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1. Introduction

Let Y be a normed linear space. A mapping S : Y — Y is said to be nonexpansive if ||Su — Sv|| <
|lu—v| forallu,v € Y. Amapping S : Y — Y is said to be asymptotically nonexpansive if there exists
a sequence {a, } with a, > 1 and nli_r)roloocn = 1 such that ||S"u — S"v|| < ay ||u — || forall u,v € Y and
n € N. It is well known that every nonexpansive mapping or asymptotically nonexpansive mapping
on a non-empty closed, bounded, convex subset of a uniformly convex Banach space has at least one
fixed point, see [1-3].

A sequence {u,} in a normed linear space Y is said to be an approximate fixed point sequence
(AFPS)for S: Y — Yif nh_r)ro10 |y — Suy|| = 0.

Many authors have studied the AFPS for different types of nonexpansive mappings (see [4—0]).
Most of the results have been established in uniformly convex Banach spaces, smooth reflexive Banach
spaces or Hilbert spaces. These results have become a major tool in solving various problems such as
integral equations, differential equations, optimization problems (see [7,8]).

Recently, Som et al. [9] introduced two types of mappings, Reich type nonexpansive and Chatterjea
type nonexpansive mappings, and gave sufficient conditions under which these classes of mappings
possess an AFPS, in more general spaces, more specifically in Banach spaces. They checked some
properties of the fixed point sets of these mappings: closedness, convexity, remotality, etc. and
gave some sufficient conditions under which a Reich type nonexpansive mapping reduces to that
of nonexpansive one. For more considerations on Reich contractions and Chatterjea contractions
see [10-12]. To obtain the desired AFPS, Som et al. used the Schiefer iteration method:

Upr1 = (1 —a)uy + aSuy,
where a € (0,1).

Definition 1 ([9]). Let Y be a normed linear space, E a non-empty subset of Y and S : E — E be a mapping.
Mapping S is said to be a Reich type nonexpansive mapping if there exist non-negative real numbers p, q, r
with p + q +r = 1 such that

[Su = Sof| < pllu— o] +qlu— Sul| + o - Sof|,

Mathematics 2020, 8, 1270; d0i:10.3390 / math8081270 www.mdpi.com/journal/mathematics


http://www.mdpi.com/journal/mathematics
http://www.mdpi.com
http://www.mdpi.com/2227-7390/8/8/1270?type=check_update&version=1
http://dx.doi.org/10.3390/math8081270
http://www.mdpi.com/journal/mathematics

Mathematics 2020, 8, 1270 20of 11

forallu,v € E.

Definition 2 ([9]). Let Y be a normed linear space, E a non-empty subset of Y and S : E — E be a mapping.
Mapping S is said to be a Chatterjea type nonexpansive mapping if there exist non-negative real numbers p, q, r
with p +q +r = 1 such that

1Su =S|l < pllu—ol +q[u—Sof| +ro—Sul,
forallu,v € E.
To prove their main results, Som et al. used the following lemma:

Lemma 1 ([13]). Let {z,} and {wy} be two bounded sequences in a Banach space Y and « € (0,1). Let z,, 11 =
awy + (1 — &) z,, and suppose || Wy 11 — Wyl < ||zy+1 — 2| for all n € N. Then nh_r)rolo lwy — zu|| = 0.

Theorem 1 ([9]). Let Y be a Banach space and E be a non-empty closed, convex, bounded subset of Y. Let S :
E — E be a Reich type nonexpansive mapping with coefficients (p,q,r) such that r < 1. Furthermore,
assume that for u,v € E

1—

.
¢ llu—Sull < [lu—v] = [|Su—So| < [u—of.

Then S has an AFPS in E. Moreover, the AFPS is asymptotically reqular.
Theorem 2 ([9]). Under the assumptions of Theorem 1, S has a fixed point, provided p < 1.

Theorem 3 ([9]). Let Y be a Banach space and E be a non-empty subset of Y. If S is Reich type nonexpansive
mapping on E with coefficients (p,q,r) such that r < 1, then Fix(S) is a closed subset of E.

