. mathematics

Article

Bounds for the Error in Approximating a Fractional Integral by

Simpson’s Rule

Hiiseyin Budak *

check for
updates

Citation: Budak, H.; Hezenci, F.;
Kara, H.; Sarikaya, M.Z. Bounds for
the Error in Approximating a
Fractional Integral by Simpson’s Rule.
Mathematics 2023, 11, 2282. https://
doi.org/10.3390/math11102282

Academic Editors: Marius Radulescu

and Roman Ivanovich Parovik

Received: 28 March 2023
Revised: 12 May 2023
Accepted: 12 May 2023
Published: 13 May 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Fatih Hezenci

, Hasan Kara  and Mehmet Zeki Sarikaya

Department of Mathematics, Faculty of Science and Arts, Duzce University, Diizce 81620, Tiirkiye
* Correspondence: hsyn.budak@gmail.com

Abstract: Simpson’s rule is a numerical method used for approximating the definite integral of a
function. In this paper, by utilizing mappings whose second derivatives are bounded, we acquire the
upper and lower bounds for the Simpson-type inequalities by means of Riemann-Liouville fractional
integral operators. We also study special cases of our main results. Furthermore, we give some
examples with graphs to illustrate the main results. This study on fractional Simpson’s inequalities is
the first paper in the literature as a method.
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1. Introduction

The classical Simpson’s inequality for four times continuously differentiable functions
is the following.

Theorem 1 ([1]). Let f : [a,b] — R be a four times continuously differentiable function on (a,b),

and let us consider Hf(4) Hoo = s1(1pb)‘f(4)(x)‘ < oo. Then, the following inequality holds:
x€(a,

R ()] 2

Since the theory of convex functions is an effective and useful way to solve a large
number of problems from different branches of mathematics, many mathematicians have in-
vestigated the Simpson-type inequalities for convex functions. More precisely, in [1], some
Simpson-type inequalities via s-convex mappings are established by utilizing differentiable
mappings. Furthermore, new versions of the Simpson-type inequalities for differentiable
convex mappings were established in [2,3]. The reader is referred to [4-10] and the ref-
erences therein for more information and unexplained aspects regarding Simpson-type
inequalities for various convex classes.

Many mathematicians have investigated the twice differentiable convex functions
to obtain significant inequalities. For example, Sarikaya et al. proved some inequali-
ties of Simpson’s type by using twice differentiable mappings in [11]. In addition, some
Simpson-type inequalities are given for differentiable convex mappings in [12]. More-
over, the authors provide new estimates on the generalization of Hadamard, Ostrowski,
and Simpson inequalities in the case of functions whose second derivatives in absolute
values at certain powers are convex and quasi-convex functions in [13]. Furthermore,
Simpson-type inequalities are established for P—convex functions in [14]. The reader may
refer to [15-18] for further pieces of information and unexplained aspects regarding these
types of inequalities, including twice differentiable functions.
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Mathematical preliminaries in fractional calculus theory, which will be used through-
out this paper, are given as follows.

Definition 1 ([19]). Let us consider f € Li[p, u]. The Riemann—Liouville integrals |5, f and
Jii—f of order & > 0 are defined by

B = / Eo W, £ p

and
1

R-10) = 5 /;’u — ot ¢ <

respectively. Here, T'(«) is the Gamma function and is described as follows:
I'(a) = / e “u* du.
J0

Let us also note that ]2+f(C) = ]2_f(§) = f(3)

Remark 1. If we choose & = 1 in Definition 1, then the fractional integral reduces to the
classical integral.

In [20], the Simpson inequalities for differentiable functions are extended to Riemann—
Liouville fractional integrals. In addition to these, several papers are focused on frac-
tional Simpson inequalities [21-27]. For further similar results and properties of Riemann—
Liouville fractional integrals, see [19,28-31].

In [32], the authors proved some new inequalities of Simpson’s type based on s—convexity
by fractional integrals. If we choose s = 1 as in ([32], Theorem 2.3), we obtain the following.

