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Abstract

The trapezoidal rule for the computation of supersingular integrals on circle is discussed, and
the asymptotic expansion of error function is obtained. A series to approach the singular point
is constructed. The extrapolation algorithm is presented and the convergence rate is proved.
Some numerical results are also reported to confirm the theoretical results and show the
efficiency of the algorithms.
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1.Introduction

Accurate calculation of boundary element methods(BEM) arising in boundary integral
equations has been a subject of intensive research in recent years. The formulation of certain
classes of boundary value problems in terms of supersingular integral equations:
b
f %f =g(s) se€(a,b),p=12 (1)
have drawn lots of interests. In the literature different definitions of singular integrals are
found which can be shown to be the same. We mention the following one

b f(x) s—e . 2 fr-1(s)
7{—(;1‘ — ) dr = ]1111 { (/ / ) T p+l do — - } :

s € (a,b), p=12. 2)
where 3€f’ denotes a supersingualr integral and s the singular point. Here the supersingular

integral is one order higher singularity than hypersingular integral.

One of the major problems arising from boundary element methods is how to evaluate such
supersingular integral efficiently. For the case p = 1, numerous work has been devoted to
developing efficient quadrature formulas for hypersingular integral such as the Gaussian
method [7,8], the Newton-Cotes method [15,22-25], the transformation method [3,5] and
some other methods [4,10,19]Because of the high-order singularity of the kernels, the rules
for Hadamard finite-part integrals (including hypersingular and supersingular integrals) are
less accurate than their counterparts for Riemann integrals. Newton-Cotes rules for evaluating
hypersingular integrals were firstly suggested by Linz [15]. The superconvergence
phenomenon of trapezoidal rule and Simpson's rule for hypersingular integrals was found in
[22,24], which showed that one order higher superconvergence rate than that in general case
if the singular point is located at some a prior known point. Then, the superconvergence for
arbitrary degree Newton-Cotes rules of hypersingular integrals were studied in [22,23] and the
superconvergence rate was O(h*T1). Recently, Newton-Cotes rules and the corresponding
superconvergence for evaluating hypersingular integrals on a circle were discussed in [29,30].
Integrals with kernels beyond hypersingular have not been extensively studied with p = 2. Du
[4] studied the composite Simpson's rule and showed the optimal global convergence rate is
O(h). Then, Wu & Sun [22] studied the superconvergence of trapezoidal rule, the O(h?)
superconvergence rate was obtained when the singular point is located at the middle point of
each subinterval far away from two endpoints. Recently, Zhang ect.al [28] discussed the
superconvergence phenomenon of the composite Simpson's rule and also the O(h?) rate was
obtained for those superconvergence points far away from the endpoints.



In this paper, we consider the supersingular integral defined in a circle which have been paid
less attention to it.
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To our knowledge, maybe the reference [12-14] have entlre on the subject, where the
superconvegence rate of Simpson rule and trapezoidal rule to compute the supersingular
integral have been considered. When the singular point coincides with some priori known
point, the convergence rate of the trapezoidal rule is higher than the global one which is
considered as the superconvergence phenomenon. Then the error functional of density
function is derived and the superconvergence phenomenon of composite trapezoidal rule
occurs at certain local coordinate of each subinterval which is different from the case
supersingular defined on the interval.

Extrapolation methods as an accelerating convergence technique has been applied to many
fields in computational mathematics [16,21]. The most famous one is Richardson
extrapolatlon with the error function as

T(h) — ag = a1h? + ash* + azh® + -
where 7'(0) = ag and a; are constant 1ndependent of 4. Then in the paper of Li [11] et.al, the
trapezpldal rule for computatlon hypersingular integral on interval by extrapolation methods
was given.

