Jaddi et al. Journal of Inequalities and Applications (2017) 2017:285 ® Journal of Inequalities and Applications

DOI 10.1186/513660-017-1561-2

a SpringerOpen Journal

RESEARCH Open Access

CrossMark

An equivalent condition to the Jensen
inequality for the generalized Sugeno integral

Mohsen Jaddi', Ali Ebadian’, Manuel de la Sen? and Sadegh Abbaszadeh'

“Correspondence:
abbaszadeh@semnan.ac.ir
'Department of Mathematics,
Payame Noor University, Tehran,
19395-4697, Iran

Full list of author information is
available at the end of the article

@ Springer

Abstract
For the classical Jensen inequality of convex functions, i.e,,
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an equivalent condition is proved in the framework of the generalized Sugeno
integral. Also, the necessary and sufficient conditions for the validity of the discrete
form of the Jensen inequality for the generalized Sugeno integral are given.
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1 Introduction
The classical Jensen inequality is one of the interesting inequalities in the theory of dif-
ferential and difference equations, as well as other areas of mathematics. The well-known
Jensen inequality for a convex function is given as follows:

Let (X, ¥, u) be ameasure space, f be a real-valued j1-measurable and p-integrable func-
tion on a set D € X with u(D) € ]0,00[. If ¢ is a convex function on an open interval  in
R and if f(D) C I, then

1 1
H(m /Df ”’“) ) /D’“f ap- )

In recent years, there have been many extensions, refinements and similar results of the
classical Jensen inequality, see [1-5].

The concepts of fuzzy measures and the Sugeno integral were introduced and initially
examined by Sugeno [6]. Further theoretical investigations of these concepts and their
generalizations have been pursued by many researchers. Among them, Ralescu and Adams
[7] provided several equivalent definitions of the Sugeno integral and proved a monotone
convergence theorem for the Sugeno integral; Roman-Flores et al. [8, 9] discussed level-
continuity of the Sugeno integral and H -continuity of fuzzy measures, while Wang and Klir
[10] presented an excellent general overview on fuzzy measurement and fuzzy integration
theory. The Sugeno integral has also been successfully applied to various fields (see, e.g.,
[11-14]).
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The study of inequalities for the Sugeno integral was initiated by Romdan-Flores et al.
[15]. Since then, fuzzy integral counterparts of several classical inequalities, including the
Chebyshev, Jensen, Minkowski, Hadamard and Holder inequalities, have been presented
(see [1-3, 16-18]).

Kaluszka et al. [2] studied the Jensen inequality (1) for the generalized Sugeno integral
by using the condition of monotonicity instead of the condition of convexity. The aim of
this paper is to study the Jensen inequality for the generalized Sugeno integral without
losing the condition of convexity.

The paper is organized as follows. Some basic definitions and summarizations of previ-
ous results are given in Section 2. In Section 3, the Jensen inequality for the generalized
Sugeno integral is studied. In Section 4, the necessary and sufficient conditions for the
validity of the discrete form of the Jensen inequality is presented. A conclusion is given in
Section 5.

2 Preliminaries
In this section, some definitions and basic properties of the Sugeno integral which will be
used in the next section are presented.

Definition 2.1 (Fuzzy measure [7, 19]) Let ¥ be a o -algebra of subsets of X, and let u :
¥ — [0, 00[ be a non-negative extended real-valued set function. We say that u is a fuzzy
measure iff:

(EM1) w(@) =0;

(FM2) E,F € and E C F imply u(E) < u(F) (monotonicity);

(FM3) E, € £ (neN),E; CE, C -+, imply lim, o0 u(E,) = (52, Ex) (continuity from
below);

(FM4) E,€ £ (neN),Ey DEy D -+, u(Er) < 00, imply lim,,_, oo (Ey,) = u((ooy En) (con-
tinuity from above).

Let (X, X, u) be a fuzzy measure space and f be a non-negative real-valued function
on X. We denote by F, the set of all non-negative measurable functions and by L,f the
set {x € X | f(x) > o}, the a-level of f for « > 0.

Definition 2.2 Let (X, ¥, ) be a fuzzy measure space. If f € F, and A € %, then
(i) The Shilkret integral [20] of f on A with respect to the fuzzy measure p is given by

(Sh) /fdu = sug{a - (A ﬁqu)};
A ax
(i) The Sugeno integral [6] of f on A with respect to the fuzzy measure p is defined by

]ifdu = \/ (@ A AN L)), ()

a>0
where Vv and A denote the operations sup and inf on [0, co[, respectively.

