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TRAPEZOIDAL TYPE RULES FROM AN INEQUALITIES
POINT OF VIEW

P. CERONE AND S.S. DRAGOMIR

ABSTRACT. The article investigates trapezoid type rules and obtains explicit
bounds through the use of a Peano kernel approach and the modern theory of
inequalities. Both Riemann-Stieltjes and Riemann integrals are evaluated with
a variety of assumptions about the integrand enabling the characterisation
of the bound in terms of a variety of norms. Perturbed quadrature rules
are obtained through the use of Griiss, Chebychev and Lupas inequalities,
producing a variety of tighter bounds. The implementation is demonstrated
through the investigation of a variety of composite rules based on inequalities
developed. The analysis allows the determination of the partition required
that would assure that the accuracy the result would be within a prescribed
error tolerance.

1. INTRODUCTION

The following inequality is well known in the literature as the trapezoid inequality:

b _a)?
ay | <Lk

where the mapping f : [a,b] C R — R is assumed to be twice differentiable on the
interval (a,b), with the second derivative bounded on (a,b). That is, ||f"|
U, 0y |17 (2)] < o0.

Now if we assume that I, : a = 29 < 21 < ... < Tp_1 < T, = b is a parti-
tion of the interval [a,b] and f is as above, then we can approximate the integral

SOESI0) 1l

fab f () dz by the trapezoidal quadrature formula Ar (f,I,), having an error given
by Ry (f,1,), where

=
(12) Ar (fv n = 5 Z; 1‘1 + f (xz-l-l)} h’
and the remainder satisfies the estimation

(13) R (1) < 35 171 th

with h; == 2,41 —x; fori =0,...,n — 1.

Expression (1.2) is known as the trapezoidal rule, if n = 1, and as the composite
trapezoidal rule for n > 1. The trapezoidal rule is the simplest closed Newton-Cotes
quadrature rule in which function evaluation is restricted at the ends of equispaced
intervals.
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2 P. CERONE AND S.S. DRAGOMIR

The trapezoidal rule is widely used in practice since it is easy to implement and
in an efficient fashion, especially if the partitioning is done in a uniform manner.
It is also very accurate for periodic functions. It forms the basic building block for
intricate closed Newton-Cotes formulae (Press et al. [37])

The current work investigates trapezoidal type rules and obtains explicit bounds
through the use of a Peano kernel approach and the modern theory of inequal-
ities. This approach allows for the investigation of quadrature rules that place
fewer restrictions on the behaviour of the integrand and thus allow us to cope with
larger classes of functions. Expression (1.1) relies on the behaviour of the sec-
ond derivative whereas bounds for the trapezoidal rules are obtained in terms of
Riemann-Stieltjes integrals in Sections 2, 3 and 4 for functions that are: of bounded
variation, Lipschitzian and monotonic respectively. In Section 5, trapezoidal type
rules are obtained for (™) € L, [a,b], implying that

(L

an [[£]_ o= sup, (0 [ ()]

Perturbed trapezoidal type rules are obtained in Section 5.3 using what are
termed as premature variants of Griiss, Chebychev and Lupag inequalities. Atkin-
son [30] uses an asymptotic error estimate technique to obtain what he defines as
a corrected trapezoidal rule. His approach, however, does not readily produce a
bound on the error.

In Section 6, non-symmetric bounds are obtained for a trapezoidal type rule
for functions whose derivative is bounded above and below. Section 7 utilises a
Griiss type inequality to obtain trapezoidal rules whose bound relies on f’ (z) — S
where S = %, the secant slope. Finally, in Section 8, trapezoidal rules
whose error bound involves the second derivative belonging to a variety of norms
are investigated. This allows for greater flexibility since either of them may be best
for different functions.

The current work brings together results for trapezoidal type rules giving explicit
error bounds, using Peano type kernels and results from the modern theory of
inequalities. Although bounds through the use of Peano kernels have been obtained
in some classical review books on numerical integration such as Stroud [35], Engels
[34] and, Davis and Rabinowitz [33]. These do not seem to be utilised to perhaps the
extent that they should be. So much so that even in the more recent comprehensive
monograph by Krommer and Ueberhuber [36], a constructive approach is taken via
Taylor or interpolating polynomials to obtain quadrature results. This approach
does not readily provide explicit error bounds but rather gives the order of the
approximation.

1

P P
Hf(") fm (x)‘ dr| <oo forp>1

2. ESTIMATES OF THE REMAINDER FOR MAPPINGS OF BOUNDED VARIATION

In this section we develop Trapezoidal type quadrature rules for functions that
are of bounded variation. This covers a very large class of functions unlike the
traditional Trapezoidal rule which relies on the second derivative of the function
for its error approximation.

2.1. Some Integral Inequalities. Let us start with the following integral in-
equality for mappings of bounded variation [10]:
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Theorem 1. Let f : [a,b] — R be a mapping of bounded variation.
We then have the inequality:

b
(2.1) / F (@) dt — [(z —a) f (@) + (b—z) f ()]

< [;<b—a>+‘w—a§bﬂ\?(f>

b
holding for all x € [a,b], where \/ (f) denotes the total variation of f on the interval

[a,b].
The constant % is the best possible one.

Proof. Using the integration by parts formula for a Riemann-Stieltjes integral, we
have

b b b
/(x—t)df(t)=(x—t)f(t) +/ £ (t)t

from which we get the identity

b b
(2.2) /f(t)dt=(w—a)f(a)+(b—x)f(b)+/ (x — 1) df (1)

for all € [a,b].

It is well known [31, p. 159] that if g,v : [a,b] — R are such that g is continuous
on [a,b] and v is of bounded variation on [a,b], then fabg (t) do (t) exists and [31,
p. 177

b

< suwp g (1) \/ (v).

t€la,b]

b
(2.3) / g (t) do (t)

a

Applying inequality (2.3) we can state that:

b b
(2.4 [ a-0arw)] < sw p—i\V ()
a t€la,b] a
As
sup |x—t|:max{x—mb—;v}:}(b—a)—l— x—a—'_b‘
t€la,b] 2 2

then by (2.4) and (2.2) we get (2.1).
Now to prove that % is the best possible. Suppose that (2.1) holds with a constant
¢ > 0. That is,

(2.5)

b
/f(t)dt—[f(b)(b—x)Jrf(a)(:v—a)]

g[o(ba)m‘l;bu\i/m
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for all = € [a,b]. For x = 2t we get

)+f()

(2.6) t)dt —

b
b—a)|<cb-a)\/(f)

Consider the mapping f : [a,b] — R given by

0 ifr=a
flxy=4¢ 1 if x € (a,b)

0 ifx=0,

then f is of bounded variation on [a, b] and

b
/f(x)dx:b—a, \/(f):Q.

a

Hence, from inequality (2.6) applied for this particular mapping we have
(b—a)<2c(b—a)
from which we get ¢ > % and thus showing that % is the best constant in (2.1). I

Remark 1. If we choose x = “b, then we get (see also [1]):

/'f i - LTI o) <L)\ ()

a
which is the "trapezoid” inequality. Note that the trapezoid inequality (2.7) is in a
sense the best possible inequality we can get from (2.1). Also, the constant % is the
best possible, as shown earlier.

(2.7)

N | =

If we assume that the mapping f is continuous and differentiable on [a, b], then
we get the following corollary.

Corollary 1. Let f € CV [a,b]. Then we have the inequality

b
(2.8) / ﬂ0ﬁ—Kx—®fm%+w—@f®N

a+b

. E@_@+%— ]pvm

for all x € [a,b], where ||-||; is the Li-norm, namely

b
wmf:/Wf@nw

The following corollaries are also interesting.
Corollary 2. Let f : [a,b] — R be a Lipschitzian mapping with the constant
L > 0. Then we have the inequality:

b
(2.9) / f@)dt —[(z —a) f(a) + (b—x) f (b)]
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for all x € [a,b].

Proof. The mapping f being L—Lipschitzian on [a, b] implies it is also of bounded
variation on [a, b], since

b
\V ()= sup EZUaﬂl ;)

In€Div[a,b] ;2

<L suwp |zit1—zi|=(b—a)l,
I,,€Div|a,b]
and the inequality (2.9) is proved, upon using (2.1). i

The case of monotonic mappings is embodied in the following corollary which is
a special case of Theorem 1.

Corollary 3. Let f : [a,b] — R be a monotonic mapping on [a,b]. Then we have

the inequality:

(2.10) / Nﬂﬁ—Kw—®fm%+®—@wa

E o=t ro- s

for all x € [a,b].

Remark 2. The following inequality is well known in the literature as the Hermite-
Hadamard inequality (see for example [17, p. 137]):

(2.11) f<a;b><bia/abf(x)dm<f(a)+f(b)

2
where f:[a,b] — R is a convex mapping on [a,b] .

Using the above results, we are able to point out the following counterparts of
the second Hermite-Hadamard inequality, namely from (2.7)

fla)+f(
(2.12) 0< 3 b_a/f

(f)

l\JM—*

provided that f is convex and of bounded variation on [a, b] .
If f is convex and Lipschitzian with the constant L on [a,b], then we get from
(2.9)

b
(2.13) ng(a);rf(b)bia/af(t)dtgé(ba)L

If f is convex and monotonic on [a b], then we have from (2.10)

(2.14) ng();f( — /f t)dt < = If() f(a)l.

