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1. INTRODUCTION

The main goal of this paper is to study a class of vector optimization problems in Banach
spaces for essentially nonlinear operator equations with additional control and state constraints.
This topic, in the scalarized form, has been widely studied by many authors. We mainly men-
tion Barbu [5]], Fattorini [[10], Fursikov [[12], Ivanenko & Mel’nik [[14]], Ioffe & Tichomirov
[[13], Lions [23]], Mel’nik & Zgurovsky [33] and the references cited therein. However, vector
optimization problems are usually much harder than single-objective optimization problems. A
systematic study of such problems in Banach spaces with different applications in engineering
and game theory has been presented in an overwhelming amount of literature (see, for instance,
Aubin & Ekeland [2], Chen & Huang & Yang Jahn [7], [16], Luc [24]).

An important aspect in vector optimization is to find conditions which guarantee the existence
of so-called efficient solutions. The following result is well-known (see, for instance, [32]):
if the image of admissible solutions in an objective Banach space is compact then the set of
efficient solutions is nonempty. Since compactness is a very restrictive assumption, at least
in an infinite-dimensional setting, many authors have tried to weaken it. The typical way is
to endow the objective mapping with some lower semicontinuity properties. In the vector-
valued case there are several possible ways to extend the “scalar” notion of lower semicontinuity
(see, for example, [1, 3} 4, 16, 8, 17, 24, 28]]). We could mention the lower semicontinuity,
quasi lower semicontinuity, and order lower semicontinuity. However, as the following example
indicates, these properties for the objective functions may fail at an efficient solution, even
for simple vector optimization problems with a nonempty set of solutions. Indeed, let = =
{z € L*(Q) : ||z|/12(@) < 1}, and A = RZ be the ordering cone in the objective space R?. Let
the vector-valued mapping / : = — R? be defined by

1+ |2 2
2+ ||zl 20

)= | Jitaz0 10- 3]

1

Then, it is easy to see that z = 0 is an efficient solution to the vector optimization problem
A—min I(z), x € =. However, as we will see later, the quasi lower semicontinuity property for
the mapping / does not hold at z = 0.

Our prime interest is to study vector optimization problems in the case when a control object
is described by nonlinear operator equations, an objective function is a vector-valued mapping
with a weakened property of lower semicontinuity, and the control and state constraints take
the form of some operator inequalities and inclusions in Banach spaces. We consider the case
when the objective mappings take values in a real Banach space Z partially ordered by a closed
convex pointed cone A. Usually, the typical assumption in many papers is that the interior of the
ordering cone A is non-empty. However, in many interesting and important cases, this property
does not hold. For instance, in the case when Z = L”(€)), where (2 is an open bounded subset
of R™, p € [1,400), and A is the natural cone of positive elements of Z, we have Int A = (). So,
we make no additional assumptions on the cone A and its interior. We also extend the concept of
lower semicontinuity to vector-valued mappings and discuss sufficient conditions of solvability
of the corresponding vector optimization problems.

Let us describe the contents of the paper. Section [2] contains the statement of the vector
optimization problem. In Section [3] we detail the ingredients needed in this work. We also
introduce the notion of the A-lower sequential limit of vector-valued mappings, give the defini-
tion of A, -efficient solutions to the corresponding vector optimization problems, and illustrate
them with some examples. Section [ includes the main assumptions about the control object.
We introduce the so-called A,-lower semicontinuity property for vector-valued mappings in
Banach spaces with respect to the weak topology of the objective space, which can be viewed
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as an extension of the ones mentioned above and study its properties. In Section [5| we prove
the main existence theorem of the A, -efficient solutions for the vector optimization problem
without any scalarization process. Instead of this, we propose to involve a penalized vector
optimization problem which is much easier to manage, and to study its A -efficient solutions in
the limit as the penalization parameter tends to zero. In Section [6] we discuss the scalarization
of vector optimization problems with A,,-lower semicontinuous mappings, using the “simplest”
method of the “weighted sum”. We show that in this case one of the fundamental requirements
on the scalarizing vector optimization problems (according to Sawaragi et al. [29]): solutions
to the scalarized optimization problem must also be efficient solutions to the original vector
optimization problem, may not hold. In view of this, Section[7|aims to extend the notion of A,-
efficient solutions to the so-called generalized A,,-solutions of the vector optimization problem.
We study their main properties and derive sufficient conditions when the generalized solutions
can be obtained via the penalized optimal control problems. Finally, Section[§|deals with the ap-
plication of the main results to study a control object governed by nonlinear partial differential
equations with inequality state and control constraints.

2. PROBLEM SETTING AND NOTATION

Let Y be a reflexive Banach space, and Y* be its dual. Let Z be a Banach space partially
ordered by a closed convex pointed reproducing cone A C Z. No assumption is required on the
interior of A. Let U be a control space which is assumed to be dual to some separable Banach
space V' (thatis U = V™). Let Uy be a subset of admissible controls in U, and let K be a fixed
subset of Y. The vector optimization problem we consider can be described as follows:

(2.1) Minimize [(u,y) ( with respect to the cone A)
subject to

(2.2) A(u,y) = f,

2.4) ye K, uweUyCU,

where A : U XY — Y* F :U xY — Z are (nonlinear) mappings, [ : U x Y — Z is an
objective function, and f is a given element of Y.

Definition 2.1. We say that the problem (2. 1)-(2.4)) is regular if for every f € Y* there exists
(u,y) € U XY, where y = y(u) is a corresponding solution of [2.2)), such that (u,y) satisfies
the restrictions 2.3)-2.4) and I (u,y) <a zfor some element z of Z. In this case the pair (u,y)
is said to be admissible (note that, in general, the mapping u — y(u) may be multi-valued).

We denote by = the set of all admissible pairs to the problem (2.1)—(2.4). Throughout this
paper we will associate the vector optimization problem (2.1)—(2.4) with the triplet (=, I, A).
We denote by int. Z; and cl, Z; the interior of the set Z, C Z and its closure with respect to
the 7-topology, respectively. By default 7 is always associated with the strong topology of Z.

To specify the definition of the efficient solutions to the vector optimization problem (=, I, A),
we outline the main notions of the vector-valued mappings.

3. PRELIMINARIES

Let Z, be a subset of Z. We say that an element z* € 7 is A-minimal for the set Z, C Z, if
there is no z € Zj such that z <, z*, z # z*, that is

Zon (2* — A) = {z*}.
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We denote by A — Min(Z) the family of all such elements . We say that an element z* is the
A-ideal minimal point of the set Z, if z* <, z for every z € Z,. By analogy we can introduce
the sets of A-maximal elements and A-ideal maximal elements of the set 7.

Let —oo, and 400, be two singular elements such that —oopy <p 2 <) +o00y forall z € Z.
We use the notation Z = Z U {#£o0a}. Then +o0, is the A-greatest element of the set Z, and
the element —oo, is its A-smallest element. By Z°* we denote a semiextended Banach space:
Z* = Z U {+oo,} assuming that || + copl|z = 400 and 2 + A(+00p) = +o0, forall z € Z
and A € R,.

The following concept is the crucial point of this paper.

Definition 3.1. We say that a set E is the efficient A-infimum of a set Zy C Z with respect to the
weak topology of Z (or A,-infimum for short) if E is the collection of all A-minimal elements
of cly, Zy in the case when this set is non-empty, and otherwise E = {—o0, }.

In what follows we always associate the objective mapping I : = — Z with its natural
extension / : U X Y — Z* to the whole space U x Y, where
7 I{u,y), (u,y) €Z
I(u,y) = 7 ’ -
(u:9) { oo, (wy) ¢ E.

Following [31] we say that a function T:U xY — Z* is bounded below if there exists z € Z

such that z <, I(u,y) for all (u,y) € U x Y. Hereinafter we denote the efficient A,,-infimum
for Zy C Z* by A, — Inf Z,. Thus, in view of the above definition, we have

A — Min(cl, Zy), A — Min(cly, Zo) # 0
—004, A — Min(cl, Zy) = 0.

