0. Introduction

Let (X, d) be a metric space. We shall denote by CB(X) the family of nonempty closed
bounded subsets of X and by K(X) the family of nonempty compact subsets of X. On
CB(X) we have the Hausdorftf metric H given by

H(A, B) := max{sup d(a, B),supd(b,A)}, A,B e CB(X),
a€A beB

where for z € X and C C X, d(z,C) := inf{d(z,y) : y € C} is the distance from the point
x to the subset C. A multivalued mapping 7" : X — CB(X) is said to be a contraction if
there is a constant k € [0,1) such that

H(Tz,Ty) < kd(x,y), =,y€X.
A multivalued mapping T': X — CB(X) is said to be nonezpansive if
H(Tz,Ty) < d(z,y), =yeX.

A point z is called a fized point of a multivalued map T if z € Tx.

In 1969, Nadler [38] established the multivalued version of Banach’s contraction prin-
ciple by proving the existence of a fixed point of a contraction T : X — CB(X). Since
then the metric fixed point theory of multivalued mappings has been rapidly developed.
In 1972 Reich [41, 42] proved that if T : X — K(X) satisfies the contractive condition

H(Tz,Ty) < k(d(z,y))d(z,y), x,yecX, x#y,
where k : (0,00) — [0, 1) is a function with the property
(0.1) limsupk(r) <1 forall t € (0,00),

r—tt
then T has a fixed point.

Reich [44, 48] raised the question: If T satisfies the same contractive condition as
described above but takes values in CB(X), does T have a fixed point?

This question still remains open. However, the answer is yes provided either the in-
equality (0.1) holds also at t = 0 ([52], [37]) or k behaves near 0 like 1 — at? ([10]) for
some a > 0 and o € (0,1) and for all ¢ > 0 sufficiently small.

The fixed point theory for multivalued nonexpansive mappings is, however, more
subtle. As a matter of fact, not many positive results have been obtained so far. In 1974,
Lim [30], using Edelstein’s [14] method of asymptotic centers, proved that a multivalued
nonexpansive mapping 7 : C' — K(C) has a fixed point, where C' is a nonempty closed
bounded convex subset of a uniformly convex Banach space. In 1990, Kirk and Massa
[27] showed that if a closed bounded convex subset C' of a Banach space X has the
property that the asymptotic center in C' of each bounded sequence of X is nonempty
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and compact, then every nonexpansive multivalued mapping 7' : C' — KC(C) has a fixed
point, where KC(C') is the family of nonempty compact convex subsets of C.

Let C be a closed convex subset of a Banach space X. The inward set of C at x € C
is given by

Io(z) ={z+ANy—2): A>0, ye C}.

A multivalued mapping 7 : C — 2% is said to be inward (resp. weakly inward) on C' if

Tx C Ic(x) (resp. Tx C Io(z)) forxzeC.

Two remarkable theorems of Lim [32, 33] state that T" has a fixed point either if T is a
weakly inward nonexpansive mapping from C to K(X), with X a uniformly convex
Banach space, or if T is a weakly inward contraction from C' to CB(X), with X a
general Banach space. We shall extend the Kirk—Massa theorem to inward nonexpansive
mappings. Also, we shall give another proof of Lim’s theorem [32] by using an inequality
characteristic of uniform convexity [56].

Random fixed point theory for multivalued mappings is quite a recent topic. In 1977,
Itoh [22] established the random version of Nadler’s multivalued version of Banach’s
contraction principle. We shall further show that the fixed point set function of a random
contraction is measurable and thus the existence of a random fixed point is an immediate
consequence of the Measurable Selection Theorem (cf. [1], [7], [51]). We shall present
the random version of Lim’s theorem [30]. We shall also show that if T" is a single-valued
random nonexpansive mapping in a uniformly smooth Banach space, then the fixed point
set function of 7" is measurable and thus 7" has a random fixed point.

Multivalued mappings find applications in various fields, e.g., control theory (see the
examples in Deimling [11]) and economics (see Yuan [60, Chapter 7]).

1. Multivalued contractions

In this chapter we first recall Nadler’s multivalued version of Banach’s contraction prin-
ciple. We then discuss Reich’s problem in Section 1.2. Partial answers to this problem will
be presented. In Section 1.3, we prove some fixed point theorems for non-self-contractions
which satisfy the weak inwardness condition. In the final Section 1.4, we discuss local
contractions in an e-chainable metric space.

1.1. Nadler’s theorem. Let (X, d) be a metric space. Recall that CB(X) is the family of
nonempty closed bounded subsets of X, K(X) the family of nonempty compact subsets
of X, and H the Hausdorff metric on CB(X); i.e.,

H(A, B) := max{sup d(a, B),supd(b, A)}, A,B e CB(X).
a€A beB
DEFINITION 1.1.1. A multivalued mapping 7' : X — CB(X) is said to be a contraction if
there exists a constant k € [0, 1) such that
H(Tz,Ty) < kd(v,y), =,y€X.
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For a point € X, a sequence ()52, in X is said to be an orbit of T at z if xg = x
and x,, € Tx,_1 for all n > 1.

Banach’s contraction principle was extended by Nadler [38] to multivalued contrac-
tions. (See also Covitz and Nadler [9].)

THEOREM 1.1.2 (Nadler [38]). Let (X, d) be a complete metric space and T : X — CB(X)
a contraction. Then T has a fized point & and for any given xo and k, k < k < 1, there
is an orbit (x,) of T at xo converging to £ with the estimate

(11) d(n, €) < 1’“ —d(z1,w0), 020

Since we shall use the estimate (1.1) in Chapter 3, we include here a brief proof of
Theorem 1.1.2.

PROOF. Set \ := E/k > 1. Pick any x1 € Txg and then recursively define z,, € Tz,
for n > 2 such that

AT, Tnt1) < Nd(zp, Tx,) < AH(Txp, Txp—1).
Since H(Txy, Txp—1) < kd(xp,xn—1), we see that
d(Tni1,Tn) < kd(zp, Tp_1) < ... < E"d(z1,20), n>0.

It then follows that
p—1 zn

(12) d(xn; $n+p) < Zd(l‘n+i7xn+i+1> < 1— Ed(xla mO)v n,p > 0.
=0

Hence (z,,) is Cauchy and convergent as X is complete. Let £ be the limit. Letting p — oo
in (1.2), we obtain the estimate (1.1). m

1.2. Reich’s problem. Let & : (0,00) — [0,1) be a function with the property
(%) limsupk(s) <1 forall ¢t > 0.

s—tt
THEOREM 1.2.1 (Reich [41, 42]). Let (X,d) be a complete metric space and T : X —
K(X) satisfy the condition

(1.3) H(Tz, Ty) < k(d(z,y))d(z,y), zyeX, z#y,
where k : (0,00) — [0,1) has property (). Then T has a fized point.

In the above theorem, Reich weakened the contraction requirement. However, T is
assumed to take compact values. Reich thus proposed the problem below.

PROBLEM. Does T have a fixed point if T': X — CB(X) satisfies the condition (1.3) of
Theorem 1.2.1 and k& has property ()?

Though Reich’s problem remains unsolved, some partial answers have been obtained
(see [52], [37], [8], [10]; see also [24]).

THEOREM 1.2.2 ([52], [37]). Let (X,d) be a complete metric space and T : X — CB(X)
satisfy the condition

(1.4) H(Tx,Ty) < k(d(z,y))d(z,y), z,y€ X, x#uy,
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where k : (0,00) — [0,1) is a function. If k has the property
(%) limsupk(s) <1 forall t >0,

s—tt

then T has a fixed point.

We here provide a simpler proof of Theorem 1.2.2 than those given in [52] and [37].
First we prove a lemma.

LEMMA 1.2.3. Assume T : X — CB(X) satisfies (1.3) with k having property (x). Then
for any xg € X there exists an orbit (x,) of T at xo such that the sequence (d(xy, Tni1))
is decreasing to 0.

PrROOF. Take any 1 € Tzy and then pick, forn =1,2,... 2,41 € Tz, such that
(1.5) A(@pn, Tns1) < [k(d(@n, 20 1))V 2d (20, Ty).

(We have assumed x,, # 2,1 without loss of generality, for otherwise z,_1 = x, and
Zp—1 is a fixed point of T'.) Since

d(xna Txn) S H(Txn—la Txn) S k(d(xn—la xn))d(xn—la mn),
it follows from (1.5) that

(1.6) d(zp, Tnt1) < VE(d(Tn—1,20))d(@Tn-1,Tn) < d(@n-1,Tn).

So (d(xn—1,%y)) is decreasing. Let b be the limit of (d(zp_1, z,)). Taking limits in (1.6),
we obtain b < \/cb, where ¢ = limsup,._,,+ k(r). Hence by property (*) we have b=0. m

PROOF OF THEOREM 1.2.2. Let (z,,) be as constructed in Lemma 1.2.3. By property ()
we have a 6 > 0 and an a € (0, 1) such that

k(t) < a® fort € (0,6).

Let N be such that d(x,—1,2,) < for n > N. It then follows from the first inequality
in (1.6) that for n > N,

d(xnaanrl) S ad(xnflaxn) S v S CLniN#Fld(folaxN»

This implies that (z,) is Cauchy and hence convergent. Let £ = lim «,,. Since z,, € Tx,_1
for all n, taking the limit as n — oo yields £ € T¢ and € is a fixed point of T'. =

Another partial answer to Reich’s problem was given by Chen [8].

THEOREM 1.2.4 (Chen [8]). Let (X,d) be a complete metric space and T : X — CB(X)
satisfy the condition

H(Tz,Ty) < k(d(x,y))d(z,y), zyeX, z#y,
where k : (0,00) — [0,1) has property (x). Suppose in addition that T has the property:

(¢)  whenever Y is a closed subset of X such that TxN'Y # O for all x € Y, we have
dz,TrNY) =d(z,Tz) for all x €Y.

Then T has a fized point.
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We divide the proof of Theorem 1.2.4 into two lemmas. Let € > 0 be given. Let I(¢)
be such that k(g) < I(¢) < 1, where k : (0,00) — [0, 1) is defined by

E(t) ;= limsup k(r), ¢ > 0.

r—tt
By property (%) we have a § = d(¢) € (0,1) such that k(t) < l(e) for e <t < e+ 9. Let
E=ec+4/0.
LEMMA 1.2.5. Assume A is a closed subset of X such that
ANTz #£0 forallx € A.
Then inf{d(z,Tx):x € A} =0.

