symmetry MBPY

Article

On Weighted Simpson’s % Rule

Mohsen Rostamian Delavar 1*©, Artion Kashuri 22 and Manuel De La Sen 3

Department of Mathematics, Faculty of Basic Sciences, University of Bojnord, Bojnord 94531, Iran
Department of Mathematics, Faculty of Technical Science, University “Ismail Qemali”, 9400 Vlora, Albania;
artionkashuri@gmail.com

Institute of Research and Development of Processes, Campus of Leioa (Bizkaia)-Aptdo, 644-Bilbao,
University of Basque Country, 48080 Bilbao, Spain; manuel.delasen@ehu.eus

*  Correspondence: m.rostamian@ub.ac.ir

Abstract: Numerical approximations of definite integrals and related error estimations can be made
using Simpson’s rules (inequalities). There are two well-known rules: Simpson’s % rule or Simpson’s
quadrature formula and Simpson’s % rule or Simpson’s second formula. The aim of the present paper
is to extend several inequalities that hold for Simpson’s % rule to Simpson’s % rule. More precisely,
we prove a weighted version of Simpson’s second type inequality and some Simpson’s second type
inequalities for Lipschitzian, bounded variations, convex functions and the functions that belong to
L1. Some applications of the second type Simpson’s inequalities relate to approximations of special
means and Simpson’s % formula, and moments of random variables are made.
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3 1. Introduction and Preliminaries
Weighted Simpson’s 3 Rule.
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(1) Simpson’s inequality:

Copyright: © 2021 by the authors.

Li MDPI, Basel, Switzerland b—a at+b ’

icensee , Basel, Switzerland. C(ﬂ) +4é’( ) + é’(b) _ é’(x)dx (1)
This article is an open access article 6 2 a

distributed under the terms and 1 4) 5

conditions of the Creative Commons < m HC Hoo(b - a) ’

Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Symmetry 2021, 13, 1933. https:/ /doi.org/10.3390/sym13101933 https:/ /www.mdpi.com/journal /symmetry


https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://orcid.org/0000-0002-2461-6630
https://orcid.org/0000-0003-0115-3079
https://orcid.org/0000-0001-9320-9433
https://doi.org/10.3390/sym13101933
https://doi.org/10.3390/sym13101933
https://doi.org/10.3390/sym13101933
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/sym13101933
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com/article/10.3390/sym13101933?type=check_update&version=2

Symmetry 2021, 13,1933

20f21

where ¢ : [a,b] — R is four times continuously differentiable on (4, b) and the following.

¥l = sup | ()] < e,

x€(ab)

In recent years, many efforts have worked on refinements and generalizations of Simp-
son’s inequality. In fact, primary and main results about new Simpson’s type inequalities
firstly appeared in [1-3] for Lipschitzaian functions and functions of bounded variation.
Some interesting sharp inequalities in connection with Simpson’s inequality are given in [4].
These include the weighted version of Simpson’s inequality especially for functions of
bounded variation obtained in [5]. In papers [6,7], we can find Simpson’s inequality related
to the functions for which its derivative absolute values are convex. For more works, we
refer an interested reader to refer to [8-13] and the references within this work.

In recent years, less attention has been paid to the refinements and generalizations of
Simpson’s second inequality:

(2) Simpson’s second inequality

‘bsa w3 (5 +3e (5 vew)] - [

@

= 6480 60— a)”

where ¢ : [a,b] — R is four times continuously differentiable on (a,b) and || (4) |, < oo
In [14,15], we can find some important numerical type results in connection with Simpson’s
second inequality. For primary and general information about the Simpson’s second
inequality, also refer to [16,17] and references therein.

Note that a new estimation for the left side of (1) and (2), with the new property
for the function ¢, is called Simpson’s type inequality and Simpson’s second type inequality,
respectively. Throughout this paper, consider Z C R as an interval and Z° as its interior.
Here, we provide some backgrounds for Simpson’s type inequality. In [6], we can find the
following results.

Theorem 1. Let ¢ : Z — R be a differentiable mapping on I° such that & € L'[a,b] where
a,b € I°. If |¢'| is a convex function on [a,b], then the following inequality holds.

1

6[&:( )+42(20) +c<b>] o [ ®)

< D @)+ 1201

For generalization of (3), see [5,7,18,19]. Moreover, in [1], the authors obtained some
results in connection with Simpson’s inequality for Lipschitzian bounded variation and
some other types of functions. We listed two important results presented in [1] as follows.