Definition 3.2. A subset E of Z U{£oo, } is said to be a weak efficient A-infimum of a mapping
I := — Z and is denoted by \,, — ( Ir;f I(u,y), if E is an efficient A, -infimum of the image
u,Y)ES

A, — Inf Zy := {

~

I(E) ofE C U x Y in Z*, that is,
Aw—( II;f I(u,y) = Ay, —Inf{f(u,y) : (u,y) € U x Y}.
u,Y)EE

Remark 3.3. I7 is clear now that if a € A, — ( Ir;f I(u,y), then
u,y)EZ

cly {I(u,y) : V(u,y) € E} N (a = A) = {a},
provided A\, — Min [cl, {I(u,y) : V(u,y) € Z}] # 0.
Let {z;},-, be a sequence in Z. Let us denote by L{z;} the set of all its cluster points
with respect to the weak topology of Z, that is, z € L{z;} if there is a subsequence {z, },~, C

{21} suchthat z;, — zin Z asi — oo. If this setis lower unbounded, i.e., A, —Inf L{z;} =
{—o0op}, we assume that {—ocop} € L{z}. Let (uo, yo) € U X Y be a fixed pair.

Definition 3.4. A sequence {(uy,yr)}rey C U X Y is said to be w-convergent to the pair
(uo, o) € U XY (or (ug, yi) — (uo,yo) for short) if u — ugin U and y — yo in'Y as k
tends to +oo.

In what follows, for an arbitrary mapping / : U X Y — Z* we make use of the following

set:
Lw(17u0ay0) = U L{]<Ul~m?/k)}7
{ (ki) }iZ1 €M(uo,0)
where we denote by Mt(uo, yo) the set of all sequences {(uy,yx)}ry C U X Y such that

(Umyk) = (Uo,y0)~
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Definition 3.5. We say that a subset E C Z U {Z00,} is the A-lower sequential limit of the
mapping [ : U x Y — Z* at the pair (ug,yo) € U X Y with respect to the product of the
w-topology of U x Y and the weak topology of Z, and we use the notation

E=A,— liminf I(u,y),if

() = (u0,y0)

3.1) Ap— liminf  I(u,y) = Ly(I,up,90) NAw — Inf  I(u,y),
(u,y) = (uo,y0) (u,y)EUXY

in the case when Ly, (I, ug, yo) N Ay — Inf  I(u,y) # 0, and
(u,y)eUXY

(3.2) Ay —  liminf  I(u,y) = Ay — Inf L, (1, ug, vo),

w

(u,y) = (uo,y0)

otherwise (i.e. in the case when L, (I, ug,yo) N Ay — Inf  I(u,y) =0).
(u,y)eUXY

In fact, relation (3.1)) can be rewritten in the equivalent form
Ap— liminf  I(u,y) := Ay — Inf L,(1, ug, v0) N Ay — Inf I(u,y).

(u,y) = (uo,90) (u,y)€EE

Remark 3.6. Note that in the scalar case (I : U x Y — R) the sets

Ay —  Inf  I(u, d A, —InfL,(I,u,
(u’y)gUXy (u,y) an n (I, o, yo)

are singletons. Thus, if L, (1, ug, yo) N Ay — “ y%g(fjxy I(u,y) # 0, then

Lo(I,up,y0) N Ay —  Inf  I(u,y) = Ay — Inf Ly, (1, ug, yo),
(u,y)eUXY

and therefore the rules (3.1)) and (3.2)) coincide and give the classical definition of the lower
limit.
To illustrate the crucial role of the conditions

Lo (1, ug, NA,— Inf I(u, d L, (1, ug, NA,— Inf I(u,y)=
( Ug yo) (u,y)gny (U y);«é@an ( Ug yo) (u,y)gUXy (U ?J) 0

in Definition [3.5] we give the following example.

Example 3.7. [20] Let U x Y = Z =R%, =2 == U =2,

(3.3) El= {2 €R? : (11— 6)°+ (22— 6)> <25, 21 + 2, < T},
(3.4) 2 ={2eR : x1+a>7, 21 +22 <8 21> 1, 15 > 1},

and let A = R?. be the cone of positive elements. We define a vector-valued mapping I : Z — Z
as follows:

z, x ¢ X07
(3.5) Iz)={ [5], reXgu{AC},
(3], =€ Xyu{B,D},

where A= [1], B=[}].C =%, D=[]], Xo = X, UX{U{A,B,C,D},

Xp={z€Z: (2, -6+ (23— 6" =25 1<z <x},
Xé’:{xEE : <$1—6)2+($2—6)2:257 $2<$1<6}-

Let us find the A-lower sequential limit of I : = — Z at xo = A, and at vy = C. To begin
with, we note that \,, — Inf I(z) = X{j U X[ U{B,C} (see Fig. . Then, in the case when
A
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111
~

NI

D

Figure 1: The image of = in Example[3.7]

xg = A, we have L,,(I,zq) = {A, [g]} Hence, since L,(I,xz0) N Ay, — Inf I(z) = 0, by
ez
Definition [3.5] we conclude that

Ap = liminf I(z) = Ay — Inf Ly, (I, 2) = {A [6} } :

T—T0 2

On the other hand, if we take xy = C, then L,,(I,zq) = {C’, [g] } Hence,

Ay — lirginff(:v) =Ly, z0) N Ay — Ig£[($) ={C}.
T—x0 TED

We are now able to give the definition of efficient solutions to the vector optimization problem
(2.1)—(2.4). Let us recall the standard definitions (see, for instance, [7, [16, 24} 28]). A pair
(u®,y") € Zis an efficient solution of the problem (=, I, A) if (I(Z) — I(u°,y°))N(—A) = {0},
whereas a pair (u,y) € Z is said to be a weakly efficient solution of this problem if int A # ()
and there is no z € I(Z) such that I (@, y) # z and [(u,y) — z € int A.

Further to the notions of efficient and weakly efficient solutions, the following concept will
be used in this work.

Definition 3.8. We say that (u*,y*) € = is a Ay -efficient solution of the problem (=, 1, \) if
(cly I(Z) — I(u*,y*)) N (—=A) = {0}, where cl,, [(Z) is the closure of the set I(Z) with respect
to the weak topology of Z.

In other words, (u*,y*) € = is a A, -efficient solution of the problem (=, I, A) if (u*,y*)
realizes the weak efficient A-infimum of the mapping [ : = — Z, that is,

I(u y*) € Ay — Inf I(u,y).
(u,y)€E
We denote by Eff (=; I; A), Eff, (Z; I; A), and Sol,,(Z; I; A), respectively, the sets of all

efficient solutions, all weakly efficient ones, and all A, -efficient ones to the above vector prob-
lem.

Remark 3.9. The difference between the notion of \,,- efficient solutions to the vector opti-
mization problem (2.1)—(2.4) and the standard definition of efficient solutions should be noted.
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It is easy to show that each A -efficient solution is an efficient solution to this problem since
cly, I(Z2) D I(2), ie,

Sol,(Z; I; A) C Eff (Z; I; A),
and Sol,,(Z; I; A) C Eff (Z; I; A) C Eff, (E; I; A), provided the cone A has a non-empty
interior.

So, the sets Eff (=; I; A), Eff,, (Z; I; A), and Sol,,(Z; I; A) do not coincide in general. To
illustrate this fact more precisely, we give the following example.

Example 3.10. [21] Ler Z = R? and let A = R be the cone of positive elements. We suppose
that a vector-valued mapping I : U X Y — Z and a set of admissible pairs = are such that
1(Z) = U, Qi, where
le{z€R2 c > 1, 29> 3, Zl+22§5},
Q2:{26R2 2 > 2, 2y > 2, 21+22§5},
Q={2z€R” : 21>3, >4, 21+ <5}, QUu={(23),(32),(3;1)}.

Then straightforward calculations show that

Figure 2: The image of the set = in Example

Eff (Z; I; A) = I (Quyy), Effy, (5 I; A) = T71(Qy), and Sol,(Z; I; A) = 17(y),
where

Qepr ={(2:3),(3:1)}, Q={(G:1)},
Qu={2€R? :3< <4, =1}U{zeR* : 3<2 <4,25=1}U{(2;3),(3;2)}.