PRrROOF. Pick any xg € A and z; € Txg N A. We then recursively define z, 11 for n > 1
as follows (we may assume that z,, # x,41 for all n): x,,41 € Ta,, N A is chosen in such
a way that d(z,,xn4+1) < d(zn, Tx,) + €p, where

0 <&, <min{d(zy_1,2n)[1 — k(d(xn-1,2n))],1/n}.

(This is possible since by assumption we have d(x,, Tz,) = d(z,, Tx, N A) for all n.) It
then follows that

d(xna$n+1) S H(Txn—laTxn) +én S k(d(xn—la zn))d(xn—laxn) +éen < d(mn—l,ajn)~

Let limd(zp—1,2,) = d. If d > 0, we deduce by property (x) that d < dE(d) <d, a
contradiction. Hence d = 0. This implies inf{d(x,Tx):z € A} =0. n

LEMMA 1.2.6. Assume A is a closed subset of X such that
ANTxz #£0  for all x € A.
Then for e > 0 there is xg € A so that
TyNnA#0D forall ye€ B,
where B :={y € A:d(y,zo) < &}.

PROOF. Suppose there is no such xyg € A. Then for all z € A, there exists some y € A,
d(y,z) < &, such that d(z,x) > & for all z € T'y; in particular, d(z, Ty) > €.

CASE 1: d(x,y) < €—4/6. In this case we have
d(z,Tx) > d(z,Ty) — HTz,Ty) > € — k(d(y,z))d(y,x) > € —d(y,z) > 4/6.
CASE 2: d(x,y) > € —4/4. In this case we have
d(z,Tx) > d(z,Ty) — H(Tz,Ty) > € — k(d(z,y))d(z,y) > € —l(e)e = (1 — I(¢)).
We thus conclude that inf{d(z,Tz) : © € A} > 0. This contradicts Lemma 1.2.5. m

PROOF OF THEOREM 1.2.4. Pick a sequence (e,,) which is strictly decreasing to 0. Let
ln =1(en), 0 = d(e,) and let £, be defined in the same way as before. Then by Lemma
1.2.6 we can construct a sequence of balls, (B,,), such that

(i) Tz N B,, # 0 for all x € B,, and n;

(ii) By, is a subball of B,,_1 and the radius of B, is ¢,,.
Since diam(B,,) = 2¢, — 0, we have (), B,, = {¢} for some ¢ € X. By (i) this ¢ is a
fixed point of T'. m
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REMARK. Chen’s condition (¢) is very restrictive. Indeed, even constant mappings do not
always satisfy it, as shown in the example below.

EXAMPLE. Let X = [0, 5] be equipped with the usual distance. Define a constant mapping
F by
Fx:=[0,1]U[4,5], ze€X.
Let Y = [1,3]. Then we have Fx NY # () for all z € X. But for x = 3 € Y we have
d(x, Fz) = 1 while d(xz, FxtNY) = 2. So d(z, Fx) # d(z, Fx NY).
By Theorem 1.2.2 we know that to answer Reich’s problem, we can assume that

limsup k(t) = 1.
t—0t
Daffer, Kaneko and Li [10] showed that if k(t) behaves, near 0, like 1 — at® for some
constants a > 0 and o € (0,1), then T has a fixed point.

THEOREM 1.2.7 ([10]). Let (X, d) be a complete metric space and T : X — CB(X) satisfy
the condition

(1.7) H(Tz,Ty) < k(d(z,y))d(z,y), z,y€X, x#uy,

where k : (0,00) — [0,1) has property (x). If k(t) <1 — at® for some constants a > 0
and o € (0,1) and all t > 0 sufficiently small: 0 < t <ty for some 0 < to < a~ '/, then
T has a fixed point.

ProOOF. We may assume that the inequality in (1.7) is strict. (Otherwise we can replace
k with another function k; > k which still satisfies property () and which makes the
inequality in (1.7) strict. For instance, taking any a’ such that 0 < &’ < a, we have
1—at” <1—a't? for t > 0.) Next pick any o € X and construct an orbit (z,) of T at
To such that

(1.8) (T, 1) < o(d(Tn—1,7,)), n>1,

where ¢(t) :=tk(t). This is possible since d(zy, Txy) < H(Txp—1,Txn) < p(d(Tn_1,Tn))-
(In the above construction of (x,) we assumed that z,_; # z, for all n > 1. Indeed,
if ,,_1 = x,, for some n > 1, then x,,_1 is a fixed point of T" and we are done.) Since
p(t) <t for t > 0, the sequence (d(x,—1,%,)) is decreasing. Repeat the proof of Lemma
1.2.3 to see that lim d(x,,—1, z,,) = 0. Let o(t) = t(1—at?). Then ¢(t) < o(t) on ¢ € (0, to).
By Lemma 4 of [10], for any fixed 7 € (0, to],

(o)
Z 0" (1) < 0.
n=0
(Here o™ is the nth iterate of p.) Let N be large enough so that d(x,—1,2,) < 7 for
n > N. It then follows from the monotonicity of ¢ and (1.8) that
A, Tny1) < "N d(wn o1, 2n)) < 0"V (T), n>N.
This shows that

Z d(zp, Tpt1) < 00.

Therefore (x,,) is convergent. The limit of (z,,) is obviously a fixed point of 7. =
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1.3. Weakly inward contractions. Let C' be a nonempty closed subset of a Banach
space X and T : C — 2% \ {0} be a multivalued non-self-mapping with closed values.

DEFINITION 1.3.1. T is said to be weakly inward on C' if

(1.9) Tz C Ie(x), z€C,
where
Io(z) =z+{ANy—z): A>1, yeC}
is the inward set of C' at  and A denotes the closure of a subset A C X.

REMARK. There is another kind of weak inwardness (see Deimling [11]): T is weakly
inward on C if Te C x + T¢(x) for x € C, where

.. d(x 4 Ay, O)
T = e X:1 f———= 3 =0.
ole) = {v e X it 45
If C is convex, the two concepts coincide; however, if C' is not convex, they are different:
Ic(x) is, in general, larger than x + To(x).

THEOREM 1.3.2 (Deimling [11]). Let C be a closed subset of a Banach space X and
T:C — 2%\ {0} be a contraction with closed values such that each x € C has a nearest
point in Tx. Assume T is weakly inward in the sense that Tx C x + Te(z) for x € C.
Then T has a fized point.

Deimling [11] asked whether the weak inwardness in the above theorem can be weak-
ened to the weak inwardness in the sense of Definition 1.3.1. Below is an affirmative
answer. But first let us state Caristi’s fixed point theorem.

LEMMA 1.3.3 (Caristi’s fixed point theorem [6]). Let (M, d) be a complete metric space and
f: M — M be a mapping. If there exists a lower semicontinuous function ¢ : M — [0, 00)
such that

d(z, f(z)) < p(x) —e(f(z), =€M,
then f has a fixed point.
THEOREM 1.3.4. Let C be a closed subset of a Banach space X and T : C — 25\ {0} be
a contraction with closed values such that each x € C' has a nearest point in Tx. Assume

T is weakly inward in the sense that Tx C Io(x) for x € C. Then T has a fized point.

PROOF. First observe that the weak inwardness condition (1.9) that T satisfies is equiva-
lent to the condition

(1.10) TeCax+{ANy—2x): A>1,yeC} forallzeC.
Next choose g € (0,1) and € € (0,1) such that
1-¢
k<g< .
1514
Let
1
o(z) = q_—kd(x,Tx), xeC.

For z € C, by assumption, we have some f(z) € Tz satisfying

[z = f(2)]| = d(x, Tx).
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It follows from (1.10) that there exist A, > 1 and y,, € C such that
I1f(x) = (z+ A(yn — )] = 0 asn — oo.
Suppose T is fixed point free in C. Then we have an integer N > 1 large enough so that
[f(x) = (z + An(yn — )| < ed(z, Tx).

Let
1 1
= 1— — R
z ( )\N>x+)\Nf(x)
and
9(x) == yn.

This defines a mapping g : C — C. We now claim that g satisfies
(1.11) |z — g(x)]| < p(x) —p(g(zx)) forall z e C.

Lemma 1.3.3 then implies that g has a fixed point, which contradicts the strict inequality
in (1.11) and finishes the proof.
So it remains to prove (1.11). As f(z) € T'(z) we have
d(g(x), T(g9(x))) < llg(x) — z[| + d(z, Tz) + H(Tz, T(g(x)))
< llg(@) =zl + llz = f(2) | + kllz — g(z)]
= llyn =zl + Iz = f(@) | + kllz — g(=)]-

Since
[f(z) = (z + An(yn — 2))|| <ed(z,Tz),
we have
1 1 €
lyn — 2l = HyN - <Ef(:£) + (1 - E)x) ’ < Ed(x,Tm).
Also,

= 1@l = (1= 5 o= sl = (1 5 ) dle. o)

It follows that

e(g(x)) = q_—kd(g(x)aT(g(fv)))
e—1
< op(x)+ dlz,Tx) + r— g(x
< () + o =gl T9) + e — gl
1—¢ k
= pl@) = ——lle — ol + —— |}z — g(z)]
It remains to show
1—¢
——llz =zl + =z = g(@)| < ~lz — g(2)]l
or equivalently
€ 1—¢
[z —g(z)]| < Iz = 2]l = 5—d(z, Tx).
N
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In fact, by the choice of the integer N, we see that
ed(z, Tx) > [|(f(z) —2) = An(yn — )
> [IAn(yn — )| = [[f(2) — zll = Anllyny — =[] - d(z, Tz).
Thus by the choice of ¢ we have
1+

1—
S d(a, Ta) < )\—Ed(m,T:v),

r)— x| = —x| <
lgte) = all = llyw = ol < - i

as required. m

The above argument can be used to prove a fixed point theorem for a multivalued
mapping which takes noncompact values. The result below is a slight improvement of
Theorem 4 of Mizoguchi and Takahashi [37].

THEOREM 1.3.5. Let E be a closed subset of a Banach space X and T : E — 2%\ {0} a
contraction with closed values. If, for any © € E,
1-— E
(1.12) lim inf JAL =N+ A2 B)
A—0t A
then T has a fized point.

