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Abstract A general framework is constructed for efficiently and stably evaluating
the Hadamard finite-part integrals by composite quadrature rules. Firstly, the inte-
grands are assumed to have the Puiseux expansions at the endpoints with arbitrary
algebraic and logarithmic singularities. Secondly, the Euler-Maclaurin expansion of
a general composite quadrature rule is obtained directly by using the asymptotic
expansions of the partial sums of the Hurwitz zeta function and the generalized
Stieltjes constant, which shows that the standard numerical integration formula is
not convergent for computing the Hadamard finite-part integrals. Thirdly, the stan-
dard quadrature formula is recast in two steps. In step one, the singular part of the
integrand is integrated analytically and in step two, the regular integral of the remain-
ing part is evaluated using the standard composite quadrature rule. In this stage, a
threshold is introduced such that the function evaluations in the vicinity of the singu-
larity are intentionally excluded, where the threshold is determined by analyzing the
roundoff errors caused by the singular nature of the integrand. Fourthly, two prac-
tical algorithms are designed for evaluating the Hadamard finite-part integrals by
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applying the Gauss-Legendre and Gauss-Kronrod rules to the proposed framework.
Practical error indicator and implementation involved in the Gauss-Legendre rule are
addressed. Finally, some typical examples are provided to show that the algorithms
can be used to effectively evaluate the Hadamard finite-part integrals over finite or
infinite intervals.
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Puiseux series - Error asymptotic expansion - Roundoff error analysis - Composite
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1 Introduction

Hadamard [18] introduced the concept of hypersingular integral, which was defined
to be the finite part of a divergent integral by dropping some divergent terms. This
form of integral is later identified as the Hadamard finite-part (HFP) integral, usually

denoted by fab f(x)dx for a given integrand f (x). A general HFP integral is typically
expressed as

b
H[a),g,a,b,t,y]::?é ————dx,a<t<b, y>1, (1.1)
a

where o (x) is a weakly singular weight function involving algebraic and logarithmic
endpoint singularities and g(x) is a sufficiently smooth function. A typical w(x)
reads

wx)=x—a)*b— x)ﬁ(log(x —a))*(log(b — x))", a, B > —1(real), u,v > O(integer).

The HFP integral (1.1) can be derived by expanding g(x) in a Taylor’s series [12].
For instance, if « — y < —1 is not an integer and denote the integer part of y — « by
m, then

H[(x —a)*, g,a,b,a,y] = fab(x —a)* YV g(x)dx

b _ m=l @ ML) () (b—g) =7+
= J,x —a)*7Y [g(x) - T P a)k} dx + ,;0 e T

k=0
(1.2)
In addition, if « — ¥ < —1 is an integer and denote its absolute value by m, then

m—1
H[{(x —a)*,g,a,b,a,y]l = fab(x —a)*7v |:g(x) -y %(x — a)k:| dx
k=0

m—s (k) _ya—y+k+1 (m—1)
g (a)(b—a) 8 (@)
+ 2 Ka—y+k+D) =t log(b —a).

(1.3)

@ Springer



The practical Gauss type rules for Hadamard finite-part integrals. . . 321

The HFP integrals share some of the usual properties of regular integrals. For
instance, they are additive on the interval of integration, changes of variable are
allowed, but they do not behave well with respect to inequalities [12]. Many appli-
cations of the HFP integrals have been found in the boundary integral equations in
mechanics, electrodynamics, aerodynamics, and acoustics, which were illustrated by
Monegato [35] in a concise description. Zozulya [64] also considered the regulariza-
tion of some type divergent integrals in boundary integral equations and boundary
element methods based on the theory of distributions.

The highly efficient and highly accurate evaluations of the HFP integrals are very
important for practical applications. In the past decades, numerous work has been
devoted to the study of quadrature rules for these integrals. Here we mention two
main classes of the numerical methods. The first one is based on formula (1.2) or
(1.3). Since the integral on the right-hand side of Eq. 1.2 or Eq. 1.3 is a regular one,
we can evaluate it by the standard numerical integration methods such as the Gaussian
quadratures [10, 22, 40] and the composite Newton-Cotes type rules [13, 21, 49, 50].
The second one is the interpolation formula constructed by replacing g(x) in Eq.
1.1 by its (piecewise) Lagrange or Lagrange-Hermite interpolation polynomial based
on a set of distinct nodes [11, 16, 20, 28, 52, 56]. Monegato [32] examined some
numerical approaches for the two kinds of the methods and showed that the first
one is more accurate than the second one. Linz [28] also proved that the piecewise
linear interpolation formula (also called composite trapezoidal rule) has only first
order accuracy for y = 2 in Eq. 1.1. But Wu and Sun [59] found this formula has
superconvergence phenomenon when the singular point coincides with some a priori
known points. Since then the superconvergence of the interpolation formulas has
been investigated intensively by some authors [52, 60, 63]. In addition, there are some
special methods which can evaluate the hypersingular integrals, see for example, the
optimal methods in the sense of accuracy [2, 3] and the numerical quadrature of
undetermined coefficient in boundary element calculation [6].

The HFP integrals can be interpreted as taking the analytic continuation of weakly
singular integrals. Actually, the first integral on the right-hand side of Eq. 1.2 is a
weakly singular integral. Hence, we can unify the treatment of the HFP integrals and
the weakly singular integrals. For the weakly singular integral involving algebraic
or logarithmic singularities at one or both endpoints, for example, H[w, g, a, b, t, 0]
in Eq. 1.1, where w(x) = (x — a)® or w(x) = (x —a)*log(x —a) and @ > —1
(note that here the integral is degenerated to a regular one), Navot [36, 37] gave an
extension of the Euler-Maclaurin formula when the integral is computed by gener-
alized trapezoidal rule. The results were also obtained by Lyness and Ninham [30]
via the Fourier expansion and some generalized functions. Ninham [38] also showed
that Navot’s expansions are valid for the HFP integral H[(x —a)%, g, a, b, t, 0] when
o takes any value other than a negative integer. The remaining case in which « is
a negative integer was completed by Lyness [31]. Monegato and Lyness [33] also
discussed the various Euler-Maclaurin expansions of the HFP integrals by using the
Mellin transform. Based on Navot’s results, Sidi [45, 47, 48] derived some general
Euler-Maclaurin expansions of offset trapezoidal rule approximations for weakly
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singular integrals or the HFP integrals by assuming that the integrands have asymp-
totic expansions at the endpoints. Sidi’s assumptions about f(x) can be expressed
as

— Ko, j “
fo) = Z “)M ZZC(I) (x —a@)* (log(x — a)i + ry(x)

i=1j=0
= fa(x) +r.(x), x > a, (1.4)
Flx) = C(()zi (log(b —x)) 0.j N 226(2) (b — x)% (log(b — x))" + rp(x)
j=0 i=1 j=0
= fp(x) +rp(x), x < b, (1.5)

where the exponents «; and 8; (i = 1,2,...) are all real numbers except —1 satis-
fying @1 < ap < --- and B1 < B < ---. Here parts of o; or B; may be less than
—1. It is pointed out that the u; ; and v; ; in Eqs. 1.4 and 1.5 are all nonnegative
integers and the remainders r, (x) and r(x) can be sufficiently smooth over [a, b] by
choosing u and v suitably large. We note that «; and B; are all complex numbers in
Sidi’s work [45, 47, 48], but here we restrict them to real numbers. If c(()l) = c(()z) 0
and both 1, 81 > —1 in Eqgs. 1.4 and 1.5, then the integral of f(x) over [a, D] is a
weakly singular integral, otherwise, it exists in the sense of HFP. Sidi considered the
case in which c“i = c(()z) = 0 and ¢, B; are different from —1, —2, ... in [45]. He
also considered the cases that the integrands possess arbitrary algebraic singularities
and more general algebraic-logarithmic singularities at one or both endpoints in [47]
and [48], respectively. In Sidi’s work, the trapezoidal rule was considered. We further
designed practical Gauss type rules for weakly singular integrals based on Eqgs. 1.4
and 1.5 in [58].

Equations 1.4 and 1.5 have also been used by some authors to derive the asymp-
totic expansions of a class of integrals [43] and the asymptotic solution to a class of
nonlinear Volterra integral equations [19]. In [43], Sellier called the function f(x)
possessing Eq. 1.4 or Eq. 1.5 is of the first kind on the right at x = a or on the left at
x = b. Furthermore, Sellier considered the asymptotic expansion of f(x) at x = oo

fx) = Z (3) —(logx)ﬂ()/ + Z Z 6(3)x i (log X)Pid + rog(X)
i=1j=0 (16)

= foo(x) + roo(X), x = 00,

where 61 < 8, < -+ < 8§, < 1. Based on Eq. 1.6, Sellier also defined the HFP
integral over a semi-infinite interval. Monegato and Lyness [33] derived the Euler-
Maclaurin expansion of the infinite range HFP integral 3@000 x%g(x)dx provided that
g(x) decays faster than any inverse power of x at infinity. Wang, Zhang and Huy-
brechs [55] derived the asymptotic expansions of oscillatory Hilbert transforms in
both the senses of Cauchy principal value and HFP.

