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It is shown that every asymptotically regular or A-firmly nonexpansive mapping T:C — C
has a fixed point whenever C is a finite union of nonempty weakly compact convex subsets
of a Banach space X which is uniformly convex in every direction. Furthermore, if {T;};<; is
any compatible family of strongly nonexpansive self-mappings on such a C and the graphs
of Tj, i € I, have a nonempty intersection, then Tj, i € I, have a common fixed point in C.
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1. Introduction. The closed unit ball and the unit sphere of a real Banach space
(X, - Il) are denoted by B(X) = {x € X :|lx]| <1} and S(X) = {x € X : ||x]|| = 1},
respectively. The function 6y : [0,2] — [0, 1], defined by dx (&) =inf{1—[[(x+y)/2]:
X,y € B(X), |lx —y| = €} for any € € [0,2], is called the modulus of convexity of
the Banach space X. The Banach space X is called uniformly convex (UC) if dx (&) > 0
for every € > 0. When 6x(2) = 1, the space X is said to be strictly convex, that is,
[[(x+y)/2|| <1whenever x,y € B(X) satisfy ||[x— | > 0. For each € > 0, the modulus
of convexity of X in the direction z € S(X) is defined by 6 (&,z) =inf{1—|[(x+y)/2] :
X,y €B(X), x—y =Az, |A| = €}. Obviously, 6 x (¢) =inf{d(&,z) : z € S(X)}. ABanach
space X is called uniformly convex in every direction (UCED) if for any z € §(X) and
>0, 0(g,z) > 0. It is clear that every UC Banach space is UCED and every UCED
Banach space is strictly convex.

Let C be a nonempty closed subset of a Banach space X. A mapping T : C — C is
said to be nonexpansive if [|[Tx — Ty| < |lx — |l for all x,y € C. A nonexpansive
mapping T on C is said to be asymptotically regular on C if lim,, .., || T"x - T"" x| =
0 for any x in C. A nonexpansive mapping T : C — C is strongly nonexpansive if
whenever {x;, —y,}5%_; is bounded and || x,, — ¥u |l = | Txy — Tynll — O it follows that
(Xn—yn) —(Txy, —Tyyn) — 0, as n — oo, If there exists a A € (0,1) such that ||Tx —
Tyl <[[(1-A)(x—y)+A(Tx —Ty)| forall x, y in C, then T is said to be A-firmly
nonexpansive. For details of these mappings, see [1, 3]. It is obvious that every A-
firmly nonexpansive mapping is nonexpansive. In view of [3, Proposition 1.2], we see
that every strongly nonexpansive mapping T : C — C on a nonempty weakly compact
convex subset C of a Banach space X is asymptotically regular.

In general, for a nonexpansive self-mapping T on C, the fixed point set F(T) = {x €
C : Tx = x} may be empty. The basic theorem about the existence of fixed points for a
nonexpansive mapping T is independently due to Browder [2], Gohde [5], and Kirk [8].
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From the point of view of fixed point theorem for the class of closed convex subset
C, A-firmly nonexpansive mappings T : C — C do not exhibit better behavior than
nonexpansive mappings (cf. [4, page 43]). However, the story is completely different
if C is nonconvex. For details, see Smarzewski [9], whose work was extended by Hong
and Huang [6] to a weakly commutative family of A-firmly nonexpansive mappings
instead of a single mapping. In this paper, we show that the Smarzewski fixed point
theorem for A-firmly nonexpansive mappings remains true when the underlying space
is a UCED Banach space. Further, the fixed point problem for asymptotically regular
or strongly nonexpansive self-mappings on a nonconvex subset of a UCED Banach
space is also investigated. It is shown that every asymptotically regular nonexpansive
mapping T : C — C has a fixed point whenever C is a finite union of nonempty weakly
compact convex subsets Cy of a UCED Banach space. Moreover, if {T;};<; is any com-
patible family of strongly nonexpansive self-mappings on such a C and the graphs of
T;, i € I, have nonempty intersection, then Tj, i € I, have a common fixed point in C.

2. Fixed point theorems for asymptotically regular or A-firmly nonexpansive
mappings. Let C be a nonempty subset of a Banach space X and {x;} a bounded se-
quence in X. The asymptotic radius of {x;} at a point x € X is the number mjaw |2 —
x;ll and is denoted by 7 (x, {x;}). The number v (C, {x;}), defined by inf{# (x, {x;}) :
x € C}, is called the asymptotic radius of {x;} with respect to C. A point z in C is
said to be an asymptotic center of {x;} with respect to C if r(z, {x;}) = v (C, {x;}).
The set of all asymptotic centers is denoted by A(C, {x;}).

