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Abstract

In [10], necessary and sufficient conditions in terms of variational inequalities are intro-
duced to characterize minimizers of convex set valued functions with values in a conlinear
space. Similar results are proved in [11, 9] for a weaker concept of minimizers and weaker
variational inequalities. The implications are proved using scalarization techniques that
eventually provide original problems, not fully equivalent to the set-valued counterparts.
Therefore, we try, in the course of this note, to close the network among the various no-
tions proposed. More specifically, we prove that a minimizer is always a weak minimizer,
and a solution to the stronger variational inequality always also a solution to the weak
variational inequality of the same type. As a special case we obtain a complete character-
ization of efficiency and weak efficiency in vector optimization by set-valued variational
inequalities and their scalarizations. Indeed this might eventually prove the usefulness of
the set-optimization approach to renew the study of vector optimization.

1 Introduction

Scalar variational inequalities (for short, VI) apply to study a wide range of problems, such
as equilibrium and optimization problems, see e.g. [2], [25]. Generalizations toward vector
VI were initiated in [15]; for recent results and survey on this field see [16], [17], [26], [27].
A major peculiarity in vector valued inequalities is the necessity to introduce at least two
different solution concepts, e.g. a strong and a weak one. This approach seems to be most
natural if referred to vector optimization efficiency and weak efficiency notions.

The notion of differentiable variational inequality arises in the scalar case, when the op-
erator involved in a VI has a primitive function. This kind of VI is widely studied because
of its relation to optimization problems. Under mild continuity assumptions, scalar Minty
VI (MVI, [28], [33]) of differential type provide a sufficient optimality condition to the prim-
itive optimization problem (a result popularized as Minty variational principle), while scalar
Stampacchia VI (SVI, [37]) is only necessary. Assuming some convexity on the primitive
function (or monotonicity of the derivative) both VIs are necessary and sufficient optimality
conditions. In [5], under generalized differentiability assumptions, scalar Minty VI have been
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studied and it has been proved that the existence of a solution to such a problem implies
some regularity property on the primitive optimization problem.

The same approach has been proposed by Giannessi [15] for vector optimization. In his
seminal paper, Giannessi studied the relations between a Stampacchia type vector variational
inequality and weak efficient solutions of the primitive vector optimization problem. It has
been proved that the scalar relations hold old under stronger assumption in the vector case,
namely convexity plays a bigger role in the proof. Further researches tried to extend the result
to efficient solution, providing a stronger version of the variational inequality and highlighting
some peculiarities of the vector case unknown for scalar functions. More recently, also the
Minty variational principle has been studied and extended to the vector case. The problem
has been posed by Giannessi in [16], where the links between Minty variational inequalities
and vector optimization problems were investigated both for efficient and weak efficient so-
lutions. More recently, in [6], [38], some generalization of the vector principle have been
proposed in conjuction with weak efficient solutions. In [16], [38], the case of a differentiable
objective function f with values in R™ and a Pareto ordering cone has been studied, proving
a vector Minty variational principle for pseudoconvex functions. In [6] a similar result has
been extended to the case of an arbitrary ordering cone and a nondifferentiable objective
function. Overall, the existing literature pictures a wreath of relations, ranging between
weak and strong vector valued inequalities and weak efficiency and efficiency. Some of these
relations occur only under (generalized) convexity assumptions, some of the branches of the
wreath cannot be fixed.

Although optimization of set-valued functions has been a fast growing topic over the past
decades, very few has been proposed about variational inequalities to characterize minimality.

Since the first results by Corley [3], [4] and Dinh The Luc [31], based on a vector op-
timization approach, several papers have been proposed to provide optimality conditions.
Nevertheless, the main approach to derivatives (and therefore to the core of a variational
inequality) has been far distant form the basic differential quotient method adopted for
scalar (and vector) problems. More recently, a new paradigm, known as set-optimization,
has been proposed, compare [20],[23], [29], [30]. In this framework, the very concept of op-
timal solutions has been thought anew, together with operations among sets, now elements
of a complete ordered conlinear space. This leads to overcome some drawbacks in previous
attempt to provide variational inequalities for set-valued optimization problems (see e.g. [7]).

In [9] and [11], a notion of weak minimality for set-optimization is presented, motivated
by its relation with standard weak efficiency in vector optimization. Under certain regularity
assumptions it is proven in [9] that the solutions of the Minty type inequality are weak mini-
mizers of the primitive set-optimization problem. Under slightly weaker assumptions, a weak
minimizer of the set-optimization problem solves the Stampacchia differential variational in-
equality. Under convexity assumptions on the scalarizations, the reverse implications has
been proven in [11]. In [8] and [10], a corresponding chain of implications has been provided
for minimizers, actually for solutions of set optimization problems, and the corresponding
Minty and Stampacchia type differential variational inequalities.

