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Abstract: In this study, trapezoidal-type inequalities in fuzzy settings have been investigated. The
theory of fuzzy analysis has been discussed in detail. The integration by parts formula of analysis
of fuzzy mathematics has been employed to establish an equality. Trapezoidal-type inequality for
functions with values in the fuzzy number-valued space is proven by applying the proven equality
together with the properties of a metric defined on the set of fuzzy number-valued space and Holer’s
inequality. The results proved in this research provide generalizations of the results from earlier
existing results in the field of mathematical inequalities. An example is designed by defining a
function that has values in fuzzy number-valued space and validated the results numerically using
the software Mathematica (latest v. 14.1). The p-levels of the defined fuzzy number-valued mapping
have been shown graphically for different values of p € [0, 1].

Keywords: trapezoidal inequality; fuzzy real number; fuzzy trapezoidal-type inequality; Banach
spaces; gH-differentiable function

MSC: 26D15; 26A51

1. Introduction

Mathematical inequalities play an important role in proving several results in different
areas of pure and applied mathematics. That is why this topic has emerged as an important
topic in mathematics over the past several years, and mathematicians have successfully
applied this subject to provide new generalizations, refine existing results, and even prove
new results.

In classical analysis, a trapezoidal-type inequality is an inequality that provides upper
and/or lower bounds for the quantity:

M(ﬁ—k) - /:v(t)dt, (1)

that is the error in approximating the integral by a trapezoidal rule, for various classes of
integrable functions v defined on the compact interval [k, /].

Cerone et al. obtained trapezoidal-type inequalities for functions of bounded variation
in [1].

Theorem 1 ([1]). Let v : [k, ¢] — C be a function of bounded variation. We have the inequality

/:u(t)dt M(ﬂ—k) <

(L —k)V (v), 2)

<~

1
2

L
where \k/(v) denotes the total variation of v on the interval [k, ¢]. The constant % is the best

possible one.

If the mapping v is Lipschitzian, then the following result holds as well [2].
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Theorem 2 ([2]). Let v : [k,¢] — C be an L-Lipschitzian function on [k, (], i.e., v satisfies
the condition:
v(t) —v(s)] < LJt —s|"

forall't,s € [k, ¢],L > 0. Then, we have the inequality:

/kfv(t)dt - M(z —B| < -RL 3)

The constant % is best in (3).

With the assumption of absolute continuity for the function v, then the following
estimates in terms of the Lebesgue norms of the derivative v hold [3] (p. 93).

Theorem 3 ([3]). Let v : [k, £] — C be an absolutely continuous function on [k, £]. Then, we have

/: vty — VBTV : v gy

HIE N [ ifv' € Leolk, 1],

L (=" iV € Lok, @)
2(r+1)

=

3(C=R)v' 11,
where w,r > 1with L +1 =1and ||-||,, (w € [1,00)) are the Lebesgue norms, i.e.,

V]|, = ess sup |V/(s)]

se k(]

W], = (/:yvf(s)\wds) -

The next is a result on trapezoidal-type inequalities for operator convex functions.

|
[o 0]

and

Definition 1 ([4]). A continuous function v : I — R is operator convex on the interval I if
v((1-t)A+1tB) < (1—t)v(A) +tv(B) (5)

holds in the operator order, for all t € [0, 1], where A and B are self-adjoint operators in a Hilbert
space (H, (-, -)) with spectra Sp(A),Sp(B) C 1.

Theorem 4 ([4]). Letv: C C E — F (E, F are Banach spaces and C is an open subset of E) be an
operator convex function on I and A, B, A # B, self-adjoint operators on H with Sp(A),Sp(B) C
I. If v is Gateaux differentiable on V. = [A,B] := {(1—t)A+tB,t € [0,1]} and ¢ : [0,1] —
[0, 00) is Lebesgue integrable and symmetric about 3, that is p(1 — t) = @(t) for all t € [0,1], then

0< (/01 go(t)dt)v(A)erV(B) - /:q)(t)v((l —1)A + tB)dt
<3 [ (G- 3 ewatons - a) - vua- a1, ©

where \7vp(V) is the Gateaux derivative over C in the direction V connecting the operators A
and B.
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A particular result of the above result can be obtained by taking for ¢ = 1. Hence, for

¢ = 1, we obtain

0 <
- 2

v(A) +v(B)

For some trapezoid operator inequalities in Hilbert spaces, see [5-8].

—/011/((1—t)A+tB)dt < %[VVB(B—A)—VVA(B—A)]. )

Definition 2 ([9]). Let X be a complex Banach space. We say that the vector valued function
v : [k, €] — X is strongly differentiable on the interval (k, £) if the limit

V() = ;llig})v(t + h})l —v(t)

exists in the norm topology for all t € (k, ().

The following weighted version of generalized trapezoid inequality involving two
functions with one function that contains values in Banach spaces was proven in Dragomir [9].

Theorem 5 ([10]). Assume that ¢ :
strongly differentiable on (k, ¢), then for all A € [k, (], then we have the following inequality:

(v

where

k,¢] - Cand v :

)u(@ + (/kA go(s)ds)v(k) - /:q)(t)v(t)dtH < ClouA),

Clp,v,A): /(/pr IdS>HV \dH/ (/ l9(s IdS>HV )|t

Moreover, the following bounds for C(¢,v, A) hold:

Clo,v, M)

IN

(Lloas) (filv i) + (floGs)lds ) (f2I e

[ff 2lo(s) Ids) dt}“’(mv )| dt)

(
LR (Feias) @] (v era),

[ (Silo(s)1ds) ] sup v/ (5]

te[AL]

1 (S Nos)1ds ) de] sup (v ()]

te[k,A]

where w,r > 1with%+ % =1.

