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HERMITE HADAMARD TYPE INEQUALITIES FOR m-CONVEX
AND (a,m)-CONVEX FUNCTIONS FOR FUZZY INTEGRALS

M. A. LATIF

ABSTRACT. In this paper Hermite-Hadamard type inequalities for m-convex
and (o, m)-convex functions for fuzzy integrals are given. Some examples are
also given to illustrate the results.

1. INTRODUCTION

The theory of fuzzy measures and fuzzy integral was introduced by Sugeno [22]
as a tool for modeling non-deterministic problems. The fuzzy integral (also known
as Sugeno integral) has very fascinating properties from a mathematical point of
view and those properties have been studied by many authors, including Pap [23],
Ralescu and Adams [15], Romén-Flores et al. [18, 19] and Wang and Klir [28].
Among others, Ralescu and Adams [15] studied several equivalent definitions of
fuzzy integral, while Pap [23] and Wang and Klir [28] provided an overview of fuzzy
measure theory. Fuzzy measures and Sugeno integral have also been successfully
applied to various fields, e.g., to decision-making [12] and to artificial intelligence
[29]. Integral inequalities are useful tools in several theoretical and applied fields.
For more information on classical inequalities, we refer the interested readers to the
distinguished monographs [8, 9]. The study of inequalities for the Sugeno integral
was initiated by Romén-Flores et al. [5, 18, 19, 20, 21] and then further developed
by Ouyang et al. in [10, 13, 14]. Recnetly, J. Caballero, K. Sadarangani [3] have
shown that the classical Hermite-Hadamard inequalities [6, 7]:

where f : [a,b] — R is a convex function, do not hold true for fuzzy integrals in
general . The authors in [3] established some Hermite-Hadamard type inequalities
for Sugeno integrals and illustrated their results by providing certain examples.

In this paper we will prove some Hermite-Hadamard type inequalities for m-
convex and (a, m)-convex functions for fuzzy integral (Sugeno Integral).

In order to proceed to our results we first give some basic notation and properties
about Sugeno integral. For more details on Sugeno integral we refer the interested
readers to [22, 28].
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Suppose that ¥ is o-algebra of subsets of R and that p : ¥ — [0,00) is non-
negative extended real valued set function, then p is said to be fuzzy measure if
and only if:

(1) u(®) =0,
(2) E, F e ¥ and E C F imply that u(F) < p(F) (monotonicity),
(8) {Eu} € 3, By € By oy imply lim () = i (U )
n— o0 n=
(continuity from below)
(4) {E,} C X, By D Fy D ..., p(E1) < oo, imply lim u(E,) = u( ?iEn)
(continuity from above).

If f is a non-negative real-valued function defined on R, we will denote by
Lof = {zeR: f(z) >a} = {f > a} the a-level of f, for @« > 0 and Lof =
{x eR: f(z) >0} =suppf, the support of f. It may be noted that if a < 3,
then {f < a} C {f < B}. If p is fuzzy measure on (R, X), by F#(R), we mean all
p-measurable functions from R to [0, o).

Suppose that p is a fuzzy measure on (R, X). If f € F#(R) and A C ¥ then the
Sugeno integral (or fuzzy integral) of f on A with respect to the fuzzy measure p
is defined as:

[ =\ lanntanis = a)).
A >0
where V and A denote the supremum and infimum on [0,c0) respectively. The
following properties of the Sugeno integral are well known and can be found in [28].

Proposition 1. If p is a fuzzy measure on (R, X)), A C X and f, g € F*(R), then
(1) fAfd,u < p(A).

)
)
4) p(An{f>a}) >a= [, fdu> a.
) w
)
)

(5) n(AN{f > a}) <a= [, fdu < a.
(6) [, fdp < o <= there exists v < a such that p(AN{f >~}) < .
(7) [, fdp > o <= there exists v > a such that p (AN{f >~}) > a.

Remark 1. Consider the distribution function F associated to f on A, that is,
F(a)=p(An{f >~}). Then from (4) and (5) of Proposition 1

F(oz):oz:>/fd,u:a.
A

Therefore, it follows that any fuzzy integral can be calculated by solving the equation
Fla) = .

2. MAIN RESULTS

Let [0,b], where b > 0, be an interval of the real line R. A function f is said to
be convex on [0, b] if

fltz 4+ (1 =t)y) <tf(z) + (1 —-1)f(y),
holds for all =,y € [0,b] and ¢ € [0,1] and a function f is starshaped with respect
to the origin on [0, b] if
fte) < tf(),
holds for all z € [0,b] and ¢ € [0,1] .
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In [26] G. Toader, (see also [1, 2, 4]) defined m-convexity as follows:

Definition 1. The function f : [0,b] — R, b > 0, is said to be m-convex, where
m € [0,1] , if one has

[tz +m(1 —t)y) <tf(z) +m(l—1)f(y)
for all x,y € [0,b] and t € [0,1] . We say that f is m-concave if —f is m-convez.