Before presented the extrapolation methods to compute the supersingular integral in a circle,
we firstly give notation as below. Let
M (7, 1) cos T=t
j[ TS5 <,

_1(k —@)!'sin® T
1 L T—t
;A-(T ?‘) (’0"-}—
dr, |t| > 1.
/; (k — f]'smhgt 1 '

M (r,t) = (7 = 1) (1 = )" [(T + 1)" = (1 = 1)']. )
Let J:= (—oo,—1)J(—1,1)J(1,00) and the operator W : C(J) — C(—1,1)be
defined by

Yir(t) = 4)

where

oo o0
’I:L(T) = 'f;{"-rﬁk.(?_) Z Wik 2;’ +7 + Z (12 z}. 2)’ + T k= ‘F? + 1. (6)

7=1 7=1
In this paper, based on the asymptotic error expansion of the composite trapezoidal rule for
the computation of supersingular integrals. We firstly obtain the asymptotic error expansion

as follow
2

E,(f,s) Z‘Z i 1) (5)a; () + O(h2), (7)

where a;(7) are functions independent of h, T the local coordinate of the singular point. Then
an extrapolation algorithm is presented to compute the supersingular integral. For a given 7 a
series of s; is selected to approximate the singular point s with local coordinate equal the

superconvergence point accompanied by the refinement of the meshes. Moreover, by means
of the extrapolation technique, we not only obtain an approximation with higher order
accuracy, but also get a posteriori error estimate.

The rest of this paper is organized as follows. In Sect.2, after introducing some basic formulas
of the general (composite) trapezoidal rule, some notations and preliminaries, we present our



main result. In Sect.3 the proof is completed. In Sect.4, extrapolation algorithm is presented
and the convergence rate is proved. Finally, several numerical examples are given to validate
our analysis.

2.Main result

Let c=xg<ay<---<zp1 <z, =c+2r be a uniform partition of the interval

[c, ¢ + 27 with mesh size h = 27 /n and f(z) the piecewise linear interpolant for f(x):

fule) = == () + = @y), v € ), 1<i<n. ®)

and a linear transformation

x=;(7) := (7 + 1)(z -—r31/2+731 7€ [-1,1]. ©)
maps the reference element [—1,1 onto the subinterval [z;_, z; . Replacing f(z) in (3) with
fr(z) gives the composite trapezmdal rule

c427 cos r— Sf!
L,(f,s) = — w ) =1 — En(f,s). (10
(ho= IS Z [ () = 1(,5) ~ Ealf.5). (10)
where w;(s) denotes the Cotes coefﬁc1ents, see [13] and F,(f, s) the error functional.
We define . .
F(r)=(-D)F+DIr+1) = (r-1)" (1D
and
1 [T E
—= 7[ a(T)d'r: lt| <1,
2/ 17—t
qf)‘é,i-f?(t) = 1 1 R(T) (12)
—— —=dr, |t| > 1.
2/ 71

Suppose F;(7) is replaced by the Legendre polynomial, then ¢;;.2(¢) defines the Legendre
function of the second kind \cite{candrews1992}. Let

Gii+1(t) = (52 z+2(3l) (13)
(b”(f) _ 201 z+1(f) - 201 z+2(f] (14)
and
1 _ p\k—i—3
du(t) = —% /1 FE(T)((;:_ :))r dr, k>i+2. (15)

Before presenting the main results, we firstly define K () as follows
(z — s)3 cos £
4 e 3 r—s €T % S:
Ky(z) = sin” £3* (16)
8, T = s.

We present our main results below.
Theorem 1 Assume f(x) € C'[a,b], [ > 3. For the trapezoidal rule I,,(f;s) defined in (10),
there exists a positive constant C, independent of 4 and s and functions a;(7), independent of

h, such that
1-2

h¢ 1
E,.(f,s) Z i 1 1+1}( Jai(T) + Ry(s). (17)
i=1
where s = 2,1 + (1 +7)h/2, m=1,2,--- nand
|Ra(s)] < C %11@{2 ){K () (| Inh| +472(7))h! 2 (18)
(e, e+

and
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v(’r)—oggn = (19)

3.Proof of the Theorem 1

In the following analysis, C will denote a generic positive constant which is independent of 4
and s. Let F; and @, denote the Legendre polynomial [1] of degree / and the associated
Legendre function of the second kind, respectively.

