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Convexity plays a vital role in pure and applied mathematics specially in optimization theory, but the classical convexity is not
enough to fulfil the needs of modern mathematics; hence, it is important to study generalized notion of convexity. Fraction
integral operators also become an important tool for solving problems of model physical and engineering processes that are
found to be best described by fractional differential equations. The aim of this paper is to study MT-h-convex functions via
fractional integral operators. We establish several Hermite–Hadamard-type inequalities for MT-h-convex function via classical
and generalized fractional integrals. We also obtain special means related to our results and present some error estimates for
the trapezoidal formulas.

1. Introduction

One of the most important notions in mathematics is convex
functions which are very important for both pure and
applied mathematicians. Convex functions are helpful in
solving problems of optimization theory and many other
problems of applied nature.

Definition 1. Let J ⊆R and Jo be interior of J , a mapping
ψ : J ⟶R said to be convex on J , if the following inequal-
ity holds for all c, d ∈ J and λ ∈ ½0, 1�,

ψ λc + 1 − λdð Þð Þ ≤ λψ cð Þ + 1 − λð Þψ dð Þ: ð1Þ

The mapping ψ is said to be concave if −ψ is convex.
The theory of inequalities got the attention of many

researchers, and the new inequalities are always appreciable
not only in real analysis but also the researchers working in

applied sciences use inequalities as a very effective tool for
analyzing different practical problems and to study various
properties of solution of different equations [1]. Jensen-
type inequalities, Hardy-type inequalities [2], Gagliardo-
Nirenberg-type inequalities [3], Grüss-type inequalities [4],
Ostrowski-type inequality [5, 6], etc. are extensively studied
in the literature. The most famous inequality in literature is
known as Hermite–Hadamard inequality, which has funda-
mental role in convex analysis. The Hermite–Hadamard-
type inequalities for different classes of convex function
can be found in [7, 8] and references therein.

Let ψ : J ⊆R⟶R be a convex mapping defined on the
interval J of real numbers and c, d ∈ J . Then, the Hermite–
Hadamard inequality is as follows:

ψ
c + d
2

� �
≤

1
c − d

ðd
c
ψ λð Þdλ ≤ ψ cð Þ + ψ dð Þ

2 , ð2Þ
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with c < d and c, d ∈ J . If ψ is concave, then both the
inequalities reverse their direction.

Hermite–Hadamard inequality is the most important
inequality so far in inequality theory, and several exten-
sions of this inequality are given by researchers in recent
years [9]. Our motivation is to establish a generalized ver-
sion of Hermite–Hadamard-type inequality for MT-h-
convex functions. It is worthy to mention here that several
results of literature can be obtained from our established
results as a particular case by taking suitable values of
involved parameters.

Since classical notion of convexity is not enough for solv-
ing today’s problems, so this notion has been generalized by
several researchers to meet the needs of modern mathemat-
ics. Now, we present some generalized notions of convexity.

Definition 2 (see [10]). Let h : I ⟶R be a nonnegative
mapping, h ≠ 0. The mapping ψ : J ⟶R is said to be h
-convex, if ψ is nonnegative and for all c, d ∈ J , λ ∈ ð0, 1Þ,
the following inequality holds:

ψ λc + 1 − λð Þdð Þ ≤ h λð Þψ cð Þ + h 1 − λð Þψ dð Þ: ð3Þ

The mapping is said to be h-concave if inequality (3) is
reversed.

Definition 3 (see [11, 12]). A mapping ψ : J ⊆R⟶R is
said to be MT-convex on J if it is nonnegative and satisfies
the following inequality:

ψ λc + 1 − λð Þdð Þ ≤
ffiffiffi
λ

p

2
ffiffiffiffiffiffiffiffiffiffi
1 − λ

p ψ cð Þ +
ffiffiffiffiffiffiffiffiffiffi
1 − λ

p

2
ffiffiffi
λ

p ψ dð Þ: ð4Þ

Motivated by the above two notions, we introduce the
following notion of MT-h-convex function.

Definition 4. A mapping ψ : J ⊆R⟶R is said to be MT-
h-convex on J , if for all c, d ∈ J and hðλÞ ∈ ð0, 1Þ, it is non-
negative and satisfies the following inequality:

ψ λc + 1 − λð Þdð Þ ≤
ffiffiffiffiffiffiffiffiffi
h λð Þp

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp ψ cð Þ +

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp

2
ffiffiffiffiffiffiffiffiffi
h λð Þp : ð5Þ

Fraction integral operators also become an important
tool for solving problems of model physical and engineering
processes that are found to be best described by fractional
differential equations. Fractional calculus creates a diversity
in inequality theory of convex analysis [13, 14].

