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Abstract In this paper, a method for scalarizing optimization problems whose
final space is endowed with a binary relation is stated without assuming any
additional hypothesis on the data of the problem. By this approach, nondom-
inated and minimal solutions are characterized in terms of solutions of scalar
optimization problems whose objective functions are the post-composition of
the original objective with scalar functions satisfying suitable properties. The
obtained results generalize some recent ones stated in quasi ordered sets and
real topological linear spaces. Besides, they are applied both to characterize
by scalarization approximate solutions of set optimization problems with set
ordering and to generalize some recent conditions on robust solutions of op-
timization problems. For this aim, a new robustness concept in optimization
under uncertainty is introduced which is interesting in itself.
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1 Introduction

In vector optimization and other optimization problems formulated in ordered
sets, there exist several characterizations of solutions by scalarization that
essentially work in the same way. The main aim of this work is to provide
a unifying framework for these kinds of results, from which one can derive
scalarization techniques in several optimization problems that involve prefer-
ence relations directly by checking simple properties. In this way, the condi-
tions required on the scalarization mapping to characterize solutions of the
problem are clarified.

As far as we are aware, the starting point of this research line arises in
Wierzbicki’s seminal papers [28-30]. In these works, several so-called order
preserving (monotonicity), order representing and order approximating prop-
erties were firstly introduced to characterize weak, efficient and proper solu-
tions of a vector optimization problem through solutions of associated scalar
optimization problems. Later, in the same setting, weaker order representing
properties were formulated by Miglierina and Molho [22]. Recently, Khush-
boo and Lalitha [15] have redefined the above properties by considering an
arbitrary ordering set instead of a cone.

All previous papers focus on real topological linear spaces. In [7], Gutiérrez
et al. generalized the above properties to any quasi ordered set. As a result, the
main scalarization methods in [22,28-30] were extended to set optimization
with set criteria. In this paper, we try to complete this research line by intro-
ducing and studying order preserving and order representing properties that
work in any set endowed with a binary relation. Our results therefore gener-
alize known characterizations by scalarization of minimal and nondominated
points stated in different settings and problems.

The last part of the paper involves two applications of these results. In the
first one, approximate solutions of set optimization problems quasi ordered
via the lower set less relation are characterized by approximate solutions of
scalar optimization problems. This characterization cannot be derived by the
results in [7,15,22,28-30] since the final space of the problem is neither a real
topological linear space nor a quasi ordered space.

The second application deals with necessary and sufficient conditions for
robust solutions of an optimization problem under uncertainty. First, new
concepts of robust solutions are defined that model the uncertainty of the
problem suitably, since the different alternatives are compared by functions
that are compatible with nondomination criteria. Some examples are given to
illustrate this statement and also the derived results.
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The remainder of this work is structured as follows: In Section 2, we in-
troduce the main notations and state some preliminary results. Section 3 is
dedicated to the characterization of minimal and nondominated points of arbi-
trary binary relations through scalarization. We pay attention to the particular
case of the real linear spaces and, as a consequence, we extend and clarify some
recent results of [15]. We finally apply our derived results to set optimization
and optimization problems under uncertainty in Sections 4 and 5. Section 6
concludes this paper with some final remarks.

2 Notations and preliminaries

Let G be a nonempty set and < be a binary relation on G. By < one can define
the following associated binary relations ~ and <1 on G (see [1]):

y1~y2 <= y1 Jy2,y2 Jyi;

€g
YLY2 &5 Qye =y Dyo,y1 L Yo

Let y € G, r € RU{%o0} and ¢ : G — RU {£o0}. The following sublevel sets
are needed:

S(G,y,R):={2€G: 2Ry} (Re{d~,<}),
So(G, 1 R):={z€G:9(2)Rr} (Re{<,<}).

Observe that S(G,y, <) NS(G,y,~) =0 and
S(G,y,9) = S(G,y, Q) US(G,y,~). (1)

Recall that yg € G is a minimal point of G, denoted by yo € Min(G, <), if
the following statement is true (see [1]):

yed, y<dyo=yoJy.
By (1) it is clear that

Yo € Min(G, <) < S(G,y0,<) =10 (2)
~— S(g7y07 S‘) = S(gayO7N)'

In a similar way, we say that yy € G is a nondominated point of G, denoted
by yo € ND(G, Q), if the following implication holds:

yeg, y<yo=yY=1yo-

These points were named strictly minimal elements by Gutiérrez et al. (see [7,
Definition 3.1]) in the setting of quasi ordered sets. By (1) we have that

Yo € ND(Qa Sl) <~ S(gay(), ﬁ) g {yO}
<~ S(gay07 <]) = @ and S(gay()vN) g {yO} (3)
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In particular, it follows that ND(G, <) C Min(G, <) (see (2) and (3)). Further-
more, if the binary relation < is antisymmetric, then S(G,y,~) C {y}, for all
y € G, and so ND(G, <) = Min(gG, <).

Throughout, the following abstract optimization problem is considered:

f(z) — ming (P)
st.x e H,
where f: X — Y, X and Y are nonempty sets, ) # H C X and the image
space Y is endowed with a binary relation 3 that in this optimization setting
is called a preference relation. Let us underline that the spaces X, Y and the
binary relation =X are not required to fulfill any assumption.

In order to solve problem (P), the minimal and nondominated points of
the image set f(H) are required. To be precise, a feasible point xg € H is said
to be a minimal (resp. nondominated) solution of problem (P), denoted by
70 € Min(f, H, <) (resp. w0 € ND(f, H, %)), if f(z0) € Min(f(H), ) (resp.
f(xo) e ND(f(H),3)). Observe that

Min(f, H, 3) = f~ (Min(f(H), 3)) N H,

ND(f,H, ) = f~ (ND(f(H), 3)) N H.
Furthermore, the notion of strict solution of problem (P) is also considered.
Recall that in scalar optimization (i.e., ¥ = R), a solution is called strict
whenever it is unique. This concept is extended to problem (P) as follows

(see [13]): A point z¢ € H is said to be a strict solution of problem (P), and
it is denoted by ¢ € Str(f, H, 3), if the next condition is fulfilled:

v € H, f(z) 3 flzo) =z = mo. (4)
Lemma 1 We have that
{e e H:S(f(H), f(z),3) =0} CStxe(f, H,3) CND(f, H, 3) € Min(f, H, 3).
Ify¢ S(Y,y,~), forally € Y, then
{zeH:S(f(H) f(x),3) =0} =Str(f,H,Z) =ND(f, H,3). (5
If S(Y,y,~) =0, for ally € Y, then

{w € H: S(f(H), f(x), 3) = 0} = Stx(f, H, 5) = ND(f, H, 3) = Min(f, H, 3).
(6)
Proof Let us state only the inclusion Str(f, H,3) 2 ND(f, H, X) in (5), since

the other assertions follow easily from the definitions. Let o € ND(f, H, 3).
Asy ¢ S(Y,y,~), for all y € Y, we claim that

f(x) £ f(xo), VreH. (7)

Indeed, if there exists € H such that f(x) < f(xo), then f(x) = f(zg) asxg €
ND(f, H, 3). Therefore, f(xo) =< f(xo) and so f(xg) ~ f(xo), a contradiction.
Clearly, statement (7) implies condition (4) and then xg € Str(f, H, <X).
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Assertion (5) motivates to study non-reflexive binary relations. Indeed, notice
that y ¢ y if and only if y Z y. Then, the nondominated solutions of opti-
mization problems whose preference relation is not reflexive coincide with the
strict solutions of the problem, and it is well-known that this type of solutions
fulfills good properties.

