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ON SIMPSON’S INEQUALITY AND APPLICATIONS

S.S. DRAGOMIR, R.P. AGARWAL, AND P. CERONE

ABSTRACT. New inequalities of Simpson type and their application to quad-
rature formulae in Numerical Analysis are given.

1. INTRODUCTION

The following inequality is well known in the literature as Simpson’s inequality :

et ]

(4) H (b 5
= 2880 Hf a)

where the mapping f : [a,b] — R is assumed to be four times continuously differ-
entiable on the interval (a,b) and for the fourth derivative to be bounded on (a,b),
that is,

(1.1)

17 flaei= sup | £@ ()] < .
z€(a,b)

Now, if we assume that I, : a =29 < 1 < ... < T,,_1 < T, = b is a partition of the
interval [a,b] and f is as above, then we have the classical Simpson’s quadrature
formula:

b
(12) / f(@)de = As (f.1,) + Rs (f. I)

where Ag(f,1I,) is the Simpson rule

(1.3) As (f, 1) =: é Z_:[f (w5) + f (zig1)]hi + ; z_: f (W) hi

=0 i=0

and the remainder term Rg (f, I,) satisfies the estimate

(14) | Rs (£.10) 1< e 179 1 Zh"’

where h; :=x;41 —x; for i =0,...,n — 1.
When we have an equidistant partitioning of [a, b] given by

b_
(1.5) I z=—a+—2.ii=0,..n
n
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then we have the formula

(1.6) / F @) de = Asn () + R (F)

where

(1.7) Asn (f) - =b&fz;[f<a+b;a%>+f<a+;a-0+10}
+ﬂ2;@§§f<a+b—a m;1>’

and the remainder satisfies the estimation

L B0

(1~8) | RS,n (f) ‘S @ ' A

For some other integral inequalities see the recent book [1] and the papers [2]-[4]
and [5]-[37].

The main purpose of this survey paper is to point out some very recent devel-
opments on Simpson’s inequality for which the remainder is expressed in terms of
lower derivatives than the fourth.

It is well known that if the mapping f is neither four times differentiable nor
is the fourth derivative f* bounded on (a,b), then we cannot apply the classical
Simpson quadrature formula, which, actually, is one of the most used quadrature
formulae in practical applications.

The first section of our paper deals with an upper bound for the remainder in
Simpson’s inequality for the class of functions of bounded variation.

The second section provides some estimates for the remainder when f is a Lip-
schitzian mapping while the third section is concerned with the same problem
for absolutely continuous mappings whose derivatives are in the Lebesgue spaces
L,a,b].

The fourth section is devoted to the application of a celebrated result due to
Griiss to estimating the remainder in Simpson quadrature rule in terms of the
supremum and infimum of the first derivative. The fifth section deals with a gen-
eral convex combination of a trapezoid and interior point quadrature formula from
which, in particular, we can obtain the classical Simpson rule.

The last section contains some results related to Simpson, trapezoid and mid
point formulae for monotonic mappings and some applications for probability dis-
tribution functions.

Last, but not least, we would like to mention that every section contains a special
subsection in which the theoretical results are applied for the special means of two
positive numbers: identric mean, logarithmic mean, p-logarithmic mean etc...and
provides improvements and related results to the classical sequence of inequalities

H<G<L<I<A,
where H,G, L, I and A are defined in the sequel.
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2. SIMPSON’S INEQUALITY FOR MAPPINGS OF BOUNDED VARIATION

2.1. Simpson’s Inequality. The following result holds [2]

Theorem 1. Let f: [a,b] — R be a mapping of bounded variation on [a,b]. Then
we have the inequality

(2.1)

where \/Z (f) denotes the total variation of f on the interval [a,b]. The constant %
is the best possible.

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

ey [swaew="50 [ o (U] [ rwa

where

Indeed,

/abS(x)df(x)
_ /a*b<m 5a+b> / (_a+5b>df(x)
- e ] () mﬂir/ffwﬂc

_ bga.[f(a);f()+2f<a+b)] /f

and the identity is proved.

(n) (n)

Now, assume that A, : a = 23" < 7] (n)

(n)

<...<x,’ <xn’ =bisasequence of di-

visions with v (A,) — 0 as n — oo, where v (An) = MaX;e(o,....n—1} (351(‘-7-)1 — gcgn))

and §§n) € [xgn), 51)1} If p : [a,b] — R is continuous on [a,b] and v : [a,b] — R is
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of bounded variation on [a,b], then

o |[rone] = | 506 bE0) ()]
< MAtfﬁ:oZ\p( ) o (o2) = (=£7)
< max lp(@) |SXPHZ‘”( ) <(n))’

n

b
= max [p(2)|\/ (v).

z€[a,b]

Applying the inequality (2.3) for p () = s (x) and v () = f (z) we get

b
/S(x)df(x) < max [s (@ I\/

Taking into account the fact that the mapping s is monotonic nondecreasing on the
intervals [a, %%) and [“E2,b] and

(2.4)

sta) = 22
(32-0) = 30-a.
s<“‘2”)> = s 0-a)
and
sy ="

we deduce that

1
max_|s ==-(b—a).
o s (@) = 3 (b= a)
Now, using the inequality (2.4) and the identity (2.2) we deduce the desired result
(2.1).
Now, for the best constant.
Assume that the following inequality holds

:c)dx_b;a_ f(a)+f(b)+2f(a+b>}

<c-a)\/ ()

a

2 2

with a constant C' > 0.
Let us choose the mapping f : [a,b] — R given by
Lif o € [a,242) U (22,0
f(z) =

—1lifz =2t
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Then we have

5 572 ) o

and
b
b-a)\/())=4(b—a).
Now, using the above inequality, we get 4C (b— a) > 3 (b — a) which implies that
C > £ and then 1 is the best possible constant in (2.1). |

It is natural to consider the following corollary which follows from identity (2.2) .

