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maps preserve R-compact sets and R-affine maps preserve R-convex sets, are
presented, and some results on the composition of R-convex and R-affine maps are
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1 Introduction and preliminaries
Various generalizations of the classical concept of a convex function have been introduced,
especially during the second half of the twentieth century. These generalizations have
been explored in various fields, such as economics, engineering, statistics, and applied
sciences, and they have provided interesting results in several branches related to math-
ematics such as convex analysis, nonlinear optimization, linear programming, geometric
functional analysis, control theory, and dynamical systems; see for example [2, 13, 21], and
the references therein. Recently, the extensions of convexity have been considered by many
researchers. For example, Nikoufar et al. studied convexity in various branches of pure and
applied mathematical areas [3, 18, 25]. Also, we refer the readers to n-convexity and co-
ordinate convexity [9, 27, 37]; GA-convexity and GG-convexity [15, 20, 39]; s-convexity
[1]; preinvexity [35]; strong convexity [29, 30, 38]; quasi-convexity [32]; Schur convex-
ity [28, 34]; and pseudo-convexity [24]. Also, see the following recent related references:
[12, 19, 31], and [36].

Over the last forty years, another type of extension of convexity, in which the convex
coefficients need not commute with each other, has been considered. Examples include
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C*-convexity [22, 23], matrix convexity and operator convexity [8, 33], and the extension
of C*-convexity to *-rings [4—6], and [7]. The basic concepts of convex analysis can be
seen in [26] and [14].

Recently, the notions of orthogonal metric spaces and metric spaces with relation have
been considered by many researchers [10, 16, 17], and [11]. In [16], the authors introduced
R-metric spaces and studied some of the properties of these spaces. We recall some no-
tions and some notations as follows.

Suppose that (M, d) is a metric space and R is a relation on M. Then the triple (M, d, R)
or in brief M is called an R-metric space. An R-sequence {x, },cn in an R-metric space M is
a sequence {x,},cn such that x,Rx,.; for each n,k € N, and R-sequence {x,},cn is said to
converge to x if, for every ¢ > 0, there is an integer N such that d(x,, x) < ¢ for every n > N.
In this case, we write x,, LS x, and the R-sequence {x,},cn in M is said to be an R-Cauchy
sequence if, for every ¢ > 0, there exists an integer N such that d(x,, x,,) < € for n > N and
m > N. It is clear that x,Rx,, or x,,R x,,.

Also, the concepts of open and closed sets are defined in these spaces. For E C M, the
element x € M is called an R-limit point of E if there exists an R-sequence {x,},en in E
such that x,, # x for all n € N and «,, X x. The set of all R-limit points of E is denoted by
E'R, and the set E is R-closed if E'® C E. Precisely, the R-closure of E is the set EX=EUER
For E C M, if E¢ is R-closed, then E is said R-open and E is called R-compact if every
R-sequence {x,},cn in E has a convergent subsequence in E. The element x € E is an R-
interior point for E if, for every R-sequence {x,},cn such that x,, LY x, there exists N € N
such that x, € E for every n > N. The set of all of R-interior points of E is denoted by
R —int(E).

The map f : M — M is said to be R-continuous at x € M if, for every R-sequence {x,},cn
in M that x, ES x, we have f(x,) LS f(x). Also, f is said to be R-continuous on M if f is
R-continuous at each x € M.

The paper is organized as follows. We continue this introductory section with a review
of the basic definitions and notations of relative metric spaces, i.e., metric spaces equipped
with relations, that are needed for the next sections.

In Sect. 2, we first define the notions of R-vector space, vector space equipped with
relation, and R-convexity in these spaces. After giving some examples that distinct the
notions of convexity and R-convexity in general, the effect of some operations on R-convex
sets is investigated. More precisely, we show that the R-interior of an R-convex set is R-
convex under certain constraints on R.

Section 3 is devoted to studying R-extreme points, which are the relative extreme points
of R-convex sets. After defining this notion and giving some examples, we prove that ev-
ery extreme point is an R-extreme point, but the reverse is not necessarily true. Next, we
define the R-convex hull of the sets and set some conditions that for R-convex set W/,
R — co(W) = W. In the main theorem of this section, we give several equivalent condi-
tions for R-extremeness, and in the last example of this section, we show that generally,
the Krein—Milman type theorem does not hold. It seems that one can deduce a Krein—
Milman type result for R-convex R-compact sets by putting additional restrictions on the
relation R.

