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Abstract: The aim of this paper is two fold: the first is to define two new classes of mappings and
show the existence and iterative approximation of their fixed points; the second is to show that
the Ishikawa, Mann, and Krasnoselskij iteration methods defined for such classes of mappings are
equivalent. An application of the main results to solve split feasibility and variational inequality
problems are also given.
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1. Introduction and Preliminaries

In certain cases, such as solving a system of nonlinear functional equations, optimiza-
tion problems, variational inequality problems, split feasibility problems, and equilibrium
point problems, the transformation of the given problem into a fixed-point problem of a
certain operator, requires an appropriate space that acts as the domain of a corresponding
operator and contains the solution set of the problem. In most of the cases, when finding an
analytic solution of the corresponding fixed-point problem is not possible, an approxima-
tion of the solution of a particular fixed-point problem is obtained via fixed-point iteration
methods. For details on the subject, we refer the reader to [1] and the references therein.
For different classes of mappings, fixed-point iteration methods may behave differently.
A fixed-point iteration method may be convergent for one class of mappings; it might not
be suitable for others.

To decide whether an iteration method is useful for the approximation of the solution
of the given problem, it is of paramount importance to answer the following questions:

(i) Does it converge to the fixed point of an operator?
(if) Isit equivalent to some other iteration methods?

Before we address the above questions, let us recall the following concepts:

Let K be a nonempty convex subset of a normed space (X, ||-||) and T : K — K. We
denote the set {x € K: Tx = x} of fixed points of T by Fix (T).

Define T? = I (the identity map on K) and T" = T"~! o T, called the n'" iterate of T
forn > 1. Let xg € K be an initial guess that approximates the solution of a functional
equation Tx = x in X.

A sequence {x, };7_ in X is called a Picard iteration associated with T if:

xp=T"'xg, n=1,2,... (1)
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Let A € [0,1]. A sequence {x,,}°_ given by:
Xpi1=(1=A)x,+ATx,, n=0,1,2,... (2)

is called the Krasnoselskij iteration sequence.
Note that the Krasnoselskij iteration {x;,}9_, sequence given by (2) is exactly the
Picard iteration corresponding to an averaged operator:

Ty = (1—A) +AT. ®)

Moreover, for A = 1, the Krasnoselskij iteration method reduces to the Picard iteration
method. Furthermore, Fix(T) = Fix(Ty), forall A € (0,1].
The Mann iteration [2] method associated with T is the sequence {x; }5_, defined by:

Xpi1 = (1 —ap)xy +ayTx,, n=0,1,2,... (4)

where {a,}7" , C [0,1] satisfies certain appropriate conditions. Note that the Mann
iteration {x,, }7° , sequence given by (4) is exactly the Krasnoselskij iteration method with
varying step sizes.

The Ishikawa iteration [3] associated with T, was first employed to establish the
strong convergence of a sequence to a fixed point of a Lipschitzian and pseudo-contractive
self-map on a convex compact subset of a Hilbert space.

It is defined as follows:

ug € K.
Uy = (1 —ay)uy + ayToy, (5)
On = (1 - ,Bn)un + ﬁnTqu/

where {«, }_;and {B,}5>, C [0,1] are appropriate sequences of parameters.

In the last three decades, both the Mann and Ishikawa iteration methods have been suc-
cessfully used by several authors to approximate fixed points of various class of operators
in Banach spaces.

In [4], the following conjecture was given: if the Mann iteration sequence associated
with a certain mapping T converges to its fixed point, then so does the Ishikawa iteration
sequence associated with T.

In a series of papers [5-9], a positive answer to the above conjecture was given. The
following is the key result in [4].

Theorem 1 ([4]). Let K be a nonempty convex subset of a normed space (X, ||-||) and T : K — K
satisfy the following inequality:

ITx = Ty|| < cmax {|lx —yll, [lx = Tx|, ly = Tyll, llx = Ty|l, lly — Tx|}, Q)

forall x,y € K, 0 < ¢ < 1. Suppose that T possesses a fixed point x* in K. Then, the Picard
iteration and the certain Mann and Ishikawa iteration associated with T converge strongly to x*.

The mapping T satisfying (6) is known as a quasi-contraction mapping.

We now pose the following

Question

Let (X, ||-||) be Banach space and T : X — X satisfy a certain contractive condition
such that Fix(T) # @. Does there exist A € (0,1] such that the following statement holds?

If the Mann iteration method associated with T, converges to the fixed point, then so
does the Ishikawa iteration associated with T).

