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FIXED POINTS OF MULTIVALUED SUZUKI-ZAMFIRESCU-(f,g)
CONTRACTION MAPPINGS

Mujahid Abbas, Basit Ali and S.N. Mishra

Abstract. Coincidence point theorems for hybrid pairs of single valued and multivalued
mappings on an arbitrary nonempty set have been proved. As an application of our main result,
the existence of common solutions of functional equations arising in dynamic programming are
discussed.

1. Introduction and preliminaries

Fixed point theory has provided very useful results applicable in other related
disciplines to solve functional equations [3]. In 1968, Banach contraction principle
was generalized by Markin [14] for multivalued mappings on complete bounded
metric spaces. In 1969, Nadler [17] obtained a multivalued analogue of the Banach
contraction principle in complete metric spaces, which was subsequently general-
ized by several authors (see [5-8, 15, 20, 22]). Different contraction conditions have
been introduced and compared in this context (see [10, 11, 21]). Hybrid contrac-
tive conditions involving single valued and multivalued mappings are the further
additions to metric fixed point theory and its applications (see for details [18, 23,
24, 26, 27]).

Suzuki [28, Theorem 2.1] obtained a generalization of the classical Banach con-
traction principle which led to a number of results in metric fixed point theory by
Kikkawa and Suzuki [12, 13], Mot and Petrusel [16], Dhompongsa and Yingtaweesit-
tikul [9], and Singh and Mishra [26], among others. It is interesting to note that in
all the above results contractivity condition is assumed to hold not for all elements
from a domain of a mapping, but only for elements satisfying an additional condi-
tion. In this paper we obtain some coincidence point theorems for hybrid pairs of
single valued and multivalued mappings on an arbitrary nonempty set with values
in a metric space and derive fixed point theorems. Our results extend, unify and
generalize several known results in the existing literature ([16, 26, 28, 29]). As an
application, we discuss the existence of a common solution for Suzuki-Zamfirescu
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class of functional equations under much weaker contractive conditions than those
given in [1-4] and [19]).
The following definitions and results will be needed in the sequel.

Let (X, d) be a metric space and let CB(X), CL(X) and B(X) denote respec-
tively the collection of all nonempty closed and bounded subsets, nonempty closed
subsets, and nonempty bounded subsets of X. For A, B € CL(X), set

Eap={e>0:ACN.(B),BC N (A},
where N.(A) ={z € X : d(z,A) < }.
We define a generalized Hausdorff metric H on CL(X) by
inf £ if £
H(A7B):{ m AVB ! A7B#®

o0 if EA,B = (Z)
Further, for any A, B € CL(X), let d(a, B) = inf{d(a,b) : b € B}, and p(A, B)
sup{d(a,b) : a € A,b € B}. Throughout this work, the mapping 7 : [0,1) — (%, 1]
is defined by

1
n(r) = o7 for all r € [0,1).

DEFINITION 1.1. [26] Let (X,d) be a metric space, f : X — X and T :
X — CL(X). The hybrid pair (f,T) is said to satisfy Suzuki-Zamfirescu hybrid
contraction condition if there exists r € [0,1) such that n(r)d(fz, Tx) < d(fz, fy)
implies that

H(vaTy) < rmax {d(fl-7 fy), d(fl',Tl‘) _2|_ d(fy’Ty)7 d(fvay) ;’d(fvax)}

for all z,y € X.

DEFINITION 1.2. Let f: X - X and T : X — CL(X). A point z € X is said
to be: (i) a fized point of f if f(x) = x; (ii) a fived point of T if x € T'(x); (4ii) a
coincidence point of the pair (f,T) if fx € Tx; (iv) a common fized point of the
pair (f,T) if x = fo € Tx.

We denote the set of all fixed points of f, the set of all coincidence points of
the pair (f,T) and the set of all common fixed points of the pair (f,T) by F(f),
C(f,T) and F(f,T), respectively. Motivated by the work of [5] and [26], we give
the following definition.

