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Abstract. In this paper, we study the properties of the metric projection operator (the
nearest point projection operator) and its continuity. Then we use it to solve variational
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1. PRELIMINARIES

Let (X, d) be a metric space and let K be a nonempty subset of X. For
every z € X, the distance between point x and the set K is denoted by d(z, K)
and is defined by the following minimum equation

d(z,K) = inf d(z,y).
yeK
The metric projection operator Px defined on X is a mapping from X to
2K
Pi(z)={z€ K: d(z,z) =d(z,K)}, for all z € X.
If Pg(xz) # 0, for every x € X, then K is called prozimal. If Pg(x) is a
singleton, for every x € X, then K is said to be a Chebyshev set.
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In a special case, let (B,] - ||) be a Banach space with the topological
dual space B*, and let (p,z) denote the duality pairing of B* and B, where
p € B* and x € B. Let K be a subset of B. The metric projection operator
(the nearest point projection) Px : B — 2% has been used in many areas of
mathematics such as: theory of optimization and approximation, fixed point
theory. It is interesting to know what conditions to imply that a subset K is
a proximal set, or, furthermore, is a Chebyshev set in a given Banach space.
For example, in [9], Goeble and Reich proved the following theorem.

Theorem A. [9] Every closed convez subset of a uniformly conver Banach
space is a Chebyshev set.

In [14], the present author studied the characteristics of the operator P
based on the properties of Banach spaces. A non-proximal set example was
given. We list the example and some properties below.

Example. Let B =1;. It is known that [; is a non-reflexive Banach space
with dual space lo,. For any positive integer n, let e, € I3 such that its nth
entry is (n + 1)/n and all other entries are 0. Let K = ¢o{ey,ea,...,epn,...}.
Then K is a closed convex subset of /1 and is not proximal.

From the above example, we see that the reflexive condition of a Banach
space is required for a closed convex subset to be proximal. In fact, this
condition is sufficient. It is described by the following theorem.

Theorem B. [14] Let (B, | - ||) be a Banach space. Then B is reflexive if
and only if every nonempty closed convex subset K C B is a proximal set.

In order for a closed convex subset to be a Chebyshev set, we need stronger
conditions on the Banach space.

Theorem C. [14] Let (B, | - ||) be a reflexive Banach space. Then B is
strictly convex if and only if every nonempty closed convex subset K C B is a
Chebyshev set.

Noting that every uniformly convex Banach space is reflexive and strictly
convex, we see that Theorem C implies Theorem A immediately. Furthermore,
as a special case of uniformly convex and uniformly smooth Banach space,
every nonempty closed convex subset of a Hilbert space is a Chebyshev set.

From Theorem C, we have that in a reflexive Banach and strictly convex
Banach space, every nonempty closed convex subset K is a Chebyshev set.
Can we prove that in some Banach spaces, a nonempty subset is a Chebyshev
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set if and only if it is closed and convex? This is an open problem. Even in a
special case of infinite-dimensional Hilbert space, it is an open problem too.

In 1934 L. N. H. Bunt proved that each Chebyshev set in a finite-dimensional
Hilbert space must be convex (see [5]). From this result, we see that in a finite-
dimensional Hilbert space, a nonempty subset is a Chebyshev set if and only
if it is closed and convex.

In [12], G. G. Johnson gave an example: there exists an incomplete inner
product space (not Hilbert space) that has a Chebyshev set which is not
convex (M. Jiang completed the proof in 1993). Is there an infinity-dimensional
Hilbert space that has a Chebyshev set which is not convex? As addressed

above, it is unknown.

2. CONTINUITY

In case B is a Hilbert space, it is known that for any closed convex subset
K, the metric projection operator Pg : B — K is single valued and is not only
continuous but also nonexpansive. In general Banach spaces, the nonexpansive
property does not hold. Fortunately, there exist some continuity properties
and some inequalities for some special Banach spaces. We need to recall some
definitions before we study the continuity property of the operator Pg.

A Banach space B is uniformly convex if and only if its modulus of convexity
0 satisfies the following inequality

. 1
o) =t {1 Jllo+ ol s ol =1, Il =1, fio =y =< >0

for all € € (0,2].

It follows that § is a strictly increasing, convex and continuous function
from (0,2] to [0,1], and it is known that 6(88) is nondecreasing on (0, 2].