Corollary 1. Suppose that f : [a,b] — R is a differentiable mapping whose deriv-
ative is continuous on (a,b) and

b
171l ::/ I ()] dz < oo,

Then we have the inequality

/abf(z)dxb;a. [f(a);rf(b) +2f<a+b>H

(2.5) ;

1 2
< S 06— o,
The following corollary for Simpson’s composite formula holds:

Corollary 2. Let f : [a,b] — R be a mapping of bounded variation on |a,b] and Iy,
a partition of [a,b]. Then we have the Simpson’s quadrature formula (1.2) and the
remainder term Rg (f,Ir) satisfies the estimate:

b
(2.6 Rs (£.1)] < 57V ().

where v (h) := max {h;|i = 0,...,n — 1}.
The case of equidistant partitioning is embodied in the following corollary:

Corollary 3. Let I,, be an equidistant partitioning of [a,b] and f be as in Theorem
1. Then we have the formula (1.6) and the remainder satisfies the estimate:

b
(27) Rsn (D < 5-(b-a)V (1)

Remark 1. If we want to approrimate the integral fabf (x) dz by Simpson’s for-
mula Ag p, (f) with an accuracy less that € > 0, we need at least n. € N points for
the division I, where

1 b
Ne 1= [%(b_a)\!(f)

and [r] denotes the integer part of r € R.

+1
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Comments. If the mapping f : [a,b] — R is neither four time differentiable
nor the fourth derivative is bounded on (a,b), then we cannot apply the classical
estimation in Simpson’s formula using the fourth derivative. But if we assume that
f is of bounded variation, then we can use instead the formula (2.6).

We give here a class of mappings which are of bounded variation but which have
the fourth derivative unbounded on the given interval.

Let f, : [a,b] = R, f, (z) := (z — a)” where p € (3,4) . Then obviously

fy () =p(x—a)’ ",z e (ab)
and

_pp=1)-2)(P-3)
)

£ ()

,x € (a,b).
@—a € (a,b)

It is clear that f, is of bounded variation and
b
V() =0b-a) <o,

but limg ey £V (2) = +00.

2.2. Applications for Special means. Let us recall the following means:
1. The arithmetic mean
a+b

A= A(a,b):= ,a,b>0;

2. The geometric mean
G = G (a,b) := Vab,a,b > 0;
3. The harmonic mean

2
H = H(a,b) = +—,a,b>0;
+1

Q|-

4. The logarithmic mean
bh—
L=L(ab)=——" " ab>0ab;

" Inb—Ina

5. The identric mean

1o\
I:I(a,b)::() ya,b>0,a # b;
e \ a®
6. The p-Logarithmic mean
ppt1 _ gpt1
p+1)(0—a)
It is well known that L, is monotonic nondecreasing over p € R with L_; := L
and Lo := I. In particular, we have the following inequalities

H<GLSLLI<A

Lpr(a,b):[ ] , p € R\{-1,0},a,b>0,a #b.

Using Theorem 1, some new inequalities are derived for the above means.
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1. Let f:[a,b) =R (0<a<b),f(x)=2P,peR\{-1,0}. Then

b
/f(w)dfv = L(ab),

b—a /,
f(a)+ f(b) _ P
T = A (a?,bP),
() = ren

and
I1£1ly = Ipl (b= a) L271, p € R\ {-1,0,1}.

Using the inequality (2.5) we get

L7 (a,b) — éA(a”,b”) _ §AP (a, b)‘ 'g‘LP (b— a)?

p

2. Let f:[a,b] >R (0<a<b),f(z)=2=. Then

[ rwa = e,
%f() — (a’b),

H(*57) = 4ty

b
17 = gy

Using the inequality (2.5) we get

and

2
3AH — AL — 21| < ;,2“) LHA.

3. Let f:]a,b] =R (0<a<b),f(z)=Inz. Then

b—a/f Ydr = 1Inl(a,b),

ff() — G (ab),

f (“;b) — lnA(a,b)

and
b—a
" —
Hf ||1 - L(a,b)'
Using the inequality (2.5) we obtain
_ - a)

. [G'IAJ

o

3L

ol
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3. SIMPSON’S INEQUALITY FOR LIPSCHITZIAN MAPPINGS

3.1. Simpson’s Inequality. The following result holds [3]:

Theorem 2. Let f : [a,b] — R be an L— Lipschitzian mapping on [a,b]. Then we
have the inequality

(3.1)

2ydr—" .f(a);f(b)+2f<a;rb>H

—L(b a)’.

Proof. Using the integration by parts formula for Riemann-Stieltjes integral we
have (see also the proof of Theorem 1) that

(3.2) /abs(x)df(x):b;a[f(a);’f()+2f<a+b>} /f

where

T — 5“6”’,:36 [a,“—"‘b)
s(z) =

v g e (24t

(n) (n)

Now, assume that A, :a =25’ <3 ( )

(n)

<. 2y <z’ =bis asequence of di-

visions with v (A,) — 0 as n — oo, where v (An) = MaX;ec{0,...n—1} (xgi)l — xgn))

and 5(" € {x(n), Z+1:| If p : [a,b] — R is Riemann integrable on [a,b] and v : [a, ]
— R is L-Lipschitzian on [a, b], then

/a (@) (2)

A S (6 [ () = ()]

(n) (n)

Z ’p f(”) ‘ (%('—7-)1 B xl@)) v ( H—l) —v (xi )

(3.3)

< lim
v(An)=0 ¢ ) -l
< I 1 e (o) - ot
< V(Amg:oz p(& Tith — T )
- L/ Ip (2)] de.