In Sect. 4, we introduce the notions of R-convex maps and R-affine maps on R-vector
spaces. In classical convexity, f is a convex function if and only if the epigraph of f is
a convex set. In this section, we prove such a result for R-convex maps, and then some
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corollaries of this theorem will be given. In continuation, by putting additional conditions
on the relation R, we prove several propositions which assert that R-continuous maps
take R-compact sets to R-compact sets, and R-affine maps preserve R-convexity. Also,
the composition of an R-affine map and a preserving R-affine map is R-affine, and the
composition of an increasing R-convex map and a preserving R-convex map is also an
R-convex map.

The presented results in this manuscript make powerful tools for important applications
in optimization theory. Finally, we concentrate on some applications of R-convexity in the
optimization theory. More precisely, we show that the R-affine R-continuous maps take
their extreme values on R-extreme points. Moreover, for an R-convex map f on R-convex
set K, the set of all elements of K on which f takes its minimum is an R-convex set, and in
R-vector metric space M, every local minimum xy of f is a global minimum of f on the set
[x0]r N K, where [xo]r = {x € M;xoRx}. Furthermore, if R is an equivalence relation with
an additional condition, then for the global maximum x; of f, f is constant on [xo]z N K.

2 R-convex sets

In [10, 16], and [11], the authors considered some spaces with relations to them and ob-
tained important and interesting results. It seems that these properties are independent
of the relation and this fact was not considered. This section is devoted to preliminaries of
R-vector spaces that are needed to study the R-convexity property for sets. Some examples
are considered to clarify the contents.

Definition 2.1 Let R be arelation on a vector space V. Then V (or the pair (V, R)) is called
to be an R-vector space.

In [16], the authors introduced R-convex sets for R-metric space RX. We recall this no-
tion for an R-vector space as follows.

Definition 2.2 A subset W of an R-vector space V is said to be R-convex if Aw; + (1 —
Mwy € W whenever wi, wy € W, wiRw,, and 0 < A < 1. In this case, the combination Aw; +
(1 = A)wy is called an R-convex combination of two elements w; and wy.

The following remark and examples illustrate the relation between two notions “con-
vexity” and “R-convexity’.

Remark 2.3 Every convex set W in an R-vector space V is an R-convex set. However, the
reverse of the result is not true.

Example 2.4 Suppose that V = R and R is the equality relation on V,and W = N. Then N

is an R-convex set, but it is not a convex set.

Example 2.5 Let V =R? and
W= {(xy)6* +y* <1} U{(x9); (x—4)* +y* <1}
and

(%1, 1)R(%2,2) <= (%1,01), (%2,32) € { (%, ); 2" +y* < 1}
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or
(@1, 71), (x2,92) € {(,9); (x — 4)* + y* < 1}

Then W is an R-convex set but it is not convex.

Example 2.6 Let V =R, W =[-2,0) U {2}, and
xRy = x,y <0.

W is an R-convex set, but it is not convex.

Example 2.7 Let V be an R-vector space such that R is an equivalence relation. If there
existsavg € V such that voRv forall v € V, then R = V x V and the notions of R-convexity
and convexity are equivalent. Since for vy, v, € V we have

voRv1 and vgR vy = 1R vy and voR vy => ViR ;.

The union and intersection of sets preserve R-convexity property. In the next proposi-
tion, we investigate these subjects.

Proposition 2.8 Let V be an R-vector space. Then the following statements hold.
i. The intersection of every family of R-convex sets in V is also an R-convex set.

il. For every chain of R-convex sets {E}icr, the set | J,, E; is an R-convex set.

iel
ili. If{E;}ics is a sequence of R-convex sets in V, then limsup,; E; and liminf,c; E; are

also R-convex.

Furthermore, not all properties of convex sets hold for R-convex sets, as is illustrated in

the following two remarks.

Remark 2.9 The scalar multiplier of a convex set is convex. But it is not true for R-convex
sets. Assume that E is an R-convex set and o € C. Then the set «E is not necessarily R-
convex. For example, set E = (0,1) U (2,3) and for x,y € R,

xRy<=x,y€(0,1) or xy€(2,3).

1

3)U( 2 1) is not R-convex because

Hence E is an R-convex set, but for a = %, thesetaE = (0, 3
2 7 1
—R-— and - x
99 2

1
+— X —=—¢aE.
5 o

O

O N
N

Remark 2.10 For convex sets E; and E,, the set E; + E, is also convex. But it is not valid
for R-convex sets. To see this, let E; = (0,2) U (3,5) and E; = {-1}, and for x,y € R,

1
ny(:}x,ye<§,3> or x,y€(3,5) or x=y=-1.