DEFINITION 1.3. Let (X,d) be a metric space, and Y be any nonempty set.
Let f,g:Y - X and T :Y — CL(X). Suppose that o € Y. Then the set
vi cy; = fa; € Ty for i =2k 4 2, }

(0] T, =
(f9,T;.0) {yi =gx; € Tx;_q for i =2k + 1, where k >0

is called an orbit for the triplet (7, f, g) at xg. A metric space X is called (T, f, g)-
orbitally complete if and only if every Cauchy sequence in the orbit for (7', f, g) at
x( is convergent in X.
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DEFINITION 1.4. Let (X,d) be a metric space, Y be any nonempty set and
frg: Y — X. A mapping T : Y — CL(X) is called a multivalued Suzuki-
Zamfirescu-(f, g) contraction if there exists r € [0,1) such that n(r)d(fz,Tx) <
d(fz,gy) or n(r)d(gz, Tx) < d(gx, fy) implies that

H(Tz,Ty) <rmin{M(fz,gy;T), M(fy,gz;T)}

for all z,y € X, where

2 ’ 2
d(fy, Ty) + d(gz, Tx) d(fy,Tx)+ d(gz, Ty) }
2 ’ 2

M(f2, gy: T) = max {d(fx, o), 2z Tw) + dlgy, Ty) d(fz,Ty) + dlgy, T) } ’

M (fy,gx; T) = max {d(fy,gx%

DEFINITION 1.5. Let f: X — X and T': X — CL(X). The pair (f,T) is
called: (i) commuting if T fx = fTx for all z € X; (ii) weakly compatible if they
commute at their coincidence points, that is, fTxz = T fz whenever x € C(f,T);
(#i1) IT-commuting [23] at z € X if fTax C T fx.

2. Coincidence and fixed point theorems

The following theorem is our main result on a multivalued Suzuki-Zamfirescu-
(f, g) contraction.

THEOREM 2.1. Let (X,d) be a metric space, and Y be any nonempty set.
Let f,g: Y = X and T : Y — CL(X) be a multivalued Suzuki-Zamfirescu-(f, g)
contraction with T(Y') C f(Y)Ng(Y). If there exists ug € Y such that f(Y)Ng(Y) is
(T, f, g)-orbitally complete at ug, then the pairs (f,T) and (g,T) have a coincidence
point. If Y = X and (f,T) and (g,T) are IT-commuting at coincidence points of
(f,T) and (g,T) respectively, then (f,T) has a common fized point provided that
fw is a fized point of f for some w € C(f,T) and (9,T) has a common fized
point provided that gz is a fized point of g for some z € C(g,T). Moreover, if
C(f, T)NC(g,T) # ¢, then f,g and T have a common fized point.

Proof. Suppose that ¢ = 1/y/r > 0, f and g are non-constant mappings and
Yo = fug. By our assumption, we have Tug C g(Y"). So, there exists a point u; € Y
such that y; = gu; € Tug. We choose a point y5 € Tuy such that

d(gula y?) < (ZH(TUm Tul)

Using the fact Tu; C f(Y), we obtain a point us € Y such that yo = fug € Tuy.
Therefore
d(guy, fuz) < qH(Tug, Tuy).

Since
’I’](?")d(f’l,t(h TUO) S n(r)d(fU'Omgul) S d(f’l,to, gul)7
we have

d(guq, fus) < ¢H(Tug, Tur)
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< qmin{M (fuo, gu1; T), M(fur,guo;T)}

S qM(fUO,gU1; T)
d(guy, Tuy) + d(fug, Tug) d(guy, Tug) + d(fuo, Tur)

< gr max{d(fuo, gu1), 5 , 5 }
1 d(y1,y2) + d(yo,y1) d(yo,y2)

