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Abstract: In this paper, we establish a new q-integral identity, the result is then used to derive two
q-integral inequalities of Simpson-type involving strongly preinvex functions. Some special cases of
the obtained results are also considered, it is shown that several new and previously known results
can be derived via generalized strongly preinvex functions and quantum integrals.
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1. Introduction

Quantum calculus or q-calculus is often known as “calculus without limits” and was first
developed by Jackson in the early twentieth century, but the history of quantum calculus can be
traced back to some much earlier work done by Euler and Jacobi et al. (see [1]). Over the recent decade,
the investigation of q-calculus has attracted the interest of many researchers, because it has been found
to have a lot of applications in mathematics and physics. As is known to us, q-calculus can be treated
as a bridge between mathematics and physics, it is a significant tool for researchers working in analytic
number theory, noncommutative geometry, or theoretical physics. In quantum calculus, we obtain
the q-analogues of mathematical objects which can be recaptured as q→ 1−. It has been noticed that
quantum calculus is a subfield of timescale calculus. Timescale calculus provides a unified framework
for studying dynamic equations on both the discrete and continuous domains. In quantum calculus,
we are concerned with a specific timescale, called the q-timescale (see [1–4]).

The concept of convexity has been extended in several directions, since these generalized versions
have significant applications in different fields of pure and applied sciences. We only point out that
convexity was recently used in differential geometry to completely classify ideal Casorati submanifolds
in complex space forms (see [5–8]). One of the convincing examples on extensions of convexity is
the introduction of invex function, which was introduced by Hanson [9]. This concept is particularly
interesting from an optimization viewpoint, since it provides a broader setting to study the optimization
and mathematical programming problems. Such optimization problems have recently been considered
in Riemannian geometry by an original choice of a set of quadratic programming problems. Since then,
some classes of generalized convex functions, such as the preinvex function, strongly α-invex function,
and strongly α-preinvex function, were put forward successively, see [10–16].

In this paper, the quantum calculus and the strongly preinvex function are subtly linked together
via integral inequalities. It is well known that the theory of inequality plays a fundamental role in pure
and applied mathematics and has extensive applications. Apart from the larger number of research
results of inequalities in classical analysis, there are considerable works on the study of inequalities
for q-calculus, particularly the study of inequalities related to quantum integral (q-integral), for
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example, q-Hermite–Hadamard integral inequality, q-Cauchy–Schwarz integral inequality, q-Hölder
integral inequality, q-Ostrowski integral inequality, etc. For more details, we refer the interested reader
to [17–23] and the references cited therein.

The purpose of this paper is to establish several q-integral inequalities of Simpson-type via
strongly preinvex functions. The classical Simpson inequality is described as follows:∣∣∣∣∣16

[
φ(α) + 4φ

(
α + β

2

)
+ φ(β)

]
− 1

β− α

∫ β

α
φ(ν)dν

∣∣∣∣∣ ≤ 1
1280

∥∥∥φ(4)
∥∥∥

∞
(β− α)4, (1)

where the mapping φ : [α, β] → R is four times continuously differentiable, and
‖φ(4)‖∞ = supν∈(α,β) |φ(4)(ν)| < ∞ (see [24]).

The paper is organized as follows: In Sections 2 and 3, we shall introduce some notions and
properties on strongly preinvex functions and q-calculus. As an auxiliary result, we present an identity
associated with q-integral. In Section 4, with the help of the auxiliary result, we will establish our
main results. At the end of the paper, some examples are provided to illustrate the applications of our
main results.

2. Preliminaries

Let us recall some preliminary concepts and results.

Definition 1 ([15]). A set Kη ⊂ Rn is said to be invex with respect to bifunction η(., .) : Rn ×Rn → Rn, if

u + λη(v, u) ∈ Kη , ∀ u, v ∈ Kη , λ ∈ [0, 1].

Definition 2 ([15]). A function φ on the invex set Kη ⊂ Rn is said to be preinvex with respect to bifunction
η(., .) : Rn ×Rn → Rn, if

φ(u + λη(v, u)) ≤ (1− λ)φ(u) + λφ(v), ∀u, v ∈ Kη , λ ∈ [0, 1].

Definition 3 ([16]). A function φ on the invex set Kη ⊂ Rn is said to be strongly preinvex with respect to
bifunction η(., .) : Rn ×Rn → Rn, and modulus µ > 0, if

φ(u + λη(v, u)) ≤ (1− λ)φ(u) + λφ(v)− µλ(1− λ)η2(v, u), ∀u, v ∈ Kη , λ ∈ [0, 1].

Here, we introduce a new definition which combines the preinvex functions and the strongly
preinvex functions given above.