It can be verified that E; and E, are R-convex, but the set E; + E; = (-1,1) U (2,4) is not

3

R-convex because for the numbers x = 1

and y = 2.5, xRy and some of their R-convex
combinations are not in E; + E,.
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The closure of any convex set is convex. This will be investigated in the following exam-
ple using an R-convex set and its R-closure.

Example 2.11 Let V=R and E =(0,1) U (4,5), and
xRy<= (0<x,y<4dorx,y>4), VxyeR.
Then E" = [0,1] U [4, 5], which is not R-convex.

Remark 2.1 The set of all interior points of a convex set is convex, but this is not true for
R-convex sets. In other words, the R-interior points of any R-convex set are not necessarily
an R-convex set. See the following example as a counterexample.

Example 2.12 Suppose that M := R?, E := {(x,0)| — 1 <x < 1} € R?, and the relation R is
defined on M as follows:

(%, 0)R(y,0) +— (x,y €[-1,0] orx,y € [0,1] orx,y € {-1, 1})
and
(%, %)R(¥,y), Vx,yeR.

Then E is an R-convex set. But R — int(E) = E — {(0,0)} is not an R-convex set since
(-1,0)R(1,0), but

1 1 .

5(—1,0) + 5(1,0) =(0,0) ¢ R —int(E).

In the following theorem, we provide the conditions to preserve the R-convexity from E
to R — int(E).

Theorem 2.13 Let (M,d,R) be an R-metric vector space such that R is an equivalence
relation on M, which has the following properties for every x,y € M:

i. xRy= xR(Ax+ (1 - 1)y),VA; 0 <A < 1.

ii. Ifx, L x and yRx, then yRx, (Yn > N) for some N € N.
Then the R-convexity of E C M implies that R — int(E) is also an R-convex set.

Proof Suppose that E is an R-convex set, x,y € int(E), xRy, and A € (0,1). We must show
that z:= Ax + (1 — 1)y € R — int(E). Let {z,} be an arbitrary R-sequence in M such that
Zy X 2 Theset E is R-convex, so xRy implies that z € E. Using condition i, xRy implies
that xRz, and hence yRz (since R is an equivalence relation).

On the other hand, since z, X zand xRz, by using condition ii, we conclude that xR z,,,
(Vn > N;), and hence yRz, (Yn > N;) for some N; € N. For each m € N, put

1 1 1 1
Ky i= —2Zy + | 1= — |, Ynm = —Zn+ | 1= —|y.
m m m m

Then, for each n > Nj, in view of condition i, we have xRx, ,, and yRy,,, for all m € N.
Since R is an equivalence relation on M, we can conclude from xRx, ,, (Vm € N) that
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{Xm)on is an R-sequence in M, and %, X xas m— oo. Similarly, ¥Ry, ., (Vm € N)
implies that {y,};.; is an R-sequence in X, and y,,, kS y as m — 00. Thus, there are
positive integers M; and M, such that x,,,, € E, YVm > M;, and y,,, € E, Vm > M,. By
taking Mo = max{M;, M,}, for each m > M,, we have

Xy +(1=0)yymeE, (O<ac<l),
and furthermore, we have
)"xn,m + (1 - )\)yn,m € E¢ VWI Z M0~

Therefore, for all m > M, we conclude that

(1)
wi=—z,+|1-— )z
m m

= lz,, + (1 - l)(Ax+ (1-1)y)
m m

1 1 1 1
= )»(—z,, + <1 - —)x) +(1 —A)(—zy, + (1 - —)y)
m m m m

= My + (L= A)yYym €E.

Finally, if d(z;,z) < d(w,z) then z; € E, which implies that z € R — int(E), and the proof is
completed. 0

3 R-extreme points

In this section, we define R-extreme point concept for an R-convex subset in R-vector
spaces. Also, we define R-convex hull of the sets in R-vector spaces. The main results
of this section are presented in Proposition 3.9 and Theorem 3.10, and some equivalent

conditions for R-extremeness in the special R-vector spaces are obtained.

Definition 3.1 In an R-vector space V, an R-open line segment is a set of the following

form:
(v1,v2) = {Av + (1= M)v;0< A < 1}
for vi, v, € V such that v1 Rv,. We say that this R-open line segment is proper if v; # v,.

Definition 3.2 Let W be an R-convex set in an R-vector space V. Then a point w € W is
called an R-extreme point for W if there is no proper R-open line segment that contains
w and lies entirely in W. The set of all of R-extreme points of W is denoted by R — ext(W).

