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1 Introduction
Consistent with [1] (see also [2]), Y denotes an arbitrary nonempty set, (X,d) a met-
ric space and CL(X) (resp. CB(X)), the collection of all nonempty closed (resp. closed
bounded) subsets of X. The hyperspace (CL(X), H) (resp. (CB(X), H)) is called the gen-
eralized Hausdorff (resp. the Hausdorff) metric space induced by the metric d on X.

For nonempty subsets A, B of X, d(A, B) denotes the gap between the subsets A and B,

while
o(A,B) = sup{d(a,b) ca€A,be B},
BN(X) ={A: 2 #A C X and the diameter of A is finite}.
As usual, we write d(x, B) (resp. p(x, B)) for d(A, B) (resp. p(A,B)) when A = {x}.
For the sake of brevity, we choose the following notations, wherein S, T, f, and g are

maps to be defined specifically in a particular context, while x and y are elements of some
specific domain:

)

M(S, T; f,gy) = max{d(fx, @), d(f, Sx), d(gy, Ty), 2028+ D) }

2
d(Sx,y) + d(Ty, x) }

M(Sx, Ty) = max{d(x, y), d(x, Sx), d(y, Ty), 5

Let CB(X) denote the class of all nonempty closed bounded subsets of X.

A map T: X - CB(X) is called a Nadler multivalued contraction if there exists k € [0, 1)
such that, for every x,y € X, H(Tx, Ty) < kd(x, y).
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The classical multivalued contraction theorem due to Nadler [1] states that Nadler mul-
tivalued contraction on a complete metric space X has a fixed point in X, that is, there
exists z € X such that z € Tz. For a detailed discussion of this theorem on generalized
Hausdorff metric spaces and applications, one may refer to [3—-13], and [14].

Nadler’s multivalued contraction theorem [1] has led to a rich fixed point theory for
multivalued maps in nonlinear analysis (see, for instance [6, 9-12, 15-22], and [13, 14, 23,
241]). It has various applications in mathematical sciences (see, for instance, [2, 5, 7-9],
and [25]).

The following important result involving two pairs of hybrid maps on an arbitrary
nonempty set with values in a metric space is due to Singh and Mishra [12] (see also [21]).

Theorem1.1 LetS,T:Y — CL(X)andf,g:Y — X besuchthat S(Y) Cg(Y)and T(Y) C
fY) and one of S(Y), T(Y), f(Y) or g(Y) is a complete subspace of X. Assume there exists
r € [0,1) such that, for every x,y € Y,

H(Sx, Ty) < rM(S, T; fx, gy).

Then
(i) S and f have a coincidence pointvinY;
(i) T and g have a coincidence point winY.
Further, if Y = X, then
(ili) S and f have a common fixed point v provided that fv is a fixed point of f, and f and
S commute at v;
(iv) T and g have a common fixed point w provided that gw is a fixed point of g, and g
and T commute at w;
(v) S, T, f, and g have a common fixed point provided that (iii) and (iv) both are true.

The following result due to Kikkawa and Suzuki [26] (see also [13, 14]) generalizes
Nadler’s multivalued contraction theorem.

Theorem 1.2 Let X be a complete metric space and T : X — CB(X). Assume there exists
r € [0,1) such that, for every x,y € X,

dx, Tx) < 1+ r)d(x,y) (1.1)
implies
H(Tx, Ty) < rd(x,y). (1.2)

Then T has a fixed point in X.

Subsequently, some interesting extensions and generalizations of Theorem 1.2 have re-
cently been obtained among others by Abbas et al. [27], Dhompongsa and Yingtaweesit-
tikul [18], Doric¢ and Lazovic [28], Kamal et al. [29], Mot and Petrusel [19], Singh and
Mishra [13, 14] and Singh et al. [10, 30], and [23].

The importance of Suzuki contraction theorem [24, Theorem 2], Theorem 1.2 and sub-
sequently obtained coincidence and fixed point theorems (cf [13, 14, 18, 19, 23, 26-28],
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and others) for maps in metric spaces satisfying Suzuki type contractive conditions is that
the contractive conditions are required to be satisfied not for all points of the domain. For
example, the condition (1.1) of Theorem 1.2 puts some restrictions on the domain of the
map 7T.

In all that follows, we take a nonincreasing function ¢ from [0,1) onto (0, 1] defined by

1 if0§r<%,
@(r) = )
1-r if§§r<1.

Recently, Singh et al. [10] obtained the following coincidence and common fixed point
theorem which generalizes a result of Doric and Lazovic [28] and some other results from
[3,26], and [21].

Theorem 1.3 Let S,T:Y — CL(X) and f : Y — X be such that S(Y) Cf(Y) and T(Y) C
f(Y). Assume there exists r € [0,1) such that, for every x,y € Y,

¢(r) min{d(fx, Sx),d(fy, Ty)} < d(fx,fy)
implies
H(Sx, Ty) < rM(Sx, Ty; fx, f).

Ifoneof S(Y), T(Y) or f(Y) is a complete subspace of X, then there exists a point z € Y such
that fz € Sz N Tz.

Further, if Y = X, and fz is a fixed point of f, then fz is common fixed point of S and T
provided that f is IT (Itoh-Takahashi)-commuting [13] with S and T at z.

Now a natural question arises whether Theorem 1.1 can further be generalized. In this
paper, we answer this question affirmatively under tight minimal conditions. Our main
result (Theorem 2.2) also presents an extension of Theorem 1.3 for a quadruplet of maps.
Some recent results are discussed as special cases. Further, using two corollaries of the
main result (Theorem 2.2), we obtain other common fixed point theorems for multival-
ued and single-valued maps on metric spaces. We also deduce the existence of common
solution for a certain class of functional equations arising in dynamic programming. Ex-

amples are given to justify applications.