A Banach space B is uniformly smooth if and only if its modulus of smooth-

ness denoted by p(7) satisfies the following

1 1
plr) =sup{ Jllo+ull+ gle —ul = 1+ el =1, Il <7} >0

for all 7 € (0, 00).
It can be shown that p is a convex and continuous function from [0, c0) to

[0, 00) with the properties that o(r) is nondecreasing, p(7) < 7, for all 7 > 0,
T
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limJr @ =0, and p(0) = 0. For the details of the properties of ¢ and p, the
7—0 T

reader is referred to [6], [18] and [20]. In [9], Goeble and Reich proved the
following result.

Theorem D. ([9]) The nearest point projection on to a closed convex subset
of a uniformly convexr Banach space is continuous.

Noting again that every uniformly convex Banach space is reflexive and
strictly convex, in [14], the present author extended the above result to more
broad Banach spaces.

Theorem E. ([14]) Let (B, | - ||) be a reflexive and strictly convex Banach
space and K C B a nonempty convexr subset. Then Px : B — K is continu-
ous.

Since uniformly convex and uniformly smooth Banach spaces are reflexive
and strictly convex, the above theorem implies that if (B, || -||) is a uniformly
convex and uniformly smooth Banach space, then every nonempty closed con-
vex subset K C B is a Chebyshev set. In case B is a uniformly convex and
uniformly smooth Banach space, the continuity property of the metric projec-
tion operator Px can be given by Theorem B. In [5], Goebel directly proved
the continuity. Furthermore, in 1992, Roach and Xu proved some inequalities
(see [21] and [22]).

Theorem F. (Xu and Roach [22]). Let M be a conver Chebyshev set of a
uniformly convex and uniformly smooth Banach space X and P : X — M be
the metric projection. Then for every x,y in X

[1P(z) = Py)ll < llz = yll + 4l = P(y)[| v [[P(z) = yl)-

571 (C’W (,x - p(yn)ﬁ ; |3|/;D - P(I)H)) ’

where C1 is a fixed constant and v is defined by

(t) :/0 PL) g

S

Theorem G. (Xu and Roach [22]). Let M be a convex Chebyshev set of a
uniformly convexr and uniformly smooth Banach space X and P : X — M be

the metric projection. Then
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(i) P is a Lipschitz continuous mod M ; namely, there exists a constant
k > 0 such that

|P(x) — z|| < k||l — z||, for any x € X and z € M,

(ii) P is uniformly continuous on every bounded subset of X and, further-
more, there exist positive constants k, for every B, = {x € X : ||z|| < r} such
that

1P(z) = Pl < llz = yll + ko (D(llz = yll)), for any z,y € By,
where 1 is defined by Theorem F.

3. EXISTENCE OF SOLUTIONS OF VARIATIONAL INEQUALITIES

Let B be a general Banach space, the normalized duality mapping J : B —
28" is defined by

J(@) = {j(x) € B*: {j(x),x) = [i(@)[llz]| = l=|* = 5(z)]*}.

Clearly ||j(z)| is the B*-norm of j(z) and ||z| is the B-norm of z. It is
known that if B is uniformly convex and uniformly smooth, then J is single
valued, strictly monotone, homogeneous, continuous and uniformly continuous
operator on each bounded set. Furthermore, J is the identity in Hilbert spaces;
ie. J=1.

Let (B, | -||) be a Banach space and K a subset of B. Let f : K — B be
a mapping. The variational inequality defined by the mapping F' and the set
K is:

VI(F,K): find z, € K, and j(F(z,)) € J(F(z.)) such that

(J(F(x4)),y —xs) > 0, for every y € K. (1)

It is known that J is a single valued mapping if B* is strictly convex. Hence
if B* is strictly convex, then the above definition can be restated as follows:
the variational inequality defined by the mapping F' and the set K is:

VI(F,K): find z, € K, such that (J(F(z.)),y — x«) > 0, for every y € K.
(2)

In 1994, Alber [1] introduced the generalized projections wg : B* — K
and IIx : B — K that are generalizations of metric projection Px from
Hilbert spaces to uniformly convex and uniformly smooth Banach spaces and
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studied their properties in detail. In [2]-[4], Alber presented some important
properties of the generalized projections, such as continuity, some inequalities
and some applications to approximate solutions of variational inequalities and
J. von-Neumann intersection problem in a uniformly convex and uniformly
smooth Banach space. In this paper, we use the metric projection Py instead
of mx. The continuity property of the operator Py stated in Theorem E can
be used for studying the existence of solutions of variational inequalities. The
inequalities given in Theorem F and G provide tools for approximating the
solutions.

