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LEVITIN-POLYAK WELL-POSEDNESS OF NONCOMPACT
GENERALIZED MIXED VARIATIONAL INEQUALITIES IN
REFLEXIVE BANACH SPACES

LU-CHUAN CENG*, FU-QUAN XIA, AND JEN-CHIH YAO'

ABSTRACT. We introduce the concept of Levitin-Polyak well-posedness for a non-
compact generalized mixed variational inequality in a real reflexive Banach space
X, and establish some characterizations of its Levitin-Polyak well-posedness. We
prove that the Levitin-Polyak well-posedness of a noncompact generalized mixed
variational inequality is equivalent both to the Levitin-Polyak well-posedness of
a corresponding inclusion problem and to the Levitin-Polyak well-posedness of a
corresponding fixed point problem. Some conditions under which a noncompact
generalized mixed variational inequality in X is Levitin-Polyak well-posed are
given. It is worth pointing out that there is no compactness assumption in our
results.

1. INTRODUCTION

In 1966, Tykhonov [24] initially introduced and considered the well-posedness of a
minimization problem, which consists of the existence and uniqueness of minimizers,
and the convergence of every minimizing sequence to the unique minimizer. In many
practical situations, there are more than one minimizer for a minimization problem.
In a natural way, the concept of Tykhonov well-posedness in the generalized sense
was introduced, which means the existence of minimizers and the convergence of
some subsequence of every minimizing sequence to a minimizer. Because it plays
an important role in the study of optimization problems, various concepts of well-
posedness have been introduced and studied widely for minimization problems in
past decades. For details, the readers refer to [28-30] and the references therein.

The Tykhonov well-posedness of a constrained minimization problem requires
that every minimizing sequence should lie in the constraint set. It is well known
that in many practical situations, the minimizing sequence produced by a numer-
ical optimization method usually fails to be feasible but gets closer and closer to
the constraint set. Such a sequence is called a generalized minimizing sequence
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for constrained minimization problems. Taking into account this case, Levitin and
Polyak [17] strengthened the concept of Tykhonov well-posedness by requiring the
existence and uniqueness of minimizers, and the convergence of every generalized
minimizing sequence to the unique minimizer, which is called Levitin and Polyak
(for short, LP) well-posedness. In terms of the recent literature on the research of LP
well-posedness for variational inequalities, most researchers mainly focus on the in-
troduction of various kinds of LP well-posedness for different variational inequalities,
the establishment of metric characterizations for LP well-posed variational inequal-
ities, the necessary and sufficient conditions of LP well-posedness for variational
inequalities, and the links of LP well-posedness between variational inequalities and
their related problems, for instance, minimization problems, fixed pointed prob-
lems, inclusion problems, etc. There have been a large number of results involving
Tykhonov well-posedness, LP well-posedness and their generalizations for minimiza-
tion problems. For details, we refer the readers to [1,3-6,9-12,15-20,24,27-30].

In 2008, Fang, Huang and Yao [10] considered and studied the well-posedness
of a mixed variational inequality in a real Hilbert space H, which includes as a
special case the classical variational inequality, and derived some results for the
well-posedness of such a mixed variational inequality, the corresponding inclusion
problem and the corresponding fixed-point problem. Subsequently, Ceng and Yao [6]
extended the concept of well-posedness to a generalized mixed variational inequality
in H, which includes as a special case the mixed variational inequality, and gave
some characterizations of its well-posedness. Under suitable conditions, the authors
[6] proved that the well-posedness of the generalized mixed variational inequality is
equivalent both to the well-posedness of the corresponding inclusion problem and
to the corresponding fixed-point problem, and derived some conditions under which
the generalized mixed variational inequality is well-posed. Recently, some authors
made the further extension and development on the concept of well-posedness; see
e.g., [3-5,12,27] and the references therein.

Furthermore, Hu and Huang [11] considered the LP well-posedness of a gen-
eral variational inequality in R™. They derived some characterizations of the LP
well-posedness by considering the size of LP approximating solution sets of general
variational inequalities. They also proved that the LP well-posedness of a general
variational inequality is closely related to the LP well-posedness of a minimization
problem and a fixed point problem. Finally, they proved that under suitable condi-
tions, the LP well-posedness of a general variational inequality is equivalent to the
uniqueness and existence of its solutions.

Let X be a real reflexive Banach space. In 2012, Li and Xia [20] extended the
notion of LP well-posedness to a generalized mixed variational inequality in X, and
gave some characterizations of its LP well-posedness. Under suitable conditions,
they proved that the LP well-posedness of a generalized mixed variational inequality
is closely related to the LP well-posedness of a corresponding inclusion problem and
a corresponding fixed point problem, and derived some conditions under which a
generalized mixed variational inequality is LP well-posed. However, it is worth
emphasizing that in their results, there is the compactness requirement for set-
valued mapping F : X — 2% in the generalized mixed variational inequality, that
is, F': X — 2% is compact-valued. Meantime, we note that there is no result for
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the LP well-posedness of a noncompact generalized mixed variational inequality.
Therefore, it is worth studying implementable results for the LP well-posedness of
a noncompact generalized mixed variational inequality.

Motivated and inspired by the research work going on this field, we extend the
notion of LP well-posedness to a noncompact generalized mixed variational inequal-
ity in a real reflexive Banach space X, and give some characterizations of its LP
well-posedness. Under suitable conditions, we prove that the LP well-posedness of
a noncompact generalized mixed variational inequality is equivalent both to the LP
well-posedness of a corresponding inclusion problem and to the LP well-posedness of
a corresponding fixed point problem. Finally, we also derive some conditions under
which a noncompact generalized mixed variational inequality is LP well-posed. It
is worth pointing out that there is no compactness assumption in our results. Our
results improve, extend and develop the early and recent ones announced by some
others, e.g., Ceng and Yao [6] and Li and Xia [20]. For recent related results, we
refer readers [7,23,25] and the references therein.

2. PRELIMINARIES

Let X be a real reflexive Banach space with its dual X* and K be a nonempty,
closed and convex subset of X. Let F : X — 2% be a set-valued mapping, and
¢ : X — RU/{+oo} be a proper, convex and lower semicontinuous functional.
Denote by dom¢ the efficient domain of ¢, i.e.,

dom¢ = {z € X : ¢(x) < +o0}.

In this paper, we always assume that dom¢ N K # (). Consider the following
generalized mixed variational inequality associated with (F, ¢, K):

GMVI(F, ¢, K) : find x € K such that for some u € F(x),

It is easy to see that the GMVI(F, ¢, K) is equivalent to the following inclusion
problem associated with F' + 9(¢ + 0k ):

IP(F 4+ 0(¢+ k), K) : find x € K such that 0 € F(x) + 9(¢ + k) (),

where dx denotes the indicator function associated with K (i.e., 0x(x) =0ifz € K
and +oo otherwise) and 0(¢ + 0x)(x) denotes the subdifferential of the convex
function ¢ + J; at x.

If F is the subdifferential of a finite-valued convex continuous function f defined
on X, then the problem GMVI(F, ¢, K) reduces to the following nondifferentiable
convex optimization problem:

mingex{f(z) + ¢(z)}.

Furthermore, the usual GMVI(F, ¢, K) formulation admits various modifications
and extensions which also can be in principle applied to economic equilibrium prob-
lems. For example(see [14] and the references therein), we consider a market struc-
ture with perfect competition. The model deals in n commodities. Then, given a
price vector p € R}, we can define the value E(p) of the excess demand mapping
E: R} — 2R" " which is multiv-alued in general. Traditionally, a vector p* € R"
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is said to be an equilibrium price vector if it solves the following complementarity
problem:

p*>0, J¢*e€ED):q¢" <0, (p*,q¢)=0.
or equivalently, the following variational inequality: find p* > 0 such that
J¢" € E(p") : (—¢",p—p") 20, Vp=0.

We now specialize our model from this very general one. First, we suppose that
each price of a commodity which is involved in the market structure has a lower
positive bound and may have an upper bound. It follows that the feasible prices
are assumed to be contained in the box constrained set

n
K=]][K:, EKi={tcR:0<n<t<qg<+oo}, i=12,...n
=1

Next, as usual, the excess demand mapping is represented as follows:

E(p) = D(p) — S(p)

where D and S are the demand and supply mappings, respectively. We suppose
that the demand mapping is single-valued and set G = —D. Then, the problem of
finding an equilibrium price can be formulated as follows: find p* € K such that

Is* € S(p*), (G*),p—p")+(s",p—p*) >0, VpeK.

Under some suitable conditions, this problem can be reduced to GMVI(F, ¢, K).
Now, we give some useful propositions and definitions.

Proposition 2.1. Let K be a nonempty, closed and convex subset of X, F : X —
2X" be a nonempty set-valued mapping, and ¢ : X — RU{+o0} be a proper, convex
and lower semicontinuous functional. Then the following conclusions are equivalent:

(i) = solves GMVI(F, ¢, K);
(ii) = solves IP(F + 0(¢ + 0k ), K).

Definition 2.2. A nonempty set-valued mapping F : X — 2% is said to be
monotone, if for all z,y € X,u € F(x) and v € F(y)

(u—wv,z—y)>0.

Definition 2.3. Let X and Y be two topological spaces, and F : X — 2Y be a
set-valued mapping.