In 1966, Browder and Petryshyn [10] introduced the concept of the asymptotic reg-
ularity in connection with the study of fixed points of nonexpansive mappings. As a
matter of fact, the same property was used in 1955 by Krasnoselskij [11] to prove that if
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K is a compact convex subset of a uniformly convex Banach spaceand T : X — X is a
nonexpansive mapping, then for any xg € K, the sequence:

Xpi1 = =(xy + Txy), n >0, (7)

N

converges to the fixed point of T.

In proving this result, Krasnoselskij used the fact that if T is nonexpansive, which, in
general, is not asymptotically regular, then the averaged mapping T% in (7) is asymptoti-
cally regular.

Therefore, an averaged operator T enriches the class of nonexpansive mappings with
respect to the asymptotic regularity. This fact suggests that one could enrich the classes
of contractive mappings in metrical fixed-point theory by imposing a certain contractive
condition on T, instead of T itself.

In this way, the following mapping classes were introduced and studied: in enriched
contractions and enriched ¢ contractions [12], enriched Kannan contractions [13], enriched
Chatterjea mappings [14], enriched nonexpansive mappings in Hilbert spaces [15], enriched
multivalued contractions [16], enriched cyclic contractions [17], etc.

Following the authors of [12], a mapping T : X — X is called an enriched contraction
or (b, 0)-enriched contraction if there exist two constants, b € [0,00) and 6 € [0,b + 1) such
that for all x,y € X,

lb(x =)+ Tx — Ty|| < 6]}x—y]. ®)

As shown in [12], many well-known contractive conditions from the literature imply
the (b, 0)-enriched contraction. It was proven that any enriched contraction mapping
defined on a Banach space has a unique fixed point, which can be approximated by means
of the Krasnoselskij iterative scheme.

The aim of this paper is to enrich the quasi-contraction (6) and the weak contrac-
tion [18] mappings on a Banach space and to answer the above question, which exactly
support the conjecture given in [4].

2. Two New Classes of Operators on a Normed Space

We introduce the following.

Definition 1. Let (X, ||-||) be a normed space. A mapping T : X — X is said to be an enriched
quasi-contraction if there exist two constants, b € [0,00) and ¢ € [0,1), such that for all x,y € X,

[b(x —y) + Tx = Ty|| < cmax {||(b+1)(x —y)|, [|[x — Tx|,
ly — Tyll, |b(x —y) +x — Ty|, 9
1b(y — x) +y — Tx||}.

To highlight an involvement of constants b and c in (9), we shall also call T a (b, c)-enriched
quasi-contraction.

Example 1. Any quasi-contraction mapping T with contraction constant c is a (0, c)-enriched
quasi-contraction.

We now give an example of an enriched quasi-contraction, which is not a quasi-contraction.

Example 2. Let X = [0,1] be endowed with the usual norm and T : X — X be defined by
Tx = 1—x, forall x € [0,1]. Then, T is not a quasi-contraction, but T is an enriched quasi-
contraction.

Indeed, if T is a quasi-contraction then, by (6), there exists ¢ € [0,1) such that for all
x,y € [0,1], we have:

[x =yl < emax{|x —y|, [2x = 1], [2y = 1|, [y + x = 1], |x +y = 1[},
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which upon taking x = 0and y = 1 gives 1 < ¢ < 1, a contradiction.
On the other hand, for b = 1, T satisfies the inequality (9) for all x,y € [0, 1].

Example 3. Let (Y, ) be a finite measure space. The classical Lebesgue space X = L2(Y, ) is de-
fined as the collection of all Borel measurable functions f : Y — R such that [ |f(y)[*du(y) < co.
1

2
We know that the space X equipped with the norm || f||x = (fy |f|2dy> is a Banach space.
Define the mapping T : L>(Y, u) — CB(L?(Y, u)) by:
Tf=g-2f,

where g(y) =1, Vy € Y. Clearly, g € L?(Y, ) as u(Y) < 0.

Note that T is a (2,0.5)-enriched quasi-contraction mapping, but not a quasi-contraction.
Indeed, if T were a quasi-contraction, then, by (6), there exists ¢ € [0,1) such that for all f,h €
L%(Y, ), we have:

| =2f +2h][x < cmax{|[f —hllx, I3f — hllx, I3 = &llx, |f — g + 2hllx, [h — g+ 2f|x}-

which upon taking f(y) = 0and h(y) =1, forally € Y, gives 1 < ¢, a contradiction.
We need the following technical notations.