Applying the inequality (3.3) for p () = s (z) and v (x) = f (z) we get

b b
(3.4) / s (x)df () §L/ |s (z)| dx.
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Let us compute
a+b

b £ b
/ s ()| do = / x—5a+b‘dx+/ .
o o 6 a;»b

5a+b a+

b
/ 5 <5a+b—x)dx—|—/ 2 <x—5a+b>dz
o 6 Satb 6

6

a+5b

e

a+5b b

6 a+ 5b a+ 5b
+ —z | dx+ T — dzx
aft 6 atst 6
5 2
= —(b— .
36( a)

Now, using the inequality (3.4) and the identity (3.2) we deduce the desired result
(3.1). 1

Corollary 4. Suppose that f : [a,b] — R is a differentiable mapping whose deriv-
ative is continuous on (a,b). Then we have the inequality

@) /abf(:c)dxb;a~ f(a)+f(b)+2f<“+b>H

2 2

5 2
< —|f b—a)”.
< Sl o-a)
The following corollary for Simpson’s composite formula holds:

Corollary 5. Let f : [a,b] — R be an L—Lipschitzian mapping on [a,b] and Iy,
a partition of [a,b]. Then we have the Simpson’s quadrature formula (1.2)and the
remainder term Rg (f, In) satisfies the estimation:

n—1

5
(3.6) [Rs(f,1n)| < 56 L ; i

The case of equidistant partitioning is embodied in the following corollary:

Corollary 6. Let I, be an equidistant partitioning of [a,b] and f be as in Theorem
2. Then we have the formula (1.6) and the remainder satisfies the estimation:

(3.7) Rsm ()] < = - Z (b —a)2.

| < ox
36 n
Remark 2. If we want to approximate the integral f;f(x) dzx by Simpson’s for-
mula Agp (f) with an accuracy less that € > 0, we need at least n. € N points for
the division I,,, where
5 L 2
ne:=|—=-—(0B-a)|+1
= Lo
and [r] denotes the integer part of r € R.

Comments. If the mapping f : [a,b] — R is neither four time differentiable
nor the fourth derivative is bounded on (a,b), then we can not apply the classical
estimation in Simpson’s formula using the fourth derivative. But if we assume that
f is Lipschitzian, then we can use instead the formula (3.6).

We give here a class of mappings which are lipschitzian but having the fourth
derivative unbounded on the given interval.
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Let f, :[a,b] = R, f, (z) := (z — a)” where p € (3,4) . Then obviously
fp( ) (x_a)p 7I€(a’vb)

and

£D () = plp—1)(-2)(p—3)
P (x—a)*?

It is clear that f, is Lipschitzian with the constant

L=pb-a)" <o,

, x € (a,b).

but limy_qy £V (2) = +o0.

3.2. Applications for Special Means. Using Theorem 2, we now point out some
new inequalities for the special means defined in the previous section.

1. Let f:]a,b] >R (0<a<b),f(z)=212P,pecR\{-1,0}. Then

pbP~lif p > 1
1 loe = 0p (a;b) =
‘p| ap—lifp € (—OO, 1) \ {_17 0}

Using the inequality (3.5) we get
1 2 5
| LY (a,b) — §A (a?,bP) — gAp (a,b) |< %5?’ (a,b) (b—a).

2. Let f:[a,b] >R (0 <a<b),f(z) =1 Then

1
Using the inequality (3.5) we get
h—
SHA - LA—2LH| <> .2=¢
12 2

3. Let f:]a,b] >R (0 <a<b),f(x)=Inz. Then

1
£ Moo = —

Using the inequality (3.5) we get

m|—L || <2 (=),
G3 A3 36 a

4. SIMPSON’S INEQUALITY IN TERMS OF THE p-NORM

4.1. Simpson’s inequality. The following result holds [4]:

Theorem 3. Let f : [a,b] — R be a an absolutely continuous mapping on [a,b]
whose derivative belongs to Ly, [a, b] . Then we have the inequality

[ i )
. [i(qjlﬂ -1,

where%+%:1,p>l.
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Proof. Using the integration by parts formula for absolutely continuous mappings,
we have:

(4.2) /abs(x)f'(x)dx:b;a- f(a);f(b)—F?f(a;_b)]—/abf(m)da:

where

Indeed,

/absw) 7 (@) da

a+b

_ /aT (x—5“6+b> f’(x)d:c—i—/ib <x—“25b) f'(x) dz

2

o (A e T

_ b;a_[f(a);rf(b)+2f<a;rb)]_/abf(x)dx,

and the identity is proved.
Applying Holder’s integral inequality we obtain

b %
. ( / |s<x>|qu) 11,

/abs(:c) f (z)dx
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Let us compute

/:|s<x>|qu

+b

+b
6 (

_5a—|—b 1
6

b
X
a+b
2

1
q+1

1
q+1

5a+b_
6

a+5b7
6

(

a+5b_

5a+b_
6

a+b

6

iy

(2771 +1) (b—a

2

)Q+1

)qul

3(g+1)6¢

Now, using the inequality (4.3) and the identity (4.2) we deduce the desired result
(4.1). n

The following corollary for Simpson’s composite formula holds:

Corollary 7. Let f and I, be as above. Then we have Simpson’s rule (1.2) and
the remainder Rg(f,Ir) satisfies the estimate

} 171, (Z th)

n — 1) to obtain

)]

20+l 41

(4.4) D

|Rs(f,In)| < é [

Proof. Apply Theorem 3 on the interval [z;, z;41] (i =0, ...,
Ti4+1 h . .

2
[ )" dt); .

Ti+ Tip1
2

20+ 41
3(g+1)

1
6

1
q 1_,'_; Ti41
] 1£/1l, P (/ '
T
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Summing the above inequalities over i from 0 to n—1, using the generalized triangle
inequality and Holder’s discrete inequality, we get

|Rs(f7-[h)|

n—1 Tit1 h/z ; ; ; ;
< ZB/ f(x)da:—g{W—ka(x +2"””+1)H

1 [20+1 4179 ot O N v
< 5l o (/ 70 dt)

1200 4177 [o /142 @ fno it 10\
< 5[] (B0 - ([ o))

1

1

1 '2q+1+1'§ ) n—1 . q
S [ pita

s 5aan] M (Xm)

=0

and the corollary is proved. i

The case of equidistant partitioning is embodied in the following corollary:

Corollary 8. Let f be as above and if I, is an equidistant partitioning of [a,b],
then we have the estimate

(b—a) T 1], -

+1 7
Rsn (F)] < [” “]

< | -
|_6n 3(¢g+1)

Remark 3. If we want to approrimate the integral fff (z) dx by Simpson’s for-
mula Agp, (f) with an accuracy less that € > 0, we need at least n. € N points for
the division I, where

1
1 /20t 41\« 1
n. :=[ () (b—a)™* 4 £, ] +1

6e \3(q+1)

and [r] denotes the integer part of r € R.

