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Abstract: In this paper, we introduce the concept of (7, 1)-convex function by the inequality

Ty () < M50 (0

in which y and 1 are two geodesic arcs. Then, we will find some refinements of Hadamard integral inequality for (7, 7)-convex

functions in the case of Lebesgue and Sugeno integral.
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1 Introduction

In optimization theory, the concept of geodesic convex
functions on Riemannian manifolds was introduced in
1980’s instead of ordinary convex functions on a linear
vector space, to establish the local-global property of a
smooth nonlinear optimization problem with equality
constraints, see [1,2]. In fact, in the definition of
convexity, if the line segment is replaced by a geodesic
arc, the concept of geodesic convexity is introduced.

The first characterization of geodesic convex
functions with respect to the Riemannian metrics was
elaborated in the case of a sub-manifold of R" by using
the tools of immersion. In this case, in order to check the
geodesic convexity of a function on the feasible region, it
is necessary and sufficient to state the positive
semi-definiteness of the geodesic Hessian matrix in this
domain.

Due to the importance of recognition the geometric
structure in optimization problems, this concept may has
extensive use and applications, see [3]. The class of
geodesic convex functions with respect to the Riemannian
metrics plays an important role in nonlinear optimization,
e.g., in necessary and sufficient optimality criteria and in
the connectedness of the solution set in linear and
nonlinear complementarity systems [1,2].

In connection with the concept of geodesic convexity,
Igbal et al. [4] introduced the class of geodesic semi
E-convex functions and discussed some of their
properties. Kilicman and Saleh [5] introduced the class of
geodesic semi strongly E-convex functions and
generalized geodesic semi strongly E-convex functions.

Sugeno integral in a kind of nonlinear integrals
introduced by Sugeno [6] in order to represent and
include the interactions between criteria of different
phenomena. Sugeno integral is an idempotent, continuous
and monotone operator. Most well-known integral
inequalities have been proved for Sugeno integral, see [7,
8,9,10,11,12].

The Hadamard inequality is a classical integral
inequality providing an upper bound for the mean value
of a convex function f : [a,b] — R,

/Olf((l—f)a-i-tb)dtg M. 0

The above inequality should be reversed if f is concave.
The purpose of this paper is to obtain a refinement of the
inequality (1) for geodesic convex functions, upon the
definition of Sugeno integral.

The paper is organized as follows. The definition of
Sugeno integral and its properties and also the definitions
of a geodesic path and geodesic convexity are presented
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in Section 2. In Section 3, a refinement of Hadamard
inequality for geodesic convex functions in the case of
Sugeno integral is considered. In Section 4, some
applications regarding the obtained new results are given.
A conclusion is given in Section 5.

2 Preliminaries

At the first, let us give the definitions of a geodesic path
and geodesic convexity as follow.

Definition 1. ([2]). A geodesic is a C* smooth path y
whose tangent is parallel along the path y. Let M be a
complete n-dimensional Riemannian manifold. For all
x,y € M, the mapping %, : [0,1] — M is a geodesic
joining the points x and y if ¥, (0) =y and ¥, (1) =x.

Definition 2. ([13]). Let M be a complete n-dimensional
Riemannian manifold. A subset A of M is said to be
totally convex if A contains every geodesic Y., of M
whose endpoints x and y are in A. A real valued function
f A — Ris said to be geodesic convex if for all geodesic
arcs ¥,y from x to y, we have

Fhy(®) < (=) f () +1£(x),
forall x,y € Aandt € [0,1].

In what follows, let X be a non-empty set and X be a
o-algebra of subsets of X.

Definition 3.[/4] Let i1 : £ — [0,0) be a set function.
We say that U is a Sugeno measure if it satisfies
1.1(0) = 0.
2.E,F € X and E C F imply u(E) < u(F).
3E,€cX(neN),E\CEy,C...,imply
limy oo U(Ey) = U(Up—1 En) (continuity from below).
4E,€X neN),E;DEyD..., U(E)) < oo, imply
limy e U(Ey) = U(Ny—y En) (continuity from above).

