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Abstract

[terative schemas are ubiquitous in the area of abstract nonlinear analysis and still
remain as a main tool for approximation of fixed points of generalizations of
nonexpansive maps. The analysis of general iterative schemas, in a more general
setup, is a problem of interest in theoretical numerical analysis. Therefore, we propose
and analyze a general iterative schema for two finite families of asymptotically
quasi-nonexpansive maps in hyperbolic spaces. Results concerning A-convergence
as well as strong convergence of the proposed iteration are proved. It is instructive to
compare the proposed general iteration schema and the consequent convergence
results with that of several recent results in CAT(0) spaces and uniformly convex
Banach spaces.
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1 Introduction and preliminaries
Iterative schemas play a key role in approximating fixed points for nonlinear mappings.
Structural properties of the space under consideration are very important in establishing
the fixed point property of the space, for example, strict convexity, uniform convexity and
uniform smoothness etc. Hyperbolic spaces are general in nature and have rich geometri-
cal structures for different results with applications in topology, graph theory, multivalued
analysis and metric fixed point theory. The study of hyperbolic spaces has been largely mo-
tivated and dominated by questions about hyperbolic groups, one of the main objects of
study in geometric group theory. Throughout the paper, we work in the setting of hyper-
bolic spaces, introduced by Kohlenbach [1], which are prominent among non-positively
curved spaces and play a significant role in many branches of mathematics.
Nonexpansive mappings are Lipschitzian mappings with the Lipschitz constant equal
to 1. Moreover, the class of nonexpansive mappings is closely related to the class of strict
pseudo-contractions as nonexpansive mappings are O-strictly pseudo-contractive. The
class of nonexpansive mappings enjoys the fixed point property and the approximate fixed
point property in various settings of spaces. The importance of this class lies in its power-
ful applications in initial value problems of differential equations, game-theoretic model,
image recovery and minimax problems.
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The class of asymptotically nonexpansive mappings was introduced by Goebel and Kirk
[2] as an important generalization of the class of nonexpansive mappings. Therefore, it is
natural to extend such powerful results to the class of asymptotically nonexpansive map-
pings as a means of testing the limit of the theory of nonexpansive mappings. Most of the
results in fixed point theory guarantee that a fixed point exists, but they do not help in
finding the fixed point. As a consequence, iterative construction of fixed points emerged
as the most powerful tool for solving such nonlinear problems. It is worth mentioning
that iteration schemas are the only main tool for approximation of fixed points of vari-
ous generalizations of nonexpansive mappings. Several authors have studied approxima-
tion of fixed points of several generalizations of nonexpansive mappings using Mann and
Ishikawa iterations (see, e.g., [3—15]).

Moreover, finding common fixed points of a finite family of mappings acting on a Hilbert
space is a problem that often arises in applied mathematics, for instance, in convex mini-
mization problems and systems of simultaneous equations. One of the most elegant ways
to prove that a partial differential equation or integral equation has a solution is to pose
it as a fixed point problem. Hence, the analysis of a general iteration schema, in a more
general setup, is a problem of interest in theoretical numerical analysis. Therefore, consid-
erable research efforts have been devoted to developing iterations for the approximation
of common fixed points of several classes of nonlinear mappings with a nonempty set of
common fixed points.

In 1991, Schu [11] established weak and strong convergence results for asymptotically
nonexpansive mappings using a modified Mann iteration. A unified treatment regarding
weak convergence theorems for asymptotically nonexpansive mappings was analyzed by
Chang et al. [16] and consequently improved and generalized the results of Schu [11] and
many more. See, for example, Bose [17], Tan and Xu [14] and many others.

In 2000, Osilike and Aniagbosor [18] obtained weak and strong convergence results for
asymptotically nonexpansive mappings using a modified Ishikawa iteration. Since the case
for two mappings has a direct link to minimization problems [19], so this fact motivated
Khan and Takahashi [7] to approximate common fixed points of two asymptotically non-
expansive mappings. For this purpose, they used a modified Ishikawa iteration. See also
[9] and [13].

In 2008, Khan et al. [20] introduced a general iteration schema for a finite family of
asymptotically quasi-nonexpansive mappings in Banach spaces. Khan et al. [21] also pro-
posed and analyzed a general iteration schema for strong convergence results in CAT(0)
spaces. Inspired by the work of Khan et al. [20], Kettapun et al. [6] introduced a new
iterative schema for finding a common fixed point of a finite family of asymptotically
quasi-nonexpansive mappings in Banach spaces. Quite recently, Sahin and Basarir [10] ap-
proximated common fixed points of a finite family of asymptotically quasi-nonexpansive
mappings by a modified general iteration schema in CAT(0) spaces. Recently, Yildirim
and Ozdemir [15] approximated a common fixed point of a finite family of asymptotically
quasi-nonexpansive mappings using a new general iteration in a Banach space setting as
follows.

Let {T},},,_; be a family of asymptotically quasi-nonexpansive self-mappings on K. Sup-

pose that {,,,} is a real sequence in [¢,1 — €] for some € € (0,1). Define a sequence {x,}
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n
KXn+l = (1 - aln)yn+r—2 + 01, T1 Vn+r-2>
n
Ynir-2 = (1 - aZrz)ynw—B + 0oy szn+r—3:

Yn+r-3 = (1 - O53;’1)});’1“'—4 + a3y Tgyn+r—4;
(L1)

Yn+1 = (1 - a(r—l)n)yn + Q(r-1)n T:l_lym

Yn=Q1- )X + OtmT,"x,,.

