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CARLSON TYPE INEQUALITY FOR CHOQUET-LIKE
EXPECTATION
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ABSTRACT. Carlson’s inequality is one of the most important inequalities in
probability, measure theory and analysis. The problem of finding a sharp inequality
of Carlson type inequality for Choquet-like integral based on the multiplication
operator has led to a challenging and an interesting subject for researchers. In this
paper, we give a Carlson type inequality based on pseudo-analysis for two classes of
Choquet-like integrals as generalizations of Choquet integral and Sugeno integral.
In the first class, pseudo-operations are defined by a continuous strictly increasing
function g. Another class concerns the Choquet-like integrals based on the operator
sup and the pseudo-multiplication ©.
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1. INTRODUCTION

Integral inequalities are an important aspect of the classical mathematical analysis.
Some well-known inequalities such as the Jensen’s inequality [15] and the Corlson’s
inequality [2, 7] play important roles not only in the theoretical area but also in
application. The Sugeno integral was introduced by Sugeno [22] and then exploited
by many authors [5, 6, 8, 14, 16, 17]. Recently, Romn-Flores et al. and others
proved some inequalities for the Sugeno integral, see [9, 13, 18, 19]. Notice that the
Sugeno integral is not an extension of the Lebesgue integral. On the other hand,
some other integrals such as the Choquet integral [4, 10] and the Sugeno-Murofushi
integral [23] are extensions of the Lebesgue integral but not of the Sugeno integral.
Thus it would be an interesting topic to generalize an inequality from the frame of
Lebesgue integral (or Sugeno integral) to that of some integrals which contain the
Lebesgue integral and Sugeno integral as special cases [12].
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The aim of this paper is to generalize Carlson’s inequality to the frame of the
Choquet-like integral [12].
The Carlson’s inequality for the Lebesgue integral is of the form

" fla)de < VE Oon(x)dac% Ooxzfz(x)dx% (1)
/ ([ rross)” ([ o)

Michal Boczek and Marek Kaluszka [3] proved Carlson type inequality for the Cha-
quet integral.

Theorem 1. Let p,q > 1 and r,s > 0. Suppose f,g: X — [0,00) and f,h: X —
[0,00) are pairs of comonotone functions. If f is integralable on A, then

s

[ sau < ey ([ o) i ([ somoan) ™ @)

_ o) )] _9_ 1 (r s
where K = ([ gdp)” 0 ([ hdp)” 09 and d = 2 o (;—i—;).
The paper is organized as follows: Section 2 recalls the concepts of the pseudo-
additive measure, integral and recalls some basic aspects of the Choquet-like integral.
In Section 3, we prove the Carlson type inequality for the Choquet-like integral.
Finally, some conclusions are given.

2. PRELIMINARIES

In this section, we recall some basic definitions and previous results which will be
used in the sequel. For details, we refer to [12]. For the convenience of the reader,
we provide in this section a summary of the mathematical notations and definitions
used in this paper (see [1]).

Definition 1. Let [a,b] be a closed (in some cases can be considered semiclosed)
subinterval of [—o00,00]. The full order on [a,b] will be denoted by <. The operation
@ (pseudo-addition) is a function @ : [a,b] X [a,b] — [a, b] which is for x,y,z,0 (zero
element) € [a,b] if it satisfies the following requirements:

(i)rDy=yDz;

(i) (x@Yy) Dz=a® (y®2);

(i) r Jy=>xdz ydz;

() 0@ x = x;

Let [a,b]+ = {z|z € [a,]],0 < z}.
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Definition 2. A binary operation function ® : [a,b] X [a,b] — [a,b] is called a
pseudo-multipication, for x,y,z,1 (unit element) € [a,b] if it satisfies the following
requirements:

(i)xOy=y0Oz;

(i) (1 Oy) ©z=20 (yO 2);

(ti)) x Ry =202z =<yOz forall z € [a,b];;

() (DY) Oz=(r®2)d (zOy);

(v) if thel ®x = x;

(vi) if the imy, o0 Ty, and limy, o0 Yy, exist and finite, then lim, oo (zy © yp) =
limy, 00 Tp, © limp 500 Yn;

(vit) a®@x =0<=a=0 orx=0.