(i) F is said to upper semicontinuous (u.s.c.) at x € X if for any neighborhood
V of F(x), there exists a neighborhood U of x such that F(y) C V Vy € U.
If Fis u.s.c. at each point of X, we say that F' is u.s.c. on X.

(ii) F is said to be closed (resp. open) if the set Gr(F) = {(z,y) e X xY :y €
F(x)} is closed (resp. open) in X x Y.

Definition 2.4 (see also [22], [21]). Let X,Y be two Banach spaces, and F' : X —
2Y be a nonempty set-valued mapping. Then F is said to be locally bounded if for
each x € X, there exists a neighborhood of  and a constant £ > 0 such that, for
each z in this neighborhood and u € F(z), we have |lu|| < ¢.
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Let A, B be nonempty subsets of a normed vector space (X, || - ||). The Hausdorff
metric H(-,-) between A and B is defined by

H(A, B) = max{e(A, B),e(B, A)},
where e(A, B) = sup,e 4 d(a, B) with d(a, B) = infycp ||a — b||. Note that [19] if A
and B are compact subsets in X, then for each a € A there exists b € B such that
la — bl < H(A, B).
Definition 2.5 (see [6]). A nonempty set-valued mapping F : X — 2% is said to
be

(i) H-hemicontinuous, if for any z,y € X, the function t — H(F(z + t(y —
z), F(z)) from [0,1] into R* = [0, +00) is continuous at 0" where H(-,-) is
the Hausdorff metric defined on CB(X™).

(ii) H-uniformly continuous, if for all € > 0 there exists 6 > 0 such that for all
z,y € X with ||z — y|| < 0, one has H(F(z), F(y)) < € where H(-,-) is the
Hausdorff metric defined on CB(X™).

Definition 2.6 (see [13]). Let A be a nonempty subset of X. The measure of
noncompactness p of the set A is defined by

u(A) =inf{e >0: AC | JA;, diamA; <e, i=1,2,...,n},
=1

where diam means the diameter of a set.
Motivated and inspired by Lemma 2.2 in [6], we present the following proposition.

Proposition 2.7. Let K be a nonempty, closed and convex subset of X, F : X —
2X" be a weakly closed set-valued mapping which is locally bounded and monotone,
and let ¢ : X — R U {400} be a proper and convex functional. Then for a given
x € K, the following statements are equivalent:

(i) there exists u € F(x) such that (u,z —y) + ¢(x) — ¢(y) <0, Vy € K;
(ii) (v,z —y) + d(x) —d(y) <0, Vy € K,v € F(y).

Proof. Suppose that for some u € F(x),

(u, 2 —y) + ¢(x) — d(y) <0, Vy € K.
Since F' is monotone, one has

(u—v,z—y) >0, YyeK,veF(y),
and hence

(v,2—y) + ¢(z) — dy) < (w,z —y) + o(x) —d(y) <0, Vye K,veF(y).
Consequently,
(0,2 —y) + ¢(x) = d(y) <0, Vye K,veF(y).

Conversely, suppose that the last inequality is valid. Given any y € K we define
yr =ty+(1—t)x for all t € (0,1). Since K is a nonempty, closed and convex subset,
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we have y; € K for all t € (0,1). Replacing y by ; in the left-hand side of the last
inequality, one derives for each v; € F(y;),

0> (vt, — yr) + ¢(x) — d(yt)
= (v, z — (ty + (1 —t)z)) + d(z) — Sty + (1 — t)x)
> (v, t(z —y)) + o(x) —td(y) — (1 — t)g(x)
= t[{vr,z —y) + d(z) — 4 (y)],

which hence implies that

<Utax - y) + ¢<$) - ¢(y) <0, Vo € F(yt)vt € <O7 1)'

Since F is locally bounded, there exists a neighborhood of z and a constant ¢ > 0
such that, for each z in this neighborhood and u € F(z), we have ||u|| < ¢. Since
y¢ — x as t — 0, for ¢ sufficiently small ||v;|| < ¢; hence, from the reflexivity of X we
may assume, without loss of generality, that v; — u € Y in the weak™ topology of
X*. Note that the reflexivity of X implies that the weak topology of X* coincides
with the weak® topology of X*. Thus, we know that vy — u € Y in the weak
topology of X*. Since F has weakly closed graph, y — x and vy — u € Y weakly,
we have u € F(x) and

(u,z —y) + ¢(x) —d(y) <0, VyeK.
This completes the proof. g

3. LEVITIN-POLYAK WELL-POSEDNESS OF GMVI(F, ¢, K)

In this section, we extend the concepts of Levitin-Polyak well-posedness to the
noncompact generalized mixed variational inequality and establish its metric char-
acterizations. In the sequel, we always denote by — and — the strong convergence
and weak convergence, respectively. Let o : X — [0,4+00) be a given continuous
functional with a(tz) = tPa(z),Vt > 0 and Vz € X, where p > 1, and let X, K, F, ¢
be defined as in the previous section.

Definition 3.1. A sequence {z,} C X is called a LP a-approximating sequence
for GMVI(F, ¢, K), if there exist w, € X with w,, — 0 and 0 < ¢, — 0 such that
ZTp +wy € K for all n € N, and there exists u,, € F(x,) such that

Tn € d0m¢7 <un7 Tp — y> + ¢(xn) - ¢(y) S Oé(.’Bn - y) + €n, vy € K,?’L e N.

If a1(2) > aa(z) > 0 Vz € X, then every LP ag-approximating sequence is LP «;-
approximating. When a(z) = 0 Vz € X, we say that {x,} is a LP approximating
sequence for GMVI(F, ¢, K).

Definition 3.2. We say that GMVI(F, ¢, K) is strongly (resp. weakly) LP a-
well-posed if GMVI(F, ¢, K) has a unique solution and every LP a-approximating
sequence converges strongly (resp. weakly) to the unique solution. In the sequel,
strong (resp. weak) LP O-well-posedness is always known as strong (resp. weak)
LP well-posedness. If aj(z) > aa(z) > 0 Vz € X, then strong (resp. weak) LP
aq-well-posedness implies strong (resp. weak) LP ag-well-posedness.
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Definition 3.3. We say that GMVI(F, ¢, K) is strongly (resp. weakly) LP a-well-
posed in the generalized sense if GMVI(F, ¢, K) has nonempty solution set S and
every LP a-approximating sequence has a subsequence which converges strongly
(resp. weakly) to some point of S. In the sequel, strong (resp. weak) LP 0-
well-posedness in the generalized sense is always known as strong (resp. weak) LP
well-posedness in the generalized sense. If ay(z) > as(z) > 0 Vz € X, then strong
(resp. weak) LP aj-well-posedness in the generalized sense implies strong (resp.
weak) LP ag-well-posedness in the generalized sense.

Remark 3.4. It is easy to see that the above Definitions 3.1, 3.2 and 3.3 extend
the Definitions 3.1, 3.2 and 3.3 in [20], respectively. When X is a real Hilbert space,
K = X and w, = 0, Definitions 3.2 and 3.3 in [20] reduce to the Definitions 3.2
and 3.3 in [10], respectively. When X = R", a =0, ¢ = dx and F is single-valued,
Definitions 3.2 and 3.3 reduce to the Definitions 3.3 and 3.4 of [11], respectively.

To derive the metric characterizations of LP a-well-posedness, we consider the
following LP a-approximating solution set of GMVI(F, ¢, K):
2,(€) ={z € dom¢ : d(z, K) < ¢,and there exists u € F(x) such that
Vy € K, (u,x —y)+ ¢(x) — d(y) <az —y) +e}, Vex0.

Theorem 3.5. Let K be a nonempty, closed and convex subset of X, F : X — 2%~
be a weakly closed set-valued mapping which is locally bounded and monotone, and

let ¢ : X — RU{+o0} be a proper, convex and lower semicontinuous functional.
Then GMVI(F, ¢, K) is strongly LP a-well-posed if and only if

(3.1) D0(e) #0, Ve >0 and diam(2,(e)) — 0 as e — 0.

Proof. Suppose that GMVI(F, ¢, K) is strongly LP a-well-posed and z* € K is the
unique solution of GMVI(F, ¢, K). It is obvious that z* € 2,(€). If diam(£2,(¢)) 4
0 as € — 0, then there exist constant [ > 0 and sequences {¢,} C R with €, — 0,

and {3:511)}, {33%2)} with xg),xg) € 24(en) such that
(3.2) |20 — 2@ > 1, vneN.

Since xg),xf) € 24(epn), for x%l) we have

1
dz\V K) < e, < en+ —,
n

n

and there exists u,, € F (xnl

(un, o) —y) + ¢(2)) = $ly) < alal) —y) +en, Wy € K.
Since K is closed and convex, then there exists 7V € K such that Hx,(ll) —zV | <

en + L. Putting w, = 25 — 21, we have w, +2%) = ) € K and |jw,| =

)) such that

ng) - afgll)H — 0. This implies that w, — 0. Thus, {1:,(11)} is a LP approximating
sequence for GMVI(F, ¢, K). By the similar argument, we obtain that {:1;5?)} is a

LP approximating sequence for GMVI(F, ¢, K). So they have to converge strongly
to the unique solution of GMVI(F, ¢, K), a contradiction to (3.2).
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Conversely, suppose that the conclusion (3.1) holds. Let {z,} C X be a LP a-
approximating sequence for GMVI(F), ¢, K). Then there exists w,, € X with w,, — 0
such that z, + w, € K, and there exist 0 < €, — 0 and u,, € F(x,) such that

(3.3) z, € domo, (up,zp —y) + ¢(xn) — d(y) < alzy —y) + €, Vy € K,n e N.