<

= \/,’jrmax{d(yOa l/l)7 9 5 2 }

< Vrmax{d(yo, y), T ) T A2y

2
This yields
d(y1,y2) < qH(Tuo, Tur) < v/rd(yo, y1)-
As fus € Tuy, we choose y3 € Tug such that d(fus,ys) < ¢H(Tuy,Tug). Using
the fact Tuy C g(Y'), we obtain a point uz € Y such that y3 = gus € Tus, and
d(fuz, gus) < qH(Tuy, Tus).
Since
n(r)d(gur, Tur) < n(r)d(gur, fuz) < d(gui, fusz),

we have
d(fuz, gus) < qH(Tuy,Tus)

< qmin{M (fus, gua; T), M(fuz, gui; T)}

< qM(fuz, gu1; T)
d(guy, Tur) + d(fue, Tus) d(gur,Tus) + d(fus, Tuq)

}

S qr HlaX{d(f’UQ, gul)a

2 v 5
L d(y1,y2) + d(y2. y3) d(y1,
< WTmaX{d(yz,yl), (1, 32) - (v2,93) (y12 ys)}
d(y1,y2) + d(ya,
< Vrmax{d(y2,y1), (41,y2) +d(y2 y3)}

2
This implies
d(y2,y3) < qH(Tuy, Tus) < /rd(y1,y2) < (V7r)*d(yo, y1)-
As y3 = gus € Tus, there exists y, € T'ug such that
d(gus,ya) < qH (Tug, Tus).
Since, Tuz C f(Y), we obtain a point uy € Y such that y4 = fug € Tug, and
d(gus, fus) < qH(Tuz, Tus).
Now
n(r)d(fuz, Tuz) < n(r)d(fus, gus) < d(fuz, gus).
This implies
d(gus, fus) < qH(Tug, Tug)
S qmln{M(fUZu gus; T)a M(fu3>gu2a T)}
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< qM (fug, gus;T)
d(gus, Tug) + d(fue, Tus) d(gus,Tus) + d(fus, Tus)

}

< grmax{d(fus, gus),

2 ’ 2
1 d(ys, ya) + d(y2,y3) d(ys,
< WT max{d(y2,y3), (3 9) 5 (v y3), (y22 y4)}
d ,Ys) + d )
S \/;max{d(y27 y3)7 (y2 yj) (y3 y4) }

2
Consequently,

d(ys,ya) < qH(Tuz, Tuz) < /rd(y2,y3) < (V7)*d(yo, y1)-

Continuing this process, we obtain a sequence {y,} C Y such that for any integer
k>0
Yok+1 = Guak+1 € Tugg and yopy2 = fusktz € Tugktr
and
A(Wns Ynt1) < (V7)"d(Yo, y1)-
Now for m > n > 1, we have
A(Yns Ym) < dYn; Yns1) + dYnt1, Ynt2) + -+ d(Ym—1,Ym)
<AW" + (V)" (V)T (Yo, 1)

It follows that {y,} is a Cauchy sequence such that {y,} C O(f,g,T;uo) N f(Y)N
g(Y). Since f(Y)Ng(Y) is (T, f, g)-orbitally complete at ug, there exists an element
u € f(Y)Ng(Y) such that lim y, = u. Let 2 € g-'uand w € f~'u. Then z,w € Y

and u = gz = fw. Now we will show that
d(fw,Tx) < rd(fw,gz) for any gz € g(Y)N f(Y) — {fw}. (2.1)

Since yor+1 — fw and yor, — fw, therefore there exists a positive integer ko
such that for all £ > kg

d(f’UJ, gu2k+1) < d(fwa gSU) and (fwv quk) < %d(fw,gx)

Wl =

So, for any k > kg, we have
n(r)d( fusk, Tusr) < d( fusk, Tuok) < d( fuok, Guokt1)

< d(fuok, fw) +d(fw, gugr41) < %d(fw,g:v)