The triple (X, X, ) is called a sugeno measure space.
Let (X, X, 1) be a fuzzy measure space. By .%, (X) we
denote the set

Fu(X)={f:X —[0,00) : fis measurable w.r.t. X} .

For f € %, (X) and o > 0, we denote by Fy and Fg
the following sets

Fo={xeX:f(x) >a} and Fz={xeX:f(x)>a}.
Note that if a < 3, then Fg C Fy and FB C Fg.

Definition 4. [6, 15,16] Let (X,X, L) be a fuzzy measure
space, f € F,(X) and A € X, then the Sugeno integral of
f on A with respect to the fuzzy measure [ is defined by

where N is just the prototypical t-norm minimum and \ the
prototypical t-conorm maximum. If A = X, then

[ fau =\ (anu(ra).

The following properties of Sugeno integral are well
known and can be found in [15,16].

Theorem 1. Let (X,X,u) be a fuzzy measure space,
A,Be X and f,g € %, (X) then

(F1) [y fdu < pu(A).

(F2) [, kdp = kA pu(A), k non-negative constant.
(FIf f < gon A then [, fdu < [, gdu.
(F)If A C B then [, fdju < [, fdu.

3 The main results

In this section, let (X, X, i) be a fuzzy measure space. For
agiven f € FH(X)and A € X, we set

I'={a|a>0,u(ANFy) > pu(ANFg) forany p > a}.

It is easy to see that

If X = R the set of real numbers, X is the Borel field and
U is the Lebesgue measure, it is easy to see that (X, X, )
is a fuzzy measure space; but it should be noted that the
Sugeno integral is not an extension of the Lebesgue
integral.

The concept of (y,m)-convexity is introduced as
follows.

Definition 5. Ler I and J be two closed subintervals of
[0,4o0]. Let Yy : [0,1] — I be a geodesic arc joining the
points x,y € I and My, : [0,1] — J be a geodesic arc
joining the points u,v € J. A real valued function
f I — J is said to be (y,n)-convex if

F(Fey () <Ny pin (0)
forallx,y €I andt € [0,1].

Remark. How do we distinguish different cases of (y,1)-
convex functions from each other? The answer is using the
following inequality:

For a (y,mn)-convex function f : [a,b] — [c,d], we have

£ = £ (% (h ) ) < My sin (p () @

for all x € [a,b]. So, it is easy to show that for all x € [a, b],
the inequality is sharp.

In the following theorem, some generalizations of
Hadamard inequality for different geodesic convex
functions are given.
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Theorem 2. Let I[,J CR, a,b € I° witha < b and c,d € J°
with ¢ < d. For the particular geodesic arcs y: [0,1] =1
and 1 : [0,1] — J defined by V. ,(t) = (1 —t)x+ty and
Nuy(t) = ul =V, the following inequalities hold:

LIf f: I —1is a(y,y)-convex function, then
b fla)+/(b)
[ far < FESEE

2If f: 1 — J C (0,0) is a (y,n)-convex function with
fla) # f(b), then

[ 0 ().

(b)
fla)

3If f:J C(0,00) = I is a (n,y)-convex function, then

n(4
ﬁ/Cdf(x)dxSf(ch(ftn)(—;;(c) (dld_<c> _1)4

c

4.1 f:J C (0, ) — J C (0,00) is a (n,n)-convex
Sunction with f(c) f(d) then

o o)

- d*C Clogd (44)+1

c—d.

Proof.The first inequality is the well-known classical
Hadamard inequality. By using the inequality (2) for the
assumed particular geodesic arcs, we have the following
inequalities:

—The function f : [a,b] — [a,b] is (},7y)-convex iff

for all x € [a,b].

—The function f : [a,b] — [c,d] is (y,n)-convex iff

F(x) < fla) (%) =

for all x € [a,b].

