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1 Introduction

The convexity of a function is a classical concept that plays an important fundamental
role in fields such as game theory and optimal control, but many practical problems en-
counter functions that are not the classical class of convex functions, but a weaker class
of functions than convex functions. The study of generalized convexity of functions is
therefore a meaningful and interesting area of work, and one that has received a great deal
of scholarly attention. Many new weaker generalized convexities have been proposed to
meet the needs of practical problems. For example, Noor et al. [1] gave the definition of
alog-h-convex function, which is a more general form of several kinds of convex functions.
Moreover, they established integral inequalities for log-/-convex functions and studied
the basic properties of such functions. It is well known that the Hermite—Hadamard in-
equality is an equivalent form of a convex function, so generalized convexity is a necessary
condition for establishing a Hermite—Hadamard-type inequality. The generalized convex
functions and their related inequalities have been fruitfully studied in the last decade, and
the interested reader is referred to [2—13].

On the other hand, interval analysis is a useful tool for measuring uncertainty problems.
It has a long history dating back to Archimedes’ measurement of =, but it was through
Moore’s [14] first application of interval analysis to automated error analysis that the study
of it was taken seriously. Since 2013, Costa et al. [15], Flores-Franuli¢ et al. [16], Chalco-
Cano et al. [17] and others have extended many classical integral inequalities to interval-
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valued functions and fuzzy-valued functions. In particular, Guo et al. [18] gave the defini-
tion of an interval log-/-convex function and established the corresponding integral in-
equality by using the interval-inclusion relation. In 2021, Muhammad [19] introduced the
definition of an /-convex interval-valued function by using Kulisch—Miranker order, and
proved some inequalities of this kind of convex functions. However, both of these order
relations are partial, meaning that any two intervals may be incomparable. It is therefore
an interesting task to find a suitable order for the study of inequalities related to interval-
valued functions. In 2014, Bhunia [20] used the center radius of the interval to establish
a new rank relation, the cr-order. This is a full-order relationship, meaning that any two
intervals can be compared using this order. The main aim of this paper is therefore to in-
vestigate the generalized convexity of interval-valued functions using the cr-order and to
establish the inequalities associated with that convexity.

The paper is organized as follows: after the preliminaries in Sect. 2, we introduce
the concept of cr-log-h-convexity, and discuss some of its fascinating characteristics in
Sect. 3, then some Jensen-type, Hermite—Hadamard-type, and Fejér-type inequalities for
cr-log-h-convex functions are proved. Also, some numerical examples are given to illus-
trate the accuracy of the results obtained. We end with Sect. 4 giving some conclusions
and suggestions for future work.

2 Preliminaries
Let R be the set of all real numbers, R* the set of all positive real numbers. The set of
all closed intervals on R is denoted by Rz. For [4,a] € Rz, if a > 0, then [g,4] is called a
positive interval. The set of all positive intervals is denoted by RY.

Forany A € R, a = [a,a], b = [b, b] € Rz, the Minkowski addition and scalar multiplica-
tion of intervals are defined by

a+b=aal+[bb]=[a+ba+b);
and

[Ag, AG@], A>0,
Aa=Ala,al = 1 [0,0], A=0,
[Aa,ra], A<O.

Leta=[a,al e Rz, a. = E% is called the center of 2 and a, = ﬁ% is called the radius of a.

Then, a = [a,a] can also be presented in center-radius form as

a+a a—a
a =

) ) 2_>:<ac:ﬂr>'

Definition 2.1 ([20]) Let a = [a,4] = (a,a,), b = [b,b] = (b.,b,) € Rz, then the center-

radius order (for brevity, cr-order) relation is defined as

a.<b,, ifa.#b,,

a,<b,, ifa,=b,.

a=zsbs

Obviously, for any two intervals a, b € Rz, either a <. b or b <., a.
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Letf: [a,b] — Rz, thenf is called an interval-valued function. For more basic notations
and propertles of interval-valued functions, see [14, 21-23]. In particular, the concept of
Riemann integrals for interval-valued functions is given in [21]. The set of all Riemann
integrable interval-valued functions on [a, b] is denoted by ZR (4 5)).