Remark 1. Mesiar [12] showed that, if ® is a pseudo-multiplication corresponding
to a given pseudo-addition @ fulling axioms (i)-(vii) and if its identity element e is
not an idempotent of ®, then there is a unique continuous strictly increasing function
g :[0,00] = [0, 00] with g(0) =0 and g(co) = oo, such that g(e) =1 and

a®b= g_l(g(a) +g(b)) @ is called a g-addition,

a®b=g1(g(a).gd)) @ is called a g-multipication.

Mesiar [12] also proved that if the identity element e of the pseudo-multiplication is
also an idempotent of @ (i.e., e@e = e), then ® = V(sup, i.e. the logical addition ).
In this case, the logical multiplication A and the g-multiplication are the candidates
of ®, among others. For x € [0,00] and p € (0,00) we introduce the pseudo-power
xg) as follows: If p = n is a natural number, then xg) =zx0@zO..0z. Ifpisnot
N——_—
n—times
a natural number, then the corresponding power is defined by

xg’) = sup {yg") \ygl) < x, wherem, n are natural number such thatm < p} .
n

Bvidently, if v ©y = g~ (g(x).g(y)). then &) = g7 (g7 (x)).

Remark 2. Restricting to the interval [0,1] a pseudo-multiplication and a pseudo-
addition with additional properties of associativity and commutativity can be consid-
ered as the t-norm T and the t-conorms S (see[11]), respectively.

Definition 3. A monotone measure p on a measurable space (2, F') is a set function
w: F —[0,00] satisfying

(i)u(0) = 0;

(ii)u(2) > 0;

(113)u(A) < u(B) whenever A C B.
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Moreover, p is called real if ||u]] = p(X) < oo and p is said to be an additive
measure if (AU B) = u(A) + u(B), whenever AN B = (). The triple (X, F, u) is
also called a monotone measure space if p is a monotone measure on F. We call p
a monotone probability, if ||u]| = 1. When p is a monotone probability, the triple
(Q, F, u) is called a monotone probability space.

Definition 4. For a fired measurable space (X, F), i.e., a non-empty set X equipped
with a o—algebra F, a function f: X — [0,00] is called F— measurable if for each
b € B([0,00]). The o—algebra of Borel subsets of [0,00|, the preimage f~1(b) is an
element of F.

Definition 5. Let (X, F, ) be a monotone measure space and f : X — [0,00] be
a F—measurable function. The Choquet expectation (integral) of f with respect to
(w.r.t.) real monotone measure p is defined by

o =/0 WX AT > y)dy,

where the integral on the right-hand side is the (improper) Riemann integral.

Mesiar [12] developed a type of integral, the so-called Choquet-like integral,
which generalizes the concepts of some well- known integrals, including the Sugeno
integral and the Choquet integral.

There are two classes of Choquet-like integral: the Choquet-like integral (de-
noted by E’éh g ) based on a g-addition and a g-multiplication and the Choquet-like
integral based on V and a corresponding pseudo-multiplication ®. Observe that for a
@—measure, Choquet-like integrals coincide with the corresponding pseudo-additive
integrals.

Theorem 2. Let ® and @ be generated by a generator g. Then the Choquet-like
expectation of a measurable function f : X — [0,00] w.r.t. a real monotone measure
u can be represented as

gl =t (B8] =7 ([ o ntath) > ).

Notice that sometimes we call this kind of Choquet-like integral a g— Choquet integral
(9 — C'—integral for short). It is plain that the g— C'—integral is the original Choquet
integral (expectation) whenever g =i (the identity mapping).

Theorem 3. [22] Let ® be a pseudo-multiplication corresponding to V and fullling
(i1)-(vii). Then the Choquet-like integral (so-called ® — S, —integral) of a measurable
function f: X — [0,00] w.r.t. a real monotone measure | can be represented as

© —=Sulfl = Sup ]aGM(Xﬂ {f > a}).
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It is plain that the ©® —S,, integral is the original Sugeno integral whenever © = A.

