SOME ERROR ESTIMATES IN THE TRAPEZOIDAL
QUADRATURE RULE

S. S. DRAGOMIR AND S. MABIZELA

ABSTRACT. We derive sharp error bounds in the Trapezoidal Rule for functions
whose first derivative satisfies a strong continuity condition or whose second
derivative is an Ly function.

1. INTRODUCTION

The classical error estimate in the Trapezoidal Rule asserts that if a function f
has a bounded second derivative on the interval [a,b], then the Trapezoidal Rule
converges to the true value of the definite integral f; f (z) dz with the rapidity of
at least % If the second derivative of f is not bounded, then the Trapezoidal Rule
may or may not converge, and if it converges, it may do so very slowly.

In some practical problems the integrand does not have a bounded second de-
rivative, and therefore the classical error estimate of the Trapezoidal Rule is not
available. In this paper we derive some error bounds in the Trapezoidal Quadrature
Rule for the following classes of functions:

(1) Functions whose first derivative belongs to the Holder Space C* [a, b] , where
for a € (0,1],

C*a,b] == A{f : [a,0] > R:|f (2) = f (y)| < K|z —y|*, 2,y € [a,0]}

for some finite K > 0,
(2) Functions whose second derivative is an L,—function.

This paper is organized as follows: In this section we prove the key lemma
(Lemma 1). This lemma is then applied to the classes of functions mentioned
above.

In Section 2 we apply the results of Section 1 in deriving some inequalities of
Trapezoid type.

In Section 3 we apply the results obtained in Section 2 to derive error bounds
for the Trapezoidal Quadrature Rule for the above classes of functions.

Unless otherwise indicated, we shall assume throughout that [a,b] is a finite
interval.

The following lema will be useful in the sequel.
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Lemma 1. Let f : [a,b] — R be an absolutely continuous function on [a,b]. Then
we have the identity
fla
( ) f
—a

T 2(b—a) // )] (= — y) dady.

Proof. We have successively

/ab /: [f' () = f ()] (z — y) dady

/ / &' (@) +yf' (4) — of (4) — yf' ()] dady

- 2f b / ef (2) — o (3)] dedy
- Q/ab/abxf’(a:)dzdy—2/b/bxf’(y)dxdy

— 20— )lbf ) af (a /f dx]— 2 a?)[f(b) - [ (a)

- (b*a)Z[f(aHf(b)]*2(b*a)/f(x)dx
Dividing both sides by 2 (b — a)? yields the required result. |

2. SOME INTEGRAL INEQUALITIES

Let us start to the following result for convex mappings.

Theorem 1. Let f : [a,b] — R be a convex function on [a,b]. Then

fla)+f(b)
2

b b b
: :%/ Ixf’(x)ldx*%/ |f/<x>\dx~/ 12| de,
7/ |f )| dz _a+b
: :m/a |g;|f/(a:)dx—(b_a)2/a || da.

Moreover, the inequality (2.1) is sharp in the sense that it cannot be replaced by a
smaller constant.

b
(21) o [ F @z maxjal, B [c]).

where

x)| dz, and

Proof. Since f is a convex function on [a,b], it follows that

[f' (@)= f ] (x—y) =0
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for almost every z,y € (a,b) . Hence, for a.e. z,y € (a,b),

[ (@) = f ()] (z—y)

[f" () = " W) (z = v)

> max {[[[f" (@) = [f @) | = [y 1 @ =1 @l ==l
I (@) = £ @) 2] = [T} -

\

Thus,

b b
[ [ v@-1wie- sy
b b
> max{ UF @) = 1 )] 2] — |y) dady]
b b
17 @) 1 )] [« — v dedy,

b b
//[f’(w)—f’(y)][lwl—Iyl]dxdy}~

A simple calculation shows that

b b

4 (b—2>/ / 1F @) = 1 @) [lz] - ly]) dzdy,
b b

b= @2) / / 17" @) = 1" ()] [2 — y] dedy, and

b b
¢ = (1)_2> / / [ (2) = £ )] [l2] — Iy]] dady.

To prove the sharpness of the inequality (2.1), let f (z) = L. Then f is differentiable
and convex on (a, b) where a > 0. Now,

f(a) + _a+b Inb—1Ina
2 —a/f B < b—a >’

1 b1 at+b 1 b1
b—a/a;dx_ 2 .b—a/a ﬁdw
1nb—1na_a+b _a+b_ Inb—1Ina

b—a 2ab | 2ab b—a ’
We therefore get equality in the inequality (2.1). §

and

Bl

The following inequality also holds.

