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ON OSTROWSKI TYPE INEQUALITIES FOR GENERALIZED

k-FRACTIONAL INTEGRALS

SHAHID MUBEEN, SANA IQBAL, ZAFAR IQBAL

Abstract. Over the years, the integral inequalities received special atten-

tion from many researchers due to their importance and applications. Con-
sequently, this theory has been extended and generalized in various different

directions by using innovative ideas and techniques. The concept of fractional

calculus plays an important role in many fields of mathematics. Recently, by
applying the fractional integral operators, many researchers have obtained a lot

of fractional integral inequalities. In this paper, we use the left and right-sided

Riemann-Liouville fractional integrals to establish some new integral inequal-
ities of Ostrowski type in terms of a new parameter k > 0. From our results,

the classical Ostrowski inequalities can be deduced as some special cases.

1. Introduction

Fractional calculus was introduced at the end of the nineteenth century by Li-
ouville and Riemann. This subject has become a rapidly growing area and has
found applications in many fields of sciences and engineering such as biophysics,
quantum mechanics, wave theory, continuum mechanics, Lie theory, spectroscopy
and in group theory. In particular, fractional integrals, fractional derivatives and
inequalities involving these two operators arise in many engineering and scientific
disciplines. Therefore, the researchers have a great interest in this field due to vast
applications of these inequalities.

The classical Ostrowski’s inequality [1] was proved by Ostrowski in 1938. It gives

an upper bound for the approximation of the integral average 1
b−a

∫ b
a
f(x)dx by the

value f(x) at point x ∈ [a, b]. It is defined as follows:

Definition 1. Let f : [a, b]→ R be continuous on [a, b] and differentiable on (a, b).
Assume that |f ′(x)| ≤M for all x ∈ (a, b), then

|f(x)− T (f ; a, b)| ≤ M

b− a
(b− x)2 + (x− a)2

2
(1.1)
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for all x ∈ (a, b), where T (f ; a, b) = 1
b−a

∫ b
a
f(x)dx.

During past several years, many researchers and mathematicians [2, 3, 4, 5, 6, 7]
have worked on this inequality and found many generalizations, variants and ex-
tensions of this inequality.

In the years thereafter, numerous generalizations, extensions and variants of
Grüss inequality [8] have appeared in the literature (see [9, 10, 11, 12, 13]). It
states that:

Definition 2. If f, g : [a, b] → R be integrable functions such that ϕ < f(x) < Φ
and ψ < g(x) < Ψ for all x ∈ [a, b], where ϕ,Φ, ψ,Ψ ∈ R. Then∣∣∣∣∣ 1

b− a

∫ b

a

f(x)g(x)dx− 1

(b− a)2

∫ b

a

f(x)dx

∫ b

a

g(x)dx

∣∣∣∣∣
≤ 1

4
(Φ− ϕ)(Ψ− ψ), (1.2)

where the constant 1
4 is sharp.

Now, we recall definitions and preliminary facts of fractional calculus which will
be used in this paper.

Definition 3. Korkine’s identity [14] states that if f and g be integrable functions
on [a, b], then

T (fg; a, b)− T (f ; a, b)T (g; a, b)

=
1

2(b− a)2

∫ b

a

∫ b

a

(f(t)− f(s))(g(t)− g(s))dsdt. (1.3)

Definition 4. A function f is said to be in Lp,r[a, b] if(∫ b

a

|f(t)|ptrdt

) 1
p

<∞, 1 ≤ p <∞, r ∈ R\{−1}.

The Riemann-Liouville fractional integrals play a major role in fractional calcu-
lus. They are defined as follows:

Definition 5. Let f ∈ L1[a, b]. Then left and right sided Riemann-Liouville frac-
tional integral of order α ≥ 0 are defined by

Iαa+f(x) =
1

Γ(α)

∫ x

a

(x− t)α−1f(t)dt, x ∈ [a, b]

and

Iαb−f(x) =
1

Γ(α)

∫ b

x

(t− x)α−1f(t)dt, x ∈ [a, b],

where Γ is the Euler gamma function.

Definition 6. Iet f ∈ L1,r[a, b], then the generalized left and right sided Riemann-
Liouville fractional integral of order α ≥ 0 and R\{−1}, introduced by Katugom-
pola [15], are defined by

Iα,ra+ f(x) =
(r + 1)1−α

Γ(α)

∫ x

a

(xr+1 − tr+1)α−1trf(t)dt, x ∈ [a, b]
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and

Iα,rb− f(x) =
(r + 1)1−α

Γ(α)

∫ b

x

(tr+1 − xr+1)α−1trf(t)dt, x ∈ [a, b],

where Γ is the Euler gamma function.