Finally, if f is continuous, differentiable and convex and f’ € Ly(a,b), then, from
(2.8),

b 1 b 1
(2.15) 0< OO L [ rwas 510,
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2.2. Applications for Quadrature Formulae. Let I, : a = 29 < 21 < ... <
Zp—1 < T, = b be an arbitrary division of [a,b] and §; € [x;,zi41],4=0,...,n — 1;
be intermediate points. Put h; := z;11 — x; and define the sum:

|
—

n

Tp (fi1n,8) := ) (& —xi) f (@) + (xiv1 — &) [ (wig1)]-

%

I
=)

We have the following result concerning the approximation of the integral f; f(z)dx
in terms of Tp [10].

Theorem 2. Let f : [a,b] — R be a mapping of bounded variation on [a,b], then
we have

b

(2.16) / [ (@) dw = Tp (f, I, €) + Bp (f, 1, ).
The remainder term Rp (f, I, &) satisfies the estimate

(2.17) [Rp (f,In,€)|

Z; + x1+1

& —

1
< |:I/ (h) + max
2 i=0,n—1

}\b/ \:/(f)

where v (h) := max {h; | i = 0,n — 1}.
The constant % 18 the best possible.

Proof. Apply Theorem 1 on the intervals [z;, x;41] (¢ = 0,...,n — 1) to get

[ r = @ (6~ w0 + £ i) (s €0

| vV .

Zi

Ti+ Tit1

&~

1
< Zh.
< |:2h1+

for all i € {0,...,n — 1}.
Using this and the generalized triangle inequality, we have successively

Rp (f,1,)

gg / W dt = [ @) (€ — 2 + @) (i1 — €)
N

< s Bth (_ xl+xz+1 }nz%lzyl

< [;V<h>+i_%ixl g - T ] \b/(f)

a

and the first inequality in (2.17) is proved.
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For the second inequality, we observe that

Ti+x; 1 .
fi_T—H Sihi’ 1=0,...,n—1;
and then
i i 1
max fifx—’—xﬂ <sv(h).
i=0,n—1 2 2

Thus the theorem is proved. i

Remark 3. If we choose & = ZF551  then we get (see also [1]):

b
/ J(@)de =T (£ 1) + Br (f, 1),

where T (f, I,) is the "trapezoid rule”, namely,

|
-

n

T(f In) = [f (zi) + f (zit1)]

N —
I
=]

i

and the remainder satisfies the estimate

b
1
R (f.1)| < 5w () ().
a
Note that, the trapezoid inequality is in a certain sense the best possible one we can
get from Theorem 2.
The following corollaries can be useful in practice.

Corollary 4. Let f : [a,b] — R be a Lipschitzian mapping with the constant L > 0,
and I, is as above. Then we have the formula (2.16) and the remainder satisfies
the estimate

(2.18) |Br (f, In, €)]
< LBu(h)+ max

i=0,n—1

Ti + Tiy1

G-

}gLu(h).

Corollary 5. Let f : [a,b] — R be a monotonic mapping on [a,b]. Then we have
the quadrature formula (2.16) and the remainder satisfies the inequality

(2.19) |Rr (f: In: €)|

1
< |:I/(h) + max |&, —
2 i=0,n—1

< v(h)[f ()= fla)l.

T+ Tita
2

N

} £ - 7 (@)

3. AN ESTIMATE OF THE REMAINDER FOR MONOTONIC MAPPINGS

Some bounds were obtained in Corollary 2 for monotonic mappings as a partic-
ular instance in the development for functions of bounded variation. This section
treats specifically monotonic mappings, enabling tighter bounds to be determined.
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3.1. Some Integral Inequalities. We know that, from Corollary 3, for a mono-
tonic mapping f : [a,b] — R, the following inequality holds

(3.1)

b
/ ﬂwﬁ—Kx—@fw»+w—mfwn
1

Go—a+ - 1re - @

for all € [a,b].
Using a firmer argument, we can improve this result by obtaining tighter bounds
as follows:

Theorem 3. Let f : [a,b] — R be a monotonic nondecreasing mapping on [a,b] .
Then we have the inequality

b
(3.2) / Hﬂﬁ—Kw—®fw%+®—wwa
b
< @—wﬂw—@—®ﬂ®+/sm@—ﬂﬂ@ﬁ
< @-a)lf @ F@)+0-2) ) - f @)
< [yo-a+l- P llvo- s

for all x € [a,b].
The above inequalities are sharp.

Proof. Using the integration by parts formula for a Riemann-Stieltjes integral, we

have the identity as given by (2.2).

(n) (n)

Now, assume that A, :a =12y’ <23 (n)

n—1

< JJ%TL) = b is a sequence of
divisions with v (A,) — 0 as n — oo, where v (A,) = max,_g5—1 (mgi)l - xgn))

and fz(-n) € [ml(-"), 951(1)1} .If p:[a,b] — R is a continuous mapping on [a,b] and v is

<..<zx

monotonic nondecreasing on [a,b], then

(3.3) /bg(t)dv(t) = V(ilx?ﬁorfp(fgn)) {V(xl@l)_y(x(n)”‘
¢ " 1=0
n—1

< dim [ (e) o (o) - ()
n—1

Il
kS
—~

~
=
QU
<
—~
~
~—
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Applying the inequality (3.3), we can state that

b
/ (z — 1) df (1)

Lblw—tldf(t)Z/x(w—t)df() /b(t—w)df()
-t FO + /f Vit + (t—2) F () + /f
(- a) /f Vdt+ (b— ) (b)—/xf(t)dt

= (-2 f ) - (x*a)f(a)+/sgn(x*t)f(t)dt

a

IN

and the first inequality in (3.2) is proved on utilising identity (1.2).
As f is monotonic nondecreasing on [a, b], we can state that

/wf(t)dté(x—a)f(x)

and
/bf(t)dt> (b—2) (@)
and then ’
/absgn(:c—t)f(t)dt _ /:f(t)dt—/:f(t)dt
< (@—a)f(x)+(z-0b) f(2)
Therefore,

(b—=z)f(b) = (z—a)f(a)

_l’_

(b—2) f(b) = (& —a) f(a) + (x—a) f(z) +(z—b) f(z)
(z—a)[f (2) = f(@)] + (b —=2) [f (b) —

which proves the second inequality in (3.2).

As f is monotonic nondecreasing on [a,b], we have f (a) < f (z) < f(b) for all
x € [a,b] and so

I IA

(z—a)[f(z) = f(a)]+ (b—2)[f () - [ (2)]
< max{r—a,b—z}[f(x) = f(a)+ [ (b) = [ (2)]

_ B(b—aﬂ— . “;”H () - f(@)]

and the inequality (3.2) is completely proved.
Now to demonstrate the sharpness of the inequalities in (3.2), let fo : [a,b] — R
be given by

=4 5 255"
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Then fy is monotonic nondecreasing on [a,b] and realizes the equality in (3.2) for

T = “T'H’, as, a simple calculation shows that

b —a
[ rwa-C30 @+ )

~ (b—a)
- Bl vw-ra+ [

The theorem is thus completely proved. I

Remark 4. For a more general result containing both the Ostrowski inequality and
Simpson’s inequality, see the recent paper [13].

Remark 5. It we choose v = “E in (3.2), we have

(3.4)

b —a
[ 10— @+ s o)

b
< J0-QU®-r@l+ [sn (5 -1) s a
< 06-aF®) -7 @],

which is the “trapezoid inequality”.

Note that the trapezoid inequality (3.4) is, in a sense, the best possible inequality
we can obtain from (3.2). Moreover, the constant % is the best possible for both
inequalities.

Remark 6. The following inequality is well known in the literature as the Hermite-
Hadamard inequality (see also (2.19))

(3.5) f(a;b>ébia/abf(x)dx§f(a);f(b)7

provided that f : [a,b] — R is a convex mapping on [a,b].

Using the above inequality (3.4), we can state that

b
(3.6) 0 < f(a);f(b)—bia/af(t)dt
b
< SUo-r@+ s [ (S5 roa
< SO - @),

provided that f is monotonic nondecreasing and convex on [a, b] .
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3.2. Applications for Quadrature Formulae. Let I, : a = 29 < 21 < ... <
Zp—1 < T = b be an arbitrary division of [a,b] and &, € [z;,zi41] (i =0,...,n—1)
be intermediate points. Put h; := z;11 — x; and consider the sum

n—1

Tp (f, 10, €) == Y [(& — @) (@) + (g1 — &) f (wis1)] -

=0

In Section 2, Corollary 5, we proved that for a monotonic mapping f : [a,b] — R
we have

b
(3.7) / () dt = Tp (f, 1, €) + Rp (f, I, €)

and the remainder Rp (f,I,, &) satisfies the bound as given by (2.19) where v (h)
is the norm of the division I,,, that is, v (h) = max;_g7=7 hi-
We can improve this result as follows.

Theorem 4. Let f : [a,b] — R be a monotonic nondecreasing mapping on [a,b]
and I,, & as above. Then we have the formula (3.7) and the remainder Rp (f, I, &)
satisfies the estimate

(38) |RP (fv Inaﬁ)‘

n—1

Z [(is1 = &) f (iv1) — (& — z3) f (23)]

1=0

IN

IA
M‘
~—
I
)
S_/
=
~
t—/
|
\
—~
&8
+
=
+
[u
78
N~—
=
~—
8
+
—
SN~—
\
—~
72"
=

< th + 1€ xi+12 } (f (ig1) = f (23))
=0

< [ max fo - 222 (o)~ £ )
v

<

The proof is obvious by Theorem 3 applied on the intervals [x;, ;41] (i =0, ...,n).
We omit the details.
Now, if we consider the classical trapezoidal formula

1

Lf (25) + [ (@ig1)] ha,

1

n

T(f In) =

[N

3

then we can state the following corollary.

