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Martensen splines and finite-part integrals

V. Demichelis and M. Sciarra *

Abstract

We state a uniform convergence theorem for finite-part integrals which
are derivatives of weighted Cauchy principal value integrals. We prove that
a sequence of Martensen splines, based on locally uniform meshes, satisfies
the sufficient conditions required by the theorem. We construct the quadra-
ture rules based on such splines and illustrate their behaviour by presenting
some numerical results and comparisons with composite midpoint, Simpson
and Newton-Cotes rules.

Keywords: Finite-part integral; Uniform convergence; Spline quadrature
Subject classification AMS (MOS): 65D07, 65D30, 65D32

1 Introduction
We consider the Hadamard finite-part integral

R C))
a (x_/l)p+1

dx, A€ (a,b), peN, (1)
which is well defined for f € H, ,(B), with
H,,(B) := {gl g € C"([a,b]), w(D"g, A, [a,b]) < BA*, 0 <pu <1, B> 0},

where D? denotes the pth derivative operator and

w(g, A J) = max lg(x +h) —g(x)|, geCW).

x,x+held, 0<h<A

For this type of integral the following properties hold [10].
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Property I Whena < A < band p € N we have

") 1d (" f 1 dr (7 fx)
— " —dx = —— dx=...= ——
. (x=pH! pdd J, (x—=2A)yr pldar J, x—2

b A—€ b
f dx = lim{ TAC) dx + /() dx}

x—A -0 x—A e X—A4

dx,

where

is the Cauchy principal value integral.
Property 2 For ¢ > 0 and p > 1 we have

M f(x) dx = O(h™P*Y), ifc =1 and p is even,
teen (x = )PH! O(h™?),  otherwise.

2)

Hence, the above integral, which is well defined for /4 fixed, tends to infinity as
h — 0. These integrals are often encountered in several physical and engineering
problems [11, 21].

In this paper, we are interested in the numerical evaluation of (1), obtained by
replacing f by an approximation fy from a sequence {fy} such that

b
f Sn(x) dx
a ()C - /l)p+1

can be evaluated analytically or easily approximated numerically for all N. In
[13], Rabinowitz proved the following uniform convergence result for weighted
finite-part integrals, which is an extension of the uniform convergence result for
weighted Cauchy principal value integrals [12].

Theorem 1 Let

1
1ap) = opn Lomdn aecLnpen, 6)

be the weighted finite-part integral, where
Wap(¥) = (1 = 0)*(1 + 2, a,B> -1,

and f € H,,(B) on J := [-1,1]. Let {fy} be a sequence of approximations of f
such that fy € CP(J) and, setting ey := [ — fn,

ID/enllee = 0(1) for N — o0, j=0,...,p, 4)
Diey(-1)=0, 0<j<p-B, Dlexy(1)=0, 0<j<p-a, (&)
ey € H,;(By), 0 <o <u, forsome By >0 and all N. (6)

Then I(fy; A; p) exists and, if o + min(a,B) > 0, the sequence {I(fy; A; p)} con-
verges uniformly to I(f; A; p) forall A € (—1,1).
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In [4] two examples of sequences { fy} based on locally uniform partitions and
satisfying (4)-(6) are provided for any positive integer p. These are the modified
approximating splines and the modified optimal nodal splines, which are obtained
by modifying the approximating splines [8] as well as the optimal nodal splines
[1, 2, 3] in such a way that condition (5) is true for any positive integer p. In
this paper, we consider sequences of approximating splines for which we can
prove (4)-(6) without modifying their definition on [a, b]. In particular, we shall
consider the Martensen spline operator, introduced in [9] and recently studied in
[15, 16]. For the numerical evaluation of finite-part integral (1) we propose a
sequence of Martensen splines of degree n based on locally uniform partitions.
We prove that (4)-(6) are true with 1 < p < n. For finite-part integrals (3),
with p < n — 1, we construct the quadrature rules based on Martensen splines of
degree n. The majority of numerical methods for finite-part integrals (1) are based
on suitable composite rules, as, for example, midpoint [20], Simpson [21] and
Newton-Cotes [19]. Numerical results show that the proposed spline quadratures
perform better than composite quadrature rules [19, 20, 21]. Indeed, the proposed
method requires a less number of integrand function’s evaluations compared to the
other ones and allows a considerable flexibility in the choice of quadrature nodes.

