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Abstract: In recent years, there has been a significant amount of research on the extension of convex
functions which are known as preinvex functions. In this paper, we have used this approach
to generalize the preinvex interval-valued function in terms of (£1, £;)-preinvex interval-valued
functions because of its extraordinary applications in both pure and applied mathematics. The idea of
(£1, £2)-preinvex interval-valued functions is explained in this work. By using the Riemann integral
operator, we obtain Hermite-Hadamard and Fejér-type inequalities for (£1, £;)-preinvex interval-
valued functions. To discuss the validity of our main results, we provide non-trivial examples. Some
exceptional cases have been discussed that can be seen as applications of main outcomes.

Keywords: interval-valued functions; fuzzy Riemann integrals; (£;, £;)-preinvex interval-valued
functions; Hermite-Hadamard inequalities
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1. Introduction

Set-valued analysis, which is the study of sets in the context of mathematics and
general topology, is a subset of interval analysis. A well-known example of interval
enclosure is the Archimedean method, which includes calculating a circle’s circumference.
The interval uncertainty that is present in many computational and mathematical models of
deterministic real-world systems is addressed by this theory. This method studies interval
variables rather than point variables and expresses computing results as intervals, avoiding
inaccuracies that lead to inaccurate conclusions. One of the initial objectives of the interval-
valued analysis was to take into account the error estimates of the numerical solutions for
finite state machines. One of the essential methods in numerical analysis is interval analysis,
which Moore initially introduced in his well-known work [1]. Due to this, it has found use
in a variety of areas, including computer graphics [2], differential equations for intervals [3],
neural network output optimization [4], automatic error analysis [5], and many more. We
recommend [6-17] to readers who are interested in results and applications.

Particularly those associated with the Jensen, Ostrowski, Hermite-Hadamard, Bullen,
Simpson, and Opial inequalities have a considerable impact on mathematics. Some
renowned scholars have lately extended many of these inequalities to interval-valued
functions (I-V-Fs) (see, for instance, [18-28]), and many have also studied the Hermite-
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Hadamard inequality (H-H-inequality) for convex functions. The H-H-inequality for
convex mapping & : O — R onaninterval O = [, g]isallg, g € O.

@(ﬁ‘") < L ") < Sle) el M

For more information, see [29-38] and the references therein.

On the other hand, a powerful tool for solving a wide range of problems in applied
analysis and nonlinear analysis, including many concerns in mathematical physics, is the
generalized convexity of mappings. Recently, extensive study has been done on a number
of generalizations of convex functions. It is intriguing to explore integral inequalities from
a mathematical analytic perspective. Inequalities and other extended convex mappings
have been thought to be related to the study of differential and integral equations. They
have made a significant contribution to a number of fields, including electrical networks,
symmetry analysis, operations research, finance, decision-making, numerical analysis, and
equilibrium, see [39-49]. We explore the possibility of encouraging the subjective features
of convexity by employing a variety of basic integral inequalities.

Several types of convexity are related to the Hermite-Hadamard inequality; for several
instances, see [50-62]. The concept of harmonic convexity and several associated Her-
mite Hadamard type inequalities were introduced by Iscan [63] in 2014, and 2015 saw the
first description of harmonic #-convex functions and certain related Hermite-Hadamard
inequalities by the authors of [64]. In recent years, numerous studies have explored the
relationship between integral inequalities and interval-valued functions, yielding many
important results. Using the extended Hukuhara derivative, Chalco Cano [65] researched
the Ostrowski-type inequalities, while Roman-Flores [66] established the Minkowski type
inequalities and the Beckenbach type inequalities. Costa [67] introduced the Opial-type
inequalities. Zhao et al. [68] recently built on this notion by incorporating interval-valued
coordinated convex functions and generating related H-H type inequalities. It was also
used to support the H-H- and Fejér-type inequalities for the preinvex function [69,70]
and convex interval-valued function for n-polynomials [71]. The idea of interval-valued
preinvex functions, first proposed by Lai et al. [72], has recently been extended to in-
clude interval-valued coordinated preinvex functions. The H-H inequality was expanded
to include interval #-convex functions [73], interval harmonic #-convex functions [74],
interval (%1, #;)-convex functions [75], interval (%, #,)-convex functions, and interval
harmonically (#1, #;)-convex functions [76], when interval analysis was combined. The
authors in [77] used the definition of the £-Godunova-Levin function to account for this
inequality. Additionally, the authors of [78] developed a Jensen-type inequality for (%1, #5)
interval-nonconvex functions, whereas the author of [78] published a fuzzy Jensen-type
integral inequality for fuzzy interval-valued functions. For more information, see [79-98]
and the references therein.

Our investigation was inspired by the substantial body of literature and the tar-
geted studies [76,77]. Interval-valued (£1, £;)-preinvex functions are introduced, and new
H-H-type inequalities are constructed for the previously covered topic. The following is
how the paper is set up: Section 2 provides the introduction and the mathematical context.
The scenario and our key findings are covered in Section 3. Section 4 contains the conclusion
and future scope.

2. Preliminaries

Let & be the collection of all closed and bounded intervals of R that is - =
{[Z+, 2¥]: 24, 2" € Rand Z, < Z*}. If Z, > 0, then [Z,, Z¥] is named as a posi-
tive interval. The set of all positive intervals is denoted by ¢ and defined as ¢} =
{[2+, 2¥]: 24, 2" € €cand Z, > 0}.

