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A DILATION QUADRATURE FORMULA FOR HYPERSINGULAR AND HIGHLY
OSCILLATORY INTEGRALS ON THE POSITIVE HALF-LINE*
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Abstract. The aim of this paper is to introduce a new quadrature rule for approximating integrals with highly
oscillatory and hypersingular integrands defined on the positive half-line. After the integration interval is split into the
subintervals [0, M] and [M, +00), so that the part on [M, +00) is negligible, the interval [0, M] is suitably dilated
and decomposed into a sum of integrals, where each of them is approximated by a Gaussian quadrature rule. We prove
that the formula is convergent when the function f is bounded on Rt together with a certain number of its derivatives.
Numerical tests compare the performance of the proposed rule with other formulas available in the literature.
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1. Introduction. This paper addresses the numerical computation of integrals of the type

ol 400 f(m)x'yeiww
(1.1 HE(f.1) :f e
where t > 0, w > 1,12 = —1, |v| < 1, and where f is a sufficiently smooth function and the
parameter p is a nonnegative integer. If p = 0, then the integral is understood in the Cauchy
principal value sense, otherwise in the finite-part Hadamard sense.

The integrals Hy7(f) play an important role in many areas of physics and engineering,
such as fluid mechanics, optics, electromagnetics, and seismology image processing. To
our knowledge, extensive literature only exists for the numerical evaluation of singular or
hypersingular integrals defined on finite or infinite intervals (see, for instance, [1, 4, 5,6, 7, 8, 9,
10, 11, 12,13, 16, 17, 19, 21, 25, 26, 27, 28, 29, 30, 31, 33, 36] and the references therein). The
same applies to integrals with highly oscillatory integrands (see, for instance, [3, 14, 18, 20,
22,23, 32, 37] and the references therein). However, very few papers exist addressing integrals
that are both singular and oscillatory on infinite intervals (see, for instance, [2, 15, 35]).

Recently, in [15] we introduced a quadrature rule of product type to approximate (1.1)
in the case 7 > 0 and where the function f has an exponential decay at infinity, i.e., it
can be written as f(z) = g(x)e~%. It is constructed by approximating the function g by
the truncated Lagrange polynomial based on the zeros of the Laguerre polynomials and an
additional point. The rule is stable and convergent when the function g belongs to suitable
weighted Sobolev-type spaces.

Here, we introduce a new method for computing (1.1) that is based on the dilation formula
introduced in [14]. First, the integral is split into a sum of two integrals defined on the intervals
[0, M] and [M, 4+00), respectively, where M > 0 is chosen such that the value of the latter
integral is negligible. Then, the finite interval [0, M] is dilated in order to reduce the oscillation
of the function ¢'“*. The resulting integral is written as sum of a certain number of integrals,
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where each of them is approximated by a Gaussian rule. The proposed quadrature rule is
convergent for functions f that are bounded on R* and have a sufficient number of bounded
derivatives of order larger than p. Its efficiency is confirmed by the numerical tests. Comparing
its performance with that of the product rule in [15], we can observe that it is more efficient
when the function f does not exhibit an exponential decay and is not very smooth. Moreover,
unlike the product rule, it can also be applied when the parameter v is negative.

The outline of the paper is as follows. In the next section, we recall some definitions
and preliminary results. In Section 3, we describe the proposed quadrature rule, giving its
computational details in Section 4 and in the Appendix A. In Section 5 some numerical tests
confirming its efficiency will be shown, and comparisons with the results in [2, 15, 35] are
presented. Finally, to conclude, Section 6 is dedicated to the proof of the theorem stated in
Section 3.

2. Basic definitions and preliminary results. Throughout the paper we denote by
C a positive constant which may take different values in different formulas, and we write
C # C(a,b, ...) to indicate that C does not depend on the variables a,b. ..

2.1. Function spaces. We denote by C°(Z) the space of all bounded and continuous
functions on Z C R* = [0, +00), endowed with the usual uniform norm

11|z = max|f ().

In particular, we write || f||co := max g+ | f(x)|. Moreover, we denote by C"(Z),r > 1, the
space of all functions f such that f(") € C°(Z). We also consider the following Sobolev-type
subspace of C°([—1,1]) of order r € N, > 1,

W, ={rec(-1,1)) : 7 € AC(=1,1) and | f7¢" |11y < +o0}

where ¢(z) = V1 — 22 and AC(—1, 1) denotes the set of absolutely continuous functions on
(—1,1). Furthermore, we denote by

En(f)ec = it I =Pl

the error of the best approximation of a function f € C°([—1, 1]) by polynomials of degree
at most m. For functions belonging to W, the following estimate holds true (see, for
example, [24, p. 172 (2.5.22)]):

C
@1 En(foo < 2179 110, C#Cm, f).

2.2. Gauss-Jacobi quadrature rule. We recall the well-known Gauss—Jacobi quadrature
rule defined as

1 m
/_ @ @ = 30 F NG + () = 81 + e (),

j=1
where x?’ﬁ = xﬁbﬁj and )\?”3 = )\?nfj j = 1,...,m, denote the nodes and the weights
of the rule ®%°(f) and e%;?(f) is the remainder term. In the sequel, in the case of the
Gauss-Legendre quadrature rule, we set z; := x?’o, A= )\?’O, O, (f) == ®90(f), and

em(f) = e’ (f)-
For all f € C°([-1,1]), the quadrature error satisfies the following bound (see, for
example, [24, Theorem 5.1.6]):

22) i< ([ 11 @) ) Bas (1)
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3. The numerical method: a dilation-type rule. In this section we describe the pro-
posed numerical method for the computation of the integral (1.1) for an arbitrary but fixed
t > 0. As a first step we suppose that there exists a real number M such that for some 7 > 0
and d € (0, w] the following condition holds:

1
xn+1l’

fz)a?

G.1) G

V$>M7 .I‘%It,

where

PR LR - B
0+ 4 ifo<t<d.