Since z,, + w, € K, then there exists z,, € K such that x,, + w, = Z,. It is easy
to see that d(xy, K) < ||zn, — Zp|| = |Jwn| — 0. Set €, = max{e,,, ||wy,||}, it follows
that =, € 24(€,). From (3.1), we deduce that {x,} is a Cauchy sequence and so it

converges strongly to a point z € K. Since F' is monotone, ¢ is lower semicontinuous
and « is continuous, it follows from (3.3) that for any y € K,v € F(y),

(0,2 = y) + &(7) = d(y) < liminf{{un, 2, —y) + d(2n) - G(y)}
(3.4) < liminf{a(z, —y) + €,}

n—oo
= a(Z —y).
For any y € K, put y; = Z + t(y — z) for all t € (0,1). Since K is a nonempty,
closed and convex subset, we have y, € K for all ¢t € (0,1). Then
(vi, T =) + &(Z) — d(ye) < (T —ye), Yoy € Fy).

Since ¢ is convex, from the properties of a we get

tl{vr, = —y) + ¢(7) — o(y)] < (T —y), Vi € Fyr),y € K;
that is,
(35) (v, —y)+6(@) — d(y) <@ —y), Vor € Fly),y € K,

where p > 1. Since F' is locally bounded, there exists a neighborhood of Z and a
constant ¢ > 0 such that, for each z in this neighborhood and u € F(z), we have
|lul| < €. Since y¢ — T as t — 0, for ¢ sufficiently small ||v;]| < ¢; hence, from the
reflexivity of X we may assume, without loss of generality, that v; — u € X* in
the weak™ topology of X*. Note that the reflexivity of X implies that the weak
topology of X* coincides with the weak™ topology of X*. Thus, we know that
vy — u € X* in the weak topology of X*. Since F' has weakly closed graph, y; — =
and vy — u € X* weakly, we have u € F(z) and

(u,Z—y) + (@) —o(y) <0, VyeK
(due to (3.5)). Therefore, T solves GMVI(F, ¢, K).

To complete the proof, we need only to prove that GMVI(F, ¢, K) has a unique
solution. Assume by contradiction that GMVI(F, ¢, K) has two distinct solutions
x1 and x9 in K. Then it is easy to see that x1,x9 € 2,(€) for all € > 0 and

0 < ||Jz1 — z2|| < diam(£2,(€)) — 0,
a contradiction to (3.1). The proof is complete. O

Theorem 3.6. Let K be a nonempty, closed and convex subset of X, F: X — 2%~
be a nonempty, weakly closed and locally bounded set-valued mapping, and let ¢ :
X — R U{+o0} be a proper, conver and lower semicontinuous functional. Then
GMVI(F, ¢, K) is strongly LP a-well-posed in the generalized sense if and only if

(3.6) 2.(e) #0, Ve>0 and u(2(e)) — 0 as € — 0.
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Proof. Suppose that GMVI(F, ¢, K) is strongly LP a-well-posed in the generalized
sense. Let S be the solution set of GMVI(F, ¢, K). Then S is nonempty and com-
pact. Indeed, let {z,,} be any sequence in S. Then {z,} is a LP a-approximating
sequence for GMVI(F, ¢, K). Since GMVI(F, ¢, K) is strongly LP a-well-posed in
the generalized sense, {x,} has a subsequence which converges strongly to some
point of S. Thus S is compact. It is obvious that () # S C §2,(¢) for all € > 0. Now
we show that

u(2,(e)) >0 ase—0.
Observe that for every € > 0,
H(2(€),S) = max{e(2(€),S),e(S, 2,(€))} = e(2u(€), S).
Taking into account the compactness of S, we get
(a(€)) < 2H(2u(6), ) + p(S) = 26(2u(6), 9).

To prove (3.6), it is sufficient to show that

e(£2,(€),S) -0 ase—0.
Indeed, if e(£2,(€),S) 4 0 as € — 0, then there exist [ > 0 and {e,} C R with
€n — 0, and z,, € §2,(ey,) such that
(3.7) xn &S+ B(0,1), VneN,
where B(0,1) is the closed ball centered at 0 with radius [. By the definition of
2u(€n), we know d(zp, K) <€, < e, + %, and there exists u,, € F(z,) such that

(tn, 2n —y) + d(an) — oY) < alzn —y) +en, Vy e K.

Thus, there exists Z,, € K such that ||z, — x| < €, + % Let w,, = T,, — x,,, then
we have w, + =, € K with w, — 0. So {z,} is a LP a-approximating sequence for
GMVI(F, ¢, K). Since GMVI(F, ¢, K) is strongly LP a-well-posed in the generalized
sense, there exists a subsequence {z,, } of {z,} which converges strongly to some
point of S. This contradicts (3.7) and so

e(f2,(€),S) -0 ase—0.

Conversely, assume that (3.6) holds. We first show that (2,(¢) is closed for all
e > 0. Let {z,,} C 24(¢) with z,, — x. Then there exists u, € F(z,) such that
d(zn, K) < € and

(3.8) (UnyTp —Y) + &) — d(y) <z, —y)+e, Yye K,neN.

Since F' is locally bounded, there exists a neighborhood of x and a constant £ > 0
such that, for each z in this neighborhood and u € F(z), we have ||u|| < ¢. Since
T, — T as n — oo, for n sufficiently large ||uy| < ¢; hence, from the reflexivity
of X we may assume, without loss of generality, that u, — v € X* in the weak*
topology of X*. Note that the reflexivity of X implies that the weak topology of X*
coincides with the weak* topology of X*. Thus, we know that u, — v € X* in the
weak topology of X*. Since F' has weakly closed graph, =, — x and u, — u € X*
weakly, we have u € F'(z) and

(w2 —y) +o(x) = dy) <alr—y) +e, Vyek
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(due to (3.8)). It is easy to see d(xz, K) < e. This shows that x € {2,(¢) and so
2,(€) is nonempty closed for all € > 0. Observe that

S={) 2ule).

e>0

Since p(£2,(€)) — 0, the theorem in page 412 of [13] can be applied and one con-
cludes that S is nonempty and compact with

e(£2(€), ) = H(2ale), S) — 0.

Let {Z,,} C X be a LP a-approximating sequence for GMVI(F, ¢, K). Then there
exists w, € X with w, — 0 such that z,, + w, € K, and there exist u,, € F(Z,)
and 0 < €, — 0 such that

(tin, B = y) + ¢(n) = d(y) < a(@n —y) + 6, VWeKneN.

Since T, + w, € K, then there exists Z, € K such that Z, + w, = Z,. It follows
that

d(Zn, K) <||Zn — Znl| = ||wn]] — 0.

Set €, = max{||w,], €}, we get T, € 2,(e,). From (3.6) and the definition of
24 (€en), we have

d(/.%'\n, S) < e(-Qa(En), S) — 0.
Since S is compact, there exists p,, € S such that

Again from the compactness of S, there exists a subsequence {py, } of {p,} which
converges strongly to p € S. Hence the corresponding subsequence {Z, } of {Zy}
converges strongly to p € S. Therefore, GMVI(F, ¢, K) is strongly LP a-well-posed
in the generalized sense. The proof is complete. O

Remark 3.7. Theorems 3.5 and 3.6 improve, extend and develop Theorems 3.1 and
3.2 in [20] to a great extent because we drop the compactness, H-hemicontinuity
and upper semicontinuity of F'.

4. LINKS WITH LEVITIN-POLYAK WELL-POSEDNESS OF INCLUSION PROBLEMS

In this section, we shall show that the Levitin-Polyak well-posedness of a noncom-
pact generalized mixed variational inequality is closely related to the Levitin-Polyak
well-posedness of an inclusion problem. Let A : X — 2X" be a set-valued mapping.
The inclusion problem associated with (A, K) is defined by

IP(A, K): find z € K such that 0 € A(x).

Definition 4.1 (see [20]). A sequence {z,} C X is called a LP approximating
sequence for IP(A, K) if there exists w, € X with w, — 0 such that x,, + w, € K
and d(0, A(zy,)) — 0 as n — oo, or equivalently, there exists y, € A(x,) such that
lyn|| — 0 as n — oo.



LEVITIN-POLYAK WELL-POSEDNESS FOR GMVI 485

Definition 4.2 (see [20]). We say that IP(A, K) is strongly (resp. weakly) LP well-
posed if it has a unique solution and every LP approximating sequence converges
strongly (resp. weakly) to the unique solution of IP(A, K). IP(A, K) is said to be
strongly (resp. weakly) LP well-posed in the generalized sense if the solution set S
of IP(A, K) is nonempty and every LP approximating sequence has a subsequence
which converges strongly (resp. weakly) to a point of S.

Remark 4.3. When X is a Hilbert space, K = X and w,, = 0, Definitions 4.1 and
4.2 reduce to the Definitions 4.1 and 4.2 in [10], respectively.

