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Abstract This paper presents quadrature formulae for hypersingular integrals
/ b 89 _4x wherea <t <b and 0 <« < 1. The asymptotic error estimates

a |x—t|+e

obt‘ain‘ed by Euler-Maclaurin expansions show that, if g(x) is 2m times
differentiable on [a, b], the order of convergence is O(h**) for « =1 and
O(h*~%) for 0 < a < 1, where u is a positive integer determined by the
integrand. The advantages of these formulae are as follows: (1) using the
formulae to evaluate hypersingular integrals is straightforward without need
of calculating any weight; (2) the quadratures only involve g(x), but not its
derivatives, which implies these formulae can be easily applied for solving cor-
responding hypersingular boundary integral equations in that g(x) is unknown;
(3) more precise quadratures can be obtained by the Richardson extrapolation.
Numerical experiments in this paper verify the theoretical analysis.
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1 Introduction
In this paper, we consider the hypersingular integral

g(x)

x t|l+adx, O<a<l,te (b)), (1)

b
1(g) = f.p. /

a
where f.p. denotes the Hadamard finite part of the hypersingular integral
[24]. Such hypersingular integrals frequently appear in the boundary integral
equations (BIEs) for many engineering applications such as the calculation
of stresses in elasticity problems [7, 24]; the crack problems in the fracture
mechanics [5, 6, 17], the scattering problems of time-harmonic waves by a crack
[9, 20, 21]. Since the hypersingular integral (1) contributes to the dominant
terms of the coefficient matrix of the related boundary element method (BEM),
the success of BEM pivots on the accurate numerical evaluation of (1).

So far the weakly singular or Cauchy type singular integrals and singular
integral equations have been intensively investigated. The related numerical
methods and theoretical analyses can be found in [2, 3, 10, 11, 18, 19]. While
for the hypersingular integrals, most of the numerical methods that have been
proposed are for evaluating (1) with a second-order singularity, that is, @ = 1,
particularly. In [16], Kabir et al. used the piecewise quadratic polynomial
technique to solve hypersingular integral equations. In [15], Hui and Shia pre-
sented a Gaussian quadrature formula for (1), where the classical orthonormal
polynomials such as Legendre and Chebyshev polynomials were used. Using
quadrature rules based on interpolatory trigonometric polynomials, Kim and
Choi [22] gave two quadrature formulae for evaluating (1), in which the cosine
transformation and trigonometric polynomial interpolation at the practical
abscissas were used, and a three-term recurrence relation was used to evaluate
the quadrature weights. In [8], the parametric sigmoidal transformation is used
to improve the asymptotic behavior of the Euler—Maclaurin formulae to deal
with the second-order singularity, but the quadrature contains derivatives of
the sigmoidal transformation. In [4], based on Brandao’s approach to finite
part integrals, Carley presented a method for the design of numerical quadra-
ture rules that evaluate hypersingular integrals without requiring a detailed
analysis of the integrand. The method can be regarded as a simplification and
extension of the one in [23].

In this paper, we will present quadrature formulae to evaluate (1) for 0 <
a < 1, which are obtained from the Euler—Maclaurin expansions for the error
of the trapezoidal rule. This technique has been used to design quadratures
for Cauchy singular and weakly singular integrals. Navot [31] constructed
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Asymptotic error expansions for hypersingular integrals 259

modified trapezoidal rules of integrals with algebraic and logarithmic singular-
ities at the end point, and gave the Euler—Maclaurin expansions for the error.
In [30], based on Mellin transform, Monegato and Lyness presented a unified
approach for deriving the one-dimensional Euler-Maclaurin expansions for
quadrature error functions defined on a finite interval when the integrand
function has an algebraic singularity at one, or both endpoints. In [27, 28],
Lyness studied the Euler—Maclaurin expansion technique for the evaluation
of Cauchy principal integrals. In that paper, the integral was split into two
parts. One can be calculated analytically and the other was evaluated by the
trapezoidal rule with classical Euler-Maclaurin expansion. It’s worth men-
tioning that Elliott and Venturino extended the Lyness’ study to hypersin-
gular integrals, and they introduced a sigmoidal transformation to make the
integrand have certain periodicity [12]. However, their quadrature involves
the derivatives of the density function (g(x) in the hypersingular integral
(1)), which makes it not easy to be applied for solving the boundary integral
equations where the density function is unknown. Based on Euler-Maclaurin
expansions of modified trapezoidal rule approximation, Sidi and Israeli [33]
presented numerical quadrature methods for integrals of periodic functions
with algebraic, logarithmic, and Cauchy singularities at the interior points of
the interval. In [35], Xu and Zhao presented an extrapolation method for the
Nystrom scheme based on the quadrature formula in [33] to solve the BIEs
of the second kind with periodic logarithmic kernels. The method is analyzed
under the assumption that the inverse matrix of discrete equations exists
and is uniformly bounded. In [14], Huang and Wang discussed extrapolation
algorithms for solving the same type of BIEs by the mechanical quadrature
method and analyzed the method in a more general setting.