We then consider the following decompositions of the integral (1.1):

[A] If0 < ¢ < 22 then

w75 [ [T e,

[B] If 2¢ < ¢t < M — £, then

moun={ [ L [ e

[ClIfM— 24 <t< M+ 2 then

([

[D] If ¢ > M + £, then

t+7 f(l‘ x’yelwx
w7 ( _
o= [ [ e [T
Let
le[M,+OO), Jo = |:t+d,+00), Js = |:M,t—d>.
w w
Under assumption (3.1), we have
f@)ar 1
1wx d
/Ji (x_t)p+16 €T <’17M77’

and if M is sufficiently large, then we can neglect the corresponding integrals and only
approximate the remaining integrals:
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[A] If0 < ¢ < 24 then

o= 50 [ e,

[B] If 2¢ <t < M — £ then

t—4d t+2 M f(x)xVelw®
H U (f, 1) = et @
p,M(f’ ) {/O + %t;l +/t+f)} (z —t)p+l T

[Cl1IfM — £ <t< M+ 42 then

H (S { [ f }’Ei”f e da

[D] If t > M + £, then

tJr* v plwz
x)xe
= { o £
Following an idea introduced in [14], in order to reduce the oscillations of the function elwe
we make the change of variable y = wx. Thus, we obtain:

[A] If 0 < wt < 2d, then

Hyy (f,1) = L t+d+ Q) g
P M TS v 0 wttd (E 7t)p+1y e

[B] If 2d < wt < wM — d, then

1 wt—d t+d wM f (g)
Hywp(ft) = — / + j[‘ +/ el VelYdy.
»M wrt ) o wt—d wi+d ) (£ — t)p+1

[C]l HwM —d < wt <wM + d, then

N 1 wt—d t+d f(g) )
w, — w Y 1Y
TR VRS A Sl

w

€l

[D] If wt > wM + d, then

HW»’Y - 1 it trd f(%) ¥ iyd
p,JV[(f7 t) = m o + Wy e ay.

wt—d )
Letting
I = [wt+ d,wM], I, = [0,wt — d], Is = [0,wM]

and

I =[0wt+d, I =wt—dwt+d,
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we note that the integrals over I;, ¢ = 1, 2, 3, are nonsingular since |wt —y| > d forany y € I,
@ = 1,2, 3. Concerning the singular integrals over I, j = 1,2, and denoting by

LA O]
_ Z f T'(t) ((E—t)r
r=0 ’

the Taylor polynomial of degree p of the function f at the point ¢, we use the standard
decomposition

w, 1 f % i
o, ;‘(fv t) = 7%; ( Z)+1 y'eVdy

p
SO Ve
+Z rl %* (7 . ep r+1 )
1 FE) =T, (5510 ., %
(3.2) o ( f(%) =1 (11 5) y”eiydy+7;°fj?(f,t)>
I ’

1
(-0"
in order to write the singular integral H ;’ IV* (f,t) as the sum of a Riemann integral and a

combination of the integrals H > ol T 1*( ) that are independent of the function f and can be

computed with high accuracy for every choice of ¢, w, and p (see Section 4).
Moreover, denoting by a; and b; the endpoints of the intervals I;, ¢ = 1, 2, 3, we consider
the following partition of the intervals I; into S; + 1 subintervals of size less or equal to d:

A =la; +kd,a; + (k+1)d], k=0,...,5 —1,
au 2 U Az ko
A; s, = [a; + Sid, by,

bi—ai

where S; = L J (|| denotes the largest integer less than or equal to x). Then, we write

F1) = Z/ p+1y evdy,  i=1,23.

Now, we transform the intervals over I;ﬂj =1,2,and 4;4,1=1,2,3,k=0,...,5;, to the
interval [—1, 1]. With the notation

L f(l‘) L f(:E) _Tp(fvxvt)

p(f7xat) S m7 Rp(f7x7t) Ca (.’,E — t)p+1 )
we get
1
* 0, s

y / Fi(z,t)v™ " (v)dz, j=1,

(3.3) Hy 7 (1) =

-1
1
/_1 F;‘(x,t)dx, Jj=2,
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where
* wt+d i 5*(x) 0¥ (x
Fl(xat):< 2w ) Rp fvlTat 651( )a
* d 5*($) i85 () *
Fi o) = ey (1,2, o) ésiisy o
with
t+d +1
i) = CEDEED ) — o,
and
1 Si 1
/ Fl'yo(l',t)yoﬁ(x)dx{»Z/ Fi_,k(:c,t)dx, i:2,3,
w, -1 — J-1
HE (0 = k=i
Z/ F; y(x,t)dz, 1=1,
k=0Y 1
where
y+1
d (Sio(ﬂ;‘) o
Fio(z,1) = e C =23,
’0(1' ) <2w> p f w € 1
d 8i.(2) . i=1,2,3,
: - v ) ¥ pidi k(@)
b —a; — Sid di,5,(x) 6 s (@)
Fis,(2,1) = 2ot Gy (£, =50 ) s, ()5 (), = 1,2,3,
with

d
Sip()==(r+1)+a;+kd, k=0,...,5—1,

2
bi — a; —Sld

di s, () = ( 5 )(x +1) 4+ a; + Sid,

Summing up, we obtain:
[A] If 0 < wt < 2d, then

1

S1 1
w * ]‘
Hyw(f,1) :/1F1 (z,t)vo’w(m)deFZ/lFl,k(%t)dl”rm oz (f51).
k=07~

[B] If 2d < wt < wM — d, then
1 Sa 1
H v (fot) = /1 Foo(z, )™ (z)dz + Z / 1 Fy iz, t)dx
_ =

1 S1 1
1
+ [ Fiatdos > | Putetis+ T
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[C]l fwM —d < wt <wM + d, then

1 So 1
H;j”]’\}(fvt) :/1F2’(]($7t)v0;7(x)dx+2/lFQ,k({,C’t)dx
- k=177

1
1
+/_1F;(x,t)dm+ T ).

[D] If wt > wM + d, then
1 S3 1
H3, (1) = / Fy o, 0 (2)dz + Y / Fy () da
-1 k=1"/-1

1
1
+[1F2(x t)dr + — il T (£,1).

Finally, we arrive at an approximation of the integral H ;“_ 7 (f,t) for each of the four cases
[A]-[D] by applying the Gauss—Jacobi quadrature rule with respect to the Jacobi weight v%7
to the integrals containing v (z) and the Gauss—Legendre rule to the other integrals:

Hyy (F,1) = Qpm (£ 1) + &7 1),

with the following quadrature rules and the corresponding remainder terms:
[A] If 0 < wt < 2d, then

Sl 1
QU (fot) == B0 (Fy (1) + > P (Fu(- 1) + Wﬁi?(ﬂ t),
S1
EST (L) = e (FY (1) + Y em(Fri(-, 1)
k=0
[B] If 2d < wt < wM — d, then

Qi (f,1) = p7 (P, +Z‘I> (Fo (1)) + @ (F5 (1))

+Z<I>m(F1,k(~,t)) jﬂ (),

Epm(f:) = e (Faol, JrZ:Gm (Fok(-

+en(F5(-,t) + Zem (Fy k
[C]l fwM —d < wt <wM + d, then
Sa
Q::?;Y@(fa t) = (I)%L’Y(FZO('vt)) + Z (I)m(F2,k:<'7t)) + (bm(FZ*(at))
k=1

_|_

WY+l pl*(f7 )a
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5w'y(f’ ) —eﬁ F20 +Ze7n FQk +€TVL(F2*('7t))'

[D] If wt > wM + d, then

S3

Q;ﬁ’%(fa ) - (1)9n (FB,O('a t)) + Z (I)m(FZ’»,k('v t)) + q)m(FQ*('v t))

k=1

_|_

1
,Y+17;)wl* (fv )

ELN(fo1) i= €0 (Fyo(, —i—Zemng )) + em(F3 (-, 1)).

