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Abstract. In this paper, we approximate fixed points of nonself ({u,},{v,},{)— total asymptotically nonexpan-
sive mappings via new iterative scheme and establish strong and A—convergence theorems in the setup of uniformly
convex hyperbolic spaces. Our results presented in the paper extend and improve some recent results announced

in the current literature.
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1. Introduction

In this paper, N stands for the set of natural numbers. Let C be nonempty subset of a metric
space (X,d). A mapping T : C — C is said to be
(i) nonexpansive, if d(Tx,Ty) < d(x,y) for all x,y € C;
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(i1) asymptotically nonexpansive ([16]), if for each n € N there exists a constant k, > 1 with

lim,, ..k, = 1 such that
d(T"x,T"y) < knd(x,y)

for all x,y € C;
(ii1) asymptotically nonexpansive in the intermediate sense ([6]), provided T is uniformly

continuous and

limsup sup (d(T"x,T"y) —d(x,y)) <0 (1.1)

n—o  xyeC
for all x,y € C;
(iv) a mapping of asymptotically nonexpansive type ([33]), if
limsupsup(d(T"x,T"y) —d(x,y)) <0
n—oo  yeC

for all x,y € C.

Being an important generalization of the class of nonexpansive self mappings, the class of
asymptotically nonexpansive self mappings was introduced by Goebel et al. [16] whereas the
class of asymptotically nonexpansive mappings in the intermediate sense which is essentially

wider than that of asymptotically nonexpansive was introduced by Burk et al. [6].

On the other hand, if ¢, = max{sup,.(d(T"x,T"y) —d(x,y)),0}, then (1.1) reduces to rela-
tion
d(T"x,T"y) < d(x,y)+cn (1.2)
for all x,y € Cand n € N.

In [4], Alber et al. introduced the class of total asymptotically nonexpansive mappings which
is more general than the class of mapping satisfying (1.2).
Definition 1.1. Let C be nonempty subset of a metric space (X,d). A mapping T : C — C is
said to be ({n},{Va},§)— total asymptotically nonexpansive, if there exist nonnegative real
sequences {l,} and {v,} with lim, . W, = lim, .V, = 0 and strictly increasing function

{:RT — R with {(0) = 0 such that

d(T"x, T"y) < d(x,y) + UnG(d(x,y)) + Va (1.3)



24 YOGESH KUMAR SAHU AND SAMIR DASHPUTRE

forall x,y € Cand n € N.

Remark 1.2. (1) If y, =0, then (1.3) reduces to (1.2).

(2) From the definitions, it is obvious that each nonexpansive mapping is an asymptotically
nonexpansive with a sequence {k,} = 0 and each asymptotically nonexpansive mapping is a
({un},{vn}, §)-total asymptotically nonexpansive mapping with {v,,} =0 and {(¢) = for¢ >
0.

In the above definition T remains self mapping, whereas the concept of asymptotically nonex-
pansive nonself mappings was introduced by Chidume et al. [7] in 2003 as the generalization of
asymptotically nonexpansive self mappings in Banach space, we define a metric spaces version

as follows:

Let (X,d) be a metric space and C be a nonempty subset of X. Recall that C is retract of
X if there exists a continuous mappings P : X — C such that Px = x for all x € C. A mapping
P : X — Cis said to retraction if P> = P. It follows that if a mapping P is retraction, then Py =y
for all y in the range of P.

Definition 1.3. Let C be nonempty subset of a metric space (X,d) and P: X — C be the
nonexpansive retraction of X onto C. A nonself mapping 7 : C — X is said to be

(1) asymptotically nonexpansive nonself mapping [7], if there exists a sequence {k,} C [1,o0)

with 1im;,_ .. k;; = 1 such that
d(T(PTY" "%, T(PT)"™y) < kud(x.) (1.4)

forallx,ye Candn e N;

(2) uniformly L-Lipschitzian if there exists a constant L > O such that
d(T(PT)" 'x,T(PT)"'y) < Ld(x,y) (1.5)

forall x,y € Cand n € N;
3) ({un},{vn}, &)-total asymprotically nonexpansive nonself mapping [9, 10], if there ex-
ist nonnegative sequences {l,} and {v,} with y, — 0 and v, — 0 as n — oo and a strictly

increasing function ¢ : [0,00) — [0, ) with {(0) = 0 such that

d(T(PT)"'x,T(PT)""'y) < d(x,y) + tn{(d(x,y)) + Va (1.6)
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forall x,y € Candn € N.