Theorem 4.4. Let K be a nonempty, closed and convez subset of X, F : X — 2%~

be a weakly closed set-valued mapping which is locally bounded and monotone, and
let  : X — RU{+o0} be a proper, convex and lower semicontinuous functional. If

GMVI(F, ¢, K) is strongly (resp. weakly) LP well-posed, then IP(F +d(¢+ k), K)
is strongly (resp. weakly) LP well-posed.

Proof. Let x* be the unique solution of GMVI(F, ¢, K). Then, by Proposition 2.1
we know that x* is also the unique solution of IP(F' +9(¢ + 0k ), K). Let {z,} be a
LP approximating sequence for IP(F + 9(¢ + dx ), K). Then, there exists w, € X
with w, — 0 such that x,, + w, € K, and there exists y,, € F(x,) + (¢ + 0k )(xy)
such that ||y,| — 0 as n — oco. It is easy to see that {z,} C K and there exists
uy € F(x,) such that

(4.1) d(y) — d(xn) > (Yn — Un, Y — Tn), Vy € K.

We claim that {x,} is bounded. Indeed, if {z,} is unbounded, without loss of
generality, we may assume that ||z, || — +oo. Let

1

tp = ——
R

zn =" +tp(zy — ¥).

Without loss of generality, we may assume that ¢, € (0,1] and z,, — z(# x*). Since
x*,x, € K, this together with ¢,, € (0, 1] yields that z, € K and so z € K. For any
y € K,veF(y),

v,z —y) =(v,2 — zn) + (v, 2, — =) + (v, 2" — y)
(4.2) =(v,2 — 2n) +ty(v, 2y — %) + (v,2" —y)
=(v,2 — zp) + tn (v, 2 —y) + (1 — t) (v, 2" — y).

Since z* is the unique solution of GMVI(F, ¢, K), there exists u* € F(x*) such that
(4.3) (u " —y) + o(z¥) — o(y) <0, VyeK.
Since F' is monotone, we have

(4.4) (0,27 —y) < (W, 2" —y), (v, 20 —y) < (un, Tn = y).
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Note that ¢ is convex. Hence it follows from (4.1)-(4.4) that
(V2= y) (v, 2 = 2n) + tnd(y) — tnd(zn)
+ tn(Yn, 20 — y) + (1= ta)(0(y) — (7))

(4'5) = <U7 z — Zn> + ¢(y) - [tngb(xn) + (1 - tn)gb(x*)] + w
[zn — 2|

< <v,z—zn>—i—¢)(y)—¢(zn)+ VyEK.

Since |lyn|| — 0, it follows from (4.5) that for any y € K,v € F(y),

(0,7~ ) < liminf { (0.2 — ) + 6(u) - 6(z0) + LTI < 44 (),
n—oo [ — 2]

This together with Proposition 2.7 yields that z solves GMVI(F, ¢, K), a contradic-

tion. Thus, {x,} is bounded.

Suppose that GMVI(F, ¢, K) is strongly LP well-posed. Let {z,, } be any sub-
sequence of {z,} such that x,, — = as k — oco. Clearly z € K. Since F' is locally
bounded, there exists a neighborhood of Z and a constant ¢ > 0 such that, for each
z in this neighborhood and u € F(z), we have |ju|| < ¢. Since z,, — T as k — o0,
for k sufficiently large ||u,, || < ¢; hence, from the reflexivity of X we may assume,
without loss of generality, that u,, — v € X™ in the weak™ topology of X*. Note
that the reflexivity of X implies that the weak topology of X* coincides with the
weak™ topology of X*. Thus, we know that w,, — u € X* in the weak topology of
X*. Since F' has weakly closed graph, z,, — Z and u,, — u € X* weakly, we have
u € F(z) and

(u,  —y) + () —p(y) <0, VyekK
(due to (4.1)). Therefore, & solves GMVI(F, ¢, K). Since GMVI(F, ¢, K) has a
unique solution x*, we get £ = x*. This means that z,, — z* as n — oo. Therefore,
IP(F + 0(¢ + 0K ), K) is strongly LP well-posed.

Suppose that GMVI(F, ¢, K) is weakly LP well-posed. Let {z,,} be any subse-
quence of {x,} such that x,, — = as k — oco. Clearly z € K. It follows from (4.1)
that

(b(y) _¢(xnk) > <ynk _unmy_wnk)v Vye K.
Since F' is monotone, ¢ is convex and lower semicontinuous, and ||y,| — 0, we have

(0.5 ) + (%)  6(y) < Eminf{{v, 22, — 1) + 6(zn,) — 6(0))
(4.6) < liminf{(up, , 2o, —y) + d(zn,) — 0(y)}
< li}gninf(y%,alcn,c —y)=0, Vye K,ve F(y).
—00
This together with Proposition 2.7, implies that Z solves GMVI(F, ¢, K). Since

GMVI(F, ¢, K) has a unique solution z*, we get £ = z*. Thus z, — z* and so
IP(F + 9(¢ + 0K ), K) is weakly LP well-posed. The proof is complete. O

Theorem 4.5. Let K be a nonempty, closed and conver subset of X, F : X —
2X" be a weakly closed set-valued mapping which is locally bounded and monotone,
and let ¢ : X — R U {400} be a proper, conver and differentiable functional. If
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IP(F+0(¢+0dk), K) is strongly (resp. weakly) LP well-posed, then GMVI(F, ¢, K)
is strongly (resp. weakly) LP well-posed.

Proof. Let x* be the unique solution of IP(F'+90(¢+ 0k ), K). Then, by Proposition
2.1 we know that z* is also the unique solution of GMVI(F, ¢, K'). Let {z,,} be a LP
approximating sequence for GMVI(F, ¢, K). Then there exist w,, € X with w, — 0
and 0 < €, — 0 such that z,, + w,, € K, and there exists u,, € F(z,) satisfying
(4.7) d(xn) < o(y) + (Un,y —xp) +€n, Vye K,neN.

We claim that {x,} is bounded. Indeed, if {z,} is unbounded, without loss of
generality, we may assume that ||z, || — +o0o. Let

1

by = ————
"l — 2|

zn =" +tp(zy — ¥).

Without loss of generality, we may assume that ¢, € (0, 1] and 2, — z( z*). Since
x*, x, € K, this together with t,, € (0,1] yields that z, € K and so z € K. For any
ye K,ve Fl(y),

(v, z2—y) = (v, 2 — 2zp) + (v, 2, — ") + (v, 2" — y)
(4.8) =(v,2 — zp) + to (v, zy, — %) + (v,2% — y)
= (0,2 = zn) + tn (v, 20 —y) + (1 = tn) (v, 27 —y).
Since z* is the unique solution of GMVI(F, ¢, K), there exists u* € F(z*) such that

(4.9) (u*,z* —y) + o(z*) — o(y) <0, VyeK.
Since F' is monotone, we have
(4.10) (v, 2" —y) < (W 2" —y), (v,zn —yY) < (up,Tn —Y).

Note that ¢ is convex. Hence it follows from (4.7)-(4.10) that

<U7 z = y> < <U, Z = Zn> + tn¢(y) - tngb(l‘n)
+ thén + (1 - tn)(d)(y) - (15(33‘*))

(4.11) = (v,2 — 2) + &(y) — [tad(zn) + (1 — t)p(z*)] + m

€n
SU,Z—Z’R +¢y_¢zn + vyeK
(0,2 = 20) + 9(9) = Blen) + T2
Since €, — 0, it follows from (4.11) that for any y € K,v € F(y),
. €n
(0.2 = y) < Hminf{(v, 2 = 20) + 6(y) = 9(zn) + "0k < 6(y) — 4(2).

This together with Proposition 2.7 yields that z solves GMVI(F, ¢, K), a contradic-
tion. Thus, {x,} is bounded.

Since z, + w, € K, there exists =, € K such that z, + w, = T,. Define
én: X = R U {+0o0} as follows:

On(y) = d(y) + (un,y — zn), Yy € K,n € N.

Since ¢ is proper, convex and differentiable, we know that q~5n is proper, convex
and differentiable for all n € N. It follows from Proposition 2.2.6 of [2] that ¢, is
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Lipschitz continuous. Since ||wy|| = ||Zn — zn|| — 0, then there exists 0 < 6, — 0
such that
(4'12) an(fn) - an(xn) < 5TL

By (4.7) and (4.12), we have

én(fn) < ng(y) +6n+e€,, VyeK.
By Ekeland Theorem [8], there exists Z,, € K such that

”57\71 - jn” < V 6n + €p,
and

én(i}n) < én(y)"i_ Von +enlly —Znll, VyeK.
Thus, Z;, minimizes the function én(-) + VO + €nl - —Znll. Tt follows that 0%
A(n(:) + Von + €nll - —Zn||)(Zn). That is,

0* € n(Zn) + \/On + €nBx+.

So there exists

(4.13) x5 € 0n(Tn) = 00(Zn) + un

such that
25l < V/dn + én.

Since ||z, — Tyl — 0 and || @, — Ty|| — 0, this implies that ||Z,, — .|| < ||zn — Tnl| +
|Z, — Zn|| = 0. From (4.13) and 0* € 9y (Z,,), we have

Ty, — Uy € 09(Zy) + 00k (Tn) = O(¢ + 01)(Zn),
which hence leads to
(4.14) (U — 20, Tn — y) + 0(Tn) — 0(y) <0, Vye K.