Let (X, d) be a metric space and K be a nonempty subset of X. Let T be a self-mapping
on K. Denote by F(T) = {x € K : T(x) = x} the set of fixed points of T. A self-mapping T
on K is said to be

(i) nonexpansive if d(Tx, Ty) < d(x,y) for x,y € K;

(i) quasi-nonexpansive if d(Tx, p) < d(x,p) for x € K and for p € F(T) # 0;

(ili) asymptotically nonexpansive if there exists a sequence k, C [0, 00) and
limy,_, 00 ky, = 0 and d(T"x, T"y) < (1 + k,)d(x,y) forx,y e K, n > 1;

(iv) asymptotically quasi-nonexpansive if there exists a sequence k, C [0, 00) and
lim,, oo k,, = 0 and d(T"x,p) < (1 + k,,)d(x,p) forx e K, p e F(T), n > 1;

(v) uniformly L-Lipschitzian if there exists a constant L > 0 such that
d(T"x, T"y) < Ld(x,y) for x,y € K and n > 1.

It follows from the above definitions that a nonexpansive mapping is quasi-nonexpansive
and that an asymptotically nonexpansive mapping is asymptotically quasi-nonexpansive.
Moreover, an asymptotically nonexpansive mapping is uniformly L-Lipschitzian. How-
ever, the converse of these statements is not true, in general.

A hyperbolic space [1] is a metric space (X, d) together with a mapping W : X2 x [0,1] —
X satisfying

1) d(u, W y,a)) < ad(u,x) + (1 - a)d(u,y),
(2) d(W(x’y’a)r Wx,y, ﬁ)) = la - Bld(x, ),
B) Wya)=W(yx(1-a),
(4) d(W(x, z,a), W(y,w, oz)) <(1-w)dxy)+ad(z,w)
forallx,y,z,we X and «, B € [0,1].
The class of hyperbolic spaces in the sense of Kohlenbach [1] contains all normed linear
spaces and convex subsets thereof but also Hadamard manifolds and CAT(0) spaces. An

important example of a hyperbolic space is the open unit ball B in a complex domain C
w.r.t. the Poincare metric (also called ‘Poincare distance’)

ST

dp(x,y) := argtanh

x-y| ~
1_—@‘—argtanh(1 o(%)?,

where

_ A==

P T

for all x,y € B.
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Note that the above example can be extended from C to general complex Hilbert spaces
(H, {-)) as follows.
Let By be an open unit ball in H. Then

NI

kg, (x,y) := arg tanh(l - a(x,y)) ,

where

oy < (10~ )
AT PRID

forall x,y € By,

defines a metric on By (also known as the Kobayashi distance). The open unit ball By to-
gether with this metric is coined as a Hilbert ball. Since (By, k,,) is a unique geodesic
space, so one can define W in a similar way for the corresponding hyperbolic space
(B> kg, W).

A metric space (X, d) satisfying only (1) is a convex metric space introduced by Takahashi
[22]. A subset K of a hyperbolic space X is convex if W(x,y,«) € K for all x,y € K and
a € [0,1]. For more on hyperbolic spaces and a comparison between different notions of
hyperbolic space present in the literature, we refer to [1, p.384].

A hyperbolic space (X,d, W) is uniformly convex [23] if for all u,x,y € X, r > 0 and
¢ € (0,2], there exists § € (0,1] such that d(W(x,y, %), u) < (1 - 8)r whenever d(x,u) <r,
d(y,u) <r,d(x,y) > er.

A mapping 7 : (0,00) x (0,2] — (0,1] providing such § = n(r,¢) for given r >0 and € €
(0,2] is called modulus of uniform convexity. We call n monotone if it decreases with r
(for a fixed €). CAT(0) spaces are uniformly convex hyperbolic spaces with modulus of
uniform convexity n(r,€) = % [24]. Therefore, the class of uniformly convex hyperbolic
spaces includes both uniformly convex normed spaces and CAT(0) spaces as special cases.

Inspired and motivated by Khan and Takahashi [7], Sahin and Basarir [10], Shahzad and
Udomene [13], Yildirim and Ozdemir [15] and Khan et al. [21], we introduce a general
iteration schema in hyperbolic spaces and approximate common fixed points of two finite
families of asymptotically quasi-nonexpansive mappings as follows.

Let {T,,}},.; and {S,,}),_; be two finite families of asymptotically quasi-nonexpansive
self-mappings on K. Suppose that {c,,,} and {8,.,} are two double real sequences in [a, b]
for some a,b € (0,1). Define a sequence {x,} by

Xn+l = W(Tlnynw—Z: W(yn+r—2: S Ynir-2, 9171): aln);
Ynir—2 = W(Tgymr—& W(ymr—B: Sg}’n+r—3y92n): 012,,),

Yn+r-3 = W(Tg},qynw—éb W(yn+r—4: S;,lynw—éh 93;4); a371)7

Yns1 = W(T:l_lyn; W(ynr S:’_Lynr e(r—l)n); Ol(r—l)n);

Yn = W(T;Ixm W(xm S;’fxn; an); Olm), r>2,n>1,

where 6,,, := Bon_ for each m = 1,2,3,...,r.

