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Abstract

In this research paper, we address a variational problem using maximal monotone operators in
conjunction with a finite family of nonexpansive operators. We propose a single-valued mapping
whose fixed point allows us to find the solution to the main problem. Subsequently, we propose two
algorithms. In the first, we introduce a system of sequences whose limit helps in solving the problem.
In the second, we apply the Ishikawa algorithm to our setting using fixed point theory, which enables
us to achieve strong convergence. Finally, we provide an illustrative example to demonstrate the
applicability of our results.
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1. Introduction

Convex analysis, monotone operator theory, and the theory of nonexpansive mappings are foun-
dational pillars of nonlinear analysis, intricately linked through their shared mathematical structures.
Notably, a wide range of minimization problems encountered in practice can be elegantly reformulated
as monotone inclusion problems, highlighting the unifying role these theories play in addressing
complex variational challenges. (see [2,4,9,13]).

To begin, let’s explore one of the most well-known problems involving maximal monotone opera-
tors, which can be stated as follows:

find x € H suchthat 0¢€ A(x),

where H is real Hilbert space with an inner product (.;.) and induced norm ||.||, A is maximal mono-
tone operator. there are large number of authors have been interested in this problem one of them
Rockafellar in 1976 (see[15]), and they devloped deferent algorithms to find the set of solution of the
recent problem, the latter can be written as S = {x € H|J f(x) = x}, where | f the resolvent of A
and one of the most famous of these algorithms is proposed by Mann (see[12]) which defined as follows:

Xg € H,
Xep1 = (1= ap)xe + aJ{ (x), k>0,

under suitable conditions on 4 it is proved that the iterative sequence converges strongly to fixed
point of ]/‘{‘, which is equevalent to a solution of the original problem. In this research, we focus on
characterizing the set of solutions to the following problem:
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Find x in H such that

n
0€ A(x) + B(x) + Y Ci(x), 1)
i=1

where A : Hl = H is a-inverse strongly monotone operator, B : H = H is a B-strongly monotone
operator, and C;<;<, : Hl — H are a nonexpansive operators.
IfC; =0, 1<i<mn and A, B are two maximal monotone operators defined on a real Hilbert
space, this case has been studied by many authors (see [2,10,16]) using the Douglas-Rachford iterative
algorithm (DRIA) which is defined by the iterative sequence {Z, } as follows:

Zysr = JRQIF = D(Zn) + (1= J})(Zn).

A.Beddani also proposed a new algorithm to find the set (A + B)~!(0) (see [3,5]). The algorithm
defined by the following function:

fr:R?2 =5 R?,
I ROEE
falxy) ( [B(y)— =3 | )

if there exists a pair (x,y) € R? such that || fy(x,y)|| = 0, then 0 € A(J{ix) + B(J{x).

In our work, we focus on one of the most well-known approaches: the Douglas-Rachford Splitting
Algorithm (DRSA) in the case of two maximal monotone operators (see [7]). In the subsequent sections,
we propose an operator defined as :

¥a(x) =JF (=AY Gi(Jfx) — x+2]1x) + AA, (x),
i=1

we propose several algorithms, one of which is the Ishikawa iterative sequence (see [11]), which
guarantees strong convergence under apropriat conditions.

In order to build these algorithms, we need some a preliminary concepts from convex analysis and
monotone operator theory.

2. Preliminaries
2.1. Operators and Monotonicity

Let H be a real Hilbert space, and let A : H = H be a set-valued operator. We denote the domain
of Aby dom(A),i.e.,
dom(A) = {x e H: A(x) # @}.

We say that A has full domain if dom(A) = H. The range of A is defined as
Im(A)={yeH:3IxeH, ye A(x)}.
The graph of A is given by:
gph(A) :={(x,y) e HxH:x € dom(A), y € A(x)}.

Let {A;}"; be a finite family of operators. Then the sum operator is defined as:

<£%Ai> (x) := {iyi:yi € Ai(x), i= 1,...,n}.

i=1
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Definition 1 ([6]). The operator A is said to be monotone if:

(y1 —y2,x1 —x2) >0 forall (x;,y;) € gph(A),i=1,2.
Definition 2 ([6]). The operator A is said to be a-strongly monotone with « > 0 if:

(Y1 — Y2, X1 — x2) > a||x1 — x2||2 forall (x;,y;) € gph(A), i =1,2.