Definition 4. A function φ on the invex set Kη ⊂ Rn is said to be generalized strongly preinvex with respect
to bifunction η(., .) : Rn ×Rn → Rn and modulus µ ≥ 0, if

φ(u + λη(v, u)) ≤ (1− λ)φ(u) + λφ(v)− µλ(1− λ)η2(v, u), ∀u, v ∈ Kη , λ ∈ [0, 1].

Clearly, if µ = 0, then the class of generalized strongly preinvex functions reduces to the class of
preinvex functions as defined in Definition 2.

In the following, we recall some basic properties of q-calculus.
Let J = [a, b] ⊆ R be an interval and 0 < q < 1 be a constant. The q-derivative of a function

φ : J → R at a point u ∈ J on [a, b] is defined as follows:

Definition 5 ([25]). Let φ : J = [a, b]→ R be a continuous function and let u ∈ J. Then, the q-derivative of
φ on J at u is defined as
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aDqφ(u) =
φ(u)− φ(qu + (1− q)a)

(1− q)(u− a)
, u 6= a. (2)

Definition 6 ([25]). Let φ : J = [a, b]→ R is a continuous function. A second-order q-derivative on J, which
is denoted as aD2

qφ, provided that aDqφ is q-differentiable on J with aD2
qφ =a Dq(aDqφ) : J → R. Similarly

higher order q-derivative on J is defined by aDn
q φ : J → R.

In [25], Tariboon and Ntouyas defined the q-integral as follows:

Definition 7 ([25]). Let φ : J = [a, b]→ R be a continuous function. Then, the q-integral on J is defined as:

∫ u

a
φ(ν) adqν = (1− q)(u− a)

∞

∑
n=0

qnφ(qnu + (1− qn)a), (3)

for u ∈ J.

The following results are useful in the computation of q-integral in subsequent section.

Proposition 1 ([25]). Let f , g : J = [a, b]→ R be continuous functions, c ∈ R. Then, for x ∈ J,∫ x

a
( f (ν) + g(ν)) adqν =

∫ x

a
f (ν) adqν +

∫ x

a
f (ν) adqν,∫ x

a
c f (ν) adqν = c

∫ x

a
f (ν) adqν,

∫ x

ξ
f (ν) adqν =

∫ x

a
f (ν) adqν−

∫ ξ

a
f (ν) adqν, ξ ∈ (a, x).

Proposition 2 ([25]). For q-integral, we have the following identities∫ u

a
1 adqν = u− a,∫ u

a
ν adqν =

(u− a)(u + qa)
1 + q

,∫ u

a
(ν− a)τ

adqν =
( 1− q

1− qτ+1

)
(u− a)τ+1, τ 6= −1,

∫ u

ξ
(ν− ξ) adqν =

u2 − (1 + q)uξ + qξ2

1 + q
− a(1− q)(u− ξ)

1 + q
, ξ ∈ (a, u).

3. A Key Lemma

In this section, we present an identity associated with q-integral, which plays an important role
in establishing our main results.

Lemma 1. Let f : I = [a, a + η(b, a)] → R be a q-differentiable function on I with η(b, a) > 0. If aDq f is
integrable on I and 0 < q < 1, then

1
6

[
f (a) + 4 f

(
2a + η(b, a)

2

)
+ f (a + η(b, a))

]
− 1

η(b, a)

∫ a+η(b,a)

a
f (t) adqt

= η(b, a)
∫ 1

0
Ψ(t, q) aDq f (a + tη(b, a)) 0dqt, (4)
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where

Ψ(t, q) =


qt− 1

6
, if 0 ≤ t <

1
2

,

qt− 5
6

, if
1
2
≤ t ≤ 1.

Proof. Let

Q1 =
∫ 1

2

0

(
qt− 1

6

)
aDq f (a + tη(b, a)) 0dqt,

Q2 =
∫ 1

1
2

(
qt− 5

6

)
aDq f (a + tη(b, a)) 0dqt,

then ∫ 1

0
Ψ(t, q) aDq f (a + tη(b, a)) 0dqt = Q1 + Q2.

