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A corrected quadrature formula and
applications
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Abstract

A straightforward three-point quadrature formula of closed type
is derived that improves on Simpson’s rule. Just using the additional
information of the integrand’s derivative at the two endpoints we show
the error is sixth order in grid spacing. Various error bounds for
the quadrature formula are obtained to quantify more precisely the
errors. Applications in numerical integration are given. With these
error bounds, which are generally better than the usual Peano bounds,
the composite formulas can be applied to integrands with lower order
derivatives.

*Department of Mathematics, University of Split, Teslina 12/I11, 21000 Split,
CROATIA. mailto:ujevic@mapnmf.pmfst.hr
"Dept Maths & Computing, University of Southern Queensland, Toowoomba,
Queensland 4352, AUSTRALIA. mailto:aroberts@usq.edu.au
See http://anziamj.austms.org.au/V45/E051/home . html for this article, (© Aus-
tral. Mathematical Soc. 2004. Published February 17, 2004 ISSN 1446-8735


mailto:ujevic@mapmf.pmfst.hr
mailto:aroberts@usq.edu.au
http://anziamj.austms.org.au/V45/E051/home.html

ANZIAM J. 45 (E) ppE41-E56, 2004 E42

Contents

1 Introduction E42
2 Finite differences derive the modified Simpson’s rule E44
3 Further error analysis E46
4 Applications in numerical integration E51
References Eb54

1 Introduction

In recent years some authors have considered so called perturbed (corrected)
quadrature rules. For examples: Cerone and Dragomir [1, 2] considered the
corrected midpoint and trapezoid quadrature rules; and with Agarwal [3, 4]
they considered Simpson’s rule.

As a specific introductory example, consider a correction to the midpoint
rule. The classical midpoint rule has the form

b
(/f@szw—Mﬂ%%+RU% 1)

where R(f) is the remainder term (error) of this rule. A perturbed (corrected)
rule involves the derivative at the endpoints:

(b—a)”
24

b
/f@ﬂx=@—@ﬂ%%+ F0) - f@)+ R, @)

where R;(f) is the remainder term (error) of this rule. The following prop-
erties have analogues in the work we report on Simpson’s rule:
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1. the original rule (1) is exact for polynomials of degree 1, while the
perturbed rule is exact for polynomials of degree 3,

2. estimates of the errors are respectively

(b a)?
[R(f)] < TMQ, (3)
R < L=y, (4)

where | f”(t)| < Ma, t € [a,b] — the bound (4) is better than (3);

3. a corresponding composite quadrature formula, for the corrected rule,
has only one additional term, with respect to a composite formula for
the original rule,

4. the corrected composite formula has a better estimation of error than
the original composite formula (a consequence of 2).

Indeed another bound is

TM,

_\B

|R1(f)] <

where |fW(t)| < M, for t € [a,b].

The above properties are valid for similar corrected rules (for example, for
the corrected trapezoid rule) [2]. However, we cannot correct all quadrature
rules such that all the properties 1-4 hold. In Section 2 we show that the
well-known Simpson’s rule does have a simple endpoint correction, but that
the quadrature weights have to be modified as well, see (8). We highlight
some advantages of the corrected rule over the Simpson’s rule. In Section 3
various error bounds of this rule are obtained. These error bounds are gen-
erally, but not always, better than the usual Peano error bounds. In Sec-
tion 4 applications in numerical integration are given. An illustrative example
demonstrates that the modified rule gives better results than Simpson’s rule.
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2 Finite differences derive the modified
Simpson’s rule

We modify Simpson’s rule for integration. First, we consider integration
rules formed over just two consecutive subintervals, each of length h, and
derive endpoint modifications. This is analogous to the improvement to (1)
achieved by the inclusion of endpoint derivative information in (2). Second,
this modified Simpson’s rule is straightforwardly summed to apply to an in-
tegration over many subintervals. In later sections we rederive these formula
with less restrictions on the integrand and with error bounds rather than just
leading order estimates.