2 Main results
The following definition is due to Itoh and Takahashi [31] (see also [13]).

Definition 2.1 Let T : X — CL(X) and f : X — X. Then the hybrid pair (T,f) is IT-
commuting at z € X if fIz C Tfz.

Evidently a pair of commuting multivalued map T : X — CL(X) and a single-valued map
f:X — X are IT-commuting but the reverse implication is not true [32, p.2]. However, a
pair of single-valued maps f,g : X — X are IT-commuting (also called weakly compatible
by Jungck and Rhoades [33]) at x € X if fgx = gfx when fx = gx.
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We shall need the following lemma, essentially due to Nadler [1] (see also [3], [2, p.61],
[9, p.76].

Lemma 2.1 IfA,B € CL(X) and a € A, then for each € > 0, there exists b € B such that
d(a,b) <H(A,B) +s.

Let C(S,f) denote the collection of all coincidence points of S and f, that is, C(S,f) =
{zeY:fzeSz}whenS:Y — CL(X) and f : Y — X; and C(S,f) = {z € Y : fz = Sz} when
S.f : Y — X. The following is the main result of this section.

Theorem2.2 LetS,T:Y — CL(X) andf,g:Y — X besuch thatS(Y) Cg(Y)and T(Y) C
f(Y). Assume there exists r € [0,1) such that, for every x,y € Y,

o(r) min{d(fx, Sx),d(gy, Ty)} < d(fx,gy)
implies
H(Sx, Ty) < rM(S, T; fx, gy).

Ifone of S(Y), T(Y),f(Y) or g(Y) is a complete subspace of X, then
(I) C(S,f) is nonempty, i.e. there exists a point z € Y such that fz € Sz;
() C(T,g) is nonempty, i.e. there exists a point z; € Y such that gz € Tz,.
Furthermore, if Y = X, then
(III) S and f have a common fixed point provided that the maps S and f are
IT-commuting just at coincidence point z and fz is fixed point of f;
(IV) T and g have a common fixed point provided that the maps T and g are
IT-commuting just at coincidence point z; and gz, is fixed point of g;
(V) S, T,f, and g have a common fixed point provided that both (I1I) and (IV) are true.

Proof Without loss of generality, we may take r > 0 and f, ¢ non-constant maps.

Let ¢ > 0 be such that 8 = r + ¢ < 1. We construct two sequences {x,} and {y,} in Y as
follows.

Let xp € Y and yo = gx; € Sxo. By Lemma 2.1, there exists y; = fx, € Tx; such that

d(fxa, gx1) < H(Sxo, T1) + eM(S, T fxo,gx1)-

Similarly, there exists y, = gx3 € Sx, such that
d(fxy, gx3) < H(Sx2, Tx1) + eM(S, T’ fxo, gx,).

Continuing in this manner, we find a sequence {y,} in Y such that
Yon = g%2n41 € Sxon, Yon1 = fXons2 € Thopn

and

A(fxon, 1) < H(Sx2, Thop1) + eM(S, T; fX20, 8%2n-1)5

d(fx2n+2»gx2n+l) < H(Sx2u, Toy11) + eM(S, T;fon,gx2n+l)~
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Now, we show that, for any n € N,

AW y2n-1) < BAYan-1,y2n-2)- (2.1)
Suppose if d(gxs,-1, Tx2,-1) > d(fxo,, Sx2,), then

@(r) min{d(fxan, Sx2), A(@H2n-1, To2n-1)} < Ao, gH2n1)-
Therefore by the assumption,

A(fxon, g%on1) < H(S%2, Thou1) + eM(S, T; fXon, §%2n-1)
< rM(S, T;fxon, §%2n-1) + EM(S, T'; fxon, %20-1)

= BM(S, T; fxan, §%2n-1)

=p max{d(fonrgx2n—l)y A(fxan, Sxan), d(gxan-1, Thon-1),

d(ngn—lr SxZn) + d(fom TxZn—l) }
5 .

This yields (2.1). Suppose if d(fx2,, Sx2,) > d(gx2u-1, Tx2,-1), then
@(r) min{d(fian, Sx2n), A(@Xan1, Toan1) } < d(fian, gHon1).
Therefore by the assumption,

A(fxon, gxonn) < H(Sxou, Txou-1) + eM(S, T; fXon, §%2n-1)
< rM(S, T; fxon, g%on1) + eM(S, T; fxon, §%2n-1)

= BM(S, T; X1, g%2n-1)

=p max{d(fxznrng}‘ll)r d(fxn, Sxan), d(gx2n-1, Tx24-1),

d(gxan_1, Sx2,) + d(fXon, TX2y-1) }
2

< B max{d(fxon, g%2n-1), A(fXon g¥2n:1) },
yielding (2.1). So, in both cases we obtain (2.1). In an analogous manner, we show that
AWans1,Y2n) < BAWY21 Y2n-1)- (22)
We conclude from (2.1) and (2.2) that, for any n € N,
AWni1,Yn) < BAWns yn-1)-

Therefore the sequence {y,} is Cauchy. Assume that the subspace g(Y) is complete. Notice
that the sequence {y,,} is contained in g(¥) and has a limit in g(Y). Call it u. Let z € fu.
Then z € Y and fz = u. The subsequence {y2,.1} also converges to u. Let z; € g'u. Then

gz =u. (2.3)

Page 5 of 23
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Now we show that, for any gy € X — {fz},

d(u, Ty) < rmax{d(u,gy),d(gy, Ty)}, (2.4)
and for any fy € X — {gz},

d(u, Sy) < rmax{d(u.fy),d(fy, Sy)}. (2.5)

Since fx;, — fz, there exists ny € N (natural numbers) such that

1
d(fxon.fz) < gd(fz,gy)q for gy # fzand all n > ny.