4. THE MAIN ASSUMPTIONS

Since our main aim is an existence theorem for the A, -efficient solutions to the vector op-
timization problem (=, I, A), that is, to find sufficient conditions which guarantee the relation
Sol,(Z; I; A) # () without any scalarization process of the original optimization problem, we
begin with the following assumptions (see for comparison [19]):

(A1) Uy is a bounded sequentially weakly-x closed subset of U;
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(A2) the operator A : U x Y — Y™ is coercive in the following sense

A, y), Y)yre.
g ALYy lylly — +oo
ued ylly

for any bounded subset G C U,
(A3) the operator A : U X Y — Y™ possesses the property (90), i.e., for any w-convergent
sequence {(ug, i)} oo, the conditions
4.1 Alug,yp) = d in Y, limsup (A(ug, Yr), Yr)yey < (4 Y)yey

k—o00

imply d = A(u,y) ;

(A4) the operator ' : U x Y — Z is sequentially continuous in the following sense:
F (ug, yx) — F(u,y) in Z whenever (uy, yr) — (u,9);

(AS) K is a weakly closed subset of Y';

(A6) the objective function I : = — Z is sequentially A, -lower semicontinuous (A,,-lsc)
with respect to the w-convergence in U X Y in the following sense (see [18, 20]):

4.2) [(@,9) € Ay — liminf I(u,y), V(4,7) €=

Before proceeding further, we note that the concept of sequential A, -lower semicontinuity
for vector-valued mappings, given above, is more general than well known extensions of the
“scalar” notion of lower semicontinuity to the vector-valued case (see, for example, [1 13 4} |6,
8, 117, 241 128]]). We now recall a few main definitions of lower semicontinuity of vector-valued
mappings with respect to the product of the w-topology of U x Y and the weak topology of Z,
introduced in [6} 18, (11} [30]].

Definition 4.1. [8] A mapping I : U XY — Z* is said to be sequentially lower semicontinuous
(s-Isc) at (u°,y°) € U X Y, if for any z € Z satisfying z <, I(u°,y") and for any sequence
{(ug, yr) } oy of U X Y w-convergent to (u°,y°), there exists a sequence {zy} -, (in Z) weakly
converging to z in Z and satisfying condition z, <, I(ug,y), for any k € N.

Remark 4.2. For (u°,y°) € U x Y, Definition can be expressed simply as follows. For
each sequence {(uy, yi) }r, w-converging to (u°,y°), there exists a sequence {2y} .., weakly
converging to I(u®,y°) in Z such that z, <5 I(ug,ys) for all k € N,

Definition 4.3. [6] A mapping [ : U XY — Z* is said to be quasi lower semicontinuous (q-lsc)
at (u°,y°) € U XY, if for each z € Z such that z * » 1(u°,y°), there exists a neighborhood O
of (u®,y°) in the w-topology of U X Y such that z # 5 I(u,y) for each (u,y) in O.

A mapping [ is s-Isc (resp., g-1sc) if I is s-Isc (resp., g-1sc) at each point of U x Y. It is clear
that the s-Isc-property of I at (u, y) implies it is g-Isc at this pair. To characterize the properties
of A,-lower semicontinuity more precisely, we give the following result. The other properties
concerning these notions can be found in [[18].

Lemma 4.4. If a mapping [ : = — Z is q-lower semicontinuous at (u°,y°) € = with respect
to the weak topology of Z and the w-topology of U x Y, then I is \,,-lower semicontinuous at
this pair.

Proof. Let I : = — Z be a g-lower semicontinuous mapping at (u°,3°) € =, and let I
U xY — Z° be its natural extension to the whole space U X Y. Let {(uk,Yx)}re, be a
sequence w-converging to (u’,y"). Hence {(uy,yr)}re, € ‘J)?( 0). Let us assume that
there exists a subsequence {I(u,, Yk, )}s; such that I (ug,, yx,) #a I(u’,y"). Then, in view
of the definition of the quasi-lower semicontinuity, we just conclude {+oo A} € Ly(I,u® 0.
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~

So, to characterize the set A, — liminf [(u,y), we suppose that the corresponding image
() = (u®°)
sequence {I(ug,yx)},—, is bounded above with respect to the cone A. Then there exists an
integer £* such that
[(Uk,yk) ZA [(uoayo)a Vk > k.
Hence, for any 2* € L, (I, u°, y°, we have I(u°,y°) <, z*. This means that
{I(v°,y")} € Ay — Inf L, (I(u, y°)).

Thus, due to Deﬁnition we deduce: I(u°,¢y°) € A, — liminf I(u,y). This concludes
() = (u®,y°)
the proof. §

As a consequence of this result and the properties of quasi-lower semicontinuity, we have: if
I is s-1Isc then [ is A,-Isc. However, in general, for vector-valued mappings, A, -1s continuity
does not imply g-lsc. Indeed, let us consider the following example when / depends on one
variable (see also Example[6.5)).

Example 4.5. [18] Let = C R, Z = R? and let A = R be the cone of positive elements. To
state a vector optimization problem (=, 1, \), we define the set of admissible solutions = and
the mapping I : = — Z as follows:

4.3) E={reR': -3<2< -1},

4.4) I(z) = { o }  forall x # —1, I(—1)= { ? ] .
Let xo = —1. Then

(4.5) I(z0) = [ﬂ A _“ﬁiﬂlmx) h {m ’ B]}

(see Fig. . Let us take z = [155]. Obviously z #x I(xo) and there is no neighborhood of the

Z I(E)

I(xy)+

m

Figure 3: An example of A,-lsc mapping which is neither lsc nor q-lsc

point xo such that z % I(x) for all x from this neighborhood. Hence, I is neither g-lsc nor Isc
at the point x.
However, by @.5), I is a \.,-lower semicontinuous mapping at ro = —1.

We note also that if sequential A,,-lower semicontinuity for an objective mapping fails, the set
of A,- efficient solutions Sol,,(Z; I; A) to the corresponding problem may be empty. Indeed,
let us consider the following example.

AJMAA, Vol. 7, No. 1, Art. 13, pp. 1-27, 2010 AJMAA
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Example 4.6. Let Z = R? = = [1,2], and let A = R? be the cone of positive elements. We
define the objective mapping I : = — Z as follows: I(x) = [{] if v € (1,2], and I(z) = [;]
at the point x = 1 (see Fig. [). It is clear that in this case Eff (Z; I; A) = Eff,, (E; I; A) =

Figure 4: The example of the problem for which Sol,,(Z; I; A) =0

[;] However, straightforward calculations show that A\,, — lim inf I (x) = [H, and hence

r—1
Sol,(Z; I; A) = 0. Moreover, I is not Ay-lsc at x = 1.

To conclude this section we give the following observation concerning the property of two
A-1sc mappings. It is well known that the sum of two ¢-lsc mappings does not give a g-lsc
mapping in general. Due to the following example, we can give a similar conclusion for A,,-Isc
mappings.

Example 4.7. Let A = R? be the cone of positive elements in R. Let us consider the mappings
I:R = R?and G : R — R? defined by

] =0, ] Fz=0,
I(:L’) = — 2]zt . ) G(J:) = — ||t .
] e to, i e
It is easy to see that each of these mappings is q-Isc at xo = 0. So, due to Lemma these
mappings are \,-lsc at 0. However, for the mapping I + G, we have

Lu(1(0) + G(0)) = H_ﬂ , [8]} and A~ Inf [I(z) + C(a)] = {{_ﬂ }
Hence, A, — liminf [I(z) + G(z)] = {[72]} # 1(0) + G(0), and we obtain the required

conclusion: in general the sum of two \,,-Isc mappings is not a \,,-Isc mapping.

5. EXISTENCE THEOREM

We begin with the following supposition: assume that the ordering cone A possesses the so-
called D-property, that is, every decreasing sequence in Z is weakly convergent if and only if
it has a A-lower bound. The typical ordering cone with this property is the so-called natural
ordering cone in L”(2) (1 < p < +o00) which is defined as (see [13]])

Ay ={f € LP(Q?) : f(x) > 0 almost everywhere on Q} .
Definition 5.1. We say that {(uy,yx)}rey, C Z is a minimizing sequence for the mapping

I : = — Z if there exists an element £ € A\, — ( Ir;f I(u,y) such that I(ug,y,) — € in Z.
u,y)EZ
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First of all we establish the following result:

Theorem 5.2. Assume that the properties (Al)—(A6) hold true and the ordering cone N C Z
satisfies the D-property. Then the vector optimization problem 2.1))—(2.4) has a nonempty set
of \-efficient solutions.

Proof. To begin with, we show that the mapping [ : = — Z satisfies the property: for any
sequence {(ug, Yx) }re; C = for which its image {I(uy, yx)}re, C Z is a decreasing sequence
in Z there exists an element z € Z such that z <, I(uy,y) for all k& € N. Let us assume the
converse. Then there exist sequences { (U, Ji) } ooy € Zand {Z;},o, C Z suchthat Zy 11 <, 2
VkeN,and

(5.1 Aw — Inf {/Z\k}zozl = —O0Qj, I(ﬁk,ﬂk) <A /Z\k, VkeN.

