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ABSTRACT. Necessary and sufficient conditions for the existence of common stationary
points of two multivalued mappings and common stationary point theorems for multival-
ued mappings on bounded metric spaces are given. Our results extend the theorems due
to Fisher in 1979, 1980, and 1983 and Ohta and Nikaido in 1994.
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1. Introduction. Let (X, d) be ametric space and B(X) denote the set of all nonempty
bounded subsets of X. For A, B € X, let 6(A,B) = sup{d(a,b) :a € A, b € B} and
0(A) =6(A,A). If A consists of a single point a, we write 6(A,B) = 6(a,B). If B also
consists of a single point b, we write 6 (A,B) = 6(a,b) = d(a,b). Let N and w denote
the sets of positive integers and nonnegative integers, respectively. Let & denote a
family of mappings such that for each ¢ € ®, ¢p: [0,0) — [0, ) is upper semicontin-
uous, nondecreasing and ¢ (t) < t for t > 0.

The following definitions and lemmas were introduced by Fisher [3] and Singh and
Meade [6].

DEFINITION 1.1 [3]. Let {A,} be a sequence of sets in B(X) and A € B(X). The
sequence {A,} is said to converge to the set A if
(i) eachpoint a € Ais the limit of some convergent sequence {a,}, where a,, € A,
for n € N;
(ii) for arbitrary € > 0, there exists k € N such that A,, € A, for n > k, where A,
is the union of all open spheres with centres in A and radius e.

DEFINITION 1.2 [3]. Let F be a multivalued mapping of (X,d) into B(X). The map-
ping F is called continuous in X if whenever {x,} is a sequence of points in X con-
verging to x € X, the sequence {Fx,} in B(X) converges to Fx € B(X).

LEMMA 1.3 [3]. If {A,} and {B,} are sequences of bounded subsets of a complete
metric space (X,d) which converge to the bounded subsets A and B, respectively, then
the sequence {6(Ay,By,)} converges to 6(A,B).

LEMMA 1.4 [6]. Let ¢p € ®. Then ¢p(t) <t for eacht > 0 if and only if
lim ™ (1) = 0, (L.1)

where ¢p™" denotes the n-times composition of ¢.
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Let F and G be mappings of (X,d) into B(X). A point x € X is called a com-
mon stationary point of F and G if Fx = Gx = {x}. For A ¢ X, let FA = UgzcaFa
and GFA = G(FA). The mappings F and G are said to commute if FGx = GFx for
x € X. Define Cr = {T : T is a mapping of X into B(X) and T and F commute} and
CCfr = {T : T is continuous and T € Cf}. It follows that Cr 2 {F" : n € w}, where
FOx = {x} for x € X.

Throughout the rest of the paper, we assume that (X,d) is a complete bounded
metric space.

In 1979, Fisher [1] proved a common fixed point theorem for commuting mappings
f and g of (X,d) into itself satisfying

d(fx,gy) <cmax{d(x,y),d(x, fx),d(y,gy),d(x,9y),d(y, fx)} (1.2)

for all x, y € X, where 0 <c < 1.
In 1980, Fisher [2] generalized the result to multivalued mappings F and G of (X,d)
into B(X) satisfying the condition

8(Fx,Gy) <cmax{6(x,¥),0(x,Fx),5(y,Gy),56(x,Gy),6(y,Fx)} (1.3)

for all x, y € X, where 0 <c < 1.
In 1983, Fisher [4] established a common fixed point theorem for continuous, com-

muting mappings F and G of (X,d) into B(X) satisfying
§(FPGPx,FPGPy) < cmax{§(FiG"x,F°G'y),5(FiG" x,F°G'x),
(1.4)
§(FiG"y,F’Gty):0<q,r,s,t <p}

for all x, y € X, where 0 < c <1 and p is a fixed positive integer.
In 1994, Ohta and Nikaido [5] obtained the existence of fixed point for a continuous
self mapping f of (X,d) satisfying

d(frx, f*y) <cs({fit:te{x,y}, iew}) (1.5)

for all x, y € X, where 0 < ¢ <1 and k is a fixed positive integer.

