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Abstract. In this paper, we present some fixed point results metric spaces under certain
admissibility conditions. A number of consequences and an illustration of the results are also
discussed herein. Further, we present error estimation and rate of convergence of the fixed
point iterations.

1. Introduction

The purpose of this paper is to establish new fixed point results using various ideas
prevalent in the field of metric fixed point theory. Below we briefly mention the ideas
that we have put together to obtain our results.

While going through the proofs of fixed point theorems of several contractive
mappings, it is an interesting observation that the contraction condition is not used
for every pair of points from the metric space. Thus, the contractive condition could be
restricted to certain pairs without disturbing the proof. Such restrictions were made
in two ways. One way is to introduce orderings such as partial orderings, graphs, etc.
on the metric space and then assert that the contraction holds only for pairs related by
the ordering, while the other way is to introduce admissibility conditions, which are
some additional functional requirements. Admissibility conditions were introduced
by Samet et al [11]. The same idea with many variations has been used in several
papers [1,12].

In another approach, the contractive conditions were relaxed by introducing weak
inequalities. Originally this was done in metric spaces for Banach contractions in the
work of Rhoades [10]. This led to the use of a type of inequalities known as weak
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228 Fixed point results with rate of convergence

inequalities, which could be used to establish new fixed point theorems in works such
as [5,9].

The use of rational terms in metric inequalities was initiated by Dass et al [4].
In later works the rational expressions were considered by many researchers. As a
result, several new and important fixed point results could be established in metric
fixed point theory [2,8].

In this paper, we combine the above three trends in metric fixed point theory to
obtain new results. In particular, we exhibit the following features in our theorems.

(a) We use certain admissibility conditions.
(b) We use three control functions to construct a weak contraction inequality.

(c) We use a conditional rational expression in the weak inequality we consider in our
theorem.
We first prove the existence of the fixed point under certain conditions, and the
uniqueness of the fixed point is proved by assuming an additional condition. There
are several corollaries and illustrations. Our result extends some of the existing results.
Finally, we give a discussion on the error and the rate of convergence of the fixed point
iteration.

The conditional rational expression we use is a modification of the expression used
by Fisher [6], which was proposed in a correction of the result of Khan [7]. The result
of Khan [7] has many generalizations in works such as [8,13].

2. Mathematical background

DEFINITION 2.1. Let X be a nonempty set and T : X — X. An element x € X is
called a fixed point of T if x = Tx.

DEFINITION 2.2. Let X be a nonempty set, o, v : X X X — [0, 400) be two mappings.
A mapping T : X — X is said to be (a—v)-dominated if a(z,Tz) > v(z, Tx) for all
z e X.

DEFINITION 2.3. Let (X, d) be a metric space and a, v : X x X — [0,+00). Then X
is said to have (a—v)-regular property if for every sequence {z,} in X converging to
x € X,a(xp,Tpt1) > V(Tn, Tny1), for all n implies a(xy,,z) > v(z,, ), for all n.

DEFINITION 2.4. Let (X,d) be a metric space and a,v : X x X — [0,400). Then
X is said to have (a—v)-transitive property if a(z,y) > v(x,y) and a(y,z) > v(y, z)
imply a(z, z) > v(x,z) for z,y,z € X.

The above definitions are illustrated though the following example.

EXAMPLE 2.5. Let X = [0,1] be equipped with the usual metric. Let T': X — X

and a,v : X x X — [0,+00) be respectively defined as follows:
T(x) = C0186x, a(z,y) =e"Y, forall 2,y € X,
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_Jx+y, if nggl’ogyéé’
v(z,y) = 2@ ) otherwise.

As y =Tz € [0, 35] for all z € [0,1], it follows that a(z,y) = e**¥ >z +y = v(z,y)
for all « € [0,1], that is, T is a (o — v)- dominated mapping.

Let {z,} be a sequence in X converging to z € X, such that a(x,,Tp11) >
V(Tp, Tny1), for all n. Then zy € [0,1] and z,, € [0, %] for all n > 2, which implies
that x € [0, é] Therefore a(z,,x) = e*»** >z, + x = v(z,,x), forall n. So, X
has (a—v)- regular property.