The aim of this paper is to weave lose branches from the previous studies to propose
a wreath between set-optimization and set-valued variational inequalities, connecting strong
notions in [10] with their weak counterparts presented in [11]. As a special case of our results,
we obtain a wreath containing vector optimization efficient and weak efficient solutions.

The paper is organized as follows. We present the general setting of the problem and



the basic notation and assumption in Section 2, where some details on conlinear spaces are
recalled. In Section 3 we introduce the notion of minimizer and weak minimizer in set-
optimization, as well as the scalarization technique that is used to prove main results. The
variational inequalities introduced in [11] and [10] are also recalled together with the chains
of implications proved in these papers. Section 4 completes the wreath with the main results
proving the missing implications.

When of interest, counterexamples are included to show that assumptions cannot be
relaxed. The chains of implication provided in each section are illustrated by diagrams.

2 Basics

Throughout the paper, X and Z are real vector spaces, Z locally convex and Hausdorff with
topological dual Z*. The set U/ is the set of all closed, convex and balanced 0 neighborhoods
in Z, that is a O-neighborhood base of Z. By cl A, co A and int A, we denote the closed or
convex hull of a set A C Z and the topological interior of A, respectively. The conical hull of
aset Aisconed = {ta|ac A, 0<t}.

The set Z is preordered by a closed convex cone C # Z with nonempty topological
interior, int C' # () by means of 21 <¢ 29, if 290 € {21} + C. The (negative) dual cone of C' is
the set C~ = {z* € Z*|Vz € C': z*(z) < 0}. Since int C' # (), there exists a weak™ compact
base B* of C~, i.e. a convex subset with C~ \ {0} = cone B* with z*,tz* € B* implying
t =1 and any net in B* has a weak* convergent subnet, compare [1, Theorem 1.5.1]

In the sequel we consider the family of subsets of Z

G(Z,C)={AeP(Z)JA=clco(A+C)}
According to the order relations
A B iff BCA VA BegG(ZQO)
the set (G(Z,C), D) is order complete.Indeed, for any subset A C G(Z,C) it holds
inf A =clco U A; sup A= ﬂ A.
AcA AcA

assuming, by definition that when A = () we have inf A = () and sup.A = Z. Particularly,
G(Z,C) possesses a smallest element inf G(Z,C) = Z and a greatest one supG(Z, C) = 0.
We can also introduce operations on G(Z, C'), defining

VA, BeG(Z,C): A@dB=cl{a+beZ|ac A, bec B},
VAeG(Z,C),Vo<t: t-A={tac Z|lacA}; 0-A=C,

The resulting space G® = (G(Z,C), @, -, C, X) is endowed with neutral element C, () dominates
the addition and 0-() = 0- Z = C. Moreover,

YACG(Z,0),YvBeG(Z,C): BeinfA=inf{BoA|Ac A},

or, equivalently, the inf-residual A= B = inf {M € G(Z,C)| A< B® M} existsforall A, B €
G(Z,C). It holds (compare [19, Theorem 2.1])

A-=B={ze€Z|B+{z} C A};
A< B®(A=B).

Overall, the structure of G* is that of an order complete inf-residuated conlinear space.



Definition 2.1 A nonempty set Y together with two algebraic operations + : Y XY — Y
and - : IRy XY =Y is called a conlinear space with neutral element 8 provided that
(C1) (Y,+,0) is a commutative monoid with neutral element 0,
(C2) The operations are compatible: (i) Vy1,y2 € Y, Vr €e Ry: r- (yi+y2) =7 - yn1+7-y2,
(i) Vye Y, Vr,seRy: s-(r-y)=(rs)-y, (i) VyeY: 1-y=y, (iv)Vy e Y: 0-y=90.
A conlinear space (Y,+,-,0) together with a order relation < on'Y is called partially or-
dered, lattice ordered or order complete conlinear space provided that (Y, <) has the respective
structure and the order is compatible with the algebraic operations + and -:
(C3) (iNy,y1,92 €Y, y1 < y2 imply yi+y < ya+y, and (i) Vy1,y2 €Y, y1 S y2, 7 € Ry
imply - y1 L7 Y2
A partially ordered conlinear space (Y,+,-,0,<) is called inf-residuated, when for all
v,y € Y the element y—v = inf{u € Y |y < v+u} exists. In this case, y—v is called the
inf—residual of y and v.

We refer to [12, 13, 14, 19, 20, 32| for a more thorough study of this structure. For the
sake of completeness, we recall that it can be proven that a partially ordered conlinear space
is inf-residuated, if and only if for all y € Y and all A C Y such that inf A exists, it holds
(y+ inf A) = inf {y+a| a € A}, compare [19, Theorem 2.1]. The structure of conlinear space
may be better understood refereing to the following example.