Due to the initial assumptions, we have {uy},-, C Uy and the sequence {uy},- , is bounded in
U. So, we may assume that 2, — 4 in U and @ € Uj. Since

<A(ak,@\k),/y\k>y*;y = <f7 :/y\k>Y*;Y S ||f| Y * {y\kHY: Vk eN
and the operator A is coercive (see (A2)), it follows that
(A(Ur, Uk), Uk)y =
sup —= < || flly--

keN ”gk”Y

Hence, {y;},-, C K is a bounded sequence in Y and there exists an element § € K such that,
passing to a subsequence if necessary, we get 7 — ¥ in Y. Thus for a given sequence of pairs,
we have (U, Jx) — (4, 7).

Now we can pass to the limit in (5.1) as & — oo. Using the D-property of ordering cone A,
we obtain

where L{I(uy,ys)} is the set of all cluster points of {I(Ty, Ux)},., With respect to the weak
topology of Z. So, in view of Definition [3.3and the A, -lower semicontinuity of /, we have

1(@,7) € Ay — liminf I(u,y), and hence I(T,7) %4 &, VE € L{I (T, Gk}

(wy) = (@.9)

Combining this result with (5.2)), we obtain
1(@,y) #a —00a.
However this contradicts (5.1). Hence A, — ( Inf I(u,y) Z —o0,.

u,y)EE

Let £ be any element of A, — ( Ir;f I(u,y). Then, by definition of the A, -efficient infimum,
u,Y)ES

there exists a sequence {(uy, yx)}re, C Z such that I(ug,yx) — £in Z as k — oo. By the
previous arguments this sequence is uniformly bounded in U x Y. Since = C Uy x K and the
set Uy x K is sequentially closed with respect to the w-convergence, we may assume that there
exists a pair (u°,y°) € Uy x K such that (ug, yr) — (u 3°). Let us show that (u°,y°) is an

admissible pair to the problem (2.1)—(2.4).
Indeed, taking into account that A(uy,yx) = f for all & € N and passing to the limit in the
equality
<A(Ukayk)a?/k>y*;y = <fa yk)y*;y
as k — oo, we obtain
Jim (A(ur, Y)s Yr)y-y = (f, yo>y*;ye

Hence A(u®,y°) = f by (91)-property of the operator A : U x Y — Y™*.
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By the initial assumptions, the cone A C Z is reproducing and uniquely determined by its
conjugate semigroup (the dual cone) A*, i.e.,

(5.3) A= {gez : (0,E) ey 20 VQOGA*}.

Here we denote by Z* the dual space of Z with duality pairing (-, -) z+.z- In view of the con-
tinuity property of the operator F' : U X Y — Z with respect to the w-convergence, we have
F(ug,yr) — F(u®y°) in Z. Since the elements of the conjugate semigroup A* are linear
continuous functionals on Z, it follows that

0 S <¢7F<Ukayk)>z*;z — <w7 F(U07y0)>Z*;Z as k — 0, v¢ € A

Therefore (¢, F'(u’,y°)) 5.., > 0, and hence F'(u°,y°) >4 0.
Thus, the limit pair (u°, 3°) is an admissible solution to the problem 2.1)-2.4), i.e., (u°, 3°) €
=. As aresult, we have

(5.4) ¢ € L,(I(u°, ")) and, therefore, L, (I(u’,y")) N A, — Inf I(u,y)# 0.

(u,y)EE

Let us show that (u®,y°) € = is a A, -efficient solution of this problem. In view of Definition
[3.5]and the A,,-lower semicontinuity of /, we obtain
I, °) € Ay —  liminf  T(u,y) = Lo(I(1% %)) N Ay — Inf I(u,y).
(u,y) 2 (u0,y9) (u,y)€2
Hence, I(u’,y°) € L, (I(u° 4°)), which implies
I(w’y®) =¢ and €A, — ( Inf I(u,y).

u,Y)EE
Thus, (u°,y°) is a A, -efficient solution of the vector optimization problem (2.1)—([2.4) and this
concludes the proof. 1

Let us denote by P, (A*) the set of all equivalence classes with respect to the binary relation

pr gy == FLERLN{0} 1 ) =ty 1,05 €A™
Let IT* : A*\ 0 — P, (A*) be the corresponding canonical quotient-mapping. We assume that
P, (A*) is endowed with the quotient-topology. It is clear that in this case the mapping
I gempe = STNAT = Py (A)

1S a continuous surjection, i.e., every equivalence class can be interpreted as the image of some
element of A* belonging to the unit sphere ST in Z*. Hence, if F(v,£) ¢ A for some pair
(v,€) € Uy x Y, then there is an element ¢ € ST N A* such that (¢, F'(v,§)) .., < 0. Taking
into account these observations, we introduce the following penalized problemyto the original

one (2.1)-2.4)
(5.5) L(u,y) = I(u,y) + ' sup [u ((1/), F(u,y))z*;z)} b— A, — Inf,

YESFNA*
(5.6) Alu,y) = f,
5.7 ye K, uelUycCU,

where b € A is a fixed element, 1 : R — R, is a lower semicontinuous monotone decreasing
function such that 14(0) = 0 and p is strictly monotone on R_. We denote by F(R, R ) the set
of all functions p with the properties mentioned above.

Let = be the set of admissible solutions to the penalized problem (5.3)—(3.7), that is
E={(u,y) €Us x K : Alu,y) = f}.

It is clear that = C = for every € > 0.
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Lemma 5.3. Assume that the properties (Al)—(A6) hold true. Then for every ¢ > 0 and every
fixed p € F(R,R,) the problem (5.5)—(5.7) has a nonempty set of A,,-efficient solutions.

Proof. By analogy with Theorem 5.2} it can be proved that A, — Inf_I.(u,y) # —oos. Let§

(u,y)eE

be any element of A, — Inf [.(u,y). Then, by definition of the A, -efficient infimum, there
(u,y)€E

exists a sequence {(ug, Yx)}re, C = such that I, (ug, yx) — € in Z as k — oo. By arguments in
the previous proof, this sequence is uniformly bounded in U x Y. Since Z C Uy x K and the
set Uy x K is sequentially closed with respect to the w-convergence, we may assume that there
exists a pair (u?,y?) € Uy x K such that (uz, 1) — (u?,y°). Then, taking into account that
A(ug,yr) = f for all k € N and passing to the limit in the equality

<A(ukayk)7yk>y*;y = (/, yk)y*;y
as k — oo, we obtain
Jim (Alwrs Y)Yy = (Fr¥e)yuy
Hence A(u?,3°) = f by the (9)-property of the operator A : U x Y — Y*. Thus, the limit

pair (u?,y?) is an admissible solution to the problem (5.3)—(G.7), i.e., (u2,4°) € Z. As a result,
we have

(5.8) € € Ly(L.(u?,y?)) and, therefore, L, (I.(u2,4°)) N Ay — Inf I.(u,y) # 0.

(u,y)EE

Let us show that (u?,y?) € Z is a A, -efficient solution of this problem. Indeed, in view of
the continuity property of the operator F' : U X Y — Z with respect to the w-convergence, we
have F'(ug, yr) = F(u?,14?) in Z. Since the elements of the conjugate semigroup A* are linear
continuous functionals on Z, it follows that

<¢7F(uk7yk)>z*;Z - <¢7F<ug7yg)>z*;z as k — 00, Vw € A*

By initial assumptions, Z > n — u <<¢, nes Z) € R is a lower semicontinuous function.

Hence 7 — supycg:na- [,u ((2/1, nes Z)] is a semicontinuous non-negative function with re-

spect to the weak topology of Z. Therefore, for every fixed b € A, the mapping G : U XY — Z,
where

Gluy) == s [ (W, F(u,9)z2)] b

PESFINA*

is sequentially lower semicontinuous in the sense of Definition[d.1] So, we get

59 e swp | (U Fulg), )| b a6 VCE L{Glunw)}

PESINA*

Due to the initial assumptions, we have

I(ug, yr) + e”! sup [M (Wa F(ukayk»z*;zﬂ = I (ug,yx) = & in Z.