Sellier [43] pointed out that Eq. 1.4 or Eq. 1.5 or Eq. 1.6 is unique. The expan-
sions (1.4)-(1.6) are formally called the Puiseux expansions in Mathematica, Matlab
and Maple and some literature [1, 42], which are obviously a generalization of
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Taylor’s expansions. Nowadays, the Puiseux series of a function at a point can be
easily obtained by symbolic computation, for instance, by the Series command of
Mathematica. Here we list two examples.

For the function fi(x) = arcsinx/x ', the Puiseux series at x = 0 and x = 1 are
given respectively by

N 3 4 5 N 35 +63x+231x3
6x7  40x5 ' 112x3  1152x 2816 13312

fix) ~ %—\/5«/1—x+5n(1—x)—%(1—)6)3/2-‘,-%71(1—)6)2-{----, x—17.(1.8)

1
Hx) ~ —+ 4., x> 0", (1.7)
X

For the function f>(x) = x Jx=3 log(1 —x), the Puiseux series atx = 0 and x = 1
are given respectively by

1 logx (logx)®> 34 (logx)> 12logx + (logx)*

fx) ~ = X2 x5BT x4 6x 24x2/3
30(logx)? + (logx)® 1 3 6
o 20 TP (240 + 60(log x)® + (1 1.9
07 5 (240+ 60(10g x)* + (l0g 1)) (1.9)
3/x (16801log x + 105(log x)* + (logx)?
_ g 5045)5;) (g))+m7x_)0+’

¢

fa(x) T

10 , 89 3 _

[1 20 -0+ =1 -0+ 2 —x) +~--]10g(1 —x), x > 17, (1.10)
Obviously, x = 0 is a strongly singular point for both fi(x) (algebraic singularity)
and f>(x) (algebraic and logarithmic singularity) and x = 1 is also a singular point
for both f1(x) (singularity of the derivative) and f> (x) (logarithmic singularity). Here
we mention that Conceicao et al [9] developed analytical algorithms to evaluate some
classes of Cauchy type singular integrals on the unit circle by using the symbolic
computing capability of Mathematica.

One of the best methods for non-adaptive numerical integration of arbitrary
functions is the Gauss-Legendre formula [41, 53]. An attractive property of the
Gauss-Legendre rule is that all the function points are inside the range of integration
and do not include the endpoints, which means that the singularities at one or both
endpoints are unlikely to cause the formula to fail. However, the error estimates [29,
61] showed that the convergence rate is very slow when the integrands have inte-
grable singularities inside, or at one or both endpoints of the interval. More precisely,
Verlinden [54] proved an error asymptotic expansion of the Gauss-Legendre formula
for the integrand with an endpoint singularity. Sidi [46] extended the result to func-
tions that have arbitrary algebraic-logarithmic singularities at one or both endpoints.
Usually, the Gauss-Legendre rule is not progressive, so the nodes must be recom-
puted whenever additional degrees of accuracy are desired. An alternative is to use
the Gauss-Kronrod rule [5, 27, 34]. The Gauss-Kronrod rule is a variant of Gaussian
quadrature, in which the evaluation points are chosen so that an accurate approxima-
tion can be computed by reusing the information produced by the computation of a
less accurate approximation. The difference between a Gaussian quadrature rule and
its Kronrod extension is often used as an estimate of the approximation error.
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Recently, Wang et al [57] interpreted Eq. 1.4 or Eq. 1.5 without logarithms as a
general fractional Taylor’s expansion by defining high-order local fractional deriva-
tives [25, 26], from which the error asymptotic expansion of trapezoidal rule was
derived to approximate the integrals with algebraic singularities at some points by
using the formula of sums of non-integral powers. In our more recent paper [58],
we directly derived the error asymptotic expansion of a general composite quadra-
ture rule for weakly singular integrals based on the assumption that the integrands
possess Eqs. 1.4 and 1.5 with the case that c(()g. = c((f} = 0 and both «y, 81 > —1.
By applying the error asymptotic expansion to the composite Gauss type rules and
by simplifying the evaluations of the derivatives of the Hurwitz zeta function, prac-
tical composite Gauss-Legendre and Gauss-Kronrod rules and their error estimates
are also obtained in that paper.

Following the discretizing ideas in [58], we consider the high accuracy compu-
tation of the general HFP integrals in this paper. We aim to construct a general
framework for deriving the error asymptotic expansions of a general composite
quadrature rule for the HFP integrals and then design efficient and stable algorithms
to evaluate these integrals. Firstly, we assume that the integrand possesses Eq. 1.4,
Eq. 1.5 or Eq. 1.6 at the endpoints x = a, x = b or x = 00. Secondly, we deduce
the Euler-Maclaurin expansion of a standard composite quadrature rule by using the
asymptotic expansion of Z’;;é (k + 0)* (log(k + 0))™, where « is an arbitrary real
number. This Euler-Maclaurin expansion formula is very general, which reveals the
essence of each composite quadrature rule. It tells us that the standard quadrature
formula is not suitable for evaluating the HFP integrals since the leading error term
involves a factor A1 7!, which tends to infinity as h — 0 for ¢y < —1. Thirdly,
we recast the standard quadrature formula so that it can evaluate the HFP integrals.
As indicated before, the HFP integral itself is a divergent one, but endowed a finite
value by discarding some divergent terms. We say a good method should reflect this
feature of the integrals. We do this in two steps. In step one, we integrate the singu-
lar part analytically since the Puiseux expansion of the integrand at its singularity is
known. In step two, we compute the regular integral of the remaining part using the
above composite quadrature rule. In this stage, we introduce a threshold such that the
function evaluations in the vicinity of the singularity are intentionally excluded and
the threshold is determined by analyzing the roundoff errors caused by the singular
nature of the integrand. Fourthly, the average sum of the derivatives of the Hurwitz
zeta function is approximately evaluated by elementary operations with high accu-
racy, such that the deduced algorithms have very high efficiency. After all these steps,
the general framework for accurately and stably evaluating the HFP integrals is for-
mulated. Finally, we obtain two practical algorithms for evaluating the HFP integrals
over finite or infinite intervals by applying the Gauss-Legendre and Gauss-Kronrod
rules to this framework.

The remainder of the paper is organized as follows. In Section 2, a collection
of the preliminaries are provided, including the definitions and properties of the
Bernoulli polynomials, the Riemann zeta function, the Hurwitz zeta function, the
generalized Stieltjes constants and the HFP integrals. In Section 3, we first derive
the error asymptotic expansion of a general composite rule for the HFP integrals
possessing algebraic or logarithmic endpoint singularities in a rather intuitive way

@ Springer



The practical Gauss type rules for Hadamard finite-part integrals. . . 325

and then design numerically stable formulas to evaluate these integrals. In Section
4, we consider two practical Gauss type formulas for evaluating the HFP integrals
over finite or infinite intervals, which are the composite Gauss-Legendre and Gauss-
Kronrod rules. We also provide a computable error indicator for these methods. In
Section 5, some typical numerical examples are provided to show the stability and
accuracy of these methods. We end with a brief conclusion in Section 6.

2 Preliminaries

In this section, we collect the preliminary knowledge about the Bernoulli polynomi-
als, the Riemann zeta function, the Hurwitz zeta function and the Stieltjes constants.
We state some fundamental lemmas about the asymptotic expansions of the Hurwitz
zeta function and its higher derivatives, as well as the generalized Stieltjes constants.
We also introduce the precise definition of the HFP integrals and summarize their
useful properties.

Definition 1 (Bernoulli polynomials [39]) The Bernoulli polynomials By (x) (k =
0, 1,2, ...) are defined as the coefficients of the following series

ZBk(x) k |z] < 2m.

eZ—l

Furthermore, for a positive integer k the periodic Bernoulli function with period 1 is
defined by

Bi(x) = By (x — [x]),

where [x] is the greatest integer less than or equal to x.

Definition 2 (Riemann zeta function and Hurwitz zeta function [7, 23, 24]) The
Riemann zeta function is defined by the setting

e9]

1

ké
k=1

{(s) =

for Re(s) > 1 and by analytic continuation to other s # 1.
The Hurwitz zeta function ¢ (s, a) is a generalization of the Riemann zeta function.
It is classically defined by the formula

oo

1
€00 =2 Gy

for Re(s) > 1 and by analytic continuation to other s # 1, where any term with
k 4+ a = 0 is excluded.