A dual result for Theorem 5 is given as follows:

Theorem 6 ([9]). Assume that ¢ : [k,

) - Candv :

continuously differentiable on (k, 0), then for all A € [k, {] the inequality

(o

|dt)

Yo+ ([ v0as) o - [ pwwioa] < o,

[k, 0] — X are continuous and v is

(®)

©)

[k, 0] — X are continuous and ¢ is

(10)
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where

Clown) < [ ([ wrtas)lo@la+ ([ Iweo)las)lo' o a

The following bounds hold for C(@,v,A):

C(p,v,A)
14
Sellvis)llds [y 19/ (B)]dt+ [} u(s)lds [} 1g'(£)]dt,

L (Alvs)ds) dt}‘”(mcp rar)’
RO as) @] " (e wran)’,

sup |g/(c )1 Sy (Sillv(s)llds)de

te[Al

- sup 9/ &) (v (s)lids ) at,
telk,A

IN

where w,r > 1 with % + % =1

This study contains trapezoidal-type inequalities for fuzzy number-valued functions
that can be seen as the most general inequalities of the trapezoidal type in this field so far.
The inequalities proven in this paper not only generalize the earlier studies for trapezoidal-
type inequalities for functions having values in the set of real numbers but also extend
those studies that have been established for functions with values in Banach spaces. The
results of this paper extend the results of Theorems 5 and 6 to fuzzy settings and hence also
generalize the results of Theorem 3. The novelty of the results presented in this study is that
they have not been previously investigated in any studies related to fuzzy environments.
The researchers can uncover significant extensions and numerous applications in the
mathematical sciences and other areas of science related to fuzzy mathematics. More
recent studies on Ostrowski-, trapezoidal-, and midpoint-type inequalities can be explored
in [11-20] and the references cited in these researches.

The next section is devoted to the basic definitions and results of fuzzy numbers and
fuzzy number-valued functions.

2. Preliminaries

In this section we point out some basic definitions and results which would help us in
the sequel of this paper, we begin with the following:

Definition 3 ([21]). Let us denote by R the class of fuzzy subsets of real axis R (i.e., & : R —
[0,1)), satisfying the following properties:

(i)  Va € Ry, aisnormal, ie., witha(t) =1 for some T € R.
(ii) Vo € Rr, ais convex fuzzy set, i.e.,

a(tt+ (1 —6)T) > min{a(7),a(T)},Vt € [0,1],V7, T € R.

(i) Vo € Ry, a is upper semi-continuous on R.
(iv) {teR:a(t) > 0} is compact.
The set R r is called the space of fuzzy real numbers.

Remark 1. It is clear that R C R g, because any real number 1y € R, can be described as the fuzzy
number whose value is 1 for T = 1y and zero otherwise.
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It is clear that R C Ry, because any real number 7y € R, can be described as the
fuzzy number whose value is 1 for T = 7y and zero otherwise. We will collect some further
definitions and notations as needed in the sequel [22].

For 0 < p <1and a € Rf, we define

[@]f = {Tt€eR:a(t) > p}

and

(@] = {r e R:alt) > 0}.

Now, it is well known that for each p € [0,1], [«]?, is a bounded closed interval.
For a,v € Ry and A € R, we have the sum a @ 7 and the product A ©® « are defined by
@ q]P = [a]f + [7)F, [A@a]? = Ala)?, Vp € [0,1], where [a]” + [y]P means the usual
addition of two intervals as subsets of R and A[a]” means the usual product between a
scalar and a subset of R. It should be noted that the intervals [« & ¥]P and [A ® «]” uniquely
determine the sum a @ 7y of fuzzy numbers « and <y, and the product A ©® & of a real number
A and a fuzzy number «.
Now, we define D : Rr x Rr — RU {0} by

g

D(a,v) = sup (max{‘oc txﬁf’yi‘}),

pe(o1]

4

where [a]F = {D&Fi,txﬁ_}, [v]F = [’yﬁ,’yﬂ, then (D, Rr) is a metric space and it possesses

the following properties:

i) D@epy®p)=D7) Va,v,p € Ry
(i) DA©a, AO7y) =AD(a,v),Va,y € Rp, VA €R.
(iti) D(a@y,B@e) <D(w,p)+D(v,e),Va,v,BecRr

Moreover, it is well known that (Rz, D) is a complete metric space.
Also we have the following theorem:

Theorem 7 ([23]). We have the following properties of a fuzzy number:

(i)  If we denote 0 = X{O}, then 0 € R is neutral element with respect to @, i.e., x 0 =0 D a,
foralla € Ry.

(ii)  With respect to 0 none of & € Rx\R has opposite in Rz with respect to ©.

(iii) Foranyk,£ € Rwithk, £ > 0ork, ¢ <0,any a € Ry, we have (k+£) 0Oa =k a S LO
aVk, £ € R the above property does not hold.

(iv) Forany A € Randanya,y € Ry, wehave A® (¢ ®y) =A0aBAO 7.

(v) Forany A,y € Randany a € Ry, wehave A® (u©y) = (A-pu) © 1.