2 Martensen splines

In this section, we give the necessary background material on Martensen splines
as presented in [15, 16, 17] and [5].

Let Tg :={a =ty < ... < tg, = b} be a partition of the interval [a, b], we
denote by I1,(7r) the linear space of piecewise polynomial functions of degree at
most n with breakpoints at ;. Let

S ne1(Tr) 1= IL,(Tg) N C""'([a, b])

be the linear space of polynomial splines of degree at most n with simple knots at
the points of Tk. Let

Bs,n+1(-x) = (_1)n+1(ts+n+1 - ts)[ts’ cees ts+n+l](-x - )Za
be the (n + 1)th order normalized B-spline [14], where [?;, . .., fs01]1f 1s the (n +
1)th divided difference and

+

- X, x>0,
=10, x<o.

Let i
Qos,n(y) = l—[(y - ts+v) e 11,
v=1
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be the dual polynomial for B;,,;. Fori=0,...,n—1and r =0,...,R we denote
by F ;r") the Hermite-Martensen splines or HM-splines defined by [5]

rn—1 i i
m (_1)l d"!
F,( )(X) = Z TWQDS,H(IVH)BSJI+I(X) € Sn+1(TR)’ X € [trn—na tm+n]a (7)

where %:,-gom(tm) is the (n — i)th derivative of ¢, ,(y) evaluated aty = t,,.

Assuming that f € C""!([a, b)), the defining formula for the Martensen spline
Mg(f) of degree n on [a, b] is given by [17],

R n-1

Mp(H®) = ) > D' f(tm)F™ (x) € S pa(T). (8)

r=0 i=0

In order to define F 50) and F ER”) we need the 2n auxiliary B-spline knots 7, <
o<t <tpand tg, < frus1 < ... < lRpen-
We introduce the fundamental Hermite splines [16]

m-1 (_1)1' i
Gi,n,t,,,_,,,...,t,,,(x) = Z TW(ps,n(trn)Bs,nH(x)’ X € [trn—n,trn],

s=rn—n

m-1 (_l)i i
Hi,n,t,,,,...,t,,1+,,(-x) = Z TW‘;DS,V!(IWZ)BS,H-F](X)’ X € [trmtrn+n]-
s=rn-n '

The HM-splines F ﬁ’") can be expressed in terms of G, .
[16],

(x) and Hi,natrny---,trn+n ('x)

sl

F{™(0) = %ot Gt ot + Kt/ Hint s (X). )
Using (9), for x € [ty,, tinin] Mr(f)(x) can be written in the form [15]

n—-1
M(F)) = D (D' Ftin) Hingy. 1100, + D' GG ().
i=0

The Martensen spline Mg(f) satisfies the interpolation conditions
DkMR(f)(trn) = Dkf(trn)’ k = 0’ e an - 1’ r= 0’ e ’R9 (10)

i.e. Mg(f) interpolates certain values of f and its derivatives [16]. So, we can
subdivide the knots in primary and secondary ones. In particular,

Trp :={tmlr=0,...,R}



is the set of primary knots, whereas
Trs:={tjlj # Omodn, j=0,...,Rn}

is the set of secondary ones.
We denote with

hi = tinen — tin, With k=0,...,R -1,

and

Hp := max h.
k=0,...R—1

The following further properties hold [16]

Mg(f) = f forany f € S,.1(Tg), (11)
Mgp(f) = f forany f € P". (12)
Let
liv1 —
Agp:= max ——, Agr=>1, (13)
S e
and 5
Ag:= max o=, Apx1. (14)
SRR

We say that the sequence of partitions {Tg}reny ({7 p}ren) 1 locally uniform if
there exists a constant A > 1 (A > 1) such that Az < A (Az < A) for all R.
Let
e = D(f — Mg(f)), 0<s<n—1.

The following uniform convergence result is provided in [5] for Martensen
splines and its derivatives.

