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Abstract

In this paper, we introduce the concept of an (&, m, r)g-concave function as a
generalization of a concave function. Then we establish Berwald-type inequalities for
the Sugeno integral based on this kind of functions. Our work generalizes the
previous results in the literature. Finally, we give some conclusions and problems for
further investigations.
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1 Introduction

As a tool for modeling nondeterministic problems, fuzzy measures and a fuzzy integral
introduced by Sugeno in [1] have been successfully applied to various fields. The fuzzy
integral provides a practical tool for many problems in engineering and social choice,
where the aggregation of data is required. However, the practicality of fuzzy integral is
restricted for the special operators used in the construction. Thus, many scholars have
generalized the Sugeno integral by using some other operators to replace the special op-
erator(s) v and/or A. They proposed the Choquet-like integral [2], the Shilkret integral
[3], L-integral [4], the generalized fuzzy integral [5], the Sugeno-like integral [6], the
A-generalized Sugeno integral [7], the pseudo-integral [8], the interval-valued generalized
fuzzy integral [9], and the set-valued pseudo-integral [10]. Sudrez Garcia and Gil Alvarez
[11] presented two families of fuzzy integrals, the so-called seminormed fuzzy integral and
semiconormed fuzzy integral. Klement ez al. [12] investigated a concept of universal inte-
grals generalizing both the Choquet integral and the Sugeno integral. Wang and Klir [13]
provided a general overview on fuzzy measurement and fuzzy integration.

The integral inequalities are significant mathematical tools both in theory and applica-
tions. Different integral inequalities including Chebysheyv, Jensen, Holder, and Minkowski
inequalities are widely used in various fields of mathematics, such as probability theory,
differential equations, decision-making under risk, forecasting of time-series, and infor-
mation sciences.

The convexity for a given function is one of the most powerful tools in establishing ana-
lytic inequalities. Especially, there are many important applications in the theory of higher
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transcendental functions. However, for many problems encountered in economics and en-
gineering, the notion of convexity is unsuitable. Hence, it is necessary to extend the notion
of convexity, and various generalizations of convexity have appeared in the literature. Han-
son [14] gave the notion of invexity as a significant generalization of classical convexity.
Ben-Israel and Mond [15] studied the preinvex functions, a special case of invex func-
tions. Breckner [16] introduced the s-convex functions, and Varo$anec [17] presented the
h-convex functions as a generalization of convex functions. Mihesan [18] proposed the
definition of (o, m)-convex functions. For recent results and generalizations concerning
m-convex and («, m)-convex functions, see [19, 20]. Latif and Shoaib [21] discussed the
concept of m-preinvex functions and («, m)-preinvex functions. Gill et al. [22] provided
the concept of r-mean convex functions.

On the other hand, recently, some researchers have showed that several integral inequal-
ities hold not only in the classical context but also for the fuzzy context. Roman-Flores et
al. investigated several kinds of classical integral inequalities for fuzzy integral including
a Chebyshev-type inequality [23], a Young-type inequality [24], a Jensen-type inequality
[25], a Hardy-type inequality [26], a convolution-type inequality [27], a Stolarsky-type in-
equality [28], and a Markov-type inequality [29]. Agahi et al. proved a general Chebyshev-
type inequality [30], a Holder-type inequality [31], a Berwald-type inequality [32], a gen-
eral Minkowski-type inequality [33], and a general Barnes-Godun-Levin-type inequality
[34] for the Sugeno integral. Caballero and Sadarangani presented Cauchy-Schwarz [35],
Chebyshev [36], Fritz Carlson [37], and Sandor [38] inequalities for the Sugeno integral.
Mesiar and Ouyang proposed Chebyshev [39], Yong [40], general Chebyshev [41], and
Minkowski [42] inequalities for Sugeno integral.