Obviously, the two zeta functions have some relations, for example, (s, a) =
¢(s,a+ 1)+ a* and ¢(s, 1) = ¢(s). The Bernoulli polynomials and the Hurwitz
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zeta function have many useful properties, which are summarized in [58]. Here we
state some asymptotic expansions about the Riemann and Hurwitz zeta functions.

Lemma 1 (Some expansions of the Riemann zeta and Hurwitz zeta functions)

(1) ¢(s) and ¢ (s, a) hold the Laurent expansions

;<s>—i+i(_l)k (s—DF, ¢(s a)—#+i(_”k (@)(s—1*
s =T RO T T ’

where yx and yi(a) are the Stieltjes constants and the generalized Stieltjes
constants, respectively.
(2) Fors #—1and0 < a < 1, the asymptotic expansion

1 K(s+1 %~
((=s,0) = a'=— Z(S l >Bl(a)+(—1)q_1<;> /1 By (x—a)x*dx

=0

holds true on condition that ¢ > s + 1 [36].

In the following, we state some useful properties of the Stieltjes constants defined
in the Laurent expansions of zeta functions (see Lemma 1).

Lemma 2 (Properties of the Stieltjes constants)

(1) v = y(l), Yo = y, where y is the Euler’s constant.
(@) w(a+1) = y(a) — (oga)/a fora > 0.
(3) ForO<a<landm,n=0,1,2,..., there holds [62]

n

@=3" (log(k +a)™  (log(n +a)”*'  (log(n +a))"
Ymid) = k+a m 1 201 +a)

o0 ~
+ f Bi(v)g, (v)dx,
k=0 n

where g, (x) = (log(x + a))"/(x + a).

Define ng ,(x) = x*(logx)™, which will be used in the remaining part of this
paper. For this function, we have the following lemma.

Lemma3 ForVa € Randm =0, 1, 2, ..., the lth order derivative of g, m (x) reads

min(l,m) -k

N () = x4~ 3" (’Z) (Iogx)" ™ Y (p+ usk+p)a?,  (2.1)

k=0 p=0

where (p + 1)k is the standard Pochhammer symbol and s(l, k) denote the Stirling
numbers of the first kind. For Vo, the Pochhammer symbol is defined by () = 1,
(@) =a(a+1)---(@+k—1). In addition, the Stirling numbers of the first kind are
defined by the recurrence relation [39] s(I, k) =s(I —1,k—1)— (1 — 1)s(I — 1, k)
with initial values s(0,0) = 1, s(1,0) = s(0,k) = 0forl, k > 0.
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Proof For the function x*, we have

alot
oxl = (=D (—a)x*~

Then, since 1y, (x) = 0™x*/da™, we obtain

I am x¥ k
a0 = I 1)’2(,()M “llogx)"*.  (22)

= 9. k
0x P d

Using a formula [8, 17]

I—k
@) = (DI (=DP (o + Vsl k + p)a’, 23)
p=0
and noting that (oz);k) = 0 for k > [, we know Eq. 2.1 holds. ]

Lemma 4 (The asymptotic expansion of the generalized Stieltjes constants) For 0 <
0 <1,m=0,1,2...and any q € N, there holds

Ym(6) =

(log )™ 231(9) (-1

(=1t @
0 T _1m(1)+T/1 B (x—@)nq n(X)dx.

(2.4)

=1

Proof Taking n = 0 and replacing a by 6 in the formula of Lemma 2(3) (here g, (x)
is substituted by n_j ,,, (x + 60)) gives

(log®)™  (logo)™ !
20 m+ 1

_ (ogf)"  (log)™*! +/1 "B ', (x +0)d +/Oc Bioon,, (x +6)d
= > | A 100’y (x X - 1001, (x X.

Y (0)

o0
+f B](x)n/_l’m(x—i-e)dx
0

(2.5)

Noting that By (x) = x — 5 1ntegrat1ng by parts implies

(log 6)™ (log )" *!
— B _ 1 _
> 1O-1 (1) + ===

Substituting this formula into Eq. 2.5 and taking + = x + 6 for the last integral in
Eq. 2.5, we have

1-6
f B0y x4 0)dx =
0

Ym(0) =

(log o)™ 0
g@ — BiO)n—1,m(1) + / Bi(t — )y, (1)dt.
1
Performing integration by parts g — 1 times for the integral in the above formula,
noticing that n(l) n(00) = 0 for VI € N (see Eq. 2.1) and the properties of the
Bernoulli polynomlals (B,’c(x) = kBj_1(x) and Bx(1 — x) = (—l)kBk(x) fork > 1
[58]), we can obtain (2.4). The lemma is proved. ]
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Lemma 5 (Euler-Maclaurin expansion for sums [44, 48, 51]) Let J be an integer
and 6 € [0, 1]. Suppose that f(x) € C9[J, c0), then for any integer n > J,

Zf(k—i—@)—/ f(x)dx +Z ’(9) [f“ Dn) — £ ”(J)]+R (n,0), (2.6)

k=J

where the remainder Eq (n, 0) reads
R __ 1[5 @ (oyax = D @
q(n,Q)——; By(0 —x) fY(x)dx = q— B g (x —0) M (x)dx.
“J

Lemma 6 Fora # —1,0 <0 <1,andanyn,m € N, g > o + 1, there holds [58]

n—1 k m—k
kgo (k +0)® (log(k + )™ = (—=1)"ei™ (—a, 8) + n'*+ Z G —‘ingim

I
+ Z B0 pi o () + Ry (n.m, o, 60),
1=

2.7
where {O(,m) (—a, 0) implies 0™ ¢ (—a, 0) /3(—a)™ and the remainder Ry(n, m, a, 6)
reads

_ DT [ @)
Ry m,@.0) = 5 [T B, (x - )9 vy, 28)
q: n

Lemma7 For0 <6 <1, and any n € N, there holds

n—1
(log(k + 6))" (logn)™+! Bi(®) -1
e 0 R, 0
’; P Yn )+ — +l§ TN () + Ry(n,m. 0),
N (2.9)
where the remainder Ry (n, m, 0) reads
1 q
Ry(n,m,0) = ) / By(x — o)1) (x)dx. (2.10)
q! n

This lemma has been proved by Sidi [48]. Here we provide a modified version of
the proof.

Proof Let f(x) = n—1,,(x)and J = 1 in Eq. 2.6, we have

n—1 q
(log(k +6)"  (logf)™  (logn)"*! Bi(0) [ _a-1) (-1 =
S = S A e -0+ Ry

k=0 =1

Noticing (2.4), we can obtain Egs. 2.9 and 2.10. The proof is complete. O

As we have indicated in Section 1, the HFP integral is a regularizing one of diver-
gent integral by dropping some divergent terms and keeping the finite part. Here we
provide a general definition for the integral.

@ Springer



The practical Gauss type rules for Hadamard finite-part integrals. . . 329

Definition 3 (The Hadamard finite-part)[43] For & > 0, there exist a family of non-
negative integers (M;), (K;), two real families (B;), (g;;) and a function G such

that
N M;

g(e) = Z Z gijeP (loge)! + G(e), Ye € (0, h), (2.11)
i=0 j=K;
where By < Bn—1 < - < B1 < Bp = 0and ggo = 0if B = 0. If C =
limg_, o G(¢) exists, then C is called the finite part in the Hadamard sense of the
quantity g(¢).

Applying Definition 3 to integral, we know if

b 1/e
g(e) = / f(x)dx org(e) = f(x)dx,
&

then [33]
b o0
7{ fx)dx = lirr%) G(e) orjé fx)dx = lirr%) G(e).
O E—> a E—>

For some special cases, we have for b > 0 [12, 32, 35, 43]

m k m—k
I+ (—=D*m!(logb)
b ’ az(m—k)!(1+(x)k+l’a#_l’
]é x*(ogx)"dx = k=0 (2.12)
0 (logb)m+l _
m + l E) o = E)

and for a > 0 [43]

m

—a ey (—=D¥m!(loga)™*

, O 7é _]1
o0 (m — k)1 + a)k+1
x%(logx)"dx = k=0 (2.13)
fa (10ga)m+l _
m+1 ¥=-"

We note that the first equality of Eq. 2.12 is exactly the regular one for « > —1 and
the first equality of Eq. 2.13 is also the regular one for ¢ < —1.