If [, A*], [Z4, 2¥] € €c and s € R, then arithmetic operations are defined by

[, A+ [24, 27] = [ + 24, A+ Z7], )



Axioms 2022, 11, 622 30f17

[, A] X [Z,, 2] = [min{A, Z,, A Z,, A, 2%, A* 2%}, max{A, Z,, A Z,, A, Z*, A* 2%}] ®3)
[s2, sA*]if s >0

s.[2,, A = { {0}if s =0, (4)
[s2A*,s2]if s <O.

For [, A*], [Z+, 2] € €c, the inclusion “ C ” is defined by
[, A*] C [Z,, Z7], ifand only if, Z, <A, A < Z*. (5)
Theorem 1 ([1]). If & : [¢, q] C R — €c isan LV-F such that &(w) = [&4(w), &*(w)], then

& is Riemann integrable over [g, q if and only if, &, (w) and &* (w) are both Riemann integrable
over [g, q| such that

(IR) /qes(w)dw _ [(R) / 6. (w)dw, (R) / ! Qi*(w)dw} ©)

J6 J6 J6

where &,,8* : [g, q] = R.

The collection of all Riemann integrable real valued functions and Riemann integrable
£V-Fsis denoted by R o and TR 4, respectively.

Definition 1 ([84]). Let © be an invex set. Then, I-V-F & : O — & is said to be preinvex on O
with respect to w if

G(x + (1 —o)w(y,x)) 2 0&(x) + (1 -0)&(y), @)
forallx, y € O, 0 €0, 1], w: O x O — R. If & is preincave I.V-F, then —® is preinvex I.V-F.

Definition 2 ([83]). Let O be an invex set and £: [0, 1] € O — R such that £#0. Then, I.V-F
& : O — € is said to be £ -preinvex on O with respect to ro if

S(x+ (1—o)o(y,x) ) D£(0)&(x)+£(1—0)8(y), 8)
forallx, y € O, 0 € [0, 1], where &(x) > 0and v : O x O — R.

Definition 3 ([84]). Let O be an invex set and £1, £, : [0, 1] €O — R such that £1, £,%0.
Then, I-V-F & : O — & is said to be:

o (£1, £2)-preinvex on O with respect to w if
S(x+ (1 -o0)w(y,x) ) 2 £1(0)f2(1 - 0)&(x) +£(1 —0)5a(0)&(y), ()

forall x,y € O,0 € [0, 1], where &(x) > 0and w: O x O — R.
o (£4, £2)-preincave on O with respect to o if inequality (13) is reversed.

Remark 1. If £5(0) = 1, then (£1, £3)-preinvex I-V-F, we acquire the definition of £1-preinvex
I.V-E

If £1(0) = 0%, £5(0) = 1, then from the definition of (£;, £;)-preinvex I-V-F becomes
s-preinvex I-V-F in the second sense, that is

S(x+ (1—o0)o(y,x)) 20°&(x) +(1—0)°&(y), Vx, y€ O, 0 € [0, 1]. (10)

If £1(0) = 0,£2(0) =1, then (£1, £;)-preinvex I.V-F becomes preinvex I.V-F.
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If £1(0) = £5(0) = 1, then from the definition of (£, £;)-preinvex I.V-F, we acquire
the definition of P I-V-F, that is, see [83]:

S(x+(1—o)w(y,x) 26(x)+&(y), Vx,ye O, 0el0, 1]. (11)

Proposition 1. Let O be an invex set and non-negative real-valued function £1, £, : [0, 1] € O = R
such that £1, £,#0. Let & : O — €c bean I.V-F with &(x) > 0, such that

6(x) = [6.(x), 6 (x)], Vx € O. (12)

forall x € O. Then, & is (£1, £3)-preinvex I-V-F on O, if and only if, & (x) is (£1, £2)-preinvex
function and &*(x) is (£1, £3)-preincave function.

Proof. The proof of this proposition is similar to the Theorem 3.7, see [73]. [

Proposition 2. Let O be an invex set and non-negative real-valued function £1, £, : [0, 1] C O — R
such that £1, £,%0. Let & : O — €L be an I-V-F with &(x) > 0, such that

&(x) = [B4(x), 8" (x)], Vx € O. (13)

forall x € O. Then, & is (£1, £2)-preincave I-V-F on O, if and only if, &.(x) and &*(x) are
(£1, £2)-preincave and preinvex functions, respectively.

Proof. The demonstration of the proof is analogous to Proposition 1. [J

3. Results

In this section, using the Riemann integral operator, we achieve various modifications
of the Hermite-Hadamard type inequality. We add a few quality and interesting remarks
for the readers. The next step is to present a crucial H-H-inequality for (£;, £;)-preinvex
I.V-Fs via Riemann integrals.