The following generalized fractional integral operators
were introduced by Ertugral and Sariaya [15] as follows:

Let ρ : ½0,∞Þ⟶ ½0,∞Þ be such that

ð1
0

ρ λð Þ
λ

dλ <∞, ð6Þ

then the left-hand-sided and right-hand-sided generalized
fractional integral operators are defined as:

+
c Jρψ vð Þ =

ðv
c

ρ v − λð Þ
v − λ

ψ λð Þ, v > c, ð7Þ

−
d Jρψ vð Þ =

ðd
v

ρ λ − vð Þ
λ − v

ψ λð Þ, v < d, ð8Þ

respectively.
The following remark justifies the generality of the above

fractional integral operators.

Remark 5. (1) If ρðλÞ = λ, then (7) and (8) convert to usual
Riemann fractional integral, respectively

J+c ψ vð Þ =
ðv
c
ψ λð Þdλ, v > c,

J−dψ vð Þ =
ðd
v
ψ λð Þdλ, v < d:

ð9Þ

(2) If ρðλÞ = λη/ΓðηÞ, then (7) and (8) reduce to the
Riemann-Liouville integral [14, 16]

Jηc+ψ vð Þ = 1
Γ ηð Þ

ðv
c
v − λð Þη−1ψ λð Þdλ, v > c,

Jηd−ψ vð Þ = 1
Γ ηð Þ

ðd
v
λ − vð Þη−1ψ λð Þdλ, v < d:

ð10Þ

Here, ΓðηÞ = Ð∞0 t−mmη−1dm and J0c+ψðvÞ = J0d−ψðvÞ = ψ
ðvÞ.

Note that, for η = 1, the Riemann-Liouville integral con-
verts to the classical integrals. For the other interesting spe-
cial cases of (7) and (8), we refer to the readers [17, 18].

The aim of this paper is to establish Hermite–
Hadamard-type inequalities for the proposed notion of
MT-h-convex function in the setting of classical and gener-
alized fractional integral operators. As applications of our
results, we present special means related with our results.
We also establish some error estimates for the trapezoidal
formula.

2. Hermite–Hadamard-Type Inequalities via
Classical Fractional Integral

First, we present the following identity that has been
obtained in [19] which will play a crucial role in the proof
of our main results.

Lemma 6. Let ψ : J ⊂R⟶R be a differentiable function

on Jo and c, d ∈ J with c < d. If ψ′ ∈ L1½c, d�, then the
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following inequality holds:

d − vð Þψ dð Þ + v − cð Þψ cð Þ
d − c

−
1

d − c

ðd
c
ψ sð Þds

= v − cð Þ2
d − c

ð1
0
1 − λð Þψ′ λv + 1 − λð Þcð Þdλ

+ d − vð Þ2
d − c

ð1
0
1 − λð Þψ′ λv + 1 − λð Þdð Þdλ,

ð11Þ

for each v ∈ ½c, d�.

Theorem 7. Let ψ : J ⊂R+ ⟶R be a differentiable func-
tion on Jo such that ψ′ ∈ L1½c, d� where c, d ∈ J . If jψ′j is
MT-h-convex function on ½c, d� and jψ′j ≤Q where v ∈ ½c, d�
, then we have

d − vð Þψ dð Þ + v − cð Þψ cð Þ
d − c

−
1

d − c

ðd
c
ψ sð Þds

����
����

≤Q
v − cð Þ2 + d − vð Þ2

d − c
× 1

2
S1 + S2ð Þ

� �
,

ð12Þ

where

S1 =
ð1
0
1 − λð Þ

ffiffiffiffiffiffiffiffiffi
h λð Þp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp dλ, S2 =

ð1
0
1 − λð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp
ffiffiffiffiffiffiffiffiffi
h λð Þp dλ,

ð13Þ

with hðλÞ/hð1 − λÞ <∞ is finite.

Proof. From Lemma 6, we have

d − vð Þψ dð Þ + v − cð Þψ cð Þ
d − c

−
1

d − c

ðd
c
ψ sð Þds

= v − cð Þ2
d − c

ð1
0
1 − λð Þψ′ λv + 1 − λð Þcð Þdλ

+ d − vð Þ2
d − c

ð1
0
1 − λð Þψ′ λv + 1 − λð Þdð Þdλ:

ð14Þ

Applying mode on both sides,

d − vð Þψ dð Þ + v − cð Þψ cð Þ
d − c

−
1

d − c

ðd
c
ψ sð Þds

����
����

≤
v − cð Þ2
d − c

ð1
0
1 − λð Þ ψ′ λv + 1 − λð Þcð Þ�� ��dλ

+ d − vð Þ2
d − c

ð1
0
1 − λð Þ ψ′ λv + 1 − λð Þdð Þ�� ��dλ:

ð15Þ

Employing MT-h-convexity of jψ′j, we have

≤
v − cð Þ2
d − c

ð1
0
1 − λð Þ

" ffiffiffiffiffiffiffiffiffi
h λð Þp

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp ψ′ vð Þ�� ��

+
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp

2
ffiffiffiffiffiffiffiffiffi
h λð Þp ψ′ cð Þ�� ��#dλ + d − vð Þ2

d − c

ð1
0
1 − λð Þ

�
ffiffiffiffiffiffiffiffiffi
h λð Þp

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp ψ′ vð Þ�� �� + ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h 1 − λð Þp
2
ffiffiffiffiffiffiffiffiffi
h λð Þp ψ′ dð Þ�� ��" #

dλ:

ð16Þ

Since jψ′ðvÞj ≤Q, so

≤Q
v − cð Þ2
d − c

"ð1
0
1 − λð Þ

ffiffiffiffiffiffiffiffiffi
h λð Þp

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp dλ

+
ð1
0
1 − λð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp

2
ffiffiffiffiffiffiffiffiffi
h λð Þp dλ

#
+Q

d − vð Þ2
d − c

�
ð1
0
1 − λð Þ

ffiffiffiffiffiffiffiffiffi
h λð Þp

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp dλ +

ð1
0
1 − λð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp

2
ffiffiffiffiffiffiffiffiffi
h λð Þp dλ

" #

≤Q
v − cð Þ2
d − c

1
2 S1 + S2ð Þ
� �

+Q
d − vð Þ2
d − c

1
2 S1 + S2ð Þ
� �

≤Q
v − cð Þ2 + d − vð Þ2

d − c
× 1

2 S1 + S2ð Þ
� �

:

ð17Þ

The proof is completed.

Corollary 8. In Theorem 7, if we substitute hðλÞ = λ, we get
[20] Theorem 7.

Remark 9. If we take v = ðc + dÞ/2 in Theorem 7, then we
obtain

d − vð Þψ dð Þ + v − cð Þψ cð Þ
d − c

−
1

d − c

ðd
c
ψ sð Þds

����
����

≤
1
4 d − cð ÞQ × S1 + S2ð Þ:

ð18Þ

Theorem 10. Let ψ : J ⊂R+ ⟶R be a differentiable func-
tion on Jo such that ψ′ ∈ L1½c, d� where c, d ∈ J . If jψ′jq is
MT-h-convex mapping on ½c, d� and q > 1, ð1/pÞ + ð1/qÞ = 1
also jψ′j ≤Q and v ∈ ½c, d�, then we have

d − vð Þψ dð Þ + v − cð Þψ cð Þ
d − c

−
1

d − c

ðd
c
ψ sð Þds

≤
v − cð Þ2 + d − vð Þ2

d − c
× 1

p + 1

� �1/p

× Qq
ð1
0

ffiffiffiffiffiffiffiffiffi
h λð Þp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp dλ

 !1/q

:

ð19Þ
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Proof. Assume that p > 1 and using Lemma 6, we have

d − vð Þψ dð Þ + v − cð Þψ cð Þ
d − c

−
1

d − c

ðd
c
ψ sð Þds

����
����

≤
v − cð Þ2
d − c

ð1
0
1 − λð Þ ψ′ λv + 1 − λð Þcð Þ�� ��dλ

+ d − vð Þ2
d − c

ð1
0
1 − λð Þ ψ′ λv + 1 − λð Þdð Þ�� ��dλ:

ð20Þ

Using Hölder inequality,

≤
v − cð Þ2
d − c

ð1
0
1 − λð Þpdλ

� �1/p ð1
0
ψ′ λv + 1 − λð Þcð Þ�� ��qdλ� �1/q

+ d − vð Þ2
d − c

ð1
0
1 − λð Þpdλ

� �1/p ð1
0
ψ′ λv + 1 − λð Þdð Þ�� ��qdλ� �1/q

:

ð21Þ

Since jψ′jq is MT-h-convex mapping and jψðvÞj ≤Q, so
we have

≤
v − cð Þ2
d − c

× 1
p + 1

� �1/p
×
 ð1

0

" ffiffiffiffiffiffiffiffiffi
h λð Þp

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp ψ′ vð Þ�� ��q

+
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp

2
ffiffiffiffiffiffiffiffiffi
h λð Þp + ψ′ cð Þ�� ��q#!1/q

+ d − vð Þ2
d − c

× 1
p + 1

� �1/p
×
 ð1

0

" ffiffiffiffiffiffiffiffiffi
h λð Þp

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp ψ′ vð Þ�� ��q

+
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp

2
ffiffiffiffiffiffiffiffiffi
h λð Þp + ψ′ dð Þ�� ��q#! 1

q
:

ð22Þ

Some small calculations yield that

ð1
0

ffiffiffiffiffiffiffiffiffi
h λð Þp

h 1 − λð Þ dλ =
ð1
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp
h λð Þ dλ: ð23Þ

This implies that

≤
v − cð Þ2
d − c

× 1
p + 1

� �1/p
× Qq

ð1
0

ffiffiffiffiffiffiffiffiffi
h λð Þp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp dλ

 !1/q

+ d − vð Þ2
d − c

× 1
p + 1

� �1/p
× Qq

ð1
0

ffiffiffiffiffiffiffiffiffi
h λð Þp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp dλ

 !1/q

= v − cð Þ2 + d − vð Þ2
d − c

× 1
p + 1

� �1/p
× Qq

ð1
0

ffiffiffiffiffiffiffiffiffi
h λð Þp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp dλ

 !1/q

:

ð24Þ

The proof is completed.

Corollary 11. In Theorem 10, if we substitute hðλÞ = λ, we
get [20] Theorem 2.4.

Remark 12. If we take v = ðc + dÞ/2 in Theorem 10, then we
obtain

d − vð Þψ dð Þ + v − cð Þψ cð Þ
d − c

−
1

d − c

ðd
c
ψ sð Þds

����
����

≤
d − cð Þ
2

� �
× 1

p + 1

� �1/p
× Qq

ð1
0

ffiffiffiffiffiffiffiffiffi
h λð Þp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp dλ

 !1/q

:

ð25Þ

Theorem 13. Let ψ : J ⊂R+ ⟶R be a differentiable func-
tion on Jo such that ψ′ ∈ L1½c, d� with c < d where c, d ∈ J . If
jψ′jq is MT-h-convex function on ½c, d� with q > 1 and jψ′
ðvÞj ≤Q where v ∈ ½c, d�, then we have

d − vð Þψ dð Þ + v − cð Þψ cð Þ
d − c

−
1

d − c

ðd
c
ψ sð Þds

����
����

≤
v − cð Þ2 + d − vð Þ2

d − c
× 1

2

� �1− 1/qð Þ 1
2
QqS1 +

1
2
QqS2

� �1/q
,

ð26Þ

where

S1 =
ð1
0
1 − λð Þ

ffiffiffiffiffiffiffiffiffi
h λð Þp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp dλ,

S2 =
ð1
0
1 − λð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp
ffiffiffiffiffiffiffiffiffi
h λð Þp dλ,

ð27Þ

with hðλÞ/hð1 − λÞ <∞ is finite.

Proof. Using Lemma 6, Hölder inequality, and MT-h-
convexity of jψ′jq, we have

d − vð Þψ dð Þ + v − cð Þψ cð Þ
d − c

−
1

d − c

ðd
c
ψ sð Þds

����
����

≤
v − cð Þ2
d − c

ð1
0
1 − λð Þ ψ′ λv + 1 − λð Þcð Þ�� ��dλ

+ d − vð Þ2
d − c

ð1
0
1 − λð Þ ψ′ λv + 1 − λð Þdð Þ�� ��dλ

≤
v − cð Þ2
d − c

ð1
0
1 − λð Þdλ

� �1− 1/qð Þ

�
ð1
0
1 − λð Þ ψ′ λv + 1 − λð Þcð Þ�� ��qdλ� �1/q

+ d − vð Þ2
d − c

ð1
0
1 − λð Þdλ

� �1− 1/qð Þ

�
ð1
0
1 − λð Þ ψ′ λv + 1 − λð Þdð Þ�� ��qdλ� �1/q
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≤
v − cð Þ2
d − c

× 1
2

� �1− 1/qð Þ ð1
0
1 − λð Þ

ffiffiffiffiffiffiffiffiffi
h λð Þp

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp ψ′ vð Þ�� ��q

� dλ +
ð1
0
1 − λð Þ

ffiffiffiffiffiffiffiffiffi
h λð Þp

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp ψ′ cð Þ�� ��qdλ

!1/q

+ d − vð Þ2
d − c

× 1
2

� �1− 1/qð Þ
×
 ð1

0
1 − λð Þ

ffiffiffiffiffiffiffiffiffi
h λð Þp

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp

� ψ′ vð Þ�� ��qdλ + ð1
0
1 − λð Þ

ffiffiffiffiffiffiffiffiffi
h λð Þp

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp ψ′ cð Þ�� ��qdλ

!1/q

≤
v − cð Þ2
d − c

× 1
2

� �1− 1/qð Þ 1
2Q

qS1 +
1
Qq S2

� �1/q

+ d − vð Þ2
d − c

× 1
2

� �1− 1/qð Þ 1
2Q

qS1 +
1
Qq S2

� �1/q

≤
v − cð Þ2 + d − vð Þ2

d − c
× 1

2

� �1− 1/qð Þ 1
2Q

qS1 +
1
2Q

qS2

� �1/q
:

ð28Þ

The proof is completed.