In real-world problems, the feasible set is usually defined by inequality and
equality constraints. A mathematical formulation for this kind of feasibility is

H={zxeM:g(x) 32}

where g : X — Z, Z is an arbitrary space, ) # M C X, 3¢ is a binary relation
on Z and zg € Z. In this case, it is possible to study problem (P) through the
following unconstrained problem:

(f,9)(x) — min<. (UP)
st.x e M,

where (f,9): X =Y x Z, (f,9)(z) := (f(x),g9(z)), for all z € X and Z* is a
binary relation on Y x Z defined by

(y1,21), (Y2,22) €Y X Z,(y1,21) 3% (Y2, 22) : = 1 Jy2, 21 3° 22
The next result is an easy consequence of the definitions.

Lemma 2 Consider problems (P) and (UP). If a nonempty set G C X satis-
fies the condition

X1 GM,@GG,(f,g)(%) ju (f,g)(l’g)é’lfleG, (8)
then we have that
Str(f, G, 3) N M C Str((f, 9), M, 3").

Notice that statement (8) holds by considering G = H provided that X is
transitive. Moreover, observe that assertion S(Y,y,~) = ) for all y € Y implies
S(YxZ, (y,z),~")=0,forally € Y, z € Z. Then, by Lemma 1, by assuming
that S(Y,y,~) =0, for all y € Y, we have that

{z e M:S((f,9)(M),(f,9)(x), 3*) =0}t = Stx((f, 9), M, 3")
=ND((f,9), M, 3") (9)
= Min((fa 9)7M7 ju) (10)

In the literature, scalarizing problem (P) usually means to solve it via an
associated scalar optimization problem, whose objective function is the post-
composition of f with a suitable scalar function ¢ : Y — RU{=£oo}. It is clear
that

Min(p o f, H,<) = f~ (Min(p, f(H), <)) N H.

Thus, the scalarization of problem (P) can be directly studied on the image
space Y, since the elements of Min(p o f, H, <) C X can be obtained via the
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elements of Min(yp, f(H),<) C Y and the set-valued mapping f~*(:) N H :
Y= X.
For each mapping ¢ : G — RU {400} and € > 0, we denote

argmingp :={yo € G : Yy € G, 0(vo) < ¢(y)},
e-argming ¢ := {yo € G : Vy € G, p(yo) —e < ¢(y)}.

Given two nonempty subsets Aj, Ay of a real linear space Y, y € Y, () #
T C R and a € R, we denote

A1+ As :={ay +az: a1 € Ay a9 € As}, aA; :={aay 1 a1 € A1},
y+ A ={y}+ 4, Ty={ty:teT}.

3 Characterization of minimal and nondominated points through
scalarization

Next, we define two properties from which one can obtain necessary conditions
for minimal and nondominated points via scalarization.

Definition 1 (<J-representing property) A mapping ¢ : G — RU{+too} is
said to be J-representing at y € G if one of the following equivalent statements
is fulfilled:

(a) Yz € G\S(G,y,<): v(2) > p(y).
(b) Su(G,p(y), <) € S(G,y,<).
(c) 2€G, p(2) <oply) = 2<y.

Remark 1 (i) The notion of <-representing mapping was introduced in [7, Def-
inition 3.2] in the setting of a quasi ordered set. It generalizes the order rep-
resentation property due to Wierzbicki [30, statement (30)], that was defined
in a finite dimensional linear space ordered by components. This property was
extended later to ordered linear spaces by Miglierina and Molho [22, assertion
(R2)]

(i1) Notice that statements (a)-(c¢) of Definition 1 do not change if one
considers G\{y} instead of G.

Ezample 1 (Linear spaces equipped with a binary relation) (i) Assume that G
is a nonempty subset of a real linear space Y (observe that Y is not equipped
with any topology), and consider the following binary relation < on Y defined
by an arbitrary nonempty domination set C C Y:

yi, %2 €Y, y1doye: = y1 —y2 € —C. (11)

Recall that the algebraic interior and the vectorial closure in the direction
q € Y\{0} of a set Q CY are, respectively, the next sets (see [10,12,24]):

coreQ :={y €Y :YweY,IA>0st. y+[0,A\Jv CQ},
vel,Q:={y €Y :VA>03N €[0,\ st. y+ Nqg e Q}.
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Let e € Y\{0}, %o € Y and ¢, :Y — RU{+xoo} be the so-called nonconvex
separation functional (see [10] and the references therein):

o (y) = +00 if y ¢ yo + Re — C,
€Yo/ inf{t e R:y € yo + te — C'} otherwise.

Define ¥, Y — RU{+too} as U<, (y) = ¢, (y) forally € Y, y # yo, and
Ul (yo) = 0. It follows that

€0
Sue, (G. ¥y, (40), <) = (yo + (—00,0)e — vele C) N (G\{yo}),
S(G, 0, <) = (yo — C\(CN(=C))) N (G\{y0})
and so the scalarization mapping V<, is <o-representing at yo provided that
(0, +00)e + vel. C C C\(C N (=C)). (12)

For example, property (12) is true if C' is an improvement set with respect to a
convex cone D C Y (le.,, C+D = C and 0 ¢ C, see [3,8,31] and the references
therein), e € D and C is pointed (i.e., C N (=C) = (). This particular case
follows by applying [9, Lemma 2.3(c)].

Notice that the above condition CN(—C) = () implies S(G,y, ~¢) = 0, for
all y € Y, and then the equalities in (6) hold. Moreover, a simple set satisfying
all of them is C' = core D whenever D is an algebraic solid (i.e., core D # ()
proper convex cone.

On the contrary, let Y’ be the algebraic dual space of Y and consider the
strict positive polar cone generated by C, i.e.,

C#.={lecY :VceC\{0},4(c)>0}.

It follows that in general functionals in C# are not <c-representing at any
yo € Y. For instance, if Y = G = R?, C = R2 (the nonnegative orthant of R?)
and ¢ = (1/2,1) € C#, it follows that £(1,0) < £(0,1), but (1,0) #¢ (0,1).

(#) Recently, Khushboo and Lalitha [15, Definition 3.1(iii)] defined a kind
of order representing property in the setting of a real Hausdorff topologi-
cal linear space Y equipped with a preference relation given by an arbitrary
nonempty domination set S C Y as follows:

Y,y2 €Y, y1 <s y2 <= y2—y1 € Y\S. (13)

To be precise, the authors say that a mapping ¢ : ¥ — R U {+oo} is order
preserving at a point yg € Y if

Yy €Y, y0 <sy= oY) < o(y) (14)
It is clear that this condition is equivalent to this one:

y €Y, 0(y) <o) =y s yo- (15)

Therefore, property (14) is a kind of order representing property weaker than
the <_g-representing property and equivalent to it whenever SN (—S) C {0}.
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Indeed, it is obvious that a point y € Y such that ¢(y) < ¢(yo) is different
from yo. In addition, for each y € Y\{yo}, condition S N (—S) C {0} implies
that y <_g yo if and only if y<_g yo. Thus, property (14), which is equivalent
to statement (15), can be rewritten as follows:

y €Y, 0(y) < elyo) =y <-s vo,
that coincides with the order representing property of the binary relation <_g.

Proposition 1 (Necessary condition) Let ¢ : G — R U {xoo} be -
representing at yo € G. Then:

Yo € Min(G, <) = yo € argmingep. (16)

Proof Suppose that yo € Min(G, <) and ¢ : G — RU {+o00} is <J-representing
at yo. Then, by (2) we have that S(G,yo,<1) = () and then the result follows
by applying statement (a) of Definition 1.

