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Abstract

By applying the Brouwer fixed point theorem, we prove an existence result of solu-
tions for strongly pseudomonotone quasi-variational inequalities which extends an
analogous result in Kocvara and Outrata (Optim Methods Softw 5:275-295, 1995).
The result is based on a new result concerning continuity property of solutions to a
parametric variational inequality. Examples are given to illustrate our results.

Keywords Parametric variational inequalities - Strongly pseudomonotone -
Quasi-variational inequalities

Mathematics Subject Classification 47120 - 49J40

1 Introduction and preliminaries
Let F be a single-valued mapping from R" to R" and let K be a set-valued mapping

from R” to R” such that K (x) is a closed convex set in R” for each x € R". We
consider the quasi-variational inequality (in short, QVI): Find x* € K (x*) such that

(F(x*),x —x*) >0 forall x € K(x*). (1.1)

Here, (-, -) denotes the inner product in R”. When K (x) = K, a nonempty closed
convex subset of R", for all x € R", the quasi-variational inequality (1.1) reduces to
the classical variational inequality (in short, VIP): Find x* € K such that

(F(x*),x —x*) >0 forall x € K. (1.2)
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Quasi-variational inequalities were introduced by Bensoussan and Lions in [2-4],
where some impulse control problems are studied. They have become a powerful math-
ematical tool for modelling of various complicated equilibria which appeared in many
areas such as mechanics [9,16,17], traffic [5], statistics [13], biology [10], economics
and finance [18,23]. For more analytical results of quasi-variational inequalities, we
refer the reader to, for examples, [6,19].

It is well-known that the problem (1.1) can be written as the following fixed point
problem

X = Pg(olx — AF(x)] (1.3)

where A is a positive real number and Pc[-] is the projection operator on a closed convex
set C in R". Thus, we can get sufficient conditions for the existence of solutions of a
quasi-variational inequality by applying a suitable fixed point theorem. Some existence
results in finite dimensional spaces can be found in [7]. Applying the Brouwer fixed
point theorem, the authors in [7] proved the following existence result.

Theorem 1.1 [7] Suppose that there exists a nonempty compact convex set C C domK
such that

(H1) K(C) C C,
(H2) F is continuous on C,
(H3) K is continuous on C.

Then the quasi-variational inequality (1.1) has at least one solution.

However, in some applications, e.g., the discretized Coulomb friction model (see,
e.g., [16]), there is no compact set C for which condition (H1) is satisfied. In [16], to
obtain the existence of solutions of the quasi-variational inequality (1.1), the authors
replaced the compactness of C by a weaker condition, namely the closedness and
required, in addition, that the function F is strongly monotone. More precisely, by
using the Brouwer fixed point theorem, the authors in [16] proved the following
existence result.

Theorem 1.2 [16] Let F be continuously differentiable on R™ and be strongly mono-
tone on R", i.e., there exists « > 0 such that

(F(x) — F(y),x —y) > allx — y||* Vx,y e R".

Here, || - || denotes the norm induced by the inner product (-, -) in R". Suppose that
there exists a nonempty convex closed set C C domK such that
i) K(C)CC,
(i) (1) K@) # 0,
xeC

(iii) for each y € R", the mapping x +— Pg)ly] is continuous on an open set
containing C.

Then the quasi-variational inequality (1.1) has at least one solution.
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For other existence results of of solutions of the quasi-variational inequality con-
cerning strong monotonicity, we refer the reader to [22] and [20]. Both results need
some contraction property of the projection operator on the set K (-), i.e., they require
the existence of a positive constant £ < 1 such that

1Pk (olz] = Prplzlll < £llx — yl| VYx,y,z € R". (1.4)

An example for K (-) satisfying (1.4) is a moving set where K (x) = c(x) + K with K
being a nonempty closed convex subsetof R” and ¢ : R” — R a Lipschitz continuous
mapping with the same modulus £. In [21], the authors extended the existence results
in [20,22] to the case when F is strongly pseudomonotone on R", i.e., there exists a
modulus y > 0 such that for all x, y € R”

(F),y=x)20 = (F(),y—x)zylly—xI
Since strongly monotone mappings are also strongly pseudomonotone, but not vice
versa, there are examples that we can apply the existence result in [21] but we cannot
apply any existence results in [16,20,22]. Note that, in general setting, (1.4) is hard to

prove and it is not often satisfied. The following example shows that there are situations
in which we cannot apply above mentioned results.

Example 1.1 We consider the quasi-variational inequality problem (1.1) with F :
R? — R? defined by:

1
F(x) = (5"“”2 + 5) (x1,2x2) Vx = (x1,x2) € R?,

and K : R?> = R%defined by:
K (x) = [<2[x1], 2lx1]] x [0, 00) ¥x = (x1, x2) € R%.