Note that in the approximation of the integrals H/. (f,t),5 = 1,2, in (3.3), numerical

I3
5()

cancellation can occur when ¢ is very close to one of the values -—— in the computation of

) j=1,2,

5*(m7) 5*(ZE7)
5*(1’1) f( ]w )_TP (fa ]w

R, | f -2 t) =
P\ w (%*v(mi)_t)p“

which appears in the ith addendum of the Gaussian rules ®%7(Fy(-,¢)) if j = 1 and in
®,, (F5 (-, t)) if j = 2. This phenomenon becomes more severe as p becomes “large”. Thus,
to avoid a loss of precision in the computation of this term, we apply the above Gaussian rules
together with the control algorithm that was firstly introduced in [5].

For the reader’s convenience, we briefly describe this control algorithm. For j = 1, we
have 0 < 07 (x) < wt + d for |z| < 1, and for any fixed ¢ such that wt € [0, wt + d], there
exists an index v € {1,2,...,m — 1} such that

o1 (zm,v) <wt <67 (zm,w—l)-

Since, according to the interlacing property of the Jacobi zeros {z, ;}7; and {@, 41} 4,
we have the following arrangement:

° . ° - xz

0 (Tmt10) 01 (Tmw) 0T (Tma1041) 37 (Tm,pt1)

The integral fil Fy(x,t)v%Y (x)dr is approximated by the Gauss—Jacobi rule
%Y (Fy (-, t)), where m* is selected as
e ™ +1, if |07 (@mi1,04+1) — wt| > min {Jwt — 6 (Tmu)], |wt — 0F (Tmv+1)]}
m, otherwise.

The subsequence 7 (Fi(-,t)) of the Gauss—Jacobi sequence {®%7(F7 (-, ¢))}men has

the property that the minimal distance of the points w from ¢ is large enough to avoid
numerical cancellation [1]. In the case j = 2, the control algorithm assures that always an
even number of Legendre quadrature knots is used, i.e., m* = m if mis even and m* = m+1
if m is odd. In fact, 0 is always a zero of the Legendre polynomials of odd degree (see, for
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example, [34]) and % = t. The importance of applying the control algorithm to avoid
numerical cancellation is illustrated in Table 5.5 of Section 5. The next theorem guarantees

the convergence of the proposed quadrature rule.

THEOREM 3.1. Let || < 1, let f € CPT1H7(RY), with p, r nonnegative integers, such
that for some a > 0,

N,:= max max |f9(z)| < +oo,

= a,
0<j<p+1+r0<z<a
and let

._ ) v
= a. a. < +00.
@ G<iSpt14r oelatoo) 7 (@)l >

Then, for any fixedt > 0, M > 0, and 0 < d < w, we have

G Iggarol=c(TE2) ()T MG MLt Ctn St d ),

p,m

4. Computational details. The choice of the parameters M, d, and m plays a fundamen-
tal role in the accuracy and the efficiency of the proposed numerical method. In our numerical
tests we have used the assumption (3.1) in the following form:

f(z)z?

@b @—tp

< eps, Ve > M, x¢ I,

where eps ~ 2.22044e-16 is the machine epsilon in double arithmetic and where M is chosen
by a suitable routine whose details are reported in the Appendix A. The choice of the interval
I, with d < w, does not affect the computed value of M. Since M is smaller for larger values
of t and if we are interested in approximating the integral (1.1) for ¢ € [a,b] C R, we fix M
as the value computed by (4.1) with ¢ = a. Smaller values of M can be obtained by replacing
eps with %10_7', r < 16, in (4.1), but in this case approximations of the integral (1.1) can only
be achieved up to r exact decimal digits.

The computational cost of the proposed method measured in terms of function evaluations

wM
(f. e.) is approximately m LTJ . Thus, for fixed w and M, the parameters m and d are crucial

wM
for efficiency. The smaller the value of d is, the larger becomes {TJ . On the other hand,

when transforming intervals of size d into [—1, 1], the oscillating parameter of the exponential
d

function becomes 5. Then, increasing d requires increasing m in order to achieve the same
number of exact decimal digits in the approximation of each integral by the Gauss—Jacobi
quadrature rule. As a consequence, starting from a certain value of d, the execution time
increases even if the number of function evaluations continues to decrease. After a certain value
of d, the number of function evaluations no longer decreases but increases. This behaviour of
the proposed dilation rule is in line with the theoretical expectations (see (3.4)) and is shown
in the next section in Table 5.3 for the integral considered in Example 5.1. In particular, if
the goal is to minimize execution time, then Table 5.3 suggests an optimal value of d of 60.

Finding an a priori criterion for the optimal choice of d is still an open problem.
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In the numerical tests of Section 5 we compare with the results obtained by the method
in [15], and we limit ourselves to choices of d for which the execution times of our method for
integral approximations with machine precision are lower than those of [15] (note that, except
for Example 5.1, machine precision is never achieved by the method in [15]). However, we
think that for w > 8, a reasonable initial choice of d could be d = min{%,60}.

