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Fixed Point Theorems for Hybrid
Mappings in Metric Spaces

RENY GEORGE*, M.S. KHAN', AND ABRAHAM VARGHESE

ABSTRACT. Some common fixed point theorems for non-self hybrid mappings
have been proved by altering the distance between the points. Our results
extends and generalizes many well known results.

1. INTRODUCTION

Since the appearance of celebrated Banach contraction principle, sever al gen-
eralization of the theorem in the setting of point to point mappings have been
obtained. In 1976 Jungck [3] initially gave a common fixed point theorem for com-
muting mappings which generalized Banach’s Fixed Point Theorem. Jungck’s the-
orem was generalized, extended and unified in various ways by many authors. S.
Sessa [10] defined a generalization of commuting mappings which is called weakly
commuting mappings. Recently Jungck [2] introduced the concept of compat-
ible mappings for single valued mappings which are more general than weakly
commuting mappings. Nadler [6] was the first to extend Banach’s theorem to
multivalued contraction mappings. In the sequel the concept of commuting map-
pings, weakly commuting mappings and compatible mappings were extended to
hybrid mappings (i.e one single valued and one multivalued mappings). Recently,
non-linear Hybrid contractions, that is contraction types involving single valued
and multivalued mappings have been studied by many authors (see Mukerjee [5],
Niampally et al. [7], Sessa et al. [10], Singh et al. [11], Khan et al [4], Rashwan
and Ahmed [8]). Rashwan and Ahmed [8] , Delbosco [1] and skof [1] proved some
fixed point theorems for self maps of complete metric spaces by altering the dis-
tance between the points with the use of a function ¢ : [0,00) — [0, 00), where
¢ satisfy the following properties.

(i) ¢ is continuous and strictly increasing in [0, c0)

(i) p(t)=01iff t =0
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(iii) ¢(t) > M.t* for every t > 0, where M > 0, u > 0 are constants.
Rashwan and Ahmed [8], proved the following;:

Theorem 1.1. Let f be a mapping of a complete metric space (X,d) into itself

and let S : X — B(X) be such that

1.1.1) S(X) C f(X)

1.1.2) f is continuous

1.1.3) S and f are d-compatible.

1.1.4) f(K) is complete

1.1.4) ¢(6(Sz,Sy)) < a. ¢ld(fz, fy)) + b{o(D(fx,Sz)) + ¢(D(fy, Sy))} +
c{¢(D(fw~9yD-%¢(D(fy~9mD

2

¢ are constants satisfying a + 2b + 2c < 1 and ¢ :]0, co[—>]0, 00| satisfy
the property (i), (ii) and (iii).

Then S and f have a unique common fized point u in X. Moreover Su = {u} =

{fu}.

In this paper we prove a common fixed point theorem for §-compatible map-
pings, by altering the distance between points, using function ¢ which satisfies
conditions (i), (i) and

for all x,y € X,x # vy, where a, b,

(iv) ¢ is bijective.
Our results generalizes and extends the results of Rashwan and Ahmed [8], Del-
bosco [1], Skof [12] and many others.

2. PRELIMINARIES

Let (X, d) be a complete metric space and let B(X) be the set of all nonempty,
bounded subsets of X. For any A, B € B(X), we have §(A, B) = sup{d(a,b) :
a€ Abe B} and D(A,B) =inf{d(a,b) : a € A,b € B}. If A consists of a single
point a, we write,

d(a, B) = sup{d(a,b) : b € B}

Remark 2.1. Note that if ¢ : [0,00) — [0, 00) satisfies (i), (ii) and (iv) above
and if d is a metric defined on X, then the composition ¢ o d = ¢(d) is not
necessarily a metric as shown in the following:

Example 2.1. Let X = {a,b,c} and d : X x X — R be given by d(a,b) =
d(b,a) = 1, d(b,c) = d(c,b) = 1 and d(a,c) = d(c,a) = 2 and ¢ be given by
#(t) = t2 for all t € [0,00). Then clearly d is a metric on X but ¢(d(a,c)) >
¢(d(a,b) + d(b, c)).

We also remark that if ¢ is increasing then so is ¢~

We say that the subset A of X is the limit of a sequence {A,}, n=1,2,3,...
of nonempty subsets of X iff

1) each point a in A is the limit of a sequence {a,} with a, in A4, for n =
1,2,3...
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2) for arbitrary e > 0 there exists an integer N such that A, C A forn > N,
where A, is the union of all open spheres with centers in A and radius e.

The following definition is due to Jungck-Rhoades [2]:

Definition 2.1. Let (X,d) be a metric space. Let f: X — X and S : X —
B(X). S and f are -compatible iff fSz C B(X) for z € X and §(Sfzn, fSxn) =
0 whenever {zn} is a sequence in X such that fzn — ¢t and Szn — {t} for some
te X.