Corollary 6. Let f : [a,b] — R be a monotonic nondecreasing mapping on [a,b] .
Then we have

(3.9) / F(0)dt =T (f,1,) + R (f.1).
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where the remainder satisfies the estimate

(3.10)  |Rr (f, In)

1 e T + Tig1
< = hi [f (1) — f (2)] + sgn t)f(t)dt
2 ; ! i=0 /11 I ( 2 )
1 n—1
< 5 2 hilf (i) = f ()]
=0
< v () ()~ 7 (@)

4. AN ESTIMATE OF THE REMAINDER FOR LIPSCHITZIAN MAPPINGS

We know that, from Corollary 2, for a mapping f : [a,b] — R, which is L—Lipschitzian,
so that f (-) satisfies

(4.1) [f (x) = F )| < Lz —y| forall 2,y € [a,b],

where L > 0 is given, we have the inequality

b
(4.2) / F (@) dt = 1f (@) (z — a) + £ (b) (b— )]
< B(ba)+‘ “;bu(bau

for all z € [a,b].
Using a firmer argument, we are able now to improve this result as follows.

4.1. Inequalities for Lipschitzian Mappings. The following theorem holds.

Theorem 5. Let f : [a,b] — R be an L— Lipschitzian mapping on [a,b]. Then we
have the inequality

b
(4.3) / ftydt— [z —a) f (a) + (b— ) f ()]

2
< li(b—a)2+(a:—a;_b>
for all x € [a,b].

The constant § is the best in (4.3).

L

Proof. As fis L—Lipschitzian and thus of bounded variation, the following Riemann-
Stieltjes integral f; (x —t) df (t) exists and (see (2.2))

b b
/ f(t)dt:(I—a)f(a)Jr(b—z)f(b)Jr/ (z —t)df (t).

(n)

Now, assume that A, = a = z{"” < 2\ () S

< ..o <x, < Tp ) =bisa sequence

O,n—1 (351(‘-7-)1 - xgn))

of divisions with v (A,) — 0 as n — oo, where v (A,) := max,_

and €En) € [m(n),xgi)l} .

?



TRAPEZOIDAL TYPE RULES FROM AN INEQUALITIES POINT OF VIEW 13

If p : [a,b] — R is continuous on [a,b] and v : [a,b] — R is L—Lipschitzian, then

the Riemann-Stieltjes integral f; p(x)dv (x) exists and

Lﬁmmwm

w£$w§3p( ) (=) -v (7))

(4.4)

(n) (n)
o (52) v ()
< Jm Sl (e”)] (w0 - )
B E R
(n) (n) (n)
< L fim §3%@”)Hz% w")
= L/|mwwm

Applying the inequality (4.4) for p(t) =z —t and v (t) = f (¢), t € [a, ], we obtain

IN
b{
B

\
=
U
Sy

\
h

Il
h
L —
N
=
|
&
()
+
VRS
&
|
Q
o |+
>
N———

and the inequality (4.3) is proved.
To prove the sharpness of the constant i, assume that (4.3) holds with a constant
C > 0 instead. That is,

(4.5) () dt = [(b—x) f (b) + (x —a) f (a)]
a+b\>
C(b—a)2+(x— 5 )

for any L-Lipschitzian mapping and any x € [a, b] .

<

)

Consider the mapping fq : [a,b] — M, fo (z) = | — a7+b| . Then
a+b a+b
1@ - fwl=|fe- 50| o= 5 <le -l

for all x,y € [a,b] , which shows that fy is L—Lipschitzian with the constant L = 1.
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‘We have

/fO d(E— ()+f0<)(b_a)
(b—a)? (b—a) (b—a)2

4 2 4

and
L(b—a)’=(b—a),

which shows that, for z = aT'H’, the inequality (4.5) becomes

dz—M(b—a) < CL(b—a)?,

which is equivalent to

(b—a)*

4 SC‘(b_a’)27

thus implying that C' > i and the theorem is thus proved. i

Remark 7. If we choose © = ‘%"b, then we have

(4.6) t)dt — () + f()( —a)|<=(b-a)’L,

which is the “trapezoid inequality”. Note that the trapezoid inequality (4.6) is, in
a sense, the best possible inequality we can obtain from (4.3). In addition, the
constant % is the best possible one, providing the sharpest bound in the class.

Corollary 7. Let f € CW [a,b]. That is, f is differentiable on (a,b) and the
derivative is continuous on (a,b), and put ||f'[| . = supse(qp) [f' (t)] < co. Then
we have the inequality

(4.7) t)dt —[(x —a) f(a) + (b—z) f (b)]

< li(b—a)2+(x “+b>

Remark 8. Now, if we assume that f : [a,b] — R is differentiable convex on (a,b)
and the deriwative f' : (a,b) — R is bounded on (a,b), i.e., || f'||,, < oo, then we
have the following converse of the second Hermite-Hadamard inequality

b
asy o< HOIO L [ra<io-ar.

11

for all x € [a,b].
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4.2. Applications for Quadrature Formulae. Let us reconsider the generalised
trapezoid quadrature formula
n—1
Tp (f 1n,§) == Z (& — @) [ () + (Tit1 — &) [ (i)],
i=0
provided that I, : a =z < 1 < ... < T,_1 < x, = b is an arbitrary division of
[a,b], & € [zi,xiq1] (1 =0,...,n — 1) are intermediate points, h; := z;41 — z; are
the step sizes and v (h) := max,_g; {h;} is the norm of the division.
We can improve Corollary 4 in the following manner.

Theorem 6. Let f : [a,b] — R be a L-Lipschitzian mapping and I,,, € be as above.
Then we have the formula

b
(4.9) / F () dt = Tp (f. Lo, €) + Rp (, 1, €)

where the remainder Rp (f, I, &) is such that it satisfies the estimate

T +x 2
(4.10) IRp (f,1,.8)|] < LZh2+LZ< —”11)
< JZMS% (b—a)v(h).

The proof follows by Theorem 5 applied on the interval [x;, z;41] (1 =0, ...,n — 1).
Remark 9. If we choose &; = %, then we obtain the trapezoid formula where

the remainder Ry (f, I,) satisfies the estimate

1
2
(4.11) |Rr (f, 1) < LE h; Z (b—a)v(h),
where v (h) = max {h;|i = 0,1,.....,.n — 1}.

5. A GENERALIZATION FOR DERIVATIVES WHICH ARE ABSOLUTELY
CONTINUOUS

5.1. Integral Identities. We start with the following result [32].

Theorem 7. Let f : [a,b] — R be a mapping such that the derivative f=1)
(n > 1) is absolutely continuous on [a,b]. Then

b n—1
/a F(de = I;J(kjl)![u—a)’““f“f) (@) + (=1 o —2)" 10 ()]

b
(5.1) +%/ (z—t)" f) (t)dt
for all x € [a,b].

Proof. The proof is by mathematical induction.
For n = 1, we have to prove that

b b
(5.2) /f(t)dt:(Jffa)f(a)Jr(b*:v)f(b)Jr/ (=) O (¢) dt



16 P. CERONE AND S.S. DRAGOMIR

which is straightforward as may be seen by the integration by parts formula applied

for the integral
b
[ @05 @

Assume that (5.1) holds for “n” and let us prove it for “n + 1”. That is, we wish
to show that:

b n
[roa = 3 [e-ot 0w+t oo e

(5.3) +% /b (z — )" £ (@) de.

(n+1)!

For this purpose, we apply formula (5.2) for the mapping g (t) := (z —t)" f™ (¢),
which is absolutely continuous on [a, ], and then, we can write:

/ (e 07 £ 1) at
= @—a)(@—a)" (@) +(b—a)(@=b)"f" ()
+/ab v —t di z— )" f (¢ ()}
/ “at) [Fro— 0" 0+ - £ ()]
+(@—a)"" 0 (@) + (=1)" (b —2)" T 0 ()

= -n / ’ (x— )" f™ () dt + / b (z— )" D (1) de
(5.4) +(@—a)" ™ (@) + ()" (b —2)" T ().

From identity (5.4) we can get

[ @ wa

1 b n+1l pg(n+1
- n+1/a (. — )" FFD (1) dt
+n41r 1 [(w — )" f" (@) + (=1)" (b—a)" T (b)} '

Now, using the induction hypothesis, we have

b n—1
[ - };@[uw“%“ﬂ (@) + ()" (b 2)"* 10 )]

b
% n—lkl / (z =)™ D (8) dt
(@@ @)+ ) <b>H
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n 1 1
= kZ:O m [({E — CL)kJr f(k’) (a) + (_1)k (b - m)kJrl f(k) (b)]
1

b

and the identity (5.3) is obtained. This completes the proof. I

The following corollary is useful in practice.