Remark 1.4. 1. In view of Definition 1.3, every nonexpansive nonself mapping is a asymptot-
ically nonexpansive nonself mapping (set sequence {k,} = 1) and each asymptotically nonex-
pansive nonself mapping is a ({u,},{v.}, §)-total asymptotically nonexpansive nonself map-

ping (choose {i,} =0, {v,} =k, —1foralln>1and {(¢r) =1,t>0.)

As a matter of fact, if T is a self mapping, then P is an identity mapping. In addition, if 7T :
C—Xis ({t},{vu}, {)-total asymptotically nonexpansive nonself mappingand P: X — Cisa
nonexpansive retraction, then PT : C — C is ({Un},{Vn}, §)-total asymprotically nonexpansive

nonself mapping. Indeed, for all x,y € C and n € N, it follows that

d(PT)"x,(PT)"y) = d(PT(PT)"'x,PT(PT)""'y)
< d(T(PT)" 'x,T(PT)"'y)

< dx,y)+ua&(d(x,y)) + Vo

Thus, it is a more satisfactory definition of a nonself total asymptotically nonex- pansive map-

ping which is given as follows.

Definition 1.5. Let C be nonempty subset of a metric space (X,d) and P: X — C be the
nonexpansive retraction of X onto C. A nonself mapping 7 : C — X is said tobe ({ttn },{Vvn},{)-
total asymptotically nonexpansive nonself mapping if there exist nonnegative sequences { L, }
and {v, } with u, — 0 and v,, — 0 as n — oo and a strictly increasing function ¢ : [0,c0) — [0, o)

with (0) = 0 such that

d((PT)"x,(PT)"y) < d(x,y) + u.&(d(x,y)) + Vy (1.7)

forall x,ye Candn e N.

Approximating fixed points of nonlinear mappings using different iterative processes on dif-
ferent domains have remained at the heart of fixed point theory. Nonexpansive mappings consti-
tute one of the most important classes of nonlinear mappings which have remained a crucial part

of such studies. Then thereafter, there are numerous papers dealing with the approximation of
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fixed points of nonexpansive, asymptotically nonexpansive mappings, total asymptotically non-
expansive mapping and nearly asymptotically nonexpansive self maps in the course of modified
Mann and Ishikawa, Noor and S— iteration processes (see, e.g., [1, 4, 5, 12, 29, 37, 39, 40, 41]
and references contained therein), for nonself mappings (see, e.g., [19, 28, 30, 44] and refer-

ences contained therein) in uniformly convex Banach spaces and in CAT(0) spaces ( see, e.g.,

[2,3,9,11, 15, 24, 26, 43] and references contained therein).

In a linear domains with some geometric structure have been studied extensively, one of such
structures is convexity. Since every Banach space is a vector space, it is easier to assign a convex
structure to it. However, metric spaces do not enjoy this structure. Takahashi [42], introduced
the notion of convex metric spaces and studied the fixed point theory for nonexpansive mappings
in this setting. Later on, several attempts were made to introduce different convex structures on

a metric space.

One such convex structure is available in hyperbolic spaces introduced by Kohlenbach [34].
Kohlenbach hyperbolic space [34] is more restrictive than the hyperbolic space introduced
in [17] and more general than the concept of hyperbolic space in [38]. Spaces like CAT(0)
and Banach are special cases of a hyperbolic space. The class of hyperbolic spaces also con-
tains Hadamard manifolds, Hilbert ball equipped with the hyperbolic metric [18], R—trees, and

Cartesian products of Hilbert balls as special cases.

The modified convex structure neither contains Takahashi’s convex structure as a special
case nor is suitable to obtain an approximate fixed point sequence in a uniformly convex metric
space; therefore accumulating this information authors have worked on hyperbolic spaces; (see
for example, [10, 13, 14, 20, 21, 22, 23, 25, 27, 31, 46] and therefore the references cited in this)
for self and nonself asymptotically nonexpansive mapping and wider classes of asymptotically

nonexpansive mappings.