Theorem 4 ([9]). Let Y be a Hilbert space and E be a nonempty convex subset of Y. Let S be Reich type
nonexpansive mapping on E with coefficients (p, q,r) such that r < 1. Assume that g < r. Then Fix(S) is a
convex subset of E.

Theorem 5 ([9]). Let Y be a Banach space and E be a non-empty closed, convex, bounded subset of Y. Let S :
E — E be a Chatterjea type nonexpansive mapping with coefficients (p,q,r) such that r < 1. Furthermore,
assume that for u,v € E

1—

q
1 |ju o] < llu—vl| = |Su — So]| < |]u 2.

Then S has an AFPS in E. Moreover, the AFPS is asymptotically reqular.

Theorem 6 ([9]). Suppose that all conditions of Theorem 5 are satisfied. Further, assume that for any € > 0,
there exists 6 > 0 such that

[l —o|| + ||ju — So|| + ||v — Su|| < 3e+d = ||Su—Sv| <

N[ ™

Then S has a fixed point in E.

Theorem 7 ([9]). Let Y be a finite dimensional Banach space, and E be a non-empty subset of Y. Let S : E — E
be a Reich type nonexpansive mapping with coefficients (p, q,r) and assume that diam (Fix (S)) > 0. If Fix (S)
is centerable and contains its Chebyshev center, then S becomes nonexpansive.
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In this paper, we show that in Theorem 1 and Theorem 5 S does not need to be a Reich type
nonexpansive mapping or Chatterjea type nonexpansive mapping, and the additional conditions can
be replaced with some weaker conditions. Moreover, our proofs are very simple. Next, we generalize
Theorem 2, Theorem 3 and Theorem 6 and make some usefull remarks on Theorem 4 and Theorem 7.
Some examples will validate our results. We mention that some of these results can be extended to
Hardy-Rogers nonexpansive mapings.

2. Main Results

The first result is the following generalization of Theorem 1.

Theorem 8. Let Y be a Banach space, E be a non-empty closed, convex, bounded subset of Y and S : E — E be
a mapping. Assume that there exists « € (0,1) such that for u,v € E

alju—Sul| = |lu—ol = |[Su—So| < [ju—o|.
Then S has an AFPS in E and the AFPS is asymptotically regqular.

Proof. Fix 1y € E and consider the sequence {u,} in Y defined by 1,11 = (1 — a) u,, + aSu,, for all
n > 0. Obviously, since E is convex and bounded, it follows that {u,} is a bounded sequence in E.
We have

& ||un — Sunl| = |Jun — uyia ]|

By hypothesis, taking u = u,, v = 1,41 we get

Sttn — St | < fluw — st

Hence, using Lemma 1, we obtain lgn |n — Suu|| =0, ie., {uy} is an AFPS of S. Moreover, we have
n—oo
lim |uy — ty41|| = a im ||u, — Suy,|| = 0.
n—oo n—o0

Therefore, the AFPS {u,} is asymptotically regular. [

The next result is a generalization of Theorem 2.

Theorem 9. Let Y be a Banach space and E be a non-empty closed, convex, bounded subset of Y. Let S : E — E
a mapping and p, q, v non-negative real numbers with p < 1 and min {q,r} < 1 such that condition

|Su = Sof| < pllu—of +qu—Sul +r{o—Sof )
holds for all u, v € E. Under the assumption of Theorem 1, S has a unique fixed point.

Proof. By Theorem 1, we know that S has an AFPS {u, } which is asymptotically regular.
Taking # = u, and v = u, in (1), we get

Jtn —um|| < [Jun — Sun|| + || S — S || + [|Sttm — |
< un = Sunll +p lun — wml| + g [Jun — Sun||
+7 [ttm — Stim|| + [[ttm — Stim]| -

Since p < 1, it follows that

1+ 1+
i = s} < 5] it = Sl + 3] st = Ston,
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which implies ||u;, — uy|| — 0as n, m — oo.
Hence, {u, } is a Cauchy sequence in E and then, is convergent to some z € E. Moreover, we have

lim u,, = lim Su,, = z.
n—oo n—oo

Suppose min {gq, 7} = r. Then we have r < 1.
Now, taking u = uy and v =zin (1), we get foralln > 1

[Sun = Sz|| < pl|un —zl| + q [[un — Sun|| + 7|z = Sz -

Taking limit as n# — oo, we obtain
|z = Sz|| <rljz— Sz|.