Example 2.2 Let us consider Z =R, C =Ry. Then G (Z,C) = {[r,+o0) | r € R}U{IR}U
{0}, and G* can be identified (with respect to the algebraic and order structures which turn
G (IR, IR.) into an ordered conlinear space and a complete lattice admitting an inf-residuation)
with R = IR U {£o0} using the “inf-addition’ + (see [19, 34]). The inf-residuation on IR is
given by

r—s=inf{t e R |r < s+1}

for all v,s € R, compare [19] for further details.

Basic notions from real analysis can be easily extended to set—valued functions mapping
onto the conlinear space G*. For instance a function f: X — G* is called convex when

Ve, xo € X, VE € (0,1): f(txr + (1 —t)z2) S tf (z1)+ (1 —1) f(x2).
Moreover f is called positively homogeneous when
VO < t,Vx e X: f(tx) S tf (x),

and it is called sublinear if it is positively homogeneous and convex. As a standard notation,
we refer to the image set of a subset A C X through f by f[A] ={f(z) e W |z € A} CG*
and to the (effective) domain of a function f : X — G* istheset dom f = {z € X | f(z) # supG*}.
A function f: X — G* is called proper, if dom f # () and inf G* ¢ f[X].

Dealing with set—valued functions f: X — G%, scalarization is a common tool for opti-
mization problems. We first recall that the recession cone of a nonempty closed convex set
A C Z is the closed convex cone 0tYA = {z € Z| A+ {z} C A}, compare [39, p.6]. By defi-
nition, 070 = @ is assumed. If A € G\ {0}, then 0T A = A— A and C C 0" A are satisfied.
Especially, int (07 A) # () and (0T A)~ € C~, hence B*N (0T A)~ is a weak* compact base of
(0TA)~.



Each element of G2 is closed and convex and A = A+ C, hence by a separation argument
we can prove

VAeGh: A= (] {z€Z| —o(z*|4) < -2"(2)}, (2.1)
z*eB*

where o(2*|A) = sup {2*(z)| z € A} is the support function of A at z*. Therefore, A = () if
and only if there exists a z* € B* such that —o(z*|A) = +o00, or equivalently if the same
holds true for all z* € B*.

According to this notation, introducing the family of scalarizations for f: X — G* as the
extended real-valued functions ¢y .« X — IR U {fo00} defined by

Vz* e C7\{0}:  @p.« (x) =inf{—2"(2) | z € f(2)}
we obtain from (2.1) the following representation of f
VeeX: f(a)= () {z€Z]|ps.(x) < —2"(2)}.
z*eB*

Some properties of f are inherited by its scalarizations and vice versa. For instance, f is
convex if and only if ¢y .« is convex for each z* € B*.

To some extent, continuity or its relaxations are a common assumption in variational
inequality applications to optimization. The following definition summarize those continuity
concepts that are used in the sequel.

Definition 2.3 (a) Let ¢ : X — IR be a function, o € X. Then ¢ is said to be lower
semicontinuous (l.s.c.) at g, iff

VreR: r<yf«(xg) = U eldU:YuecU: r<ps«(ro+u).

(b) A set ¥ ={p;: X —>R|iecl} is lower equicontinuous in zo € (| dom;, if
el

Ve >03IW elUx(0)Ve e zg+ WViel: i(xo) <pi(z)+e

(¢c) Let ¢ : S C X — Z be a function, then ¢ is called C—continuous at xy € S, iff
YV e U(p(xz0)) U €eU(xo) Ve € SNU = Y(x) € V + C;

(d) Let F: X — P(Z) be a function, then F is called upper Hausdorff continuous at xg € S,
uf
YV e U(0) U € U(zo) Yo e U = F(z) C F(axo) + U

(e) Let f: X — G* be a function, M* C C~\{0}. Then f is said M*— lower semicontiuous
(M*~l.s.c.) at xo, iff s+ is l.s.c. at xq for all z* € M*.

(f) Let f: X — G* be a function. If
f(z) < liminf f(z +u) = ﬂ clco U flz+u)
o veld uelU

is satisfied, then f is lattice lower semicontinuous (lattice l.s.c.) at x. A function f :
X — G% is lattice l.s.c. if and only if it is lattice l.s.c. everywhere.



In [24], it has been proven that if f is C~ \ {0}-ls.c. at x, then it is also lattice l.s.c. at .
Since we assume int C' # ), f is C~\ {0}-Ls.c. at = if and only if f is Bxl.s.c. at z. One can
show that if f is convex, then f is lattice l.s.c. if and only if graph f = {(x,2)| z € f(x)} C
X X Z is a closed set with respect to the product topology, see [21].