<d(fw,gz)— %d(fw,g;v) < d(fw,gx) — d(fw, fuar)
< d(fuar, gz).
This implies
d(guak+1,Tz) < H(Tugk, Tx)
< rmin{M (fuok, gz; T), M (fx,guar; T)}
< rmin M (fusg, gz;T)
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d(gz, Tx) + d(fuor, Tusk) d(gz, Tugk) + d(fusg, Tx)
2 ’ 2

d(gz, Tx) + d(yar, Yor+1) d(92, Yor+1) + d(yor, Tx)}

2 ’ 2 '

}

S r IIlaX{d(fU/Qk, gﬂf),

S r ma’X{d(y2k¢7 gl‘),

Letting k£ — oo we get

d(gz,Tx) d(gx, fw)+d(fw,Tx)
2 ’ 9
< rmax{d(fw, gx), d(gz, fw) —;d(fw,T;z:) 3

d(fw,Tz) < rmax{d(fw, gx),

}

If max {d(fw,gx)7 d(gm’fw);d(fw’TI)} = d(fw, gz), we are done.

If max {d(fw, gz), d(gi’fw);d(fw’T@} = d(gx’f“’);d(fw’T”, then we obtain

2%Td(fw,T:lc) < gd(gx,fw).
So

d(fw.Tw) < 57— d(ge, fw) < rd(ge, fw) = rd(fw, g),

and hence (2.1) holds.

Next, we show that
d(gx, Tz) + d(fw, Tw) d(gz,Tw)+ d(fw,Tx)

2 ’ 2 }
(2.2)

H(Tw,Tx) < rmax{d(fw, gx),

forany z €Y.
If x = w, then (2.2) holds trivially. Suppose that  # w, then gz # gz = gz #
fw. Such a choice is permissible as g is not a constant map. We have
d(gz, Tz) < d(gz, fw) + d(fw, T'z)
< d(gz, fw) + rd(gz, fw) = (14 r)d(gz, fw)

and so H%d(g:c,Tx) < d(gz, fw). Therefore

H(Tw,Tz) = H(Tz, Tw) < rmin {M(fz, gw; T), M(fw, gz;T)}
< rM(fw,ga;T)
d(gx, Tz) + d(fw, Tw) d(gz, Tw) + d(fw, Tx)}
2 ’ 2 '
Hence (2.2) holds for any « € Y. Therefore
d(Tw, fusgs2) < H(Tw, Tugk1)
< rmin{M (fw, gusg+1;T), M (fuok+1,9w; T)}
< rM(fw, guoks1;T)

< rmax{d(fw, gx),

d(guzk+1, Tuzg+1) + d(fw, Tw)
2 b

< rmax{d(fw, gusgt1),
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d(gu2k+17 T’LU) + d(fw, Tu2k+1) }
2
d(Yak+2, Yor+2) + d( fw, Tw)
2 b

<r maX{d(fw, y2k+2)7

d(Yor+2, Tw) + d( fw, y2k+2)}
5 .

On taking limit as k — oo, we obtain

d(fw, Tw) < =d(fw, Tw).

N =

This implies fw € Tw. Further, if Y = X and ffw = fw, then due to IT-
commutativity of the pair (f,T)

fweTw = ffwe fToCTfw =
fwu=ffwe fTwCTfw= fwu=ffweTfw.
This shows that fw is a common fixed point of (f,T).
Now we will show that
d(gz,Tz) < rd(gz, fx) for any fz € gY)N f(Y) —{gz}.

Since yor+1 — gz and yop 1o — g2z, there exists a positive integer kg such that for
all £ > kg we have

1 1
d(gz, guak+1) < gd(gzafx) and d(gz, fugkt2) < gd(gzafff)'
So, for any k > ko , we have,

n(r)d(guaks1, Tusrs1) < d(guoks1, Tusks1) < d(guaks1, fuoks2)

2
< d(guak+1,92) + d(92, fuakra) < gd(gzg fx)

