — 1, as can be seen from Table 5.6. For this
value of a the independent variation of the starting approximations #*, %, proved
to be rather essential, since convergence was never achieved for the first choices of
these starting values. This is in contrast to the case a = 1, where the first choice of
#* and %%, always worked.

When a = — 1, Newton’s method could not be made to converge for n = 32,
using the implementation described in Section 2. The difficulty, we believe, is caused
by the smallest Kronrod node being almost equal to zero. Computing (in double
precision) % by the procedure of Section 4, and applying Newton’s method to =%,
we find 7% = 3.05867... X107, Using all zeros of =% computed in this way as
initial approximations to Newton’s method, and lowering the accuracy requirement
to 20 decimal places, indeed restores convergence and yields the data for n = 32 in
Table 5.6 after 1 iteration.

Nonconvergence (in the case a = — %) was also observed for odd values of n, this
time because of the presence of negative Kronrod nodes. When n = 1, for example,
one computes directly 7*(t) = t2 — (198/343)t — (3671,/117649), which has the
zeros 7 = .627023... and 7 = —.0497636.... We verified that for all odd
n < 32 the polynomial =, , has exactly one negative zero, while all other zeros are
between 0 and 1.

Numerical results for a = 4, n = 5(5)25, computed in double precision, are given
in Table S.2 and for a = — 1, n = 4(4)24, in Table S.3 of the supplements section
at the end of this issue.
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Table S.1.

Nodes and weights for (2n+l)-point Gauss-Kronrod quadrature

with respect to the weight function In(1l/t) on [0,1], n=5(5)25.

n=5

nodes

9.6703170113131841628995260-01
8.9477136103100828363888620-01
7.9464576744323651500004130-01
©.7731417458282038070180270-01
5.4742415722721076461679380a-01
4.117025202849020431749319a-01
2.8339097129822170420424410-01
1.739772133208976287011397a-01
8.793120246479704019290778a-02
2.91344721519720533037267600-02
3.055453450374047608522276a-03

weights

1.81767499850900484492328040-03
9.8205147104594648494018200-03
2.5281432798508611737504200-02
4.8359480624192653084139940-02
8.1119878799426322705599290~02
1.1928870031016403584921680-01
1.515254284520667107440880a-01
1.71520396732757560280555220-01
1.785532970704892670281547a-01L
1.5186243751630582212233880-01
6.0850745987120544229083960-02

n=10

nodes

9.9040145663466103992281040-01
9.6884798871863353939150450-01
9.3756509092490130437668440-01
8.9816109121900353816695320-01
8.5030626998372514460951420-01
7.941904160119662173585093a-01
7.3198728660817158247497020-01
6.6577520551642459722238130-01
5.9611711699600020923177600-01
5.2379231797184320116116380-01
4.5109402097879552612167210-01
3.8021253960933233397234130-01
3.119327193419556033237433a-01
2.4705241628715982422254540-0L
1.875727130810663812503927a-04
1.3531182463925077487023210-0L
9.0689167190917223764167000-02
5.397126622250062950420123a~-02
2.6405646249468567738493440-02
9.042630962199650636946628a-03
1.2835623358053861142593420-03

weights

1.5335691842076436230036830-04
8.487068240706659310736070a-04
2.2845568327457823464628220-03
4.6712117248944843567132190-03
8.4672733699067791545534260-03
1.373507422471821554874215a-02
2.0098742972641137012981600-02
2.764325282485899850930559a-02
3.60865953522817810585962180-02
4.7183827841336415879096580a~02
5.734613169174315560725749a~02
6.7334919544791154876509440-02
7.7847589166960795823795030-02
8.748258852663594360502868a-02
9.3818269107055239223561890-02
9.685544515771952988656812a-02
9.7944464616285368389793480-02
9.456636029965041400178269a-02
8.1909003169266995490954930-02
5.7741251747101101868213230~02
2.5202019916379247539343470-02
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