Proposition 2.1 ([2]). Let (X,d) be a complete metric space. Suppose f: X —
X,S:X — B(X), and f and S are §-compatible

a) Suppose that the sequence {Sxn} converges to {u} and {fxn} converges
to u. If f is continuous, then Sfxn — {fu}.
b) If {fu} = Su for some u € X, then Sfu = fSu.

3. MAIN RESULTS

Theorem 3.1. Let (X,d) be a metric space, K be a non-empty, closed and
bounded subset of X.
Let S,T: K — CB(X) and f : K — X be such that

3.1.1) S(K)UT(K) C f(K)

)

3.1.2) f is continuous

3.1.3) the pairs (S, f) and (T, f) are §-compatible

3.1.4) f(K) is complete

3.15) G(O(Se.Ty)) < a - G(d(fr, 1) + b {(6(6(fx,52)) + S(Fy, Ty)} +
Ao(6(fx,Ty)) + ¢(6(fy,Sz))} for all z,y € K,x # y, where a, b, c
are constants satisfying a + 2b 4+ 2¢ < 1 and ¢ : [0,00) — [0, 00) satisfy

the property (i), (ii) and (iv).

Then S, T, f have a unique common fized point u in X. Moreover Su = Tu =

{u} = {fu}.

Proof. Letzg € K be an arbitrary point in K and define the sequence {z,} as
follows. Take a point z1 in K such that fz; € Sxg = Xg, and then take xo in K
such that fzy € Txy = X;. Proceeding this way, we get sequence {z,} in K and
{fxn} in f(K) such that

froni1 € Sxop = Xop
fronyo € Tronyr = Xopt1, n=0,1,2,...
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Let 6, = 0(Xp, Xpt1), n=0,1,2,... Then we have

d(02n+2) = G(6(STant2, Txoni3)) <

Hence we have

i.e.

Also,

< a-¢(d(fronte, fronts))+
+ b - {P(0(fronte, Stont2)) + ¢(6(frants, Tronis)) }+

+ec- { P(0(fronte, Trany3)) + G(0(frants, STant2)) }
2

< a-¢(6(Txont1, SToni2))+
+ b {p(0(Tx2n11, ST2n12)) + P(0(ST20+2, TT2013)) }+
{ O(0(Trant1, Trant3)) + d(6(Sx2nt2, STont2)) }
2

<

+c-

< a-¢(02n+1) + b (@(02n+1) + d(d2n+42))+

+e- { ¢(52n+1) + ¢(52n+2) + ¢(52n+1) + ¢(52n+1) }
2

<

(1=b—=1c/2) ¢(02n+2) < (a+b+3c/2) - p(d2n+1

a+b+3c/2

¢(52n+2) < (1_1)_0/2) ‘¢(52n+1) < P(02n+1)

¢(02n+1) = G(6(Szant2, Txont1)) <

Hence we have

< a-d(d(frant2, fTont1)+
+ 0 {9(0(frant2, Sxant2)) + ¢(0(frant1, Twon+1))

n C{¢(5(fﬂ?2n+2aTﬂf2n+1)) + ¢(5(f$2n+175372n+2))} <

[\

< a- ¢(0(Txons1, Sxan))+
+b- {¢(5(Tx2n+17 Sx2n+2)) + ¢(5(S$2n, Tx2n+1))}+

L. {¢(5(T$2n+17 Txont1)) + ¢(0(Sxon, STonta)) }
2

< a-¢(d2n) + +b- (@(2n41) + ¢(20))+

+c- {¢(52n+1) + ¢(52n)2+ d(d2n) + &(2n) }

<

(L =b—1c¢/2)¢(02n+1) < (a+b+3c/2)¢(02n)
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@) ¢w%ﬂ>§(

From (1) and (2) we get,

a+b+3c/2

IR ) 60m) < o0m)

a+b+3c/2

(3) P(6nt1) < < = b—c/

) B(6,) < 6(62)

Since ¢ is increasing, we have 6,11 < d,,. Therefore {d,,} is a decreasing sequence
which has a limit 4.
Letting n — oo in (3) we get

o) < (T2 o00) < 060,

a contradiction.

Hence ¢(0) =0=0=0

Let z, be an arbitrary point in X, for n = 0,1,2,... We have lim,,_,o d(zy,
Zn+1) = limn_wo(;(Xn, Xn—‘,—l) =0.

