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Abstract. In this paper, we initiate the study of enriched p-nonexpansive mappings
in modular function spaces. First we show that in modular function spaces, every p-
nonexpansive mapping is enriched p-nonexpansive mapping but not conversely and that
their sets of fixed point are same. Next, we prove a p-convergence result on approximation
of fixed points of enriched p-nonexpansive mappings in modular function spaces. We verify
the validity of the result by an example. We construct a table to show our findings. Finally,
we give one more p-convergence result under different conditions. Our results are new for
p-nonexpansive mappings in modular function spaces.

1. Introduction and preliminaries

Nakano [4] began the study of modular spaces in connection with the theory of ordered
spaces. Musielak and Orlicz [5] presented their generalization. As part of nonlinear
functional analysis, fixed point theory for nonlinear mappings has found many ap-
plications in nonlinear integral equations and differential equations. The study of
this theory in the context of modular function spaces was initiated by Khamsi [6].
Kozlowski [10] has made remarkable contributions in this field.

First, of course, the results on the existence of fixed points were proved. The
approximation of fixed points in modular function spaces continued to seek attention
until Dehaish and Kozlowski [3] used Mann iterative methods to approximate fixed
points of asymptotically point-wise nonexpansive mappings. The class of asymptot-
ically pointwise non-expansive mappings is more general than that of non-expansive
mappings. Kumam [8] has obtained some fixed point results for nonexpansive map-
pings in arbitrary modular spaces. However, his results are more restrictive, while
those of Dehaish and Kozlowski [3] hold for a more general class and under less re-
strictive conditions.
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2 Enriched p-nonexpansive mappings

The author [9] introduced a hybrid iterative Picard-Mann process and proved
analytically and supported by numerical examples that it is faster than many existing
iterative processes, including Mann’s and thus Krasnoselskii’s iterative processes. On
the other hand, the idea of enriched mappings in a metric or a normed space is a
relatively new idea introduced by Berinde [1]. His work on enriched non-expansive
mappings in uniformly convex Banach spaces can be seen, for example, in [2], where he
introduced the Krasnoselskii’s iterative process to obtain convergence to fixed points.

In this paper, we start by investigating the approximation of fixed points of en-
riched p-nonexpansive mappings in modular function spaces using Picard-Mann hy-
brid iterative process. We substantiate our main convergence theorem by a numerical
example, the results of which are shown in Table 1.

Some basic facts and notations needed in this paper are recalled below.

Let © be a non-empty set and ¥ a non-trivial o-algebra of subsets of Q2. Let P be
a d-ring of subsets of €2, such that E N A € P for every E € P and A € X. Suppose
that there is an increasing sequence of sets K, € P such that 2 = UK,,. With 14,
we denote the characteristic function of the set A in Q. With £ we denote the linear
space of all simple functions with supports from P. With M, we denote the space
of all extended measurable functions.

A set A € 3 is called p-null if p(gl4) = 0 for every g € £. A property p(w) means
that p holds -almost everywhere (p-a.e.) if the set {w € Q : p(w) does not hold}
is p-null. We define M (,%,P,p) = {f € M : |f(w)]| < o0 p-a.e.}, where f €
M (Q,%, P, p) is actually an equivalence class of functions equal to p-a.e. and not a
single function. Where there is no confusion, we write M instead of M (2, X, P, p) .

DEFINITION 1.1. Let p be a regular function pseudomodular. We say that p is a
regular convex function modular if p(f) = 0 impliesf = 0 p-a.e.

It is known (see [10]) that p satisfies the following properties:
(1) p(0) =01iff f =0 p-ae.
(2) p(af) = p(f) for every scalara with || =1 and f € M.
(3) plaf+Bg) < p(f) +p(g)ifa+B=10ap8>0and f,ge M.
p is called a convex modular if the following property is also fulfilled:
(3) plaf +Bg) < ap(f) +Pplg) ifa+pf=1,a,6>0and f,g € M.

DEFINITION 1.2. The convex function modular p defines the modular function space
L,as L,={f € M; p(Af) = 0as A — 0}.

In general, the modular p is not sub-additive and therefore does not behave like a
norm or a distance. However, the modular space L, can be equipped with an F-norm,
which is defined by

. f
I, =il >0:p (1) <.
The class of all nonzero regular convex function modulars defined on 2 is denoted
by R.
The following properties of the uniform convexity type of p can be found in [3].
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DEFINITION 1.3. Let p be a regular non-zero convex function modular defined on €.
Let t € (0,1), r >0, € > 0. Define

D(ri,e) ={(f,9): [,9 € Ly, p(f) < 7,p(g) <rp(f —g) > er}.
et ai(nd) =inf {1 2/ + (L= 0)9) s (1) € D(ris )} iT\D(r ) £,

and 01(r,e) = 1 if D(r1,€) = ¢. The usual notation is d; = 51%.