For any operator A and A > 0, the resolvent of A is defined as:
Jf=(I+AA)""
An operator A is said to be nonexpansive if:

ly1 = vall < llx1 — x| forall (x;,y;) € gph(A), i =1,2.

Proposition 1. Forall « > 0and A > 0:

1)  If A is a-strongly monotone, then J4 is n A 1 -Lipschitz continuous.

2)  If Ais a-inverse strongly monotone, then the Yosida approximation A, is + - -Lipschitz continuous.

Proposition 2 ([1]). Ax(y) € A(J{(y)), VyeH.

Proposition 3 ([1]). Forany A > 0, > 0, we have

e =i (5 (1- 5 )itw).

2.2. Maximal Monotone Operators and Convex Functions
An operator A is said to be maximal monotone if it satisfies the following:

1. Ais monotone.
If B is another monotone operator such that the graph of A (i.e., the set of all pairs (x, A(x))) is
contained in the graph of B, then B = A.

Let X, Y C H be convex subsets of a Hilbert space H, and let f : X — R be a function.
Definition 3 ([7]). A function f is said to be convex if
Vx,y € X andforall A€0,1], f(1—-MNx+Ay)<(1—A)f(x)+Af(y).

If the inequality is strict for all x # y, then f is called strictly convex. Moreover, f is said to be a-strongly
convex if:

(1= A)x+Ay) < (1= A)f(x) + Af(y) — =),

Definition 4 ([7]). Let f : HL — R be a convex function. The set
Uf(x) :={g e H: (gy—x) < fly) — f(x) forall yeH}

is called the subdifferential of f at x. The function f is said to be subdifferentiable at x if of (x) # @. An element
of the subdifferential is called a subgradient.

A famous example of a maximal monotone operator is the subgradient of the function f(x) = |x|
on R:
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-1, x <0,
af('x) = [_1/ 1]/ X = O/
1, x> 0.

We observe that no operator can contain df on R, hence it is a maximal monotone operator.

Lemma 1 ([8]). Given any maximal monotone operator A, a real number A > 0, and x € H, we have 0 € A(x)
ifand only if J{ (x) = x.

Lemma 2 ([11]). Let a real sequence {xy } 3> satisfy the following condition:
Xk1 < OXg + Ok
where xx > 0, p > 0, and lim pp = 0,0 < o < 1. Then, lim x; = 0.
k—o0 k—o0

3. Main Result

In this section, we present our main results related to the problem under consideration. Our
objective is to address and solve various cases of the following monotone inclusion problem.

0€ A(x) + B(x) + i Ci(x), 3)
i=1

where A : H — 2 is a-inverse strongly monotone operator, B : H — 2 is -strongly monotone, and
{Ci}1<i<y are finite family of nonexpansive operators C; : H — H.

Let us define the operator F(¥,) = {x* € H | ¥, (x*) = x*}, and S defined as:

i=1

S(x) = {x €eH|0€e€ A(x) + B(x) + iCi(x)}.

First we aim to study the problem defined by the sum of two maximal monotone opertaors A and B,
both defined on a Hilbert space H, this problem is formulated as: Find element x € H such that,

0 € A(x)+ B(x). 4)
So let Propose simple algorithm by using the approximation of yoshida which can solve (3.2).
Proposition 4. Forany § > 0, A > 0, we have A, (x) = As(x +5A,(x)).
Proof. leté > 0, A > 0, we have
) )
Hw =i 3o+ (1- 5 )tm),

this equevalent to,

X — A, (x) = %H (1 - i) (x — A4, (%)) —JA(;(f\x—i— <1 - i) (x— /\AA(x))>,

therefore,
CAAL () = —AAL(x) + 0As — OA (ix + (1 - i) (x— AAA(x))>,
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so we conclude,
Ar(x) = As((x + A (X))

This complete the proof. [
Proposition 5. Let A > 0 and define the operator 8, : H — H by

Or(x) = x + Aj(x) + By (x — 244, (x)).
If x* is a fixed point of 0, then x* — AA, (x*) is a solution of the monotone inclusion problem (3.2).
Proof. Assume that x* is a fixed point of 8. By definition, this implies:

x4 Ap(x*) + By(x" —21A, (x7)) = x*.
Subtracting x* from both sides, we obtain:

Ap(x") + By(x* —2AA (x")) = 0.
Let us define z = x* — AA, (x*). Then:
X =z4+AAN(XY), and x" —21A,(x") =z — AA,(x7).
Substituting these into the previous equation gives:
Ap(x*) 4+ Ba(z — LA, (x7)) = 0.