It follows that ||z — Sz|| = 0, i.e., z = Sz.
Similarly, if min {g,7} = g taking # = z and v = u,, in (1) we obtain, foralln > 1

52— Suall < p 1z — wall +q 1z = Szl + 7 [lun — St

Letting n — oo, we get
152 = z|| < q |z — 5z],

by where ||z — Sz|| =0,i.e.,z=5z. O

The following theorem is a generalization of Theorem 3.

Theorem 10. Let Y be a Banach space and E be a non-empty subset of Y. If S : E — E satisfies (1) with
min {q,r} <1, then Fix (S) is a closed subset of E.

Proof. Due to symmetry, we can suppose q < 1. Let {z,} be a sequence in Fix (S) such that {z,}
converges to z € E. Taking u = zand v = z,, in (1) we get

152 = Szul| < pllz = zull + ¢ |z = Sz|| + ¢ |20 = Szull,

foralln € N.
It follows that
1Sz =zl < pllz—zall + gz — Sz .

Taking limit as n — co, we obtain
Iz = Sz| < qllz = Sz[],

which gives z = Sz, i.e., z € Fix (S). Hence, Fix (S) is a closed subset of E. [

Our next result shows that in Theorem 5 it is not necessary that S be a Chatterjea type
nonexpansive mapping. Moreover, we relax the additional condition satisfying by S.

Theorem 11. Let Y be a Banach space and E be a non-empty closed, convex, bounded subset of Y. Let S : E — E
be a mapping such that there exists y > 0 with

pllu—=So| = [lu—ol =

1Su = Sof| < [lu—ol|.

Then S has an AFPS in E. Moreover, the AFPS is asymptotically reqular.
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Proof. Fix ug € E and consider the sequence {u,} in Y defined by u,;1 = (1 —a)x, + aSxy,,
with a = ﬁ Since & € (0,1) and E is convex and bounded, it follows that {u,} is a bounded

sequence in E. We have forall n > 1

11— wnl| = a[[un — Sun|
and
[tns1 = Sunl| = (1 — ) [|un — Sun||.
Hence,
1—uw
41— Sttnll = =t = enll = p a1 — ]

By hypothesis, we get foralln > 1

[[Sttn = Sttsa|| < [lun — il -

Therefore, using Lemma 1, we obtain r}gI;lo |y — Suy|| =0, ie., {1y} is an AFPS of S and
i [ — 1] = alim [, — Suy | = 0.

Thus, the AFPS {u,,} is asymtotically regular. [J

Now, using Theorem 11, we prove a generalization of Theorem 6.

Theorem 12. Suppose that all the conditions of Theorem 11 are satisfied. Further, assume that for any € > 0,
there exists 6 > O such that

|lu—v| + |ju—So|| +|v—Su|| <3e+d6=||Su—Sv|| <e. )
Then S has a fixed point in E.
Proof. By Theorem 11, S has an AFPS {u, }, where
Upr1 = (1 —a) uy + aSuy,

and
Tim (i — sy | = alim [y — i) = 0 ©)

We suppose that {u, } is not a Cauchy sequence. Then there exists ¢ > 0 such that

limsup ||ty — iy || > 2e.
n,m—00

By hypothesis, there exists a 6 > 0 such that (2) holds. We can assume J < «.
By (3) we can find M so that

1)
||un _un-i-l” < ||un - Sun” < 12

foralln > M.
Pick m,n > M, m < n so that ||u, — ty|| > 2e.
For jin [m, n] we have

5
[ = wjl| = [l = wjia|[| < fJuj = ]| < 13-
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This implies that, since ||t — uy11|| < € and ||uy — uy|| > €+ 9, there exists j in [m, n] with

6 6
et o < jum —uf| <e+ 4)

Hence, we have

ot = | ([ = St | =+ [|j = S|
S Mo =gl o =4[ g = S| g = v - [t = Sut]

) ) 116
< 3<£+4> +2ﬁ_3s+i < 3e+6.