Define .
M (z,s) = F!(z)(x—s)*" k>i, (20)
where ‘ _ _
Fl(z) = (z — zj1)(z — 2;)[(z — ;)" — (2 — 2;)]. (21)
By (9), we have
; hk+3 o
M) (z,s) = WE(T)(T — ) (22)
where F;(7)is defined by (21) and
Mip(7.¢;) = (72 —1)(1 — cj)ﬁ'_'é[(f + 1) = (1 =1)" (23)
and
2
cj = E(% —xj_1) — L (24)

Lemma 3.1 Let K(x) be defined in (16). For & € (z;_,. ), by linear transformation (9), we
have

K(r) = K. (1), 7€ (-1.1) (25)
where
K, (7) =8+8§: () +8§: (r—c) (26)
& — (1 — ¢; — 2ln)? —~ (7 —¢; +2In)?
And ¢; is defined as (24).
Proof:By the identity in [1]
7 cos t - 1
— = — 27
sin® 7t E;x (t+1)* @7)
then we get
057y _ 8 +8i ! +8§ ! (28)
%1113 Tzs (z—s)3 — (v — s — 2m) — (z — s+ 2m)3
and
. (z — )% cos £ r—c)?
K x) = - J
() sin® =0 8+82(T—C} —JJT/h Z(T—(’J—i-éllﬁ/h-):‘

_ 8+SZ 6)* +8§:(f——ﬂ)*
(T—(‘ — 2In)? (T —¢; + 2In)?
= KP_J.(T)?

which completes the proof.
Lemma 3.2 Assume s € (2,1, Z,,) for some m and let ¢;(1 < j < n) be given by (24). Then

we have



dx, j=m.

k=1 Tm =S m
2 j[ cos 5= Mjj! (., s)
Cm—1

T k-1 3 x—s
h =0

sin
2&:—1 €Ty COs E ‘l_/zu (ZI' ‘3) .
T pk-1 _[ Se=s dz, j#m.

dir(cj) = (29)

v sin

Proof: If j = m, by the definition of (3) and noting & = ¢, we have
i ocosEEM fL (z,5) oM }‘1( a,8) K (x)
][- T1—s dr = ]L —,}(ﬂ;r
v sin . (= s)f

a i

N %“ Md,;:

([ /ﬂ) U 2L}
Rk 1 Fi(1)K.(x) hE(cm) K, (Cm)
= okt 12‘6{(/;1 +[,,,+'—:—:) (r —cn)? dr — : }

_ h_ff—lf F:-(T)f\,_-;(f:m)d,r
2&‘;—: ) 1 (T - Cm);j
[

_2;\-__1'1,1’»',-,-((_‘_“,).

The case j # m can be proved by applying the same approach to the correspondent Riemann
integral.
Lemma 3.3 Under the assumption of Lemma3.2, for k = 7 + 1, there holds that

k=1 rom cos £ M (x, 5 _
__“j[ 3;’°£ )da:, j=m.
() A sin G0)
Q'k Cj) =
i 1 21'{—1 Tj COS(— k‘(T g)d . %
—— x, m.
hk 25 .‘5:1113 . 7 '
Proof:By the deﬁnition of (3), we have:
%J'J cos 5= sUk(f s) dr = f-*‘i M (z, S)[{_:(I)d:ﬁ
251 sin” 5= £5_1 (x — s)
Y A V() K, (x) _
- ]a_l 7(1‘ —)? dx
s—e pi(p S (x " .j;_' C (1 2 (K 5
= lim [ 710’ (‘L)h"’g{)ci;zr - j fi (I)A“’gb)ddr - Fi () Ky(s)
=0 | Sy (x—s) s+e (x—s) g

h om =t ! Fi(1)K4(T) hF;(en) Ks(em)
N ‘2_;‘ !_1_"“(1]{ (</—I N <[‘;n+€—f) (T — Cm 2 a7 = €

k 1 VK.
- Fi( )f‘u(z)d?
2k -1 (T - Cm)'
} k
= 9: |7~.=r——1((m)
The first identity in (30) is then verified. The second identity can be obtained by applying the
approach to the correspondent Riemann integral. The proof is completed.