DEFINITION 1.4. A regular non-zero convex function which is modular p satisfies
(UUC1) if for every s > 0, € > 0, there exists an 7 (s, €) > 0 that depends only on s
and e such that d1(r,€) > n1(s,€) > 0 for each r > s.

DEFINITION 1.5. Let L, be a modular space. The sequence {f,} C L, is called:
(i) p-convergent to f € L, if p(fn — f) = 0 as n — oo.

(ii) p-Cauchy if p(f, — fm) — 0 as n and m — oo.

DEFINITION 1.6. A subset D C L, is called
(i) p-closed if the p-limit of a p-convergent sequence of D always belongs to D.

(ii) p-compact if every sequence in D has a p-convergent subsequence in D.
(ili) p-bounded if diam,(D) = sup{p(f —g): f,g € D} < cc.

The following lemma can be seen as an analogy to a famous lemma of Schu [12]
in Banach spaces.

LEMMA 1.7. Let p € R satisfy (UUC1) and let {tx} C (0,1) be bounded away from 0
and 1. If there exists R > 0 such that limsup,,_, . p(u,) < R, limsup,,_, . p(v,) < R
and limy, o0 p(tntn + (1 — tn)v,) = R, then lim, oo p(ty — vy,) = 0.

A function f € L, is called a fixed point of T': L, — L, if f =T'f. The set of all
fixed points of T is denoted by F,(T).

DEFINITION 1.8. A mapping 7' : D — D is called p-nonexpansive if
p(Tf—Tg) < p(f—g) forall f,g€D.

The following theorem about the existence of fixed point of the so-called pointwise
p-nonexpansive mappings, a class that is broader than p-nonexpansive mappings, can
be found in Khamsi and Kozlowski [7].

THEOREM 1.9. Let p € R satisfy (UUC1). Let D be a p-closed p-bounded convex non-
empty subset. Then any asymptotically pointwise p-nonexpansive mapping T : D — D
has a fized point. Moreover, the set of all fixed points F,(T') is p-closed.

Considering that the class of asymptotically pointwise p-nonexpansive mappings
contains the class of p-nonexpansive mappings, the above theorem yields the following
theorem about the existence of fixed points of p-nonexpansive mappings.

THEOREM 1.10. Let p € R satisfy (UUC1L). Let D be a p-closed p-bounded convex
non-empty subset. Then any p-nonexpansive mapping T : D — D has a fized point.
Moreover, the set of all fized points F,(T') is p-closed.



4 Enriched p-nonexpansive mappings

2. Fixed-point approximation of enriched p-nonexpansive mappings

In this section, we prove a p-convergence result for the approximation of fixed points of
enriched p-nonexpansive mappings in modular function spaces using a hybrid Picard-
Mann iteration method. We define enriched p-nonexpansive mappings in modular
function spaces as follows.

DEFINITION 2.1. Let D be a subset of L,. We say that a mapping T': D — D is
called enriched p-nonexpansive if there exist a € (0,1) such that

p(L=a)(f—g)+a(Tf—-Tg)) <p(f—g) foral f,geD. (1)

The following important proposition gives a relationship between enriched p-
nonexpansiveness and p-nonexpansive and the sets of their fixed points. We support
later this Proposition by Example 2.6.

PROPOSITION 2.2. Suppose that T is an enriched p-nonexpansive mapping as defined
in (1). Define

Tof =(1-a)f +aTf. (2)
Then
(i) T, is p-nonexpansive.

(i1) The set of fized pints of T is the same as that of T,,. That is, F,(T) = F,(T4).

Proof. (i) By (1) and (2), we have p(Tof —Tag) < p(f —g) for all f,g € D.

Consequently, T, is a p-nonexpansive.

(ii) Let f € F,(T). Then Tf = f implies that To,f = (1 — o)f + af = f.
Conversely, if T,f = f then (1 — a)f + oTf = f implies aTf = af and therefore
Tf=f. 0

Before proving our main convergence theorem, we need the following key result

for enriched p-nonexpansive mappings in modular function spaces using the hybrid
Picard-Mann iteration method.

