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On extensions of Hermite—-Hadamard type inclusions for
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Abstract. In this work, by using weighted Jensen inclusion, we establish some new weighted Hermite-
Hadamard type inclusions involving two real parameters for interval-valued convex functions. In addition,

some extensions of Hermite—Hadamard inclusion are obtained by special choices of parameters. Moreover,
we give some examples to illustrate the main results of this work.

1. Introduction

Over the last century, integral inequalities have been attracted interest of many researchers because of
the importance in applied and pure mathematics. For example, Hermite-Hadamard inequalities, based on
convex functions, have an important place in many areas of mathematics, specifically optimization theory.
These inequalities, introduced by C. Hermite and J. Hadamard, express that if ¢ : I — R is a convex
mapping on the interval I of real numbers and 4,b € I witha < b, then

b
b
(P(u;-b)s biaf(p(x)dxgwa)w()

S (1)

If ¢ is concave, both of the inequalities provide the opposite direction. The best known results associ-
ated with these inequalities are Midpoint and Trapezoid inequalities which are frequently used in special
means and estimation errors (see [8, 14]). Afterwards, many authors obtained new results related to these
inequalities under various conditions of the mappings. Also, some researchers examined generalizations,
refinements and counterparts of the inequalities (1).

The weighted version of the inequality (1), which is also named Hermite-Hadamard-Fejér inequality,
was established by Fejér in [9] as follows:

Theorem 1.1. Let ¢ : [a,b] — R be a convex function and let @ : [a,b] — R be a non-negative, integrable, and
symmetric about x = ‘%b (i.e. @(x) = @(a + b — x)). Then, we have the inequalities

b b b
qb(a;b)fca(x)dxs fqb(x)ca(x)dxﬁ wfm(x)dx. 2)
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Many mathematicians established some generalizations and new results involving fractional integrals
regarding to the inequality (2) to obtain new bounds for the left and right sides of the inequality (2). We
refer the reader to Refs. [1, 21-23] and the references therein. On the other side, interval analysis handled as
one of the methods of solving interval uncertainty is an important material which is used in mathematical
and computer models. Although this theory has a long history which may be dated back to Archimedes’
calculation of the circumference of a circle, a considerable study was not published in this field until 1950s.
The first book [17] about interval analysis was published by Ramon E. Moore known as the pioneer of
interval calculus in 1966. In addition to this, a great many researchers started to investigate theories and
applications of interval analysis. Recently, many authors have focused on integral inequalities obtained by
using interval-valued functions. For example, Sadowska [20] established Hermite-Hadamard inequality
for set-valued functions that is more general version of interval-valued mappings as follows:

Theorem 1.2. [20] Assume that F : [a,b] — IR7 is interval-valued convex function so that F(t) = [l_f(t), l_-"(t)]. Then,
we have

b
b F(a) + (b
F(‘%) ) blTa(IR)fF(x)dx > w

Well-known inequalities such as Ostrowski, Minkowski and Beckenbach and their some applications
were provided by considering interval-valued functions in [5, 6, 10]. In addition, some inequalities involving
interval-valued Riemann-Liouville fractional integrals were derived by Budak et al. in [2]. In [15], Liu et al.
gave the definition of interval-valued harmonically convex functions, and so they obtain some Hermite—
Hadamard type inequalities including interval-valued fractional integrals. On the other hand, Budak et
al. prove some weighted Fejer type inclusions in [4]. For more details about this topic, one can refer to
[3,7,11-13, 16, 24].

2. Preliminaries

In this section, we give some properties of one and two variables interval-valued functions.

2.1. Integral of interval-valued functions

The notion of integral of the interval-valued mappings is mentioned. Before we can understand the
definition of integrals of interval-valued functions, we need to summarize some concepts in the following.

A function @ is said to be an interval-valued function of t on [a, b] if it assigns a non-empty interval to
each t € [a, D]

() = [, 7).
A partition of [, b] is any finite ordered subset D having the form
D:ia=ty<th <..<t,=bh
The mesh of a partition D is indicated by
mesh(D) = max{t; —ti1 :i=1,2,...,n}.