Thus, we have:
0 € A(z) + B(z),

which means that z is a solution of equation (3.2), as claimed. O

Theorem 1. for all A > 0, if the sequence {xy } which defined as:

xg,x1 € H,
i1 = (1= a)xp + ab) (xx) + ek (e — xe-1), k>0.
Where 0 < a < 1, ¢, €]0,1[ and Y21 €, < oo. If {xy } converge to | then | — AA, (1) solve (3.2).
We now turn to the study of the principal problem (3.1).

Theorem 2. Forall A > 0, if ¥ (x) = JB(=A X1, Ci(J{(x)) — x +2]{(x)) + AAx(x) if S # @, then
{J{(F(¥N)} C S
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Proof. Let x* be a fixed point of ¥, so:
¥ € F(¥)) = ¥ (x*) =x"

— B(-A i:ilciuf(x*» X 2P () AL () =
— X AM() = ﬁ(—Aﬁ UL ") = * + 2 ()
— ) = ]f(—?\lé UL ) —x* + 24 (x"))

= AL UL ¥+ 2L ) € AL + )

s x IA) €AY GUAR)) + ABUA ()
i=1
and x* — ]j{‘(x*) c )\A(]f(x*))
— 0€AY CUL) +ABUA()) + AA(E ()
i=1

- ]j{‘(x*) c zer(z Ci+ A+ B).
i=1

This complete the proof. [

3.1. Algorithm 1

In this algorithm, we impose an additional condition on the family {C;}1<;<,, which is that the
operators I 4+ AC; must be bijective.

Proposition 6. forall A > 0,if F(¥,) # @, then the system defined as follow:

X+y+ Yz
i) = T
x+y+ Yz
ly) = 2 5=
Xx+y+ Ytz
i) = —= ==
X+y+ Ytz
]/\n(Zn):—yn +221_1 L

has a solution (x,y,z1,...,zy) € H"*2,

Proof. let F('¥)) # @, then exist x* € H such that ¥, (x*) = x*, this implies,

JA() = FBA Y. GULAG®)) — 2 + 274 ().

i=1
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let we pose,
x*=x,
—ALL GUR (x%) =2 + 2] (x%) =y,
JA(x) + AG (5 (x%)) = 2.
Therfore,
Ji(x) =I5 (),
J{(x) =I5 (z:),
X+y+ Yz = (n+2)J{ (x).
Consequently, ‘
x+y+ itz
n+2
+y+Yio
n+2
X+y+ itz
n+2

J{ (x) =
IR (y) =
I (z1) =

; x+y+2i"z-
) = LIRSS,

This implies that (x, v, z1, ..., z,) is solution of (3.2). [
Theorem 3. forall A > 0, if the system of sequences defined as:

(X0, Y0, 210, -+ Zno) € H' 2,
X1 = (n+2)J{H (x) — v — Li=t
Yir1 = (n+2)J8 (i) — xx — L= zigo
Zike1 = J§ () + AC(JE (),

Ziks

Converge to (x*,y*, 2}, ..., z;) then J{(x*) is solution of (1.1).

Proof. let assume that the last system converge to (x*,y*, 27, ..., z};) in H"t2 50, we have

¥ = (n+2)J (%) — gk — T 2
v =+ 2y — 2 - =z,
zi* = J{ () + A (1 (x).

Therefore,
Xy YE '1121 = (n+2)J3(x),
v+ T 2 = (4 2)]R (),
z* = J{xr +ACi(If(X*))-
Then, ‘
Xyt i+ Alin CUx") = (n+2)J8(x),
i=1
After simplify,

i=n
y* —2]/\x —AZCi(]fx*)—x*
i=1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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We have also, J4(x*) = J5(y*).