Also gxy,,1 — fz, there exists n; € N such that

1
d(gxonn, fz) < gd(fz,gy) for gy #fzand all n > n;.
Then as in [24, p.1862] (see also [28]),
(p(r)d(fom SxZn) =< d(fonx SxZn) =< d(fx2mgx2n+l)
2
= gd(fz,gy)
1
=d(fz.gy) - 3d(fz.¢)

<d(fz,gy) — d(fxon fz)
=< d(fomgy)'

Therefore

o(Nd(fxon, Sxa,) < d(fXon, gy). (2.6)

Now, either d(fxy,, Sxo,) < d(gy, Ty) or d(gy, Ty) < d(fxa,, Sx2,,).
In either case, by (2.6) and the assumption,

A(fxone1, Ty) < H(Sxpn, Ty) < rM(S, T fxon,gY)
< rmax{d(fxz;q,gy),d(fxz,q,szn),d(gy, Ty),

d(fxon, Ty) + d(gy, Sx2,) }

2

Making n — oo,

du, Ty) < rmax{d(u,gw,d(u, w,digy, ), X T ) }

d(u, Ty) + d(u,gy) }

< rmax{d(u,gy),d(gy, Ty), 5

that is, d(u, Ty) < rmax{d(u, gy),d(gy, Ty)}.
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This yields (2.4), that is,

d(fz, Ty) < rmax{d(fz,gy), d(gy, Ty)}.

Analogously, we can prove (2.5), that is,

d(gz1, Sy) < rmax{d(gz1,fy), d(fy, Sy)}.

Now, we show that C(S,f) is nonempty.

First we consider the case 0 <r < %

Suppose fz ¢ Sz. Then as in [18, p.6], let ga € Sz be such that 2rd(ga, fz) < d(Sz, fz).
Since ga € Sz implies ga # fz, we have from (2.4) and (2.5),

d(fz, Ta) < rmax{d(fz,ga), d(ga, Ta)}. (2.7)

On the other hand, since ¢(r)d(fz, Sz) < d(fz, Sz) < d(fz, ga),
o(r) min{d(fz, Sz),d(ga, Ta)} < d(fz, ga).
Therefore, by the given assumption,

d(ga, Ta) < H(Sz, Ta)

< rmax{d(fz, ga),d(fz, Sz),d(ga, Ta), d(fz, Ta) ; d(ga, Sz) }

= rmax{d(fz, ga),d(ga, Ta)}.

This gives d(ga, Ta) < H(Sz, Ta) < rd(fz,ga) < d(fz,ga).
So by (2.7), d(fz, 1a) < rd(fz, ga).
Therefore,

d(fz,Sz) < d(fz, Ta) + H(Sz, Ta) < rd(fz,ga) + rd(fz, ga)
=2rd(fz,ga) < d(fz, Sz).

This contradicts fz ¢ Sz. Consequently fz € Sz, and C(S,f) is nonempty.
In an analogous manner, we can prove in the case 0 <r < % that C(T,g) is nonempty.

L<pet.

Now we consider the case 3

We first show that

H(Sz, Ty) < rmax{d(fz, @), dlfz, 52, d(gy, Ty), 2859+ A= ) }

2

Assume that fz # gy. Then for every n € N, there exists z,, € Ty such that

1
d(fz,z,) <d(fz, Ty) + ;d(fz,gy).

Page 7 of 23
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Therefore

d(gy, Ty) < d(gy,z)
<d(gy.fz) + d(fz,z,)

< dlgnf2) +difs ) + - difz. ). 2.8
So, using (2.5), the inequality (2.8) implies
g T5) < dfe) + rmax{dlfe ) dlen )} + - dlf ). 29)
If d(fz,gy) > d(gy, Ty), then (2.9) gives
d(gy, Ty) = d(fz,gy) + rd(fz,gy) + %d(fZ»gy)
= (1 +r+ %)d(fz,gy).
Making n — oo,
d(gy, Ty) < (1 + r)d(fz, gy).

Thus

W@, T) = - ) = (11 ) dlen T) < (s

1+r
Then
¢(r)min{d(fz, Sz),d(gy, Ty)} < d(fz.gy),

and by the assumption,

(2.10)

H(Sz, Ty) < rmax{d(fz, o), d(fz, Sz),d(gy, Ty), ey, 52) + difz Ty) }

2
If d(fz,gy) < d(gy, Ty), then (2.9) gives
1
d(gy, Ty) = d(fz.gy) + rd(gy, Ty) + - d(fz,gy),

thatis, 1 —r)d(gy, Ty) < (1 + %)d(fz,gy).
Making n — oo,

o(rd(gy, Ty) < d(fz,gy).

Then ¢(r) min{d(fz, Sz), d(gy, Ty)} < d(fz,gy), and by the assumption, we get (2.10).
Now taking y = 1y, in (2.10) and passing to the limit, we obtain d(fz, Sz) < rd(fz, Sz).

Page 8 of 23
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This gives fz € Sz, that is, z is a coincidence point of f and S. Analogously, fz € Tz. Thus
(I) and (II) are completely proved.