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

[ ey b [E0 20 +2§(a+b)H @
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Theorem 3. Let ¢ : [a,b] — R be a mapping of bounded variation on [a, b]. Then, we have an
inequality as follows:

2

[ OEE +2§(ﬂ+b)H ®

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

As the main results, the authors of [1,6,18] obtained some estimation type inequalities
related to Simpson’s inequality based on three following lemmas, respectively. However,
all of these lemmas are equivalent but have been used for different purposes. We listed
these lemmas as the following.

Lemma 1. Let ¢ : 7 — R be an absolutely continuous mapping on Z° where a,b € I° with
a < b. Then, the following equality holds:

e rae(Th) vew)] - 1 [

where

Lemma 2. Let & : T — R be an absolutely continuous mapping on Z° such that ¢ € L'[a,b]
where a,b € 1° with a < b. Then, the following equality holds:

/ﬂbs(x)g,(x)dx _b-a {aa);g(b) +zg(“§b)} _ /ﬂbg(x)dx,

3
where
sy = { X 2g xelty)
x #, x €[4, b].

Lemma 3. Let ¢ : T — R be an absolutely continuous mapping on Z° such that & € L'[a, b]
where a,b € I° with a < b. Then, the following equality holds.

e () vew)] - [t

S G- e (e ) + (5 - 1) (a5 o)

Motivated by the above works and results, we obtained some weighted Simpson’s
second type inequalities for Lipschitzian functions, functions of bounded variation, func-
tions for which its first derivative absolute values are convex and the functions that belong
to L1. As applications of the obtained results, we provide some estimation type inequalities
for special means, Simpson’s % formula and random variables.

In order to achieve the main results of this paper, we obtain some preliminary results
by using the following assumption
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Condition (x): We say that a function w : [a,b] — R satisfies condition (x), if it is sym-
42

metric with respect to ”*b (w(x) =w(a+b—x),forall x € [a, b}) and [,,2, w(x)dx =
%

3 fa w(x)dx

This kind of function w satisfying condition (x) exists. For example, the following is
defined.

b—x a§x<2";b;
C(J(x) — %(b_a), ZH?;l’b S X S a+32bl
x—a, %<x§b.

It is not hard to check that w is symmetric on [a, b] with respect to “+b and also

a—+.
fz“T”’ w(xdngfaa)x

The following lemma is the basis for our main results about Simpson’s second type
inequalities:

Lemma 4. Suppose that ¢ : T — R is an absolutely continuous function on Z°. Consider

a,b € Z° with a < b,such that w : [a,b] — R is integrable and satisfies condition (*). Then, we
have the following:

e+ gt () + e + gew) [ w@ix— [ exwix

= [ ng

where the following is the case.

x 201b
/ w(u)du — 2/ ’ w(u)du,  x € [a, 20,
a a

* 1o 20+b a+2b
n(x) = /Lw(u)du—f ey @()du, x € [#32, 52

= 7w(u)du —/ w(u)du, x €[22 ).

Proof. Consider the following.
/ / (1= 3)a+ 5)8' (1= )a+ 2 b)duds
~3 3 3
—1 / ((1—7)a+ ) du /15’((1—5)a+3b)dt.
8\ Jo 3 0 3 3

Moreover, also consider the following:

=2 [ [ (G- Bt G+ D0E (G~ Dat 5+ §)b)dud
1 2 u 1

- 6</0 (G- 5)” + <§ s 3n) [[¢(G Dot G+ o

and the following.

_ 3(/;(0((1 ~ 2+ ;‘a)du> /01 §((1= )b+ Sa)de.
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By integrating by parts in .4, A, and A3, we have the following::

4= <b_3a)2<[254«:(2“;b) v etw)] [ [

Ay = (b_3a)2<[2‘§(2a;_b) +2€(a4;,2b)] /ubw(x)dx—/zﬁz §(x)w(x)dx>,

and the following is the case.

o 2 [R5 ] [ L)

On the other hand, by using all conditions of w defined in condition (*), we obtain
the following:

/ w(x)dx = /+2b w(x)dx = /z+b w(x)dx,
“ = 5

which implies the following identity.

e+ 3 () 2o () + 0] [ et [ et ©

_ 2
_ (b 3“> Ay + Ap + As].

Now, by the changes of variable v = (1 — £)a+£b, v = (3 — L)a+ (3 + f)band
v=(1- %)b + %a in A1, A, A3, respectively, we obtain the following:

“41_(19—3@2/5, U du—f/

a+2b a+2b

3 3 X 1 3
A= G fogs | g 90088 5 [y ] 10

and the following is the case.