Theorem 2 Let f € C""!([a, b)), suppose that {Tr p)ren is such that
Hrp > 0 as R — oo.

If {Tk p)ren is locally uniform, then

”61(’?)”00 — 0 as R — oo.

If {Tg}ren is locally uniform, then, for 1 < s <n-—1,

(s)
€r

00—)0 as R — oo,



3 Martensen splines for numerical evaluation of finite-
part integrals

In order to evaluate (3) numerically with n-order singularity at A and f €
H,_,,(B) on [-1, 1], we consider the sequence {Mg(f)} of Martensen splines of
degree n, based on a sequence of locally uniform partitions {7}, as approximants
for f.

The condition (4) of Theorem 1 is true in virtue of Theorem 2. Whereas,
condition (5) follows from (10), with » = 0,R. In order to verify (6), we need
the following lemmas. Lemma 1 gives a local estimate for |D"Mg(f)(?)|, with
t € [#,141]. Lemma 2, proved in [5], provides a local estimate for |e§;)(t)|, with
telt,ti]Jand s =0,1,...,n— 1.

Lemma 1 Letf € Cn_l([tkm tkn+n])’ lett € [tl, tl+l] - [tkn’ tkn+n]y then

ID"Mr(£)(O)| < Kiuhi' ("™, hiy [trns tinsn])s

where

21_‘n+1n hz S . ( n ) =i
K, = - (n-0| . |A%, (15)
: (n=D!(t — ) ; i)k

with Ag defined in (14) and

n
Fn+l,n = n! ( [n/2] )

Proof. Let 7,,_,(x) be the Taylor expansion of f at t and Ry(x) = f(x) — T—2(x).
By using (12), we can write

D"Mg(f)(x)

D"Mp(T,—> + Ry)(x) = D"Mg(T,-)(x) + D" Mgp(R7)(x)
DT, 5(x) + D"Mgp(Rr)(x) = D" Mg(R7)(x),

which yields

n—

1
D" Mp(f)O) < ) (|D'Rr(tea)
i=0

D"Hipty.ien O] + | D'RE(t134)

DnGi,n,l‘k,,,...,lk,1+n (t)|) .

In [5], fori =0,...,n — 1, the following estimates are proved:

n—i—1

h
k—'w(f(n_l)’ hk’ [tkn’ tkn+n])a (16)

wWﬂ%)Sm_i_D

n! 1—‘n+1,n A;th
' (n= D!t — )"

6

(17)

DnGi,n,lkn,...,lkn+y, (t)| S



The estimates (16) and (17) are also true respectively for |D'Ry(tynn) and [D"H, . (D).
Using (16) and (17), we are allowed to conclude that

D'M < 2 S hz_i_l (n—1) h [ ] n! 1—‘l1+1 n A}?hz
t . 1< ’ s tn’tn nl) .y ,
D" M(f)(D)] < ;hwd—bwq bl ten )y 5
hl I & Ain!
= 2 (n—1) . It . k n+1,n R
w(f", s [t Tens ])(fz+1—l1)” (=11 24 a—i- D

= Kl,nhlzlw(f(n_l)a hk’ [tkn’ tkn+n])a

with K, defined in (15). O

Lemma2 Let t € [t;,t11] C [t tinsnl and let f € C"'([twn, tinsnl), then, for
0<s<n-1, wehave

Kohz—lw(f(n—l), hka [tkna tkn+n])a fOT s = 0,

D) < {

Kl,shz_l_sw(f(n_l)» hk» [tkn’ tkn+n])’ fOl’ 1 <s<n- 1’

where
2 n—1
0 (l’l—l)‘ ;(Vl_l)( )AR7
21_‘n+1 s h/i = . ( n ) ~i
K= : - > (n—=10)| . |A%,
M = D (e - 1) i )7
with

. n s
Lot 1= (n—ys)! ( [s/2] )

Now, we can prove the following theorem, which provides a bound for the
modulus of continuity of D"~! Mg(f).

