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Let K be a nonempty, closed, and convex subset of a real Hilbert space H. Suppose that T : K — 2% is a multivalued strictly
pseudocontractive mapping such that F(T)# 0. A Krasnoselskii-type iteration sequence {x,} is constructed and shown to be

an approximate fixed point sequence of T; that is, lim
appropriate additional conditions.

1. Introduction

For several years, the study of fixed point theory of multi-
valued nonlinear mappings has attracted, and continues to
attract, the interest of several well-known mathematicians
(see, e.g., Brouwer [1], Kakutani [2], Nash [3, 4], Geanakoplos
[5], Nadler [6], and Downing and Kirk [7]).

Interest in such studies stems, perhaps, mainly from the
usefulness of such fixed point theory in real-world applica-
tions, such as in Game Theory and Market Economy, and in
other areas of mathematics, such as in Nonsmooth Differential
Equations. We describe briefly the connection of fixed point
theory of multivalued mappings and these applications.

Game Theory and Market Economy. In game theory and
market economy, the existence of equilibrium was uniformly
obtained by the application of a fixed point theorem. In fact,
Nash [3, 4] showed the existence of equilibria for noncoop-
erative static games as a direct consequence of Brouwer [1]
or Kakutani [2] fixed point theorem. More precisely, under
some regularity conditions, given a game, there always exists
a multivalued mapping whose fixed points coincide with the

n— 00

d(x,,Tx,) = 0 holds. Convergence theorems are also proved under

equilibrium points of the game. A model example of such an
application is the Nash equilibrium theorem (see, e.g., [3]).
Consider a game G = (u,,K,)) with N players denoted
byn,n = 1,...,N, where K, ¢ R™ is the set of possible
strategies of the nth player and is assumed to be nonempty,
compact, and convex, and u,, : K := K; xK,---x Ky = R
is the payoff (or gain function) of the player # and is assumed
to be continuous. The player #n can take individual actions,
represented by a vector o, € K,,. All players together can take
a collective action, which is a combined vector o = (0,,0,,
..,0y). For each n, 0 € K and z, € K,, we will use the
following standard notations:

K_, =K/ x--+xK,_{ XK, ; x-xKy,

0= (00,000, 1,015+, 0N) > 1)

(2,0.) == (015 e 30152y Oyt - ON) -

A strategy 0, € K, permits the n’th player to maximize
his gain under the condition that the remaining players have
chosen their strategies o_,, if and only if

Uy (0> 0-) = MAX 14y, (2,,0.,,) - @)
n n



Now,let T, : K_, — 25" be the multivalued mapping defined
by

T,(0_,) := Argmax u, (z,,0_,) Vo_, € K_,. 3)
z,€K,

Definition 1. A collective action ¢ = (0y,...,0y) € K is
called a Nash equilibrium point if, for each n, 7, is the best
response for the m’th player to the action o_, made by the
remaining players. That is, for each #,

u, (@) = maxu, (200 (4)
or, equivalently,
g,€T,(c_,). (5)

This is equivalent to that ¢ is a fixed point of the multivalued
mapping T : K — 2K defined by

T(0):=T(04)xTy(0,)x - xTy(oy). (6)

From the point of view of social recognition, game theory
is perhaps the most successful area of application of fixed
point theory of multivalued mappings. However, it has been
remarked that the applications of this theory to equilibrium
are mostly static: they enhance understanding conditions
under which equilibrium may be achieved but do not indicate
how to construct a process starting from a nonequilibrium
point and convergent to equilibrium solution. This is part of
the problem that is being addressed by iterative methods for
fixed point of multivalued mappings.

Nonsmooth Differential Equations. The mainstream of appli-

cations of fixed point theory for multivalued mappings

has been initially motivated by the problem of differential

equations (DEs) with discontinuous right-hand sides which

gave birth to the existence theory of differential inclusion

(DIs). Here is a simple model for this type of application.
Consider the initial value problem

% =f(tu), aetel:=[-aa], u0)=u. (7

If f: I xR — Ris discontinuous with bounded jumps,
measurable in ¢, one looks for solutions in the sense of
Filippov [8, 9] which are solutions of the differential inclusion

@EF(t,u), ae t€l, u(0)=u, (8)
dt
where
F(t,x) = li}@_jnff (t,y),limsupf (t,y) |- 9)
x Yo x

Now set H := L*(I) and let N : H — 2" be the multivalued
NemyTskii operator defined by

Np(u):={veH:v(t) e F(t,u(t)) ae. tel}. (10)
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Finally, let T : H — 2 be the multivalued mapping defined
by T := N, FoL_l, where L7! is the inverse of the derivative
operator Lu = u given by

L) = Uy + r v (s)ds. 11)
0

One can see that problem (8) reduces to the fixed point
problem: u € Tu.

Finally, a variety of fixed point theorems for multivalued
mappings with nonempty and convex values is available to
conclude the existence of solution. We used a first-order
differential equation as a model for simplicity of presentation,
but this approach is most commonly used with respect to
second-order boundary value problems for ordinary differen-
tial equations or partial differential equations. For more about
these topics, one can consult [10-13] and references therein as
examples.