Definition 2 ([19]). Let T be a self-mapping on a normed space (X, ||-||). For A C X, let A[A] =
sup{||x —y|| : x,y € A}, and for each x € X, let:

O(T,x,n) ={x,Tx,...,T"x}, n=1,2,3,...
O(T,x,00) = {x, Tx, sz,...}.

A normed space (X, ||-||) is said to be a T-orbital Banach space if every Cauchy sequence
contained in O(T, x, 00) for some x € X converges in X.

Before stating the main result, we first prove two lemmas for the class of enriched
quasi-contraction mappings.

Lemma 1. Let T be a (b, ¢)-enriched quasi-contraction on a normed space (X, ||-||) and n be any
positive integer. Then, there exists A € (0, 1] such that for each x € X and for all positive integers s
and tin {1,2,...,n}, we have:

IThx = Thx|| < eA[O(Ty, x,n)]. (10)

Proof. Let us denote A = blﬁ Clearly, 0 < A < 1. Note that, for any x,y € X, (9) becomes:

1 1
| (5 ~1) =9 7= 1| < emax { e =l = T

(3w
)

H(}\—l)(y—x}—l—y—Tx

4
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that is,

1 1
FI0 = A)(x =) +ATx = ATy| < emax { 5 =yl Ix = Tl Iy = Ty,

1
1A =) (x —y) +Ax = ATy,

L0 A = 2) + Ay = AT

which can be written in an equivalent form as:

ITax = Tayll < cmax{lx =yl |x = Tax|l, [ly = Tayll, lx = Tayll, Iy = Tax[l}. (A1)

Let x € X be arbitrary and n a fixed positive integer. By using (11), we have:

ol -1 t—1
|Tix = T = | T3 - T x|
< cmax{‘ T)Sflx — T)tflx , ijlx —T5x||, Tf\*lx — Tix ,
‘ T5'x — Tix||, || T5x — T)t‘_le }
This implies that:

| T5x — Thx|| < cA[O(Ty, x,n)].
O

Remark 1. It follows from Lemma 1 that if T is a (b, c)-enriched quasi-contraction and x € X,
then for any positive integer n, there exists a positive integer k < n, such that:

Hx - T}/{xH = A[O(Ty, x,n)].

Lemma 2. If T is a (b, c)-enriched quasi-contraction on a normed space (X, ||-||), then there exists
A € (0,1] such that:

AO(Ty, %,%0)] < < 1

— |lx — Tax| (12)

holds for all x € X.
Proof. Take A = bl?. Let x € X be arbitrary. Since:
AJO(Ty, x,1)] < A[O(Ty, x,2)] <, ...

Note that,
A[O(T), x,00)] = sup{A[O(T),x,n)] : n € N}.

Then, (12) follows, if we show that:

A[O(Ty, x,n)] < I 1

_C||x—TAx||, VneN

Let 1 be any positive integer. By Remark 1, there exists T’A‘ € O(Ty,x,n)(1 <k <n)
such that:
Hx — T’A‘xH = A[O(Ty, x,n)].
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Using Lemma 1 and the triangle inequality, we have:
Hx - T’/{xH < |lx = Tax|| + HT/\x - T])fo

< ||x = Thx|| + cA[O(Ty, x, n)]

= ||x — Thx|| + cHx - T’/{x’ .

Therefore,
1

1—c¢

A[O(Ty, x,n)] = Hx - TI/{xH < |lx — Thx|.

Since n is arbitrary, the proof is complete. O

We are now in a position to prove the following result.

Theorem 2. Let T be a (b, c)-enriched quasi-contraction on normed space (X, ||-||). Then, T has
unique fixed point x* € X. Moreover, for A = blﬁ, the iterative algorithm {x, }5_, given by:

xp=1=A)xp1+ATx, 1, n2>1, (13)
converges to x* for any xo € X provided that X is a T)-orbital Banach space.
Proof. Following a similar argument in the proof of Lemma 1 for A = b}r—l, we have:

ITax = Tayl| < cmax{lx =yl |x = Tax|l, [ly = Tayll, lx = Tayll, Iy = Tax[l}.  (14)

In view of (1), the Krasnoselskij iterative process {x, }_; defined by (13) is exactly
the Picard iteration associated with T), that is,

xp = Thxy—1 = Tyxg, n>0. (15)

We now show that the sequence of iterates {x,}? ; defined by (15) is a Cauchy
sequence. Let n and m (n < m) be any positive integers. By Lemma 1, we obtain:

120 = 2ml| = [ITxx0 — T"xol|
= [Ty - T
= HTAanl - T,r\"_"ﬂxnle
< cA[O(Ty, xy_1,m —n+1)].
By Remark 1, there exists an integer p, 1 < p < m —n + 1 such that the following holds:
A[O(Ty, xp—1,m —n+1)] = ||xy-1 — Xppp1]-