(vi) If we denote ||a|| r = D(«,0), Va € Ry then ||.|| z has the properties of a usual norm
on Ry, ie. |all; = 0 ifand only if a = 6, [A© &5 = [A|- a5 and e 7] 5 <
el 7 + vl el 7 = [l ll 21 < Dl )

Remark 2. The propositions (ii) and (iii) in theorem show us that (Rx, ®, ®) is not a vector space
over R and consequently (Rz, ||| ) cannot be a normed space. However, the properties of D and
those in theorem (iv)—(vi), have the effect that most of the metric properties of functions defined
as R with values in a Banach space can be extended to functions v : R — Ry, called fuzzy
number-valued functions.

In this paper, for the ranking concept, we will use a partial ordering which was
introduced in [24].
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Definition 4 ([24]). Let the partial ordering < in Rr by a < v if and only if «” < o and
af < o, Vp € [0,1), and the strict inequality < in Ry is defined by a < vy if and only if

ol <P and ol < ~F,Vp € [0,1], where [a)F = [wf,aﬂ,[v]p = ['y’i,'yﬂ.

Definition 5 ([25]). Let T, T € Ry. If there exists a z € Rr such that T = T @ z, then we call z
the H-difference of T and T, denoted by z = T S T.

Definition 6 ([26]). Given two fuzzy numbers ,y € Rz, the generalized Hukuhara difference
(@ H-difference for short) is the fuzzy number B, if it exists, such that

(H)a=7DpB,
XOpHY =P =
or(ii)a =& (—1)B.
Remark 3. It is easy to show that (i) and (ii) are both valid if and only if B is a crisp number.
In terms of p-levels, we have
[0 Opnv]" = {min{rx’i — P, el — 'yﬁ},max{zx’i — P, el - 'yﬂH,
and the conditions for the existence of p = a ©,y v € R are as follows:
Bl =o’ =9l and p =af -9 vpe[0,1],
Case (i)
with ¥ increasing w.r.t p, B¥. decreasing w.r.t p, g < ﬁ’i
B =al =9l and ¥ =a? — 9 Vp e 0,1],
Case (ii)

with B¥ increasing w.r.t p, lB’jr decreasing w.r.t p, B/ < [Sli

If the p H-difference a ©,p 7y does not define a proper fuzzy number, the nested property
can be used for p-levels and obtain a proper fuzzy number by

[wSp7]" = U (& Sgn (1), p € 0,1],

where a ©,, y defines the generalized difference of two fuzzy numbers &,y € R 7 defined
in [25], and extended and studied in [26].

Remark 4. Throughout this paper, we assume that if o,y € Rr, then a Sy v € Ry
Proposition 1 ([27]). For a, v € R, we have
D(a OpH 7,0) < D(a, 7).

Proposition 2 ([25]). Let a, v € Rr. If & ©pp 7y exists in the sense of Definition 6, it is unique
and has the following properties ( 0 denotes the crisp set {0}):

(i) aOppa=o.

(i) (@) (5 7) Opn 7 = & ()& Sprr (15 7) = 7.

(iii) Ifa ©pp y exists then also (—7y) ©pn (—a) does and 0 Sy (x SpH Y) = (—77) Spu (—a).

(iv) If w Oy 7 exists, then y Op a exists and « S ¥ = — (Y Ogn ).

(v)  wOppyexistsifand only if v ©pp a and (—7y) Opn (—a) existand a Oy vy = (—7) OpH
(—a) = *(’)’ OpH IX).

(Vi) aSppY =7 OSenwa = Bifandonlyif p = —p (in particular p = 0 if and only if & = 7).
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(vii) Ify ©pn o exists then either a © (y Sy &) = wor ¥y O (v Opn &) = a and if both equalities
hold then vy ©p a is a crisp set 0.

Definition 7 ([25]). Let a, v € Rx have p-levels [a]l = {a’i,aﬂ, [])F = ['y’i,yﬂ, with
0 ¢ [7], Yp € [0,1]. The pH-division <, is the operation that calculates the fuzzy number (if it
exists) B = a +op v € R defining by

Ha=70P,
x+@oHy=8%

or (i) y =a®p71,
provided that B is a proper fuzzy number.

Proposition 3 ([25]). Let o,y € R (here 1 is the same as {1}). We have the following:

(i) Ifo & [a)P Vp, then a <y o = 1.

(ii) Ifo & [v]P Vp, then ay +on v = .

(iii) Ifo & [y])P Vp, then 1 +op v = vy land 1 +gH yl=1.

(iv) If v +yn a exists then either a(y +oH a) = yory(y +oH o) 1 = & and both equalities
hold if and only if <y =y & is a crisp set.

Remark 5. Let v : [k, (] — R be a fuzzy-valued function. Then, the p-level representation of
v given by v(T; p) = [v(T;p), V(T p)], T € [k 4], p € [0,1]. Here, v(T;p) and v(T; p) are the
lower and upper p-level representations for all T € [k, ¢] and p € [0,1].

Definition 8 ([28]). Let v : [k, (] — R be a fuzzy-valued function and 1y € [k, (]. If Ve > 0, 3
6 >0, such thatV
0<|t—w|<d=D(1)L)<e¢

then we say that L € R £ is limit of v in Ty, which is denoted by lim v(7) = L.

T—7

Definition 9 ([28]). A function v : R — R is said to be continuous at 1y € R if for every
e > 0 we can find 6 > 0 such that D(v(7),v(10)) < & whenever |t — 19| < 4. v is said to be
continuous on R if it is continuous at every 1y € R. We say that v is continuous at each 1y € [k, ()
if it is continuous at each 1y € (k, €) such that the continuity of v is one-sided at end points k, £.