We have seen that a Nash equilibrium point is a fixed point
o of a multivalued mapping T : K — 2%, that is, a solution
of the inclusion x € Tx for some nonlinear mapping T'. This
inclusion can be rewritten as 0 € Ax, where A := I —T and I
is the identity mapping on K.

Many problems in applications can be modeled in the
form 0 € Ax, where, for example, A: H — 2H is a monotone
operator, that is, (u —v,x — y) 20 forall u € Ax,v € Ay,
x,y € H. Typical examples include the equilibrium state of
evolution equations and critical points of some functionals
defined on Hilbert spaces H. Let f : H — (—00,+00]
be a proper, lower-semicontinuous convex function; then it
is known (see, e.g., Rockafellar [14] or Minty [15]) that the
multivalued mapping T := Of, the subdifferential of f, is
maximal monotone, where for w € H,

weof(x) = f(y)-fx)=2{(y-xw) VyeH

& x € Argmin (f - (- w)).
(12)

In this case, the solutions of the inclusion 0 € 0f(x), if any,
correspond to the critical points of f, which are exactly its
minimizer points.

Also, the proximal point algorithm of Martinet [16] and
Rockafellar [17] studied also by a host of authors is connected
with iterative algorithm for approximating a solution of 0 €
Ax where A is a maximal monotone operator on a Hilbert
space.

In studying the equation Au = 0, Browder introduced an
operator T defined by T' : I—A where I is the identity mapping
on H. He called such an operator T' pseudocontractive. It is
clear that solutions of Au = 0 now correspond to fixed
points of T. In general, pseudocontraactive mappings are
not continuous. However, in studying fixed point theory
for pseudocontractive mappings, some continuity condition
(e.g., Lipschitz condition) is imposed on the operator. An
important subclass of the class of Lipschitz pseudocontractive
mappings is the class of nonexpansive mappings, that is,
mappings T : K — K such that [|[Tx - Ty| < ||x - y| for
all x,y € K. Apart from being an obvious generalization
of the contraction mappings, nonexpansive mappings are
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important, as has been observed by Bruck [18], mainly for the
following two reasons.

(i) Nonexpansive mappings are intimately connected
with the monotonicity methods developed since the
early 1960s and constitute one of the first classes of
nonlinear mappings for which fixed point theorems
were obtained by using the fine geometric properties
of the underlying Banach spaces instead of compact-
ness properties.

(ii) Nonexpansive mappings appear in applications as
the transition operators for initial value problems of
differential inclusions of the form 0 € (du/dt) +
T (t)u, where the operators {T'(¢)} are, in general, set-
valued and are accretive or dissipative and minimally
continuous.

The class of strictly pseudocontractive mappings defined in
Hilbert spaces which was introduced in 1967 by Browder
and Petryshyn [19] is a superclass of the class of nonex-
pansive mappings and a subclass of the class of Lipschitz
pseudocontractions. While pseudocontractive mappings are
generally not continuous, the strictly pseudocontractive map-
pings inherit Lipschitz property from their definitions. The
study of fixed point theory for strictly pseudocontractive
mappings may help in the study of fixed point theory for
nonexpansive mappings and for Lipschitz pseudocontractive
mappings. Consequently, the study by several authors of
iterative methods for fixed point of multivalued nonexpansive
mappings has motivated the study in this paper of iterative
methods for approximating fixed points of the more general
strictly pseudocontractive mappings. Part of the novelty of
this paper is that, even in the special case of multivalued
nonexpansive mappings, convergence theorems are proved
here for the Krasnoselskii-type sequence which is known to be
superior to the Mann-type and Ishikawa-type sequences so
far studied. It is worth mentioning here that iterative methods
for approximating fixed points of nonexpansive mappings
constitute the central tools used in signal processing and image
restoration (see, e.g., Byrne [20]).

Let K be a nonempty subset of a normed space E. The set
K is called proximinal (see, e.g., [21-23]) if for each x € E
there exists u € K such that

d(xuw =inf{|x-y|:yeK}=d(xK), 1)

where d(x, y) = |x — y| for all x, y € E. Every nonempty,
closed, and convex subset of a real Hilbert space is proxim-
inal. Let CB(K) and P(K) denote the families of nonempty,
closed, and bounded subsets and of nonempty, proximinal,
and bounded subsets of K, respectively. The Hausdor{f metric
on CB(K) is defined by

D (A, B) = max {supd (a,B),supd (b, A)} (14)

acA beB
for all A,B € CB(K).LetT : D(T) € E — CB(E) be a
multivalued mapping on E. A point x € D(T) is called a fixed

point of T if x € Tx. The fixed point set of T is denoted by
F(T) :={x e D(T) : x € Tx}.

A multivalued mapping T': D(T) € E — CB(E) is called
L-Lipschitzian if there exists L > 0 such that

D(Tx,Ty)<L|x-y| Vx,yeD(T). (15)

When L € (0,1) in (15), we say that T is a contraction, and T
is called nonexpansive if L = 1.