In this section, we show that every bounded sequence {x;} in a UCED Banach space
X has a unique asymptotic center with respect to any nonempty weakly compact
convex subset C of X, and then apply this result to study the fixed point property for
asymptotic regular or A-firmly nonexpansive mappings.

LEMMA 2.1. Let C be any nonempty weakly compact convex subset of a Banach
space X. Then for any bounded sequence {x;} in X, A(C,{xj}) is nonempty.

PROOF. This follows from the observation that f : C — [0,) defined by f(x) =
r(x,{x;}) for x € C is norm continuous and convex, therefore, weakly lower semi-
continuous, and so attains its minimum on the weakly compact set C. a

LEMMA 2.2. Every bounded sequence in a UCED Banach space X has a unique as-
ymptotic center with respect to any nonempty weakly compact convex subset of X.

PROOF. Let {x;} be any bounded sequence in X and C a nonempty weakly compact
convex subset of X. Put f(x) = v(x, {x;}) for x € X and denote r(C,{x;}) by m. By
Lemma 2.1, it suffices to show that A(C, {x;}) consists of exactly one point. Assume
that there were two distinct points u and v in A(C,{x;}). Thenm >0 and u—-v = Az
for some A > 0 and z € S(X). Since X is UCED, for the above zand € := (m+1)"1A > 0,
we have 6(g,z) > 0. Choose n € (0,1) so that (m+n)(1—0(&,z)) < m. Then, [Ix;—
ull <m+n and ||xj— vl = m+n for all sufficiently large j. Let p = (1/2)(u +v),
which is in C by the convexity of C. The uniform convexity in the direction z implies
that || x; —pll < (1-6(&,2)) (m+n) for all sufficiently large j once we note that
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li|x;j—u x;—v
Al _ | J
(m+m x| 2Hm+n * m+r)H'

m+nm)Yxj-ull<1, m+px;-v|| =<1, (2.1)

m+m(x;j—v)—(xj—u)]=m+n) " u-v)=(m+n'az

with (m+n)~'A = . Hence f(p) < m, a contradiction. Therefore, A(C, {x;}) consists
of exactly one point. |

LEMMA 2.3. Let C = Y}' |Cx be a finite union of nonempty weakly compact convex

subsets Cy of a UCED Banach space X, and let uy € Cy be the unique asymptotic center
of a bounded sequence {x;} in X with respect to Cy, 1 <k < n. Then

r(C,{x;}) =min{r (ux, {x;}):1 <k <n}. (2.2)

PROOF. Let m = min{r(ux,{x;}) : k = 1,2,...,n}. Then for any x € C, there is i
such that x € C;, and so

r(x,{x;}) = r(Ci, {x;}) =r(ui, {x;}) = m. (2.3)

Taking the infimum for x over C yields 7 (C,{x;}) = m. On the other hand, choose
ie {1,2,...,n} such that v (u;, {x;}) = m. Then,

m=vr(ui,{x;}) =r(Ci,{x;}) =inf {r (x,{x;}) : x € C} =v(C,{x;}). (2.4)

This completes the proof. a

LEMMA 2.4. Under the same hypothesis as Lemma 2.3,
A(C{xj}) = {uir(ui, {x;}) =m} # 0, (2.5)
where
m =min{r (u, {x;}):1 <k <n}. (2.6)

PROOF. If u; satisfies r(u;,{x;}) = m, then it follows from Lemma 2.3 that
r(uq, {x;}) = r(C,{x;}), which implies that u; € A(C,{x;}). For the other inclusion,
let v be any member of A(C,{x;}). Choose Ci such that v € Ci. Then

(v, {x;}) =m <7 (ur {x;}) <v(v,{x;}), (2.7)

so r(v,{x;}) = m = r(ug, {x;}). By the uniqueness of the asymptotic center, we see
that v = ux € {u; :v(u;, {x;}) = m}. O

LEMMA 2.5. Under the same hypothesis as Lemma 2.3, and suppose that T : C — C
is nonexpansive. Then for any z € C, A(C, {sz}J".‘;l) is T-invariant.
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PROOF. For each k € {1,2,...,n}, let uy € Cy be the unique asymptotic center of
{T/z} with respect to the nonempty weakly compact convex subset C, 1 < k < n.
Define f: X — [0,0) by f(x) =7 (x,{T/z}) for x € X. Then by Lemma 2.4,