The main purpose of this paper is to extend the quadrature method
presented in [33] to the hypersingular integral (1). Based on a modified
trapezoidal formula and the Euler—Maclaurin expansions for the error, several
accurate quadrature formulae are constructed. Both theoretical and numerical
results show that if g(x) is 2m times differentiable on [a, b], the accuracy
order of the algorithms is O(h*) for a =1 and O(h*%) for 0 <a < 1.
Here p is a positive integer determined by the integrand. More accurate
results can be achieved, especially, for the hypersingular integration with a
periodic integrand. Furthermore, the accuracy order can be greatly improved
by applying the extrapolation method [2, 25, 35, 37]. At the same time, this
method can be easily extended to evaluate hypersigular integrals with a higher
order singularity. The quadratures only use values of g(x), but do not depend
on its derivatives, which makes them easy to use in solving the hypersingular
boundary integral equation. This also makes the application of the quadratures
very straightforward and no detailed analysis of the integrand is needed.

This paper is organized as follows: in Section 2, we present quadrature
formulae for hypersingular integrals and their asymptotic error expansions;
in Section 3, we establish the extrapolation methods for hypersingular inte-
grals with either periodic integrand or non-periodic integrand respectively; in
Section 4, five numerical examples are displayed, in particular, Example 5
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exhibits the application of these quadrature formulae in the context of the
boundary integral equation.

2 Euler-Maclaurin expansions for hypersingular integrals

In this section, we will derive the quadrature formulae for hypersingular inte-
grals (1) withe = 1 and 0 < « < 1 respectively. The corresponding asymptotic
errors are obtained based on the Euler—Maclaurin expansions.

To simplify notations, the double prime on a summation means that
coefficients of the first and last terms in the summation are 1/2, that is,
we let

ny 1

1
Y o= wn1+wn1+l+ o Ont o+ S, )

J=m
2.1 Quadrature formulae and their asymptotic expansions for o = 1

From the definition of hypersingular integrals [24], one can write

g g L {€9) 28(1)
Ip /( S _5135[/” (x—r)2dx+f,+s(x—z)2dx_ : ] ®

where t € (a,b). Let n be the number of equally spaced nodes used in the
quadrature,h = (b —a)/n, xj=a+ jh(j=0,1, n) and assume the singular
point x =t is one of the abscissas, that is, t € {x ]} Usmg the classic Euler—
Maclaurin expansion on a certain modified trapezo1dal formula, we can derive
the following quadrature formula.

Theorem 1 Let g(x) be 2m times differentiable on [a,b], G(x) = 2% and

(x—=0)?

I(g) = fab G (x)dx, the quadrature formula is

Tete) —g) (1 !
Q(h) = ]_g#t o (b—t+t—a>g(t)

S [ Baug O | Baugh A
- Z )2;1,-&-1 (b _ t)2#+1 ( )
where B, is the Bernoulli numbers. Then its asymptotic error estimate is
m—1
B>
E () =1(g) = Q) = )  ——=[G*' V(@) - G~V (b)| h*"
g-C ; ok ]

hg'(t

gz( )+ o). (5)
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Proof To derive the quadrature, first separate the integrand and obtain

b b b _
f.p./ (f(_xt))zdxzf.p./ (xgi?)zdx—i—p.v./ de:ll(g)—i—lz(g),

(x—0)?
(6)
where p.v. denotes Cauchy principal value. Based on (3), we have
1) = /b 80 _gx=—(——+—) &0 (7)
18 = .p.a x—02 b1 1—a)8"

Without loss of generality, we assume that t —a < b —t. Since t € {x ,-}’;;11, we

set b = 2t — a, so that 7 is the midpoint of interval [a, b ]. Then we decompose

b —
L(g) = p.v./ de

a (X - t)z

b b
_ gx) — g gx) — g
= po. [ S e [ e

= Dhi(g) + In(g), (8)
where I,(g) is a proper integral. By the Euler—-Maclaurin formula, we have

Exn(h) = In(g) — hz//w

ijE (X]' N [)2
m—1 2
= Z B(zzli’l)‘“ [G(Zu—l)(bN) _ G(2;L—l)(b)]
n=1 :
m—1
: 2m
+}; BZ/Lh Hg(0) |:(l; — f)2ul - b — t)2;4+1j| + Ot ™). (9)

Now consider I»;(g). Since

b oo
t
E (x]-—t)’1 =0, and p.v./ g()tdx =0,
X

a

)ijb",[;ﬂ(j
we have
b b /
_ gx)—g® [T 8kx)—gn)—gOx—1
g =rp '”/a Gon? O / (— 17 .
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where 1,,(g) is a proper integral, and the integrand becomes g”(¢)/2 as x — t.
Applying the Euler-Maclaurin formula, we get

g — g 78(x) = 8(0) = g (00, = 0
E21<h>=p.v.fa TR D D o o

x,<b t#X]

hg”(r) "~ By h { 92! [g(x)—gm—g/(r)(x—r)}

+ = Qu)! | ox-1 (x —1)?