Restricting now to the unit interval [0, 1] we shall consider the measurable func-
tion f: X — [0,1] with ||u|| = 1. Observe that, in this case, we have the restriction
of the pseudo-multiplication ® to [0,1]? called a semicopula or a conjunctor, i.e., a
binary operation ® : [0, 1] — [0, 1] which is non-decreasing in both components, has
1 as neutral element and satisfies a®b < min(a, b) for all (a,b) € [0,1]2, (see [21, 24]).
In a special case, for a fixed strict —norm 7', the corresponding ©® — S, —integral
is the so-called Sugeno-Weber integral [24]. If ® is the standard product, then the
Shilkret integral [21] can be recognized.

The ® — S, — integral on the [0, 1] scale related to the semicopula ® is given by

®—Sulfl = sup a®u(XN{f>a)).

a€[0,00]

This type of integral was called seminormed integral.
Recently, Girotto and Holzer [10] proved the following Chebyshev type inequality
for Choquet integral (expectation).

Theorem 4. Let (X, F) be a measurable space and Y and Z be F—Borel measur-
able functions. If Y are Z are comonotone and two real-valued functions, then the
following version of Chebyshev inequality:

ILIEeY Z] = B¢ [YTEG(Z],

holds for any real monotone set function p on F, when Y, Z > 0, and for any real
(finitely) additive measure p on F, whenY and Z are Choquet integrable.

Before stating our main result, we need a definition and a theorem from [1].

Definition 6. Let A, B : [0,00)2 — [0,00) be two binary operations. Then A
dominates B (or B is dominated by A), denoted by A > B, if

A(B(a,b), B(c,d)) > B(A(a, ), A(b, d))
holds for any a,b,c,d € [0,00).
Theorem 5. Let u,v: X — [0,00) be two comonotone functions. Then the inequal-
1ty
lll © (B glu © v]) = (Bigy glul) © (Egy glv])

holds for the g-Choquet integral if the generator g is a real-valued function.
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Theorem 6. Let u,v : X — [0,00] be two comonotone functions and x : [0,00)% —
[0,00) be continuous and mon-decreasing in both arguments. If ® is a pseudo-
multipicatin (with neutral element e) corresponding to V satisfying

(axb)®c) = [(a®c)*bVax (b ),

then the inequality

@—SM[L*

g <0 = (© =5l

uli, II) (© = Sufvl) (3)

holds for the ©®—S,, integral and any real monotone set function p such that a®||p|| <
a for all a and ©® — S [Ilull} ©® — Su[v] are finite.

3. MAIN RESULTS

In this section, we state some results of Choquet-like integrals

Theorem 7. Let uy,us,...,u, be functions. If each both of them are comonotone,
then the inequality

il © (B glur © ua... © un]) > (Egy 4 [ua]) © (B glu])... © (B 4 [un])
holds for the g-Choquet integral if the generator g is a real-valued function.

Proof. Since uj,u9s are comonotone, then by Theorem 2.11 we have

il © (B glu © 0]) = (B glul) © (B g[v])-
Moreover, the comonotonicity of u; ® ue and ug imply that
el © (Bgy glur © up © us]) > (B g[ur © ual) © (Egy glus])
> (Ey glua]) © (B 4[uzl]) © (Egy 4[us))
The proof follows by induction.

In fact, with this corollary we prove a version of Jensen’s inequality for the
Choquet-like integral. Assuming ||u|| = 1 and wuj,ug,...u, are the same functions,
we obtain this sequel.

Corollary 8. Let u: X — [0,00] be a increasing function, then the inequality
(Egy g lun]) = (B 4[ul)s

holds for the g-Choquet integral ( If the generator g is a real-valued function).
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Using Corollary 3.2, if u = 1, then by the same method of proof Theorem 3.1,
an extension of Jensen type inequality for Choquet-like integral is recognizable.