Lemma 3.4 Under the assumption of Lemma3.3, for k = 7 + 2, there holds that

2k [Fm cos fFEMG(w,s)
_ hk+1 L Slns .1, P da'g J = TTE:
o (05) = 31
QR( J) 2k Tj (-Oc,_",fj (T 3) . ( )
- pkH Tj-1 ‘:m3 5 o



Proof:By the definition of (3), we have:

T e uﬁ.fj T. i M (2.8 K. (1
% cos (2, "')d&: . ]l 17 (x,s)Ky(x)

= r
. 51113 =t @1 (z —s)?
Y F(2)K(x
_ j£ P (@)K(@) o
" r—=5

Trj—1

§—¢ F“T K
= hm{/ (r) / d’]"}
g—0 r — 5 +e r— 85
R-l—l Cm—E
= lim (T)R (T)
2;‘+l e—0 o emtE Cn

pF+ F(1) K( )
f1 dr

k1
25+ T — Cn

h.H—l
- ok Iw H—Z((m)

The first identity in (31) is then verified. The second identity can be obtained by applying the
approach to the correspondent Riemann integral. The proof is completed.
Lemma 3.5 Under the assumption of Lemma3.3 and for & > ¢ + 2, there holds that

. ok+1 ;"'.-i’f;t_(;r;, s)

(D;‘k((fj) = _hk-i-?. 'lj_l Wd.’ﬂ, (32)
The proof of this lemma can be obtained in a Way similarly to that of Lemma 3.3 or Lemma
3.4.
Lemma 3.6 Suppose f(z) € Cllc,c+2x],l > 3. If s# x;, forany j =1,2,-++ ,n, then

there holds
. -1 I-1 z+1f(k‘+l)( ) U“( )
flx) — ;2 h(i+1)! (k —1)!
1+1 f(!( ) _f(t)( ) ; .
+Zh o M)
_1\l
+ (h;‘!) ;'-;( ) E?; ( Uji—1, .LJ) (33)
where

Mj(z) = (x—zj)(@—t;) [fOm) (@ —zi0)"" = fOG) @ —a;)'

— [O()M]_ i (,8),m5, G5 € (w51, 25).

Define
-1 1-1
1)¢+lf(!1+1)( ) [m(,.( ‘:)

m\L) = , & Lin—1yLm)- 34
Hn(2) = [ (x Z; GrDT ko € @nnen) (9

Lemma 3.7 Under the same assumptions of Theorem 1, for H,,(z) in (34), there holds that

Tm H?‘(l(:ﬂ) e E—8 )

£_1Tw2d$ <0 max (K V2 () k2. (35)

where «(7) is defined in (19).
Proof. By the definition of #,,(z), we have

HE(x)] < Ch'™,i=0,1,2, (36)



As we known ©
m Hm : .c—a o om H ( ) mem(i-')[ﬁ'-s(&T) — 8]
im_l sin? "‘23 dv = Sim_l (x — 5‘)3d @ j€m-1 (x —s)3 dz. (36)
From the identity
b flx) s
o (x—35)° o= & [ﬁ_ﬁ}
(b—a)f'(s) | f"(s), b—s
b—e)s—a)+ 2 lns—a 37
[ RSSOy - e,

(x — s)3

ARGl [ R ]

_ hHL(s) 38
(mm_s)(s_m‘m—]) ( )