ESINA*
We claim that (5.9) implies
(510) ¢ =weak— lim L(us,y) £ ate sup [u <<¢, F(uS,yS)>Z*;Zﬂ b

PYESTNA*

foreverya € A, — liminf I(u,y).
(wy) = (u2,y?)
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Assume the converse. Namely, there exists an element
a* € Ay,— liminf f(u, Y)

() = (u2,y2)
such that
(5.11) ¢ = weak — lim I (ug, yp) <p a* +e~ ' sup [u <<¢, F(u?, yg)>Z*.Z>] b.
k—o0 wGSfﬁA* ’
Taking into account (5.8), we can deduce that in this case there are two possibilities for the
representation of &: either £ = a; + G(u2,y?) or & = ay + g*, where a1,a, € I(Z), and
g* € L{G(ug, yx)}. By G.9) g* >4 G(u2,4°). The first case gives

al—l—G(ug,yg) <A a*+G(ug,yg) =  a; <ja”,

and this contradicts the condition a* € A, — liminf I(u,y).
() = (u2,2)
In the second case, we have ay + g* <) a* + G(u2,4?). Since g* >, G(u2,y?) it follows
that as <, a*. But this is impossible by the previous argument. Thus (5.1T]) was erroneous.

~

Hence (5.10) holds for every a € A, — liminf I(u,y). Since the objective function I is
(uy) = (uly2)

Ay-lower semicontinuous, we have I(u?,3°) € A, — liminf I(u,y). Setting a = I(u?, /°)

(uy) = (uly2)
in (5.10), we get
£ #a I(ul,y?) forevery ¢elM,— Inf I(uy).

(u,y)e=

Hence I.(u%,4°) € Ay — Inf I.(u,y),ie., (u?,1°) is a A, -efficient solution of the penalized

problem (5.5)-(5.7). n

(u,y)€E
Let {(ul,y?) € §}5>0 be any sequence of A,,-efficient solutions to the problem (5.5)—(5.7).
The next step of our analysis is to study the asymptotic behaviour of this sequence as ¢ tends to
zZero.

Lemma 5.4. Let {(ug,yg) € E}s>0 be a sequence of A -efficient solutions of the problem
G3)-G.7) (when ¢ > 0 varies in a strictly decreasing sequence of positive numbers which
converge to 0) such that the set {I(u2,y?)}.., is bounded below in Z. Then under assumptions
(A1)~(A6), a subsequence of {(u2,y?2)}.., still denoted by ¢ can be extracted such that

(w?, %) = (W°,y%) in UXY as € — 0,
A,y =f, YL ek, uweUycU.
Proof. In the same way as in the proof of Lemma [5.3] we can conclude that the sequence

{(u?,0) € Ee}.. is relatively w-compact in U x Y and, passing to a subsequence if necessary,

we get

* . . —_
u = win U, y?—y° in Y, where (u°,9°) € =.

Let us prove that F'(u®, y°) >, 0. Let (u, y) be any admissible pair to the original problem, that
is, (u,y) € Z. Then, by the initial assumptions, z <<¢, F(u, y)>Z*;Z> = 0. Therefore

L(u,y°) #a L(u,y) = I(u,y).

Setting g. = SUPye gz~ [u ((@b, F(u?, yg))z*;zﬂ ,we have e 1.0+ I(u?,4°) #a I(u,y). By
the initial assumptions the set {I(u2,y?)}.., is bounded below, say by =z € Z. The latter yields
e71g.b A4 w, withw = I(u,y) — 2, i.e. g.b #a ew. On the other hand, g.b >, 07 Vb € A
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and Ve > 0. Hence, passing to the limit as ¢ — 0 in the above relations and using the fact
that ew — 0z, we come to the inequality 0z < liminf. ,y g.b #A 0. Since g. takes the scalar
values and this relation holds for any b € A, one gets

liminf g, = liminf sup [,u <<¢, F(u?, yS)>Z*.Zﬂ =0.

e—0 e—0 PESTNA*

Then, in view of the lower semicontinuity property, we obtain

su CF @ y0)) . )}<liminf su [ < CEl ). )}:0.
L [u <<¢ (",9")) 5.,z ) | <limin o | (0, F(ul, 92)) 4.y
Since this is equivalent to the inequality F'(u®,y%) >, 0, it follows that the limit pair (u°, y") is
an admissible solution to the original problem (2.1)—(2.4). n

The following assertion is an obvious consequence of Lemmas|[5.3]and [5.4]

Corollary 5.5. Under assumptions (Al)—(A6) the sets of admissible pairs = and = are bounded
and sequentially compact with respect to the w-convergence.

We are now in a position to prove the following result:

Theorem 5.6. Assume that the properties (Al)—(A6) hold true. Then under assumptions of
Lemma Sol,(Z; I; A) # 0 if and only if the vector optimization problem Q.1)—2.4) is
regular.

Proof. We have to prove only the sufficient conditions of this theorem. Assume that =
(). Then, taking into account Lemmas we can construct a sequence of A, -efficient
solutions {(u?,?) € E}__ to the penalized problem (5.3)~(5.7) such that (u?,3?) = (u°,3°),
where (u°,4°) is some admissible pair to the original problem 2.I)—(2.4). Let us show that
(u®,9°) is a A, -efficient solution, that is, (u°,3°) € Sol,(Z; I; A). To do so, we assume the
converse. Namely, there is a pair (4,y) € = such that I(u,y) < I(u’,y°). Then this pair is
also admissible to the penalized problem (5.3)—(5.7), i.e. (1, %) € =. Hence

(5.12) 1(0,9) = L(4,7) #a L-(u,y2), Ve>0.
From this we immediately conclude that

(5.13) I(0,y) £ & forevery & € L{I.(ul,y?)}.
However for all € > 0 we have the obvious inequality

(5.14) Le(ud, yg) >a I (ul, o).

Hence, in view of the relations (5.12)—(5.14), we obtain

(5.15) I(@,g) £an forall n € L{I(ul,y2)}.

Since the objective mapping [ : U x Y — Z is sequentially A, -lower semicontinuous with
respect to the w-convergence, it follows from (5.13) that I(u, ) £a I(u’,y°). As a result, we
come to the contradiction with the inequality I(,y) <x I(u®,y°). This concludes the proof. &

Remark 5.7. Note that Theorems [5.2] and [5.6] still hold if instead of (A3) we assume that the
operator A : U X Y — Y™ is quasi-monotone. We recall that an operator A : U XY — Y™
is said to be quasi-monotone if for any sequence {(uy, yy)}-., which is w-convergent to some
pair (u,y), the condition

(5.16) lim sup (A(ug, Yr), Y — Y)y-y <0

k—o0
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implies the relation
(517) h]?ilogf <A(Uk7yk)7yk - £>Y*7Y > <A(U,y),y _€>Y*7Y7 \Vlf ey

Indeed, let us prove the implication: “A is quasi-monotone” =—> “A possesses the property
(9N)”. Let {(ux, yx) } ooy be a sequence such that

(ukayk) = (u7 y)7 A(Uk;yk) AC in Y*7 and hmsup <A(uk7yk)ayk>y*’y S <C7y>Y*,Y‘

k—o0

This immediately leads us to the inequality (5.16). Hence, by the quasi-monotonicity property,
we have

<A(U, y>7 Yy — §>Y*,Y S hl?—lxlgolf <A(uk7 yk)7 Yk — §>Y*,Y

< limsup (A(ug, Yx), Yo — )y y

k—o0
< <C7?J - €>Y*7y vEey.
Thus A(u,y) = (, and we come to the required conclusion: the operator A possesses the

property (IN).

6. A,-LOWER SEMICONTINUOUS MAPPINGS AND THE PROBLEM OF THEIR
SCALARIZATION

The traditional approach to solving vector optimization problems is by scalarization, which
involves the formulation of a single objective optimization problem that is related to the original
one. Among various scalarization procedures known in the literature (see, for instance, [9,
25, 27] and the references therein), we consider the problem of the scalar representation of
vector problem with A, -lower semicontinuous mappings, using the “simplest” method of the
“weighted sum”. Then the scalar problem associated with the penalized vector optimization
problem (5.5)—(5.7) has the following representation

6.) (N Lt 9)) 7o =N 1w, 9) g™ sup (0, P(0,9)) 52 )| (X' ) 5. i,

PESFNA*
(6.2) Alu,y) = f,
(6.3) ye K, uweUyCU,

where \" is an element of the dual cone A* = Jw € Z* : (w,b),.., >0Vb e A}.
We begin with the following concept [22, 26, 30].