Agahi et al. [32] illustrated a Berwald-type inequality for the Sugeno integral of a con-
vex function. Agahi et al. [43] also obtained a Berwald-type inequality for a universal
integral based on a convex function. Song et al. [44] proved Berwald-type inequalities
for an extreme universal integral from the situation of convex functions to («, m)-convex
functions. Particularly, for pseudo-multiplication ® = A, a Berwald-type inequality for the
Sugeno integral based on («, m)-concave functions is obtained. The purpose of this paper
is to prove Berwald-type inequalities for the Sugeno integral related to («, i, r),-concavity.
Some examples are given to illustrate the results.

After some preliminaries of some known results on the Sugeno integral and the notion
of an (e, m, r)g-concave function in Section 2, Section 3 deals with Berwald inequalities
for the Sugeno integral based on («, m, r)g-concave functions and reverse Berwald-type
inequalities for the Sugeno integral based on (o, 1, r)s-convex functions. Finally, some
examples are given to illustrate the results and some remarks are obtained as special cases.

2 Preliminaries
In this section, we recall some basic definitions and properties of the fuzzy integral and
introduce the (o, m, r),-convex functions. For details, we refer the reader to Refs. [1, 13].
Suppose that e is a o -algebra of subsets of X and let i : ¢p — [0, 00) be a nonnegative,
extended real-valued set function. We say that j is a fuzzy measure if it satisfies:
1) wu®)=0;
(2) E,F € p and E C F imply u(E) < u(F);
(3) {Ex} C 9, E1 CEy C -+, imply lim,, o pt(Ey) = (U2 En);
(4) {E) C 9, B D Ey D+, ulEr) < 00, imply limy,, o t(E,) = (2, En).
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If f is a nonnegative real-valued function defined on X, we denote the set {x € X : f(x) >
a}={xeX:f>a}byF, fora > 0. Note that if « < 8, then Fg C F,,.

Let (X, , ) be a fuzzy measure space. We denote by M* the set of all nonnegative
measurable functions with respect to .

Definition 2.1 (Sugeno [1]) Let (X, o, 1) be a fuzzy measure space, f € M*, and A € p.
The Sugeno integral (or the fuzzy integral) of f on A with respect to the fuzzy measure u
is defined as

/fdu [ A ANE,)];
Dl>0

when A = X,

where Vv and A denote the operations sup and inf on [0, 00), respectively.
The properties of the fuzzy integral are well known and can be found in [13].

Proposition 2.2 Let (X, p, 1) be a fuzzy measure space, A,B € ©, and f,g € M*. Then:
(S) [of die < u(A);
) (S) fA kdp =k A W(A) for a nonnegative constant k;

(3) ) [, fdu <O [,gdu iff <g

) wAN(f=za)za = (S) [ fdn=a

BG) pAN{f=a}) <a=(S fAfdu<a,
(6) (S)fAfdu > o & there exists y > a such that w(AN{f > y}) > «;
(7) (S)fAfdu <o & there exists y < a such that u(AN{f > y}) <.

Remark 2.3 Consider the distribution function F associated to f on A, that is, F(«) =
mAN{f>a}). Then, due to (4) and (5) of Proposition 2.2, we have F(a) = a =
(S) [,f di = a. Thus, from a numerical point of view, the fuzzy integral can be calculated
by solving the equation F(x) =

Definition 2.4 Let I C R be an interval, A,a,m € [0,1], r € R, and g be a continuous and

monotonous function on R. A function f : I — R is said to be («, m,r),-concave on I if,
forallx,y €1,

F(Or +m -2y T") 2 (o fY @ + m(1=2)@o /N W)]"), r#0
or
FEyP) = g (g of ) Wgo )" p), r=0.

By reversing the inequalities we obtain the definition of an (a, m,r),-convex function f
onl.
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Remark 2.5 If in Definition 2.4, g = id (i.e., g(x) = x for any x € I), then we obtain the
definition of (&, m, r)-concavity.

If in Definition 2.4, o, m = 1, then we obtain the definition of 7,-mean concavity.

If in Definition 2.4, o, m = 1 and g = id, then we obtain the definition of r-mean concav-
ity [45].

If in Definition 2.4, r = 1, then we obtain the definition of (e, 7),-concavity.