@+ ACAT'Z}) = {ui: f(u) =m}, m=min{r(u,{T'z}):k=1,2,...,n}. (2.8)
Since T is nonexpansive, for any k € {1,2,...,n}, we have

F(Twe) = Tm [T —T/2]] < Tim [l —T91 2] = (). 2.9)
J— J—

Now, for any a € A(C,{T7z}), it follows from (2.8) and (2.9) that

m=f(a)=f(Ta) > irelgf(x) =m. (2.10)

Consequently, f(Ta) = m. Appealing to (2.8) once more, we obtain that Ta €
A(C,{T’z}). This completes the proof. O

With the aid of Lemmas 2.3, 2.4, and 2.5, we obtain one of our main results.

THEOREM 2.6. Let C = |J};_, Cx be a finite union of nonempty weakly compact convex
subsets Cy of a UCED Banach space X. Suppose that T : C — C is an asymptotically
regular nonexpansive mapping. Then T has a fixed point in C.

PROOF. Choose any z € C. Since C is T-invariant and C is bounded, the sequence
{T’z}“f;1 C Cisbounded.Foranyk € {1,2,...,n},let uy € Cx be the unique asymptotic
center of {T7/z} with respect to the nonempty weakly compact convex subset Cy of
X. By Lemmas 2.4 and 2.5, A(C, {T/z}) is a nonempty subset of {u1,...,u,} and is
T-invariant. For any a € A(C, {T/z}), we see via the finiteness of A(C,{T/z}) that
there are distinct positive integers p,q such that T?a = T9a. Assume that g =p +7r
for some ¥ € N. Define w = TPa € A(C,{T/z}). Then

w=TPa=Tla=T" (T a) =T w. (2.11)

This means that w is a fixed point of T". Put ny = kv, k € N. It follows from the
asymptotic regularity of T at w that

ITw-w]| = ||]T" " w—T%w| — 0 as ng — oo. (2.12)

Hence Tw = w. This completes the proof. ]

Since it is not known whether every A-firmly nonexpansive mapping is asymptotic
regular, the generalization of the Smarzewski fixed point theorem to A-firmly non-
expansive mappings does not follow directly from Theorem 2.6. However, the proof
of the following theorem is similar to that of Theorem 2.6. To begin, we recall the
following known lemma.

LEMMA 2.7 [6, Lemma 2.2]. Suppose that C is any nonempty subset of a strictly
convex Banach space X, and that T : C — C is a A-firmly nonexpansive mapping for
some A € (0,1). If x,y arein C so that || Tx—Ty| =llx-y|,thenTx—-Ty =x—y.
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THEOREM 2.8. Let C = ;_, Ci be a finite union of nonempty weakly compact convex
subsets Cy of a UCED Banach space X. If T : C — C is A-firmly nonexpansive for some
A €(0,1), then T has a fixed point in C.

PROOF. Choose any z € C. The sequence {T/ z}}’i1 is bounded in C. So, it follows
from Lemma 2.2 that for any k € {1,2,...,n}, {T/z} has a unique asymptotic center
uy with respect to the nonempty weakly compact convex subset Ci. By Lemmas 2.4
and 2.5, A(C, {T/z}) is a nonempty subset of {ui,...,u,} and is T-invariant. So, there
isw e A(C,{T/z}) and £ € N such that Tw = w.If £ = 1, T has a fixed point w in C.
Otherwise, noting that

lw-Tw| = ||T'w-T w|| < 1T 'w -T w|| < - - - < ||Tw -T?*w|| < |lw-Tw|,
(2.13)
it follows from Lemma 2.7 that
w-Tw=Tw-T?w=---=TYw-_Tly, (2.14)
which implies that
w=Tw=T " w-x

=(T"%w-x)-x

=T 2w - 2x (2.15)

=w—-{¥{x, wherex=w-Tw.

Consequently, £x = 0 and hence x = 0, that is, Tw = w. This completes the proof.
O

For the case that k = 1, we have the following corollary.

COROLLARY 2.9. Let C be a nonempty weakly compact convex subset of a UCED
Banach space X. Suppose T : C — C is a A-firmly nonexpansive mapping for some
A €(0,1). Then T has a fixed point in C.

The following conclusion is immediate from Theorem 2.8 and the fact that every
uniformly convex Banach space is a UCED Banach space.

COROLLARY 2.10 [9]. Suppose that C = |J;_, Cx is a finite union of nonempty weakly
compact convex subsets Cy of a uniformly convex Banach space X and that T : C — C
is a A-firmly nonexpansive mapping for some A € (0,1). Then T has a fixed point in C.