Suppose that IP(F + 9(¢ + dk ), K) is strongly LP well-posed. Let {z, } be any
subsequence of {z,} such that z,, — Z as k — oo. Clearly z € K. Since F is
locally bounded, there exists a neighborhood of Z and a constant ¢ > 0 such that,
for each z in this neighborhood and u € F(z), we have ||u| < ¢. Since z,, — T as
k — oo, for k sufficiently large ||u,, || < ¢; hence, from the reflexivity of X we may
assume, without loss of generality, that u,, — v € X* in the weak® topology of
X*. Note that the reflexivity of X implies that the weak topology of X* coincides
with the weak® topology of X*. Thus, we know that u,, — v € X* in the weak
topology of X*. Since F' has weakly closed graph, z,, — z and u,, — v € X*
weakly, we have u € F(z). Note that ||z, — z,|| = 0 as n — oo. Thus, we have
ZTp, — T as k — oo. Since u,, — u € X* weakly and z}, — 0 as n — 0o, we obtain
that up, — =z, — u weakly. Consequently, from (4.14) and the differentiability of
¢ we deduce that

(u,Z —y) + ¢(T) — d(y) <0, VyeK.

Therefore, Z solves GMVI(F, ¢, K). Since GMVI(F, ¢, K) has a unique solution z*,
we get & = z*. This means that z,, — z* as n — oo. Therefore, GMVI(F, ¢, K) is
strongly LP well-posed.



LEVITIN-POLYAK WELL-POSEDNESS FOR GMVI 489

Suppose that IP(F + 0(¢ + 0k ), K) is weakly LP well-posed. Let {x,, } be any
subsequence of {z,} such that z,, — Z as k — oco. Clearly z € K. It follows from
(4.7) that

Since F' is monotone, ¢ is convex and lower semicontinuous and ¢, — 0 as n — oo,
we have

(0.2 —y) + 6(2) — ¢(y) < Uminf{{v, 5, —y) + d(zn,) — S(y)}

(4.15) < lilgg}f{<unw Ty, — Y) + (2n,) — O(y)}
< likminfenk =0, Vye K,ve F(y).
— 00

This together with Proposition 2.7, implies that Z solves GMVI(F, ¢, K). Since
GMVI(F, ¢, K) has a unique solution z*, we get £ = z*. Thus x,, — z* and so
GMVI(F, ¢, K) is weakly LP well-posed. The proof is complete. O

Theorem 4.6. Let K be a nonempty, closed and convex subset of X, F' : X —
2% be a nonempty set-valued mapping, and let ¢ : X — R U {+o0} be a proper,
convex and lower semicontinuous functional. If GMVI(F, ¢, K) is strongly (resp.
weakly) LP a-well-posed in the generalized sense with a(z) = %[|z||? Vz € X, then
IP(F + (¢ + 0K), K) is strongly (resp. weakly) LP well-posed in the generalized

Sense.

Proof. Let {x,} be a LP approximating sequence for IP(F' + 9(¢ + dx), K). Then
there exists y, € F(x,) + (¢ + dx)(zy) such that ||y,|| — 0. It is easy to see that
{z,} € K and there exists u,, € F'(x,) such that

gb(y)—d)(mn) > <yn_ungy_l‘n>, VyEK
Thus,

1 1
(tn, 2 = y) + &) = 6(Y) < (st =) < Sllan—yI*+5lvall®, vy € KineN.

This together with ||y, || — 0 implies that {z,,} is a LP a-approximating sequence for
GMVI(F, ¢, K) with a(z) = 3||z||* Vz € X. Since GMVI(F, ¢, K) is strongly (resp.
weakly) LP a-well-posed in the generalized sense with a(z) = 3||z||> V2 € X, {z,}
has a subsequence that converges strongly (resp. weakly) to some solution z* of
GMVI(F, ¢, K). By Proposition 2.1, z* is also a solution of IP(F+09(¢+dk), K) and
so IP(F+0(¢p+0k), K) is strongly (resp. weakly) LP well-posed in the generalized
sense. The proof is complete. [

Theorem 4.7. Let K be a nonempty, closed and convex subset of X, F : X — 2%~
be a weakly closed set-valued mapping which is locally bounded and monotone, and
let p: X — RU{+o0} be a proper, convex and differentiable functional. If IP(F +
I(p+0k), K) is strongly (resp. weakly) LP well-posed in the generalized sense, then
GMVI(F, ¢, K) is strongly (resp. weakly) LP well-posed in the generalized sense.

Proof. The conclusion follows from similar arguments to those in the proof of The-
orem 4.5. O
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Remark 4.8. Theorems 4.4, 4.5, 4.6 and 4.7 improve, extend and develop Theorems
4.1-4.4 in [20] to a great extent because we drop the compactness, H-hemicontinuity,
and H-uniform continuity of F. In addition, if X is a Hilbert space, K = X and
F is a single valued mapping, Theorems 4.1-4.4 in [20] reduce to Theorems 4.1-4.4
of [10], respectively.

5. LINKS WITH LEVITIN-POLYAK WELL-POSEDNESS OF FIXED POINT
PROBLEMS

In this section, we shall investigate the relations between the Levitin-Polyak well-
posedness of noncompact generalized mixed variational inequalities and the Levitin-
Polyak well-posedness of the corresponding fixed point problems. Let T : X — 2%~
be a set-valued mapping. The fixed point problem associated with (7', K) is defined
by

FP(T,K) : find z € K such that z € T'(z).

Let U = {z € X : ||z|| = 1} be the unit sphere. A Banach space X is said to be
(i) strictly convex if for any z,y € U, = # y = || %5¥|| < 1; (ii) smooth if the limit
limy_sg HIHytII*IIwH

by

exists for all z,y € U. The modulus of convexity of X is defined

. r+y
ox(e) =inf{l —||——=l:2,y €U, |lz —yl = €},
and the modulus of smoothness of X is defined by

1
px (1) =sup{S(le +yl+llz—yl) ~1:2 €U, [ly| <7}
In this section, we suppose that ¢ > 1 and s > 1 are fixed numbers.

Definition 5.1. A Banach space X is said to be

(i) g-uniformly convex if there exists a constant ¢ > 0 such that dx () > ce? for
all € € (0,2);
(ii) g-uniformly smooth if there exists a constant k& > 0 such that px(7) < k79.

The generalized duality mapping J, : X — 2X" is defined by
Jy(w) = {jg(x) € X*: {jg(x). ) = [[2]|%, |ldg(x)]| = =]}

In particular, J = Jy is called the normalized duality mapping. It is well known
that .J, has the following properties: (a) J; is bounded; (b) if X is smooth, then
Jq is single-valued; (c) if X is strictly convex, then .J; is one-to-one and strictly
monotone.

Lemma 5.2 (see [26]). Let X be a q-uniformly smooth Banach space. Then there
exists a constant Ly > 0 such that

1Tg(2) = T < Lllz —yll*!, Va,y € X.

Lemma 5.3 (see [26]). Let X be a q-uniformly convexr Banach space. Then there
exists a constant K, > 0 such that

<Jq($)_<]q(y)a$—y> ZKqu_qua Vx,yGX
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Lemma 5.4 (see [9]). Let X be a g-uniformly conver Banach space and M : X —
2%" be a mazimal monotone operator. Then for every A > 0, (J; + AM)~1
well-defined and single-valued.

We denote Hf’ = (Jy + A0¢)~L. By the definition of Hf and Lemma 5.4, it is
easy to prove the following proposition.

Proposition 5.5. Let X be a q-uniformly conver Banach space, and K be a
nonempty, closed and convex subset of X, and F : X — 2% be a nonempty set-
valued mapping. Let ¢ : X — R U {+oo} be a proper, convex and lower semicon-
tinuous functional. Then the following conclusions are equivalent:

(i) = solves GMVI(F, ¢, K);

(ii) = solves the fized-point problem

FP(II{ % (J, — AF),K) : find 2 € K such that = € I (J,(z) — AF(z)).

Definition 5.6. A sequence {z,} C X is called a LP approximating sequence for
FP(H¢+5’“ (Jg—AF), K) if there exists w,, € X with w,, — 0 such that z,+w, € K,

and there exists u, € F(x,) such that y, = H¢+6’“( Jq(z ) Mip), |2 —ynl = 0
as n — oo, and limy, oo {{tn, Tn — Yn) + O(xn) — Gy )}
Definition 5.7. We say that FP(H/?M’“(J AF), K) is strongly (resp. weakly)

LP well-posed if it has a unique solution and every LP approximating sequence for
FP(II /{ﬁ +6’“(Jq — AF), K) converges strongly (resp. weakly) to the unique solution.
FP(H/?M’“(JQ — AF), K) is said to be strongly (resp. weakly) LP well-posed in the
generalized sense if the solution set S of FP(II f +6’“(Jq — AF), K) is nonempty and

every LP approximating sequence has a subsequence which converges strongly (resp.
weakly) to a point of S.

Theorem 5.8. Let X be a s-uniformly convexr and q-uniformly smooth Banach
space and K be a nonempty, closed and conver subset of X. Let F : X — 2%
be a weakly closed set-valued mapping which s locally bounded and monotone, and
¢ : X — RU{+oo} be a proper, conver and lower semicontinuous functional.

If GMVI(F, ¢, K) is strongly (resp. weakly) LP well-posed, then FP(H/{H‘SK(JQ —
AF), K) is strongly (resp. weakly) LP well-posed, where X > 0 is a constant.