< d(g=, fr) — 3d(g=, o) < dgz, [a) — (g2, gusesa)
< d(guak+1, fz).
This implies that
d(fusgsa, Tx) < H(Tuggy1,Tx)
< rmin{M (fusg+1,92;T), M(fx, guor+1;T)}
<rM(fxz, guoki1;T)

d(guzg+1, Tuzky1) + d(fz, Tx)
2 b

< rmax{d(fz, gusg+1),

d(guok+1,Tx) + d(fx, Tusks1)
2

}

d(Yok+1,Yok+2) + d(fz, Tx)
2 )

<r ma’X{d(fxa y?k-‘rl)a

d(yor+1, Tx) + d(fr, yart2) )
5 .
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Lettlng k — oo we get
d(fr,Tx) d(gzTa) + d(fz,g2)
2 ’ 9
T
< rmax{d(gz, fz), d(fz gz) —;d(gz7 ) Y

If max{d(gz, fz), W} =d(gz, fz), then we are done.

It max{d(gz, fo), Wrgdtde=Te)y _ oo td@aTs) o

d(gz,Tz) < rmax{d(fz, gz),

}

d(gz,Tz) < gd(gz,fx) + gd(gz,Ta:).
Therefore
d(gzTx) - 3d(gzTa) < Zd(g= fa),
22 o= Tr) < Loz, fo),
and r
d(gz,Tx) < ﬁd(fx,gz) < rd(gz, fz).
Hence

d(gz,Tz) < rd(gz, fx) for any fz € g(Y)N f(Y) —{gz}.

Now we shall show that

(2.3)
for any z € Y.

If = z then it holds trivially. If x # z such that gz # fz, then we have
d(fz,Tz) < d(fz,gz) + d(gz, Tx) < d(fz,9z) + rd(gz, fz)

and

ﬁd(fx, Tz) < d(fz,gz).

This implies that (2.3) holds for any x € ¥ and so
d(guary1,Tz) < H(Tugk, Tz) < rmin{M (fuak,g9z;T), M(fz, guar; T)}
<rM(fugk, 9z T)
d(gz,Tz) + d(fusg, Tusg) d(gz, Tuak) + d(fusg, Tz) )
2 ’ 2
d(gz,Tz) + d(yok, yar+1) d(92, yar+1) + d(yar, TZ)}
2 ’ 2 '
Letting k — oo we get d(gz,T2) < $d(g9z,Tz) and gz € Tz.
Further, if Y = X, ggz = gz, then by the IT—commutativity of the pair pair
(g,T) we have

< rmax{d(fuag, gz),

< rmax{d(yak, 92),

gz €Tz = ggze€glT2CTgz =
9z =99z € gTz C Tgz = gz = ggz € Tgz.
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This shows that gz is a common fixed point of (g9, 7). Let a € C(f,T)NC(g,T).Then
d(fa,ga) < d(fa,Ta)+ d(Ta,ga) = 0.

This implies fa = ga € Ta. This shows that f,g and T have a coincidence point.
Since fa = ffa, we have fa = ga = ffa = fga = ga = gga € Tga. That is, ga is
a common fixed point of f,g and T. m

The above theorem extends and improves Theorem 3.1 in [26].

ExAaMPLE 2.2. Let Y = {1,2,3,4} and X = {2,3,4,7}. Let d be the usual
metric on X, f,g and T be defined as

4, ifz=1 2, ifx=1

(2,3,4), ifz=1,2,3 3, ifx=2 4 ifz=2
Tx:{{z;}, if o — 4, TT=Y 9 ite=3 9TV 3 ite—3
7. ifr—=4 4, ifx=4

)

If r = 2, then n(r) = £, and we have
d(gz,Tx) =0 for all z € Y and d(fz,Tx) =0 for z = 1,2, 3.