1-otyn



http://www.fixedpointtheoryandapplications.com/content/2013/1/238

Fukhar-ud-din and Khan Fixed Point Theory and Applications 2013, 2013:238 Page 5 of 18
http://www.fixedpointtheoryandapplications.com/content/2013/1/238

In 1976, Lim [25] introduced the notion of asymptotic center and, consequently, coined
the concept of A-convergence in a general setting of a metric space. In 2008, Kirk and Pa-
nyanak [26] proposed an analogous version of convergence in geodesic spaces, namely
A-convergence, which was originally introduced by Lim [25]. They showed that A-
convergence coincides with the usual weak convergence in Banach spaces and both con-
cepts share many useful properties.

Let {x,} be a bounded sequence in a hyperbolic space X. For x € X, define a continuous
functional r(-, {x,,}) : X — [0, 00) by

r(x, {xn}) = limsup d(x, x,).

n—00

The asymptotic radius r({x,}) of {x,} is given by
r({xa}) = inf{r(x, {x}) :x € X}.

The asymptotic center of a bounded sequence {x,} with respect to a subset K of X is
defined as follows:

AK({xn}) = {x eX: r(x, {x,,}) < r(y, {x,,}) foranyye K}.

This is the set of minimizers of the functional r(, {x,}). If the asymptotic center is taken
with respect to X, then it is simply denoted by A({x,}). 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 [24] and ensures that this property also holds in a complete uniformly
convex hyperbolic space.

Lemmal.l[24] Let(X,d, W) be a complete uniformly convex hyperbolic space with mono-
tone modulus of uniform convexity. Then every bounded sequence {x,} in X has a unique
asymptotic center with respect to any nonempty closed convex subset K of X.

Recall that a sequence {x,,} in X is said to A-converge to x € X if x is the unique asymp-
totic center of {u,} for every subsequence {u,} of {x,}. In this case, we write A-lim, x,, = x
and call x a A-limit of {x,}. A mapping T : K — K is semi-compact if every bounded se-
quence {x,} C K, satisfying d(x,, Tx,) — 0, has a convergent subsequence.

Let f be a nondecreasing self-mapping on [0, c0) with f(0) = 0 and f(¢) > 0 for all £ €
(0,00). Then the two finite families {T},}/,_, and {S,}},_;, with F = ﬂﬁl(F(Ti) NFE(S;)) #9,
are said to satisfy condition (A) on K if

d(x, Tx) zf(d(x, F)) or d(x,Sx) zf(d(x, F)) forx e K

holds for at least one T € {T},},,,_, or one S € {S,,,}/,,_;, where d(x, F) = inf{d(x,y) : y € F}.
In the sequel, we shall need the following results.

Lemmal.2 [27] Let(X,d, W) be a uniformly convex hyperbolic space with monotone mod-
ulus of uniform convexity n. Let x € X and {o,,} be a sequence in [a, b] for some a, b € (0,1). If
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{x,,} and {y,} are sequences in X such thatlimsup,_, . d(x,,x) <c,limsup,_,  d(y,x) <c
and lim,_—, 0o A(W (%, Y, &), %) = ¢ for some ¢ > 0, then lim,,_, o d(x,, y,,) = 0.

Lemma 1.3 [27] Let K be a nonempty closed convex subset of a uniformly convex hyper-
bolic space, and let {x,} be a bounded sequence in K such that A({x,}) = {y} and r({x,,}) = p.
If {y,} is another sequence in K such that lim,,_, oo ¥V, {x,,}) = p, then lim,,_, oo ¥, = y.

Lemma 1.4 [16] Let {a,} and {b,} be sequences of nonnegative real numbers such that
Aps1 < ap + bn

foralln>1and Y )’ b, < 0o, then lim,_.o, a, exists. Moreover, if there exists a subse-
quence {ﬂn,} of {a,} such that ay, — 0 asj— oo, then a,, — 0 as n — oo.

2 Some preparatory lemmas
From now onward, we denote F = ﬂﬁl(F (T;) NE(Sy)) # 0 for two finite families {T,}),_,
and {S,,}),_; of asymptotically quasi-nonexpansive self-mappings on K with sequences
{u%}ﬁzl and {u(mzzq}zle respectively. If we put u,,, = max{u(,,lq),,, u(mZL}, then {u,,}5,_, is a se-
quence in [0,1) and lim,_, oo 4, = 0.

We start with the following lemma.

Lemma 2.1 Let K be a nonempty, closed and convex subset of a hyperbolic space X, and
let {T,,},,., and (S,,}7,_, be two finite families of asymptotically quasi-nonexpansive self-
mappings on K with a sequence {i,,, )5, satisfyingy oo thyy < 00, m=1,2,...,r. Then, for
the sequence {x,} in (1.2), lim,,_, o d(x,, p) exists for all p € F.