Moreover, we have

Theorem 2.2 ([21]) Let f : [a,b] — Rz be an interval-valued function given by f = [f, f1.
Then, the f is Riemann integrable on [a, b] if and only iff and f are Riemann integrable on
[a, b] and

/ @)= [ / fw s | "7 dx}

Theorem 2.3 ([23]) Let f,g : [a,b] — R} be interval-valued functions given by f = [/i,j_f]
and g = (g,8]. If ,g € TR(a)), and f (x) < g(x) for all x € [a, D], then

fabf(x) ax < /ﬂbg(x) dx.

3 Main results

In this section, we mainly introduce a new concept of cr-log-s-convexity for interval-
valued functions and investigate its properties. On this basis, we establish the inequalities
associated with the cr-log-k-convex function.

First, we recall the concept of log-/-convexity for real functions in [1].

Definition 3.1 ([1]) Let /: [0,1] — R* be a function. We say that f : [¢,b] — R* is a
log-h-convex function, if for all x,y € [4,b] and t € [0, 1],

flex+ (1-09) <[] [F0)]""
h is called a supermultiplicative function if for any %, ¢ € [0, 1],
h(vt) > h(0)h(t).
Now, we generalize this concept to interval-valued functions.

Definition 3.2 Let f : [a,b] — R be an interval-valued function with f = [}j,f], and 4 :
[0,1] = R* be a nonnegative function. Then, f is said to be cr-log-h-convex on [a, b] if

Fex+ (1= 02) < [Fl)] O [f )],
for each ¢ € (0,1) and any %1, € [a, b].
Denote by SX(cr-log-h, [a, b],RY) the set of all cr-log-/-convex functions on [g, b].

Remark 3.3 In Definition 3.2,
o Iff = f, then f is reduced to a log-4-convex function defined in Definition 3.1.
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o If h(t) = t, then f is called a cr-log-convex function, i.e.,

F(tx1+ (1= 0x) <o [fa)] [f2)] "

o If h(t) =%, s € (0,1], then f is called a cr-log-s-convex function, i.e.,
& -1
ftx1+ (1= 0m) 2o [fx1)] [fx2)] .
o If h(£) = 1, then f is called a cr-log-P function, i.e.,
S+ (1= )x2) < f(x1)f (x2).

Proposition 3.4 Let f : [a,b] — Ry be an interval-valued function given by f = [Z,f] =
(fe. /). If f- and f, are log-h-convex on [a, b, then f is a cr-log-h-convex function on [a, b].

Proof Since f; and f, are log-k-convex on [a, b], then for each ¢ € (0,1) and any x;,x; €
[a, b], we have

1-1)

Se(txr + (1= 1)) < Vc(xl)]hm[fc(xz)]h( Y

and

1-1)

fo(txr + (1= £)xs) < [fe0)] [ xa)]™

Now, if f;(tx1 + (1 — £)x3) # [fo(x1)] O [£.(x2)]"1-9, then for each ¢ € (0,1) and every x1,%; €
[a, b],

Se(txr + (1= 0)x) < [ﬂ(xl)]h(t)[ﬂ(xz)]h(l_t),

that is,

(e + (1= £%2) Zer [Flen)]"[F )]

Otherwise, for each ¢ € (0,1) and all x1,x, € [a, b], we have

1-9)

filtxr + (1= 0%) < [ ][],
that is,

Fltx+ (1= 0%) <o [f@0)] O [f@)] .
The proof is completed by combining the above inequations. d
Proposition 3.5 Let f : [a,b] — R be an interval-valued function given by f = [i,f] =