Utilizing the Definitions 5 and 7, and the properties of q-derivative and q-integral described in
Propositions 1, a direct computation gives

Q1 =
∫ 1

2

0
qt aDq f (a + tη(b, a)) 0dqt−

∫ 1
2

0

1
6 aDq f (a + tη(b, a)) 0dqt

=
∫ 1

2

0
q

f (a + tη(b, a))− f (a + qtη(b, a))
(1− q)η(b, a) 0dqt

−1
6

∫ 1
2

0

f (a + tη(b, a))− f (a + qtη(b, a))
(1− q)tη(b, a) 0dqt

=
1
2

∞

∑
n=0

qn+1
f
(

2a+qnη(b,a)
2

)
− f

(
2a+qn+1η(b,a)

2

)
η(b, a)

−1
6

∞

∑
n=0

f
(

2a+qnη(b,a)
2

)
− f

(
2a+qn+1η(b,a)

2

)
η(b, a)

=
1
2

[
f
(

2a+η(b,a)
2

)
η(b, a)

−
∞

∑
n=0

(1− q)qn
f
(

2a+qnη(b,a)
2

)
η(b, a)

]
− 1

6
·

f
(

2a+η(b,a)
2

)
− f (a)

η(b, a)

=
1
3
·

f
(

2a+η(b,a)
2

)
η(b, a)

+
1
6
· f (a)

η(b, a)
− 1

2

∞

∑
n=0

(1− q)qn
f
(

2a+qnη(b,a)
2

)
η(b, a)

=
1
3
·

f
(

2a+η(b,a)
2

)
η(b, a)

+
1
6
· f (a)

η(b, a)
− 1

η(b, a)

∫ 1
2

0
f (a + tη(b, a)) 0dqt.

On the other hand, one has

Q2 =
∫ 1

1
2

qt aDq f (a + tη(b, a)) 0dqt−
∫ 1

1
2

5
6 aDq f (a + tη(b, a)) 0dqt

=
∫ 1

0
qt aDq f (a + tη(b, a)) 0dqt−

∫ 1

0

5
6 aDq f (a + tη(b, a)) 0dqt

−
( ∫ 1

2

0
qt aDq f (a + tη(b, a)) 0dqt−

∫ 1
2

0

5
6 aDq f (a + tη(b, a)) 0dqt

)
.

Since
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∫ 1

0
qt aDq f (a + tη(b, a)) 0dqt−

∫ 1

0

5
6 aDq f (a + tη(b, a)) 0dqt

=
∫ 1

0
q

f (a + tη(b, a))− f (a + qtη(b, a))
(1− q)η(b, a) 0dqt

−5
6

∫ 1

0

f (a + tη(b, a))− f (a + qtη(b, a))
(1− q)tη(b, a) 0dqt

=
∞

∑
n=0

qn+1 f (a + qnη(b, a))− f
(
a + qn+1η(b, a)

)
η(b, a)

−5
6

∞

∑
n=0

f (a + qnη(b, a))− f
(
a + qn+1η(b, a)

)
η(b, a)

=
f (a + η(b, a))

η(b, a)
−

∞

∑
n=0

(1− q)qn f (a + qnη(b, a))
η(b, a)

− 5
6
· f (a + η(b, a))− f (a)

η(b, a)

=
1
6
· f (a + η(b, a))

η(b, a)
+

5
6
· f (a)

η(b, a)
−

∞

∑
n=0

(1− q)qn f (a + qnη(b, a))
η(b, a)

=
1
6
· f (a + η(b, a))

η(b, a)
+

5
6
· f (a)

η(b, a)
− 1

η(b, a)

∫ 1

0
f (a + tη(b, a)) 0dqt

and

∫ 1
2

0
qt aDq f (a + tη(b, a)) 0dqt−

∫ 1
2

0

5
6 aDq f (a + tη(b, a)) 0dqt

=
1
2

[
f
(

2a+η(b,a)
2

)
η(b, a)

−
∞

∑
n=0

(1− q)qn
f
(

2a+qnη(b,a)
2

)
η(b, a)

]
− 5

6
·

f
(

2a+η(b,a)
2

)
− f (a)

η(b, a)

= −1
3
·

f
(

2a+η(b,a)
2

)
η(b, a)

+
5
6
· f (a)

η(b, a)
− 1

η(b, a)

∫ 1
2

0
f (a + tη(b, a)) 0dqt,

we obtain

Q2 =
1
6
· f (a + η(b, a))

η(b, a)
+

1
3
·

f
(

2a+η(b,a)
2

)
η(b, a)

− 1
η(b, a)

∫ 1

0
f (a + tη(b, a)) 0dqt

+
1

η(b, a)

∫ 1
2

0
f (a + tη(b, a)) 0dqt.

Thus,

∫ 1

0
Ψ(t, q) aDq f (a + tη(b, a)) 0dqt = Q1 + Q2

=
1
6
· f (a + η(b, a)) + f (a)

η(b, a)
+

2
3
·

f
(

2a+η(b,a)
2

)
η(b, a)

− 1
η(b, a)

∫ 1

0
f (a + tη(b, a)) 0dqt

=
1
6
· f (a + η(b, a)) + f (a)

η(b, a)
+

2
3
·

f
(

2a+η(b,a)
2

)
η(b, a)

− 1
η2(b, a)

∫ a+η(b,a)

a
f (t) adqt,

which leads to the desired identity (4). The proof of Lemma 1 is complete.
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4. Main Results

We are in a position to establish the q-integral inequalities of Simpson-type for strongly
preinvex functions.