Corollary 8. With the above assumptions for f and R, we have the particular
identities (which can also be obtained by using Taylor’s formula with the integral
remainder)

b
(5.5) / fyde = (b )+ £ ()

n—1

- L — o)t R (g i ' _ " fn)
L RIORE § AU CES

b
(5.6) / £ (1) dt

and the identity (see also [15])

b n—1 _a k+1
(5.7) /f(t)dt _ Z(kil)' <b2 ) 19 @)+ (-1)* 19
@ k=0 )

_1\" b b n
+ nll) /a(t—a;F ) £ (t) d.

Here (5.5), (5.6) and (5.7) are obtained from (5.1) with t =b, a, “£* respectively.

Remark 10. a) Forn = 1, we get the identity (5.2) which is a generalization
of the trapezoid rule. Further, with x = “£° we get ([8]), (5.7) with n = 1.
Namely,

b —Qa
(5.8) /f(t)dt:b (f(a)+f(b))*/

2 a

b(ta;rb> f () dt

which is the “trapezoid rule”.
b) For n =2, we get the identity:

b
(5.9) /f(t)dt = (@-a)f(a)+b-x)f )
+5 (@ = @+ -2 F @)

+ /b (z—t)% f" () dt.

N~ N -
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Further, with x = a;b, we capture the “perturbed trapezoid rule” [15], (or,

equivalently, n =2 in (5.7))

b b—a —
(5.10) /f(t)dt = 5 @+ 70+ — (f' (a) = f' (b))

1t a+b\? .
+§/a (t— 5 ) f7(t) dt.

5.2. Integral Inequalities. Using the integral representation by Theorem 7, we
can prove the following inequality [32]

Theorem 8. Let f : [a,b] — R be a mapping so that the derivative f*=1 (n > 1)
is absolutely continuous on [a,b]. Then

0= 3 gty [l 0 @
k=

+%—Dk@—xf“f“NwH

)
I (@ =0 + =2 i S € Lafab],
511) < ¢ WU (et ieommra : L1411
- nl ng+1 if p>Ly+e=

and f™ € L,[a,b],

ot le—t)" i e Lo

n!

for all x € [a,b].

Proof. From equation (5.1) and the properties of the modulus, we have

(k+1)

Uw—af“fwww+w—nkw—xﬁ“f%MmH

7/|x

Observe that

V()| dt = R ().

R(z)

[2, /ab Ix—tndtl e
ZLTN RS

IUWWW[@—MM1+®—xW“1
n! n+1

and the first inequality in (5.11) is proved.
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Using Holder’s integral inequality, we also have

R(z) < ;‘(/ﬂb f(n)(t)‘pdt>p(/abx—t|"th>q

1
f(n) ({E B a)nq+1 + (b - ‘r)anrl !
P ng+1

)

al

which proves the second inequality in (5.11).
Finally, let us observe that

1

b
R() < — sup [o—t" [ |70 (1) at
T tela,b]
1 r n
= —|sup |z — ¢ Hf(")
n: | t€[a,b] 1
1
= ﬁ[max(x—a,b—a:)]" f(")
- 1 _1 Cl+b (n)

and the theorem is completely proved. i

The following corollary is useful in practice.

Corollary 9. With the above assumptions for f and n, we have the particular
inequalities (see also [15])

: (b_ a>k+l (19 (@) + (~1) £ (b)]‘

(k T\ 2
f(n) " )
|z|n(n+”1°>°! G- i e Lefob],
[ER n+l
(512) < W(b—a) ta Zf p>1,%+%=1
and ™ € L,a,b],
||f(n)||1 (b—a)n‘ Zf f(n) cl [ b
2nn! ’ 14, ]

respectively which are the sharpest possible from (5.11) with x = 43=.

Remark 11. If we put n =1 in (5.11), we capture the inequality

Fo-@+ =) Ol i S e Ll

1
1 < z—a)dt?! )t ] q .
G134, [l ] §oop>1i+t=1
and f' € Lyla,b],
[5 (0—a)+ |z — <] 1l if f' € Ly [a,b]
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for all x € [a,b], and, in particular, the “trapezoid” inequality

b b—a
[ rwa- "5 f @+ 1 o)

171y — g2 if ' € Lo a,b],
[1#7]] o
(5.14) < T (b—a)'t7 iffe L, [a,b],
||f2H1 (b—a) if ' € L1 [a,b]
is obtained by taking x = %rb.

Remark 12. If we put n =2 in (5.11), we get the inequality

b
f(@)dt —[(z —a) f(a) + (b—x) f ()]

. o

(@=a)’f (@)~ (b-2)
”f';”“’ [(b —a)’ +(b- x)f”] if  f" € Loola,b];

i o a)29+ ] 4 (p 291 ]
R R A
and f" € Lya,b];
" 2 .
5 [%(b—a)—wx—#u if " € Ly]a,b]

for all x € [a,b], and, in particular: the “perturbed trapezoid” inequality

[ rwa-"Str@+ron+ " (5 0 - 1 @)

8
170y — ) if " € Loo [a,b];
|f// ’ 1 ‘
(5.16) < % (b—a)**5 if f" € Lyla,b];
”fSHl (b— a)2 if " € Ly [a,b]
is obtained on taking x = ‘ITH’.

In practice the perturbed trapezoid inequality only involves the evaluation of the
derivatives at the boundary points for a uniform partition of the interval.

5.3. A Perturbed Version. A premature Griiss inequality is embodied in the

following theorem which was considered and applied for the first time in the paper

[18] by Matié, Pecari¢ and Ujevié.

Theorem 9. Let h, g be integrable functions defined on [a,b] and let d < g (t) < D.

Then

D—d
2

Nl=

(5.17) T (h,g)| <

[T (h, 1))>
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where

T (h,g) =

b b b
bia/a h(t)g(t)dt—bia/a h(t)dt-bia/a g(t)dt.

Remark 13. For some applications of this result for three-point quadrature for-
mulae see [16].

Using the above theorem, the following result may be stated [32].

Theorem 10. Let f : [a,b] — R so that the derivative f*~1, n > 1 is absolutely
continuous on [a,b]. Assume that there exist constants v,I' € R such that v <
f)(t) <T a.e on [a,b]. Then, the following inequality holds

/bf(t)dt—nzl<1><

o —\ (k+1)!
Uw—af“fwmw+w—nkw—wf“fwww])
(z—®“4+04fw—xf“{fm1W®—fm1W®H

(5.18) |Pr ()] =

(n+1)! b—a
I'—-~v 1
-y n (b-a"

2 n+l Vn+1’

IN

IN

where

= Wm {n2 (b - a) |:(l' _ a)2n+l + (b _ I)2n+1:|

+(@n+1) (@ —a) (b - ) [(@ - )" — (2= )"}

=

Proof. Applying the premature Griiss result (5.17) on (z —t)" and f(™ (t), we
have

b b b
ﬁ/ (x—t)”ﬂ")(t)dt—ﬁ/a (x—t)"dt~bia/a £ () dt

2
I 2 1 b 2n 1 b n
< 1 _ S —
5 2 a/a (x—t)™"dt [b a/a (x—t)" dt

Therefore,

1
2

=) (D" —a)"T D () — f7D (a)
(n+1)(b—a) b—a
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<

F — (.’E N a)2n+1 + (b _ x)2n+1
2 2n+1)(b—a)

1
2) 2

R G Ve () Nl
b—a)(n+1)

Further, simplification of the above result by multiplying throughout by b;—!‘l gives

(5.20) % / "o ™ (1) de
B i G VA et K P A O R A <a>} '
(n+1)! b—a
< L2 i),
where
(5.21) J? (2, n)

_ 1 n 2 2n+1 2n+41
= (2n+1)(n+1>2{( +1)°(A+B) (4 + B2t

~ (24 1) (A 4+ (-1 B

with A=2—a, B=b— .
Now, from (5.21),

(2n+1) (n+1)* J? (z,n)
= (A4 B) (474 B

+(2n+1) [(A + B) (A2n+1 i BQn+1) -~ (An+1 F (=" Bn+1)2}
= n’(A+ B) (4*"*' 4 B>

+(2n + 1) [AB (A?" + B?) — 24™F1 . (—1)" B"H!]
= n? (A+ B) [A2n+1 +BQn+1] +(2n+1)AB[A" — (—B)"]2.

Now, substitution of A =z —a, B =0b— x and the fact that A+ B = b — a gives
I(z,n) = Wr‘]l()mi\’/%, as presented in (5.19). Substitution of identity (5.1) into
(5.20) gives (5.18) and the first part of the theorem is thus proved.

The upper bound is obtained by taking either I (a,n) or I (b,n) since I (z,n) is
convex and symmetric. Hence the theorem is completely proved.
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Corollary 10. Let the conditions of Theorem 10 hold. Then the following result
holds

1 (b‘)+ (1 (@) + (-1)* 79 )]

(k:+ D\ 2
b_ a\"H! [1 + (=" [f™=D(b) — £~V (a)
- < 2 > (n+1)! [ b—a ]
2n
-y 1 (b—a\"" 1 nls T CUCR
(5.22) < B) n'( 9 ) \/m 9 n odd

Proof. Taking z = %+ in (5.18) gives (5.22), where

! <;b") - <n+1>i/m (b;“)m {#n?+@nr) “+<‘1>"]2}%~

Examining the above expression for n even or n odd readily gives the result (5.22). I

Remark 14. Forn odd, then the third term in the modulus sign vanishes and thus
there is no perturbation to the trapezoidal rule (5.22).