Comments. If the mapping f : [a,b] — R is neither four time differentiable
nor the fourth derivative is bounded on (a,b), then we can not apply the classical
estimation in Simpson’s formula using the fourth derivative. But if we assume that
f' € L, (a,b), then we can use the formula (4.4) instead.

We give here a class of mappings whose first derivatives belong to L, (a,b) but
having the fourth derivatives unbounded on the given interval.

Let fs:[a,b] — R, fs (z) := (x — a)® where s € (3,4) . Then obviously

fi(z):=s(x— a)s_1 ,x € (a,b)

and

s(s—1)(s—2)(s—3)
)475

O (@) =

- a ,x € (a,b).
. (b—a)"

It is clear that limg ., fs(4) (x) = 400, but || fill, = s T
((s=1)p+1)P
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4.2. Applications for Special Means. (See Section 2.2 for the definition of the
means.)

1. Let f:]a,b) =R (0<a<b),f(x)=2°seR\{-1,0}. Then

b
i [ @ = L),

()

fla)+f(b)
2

A’ (a,b),

A(a®,b%)

and

1N, = Is| L8 (b —a)7 .
( )p

Using the inequality (4.1) we get
. 1 o 2
L (a,b) — = A(a®,b°) — = A® (a,b)
3 3
1
1[2e¢+t 4174 a1
6 |:3(q—|—1):| |S|L(571)p (a,b) (b—a)

Where%+%:1,p>1.
2. Let f:[a,b] >R (0 <a<b),f(z) =1 Then

bla/bf(x)dm — L (ab),

e S
f(a)+f(b) — H71 (CL b)
2 )

and
/ -2 1
1fllp =LZ3, (a,b) (b —a)¥.
Using the inequality (4.1) we get

L3 (b— a)% .

9atl 4 177

3(g+1)
3. Let f:[a,b] =R (0<a<b),f(z)=Inz. Then

IBHA — LA—2LH| < %AHL [

b
! /f(x)dx = Inl(a,b),

b—a
f(“;b> — A(ab),
fla)+f(®)
— = In A (a,b)

and

£/l = L=k (a,b) (b—a)7 .
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Using the inequality (4.1), we obtain

I 120t 4170
- ||« T- - —a).
In [Gl/sAwH =5 {S(q—i-l)] Lop(ab)(b—a)

5. GRUSS INEQUALITY FOR THE SIMPSON FORMULA

5.1. Some Preliminary results. The following integral inequality which estab-
lishes a connection between the integral of the product of two functions and the
product of the integrals of the two functions is well known in literature as Griiss’
inequality [5, p. 296]:

Theorem 4. Let f,g: [a,b] — R be two integrable functions such that ¢ < f (z) <
O and v < g(x) <T forall x € (a,b); ¢, P,y and T' are constants. Then we have
the inequality

[ rwewar- @ 2 [awa

< i(cb*so)(F*v),

(5.1)

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

In 1938, Ostrowski (cf. , for example [1, p. 468]) proved the following inequality
which gives an approximation of the integral ﬁ fab f (t) dt as follows:

Theorem 5. Let f : [a,b] — R be a differentiable mapping on (a,b) whose deriv-
ative f" : (a,b) — R is bounded on (a,b),i.e., || f'|l, = Supseap |f (t)dt] < oo .

Then:
1 b
= | 1w

In the recent paper [6], S.S. Dragomir and S. Wang proved the following version
of Ostrowski’s inequality by using the Griiss inequality (5.1).

1
(52) ’f(:v)— < |3+

] (b—a)[lf 'l

for all x € (a,b).

Theorem 6. Let f : I C R — R be a differentiable mapping in the interior of I
and let a,b € int(I) with a < b. If f' € Ly [a,b] and

y<f'(x) <T

for all x € [a,b], then we have the following inequality:

b — a a
(5.3) ‘f(x)—b_la/ f(t)dt_f(b())_af()(x_ —;b)‘

< 0-ar-7),

for all x € [a,b)].
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They also applied this result for special means and in Numerical Integration
obtaining some quadrature formulae generalizing the mid-point quadrature rule
and the trapezoid rule. Note that the error bounds they obtained are in terms of
the first derivative which are particularly useful in the case when f” does not exist
or is very large at some points in [a, b] .

For other related results see the papers [7]-[37].

In this section of our paper we give a generalization of the above inequality which
contains as a particular case the classical Simpson formula. Application for special
means and in Numerical Integration are also given.

5.2. An Integral Inequality of Griiss Type. For any real numbers A, B, let
us consider the function [21]

. _Jt—a+A . a<t<Lzx
mw:p“w_{t—b+31fx<t§b
It is clear that p, has the following properties.
(a) It has the jump

p], =(B—-A)—(b—a)
at point t = z and
dps (t)
dt

(b) Let My := supyc(qp) Px(t) and my: = infie(ap) px (t). Then the difference
M, — m, can be evaluated as follows :
1. For B — A <0, we have

=1+[pl,0(t—z).

Mw_mw:_[p}

2. For B — A > 0, the following three cases are possible
(i) f0<B—-A<i(b—a), then
—x+b for a<z<a+(B-A);
My —mg=1< —[p, for a+(B-A)<zx<b—(B-A);
x—a for b—(B—A)<xz<h.

(i) If 1 (a—b) < B— A < (b—a), then

—z+4+b for a<z<b-—(B-A);
My,—m,=¢ B—A for b—(B—A)<z<a+(B—-A4);
Tz —a for g+ (B—A)<z<b.
(iii) If B— A > b — a, then
M, —mg = [p], .