X=a

o

CRa [gu) -8 —gM(x— t)]

e (x — 1)
+0(h2m)
_ hgg(t) (1)(h) + E(Z)(h) + E(3)(h) + O(hz”’) (10)
here
m—1
W N B T o) Qu-1) (f,
E (h) _;—(zu)! (6o V@) - G )], (11)
s 1 1
@ _ 2 _
B = 3 Batst) e rrere]
and
2 By, 1 1
3 _ _
i =2, 7, 5 “[(a—zw (5_02#}_0' (13)

Adding (8)-(13) together, we get

Ex(h) = I(g) — h Z "gx) g

J=0,t#x; ( - t)z
m—1 Bz h2'u
— fad [GQM—I)(a) _ G(2u—1)(b)]
w!

n=1

m—1

1 1 hg' (1)
2 2m

— > By kg0 [(t — T T G ]+ 5 +0w™. (14)

n=1

This completes the proof. O
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Asymptotic error expansions for hypersingular integrals 263

However, there is a term hg”(¢)/2 in the asymptotic error expansion (5),
which means that the order of error is only O(#). By using the Richardson
extrapolation, we can obtain a new quadrature rule with higher order of
accuracy.

Corollary 1 Under the assumptions of Theorem 1, the modified quadrature
formula

1 1
O — hzg(xz, D - (t)‘g("(b_ﬁ )

11— 0?2 t—a

m—1 1

= > @ — 1)By ' g(1) [

pn=1

] a9

(Z _ a)2;4+1 + (b _ t)2//.+l
has the following asymptotic error expansion

m—1
_ (2172 — 1) By, h**
E,(h) = I(g) — O(h) =
(W) =1(g) — Oy =) )

n=1

« [G(Z“‘”(a) _ G(Z"_l)(b)] + O(hzm)- (16)

Corollary 1 can be easily obtained from Theorem 1 by setting Q(h) =
2Q(h/2) — Q(h). The term of hg”(f)/2 is eliminated through the Richardson
extrapolation. The corresponding error expansion shows that the accuracy
order of the new quadrature, Q(h), is O(h?).

Remark 1 The same technique can be used to derive quadrature formulae
for hypersingular integrals with higher order of singularity, « > 1 in (1), or
for the hypersingular integral with a more complicated integrand such as
fb g(x) In|x— t\d

a [x—r[TF
2.2 Quadrature formulae and their asymptotic expansions for 0 < o < 1
Next we consider the evaluation of hypersingular integrals (1) for 0 < o < 1.
The quadrature formulae and corresponding asymptotic error expansions are

presented. Based on [24], the definition of the finite part of such hypersingular
integrals reads

8 , g
f / |1+a =g£r(1) |:/th |x_t|1+otdx

b
N / g(x) dx_zga)} an
t

4o |X—l|l+a ae?
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in particular,

b dx 1 1 1
D. _— . 18
f”/a e a<|r—a|a+|b—t|“> (18)

Lemma 1 ([26, 31, 33]) Let g(x) be 2m times differentiable on [a,b], G(x) =

(x —a)y’'g(x)withs > —1and 1(g) = fab G(x)dx. Then the error of the composite
trapezoidal rule is given by

n

E, () =1(8) —h)y_ G(x))

]_

m—1
- Z (f 2’;'G(2" D(byh
2m— 1§( s )
- Y S @n 4 0GR, (19)
uw!
n=0

where ¢(2) is the Riemann zeta function. If g(x) is infinitely dif ferentiable on
la, b], then E, (h) has the following asymptotic expansion

o]

E,(h) ~ Z (le;' G () — Z {( “) g™ (@)h st (20)

Below we derive the quadrature formula for the hypersingular integrals (1)
for 0 < a < 1 by utilizing the finite part of the hypersingular integrals (17) and
Lemma 1.

Theorem 2 Let g(x) be 2m times dif ferentiable on [a, b], G(x) = % with
O<a<landI(g) = fab G(x)dx. The quadrature is

ot —h 3" "gx) — 8(t) @[ . }

el Ixj—tt  a [t—a® (b -1

m—1

By W o2u — 1, )g(1) [ 1 1 }

! (—apra T o] GV

pn=1
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and ¢(, @) = [/, (i + «). Then the asymptotic error estimate is

— By, h**

m—1
E () =1(g) — Q) =) el [G® V(@) — G D b)]
n=l1

B Z 26 (@ — 241+ g (h?

i D + Oh*™). (22)