—The function f : [¢,d] — [a,b] is (n,7)-convex iff

f(c) +log, —

flx) < 4 70

(f(d) = f(0))

for all x € [¢,d].

—The function f : [¢,d] — [c,d] is (1, 1)-convex iff

£x) < £(0) <%) 24 7o

for all x € [¢,d)].

It is enough to integrate from the both sides of the above
four inequalities over [a,b] or [c,d] to obtain the assertion
of theorem.

Let 7:[0,1] — [a,b] and 1 : [0,1] — [c,d] be tw
invertible geodesic arcs. If f : [a, b —

Theorem 3. Consider the fuzzy measure space (R, X, )
d]
[c.d] is a
(7,M)-convex function, then

Vae (.10 (wnsn (10 (17 5 (@)) -2])).

Y. M are comonotone,

Vae[s0).5(@) (‘“” ([“’”‘vb (”.ff(i)ﬁ.f(b)(“))])) ’

Y,M are countermonotone.

b
[ rau<

Proof. By the (y,m)-convexity of f and the property (F3)
of fuzzy measures, we have

b
[ s = 125 (o) ) ) aw 5
< S Mpta).sio (Vo (0)) A (4)

If ¥ and i are comonotone, then n oy ! is an

increasing function. So, by Definition 4 we have

< .
(‘“ﬂ ({xz Yo (%)! f(b>(a)) })) (5)
(

Since 17 o y~! is increasing, we have

@< 100 (M50 (@) <

= Nrta.ro) (Y (@) S @<y ) (Tp ) (6
= N1(a).s(6)(0) < 0 < Mp(a).p(p) (1)

= fla) < o < f(b).

Thus, I" = [f(a), f(b)) and we only need to consider & €

[f(a),f(b)). It follows from (3), (5) and (6) that

/ab’?ﬂ ) (Yo (¥)) dp
<V (OCML ([m ("f?i),f(w(“)) ”D) '

ac[f(a).f(b))
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If y and 1 are countermonotone, then noy ! is a
decreasing function. So, by Definition 4 we have

b
/ (@) s ) (Yo (6)) Al

1 (Vs @) = @)

v (
<w<{x<m<nm<><a>>}>>
v ( )

oc/\u(ab NNsa)

y(@)])

l'is decreasing, we have

Il
|\/< \v< |\/< 3

i (facs (0

Since noy~

a<%Yup (Tlf(lz) (b)(a)) <b

= Ny o) (Yap (B)) < 0 <Ny,
= '7f<a>,f<b> (0) < & < Nya),r) (1
= f(b) < a < f(a).

Thus, I" = [f(b), f(a)) and we only need to consider & €
[f(b),f(a)). It follows from (3), (7) and (8) that

[ s

n(
<V

ac[f(b).f(a))

1) (Ya (@)) (8)
)

Yoy (¥))du

(enn(fara (1) 0(@)]))

Remark. Let f : [a,b] — [c,d] be a (y,n)-convex function,
X be the Borel field and u be the Lebesgue measure on R.
Then

Vaelf(a).1) (@ (2= 20 (1500 (@)) )

¥.M are comonotone,

Vae o) (@ (o (1705 (@) =) )

Y, T are countermonotone.

b
[ rau <

In particular, we investigate the results of Theorem 3
for the geodesic arcs y: [0,1] — T and 1 : [0, 1] — J defined
by Yey(t) = (1 —t)x+tyand n,,(t) = u'~V'.

Corollary 1. Consider the fuzzy measure space (R, X, ).
Let f : [a,b] — [a,b] be a (v, y)-convex function. Then

/ ’ fau

Ve [1(a).11) (“ AH ( [" +(b—a) 752 i ’b] )) ’
fla) < f(b),
<9 fla)Au(la,b]), fla)=f(b),
Ve [fb)f(a)(”“([“”(b @) 7))
fla) > f(b).

Proof. 1t is easy to see that

) a—f(a)
Ya,b (yf((lz),f(b)(a)) —a m

and the assertion of the corollary comes from the assertion
of Theorem 3 with particular geodesic arcs.