Let x,y, z € X be such that a(x,y) > v(x,y) and a(y, z) > v(y, z). Then z € [0, 1]
and y, z € [0, %] which imply that a(x,2) = e*** > 2+ 2 = v(x, 2). Therefore, X has
(a—v)-transitive property.

Next we describe following classes of functions which are used in our main findings.
o. Let ¥ denote the family of all functions ¢ : [0, +00) — [0, +00) such that:
(i) 9 is non-decreasing; (i) 9(t) < ¢ for each ¢t > 0.
o. Let ® denote the family of all functions ¢ : [0, +00) — [0, 4+00) such that

(i) ¢ is nondecreasing and continuous; (ii) for any sequence {t,} C [0,+400),
lim;,— 100 @(t,) = 0 if and only if lir_ir_l t, = 0.
n—-+0o0

It is clear that ¢(t) = 0 if and only if ¢t = 0.

o. Let Q be the collection of all functions w : [0, +00) — [0, 400) such that w is lower
semi-continuous and w(t) = 0 if and only if ¢ = 0.

EXAMPLE 2.6. The following functions ; : [0, +00) — [0,4+00), (i = 1,2) belong to
the class W.
(i) ¥1(t) =k t for all t € [0,400), where 0 < k < 1.

(ii) o(t) =

T2 for all t € [0, +00).
ExAMPLE 2.7. The following functions ¢; : [0, +00) — [0, +00), (i = 1,2, 3) belong to
the class ®.

(i) ¢1(t) =t for all t € [0, +00).

(ii) ¢2(t) =1nd(t) for all ¢t € [0, +00), where 0 : (0, +00) — (1,400) is non decreasing
function satisfying the property : each sequence {t,} in (0,400), lim, o0 0(tn) =1
if and only if lim,,, ;o ¢, = 0.

(iii) ¢3(t) = eF'® forallt € [0, +00), where F : (0, +00) — R strictly increasing func-
tion satisfying the following property : for any sequence {a,} in Rt lim, 1 a, =0
and lim,,_, 1+ o, F(a,) = £oo are equivalent.

DEFINITION 2.8. Let (X,d) be a metric space and o,v : X x X — [0,400). A
mapping 7' : X — X is said to be a (¢ — ¥ —w)- generalized rational weak contraction
if there exist ¢ € ®,¢ € ¥ and w € 2 such that for all z,y € X with a(z,y) > v(z,y),
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d(d(Tz, Ty)) < Y(p(M(x,y))) —w(M(z,y)), where M(z,y) is a conditional rational
expression defined as
d(z,Tx) d(z, Ty) + d(y, Ty) d(y, Tx) .
M) =3 wexld@ Ty dg Ty o AT dn T} 20
0, if max{d(z,Ty),d(y,Tx)} = 0.

3. Main results

First we prove the existence of fixed point of a self mapping T of a metric space.
Then under addition assumptions we establish the uniqueness of the fixed point. We
deduce some corollaries of the main result and illustrate it with an example.

Let (X, d) be a metric space and o, v : X x X — [0, +00) be two mappings. We
designate the following properties by (A1), (A2) and (A3).
(A1) X has (a—v)- regular property;
(A2) X has (a—v)-transitive property;

(A3) for every z,z* € X, there exists a v € X such that a(z,u) > v(zr,u) and
alz*,u) > v(z*,u).

THEOREM 3.1. Let (X,d) be a complete metric space and a, v : X x X — [0, +00) be
two mappings such that the properties (A1) and (A2) hold. Suppose that T : X — X
be a (a—v)-dominated mapping and there exist ¢ € ®, 1» € ¥ and w € Q such that T
is a (p—1p—w)-generalized rational weak contraction. Then T has a fized point in X.