The first purpose of the paper is to establish criteria for the existence of common
stationary points of commuting mappings F and G of (X,d) into B(X). The second
purpose of the paper is to prove common stationary point theorems for commuting
mappings F and G of (X,d) into B(X) satisfying one of the following:

S(FPGPx,F1G1y) < (8 (Upecye Dix,¥})) (1.6)

for all x, y € X, where ¢ € ® and p, q are fixed positive integers;
O(FPx,G1y) < ¢p(8(Upecpnee Dix, 1)) (1.7)

for all x, y € X, where ¢ € ® and p, q are fixed positive integers;

5(Fx,Gy) < p(max{5(x,Fx),5(y,G¥),5(x,G¥),5(y,Fx),5(Upeccye Dix,¥})})
(1.8)

for all x, y € X, where ¢ € .
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It is easy to see that (1.2) and (1.3) are special cases of (1.8), that (1.4) and (1.5) are
special cases of (1.6), and that (1.2) and (1.5) are special cases of (1.7). Our results
extend and unify the theorems of Fisher [1, 2, 4] and Ohta and Nikaido [5].

2. Common stationary points. Our main results are as follows.

THEOREM 2.1. Let F and G be continuous and commuting mappings of (X,d) into
B(X). Then the following statements are equivalent:
(i) F and G have a common stationary point;
(ii) there exist S,T € CCkNnCCg with S € Ct and ¢ € ® such that

0(Sx,Ty) < p(6(Upeccsncer Dix,y})) Vx,yeX; (2.1)

(iii) there exist S, T € CrnCg with S € Cr and ¢ € ® such that

5(Sx,Ty) < p(6(Upecsncr Dix,¥})) Vx,y €X; (2.2)

(iv) there exist mappings S,T of (X,d) into B(X) with S € Cr and ¢ € ® such that
F,G S CST and

8(Sx,Ty) < ¢p(6(Upecg; D{x,¥})) Vx,yeX. (2.3)

PROOF. We shall verify the following implications: (i)=(ii)=(iii)=(iv)=(i). Suppose,
first of all, that F and G have a common stationary point z. Define mappings S and
T of (X,d) into B(X) by Sx = Tx = {z} for all x € X. It is easy to check that §,T €
CCgnCCq and

6(Sx,Ty) =0 =< ¢p(6(Upeccsncer Dix,v})) (2.4)

for all x, y € X, ¢ € ®, that is, (ii) holds.
Note that CCr < Cr and Cs N Cr < Csr. Therefore (ii)= (iii)=(iv) are clear.
We now assume that (iv) holds. Then for any A, B € B(X), we have

5(SA,TB) < $(5(Upecs; D(AUB))), (2.5)

by (iv). Since X is bounded, M = §(X) < . Set X;, = S"T"X forn € N. Then X, < X,,_,
for n € N. We now will prove by induction that

0(Xy) <p™(M) formeN. (2.6)
Note that S and T commute. From (2.5), we have
5(X1) =8(STX,TSX) < p(8(Upecg; D(TXUSX))) < p(5(X)) = p(M),  (2.7)

that is, (2.6) holds for n = 1. Assume now that (2.6) holds for some n € N. It follows
from (2.5) that
8(Xni1) = 8(S"ITHX, TS LX)
< ¢ (5(Upecg; D(S"T™ X UT"S™ X))
= (6 (Upecg, S"T(DTX UDSX)))
< p(5(Xn)) < ™1 (M)

(2.8)
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by our assumption. Hence (2.6) follows by induction. Choose x,, € X,, for n € N. Then,
by (2.6), we get

d(xn,xm) <6(Xp,Xm) <6(Xy) <p™(M) form > n. (2.9)

Consequently, {x,} is a Cauchy sequence by Lemma 1.4. Since X is complete, there
exists a point z in X such that x,, — z as n — . From (2.6), we have