Definition 6.1. We say that \* € Z* is a quasi-interior point of the dual cone A* if \* € A*
and (\",b) ;.., > 0forallb € A\ {0}.

We denote by Af the set of all quasi-interior points to A*. Note that, in general, we have the
inclusion int A C A* (we refer for instance to [26]]). However, we suppose that A¥ # () even if
int A = () (see [22]).

Now we can give the main property of the scalar problems associated with the vector problem
by the rule (6.1)).

Theorem 6.2. Assume that the vector optimization problem (2.1)—([2.4) is regular. Let \* be
any element of A*, and let (u°,y°) € Argmin (X", I(u,y)) ;... Then

(u,y)€E

(6.4) (u®,4°) € Sol,(Z; I; A).
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Proof. By assumption, we have
(6.5) (NI, y") — I(u,y)>Z*;Z <0, V(u,y)€E.

Let z be any fixed element of the set cl,, I(Z). Then there exists a sequence {(uy, yx)}rey C =
such that I (ug, yx) — 2z in Z as k — oo. Hence, in view of (6.5)), we get

(6.6) </\*,I(u0,y0) — I(uk’yk»z*-z <0, VkeN.
Passing to the limit in (6.6)) as k& — oo, we obtain
(6.7) (N I(W,y°) = 2) ., <0, Vzed,I(Z).

Let us assume the converse, that is, (u",y°) € Sol,,(Z; I; A). Then we may find an element
h € cl, I(Z) such that h <, I(u® y°), ie., I(u’ y°) —h € A\ {0}. Hence, by Definition
6.1, (A", I(u”,y°) = h) 4., > 0, and we come to the contradiction with (6.7). So, (u’,y°) €
Sol,,(Z; I; A) and this concludes the proof. 1

Remark 6.3. Note that Theorem generally fails when \ € A*\ A*. Indeed, if we take
X = [}] in Example ﬁ then (X", 1(z)) 5.., = x and hence Argmin (\", I(x)) ,.., = {1}.

0
z€(1,2]

However, as it was shown before, Sol,,(Z; I; A) = () and Eff (Z; I; A) = Eff,, (Z; I; A) =
1
[o]-
In fact, Theorem [6.2]immediately leads us to the conclusion
U Argmin (X", I(u, y)) 4., € Sol,(E; I; A),
A*GAn (u>y)€E 7

which does not seem to be an important result from a practical point of view. Indeed, as the
following examples show, for A,,-lower semicontinuous mappings [ : U x Y — Z it is pos-
sible to have a situation when none of the scalar functions (u,y) — (X", I(u,y)) .., is lower

semicontinuous for any \* € A%,

Example 6.4. [21]] Ler = = [1,2] C R, and let A = R?. be the cone of positive elements in R>.
Consider the mapping I : Z — R? defined by (see Fig.

I(w)={ (¥,  ifze[L,2)\{1+1/k, k€ N},

[0], ife=1+1/k keN.
Straightforward calculations show that

1

Figure 5: The vector-valued mapping in Example[6.4]

L 1 - 0 1+1/k
A, —1 fI(x) = Ay, — 1 f I(z) = )
w = lminf 7(z) {H} w = liminf, 1(@) HMH | }}
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Since I(1) € A, —lim iIllf I(z)and I(141/k) € Ap— lir(ri iIllfk) f(x), it means that the mapping
T —r r— (1+

I : = — R?%is A,,-lower semicontinuous at these points and in fact on the whole domain =. Let

A= Bﬂ be any vector with non-negative components, i.e. \* € N*. Then the scalar function

I+, associated with the vector-valued mapping I by the scheme of the “weighted sum”, can be

represented in the form

X MT 4N, if x#£1+1/k, —
©9 el = 0Tz = | WG4 FIT e vRenvaes

To be sure that the lower semicontinuity property for this function at the points x;, = 1+ 1/k is
valid, we have to choose the parameters A\ and \s so that the inequality
(6.9) X(1+Ek) <M+ 1/k)+ X\

holds true for every k € N.
However, taking into account the non-negativeness of \; and passing in (6.9) to the limit as
k — oo, we obtain Ay = 0. As a result, we have

Az, 1+ 1/k, _
(6.10) A¢@:{ g §§i1+ﬁh VkeNVzeE

Nevertheless, as follows from (6.10), the inequality I\+(1) < liminfy_,., I = (x1) does not hold
for any \y > 0 with the exception of \y = 0. Thus, there is a unique scalar function in the
collection (6.8)) satisfying the lower semicontinuity property in the domain = = [1,2]. This
function is I\~(x) = 0.

The next example shows a vector-value mapping [ : = — Z not quasi lower semicontinuous
at any point of =, whereas it is A, -lower semicontinuous on =.

Example 6.5. Let = be a bounded closed convex subset of a reflexive infinite-dimensional Ba-
nach space X, let Z = R?, and let A = R2 be the cone of positive elements in R®. Let us
consider the mapping I : = — R? defined as follows

I@p:{'””y Vo el

=l

Then I(Z) is a segment

@z{zew:z:a[_$]+ﬂ—®[_%},a€MH}

where m = min ||z|| and m = max ||x||. Hence each element of = is a \,,-efficient solution to
reD rez

the corresponding problem (Z, 1, \) since A,,— Inf I(x) = D. However, since
ez
(6.11) lilgninf lzi|| > llz||, VYar— a2 in X,
—00

and equality sometimes fails, the lower and quasi lower semicontinuity properties for I : = —
R? do not hold at any points x € =.
At the same time for every xo € = we have L,,(I,xo) := |J L{I(z)} C A, — Inf I(x),
Tp—a0 T€Z
and I(zo) € Ay, —Inf I(x) due to (6.11)). Thus, the objective function I : = — Z is sequentially
rez
A, -lower semicontinuous at each point of =. Let \* = [ij be a vector such that Ay > M\ > 0,

whence \* € AF. Then the scalar function I+, associated with the vector-valued mapping I,
takes the form I «(x) = (A — \a)||z||. As a result, we come to the same conclusion as in the
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previous example: none of these scalar functions is lower semicontinuous with respect to the
weak topology of X.

7. GENERALIZED SOLUTIONS AND WELL-POSED SCALARIZED PROBLEMS
Let us rewrite the scalar minimization problem (6.1)—(6.3) as follows
(7.1) min J. + (u,y), (u,y) € =,

where J. y+(u,y) = (A%, I.(u, y)) .., and = is the set of admissible solutions.

Denote by ’

Sol(Z; J.x+) == Argmin J. »+(u, y)
(u,y)e=

the solution set to the problem (7.I)). We recall that the problem is said to be well-
posed in the generalized sense when every minimizing sequence {(ug, yx)} ey C = (i.e. such
that J. x«(ug, yx) — inf(%y)eg - (u,y)) has a subsequence w-converging to some pair of
Sol(Z; J.,-). We recall also a generalization of the above mentioned notion. The problem
is said to be well-set when every minimizing sequence contained in =\ Sol(Z; J. +) has a
w-cluster pair in SOI(E; J- ). However, as follows from the arguments of the previous section,
the problem (6.1)—(6.3)) is neither well-posed nor well-set, in general. The main reason is the
A,-lower semicontinuity property of the objective function /.

In view of this we introduce the following notion.

Definition 7.1. We say that a pair (u*,y*) € Z is a generalized \,-solution of the vector
optimization problem (=,1,\) if there exist a sequence {(uy,yx)}r;, C = and an element
e, — ( Ir;f I(u,y) such that (ug, yp) — (u*,y*) and I(ug, yp) — € in Z.

u,y)EZ

We denote by GenSol,, (Z; I; A) the set of all generalized A,,-solutions to problem (=, I, A).
It is clear that Sol,,(Z; I; A) € GenSol, (£;1;A). However, as the following example indi-
cates, the inclusion GenSol,, (=; I; A) C Eff (Z; I; A) does not generally hold.

Example 7.2. Let = be a unit ball in some normed space X centered at the origin, that is,
E={reX : |z| <1}. Let S = Q= be the unit sphere in X, let Z = R?, and let A = R%
be the cone of positive elements in R%. Let us consider the mapping I : = — R? defined by

I(z) = Hi”i:” ife €\ {OUS}, I(z) = B] ifz S, 1(0) = m

MmA—MMUG»:{m,m}EHGJﬂU:{%U&mm&fggﬂwz{HH.
Hence, Sol,(Z; I; A) = (. However, the set of generalized \,-solutions of the problem
(E,1,A) is nonempty. Indeed, let us fix a sequence {xy},., C = such that xj, — 0 in X
and I(zy) — {[1]}. Then, in view of Definition we have 0 € GenSol,, (Z;I;A) and, in
fact, GenSol,, (Z;I; A) = {0}.

