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which is still weaker than the conventional Banach structures: pre-convex regular near-Banach space.
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the famous Browder-Gohde fixed point theorem.
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1. Introduction

Uniform convexity was first defined for Banach spaces in [1]. This property has a strong geometric
significance, stating that the midpoint of two given distinct points in the unit ball always falls inside
the ball, or, equivalently, if the midpoint tends to the boundary, the considered points approach each
other. In fixed point theory, the amazing contribution of this geometric property is emphasized by the
famous Browder-Gohde Theorem (see [2, 3]): Each nonexpansive self-mapping of a bounded closed
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convex subset in a uniformly convex Banach space has a fixed point, and the set of fixed points is
closed and convex. In connection to this theorem, see Sections 2 and 5 (uniform convexity and fixed
points in uniformly convex spaces, respectively) in [4]. Another interesting consequence of uniform
convexity was revealed by Edelstein ([S5, 6]) who defined in connection with bounded sequences the
concept of asymptotic center, proving that, in uniformly convex Banach spaces, the asymptotic center
is a singleton. A comprehensive approach to asymptotic centers is given in Section 4 of [4].

One of the first significant extensions of uniform convexity was done in [7] to hyperbolic metric
spaces. In connection to this, see also Section 4 of the early paper [8]. Obviously, normed linear
spaces are hyperbolic spaces. As nonlinear examples, one can consider the Hadamard manifolds, the
Hilbert open unit ball equipped with the hyperbolic metric and the CAT(0) spaces (see Chapter 2 in [4]).
In [9], remarkable consequences of metric uniform convexity were stated:

e property (R) of each uniformly convex metric space (which is equivalent to reflexivity for Banach
spaces), stating that the intersection of each nonincreasing sequence of nonempty closed, bounded
and convex subsets is nonempty;

e the existence and uniqueness of best approximants in closed and convex subsets of uniformly
convex metric spaces;

e a metric version of parallelogram identity;

e a very useful technical lemma stating sufficient conditions for the distance limit between two
sequences to be zero;

e using the type-function of an bounded sequence, an analogue of Edelstein’s result was proven,
stating that all minimizing sequences are convergent toward the same, unique, limit-point.

The next relevant step regarding uniform convexity was the extension of this concept to modular
function spaces [10], resulting in properties similar to those described above. In addition, the existence
of fixed points for pointwise asymptotically nonexpansive self-mappings was proved.

Following the ideas applied in [9] and [10] for hyperbolic metric spaces and modular function
spaces, respectively, we wish to properly define uniform convexity on regular near-Banach spaces.
The concepts of near vector space, near (pseudo, semi) norm, as well as a number of versions of near-
Banach spaces are extremely recent and provide weaker types of normed structures, where the classical
distributivity laws from conventional vector spaces and the existence of additive inverse elements are
completely omitted.

Several versions of near-Banach spaces were introduced by Wu in [11]. Starting from a significantly
weakened vector structure (so-called near vector space), in which the laws of distributivity, as well
as the existence of the additive inverse element are completely excluded, and the existence of the
zero element is optional (being substituted by the so-called null set), Wu managed to define several
types of norms resulting near pseudo-seminormed, near seminormed, near pseudo-normed or near
normed spaces. In connection to these norms, he defined appropriate concepts of convergence and
completeness, obtaining several types of near-Banach structures. Sometimes other properties as null
condition or null equality were assumed and these led to some important consequences. Despite the
limitations imposed by the weak underlying structure, Wu managed to state and prove some adequate
versions of Banach’s contraction principle. Moreover, three important examples were provided,
proving that the newly considered structures are not trivial: The space of all bounded and closed
intervals in R, the space of fuzzy numbers in R and the hyperspace of all subsets of a conventional
vector space.
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However, looking closely at these highly general vector structures, we notice that they lack the
basic properties that allow us to approach convexity problems. Still, the examples listed above have
some features that make possible the definition of convexity: although scalar multiplication does not
generally act like it does for conventional vector spaces, it obeys the laws of distributivity when dealing
with scalars in the interval [0, 1]. In this paper we shall assume this additional property and we shall
name it pre-convexity. Moreover, the norm function we choose to work with will be the near seminorm
from [11] endowed with two additional properties: null condition and null equality. We will name this
stronger structure regular near norm. So, the underlying structure to be studied here is a pre-convex
regular near-Banach space. We will adapt uniform convexity to this type of space, studying several
properties arising from this concept. The major outcomes are similar to those already existing for
hyperbolic metric spaces and modular function spaces. In addition, we prove that Browder-Gohde
Theorem holds true for uniformly convex regular near-Banach spaces. Some examples are provided to
underline the utility of our study.

2. Preliminaries on regular near normed spaces

In this section, we recall the definition of a near vector space and other related concepts from [11].
Starting from a near seminorm, and adding to it properties such as the null condition and null equality,
we define the regular near norm on a near vector space, as well as corresponding concepts concerning
convergence analysis: Cauchy sequence, convergence, completeness and regular near-Banach space.

Definition 1 ([11]). A universal set over R is any nonempty set U endowed with two operations, an
internal one called vector addition and conventionally marked @ and an external one acting as scalar
multiplication with real numbers.

Remark 1. The minus sign could be also used in connection to universal sets, if considered as follows:
—x = (-1)x.

We notice that it marks just a simple notation, without any connection to opposite elements. In general,
for universal sets, the concept of additive inverse element is not even defined.
Moreover, for any two elements x,y € U, the subtraction x&y could be also conventionally defined,
as follows:
xX0y=x@®(-y)=x@(-1)y.