Now, we describe the details concerning the computation of the integrals

H(t) = e 7( _yre? dy,
D1 i (y _ wt)p+1

J

p=20, j=12

appearing in (3.2). For v = 0 we can compute them exactly by the relation

1 dP
w,0 _ = w,0
i1 () = pldtr 0%

t), p>0,
and taking into account that

HG'p (1) = wel [(Ci(d) — Ciwt)) +i(Si(d) + Si(wt))]
and

HG'p () = 2we' S5(d),

where S;(z) and C;(z) are the sine integral and the cosine integral functions, respectively.
For ~y # 0, since the exact expression for H,; 7% (t) is not known, we propose an approxi-
A

mation of H ;’ % (t) following a procedure very similar to the one used for (3.2). In this case,

we add and subtract the Taylor polynomial of the function e'¥, obtaining

i iwt P17
Hw,v (t) — wp+1 e —e r=0 ;T'(y - wt)rya{ dy
/ . (y — wt)’ ™

P P
iwt 1 Yy
—F ————d
e ; 7l 7{ (y — wt)p=r+1 y]
=i J

P .
. . 1
=: WP / Ry(e",y,wt)y dy + "> e (t)] :
Jj r=0 "
where
1 dr—r
Cp—r,j (t) = 7(]) — ])‘ 7dtp_7“ €o,j (t)7
with
cor(t) = ][ Y gy = ity |:7r —iBy, a (147, 0)} ,
1 (y —wt) “t
and

y? .
t) = — 2 dy = (wt)" |— B 1 0)—-B 1 0)f,
2t ]{;@—wo y= @) [t B g (145,0) = By g (149,0)
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and B;(a, b) denoting the incomplete Beta function. Transforming the interval I, j = 1,2,
into [—1, 1] and approximating the Riemann integral by the m-point Gauss—Jacobi quadrature

rule (¢« =0, 8 =~y when j = 1and @« = § = 0 when j = 2), we obtain

Py

w, s T iw 1 7 ~
Hy 7 (6) = P () 4 &P ) ey (t) + el (F (1)

r=0
=: QU (1) + &y (1),
where
wt_|_d y+1 N .
Fr(z,t) = wP™7 ( ) R, (e, 6f (x),wt), j=1,
; =

", 05 (x), wt) 03 (2)7,

j=2.

Also in this case we apply the Gaussian rule together with the control algorithm described
earlier in order to avoid numerical cancellation.

Tables 4.1 and 4.2 illustrate the excellent performance of the above quadrature rule for
different choices of v, w, p, and t and using d = 2.5. We define the absolute error by

om(t) =

|Qp m( )

Q54 (1)l

Moreover, the symbol “—”means that machine precision in double arithmetic is achieved.

L TABLE 4.1
Tp TE (¢) for different choices of w, p, and t.

1

T (1)
w=10 w = 500
m | t=0.003 | t=60 | t=0.003 t =60
4 1.72e-7 8.33e-4 2.00e-5 8.33e-4
8 — 5.46e-12 | 1.50e-13 | 5.46e-12
16 —
T{'J (1)
w=10 w = 500
m | t=0.003 t=60 | t=0.003 t =60
4 1.32e-7 8.51e-4 1.04e-3 4.25e-2
8 — 3.06e-12 | 1.50e-12 | 1.53e-10
16 — — — —
1
To (1)
w=10 w = 500
m | t=0.003 | t=60 | t=0.003 t =60
4 1.58e-7 7.86e-4 4.62e-5 2.33e-3
8 — 1.62e-12 | 6.04e-14 | 1.57e-11
16 —
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o TABLE 4.2
r;j;nTO (¢) for different choices of w, p, and t.
9
w, 10
rO,m (t)

w =50 w =630

m| t=1 | t=200| t=1 | t=200
4 | 3.06e-5 | 3.02e-5 | 3.02e-5 | 3.22e-5
8 | 2.08¢-13 | 1.98e-13 | 1.98¢-13 | 2.01e-13
16 - - - -
9
o (1)
w = 50 w = 630

m| t=1 | t=200| t=1 | t=200
4 | 528-6 | 5196 | 520e-6 | 5.19-6
8 | 1.97e-14 | 1.87e-14 | 1.87e-14 | 1.90e-14
16 - - - -

9
T’ ()
w =50 w = 630
t=1 t =200 t=1 t = 200
1.37e-6 1.35e-6 1.35e-6 2.34e-6
2.94e-15 | 2.77e-15 | 2.78e-15 | 2.76e-15

o ® 3

5. Numerical tests. We dedicate this section to report on the performance of the proposed
quadrature rule for approximating the integrals (1.1) for different choices of the parameter
p. We also provide some comparisons with results obtained by other existing quadrature
rules [2, 15, 35]. Concerning the product quadrature rule proposed in [15], in the tables we
provide the values of the parameters m and j representing the number of interpolation knots
and the truncation index, respectively. In particular, the parameter j corresponds to the number
of functions evaluations required by the rule.

In the following, we denote the absolute errors and the relative errors by

rom(ft) = [H 7 (f,t) — Q5 (f: 1)l
and

N 27, 0) — Q31,0
N T

respectively. Moreover, when the exact value of the integral is unknown, we replace it with
the reference value Q5 (f,t) for m = 64.

EXAMPLE 5.1. We consider the following example:

0 o0 e~ T . .
H " (f,t) = ][ —— Yy = — e L B (t — iwt),
o x—1
where F;(z) represents the exponential integral function. Since the function f(z) = e™*
belongs to the space C>°(R™), in agreement with the theoretical expectations, convergence
is fast. We obtain machine precision with m = 11 for different choices of the oscillation
parameter w, as shown in Tables 5.1 and 5.2 (upper tables). In Tables 5.1 and 5.2 (bottom tables)
we also report the results obtained with the product quadrature rule in [15]. In [15, Example 1],
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the authors already confirm superior performance of the product quadrature rule compared to
the ones proposed in [2, 35].

As announced in the previous section, in Table 5.3 we demonstrate the behavior of our rule
for increasing values of d. As can be observed, m increases with d, and for d > 50 the running
time no longer decreases but increases. Furthermore, in Table 5.4 we report the running times
(measured in seconds) of the proposed method and the one in [15] for approximations up to
machine precision for w = 16, 80, 320. As one can see, only in the case w = 320, the product
quadrature rule in [15] is slightly faster than the dilation rule.

Finally, Table 5.5 emphasizes the importance of applying the dilation rule together with
the control algorithm of Section 3 for selecting the optimal number m* of quadrature nodes

to prevent numerical cancellation. In fact, in evaluating the approximation Qg?ig( f,t) at

the points ¢ = 0.0111632703293431, 0.521615436, which are very close to Si@5.2) 4pq

w
W, respectively, the control algorithm selects m* = 8 or m* = 10 in order to avoid loss

of precision.