Lemma 8 (Properties of the HFP integral [12, 32, 35, 43])

(1) The HFP integral is additive with respect to the union of integration intervals,

that is
b t b
fx) dx = f ) dx + f) dx fort € (a, b) and Vo € R.
a lx—1l% a @ —x) ¢ (x—1)¢

2) If f(x) = gx) 4+ Co(log(x — a))™/(x — a), where g(x) may involve the term
(x — a)*(log(x — a))™, but ¢ # —1, then a variable transformation x =
a+ (b — a)t yields [43]
b 1 (log(b _ a))m+l
% fx)dx = (b — a)f fa@a+®—-ayxydt+ Co——.
a 0 m+1
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Lemma 9 (The infinite range HFP integral [43]) If f(x) possesses the Puiseux
expansion (1.6) at x = oo, then

00 b wo 3y (log b)!tro.
£, fdx =F, f(x)dx — ]go co’jw

. 2.14)
w  w; Pi, j k p;i i—k (
_ 315 (=% p; j!(log b)™-J 00

,-;Eoc“b kgo it Ty T,

where b > a is an arbitrary positive number such that f(x) has only one singularity
at x = oo over the interval [b, 00).

For ¢ > —1, we know folg“ (—a, 0)d6 = 0 [4]. Generally, we have the following
lemma.

Lemma 10 There hold

1 1
7[ £ (—a0)d0 = O fora £ —1; 7( Y (0)d6 =0, m=0,1,2,.... (2.15)
0 0

Proof Taking n = 1 in Eq. 2.7, noting that r]((xl;,,l)(l) = 0 for [ < m, we obtain for
q>m

(=1)"m! L BIO) -
(—1)’”C05"’)(—a,9)=9‘”(10g9)’”—(1+a)m+1 = > =l () = Ry(1,m, @, ).
I=m+1

(2.16)
Noticing (2.12) (b = 1) and fol B;(x)dx = 0 for [ > 1, we conclude that the first
integral of Eq. 2.15 vanishes. Analogously, from Eq. 2.4, using the formula (2.12)
(b = 1) for the case « = —1, we know the second integral of Eq. 2.15 also vanishes.
The lemma is proved. O]

In the last of this section, we emphatically point out that the N in Eq. 2.11 can not

be extended to infinity. For example, for the function f(x) = x1/% we have
log x log x >, (log x)™
f(x)_exp< - )_1+ . +22 o > 0.
m=

Thenfor0 < ¢ < 1

/e 1 (loge)? | & 1 o (=)™ (log e)m*
S@de= +Z(m_1)m+1—1+zz ,

— — m)k+1
2 = =i (m — k)1 —m)

! o (0ge)?  on (= D¥e! M (log ey K > 1
fsf(x)dx_— > _mzzzg)—(mfk)!(lfm)k“ +1—7n2=27(m71)m+| —e (217
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Obviously, we have by Definition 3

1
% fx)dx = 1)m+1 — 1 =0.06687278808178032 - - - . (2.18)

Noting that N = oo in Eq. 2.17, we can not obtain

[e9]

1 1
7% f(x)dx =1 —ﬂ;m

since

1
/ f(x)dx = 0.35349680070488065 - - - (2.19)
0

is a regular integral.

3 The general framework for evaluating the HFP integrals

Let f(x) be sufficiently smooth in (a, b) with Egs. 1.4 and 1.5 at the two endpoints
x = a,b. In this section, we assume that o; # —1, 8; # —1 and @1 < —1 or
B1 < —1, then the integral of f(x) over [a, b] only exists in the sense of Hadamard
finite-part. Since

b —a
7( f)dx = f(=t)dt, 3.1

the singularity x = b of f(x) can be treated similarly as for the singularity x = a. In
this and next sections, we only consider the case that f(x) has only one singularity
X = a, at which the Puiseux expansion (1.4) holds. Denote by

b b b
I[f;a,b] =7£ f(x)dx =j£ fa(x)dx +f rqe(x)dx, (3.2)

where f,(x), r,(x) are defined by (1.4) and fab fa(x)dx can be evaluated by Eq. 2.12.
Firstly, for a function g(t) € C(0, 1), we define a general p-point numerical
quadrature formula

fo g(n)dt ~ ng(ex) (3.3)

where 0, > O and 6, € (0,1) (A = 1,2,..., p) are the weights and abscissas,
respectively. They have different values for different formulas, see for example, [41,
53] for the Gauss-Legendre rule and [5, 27, 34] for the Gauss-Kronrod rule.
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Secondly, divide [a, b] into n equal subintervals with step length h = (b — a)/n
and the nodes are denoted by x; = a + ih, wherei = 0, 1, ..., n. Then by Egs. 1.4
and 3.3, noticing Lemma 8 (2), we have

n—1
I[f;a,b] :j@x‘ fx)dx + Z ka“ f(x)dx

o i+1
—h 2 £ f @+ k+Dhydi + Z W ACAR

o, ./+l (34)
no, j+1
~h Z o Z f(a+ (k+6,)h) + Z C(l)(k’iﬁ)—ﬁ
A=l k=0
= Oulf;a,bl],

where Q,[f; a, b] can be regarded as a general composite numerical quadrature
formula for the HFP integral (3.2). The remainder of the formula is denoted by

E,olfia,bl=1[f;a,b]— QOulf;a,b]. (3.5
Next we shall derive the asymptotic expansion of E, o[ f; a, b] based on Lemmas 6
and 7.
In this section, we still use the symbol 74, (x) = x* (log x)™. For the functions
Na,u(x —a) and 1y, (b — x), where « is an arbitrary real and © > 0 is an integer, we
have the following theorem.

Theorem 1 The error asymptotic expansions of the general composite numerical
quadrature formulas Qy[nq,. (- — a); a, b] and Qy[Ne, (b — -); a, b] in Eq. 3.4 are
expressed as follows.

(i) Fora # —landq > a + 1, there holds
En,Q["]a,u(' —a);a,b]l= En,Q[na,p.(b —);a,b]
12 )4
= —h' Y ()1 Goghy ™ 3 o™ (—a. 6)

m=0

Ly =D
=2 Tl —a) Z 0, B1(6,) + 1 q. OmaX

=1 r=1 <x<I

Z O')LB (x - G)L)' 0 (1)
(3.6)
(ii) Fora = —1and g > 0, there holds
En,Q[TI—l,M(' —a);a,b] = En,Q[n—l,u(b —);a,b]

" p
=—> (%) Qlogh)*"™ Z 03 Ym (03)

m 0
1
- Z n (l 1) —a) Z 03B (6)) + & ! max

=1 0<x<

)4 ~
> 03By (x — ex)' o).
=1
3.7)

Proof The case o # —1 corresponding to Eq. 3.6 can be proved from Lemma 6, see
for example [58], where the result was obtained for « > —1, but the arguments also
hold true for @ < —1. The case « = —1 for offset trapezoidal rule was proved by Sidi
[48]. Here we provide a concise version of the proof for this general quadrature rule.
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Firstly, a straightforward computation shows E, o[n-1,,(- — a);a,b] =
E, oln-1,,(b — -); a, b]. Secondly, taking n_; ,(x — a) as an example, we prove
(3.7). Noting that Zle o, = 1, we have from Eq. 2.12, Eq. 3.4 and Lemma 7

(log(b—a)* 1 (logh)*+!

nQ[n IM( —a);a, b]_ ll«‘H w1
log(k+6;))"
Z ( )(logh)“ mle Z (oggc_’-_‘rg;\)) (3.8)
—T1+T2+T3+T4,
where
w u p
T =-) (m> (og hY* ™" 03¥m (63) »
m=0 A=1

r, _ (ogtb ==l (loghy! i( ) gy dogm™ !
w+1 w+1 = m+1
"
0

Z( ) Gogye- "o Z Bl b,
m=0 r=1 =
M ~
Z < ) (log h)*~"™ Zaqu (n,m,6;) .

A=1

T3

1

For n_1 ,(x) = (logx)™ /x, we have [48]

w

Z(Z) (Iog ) TV ) = wln D (). (3.9)

m=0
For T», noting that (logn)" ™ /(m+1) = ["n_1 »(x)dx and Eq. 3.9 (I = 1), we can
deduce it vanishes. Analogously, we can deduce that

q

h!
Ty=—3 o0l (b~ a)ZUABz(QA)

=1 r=1

For the remainder T4, noting (2.10) and Eq. 3.9, we have

Ty = (— 1)‘1+1h / ZU)\B @ — )" L (hx)hdx.
q!

n

Noting that §q (x — 6,) is a periodic Bernoulli polynomial with period 1, we can

obtain
h @
| Ty < — max ‘r} (x)‘dx.

p ~
> 0By (x — )
r=1

q‘ 0<x<l1
From Eq. 2.1 (with « = —1), we know the integral on the right-hand side of the
above inequality exists. Substituting the expressions of 7; (i = 1, 2, 3, 4) into Eq. 3.8,
we know Eq. 3.7 holds. O
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For the function f(x) € C(a, b] possessing the Puiseux expansion (1.4) at x = a,
we have

uo
Enolfia,bl =Y coEn ol(- — )" (log(- — a))"*/ ; a, b]
=0

i Z Z ci) En ol(- — @) (log(- — a)" ; a, bl + Ey.glra: a, b).

i=1j=0

Combining with Egs. 3.6 and 3.7, we can prove the following theorem.