Corollary 14. In Theorem 13, if we substitute hðλÞ = λ, we
get [20] Theorem 2.6.

Remark 15. If we take v = ðc + dÞ/2 in Theorem 13, then we
obtain

d − vð Þψ dð Þ + v − cð Þψ cð Þ
d − c

−
1

d − c

ðd
c
ψ sð Þds

����
����

≤
d − cð Þ
2 × 1

2

� �1− 1/qð Þ 1
2Q

qS1 +
1
2Q

qS2

� �1/q
:

ð29Þ

3. Hermite–Hadamard-Type Inequalities via
Generalized Fractional Operators

To establish Hermite–Hadamard-type inequalities via gen-
eralized fractional operators for MT-h-convex function, we
need the following identity [21].

Lemma 16. Let ψ : [c,d] ⟶R be differentiable function on
ðc, dÞ with c < d such that ψ ∈ L1½c, d�. Then, for each t ∈ ð0,
1Þ, we have

1 − tð ÞηΩ 1ð Þ + tη∇ 1ð Þ
d − c

ψ vð Þ

−
1

d − c
1 − tð Þη w−Iρψ cð Þ� �

+ tη v+Iρψ dð Þ� �� 	
= 1 − tð Þη+1

ð1
0
Ω λð Þψ′ λv + 1 − λð Þcð Þdλ

− tη+1
ð1
0
∇ λð Þψ′ λv + 1 − λð Þdð Þdλ,

ð30Þ

where v = tc + ð1 − tÞd, and

Ω λð Þ =
ðλ
0

ρ v − cð Þsð Þ
s

ds <∞,

∇ λð Þ =
ðλ
0

ρ d − vð Þsð Þ
s

ds <∞:

ð31Þ

Theorem 17. Let ψ : ½c, d�⟶R be a differentiable function
on ðc, dÞ and ψ′ ∈ L1½c, d� with 0 ≤ c < d and η > 0. Then, the
following inequality holds for each t ∈ ð0, 1Þ. If jψ′j is MT-h-
convex on ½c, d�,

1 − tð ÞηΩ 1ð Þ + tη∇ 1ð Þ
d − c

ψ vð Þ
����

−
1

d − c
1 − tð Þη v−Iρψ cð Þ� �

+ tη v+Iρψ dð Þ� �� 	����
≤

1 − tð Þη+1
2

M1 ψ′ vð Þ�� �� +N1 ψ′ cð Þ�� ��h i
+ tη+1

2
M1 ψ′ vð Þ�� �� +N1jψ′ dð Þ
h i

,

ð32Þ

where the constants M1,M2,N1, and N2 are

M1 =
ð1
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h λð Þ

h 1 − λð Þ

s
Ω λð Þj jdλ,

M2 =
ð1
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h λð Þ

h 1 − λð Þ

s
∇ λð Þj jdλ,

N1 =
ð1
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þ
h λð Þ

s
Ω λð Þj jdλ,

N2 =
ð1
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þ
h λð Þ

s
∇ λð Þj jdλ:

ð33Þ

Proof. From Lemma 16, we have

1 − tð ÞηΩ 1ð Þ + tη∇ 1ð Þ
d − c

ψ vð Þ

−
1

d − c
1 − tð Þη v−Iρψ cð Þ� �

+ tη v+Iρψ dð Þ� �� 	
= 1 − tð Þη+1

ð1
0
Ω λð Þψ′ λv + 1 − λð Þcð Þdλ

− tη+1
ð1
0
∇ λð Þψ′ λv + 1 − λð Þdð Þdλ:

ð34Þ
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Using mode property on both sides, we obtain

1 − tð ÞηΩ 1ð Þ + tη∇ 1ð Þ
d − c

ψ vð Þ
����

−
1

d − c
1 − tð Þη v−Iρψ cð Þ� �

+ tη v+Iρψ dð Þ� �� 	����
≤ 1 − tð Þη+1

ð1
0
Ω λð Þj j ψ′ λv + 1 − λð Þcð Þ�� ��dλ

+ tη+1
ð1
0
∇ λð Þj j ψ′ λv + 1 − λð Þdð Þ�� ��dλ:

ð35Þ

Sincejψ′j is MT-h-convex, so we have

≤ 1 − tð Þη+1
ð1
0
Ω λð Þj j

ffiffiffiffiffiffiffiffiffi
h λð Þp

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp ψ′ vð Þ�� �� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h 1 − λð Þp
2
ffiffiffiffiffiffiffiffiffi
h λð Þp ψ′ cð Þ�� ��" #

+ tη+1
ð1
0
∇ λð Þj j

ffiffiffiffiffiffiffiffiffi
h λð Þp

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp ψ′ vð Þ�� �� + ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h 1 − λð Þp
2
ffiffiffiffiffiffiffiffiffi
h λð Þp ψ′ dð Þ�� ��" #

dλ:

ð36Þ

After simplification, we obtain desired result

= 1 − tð Þη+1
2 M1 ψ′ vð Þ�� �� +N1 ψ′ cð Þ�� ��h i

+ tη+1

2 M1 ψ′ vð Þ�� �� +N1jψ′ dð Þ
h i

:

ð37Þ

Corollary 18. In Theorem 17, if we substitute hðλÞ = λ, we
get [21] Theorem 2.1.