Many researchers [16, 17, 18, 19, 20, 21, 22, 23] paid attention to these integrals
and obtained many genaralizations and inequalities involving Riemann-Liouville
fractional integrals like Grüss, Chebyshev and Hermite-Hadamard type inequalities
for integrable functions as well as for convex functions.

Recently, Diaz and Pariguan [24] have defined the generalization of the classical
gamma and beta functions in terms of a new parameter k > 0, called gamma and
beta k-functions respectively.

Γk(x) = lim
n→∞

n!kn(nk)
x
k−1

(x)n,k
, k > 0, x ∈ C \ kZ−,

where

(x)n,k = x(x+ k)(x+ 2k) · · · (x+ (n− 1)k), n ≥ 1,

is called Pochhammer k-symbol. The integral representation of gamma k-function
is

Γk(x) =

∫ ∞
0

tx−1e−
tk

k dt, Re(x) > 0.

In 2010, Krasniqi [25] proved some inequalities and monotonicity for the ratio
of gamma k-function. Later, in 2012, by using the above definitions, Mubeen and
Habibullah [26] have introduced the left sided k-fractional integral of the Riemann
Liouville type as

Definition 7. Let f ∈ L1[a, b], then

Iαa+,kf(x) =
1

kΓk(α)

∫ x

a

(x− t)αk−1f(t)dt, x ∈ [a, b], (1.4)

where Γk is the Euler gamma k-function.

In 2013, Kokologiannaki and Krasniqi [27] gave completely monotonicity prop-
erties and inequalities for functions involving the gamma and psi k-functions. They
also introduced the k-analogue of the Riemann Zeta function and obtained some
inequalities relating gamma and zeta k-functions. Romero et al. [28] introduced
a new fractional operator called k-Riemann-Liouville fractional derivative by us-
ing gamma k-function. They also proved some properties of this newly defined
fractional operator and found its relationship with Riemann-Liouville k-fractional
integral.

In 2014, Sarikaya and Karaca [29] gave a generalization of Riemann-Liouville
k-fractional integral with some properties. Also they proved some new integral in-
equalities involving this generalized Riemann-Liouville k-fractional integral.

In 2015, Sarikaya et al. [30] have introduced the left sided (k, r)-fractional inte-
gral of the Reimann type as
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Definition 8. Let f ∈ L1,r[a, b]

Iα,ra+,kf(x) =
(r + 1)1−

α
k

kΓk(α)

∫ x

a

(xr+1 − tr+1)
α
k−1trf(t)dt, x > a. (1.5)

where Γk is the Euler gamma k-function.

In view of the wider applications, integral inequalities have received consider-
able attention. Recently, different versions of such inequalities have been devel-
oped which are useful in the study of different classes of differential and integral
equations. It is well known that Ostrowski type inequalities play a crucial role in
studying the qualitative behavior of differential and difference equations, as well as
many other areas of mathematics.

Motivated by the definitions 7 and 8, we have introduced right sided generalized
Riemann-Liouville k-fractional integral. Due to the wide application of fractional
integrals, some authors extended the theory of fractional integral inequalities in
many directions. The main aim of this work is to develop new integral inequalities
of Ostrowski type involving the left and right sided generalized Riemann-Liouville
fractional integrals in terms of a new parameter k > 0. From our results, the
classical Ostrowski type inequality can be deduced as some special case and some
further special cases are also discussed.

2. Main Results

In this section, we establish some new Ostrowski type inequalities involving
the left and right sided Riemann-Liouville fractional integrals in terms of a new
parameter k > 0, which generalize the inequalities of [31]. First of all, we define
the right sided generalized Riemann-Liouville k-fractional integral.

Definition 9. Let f ∈ L1,r[a, b], then the right sided generalized Riemann-Liouville
k-fractional integral, denoted by Iα,rb−,k, of order α ≥ 0 and r ∈ R\{−1} is defined
as

Iα,rb−,kf(x) =
(r + 1)1−

α
k

kΓk(α)

∫ b

x

(tr+1 − xr+1)
α
k−1trf(t)dt, b > x, (2.1)

where Γk is the Euler gamma k-function.

Now, we prove that the integral defined in (2.1) is well defined.