Therefore, we get
(| Stm — Suj|| <e.

It follows that

s = wil| <l = Suam |+ [|Stem = Su | + || S —

< s+2£*e+é
12 6’

which contradicts (4).

This contradiction proves that {u, } must be a Cauchy sequence and hence is convergent to some
z € E. Obviously, Suy, — zasn — oo.

By (4) we get forall u,v € E

1
1Su = Sol| < 3 ([lu — o] + |lu = Sol[ +[jv = Sul]).
Taking u = u, and v = z in the above inequality we obtain
1
1Sun = Szl < 3 (fun — z[| + lJun = Sz|| + |z = Sun]) -

Letting n — co we get
1
Iz = 5z|| < 3 llz = Szl

which gives ||z — Sz|| = 0, i.e., z = Sz, s0 z is a fixed point of S. [J

Remark 1. In Theorem 4 it is necessary that E be convex. If p < 1, it follows that Fix (S) = {z} which is
convex, and if p = 1 then S is nonexpansive mapping and it is well known that Fix (S) is convex.

Remark 2. In Theorem 7 by condition diam (Fix (S)) > O there exist z1, zp € Fix (S), z1 # zp. Since S
is a Reich type nonexpansive mapping we get p =1, g = r = 0, so S is nonexpansive mapping. The other
hypotheses are superfluous.

Example 1. Let us consider the Banach space R equipped with the usual norm. Let E = [0,2] and define
S:E— Eby
Su = 25’ zfu < 3
3 fuzs

Som et al. proved that S is a Chartterjea type nonexpansive mapping with coefficients (%,%,%)
(see Example 3.11, [9]). It is easy to prove that S is also a Reich type nonexpansive mapping with

. 111
coefficients (3, 3, 3).
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Ifu= %andvz %wehave
1 2
cllu—sul = § = lu—2]
and

[Su = Sol| = 3 > [lu—of,

W =

so S does not satisfy the hypothesis of Theorem 1.
Furthermore, if u = % and v = % we have

2l 50l| = 23 = lu—o]

15
and ,
ISu—So|| =3 > flu—2l,
so0 S does not satisfy the hypothesis of Theorem 5.
Now we prove that S satisfies property
1
5 llu=sul| = [lu—of| = [|Su — So|| < fu —o].

Ifu < %, v < % oru>4L o> % we have Su — Sv and the property is obvious.
Ifu < % and v > % we have to prove that

1 1
E(2—u):v—u:>f§v—u.
Since2 —u > %we have
v—u>§>1
6 3
Ifu > %andv<%,then
1 1 5
§||u—5u||:]|u—v||(:>§ u—3‘—u—v
and ,
|Su — So|| < ||u—v|\(:>§§u—v.
Foru < %we have
1, 5[ 1 1
2 3 2 3’

sou—v > %
Foru > %wehaveu—v > %
Hence ||Su — Sv|| < ||u —v|.
Therefore, S satisfies the hypothesis of Theorem 8. Next we prove that

2[ju = So|| = ||lu = o] = [|Su = So|| < [Ju—o.

Ifu < %, v < % oru>10> % we have Su = Sv and the property is obvious.
Ifu < %andv > %,wehave

2ju— Sof| = ||u — o] =2

5
U—=|=0—1u

3
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Since u < % we have

v—u>2 é—§>1
3 373
so ||Su — Sv| :%§ ||u —v]|.
Ifu > %and0<%wehave
2{u—Sv||=llu—v||=2u-2=u—mo.

Foru <2wehavev =3u—4 < %whenu < 19—3. Hence

11

1
[[Su—Sv|| =5 < ||u—v||®§§4—2u©u§€.

Q| =

Thus
2||u = Sv|| = |lu —o|| = [|Su — So|| < [lu—7o].

Foru>1wehavev:4—u<%whenu>13—1. Then

11 1 10
=l > 5 -5 =% >

373 =||Su — So||.

SSIN

Therefore, S satisfies the hypothesis of Theorem 12.