It follows from Lemma 1 that:

1
|Xn-1 = Xngp—1]| = [Taxn—2 — QR |
< cA[O(Ty, xy—2,p +1)]

this implies that:
Hxn_l — xn+p_1 H < CA[O(T)\, Xy_o,M—n+ 2)]
Therefore, we have:

|0 — Xm|| < cAJO(Th, xp_1,m — 1+ 1)] < EA[O(Ty, xy_2,m — 1 +2)].
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Continuing, we obtain that:
X7 — xm|| < cA[O(Ty, xy—1,m —n+1)] < ... < "A[O(Ty, xp, m)].
From Lemma 2, we obtain:

Ci’l

—-T .
_C||x0 AXol|

Upon taking the limit as # tends to infinity, we have that {x, } is a Cauchy sequence.
Since X is a T)-orbital Banach space, there exists x* € X such that lgn x;, = x*. Note that,
n—oo

[l = Tax™|| < [|1x* = xpgall + [ %041 = Tax™]|
= [1x* = xnpall 4+ [ Taxn — Tax™||
< " = x| + emax {{lxn — x|, [lxn — %1,
lx* = Tax™ [, lln = Tax™[|, lxns1 — x*[1 }
< lx* = x|+ e{llxn = x| + [0 = %l
+ 1% = Tax™ || + [[xn41 — x"[1}-

Hence:
1
I = Tl < T { A+ Ol = el = 11+ el = sl .

As limy, 0 Xy, = x*, we have ||x* — Thx*|| = 0, that is x* is the fixed point of T). The
uniqueness follows from (14). O

If we take b = 0 in Theorem 2, we obtain Theorem 1 of [19] in the setting of
normed spaces.

Corollary 1 ([19]). Let T be a quasi-contraction mapping on a normed space (X, ||-||). Then, T
has a unique fixed point, provided that X is a T-orbital Banach space.

Now, we prove the following fixed-point theorem for a (b, c)-enriched quasi-contraction
in a Banach space.

Corollary 2. Let (X, ||-||) be a Banach space and T : X — X be a (b, c)-enriched quasi-contraction.
Then, T has a unique fixed point.

Proof. Following arguments similar to those in the proof Theorem 2, the result follows. [

By Corollary 2, we obtain the following corollaries.

Corollary 3 ([12]). Let (X, |-||) be a Banach space and T : X — X be an (b, 0)-enriched contrac-
tion, that is an operator satisfying:

Ib(x —y) + Tx = Ty|| < Ollx —yll, Vx,y € X (16)
with b € [0,00) and 6 € [0,b + 1). Then, T has a unique fixed point.

Proof. Take A = blel' Obviously, 0 < A < 1, and the (b,6)-enriched contraction
condition (16) becomes:

1
(5 =D =y) +Tx =Tyl <Ollx —yll, Vxy € X,
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which can be written in an equivalent form as:
ITax = Tayl| < dflx —yll, Vx,y € X. (17)

where we denote d = Af. Since 6 € (0,b + 1), it follows that ¢ € [0,1), and therefore, by
(17) T) is a d-contraction. It follows from [20] that T) satisfies Condition (17) and also
satisfies Condition (11), since for the value of A = blﬁ, the inequality (11) is the same as
condition (9). This suggests that T is an enriched quasi-contraction. Corollary 2 leads to
the conclusion. [

Corollary 4 ([13]). Let (X, ||]|) be a Banach space and T : X — X be an (b, a)-enriched Kannan
contraction, that is an operator satisfying:

Ib(x —y) + Tx = Ty|| < a{||lx = Tx[| + |ly - Tyl|}, Vx,y € X (18)
with b € [0,00) and a € [0,1/2). Then, T has a unique fixed point.

Proof. Take A = ﬁ. Obviously, 0 < A < 1, and the (b, a)-enriched Kannan contraction
condition (18) becomes:

1
(5 =D (x=y) + Tx = Tyl| < a{|lx = Tx|[ + |ly = Tyll}, Vxy € X,

which can be written in an equivalent form as:
I Tax = Tayl| < afllx = Tax|| + |ly = Tayll}, ¥ x,y € X. (19)

Therefore, by (19), T) is a Kannan contraction. It follows from [20] that T, satis-
fies Condition (19) and also satisfies Condition (11), since for the value of A = ﬁ, the
inequality (11) is the same as Condition (A). This suggests that T is an enriched quasi-
contraction. Corollary 2 leads to the conclusion. [J

Corollary 5 ([14]). Let (X, ||-||) be a Banach spaceand T : X — X bean (b, k)-enriched Chatterjea
contraction, that is an operator satisfying:

b(x —y) + Tx = Ty|| < k{|[(b+ 1) (x —y) +y = Tyl + [|(b+ 1) (y — x) + x — Tx|[}, (20)
forall x,y € X, withb € [0,00) and k € [0,1/2). Then, T has a unique fixed point.