Now, assume that x* = (x7, x5) € R? is a solution of the quasi-variational inequal-
ity (1.1). Then, (x}, x3) € [=2[x7], 2|x7[] x [0, 00) and

« 1
<(5||x H2 + 8) (-xikv 2)(;), (yl - 'xik’ y2 - x§)> Z O

for all (y1,y2) € [=2|xf],2[x}|] x [0,00) . This is equivalent to (x,x3) €
[—2|xi“|, 2|xi"|] x [0, co) and

X7 (1 = x7) +2x3(y2 —x3) =0, V(y1, y2) € [=2]x7], 2[x7[] x [0, 00).
This implies that xf = x;‘ = 0. Thus, (0, 0) is a solution of the quasi-variational
inequality (1.1).

We cannot apply Theorem 1.1 to this example since there is no compact set C C R?
such that K(C) C C. We also cannot apply Theorem 1.2 to this example since the
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mapping F is not strongly monotone. Indeed, taking x = (1,0) and y = (2, 0), we

have
I 1

113
—— <
3570

(F(x) = F(y),x —y)

0.

1
One can see that F is strongly pseudomonotone on R"” with modulus —. Indeed, for

x = (x1,%),y = (y1,y2) € R? with (F(x),y —x) > 0, i.e., ((x1,2x2), (y1 —
X1, 2y2 — 2x3) > 0, we have

1
(F(y),y —x) = (5"”'2 + 5) (1, 2y2), (V1 — x1, 232 — x2))

1
> (5—“—”'2 + g) (1, 2y2), (1 — x1, 2y2 — x2))
—((x1,2x2), (y1 — x1, 2y2 — 2x2))

2 1
= (5"”' + 5) (1 = x1,2y2 — x2), (V1 — 1, 2y2 — x2))

5=y 4 é) [(y1 —xD* +2(y2 — x2)°]

1 1
= <01 =)+ 02— x| = 2l 1P

Moreover,

| Px 0,193, 1) = Pr(a,1y 3, D] = [ Pioyx10,00) 3, 1) = P—2,21x10,00) 3, D |
=0, D) -2, DI=2>1=(@0,1)—(1,DI.

That is, the projection map is not contractive. So, we cannot apply [21, Theorem 3.1]
to this example.

Our aim is to prove an existence result for strongly pseudomonotone quasi-
variational inequalities without requiring (1.4). For this aim, we will extend Theo-
rem 1.2 by replacing the strong monotonicity of F by the strong pseudomonotonicity.
Our result bases on a new result about continuity property of solutions to parametric
variational inequalities.

To conclude this section, we recall the following results which will be used in the
sequel.

Lemma 1.1 (see, e.g., [15]) Let §2 be a nonempty closed convex subset of R". Then
for a given z € R", u € §2 satisfies u = Pq|z] if and only if

(u—z,v—u) >0, VYveSf.
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Theorem 1.3 [15, Theorem 4.2, page 13] Let K C R”" be closed and convex and
F : K — R" be continuous. A necessary and sufficient condition that there exists
a solution to VIP (1.2) is that there exists an R > 0 such that ||xg|| < R, where
xg € K N B(0, R) satisfying

(F(xg),y —xg) >0 Vye KNB(®,R).

Here, E(O, R) denotes the closed ball of radius R and center 0, the zero vector of R".

2 Main results

In this section, by applying the Brouwer fixed point theorem, we derive an existence
result for quasi-variational inequality (1.1) with strongly pseudomonotone mapping
F. With this aim, we first prove a new result concerning continuity property of solution
map to a parametric variational inequality.

2.1 Parametric variational inequalities

Let M C R™ and A C R be two sets of parameters. Let f : R” x R” — R" be a

vector-valued function and K : A = R” be a set-valued mapping. We consider the

following parametric variational inequality problem with parameters (i, A) € M x A:
Find x € K(A) such that

(f(x,w),y—x)>0 forall ye K(1). 2.1

Throughout this subsection, we always require the following assumptions:
(A1) K(A) is nonempty, closed and convex for each A € A.
(A2) There exists £ > 0 such that, for all x|, x, € K(A) and u1, up € M,

I Cers pr) = f ez, )|l = €01x1 — x2fl + [lper — w2l (2.2)

(A3) There exists « > 0 such that, for all u € M and for all x, y € K(A),

(fO,w,y=—x)=20 = (f(y,w),y—x)=>allx -yl

Under our assumptions, for each (A, n) € M x A, the parametric variational
inequality problem (2.1) has a unique solution (see [14, Theorem 2.1]). Hence, we
can define a mapping u : M x A — R" assigning to each (A, u) € M x A the
corresponding unique solution of (2.1).