The following theorem provides a tool to solve a variational inequality by
finding a fixed point of a certain operator.

Theorem H. (Li [14]) Let (B, | - ||) be a reflexive and smooth Banach
space and K C B a nonempty closed convex subset. For any given x € B,
xo € Pg(x) if and only if

(J(z —x0),x0 —y) >0, forally € K.

By using Theorem H, similar to the proof of Theorem 8 in [14], we can
prove the following theorem.

Theorem 1. Let (B, ||-]|) be a reflexive, strictly convex and smooth Banach
space and K C B a nonempty closed convex subset. Let F' : K — B be a
mapping. Then an element x, € K is a solution of VI(F,K) if and only if
Ty = Pg(xs — aF(xy)), for any a > 0.

Proof. Since B is reflexive, strictly convex and smooth, so is B*. Noting
that both J and Pg are single valued in this case, from Theorem H, z, =
Px(z. — aF(z)), if and only if

<J(({E* - OZF(CU*)) - .’E*),LL‘* - y> 2 07 for aH Yy € Ka

that is
(J(—aF(zy)),z. —y) >0, for all y € K.

Since J is homogeneous and « > 0, it is equivalent to the inequality
(J(F(z4)),y — ) >0, forall y € K.

This theorem is proved.
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Remark. From the proof of Theorem 1, we see that for an element x, € K,
if there exists a number a > 0 such that z, € Px(xz, — aF(z,)), then x, is a
solution of VI(F, K).

The Fan-KKM theorem, Leray-Schauder Alternative Theorems and the con-
cept of exceptional family of element (EFE) play important roles for studying
the existence of solutions of variational inequalities.

KKM mapping. Let K be a nonempty subset of a linear space X. A
set-valued mapping G : K — 2% is said to be a KKM mapping if for any finite
subset {y1,v2,...,yn} of K, we have

n
00{91,2/27 s o 73/71} g U G(yz)7
i=1

where co{y1,y2,...,yn} denotes the convex hull of {y1,y2,...,yn}.
Fan-KKM Theorem. Let K be a nonempty convex subset of a Hausdorff

topological vector space X and let G : K — 2% be a KKM mapping with closed

values. If there exists a nonempty compact convexr subset D of C' such that

m G(y) is contained in a compact subset of K, then m G(y) # 0.
yeD yeK
The Fan-KKM Theorem has another version.

Fan-KKM Theorem. Let K be a nonempty convex subset of a Hausdorff
topological vector space X and let G : K — 2% be a KKM mapping with closed

values. If there exists a point yo € K such that G(yp) is contained in a compact

subset of K, then m G(y) #0.

yeK
Theorem 2. Let K be a nonempty closed conver subset of a reflexive,

strictly convex and smooth Banach space B. Let F': K — B be a continuous
mapping. If there exists an element yg € K such that the subset of K

{reK: ||z — Pr(z - F))| <llyo — Pr(z — F(x))[|} (3)

is compact, then the variational inequality (2) has at least one solution.
Proof. From Theorem 1, we only need to prove that the following equation
has a solution

x = Pg(x — F(x)).
Define G : K — 2K as follows:

Gly) ={re K: |z - Px(z - F)|| <ly - Px(z—F(2))|}
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It is clear that for all y € K, we have y € G(y). From the continuity
condition of F' and the continuity property of Px (Theorem E), it yields that
for every y € K, G(y) is nonempty and closed.

Next we prove that the map G : K — 2K is a KKM map in K. Let n be an
arbitrary positive integer. For any y1,y2,...,yn € K and 0 < A1, Ag, ..., Ap <

n n

1, such that Z N=1letv= Z Aiyi- We have
i=1 i=1

lo = P (v = F(v))l =

Z/\iyi — Pg(v— F(”))H
i1

<3 Millgs — Pi(o — F@))|

i=1
< - — )
< max {lly; = Pre(v = F(0))I}
Hence there is at least one number j = 1,2,...,n, such that

[ = P (v = F(0))| < llyj = Pre(v = F(v))]l;

ie, v € G(y;). We obtain v = Z/\iyi € UG(yi). Thus K is a KKM
i=1 i=1

mapping.
Condition (3) implies that G(yp) is compact. From the Fan-KKM Theorem,

we have ﬂ G(y) # 0. Then there exist at least one element z, € ﬂ G(y),
yeK yeK
that is,

|2+ = P (2 — F(2))l| < [ly = Pr (2 — F(x.))]], for all y € K.
Taking y = Pk (z. — F(z,), we obtain ||z, — Px(zs — F(x4))|| = 0, that is,
Tx = Pr(zs — F(24)).