With respect to the application of the previous result, the following two
particular cases must be underlined. First, if ¢o(yo) = —o0, then ¢ is trivially <-
representing at yo for any relation < and the necessary condition (16) is useless.
Secondly, if ¢(yo) = +o0 and ¢ is J-representing at yg, then p(y) = +oo for
all y € G\S(G,yo,<). Therefore, in this case, the necessary condition (16)
actually reduces to know if ¢ is proper.

Corollary 1 (Necessary condition) Let yo € G and ¢ : G — RU {xoo} be
such that
y €9 0(y) <vlyo) =y o (17)
Then,
Yo € ND(G, <) = yo € argmingep.

Proof Suppose that yo € ND(G, <). By (3) we see that S(G, yo,~) C {yo} and
then assertion (17) coincides with the <-representing property of function ¢
at yo. Thus, the result is a direct consequence of Proposition 1 as ND(G, <) C
Min(gG, Q).

Remark 2 Proposition 1 was stated in [7] by considering a quasi ordered set
G. In addition, Corollary 1 encompasses [15, Theorem 3.1(i)] via the following
data: a real Hausdorff topological linear space Y, a nonempty set A C Y, a
point a € A, a set S C Y and by defining G := A, <:=<_g (see (11)) and
o(y) == ¢(y), for all y € Y, where ¢ : Y — RU {400} satisfies property (14).

Notice by the proof of Corollary 1 that (17) is equivalent to the <-represen-
ting property of mapping ¢ at yo whenever yy is a nondominated point of
(G, ).

Analogously, Proposition 1 encompasses [22, Proposition 5.2] by consider-
ing a real topological linear space Y, a nonempty set A C Y, a point yy € A,
a (topological) solid proper (K # Y) convex cone K C Y and by defining
G = —A, <=Lk (see (11)) and ¢(y) := —s(—y,yo), for all y € Y, where
s:Y x Y — R satisfies the following properties: s(yo,yo) = 0 and

{y €Y :s(y,y0) >0} C yo + int K.
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An extension of [22, Proposition 5.2] is possible as a simple consequence
of Proposition 1. Next, we state this result, which illustrates the usefulness of
Proposition 1.

Corollary 2 Let Y be a real linear space, G CY be a nonempty set, yo € G,
geY,D#C CY be a domination set and ¢ : Y — R U {Foo} be a function
such that ¢(y) =0 and

{yeY oy <0} Cy—(C\(=C)).

Then:
Yo € Min(G, d¢) = yo € argmingo(- — yo + ).

Proof The result follows by applying Proposition 1 to the function ¢(y) :=
oy —yo+9), forallyeY.

Next, as an obvious consequence of Proposition 1, a necessary condition
for minimal solutions of problem (P) is stated by scalarization.

Corollary 3 Consider problem (P), a point xo € H and a 3-representing
mapping ¢ : f(H) = RU{*oc} at f(xo). Then:

xo € Min(f, H, Z) = xo € argming (¢ o f).

Proof Let xg € Min(f, H, 3). By the definition of minimal solution of problem
(P) we see that f(zo) € Min(f(H),3). Then, the result follows by applying
Proposition 1.

Definition 2 (Strictly <-representing property) A mapping ¢ : G —
RU{=+o00} is said to be strictly <-representing at y € G if one of the following
equivalent statements is fulfilled:

(a) Vz € (G\{yH\S(G,y, Q): v(2) > ¢(y).
(b) So(G\{w}, ey),<) € S(G\{y}.y, Q).
(c) z€ G\{y}, v(2) < p(y) = z Jy.

Remark 3 The concept of strictly <-representing mapping at a point was
firstly defined in [7, Definition 3.3] for a quasi ordered set. In Definition 2,
we extend this notion to any binary relation. It is worth underlining that a
reformulation of this concept for real Hausdorff topological linear spaces has
been introduced by Khushboo and Lalitha [15, Definition 3.1(iv)] (see Example
2(11) below).

Notice that two stronger previous notions were defined by Wierzbicki [29,
equation (9)] and Miglierina and Molho [22, equation (R1)] in the setting of a
real ordered topological linear space whose domination set C' is a convex cone
(see (11)).
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Example 2 (Linear spaces equipped with a binary relation, see Example 1)
(i) By [10, Theorem 4(e)] we have that

Swe, (G\{uo}, ey, (o), <) = (yo + (=00, 0)e — vele ) N (G\{wo}),  (18)
S(G\{yo}, 90, Jc) = (o — C) N (G\{yo}) (19)

and so the scalarization mapping Wgyo is strictly <Je-representing at yo pro-
vided that

[0,400)e + vel. C C C. (20)

This condition is fulfilled, for instance, if C' is free disposal with respect to a
convex cone D C Y, e € D\{0} and C is algebraic closed along the direction
e (ie., vel. C = C).

Now let CT C Y’ be the (positive) polar cone generated by C, i.e.,

CT={{eY' :VceCl(c)>0}.

In general, the functionals in C* are not strictly <c-representing at any y € G.
For example, if Y = G =R? C =R, { = (1,1), y1 = (1,0) and y2 = (0,1),
then it is clear that £(y;) < £(y2), but y; D¢ yo.

(4i) The above quoted Khushboo and Lalitha’s reformulation (see Remark
3) is as follows: A mapping ¢ : ¥ — R U {too} satisfies the strict order
preserving property at a point yo € Y with respect to the ordering <g (see
(13)) if:

y€Y\{yo},v0 <sy = ¢(yo) < p(y). (21)

This condition coincides with the following one:

y € Y\{vo},»(y) < w(yo) =y s vo-

As a result, Khushboo and Lalitha’s strict order preserving property is a par-
ticular case of the concept of strictly <-representing mapping.

Moreover, in [15, Theorem 3.5(ii)], the authors proved that mapping go;fo
satisfies this property provided that the following assumptions are fulfilled:
S is closed, ap;(‘?(O) =0 and S — (0,400)e C S. The first condition implies
vele(—S) = —S and so assertion (20) with —S instead of C' is satisfied due to
the third assumption. Notice that ¢ 5 = W, ¥ since ¢, 5 (0) = 0.

However, (20) is a weaker condition to check if Wgyo is strictly <c-represen-
ting. Roughly speaking, one actually needs to find a direction e € Y\{0} such
that C is both vectorially closed in that direction and free disposal with respect
to the ray [0,4o00)e. In other words, it is possible to fulfill (20) through a non
closed set C satisfying @20(0) # 0.

For instance, let Y = R?, G = (—=1,—-1) + R%, C = {(y1,92) € R? : y1 >
0,y2 > 0,91 +y2 > 1}, S = —C and e = (0,1). It is clear that C = vel. C
and C' + [0,400)e = C. Thus, (20) holds and function ¥&, is strictly <c-
representing at (0, 0).
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Moreover, for each (y1,y2) €Y,

Yo if y1 < -1,
@go(ylvyZ) =4ty +1 ify €[-1,0), (22)
+00 if y > 0.

Then, [15, Theorem 3.5(ii)] cannot be applied to check if function @20 is
strictly <¢-representing at (0, 0), since C' is not closed and 9020(07 0) = +oo.

Next, we denote NE(yo) := (G\S(G, yo,~)) U{yo}.

Proposition 2 (Necessary condition) Let ¢ : G — R U {%o0} be strictly
J-representing at yo € G. Then:

Yo € Min(g, Q) = argmingg,, )Y = {vo}, (23)
yo € ND(G, <) = argmingy = {yo}. (24)

If, additionally, ¢ is constant in S(G,yo,~) U {yo}, then
Yo € Min(G, 9) = argmingy = S(G,y0,~) U{yo}- (25)

Proof Let us prove statement (23), since (24) is obvious by Definition 2(a) and
(25) is a direct consequence of (23) when ¢ is constant in S(G, yo, ~) U {yo}.

