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AN ITERATIVE METHOD FOR SOLVING THE FIXED POINT
PROBLEM FOR A SET-VALUED MAPPING

ALEXANDER J. ZASLAVSKI

ABSTRACT. In 1989 N. Mizoguchi and W. Takahash established the existence of
a fixed point for a set-valued mapping satisfying certain assumptions. In this
paper we study this mapping an analyze an iterative scheme which allows us, for
any initial state, to construct a sequence of iterates which converge to a fixed
point of the mapping.

1. INTRODUCTION

During more than fifty-five years now, there has been a lot of activity regarding
the fixed point theory of nonexpansive (that is, 1-Lipschitz) mappings. See, for
example, [3, 5, 11, 13, 14, 17, 18, 19, 21, 24, 25, 26, 27, 28, 29, 34, 35] and the
references cited therein. This activity stems from Banach’s classical theorem [1]
concerning the existence of a unique fixed point for a strict contraction. It also
covers the convergence of (inexact) iterates of a nonexpansive mapping to one of
its fixed points. Since that seminal result, many developments have taken place
in this field including, in particular, studies of feasibility and common fixed point
problems, which find important applications in engineering and medical sciences
[2,4,6,7, 8,9, 10, 12, 15, 16, 22, 31, 32, 34, 35].

In [20] N. Mizoguchi and W. Takahash answered a question posed by S. Reich
in [23] and established the existence of a fixed point for a set-valued nonexpansive
mapping satisfying certain assumptions. In this paper we study this mapping an
analyze an iterative scheme which allows us, for any initial state, to construct a
sequence of iterates which converge to a fixed point of the mapping. Note that
in [30] it was given an example showing that the Mizoguchi-Takahashi fixed point
theorem does not reduce to the Nadler theorem.

Our paper contains two results which are obtained in Section 2.

2. MAIN RESULTS
Let (X, p) be a complete metric space. For each z € X and each r > 0 set
B(z,r)={y € X : p(z,y) <r}.
For each z € X and each nonempty set D C X set
p(z, D) = inf{p(z,y) : y € D}.
Denote by S(X) the collection of all nonempty closed bounded subsets of X.
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For each A, B € S(X) set
H(A, B) = max{sup{p(z,B) : = € A}, sup{p(xz,A): = € B}}.

Clearly, (S(X), H) is a metric space.
Assume that a function ¢ : (0,00) — [0, 1) satisfies for each ¢ € [0, c0),

(2.1) hmiljp o(r) < 1.
Let a mapping A : X — S(X) satisfy
(22) H(A(z), A(y)) < o(p(z,y))p(z,y)

for all ,y € X such that z # y. This mapping was studied in [20] where it was
shown that the mapping A has a fixed point. Put

¢(0) = 0.
Then (2.2) holds for all z,y € X and the domain of ¢ is [0, c0).

In this paper we study this mapping A an analyze an iterative scheme which
allows us, for any initial state, to construct a sequence of iterates which converge
to a fixed point of the mapping.

We consider the following algorithm.

Initialization: select an arbitrary
xg € X.

Iterative step: given a current iteration vector x; € X calculate x;4; € A(zy) as
an approximate solution of the minimization problem

p(xt,x) = min, x € A(zy).

Note that the existence of an exact solution of the minimization problem above
is not guaranteed if A(z;) is not a compact. Moreover, even if it exists, this exact
solution usually cannot be calculated because of computational errors produced by
our computer system.

In this paper we prove the following result.

Theorem 2.1. Let zg € X, a sequence {A;}5°, C (0,00) satisfy
(2.3) lim A; =0
1— 0

and let a sequence {x;}5°, C X satisfy for each integer i > 0,

(2.4) zit1 € A(zi),
(2.5) if ©; € A(x;), then xiy1 = xy,
(2.6) p(zi, xiv1) < plg, A(z;)) + A

and have the following property:
(P1) ifi > 1 and
p(wi, A(;)) < p(xi1, %),
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then
p(xi, xip1) < p(Ti_1, x;).
Then lim;_,o0 p(x;, zi+1) = 0. Moreover, if

o
Z A; < o0,
=0

then the sequence {x;}5°, converges to a fized point of A.

Note that for every zp € X and every sequence {A;}°, C (0, 1) satisfying (2.3)
there exists a sequence {z;}°, C X which satisfies (2.4)-(2.6) and has property
(P1) for all integers ¢ > 0. The iterative scheme used in Theorem 2.1 is related to
allowable ranges in the sense of [33] .

Proof of Theorem 2.1. We may assume without loss of generality that for all inte-
gers 1 > 0,

(2.7) xi & A(x;).