The following theorem gives most elementary properties of the Sugeno integral and can
be found in [19, 21].
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Theorem 2.3 Let (X, X, iu) be a fuzzy measure space with A,B€ ¥ and f,g € F,. Then
L fAfd:u < u(A);

fA kdu <k A w(A) for a non-negative constant k;

Iff <gonA,thenf,fdu<f,gdu;

IfACB, thenf,fdu <f,gduw;

wANLyf)<a=f,fdu<o;

If (A) < 0o, then WA N Lef) > o & f, fdu > a.

o v W

Remark 2.4 Let F(o) = u(A N Lyf), from parts (5) and (6) of the above theorem, it is very
important to note that

Fa)=a = j[fd,u:ot.
A

Thus, from a numerical point of view, the Sugeno integral can be calculated by solving the
equation F(x) = a.

Remark 2.5 Let Y C R be an arbitrary nonempty interval (bounded or unbounded).
Throughout this paper, Y = [0,1] or Y = [0, 00[. Also, we denote the range of u by u(X).

Definition 2.6 (Generalized Sugeno integral [2]) Fora p-measurable functionf : X — Y,
we define the generalized Sugeno integral of f on a set A € X with respect to & and an
operator A:Y x u(X) — Y by

fAfAu = sup{yA/L(A ﬂfo)}. (3)

yeY

Let I be a real interval and f : I — R be a function. Then f is said to be convex (on I)
provided

xyelLiel0,1] = f(A-Mx+ry) <A-1f)+A ().
Also,

Sf;xo(x) :wr xel\ {xo}

is said to be the slope of f at x,.

Theorem 2.7 (Muresan [22]) Suppose that f : 1 — R is a convex function. Then Sy, (%)
is increasing on I \ {xo}.

Theorem 2.8 (Muresan [22]) Supposethatf :I — RisdifferentiableonI. Thenf is convex
if and only if

S &) = fxo) +f(x0) (x — x0)

forany x,x¢ € 1.
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Theorem 2.9 (Mitrinovi¢ [23]) Suppose thatf : [0, +00[— R is a convex function. If f isa
non-decreasing and continuous function on [0, +oo[ with f(0) = 0 and lim,_, .o f (x) = +00,
then ! exists and has the same characteristics as f .

We say that the operator o: Y x Y — Y is non-decreasing if a o ¢ > b o d for a > b and
c>d.

Definition 2.10 (Triangular norm [24, 25]) A triangular norm is a function 7 : [0,1] x
[0,1] — [0,1] satisfying the following conditions:

T1) T(x,1) = T(1,x) =« for any x € [0, 1];

T,) T is increasing;

T3) T(x,y) = T(y,x) for any x,y € [0,1];

Ts) T(T(x,9),2) = T(x, T(y,2)) for any x,y,z € [0,1].

— o~~~

Example 2.11 The following operators are z-norm:
1. Mi(x,y) = min{x, y}.
2. Mxy)=x-y.
3. Or(x,y) = max{x +y-1,0}.

3 Results and discussion
For the classical measure y, the classical Jensen inequality is the following strong property

of convex functions (see [26]):

H( f £ du) < / Hf) dy, ()

where f is p-measurable and H : [0,00[—> [0, 00[ is a convex function. The following
inequality is known as the discrete Jensen inequality:

H(i Aixi> < i A,H(x,»),
i=1 i=1

where H : [a,b] —> [0,00[ is a convex function, x; € [a,b] and A; >0 for all i € {1,...,n}
and Y 7 A =1

The aim of this section is to characterize the Jensen inequality for the generalized Sugeno
integral when f is a convex function. Throughout this section, let (X, X, 1) be a fuzzy

measure space.

Theorem 3.1 Assume that H:Y — Y is a differentiable convex function and o,x:Y x
(X)) — Y are non-decreasing operators satisfying the following conditions:

1. ax0=a00=0;

2. H()=0and H'(y)>1forallyeY;

3. [uf *w €Y foran arbitrary set A € ¥ and a measurable functionf : X — Y.
Then the Jensen inequality

/;H(f)oquU/;fw) )
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is sharp if and only if, forany y € Y and b € u(%),

H(y)ob> H(yb).

Page 5 of 11

(6)

Proof Sufficiency. Let y € Y. Since H is a differentiable convex function, by Theorem 2.8

we have
H(t) - H(y) > H'(y)(t - y)
and by assumption (2),
H(t) - H(y) = (t - y)

forall £ € Y. So we have

H(f(x)) -H) = f(x) -y

for all x € X. Therefore, by the monotonicity of u, we deduce

(AN LygyH(f)) = w(A N Lyf)

for an arbitrary set A € X. On the other hand, since H(Y) C Y, we have

/AH(f)ou=sup{aou(A NL.H(f))}

acY

> sup {aou(AﬂLaH(f))}
acH(Y)

= su)[,){H(y) o (AN LyyH())}.
yeE

Combining (7) with (8) and using the monotonicity of o, we get

/AH(f)OMZSU {HO) o (AN Luy H()}

yeYy

> sug{H(y) ou(AN Lyf)}
ye

> su}E{H(y* nAN Lyf))}.
ye

Now, we define /(y) := y * (A N L,f) for each y € Y. From (9) we have

[ 10 = sup(0).

yeY

By the assumption, A(y) € Y and sup, .y h(y) := [ifxuney.