Theorem 11. Let the conditions of Theorem 10 be satisfied. Further, suppose that
f™ s differentiable and be such that

Hf("ﬂ) ‘ ‘= sup ‘f"“ (t)’ < 0.
o t€la,b]
Then
(5.23) |Pr () Hf("“)H I(J: n),
\F

where Pr (x) is the perturbed trapezoidal type rule given by the left hand side of
(5.18) and I (x,n) is as given by (5.19).

Proof. Let h,g : [a,b] — R be absolutely continuous and h’, ¢’ be bounded. Then
Chebychev’s inequality holds (see [17, p. 207])

b—a)
T (hg) < PO sup @) sup 19/ (1)
te(a,b] t€la,b]
Matié, Pecarié¢ and Ujevié [18] using a premature Griiss type argument proved that
b—a
(524 7 (g < C=2 sup 19/ () VT TR,
12 tefab)

Thus, associating f(™ (-) with g (-) and (x — )" with h in (5.24) readily produces
(5.23) where I (z,n) is as given by (5.19). 1

Theorem 12. Let the conditions of Theorem 10 be satisfied. Further, suppose that
) is locally absolutely continuous on (a,b) and let f*+Y € Ly (a,b). Then

(5:25) Pr ()l < 2] 50| L rm),

where Pr (x) is the perturbed tmpezozdal type rule given by the left hand side of
(5.18) and I (x,n) is as given in (5.19).



24 P. CERONE AND S.S. DRAGOMIR

Proof. The following result was obtained by Lupag (see [17, p. 210]). For h,g :
(a,b) — R locally absolutely continuous on (a,b) and h', ¢’ € Ly (a,b), then

b—a)?
7o) < C w191

10 :
||h||2 = (ba/ |h(t)2> for h € Ly(a,b).

Matié, Pecari¢ and Ujevié [18] further show that
(b—a)
™

where

(5.26) T (h, g)| < g lly VT (o, 1)

Now, associating f( () with g (-) and (z — t)" with & in (5.26) gives (5.25), where
I (z,n) is found in (5.19). 1

Remark 15. Results (5.23) and (5.25) are not readily comparable to that obtained
in Theorem 10 since the bound now involves the behaviour of f™*Y (-) rather than
£ ).
5.3.1. Application In Numerical Integration. Consider the partition I, : a = z¢ <
21 < o < Zyp—1 < Ty = b of the interval [a,b] and the intermediate points
§= (5 Emo1), where &; € [x,2541] (j =0,...,m —1). Put hj := ;41 —z; and
v(h) =max {h;|j =0,...,m —1}.

In [7], the authors considered the following generalization of the trapezoid for-
mula

m—1n—1 k+1 k

2
]Ok:O

and proved the following theorem:

Theorem 13. Let f : [a,b] — R be such that it’s derivative f™~V) is absolutely
continuous on [a,b]. Then we have

b
(5.28) | €08 =T (1) + B (7.1,
where the reminder Ry, » (f, In) satisfies the estimate

m—1
n+1
> m
oo 7
J=0

(n)

(5.29) R (1) € ¢ ¢

and

o 1 ifn=2r
n = 22;‘;71 Zf?’l =9r +1.

Now, let us define the even more generalized quadrature formula

m—1n—1
T (f. &, I) Z [ ) O (ay)
7=0 k=

+(-1)* (zj41 - §])k+1f )(fﬂj+1)],

where z;,&; (j =0,...,m — 1) are as above.
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The following theorem holds [32].

Theorem 14. Let f be as in Theorem 13. Then we have the formula

b
(5~30) / f (t) dt = Tm,n (fa g, Im) + Rm,n (fv £, Im) >
where the remainder satisfies the estimate

(531) | Roun (/6. 1)|

m—1
i O S (6 =)™+ (=)™

Q=

IA

e 1™,

£ n) 6|

r.

Proof. Apply the inequality (5.11) on the subinterval [z, z;+1] to get

[ oS
Z; =0
xh@— 3 (@) + <>Wwﬂ—@f“ﬂ“uﬁﬂ]
mror_sw O] |6 —2) "+ @ —g)"

t€lz;,z 1]

35, [l + _gua

j=0,...,m—1

,5,_%
J 2

IN

1 nq+1 o ng+1 %
ni( mJ+1 |f(n | dS)p |:(E 7517_7) +(ZJ+1 §J) :| 7

ng+1
:|TL

Summing over j from 0 to m — 1 and using the generalized triangle inequality,
we have

L (e [5o0 (s)] ds) [3hs +

_ o xitmi
2

R (£.€, 1)
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S s ][ - )" )™

=0 tefw;,z;11]

m—1 1 n n %
—) 1 (fzj+1 }f(n) (s)|P ds) P {(51‘_%‘) T (er1—¢y) q“] 7

nqg+1
:|n

Hf(" H , the first inequality in (5.31) readily follows.

Tj=Tj4n
2

S5 ()] ds) [3hs +

3=
IN 7

0

As  sup ’ ) )|
t€lx),x 41]

Now, using the discrete Holder inequality, we have

1

f(n) (s)‘pd8> [(gﬂ _ xj)nq+1 i (CCj+1 B é,j)nq+1:| 7

m—1

0 J
19P7 3
m—1 </1]+1 (n) )p P
o (s’ ds
(ng+1 1/q = o
m—1 41 11 1749 a
H T (- )™ ] ]
7=0
1 m—1 4 m—1 4 a
nq nq
= _— + gj<+1—£.
(ng +1)Y/a JZZ:O = (% i)

and thus the second inequality in (5.31) is proved.
Finally, let us observe that

Tj+1 n 1 Ti—+x;

nl Z (/ £l )(5)’d5> {2ha‘+ s

& -2

;

nm—1 .
1 €T +£E Tj+1 "
< _70ma>n<171 [th + fj - JTJH ] Z (/ f( ) (s)‘ ds)
7=0,..., = s,
1 Tj+ Tjp
< |ip. , M H
- [2h] +j:01’1}.af>7;71 &~ ] o

and the last part of (5.31) is proved.

Remark 16. As (z —a)* + (b—2)* < (b—a)® for a > 1, z € [a,b], then we

remark that the first branch of (5.31) can be bounded by

m—1

n+1
> hyt
> =0

oo il

The second branch can be bounded by

Q=

1 m—1

f(n) Z hnlﬁ‘l

j=0

(5.33)

nl(ng + 1)1/4 P
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and finally, the last branch in (5.31) can be bounded by
1 £

(5.34) )
Note that all the bounds provided by (5.32)-(5.34) are uniform bounds for Rm,n (f,& 1)
in terms of the intermediate points &.

A further inequality that we can obtain from (5.31) is the one that results from
taking £, = wﬁ# Consequently, we can state the following corollary (see also
[15]):

Corollary 11. Let f be as in Theorem 14. Then we have the formula

b

(5.35) / F) dt = Ton (2 I) + B (f, T)

where
m—1n—1

536 T (7 1) = 32 32 ey [ @)+ G 7 )
=0 k=0

and the remainder R satisfies the estimate

m—1
e 1l 5 A

Q=

Rm,n (fa-[m) < n m=1 n
smerne 177, L;) hj“} ,

gt WO S -
Remark 17. Similar results can be stated by using the “perturbed” versions em-
bodied in Theorems 10, 11 and 12, but we omit the details.

6. TRAPEZOIDAL TYPE RULES FOR FUNCTIONS WHOSE DERIVATIVE IS

BOUNDED ABOVE AND BELOW

6.1. Introduction. In 1938, Iyengar proved the following theorem obtaining bounds
for a trapezoidal quadrature rule for functions whose derivative is bounded (see for
example [21, p. 471]).

Theorem 15. Let f be a differentiable function on (a,b) and assume that there is
a constant M > 0 such that | f' (z)] < M, for all x € (a,b). Then we have

[ rio-

M (b—a)’ 1
S —- 4M(f(a)—f(b))2-

Using the classical inequality due to Hayashi (see for example, [20, pp. 311-312]),
Agarwal and Dragomir proved in [19] the following generalization of Theorem 15
involving the Trapezoidal rule.

(6.1) 1f (@) + £ ()
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Theorem 16. Let f: I CR — R be a differentiable mapping in f, the interior of I,
and let a,b €1 with a < b. Let M = sup,c(q 4 ' (¥) < 00 and m = inf¢(q 5 f' (2) >
—o00. If m < M and f' is integrable on [a,b], then we have

b b—a
[t 2t @ )
()~

fla)=m(b—a)l[M(b—a)—f(®)+f(a)
2(M —m) ’

(6.2)

<

Thus, by placing m = —M in (6.2) then Iyengar’s result (6.1) is recovered.
In this section we point out further results in connection to the trapezoid in-

equality.

6.2. Integral Inequalities. The following theorem due to Hayashi [20, pp. 311-
312] will be required and thus it is stated for convenience.

Theorem 17. Let h : [a,b] — R be a nonincreasing mapping on [a,b] and g :
[a,b] — R an integrable mapping on [a,b] with
0<g(x) <A, foralzce€la,b],

then
b

b a+A
(6.3) A h(x)darg/ h(x)g(x)deA/ h () dz

b—A
where

1 b
)\:Z/ g (z)dx.

Using this result we can state the following trapezoid inequality.