Theorem 2. Let & : [g, ¢ +w(q, ¢)] — €L bea (£1, £5)-preinvex I-V-F with non-negative real-
valued functions £1, £5 : [0, 1] — R and £ (%)Ez(%) # 0, such that &(x) = [,(x), &*(x)]
forallx € [¢, ¢ +w(q, ¢)]. If & € IR([Q c+w(q, ¢)]) then

1 Q5<29+mz(q, g)) 5 _ 1 ; (IR) fgg+m(q, <) & (x)dx

261(3)£2(z) - el (14)
2 [6(¢) +&(a)] Jo £1(0)£a2(1 — 0)do.
Let & : [g, ¢ +w(q, ¢)] = €L bea (£1, £)-preincave IV-F. Then, we have
1 26+mw(q, 6) 1 ¢+w(a, ¢)
2£1(3)£2(3) Qj( 2 ) S w(d, ¢) (IR) f(; & (x)dx (15)

C [(c) + &(a)] fy £1(0)£2(1 — 0)do.

Proof. Let & : g, ¢ +w(q, ¢)] = € be a (£1, £)-preinvex IV-F. Then, by hypothesis,
we have

1

B()al:

| ®<2g + n;(q, 9)) D &(g+ (1—0)(q ¢)) + (g +ow(q ¢))
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Therefore, we have
26+t (q,
1 1)(,5*( S mz(q g))
1 «(26+w(q, ¢)
Ok (=)

IN

G.(g+ (1—0)w(q, ) +&.(c+ow(q g)),
&*(g+ (1 —o0)w(q, ¢)) + & (g +ow(q, ¢)).

v

1 1 26+ (q, 5) 1 _ 1
e Jo @ (0 )do < fi @1 (e + (1 - 0)mla, 6))do -+ Jy ©.(c + om(q, ¢))do,

syary Jo € (R )do > [ 6% (c + (1 - 0)w(a, €))do+ fy 6 (¢ + om(a, ¢))do.

and it follows that

1 26+10(q, ¢) 2 ¢+mw(q, g)
( )6*( 2 ) (g, ¢) Je & (x)dx,
1 ( )®*<2g+mz(q, g)) > _2 fgﬁm(q,g) &*(x)dx.

IN

()3 w(q, ¢)
That is
+r(q, ¢) g+ (a, ¢)
1 [6*<2€+t;(q, g)), Q5<2€+“;(q€))] 5 2[/‘5 " . (x)dx, /g Y o (x)dx] .
£(3)e(3) w(q, ) [/ .
Thus,
+mw(g, ¢)
! @(2‘5+“’(q' ‘5)> > 1 () /g "ekdx.  (16)
261(3) (1) 2 w(q, ¢) ¢
In a similar way as above, we have
1 ¢+w(q, g) 1
—— (IR &(x)dx O [&(¢) + & £1(0)£2(1 — 0)do. 17
v U0 ()dx 2 [6(c) + 6(0)] [ £(0)a(1=0)do.  (17)

Combining (16) and (17), we have

1 26+ (g, g) 1 ctmla o) L (o) (1 — 0)do
zﬁl(;)ﬁz(;)ﬁ( S E) 5wy [T e 2 () + o) [ £@R0-od. (9

This completes the proof. [

Note that, if &(x) is (£1, £2)-preincave I-V-E, then integral inequality (Equation (14))
is reversed.

Remark 2. If £5(0) = 1, then Theorem 2 reduces to the result for £1-preinvex I-V-F, see [83]:

1 26 +1(q, ¢) 1 ¢+ (g, ¢) 1
2, (}) 6( 2 )Dm(q, g UR) /g & (x)dx 2 [6(c) + &(q)] /0 £1(0)do.

If £1(0) = o° and £;(0) = 1, then Theorem 2 reduces to the result for s-preinvex I-V-F,
see [83]:

(g, g)
(200 5 L ar [T et s e s@l 09)



Axioms 2022, 11, 622 60f 17

If £1(0) = o0 and £(0) = 1, then Theorem 2 reduces to the result for preinvex I.V-F,
see [84]:

w(a )
6(29“;("’ g)) > m(; 5 (IR /QH " 6 (x)dx 76@;6@. (20)

If £1(0) = £,(0) = 1, then Theorem 2 reduces to the result for P-I-V-F, see [83]:

1.(2c+w(q g) 1 ¢+mw(q, ¢)
z@( 2 >9m(q,g) ur) | B(x)dx 2 &(c) +8(q). (D)

If &, (x) = *(x), then we from (14) obtain the classical integral inequality for (£1,£3)-
preinvex functions.

If & (x) = *(x), £2(0) = 1, then from (14) we obtain the classical integral inequality
for (£1, £2)-preinvex functions.

Note that, if o(q, g) = q — ¢, then the above integral inequalities reduce to classical ones.

Example 1. We consider £1(0) = 0, £5(0) = 1,foro € [0, 1] and the - V-F & : [, ¢+ w(q, ¢)]
= [0, w(2, 0)] — & defined by &(x) = [2x?, 4x]. Since end point functions &, (x) = 2x2,
&*(x) = 4x are (£1,£;)-preinvex functions with respect to w(q, ¢) = q — ¢, then &(x) is
(£1, £2)-preinvex I-V-F with respect to w(q, ¢) = q — ¢. Now we compute the following