Theorem 2.1. For k > 0, let f ∈ L1,r[a, b], r ∈ R\{−1} and α ≥ 0, then Iα,rb−,k

exists for any x ∈ [a, b].

Proof. Let Ω := [a, b]× [a, b] and F : Ω→ R is defined by

F (x, t) = (tr+1 − xr+1)
α
k−1tr.

It is clear to see that F = F+ + F−, where

F+(x, t) :=

 (tr+1 − xr+1)
α
k−1tr a ≤ x ≤ t ≤ b

0 a ≤ t ≤ x ≤ b
and

F−(x, t) :=

 (xr+1 − tr+1)
α
k−1tr a ≤ x ≤ t ≤ b

0 a ≤ t ≤ x ≤ b.
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Since F is measurable on Ω, then we can write∫ b

a

F (x, t)dt =

∫ b

x

F (x, t)dt =

∫ b

x

(tr+1 − xr+1)
α
k−1trdt

=
k

α(r + 1)
(br+1 − xr+1)

α
k .

Now, by using repeated integrals, we have∫ b

a

(∫ b

a

F (x, t)|f(x)|dt

)
dx =

∫ b

a

|f(x)|

(∫ b

a

F (x, t)dt

)
dx

=
k

α(r + 1)

∫ b

a

(br+1 − xr+1)
α
k |f(x)|dx

≤ k

α(r + 1)
(br+1 − ar+1)

α
k

∫ b

a

|f(x)|dx

=
k

α(r + 1)
(br+1 − ar+1)

α
k ‖f(x)‖L1[a,b]

<∞.

Therefore, the function G : Ω → R, G(x, t) := F (x, t)f(x) is integrable over Ω by

Tonelli’s theorem. Hence, by Fubini’s theorem
∫ b
a
F (x, t)f(x)dx is an integrable

function on [a, b], as a function of t ∈ [a, b]. That is, Iα,rb−,kf(x) exists. �

Theorem 2.2. For k > 0, if f, g ∈ L1,r[a, b], r ∈ R\{−1}, then

Iα,ra+,k[f(b)g(b)]− Γk(α+ k)(r + 1)
α
k

(br+1 − ar+1)
α
k

Iα,ra+,kf(b)Iα,ra+,kg(b)

=
α(r + 1)2−

α
k

2k2Γk(α)(br+1 − ar+1)
α
k

∫ b

a

∫ b

a

(f(t)− f(s))(g(t)− g(s))

×(br+1 − sr+1)
α
k−1(br+1 − tr+1)

α
k−1trsrdsdt. (2.2)

Proof. For (f(t)− f(s))(g(t)− g(s)), we have∫ b

a

∫ b

a

(f(t)− f(s))(g(t)− g(s))(br+1 − sr+1)
α
k−1(br+1 − tr+1)

α
k−1trsrdsdt

= 2

[∫ b

a

(br+1 − sr+1)
α
k−1srds

∫ b

a

(br+1 − tr+1)
α
k−1f(t)g(t)trdt

]

−2

[∫ b

a

(br+1 − sr+1)
α
k−1g(s)srds

∫ b

a

(br+1 − sr+1)
α
k−1f(t)trdt

]

=
2k2(br+1 − ar+1)

α
k Γk(α)

α(r + 1)2−
α
k

Iα,ra+,kf(b)g(b)− 2k2Γk(α)

(r + 1)2−
α
k
Iα,ra+,kf(b)Iα,ra+,kg(b),

which gives the required equality. �

Remark. If we use α = k in (2.2), we obtain the following identity

Tr(fg; a, b)− Tr(f ; a, b)Tr(g; a, b)

=
(r + 1)2

2(br+1 − ar+1)2

∫ b

a

∫ b

a

(f(t)− f(s))(g(t)− g(s))trsrdsdt, (2.3)
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where Tr(f ; a, b) = (r+1)
2(br+1−ar+1)

∫ b
a
f(t)trdt.