Several papers deal with the problem of approximating
fixed points of multivalued nonexpansive mappings (see, e.g.,
[21-26] and the references therein) and their generalizations
(see, e.g., [27, 28]).

Sastry and Babu [21] introduced the following iterative
schemes. Let T : E — P(E) be a multivalued mapping, and
let x* be a fixed point of T. Define iteratively the sequence

{x,},en from x,, € E by
Xn1 = (1 - “n) Xyt Vs Yu € Txn’
Iy, = x*|| = d (Tx,, x"),

where «, is a real sequence in (0,1) satisfying the following
conditions:

(1) z:zl «, = 00,
(ii) lim e, = 0.
They also introduced the following scheme:
Yn = (1 - ﬁn) Xy + ﬁnzn’
Iz, - x*|| =d (x*,Tx,),

z, € Tx,,

17)

Xny1 = (1 - (xn) X, togUy, U, € Tyn’

= %" = d Ty x7)

where {«,} and {f3,} are sequences of real numbers satisfying
the following conditions:

H0<e,B,<1,

(i) lim, _, B3, = 0,

(i) 377, .6, = oo.
Sastry and Babu called a process defined by (16) a Mann
iteration process and a process defined by (17) where the
iteration parameters «,, and f3, satisfy conditions (i), (ii), and
(iii) an Ishikawa iteration process. They proved in [21] that
the Mann and Ishikawa iteration schemes for a multivalued
mapping T with fixed point p converge to a fixed point of
T under certain conditions. More precisely, they proved the

following result for a multivalued nonexpansive mapping
with compact domain.

Theorem SB (Sastry and Babu [21]). Let H be real Hilbert
space, let K be a nonempty, compact, and convex subset of H,
andlet T : K — CB(K) be a multivalued nonexpansive map-
ping with a fixed point p. Assume that (i) 0 < «,, B, < 1,
(ii) B, — 0, and (iii) Y o, 3, = 0. Then, the sequence {x,}
defined by (17) converges strongly to a fixed point of T.

Panyanak [22] extended the above result of Sastry and
Babu [21] to uniformly convex real Banach spaces. He proved
the following result.



Theorem P1 (Panyanak [22]). Let E be a uniformly convex
real Banach space, and let K be a nonempty, compact, and
convex subset of E and T : K — CB(K) a multivalued
nonexpansive mapping with a fixed point p. Assume that (i)
0<a, B, <1, (i), — 0, and (i) Y o, f3, = 0. Then, the
sequence {x,} defined by (17) converges strongly to a fixed point
of T.

Panyanak [22] also modified the iteration schemes of
Sastry and Babu [21]. Let K be a nonempty, closed, and convex
subset of a real Banach space, andlet T : K — P(K) be a
multivalued mapping such that F(T) is a nonempty proximi-
nal subset of K.

The sequence of Mann iterates is defined by x € K,

a, €[ab], 0<a<b<l,
(18)

Xnt1 = (1 - (xn) Xp T % YVno

where y, € Tx, is such that ||y, — u,|l = d(u,, Tx,) and u, €
F(T) is such that | x,, — u, || = d(x,, F(T)).
The sequence of Ishikawa iterates is defined by x, € K,

B,€lab], 0<a<b<l,
(19)

Yn = (1 - ﬁn) Xt ﬁnzn’

where z,, € Tx,, is such that ||z, — u, || = d(u,,Tx,) and u,, €
F(T) is such that ||x,, — u,| = d(x,, F(T)). The sequence is
defined iteratively by the following way
Xpo1 = (1—a,) x, + a2, &, €lab], 0<a<b<l,
(20)

where z, € Ty, is such that [z, - v,| = d(v,,Ty,) and
v, € F(T) is such that | y,—v,|l = d(y,, F(T)). Before we state
his theorem, we need the following definition.

Definition 2. A mapping T : K — CB(K) is said to satisfy
condition (1) if there exists a strictly increasing function f :
[0,00) — [0,00) with f(0) =0, f(r) > 0 forall r € (0,00)
such that

d(x,T(x))> f(d(x,F(T) VxeD. (21)
Theorem P2 (Panyanak [22]). Let E be a uniformly convex
real Banach space, let K be a nonempty, closed, bounded, and
convex subset of E, and let T : K — P(K) be a multivalued
nonexpansive mapping that satisfies condition (I). Assume that
(i)0 < «, < land (ii) Y o, = 00. Suppose that F(T) is
a nonempty proximinal subset of K. Then, the sequence {x,}
defined by (18) converges strongly to a fixed point of T.

Panyanak [22] then asked the following question.

Question (P). Is Theorem P2 true for the Ishikawa iteration
defined by (19) and (20)?

For multivalued mappings, the following lemma is a con-
sequence of the definition of Hausdorff metric, as remarked
by Nadler [6].
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Lemma 3. Let A,B € CB(X) and a € A. For everyy > 0,
there exists b € B such that

d(a,b) < D(A,B) +y. (22)

Recently, Song and Wang [23] modified the iteration process
due to Panyanak [22] and improved the results therein. They
gave their iteration scheme as follows.