This implies that for all integers ¢ > 0,

(2.8) T # Tit1-

In view of (2.6),

(2.9) p(xo, 1) < p(xo, A(z0)) + Ao

By (2.2), (2.4) and (2.6), for each integer i > 1,
p(zi, Tit1) < p(mi, Azi)) + Ay
(2.10) < H(A(wi-1), A(zi)) + A
< o(p(zi—1, i) p(wiz1, 7)) + A
By (2.2), (2.4), (2.8), for each integer ¢ > 1,
2.11) p(xi, A(z;)) < H(A(zi-1), A2:))
< G(p(wi—1, @) p(wi—1, @) < p(Tiz1,T3).

It follows from (2.11) and property (P1) that for each integer i > 1,
(2.12) p(xi, Tiv1) < p(xiz1, ;).
In view of (2.12) there exists
7= lim p(xi, Tiy1)
(2.13) i—o0
= inf{p(x;,z;y1) : i > 0 is an integer}.
Set

(2.14) A = limsup ¢(r).

r—1t

In view of (2.1) and (2.14),
(2.15) 0< A< L.
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By (2.12), (2.13) and (2.14), there exists a natural number pg such that for each
integer ¢ > po,

(2.16) ¢(p(i,xi1)) <2711+ A).

It follows from (2.10) and (2.16) that for each integer i > po + 1,

p(wi, it1) < d(p(wiz1,2:))p(Ti-1, i) + A
(2.17) g

27 (1 + N)p(wim1, @) + Ay
Equations (2.3), (2.13) and (2.17) imply that

<2711+ M)
Together with (2.15) this implies that

7 = lim p(z;, ziy1) = 0.
1—00

Assume now that
o0
Z A; < oo.
=0

We show that the sequence {z;}:°, converges to a fixed point of A.
Relation (2.17) implies that

(2'18> P(xpo-‘rl? mp0+2) < 271<1 + /\)p(xpovao-&-l) + A2!704-1-

In view of (2.17) and (2.18),

p(:EPOJr?’ xpo+3) < 2_1(1 + )\)p(xp0+1, xp0+2) + ApoJrQ
(2.19) < (271 (14 X)) 2p(p0, Tpos1)
+27H 1+ A)Appi1 + At

We show by induction that for each integer n > 1,

p(xPOerxpoJrnJrl) < (2_1(1 + )‘))np(xpovxpoJrl)

n—1
(2-20) ) @A+ ) Apgni.
=0

In view of (2.18) and (2.19), inequality (2.20) holds for n = 1, 2.
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Assume that & > 1 is an integer and that (2.20) holds for n = k. Together with
(2.17) this implies that
P(Tpotkt1s Tpotkt2) < 14+ X)p(Tpo+hs Tpo+k+1) T Dpotht1
< (2_1(1 + )‘))k+1p(xp0v xp0+1)
1

+ 2(271(1 + /\))HlApo—i-k—i + Apo—&-k—i-l

i

-0
= (2_1(1 + )\))k+1p(xp0, Tpo+1)

+ Z Y4 A) Ay k1

Thus (2.20) holds for n = k + 1. Therefore we have shown that (2.20) holds for all
integers n > 1.
Since > ;2 A; < 0o equations (2.15) and (2.20) imply that

(o]
Z P(Tpo+n, Tpotn+1) Z ML+ )"0 g, Tpot1)

n=1 n=1

Z 1 + /\ " ZAP(J-H)

o
< xpovxpo-l-l Z 1 + )‘
n=1

+Z Z Y1+ 0)) | Apysi

i=1 \j=0
< (Z@_l(l + )‘))n> [p(xpo’ xPOJrl) + Z ApoJri
n=0 i=1

< 00.
Thus {z,}2, is a Cauchy sequence and there exists

(2.21) e = lim .

n—oo

We show that z, € A(z,). Let € > 0. In view of (2.21), there exists an integer
no > 1 such that for each integer n > ny,

(2.22) p(xy, i) < €/4.
Let n > ng be an integer. By (2.2) and (2.22),
(2.23) H(A(zn), A(zy)) < p(an, z4) < €/4.

Relation (2.4) implies that
(2'24) Tnt1 € A(-rn)
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It follows from (2.23) and (2.24) that
plins1, Alz2)) < ¢/

Thus there exists

(2.25) y € A(zy)
such that
(2.26) p(xnt1,y) < €/4+¢€/8.

By (2.22), (2.25) and (2.26),
P(@s, A(24)) < p(s,y) < p(@s, Tng1) + p(Tng1,y) S €/4+€/4+€/8.
Since € is an arbitrary positive number, we conclude that
i € Axy).
Theorem 2.1 is proved. O

The next theorem is our second main result. It shows that our fixed point problem
is well-posed.