We denote by D ([a, b]) the set of all partition of [a,b]. Suppose that D (6, [a, b]) is the set of all D € D ([a, b])
such that mesh(D) < 6. We take an arbitrary point &; in interval [t,_1,£],i = 1,2, ..., n, and we define the sum

S(p,D,d) = Z Q&) [t —tia].
p)

Here, ¢ : [a,b] — Ryz. The sum S(¢, D, ) is said to be a Riemann sum of ¢ corresponding to D € D (5, [a, b]) .
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Definition 2.1. ([18],[19]) ¢ : [a,b] — Ry is said to be an interval Riemann integrable function (IR-integrable) on
[a, b] if there exist A € P and 6 > 0, for each € > 0, so that

d(S(p,D,0),A) < ¢

for every Riemann sum S of @ corresponding to each D € D (9, [a, b]) and independent of choice of &; € [ti1, ti],
1 <i < n. In this case, A is called as the IR-integral of ¢ on [a, b] and is denoted by

b
A = (IR) f Q(t)dt.

The collection of all functions that are IR-integrable on [a, b] will be denote by TR (4 ))-

The next theorem describes connection between IR-integrable and Riemann integrable (R-integrable):

Theorem 2.2. Let ¢ : [a,b] — Ry be an interval-valued function such that ¢(t) = [(p(t), @(t)] , @ € IRqap if and
only if ¢(t), p(t) € Rap) and

b b
® [ oo, ® [Foa

Here, R(a,p)) is the all R-integrable function.

b
am) [ it =

b b
It is easy to see that if @(t) C y(t) for all ¢ € [, D], then (IR) [ @(t)dt C (IR) [ y(t)dt.

3. Weighted Hermite-Hadamard type inclusions for interval-valued convex functions

In this section, we prove some weighted Hermite-Hadamard type inclusions for interval-valued convex
functions. First, we need to following weighted Jensen inclusion:

Theorem 3.1 (Weighted Jensen Inclusion). Suppose g : [a,b] — [a,b] is a function from L* [a, b] and suppose
b

also w : [a,b] — R is nonnegative functions from L' [a,b] such that f wt)dt # 0. If F : [a,b] = Ry is an
a

interval-valued convex function so that F(t) = [E(t), l_f(t)], then we have

b

b
F b; w(t)g (B dt| 2 b;(ﬂz) f F(g(H) w (¢) dt.

[w(t)dt a [w(t)dt a

a a
Proof. The proof can be easily seen by applying the classical Jensen inequality to convex function F and
concave function F. [

Theorem 3.2. IfF : [a,b] — IR is an interval—valued convex function such that F(t) = [E(t), l_f(t)], then we obtain

b

pa+qb) 2 ~ _ _
F(p+q > (p+q)(b_a)2(m)af[(v 2q)a+(2p —q)b+3(q—p)x]F (x)dx (3)
pF (a) + gF (b)
pt+q

forg>p>1>o0.
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Proof. It can be easily see that

p-q+3(g-pia=21,

S

2p-q+3(@-p) L0 -Ha+mla=L01

S

and

pF (@) + gF ()

2p—g+3(g - 1-4F F(b)]dt =
[2p =g +3(q-p)t][(1 - ) F(a) + tF (b)] dt P

S

5876

(4)

(6)

By applying Theorem 3.1 withg(t) = (1 - fH)a+th,w(t) =2p—q+3(g—p)t,t€[0,1]and 2g > p > g >0

and by using the equalities (4) and (5), we get

1

[2p—q+3(q—p) (1 -Da+tbldt

(pa+qb) b
F = F
p+q J2p—q+3(@q-p)t]at

1
(IR) [[2p —q+3(q—p)t]F((1 - t)a + th)dt
0

[[2p—q+3(q—p)tldt

V)

1
= ;%q(IR)OfBP—MB(q—p)t]F((l—t)a+tb)dt

b
2

(p+q)(b-a)

- —<1R>f[(p—zq)a+<2p—q>b+3(q—p)x]F<x>dx,

which gives the first inclusion in (3). On the other hand, by utilizing the interval-valued convexity of F and

the inequality (6), we have

1
;%q(IR)Of[Zp—q+3(q—p)t]F((l—t)a+tb)dt

(V)

1
2
m(m)f[zp —q+3(q-p)t][(L - F () + tF (b)) dt
0
PE (a) + qF (b)
pra
This completes the proof of Theorem 3.2. [J

1

Remark 3.3. Let us consider p = q = 5 in Theorem 3.2. Then, Theorem 3.2 reduces to Theorem 1.2.