Proof. Let zy € X. We construct a sequence {x,} in X such that
Tpy1 =Txz,, foralln>0. (1)
As T is (a—v)-dominated, we have
oy, Tpy1) > V(Tp, Tpe1), foralln > 0. (2)
If there exists ng such that d(x,,, Tno+1) = 0, then x,, = xp,41 = Tap,, that is,
Zn, 1s a fixed point of T. Hence we assume that d(z,,2,41) # 0 for all n > 0. Let
Ty = d(Tp, Tny1) for all n > 0. Then r,, = d(zp,Tny1) > 0foralln >0. AsT is a
(¢p—1—w)-generalized rational weak contraction, we have for all n > 0 that
H(d(@nt1, Tnt2)) =P AT, TTn41)) SY(G(M (Tns Tpt1))) —w(M (20, Tny1)). (3)
If max{d(zn,, TCng+1)s A(Tng+1, TTny ) }=0 for some ng, then M (2, Tn,+1)=0. Using
the properties of ¢, 1 and w, we have from the above inequality that d(Txy,, TTng+1)
=0, that is, d(Zng+1, Tne+2)=0, that is, r,,+1=0, which contradicts our assumption
that r,=d(zy, z,+1) > 0 for all n > 0. Therefore, we assume that max{d(z,, Tz,+1),
d(xp41,Tx,)} # 0 for all n, that is, d(ay,, Tp42) # 0 for all n. Now,
d(xpn, Txy) d(@n, Tepy1) + d(@ni1, TTng1) d(@nt1, Txy)
max{d(zn, TTnt1), d(@ny1, Txn)}
_ d(.’l)n, xn+1) d(wn; xn+2) + d($n+1, xn+2) d(anrla -Tn+1)
max{d(zn, Tni2), d(Tpi1, Tni1)}

M(CEn, $n+1) =
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d(xru -TnJrl) d(w'ru mn+2)

= =d(zn,Tpy1) =10 > 0. (4)
d(xnamn-i-Q)
Using (4) and the properties of ¢, ¥ and w, we have from (3) that
P(rn+1) = Y(P(1rn)) —w(rn) < d(rn) — wlrn) < @(rn). (5)

Therefore, {¢(r,)} is monotone decreasing sequence of nonnegative real numbers. By
a property of ¢, {r, } is a monotone decreasing sequence of nonnegative real numbers.
So, there exist L > 0 and r > 0 such that lim, o ¢(r,) = L and limy, 4 o0 7 = 7
If possible, suppose that r > 0. By a property of w,we have w(r) > 0. Taking limit
superior on both sides of (5) and using the lower semi-continuity of w, we have

L<L-liminfw(r,) <L-w(r)<L,

n——+oo

which is a contradiction. Therefore,

r= nglfoo Ty = nll}r}rloo d(zp, Tny1) = 0. (6)
We show that {z,} is a Cauchy sequence. Suppose, on contrary that {z,} is not a
Cauchy sequence. Then there exists an € > 0 for which we have two sequences {p(n)}
and {g(n)} of natural numbers such that for every n € N, p(n) is the smallest such
positive integer for which
p(n) > q(n) >n, d(Tgm), Tpm)) > € and d(Zg(n), Tpny—1) <€ (7)
For every n € N, we have

€ < d(Tp(n), Tg(n)) < A@p(n)s Tpn)—1) + ATp(n)—1, Tg(n)) < ATp(n), Tp(n)—1) + €
Taking limit as n — +o0o and using (6), we have

Jim  d(zpm), Tgmy) = M d(Zg(n), Tpm) = €.

Again for every n € N, we have e<d(xq(n), Tpn)) <d(Tq(n), Tpn)+1) + A LTpm)+1, Tpn))-
Taking limit infimum on both sides of the above inequality and using (6), we have
lim inf,, 4 oo d(Tg(n), Tp(ny+1) > €. Then there exists ny € Nsuch that d(zg(n), Tpm)+1)
> ¢, for all n > ny. This implies that for all n > na,

max{d(q(n), Tp(n)+1): ATp(n): Ta(my+1)} =
max{d(Tq(n), TTpen))s A@pmny, TTqm))} > % (8)
From (7), we have
€ < d(Zq(n), Tp(n)) < d(Tq(n), Tam)+1) + ATy 415 Tpn)+1) + ATp(n) 415 Tp(n) )-
Taking limit infimum on both sides of the above inequality and using (6), we have

liminf,, 4 oo d(Tg(n)+1, Tp(n)+1) > € Then there exists ng € N such that, for all
n > n3, d(Tgm)+1,Tp(n)+1) > 5. By assumption (A2), we have a(zy(n), Tpmn)) >

€
V(Zq(n)> Tp(n))- BY (8), max{d(zq(n), TTpn)) ATpmn), TTqm))} > 3 # 0 for allm > no.