Theorem 3 Let f € C"'(J), if Mg(f) € S ,+1(TR) satisfies

e ()] < CLo(f ™, s [trns tinsnl)s 1 € [t 1101], (18)
|DnMR(f)(t)| < C2h]:1w(f(n_l)’ hk’ [tkn’ tkn+n])’ re (tl, tl+l)’ (19)

with [1, ti11] C [tkns tinsn]- Then

WD ' Mr(f), A, J) < C3(f" VD, A, D). (20)



Proof. We have to show that, for -1 <u<v <1,

D" Mg(f)(v) = D" Mp()w)] < C3(f" v =, ).

Assume first that u,v € [t;,1;,,]. Since Mg(f) € C"'([t;,t1.1]) and Mg(f) €
C"((t;, t141)), it follows that

D" MR(f)() = D" Mp(f)w) = (v = w)D"Mg(f)(€), u<§é<v.

By condition (19) we get

A

D" Mp(f)(v) = D" Mp(H)@)| < Calv = ulhc' o(f "™, s s tinsn])
C2|V - ulh]:lw(f(n_l)9 hk5 J)

IA

Using the following property of the modulus of continuity [18]:
cw(g,d,I) <2dw(g,c,I), for0<c<d,

since v — u < hy, we have that

D" Mg(f)(v) = D" Mp(f)(w)| < 2C20(f "V, v = ul, J). 1)

Ift) <u<t, <v<ty,,using (21) we obtain

D" Mp(f)(») - D" Mp(f)w)| <

D" Mp(f)() = D" Mp(f)(ti1)|
+| D" MR(F)(t141) — D" Mr(F)(w)|
< 4G - ulw(F"V, v - ul, J).

Finally, we consider on £ 6L S u < tip1 < Lynan and ton S8, <V < 1 < lpnins
with j > i+ 1 and k; < k,. It can be easily proved that

i kn+n—1
b = tin < (t101 = 1) (ZAj;f+ > A;ﬁ], (22)

j=kn j=l+1

where Ay is given in (13). From (22) and the fact that
(tiso = tix1), (tj—tis) Sv—u

(since [tis1, tisal, [2j-1, 2] € [u, v]), we get

i+1 kin+n—1
men = tign < 0= )| 7 AFT 3 AR, (23)
m=kin m=i+2

8



kon+n—1

gnin = lion < (v = 1) Z Y Ve (24)

m=kon m=j

We can notice that

D" Mp()») = D" Mr(H@)| < [P 0) = DT Mr(HO)|
+[ "D () — D" Mr(f)(w)|
+] ") = F D).

Obviously,
/") = W) < (v = u, D).
From (18), (23), (24) and the fact that

w(g,01 +02,1) < w(g,o1,1) +w(g, oo, 1),

we get

IA

-1
Clw(f(n )’ hkl b [l]qn’ tk1n+n])

i+1 kin+n—1
C, [ DAt A;’-l‘-l]w(ﬂ"-”,v— u, J)

m=kn m=i+2

£ D) = D" Mg(f)(w)|

IA

C4w(f(n_1)7 V—1Uu, J)7

with

i+1 kin+n—1
C,=C, [ DAty Y A;';—l'—l],

m=kin m=i+2

and, similarly,

IA

C w(f(n_l) hkz» [tkzn, tk2n+n])

kon+n—1
ZAJm1+ Z Am]+1 w(f(nl) ",

m=kon

|F" D) = D" M(f) )|

IA

= Csw(f(n 1)7V —u, J)’

with

kon+n—1
C5—C1[ZAJ”’1+ Z AT f”]

m=kan m=j

Then, we get

D" Mp(f)(v) = D" Mp(F)w)| < (1 + Cy + C)o(f" 1, v = u, ).

9



This proves our theorem with C; = max(4C,, 1 + C4 + Cs). |
Hence, by using (20), we have

(e A, )

< o(f"V A ) + oD MR(f), AL )
< (1+Cw(f" D, A, J) < (1 +C3)BA, (25)
then eg)) € H,_;,((1 + C3)B) and condition (6) is satisfied.

By Theorem 2, (10) and (25), the sequence {Mg(f)}, constructed on a locally

uniform sequence of partitions {7k}, satisfies conditions (4), (5) and (6), then it is
a viable candidate for {fy} in Theorem 1.