Theorem 1. Let f : I = [a, a + η(b, a)]→ R be a q-differentiable function on I with η(b, a) > 0. If | aDq f | is
an integrable and a generalized strongly preinvex function with modulus µ ≥ 0 and 0 < q < 1, then∣∣∣∣16

[
f (a) + 4 f

(
2a + η(b, a)

2

)
+ f (a + η(b, a))

]
− 1

η(b, a)

∫ a+η(b,a)

a
f (t) adqt

∣∣∣∣ (5)

≤ η(b, a)
[
(A1(q) + A4(q))| aDq f (a)|+ (A2(q) + A5(q))| aDq f (b)| − µ(A3(q) + A6(q))η2(b, a)

]
,

where A1(q), A2(q), A3(q), A4(q), A5(q), and A6(q) are given by

A1(q) =


1−4q3

24(1+q)(1+q+q2)
, 0 < q < 1

3 ,

1+12q+12q2+36q3

216(1+q)(1+q+q2)
, 1

3 ≤ q < 1,

A2(q) =


1−2q−2q2

24(1+q)(1+q+q2)
, 0 < q < 1

3 ,

18q2+18q−7
216(1+q)(1+q+q2)

, 1
3 ≤ q < 1,

A3(q) =


1−2q−2q3−4q4

48(1+q)(1+q2)(1+q+q2)
, 0 < q < 1

3 ,

108q4+54q3+12q2+54q−17
1296(1+q)(1+q2)(1+q+q2)

, 1
3 ≤ q < 1,

A4(q) =


−5+8q+8q2−8q3

24(1+q)(1+q+q2)
, 0 < q < 5

6 ,

12q2+12q+5
216(1+q)(1+q+q2)

, 5
6 ≤ q < 1,

A5(q) =


5−2q−2q2

8(1+q)(1+q+q2)
, 0 < q < 5

6 ,

18q2+18q+25
216(1+q)(1+q+q2)

, 5
6 ≤ q < 1,

A6(q) =


5−2q+28q2−2q3−12q4

48(1+q)(1+q2)(1+q+q2)
, 0 < q < 5

6 ,

108q4−54q3+96q2−54q+115
1296(1+q)(1+q2)(1+q+q2)

, 5
6 ≤ q < 1.

Proof. Using Lemma 1 and the assumption condition that | aDq f | is a generalized strongly preinvex
function, we have∣∣∣∣16

[
f (a) + 4 f

(
2a + η(b, a)

2

)
+ f (a + η(b, a))

]
− 1

η(b, a)

∫ a+η(b,a)

a
f (t) adqt

∣∣∣∣
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=

∣∣∣∣η(b, a)
∫ 1

0
Ψ(t, q) aDq f (a + tη(b, a)) 0dqt

∣∣∣∣
= η(b, a)

∣∣∣∣∣
∫ 1

2

0

(
qt− 1

6

)
aDq f (a + tη(b, a)) 0dqt

+
∫ 1

1
2

(
qt− 5

6

)
aDq f (a + tη(b, a)) 0dqt

∣∣∣∣
≤ η(b, a)

[ ∫ 1
2

0

∣∣∣∣qt− 1
6

∣∣∣∣ | aDq f (a + tη(b, a))| 0dqt

+
∫ 1

1
2

∣∣∣∣qt− 5
6

∣∣∣∣ | aDq f (a + tη(b, a))| 0dqt

]

≤ η(b, a)

[ ∫ 1
2

0

∣∣∣∣qt− 1
6

∣∣∣∣
(
(1− t)| aDq f (a)|+ t| aDq f (b)| − µt(1− t)η2(b, a)

)
0dqt

+
∫ 1

1
2

∣∣∣∣qt− 5
6

∣∣∣∣
(
(1− t)| aDq f (a)|+ t| aDq f (b)| − µt(1− t)η2(b, a)

)
0dqt

]

= η(b, a)

[
| aDq f (a)|

( ∫ 1
2

0
(1− t)

∣∣∣∣qt− 1
6

∣∣∣∣ 0dqt +
∫ 1

1
2

(1− t)
∣∣∣∣qt− 5

6

∣∣∣∣ 0dqt

)

+| aDq f (b)|
( ∫ 1

2

0
t
∣∣∣∣qt− 1

6

∣∣∣∣ 0dqt +
∫ 1

1
2

t
∣∣∣∣qt− 5

6

∣∣∣∣ 0dqt

)

−µη2(b, a)

( ∫ 1
2

0
t(1− t)

∣∣∣∣qt− 1
6

∣∣∣∣ 0dqt +
∫ 1

1
2

t(1− t)
∣∣∣∣qt− 5

6

∣∣∣∣ 0dqt

)]
.