2
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Corollary 3.4. If we choose q = 1 and p = 2 in Theorem 3.2, then we have

b
2 2F (a) + F (b)
); (b_a)z(IR)ﬂf(b—x)F(x)de QT (7)

2a+Db
p( .

Corollary 3.5. Let us note that q = 2 and p = 1 in Theorem 3.2. Then, we obtain

b
a+2b 2 f F(a) + 2F (b)
) IR x—a)F(x)dx D —————. 8
(3) TR | G-aFw : ®)
Corollary 3.6. Under the conditions of Theorem 3.2, we have
b b ( (a) + F()

a+b 1 2a + a+2 1 F(a)+ F

F( > )QE[F( 3 )+F( 3 )]QE(IR)IF(x)deT. 9)

Proof. By adding (7) and (8), we can write

b
E[P(2a+b)+F(a+2b)}2ﬁ(IR)fP(x)deF(a)wLP(b)'

2 3 3 2

Since F is an interval-valued convex function, we get
a+b 1(2a+b) 1({a+2b
157 - ) (57)
1(.(2a+b a+2b
2[5

which completes the proof. O

Example 3.7. Define a function F : [0,1] — R} by F(t) = [t2,2 - tZ], then F(t) is an interval-valued convex
function. By applying Corollary 3.6, the first expression of (9) becomes

a+b 1 17
F( 2 )‘F(E)‘ FE
The second expression of (9) becomes
1(.({2a+b a+2b
2[5+ (57)
Y RN IR
20979119 9ll 118718
By using the definition of integral for interval-valued function, the third expression of (9), we obtain

e

- B3l

b
1
b (IR) fF (t)dt
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And then fourth expression of (9), we get

F@+F®) _[0,2]+[1,1] [1 3
2 - 2 _[E’E]'

It is clear that

[l 7] [5 31] [1 5] [1 3]
e 2 s 2 YAy 2 YA
44 18" 18 3'3 2°2

which demonstrates the result described in Corollary 3.6.

Corollary 3.8. With the help of the conditions of Theorem 3.2, we have

b
F(a+b) S 1 [F(5a+3b)+F(3a+5b)] 5 bia(IR)fF(x)de F(a)erF(b). (10)

2 )=2 8 8

Proof. If we assign q =5, p =3 and g = 3, p = 5 in Theorem 3.2, then we have

b
3a + 5b 1 3F (a) + 5F (b)
F( 5 );4(b_a)2!(—7a+b+6x)F(x)dx;T, (11)
and
b
5a + 3b 1 5F (a) + 3F (b)
F( 3 )Q4(b_a)2f(—a+7b—6x)1—"(x)dx2T, (12)

a

respectively. By adding (11) and (12), we get

b
E[F(5a+3b)+F(3a+5b)] 5 bia(IR)fF(x)de F(a)erF(b).

2 8 8

By using interval-valued convexity of F, we get,
a+b 1 (5a+3b\ 1 (3a+5b
(5] = e (57 55

sF(5) (5%

This is the end of the proof of Corollary 3.8. O

Example 3.9. Let us consider a function F : [0,1] — Ry by F(t) = [t3,3 - t3]. Then, E(t) is an interval-valued
convex function. By applying Corollary 3.8, the first expression of (10) becomes

() 5

The second expression of (10) becomes

(5 5%)
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(AR N e el R
2 11512” 512 512" 512 ||~ [128” 128]"

By using the definition of integral for interval-valued function and the third expression of (10), we have

blTa(IR) fb F(hdt = l fl P, fl (3—1‘3)4
L [i np
44

By using the fourth expression of (10), we get

F@+F@®) _[03]+[1,2] _[1
2 - 2 —bJ}

It is clear that
[1 23] [19 365] [1 11] [1 ]
57 o 2 Thno’ 1Mo 2 = T4 2 ~7 2 7
8" 8 1287128 4" 4 2
which demonstrates the result described in Corollary 3.8.