Lemma 1 ([29]). Foranyk, £ € R, k, £ > 0and a« € Rx, we have
Dkowaloa)<|k—{D(0),
where 0 € R is defined by 0 := X{qy.

Definition 10 ([26]). Let 1y € (k, £) and h be such that ©y + h € (k, ), then the ¢ H-derivative of
a function v : (k,£) — Rr at 1y is defined as

V(T + 1) Opn v(T0)
h—0+ h

If V;)H(To) € R in the sense of Definition 3, we say that v is generalized Hukuhara differentiable
(¢ H-differentiable for short) at 1.

Definition 11 ([26]). Let v : [k,¢] — Ry and 1y € (k,£), with v(7;p) and v(t;p) both
differentiable at Ty, where v(T; p) and V(T; p) are p-level representations of v(t; p) for p € [0,1].
Then the function v(t; p) is o H-differentiable at a fixed 1y € (k, £) if and only if one of the following
two cases holds:
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(i) (v)'(w0;p) is increasing and (vV)' (to; p) is decreasing as functions of r and

(v)' (0 p) < (@) (w;p), 0 < p < Tor (12)
(ii) (V) (10; p) is increasing and (v)'(to; p) is decreasing as functions of p and

() (0;p) < (1) (07p),0< p < 1. (13)

Moreover, for all p € [0,1]
(Ve (07 p) = [min{ (1) (103 ), (7)'(20: p) }, max{ (v) (10;p) < (7 (03 p) } -

Definition 12 ([27]). We say that a point 1y € (k, ), is a switching point for the differentiability
of v, if in any neighborhood V of Ty there exist points T < Tp < Tp such that

type (i):  at 1y (12) holds while (13) does not hold and at T (13) holds and (12) does not hold, or
type (ii):  at 7y (13) holds while (12) does not hold and at T (12) holds and (13) does not hold.

Definition 13 ([28]). Let v : (k,¢) — Rr be pH-differentiable at ¢ € (k,{). Then v is fuzzy
continuous at c.

Theorem 8 ([28]). Let I be closed interval in R. Let ¢ : I — ¢ := ¢(I) C R be differentiable at T,
and v : ¢ — R be pH-differentiable x = ¢ (7). Assume that ¢ is strictly increasing on I. Then,
(vo ¢);)H(T) exists and

(vo (P);)H(T) = V:pH((P(T)) ©¢'(1),Vrel

Definition 14 ([22]). Let v : [k, {] — Ryx. We say that v is a fuzzy Riemann integrable if
the Y-* (v — a) ©® v(&) converges to I € Rz in the metric topology D of Rx for any division
P = {[a,v];C} of [k, €], that is, v is fuzzy Riemann integrable for every € > O, there exists § > 0
such that for any division P = {[a, y]; ¢} of [k, ¢] with the norms A(P) < &, we have

p

D(Z*('y —a) @v(@),l) <eg

where Y_* denotes the fuzzy summation. We choose to write
P

-l

[:= (FR)/ v(T)dT.

k

We also call a v as above (FR)-integrable.

Theorem 9 ([30]). Let v : [k, {] — Ry be integrable and ¢ € [k, {]. Then,

L c L
/k v(t)dt = /k V(T)dTEB/C v(T)dT.
Corollary 1 ([22]). Ifv € C([k, £],Rx) then v is (FR)-integrable.

Lemma 2 ([31]). Ifv, ¢ : [k, ¢] C R — Rz are fuzzy continuous (with respect to the metric D),
then the function F : [k, ] — R4 U {0} defined by F(7) := D(v(T), (7)) is continuous on
[k, ¢], and

l

D((FR) /Ifu(a)da, (FR)/k (p(uc)dzx) < /jp(u(r),(p(r))dr.
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Lemma 3 ([31]). Let v : [k, {] C R — R be fuzzy continuous. Then,

T
Gm/umm
k
is fuzzy continuous function w.r.t. T € [k, £].

Proposition 4 ([32]). Let F(t) := t"©ua, t > 0, n € Nand a € Ry be fixed. The (the
@H-derivative)
F(t)=nt"1ou

In particular when n = 1 then F'(t) = a.

Theorem 10 ([33]). Let I be an open interval of R and let v : I — R be o H-fuzzy differentiable,
c € R. Then, (¢ ® v)ﬁPH exist and (¢ © U(T));DH = c O V(1)

Theorem 11 ([32]). Let v : [k, {] — Ry be fuzzy differentiable function on [k, ¢] with ¢H-
derivative v' which is assumed to be fuzzy continuous. Then,

D(v(d),v(c)) < (d— c)ts?[z”D(v’(t),ﬁ),

foranyc,d € [k, ¢] withd > c.

Theorem 12 ([26]). If v is p H-differentiable with no switching point in the interval [k, {], then
we have

‘[%mﬂh:m@ewmm

Theorem 13 ([28]). Let v : [k, £] — Ry be a continuous fuzzy-valued function. Then,

t
Ho:Amﬂwxema
is @ H-differentiable and Fy,p, (t) = v(t).

Theorem 14 ([33]). Let v : [k, {] — Rz and ¢ : [k, €] — R be two differentiable functions (v is
@ H-differentiable), then

[ ha(2) © p(0)dT = ((0) © 9(0)) S411 () © 9K)) €t [ (1) © ' (e

Theorem 15 ([33]). Let v : [k, ] — Rz and ¢ : [k, ¢] — R are two differentiable functions (v is
@H-differentiable), then

[ (00 p(e)it = () © () Sgn [ v(r) 0 ¢/ (DT

3. Main Results

Since fuzziness is a natural reality different from randomness and determinism, Anas-
tassiou [14] extended Ostrowski’s result [34] to the context of a fuzzy setting in 2003. In
fact, Anastassiou [14] proved important results for fuzzy Holder and fuzzy differentiable
functions, respectively. Those inequalities where shown to be sharp, as equalities are
attained by the choice of simple fuzzy number-valued functions. For further details on
these inequalities, we refer interested readers to [14].