Az = (b3a)2 /ﬂ;b [: /:3217 w(u)du — /bw(u)du] & (x)dx.

2a+b 2a+b
3

] "(x)dx,

X

Thus, by (6), we obtain the following;:

2a+b) g(a+2b

EGE 5(

= e

where 7(x) is already defined. O

) +360)] [ w@ar— [ st
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Corollary 1. As a special case, if in Lemma 6 we consider w = 1, then we have the following
identities:

e+ ge(35) + ge(5) + e - bia/fmdx

=P G g)eas g ghyaes [ (1= g)2 (G~ ok g+ gy
* /o1 (5-3)7(-30+ 3“)5“}

or the following equivalently

(b—a) [éé(a) P2y () éé(b)} - [etoa

b
= [ 102 (x)dx
where
x — 7118+b, x e [a, 2a§rh ),.
,)/(x) — x — a2ib, x e [2a3+b/ a452b)/.
x — a+87b, x e [aJEZblb].

Moreover, we have (see [20,21]) the following:

b+ ) (52 ] o

1
= (b=a) [ 02 (1= x)a+xb)dx,

where the following is the case.

x—3%, x€0i);
po={ x-1 reld3)
x—%, x€l3,1]

The above identities can be used in various conditions in connection with Simpson’s
second type inequalities.

2. Functions of Bounded Variation

In this section we consider the bounded variation functions in order to present some
new Simpson’s second type inequalities.

Definition 1 ([22]). The function ¢ : [a, b] — R is said to be of bounded variation on [a, b] if there
is a constant B > 0 such that the following is the case:

Y 1E(x) — (x| < B,
i=1

for all partitions P = {a = xo,x1,...,X, = b} of [a,]. If { is of bounded variation on [a, b], then
the total variation of ¢ on [a, b] is defined as follows.

b

V(@) —sup{2|§ &(xi_1)||P is a partition of [a, b]}

The following Simpson’s second type inequality for bounded variation functions holds.
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Theorem 4. Suppose that ¢ : [a,b] — R is a function of bounded variation on [a,b]. If &’ is
integrable on [a,b], w : [a,b] — R is integrable and satisfies condition (x), then the following is
the case:

e+ 36 () 2e () 4 4] [ et [ e

5 b
< 53 0=l V@)

a

@)

where \J%() denotes the total variation of & on [a,b] and ||w||ec = SUP e (o] |« (X)|. Moreover,
inequality (7) is sharp.

Proof. First of all, let us note that any function of bounded variation defined on a closed,
bounded interval of the real line is differentiable almost everywhere. Now, consider a
countable family of partitions on [a, b] as follows:

Pn = {11 = X0, X1,nr++ 1 Xn—1,n, Xnn = b}, (7’1 S N)
such that for V(Py) = max;cqo1,.. n—1} (Xi+1,n — Xi,n), we have limy 0 V(Py) = 0. Since §

is of bounded variation on [a, b], then for t;,, € [x;,,Xit1,), (n € N,i € {0,1,...,n—1})
we obtain the following case:

b n—1
[0 x| = |t T ) (i) ~ £
a i=0
n—1 n—1
< dim Y ()] |8 i) — €| < liyllesup Y [E (i) —E(xin)
(P)=0 i Pu i=0
b

< [7llellwllo V(©),

a

where 1 is defined in Corollary 1. Since (x) is nondecreasing on intervals [a, 24f by,

[2a+b a+2b) and [a+2b

+~,b], then the data is as follows.

3 7 3
a—>b ) 5 2a+0b a—>b
v(a) = ==, lim () = 50 —a), (F5=) ==
3
. b—a a+2b 5 1
x_}gl%bj(X)— - 7( 3 )—ﬂ(ﬂ—b), 1) = —g(b—a),

The above implies that ||| = 55 (b — a). Thus, we deduce the result. For sharpness,
consider w = 1 and the following.

Thus, we have the following:

1 3 211—|—b) 3(114—217) 1

e+ 236250 + 36(52) + 3ew)] [ i [ ewomyan

; (b—0),

=~ 1
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and the following is the case.

b

>0~ a)llwlle (&) =

a

(b—a).