In [9, Proposition 2.3] it has been proven that f : X — G* is upper Hausdorff continuous
at xg € dom F, if and only if ¥ = {npfyz* X = ﬁ\ z* e B*} is lower equicontinuous at xg in
which case f is B*- lower semicontinuous at xg which in turn implies lower lattice continuity
at xg, compare [24] for a detailed study of continuity concepts for set valued functions.

Remark 2.4 In this paper we mainly refer to G*—valued functions. However this is not a
restriction as any set—valued function F: X — P(Z) can be associated to its epigraphical, or
G2, extension given by F€ : X — G2 defined by

cleo (F(z)+C), if F(x)#0
Fc(x) - { F(z)=10 elsewhere.

Recalling that C—convexity of F is defined by
Ve,ye X, Ve (0,1): tF(z)+(1—t)F(y) C F(tz+ (1 —t)y) + C.

we have that F€ is convez if F is C'—convex.

Moreover, any vector-valued functionp : S C X — Z can be regarded as a set-valued function
on X defined as F(x) = {¢(x)} whenever x € S and F(x) = 0. Therefore we can always
associate to a vector—valued function its G® extension 1/10 =F%. X — G-,

Obviously, dom ¢ = S and for all z* € B* it holds

| —zY(x)eR if ze8
Puc z (@) = { 400 elsewhere.

Therefore ¥ is C'—continuous at © € S if and only if {72*1# : X - R|z2* € B*} s lower
equicontinuous at x (see e.g. [11, Lemma 2.14]). If additionally the ordering cone C' (and
hence C~\ {0}) is polyhedral, then 1) is C—continuous, if and only if Y is B*-Ls.c. at x (see
[31, Corollary 5.6]). Under the same assumption on C, lower semicontinuity of a finite set
of scalarizations, namely those with respect to the extreme directions of C~ \ {0}, is known
to be equivalent to C—continuity of 1.

Finally we define the restriction of a set valued function f : X — G? to a segment with
end points zg,z € X as fz, . : R — G2, given by

fxo,az(t) — {f(fUO + t(l’ — l’o)), ift e [0’ 1] :

(), elsewhere.

Setting x; = xg + t(x — xp) for all ¢ € IR, the scalarization of the restricted function fg, , is
equal to the restriction of the scalarization of f for all 2* € C— \ {0}.

An immediate generalization of the results in the remainder of this note is to replace
convexity of f by radial convexity of f at zo, meaning that fg, , : IR — G* is convex for all
x € X and likewise replacing lower semicontinuity by the corresponding radial definition. In
[9] and [8], the convexity assumption is dropped and replaced by more general monotonicity
assumptions on the scalarization of the set valued function.



3 Minimality and variational inequality formulation

In set—optimization several notions of minimimality can be defined through the order intro-
duced in G#. In this paper we focus on the following definitions that introduce two different
notions, a stronger and a weaker one, respectively.

Definition 3.1 /23] Let f : X — G be a function. Then zo € dom f is called a minimizer
of f, if the following holds true.

VeeX: (fa) < flwo) = f(x) = f(z0)). (Min)

Definition 3.2 [11] Let f : X — G* be a function. Then xg € dom f is called a weak 1,
scalarized weak or weak minimizer of f, if either f(x) = Z, or

VeeX: f(xo) ¢ int f(x); (w-I-Min)
Ve e X32" € B @ .«(x0) < @fox(x) # —00; (w-se-Min)
Vee XVU eU: flzo)dU ¢ f(x). (w-Min)

The chain of implications in Definition 3.2 is (w-I-Min)=>(w-sc-Min)=-(w-Min) (see [11,
Proposition 2.11]) hence each weak-l-minimizer of f in the sense of [22] is a weak minimizer.
Moreover, if f = F¢ : X — G» and F(xz) is a compact set, then the three types of weak
minimizers coincide [9, Proposition 2.1]. The motivation of our naming lays in the special
case f = ¢°. Then z¢ € dom f is a weak minimizer of f if and only if ¥)(z0) is a weakly
efficient element of v [X], i.e. for all z € dom f it holds v (zg) ¢ 1 (z) + int C. Likewise, xg
is a minimizer of f if and only if ¥ (z¢) is an efficient element of ¢ [X], i.e. for all x € dom f
¥(xo) € Y(x) + C implies ¢(z) € P(zo) + C.