=0 uniformly in z € Tx,

PROOF. Take ¢ € (0,1) small enough so that (1 —¢)/(1+¢) > k and let

1—¢ -t
o(z) = <1+E —k) d(z,Tx), x€E.

Assume that T" does not have a fixed point in E. Then dist(z, Tx) > 0 for every z € E.
Hence from the assumption (1.12) we have a A = A(z) € (0,¢) such that

d((1 =Nz + Az, E) < tXed(x, Tz) for all z € Tx.

Now choose z € T'x such that

1
(1.13) |z —z|| < N 16)\d(x,Tx).

Next we take y € E such that
(1.14) [(1 =Xz + Az —y| < $Aed(x, Tx).
Define a mapping f : E — E by
f(z) =y

It is easily seen that f is fixed point free on F; in fact, if f(x) = x for some z € E,
then (1.14) implies that d(z, Tz) < ||z — z|| < 3ed(x,Tx). Hence € > 2, contradicting the
assumption € € (0, 1).

We now show that

(1.15) le — f(@)]| < o(a) — p(f(z)) forallz € E.
Indeed, setting u = (1 — A)x + Az, we have

d(y, Ty) < |ly — ull + d(u, Tx) + H(Tz, Ty).
As T is a contraction, we get

(1.16) d(y, Ty) < ||y — ull + d(u, Tz) + kllz -y
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Since by (1.14),
lu—yll < 3Aed(z, Tw) < 3Aellz — 2| = 3ellu —
and
d(u, Tz) <lu—z|| = (1= Mz = 2| = [lz = z[| = Mz = 2] = [lz = 2[| = [lu - 2|
so that
o =yl < llz —ull + lu—yll < (1+ 3e)llu -2 < 1 +e)]u -],
it follows from (1.16) and (1.13) that
1
d(y, Ty) < gellu =zl + ||z = 2| = [lu — z[| + kllz — g

1
= — (A =ellu—zll +klz -yl +llz — 2]l - Sellu - =]

1—¢ 1
(355 -kl ol + (1= 32l =

1—
< (155~ #)lle ol + dto. o)

which implies (1.15). It then follows from Lemma 1.3.3 that f has a fixed point in E.
This contradiction concludes the proof. m

IN

Very recently T. C. Lim [33] removed the assumption that each = has a nearest point
in Tz, thus answering another question of Deimling [11].

THEOREM 1.3.6 ([33]). Let C be a closed subset of a Banach space X and T : C' — 25\ {0}
be a contraction taking closed values. If T is weakly inward in the sense that Tx C Io(x)
for x € C, then T has a fized point.

PROOF. Let k € [0,1) be the contraction constant of T. Pick I, k <1 < 1, and € € (0,1)
so that b:= (1 —¢)/(14+¢) —1 > 0. Assume on the contrary that 7" does not have fixed
points. Take zy € C' and yy € T2y arbitrarily. Let {2 be the first uncountable ordinal and
v an ordinal < (2. Suppose z,, Yy, have been defined for all & <  such that

(1) Yo € Tz, for a <7,
(ii) 2o # 2Zat1 for a < a+1 <7,
(i) bmax{ 25 — zalls (1/0) g5 — vall} < v — zall — llys — 2 for a, 8 < 7.

We next define 2., y., so that (i)—(iii) remain valid for all o, 5 < y+1. We shall distinguish
two cases.

CASE 1: 7 has a predecessor v — 1. In this case, since yy_1 € Tzy_1 and T is fixed
point free, we see that ||y,—1 — zy—1|| > 0. By the weak inwardness of T we have z, € C
and A > 1 such that

yy—1 = (2y=1 + Ay (29 = 2y—1)) || < €llyy—1 — 2y-1l-

This clearly implies that z,_; # z, and

2y = 291l < (L4 ) pyllyy—1 — 2z9=1ll, 2y — 4[| < epiyllyy—1 — 2z9-1ll,
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where p1, = 1/\y and z = pyyy—1+ (1 — py)2y—1. Since H(Tzy, Tzy—1) < k||zy — 2y-1]|,
there is some y, € Tz, such that
(1.17) 9y — vyl < Uy — 201l
Thus
1Yy = 24|l < llyy = yy—1ll + lyr—1 = 25| + |z — 24/l
< llzy = zy—1ll + (1 = p)llyy—1 — 291l + ety [y7—1 = 251l

e [P —
2 =y y—1ll-

<lzy = 2zy—1ll + 1Yy—1 — 291l = 1t

It then follows that

bllzy — 2y—1ll < lyy—1 = 291l = llyy — 24|
and, from (1.17),

b

ZHZ/V = Yy—1ll < Myy—1 = 2zy=1ll = lyy — 24 |-
For any o < v —1,

bllza — zy—1ll < [ya = 2all = lyy—1 — 24—1l| by (iii).
So
bllzy = zall £ b(|lzy — 291l + lzy—1 = 2al) < Y0 — 2all = llyy — 24]I-

Similarly,

b
ZHy’Y - ya” < ”ya - Za” - ||y7 — Z'YH
So (i)—(iii) are valid for o, 8 < v+ 1.

CASE 2: « is a limit ordinal. We then have a strictly increasing sequence (vy,) that
converges to . Set 1, = ||y,,, — 2, ||. Condition (iii) then implies that (z,) and (y,,.)
are both Cauchy and hence convergent. Let z, and y, be their respective limits. Since
Yy, € Tz, , we have a w,, € Tz, such that ||w, —y,,
As y,, — y, we get w, — y, and thus y, € Tz, for Tz, is closed. Now for a < v, we
have ~,, > « for sufficiently large n, so

<z, — 24||. Thus w,, —y,, — 0.

bllzy, = Zall < llya = zall = 19y, — 24|l
and upon taking limits,
bllzy = zall < l1ga = zall = llyy = 24 |I-

Similarly,

b
ZHy’Y - ya” < ”ya - Za” - ||y7 — Z'YH

Therefore, (i)—(iii) remain valid for all a, 8 < v+ 1. If e < a+1 < 7+ 1, then a < 7.
Since 7 is a limit ordinal, & + 1 < . So (ii) is also valid for « < a +1 < + 1.

By transfinite induction, z,,y, for a < 2 satisfying (i)—(iii) have been defined. Let
Sa = |Ya — za||- Since (Sq)a<gn is decreasing and bounded below by 0, it must eventually
be constant. If v < §2 is such that s, = sg for all o, > v, then by (iii), 241 = 2,
contradicting (ii). Therefore, T' must have a fixed point. m
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REMARKS. (i) In Theorems 1.3.4-1.3.6, the contraction T is not assumed to take compact
values. The existence of fixed points of a compact-valued contraction 7" has been proved
already (cf. Reich [46, Theorem 3.4]).

(ii) Theorem 1.3.6 actually contains Theorems 1.3.4 and 1.3.5 as special cases. We
included the latter theorems to emphasize the role of Caristi’s theorem in the fixed point
theory for non-self-mappings. It is yet unclear whether Theorem 1.3.6 can be proved
without using transfinite induction. A proof which uses Caristi’s theorem would be of
interest.

1.4. Local contractions. Let ¢ > 0 be given. Recall that a metric space (X,d) is
e-chainable if, for every pair x, y € X, there exists a finite set of elements * = ¢, x1,..., Ty,
= y in X such that d(z;_1,2;) < e, ¢ =1,...,n. Such a finite set is called an e-chain
linking = and y. The first result of this section shows that the e-chainability of (X, d) im-
plies the e-chainability of (K (X), H), where K (X) is the collection of nonempty compact
subsets of X and H is the Hausdorff distance on K(X).

THEOREM 1.4.1. If (X,d) is an e-chainable metric space, then so is (K(X), H).

PRrOOF. Fix a y € X and let Y = {y} € K(X). Since e-chainability is transitive, it
suffices to show that each A € K(X) is e-chainable in K(X) to Y i.e., there exists an
e-chain in K (X) linking A and Y. We first show that this is true for a finite A. Towards
this, we make induction on n, the number of elements that A contains. If n =1, Ais a
singleton and the conclusion follows from the e-chainability of X. Suppose now that the
conclusion is valid for all finite subsets A of X consisting of not more than n elements.
Let next A be a subset of X consisting of n+ 1 elements, say, A = {x1,...,2,41}. Since
X is e-chainable, there exists an e-chain x1 = ug, ..., U, = r3 in X linking z; and xzs. It
is easily seen that the finite set

Aa {u17x27 v 7xn+1}7 ceey {Um,1,$2, s 7xn+1}7 {x27 v 7xn+1}
forms an e-chain in K(X) linking A and B := {z2,...,2,+1}. But by the induction
assumption, B is e-chainable in K (X)) to Y, and it follows that A is e-chainable in K (X)
to Y. Now for a general compact A, we can find a finite family of subsets {A;}}_, of A
such that A = UZ:1 A and each Ay has diameter < e. Pick for each k any z € Ay and
put C = {x1,...,z,}. It is then not hard to see that for each z € A, d(z,C) < diam(Ay)
for some k, 1 < k < n. It thus follows that
H(A,C)=max{supd(z,C),supd(y,A)} = supd(z,C) < max diam(A4) < e,

zEA yel zEA 1<k<n
which shows that A is e-chainable in K(X) to C. However, we have shown that C is
e-chainable in K(X) to Y. Hence A is e-chainable in K(X) toY. m

DEFINITION 1.4.2. Let (X, d) be an e-chainable metric space. A mapping T': X — K(X)
is said to be a local contraction of Reich’s type if

H(Tz,Ty) < k(d(x,y))d(z,y) for x,y € X such that 0 < d(z,y) < ¢,

where k : (0,00) — [0, 1) has property (%) of Section 1.2.
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THEOREM 1.4.3 (Xu [54]). Let (X,d) be a complete e-chainable metric space and T :
X — K(X) be a local contraction of Reich’s type. Then T has a fized point.

REMARK. Theorem 1.4.3, a special case of the next result, provides an affirmative answer
to a question of Reich [41, p. 572]. It also improves upon Reich’s theorem [41, p. 571].

THEOREM 1.4.4 (Xu [54]). Let (X,d) be a complete e-chainable metric space and T :
X — K(X) satisfy the following condition: for any n, 0 < n < e, there exists a § > 0
such that
H(Txz,Ty) <n whenever n < d(z,y) <n+ 9.
Then T has a fized point.
PROOF. Let G : K(X) — K(X) be defined by
G(A):= | T(a), AeK(X).
a€A

Then it is not hard to see (cf. Reich [41]) that G has the following property: for 0 < n < ¢,
there is 6 > 0 such that

H(G(A),G(B)) <n whenever n < H(A,B) <n+39.