Definition 2 ([11]). Let U be a universal set over R. The set
Y={xoex:xeU}

is called the null set of U.

Definition 3 ([11]). Let U be a universal set over R. We say that U is a near vector space over R if the
following additional conditions are satisfied:

(1) 1x=x, Vx e U,

e x®z=y®z Yz U,
(i 1fx—y,then{ ax = ay, Ya €R;
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(i) x®ey=y®x, Yx,ye U,
iv) xe(y®2)=xdydz, Yx,y,z€ U

Definition 4 ([11]). Let U be a near vector space over R, with the null set ¥. Two elements x, y are

called almost identical, and denoted x i y, if they satisfy any of the conditions below:

1) x=y;
(i) dYy e Ysuchthatx =y®yory = x® y;
(ii1) A, ¥, € Y suchthat x @ Y = y @ ;.

In [11], a near seminorm was defined by homogeneity and subadditivity. In addition, properties
as null condition and null equality were often used to provide stronger features in near seminormed
spaces. In this work we will put together all these conditions, thus defining the concept of regular near
norm.

Definition 5. Let U be a near vector space over R with the null set ¥. A function || -||: U — R, is
called regular near norm on U, if the following conditions hold true:

(1) the null condition: ||x|| = O if and only if x € ¥;
(i1) the null equality: ||[x® y|| = ||x||, Vx € U, Yy € ¥;
(iii)) homogeneity: ||lax|| = |a| - ||x]|, Yo € R, Vx € U,
(iv) subadditivity: [[x @ y|| < ||x]| + [|¥ll, Vx,y € U.

Example 1. Let us consider the set U of all bounded functions on R. We define the addition of two
bounded functions in the usual way and the scalar multiplication as follows:

af(x), it x >0,
a*f(a?x), if x < 0.

(af)(x) = {

It is not difficult to see that all the properties in Definition 3 are satisfied, making U a near vector
space over R. We also notice that, since (@ + 8)f # af + Bf, U is not a conventional vector space.
Moreover, one can identify the null set '’ in all the bounded functions that are identically null on [0, o).

For a given function f € U, we define ||f|| = sup|f(x)|. We thus obviously obtain a regular near
x>0
norm on U.

3. Properties of regular near normed spaces

The next proposition lists some regularity properties of the null set. They will play a significant
role in the development of our study. In [11], Wu demonstrated that these properties also work in a
less restrictive framework than the regular near norm studied here (for this wider setting, please see
Remark 3.3 and Proposition 3.9 in the cited paper).

Proposition 1. Let || - || be a regular near norm on a near vector space U, with null set . The following
properties hold true:

(i) The null set is closed under internal addition and scalar multiplication (see also Remark 3.3
in [11]);
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(i1) x z yeoxeyeV e ||xey| =0 (Proposition 3.9 in [11]);
(1) If x X y, then ||x|| = |[y|| (Proposition 3.9 in [11]);

Proof.
(i) Let @ € R and ¢, ¢ € Y. Then, from the null condition it follows that ||| = ||¢|| = 0 and

llewll = led - [lgll = 05 0 <[l + @Il < |yl + [Igll = 0.

Using again the null condition, we conclude that ey, ¥ + ¢ € 'P.

(i) The second equivalence results directly from the null condition. Let us suppose now that x z y.
Then, one of the three conditions in Definition 4 must be satisfied. We run the proof for the third
condition, the other cases being similar. So, there exist Y1, ¥, € ¥, such that x ® ¥, = y @ ¢».
Then,

XOY18y=y®Yr0Y,
that is
xoyoy =yoydy =y oy Y,
where ¢ denotes y © y. According to the null condition, ||[x ©y @ || = 0. On the other side, from
null equality, [[x ©y @ || = ||x © y||, which proves that ||[x © y|| = 0, equivalent to x© y € V.
For the converse statement, let us assume that x&y € . Then, x&y = ¢, hence x&y®y = y®y.
Since yey € Y, then x 2 y, according to Definition 4.

(i11) Let x = y. Same as before, we consider ¥, ¥, € ¥, such that x® y; = y®,. From null equality

it follows that
lIxll = [lx @yl = lly @ yoall = [Iyll -

]
Further properties concerning regular near normed spaces are listed below. They provide

conclusions about some partial distributivity rules that could be applied despite the weak vector
structure of the underlying near vector space.

Proposition 2. Let ||- || be a regular near norm on a near vector space U, with null set . The following
properties hold true:

(1) —(xoy) z —-x®y = yoxand —(x®y) L —-x®(—y) = —x©y, although equalities are not necessarily
satisfied. Further on, the symmetric condition ||[x©y|| = |[y©x|| (see Definition 3.5 and Proposition
3.6in [11]) is satisfied;

(i) ze(x®Yy) Zzox0 yandzo (x©Yy) Z70x® y. Consequently, opening parentheses inside the
norm is allowed (see Proposition 3.7 in [11]):

lze(xeyll=lzoxeyl;, llzexeyll=Ilzexayl.

>ii1) —(=x) At x, although —(—x) is not necessarily equal to x.
(iv) The triangle inequality ||[x © y|| < |lx © Z|| + ||z © y|| is satisfied (see also Proposition 3.8 in [11]);

Proof.
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(1) From the definition of the null set ¥, one has —(xey)@(xoy) =(xoy)e(xey) =y e VY. We
add in both sides —x and y and obtain

—-(xey)@d(xey)oxdy=yoxdY,
that is, after commuting some elements in the left side,
—-(xey)exexey®y=yox®y.
By denoting xex =y, e Yandyey =y, € ¥, we find
—(xey)QY 1Y =-x®yDY,
which provides immediately —(x ©y) L _xo y =y © x. Applying the regular norm, we also find
lxeyll =l-(xeyll=lyexl.