Remark 3.3 The following statements are valid:
i. For vector space V and R = V' x V, the extremeness and R-extremeness are
equivalent.
ii. Every extreme point of an R-convex set is an R-extreme point of this set in R-vector

spaces.



Ebrahimi Meymand and Alijani Journal of Inequalities and Applications (2022) 2022:72 Page 7 of 17

In the following, some examples are given to illustrate the concept of R-extreme points
and the differences between the extreme points and R-extreme points.

Example 3.4 Consider the R-vector space (R, <).
i. If W = [a, D], then ext(W) = R — ext(W) = {a, b}.
ii. If W =(a,b),thenext(W)=R—ext(W)=0.
iii. In general, in R-vector space (R, <), a set W is convex if and only if W is R-convex
and ext(W) = R — ext(W).

Example 3.5 Suppose that V = R? and R := A x A C R? such that A = {(x,y);x < 0}. If
W = {(x,9);y > 0}, then W is R-convex and ext(W) = @ but R — ext(W) = {(x,y) € W;x >
0} U{(0,0)}. To see this, assume that (x, y) € R? such that x > 0 and y > 0, then (x,y) cannot
be written as an R-convex combination of two points of W. Also, if y > 0, then (0,y) ¢ R-
ext(W) because

1 y 1 3y
0,9)=-10,= —-{0,—= ).
0 2( 2>+2( 2)
Example 3.6 Let V =R%and W = {(x,y) € R%y > 0}, and let

(1, Y1)R (%2, ¥2) <= %1 <%y and y; < ys.

It is well known that W is a convex set and also an R-convex set, and ext(W) = & but
R —ext(W) = {(x,0);x € R} because for everyx € Rand 0 < A < 1, if

(*,0) =A(z,w) + (1 =A)(t,v);  (z,w),(t,v) € W, (2, w)R(Z,v),

then 0 = Aw + (1 — A)v and 0 < w < v, which is a contradiction, and hence (x,0) cannot be
written as an R-convex combination of elements of W.
Note that if we replace ‘<’ with ‘<’ in the relation R, then

R —ext(W) =ext(W) = &.
Example 3.7 Assume V = R, W = {(x,7) € R%x% + y*> < 1}, and A = {(x,9) € R%x < 0},
and set R = A x A. Clearly, W is a convex set, and so is R-convex. We know that ext(W) =
{(x,5) € W;x% + 2 = 1}, but R — ext(W) is different because

R —ext(W) = {(x,y) eW;x+y* = 1} U {(x,y) e Wix> O}.
If the relation is replaced with the following relation:

(X1, Y1)R(x2, ¥2) <= (%1 < X2, 91 <¥2)s
then R — ext(W) = ext(W) = {(x,y) € W;a? + y* = 1}.

Now, we define the concept of R-convex hull of a set, and then we appoint some limi-
tations on the relation R, to obtain a necessary and sufficient condition for a set to be an
R-convex set.
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Definition 3.8 Let W be a subset of an R-vector space V. The R-convex hull of W is
denoted by R — co(W) and is defined as follows:

n n
Zaiwi;0<o¢i < I,Zai: 1L,wie W,wiRwi,,0<k<n-i,neNj.
i=1 i=1

Moreover, every element of R — co(W) is said to be an R-convex combination of elements
of W.

Proposition 3.9 Let V' be an R-vector space such that the relation R has the following
properties:

i. VRv forallveV.

ii. IfvRvy and vRv,, then vRAvy + (1 — A)v, for v,vy, vy € V and every 0 < & < 1.
Then every subset W of V is R-convex if and only if W = R — co(W).

Proof Firstly, assume that W = R — co(W), and v, v, € W such that v1Rv,. Then,
Ai+(A =AMy eR-co(W)=W, Vr0<A<].

Therefore, W is R-convex. Now, suppose that W is R-convex and v € W. By the properties
of R, for ve W, by i, vRv, and for A = %,

1 1
v=-v+-veER-co(W).
2 2

This shows that W € R — co(W). Now, R — co(W) C W is obtained by induction.

For n =2, let {v1,v,} € W such that viRv,. Then R —co({vy,v2}) € W by the R-convexity
of W.

Now, for n = 3, let {v1, v, v3} € W such that viRv,, viRv3, and voR v3, and «; € (0,1) such
that 3> | &; = 1. Then we can write

3
o o3
E Vi =01V +(1—O[1) Vo + V3
1 -1 1 -

i=1

such that lf—g{lvz + lf‘—ilm € W, because lf—il + 131 = 1,and »,R v3 and by using R-convexity
of W. Similarly, for every n € N, we obtain R — co{v,...,v,} € W. Thus R—co(W) C W

and the proof is complete. O

Note that in Proposition 3.9 the given condition for R is necessary, and if this condition
is omitted, then the result is not true. To see this, let V =R and R := * <. It is clear that
(¢, x) ¢ R for every x € R. The set K = [1,2] is R-convex but R — co(K) = (1, 2).