The main result of this subsection is stated as follows.

Theorem 2.1 Let (Mg, o) € M x A and xo = u(ro, iuo). If the mapping A +—
Pk ) [xo — p f (x0, o)1 is continuous at Ao for some p > 1/a, then u is continuous
at (Ao, [40)-
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Proof Fix p > 1/a and let (A, u) € M x A. We have

u(ro, o) = Pgng)lu(ro, o) — p f (o, (o), 1ol

and

u(r, u) = Proyluh, p) — p fu(r, w), p).

Set

y = Pgoylu(ro, no) — o f (u(ro, 1o, o)l

By Lemma 1.1, one has

It follows that

= pfuo, o), ko) — f(y, ), u(rh, u) —y)
—p{f(y, ),y —u(, w) (2.3)

Since y € K(X), we have

Ju, ), w), y —u@, p) = 0.

Thus, by (A3), one has

(fO, ),y —ulh, 1)) > ally —ulh, w|* (2.4)

Using (A2), we have from (2.3) and (2.4) that

2(u(ro, no) — y, u(r, ) — y)

< 2pL(|[uCro, o) — ¥l + Il — pol)-Nu(r, 1) — yl|
—2pa|[u(n, ) — y|I?

< 2 (lluro, wo) — yIl + 1l — polD* + Nu(r, ) — ylI*
—2pau(h, p) — yII?

<2020 [Ju(ho, o) — yII* + 202 — poll* + lu(r, 1) — uCro, po)ll*
+llu(ro, o) — YII* + 2(u(r, p) — u(ro, o), u(ro, o) — )
—2pa||((, n) — u(ro, ko)) — (v — uCro, 1to)|I?

< (2076 + Dluro, po) — yII* +202||1e — pol
e, ) = uho, o)|I* + 2u(r, w) — u(Ro, o). u(ro, o) — ¥)
—pallu(h, w) — uro, 1o)l|* + 2pellu(ro, o) — yII*.
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Here, we obtain the last inequality by using the inequality —2||a — D] 1> < —|lal> +

2||b||*. Then,

2(u(ho. 110) — y. u(ho. o) — ¥) < 2p*0% +2pa + Dllu(ho, to) — yII* + 207621 — poll?
+(1 = pa)[[uCh, 1) — u(rg, o)l

Thus,

2@2 )
1IIM—MOII

2p
uCr, 1) — u(ho, o)l > < .

20202 4+ 2pa — 1
+ T u(ho, o) — yII%. 2.5)
pa — 1

Since pa > 1, we have 2p2¢%2 4+ 2pa — 1 > max{1, 2p2¢2}. It follows from (2.5) that

200> 4+ 2pa — 1
[l (r, ) = u(ho, po)ll = T[Ilu — woll + [lu(Ro, o) — ylI1-

Hence,

20%0% +2pa — 1
u(h, ) = u(ro, po)ll < THPK(A)[XO — pf(x0, 1o)]

— Pk ) [x0 — o f (x0, 1o)]ll

20%0% + 2pa — 1
+———F Il — noll- (2.6)
pa — 1

Since A — Pk ylxo — pf(x0, o)] is continuous at Ag, it follows from (2.6) that
u(A, w) is continuous at (Ag, o). O

Remark 2.1 1t follows from (2.6) that properties of the solution mapping u depend
on the properties of the mapping A — Pg)[xo — p f (x0, po)]. In fact, if the map-
ping A — Pxgylxo — pf(x0, o)l is Holder continuous (respectively, Lipschitz
continuous), then the solution mapping u is also Holder continuous (respectively, Lip-
schitz continuous). Examples of set-valued mappings K in which A — Pg)[xo —
o f (x0, no)] is Holder continuous or Lipschitz continuous can be seen, for instance,
in [25,26]. For examples of set-valued mappings K in which A — Pgylxo —
p f(xo0, o)] is continuous, we refer the reader, e.g., to [16]. For more results con-
cerning regularity property of solution maps to parametric variational inequalities, we
refer the reader to, e.g., [1,8,12,24-26].

The next result concerns the boundedness of the images of the solution mapping u.

Proposition 2.1 Assume that there exists a nonempty set 2 C domK N A such that

(A4) () KO #0.

reR
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Then there exists R > 0 such that |lu(w, A)|| < R forall . € 2 and u € M.