Proof From (17), we have

SO gx) — (t) g(t)
1P / g _/u e TP / FETECS

b
g(x) — g g 1 1
= A A, | . 23
/a Tl 7 i e @)
Since g(x) € C*"[a, b1, (g(x) — g(®))/]x — t]'+* is weakly singular. Without loss
of generality, we assume that x <t and ¢ € {x,} . From Lemma 1 and

fot “ g;’,ﬂf) dz = fa G(x)dx, we have the following error estlmates

! - " ) —
El(h)zf de—hz 8x)) — &)

|x_[|1+oz —~ |x]._t|1+ot
j

N Bo (g0 — g™
=R

=

X=a

2m—1

! Ix — 1]

hu—o{-‘r] + O(th)

xX=t

m—1

= B 2p-1) g(t)Bthzl‘ ( 1 >(2M—1)
-y <2u)‘ e ()+Z il (e

=1

=

2m—1

_ Z( 1)“ ) ( g/(t))(ﬂ) hy,fa+1 + O(th)
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5 Bzﬂ @u-1) g(t)Bzﬂhz" eQu—1,a)
2_: @w! RARCE Z Qu!  (t—anie

2m—1 )
+ Z( 1)M lu‘ (M+1)(t)h,“- —a+1 4 O(th) (24)

and

b - 4 2) —
B = [ B0 80 gy B =KD
t

|x_t|1+a — |x]._t|1+ut
_ 5 Buk (g(x) - g(z))@“‘”
Sewr - y
2m—1 (1)
Z ((C{ - I'L) <g(x) - g(t)) . hM*UﬁLl + O(hZM)
lx —1|
xX=t
B2/L g(t)Bz h2;L< 1 )(2#—-1)
- _ G(Zu Dby + fad
; ! © Z el =
x=b
2m—1
Z é-( (t))(lf-) h/L*Ot+1 + O(hz'")
m—1
By, L () Bo b p(p — 1, )
— _ G@un— 1)(b) s
; @w! Z @t (b —
2m—1 C(Ot )
_ Z H (M+1)(t)hll« —a+1 + O(thn) (25)
n=0 w!
Putting (24) and (25) together, we derive
m—1
_ By, b @u—1) @u—1)
E\(h) + Ey(h) = ;W[G “Dia) — GAV(p)]
_’”Z“ g§(0) Bo, o2 — 1, ) Lo
2u)! (t— a)2p.+o¢ (b — t)2,u.+a
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m—1
20 (@ — 2+ 1)g (2
p Qu—1)!
Combining (23) and (26), we complete the proof of Theorem 2. O

3 Quadrature formulae based on the Richardson extrapolation

In this section, we will derive several quadrature formulae with higher order of
accuracy by the Richardson extrapolation. As seen from (16) and (22), E, (h)
contains terms involving G~ (a) — G**~!(b). If G(x) is a periodic function on
[a, b], those related terms will vanish. Then quadrature formulae with higher
order of accuracy can be achieved directly by applying the Richardson extrap-
olation. However, if G(x) is not periodic, we need to use the extrapolation
in a different way. Then highly accurate results can still be obtained. We will
discuss these two cases separately.

Theorem 3 Assume that the function g(x) is 2m times dif ferentiable on [a, b]
and G(x) is a periodic function with the period T = b — a. Moreover, if G(x)
is also 2m times dif ferentiable on (—oo,+oo)\{t+kT}ij_’£, the following
conclusions hold:

(a) for G(x) = g(x)/(x — 1)%, by (16) there exists the error estimate
Ey(h) = 1(g) = Q) = O(h*"); (27)

(b) for G(x) = g(x)/|x — t|'** (0 < a < 1), by (22) the error has the asymptotic
expansion

m—

En<h>:1<g>—Q(h>=—Z

26 (@—2p+ 1) (ke

=D +OR™);  (28)

In case of (b), based on the asymptotic expansion (28), we derive the fol-
lowing quadrature formulae with higher order of accuracy by the Richardson
extrapolations.

Theorem 4 Under the assumption of Theorem 3 with Q(h) defined as in (21),
for G(x) = g(,fl)w (0 < a < 1), the K-th Richardson extrapolation of (21) is
zmplementeai

0V (h) = Q(h),

0® (h) = 22 Q%D (h/2)— Q%D ()] / (2% —1), 1 =<K <m—1,
(29)
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and the error of Q™ (h) has the following asymptotic expansion
m—1
E®(h) = Z APRI 4 O™, (30)
u=K+1
where A = (22K72 — 1) ARV (227 — 1) with A = =2¢(a —2p + 1)
g0/ 2u—1D'and u > K+ 1.

Proof Using mathematical induction, we can derive (29) and (30). o

If G(x) is not periodic on [a, b], we can implement the Richardson extrapo-
lation in the following way.

Theorem 5 Under the assumptions of Theorem 1 and letting Q(h) be defined
as (15), the K-th Richardson extrapolation gives

0(h) = Q(h)
O® (hy = [22XQ®-V(h/2) — QKD /(2% - 1), 1 <K <m—1,

(31)
and there holds the following error asymptotic expansion
m—1
ER@= Y O+ omm, (32)
n=K+1

_ =24 _ 1\ G@r=D (g)— G2
where E)(’LK)(h) =1(g) — Q(K)(h), C;(LO) _ By Q- DIG V(@) -GV (b)) w=1, ..

