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1. INTRODUCTION

Let S be a semitopological semigroup, i.e., S is a semigroup with a Hausdorff topology
such that for each s € S, the mappings s — ts and s — st from S to S are continuous,
and let BC(S) be the Banach space of all bounded continuous real-valued functions
with supremum norm. For f € BC(S) and ¢ € R, we write f(s) — c as s — ooy if for
each € > 0, there exists w € S such that |f(tw) — ¢| < ¢ for all t € S; see [1].

A semitopological semigroup S is said to be left (resp. right) reversible if any two
closed right (resp. left) ideals of S have nonvoid intersection. If S is left reversible,
(S, ) is a directed system when the binary relation “ =" on S is defined by ¢ = s if
and only if {¢t}UtS C {s}UsS for t, s € S. Similarly, we can define the binary relation
“ »=" on a right reversible semitopological semigroup S. Left reversible semitopological
semigroups include all commutative semigroups and all semitopological semigroups
which are left amenable as discrete semigroups; see [2]. S is called reversible if it is
both left and right reversible.

As is well known, the construction of fixed points of common fixed points of nonex-
pansive semigroups is an important problem in the theory of nonexpansive mappings
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and its applications, i.e., image recovery, convex feasibility problems, and signal pro-
cessing problems (see, for example, [3-5]).

In 1969, Takahashi [6] proved the fixed point theorem for a noncommutative semi-
group of nonexpansive mappings which generalizes De Marr’s result [7]. He proved that
any discrete left amenable semigroup has a common fixed point. In 1970, Mitchell [8]
generalized Takahashi’s result by showing that any discrete left reversible semigroup
has a common fixed point; see also [9]. In 1981, Takahashi [10] proved a nonlinear
ergodic theorem for an amenable semigroup of nonexpansive mappings in a Hilbert
space. In 1987, Lau and Takahashi [11] considered the problem of weak convergence
of a nonexpansive semigroup of a right reversible semitopological semigroup in a uni-
formly convex Banach space with Fréchet differentiable norm. After that, Lau [12-16]
proved the existence of common fixed points for nonexpansive mappings related to
reversibility or amenability of a semigroup. In [17], Kakavandi and Amini proved a
nonlinear ergodic theorem for a nonexpansive semigroup in CAT(0) spaces as well as
a strong convergence theorem for a commutative semitopological semigroup. In 2011,
Anakkanmatee and Dhompongsa [18] extended Rodé’s theorem [19] on common fixed
points of semigroups of nonexpansive mappings in Hilbert spaces to the CAT(0) space
setting. In 1988, Takahashi and Zhang [20,21] established the weak convergence of an
almost-orbit of Lipschitzian semigroups of a noncommutative semitopological semi-
group. Later, Kim and Kim [22] proved weak convergence theorems for semigroups of
asymptotically nonexpansive type of a right reversible semitopological semigroup and
strong convergence theorems for a commutative case. For works related to semigroups
of nonexpansive, asymptotically nonexpansive, and asymptotically nonexpansive type
related to reversibility of a semigroup, we refer the reader to [23-30].

In this paper, we introduce a new semigroup for a left (or right) reversible semi-
topological semigroup on Banach spaces, called a total asymptotically nonexpansive
semigroup, which is more general than the semigroups of nonexpansive, asymptotically
nonexpansive, asymptotically nonexpansive type and generalized asymptotically non-
expansive. We also prove the existence and convergence theorems for such semigroup
in uniformly convex Banach spaces. The results obtained in this paper extend and
improve many recent results in [20-22, 24].

2. PRELIMINARIES

A Banach space X is called uniformly convez if for each € € (0, 2] there is a § > 0 such
that for z,y € X with [|z|| < 1, ||y <1 and ||z —y| >, |z +y| < 2(1—6) holds. It
is known that a uniformly convex Banach space is reflexive and strictly convex. The
function dx : [0,2] — [0, 1] which called the modulus of convezity of X is defined as
follows:

r+y
2

Sx(c) = inf{l -

H 2y e X, |zl = Iyl = L. Jlz — yl| > }

We now give some important properties of the modulus of convexity of Banach
spaces.
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Proposition 2.1 ([31]).