We begin with the following result which generalizes Theorem 6.
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Theorem 16. Suppose that ¢ : [k, ] — R and v : [k, {] — Rz are continuous and v, ¢ are
differentiable on (k,¢) (v is o H-differentiable), then for all A € [k, £] the inequality

D((//f <p(s)ds> Ov(l) Opn (— /kA (p(s)ds> ov(k) Opn /k[ p(t) O v(t)dt, 0)

< B(g,v,A), (14)

holds, where

B(g,v,A) = /;(/fq)(s)ds> (vor(®), )dt+/A(/kt¢(s)ds>p(u;pH(t),o)dt.

We have the following bounds for B(@, v, A):

Ji o) dsz ( (1),0) dt
+ [ o(s)ds [} (;H(),o)dt

1 (Gtooras)an)” (5[0 (vu0.8)] )

B(g,v,A) < [ (o st)dt} (S|P (goH G)Tdt)%’ "
sup D( ) fA (ft ds)dt

te[A L]

+ sup D( )fk (fk ds)dt

telk,A]

gl=

Proof. Let A € [k, ¢]. Using the integration by parts formula given in Theorem 14, we have

/,f(/kt ¢(s)ds — /kA (p(s)ds> O Vo (t)dt
= (/kéqv(S)ds - /kA cp(S)ds) O V(L) Spn </kkq0(s)ds - /kA ¢(s)ds) O u(k)
S /:qo(o@v(t)dt
_ (/jq)(S)ds) Ov(l) Sen <—/kA qo(s)ds> O v(k) Spu /kéq,(t) Ou(b)dt. (16)

We also noticed that

/ (/ / dS) @v(PH
/ </ / )ds) © Vg (t thB/ (/ )ds—/kA (p(s)ds> O Vi (t)dt
—/ (/ dS)QV(pH dt@/( /tAqo(S)ds)G)vZPH(t)dt. (17)



Mathematics 2024, 12, 3112 11 of 23

The equality (18) implies that

o( ([ oo)ts) 0v(e) 2 (- [ otelas) o eq,H /,fq) vio),)
([ )t (- o) o)
/}(A<;¢( )ds)@vq,H dt@/( )va dtH
([
[ ([ vsrae) [ (=] o)
< ['( [ vrts) [wputrar] dt+/€(/A ()ds)

- / ( / ) 1 (£)dt,0)dt

A t
/ ~
+/k (/k ?(S)ds)D<v(pH(t)dt,0>dt. (19)
Hence the inequality (14) is established.

Applying the Holder’s inequality and properties of supremum, we obtain for w,r > 1
with £ + 1 =1, that

/uz </t€(p(5)ds>D(vpr(t)dt O)d

sup ([ p(s)ds) [\ D(vpp(t)dt,0)dt,

te[Al)

=D

— [ g(s)ds ) © v (1)t
(A ) ot

o] e+

vl dtHfdt

vﬁPH(t)dtHth

1

[ (ttoras)ae]* (35 [ (vuto.) ' ar)”
sup D( )dt,()) ff(flf(p(s)ds)dt,

te[A L]
fA @(s)ds ffD(v’H(t)dt, ﬁ)dt,

IN

1

=3 [ (e wds)dt} (i [P(vpu(ar,0)] ar)’,  (20)
sup D(V;H(t)dt,fo ff(f; go(s)ds)dt,

te[A L]

and

/k/\ </t)‘ ¢(s)ds> D(V;,H(t)dt, f)) dt
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t:m(ff $)ds) i D (vhp (t)dt,0) at,

IN

7

(P oeas)ae)* (5[0 (v, 0)] ar)

sup D( Vor (t dt,f)) ka(ft/\ qo(s)ds)dt.

telk,A]

S (s)ds [ D (vl (H)at,0)t,

LR reras)a] (5 [p (duae0)] a) s )
sup D (v (1dt,0) ()" g(s)ds)at.

telk,A]

gl=

Substituting (20) and (21) in (19), we obtain the inequality (14). O

The immediate consequence of Theorem 16 is the following corollary.

Corollary 2. Suppose that the assumptions of Theorem 16 are satisfied, then the inequalities

D((//\é <p(s)ds> Ov(l) Sgn ( /kA (p(s)ds> ov(k) Opn /: p(t) Ov(t)dt, 0)
< //f¢(s)dsAZD(V;H(t)dt,0)dt—|—/kA ¢(s)ds /kAD(v;,H(t)dt,f))dt

max{fk)L @(s)ds, f)f (p(s)ds} fkeD(vpr(t)dt, 0) dt
max{ [ D (v (1)t 0)dt, [{ D (v (1)t 0)dt b [ o
<

¢ ¢ .
/k ¢(s)ds /k D(V;,H(t)dt,o)dt 22)
forall A € [k, £].