Further, if Y = X, and fZ is a fixed point of f, and S and f are IT-commuting at z, then
fSz C Sfz. Therefore, fz € Sz implies ffz € fSz C Sfz, so fz € Sfz. This proves that u = fz is a
common fixed point of f and S. Therefore (2.3) implies that « is a common fixed point of
fand S. This proves (III). Analogously, 7" and g have a common fixed point gz;. Therefore
(2.3) implies that # is a common fixed point of T and g. This proves (IV). Now (V) is

immediate. 0

Remark 2.1 In Theorem 2.2, the hypothesis ‘fz is a fixed point of f” is essential for the
existence of a common fixed point of S and f (see [22, 34] and the following example).
Similarly, the hypothesis ‘gz; is a fixed point of g’ is essential for the existence of a common
fixed point of 7' and g.

Example 2.3 Let X = R* (nonnegative reals) be endowed with the usual metric. Define

for x € X, fx = 2x%, gx = 2%, Sx = [1,2% + 1] and Tx = [1,4° + 1]. Then S(X) = T(X) =

[%, 00) C X = f(X) = g(X), and all other hypotheses of Theorem 2.2 with ¥ = X = R* are
1

satisfied for r = 1 = ¢(r). Notice that gz; = Tz = 1, where z; = 43, Thus g and T have a

coincidence at z;, but gz; = % isnota fixed point of g and hence not a common fixed point of
gand T. Note that z = % is a coincidence point of f and S, and Sf(z) = [é, %] C [i, %] =fS(z2),
that is, f and S are IT-commuting at z. Evidently, z = f(z) is a common fixed point of f

and S.

The following result due to Singh et al. [35] extends and generalizes certain results of
[10, 12, 26] and others.

Corollary 2.4 Let S:Y — CL(X) and f,g: Y — X be such that S(Y) C f(Y) Ng(Y). As-
sume there exists r € [0,1) such that, for every x,y € Y,

¢(r) min{d(fx, Sx), d(gy, Sy)} < d(fx,gy)
implies
H(Sx, Sy) < rM(S; fx, g).

Ifone of S(Y), f(Y) or g(Y) is a complete subspace of X, then
(I) C(S,f) is nonempty, i.e. there exists a point z € Y such that fz € Sz;
(I) C(S,g) is nonempty, i.e. there exists a point z; € Y such that gz € Sz;.
Furthermore, if Y = X, then
(1) S and f have a common fixed point provided that the maps S and f are
IT-commuting just at coincidence point z and fz is fixed point of f;
(IV) S and g have a common fixed point provided that the maps S and g are
IT-commuting just at coincidence point zi and gz, is fixed point of g;
(V) S.f, and g have a common fixed point provided that both (I11) and (IV) are true.

Proof 1t follows from Theorem 2.2 when T = S. O
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We remark that in general the coincidence points z and z; guaranteed by Theorem 2.2
or Corollary 2.4 may be different. However, if we take f = ¢ in Theorem 2.2, the maps S,
T, and f have a common coincidence point. So we have a slightly sharp result.

Corollary 2.5 Theorem 1.3.
Proof 1t follows from Theorem 2.2 when g = f. d
The following result extends and generalizes certain results of [28, 36] and others.

Corollary 2.6 [23] Let X be a complete metric space and S, T : X — CL(X). Assume there
exists r € [0,1) such that, for every x,y € X,

o(r) min{d(x, Sx),d(y, Ty)} <d(x,y) implies H(Sx,Ty) <rM(Sx, Ty).
Then there exists an element z € X such that z € SzN Tz.

Proof It follows from Theorem 2.2 when Y = X and f and g are the identity maps on
Y=X. a

The following result due to Dori¢ and Lazovic [28] generalizes many fixed point theo-
rems from [13, 26] and [37].

Corollary 2.7 Let X be a complete metric space and S : X — CL(X). Assume there exists
r € [0,1) such that, for every x,y € X,

o(rd(x,Sx) <d(x,y) implies H(Sx,Sy) <rM(Sx,Sy).
Then there exists an element z € X such that z € Sz.

Proof 1t follows from Theorem 2.2 when Y = X, T = S, and f, g are the identity maps
on X. g

The following result extends a common fixed point theorem of [10, Theorem 2.8].

Corollary 2.8 Let f,g,P,Q: Y — X be such that P(Y) C g(Y), Q(Y) C f(Y), and one of
P(Y) or Q(Y) or f(Y) or g(Y) is complete subspace of X. Assume there exists r € [0,1) such
that, for every x,y € Y,

o(r) min{d(fx, Px),d(gy, Qy)} < d(fx,gy)
implies
d(Px, Qy) < rM(P, Q; fx,gy).
Then C(P,f) and C(Q,g) are nonempty. Further, if Y = X, and if f, g, P, and Q are com-

muting at a common coincidence point, then f, g, P, and Q have a unique common fixed
point, that is, there exists a unique point z € X such that fz=gz=Pz=Qz=z.
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Proof Set Sx = {Px} and Tx = {Qx} for every x € Y. Then it easily comes from Theorem 2.2
that C(P,f) and C(Q, g) are nonempty. Furthermore, if Y = X and f and g commute, re-
spectively, with P and Q at z, then ffz = fPz = Pfz, ffz = fQz = Qfz, ggz = gPz = Pgz, and

g8z =gQz = Qgz.
Also ¢(r) min{d(fz, Pz), d({fz, Qfz)} = 0 < d(fz, ffz), and this implies

d(Pz, Qfz) < rmax{d (fz, flz), d(fz, Pz), d({fz, Qfz),

d(fz, Qfz) + d(ffz, Pz) }
2

= rd(Pz, Qfz).

This says that fz is fixed point of f and P. Analogously gz is fixed point of g and Q. The
uniqueness of the common fixed point follows easily. d

The following result extends and generalizes coincidence and common fixed point the-
orems of Goebel [38], Jungck [39], Fisher [40], and others.