The following inequality of Ostrowski type holds [21]

Theorem 7. Let f: [a,b] — R be a differentiable mapping on (a,b) whose deriv-
ative satisfies the assumption

(5.4) vy < f'(t) <T forallte€ (a,b),
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where v, T are given real numbers. Then we have the inequality:

b
(5.5) (C—A)f(a)+(b—a—B+A)f(x)+(B—C)f(b)—/ ft)dt

<

(' =) (My —mg) (b—a),

| =

where
1

2(b—a) (

and A, B, M, and m, are as above, x € |a,b].

Cy:= x—a)(x—a+2A)—(x—0)(z—-b+2B)],

Proof. Using the Griiss inequality (5.1), we can state that

b b
L/m(t)f’(t)dtff(b)*f(“)- L

(5.6) b—a b—a b—a

<

(=) (Mz = mg),

= =

for all z € (a,b).
Integrating the first term by parts we obtain:

b
(5.7) /pm(t)f'() —Bf (b /f Yt + o), f ().

Also, as

b
/pz(t)dt:%[(m—a)(m—a—i—?A)—(x—b)(x—b+2B)],

then (5.6) gives the inequality:

1
b—a

f(b) = f(a)

—Ca- b—a

Bf (b /f )dt + [pl, f (z)

S %(F_'y) (M:c_mz)v

which is clearly equivalent with the desired result (5.5). I

Remark 4. Setting in (5.5), A = B =0 and taking into account, by the property
(b), that M, — m, = b — a, we obtain the inequality (5.3) by Dragomir and Wang.

The following corollary is interesting:

C < (b;a). If f is as above,
then we have the inequality
A b
689 |E3R @b moalr () + 2 - [ sa
< %(F—'y)(bfawaLA)(bfa).

Proof. Consider x = "TH’ Then, from (5.5),
b—a
2 9

r—a=
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b—a
2

r—b=—

and
A+ B

Cx: 2 ’

z€la+(B—A),b—(B-A).
By property (b) we have
MT*mT:(b*a)*(B*A)

Applying Theorem 7 for z = “£2, we get easily (5.8). I

Remark 5. If we choose in the above corollary B — A = b*Ta, then we get

%. {f(a);f(b)”(a;bﬂ (b_a)_/abf(t)dt

< LT-)0-a,

which is the arithmetic mean of the mid-point and trapezoid formulae.

(5.9)

Remark 6. If we choose in (5.8) B = A, then we get the mid-point inequality

(b—a) f <a+b> /f ) dt

discovered by S.S. Dragomir and S. Wang in the paper [6] (see Corollary. 2)

(5.10) i (' =7) (b—a)®

Remark 7. If we choose in (5.8) B — A = , then we obtain the celebrated
Simpson’s formula

b—a

. [f()+4f(““’)+f<b>}/abfa)dt

< SC-)b-a,

for which we have an estimation in terms of the first derivative not as in the classical
case in which the forth derivative is required as follows:

(5.11)

(5.12) e @ (0) vs0) - [rwa
w(b—a)s.
- 2880

The method of evaluation of the error for the Simpson rule considered above can
be applied for any quadrature formula of Newton - Cotes type.

For example, to get the analogous evaluation of the error for the Newton-Cotes
rule of order 3 it is sufficient to replace the function p, (¢) in (2.3) by the function

t—a—A if a<t<a+h;
pa(t)i=% t— 4 ALB §f g+ h<t<b—1I
t—b—B if b—h<t<y;

where B — A = b2 p = bza
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5.3. Applications for Special Means. (See Section 2.2 for the definition of the
means.)

1. Consider the mapping f () = 2P (p > 1),z > 0. Then

P—v=(a=b)(p—1)Lp23
for a,b € R with 0 < a < b. Consequently, we have the inequality

2 1
§Ap (a,b) + §A (a?,b") — L¥ (a,b)

1
< Sb-afp-1I3
2. Counsider the mapping f (z) = %, x > 0. Then
2 _ 2 _
F—vzb a :2-(b a) A(a,b)
a?b? G*(a,b)

for 0 < a < b. Consequently we have the inequality:

‘zA_l (a,b) + %H_l (a,b) — L™ (a,b)

1 2 A(a,b)
< 30— Gny

which is equivalent to

2 1 1 5 A’HL
—-HL+ -AL—-AH| < - (b—
‘3 *3 ‘ sgl-a’ =7
3. Counsider the mapping f (z) = Inz,z > 0. Then we have
b—a
I'—-~v= o2
for a,b € R with 0 < a < b. Consequently, we have the inequality
2 1 1(b—a)?
which is equivalent to
2 1 2
In AsG3 < 1 (b—a)
1 6 G?

5.4. Estimation of Error Bounds in Simpson’s Rule. The following theorem
holds.

Theorem 8. Let f : [a,b] — R be a differentiable mapping on (a,b) whose deriva-
tive satisfies the condition

vy < f(t) <T forallte€ (a,b);

where v, 1" are given real numbers. Then we have

b
(5.13) / f () dt = Su (L, f) + By (I, f)
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where
(5.14) o (In, f) = Zh (@:) +4F (i + hi) + f (zig1)]

Iy, is the partition given by
I,:a=xp<11 < ...<ZTp_1<xp=0
hi = % (g1 —24),i=0,...,n— 1 and the remainder term Ry (I, f) satisfies the

estimation:
(5.15) [Rn (In, )] < 5 (T = th
Proof. Let us set in (5.11)

1
a = Ii,b = Ii+1,2hi =Ti+1 — T4 and x; + hl = 5 (1177 + l‘i+1)

where i =0,...,n — 1.
Then we have the estimation:

Tit+1

T )+ 4 kb f )] = [ SO < 3@,

Zq

foralli=0,...,n— 1.
After summing and using the triangle inequality, we obtain

n_lh' b
SRS ) Af (it h) o+ f )] = [T (@)

i=0
2 — .5
< E(F*’Y)Zhi,

which proves the required estimation. i

Corollary 10. Under the above assumptions and if we put || f'[|oc = SUPse(q,p) [f* (1)] <
00, then we have the following estimation of the remainder term in Simpson’s for-
mula

4 n—1
(5.16) R (In, )] < 5 1F llow D3
1=0

The classical error estimates based on the Taylor expansion for the Simpson’s
rule involve the forth derivative || f(*)||o . In the case that f*) does not exists or
is very large at some points in [a, b], the classical estimates can not be applied, and
thus (5.15) and (5.16) provide alternative error estimates for the Simpson’s rule.