Theorem 1 For C*|a,b| integrands f,

b —a
/ f(x)de = %[7f(a)+l6f(a7+b)+7f(b)}
O ) - )R 6)

where the error term is, to a leading order estimate,

=0 (b—a)®
R(f) ~ 302400

[f7(0) — f*(a)] - (6)

Example: As a simple illustrative example, consider fjl eder=e—1/e=
2.3504. Simpson’s rule estimates the integral as approximately (e + 4 +
1/e)/3 = 2.3621, in error by about 0.01. However, the modified Simpson’s
rule (5) estimates the integral as (6e 4+ 16 + 8/¢)/15 = 2.3502, which has an
error about two orders of magnitude smaller. This modification to Simpson’s
rule can be very effective.
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Proof: Consider integrating f over two consecutive intervals in a regular
grid of points x; with grid spacing h. Identify a = x;_1, b = x;41 and hence
z; = (a +b)/2 is the midpoint. Following [5, p65], we write the analysis
in terms of centred difference and mean operators, 0f; = fit12 + fi—1/2
and pf; = (fjt1/2 — fj—1/2)/2 respectively, and the differentiation operator
denoted by 0. Then the integral [5, p69]

1 Tj+1

o @)= 40wl

To derive a three point integration rule with endpoint corrections such as (5),
the above right-hand side must be in the form [1 4+ «d? + pd3(hd)] f; for some
constant o and some function S(hd): [1 + ad?]f; symmetrically involves f;
and f;1 alone; and pud3(h0)f; only involves the derivatives of f at the end-
points x;1; . Thus we rearrange the operator equation

(hO) ' ud = 1+ ad® + udB(ho)

1 1 )
1 1 )
& B(ho) = 75 e a2tanh 5h0,

as 0 = 2sinh %h(? and p = cosh %h@ [5, p65]. Choosing this particular func-
tion [F(hd) would generate a rule in the interior together with end point
corrections that would give an exact quadrature formula (for all ). How-
ever, the infinite derivatives required are not practical.

We chose a to generate an accurate rule that only needs to know func-
tion values and the end point derivatives. The approach is to expand this
function 5(h9) in powers of small ho to see

B = (—a+ §hd+ (Ha — 55)(h0)° + (— g + 1255) (h0)° +

Observe as an aside that choosing o = 1/6 eliminates the first derivative
term in ( leading to the familiar Simpson’s rule with an error determined by
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the neglected parts of 3, namely the end-point contributions —ud(hd)3/180+
-.! Instead we choose o = 7/30 to eliminate the third derivative term in 3:

[ e = 2hno) s,

Tj—1
= 2h[1+ L% fj + 2hud [~ £hO + 5ishd® + -] £
= T+ 165+ T7fj44]
2 6 v v
Sl faltas Ha - A+ (7)
Substitute h = (b — a)/2 to reproduce (5) and its leading order error (6). &

Corollary 2 Apply (7) to n consecutive pairs of intervals from say a = xg
to b = x9, and sum to immediately deduce that for C*[a,b] integrands f

b h 2n—1 h2 B
[ Hard = S @ 1684 Tha) = 10 - £0)] + RO,
a j=1,j odd
(8)
where the error is to leading order
_ Be
R() ~ 1oz [F°0) — f'(a)] )

See that these simple modifications to Simpson’s rule generate an inte-
gration method with error O(hﬁ).

3 Further error analysis

For the sake of simplicity, we first consider the error analysis for the quadra-
ture formula (5) on the interval [0,1]. Then we easily transform obtained

!Thus Simpson’s rule has no simple end correction involving just the first derivative of
the integrand, of the type described in (2) for the mid-point rule, instead the end correction
would necessarily involve the third derivative.
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results to an arbitrary interval. The formula (5) on the interval [0, 1] has the
form

jf@ﬂmz7ﬂ®%46ﬂ9+7ﬂn_f%D—fﬂD+R“ﬁ w0

30 60

for kK = 2,3,4,5,6. Using the Peano Kernel Theorem we find the following
Peano kernels

 (FD)FP(x), x€0,3);
Tk:(x) = { (—l)ka(m), = %7 1 ; (11)
for k = 2,3,4,5,6, where
Py(z) = 22 — Lo + &, Qa(z) = 327 — Bao + &
Py() = dae =62, Qule) = F@ - Db - 4),
Py(r) = ?ﬁ(l’ - ?(l’ - g) , Qu(z) = ?(55 —1)%(z - §)(x - §) :
Ps(z) = ?I‘g(fﬁ — 52@ —15) , Qs(r) = §($ —1)%z - §g($ —15) ;
Ps(x) = gat(a® — Iz +3), Qslz)=go— 1) a? — 2o+ 55).
We have )
Ri(f) = [ TV (o) do, (12)
0
for k =2,3,4,5,6. We also have
1
/Tk(x)dx—(),, k=25, (13)
0
1
/ Th(x)| de = Cp, k=2,....6, (14)
0
where
19v/19 253 1 1
2 = 5 3 = 3 4= T o 05:—7 (15)
10125 360000 14580 115200
1
Coi = —— 16
0 604800 (16)
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and
max |Ty(z)| = By, k=2,3,4,5, (17)
z€[0,1]
where
1 7 19v/19 1 1