7)

(8)

)

(10)



Jaddi et al. Journal of Inequalities and Applications (2017) 2017:285 Page 6 of 11

Since H is continuous and H(0) = 0, then the function Sy, o(¢) (i.e., the function Sy, ¢ :

H\{0}>R;t— @) is increasing. From A(y,) 1 supyeyh(y) we get

nEerH(h(yn)) =< nEIPmSH’ 0 (h(yn))h(yn)

< lim Sy, o(h(y)h()

= lim H(h(y)) = H(h(»)).

n—+00

So,

H(suph(y)) =H(n£i)rpooh(y,,)) = lim H(h(y,)) <supH (h(y))

yeY n—+00 yeY

for all y € Y. Consequently,

lim H(h(y,)) < supH(h(y)).

n—+00 yeY

So, we conclude that

/H(f ou>sup{ (y* (AN L))} =supH(h(y))

yey

= suphon) (1),

Necessity. Inequality (5) is satisfied for any arbitrary set A € ¥ and any measurable func-
tion f : X — Y; in particular, for f(x) = yx4(x) with y € Y, inequality (5) is true. At first, we
define f(x) := yxa(x) with y € Y and A € X. By Theorem 2.2 in [2], we have

/f*,u max{sup{a*M(A)},sup{a*,u(@)}} = yx u(A). (11)

a<y a>y

On the other hand, the assumption a < H(y) shows that if x € A, then H(f(x)) = H(y) > a.
So

AC {xlH(f(x) = a},

and hence A N L,H(f) = A. Also, the assumption a > H(y) shows that if x € A, then
H(f(x)) = H(y) < a and ySg, o(y) = H(y) < a, and hence Sy, ¢(y) < f Thus,

N{x|H(f(x) > a} = 2,
because otherwise there exists x € A such that H(f(x)) > a. So ySu,0(y) = H(y) > a,

and hence Sy,o(y) > %, which is a contradiction (note that the slope function is non-

decreasing). Now, by the monotonicity of y —> y o b and the conditions a o 0 = 0 and



Jaddi et al. Journal of Inequalities and Applications (2017) 2017:285
H(0) = 0, we have
H(f) opw= sup {aou(ANLH())}
acH(Y)
= max{ sup {a o (A ﬂLaH(f))},
a<H(y)
sup {aou(A ﬂLuH(f))}}
a>H(y)
= max{ sup {aou(A)}, sup {ao ,u(@)}}
a<H(y) a>H(y)
= max{H(y) o M(A),O}
— H(y) o pu(A) (12)
as H(y) o u(A) € Y € [0, o0]. Therefore, combining (5), (11) and (12), we conclude that
H(y)ob> H(yxb). O

We now investigate for which functions H : Y — Y the assertion of Theorem 3.1 is valid
if either Y = [0,1] or Y = [0,00[, u(X) = Y and the operators *,0 are chosen from the
following ¢-norms:

aV b:=min(a,b), ab:=ab and a®b=(a+b-1),

for a, b € [0,00[, where (x), = max(x, 0).

Corollary 3.2 Suppose that Y C [0,00[ and H : Y — Y is a differentiable convex func-
tion such that H(0) = 0 and H'(y) > 1 for all y € Y. For an arbitrary subset A € ¥ and a
measurable function f : X — Y such that [, f x u € Y, the Jensen inequality for the Sugeno
integral

frau= H(,ﬁ ) (13)

is fulfilled iff
HlyAb)<Hy)Ab, ybeY.

Proof Let x,0 =: A. Clearly

/H(f o= /H(f W= sup {a/\,u(AﬂLﬂH(f))}::]ﬁH(f)du

acH(Y

and

/f*M /f/\,u-supuAuAﬂLﬂf fdu

acY

Based on Theorem 3.1, the proof is obvious. g

Page 7 of 11
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Corollary 3.3 Suppose that Y = [0,1] and H : Y — Y is a differentiable convex function
such that H(0) = 0 and H'(y) > 1 for all y € Y. For any measurable subset A C Y and any
measurable function f : X — Y, the Jensen inequality for the Shilkret integral

(sh) /A Hf) dps 2H<(Sh) /A fdu>

is fulfilled iff
Hy-b)<H(y)-b, ybeY.

