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Abstract Multivalued equilibrium problems in general metric spaces are considered.
Uniqueness and Holder continuity of the solution are established under Holder conti-
nuity and relaxed Holder-related monotonicity assumptions. The assumptions appear
to be weaker and the inclusion to be properly stronger than that of the recent results in
the literature. Furthermore, our theorems include completely some known results for
variational inequalities in Hilbert spaces, which were demonstrated via geometrical
techniques based on the orthogonal projection in Hilbert spaces and the linearity of
the canonical pair (.,.).
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1 Introduction

Sensitivity analysis and stability of solutions are of the great importance in optimi-
zation theory and applications. The equilibrium problem is a problem setting, which
includes many optimization-related problems such as variational inequalities, math-
ematical programming problems, vector optimization, fixed point and coincidence
point problems, Nash equilibrium problems, complementarity problems, traffic net-
work equilibria, and the like. There have been numerous papers devoted to the
solution existence and uniqueness of equilibrium problems and their generalizations
(see, e.g., Blum and Oettli 1994; Noor and Oettli 1994; Bianchi et al. 1997; Chadli and
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Riahi 2000; Ansari et al. 2001; Lin et al. 2003; Hai and Khanh 2006, 2006, in press;
Khanh et al. 2006, etc. and the references therein). However, we observe rather
few works in the literature on the sensitivity analysis for equilibrium problems. Muu
(1984), Bianchi and Pini (2003), and Anh and Khanh (2004, 2006, 2006, in press) con-
sider semicontinuity of the solution sets. The Holder continuity of the unique solution
is investigated in Bianchi and Pini (2003) for the scalar single-valued case and Anh
and Khanh (2006) for vector multivalued equilibrium problems. These papers extend
the results of Yen (1995) and Yen and Lee (1997) for variational inequalities in Hil-
bert spaces to equilibrium problems in metric spaces. However, when applied to this
special case of variational inequalities, these extended results become weaker than the
original ones, which were established via employing the orthogonal projection of the
Hilbert space and the linearity of the canonical pairing (., .) involved in the variational
inequality. Inspired by the general observation on many sensitivity results that, in
return for a stability property of the solutions, the same property have to be assumed
on the data of the problem under consideration, we try to find out assumptions of the
Holder continuity kind, which relate the metric-space variable and parameters of the
problem (in metric spaces) to replace the Hilbert-space structure and the linearity
structure of the variational inequality problem in ensuring a stability result which
completely includes Yen'’s result when applied to variational inequalities. It appears
that aiming this goal we finally obtain in this note a remarkable improvement of the
results in Bianchi and Pini (2003) and Anh and Khanh (2006) which becomes properly
stronger than the Yen’s result, when applied to variational inequalities.

The organization of the paper is as follows. The rest of this section is devoted
to the problem statement and some preliminaries. In Sect. 2, we establish the main
results and provide corollaries and examples to compare with known recent results.
Applications to fixed point and coincidence point problems, vector optimization and
especially to variational inequalities are presented in Sect. 3.

Our notations are almost standard. We use ||.|| and d(.,.) for the norm and dis-
tance in any normed space and metric space (the context makes it clear what space is
encountered). d(x, A) is the distance from x to subset A in X. For a normed space X,
X* is the topological dual and (., .) is the canonical pair. R is the set of nonnegative
real numbers. B(x,r) denotes the closed ball of radius r > 0 and centered at x in a
metric space X. intC stands for the interior of a subset C.

Let, throughout the paper if not otherwise specified, X, Z, A, M, and N be metric
spaces, Y be a metric linear space and K: A — 2% be a multifunction with nonempty
values. Let C C Y have intC # (. Let A: X x N — 2Zand FF- X x X x Zx M — 2Y
be multifunctions. For each A € A, u € M, and n € N consider the following two
equilibrium problems:

(EP): Find x € K(1) and x* € A(X, n) such that, for each y € K(%),
F(x,y,x*,u) N (Y\ —intC) # 0.
(SEP): Find x € K() and x* € A(x,n) such that, for each y € K(1),
F(x,y,X*, 1) € Y\ —intC.

Observe that if F(x,y,x*, u) = f(y,x*,u) and A is single-valued functions, with
f: X x Z x M — Y being single-valued mapping, then two problems (EP) and (SEP)
collapse to the implicit vector equilibrium problem considered by many authors. We
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include A(x, ) in this problem setting so that the problems are easier to be explained
containing particular cases (see Sects. 3.3 and 3.4).
Recall first some Holder-related notions.

Definition 1.1

(1) (Classical notion) A multifunction G: A — 2% is said to be La—Holder at A if
there exists a neighborhood U of ¢ such that, VA, 1, € U,

G(r1) € G(A2) + [B(0,d* (A1, 12)).

(2) (see Anh and Khanh 2006) G: X x X — 2Y is called /.8 —Holder-strongly
pseudomonotone of the first type in S € X if, Vx,y € S,x # y,

G(x,y) € —intC = G(y,x) + hB(0,d” (x,y)) € —C, (1)

where £ > 0 and 8 > 0. G is called h.f —Holder-strongly pseudomonotone of
the second type if (1) is replaced by

G(x,y) € Y\—intC = G(y,x) + hB(0,d" (x,y)) € —C.