Ifin Definition 2.4, r = 1 and g = id, then we obtain the definition of (¢, m)-concavity [18].

If (¢, m,r) € {(0,0,1),(1,m,1),(1,1,1),(«,1,1)} and g = id in Definition 2.4, we obtain the
following classes of functions: decreasing, m-concave, concave, and a-concave.

3 Berwald-type inequalities for Sugeno integral based on (o, m, r)4-concave
function
The following Berwald inequality is well known [46].
Let f be a nonnegative concave function on [a, b]. Then, for all 4, v such that 0 < u < v <
00,

(3.1)

(1 +v)7 (fij(x)dx>i _ (f:f”(x)dx)blt

(1_,_”)% b-a b-a

Unfortunately, the following example shows that the Berwald inequality for the Sugeno
integral based on («, m, r),-concave functions is not valid.

Example Consider X = [0,1] and p be the Lebesgue measure on X. Take the function
f(x) =g(x) = /x; then f(x) isa (3,1,2)

ar(fej0-ew)
(e gom )

for x € [0,1].
Letu = % and v = % A straightforward calculus shows that

1-concave function. In fact,

ffz ydu=\/ BAn(0,11n{x=>p*})=07245,

Bel0,1]

/fs Wdu=\/ BAr(l0,1]1n{x=>p°})=0.7781

Bel0,1]

Therefore,

1+ L 3 B
0.4982 = ((1+ )((S) / f3 (x)du) > <(s> /0 f (x)d,u) - 04711,

This proves that the Berwald inequality is not satisfied for the Sugeno integral based on

(e, m, r)g-concave functions.
Now we present Berwald inequalities for the Sugeno integral based on (&, 7, r),-concave
functions.
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Theorem 3.1 Let (o, m) € (0,1]%, 7 € R, r # 0, g be a continuous and monotonous function,
f:[0,1] — [0, 00) be an (o, m, r)g-concave function, and |1 be the Lebesgue measure on R.
Then:

Case (i). If (g o f) (1) — m(g o f)"(0) > O, then

L\ Z(B) - mlgofy(0) \*\
(0 [rwa) =0 (- (S nzonm) )

where § = S (5) [1 (o) dyo)’.

(1+u)

Case (ii). If (g o )" (1) — m(g o )" (0) = 0, then

R

1 u
((S) | f”(x)du) = O AL

Case (iii). If (g o f)"(1) — m(g o f)"(0) < O, then

b C &(B) - migof)y(0) \wr
((S)/of (’“)d“) L A(cgofm)—m(gof)'m)) :

1
v

where = 0 (S) [0 £ (x) dp) .

(1+u)u

Proof Let 0 < u <v< oo and (S) folf"(x) du = t. Since f is an («, m, r),-concave function
for x € [0,1], we have

S@) =f([x 1 +m(1-«")- 0,]1/r)
> g ([« (g o f) (1) + m(1-2*") (g 0 ) (0)]") = h(x).

By Proposition 2.2(3) we have

1 :
(<s> /0 F4) du)

., <(S)/01hu(x)du)“ :< \/ (y/\u([O,l]ﬁ{h“EV}))>;

v€[0,1]

u

=( \/ (yw([o,lm{hzﬁ}))>

y€[0,1]

(¢ o) (1) = milg o f) (0))a" !
= 0,11N )
(ye\[{,u <VAM<[ | {x > g (y) - ml(gof)(0) })))

(((m)i ) ( l (o f) (1) = m(g o ) (O))s" }))
> =t | Ap|[0,1]N 3 .
1 +u)u

1
= g (W00 18) ~ m(g o f)'(0)
By Proposition 2.2(1) and Remark 2.3 we get:

(1+u)
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Case (). If (g o f)"(1) — m(g o £)"(0) > O, then
N (g B -migof) () ))
((S)/o fr@du ) =hn (1 <(g0f)’(1)—m(g0f)’(0) :

1

where g = (‘“ﬂ((S) [of ) du)v.