The second relationship can be proved similarly.
(i1) These properties follow immediately after adding z in both sides of the relations proved bei the
previous item.
(iii) By the definition of the null set, one has —(—x) ® (—x) = —x© (-x) = ¥ € V. Then, we add x in
both sides and obtain
—-(—x)@e(—x)®x =Y Dx,
that is
(=)oY =xaY,
where ¢; denotes (—x) @ x = x © x. This proves the claimed identity.
(iv) According to Definition 4, x&y e x8y+y, for every ¢ € V. In particular, if z € U, then zo6z € 'Y,
SO
X0y X xX0y®(ze)=x020(1ZzoYy).

From Proposition 1(iii) and subadditivity of the regular near norm, we find
lxeyl=llxen@zeyl<lxez +lzeyl.

O

Due to the properties listed above, we are now able to define concepts related to metric convergence
for regular near normed spaces.

Definition 6. Let (U, ||-||) be a regular near normed space.
e A sequence {x,} in U is said to be convergent to x € U if lim ||x, © x|| = 0.

e The sequence {x,} in U is called Cauchy if lim ||x, © x,,|| = 0.

e The regular near normed space (U, ||-||) is called complete (or regular near-Banach space) if every
Cauchy sequence is also convergent.
e A subset C C U is called bounded if [[x© y|| < M, Vx,y € C, for a given constant M > 0.
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e A subset C C U is called closed if for each sequence {x,} C C satisfying lim ||x, © x|| = O for
some x € U, one has x € C.

In [11], several alternative definitions for convergence, Cauchy sequences and completeness were
provided for more general cases. However, since in a regular near normed space the symmetric
condition is satisfied (Proposition 2(1)), the definitions above are well posed.

Remark 2. The limit of a sequence {x,} is not necessarily unique. However, the sequence {x,}

converges simultaneously to distinct limit points x,y € U if and only if x z y. For details, see [11],
Proposition 4.3.

4. Uniform convexity on regular near-Banach spaces

In order to operate with convexity related properties, we previously ask for a certain precondition
to be fulfilled. More precisely, we ask that the space behave as a conventional vector space, at least for
scalars from interval [0, 1].

Definition 7. A near vector space U is endowed with pre-convexity property, if

(1) ax@epBx=(x+p)x, Vo, [0,1l,a+B<1, Vxe U,
(i1) a(Bx) = (af)x, Ya,B € [0,1], Vx € U,
(i) ax@ay = a(x®y), Ya € [0,1], Vx,y € U.

Lemma 1. Let (U, ||||) be a pre-convex regular near normed space. Then,
Il(d-a)xeaylozl<(-a)lxozl+allyozl, Vx,y.ze U, Yae€[0,1].

Proof. Indeed, since z = (1 — @)z ® az one has

(1 —a)x@ay] ozl I[(I —a)x@aylo[(1 - a)z@ az]|

= |ld-a)xdayo(l —a)zoaz|| (from Proposition 2(ii))

(1 -—a)(xez) ®alyo )| (from pre-convexity)
(1 —a)(xe )|+ |la(y © )| (from norm subadditivity)

IA

(1-a)|lxez|+allyezl| (from norm homogeneity),
hence the proof. O
Definition 8. Let (U, ||-||) be a regular near-Banach space. For every € > 0 and r > 0 we denote

D(r,e) ={(x,y) : x,y € U, |Ixll, Iyl <, llxoyll > er}

1
inf{l -
S(r,€) = ’

1, if D(r,e) = 0.
Then U is said to be uniformly convex, if U is endowed with pre-convexity property and for each
s > 0 and € > 0, there exists (s, €) > 0 such that

and

1 1
ExéB Ey” 2 (x,y) € D(e, r)}, if D(r, €) # 0;

o(r,e) > n(s,e), Yr > s.
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Lemma 2. Let (U, ||-||) be a uniformly convex regular near-Banach space and ¢ € (0, 1). For € > 0 and
r > 0 consider

inf{l - l (1 -tx@ty| : (x,y) € D(r, e)} , if D(r,e) # 0;
t r
o'(r,e) =

1, if D(r,€) = 0.
If U is uniformly convex, then for each s > 0 and € > 0, there exists 7'(s, €) > 0 such that
0'(r,€) > 1'(s,€), Yr > s.
1
Proof. Obviously, the property is satisfied for ¢ = 3 according to the definition of uniform convexity.

1
Since 6'(r, €) = 6'7/(r, €) it is enough to prove the result for ¢ > 7 For x,y € D(r,¢) and t € (0, 1),

1
t> 5 consideru = (1 —(2t—=1))x® (2t —1)yand v = y. Then, 2t — 1 € (0, 1) and

el = |I(1 = 2z—D)xd 2t — Dyl
< (I=Qt=D)llxll + @t = D Iyll
< (I=-Qt=D)yr+Qt—-r=r

Obviously, one also has |[v|| < r. On the other side,

llee — | I[(1 =2t = 1)xe& (2t - Dyloyll
1I2(1 = )(x ©y)|| (from pre-convexity)

21 =plxeyll = 2(1 - dre.

Therefore, (u,v) € D(r,2(1 — t)e). Moreover,

1 1
—ud=v

2 2

’

1 1
I-=ld-Dxtl=1--
r r

and consequently,
8'(r,€) = 6(r, 2(1 = pe).