6. A CoNVEX COMBINATION

The following generalization of Ostrowski’s inequality holds [19]:
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Theorem 9. Let f : [a,b] —R be absolutely continuous on [a,b], and whose deriv-
ative f' : [a,b] — R is bounded on [a,b] . Denote || f'|, = esssup;epq ) [/ (2)] < o0
Then

(6.1) /abf(t)dt—{f(x)-(1—5)+f@);f(b)-6}(b—a)
< [111 (b—a)? [52+(6— 1)2} + (x— a;b)Q 11l

for all § € [0,1] anda—|—(5~b77a§x§b—5-b*Ta.

Proof. Let us define the mapping p : [a, b}2 —R given by

t—[a+6-25%],t€ la,2]
p(z,t) :—{

t—[b—06-52] t € (x,0]

Integrating by parts, we have:

b
(6.2) / p(z,t) f'(t)dt

- /:» (t— [a+5~bgan’(t)dt+/b <t— [b—é-b;an'(t)dt

’ b
- 5-(b—a)w+(l—6)-f(x)—/ (b dt.

On the other hand,

b b
< [ ol @lde <71 [ ool

(s3]

b
/ p(o,t) £ (t) dt

T b
||f’||oo[/a t—(a—s—&-b;a)’dt—k/x
= 1N L

Now, let us observe that

/prtq|dt - /pq(qt)dtJr/qT(tq)dt

%[(q—p)2+(r—q)2} =i(p—r)2+<q—r+p>2

for all 7, p, g such that p < ¢ <.
Using the previous identity, we have that

/ t—(a—i—é-b;a)’dt

2
_ 1(Ia>2+<a+6.baa+x>

4 2 2



22 S.S. DRAGOMIR, R.P. AGARWAL, AND P. CERONE

and
b —
/t(ba.b “> dt
- 2
1 b—a x+b\°
N PR P ST
Then we get
I li(m—a)2+(b—x)2+ 6.b—a_x—a 2+ b—x_é.b—a 2
B 2 2 2 2

2 2
- (b4“>2 : [52+(5f1)2} +<xa;rb>

and the theorem is thus proved.

Remark 8. (a) If we choose in (6.1), 6 =0, we get Ostrowski’s inequality .

(b) If we choose in (6.1),0 =1 and x = “—er we get the trapezoid inequality:

/.f g LOHI0)
Corollary 11. Under the above assumptions, we have the inequality:

[ 10w L0 O 6

< [;(b—a)2+<x—a+b)

for all xz € [bf%, %‘O’b] , and, in particular, the following mizture of the trapezoid
inequality and mid-point inequality:

/f dt_[f(a+b>+f(a);rf(b)}(b_a)
<

2 !
< S-a?lfl

Finally, we also have the following generalization of Simpson’s inequality:

1 2 /
(6.3) < 70=a)" 1l

11

(6.4)

Corollary 12. Under the above assumptions, we have

0t~ 1f (@) 4 () + £ )] (0~ a)

< l?i(b—a)2+(x “+b>

for all x € [b+5“ “+5b] , and, in particular, the Simpson’s inequality

11

(6.5) a+b

ﬁ—{ﬂm+4f( )rrw]e-a

< %< 17N
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6.1. Applications in Numerical Integration. The following approximation of
the integral f: f (z) dz holds [19].

Theorem 10. Let f : [a,b] —R be an absolutely continuous mapping on [a,b]
whose derivative is bounded on [a,b.] If Iy : a = x¢g < 21 < oo. < Tp—1 < Ty, = b 18
a partition of [a,b] and h; == x;41 — 3, 1 =0,...,n — 1, then we have:

b
(66) / f(.’E)d{E:A(; (Inagvéaf)+R5 (Inva(svf)
where
n—1 n—1
67) A 600 = (-0 fe)hi+oy T
i=0 i=0

0€0,1],x;+0- % <& <wiy1—9- %,z =0,..,n—1; and the remainder term
satisfies the estimation:

(65 Rs (1.€.0.1)|
< [}1 o] S S (&- “j*)] .

Proof. Applying Theorem 9 on the interval [z, 541],3 = 0,...,n — 1 we get

=0y g e+ KB Gl T )4

2

2 i €T 2
[52 +(6 - 1)2] % + (fi - Z“) ] 17 oo

<

for all 6 € [0,1] and &, € [z, 2441],i =0, ...,n — 1.
Summing over ¢ from 0 to n — 1 and using the triangle inequality we get the
estimation (6.8). I

Remark 9. a) If we choose § =0, then we get the quadrature formula
b
(69) [ @ de = Ar (160 + Br (1.6, £)
where At (I,,&, f) is the Riemann’s sum, i.e.,
n—1
Ar (Inaga f) = Z f (61) hi,§; € [xivxiJrl] 0=0,..,n—1;
i=0

and the remainder term satisfies the estimate (see also [8]):

hlz Ti+ Tita 2
)]

b) If we choose 6 = 1, then we get the trapezoid formula

n—1

(6.10) IRy (L, & D <1 e D

=0

b
(6.11) / f (@) de = Ap (I, f) + Re (I, f)
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where Ar (I, f) is the trapezoidal rule

v (In, f) = thl

=0

and the remainder terms satisfies the estimation

L IT
(6.12) |Rr (I, f)| < Z hZ.
Corollary 13. Under the above assumptions we have

b
(613) [ @) de = Br1,6.0)+ @r (1&.1)
where
fxi) + f (wig1)
P& ) = [Zf ) hy +§%2+h]

Tip1 +3x; T + 3T
. €
g e |mnfin il

and the remainder term satisfies the estimation

2
614)  1Qr e NI <IF [ ZhQ ¥ Z ( ““) ] -

In particular, we have

b
(6.15) / J (@) de = By (I, ) + Qr (I, f)

where

Ty +xz+1 f Z; + f (szrl)
Br (In, f) = [Zf( 5 >h +22'hi]
and Qr (I, f) satisfies the estimation:
/ n—1
(6.16) @r (ol < = 3o

Finally, we have the following generalization of Simpson’s inequality whose re-
mainder term is estimated by the use of the first derivative only.