Proof. Proof follows from the first part of the inequality in (14) and by using the properties

of the max function. O

Remark 6. If m € (k,{) is such that

then (22) becomes the following inequality

D((/nj (p(S)dS> Ov(l) OgH <— /km q)(s)ds) ov(k) Opn /: o(t) ®v(t)dt,f))

< ;/ké @(s)ds /I(£D<V;H(t)dt,(~))dt. (23)
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Corollary 3. With the assumptions of Theorem 16, we have

D ([ o61as) v(0) 2 (~ [ pls)is) vk 2y [ o) 0 v(t)at0)

< sup D(V;,H(t)dt,é) [/é(é—t)q)(t)dt—}—/:(t—k)go(t)dt} (24)

telk,f) A
forall A € [k, /).

Proof. From the third part in the bounds (14), we have

te[A0) A
+ sup D(U’H(t)dt f)) //\ (/A qo(s)ds) dt
tefk,A] ? ko \Jt

< til[ﬁ]p(vsz(t)dt’G) [/j (/ut go(s)ds) dt + /kA (/t/\ (p(s)ds> dt} (25)

Using integration by parts, we have for A € [k, ¢] that

/j </At ?(S)ds> dt = t/ut ¢(s)ds i — /j to(t)dt
= o[ gtar— [ rgwar= [ (0 ptar

A

and

! Ago(s)ds dt =t A(p(s)ds
[ oas)ae=]

u A
+ / to(b)dt
k k

= —k/kA (p(t)dt+/k/\ to(t)dt = /](A(t—k)go(t)dt.

Thus

/If(/t/\go(s)ds)dt—k/;(/;q)(s)ds>dt _ /kA(t—k)go(t)dt—i—/j(ﬁ—t)qp(t)dt. (26)
Using (26) in (14), we derive (22). O

Corollary 4. Under the assumptions of Theorem 16, we have the following non-commutative
trapezoidal-type inequalities for functions with values in the space of fuzzy real numbers

D ([ o)) v(0) 2 (~ [ pis)is) vk 2 [ o) v(t)it0)
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1=k + |u =5 [ p(yar

==

_ 1
- —) (=Y T e w
< sup D(V;,H(t)dt,o) X (o) +(E22) } ( r (9(1)) dt) (27)
te[kl) B

forall A € [k, £].

Proof. By applying the Holder’s inequality for w, r > 1 with % + % =1, we obtain

sup (£—t) [y p(t)dt
te[A L]
/;(f— H(t)dt < (fA ) (fA wdt) ‘
sup (1) [y (¢
te[AL]
(€= A) [y p(t)dt
= r+11+%7 (f)‘ wdt)
20— 2)? sup o(t).
te[Al)

Similarly, we also have
A
—k) Ji g(t)dt,
Kt o i
o (W owyar)”

=

~

A
|t =Rg(t)at <

1(u—k)* sup o).
telk,A]

Hence, we obtain

D(<//f (p(s)ds> Ov(l) OgH (— /k/\ (P(S)dS) ov(k) ©O¢n /kz e(t) ® v(t)dt,())

fk Hde+ (£ — )\f)\q)

1 1
i (=07 ([ p(0)7dt) * + (=N ([ o) ar)
/
< sup D(v(PH(t)dt,O) X Y + (28)

Tu—k)? sup @(t) + 3(£ — A)* sup ¢(t)
telk,A] te[A]

forall A € [k, {].
Since
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(1 — k) /kA p(H)dt+ (- A) /; o(1)dt = max{u —k € — A} [/: o(1)dt + /; qo(t)dt]

1 k+¢ ¢
By using the elementary inequality (see [35] (p. 129)):

~ =

ke +cd < (K° + ) (£ +d")

fork,?,c,d > 0and w,r > 1 with % —Q—% =1, we obtain

(u —k)H%

U"A(q)(t))wdt) % (=M </A€(¢(t))wdt> :
< ([0 + [e-0™T)

A
11 ©
(= =2 | o] o
Moreover, we also observe that
1 ) 1 ) (u—k)? + (L= 7)?
5(A=k)" sup @(t) + (£ —A)" sup ¢(t) < sup ¢(t)
2 telkA] tel g 2 telk,f
2
ll(f — k) + <u - M) ] sup ¢(t). (31)
4 2 tefk ()

Then, by applying (29)—(31) in (28), we derive (27). O
One more interesting consequence of Theorem 16 is the following result.

Corollary 5. Suppose that the assumptions of Theorem 16 are satisfied, then the following inequali-
ties can be obtained:

D((//\é go(s)ds) O V() Opn (— /k/\ qo(s)ds) O v(k) Opn /ké o(t)© v(t)dt,@)

</; (p(t)dt)w(é —A)+ </kA (P(t)df)w(u B k)] w (/ke [D (V’H(t)dt, O)Tdt) 1

< (0—k)® K/j cp(t)dt>w + (/kA qo(t)dt) w] ' (/: [D (V;H(t)dt,é)] rdt)} (32)

forall A € [k, 1].

<

Proof. By using the inequality (see [35] (p. 129)):

~|=

(k€ + cd) < (k¥ + )@ (¢ + d")
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fork,?,c,d > 0and w,r > 1with % + % =1, we have

</kA </t A (P(s)ds> wdt) % (/kA |D(vpu(t)dt,0)] ’dt> %

) </f </t q)(s)ds) wdt) : (/j D (vu(tyit, 6)]2?)}
: [/zf(/t SdS) dt+/ </ ds) dt} |
" [./kA{D( Vorr ()t 0) dt+/ )] d]’
= [ ([ voms) s [ otoms) dt]l[/kf[p(, ()dtﬁ)rdt]}
(€ e (00 ] otrrenfo]
:K/kAso() ) ( dS) ] [ 0300 0) dtr
< (- i K/ is) ([ ot )] [/ ()dtoﬂdtr

which proves the inequality (32). O

Remark 7. If m € (k,{) is such that

[ gtsyis = [ peras =1 [ q(s)as

then from (32), we obtain

D((/m/ go(s)ds) O V(L) Opn (— /km (p(s)ds) ov(k) Spn /: @(t) ®v(t)dt,f)>
%(ﬁ k) </: (p(t)dt) </k€ [D(V;H(t)dt,ﬁ)ydt> %. (33)