Proof Let s, = maxXj<m<y Uy for n > 1. For any p € F, it follows from (1.2) that

AW p) = AW (T} %0, W (%15 S\ %15 Opn)» &) P)
< o d(T" %0, p) + (1 = ) d(W (%, S/ %, 01n), P)
< 0l (T} %ns p) + Brn Xy p) + (1 =ty — Br) (S %, p)
S (L + thyn)d (s P) + Brnd (%, p) + (L= 0ty = Brn) (1 + thyn)d (%, )

< 1+ um)d(xn, p)
and

AdWus1,p) = AW (T390 W (s 71 Or-1)n)> r-1)n ) b)
< &e-0ad(T) 19 p) + (L= 1))d(W (9, S71 s O-1)n) 1)
< -1l (T) 190 D) + Bor-1nd ¥ p) + A = -1y = Br-n) (S} 1Y p)
< (L + t-1yn)d (s p)-

Similarly, we have

d(yn+r—2¢p) < (1 + u2n)d(yn+r—3)p)-
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Therefore

A(xns1,p) < (L+ u1) (X + uay) - - - (1 + thy)d (%0, p)
= d(xmp)(l + Uiy + Uy + 0+ Upy + UrplUop + UryUsy + 200 + Ulpley

+ UlplhonU3p + UlpUaplhin + - - - + UlpUhopU3y - - - urn)

<d(x,,p) |:1 + (I)sn + (;)sfl + (;)st 4ot <:>S:1:|

S (1 + arsn)d(xnrp)

<e""d(x,,p)

< et Zzzl skd(xlxp)
< eﬂr Zlc()il Skd(xlip) <00,

where a, = (1) + () + (3) + -+~ + ()-
Hence {x,} is bounded. Moreover, it follows from the above that

d(xn+1rp) < d(xmp) + ﬂrsnM~
Taking infimum on p € F on both sides in the above inequality, we have
dxpe1, F) < dx,, F) + a,s,M.

Applying Lemma 1.4 to the above inequality, we have lim,,_, o d(x,, p) exists for each p € F.
Consequently, lim,_, o, d(x,, F) exists. O

Lemma 2.2 Let K be a nonempty, closed and convex subset of a uniformly convex hyper-
bolic space X with monotone modulus of uniform convexity n, and let {T,,},,_, and {S,,},,_,
be two finite families of uniformly L-Lipschitzian asymptotically quasi-nonexpansive self-
mappings of K with a sequence {t,,, )2, satisfying > e, tyn < 00, m=1,2,...,r. Then, for
the sequence {x,} in (1.2), we have

lim d(x,, Tyyx,) = lim d(x,,Sy,x,) =0 foreachm=1,2,...,r.
n— 00 n—00
Proof 1t follows from Lemma 2.1 that lim,_, o d(x,, p) exists for each p € F. Assume that
lim,,, oo d(x,,, p) = ¢ > 0. Otherwise the proof is trivial.
Since u,,, — 0 as n — 00, therefore taking lim sup on both sides of the first two inequal-
ities in the proof of Lemma 2.1, we have limsup,_, ., d(y,,p) < ¢ and limsup,_, ., d(y+1,
p) < c. Similarly, we get that limsup,,_, .. d(¥,+r-2,p) < ¢, and so in total

limsupd(y4k-1,p) <c foreachk=1,2,...,r-1. (2.1)

n—00

Since s, = maxi <<y Uy for n > 1, therefore

d(xn+lrp) < (1 + Sn)rild(ymp)-
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This implies

c< langglfd(yn+k,l,p) foreachk=1,2,...,r—1. (2.2)
Combining (2.1) and (2.2), we have

nli)rgo dWusk-1,p) =c¢ foreachk=1,2,...,r-1. (2.3)
For k =11in (2.3), we have

nlin;o d(W(Tr”xy,, W(xn,S;’xn,Om),am),p) =c. (2.4)

Moreover,

A(W (%, S, Orn) P) < Opndd (%, p) + (1= 6, (S} %, p)
< 0md (X, p) + (1= 0,) (1 + t4,)d (X1, p)

<1+ urn)d(xmp)

implies that

limsup d(W (, S}/ %, 0,n), p) < c. (2.5)
Obviously,

limsupd(T}'x,,p) <c. (2.6)
n—00

With the help of (2.4)-(2.6) and Lemma 1.2, we have

lim (T} %, W (%, S/%,0n)) = 0. (27)

n—00

Again, for k=2,3,...,r -1, (2.3) is expressed as

lim d(W(T:’,(k,Dymk—z: W(}’mk—z; S:l,(k,l)ymk—% 9(r—k+1)n)r Oé(r—k+1)n),P) =c (2.8)

n—00

With the help of (2.1) and the inequality

d(W(ymk—Zx Sf_(k_l)ymk—z; 9(r—k+1)n),l7)
= 0(r—k+1)nd(yn+k—2:p) + (1 - 9(r—k+1)n)d(S:I,(k,1)yn+k—2¢p)
< O4—ksyndWnik-2,P) + (L= Op—tes1)) (L + tr—ies1)n) AV k-2, )