Corollary 2.9 [35] Letf,g,P:Y — X be suchthat P(Y) C f(Y)Ng(Y).Let P(Y) or f(Y) or
g(Y) be a complete subspace of X. Assume there exists r € [0,1) such that, for every x,y € Y,

o (r) min{d(fx, Px),d(gy, Py)} < d(fx,gy)
implies
d(Px, Py) < rM(P; fx, gy).

Then C(P,f) and C(P,g) are nonempty. Further, if Y = X and if P commutes with f and g
at a common coincidence point, then f, g, and P have a unique common fixed point, that
is, there exists a unique point z € X such that fz = gz = Pz = z.

Proof It follows from Corollary 2.8 when Q = P. d

Corollary 2.10 Let (X,d) be a complete metric space and f,g : X — X be onto maps. As-
sume there exists r € [0,1) such that, for every x,y € X,

o(r) min{d(x,fx),d(y,gy)} <d(fx,gy) implies d(x,y) <rM(fx,gy).

Then f and g have a unique common fixed point.

Proof 1t follows from Corollary 2.8 when Y = X and P, Q both are the identity maps
on X. d

Corollary 2.11 Let (X,d) be a complete metric space and f : X — X be an onto map. As-
sume there exists r € [0,1) such that, for every x,y € X,

o(rd(x,fx) <d(fx,fy) implies d(x,y) < rM(fx,[f).

Then f has a unique fixed point.
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Proof 1t follows from Corollary 2.10 when f = g. O

The following example shows that Theorem 2.2 is indeed more general than Theo-
rem 1.1.

Example 2.12 Consider a metric space X = {(0,0),(0,1),(1,0),(1,2),(2,1)}, where d is de-
fined by

d[(x1,%2), 71, 72)] = |21 = 31| + %2 = yal.
LetS, T, f and g: X — X be such that

(Or 0) lf (xler) 7/(1’2)' (2’ 1):
S(xl) x2) = (1, 0) if (xl, xz) = (1, 2),
(0,1) if (x1,%2) = (2,1),

(O! 0) lf (xI:xZ) #(1’2)! (2! 1):
T(x1,%2) = 3 (0,1) if (x1,%2) = (1,2),
(L,0) if (x1,%2) = (2,1),

(x2,%1) if (x1,%2) #(1,2),(2,1),
(xth) if (x11x2) = (1r2)¢ (2¢ 1)

f(xl)xZ) =

and
g(x1,%2) = (x1,0)  forall (x1,%2) € X.

Then S, T, f, and g do not satisfy the assumption in Theorem 1.1 at x = (1,2), y = (1,2)
oratx =(2,1), y=(2,1). However,

d(Sx, Ty) < % max{d(fx,gy), d(fx, Sx), d(gy, Ty), d(Sx,gy) + d(Ty,fx) }

2

if (x,7) # ((1,2),(1,2)) and (x,) # ((2,1), (2,1)).

Since at (x)y) = ((1) 2)) (1: 2)): go(r) mln{d(fx, Sx), d(gy: Ty)} = ‘P(”) mm{d(f(l, 2)» S(l: 2))1
dg(1,2), T(1,2))} = ¢(r) min{2,2} = 2¢(r).

Here we note that the value of r is 1/2, so by definition, ¢(r) = 1/2, so ¢(r) min{d(fx, Sx),
d(gy, Ty)} =1> 0 = d(fx,gy).

Thus S, T, f, and g satisfy the assumption of Theorem 2.2 (and also Corollary 2.8).

In the following example, we show that two multivalued maps and two single-valued
maps satisfy all the hypotheses of Theorem 2.2 to ensure common coincidence points of
pairwise maps.

Example 2.13 Let Y ={a,b,c,d} and X = {2,3,4,5,7}. Let d be the usual metric on X, and
S, T,f, and g be defined on Y with values in X as

{2,3,4} ifx=a,b,c,
{2} ifx=d,

S(x) =

Page 12 of 23
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{2,3,4} ifx=a,b,c
{3} ifx=d,

4 ifx=a,
2 ifx=b,
flx) =
3
7

ifx=c,

ifx=d
and

ifx=a,
ifx=0,
glx) =
ifx=c,

ifx=d.

. W s N

Notice that S(Y) C g(Y) and T(Y) C f(Y). Further, all other conditions of Theorem 2.2 are
readily verified with r = 2/3 and ¢(r) = 1/3. Evidently, fa € Sa, fb € Sb, fc € Sc, and ga € Ta,
gb € Th, gc € Tc. Moreover, C(f,S) = C(g, T) = {b, ¢, d}.

Now we give an application of Corollary 2.8.

Theorem 2.14 Let S, T:Y — BN(X) and f,g:Y — X be such that S(Y) C g(Y), T(Y) C
f(Y), and let one of S(Y), T(Y), f(Y) or g(Y) be a complete subspace of X. Assume there
exists r € [0,1) such that, for every x,y € Y,

o(r) min{p(fx, Sx), p(gy, Ty)} < d(fx, ) (2.12)

implies

(2.12)

p(Sx, Ty) < rmax{d(fx, 2y), p(fx, Sx), p(gy, Ty), A Ty) ; ey, S%) }

Then C(S,f) and C(T,g) are nonempty.

Proof Choose A € (0,1). Define single-valued maps /1,4, : X — X as follows. For each
x € X, let hyx be a point of Sx which satisfies

d(fx, x) > r* p(fx, Sx).

Similarly, for each y € X, let s,y be a point of Ty such that
d(gy, hry) = 1 p(gy, Ty).