Proof Let g € M and Mg € 2. Let vy € ﬂAeQ K() and fix H > f(vo, Lo). Set
H
R = |lvol| + —.
o

Let z* be the unique solution of the variational inequality: Find z € K ( o) N B(0, R)
such that

(f(z, o),y —z) =0 forall y € K(ko) N B(0, R). 2.7

Assume that ||z*|| > R. Since vy € K (A¢) and
H

[lvoll = R — — <R,
o

vo € K(ho) N B(0, R). Hence, we have
(f(z*v I‘Lo)v vy — Z*> Z O
By (A3), one has

allvg — 2*|1* < (f (vo, 120), vo — 2%)
< I1f o, po)llllvo — 2*[]
< H.||lvo — 2"

This implies that

H
llvo — 2"l < —.
o

We have
* * H
1Z7] =< [lvoll + [lvo — 2" [] < [lvoll + P R.

This is a contradiction. Thus, the solution z* of (2.7) satisfies ||z*|]| < R for some
R > 0. It follows from Theorem 1.3 that z* is also a solution of the the parametric
variational inequality problem (2.1) with the pair of parameters (to, Ag). Therefore,
[lu (o, 20)|| < R. This ends the proof. O

2.2 Existence result

We are now in a position to state the main result of this paper.
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Theorem 2.2 Let F : R" — R" be a mapping and let K : R" = R" be a set-valued
mapping with closed convex values. Suppose that there exists a nonempty convex
closed set C C domK such that

(i) K()cCCcC,
(ii) F is Lipschitz continuous on C and f is strongly pseudomonotone on C,
(i) (1) K () # 0,
xeC
(iv) for each y € R", the mapping x — Pxx)[y] is continuous on an open set

containing C.

Then the quasi-variational inequality (1.1) has at least one solution.

Proof We define a mapping S : domK — R” by assigning to each y € domK the
corresponding unique solution of the following parameter variational inequality: Find
z € K(y) such that

(F(2),w—2z)>0 forall we K(y).

By Theorem 2.1, S is continuous on C. Moreover, by Proposition 2.1, there exists
R > Osuch that ||S(y)|| < Rforall y € C. Thatis, S maps CN{x € R" : ||x|| < R}
into itself. Hence, by the Brouwer fixed point theorem, § has a fixed pointin C N {x €
R" : ||x]| < R}, which is a solution of (1.1). This ends the proof. O

Example 2.1 We consider F and K as in Example 1.1. As shown in Example 1.1, the
mapping F is strongly pseudomonotone. One can also see that C = {0} x [0, c0) is
closed convex such that condition (i) and (iii) of Theorem 2.2 are satisfied. It is easy to
see that F is Lipschitz continuous on C. Forx = (x1, x2) € R2 andy = (y1, y2) € R2,
one can compute that

(=2|x1], y2) if 1 < =2|x1],
Pyl = 1, y2)  if =2xp| < y1 < 2Ix],
Qlxil, yp) if 2|x1] < y1.

Then the map x — Pk y)[y] is continuous for each y € R? and so the condition (iv)
of Theorem 2.2 is satisfied. Therefore, we can apply Theorem 2.2 to this example.

Example 2.2 (see, e.g. [16]) Let m be an even integer and consider K : R™ — R™
which is defined by: for x = (x1, -+, x) € R™,

Kx)={v=(1,...,vp) € R" 1 Jgi| < alxzi_1|,v2i-1 <0,i =1,2,...,m/2},

where o > 0 is a constant. This type of set-valued mappings appears in the discretized
Coulomb friction model (see, [11]).

IfwesetC = {x = (x1,...,xp) € R" : x0;_1 <0,i =1,2,...,m/2}, then
conditions (i), (iii) and (iv) of Theorem 2.2 are satisfied.

To conclude this paper, we present a general class of strongly pseudomonotone
mappings which are not strongly monotone in general.
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Example 2.3 (see, e.g., [14]) Let F : R" — R” be defined by
F(x) =h(x)(Qx +¢q) Vx eR", (2.8)
where Q : R” — R” is a linear mapping satisfying
(Qx.x) = yllx|]>, Vx eR"

for some constant y > 0, & : R” — [a, 0o) for some constant « > 0 and g € R”".

Let x, y € R" be such that (F(x),y — x) > 0, i.e., (h(x)(Qx +¢q),y —x) > 0.
This implies

(Ox+q,y—x)=0.

Thus,

(F(y),y —x) = (h(»)(Qy +q),y — x)
> h(MKQy+q,y —x) —(Qx+q,y —x)]
h(M{O(y —x),y — x)

> aylly — x|*.

Hence, F is strongly pseudomonotone with modulus «y. Note that the mapping F
considered in Example 1.1 is a particular case of the form (2.8). So, in general, a
mapping of the form (2.8) is not strongly monotone.
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