This theorem is proved.

Corollary 3. Let K be a nonempty compact convex subset of a reflexive,
strictly convex and smooth Banach space B. Let F': K — B be a continuous
mapping. Then the variational inequality (2) has a solution.

Proof. This corollary follows immediately from Theorem 2.

Corollary 4. Let B be a uniformly convex and uniformly smooth Banach
space and K a closed convex subset of B. Let F' : K — B be a continuous
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mapping. If there exists an element yg € K such that the subset of K
{zeK: |v— Pg(z—F(2))| <kllyo — (z — F(2))[|} (3)

1s compact, where k is the constant given in Theorem F, then the variational
inequality (2) has a solution.

Proof. Since B is uniformly convex and uniformly smooth, from Theorem
C, K is a Chebyshev set. Since yg € K, applying Theorem G, we get

lvo — Pc(z — F())]| < Kllgo — (z — F(2))]], for all z € B.
It implies
{reK: [o—Pg(z—F())| < lyo— Pr(z — F(z))[}

C{reK: |z —Px(x—F(2))|l <klyo — (z — F(x))|}-

Therefore the set {x € K : ||z — Px(z — F(x))|| < |lyo — Px(z — F(x))||} is
compact and the corollary is achieved immediately by following Theorem 2.

Leray-Schauder Alternative. Let X be a closed subset of a locally convex
space E such that 0 € int(X) and f : X — E a compact u.s.c. set-valued
mapping with non-empty compact contractible values. If f is fixed point free,
then it satisfies the following Leray-Schauder condition:

there exists (A, x+) € (0,1) x 0X such that x, € A\ f(xy).

We recall that a mapping T : B — B is said to be completely continuous if
T is continuous and for any bounded set D C B, T(D) is relatively compact.
A mapping F' : B — B is said to be a completely continuous field if F' has
a representation F(x) = x — T'(z), for all z € B, where T : B — B is a
completely continuous mapping.

Theorem 4. Let (B, ||-||) be a reflexive, strictly convexr and smooth Banach
space, K C B a closed convex cone and F : K — B a completely continuous
field with the representation F(x) = x —T(x). Then F has at least one of the
following two properties:

(i) the problem VI(F, K) has a solution;

(i1) for all v > 0, there exist A\, € (0,1) and z, € K satisfying ||x,|| = r.
Let Fr.(z) = x — AT (x). Then x, is a solution of the problem VI(F,, K).

Proof. From Theorem 1, the problem VI(F, K) has a solution if and only
if the following mapping

bK(z) = Px(z — F(z)) = Pg(T(x)), for all z € K,
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has a fixed point. If it has a fixed point, it is clearly in K.

Hence if ¢x(x) has a fixed point, the problem VI(F,K) has a solution.
Therefore the proof is completed.

Assume that the problem VI(F, K) has no solution. Obviously the mapping
¢ is fixed point free. Define a mapping ¢ from B to K as follows:

¢(r) = ¢x(Pk (7)) = P (P (z) — F(Pk(2))) = Px(T(Pk(z))),

for any = € B.

Let P(¢k), P(¢) denote the sets of fixed points of ¢ and ¢ respectively.
It is clear that P(¢x ), P(¢) are subsets of K. Since Px(z) =z, for all x € K,
we obtain ¢|x = ¢x. Therefore P(¢r) = P(¢). Then the hypothesis that the
mapping ¢ has no fixed point in K implies P(¢) = 0.

The continuity property of Px and the completely continuous condition on
T imply that the operator ¢ is continuous and compact from B to K.

For any r > 0, we define a closed convex set
D,={xe€B: |z| <r}.

It is clear that the set D, has a non-empty interior and 0 € int(D,.).