(i) A Banach space X is uniformly convex if and only if 6x () > 0 for all € € (0,2].

(ii) A Banach space X s strictly convex if and only if §x(2) = 1.
(iil) Let X be a uniformly convex Banach space. For any v and ¢ with r > e >0 and
z,y € X with ||lzf| <r, [yl <r, [z —yll 2 €, there exists a § = 6x(5) > 0 such

that ’
ol Q)

A Banach space X is said to satisfy the Opial property [32] if for each weakly
convergent net {x,} in X with weak limit z, the inequality

achy‘

limsup ||z, — || < limsup ||zq — ||
[ [

holds for every y € X with y # x.

Let {z,} be a bounded net in a nonempty closed convex subset C' of a Banach
space X. For x € X, we set

(2, {a}) = lmn sup & — 2.
(0%
The asymptotic radius of {x,} on C is given by
r(C {za}) = inf r(z,{za}),
zeC
and the asymptotic center of {xs} on C is given by

A(C{za}) = {2z € C:r(z,{za}) = 7(C {za})}-

It is known that, in a uniformly convex Banach space, A(C,{x,}) consists of exactly
one point; see [33,34].

The following lemmas are useful for our results.

Lemma 2.2 ([35]). Let X be a uniformly convex Banach space, let {t,} be a sequence
of real numbers such that 0 < a <t, <b<1 forallneN, and let {z,} and {y,} be
sequences of X such that limsup,,_, ., ||zn] <, imsup,,_, [|yn|| < r and

lm |[thxn + (1 —tn)ynl| =7 for somer > 0.
n—oo
Then lim,, o0 ||€n — ynl| = 0.

Lemma 2.3 ([36]). Let{a,}, {bn}, and {c,} be sequences of nonnegative real numbers
satisfing:
ant1 < (14 bp)ay, + ¢, for alln €N,

where Y7 1 b, < 0o and Y7 | ¢, < co. Then:

(i) limy, o0 an exists,
(i) if liminf,, o an = 0, then lim, o a, = 0.
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3. EXISTENCE THEOREMS IN UNIFORMLY CONVEX BANACH SPACES

In this section, we first introduce the concept of a semigroup of total asymptotically
nonexpansive mappings in Banach spaces as follows:

Let S be a semitopological semigroup and C' be a nonempty closed subset of a
Banach space X. A family ¥ = {Ts : s € S} of mappings of C' into itself is said to be
a semigroup if it satisfies the following:

(S1) Tyyx = TsTyx for all s,t € S and x € C,
(S2) for every z € C, the mapping s — Tz from S into C' is continuous.

We denote by F(¥) the set of common fixed points of ¥, i.e.,

F(®)=(F(T)={reC: T =z}

ses sES

Definition 3.1. Let S be a left (or right) reversible semitopological semigroup and
C' be a nonempty closed subset of a Banach space X. A semigroup ¥ = {7 : s € S}
of mappings of C' into itself is said to be total asymptotically nonexpansive if each
T, is continuous and there exist nonnegative real numbers kg, us with limg ks = 0,
limg ps = 0 and a strictly increasing continuous function ¢ : [0,00) — [0,00) with
¢(0) = 0 such that

[Tsx = Tsyll < [lz =yl + kso(llz = yll) + ps

for each z,y € C'and s € S.

Remark 3.2. If ¢(\) = A, then a total asymptotically nonexpansive semigroup
reduces to a generalized asymptotically nonexpansive semigroup. If ¢(\) = A and
ks = 0 for all s € 9, then a total asymptotically nonexpansive semigroup reduces
to an asymptotically nonexpansive semigroup. If ¢(\) = A and ks = s = 0 for all
s € S, then a total asymptotically nonexpansive semigroup reduces to a nonexpansive
semigroup.

We now prove existence of common fixed points for total asymptotically nonex-
pansive semigroups in uniformly convex Banach spaces.

Theorem 3.3. Let S be a left reversible semitopological semigroup, C' be a nonempty
closed conver subset of a uniformly convexr Banach space X, and T = {Ts : s € S} be
a total asymptotically nonexpansive semigroup of C into itself. Then F(T) # 0 if and
only if {Tsx : s € S} is bounded for some x € C.