Let K be a nonempty, closed, and convex subset of a real
Banach space, and let T : K — CB(K) be a multivalued
mapping. Let ., 3, € [0,1] and y, € (0,00) be such that
lim,_, .y, = 0. Choose x; € K,

In = (1 _ﬁn) Xn +/3nzn’

(23)
Xpy1 = (1 - Oén) Xy T 0y Uy,
where z,, € Tx, and u,, € Ty, are such that
“zn - un" <D (Txn’ Tyn) * Voo
(24)

"zn+l - un" <D (T'xn+l’Tyn) + Yn-
They then proved the following result.

Theorem SW (Song and Wang [23]). Let K be a nonempty,
compact and convex subset of a uniformly convex real Banach
space E. Let T : K — CB(K) be a multivalued nonexpansive
mapping with F(T) 0 satisfying T(p) = {p} for all p € F(T).
Assume that (i) 0 < o, B, < 1, (ii) B, — 0, and (iii)
Y, = oo. Then, the Ishikawa sequence defined by (23)
converges strongly to a fixed point of T.

More recently, Shahzad and Zegeye [29] extended and
improved the results of Sastry and Babu [21], Panyanak [22],
and Son and Wang [23] to multivalued quasi-nonexpansive
mappings. Also, in an attempt to remove the restriction Tp =
{p} for all p € F(T) in Theorem SW, they introduced a new
iteration scheme as follows.

Let K be a nonempty, closed, and convex subset of a real
Banach space, and let T : K — P(K) be a multivalued
mapping and Prx = {y € Tx : ||x — y| = d(x,Tx)}. Let
&, B, € [0,1]. Choose x, € K, and define {x,} as follows:

In = (1 _ﬁn) Xn +ﬁnzn’

Xn+1 = (1 - (xn) Xy + 0 Uy,

(25)

where z,, € Prx, and u, € Pry,. They then proved the fol-
lowing result.

Theorem SZ (Shahzad and Zegeye [29]). Let X be a uni-
formly convex real Banach space, let K be a nonempty,
closed, and convex subset of X, and let T : K — P(K)
be a multivalued mapping with F(T)#0 such that Py is
nonexpansive. Let {x, } be the Ishikawa iterates defined by (25).
Assume that T satisfies condition (I) and w,,, 3, € [a,b] C
(0,1). Then, {x,} converges strongly to a fixed point of T.

Remark 4. In recursion formula (16), the authors take y, €
T(x,) such that ||y, — x*|| = d(x*, Tx,,). The existence of y,
satisfying this condition is guaranteed by the assumption that
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Tx,, is proximinal. In general such a y, is extremely difficult
to pick. If Tx,, is proximinal, it is not difficult to prove that it
is closed. If, in addition, it is a convex subset of a real Hilbert
space, then y, is unique and is characterized by

(x" = Yo Y —thy) 20 Vu, € Tx,,. (26)

One can see from this inequality that it is not easy to pick
y, € Tx, satisfying

Iy, — x| = d(x",Tx,) (27)

at every step of the iteration process. So, recursion formula
(16) is not convenient to use in any possible application. Also,
the recursion formula defined in (23) is not convenient to use
in any possible application. The sequences {u,} and {z,} are
not known precisely. Only their existence is guaranteed by
Lemma 3. Unlike as in the case of formula (16), characteri-
zations of {u,} and {z,} guaranteed by Lemma 3 are not even
known. So, recursion formulas (23) are not really useable.

It is our purpose in this paper to first introduce the impor-
tant class of multivalued strictly pseudocontractive mappings
which is more general than the class of multivalued nonexpan-
sive mappings. Then, we prove strong convergence theorems
for this class of mappings. The recursion formula used in our
more general setting is of the Krasnoselskii type [30] which is
known to be superior (see, e.g., Remark 20) to the recursion
formula of Mann [31] or Ishikawa [32]. We achieve these
results by means of an incisive result similar to the result of
Nadler [6] which we prove in Lemma 7.

2. Preliminaries

In the sequel, we will need the following definitions and
results.

Definition 5. Let H be a real Hilbert space and let T' be a
multivalued mapping. The multivalued mapping (I — T) is
said to be strongly demiclosed at 0 (see, e.g., [27]) if for any
sequence {x,} € D(T) such that {x,} converges strongly to x*
and d(x,, Tx,,) converges strongly to 0, then d(x*, Tx™) = 0.

Definition 6. Let H be a real Hilbert space. A multivalued
mapping T : D(T) € H — CB(H) is said to be k-strictly
pseudocontractive if there exist k € (0,1) such that for all
x,y € D(T) one has

(D (Tx,Ty))’
<|x-y|f +K|(x—w) - (y-v)|° VueTx, veTy.
(28)

Ifk = 1in (28), the mapping T is said to be pseudocontractive.
We now prove the following lemma which will play a
central role in the sequel.