In the last theorem of this section, some equivalent conditions for an element to be an
R-extreme point are given.

Theorem 3.10 Let V be an R-vector space such that R is reflexive and for v,vy,v, € V, if
VRvy and vRv,, then vRAvy + (1 — A)vy for all 0 < A < 1. Then the following statements are
equivalent for every R-convex subset W of V:
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i. veR—ext(W).
ii. Ifv= %Vl + %vz, where vi,vy € W and viRv,, then v =vy = v,.
ili. Ifv=avi+ (1 —=A)vy, where 0 <A <1,vy,va € W, and viRv,, then v =v; = v,.
iv. ve R—co({v1,...v,}), wherev, € W fori=1,...,n and n € N, then there exists
jell,...n} such that v =v;.

v. W\ {v}isan R-convex set.

Proof i — ii. By definition of R-extreme point, it is clear.
il — iii. If A # %, without loss of generality, we assume that % < X < 1. Then the following

equality is obtained:
1 1
v=Av1+(1=Nvy = Evl + Ey; y=02r-1vi +(2-20)1, e W,

and v; Ry by the assumption. Therefore, the part iii is valid.

iii — iv. If v = Z?ﬂ o;v; is an R-convex combination of v; € W, then we can write v =
oy + (1 —on) Z;’zz 1‘_1—(’;(11/1-. By induction, the properties of R, and Proposition 3.9, we have
> s Toa;vi € W. The statement iii concludes that v =v; = 3°1, °c-v;. Then v = v; and
alsov=v for k =2,...,n, similarly.

Now, we consider iv —> v. Let v1,v, € W \ {v} such that viRv,, and 0 < A < 1. We must
show that Av; + (1 -A)vy € W\ {v}. Since W is R-convex, the combination Av; + (1 —A)v, €
W. Now, if v=2Av; + (1 — A)vy, then v € R — co({v1,v2}) and v = v; or v = v, by part iv. This
is a contradiction, and so Avy + (1 — A)v, € W\ {v}. Therefore, W \ {v} is R-convex.

v— i Let T = {Av; + (1 = X)15;0 < A < 1} € W be a proper R-open line segment con-
taining v. Then v = Av; + (1 — A)v; for some 0 < A < 1. It is known that v; # v, then v # v,
and v # v,. Also, W\ {v} is R-convex, and v;,v, € W\ {v},and sove W\ {v}. Butitisa
contradiction, and hence v is an R-extreme point for W. O

One of the most important subjects is considering Krein—Milman theorem for R-vector
spaces. In the following example, we see that this theorem is not valid for an R-compact

R-convex set in R-vector spaces generally.

Example 3.1 Let M = R with the standard topology, R ='<’ and K = (0, 1]. Clearly, K is an
R-compact and R-convex set, and R — ext(K) = {1} and so K #¢o*(R — ext(K)).

At the end of this section, the question that remains is, “under what conditions dose the

Krein-Milman Theorem for R-vector spaces hold?”.

4 R-convex functions

An important part of subjections in mathematics is studying the properties of a type of
map between two spaces. One type of the map is a convex map. This section introduces
R-convex maps and relative concepts and considers their properties with respect to rela-
tion R.

Definition 4.1 Let V be an R-vector space, and f : V — V be a map.
i. Assume that R is another relation on V. The map f is called to be R-convex with
respect to R; if, for each 0 < A <1 and vy, v, € V such that v R vy, the following
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relation holds:

f(kvl +(1- A)vz)Rl(kf(Vl) +(1- )»)f(vz)).

ii. The mapf:V — R is called to be R-convex if, for each 0 < A <1 and v;,v, € V such
that v1 R vy, the following relation holds:

f()wl +(1- A)vz) <M v1) + (1= 2)f(va).

iii. The map f: V — V (also the function f : V' — R) is called to be R-affine if, for each
0 <A <1and vy, vy € V such that vi R vy, the following equation holds:

S+ (1 =Mva) = Af (1) + (1= A)f ().

iv. The R-epigraph of a map f: V — V, which is denoted by R — epi(f), is the set
{(v, W) f (V)R w}.