(fofr) and f € SX(cr-log-h, [a,b],RY), h : [0,1] — R* is a multiplicative function. Then,
for any x1,%x5,%3 € [0,1] and x; < x5 < x3,

[f(x2)]h(x3—x1) <, [f(xl)]h(xs—xz) [f(xa)]h(xz—xl).
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Proof Let x1,%5,x3 € [0, 1] satisfy the assumptions, then
h(xs—xz) _ h(xs — x2) h(xz—xl) _ h(xz — x1)
X3 — X1 h(xS—xl)’ X3 — X1 h(xS—xl)‘

Let t = 2222 then x; = tx1 + (1 — t)x3. Since f € SX(cr-log-h, [a,b], R}) and & is a multi-

x3—x1’
plicative function, then

f(xz) =f(tx1 +(1- t)xs) =er [f(x1)] xs—xl [f(x3)] zs-ﬂ)
h(x3—x9 h(x ”‘1)

Zer [fo0) ]P0 [f(xz)] G55

Thus,

[f(xz)]h(xs—xﬂ <., [f(xl)]h(x3—x2) [f(xe’)]h(xz—xl).

The proof is completed. d
In what follows, we give a Jensen-type inequality for cr-log-/-convex functions.

Theorem 3.6 Letf :[a,b] — R be an interval-valued function and h : [0,1] — R* be a
nonnegative supermultiplicative function. If f € SX(cr-log-h, [a, b],RY), then

( ZP!’Q) cr Hf(xz ] 71;_; ’ (3.1)
i=1

where p; > 0 but not all 0, x; € [a,b],i=1,2,...,n,and P, = Z?zlpi.
Proof Let f € SX(cr-log-h, [a,b], R%). If n = 2, according to Definition 3.2, we have

P1

f(%xl + %xz) <o [F]" P2 [ [P,

Assume that (3.1) holds for # = k, that is
L h(HE)
(Pk me) <o [ [IFG0]" 7.

i=1

Now, let us prove that (3.1) is valid when n =k + 1,

k+1
(Pk+1 Zlhm)

1 < Pk + Pi+1 DXk DPi+1Xk+1
:f<Pk+1 Zpixl * Pri ( ' ))

Pk +Pks1 Pk t Pk+1

Pi*Pi+1 )

= p pixe Deaxeen \ 7 Pen
fcr h( : )f(xl)[f( + u ! >:|
1 \Pra Pk +DPie1l Pk + Prel
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+
Pi+1 Y h (pk pk+1)

k-1 »
=er 1_[ h(,PP: )f(xl) [[f(xk)]h(pkﬂ;(k*l ) U(xk+l)]h(Pk+ﬂk+1 ] Prs1
i=1 *

Pr+1

k-1 ,
Ser H h(ppki . )f(xi)[[f(xk)]h(%) [f(xk+1)]h( Prsl )]

i=1

k+1
i-1 (Pk+l)j(xl

This completes the proof. O

Remark 3.7 In Theorem 3.6,
o If ]: :f, then we obtain Theorem 12 of [18].

« If h(t) = t, we obtain the Jensen-type inequality for ¢r-log-convex functions:

(1o

« Ifh(t) = ¢°, s € (0, 1], we obtain the Jensen-type inequality for ¢r-log-s-convex

functions:

( zplxl) < [Tl

i=1

« If h(£) = 1, we obtain the Jensen-type inequality for cr-log-P functions:

1 n n
f<— Zpixi) Ser l_[f(xi).
Py~ ,
i=1 i=1
Next, we prove the Hermite—Hadamard-type inequality for ¢r-log-/-convex functions.
Theorem 3.8 Let f : [a,b] — R} be an interval-valued function such that f = [}j,]_’] and

f € IR (ap), and let h : [0,1] — R* be a nonnegative function with h(3) # 0. If f €
SX(cr-log-h, [a, b],RY), then

(5] 7 <ve[y s [ mwas] <o frare)

Proof Since f € SX(cr-log-h, [a, b],RY), we have

(52 <o o

That is,

1

@lnf<¥> <o Inf(x) + Inf(y).