Recently, Abbas and Nazir [5] introduced a new three step iteration process and proved that its
rate of convergence is comparatively faster than Picard and Aagrwal et al. [1] iteration processes
for contraction mapping (see Theorem 3, page 226, [5]). They had also proved some weak

and strong convergence theorems for nonexpansive mapppings. Moreover, they had applied
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their results to find solutions of constrained minimization problems and feasibility problems.
In solving various numerical problems in pure and applied sciences the study of three steps

iteration processes are very important.

Motivated by the above facts, we approximate fixed point of nonself ({u,},{v,},{)— to-
tal asymptotically nonexpansive mappings via new iterative scheme and establish strong and
A—convergence theorems in the setup of uniformly convex hyperbolic spaces. As mentioned
above, the class of uniformly convex hyperbolic spaces include several types of spaces including
those of uniformly convex Banach spaces as well as CAT(0) spaces. Thus, our results presented
in the paper extend and improve some recent results announced in the current literature (related
to in uniformly convex Banach spaces as well as CAT(0) spaces) in the setting of hyperbolic
spaces, using one of the faster iterative process as compare to Picard and Aagrwal et al. [1]

iteration processes.
2. Preliminaries

Throughout in this paper, we work in the setting of hyperbolic spaces introduced by Kohlen-
bach [34].

A hyperbolic space (X,d,W) is a metric space (X,d) together with a convexity mapping
x [0, 1] — X satisfying

(W1) d(u,W(x,y,)) < ad(u,x) + (1 — a)d(u,y);

(W2) d(W (x,y, @), W (x,y,B)) = |oc — Bld(x,y);

(W3) W(x,y, ) = W(y,x, 1 —a);

(Wa) d(W (x,2,0), W (y,w, @) < (1 —)d(x,y) + ad(z,w),

for all x,y,z,w € X and o, 8 € [0, 1].

Wi

A metric space is said to be a convex metric space in the sense of Takahashi [42], where a
triple (X,d, W) satisfy only (Wy).

All normed spaces and their subsets are hyperbolic spaces as well as convex metric spaces.
The class of hyperbolic spaces is properly contained in the class of convex metric spaces ([32,

34]). For the definition of a CAT(0) space, basic properties and details to introduce a convex
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structure in it, we refer to [11, 24]. It is remarked that every CAT (0) space is a hyperbolic space
[20] (see also [10, 22, 31)).

If x,y € X and A € [0, 1], then we use the notation (1 —A)x@® Ay for W (x,y, A ). The following

holds even for the more general setting of convex metric space, for all x,y € X and 4 € [0, 1],

d(x,(1=A)x®Ay) =Ad(x,y) and d(y,(1—A)x®Ay) = (1 — A)d(x,y).

A hyperbolic space (X,d,W) is uniformly convex [35], if for any r > 0 and € € (0,2], there

exists 6 € (0, 1] such that for all a,x,y € X,

1 1
d(ix@ Ey,a) < (1-9)r
provided d(x,a) < r,d(y,a) <randd(x,y) > er.

A mapping 7 : (0,e0) x (0,2] — (0, 1], which providing such a § = n(r,€) for given r >0
and € € (0,2], is called as a modulus of uniform convexity. We call 1 monotone if it decreases

with r (for fixed €).

In [35], Leustean proved that CAT(0) spaces are uniformly convex hyperbolic spaces with
modulus of uniform convexity 1n(r,€) = % quadratic in €. Thus, the class of uniformly convex
hyperbolic spaces are a natural generalization of both uniformly convex Banach spaces and

CAT(0) spaces.

Now, we recall the concept of A-convergence besides collecting some of its basic properties.

Let C be a nonempty subset of metric space X and {x,} be any bounded sequence in C.
Consider a continuous functional r,(-, {x,}) : X — R defined by

ra(x,{x,}) = limsupd(x,,x), x€X.
n—soo

Then,

(a) the infimum of r,(.,{x,}) over C is said to be the asymptotic radius of {x,} with respect
to C and is denoted by r,(C,{x,}).

(b) A point z € C is said to be an asymptotic center of the sequence {x, } with respect to C if

ra(z,{x,}) = inf{ry(x,{x,}) : x € C},
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the set of all asymptotic centers of {x,} with respect to C is denoted by Z,(C, {x,}).