To introduce a variational inequality associated to the set—optimization of f : X — G2,
we first need a notion of derivative of f. Recent results on scalar and vector Minty type
variational inequalities such as [5, 6] have used the concept of (lower) Dini derivative to state
the problem. The structure of inf-residuated image space allows to propose such a derivative
also for set—valued maps. We had rather present the definition on a general setting, than
restricting it to the G* case that will be applied for the main result. Doing so, we can stress
how the next definition allows to extend the Dini derivative of scalar valued functions to
extended real valued functions (see e.g. [21, 35]).

Definition 3.3 Let Y be a inf-residuated order complete conlinear space, f : X — Y and
x,u € X. The upper and lower Dini directional derivative of f at x in direction u are given

by

fT(a:,u) = limsup1 (f(a: + tu)—f(:n)) = inf sup 1 (f(x + tu)—f(x)) :

tlo t 0<s g<t<s
fHwu) = lirg(i)nfi (f(@ + tu)= f(@)) = sup Og}gsi (f (@ +tu)= f(x)) .

If both derivatives coincide, then f'(x,u) = f1(z,u) = f*(x,u) is the Dini directional deriva-
tive of f at x in direction u.



As the Dini derivatives are defined ’radially’, it is easy to see that following statements hold
under radial assumptions, too. For notational simplicity, we refrain from this generalization,
hoping to improve the clarity of the general scheme presented.

Remark 3.4 Definition 3.3 actually provides a generalization of the classical notion of Dini
derivative for scalar valued functions. Indeed let p : X — IR be an extended valued scalar
function. If o(x+tu) € R is satisfied for allt € [0,to] for a given 0 < to, then the differential
quotient is real, too, hence in this case the above defined derivatives coincide with the standard
definition in the literature, compare [18]. If x ¢ dom p, then p(x + tu)— p(x) = —oo for all
t >0, so ¢ (x,u) = —oco. On the other hand, if o(x) = —oo, then p(x + tu)— p(x) = —o0,
whenever p(x + tu) = —oo and p(z + tu)— @(x) = o0, else. The value of the derivatives in
this case depends on the behavior of ¢ in a proximity of x.

The following characterization of the Dini derivative extends a classical result to set-valued
functions.

Proposition 3.5 [11, Proposition 3.4] Let Y be a inf-residuated order complete conlinear
space, f: X — Y. If f is convex, then the Dini derivative exists for all x,u € X and it holds

1
/! s - .
fix,u) = [1)rgE " (f(z+tuw)= f(x)).
Moreover, f': X x X —'Y s sublinear in its second component.

If Y = G2, then for all z,u € X and 0 < s the directional derivative of a convex function
f: X —=G%is

Flawy = | 5+t @),

0<t<s

the differential quotient is decreasing as t converges towards 0. Moreover, as int C' # () is
assumed,

int f/(z,u) = U int% (f(z +tu)= f(z))

0<t<s

is satisfied for all z,u € X and all 0 < s, compare [11, Lemma 3.5].

Proposition 3.6 Let f: X — G* be a conves, set valued function, then
| ; 1 .
hlﬁ(l)nf 7 (fz+tu)= f(z)) = [ch O<L_Jt<s n (f(z+tuw)= f(z)),

the upper Painleve Kuratowski limit of the differential quotient, compare [31][p. 21].

PROOF. Indeed, we only need to check the convexity of the set |J 1 (f(z +tu)— f(z)).
0<t<s

Let 21,20 € |J 1 (f(z+tu)— f(z)) be given, then there exists 0 < t1,%> < s such that
0<t<s

flx) 4+ tizi C f(x + tiu)



is true for ¢ = 1,2. Let r € [0, 1] be given, to = (1 — r)t1 + rte. By convexity of the set f(x)
it holds
1-— ’I“)tl ’I”tg

)t (B0 4 2 ) = (1) () + 1) 4 (F(0) + 1),

to 0

hence by convexity of the function f

u;(ptlzl + 7;:;222> C—r)f(x+tiu) +rf(x+tau) C f(z+ tou),

F) +to (

implying co {21,201 € U 1 (f(z +tu)— f(x)).
0<t<s

O

We need also to use relations between the Dini derivative of the set—valued function and
those of its scalarization.

Proposition 3.7 [10, Proposition 2.36] Let f : X — G° be a convex function, z,u € X.
Then

N {2 €21 @) (au) < —"(2)} < Fu);
z*eB

V2 e CT\{0} 1 @ (z,u) < —o (2" f (2, u)).

Although in general taking the scalarization of the derivative is not equal to the derivative
of the scalarization, the equivalence occurs in the special case of the epigraphical extension
of a vector valued function.