THEOREM 2.3. Let p € R satisfy (UUC1) and D be a non-empty p-closed, p-bounded
and convex subset of L,. Let T : D — D be an enriched p-nonexpansive mapping as
defined in (1). Let {fn,} C D be defined by the iterative process as follows.

for1 =Tagn, Gn= (176)fn+ﬂTafm (3)
where T, is defined as in (2). Then lim, o p(fn — ¢) exists for all c € F,(T,,), and

Proof. Since T : D — D is enriched p-nonexpansive, by Proposition 2.2, T, is p-
nonexpansive and F,(T) = F,(T,). Then, according to the Theorem 1.10, F,(T,) #
@. Let ¢ € F,(Tw). To prove that lim, o p(fn — ¢) exists for all ¢ € F,(Ty), we
consider p(fais — €) = p (Tagn — Tac) < p(gn - ©).

Also because T, is a p-nonexpansive, p (To frn — Tac) < p(fn — ¢), so

p(fny1 —¢) < p(gn —c) = pl(1 = B) (fu —¢) + Bp (Tafn — Tac)]
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S(A=B)p(fn—c)+Bp(fn—c)=p(fn—2c).
Thus, lim, . p(fn — ¢) exists for every ¢ € F,(Ty,).
To prove the rest of the result, we assume that

Jim p(fn —c) =m (4)
where m > 0.
Note that the above calculations also result in the following inequality:

pgn—c) <p(fu—c).
Next, we prove that lim, e p(fr — Tufn) = 0. Now
m= lm p(for1—c) < lim p(gn —¢) < Tim p(fn —c)=m.
This results in lim, . p(gn — ¢) = m. In addition,
limsup p( Tofrn —¢) < lim p( fr, —c) = m. (5)
n—oo n—oo

But then p(fn+1 — ¢) < p(gn — ¢) means that
nh_)ngop[(l = B)(fn =)+ B(Tafn — )] = nh_)néop[(l = B)fn + BT fn) —

= lim p(gn —c) =m. (6)
Now through (4), (5), (6) and Lemma 1.7, we have lim,_, o p(fr, — Tafn ) = 0 as
required. O

Using the above result, we now prove the following convergence theorem by our
iterative process (3) for approximating fixed points of enriched p-nonexpansive map-
pings in modular function spaces as follows.

THEOREM 2.4. Let p € R satisfy (UUC1). Let D be a non-empty p-compact and
convex subset of L,. Let T : D — D be an enriched p-nonexpansive mapping. Let
{fn} be as defined by (3). Then let {f,} p-converges to a fixed point of T.

Proof. Since D isp- compact, there exists a subsequence {f,, } of {f,} such that
limg 00 (fn, —w) = 0 for some w € D. Since T, is a p-nonexpansive, using the
convexity of p, we have

hs

(w — fru + frwe — Ta + Tofr _Taw>

w—TowY
P 3 - 3 3 3
1
7p(TO(f’ﬂk - Taw)

1
< gp(w - fnk) + gp(fnk - TOéfnk) + 3

< p(w = frr) + 0(fns, _Tafnk) + p(fre _w)
< 2p(w - fnk) +p(fnk _Tafnk)'

w—T,w

Applying the Theorem 2.3, we therefore have p(*=3=*) = 0. Hence w is a fixed
point of T, and by Proposition 2.2, w is also a fixed point of T. This means that
{fn} p-converges to a fixed point of T. O

—_

COROLLARY 2.5. Let p € R satisfy (UUC1). Let D be a non-empty p-compact and
convex subset of L,. Let T : D — D be a p-nonexpansive mapping. Let {f,} be as
defined by (3). Then {fn} p-converges to a fized point of T.
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Proof. As already mentioned, every p-nonexpansive mapping is an enriched p-nonexpansive
mapping, the proof is complete.

We now give an example to support our main result Theorem 2.4 above.

EXAMPLE 2.6. Let us consider the modular space L, = R equipped with the norm
.|l that is, p(f) = [f| and D = {f € L,: 1 < f <3}. Obviously, D is a non-
empty p-compact and p-convex subset of L,. Define I': D — D by T'f = % for all
f € D. Then F,(T) = {1}. We show that T" is not p-nonexpansive, but it is enriched
p-nonexpansive. Now, for all f, g eD

p(Tf—Tg) = —g’ ’ ‘ﬁlf gl = p(f - 9).

For example, let us take f = 0.6 and g = 0.9. Then p(Tf — Tg) = 0.556 > 0.3 =
p(f —g). T is therefore not p-nonexpansive.

However, T is %—enriched p-nonexpansive as follows.