Remark 4.2 Assume that V is a vector space.
i. Every convex map f on an R-vector space V is R-convex, however, the reverse of the
result is not true.
ii. Let R=V x V be arelation on V. Then the notions of R-convexity and convexity for
every map f : V — R are equivalent.

The following example illustrates that every R-convex map is not necessarily a convex

map.
Example 4.3 Let V =R and

xRy <= (x,y <0orx,y>0).
Then the map f : R — R defined by

x> x <0,

)=

x2-3 x>0,

is an R-convex map on R, but it is not a convex map. Because for « = %, vi=-Landv, =1,

1 1 1 1 1
=X (1)+=-x1)=f0)=0L —f(-1) + =f(1) = —=.
f(2><( )+2><> £(0) fzf( )+ f(M)=-2
In the classical convexity, there is a straight relation between the convex functions and
their epigraphs. In the following theorem and its corollaries, by giving some conditions,

we obtain similar results for R-convex maps.

Theorem 4.4 Let Ry and R, be two relations on a vector space V, and let f : V — V

be a map. Also, assume that Ry is transitive and reflexive with the following property: For

Page 10 of 17
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0<A<landvi,vy,wi,wp €V,
(f(vl)szl, andf(vz)Rgm) = ()»f(vl) +(1- )\,)_f(Vz))RQ (Awl +(1- )\.)WQ).
Moreover, suppose that S is a relation on V x V with two properties as follows:
i. If viR vy, then (v, f(v1))S(va,f(v2)).
ii. Forvi,vo, w1, wy € V such that f(v1)Rowy and f(va)Rows, if (v1, w1)S(va, wa), then
V1R1V2.
Then f is an Ry-convex map on V with respect to Ry if and only if Ry —epi(f) is an S-convex

set.

Proof Suppose that f is an Ry -convex map on V with respect to R;. For (v1, w;) and (v,, w)
of R, — epi(f), where (v1, w1)S(va, wy), the definition of R, — epi(f) implies that

f1)Rw; and  f(v2)Rows.
Hence, by the property of Ry, for each 0 < A < 1, we conclude that
(M (1) + (@ = 1)f () Ra (Awr + (1 = A)wo).
By ii, we have v;R;v,, and by the R; -convexity of f,
S v+ @ =2v2) R (Af (1) + (1 = 1)f (va)).
Now, since R; is transitive, we deduce f(Av; + (1 — A)vo)Ry(Aw; + (1 — A)w,). Therefore,
Ay, wr) + (1= A)(vg, wp) = (Avl +(1=A)vy, Awg + (1 - A)wz) € R, —epi(f),
which shows that R, — epi(f) is S-convex.

Conversely, let R, — epi(f) be an S-convex set. Suppose that 0 < A < 1 and v; and v, in V
such that v; R v,. By the reflexivity of R, and the property i, the following statements hold:

(vi.f ), (va,f (1)) € Ry —epi(f) and  (vi,f(v1))S(va,f (1))
Then the S-convexity of R, — epi(f) concludes

A(vi,f (1) + (1= A)(va.f (v2)) € Ry —epi(f),
and hence,

(A1 + (1 = X)va, Af (1) + (1 = 1)f (2)) € Ry — epi(f).
So,

SOw1 + @ =)v2)Ry(Af (v1) + (1 = 1)f (v2)),

and f is R;-convex on V with respect to R;. O
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The special cases of the above theorem for a real vector space with different relations are
concluded in the following corollaries. It is well known that for f : R — R, the epigraph

of f is {(x,7);f (x) <y}

Corollary 4.5 Let R be a relation on vector space R, f be a map on R, and S be a relation
on R x R such that

i. If x1Rxy, then (x1,f(x1))S (%2, f (x2)).

il. For x1,%2,y1,¥2 € R such that f(x1) <y1 and f(x2) < ya, if (%1,91)S(%2, y2), then x1Rx,.
Then f is R-convex with respect to the relation * <’ if and only if epi(f) is S-convex.

3

Proof Since the relation * <’ is reflexive and transitive on R, so it is a straightforward

conclusion of Theorem 4.4. O

Corollary 4.6 Assume that R is a relation on the vector space R, and f is a map on R. Let
S be the induced relation of R on R x R as follows:

(x1,91)S(®2,92) <= x1R%3, for x1,%2,91,¥2 € R.

Then the function f : R — R is R-convex with respect to * <" on R if and only if epi(f) is
S-convex.

Proof 1Tt is concluded by Corollary 4.5. d

Corollary4.7 LetV bean R-vector spaceandf : V —> R be a function. Also, S is a relation
on V x V with the following properties:
i. If viRvy, then (v1,f(v1))S(vo,f(v2)).
ii. For vy, vy, wy,wy € V such that f(v1) < wy and f(vy) < wa, if (vi, w1)S(va, wy), then
V1R Va.