In view of the Definitions 5 and 7, and Propositions 1 and 2, a direct calculation gives

A1(q) =
∫ 1

2

0
(1− t)

∣∣∣∣qt− 1
6

∣∣∣∣ 0dqt =


1−4q3

24(1+q)(1+q+q2)
, 0 < q < 1

3 ,

1+12q+12q2+36q3

216(1+q)(1+q+q2)
, 1

3 ≤ q < 1,

A2(q) =
∫ 1

2

0
t
∣∣∣∣qt− 1

6

∣∣∣∣ 0dqt =


1−2q−2q2

24(1+q)(1+q+q2)
, 0 < q < 1

3 ,

18q2+18q−7
216(1+q)(1+q+q2)

, 1
3 ≤ q < 1,

A3(q) =
∫ 1

2

0
t(1− t)

∣∣∣∣qt− 1
6

∣∣∣∣ 0dqt =


1−2q−2q3−4q4

48(1+q)(1+q2)(1+q+q2)
, 0 < q < 1

3 ,

108q4+54q3+12q2+54q−17
1296(1+q)(1+q2)(1+q+q2)

, 1
3 ≤ q < 1,

A4(q) =
∫ 1

1
2

(1− t)
∣∣∣∣qt− 5

6

∣∣∣∣ 0dqt =


−5+8q+8q2−8q3

24(1+q)(1+q+q2)
, 0 < q < 5

6 ,

12q2+12q+5
216(1+q)(1+q+q2)

, 5
6 ≤ q < 1,
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A5(q) =
∫ 1

1
2

t
∣∣∣∣qt− 5

6

∣∣∣∣ 0dqt =


5−2q−2q2

8(1+q)(1+q+q2)
, 0 < q < 5

6 ,

18q2+18q+25
216(1+q)(1+q+q2)

, 5
6 ≤ q < 1,

A6(q) =
∫ 1

1
2

t(1− t)
∣∣∣∣qt− 5

6

∣∣∣∣ 0dqt =


5−2q+28q2−2q3−12q4

48(1+q)(1+q2)(1+q+q2)
, 0 < q < 5

6 ,

108q4−54q3+96q2−54q+115
1296(1+q)(1+q2)(1+q+q2)

, 5
6 ≤ q < 1.

Hence, we deduce the required inequality (5). This completes the proof of Theorem 1.

Theorem 2. Let f : I = [a, a + η(b, a)]→ R be a q-differentiable function on I with η(b, a) > 0. If | aDq|r is
an integrable and a generalized strongly preinvex function with modulus µ ≥ 0, r > 1 and 0 < q < 1, then

∣∣∣∣16
[

f (a) + 4 f
(

2a + η(b, a)
2

)
+ f (a + η(b, a))

]
− 1

η(b, a)

∫ a+η(b,a)

a
f (t) adqt

∣∣∣∣ (6)

≤ η(b, a)

[
(B1(q))

1− 1
r

(
A1(q)| aDq f (a)|r + A2(q)| aDq f (b)|r − µA3(q)η2(b, a)

) 1
r

+ (B2(q))
1− 1

r

(
A4(q)| aDq f (a)|r + A5(q)| aDq f (b)|r − µA6(q)η2(b, a)

) 1
r
]

,

where

B1(q) =


1−2q

12(1+q) , 0 < q < 1
3 ,

6q−1
36(1+q) , 1

3 ≤ q < 1,

B2(q) =


5−4q

12(1+q) , 0 < q < 5
6 ,

4q−5
12(1+q) , 5

6 ≤ q < 1,

A1(q), A2(q), A3(q), A4(q), A5(q), and A6(q) are given by the same expressions as described in Theorem 1.

Proof. Using Lemma 1 and the Hölder inequality, one has∣∣∣∣16
[

f (a) + 4 f
(

2a + η(b, a)
2

)
+ f (a + η(b, a))

]
− 1

η(b, a)

∫ a+η(b,a)

a
f (x) adqx

∣∣∣∣
=

∣∣∣∣η(b, a)
∫ 1

0
Ψ(t, q) aDq f (a + tη(b, a)) 0dqt

∣∣∣∣
= η(b, a)

∣∣∣∣∣
∫ 1

2

0

(
qt− 1

6

)
aDq f (a + tη(b, a)) 0dqt

+
∫ 1

1
2

(
qt− 5

6

)
aDq f (a + tη(b, a)) 0dqt

∣∣∣∣
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≤ η(b, a)