Now for z = 4, we have d(f4,T4) = 3 and n(r)d(f4,T4) = 2 < d(f4,gy) for all
y € Y. Hence

n(r)d(fz,Tx) < d(fz,gy) and n(r)d(gz, Tx) < d(gz, fy)
hold. For all z,y € {1,2,3} and for z = y, we have H(Tz,Ty) = 0. For x = 4
and for any y € {1,2,3}, H(T4,Ty) = H({4},{2,3,4}) = 2. On the other hand
d(f4,gy) > 3 for any y € Y. Hence

H(Tx,Ty) < rmin{M(fz,gy; T), M(fy,gx;T)},

is satisfied. Hence T is a multivalued Suzuki-Zamfirescu-(f,g) contraction with
TY)C f(Y)ng(Y). Let up =1, yo = f(1) =4, T(1) C g(Y). Hence, there exists
a point u; = 4 in Y such that y1 = g(4) =4 € T(1). T(4) = {4} C f(Y), we
obtain a point us = 1 in Y such that yo = 4 = f(1) € T(4). Continuing in this
way we construct orbit {yo = y1 = y2 = --- = 4} for (f,g,T) at ug = 1. Also,
fY)ng(Y)is (T, f, g)-orbitally complete at uy = 1. Moreover C(f,T) = {1,2,3}
and C(g,T) ={1,2,3,4}.

REMARK 2.3. If we take f = g in Theorem 2.1, we obtain Theorem 3.1 in
[26]. Further, by choosing f = g = I (identity map) in Theorem 2.1 we recover
Corollary 3.2 in [26] as a special case.

COROLLARY 2.4. Let f,g,T : Y — X such that T(Y) C f(Y)Ng(Y). Let
there exist ug € Y such that f(Y) N g(Y) is (T, f,g)-orbitally complete at up.
Assume further that there exists an r € [0,1) such that n(r)d(fz,Tz) < d(fz, gy)
or n(r)d(gz, Tz) < d(gz, fy) implies that

d(Tx, Ty) < rmin{M (fx,gy; T), M(fy,gz;T)}

forallz,y € X. Then (f,T) and (g,T) have coincidence point. Further if Y = X
and (f,T), (9,T) are commuting pairs at x where x € C(f,T)NC(g,T) then (f,T)



Fixed points of multivalued mappings 67

and (g, T) have unique common fixed points. Moreover f,g and T have common
fixed point.

Proof. 1t follows from Theorem 2.1 that C(f,T) # ¢ and C(g,T) # ¢. If
uwe C(f, T)NC(g,T) then fu=Tu = gu. Further if Y = X and (f,T) and (g,7)
are commuting at u then

ffu=fTu=Tfu= fgu and gfu = gTu =Tgu = fgu = f fu.
Now
n(r)d(fu,Tu) =0 < d(fu,gfu)
implies that
d(fu, ffu) = d(Tu,T fu) < rmin{M(fu,gfu;T), M(ffu,gu;T)}
<rM(fu,gfw;T)
d(gfu, T fu) + d(fu,Tu) d(gfu,Tu)+ d(fu,Tfu)
2 ’ 2

< rd(fu,gfu) = rd(fu, f fu)
which further implies that fu is a common fixed point of f and 7. Similarly we
can show that gu is a common fixed point of g and 7. The uniqueness of common

fixed point is straightforward. Also it can be shown the set of common fixed point
of f,g and T is nonempty. m

< rmax{d(fu,gfu),

}

REMARK 2.5. By setting f = ¢ in Corollary 2.4, we obtain Corollary 3.3 in
[26]. And, if f = g = I (identity map) then Corollary 2.4 recovers Corollary 3.4
in [26].

THEOREM 2.6. Let T : Y — B(X) and f,g:Y — X be such that T(Y) C
FY)Ng(Y). Suppose there exists ug € Y such that f(Y)Ng(Y) is (T, f, g)-orbitally
complete at ug. Assume there exists r € [0,1) such that n(r)p(fz, Tx) < d(fz,gy)

or n(r)p(gx, Tx) < d(gx, fy) implies
p(Tx, Ty) < rmin{m(fz,gy; T), m(fy,gz;T)}
for all x,y € X, where

m(fz,gy; T) = max {d(fw,gy)’ P

(fx,Ty) + pgy, Tz) p(fz,Tx)+ p(gy, Ty) }

2 ’ 2
m(fy, ga; T) = max {d(fy, 91), plfy. Tx) ;r plgz, Ty) 7 p(fy, Ty) ;r p(gz, Tx) } |

Then the pairs (f,T) and (g,T) have a coincidence point.