+(q, ¢) 1
1 ®. (2€ + (g, Q)) < 1 /€ a6 &, (x)dx < [B4(c) + B+(q)] / £1(0)£2(1 — o)do.
261 (3)£(1) 2 w(d, ¢) J 0
1 6*(29+‘;(q' g)) _s.(1) =2,
2 (D))
1 g+w(a, ¢) 1,2 8
Py ®*xdx:f/2x2dx:f,
Sonl! =3 ), 3
1
[6.(c) + @(q)]/o £1(0)£2(1 — 0)do = 4,
which means g
2< 3 <4.
Similarly, it can be easily show that
+r(q, ¢) 1
261 (3)£2(3) 2 w(q, ) J 0
such that . )
261(3)%2(3)
1 /Hm(q, 9 1 2
—_— Qj*xdx:f/4xdx:4,
w(q, ¢) Jg ) 2 Jo
1
() +6"(0)] [ B1(0)Ea(1 - o)do =4,
that is

2, 4] O B 4} >[4, 4],

Hence, the Theorem 2 is verified.
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Theorem 3. (The second H-H-Fejér inequality for (£1, £2). -preinvex1-V-Fs). Let & : [¢, ¢ +w(q, ¢)]
— €L bea (£, £)-preinvex I-V-F with ¢ < ¢+ tw(q, ¢) and non-negative real-valued func-
tions £1, £, : [0, 1] — R, such that &(x) = [&.(x), &*(x)] forall x € [g, ¢ +1(q, ¢)]. If
® € IR( ctw(q, o)) d C:lg, ¢+w(q, ¢)] = R, C(x) >0, symmetric with respect to

c+ %m(q, g), then

1 IR ;;er(q,g)q5 ClMz S I8 ® 1£ o . . .
Sl ()0 2 (8(6) + 6(a)] || £1(a)6a(1 — 0)Cls + om(s, €))do. )

Proof. Let ® be a (£1, £)-preinvex I.V-E Then, we have

G.(g+ (1 —0)w(q,¢))C(g+ (1 —o0)w(q,¢))

< (£1(0)£2(1 = 0)&.(g) +£1(1 — 0)£2(0) B4 (q))C (g + (1 — 0)r0(q,6)) (23)
& (g + (1 —0)w(q,¢))C(c+ (1 —o)w(q,c))

> (£1(0)£2(1 — 0)&*(g) + £1(1 — 0)£2(0)8*(q))C(g + (1 — 0)10(q,6)).

We also have

(¢ +om(a, )Cle+ ol ) < ([ 2RCONE Yot romm o)y
(¢ +om(a, €))Cle +om(a, €)) = ([ RO Yot onta, o)),

After adding (23) and (24), and integrating over [0, 1], we get

e g+ (1—0)w(q,6))C(c+ (1 —0)w(q,c))do
) +f0 +(¢ +or(q,6))C(c + oro(q, ) )do
< 6*(@){51(0)52(1_0)6(454‘(1—0) w(q,6)) +£1(1—0)£
=0 +t‘5*(q){£1(1—0)£2(0)0(§+(1—0)m(q, )) +£1(0)£2(1
fo ®* (g +ow(q,6))C(c + ow(q,g))do
+ Jo &% (g + (1= 0)w(q,6))C(g + (1 — 0)w(q,c))do
>f1 (){51( )£2(1—0)C(c+ (1 —0)w(q,6)) + £1(1 — 0)£2(0)C (¢ + or(q,6))} |
=0 [ +&* (q){£1(1 — 0)£2(0)C (¢ + (1 — 0)w(q,6)) + £1(0)£2(1 — 0)C(g + ow(q,6)) } |
=26.(c) [ £1(0)£2(1 — 0)C(g + (1 — 0)w(q, ¢))do
+26.(q) fo £1(0)£2(1 — 0)C(g + ow(q, ¢))do,
=2¢6%( )fo £1 (0)£2(1 —0)C(g + (1 —0)r(q,¢))do
+26*(q fo £1(0)£2(1 — 0)C(g + oro(q, ¢))do.

Since C is symmetric, then

2(0)C(g +or(q,6))} |
—0)C(g +omw(q,6))}]

[.(5) + &.(a)] fy £1(0)£2(1 — 0)C(g + ow(q, ¢))do,

() + &*(q)] [ £1(0)£2(1 — 0)C(c + ow(q, ))do. 25)

Since

Jo Bi(c+ (1 - 0)r(q,6))C(c + (1—0) (4,6))do
= Jo &:(c +ow(a, €))C(s +om(a ¢)do = sy SS9 e, (x)C(x)dx,
Ji &* (¢ + oro(q, ))C(g+0m(q g))d0
= Ji & (c+ (1 - 0)m(a,¢))Cl + (1 — o) (q,c))do

(26)
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From (25) and (26), we have

1, ) fg€+m(q, ¢) B, (x)C(x)dx < [&.(g fo £1(0)£2(1 — 0)C(¢ + ot (q, ¢))do,

m(cllf B fgﬁm(q’ ) " (x)C(x)dx > [67 () + &*(q fo £1(0)£2(1 — 0)C(g + o (g, ¢))do,

that is
loeg SS9 6. (x)C(x)dx, m(; 5SS e (x)e(x)dx] 2 [B.(c)+
®.(a), () + & (0)] 3 £1(0)£2(1 — 0)Clg + om(a, ¢))do,
hence
w(q, ¢)
g (R [ ey 2 [8(0) + 0] [ £1(e)6a(1 ~ 0)C(c + owla, €

then we complete the proof. [J

The following assumption is required to prove the next result regarding the bi-function to : O x O — R
which is known as:

Condition C. Let O be an invex set with respect to ro. Forany ¢, q € O and o € [0, 1],
w(q, ¢ +ow(q,¢)) = (1-0)w(q,c),
w(g, ¢ +ow(q,¢)) = —omw(q,c).