In the sequel the following Holder-related assumptions will be essential for con-
sidering problem (EP) and (SEP):

For the reference point (Lg, 10, 70) € A x M x N, there are neighborhoods U (%),
V(wo), and W(no) of Ao, o, and no, respectively, such that

(A1) VA € U(h), Y1, 2 € V(no), Vx,y € K(h): x # y, Va7, x5 € A(K (1), W(no)),

F,y, x5, 11) © FO,y,x5, 12) + mB(O, d” (e, y) (@ (7, x3) + d” (11, uz))),

where m > 0,6 > 0,¢ > 0,and y > 0;

(A2a) Yy € Vo), Vi1 € W(no), ¥x,y € K(U(h)): x # ,

hdP(x,y) < inf inf  d(g, Y\—intC
x.y) = x*€A(x,n) geF (x,y.x* 1) (& Y\ )
+ inf inf d(f, Y\—intC), (2)

YEEAQ,m feF(yx.y* 1)
where h > 0, 8 > 6.
(A2b) is (A2a) with (2) replaced by

hd? (x,y) < inf sup d(g, Y\—intC)
XEAM) geF(x,y x* )
inf sup  d(f, Y\—intC). 3)

YREAW feF(y,xy* 1)

Remark 1.1 These assumptions look seemingly complicated. But they are not hard
to be checked as shown by numerous examples below. We now make their meanings
clearer.

(1) Assumption (A1) incorporates Holder continuity with respect to state variables
x,y and to parameter x (in connection also with parameters A and ). It appears
that to ensure our Holder continuity results for the solutions to (EP) and (SEP)
to include properly the mentioned result for variational inequalities in Hilbert
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spaces of Yen (1995), this natural condition can replace particular orthogonal-
ity and linearity of variational inequalities in Hilbert spaces (see Theorem 2.1).
Note also that Holder-related assumptions in Bianchi and Pini (2003) and Anh
and Khanh (2006) are imposed separately in x, y and in parameters.

(2) To explain Assumption (A2a, b) we consider a single-valued real function
(without parameters) f: X x X — R for the sake of simplicity. Then both
(a) and (b) collapse to an assumption of the form: Vx,y € K C X: x # y,

hd? (x,y) < d(f(x,y).Ry) +d(f(y.x), Ry). (4)
We have the following relation.

Proposition 1.1

(1) If f: X x X — R satisfies (4) then f is h.p— Holder-strongly pseudomonotone
in K(the two types defined in Definition 1.1 coincide in this case). Conversely, if
f is h.8— Holder-strongly pseudomonotone in K and quasimonotone in K (see
Bianchi and Schaible 1996), i.e. Vx,y € K : x # y, f(x,y) < 0 = f(y,x) > 0,
then f satisfies (4).

2) If f: X x X — R is h.—Holder-strongly monotone in K C X (see Anh and
Khanh 20006), i.e. Vx,y € K : x # y,

F@y) +f(.x) + hdP (x,y) <0,
then f satisfies (4).
Proof

(1) If f(x,y) = 0, then d(f(x,y),R4+) = 0 and (4) implies that d(f(y,x),Rs) =
—f(y,x) and

f(.x) +hB(0,d" (x,y)) € —R;.

For the converse, assume first that f(x,y) > 0. Then the assumed pseudomonot-
onicity one has

hd’ (x.y) < =f(y.x) = d(f(x.y).Ry) +d(f(y.x). Ry).
Next, if f(x,y) < 0 then f(y,x) > 0 by the quasimonotonicity. Hence
hd’ (x.y) < =f(y.x) = d(f(x.y).Rs) +d(f(y.x). Ry).
(2) By the assumption one has

hdf (x,y) < —f(x,y) — f(y,x) < d(f(x,y),Ry) +d(f(y,x),Ry).

The following examples interpret the lacking implications in Proposition 1.1.

Example 1.1 Let X = R, K = [1,2] and f(x,y) = —’yﬁ. Then f satisfies (4) with
h=pg=1Butf(x,y) <0,Vx,y € K, and hence f is not quasimonotone in K.
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Example 1.2 Let X = R, K = [0,1] and f(x,y) = % Then it is easy to see that f

satisfies (4) with h = %, B = 1. (f is also quasimonotone and %.1—H61der—strongly
pseudomonotone). But, Vx,y € K,

(x —y)?

fey) +f.x) = m >

and hence f is not %.1 —Holder-strongly monotone in K.

2 Main results

Theorem 2.1 For problem (EP) assume that solutions exist in a neighborhood of the
considered point (Lo, no,n0) € A x M x N and Assumptions (Al) and (A2a) are
satisfied. Assume further that

(1) K(.) is l.a—Hédlder at 1o;

(2) YA, pt,m) € U(rg) x V(o) x W(no), Vx € K(r), Vx* € A(x,n), F(x,.,x* pn) is
n.8—Holder in K(U(10));

(3) VA € U(ho), Vx € K(L), A(x,.) is p.E —Holder at n.