Having taken \* = [(ﬂ , we consider the following scalar problem associated with the vector
problem (Z,1,\):

Lt [lll, if |l=]| < 1andx #0,

(1.2) IA*<I> = <)‘*7I(x)>Z*;Z = L if ||:E|| =1,
2, if =0
It is a matter of direct verification to show that Argmin I\«(z) = {z € E : ||z|| = 1}. As
TEE
a result, we have GenSol,, (Z;I; A) N Argmin I« (z) = 0. Thus, any solution of the scalar

TEE
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1 2 Z,
Figure 6: The set 1(Z) to Example[7.2)]

problem ([1.2) is neither a A -efficient solution nor a generalized one to the vector problem
(Z,1,\).
) 7

We begin with the following result.

Lemma 7.3. Assume that the properties (A1)~(A6) hold true. Let sc,, (A", I(u,y)) .., be
the lower semicontinuous envelope of the functional (\*,I(u,y)) 7.7 With respect to the w-
convergence in U x Y, where \* € N*. Then the optimal control problem

(7.3) j;,y(u,y):scw(A*,I(u,y))z*;z—i—e_l sup [u((w,F(u,y))Z*;Zﬂ<)\*,b>Z*;Z—>inf,
PESTNA*

(7.4) A(u,y) = f,
(7.5) ye K, uelUycCU,

has a nonempty set of solutions for everye > 0,V € F(R,R,), and Vb € A\ 0.

Proof. First of all, we show that the cost functional jg v+ 1 Uy x Y — R is bounded below
on the set =. Let us assume the converse. Then there exists a sequence {(ug, yx)}tre, C =
such that ,75 A (ug, yr) < —k for all £ € N. Due to the initial assumptions and using the same
arguments as in Lemma it can be shown that there exists a pair (%, %) € Z such that, passing
to a subsequence if necessary, we obtain (uy, yx) — (7, %). Then, having used the sequentially
lower semi-continuity of the cost functional jé A+ With respect to the w-convergence and non-
negativeness of the term

[1]

sup [ (0 P ) zez) | (N B

PYESTNA*
we come to the contradiction

j;,,\* (4,y) < liminf j;,/\* (ug, yx) < liminf «75,,\* (uk, yp) < —00.
k—o0 k—o0

Thus the cost functional jg v+ : Uy x Y — R is bounded below on the set =.

Let {(uy, yx)}re;, C = be a minimizing sequence of admissible pairs to the problem (7.3)-
(7.3). By the previous arguments, this sequence is bounded in U x Y. Since & C Uy x K
and the set Uy x K is sequentially closed with respect to the w-convergence, we may assume
that there exists a pair (u?,y?) € Uy x K such that (uy,yx) — (u?,4°). Then, in view of the
(901)-property of the operator A : U x Y — Y*, and taking into account that A(uy,yx) = f for
all k € N, we just conclude: A(u?,y?) = f. Thus, the limit pair (u2,y°) is an admissible pair

to the problem ([7.3)—(7.5]).
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Let us show that (u?,y%) € = is an optimal pair to this problem. Indeed, as was noted in

Lemma(5.3] the function
swp [ (0, Flu,)) )]
$ESTNA*

is semi-continuous with respect to the w-convergence. Therefore,

inf JE a (u,y) = lim mf JE A (U, Yr)
(u,y)€E k=

> SCw <)\*7 [(ua’ yE)>Z*;Z

et timint sup [ (0, F ) )| 7 8) 70

k—o0 T,IJES*QA*
2 J&,)\* (ugﬂ y5)7

and we obtain the required conclusion: (u?,y?) is an optimal pair to the penalized problem

(73)—(7.5). u
Let us denote by Argmin j; »*(u, y) the set of optimal pairs to the problem (7.3))—(7.5)) for

(u,y)EE

fixede > 0, p € F(R,Ry), \" € A*,and b € A.
Lemma 7.4. Under the assumptions of Lemma the following inclusion is valid:

(7.6) U Argmin j&,\* (u,y) € GenSol,, (Z; I.; A).

Aeat (Wy)€eE
Proof. For an arbitrary \* € A, let us fix a pair

(7.7) (ul,y?) € Argmin J. - (u, y).
(u,y)EE

Since sc,, (A%, 1(w,y)) 5., is the lower w-semicontinuous envelope of the functional
<)‘*7 I(U, y)>Z*;Z ’

it follows that there exists a sequence {(ux, yx) }re; C = such that (ug, yx) — (ul,y’) and

m (A", L (ur, Yr)) gey = — Jox(uf,y?) < ( by condition (777) )

k—o0

(7.8) < Jopr(,y) < (N L(w,9)) 5oy Y(u,y) €2

Since \* € A%, by (7.8) the sequence {I.(ux, i)} 5, is bounded in Z. So, we may suppose the
existence of an element 17 € Z such that I (ug, yx) — nin Z as k — oc.
For now we assume that

(7.9) (uf,y*) ¢ GenSol,, (Z; I.; ).

Then, as follows from Definition (7.1, n ¢ A, — Inf I.(u,y). Hence, there can be found an
(u,y)€E

element £ € A, — Inf I.(u,y) such that £ <, 7. Therefore n — & € A\ {0}, and using the

(u,y)€EE
fact that A € A*, we come to the inequality

(7.10) (N",1m) ge.;> (A", €) 5u., Which is equivalent to lim (X", Io(ug, Yr)) 5-.5> (A", €) 4o -

k—o0

AJMAA, Vol. 7, No. 1, Art. 13, pp. 1-27, 2010 AJMAA


http://ajmaa.org

22 PETER I. KOGUT AND ROSANNA MANZO AND IGOR V. NECHAY

—_

On the other hand, there exists a sequence {(vy, py)}re; C = such that I.(vy, py) — £ in Z.
Since the set = is sequentially compact with respect to the w-convergence (see Lemma , we
may suppose that (vg, pr) — (v*,p*) € Z. Then, by inequality (7.8)), we deduce

(711) kh—>I£lo </\*7 ]a(uka yk))Z*;Z < <)\*7 ]a(viapi)>Z*;Z7 VieN.
Passing to the limit in (7.11) as + — oo, we get

lim <)‘*7[€(uk>yk)>z*;z < <)‘*75>Z*;Z'

k—o0

However, this contradicts (7.10)) and (7.9)), concluding the proof. &

Before proceeding further, we recall the concept of the upper limit in the sense of Kuratowski
of a set sequence {C.}_ ,, C U x Y. Then the weak upper limit, in the sense of Kuratowski of
the set sequence {C.}.., C U x Y with respect to the w-convergence in U x Y, is defined by

w—limsup C;, = {(u, y) €U XY : F(ue,,y:,) € C:, such that

er — 0as k — oo, }
e—0

w
<u€k7 yEk) - (u7 y)
We are now in a position to prove our main result.

Theorem 7.5. Assume that (A1)—(A6) hold and the vector optimization problem 2.1)-2.4) is
regular. Let € be a small scalar parameter varying in a strictly decreasing sequence of positive
numbers which converge to 0, and let \* be an element of A*. Then

Argmin J. + (u,y) | € GenSol, (; I; A).

(u,y)EE

(7.12) w— lim sup

e—0

(uy)€E
sponding minimization problems (7.3)—(7.3). Then, in view of Lemma we have (u?,y}) €
GenSol,, (Z; I.; A) for every ¢ > 0. Our aim is to show that each w-cluster point of this se-
quence is a generalized A,,-solution of the original vector optimization problem (2.1)—(2.4).
By analogy with Lemma it can be shown that the sequence {(u},y})}.., is relatively w-
compact. Hence a subsequence of {(u},y’)}_.,, still denoted by the suffix ¢, can be extracted

Proof. Let {(u:, YY) € Argmin jg A (u, y)} be a sequence of optimal pairs to the corre-
e>0

e>0°
such that (u*,y*) = (u*,y*) as ¢ tends to zero, where (u*,y*) € E.