Theorem 19. Let ψ : ½c, d�⟶R be a differentiable function
over ðc, dÞ and ψ′εL1½c, d� with 0 ≤ c < d and η > 0. If jψ′jq is
MT-h-convex with q > 1. Then for each t ∈ ð0, 1Þ, the follow-
ing inequality holds:

1 − tð ÞηΩ 1ð Þ + tη∇ 1ð Þ
d − c

ψ vð Þ
����

−
1

d − c
1 − tð Þη v−Iρψ cð Þ� �

+ tη v+Iρψ dð Þ� �� 	����
≤ 1 − tð Þη+1

ð1
0

����Ω λð Þpdλ
� �1/p

� 1
2

ψ′ vð Þ�� ��q + ψ′ cð Þ�� ��q
 �ð1
0

ffiffiffiffiffiffiffiffiffi
h λð Þp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp dλ

 !1/q

+ tη+1
ð1
0

����Ω λð Þpdλ
� �1/p

� 1
2

ψ′ vð Þ�� ��q + ψ′ dð Þ�� ��q
 �ð1
0

ffiffiffiffiffiffiffiffiffi
h λð Þp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp dλ

 !1/q

,

ð38Þ

where ð1/pÞ + ð1/qÞ = 1 and p > 1.

Proof. By using Lemma 16, Hölder’s inequality, and MT-h-
convexity of jψ′jq, we get

1 − tð ÞηΩ 1ð Þ + tη∇ 1ð Þ
d − c

ψ vð Þ − 1
d − c

����
����

� 1 − tð Þη v−Iρψ cð Þ� �
+ tη v+Iρψ dð Þ� �� 	

≤ 1 − tð Þη+1
ð1
0
Ω λð Þj j ψ′ λv + 1 − λð Þcð Þ�� ��dλ

+ tη+1
ð1
0
∇ λð Þj j ψ′ λv + 1 − λð Þdð Þ�� ��dλ

≤ 1 − tð Þη+1
ð1
0

����Ω λð Þpdλ
� �1/p ð1

0
ψ′ λv + 1 − λð Þcð Þ�� ��qdλ� �1/q

+ tη+1
ð1
0
∇ λð Þj jpdλ

� �1/p ð1
0
ψ′ λv + 1 − λð Þdð Þ�� ��qdλ� �1/q

≤ 1 − tð Þη+1
ð1
0

����Ω λð Þpdλ
� �1/p ð1

0

" ffiffiffiffiffiffiffiffiffi
h λð Þp

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp ψ′ vð Þ�� ��q

+
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp

2
ffiffiffiffiffiffiffiffiffi
h λð Þp ψ′ cð Þ�� ��q#dλ

!1/q

+ tη+1
ð1
0

����∇ λð Þpdλ
� �1/p

�
 ð1

0

" ffiffiffiffiffiffiffiffiffi
h λð Þp

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp ψ′ vð Þ�� ��q + ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h 1 − λð Þp
2
ffiffiffiffiffiffiffiffiffi
h λð Þp ψ′ dð Þ�� ��q#dλ

!1/q

:

ð39Þ

Since,

ð1
0

ffiffiffiffiffiffiffiffiffi
h λð Þp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp dλ =

ð1
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp
ffiffiffiffiffiffiffiffiffi
h λð Þp dλ, ð40Þ

this implies that

≤ 1 − tð Þη+1
ð1
0

����Ω λð Þpdλ
� �1/p 1

2 ψ′ vð Þ�� ��q + ψ′ cð Þ�� ��q
 �

�
ð1
0

ffiffiffiffiffiffiffiffiffi
h λð Þp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp dλ

!1/q

+ tη+1
ð1
0

����Ω λð Þpdλ
� �1/p

�
 
1
2 ψ′ vð Þ�� ��q + ψ′ dð Þ�� ��q
 �ð1

0

ffiffiffiffiffiffiffiffiffi
h λð Þp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp dλ

!1/q

:

ð41Þ

The proof is completed.

Corollary 20. If we substitute hðλÞ = λ in Theorem 19, we
obtain [21] Theorem 7.