Proof. The necessity is obvious. Conversely, we assume that x € C such that
{Tsx : s € S} is bounded. We first show that

if Tqx — y for x,y € C, then y € F(%). (3.1)

Let € > 0 be given. Fix ¢ € S. By the continuity of T} at y, there exists § > 0
such that ||z —y|| < ¢ implies | Tz — Tyy|| < § for z € C. Since ||[Tsz — y|| — 0 as
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5 — OOR, there exists w € S such that ||T,,2 — y|| < min{3,d} for each a € S. Then
| Ti Towr — Tryl| < 5. So, we have

€ €
1Tty = yll < T2y — Tawzll + [Trawr —yl < 5 + 5 =
Since ¢ is arbitrary, we get that Tyy = y for each t € S, so y € F(%). Therefore, we
obtain (3.1).
Since {Tsx : s € S} is bounded, there exists a unique element z € C such that
z € A(C,{Tsx}). Then

Ri=1(z,{T.a}) = r(C,{T.a}) = inf r(y, {Tua}).

If R = 0, then limsup, ||z — Tsz|| = 0 and so T,x — z. It implies by (3.1) that
z € F(%). Next, we assume R > 0. Suppose that z ¢ F(¥). This implies from (3.1)
that {T,z} does not converge to z. Then, there exists ¢ > 0 and a subnet {s,} in S
such that

Sq = a and ||z —Ts_z|| > e for each a € S. (3.2)

We choose a positive number 7 such that

(R+1) <1—5<Rin)> <R

Since ¥ is a total asymptotically nonexpansive semigroup, there exists sg € S such
that

|7z = Tyl < timsup | Tz — Tuy| + 5 <
¢ (3.3)

. n
< limsup (|2 =yl + ka2 = yll) + pa) + 5
a

— s 1
==~ yll+

for each s € S with s > sg, and y € C. It is known from [1] that

inf sup ||z — Tysz|| = limsup ||z — Tyx]|
t s u
Then, inf; sup, ||z — Ttsz|| = R. So, there exists to € S such that for all ¢ € S with
t = th
Iz — Tisz|| < R+ g for each s € S. (3.4)

Since S is left reversible, there exists v € S with v > sg and v > to. Then, by (3.2),

we have s, > v and
Iz — Tswz|| > e (3.5)

Let t = s,7v. By the left reversibility of S, we get ¢t € {s,7} U s,7vS. Then we may
assume ¢ € s,S. So, there exists {tg} in S such that s,ytg — t. It follows by (3.3)
and (3.4) that

ITs, 2 = Ts, Tyipx|| < ||z — Tyepzl| + g < R+mn foreach 8.



188 Suthep Suantai and Withun Phuengrattana

By (3.4) and s,vtg — t, we have
ITe,z — Tz < R+ g <R+n forallt= s,y (3.6)

Again, by (3.4), we get that ||z — Ty T,z < R+ 3 < R+ n for each (. Since
syytg — t, we have

|z — Tyz|] §R+g<R+n for all t > s.7. (3.7)

So, by the uniform convexity of X, (3.5), (3.6), and (3.7), we have

€
<(R 1-9 .
= +77){ <R+n>]
This implies that

() s oo (55 )] <m

which is a contradiction. Hence, z € F(%). O

2+ T, z
TM’_Tt‘r

As direct consequence of Theorem 3.3, we obtain the following lemma.

Lemma 3.4. Let S be a left reversible semitopological semigroup, C be a
nonempty bounded closed convexr subset of a uniformly convex Banach space X, and
T ={Ts:s €8} be a total asymptotically nonexpansive semigroup of C into itself.
Then F(%) # 0.

We present the following property of total asymptotically nonexpansive semigroups
in uniformly convex Banach spaces.

Theorem 3.5. Let S be a left or right reversible semitopological semigroup, C'
be a nonempty closed convex subset of a uniformly convexr Banach space X. If
T ={Ts:s €8} is a total asymptotically nonexpansive semigroup of C into itself
with F(X) # 0, then F(X) is a closed convex subset of C.