Hence G has a fixed point A € K(X) by Proposition 1.4.5 below. Now since A = G(A),
T maps A into itself. It is easily seen that the contractive condition of 7T implies that
inf{d(z,Tz) : © € A} = 0. Hence the compactness of A yields a point € A for which
d(z,Tx) =0. Thus z € Tz. m

PROPOSITION 1.4.5. Let (X,d) be a complete e-chainable metric space and F : X — X
satisfy the condition: for each n, 0 < n < g, there is a 6 > 0 such that

(4.1) z,y € X, n<d(z,y) <n+0 = d(Fz,Fy) <n.
Then F has a fixed point.

PRrROOF. We first show that

(4.2) lim d(F"z, F"y) =0 for all z,y € X with d(z,y) <.

n—oo
In fact, since d(z,y) < m, it follows from (4.1) that the sequence {d(F"z, F"y)} is
nonincreasing and hence convergent. Let r be the limit. Suppose r > 0. Noting that

r < d(x,y) < e, we have some § > 0 such that
(4.3) u,v € X, r<d(u,v) <r+46 = d(Fu,Fv) <r.

For this 0, we can take an integer N large enough so that d(F"z, Fy) < r+0 forn > N.
Hence d(F"x, F™y) < r for n > N by (4.3). This contradicts the fact that d(F"x, F¥) > r
for all n > 0. Hence (4.2) is proved.

Next we take an arbitrary z € X and let z = zg,21,...,2n = Fz be an e-chain in
X linking z and Fz. Since d(F"z, F"T1z) < ZZZOI d(F"z, F" 21 1) and d(zp, 2541) < €
for 0 < k < m — 1, it follows from (4.2) that lim,,_, d(F"z, F"*1z) = 0. We now show
that {F"z} is a Cauchy sequence. Suppose on the contrary that {F"z} is not a Cauchy
sequence; then we can find two subsequences {n;} and {m;} of positive integers such that
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the sequence {(F™iz, F™iz)} decreases to some ¢ > 0. First choose 0 < a < 1 such that
at < £ and then 0 < § < 3at such that
(4.4) z,y € X, tat <d(z,y) < 3at+6 = d(Fz, Fy) < 1at.

Let N be large enough so that d(F"z, F"*1z) < 4§ for all n > N. Assume that i is so
large that n; > N and consider the finite sequence

d(F iz, FM ) d(F™iz, F7it22), . d(F™ 2z, F"2).

Since the first term is less than %6, the last term is larger than ¢, and any two adjacent
terms differ by not more than %5 , it follows that there exists some p;, n; < p; < m;, such
that

sat+ 26 < d(F™z FPiz) < Jat+6
and hence by (4.4) we have
(4.5) d(F™z, FPiz) < Lat.
But by the triangle inequality we get
A(F" 2, Pl 2) > d(F™ 2, FPi2) — d(F™ 2, F™ 1 2) — d(FPiz, FPtlz) > Lat,
contradicting (4.5). This shows that {F"z} is a Cauchy sequence. Set w = lim F"™z. Then

it is easily seen that w is a fixed point of F'. m

REMARK. Proposition 1.4.5 is the local version of a theorem due to Meir and Keeler [36].

2. Multivalued nonexpansive mappings

This chapter is devoted to the fixed point theory for multivalued nonexpansive non-self-
mappings in Banach spaces. In Section 2.1 we recall some facts on asymptotic centers and
universal nets. A simpler and elementary proof to the Kirk—Massa fixed point theorem is
included in Section 2.2. Section 2.3 contains some fixed point theorems for multivalued
nonexpansive non-self-mappings. In particular, the Kirk—Massa theorem is extended to
a non-self-inward-mapping and, using an inequality technique in a uniformly convex Ba-
nach space, another proof to Lim’s theorem is given. A counterexample to a question of
Downing and Kirk is also included.

2.1. Asymptotic centers. Let K be a weakly compact convex subset of a Banach space
X and {z,} a bounded sequence in X. Define a function f on X by

f(z) :=limsup ||z, — x|, =€ X.

n—oo

Let
r=ri(x,) = inf{f(z):z € K}
and
A=Ag(zy) ={z € K: f(z) =r}.
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DEFINITION 2.1.1. We say that r and A are the asymptotic radius and center of {xz,}
relative to K, respectively. As K is weakly compact convex, Ax({z,}) is nonempty,
weakly compact and convex.

DEFINITION 2.1.2. Let {x,,} and K be as above. Then {z,} is called regular with respect
to K if rg({zn}) = rx({zn, }) for all subsequences {z,,} of {x,}; further, {z,} is called
asymptotically uniform if Ax({x,}) = Ax({zn,}) for all subsequences {x,,} of {x,}.

The method of asymptotic centers plays an important role in the fixed point theory
of both single-valued and multivalued nonexpansive mappings, due to the fundamental
lemma below. (Some more information on uniform convexity and asymptotic centers can
be found in Goebel and Reich [18].)

LEMMA 2.1.3 (Goebel [16], Lim [31]). Let {z,} and K be as above. Then

(i) there always exists a subsequence of {x,} which is reqular with respect to K;

(ii) if K is separable, then {x,} contains a subsequence which is asymptotically uni-
form with respect to K.

REMARK. If X is uniformly convex in every direction (especially uniformly convex), then
Ak ({x,}) consists of exactly one point so every regular sequence in such a space is
asymptotically uniform with respect to K.

We shall mainly work in the framework of a uniformly convex Banach space. Thus an
inequality characteristic of uniform convexity is useful to us. Recall that a Banach space
X is uniformly convex if

Sx(e) == inf{l — M :z,y € By, |z —y| > 8} >0 forall € (0,2].

PROPOSITION 2.1.4 (Xu [56]). Let X be a Banach space and r > 0 be a given number.
Then X is uniformly convex if and only if the norm ||-|| of X is uniformly convex on the
closed ball B, := {x € X : ||z|| < r}. That is, there exists a continuous strictly increasing
function g : [0,00) — [0,00), depending on r, with g(t) = 0 if and only if t = 0, such
that

[t + (1 =)yl < tlle] + (1 =Dyl -t = g(llz —yl), 2,y € B, t €[0,1].

ProprosITION 2.1.5. Let X be a uniformly conver Banach space and E a closed co-
nvex subset of X. Assume (x,) is a bounded sequence in X and z = Ag(x,). Then

AIT(Z)(:E”) =z and TE(LL‘n) = T.IT(Z)(Z")

Proor. Write f(x) := limsup,,_, . ||[xn — 2|, 11 := inf{f(z) : © € E} = rg(z,) and
ro i=inf{f(2) : @ € Ip(2)} = ri5(zn). It suffices to show that r1 = r3. It is obvious
that ro < ry. So it remains to show that ;1 < r5. To this end we apply Proposition 2.1.4
to get, for any r > 0, a continuous strictly increasing function ¢ (depending on r) such
that

2.1)  flte+ 1 =t)y) <tf(e)+ 1 =0)f(y) =t =tg(lz—yll), 2.y B, t[0,1].
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It is clear that ro = inf{f(z) : € Ig(2)}; hence we have a sequence wy, := z+ A, (2, — 2),
where A, > 0 and z,, € E, such that f(w,) — ro. If A, <1 for infinitely many n, then
wy, € E and thus f(w,) > 7 for these n. Upon taking the limit, we get ro > r; and we are
done. So assume A,, > 1 for all n. If (A,) has a bounded subsequence, still denoted by (A,,),
we may assume A\, — A > 1. Since (z,) is bounded, we may also assume z, — z € E.
(Here “—” denotes weak convergence) Thus, taking limits, we get w, — W := z4+A(Z—2).

S

Since f is weakly lower semicontinuous, we get

In other words, we can write

f(w) < liminf f(w,) = rs.

On the other hand, by convexity of f we get

1@< 3@+ (1-3) 16

Since f(2) > 71, f(z) = r and f(w) < rq, it follows from the last displayed inequality
that r; < %7‘2 + (1 — %)rl and hence ro > ry. Finally, we assume \,, — co. In this case

we can write
1 + (1 1
Zn = — Wy - — )z
)\n A’I’L

Let now r be large enough so that B, D {w,} U {z}. Use the inequality (2.1) to get

o) < 3l + (1= 52 )76) = - (1= 5 ot = 21,

Since f(zp) > r1 and f(z) = r1, from the last inequality we get
1
(1 ol =<l < ftwn) .
Let n — oo to get
limsup g(||w, — z||) <12 —7r1 <O0.
Hence w,, — z and ro = lim f(w,) = f(z) =71. =
If T is a non-self-mapping from E to K(X), we may not be able to assume the

separability of E' and hence Lemma 2.1.3(ii) is not applicable. We therefore need the tool
of a universal net.

DEFINITION 2.1.6. A net {x,} in a set S is called a universal net if for each subset U of
S, either {z,} is eventually in U or {x,} is eventually in S\ U.

The following facts are relevant (25, p. 81]):

(a) Every net in a set has a universal subnet.

(b) If f:S1 — Sz is a map and if {z,} is a universal net in Sy, then {f(z,)} is a
universal net in S5.

(c) If S is compact and if {z,} is a universal net in S, then lim, z, exists.
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2.2. The Kirk—Massa theorem. Let E be a weakly compact convex subset of a Banach
space X and T : E — K(F) a nonexpansive self-mapping. For a fixed element zy € F
and an arbitrary integer n > 1, the contraction 7,, : E — K(FE) defined by

1 1
T.(z) = —xo + (1 — )Tx, reF,
n n
has a fixed point x,, € E. It is easily seen that
1
d(xp, Txy,) < —diam(E) — 0.
n

Let r and A be the asymptotic radius and center of {z,,} with respect to E, respectively.
Since T' is compact-valued, we can take y, € Tz, such that

||yn - xn” = d(:cn,Txn), n > 1.

Since T is a self-mapping, we may assume that F is separable (otherwise, we can construct
a closed convex subset of E that is invariant under T, see [28]). Then by Lemma 2.1.3
we may assume that {z, } is asymptotically uniform. Take any z € A; as Tz is compact,
we can find z,, € Tz satisfying

1yn = 2nll = d(yn, Tz) < H(Twp, Tz) < [lxn = 2.