As ¢ is nondecreasing and T is a (¢ — 1) — w)- generalized rational weak contraction,
we have for every n > max{ns,n3},

9(3) < O(d(@g(mys1:Tp(n)41)) = ST 240y, T2p(r))
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< 1/’(¢(M(zq(n)’ zP(n)))) - W(M(xq(n)’ xp(n))) < w(qﬁ(M(Iq(n), xp(n)))v 9)
where,
0 < Mgy, 2pn) — d(@g(n) TTg(n)) d(&q(m), TCp(m) ) +A(@p(n), TUp(n)) AZp(n) TTy(n))
max{d(zq(n), TTp(n))s A(Tp(m), TZq(m))}
_ d(@g(n) Tg(n)+1) A&q(n) Tpm)+1) T AUZp(n)» Tpm)+1) ATp(n); Ta(n)+1)
max{d(Zq(n), Tp(n)+1); ATp(n)s Tg(n)+1)}
A(@g(n), Tg(n)+1) (T g(n) > Tp(n)+1) (@ p(n)s Tp(n)+1)4(Ep(n)> Tg(n)+1)
max{d(Zq(n), Tp(n)+1); ATp(n); Tamy+1)}  max{d(Tqn), Tp(n)+1); A(Tp(n)> Ta(n)+1) }
< d(@g(n), Tq(n)+1) F AT p(n) s Tpn)+1)-
Taking limit as n — +o0o and using (6), we have lim,, , oo M (24(n), Zp(n)) = 0. Then
there exists ny € N such that M (x4, Zpn)) < § for all n > ny. Using the properties
of ¢ and v, we have from (9) that for all n > max{na, n3, na},

o(5 ) < Y(O(M (4(n), Tp(m)))) < D5 °) < ¢( ),

which is a contradlctlon. Therefore, {x,} is a Cauchy sequence in X. As X is
complete, there exists € X such that

lim z, ==z. (10)

n—-+o0o
Next we show that x is a fixed point of T'. If possible, let z is not a fixed point of T'.
Then d(z,Tz) > 0. By (2), (10) and the (a—v)- regularity assumption of the space,
we have oz, ) > v(z,,x) for all n > 0. As T is a (¢p—1—w)- generalized rational
weak contraction, we have
d(d(zpy1,Tx)) = (d(Txp, Tx)) < Y(d(M(2p,2))) — w(M(2p,x)), forall n. (11)
Suppose that for each k£ € N, there exists ni € N such that ny > k and x,, = Tx.
Then x = limy— 1 00 Tn,, = T, which contradicts the assumption d(z, Tx) > 0. Thus,
there exists m € N such that x, # Tx for each n > m. Hence, for each n > m,
max{d(zy,Tz),d(x,Tzy,)} > 0. Therefore,
d(xpn, Txy) d(xy,, Tz) + d(x, Tx) d(z, Tx,)
max{d(z,,Tz),d(z,Tx,)}

 d(xn, pg1) d(xn, Tx) +d(z, Tx) d(z, 2441)

B max{d(z,,Tz),d(z,zn+1)} '
Taking limit as n — +oo and using (10), we have lim, 1o M(z,,2) = 0. As
d(x,Tx) > 0, there exists ns € N such that M (z,,x) < w for all n > ns. Using
the properties of ¢ and 1, we get from (11) that for all n > ns,

P(d(zns1,Tx)) < P(H(M (20, 7)) — w(M (20, 7))
T
< (@ METD)) — aa (e )) < o
Take limit superior and use the continuity of ¢ and the 1ower semi-continuity of w:

o(d(z, Ta)<o( " Tx)) lim inf w(M (x,, 2))) <L T""C)) w(o)zgj(@),

M(xp,x) =

W2 T0)) ().
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d(z, T
) < @C’Tx), which is a contra-

By the nondecreasing property of ¢, we have d(z,Tz) <
diction. Therefore, d(z,Tx)= 0, that is, x = T'z, that is, x is a fixed point of 7. U

THEOREM 3.2. In addition to the hypothesis of Theorem 3.1, if (A3) holds then T
has a unique fixed point.