TABLE 5.1

Example 5.1: absolute errors for approximating H, 30’0 (f, t) with the dilation rule (upper table) and the product
quadrature rule in [15] (bottom table).

ol 0(ft) M =33 d=25

0,m

m t=0.1 t=0.01 | £t =0.001 | £t =0.0001

4 | 3.29¢e-6 9.13e-7 9.13e-7 9.09e-7

8 5.33e-13 | 5.83e-13 | 5.83e-13 5.89e-13

11 - - - -

o (f,t) [15]

m J t=011]¢t=0.01 | t=0.001 | ¢t =0.0001
4 4 | 3.04e-3 | 5.52e-3 1.41e-2 2.23e-2
8 8 | 4.78e-5 | 2.91e-5 1.19e-4 1.99¢-4
16 | 16 | 8.45e-9 | 4.55e-9 9.78e-9 1.87e-8
32 | 26 — - — —

TABLE 5.2
Example 5.1: absolute errors for approximating Hg’o(f, 0.02) with the dilation rule (upper table) and the

product quadrature rule in [15] (bottom table).
rgm(£,0.02) M =33 d=25
m w=2>5 w =20 w=280 | w=320
4 | 1.08e-6 8.38e-7 1.41e-6 2.31e-6
8 | 5.76e-13 | 5.76e-13 | 5.73e-13 | 5.39e-13

11 — — — —

e (£,0.02) [15]
m | j w=>5 | w=20 | w=80 | w=320
4 | 4 | 2.83e-3 | 4.56e-3 | 9.03e-3 | 8.83e-3
8 | 8 | 4.09e-5 | 2.38e-5 | 7.17e-5 | 6.81e-5
16 | 16 | 1.18e-8 | 3.06e-9 | 5.31e-9 | 4.43e-9
32 | 26 — — — —
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TABLE 5.3
Example 5.1: Behaviour of the dilation rule Qgion’o(f, 0.02) with M = 33 for different choices of d.
d m 7"372770{0 (£,0.02) | f.e. | second

25 | 11 1.92e-17 46464 | 0.958
5 12 2.15e-16 25344 | 0.497
8 15 6.26e-18 19800 | 0.393
10 15 4.21e-16 15840 | 0.322
50 | 31 2.82e-16 6541 0.150
60 | 34 1.79e-16 5984 | 0.146
100 | 47 2.02e-16 4935 | 0.168
200 | 77 2.22e-16 4004 | 0.214
300 | 105 1.93e-16 3675 | 0.320

TABLE 5.4
Example 5.1: comparison between the running times (in seconds) of the dilation rule Q‘g,’lo(;( £,0.02) with
M = 33 and the product quadrature rule HS”’SOQ(f, 0.02) in [15] for achieving machine precision with different
choices of w.

w | Timing[Qpp (£,0.02)] | Timing[Hgy)(f,0.02)]

16 | 0.022 5 (d=8,m = 12) 0.082 s

80 | 0.077 s (d = 10,m = 13) 0.086 s

320 | 0.187 s (d = 50, m = 31) 0.090 s
TABLE 5.5

Example 5.1: absolute errors for approximating Hg(),;? (f,t) with M = 33 and d = 2.5 by the dilation rule
without the control algorithm.

m | roo (f,0.0111632703293431) | 5% (f,0.521615436)

8 5.828e-13 1.345e-13
9 8.000e-03 2.400e-02
10 2.220e-16 3.140e-16

EXAMPLE 5.2. We consider the integrals

adgy =4 ! $elwr g 0,1
P )_7[0 (I7+1>4(I—t)p+1xoe T p=54

whose exact values are unknown. Also in this case, f(z) = m belongs to C°°(R™), and
thus we expect fast convergence, both for the parameters p = 0 and p = 1.

The results shown in Tables 5.6 and 5.7 (upper tables) fully meet our expectations: in
each simulation, machine precision is always achieved with m = 11 for p = 0 and, in the
worst case, with m = 12 for p = 1. In [15], worse results are obtained for approximating the
same integrals with the product quadrature rule. In fact, as one can see in Tables 5.6 and 5.7
(bottom tables), an accuracy of at most 7 exact decimal digits is reached, even when further
increasing m.

A direct comparison between the new method (upper tables) and the method in [15]
(bottom tables) for targeting roughly the same accuracy is presented in Tables 5.8 and 5.9. As
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TABLE 5.6

Example 5.2: absolute errors for approximating H, 8] *5(f, t) with the dilation rule (upper table) and the product
quadrature rule in [15] (bottom table).

3
UJ,g

rOm(fat) d:25
t=0.01 M =351 t=4 M=4.1
m| w=10 | w=100 | w=1000 | w=10 | w =100 | w = 1000
5 | 2.60e-7 3.87e-7 3.23e-6 1.83e-7 2.36e-8 2.82e-8
7 | 1.63e-10 | 5.86e-11 | 1.01e-9 5.73e-10 | 5.38e-12 | 2.58e-11
9 | 1.64e-13 | 3.88e-15 | 1.05e-13 | 6.86e-13 - 7.24e-15
11 — — — — — —
3
com(f,t) [15]
t=10.01 t=4

m J lw=10| w=100 | w=1000 | 5 | w=10 | w =100 | w = 1000
32 11 | 5.33e-2 | 3.0le-2 8.77e-2 11 | 3.27e-2 | 4.16e-2 4.16e-2
64 15 | 3.08e-2 | 4.82e-2 6.84e-2 15 | 1.24e-2 | 1.67e-2 1.68e-2
128 | 21 | 1.99e-2 | 8.17e-3 1.82e-2 | 21 | 1.19e-2 | 1.07e-2 1.08e-2
256 | 29 | 3.48e-3 | 3.23e-3 1.65e-4 | 30 | 2.75e-3 | 2.49e-3 2.48e-3
512 | 41 | 7.27e-5 | 2.09e-4 3.86e-4 | 41 | 1.89e-4 | 1.47e-4 1.48e-4
1024 | 57 | 5.46e-7 | 4.46e-7 9.01e-8 | 58 | 3.88e-7 | 2.79e-8 2.97e-8

TABLE 5.7
3

Example 5.2: absolute errors for approximating H f *5 (f, t) with the dilation rule (upper table) and the product
quadrature rule in [15] (bottom table).

rO3 () d=2.5

1,m

t=0.01 M =341 t=4 M =42

m w =10 w =100 | w = 1000 w =10 w =100 | w = 1000
4 7.77e-6 3.33e-5 1.79e-5 1.0le-4 4.40e-6 3.18e-7
6 5.78e-9 1.20e-8 2.02e-7 8.06e-10 | 2.60e-9 1.68e-9
8 3.80e-12 | 1.32e-11 2.15e-10 9.58e-13 | 3.96e-13 2.09e-12
10 - — 1.60e-13 - - -