Lemma?7. LetE be a reflexive real Banach space and let A, B €
CB(X). Assume that B is weakly closed. Then, for every a € A,
there exists b € B such that

la —bll < D(A,B). (29)

Proof. Let a € A and let {A,} be a sequence of positive real
numbers such that A, — 0asn — ©o0. From Lemma 3, for
each n > 1, there exists b, € B such that

|a-b,] < D(A,B) + A, (30)

It then follows that the sequence {b,} is bounded. Since E is
reflexive and B is weakly closed, there exists a subsequence
{b, } of {b,} that converges weakly to some b € B. Now, using
inequality (30), the fact that {a— bnk} converges weakly toa—b
and A, — 0,ask — oo, it follows that

la-bll < liminf |a-b, | < D(AB). ©)

This proves the lemma. O

Proposition 8. Let K be a nonempty subset of a real Hilbert
space H and let T : K — CB(K) be a multivalued k-strictly
pseudocontractive mapping. Assume that for every x € K, the
set Tx is weakly closed. Then, T is Lipschitzian.

Proof. Let x,y € D(T) and u € Tx. From Lemma 7, there
exists v € T’y such that

lu—v| <D(Tx,Ty). (32)

Using the fact that T is k-strictly pseudocontractive, and
inequality (32), we obtain the following estimates:

(D(1xTy)) < =y + Kl = w) = (y = )|

< (= o+ Vex—u- (- 9)

(33)
so that
D(Tx,Ty) < Jie =yl + VK (e = ] + = o1)
< |x =yl + Vk(|x = y] + D(Tx, Ty)).
(34)
Hence,
D(Tx,Ty) < <1t j_i)llx—yll (35)

Therefore, T'is L-Lipschitzian with L =: (1+ Vk)/(1-Vk). O

Remark 9. We note that for a single-valued mapping T', for
each x € D(T), the set Tx is always weakly closed.

We now prove the following lemma which will also be
crucial in what follows.

Lemma 10. Let K be a nonempty and closed subset of a real
Hilbert space H and let T : K — P(K) be a k-strictly
pseudocontractive mapping. Assume that for every x € K, the
set Tx is weakly closed. Then, (I —T') is strongly demiclosed at
zero.



Proof. Let {x,} € K be such that x, — xand d(x,,Tx,) —
Oasn — o0. Since K is closed, we have that x € K. Since, for
every n, Tx, is proximinal, let y,, € Tx, such that ||lx, — y,|l =
d(x,, Tx,). Using Lemma 7, for each n, there exists z,, € Tx
such that

"yn _Zn” < D(Txn’Tx)' (36)
We then have
||X—Zn|| < “'x— xn“ + “'xn _yn“ + “yn _Zn"
s “x_ xn” + “xn _yn” +D(Txn’ Tx)
(1 + \/E)
< x—x,|| + |x, = vl + ——= %, - x| .
e = x| + [, = 3 (=8 [, - x|

(37)

Observing that d(x, Tx) < [|x — z,,|, it then follows that

1+ Vk
T e B e I s [ ]
(38)
Taking thelimitasn — 00, we have that d(x, Tx) = 0. There-
fore, x € Tx, completing the proof. OJ

3. Main Results

We prove the following theorem.

Theorem 11. Let K be a nonempty, closed, and convex subset
of a real Hilbert space H. Suppose that T : K — CB(K) is
a multivalued k-strictly pseudocontractive mapping such that
F(T) #0. Assume that Tp = {p} for all p € F(T). Let {x,} be a
sequence defined by x, € K,

Xy = (1

where y, € Tx, and A € (0,1-k). Then, lim
0.

- /\) X, + /\yn’ (39)
d(x,,Tx,) =

n— 00

Proof. Let p € F(T). We have the following well-known
identity:

[t + (1 -1¢) y||2
(40)

Dy’ -t -0fx -,
which holds for all x,y € H and for all t € [0,1]. Using

inequality (28) and the assumption that Tp = {p} for all
p € F(T), we obtain the following estimates:

2
= tlx]”+ (1 -

5w = 217 = 10 =) (= p) + A (5, = DI
= (1= |x, = pI” + My - 2l
—A =) %, =yl
< (1= 1) |x, - pIf + MD (Tx,,, Tp))*

-A(1-A) ”xn - yn”z
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< (1=A) |x, - ol
+ A (I, - oI + K|,
—A =) %, =yl
= llx, = pI* + Aklx, = 3’
—A =) |, =l

- ynllz)

(41)
= e = I = A0 =k =2 e, = 3

It then follows that

AMA=k=0Y =2l <o -plF @3)

n=1

which implies that

le ~ 3l < c0. (44)

Hence, lim,, , llx,, — v,l = 0. Since y, € Tx,,, we have that
lim,, , ,,d(x,,Tx,) = 0. O

A mapping T : K — CB(K) is called hemicompact if,
for any sequence {x,,} in K such thatd(x,, Tx,) — Oasn —
00, there exists a subsequence {x,, } of {x,} such that x, —
p € K. We note that if K is compact, then every multivalued
mapping T : K — CB(K) is hemicompact.

We now prove the following corollaries of Theorem 11.