(c) If the asymptotic radius and the asymptotic center are taken with respect to X, then these

are simply denoted by r,(X,{x,}) = ra({x»}) and Z, (X, {x,}) = Z4({x,}) respectively.

It is known that uniformly convex Banach spaces and even CAT(0) spaces enjoy the property
that bounded sequences have unique asymptotic centers with respect to closed convex subsets.
The following Lemma is due to Leustean [36] and ensures that this property also holds in a

complete uniformly convex hyperbolic space.

Lemma 2.1. [36] Let (X,d,W) be a complete uniformly convex hyperbolic space with mono-
tone modulus of uniform convexity 1. Then every bounded sequence {x,} in X has a unique

asymptotic center with respect to any nonempty closed convex subset C of X.

Recall that a sequence {x,} in X is said to A-converge to x € X, if x is the unique asymptotic
center of {u,} for every subsequence {u,} of {x,}. In this case, we write A —lim, X, = x

and call x the A-limit of {x,}.

Lemma 2.2. [8] Let (X,d,W) be a complete uniformly convex hyperbolic space X with
monotone modulus of uniform convexity 7, and let {x,} be a bounded sequence in X with
Z4(C,{x,}) ={p}. Suppose {u, } is a subsequence of {x, } with Z,(C,{u, }) = {u} and {d(x,,u)}

converges, then p = u.
Lemma 2.3. ([23]) Let (X,d,W) be a uniformly convex hyperbolic space with monotone mod-

ulus of uniform convexity 1. Let x € X and {#,} be a sequence in [a,b] for some a,b € (0,1).

If {x,} and {y,} are sequences in X such that

limsupd(x,,x) <c¢, limsupd(y,,x) <c.

n—roo n—yoo
lim d(W(xmyn»tn)vx) =c
n—soo

for some ¢ > 0, then lim,_,eo d(x,,, ;) = 0.

Lemma 2.4. ([37]) Let {5, }, {B.} and {7} be three sequences of nonnegative numbers such

that

6n+1 S ﬁn(sn + Yu-
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foralln e N.If B, > 1foralln e N, Y~ (B,—1) <ecand ), | ¥ < oo, then lim,_,., 0, exists.

Recently, Wan [45] proved the demiclosed principle for a ({u,},{v,}, §)-total asymptoti-

cally nonexpansive nonself mappings in hyperbolic spaces as follows:

Theorem 2.5. ([45]) Let (X,d,W) be a complete uniformly convex hyperbolic space with
monotone modulus of uniform convexity 17. Let C be a nonempty closed and convex subset
of X. Let T : C — X be a uniformly L-Lipschitzian and a ({u,},{v,.}, {)-total asymptotically
nonexpansive nonself mapping. P is a nonexpansive retraction of X onto C. Let {x,} C C be a
bounded approximate fixed point sequence for 7' (i.e, limy, e d(x,, Tx,) = 0) and x, — p. Then

we have T'(p) = p.

3. Strong and A-convergence Theorems in Hyperbolic space

Now we introduce the iteration process in a hyperbolic space which involve ({u,},{v.},{)-

total asymptotically nonexpansive nonself mapping in the sense of the Definition 1.5.

Let C be a nonempty closed convex subset of a hyperbolic space X and 7 be a mapping

defined in the Definition 1.5. For arbitrarily chosen x| € C, we construct the sequence {x,} as:

Xpt+1 = PW((PT)"yn, (PT)"zn,(xn),
Yn = PW((PT>nxn7 (PT)anﬁn)? (3'1)

n = PW(xy, (PT)"xp, V), neN,

where {a,},{B,} and{y,} are sequences in (0, 1).

Now we establish strong and A—convergence theorems for iterative scheme defined by (3.1).

The following Proposition is trivially holds.

Proposition 3.1. Let { : R™ — R™ be a strictly increasing function and M, M, > 0 be constants

such that {(r) < rMy for r > M, then

E(r) < E(M)+rMy.
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Lemma 3.2. Let C be a nonempty closed convex subset of a uniformly convex hyperbolic
space X and P be a nonexpansive retraction of X onto C. Let T : C — X be ({un},{vn},&)—
total asymptotically nonexpansive mapping with sequences {t,} and {v,} for all n € N such
that Y | 4, < oo and Y~ ; v, < oo and a strictly increasing function ¢ : [0,00) — [0,0) with
£(0) =0. Let {x,} be sequence defined by (3.1), where {a, } and {f,} are real sequences in
(0,1) such that 0 < a < oy, < B, < b < 1, then lim,,_,e d(x,,, p) exists for each p € F(T'), where

F(T) is the set of fixed points of T.