Proof. Take A = ﬁ Obviously, 0 < A < 1, and the (b, k)-enriched Chatterjea contraction
condition (20) can be written in an equivalent form as:

I Tax = Tayll < k{llx = Tayll + [ly - Tax||}, V x,y € X. (21)

Therefore, by (21), T, is a Chatterjea contraction. It follows from [20] that T) satis-
fies Condition (21) and also satisfies Condition (11), since for the value of A = ﬁ, the
inequality (11) is the same as Condition (A). This suggests that T is an enriched quasi-
contraction. Corollary 2 leads to the conclusion. [

Corollary 6 ([21]). Let (X, ||-||) be a Banach space and T : X — X be an (b, a, k)-enriched
Cirié-Reich-Rus contraction, that is an operator satisfying:

Ib(x —y) + Tx = Ty|| < allx —yl[ + k{[lx = Tx[| + |ly = Ty|[}, Vx,y e X (22)

with a,b € [0,00) and k € [0,1/2) satisfying a + 2k < 1. Then, T has a unique fixed point.
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Proof. Take A = ﬁ Then, the (b, a, k)-enriched Cirié-Reich—-Rus contraction condition
(22) can be written in an equivalent form as:

[ Tax = Tay|| < Akllx =yl + k{[|x = Tax|| + [ly — Tayll}, (23)

for all x,y € X. It follows from [20] that T satisfies Condition (23) and also satisfies
Condition (11), since for the value of A = blﬁ, the inequality (11) is the same as condi-
tion (9). This suggests that T is an enriched quasi-contraction. Corollary 2 leads to the
conclusion. [

Corollary 7 ([22]). Let (X, ||-||) be a Banach space, m, n, p real numbers with p € [0,1), m,n €
[0,1/2), and T : X — X a Zamfirescu operator, such that for each couple of different points
x,y € X, at least one of the following conditions is satisfied:

Lo ||Tx = Tyl|| < pllx —yl|,
2. ||Tx = Ty|| <m{llx = Tx|| +|ly = Tyl|},
3. ITx =Tyl < nfllx = Tyl[ + |ly — Tx[[}.

Then, T has a unique fixed point.

Proof. It follows from [20] that an operator T satisfying the contractive conditions in
Corollary 7 is a (0, ¢)-enriched quasi-contraction, for some ¢ € [0,1). Corollary 2 leads to
the conclusion. [J

Now, we introduce the enriched weak contraction mapping as follows:

Definition 3. Let (X, ||-||) be a normed space and T : X — X. If there exist b € [0,00) and
¢ :[0,00) — [0, 00) such that ¢ is positive on (0,00), $(0) = 0, and:

Ib(x —y) + Tx = Ty|| < (0 + 1) (llx =yl = ¢(llx = yID)), (24)
holds for all x,y € X, then the mapping T is said to be a (b, ¢)-enriched weak contraction.

Theorem 3. Let (X, ||-||) be a Banach space and T : X — X a (b, ¢) weak enriched contraction.
Then, T has a unique fixed point in X, provided that:

1. ¢ is continuous and nondecreasing;
2. limy oo ¢(t) = 0.

Proof. Let us denote A = b-lTl By the (b, ¢) weak enriched contraction condition (24), we
have:

(5 = 1) (x—y)+ Tx Ty

1
< FUx—yll=¢dlx=yl), YxyeX
which can be written in an equivalent form as follows:
ITax = Toyll < llx =yl = p(llx—yl), Yxyex. 25)

Let xp € X. Define the Krasnoselskij iteration (2) with the help of T. From (25), we
have:

[Taxn — Taxpsall = [|xn+1 — xns2|

”xn - xn+1H - ¢(||xn - xn+1||)'

IN
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Set 8, = ||xy — xy+1||- Then, we have:
Op+1 < O — P(6n) < On. (26)

Therefore, {J,,} is a non-negative nonincreasing sequence, and hence possesses a
limit 6 > 0. Suppose that § > 0. Since ¢ is nondecreasing, ¢(5,) > ¢$(J) > 0. By (26), we
have 9,41 < 8y, — ¢(9). Thus, N+ < dm — N¢(J), a contradiction for N large enough.
Therefore, § = 0.