1
1+u)u

Case (ii). If (g o f)"(1) — m(g o £)"(0) = 0, then

=

1 i
<(S)/Of”(x)du> > £(0)/m A 1.

Case (iii). If (g o f)"(1) — m(g o f)"(0) < 0, then

SRY g'(B)—mgofy(0) \#
(& [ rrwan) = e (€ o e li)

1
where g = %((S) folf"(x) d,u)%.
This completes the proof. d

Remark 3.2 If o = 0 in Theorem 3.1, then

1 !
((S) / f”(x)du> > min{f(1),1}.

Example Consider X = [0,1] with the Lebesgue measure u on it. Take the function f(x) =
g(x) = /x; then f(x) is a (%, %, 2)% -concave function. In fact,

1
2 2

Vr(( b)) = (451 2= m0) ) v

for x € [0,1].
Letu = % and v = % A straightforward calculus shows that

1 1
(S)/(; fix)dp = \/ B A ,u([O, 1N {x > ﬂ4}) =0.7245,

Bel01]

1 1
(S)/of§(x)du: \/ BAwu(l0,1]n{x=> %)) =0.7781,

Bel01]

12 2
(E ! 313) <(S) /0 1 2 (x) d,u,> - 0.4982.
t3

By Theorem 3.1 we have

1 L 3
0.4711 = ((S) / f?(x)du)
0

1+ o 2
= ( 2)3)((5) [ rwan)

(1+%
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(‘“1 () [ifE@dw) - 10 %3
(- )

= 0.4982 A 0.0674 = 0.0674.

Now, we will prove the general cases of Theorem 3.1.

Theorem 3.3 Let (o, m) € (0,112, r € R, r # 0, g be a continuous and monotonous function,
f:la,b] — [0,00) be an (a, m, r),-concave function, and (. be the Lebesgue measure on R.
Then:

Case (i). If (g o )" (b) — m(g o f)"(a) > 0, then
b i
(<s> [ du)

L gB)-mgof@ )“a o))
=F A(” (G5 nicepy@) @ =mayema) )"

1
v

)l(1+v ff"x)du)

T
Q+u)u b-a

Case (ii). If (g o f)"(b) — m(g o f)"(a) = 0, then

where B =

@ / e (x)du) > min{ @)/, (b - @)} ).

Case (iii). If (g o f)"(b) — m(g o f) (a) < O, then

b i
((S) / i) du)
1/r

gB) —mgofy@ ", . i
2’“((((gof)’(b)—m(gof)’(a)) (b"”")”““) ‘“)’

(b—a)%(lw v ) 2r x)du)%

1
Q+u)u b-a

where 8 =

Proof Let 0 < u <v < oo and (S)f:f"(x) du = t. Since f is an («, m, r)g-concave function
for x € [a, b], we have

x—ma"\ , x—ma 1r
/& =f<[m<1— b —ma’)a * b’—ma’b i| )
" —ma"\* 1r
Zgl([m<1— (Z,_er) )(gof) (a) + ( Z“ ) (gof) (b)] ) - h(x).
By Proposition 2.2(3) we have
b !
((S) / f ”(x)du>

> (<s> / bh”(x)cm)" - ( V(v An(lablnfxh= M)))

yel0,b-al

1
u
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1

(@of) (B)~mlgof) () )(=mal ‘
= ,b —ma
(yek,/b_a]ow([a mi > g'yh) - migof) @) })))
Z(b—aﬁ(lyﬁ( ¢ )i
Q+um b-a

. ((gof) ()~ M(g Of )’ (d)) poma)” ‘
,blN .
A 2 [ﬂ ] X >g ((b al )lj—v (bfa) ) m(g Of) (61)
By Proposition 2.2(1) and Remark 2.3 we get:

Case (i). If (g o f)"(b) — m(g o f)"(a) > O, then

b :
(<s> / £t du)

([ €B-mgof) @ >““ o ) )
2 ﬂ VAN <b <((gof)r(b) —Wl(gof)r(d) (b ma ) + ma ,

(b— a) 1+v)V( ja
+u)u b-a

Case (ii). If (g o f)"(b) — m(g o f) (a) = O, then

where 8 = ) du )

) b oaant
(<s> / ) du) > Lo,
a A +u)«

Case (iii). If (g o f)"(b) — m(g o f) (a) < 0, then
b i
([ reoan)
1/r

g'(B) - migof) (@) )““ . ) . )
=00 (((G5rmnep@) @) ene) —a)’

1 1 b oy
where - bt ity
Q+u)u

This completes the proof. d

£ A fla) m.