4 Quadrature rules based on My

4.1 General case

We are interested in evaluating numerically /(f; A;n — 1), defined in (3), by
replacing f € C"!([-1,1]) with its spline approximation Mg(f) of degree n,
defined in (8). We approximate /(f; A;n — 1) by the quadrature sum

R n-1

I 5n=1)= > " D fltm)wiD),

r=0 i=0

where

1 d™ (M wes (%)
ri(A) = F"™(x)dx, r=0,...,R, i=0,...,n—1.
Wrild) (n—1)!cw—1£x—ﬂ i dx, T : "

Using (7), we can write

rn—1 ; _; _ 1
(=D " 1 a j( B pn1(x)
i 7 = — - Psnlln) —— 57— e , dx.
Wil d) 2 - dy fenlm) Gy gt L e O T

S=rn—n

Hence, in order to evaluate w,;, we have to compute

1 dn—l s+n+1 BS il (x)
Q ’ d ) = - ,~'-9_17
(n—l)!d/l”‘lflwﬁ(x) x—a4 e iE
l dn—l ts+n+1 Bs’n 1 (x)
I(By i1 A;n—1) = md/l”‘lf Wep (X) xi/l dx, s=0,...,Rn—n—1,

1 dn—l 1 Bsn
(n—1Dda! ]( Was (X) );+1£lX)dx’ s=Rn-n,....Rn—1.
! .

10



In order to do this, we can consider all n-degree polynomials pix), j =
S, ...,S + n, such that

Pf;(X) = Byn1(x), x€[tj,tjn]

Setting

n+l1

Py = ) @,

k=1
we evaluate pj(x) /(x — A) by using

n k n+1
pix) = (x = A) Z [Z zm’”) e Z a Ak (26)
k=1

k=1 \v=1

Using (26), the evaluation of I(B;,1;A;n — 1) 1s reduced to the computation of
the following integrals:

k

4! 1j+1 pé(x) 4! n ) til i
I J[ Wap (X) xj_ /ldx = [Z [Z a, A" V) f Wap(X) X" dx
1

k=1 \v=1 Ij

n+1

1j+1 1
+ ) @At f Wap(X) /ldx]. 27)
k=1 -

I

In particular, we consider @ = g = —0.5,0, 0.5, for which the integrals in (27)
can be evaluated exactly, otherwise we have to use a numerical method [6].

4.2 Singularity of order 2

We evaluate numerically /(f; 4; 1) with a 2-order singularity at x = A. Replac-
ing f by

Mr(f)(x) = ZR] 22] D'f(1:)F;"(x) € So(Tw), (28)
we get -
I(f; ;1) = i i D' (13 )wi(), (29)
with -

d [ wes(x
W) = - JE %F?”(x)dx, r=0,...,R, i=0,1,2.

Using (7) we have

3r-1 i —i 1
(=1 & d J[ B;4(x)
R = 7 s Psnll3r) 5= o ’ dx,
w,i(A) S;g 3! dy3—t‘p"(3)d/l _1w'8(x)x—/l g

11



then, to compute w,;, we have to evaluate the following integrals:

d ls+4 .
ﬁ wdﬁ( ) 4(;') X, §= _39 _25 _l’
fvd s4(x)
I(Bsg; ;1) = ﬁ a)(,ﬁ (x) — ———dx, s=0,...,3R—-4,
! €4(-x)
T waﬁ(x) — dx, s=3R-3,3R-2,3R-1.
Let

- 3 - 2 _ _
Pi(X) = a1x” + @px” + a3x + g = Ba(x), x € [1),1j4],

with j = s, s+1, s+2, s+3, be the polynomial representation of B 4(x) in [}, #,1].
In order to evaluate the quantities pj.(x) /(x = A1), we write pj(x) in the form

pj(.X) = [lexz + (G + ay)x + (az + a,A + C_l]ﬂz)] (x—A+as+az3d+ C_l2/12 + 6_11/13.