5(z,Xn) <d(z,xm) +6(xm, Xn) <d(z,xm) +6(Xn) <d(z,xm) +P"(M)  (2.10)
for m,n € N with m > n. Letting m tend to infinity, we obtain
6(z,Xn) <™ (M) forneN. (2.11)
Since F is continuous and x, — z, then {Fx,} converges to {Fz}. Note that
Fx, cFS"T"X =S"T"FXc X, forneN. (2.12)

Then 6(z,Fxy,) < 6(z,X,) for n € N. Letting n tend to infinity, we have 6(z,Fz) <0
by (2.11) and Lemmas 1.3 and 1.4, that is, Fz = {z}. Similarly, we have Gz = {z}. This
completes the proof. O

THEOREM 2.2. Let F and G be continuous and commuting mappings of (X,d) into
B(X) satisfying (1.6) or (1.7). Then F and G have a unique common stationary point z
and the sequence {F"G"x} converges to {z} for all x € X.

PROOF. let M =06(X), k=p+q, X, = F"G"X and x, € X,, for n € N. Note that
every n € N can be written as

n==kj+i, (2.13)
where j € w and 0 < i < k. Now we claim that
8(Xn) < &7 (M). (2.14)
If (1.6) is satisfied, then
8(Xn) = 8(FPGP (FI''G1" Xy(j-1)), FIGT (FP TGP X)) )
< P (8(Upecrg D(FT G Xi(j-1) UFPHGP  Xi(j-1))))
— ¢(5(UD€CFG (F"(J"“Gk(f’”F“”Gq”DXUFk(f’l)Gk(f’”F””G’””DX)))

< P (6(Xkij-1)))
(2.15)

which implies that
§(Xkj) < p(8(Xi(j-1)) <--- < /1 (5(Xk)) < p/(M). (2.16)

Note that X,, € X,,_1. Thus (2.14) follows from (2.15) and (2.16). If (1.7) is satisfied,
then
8(Xn) = S(FP (FI"'GM X(j-1)), GH(F* 'GP X))
< P (6(Upecpncg D(FIT'GH  Xy(j-1) UFF TGP X 5-1y)) (2.17)
< ¢ (6(Xk(j-1)))-
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Similarly, (2.16) holds also. It follows from (2.16) and (2.17) that (2.14) holds.
Given x,, € X,, for all n € N. For any m > n > k, by (2.13) and (2.14) we have

d(xn,xm) < 6(X,) < pI(M). (2.18)

As in the proof of Theorem 2.1, we conclude that F and G have a common stationary
point z and that x,, — z as n — o. Suppose that F and G have a second common
stationary point w. Then {u} = F*"G"u < X,, for u € {z,w} and n € N. In view of
(2.13) and (2.14), we infer that

d(z,w) <8(Xn) < P/ (M). (2.19)

Letting n tend to infinity we have d(z,w) < 0 by Lemma 1.4, that is, z = w. Hence
F and G have a unique common stationary point z. For x € X and n € N, choose
yn € F"G"x. Using (2.13) and (2.14), we have

d(yn,z) < 5(F*"G"x,z) < 6(Xp,z) < 8(Xpn) < P/ (M). (2.20)
Letting » tend to infinity, by Lemma 1.4 and Definition 1.1 and the above inequalities,
we conclude that {F"G"x} converges to {z}. This completes the proof. O
As a consequence of Theorem 2.2, we have the following corollary.
COROLLARY 2.3. LetF and G be continuous and commuting mappings of (X,d) into
B(X) satisfying one of the following:
5(Fix,Gly) < p(5(Uijew FIG' {x,¥})) Vx,y€X, (2.21)
where ¢ € ® and p,q are fixed positive integers;

S(FPGPx,FiGiy) < p(5(Vijew FIG' {x,¥})) Vx,y €X, (2.22)
where ¢ € ® and p,q are fixed positive integers. Then F and G have a unique common
stationary point z and the sequence {F"G"x} converges to {z} for all x € X.

From Corollary 2.3, we have the following.