Theorem 2 Suppose that f(x) € C(a, b] is sufficiently smooth except at x = a,
where at this endpoint, f(x) has arbitrary algebraic-logarithmic singularity and can
be expanded as the Puiseux series (1.4). When the HFP integral (3.2) is approximated
by the general composite numerical quadrature formula Q,[f; a, b] defined by
Eq. 3.4, the error asymptotic expansion reads

ug
Enolfia bl =— Z co Z (429 (log hY*I ™ 3" 0 ym (6)

A_l

uj i~/'
_ Z Z C(l)h1+a, Z (H;ﬁ,j)(_l)m (log h)Hi-i = Z UACa:n) (—at;, 65)
=1

i= 1]—0 m—O
P ~
_ Z (l 1) (b) Z 0;.B1(63) iy ! Omfi(l > 03By (x —0,)| O (1) + Ey olra: a, b].
r=l1 =1a=1
(3.10)

Theorem 2 provides an Euler-Maclaurin type error asymptotic expansion of the
general composite numerical quadrature formula for the HFP integral possessing an
algebraic and logarithmic singularity at the lower endpoint. It tells us that the standard
numerical integration formulas are not convergent for computing the HFP integral
since limy_, o !t = oo for @; < — 1. Furthermore, a numerical instability problem
could arise for these quadrature rules when 6, — 07 because lim,_, ,+ f(x) = oo
On the other hand, Theorem 2 also motivates us to modify the standard rules to
evaluate the HFP integrals effectively. A key point is the consideration of stability.
From Definition 3, we know the HFP integral is defined by discarding the divergent
terms. For its numerical evaluation, we should avoid computing the integrand directly
in the nearest vicinity of its each singularity.

By choosing u* < u such that a,+ < 0 but o= > 0, we can split the functions
fa(x) defined in (1.4) as

fa(x) = fa,l(x) + fa,2(x),

where

Ko, u* ) .
fua(x) = 3 ) s a®] 5 55 D) () (log(x — ap)

. == 3.11)
Jap2(x) = Z Z C(l) (x —a)¥ (log(x — a))Hii .
i=u*+1 j=0
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Since ; < Ofori = 1,2, ..., u*, the function f, 1(x) is strongly or weakly singular
at x = a. Meanwhile, the function f, >(x) is not singular but its derivative or higher
derivatives may be singular at x = a due to the positive real values of «; fori =
u 4+ 1l u*+2...,u

Using Eq. 2.12, Egs. 3.2 and 2.16, we obtain a modified version of Theorem 2.

Theorem 3 Under the conditions of Theorem 2, the HFP integral (3.2) has the
following asymptotic expansion

b b
I[f;a,b] =7€ fa.l(x)dx+/ (f ) = fa,1(x))dx

a ) & (i (=D"m!
_ 1+ai i,j _ Wigj—m _~ "7 7
; g ¢ jb— E) ( ) (log(h — a)) Ty
1 b— Ho,j+1
+Z <1>(°g(ﬂo—ai)l + Oulf — furia, bl (3.12)
5]

(1)) b S~ (i : (—1)"m!
hl+0(z LJ 1 h Wi, j—m eai 1 0,)" — :
-3 Sl 3 (") e | oo tomsr — U
i=u*+1 j=0 m=0

=1
i, j q
+ Z Zc("h”"‘f Z(“”f)(logh)“'%f*m > i i ])(I)ZUAB/(QA)
i=u*+1 j=0 = m I=m+1
. 1 LS
+ Z Z e ntre Z (Ml’j)(logh)“‘f_m—‘ max Zaqu(x—eA) o (1)
i=u*+1 j=0 m=0 n q- 0=x=l A=1
£0=0 h?
—Z T fa (b)ZmBz(Gx)wL— max ZUAB (x — 6| O (1) + En.glra: a. bl.
=1 :
Further by choosing AT < p, the term
iﬁj /’L . [)
T} = Qulf — far:a.b] - Z Zc(1>h1+°" 3 ( m’) (log )7~ 3" ;65 (log 6,)"
i=u*+1 j=0 m=0 r=1

can be approximated by

p n—1
1y (og((k + 6,)h))H0.J
~hYy o fa+ (k+6)h) — Z B VR
A=l k=1 j=0
e (K + 6,01 log((k + 8)h))*
i=1 j=0

+h Z o | f @+ o)=Y ol (log(g*h i -y Z et @)% (log (6, )"+

A=A7 j=0 i=1 j=0
(3.13)
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We note that 1Y is the minimal number of A such that

€round(02) < €rem(63), (3.14)

where

uj
Y eil [ar + w1 j (log(@a)) '] (log(®: )™ |,
j=0

Z eV (log 6y |,
Jj=

round (03.) = Emac (Br.h)*! -

Erem (B1) = (6 h)*

(3.15)
and gmge = 2.22045 x 10710 s the machine precision number.

Proof (3.12) is a straightforward corollary of Eq. 3.10 combining with Eq. 2.12,
Eqgs. 2.16 and 3.11. As for Eq. 3.13, noting that

i . P p
> (Mmj> (log )i~ " 0305 (log )" =) " 04 (1) (log(Bxh))"+ .
m=0 A=l Py

we have by Eq. 3.4

T = Z [f @+ (k+6)h) — fa1 (@+ (k+6)h)]

1
(3.16)

+h

M“'TM"@

o) [f (a+0xh) — fa1(a+6ih) — far(a+6h)].
A

I
<

For the evaluation of the second term on the right-hand side of Eq. 3.16, we should
consider two problems, one is the severe cancellation when calculating the difference
between f (a 4+ 63h) and f, 1 (a + 0,h) 4+ f4.2 (a + 65.h) for small 6, and the other
is the roundoff errors when calculating (65 4)% for negative o; and small 6. For
the first problem, we can discard very small values by computing &em(6) defined
by Eq. 3.15. For the second problem, we need to evaluate the roundoff error for
Moy, (x) = x¥ (log x)*. Given a perturbation ¢ for x, we have

nai,u(x +€) — nai,u(x)
— (xai +aex®l 4. ) ((logx)“ + M—g(logx)“_1 + - ) — x% (log x)*
X
= gx%! (ai + L) (log X)* + O(&?).
log x
Hence, for the function (x — a)%! Z]—o cil) (log(x — a))*', we can obtain its

roundoff error eround(6y) defined by Eq. 3.15 assuming that x — a = 6,4 has a per-
turbation &mac. Since «q is the smallest value of all «;, we can say &round(fy) is the
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leading roundoff error for the function f; 1(x). From Eq. 3.15, we know &round(65)
varies from large to small as 6, increases for oy < 0, but &rem (6) varies from small
to large as 6, increases for o, > 0, see the logarithmic plots of them in Fig. 1

for the function f(x) = arcsinx/x'?. Hence, the best choice of A} is such that
Eround(0).) =~ €rem(61), or Eq. 3.14 holds for practical purpose. The proof is complete.
O

Theorem 3 is somewhat lengthy, but its idea is rather simple. Firstly, the HFP inte-
gral can be decomposed as I[f; a, b] = I[f41;a,.b] + I[fa2; a, bl + Ilrg; a, b].
Since r, (x) is not small when x is far away from the lower endpoint a, the remaining
integral I[r,; a, b] can not be neglected. Hence, we split the integral as I[f; a, b] =
I[fa1;a,b] + ILf — fa1;a, b]. Secondly, the HFP integral [ f, 1; a, b] is evalu-
ated analytically, see the first and second terms on the right-hand side of Eq. 3.12.
Thirdly, the regular integral I[f — f41; a, b] is approximated by quadrature for-
mula Q[ f — fa.1; a, b] with error terms involving the evaluations of {0([:") (—a;, 6;),
which is heavy in computation. Hence, {DZ") (—ai, 6;) is substituted by Eq. 3.16,
which yields the fourth to sixth terms on the right-hand side of Eq. 3.12. Finally,
since lim, _, ,+ f(x) = 0o, as well as lim,_, ,+ f,.1(x) = 0o, the direct evaluation of
S (x) = fa.1(x) will cause large roundoff error when x tends to a. The best treatment
for this difficulty is avoiding such function evaluations. Observing Eq. 3.12 carefully,
we find that the term 7} defined by Eq. 3.16 is the only one needing to treat spe-
cially. By computing &round(63) (perturbation error of 1y, (x)) and erem(6;,) (the last
term of f,; 2(x)) defined by Eq. 3.15, we can solve this problem perfectly.