Proof. Let z* be the unique solution of GMVI(F, ¢, K). Then, by Proposition

5.5 we know that z* is also the unique solution of FP(H/\d)MK(Jq — AF),K). Let

{zn} be a LP approximating sequence for FP(II f +ox (Jg — AF),K). Then, there

exists w, € X with w, — 0 such that x, + w, € K, and there exists u, €

F(z,) such that y, = Hka(Jq(mn) — Mup), [[Tn — ynl| — 0 as n — oo, and

limy, o0 { (tn, Tp, — yn) + ¢(z) — ¢(yn)} = 0. By the definition of HfHK, we get
Jq(zn) = Jg(yn)

A
It is easy to see that {y,} C K and

61 6() - o) > (P o)

— tn € 0(¢ + 0K ) (Yn)-

_un)y_yn>7 VQ€K7WEN
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We claim that {z,} is bounded. Indeed, if {x,} is unbounded, without loss of

generality, we may assume that ||x,| — +oco. Let
1
S N

Without loss of generality, we may assume that ¢,, € (0, 1] and z, — z(# z*). Since
x*, x, € K, this together with t,, € (0,1] yields that z, € K and so z € K. For any
y € K,veF(y),

(v,z—y) =(v,z2 — zp) + (v, 2, — %) + (v, 2" — y)
(5.2) = (v,z2 — zp) + tp (v, 2y, — ) + (v, 2" — y)
= v,z — zn) +tu(v,xn —y) + (1 — tp) (v, 2" — y).
Since z* is the unique solution of GMVI(F, ¢, K), there exists u* € F(z*) such that

(5.3) (u', 2" —y) + o(2") —d(y) <0, VyeK.
Since F' is monotone, we have
(5.4) (v, 2" —y) < (W 2" —y), (v,zn —Y) < (Up,Tn —Y).

Note that ¢ is convex. Hence it follows from (5.1)-(5.4) that
(v, 2 —y) <(v,2 = 20) + tUn, Yn — Y + T — yn) + (1 — 1) (0(y) — o(2"))
< <Q}, = zn) +ty |:<un7 Tn — yn> + (15( ) - ¢(yn)

. <J‘1<”“’”) - )]+ (- )) - 0e)
= tn [<un, Tn = Ya) + () = B(wa) + $(n) — ()
65 +< (2 ) Jaom) )] + (1 - ) (6() - 9(a)

= (v,z - Zn)+¢( ) = [tnd(2n) + (1 = ta)(z7)]
+ tn[(Un, Tn — Yn)

F () — ofya)] + (P II) 4,)

< (v,z = 2n) + O(y) — ¢(2n) + tn[{un, Tn — yn) + d(zn) — A(yn)]

N <Jq(mn) ; Jq(yn),tn(yn _ y)>, Vy € K.

According to Lemma 5.2 and ||z, — y»|| — 0, we have

19g(xn) = ()|l < Lollzn — ynll*™ — 0

and
Ty — 2F

[
Since limy,—yoo {(tn, Tn, — Yn) + ¢(zn) — ¢(yn)} = 0, it follows from (5.5) that for any
y € K,ve F(y),

(v,z —y) <lim sup{(v, z— zn) + &(y) — d(zn) + tu[(tn, T, — Yn)

n—oo

tn(yn —y) = + tn(Yn — Tn + 25 —y).
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+0(an) — 0]+ 5 a(rn) — o), tulon — )}
< ¢(y) — o(2)-
This together with Proposition 2.7 yields that z solves GMVI(F, ¢, K), a contradic-
tion. Thus, {z,} is bounded.

Suppose that GMVI(F, ¢, K) is strongly LP well-posed. Let {z,, } be any sub-
sequence of {z,} such that x,, — = as k — oo. Clearly z € K. Since F is locally
bounded, there exists a neighborhood of Z and a constant ¢ > 0 such that, for each
z in this neighborhood and u € F(z), we have |ju|| < ¢. Since z,, — T as k — oo,
for k sufficiently large ||u,, || < ¢; hence, from the reflexivity of X we may assume,
without loss of generality, that u,, — v € X™* in the weak™ topology of X*. Note
that the reflexivity of X implies that the weak topology of X* coincides with the
weak™ topology of X*. Thus, we know that wu,, — u € X* in the weak topology of
X*. Since F' has weakly closed graph, z,, — Z and u,, — u € X* weakly, we have
u € F(z). It follows from (5.1) that

JQ(xnk) — JCI(ynk)

(5:6) (ttgs Yo — 9+ 0(yn,) — 6(y) < ( . e —y), Wy EK.
Since ¢ is lower semicontinuous, z,, — Z, ||z, — yn|| = 0 and u,, — u, we have

(u,z—y) +6(z) —(y) <0, VyeK.
Therefore, Z solves GMVI(F, ¢, K). Since GMVI(F, ¢, K) has a unique solution x*,
we get £ = x*. This means that x,, = 2* as n — oco. Therefore, FP(HfMK(Jq -
AF), K) is strongly LP well-posed.
Suppose that GMVI(F, ¢, K) is weakly LP well-posed. Let {xzy,} be any subse-
quence of {z,} such that z,, — Z as k — co. Clearly z € K. Since F' is monotone,
¢ is convex and lower semicontinuous, and ||z, — y,|| — 0, from (5.6) we have

(0.2 —y) + () — ¢(y) < Uminf{(v, 2, —y) + d(zn,) — S(y)}
< liminf{(un, , Tn, —y) + ¢(zn,) — o(y)}

k—o0
= lizn sup{(tn,, Yn, — Y) + &(Yn,) — &(y)
(5.7) + <Unkaxnk — ynk> + ¢(1’nk) - d)(ynk)}
< hgisip{< 1 h\ 4 s Yng, = Y)

+ <unka$nk - ynk> + ¢($nk) - d)(ynk)}
<0, VyeK,veF(y).

This together with Proposition 2.7, implies that Z solves GMVI(F, ¢, K). Since
GMVI(F, ¢, K) has a unique solution z*, we get £ = z*. Thus x,, — z* and so
FP(H/{HBK(JQ — A\F), K) is weakly LP well-posed. The proof is complete. O

Theorem 5.9. Let X be a s-uniformly convexr and q-uniformly smooth Banach
space and K be a nonempty, closed and convex subset of X. Let F : X — 2% be a
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weakly closed set-valued mapping which is locally bounded and monotone, and let ¢ :
X — RU{+o0} be a proper, convex and differentiable functional. IfFP(HfSMK(Jq—
AF), K) is strongly (resp. weakly) LP well-posed, then GMVI(F, ¢, K) is strongly
(resp. weakly) LP well-posed, where X > 0 is a constant.

Proof. Let x* be the unique solution of FP(U/{H(SK(JQ — AF), K). Then, by Propo-
sition 5.5 we know that x* is also the unique solution of GMVI(F, ¢, K). Let {x,}
be a LP approximating sequence for GMVI(F, ¢, K). Then there exist w, € X
with w, — 0 and 0 < €, — 0 such that x,, + w, € K, and there exists u, € F(x,)
satisfying
(5.8) () < A(Y) + (Un,y — zn) + €0, Vy € K,n €N

We claim that {x,} is bounded. Indeed, if {z,} is unbounded, without loss of
generality, we may assume that ||z, || — +oo. Let

1

by = ————
"l — 2|l

zn =2 + ty(zy, — ).

Without loss of generality, we may assume that ¢, € (0,1] and z,, — z(# x*). Since
x*, x, € K, this together with ¢,, € (0, 1] yields that z, € K and so z € K. For any
y € K,ve F(y),

(vyz—y) =(v,2 — zp) + (v, 2, — ) + (v, 2" — y)
(5.9) =(v,2— zp) + to (v, xy, — %) + (v,2% — y)
= (0,2 = zn) + tn (v, 20 —y) + (1 = tn) (v, 27 —y).
Since z* is the unique solution of GMVI(F, ¢, K), there exists u* € F(z*) such that

(5.10) (u ;" —y) + o(z%) — p(y) <0, VyeK.
Since F' is monotone, we have
(5.11) (v, 2" —y) < (W 2" —y), (v,zn —yY) < (Uup,Tn —Y).

Note that ¢ is convex. Hence it follows from (5.8)-(5.11) that
v,z —y) < (v, 2 — zp)

+tnd(y) = tnd(2n) + tnen + (1 = ta)(0(y) — ¢(27))

(5.12) = (02 = 20} + 0(0) = [ndln) + (1= )0 ()] +

€n

< (v,z = zn) + O(y) — d(2n) + vy € K.

[Ea

Since €, — 0, it follows from (5.12) that for any y € K,v € F(y),
(0.2~ y) < liminf{(0, 2 — 2) + 6(y) — 6(22) + } < 0ly) -~ 6(2).