Consider y € NE(yo)\{yo} and suppose that ¢(y) < ¢(yo). Then, y €
(G\{vo})\S(G, yo,~) and y <y, by statement (c) of Definition 2, and as yy €
Min(G, <) we deduce that y ~ yo, which is a contradiction. Thus, statement
(23) is proved, and the proof finishes.

Let us observe that if yo € ND(G, <) then S(G, yo,~) U{yo} = {yo} and so ¢
is constant in S(G, yo, ~) U{yo}. Moreover, if ¢(yg) = +oo and ¢ is strictly <-
representing at yo, then G\{yo} C S(G, yo, <), i.e., yo is an upper order bound
of G. In particular, we have that yo € Min(G, <) iff G = S(G,yo ~) U {yo}
and yo € ND(G, <) iff G = {yo}. Analogously, if ¢(yo) = —oo and ¢ is strictly
J-representing at yo, then condition (23) (resp. (24)) reduces to analyze if
there exists a point y € NE(y) (resp. y € G), different from yg, such that

p(y) = —o0.

Remark 4 Statement (24) of Proposition 2 reduces to [7, Proposition 3.6] when
the relation < is a quasi order. Analogously, it recovers [15, Theorem 3.1(ii)] by
considering the following data (see Example 1 and Remark 3): a real topologi-
cal linear space Y, a nonempty set A C Y, apoint yg € A,aset S CY,G:= A,
<:=<_g (see (11)) and ¢(y) := ¢(y), for all y € Y, where ¢ : ¥ — RU {xo0}
satisfies property (21).

On the other hand, Proposition 2 encompasses [22, Proposition 5.4] by
considering a real topological linear space Y, a nonempty set A C Y, a point
Yo € A, a pointed convex cone K C Y and by defining G := —A, <:=<k (see
(11)) and ¢(y) := —s(—y, yo), for all y € Y, where s : ¥ x Y — R satisfies the
following properties: s(yo,yo) = 0 and

{yeY s(y,y0) >0} Cyo + K.
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Ezample 8 Consider the problem introduced at the end of Example 2(i7). As
the set C' is pointed, we have that assertions (23) and (24) coincide. On the
other hand, notice by Example 2(ii) that LT/(SO is strictly <g-representing at

point (070) and wgo(yl,?ﬁ) = ¢20(y13y2)7 for all (ylayQ) € RQ\{((]?O)} (See
(22)). In particular, Wgo(fl,yg) <0, for all yo € [—1,0]. Thus, argmingWgO *
{(0,0)} and 0 (0,0) ¢ ND(G, <c).

Next, we extend [22, Proposition 5.4] to an arbitrary domination set and a
scalarization mapping that vanishes in an arbitrary point ¢ different from the
nominal point yg.

Corollary 4 Let Y be a real linear space, G CY be a nonempty set, yo € G,
geY,C CY bea domination set and ¢ : Y — RU {£oo} be a function
satisfying ¢(g) = 0 and

{yeY:9(y) <0} cy—-C.
Then:
Yo € ND(G, d¢) = argming¢(- — yo + ) = {vo}

Proof The result follows by applying Proposition 2 to the function p(y) :=
oy —yo+7), forallyeY.

The next result gives by scalarization a necessary condition for minimal and
nondominated solutions of problem (P). We denote

NE(H, f,x0) :={z € H : f(x) 2 f(w0), f(x) # f(z0)} U{z0},
D(H, f,xo) :=={x € H : f(x) # f(z0)} U{zo}-

Corollary 5 Consider problem (P), a point xo € H and a strictly 3-representing
mapping ¢ : f(H) - RU{*too} at f(xo). Then:

o € Min(f, H,3) = afgminNE(H,f,zg)(SD o f)={wo},
zo € ND(f, H,3) = argminD(H,f,zo)(SD o f)={wo}.

If, additionally, ¢ is constant in S(f(H), f(xo),~)U{f(x0)}, then
xo € Min(f, H,Z) = argming (po f) ={zx € H: f(x) ~ f(zo)} U {xo}.

Proof By definition, xg € Min(f, H, 3) (resp. g € ND(f, H,3)) if 9 € H

)~

and f(zo) € Min(f(H), 3) (resp. f(xo) € ND(f(H),3)). Then, the result is a

)’ ~

direct consequence of Proposition 2.

In the following we introduce two properties to derive sufficient conditions
for minimal and nondominated points through scalarization.

Definition 3 (J-preserving property) A mapping ¢ : G & RU {+oo} is
said to be <-preserving at y € G if one of the following equivalent statements
is fulfilled:
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(a) Yz € G\S,(G,p(y),<): 2 A y.
(c) z€G, 24y = v(2) < oy).

Remark 5 The <-preserving property is a pointwise concept of monotonicity
that was introduced in [7, Definition 3.7] in the setting of a quasi ordered set.
However, notice that the same property was defined by Wierzbicki [29, equa-
tion (7)] and Miglierina and Molho [22, statement (P1)] in real topological
linear spaces ordered by a convex cone. In the same linear framework, Khush-
boo and Lalitha [18, Definition 3.1(i)] considered the following property for a
mapping ¢ : Y — R U {zxoo} (see (13)): ¢ is order representing at yo € Y if

yeY,yo £sy= o(yo) > o(y).

This condition is equivalent to the following one:

yeY,y<d_syo= o) < ey)

and so Khushboo and Lalitha’s order representing property extends the order
preserving properties defined either by Wierzbicki or Miglierina and Molho to
an arbitrary domination set.

Ezample 4 (Linear spaces equipped with a binary relation, see Examples 1 and
2) Returning to Example 1, notice by (18) and (19) that mapping Wgyo is <¢-
preserving at yo. This assertion was stated in [15, Theorem 3.4(ii)] for ¢S,
whenever ¢¢(0) = 0 and C+[0, +00)e = C. Notice that ¥F, is <Ic-preserving
at yo for any ordering set C. Moreover, if cpgo(()) = 0 then goec’yo = !ngo and
then condition C' + [0, +00)e = C in [15, Theorem 3.4(ii)] is superfluous.

On the other hand, it is clear that each mapping £ € CT is <¢-preserving

at any y € G.

Proposition 3 (Sufficient condition) Let ¢ : G — RU{+00} be J-preserving
at yo € G. Then:
{yo} = argmingp = yo € ND(G,9),  (26)
{yo} = argminyg )Y = Yo € Min(g, 9), (27)
Yo € argmingp, argming\{yo} € S(G, Y0, ~) = yo € Min(g, ). (28)

Proof Let us prove statement (27), since (26) is clear by Definition 3(¢) and
(28) follows by (27) since

Yo € argmingep, argmingp\{yo} C S(G,y0,~) = {yo} = argminyg )¢

Assume that {yo} = argminyg,,)» and let y € G be such that y < yo. If
y = yo then it is obvious that y ~ yo. Otherwise, by part (¢) of Definition
3 we obtain that ¢(y) < ¢(yo) and so y € S(G,yo,~), since y # yo and
{yo} = argminyg,, ). Therefore, implication (27) is true.
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Let us clarify a particular case of the previous result. If ¢(yg) = +oo then ¢
is <-preserving at yo for any binary relation <. However, condition {yo} =
argmingp (resp. {yo} = argmingg,,)¢) holds only if G = {yo} (resp. G =
S(G,y0,~) U{yo}). Thus, conditions (26)-(28) are useless whenever ¢(yo) =
+00.