11 1 4 1,g—f
1—a)(f - Tf-T - S =l g+ (L
A= a)(f = 9) +all] ~To) =[5 -0+ 1 G - D =[S -0+ 2D
1
If — gl ‘5 —% <p(f-9)
forallf,gEDbecause‘g ﬁ Sliﬁ—l<%—ﬁ<llﬁ—%§—ﬁ§% That
is, 72_% and ﬁg%orlg;—l and g < fgor fg<-—1 andégf%whlchare
true for all f,g € D.
Iteration fn Jn fna1
1 0.6000000000 | 0.8133333333 | 1.0266666667
2 1.0266666667 | 1.0161385281 | 1.0056103896
3 1.0056103896 | 1.0033724939 | 1.0011345983
6 1.0000455075 | 1.0000273049 | 1.0000091023
8 1.0000018205 | 1.0000010923 | 1.0000003641
10 1.0000000728 | 1.0000000437 | 1.0000000146
12 1.0000000029 | 1.0000000017 | 1.0000000006
14 1.0000000001 | 1.0000000001 | 1.0000000000
15 1.0000000000 | 1.0000000000 | 1.0000000000

Table 1: Convergence of our process to the fixed point

Next, we construct a sequence as in (3) and show that it converges to 1, the
unique fixed point of T, that is identical to the fixed point of T. Take f; = 0.6,
a = %, 8 = % With these assumptions, the Table 1 shows that {f,} given by (3)
converges to 1 with an accuracy of 7 decimal places at the 10th iteration and 10
decimal places at the 15th iteration. The speed of convergence naturally depends on
the choice of the parameters «, 8 and the initial estimate f;. For example, if o, 8
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remain the same, the convergence speed increases the closer we move from the left to
%, e.g. 0.66,0.666 etc. But as soon as we move above or further below %, we take for
example f; = 0.6700000000 or f; = 0.57, the convergence slows down until we get
f1 = 1. Of course, if we start with f; = 1, there is nothing to show and {f,} given

by (3) converges to 1 as a constant sequence.

Finally, we give another p-convergence theorem under different conditions. Con-
sistent with Kilmer et al. [11], we define the p-distance from a f € L, toaset D C L,
as dist,(f, D) = inf{p(f —h) : h € D}. The following definition is a function-modular
space version of Senter and Dotson’s condition (I) [13]. Let D C L,. A mapping
T :D — D is said to satisfy the condition (I) if there is a non-decreasing function
£:[0,00) = [0,00) with £(0) = 0, £(r) > 0 for all » € (0,00) such that

p(f =Tf) > (dist,(f, F,(T)) for all f € D.

THEOREM 2.7. Let p € R satisfy (UUC1) and Ag-condition. Let D be a non-empty
p-closed, p-bounded and convex subset of L,. Let T : D — D be an enriched p-
nonexpansive satisfying the condition (I). Let {f,} be as defined by (3). Then {f.}
p-converges to a fixed point of T.

Proof. According to Theorem 2.3, lim,,_, o p(frn — w) exists for all w € F,(T,,). Sup-
pose that lim,, o p(f, —w) = m > 0 because otherwise lim, oo p(fn —w) = 0
means that there is nothing left to prove. Again by the same theorem, we have
p(for1 —w) < p(fn —w) so that dist,(frni1, Fp(Ta)) < disty(fn, Fp(Ts)). This
means that lim, o dist,(fn, F,(T,)) exists. Applying the condition (/) and the
Theorem 2.3 results in

h_>m g(diStP(fnan(Ta))) < h_>m p(fn - Tafn) =0.
Since £ is a non-decreasing function and ¢(0) = 0, therefore

Tim dist(f, Fy(Ta)) = 0. (7)

To prove that {f,} is a p-Cauchy sequence in D, let € > 0. By (7), there exists a
constant ng such that for all n > ng, dist,(fn, F,(Ty)) < 5. There therefore exists a
y € F,(T,) such that p (fn, —y) < e. Now for m,n > ny,

fn+m — fn
o

2) < %p(fner_y)“F%p(fn_y) Sp(fno _y) <e.

This implies by the As-condition that p (frrm — fn) < € for m,n > ng. Hence, {f,}

is a p-Cauchy sequence in a p-closed subset D of the p-complete space L, and thus p-

converges in D. Let lim f, = w. Then dist,(w, F,(T,)) = lim dist,(fn, F,(Ta)) =0
n—roo

n—oQ

by (7). Since F,(T,) is closed, w € F,(T,). This means that {f,} p-converges to a
fixed point T}, and thus from 7. 0

COROLLARY 2.8. Let p € R satisfy (UUC1) and Ay the condition. Let D be a
non-empty p-closed, p-bounded and conver subset of L,. Let T : D — D be a p-
nonexpansive satisfying the condition (I). Let {fn} be as defined by (3). Then {fn}
p-converges to a fized point of T.
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Proof. The proof follows from the fact that every p-nonexpansive is enriched p-

nonexpansive. O
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