3. A common fixed point theorem for strongly nonexpansive mappings. By [3,
Proposition 1.2], it is easy to see that every strongly nonexpansive mapping T:C — C
on anonempty bounded closed subset C of a Banach space X is asymptotically regular.
With this observation, the result of Theorem 2.6 can be strengthened.

THEOREM 3.1. Let X be a UCED Banach space, and let C = J;_, Cx be a finite
union of nonempty weakly compact convex subsets Cy of X. Suppose that T : C — C



256 WEI-SHIH DU ET AL.

is a strongly nonexpansive mapping. Then for any z in C, A(C, {sz};":l) + @ and
A(C, {TJZ};Q:N C F(T).

PROOF. For each k € {1,2,...,n}, let uy € C be the unique asymptotic center of
{T/z} with respect to Cx. By Lemmas 2.4 and 2.5, we see that A(C,{T/z}) is a fi-
nite nonempty subset of {u,...,u,} and is T-invariant. Moreover, from the proof of
Theorem 2.6, we see that for any a € A(C,{T7z}) there is £ € N such that T!a is a
fixed point of T.Let n = T¥~'a and w = T?a. Then Tn = w and Tw = w. Let m be the
asymptotic radius of {T7z} with respect to C. Then

Tim||n —772|| = m = Tim [ - /]| = lim [ ~ /2] (3.1)
J— J— J—

where the last equality follows from the monotonicity of the sequence {||lw —T/z|| }‘J’-°:1.
Now we claim that lim;j_. [[n—T7z| = m, also. In fact, by the nonexpansiveness of T
we see that
lim ||Tn-T/"z|| < lim||n-T’Z||, (3.2)
Joeo Joe

and hence

m=1Tim||n-T/z|| = lim||n-T'z|| = Lim || Tn - T7/*' 2|
J— j—oo j—oo

) 3.3)
= lim||w - T7*'z|| = m.
j—oo
Therefore, we have
lw=T/z|| - |ITw - T"*'z|| — 0,
. - _ (3.4)
In=T/z||-[[Tn-T""'2[| — 0 as j— co.
It then follows from the strong nonexpansiveness of T that
(w—-T/z) - (Tw-T/*'z) — 0,
. . ) (3.5)
(n-T’z)—(Tn-T'*'z) — 0 as j— oo.
Since
In=Tnl =[(n-w)—(Tn-Tw)||
(3.6)

<[l(n-T72) = (Tn-T""'2)|| +[|(w - T/2) - (Tw - T"*'2) |,

we conclude that n = Tn. Thus, we have shown that TY~'a is also a fixed point of T
whenever T'a is a fixed point of T. Repeating this argument, we finally obtain that a
is a fixed point of T. This completes the proof. |

A family {T;};c; of self-mappings on a metric space (X,d) is said to be weakly
commutative if d(T;T;x,T;Tix) < d(T;x,T;x) for any i,j € I and for any x in X.
{Ti}ier is said to be compatible if limy .. d(T;Tjxyn,T;Tixn) = 0 whenever {x,} is
a sequence in X such that for some t € X, limy—« T;(xXy) = limy— Tj(xy,) =t for all
i,j € I. Obviously, a weakly commutative family is compatible but not conversely ([7]).

Just as the proof of [7, Proposition 2.2], we have the following lemma.
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LEMMA 3.2. Suppose that {T;}ic; is a compatible family of self-mappings on a metric
space (X,d). If z € X is such that T;z = Tjz for all i,j € I, then T;T;z = T;T;z for all
i,jel.

THEOREM 3.3. Let C = y_, Cx be a finite union of nonempty weakly compact convex
subsets Cy of a UCED Banach space X, and let {T;}ic; be any compatible family of
strongly nonexpansive self-mappings on C. Suppose that the graphs of T;, i € I, have a
nonempty intersection, then T;, i € I, have a common fixed point in C.

PROOF. By assumption, there is z € C such that T;z = T;z for all i, j € I. Then in
view of Lemma 3.2, we have T;T;z = T;T;z for all i, j € I. Consequently,

Tz =Ti(Tjz) = Tj(Tiz) = T}z, (3.7)

for all i, j € I. By induction, we obtain that Tikz = TJ’.‘z for any k € N and for all i, j € I.
Then from the proof of Theorem 3.1, we see that A(C,{T'z},,_;) + @ and any point
w in A(C,{T}'z};_,) is a common fixed point of T}, j € I. This completes the proof.

O
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