W~ 1

In other words, from the following inequality:

[ae@+ 2 (20 + 2 () 4 o] [ e - [ e

b

< T -a)llwle V(@)

a

we deduce that 7 > %, which implies that the constant % is the best possible or inequality
(7) is sharp. O

Corollary 2. Suppose that ¢ : T — R is a differentiable function on Z°. If for any a, b € I° with
a < b, the function {' is integrable on [a, b], then the following is the case:

[;6()4' 6(2a+b) 5(a+2b)+;§(b)]—bl/b§(x)dx

—a Ja

< I,

b
provided that ||&'||; = / &' (x)]dx < oo.
a

Proof. It is known that if a function is differentiable and its derivative is integrable, then

b
= [ 1¢/(x)jax.

O

3. Lipschitzian Function

In this section, By the definition of Lipschitzian functions, we provide some new
bounds for weighted Simpson’s g rule.

Definition 2 ([23]). A function ¢ : [a,b] — R is said to satisfy the Lipschitz condition on [a, b] if
there is a constant £ > 0 so that for any two points x,y € [a,b],

6(x) =¢(W)I < LIx—yl.

3.1. &' is Lipschitzian
The following result is a consequence of Lemma 4.
Lemma 5. Suppose that ¢ : T — R is an absolutely continuous function on Z°. Consider

a,b € Z° with a < b such that w : [a,b] — R is integrable and satisfies condition (x). Then, the
following is the case:

Eé(awgg(z“;b) () +;g(b)} /abw(x)dx—/ab(j(x)w(x)dx

_/a —&(a+b—x)]dx,
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where n(x) was defined in Lemma 4.
Proof. Note that the following;:

n(@a+b—x)=-n(x),

—2“; b and,

is the case for all x € [a,b]. To observe this, for example, consider a < x <

hence, 2”+b < a+b— x < b, which in addition to the fact that w is symmetric on [4, b] with
a+b

respect to implies the following case.

3 b b
na+b—x)= 8 Ju w(u)du — /a w(u)du

+b—x
3 rb b
=3 agﬁw(a—i—b—u)du—/ﬁbxw(a—f—b—u)du
3 2a3+b x
=3/ w(u)du —/a w(u)du = —n(x)
For the cases x € [ZHH’ “+2b )and x € [”3%, b], the proof is similar.
We have the following.
b ﬂJZrb
/ 17(x)¢ (x)dx = / dx+/ na+b—x)&(a+b—x)dx
a a

ath
2

= [T @)~ &+ b-0ldx.

O

By using Lemma (5), we deduce the following estimation type result for weighted
Simpson’s % rule.

Theorem 5. Suppose that ¢ : T — R is a differentiable function on Z°. Consider a,b € I° with
a < b such that &' satisfies a Lipschitz condition on [a,b] and w : [a,b] — R™ is integrable and
satisfies condition (x). Then, the following is the case:

[;cm c(z”“’) 2 (2) 4 gew)] [ wwar- [ ewwan

A

where L is Lipschitz constant for &'.

Proof. According to the definition of 7 and the fact that ¢’ satisfies a Lipschitz condition,
there exists a constant £ > 0 such that the following is the case.

atb

atb
[ e - e s -l < £ [ @+ - 20
a a
2a+b a+b
§£||w||oo{/ ’ ‘x—7a+b’(a+b—2x)dx+/2 ‘x—m’(a—i—b—Zx)dx]
a 8 2. 2
)3

Now, the respected result follows from Lemma 5. O
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Remark 1. (1) If in Theorem 5, we consider w = 1, then we obtain the following Simpson’s second
type inequality.

B0+ )+ 2 o] - o

425

< 222 _r(b—a)
< 20736t~ )

(2) By the following identity:

) +e0)] - 5= [ e
1 ath

- b—a/a 2 (x_5a6+b)[‘:/(x)_gl(a—i-b—x)]dx,

a+b

é[é‘( ) +48 (%5

we can obtain the following new Simpson’s type inequality for the case that &' is Lipschitzian with
respect to the constant L.

a+b

L(b—a)?

SRS

te@+ae(T0) vew)] - 2 [ e

3.2. ¢ is Lipschitzian

For Lipschitzian functions, the following Simpson’s second type inequality holds.
Theorem 6. Suppose that ¢ : 7 — R is a differentiable function on 1°. Consider a,b € 1°

with a < b such that ¢ : [a,b] — R satisfies a Lipschitz condition on [a,b], w : [a,b] — R is
integrable and satisfies condition (x). Then, the following inequality holds:

e+ e () 2o () 4] [ et [ e

25

< —= - 2 [ee¥3
< o (b a)Lllw]

where L is Lipschitz constant for ¢.