Then, in a neighborhood of (Ag, 1o, no) the solution x(A, i, n) is unique and satisfies the
Holder condition

d(x(ha, w1, m).x(h2, pn2.m2)) < ki d”' P (g, o) + kad®®’P (11, 12)
+ k3d“S/ P (g, o),

where k1, ky, and k3 are positive constants depending on h, 8,m,0,l, o, etc.
Proof

Step 1 (uniqueness) Fix any (A, u,n) € U(hg) x V(o) x W(no). If X is a solution of
(EP), then 3x* € A(x,n),Vy € K(\), F(x,y,x*, n) € —intC. So, for y # X,

inf inf d(f,Y\—intC) = 0.
x*eAX,n) feF(X,y,x*,1n) (f \ )

Then, Assumption (A2a) implies that
F(y,x,A(y,n),u) € —intC,

i.e. y is not a solution of (EP).

Step 2 We prove that

ma1/(B—6)
) d7/ =D (g, o). (5)

dy = d(x(Ai, w1, m), XA, p2, 1)) < (ﬁ

Let x(A1, p1,n1) # x(A1,m2,m) (if the equality holds then we are done). Since x}

A(x(A, p1,m), m) exists such that F(x(A1, a1, 11),X(A1, 2,m1), x5, 1) € —intC one
has

inf inf d(f, Y\—intC) = 0.
X* €A (A, 1)) fEF (X Oyt ,m1) X (M1 ,42,11) X%, 141)
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Assumption (A2a) implies that
hd? < inf inf d(f, Y \—intC).

x*eA(x(hy,p2.m):m) fEF(x(hyp2,m1) X (b1 ,m1) X% 141)

Hence, Vz € Y\—intC,Vx* € A(x(A1, 42,11),71),

1
df = 3 d(F(xGupam) xC i m), 3, ). 2)- (6)

Since x(A1, u2,n1) is a solution of (EP), there are x; € A(x(Aq,12,1m),m1), and 71 €
F(x(A 1, 2, m1),x(A1, w1, m), X5, u)\—=intC. If sy # o theninequality (6) and Assump-
tion (A1) together yield

m

B
dlfh

dld” (u1, 112).

Of course this inequality holds also when pq = uy. Since 8 > 0, this implies (5).

Step 3 Now we show that

2nl® 1/
dy == d(x(h, n2,m),x(h2, 2, m)) < (T) d*%1P (a1, 22). (7

Let x(Aq, 2,n1) # X(A2, i12,11). Thanks to (1) we have x] € K(x1) and x;, € K(A2)
such that

d(xy, x(h2, u2,m)) < 1d% (1, 22),

d(x(h, 2, m), x5) < 1d* (ki A2).

By the definition of (EP), x§ € A(x(A, u2,m1),m) and x} € A(x(r2, u2,11),11) exist
such that one has

22 € F(x(h1, u2,m), %), %3, p2) \~intC,
23 € F(x(A2, n2,m1), %5, X4, u2) \—intC.
It follows from Assumption (A2a), (2) and (1) that

1.
d5 < ;, inf {d(g,z2): g € F(x(A1, m2,m),x(A2, p2, 1), x5, u2) }

1,
+inf {d(f,z3): f € F(x(2, 2, m1), X1, w2, m), X5, 112) }

IA

(e (62, 120m). )+ (xCht. iz m). ) )

2nl®
< % d* (A1, 22),

i.e. one gets (7).
Step 4 We check the inequality

pé \ VB0
ds == d(x(h2, p2,m),X(A2, 2, m2)) < (Tp) dS =0 (). ®)

Asbefore we can assume that x(A2, 2, 11) # x(A2, 2, n2). Since some xz € A(x(A2, 12,
n1),n1) exists such that one can have

3z4 € F(x(h2, 2, M), x(A2, w2, m2), x5, p2) \—intC,
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one arrives at

inf inf d(f,Y\—intC) = 0.
x*eA(x(h,12,m)m) fEF (x(ha,i2,m1) X (h2,42,12) X%, 142))

Taking (A2a) into account, one sees that, ¥z € Y \—intC, Vx*' € A(x(A2, 12, 1m2),11),

hdi <

< f inf
x*eA(x(ho,p2,m2):m) fEF(x(Aa,12,m2) X (A2,12,11) X% 142)
< d(F(x(A2, p2,m2), x(A2, 2, 1), X', 142), 2). )

d(f, Y \—intC)

Since x(A2, i2, n2) is a solution of (EP), there are xi € A(x(A2, 42, 72), n2) and
74 € F(x(A2, n2,m2),x(A2, 2, m), X5, 2) \—intC.
By (3) there is x5 € A(x(A2, 112,72), m) such that
d(x,x3) < pd* (1, m). (10)
If 1 # n, then inequality (9), Assumption (A1) and (10) together show that
hd’; < H(F(x()»z,uz,nz),x(Kz,Mz,ﬂl)7x§,Mz),
F(x(A2, 12,1m2), X (A2, (2, nl),xg,uz))
< md’ (x(A2, u2, M), x O, 2, m2) ) d (x5, x5)
< mp® d3d*S (1. m2),
where H(.,.) is the Hausdorff distance. This inequality holds also for n; = ;. Since
B > 6, this implies (8).
Step 5 Finally, since

d(x(hi, p1,m), x(ha, p2,m2)) < di + da + ds,

we get the conclusion of the theorem with k| = (%)1/(’379), ky = (%)Uﬁ,

ks = (mTp{)U(ﬂ—G)'

and

m}

Observe that all assumptions but (A2a) are about Holder continuity of the data
of problem (EP) and so are natural to ensure a Holder continuity of the solution.
Assumption (A2a) is also Holder-related and cannot be omitted as shown by the
following example, similarly as for the corresponding assumption in Anh and Khanh
(2006).