20250 81000 ’ 5760 58320

Theorem 3 Let f € C*(0,1) and let vy, Ty, be real numbers such that v, <
f®(z) < Ty, 2 € [0,1], k = 2,3,4,5. Let S = fO(1) — f®(0), k =
1,2,3,4. Then we have

Bi(f)l < =50, k=205, (19)
|R/€( )I (Sk I_Vk)B ) k:27757 (20)
|Ri(f)| < T = Se-1)Br, k=2,...,5, (21)

where Ri(f) are defined by (12), Cy are defined by (15) and By are defined
by (18), for k =2,3,4,5.

Proof: Let C be an arbitrary constant. Then we have

Ri(f) :/0 Ty(x) [f(k)(x)—C] da::/o Ti(2) f¥(2) dz | (22)

for k =2,3,4,5, since (13) holds. If we now choose C' = (I'y, + vx)/2, then
we get

m = | [ 1o [0 - 2] e 23

[ 1) as

Iy +

< sup |fP(z) -
z€0,1]

F o 1
< Lo / Te()] de
2 0

Iy — %
= C
9 k>
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for k =2,3,4,5. If we choose C' = 4, then we have

1
[Ri(f)] = Ti(w) [f®(x) =] do
< max |[Ti(z |/ |f’“) — Y| da
2€[01]
= Bk/ [P (@) = ] da
0
= (Sk-1 —m)Bx,
for k =2,3,4,5.
In a similar way we can prove that (21) holds. A

The estimations (19) are Peano-like bounds and they are generally (but
not always) better than the usual Peano bounds. Namely, we know that Ty (x),
k=2,...,6 are Peano kernels. The usual Peano error bounds are

1
|Rk(f)|§Hf(k)||oo/ Ti(2)| do = Cy ||/ .. k=2,....6,
0

where Hf(k)Hoo = SUD,e(0,1 | f®)(z)|. If we choose yj, = inf,ejo1)f* (z) and
Iy = supxem’l}f(k)(x), then F’“—;'Y’“ < Hf(k)Hoo. Thus, in this case, the error
bounds given by (19) are better than the Peano error bounds. In fact, they
are equal if and only if I'y, = —9,. This case (I'y = —~) is very rare in
practice.

Theoretically, we can derive better error bounds. Let us say something
about the last assertion. We can verify that

1
/Tk(l‘)pj(:v)dx:(), j=5—k, k=234,
0

where p;(z) is any polynomial of degree < j. Thus,

| 1) [190) = p3(@)] o = [ Tita) 19
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such that
|Re(f)] < || F® —pl|Cr, k=234, j=5-k.

The above estimations are theoretically better than the corresponding esti-
mations in (19).

We now give the above obtained results for an arbitrary interval [a, b].
The mapping x = (t —a)/(b — a) is a bijection from [a, b] onto [0,1]. If we
use this bijection then we find that the polynomials P, and ) on the inter-
val [a,b] have the forms: Py(t) = 1, Qo(t) = 1, Py(t) =t — (23a + 7b)/30,
Q:(t) =t — (Ta +23b)/30, etc. The polynomlals can be also obtained by
simple integration. For example, P, can be obtained by integrating P, and
determining an additional constant such that (13) holds. (They are addi-
tionally normalized.) We define the functions

" —1)*B(t), tE€ [a, ) ;
O 7 S R (21)
(=D Qu(t), te[4t,b];
for k =2,...,6. Here we choose a = z;_1, b = x;,1 and use the notations

introduced in Section 2. Using these functions we derive the following results.