Proof. To show that F'(¥) is closed, we let {x:} be a net in F(¥) such that z; — x.
Since T; is total asymptotically nonexpansive, we have

[Tix — x| < [Tow — x| + |z — 2|l < 2@ = 24l| + kegp([lo — 2o ]]) + poa-
This implies that Tyz — . Hence, x € F(¥) so that F(¥) is closed.

Next, we show that F/(T) is convex. Let z,y € F(T) and z = ZE¥. For t € S, we
have

1 1
T3z = ol < s =l + il = ol) + 1 = 3l = ol + i (5llo =l ) + o
and

1 1
iz = o1 < 1 =l + kool = )+ s = 3llo = ol + 0 (ke = o) + e



Fixed point theorems for a semigroup. . . 189

By the uniform convexity of X, we have

Iz = Toz| < & [1 by (”x‘y“)] ,
&

where & = 1|l — y|| + k¢ (3]lz — yl|) + 1. This implies that T;z — z. So, we have
z € F(%). Hence, F(¥) is convex. O

Taking S = N in Theorems 3.3 and 3.5, we obtain the following existence theorem
of total asymptotically nonexpansive mappings in uniformly convex Banach spaces.

Theorem 3.6. Let C' be a nonempty closed convexr subset of a uniformly convex
Banach space X, and T : C — C be a continuous total asymptotically nonerpansive
mapping. Then F(T) # 0 if and only if {T™x : n € N} is bounded for some x € C.
Moreover, F(T) is a closed convex subset of C.

4. WEAK CONVERGENCE THEOREMS
IN UNIFORMLY CONVEX BANACH SPACES

In this section, we study the weak convergence theorems for total asymptotically
nonexpansive semigroups in uniformly convex Banach spaces.

Lemma 4.1. Let S be a right reversible semitopological semigroup, C' be a nonempty
closed convex subset of a uniformly convex Banach space X, and ¥ = {Ts: s € S} be
a total asymptotically nonexpansive semigroup of C into itself with F(T) # (0. Then
lim, [|Tsx — z|| exists for each z € F(T).

Proof. Let z € F(%) and R = inf, ||Tsx — z||. For € > 0, there is sg € S such that
€
| Ts,z — z|| < R+ 7

Since ¥ is a total asymptotically nonexpansive semigroup, there exists ¢ty € S such
that

| T:Tsox — 2| < limsup || T, sz — 2| + % <

. 3 IS
< timsup(|| Toy — 2 + kud (oo = 2[) + ) + 5 = [ Togz = 21| + 5

for each t = to. Let b = ¢pso. Since S is right reversible, we have b € {tpso} U Stoso-
Then we may assume b € Stgsg. So, there exists {s,} in S such that s,tosg — b.
Therefore, ||T,+ys,2—2| < || Ts,x—2|[+5 for each a. Hence, ||Tpz—z| < ||Tsoz—2|+5.
This implies that

R < inf sup ||[Tyz — || < sup |[|[Tpx — 2| < [|[Tsyx — 2| + % <R+e.

s trs ~toso
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Since ¢ is arbitrary, we get

inf sup ||Tyz — z|| = R = inf | Tsz — z||.
s trs 8

Thus, lim, ||Tsx — z|| exists. O

Theorem 4.2. Let S be a right reversible semitopological semigroup, C' be a nonempty
closed conver subset of a uniformly convex Banach space X with the Opial property,
and © € C. Assume that € = {Ty : s € S} is a total asymptotically nonexpansive
semigroup of C into itself with F (%) # 0. If lim, ||Tsx — Tysz|| = 0 for allt € S, then
{Tsx : s € S} converges weakly to a common fized point of the semigroup ¥.