Remark 6 In statement (29) we have observed that the left hand side of (28)
implies the left hand side of (27). The reciprocal implication is not true in
general, as we prove in the next example. However, it is not hard to check that
the next implication is satisfied:

{yo} = argminyg,, ¢ = argmingy € S(G,y0,~) U{yo}. (30)
Furthermore, it is obvious that
argmingp = S(G,y0, ~)U{yo} = yo € argmingyp, argmingp\{yo} € S(G, yo,~)
and if additionally ¢ is <-preserving at yo, then
argmingp = S(G, 40, ~)U{yo} <= wo € argmingyp, argmingp\{yo} € S(G, yo, ~).

Thus, the assumptions of (28) can be replaced by the left hand side of the
previous equivalence.

Ezample 5 Consider G = A; U Ay, where A; = {(0,y) € R? : y < 0} and
Ay ={(z,z) € R? : 2z > 0}, yo = (0,0) and the following binary relation:

(y1,92), (21,22) € G, (y1,92) < (21, 22) <= y1 = 21.

Then, the relation < is reflexive, transitive and
S(g7 Yo, N) = S(ga Yo, S]) = Al'

The function ¢ : G = R, ¢(y1,y2) = y2, is J-preserving at yo. Moreover, it is
clear that NE(yo) = A2 U {(0,0)}. Therefore,

{yo} = argminyg,,) ¥

and the left hand side of condition (27) is fulfilled. However, argmingy = 0
and so the left hand side of condition (28) is not true.

Remark 7 Statement (27) reduces to [7, Proposition 3.11] by assuming that
the binary relation < is a quasi order. Besides, [22, Proposition 5.3] (resp. [15,
Theorem 3.1(iv)]) results by (26), Remark 5 and the following data: Y is a real
linear space, K C Y is a convex cone (resp. S C Y is an arbitrary domination
set), 9=<_k (resp. 4=<_g) and ¢ = —s (resp. ¢ = —¢), where the mapping
s:Y = R (resp. ¢ : Y — RU {£o0}) is Jg-preserving at any point y € YV
(resp. Jg-preserving at the nominal point yo € Y).

Next, a sufficient condition via scalarization for strict solutions of problem (P)
is obtained by Proposition 3.



A scalarization scheme for binary relations with applications 15

Corollary 6 Consider problem (P), xo € H and let ¢ : f(H) — RU {£oo}
be a 3-preserving mapping at f(xo). Then:

{zo} = argming (¢ o f) = x¢ € Str(f, H, 2).

Proof Condition {xg} = argming(p o f) implies that f(z) # f(x0), for all
x € H\{zo} and {f(zo)} = argming gp. Then, by (26) we see that f(zo) €
ND(f(H), ) and this implies that z¢ € Str(f, H,3). Indeed, let € H such

that f(z) = f(zo). As f(xo) € ND(f(H),3) we deduce that f(z) = f(xo)
and so we have x = xq, since f(z) # f(xo), for all z € H\{zo}.

Definition 4 (Strictly <-preserving property) A mapping ¢ : G — RU
{£oo} is said to be strictly <-preserving at y € G if one of the following
equivalent statements is fulfilled:

(a) V2 € G\Sy(G, (y), <): 2 A y.

(b) S(G,y,<) € Sp(G, ¢(y), <)

(c) z€G, 2y = v(z) <py)

Remark 8 The strictly <-preserving property was introduced in [7, Definition
3.8] in the setting of a quasi ordered set.

Notice that a non pointwise version of this concept was previously defined
by Wierzbicky [29, equation (8)] in a real linear space Y ordered by a convex
cone. This notion was extended to a general domination set S C Y by Khush-
boo and Lalitha [18, Definition 3.1(ii)]. To be precise, these authors define the
strict order representing property of ¢ at a point yg € Y as follows (see (13)):

y e Y\{yo},vo £sy = o(yo) > o(y). (31)

It is clear that this condition is equivalent to the following one (see (11)):

y€Y\{yo},y s yo = »(y) < ¢(¥o),
that coincides with the strictly <_g-preserving property at yo provided that
S is pointed.

Ezxample 6 (Linear spaces equipped with a binary relation, see Examples 1, 2
and 4) It is obvious that

5(9,90, <) = (yo — (C\(=C))) N G\{wo}-
Moreover, by [10, Theorem 4(f)] we see that

S%C,yo (Q,Wgyo(yo), <) = (yo + (—00,0)e — vel, C) N G.

Therefore, mapping Wgyo is strictly <Jc-preserving at yo if

C\(-C) C (0,+)e + vcl, C.

This condition is fulfilled, for instance, if C\(—C) is algebraically open, C is
free-disposal with respect to an algebraic solid convex cone D and e € core D
(see [10, Proposition 18]).

On the other hand, it is clear that each ¢ € C# is strictly <c-preserving
at any point y € G.
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Proposition 4 (Sufficient condition) Let ¢ : G — R U {£oo} be strictly
J-preserving at yo € G. Then,

Yo € argmingp = yo € Min(g, <).

Proof If yy € argmingy, then S, (G, ¢(yo), <) = 0 and the result follows by
part (a) of Definition 4.

Remark 9 Proposition 4 was stated in [7, Propostion 3.9] for quasi ordered
sets. Notice also that a version of this last result in real topological linear
spaces and the preference relation <i,; i, where K is a proper convex cone
with nonempty topological interior, was firstly obtained by Miglierina and
Molho [22, Proposition 5.1]. This particular case can be obtained by applying
Proposition 4 to the following data: <=<_;; x and p = —s, where s : Y — R
is strictly <, g-preserving at y, for all y € Y (observe that ND(G, <_ i g
) = Min(G, <_int k) since K is proper). Let us notice that the strictly <in; x-
preserving property can be required only to the nominal point yg.

Recently, Khushboo and Lalitha [15, Theorem 3.1(iii)] have stated the follow-
ing stronger condition in the setting of a real topological linear space Y: if
Yo € argmingy and ¢ satisfies (31), then yo € ND(G, <_g). Next, we extend
this result to a set G equipped with a binary relation < via Proposition 4.

Corollary 7 (Sufficient condition) Let yo € G and ¢ : G — R U {+o0} be
such that
y €9\ {wo},y o = o(y) < ¢(yo)- (32)
Then,
Yo € argmingy = yo € ND(G, ).

Proof By assumption (32) and condition yo € argmingy it is obvious that
S(G,y0,~) C {yo}. Thus, yo is a nondominated point of (G, Q) if and only if
it is a minimal point and then the result follows by applying Proposition 4.

In the next corollary a sufficient condition for minimal solutions of problem
(P) is derived by scalarization as a direct consequence of Proposition 4.

Corollary 8 Consider problem (P), xo € H and let ¢ : f(H) - RU {xo0}
be a strictly 3-preserving mapping at f(xg). Then:

xo € argming (p o f) = zo € Min(f, H, X).

Next, we combine the previous necessary and sufficient conditions to char-
acterize minimal and nondominated points via scalarization. The first charac-
terization is based on J-representing and strictly J-preserving mappings, and
it is a direct consequence of Propositions 1 and 4. The second one is based
on the order preserving and strict order representing properties introduced in
statements (14) and (31), respectively, and follows as a consequence of Corol-
laries 1 and 7 and extends [15, Theorem 3.2(i)] to arbitrary binary relations.
The third one considers strictly <-representing and <-preserving mappings
and follows by Propositions 2 and 3, statement (30) and Remark 6. Notice
that Theorem 3 encompasses [15, Theorem 3.2(ii)] (see Remarks 4 and 7).
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Theorem 1 (Characterization) Let ¢ : G — RU{+oo} and yo € G be such
that S¢(G, ¢(yo), <) = S(G, yo, <) Then,

Yo € Min(G, d) <= yo € argmingep.

