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ON HERMITE-HADAMARD INEQUALITIES
FOR (k,h)~CONVEX SET-VALUED MAPS

KAZIMIERZ NIKODEM AND TERESA RAJBA

(Communicated by S. Varosanec)

Abstract. 'We introduce the class of (k,h)-convex set-valued maps defined on k-convex domains
by
h(t)G(x1)+h(1—1)G(x2) C G(k(t)x1 + k(1 —t)x2), x1,x2 € D, t € [0,1],

and prove a Hermite-Hadamard-type theorem for such maps. Many other properties of (k,h)-
convex set-valued maps are also presented.

1. Introduction

It is well known that if a function f: I — R defined on an interval I is convex,
that is

flx+ (1 =0)y) <tf()+ (1 =1)f(y), x,y €1, 1 €[0,1],

then for all a,b € I with a < b it satisfies the following Hermite-Hadamard inequalities

These inequalities, having natural geometrical interpretation and many applica-
tions, are one of the most known results on convex functions. There are many books
and papers containing their historical background, various generalizations, refinements
and extensions for other related classes of functions (see e.g. [3, 5, 7] and the references
given there).

In the paper [4] by Micherda and Rajba, the so called k-convex sets and (k,h)-
convex functions were introduced with the following definitions.

N

DEFINITION 1. Let k: (0,1) — R be a given function. A subset D of a real linear
space X is called k-convex if k(t)x+ k(1 —¢)y € D forall x,y € D and r € (0,1).
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DEFINITION 2. Let k,h: (0,1) — R be two given functions and suppose that D C
X is a k-convex set. A function f: D — R is called (k,%)-convex if, for all x,y € D
and 7 € (0,1)

f(k()x+ k(1= 1)y) <h(0)f(x) +h(1=1)f(y). 2)

If the inequality in (2) is reversed, f is called (k,%)-concave.

REMARK 1. The class of (k,h)-convex functions generalizes many other known
classes of functions. It is evident that for h(z) = k(¢) =t we get the classical convex-
ity. For k(r) =, the notion of (k,h)-convexity agrees with the one of A-convexity
introduced by VarosSanec [10]. Recall that a nonnegative function f: I — R is called
h-convex if

[ x4+ (1=1)y) <h(t)f(x) +h(1—1)f(y) 3)

forall x,y €I and ¢ € (0, 1). This notion generalizes the concepts of classical convexity
(for h(t) =1t), s-Breckner-convexity (for h(z) = ¢* with some s € (0,1), P-functions
(for h(r) = 1 and Godunova-Levin functions (for A(t) =¢='). If s > 0, k(1) =¢'/5 and
h(t)=t,then f is (k,h)-convex if and only if it is s-Orlicz-convex. For k(t) = h(r) =
1, the class of (k,h)-convex functions consists of all mappings which are subadditive.
If k(1) = h(r) = 1/2 for all ¢, then (2) produces the family of Jensen-convex functions.
If & is defined by the formula

k(t):{Zt forr < 1/2 @

0 forr>1/2,

then f is a (k,k)-convex function if and only if it is star-shaped, i.e. f(rx) <f(x) for
all 1 €[0,1] and x € D.

In [4], the following results on the Hermite-Hadamard inequalities for (k,h)-
convex functions are obtained (here D is a k-convex subset of R and the existence
of integrals is assumed in the formulas).

THEOREM 2. [4, Corollary 3.6] Let f: D — R be a (k,h)-convex function,
h(1/2) > 0 and choose a,b € D such that a < b. Then

1

m/olf(k(l/Z)[k(t)Jrk(l_;)}.(a+b))dt

1 1
< /O F(k()a+k(1—1)b)dr < [f(a) + £(b)] /0 h(r)dt. )

THEOREM 3. [4, Corollary 3.2] Let f: D — R be a (k,h)-convex function with
h(1/2) > 0 and choose a < b such that [a,b] C D. Then

F(k(1/2)(a+b
2h(1/2)

) _ 1P
<o | reax (6)
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REMARK 4. It is clear, that if f is a (k,h)-concave function, then the opposite
signs hold in inequalities (5) and (6).

The main purpose of this paper is to prove set-valued counterparts of the above
theorems. Our result generalizes some earlier Hermite-Hadamard type theorems for
convex set-valued maps presented in [5, 9]. As corollaries, we obtain many similar
results for various related classes of set-valued maps.