Example21 let X =Y =Z=R,A=M=N =[1,2],C =R+, K1) =[»—1,1],
A(x,)) = [A, x| +A] and

F(x,y,x*, 1) = (—o0, [Ax|Y2x* (x| 4 — y)].

Then K(.) is 1.1—Holder in A; VA € A, Vx € K(A), Vx* € A(x,)1), F(x,.,x*, )
is 3v/2.1—Holder in K(A); VA € A, Vx € K()), A(x,.) is 1.1—Holder at A and
Assumption (A1) is satisfied with m = 3,¢ = 1,y = % and & = 0. We indicate
that the remaining assumption (A2a) is violated. Taking . = 1,x; = 1,y = 0,

x*=1eA1,1) = [1,2],y* =1 € A(0,1) = {1} we have F(1,0,1,1) = (—o0,1]
@Springer



456 J Glob Optim (2007) 37:449-465

and F(0,1,1,1) = (—o00,0]. So the right-hand side of (2) in this case is equal to 0, i.e.
(2) is violated. Easy calculations give the following solution set S(1) of (EP):

(1), ifl<a<2,

“”:[mJL i = 1.

So the solutions are not unique at 2 = 1 and S(.) is even not lower semicontinuous at
A=1.

Theorem 2.2 For problem (SEP) assume all the assumptions as for problems (EP)
with the only change that Assumption (A2a) is replaced by (A2b). Then the solution
of (SEP) is unique and satisfies the same Holder condition as in Theorem 2.1.

We omit the proof since the technique is similar as that for Theorem 2.1 with
suitable modifications. The following example indicates that (A2b) is essential.

Example 2.2 Let X, Y, Z, A,M,N,C,K, and A be as in Example 2.1. Let
F(x,y,x*, %) = [\ 2xx* (x — y?), +00).

Then all assumptions but (A2b) are satisfied. Direct computations supply the solution
set S(A) of problems (SEP) as

0,1}, ifr=1,

&M:[HL i1 <2 <2

So the solutions are not unique at A = 1 and S(.) is even not lower semicontinuous at
this point. Picking Ao = 1,x = 1,y = 0,x* = 1,y* = 1 we see that the right-hand side
of (3) is 0 and hence (A2b) is not satisfied.

Remark 2.1 (1) A question arises that can Assumption (1) of Theorems 2.1 and 2.2 be
reduced to K(.) being La —pseudo-Holder at (g, x(1o, o, n0)), i.e. there exist neigh-
borhoods U(ig) of g and P of the solution x(Xg, (o, no) such that, Vi, A2 € U(rp),

K(A) NP S K(A2) + [B(O,d" (31, 12)). (11)

Note thatif ¢ = 1, this property is called pseudo-Lipschitz property or Aubin property
(see Aubin and Frankowska 1990), and plays important role in multivalued analysis.
The following example gives a negative answer to this question.

Example23 Let X =Y =Z=R, A=M=N =[-1,1],C= Ry, A(x, 1) = [0, 1],
Ao = 0 and
) — [-1,2], ifr=0,
0 = [0, I%I]’ otherwise,
F,y,x%,4) = {( +2)(x — y)}.

It is not hard to see that all Assumptions (Al), (A2a), (2) and (3) are satisfied.
Furthermore, K(.) is pseudo-Lipschitz at Ao = 0 and x(0) = 2 (taking P = (0,4),
Uy = (—%, %)). But some computations give the solution

({2, ita=0,
““_[QL if0 <2 <1,

which is discontinuous at Ay = 0.

@ Springer



J Glob Optim (2007) 37:449-465 457

(2) If we impose the additional assumptions that K(.) is continuous and K(io) is
compact, that A(.,no) is upper semicontinuous (usc for short) and has compact val-
ues in K(ko) x {no} and that F(.,.,., o) is usc in K(xg) x K(ko) x A(K(%0),n0), then
Assumption (1) of Theorems 2.1 and 2.2 can be reduced to the mentioned pseudo-
Holder property. Indeed, by Assumption (A2a) and Theorem 3.1 of Anh and Khanh
(2006, in press) we derive that the unique solution x(.,.,.) is usc at (Ag, 10, no). Since
K(.) is L.a —pseudo-Haolder at (Ao, x(Ao, 120, 70)) we have (11). By the upper semiconti-
nuity of x(.,.,.) at (o, /Lo, no) We can assume that x(A1, 12, 1) and x(xz, 2, n1) belong
to P. Therefore (11) can be used instead of Assumption (1) in Step 3 of the proof
of Theorem 2.1. (Assumption (1) is needed only in Step 3). It is similar for problem
(SEP).

Remark 2.2 If A(x,n) = {zo} with some fixed zo € Z, our problems (EP) and (SEP)
become the corresponding problems investigated in Anh and Khanh (2006). Setting
F(x,y,z0, ) := F(x,y, u) we obtain the consequences of Theorems 2.1 and 2.2.