Example 2. Let us consider the Banach space R equipped with the usual norm and take E = [0, 1]. We define
S:E— Eby
Su:{ %u, ifueA;
0, ifuebB,
where A=ENQand B=E\ Q.
Choosep:q:r:%.
Let u,v € E be arbitrary. Then the following three cases may arise:

CaseI: Let u,v € A. Then, Su = %u and Sv = %v.

Therefore,
IS~ Sol| = 3 llu— o]
and )
u 0
pllu—oll+qfu—Sull+rllo—Sol| = 5 (Iu—vl+5+3)-
Thus,

[Su—Sv|| < pllu—o| +qllu—Sul +r|v—So
CaseII: Let u,v € B. Then, Su = Sv = 0.

Therefore,
[Su—Sv|| =0<pllu—ov|+qllu—Sul+r|ov-Sof.

Case III: Letu € Aandv € B. Then, Su = %u and Sv = 0.
Therefore,
|Su — Sv|| = %u

and

WIN

u
pllx—yll+qlu—Sul +rllo—so =3 (Ju=-vl +3 +0).
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Since u < ||u — v|| 4 v, it follows that
[Su —So|| < pllu—of +qllu—Sul +r|o—Sof.
Thus, we see that
2 2 2
_ <y — Ty — o —
5w = Sol < 2 Jlu— o + 2 u— Sull + 2 o - 5o

forallu,v € E.
Similarly, we can prove that

2 2 2
_ < = _ = _ =z _
I§u = Soll < 3 llu— o] + 5 lu—Sol| + 5 l]o — Sul,

forallu,v € E.
Suppose S is a Reich type nonexpansive mapping with coefficients (p,q,r).
Ifu=1andv = @ we have

2
Su—Sou|| ==
Isu - 50| = 3

and

pllu—oll +qlju—Sul| +rlov—So

3-V3 g r\/g_p(3—\/§)+q+1’\/§
3 = :

- Py Tt 3

Since p + q + r = 1 it follows that

2 < p(S—\/§>+q+r\@©
2 < 1+p(2—\@)+r(\/§—1)<:>
1 < p<2—\/§>+r(\f3—l)<p+r§1,

which is a contradiction.
Therefore, S is not a Reich type nonexpansive mapping.
Now we can suppose that T is a Chatterjea type nonexpansive mapping.
Ifu=1landv = ? we have

2
Su—So| ==
I$u— Soll = 5

and

pllu—oll +qlju—So| +rlo—Sull

B T o R PN |

Since p 4 q +r = 1 it follows that

2

IN

p(3—ﬁ)+3q+r(2—\f3)®
2 < 24p(1-VB8) +q- V3=

N

(p+1r)V3<p+g. (5)
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Similarly, taking u = @ and v = 1 we get
(p+q)V3<p+r. 6)
By (5) and (6)we have
p+r
+7)V3 < pHg< = =
(p+r)vs = ptas 7z
p+r = p+q=0<p=q=r=0,

which contradicts p + q + r = 1. Therefore, S is not a Chatterjea type nonexpansive mapping.
Now, we prove that

3
g lu=Sull = Jlu—ol[ = [|Su = Sof| < [ju —o].

We distinguish four cases:

CaseI: Let u,v € A. Then,
2
1Su = Sol| = 3 flu = o] < [lu—o||.

Case II: Let u,v € B. Then,

IS~ Sol =0 < [lu—o.
Caselll: Letu € A, v € B. Then,

3

= = ull = u—of =

3u 5u
=lu—vl=>v=—orv=—.

4
3 4 4

>~ W

Ifvo= %“, since u € A it follows that v € A which is a contradiction.

Ifv= %" it follows that v € A or v ¢ E, which is a contradiction.
CaselV: Letu € B,v € A. Then,

3
= Sull = llu—ol| =
3 u 71
T

Zu:|u—v|:>vzzorv:

If v = % it follows that v € B which is a contradiction.

Ifv = 7% it follows that v € B or v ¢ E, which is a contradiction.

Therefore, S satisfies the hypotheses of Theorem 8 and Theorem 9. S has an AFPS {zln} N and
ne
Fix (S) = {0}.
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