Theorem 21. Let ψ : ½c, d�⟶R be a differentiable function
on ðc, dÞ and ψ′ ∈ L1½c, d� with 0 ≤ c < d and η > 0. If function
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jψ′jq is MT-h-convex on ½c, d� for q > 1, then for each tεð0, 1Þ,
we have

1 − tð ÞηΩ 1ð Þ + tμ∇ 1ð Þ
d − c

ψ vð Þ
����

−
1

d − c
1 − tð Þη v−Iρψ cð Þ� �

+ tη v+Iρψ ηð Þ� �� 	����
≤

1
2

� �1/q
1 − tð Þη+1

ð1
0
Ω λð Þj jdλ

� 
1− 1/qð Þ

� M1 ψ′ vð Þ�� ��q +N1 ψ′ cð Þ�� ��q
 �1/q
+ 1

2

� �1/q
tη+1

ð1
0
∇ λð Þj jdλ

� 
1− 1/qð Þ

� M2 ψ′ vð Þ�� ��q +N2 ψ′ dð Þ�� ��q
 �1/q
:

ð42Þ

Proof. By using Lemma 16, power mean integral inequality,
and MT-h-convexity of jψ′jq, we have

1 − tð ÞηΩ 1ð Þ + tμ∇ 1ð Þ
d − c

ψ vð Þ
����

−
1

d − c
1 − tð Þη v−Iρψ cð Þ� �

+ tη v+Iρψ ηð Þ� �� 	����
≤ 1 − tð Þη+1

ð1
0
Ω λð Þj j ψ′ λv + 1 − λð Þcð Þ�� ��dλ

+ tη+1
ð1
0
∇ λð Þj j ψ′ λv + 1 − λð Þdð Þ�� ��dλ

≤ 1 − tð Þη+1
ð1
0
Ω λð Þj jdλ

� �1− 1/qð Þ ð1
0
Ω λð Þj j ψ′ λvð + 1 − λð Þc�� ��qdλ� �1/q

+ tη+1
ð1
0
∇ λð Þdλ

� �1− 1/qð Þ ð1
0
∇ λð Þj j ψ′ λvð + 1 − λð Þd�� ��qdλ� �1/q

≤ 1 − tð Þη+1
ð1
0
Ω λð Þj jdλ

� �1− 1/qð Þ ð1
0
Ω λð Þj j

" ffiffiffiffiffiffiffiffiffi
h λð Þp

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp ψ′ vð Þ�� ��q

+
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp

2
ffiffiffiffiffiffiffiffiffi
h λð Þp ψ′ vð Þ�� ��q#dλ

!1/q

+ tη+1
ð1
0
∇ λð Þj jdλ

� �1− 1/qð Þ

×
 ð1

0
∇ λð Þj j

" ffiffiffiffiffiffiffiffiffi
h λð Þp

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp ψ′ vð Þ�� ��q + ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h 1 − λð Þp
2
ffiffiffiffiffiffiffiffiffi
h λð Þp ψ′ dð Þ�� ��q#dλ

!1/q

≤
1
2

� �1/q
1 − tð Þη+1

ð1
0
Ω λð Þj jdλ

� 
1− 1/qð Þ
M1 ψ′ vð Þ�� ��q +N1 ψ′ cð Þ�� ��q
 �1/q

+ 1
2

� �1/q
tη+1

ð1
0
∇ λð Þj jdλ

� 
1− 1/qð Þ
M2 ψ′ vð Þ�� ��q +N2 ψ′ dð Þ�� ��q
 �1/q

:

ð43Þ

The proof is completed.

Corollary 22. If we substitute identity function hðλÞ = λ in
Theorem 21, we obtain [21] Theorem 2.3.

4. Application to Special Means

In this section, we present applications of our results in spe-
cial means. Firstly, we give definitions of special means.

(1) The arithmetic mean

A = A c, dð Þ = c + d
2 ; c, d ∈R: ð44Þ

(2) The logarithmic mean

L c, dð Þ = d − c
ln dj j − ln cj j ; cj j ≠ dj j, cd ≠ 0, c, d ∈R: ð45Þ

(3) The generalized logarithmic mean

Ln c, dð Þ = dn+1 − cn+1

d − cð Þ n + 1ð Þ

" #1/n
; n ∈ℤ − 1, 0, c, d ∈R, c ≠ d:

ð46Þ

Now, using the results of §2, we give some applications
to special means of real numbers.