Corollary 2.3 For (EP) assume that solutions exist in a neighborhood of (o, [t0)-
Assume (1) of Theorem 2.1 and further that there are neighborhoods U (o) and V (110)
of Ao and o such that

(A1) Vi e U®),Vur,u2 € V(o) Vx,y € K(A) 1 x #y,
F(x,y, 1) S F(x,y, u2) + mB(0,d’ (x, y)d” (11, 12)).

wherem > 0,60 > 0andy > 0.
(A2a) Vu € V(uo), Vx,y € K(U(hp)) : x # y,

hdP(x,y) < inf d(g,Y\—intC)+ inf d(f,Y\—intC),
geF(x,y.pw) feF(yx,u)

where h > 0 and 8 > 6;

(2) Y(,u) € Ug) x V(o), Vx € K(), F(x,., 1) is n.8— Holder in K(U(Lp)).
Then, in a neighborhood of (Lo, |L0), the solution x(, ) is unique and satisfies the
Holder condition

d(x(1, 1), (A2, u2)) < kyd”/ P~ (uy, o) + kad®/P (01, 12)
for some ki and kr > 0 depending on parameters involved in the assumptions.

Corollary 2.4 For (SEP) assume the solution existence and (1), (Al) and (2) as in
Corollary 2.3 and replace (A2a) by

(A2b) V€ Vo), ¥x,y € K(U(h)) 1 x # ,
hd? (x,y) < sup d(g Y\—intC)+ sup d(f,Y\—intC),
8EF X,y 1) feF(y.x.u)
where h > 0 and 8 > 6.
Then we have the same conclusion as that of Corollary 2.3.
Remark 2.3 Corollaries 2.3 and 2.4 remarkably sharpen Theorems 2.1 and 2.2 of Anh
and Khanh (2006) since

(a) assumptions (A2a)and (A2b) are strictly weaker than the corresponding assump-
tions (2) and (2') of the mentioned results (see Proposition 1.1 and Example 1.1
of this paper);
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(b) for 6 > 0 the conclusions here are properly stronger as the greater degree is, the
stronger Holder continuity is. Furthermore, Assumption (A1) does not impose
any condition when x = y. This also makes Corollaries 2.3 and 2.4 applicable
in some cases where Theorems 2.1 and 2.2 of Anh and Khanh (2006) cannot be
employed as shown by the following Examples 2.4 and 2.5, respectively.

Example24 Let X =Y =R, A=M=[0,7],C= R4+, K(}) = [A, 7], A0 = 0 and

[-1,1], ifx=y,A=0,
—00,0], ifx=y,1#£0,

S yA#
[(y — x)tan (T)] , otherwise.

Then it is not hard to see that K(.) is 1.1 —Holder at A, VA € [0, 7]; Assumption (A2a)

is fulfilled with & = \/3§+ 5 and B = 2; (2) is satisfied withn = § = 1 and (A1) is satisfied

with m =2 and 6 = y = 1. Thus, Corollary 2.3 is applicable. However F(x,y,.) is not
Holder at 0 (for any degree) and hence the mentioned Theorem 2.1 does not work.

Example 2.5 Let X =Y =R, A=M=[0,11,C=R+,KO\) =[MA2+1,20=0

[0, 1], ifx=y,A=0,
F(x’y7)‘-) = [0,+OO), 1fx:y,)\ 750,
{(y —x)In(e*** + 1)}, otherwise.

Then (1) is satisfied with/ = o« = 1, (A2b)-with s = % and B = 2,(2)-withn = In(e3+1)
and § = 1 and (Al)-with m = 6 = y = 1. Thus, Corollary 2.4 can be used, but the
encountered Theorem 2.2 cannot, by the same reason as above.

The following example gives a case where Corollary 2.3 works but Theorem 2.1 of
Anh and Khanh (2006) does not, because of its assumption (ii) being not satisfied.

Example 2.6 Let X,Y, A, M, and C be as in Example 2.5. Let K(») = [0,A] and
F(x,y,») = [-x — y — A, —x]. Then all assumptions of Corollary 2.3 are satisfied, but
F(.,.,2)isnot Holder-strongly pseudomonotone as required in the mentioned assump-
tion (2). Direct computations show that the solution set is S(A) = {0},VA € [0,1] and
hence the unique solution is Holder of any degree.

Note that, the results of Bianchi and Pini (2003) clearly also fail to be applied in
Examples 2.4-2.6.

Remark 2.4 When we almost completed the preparation of this paper we found
Mansour and Riahi (2005) with similar results. Namely, this paper considers the spe-
cial case of Anh and Khanh (2006), where ¥ = Rand F: X x X x M — R is
single-valued. Then (EP) and (SEP) coincide. Our Corollary 2.3 (or 2.4) is properly
stronger than the result (Theorem 2.2.1) of Mansour and Riahi (2005), since Assump-
tion (A2a) is more relaxed than the strongly monotonicity assumed in Theorem 2.2.1;
(A1) is also more relaxed than the corresponding assumption there, since the case
x = y is not involved; and finally, our all assumptions are imposed on x,y in K (U (Ag))
not globally. The following examples supply cases where Corollaries 2.3 and 2.4 can
be applied but the mentioned Theorem 2.2.1 cannot.
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Example2.7 Let X =Y =A=M =R, C= R4, KO) =M1+ 1], 0 = 1 and
F(x,y,1) = {Ax(x* —y?)}. Then (A1) is satisfied with U(r¢) = (0,2),0 =y = 1,m =6.
(A2a) holds with # = B = 2 and (2) with n = 12 and § = 1. So Corollary 2.3 is
applied. However, F(.,., ) is not globally strongly monotone. Indeed, for x = 1y and
y = —Xxo,F(x,y,20) = 0and F(y,x,x9) = 0 £ —d(r,—A) = —2x. Thus, the result of
Mansour and Riahi (2005) fails to be employed.