<@+ u(r—k+1)n)d(y;1+k—2rp),

we get that

lim sup d(W(yer—Z: S:I,(k,l)yrﬁk—b 9(r—k+l)n)’p) <c (29)

n—0oQ0
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Further,

lim sup d(T”f(kfl)y,Hk,z,p) <c¢ fork=2,3,...,r-1. (2.10)

r
n—00

By (2.8)-(2.10) and Lemma 1.2, we have

lim d(Trn,(k,1)yn+k—2, W(yn+k—2; S;q,(k,l)yn+k—2: 9(r—k+1)n)) =0 (2.11)

n—00

for k=2,3,...,r—1. For k = r, we have
nlirgo d(xn+1’p) = nll{go d(W(TlnyrHr—Z: W(yn+r—2: S{lynw—Zr Hln); aln)rp) =cC. (212)
Utilizing (2.1), the following estimate

d(W(yn+r—2, S{[yn+r—2; an);P) < 01 dWpir—2,p) + (1 - an)d(silynﬂ—bp)
< Olnd(ynw—bp) + (1 - 91;1)(1 + u2n)d(yn+r—27p)

S (1 + u2n)d@n+r—2:p)

implies
Hm sup d(W (Ysr—2, S} Yner—2,61n), ) < c. (2.13)
Also,
lim sup d(Tl”y,w_g,p) <c. (2.14)
00

Hence (2.12)-(2.14) and Lemma 1.2 imply that

lim d(TlnynJrr—Z: W(yn+r—21 Sfymr—z, eln)) =0. (215)

n—00

Observe that

d(xn+lr Tlnyn+r—2) = d(W(TflyrH-r—Zr W(yn+r—2r Sy Ynr—2s eln): aln): Tflyn+r—2)
= (1 - Olln)d(W(ynJrr—Zx S{lynJrr—Z’ 91;4); Tlnynw—Z)
+ alnd(Tlnynw—Z: T{lyn+r—2)-
On utilizing (2.15), this implies
nlirgo d(xm—b Tlnynw—Z) =0. (216)

Since a < &y, Brun < b, therefore (reasoning as above)

d(xns1,p) = d(W(T{’ynH—Z’ W(yn+r—2x5fyn+r—2; an), Olln);P)

< alnd(Tlnynw—er) + (1 - aln)d(W(yn+r—2) S;lyn+r—2791n)vp)
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< a1,d(Xp41,p) + alnd(xrul’ T1nyn+r—2)

+ A= 1)d(W sr—2> Sy Ynsr—2,61),P)
Q1n
1-oq,
b
1-b

d(xnﬂ: Tlnynw—Z) + d(W(yrHr—Z: Siqynw—Zr Hln),P)

IA

d(xnﬂ, Tf’ymr_z) + d( W(yn+r—2r Sy Ynr—2s 91n),P) .
Taking liminf on both sides of the above estimate and using (2.16), we have

c= lim infd(W(yrHr—Z; S{IynJrr—Z’ 91n):p)~ (217)

n—00

Combining (2.13) and (2.17), we have

lim d(W(y,,,,,_z,S{‘y,,+,_2,81,,),p) =c. (2.18)

n—00

By Lemma 1.2 and (2.18), we get

lim d(yn+r—2; S{lyn+r—2) =0. (2.19)

n—00

In a similar way, for k =2,3,...,r — 1, we compute

d(yn+k—1 ’ T:l_(k_l)yn +k—2)

n

= d(W(Tf_(k_l)ymk_z, W(yn+k—2, Sf_(k_l)ynJrk—Z: 9(r—k+1)n)¢ Ol(r—k+1)n): T,_(k_l)ymk_z)
<@1- O[(r—k+1)n)d(W(yn+k—2y S:’_(k_l)yr+k—21 9(r—k+1)n); T:l_(k_l)yn+/<—2)

+ &ternd (TI gy Insk-2> Ty Ynek-2)-
Utilizing (2.11), we have
nll)ngo d(ymk,l, T,”_<k_1>y,,+k,2) =0, fork=2,3,...,r-1 (2.20)
For k = r, we calculate

Ay T'%n) = d(W (T % W (%0 S, %0, O ) @y ), T %)
< apd (T %0, T)%) + (1= ) (W (%5 S\ %12 O T} 5 ).
Now, utilizing (2.7), we have
lim d(y,, T)'x,) = 0. (2.21)

Reasoning as above, we get that
b n n
d(ym p) < ﬁd(T, %nsYn) + A(W (%, S)%n Om ) p).-
Applying liminf on both sides of the above estimate and utilizing (2.3) and (2.21), we have

c< liminfd(W(x,,,S;’xn,er,,),p). (2.22)

n—00
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Inequalities (2.5) and (2.22) collectively imply that

lim d(W (0, S)%, 6,n),p) = c. (2.23)

n—00

Consequently, Lemma 1.2 and (2.23) imply that

lim d(x,,S/%,) = 0. (2.24)

n—00

Note that

A%, T %) < A 90) + Ay T)%)
= d (%5 W(T) %0, W (%, S %1 6 ), ) ) + A (Vs T1' %)
< ozmd(x,,, T,”xn) +(1- Olm)d(W(xm S;lxm ern)»xn) + d(ym T;qxn)

<Qa- ern)d(xn; S:lxn) + 1-a d(yn: Trnxn)
1-2a " 1 .
< ( T >d(x,,,S,x,,) + md(y,,, Trx,,).
Utilizing (2.21) and (2.24), we have
lim d(x,, T)'x,) = 0. (2.25)
Moreover,

d(xnryn) = d(xn; W(T:lxm W(xnr Sfxm Grn)r arn))
< Wl (%, T)'%) + (1= ) (%0, W (%10, S7 %11, 6,) )
= arnd(xn: Trnxn) + (1 -am— ﬁrn)d(xm S,r«lxn)
< bd(x,,, T,”xn) +(1- 2a)d(x,,,5fx,,).
By (2.24) and (2.25), we have
lim d(x,,y,) = 0. (2.26)

Again, reasoning as above, we have

d()’mk—bp) = d(W()’mk—z, Sf_(k_l)ynJrk—Z) 9(r—k+1)n)rp)

b n
+ E d(Tr_(k_l)yer—z: yn+k—l) .