Since U is uniformly convex, for each s > 0 and € > 0, there exists (s, €) = n(s,2(1 —t)e) > 0
such that

0'(r,€) > 6(r,2(1 — t)e) > n(s,2(1 — He) = '(s,€) > 0, ¥r > s,

so the proof is completed. m|

The next technical Lemma is expected to play an important role in fixed point theory, and is the
expression of similar results from uniformly convex Banach spaces, uniformly convex metric spaces
or uniformly convex modular spaces.
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Lemma 3. Let (U, ||-||) be a uniformly convex regular near-Banach space and {z,} C (0, 1) be bounded
away fromQand 1 (i.e. 0 < p <t, < g < 1, for some p < g € (0, 1)). If there exists » > 0 such that

lim sup ||x,|| < r, limsup|[y,|| < r
n—oo n—o0
and
lim ”(1 - tn)xn ® tnyn” =1,

n—oo

then
}LI{}O llx, © yull = 0.

Proof. If r = 0, the proof is trivial, since ||x, © y,|| < [||x,|| + |[y.ll- So, we assume from start that » > 0.
Consider also € > 0. First of all, for each pair (x,y) € D(r, €), consider the function f: [0,1] — R,
fey(@®) = [0 —)x @ tyl|. We start by showing that f,, is a convex function. Indeed, based on pre-
convexity, one has

fey((1 —a@)s + ar) [(1T-=[(1-a)s+atDx®[(1 —a)s + at]y||

(1 —a)(1 —s)+a(l -nN]x@[(1 —a)s + arlyll
(1 - )[(1 = s)x @ sy] @ al(l —Hx & tylll

(1 -a)[|(1 = )x@® syl + afl(1 = xS 1yl

(I — @) fry(s) + afyy(2), Ya,t, s €[0,1].

AN I

Then t — A,(1) = sup{fi,(t) : (x,y) € D(r,€)} is also convex on [0, 1] and hence it is continuous.

Since 8'(r, €) = 1 — —4,..(?), then t — &'(r, €) is continuous as well, for each pair (r, €).
r
In order to prove the statement of the Lemma, let us assume first the contrary. Then, let y > 0.
Passing to a subsequence if necessary, we could assume that

Il < 7 +7y5 lyall < 7+ 73 X0 © yull 2 (r + y)e.

Moreover, we could also assume that {z,} is convergent toward a point £ € [p, g] (otherwise, it contains
a convergent subsequence). Then

lim 6"(r +y,€) = 8°(r +v, €).

On the other side,

1
lim 6" (r + 7y, €) < lim |1 — —— [I(1 = £,)x, @ tyull| = ——,
n—oo n—oo r+'y r+7
SO
§(r +y,€) < —L—. 4.1)

r+vy

Using the uniform convexity and Lemma 2, we could state that for each € > 0, there exists (r, €) >
0 such that
5(r+vy,e) >n"(re), Yy > 0. 4.2)
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From Egs (4.1) and (4.2), we find

Y
r+vy

> n"(r,e), Yy > 0.

Letting vy — 0, we find 1°(r, €) < 0, which is a contradiction. m]

Lemma 4. Let (U, ||||) be a uniformly convex regular near-Banach space. For every € > O and r > 0
we consider the set D(r, €) as in Definition 8 and, if D(r, €) # 0, we define the function

)

Proof. 1t is not difficult to see that the regular near norm, as well as the square functions are convex, so

1
(x.y)eD(r.€) Y

1 1 1
den = inr L S - 3o

Then, for some given r > 0, A(¢€,r) = 0 if and only if € = 0.

2

1 1, 1
— - < = 4+ —
xX® 5y _2IIXII 2||y||

hence A(e,r) >0, Ye >0, Vr > 0.
We prove first the direct statement. Let us assume that A(e,r) = 0. The definition of infimum
ensures the existence of some sequences {x;} and {y;} in D(r, €) such that

1 ® 1
_x —_—
5 I 2Y1

(1 1 2
;152 (5 x> + > lyill* = ) = A(e,r) = 0. (4.3)

Consider the equality in R, :

2 2
(||Xz|| - IIszI) _ Bl N lyill® (||Xz|| + IIszI)

2 2 2 2
Since 1 1 [l + [yl
Xl + 111
0<||= —y|| € ——,
- ‘ 2xl ® 2yl' - 2
we find ) ) , )
[l = [yl el [yl Hl 1
< + — ||—= —
( 2 -2 2 2xl ® 2yl
Taking [ — oo, one has llim(llxlll — |vill) = 0. Since ||x/|,|lx;]| < r, by going if necessary to a

subsequence, we could assume that llim ||x;| = z. Then llim ly/ll = z. Moreover, from equation (4.3) we

also obtain

1 ® 1 “
—X; 0 =yl = z.
3 1 2Y1 Z

Applying now Lemma 3, we obtain llim |[x; — v/l = 0. On the other hand, since (x;, y;) € D(r, €), one
has ||x; — y/|| > er, VI. So

lim
[—>0

er < lim||x; — yill = 0,
[—>0

hence € = 0.
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€

For the converse statement, we prove that A(0,r) = 0. Let x,y € U such that ||x|]| < rand y = x.
Then ||y|| = ||x]| < r and ||[x & y|| = 0, so (x, y) belongs to D(0, r). Moreover, from Lemma 1
1 1 1 1
‘ ExEB Eyex < 3 [lx o x| + 3 lxeyll =0,
SO
1 I 9 v
Ex @ Ey =x=Y,
leading to
1 1
‘ 7X@ EyH = |Ixll = [yl
and so A(0,7) = 0. O
llx © yll