Example 2.8 Let X =Y =R, A=M=[0,7],C= R4+, K(}) = [A, 7], Ao = 0 and

{0}, ifx=y,A=0,
T—X .
F(x,y,») = { tan 7 fx=y,r#0,
A
(y — x) tan %, otherwise.

Then (A1) holds withm =2,0 = y =1, (2) with n = § = 1. In this case, VA € [0, 7],
F(.,.,2) is even Holder strongly monotone in K(1) with & = ﬁ and 8 = 2. Then

Corollary 2.3 is applicable but Mansour and Riahi (2005) is not, since F(x,y,.) does
not satisfy assumption (H3) there about Holder continuity (corresponding to our
(A1).

3 Particular cases

We will now apply the main results in Sect. 2 to some particular problems of impor-
tance.

3.1 Lower and upper bounded equilibrium problems

Consider the following problem of Chadli et al. (2002) and Congjun (2006), for
(A, pu) e Ax M,

(BEP) Findx € K(A),Vy € K(A\), < F(X,y, ) < B,

WhereK:A—>2X,F:X><X><M—>R,oz,,3eR:a<ﬂ.

Setting Y = R, C = (—o00, —B]U[—a, +00), (EP) (or (SEP)) becomes (BEP). Then
our Corollary 2.3 (and, the same, Corollary 2.4) becomes a new result for (BEP).

3.2 Multivalued variational inequalities

In this section, if not otherwise stated, let X be a reflexive Banach space, N and A be
metric linear spaces, K: A — 2¥ and A: X x N — 2X" be multifunctions with K()
being closed and convex, VA € A. For each (A,n) € A x N consider the variational
inequality problem

(VI) Find X € K()) such that 3f € A(X, ), Yy € K(}),

(t,y —%) = 0.

We need some preliminaries. Let X and Z be Banach spaces. A multifunction
A: X — 2X" is said to be monotone if, Vx,y € X,Yu € Ax,Vv € Ay, (u—v,x—y) > 0.
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A is called strongly monotone if there is « > 0 such that Vx,y € X, Vu € Ax, Vv € Ay,
(—v.x —y) = allx - y|.

A: X — 2% is called maximal monotone if A is monotone and no enlargement
of graphA is possible without destroying monotonicity, i.e. if A is monotone and
V(x,u) € graphA,

(u_V,x_y) Zoa

then (y,v) € graphA.

A mapping B: X — 27 is termed locally bounded at x € X if there is a neighbor-
hood U of x such that B(U) is bounded. B is locally bounded on the subset D if B is
locally bounded at each point of D. As usual any property is extended from a point
to a subset in this way.

A: X — 2% is called demicontinuous at x € X if A is upper semicontinuous at
x, considering X with the norm topology and X* with the star-weak topology. It is
known (see Kluge 1979), Lemma 2.13, that if A is monotone, demicontinuous and
A(x) is closed and convex, Vx € X, then A is maximal monotone.

To convert (VI) to a special case of (EP) set Z = X*,Y = R,C = Ry, and
F(xayax*) = (X*’y _x)‘

Corollary 3.1 For (VI)assume the existence aneighborhood U (Ao) x W (no) of (Lo, n0) €
A x N such that
(A2a) Vi € W(no), Vx,y € K(U(r)): x # y,
hllx—ylf < inf  d(gRy)+  inf  d(f,Ry);
D IS ad g TE DT ey WO
(1) there is a neighborhood P of the solution x(\, no) such that, VA, 1" € U(r),
KNP < KQ)+1B(0,d(x, 1))

(i.e. K(.) is l.a—pseudo-Holder at rp);
(3) VA € U(hy), Vx € K(V), A(x,.) is p.& —Hdlder at no;
(4) A(,.) is locally bounded in K(U(Ao)) x {no};
(5) Vn € W(no), A(.,n) is maximal monotone.

Then, in a neighborhood of (Ao, no), the solution x(1,n) of (V1) is unique and satisfies
the Holder condition

XAy, m1) — xC, m2) | < Kyllag — 22 l%7P + kallg — ma /B0,

Proof To apply Theorem 2.1 we need to prove

(a) all assumptions of Theorem 2.1 are satisfied, except (1);

(b) in this case the assumed pseudo-Holder property in (1) is enough to replace
the Holder property, since there are nelghborhoods U of x(ro,n0), B(Ag,r) and
U(r]()) of ng such that, V(&,7n) € B(,g,r) X U(no) x(A,n) € U;

(c) solutions of (VI) exist in a neighborhood of (Ag, no).