The class of all m-convex functions on [0, ] for which f(0) < 0 is denoted by
K,,(b). Obviously, for m = 1, m-convexity is the standard convexity of functions
on [0,b] , and for m = 0 the concept of starshaped functions.

The following lemmas hold [1].
Lemma 1. If f is in the class K,,(b) , then it is starshaped.

Lemma 2. If f is in the class K, (b) and 0 < n < m < 1, then f is in the class
K, (b).

From Lemmas 1 and 2 it follows that
Kl(b) C Km(b) - K()(b),

whenever m € (0,1) . Note that in the class K;(b) there are only convex functions
f:10,b] — R for which f(0) <0, that is, K7(b) is a proper subclass of the class of
convex functions on [0, b]. It is interesting to point out that for any m € (0, 1) there
are continuous and differentiable functions which are m-convex, but which are not
convex in the standard sense [27].

The notion of m-convexity was further generalized in the following definition.

Definition 2. [11] The function f :[0,b] — R, b > 0, is said to be (o, m)-convez,
where (a,m) € [0,1]2 , if

fltz +m(1 —t)y) < t*f(z) +m(l —t*) f(y),
for all z,y € [0,0] and t € [0,1].

We denote the class of all (a, m)-convex functions on [0, ] for which f(0) <0
by K2 (b).

If we take (a,m) = (1,m) , it can be easily seen that (c, m)-convexity reduces
to m-convexity and for (o, m) = (1,1) , (o, m)-convexity reduces to the concept of
usual convexity defined on [0, 5],b > 0.

For further results on inequalities related to m-convex and («, m)-convex func-
tions we refer the readers to [1, 2, 4].

In [4], S. S. Dragomir and G. Toader proved the following Hadamard type in-
equality for m-convex functions:

Theorem 1. Let f : [0,00) — R be an m-convex function with m € (0,1] . If
0<a<b<ooand f € L' ([a,b]), then

b a)+mf (L& mf (e
(2.1) 1 /f(z)dl,gmm{f(w F(L) fo)+ f(m)}

b—a 2 ’ 2
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We will see that this inequality does not valid for fuzzy integrals in general.
To prove our assertion we consider the function f : [0,00) — [0, 00), f(x) = az™,
n €N, n>2 a>0,then f is m-convex on [0,00), m € (0, 1].

Example 1. Take X = [0,1] and let p be the usual Lebesgue measure on X. Let

f:[0,00) — [0,00) be defined as f(z) = ”—32 with m = 5.

Sugeno integral fol z—;du, consider the distribution function F associated to f on
[0,1], then

Now to calculate the

F(a)=u<[o,11m{f2a}>=u([o,1m{”§ za}>
=u (0.0 {z>V3a}) =1-V3a

and we solve the equation 1 — /3a = «. It can be easily seen that the solution of
this equation is % — %\/21, therefore by Remark 1, we have

1,2

T 5 1

—dpy = - —=v21~0.2 1.
/O gdu= 5 — 5V2~ 0.2087

Also
b b s
Fo+mf () 5 oississe ang SO _ 1o 1essse6r.
2 27 2 6
Therefore,

~ (0.16666667.

| =

- {f(a) +mf (%) S0)+mf () } _
2 ’ 2 B

Which follows that (2.1) is not satisfied in the fuzzy context.

Now we prove Hdadamard type inequalities like (2.1) but for Sugeno integral (or
fuzzy integral).

Theorem 2. Let g : [0,00) — [0,00) be an m-convex function with m € (0,1]
such that mg(0) < g(1) and g(0) < mg (L). Let p be the Lebesgue measure on
[0,1] C [0,00), then

mg (55) 9(1) }

1
(2.2) /O gdﬂgmm{l’umg (7) = 9(0)" 1+ g (1) = mg(0)

Proof. Since g is an m-convex function. Therefore, for z € [0, 1] and m € (0, 1], we
have

o10) =9 (1= 2)0+ 1) < (1-2) g(0) + mag (1 ) = (o)

and hence by (3) of Proposition 1,

[ [ (1o (D))o [
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Let F be the distribution function associated to h on [0, 1], then

Fl@) = (0110 {02 ) = (10210 {1 = ) 9(0) + mog () 2 o} )

_ . a—g(0)
QGREE=eT)

a—g(0)
mg () — g(0)’

and as a solution of the equation @« =1 — ;70)
mg(%)—g

=1-

_ myg (3
(2.3) a_l—i-mg(%)—g(O)'

Analogously by the m-convexity of g, we also have
9(x) =g((1=2)0+1-2) <m(1l—2z)g(0) +zg(1) = hi(x).