Consequently,
n

TE() = JR (=AY GUR (%)) = x* 4+ 2] x%).
i=1
So we conclude that x* is fixed point of ¥, which prove that J{!(x*) is solution of (1.1). O

Below we will examine the case when 1 = 1, so the problem (1.1) will define as: Find an element
x in the Hilbert space H such that,

0 € A(x)+ B(x) + C(x). (6)

Where A and B are two maximal monotone operators defined on Hilbert space H and C is nonexpansive
single valued mapping defined also on H. Then the algorithm will defined as:

(x0,Y0,20) € H?,

X1 = 3J5 () — vk — 20,
Yir1 =3I (k) — % — 2k,
Zep1 = JiH (k) + AC(J5 (),

3.2. Algorithm 2

Proposition 7. Let {C;},<i<1 be finite family of nonexpansive operators defined on H, A is a-inverse strongly
monotone operator, B be B-strongly monotone operator defined on a real Hilbert space. For all « > 0, B > 0 and
A >0, Y, is a L-lipschitzian operator where

n)\2+(ocn+2))\+zx+ A
(BA+1)(A +a) Ao’

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

d0i:10.20944/preprints202510.0598.v1


https://doi.org/10.20944/preprints202510.0598.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 October 2025 d0i:10.20944/preprints202510.0598.v1

9of 15

Proof.

[Fa(x) =

Aicl(]Ax —x+2]Ax>

—h( )\icz (Jiy) y'”ffl/) —/\AA(X)"‘AAA(}/)H

A Gl - (x - ]X‘x)>

lx =yl

—]f(— f Gi(Jiy) — (y—]fw)

Z ]/\x AAA(x)—]j\qx

=1

<[3/\—|—1

A
+A ZQU??]/) +AA(Y) + Ty | + m”x =l

i=1

1 n A
< gy [P R 1C08 - CUtwl + (s +1) - yH]
lx =yl
< Aill]*‘x—ﬁ‘ ||+<L+1>||x_ I
pA+1|" & A 2 Y AL Yy

|yl

1 2A 4w A
st (4 e Iyl + el

nA2 4 (an+2)A+a | A
<{ BA+ DA +a) +)\—|—¢x]” —yll.

<

2 —n)a—
Theorem 4. For all A, a and B positive real numbers: if p > n, a > —— . and 0 < A < 7:1)“ 2, where

p
n € N*. Then Y is a contractive mapping.
Proof. If ¥, is contractive, then the inequality satisfies:
nA? + (an +2)A +a A (n+B)A%2 + 3+ an)A +a
+ <1l < -1<0
(BA+1)(A+a) A+w (BA+1)(e+A)
2 _
nA*+ (24 an —af)A <0 O

(BA+1)(a+A)
After simplification, the next step is to solve the resulting polynomial inequality involving parameters
«, n,and B:

nA2 4 (2 +an —ap)A <0,

we have:

A2+ (2+an—af)A <0 <= A(MA+2+na—af) <0

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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This implies:
A >0,
nA+2+na—af <0, n>0.

Hence, we deduce the following conditions:

g>n,
Q> n > 0.

This completes the proof.

In this part, we modify the Ishikawa algorithm to acheive faster convergence of aour sequence
{¥x¢}. Accordingly, we present the following theorem that defines the modified algorithm:

Theorem 5. Let Hl be a real Hilbert space and C be a closed convex subspace of H. Let ¥, : C — C be a
contractive mapping. Let {xy} be a sequence defined iteratively for each integer k > 0 by

X0 € H,
g1 = apXx + b ¥ ayk, k>0,

Yi = X + di ¥ axy,

where {ay}, {by} are sequences of positive numbers satisfying the following conditions:

1. 0<d,<bp <1,
2. bptar=1,
3. c+dp=1

If {xy} converges, then it converges to a unique fixed point of ¥ .