Proposition 3.8 [11, Proposition 3.10] Let ¢ : S C X — Z be a C—-convex vector valued
function, f =9 : X — G* its epigraphical extension, x,u € X. Then for all z* € C~ \ {0}
it holds

V2t e CT\{0}:  —o(2"|f (z,u) = @}« (x,u). (SR)
For a general function f: X — G if (SR) is satisfied, then also the weaker condition
Flew= (1 {z€Z|d..(z,u) < —2"(2)} (WR)
z*eB*

holds true. Again, when f : X — G is the epigraphical extension of a C—convex vector
function ¢ : S € X — Z, then Property (WR) is satisfied.

In the sequel, property (SR) will be refereed to as strong regularity, while property (WR)
as weak regularity.

Attempts to characterize minimizers and weak minimizers in set-optimization through
varaitional inequalities have been proposed in [8], [10] and [9], [11]. We recall the definitions
of Stampacchia and Minty variational inequalities and their scalarizations used in the previous
papers.

Definition 3.9 Let f : X — G? be a convex function, xg € dom f. Then xo solves the set
valued Stampacchia inequality, if and only if

f(xo) =2 Vv Ve edom f: f(zx) # f(zo) = 0 ¢ f'(x0,z — x0). (SVIn)



Definition 3.10 Let f : X — G® be a convex function, xo € dom f. Then xo solves the
scalarized Stampacchia inequality, if and only if

flxo) =2 v Yz edomf: f(z) # f(xo) = F2" € B*: 0 < ¢} (w0, 0 —w0).  (svin)

Definition 3.11 Let f: X — G* be a convex function, o € dom f. Then xy solves the set
valued Minty inequality, if and only if

Ve e X: f(z) # f(vo) = f(z,m0—z) 0T f(x). (MVIy)

Definition 3.12 Let f : X — G* be a convex function, xg € dom f. Then xy solves the
scalarized Minty inequality, if and only if

Vee X f(z) # flxo) = 32"€B: gf.(x) # —00 A @ (x,20—2) <0. (mvin)
In [10], the following scheme has been proved for convex set valued functions f : X — G*
Proposition 3.13 Let f: X — G* be a convex function, xo € dom f.
(a) The following implications hold without further assumptions.
(svipg) = (SVIy) = (Min) = (mwiy) < (MVIy);
(b) If the weak regularity assumption (WR) is satisfied, then ((sviyg) < (SV 1)) is true,
strong regularity (SR) implies ((mvinr) < (MVIy))

(c) If f is B*—l.s.c. in xo and the set B* in (mwviy) can be replaced by a finite subset
M* C B*, then ((Min) < (muviy)) is true.

(d) Especially, if1: S C X — Z is given, f(x) = % (x) for all x € X, then
(SUiM) = (SVIM) = (Mm) = (mm’M) = (MVIM)

is satisfied. If additionally the ordering cone C is polyhedral and f is B*-l.s.c. at xq,
then the following scheme is true.

(sviM) ~ (SVIM) = (MZTL) 4 (mmM) <~ (MVI]w).

WR C-lsc polyhedral

The assumption of C' polyhedral to prove that (mwiys) implies (Min) cannot be dropped,
as the following example shows.

10



Example 3.14 Let X = IR and Z = [*° be given with the usual ordering cone C' =
{z€ Z|V¥n €Nz, >0}. The function f = ¢ : X — G(Z,0) is defined with dom =
[—1,1] and

Ve € domypVn e N: (YP(x)), = max{(\/n2 —1—n)(z+ 1),n—\/1n27—1(x - 1)}

Then —e;, = (0,...,0,—1,0,...) € C~ \ {0} and oy _cx(x) = (Y(x))n is true for alln € IN
and all x € [—1,1]. FEspecially, f is conver and radially upper Hausdorff continuous in 1.
However,

V-l<z<l: fQ1)C f(x),

while

, VnZ—1-n, ifx<7vnz_1;
Py (1) = | o Vn?o1
T if x> =

As directional derivatives are positively homogeneous, this implies (muviyy) is satisfied at 1,
but 1 is not a minimizer of f.

Weaker inequalities can be introduced as well to characterize weak efficiency.

Definition 3.15 Let f : X — G® be a convex function, then xg solves the weak set valued
Stampacchia inequality, if and only if

flxg) =2 v V€ X:0¢int f'(zo,z — z0). (SVIw)

Definition 3.16 Let f : X — G® be a convex function, xg € dom f. Then xo solves the
weak scalarized Stampacchia inequality, if and only if

flxog)=Z VVzeX:3z*eB":0< @}72*(560,:0 — ). (sviw)

Definition 3.17 Let f : X — G® be a convex function, xqg € dom f. Then xo solves the
weak set valued Minty inequality, if and only if

flxo)=2 v VzeX: f(x,z0—2) € int 0" f(z). (MV Iy)

Definition 3.18 Let f : X — G* be a convex function, xog € dom f. Then xg solves the
weak scalarized Minty inequality, if and only if

fleo)=Z vVereX:32"eB": @p.«(x) # —00 A @} (2,0 —x) <O0. (muiw)

In [9, 11], the following scheme has been proved for convex set valued functions f: X —

Ge.
Proposition 3.19 Let f: X — G* be a convex function, xo € dom f.
(a) The following implications hold without further assumptions.