[ ∫ 1
2

0

∣∣∣∣qt− 1
6

∣∣∣∣ | aDq f (a + tη(b, a))| 0dqt

+
∫ 1

1
2

∣∣∣∣qt− 5
6

∣∣∣∣ | aDq f (a + tη(b, a))| 0dqt

]

≤ η(b, a)

[(∫ 1
2

0

∣∣∣∣qt− 1
6

∣∣∣∣ 0dqt

)1− 1
r
(∫ 1

2

0

∣∣∣∣qt− 1
6

∣∣∣∣ | aDq f (a + tη(b, a))|r 0dqt

) 1
r

+

(∫ 1

1
2

∣∣∣∣qt− 5
6

∣∣∣∣ 0dqt
)1− 1

r
(∫ 1

1
2

∣∣∣∣qt− 5
6

∣∣∣∣ | aDq f (a + tη(b, a))|r 0dqt
) 1

r
]

≤ η(b, a)

[(∫ 1
2

0

∣∣∣∣qt− 1
6

∣∣∣∣ 0dqt

)1− 1
r

×
(∫ 1

2

0

∣∣∣∣qt− 1
6

∣∣∣∣ [(1− t)| aDq f (a)|r + t| aDq f (b)|r − µt(1− t)η2(b, a)
]

0dqt

) 1
r

+

(∫ 1

1
2

∣∣∣∣qt− 5
6

∣∣∣∣ 0dqt
)1− 1

r

×
(∫ 1

1
2

∣∣∣∣qt− 5
6

∣∣∣∣ [(1− t)| aDq f (a)|r + t| aDq f (b)|r − µt(1− t)η2(b, a)
]

0dqt
) 1

r
]

By direct computation, we find

B1(q) =
∫ 1

2

0

∣∣∣∣qt− 1
6

∣∣∣∣ 0dqt =


1−2q

12(1+q) , 0 < q < 1
3 ,

6q−1
36(1+q) , 1

3 ≤ q < 1,

B2(q) =
∫ 1

1
2

∣∣∣∣qt− 5
6

∣∣∣∣ 0dqt =


5−4q

12(1+q) , 0 < q < 5
6 ,

4q−5
12(1+q) , 5

6 ≤ q < 1,

and obtain the integral expressions of A1(q), A2(q), A3(q), A4(q), A5(q), and A6(q), which have the
same formulas as those given in Theorem 1. This completes the proof of Theorem 2.

5. Applications

It is worth noting that in Definition 4 for µ = 0, the generalized strongly preinvex functions
reduce to the preinvex functions. Moreover, if we put η = v− u in Definition 2, then the preinvex
functions reduce to the classical convex functions. Besides, the quantum integral inequalities would
lead to the corresponding Riemann integral inequalities by taking the limit q → 1−. Thus, several
new and previously known results can be derived from Theorems 1 and 2 as special cases. Here, we
illustrate the applications of our main results by three examples.

Example 1. Recently, Zhang and Du et al. [26] investigated the quantum integral inequalities for convex
functions, they established the following inequality:
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∣∣∣∣13
[

q f (a) + f (b)
1 + q

+ 2 f
(

qa + b
1 + q

)]
− 1

b− a

∫ b

a
f (t) adqt

∣∣∣∣ (7)

≤ min
{
H1

(1
3

,
1

1 + q
, 1, 1

)
,H2

(1
3

,
1

1 + q
, 1, 1

)}
,

where f : [a, b] → R is a q-differentiable function and | aDq f | is an integrable and convex function with
0 < q < 1, the expressions ofH1 andH2 are given by [26] (Theorem 3.2).

Further, in [26], the authors derived a remarkable inequality from (7), as follows:

∣∣∣∣13
[

f (a) + f (b)
2

+ 2 f
(

a + b
2

)]
− 1

b− a

∫ b

a
f (t) dt

∣∣∣∣ ≤ 5(b− a)
72

[
| f ′(a)|+ | f ′(b)|

]
, (8)

where f : [a, b]→ R is a differentiable function, and | f ′| is an integrable and convex function on [a, b].

In the following, we show a new result analogous to the inequality (7), which can be obtained
directly by taking µ = 0 in Theorem 1.

Corollary 1. Let f : I = [a, a + η(b, a)]→ R be a q-differentiable function on I with η(b, a) > 0. If | aDq f |
is an integrable and preinvex function, 0 < q < 1, then∣∣∣∣13

[
f (a) + f (a + η(b, a))

2
+ 2 f

(
2a + η(b, a)

2

)]
− 1

η(b, a)

∫ a+η(b,a)

a
f (t) adqt

∣∣∣∣ (9)

≤ η(b, a)
[
(A1(q) + A4(q))| aDq f (a)|+ (A2(q) + A5(q))| aDq f (b)|

]
,

where A1(q), A2(q), A4(q), and A5(q) are the coefficients as described in Theorem 1.