Proof. By Theorem 3.1, the set of fixed points of T" is nonempty. If possible, let = and
z* be two fixed points of T. Then z = Tz and z* = Tz*. Our aim is to show that
x = z*. By the assumption (A3), there exists a u € X such that a(x,u) > v(z,u) and
alz*,u) > v(z*,u). Put ug = u. Then a(x,ug) > v(x,up). Let ug = Tug. Similarly,
as in the proof of Theorem 3.1, we define a sequence {u,,} such that w,y1 = Tuy,, for
all n > 0. As T is (o — v)-dominated, we have

a(Up, Unt1) > V(Up, Unt1), forall n>0. (12)

Arguing similarly as in proof of Theorem 3.1, we prove that {u,} is a Cauchy sequence
in X and there exists a p € X such that lim, o u, = p. We claim that

a(x,uy) > v(z,u,), forall n>0. (13)
As a(x,ugp) > v(z,ug) and alug,u1) > v(ug,u1), by the assumption (A2), we have
alx,u1) > v(z,u1). Therefore, our claim is true for n = 1. We assume that

a(x, Um) > v(x,un) holds for some m > 1. By (12), a(tm, Um+1) > V(Um, Umt1)-
Applying the assumption (A2), we have oz, um+1) > v(2, Umy1) and this proves our
claim.

If possible, suppose = # p. Then d(x,p) > 0. As T is a (¢—1¢—w)- generalized
rational weak contraction, using (13) we have

d(d(x, un+1))<d(d(Txz, Tuy))<Y(P(M(x,uy)))—w(M(x,uy,)), for all n > 0. (14)

Suppose that for each k£ € N, there exists ny € N such that ny > k and u,, = Tx.
Then p = limy 4 oo Un, = Tz = x, which implies that d(x,p) = 0, which contradicts
that d(z,p) > 0. Therefore, there exists m € N such that w,, # Tz for each n > m.

Hence, in this case max{d(un,Tx),d(z, Tuy,)} # 0 for each n > m. Therefore,
Mz, uy) = d(z, Tz) d(z, Tup) + d(tn, Tup)d(uy, TT) _ A(Un, Upt1)d(Up, ) '
T max{d(z, Tuy,), d(un, Tx)} max{d(z, up+1), d(tn, )}
Taking limit as n — +o0o on both sides, we hazze l)imn%Hx, M (up,x) =0. As d(x,p) >
d(z,p

0, there exists ng € N such that M (x,u,) < =5 for all n > ng. Using the properties

of ¢ and v, we have from (14) that for all n > ng,

B, 1)) < O 1) — (M 1) < SN (M (2 0).

Taking limit superior in above inequality and using the continuity of ¢ and the lower
semi-continuity of w, we have

d d d
$(d(x,p)) < 6( (;;,p))) — liminf w(M (2, up)) = 6( <$2’p)) — w(0) = o (sr;p))'
d(z,p)
d(z,p) = 0, that is, * = p. Similarly, Wezcan show that 2* = p. Then z = z* and

By a property of ¢, we have d(z,p) <

, which is a contradiction. So, we have
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hence T has a unique fixed point. O

COROLLARY 3.3. Let (X, d) be a complete metric space and ) € U, ¢ € & and w € Q.
Then a mapping T : X — X has a unique fized point if for all x,y € X the following
inequality holds: ¢(d(Tx,Ty)) < Y(d(M(z,y))) —w(M(z,y)), where M(x,y) is same
as in Definition 2.8.