Because of the compactness of Tz, we may also assume that {z,} (strongly) converges
to a point z € T'z. It then follows that

lim sup ||, — Z|| = limsup ||yn, — 2»|| < limsup ||z, — z||.
This shows that Z € A. Hence we can define a self-map 7 : A — K(A) by setting
Tz =ANTz, z¢€A.

This map T is in general neither nonexpansive nor lower semicontinuous. However, it is
upper semicontinuous, which is observed by Kirk and Massa in [27]. With this observation
they are able to prove Theorem 2.2.1 below by using the Bohnenblust—Karlin fixed point
theorem (cf. [61]) that is of topological rather than metric nature. We shall now give
an elementary proof in the sense that only the multivalued contraction principle (i.e.,
Nadler’s theorem) is involved.

THEOREM 2.2.1 (Kirk-Massa [27]). Let E be a nonempty closed bounded conver subset
of a Banach space X and T : E — KC(F) a nonexpansive mapping. Suppose that the
asymptotic center in E of each bounded sequence of X is nonempty and compact. Then
T has a fixed point.

PRrROOF. Since T is a self-mapping, we may assume that F is separable. As before, we
have an asymptotically uniform sequence (x,) in F such that limd(z,,Tz,) = 0. We

also have a sequence (yy,) satisfying y, € Tx,, and ||z, — yn|| = d(zy, Tx,) for all n. Set
A= Ag(z,) and r = rg(z,). We have already shown that
(2.2) TeNA#( forall xz e A

Our idea here is that we do not consider the self-mapping Tz :=TxN A of Asince T
loses nonexpansivity. Instead, we view T as a non-self-mapping from A to KC(E). The
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advantage of this idea lies in that the nonexpansivity of T is kept and, moreover, a kind
of (boundary) condition (e.g. (2.2)) is satisfied.
Now for each integer m > 1, define a contraction S,, : A — KC(E) by

1 1
(2.3) S (x) == —x0 + (1 - >Tx, x €A,
m m

where x9 € A is fixed. Then each S, is a contraction which satisfies the (boundary)
condition

Sm(z)NA#D forall z € A.
As S, is compact and convex-valued, by Lemma 2.3.2 of the next section .S, has a fixed

point v, € A. The sequence (v,,) satisfies

(2.4) lim d(vp, Tvp) = 0.

m—0Q
Since A is compact, (v,,) has a convergent subsequence, whose limit is clearly a fixed
point of T, due to (2.4). =

2.3. Inwardness and weak inwardness. Let X be a Banach space and E a nonempty
closed convex subset of X. Recall that the inward set of F at x € F is given by
Ig(z)={z+XNy—2): A>0, y€ E}.

A multivalued mapping T : E — F(X) is inward (resp. weakly inward) if Tx C Ig(x)
(resp. Tz C Ig(x)) for z € E.

The first result of this section is an extension of the Kirk-Massa theorem to non-self-
mappings.

THEOREM 2.3.1. Let E be a nonempty closed bounded convexr subset of a Banach space
X and T : E — KC(X) a nonezpansive non-self-mapping which satisfies the inwardness
condition: Tx C Ig(z) for x € E. Suppose that the asymptotic center in E of each
bounded sequence of X is nonempty and compact. Then T has a fized point.

PROOF. Fix g € F and define for each integer n > 1 the contraction T, : E — KC(X) by
1 1
T.(z) = —xo+ (1 - —)Tx, RSO
n n

Then T,, satisfies the inwardness condition, i.e., T,,x C Ig(x) for all x € E. Thus by
Theorem 1.3.4, T, has a fixed point z,, € F. By Lemma 2.1.3, we may assume that {z,}
is regular. Let y,, € T'z,, be as constructed as before, i.e., |z, — yn|| = dist(zy, Tx,). Let
{zn, } be a universal subnet of {z,,} and define a function g by

g(z) =lim|z,, — x|, z€kE.
«
Let
C:={zecFE:g(x)=r}

where r = inf,cg g(x). Then by assumption (see Proposition 6 of [27]), C' is nonempty
and compact. The key to the proof is that the inwardness of T" on F implies that

(2.5) TeNlc(z)#0, zeC.
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Indeed, if x € C, by compactness, we have, for each n > 1, some z,, € Tz such that
I = 20l = d(yn, T2) < (T, Ta) < |12, — 2l
Let z = lim, 2, € Tz. It follows that
9(2) = lim 2, — 2] = lim [y, — 20, ]| <l — 2.
Hence
(2.6) 9(z) < g(z) = 1.
It remains to show z € Io(x). As Tz C Ig(z), we have some A > 0 and v € E such that
z=z+ Av—uzx).

If A <1, then z € E by the convexity of E, and hence, by (2.6), z € C C I¢(z) and we
are done. So assume A > 1. Then we can write

v=pz+ (1—p)x with p=1/X€(0,1).
By the convexity of g and by (2.6), we have
9(v) < ng(z) + (1 = pg(z) <r.
Since v € E, it follows that v € C and thus z = x + A(v — x) belongs to I¢(z). Now we

have a nonexpansive mapping T : C — KC(X) which satisfies the (boundary) condition
(2.5). The lemma below shows that T has a fixed point in C. m

LEMMA 2.3.2. If C is a compact convex subset of a Banach space X and T : C — KC(X)
is a nonexpansive mapping satisfying the (boundary) condition

TexNIc(x)#0 forall zeC.
Then T has a fized point.

PROOF. Fix an xg € C and define for each integer n > 1 a mapping 7T, : C — KC(X) by
1 1
To(x) == —x0 + (1 - —)Tac7 xeC.
n n

Then T, is a contraction satisfying the same (boundary) condition as T does, i.e.,
T.(x)NIc(z)#0 forall z € C.

Hence by Theorem 11.5 of Deimling [11], T}, has a fixed point x,, € C. Since C is compact,
we may assume xz,, — x € C. Also, it is easily seen that

1
d(xp, Tz,) < —diamC — 0 asn — oo.
n

Taking the limit as n — oo yields d(z,Tx) = 0 and hence € Tz. =

REMARKS. (i) Lemma 2.3.2 is a special case of Halpern [19, Theorem 2] and of Reich
[43, Corollary 2.2]. Moreover, if T satisfies the stronger condition Tx N I¢(x) # 0 for
all x € C, Lemma 2.3.2 follows from a fixed point theorem of F. E. Browder (cf. [11]).
However, in our nonexpansive case, the proof is constructive.

(ii) Theorem 2.3.1 applies to Banach spaces which are uniformly convex or more
general k-uniformly rotund Banach spaces ([50]) since the asymptotic center of a bounded
sequence with respect to a bounded closed convex subset of such spaces is compact ([26]).
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However, Theorem 2.3.1 does not apply to a nearly uniformly convex Banach space since
in such a space, the asymptotic center of a bounded sequence with respect to a closed
bounded convex subset is not necessarily compact (cf. [28]). (Recall that a Banach space
X is said to be nearly uniformly convex (NUC) [21] if X is reflexive and if for any ¢ > 0,
there exists a 6 = d(¢) € (0,1) such that

{zn} C Bx, x, =z, sep(zy) > = |z <1-4,
where Bx is the closed unit ball of X and sep(x,,) := inf{||x,, — x| : n # m}.)
The following result answers a question of Deimling [11, p. 161] in the positive.

THEOREM 2.3.3. Assume X is a uniformly convexr Banach space, E is a closed bounded
convex subset of X, and T : E — K(X) is a nonexpansive mapping satisfying the weak
inwardness condition:

Tz C Ig(x), z€E.
Then T has a fixed point.

PRrROOF. As before, we fix an xg € E and define, for each integer n > 1, the contraction
T,:E— K(X) by

1 1
To(z) = —xo + (1 - )T:v, LASNOR
n n

As it is easily seen that T,, also satisfies the weak inwardness condition: T, (x) C Ig(x)
for all x € E, we deduce by Theorem 1.3.4 that T,, has a fixed point, denoted by z,,. It
is also easily seen that

1
d(xn,Tzy) < —diamE — 0 (n — o0).
n

We may assume that {x,} is regular and hence asymptotically uniform as the space X
is uniformly convex. Let z be the unique element of the asymptotic center of {x,} in E;
that is, z € E is the unique minimizer in E of the function
f(z) :=limsup ||z, — x|
n—oo
Let
r= f(z) = inf f(z).

zEE
Choose z,, € Tz satisfying
[yn = zn|l = d(yn, Tz).
From the nonexpansiveness of T it follows that
[y = 2nll < H(T2n, T2) < ||2n — 2.
Since T'z is compact, we may assume that {z,} strongly converges to a point z € T'z. It
follows that

f(2) = limsup ||z, — Z|| = limsup ||yn — 2»|| < limsup ||z, — z||;
that is,
(27) ) < f(2).
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We shall show z = z, which then finishes the proof. Towards this end we first note that
Z € Ig(z). Then by Proposition 2.1.5 and (2.7) we get f(z) = f(Z). This means that z
and z are both minimizers of f over Ig(z) and hence z = Z by uniqueness. This is the
proof of Lim [32]. Below we give another proof which uses the inequality characteristic
of uniform convexity, i.e., Proposition 2.1.4.

As Z € Ig(z), we can find a sequence {\;} of nonnegative numbers and a sequence
{ux} of elements of E such that
(2.8) wg =2+ Mg (up — 2) — Z.

If A\, < 1 for infinitely many k, then wy € E for these k and hence z € E. Therefore,
(2.7) shows that z € E is also a minimizer of f in F and hence Z = z by uniqueness.
Thus we may assume A, > 1 for all k. If {\x} has a bounded subsequence, then as
{ux} is bounded, we have, for some subsequence {k;} of positive integers, A\;, — A and
ug, — u € E. It follows that

Z=z4+Au-—2)
reducing the case to the inwardness case that has been treated in Downing-Kirk [13],
Reich [44], and Deimling [11]. So we assume Ay, — oo. We then rewrite (2.8) as

ug = ppwg + (1 — pg)z,  where p, = ;—k — 0.
Now let r be a number large enough so that the closed ball B, contains the sequences
{zn —wi} and {z,, — z}. Apply Proposition 2.1.4 to get
f(z) < flur) asup€FE
= f(pewr + (1 — px)2)
= limsup || (25 — wi) + (1 = p) (20 = 2)|

n—oo

< puef (wr) + (1= px) f(2) = pa(1 — pw) g([Jwr, — 2])).
Hence

(1= ) g([lwr = 2[) < f(we) = f(2).
Taking the limit as k — oo yields
gz =zl) < f(2) = f(2) <0 as f(2) < f(2).
Since g is strictly increasing with g(0) = 0, we must have 2 = z. u

We conclude this section with a counterexample to a question of Downing and Kirk
[13] where they proved the following result.