Proof. In fact, for each p € F(T), using (3.1), (W;) and Proposition 3.1, we have

d(xny1,p) = d(PW((PT)"yn, (PT)"2n, ), p)
< (1= 0)d((PT)"yn, p) + ud((PT)"2s, p)
< (1= 00)[d(yn, p) + 1nC(d(Yn, p)) + Vi]
+ 0ld(zn, p) + 1n € (d(zn, P)) + Vil
< (1= 00)[(1+ pnMo)d (yn, p) + tn G (M)] 2
+ 0 [(1+ tnMo)d (20, P) + n (M)] + Vi

< (14 paMo) | (1 — 04)d (yn, p) + Otnd (20, P)

+ W, E (M) + v,,.

Using (3.1), (W) and Proposition 3.1, we have

d(Znup) = d(PW(xna (PT)nxn,’yn),p)
< (I=%)d(xn, p) + 12d ((PT)"xn, p)
< (1 =%)d(xn, p) + Wld (xXn, ) + Un G (d (X0, ) + Vi)

< (14 1aMo)d (xn, p) + 1n G (M) + V.
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using (3.1), (W;) and Proposition 3.1, we have
d(yn, p) = d(PW((PT)"xn, (PT)"zn, Bn) p)
< (1= Bu)d((PT)"xn, p) + Bud ((PT)"zn, p)
< (1= Bu)ld(xn, p) + pnC(d(xn, ) + Vn)] (3.4)
+ Buld(zn, ) + 1nC(d(2n, P)) + V)]
< (14 tnMo) | (1= B)d (xn, p) + Budd (zn, ) | + 1n G (M) + Vi,

using (3.3) and (3.4), we have

d(yn,p) < (14 UaMo)*d (xn, p) + (24 tuMo) (Va+ nE (M), (3.5)
Substituting values form (3.3) and (3.5) into (3.2), we have
d(xpi1,p) < (14 MpA)d(xn,p) +Blip+CVy, neN,
for some A,B and C > 0, where

A = plM;+3My+3u,M3,

B = 30(M)+4u,§(M)+ My and C = 3+ 4u,Mp.

Since Y- 1y < oo and Y7V, < oo, so that }" | h, < oo, where h, = (u,B+ v,C). Then

above inequality can be writen as

d(xn+1,p)§ (1+.unA)d(xn7P)+hn neN, (3‘6)

using, Lemma 2.4, we observe that lim,,_.d(x,, p) exists for each p € F(T). This completes

the proof.

Lemma 3.3. Let C be a nonempty closed convex subset of a uniformly convex hyperbolic
space X with monotone modulus of uniform convexity 1 and P be a nonexpansive retraction of
X onto C. Let T : C — X be a uniformly L-Lipschitzian and ({t,},{vs},{)—total asymptoti-
cally nonexpansive mapping with sequences {,} and {v,}, n € N such that Y, i, < o and
Y | Va < e and a strictly increasing function ¢ : [0,00) — [0,0) with {(0) = 0. Let {x,} be

sequence defined by (3.1). Then lim, e d(x,, Tx,) = 0.
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Proof. It follows from Lemma 3.2 that lim,, .. d(x,, p) exists, for p € F(T). Without loss of

generality we may assume that lim,,_,.d(x,,p) = ¢ > 0. From (3.3), we have
d(Znap) S (1—|—‘U,nM())d<Xn,p)—|—‘unC(M>+Vn I’ZGN,
taking limsup,,_,,, both the sides, we get

limsupd(z,, p) < c. (3.7)

n—oo

Since T is ({Un},{vn}, §)-total asymptotically nonexpansive nonself mapping, it follows that

d((PT)"zn,p) = d(PT)"za,(PT)"p)
< d(zn,p) + G (d(zn, p)) + Va
< (1"’MO.un)d(Zn;p)"’;unC(M)+Vna neN,

taking limsup,,_,,, both the sides, we get

limsupd((PT)"zn,p) < c. (3.8)

n—oo

From (3.5), we have

d(yn,p) < (14 1uMo)*d(xn, p) + (24 HuMo) (Vo + Hn (M) n €N,
taking limsup,,_.,, both the sides, we get

limsupd(y,,p) <c (3.9)

n—soo

and

d((PT)"yn,p) = d(PT)"yn,(PT)"p)
< d(yn,p) + W& (d(yn:p)) + Va
< (1+M0Nn)d(yn7p)+un§(M)+vna neN,

taking limsup,,_..,, both the sides and using (3.9), we get

limsupd((PT)"yn,p) < c. (3.10)

n—oo
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Futher,
¢ = limd(q1,p)