Proof Choosing the operators *,0 =: -, we get

fH(f)ou=/H(f)-u= sup {ﬂ-M(AﬂLaH(f))}=(Sh)/H(f)du
A A A

acH(Y)

and
/fw:/fwﬂup{ﬂ'u(AﬂLaf)}=(5h)/fd“'
A A acY A

Based on Theorem 3.1, the proof is obvious. d

Corollary 3.4 Suppose that Y =[0,1] and H : Y — Y is a differentiable convex function
with H(0) = 0. For any measurable subset A C Y and any measurable function f : X — Y,
the Jensen inequality

AH(f)@qu(/}qf@u)

is fulfilled iff
H(y+b-1),)<(Hy)+b-1), ybeY. (14)

Proof Let Y =[0,1] and #,0 := @. Then (6) takes the form (14). Since H is differentiable,
we have

Hy+b-1)<H@y) +b-1,

and so

HQ)-H{y+b-1) _

1
1-b -

for 0 < b, y < 1. Hence, taking the limit as b approaches 1, we have H'(y) > 1. Now, by
Theorem 3.1, we obtain the assertion of this corollary. O

In the next theorems, the sufficient and necessary conditions for the reverse of inequality
(5) are given. The proofs are similar to the proof of Theorem 3.1 and are omitted.
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Theorem 3.5 Let o,x: H(Y) x u(X) — R be arbitrary operators and H: Y — R be a
differentiable concave function such that Y € H(Y), H(0) =0 and H'(y) <1 forallye Y
and satisfies the following condition:

Forallye Y and b e u(X), Hly)ob < H(y x b).
If [,f * €Y for A € ¥ and a measurable function f : X — Y, then

fAH(f)OMSH</Af*M>~

Theorem 3.6 Let H : Y — Y be a differentiable concave function such that H(Y) = Y,
H(0)=0and H'(y) <1forallyeY.Letax0=ao0=0 forany a € Y, and the functions
y+—> yobandyv+— yxb are non-decreasing. For an arbitrary set A € ¥ and a measurable
Sunctionf : X — Y such that [, f  u € Y, the Jensen inequality [, H(f) o u < H([, f * i)
is sharp iff Hy) ob < H(yx b) foranyy € Y and b € u(X).

4 Generalized Sugeno integral and discrete Jensen inequality
In this section, we deal with the discrete Jensen inequality for the generalized Sugeno

integral of convex functions.

Theorem 4.1 Let (X, X, 1) be a fuzzy measure space. Let f € F, and A = {x1,...,x,} be a

finite subset of X with f(x1) > f(x2) = -+ > f(x,). If H:Y — Y is a differentiable convex

Sfunction with H(0) =0 and H'(y) > 1 forally € Y, A; = u({x1,...,x;}) forall i € {1,..., n}

and o,x: Y X (X)) — Y are non-decreasing operators satisfying the following conditions:
1. ax0=a00=0,

2. [ frney,
then

H( \/ (f(xi)*ki)> < \/ (H(fe) o 1.

1<i<n 1<i<n

Proof According to Theorem 3.1,

m([ren) < [0 (15)

For the left-hand side of (15), by the hypotheses of the theorem, we have

H(/Af*po) =H<\/(y*/L(A ﬂLJ)))

yeY

:H< \/ (f(xl)*u({x €A f(x) Zf(%)})))

1<i<n

- H( \/ (Fx) m)). (16)

1<i<nmn
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For the right-hand side of (15), by using the order H(Y) C Y, we get

/AH(f)ou

\/ (aou(ANLH({)))

acH(Y)

\/ (HO)ou(ANLuyH(f)))

H(y)eH(Y)

<V (H{f&)) o u({x e A: H(fx)) = H(f(x:))}))

1<i<n

=\ (H(f@)) o n). 17)

1<i<n

From (15), (16) and (17) we conclude that

H( \/ (f(xi)*x,.)> <V (H{f&)) o ny). -

1<i<n 1<i<nm

5 Conclusion

The classical Jensen inequality is one of the most important results for convex (concave)
functions defined on an interval with a natural geometrical interpretation. In order to ob-
tain a characterization for the classical Jensen inequality for the generalized Sugeno inte-
gral, it is clear that the classical conditions must be changed. Previously, some equivalent
conditions have been obtained by losing the basic condition of convexity and replacing
this condition with monotonicity (see [2]). This paper studied the Jensen inequality for
the generalized Sugeno integral by maintaining the condition of convexity. Also, the nec-
essary and sufficient conditions for the validity of the discrete form of the Jensen inequality
for the generalized Sugeno integral were investigated. For further investigations of integral
inequalities in the area of the generalized Sugeno integral and their applications in other

sciences, the results of this paper will be useful and effective.
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