Page 6 of 12
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Letx=ta+(1-t)b,y=(1—-1t)a+tb,te[0,1], then
Ll lnf(ﬂ) < lnf(ta +(1- t)b) + lnf((l —t)a+ tb). (3.2)
h(3) 2

Integrating (3.2) on [0, 1], we obtain
1 a+b
PR (3)
1 1

<er [/ Inf(ta+ (1-t)b)dt + / Inf((1-t)a+tb) dt]
0 0
1

= [/ (Inf(ta+ (1 -t)b) +Inf((1 - t)a + tb)) dt,

, L A

/1 (Inf(ta+ (1 -)b) + Inf((1 - t)a + tb)) dt:|
0

a dx b
=[/b ln]_’(x)a_b+/a ln]j(x)b
b dx b dx
= [2/5; lnj_”(x)m, 2/; lnf(x)m]

b
2 / Inf (x) dx. (3.3)

“b-a p

dx ,/ Infx) dx
—-a Jp -b

a

b
+ / lnf”(x)%]

Similarly, since f € SX(cr-log-h, [a, b], R%), one has
flta+ 1 -0p) <o [f@]"[r )],

That is,
lnf(ta +(1- t)b) <o h(E) Inf(a) + h(1 - £) Inf(D). (3.4)

Integrating (3.4) on [0, 1], we have

b

1

P Inf(x)dx <., [lnf(a)f(b)] f h(t)dt. (3.5)
- a 0

The proof is completed by combining (3.3) with (3.5). O

Remark 3.9 In Theorem 3.8,
« Itis clear that if}i :f, then we obtain Theorem 4.3 of [1].
« If h(t) = t, we obtain the Hermite—Hadamard-type inequality for cr-log-convex

functions:

b
f<ﬂ) 5C,exp[ﬁ / lnf(x)dx] <o JF@f D).

2

« If h(¢) = 1, we obtain the Hermite—Hadamard-type inequality for ¢r-log-P-functions:

f(“ o ) < exp[ﬁ / Inf ) dx} <o [fla)f )]
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Figure 1 lllustration of Example 3.10: the function f is the blue line and the function f is the red line

o If h(2) =%, s € (0,1], we obtain the Hermite—Hadamard-type inequality for

cr-log-s-convex functions:

g5-1 b 1
[f(a ; b)] =er exp[b—ia/a Inf(x) dx] Zo [f@f (B)].

Example 3.10 Let f: [7, 5] — R7 be an interval-valued function given by f(x) = [e~sin%,

e °*5*], the images can be seen in Fig. 1. Suppose that 4(¢) = ¢ for all £ € [0, 1], then

1

+b\ D) A
|:f(6l ):| 2h(75) _ [e—sm%n,e—cos%ﬂ] = [0.3970,0.6820],

2

242

b
exp[hfltl/ lnf(x)dx:| = [e_?

[F@)f )] "0 =[5 o] = [0.4259,0.7022).

N
,e™7" ] = [0.4064, 0.6887),

>

Since
[0.3970,0.6820] <., [0.4064,0.6887] <., [0.4259,0.7022].

Hence, Theorem 3.8 is verified.

As a further extension, we establish the Fejér-type inequality for cr-log-s-convex func-

tions.