The property that the mapping ¢ has no fixed point in K implies that the
mapping ¢ has no fixed point in D,, for any » > 0. As ¢ is restricted to
D,, applying the Leray-Schauder type alternative, we have that there exist
xy € 0D, and A, € (0, 1) such that

Ty = )\rqs(xr) = )\TPK(T(PK(wT)))v

that is )
S = 0(ar) = PelT(Pac)).
Since Pg(T(Pk(z,))) € K and K is a cone, we have z, € K. Then we
obtain Pk (z,) = z,. Therefore,

1

e = 6lar) = Pi(T (o)), ()
From Theorem H, we have
1 1
<J <(T(a:r)) = )\xr> ) y> >0, for all y € K. (5)

Since J is homogeneous and K is a cone, (5) is equivalent to

(JMT(x)) — ),z —y) >0, for ally € K, (6)
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that is,
(J(xp — NT (7)), y —xp >0, for all y € K. (7)
It implies that z, is a solution of VI(F,, K). From xz, € 0D,, we have

|zy|| = 7, for all > 0. This theorem is proved.

Remark. If the set {z,} satisfies condition (ii) of Theorem 4, is said to be
an exceptional family of elements of F' with respect to K.

From the proof of Theorem 4, we can explain the conclusion of Theorem 4
as follows.

Corollary 5. Let (B, ||-||) be a reflexive, strictly convex and smooth Banach
space, K C B a closed convex cone and F : K — B a completely continuous
field with the representation F(x) = x —T(x). Then F has at least one of the
following two properties:

(i) the mapping Pk oT has a fized point (an eigenvector with eigenvalue 1);

(ii) for all r > 0, Px o T has an eigenvector x, € K satisfying ||x.|| = r
with eigenvalue py > 1.

Proof. Let A\, and x, be given in the proof of Theorem 4 and let u, =
)\i > 1, for all » > 0. The corollary follows immediately from (4) in the proof
ofT Theorem 4.

Comments. Let (B, | -||) be a Banach space and K a subset of B. Let f :
K — B* be a mapping. We may define another type of variational inequality
defined by the mapping f and the set K:

VI(f,K): find z, € K, such that (f(z.),y—z«) >0, for every y € K. (2)

It is known that J* : B* — B and J : B — B* are single valued mappings
if B is reflexive, strictly convex and smooth. We define a mapping F': K — B
by
F(z) = J*(f(z)), for every z € K.

Noting Jo J* = I*, we see that to solve the variational inequality VI(f, K)
defined by (2’) is equivalent to solve the variational inequality VI(F, K) de-
fined by (2).

4. APPROXIMATIONS OF SOLUTIONS OF VARIATIONAL INEQUALITIES

In this section, we always assume that B is a uniformly convex and uni-

formly smooth Banach space. Applying Theorems F and G, the solutions of
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variational inequalities can be approximated by some iterated sequences. We
list some results obtained by the present author and Rhoades. For the details
of the results, the reader is referred to [15].

Theorem 6. ([15]) Let (B, ||-||) be a uniformly convex and uniformly smooth
Banach space and K a nonempty closed convex subset of B. Let F': K — B
be a continuous mapping. Suppose VI(F,K) has a solution z, € K and F
satisfies the following condition

lz = 2o — (F(2) = Fz) | + ko™ (pllz — i — (F(2) = F(x)])

< ||z — x|, for every z € K, (8)

where k, is a positive constant given in Theorem G that depends on the bounded
subset K. For any xo € K, we define the Mann type iteration scheme as
follows:

Tnt1 = (1 — ap)xn + an Pr (2, — F(x,)), n=1,23,... (9)

where {ay,} satisfies conditions
(a) 0 < ay, <1, for all n,
oo

(0) ) an(l—an) = oo,

Then there exists a subsequence {n(i)} C {n} such that {z,;} converges to a
solution ' of VI(F, K).

Theorem 7. ([15]) Let B, K, F be given as in Theorem 6. If the inequality
(8) holds for all solutions of VI(F, K), then the sequence {x,} defined by (9)
converges to a solution z' of the VI(F, K) problem.

In the case K is unbounded, for example if K is a closed convex cone, we
have the following theorem for our estimation.

Theorem 8. ([15]) Let (B, ||-||) be a uniformly convex and uniformly smooth
Banach space and K a nonempty closed convex subset of B. Let F: K — B be
a continuous mapping such that the VI(F, K) problem has a solution z, € K.
If there exist positive constants k and X\ satisfying the following conditions

(1) |z — 2 = (F(z) = F(z:)|| < &l — 24|, for every x € K;

(ii) t=1671(t) < A, for all t;

(i1i) (k +4C k) < 1, where Cy is the constant given in Theorem F,
then the sequence {x,} defined by (9) converges to the solution x. of the
VI(F,K) problem.
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