Corollary 12. Let K be a nonempty, closed, and convex subset
of a real Hilbert space H, and let T K — CB(K)
be a multivalued k-strictly pseudocontractive mapping with
F(T) #0 such that Tp = {p} for all p € F(T). Suppose that T
is hemicompact and continuous. Let {x,,} be a sequence defined
by x, € K,

xn+1 = (1

where y, € Tx, and A € (0,1 — k). Then, the sequence {x,}
converges strongly to a fixed point of T.

-A)x, + Ay, (45)

Proof. From Theorem 11, we have that lim,, _, . d(x,,Tx,) =
0. Since T' is hemicompact, there exists a subsequence {x,, }
of {x,} such that x, — qask — oo for someq € K.
Since T is continuous, we also have d(xnk, Txnk) — d(g,Tq)
ask — oo. Therefore, d(q, Tq) = 0 and so g € F(T'). Setting
p = q in the proof of Theorem 11, it follows from inequality
(42) thatlim,, , o, || x,—¢ | exists. So, {x,,} converges strongly
to g. This completes the proof. O

Corollary 13. Let K be a nonempty, compact, and convex
subset of a real Hilbert space H, and let T : K — CB(K)
be a multivalued k-strictly pseudocontractive mapping with
F(T) #0 such that Tp = {p} for all p € F(T). Suppose that
T is continuous. Let {x,} be a sequence defined by x, € K,

X, =1 =A)x, + Ay, (46)

where y, € Tx, and A € (0,1 — k). Then, the sequence {x,}
converges strongly to a fixed point of T.
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Proof. Observing that if K is compact, every mapping T' :
K — CB(K) is hemicompact, the proof follows from
Corollary 12. O

Corollary 14. Let K be a nonempty, closed, and convex subset
of a real Hilbert space H, and let T : K — CB(K) be a
multivalued nonexpansive mapping such that Tp = {p} for
all p € F(T). Suppose that T is hemicompact. Let {x,} be a
sequence defined by x,, € K,

Xy = 1= A)x, + Ay, (47)

where y, € Tx, and A € (0,1). Then, the sequence {x,} con-
verges strongly to a fixed point of T.

Proof. Since T is nonexpansive and hemicompact, then it
is strictly pseudocontractive, hemicompact, and continuous.
So, the proof follows from Corollary 12. OJ

Remark 15. In Corollary 12, the continuity assumption on T
can be dispensed with if we assume that for every x € K, Tx is
proximinal and weakly closed. In fact, we have the following
result.

Corollary 16. Let K be a nonempty, closed, and convex subset
of a real Hilbert space H, and let T : K — P(K) be a
multivalued k-strictly pseudocontractive mapping with F(T) +
0 such that for every x € K, Tx is weakly closed and Tp = {p}
for all p € F(T). Suppose that T is hemicompact. Let {x,} be a
sequence defined by x,, € K,

X1 = (1 - /\) Xt Ayn’ (48)

where y, € Tx, and A € (0,1 — k). Then, the sequence {x,}
converges strongly to a fixed point of T.

Proof. Following the same arguments as in the proof of
Corollary 12, we have x, — gandlim, _, ,,d(x, ,Tx, ) = 0.
Furthermore, from Lemma 10, (I — T) is strongly demiclosed
at zero. It then follows that ¢ € Tg. Setting p = g
and following the same computations as in the proof of
Theorem 11, we have from inequality (42) that lim ||x,, — ]|
exists. Since {x,, } converges strongly to g, it follows that {x,}
converges strongly to g € F(T), completing the proof. O

Corollary 17. Let K be a nonempty, closed, and convex subset
of a real Hilbert space H, and let T : K — P(K) be a multi-
valued k-strictly pseudocontractive mapping with F(T)+0
such that for every x € K, Tx is weakly closed and Tp = {p}
forall p € F(T). Suppose that T satisfies condition (I). Let {x,,}
be a sequence defined by x, € K,

Xy = 1= A)x, + Ay, (49)

where y, € Tx, and A € (0,1 — k). Then, the sequence {x,}
converges strongly to a fixed point of T.

Proof. From Theorem 11, we have that lim,, _, . d(x,, Tx,) =
0. Using the fact that T satisfies condition (I), it follows that

lim,, _, o f(d(x,,F(T))) = 0. Thus there exist a subsequence
{xnk} of {x,} and a sequence {p;} ¢ F(T) such that

%~ i < zik vk. (50)

By setting p = p, and following the same arguments as in the
proof of Theorem 11, we obtain from inequality (42) that

”x”m - pk“ < "xnk - pk" < 2_1k (51)

We now show that { p;} is a Cauchy sequence in K. Notice that

Iprs = Pell < [Prer = % || + [, —
1 1
S ok ok (52)
1
< F

This shows that {p;} is a Cauchy sequence in K and thus con-
verges strongly to some g € K. Using the fact that T is L-
Lipschitzian and p, — g, we have

d(pwTq) < D(Tp, Tq)

<L|pc-dl,

so that d(q, Tq) = 0 and thus g € Tq. Therefore, g € F(T) and
{x,, } converges strongly to q. Setting p = g in the proof of
Theorem 11, it follows from inequality (42) that lim,, _, . [Ix,,—
qll exists. So, {x,} converges strongly to g. This completes the
proof. O

(53)

Corollary18. Let K be a nonempty compact convex subset of a
real Hilbert space H, and let T : K — P(K) be a multivalued
k-strictly pseudocontractive mapping with F(T) # 0 such that
for every x € K, Tx is weakly closed and Tp = {p} for all
p € F(T). Let {x,} be a sequence defined by x,, € K,

Xp = (1 =A)x, + Ay, (54)

where vy, € Tx, and A € (0,1 — k). Then, the sequence {x,}
converges strongly to a fixed point of T.