+((b—a)

Remark. The case of Corollary 1 is ordinary convexity. If
we assume that X is the Borel field and u is the Lebesgue
measure on R, then

,,fl'ifaib, fla) < f(b),
[ raw <3 r@ A G-, @) = 10),
el f(a) > f(b).

This particular case has been investigated in Theorem 3 of
[17].

Corollary 2. Consider the fuzzy measure space (R, X, ).

Let f : [a,b] — [c,d] be a (y,n)-convex function. Then
abfd.u
Vae[ﬂa)’f(b)) (OC/W ([ +(b— a)log;i Ty’ D) ,
fla) < f(b),
<4 flayru(la.b]),  fla)=f(b),

Vael o) (#1# [oo+ 6= sy 5] ).
fla) > f(b).

Proof. One can easily see that

o
)(OC)) za—i—(b—a)log% 7@

and the assertion of the corollary comes from the assertion
of Theorem 3 with particular geodesic arcs.

—1
Yab (nf(a) b

Remark. The case of Corollary 2 is log-convexity. If we
assume that X is the Borel field and u is the Lebesgue
measure on R, then

\/ [ )(OC/\ b a)logf(;, @),
fla)
f )>fa)
b
| s f@ne-a.  f@=rw).
\/ [ ) (OC/\ (b—a logf(a fgf)),
(b)
f )<fa)

This particular case has been investigated in Theorem 3.8
of [10].
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Corollary 3. Consider the fuzzy measure space (R, X, ).
Let f : [c,d) = [a,b] be an (n,Y)-convex function. Then

L fla)_
Ve [(a).1(8)) (06 AU ( {a <§> s ,b] )) 7
fla) <

[/ o< @) nlann),

Proof. Obviously,

a—f(a)
b\ 7@
1 = —
Mas (Y. (@) = (a)

and the assertion of the corollary concluded by the
assertion of Theorem 3 with particular geodesic arcs.

Corollary 4. Consider the fuzzy measure space (R, X, ).
Let f : [c,d] — [c,d] be an (n,n)-convex function. Then

logM%
\/ae[ﬂa)’f(b)) (omu([a(z) @ 7[,]))7
(a) < f(b)

a) < f(b),

[ ru <3 r@nn(es), @ =ro)

Proof. Clearly,

- b\ ¢ 10 7la
Na,b (nf(a),f@(a)) =a (5 fe)

and the assertion of the corollary concluded by the
assertion of Theorem 3 with particular geodesic arcs.

Example 1. It is assumed that the geodesic arcs
y:10,1] =1 and n : [0,1] — J are defined by
Yey(t) = (1 —t)x +1y and 1,,(t) = u! V. If we denote
the right hand side functions of the inequality (2) by g(x),
then for the assumed particular geodesic arcs, we give the
following examples:

-The function f : [1,3] — [0,4o] defined by

flx) = m is (y,y)-convex and satisfies the

assertion of Corollary 1, see Figure 1 up.

—The function f : [1,2] — [0,+4o0] defined by f(x) = x*
is (77, m)-convex and satisfies the assertion of Corollary
2, see Figure 1 down.

~The function f : [%,5] — [0,4oc] defined by f(x) =
A0 g (n,y)-convex and satisfies the assertion of
Corollary 3, see Figure 2 up.

-The function f : [1,2] — [0,4o0] defined by
f(x) = {/cosh(2x) is (n,7M)-convex and satisfies the

assertion of Corollary 4, see Figure 2 down.

25

(x)
9x)

4
f(x)
—9(x)
351
al
25t
ol
151
4 .
1 12 14 16 18 2

Fig. 1: A (7,7)-convex function (up) and a (y,1)-convex
function (down) dominated by their corresponding g(x).

4 Applications

In this section, we are going to investigate some
applications of the previous results for new definitions of
geodesic convex functions.