This together with Proposition 2.7 yields that z solves GMVI(F, ¢, K), a contradic-
tion. Thus, {x,} is bounded.
Since z, + w, € K, there exists z, € K such that z, + w, = T,. Define

¢n : X = RU{+o0} as follows:
On(y) = (y) + (un,y — 7a), Yy K,neN,

€

n
|2n — 2*||
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Since ¢ is proper, convex and differentiable, we know that ¢, is proper, convex
and differentiable for all n € N. It follows from Proposition 2.2.6 of [2] that ¢, is

Lipschitz continuous. Since ||wy|| = ||Zn — 2| — 0, then there exists 0 < d,, — 0
such that

It follows from (5.8) and (5.13) that
an(jn) < an(y) +0n +en, VyeK.
By Ekeland Theorem [8], there exists z,, € K such that

”fn *jnH <v On + €n,

G (@n) < In(y) + /On + enlly — Ful, Wy € K.
Th}ls, T, minimizes the function (bn() + VO, + €nll - =Zn||. It follows that 0* €
O(Dn(-) + Von + €nll - —Zn||)(Zn). That is,

0" € ag)n(fv\n) + v 5n + e Bxx.

and

So there exists
(5.14) z¥ € 0n(Tn) = 00(Zn) + un

such that
||$7*1H < Von + €n.

Since ||z, —Zn|| — 0 and ||Z,—Z, || — 0, we have ||Z,—z,|| < ||2n—Zn ||+ Zn—Znl —
0. From (5.14) and 0* € 90, (Z,,), we have
Ty — Uy € 00(Tp) + 00k (Zy) = O(P + Or)(Zn),
which hence leads to
(5.15) B = 0T (J,(Fn) + Az, — Auy).

Suppose that FP(HfMK(Jq — AF), K) is strongly LP well-posed. Let {z,,} be
any subsequence of {x,} such that z,, — Z as k — oo. Clearly z € K. Since F is
locally bounded, there exists a neighborhood of  and a constant ¢ > 0 such that,
for each z in this neighborhood and u € F(z), we have ||u| < ¢. Since z,, — T as

k — oo, for k sufficiently large ||up,| < ¢. Furthermore, according to Lemma 5.2
and ||z, — x| — 0, we have

HJq(fn) - Jq(xn)H < Lqun - anqil — 0.
Meantime, from (5.15) we observe that
2, = L% (g () = Min )| < Ny, = Bl + By, — L (g () = N, )|
= [|#n, = Bl + I8 (o (Eny ) + Ao,
= Xtny ) = LT (Jg(2n,) — Aty ) |
< MNzny, = T | + 1g(@ny ) — Jg(@ny) + Azy, |l
< ||@ny, — Ty || + HJq(fnk) - q(xnk)H + )‘”xnkH
—0 ask — oo,
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and
lim sup{(un, , Tn, — Yny) + &(Tn,) — ¢(yn, )} <0

k—o0

where y,, = HfMK(Jq(xnk) — Auy, ) for all k € N. So, it follows that {x,, } is a
LP approximating sequence for FP(]Y)(\]5 +ox (Jy — AF),K). Since z* is the unique
solution of FP(II{ ™% (J, — AF), K) and FP(II{ % (J, — AF), K) is strongly LP
well-posed, we deduce that z,, — z* as k — oo. This means that z,, — z* as
n — 00. Therefore, GMVI(F, ¢, K) is strongly LP well-posed.

Suppose that FP(U;\H‘SK (Jg — AF'),K) is weakly LP well-posed. Let {x,,} be
any subsequence of {z,} such that z,, — Z as k — oco. Clearly z € K. It follows
from (5.8) that

Since F' is monotone, ¢ is convex and lower semicontinuous and €, — 0 as n — oo,
we have

(0,2 —y) + 6(2) = ¢(y) < Uminf{{v, 25, —y) + d(zn,) — S(y)}

(5.16) < hknl)g}f“unk’ Loy — y) + QZ)(xnk) —o(y)}
< ligninfenk =0, Vye K,ve F(y).
—00

This together with Proposition 2.7, implies that & solves GMVI(F, ¢, K). Since
GMVI(F, ¢, K) has a unique solution z*, we get £ = z*. Thus x,, — z* and so
GMVI(F, ¢, K) is weakly LP well-posed. The proof is complete. O

Remark 5.10. The H-uniform continuity and compactness of F' in Theorems 5.1-
5.2 of [20] are replaced by the local boundedness and weak closedness of F' in our
Theorems 5.8 and 5.9. If X = R™, ¢ = J; and F' is a single valued mapping,
Theorem 5.1-5.2 in [20] reduce to Theorem 5.3 of Hu and Fang [11].

Theorem 5.11. Let X be a s-uniformly convexr and q-uniformly smooth Banach
space and K be a nonempty, closed and convex subset of X. Let F : X — 2% be a
nonempty set-valued mapping. Let ¢ : X — RU{+o00} be a proper, convex and lower
semicontinuous functional. If GMVI(F, ¢, K) is strongly (resp. weakly) LP a-well-
posed in the generalized sense with a(z) = %||z|* Vz € X, then FP(H;SMK(Jq -
AF),K) is strongly (resp. weakly) LP well-posed in the generalized sense, where
A >0 is a constant.

Proof. Let {xy} be a LP approximating sequence for FP(H)‘\H‘SK (Jg—AF), K). Then
there exists w, € X with w, — 0 such that x, + w, € K, and there exists
un, € F(x,) such that y, = Hka(Jq(xn) — M), ||Tn — ynl| = 0 as n — oo,
and limy, oo {(tn, n — yn) + ¢(xn) — d(yn)} = 0. By the definition of H/{H(SK, we
get

Jg(2n) = Jq(yn)

A

It is easy to see that {y,} C K and

¢(y) - ¢(yn) > <Jq(xn) ; Jq(yn) —Up,Y — yn>7 vy € K,TL € N7

— Up € a(¢+5K)(yn)
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which hence implies that

(Un, Tn — Y) + &(Tn) — A(Y) = (Un, Yn — Y) + ¢(Yn) — ¢(y)
+ <Un,xn - yn> + ¢($n) - ¢(7Jn)

< <Jq(xn) ; Jq(yn),yn
+ ¢(zn) — $(yn)

< oy (Ma(@n) = Jawa)lI* + llym — wlI*)

- y> + <unaxn - yn>

{2 — ) + G(n) — 6y

< g5 (a(an) = Jofun) P + 2z = yulP+ 2Nz — ol?)
+ [{tn, Tn — Yn) + ¢(x0) — ¢(yn)

1

1
=yl =yl + S (1a(@n) = Jo(yn) I+ 2llzn = yall*)
+ [(tns T — yn) + d(@n) — dyn)|-
By Lemma 5.2, we get

1Tg(xn) = Jo(n)ll < Lgllzn — ynl*™" — 0.

Thus, we know that {z,} is a LP a-approximating sequence for GMVI(F, ¢, K)
with a(z) = }||z]|? Vz € X. If GMVI(F, ¢, K) is strongly LP a-well-posed in the
generalized sense with a(z) = 1[|z||> V2 € X, then {,} has a subsequence {z,, }
such that z,, — z* as k — oo, where z* is a solution of GMVI(F, ¢, K). By
Proposition 5.5, we get x* is also a solution of FP(H)‘?MK(J(] — A\F),K). Thus,

FP(II /\d) +x (Jqg — AF), K) is strongly LP well-posed in the generalized sense.

If GMVI(F, ¢, K) is weakly LP a-well-posed in the generalized sense with a(z) =
+11z]|> V= € X, then {z,,} has a subsequence {y, } such that z,, — z* as k — oo,
where z* is a solution of GMVI(F, ¢, K). By Proposition 5.5, we get z* is also a
solution of FP(II{™°% (J, — AF), K). Thus, FP(II{*°% (J, — AF), K) is weakly LP
well-posed in the generalized sense. The proof is complete. O

Theorem 5.12. Let X be a s-uniformly convexr and q-uniformly smooth Banach
space and K be a nonempty, closed and convex subset of X. Let F : X — 2% be a
weakly closed set-valued mapping which is locally bounded and monotone, and let ¢ :
X — RU{+o0} be a proper, convex and differentiable functional. IfFP(HerJK(Jqf
AF), K) is strongly (resp. weakly) LP well-posed in the generalized sense, then
GMVI(F, ¢, K) is strongly (resp. weakly) LP well-posed in the generalized sense,
where A > 0 is a constant.

Proof. The conclusion follows from the arguments similar to those in the proof of
Theorem 5.9. 0

Remark 5.13. Theorems 5.8, 5.9, 5.11 and 5.12 improve, extend and develop
Theorems 5.1-5.4 in [20] to a great extent because we drop the compactness and
‘H-uniform continuity of F'. In addition, if X is a Hilbert space, K = X and F'is a
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single valued mapping, Theorems 5.1-5.4 of [20] reduce to Theorems 5.1-5.4 of [10],
respectively.

6. CONDITIONS FOR LEVITIN-POLYAK WELL-POSEDNESS

In this section, we shall derive some conditions under which a noncompact gen-
eralized mixed variational inequality in Banach spaces is Levitin-Polyak well-posed.

Theorem 6.1. Let K be a nonempty, closed and convex subset of X, F: X — 2%~
be a weakly closed set-valued mapping which s locally bounded and monotone, and
let ¢ : X — RU {400} be a proper, convexr and uniformly continuous functional.
Then the following conclusions are equivalent:

(i) GMVI(F, ¢, K) has a unique solution;
(i) GMVI(F, ¢, K) is strongly LP well-posed;
(iii) GMVI(F, ¢, K) is weakly LP well-posed.

Proof. 1t is clear that (ii) = (i) and (iii) = (i). Next, we show that and (i) = (iii).

Indeed, suppose that GMVI(F, ¢, K) has a unique solution.