= lim {d(PW((PT)"zn, (PT)”yn,an),p)}

n—oo

< lim {(1 — o) limsupd ((PT)"z,, p) + O limsupd((PT)"yn,p)}

h—yoo n—yoo n—yoo

Using (3.8) and (3.10), we get

c < lim((1—oy)c+auc)=c.
n—>oo

Thus,

c = UmdW((PT)"zn,(PT)"yn, 0),p),

n—oo

for ¢ > 0. Hence, from Lemma 2.3, we have

lim d((PT)"zy, (PT)"y,) = 0. (3.11)

n—oo

Since
d((PT)"xn,p) = d((PT)"x,,(PT)"p)
< (1+Mopn)d(xn, p) + a8 (M) + vy n€N,
therefore, taking limsup,,_,.., both the sides, we get

limsupd((PT)"x,,p) <c. (3.12)

n—oo

Next,

d(xnt1,p) = dPW((PT)"yn, (PT)"2n, 0), p)

IN

(1= 04)d((PT)"yn, p) + 0ud ((PT )"z, p)

IN

(1= 0)d((PT)"yn, p) + 0ud((PT)"zn, (PT)"yn) + 0ad ((PT)"yn, p)

IN

d((PT)"yn, p) + Cud((PT)"zn, (PT)"yn)

IN

(1+ unMo)d(yn, p) + n & (M) + Vi + 0 d ((PT)" 20, (PT)"yn),
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taking liminf,_,., both the sides, we get
< i
c < 11,{2133“(%1’)- (3.13)

From (3.9) and(3.13), we get li_r}n d(yn,p) = ¢, means that

c = lim {d(PW((PT)"xn,(PT)"Zn,ﬁn),P)}

n—soo

< lim {(1 — By) limsupd((PT)"x,, p) + B limsupd((PT)"zn,p)}.

n—soo N—sco n—soo

Using (3.8) and (3.12) we have

c < lim((1-=By)c+ Buc) =c.

n—oo

Thus,

¢ = lim d(PW((PT)"xn, (PT)"zn,Bn),p).

n—oo

for ¢ > 0. Hence, from Lemma 2.3, we have

lim d((PT)"xu, (PT)"zy) = O. (3.14)

n—oo

Using (3.11) and (3.14), we have
lim d((PT)"x,,(PT)"y,) < Um d((PT)"zn,(PT)"y,)+ lim d((PT)"y,,(PT)"x,)
n—oo n—oo n—oco
(3.15)
=0.

Again from (3.1), we have
d(yn,p) = d(PW((PT)"xn,(PT)"zn,Bn),p)
< (1 —ﬁn)d((PT)nxn,p) +ﬁnd((PT)nZn7p)
< d((PT)"zn,p) + (1 = Bn)d((PT)"xn, (PT)"2)

< (T4 uaMo)d(zn, p) + Hn (M) + Vi + (1 = Bo)d ((PT)"xu, (PT)"21),
using (3.14) and taking liminf,,_;., both the sides, we get

¢ < liminfd(z, p). (3.16)



36 YOGESH KUMAR SAHU AND SAMIR DASHPUTRE

Hence, from(3.6) and (3.16), we have lim d(z,, p) = ¢, means that
n—oo

¢ = lim {d(PW(xn,(PT)"XmYn):P)}

n—oo

< lim {(1 — 7)) limsupd (x,, p) +ynlimsupd((PT)”xn,p)}.

n—oo n—oo n—roo

Using (3.12), we have

¢ < lim((1—1)c+me) =c.

n—co

Thus,

c = limd(PW (xn,(PT) X0, ), P),

n—yoo

for ¢ > 0. Hence, from Lemma 2.3, we have

lim d(x,, (PT)"x,) = O.

n—oo

(3.17)

Next, we show that lim, . d((PT)"z,,X,) = 0,1imy e d((PT)"yn,x,) = 0. Apply triangle in-

equality, using (3.14) and (3.17), we get

lim d((PT)"z0,x2) < lim |d((PT)"zn, (PT)"x) + d((PT) "X, %)

n—oo n—oo

< lim d((PT)"zy, (PT)"x,) + lim d((PT)"xu,xn)

n—oo n—oo

=0.