Remark 8. Suppose that the assumptions of Theorem 16 are fulfilled, then we obtain the following
inequalities:

D((/k; fP(S)ds) Ov(l) Opn <— /kky (p(s)ds) ov(k) Seu /}f o(t) ®v(t)dt, ())
< M(g,v), (34)

where

M(g,v) = /; (/fq)(s)ds)l)( (1)L 0) dt+/kH (/tqo( )dS)D(VéoH(t)dt/O)dt'

2
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We have the following bounds for M(¢,v):

M) <N LT (1 psas)a] (4 [p(gutraen)ar) O

From (22), we obtain that

(=24

D((/kif (P(S)d5> O v(l) Son <_/k ;

2

<o<s>ds> v (k) S /: p(t) O v(t)dt, 0)

k+£ k+[

g/k; (p(s)ds/ki,p( u(t)d4,0) dt+/ ds/ D (vl (1)1, 0) dt

max{fkf @(s)ds, f@ @(s ds} fk ( H(H)dt, O)dt

max{ e D(V;,H(t)dt, 6) at, [y D(v;H(t)dt, 0) dt} J¥ g(s)ds
g/:(p(s)ds/:z)(vng(t)dt,G)dt. (36)

From (27) we derive the non-commutative mid-point type inequalities forfunctions with values in
space of fuzzy real numbers

D((/}; o(s )ds) v(l) Son <_ /kaH o(s)d ) k) Spm qu) t)dt, 0)
l

% t—=k) Ji ot
< sup D(v,y(t)dt,0) x ; ( ) (37)
te[klz] (fPH ) 2(r+1
(0 = k) sup g(t)
telk,(]

From (32), we can obtain

D(( /f o(5)ds) ©(0) Sy (— [ qo(s)ds) (k) Syn [ o) 0 v(1)it0)
< (5 (s (1 o) T
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([ o (utvmo))ar) . e

If we consider the case when ¢(t) =1, t € [k, ¢], then by (14) we obtain
E ~
D<(£ —A)Ov(l) Opn (—(A —k)) ©v(k) @“’H/k v(t)dt,0> < B(v,A), (39)

where
B(v,A) = g(t - u)D(u’ (t)dt 0) dt+ [ (- t)D(v’ (t)dt G)dt
Y gAY k pHATY
The bounds of B(v, A) are given by

(e—A) [lD (’ ()dt())dt
+(A—k) [ ( ()dto)dt

0L ([P (sput00,0) ar)

Bv,A)<q Lo- k)“w (fk [ ( (PH(t)dt,f))]rdt)}, 4o

(w+1)

Nl—
~
Z
92}
[=
ao]
>,
/_\
'S
E\
=
~~
(e}
N——

+%(k—)\) sup D( (t)dt,@)
te[A,u]

forall A € [k, €] forw,r>1land L +1 =1.
From the first inequality in (22), we obtain

D((£ —A)OV(l) Opn (—(A —k)) ©v(k) Opn /kev(t)dt, ())

A_M}/k D(V;,H(t)dt,(i)dt (41)

< B(f—k)Jr >

forall A € [k, /).
From (27), we alsohave the following Ostrowski-type inequality

D((e —A) O U(l) Sgn (—(A = K)) v (k) Spn /:v(t)dt, ())

1
r

1/ 0
<(0—k)® [(/\ R (- )\)W—H] @ ( / D(V;H(t)dt,o) dt) (42)
k
forall A € [k, £).
A dual result can be stated as follows:

Theorem 17. Suppose that ¢ : [k, ] — RT and v : [k, {] — Rz are continuous and v, ¢ are
differentiable on (k, £) (v is o H-differentiable), then for all A € [k, (] the inequality

D((/: (1) @v(t)dt) OgH <—<p(e) ® /;v(s)ds>
A
OoH ((p(k)@/k v(s)ds),()) < B(g,v,A), (43)
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where

B(p,v,A) = /Aé ¢ (1) (/;D(v(s),())ds) dt + /kA ¢ (t) (/fD(v(s),f))ds)dt.

We have the following bounds for B(@, v, A):

Sf(Afk )()fgfk(( )ds))ds)
(R P d)as)"a V[lff(ﬁv'(t))rdt}}

B(p,v,A) < w N LT (44)

=) LU P 0)as) ae]* [ (6 ) ],
S (JiD(v(s)dt, 0)ds )t sup g(t)

te[A L]

+fk (ft D(v(s)dt, O)ds>dt sup ¢(t)

telk,A]

forw,r>1with%—|—%:1.
Proof. Using integration by parts given by Theorem 14, we obtain
¢, t ¢
/A oo (/A u(s )ds)dt o @/ 5)ds @¢HO@¢H/ o) Ou(Hdt  (45)

and

[éwe ([ ves)a
= —05¢m p(k @/ dse(pH( /kAqo() ()dt)
= <— /kA (1) © > OoH < @/ ds) (46)
Hence, by using (iii), (iv) and (v) of Proposition 2, we obtain from (45) and (46) that
/j 9 (Ho (/utV(S)dS)dt@(pH /kA ¢t o (/tAv(s)ds)dt
= (000 [ vorts) 202y [ ot o vterar)
SgH (./I;A(P() )@w( @/ )
=00,n ( @/ ) OgH / () O v(t )dt)
oot (= [ 00 @ v0at) o (90 [ vis)is)
- ([ otre <>)9¢H(<1/k%<> oL
St (— v(s) ) O (q)(k ds)