Clearly for o = 0, we have w(q,¢) = 0if and only if, g = ¢, for all ¢, q € O. For the applications
of Condition C, see [79-84].

Theorem 4. (The first H-H- Fejér inequality for (£1, £5)-preinvex I-V-Fs). Let & : [g, ¢ +1(q, ¢)] — €L bea

(£1, £2)-preinvex I-V-F with ¢ < ¢ + vo(q, ¢) and non-negative real-valued functions £1, £5 : [0, 1] — R, such
that & (x) = [ (x), & (x)]forall x € [¢, ¢+ 10(q, ¢)]. f & € IR (|, c1ro(q, o)) @14 C 2 [6, ¢ +10(q, ¢)]

— R, C(x) >0, symmetric with respect to ¢ + $w(q, ), and fﬁ'm a6 C(x)dx > 0, and Condition C
holds for 1o, the,

S

Proof. Using Condition C, we can write

¢+ 5m( 6) =6+ om(g, )+ ywls+ (1-0)m(a,6), ¢ +om(s,)):

Since & is a (£1, £3)-preinvex then, we have

6. (c+3m(a ¢)) = & (c+om(q, 6) + (s + (1 0)w(ac), ¢ +om(a,c)))

<£1(l 2(3) (Bu(s+ (11— 0)1(1,6)) + (g + om(a, ), 28)
05*(<.;+2m 0, ¢)) = 6 (g +om(q, ¢) + hwolc+ (1-o)w(ac), g+om(q,g))>
>£1( )£2(3) (8" (6 + (1= 0)w(3,€)) + &" (s +ow(4,)))
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By multiplying (28) by C(¢+ (1 —0)w(q,6)) = C(c + ow(q,¢)) and integrating it by o over
[0, 1], we obtain
&, (g+ sto(q, ¢ >f0 (¢ + or(g, ¢))do

Ne (1) [ g+ (1—0)w(q,6))C(c+ (1 —o0)w(q, ¢))do
§£1<%> (%)<O + Jo ®.(c + ow(q,¢))C(c + oro(q, ¢))do )

(29)
W(H am(q, ¢ )fo (¢ +ow(q, ¢))do
Ne (1) [ €+ (1—0)w(q,6))C(c+ (1 —o0)w(q, g))do
>6(3)L (2)<0 + [ 6% (¢ + ow(q,))C(c + ow(q, ¢))do )
Jy® g+ (1 —o0)rw(q,6))C(c+ (1 —o0)w(g,g))do
—fo g+0m 4, 6))C(g +ow(q, ¢))do
m( f€+m( g)Qﬁ*(x)C(x)dx (30)

1.[&@*g+am<q, 6))C(g + ow(q, ¢))do
= Iy & (e + (1= 0)m(,6))C(s + (1 - o)o(a, ¢))do
f€+“’<q ¢ @* (x)C(x)dx.

= = (
From (29) and (30), we have

6*(€+ 2m(a, 9)) < Zal)el) JErE e, (ve(x)dx,

& (c+m(a ) = Sl (e 0 g (e r,

from which we have

6*(G+ 3w (g, g)), ®*<g+ 3ro(a, Q)]
D%[Iéﬁ‘“(%@)@ (x)C(x)dx, f€+m( q,6) Qi*(x)C(x)dx],

that is

1 1
i Zﬁl(z)fz(z)
6 ¢+ 5w(q ¢) @
And this completes the proof. [

Remark 3. If £5(0) =1, 0 € [0, 1], then inequalities in Theorems 3 and 4 reduce for £1-preinvex I-V-Fs,
see [83].

If £1(0) = 0o and £5(0) =1, 0 € [0, 1], then inequalities in Theorems 3 and 4 reduce for preinvex
1-V-Fs, see [84].

If in the Theorems 3 and 4 £5(0) = 1 and w(q, ¢) = q — ¢, then we obtain the appropriate
theorems for £1-convex I-V-Fs, see [73].

If in the Theorems 3 and 4 £1(0) = o, £2(0) = 1 and w(q, ¢) = q — ¢, then we obtain the
appropriate theorems for convex I-V-Fs, see [73].

If &, (x) = &*(x) with £5(0) = 1, then Theorems 3 and 4 reduce to classical first and second
H-H-Fejér inequalities for £-preinvex function, see [80].

If in the Theorems 3 and 4 & (x) = &*(x) with £5(0) = 1 and r(q, ¢) = q — ¢, then we obtain
the appropriate theorems for £-convex function.