(i) = (ii). If GMVI(F, ¢, K) is not strongly LP well-posed, then there exists a LP
approximating sequence {z,} for GMVI(F, ¢, K) such that {z,} does not converge
strongly to x*. Thus, there exists w, € X with w, — 0 and 0 < ¢, — 0 such that
ZTn +wy € K, and there exists u, € F(z,) such that

(6.1) (Uny Tp —Y) + d(xn) — d(y) < €,, Vye K,neN.
Since x, + w, € K, then there exists z,, € K such that z,, + w, = Z,. Thus,
d(xn, K) < ||xn — Zpn|| = ||wn]| = 0 asn — oo.

We claim that {z,} is bounded. As a matter of fact, if {z,} is unbounded, then
{Z,} is an unbounded sequence in K. Without loss of generality we may assume
that [|Z,|| — +oo. Let

1 " _ *
tn:_i*v Zp =X +tn(mn_$)-
[0 — ||
Without loss of generality, we may assume that ¢,, € (0, 1] and 2, — z(# z*). Then
we have for each y € K,v € F(y),

(v,z—y) = (v, 2 — 2z) + (v, 2, — %) + (v, 2" — y)
=(v,2 — zn) + tn(v, Ty — %) + (v, 2" — 7))
(6.2) = (v,2 — zn) + tn (v, 2y + Wy — ™) + (v, 2% — )
<U72_2n>+t <U7xn_y>+(1_tn)<v’m*_y>+tn<v7wn>'

Since z* is the unique solution of GMVI(F, ¢, K), there exists u* € F(x*) such that
(6.3) (u™s 2" —y) + ¢(z") —o(y) <0, VyeK.
Since F' is monotone, we have

(6.4) (v, 2" —y) < {u", 2" —y), (v, 20 —y) < (un, Tn = Y).
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It follows from (6.1)-(6.4) and the convexity of ¢ that for all v € F(y),
<U7 z — y> S <U’ Z = ZTL> + tngb(l/) - tn¢($n) + tnen
+ (1 - tn)(¢>(y) — ¢(x7)) + tn(v, wn)

[tn¢<$n) 1 - tn)¢<$*)] + tnén + tn(“; wn>
(6.5) = (v,z2 — zn) + &(y)

- [ n‘b(xn) + (1 - tn)‘b(x*) + tn(b(xn) - tn‘b(jn)]
+ tnen + tn (v, wy)

< (v,2 = zn) + O(Y) — d(2n) — ta[d(n) — G(Tn)] + tren
+ tn(v,wy), Vye€ K.

Since ¢ is uniformly continuous, we have
(v.2 — ) < Hminf{(v, 2 — z0) + () — 6(z0) — tu[d(za) — 0(20)]
+ tnen + th{v,wp) }
<y) - é(2), Wy e K.

This together with Proposition 2.7 yields that z solves GMVI(F, ¢, K), a contradic-
tion. Thus, {z,} is bounded.

We claim that z, — z* as n — oco. Let {x,, } be any subsequence of {z,} such
that z,, — ¥ as k — oo. Clearly ¥ € K. Since I is locally bounded, there exists a
neighborhood of  and a constant ¢ > 0 such that, for each z in this neighborhood
and v € F(z), we have |lul| < ¢. Since z,, — = as k — oo, for k sufficiently
large |lun,|| < ¢; hence, from the reflexivity of X we may assume, without loss
of generality, that u,, — v € X* in the weak® topology of X*. Note that the
reflexivity of X implies that the weak topology of X™* coincides with the weak*
topology of X*. Thus, we know that u,, — v € X* in the weak topology of X*.
Since F' has weakly closed graph, z,, — Z and u,, — v € X* weakly, we have
u € F(z) and

(w,z—y)+¢(z) —d(y) <0, VyeK
(due to (6.1)). This together with Proposition 2.7 yields that z solves GMVI(F, ¢, K).
Since GMVI(F, ¢, K) has a unique solution z*, we have £ = z*. Thus z, — z*, a
contradiction. Therefore, GMVI(F, ¢, K) is strongly LP well-posed.

(i) = (iii). If GMVI(F ¢, K) is not weakly LP well-posed, then there exists a LP
approximating sequence {z,} for GMVI(F, ¢, K) such that {z,} does not converge
weakly to z*. Thus, there exists w, € X with w, — 0 and 0 < ¢, — 0 such that
Zn +wy € K, and there exists u, € F(z,) such that

Since x, + w, € K, then there exists z,, € K such that x, + w, = Z,. Thus,
d(xn, K) < ||zn — Znl| = |lwn|| = 0 as n — oco.

We claim that {z,} is bounded. As a matter of fact, repeating the same argu-
ments as in the proof of (i) = (ii), we can prove that {z,} is bounded.
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We claim that z,, — z*. Let {z, } be any subsequence of {z,,} such that z,, — Z
as k — oo. Clearly z € K. It follows from (6.6) that
(unkvxnk - y> + ¢($7’Lk) - d’(y) < €ng> Vy € K.

Since F' is monotone and ¢ is lower semicontinuous, we have
(0.7 —y) + &(2) — ¢(y) < Uminf{(v, 2, —y) + d(zn,) — S(y)}
(6.7) < lim iogf{<unk’mnk -y + ¢($nk) —9(y)}

k—

<liminfe, =0, Vye K,ve F(y).
k—o00

This together with Proposition 2.7, implies that Z solves GMVI(F, ¢, K). Since

GMVI(F, ¢, K) has a unique solution z*, we have £ = z*. Thus z, — z*, a
contradiction. So GMVI(F, ¢, K) is weakly LP well-posed. The proof is complete.
[l

Remark 6.2. The H-hemicontinuity and compactness of F' in Theorem 6.1 of [20]
is replaced by the local boundedness and weak closedness of F' in our Theorem 6.1.
If X ia a Hilbert space, £k = X and F is a single valued mapping, Theorem 6.1
in [20] reduces to Theorem 6.1 in [10].

Now, for any dp > 0, we denote M (dp) = {z € X : drx(x) < dp}. In addition, we
say that a bounded LP a-approximating sequence {z,,} for GMVI(F, ¢, K) has the
approximation property (AP) if there exists a strongly convergent subsequence of
{zy}. Then we have the following result.

Theorem 6.3. Let K be a nonempty, closed and convex subset of X, F : X — 2%~
be a nonempty, weakly closed and locally bounded set-valued mapping, and let ¢ :
X = RU{+o0} be a proper, convex and lower semicontinuous functional. If there
exists some dy with 69 > 0 such that M(dy) is bounded and every bounded LP -
approximating sequence {xy} for GMVI(F, ¢, K) has the AP. Then GMVI(F, ¢, K)

is strongly LP a-well-posed in the generalized sense.

Proof. Let {z,,} be a LP a-approximating sequence for GMVI(F, ¢, K'). Then there
exist 0 < €/, — 0 and w,, € X with w,, — 0 such that
Tn + wy, € K,
and there exists u,, € F(z,) satisfying
(68) (.o — 1) + Blen) — 8() < a(zn —y) + €y Wy K,neR.
Since x, + w, € K, then there exists z,, € K such that z,, + w, = Z,. Thus,
d(zn, K) < |lzn — Zp[| = [[wn| — 0.

Set €, = max{e,, ||w,||}, we can get d(z,, K) < e,. Without loss of generality, we
may assume that {x,} C M(dp) for n sufficiently large. By the boundedness of
M (dp), we know that {x,} is bounded. Since every bounded LP a-approximating
sequence {x,} for GMVI(F, ¢, K) has the AP, there exists a subsequence {z,, } of
{zn} such that z,, — Z. It is easy to see z € K. Since F is locally bounded,
there exists a neighborhood of z and a constant ¢ > 0 such that, for each z in
this neighborhood and w € F(z), we have |lu|| < ¢. Since z,, — = as k — oo,
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for k sufficiently large ||uy, || < ¢; hence, from the reflexivity of X we may assume,
without loss of generality, that u,, — @ € X™ in the weak™ topology of X*. Note
that the reflexivity of X implies that the weak topology of X* coincides with the
weak™ topology of X*. Thus, we know that w,, — 2 € X* in the weak topology of
X*. Since F' has weakly closed graph, z,, — Z and u,, — u € X* weakly, we have
u € F(Z). Since ¢ is proper, convex and lower semicontinuous, it follows from (6.8)
that

(6.9) (@7 —y) + () - dly) < (T —y), VyekK

For any y € K, put y, = Z+t(y — ) for all t € (0,1), it is easy to see y, € K. Now,
utilizing (6.9), one has

(U, —yr) + ¢(2) — d(yr) < (T — yr).
By the convexity of ¢ and the property of a, we deduce that for each t € (0, 1), one
has

(w,2 —y) +¢(z) — ¢(y) <oz —y), VyeK,
where p > 1. Letting t — 07 in the last inequality, we have

(U, —y) +¢(T) — d(y) <0, VyeK.

This shows that z solves GMVI(F, ¢, K). Thus, GMVI(F, ¢, K) is strongly LP
a-well-posed in the generalized sense. The proof is complete. O

Remark 6.4. Theorems 6.1 and 6.3 improve, extend and develop Theorems 6.1-6.2
in [20] to a great extent because we drop the compactness, H-semicontinuity and
upper semisemicontinuity of F', and the compactness of M (o).
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