3.3. Convergence Analysis

Ishikawa has shown that for any points x, y, z in a Hilbert space and any real number A:
1A%+ (1= Ay —z|* = Allx = 2|+ (1 = D)ly — 2I[> = A1 = A) | |x — y] [

Let x* be a fixed point of ¥, then we have

|21 — x| 2 = [lagxy + b Fpyp — x| 7)
= by|[Fayk — x| [* + ax]|xk — x*[|* — brag| |x — Fayel*
From contraction condition we have:
AYk — = ||TAYk — T S Yk — k— LAYkl =L~

v — 32 = [[Eaye — Fax'|P < Iy — x|+ lly — Eapel’, where h=L%  (8)

On the other hand,

e — x* 1% = llexxe + diEaxe — x*||%,

which expands to:

i — x*|1> = di | Faxe — x*||* + cllxe — x*||* = diegel|xe — Faxe]*. )

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Similarly, we can express:
vk — Favill® = diel ¥axe — Yakll* + cellxe — Fayiel® — decillxe — Faxel*. (10)
Moreover, we have the following inequality:
¥ A — ¥ )7 < [l — x* )12 + Rl — F x| (11)
By introducing equations (11), (10), and (9) into (8), we obtain:
¥y — x* 117 < cplloog — x*[|% + hegl| e — Eaxiell® + diellxe — x|
—dyck||xp — Yaxil|® + hde | Faxe — Pyl + heplxe — Pyl *
Thus,
¥ Ay — x*(1* < [|lax — x> = dic(cx — hdi) || — Faxe)?
+hdi | axe — Fayill + heellxe — Payell*. (12)

Substituting equation (12) into equation (7), we get:

1 — |12 < Yl — x* |2 + hbe [ Faxe — Fayell®
—bydy (cx — hdy) || xx — Yaxie||* — be(ax — b+ hdi) || xe — Yy

This shows that {||x; — x*||?} is decreasing for all sufficiently large k. Since conditions (2) and (3)
are satisfied, there exists a subsequence {x;, } of {xi} such that:

Jim |2, —¥axg, | = 0.

Now, we show that {'¥x;} is a Cauchy sequence. Indeed,

¥ axk, = Faxe |l < llxi, — Fax, [l + llxe, — Faxg,l

Taking the limit as m, £ — oo, we have:

¥ rxk,, — Faxg, || — 0.

Thus, {¥x} is a Cauchy sequence, hence convergent.
Call the limit x*. Then:

lim ¥ x, = lim x, = x".
m—o0 m m—oo M

Using the contraction of ¥, , we have:

[Fax® = ¥ax, | < llx* =g, | + [k, = Faxi, |+ [[Fax" = Faxg, |-

Taking the limit as m — oo, we obtain:
. . _
Jim {[%x0% —¥ox, [| = 0.
Hence, we conclude that:

[l = Fax®|| < " = 2, | + [k, = Fax, |+ [[Faxi, — Fax™].

Taking the limit as m — oo, we deduce that ||x* — ¥, x*|| = 0, i.e.,, x* = ¥)x*. Now, we aim to
prove that the sequence {x;} converges to the unique fixed point of ¥,.
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R e R e )
= bel[¥ayx — x*|1* + agll e — x*||* — bea [ ¥y — x*||.
we know that:
Ay — x* 1> < L2 lye — x> + L2y — Yaml*-
Suppose that L? = h, then:
¥y — x* 1% < hllye — x*|1> + hllye — Fayl*.
On the other hand:
e — x*[12 = [|de¥axe + cpxx — x* |2 (14)
= d||Faxe — x*||* + cllxe — x*||* — die | Faxe — x|
And similarly:
Iy — Favll® = [l de¥axi + cixe — Fayiel|® (15)

= e[ ¥axe — Fayill® + ckllxe — oyl — decicl[ Paxe — xl|*.
Hence (15) can be rewritten as follows:
[¥ayi — x*|1 < hdg|[¥ax — x*||2 + heg || v — x*||?
— hdgep || ¥ axie — xil|* + | ¥pxe — Fayel? (16)
+ heg || xe — Yyl — hdjeek[¥axe — xel|*.