Remark 3. Let us also notice that, for given x,y € U, with ||x|| < r and |]y|| < r, taking € =

leads to the inequality

1@12
_x —

2" %2

e
/l(llx Y|
r

1o Lo
<= + = -
,r) <3 [B] > Iyl
Theorem 1 (Existence of best approximants). Let (U, ||-||) be a uniformly convex regular near-Banach
space, C C U a nonempty convex and closed subset and x € U such that d(x,C) = ing lxey|l < oo.
Y€

Then, there exists a best approximant x¢ of x in C, i.e.,

llx© xcll = inf |lx© yIl.
yeC

) . Wy
Moreover, if x¢ and x;. are two best approximants, then xc = x.

Proof. We shall assume from the start that d = infyec|[x©y|| > 0. Then, there exists a sequence
{x,} € C such that lim ||x, © x|]| = d. Consequently, for each oo > 0, there is N, > 0 such that

n—oo

llx, ©x|| <d+ o, Yn > N,. Without loosing the generality, we could assume o < 1. We prove next
that {x,}, n > N, is Cauchy. If we assume the contrary, there exists g > 0 and two subsequences xi,
and x,,,, k,,m, > n > N, such that

b, @ )| > @ = =@+ o).

Since
||xkn <) x|| <d+o; ||xm <) x|| <d+o,

it follows that (x;, © x, x,,,, © x) € D(d + 0, i).
o
The definition of the modulus of convexity provides the inequality
1

1
—Xr, D =X, ©OX
2 kn 2 ny

S(d+a%1—6@+mnz%;».

Since the function € — d(r, €) is nondecreasing, we find

€ €0
sld+o, > sld+o, )
(+0d+0) (+Ud+1
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Moreover, from uniform convexity it follows that there exists n (d, dj(-) T ) > ( such that
€ €
d+o,—— d .
5( U’d+1)>n(’d+1)>0
In conclusion,
‘1 & x| <@+ ) (1-n(a 2 )) V> N,
5%, @ 5%m, © X| < o m\d:——7)) nzNo.
So,
. 1 1 €y
1 = — < 1-nld,——])].
P35 © 5%, © ]| < +0)( "(’d+1))
. . 1 1 1 1
On the other side, C is convex, so 5%k, ® >%m, € C and 5%k, & > %m, © x|| > d. therefore,
d<tlim | tx, ®ix, 0 <@+ )(1 (d il ))
im ||= = - —)-
< lim |\ S, @ 52, © X|| < o n\d
Taking o — 0, we findd < d (1 -7 (d, dj(—) 7 )) < d, which is absurd, unless our assumption about the

sequence {x,} not being Cauchy is false. By the completeness of U, {x,} should have a limit point, let
us say x¢. This limit point is obviously an element of C, since this set was assumed closed. Moreover,
Xc 1s a best approximant of x in C because

d < |lx© xcll < |lx © xull + llxy — xcll,

and after passing to the limit we find ||x © x¢|| = d.

¥
In order to complete our proof, we consider two best approximants xc, x, of x in C. If x¢ # x, it
follows that there exists € > 0, such that

||xc ex’C” —€= cfld'

From the relationships

lx© xcll = d; =d,

/

and, from the definition for modulus of convexity, it follows that

< d(l —5(61,2)) <d,

1
~Xc® =X O x

d<
112 2

. . g
which is absurd. Therefore, xc = x;.. m]

Definition 9. We say that a regular near-Banach space (U, ||-||) has property (R) if every nonincreasing
sequence {C,} of nonempty, bounded, closed, convex subsets of U has a nonempty intersection.

Theorem 2. If (U, ||-||) is a uniformly convex regular near-Banach space, then U has property (R).
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Proof. Let {C,} be a nonincreasing sequence of nonempty, bounded, closed, convex subsets of U and
x € U such that lim d(x, C,) < oo. From Theorem 1, there exists x, € C,, such that

n—oo

llx, © x| = inf [[x © yll = d(x, Cy).
yeCy

Since C,,; € C,, one has d(x,C,;) > d(x,C,), so {d(x,C,)} is a nondecreasing sequence in R. Let
d > 0 be its limit. It follows that
lim ||x, © x|| = d.

Case 1. If d = 0 it follows from the monotonicity of {d(x, C,)} that d(x,C,) = 0, Vn. Therefore, there

exists {yﬁ(”)} C C, such that I}im |y,((") o x|| = 0. So, the sequence {yi”)} converges to x. The set C, is

closed, therefore x € C,. This relationship is independent of n, so x € NC,,.
Case 2. We assume now that d > 0. We will prove that {x,} is Cauchy. If we assume the contrary, then
the same arguments we used in the proof of Theorem 1 lead to the inequality

S(a’+0')(1 —n(d < ))

1
_xk)l @ _.xm” e x b d + 1

2 2

lim

n—oo

for some subsequences x;, and x,,. Let p, = min(k,,m,). Then x,, x,,, € C,,, which is a convex

: & l S}
2 xkn 2 ‘xmn X

1 1
subset. Therefore, —x;, ® = x,, € C,,, and

> 7 > d(x,C,,). Taking n — oo leads to

—1 ® —1 S}
X Xp ©X
2 g

d = lim d(x,C,,) < lim

S(dﬂr)(l_”(d’di)l))’

and after takingo — 0,tod < d (1 -7 (d, %)) < d, which is not true. So {x,} is a Cauchy sequence
and hence convergent. Let x be one of its limits. We notice that, for eachn € N, x; € C,, Yk > n.