12 - - - - - -

3
s (f,1) [15]
t =0.01 t=4

m J lw=10| w=100 | w=1000 | 5 | w=10 | w =100 | w = 1000
512 | 46 | 8.94e-2 | 8.72e-2 4.99-1 | 46 | 2.84e-3 | 1.51e-2 1.48e-1
1024 | 63 | 1.58e-5 | 5.73e-b 1.89-4 | 65 | 3.79e-6 | 6.68e-6 3.03e-5

one can see, except for the case w = 10, the new method requires a larger number of function
evaluations. However, the running time of the product rule in [15] is always much higher; this
is also the case when the dilation rule is employed for obtaining machine precision accuracy
(see Tables 5.10 and 5.11). This shows that the overall computational cost of our method is
lower even though it requires a larger number of function evaluations.
EXAMPLE 5.3. As a third test example we approximate the integrals
|z — 5] Se %

H;)’E(fv t) = %O (QZ + 1)2(56 _ t)p+1

Also in this case the exact values are unknown. The results presented in Tables 5.12, 5.13,

+oo

73 elwe dz, p=0,1,2.
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TABLE 5.8

Example 5.2: comparison between the number of function evaluations (f. e.) and the running times (in seconds)

3 3
of the dilation quadrature rule Q(g > (f,t) and the product quadrature rule HSJ 1024 (fs 1) in [15] in correspondence
of different choices of w and t.

Dilation rule

t=0.01 t=4
M 3.51 3.51 3.51 4.1 4.1 4.1
w 10 100 1000 10 100 1000
d 5 90 450 7 90 350
m 8 34 133 9 33 103
f.e 56 102 931 45 132 1133
3
7“8)7’,;';( ,t) 1.46e-7 | 2.06e-8 | 6.61e-8 | 3.18e-7 | 1.69e-8 | 2.83e-8
3
Timing[QS}”;’l(f, t)] | 0.013s | 0.106s | 1.235s | 0.013s | 0.095s | 0.802 s

Product rule in [15]

t =0.01 t=4
w 10 100 1000 10 100 1000
f.e. 57 57 57 58 58 58
3
eg_’,z(f, t) 5.46e-7 | 4.46e-7 | 9.01e-8 | 3.88e-7 | 2.79%-8 | 2.97e-8
i 3

Timing[Hg 9oy (f.1)] | 48825 | 507.6s | 53575 | 555.05 | 556.75 | 630.4 s

and 5.15 show absolute errors that are much smaller than our theoretical expectations, having

11 x
f(z) = % € C®(R™). In fact, machine precision is always attained with at most
m = 12, even at the evaluation point 4.99, which is very close to the point 5, where the sixth
derivative of f is singular. For comparison, the results presented in [15, Table 8] show that the
product quadrature rule suffers from the low smoothness of the function f, yielding the worst
results just at the point 4.99.

Analogous conclusions can be drawn from Tables 5.14 and 5.16, where, due to the large
values of the integrals, we report the relative errors both for the dilation rule (upper tables) and
for the product rule in [15] (bottom tables).

Moreover, in Table 5.17 we report the running times (in seconds) of the proposed dilation-
type rule for an approximation with machine precision and the running times of the product
rule [15] for an approximation with at most 7 exact decimal digits (its best performance). As
one can see, the new method is always faster than the product rule in [15] since it requires
fewer knots, both for w = 100 and for w = 500, for reaching machine precision.

EXAMPLE 5.4. We conclude with the following example:

w0~

+oo 1
o (22 +5)z —t)pt!

T e dz, p=0,1,2,

where f(2) = g € C*(R7) and v = —7. Since 7 is negative, the product rule
proposed in [15] cannot be applied, hence, in order to approximate the integrals, we only use
the dilation-type quadrature formula presented above.

Since the function f is very smooth, we also expect in this case a good performance of
the proposed method. In Tables 5.18, 5.19, and 5.20, the results obtained with p = 0, p = 1,
and p = 2 are presented. In line with the theoretical estimates, convergence is always fast, and
we reach machine precision with m = 10.
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TABLE 5.9
Example 5.2: comparison between the number of function evaluations (f. e.) and the running times (in seconds)

3 3
of the dilation quadrature rule Q(f "> (f,t) and the product quadrature rule H ;J 124 (fs 1) in [15] in correspondence

Dilation rule

t=0.01 t=4
M 341 3.41 3.41 4.2 4.2 4.2
w 10 100 1000 10 100 1000
d 5 90 350 5 90 400
m 7 32 103 6 30 111
3
ri’ni (f,t) 1.64e-6 | 1.32e-6 | 3.83e-6 | 1.28e-6 | 1.22e-6 | 1.74e-6
f.e. 42 96 927 48 120 1110
3
Timing[Qi’;l(f, t)] | 0.011s | 0.095s | 0.80L s | 0.009 s | 0.085s | 0.930s
Product rule in [15]
t=0.01 t=4
w 10 100 1000 10 100 1000
f.e. 63 63 63 65 65 65
3
ef,’"i(f, t) 1.58e-5 | 5.73e-5 | 1.89 — 4 | 3.79¢-6 | 6.68e-6 | 3.03e-5
3
Timing[Hf’l%M(f, )] | 5174s | 514.6s | 54555 | 562.1s | 6104 s | 640.5 s
TABLE 5.10

3
Example 5.2: comparison between the running times (in seconds) of the dilation quadrature rule QS] 5 (1)

3
and the product quadrature rule HSJ ’1%24 (f,t) in [15] in correspondence of different choices of w. The dilation rule
approximates with machine precision, the product rule in [15] approximates with at most 7 exact decimal digits.

3 3
w | Timing[Q4 (£,0.00)] | TiminglHY 5, (f,0.01)]

10 0.022 s 488.2 s
100 0.061 s 507.6 s
1000 0.448 s 535.7 s

TABLE 5.11

3
Example 5.2: comparison between the running times (in seconds) of the dilation quadrature rule QT 5(f,t)

3
w, 5 . . . . o
and the product quadrature rule H | 1%2 4 (f,t) in [15] in correspondence of different choices of w. The dilation rule
approximates with machine precision, the product rule in [15] approximates with at most 5 exact decimal digits.

w | Tining[Q5(£,0.00)]1 | TiminglHY 5, (f,0.01)]

10 0.024 s 5174 s
100 0.064 s 514.6 s
1000 0479 s 545.5 s

TABLE 5.12

1
Example 5.3: absolute errors for approximating Hg S, 0).

| 705 (£,4.99), d=25,M =961 | r3(£,10) d=2.5, M =97.7

TO m
m | w =100 w = 500 w =100 w = 500
4 | 4.67e-6 5.68e-7 8.81e-5 9.04e-5
8 | 5.79-14 6.72e-15 5.66e-13 5.94e-13
10 — — — —
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TABLE 5.13 .
Example 5.3: absolute errors for approximating H f "3 (f,4.99).