Since lx € Sx and hyy € Ty,

d(fx, mx) < p(fx,Sx) and d(gy, hay) < p(gy, Ty).
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So (2.11) gives

o (r) min{d(fx, h1x), d(gy, hay) } < o(r) min{p(fx, Sx), p(gy, Ty)} < d(fx,gy),

and this implies (2.12). Therefore

d(hix, hay) < p(Sx, Ty)

<r-r? max{r*d(fx,gy), rk,o(fx, Sx), rk,o(gy, Ty),

r*d(fx, Ty) + r*d(gy, Sx) }
2

< r'"* max {d(fx,gy), d(fx, hix), d(gy, hay),

d(fx, haoy) + d(gy, h1x) }

2

So (2.13), viz., (') min{d(fx, h1x), d(gy, hay)} < d(fx,gy) implies

d(hix, hyy) < r' max { d(fx, gy), d(fx, mx),d(gy, hay),

d(fx, hyy) + d(gy, hix) }
2 7

where 7 =17 < 1.

Hence by Corollary 2.8, there exist z1,zo € Y such that /121 = fz; and hyzp = gzo. This

implies that z; is a coincidence point of f and S, and z; is a coincidence point of g and T
O

Corollary 2.15 LetS:Y — BN(X) and f,g:Y — X be such that S(Y) C f(Y) N g(Y), and
let one of S(Y), f(Y) or g(Y) be a complete subspace of X. Assume there exists r € [0,1) such

that, for every x,y € Y,

@(r) min{ p(fx, Sx), p(gy, Sy)} < d(fx, gy)

implies

d(fx, Sy) + d(gy, Sx) }
5 .

p(Sx, Sy) < rmaX{d (fx, gy), p(fx, Sx), p(gy, Sy),

Then C(S,f) and C(S,g) are nonempty.

Proof It follows from Theorem 2.14 when T = S.

Corollary 2.16 [10] LetS,T:Y — BN(X)andf :Y — X besuchthat S(Y) C f(Y), T(Y) C
f(Y)andlet S(Y) or T(Y) or f(Y) be a complete subspace of X. Assume there exists r € [0,1)

such that, for every x,y € X,

o(r)min{p(fx, Sx), p(fy, Ty) } < d(fx.f)

(2.13)

(2.14)

(2.15)

O

Page 14 of 23
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implies

d(fx, Ty) + d(fy, Sx) }
5 .

p(Sx, Ty) < rmaX{d(fx,fy), p(fx, Sx), p(fy, Ty),
Then there exists z € Y such that fz € SzN TZ.
Proof 1t follows from Theorem 2.14 when g = f. 0

Corollary 2.17 [23] Let X be a complete metric space and let S, T : X — BN(X). Assume
there exists r € [0,1) such that, for every x,y € X,

p(r)min{p(x, Sx), p(y, Ty)} < d(x,7)

implies

d(x, Ty) + d(y, Sx) }
— [

p(Sx, Ty) < rmaX{d(x,y), p(x,8x), p(y, Ty),
Then there exists a unique point z € X such that z € SzN TZ.

Proof It follows from Theorem 2.14 when f and g are the identity maps on X. g

Corollary2.18 LetS:Y — BN(X) andf : Y — X besuchthat S(Y) C f(Y), and let S(Y) or
f(Y) be a complete subspace of X. Assume there exists r € [0,1) such that, for every x,y € Y,

@(r)p(fx, Sx) < d(fx, fy)

implies

d(fx, Sy) + d(fy, Sx) }
5 .

p(55.59) < rmax{ df ), 59 05,59,
Then there exists z € Y such that fz € Sz.
Proof It follows from Theorem 2.14 when g =f and T = S. g

Corollary 2.19 Let X be a complete metric space and let S : X — BN(X). Assume there
exists r € [0,1) such that, for every x,y € X,

p(r)p(x, Sx) < d(x,y)
implies

d(x, Sy) + d(y, Sx) }
I

p(Sx, Sy) < rmaX{d(x,y), p(x,Sx), p(y, Sy),

Then there exists a unique point z € X such that z € Sz.

Proof It follows from Theorem 2.14 that S has a fixed point when f = g is the identity map
on X and T = S. The uniqueness of the fixed point follows easily. d
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3 Applications

Throughout this section, we assume that {J and V are Banach spaces, W C U and D C V.
Let R denote the field of reals, t: W x D — W, g,¢' : W x D — R and G,Gy, F, F; :
W x D x R — R. Considering W and D as the state and decision spaces respectively,

the problem of dynamic programming reduces to the problem of solving the functional

equations:
pi= sug{g(x,y) + G,-(x,y,p(r(x,y)))}, xeW,i=1,2, (3.1a)

ye
qi= sug{g’(x,y) +Ei(xy,q(t(x))}, xeW,i=1,2. (3.1b)

ye

Indeed, in the multistage process, some functional equations arise in a natural way (cf.
Bellman [41] and Bellman and Lee [42]; see also [10, 43—47], and [23]). In this section,
we study the existence of a common solution of the functional equations (3.1a) and (3.1b)
arising in dynamic programming.

Let B(W) denote the set of all bounded real-valued functions on W. For an arbitrary
h € B(W), define ||/1]| = sup,.y |/(x)|. Then (B(W),]| - ||) is a Banach space. Suppose that
the following conditions hold:

(DP-1) Gy, Gy, F, F>, g, and g’ are bounded.