Then f is R-convex if and only if epi(f) is an S-convex set.

Proof 1t is a consequence of Theorem 4.4, since the relation ‘ <’ is reflexive and transi-
tive. 0

In the classical convexity, every convex function is a continuous function. But there exist
some R-convex functions which are not R-continuous.

Example 4.8 Let V=R, a>1,and
xRy<= (x,y<0orx,y>0), VxyeR.
Then the function

x> x<0,

fw=1" "
x*—a x>0,

is an R-convex function on the R-convex set R, and it is not R-continuous. This is because

by setting x,, = % forall m € N, {x,},en is an R-sequence converging to zero, and

fx,) :xi—a—HRf(O):O.
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It is known that every continuous map preserves compact sets. In the following propo-
sition, we show that every R-continuous map, by an additional condition, preserves R-
compact sets.

Proposition 4.1 Let M be an R-metric space, K be an R-compact subset of M, and f :
M — M be an R-continuous function such that, for x,y € M, f(x)Rf(y) implies that xRy,
then f(K) is an R-compact set. That is, every R-continuous map preserves R-compact sets

if f(x)Rf (y) implies that xR y.

Proof Let {f(x,)},en be an R-sequence in f(K). By the properties of f, {x,},en is an R-
sequence in R-compact set K, so there is a convergent R-subsequence {x,, }xen of it. Sup-
pose that

R
Xn, — %o for some xp € K.

f is R-continuous, so f (x,, ) i>f(xo), and f(K) is R-compact. d

The goal of the following proposition is to show the preservation of R-convex sets under
the special R-affine maps.

Proposition 4.2 Every R-affine function preserves R-convex sets if the following condition
holds:

S@)Rf(y) = xRy.

Proof Let K be an R-convex subset of an R-vector space V, and f: V — V be an R-affine
function. Now assume that f(v;),f(v2) € f(K) for some vy, v, € K such that f(v;)Rf(v)
and 0 < o < 1. By the assumption, f(v1)Rf(vy) implies that v; R vy, and by the R-convexity
of K, we have (v, + (1 — «)v;) € K. Also, f is an R-affine function, thus

af(v) + (1 —a)f (va) :f(otvl +(1- a)vz) € f(K).
So, f(K) is an R-convex set. O

Proposition 4.3 [n an R-metric vector space, the following statements are valid:
i. Summation, subtraction, and scalar multiplication of R-affine maps are also R-affine.
ii. Iff and g are R-affine maps and g is an R-preserving map, then fog is also R-affine.

Proposition 4.4 Let f be an increasing R-convex function on the R-metric vector space M,
and let g be an R-preserving R-convex map on M. Then fog is also an R-convex map.

Proof Let x,y € M such that xRy. Then g(x)Rg(y). For 0 < & < 1,
Sog(ax+ (1 -a)y) =f(g(ax+ (1 -a)y))

< f(ag@) + (1 - a)g(y))
<af(g) + (1 -a)f (gB)).

This shows that fog is R-convex. O
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5 Some applications in optimization

An optimization problem considers minimizing or maximizing a given real function on
a subset of its domain. In other words, in an optimization problem, one obtains the best
available values for some functions that have different types corresponding to objective
functions and types of their domains. The optimization theory and its techniques are use-
ful and very important in a large area of applied mathematics. In this section, we study
some results in optimization theory. More precisely, we study important results about the
extreme values of some R-convex maps on R-convex sets. In the first theorem, we show
that every R-continuous R-affine function attains its extrema at R-extreme points.

Theorem 5.1 Suppose that (M, R) is an R-metric vector space, K is a subset of M where
R - ext(K) is R-closed and R — ext(K) x R — ext(K) C R, and B is an R-compact subset of
CoR(R — ext(K)) such that R — ext(K) C B. Then every R-affine and R-continuous map f :
M —> R attains its maximum and minimum on B at R-extreme points of K. Moreover, the
maximum and minimum of f on B is equal with its maximum and minimum on R — ext(K),

respectively.