Proof. It is enough to follow the instructions used in the proof of Theorem 4 to obtain the
following inequality.

[ w0 a| =

n—1

tim b0 63100 — £
=0

§(xit1,n) — E(xim)

= lim Z ‘h in ’ Xit1,n *xi,n) Xip1n — Xi
1 n Ln

V(Pn)—0 ;2

SEV(};:?%OZ |h in ‘ Xitin — xzn ’C/ |77 |dx
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Since a < b, then by considering the following numerical inequalities:

7a+a 7a+b 2a+b+3(a—b)
= < =

8 8 3
2a+b a+b+%(a—b) - atb
3 2 2
_a+2b+5(a—b) _at2b
3 3
5
_ a+7b+8§(afb) _ a+87b “b

we have the following.

3 7a+b =5 a+b b a+7b
: ‘xf 3 ‘dx+/2ﬂ3+b - ‘dx+/a+32b x——¢ ‘dx)
2a+b

:||w||m<./a7a8+b(7”;b )dx+ (= 7250 i

—i—/z:;:( a+b)dx

a+7b

5 (a+7b a+7b 25 2
+/a+32b ( d +/+7b )dx> = @lelw(b—a) .

This completes the proof. [

+b

Example 1. Consider f(x) = tgx,x € [—m/3,7m/3]. By the mean value theorem for any
t1,tp € [—7t/3, 71/3] with t1 < ty, there exists ¢ € (11, tp) such that the following is the case.

f(t2) = f(t)

_ 2
Pr— =1+1tg°(c).

Thus, we have the following:

[f(k) — f(t)| < [la—t]  max 1+1tg%(c) =4|tr — 4,
ce[—mn/3,m/3]

which means we can consider £ = 4 as Lipschitz constant. Now, from Theorem 6 with w = 1 and
after some calculations, we obtain the following:

‘ p—af [ COSD\B 5.2
‘Msm(u—l—b) —In <@) (§) (b—a),
where M = L + y '
cos(a)cos(b) ' cos(2eE )COS(H&J)

Corollary 3. Suppose that ¢ : I C R — R is a differentiable function on I°. If for any a, b € 1°
with a < b, we have &' bounded on [a,b], w : [a,b] — R is integrable and satisfies condition (x),
then the following is the case.

e+ e () 2o () 4] [ et [ e

25 )
< 255t = D 1@lles o 1€ l| e
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Proof. It is known that a differentiable function ¢ : [2,b] — R is Lipschitz continuous
(£ =sup.cipp |&’(x)]) if and only if it has bounded first derivative. [

4. Derivatives Belong to L7

In this section, we present a Simpson’s second type inequality for differentiable
functions for which derivatives belong to L7 spaces.

Theorem 7. Suppose that ¢ : T — R is an absolutely continuous function on Z°. If for any

a,b € I° witha < b, we have &' € L1[a,b] (g > 1) and w : [a,b] — R is integrable and
satisfies condition (x), then the following is the case:

[ae@+ 2 () 4 3 () 4 o] [ e [ e

141
< KllwllelI& g0 —a)",

14 gp+1 4 5p+1 q
where 1 +1 =1, K = (Lpaant) 7 ¢y = (7 /0 )

Proof. Suppose that ¢’ € L7[a,b] (7 > 1) and p € R such that % + % = 1. By the use of
Lemma 4 and Holder’s inequality, we obtain the following.

EC@H%C(Z“;Z’) 3 (”Hb) }/ (x)dx—LbC(x)w(x)dx

b
<(/ \W(X)\”dX) ([ea Wx) = Il
7a+b a+b b
< ||w||w< [ / e [,
T3
7a+b 2a+b
5 7a+b 5 7a4b\P
_||w||oc</g ( 3 )der rass (xf 3 )dx

a+b
a—l—b p
2 )dx

7 sa-+b
+/2T”< - x dx+/
a+7b

1
5 a+7b b a+7b\p r
L (w5 )

The calculation of the above integrals implies the desired result. [J

1
7a+b ’
— 1 ax ) eIl

u+2b

Corollary 4. In the case where w = 1 in Theorem 7, we obtain the following inequality.

[;é(a) P (2 2 (PR 4 ;g(b)] e [ e

p+1 4 gp+1 4 5p+l 1
< (Tt - 0) 1l
= 12(p +1)247 1
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Moreover, if we allow p — 1" in above inequality, then we deduce the following.

e+ 2 () 2o () + )] - [ e ®
< o (0= )2 o

Note that inequality (8) is special case of Corollary (3).