K _ (2 (K-1) o ,
m—1,CP = (& — HCE-D,
It is easy to prove (31) and (32).

Theorem 6 Under the assumptions of Theorem 2 with Q(h) defined as in (21),
the quadrature after K-th Richardson extrapolation Q™ (h) reads

0V (h) = Q(h)
O (h) = [~ QKD (hy2) — QKD ()] / (2K~ 1),
0® (h) = [22XQK-D(h/2) — OKD(m)] /(22K —1), 1 <K <m—1,

(33)
Proof To simplify the notations, we let f_ll(f) = (ZB—;“)! [GPD(a) — GV (b)],
~0) 2 (@—2p4+1)g? (1) .
C) = — =255, and then rewrite (21) as
m—1 m—1
1) =09 + > AVr + 3" COR + O™, (34)
n=1 u=l1

where Q@ (h) = Q(h).
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Asymptotic error expansions for hypersingular integrals 269

Step 1: Replacing /4 in (34) by h/2, we have
. m—1 h 2u m=1 o h 2pu—a )
I(g) = Q<>( ) ZA,{L ( ) Zc})(z) +OMh*™).  (35)
u=1 n=1

Multiplying (35) by 227¢, then subtracting (34) from the result and
finally dividing both sides by 22~* — 1, we obtain

m—1 m—1
0V (h) = I(g) = Y AVRM =" CORM= 4+ O™, (36)
n=1 n=2

where 0©(h) = [2272 QO (h/2) = QO W/[2>7 — 1], AD = [2>7/
2= — 1)/ — 1JAQ (u=1,..,m—1) and 5,(3)—[2 2u=1) _
/227 = 11CY (u=2,...m—1).

Step 2: Also replacing % in (36) by h/2, we have

I(g) = Q“”() mZ:: (—)2M+MZIC“”() _a+0(h2’"). (37)

Multiplying (37) by 22, then subtracting (36) from the result and finally
dividing both sides by 2% — 1, we get

m—1 m—1
0V (h) =1(g) = Y_ ALK =" CPRI + O™, (38)
n=2 n=2

where Q1 (h) = [220©(h/2) — QO (W)]/[2*> — 1], AP = [22/22=D —
/12> = JA® and C) = [22/22¢— D= —1]/[2? — 1]Cg)> (=2 ..,
m—1).
Repeating the above steps, we can get the K-th Richardson extrapolation
formulae for (21). O

In practice, it’s usually enough to use the first or second Richardson
extrapolation formula and get the desired accuracy.

4 Numerical experiments

In this section, we will present several tests to verify the error analysis given
in last section numerically. The numerical results for the following kinds of
hypersingular integrals are given: (a) non-periodic hypersingular integrals, (b)
periodic hypersingular integrals by periodization, (c) periodic hypersingular
integrals.
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270 J. Huang et al.

Example 1 Calculate the hypersingular integral

(@) (y) = / G dx gx) = 2x — 1)?, (39)

where the exact solution is

2y —1)°

(I(®)(y) =82y — 1)+ 62y — )?log [(1 — y)/y] — Wy

Since G(x) = (é":yl)); is not periodic on [0, 1], we use the formulae (15) and
(31). The numerical results are listed in Tables 1-2, where the number of
nodes n = ;, e (K =0, 1, 2) are the absolute errors of the K-th Richardson
extrapolation, and r(K) =M /e(K) Clearly, the numerical results in both tables
show that

r0 ~ 22 K =0,1,2,
which verifies (16) and (32) perfectly.

Remark 2 As the value of y is close to the endpoint, the accuracy of numerical
solutions decreases but the rate of convergence doesn’t change. For example,
it’s seen than in Table 2, as quadrature (15) is applied, the error e{” = 1.983 x
1072 as the number of abscissas n = 2!° but V) = 2, which still matches the
analysis (16). Furthermore, the accuracy is improved by using quadratures
after extrapolations (31). In Table 2, ¢ = 7.604 x 1078 as n = 2!° after the
second Richardson extrapolation.

Remark 3 The derivation of quadratures presented in this paper requires
that the singular point be one of the equally spaced abscissas. In practice,
the efficiency of numerical integrals can be improved by the adaptive mesh

Table 1 Numerical results based on the quadratures (15) and (31) for the hypersingular integral
1 @x—1)} _1
Je draty= 3

0 (x—y)?

n=4 2 24 2 26 27 28 2°

e 2317e-2  6.074e-3  1537e-3  3.854e-4  9.642¢-5  241le-5  6.028e6
7510) 2].93] 21.982 21.995 21.998 21.999 21.999
ed 3.751e-4  2.443e-5  1.546e-6  9.696e-8  6.065¢-9  3.790e-10
"Ell) 23.940 23.982 23.995 23.998 23.999
e 1.058e-6  2.022¢e-8  3.360e-10  5.000e-12  7.818e-14
7512) 25.709 25.912 25.980 25.999

Note that the rates of convergence in errors match the theoretical analysis (16) and (32)
respectively
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Asymptotic error expansions for hypersingular integrals 271