Now, utilizing (2.3) and (2.20), we get

¢ <lim infd(W(yer—Z; Sf_(k_l)yn+k—2; 9(r—k+l)n)rp)~ (2.27)

n—00

Thus (2.9) and (2.27) imply in total

lim 4 (W(yn+k—2:S,r«l_(/(_l)yn+k—2r9(r—k+1)n): p)=¢

n—00
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and by Lemma 1.2, we conclude that
nlingo d(ymk_z,S;’_(k_l)ymk_g) =0 fork=2,3,...,r-1 (2.28)
Also,

AYnik-2s T\ 1 Ynek=2)
< dWnak-2: Ynsk-1) + AVnek-1s T oy Ynek-2)
= dnik-2s W(T, g_yyVnsk-20 W Vnsk- S Ynsk=2> Or—ks1)n)s Xr—ks1)m))
+ dYnsk-1s T) _yyYnek-2)
< Akt T ynek=2) + kst Vnak-2 T1L 1) Ynrk=2)
+ (1= 2ksyn)d (Vnsk-20 W (Vmek-2s Sy Ynk=2s Or—ks1yn))
< dVnak-1> T gy Ynek=2) + Ae—ketynd (Vnek-2> Ty gy Ynk—2)

+ (1 —U(r—k+1)n — ,B(r—k+1)n)d(yn+k—2r S;I,(k,l)yn+k—2)
1-2a
1-b

< d(ymk—lx Tf_(k_l)ymk—z) + d()’mk—Zr S:l_(k_l)ymk—z) .

1-b
Now, utilizing (2.20) and (2.28), we have
Hm d(yuik-2 Ty g yyVnek—2) =0, fork=2,3,...,r—1. (2.29)

n—00

Fork=2,3,...,r—1, we have
AWnrk=2:Ynik-1) < AVnak-2s T pyVnsk-2) + A(T1 ey Vnek-2 Ynsk-1)-
Hence, (2.20) and (2.29) imply that
nlggo AWnik-2)Ynsk-1) = 0. (2.30)
Additionally,
A% Ynsk-1) < Ay Yn) + AW Yns1) + -+ + AWnar-3, Ynir-2)-
By (2.26) and (2.30), we have
nlgglo A%y, Yusk1) =0, fork=1,2,3,...,r—1. (2.31)

Let L = max,<j<,L;, where L; is a Lipschitz constant for T}. Since each Tj is uniformly

L-Lipschitzian, therefore we have

d(xn’ Tyny,xn) = d(xmynw—m—l) + d(yrﬁ—r—m—b Tyny,xn)
S d(xn’ywrr—m—l) + d(yn+r—m—1: T;Z,ynw—m—l) + d(T;Z,ynw—m—l: T;Z,xn)

= (1 + L)d(xnrynw—m—l) + d(yn+r—m—1: Tynnynw—m—l) for 2 =m=r- 1.
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Now, it follows from (2.29) and (2.31) that

lim d(x,, T)y%,) = 0. (2.32)

n—00

Moreover,

d(xn+1v men+l) =< d(xn+1r Tyr;,+1xn+l) + d(Ty}:,Hxnﬂ; T::,Hynw—m)
+ d(Tﬁflymr_m, mewrl)
=< d(xnﬂr T,}Zﬂxnﬂ) + Ld(xn+1’yn+r—m) + Ld(Ty};lqynw—m’xnﬂ)
= d(xn+lr Ty}:,+lxn+l) + 2Ld(xn+1:yn+r—m) + Ld(Ty}:,yn+r—m:yn+r—m)-
Hence (2.29), (2.31) and (2.32) imply that d(x,,1, T/u%,41) — 0 as n — oo and hence
lim d(x,, T,,x,) = 0. (2.33)

Similarly, we have

lim d(x,, S,.x,) = 0. (2.34)
n— o0
This completes the proof. d

Remark 2.3 (i) It is worth mentioning that the asymptotic regularity (2.33)-(2.34) of the
iteration schema (1.2) can easily be extended to a more general class of weakly asymp-
totically quasi-nonexpansive (short: w.aq.n.) mappings. That is, 7 : K — K is a w.aq.n.
mapping if for all x € K, there exists p € K such that d(T"x,p) < (1 + k,)d(x,p), where
k, is a sequence in [0, 00) with lim,_, » k, = 0. Obviously, all self-mappings having a zero
vector and satisfying || T'(x)|| < |lx| are w.aq.n. mappings. On the other hand, if we define
T:[0,1] — [0,1] by T(x) = «%, then F(T) = {0,1}. However, quasi-nonexpansivity fails for
1, and hence quasi-nonexpansive mappings are properly included in the class of w.aq.n.
mappings. The aforementioned class of w.aq.n. mappings was introduced by Kohlenbach
and Lambov [28] as it has nice logical behavior w.r.t. metatheorems [29].