Theorem 2.3. Let f be differentiable function on [a, b] and |f ′(x)| ≤ M for any
x ∈ [a, b]. Then the following generalized fractional inequality holds for α ≥ 0 and
r ∈ R\{−1}

(r + 1)−
α
k

kΓk(α+ k)

[
(xr+1 − ar+1)

α
k + (br+1 − xr+1)

α
k

]
xrf(x)

−1

k

[
Iα,rx−,k(arf(a)) + Iα,rx+,k(brf(b))

]
− r

[
Iα+k,rx−,k

f(a)

a
− Iα+k,rx+,k

f(b)

b

]
≤ (r + 1)−

α
k−1M

Γk(α+ 2k)

[
(xr+1 − ar+1)

α
k+1 + (br+1 − xr+1)

α
k+1

]
. (2.4)

Proof. Since

Iα+k,rx−,k f ′(a) =
(r + 1)−

α
k

kΓk(α+ k)

∫ x

a

(tr+1 − ar+1)
α
k trf ′(t)dt.

Integration by parts gives us

Iα+k,rx−,k f ′(a) =
(r + 1)−

α
k xr(xr+1 − ar+1)

α
k

kΓk(α+ k)
f(x)

−1

k
Iα,rx−,k(arf(a))− rIα+k,rx−,k

(
f(a)

a

)
. (2.5)

Similarly

Iα+k,rx+,k f ′(b) =
−(r + 1)−

α
k xr(br+1 − xr+1)

α
k

kΓk(α+ k)
f(x)

+
1

k
Iα,rx+,k(brf(b))− rIα+k,rx+,k

(
f(b)

b

)
. (2.6)

Now as

Iα+k,rx−,k f ′(a)− Iα+k,rx+,k f ′(b)

=
(r + 1)−

α
k

kΓk(α+ k)

[∫ x

a

(tr+1 − ar+1)
α
k trf ′(t)dt−

∫ b

x

(br+1 − tr+1)
α
k trf ′(t)dt

]

≤ (r + 1)−
α
k−1M

Γk(α+ 2k)

[
(xr+1 − ar+1)

α
k+1 + (br+1 − xr+1)

α
k+1

]
. (2.7)

The inequality (2.7) together with relations (2.5) and (2.6) yields the required
inequality. �

Remark. If we use r = 0 in inequality (2.4), we get∣∣∣∣ (x− a)
α
k + (b− x)

α
k

Γk(α+ k)
f(x)− Iαx−,kf(a)− Iαx+,kf(b)

∣∣∣∣
≤
Mk

(
(x− a)

α
k+1 + (b− x)

α
k+1

)
Γk(α+ 2k)

. (2.8)

Remark. Take α = k = 1 in (2.8), we get

f(x)− T (f ; a, b) ≤ M

b− a
(b− x)2 + (x− a)2

2
,

which is Ostrowski’s inequality.
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Theorem 2.4. Let f : [a, b] → R be differentiable function and f ′ ∈ L2,r[a, b]. If
f ′ is bounded on [a, b] with m ≤ f ′(x) ≤M , then the following inequality

(r + 1)−
α
k+1(xr+1 − ar+1)

α
k−1

Γk(α)

{
xrf(x)− k

α+ k

∫ x

a

f ′(t)trdt

}
− α(r + 1)

xr+1 − ar+1

{
Iα,rx−,k(arf(a) + rkIα+k,rx−,k

(
f(a)

a

)}
+

(r + 1)−
α
k+1(br+1 − xr+1)

α
k−1

Γk(α)

{
xrf(x) +

k

α+ k

∫ b

x

f ′(t)trdt

}

− α(r + 1)

br+1 − xr+1

{
Iα,rx+,k(brf(b)− rkIα+k,rx+,k

(
f(b)

b

)}
≤ ηk(xr+1 − ar+1)

α
k

{
Tr(f

′2; a, x)− T 2
r (f ′; a, x)

} 1
2

+ηk(br+1 − xr+1)
α
k

{
Tr(f

′2;x, b)− T 2
r (f ′;x, b)

} 1
2

≤ ηk(M −m)

[
(xr+1 − ar+1)

α
k + (br+1 − xr+1)

α
k

2

]
(2.9)

holds, where

ηk =
(r + 1)−

α
k

Γk(α)

√
k

2α+ k
− k2

(α+ k)2

Proof. From relations (2.5) and (2.6), we have

(r + 1)−
α
k

Γk(α)(xr+1 − ar+1)

∫ x

a

(tr+1 − ar+1)
α
k trf ′(t)dt =

(r + 1)−
α
k+1xr(xr+1 − ar+1)

α
k−1

Γk(α)
f(x)

− α(r + 1)

xr+1 − ar+1

{
Iα,rx−,k(arf(a)) + rkIα+k,rx−,k

(
f(a)

a

)}
. (2.10)

and

(r + 1)−
α
k

Γk(α)(br+1 − xr+1)