Proof. Chose A € (0,1). Define h : Y — X such that for all z € Y, ha € Tz
and we have

d(fz,hx) > rp(fz, Tx) and d(gz, hx) > r*p(gz, Tx),
d(gy, hx) > r*p(gy, Tx) and d(fz, hy) > r*p(fz, Ty).
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Since hzx € Tz, we obtain
d(fz,hz) < p(fz,Tzx) and d(gz, hx) < p(gx, Tz).
This implies

d(fz,gy)
(g, fy).

= =
—
=
=
—~
S
B
~
2
VARPAN
a

This further gives
d(hz,hy) < p(Tz, Ty) < rmin{m(fz, gy; T),m(fy,g9z; T)}
o9y, Ty) + rp(fa,Tz) 1*p(gy, Tx) + 1 p(fz, Ty) !
2 ’ 2
d(gy, hy) + d(fx, ha) d(gy, ha) + d(fz, hy)}
2 ’ 2 '
Thus Corollary 2.4 can be applied as h(Y) = U{hx € Tz} CT(Y) C f(Y)Ng(Y).
Hence (f,h) and (g, h) have a coincidence point. Clearly

< rr* max{r’d(f=z, gy),

< ' M max{d(fz,gy),

hx € Tx implies fz € Tzand gz € Tz. =

REMARK 2.6. By taking f = ¢g in Theorem 2.6 we obtain Theorem 3.5 in [26].
Further, if f = g = I (identity map) then Theorem 2.6 gives Theorem 3.6 in [26].

3. Applications

In this section we assume that U and V are Banach spaces, W C U and D C V.
Let R denote the set of real numbers and

T:WXxD—W,
9,9',9": W xD—R,
G, F,E: W xD xR —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:

p(z) == Sgg{g(ﬂy) + G(z,y,p(7(2,9)))}, for z € W, (3.1)
qz) = Sgg{g'(m, y) + F(z,y,q(7(z,y)))}, forx € W, (32)
s(x) = sgg{g”(w,y) + E(z,y,s(1(x,y)))}, for x € W. (3.3)

For more on multistage process involving such functional equations, we refer to
[1-4, 19, 25]. In this section, we study the existence of the common solution of the
functional equations (3.1), (3.2), (3.3) 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 ||h|| = sup,cw |h(z)|. Then (B(W),|-||) is a Banach
space. Suppose that the following conditions hold:
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(C1) G,F,E,g,g'and g" are bounded.

(C2) Let n be defined as in section (1). There exists r € [0,1) such that for
every (z,y) € W x D, h,k € B(W) and t € W

n(r) [Kh(t) — Jh(t)] < [Jh(t) = Ik(t)],n(r) |[Kh(t) — Ih(t)| < [IR(t) — Jk(t)| (3.4)
implies
|G (z,y,h(t)) — G(x,y, k(t))] < rmin{M(Jh(t), [k(t); K), M(Jk(t), Ih(t); K},

where
|Tk(t) — Kk(t)| + |Jh(t) — Kh(t)]

M(Jh(t), Ik(t); K) = max{|Jh(t) — Ik(?)],

2 )
|Th(t) — Kk(t)| + |Tk(t) — Kh(t)\}
2 )

M(TR(E), Th(t): K) = max{|Jk(t) — Ih(s)|, L = KRD)] J; |Tk(t) = Kk(t)]
|Jk(t) — Kh(t)| + [Th(t) — Kk(t)| y

2
For x € W and h € B(W), define

Kh(z) = Slelg{g(af, y) + Gz, y, h(7(z,9)))},

Jh(z) = Sgg{g’(% y) + F(z,y, h(t(x,y)))},

Ih(z) = Sgg{g”(%y) + E(z,y, h(1(z,y)))}.