Fix € > 0 and choose N so that ||xy — xn11|| < min{e/2, ¢(e/2)}. We show that T
is a self-map of the closed ball B(xy, €). Let x € B(xy, €).

CASE 1. Then, ||x — xy| < § gives:

[Tax — xn | < [ Tax — Taxn || + [ Taxn — x|
<lx —an| = @(llx —xnl) + [|xn+1 — x|
<e/2+e/2=c¢€.

CASE2.Ife/2 < ||[x — x| <€, then ¢(||x — xn]|) > ¢(e/2). Therefore:

ITax = xn || <[lx = xn [l = ¢(llx = xn]) + [xn41 = x2n]
< [lx = xn [l = ¢(e/2) + ¢(e/2)

= Jx -] <e.

Since T) is a self-map of B(xy, €), it follows that each x,, € B(xy, €) for n > N. Since €
is arbitrary, {x, } is a Cauchy sequence and, hence, convergent, whose limit is a fixed point
of T) by the continuity of T). The uniqueness is clear from (25). O

3. Equivalence between Iteration Methods

In this section, we show that the Mann and Ishikawa iteration methods are equivalent
with respect to approximating fixed points of:

(i) (b,0)-enriched contractions;
(ii) (b, c)-enriched quasi-contractions;
(iii) (b, ¢)-enriched weak contractions.
The Mann iteration associated with T}, starting from xy € K, is the sequence {x;, }5_,
defined by:
Xpt1 = (1 —an)xy + anThxp, (27)

where {a, }7_, C [0,1] satisfies certain appropriate conditions.
The Ishikawa iteration associated with T, starting from ug € K, is the sequence
{un}s>, defined by:

Upy1 = (1 - “n)un + oy, Thoy,

(28)
Un = (1 - ,Bn)un + ,BHT)\un/ n Z 0/
where {a,}0> o, {Bn}i—o C [0,1] satisfy certain appropriate conditions.
Let us recall the following lemma from [23].
Lemma 3. Let {ay, }, be a non-negative sequence that satisfies the inequality:
ayy1 < (1 - Wn)an + 0, (29)

where wy, € (0,1) foreachn € N, Y72 wy = 00, 0y = €ywy, and limy, 00 €, = 0. Then
limy, oo a, = 0.

Theorem 4. Let K be a nonempty closed convex subset of a normed space (X, ||-||) and T : K — K
a (b, 0)-enriched contraction. Suppose that T has a unique fixed point x* € K. Let xg = ug € K.
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Define {x, } and {u,} by (27) and (28), respectively, where {a, } and {B, } satisfy the following
conditions:

1' Ogan/ﬁngllvnzo}
2. lima, =limpB, =0;
3. E“n = 0.

Then, there exists A € (0, 1] such that the following are equivalent:

(i)  The Mann iteration associated with T (27) converges strongly to x*;
(ii)  The Ishikawa iteration associated with T) (28) converges strongly to x*.

Proof. Note that (ii) implies (i), which is obvious by setting B, = 0 in (28).
Take A = h-lTl Clearly, 0 < A < 1. In this case, (8) becomes:

H(i _1) (x—y)+Tx— TyH <Olx—yl, YxyeX

which can be written in an equivalent form as:
ITax = Tayll < dllx =y, (30)
where A = d. As 6 € [0,b+ 1), we have d € (0,1). Now,
[xn41 = || = [[(L = an) (xn — ) + a0 (Taxn — Tavn)|-
Using (30), we have:

s — sl (1= ) = | + &l T — Ty
< (L= ap)||lxn — unl| + day ||[on — x|

Using the value of v, from (28) in the above inequality, we obtain:

[%n+1 — ]| < ( Mxn = unll + dan|[[(1 = Bn)un + BnTrun] — xa|

= (1= an)|xn — | + dan[[(1 = Bu) (un — xn) + B (Tattn — xn) |
( Mxn = unl|| + dan (L = Bn)[[tn — xnl| + don || Tatin — xn||
[ (L—=d(1 = Bu)lllxn — unll + anPul| Txrn — x|,

which implies that:
%011 — gl < [1—an(1—d(1 = Bu)lllxn — tnl| + anBul Tatin — xn]|- (31)

We now claim that {||Txun — xx|| }» is bounded. It suffices to show that {||uy| }. is
bounded. Note that,