COROLLARY 2.4 [4, Theorem 1]. Let F and G be continuous and commuting map-
pings of (X,d) into B(X) satisfying (1.3). Then F and G have a unique common station-
ary point z and the sequence {F"G"x} converges to {z} for all x € X.

COROLLARY 2.5 [5, Theorem 3]. Let f be a continuous mapping of (X,d) into itself
satisfying (1.5). Then f has a unique fixed point z and for each x € X, f"x — z as

n — oo,

THEOREM 2.6. Let F and G be commuting mappings of (X,d) into B(X) satisfy-
ing (1.8). Then F and G have a unique common stationary point z and the sequence
{F"G"x} converges to {z} for all x € X. Further, {z} = Dz for all D € CCrg.

PROOF. let M = 6(X), X,, = F"G"X, and x,, € X,, for n € N. As in the proof of
Theorem 2.1, we conclude that 6 (X,) < ¢" (M) for n € N and that x,, — z, 6(z,X;,) —
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0 as n — o. Consequently, the sequences {X,} and {{z} U X, } converge to {z}. For
each D € CCrg, we have 6(Dxy,z) — 6(Dz,z) as n — o, by the continuity of D and
Lemma 1.3. Note that

6(Dxy,z) <6(Dxy,xn) +d(xn,z) <6(Xy) +d(xn,z)

5¢"(M)+d(xn,z) —0 asn — oo, (223)

which implies that 6 (Dz,z) <0, that is, Dz = {z}. Using (1.8), we have for n € N,

§(F"G"X,Gz)
< ¢p(max{§(F" 'G"X,F"G"X),8(z,Gz),56 (F" 'G"X,Gz),
5(2,F"G"X),8(Upeccye D(F™G"X U {2}))])
< p(max {5(Xn-1,Xn),6(2,62),8(Xp-1,G2), (2.24)
5(2,Xn),6(Upeccy (F'G"'DGXUDZ))})
¢ (max{6(Xy-1),6(z,Gz),6(Xn-1,Gz),
6(z,Xn),0(Xn-10{z})}),

which implies that

0(xn,Gz) <6(F"G"X,Gz)

< §(max [8(2,62),8(Xa1,62),5(2,X), 6 (Xa a0 (2D, 02

Letting n tend to infinity, we get
8(2,G2) < p(max{5(z,G2),8(z,62),0,0}) = $(5(2,Gz2)). (2.26)

Suppose that 6(z,Gz) > 0. Then
§(2,G2) = $(8(2,G2)) < 5(z,Gz), (2.27)

which is a contradiction. Therefore 6(z,Gz) = 0, that is, Gz = {z}. Similarly we have
Fz = {z}. The rest of the proof is exactly the same as that of Theorem 2.2. This com-
pletes the proof. O

From Theorem 2.6, we have the following corollary.

COROLLARY 2.7 [2, Theorem 2]. Let F and G be commuting mappings of (X,d) into
B(X) satisfying (1.3). Then F and G have a unique common stationary point z and the
sequence {F"G"x} converges to {z} for all x € X.

COROLLARY 2.8 [1, Theorem 4]. Let f and g be commuting mappings of (X,d) into
itself satisfying (1.2). Then f and g have a unique common fixed point z and for each
xeX, frgh—zasn— .

The following example shows that Theorem 2.6 extends properly Corollaries 2.7
and 2.8.
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EXAMPLE 2.9. Let X = {1,2,5,8} with the usual metric. Define self mappings f and
g of (X,d) by

fl=1, f2=f5=gl=g2=g5=5, f8=g8=2. (2.28)

Set Fx = {fx} and Gx = {gx} for x € X. Let ¢p(t) = (1/2)t for t > 0. It is easy to
check that F and G satisfy the conditions of Theorem 2.6. But Corollaries 2.7 and 2.8
are not applicable since

d(f1,g1) =4 =max {d(1,1),d(1, f1),d(1,g1),d(1,g1),d(1, f1)}, (2.29)

that is, f and g do not satisfy (1.2). Similarly F and G do not satisfy (1.3).
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