Since the function evaluations at the points near the singularity are intentionally
excluded in Eq. 3.13 and the choice of A} is nearly optimal, the algorithm based on
Eq. 3.12 is numerically stable and highly efficient.

20[%
10F ‘\‘ == logéround ]
OF &\ - lOgerem

0.0 0.2 0.4 0.6 0.8 1.0
0r

Fig. 1 The logarithmic graphs of &;ound(65.) and &rem (61)
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The Puiseux expansion of a function at its singularity is needed in Eq. 3.12. This
is not hard since it can be easily proceeded by symbolic computation. Hence, we
can use Eq. 3.12 combining with Eq. 3.13 to evaluate the HFP integrals. Noting that
the last five terms on the right-hand side of Eq. 3.12 are not easy to evaluate, the
quadrature formulas with high degree of accuracy are preferable. In next section, we
present two practical composite Gaussian type rules to effectively compute the HFP
integrals.

4 Practical composite Gaussian type rules

In this section, we shall design practical Gauss-Legendre and Gauss-Kronrod quadra-
ture rules based on Theorem 3 to efficiently evaluate the HFP integrals.

4.1 Composite Gauss-Legendre algorithm

The p-point Gauss-Legendre quadrature rule has degree of accuracy as high as 2p—1.
Hence, for the Bernoulli polynomial B;(x), we have [58]

0, I=1,2,....2p—1,
n4

: a7 DieHTE =2

ZUABI(QA) — 2p+ DI2p)] )

= 0, [ > 2p is odd,

3 (pH*!
Qp+DICP)' P —2p)!

Bi2,(8), 0<& <1, 1>2piseven,
4.1)

where 6;, o, are the abscissas and weights of p-point Gauss-Legendre quadrature
formula over [0, 1], respectively. For B, (x — 6), it can be easily proved that [58]

4
= wforq =2p+2. 4.2)

max
12[2p)'1?

0<x<l

p ~
> 03By (x — )
r=1

From (1.4), we can choose u such that a, < 2p and r,(x) € C?*P[a,b].
Hence, the error of the composite p-point Gauss-Legendre rule for r,(x), denoted by
E,.cLlra; a, b], reads [58]

h2p | 4 b— 2
EnLlra: a,b] = (o080 (), a < & < b. 43)

Taking ¢ = 2p +2 in Eq. 3.12 and noticing (3.13), then by substituting (4.1)-(4.2)
into Eq. 3.12, we can prove the following theorem.

Theorem 4 Suppose that f(x) € C(a, b] has an algebraic-logarithmic singular-
ity at x = a with the Puiseux expansion (1.4), then the HFP integral (3.2) can be
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evaluated by a modified version of p-point composite Gauss-Legendre quadrature
rule. The formula and the error read, respectively

u* o u Wi j m
. o (O] 1+a; Wi, j i —m  (—1D"m!
S A 3 (1) toxto -y
log(b — 1o, j+1 p n—1
+Z (1)%“”’2“%2 Flat&+60h) )
poj+1 A=l k=1
u*  up

N0 (og((k + 6)h)Hos
OF 0 (k+ 6k

— 303 V(K + 801 Qog((k + 6,0

j=0 i=1 j=0
p
(o (9 h))ﬂo/ Y
+h Y o | fla+0h) — Z () (log (@) ZZC< ) (01 (log (6, 1))
A:AT Jj=0 i1 j=0
My 14a; i, j o (=D"m!
+ o h i ( )(10 Ty ™
EGL,[f;a,b] =
V-1
log (65 h))H0.i
h Z a), |:f (a + G)L/’l) (l) M Z ZC(I)(GAh)a‘ (log(GAh))”’ /i|
A=l Jj=0 i=1 j=0

!
" +(f)E(2p)']3 > S Z<Ml]>(l°gh)#” "m0 m] @

i=u*+1 j=0 m=0
h2p+2(p!)4
122p + DI

h2P (ph)*
2p + D[P
h2P (pH* (b — a) )
2p+ D[P a

(1270w + 0] + 0 (1)

(&a),

where u* is defined such that o,« < 0, but ay«y1 > 0 and A7 is defined by Egq.
3.14-3.15.

Theorem 4 shows that the Gauss-Legendre rule can be used to accurately and
stably evaluate the HFP integrals. In practical computation, some issues need to be
addressed.

Firstly, we should know in prior the power exponents «;, (; ; and the cor-

responding coefficients c( ) in the Puiseux expansion (1.4), which can be easily

obtained by symbolic computatlon For instance, by using the Series command of
Mathematica, we have the Puiseux series

s=Normal[Series[f[x], {x,qa, 8}, Assumptions — a < x < b]]
s=s/.{x—a—>t,x >t+a}

From the series expansion s we can obtain the power exponents and their coeffi-
cients. For the HFP integral, the power exponents «; may be any real numbers or
even complex ones.
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Secondly, the first error term in Eq. 4.5 can be approximated by

=h Z O Z C( )(9)\ )% (log (65, h)) i

A=l )
%hZUA|:f(a+9Ah) Z(%)(log(é@;}\# Z

uj
Cg.li)(&h)“" (log (B, h))Hi-i

r=1 j=0 oo

(4.6)

For the second error term in Eq. 4.5, we should choose p moderately large such that
this term has precision 10~!¢ in most cases. For example, for the term

2p—m—1

n4 n4
A IO L > o+ Dus@p—1m+ p)a’,
p=0

P 2p+ niepP " Cp+DICp'P

when p = 13, we list some absolute values of ¢, for typical values of o and m in
Table 1 (note: 4.31E—20 = 4.31 x 10720).

Table 1 shows that || decays as « increases, but |¢,| increases as m increases.
It also tells us that p > 13 can guarantee the approximation of the second error
term in Eq. 4.5 does not affect the total accuracy if we set double precision as our
computational goal. In most cases, we can set p = 13. If m is large, for example,
m > 10, we can also set p = 15. As for the last three terms in Eq. 4.5, because all of
them involve a factor A7 (h < 1), they are much smaller than the second error term.

Thirdly, the assumption «,, ~ 2p in the derivation of Egs. 4.4 and 4.5 are needed.
But in practical computation, we usually set o, = 8. This results in another error
term in Eq. 4.4. For example, the leading error term in Eq. 4.4 reads

el = —h Z o Zc< 0217 (10g (6 b))

A=A} j=0
1) 7 14« o Mo, j T, j—m (=1)"m!
+Q e b log h)Fwi ™" ——— 4.7
Z ,;](m)( e T ey @D
Uy a Wi P (—l)mm’
0) 140y u,j M, j—m ay m _ .
=e, Zc -h Z < " )(logh) i Zo,\ek (log6;.) 7(1 Ty |
m=0 r=1
Table 1 Gauss-Legendre rule(p = 13): values of |¢,| for some values of & and m
1 4 3 7 13 13 13
m\a g 5 2 3 T 3 i
0 431E-20 7.20E-21 1.93E-21 2.59E—-22 3.76E—23  8.37E—-24  7.58E-25
1.28E—19  5.18E—20 4.68E—21 6.18E—23 5.30E—23 3.24E-24  7.15E-25
5 1.77E—16  1.54E—17 8.72E—19 9.33E—20 2.56E—20 3.98E—21 245E-22

10 1.56E—14  4.57E—15 9.83E—16 842E—17 6.45E—18 6.08E—20 4.60E—20
15 890E—14 447E—14 2.00E—-14 6.74E—15 1.60E—15 1.39E—16 1.74E—18
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Verlinden [54] proved for the p-point Gauss-Legendre quadrature rule

00 1 —2(s+k)
Zcue)\——szZ:ck(s) <P+E> , 8> —1, (4.8)
k=1

where the coefficients ¢y (s) are very difficult to evaluate. By differentiating (4.8) m
times with respect to s and denoting by w = (p + 1/2)~2, Sidi [46] further obtained

V4 o]
s m ( 1) ! s m—j j
Y " 0305 (log ) —(1+S)rT+1 § w+’<§ ( ),ﬁ D(s) logw) . (4.9)

A=l
Hence, we have
eV~ e® + 0 (W' (log hy e '+ (log o)t ) (4.10)
(1) (1)

Since the error term e( )is a part of e, ', we output e, ~ as the leading error term,
from which we can adjust the input parameters to get satisfactory result.