Putting η(b, a) = b− a in Corollary 1, it follows that

Corollary 2. Let f : [a, b]→ R be a q-differentiable function. If | aDq f | is an integrable and convex function,
0 < q < 1, then ∣∣∣∣13

[
f (a) + f (b)

2
+ 2 f

(
a + b

2

)]
− 1

b− a

∫ b

a
f (t) adqt

∣∣∣∣ (10)

≤ (b− a)
[
(A1(q) + A4(q))| aDq f (a)|+ (A2(q) + A5(q))| aDq f (b)|

]
,

where A1(q), A2(q), A4(q), and A5(q) are the coefficients as described in Theorem 1.

Remark 1. In Corollary 2, if we take the limit q→ 1− in (10) and use the basic properties of q-derivative and
q-integral ([25], see also [1])

lim
q→1−

aDq f (t) = f ′(t), lim
q→1−

∫ b

a
f (t) adqt =

∫ b

a
f (t)dt,

along with the equalities

lim
q→1−

(A1(q) + A4(q)) = lim
q→1−

(
1 + 12q + 12q2 + 36q3

216(1 + q)(1 + q + q2)
+

12q2 + 12q + 5
216(1 + q)(1 + q + q2)

)
=

5
72

,
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lim
q→1−

(A2(q) + A5(q)) = lim
q→1−

(
18q2 + 18q− 7

216(1 + q)(1 + q + q2)
+

18q2 + 18q + 25
216(1 + q)(1 + q + q2)

)
=

5
72

,

then we obtain the inequality∣∣∣∣13
[

f (a) + f (b)
2

+ 2 f
(

a + b
2

)]
− 1

b− a

∫ b

a
f (t) dt

∣∣∣∣ ≤ 5(b− a)
72

[
| f ′(a)|+ | f ′(b)|

]
. (11)

This is exactly the above-mentioned inequality (8) due to Zhang and Du et al. [26].

Example 2. In a recent paper [27], Tunç, Göv, and Balgeçti established a Simpson-type quantum integral
inequality for convex functions ([27] Theorem 1), as follows:∣∣∣∣16

[
f (a) + 4 f

(
a + b

2

)
+ f (b)

]
− 1

b− a

∫ b

a
f (t) adqt

∣∣∣∣
≤ (b− a)

12

[
2q2 + 2q + 1

q3 + 2q2 + 2q + 1
| aDq f (b)|+ 1

3
· 6q3 + 4q2 + 4q + 1

q3 + 2q2 + 2q + 1
| aDq f (a)|

]
, (12)

where f : [a, b]→ R is a continuous function, | aDq f | is a convex and integrable function with 0 < q < 1.

Remark 2. Before we describe the related result of inequality (12), we should point out that in (12) there is
an error occurring in the coefficients of |aDq f (b)| and |aDq f (a)|. The mistakes arise from the calculations of
quantum integrals in [27] (Lemmas 4 and 5), the details are as follows:

As an auxiliary for establishing the inequality (12), in [27] (Lemmas 4 and 5) , the authors gave the
following results involving q-integrals (0 < q < 1):

∫ 1
2

0
(1− t)

∣∣∣∣qt− 1
6

∣∣∣∣ 0dqt =
36q3 + 12q2 + 12q + 1
216(q3 + 2q2 + 2q + 1)

, (13)

∫ 1

1
2

(1− t)
∣∣∣∣qt− 5

6

∣∣∣∣ 0dqt =
12q2 + 12q + 5

216(q3 + 2q2 + 2q + 1)
. (14)

However, the equality (13) is incorrect for the case of 0 < q < 1
3 ; and the equality (14) is incorrect for the

case of 0 < q < 5
6 , which can be observed by direct computation of q-integrals. In fact, by the formulas and

algorithms for q-integrals stated in Propositions 1 and 2, when 0 < q < 1
3 , we have

∫ 1
2

0
(1− t)

∣∣∣∣qt− 1
6

∣∣∣∣ 0dqt

=
∫ 1

2

0
(1− t)(

1
6
− qt) 0dqt

=
∫ 1

2

0
(qt2 − 1

6
t− qt +

1
6
) 0dqt

= q
∫ 1

2

0
t2

0dqt− (
1
6
+ q)

∫ 1
2

0
t 0dqt +

1
6

∫ 1
2

0
1 0dqt

= q
1

8(q + q2 + 1)
− (

1
6
+ q)

1
4(1 + q)

+
1

12

=
1− 4q3

24(q3 + 2q2 + 2q + 1)
.
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When 0 < q < 5
6 , we have