Since every set C,, is closed it follows that x € C,, for every n € N, so x € NC,,.
O

5. Two examples

Example 2 ([11]). Let 7 be the set of all bounded and closed intervals on R. With interval addition
la,b] ® [c,d] = [a + c,b + d] and with scalar multiplication: a[a,b] = [aa,ab] when @ > 0 and
ala,b] = [ab, aa] when a < 0, thus it was proven in [11] that 7 is a near vector space, with null set
Y = {[-a,al], : a >0} (see Example 2.1, Example 2.3 in [11]). Moreover, together with the norm-
function ||[a, b]|| = |a + b|, I is a complete near-normed space, satisfying both the null condition and
null equality, so it is a regular near-Banach space (see Example 3.4 and Example 4.14 in [11]).

We shall prove next that 7 is uniformly convex. The pre-convexity is an immediate consequence of
the fact that multiplication of intervals with positive scalars acts similar as for R2, so distributivity laws
when positive scalars are involved run naturally. Let us consider now €, r > 0 and two intervals [a, D]
and [c, d] such that

lla, b1l < r, llle,dlll < 1, |lla, D] © [c,d]ll = er.

Explicitly, this means

la+bl<r lc+d <r, [(a+b)—(c+d)|=>er

AIMS Mathematics Volume 9, Issue 1, 2063-2083.



2076

or
a+b c+d

r r

c+d
r

a+b
r

<1,

<1,

Since R is known to be uniformly convex, there is d(e) > 0, such that

1
‘_(a+b N c+d) <14,
2 r
that is b J
@rb)rcrd) 1y _ s
2
On the other side,
1 1 B (a+b)+(c+d)‘
'|2[a, ble& 2[c,d]” = > .
Hence . |
_ _ < —
"z[a, ble® 2[C,a'] ‘ < r[1 =4é(e)l,
or

1|1 1
1- - Hi[a,b] ® E[C’d]H > 0(e).

1
For e > 0 and s > 0, let us denote (s, €) = 5(5(6). Then, for each r > s, one has

o(r,e) = d(e) > %5(6) = 0(s, €),

ending the proof.

Example 3. We consider the upper half plane U = {(x,y) € R? : y > 0}. On this set we shall define
vector addition and scalar multiplication as follows:

o (x1,y1) @ (x2,¥2) = (x1 + X2, y1 +)2);
e a(x,y) = (ax,|aly).

It is quite easy to notice that U together with these two operations is a near vector space. Moreover,
(x1,¥1) © (x2,¥2) = (x1 — x2,y1 + ¥») and, in particular, (x,y) © (x,y) = (0, 2y), therefore the null set is
precisely the nonnegative y-axis,

Y ={0,y) : y >0}

Moreover,

(x1,91) = (x2, ) if and only if x, = xa,

so two elements are almost identical when their projections onto the x-axis are equal.
For an arbitrary element (x,y) € U, we define

l1Ce, I = 1.

We prove next that ||-|| is a regular near norm.
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e To start, we test the null condition. ||(x,y)|| = |x| = O if and only if x = 0, which is equivalent to
(x,y) laying on the nonnegative y-axis, that is, the null set V.
e For testing the null equality, let = (0,z) € Y. Then

I, y) @yl = llCx, y + 2l =[xl = I(x, I, V(x,y) € U.
e The homogeneity and subadditivity follow immediately from similar properties on R.

The next step of our analysis is related to completeness. Let {(x,,y,)} be a Cauchy sequence in U.
Then

0= lim ”(xm yn) © (Xm, ym)” = lim ||(xn — Xm>Yn + ym)” = lim |xn - xm|-
m,n— oo m,n—o0 m,n—00

It follows that {x,} is a Cauchy sequence in R, so it is convergent. Let x* € R be its limit, i.e.,
lim |x, — x| = 0 and consider an element of type (x*,y) € U, with y > 0. Then

lim [[(5,, ) © (¢, VIl = lim [[(x, = 27,3, + W = lim |, = '] = 0,

so the sequence (x,,y,) is convergent to (x*,y), Yy > 0. This also emphasizes the general fact we have
already stated, that the limit is not necessarily unique, but every two limits are almost identical.

Finally, we shall check the uniform convexity. The properties from pre-convexity are clearly
satisfied since, for positive scalars, the scalar multiplication acts as classical multiplication on R,
The uniform convexity is an immediate consequence of the relationships:

ICen, yoII = 1xil G2, y2II = ol [1Ce, y1) © (2, vl = |x1 = xal,

and
X1+ X

2

(Xl + X2 Vi +)’2)
2 72

2

1 1
E(xl,)’l) @ E(Xl,)ﬁ)" =
as well as of uniform convexity of (R, |- |).
6. The type function of a bounded sequence
Definition 10. Let (U, ||-||) be a regular near-Banach space, C a nonempty bounded subset and {x,} a
sequence in C.

(1) The function 7: C — [0, co], 7(x) = lim sup [|x © x,]| is called the type function of {x,} in C.

n—oo

(i1) The value r(C) = ing 7(x) is called the asymptotic radius of {x,} relative to C.

XE!
(ii1) A sequence {c,} in C is called a minimizing sequence of 7 if lim 7(c,) = r(C).
(iv) The set A(C) = {x € C : 1(x) = r(C)} is called the asymptotic center of {x,} in C.