∫ b

x

(br+1 − tr+1)
α
k trf ′(t)dt =

(r + 1)−
α
k+1xr(br+1 − xr+1)

α
k−1

Γk(α)
f(x)

− α(r + 1)

br+1 − xr+1

{
Iα,rx+,k(brf(b))− rkIα+k,rx+,k

(
f(b)

b

)}
. (2.11)

Adding

−k(r + 1)−
α
k+1

(α+ k)Γk(α)

{
(xr+1 − ar+1)

α
k−1

∫ x

a

trf ′(t)dt− (br+1 − xr+1)
α
k−1

∫ b

x

trf ′(t)dt

}
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on both sides after adding (2.10) and (2.11), we get

(r + 1)−
α
k+1

Γk(α)
(xr+1 − ar+1)

α
k−1

{
xrf(x)− k

α+ k

∫ x

a

trf ′(t)dt

}
− α(r + 1)

xr+1 − ar+1

{
Iα,rx−,k(arf(a)) + rkIα+k,rx−,k

(
f(a)

a

)}
+

(r + 1)−
α
k+1

Γk(α)
(br+1 − xr+1)

α
k−1

{
xrf(x) +

k

α+ k

∫ b

x

trf ′(t)dt

}

− α(r + 1)

br+1 − xr+1

{
Iα,rx+,k(brf(b))− rkIα+k,rx+,k

(
f(b)

b

)}
=

(r + 1)
α
k+1

Γk(α)(xr+1 − ar+1)

∫ x

a

(tr+1 − ar+1)
α
k trf ′(t)dt

−k(r + 1)−
α
k+1

(α+ k)Γk(α)
(xr+1 − ar+1)

α
k−1

∫ x

a

trf ′(t)dt

− (r + 1)
α
k+1

Γk(α)(br+1 − xr+1)

∫ b

x

(br+1 − tr+1)
α
k trf ′(t)dt

+
k(r + 1)−

α
k+1

(α+ k)Γk(α)
(br+1 − xr+1)

α
k−1

∫ b

x

trf ′(t)dt. (2.12)

Now using Korkine’s identity for the generalized Riemann-Liouville k-fractional
integral on the right hand side of (2.12), we get

(r + 1)−
α
k+1

Γk(α)
(xr+1 − ar+1)

α
k−1

{
xrf(x)− k

α+ k

∫ x

a

trf ′(t)dt

}
− α(r + 1)

xr+1 − ar+1

{
Iα,rx−,k(arf(a)) + rkIα+k,rx−,k

(
f(a)

a

)}
+

(r + 1)−
α
k+1

Γk(α)
(br+1 − xr+1)

α
k−1

{
xrf(x) +

k

α+ k

∫ b

x

trf ′(t)dt

}

− α(r + 1)

br+1 − xr+1

{
Iα,rx+,k(brf(b))− rkIα+k,rx+,k

(
f(b)

b

)}
=

(r + 1)−
α
k+2

2Γk(α)(xr+1 − ar+1)2

∫ x

a

∫ x

a

[
(tr+1 − ar+1)

α
k − (sr+1 − ar+1)

α
k

]
(f ′(t)− f ′(s))trsrdsdt

+
(r + 1)−

α
k+2

2Γk(α)(br+1 − xr+1)2

∫ b

x

∫ b

x

[
(br+1 − sr+1)

α
k − (br+1 − tr+1)

α
k

]
(f ′(t)− f ′(s))trsrdsdt(2.13)

Using the Cauchy-Schwarz inequality on the double integrals in 2.13, we get∫ x

a

∫ x

a

[
(tr+1 − ar+1)

α
k − (sr+1 − ar+1)

α
k

]
(f ′(t)− f ′(s))tr/2tr/2sr/2sr/2dsdt

≤
(∫ x

a

∫ x

a

[
(tr+1 − ar+1)

α
k − (sr+1 − ar+1)

α
k

]2
trsrdsdt

) 1
2

×
(∫ x

a

∫ x

a

(f ′(t)− f ′(s))2trsrdsdt
) 1

2

. (2.14)
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However ∫ x

a

∫ x

a

[
(tr+1 − ar+1)

α
k − (sr+1 − ar+1)

α
k

]2
trsrdsdt

=
2k(xr+1 − ar+1)