Proof. By Lemma 4.1, we have lim; ||Tsz — z|| exists for each z € F(%), and so
{Tsx : s € S} is bounded. Since X is uniformly convex, we have that X is reflexive.
Then, there exists a subnet {T,_x} of {Tsz} such that {Ts_ z} converges weakly to

y € C. We will show that y € F(T). Let ¢ > 0. Since T is a total asymptotically
nonexpansive semigroup, there exists ty € S such that
Ty Ts. x — Tyy|| < limsup ||T,Ts,x — Tyl + € <

a

Sa

<limsup(||Ts,z =yl + kap(|Ts, @ — yl|) + pa) + € < || Ts, 2 —yll + ¢

for each t > ty and each . This implies that
1Tsox — Tyl < |Ts.x — Tis, 2l + (| Tesox — Tyl < | Ts.x — Tiszf| + [T, 2 —yll + €

for each t = to and each 8. By the assumption that lim, ||Tsa — Tisz|| = 0 for all
t € S, we have limsup,, | Ts,,xz — Try|| < limsup,, || Ts,x — y|| + € for all t = tg. Since €
is arbitrary, we get

limsup ||Ts,z — Tyy|| < limsup ||Ts,z — y||
[ [0
for all ¢t > ty. By the Opial property, we get that Ty = y for all ¢t = ¢y. So, T3y — .
This implies by (3.1) that y € F(%). By Lemma 4.1, lim, |Tsx — y|| exists. Now, we
show that {T,x} converges weakly to y. To show this, suppose not. Then, there must
exist a subnet {T,,z} of {Tsx} such that {T,,x} converges weakly to u € C' and

u # y. Again, as above, we can conclude that u € F(%). By Lemma 4.1 and the Opial
property, we have

limsup | Tsx — y|| = limsup || T,z — y|| < limsup ||Ts, x — u|| =
S (03 e
= limsup || Ts2 — ul| = limsup || T, 2 — ul| <
s B

< limsup || Ts,2 — y|| = limsup ||Tsz — y||
B s

which is a contradiction. Hence, {Tsz} converges weakly to a common fixed point of
the semigroup ¥. O
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Taking S = N in Theorem 4.2, we obtain the following weak convergence theorem
of total asymptotically nonexpansive mappings in uniformly convex Banach spaces.

Theorem 4.3. Let C' be a nonempty closed convex subset of a uniformly convex
Banach space X with the Opial property and x € C. Assume that T : C — C
is a continuous total asymptotically nonexpansive mapping with F(T) # 0. If
limy, o0 || T2 — T 2| = 0, then {T"x : n € N} converges weakly to a fized point
of T.

5. STRONG CONVERGENCE THEOREMS
IN UNIFORMLY CONVEX BANACH SPACES

In this section, we prove two strong convergence theorems for total asymptotically
nonexpansive semigroups in uniformly convex Banach spaces.

Theorem 5.1. Let S be a right reversible semitopological semigroup, C' be a nonempty
closed convex subset of a uniformly convex Banach space X, and x € C'. Assume that
I ={Ts : s € S} is a total asymptotically nonexpansive semigroup of C into itself with
F(%)#0. Then {xTsx} converges strongly to a common fized point of the semigroup
%, where m : C — F(X) is the metric projection. Moreover, if S is reversible, then
Pz :=lim, nTsx is the unique asymptotic center of the net {Tsx : s € S}.

Proof. By Theorem 3.5, F(%) is closed and convex. So, the mapping 7 is well defined.
Put R = inf, [|[Tsx — nTsz||. As in the proof of Lemma 4.1, we have

R =inf | Tsz — nTsz| = limsup ||Tsx — nTsx|.

We will show that {7Tsz} is a Cauchy net. To show this, we divide into two cases.
Case 1. R = 0. For € > 0, there exists sg € S such that

5
|Tsx — nTsx| < 1 for each s > so.

Since ¥ is a total asymptotically nonexpansive semigroup, there exists ¢ty € S such
that

| Tisox — mTs,x|| < limsup || Ty Tsox — TunTs x| + Z =
u

. g
< timsup(|Toyz — 7Tayl| + k([ Tog = 7 Tagal) + i) + =

€
= ||T501' - 7TT50$|| + 1
for each t = ty. Let a,b > tgsg. By the right reversibility of S, we have a,b €

{toso} U Stoso. Then we may assume a,b € Stgsg. So, there exist {t,} and {sg} in S
such that t,tpso — a and sgtgsg — b. Therefore, we have

HTtatosox - TsﬁtoSoxH < ”Ttatosol' - WTSO'T” + HTS T — 7rTé"o‘r” <

stoso

<2 Tyx — 7Tuyz|| + %
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This implies that

|7 Tox — 7Tha| < 2||Tsyx — 7Tz + g <2 (Z) ¥ g —

Hence, {nTsz} is a Cauchy net.