(sviy) = (w-sc-Min) = (mviw) < (MVIy);

(svi) = (SVIw) < (w-Min);

11



(b) If the strong regularity assumption (SR) is satisfied, then the following implications hold
with equivalence.

(SViw) & (sviy) & (w-se-Min) < (w-Min)

(¢) If the set B* in (w-sc-Min) can be replaced by a finite subset M* C B*, then the follwoing
equivalence is satisfied.
(sviw) < (w-sc-Min)

(d) If the set B* in (mwiw) can be replaced by a finite subset M* C B* and f is M*l.s.c.
n xg, then
(sviw) < (w-sc-Min) & (muiy)

(e) If f = FC with F(xg) C Z compact, then

(SVIy) & (sviy) < (w-se-Min) (< (w-Min) < (w-I-Min)).

(f) If f = FC with F(xg) C Z compact, the scalarizations ¢} .« are proper for all z* € B*
and fqo. s upper Hausdorff continuous for all x € dom f, then

(SVIy) < (svigy) & (w-Min) < (mviy).

(9) Especially, if v : S C X — Z is given, f(z) = ¢ (z) for all x € X, then
(SViw) & (sviy) © (w-Min) < (w-sc-Min) = (mviy) < (MVIy)

is satisfied. If additionally 1z, . is C-continuous for all x € S or if the ordering cone
C' is polyhedral and f is radially B*—l.s.c. at xq, then all implications are satisfied with
equivalence.

(SVIy) & (sviy) & (w-Min) & (w-se-Min) < (w-I-Min) < (mviy) < (MVIyy).

w-I-Min
:Acompact
equicont and
polyhedral v
SR v polyhedral v compact compact
" S e R b S A - PESRT T e - ‘—
svi W€ w-sc-Min ¢ mvi_W MVI_W
. [ 4’ TR e e s sy g e -
v A Vector valued’
compact

SVI W ¢ w-Min
—
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In general a solution to the scalarized Minty variational inequality (mwviys) is not a solution
to the set-valued one, as the following example shows.

Example 3.20 Let X =R, Z=1R? and C = IRi be given, o= % and f : IR — G* with

o) {{z:(21,z2)T61R2!zl+Z22(l—éx),zlzx,zsz}, if0<z <%
€T =

0, elsewhere.

Then f(0) = {(z,1—2)T|0< 2 <1} + C is the sum of a compact set and C, f is con-

vexr and upper Hausdorff continuous in the domain and each scalarization is proper. Let
/!

2 = (=1, -1)7, then 9% _.(0) = 1 and (gojéz*) (0,1) = =% while £/(0,1) = (1,1)T +C

int 0% £(0). So (mwiy) (and (mwiyw)) is satisfied even with a finite subset of B* but (MV ;)

(and MV Iy ) is not satisfied. Especially, (SR) is not satisfied.

4 Main Results

While minimizer clearly are weak minimizer, we still need to prove that the same implication
holds between the strong and the weak formulation of the variational inequalities. This
result closes the loop between the previous schemes, providing a complete wreath between
variational inequalities and minimality.

The following results prove the relations holding between the four couples of inequalities
introduced in the previous section.

Proposition 4.1 Let f : X — G° be a convex function, xg € dom f. If xo solves (SVIy),
then it also solves (SVIw) and f(x) = f(xo) implies that fy, o is constant on [0, 1].

PROOF. Assume f(z) = f(zo) and f(x:) # f(z) for some t € (0,1). By convexity, f(zo) C
f(axy) is satisfied, hence

0 € f(z)= f(@o0) C f'(x0,2 — 20).
On the other hand, the derivative is positively homogeneous, hence
(1 - t)f,($07 T — .’170) = f,(xO) Tt — ':L'O)

and thus by (SV 1)
0 ¢ f'(wo, z¢ — o)

a contradiction. Hence in this case fz, , is constant on [0, 1] and

[ (o, x — o) = 07 f(wo)

In this case, 0 € int f/(xo,2 — x¢) implies f(xog) = Z, the set valued weak Stampacchia
inequality is satisfied for all x € dom f.

If © ¢ dom f, then either dom fz, » N (0,1) = 0 and f'(xp,x — x9) = 0, or it exists a
t € (0,1) such that f(x;) # (. In this case, the same argument as above proves the state-
ment, replacing x by 4. O

13



Proposition 4.2 Let f : X — G® be a convex function, xg € dom f. If xg solves (sviyy),
then it also solves (sviw) and f(x) = f(xo) implies that fy, . is constant on [0,1].