[tnsa ]l = [1(1 = an)uin + anTyon||
< (1= ) [fun | + | Trvn -

It follows from (30) and simple induction that:

Jnra || < (1 — an) [Jun || + dan|on]|
= (1 )]+ e[ (1— Bt + BuTrte
< (U= ap)|un| + doy (1= Bu) [t 4 docn || Trten |
< (1 o) Jtn| - dn(1 — Bt | + dauBi e

[ <. < [luoll
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This implies that || Thu, — xx|| < &,V n > 0. Then, (31) becomes,
1n41 = tppr || < [1 =2 (1—d(L = Bu)]l[xn — tnl| + Fan .
An inequality (29) of Lemma 3 is satisfied if we take a, := ||x, — ]|, wy := 2, (1 —

d(1—pBn) € (0,1), and 0y, := da, By, for each n € N, in the above inequality. Therefore,
Since (i) is true, using (32), we obtain that:
[l = x| < flew — x| + l|xn — unll,
which implies that limy e ||ty — x*|| = 0. O

Theorem 5. Let M be a nonempty closed convex subset of a normed space (X, ||.||) and T : M —
M a (b, c)-enriched quasi-contraction on M. Suppose that T has a unique fixed point x* € M.
Then, the Krasnoselskij, Mann, and Ishikawa iterations associated with T) converge strongly to x*,
where A = blﬁ.

Proof. Following arguments similar to those given in the proof of Theorem 2, we have:

ITax = Tay|| < emax{|[x —yll, [|x = Tax]l, ly = Tayll, [|x = Tayll, ly — Tax|]}-

That is T) is a quasi-contraction. It follows from Theorem 2 that the Krasnoselskij
iterative process {x, }3_, defined by (13) converges strongly to x*.

In [4], it was shown that the Mann iteration for T satisfying (6) with a sequence {ay, }
in (0,1), which is bounded away from zero, converges strongly to the unique fixed point
of T) and the Ishikawa method associated with T) with each a;, > 0 and Y ; &, = o0
converges strongly to x*. [J

Theorem 6. Let X be a Banach space, K a closed convex subset of X and T : K — K a (b, ¢) weak
enriched contraction. Then, the Mann iteration (27) associated with Ty with (i) 0 < a;,, < 1 and
(ii) Y a, = oo converges to the unique fixed point x* of T, where A = b}r—l.

Proof. From Theorem 3, T has a unique fixed point. Call it x*. Using (27), we have:

[Xn+1 — x| = (1 — an)xn + anTaxn — x7|]
< (1 —an)||xn — x™|| + an || Taxy — Tax™||
< (1= an)lxn — 7| 4 an(llxn — 27| = @(flxn — x7|])]
< lxn — 27| = ang([Jxn — x7|)).

This implies that:
st — 5 < Il — x°]. (33)

Therefore, {||x, — x*||} is a non-negative nonincreasing sequence, which converges to
a limit y > 0. Suppose v > 0.

For notational convenience, define A, = |x, — x*||. Then, A, > . For any fixed
integer N, it follows from (33) that:

Yownp(r) < Y (M) < Y (An = Aup) < An,
n=N n=N n=N

a contradiction to (ii). Therefore, v = 0. O
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Theorem 7. Let X be a Banach space, K a closed convex subset of X, and T : K — K a (b, ¢) weak
enriched contraction. Then, the Ishikawa iteration associated with T with (i) 0 < ay, B, < 1 and
(i) Y anPn = 00, converges to the unique fixed point x* of T, where A = ﬁ.

Proof. The proof of Theorem 7 is similar to Theorem 6 and is omitted. [

4. Applications to Split Feasibility and Variational Inequality Problems

Variational inequality theory is an important tool in economics, engineering mechanics,
mathematical programming, transportation, and other fields. Many numerical methods
have been constructed to solve variational inequalities and optimization problems. The aim
of this section is to present generic convergence theorems for Krasnoselskij-type algorithms
that solve variational inequality problems and split feasibility problems, respectively.

4.1. Solving Variational Inequality Problems

Let H be a real Hilbert space with inner product (-, ), and let C C H be closed and
convex. A mapping S : H — H is called monotone if:

(Sx—Sy,x—y) >0, Vx,y € H.

The variational inequality problem with respect to S and C, denoted by VIP(S, C), is
to find x* € C such that:
(Sx*,x —x*) >0, Vx e H.

It is well known (see for example [24]) that if 4 > 0, then x* € C is a solution of
VIP(S,C) if and only if x* is a solution of the fixed-point problem:
x = Pc(I—7G)x,

where P is the nearest point projection onto C.