Case 1. For the particular geodesic arcs ¥ : [0,1] — I and
n :[0,1] — J defined by 7%,(t) = x4+ (y —x)r and
Nuy(t) = u (ﬁ)sm 2" the following class of geodesic
convex functions f : I — J is introduced:

fla+ (B —a)) < (%)Smgt,

where a,b € I° with a < b.

Consider the fuzzy measure space (R, X, u). If f: 1 —
J is a (77, m)-convex function, then Theorem 3 gives us the

@© 2021 NSP
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23

22

21+

Fig. 2: A (n,7y)-convex function (up) and a (1, 1)-convex
function (down) dominated by their corresponding g(x).

following result:

2(b—a) . o
{a+ p arcsm(log% m),b})),

€ [f(a),f(b), f(b)> f(a).

2(b— .
Va (a/\u ({a,a—b— ( p- %) arcsin (log% ﬁ)})),

ae [f(b).f(a), fla)> f(b).

IA

Case 2. For the particular geodesic arcs y: [0,1] — I and
n :[0,1] — J defined by %,(r) = x(2)™? and

Nuy(t) = u+ (v —u)t, the following class of geodesic

convex functions f : I — J is introduced:

/ ( <9>> < F(@)((6) @),

where a,b € I° with a < b.

Consider the fuzzy measure space (R, Z, ). If f : I —
J is a (y,m)-convex function, then Theorem 3 gives us the
following result:

/abfdu
el )

ae [f(a).f(b), f(b)> f(a).

[ sin 765545 2
Va (a/\,u ( a,a(g) (m e >])> ;

a€ [f(b).f(a), f(a)> f(b).

IN

Case 3. For the particular geodesic arcs y: [0,1] — I and
n : [0,1] — J defined by %,() = x(X)l and

X
in I
Nuw(t) = u (L)™', the following class of geodesic
convex functions f : I — J is introduced:

(2 <o (1)

where a,b € I° with a < b.

Considering the fuzzy measure space (R,X,u), for
(7,m)-convex function f : I — J according to Theorem 3
we have the following result:

Lbfdu

Vo | anp

r 2 aresin | 1 o
b\ waresin{log sp) 7oy
A f(a) b

a

ae [f(a).f(b), f(b)> f(a).

IN

Vo | anp

2
b\ = aresin (logM %)
a,al — @
\a

ac [f(b).f(a), fla)> f(b).

Case 4. For the particular geodesic arcs y: [0,1] — I and
n :[0,1] — J defined by ¥, (1) = x (y)sm7[ and 1,,,(t) =

x
u (ﬁ)[ the following class of geodesic convex functions
f 1 —Jisintroduced:

(o)) ron(22)

@© 2021 NSP
Natural Sciences Publishing Cor.



Appl. Math. Inf. Sci. 15, No. 5, 539-546 (2021) / www.naturalspublishing.com/Journals.asp

where a,b € I° with a < b.

Considering the fuzzy measure space (R,X,u), for
(7,m)-convex function f : I — J according to Theorem 3
we have the following result:

/ ’ fu

Vo | aAR

o

sin| 5 log ¢ —)
a(é) ( 18 7 b

) )
a

a € [f(a),f(b), f(b)> fla).

IN

o

b sin(%logm W)
aal? @
a

a€ [f(b),f(a), fla)> f(b).

Vo | @Al

5 Conclusion

The concept of geodesic convexity with respect to the
Riemannian metrics plays an important role in nonlinear
optimization, e.g., in necessary and sufficient optimality
criteria and in the connectedness of the solution set in
linear and nonlinear complementarity systems. In this
paper, a refinement of Hadamard inequality for geodesic
convex functions is considered, and was generalized to
the definition of Sugeno integral. This is the first paper of
this kind which deals with Hadamard integral inequality
for geodesic convexity, and extend this notion to
nonlinear integrals. In addition, after introducing the
concept of (y,m)-convexity, an upper bound is found for
each (y,n)-convex, which is not necessarily linear.
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