Remark 1 For the case that f(x) € C(a, b) possesses a singularity at x = b with
the Puiseux expansion (1.5), the transform (3.1) is enough to get the error asymp-
totic expansion for the HFP integral (3.2). If f(x) has two endpoint singularities,
we can also evaluate the integral by splitting I[f;a,b] = I[f;a, (a + b)/2] +
I[f; (a + b)/2, b]. For interior singularity ¢ € (a, b), we further split the integral
as I[f;a,b]l = I[f;a,cl+ I[f; c, b]. Hence, the algorithm in this section is valid
for all the algebraic and logarithmic singularities inside or at the endpoints of the
interval.

4.2 Composite Gauss-Kronrod algorithm

Gauss-Kronrod formulas are extensions of the Gauss quadrature rules generated by
adding r + 1 points to a r-point rule in such a way that the resulting rule is of order
3r 4+ 1 at least (actually, the order is 3r + 2 for odd r). These extra points are the
zeros of the Stieltjes polynomials. This allows for computing higher order estimates
while reusing the function values of a lower order estimate. In Eq. 3.3, p = 2r + 1
is set and 6, o, are the nodes and weights of the p-point Gauss-Kronrod rule over
[0, 1], respectively, which can be computed by the algorithms in [5, 27]. Ehrich [14,
15] obtained the precise order of the remainder of the Gauss-Kronrod quadrature
formula, which satisfies

1 14
|Rp<g>|=‘ f g0t = Y 018 ®)| = caszec [T L @an
0 a=1 o0
where
r+1 r 2—6}’—3—Kr—5/2
_ _ 27 and ~ - 4.12
“ [ 2 ] [2] AME 420 ™ T30 o) (4.12)
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Setting ¢ = 3r + 4 + «k, we have

~ (3" +3 +K)(3r +4+K)2—6r—3—/(r—5/2
12 '

max
0<x<l1

(4.13)

p ~
> 0By (x — 6)
=1

The composite Gauss-Kronrod quadrature formula for the HFP integral can be
easily derived by simply replacing the abscissas and weights in Eq. 4.4 with the ones
of the p-point Gauss-Kronrod rule. But the remainder (4.5) should be modified by
using the formulas (4.11)-(4.13). On the other hand, the practical error indicator (4.7)
is still valid for the Gauss-Kronrod rule. We note that p > 15 (corresponding to r =
7) should be chosen to guarantee the integral having double precision evaluations.

4.3 Extension to infinite range finite-part integrals

In this subsection, we show the modified composite Gauss-Legendre and Gauss-
Kronrod rules are capable of computing infinite range finite-part integrals.

Assume that f(x) is defined on the interval (a, o), which can yield the Puiseux
expansion (1.6) at the singularity x = oo. Hence, there holds Eq. 2.14 for the HFP
integral j@aoo f(x)dx, where in Eq. 2.14, we have indicated that b is a positive number
such that f(x) has only one singularity x = oo over the interval [b, co). Here, we
only need to show that the infinite range integral on the right-hand side of Eq. 2.14
can be effectively evaluated by the composite Gauss-Legendre and Gauss-Kronrod
rules. Actually, for the integrand ro(x) defined over [b, c0), the simple variable
transformation x = 1/¢ yields

[e's] 1/b 1 1 1/b
/ Too(X)dx = / Too (—) —2dt = / go(t)dr. 4.14)
b 0 t t 0

We note that Eq. 4.14 may be a weakly singular integral with singularity x = oo or
t = 0 and the Puiseux expansion of ro(1/¢) at t = 0 is exactly the same one of f(x)
at x = oo except the strongly singular terms. Hence, we can perform the Puiseux
expansion (1.6) only once by setting §,, ~ 8. Then the formula (4.4) with a minor
modification can be used to evaluate this integral efficiently. For example, for the
function f(x) = x/?¢!/* log x, its Puiseux expansion at x = oo reads

J() = foo1(X) + foo2(x) +Foo(x), (4.15)

where
Joo1(x) = (x5/2 +x32 + */7; + #) log x,

3/ =52 ~7/2 5/2

fron@) = (e + 3o 4 g ) o 10
00,2WX) =\ "7z 120 720 3628800 ) 108 %>

and 750 (x) is the remainder. From (4.15), we know

f fo)dx =j€ Joo,1(x)dx +/1 (f () = foo,1(x)) dx,
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where the strongly singular part floo Joo.1(x)dx is evaluated analytically and foo 2(x)
is used to effectively evaluate the remaining regular integral, see Eq. 3.12 or Eq. 4.4
for detail.

Analogously, if the integrand f(x) is defined on (—o00, a), then the variable
transformation x = —y yields [12]

]é fx)dx = f(=ydy,

from which we know the above method is also valid for this integral.

At the end of this section, we conclude that there are three ways to get highly
accurate evaluations for the HFP integrals, which are decreasing the step length of
the composite formula, increasing the order of the Puiseux expansion and increasing
the nodal points of the Gauss-Legendre or Gauss-Kronrod rule. In the following, we
summarize the selection of these parameters. Firstly, we note that the computational
goal is getting double precision evaluations. Secondly, since the second error term in
Eq. 4.5 does not count into the output error, we should select p suitably large such
that this term is small enough. From Table 1, we know the number of the nodal points
in the Gauss quadrature rules can reasonably set p = 13 for the Gauss-Legendre rule
and p = 15 for the Gauss-Kronrod rule. Thirdly, from Eq. 3.16, we need to evaluate
f (a4 6 h) — fu1(a+061h) — fa2(a+ 6)h) in the computation. Obviously, large
oy, in the Puiseux expansion (1.4) will result in more computational burdens. On the
other hand, since f(x) is singular at x = a, we know lim,_,,+ f(x) = oo and
also lim,_, 4+ f,;.1(x) = oo, which will result in the lost of numerical accuracy in
function evaluations. The selection of «,, should avoid these computations when 6,
is very small, that is, we should guarantee e, (65) in Eq. 4.15 is less than 10716 for
some A. Empirically, the setting o, ~ 8§ satisfies these demands. Analogously, we
set By, w ~ 8 in Egs. 1.5 and 1.6, respectively. Finally, we point out that the step
length /& should not be too small, otherwise, the roundoff error will enlarge. In our
computation in next section, z = 0.5 is chosen.

5 Numerical examples

In this section, some typical examples are provided to illustrate the high efficiency of
the modified composite Gauss-Legendre and Gauss-Kronrod rules for evaluating the
HFP integrals. Since Mathematica can easily formulate the Puiseux expansions of a
function at some special points and can achieve arbitrary precision in numerical com-
putation, we write two Mathematica functions to implement the algorithms, which
are Hfpcgl [f,a,b,xfd] and Hfpcgk [f,a,b,x£fd], corresponding to the
modified composite Gauss-Legendre rule and Gauss-Kronrod rule, respectively. In
the above Mathematica functions, b may be an infinity and xfd is a one-dimensional
array indicating all the algebraic and logarithmic (weakly or strongly) singular points
inside or at the endpoints of the interval, which should be known in advance. If x£d is
an empty set, written as xfd= {} in Mathematica, then the algorithms automatically
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implement the standard composite Gauss-Legendre or Gauss-Kronrod quadrature
rule, which means that the integral is regular.

We point out that all the experiments are performed on the desktop computer
with Intel Core i5 CPU (2.80GHZ) and 4GB RAM by using Mathematica 8.0.
The abscissas and weights of the quadrature rule are obtained by the command
NIntegrateGaussBerntsenEspelidRuleData (the Gauss-Legendre rule)
or NIntegrateGaussKronrodRuleData (the Gauss-Kronrod rule).

Example 1 Compute the following HFP integrals over finite intervals using the
modified composite Gauss-Legendre (MGL) and Gauss-Kronrod (MGK) rules.

! 35log2 1319 =« arcsin x
1 dx = _ 1319 = _ .
( )7% N = =15~ Soas 187 10 = 0
1
1
@F hwdx=0. hin = :
B (1= (=)
™/2 324010og 2 — 3409 1
3 dx = , = : ;
©) —n)2 f(x)dx 18042 S5 (1 —sinx)3/2(1 — cos x)5/2
(4)1()d—1<63 5437 + 451 3) () = —1 ).
o Jadx =55 (~63 45V +45log3 ). fal) = Tglog | 71 )

1 3
(5)7(0 Fsdx, fs(x) = x V7 log(1 — x).

In this example, all the parameters are taken as the ones stated in the last of Section
4. The computational results are shown in Table 2, where C-value, O-error, T-error
and Time(s) represent the computational value, the absolute output error computed
by Eq. 4.7, the true error and the CPU time in second, respectively.