_!_’Hm(s) In Ty — S +/ ,Hm(g 'L))

we have

2 S — Ty 6
where 0(z) € (2,1, T, ). Since
’Hm(sj [ 1 1 ]

2 (-1 — 8)? N (Tm — 8)*

o m\S) — Hm.(j:m,—]
- 2 |:(Im.—l - ‘S)‘2 a (mm - 8)2:| (39)
_ H;n(‘sm—l)(s - *'L'm—l) 1 - 1
2 (:Bm—l - 3)2 (m'm. - 3)2
< C’}'_] (TJh!—‘z‘
where §,,,_1 € (—1, T, ) and we have used H,,(z,,—1) = 0.
hH,,(s) -1 -2
e < Cy (1)h ™=,
(mm - S)(S - -'I:m—l) S J
H(s) Tm — -2
m < ~
‘ 5 In pam— CllInvy(7)| + |Inh|]h
and
‘ / %m d(ﬁ < COh'2,
As for the second term,
‘% ?{,,,(;::)[h:_g(:z:l] —§] d;zr‘
P (x — s)
ke(z) — 8
= re[inr_‘?{ |'Hm(3 | . Wdl"
Tm Trn 8
T elim o] [Hon () {jé, Coz 2; = j{,,,_l (z —s)° da:}
1 1 1 1 (40)
N I‘E[tl"nc—ul(ll [Hom ()] {snf’ Staol g2 o u [(:1:,,,_1 — 5?2 (2, — 5)2] }

(o) — Ho () { 5 =t | :
= max mil) — m{Tm S—Tm—1 S—ay . - v
J'E[-"m—l--"m] "31112 Tl '31112 5 = (:Lm—l - "’.)2 (:I:m - 5)2

[H (Em) (s — @m)| ! S ! !
= ma. m — T 3 S—Tm—1 2 s—ux ] -
.re[.rm_?{‘- " sin? ==l gin? S=rm (o1 — 8% (2, — 5)?

2
< C’y_g('r)h,‘;_z.
(35) can be obtained by putting together from (39) to (40) which completes the proof.




Lemma 3.8 Under the assumption of Theorem 2.1, we have

n (_1)1 @ .e"v‘;'fj(x) a:;s ,
2. / =T de

sin
j=1j#m

hi=2
<(C max {K( V(1) —— (41)

rE(wj_1,x5) l!

and

-2 1 T x4 i 7
Z +1 Z/ FO(&5) = FO(s) Miya(@,5) cos 52

3 + 1 j=1,j#m " Fi-1 ("E —i— 1) blll's xzs
C nax {K,(z)}vy 1(7_) hi-2 i,
: . ? = | —
) =k :
-2
<d ¢ max {K.(2)}——(ny(r)| + |Inh|), i=1—3, (42)
we(aj—1.25) (I — 2)'
hz—-z
v .
CT=i-p i<i—3

Proof: By (33), we see that| M ()| < Ch'*), and thus

n (_1)1 /zj ﬂ"fj m—s
— 2
Z hl! sin® xzs v

j=1lj#m Fi-1

~(—1)" [ Mf(iﬁ)Ks(iﬁ)dx

! )3
j=1,j#m hi! Tj—1 (‘E ‘5) (43)
<C ma K (2)}~
o TE(wj— f(.rj){ )} ! Z j;
j=Lj#m
hi 2
<C (max (K ()} (1) —— i
wxe(xj_1,x;) I
Now, we estimate (42) and get
n ( 1 i+1 i: /1; f(l f(i)( ) "Fs 1( 2 .
j=1,j#m 1)' Py iy .7— i — 1) 51[13 Izb
Y (_1)£ : /r ( (1 Mf—zt—1(fffv"f)Ks(fff)
- f )(ga' - f J(S ) ! : dx
j=§j;ﬁm h(f o 1)1 x; 1( ﬁ) ) (35 - 3)‘3 (44)
<, gy 3 [ [t
RE=
hl 2
<C (ma,x {K(: )}A—I(T) =1
re(xy 1.[23
and |
i (—1)i+! i 5 fO(gy) = [O(s) My s)eos 55
Jj= lJ#m h(z + 1)! j=1.j#m " Ti-1 ("! —1— 1)' bll‘l; 32'3
z; Mo (,5)Kq(x)
Ope y _ ¢ld) 1-2,1-1
j=1,j#m h /‘:J (FP4) = £7()) (x—s)3 d (45)