Arguing similarly, let F; be the distribution function associated to hq on [0, 1], then

B g(1)
24) “= 1) mg(0)

By (1) of Proposition 1, we have

1 1
(2.5) | radi = [ ws@di < o) =1

Relations (2.3)-(2.5) and the definition of Sugeno integral give us the desired result.
O

A similar result may be stated as follows, however, we leave the details for the
interested readers.

Theorem 3. Let g : [0,00) — [0,00) be an m-convex function with m € (0,1]
such that mg(0) > g(1) and g(0) > mg (L). Let p be the Lebesgue measure on
[0,1] C [0,00), then

1 ' g(0) myg (0)
(2.6) /0 g dp < min {1’ 1—mg (;;) +9(0)" 1 =g (1) +mg(0) } '

Remark 2. Ifm = 1, then the inequalities (2.2) and (2.6) become those inequalities
proved in [3, Theorems 1,2].

Now we give general cases of Theorems 2 and 3.

Theorem 4. Let [ : [0,00) — [0,00) be an m-convex function with m € (0,1] such
that mg(%) < g(b) and g(a) < mg (L). Let ju be the Lebesque measure on [a,b]
with 0 < a < b < o0, then

(2.7) /bg dugmin{(ba)’ mg (%) (b—a) (b—a)g(b) }

b—atmg (L) —g(a) b—a+g(b)—mg (%)
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Proof. Since g is an m-convex function. Therefore, for = € [a,b], 0 < a < b < oo,

we have
T —a T —a
= 1-— )
o) =g ((1-5=0)as 52 00)

< (Z:Z) g(a)+m<§:2)g<i> = h(x)

By (3) of Proposition 1, we have

[ [ (2) e (52) (i) o= [

Let us consider the distribution function F' given by

F(a) = p(la,b] N {h = a})
(o2 (200 (2) o)

=u<hﬂm{m>a@“)*mw(i)lmw}>

myg (%) — 9(a)
a(b—a)+mag (L) — bg(a)

T () — g0

)

oz(bfa)erag(%)fbg(a)
mg(%)—g(a)

myg () (b—a)

bfaerg(%) —g(a)

Analogously by the m-convexity of g, we also have

x—a T —a
= 1— .
g(x) g(( ba>a+ba 0
b—=z a T—a
< — = .
=m <b—a> g (m) * <b—a> 9(0) = ()
Arguing similarly, let F; be the distribution function associated to h; on [a, b], then

(b—a)g(b)
b—a—l—g(b)—mg(%).

Moreover by (1) of Proposition 1, we have

and as solution of the equation b — = a, we get

(2.8) o=

(2.9) o=

b b
(2.10) / h(z) dp = / hi(z) du < p([a,b]) =b— a.

From relations (2.8)-(2.10) and by the definition of fuzzy integral, we obtain (2.7).
This completes the proof. (Il

Again, we state similar results like Theorem 4, however, the details are left to
the interested readers.
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Theorem 5. Let [ : [0,00) — [0,00) be an m-convex function with m € (0,1] such
that mg(%) > g(b) and g(a) > mg (L). Let i be the Lebesque measure on [a,b]
and 0 < a < b< oo, then

(2.11)

b o —ag@ mib—a)g ()
/agduémm{(b a%b,ﬁg(a)fmg(%)’b—ﬁmg(%)—9<b> '

Remark 3. If m = 1, then the inequalities (2.7) and (2.11) become those inequali-
ties proved in [3, Theorem 3].

Example 2. Take X = [0,1] and let pu be the usual Lebesque measure on X. Let
g :[0,00) — [0,00) be defined as g(x) = x2. Then g is an m-convex function on
[0, 1] with mg(0) < g(1) and g(0) < mg (%) for m € (0,1]. Now

m

(2) T R

g
Limg(5)—9(0) m+1 0 Tag(1)—mg(0) 2

Therefore by Theorem 2, we have

rody < —.
/0 H=3

Now we give our results for (o, m)-convex functions.

Theorem 6. Let g : [0,00) — [0,00) be an (o, m)-convex function with o, m €
(0,1]% such that mg(0) < g(1) and g(0) < mg (). Let p be the Lebesque measure
on [0, 1], then

1
(2.12) / g du <min{l, a1, as},
0

where ay and gy are the respective positive real solutions of the equations

o —1- (290 )\ (e 290 )
mg (77) — 9(0) g (1) —mg(0)
Proof. Since g is an («, m)-convex function. Therefore, for = € [a,b] and a, m €
(0,1)2, we have

o2) =9((1=2)0+1-2) < (1= 2)(0) + mag () = hio).