Similarly, using (3.11) and (3.18), we get

lim d((PT)"yp,20) < lim |d((PT)"yn, (PT)"2) +d((PT )" 20, %n)

n—oo n—oo

< 1im d((PT)"yn, (PT)"2,) + lim d((PT)"2,%,)
n—oo oo

n—r

=0.

(3.18)

(3.19)
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using (3.1) and ( 3.17), we get
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lim d(z,,x,) = lim d(PW (x,, (PT)" X0, %), %n)

n—oo n—oo

< lim | (1 —=%)d(xn,xn) + %d((PT)"xp, %)

e (3.20)
<V lgn d((PT)"xp,xn)

=0.

Using triangle inequality, (3.14), (3.17) and (3.20), we have

Jim d030) < Jim, [don,30) + i)

n—oo

< lim -d(PW((PT)”xn, (PT)"zn, Bn) s Xn) +d(Xn;2n)

T n—oeo

< Jim | (1= B)d((PT)"5n.50) + Bud (PT)"20, (PT)",) G
+ Bud ((PT)"xp,x,) + d(xn,zn)}

< lim d((PT)"xp,x,) + lim d(x,,2,) + By lim d((PT)"z,, (PT)"xy)
n—oo n—oo n—soo
=0.

Using (3.14) and (3.15), we get

Yim d((PT)"yn,yn) = lim d(PW ((PT)"xn, (PT)"2n, Ba), (PT)"yn)

< (1=B2) fim d((PT)"%,.(PT)"3u) + B, im d((PT)"2 (PT)")
=0,

(3.22)
using (3.14), we have

lim d((PT)"zp,yn) = lim d(PW ((PT)"xp, (PT)"20, Bn), (PT)"22)

< (1—By) lim d((PT)"xs, (PT)"zs) (3.23)

=0.
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Hence, from (3.1), (3.22) and (3.23), we get
r}g?od(xn—ﬁ—layn) = r}glgod(PW((PT)nym (PT)nZnaan)yyn)
< (1= 0,) lim d((PT)"yn,yn) + 0t lim d((PT)"20,yn) (3.24)
=0.
Apply triangle inequality, (3.20), (3.21) and (3.24), we have
lim d(.xn+1,.xn) S lim d(.xn+1,yn) +d(yn,Zn) +d(Zn,-xn)
n—oo n—oo
< r}gl;lod(xwrl»yn)+Jg§od<ynvzn)+}}i£§°d(znaxn) (3'25)
=0.
Since T be a uniformly L-Lipschitzian, so finally we compute
d(xm Txn) < d(xnaxn—H) +d(xn+17 (PT)n_Hxn—i—l)
+d((PT)" i1, (PT)" ) +d(PT)" ' x,, Txy)

< (1+L)d(xp, Xnt1) +d(xpp 1, (PT)"™x,) + Ld (x,, (PT)"x,),
apply (3.17), (3.25) and taking limit as n — oo in the above inequality, we have

lim d(x,,Tx,) = O.

n—soo

This completes the proof.

Theorem 3.4. Let C be a nonempty closed convex subset of a complete uniformly convex hyper-
bolic space X with monotone modulus of uniform convexity 1 and P be a nonexpansive retrac-
tion of X onto C. Let T : C — X be a uniformly L-Lipschitzian and ({u, }, { v, }, §)—total asymp-
totically nonexpansive mapping with sequences {u,} and {v,}, n € N such that };7 | u, < oo
and Y7 | v, < oo and a strictly increasing function § : [0,00) — [0,00) with {(0) = 0. Let {x,}
be sequence defined by (3.1). where {o,},{B,} and {7,} are real sequences in (0,1). Then

{x,} is A-convergent to an element of F(T).