Theorem 2 ([32]). Let f : I C [0,00) — R be a function such that f is differentiable on I°. Let
a,b € Twitha < b. Suppose that f' € Li[a,b] and |f'| is convex on [a,b]. Then, the following
inequality for Riemann—Liouville fractional integrals holds:

sl ("0) o) - 2“(;”"‘)“) () ()

@) (If' @) + £ ©)])-

Ple) = (§>i+l<1ia) * 2(11+zx) - %

Theorem 3 ([33]). Suppose that the assumptions of Theorem 2 hold. Then, the following
inequalities hold:

Here,

e () + s - E D s+ sG]

(7]

IN
S3

o |G 6]+ 17 @) +26(@)

N

IN

5 (€@ + @) (|f'(@)] + £ (1))
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where

2N

1 (1 1 3 1
Ci(@) —2(3> 2 oc—i-Z} etz 2

- 2
1\« 1 1\«[1 1 3 1
=2(5) [1- -2( = - - .
Co(®) (3) I tX+1:| (3) {2 Dé+2:| +(tx+1)(tx+2) 2
Igbal et al. [20] established new Simpson-type inequalities for Riemann-Liouville frac-

tional integrals using the convexity for the class of functions whose derivatives in absolute
value at certain powers are convex functions, as proposed in the following theorem.

=

Theorem 4 ([20]). Suppose that the assumptions of Theorem 2 are valid. Then, the inequality

@+ 3 (57 ) + 0] - Sk [ FO) + I fa)]

< b—a

< LK) (| )]+ [ 0)])

is valid. Here, d* = @ + 1 and

! 141
Ki=§- é(l - <%> > B (a-lu) (%) + 2(1x1+1)’
_ a+1_ dwr]
Ko =2[3+ i | (@ - 1)+ 5 - (34 ).

The purpose of this paper is to prove some Simpson-type inequalities for Riemann—
Liouville fractional integrals. The general structure of the paper consists of three sections,
including the Introduction. The remaining parts of the paper are as follows. In Section 2,
we will establish some upper and lower bounds for Simpson’s rule for Riemann-Liouville
fractional integral operators by using functions whose second derivatives are bounded.
Moreover, we also show a Simpson-type inequality for Riemann integrals by using a
special case of our main results. Furthermore, we will give some examples to illustrate the
main results. In the last section, some conclusions and further directions of research will
be presented.

2. Main Results of Simpson-Type Inequalities for Bounded Functions

In this section, we establish the following inequalities, which give the upper and
lower bounds for the Simpson-type inequalities for Riemann-Liouville fractional integral
operators. Here, fractional Simpson-type inequalities are applied to the functions that have
the conditions m < f”(t) < M forall t € [a, b] instead of convexity. Throughout this paper,
we will refer to Theorems 2—4 as the Simpson-type inequalities of the first sense, second
sense, and third sense, respectively.
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2.1. Simpson-Type Inequalities of the First Sense

Theorem 5. Let f : [a,b] — R be a positive, twice differentiable function, and f € Lq[a,b]. If f"
is bounded, i.e., m < f"(t) < M forall t € [a,b] withm, M € R and a > 0, then the following
inequalities hold:

(b—a)?
12(x +2)

< E O () ()] - s [ e (B50) + s

[ma — M) 1)

(b—a)?
= 2 t2)

[Ma — m].
Proof. By using the change of variables, we have

e T CORYCD)

[ atb
2

“erb - x)lxlf(x)dx—i— /h (x _ a;b>a1f(x)dx]

a+b
2

Il
~—
SN
|7
_
2=
=
r
S
7N

[ atb atb

(anrb —x)alf(x)dx+ 7

2

a;b x)alf(a+bx)dx]

Se—_
7N\

I
—~
SIENY
N
AN
Rl
=
T
E\N‘

a+b

e (45 o

By the equality (2), we obtain

() ()] - (3) o)