If C(x) = 1, then combining Theorems 3 and 4, we get Theorem 2.
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Example 2. We consider £1(0) = o, £5(0) = 1for o € [0, 1] and the .V-F & : [1, 1+ w(4, 1)] — ¢
defined by, &(x) = [%,x } Since end point functions ®,(x), &*(x). are (£1, £p)-preinvex functions
w(y,x) =y — x, then &(x) is (£1, £2)-preinvex I.V-F. If

x—1,0¢€ 1,%,
C(x) = .
4—x,0€ (53, 4|,

then we have

5
m(i,l) 11+m(4’1> G, (x)C(x)d %ffl &y (x) x)dx 17 & (x)C(x)dx + 1 fs «(x)C(x)dx,
5
m(i,l) 1”“’(4’ 2 &*(x)C(x)dx %ff &*(x)C(x)dx = % [ &*(x)C(x)dx + } fs &*(x)C(x)dx,
5
4
=1 x(x—l)dx+3 ;% —x dx—%(4log(%)+l ( >>, (31)
:gflxx—ldx—i—gf% —x)dx:185,
and
[6.(¢ fo £1(0)£2(1 — 0)C(g + ow(q, g))do= 3 5 { i 3uzdx+f1 (3- 3a)d0} = 32 )
[&* (¢ fo £1(0)£2(1 — 0)C(g + otv(q, ¢))do=>5 {foz 302dx+f1 (3- 3o)do] =2
From (31) and (32), we have
1 8 5 15 15 15
- 2 2 o=, =
(aes(3) vs(3)) 5] 2[5 5
Hence, Theorem 3 is verified.
For Theorem 4, we have
Qﬁ*(§+ Zm(q/ Q)) = %/
" (c+ 4w 0)) =3, (33)

fg+m f) C(x)dx = flg (x —1)dx+ fgﬁm(q’ g)(4 —x)dx = §
2£ £2(5
f“i'}’((“‘ S e e e(idr = § (4105 (3) + 105 (3)), (34

2£1(3)62(3 ) .
fgim(q% ff”"(q o) &% (x)C(x)dx = 3.

From (33) and (34), we have

2 5 5 5
2] 2 s (s) <s(3)) 3]
Hence, Theorem 4 is verified.

Theorem 5. Let &, 7 : [g, ¢ +(q, ¢)] — €L be two (£1, £5)-preinvex I-V-Fs with non-negative real-
valued functions £1, £5 : [0, 1] — R, such that &(x) = [6.(x), &*(x)] and T (x) = [T« (x), T*(x)] for
allx € g, ¢ +1o(q, ¢)]. If &(x) X T(x) € IR ([, c4(q, ¢)])- then

g 1R [T () < T3k 2 M) [ 100201~ o) o+ (6.0) [ E1(0)E2(0)E4(1 — 00201 o)

where M(¢,q) = &(¢) x J(¢) +&(q) x T (q), N(g,q) = &(¢) x T (a) +&(q) x T (¢) with M(¢, q) =
(M. ((c,9)), M*((c,9))] and N'(¢,q) = [Ni((¢,a)), N*((c,a))]-

Proof. Since & and J both are (£1, £5)-preinvex I-V-Fs on [g, ¢ + w(q, ¢)], then we have

Gi(c+(1—o
6*
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We also have

Te(6+ (1 —0)w(q,¢)) < £(0)£z(1 —0) Tu(c) + £1(1 — 0)£z(0) Tx(a),
T g+ (1—0)w(a,6)) = £1(0)£2(1 —0)T*(¢) +£1(1 — 0)£2(0) T*(q).
From the definition of (£1, £;)-preinvex I.V-Fs, it follows that &(x) > 0 and J(x) > 0, so
Gi(c+(1-o)w S q(@))X (6 + 1—0)m)(q c(;)§
£1 £21—0 (G £21—0j*g
: (+£1 1—0)£5(0)&.(q) ) <+£1 1—-o) 52(0)5*(01))
®.(6) x Tu(6) [£1(0)£2(1 — 0)]? + B (a) x Ti(a)[£1(0)£2(1 — )]

)
+6.(6) T« (a)£1(0)£2
+&.(q) x Jx(g)E1(0)£ (0)51(1*0)52(1*0)
&*(¢+ (1 —o)w(q, Q);XJ (c+ (1 —0)w(q,0))
q

>(£1 0)£r(1— 0)* (¢ ( £21—0J* ))
+£11—0£2 q)

+£1 1—0 £2(0) *(
) +6" (g XJ*()[ 1(0)£2(1 —0)]?
0

8" (¢) x T*()[£1(0)£x(1 — 0)]” +
+67(¢) x T*(a)£1(0)£2(0 )£1(1—0)£z(1—0)
1(0)£2(0)£1 (1 = 0)£2(1 — o).

+6(q) x T*(0)£

(0)£1(1 = 0)£2(1 - o)

)E
)£

Integrating both sides of above inequality over [0, 1] we get

Jo ®+(c+ (1= 0)w(a,6)) x Tu(s + (1~ o) mg» JErmtos

<(& ()XJ*() & (q) XJ* ) J;

= y G (x) X Ji(x)dx
)

m(qg ‘e
[£1(0)£2(1 — 0)]*do
(0)£

1
0
+(84(6) X Ju(1) + G:() x Ti(6)) fy £1(0)£2(0)£1 (1= 0)£>(1 — 0)do,
Jo & (c+ (1= o)w(a, ))xJ*<g+<1—o>< ) = o JEED @ (x) x T (x)dx
> (6%(5) x T*(g) + xJ* )f[ﬁ Ja(1—0)]%d
+(®%(¢) x T*(a) + &*(a) xJ* ) Jo £1(0)Ea( )n(l - a)Ea(1 o)