Theorem 2.2. Let € > 0. Then there exists § > 0 such that for each v € X
satisfying p(x, A(z)) < ¢ there exists & € X such that T € A(Z) and p(x,Z) < €.

Proof. By (2.1), there exist dp > 0 and g € (0,1) such that

(2.27) od(t) < Ao for all t € (0, do].

Fix

(2.28) AL € (Ao, 1)

Choose a positive number § such that

(2.29) §<dpand 5(1— X)) ' <e
Let x € X satisfy

(2.30) p(x, A(x)) <.

Set

(2.31) o = .

By (2.30) and (2.31), there exists z; € X such that

(2.32) x1 € A(zg), p(xo,x1) <9,

(2.33) if xg € A(xp), then z1 = xo.

By induction we define a sequence {z,}7°, C X such that for each integer n > 1
the following properties hold:

(P2) if z,, € A(xy,), then x, 1 = xy;

(P3) if zy, & A(zp), then z,41 € A(zy,) and

(2.34) (s wnt1) < P, Alwa)) Mg
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(P4) if
p(zn; A(xn)) < p(Tn-1,2n),
then
P(Tn, Tnt1) < p(Tn—1,2n).
If 21 € A(z1), then in view of (2.29), (2.31) and (2.32), the assertion of the theorem
holds. Thus we may assume without loss of generality that

(2.35) x1 & A(z1).
By (P3),

(2.36) xg # X1.
It follows from (2.32), (2.36) and (P2) that
(2.37). x1 # To.
Assume that an integer k > 2 and

(2.38) Tp # Th_1.

(Note that in view of (2.36), (2.38) is true for & = 2.) By (2.33), (2.35)-(2.38) and
properties (P2) and (P3),
(2.39) xX; 7& Ti—1, Tj—1 ¢ A({L‘Z‘_l)

for all integers ¢ satisfying 1 < i < k.
Let an integer 7 satisfy 1 <i < k. By (2.2), (2.39), (P2) and (P3),

(2.40) p(@i, A(wi)) < H(A(zi-1), A(zi)) < d(p(wi-1, i) p(Ti-1, i)
In view of (2.39) and (2.40),
(2.41) p(xi, A(x;)) < p(xi—1, ;).

It follows from (5.41) and (P4) that

p(xi, ip1) < p(xi-1, x;).

Since the inequality above holds for all integers ¢ satisfying 1 < i < k we conclude
using (2.30) that

p(Tr, 1) < p(Tr—1,28) < - < p(w1,22) < p(20, 21) < 6.

<p
By the relation above, (2.27), (2.29), (2.34), (2.39), (2.40) and property (P3), for
each integer i satisfying 1 <1 < k,

p(mi, 1) < p(wi, A(zi)) AAg !
<M Po(p(xict, i) p(Tim1, 75)
< AN P op(mic1, i) = Mip(wio1, 7).
Together with (2.32) this implies that for each integer i satisfying 1 < i < k,
(2.42) plxi, xig1) < XNop(zo, z1) < Ni6.
Thus we have shown that the following property holds:
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(P5) if an integer k > 2 satisfies x; # xp_1, then for each integer i satisfying
1 <4 < k the inequality
p($i7$i+1) < /\Zl(S
holds.
There are two cases:
(a) there is an integer k > 2 such that

T F Tp_1, Tyl = Tk;

(b) zx # xp_1 for all integers k > 2.
Assume that the case (a) holds and let an integer k > 2 be as guaranteed in the
case (a). Then by property (P5),

(2.43) plri,wig) S NS, i=1,...,k—1.
In view of (P2) and (P3),
(2.44) x; = xy, for all integers i > k, ) € A(zy).
It follows from (2.29), (2.32) and (2.43) that
k-1 00
p(xo, xp) < Zp(wi,xiﬂ) < Z)\ild =4(1— )\1)_1 <e.
=0 =0
Thus

T € A(mk)v p(-’E,IEk) <€

and in the case (a) Theorem 2.2 is proved.
Assume that the case (b) holds. By property (P5), for all integers i > 1,

In view of (2.45),
Zp(.fﬂi,l'i+]_) < oo.

Thus {x;}2°, is a Cauchy seque;coe. Let
(2.46) z = lim ;.
i—00
Arguing as in the proof of Theorem 2.1 we can show that
z € A(z).
By (2.29), (2.31), (2.45) and (2.46),

p(a,7) = plro,7) = lim p(zo, )

This completes the proof of Theorem 2.2. O
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