= 2 () s e L e ar( ) 40

_ 2 /(“;b_x)al [3f(x)+3f(a+b—x)— <f(a)+4f<a—£b> +f(b))}dx.
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We can write easily that
f(x) = fla) = [ f'(t)at @
b x
Fla+b—x)—f(b) = — / F(t)dt —/f’(a+b—t)dt, 5)
a+b—x a
s (5 ) == [ rom, ©
and
b a+b—x Lerb
f(a—i—b—x)—f(a2 ): / f’(t)dt—/f/(a—l-b—t)dt (7)
By using the equalities (4) and (5), we have
F)+ fla+b =)= f@) - f(b) = [[f'(5) = f'(a+b—p)]dr ®
From (6) and (7), we obtain
f =20 ("50 ) + fawb=n) = [ [Flatb=t) - fo) ©)
We also have
a+b—t
flatb-n-f®)= [ f @ (10)
t
By using the equality (10) and m < f”(u) < M, u € [a, b], we obtain
a+b—t a+b—t a+b—t
m du < ' (u)du <M du
o= !
ie.,
m(a+b—2t) < f'la+b—t)—f'(t) < M(a+b—2t). (11)
Integrating the inequality (11) with respect to t on [a, x|, we obtain
M(b—x)(a—x) < /[f’(t) — fla+b—1)]dt <m(b—x)(a—x).
With the help of the equality (8), it follows that
M(b —x)(a—x) < f(x)+ fla+b—x)—fla) = f(b) <m(b—x)(a—x). (12)
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Integrating the inequality (11) with respect to t on {x, #} , we obtain

ath
2

2 2
m(u—;b —x> < /[f’(t)—f’(a+b—t)]dt§M<a_£b —x) .
X
By using the equality (9), it follows that

Zm(“;bxfgz{f(x)y(“;b) +f(a+bx)} §2M<”;“bx)2. (13)

From (12) and (13), we obtain

M(b—x)(a—x) +2m(az+b —x)2 (14)
<3f() + 3o+ b —x) — fl) - 47 (5 - 0)

2
gm(b—x)(a—x)—l—ZM(a—;b —x) .

Multiplying the inequalities (14) by 3(=a)"
a+b

inequality with respect to x on {a, T} , we have

- 2
2 g (# - x) and integrating the resultant

< 3(2;_12‘)a /(;b —x)2[3f(X)+3f(a+b—x) - fla)=4£ (5 )~ s

3(217a:1§)a j(”;b —x)2<m(b—x>(a —x) +2M<“;b —x)2>dx.

By using the equalities (3) and the equality

”;b —x)2<M(b—x)(a—x)+2m(a§b—x>2>dx: zx—zl—Z{m_IZﬂ (b;a)m’

then we obtain

(b—a)
12(x +2)

< Z I () ()] - s [ e (S50 + s

IN

a+b
2

/(

a

[ma — M]
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This completes the proof of Theorem 5. [

Corollary 1. Let us consider x = 1 in Theorem 5. Then, we obtain

(bgea)Z[’”‘M]Sbiaufbﬂf)df—2[f<a>+4f(”;b)+f<b>}s 9 .

Equivalently, we have

bia/bﬂ”dfi[f(”)”f(”;b) +f<b>]| S

Example 1. If we define a function f : [a,b] = [0,1] — R by f(x) = x® + x2, then we obtain
m = 2and M = 8. Let us consider the left and right sides of the inequalities (1) as follows:

(b—a)? . oa—4
Dt ™M=y =™
and b a)? 1
m[MlX —m] = m: =0y.
The middle parts of the inequalities (1) are as follows:
sl ar () wrw)] = o ar(5) srm| =5 a9
]Z‘+f(u;b> 15, f (;) - 0/ (; —x) (x4 22)dx (16)
1 1 5 7 3
" T {‘wm 13) " 2t2) Aat1) 2*+3a}
-~ 3a® + 3a% 4 4o + 18
20830 (@) (o + 1) (a +2) (a +3)7
and

r(55) =14 (3) = 1

_ 16a® +76a% +92a + 18
- 208 (w)a(a+ 1) (a4 2)(a +3)

(; — x> (x3 + x2>dx (17)

N\H\H
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With the help of the equalities (15)—(17), we have

e (252 s (£2)] S () o]

_ 19a% +79a% +96a+36 7
o 16(a+1)(a+2)(x+3) 127

Q5.

As one can see in Figure 1, the result of our appropriate choices in Example 1 is provided in the
double inequality (1).

o
3

values of functions Qk
o

-0.5 1

N 1 1 1 1 1
0 5 10 15 20 25 30

values of alpha

Figure 1. Graph for the result of Example 1 computed and plotted in MATLAB program.