Proof. From Theorem 11, we have that lim,, _, . d(x,, Tx,) =
0. Since {x,} € K and K is compact, {x,} has a subsequence
{x, } that converges strongly to some q € K. Furthermore,
from Lemma 10, (I — T) is strongly demiclosed at zero. It
then follows that g € Tq. Setting p = g and following the
same arguments as in the proof of Theorem 11, we have from
inequality (42) that lim [|x,, — gl exists. Since {xnk} converges
strongly to g, it follows that {x,} converges strongly to g €
F(T). This completes the proof.

Corollary 19. Let K be a nonempty, compact, and convex
subset of a real Hilbert space E, and let T : K — P(K) be
a multivalued nonexpansive mapping. Assume that Tp = {p}
forall p € F(T). Let {x,} be a sequence defined by x,, € K,

X1 = (1- )‘) Xyt )‘yn’ (55)

where y, € Tx, and A € (0,1). Then, the sequence {x,} con-
verges strongly to a fixed point of T.



Remark 20. Recursion formula (39) of Theorem 1l is the
Krasnoselskii type (see, e.g., [30]) and is known to be superior
than the recursion formula of the Mann algorithm (see, e.g.,
Mann [31]) in the following sense.

(i) Recursion formula (39) requires less computation
time than the Mann algorithm because the parameter
A in formula (39) is fixed in (0, 1 — k), whereas in the
algorithm of Mann, A is replaced by a sequence {c,} in
(0, 1) satisfying the following conditions: Y, ¢, = 00
and lim ¢, = 0. The ¢, must be computed at each step
of the iteration process.

(i) The Krasnoselskii-type algorithm usually yields rate
of convergence as fast as that of a geometric progres-
sion, whereas the Mann algorithm usually has order
of convergence of the form o(1/n).

Remark 21. Any consideration of the Ishikawa iterative algo-
rithm (see, e.g., [32]) involving two parameters (two sequen-
cesin (0, 1)) for the above problem is completely undesirable.
Moreover, the rate of convergence of the Ishikawa-type
algorithm is generally of the form o(1/+/n) and the algorithm
requires a lot more computation than even the Mann process.
Consequently, the question asked in [22], Question (P) above,
whether an Ishikawa-type algorithm will converge (when it
was already known that a Mann-type process converges) has
no merit.

Remark 22. Our theorem and corollaries improve conver-
gence theorems for multivalued nonexpansive mappings in
[21-23, 25, 26, 28] in the following sense.

(i) In our algorithm, y, € Tx, is arbitrary and does not
have to satisfy the very restrictive condition [y, —
x*| = d(x*,Tx,) in recursion formula (16), and
similar restrictions in recursion formula (17). These
restrictions on y, depend on x*, a fixed point that is
being approximated.

(ii) The algorithms used in our theorem and corol-
laries which are proved for the much larger class
of multivalued strict pseudocontractions are of the
Krasnoselskii type.

Remark 23. In [29], the authors replace the condition Tp =
{p} for all p € F(T) with the following two restrictions: (i)
on the sequence {y,}:y, € Prx,, for example, y, € Tx, and
Iy, — x| = d(x,,Tx,). We observe that if Tx,, is a closed
convex subset of a real Hilbert space, then y,, is unique and is
characterized by

<xn Yo Vn— un) >0 vun € Txn; (56)

(ii) on Py: the authors demand that P;- be nonexpansive. So,
the first restriction makes the recursion formula difficult to
use in any possible application, while the second restriction
reduces the class of mappings to which the results are
applicable. This is the price to pay for removing the condition
Tp = {p} forall p € F(T).
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Remark 24. Corollary 12 is an extension of Theorem 12 of
Browder and Petryshyn [19] from single-valued to multival-
ued strictly pseudocontractive mappings.

Remark 25. A careful examination of our proofs in this paper
reveals that all our results have carried over to the class of
multivalued quasinonexpansive mappings.

Remark 26. The addition of bounded error terms to the recur-
sion formula (39) leads to no generalization.

We conclude this paper with examples where for each x €
K, Tx is proximinal and weakly closed.

Example 27 Let f : R — R be an increasing function.
Define T: R — 2% by

Tx = [f (x-), f (x+)]

where f(x-) := limy_,xff(y) and f(x+) := limy_,x+f(y).
For every x € R, Tx is either a singleton or a closed and
bounded interval. Therefore, Tx is always weakly closed and
convex. Hence, for every x € R, the set T'x is proximinal and
weakly closed.