(DP-2) Let ¢(r) be defined as in the previous sections. Assume that there exists

r € [0,1) such that, for every (x,y) € W x D, h,k € B(W), and t € W,

’

@(r)min{|J17(2) — A1h(t)

Ja2k(£) = A2k(2)|} < [hh(e) - k()|
implies

|G1 (%9, 1(2)) = G (%9, k(8)) | < rM(A1, Az i, Jok),
where

M(Ay, Ag; 11, oK)

=max{ |[1h(t) - 2k (2)),

Jih(t) - A1h(2)|,

J2k(£) = Azk(2)

’

V1h(£) — A2k (@)] + ]2k(2) — Arh(2)] }
) ,

and A;, As, J1, and J, are defined as follows:

Aih(x) = sup{g(x,y) + Gi(x,y,h(t(x,y)))}, xeW,he B(W),i=1,2,
yeD

Jih(x) = q = sup{g'(x,) + Fi(%, 3, h(z(x,)))}, x€ W, heB(W),i=1,2.
yeD

(DP-3) For any h,k € B(W), there exist u,v € B(W) such that

Arh(x) = Ju(x) and Azk(x) =hv(ix), xeW.
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(DP-4) There exist i1,k € B(W) such that
Jih(x) = A1h(x) implies J1A h(x) = Aih(x)
and
Jk(x) = Axk(x) implies JArk(x) = AxJak(x).
Theorem 3.1 Assume the conditions (DP-1)-(DP-4) hold. Let J(B(W)) be a closed convex

subspace of B(W). Then the functional equations (3.1a) and (3.1b), i = 1,2, have a unique
bounded common solution in B(W).

Proof For any h,k € B(W),let d(h, k) = sup{|h(x) — k(x)| : x € W}. Then (B(W),d) is a com-
plete metric space.

Let A be an arbitrary positive number and /3, i, € B(W). Pickx € W, and choose 31,7, €
D such that

Ajhj < g(x,y) + Gi(%, 95, () + &, xi=(xy), =12, (3.1)

where x; = T(x, ;).

Further,
Arhy = g(%,32) + Gy (%, 72, 1 (x2)), (32)
Azhy > g%, 1) + Ga (%, 31, ha (1)), (3.3)

Therefore, the first inequality in (DP-2) becomes

@(r) min{ |]1h1(x) = A1 (%) |, |J2h2(x) — Az ha (x) |}
< |hi(x) - oha ()], (3.4)

’

and this together with (3.1), (3.3), and (3.4) implies

Arhy — Ashy < Gy (%, 91, I (%1)) = Ga (%, y, ha(%1)) + A
< |Gy (w1, (1)) = Go (%, 31, 12 (31)) | + 2
< rM(A1, Az i, J2ho) + A (3.5)

Similarly, (3.1), (3.2), and (3.4) imply
Ashy(x) — Avhy (%) < rM(Ay, Ag; i, Jahs) + A (3.6)
So, from (3.5) and (3.6), we obtain

| Al (%) = Aghy (x)| < rM(Ay, Ag; iy, Joho) + A 3.7)


http://www.fixedpointtheoryandapplications.com/content/2014/1/147

Singh et al. Fixed Point Theory and Applications 2014, 2014:147 Page 18 of 23
http://www.fixedpointtheoryandapplications.com/content/2014/1/147

As A > 0 is arbitrary and (3.7) is true for any x € W, taking supremum, we find from (3.4)
and (3.7) that

g(r)min{d(1i/n, Aih), d(ohy, Asha)} < d(Tihy, Johs)
implies
d(A1hy, Azhy) < rM(Ay, Ags i, Joho).

Therefore, Corollary 2.8 applies, wherein A, Aj, /1, and J, correspond, respectively, to
the maps P, Q, f, and g. So A;, Ay, /1, and J, have a unique common fixed point #*, that
is, h*(x) is the unique bounded common solution of the functional equations (3.1a) and
(3.1b),i=1,2. O

Now we furnish an example in support of Theorem 3.1.

Example 3.2 Let X = Y = R be a Banach space endowed with the standard norm || - ||
defined by ||x|| = |x|, for all x € X. Suppose W = [0,1] C X be the state space, and D =
[0,00) C Y be the decision space.

Definet: W x D — W by

x
) = ) € W, GD.
7(%,9) 7 x y

For any i1,k € B(W), and i = 1,2, define p;,q; : W — R by

1
pilx) = qi(x) =x* + >

Define G;,F: W x D x R— R by

1 x .y
G ) ;t = 2 5
1®1) 4{(96+1)()/+1)Slny+1Jr }
1 x y
Gy(x,y,8) = — i 2t
26,3, 1) 4{(x+1)(2y+1)smy+1+ }
Fi(x,y,t) 1 int
x,9,t) = ————— + —sinf;
1) 2x+y+1 2
1 1 .
Fy(x,9,t) = ———— + —sing;
2x+3y+1 2
X292 K2y

gwy)=—- and gxy=—1:.
xX+y X+Yy

Notice that Gy, G,, Fi, F;, g, and g’ are bounded. Also

Jih(x) = sug{g/(x,y) +Fi (%0, h(t(x,9))} = + % =q(x), xeW,heB(W);
ye

Jok(x) = sug{g’(x,y) +F (x,y,k(r(x,y)))} =x*+ % =qo(x), x€ W,heB(W);
ye
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Aih(x) = sug{g(x,y) + Gl(x,y,h(r(x,y)))} =x*+ % =p1x), xe€ W,heB(W);
ye

Asrk(x) = sug{g(x,y) +Ga (%3, k(t(x,9))} =2 + % =pa(x), xe W,heB(W).
ye

We see that

@(r) min{|J1(2) — A1h(2)

Lok(8) — Axk(2) |}

)

’

= ¢(r)min{|q1(x) - p1(®)], |72(x) - p2(x) |}
=0 = |1h(t) - k().

Thus

’

o (r) minf|Jh(t) - Ay(2)

Jk(t) — Ask(8)|} = |Jn(t) - Jk(2)),
and this implies
|G1(%, 9, 1(2)) = Ga (%7, k(8))| = O < rM (A1, Ao; Jh(2), JK(2)).