Proposition 3. If (U, ||-||) is a regular near-Banach space endowed with the pre-convexity property, C
a nonempty bounded convex subset and {x,} a sequence in C, then the type function of {x,} is convex.

Proof. Let x,y € C and « € [0, 1]. Then,

(1 —a)x@ay) = limsupl||(1 —a)x® ayo x|

n—oo
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IA

lim sup[(1 — @) [lx © x,|| + @ [ly © x,||] (from Lemma 1)

n—oo

IA

(1 —a)limsup||lx © x,|| + alimsup|ly © x,||

n—00 n—-o0o

(1 -a)r(x) + at(y),

hence the conclusion follows. m]

Proposition 4. Let (U, ||-||) be a uniformly convex regular near-Banach space and C c U a closed,
bounded, convex subset. Let 7 be the type function of a sequence {x,} on C. Then

(1) Every minimizing sequence {c,} of 7 is convergent and all its limits belong to the asymptotic
center A(C). Consequently, the asymptotic center is nonempty.
(i) Any convex combination (1 — A)c; + Ady, 4 € (0, 1) of minimizing sequences is a minimizing
sequence as well.
(ii1) For every two minimizing sequences, {c,} and {d,} hold true 31_%10 llc,, — d,|| = 0.

. . . . . . ¥
(iv) The asymptotic center is not necessarily a singleton. However, if ¢,d € A(C), then ¢ = d (all the
asymptotic centers are almost identical).

Proof. (i) Let {c,} C C be a minimizing sequence of 7 (the definition of infimum ensures the existence
of at least such sequence). Since C is bounded, there exists M > 0 such that ||x — y|| < M, for every

1
x,y € C. Let k, m be some fixed indices and denote ¢, = ECk &) Ecm. In particular,

llick = Xall s llewm = xall < M, Vk,m,n € N. (6.1)

First of all, let us note from Proposition 2(ii) that

1
(ck©x)0(CnO X)) =CLOX,OC,LPX, =CLOCLDX, O X, = CLOCpps

$0 |l(ck © x,) © (¢ © X)) = llck © Cull.
Then, using the inequalities (6.1) and Remark 3, one has

0 < /l(”Ckecm”,M)
M

/1(||(Ck © xn) © (Cm © xn)” , M)

M
2

IA

1 1 1 1
Sl P + 3 lew @ 0P = |30 x) @ 5(en o 1)

1 1 2
~lck © %l + < llew © xall® = ||cxm © x|, Vm e N (6.2)

2 2

It is well known that every sequence in R has a subsequence convergent to its limit superior.
Therefore, there exists a subsequence {x;,} such that

lim ||ck,m e xln” = lim sup ||ck,m S x,|| = t(cpm) = r(C). (6.3)
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Also, going to a subsequence leads to the inequalities

lim sup ||c;< ©x,|| < limsupllck © x,ll = 7(cp);
n—oo

n—00
limsupllc, @ x,|| < limsuplic, © xll = 7(c,). 6.4)
n—oo n—oeo

Writing Eq (6.2) for [, and taking lim sup for n — oo, based on the relationships (6.3) and (6.4), we
obtain

© Cm 1 1
0< ﬂ(W,M) < ST’ + 37(en)’ = (O
and this inequality holds true for each k, m. Since {c,} is a minimizing sequence, we find
lim A(M,M) = 0. 6.5)
k,m—o00 M

We wish to prove first that {c,} is Cauchy. If we assume the contrary, then for some ¢, > 0, there
exists two subsequences satisfying

||Ckn S} Cm, > 6()M.

Ci, © Cny,

Since D [M, ] C D(M, ¢)) it follows that

Ck, © Cp,
Pl [—' b
It follows immediately from equation (6.5) that A (&, M) = 0. This, together with Lemma 4 leads to
€ = 0, which is a contradiction. Therefore, {c,} is Cauchy sequence, and hence convergent. Let c € U

be one of its limits. Since C is closed, ¢ € C. Moreover, we can prove that ¢ is an asymptotic center.
Indeed,

,M) > A(e, M) > 0.

r(C) < 1(c) lim sup ||c — x,|| < |lc — ckl| + lim sup [|cx — x|

n—oo n—00

IA

llc = el + 7(ce), Yk € N.

Taking k — oo, we find
r(C) < 1(c) £ r(C),

soc e AC).
(i1) Let {ct}, {di} be two minimizing sequences for 7 and ¢, = Acy + (1 =) di, 4 € (0,1), k > 0.
From Lemma 1, for any x € C, we have

llex — xll < Allex = x| + (1 = D) llde = xIl . k = 0,
which implies

lim sup |lex — x,|| £ Alimsup ||c; — x,|| + (1 — A) limsup ||d; — x|,

n—o0o n—00 n—00
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that is,
T(e) At () + (1 =D 71(dp).

Passing to the limit and keeping in mind that {c;} and {d,} are minimizing sequences, we obtain
r(C) < ]}im T(er) Ar(C)+ (1 =) r(C) =r(0),

which gives the conclusion.
(ii1) Let {c,}, {d,} be two minimizing sequences. Using similar arguments as in point i), one could
write

2 ©dy 1 1
0< *(W M) < ST’ + 57 - (O
and this inequality holds true for each n. Since {c,}, {d,} are minimizing sequences, we find
n dn
lim A (w, M) = 0. 6.6)
n—oo M

Let us assume that lim ||c, — d,|| # 0. Then, for some g > 0, there exists two subsequences
n—o00
satisfying
”ck,, S} dkn” > eM.