Remark 3.4 If « = 0 in Theorem 3.3, then

b 1 )
((S)/f”(x)du) zmin{f(b),(b—a)ﬂ}.

Example Consider X = [1,2] with the Lebesgue measure p on it. Take the functions f(x) =
In(x + 2) and g(x) = id; f(x) is a (1, 0, 3)-concave function. In fact,

3_0.13 3_0.13 173
weora[(25) 7o (232) )
B-0-13\ 2-0-2\"\ 5 71" W@

v

forx € [1,2].
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Letu = % and v = 2. A straightforward calculus shows that

ffz Ydu=\/ BAu((1,2]N{In*x+2) > B}) =1.1194,

Be(1,2]

/fZ(x)dM— \/ B A u([L,2] N {In(x +2) > B*}) = 1.0415,
Be(1,2]

2 7 > f2 %
((2—1) (1+2) )((Smf(x)d“) - 0.8144.
1+13) 2-1

By Theorem 3.3 we have

0.4260 = 0.8144 A 0.4260

_ ((2—1)2~<1+2>%)<(s>fff2(x)du>%

1,2 _

(o ((<‘2‘32;§f“)( 4 oy’ —0-1n3(3)) ) )2
- In3(4) - 0 - In®(3) '

2 1 2
< ((S) / fi(x)d,u> =1.0847.
1

Now we consider some special cases of (a, 772, r);-concave functions in Theorem 3.3.

Remark 3.5 Let (a,m) € [0,11%, r € R, r #0, g = id, f : [a,b] — [0,00) be an (&, m,1)-

concave function, and u be the Lebesgue measure on R. Then.
Case (i). If f"(b) — mf"(a) > O, then

b i v er e Ur 1
<(S)/f”(x)du) ZﬁA(b—( %) (b’—ma’)+mar> ) ,

1 1 b oy
e - bpnd (4700
(+u)u

Case (ii). If f"(b) — mf" (a) = 0, then

((S)/ I (x)du)u >m1n{f(a m, (b—a)s }

Case (iii). If f"(b) — mf"(a) < 0, then

b i rr Va r 1
((5)/ 4 ”(")d“> =F A(((/F(b) -mif(fil) (br"”“r)m“r) ”’) ’

where 8 = (-t lf")" ( f“bfa ot
Q+u)u

Remark 3.6 Let « =m =1,r € R, r #0, g be a continuous and monotonous function,
f :la,b] — [0,00) be an ry-mean concave function, and u be the Lebesgue measure on R.

Then:
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Case (i). If (g o f)'(b) — (g o f) (a) > 0, then

b y % g’(ﬁ)—(gOf)’(a) . . . 1/r %
(© [ o) =6 (o- (S gerym) - +w) )"

(b-a) b (141) ¥ (S S 2w du)%
1 b-a
+u)u

Case (ii). If (g o f)"(b) — (g o f)"(a) = 0, then

where g8 =

(S) / fix du> > min{f(a)/m, (b—a)t ).

Case (iii). If (g o /)" (D) — (g o f) (a) < 0, then

o o) o (G5 a0 )

(b-a)tt (1) () [2f (%) dpe )
L b-a Ve
(1+u)u

where 8 =

Remark 3.7 Leta =m=1,reR,r#0,g=1id, f : [a,b] — [0,00) be an r-mean concave
function, and u be the Lebesgue measure on R. Then:
Case (i). If f"(b) — f"(a) > 0, then

b y % ,Br_fr(a) . . i 1/r %
([ rwan) =5 (o- (Ll ) -a)ea) )

(b-a) ¥ (140 () [2 @) L
(14—14)1 ( b-a ) '

Case (ii). If f"(b) — f"(a) = 0, then

where g8 =

((S)/f” dpc)u>mm{f(a ,(b—a)u }

Case (iii). If f"(b) — f"(a) < O, then

b % r_ gr 1/r %
(o o) oo (i o -o1-2)” ).