Corollary 9. Let u: X — [0,00] be an integrable function and * : [0,00)? — [0, 00)
be continuous and non-decreasing in both arguments. If ® is a pseudo-multiplication
(with neutral element e) corresponding to V satisfying

(axb)®c) = [(a®c)*bVax (b ),
then the inequality
© = Spluy] = (© = Spfu])y (4)
holds for the ©®—S,, integral and any real monotone set function p such that a®||p|| <
a for all a and ® — S, [v] is finite.

The following result is a general version of the Carlson type inequality for the
Choquet-like integral.

Theorem 10. Let X,Y and Z be three non-negative measurable functions and let
the pseudo-operations be generated by generator g. Suppose X,Y : X — [0,00) and
X,Z: X — [0,00) are pairs of comonotone functions and p,q > 1 and r,s > 0. If f
is integrable on A, then

Bty [X]o < K0g™ (5(A)") © [By_, X" 0 Y7]6] 7079 © [B,_ (X © 270 7, (5)

where

- —Ss

K — [Eél_g[Y]Q} ™o [Eél_g[Z]G} T+s

andd:2—r—is(§—|—§).

Proof. We have

Efyo[Xlo = g7 (BEV[g(X)]) = g7 (BE" g0 X]) .
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By Theorem 1.1

g (B lg(X)]) = 9! (EEM[g o X))

- (K.M<A>d (Eg“” g0 X]’lgoYP") "™

(+)

Using inequality (3.3) and Remark 2.3, we have

g7 (B8 19(X)]) < g7 (9o ([B:lg 0 Y]] 7 [EY gozu*T
o (o720 )
g\g

(Eg(“ g0 X]¢ goZ >>
) ©

+ )

E goX goY

)
(o ™)

= (B g0 ¥]] T o B ZH )
1

[go XTP goY )

©g ((Eg )
®g_1((Eg g0 X]? goZ )>
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Thus

_r —s

o~ (BE 0]) <o (B glg (9o Y]] T © [EEgle (g0 2] )
g7 (1))

©g! <<Eg(#)g(9_1([9 o X17))g(g~([g o Y]p))) M)

s

o0 (B89t a0 X10(a~ 0 2) ™)

It follows that

Therefore, we have

By [Xlo S K097 (u(4)%) @ [BYy_ X 0 Y7o |7 0 B, (X1 0 20|
which completes the proof.
Example 1. Let g(z) = 2% « > 0. The corresponding pseudo-operations are x Dy =

Y+ y® and x ©y = xy. Then the inequality (3.1) reduces on the following
inequality

VEE 0] < ¢ (uayd) S (R o) T B [20]) T B I(XY )R] B ((X Z)0))
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where d = 2 — T%_g(% +2).

Example 2. Let g(x) = e*. The corresponding pseudo-operations are x &y =

In(e” +¢€Y) and x ©y = x +y. Then the inequality (3.1) reduces on the following
inequalities

In (E& [e”]) < dlnpu(A) + % (InE¢ [eY]) + % (InEg [e7])

(ln ng [expﬂ/p]) + (ln Eecu [exq+zq}) .

* p(r+s) q(r + s)

Le., we have

2 d I e u .
EG [e”] < p(A)". (BE [e¥]) 7 . (EG [e]) 7
+ (Eec‘f [exp+yp]) p(rFs) 4 (Eeclf [exq—i-zq]) Py .
Theorem 11. Fiz a real monotone measure . Let X, Y and Z be three non-negative
measurable functions and x : [0,00)? — [0,00) be continuous and non-decreasing in
both arguments. If ® is a pseudo-multipicatin (with neutral element e) corresponding

to V satisfying
(axb)®c) = [(a®c)*bVax (b ),

then the inequality

—s

© = Su[X] < (0 = Su(Y)) 7 (@ — Su(2)) 7
(® —S,(XP *Yp))m(@ — Su(X% Zq))m'

holds for the ®—S,, integral and any real monotone set function p such that a®||p|| <
a for all a and ©® — S#[”Z—”}, ©® — Sp[v] are finite.