Corollary 14. Under the above assumptions we have:

b
where
2 n—1 1 n—1
Sr(In & f) = 3> & hi+ gD [ @)+ f (wie) b,
i=0 i=0

&

Ti+1 + 5.%1 x; + 5SCZ‘+1
6 ’ 6 ’
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and the remainder term Wy (I,,,€, f) satisfies the bound:

618) [ Wr (L& DI < 1/ [36 S a Z ( “+> ]

and, in particular, the Simpson’s rule:

b
(6.19) / F (@) dz = St (In, f) + Wi (I, f)
where
n—1
Sr (. f) = Zf<$’+x”l>h P )+ )l
1=0

and the remainder term satisfies the estimation:

(6.20) Wr (I, )] < 52 16 e Zlﬁ

6.2. Applications for Special Means. Now, let us reconsider the inequality
(6.1) in the following equivalent form:

(1—5)-f(x)+f(a)+f(b),5_bia/abf(t)dt

2
_ atbh)?
=) ]nf'noo

(6.21)

62+ (0—1)
4

< [(b a) (b— CL)

for all § € [0,1] and z € [a, b] such that

b—a b—a
(A —=)<z<b-5- .
a+46 ( 5 >xb 0 ( 5 )

1. Consider the mapping f : (0,00) — (0,00), f () = 2P, p € R\ {—1,0} . Then,
for 0 < a < b, we have

170, = Pl ip >
i Ip| a?~* if p € (—o0,1]\ {—1,0}

and then, by (6.21), we deduce that:
[(1=08)-aP 4+ 8- A(a?,bP) — LE (a,b)]

< {(b—a) 52“5_1)2] + (”U_A)z}ap(a,w

4 (b—a)
where
| IplrTrifp>1
5p (a,b) = { |p| aP—1 ifp c (—OO 1]\{_1’0}
and € [0,1],z € [a+6- 552,66 552].
2. Consider the mapping f : (O oo) — (0,00), f(z) = L and 0 < a < b. We
have:

11
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and then by (6.21) , we deduce, for all § € [0,1], and a+§-25% <z < b—4-252
that:
|(1=0)0L+ Lad — x6|

2 _ 2 . 2
< fflw_a>5 e 1)] o

3. Cousider the mapping f : (0,00) = R, f(z) =Inz and 0 < a < b. We have:
1
4 — —
17 = 5
and then, by (6.21), we deduce that

2o

for all 6 € [0,1], and x € [a+5-}’_7“,b—6~”_7“].

b

P+ -17 (z—A)7
4 (b—a)

7. A GENERALIZATION FOR MONOTONIC MAPPINGS
In [20], S.S. Dragomir established the following Ostrowski type inequality for

monotonic mappings.

Theorem 11. Let f : [a,b] — R be a monotonic nondecreasing mapping on [a,b].
Then for all x € [a,b], we have the inequality:

b
f@) -5 [ @)

b
5 i - 22 — (a+D)] f (x) +/Sgn(t —x)f(t)dt

(e a) (7 (@)~ £ (@) + (b= 2) (7 ()~ ()]

IN

L= - s )
2 b—a )

All the inequalities are sharp and the constant % 15 the best possible one.

In this section we shall obtain a generalization of this result which also contains
the trapezoid and Simpson type inequalities.
The following result holds [38]:
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Theorem 12. Let f :[a,b] — R be a monotonic nondecreasing mapping on |a,b]
and t1,ta,t3 € (a,b) be such that t1 <t <3. Then

b
()| [ f@)de— (0= @) fa)+ (b= 1) £ )+ (ta — 1) £0)
’ b
< (b — tg) f (b) + (th -t — tg) f(tg) — (tl — CL) f(a) + /T(’IJ) f(l‘) dx
< (b—=t3) (f(b) — f(t3)) + (tz — t2) (f(t3) — f(t2))
+(t2 —t1) (f(t2) — f(t1)) + (t1 —a) (f(t1) — f(t2))
< max {t; —a,ly —t1,t3 — to,b—t3} (f (b) — [ (a))
where

sgn(ty — x), for x € [a,ts]
T (z) =

sgn(tz —x), for x € [to,b]

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

b b
[5@dr @ = -0 f @)+ 0=t 7O+ (15— 1) f) [ S @)
where

’I*tL €T € [a,tg}
s(x):{ .

T —13, T € [tg,b]

Indeed,
b to b
[s@a@ = [ec-wi@+ [@-wiw

b
- u—mfmﬁ+u—mww&—/fwdw

b
(h—®ﬂ®+w—Mf@+@y%nﬂm—/f@Mm

Assume that A, : a = x(()n) < xﬁ") <. < a:;n_)l < 2 = b is a sequence of
divisions with v(A4,) — 0 as n — oo, where v(A,) := _max (xgﬁ)l - xEn)> and

€ ¢ o

1 )

xgi)l] . If p:la,b] — R is a continuous mapping on [a,b] and v is
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monotonic nondecreasing on [a, b], then

b

[r@ @

a

(7.2)

= lim pr(n [ 111 v(xgn))}

u(An)—>oo

< lim Z ’p(é}(”))

v(An)—oo i—0

lim Z ‘p f(n

An)ﬁoo

b
/ Ip ()] dv ().