Then, the evaluation of 1(B;4; 4; 1) is reduced to the computation of the following
integrals, for j = 5,5+ 1,5 +2,5 + 3,

d {1 ps(x) _ £j+1 _ Zjt1
— wa (x) dx = b f Wea(X)xdx + by f Wep(X)dx
dl B “1 . B ) B
_ Tjv1 1 d Tjv1 1
+b3 ft: a)wﬁ(x) /ldx + b4 71 f (U(,ﬁ(.X)mdx,

where

by = a,

Ez = a,+2a4,

l_?:; = az+ 20,4 + 36_11/12,

by = G4+ azd+aA* +a .

4.3 Singularity of order 3

Similarly to the previous case, in order to evaluate numerically /(f; A; 2), with
a 3-order singularity at x = A, we replace f by (28). Hence, we get

R 2
I(£::2) = D" D flta)wei(A), (30)

r=0 i=0

12



with

1 d* Wap (X) 3, .
W) = 2d/12jf T F Y (dx, =0, R i=0,12.

Using (7), w,;(x) can be written in the form

3r-l 1) d3 i dz 1 |
W”i(/l) = ( ) Sosn( ?r) f waﬁ( ) 4(X) X

3—i 12 ’
41731 dy 242 By

then, in order to evaluate w,;, we have to compute

1 dz Is+4 Bs,4( x)
EW f:l Wap (X) mdx, s = —3, —2, —1,

le {514 salx
I(Bs4; 4;2) = Eﬁf a,B() 4() dx, s=0,...,3R—4,

e :
EWJ(QM() 4(’;) x, s=3R-3,3R-2,3R- 1.

Let pj(x) be the polynomial representation of B 4(x) in [¢;,1;.1], as shown in

Section 4.2 the evaluation of Bj 4(x) is reduced to the computation of the following
integrals, for j =s,5+ 1,5 +2,5 + 3,

1 d2 J(t,ﬂ ()ps(x)d ) ftj+1 p ) ftjn 1 J
- — +
ST Wap (X 1 X C1 . Wap(X)dx + Cy y waﬁ(x)x_/l X

Tjt1

+C3 ﬁ Wap(X) P

dz 1j+1 1
+C4d/12f waﬂ(x)mdx,

dx

-4

where
¢ = ai,
Cy = dap+ 3&1/1,
¢y = dasz+ 20,4 + 36_11/12,
~ L, - 2, = 33
Cy = E(a4 + azd + aA” + a1 )

13



S Comparisons and numerical examples

In this section we compare our quadratures (29) and (30) with composite mid-
point [20], Simpson [21] and Newton-Cotes [19].
We denote by Ey the errors obtained with our quadrature rules,

Eg = I(egs :p) = 1(f: 4 p) = [(MR(f): ;p), p=1,2.
For both values of p we approximate f by the cubic Martensen spline Mgz(f).

5.1 Comparison with midpoint

We evaluate numerically the finite-part integral (3), witha = 8 =0, p = 1,
A=0and
X
|x|
by using the quadrature sum (29) and the composite midpoint rule [20]. Obvi-
ously, f(x) € C"*'2([~1, 1]). The exact value of the finite-part integral is [20]

(X)) =2+ x4 2+ =|]a*"2, y=2,3,
Y

I(f;0;1) =2+ v=2,3.

12+y-1

We adopt a uniform mesh for both methods. Let E¥ be the quadrature error
obtained by the composite midpoint rule, where R is the number of integration’s
subintervals.

In Tables 1 and 2 we compare the numerical results presented in [20] with the
results obtained by our method, respectively in the case y = 2 and y = 3.

With y = 2 our method performs better than the one presented in [20], whereas
with y = 3 our method is more accurate up to R = 1023, while for higher values
of R, the errors grow.

In Fig. 1 the absolute errors, reported in Tables 1 and 2, are represented for the
different values of R, so we can compare graphically the behaviour of quadrature
errors. In both cases y = 2 and v = 3 we can see that our method get the same
accuracy of midpoint for considerably less values of R.

5.2 Comparison with Simpson

We evaluate numerically the finite-part integral (3) witha =8 =0, p =2 and
f) =,

14



Table 1: Errors in the case y = 2.