Theorem 2. Let f : [a,b] — R be an absolutely continuous function on [a,b]. If
f € C¥la,b], then we have the inequality

f(a)2 b—a/f

for some finite constant K > 0.

K a+1
N Gr2)@r3) (b=a)™,
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Proof. Since f’ € C*[a,b], there is a finite constant K > 0 such that
' (@) = f ()] < K |z —y|*"" forall 2,y € [a,8].

Using Lemma 1, we have

{013, _a/ ‘o
//|f ()| |z — y| dady
2(bKa)2/a /a |z — y|“T! dady

K o
(a+2)(a+3)( —a)*"

where the last equality follows from the fact that

b b b [ b y
/ / lz—y|* T dedy = / </ (z—y)* T de + / (y —z)*t dx) dy
a Ja a Y a

= a_1|_2 /: [(b—y)”‘+2 + (y—a)a”] dy

2(b—a)**?
(a+2)(a+3)

IN

)

and the theorem is proved. §

The following corollary is natural.

Corollary 1. Let f : [a,b] — R be an absolutely continuous function on [a,b]. If
f! is Lipschitz continuous on [a,b], i.e

|f' (z) = f (y)] < K|z —y| for all z,y € [a,],
where K > 0, then we have the inequality

f()-QFf —a/f

K
—Z(b—a) .

Moreover, the constant % is sharp.

Proof. Take a =1 in Theorem 2.
To prove the sharpness of the constant 12, let f(x) = %. Then

[ (@) = f (W) =z —yl < Ko -y

for all x € [a,b], where K = 1. Consequently,

fla)+ f(b 2
O rwa= oo,

and the proof is completed. 1

The following theorem also holds.
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Theorem 3. Let f : [a,b] — R be such that f’ is absolutely continuous on [a,b] .
If f" € L, (a,b), where 1 < p < oo, then we have the estimation

f(a)+ f(b) I
| 5 fb_a/f(x)d:r

//K :cy|xfy| dedy
bfa

P> (b—a)*”
< BT

1711,

where

y 5
Kﬂawz/Wﬂ@Fﬂ,myemw

The first inequality is sharp.

Proof. By Lemma 1,

f“”gf“>bialfm@dx
= 2(bia)z/ab/ab[f'(ﬂﬂ)—f’(y)}(:U—y)d:vdy
= Z(bl_a)g/ab/ab (/:f”(n)dn) (z — y) dzdy.

Also, using Hoélder’s Inequality for p > 1,1/p + 1/q = 1, we have that, for all
z,y € [a,b],

v L
[ | ==l K ).

y >
/|f%mfm]

Yy
/|f%mmﬂs
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Now,
f(a)+ /
< " dn‘ ly — x| dedy
< — x— 1*5/ 4 pd‘pd:cd
2(b_a)2/a /a |z =y T y
- 1/l)/bacy|2‘le "(t>|”dt\;dxdy
2(b—a)’ Ja Ja x
1 b b o 1 b Y v %
< Tx—yl P t)|" dt dxd
< s L [ ([rel y

I, 22 -a)*F
2(b—a)® (Bp—1)(4p—1)

_ Pt
Bp—1)(4p—1)
To prove the sharpness of the first inequality, let f (x) = %2, for x € [a,b]. Then
fla)+f(b / fla a)2
2 b—a 12 7

and

//K (z,y) |z — y| dzdy
bfa
= — z—y|7 |z — y[> 7 dzd
T //| ¥ fo— yP " dedy
1 2
= — x —y|" dxd
2(b—a)2/a/a| d Y

(b-a)’
12
The case p = 1 goes likewise and we omit the details. |

3. ERROR BOUNDS IN THE TRAPEZOIDAL QUADRATURE RULE

In this section we derive error bounds in the Trapezoidal Quadrature Rule for
the classes of functions mentioned in Section 1.

Theorem 4. Let f : [a,b] — R be an absolutely continuous function such that
fleClab). If P:a=x0 < x <2 < ... <xp =D is a partition of the interval
[a,b], hi = x; —xi—q fori=1,2,...,n, and

T, (f,P) = Z—f ($i71)2+f(xi) - h;
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then

n

Ro (f.P)] = M{M >

z)dx — T, (f,P)

<

for some finite constant K > 0.