5. Convex Functions

In this section, we obtain some Simpson’s second type inequalities for the functions in
which its first derivative absolute values are convex.

Theorem 8. Suppose that ¢ : T — R is an absolutely continuous function on Z°. If for any

a,b € I° with a < b, we have |&'| and it is convex on [a,b] and w : [a,b] — R is integrable and
satisfies condition (x), then the following is the case.

e+ () + e () + 5] [ wtin - [ e

L 55— a)[w]ls
- 576

le @]+ g o).

Proof. By the fact that |¢’| is convex, we obtain the following.

Al < ol [ |3~ 32 ((1—§>a+§b)|dt

<Nl [ 13- 51 (1= DIE @I+ 51 ®)])ar

~ Il (¢ |/\*t*f\1—fdt+|c: [ 413 3l

= lllo (gamg (@) | + 1oz |E'(B)]).

Similarly, we have the following results for A; and Aj:

L L
< _ _
] < [l (518" (@) + 5718 ®)]),
and we obtain the following.

1A3] < el oz 87(@)] + o |2/ (0)])-

Now, by using identity (6) in Lemma 4 (with triangle inequality), the desired result is
implied 0O

Another Simpson’s second type inequality is presented in the following by using the
well known Holder’s inequality.
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Theorem 9. Suppose that ¢ : T — R is an absolutely continuous function on Z°. If for any
a,b € I° with a < b we have |¢’'|7 (q > 1) and it is convex on [a,b] and w : [a,b] — R is
integrable and satisfies condition (x), then the following is the case:

[éé(awzé(z”;b) ey +;C(b)} /ubw(x)dx—/abé(x)w(x)dx

<l Pl [ @+ Jieon)* + [Je@r+ eon)*

72 6
Ko (b — 2 ) 1 / 1 / %
= el iy 4 Jie ],

1 1
1,1 _ _ [ artigseir )P _ [ a \¥
wherep+q_1,IC1_(8(p+1)> ﬂndK2—<m) .

Proof. By the use of Holder’s inequality and the fact that |¢’|7 is convex, we obtain the
following results:

a1l < ol ([ 31~ ;\’”dt); @l [a-paiger [ ;dtf

(3;7;(1 +51P)+1 ) | 1
_ il “r5 / q e gl
= ¥ HEOLEHERHOLE

==

il <l [3e= 1) [ [} G~ Dyarvigon [ G+ Lya]’

e l
- W S1E @I+ 31w,

and the following is the case.

23l < ol ([ [3- ;]pdt)’l’ @i [ sar+ig e [ ;>df]3

1

<3p+(1+5p)+1>?””w” 1
8(p+1 1, 5 i
- Z 9 Z|F ql1

Finally, the identity (6) implies the result. [

Finally, by using the known power mean inequality [24], we can obtain the following
Simpson’s second type inequality. The details are omitted.

Theorem 10. Suppose that ¢ : 7 — R is an absolutely continuous function on Z°. If for any
a,b € I° with a < b we have |&'|7 (¢ > 1) and it is convex on [a,b] and w : [a,b] — RT is
integrable and satisfies condition (x), then the following is the case.
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Eg(a)+z§(2a;rb) (12 +ér§(b)} [ w@ix— [ et

< Ol () 3 @+ g€ @) + [l @+ gl ]

3127
+(%>17{1§g;4’5( I+ 13824'?“'"]‘7}

6. Applications

In this section, due to the applications of the obtained results in previous sections, we
obtain some inequalities related to special means, the weighted Simpson’s % formula and
random variables.

6.1. Special Means

Consider the following well-known means.

A(a,b) = 2 —; b ,a,b>0  arithmetic mean

G(a,b) = \/ch, a,b>0 geometric mean

H(a,b) = 2b a,b>0 harmonic mean
a+b
1 /b w2 . .
I(a,b) = - (a—a) ,a,b>0 identric mean
b—a . .
L(a,b) = nh—Tna’ a,b>0,a#b logarithmic mean
br+1 _ ar+1

Ly(a,b) = [m} ",ab>0a#breR \ {—1,0} generalized logarithmic mean.

The following results in connection with special means hold.

Proposition 1. Consider a,b € Rwith0 < a < b.
(1) If r € R\ {—1,0}, then the following is the case:

1 2773 r—3

‘4A(a’, D) + 57 A(20,b) + S5 A(,20) — Li(a,b)
425 X

< 2 (p—

< 207360 ~ VL

where the following is the case.