2.2. Simpson’s Type Inequalities of the Second Sense
Theorem 6. Under the assumptions of Theorem 5, we have the following double inequality:

(b—a)?
24(a+1)(a +2)

[4m — a(a + 3)M] (18)

2 D s SO+ T @] - 2@+ a7 (50 + s

2

(b—a)?
S AT t2)!

4M — a(a 4 3)m].
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Proof. By using the change of variables, we have

271 (a4 1)

b—a)r []?er) f(b )+](€a;b)f(“)] (19)

(b— )"V f(x)dx + / (x —a)* ! f(x)dx]

I
—~
N
L7
AN
Els
=2
Im 1
N‘%i\w

“7104 %b qurJ
a—1 #
= (;_;;a / [f(x) + fla+b—x)](x—a)* 'dx.

By the equalities (19), we obtain

a0+ iy 0] =g [r@rar(*5) 0]
eyl / 0+ fa+b =)= ) = g 7o)+ 4f (5 ) + £10)

a— a—1
Multiplying the inequality (14) by z;’zéxf;)aa) and integrating the resultant inequality

with respect to x on {a “erb} we obtain

a+b
2

3(21:6—1::)“ / (2 (a ; L x>2m = M(b —x)(x - a)> (x —a)" 'dx

a+b

> +3f(a+b—x)} (x —a)* tdx

IN
SN
7
Sl=
=
a<\_~_sNh;
- _ 1
@
-
—
=
N~—
|
-
—
B
S~—
\n
/\
\/
,4;
-
R
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If we consider the equalities

atb

[ /a+b 2 a1, (b — a)**?
/< 2 ‘x> (=0 = e a2

and

7 N 2(b—a)* 2 (a +3
a/(b—x)(x—a) dx = 2"(‘+2(042|—1)20412;’

then we obtain

s
24(06+1)(a+2)[4m—a(a+3)M}
227 1M +1) [, N a1 a+b
< B e SO+ 1 F0)| = @ a7 (57) 0
0,

< (e 1) (€ +2) [4M — a(a + 3)m].

This concludes the proof of the inequalities (18). O

Remark 2. If we choose « = 1 in Theorem 6, then Theorem 6 reduces to Corollary 1.

Example 2. If we describe a function f : [a,b] = [0,1] — Rby f(x) = xg, then we have m = 0
and M = 1. The left and right sides of the inequalities (18) are as follows:

(b—a)?  —aa+3)
24 (et 2) e IM = e ey T
and (b a2 .
et )(at2) 4M — a(a +3)m| = )] =Y.
The middle parts of inequalities (18) are as follows:
é[f(a)ﬂf(“;b) +f(b)] :2[0+112+H = o (20)
;!
o _qu _ a—1.3
Tty f O = Tty FO) = g / (1—x)* 2 e

1 3 3 1
6l () {_ 2043 (x + 3) + 2042 + 2) B 20+l (g 4 1) + 20y

_ o® + 90 + 320 + 48
3. 20T (a)a(a+1) (e +2)(x +3)”
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and
1
1 2
(X” . 0) = / 0¢+2d 22
I(%b),f(a) ](%)_f( ) 61"(04)0 X X (22)
B 1
© 3.20H4 () (a +3)°
By using equalities (20)—(22), it follows that
22 1M (a+1) [, 1 a+b
—_— b 2 - — 4 b
G Ty SO+ Ty F0)] =5 | @+ af (57 ) +£0)]
. —ad —6a% — 5u+12 g
T 8w+ D(a+2)(wt3) T ¥
As one can see in Figure 2, the result of Example 2 is satisfied in the inequality (18).
0.1 ;
— \111
_\112
\IJB
f 0.05 | 1
g
5
g
R *
0.05 Il Il Il Il Il Il Il Il Il
0o 1 2 3 4 5 6 7 8 9 10
values of alpha
Figure 2. A graph computed and drawn in MATLAB program for the result of Example 2.
2.3. Simpson’s Type Inequalities of the Third Sense
Theorem 7. Under the assumptions of Theorem 5, we have the inequalities
(b—a)« w? —a+2
6t D)(@+2) " 2« M @3
F'(a+1) 1 a+b
< — o f(b b — = 4 b
< S U+ @] g | f@) +47 () + £0)

(b —a)’a a?—a+2
“6(a+1)(a+2) {M 20 —m}.
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I(a+ 1)
2(b—

S

Proof. With the help of the change of variables, we have

kRS 0)+ S0 @

ES)

[(x—a)* — ) 7 [f() + fla+b—x)dx.