(C3) For any h € B(W), there exists k € B(W) such that for z € W
Kh(z) = Jk(z) and Kh(z) = Ik(x).
(C4) There exists h € B(W) such that
Kh(z) = Jh(z) implies JKh(z) = KJh(z)
Kh(z) = Ih(z) implies IKh(x) = KIh(x).
THEOREM 3.1. Assume that the conditions (C1)-(C4) are satisfied. If

J(B(W)) is a closed convex subspace of B(W), then the functional equations
(3.1),(3.2) and (3.3) have a unique common bounded solution.

Proof. Notice that (B(W),d) is a complete metric space, where d is the metric
induced by the supremum norm on B(W). By (C1), J, K and I are self-maps
of B(W). The condition (C3) implies that K(B(W)) C J(B(W))n I(B(W)). It
follows from (C4) that (J, K') and (I, K) commute at their coincidence points. Let
A be an arbitrary positive number and hy,he € B(W). Pick z € W and choose
Y1, Y2 € D such that

Khj < g(z,y;) + G(z,y;, hj(w;) + A, (3.5)
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where z; = 7(x,y;), j = 1,2. Further
Khy > g(z,y2) + G(,y2, ha(22)), (3.6)
KhQ Z g(x,y1)+G($ay17h2($1))~ (37)
Therefore (3.4) in (C2) becomes
n(r) [Khy(x) = Jha()| < |Jhi(z) = The(z)],
n(r) |[Khy(z) — Thy(z)| < |Thi(x) — Jha(z)]|. (3.8)
Then (3.8) together with (3.5) and (3.7) imply
Khy(z) — Kha(z) < G(x,y1, hi(z1)) — G(z,91, ha(22)) + A
< |G(@,y1, ha(21)) — G(@,y1, ha(22))] + A
< rmin{M (Jhi(x1), Tho(z2); K), M(Jho(x2), [hy(x1); K}
[ho(z) — Khy(x)| + |Jhi(x) — Khy ()]
) 2 3
|}+x (3.9)

< rmax{|Jhi(x) — Tha(x)]|
[Tho(z) — Khy(z)| + |Jhi(z) — Kha(x)
2
So (3.5), (3.6) and (3.8) imply that
Kha(x) — Khi(z) < G(x,y1, ha(x2)) — G(z,y1, h1(21))
< |G(z,y1,hi(z1)) — G(z, 91, ha(z2))|
< rmin{M (Jhi(x1), The(x2); K), M (Jha(x2), Thi(z1); K}
[Tha(z) — Kha(z)| + |Jha(z) — Khy ()|
b 2 b
|}+/\. (3.10)

< rmax{|Jhi(x) — Tha(z)|

\Tha(z) — Khy(2)] + |Jh(z) — Kha(z)
2

From (3.9) and (3.10) we have

|Khy(z) — Kho(x)] < rmax{|Jhi(x1) — Tha(z2)]|,
[[ho(@2) — Kha(x2)| + |Jha(21) — Kha(22)|
2 )
[Tho(z) — Khy(z)| + |Jhi(z) — Kha(x)
2
Since the above inequality is true for any x € W, and A > 0 is taken arbitrary, we
find from (3.8) that

n(r)d(Khy, Jha) < d(Jhy, IThe) and n(r)d(Khy, Thy) < d(Thy, Jhs).

|}+A.

This implies

d(Jhl, Kh1) + d([hg, th)
2 )

d(Khl, th) S r max{d(Jhl, Ihg),

d(Jhy, Kha) + d(Thg, Khy) )
. .
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Therefore by Corollary 2.4, wherein K, J and I correspond, respectively to the
maps T, f, and g and the pairs (K,J) and (K,I) have unique a common fixed
point h*, that is, h*(x) is a unique bounded common solution. m
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