Theorem 2 (Characterization) Let ¢ : G — RU{too} and yo € G be such
that S (G\{yo}, ¢(yo), <) = S(G\{wo}, vo, 9). Then,

Yo € ND(G, Q) <= yo € argmingep.

Theorem 3 (Characterization) Let ¢ : G — RU{+oo} and yo € G be such
that

Ssa(g\{y()}a Qo(y())a S) = S(g\{y0}7 Yo, S]) (33)
Then,

Yo € ND(G, Q) <= argmingyp = {yo}, (34)
Yo € Min(G, d) <= argminyg,,» = {yo},
argmingy = S(G, yo, ~) U{yo} = yo € Min(G, <) = argmingy C S(G,yo,~) U{yo}.

If additionally ¢ is constant in S(G,yo,~) U {yo}, then
Yo € Mln(gv S]) — 3rgming§0 = S(ga Yo, N) U {yO}

Observe that S(G,yo, <) C argmingy whenever yy € argmingy and ¢ is <-
preserving at yo, and then ¢ is constant in S(G, yo, ~) U {yo}.

Remark 10 (i) Theorem 1 and assertion (34) of Theorem 3 generalizes, respec-
tively, [7, Corollaries 3.12 and 3.13] from a quasi order to an arbitrary binary
relation on a set.

(ii) Theorem 2 (resp., statement (34) of Theorem 3) reduces to [15, Theo-
rem 3.2(1)] (resp. [15, Theorem 3.2(ii)]) by considering a real topological linear
space Y and the binary relation <=<_g defined by an arbitrary domination
set S CY (see (11)).

(iii) Besides, in the same setting, [15, Theorem 3.3(i)] states the equality

ND(G,<d_g) = argmingyp (35)

whenever condition S, (G\{vo}, ¥(y0), <) = S(G\{yo}, Yo, J_5) is fulfilled for
all yg € G. When G = Y and S is not pointed, this assumption cannot
be satisfied. On the other hand, if S is pointed, then S(G\{yo},v0,<-s) =
S(G\{wyo},v0, <), ND(G, <) = Min(g, <) and so conclusion (35) could be de-
rived via Theorem 1. Thus, in the setting of real linear spaces and a preference
relation defined by an arbitrary domination set, it would be more convenient to
consider both the strict <-preserving and the <-representing properties than
both properties (14) and (31).

(iv) In the setting of real ordered linear spaces, condition (32) has been
frequently considered to state sufficient conditions for the so-called proper
minimal points (see [5,12,14,25]).
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(v) Analogously, [15, Theorem 3.3(ii)] states that set ND(Y, <_g) coincides
with the set of strict solutions of problem

Min{p(y) : y € G}

provided that condition S, (Y, ¢(yo), <) = S(Y,y0,<_g) is fulfilled for all
Yo € G. Then, under this condition it is obvious that the set ND(Y,<_g)
is empty or a singleton, which hardly ever happens in real linear spaces and
the preference relation <I_g. Let us notice that function ¢ is injective when-
ever it fulfils the mentioned condition and additionally the set S is pointed.
So, the non pointwise version of property (33) seems to be very restrictive and

then assertions as [18, Theorem 3.2(ii)] would be useless.

Theorem 4 (Characterization) Let ¢ : G — RU{%o0} and yo € G be such

that S,(G\{yo}, v (yo), <) = S(G\{yo}, Yo, <) and also S,(G\{yo}, ¥(y0), <) =
S(G\{vo},v0,<). Then,

Yo € Min(G, <) <= yo € argmingp <= argmingy = S(G, o, ~) U {yo},
Yo € ND(G, Q) <= argmingp = {yo}.

4 Application to set optimization

The first application concerns with approximate solutions of a set optimization
problem. Let F : X — 28" be a set-valued mapping and H C X be a nonempty
feasible set of an arbitrary decision space X. The set optimization problem

F(z) — minﬁfﬁg (SOP)
st.xe H
looks for solutions according to the quasi order j]lRp (the lower set less relation

introduced by Kuroiwa in [20], compare [14]):
Ay, Ay e Ay iji Ay = Ay C A +RE,

where R” denotes the nonnegative orthant of R?. In the sequel, R | stands
for the topological interior of R .

In order to approximate nondominated solutions of (SOP), the following
concept was recently introduced (see [6, Definition 2.4(c)]).

Definition 5 Given a nonempty set C' C RP, a point x¢ € H is said to be a
C-approximate solution of problem (SOP), denoted by zo € A(F, H, 3L, ,C),

?N]R1jr7
it F(z)+C ;é]lRi F(xg), for all z € H.
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Let A € RE\{0}, e > 0 and
C\e):={yeRi : (\y) >¢c}.

For each x € H we assume that F'(x) is nonempty and compact. Thus,
Vo € H: argming,) (A, ) # 0.

Next, the set A(F, H, j]lRi,C()\, g)) of C(\, e)-approximate solutions of prob-

lem (SOP) is characterized by scalarization. First, we show that the compact-
ness assumption implies that a point ¢ € H is a C'(\, €)-approximate solution
of problem (SOP) if and only if it is a nondominated solution of problem

F(z) = minx (ASOP)

~C(Ae)

s.t.x € H,

where the ordering jlc( Ae) 18 defined as follows:
A, Ay € 2%, AL Zhe A2 = Ay C AL +C(Ne).

Recall that notations ND(F, H, le()\,s)) and Min(F, H, jlc(hs)) refer to the

sets of nondominated and minimal solutions of problem (ASOP), respectively.

Lemma 3 For each A\ € RE\{0} and € > 0 we have that
A(F7 H, r_j]lRﬁ_ ) C(/\v 5)) = ND(Fa H, jlc(k,s)) = Min(Fv H, le(A,E))'

Proof Let z1,25 € H. As C(\,e)+RE = C(\, ¢), condition F(z1)+C(\, &) Zk»
n

F(z2) is equivalent to F'(x1) ﬁlc()\ o) F'(22). Then, the inclusion A(F, H, Sho
J +

,C(\e)) CND(F, H, jlc()\,s)) is clear. For the reciprocal inclusion, let us first

prove that

F(z) Zope Fla), « € H. (36)
Indeed, suppose reasoning by contradiction that there exists x € H such that
F(x) jlc()\’g) F(z). In particular, we have argming,)(A,-) C F(z) + C(A, ).
Consider an arbitrary point y € argming,) (A, -). Then, there exists 2z € F'(z)
and d € C(\, €) such that y = z 4+ d and we obtain that

Az = (N y) — (A d) <min(\,-) —e < min(}, ),
(2) = (g = Ovd) < minf ) — = < min(n, )

that is contradiction. Therefore, assertion (36) holds true.
Consider zg € ND(F, H, jlc(x,s)) and reasoning again by contradiction
suppose that z¢ ¢ A(F, H, ;j]lRp ,C(A\ €)). Then, there exists € H such that
+
F(z) + C(\e) 3ky F(xo). Therefore, F(x) ff()()\ o) F(20) and it follows that
5 ;

F(x) = F(wo), since xg € ND(F, H, Z{(, ). Thus, F(x0) 3y o) F(20), that
is contrary to (36).
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Next, we state that Min(F, H, jlc(/\)s)) C ND(F, H, jlc()\’a)). Indeed, let
x9 € Min(F, H, jl(}(,\,s)) and suppose that there exists x € H such that
F(z) 5}0(,\,5) F(xzp). As xg € Min(F, H, 5ZC(>\75)) we deduce that F(zg) C
F(xz) + C(A\e) + C(\ e) = F(xg) + C(), 2¢) and from here we get a contra-
diction by following the previous reasonings carried out to prove (36). This
completes the proof.