By the equality (24), we obtain

S0+ )] - g+ a7 (57 ) + £(0) @5)

C3

atb
2

[(x= a4 b= 0 )+ fla b -l = g [ @)+ 47 (250 + 70)]

j x—a x)“‘l} {3f(X)+3f(a+b—x)— {f( )+4f(“+b) —i—f(b)”dx

Multiplying the inequalities (14) by W [(x —a)* 1 (b - x)”‘_l} and integrating
a

the resultant inequality with respect to x on [a, %b} , it follows that
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e [[e— e -0 <M<b —x)(a - x) +2m<a§b B ">2>d"

< * j[(x—a)“l + (b—x)afl} (m(b—x)(a —x) +2M<a;b —x)2>dx.

From (25) and the equality

a+b

2

[(x ol - x)afl} (M(b —x)(a—x) +2m<a;b — x>2> dx

S

(b—a)**? [lxz —a+2
m

T @+ D)(a+2) 2 _M]'

we obtain

(b—a)*a {az—a—i-z
m

bat)(at2)| 2a _M]

I'(a+1) a+b

< Su S A0+ f@) — g f@) +ar (7))

_a)? 2 _
= 6(oc(fL 1)12x i 2) [“ zz 2 m} '
This completes the proof of Theorem 7. [
Remark 3. Let us consider &« = 1 in Theorem 7. Then, Theorem 7 becomes Corollary 1.
Example 3. If we choose a function f : [a,b] = [0,2] — R by f(x) = x° + 1, then we obtain

m = 0and M = 12. Let us consider the left and right sides of the double inequality (23). Then,
the following equalities hold:

(b—a)« > —a+2 B —8u — &
6(¢x+1)(oc+2){ 20 }_(zx—i—l)(zx—i-Z) o

d (b—a)’a a?—a+2 _ 4(a®—a+2) —
6(1x+1)(¢x+2)[ 20 }_((x—i—l)(zx—l—Z) T

The middle parts of inequalities (23) are as follows:

s @ ar(U50) )| = GO+ ar) + f@) =3 26)
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2
Bt ) = S = gy @07 (¥ 1) @)
a+ 0+ 1"(“
0
B 2a+3 3 B 1 +2_L
- T(a)|la+2 a+3 8 a+l
_ 2% (a® + 6 + 11a + 54)
C T(w)a(a+1)(a+2)(a+3)
Similarly, we can also obtain
17 2%(9u + 3)
o
a = — l . 2
Ip-fla) =Ty f T T() 0/x X+ T @+ ) (a+2)(x+3) (28)

By utilizing equalities (26)—(28), the following equality arises:

ZT((ba+1)) S f(0) + T f(a)] _é{f( )+4f(a+b> +f(b)]

20— 14a+12
(e 1) (a+2)(a+3)

3.

As one can see in Figure 3, the result of our appropriate choices in Example 3 is provided in the
double inequality (23).

800

700 1

600 - 1

500 e—

400

300 - .

200 [ 1

values of functions <I>K

100 ]

_100 Il Il Il Il Il Il Il Il Il
0 2 4 6 8 10 12 14 16 18 20

values of alpha

Figure 3. Graph for the result of Example 3, calculated and plotted in MATLAB program.

3. Conclusions

In the present paper, we prove some Simpson-type inequalities for Riemann-Liouville
fractional integral operators by utilizing the functions whose second derivatives are
bounded. Some examples that give a graphical illustration of our main results are presented.
With reference to our paper, other authors can try to find better bounds using functions
with conditions m < f”(t) < M for all t € [a,b] instead of convexity in future studies.
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Moreover, by applying these results, researchers can obtain some new approaches in the
theory of optimization.
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