Proof. We just have to apply Theorem 2 to f on each subinterval [z;_1,2;], for
1=1,2,3,...,n. This gives

b
R, (f.P)] = /f<x>dx—Tn<f,P>
= Z/ f fol 12+f(xz)
B xi—1) + f (z;) 1 [%
_ Zh (h/ f(x)dfv>|
Zh (i1 +f / o

- K a+1
< ;him (r; — 1)

IN

- ErrETI L
(a+2)(a+3) & "
and the theorem is completely proved. i
The following three corollaries are natural consequences.

Corollary 2. Assume that the hypotheses of Theorem 4 hold and that P is a regular
partition of [a,b], i.e., x; =a+i ( ¢) fori=0,1,2,...,n. Then

K(b- a)a“

R P <

for some finite constant K > 0.
Moreover, if € > 0 is given, then

1
K(b— a+2 a+1
Ne 1= <( @) ) +1

(@+2)(a+3)e

where, for r € R, [r] is the integer part of v, is the smallest natural number for
which we have
IRy, (f)| < € forn>n..
The second part of Corollary 2 says that if we use a regular (or uniform) partition

of [a,b] and we want the magnitude of the error to be less than some preassigned
tolerance ¢, then we need to use at least

- K(b_a)a-l-? %ﬂ
ne = <<+z><+3>> o
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partition points.

Corollary 3. Let f : [a,b] — R be an absolutely continuous function such that f’
is Lipschitz continuous on [a,b]. If P :a = xg < 21 < 23 < ... < xzp =bisa
partition of the interval [a,b], h; = x; — x;—1 fori=1,2,...,n, and

Then
o = D) Zhs

Moreover, the constant 1—12 s sharp.

Corollary 4. Assume that the hypotheses of Corollary 3 hold and that P is a
reqular partition of [a,b], i.e., x; =a+1 ( @) fori=0,1,2,...,n. Then

|Rn (f, P)| =

v)de =T (f,P)| S —5 5

Moreover, if € > 0 is given, then

12¢

is the smallest natural number for which we have

|Rn (f)| <e forn>n,.

In the case of functions which are twice differentiable and the second derivative
is integrable, we have the following error estimate.

Theorem 5. Let f : [a,b] — R be a twice differentiable function on (a,b) such that
f"e€Li(a,b) and P:a=x9 < x1 < x2 < ... < Ty = b is a partition of the interval
[a,b] . Then we have the following estimation

(3.1) |Rn (f, P)]
I~ 1 [= (%
< 22:}”/2?1’_1/9“_1 K (z,y) |x — y| dzdy
P
< LEE

where K (x,y) ‘fy |f” ()| dt| withz,y € [a,b], and || P|| = maxi<i<p {2; — i1} .
The first inequality in (3.1) is sharp.
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Proof. Applying Theorem 3 on each subinterval [z;_1,;] for i = 1,2,...,n, we
obtain

|Ry (f, P)]
o " f(zim1) + f (2

- [ fia) + f (2)
;hi (m/m_lf(x)dx— 5 )

L[ f(wiz1) + f (z4)
(1 [ o szt

< Zhi

=1
< Zhl/ | Eiale— ol dsdy
N i=1 2h12 Ti—1 Y Ti—1 7
S eI

i=1 Ti-1

1PI? <~ [
< B[ aprwlar

i=1"/®i-1

1P

< L,

which completes the proof. I

Assume that the hypotheses of Theorem 5 hold and that P is a regular partition
of [a,b]. Then

(b—a)?®
6n2

- [(b_ 2 /||J;’;||1

is the smallest natural number for which we have

IR, (f)| <efor n>n..

[Rn (f, P)| <

[P

If € > 0 is given, then

+1

Finally, we have

Theorem 6. Let f : [a,b] — R be so that [’ is an absolutely continuous function
on (a,b) and such that f"” € L, (a,b), where 1 < p < oo, and P :a =x¢ < 1 <
X2 < ... < x, = b is a partition of the interval [a,b]. Then we have the following
estimation

Ry (f, P)]
T 1 [® [oi 9 1
< 5 Ky (z,y) |z —y[7" 7 dady
i=1 tYTi—1JTi-1
2 1-3
p - ot ! "
S T h;" s
Gr=1) (-1 (2 > 1770
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where

KP (xvy) =

The first inequality is sharp.

y 5
/ lf (t)|pdt‘ , T,y € [a,b)].

A naturally corollary of this theorem is

Corollary 5. Assume that the hypothesis of Theorem 6 hold and that P is a regular
partition of [a,b]. Then

Pl U

R PN < e gy

If e > 0 is given, then

._ (b—a)*" % || 1|
nerm P (3p—1)(4p—1)p6 o

is the smallest natural number for which we have
|Rn (f)l <e forn > n,.
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