And hence by (3) of Proposition 1,

[oans [ (0001 mato (1)) au= [ nwran
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Let F be the distribution function associated to h on [0, 1], then

F(o')=p ([O, 1N {h > a}) —u ([0, 1N {(1 — ) g(0) + mag (;) . a})

B o —g0) \"
=pu [0,1]ﬁ ch(mg(;l)g(O))

:1_< o~ (0) )
mg (;;) —9(0) )

and hence we get the equation
1
, "—g(0 -
(2.13) a =1- O‘l—g() .
mg (E) —9(0)
Analogously by the («, m)-convexity of g, we also have
9(x) =g (L -2)0+1-2) <m(l-2a%)g(0)+2%g(1) = hi(z).

Arguing similarly, let F} be the distribution function associated to hy on [0, 1], then
we have the following equation:

o d a0 T
(2.14) a =1 <g(1)_mg(0)) .

By (1) of Proposition 1, we have

b b
(2.15) | b@du= [ mii@)du < (o) =b-a.

Relations (2.13)-(2.15) and the definition of Sugeno integral give us the required
result. O

A similar result can be stated as follow, however, the details are left to the
interested readers:

Theorem 7. Let g : [0,00) — [0,00) be an (o, m)-convexr function with o, m €
(0,1] such that mg(0) > g(1) and g(0) > mg (). Let ju be the Lebesgue measure
on [0,1] C [0,00), then

L
m

1
(2.16) / g du <min{l, a1, a2},
0

. o . . ’
where 1 and ao are the respective positive real solutions of the equations o =
1

1 1
g@-a’ \* f_ [ _es@=a" \*©
<g(0)—'mg(rln)) and o = <mg(0)g(1)> :

Remark 4. If (a,m) = (1,1), then the inequalities (2.12) and (2.16) become those
inequalities proved in [3, Theorems 1,2].

The following results are the general cases of the last two results.
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Theorem 8. Let g : [0,00) — [0,00) be an (a, m)-convez function with o, m €
(0,1]% such that mg(-%) < g(b) and g(a) < mg (). Let p be the Lebesque measure

a
m

on [a,b], 0 < a < b< oo, then

b
(2.17) / g dp <min{(b—a),a1,a2},

. . . . ’
where ay and ao are the respective positive real solutions of the equations o =
1

(b—a) l1— <W>] and o’ = (b—a) l1— <m>1

Proof. Since g is an (a, m)-convex function. Therefore, for = € [0,1] and a, m €
(0,1]2, we have

T—a T—a
g(z) = <<l—b_a>a—|—b_a~b>
r—a\“ r—a\“ b
< — _— =
(- (=) Jorem (52) o (5) =0
and hence by (3) of Proposition 1,
b b a a b
T—a T —a b
< — — = :
froars [10-(G=2) JoromG=5) o () o= [[re o
Let F be the distribution function associated to h on [a, b], then

Fla)=p ([a,b] n {h > a})
—u([a,b]ﬁ{(l— (Z:Z) >g(a)+m<z:2? 9<:1> 20/})
— ([a,b]ﬂ {xza+(b—a) <m>a})
= (b—a) [1— (W)] :
and hence we get the equation

(2.18) o =(b—a) [1 - (M) é] .
Analogously by the (a,m)-convexity of g, we also have
9() g((l ”é_j) at+ i ~b)
o (1 (522) o) (552 0 e




10 M. A. LATIF

Arguing similarly, let F} be the distribution function associated to hy on [a,b].
Then we have the following equation:

Q=

2.19 o =0b-a)|1- O‘_—g()
(2.19) ( ) mg (2]

By (1) of Proposition 1, we have

(2.20) / h(z) dp = / hi(z) dp < u([a,b]) = b —a.

Relations (2.18)-(2.20) and the definition of Sugeno integral give us the required
result. d

A similar result is stated below, however, the details are left:

Theorem 9. Let g : [0,00) — [0,00) be an (o, m)-convex function with o, m €
(0,1]% such that mg(2) > g(b) and g(a) > mg (). Let p be the Lebesgue measure
on [a,b], 0 < a <b< oo, then

b
(2.21) / g dp <min{(b—a),a1,as},
a
where ay and g are the respective positive real solutions of the equations
1
! o a / o
’ — ’ — ) —
gla) —a and o = (b—a) —g(m)

«=b-a mg (2) =9 ()

Remark 5. If (a,m) = (1,1), then the inequalities (2.17) and (2.21) become those
inequalities proved in [3, Theorem 3].

g(a) —mg (%)
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