We will claim that sequence {z,} is a Cauchy sequence. Suppose that {z,} is
not a Cauchy sequence, then there exists a positive number e such that for each
positive integer k, there exists integers n(k) and m(k) such that

(4) k< n(k) <m(k)
and d(zn(k), Zm(k)) > €, ie.
(5) S(Xn(kys Xim(k)) = €

Thus for each integer k we have,

(6) € < 0( Xy X)) < 0( Xk Xinry=1) + 0(Xine)—1, Xin(k))-

For each integer k, let m(k) denote the smallest integer satisfying (4) and (5)
for some n(k). Then we have §(X,, k), Xm(x)—1) < € and it follows from (6) that

i <
Jm 6(Xo k), Xin(r)) < €
Using the triangle inequality, we get
10(Xn (i) s Xen(i)—1) — 0(Xo(k)> X)) < 0 Xom)—1> Xim(k))
and
16 (Xn(k)y+15 Xk —1) — 6 (Xnrys Xmr)| < 0(Xnkys Xnr)+1) + 6 (Xmg)—1: X))
which yield
lim §( Xy k) Xin(r)—1) < Hm 8(Xp )11, Xy 1) < e

k—o00 -
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Now

¢(5(Xn(k)aXm(k))) (6 (Xn(kys Xngk)+1) + (0( Xy 11, Xmr))) =
P(0(Xn(kys Xn(r)+1) + 6(STimrys Ty 1)) <
P((6(Xn X( y+1) + ¢~ La - p(d(fTmr), fTnr)+1))+
+b{¢ (fx (k)» ST (k) )) PO(fTn(rys1s TTn(r)41 )}+
{ S(fTmry, Tpry41)) + (6 (fm (k)15 STm(k) ))}
2
(a

IN

(6 ( Xty Xngy+1) + & (@ (6(Xny—15 Xnry))+
+b{¢(( m(k)— ))+¢(( (k) Xn(k)+1)) }+
+

1, Xm
<Z>(5(Xm(k)f s Xnk)+1)) + 0(0(X, k)aXm(k)))}
2

+ ¢

Letting £k — oo we get,

P(e) =0+ ¢ (a-p(e) +0+c- (

o) + o(¢)
)

ie. ¢(e) < (a+c)-d(e) < ¢(e), a contradiction. Hence {z,} is a Cauchy sequence.
Therefore the sequence {fx,} is also a cauchy sequence in f(K) and hence con-
verges to some point say z in f(K). Let u € ¢$—'2z. Thus there exists u in K such
that fu = z. The subsequences {fza,}, {fzan+1} will also converge to z and the
sequence of the sets {Sza,}, {T'w2n+1} will converge to {z}. Since f is continuous,
oo — fz, Prony1 — [z, fSxon — {f2}, fTx2n11 — {fz}. But the pairs

(S, f) and (T, f) are d-compatible, therefore S fxza, — {fz}, T frony1 — {fz}.
Now

(8(Sfrom, Trani1)) < a- ¢(d(f*2an, froni1))+
+0b- {¢(5(f2x2na Sfon)) + ¢(5(f372n+1a T-T2n+1))}+

t+e- { H(O(f* 220, Twon11)) + G(0(fTant1, Sf22n)) }
2

Letting n — oo, we get

¢(d(f2,2)) = a-(d(fz,2)) +b-{¢(d(fz, f2)) + $ld(2,2)) }+

| {¢<d<fz, 2+ G 1) }

= (a+c)-o(d(fz,2)) < ¢(d(fz,2)),

+c

a contradiction. Hence fz = z.
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Again we have
¢(6(52, Twon+1)) = a- ¢(d(fz, frans1))+
+b-{9(6(fz,52)) + ¢(6(frant1, Twon+1))
'{¢( (fz, T962n+1)) P(6 (T962n+1,52))}

+c

Letting n — oo, we get

B(5(52.2)) < a- 6(0) + b {H(5(z.52)) + ()} + ¢ {
— (bt c/2) - 6(6(S22)) < H(6(S2.2).

a contradiction, hence Sz = {z}.
Similarly

A(8(Tz, Sxan)) < a- d(d(fran, f2)) +b- {d(6(fran, Szon)) + ¢(6(f2,T2))}+
{ P(d fz SwZn + ¢(0(Tz, fx2n))}

6(0) + 662, 52)) } B
2

Letting n — oo, we get

O(5(T2,2)) < a-6(0) +- {6(0) + $(3(=.T2))} + - {
= (b4 ¢/2)6(5(T=, 2)) < G(5(T2.2)),

a contradiction. Hence Tz = {z}.
Now let v € X be a common fixed point of S, T and f, v # z. Then