∫ 1

1
2

(1− t)
∣∣∣∣qt− 5

6

∣∣∣∣ 0dqt

=
∫ 1

1
2

(1− t)(
5
6
− qt) 0dqt

=
∫ 1

1
2

(qt2 − 1
6

t− qt +
1
6
) 0dqt

= q
∫ 1

1
2

t2
0dqt− (

5
6
+ q)

∫ 1

1
2

t 0dqt +
5
6

∫ 1

1
2

1 0dqt

= q(
∫ 1

0
t2

0dqt−
∫ 1

2

0
t2

0dqt)− (
5
6
+ q)(

∫ 1

0
t 0dqt−

∫ 1
2

0
t 0dqt) +

5
12

= q(
1

q + q2 + 1
− 1

8(q + q2 + 1)
)− (

5
6
+ q)(

1
1 + q

− 1
4(1 + q)

) +
5

12

=
−5 + 8q + 8q2 − 8q3

24(q3 + 2q2 + 2q + 1)
.

In the same way, one can verify that the equality (13) is valid for 1
3 ≤ q < 1, the equality (14) is

valid for 5
6 ≤ q < 1.

In the following we provide a modified version of inequality (12).

Corollary 3. Let f : [a, b]→ R be a q-differentiable function. If | aDq f | is an integrable and convex function,
0 < q < 1, then ∣∣∣∣13

[
f (a) + f (b)

2
+ 2 f

(
a + b

2

)]
− 1

b− a

∫ b

a
f (t) adqt

∣∣∣∣ (15)

≤ (b− a)
[
C1(q)| aDq f (a)|+ C2(q)| aDq f (b)|

]
,

where C1(q) and C2(q) are given by

C1(q) =


−3q3+2q2+2q−1
6(q3+2q2+2q+1) , 0 < q < 1

3 ,
−9q3+21q2+21q−11
54(q3+2q2+2q+1) , 1

3 ≤ q < 5
6 ,

6q3+4q2+4q+1
36(q3+2q2+2q+1) , 5

6 ≤ q < 1.

C2(q) =


−q2−q+2

3(q3+2q2+2q+1) , 0 < q < 1
3 ,

−9q2−9q+32
54(q3+2q2+2q+1) , 1

3 ≤ q < 5
6 ,

2q2+2q+1
12(q3+2q2+2q+1) , 5

6 ≤ q < 1.

Proof. Using Corollary 2 and performing a simple calculation in the expressions C1(q) = A1(q) +
A4(q) and C2(q) = A2(q) + A5(q), where A1(q), A2(q), A4(q), and A5(q) are the coefficients from
Theorem 1, we obtain the inequality (15).

Example 3. We provide an estimation of upper bound for the q-integral
∫ a+η(b,a)

a f (t) adqt.

Corollary 4. Let f : I = [a, a + η(b, a)]→ R be a q-differentiable function on I with η(b, a) > 0. If | aDq f |
is an integrable and generalized strongly preinvex function with modulus µ ≥ 0 and 0 < q < 1, then
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∣∣∣∣∫ a+η(b,a)

a
f (t) adqt

∣∣∣∣ ≤ η(b, a)
∣∣∣∣16
[

f (a) + 4 f
(

2a + η(b, a)
2

)
+ f (a + η(b, a))

]∣∣∣∣ (16)

+ η2(b, a)
[
(A1(q) + A4(q))| aDq f (a)|+ (A2(q) + A5(q))| aDq f (b)| − µ(A3(q) + A6(q))η2(b, a)

]
,

where A1(q), A2(q), A3(q), A4(q), A5(q) and A6(q) are the coefficients as described in Theorem 1.

Proof. Note that∣∣∣∣ 1
η(b, a)

∫ a+η(b,a)

a
f (t) adqt

∣∣∣∣ ≤ ∣∣∣∣16
[

f (a) + 4 f
(

2a + η(b, a)
2

)
+ f (a + η(b, a))

]∣∣∣∣
+

∣∣∣∣ 1
η(b, a)

∫ a+η(b,a)

a
f (t) adqt− 1

6

[
f (a) + 4 f

(
2a + η(b, a)

2

)
+ f (a + η(b, a))

]∣∣∣∣ .

Utilizing Theorem 1, one has∣∣∣∣ 1
η(b, a)

∫ a+η(b,a)

a
f (t) adqt

∣∣∣∣ ≤ ∣∣∣∣16
[

f (a) + 4 f
(

2a + η(b, a)
2

)
+ f (a + η(b, a))

]∣∣∣∣
+η(b, a)

[
(A1(q) + A4(q))| aDq f (a)|+ (A2(q) + A5(q))| aDq f (b)| − µ(A3(q) + A6(q))η2(b, a)

]
.

Multiplying both sides of the above inequality by η(b, a) leads to the desired inequality (16).
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