(ii) The above derived results (2.33)-(2.34) can also be achieved if the hypothesis re-
garding the existence of a common fixed point is weakened by the existence of common
approximate fixed points in some neighborhood of the starting point x; € K.

(iii) The seminal work of Kohlenbach and Leustean [30] gives a comprehensive logical
treatment of asymptotically nonexpansive mappings in the more general setup of uni-
formly convex hyperbolic spaces and generalizes the corresponding results announced in
[28]. They extract explicit rates ® of metastability (in the sense of Tao) for the asymptotic
regularity for the Krasnoselskii-Mann iteration schema. For more on rates of asymptotic
regularity in the context of CAT(0) spaces, we refer to [31, 32]. Following the procedure in
[28] and [30, Theorem 3.5], one should be able to get such rates & also for (2.33)-(2.34)
which will - as the rates in [28, 30] - only depend on a (monotone) modulus of uniform
convexity for X, an upper bound b > d(x1, p), the Lipschitz constant L, an upper bound
U > thy and N € N such that le < Qs B <1— le Thus @ will be largely indepen-
dent of X, T or x;. We intend to carry out the extraction of such @ in another paper.
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3 Convergence of approximants to fixed points
In this section, we approximate common fixed points of two finite families of asymp-
totically nonexpansive mappings in a hyperbolic space. More briefly, we establish A-

convergence and strong convergence of the iteration schema (1.2).

Theorem 3.1 Let K be a nonempty closed convex subset of a complete uniformly con-
vex hyperbolic space X with monotone modulus of uniform convexity n, and let {T,,},,_,
and {S,,},,., be two finite families of uniformly L-Lipschitzian asymptotically quasi-
nonexpansive self-mappings on K. Then the sequence {x,} defined in (1.2) A-converges

to a common fixed point of p € F.

Proof Since the sequence {x,} is bounded (by Lemma 2.1), therefore Lemma 1.1 asserts
that {x,} has a unique asymptotic center. That is, A({x,}) = {x} (say). Let {v,} be any sub-
sequence of {x,} such that A({v,}) = {v}. Then, by Lemma 2.2, we have

lim d(v,, T;v,)) =0 = lim d(v,,S;v,) foreachlel (3.1)
n—00 n—oo

r

We claim that u is the common fixed point of {T},,}},_; and {S,.}},_;.

For each m € {1,2,3,...,7}, we define a sequence {z,} in K by z; = T", v.

So, we calculate

Az, vn) < d(Thv, Thvn) + d(Th v, Th ') + -+ + d(TyuV, Vi)

r-1

< A+ tnd,va) + Y d(Th v Ti'vi).

i=0

Since each T, is uniformly L-Lipschitzian with the Lipschitz constant L, where L =

maxj<<r Ly,. Therefore, the above estimate yields
A(zi,vn) < (L+ Uyn)d(V, vi) + rLA(T Vi, V).
Taking lim sup on both sides of the above estimate and using (3.1), we have

r(zi, {v,,}) = limsupd(z;,v,)

n—0o0

<limsupd(v,v,) = r(v, {v,,}).
n—00

This implies that |r(z;, {u,}) — r(u, {u,})] — 0 as i - oo. It follows from Lemma 1.3
that lim;_, Tfnv = v. Utilizing the uniform continuity of T,,, we have that T,,(v) =
T,,(lim;_, o T;’;qv) =lim;_ o T,‘: 1y = v. From the arbitrariness of 7, we conclude that v is
the common fixed point of {T,}, ;. Similarly, we can show that v is the common fixed
point of {S,,}!,_;. Therefore v € F.

Next, we claim that the common fixed point ‘v’ is the unique asymptotic center for each
subsequence {v,} of {x,}.

Assume contrarily, that is, x # v.
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Since lim,,_, o d(x,, v) exists (by Lemma 2.1), therefore by the uniqueness of asymptotic

centers, we have

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

n—0o0 n—00

< limsupd(x,,x)

n—00

< limsupd(x,,v)

n—00

= limsupd(v,,v),

n—00

a contradiction. Hence x = v. Since {v,} is an arbitrary subsequence of {x,}, therefore
A({vn}) = {v} for all subsequences {v,} of {x,}. This proves that {x,,} A-converges toa com-
mon fixed point of {T,},,_, and {S,.}},_;. O

Remark 3.2 It follows from the uniqueness of the asymptotic center and a common fixed
point of the two families of mappings that Theorem 3.1 can also be generalized to the class
of mappings as mentioned in Remark 2.3(i).

Theorem 3.3 Let K, X, {T,},,_1, {Sm),,_; and {x,} be as in Theorem 3.1. Then {x,} con-

m=1’

verges strongly to some p € F if and only if liminf,_, ., d(x,, F) = 0.