Theorem 3.11 Let f : [a,b] — RY be an interval-valued function such that f = [):,]7]
andf € TR p), andleth : [0,1] — R* be a nonnegative function with h(%) #0.&:[a,b] —>

Page 8 of 12
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R* is a function symmetric about #. Iff € SX(cr-log-h, [a, b],RY), then

1 a+b b
206—-anh) ™ ( 2 )/ §x)dx

b
ﬁcr m , [lnf(x)]é(x) dx

1
=cr ln[f(u)f(b)]/ h(t)& ((1 —t)a + tb) dt. (3.6)
0
Proof Since f € SX(cr-log-h, [a, b],RY), we have

lnf((l —ta+ tb) <o h(1 = t)Inf(a) + h(t) Inf (D), (3.7)
lnf(ta +(1- t)b) <o h(E) Inf(a) + h(1 - £) Inf (D). (3.8)

Multiplying (3.7) and (3.8) by £((1 — t)a + tb) and & (ta + (1 — £)b), respectively, we have

[Inf((1-t)a+th)]&((1 - t)a + tb)
<er [h(l —t)Inf(a) + h(t) 1nf(b)]§((1 —bta+ tb),

(3.9)

and

[Inf(ta + (1-t)b)]&(ta+ (1 - £)b)
<o [1(8) Inf (@) + h(1 - ) Inf (B)]§ (ta + (1 - £)b).

(3.10)

Adding (3.9) to (3.10), and integrating the result on [0, 1], one has

/ [0/ (L= Da-+ b)]&((1 - Oa+ th) de + [ [inf(ta + (1— 0B)]é (ta + (1 - ) dt
0 0
1
<er / Inf(a)[h(0) (ta + (1 - £)b) + h(1 - )& ((1 - )a + tb) | dt
0
+ /1 lnf(b)[h(l —1)& (toz +(1- t)b) +h(t)& ((1 —ta+ tb)] dt
0
1 1
=2Inf(a) / ()& (1 - t)a + th) dt + 2Inf (b) / ()& (ta + (1 - £)b) dt
0 0
1
= 2[lnf(a)f(b)] /0 h(t)& ((1 —ta + tb) dt.
Therefore,
1
/ [I0f((1 - t)a + ))& (1 - )a + tb) dt
0

= fl[lnf(m +(1-0)b) & (ta + (1 -t)b) dt
0

= [/l[lnf(m +(1-0)b) € (ta + (1 -t)b) dt,
i
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fl[lnf(ta +(1-0)b) & (ta + (1 -1)b) dt]
0

b
-5 [ el

which gives the second inequality in (3.6).
On the other hand, since f € SX(cr-log-#, [a, b], RY), £ > 0 and there is symmetry about

# , multiplying (3.2) by & (¢a + (1 - £)b) = £((1 — £)a + th) and integrating the result on [0, 1],

we obtain
1 b\ [*
D lnf(%> /0 £((1- t)a + t) dt
1
<o / [Inf(ta+ (1-t)b) & (ta + (1 - 1)b) dt
0
1
+ / [lnf((l —ta + tb)]?;‘((l —ta + tb) dt.
0
Since

1 1 b
/O.S((l—t)a+tb)dt:m/a E(x)dx,

and
| [inf(ta + (1 - 0B)]& (ta + (1 — ) de
- [ T (1= D+ 8)]& (1 - a-+ tb) de
- / inf ()]s ) d,
we obtain
2}%) lnf(#) /;bé(x) dx <o /;b[lnf(x)]é(x) dx.
The proof is therefore completed. 0

Remark 3.12 Similarly, we can obtain particular results for cr-log-convex functions,
cr-log-P-functions, and cr-log-s-convex functions by taking special multiplicative func-
tions in Theorem 3.11.

4 Conclusions

This work investigates inequalities related to convexity for interval-valued functions.
First, under the full-order relation, we give a definition of the cr-log-/-convex function
and study some of its induced properties. On this basis, we establish Jensen-, Hermite—
Hadamard-, and Fejér-type inequalities for cr-log-s-convex functions, and discuss some

special cases of them. Moreover, numerical examples are given to verify the accuracy of

Page 10 of 12
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the results developed. With the techniques and ideas developed in this work, it is possi-
ble to further investigate other types of convex inequalities, with possible applications to
problems such as optimization and differential equations with convex shapes associated
with them.
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