To scalarize the nondominated solutions of problem (ASOP) we consider the
following two mappings: given B € 28"\{(} and ¢ € R%_, let us define

@2‘7’;7 902:; : 2RP\{®} —RU {:I:oo} as

e : a; — b, €+<>‘aab>} RP
H(A) = f , Ae?2 0}),
ey 5(4) sup inf max {gﬁgp{ 0 } o ( \{0})

where a;, b; and g; denote the jth-component of elements a, b and ¢, respec-
tively, and @27’]3(14) = gog‘fg(A), for all A € 28"\{0, B}, @;\7’%(3) = 0.

Lemma 4 Suppose that argming (\, ) # (. It follows that go;‘,’;(B) =¢e/(\q).

Proof For each b € B it follows that

inf max{ max {bj _bj},€+ <)\’b_b>}
beB 1<j<p q; (A Q)
Smax{ max {bj—bj}’5+<)\,b—b>}
1<i<p | g (A q)
€
)

Thus, it follows that @2”]83(3) < e/(\, q). Reciprocally, consider an arbitrary
point b° € argming (), -). Then,

bj—b?} e+<A,b—b°>}

e .
@ '5(B) > inf max ¢ max
(%) 2 2 { { 4 (A, q)

Therefore, gp)"s B) =¢/()\, q) and the proof is complete.
q,B

Let us denote F(H) := {F(z): x € H} C 28"\ {0}.

Proposition 5 For each B € F(H), the mapping @2‘7’2 :F(H) - RU{xo0}
is strictly jlc(/\’g)—representing and jg(/\76)—preserving at B.
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Proof Let A € F(H)\{B} such that 432,’%(14) < @27’183(3). Then, we have that
@;\)’]EB(A) < 0 and so

Vb e B: infmax{max {aj_bj},6+<)\’a_b>}<0.

acA 1<i<p | g5 Na)
Fix an arbitrary b € B. For each n € N there exists a” € A such that
al —b; A a™ —b
max { J j}gl/n, Mﬁl/n. (37)
1<j<p q; (A q)

As A is compact we can suppose without loss of generality that a” — a € A.
Then, by (37) we see that

max{ajbj}g(), €+<)\,afb>§0
1<j<p | g A\

and we obtain that b —a € C(X,e). As b € B is arbitrary it follows that
BCA+C(\e), ie, A jlc'()\,s) B.

Reciprocally, consider A € F(H)\{B} such that A jlc(x,a) B. Let us check
that @2”2,(14) < @2”;(3). Indeed, for each b € B, since B C A+ C(\,¢), there
exist a’ € A and d® € C(),¢) such that b = a® +d°. Thus, d* € RE, (\,d°) > ¢

and then
inf max{ max {aj bj},€+<>\’ab>}
acA 1<j<p 4 N\ Q)
—db _qb
< max<{ max { —ZL ,M <0.
1<j<p | g A\ Q)
Therefore,

P 5(A) = 9y5(A) < 0=8,75(B)
and the proof is finished.

Theorem 5 We have that

3 .
xo € AA(}?7 H, fj]lRi7C(>\’8)) = Xp € m—argmlné(ﬂﬂxo)(<p27’;(10) o F),
where D(H, F,xq) :=={x € H : F(x) # F(x0)} U {zo}.
Proof By Lemma 3 we obtain that
To € A(Fa Ha j]lRiaO()VE)) <~ To € ND(Fa Ha le()\,E)) (38)

= o € H, F(x0) € ND(F(H), 21 (39)
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Assume that 2o € H. By applying Theorem 3 to G := F(H), ¢ := &<
and the binary relation *C( Ae) it turns that

F(J,(J)

F(x9) € ND(F(H), Z¢x.) <= argming @, 5, = {F(20)} (40)

A ¢q F(zo )( (z0)) < ¢q F(Io)(F( z)), (41)
Vz € D(F, H,z0)\{zo}

= 0< ), (F@), (42)
Vo € D(F, H,z0)\{zo}

= (@27’;(10) o F)(:L'o) — ﬁ (43)

< (Ehba © F)&), ¥ € DE H,au)\ o)

(44)

where the last equivalence is a consequence of Lemma 4. Then, the result
follows by (38)-(44) and the proof is complete.

Remark 11 Notice that Theorem 5 cannot be deduced by the results of [7,
15,22, 28-30] since ( QR ,+, 7~C A\ 6) is neither a real topological linear space
nor a quasi ordered space. In tillb sense, it contributes to the research line
suggested by Khushboo and Lalitha in [15, Section 6].

5 Robustness for scalar optimization problems involving
uncertainties

In many real world optimization problems, the input data are not completely
known. Indeed, in an optimization problem the data are in general inexact due
to measurement errors, some parameters have to be estimated since they are
unknown or the mathematical formulation of the real problem does not reflect
it completely. Such optimization problems, where uncertainties are involved,
are very common in practice. One approach for dealing with optimization
problems under uncertainty is the concept of robustness. This approach leads
us to a deterministic optimization problem where the solution concept is given
by certain binary relations introduced in Section 2.

In this section, we will apply our results concerning the characterization of
minimal and nondominated points (see Section 3) in order to give a character-
ization of robust counterpart problems to scalar optimization problems where
uncertainties are involved.

Throughout, the following scalar optimization problem under uncertainty
is considered:

f(z,£) — min (Q(8))
s.t. Fy(x,8) <0, i=1,...,m,
r € R™,
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where f, F; : R"xU — Rforalli=1,2,...,mand { € U := {&1,&2,.... &} C
RY is the uncertain parameter, which is assumed to be unknown, but stems
from the given uncertainty set U.

In order to solve problem (Q(£)), a deterministic counterpart is needed and
the so-called robust optimization approach suggests different alternatives (see
[16-18] and the references therein). It is well-known that solutions of robust
counterparts of problem (Q(£)) are solutions in some sense of the following
associated multiobjective optimization problems (see [16-18,23]):

f(x) — min (MOP)
s.t.gi(2) <0, i=1,....m,j=1,...,q,

r e R"”,
f*(z) — min (UMOP)
s.t.x € R™,

where f : R® — RY, v R" — RIG+E™) gt R" 5 R, f; := f(- &), gij =
Fi(-,&), foralli =1,...,mand j =1,2,...,¢, and fu = (7,§1,§27...,§m)
with §; = (gi1,9i2, - - -, 9ig) : R* > R, foralli=1,...,m.

The image spaces of these problems are ordered by components. To be
precise, the relations SIRL+ and S‘R1++, l € {q,gqm,q(l + m)} are used (recall

that notation R, | stands for the topological interior of RY, ).
Thus, the feasible set of problem (MOP) is

H:={zeR":j(x) Jgom 0}

where g = (1,92, -+, gm) : R — RI™,

In the sequel, we introduce several robustness notions that generalize the
most important robustness concepts of the literature. Then, we relate them
with solutions of problems (MOP) and (UMOP) by the results of Section 3.
The obtained relationships cover and extend several similar ones stated by
well-known robust counterparts.

Definition 6 A function p : R® — R is said to be increasing (resp. strong
increasing) if p(y + d) > p(y) for all y € R' and d € R' | (resp. d € R, \{0}),
and it is said to be nondecreasing if p(y+d) > p(y) for all y € R' and d € R,).