THEOREM D-K. Let E be a nonempty closed convex subset of a Banach space X and let
T:E — F(X) be an upper semicontinuous mapping satisfying the conditions:
(a) For x € E, there exists 6 = §(x) > 0 such that, for k € (0,1),
yE€Bs(z)NE = d(y, Ty) <d(y, Tz) + kllz —y.
(b) T (z) N Ip(z) # 0 for x € E, where T1(z) = {z € Tz : || — 2| = dist(z, Tx)}.
Then T has a fized point.

They asked the following
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QUESTION. If the inwardness assumption in the condition (b) of Theorem D-K above is
altered to T'(z) N Ig(x) # 0 for z € E, does T have a fixed point?

The simple example below answers the question in the negative.
EXAMPLE. Let X =R and F = [0,1]. Define T : E — K(X) by
T(z)={-1,2} forallzeE.

Then T is a constant and Tz N Ig(z) # 0 for all x € E as Ig(x) = R for z € (0,1), or
(—o00,1] for z =1, or [0, 00) for z = 0.

2.4. Open problems. This section contains some open questions on fixed points of
multivalued nonexpansive mappings in Banach spaces.

PROBLEM 1. Let X be a uniformly smooth Banach space, E a nonempty closed bounded
convex subset of X, and T : E — K(F) a nonexpansive mapping. Does T have a fixed
point?

ProBLEM 2. In Kirk—Massa’s theorem (Theorem 2.2.1), T is assumed to take compact
and convex values. Does T have a fixed point if T" is only assumed to take compact values?

PROBLEM 3. Can Theorem 2.3.1 be extended to weakly inward nonexpansive mappings
T:F —KC(X)?

PROBLEM 4. Characterize those Banach spaces X for which the asymptotic center of
each bounded sequence in X with respect to every closed bounded convex subset of X is
compact.

PROBLEM 5. Let X be a uniformly convex Banach space and F a closed bounded convex
subset of X. Suppose T': E — KC(X) is a nonexpansive mapping satisfying the condition

TzNIg(x) # 0 forall z € E (or even Tx N Ig(z) # 0 for all x € E). Does T have a fixed
point?

PROBLEM 6. Let X be a nearly uniformly convex (NUC) Banach space and FE a closed
bounded convex subset of X. Assume T : E — KC(F) is nonexpansive. Does T have a
fixed point?

REMARKS. (i) Problems 1 and 6 are indeed special cases of Problem 8 of Reich [48] which
asked if every nonexpansive T : E — K (F) has a fixed point, where F, a weakly compact
convex subset of a Banach space X, has the fixed point property for (single-valued)
nonexpansive mappings.

(ii) Problem 5 is related to Theorem 5.4 of Reich [42] in which the Banach space
X satisfies Opial’s condition: if a sequence (x,) C X weakly converges to z, then
liminf ||z, — z| < liminf ||z, —y|| for y € X \ {z}.

3. Random multivalued mappings

The main purpose of this chapter is to investigate the measurability of the fixed point
set function Fr of a random multivalued mapping 7. The measurability of Fr is proved
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in Section 3.2 for a random multivalued contraction 7" and in Section 3.3 for a random
multivalued nonexpansive T' provided either I — T is demiclosed at 0 or the underlying
space X is uniformly smooth and T is single-valued. The existence of a random fixed
point of a random multivalued nonexpansive mapping is also proved in a uniformly convex
Banach space in Section 3.3.

3.1. Introduction and preliminaries. Let ({2, ) be a a measurable space. This means
that {2 is a nonempty set and X' is a sigma-algebra of subsets of (2. (Throughout this
chapter we do not assume the existence of any probability on (£2, X).) Let (X, d) be a
metric space. A multivalued mapping T : 2 — 2% \ {0} is said to be (X)-measurable
(“weakly measurable” in Himmelberg’s terminology [20]) if, for any open set B C X, we
have
T'B)={we2:Tw)NB#0}cX.
Note that if T'(w) € K(X) for all w € £2, then T is measurable if and only if T-}(F) € ¥
for all closed subsets F' C X. A measurable (single-valued) function x : £2 — X is called
a measurable selection of a measurable multivalued mapping 7' : 2 — 2% \ {0} if, for
each w € 2, z(w) € T(w). Let M be a subset of X. An operator T : 2 x M — 2%\ {0}
is said to be a random operator if, for each x € M, the mapping T(-,x) : 2 — 2%\ {0}
is measurable. A measurable function = : 2 — M is called a random fized point of a
random operator T if z(w) € T(w, z(w)) N M for all w € £2. The fized point set function
Fr of a random multivalued mapping 7 : £2 x M — 2% \ {0} is given by
Fw)=Fr(o):={zeM:zeT(w,z)}, wei
Recall that when X is a normed space and M is a convex subset of X, a multivalued
mapping T : M — 2%\ {0} is convex if its graph
Gr(T) ={(r,y) e M x X :y € Tz}
is a convex subset of M x X. Recall also that we say a multivalued mapping 7" : M —
2X\ {0} is closed- (convex-, closed convex-, etc.) valued if, for each x € M, the image
Tz has that particular property.

A multivalued mapping T : M — CB(X) is said to be demiclosed at 0 if, for any
sequences (Z,), (yn) such that y, € Tx, for each n, the conditions z,, — x and y, — 0
imply that x € M and 0 € T'z.

The Kuratowski measure of noncompactness of a nonempty bounded subset E of X

is defined as the number

a(F) :=inf{e > 0 : E can be covered by
a finite number of subsets of X of diameter less than e}.
A multivalued mapping T : M — 2% \ {0} is called condensing if, for each bounded
subset E of M with a(FE) > 0,
a(T(E)) < a(E).

Here T(E) :=J{Tx:x € E}.

Recall also that a set-valued operator T : M — 2% \ {()} is said to be upper semicon-
tinous on M if the set {x € M : Tx C V} is open whenever V C X is open, while T is



28 H. K. Xu

lower semicontinuous provided T=1(V) = {x € M : Tz NV # 0} is open in M for every
open set V in X. Next, T is continuous if T' is both upper and lower semicontinuous.
Note that there is another kind of continuity for multivalued mappings 7' : M — CB(X).
Namely, T is said to be Hausdorff continuous it H(Tx,,Tx) — 0 whenever x,, — x. It is
known that these two continuity concepts coincide if T is compact-valued. But in general,
Hausdorff continuity implies continuity, not vice versa. We say that a random operator
T:02x M — 2%\ {0} is continuous (contraction, nonexpansive, condensing, etc.) if, for
each fixed w € £2, the (deterministic) multivalued mapping T'(w,-) : M — 2%\ {()} is con-
tinuous (contraction, nonexpansive, condensing, etc.) We need the following propositions,
where X is a complete separable metric space.

PROPOSITION 3.1.1 (Measurable Selection Theorem (cf. [1], [7], [51])). If T : £2 — 2%\ {0}
is a measurable closed-valued mapping, then T has a measurable selection (that is, there

exists a measurable (single-valued) fucntion x : 2 — X such that z(w) € T(w) for
w e ).

PROPOSITION 3.1.2 (Castaing’s characteristic theorem [7]). If f : 2 — 2%\ {0} is a
closed-valued mapping, then the following are equivalent:

(a) f is measurable.
(b) For each x € X, the function w— d(x, f(w)) is measurable.
(c) There exists a sequence {fn(w)} of measurable selections of f such that

c{fn(w)} = flw) forall we

where cl A denotes the closure of A in X.

Since |d(y, A) — d(y,B)| < H(A,B)) for all y € X and A, B C X, we deduce the
following result (see also Itoh [22]).

PROPOSITION 3.1.3. Assume f(w) is a closed-valued mappping and {f,(w)} is a sequence
of measurable mappings. If lim H(f,(w), f(w)) =0 for all w € 2, then f is measurable.

For the next two propositions (cf. [2, 22]), M is a closed bounded convex separable
subset of a Banach space X.

PROPOSITION 3.1.4. A mapping f : 2 — 2%\ {0} is measurable if and only if it is weakly
measurable, i.e., for each z* € X*, the numerically-valued mapping x*f : 2 — 28\ {0}
s measurable.

PROPOSITION 3.1.5. Let T : 2 x M — CB(X) be a random continuous (i.e., upper and
lower semicontinuous) operator. Then for any s > 0, the operator G : §2 — 2M given by

Gw) ={xeM:dz,T(w,x)) <s}, we,

is measurable and so is the operator cl{G(w)}, where the closure is taken under either
the strong or weak topology of the space X .

In recent years a lot of efforts have been made (cf. [3], [12], [15], [22], [23], [34], [40],
[45], [49], [53], [55], [56], [59] and references therein) to show the existence of random fixed
points of certain single-valued and set-valued random operators. The main objective of
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this chapter is to study the measurability of the fixed point set function of a multiva-
lued measurable mapping. More precisely, let T : 2 x M — 2% \ {0} be a measurable
multivalued mapping. Let F(w) := {x € M : z € T(w,z)} be the fixed point set func-
tion of the mapping T'(w,-) : M — 2%\ {0}. We shall show in the next sections that
F: Q2 — 2™\ {§} will be measurable either if T' is a random contraction or if T is a
random nonexpansive mapping satisfying certain conditions.

If the fixed point set function F' of T is measurable, then the existence of a random
fixed point of T' is an immediate consequence of the Measurable Selection Theorem (Pro-
position 3.1.1). (Obviously, we need some mild conditions (e.g. continuity) to ensure that
the fixed point sets F(w) of T'(w,-) are closed.) From this point of view it is harder to
show the measurability of the fixed point set function F' of T than to show the existence
of merely a random fixed point of T'. Indeed, in Section 3.3 we shall prove the existence
of a random fixed point of a random nonexpansive multivalued mapping 7" in a uniformly
convex Banach space. However, we do not know if the fixed point set function F' of T is
measurable.