Theorem 18. Let f : I C R — R be a differentiable mapping on I (I is the
interior of I) and [a,b] CI with M = sup,¢(, 4 ' (¥) < 00, m = infoeqp) f' (2) >
—oo and M > m. If f' is integrable on [a,b], then the following inequalities hold:

b b—a
[ =20 @+ s o)

(b—a)’
M-—m (b—a\’
(6.5) < M (2)

_ f®)—f(a)
where S = ===,

Proof. Let h(x) =0 —z, 6 € [a,b] and g (z) = f' () — m. Then, from Hayashi’s
inequality (6.3)
(6.6) L<I<U

where

b
I:/ (6 - 2) (f' (x) — m) de,
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1

b
)\:M—m/a (f' () —m)dz,

and
b

L:(M—m)/ (60— 2) de,

b—A

a+A

U:(M—m)/ (0 —x)dx.

a
It is now a straight-forward matter to evaluate and simplify the above expansions
to give

b
6.7 I = /f(u)du

~[me-a(0-130) s 0-0 10+ -0 s@).

1 b
68) A= f0)~f(@-m@b-a)]=3——(S—m),
(6.9) L:(M;m)A[A+2(9—b)],
and
(6.10) U= (M2 ")\ 2(0 = a) — A
In addition, it may be noticed from (6.6), that

U+L| U-L

(6.11) ‘I T

where, upon using (6.9) and (6.10),

(6.12) U;L(M'7mx(ab;a>
and
(6.13) U;L:(M;m))\(b—a—/\).

Equation (6.11) is then, (6.4) upon using (6.7), (6.8), (6.12) and (6.13) together
with some routine simplification.

Now, for inequality (6.5). Consider the right hand side of (6.4). Completing the
square gives

(b—a)*
2(M —m)

- () [ ()]

and (6.5) is readily determined by neglecting the negative term. i

(6.14) (S —m) (M - S)
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Remark 18. The above theorem was proved independently of the value of 6. Agar-
wal and Dragomir [19] proved an equivalent result with effectively = a. It may be
noticed from the above development however, that if 6 = “TH’ then there is some
simplification for I and % =0.

Remark 19. For ||f'|| = SUPye(a,] If' (z)] < oo andlet m = —|f'|l, M =
| f' |l in (6.4). Then the result obtained by Iyengar [21, p. 471] using geometrical
means, is recovered. It should also be noted that if either both m and M are positive

or both negative, then the bound obtained here is tighter than that of Iyengar as given
by (6.1).

Bounds for the generalized trapezoidal rule will now be developed in the following
theorem.

Theorem 19. Let f satisfy the conditions of Theorem 18, then the following result
holds

(6.15) ﬁLglff@yM—wb—@[(i‘j)fw)+<z—9>f@ﬂgﬁU

where
_ (b-a)® e
(6.16) Bu = 2(M —m) [S (2vy — 8) —mM],
_(b—a)? B
(6.18) 7U—<z_Z>M+<Zb)_Z>m, v =M+m—y,
and
(6.19) S:igggﬁl
Proof. From (6.6) and (6.7) it may be readily seen that
a+b
(6.20) 5UU+m@@(02 >
and
a+b
(6.21) ﬁL:L—l—m(b—a)(Q— 5 )
Now, from (6.20) and using (6.10), (6.8) gives
bu = s 0O (S MR~ m) 6= a) = (b~ ) (S = m)]
a+b
+2m((b—a)(M —m) (9— 5 )}

= st (0 s ez ()

e (=) (-3
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Expanding in powers of S and after simplification we produce the expression (6.16) .
In a similar fashion, (6.17) may be derived from (6.21) and using (6.9), (6.8) gives

1
B, = m{(b—a)(s—m)[(b—a)(S—m)+2(M—m)(9—b)]
a+b
+2m(ba)(Mm)(0 5 >}

o (1)

e (5= (3

Again, expanding in powers of S produces (6.17) after some algebra and thus the
proof of the theorem is complete. i

Remark 20. Allowing 0 = ‘%H? gives

B o (b— a)2
Br=—By = S —m) (S—m)(M-2S8),
thus reproducing the result of Theorem 18.
Remark 21. It may be shown from (6.16) and (6.17) that for any 0 € [a,b], the
size of the bound interval for the generalized trapezoidal rule is:

By -, = (b—a)? M—-—m 2_ S_M—i—m 2
veorL T (M —m) 2 2 ‘
This is the same size as that for the symmetric bounds for the trapezoidal rule of

Theorem 18 which seems, at first, surprising though on observing (6.20) and (6.21)
may be less so.

Remark 22. The difference between the upper and lower bounds is always positive
since

~(b—a)?
N
where S, from (6.19), is the slope of the secant and m < S < M.

Remark 23. For ||f'||, = supycja,p |f (2)] < oo, let m = —| ||, and M = || f'||

in (6.15) —(6.19) then an Iyengar type result for the generalized trapezoidal rule will
be obtained.

(S —m)(M—8)>0

Corollary 12. Let f satisfy the conditions of Theorems 18 and 19. Then

(6.22) m (mM —~7)
< aaﬂmdu—@—a)Kﬁ_g)f@w+(z_2)f®ﬂ
< m [ve — mM]

where vy and v, are as defined in (6.18) .
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Proof. From (6.15) and (6.16) it may be shown by completing the square that
(b—a)®

Bu = m [WIQJ —mM — (S—VU)g}
and
Br = 2((?\/[_% [(S—VL)2+mM—’Y%} :

The result (6.22) follows from neglecting the negative term from (3;; and the positive
term from G;. 1

Remark 24. The results obtained in this section could also be implemented by
constructing composite quadrature rules as previously. This, however, will not be
pursued further here.

7. GRUSs TYPE BOUNDS

In 1935, G. Griiss (see for example [20, p. 296]), proved the following integral
inequality which gives an approximation for the integral of a product in terms of
the product of integrals:

Theorem 20. Let f, g : [a,b] — R be two integrable mappings so that ¢ < h(z) <
® and v < g(x) <T for all x € [a,b], where p,®,~v,T are real numbers. Then we
have:

b
bia/ h(x)g(z)dx

I 10
_b—a/a h(x)da:-b_a/a g(x)dx

HCEE Y

and the inequality is sharp, in the sense that the constant i can not be replaced by
a smaller one.

(7.1) T (h,g)l = =

For a simple proof of this fact as well as for extensions, generalizations, discrete
variants and other associated material, see [20, p. 296], and the papers [24]-][29]
where further references are given.

In this section, we point out a different Griiss type inequality and apply it for
trapezoid formula.

7.1. A Griiss type Result and Applications for the Trapezoid Inequality.
We start with the following result of Griiss type [12].

Theorem 21. Let h,g : [a,b] — R be two integrable mappings. Then we have the
following Griiss type inequality:

b b b
bia/ h(z)g(x)dacfbia/ h(:::)d:ﬂL g(x)dzx

b—a /,
1 b 1 b 1 b
b—a/a (h(:z:)b_a/a h(y)dy>.<g(x)b_a/a g(y)dy)

The inequality (7.2) is sharp.

(7.2)

dx.
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Proof. First of all, let us observe that

b b b
reo= (h(x)—@/h(y)dy)(g(x)—b_la/g(y)dy)dw
b b b
- A (h(x)g(sc)g(:c)-b_la/ Py —hie) [ o)y

I I
+m/a h(y)dy'm/a 9(y)dy | dx
b b

b
5 [ r@s@de— = [a@dr 2 [Thwa

a

10 1P 1 ° 1P
*b_a/a h(x)dff‘b_a/a 9(y)dy+ 37— h(y)dy~b_a/ag(y)dy

= bia/:h(x)g(x)dw—bia/abg(x)dx-bia/abh(x)dm.

On the other hand, by the use of modulus properties, we have

b b b
<y [ (h(x)—bfa/a h(y)dﬁ-(g(m)—@/gg(y)dy)

and the inequality (7.2) is proved.
Choosing h (z) = g (z) = sgn (z — %) , equality is satisfied in (7.2). I

dxr

The following corollaries follow immediately.

Corollary 13. Let f : [a,b] — R be a differentiable mapping on (a,b) having the
first deriwvative [’ : (a,b) — R bounded on (a,b). Then we have the inequality:

a b
(13) P @+ O] - [ f@as
b-af o S0 - f(@)
- 1

Proof. A simple integration by parts gives that:

(7.4) b;a[f(a)+f(b)]—/:f(x)dx=/ab (a:—”;b)f'(x)dx.
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Applying the inequality (7.2) we find that:
/b ! x—a+b I (z)dx

« b—a 2

I a+b 1P
7b—a/ <w 5 )dm~b_a/f’(x)dx
1 /b Cat+b 1 /b _atb),
b—a/, v 2 b—a/, Y 2 Y

.(f’(x)—bia/abf’(y)dy> dz.
As
/ab <xa;b)dIO,
we obtain
(7.5) /ab (:ca;b) (@) da

Ll (- g
R = TR G S
_ (- () T O = (@)

TR ) U v

Now, using the identity (7.4), the inequality(7.5) becomes the desired result (7.3) . 1

Corollary 14. Suppose p,q > 1 satisfy % + % =1. Let f : [a,b] — R be a differen-
tiable mapping on (a,b) having the first derivative f’ : (a,b) — R being p-integrable
on (a,b). Then we have the inequality:

b—a b
U@+ 0)- [ f@d

N )

Proof. Using Holder’s inequality, we have that:

[ 552) (rw- LO=L)
. (/b qu>$</” 7)1 (@)

b—a

f () = fl(a)
b—a

f'(@) -

p \ 7
dx .

dxr

-

a+b

f'@) -

D P
dx .
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A simple computation shows that

[ltfa = [T (50 e L (-5
‘ (Z—a)q+1 :
GEE
e /b (e 57 (7@ -0 =L) o

Now, using the first part of (7.5) and the identity (7.4), we obtain the desired result
(7.6). 11

The following result also holds.