Proof. Taking two functions a, v : X x X — [0,400) such that a(x,y) = v(z,y) for
all z,y € X, we have the required proof from that of Theorem 3.2. O

COROLLARY 3.4. Let (X,d) be a complete metric space and a,v : X x X — [0, +00)
be two mappings such that the properties (A1), (A2) and (A8) hold. Suppose that
T:X — X be a (o —v)-dominated mapping and there exists a w € Q such that for
all z,y € X with a(z,y) > v(z,y),
M(z,y)
d(Tx, T ——— —w(M
(To.Ty) < Tt — (M)

where M (x,y) is given in Definition 2.8. Then T has a unique fized point in X.

Proof. Define two mappings ¥, ¢ : [0,4+00) — [0,400) as ¥(t) = IL-H’ for all t €
[0,400) and ¢(t) = ¢, for all t € [0,+00). Then ¢ € ¥ and ¢ € ®. Then the
inequality of the theorem takes the form ¢(d(Tz, Ty)) < Y(¢(M(z,y))) —w(M(z,y)),
where M (z,y) is same as in Definition 2.8. Then we have the required proof from
that of Theorem 3.2. U

REMARK 3.5. Our results generalize the results in [6-8].

EXAMPLE 3.6. Take the complete metric space X = {0,1,2,3,...,n,...} with the
r+y, if z#y,

0, if =y

Let T: X — X and a, v : X X X — [0,400) be respectively defined as follows:

metric “d” defined as d(z,y) =

-1, if
T@){i CRTTOL alea) =t and vleg) = oy, for oy € X,
) 1Ir= )

Let ¢, ¢, w: [0,+00) — [0, +00) be given respectively by the formulas
0, 0<t<1, 2, 0<t<1, 0, 0<t<1,
v {t—l, i>1, 20 {t, p>1, YO {1, £ 1.

Let z,y € X. Without loss of generality we take x > y and discuss following cases.
Case 1. y #0 and = > y.

¢(d(Tz,Ty)) = ¢(d(z—1,y-1)) = z+y-2,
d(z,Tx) =22—1, d(z,Ty) =z+y—1, d(y,Ty)=2y—1
dy,Tx) =z+y—1 (ify#Tx) or d(y,Tx)=0 (ify=Tz).
Now, max{d(z,Ty),d(y,Tz)} #0, M(z,y) =2(z+y—1) or M(z,y)=2z—1
and  Y(H(M(z,9))—w(M(z,y)) = 2a-+y—1)—1-1 = 2(z+y—2)
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or Y(A(M(z,y)))—w(M(z,y)) = (20—1)—1-1 = 22-3 = z+2—3 = s+y+k—3,
where k& > 1 is an integer (as > y). Then we have ¢(d(Tz, Ty)) < v(p(M(z,y))) —
w(M(z,y)).
Case 2. y=0and z > y.

¢(d(Tz,Ty)) = ¢p(d(x —1,0)) =z — 1,

dz,Tz) =2z -1, d(z,Ty)==, d(y,Ty)=0, dy,Tx)=z—1.
Now, max{d(z,Ty),d(y,Tz)} #0, M(z,y)=2zx—1
and  Y(p(M(z,y))) —wM(z,y)=Q2zx—-1)-1-1=(z—-1)+z—-2 ifz=1
or V(M (z,y) —wM(z,y)=2x—-1)-1-0=2(x—-1) ifz>1.
Then we have ¢(d(T, Ty)) < $($(M(z,))) — w(M(z,)).

Case 3. =y # 0.

¢(d(Tx,Ty)) =0, d(z,Tx)=d(z,Ty) =d(y,Ty) =d(y,Tx) =2z — 1.
Now, max{d(z,Ty),d(y,Tz)} #0, M(z,y)=2x—1
and  Y(p(M(z,y)) —wM(z,y)=22x—-1)-1-1=(z—-1)4+2—-2, fz=1
or P(p(M(z,y))) —w(M(z,y) =22z —-1)—1-0=2(x—-1)=0, ifz>1
P(d(T, Ty)) < P(¢(M(z,y))) — w(M(2,y)).

Then we have

Case 4. =y =0.

o(d(Tz, Ty)) =0, d(z,Tz)=d(z,Ty)=d(y,Ty) =d(y,Tz)=0.
Now, max{d(z,Ty),d(y,Tz)}=0, M(z,y)=0, ¢(d(M(z,y)))—w(M(z,y))=0.
Then we have ¢(d(Tx, Ty)) < Y(p(M(z,y))) — w(M(z,y)).