Proof. For a given ¢ > 0, the following Jensen type inequality
(© - SulX])* < © - §,[x°
holds. Then From the inequality (3.1) we have
(© = Su[X *Y])"(© = Su[X % Z])* < (© = Su[XP * YP])# (® = S, [X 7% Y],

Since X and Y are comonotone functions, the following Chebyshev type inequality
for Choquet-like expectation

O~ Su[X ¥ Y] > (© — S,[X]) % (@ ~ S,u[Y))
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holds. The functions Xand Z are also comonotone functions, so from the inequality
(3.2) we get

(© = Su[X])™ % (© = Su[Y]) * (© = Su[Z2])° < (© — Su[XP * Y*])» (@ — Su[X?x Y))5,
this completes the proof.

Let ® be the standard product (i.e., Shilkret integral[21]) in Theorem 3.2. Then
the following result holds.

Corollary 12. Let X,Y and Z be three non-negative measurable function and * :
[0,00)2 — [0,00) be continuous and non-decreasing in both arguments. Then the
iequality

—S

Shy[X] < (Shu(y))%(Shu(Z))ws
(Shy(XP % YP)) 05 (Shu(X» 29)) 7059 (-14)

holds for the Shy, integral and any real monotone set function p such that a.||p|| = a
for all a and Sh“[ﬁ], Shy[v] are finite.

Notice that if ® is minimum (i.e., for Sugeno integral) in Theorem 3.2, then (3.1)
holds readily. Then the following result holds.

Corollary 13. Let X,Y and Z be three non-negative measurable functions and
x 1 [0,00)% — [0,00) be continuous and non-decreasing in both arguments. then the
inequality
Suu[X] < (Suu(Y)) 7 (Suu(Z)) 75
(St (XP 5 YP)) 7075 (S, (X9 % 27)) 7059

holds for the Suy,, integral and any real monotone set function p such that a.||p|| < a
for all a and Suu[ﬁ], Suy,[v] are finite.

Notice that by working on [0, 1] in Theorem 3.2 and ® = ® is semicopula (t-
seminorm) and the following result holds [24].

Corollary 14. Fiz a real monotone measure . Let XY and Z be three non-
negative measurable functions and % : [0,00)?> — [0,00) be continuous and non-
decreasing in both arguments. If ® is a pseudo-multiplication (with neutral element
e) corresponding to V satisfying

(a®b)®c) > [(a®c)®DV[a® (b c)l,
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then the inequality

—T
s

SpIX] < (SE(Y)) (S5 (2)) 7=
(SE(XP @ yp))ﬁ(gf()(q ® Z7))a6T)
holds for the 7 integral and any real monotone set function yu such that a® ||ull < a
for all a and Sfj/[“%”], Sy [v] are finite.
Example 3. Putting X =1 and r = s in Corollary 3.9. If 1 xx = x, then we have

T T

Sty [X] < (Suu(Y)) 7 (Suy(Z)) 7 (Suy (1% YP)) PP (Suy, (1% Z9))7@0

It follows that

1
(Suu(Y))((Suu(2))

This result is a version of Holder inequality for Sugeno integral.

Q=

(Suu[X])? < (St (YP))7 (Sup(29))

Conclusion: We have shown a version of Carlson’s inequality for two classes
of Choquet-like integrals. At first, two classes of Choquet-like integrals were in-
troduced. Then, we prepared extensions of these inequalities from the Choquet
expectation and the Sugeno integral to the two classes of Choquet-like integrals. We
have proposed new versions of Carlson’s inequality for different kinds of Choquet-
like integrals, that generalize some results already known from the literature for the
Choquet and for the Sugeno integrals. Note that the area of integral inequalities is
a living area important for applications, especially when approximations have to be
considered, with several fresh generalizations either in the classical Lebesgue integral
setting, see for example [20], or the setting of Sugeno integrals[6, 7].
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