- r(r— 1)b7’2, r>2;
P2 rr=1)]a" 2, r e (—o,2).

(2) If r € R\ {—1,0}, then the following is the case:

1 . 27 3 .
1 A(a",b") + 31 A"(2a,b) + (a,2b) — Ly(a,b)
< B poa),,

— 288
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where the following is the case.

[ — ol >
27 IrlaY, e (—oo,1).

(3) If% + % =1(p,g>1)andr € R\ {—1,0,1} such that r # %, then the following is
the case:

1 2773 2773
‘4A@nw)+3r1Aqm10+

3r—1
< |1’| (b - a)2ICLzr__11)q(a,b),

mwgm—umﬁﬂ

where K is defined in Theorem 7.
Moreover, if r € R\ {—1,0} such that r = %, then the following is the case.

1 r—3 r—3

2 2
‘4A(a’, V) + = A"(2a,b) + =

N@gm—u@mﬂ

<r(b— a)”’(ln Z)lirlC.

(4) Ifr € Rand r > 1, then the following is the case.

1 v 2r_3 r 2r_3 r r

ZA({Z )+ 31 A" (2a,b) + 31 A"(a,2b) — Li(a,b)
25

< o r—1 3r—1 )

< 2887(b a)A(a" 5,0

(5)Ifr € R\ {—1,0,1}, then the following is the case.

1 roqr 2r_3 r 2r_3 r r

ZA(Q b))+ 1 A" (2a,b) + 31 A'(a,2b) — Ll(a,b)
5|r -

< %(b - a)L:j(a, b).

Proof. Consider {(x) = 1", x € [a,b],r € Rand w = 1 in Theorems 4-8, respectively. [

Proposition 2. Consider a,b € Rwith0 < a < b, q > 1and K as defined in Theorem 7. The
following inequalities hold:

‘iH_l(a,b) + EH_1(2a+b,a+2b) - L_l(a,b)‘
425 )
= Tosess U~V

‘iHl(a,b) + %Hil(Za +0b,a+2b) — Ll(a,b)‘

25(b —a)
— 2884
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1
4

< ICL;’q(a, b)(b—a),

4
25

< = 172 12
*288(17 a)H " (a7, b%),

and the following is the case.
4

5(b—a)
~ 24G2%(a,b)’

Proof. In Theorems 4-8, consider ¢(x) = 1, x € [a,b] and w = 1, respectively. [

x’

Proposition 3. If 0 < a < b, then we obtain the following:

‘H_l(a, b) + iH‘l(Za +b,a+2b) — L™ Y(a, b)‘

‘1H1(a,b) + %Hil(Za +b,a+2b) - Ll(a,b)‘

‘1H1(a, b) + iH’l(Za +ba+2b)— L \(a, b)‘

I(a,b)

G (a,0)G (22, 2020 )
I(a,b)

In

1 3
Gl(a,b)GH (252,250 ) | posy g2
In <
I(a,b)
1 G%(a’b)G%<2u;-b,2a;-b) ‘ 95
n

< ICL:,;(b —a),

In

I(a,b)

and the following is the case.

<

1 3
Gi(a,b)Gi(2ath, 2atb
N (2, 2 )|

I(a,b)

1 3 (2a+b 2a+b
G4(a,b)G4<%, at )‘ _ 25(b—a)A(a,b)
—  288G2(a,b)

a1

— 24 a

Proof. Consider ¢(x) =Inx, x € [a,b] and w = 1 in Theorems 4-8, respectively. [
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b
(@&, w,P)| = ‘A((’,‘,w,P) —/a Z(x)w(x)dx

6.2. Weighted Simpson’s % Formula

Suppose that P is a partition of interval [a,b] asa = xp < x1 < xp < ... < X1 <

Xy = bwithh; = x;41 —x;, (i € {0,1,...,n —1}). Consider the weighted Simpson’s 3

formula as the following;:

/ﬂb E(x)w(x)dx = A(E,w, P) + £(E,w, P),

where the following is the case.

_ 2x,+x,+1 Xz+2xt+1 "Xit1
g o 73 Z xz _|_3(;‘( ) —1-83(:( ) +§(x1+l) / w(x)dx,

A

Moreover, £(¢, w, P) is the approximation error. In the following results, we obtain
some bounds for approximation error of weighted Simpson’s % formula. For the case that
the derivative satisfies a Lipschitz condition, we present the following proof.