2. Preliminaries

Let (Y,||-]|) be a Banach space and n(Y) denote the family of all nonempty sub-
sets of Y. Denote also by c/(Y) the family of all closed members of n(Y) and by
cleb(Y) the family of all closed convex and bounded members of n(Y).

DEFINITION 3. Let D be a k-convex subset of a real vector space X and let
k,h: (0,1) — R be two given functions. We say that that a set-valued map G: D —
n(Y) is (k,h)-convex if

h(1)G(x1) +h(1 —1)G(x2) C G(k(t)x) + k(1 —1)x2) (7)
forall x;,x, € D and ¢ € [0,1] .

It is clear that for k() = h(¢r) =1, t € [0,1], condition (7) coincides with the well
known definition of convex set-valued maps (see [1, 6]). Such maps arise naturally
from, e.g., constraints of convex optimization problems and play an important role
in various questions of convex analysis and mathematical economics.

Many of the known properties of convex functions and convex set-valued maps
have their counterparts for (k,/)-convex set-valued maps. Some of them are listed
below.

REMARK 5. 1.If G is (k,h)-convex and single-valued, then inclusion (7) reduces
to equality and we get the (k,)-affine functions.

2.1If g: D—Y is a (k,h)-affine function and A C Y is h-convex, then G: D —
n(Y) defined by G(x) = g(x) +A is (k,h)-convex.

3.1f g: D — R is (k,h)-convex, then G : D — n(R) defined by G(x) = [g(x),o°)
is (k,h)-convex.

4. A set-valuedmap G: D — n(Y) is (k,k)-convex if and only if its graph GrG =
{(x,y): x€D,y e G(x)} isa k-convex subset of X x Y.

5.1f G1,G2: D —n(Y) are (k,h)-convex and ¢ € R, then G| + G; and ¢- G, are
(k,h)-convex.

6.1f G1,G2: D— n(Y) are (k,h)-convex and G(x) NGz (x) # 0 forevery x € D,
then G; NG, : D — n(Y) defined by (G} NGy)(x) = G1(x) NGa(x) is also (k,h)-
convex. Note that the analogous property for G| U G, does not hold. For instance,
assume that k(t) = h(t) =¢ and take G|,G,: [—1,1] — n(R) defined by G;(x) =
[0,x+ 1], Ga(x) =[0,1 —x], x € [-1,1]. Then G; and G, are (k,h)-convex, but
G UGj3 is not.
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7.1f G1,Gy: D — n(Y) are (k,h)-convex, then G; X G : D — n(Y x Y) defined
by (G x G2)(x) = G1(x) X Ga(x) is also (k,h)-convex.

8.1f G: D—n(Y) is (k,h)-convex, then convG : D — n(Y) defined by (convG)(x)
=convG(x) is (k,h)-convex (because conv(A+B) = convA+convB forall A,BCY).

9. If G: D — n(Y) is (k,h)-convex and intG(x) # @ for every x € D, then
intG: D — n(Y) defined by (intG)(x) = intG(x) is (k,h)-convex (because intA +
intB C int(A+B) forall A,BCY).

10.If G: D — n(Y) is (k,h)-convex, then cIG : D — n(Y) defined by (c/G)(x) =
clG(x) is (k,h)-convex (because cIA+cIB C cl(A+B) forall A;BCY).

LEMMA 6. A set-valued map G: D — clcb(R) is (k,h)-convex if and only if it is
of the form G(x) = [g1(x),g2(x)], x € D, where g1: D — R is (k,h)-convex and g :
D — R is (k,h)-concave.

Proof. The “if” part is clear. To prove the “only if” part, consider the functions
g1: D— R and g;: D — R defined by

g1(x) =infG(x) and gy(x) =supG(x), x € D.

By the (k,h)-convexity of G and the fact that for any A,B C R, inf(A+ B) =infA+
infB and sup(A + B) = supA +supB, we obtain that g; is (k,&)-convex and g; is
(k,h)-concave. Since the values of G are convex and closed, the result follows. [

From now we assume that Y is a separable Banach space and / C R is an interval.
For a given set-valued map G: I — n(Y) the integral [;G(¢)dt is understood in the
sense of Aumann, i.e. it is the set of integrals of all integrable (in the sense of Bochner)
selections of the map G (cf. [1, 2]):

/G(t)dt = {/g(t)dt : g: I —Yisintegrable and g(r) € G(¢), 1 € I}.
1 1

A set-valued map G: I — n(Y) is called integrable bounded, if there exists a non-
negative integrable function y : I — R such that G(r) C y(¢)B, t € I, where B is
the unit ball in Y. In this case every measurable selection of G is integrable and,
consequently, the Aumann integral of G is nonempty whenever G is measurable.