Proof. For the sequence {x,}, A-convergent to an element of F(T), it suffices to show that

Walfw})= U Za(C{un}) CF(T)
{un} {xn}
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and Wy ({x,}) consists of exactly one point.

Let u € Wa({x,}). Then there exists a subsequence {u,} of {x,} such that Z,(C,{u,}) =
{u}. By Lemma 2.1, there exists a subsequence {v,} of {u,} such that A —1lim,_,. v, = v for
some v € C. By Theorem 2.5, v € F(T). Since {d(uy,v)} converges, by Lemma 2.2, we have
u=v € F(T). This shows that Wx(x,) C F(T).

Next, we claim that Wy ({x,}) consists of exactly one point. Let {u,} be a subsequence of
{x,}. By Lemma 2.1, there exists a subsequence {v,} of {u,} such that A —lim,_,e v, = v for
some v € C. Let Z,(C,{u,}) = {u} and Z,(C,{x,}) = {x}. We have already seen that u = v and
v € F(T). Finally, we claim that x = v. Suppose not, then by the existence of lim,_,c.d(xy, V)

and uniqueness of asymptotic centers, we have

limsupd(v,,v) < limsupd(vy,,x) <limsupd(x,,x)

n—soo n—soo n—so0

< limsupd(x,,v) = limsupd(vy,v),

n—oo n—oo
a contradiction and hence x =v € F(T'). This shows that Wx({x, }) = {x}. This completes the

proof.

Theorem 3.5. Under the assumption of Theorem 3.4, the sequence {x,} defined by (3.1).

converges strongly to a fixed point of T if and only if lim,_,.d(x,, F(T)) = 0.

Proof. Necessity is obvious. We only prove the sufficiency. Suppose that liminf,, e d(x,,F(T)) =
0. From (3.6), we have

d(xp41,F(T)) < (1 +Aln)d(xn, F(T)) +hy, neN,

for some A > 0. By Lemma 2.4, we have lim,,_,o. d (X, F (T)) exists. It follows that lim,, e d (x,,, F (T)) =
0.
Next, we show that {x, } is a Cauchy sequence. The Following arguments similar to those given
in ( [2, Theorem 4.3] and [12, Lemma 5]), we obtained the following inequality
d(xn+m7p) < L [d(xn,p) + Z hj]
j=n
forevery p € F(T) and for all m,n € N, where L = eAO:;%I"m_l H) > 0 and bj=hjAs, Y =~ |l <o

n+m—1

soL* =eAXiiitn) > = AT ) S 0. Lete >0be arbitrarily chosen. Since lim,,_,o d(x,,F) =
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Oand )~ | h, < oo, there exists a positive integer ng such that

E
4L

— £
d(x,,F) < and Zhi<@’ Vn > ny.

Jj=no
In particular, inf{d(x,,, p) : p € F} < ;% . Thus, there must exist p* € F such that

€
3L

d(xnovp*) <
Hence, for n > ng, we have
d(xn—i—maxn) S d(xn—i-m?p*) +d(p*7xn)

2L* [d(xno,p*)—f— i hj]

J=no

£ £
2L —e.
< (3L* * 6L*) €

IN

Hence, {x,} is a Cauchy sequence in closed subset C of a complete uniformly convex hyperbolic

space and so it must converge strongly to a point ¢ in C. Now, lim, . d(x,,F(T)) = 0 gives

that d(q,F(T)) = 0. Since F(T) is closed, we have g € F(T).

Theorem 3.6. Under the assumption of Theorem 3.4, if there exists a non-decreasing function

f:]0,00) = [0,00) with f(0) =0 and f(¢) > 0 for ¢t € (0,00) such that

d(x,Tx) > f(d(x,F(T))),

for all x € C, then the sequence defined by (3.1) converges strongly to a fixed point of 7.

Proof. As proved in Theorem 3.5, lim, . d(x,, F(T)) exists. Also by Lemma 3.3 we have

limy, 00 d (X, Tx,) = 0, then, we have

lim £(d(xy, F(T))) < lim d(xy, Tx,) = 0.

n—oo n—eo

Since f is a non-decreasing function with f(0) =0, and f(¢) > 0 for ¢t € (0,0), we have

lim d(x,, F(T)) = 0.

n—oo
Hence, the rest of the result follows from Theorem 3.5.
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