All the conditions of Theorem 3.1 and Theorem 3.2 are satisfied and here 0 is the
unique fixed point of T.

4. Error estimation and rate of convergence

For the purpose of the present section we formally state the following fixed point
problem.

Problem A Let (X,d) be a metric space and T': X — X be a mapping. We consider
the problem of finding a fixed point of T, that is, the problem of finding = € X such
that x = Tx.

We now study the rate at which the iteration method of finding the fixed point
converges if the initial approximation to the fixed point is sufficiently close to the
desired fixed point. The same idea with many variations were utilized in several a
recent work [3]. For this purpose we first define the order of convergence of the fixed
point Problem A.

DEFINITION 4.1. Problem A is said to be of order r or has the rate of convergence
r with respect to {z,} defined in (1) if (i) 7 has a unique fixed point z, (ii) r
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is a positive real number for which there exists a finite constant C' > 0 such that
Ri+1 < C [Ri]", where Ry, = d(z, xy) is the error in k-th iterate. The constant C' is
called the asymptotic error. If r = 1, we say that the iteration process has linear rate
of convergence.

THEOREM 4.2. Let (X, d) be a complete metric space and T : X — X be a mapping.
Let a,v : X x X — [0,4+00) be two mappings and ¢ € ®,¢ € ¥, w € Q such that all
the assumptions of Theorem 3.2 are satisfied. Then R,11 < 2R,, if R, # 0.

Proof. By Theorem 3.2, T has unique fixed point. Suppose z is the unique fixed point
of T. Let zy € X be the initial approximation of 2. We define a sequence {x, } such
that 2,11 = Tz, for all n > 0. Following Theorem 3.1, we have {x,} is a Cauchy
sequence in X and {z,} converges to the fixed point of T'in X. As we consider that
x is the unique fixed point of T', we have lim, o T, = .

If the error at n-th stage is zero, that is, if R, = 0 then d(x,,x) = 0, that is,
Zn, = x. Then z,41 = Tx, = Tx = x, which implies that R, = d(z,41,2) = 0.
Similarly, we can show that R, = 0 for all £ = 1,2,3,.... Hence we assume that
R, = d(zp,x) # 0 for all n > 0. If there exists ng such that d(x,,,Zn,+1) = 0,
then z,, = Tno+1 = T'xy,, that is, z,, is a fixed point of T. As we consider that
x is the unique fixed point of T, we have z,, = x Therefor, R,, = d(xy,,z) = 0,
which contradicts our assumption that R, # 0 for all n > 0. Therefore, we assume
that r, = d(z,,znt1) > 0 for all n. Following Theorem 3.1, we have a(z,,x) >
v(xy,z) for all n > 0. As max{d(z,,Tz),d(z,Tz,)} = max{d(zy,,x),d(z,zp41)} =
max{R,, R,t1} > 0 for all n, we have

O(Rn+1) = d(d(znt1,2)) = ¢(d(znt1, T2)) = $(d(Tzy, T2))
SP(O(M (2, 2))) — w(M (20, 7)) < P(G(M (2, 2))),

where

M(xy,x) =

d(@n, Txp)d(x,, Tx) + d(x, Tr)d(x, Tr,)  d(Tp, Toy1) Ry
max{d(z,, Tz),d(z,Tx,)} ~ max{R,, R} >0
Using the properties of ¢ and v, we have
d(Zpn, Tpt1) Ry
O(Rai1) < (G (n, ) < H(M (e, ) = 91 =)
[d(2n, ) + d(x, Ty41)] Rn> _ ¢([Rn + Ryt1)] Rn)
max{R,, Rnt1} max{R,, Rnt1}

<o(

2 [max{Ry, Rnt1}] Rn
< =¢(2 R,),
- (/)( max{R,, Rnt1} ) d )
which, by a property of ¢, implies that R, 11 <2 R,,. O

REMARK 4.3. The rate of convergence of the iteration method of finding the fixed
point is here linear.
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