(b-a) ¥ (13)¥ ((8) [0 ) e ) L

where 8 =
ﬁ (1-*—14)1 b-a

Remark 3.8 Let («,m) € [0,1]%, r = 1, g be a continuous and monotonous function, f :

[a,b] — [0,00) be an («, m),-concave function, and u be the Lebesgue measure on R.
Then:

Case (i). If (g o f)(b) — m(g o f)(a) > O, then

b : _ o 1/ 1
(0 [rom)" e (- (G5 eapi) Jo)"

1 1 b oy
vt -t .

Q+u)u
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Case (ii). If (g o f)(b) — m(g o f)(a) = O, then

1

b . )
<<s> / e du) > min{f(@){/m, (b - a)* }.
Case (iii). If (g o f)(b) — m(g o f)(a) < 0, then

b % _ ° 1/a %
o o) oo () o)

1 1 b Ly
where 8 = (b—a)u Q+v)¥ (S)fabf_;x)du)%.

(+u)u

Remark 3.9 Let (o, m) € [0,1]%,r=1,g =id, f : [a,b] — [0, 00) be an («, m)-concave func-
tion, and p be the Lebesgue measure on R. Then:
Case (i). If f(b) — mf (a) > 0, then

b % _ 1/a %
o ) o (-2 o)

1 1 b v
Where ﬂ = (b-a)u (IIrV) v ( ®) fab{;x) du )% .
Q+u)u

Case (ii). If f(b) — mf (a) = 0, then

1

b " )
(<s> / £1() du) > min{ (@)J/rm, (b - a)* }.

Case (iii). If f(b) — mf (a) < 0, then

b 1 _ Ve i
( [rwran) 280 (5 i) ©-rmorma)—e)

1 1 by
where g = a2 O] fabf_:x) du)%’

(1+u)%

Remark 3.10 Let g =id and o = m =r =1 in Theorem 3.3. Then we obtain the Berwald
inequalities for the fuzzy integral of concave functions [32].

As in the proofs of Theorems 3.1 and 3.3, we can similarly obtain some reverse inequal-
ities for the Sugeno integral based on (o, 71, r)g-convex functions.

Remark 3.11 Let (o, m) € (0,1]%, r e R, r £ 0, g be a continuous and monotonous func-

tion, f : [0,1] — [0, 00) be an (&, m, r),-convex function, and p be the Lebesgue measure
on R. Then:

Case (i). If (g o f)"(1) — m(g o f)"(0) > O, then

o) g(B)-migofy () \:
(0 [rwa) <ov (- (EFmnzenm) )

where f = 422(5) [ /() o)’

(1+u
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Case (ii). If (g o f)"(1) — m(g o £)"(0) = 0, then

1 !
(© [ rwrdn)” <minfrwal.

Case (iii). If (g o f)"(1) = m(g o f)"(0) < 0, then

o z g(B) -migofy(©) \
(& [ roa) =sv ()

(1+v)

(S) [0 f(x) du).

where g8 =

Example Consider X = [0,1] with the Lebesgue measure x on it. Take the function f(x) =

% and g(x) = % then f(x) is a (3, 3,3)3-convex function. In fact,

x* =f<(x3'13 + %(1—x3)03>%>
< ((x~1+ %(1—;6).0)%)% =Yz

for x € [0,1].