Case 2. R > 0. Suppose that {775z} is not a Cauchy net. Then, there exists ¢ > 0

such that for any s € S, there are as, bs € S with as,bs = s and |77,z — 7Ty, z|| > e.
We choose a positive number 7 such that

(R+1) (1—5<Rin)> <R

So, there exists ug € S such that

|Tix — nTix|| < R+ g for each t = wy. (5.1)

Then ||7Tq,, x — 71}, x| > €. Since T is a total asymptotically nonexpansive semi-
group, there exists vg € S such that

IT:Tsx — nTsz|| < limsup || T, Tsx — nTsz| + g <
u
<limsup(||Tsz — nTsz|| + koo (|| Tsz — nTsz|]) + pru) + g = (5.2)
= [T — nTeal + 5

for each t = vy and each s € S.

Since S is right reversible, there exists ¢ € S such that ¢ = vpa,, and ¢ > vgby,.
Then, there exist {t,} and {sg} in S such that t,vpa,, — ¢ and sgvgb,, — c. So, by
(5.1) and (5.2), we have

||Tto¢7)0&u,0x - ﬂ-TauO

2| < | Tay® = 7Tas,all + 3 < R4n
and

||TS[3UObqu - 7TTbuo

2| < ITy,,2 = 7Ty, 2l + 5 < R+,
This implies

Tex — 7T, z| < R+n and ||Tex — 7T, z|| < R+ 1.
uo

o
By the uniform convexity of X, we get

T,

a,. T+l x
T.x — 0 o

2

o o(z5)) <
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Since 7 is the metric projection of C onto F(T), we have

7T,

T — T+ ﬂ'Tbuoz
(&

| Tex — nTex| < 5

< R.

This contradicts with R = inf, ||Tsx — nTsx||. Then {nTsx} is a Cauchy net.

By Case 1 and Case 2, we get that {nTsz} is Cauchy in a closed subset F(T) of
a Banach space X, hence it converges to some point in F(T), say Px.

Finally, by Lemma 4.1, we have {Tsx : s € S} is bounded. So, let z € A(C,{Tsz}).
Since S is reversible and by the same arguments as in the proof of Theorem 3.3, we
have z € F(%). Thus, by the property of 7, we obtain

limsup | Tsz — Pz|| < limsup(||Tsz — nTsz|| + ||7Tsz — Px||) =

= limsup | Tsz — 77Tsz|| < limsup || Tsz — z||.
S S
This implies, by the uniqueness of asymptotic centers, that Px = z. O

Taking S = N in Theorem 5.1, we obtain the following strong convergence theorem
of total asymptotically nonexpansive mappings in uniformly convex Banach spaces.

Theorem 5.2. Let C' be a nonempty closed convex subset of a uniformly convex
Banach space X, and x € C. Assume that T : C' — C is a continuous total asymp-
totically nonexpansive mapping with F(T) # 0. Then {7T"xz} converges strongly
to a fized point of T, where m : C — F(T) is the metric projection. Moreover,
Pz :=lim, o 7T™x is the unique asymptotic center of the sequence {T"x : n € N}.

In the case S = [0, 00), we obtain a strong convergence theorem of modified Mann
iteration for uniformly Lipschitzian and total asymptotically nonexpansive semigroups
in uniformly convex Banach spaces. Recall that a semigroup ¥ = {T} : ¢ € [0,00)}
is said to be uniformly Lipschitzian if there exists a nonnegative real number L; for
t € [0,00) such that

[Tix — Toyll < Leflz — yll

for all z,y € C and t € [0, 00).