Proof If {x,} converges to p € F, then lim,_, o d(x,,p) = 0. Since 0 < d(x,,F) < d(x,,p),
we have liminf,_, o, d(x,,F) = 0.
Conversely, suppose that liminf,_, . d(x,, F) = 0. It follows from Lemma 2.1 that
lim,,_, o d(x,, F) exists. Now liminf,_, o, d(x,, F) = 0 reveals that lim,,_, o, d(x,, F) = 0.
Next, we show that {x,} is a Cauchy sequence. Let € > 0. Since lim,,_, o d(x,,, F) = 0, so

for any given € > 0, there exists a positive integer #, such that

oo

€ €

Ay, F) < s and > a5, < T (3.2)
n=ngp

The first inequality in (3.2) implies that there exists py € F such that d(x,,, po) < . Hence,

for any n > ny and m > 1, we have

d(xn0+m¢xn0) = d(xnowmpo) + d(xno ,po)
no+m-1

<2d(@,po) + M Y ars,

n=ng
€ €

<2—+M|— ) =¢€.
4 2M

This proves that {x,} is a Cauchy sequence in X and so it must converge. Let lim,,_, o %, = ¢
(say). We claim that g € F. Indeed, d(x,, F) < d(x,, po) for any po € F. Assume that for each
€ > 0, there exists p,(¢) € F such that

A pu(€)) < d(x, F) + %
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This implies that lim,, .o d(x,, pu(€)) < 5. Further, d(p,(€),q) < d(x,,pa(€)) + d(x,,q), it
follows that

€
lim sup d(pn(e), q) < YA where L is the Lipschitz constant.
+

n—o0

Note that

d(q, Tnq) < d(q,pu(€)) +d(pa(€), Tinq)
= d(q’Pn(e)) + d(Tmpn(f)» qu)

< (1+L)d(q,pa(€))-

Then we have d(g, T,q) < (1 + L) limsup,,_, . d(q, pu(€)) < €. Since € is arbitrary, we have
d(T.uq,q) = 0. Similarly, we can show that d(S,,q,q) = 0. Hence g € F. O

We now establish strong convergence of the iteration schema (1.2) based on Lemma 2.2.

Theorem 3.4 Let K, X, {T\,}),_1, {Su},,_, and {x,} be as in Theorem 3.1. Suppose that a
pairof mappings T and S in {T,,},,_, and {S,.}},_,, respectively, satisfies condition (A). Then
the sequence {x,} defined in (1.2) converges strongly to some p € F.

Proof 1t follows from Lemma 2.1 that lim,_, «, d(x,, F) exists. Moreover, Lemma 2.2 im-
plies that lim,_, » d(x,, Tix,) = d(x,, Six,) = 0 for each [ € I. So, condition (A) guaran-
tees that lim,,_, oo f(d(x,, F)) = 0. Since f is nondecreasing with f(0) = 0, it follows that
lim,, oo d(x,,, F) = 0. Then Theorem 3.3 implies that {x,} converges strongly to a point p
in F. O

Theorem 3.5 Let K, X, {T\u},,_1, {Sm},,_; and {x,} be as in Theorem 3.1. Suppose that
either Ty, € {T)n},,., or Sy € {Sw},,_; is semi-compact. Then the sequence {x,} defined in
(1.2) converges strongly to p € F.

Proof Suppose that T, is semi-compact for some positive integers 1 < m < r. We have

d(Tfnx,,,xn) < d(T,inxn, T,i,,xn) + d(T,ilx,,, T,i,jlxn) + oo+ ATk, %)
< rLd(T %, %).
Then by Lemma 2.2, we have lim,_, » d(Tfnx,,,x,,) = 0. Since {x,} is bounded and T, is

semi-compact, there exists a subsequence {x,} of {x,} such that x,, — g as j — oco. By

continuity of T, and Lemma 2.2, we obtain
d(q, Trnq) = lim d(x, men,) =0 foreachm=1,2,3,...,r.
j—oo
This implies that g is the common fixed point of {T},}/,_;. Similarly, we can show that g

is the common fixed point of {S,,;}/, _;. Therefore g € F. The rest of the proof is similar to
Theorem 3.1 and is, therefore, omitted. O
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Remark 3.6 Compactness of the underlying sequence space is useful for establishing
strong convergence of an approximant of a fixed point. Sequential compactness (every se-
quence has a convergent subsequence), among other notions of compactness, is a widely
used tool in this regard. Moreover, if K (or just T(K)) is compact, then the approximate
sequence {x,} strongly converges to a fixed point. Using a logical analysis of the classical
compactness argument, it is shown in [33, Theorem 4.7] how to convert an approximate
fixed point bound @ for Krasnoselskii-Mann iteration schema {x,} of asymptotically non-
expansive mappings (and hence a fortiori any rate of metastability for the asymptotic reg-
ularity of {x,}) into a rate ¥ of metastability for the strong convergence of {x,} in the case
of compact K. This rate ¥ depends - in addition to the data on which ® depends (see Re-
mark 2.3(iii)) - only on a modulus of total boundedness for K. We intend to carry out the
extraction of a suitable W for our more general iteration schema with two finite families of
mappings in another paper. Combined with the & discussed in Remark 2.3(iii), this then
yields a highly uniform rate of metastability of Theorem 3.5.
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