The technique used to show the existence of random fixed points seems to be unsuita-
ble for verifying whether the fixed point set function is measurable. Indeed, there exists
a measurable multivalued mapping which has random fixed points but whose fixed point
set function fails to be measurable, as shown in the next example due to Christoph Bandt
(private communication).

EXAMPLE. Let M = 2 = [0,1] and X be the o-algebra of Lebesgue measurable subsets
of [0,1]. Let T : [0,1] x [0,1] — K([0,1]), the family of nonempty compact subsets of
[0, 1], be given by
| x,1] fw=xz€EFE,
Tlw,z) = { {1}  otherwise,
where F is a non-Lebesgue measurable set in M. Then, for any x € M and any interval
ICcM,
T(,2)" (1) = {w € 2: T(w,a) N1 #0)
is either [0,1] or at most a singleton; hence T'(-, ) is measurable. Similarly, for each
w € 2, T(w,-) is upper semicontinuous. Also, the fixed point set of T'(w, ) is

_ JA{w,1} ifweFE,
Flw) = {{1} ifw¢E.
It follows that z(w) = 1 is a random fixed point of T', while F' is not measurable as
F~1([0,1)) = E is not measurable.

Suppose that M is a weakly compact convex separable subset of a Banach space.
One of the approaches to show the existence of a fixed point for a random nonexpansive
multivalued mapping T : 2 x M — CB(M) is to approximate T by the multivalued
random contractions T, : 2 x M — CB(M) given by

1 1
Th(w,x) = Exo + (1 — E)T(w,x), weN xeM,

where z is a fixed element of M. Obviously, lim,, .. H(T)(w,z), T (w,z)) = 0 for all
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w € 2 and x € M. However, the sequence {F,(w)} of fixed point sets of {7}, (w, z)} does
not necessarily converge (in appropriate sense) to the fixed point set F(w) of T'(w,x);
see [35]. This indicates that we cannot use the measurability of the fixed point sets of
the approximants to T" to deduce the measurability of the fixed point set of T'. Another
approach to tackle this problem is this: Set

Fo(w) = cl{x €M :d(z,T(w,z)) < %}

Then by Proposition 3.1.5, the continuity of 7" implies that F;, is measurable for each n.
Moreover, it is immediately clear that

() Fulw) = F(w).

So one can try to prove the measurability of F' from this countable intersection of mea-
surable sets. We have

PROPOSITION 3.1.6. If F,(w) is compact in (M, d) for all n and w, then F is measurable.

ProOOF. The compactness of F),(w) implies that limd(y, F,,(w)) = d(y, F(w)) for all
y € M (and even the stronger result: lim H (F},(w), F'(w)) = 0), which in turn implies the
measurability of F' by Propositions 3.1.2 or 3.1.3. =

However, if the F},(w)’s are not compact, the above argument would fail; it is unclear
if Proposition 3.1.6 is valid without assuming compactness of the F,(w)’s.

3.2. Random contractions. Let us first recall Nadler’s theorem, the multivalued version
of Banach’s contraction principle.

THEOREM 3.2.1. Let (M,d) be a complete metric space and T : M — CB(M) be a
multivalued contraction, i.e., there is a constant k € [0,1) such that

H(Tz,Ty) < kd(x,y), z,y€ M.
Then T has a fized point €, and moreover, for any xo € M and k, k < k < 1, there exists
an orbit (x,) of T at xo which converges to & with the estimate

k
d(l‘n,f) < 1 Ed(mlv'xo)v n 2> 0.

LEMMA 3.2.2. Let (M,d) be a complete metric space and S : M — CB(M) be a con-
traction: H(Sxz,Sy) < kd(x,y) for all z,y € M, where k € [0,1) is a constant. For each
a >0 set

Fo=c{zeM:d(z,Sz)<a} and F={reM:xzeSx}.

Then
«
H(F, F)<-——.
(Fa )_1—k

PROOF. Since F, O F, we have

H(F,,F)= sup d(z, F).
zeF,
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For an arbitrary = € F,, and ¢ > 0, we can choose an z; € Sz satisfying d(z,z1) <
(1+ €)a. Starting from zg = z, 1 € Sz and k < k < 1, we can construct an orbit (z,,)
of S at x such that

n

k
d(zn, &) < . Ed(l’l,zo) for all n > 0,

where ¢ € F is the limit of {z,}; in particular, we have
1 1
d(z, F) < d(z,€) = d(x0,€) < ——=d(x1,20) < dtela
1—-k 1—k
Since ¢ > 0 and k € (k, 1) are arbitrary, it follows that d(x, F) < /(1 — k), which implies
that H(F,,F) < a/(1 —k) as x € F,, is arbitrary. m
THEOREM 3.2.3. Suppose that (M,d) is a complete separable metric space, (£2,X) is a
measurable space with X a o-algebra of subsets of 2, and T : 2x M — CB(M) a random
contraction, that is, for each x € M, T(-,x) is measurable, and for each w € (2, there
exists a number k(w) € [0,1) such that

H(T(w,x),T(w,y)) < k(w)d(z,y), x€ M.
Then the fized point set function F of T given by F(w) :=={zx € M : z € T(w,x)} is
measurable (and hence T admits a random fized point).
PRroOF. By Theorem 3.2.1, F'(w) is nonempty for every w € 2. For each integer n > 1, let
F,(w)=c{z e M :d(z,T(w,z)) < 1/n}.

It follows from Proposition 3.1.5 and Lemma 3.2.2 that each F),(w) is measurable and
H(F,(w), F(w)) <1/((1 - k(w))n) — 0 as n — oco. So F' is measurable by Proposition
313 =

REMARK. The existence of a random fixed point for a multivalued random contraction
was proved by Itoh [22]. But he required that the function k of the Lipschitz constants
of T'(w,-) be measurable. Here we have proved the measurability of the fixed point set
function F' without assuming the measurability of k.

We conclude this section with a random version of Theorem 1.2.2.

THEOREM 3.2.4. Let (£2,X) be a measurable space with X a o-algebra of subsets of {2,
let (X,d) be a complete separable metric space, and let T : 2x X — CB(X) be a random
mapping such that

d(T(w, z),T(w,y)) < k(w,d(z,y))d(z,y), we2, nyeX, =y,
where k : 2 x (0,00) — (0,1) is a measurable function satisfying

limsupk(w,r) <1, we R, te]0,00).

r—tt

Then T has a random fized point.

To prove the theorem we need the following lemma, which can be proved in the same
way as the proof of Proposition 4 in [22].

LEMMA 3.2.5. Let 2 and X be as in Theorem 3.2.4. Assume v : 2 — X and S : 2 —
CB(X) are measurable. Then, for any measurable function r : 2 — (1,00), there exists
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a measurable selection w(-) for S(-) such that
dv(w),w(w)) < r(w)d(w),S(w)), we .

PrROOF OF THEOREM 3.2.4. Pick any measurable function zy : 2 — X. Consider the
measurable mapping w — T'(w, zg(w)) from 2 to CB(X). Apply Proposition 3.1.1 to get
a measurable selection x1(-) of T'(-,x0(-)). Next apply Lemma 3.2.5 to get a measurable
selection x5(+) for T'(-,x1(-)) satisfying

d(a1(w), 22(w)) < [k(w, d(zo(W), 21 (w)))] " 2d(21(w), T(w, 21 (w))), w € 2.

Continuing this way we construct a sequence {z,(w)} of measurable functions x,, : 2 —
X such that

(i) Zn41(+) is a measurable selection of T'(-, z,(+)),
(i) a0 (@), Zn41(@) < [K(w, d(@n1 (@), 20 (@)] 2 d(20 (@), T(w, 20(w))), w € 2.

According to the proof of the deterministic case (Theorem 1.2.2) we see that for each
fixed w € 2, {z,(w)} converges to some fixed point z(w) of T(w, z(w)). Thus we have a
mapping x : 2 — X. This x is measurable since it is the pointwise limit of the sequence
{zn(w)} of measurable functions. Hence z is a random fixed point of 7. m

3.3. Random nonexpansive mappings. In this section we first show the existence of
random fixed points for a random nonexpansive multivalued mapping in a uniformly
convex Banach space. We then show some results on the measurability of the fixed
point set function F' of either a random multivalued nonexpansive mapping or a ran-
dom condensing multivalued mapping.

THEOREM 3.3.1. Let (£2,X) be a measurable space with X a o-algebra of subsets of (2.
Let C be a nonempty, bounded, closed, convex and separable subset of a uniformly convex
Banach space X and T : 2 x C — K(C) a random nonexpansive multivalued mapping.
Then T has a random fixed point.

PROOF. Let v € C be fixed and define, for each n > 1, T}, : 2 x C — K(C) by
1 1
Th(w,z) = (1 - —>T(w,x) +—-v, wef2, zeC.
n n

Then T, is a random contraction and hence has a random fixed point x,. Let (n,)
be a universal subnet of the net of positive integers (n). We then define a function
f:02xC —[0,00) by

flw,z) = ligl |Xn, (W) — ]|

Since {zy,, (w)} is countable, we see that f is measurable. On the other hand, since X is
uniformly convex, C' is also weakly compact. Thus there exists a unique point z(w) € C
which minimizes f(w,-) over C, that is,

Jlw,a() = inf f(w,2) = r(w).

(This point z(w) is referred to as the asymptotic center of the net (z,, (w)) in C.) Ac-
cording to the deterministic case, for each fixed w € (2, z(w) is actually a fixed point of
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T(w,-). So it remains to verify that x is measurable. To this end, let (u,) be a countable
dense subset of C'. Thus we have

rw) = inf fw,un), we R

This indicates that r : {2 — R is measurable since f(-,u,) is measurable for each n.
Next set, for each integer k > 1,
Ap(w):={z e C: f(w,z) <r(w)+1/k}.

It follows that Ay : §2 — 29\ {0} is measurable and for each w € 2, A;(w) is a weakly
compact convex subset of C. It is also readily seen that

(3.1) () Ak(w) = {z(w)}.
k=1

Since C' is separable, the weak topology on C' is metrizable. Let d,, be the metric on C
which is induced by the weak topology of C' and let H,, be the Hausdorff metric induced
by dy,. We now show that

(3.2) klir{.lo Hy,(Ag(w), z(w)) = 0.