The following properties of the Aumann integral will be needed in our investiga-
tions:

LEMMA 7. [1, Theorems 8.6.3, 8.6.4 ] Let G: I — cl(Y) be a measurable set-
valued map.
a) The closure of the integral of G is convex and

/IG(t)dt = W(/IG(t)dt)

b) If Y is finite dimensional, then the integral of G is convex. In particular, if
Y=Rand G(t)=[g1(t),82(t)], t €1, then

/IG(t)dt = [/Igl(t)dt,/lgz(t)dt}.
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¢) If G is integrable bounded, then

/G(t)dt = /mG(z)dt.

1 1

3. Hermite-Hadamard inequalities for (k,/)-convex set-valued maps

THEOREM 8. Assume that D is a k-convex subset of real vector space. Let
G: D — cleb(Y) be a (k,h)-convex integrable bounded set-valued map. Assume that
h(1/2) >0 and a,b € D. Then

1 1
(G(a) +G(b)]- /O h(r)dt C /0 G (k(t)a+k(1—1)b) dt
1

- M/o G(k(1/2) k() + k(1 =D)](a+b))dr.  (8)

Proof. To prove the left inclusion, fix a,b € D and take arbitrary u € G(a) and
v € G(b). Consider the function g: [0,1] — Y defined by
gt)y=ht)u+h(l—1t)v, te]|0,1].
By the (k,h)-convexity of G, we get
g(t) € h(1)G(a)+h(1 —1)G(b) C G(k(t)a+k(1—1)b),

which means that g is a selection of G. Simple calculations give

/Olg(t)dt:u/Olh(t)dH—v/Olh(l _1)di = (u+v)/01h(t)dt.

Hence, | |
(u+v)/0 h(t)dte/o G (k(t)a+ k(1 —1)b))dr,

which shows that

(Gla) + G(b)) / Unieyde / G (k(r)a+ k(1 —1)b))dr
0 0 '

The proof of the right inclusion is divided into two steps.

First, we assume that ¥ = R. Then, by Lemma 6, G is of the form G(x) =
[g1(x),82(x)], x € D, where g;: D — R is (k,h)-convex and g: D — R is (k,h)-
concave. Let g: [0,1] — R be any integrable selection of the set-valued map ¢ —
G(k(t)a+k(1—1)b). Denote @(t) :=k(1/2)[k(t) + k(1 —1)](a+b). Then, by Theo-
rem 2 (cf. also Remark 4), we get

1 1 1 1
/Og(t)dt>/0 gl(k(t)a+k(1—t)b))dt>m/o gi1(o(t))dr
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and | X | |
/Og(t)dzg/o gz(k(t)a+k(1—z)b))dt<m/o o (9(1))dr.

Hence, by Lemma 7(b),

/Olg(t)dte
1 1 1 1 1 1 1
2h(1/2) Uo gl(Zh(l/Z)/o G(‘P(’))dt)d’7/0 82(@/0 G(o(1))dr)di]
1 1
= 72}1(1/2)/0 G(o(r))dr.

Since this relation holds for any integrable selection g of the map ¢ — G(k(t) +k(1—
1)), we get

1 1 1
/0 G(k(t)a+k(1—t)b))dzcm/0 G(o(t))dt

1

= 5175 /01 G(k(1/2)[k(t) + k(1 —1)](a+Db))dt.

Now, assume that Y is an arbitrary separable Banach space. Take a nonzero con-
tinuous linear functional y* € Y* and consider the set-valued map x — y*(G(x)), x€ D.
It is easy to check that this map is (k,%)-convex and has values in clchb(R). So, by the
previous step,

/Oly* (G(k(t)a—l—k(l —t)b))dt c m%)ly* <G((p(t))>dt. )

Take arbitrary z € fol G(k(t)a+ k(1 —1)b)dt. By the definition of the Aumann
integral, there exists an integrable selection g of the set-valued map ¢ +— G(k(t) +

k(1 —1)) such that z= [y g(t)dt. From (9), we obtain

y*(Z)=y*</Olg(t)dt> =/01y*(g(t))dt € m/oly* (G(<P(t))>dt- (10)

Since G is integrable bounded and the values y* (G((p (t))) are convex, by Lemma 7(c),

we get
/Oly* (G((p(t)))dt = /oly* (G((p(t))> :y*(/OlG((p(t))dt>
Cy* (/Ol G((p(t))dt). (11)