R ER| |ER|

7 — 8.19e-02
15 — 2.61e-02
31 — 8.79e-03
63 — 3.03e-03
127 — 1.06e-03

255 1.33e-03 3.73e-04
511  4.86e-04 1.31e-04
1023  1.76e-04 4.65e-05
2047 6.31e-05 1.46e-05
4095 2.26e-05 8.00e-06

Table 2: Errors in the case y = 3.

R ER| |ER|

7 — 6.31e-03
15 — 9.40e-04
31 — 1.53e-04
63 — 2.60e-05
127 — 4.51e-06

255 7.07e-05 7.89e-07
511 1.81e-05 1.23e-07
1023  4.58e-06 1.37e-07
2047 1.16e-06 1.65e-06
4095 2.92e-07 2.02e-06
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Figure 1: Graphical representation of absolute errors. Axis y is in logarithmic
scale.

by using the quadrature sum (30) and the composite Simpson’s rule [21].

For both methods we adopt a uniform mesh. We consider two different singu-
larities of order 3, A = fjgjay+h/2+7hand A = to+h/2+7h, with T = 0, 1/4, where
h is the width of every subinterval. The exact value of the finite-part integral is
[21] X X
NI
(1 —22)? 1+24
In order to construct the composite Simpson’s rule, we have to introduce a quadra-
ture node at each subinterval then, to compare our method with Simpson, we have
to assume R = 2n, where n is the number of subintervals used for the construction
of the composite rule.

Let E5 be the quadrature error obtained using the composite Simpson’s rule,
with R + 1 quadrature nodes.

In Table 3 we compare the results presented in [21] with the results obtained
by our method, in the case A = #jg/4+h/2+7h, with T = 0, 1/4, whereas in Table 4
we compare the results obtained by the two methods in the case A =ty + h/2 + 7h,
with 7 =0, 1/4.

We represented in Fig. 2 and Fig. 3 the errors in Tables 3 and 4, obtained for
different values of 7.

We can observe that, with smaller values of R, our method performs better
than the composite Simpson’s rule, presented in [21], but for higher values of R
eITOrs grow.

I(f;4;2) =64 —
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Table 3: Errors in the case A = fgja; + h/2 + th, with 7 = 0, 1/4.

R 7=0 T=1/4

;| |ER| E;| |ER|
8 — 1.43e-05 — 2.73e-02
16 — 1.20e-06 — 6.83e-03
32 — 8.73e-08 — 1.71e-03
64 — 3.66e-09 — 4.27e-04
128 — 1.55e-06 — 1.04e-04

256  6.40e-02 2.79e-05 3.16e-02 9.47e-05
512 3.22e-02 2.49e-04 1.60e-02 3.05e-03
1024 1.62e-02 2.63e-02 8.07e-03 2.22e-02
2048 8.11e-03 2.50e-01 4.05e-03 3.06e+00

Table 4: Errors in the case A = ty + h/2 + th, with 7 = 0, 1/4.

R 7=0 T=1/4

|E3| |El |EX| |ERl
8 — 3.29-04 — 2.75e-02
16 — 8.26e-05 — 6.88e-03
32 — 2.07e-05 — 1.72e-03
64 — 5.53e-06 — 3.93e-04
128 — 6.31e-05 — 1.31e-03

256  1.26e-01 1.31e-04 6.32e-02 3.91e-02

512 6.35e-02 1.59e-01 3.18e-02 1.64e+00
1024 3.18e-02 2.16e+00 1.60e-02 5.30e+01
2048 1.59e-02 4.70e+00 7.99e-03 2.30e+02
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Figure 2: Graphical representation of absolute errors, in the case A = t(g/4) +h/2 +
Th. Axis y is in logarithmic scale.
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Figure 3: Graphical representation of absolute errors, in the case A = ty+h/2+7h.
Axis y is in logarithmic scale.
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Table 5: Errors in the case § = 4.