It follows that

®.(x) X Ja(x >dx < M.((5,)) fy [£1(0)£2(1 — o) *do
+N((6,9)) Jy £1(0)£2(0)£1 (1 — 0)£2(1 — 0)do,

by JEY et (x) x T (x >dx > M*((6,9)) fy [£1(0)£2(1 — o) *do
FN*((¢,0) fy £1(0)£2(0)£1 (1 — 0)£2(1 — 0)do,

thatis

5o ET™ 6.(x) x Te(x)dx, £ 6% (x) x T (x)d }Q[M*(@,q))m (6 a)] Jy [£1(0)£2(1 = 0))do
V(6 @), N*((6,0))] Jo £1(0)£2(0)£1(1 — 0)£5(1 — 0)do.

Thus,

w(q,
g () /f " 6(x) x 7 (x)dx > M(c,q) /01 [£1(0)£2(1 — 0)Pdo+-N (¢, q) /01 £1(0)£2(0)£1 (1 — 0)£x(1 — 0)do,  (35)

and the theorem has been established. []

Theorem 6. Let 6,7 :[c, ¢ +w(q, ¢)] — Gé be two (£1, £)-preinvex I-V-Fs with non-negative real
valued functions £1, £5 : [0, 1] = R and £1(%>£2<%) # 0, such that &(x) = [B.(x), *(x)] and

J(x) = [Ti(x), T*(x)] forall x € [g, ¢ +ro(q, ¢)]. If &(x) x T (x) € IR ([, c1rw(q, ¢))), @d Condition
C hold for vo, then

1 26+w(q, ¢) 26+w(q, ¢) 1 ctw(a, ) g 1 _ _
EDR0T o (2 o g (205 S Lo (1R) ®(x) x J (x)dx + M(c,q) i £1(0)£2(0)£1 (1 — 0)£2(1 — 0)do

+N g q fO [£1 £2 1—0)] dU ( 6)

3
where M(g,q) = 8(g) x T () +&(q) x T (q), N (g, q) = &(¢) x T (1) +&(q) x I (¢),and M(g,q) =
(M. ((5,9)), M*((¢,a))] and N'(g,q) = [Ni((g,a)), N*((g,))]-
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Proof. Using Condition C, we can write

¢+ 30(a ©) = ¢+ om(a, 6) + y(c+ (1-0)m(a,0), 6+ om(a,c).

By hypothesis, we have

6*(2g+r112( x Js 2§+m q,6)

o (2l ))XJ*(W)
= &.(c+ow(q, ¢) + Iw(c+ (1 0)w(,¢), ¢ +ow(ac
xJ: (¢ +ow(a, ¢) + dmw(c + (1= 0)w(q,c), ¢ +ow(a,c)
= & (g +om(q, ¢) + (s + (1 o)(a,6), ¢ +om(a,c))
xJT* (g +ow(q, ¢) + bwo(c + (1 - 0)w(,6), ¢ +om(a,c)
(

qa, 6)
: [51( )e(3 )]2_%3;(5;15(;):“ i i et o
-6 om0 e 1ot )
2

))
),
4, 6))]
)]
2)] | e (c+ omla, €)) x (¢ +onla, ¢)) )
Pl s (7 omla 6)x TG+ (1 -ewia, o)
| +&*(¢+ (1 —0)w(q, g)) x T*(c +ow(q, ¢))
1)5 1)] {6*(9+0m(q/ ) X T*(¢+ (1 —o0)w(q, ))]
1\2)72\2 +&% (¢ +om(q, ¢)) x T*(¢ + ow(q, ¢))
2[6, (¢ + (1 - o)m(q, ¢) )
<[a(d)a()] |7 o ron(s 0) « Juie +omta o) |
(5(1( ()52(1)— 0()) (G(J))+£1(z;0)(£2( ))95* ( ))))
2 £1(1—0)£E +£1(0)£2(1 —0)J«(q
HaWe®)] | SGa - daeeno - aman - o) |
x (£1(0)£2(1 = 0)Jx (g 0)

)X Jx(c+ (1—o0)w

(a,
)
(g

)
)+ £1(1 = 0)fa( 3'*(( q)

) ]
2[6% (¢ + (1— 0)w(q, ¢)) x T* (g + (1— 0)w(q, ¢))
> (2 () L e ) T ek 1 el )
(5(1(()52(1)— 0()) (%))‘5‘51(2;0)(52( )) ((Cl))))
2 £1(1—0)E + £1(0)£2(1—0)J*(q
Ha(B)a®)] | L6 e © + oo - ost ) |
+ X((151( 2£z(1 )— 0() (g)) +£1((1 - t’()ﬁz(O))G*((q))))
Bi(c+(1—o ) X J«(c+ (1 —o0)w(q, ¢
= [a(1)2(3)] _ B(c -+ o (s ) x (e o 0). }
2£<> 2(0)£1(1— 0)£5(1 — 0) M. ((c, )
w2ad)a0)] | e na - apnio |
2[6%(¢+ (1 0)0(a, ¢)) X T* (¢ + (1— 0)w(d, )
- [El(%)&(%)} I g+®*(g+om? gg))><;7*(f;+om(q g))cl ]
2 [£1(0)£2(0)£1 (1 — 0)£2(1 — 0)M* (¢, 0))
2@ | aenn - grv (o)

integrating over [0, 1], we have

; ®*<29+mz(q S ) % J. (2g+m a, g)) < m(q .