We prove first (b). Set xo = x(Ao,7n0) and choose positive r; and r such that
B(xo,r1) € P, B(ho,7) € U(Ao) and Ir* < r1. By (1), VA € B(ho,7),3x), € K(}),

lxo — x|l < 1d* (o, 2) < Ir" < ry.

@ Springer



J Glob Optim (2007) 37:449-465 461

Hence K(1) N B(xg,r1) is (closed, convex and) nonempty. For n € W(ng) consider the
multifunction

x = A@x,n) + NkoynBag.rn) ), (12)

where Ng(.) is the normal cone to a convex set S at (.). Since Ng(.) is maximal mono-
tone (see, e.g. Zeidler 1990, Example 32.15) and so is A(., ), by Rockafellar (1970),
the multifunction (12) is maximal monotone with bounded domain K () N B(xg, 7).
Therefore, by Zeidler (1990), Corollary 32.35, the multifunction (12) is onto. Conse-
quently, there is X(1,n) € K(A) N B(xg, r1) such that

0 € A(X(m),n) + NrkoonBr) X m). (13)

We claim that

NKoynBorp (X)) = Nk (R, m). (14)

To check this we show first that, for (1, 1) close enough to (Ao, n9), X(A, 1) € intB(xg, r7).
Since X (A, n) € B(xg,r1) C P, (1) implies the existence of Xg € K (i) with [|X(x,n) —
Xoll < 1d*(X, ro). Similarly, 3x; € K()) N B(xo,r1), d(xg,x) < ld*(A, Ao). On the other
hand, by (4), for (1, n) in a neighborhood of (1o, o), there is g > 0 such that
sup {||f|| ite A()AC()», 77),77)} =q,
sup {lloll: to € A(xo,10)} < g.

Since xg is a solution of (VI) and X(%,n) is a solution of (VI) restricted to K(1) N
B(xg,r1), we have

32 € A(-i-()"an)v 77), <2,x)» _52()"’ 7])) = 0,
3zo € A(xo, 0), {z0, X0 — x0) = 0.

It follows from assumption (A2a) that

hI%(, ) — x0llP < ~inf d(g. (Z,x — k(A1)
ge(A(X(hm),m)X0—X(1,n))
inf d(f, (zo.%0 — x0))

fe(A(xo,n0),X(h,m)—x0)
< H((A (X(1,n).n),x0 — XA, ), (A (X(L,0).0) . x5 — X%, 1))
+H ((A(x0,n0), X0 — X0), (A(x0, 10), X (A, ) — X0))
< sup{llr] 1€ A (XG,m),n)} llxo — x|
+sup {litoll : to € A(x0,70)} [IXo — (&, )|
< 2qld* (A, ro).

Hence for (A, n) close to (ro,no), X(A,n) € intB(xp,r). Returning back to (14) we
see that the inclusion D is clear. For the opposite inclusion take arbitrarily v on the
left-hand side and z € K()). As X(A,n) € intB(xp,r1), there is ¢ > 0 such that

2o = XA, ) +e(z —x) € K1) N B(xg,71)
and hence

1
(v,z =X, ) = <v, ;(Za —X(A, n))> <0,
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ie. v € Nku)(¥(A,n)). Thus (14) follows and (13) shows that X(i,7) is a solution
of (VI). By Assumption (A2a), the solution x(i,n) of (VI) is locally unique. So
%(x,n) = x(A,n) and we have proved (b) with U = B(x, 7).

(c) The solution existence of (VI) has been demonstrated in (b).

(a) We have seen above that, due to Assumption (4), Assumption (2) of Theorem
2.1 s fulfilled with n = 2q and § = 1. (3) of Theorem 2.1 is the same (3) here. Finally
(A1) of Theorem 2.1 is clearly satisfied with m = 6 = ¢ = 1. Applying Theorem 2.1
completes the proof of the corollary. O

Corollary 3.2 For (VI) assume that xo := x(ho,no) is a solution of (V1) at ( o, no) and
that there is a neighborhood U (o) x W(no) of (ro, no) such that
(A2) A(.,n) is strongly monotone for each n € W(no);

(1) K(.) is pseudo-Lipschitz in U(rg);
(2) A(.,.) is Lipschitz in P(xg) x W(no).

Then, in a neighborhood of (rg, no), the solution of (V1) satisfies the Holder condition

Ix(h1, 1) — xGa, )l < k1d' /2 (g, 22) + kad(n1, 12)-

Proof We check the assumptions of Corollary 3.1. (1) holds with &« = 1. (A2a) is
satisfied with 8 = 2 by (A2). (3) is fulfilled with y = 1 by (3) of Corollary 3.2. (4)
follows from (3) of this corollary. Finally, since A(.,.) is single-valued and A(.,n) is
monotone and demicontinuous, A(., 1) is maximal monotone by the above-mentioned
Lemma 2.13 of Kluge (1979). O

If X is a Hilbert space Corollary 3.2 collapses to Theorem 2.1 of Yen (1995).