From (10) and (11), we obtain
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Since this condition holds for arbitrary y* € Y* and, by Lemma 7(a), the set fol G((p (t))dt
is convex and closed, by the separation theorem (see [8], Corollary 2.5.11), we obtain

1 1
e —— | G(o(t))dt
<€ 2h(1/2)/0 (o))
and hence, using once more Lemma 7(c),

1 1
z€E m/o G((p(l))dl

Consequently,
1 1 1
/0 G(k(t)a—l—k(l—t)b)dtcm/o G(o(1))dt
= mz)lG(k(l/Z)[k(tHk(l —1)|(a+b))dr,

which finishes the proof. [

THEOREM 9. Assume that D is a k-convex subset of R and choose a < b such
that [a,b] C D. Let G: I — cleb(Y) be a (k,h)-convex measurable set-valued map
with h(1/2) >0 . Then

1
b—a

G(k(1/2)(a+b))
2h(1/2)

b
/ G(x)dx C (12)
Proof. Let z € ;- ff G(x)dx. Then, there exists an integrable selection g of G
such that z = ﬁ / f g(x)dx. Suppose, contrary to our claim, that
¢ G(k(1/2)(a+b))
¢ 21(1)2)
By the separation theorem, there exists a linear continuous functional y* € Y* such that

(1/2)(a+b))>
21(1/2) '

Y (2) < infy* (G(k (13)

Consider the function f: D — R defined by
f(x) =infy*(G(x)), x € D.
It is easy to check that f is (k,h)-convex. Therefore, by Theorem 3,

1 f(k(1/2)(a+b))
E/H S IV (14

On the other hand, by (13), and taking into account that y*(g(x)) > infy*(G(x)) = f(x),
we obtain

[ a1 [y geas= v < f—<"(;{jf%)+ b))

This contradicts (14) and finishes the proof. []
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4. Applications

As an immediate consequence of the Hermite-Hadamard-type inclusions proved
above for (k,h)-convex set-valued maps, we can obtain many similar results for various
related classes of set-valued maps. In this section we present a few examples of them. In
the corollaries below D is assumed to be a k-convex subset of R (with the appropriate
function k).

For k(t) =h(t) =t, t € (0,1), Theorem 8 as well as Theorem 9 reduces to the
known Hermite-Hadamard inclusions for convex set-valued maps proved (under some-
what different assumptions on G) in [5, 9].

COROLLARY 10. If G: D — clcb(Y) is convex and integrable bounded, then

G(a);rG(b) C bia/abG(X)dxCG(a;b)

forall a,be D, a<b.

If we assume that k(z) = for all r € (0,1), then from Theorem 8, we obtain a
counterpart of the Hermite-Hadamard inequality for /-convex set-valued maps.

COROLLARY 11. Let G: D — clcb(Y) be a h-convex integrable bounded set-
valued map. Assume that h(1/2) >0 and a,b € D. Then

/b G(x)dx C G(#)

2h(1/2)

G(a) + G(b)] /O Unieyd € - !

—aJa

REMARK 12. Taking into account Remark 1, from Corollary 11, we can obtain
further counterparts of the Hermite-Hadamard inequality for s-Breckner-convex set-
valued maps (for h(¢) =¢* with some s € (0, 1)), P-convex set-valued maps (for h(t) =
1) and Godunova-Levin convex set-valued maps (for h(t) =¢~1).

If we assume that k(r) =¢'/* and h(r) =1 for all £ € (0,1), then from Theorems
8 and 9, we obtain counterparts of the Hermite-Hadamard inequalities for s-Orlicz-
convex set-valued maps.

COROLLARY 13. Let G: D — clcb(Y) be an s-Orlicz-convex integrable bounded
set-valued map. Assume that a,b € D. Then

G(a)+G(b) c /01 G(tl/“'a—f—(l _t)l/sb) dr

2
C/()1G<21/\[1/S (1 t)l/s](a—i—b))dt

a+b
G(x)dxC G
b— a/ . (21/5>

and
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If we assume that k(7) is defined by (4) and h(r) = k() for all + € (0,1), then
from the left-hand side of (8) in Theorem 8, we obtain a counterpart of the Hermite-
Hadamard inequalities for star-shaped set-valued maps.

COROLLARY 14. Let G: D — clcb(Y) be a star-shaped integrable bounded set-
valued map. Assume that a,b € D\ {0}. Then

a “ b
wcé/o G(t)dt—k%/o G(t)dt.
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