Table 2 Numerical results based on the quadratures (15) and (31) for the hypersingular integral

1 _1\3
Jo ((zxx_yl))z draty= &
n—= % 2() 27 28 29 210 211 212
e 3357e-0  1.162¢-0  3.109e-1  7.900e-2  1.983e-2  4.962¢3  1.240e-3
r,(lo) 21.530 21.902 21.976 21.994 21.998 21.999
eD 4309-1  2.707e2  1.695e-3  1.060e-4  6.630e-6  4.143e-7
r,(,l) 23.992 23.996 23.999 23.999 234999
e? 1.502¢-4  3.980e-6  7.604e-8  1.262e-9  1.900e-11
(2) 5.238 5.710 5913 6.050
P 2 2 2 2

Note that the rates of convergence in errors match the theoretical analysis (16) and (32)
respectively

method. For example, utilize (31) on a small interval that contains y and let y
be one of the nodes for the quadrature, while applying the adaptive Simpson’s
rule on the rest interval. Since asymptotic error estimates are known, it is easy
to match errors on both intervals.

Remark 4 As stated in Theorem 3, the quadrature for integral I(g) =

/, b G(x)dx has higher order of convergence rate if G(x) is periodic. Applying
quadratures (15) on the periodizated integrand will improve the accuracy of
the numerical integration as shown in Example 2.

Example 2 Evaluate the same hypersingular integral (39) as that used in
Example 1 but take the singularity y = 4.235 x 103, which is close to the
endpoint x = 0.

We first periodizate the integrand by the sin”-transformation [34]

9,
9,(1)

() = :[0, 11 — [0, 11, where ¥, () = / (sinzs)Pds, p e N.  (40)
0

2x—1)3

Table 3 Numerical results for the hypersingular integral fol dxat y =4.235 x 1073

(x—y)?
n=4 23 2t 2 26 2’
e 6.960e-0 5.149-1 2.883¢-2 1.776e-3 1.107e-4
r£’0) 23.756 24.158 24.020 24.000
ed 8.527¢-2 3.574e-3 2.721e-5 3.409¢-7
r(l) 24.576 274037 26.318
n

Note that after using sin”-transformation to periodizate the integrand, the accuracy of numerical
solutions is greatly improved comparing with non-periodic integral. The rates of error convergence
match the error estimate (41)
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Let x = ¢3(#) in (39) and then apply quadratures (15) and (31) respectively
to evaluate the transformed integral. Since (pél) (®|=01 =0for 1 <i <3, and

cpéi) (®)]i=0.1 # 0 fori > 3, the error analysis (16) gives
En(h) = c2h* + c3h° + ... + e B2 + O(WP™), (41)

where ¢;, c3, ..., ¢;—1 are constants independent of 4. Numerical results are
listed in Table 3, where (X are the absolute errors after the K-th Richardson

extrapolation and r{) = ¢®) /el We have

rdO =2+ K =01,

which coincide with the error estimate (41).

Remark 5 To verify the theoretical analysis, in this example, the singularity
y = 4.235 x 1073 is actually taken as the value of ¢3(f) at t = %, which is one of
the equally spaced abscissas. In practice, when y is arbitrary, one should first
solve t from ¢3(f) = y and then evaluate the integral efficiently by following
the strategy in Remark 3.

Remark 6 Although the singularity y = 4.235 x 1072 is much closer to the
endpoint than y = 6L4 in Example 1, the numerical results show that the
accuracy of numerical solutions is greatly improved, which appreciates the

periodization of the integral by utilizing sin”-transformation.

Example 3 Calculate the hypersingular integral with the fractional order
singularity

R e))

Iy = ———=
0 VIx—yP

dx, glx) = 2x — 1)*. (42)

The exact solution is
128y% — 160y + 60y — 5 N 128y% — 224y + 124y — 23)

VY V1=

Table 4 Numerical results based on (21), (36) and (38) for fol %dx aty = %
x—y|°

() (y)=-04 (

n=14 23 24 2’ 20 27 28 29

eV 1.098¢-1  3.889¢2  1376e2  4.867e3  1.721e-3  6.087c-4  2.152e-4
r’(10) 1.497 21.499 21.499 21.499 21.499 21.499

el 8.784e-5  1.454e-5  3.127e-6  7.49le-7  1.852¢-7  4.617e-8
rﬁ,F) 92.594 92217 92.061 92015 92.004
e 9.885¢-6  6.790e-7  4.358¢8  2.743¢-9  1.717e-10
r(R) 23.863 234961 234990 234997

n

Note that the results verify the error estimate (43)
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where, G(x) = \/if—’iﬁ is a non-periodic function on [0, 1]. Since g (x) = 0 for

i > 4, the error analysis (22) reads

m—1
Ey(h) =) c,i™ + dih' + O™, (43)

pn=1

where ¢, and d; are constants independent of 4. The numerical results for
(42)aty = ; and y = Z; are listed in Tables 4-5. Where, ¢!, (/) and e{* are,
respectively, the absolute errors according to formulae (21), (36) and (38), and

nP = e /e" (P =0, F, R). It’s obvious that

FO 215 P 92 R o8,
which accords with the theoretical analysis (43).