Finally for any /4, k € B(W) with A1k = Jh, we have A1Jh = p1(x) = q(x) = JJh = JA:1 h, that is,
JA1h = AJh, and with Ayk = Jk, we have AyJk = po(x) = q(x) = JTk = JAyk, that is, JArk =
AjJk.

Thus all the assumptions of Theorem 3.1 are satisfied. So the system of equations (3.1a)
and (3.1b) has a unique solution in B(W).

Corollary 3.3 Suppose that the following conditions hold:
(i) G, B, F,, g, and g’ are bounded.
(i) Let ¢(r) be defined as in the previous sections. Assume that there exists r € [0,1)
such that, for every (x,y) € W x D, h,k € B(W),andt e W,

¢(r) min{ |1h(¢) - Ah(z)

 [ok(®) - Ak(®)|} < [1h(2) - ok (2))|
implies

|G (x5, h(2)) = G(x,9,k(2))| < rM(A; 1h, oK),

where

Jih(t) - Ah(2)|, |Jok(2) — Ak(2)

’ ’

M(A; 11k, Jok) = maX{ ih(t) - Jok(2)

V1h(2) — Ak(D)] + [2k(2) — Ah(2)] }
5 ;

and A, 1, and ], are defined as follows:

Ah(x) = sup{g(x,y) + G(x,y,h(r(x,y)))}, xe W,heB(W),
yeD

Jih(x) =¢q = sup{g’(x,y) +F,»(x,y,h(r(x,y)))}, xeW,heB(W),i=1,2.
yeD
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(iii) Forany h,k € B(W), there exist u,v € B(W) such that
Ah(x) = Ju(x) and Ak(x)=)v(ix), xeW.
(iv) There exist h,k € B(W) such that
Jih(x) = Ah(x) implies  J1Ah(x) = AJ h(x)
and

Dk(x) = Ak(x) implies  J,Ak(x) = AJk(x).

Then the functional equations (3.1a) and (3.1b), i = 1,2, have a unique bounded common

solution in B(W).

Proof It follows from Theorem 3.1 when G; = G, = G.

Corollary 3.4 [10] Suppose that the following conditions hold:
(i) Gi, Gy, F, g, and g’ are bounded.

(ii) Assume there exists r € [0,1) such that, for every (x,y) € W x D, h,k € B(W) and

te W,

Jk(t) - A2k(0)|} < (@) - JK(2)]

o (r) minf|Jh(t) - Av(2)

7
implies

|G1 (., h(8)) = G2 (%, k(1)) |

’

Jk(t) — A2k(t)

Jh(t) - Avh(t)

)

’

<r max{ |]h(t) — Jk(t)

[Jh(£) — Ask(2)| + |Jk(£) — Arh(2)] }
2 )

where Ay, Ay, and ] are defined as follows:
Aih(x) = sup{g(x,) + Gi(x, 7, h(t(x,9)))}, x€ W,he B(W),i=1,2,
yeD

Jh(x)=q = sug{g’(x,y) + F(x,y,h(t(x,y)))}, x€ W,heB(W).
ye

(iii) For any h,k € B(W), there exist u,v € B(W) such that
Arh(x) =Julx) and Axk(x)=Jv(x), xeW.
(iv) There exist h,k € B(W) such that

Jh(x) = A1h(x) implies JAi1h(x) = AjJh(x)
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and
Jk(x) = Aok(x) implies  JAxk(x) = Ay Jk(x).

Then the functional equations (3.1a) and (3.1b) with F) = F, = F possesses a unique bounded

common solution in W.
Proof 1t follows from Theorem 3.1 when F; = F, = F. O

As an immediate consequence of Theorem 3.1 and Corollary 2.6, we obtain the follow-

ing.

Corollary 3.5 [23] Suppose that the following conditions hold:
(i) G1, Gy, and g are bounded.
(i) There exists r € [0,1) such that, for every (x,y) € W x D, h,k € B(W),andt e W,

o(r) min{|h(t) - A1h(t)|, |k(¢) —A2/<(t)|} < |h(t) —k(t)|

’
implies

|Gy (%3, h(2) = Ga (%,9, k()|

k(t) — Agk(t)

i) - Ah(e), ,

< rmax{ {h(t) —k(t)

|h(£) — Ask(2)] + |k(2) — Arh(2)| }
2 ’

where Ay and A, are defined as follows:

Aih(x) = sup{g(x,y) + Gi(x,y,h(r(x,y)))}, xeW,he B(W),i=1,2.
yeD

Then the functional equation (3.1a) possesses a unique bounded solution in W'.

Proof It follows from Corollary 3.4 when g = 0, (x,y) = x, and F(x, y,t) = ¢ as the assump-
tion (DP-3) becomes redundant in this context. O

The following result generalizes a recent result of Singh and Mishra [11, Corollary 4.2],

which in turn extends certain results from [42] and [43].
Corollary 3.6 Suppose that the following conditions hold:
(i) G and g are bounded.
(i) There exists r € [0,1) such that, for every (x,y) € W x D, h,k € B(W),and t € W,
@(r)|h(t) - Kh(2)| < |h(t) - k(2)|

implies

|G (x5, 1(2)) — G(x,9,k(2))| < rmax M(K,K; h(t), k(£)),
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where K is defined as

Ah(x) = sup{g(x,y) + G(x,y,h(r(x,y)))}, x€ W,heB(W).
yeD

Then the functional equation (3.1a) with Gy = G, = G possesses a unique bounded solution
inW.

Proof It follows from Corollary 3.5 when G; = G = G. O
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