P(d(v, 2)) < $(6(Sz,Tv))
a- ¢(d(fz, fv)) +b-{p(5(fz,52)) + ¢(0(fv, Tv))}+

| {¢<6<fv, 52)) + 6(6(f2,Tv)) } §
' <

$(0) + ¢(0(2, Tz)) }
2

+c

<a-¢(d(z,0) +b-(¢(0) + ¢(0)) + ¢
= (a+c)-o(d(z,v)) < ¢(d(z,0)),

a contradiction. Hence v = z and z is the unique common fixed point of S, T" and
f O

, {qb(d(v?z“)) -QF ¢(d(z,v))}

In Theorem 3.1 if we put S =T we get following:

Corollary 3.1. Let f be a mapping of a complete metric space (X, d) into itself
and let S : X — B(X) be such that

3.2.1) 5(X) C f(X)

3.2.2) f is continuous
3.2.3) S and f are §-compatible.
3.2.4) f(K) is complete
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3.2.5) ¢(6(Sx,Sy)) < a - o(d(fz, fy)) + b{o(6(fz,5z)) + S(6(fy,Sy))}+
c{¢(5(fx’sy))g¢(6(fy’5$))} for all z,y € X, x # y, where a, b, ¢ are con-
stants satisfying a+2b+2c < 1 and ¢ :]0, 00[—]0, 0o[ satisfy the property
(i), (i1) and (iv).

Then S and f have a unique common fized point u in X. Moreover Su = {u} =

{fu}.

Remark 3.1. Since d(a, B) < 6(a, B), we see that the above corollary is a sub-
stantial generalization and extension of [Theorem 3.1, 8] .

Assuming f to be the identity mapping in Corollary 1 we get the following;:
Corollary 3.2. Let S be a mapping of a complete metric space (X, d) into itself
such that

33.1) S(X)C X

3.3.2) ¢(0(Sz,5y)) < a - ¢(d(fz, fy)) + b{o(6(fz,S2)) + &(6(fy,Sy))}t+
+C{¢(5(f:n,5y )—;—qﬁ(d(fy,Sx } for all x,y € X, x # y, where a, b,
¢ are constants satisfying a + 2b + 2c < 1 and ¢ :]0, 0co[—>]0, 00| satisfy
the property (i), (ii) and (iv).

Then S, f have a unique common fixed point u in X.

Remark 3.2. Corollary 3.3 is a proper generalization of the corresponding result
of [12].

An application.

We now apply Theorem 3.1 to prove a common fixed point theorem satisfying
a contraction condition more general than (3.1.5) and under some compactness
type condition.

Theorem 3.2. Let (X,d) be a metric space, K be a compact subset of X. Let
S,T:K — CB(X) and f: K — X be such that

3.4.1) S(K)UT(K) C f(K)

3.4.2) f is continuous

3.4.3) the pairs (S, f) and (T, f) are d-compatible

3.4.5) f(K) is complete

3.4.5) ¢(6(Sz,Ty)) < a - ¢(d(fz, fy)) + b{(¢(0(fz,S2)) + ¢((fy,Ty))}+
+c{¢ (fx’Ty));M&(fy’Sx))} for all z,y € K, z ¢ y, with right hand side
not zero, where a, b, ¢ are constants satisfying a + 2b + 2¢ < 1 and
¢ : (0, 00[— (0, 00| satisfy the property (i), (ii) and (iv).

Then S, T and f have a unique common fized point u in X. Moreover Su =

Tu={u} = {fu}.

Proof. If a + 2b 4+ 2¢ < 1, then the proof follows from Theorem 3.1 . Suppose
a+2b+2c=1.
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Let

M(z,y) = a- ¢(d(fz, fy)) + b{(6(6(fx, Sx)) + (6(fy, Ty)) 1+
n C{¢(5(fﬂf,Ty)) + ¢(5(fy,593))}

2
Consider the function 7' : K x K — [0, 1) defined by

T(z.y) cb(i\(f(i,z)y))

for all x,y € K.
Clearly the function T is well defined. Since K is compact, T attains its max-
imum on K x K at some point say (u,v) € K2. Let T(u,v) = c¢. Then we

have
ACICES)) RN
| M(z,y) sTwv)=c,
¢(0(Sz, Ty)) < c- M(z,y) =
a' - p(d(fx, fy)) +V{(d(0(fx, Sx)) + ¢(d(fy, Ty)) }+
r [o(0(fz,Ty)) + ¢(6(fy, Sx))
+c - { 5 }

forallz,ye K,a' >0,b/ >0,¢,>0and o’ +2b' +2¢ =¢c-(a+2b+2¢c) =c < 1.
Also since K is compact it is closed and bounded, and thus all conditions of
Theorem 3.1 is satisfied and hence by Theorem 3.1, S, T and f has a unique
common fixed point. O
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