Remark 7 As the value of y is close to the endpoint, the accuracy of numerical
solutions decreases but the rate of convergence doesn’t change. For example,
it’s seen than in Table 5, as quadrature (38) is applied, the error ¢! = 1.138 x
1073 as the number of abscissas n = 2° but the rate of convergence still matches
the analysis (43). The accuracy can be improved by applying quadratures on
the periodizated integral.

Here, we use sin”-transformation (40) to periodizate the integral by taking
X = @u(t) in (42). Since ¢\ (O)=01 = 0 fori = 1, ..., 4, while " (#)],=0.1 # 0 for

i > 4, the error estimate (22) gives
E,(h) = cih'"” + ;™ + O(hY), (44)

where ¢; and ¢, are constants independent of 4. The numerical results of the

hypersingular integral (42) at y = 1.473 x 1073 are listed in Table 6, which
shows

FO ~ 215 p) 935,

The results verify the error analysis (44) exactly.

Table 5 Numerical results based on (21), (36) and (38) for fol %dx aty = 61—4
x—y|°

n= % 26 27 28 29 210 211 2]2

eV 3.644e2  1034e2  2.949e3  8.608e-4  2.585e-4  7.990e-5  2.538¢-5
r’(10) 71.818 21.809 21777 21.736 21.694 1.655
el 3.942¢3  1.091e3  2.8lded  7.092e-5  1.777e-5  4.444e-6
rﬁ,F) 21.853 21.956 21.988 21.997 21.999
e 1.413e-4  1.138¢-5  7.750e-7  4.963e-8  3.121e-9
r(R) 231)34 234876 23.965 23991

n

Note that the results verify the error estimate (43)

@ Springer



274 J. Huang et al.

Table 6 Numerical results for [ @D’ gy at y = 1.473 x 103

A x=yP3
n=4 23 24 » 26 2 28 2
eff’ 6.033e-1 2.102e-1 7.421e-2 2.622e-2 9.271e-3 3.277e-3 1.158e-3
r£’0) 21.520 91,502 21.500 1.500 21.500 21.500
ef}’ 4.684¢-3 2.021e-4 1.785e-5 1.565¢-6 1.380e-7 1.219¢-8
rf,l) 04.534 23.500 93511 23.503 23.500
eff’ 2.324e-4 1.457e-8 1.396e-8 3.595e-10 3.200e-12

After using sin”-transformation to periodizate the integrand, the accuracy of numerical solutions
is greatly improved comparing with non-periodic integral and the rates of error convergence match
the error estimates (44)

Remark 8 To verify the theoretical analysis, in this example, the singularity
y = 1.473 x 1073 is actually taken as the value of ¢4(¢) at t = %, which is one of
the equally spaced abscissas. In practice, when y is arbitrary, one should first
solve ¢ from ¢4(f) = y and then evaluate the integral efficiently by following
Remark 3.

Remark 9 Although the singularity y = 1.473 x 10~ is much closer to the

endpoint than y = 61—4, the numerical results show that the accuracy of numer-

ical solutions is greatly improved, which appreciates the periodization of the
integral by utilizing sin”-transformation.

Example 4 Calculate the periodic hypersingular integral

g(x)
sin((x — )/2)
where the exact solution is (/(g))(y) = 2sin(2y).

2
Iy = /0 dx, g(x) = sin(2x), (45)

_ sin(2x) : : : :
Note that G(x) = T 82 periodic function on [0, 2x], the error

estimate (27) reads
E,(h) = O(h*™) (46)

Since sin(2x) € C*°[0, 2] with period T =27 and G(x) is also infinitely
differentiable on R = (—o0, = co)\{r + kT}{>° _with period T = 27, the ac-
curacy of numerical solutions is of exponential order.

Table 7 The numerical results for (45)

n 4 8 16 32 64 128
€max 1.11e-15 3.44e-15 2.38e-15 3.13e-15 2.78e-15 1.08e-15
€min 2.22e-16 1.11e-16 2.77e-16 2.56e-16 3.45e-16 1.87e-16

Note that since the integrand is periodic, the error converges exponentially
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V1= 4y at y=0.125

Table 8 The numerical results for f_ll

(x—y)?

n= % 24 25 26 27 28 29 210

eV 8.431e-03  2.905e-03  1.012e-03 3.553e-04 1.25le-04 4.415¢-05  1.560e-05
7510) 21.537 21521 21.511 21.506 21503 21501

el 1.179e-04  2.253e-05  4.121e-06  7.402¢-07  1319¢-07  2.340e-08
r;]) 22388 22A451 22,477 22489 22494

e? 2.039¢-06  1.683e-07 1.432¢-08  1.240e-09  1.091e-10
r£12) 23599 23,555 23529 23506

Leth = 27” and y; = (2j — 1)h, the maximum error ey,x = lmax (L) (y)) —
<jsn
(In()(y)| and the minimum error ey, = lfglign L@ (y) — (@) Y)I,

where (1,(g))(y;) are the numerical solutions of the hypersingular integral (45)
aty =yj.