However, we also have

¥z = 2|2 < floe — 2|12+ B ¥ — x> (17)
By substituting (17) into (16), we obtain:

¥ ayk — x*[1* < Wyl lxx — x| + B[ axx — x> + heg |l — x|
— hdyeg ¥ axi — xicll* + hdici ¥ axe — Yayill?
+ heellxe = ¥ ayill> — hdicr ¥ axe — xil|® (18)
< (hey + hd)[|x — x*(1> — hdi (2 — 2di)|[¥ axi — x|
+ hegllxe = ¥ ayill® + hdil[¥rxe — ¥ ayil*.
Incorporating (18) into (13) yields:
21— X*[|* < bhlxg — x*||* — brdih(2 — b — 2di) [ ¥ axe — x>

+ bycrh|xe — ¥ ayl® + bdich ¥ axk — ¥ayill?

+ ag e — x* 1> — bragh||xe — ¥ ayl® (19)

< ar(1 = )|l — x> = bedh (2 — h — 2d)[[¥ px — x|

+ bdih || ¥ pxi — Eayiel|® — brag (1 — b + hdy)) || x — ¥ ayel|*.

Given that % <b<1-h0<h<1,d;>0,and limd; = 0, there exists a natural number N
such that for k > N:

2—h—-2d; >0 and ap—h+hd, > 0.

Thus, for k > N, we have
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1 — x* )% < Rflxe — x*|12 + bedih| [P axe — Fayill®,

where0<f1:1—%.

From the boundedness of C, it follows that ||'¥)x; — ¥,y ||? is bounded. Therefore, we conclude
that

lim bydih|[¥ x — ¥ayel* = 0.
k—o0

From Lemma 2.7, we conclude that klim x; = x*. This completes the proof.
—00

3.4. Maximal Monotone Operators and Minimization Problem

We consider the following composite convex optimization problem:

min[f(x) + G(x) + H(x)], (20)

where:

e f:R" — Ris a continuously differentiable function with a Lipschitz continuous gradient, i.e.,
Vf is 1-Lipschitz,
e  Gand H are convex, closed, and proper functions.

Proposition 8. Let A = dG, B = 0H and C = V f. Then, the minimization problem (20) is equivalent to
finding a zero of the sum of maximal monotone operators, that is:

Find x € R" such that 0 € A(x) + B(x) + C(x). (21)

3.5. Example

Let f, G, and H be three real-valued functions defined on R as follows:

_ 1, _ 1, h2
f(x)—zx +2, Gx)= 10x, H(x) = 2x*°.

We consider the following minimization problem:
min(f(x) + G(x) + H(x)).

xeR

Let us define the following monotone operators corresponding to the gradients of G, H, and f:

1
A = (VG = {x}, B = (VHE) = (5], Clx) = V(x) =
Then, the minimization problem above is equivalent to the inclusion problem:
Find x € R such that 0 € A(x) + B(x) + C(x).

We know the resolvents of the operators are given by:

5 1
Jaa(x) = mx, Jap(x) = mxf
and hence,
402 — 50 +10
W= mrns©
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According to Theorem 5, we proceed by choosing the parameters:

1 1
A—Z, bn—m, dn—n+1.
3.5.1. Application of the Algorithm 2
We have the sigle-valued mapping:
4A2 =51 +10
¥)(x) = 72
A () (41 +1)(A +5)
For A = 2, this becomes:
16
Y = —x.
2(x) = Zx
We initialize the process as:
Xo=Yyo=1
and define: 1 1
dn:(n+1)2, bn_m, ﬂnzlfbn, anlfdn.
Iteration steps
At each iteration n > 0, we update:
1 16
o=t e duta(s) = (1= G )+ g

1 16
X1 = nn + b¥a(yn) = (1 - +1) RS

These choices still satisfy the assumptions of Theorem 3.3 and ensure that the sequence {x,}
converges to the unique fixed point of ¥,, which is:

¥ =Y (x") = 1" =0.

4. Conclusion

In conclusion, we propose some algorithms for solving the principle problem. We also supported
this work with a set of simple examples and observed the convergence of the sequences proposed
in this paper to the same solution of the problem. Nevertheless, the development of alternative
algorithms under appropriate conditions that effectively address this class of problems remains an
open area of research, offering valuable opportunities for further investigation and advancement.
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