1
rfﬁ(f,4.99) d=25 M =86.6

m | w= 100 w = 500

4 | 9.38e-7 1.14e-7

8 1.39e-14 1.36e-15

12 — —
TABLE 5.114

Example 5.3: relative errors for approximating H(;’g (f, 10) with the dilation rule (upper table) and the
product rule in [15] (bottom table).

P35 (£,10) d=2.5 M =88.4

rl m

m | w=100 w = 500
4 | 5.33e-6 5.20e-6
8 | 2.04e-14 1.86e-14
12 — —

-

& (f,10) [15]
m j w =100 | w =500
128 85 5.93e-7 2.36e-7
256 | 126 | 6.79e-7 6.78e-7

512 | 116 | 5.84e-9 | 5.72e-9

TABLE 5.15 L
Example 5.3: absolute errors for approximating H. ;u "3 (f,4.99).

©5(£4.99) d=2.5 M =776

T2 m

m | w =100 w = 500

4 | 1.88e-7 2.39e-8

8 | 2.20e-13 —

12 — —
TABLE 5.16

1
Example 5.3: relative errors obtained for approximating H;) "3 (f, 10) with the dilation rule (upper table) and
the product rule in [15] (bottom table).

P3(£,10) d=2.5 M =T9.5
m | w=100 w = 500

4 | 3.69e-6 1.60e-6
8 | 1.36e-14 4.21e-15
12 — —

&5 (f,10) [15]
m J w =100 | w =500
128 | 88 | 1.13e-6 | 3.04e-7
256 | 129 | 6.80e-7 | 6.78e-7

512 | 114 | 6.25e-9 | 5.74e-9
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TABLE 5.17 .
Example 5.3: comparison between the running times (in seconds) of the dilation quadrature rule Q:;FG (f, 1)

1
and the product quadrature rule H:,;iz (f,t) in [15] withp = 0, 1,2, in correspondence of different choices of w.

The dilation rule approximates with machine precision, the product rule in [15] approximates with at most 7 exact
decimal digits.

1 w1
w | Timing[Qy 5 (f,4.99)] | Timing[Hy 5o (f,4.99)]
100 1.711 s 161.266 s
500 8.483 s 169.5 5
1 w. L
w | Timing[Q}5(f,4.99)] | Timing[H; o (f,4.99)]
100 1.569 s 175 s
500 7.567 s 178.063 s
1 1
w | Timing[Q5'%(f,4.99)] | Timing[H 1},(f,4.99)]
100 1.501 s 181.297 s
500 7.127 s 182.313 5
TABLE 5.18

1
Example 5.4: absolute errors for approximating HS)’ ([, ).

1
w,— 7

T0,m (fﬂ t)
t=04 d=25 M =488 t=400 d=25 M = 38.7
m w=5 w=25 w =50 w=25 w=25 w =50
4 | 4.16e-7 1.93e-7 1.90e-7 8.40e-12 | 6.52e-13 | 5.95e-14
8 | 7.60e-14 | 1.43e-15 | 1.28e-15 — — —
0] - - - - - -
TABLE 5.19 L
Example 5.4: absolute errors for approximating le’_ 1(f,1).
1
"om (f,1)
t=04 d=25 M =332 t=400 d=25 M =18.7
m w=25 w=25 w =50 w=25 w=25 w =50
4 | 1.50e-7 4.36e-7 9.31e-7 2.10e-14 | 1.63e-15 | 9.02¢-16
8 | 6.26e-14 | 2.49e-13 | 5.05e-13 — — —
0] - - - - - -
TABLE 5.20 N
Example 5.4: absolute errors for approximating H ;d TA(F ).
1
Tom' (f:1)
t=04 d=25 M =242 t=400 d=2.5 M =38.8
m w=>5 w =25 w=0>50 |w=>5|w=25| w=250
4 | 3.50e-7 5.09e-6 1.99e-5 — - —
8 | 3.24e-13 | 6.28e-12 | 2.52e-11 —
10 - . —
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6. Proofs. In order to prove Theorem 3.1, we need the following lemma:
LEMMA 6.1. Lett € Z, with I a compact interval of RT. Let p, r be nonnegative integers,
and let |y| < 1. If f € CPTY"(I), then R,(f,t) € C"(T) and

. o < (p+1+4r)

(6.1) max | = Rp(f7x7t)’ < max|f (@)]
and

(6.2) max | =~ R,(f,z,t)z"| < meax\f(p"'l"'r)( x)z7|.

Proof. Suppose that ¢t < x. First of all we recall the integral form of the Taylor’s remainder
term

(@)~ Ty(f. 1) = / SO ) (@ — )P dy.

Moreover, using the change of variables y = t + u(x — t), we easily get

f(l‘) _Tp(f7xﬂt) 1
(@—tptt  pl

Ry(f,@,t) = / FP (@ 4wz — 1) (1 — )P du.

Taking into account that, for » > 0,

61"

1o
= — “ p(pt+1) _ _2\P
S Bl t) = = [ SE I e uta = 0)(1 = P du

1
= % / FOED (4w —t))u" (1 — )P du
*JO

and that for u € [0, 1] it holds that y = ¢ + u(x — t) € [t,x] C Z, we have

r

1
e Rr)] < 5 [ 15 e ) - 7 d

1 1
< (p+1+r) (1 — )P
P Ig?ea%df (gc)|/0 u" (1 —w)P du

pl z€z
and
)|
1

<o | e I ue - 0)( ute = 0) (1= 0 d
oSy (t+ulz—1t)

1
< — max | fPHH) () ;C'V\/ (1 —w)Pdu

p' €T

1
< = max | fPHHF) (2)27],
p! zez

Then, (6.1) and (6.2) follow. The proof in the case ¢ > x is similar. 0
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Now, we can prove Theorem 3.1.
Proof of Theorem 3.1. We start with the proof in the case [B], i.e., 2¢ <t < M — f.
Using (2.2) and (2.1), we have

€ (f )] < len (Fao(, |+Z\€m Fa(,t))|
+ lem (F5 (-, |+Z|emFIk )
27+1 52
< Eom—1(F20(1))oo +4ZE2mfl(F2,k:('7t))oo
v+1 —
S
+ 4B 1 (F5 ()00 + 4 Eam-1(FLi(1))oo
k=0

| /\

(6.3)

IN

Sa
BRSO 1+ D IER GO I + I1E 7 (0" -1y
k=1

+Z||Ff’;3 ) llia, ]

IESS o)l 11]+Z||F§’;3 Ol + 1E GOy

+Z IET) (1)l 11]]

Recalling the definition of F5 (-, t), we have

170
Since for || < 1, it

87"
ox"

(6.4) ‘

(
(6.5) < (
(

s 22 e

d y+1
-y = (gw) 5

holds that 2z := 62%(1;) € [0, %] and thus,

aj (f,z t)‘
) ;<§>;io<z>z_'f:;im
) ()5 (zf) <3>”“ﬂ‘*nf<z»<z>+
)

r r i -
() w1001 () 52 (1) (3

=0
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" +1 .
S(d+d+l> (g)p max max |f)(z)].