Proposition 23. Assume that c, d ∈R, 0 < c < d and n ∈ℤ, j
nj ≥ 2. Then, ∀ q ≥1 following inequality holds:

A cn, dnð Þ − Lnn c, dð Þj j

≤
d − c
2

� �
× 1

p + 1

� �1/p
× Qq

ð1
0

ffiffiffiffiffiffiffiffiffi
h λð Þp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp dλ

 !1/q

A cn, dnð Þ − Lnn c, dð Þj j

≤
d − cð Þ
2

× 1
2

� �1− 1/qð Þ 1
2
QqS1 +

1
2
QqS2

� �1/q
:

ð47Þ

Proof. For ψðvÞ = vn the statement follows by Remark 12 and
15 where v ∈R, n ∈ℤ, jnj ≥ 2.

Proposition 24. Assume that c, d ∈R, 0 < a < d. Then, ∀ q
≥1, we have

A c−1, d−1
� �

− L−1 c, dð Þ�� ��
≤

d − c
2

� �
× 1

p + 1

� �1/p
× Qq

ð1
0

ffiffiffiffiffiffiffiffiffi
h λð Þp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp dλ

 !1/q

A c−1, d−1
� �

− L−1 c, dð Þ�� ��
≤

d − cð Þ
2

× 1
2

� �1− 1/qð Þ 1
2
QqS1 +

1
2
QqS2

� �1/q
:

ð48Þ

Proof. The statement follows by Remark 12 and 15 for ψ
ðvÞ = 1/v.
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5. Estimates of Error for Trapezoidal Formula

Assume that f is a division c = v0 < v1 <⋯<vn−1 < vn = d of
interval ½c, d� and consider the quadrature formula

ð1
0
ψ vð Þd vð Þ = Tr ψ, fð Þ + Er ψ, fð Þ, ð49Þ

where

Tr ψ, fð Þ = 〠
n−1

k=0

ψ vkð Þψ vk+1ð Þ
2 vk+1 − vkð Þ, ð50Þ

for the trapezoidal version Erðψ, f Þ donates the associ-
ated approximation error.

Proposition 25. Let ψ : J ⊆R⟶R be a differentiable
function on Jo such that ψ′ ∈ L1½c, d�, where c, d ∈ J with c
< d and jψ′jq is MT-h-convex on ½c, d�. Then, in 24, for every
division f of ½c, d� and jψ′ðvÞj ≤Q, v ∈ ½c, d�, the trapezoidal
error estimate satisfies

Er ψ, fð Þj j ≤ 1
2

� �
× 1

p + 1

� �1/p

× Qq
ð1
0

ffiffiffiffiffiffiffiffiffi
h λð Þp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp dλ

 !1/q

〠
n−1

k=0
vk+1 − vkð Þ2,

ð51Þ

where p > 1, ð1/pÞ + ð1/qÞ = 1.

Proof. On applying Remark 12 on the subinterval ½vk, vk+1�
ðk = 0, 1, 2,⋯, n − 1Þ of the division, we have

ðd
c
ψ vð Þdv − Tr ψ, fð Þ

����
����

= 〠
n−1

k=0

ðvk+1
vk

ψ vð Þdv − ψ vkð Þ + ψ vk+1ð Þ
2 vk+1 − vkð Þ

( )�����
�����

≤ 〠
n−1

k=0

ðvk+1
vk

ψ vð Þdv − ψ vkð Þ + ψ vk+1ð Þ
2 vk+1 − vkð Þ

�����
�����

≤
1
2

� �
× 1

p + 1

� �1/p
× Qq

ð1
0

ffiffiffiffiffiffiffiffiffi
h λð Þp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h 1 − λð Þp dλ

 !1/q

� 〠
n−1

k=0
vk+1 − vkð Þ2:

ð52Þ

With this, the proof is completed.

Proposition 26. Let ψ : J ⊆R⟶R be a differentiable
function on Jo such that ψ′ ∈ L1½c, d�, where c, d ∈ J with c
< d and jψ′jq is MT-h-convex on ½c, d� where q ≥ 1, for every

division f of ½c, d� and jψ′ðvÞj ≤Q, v ∈ ½c, d�, the trapezoidal
error estimate satisfies

Er ψ, fð Þj j ≤ 1
2

� �2− 1/qð Þ 1
2
QqS1 +

1
2
QqS2

� �1/q
〠
n−1

k=0
vk+1 − vkð Þ2:

ð53Þ

Proof. By using Remark 15, the proof comes the same as
Proposition 25.

6. Conclusion

Convexity and fractional integral operators are the most
important notions to deal with the problems of today’s
world. In the present paper, we introduced a more general
notion of convexity, called as MT-h-convexity. The classical
and generalized fractional integral operators are used to
establish the most famous and most studied Hermite–
Hadamard-type inequalities for the proposed class of convex
functions. Applications of presented results to special means
are also given. Corollaries and remarks presented in this
paper justify the generality of our results. It is interesting
to establish Hermite–Hadamard-type inequalities for the
other variants of fractional integral operators, like Caputo
fractional integral operators and Atangana fractional inte-
gral operators.
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