Theorem 5.3. Let C' be a nonempty closed convex subset of a uniformly convex
Banach space X. Let T = {T} : t € [0,00)} be a uniformly Lipschitzian with Ly such
that L = supy¢(g ) Lt < 00 and be a total asymptotically nonexpansive semigroup of
C into itself with ky,, jie, such thaty o ki, < oo and Y oo pr, < co. Assume that
F (%) # 0 and there exist positive constants M and M* such that ¢(\) < M*X\ for all
A> M. Let {z,} be a sequence defined by

Tnt1 = Ty + (1 — o) T3, n > 1,

where {an} is a sequence in (0,1) such that o, € [a,b] C (0,1) and {t,} is an
increasing sequence in [0,00). If the following conditions are satisfied:
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(C1) for any bounded subset B of C,

lim  sup || Tops, @ — T3, 2] =0,

N0 zeB,s€[0,00)
(C2) there exist a compact subset K of X such that (V¢ o) Tt(C) C K,

then the sequence {x,,} converges strongly to a common fized point of the semigroup ¥.

Proof. Let p € F(%). Then, we have

|Zns1 —pll < anllzn —pll + (1 — an) T, 20 — pll <
< apllzn —pll + (1 = an)(|zn — pll + ke, é([|20n — pl)) + 12,) = (5.3)
= [|zn — pll + (1 — an) (ke d(llzn — pII) + p2,,)-

Since ¢ is an increasing function, it results that ¢(\) < ¢(M) if A < M and ¢(A) <
M*Xif X > M. In either case, we can obtain that ¢(\) < ¢(M) + M*A. Then, (5.3)
becomes

[#nt1 = pll < llen = pll + (1 = an)(ke, (6(M) + M |[2n — pll) + pe,,) =

= (1+ (1= &) Mk, )|2n — pll + 00 (54)

where 6,, = (1—a) (ki (M) +pu,,). By >0 ke, < 00, Yoo i fir,, < 0o and Lemma 2.3
we have that lim,_, ||2n — p|| exists. So, the sequence {z,} is bounded, and there is
¢ > 0 such that

Tim o — ol = . (5.5)

Since ||Tt, xn, — pl| < |zn — pll + ki, &(||xn — pl|) + 1, and ¢ is a continuous function,
we have
limsup |[T;, 2, — p|| < c. (5.6)

n—oo

From lim,, o ||Znt1 — p|| = ¢, we get that

lim |lap(zn —p) + (1 — apn)(Tt,zn — p)|| = c. (5.7)

n—roo

It follows by (5.5), (5.6), (5.7) and Lemma 2.2, we can conclude that

nhﬁngo |xn — 1%, xn] = 0. (5.8)

By condition (C2), there exists a subsequence {z,,} of {z,} such that
lim; 00 T3, Zn, = ¢ for some ¢ € K. Since ||zn, —q|| < |20, = T3, @n, | + 1Tt 20, —4ll,
by (5.8) we see that lim;_, o x,, = ¢q. For any ¢t € S, we have

”mm - Ttxnz‘

= ”an - Tt

T+ 1T, 20 — Tet, @l + | Ter,, ony — Ty,

+ 12 T%,, wn, — Tian, || <

ng

n

T, || + (T3, Tn, — Tt+tnixni

n; "

<+ Lllzn, =Ty

|l + sup 1T,y = Toven, yll-

y€{xn, },5€[0,00)

n
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By condition (C1) and (5.8), we get
lim ||@y,, — Tyzp, || = 0.
71— 00

This implies that

llg — Tiqll < llg — zn, + | Then, — Tyl <

< (14 L)lg — xn, || + |20, — Ttxn,|| = 0 as i — oco.
Thus, ¢ = Tyq for all t € S. So, ¢ € F(%). Since lim,, o |25, — ¢|| exists, we have that
limy, 00 z, = ¢ € F(T). O
Remark 5.4.

(i) It is known that every commutative semigroup is both left and right reversible
and every discrete amenable semigroup is reversible. Then Theorems 3.3, 3.5,
4.2, and 5.1 are also obtained for a class of commutative and discrete amenable
semigroups.

(ii) Theorem 4.2 extends and generalizes the results of [22,24] to total asymptotically
nonexpansive semigroups.
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