Theorem 11. Suppose that ¢ : T — R is a differentiable function on 1°. Consider a,b € 1° with
a < b, such that &' satisfies a Lipschitz condition on [a,b] and w : [a,b] — R is integrable and
satisfies condition (x). Then, for every partition P of interval [a, b] defined as above, we have the
following case.

3

Proof. Suppose that L is the Lipschitzian constant for ¢’. By the use of Theorem 8 and the
triangle inequality, we obtain the following.

n—1

i=0

n=1 @ () 4 3@ (FidXi) 4 3F(Xit2in ; Xit1 — (it
el 322 )+8 ¢(* 5 HC("“)/XZ_ w(x)dx—ig/Xi E(x)w(x)dx
‘ 2Xit Xiyy Xit 2y, ; Xit1 Yit1
) 38T+ ST 2 80i) [ yas— [ el

<)

i=0
_ 5
= 20736

n—1

3 425 n-1 3
Llwlleo Y (xip1 = x1)° = 5omee Llwlles Y 1.
i=0

i=0
O

Corollary 5. If we consider an equidistant partitioning in the above Theorem, i.e., h; = bn;” for
i€{0,1,..,n—1} and w = 1, then we obtain the following.

425

< A5 3
EEPI < So7gnz b~ L

Remark 2. By the results obtained in Theorems 4 and 6-8, respectively, we have the following.
(1) In the case that ¢ is Lipschitzian, we obtain the following.

|@wm|2%mmmzﬂ
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If we consider an equidistant partitioning and w = 1, then the following is the case.

25

(6P| < 55 (b—a)L.

(2) For the case that |’ | is convex, we have the following.

!5(€AU/P)|4,576HwHw thz\ﬁ (xi)| + 18" (xig1) []-

If we consider an equidistant partitioning and w = 1, then the following is the case.

EEP)] < oy (b 2 1/ (x0) 12 (e ) )

(3) In the case that f is of bounded variation on [a, b], we obtain the following:
5 b
£@w,P)| < 2 Mlw]w (@),

a

where M = max{h;|i € {0,1,...,n — 1}. Moreover, if we consider an equidistant partitioning,
then the following is the case.

5 b
£EP) < 34,00 V@
(4) For the case that ¢’ € L(a,b] (g > 1), we have the following:
n—1 1+1
|@wPH<WMMEMZh

where K is defined in Theorem 7. Moreover, if we consider an equidistant partitioning, then the
following is the case.

KlI1g"lq
1

nr

£(&,P)| < (b—a)'ts.

Example 2. Consider f(x) = exp(x),x € [0,2]. This function is convex, Lipschitzian and of
bounded variation. Moreover, its derivative is Lipschitzian. It is not hard to see that L = e2 and
V2(E) = €% — 1. Thus, for P = {0,1,2}, by Theorem 11 and Remark 2, the error estimations are
the following, respectively:

25
|5(§1/P)|<1111(1+—e)"Vl/465

25 ,
< —e° =
15(5,1;P)\_,288e 2/565,

EE1LP)] < oy (2~ 1) ~1/331,
and the following is the case.

425 ,

|£(E,1,P)| < 5593° ~ 1/211.
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As we can observe, the case that &' is Lipschitzian has the best result. Now, compare the above
results with the following error estimations related to (3)—(5):

E(&P)| < —=(1+6*) ~2/33,

S
18
1£(&,P)| < 15—862 ~ 4/105,
and
£, P)| < %(e2 —1) ~ 4/259.

6.3. Approximations of Moments of Random Variables

For0 <a < b, letw: [a,b] = R" be a continuous probability density function related
to a continuous random variable X that enjoys condition (*). For r € R, suppose that the
r-moment

E/(X) = /b xw(x)dx

is finite. If we consider §(x) = x" and x € [a, b], then similar to the previous subsections,
from Theorems 4-8, we can find bounds B; (i =1, ...,5) such that (details are omitted) the
following is the case:

1 2r—3
ZA(a’, b)) + 3T [A”"(2a,b) + A”(a,2b)] — E(X)
< B,

for suitable choices of . Note that | ab w(x)dx = 1.

7. Conclusions

This paper is not only about the weighted version of Simpson’s 3/8 type inequalities.
Lemma 4 is new in the literature even in the non-weighted version (Corollary 1) with
a new method of proving. Furthermore, for the first time, we can find a Simpson’s 3/8
type inequality in the case that the derivatives of considered function is Lipschitzian.
Furthermore, our results provide a more accurate approximation in connection with special
means and weighted integrals.
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