Corollary 15. Let f : [a,b] — R be a differentiable mapping on (a,b) and suppose
that f': (a,b) — R is integrable on (a,b). Then we have the inequality:

(77) P @+ r®) - [ f @y
boa [ SO~
< 2 /af(l')—ﬁ dx

Proof. We have

[l 5 - e
< s o= 0 [ o - LG
= b;a/ab f’(x)—w da.

Using the first part of (7.5) and the identity (7.4), we obtain the desired result
(7.7). 1

Remark 25. The results of this section may be compared with those as presented
in equation (5.14) . Either may be tighter depending on the specific function f(-).
Remark 26. Theorem 21 may be utilised with h(t) = (137_17::)" and g (t) = £ (1)
to obtain perturbed generalised trapezoidal type rules. Hoiuever, this will not be
pursued further here.

Toking x = “T'H’ and n =1 would produce the results of this section.

8. TRAPEZOIDAL RULES WITH AN ERROR BOUND INVOLVING THE SECOND
DERIVATIVE

In this section, via the use of some classical results from the Theory of Inequalities
(Holder’s inequality, Griiss inequality and the Hermite-Hadamard inequality), we
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produce some quasi-trapezoid quadrature formulae for which the remainder term is
smaller than the classical one.

This section focuses on the trapezoidal rule in which the error bound involves
the behaviour of the second derivative in terms of a variety of norms. Section 5, on
the other hand, examined the generalised trapezoidal rule in which the bound on
the error involved the || i Hoo norm.

For other results in connection with trapezoid inequalities, see Chapter XV of
the recent book by Mitrinovié¢ et al. [21].

8.1. Some Integral Inequalities. We shall start with the following theorem
which is also interesting in its own right [3].

Theorem 22. Let f : [a,b] — R be a twice differentiable mapping on (a,b). Then
we have the estimation

(81) [ rwa-"St @ o)
W e (b~ ) if 7 € Loc 0]
) LI, B (g (b—a)*T i, el =1p>1
- if 1 € Ly [a,b] 7
W70 4 a2 if 7 € Ly [a,)
where

1l = = sup [f" (D),

t€la,b]

b
T / £ (1) dt,

b P
[ =</ |f”(t>|”dt> ,p>1

and B is the Beta function of Euler, that is,

-

1
B(r,s) := / =) e, s > 0.
0
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Proof. Integrating by parts we can state that:
b
/ (x —a)(b—2x) f" (z)dz
a b b
— -0 b-2) 7 @~ [ a+h)-20f @) do

/ 2 — (o + )] ' (z) do

b
f(x)[2w—(a+b)]ﬁ—2/ f (2) dz

b
— - @+ ) -2 [ fads
from which we get the well known identity

b —a
(32) [ t@de = 0@+ £ )

b
—%/ (x —a) (b—x) f"' (x)dz.

Thus, using properties of the modulus gives

(8.3) >

b b—a
/ f@)de — "= 0f (@) + 1 ()
b

< 1/ (z—a) (b— ) |f" (2)|d.

2 a
Now, firstly, let us observe that

[ @-a -2 @)

b
< 1 / (—a) (b ) da
IR TN
= T(b—a) .

Thus, by (8.3), we get the first inequality in (8.1).
Further, by Holder’s integral inequality we obtain:

b
/ (z—a) (b— )| " (2)| de

) a
< </ (a:—a,)q(b—x)qdl"> IF N, s

where % + % =1, p>1and [|f"[, is as given above.
Now, using the transformation = = (1 —t)a +tb, t € [0,1], we get
(@—a)’(b-2)" = (b-a)t?(1-1)",
dr = (b—a)dt

37
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and thus

b 1
=) (h— 2V de = _ )20t a1 nd
A( Y (b-o)de = (b-a) At(l 0 dt
(8.4) = (b—a)* ™' B(g+1,q+1),

where B is the Beta function of Euler; and the second inequality in (8.1) is proved.
Finally, we have that

b
/ (x—a)(b—a)|f" (z)|dx < max [(z—a) (b— )] 1711

z€la,b]

and, since

_(b—a)?
Jnax, [(@—a)(b—a)] = —;

)

at z = %t we deduce the last part of (8.1).

Remark 27. The inequalities in (8.1) provided a variety of norms involving the
second derivative give flexibility since any of them may be tighter depending on the
function which we wish to approximate (see [3]) for further details).

The following theorem is of interest since it provides another integral inequality
in connection with the trapezoid formula, giving a perturbed rule.

Theorem 23. Let f : [a,b] — R be a twice differentiable mapping on (a,b) and
assume that

(8.5) vi= inf f"(x) > —oco andT := sup f"(x) < oo.
z€(a,b) z€(a,b)

Then, we have the estimation

b —a —a)®
[rwa- "t r@rron+ S5 0w - s @)
(b-a) (= 7)
(8.6) S 3—2.

Proof. We shall apply the celebrated Griiss inequality as given by (7.1).
Now, if we choose in (7.1), h(z) = (x —a)(b—2x), g(z) = f"(x), = € [a,]],
we get:

and we can state that

b
(8.7) bia/ (x —a)(b—2x) f' (z)dz
b b
_bia/ (w—a)(b—x)d:vbia/ " (z)dx
(b—a)* (T —7)



TRAPEZOIDAL TYPE RULES FROM AN INEQUALITIES POINT OF VIEW 39

A simple calculation gives us that

b —a 3 b
[ e-ao-od="" wma [ @0 1@,
then, from (8.7),

b g2
[ a=ae-or@a- T 1w - @)
SN O )
- 16 '
Finally, using the identity (8.2) gives
fla)+ f(b a)2 : :
‘ : - [ 1w (f@—fww
L b-a )
- 32

and the theorem is proved. I

Theorem 24. Let f have the properties of Theorem 23. Then the estimation

/f (b—a)

12
< S0’ (T =7

holds with v,T' as given by (8.5).

S @)+ F )]+ (f" (b)) = f'(a))

(8.8)

Proof. The proof utilises the premature Griiss inequality as given by Theorem 9,
equation (5.17) rather than the Griiss inequality given by Theorem 20, equation
(7.1). Only the bound varies from that of Theorem 23 and so taking h(xz) =
(x—a)(b—2x), g(z) = f"(x), z € [a,b], we have that the bound as given by
(5.17)

o [T

1 b 1 b ’
h):b_a/a h?(x)dx—<b_a/a h(x)da:)

Utilising (8.4), we have that

(8.9)

where

(8.10) T(hh) = (b—a)4B(3,3)—{(b—a)23(2,2)r
B (b—a)4
180

since B is Euler’s Beta function.
Thus, using (8.9), (8.10) gives from (5.17), (8.8) and the theorem is proved. I

Remark 28. A comparison of the bounds in (8.6) and (8.8) shows that the prema-
ture Griss inequality is 1.26% better than that obtained using the Griiss inequality.
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Remark 29. Atkinson [30] terms the quadrature rule in (8.6) or (8.8) as a cor-
rected trapezoidal rule and obtains it using an asymptotic error estimate approach
which does not provide an expression for the error bound. He does state that the
corrected trapezoidal rule is O (h4) compared with O (h2) for the trapezoidal rule.
Atkinson does subsequently find an explicit bound using the Euler-Maclaurin sum-
mation formula. The bound given in (8.6) depends only on the bounds for f’(-) and
not the fourth derivative.

Remark 30. From equation (5.22) of Corollary 10, an alternate premature Griiss
inequality may be obtained with n = 2, giving, after some simplification,

t)dt —

S @)+ F O+ (f () — 1 (@)

(8.11) < (b—a)’ (T —7).

40\f

This is superior to (8.8) obtained from a different kernel. A premature Griss in-
equality was used to obtain a generalised trapezoidal type rule containing an unspec-
ified x € [a,b]. Equation (5.22) is obtained from taking x = “+b to give the tightest
bound. Equation (8.8) was obtained directly without the ea:tm degree of freedom,
which may explain its inferiority.

In comparing results (8.6), (8.8) and (8.11), the natural question that may be asked,
which is to our best knowledge an open problem, is: what should the best constant
C be that satisfies

S @)+ F )]+

< Cb—a) (T -7,

where v, T' are as given by (8.5).

It may further be observed that the first inequality in (5.16) gives a different per-
turbed trapezoidal type rule with a bound involving || f"|| . Now, since 0 <T'—~v <
2\1f"|| o, then (8.8) and (8.11) are all tighter bounds, while (8.6) is not by this
coarse bound, however, it may be in practice. The fact that the constant of the per-
turbation is different has little consequence in practice since the perturbation only
affects the end points in a composite rule.

Finally, using a classical result on convex functions due to Hermite and Hadamard
we have the following theorem concerning a double integral inequality [3].