PROOF. Assume f(x) = f(xo) and f(x;) # f(z) for some t € (0,1). By convexity, f(zo)
f(xy) is satisfied, hence

(1-— t)cp’f,z*(a:o,x —x9) = Lplf,z* (o, s — x0) < @r o (xr) = @f2+(x0) <0

is satisfied for all z* € B* and (svijps) implies the existence of z* € B* such that

0 < ¢ 2 (o, x4 — T0).

But this implies ¢ z«(20) < @y z+(x¢), a contradiction. Hence in this case fy, . is constant
on [0,1] and

V2" € B pfa(w0) = —00 V @ (w0, — x0) = 0.

In this case, @y .« (x9) = —oo for all z* € B* implies f(rg) = Z, the scalarized weak Stam-
pacchia inequality is satisfied for all x € dom f.

If 2 ¢ dom f, then either dom fy, ,B* N (0,1) = 0 and ¢ _.(z9, x — z9) = +o0 for all
z* € B*, or it exists a t € (0,1) such that f(x;) # 0. In this case, the same argument as
above proves the statement, replacing = by x;. O

Proposition 4.3 Let f : X — G* be a convex function, xg € dom f. If xo solves (mviy),
then it solves (muviyy).

PROOF. Under the assumption of (mwviys), let f(z) = f(xo) be satisfied. By convexity,
@ 2x(xr) < @p o+ (x) is true for all 2* € B* and all t € (0,1). Thus either f, . is constant on
[0, 1], in which case f(z0) = Z or ¢ .(z,20 — x) = 0 for all z* € B* with ¢y .+ (z9) # —o0,
or there exists a t € (0,1) such that f(x;) 2 f(x). In this case, by assumption there exists a
z* € B* such that —o0 # @ «(24) < @y .+(x) and go}’z*(xt,xo —x¢) < 0. By convexity of f
this implies ¢ . (z, 20 — ) <0. O

Proposition 4.4 Let f : X — G* be a convex function, xo € dom f. If xo solves (MV Iy),
then it solves (MV Iy).

PROOF. Under the assumption of (MV1Iy), let f(z) = f(xzo) be satisfied. By convexity,
f(z¢) < f(x) is true for all ¢t € (0,1). Thus either f,, , is constant on [0, 1], in which case
f(zo) = Z or f'(z,z0 —x) = 07 f(z) € int0" f(z), or there exists a ¢ € (0,1) such that
f(z¢) 2 f(z). In this case, by assumption f'(z¢, x0 — 2¢) € 07 f(x¢). Let s € (0,1), then

[z, 20 —2) 2 s—i—tl—st (f(a:t + s(zo — Z’t))—'f(g;))
> e (Gt o —a0)= S@) @ (F() )
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By assumption, f(z) C f(x), hence

0 f(ze) € (f(ze)= f(2)),

which implies

(flze+ s(zo — 20)= f(z)) @ (f(ze)— f(2))
D (flae 4 s(wo — x4)) = flar)) © 07 f (1)
=f(xt + s(xo — mt)) = f(wt)

and therefore

, $
— D)
iz, xo x)_s P

(351 + st — )= 101

Moreover, f'(z¢,zo — z¢) € 0T f(z¢), hence choosing s € (0, 1) small enough,

L (Pl st — w)) = f(z)) € 0*(a)
is satisfied, proving
Jawg—2) ¢~ 0% (),

for some s € (0,1). Thus f/(z,z0 — z) € int 0" f(z), as desired.
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Overall, we provided the following implications.

WR C-Isc polyhedral

w-I-Min
Acompact

equicont and

polyhedral v v v
SR v polyhedral v compact ! compact

T (i A . 4+
w-sc-Min < mvi_W MVI_W

[ 4’ TR e e e o =
v A Vector valuedP

§ V//////////////////&

| Z
| compact;
| B

v
SVIW ¢ w-Min
—

If additionally f = ¢* is assumed, i.e. f is the epigraphical extension of a vector valued
function, then the solution sets of scalarized and set valued versions of each variational
inequality coincide and the following scheme represents the implications proven.

C-Isc polyhedral

equicont

SVIW € wMin ¥ MVI_W

We remark that the latter scheme is a straightforward extension of the scheme of relations
originally provided by Giannessi for his vector variational inequalities in vector optimization.
Therefore, as an application, we have proved that set—optimization approach provides a useful
tool to study vector optimization, by considering the epigraphical extension of the objective
function. The main advantage we see in this approach is to work in an order complete space,
rather than a partially ordered space.
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