2 2w 2 d ijgrogzgg

Hence,

. 1 /w\r7/(d d 1\ .
(6.6) ||F2(70)(.,t)||[,1,1] < it (*) <++> max max |fY(2)].

d 2 2w 2/ o0<j<ro<e<d
Now, in view of the definition of F5 ;(-,t), for k = 1,..., 52 — 1, we have
¥
a o sea@) N (S26@\ e
FO ()] = G( ; t) : 182, (z)
| 2,k($7 )l 5w |9z P I w ” e

T (. ) L)t

w

) (;i)r—s <62J;(x)>’vr+s-

€ [i M] ,k=1,...,5 — 1, and using (6.5), we get

d (T
<552,

|
N =

IN

%(—)p max — max {|f(2)(z)zv|

066 B0s5060)

7=0 i

d d " rw\P A
4= hd (@) Y
( + - + 1> (d) max max |f'(2)z7].

0<j<r d < ,< S2d
and thus,
IES) o)y

6.7) 1/d d " rwN\P ;
<-|l-+— =) max max|f(z)27 = b :
-2 (2 + 2w + 1) (d) ogférz;%{' )71, Fo bt

Taking into account that w < %, it is possible to prove in a similar way that

o cl(d A Y ey ()0
(6.8) 1£2.6, (l-11) < 5 <2 + o5 +1 (d) org?%(r?;g‘f (2)27].

Analogously, one verifies that
TaviC] [

)

6.9) 1/d  d " WP .
s\t — (%) v _
2<2+2w+1) (d) max max |f\"(2)27], k=0,...,5.

0<y<r zZ%


http://etna.ricam.oeaw.ac.at
http://www.kent.edu
http://www.ricam.oeaw.ac.at

562 M. C. DE BONIS AND V. SAGARIA

Finally, taking into account that for |z| < 1 it holds that z =:
w
— d > d, and, using (6.2) with » > 0, we obtain

o L (f, 555}96)’ t) (55136)) ! (193 (@)

ox”
s 83 ()
('fxs ( wa ) (

S:é(z)
=206 6 20 >

J

) S0 (e

Jj=

73 (1) =

)7 r+s

w
e

s

|
€l
w W
HMi |
=) o

X max
t—4<z<t+ 4

.
d r d\°®
— d+ — ] max max
s W/ 0<j<ri—d<x<¢+d

w s=0

d d \" 0
(6.10) <% (d+%+1) max max|f9(2)z ‘
w w 0<j<p+1+4r Z>d

g to(1:20)7

f(p+1+j)(z)zv‘

IN

Substituting (6.6), (6.7), (6.8), (6.9), and (6.10) into (6.3), the estimate (3.4) follows in case [B]
Incase [A],ie., 0 <t < %d, it holds that

Exm ()] < ey (Fy (-, |+Z|€m Fri(-,1))]
97+1 51
< Eorm—1(F{ (1)) oo +4ZE2m71<F17k(';t))oo
y+1 P
C o
(6.11) < — ||F1*(r Oll-1.1 +ZHFT 1,1]] .
k=0

Recalling (6.9), we only need to estimate the first norm at the right-hand side of (6.11)

. . . 61 () d
Proceeding as for (6.10) with z =: c [O, t+ ;] , we have
w

t+d\"H
F*(r) ot B _ w
IF ol = (Tt

(wt+d>w1 <wt+d>r ’ (r) 1
< — max
2w 2 < \J Wl 0<a<ttd

9
ox"

and, using (6.1), we obtain
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“(r t+d\" fwt+d\" 1\ '
||F1()(-,t)\|[—1,1]§ <w + > <w;- > <1+) max max |f(J)(Z)‘

2w W/ 0<j<p+itro<z<t+d

d\" _
6.12 cefar® o
( ) - ( + w) ogjrggfprr ng)gjd |f (Z)|

Combining (6.9), (6.12), and (6.11), the estimate (3.4) follows in case [A]. The proofs for the
cases [C] and [D] are similar. O

7. Conclusions. We have proposed a new method for approximating the values of the
integrals (1.1), which are of interest in several applications. Under a suitable assumption
on the function f (see (3.1)), the method is based on an approximation of the integral only
on the finite interval [0, M]. Following an idea in [14], the latter interval is first dilated into
the interval [0, wM] in order to reduce the oscillation of the function e'“® and then divided
into a number of integrals over subintervals of size d. The integrals in each subinterval are
approximated by a Gaussian rule. We prove convergence of this procedure for functions f that
are bounded on R and have bounded derivatives up to an order larger than p.

The numerical tests show that, in general, the new method requires a larger number of
function evaluations than the method proposed in [15], but the running time of the latter
method is much higher. This results in an overall computational cost of our method being
lower even though a larger number of function evaluations are required. In particular, the new
method is more convenient than the method proposed in [15], both in terms of accuracy and
efficiency, for functions f having an algebraic decay at infinity (see Example 5.2) and/or a
low degree of smoothness (see Example 5.3). When the function f is very smooth and has an
exponential decay at infinity (see Example 5.1) the two methods are both highly accurate, but
the method in [15] requires slightly smaller execution times for large values of w. Moreover,
as shown in Example 5.4, unlike the product rule, the new method can be applied also when
the parameter + is negative.
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Appendix A. Algorithm for computing M. Here we report the algorithm for the
function FindM that is used to compute the value of M.
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Algorithm 1: FindM.

Input: f,d,w,,p,t

Output: M
1if (t < 29) then
2 M:H—%;
3 while ‘% > eps do
4 | M =M+ 55;
5 end
6 else
7 M = %;
s | while ‘M% >eps& M <t— 2 do
9 | M =M + 55
10 end
11 if ’% < eps then
12 | M =M+ {5;
13 end
14 | ifM>t— < then
15 M:t+%;
16 while % > eps do
17 | M =M+ 45
18 end
19 end
20 end
a M=M-4
22 while (‘% > Zeps) do
3 | M=M+ 5;
24 end
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