3.3 A fixed point problem

In Sects. 3.3 and 3.4 let X be a Hilbert space, N be a metric linear space and A:
X x N — 2% be a multifunction. For each n € N, consider the fixed point problem:

(FP) Find X € X, such that
¥ e A, n).
Setting X =Z,Y =R,C=R;,K(}) = X and
F(x,y,x*) == (x —x*,y — x)

(FP) becomes the following special case of (EP):
(EPy) Find x € X, x* € A(x,n) such that, Vy € X,
(F -3y —3) = 0. (15)

Indeed, if x is a solution of (FP), i.e. x € A(X,n). Taking ¥* = X we see that X is a
solution of (EPq). Conversely, if X is a solution of (EPy). Putting y = x* in (15) we
obtain ||x — X*|| = 0, i.e. x is a solution of (FP).

From Theorem 2.1 we derive

Corollary 3.3 For problem (FP) assume the existence of a neighborhood W (no) of no
such that fixed points of A(.,n) exists in W(no) and that

(A2a) VneW(no), Vx,y € X:x #y,

hlx—yl? < inf d(g,R}) + inf d(f,Ry)
b e ATy RO T A iy AR
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forsome h > 0and g > 1,
(3) Vxe X,A(x,.)is p.E—Holder at no, forp > 0and & > 0;
(4) multifunction (x,n) — x — A(x,n) is locally bounded in X x {no}.

Then, in a neighborhood of no, the fixed point x(n) of A(.,n) is unique and satisfies the
Holder condition

Ix(n1) — x(m)Il < kd*/B=D (1, )

for some k > 0.

Proof To check the assumptions of Theorem 2.1 we see that (A1) is clearly satisfied
withm = 6 = ¢ = 1 and (2) is satisfied with § = 1 by Assumption (4) here. o

3.4 A coincidence point problem

Let X and N be as in Sect. 3.3 and f,g: X x N — 2% be multifunctions. For each
n € N, consider the coincidence point problem:

(CP) Find (x',x?) € X x X such that x! € f(x, ), x> € g(x!, ).
To restate (CP) as a particular case of (EP) weset X1 = X x X, Z = X1, Y = R,
C = R,, A: X; x N — 2% being defined by
A, =2 m) x g, m)
andF:Xl XX1 XX1 X N — Rby

2 _x*Z,yZ _x2). (16)

Fx,y,x*) = (' —x* yl —xly + (x
Then it is not hard to see that (CP) is equivalent to the problem:
(EPy) Find ¥ = (x1,¥%*) e X; and ¥* = (¥*1,¥*2) € f(x%,n) x g(x',n) such that,
vy = 0Ly € Xy,

(x!

¥yl )+ @ -2y ) =0

Corollary 3.4 Assume that there is a neighborhood W (no) of no such that there is a
coincidence point (x1 (n),xz(r])), Vn € W(no). Assume (3) and (4) as in Corollary 3.3.
Assume further

(A2a) Vn e W(no),Vx,y € X : x £y, F(x,y,x*) defined by (16) satisfies assumption
(A2a) in Sect. 2;

Then, in a neighborhood of no, the coincidence point (x1 (), xz(n)) of f(.,n) and g(.,n)
is unique and satisfies the Holder condition

1x(n1), x(m2) || < kd*/ B~V (1, m2),

for some k > 0.

3.5 A vector optimization problem

Let X,Y, A,N,C, and K be as for problem (EP) in Sect. 1 and A: X x N — 2¥ be a
multifunction. For each (1,7) € A x N, consider the following problem of
(VOP) finding x € K()) and X* € A(X, n) such that, Vy € K(%),
A(y,n) —x* € Y\—intC.
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Recall that such a point x is said to be a weak minimizer and x* is a weak minimum
of the vector optimization problem

min A(y,n),s.t. y € K(Q).

To convert (VOP) to a special case of (SEP) we simply set Z = Y,M = N and
F(x,y,x*,n) == A(y,n) — x*. Then, from Theorem 2.2 we have (cf. also the proof of
Theorem 2.1)

Corollary 3.5 For (VOP) assume that solutions exist in a neighborhood of (Lo, n0) €
A x N. Assume further that there are neighborhoods U (Lg) of Lo and W (no) of no such
that

(A1) Vi € UGh),¥n1,m2 € W(no),Vy € K1), ¥x7,x5 € A(K(), W(no)),

A(y7 T]]) - xT - A(y, 7]2) - X; + m”y”GB(Ov ||X>f - x;” + dy(’?l, 772))7
where m > 0,0 > 0and y > 0;
(A2b) Ve W(no),Vx,y € K(U(o)): x # Y,

hd? (x,y) < inf sup  d(g, Y\—intC)
x*eA(x,n) gEA(y. ) —x*
inf sup  d(f,Y\—intC)
YREAQM) feA(x.m—y*

forh > 0and g > 0;

(1) K(.)is l.a—Holder at ho with | > 0 and a > 0
(2) VYn € W(no), A(.,n) is n.8 — Holder in K(U (Ao));
(3) VA € U(r),Vy € K(A),A(y,.) is p.& Holder at .

Then, in a neighborhood of ( o, no), the solution x(, n) of (VOP) is unique and satisfies
the Holder condition

d(x(u1,m),x(Aa,m2)) < k1 d®P (hy,02) + kad™ P~ (1, ),

where T := min{y, £}, k1 and kj are positive constants depending on h, B,m, 0, etc.
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