In [24], it was proven, amongst many others results, that if I — yG and Pc(I — yG) are
averaged nonexpansive mappings, then, under some additional assumptions, the iterative
algorithm {x,,}%° , defined by:

X1 = Pc(I—vG)x,, n >0,

converges weakly to a solution of VIP(S, C), if such solutions exist.

Our alternative is to consider VIP(S,C) for enriched quasi-contraction mappings,
which are in general discontinuous mappings, instead of nonexpansive mappings, which
are always continuous. In this case, we shall have VIP(S, C) with a unique solution, as
shown by the next theorem. Moreover, the considered algorithm (34) will converge strongly
to the solution of VIP(S, C).

Theorem 8. Assume that for v > 0, Pc(I — yG) is a (b, c)-enriched quasi-contraction mapping.
Then, there exists A € (0, 1] such that the iterative algorithm {x, };;_, defined by:

Xpt1 = (1 - )\)xn + )\PC(I - 'YG)xn/ n> 0/ (34)
converges strongly to the unique solution x* of VIP(S, C), for any xy € C.
Proof. Since C is closed, we take X := C and T := Pc(I — 7yG) and apply Corollary 2. [J

4.2. Solving Split Feasibility Problems
The split feasibility problem (SFP), introduced by Censor and Elfving in 1994 [25], is:

Find x* € C such that Ax™ € Q, (35)
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where C and Q are closed convex subsets of the Hilbert spaces Hy and H,, respectively,
and A : H; — Hj is a bounded linear operator.

If we assume that the SFP (35) is consistent, that is it has a solution and denote by
W the solution set of (35), then (see [26]) x* € C is a solution of (35) if and only if it is a
solution of the fixed-point problem.

x =Pc(I—vyA*(I1—-Py)A)x,

where Pc and Pg are the nearest point projections onto C and Q, respectively, v > 0, and
A* is the adjoint operator of A. It was shown in [24] that if J is the spectral radius of A*A
and v € (0,2/6), then the operator:

T = Pc(I—yA*(I1—-Pg)A)
is averaged and nonexpansive and the so-called CQ algorithm:
Xpp1 = Pc(I —yA* (I = Pg)A)x,, n>0,

converges weakly to a solution of the SFP.

In the case of averaged nonexpansive mappings, the problem of turning the weak
convergence above into the strong convergence has received a great deal of research work.
This usually consists of considering additional assumptions; see [26] for a recent survey on
Halpern-type algorithms.

We propose here an alternative to all those approaches, by considering enriched
quasi-contraction mappings, which are in general discontinuous mappings, instead of
nonexpansive mappings, which are always continuous. In this case, we have a SFP with a
unique solution, as shown by the next theorem, while the considered algorithm (36) will
converge strongly.

Theorem 9. Assume that the SFP (35) is consistent, v € (0,2/6), and Pc (I — yA* (I — Pg)A)
is a (b, c)-enriched quasi-contraction mapping. Then, there exists A € (0, 1] such that the iterative
algorithm {x, }5_, defined by:

Xpt1 = (1= A)xp + AP (I — yA*(I — Pg)A)xy, n >0, (36)
converges strongly to the unique solution x* of the SFP (35) for any xg € C.

Proof. Since C is closed, we take X := C and T := Pc(I — vG) and apply Corollary 2. [

5. Conclusions

(1) Inthis paper, we first introduced a large class of contractive mappings, called enriched
quasi-contractions, that includes the usual quasi-contraction mappings, enriched
contractions, enriched Kannan mappings, enriched Chatterjea mappings, Zamfirescu
mappings, and enriched Cirié-Reich-Rus mappings;

(2) We studied the set of fixed points and constructed an algorithm of the Krasnoselskij-
type in order to approximate fixed points of enriched quasi-contraction mappings for
which we have proven the strong convergence theorem;

(3) We then extended the weak contractions to the larger class of enriched weak contrac-
tions and constructed the corresponding algorithm of the Krasnoselskij-type in order
to approximate fixed points of enriched quasi-contraction mappings for which we
proved the strong convergence theorem;

(4) We showed that the Ishikawa, Mann, and Krasnoselskij iteration methods defined
with the help of enriched quasi-contractions and enriched weak contraction mappings
are equivalent;

(5) As applications of our main results, we presented two Krasnoselskij-projection-type
algorithms to solve split feasibility problems and variational inequality problems
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in the class of enriched quasi-mappings, thus improving the existence and weak
convergence results for split feasibility problems and variational inequality problems
in [24] to existence and uniqueness, as well as to strong convergence theorems.
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