hi 1
<C a K
< max ){ Z f

rE(xj_1.7; J L%m r—s
h'=2
< C f :
_Cae(l:ir]‘(g {K(z }(|ln’y(T)|+|lnh,|)(£_1)I

The proof is completed.
Lemma 3.9Under the same assumption of Theorem 1 with & = 4,7 + 1,7 + 2, there holds that



Tin(1) =8 Y var(2j + 7). (46)
j=—oc
Proof: By (23), we have
1 —t 1 o0 1
Mek(’!‘ f) co T M;k(’r, i) / M«;k(T, I‘.)
El sin’® T dr=8 (T —1)3 dT+8§ -1 (T—t—Qfﬂ')B’dT (47)
ol
Mik_('r:t)
+8;/_1 (r—t+ 2y
which means
Ti(m) = Z'wik(t)
c—l
= 82@;t m—1i)+7) +SZZQ"‘ 2(m—1—nl)+7)
i=1 =1
+ SZ Z Oi(2(m —i+nl)+ 1)
i=1 =1
= 8 Z ZO“’” (m—i+nl)+71)
I=—00 i=1
= 8[ou(r +Zm (20 +7) +Zoﬂ ~20+7)). (48)
where
1 .
Miik(t#)d?._ [t] < 1.
(= t)? 49
da(t) = 1 Maik(T-ff)dT o> 1 (49)
-1 (T - t)'j o J ’
which is related with second kind of legendre function. Since
1 1+t
— - . 50
Qult) = 3 log | | (50)
then we have
- : = . 1 2n—m) —1+71
: )o(— = — =0. 51
ZQU(2}—I—T)+ZQU( 25+ 1) 2log e 0 (51)

=0 j=1

By Lemma 3.1 and Lemma 3.2 in [11], we can easily show that T}, (7) converges to certain

function.
Proof of Theorem 1:By Lemma 3.6, we have

Tm—1 c+2x cos E T
([« ) [f(“ =L
Je S sin
~ [T cos ZE[f(x) — ful: )]
= E g dx
. - Jri 4y sin
i=Llj#m i

=1 -1 n

“i cos LM (w0, 8)

( 1)v+1f(1.+1 ( )

M

> [ R,

= 3 xz—s
L h(i+ 1)k —1)! iiem s sin
-2 j
)i+l U] O] cos 52 M (z,s
fE(! —3 1)! Z / ! (.-'6— i —J;)' = sm‘ : )d‘t
i=1lj#m 2

(=) ((l‘%;‘}j( ) (52)

+ _ Z hi! . sin® = de.



By the definition of H,, (.{,] in (34) we have

7 [f(@) — ful@)]
3 x—s
Tm—1 ")1]-] 2
7[::?,,, cos x—Sme(,,)
= — 5 e
Tm—1 S 2
-1 1-1 H_lf h+l b) Tm cog L=S svu'm(,r q)
ik
dx 53
+iz1kzh(s+1 74 ‘311133"23 ! &)

Putting (52) and (53) together yields
o TEf(@) — f(@)] g (DR (s) I

j£ sin® £=% B Z Z (¢ 4 1)1261 Z Gik(cs) + By (s).
[ * jl':l

2 i=1 k=i

where

Ry(s) = R'(s) + R2(s)

) n €T Jnl;lf.?() R
RZ(S) = Z f T (f:!.'

i=1,i#m " Ti-1
-2 #+1 n /'{ Y ](I( ) M (t.s) cos £
M;:,_(t, s) cos =
: — dz.
+Zh ?+])' IZ; _/ (.-'—?_1) sin® £ o
=l.0Fm

By Lemma 3.7 and Lemma3 8, we have
|Ra(s)| < C %11(1)( {K,(z)}(|Inh| +~72(7))n' "2

The proof is complete.