R vy=1/3 vy=1/2
E| |ER| E| |ERl

15 2.52e-02 2.33e-04 2.35e-02 2.13e-04
33 2.17e-03 1.89e-05 1.98e-03 1.65e-05
69 2.21e-04 1.85e-06 2.00e-04 1.58e-06
141 2.44e-05 1.97e-07 2.20e-05 1.68e-07
285 2.81e-06 2.35e-08 2.54e-06 2.02e-08

5.3 Comparison with Newton-Cotes

We evaluate numerically the finite-part integral (3) witha = 8 =0, p = 1,
A =0and

f=x'+ 1, 6=3,4, y=

Obviously, f(x) € C°*([-1,1]). In particular, we compare our quadrature (29)
with Newton-Cotes rule of degree 3 [19]. The exact values of the integrals are
[19]

12+ 2y
I(f;0;1) 913 , for 6 =4,
10 + 2y
I(f;0;1) = , for 6 =3,
v ) 6 + 3y or

with y = 1/2,1/3. For both methods we adopt a uniform mesh.

To construct the piecewise Lagrange interpolation polynomial of degree k, we
have to introduce k — 1 quadrature nodes at each subinterval, then, in order to
compare our method with Newton-Cotes, we have to assume R = kn, where n is
the number of subintervals used for the construction of the composite rule.

Let EY be the quadrature error obtained using the composite Newton-Cotes
rule of degree 3, with R + 1 quadrature nodes.

In Tables 5 and 6 we compare the results presented in [19] with the results
obtained by our spline quadrature (29) for both values of 9, then we represent
the absolute errors in Fig. 4 and Fig. 5, so that we can compare graphically the
behaviour of quadrature errors.

In both cases, we can see that our method perform better than the rule pro-
posed in [19]. In particular, we observe that the accuracy of our spline quadrature
with R = 69 is comparable or sometimes better than the accuracy achieved by
composite Newton-Cotes with R = 285.
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Table 6: Errors in the case § = 3.

R vy=1/3 vy=1/2
E| |El ER| |ERl

15  5.11e-02 9.60e-04 4.43e-02 3.60e-04
33 7.15e-03 1.60e-04 5.49e-03 5.53e-05
69 1.18e-03 2.93e-05 7.99e-04 9.25e-06
141 2.11e-04 5.61e-06 1.26e-04 1.61e-06
285 3.96e-05 1.09e-06 2.07e-05 2.82e-07

0 50 100 150 200 250 300 0 50 100 150 200 250 300
R R

Figure 4: Graphical representation of absolute errors in the case 6 = 4. Axis y is
in logarithmic scale.

0 50 100 150 200 250 300 0 50 100 150 200 250 300
R R

Figure 5: Graphical representation of absolute errors in the case 6 = 3. Axis y is
in logarithmic scale.
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5.4 Final remarks

Evaluation of Hadamard finite-part integrals of the form (1) is reduced to the
computation of Cauchy principal value integrals in virtue of Property 1 in Section
1.

Property 2 in Section 1 says that when we subdivide the integration’s interval
[a, b] in R subintervals and when the singularity lies in one of these subintervals,
the finite-part integral in Property 2 tends to infinity as R — oco. Moreover, the
best case is when the singularity is located in the middle point of a subinterval
[10].

From numerical results in Tables 2, 3 and 4 we can observe that our method
presents the numerical instability phenomenon derived from Property 2 for values
of R smaller with respect to the considered composite rules. This behaviour is
due to the fact that both quadratures (29) and (30) require integral evaluations on
intervals [t;,%;,1], j = 0,1,...,3R — 1. Consequently, for equally spaced knots
and for fixed R, the integration interval containing the singularity is the third part
of the integration interval required by other methods.

When the singularity is located in the middle point between two spline knots,
as for example 4 = 0 in Section 5.1 and 7 = 0 in Section 5.2, our quadrature
performs slightly better for higher number of knots.

Nevertheless, by using a considerably less number of quadrature nodes, our
spline quadrature achieves the same or better accuracy with respect to the con-
sidered composite rules. Moreover, we have a great flexibility in the choice of
quadrature nodes and we can use spline spaces S ,,.1(T) of different orders.

The proposed quadrature cannot be extended to the case of finite-part integrals
with endpoint singularities. Since Martensen interpolation is a natural extension
of piecewise linear interpolation, the method should also be investigated for end-
point singularities as considered by C.W. Groetsch [7].
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