Proof Let f take its maximum on B at xy € B. Then there exists an R-sequence {x,},eny C
R .
R —co(R - ext(K)) such that x,, = x¢. Notice that x,, = ZZ”I AniVn; where N, e Nand y,; €

R—ext(K), (1 <i<N,)and A,,; €(0,1] such that Zﬁ”l Ani = 1. Thus,
Ny
f(xn) =f <Z )\n,iyn,i)
i=1
Ny
= Z)\n,lf(yn,i)
i=1
Ny
< lg,lg([nf i) ZI: A
= 12323\(sz On,i)s
1)
@) < max £ =) 51)

Now, {¥,i, }nen is an R-sequence in R — ext(K) C B. Note that B is R-compact, which en-
sures the existence of a convergent R-subsequence {yy, ;,, }ken. Suppose that y,, i, ES Yo
as k — o0o. Assuming R — ext(K) is R-closed, then yg € R — ext(K). Using relation (5.1) and
the R-continuity of f, we conclude that

flxo)=f(R- lim x,)
=f (R B kll>ngo N )
=R~ lim f(x,,)

< R- klilgof()/nk,i,,k)



Ebrahimi Meymand and Alijani Journal of Inequalities and Applications (2022) 2022:72 Page 15 0of 17

:f<R _kli)ngoynk,ink) =f (o).

On the other hand, f(x¢) is maximum of f on B, so f (xo) = f(y0), and f attains its maximum
on B at yy. Similarly, we can prove the theorem for the minimum case. O

In the succeeding proposition, we show that the set of all elements on which an R-convex
function takes its minimum is an R-convex set.

Proposition 5.2 Let V be an R-vector space, K be an R-convex subset of V,andf : K — R
be an R-convex function on K. Then, the set B = {x € V;f(x) = minyex f(y)} is R-convex.

Proof Suppose that x1,x, € B, and f attains its minimum m on x; and x,, and x; Rx,. Then,
for each A, (0 < A < 1), we have

m < f(Axy + (1= Nxz) < M) + (1= A)f (%) = Am + (1= A)m = m.
So, f(Ax1 + (1 — A)xy) = m, and Ax; + (1 — A)xy € B. Thus, B is an R-convex set. O

The following theorem asserts that every local minimum is a global minimum for R-

convex functions.

Theorem 5.3 Let (M,R) be an R-vector metric space, K C M be an R-convex set, and
f:K — R be an R-convex function which has a local minimum at x,, then x, is also a
global minimum of f on [xo]r N K, where [xo]r = {x € M;xoRx}. Specially, xq is a global
minimum on K if xoRx for all x € K.

Proof Suppose that f takes its minimum at xy on the neighborhood N of xy, and x €
[x0]r N K. Then, for sufficiently small A > 0, we have

Sxo) <f((1 = Mo + Ax) < (1= A)f (x0) + Af (%),

and hence A(f(x) — f(x0)) > 0, which implies that f(x) < f(x), and the proof is completed.
In addition, if xoRx for all x € K, then xy is a global minimum of f on K since f(x) < f(x)
forall x € K. O

Corollary 5.4 Let (M,R) be an R-vector metric space, K C M be an R-convex set, and
f: K — R be a strictly R-convex function which has a local minimum at x,. Then the
minimum point xy is unique on [xo]g N K.

Proof Since f is strictly R-convex on K, as the proof of the previous theorem, we obtain
f(xo) < f(x) for all x € [xg]r N K where x # xo. O

Theorem 5.5 Let (V,R) be an R-vector space such that R is an equivalence relation on V
with the following property:

aRb=> aR(ra + (1-1)b), Vie(0,1).

IfK is an R-convex subset of V and f : K — R is an R-convex function which has a global
maximum at xo, then f is constant on [xo]g N K.
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Proof Lety € [x9]zr N K such that f(y) < f(x0). Then xoRy, and so for « € (0,1), z = axp +
(1 - o)y € K, and by the properties of R, we have yRz. On the other hand, x¢ = éz + "‘a;ly,
and hence the R-convexity of f implies that

<( - l)f(aco) + L)
o o
= f(x0).

This suggests f(xo) < f(x0), which is a contradiction. Therefore, f(y) = f(xo) for all y €
[xo]R NK. O

6 Conclusions

Convex functions and extreme points are important objects in convex analysis and espe-
cially in optimization theory. In this paper, we tried to extend these notions to R-vector
spaces, where R is a relation on a vector space V, and then some results on this subject
have been obtained, and we compared these results with the reference cases by giving
some examples. Finally, some applications of R-convexity have been investigated in opti-
mization theory. More precisely, we have shown that the extrema of R-affine R-continuous
maps are reached on R-extreme points. Moreover, local and global minimum points of an
R-convex map f on R-convex set K have been considered. In the forthcoming works, we
will attempt to prove the Krein—Milman type theorems for R-compact R-convex subsets
of R-vector metric spaces and some other applications of this theory.
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