Mathematics 2024, 12, 3112 20 of 23

—/ Fdt @q,H( @/ ds) OgH ¢(k @/ s)ds. (47)

Thus from (47), using the properties of the metric D and the norm||-|| » induced by the
metric D, we have

D(/:fl’(t)@v(t)dt6¢H (—qo(é)@/;v(s)ds> 9¢H( @/ ) 5

_ (/j(gl’/(t)Q//\tV(S)dS)dt@(pH/)\((p/(t)@/ V(s)d) )
<o( [ gt ([voms)m [ ¢ne ( ) )

/;qv'(t) (Atv() >dt@60 / ( > )

u(s)d )dt o) ( (/t ()ds>dt)

(5 © AtV(S)ds>dt 0>+D</k <p(t>®(/A ()ds)dt,())

/ (/ Iv( I;ds)dt+/ )</tA||v(s)||fds)dt

The inequality (43) is thus established. [

>\N>\N
< < _
©
—~ — O
=

Example 1. Consider the fuzzy number-valued mapping v: [2,3] — Rz defined by

1
0=2412 g ¢ [2—5,3]

1-t2
_ 1
v(t)(0) = 241220 ¢ (3’2+tﬂ
t2—
0, otherwise.

Then, for each p € [0,1], we have
() = [(1=p) (2= #2) +3p, (1= p) (2+12) +3p] = [ (1), ¥ ().
We also define a mapping ¢ : [2,3] — R* by ¢(t) = 2. Then, according to the metric D :

Ry x R — R U {0} as defined in the beginning of Section 2 with A = 3 € [2,3] and
w=4r= %, then the inequality (14) takes the following form:

D<(/53 go(s)ds) ©v(3) Opn (— /2g q)(s)ds) OV(2) OpH /23 p(t) ©v(t)dt, ())

< B((p,v,i). (48)

We now calculate the left hand side in (48) as follows:

D(( /; (5)ds) © V() S (— [ qo(s)ds) v(2) Sgn [ pl1) v(t)dt,f))
= D((/SS szds> ov(3) — (— /f des> ov(2) — /23 2 @v(t)dt,ﬁ)
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; szds> + (2—0—2%> </2g szds> — /23 t2<2+t%)dt

- %(ﬁ+2) (f+2) + @ (384\f 375v/10 — 854) — 0.0327721.

()

where

B<(p,1//g> _ /;</t3go(s)ds)D(véoH(t),f))dt+/f(/thv(s)ds)D(vﬁpH(t),f))dt.

Now, we calculate the bounds for B(g,v, 3) as follows:

5
J3 sds [3 Sizdt + S s [ Svidt
3 TTIERIAY
sy | U0 a)a]’ (85 o)
B(q)lvl> S 3
2 5/ 5 i/ s 3\*
+[f; (ftz sgds)dt] <f22 B dt> :
5
%@f;(ﬁ’szds)dt—l—%ﬁff (fztszds)dt

We use the software Mathematica to evaluate the above integrals as follows:

/ st/ dt+/ 2ds/ —dt
61(\@—2)

91 5
= (V32— — 0996476,
( 24+/2

<

NI

1 3
5 3 4 5 4 4
» \Us 2 [2vt
3/4 /4
= (V6-5)"% % T 1T = 197398

and
1 /2 3/ 73, 1 3/ 8 [5 165
2. /2 ds | dt —/ / 2 )dt - \[ % 159502,
2\[5/; (/ts S) +2\6.2 (zs ° 192 2+128ﬁ

Hence, it can be observed from the above calculations of that the inequality (14) of Theorem 16 is
valid for the above choices of functions over the interval [2,3] Figure 1.
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Figure 1. Graphs of p-levels of 0" (t) are shown in green and those of v/, (t) are shown in blue.

4. Concluding Remarks

In the last forty years, there has been significant growth in the field of mathematical
inequalities. Many researchers have published a plethora of articles using innovative
approaches. Within the extensive literature on mathematical inequalities, trapezoidal-type
inequalities stand out as important. These inequalities are utilized to estimate the absolute
deviation of the average value of a function’s values at the end points of a closed interval
of the real line from its integral mean.

Mathematicians have established various generalizations of trapezoidal-type inequali-
ties, such as those for functions of bounded variation, Lipschitzian mappings, absolutely
continuous functions, operator convex functions, and those involving two functions with
values in Banach spaces. One of the notable studies on the generalizations of trapezoidal-
type inequalities is highlighted in the paper [9].

In the present study, a more general result of the trapezoidal-type in the fuzzy context
is proven, which generalizes not only the results from [9] but also extends the results
from [1,2,4,7,8]. In order to obtain the results, a number of novel results from the theory
of calculus of fuzzy number-valued functions were used. An identity has been proven by
using the integration by parts, the properties of space of fuzzy numbers, and by employing
the Holder inequality to prove several new and novel inequalities of the trapezoidal-type
for functions that have values in the space of fuzzy numbers. A numerical example is
given to exhibit the validity of the obtained results. The results of this study can be a good
source to obtain more new results for the researchers working in the field of mathematical
inequalities in fuzzy number-valued calculus.
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