2α
k +2

(r + 1)2

(
1

2α+ k
− k

(α+ k)2

)
(2.15)

and ∫ x

a

∫ x

a

(f ′(t)− f ′(s))2trsrdsdt

=
2(xr+1 − ar+1)2

(r + 1)2
[
Tr(f

′2; a, x)− T 2
r (f ′; a, x)

]
(2.16)

So by (2.14)-(2.16), we have the following inequality

(r + 1)−
α
k+2

2Γk(α)(xr+1 − ar+1)2

∫ x

a

∫ x

a

[
(tr+1 − ar+1)

α
k − (sr+1 − ar+1)

α
k

]
(f ′(t)− f ′(s))trsrdsdt

≤ (xr+1 − ar+1)
α
k ηk

[
Tr(f

′2; a, x)− T 2
r (f ′; a, x)

] 1
2 . (2.17)

Similarly

(r + 1)−
α
k+2

2Γk(α)(br+1 − xr+1)2

∫ b

x

∫ b

x

[
(br+1 − sr+1)

α
k − (br+1 − tr+1)

α
k

]
(f ′(t)− f ′(s))trsrdsdt

≤ (br+1 − xr+1)
α
k ηk

[
Tr(f

′2;x, b)− T 2
r (f ′;x, b)

] 1
2 . (2.18)

By using (2.13), (2.17) and (2.18), we obtain first inequality of 2.9. To prove second
inequality, use the condition m ≤ f ′(x) ≤ M on [a, b]. Then by Grüss inequality,
we have

Tr(f
′2; a, x)− T 2

r (f ′; a, x) ≤ 1

4
(M −m) (2.19)

and

Tr(f
′2;x, b)− T 2

r (f ′;x, b) ≤ 1

4
(M −m). (2.20)

�

Remark. Letting r = 0 in (2.9), we obtain

αf(x) + kf(a)

(α+ k)Γk(α)
(x− a)

α
k−1 − α

x− a
Iαx−,kf(a)

+
αf(x) + kf(b)

(α+ k)Γk(α)
(b− x)

α
k−1 − α

b− x
Iαx+,kf(b)

≤

√
k

2α+ k
− k2

(α+ k)2
1

Γk(α)
(x− a)

α
k

{
T (f ′2; a, x)− T 2(f ′; a, x)

} 1
2

+

√
k

2α+ k
− k2

(α+ k)2
1

Γk(α)
(b− x)

α
k

{
T (f ′2;x, b)− T 2(f ′;x, b)

} 1
2

≤

√
k

2α+ k
− k2

(α+ k)2
1

Γk(α)

(x− a)
α
k + (b− x)

α
k

2
(M −m). (2.21)
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Corollary 2.5. Under the assumptions of theorem 2.4 with α = k, then inequality
(2.9) becomes

2xrf(x) +
1

2

{∫ b

x

f ′(t)trdt−
∫ x

a

f ′(t)trdt

}

− r + 1

xr+1 − ar+1

{
Ik,rx−,k(arf(a)) + rkI2k,rx−,k

(
f(a)

a

)}
− r + 1

br+1 − xr+1

{
Ik,rx+,k(brf(b))− rkI2k,rx+,k

(
f(b)

b

)}
≤ 1

4
√

3

1

r + 1
(xr+1 − ar+1)

{
Mr(f

′2, a, x)−M2
r (f ′, a, x)

} 1
2

+
1

4
√

3

1

r + 1
(br+1 − xr+1)

{
Mr(f

′2, x, b)−M2
r (f ′, x, b)

} 1
2

≤ 1

4
√

3

1

r + 1
(br+1 − ar+1)(M −m). (2.22)

Remark. Use r = 0 in (2.22), we get∣∣∣∣∣2f(x) +
f(b) + f(a)

2
− 1

x− a

∫ x

a

f(t)dt− 1

b− x

∫ b

x

f(t)dt

∣∣∣∣∣
≤ 1

4
√

3
(b− a)(M −m). (2.23)

Remark. Put x = a+b
2 in (2.23), we have∣∣∣∣∣f(
a+ b

2
) +

f(b) + f(a)

4
− 1

b− a

∫ b

a

f(t)dt

∣∣∣∣∣
≤ 1

8
√

3
(b− a)(M −m). (2.24)

Competing interests. The authors declare that they have no competing interests.

Authors contributions. The main idea of this paper was proposed by SM and
SI. The third author ZI helped to improve this paper.

Acknowledgments. The authors would like to thank the anonymous referee for
his/her comments that helped us improve this article.

References
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