+M.((c,q) fo £1(0)£2(0)£1(1 — 0)£2(1 — 0)do
+MN-((g,9) fo [£1(0)£2(1 — 0))*do, )
% [ 26+ % [ 26+ (g, 6) +1o( % %
e & () <7 (X ”)Emmg JETT O () X T (x)dx
+M*((¢,9) fo £1(0)£2(0 )51(1—0)52(1—0)”1
+N* g q fO £1 £2(1 —U)} do,

26 (3 >1£z<l>] s JER D B (x) x T (x)(x)dx
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from which we have

1 [®*<2g+mz<q s > % 7. (2g+m7qg)> " (%) % j*<2g+mf(qg)>]

D m(;, 9 [fg5+m(ch S) Qﬁ*(x) % j*(x)dx, fg€+m(q: S) 6*(36) x j*(x)dx}
+ [ £1(0)£2 (0 )51(1—0)52(1—0)d0[/\4 ((5,9)), M*((c,q))]

+[N*((§/ ), N fo [£1(0)£2(1 — 0)]*do,
thatis
w(d, ¢) (g, ¢)
T a0 o(*5e2) XJ(“%)
D i (IR) [E7° 9 6(x) X T (x)dx + M(g,q) fy £1(0)£2(0)£1 (1~ 0)£2(1 — 0)do (37)

+N (¢, q fo [£1(0 £2(1—0)} do,

hence, the required result. [
Remark 4. If £5(0) =1, 0 € [0, 1], then Theorems 5 and 6 reduce for £1-preinvex I.V-Fs, see [73].

If £1(0) = oand £5(0) =1, 0 € [0, 1], then Theorems 5 and 6 reduce for preinvex I-V-Fs, see [73].

If in the above theorem &, (x) = &*(x), then we obtain the appropriate Theorems 5 and 6 for
(£1, £2)-preinvex functions, see [79].

If in Theorems 5 and 6 . (x) = &*(x) with £5(0) =1, 0 € [0, 1], then we obtain the appropriate
theorems for £1-preinvex functions, see [80].

If in Theorems 5 and 6 &, (x) = &*(x), w(y,x) =y —x, £1(0) = oand £5(0) = 1,0 € [0, 1],
then we obtain the appropriate theorems for convex functions, see [81].

If in Theorems 5 and 6 &, (x) = &*(x), w(y,x) =y —x, £1(0) = 0’ and £5(0) = 1,0 € [0, 1],

€ [0, 1], then we obtain the appropriate theorems for s-convex functions in the second sense,

see [81].

Example 3. We consider £1(0) = o, £5(0) = 1,for o € [0, 1], and the I-V-Fs defined by &(x) = [2x?, 4x]
and J (x) = [x, 2x]. Since end point functions &, (x) = 2x* and &* (x) = 4x both are (£1, £,)-preinvex
functions, and J.(x) = x, and J*(x) = 2x both are also (£1, £;)-preinvex functions with respect to same
w(y, x) =y — x, then & and J both are (£1, £5)-preinvex I-V-Fs, respectively. Since &.(x) = 2x* and
&*(x) = 4x, and Ty (x) = x, and J*(x) = 2x, then

! 1
m(;,g) f§€+m(q 9B, (x) x T (x)dx = i (2x2) (x)dx = 1,
1

o fg+mqg) (x)xj*xdx—fo( 2)(2¢)dx = §,

which means

Hence, Theorem 5 is verified.
For Theorem 6, we have

Temamy & () x g () =

« (2600 (24090 _
z[&(%)lﬁz(%nz o (el (B =4
M fo £1 (0)£2(1 — 0)£1 (1 — 0)£p(0)do = 3,

fo £1(0)£2(1 — 0)£1(1 — 0)£2(0) = £,

Ne(( fo [£1(0)£2(1 — 0)]*do = 0,
N* fO £1 £2(1—0)} do :0,
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which means

Hence, Theorem 6 is demonstrated.

4. Conclusions

A useful method for introducing uncertainty into prediction processes is to use interval-valued
functions. In order to establish the Hermite-Hadamard and Pachpatt-type inequalities, we first
introduced a new idea of interval-valued harmonic convexity, i.e., a harmonically interval valued
(h1, hy)-preinvex function. Many of the definitions that already existed in the literature were gen-
eralized by our new concept. Thus, we contributed to the set-valued setting’s extension of several
classical integral inequalities. To further explain the findings, some numerical examples were given.

This innovative approach could be applied to future presentations of various inequalities,
such as those of the Hermite-Hadamard, Ostrowski, Hadamard-Mercer, Simpson, Fejér, and Bullen
kinds. Numerous interval-valued LR convexities, fuzzy interval convexities, and CR convexities
can be used to illustrate the aforementioned inequalities. Additionally, these results will be used to
fractional calculus, coordinated interval-valued functions, quantum calculus, and other areas. Many
mathematicians will be interested in examining how various types of interval-valued analyses may
be applied to integral inequalities because these are the most active areas of research in the field of
integral inequalities.
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