Based on the Theorem 1, assume f(x) € C*[c, c + 27, we present the modify trapezoidal rule
T

I( )_]n(f (’)_47}( ( )lel—

_r

_ c+2T1 N
E.(f:s) :f )‘()Th:—ff(f: s)

sS11

and

then we have X
E.([:s) < C max {fx o) H k| +~7%(7)]h*

wE (s
where ~y(7)is defined as (19).

4.Extrapolation method

In the above sections, we have proved that the error functional of the trapezoidal rule has the
following asymptotic expansion of (17). We present our extrapolation algorithms as follow:
Assume there exists positive integer ng such that
no(s — c)

2T
is a positive number. Firstly [c, ¢ + 27 is partitioned into nq equal subinterval denoted by IT,
with mesh size h; = 27 /nq. Then we refine IT; to get mesh IT; with mesh size hy = hy/2. In

Mo =



this way, a series of meshes {II;}(j = 1,2, --) in which II; is refined from II;_; with mesh
size denoted by II,_,. Define

h
sj=3+ggj=1,2,---. (54)

and

T(hj) = IQJ‘]rr-o(f: 'Sj)'
We present the following extrapolation algorithm: first compute

Tl(j) _ T(hj),j =1,---,m.
Second compute

(5+1) (4)
p ; T, — T
I:(JJ = I_;(:—]i_l) + ﬁ. = 2 L1 J' = ]_, 37."5—?:.

Thoerem 2 Under the asymptotic expansion of theorem 2.1, for 7 = (0 and the series of

meshes defined by (54), we have

1(f.5) -1

< Oh!

and a posteriori asymptotic error estimate is given by

5.Numerical example

In this section, computational results are reported to confirm our theoretical analysis.

j+1 j
T/ - 1Y)

T

2i-1 1

Example 1 Consider the supersingular integral

with f(z) = 1 + sin(3z) + cos(2x) and the exact analysis is 47(—9cos(3s) + 4sin(2s))
Tablel Errors of the trapezoidal rule rules = x4 + (1 + 7)h/2

j[c”” cos £52 f(z)
j

sin

3 x—s
2

< Ch' .

dx = g(s),s € (¢c,c+ 2m)

n 7=0 T=2/3 T=-2/3 T=1/2
32 | 8.1300e-01 | 8.7751e+01 | -1.0333e+02 | 5.3026e+-01
64 | 1.0380e-01 | 1.0320e+02 | -1.0747e+02 | 6.0147e+-01
128 | 1.3044e-02 | 1.0739e+02 | -1.0849e+02 | 6.2136e+01
256 | 1.6327e-03 | 1.0846e+02 | -1.0874e+02 | 6.2655e+01
512 | 2.0416e-04 | 1.0874e+02 | -1.0881e+02 | 6.2787e+01

1024 | 2.5555e-05 | 1.0881e+02 | -1.0882e+02 | 6.2821e+01
h* 2.9915 - - -
Table2 Errors of the mod-trapezoidal rule s = @p,/4) + (1 4+ 7)h/2

n 7=0 T=2/3 T=-2/3 T=1/2
32 | 8.1300e-01 | -2.5666e+00 | 4.7362e+00 | -1.1117e+00
64 | 1.0380e-01 | -9.2221e-01 | 1.1658e+00 | -4.8090e-01
128 | 1.3044e-02 | -2.5972e-01 | 2.8810e-01 | -1.4320e-01

256 | 1.6327e-03 | -6.8134e-02 | 7.1544e-02 | -3.8476e-02
512 | 2.0416e-04 | -1.7405e-02 | 1.7822¢-02 | -9.9397e-03

1024 | 2.5555e-05 | -4.3961e-03 | 4.4477e-03 | -2.5241e-03
h* 2.9915 1.8379 2.0113 1.7566