Theorem 25. Let f : [a,b] — R be a twice differentiable mapping on (a,b) and

suppose that —oo < v < [ (z) <T < oo for all x € (a,b).
Then we have the double inequality

b
(8.12) L h—a)p < f(a)+f(b>—bia/f(x)dx

S 7(1)7@)27
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and the estimation

f(a) + f(b) I'+ Ly /
(8.13) 5 (b—a)— 51 f(z
(C=5) (-0’
- 24 ’
Proof. We shall use the following inequality for convex mappings g : [a,b] — R :
1o g(a)+g(b)
. < ===
(8.14) b_a/ag(:r)dxf 5 ,

which is well known in the literature as the Hermite Hadamard inequality.
Let us choose firstly g : [a,b] — R, g (z) = f (z) — J#*. Then g is twice differentiable
on [a,b] and

g (x) = f" () =z, ¢" (x) = f" (x) =7 = 0 on (a,b),
hence, g is convex on [a,b] . Thus, we can apply (8.14) for g to get
1 ’ 7.2 f@+f®) v/ o .2
_ 1 <IN TINT T
b—a/a (f(z) QI)dx— 2 g (@),

giving on rearrangement

which is ostensibly 1dent1ca1 to the first 1nequahty in (8.12).
The second part in (8.12) follows by (8.14) applied for the convex (and twice dif-
ferentiable mapping) & : [a,b] — R, h(z) = L% — f (z).

Now, it is straightforward to see that, for a <t < g, |t — #

< ﬁ%a On taking

a= 3 (b- a)® and § = S (b— a)® we get the desired estimation (8.13).

8.2. Some Trapezoid Quadrature Rules. We now consider applications of the
integral inequalities developed in 8.1 [3].

Theorem 26. Let f : [a,b] — R be as in Theorem 22.
Ifl,:a=29 <1 < ..<Zp_1 <y, =D>1is a partition of the interval [a,b], then
we have:

b
(8.15) / f(@)dz = Ap (f,1,) + Re (£, 1),

where

l\D>—~

Ar : fz_: (i) + f (zig1)] ha
=0

is the trapezoid quadrature rule and the remainder Ry (f,I,,) satisfies the relation:

(8.16)  [Ry (f, In)]
5 1" le 22050 b

1
q

1 1
B 1 n—1;2q+1 I
< % ”fHHp[ (q ]-7q 1)}(1 <§ :i:() hqur ) ’ p q 1, q>1,

s I1F7 1 v (In)
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where h; :=x;41 — x5, 1 =0,....,n—1 and v (I,) = max{h;|, i =0,....,n —1}.

Proof. Applying the first inequality, (8.1), we get

/zi+1 f (x) du — M ($i+l — xz)

< 1M 3
5 h;

- 12

L

for all i € {0,...,n —1}.
Summing over ¢ from 0 to n — 1 we get the first part of (8.16).
The second inequality in (8.1) gives us:

/%iﬂ f(z)de — M (Tig1 —2:)

Tit1 %
( [ (t>|‘°dt) 7
foralli=0,...,n— 1.

Summing and using Holder’s discrete inequality, we get:

10

1 2+1
< Sh C[Bla+la+1)]

b
/ f (@) dz — A (f,1,)

< Upggengs S0 (/Ii+1|f”(t)|pdt>;

2 i=0 2

1 = s\ @] 7 [n—1 it 1P
< 2[B(q+1,q+1)]Ql;<hi" )] [z [(/ @ ar) H
= E[B(qul’qul)]% <nzlh2q+1>qnzl </m+1 |f// (t)|pdt>;

2 i=0 i= Ti

N =

0
[B(q+1,q+1)]7 /], (Zh2q+1> 7

and the second inequality in (8.16) is proved.
In the last part, we have by (8.1), that:

n—1 .
1 Ti41
Ry (f, 1)) < 82(/ |f”(t)|dt)h§

i=0 /T

< 5 max hz”i(/wmv"(t)dt)
—  max ;

= 8i=0n-1 11.:0 .

_ 12(1 "

= 3V w1

and the theorem is proved. i

Remark 31. We would like to note that in every book on numerical integration,
encountered by the authors, only the first estimation in (8.16) is used. Sometimes,
when [|[f"|l, (p>1) or |[f"|l, are easier to compute, it would perhaps be more
appropriate to use the second or the third estimation.
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We shall now investigate the case where we have an equidistant partitioning of
[a, b] given by:

a ..
I,:z;,=a+ -1, 1=0,1,...,.n.

The following result is a consequence of Theorem 26.

Corollary 16. Let f : [a,b] — R be a twice differentiable mapping and || f"| ., <
o0o. Then we have

b
/ f(@)dz = App () + Rem ().

ai)+f<a+

and the remainder Ry, (f) satisfies the estimation

=[]l
12n2

where

g (f) = b%“f [f(

i=0

“(¢+1)>}

R (f)] < (b—a)z[B(q+1,q+1>]2+%||f”||p 7 1 n 1_ 1Lp>1,
P q

2n?

-],
8n?

for alln > 1.

The following theorem gives a perturbed-trapezoid formula using Theorem 24,
which is sometimes more appropriate.

Theorem 27. Let f : [a,b] — R be as in Theorem 24 and I, be an arbitrary
partition of the interval [a,b]. Then we have:

b
(8.17) / f(@)de = Ag (£, 1) + R (f.1,).
where
_ n—1
Az (£, £, 1) ;z O+ F i) i+ o5 S0 (F (i) — () 2
=0 1=0

is a perturbed trapezoidal rule and the remainder term Rr (f, Ir) satisfies the esti-
mation:

~ 1 n—1
(8.18) | (.10)| < TN AL ;m

where the h; are as above.

Proof. Writing the inequality (8.6) on the intervals [z;,z;41] (i =0,...,n — 1) we
get:

/3: iﬂf(x)dx—w.hi+%(f/($i+1)_f/(xi))h?

i
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foralli=0,...,n— 1.
Summing over ¢ from 0 to n — 1, we deduce the desired estimation (8.18). I

It should be noted that similar results could be obtained for (8.6) or (8.11). All
that would change would be the coefficient for the bound.

Remark 32. As
0<T -y <2l

then

WWW<WWW
24/5 12v/5 12 7

and so the approzimation of the integral fabf (x) dz by the use of Ar (f, f',I,) is
better than that provided by the classical trapezoidal formulae At (f,1I,) for every
partition I, of the interval [a,b]. Atkinson [30] calls this the corrected trapezoidal
rule. However, only the classical ||f"]|,, norm is used as the bound on the error.
Atkinson [30] uses the idea of an asymptotic error estimate rather than the inequality
by Griiss.

-7 <

The following corollary of Theorem 27 holds:
Corollary 17. Let f: [a,b] — R be as in Theorem 23. Thus we have

b
l/ f(@)de = A (f 1)+ Ren ().

where
b—a ' b—a .
Arn () = %/E:P<a+ >+f<a+n-u+uﬂ
=0
(b—a)’ /
) - S (@),
and the remainder Ry (f) satisfies the estimation.:
- (=) (b—a)’

for alln > 1.

Now, if we apply Theorem 25, we can state the following quadrature formulae
which is a quasi-trapezoid formula or a perturbed trapezoid formula.

Theorem 28. Let f be a in Theorem 25. If I, is a partition of the interval [a,b],
then we have:

b
(8.19) / F@)de = Apor (f, 1) + Roar (1)

where

n—1

Ar o (f, In) = Z f (1) +2f (Tiy1) s — r +"/ Z n
i=0
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and
F +
(8.20) \Rpor (f, 1) < —— Z b2,

Proof. Applying the inequality (8.13) on [z;, z;41], we get:

/wiﬂf(:c)dx_f(xi)+f(xi+1) b g < D h

24

2 Y

i

for all i € {0,...,n —1}.
Summing over i from 0 to n— 1 we get the representation (8.19) over the estimation
(8.20). 1

Corollary 18. Let f be as above. Then we have:

b
/ f(x)dr = A7 rn (f) + Bryrn (f),

where
n—1
1 —a ) b—a
Araran () = 33 |1 (a0 s (ar e 20
i=0
I+ (b—a)
IRl A ()
12 n
and the remainder term Rr v (f) satisfies
R ON
<X N7
|RT,’Y,F,’I’L (f)| — 24”2

Remark 33. As0 <T'—y < 2|/ f"||, , then the approzimation given by Ar . (f)
to the integral f: f (z) dz is better than the classical trapezoidal rule.

9. CONCLUDING REMARKS

The current work has demonstrated the development of trapezoidal type rules.
Identities are obtained by using a Peano kernel approach which enables us, through
the use of the modern theory of inequalities, to obtain bounds in terms of a variety of
norms. This is useful in practice as the behaviour of the function would necessitate
the use of one norm over another. Although not all inequalities have been developed
into composite quadrature rules, we believe that enough demonstrations have been
given that would enable the reader to proceed further.

Rules have been developed that do not necessarily require the second derivative
to be well behaved or indeed, exist, thus allowing the treatment of a much larger
class of functions. Rules have been developed by examining the Riemann-Stieltjes
integral. Additionally, the rules also allow for a non-uniform partition, thus giving
the user the option of choosing a partition that minimises the bound or enabling
the calculation of the bound given a particular partition.

If we wish to approximate the integral fab f (z) dz using a quadrature rule Q (f, I,,)
with bound B (n), where I,, is a uniform partition for example, with an accuracy
of ¢ > 0, then we will need n. € N where

ne > [B7'(g)] +1
with [z] denoting the integer part of x.
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This approach enables the user to predetermine the partition required to assure

that the result is within a certain tolerance rather than utilizing the commonly used
method of halving the mesh size and comparing the resulting estimation.
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