Vx € R, (57)

Example28. Let H beareal Hilbertspace,andlet f: H — R
be a convex continuous function. Let T : H — 2 be the
multivalued mapping defined by

Tx = 0f (x)

where 0f (x) is the subdifferential of f at x which is defined
by

of x)={zeH:(zy-x) < f(y)- f(x) Vy € H}.
(59)

Vx € H, (58)

It is well known that for every x € H, 0f(x) is nonempty,
weakly closed, and convex. Therefore, since H is a real Hilbert
space, it then follows that for every x € H, the set Tx is
proximinal and weakly closed.

The condition Tp = {p} forall p € F(T) which is imposed
in all our theorems of this paper is not crucial. Our emphasis
in this paper is to show that a Krasnoselskii-type sequence
converges. It is easy to construct trivial examples for which
this condition is satisfied. We do not do this. Instead, we show
how this condition can be replaced with another condition
which does not assume that the multivalued mapping is
single-valued on the nonempty fixed point set. This can be
found in the paper by Shahzad and Zegeye [29].

Let K be a nonempty, closed, and convex subset of a real
Hilbert space, let T : K — P(K) be a multivalued mapping,
and let P, : K — CB(K) be defined by

Pr(x):={yeTx:|x-y| =d(xTx)}. (60)
We will need the following result.

Lemma 29 (Song and Cho [33]). Let K be a nonempty subset
of areal Banach space, andletT : K — P(K) be a multivalued
mapping. Then, the following are equivalent:



Abstract and Applied Analysis

(i) x* € F(T);
(ii) Pp(x") = {x"}
(iii) x* € F(Py).
Moreover, F(T) = F(Pr).

Remark 30. We observe from Lemma 29 that if T : K —
P(K) is any multivalued mapping with F(T)# 0, then the
corresponding multivalued mapping Py satisfies Pr(p) = {p}
for all p € F(Pr), condition imposed in all our theorems and
corollaries. Consequently, examples of multivalued mappings
T : K — CB(K) satisfying the condition Tp = {p} for all
p € F(T) abound.

Furthermore, we now prove the following theorem where
we dispense with the condition Tp = {p} for all p € F(T).

Theorem 31. Let K be a nonempty, closed, and convex subset
of a real Hilbert space H, and let T : K — P(K) be a
multivalued mapping such that F(T) + 0. Assume that Pr is
k-strictly pseudocontractive. Let {x,} be a sequence defined
iteratively from arbitrary point x, € K by

Xy =1 =A)x, + Ay, (61)

where vy, € Pr(x,) and A € (0,1 — k). Then, lim,, _, . d(x,,
Tx,) = 0.

Proof. Let p € F(T). We have the following well-known
identity:

||tx +(1-1¢) y“z
2 i (62)
—tlxlP+ =ty —t -0 |x -y

which holds for all x,y € H and for all t € [0,1]. Using
recursion formula (61), the identity (62), the fact that Pp is
k-strictly pseudocontractive, and Lemma 29, we obtain the
following estimates:

s = I = 10 = 2) (x, = p) + A (3 - P

= (1= 1) %, = plI* + Ay - £l
—A =) %, =yl

< (-1 |x, - p* + A[D (Pr(x,), Pr (p))]*
“ A=) |x, =yl

< (1= |x, - pl’
+ Al = oI + Kl = 2ll)
A=) o -l

= llx, = pII* + AK]x, = .l
“A (=N |x, =yl

= e =PI = A= k=D, =yl
(63)

It then follows that
AU=k=0) Y =yl <lxo-pls (69
n=1
which implies that

Z"xn - yn"2 < 0o. (65)
n=1

Hence, lim,, , o, || x,—y, lI= 0. Since y, € Pr(x,) (and hence,
y, € Tx,), we have that lim,, , . d(x,,Tx,) = 0, completing
the proof. O

We conclude this paper with examples of multivalued
mappings T for which Py is strictly pseudocontractive, a con-
dition assumed in Theorem 31. Trivially, every nonexpansive
mapping is strictly pseudocontractive.

Example 32. Let H = R, with the usual metricand T: R —
CB(R) be the multivalued mapping defined by

x
. [(:E] x € (0,00), )
[5’0]’ x € (-00,0].

Then Py is strictly pseudocontractive. In fact, Prx = {x/2} for
all x € R.

Example 33. The following example is given in Shahzad and
Zegeye [29]. Let K be nonempty subset of a normed space
E. A multivalued mapping T : K — CB(E) is called
x-nonexpansive (see,e.g.,[34])ifforallx, y ¢ Kandu, € Tx
with [x —u, || = d(x, Tx), there exists u, €Ty with ||y—uy|| =
d(y, Ty) such that

s =, | < = 51 (67)

Itis clear that if T' is *-nonexpansive, then P; is nonexpansive
and hence, strictly pseudocontractive. We also note that
«-nonexpansiveness is different from nonexpansiveness for
multivalued mappings. Let K = [0, +00), and let T be defined
by Tx = [x,2x] for x € K. Then, Pr(x) = {x} for x € K and
thus it is nonexpansive and hence strictly pseudocontractive.
Note also that T is *-nonexpansive but is not nonexpansive
(see [35]).
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