Let u = 1 and v = 2. A straightforward calculus shows that

1
® [ Fwd=\/ (010t p) =05

Bel01]

1
(S)/0 L@du=\/ BAu(0,1]n{x*>p})=0.2755

Bel01]

(1+2)? L )%
S dw) =0.4041.
((1+%)2><( )/of(x) H) 0404

By Remark 3.11 we have

0.9994 = 0.4041 v 0.9994
] <1+z)%)<s ' d>%
((“%)2 ® [ £
9

((%)«sugfz(x)du) ) =0, 2
V(- )
1-0

[T

1 1 2
z((S) / fZ(x)dpL> _ 0.25.
0

Remark 3.12 Let (o, m) € (0,1]%, r € R, r #0, g be a continuous and monotonous func-
tion, f : [a, b] — [0, 00) be an (a, m, r),-convex function, and u be the Lebesgue measure
on R. Then:
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Case (i). If (g o f)'(b) — m(g o f)"(a) > 0, then

b :
((S) / F4) du)

((_&B) =migof) (@) >”"‘ o ) )
§,Bv(b <<(gof)’(b)—m(gof)’(a) (b ma)+ma s

l 1 by
where g = (o= ”1) (lf")v ( fabf_;x)du)%.
+u u

Case (ii). If (g o f)'(b) —m(g o f) (a) =0, then

1

((5) / f”(x)du)u < min{f(a)/m, (b - a)t ).

Case (iii). If (g o f)"(b) — m(g o f) (a) < 0, then

1

b u

(<s> / f“(x)du)
gB) —mgofy@ \", . N\
5’”((((gof)’(b)—m(gof)f(a)) (b"”“)””“) '“) ’

where 8 = (-0 ll*V)V ( fal{; )%,
(+u)u

Remark 3.13 If @ = 0 in Remark 3.12, then

1

b U 1
(<s> / f”(x)du) < min{f(b), (b~ a)*}.

Example Consider X = [1,4] with the Lebesgue measure u on it. Take the function f(x) =

Vx3 and g(x) = ¥x; then f(x) is a (%, 0, 3)%—convex function. In fact,

#-0-13\ $-0-13 J17
V= f<[< 0-13)'4 +°<l_<43—0-13)>'1] )
x3_0.13 1/3 x3_0.13 1/3 3, 3
< ([(=5) weo(-(5mam) )] ) =2
for x € [1,4].

Letu = % and v = 2. A straightforward calculus shows that

/fz(x)du— \/ BAu(0,11n{x’ > g}) =2.6212,
Be(1,4]

/f2(x)du- \/ BAwu(l01]n{x 1> gl) =1.8040,

Bell,4]

(32 (1+25>( S) [ f2(x) du

(1+%) 4-1

) =6.4760.
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By Remark 3.12 we have
6.4760 = 6.4760 Vv 0.0740
_(32 1+2)2 )( ) [ 2 (%) )

1+ 4-1

1

2.} O 2w, ? 0 ’

( (1+l)2 )( 4-1 ) - 2
v4- 2 .43
8-0
4 2
> <(S)/ ff(x)du) =3.2544,
1

Now we consider some special cases of («, 1, r),-convex functions in Remark 3.12

Remark 3.14 Let (o, m) € [0,1)%, r € R, r #0, g = id, f : [a,b] — [0,00) be an (e, m,7)-
convex function, and p be the Lebesgue measure on R. Then:

Case (i). If f"(b) — mf"(a) > O, then

b i r o or Ve Ur 1
<(S)/f”(x)du> Sﬁ/\(b—( %%) (b’—ma’)+ma’> ) ,

1 1 b oy
were p - Lol L0
(1+u)u
Case (ii). If f"(b) — mf"(a) = 0, then

((S)/f”(x)du)u <m1n{f(a Jm, (b—a)s }

Case (iii). If f"(b) — mf"(a) < 0, then

b % r_ r 1/ 1r %
((S)/f”(@du) 5,3/\<( %%) (b’—mzz’)+mzz’) —a)

1 1 b Ly
where g = (b‘“)”(liﬂ')v ((S)Jabf_;x)du)%.
+u)u

’

Remark 3.15 Let o =m =1,r € R, r #0, g be a continuous and monotonous function,
fla,b]

0,00) be an r,-mean convex function, and . be the Lebesgue measure on R
Then:

Case (i). If (g o f)'(b) — (g 0 £) (@) > O, then

b % r _ of) 1/r %
(6 [ rwan) <en (o-((E i tatng ) o -a)ea) )

(gof)(a)

1 1 b oy
where § = (b— al)u(lirv)"( fbf_;x)d/i)%'
(L+u)

Case (ii). If (g o f)"(b) — (g o f)"(a) = 0, then

<(S)/f”(x)du>ﬂ<mln{f(a m, (b—a) }




Li et al. Journal of Inequalities and Applications (2016) 2016:25

Page 15 of 17

Case (iii). If (g o /)" (D) — (g o f) (a) < 0, then

(o) s (GE ) -) )

(gOf "(a)

’

V
whereﬂ:(b_“) lf")v( fbf_u )5,
Q+u)u

Remark 3.16 Leta =m=1,reR,r#0,g=

id, f : [a,b] — [0,00) be an r-mean convex
function, and u be the Lebesgue measure on R. Then:

Case (i). If f"(b) — f"(a) > 0, then

b % r_gr 1/r %
<(S)/f”(x)du) 5,3/\(19_< M)(br_ﬂr)m,) > ,

"(b) - f"(a)

1 1 by
where 8 = (b‘”)“(lif")" ((S)fabf_;x)du)%.
+u)u

Case (ii). If f"(b) — f"(a) = 0, then

b i
((S) fH(x) du) < min{f(a)/m, (b -a)«}.

Case (iii). If f"(b) — f"(a) < O, then

b i r_gr Ur i
(o o) oo (2o )

1 v
where g = (b‘“)”(lf")" fabfa d“)
(L+u)u

s

1
v

Remark 3.17 Let (o, m) € [0,1]2, r = 1, g be a continuous and monotonous function, f :
[a, b] — [0, 00) be an (a, m)g-convex function, and i be the Lebesgue measure on R. Then

Case (i). If (g o f)(b) — m(g o f)(a) > 0, then

b % _ o 1/a %
((S)/f”(x)du) sﬁ/\<<1—<(gg(ﬂ) mgof)a) > )(b—ma)) ,

o f)(b) —m(g o f)(a)

1 1 by
where - eabynl (1t
(1+u)u

Case (ii). If (g o f)(b) — m(g o f)(a) = 0, then

((S) / I& (x)du>u < min{f @)/, (b-a)t}.

Case (iii). If (g o f)(b) — m(g o f)(a) < 0, then

b % _ ° 1/a %
((S)/ fH(x) dpc) <BA ((((gi(fﬁ))(b)rf(i(gfcz?))(a)) (b—ma) + ma) - a> ,

1 1 b oy
where - bl it
Q+u)u
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Remark 3.18 Let (o, m) € [0,1]%,r=1,g = id, f : [a,b] — [0, 00) be an («, m)-convex func-
tion, and p be the Lebesgue measure on R. Then:
Case (i). If f(b) — mf (a) > 0, then

b % _ 1/a %
o s <o (-2 )

b-a)i L)V () [ @) dn )
1 b-a :
(1+u)u

Case (ii). If f(b) — mf (a) = 0, then

where B = ¢

1

b L .
((S) / £4) du) < min{f(@)v/m, (b-a)t}.
Case (iii). If f(b) — mf (a) < 0, then

b L _ Va i
((S) / () du> <BA (( —fb) _”%‘Z;) (b - ma) + ma) —a) ,

bea)i ()b () [g ")y b
b-a :

where g8 = (
(+u)u

Remark 3.19 Let g =id and & = m = r =1 in Remark 3.12. Then we obtain the Berwald
inequalities for the fuzzy integral of convex functions [32].

4 Conclusion

In this paper, we have discussed the Berwald inequalities for the Sugeno integral based on
(o, m, 1)g-concave functions. We have provided the reverse inequalities as well. As open
problems for future research, it would be interesting to explore Berwald inequalities for
other generalizations of the fuzzy integral. We will investigate these problems in the future.
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