Table 2 The computational results in Example 1

C-value O-error T-error Time(s)
(1)(MGL) —0.16937606162779417 5.92272E—-10 3.52654E—11 0.015
(1)(MGK) —0.16937606163507724 9.40976E—10 4.25485E—11 0.015
(2)(MGL) —7.60281E—13 2.04759E—11 7.60281E—13 0.031
(2)(MGK) 2.60059E—12 2.76051E—11 —2.60059E—12 0.047
(3)(MGL) —4.56949347023129 3.68268E—11 —2.36762E—11 0.047
(3)(MGK) —4.56949347021662 8.67494E—11 —3.83462E—11 0.047
(4)(MGL) 0.27289086907151305 9.43868E—13 5.09592E—14 0.031
(4)(MGK) 0.27289086907157634 4.25524E—14 —1.23235E—14 0.032
(5)(MGL) —199.59943991061854 3.01292E—16 — 0.063
(5)(MGK) —199.59943991061854 1.52752E—14 — 0.063
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For the results in Table 2, we give the following expositions.
(i) The exact values of the HFP integrals are obtained by analytic method, which

is illustrated by f1(x). Let I(¢) = f 81 f1(x)dx, then by Mathematica
arcsing  +/1 — &2

I(e) = 105° + 706* + 5662 48)
© =95 T 34568 ( e e o0em
35
1 <\/1— 2 1)——
1152 08¢ +1152 08 et 13

Expanding I (¢) at ¢ = 0 yields

1()‘*

1 n 3 n 5 35loge 35log?2 1319 T 76382_‘_0(84)
3660 160s* ' 224¢2 1152 1152 82944 18 ) 5632 ’

from which we can obtain by Definition 3

35log2 1319 b4

1
de = 2ogz B 7
ﬁfl(x)x 1152 82944 18

We can also evaluate the integrals in this example using the method for calculating
the integral floo x!/*dx in Section 2. But there are some integrals that can not be
evaluated by analytic methods. In such cases, the exact value is not provided and the
T-error in Table 2 shows ”—”, see for example, the integral (5) in this example.

(ii) Table 2 shows all the evaluations are highly accurate and very fast, as well as
numerically stable. It also verifies that the error indicator (O-error) is a good one in
practical computation since the O-error is well matched with the T-error (true error).

(iii) A prerequisite to proceed the algorithms efficiently is to know all the algebraic
and logarithmic singular points over the interval, indicated by a one-dimensional
array xf£d. Generally speaking, xfd is easy to be determined by observing and ana-
lyzing the integrand. For instance, for the function f1(x), x = 0 is obviously a strong
algebraic singularity. We also know arcsin x is insufficiently smooth at x = 1. Hence,
x£d={0, 1} for this function, see Eqgs. 1.7 and 1.8, the Puiseux expansions of f}(x)
atx = 0 and x = 1, respectively. Analogously, it can be seen that xfd={—1, 1/2, 1}
for f>(x), x£d={0, = /2} for f3(x) and x£d={0, 1} for both f1(x) and f5(x). We
note that both f,(x) and f3(x) possess an interior strong singularity. For such cases,
the algorithms automatically decompose the interval into some subintervals that have
singularities at the endpoints. We also point out that f5(x) has Egs. 1.9 and 1.10 at
x = 0and x = 1, respectively.

(iv) In our algorithms, the parameters p (number of the nodal points), & (step
length) and «,,, B, (orders of the Puiseux expansions) can be adjusted to increase the
accuracy. In Tables 3-5, we list the true errors for different parameters when applying

Table 3 The true errors of Example 1 (1) for different &

h 0.1 1/6 0.25 0.5

T-error —9.79532E—-10 5.63579E—12 2.92513E—13 3.52654E—11
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Table 4 The true errors of Example 1 (1) for different p

p 11 13 15 17

T-error 1.43648E—9 3.52654E—11 8.08717E—12 5.85854E—11

the Gauss-Legendre rule to Example 1 (1), where the primary parameters are set p =
13,h = 0.5 and «,, By = 8. As is well known, the roundoff errors in the computation
of the standard quadrature formulas may tend to infinity as h — O or p — o0
for strongly singular integrals. The results in Tables 3-5 verify that the technique to
control the roundoff error (see Eqs. 3.13-3.15) is successful. These results show that
moderately small /4 and large p, as well as moderately large «,,, B, are preferred for
the practical computation of the HFP integrals.

(v) It can be seen from Table 2 that the Gauss-Legendre (MGL) and the Gauss-
Kronrod (MGK) rules have almost the same accuracy. Noting that p = 13 for the
MGL and p = 15 for the MGK, we can conclude that the Gauss-Legendre rule is
more powerful than the Gauss-Kronrod rule.

Example 2 Compute the following HFP integrals over infinite intervals using the
modified composite Gauss-Legendre and Gauss-Kronrod rules.

e*)‘(logx)"g_

[e¢]
(6)‘% Sfo(x)dx = —0.52941084553842824707 - - - , fo(x) = PR
0 X

o0
(7)% f7(x)dx = 1.3011316543645956157 - -, f7(x) = x>/%e!* log x;
1
o 1
(8)% fa(x)dx = —144.66944956258316844 - - -, f3(x) = x"/*(log x)? sin (7) ;
5 X

o0
) ?ﬁ fo(x)dx = 0.42036958878320229719- - -, fo(x) = x'/%;
0

o _ Ko(x)
(10)‘7{) Sro(x)dx, fiolx) = It
where in (9), the exact value can be obtained by Eqs. 2.18 and 2.19 and in (10), Ip(x)
and Ky(x) are the modified Bessel functions of the first kind and second kind of
order zero, respectively.

In this example, all the integrals are computed via Eq. 1.4 or Eq. 1.6, Egs.

2.14 and 4.14 and the results are shown in Table 6. We point out that x = 0
is the only algebraic and logarithmic singularity for both fg(x) and fio(x) since

Table 5 The true errors of Example 1 (1) for different oy, S,

ay, o 6 7 8 9
T-error 6.26913E—10 3.52441E—11 3.52654E—11 1.19667E—11
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Table 6 The computational results in Example 2

C-value O-error T-error Time(s)

(6)(MGL) —0.5294108455384139 2.40293E—14 —1.39888E—14 0.015
(6)(MGK) —0.5294108455384243 5.79474E—14 —3.55271E—-15 0.016
(7)(MGL) 1.3011316543645832 5.77417E—13 1.24345E—14 0.016
(7)Y(MGK) 1.3011316543645914 8.05516E—13 4.21885E—15 0.016
(8)(MGL) —144.66944956258305 5.84902E—13 —1.13687E—13 0.016
(8)(MGK) —144.66944956258305 6.28433E—13 —1.13687E—13 0.016
(9)(MGL) 0.42036958878319247 3.95039E—16 9.82547E—15 0.015
(9)Y(MGK) 0.42036958878320335 2.18518E—13 —1.05471E—15 0.016
(10)(MGL) —0.34165816425517354 1.37281E—12 — 0.359
(10)(MGK) —0.34165816425518225 1.30499E—13 — 0.39

flo(x) = (—logx —y +1log2)/x"/? + .- and e™*, Ko(x)/Io(x) ~ e 2/ are
rapidly decaying functions when x — oo. We further point out that x = oo is the
only algebraic and logarithmic singularity for all the functions f7(x) (see Egs. 4.15
and 4.16 for its Puiseux expansion), fg(x) and fo(x). It can be seen from Table 6 that
all the five integrals get accurate numerical values with less CPU time.

From Examples 1-2, we conclude that the modified Gauss-Legendre and Gauss-
Kronrod rules in this paper can be used to effectively and stably evaluate the HFP
integrals over finite and infinite intervals.

6 Conclusions

In this paper, we construct a general framework to derive the error asymptotic expan-
sion of a general composite quadrature formula for approximating the HFP integrals,
where the integrands are assumed to have the Puiseux expansions at the endpoints
with arbitrary algebraic and logarithmic singularities. By applying the framework
to the Gauss-Legendre and Gauss-Kronrod rules, two practical composite Gauss
type rules and their error indicators are obtained. The proposed methods have the
following features.

(1) The algorithms need the Puiseux expansions of the integrand at its singularities,
which can be easily obtained by symbolic computation.

(2) The algorithms are numerically stable since the roundoff errors caused by the
singular nature of the integrand are considered.

(3) The algorithms are not only suitable for evaluating the HFP integrals over finite
intervals, but also valid for infinite range integrals with singularity at infinity.

(4) Since the canonical algorithms are the standard Gauss-Legendre and Gauss-
Kronrod rules, the abscissas and weights are easily obtained from numerical
books or algorithm libraries.
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(&)
(6)

The algorithms treat some kinds of singularities (weak or strong, algebraic or
logarithmic) in a uniform way by defining a one-dimensional array.

The algorithms can be used to numerically solve hypersingular integral equa-
tions by combining with collocation method, which will be studied in the near
future.
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