The numerical results listed in Table 7 shows that numerical results converge
exponentially, which verifies the error analysis. Note that the accuracy cannot
be improved by refining mesh due to the machine rounding error.

Example 5 In this example, we will not only test our method on a hyper-
singular integral, but also solve a hypersingular integral equation that often
appears in the crack problems of the fracture mechanics. The good numerical
results indicate that our quadrature is efficient and accurate, which matches
the theoretical analysis; they also exhibit one of the main advantages of our
method: the quadrature only depends on the unknown function itself but not
its derivatives, so we can apply it straightforwardly for solving the boundary
integral equations.

Linear regression The order of convergence

10-2 4
104 o 3.5¢ $ 0 800 0 0 0 8 e
» ——
s . 3l —em
. 106 . ] o (@
< ;"’ . c
5 ® 25 PROIREL i el oih dt oIL ST P
K -0 .-
10-8 O] * 1
& . 2
‘‘‘‘‘ e
10-10 ("2) .
e 1.5 «—* —
n
10-12 - - p 1 X . !
104 10-3 10-2 10-1 100 -1 -0.5 0 0.5 1
h y

Fig. 1 (Left) Linear regression analysis at y = 0.125. Note that the order of convergence matches
error analysis and the order is clearly improved by using extrapolation. (Right) The order of
convergence at different y evenly distributed on (—1, 1). Note that the order is stable and matches
the error analysis
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Table 9 The numerical results of D(0.125) for hypersingular BIE (48)

n=j 24 2 26 2’ 28 2
ey 8.763e-04  2.38%e-04  6.525¢-05  1.777e-05  4.817e-06  1.299e-06
1’510) 21.875 21.872 21.877 21.883 21.890

Note that second order convergence rate is obtained

Calculate the hypersingular integral

(I(@)() = / o ar g =Vi- 2 (47)

where, for any y € (—1, 1), the exact solution is —x (see [5, 17]).

In Table 8, we list the numerical results at y = 0.125. Where the number of
nodes n = % e® (K =0, 1, 2) are the absolute errors of the K-th Richardson
extrapolation, and r{y) = e /e,

The linear regression analysis shows e¥ = 0.1914!!, el = 0.0214>47 after
the fractional order extrapolation and e{? = 0.003k>*? after the second extrap-
olation. We show this linear regression analysis result graphically on Fig. 1. At
the same time, to show the quadrature is not sensitive to the choice of y, the
orders of convergence obtained from the linear regression analysis at different
points y that evenly distribute on (—1, 1) are also shown. The figure clearly
states that the method is stable.

Next, we consider solving the following hypersingular integral equation by
the quadrature presented in this paper:

PV =22
—2D(x)dx= -, —l<y<l, (48)
-1 (x—=y)
Fig. 2 Linear regression » Linear regression
analysis for error of D(x) at 10° : ;
x = 0.125, ¢,4(0.125) and —¢,(0125)
maximum error of D(x), == el
llen (X)]loo- Note that the result 3
is accurate and is converged 107 k|
at the rate of O(h?)
L1074 ]
[}
107} ]
—6
10
107° 10
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where D(x), the density function, is unknown and its exact value should
be 1 on (—1,1). Solving such type of integral equations is often needed in
the application of the boundary integral equation method to crack problems
in fracture mechanics (see [5, 17, 24]). Here, we use (21) to discretize the
left hand side. The numerical errors of D(x) at x = 0.125 is listed in the
Table 9. Figure 2 shows the linear regression analysis for both ¢, (0.125), error
of D(0.125); and ||e,(x) ||, the maximum error of D(x), when the number of
nodes in quadrature is #n. The numerical results clearly show the nearly second
order convergence is obtained by using (21). More detailed analysis in the
context of hypersingular boundary integral equation will be our next future
work.

5 Conclusions

From the presented theoretical and numerical results, we can draw the follow-
ing conclusions.

1. For calculating hypersingular integrals, the algorithms are straightfor-
ward, without need to calculate any weight;

2. The numerical experiments verify the theoretical error analysis, which
shows the accuracy order of the algorithms is high, especially, for hyper-
singular periodic functions;

3. The accuracy of the algorithms can be greatly improved by the
Richardson extrapolation;

4. Example 5 shows the direct application of the quadratures for solv-
ing corresponding hypersingular boundary integral equations. Since the
quadratures only involve the unknown density function, but not its
derivatives, the quadrature formulae presented in this paper can be
easily applied. The numerical results also show the effectiveness of the
quadrature methods. Corresponding analyses and applications will be
presented in a separate paper.

Acknowledgements The authors are grateful to the anonymous referees for their constructive
comments, which helped improve the manuscript.
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