Table3 Errors of the trapezoidal rule s = zo + (1 + 7)h/2



n 7=0 T=2/3 T=-2/3 T=1/2
32 | 3.2188e+00 | 5.2573e+00 | -6.3854e+01 | 3.6217e+00
64 8.2217e-01 | 3.9187e+01 | -7.6374e+01 | 2.5780e+01
128 | 2.0567e-01 | 6.2972e+01 | -8.1977e+01 | 3.7852e+01
256 | 5.1301e-02 | 7.5017e+401 | -8.4588e+01 | 4.4033e+01
512 | 1.2802e-02 | 8.1044e+01 | -8.5843e+01 | 4.7145e+-01

1024 | 3.1973e-03 | 8.4055e+01 | -8.6457e+01 | 4.8705e+01

h* 1.9951 - - -

Table4 Errors of the mod-trapezoidal rule s = o + (1 + 7)h /2

n T=0 T=2/3 T=-2/3 T=1/2
32 | 3.2188e+00 | 4.6428e+00 | 3.8210e+00 | 3.8759e+00
64 | 8.2217e-01 | 8.8449e-01 | 1.0294e+4-00 | 8.3812e-01
128 | 2.0567e-01 | 1.7963e-01 | 2.6605e-01 | 1.8823e-01
256 | 5.1301e-02 | 3.9364e-02 | 6.7560e-02 | 4.4115e-02
512 | 1.2802e-02 | 9.1278e-03 | 1.7019e-02 | 1.0645e-02
1024 | 3.1973e-03 | 2.1907e-03 | 4.2717e-03 | 2.6124e-03
h* 1.9951 2.2099 1.9610 2.1070

For the case of s = x4 + (14 7)h/2 ,Tablel show that when the local coordinate of
singular point 7 = (0, the quadrature reach the convergence rate of O(h?) as for the non-
supersingular point the the convergence rate which agree with our theorematically analysis.
From the Table 2 shows the modify trapezoidal rule have the convergence rate of O(h?) at
both the superconvergence point and non-superconvergence point which coincide with our
results.For the case of s = xy + (1 + 7)h/2because of no influence of the boundary condition,

from table 3 and table 4, we get the

superconvergence

point the same as

s = x[n/4) + (1 4+ 7)h/2 and the superconvergence rate as following which coincide with our

theoretically analysis.

Example 2 We still consider the supersingular integral as example 1
with f(x) = 1+ sin(3z) + cos(2z) and the exact analysis is 47(—9cos(3s) + 4sin(2s))

Table 5 Errors of the linear trapezoidal rule s = —7 /2
7 =0 | h?—extrapolation | h®—extrapolation | h*—extrapolation
32 8.1836e+00
64 3.7710e+00 -6.4164e-01
128 | 1.7978e+00 -1.7536e-01 -1.9940e-02
256 8.7613e-01 -4.5544e-02 -2.2699e-03 2.5439e-04
512 4.3227e-01 -1.1587e-02 -2.6881e-04 1.7053e-05
1024 | 2.1467e-01 -2.9214e-03 -3.2661e-05 1.0752e-06
Table 6 Errors of the linear trapezoidal rule s = —7 /2
7 =0 | h2—extrapolation | A% —extrapolation | h*—extrapolation
32
64 4.4126e+00
128 | 1.9732e+00 -1.5542¢-01
256 9.2167e-01 -4.3274e-02 -2.5243e-03
512 4.4386e-01 -1.1319e-02 -2.8587e-04 1.5822¢-05
1024 | 2.1760e-01 -2.8887e-03 -3.3736e-05 1.0652¢e-06
Now we consider s = —7/2 and choose the approximation series s; = —Z + =/, with starting

meshes ny = 32, then s can be located at the mesh point. We list the error and a posteriori estimate



in table 5 and table 6 with the extrapolation rate is /., h%, h? and h*, respectively. From the table we
can see that the numerical results agree with the theoretical analysis very well.
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