Remark 12 Let us observe that p is increasing (resp. strong increasing) if it is
strictly §1R1+ . (resp. §1R1+ )-preserving at every point y € R!, and it is nonde-

creasing if it is SIRQ -preserving at every point y € R’

Definition 7 A point o € R” is said to be a weak (resp. strict) admissible
robust solution of (Q(§)) if there exists an increasing (resp. nondecreasing)

function p : R? — R such that z¢ € argming (po f) (resp. {xo} = argming(po

f)). The set of all weak (resp. strict) admissible robust solutions of (Q(&)) is
denoted by WA(Q(E)) (resp. StrA(Q(£))).
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If in the definitions above we consider a surrogate set G 2 H instead of

H satisfying condition (8) with f = f, g = g, M = R™ and j“:gquHXMm

(resp. Z“=<pe1+m)) and also the condition ¢ € argming(po f) (resp. {zo} =
+

argming(p o f)), then we say that z( is a surrogate weak (resp. strict) ad-
missible robust solution of (Q(¢)), denoted by zp € SWA(Q(E)) (resp. xo €
SSHA(Q(E))).

Analogously, g € R™ is said to be an admissible robust solution of (Q(£)),
denoted by z¢ € A(Q()) if there exists a strong increasing function p : R? — R
such that xo € argming (p o f).

The following example shows that our new definitions comprise known
concepts of robust counterparts.

Ezample 7 Consider y° € R?, w € R% and the problem

Cmax (7€) — ) - min

J=1,2,....q

st. Fi(z,&) <0, i=1,...,m, j=12,...,4q, Q& w,y°))

x € R™
Let in Definition 7 the function p : R? — R be given by
Yy eRY: p(y):= max {w;(y; —y))}-
J=1,2,...,q

It is clear that p is nondecreasing as well as increasing, but it is not strong
increasing. Therefore, if x is an optimal (resp. strict) solution of problem
(Q(&,w,y%)), then x is a weak (resp. strict) admissible robust solution of
(Q(€)-

The most prominent robust counterpart of (Q(¢)) is described by the con-
cept of strict robustness (also called minmax robustness). It has been intro-
duced by Soyster [27] and extensively researched since then, see Ben-Tal et
al. [2]. Strict robustness is a very conservative approach, where the worst case
objective function is minimized and all constraints have to be fulfilled for every
possible uncertain parameter. Formally, the strictly robust counterpart of
the optimization problem under uncertainty (Q(§)) is described by problem
Q(&,w,4°) by considering w = (1,1,...,1) and y° = 0.

This robustness concept was further generalized by the so-called weighted
robust counterpart of (Q(¢)), where weights w; > 0, j = 1,2,...,¢q are
considered. Such a weighted robust approach to an optimization problem under
uncertainty was proposed by Kouvelis and Sayin [19,26] to generate solutions
of a vector-valued optimization problem.

If the best possible objective values for each future scenario is taken into
account while minimizing the worst possible objective function value at the
same time, then the deviation robustness is considered; sometimes it is referred
to as minmaz regret robustness. To be precise, if f° (&) € R denotes the optimal
value of problem (Q(¢;)) for every j =1,2,...,q, then the deviation robust
counterpart of (Q(¢)) is the problem Q(¢, e, f°) where e = (1,1,...,1) € RY

and fO = (fo(él)hfo(gQ)a <. -afo(fq))~
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Theorem 6 We have the following relationships:

WA(Q(£)) € ND(f, H, <gs ),
SWA(Q(€)) € ND(f*,R™, Qga  ygam ),
5 Str(f7 H7 S’Rq )’

Proof Consider o € WA(Q()). Then, there exists an increasing function

p: R? — R such that z¢ € argming(p o f). Then, by Corollary 8 and Lemma
1 we deduce that

To € Min(f’Ha S]]R?FJF) = ND(f7H7 S’RiJr)

and the first inclusion follows.

Suppose that zo € SWA(Q(E)). Then, reasoning as in the previous para-
graph we see that zo € Min(f, G, gquH) for a surrogate set G O H satisfy-
ing condition (8) with f = f, g = g, M = R™ and j“:SIRquRqum. Then,
the second inclusion is a consequence of (9)-(10) and Lemmas 1 and 2, since
S(RY,y,~%) =0, for all y € RY.

Let 2 € StrA(Q(€)). Then, there exists a nondecreasing function p : R? —
R such that {zg} = argming(p o f). Then, by Corollary 6 we deduce that
xo € Str(f, H, Jre ) and the third inclusion follows.

Consider xg € SStrA(Q(€)). Then, reasoning as in the previous paragraph,
we see that xo € Str(f, G, S]Ri ) for a surrogate set G O H satisfying condition
(8) with f = f, g =g, M = R™ and j“:ﬁRq+<1+m,). Then, the fourth inclusion
is a consequence of Lemma 2.

Finally, suppose that 2g € A(Q(£)). Then, there exists a strong increasing

function p : R? — R such that xo € argming(p o f). Then, by Corollary 8 we
deduce that

To € Mln(.f? H7 ﬂ]Ri) = ND(fa H7 S]]Rgr)a

since S]Ri is antisymmetric, and the fifth inclusion follows.

Remark 18 The second and fourth inclusions of Theorem 6 recover [18, The-
orems 4.1-4.6]. For it, consider M = R™ and let G be the feasible set of
each robust optimization problem. Notice that the assertions corresponding
to unique solutions of robust counterparts are improved, since these points
are strict solutions of the unconstrained multiobjective optimization problem
(UMOP).

Some inclusions of Theorem 6 can be strengthened, as it is stated in the
following theorem.
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Theorem 7 We have the following relationship:
WA(Q(€)) = ND(f, H, s ). (45)

Moreover, if f(-,€;) is a conver function, F(-,§;) is a semicontinuous quasi-
convex function, for all j =1,2,...,q andi=1,2,...,m, f(H)+R% is closed
and ND(f, H, S]Ri) £, then

F(A(Q(€))) S ND(f(H), <gs ) C cl F(A(Q(E)))-

Proof Consider a point zo € ND(f, H, Squ++)' By Lemma 1, we have zg €
Min(f, H, gler+). Now let us define the increasing function p : R? — R,

Yy e RY: p(y) == 121]?}%((1{93' — f(z0,&5)}-

We claim that it is ﬂRL—representing at f(zo). Indeed, let y € R? be such
that p(y) < p(f(zo)) = 0. Then, y; < f(wo,&;), for all j = 1,2,...,q, ie.,

Y<Re f (o).

Therefore, by applying Corollary 3 we deduce that xo € argming(p o f),
and equality (45) is proved.

Notice that each ¢ € R%, is a strong increasing function. Then, by [4,
Lemma 3.3] and [25, Theorems 3.4.1 and 3.4.2] we have that

ND(](T(H)7 Sl]Rqu) = f(ND(f7 H, S]Ri))

Ceclf U argming (£ o f)

LERY |
C cl F(A(Q(E))),
which finishes the proof.

Remark 14 (i) In [4, Lemma 3.3] and [21, Lemma 3.2] one can find conditions
that imply the closedness of the set f(H) + R%.

(ii) As a result of Theorem 7 and the motivation for dealing with robust
counterparts of scalar optimization problems under uncertainty, one can con-
clude that weak admissible robust solutions should be avoid. On the contrary,
for some special problems (for instance, these considered in the second part
of Theorem 7), the only kind of robust solutions that should be taken into
account are the admissible ones.

6 Conclusions
This paper presents an unifying framework for characterizations of minimal

and nondominated points of arbitrary binary relations by scalarization. Our
results generalize several corresponding ones from the literature and shed new
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light to the concept of scalarization. Finally, we have shown that our results
have wide applications in the fields of set-valued optimization and scalar op-
timization under uncertainty and its multi-objective counterpart. Further av-
enues for future research include the characterization by scalarization of other
solution concepts of set-valued optimization problems and the study of robust
counterparts of uncertain multiobjective optimization problems (see [11]).
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helpful comments and suggestions.
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