Theorem 3.10. Lef us note that F : [a,b] — R is an interval-valued convex function so that F(t) = [E(t), I_f(t)].
Then, we have the inclusions

@Bp+q)a+(p+3q)b
F( 4(p+q) ) (13
1 Cp+q)a+qb pa+(p+29)0b
> EF( 2(p+9) )+F( 2(p+9) ﬂ
2 ——3——wmjﬁ@—wm+@wwhww—Mﬂﬂmw
p+q)-ay J
b
2 ) [ [(p- 290+ Gp )b+ 6 (g - )] F ()
p+o@-a " J
S pF (a) +qF(”2lb) +pF(‘%b) +qF (b)
B 2(p+9)
(Bp+q)F(a)+ (p +3q)F(b)
B 4(p+q)

for2g>p>1>0.

Proof. Since F is interval-valued convex function on [g, b], then F is interval-valued convex function on the

subintervals [a, ‘%b] and [’%b, b] . Then, by applying the Theorem 3.2 to a subinterval [a, ath

(2p+q)a+qb
( 2(p+9) ) (9

], we have

a+b

4 e
4 ) o d
2 @+®@_#amlﬁ@ 5q)a+(2p = q)b+6(q - p) x] F (v) dx
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pF(a)+qF(‘%b)
p+q

(2p +q) F (a) + qF (b)
2(p+9q) '

Similarly, by applying the Theorem 3.2 to a subinterval [%, b], we get
F(pa +(p+ 2q)b)

2(p+q)

4

(p+q) (b -a)’

(15)
b
aR)f[(p—Zq)a+(5p—4q>b+6(q—p)x]F<x>dx

pF (%52) + qF (b)
p+q

pE(a) + (p +29) F (b)
2(p+9q) '

By summing the inequalities (14) and (15), we have

1[F(@P+4)ﬂ+qb)+F(Pa+(P+24ﬂj]

2 2(p+4) 2(p+9)
2 ———JL——zﬂR{ffMp—&ﬂa+@p—@b+6@¢—@xﬂ%@dx
(p+q)(b-a) y
b
+———JL——7UR{fKP—2ma+6p—4wb+6@—prF@ﬁu
p+qb-ay J
S PF (a) + qF (%52) + pF (452) + qF (b)

2(p+9)
(Bp+q)F(a)+ (p +3q)F(b)
4(p+q) '

This gives the second, third, and fourth inequality in (13). The first inequality in (13) can be seen easily by
interval-valued convexity of . [

Corollary 3.11. Considering p = q = 1 in Theorem 3.10, we have the inclusions

a+b 1 3a+b a+3b
(5 = sl ) "

2

=

1

F(a)+2F (%) + F (b)
4

L F@+F®)

= 2

(V)

U
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Example 3.12. Let us define a function F : [0, 1] — R} by F(t) = [1 —sint,2 + sint]. Then, F(t) is an interval-
valued convex function. By applying Corollary 3.11, the first expression of (16) is expressed as follows

F(#):F(%):[O,s].

The second expression of (16) becomes

L) (Y
e N

2 2 2 2 2 2 2

By using the definition of integral for interval-valued function and the third expression of (16), we obtain

b
1
7 (R) f F () dt

— f(l—sint)dt, f(2+sint)dt
0 0

[1—E,Z+ %]
e e

With the help of the fourth expression of (16), we get

F@) +2F (%) +F®)  [1,2]+[0,6]+[1,2] _ s
A = 4 _[ ’E]'

By using the fifth expression of (16), we have

F@+F®) [1,2]+[1,2]
2 a 2

=[1,2].

It is clear that

V2 «/‘][ 2 2]2[5

[0,3]2[1——2+— 21-—,2+— 1,—]2_)[1,2],
T i 2

which demonstrates the result described in Corollary 3.11.
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