Indeed, since (;—, Ax(w) = {z(w)}, the limit above exists; we denote it by h(w). If
h(w) > 0, then observing
Hy(Ap(w), z(w)) = sup{duw(y, z(w)) : y € Ap(w)}
we have for each k > 1 some y;, € Ax(w) such that
(3.3) du (yr, 2(w)) > 3h(w).
Since C' is weakly compact, there is a subsequence (yx) of (yx) converging weakly to

some y € C; i.e., we have dy,(yr,y) — 0 as ¥’ — oo. This contradicts (3.3) and (3.2) is
thus verified. By Propositions 3.1.3 and 3.1.4, z(w) is measurable. m

THEOREM 3.3.2. Let (£2, X)) be a measurable space with X a o-algebra of subsets of (2, let
C be a weakly compact convex subset of a Banach space X, and let T : 2 x C' — CB(X)
be a random continuous mapping. If , in addition, for each fixed w € 2, I — T(w,-) is
demiclosed at 0, where I is the identity operator, and for each w € (2, the (deterministic)
mapping T'(w,-) : C — CB(X) has a fizxed point, then the fized point set function F of T
is measurable (and hence T has a random fized point).

PROOF. Set for each n > 1,
Apn(w)={z e C:d(z,T(w,z)) <1/n}.

Then A, (w) is measurable by Proposition 3.1.5. For a fixed w € §2, from the demiclosed-
ness of I — T(w,-) it follows that the fixed point set F'(w) of T(w,-) is weakly closed.
Thus

(3.4) F(w) = )] w-cl Ay (w).

(Here w-cl A denotes the closure of A under the weak topology.) Indeed, as A, (w) 2 F(w)
for each n, it follows that (2, w-cl A, (w) 2 F(w). To show the reverse inclusion, suppose
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that there exists some z € (2, w-cl A, (w), but = € F(w). Let dy, be a distance on C
that produces the weak topology on C. Then we have dy(z, A, (w)) = 0 for each n. So
we can find for each n an z, € A,(w) such that dy(z,,z) < 1/n. Furthermore, by the
definition of A, (w), we can select y,, € T(w, ) for which ||z, — y,|| < 1/n for n > 1.
Now the sequence {x,} weakly converges to z, and {x, — y, }, with y, € T(w,x,) for
each n, converges strongly to 0. It then follows from the demiclosedness of I — T'(w,-)
at 0 that 0 € (I — T'(w,))x. Hence € T(w,z). This contradicts the assumption that
z € F(w). Thus (3.4) is proved. Since C' is weakly compact, cl A, (w) is weakly compact
for each n. An application of Propositions 3.1.6 and 3.1.4 yields the measurability of F'. m

REMARK. If the space X satisfies Opial’s property [39] (i.e., x,, = z = limsup ||z, —z| <
limsup ||z, — y|| for all y € X, y # x), then I — f is demiclosed at 0 (cf. [29], see also
[58]) provided f : C'— K(C) is nonexpansive. So Theorem 3.3.2 applies to such a space.
All Hilbert spaces and IP spaces (1 < p < oo) have Opial’s property, but it remains
an open question whether I — f is demiclosed at 0 if the space X is uniformly convex
(eg. LP[0,1], 1 < p < o0, p # 2) and f : C — K(C) is nonexpansive. (Note: The
answer for a single-valued nonexpansive mapping f is yes, which is the famous theorem
of Browder [4].) A remarkable fixed point theorem for multivalued mappings is Lim’s
result: If C is a nonempty closed bounded convex subset of a uniformly convex Banach
space X and f : C' — K(C) is nonexpansive, then f has a fixed point. Theorem 3.3.1 is
the randomization of Lim’s theorem. However, it is unknown whether the fixed point set
function F' in this case is measurable.

COROLLARY 3.3.3. Suppose X is a Banach space with Opial’s property, C is a weakly
compact convex separable subset of X, and T : 2xC — K(C) is a random nonexpansive
mapping. Then the fized point set function F of T is measurable and hence T has a
random fized point.

REMARK. The existence of a random fixed point of T" under the assumptions of Corollary
3.3.3 was proved by Itoh [23]. Here we proved the stronger measurability result for the
random fixed point set function F of T.

Recall now that a multivalued mapping S : C' — 2% is convex if the graph of S,
Gr(S) :={(z,y) e C x X : y € Sz},

is convex. If S is convex, then it is easily seen that for any number r, the “level” set
{z € C:d(z,Sz) < r} is a convex set in C. The following improves upon Theorem 3.2
of [12]. Also, the proof given here is simpler.

THEOREM 3.3.4. Let (£2, X)) be a measurable space with X a o-algebra of subsets of (2, let
C be a weakly compact convex subset of a Banach space X, and let T : 2 x C' — CB(X)
be a random multivalued continuous (i.e., u.s.c. and l.s.c.) convex mapping such that for
each w € (2, the (deterministic) mapping T(w,-) has a fized point. Then the fized point
set function F' of T is measurable.

PROOF. For each n > 1 the set

B,(w):={zxe M :dz,T(w,z)) <1/n}, wed,
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is convex. Noting that the fixed point set F(w) of T is closed and convex, we have
oo
m w-cl B, (w) = F(w), w € (2.
n=1

Now by weak compactness and Propositions 3.1.6 and 3.1.4, it follows that F(w) is mea-
surable. m

THEOREM 3.3.5. Let C' be a closed convex separable subset of a Banach space X and
T: 02 xC — CB(X) be a continuous condensing random mapping such that for each
w € 2, T(w,C) is bounded. Suppose also that for each w € (2, the deterministic mapping
T(w,) : C — CB(X) has a fized point. Then the fized point set function F of T is
measurable and hence T has a random fixed point.

PROOF. As before, we set for each w € {2 and integer n > 1,
Fw)={zeC:zeT(w,x)} and F,(w):=c{zeC:d(z,T(w,x))<1/n}.
Then F(w) is closed and nonempty since T'(w, -) is upper semicontinuous. Also, each F,
is measurable by Proposition 3.1.5. We next show that for each w € {2,

(3.5) nlirr;o H(F,(w), F(w))=0.

Since {F,(w)} is decreasing and (), F,,(w) = F(w), the limit on the left hand side of
(3.5) exists. Denote this limit by b(w). Then we have

H(F,(w), F(w)) = sup d(y,F(w)) > bw).
YEF (w)

Thus for each n > 1, one can pick a y,, € F,(w) such that
(3.6) d(yn, F(w)) > b(w) — 1/n.
Set D := {y,}. Since each y, lies in F,,(w), i.e.,
(3.7) A(Yyn, T(w,yn)) <1/n—0 asn— oo,
it follows that
a(T(w, D)) < a(D).
Therefore, a(D) = 0 for T'(w, -) is condensing. This implies that (y,) admits a subsequence
(yn/) converging to some y € C. By the upper semicontinuity of T, we deduce from
(3.7) that d(y,T(w,y)) = 0. Hence y € F(w), which together with (3.6) yields b(w) <

d(y, F(w)) = 0 and (3.5) is verified. Now by Proposition 3.1.3, F(-) is measurable and
each measurable selection is a random fixed point of T'. m

COROLLARY 3.3.6 (A partial random version of Browder’s fixed point theorem [5]). Sup-
pose C is a nonempty compact convex subset of a Banach space X and T : 2 x C —
KC(X) is a random continuous mapping. Suppose in addition that either of the following
boundary conditions is satisfied:

(i) For each x € OC, the boundary of C, and each w € 2, there exist y € T(w,x),
u € C, and X > 0 such that

y=x+ AMu—2x).
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(ii) For each x € OC and w € 2, there exist y € T(w,x), u € C, and A < 0 such that
y=x+ \Mu—z).

Then the random fized point set function F of T is measurable and thus T has a
random fized point.

PROOF. For each w € {2, under either of the boundary conditions above, the deterministic
mapping T'(w,-) : C — KC(X) has a fixed point by Browder’s fixed point theorem [5].
The conclusion then follows from Theorem 3.3.5. m

REMARK. We do not know if the conclusions of Theorem 3.3.5 and Corollary 3.3.6 remain
valid if the continuity of 7" is weakened to the upper semicontinuity of T'. (Note that the
answer is yes for a deterministic mapping 7T'.)

We conclude this section with a result for a single-valued mapping in a uniformly
smooth Banach space. Recall that a Banach space X is said to be uniformly smooth if,
for any £ > 0, there exists § = d(¢) > 0 such that

lz+yll+llz —yl <2+elyll forall z,y € X, flzf =1, 0 <[ly[ <e.

It is known that X is uniformly smooth if and only if the norm || - || of X is uniformly
Fréchet differentiable; namely, the limit

Nz iyl e

t—0 t
exists and is attained uniformly for x,y € Sx, the unit sphere of X.

Assume X is a uniformly smooth Banach space and C' a nonempty closed bounded

convex subset of X. Let S : C' — C be a single-valued nonexpansive mapping. For each
u € C and integer n > 1 we define the contraction S,, : C — C by

Spx = lu—|— <1—1)Sx, zedC.
n n

Let x,, be the unique fixed point of S,,. A result of Reich [47] states that the strong lim x,,
exists and

P(u) :=limz,, wueCdl,
defines a nonexpansive retraction from C onto F(S), the set of fixed points of S.

LEMMA 3.3.7. If C is separable and {u,} C C is a countable set dense in C, then {P(uy)}
is dense in F(S).

onto

PROOF. Let y € F(S). Since the retraction P : C — F(S) is nonexpansive, it follows
that ||y — P(uy)|| < ||y — unl| for all n, which implies the density of {P(u,)} in F(S) as
{un} is dense in C'. =

THEOREM 3.3.8. Let C be a closed bounded conver separable subset of a uniformly smooth
Banach space, let (£2,X) be a measurable space with X a o-algebra of subsets of §2, and
let T: 02 xC — C be a (single-valued) random nonexpansive mapping. Then the fized
point set function F of T is measurable and hence T has a random fixed point.
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PROOF. Let {u,} be a countable subset of C' which is dense in C'. For each pair of integers
n, k, let x,, ;(w) be the unique random fixed point of the random contraction

1 1
TH(w) == Uk + <1 - n)T(w,x), we zel.

Let zx(w) € F(w) be the strong limit of the sequence {z, r(w)} as n — co. By Lemma
3.3.7, {z(w)} is dense in F(w), i.e., cl{z(w)} = F(w) for every w € (2. Therefore, F is
measurable by Proposition 3.1.2. m
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