Let us show that this pair is admissible for the problem (2.1)—(2.4)). To do so, it is enough to
prove the inequality F'(u*, y*) >, 0. By the initial assumptions, we have

i (0 F(w,9) 50.2) =0 forany (u,y) € =

Therefore

Jene(ul, y2) < Jex=(u,y) = sy (A, I(u,y)) 5.,  forevery e > 0.
Whence
sSup [:u <<w7 F(u;y:»Z*,Z)] <)‘*7 b)Z*;Z < 607

PYESTNA*
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where the constant C' is independent of both € and v € S} N A*. Then, using the w-lower
semi-continuity property of the scalar function sup,c g - [,u <<¢, F(u,y)) -, Zﬂ , we have

sup [ (0 P 5)) 502) | 00 85

PESTNA*

< liminf sup [,u <<¢, F(u:,y:»z*;zﬂ <>\*,b>z*;z =0.

€20 yesyna

Since this is equivalent to the inequality F'(u*, y*) > 0, it follows that the w-cluster pair (u*, y*)
is admissible to the original problem (2.1)—(2.4).

Our next step is to prove that the pair (u*,y*) € = is an optimal one to the minimization
problem

(7.13) Ty (u, ) == sco (A5, I(u, Y)) 7=,z — inf,
(7.15) yeK, uel,cCU.

Let us assume the converse. Namely, there is a pair (4, §) € = such that Jy+ (@, §) < Jy- (u*, y*).
Then this pair is admissible to the penalized problem (7.3)—(7.5)). Hence

(7.16)  Ja(@.9) = Jpr(@,7) > inf_Joxe(u,y) = Jar(ul,yl), Ve >0,

(u,y)€E
(707 T (@.§) 2 liminf oy (ul, y7) 2 M infscy (X, 1(02, ) 7oz 2 Jae (u”y7),
e— e— ’

and it leads us to the contradiction.

Thus (u*,y*) € ArgminJy~(u,y). As a result, using the arguments of the proof in Lemma
(u,y)€=
7.4, we come to the required conclusion (u*,y*) € GenSol,, (Z;1; A). 1

Remark 7.6. In spite of the result of Theorem we should note that the inclusion
(7.18) w—lim sup [GenSol,, (Z; I.; A)] C GenSol,, (Z; ;)

e—0
can be wrong in general. Indeed, let {(u?,y?) € GenSol, (Z; IE;A)}E>O be a sequence of

generalized \,,-solutions to the penalized vector optimization problem (5.5)-(5.7). In view
of Lemma we can assume that there exists a sequence {)\: € A }5>0 such that

(ul,yr) € Argmin j;A (u,y) forall € >0.

(u,y)EE

Moreover, taking into account the structure of the cost functionals (71.3)), we can suppose that
this sequence is compact with respect to the strong topology of Z. Closely following the line
of the previous proof, it can be shown that {(u},y>)} .., is relatively w-compact, and every w-
cluster pair (u*,y*) belongs to the set =. Then, passing in (where \* should be replaced by
AZ) to the limit as € — 0 and using the inequalities (T.16)—(7.17), it is easy to prove that (u*,y*)
is an optimal pair to the minimization problem (T.13)—(7.13), where the vector \* is a strong
limit of the sequence {/\; € A”}DO. However, in this case we cannot assert that the vector \*
is a quasi-interior point of the dual cone N*. So, in general, we only have \* € A*. But, as
Example|7.2|indicates, the solutions of the scalar problem (T13)—(7.13) when \* € A*\ A* are

neither A -efficient nor generalized solutions to the vector optimization problem (=, I, \).
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8. APPLICATION AND FINAL REMARKS

In this section we illustrate the results obtained above with some examples. Let {2 C R"™ be
an open bounded domain with a Lipschitz boundary 0f2, and let D be its subdomain with the
characteristic function . For a given function f € LI(Q), £ € W,P(Q), and v* € L(0R),
we consider the following control object

9 (loy|P? o
8.1) ;&Ei ( &Z ai) = flz), zeQ,
(8.2) % . =u(x), z €I,
(8.3) u € Up={veL09) : |lv—1vLa < a},
(8.4) |(y(x) —&(x))] < B almost everywhere in D.
Here w is a control function, y is a state of the control object,
Dy |y oy

aI/A :Z

=1

a.’L’i a.’L’Z Vi(x)7
a>0,>0,p>2,andp~ ' +¢ ' =1.

Let A be the cone of positive elements in LP(€2), i.e., n € A if n(z) > 0 almost everywhere in
Q. Itis clear that A* # () whereas int A = int A* = (). Clearly, this cone is reproducing, since
each function z € LP(2) can be represented as © = x, — x_, where , = max{z,0},z_ =
max {—x,0}, and z,,z_ € A. Moreover, as it is shown in [15], this cone possesses the D-
property. For every pair (u,y) € L(0Q) x W1P(Q) we define an objective mapping I :
L1(09Q) x WP(Q) — LP(Q) by the rule

(8.5) Hu,y) =)

=1

dy()

(9@- ’

Then the vector optimization problem for the object (8.1))—(8.4) we consider can be stated as
follows:

(8.6) Minimize [(u,y) (with respect to the cone A)

subject to the restrictions (8.1)—(8.4). From the physical point of view it means that we try “to
minimize the total oscillation” of the function y € W1?(Q) which has be pointwise close to the
given function £ upon the domain D C ().

To rewrite this problem in the form of the vector optimization problem (2.1)—(2.4), we use
the following notations. Let

®7) U=L0Q), Y =W (Q), F(u,y) = (8 — |y(z) — &) )xp(z), K =W"(Q),

and let A : L9(9Q) x WP(Q2) — (WHP(Q))" be the nonlinear operator associated with the
boundary value problem (8.1)—(8.2). We define the w-convergence in U X Y as the weak
convergence in LI(99)) x WhP(Q).

It is easy to see that the boundary value problem (8.1)—(8.2) is non-coercive. Hence we cannot
assert that this problem has a solution y(u) € WP(Q) for every u € Ups. So, we deal with an
incorrect problem from the point of view of partial differential equations theory. Nevertheless,
if we take u = OE/0v 4| oo, and € € WP (Q) as the unique solution of with the Dirichlet
boundary condition y|,, = 0, then the pair (u, £) will be admissible to the problem (8.1)—(8.6).
So, we may suppose that = # () for the given initial data, and hence the vector optimization

problem (8.1)—(8.6) is regular.
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Let us verify the hypotheses (A1)—(A6). Taking into account the notations (8.7), the fulfil-
ment of the hypotheses (A1), (A2), (A4), and (AS) is obvious. The quasi-monotonicity property
of the operator A (which implies the (90t)-property due to Remark) has been proved in [14].
As for the A, -lower semicontinuity property of the objective mapping (8.5)), it immediately fol-
lows from the weak continuity of this mapping in L”(£2) with respect to the w-convergence.

Thus, in view of Theorems we can give the following conclusion: the set of A, -
efficient solutions to the vector optimization problem (8.1)—(8.6)) is nonempty,

Sol, (25 I; A) € GenSol, (Z;1; A),

and the generalized A, -solutions can be obtained as cluster points of the solutions sequence
{(uf, y%)}.., to the following penalized optimal control problem

Toxw) = [ X(@) (Z e ) &
vet s ([ o) (0= lvto) - @) o) | [ wirao > in

pESTNA*

subject to the restrictions (8.1)—(8:3), where \* is any element of A* C L?((Q).

We conclude the paper with the following observation. As follows from definition of the
A-lower semicontinuity for vector-valued mappings I : = — Z, this property essentially
depends on the domain = C U x Y. In fact, the assertion: “if I : U XY — Zisa A,-
lower semicontinuous mapping then its restriction on any bounded subset = C U X Y preserves
this property at every point of =” can be wrong in general. However such a situation is both
natural and typical in the vectorial case. Indeed, for different sets of admissible solutions =;, =
(21 NEy # 0) and any pair (ug, yo) such that (ug, yo) € =N =y, the sets Ay, — Inf L, (1 (ug, yo))

and A, — ( Il’)lf I(u,y) are not singletons in general. So, the sets
u,y EEi
Ay — Inf Lo, (1 (uo, yo)) N Ay — ( II)lf I(u,y),
u,Y)EEL
Ay — Inf Ly, (I(uo,v0)) N Ay — Inf  I(u,y),
(’U‘?y)eEQ

can be drastically different as well. Thus, in view of Definition [3.5] and condition (4.2), the
mappings [ : Z; — Z and [ : =, — Z can be distinguished by the A, -lower semicontinuity
property at the point (ug, yo) € = N Zs.
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