This leads to inequality

lex, © |
Al ———— M| > (e, M) > 0.
M
It follows immediately from equation (6.6) that A (&, M) = 0. This, together with Lemma 4 leads to
€ = 0, which is a contradiction. Therefore, lim ||c, — d,|| = O.

(iv) Let ¢, d be two asymptotic points. Then, the sequences ¢, = ¢ and d, = d are minimizing
sequences. It follows from ii7) that
llc —dll =0,

7
soc =d. O
7. Nonexpansive mappings on regular near-normed spaces

Definition 11. Let (U, ||-||) be a regular near-normed space and C C U a nonempty subset. A mapping
T: C — C is called nonexpansive if

ITxe Tyl <l|lxeyll, ¥x,yeC.

A point x € C is called a near fixed point of T if Tx £ x. We shall denote by F(T) the set of near
fixed points.

Theorem 3 (Existence of fixed points for nonexpansive mappings). Let (U, ||-||) be a uniformly convex
regular near-Banach space and C C U be a closed, bounded, convex subset. Let T: C — C be a
nonexpansive mapping. Then,

(i) T has a fixed point.
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(i1) The set of fixed points F(T') is closed.

Proof. (1) For an arbitrarily fixed element x, € C, consider the Picard iteration x,, = T"(xy), n > 1.
Let 7 be the type function of {x,} and A(C), r(C) the corresponding asymptotic center and asymptotic
radius, respectively. By Proposition 4(i) the asymptotic center A(C) is nonempty. Let p € A(C), so
7(p) = r(C). Then,

r(C) < (Tp) limsup||Tp & x,||

n—oo

= limsup||Tpo Tx, ||

n—oo

< limsup||p © x,-1||

n—oo

= 1(p) =r(C).

It follows that 7' p belongs to A(C). Using Proposition 4(iv), we may conclude that 7' p L P, SO pis
a near fixed point for 7.
(i1) Let {p,} c F(T) be a convergent sequence of fixed points and let p € C (C is closed subset) be

a limit point. Then, T p, z Dn, resulting that ||T' p, — p,l| = 0. It follows

ITpopll < ITpoTpll+IITp,© pull+Ilp.© pll
< llpep.ldl+0+Ip,opll
= 2|lpepall.
Taking n — oo, we find ||Tp© p|| =0,s0 Tp i p. Therefore, p € F(T). O

Example 4. On the regular near-Banach space defined in Example 3, we consider the mapping
T:U - U, T(x,y)= (e_xz -1, +y).
Then
T(x.y)OT(x.y) = (e =1Lxi+y)e(e™ 1.3 +y)
— ( -7 _ 2 2
= e e ,x1+y1+x2+y2).

So

_2 _2
T (x1,y1) © T (x2, y2)ll = ‘e P—e 2| < |x; = x| = [|(x1, 1) © (x2, W,

proving that 7 is nonexpansive.

To search the fixed points of 7', one has to solve the equation 7'(x,y) A (x,y). This is equivalent
to ||T(x,y) © (x,y)|| = 0, which leads to |e‘x2 -1- x| = 0. This equation in R has the unique solution
xo = 0, so the fixed points of T are all the pairs (0,y), y > 0. In this case, the set of fixed points F(T')
is precisely the null set V.

Example 5. On the regular near-Banach space 7 defined in Example 2, we consider the mapping

T:7 - 71, T([a,b)]) = Sin(a+l;)+a—b,sjn(a+l;)+b_a
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Then,
T ([a,b]) © T([c,dDI| = |sin(a + D) —sin(c + d)| < |(a+ b) — (c + d)| = ||[a,b] © [c,d]|,

proving that 7 is nonexpansive.
In order to find the fixed points of 7', we have to solve the equation ||T([a, b]) © [a, b]|| = O, that is

[sin(a+l;)+a—b’ sin(a+l;)+b—a]e[a’b]H _o,

which leads to ) )
sin(a+b)+a—->b b sin(a+b)+b—a

=0,
2 2

a

or
sin(a + b) = (a + b).
If x( is the unique positive solution of equation sin x = x, then a + b = +xy. Therefore the fixed
points of T are all the intervals [a, b], such that ||[a, b]|| = |a + b| = xo.

8. Conclusions and further development

Through this paper we managed to prove that uniform convexity could be extended to regular near-
Banach spaces, producing similar properties as for hyperbolic metric spaces or modular function
spaces: property (R), existence of best approximants, existence of fixed points for nonexpansive
mappings, as well as the existence of asymptotic centers. Moreover, it is not difficult to prove that
the binary relation indicating that two elements are almost identical is an equivalence relation. These
will allow us to say that the limit class of a convergent sequence is unique, and that the asymptotic
center of a bounded sequence is a singleton up to an equivalence class.

As further development, we consider first the possibility of analyzing the normal structure property
together with an adequate version of Kirk’s fixed point theorem on pre-convex regular near-Banach
spaces. Second, a study regarding numerical reckoning of fixed points for (generalized) nonexpansive
mappings using various types of iteration procedures could also provide significant contribution to the
study of regular near-Banach structures. Finally, we must point out that, out of the three examples of
near vector spaces provided by Wu [11], we have proved uniform convexity here only for the space of
closed and bounded intervals in R. The hyperspace is not suitable for our analysis because it does not
satisfy the necessary null condition. However, the set of fuzzy numbers in R is a pre-convex regular
near-Banach space. Still, the presence of the supremum in the definition of the regular near norm
function makes it difficult the verify the uniform convexity. Therefore, the question of whether this
space is uniformly convex or not remains an open problem.
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