Applying the inequality (7.2) for p (z) = s(z) and v (z) = f (), = € [a,b] we
can state:
b

[s@ar @)
< /bIS(x)Idf ()

@) = vl™)

)| (vl = o)

i(tlx)df (x)+7(xt1)df (:c)+7(t3:r)df (ac)+/b(xt3)df (2)
= (t1 —2)f( /f Ydz + (x —t1)f |t1 /f ) da +

+ (ta—a)f (@)l + /f o+ (o= t2)f @), + /f
—(t1—a)f(a )+(t2—t1)f(t2) (ts — t2) f(t2)

b

+(b*t3)f(b)+/T(Z’)f($)d1’.

which is the first inequality in (7.1).
If f: [a,b] — R is monotonic nondecreasing in [a, b], we can also state

/ f (@) dx < f(t)(t — a),

/ f(@)de > f(t2)(t2 — t),
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t3

/f () dx < f(ts)(ts — t2),

and

So,

= 7f(x)dz—ff(x)dx+7f(z)da:—/bf(a:)da:

< f(t) (B —a) — f(t2)(t2 —t1) + f(ts) (ts —t2) — f(t3) (b—13).
We have

—(t1 —a) f(a) + (t2 — t1) f(t2) — (t3 — t2) f(t2)

b

—@—Mf@+/T@W@Mw
(a) + (b2 — t2) F(t2) — (ts — ta) f(t2) + (b— t3) 1 (B)

< —(ti—a)f
+(tr—a) f(t1) = (t2 — t1) f(ta) + (t3 — t2) f(ts) — (b—t3) f(ts)
= (i —a)(f(t) = f(a)) + (t2 — 1) (f(t2) — f(t1))
+ (ts — t2) (f(t3) — f(t2)) + (b —t3) (f (b) — [f(t3))
< max{t; —a,ta —t1,t3 —t2,b—t3} (f () — f (a)).
The theorem is thus proved. i
Remark 10. For t; = 0, to = z, t3 = b, a generalized trapezoid inequality is

obtained and we get Theorem 11 from the above Theorem.
For t; =ty = t3 = x Theorem 12 becomes:

Corollary 15. Let f be defined as in Theorem 12. Then

b
(7.3 [ 0t~ - @) f @)+ 6 ) 0)

b

< @—mfwwwx—wfw»5/%Mx—wﬂww
(=) (f (0) — f () + (& — a) ( (&) —  (a))
o=+l ee-r@.

All the inequalities in (7.3) are sharp and the constant L 5 18 the best possible.

IA

IN
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Proof. We only need to prove that the constant % is the best possible one. Choose
the mapping fo : [a,b] — R given by

0 ifz € [a,b),

fo(z) =
1, if x =b.

Then, fy is monotonic nondecreasing on [a, b, and for z = a we have

A
Q
=
|
&
_|_

which prove the sharpness of the first two inequalities and the fact that C cannot
be less than % 1

For x = “Ter we get the trapezoid inequality.

Corollary 16. Let f: [a,b] — R be a monotonic nondecreasing mapping on [a,b].
Then

(7.4) /f(t)dt — M (b—a)
b
< S0-0U0)-f@) - [ (1= 252) fia
< 0= B~ @)

The constant factor % is the best in both inequalities.



SIMPSON’S INEQUALITY 31

Corollary 17. Let f be as in Theorem 9 and p,q € Ry with p > q. Then

b

e s-aline 5 2)

J p+q
b
q
< WW(—)U@%JM»+/E@U@Mx
q
< -0 B -f@)

IN
3
i
—
=
hS]
|
=)

b—a
- f )

where

patqb _
sgn ( ota

).
Ty (z) =
).

fo E a+b]

pbtga _
sgh ( p+q

. . __ patqgb a+b __ ga+tpb
Proof. Set in Theorem 12: t; = ot e =457 ts =1

if x 6 b]

Remark 11. Of special interest is the case p = 5 and ¢ = 1 where we get from
Corollary 17 the following result of Simpson type;

b

/f(x)dx—%(b—a) [W+2f<a+b)]

2

a
b

< SO -fa)+ [T @
< bga[f(b) f()+f(5b+a)—f(5a;b>}
< S0-a) (O @)

where

Sgn(5”+b x) S [ ,i]
B@ﬂ—{sy(w%_x%m€[+ﬂ~

Remark 12. For p — q we get Corollary 16 from Corollary 17.

7.1. An Inequality for the Cumulative Distribution Function. Let X be a
random variable taking values in the finite interval [a, b], with cumulative distribu-
tions function F' (z) = Pr(X < z).

The following result from [20] can be obtained from Theorem 12.
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Theorem 13. Let X and F be as above. Then we have the inequalities

(7.5) Pr(X < z) — %
b
< |- P <)+ [ s () Floy
< bia[(b_x)PT(XZa?)—i—(x—a)Pr(ng;)]
< 1 ﬂ
-2 b—a

for all x € [a,b].
All the inequalities in (7.5) are sharp and the constant % is the best possible.

Now we shall prove the following result.
Theorem 14. Let X and F be as above. Then we have the inequalities

b

(7.6) |E () —x] < b—x—i—/sgn(w—t)F(t)dt
< (bfa:)lz(’lr(X2x)+(xfa)Pr(X§:c)
< b—a x_aer‘
- 2 2

for all x € [a,b].
All the inequalities in (7.6) are sharp and the constant % is the best possible.

Proof. Apply Corollary 15 for the monotonic nondecreasing mapping f(t) := F(t),t €
[a, b] to get

b

(7.7) / F(t)dt — [(z — a) F (a) + (b— 2)F (b)]

a

IN

b
(b—)F (b) + (z — a) F (a) + / sgn (z — £) F(t)dt

IA

(b—z)(F(b) = F(z)) + (z — a) (F (2) = F (a))
)

so-a+lo- 5 ro-rw

IN

and as
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by the integration by parts formula for Riemann-Stieltjes integrals
b

b
/MszﬁFmﬁ—/}wmt

a a

b
- M@%WF@f/F@ﬁ

- b—jF@ﬁ.

That is,

b
/F@ﬁ:b—E@y

The inequalities (7.7) give the desired estimation (7.6). I

Corollary 18. Let X be a random variable taking values in the finite interval [a, 1],
with cumulative distribution function F () = Pr(X < x) and the expectation E (z).
Then we have the inequality

‘E@»a;”‘giwa)jgm<ta;b>F@mug;@ay

a

The constant % is the best in both inequalities.
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