Corollary 4 Let f € C*(x;_1,2j41), k =2,3,...,6. Then we have

Tj41 - 1 . . , — ,.7 ~
R L e Lo b mp. @)

Tj—1

where

Rulf) = / " @) 9 (@) da, (26)

fork=2,...,6 and Ty(z) defined by (24).
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Corollary 5 Let f € C*(zj_1,x;41) and let vy, Tk be real numbers such that
Y < fW(2) <Th, @ € [wj_1,2504], k=2,3,4,5. Let
5= L) =S B@a) gy g gy

Tj+1 — Tj—1

Then we have

Re(P)] < @thkﬂ, (27)
Rk(f) < (Sk_1— %)Ekhkﬂ , (28)
Ru(f)| < (Dy — Sp_q) Eph* (29)

where Ry(f) are defined by (24), Dy, = 2¥71Cy, (Cy, are defined by (15)) and
Ey, = 2" By (By, are defined by (18)), for k =2,3,4,5.

Corollary 6 Let f € C%(x;_1,xj41). Then we have
[Bo(h)| < D6 [1£9] 17 (30)

where Dg = 2"Cs (G is defined by (16)) and ||gll . = SUDsepy, 25,01 19(2)] -

4 Applications in numerical integration

We define the partition 7 = {a =1z <z <--- < X9, = b} of the inter-
val [a,b] such that ;.1 =2;+h,i=0,1,...,2n—1, h=(b—a)/(2n). We
also define the functions

- (—1)"Pui(z), € [wiy, 2] ;

Ti xr) = =

(@) { (—1)*Qri(z), € (2, zi41] ;

for k = 2,...,6, 1 =1,3,...,2n — 1, which correspond to the functions
defined by (24) (for a = x;_1, b = x;41).
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Theorem 7 Under the assumptions of Corollary / suppose that © and Ty
are given as above. Then we have

b 2n—1
[ raas = S Ahea 1054 7] 1)
a j=1,j odd
h? _
- 10 - f1@) + Rl
where
2n—1 Tip1
RD= 3 [ T ds. (32
j=1,7 odd*” *i—1
fork=2...,6.

Proof: Sum (25) over odd j from 1 to 2n — 1 to get (31-32), since

2n—1

Z [fj/'Jrl - f3/>1] = f/<b) - fl(a)~

j=1,j odd

[ )

Theorem 8 Under the assumptions of Theorem 7 and Corollary 5 we have

()] < Db~ a)
BuF)] < 5(Skcr — W) Bl (b — a)
|Ri(f)] < %(Fk — Sp-1)Exh* (b —a),

fork=2...,5.
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Proof: The proof follows immediately from Theorem 7 and Corollary 5. é#

Theorem 9 Under the assumptions of Theorem 7 and Corollary 6 we have

—_

|R6(f)| < §D6h6(b_ a) Hf(6)||oo .

Proof: The proof follows immediately from Theorem 7 and Corollary 6.

Finally, let us compare the rule obtained in Theorem 7 with the standard
composite Simpson’s rule

2n—1

/f(ﬂf)dl':g > s A4S+ fial + Rs(f). (33)

j=1,7 odd

The terms -
h

3 > o A+ il

j=1,7 odd

and
2n—1

h
= > [Tfia 165+ Tfi]
j=1,j odd
require a same amount of calculations. The rule (31) has only one additional
term with respect to the rule (33), namely

h2

—Z 1) - f@)]

Hence, the amount of calculations is approximately the same for both formu-
lae. (Recall that function evaluations are generally considered the computa-
tionally most expensive part of quadrature algorithms.) On the other hand,
the rule (31) is exact for polynomials of degree < 5, while the rule (33) is
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exact for polynomials of degree < 3. Furthermore, from Theorem 8 we have

= Py =i,y
R <2——h*(b— 34
while the standard estimation for the Simpson’s rule is
|Rs(f)| < —waH""h“(b—a)- (35)
-~ 180

Since, (34) is better than (35), the rule (31) has better approximation prop-
erties than Simpson’s rule. Thus, we expect that it will give better results in
practice (in most cases).

Example: here we show errors in estimating

I= gerf(l) :/0 exp(—2?) dzx . (36)

Using just two subintervals, h = 1/2, our formula (8) computes I ~ 0.746795 ,
whereas with four subintervals, that is h = 1/4, (8) gives I ~ 0.746824 which
is correct to six decimal places. Figure 1 shows our rule converges quickly
with decreasing grid spacing h, and is essentially exact to double precision
with just 64 subintervals.
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