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1. INTRODUCTION

The split feasibility problem (SFP) is defined as the problem of finding a point & € C
such that

Ai € Q, (1.1)

where C C R¥ and Q@ C R™ are nonempty, closed and convex sets, and A : R¥ — R™ is
a bounded and linear operator. We denote the solution set of problem (1.1) by Q. For
the purpose of solving inverse problems arising from phase retrievals and medical image
reconstruction, Censor and Elfving [10] first presented the SFP in the setting of a finite
dimensional real Hilbert space. Numerous studies have demonstrated the applicability
of SFP in many fields of study, including computer tomography, image restoration, and

data reduction (see [3, 11-13, 29, 30] and other references therein).
Various iterative methods for solving the SFP have been introduced and investigated by
a number of researchers (see [9, 31, 38] and other references therein). The CQ algorithm,

developed by Bryne [8], is a famous method for approximating solutions of the SFP (1.1).
Iteratively, this algorithm generates the sequence {z;} C R*:

Tiy1 = Pe(xy — NAT(I — Po)Axy), YVt > 1, (1.2)

where A\ € (0, %), with L being the largest eigenvalue of the matrix AT A, Pz, Pg are

the orthogonal projections onto C and Q, respectively and I is the identity map. The
author proved that the sequence generated by (1.2) converges to a solution of the SFP
(1.1) or, more generally, to a minimizer of ||PgAx* — Az*|| over z* in C. The drawback
of this approach is that getting the step size A requires the calculation of the spectral
radius of the matrix AT A or the norm estimate of the linear operator A, both of which
can be challenging to compute in practice. To overcome this, Byrne [8] presented a
method for estimating matrix norms (see [8], Proposition 4.1). However, the hypothesis
of [8], Proposition 4.1 appears to be mechanical and may not be friendly to implement
in practice. In order to overcome this drawback, using the idea of Yang [37], Lopez et al.
[20] introduced an adaptive step size which has no connection with matrix norms. They
defined their stepsize \; as follows:

_ UtF(Z't) >1

IVE(zoll?” —
where o, € (0,4), F(2;) = $||(I — Po)Az||? and VF () = AT(I — PgAx,), for all t > 1.
Due to the importance of the SFP, several modifications, extensions and generalization
of the problem and iterative methods for solving the SFP have been proposed by several
researchers (see [14, 15, 18, 19] and other references therein).

It is well-known that iterative methods for approximating solutions of SFP have slow
convergence properties. In recent years, several authors have dedicated a reasonable
research effort towards enhancing the convergence properties of existing iterative algo-
rithms. One of the famous strategy for doing so is the inertial extrapolation technique
which dates back to the early work of Polyak [25] in the context smooth convex minimiza-
tion problems. Simply put, the inertial acceleration strategy is a procedure which involves
a nonconvex combination of two previous terms to get the next iterate. For more on this
technique and its applications to iterative methods for solving the SFP (1.1), interested
readers may see, for example, [1, 2, 4, 6, 7, 28, 35], and the references therein.

At
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Dang et al. [17] incorporate the inertial technique in the classical CQ algorithm and
proposed a one-step inertial relaxed CQ algorithm for finding solutions of (1.1) in the
setting of a real Hilbert space. Their algorithm is the following:

Algorithm 1. One-step inertial CQ method
Initialization: Let x(,x; € H be chosen arbitrarily.

Step 1: For t > 0, given the iterates z;_1 and x;
Step 2: Compute

Tey1 = P, (Gt (l't + 0 (x¢ — ﬂft—l))),
where Gy = (I — \F}), F; = AT(I — Pg,)A, X\ € (0, %), L denotes the spectral radius of
ATA, 0 S 9,5 S 9_15 with

= min {6, (masx{ {#*lz, — ze_1[1%, e — 2 1}) "}, 0€(0,1),

and Cy and @; are nonempty closed and convex half-spaces.
Set t < t+ 1, and go to Step 2.

The authors proved that the sequence {x;} generated by Algorithm 1 converges weakly
to a point in €.

Remark 1.1. Observe that the step size A\ depends on the knowledge of the spectral of
AT A which requires the knowledge of the operator norm. It is well-known that computing
norm of operators is not an easy task practice. It is also known that the sequences
generated by inertial algorithms do not obey the Férjer monotonicity (that is, they do
not satisty ||zp+1 — || < ||z, — ||, Vo € Q) which is crucial in proving boundedness and
convergence and in addition to this, some researchers have also discovered certain cases
where the one-step inertial procedure fails to provide acceleration see, e.g., [27].

To address some of the points raised in the foregoing remark, some authors discovered
that considering the alternating inertial technique solves the problem of Férjer mono-
tonicity of the sequence. In fact, with regards to the SFP (1.1), Shehu et al [32] used the
idea of Lépez et al. [20] to dispense with the dependency of step size on the operator
norm and used the alternating inertial technique to recover Férjer monotonicity. They
introduced the following algorithm:

Algorithm 2. Alternated Inertial CQ Method
Initialization: Choose zg,z; € R* and set t = 1.

Step 1: Compute
{xt, t = even
we =

xy + 0y (xy —x4-1), t=odd.
Step 2: Compute
Ti41 = Pe(wy — M VF(wy)),
Step 3: Set t + t+ 1, and go to Step 2
where F(w;) = %H(I — Po)Awy)|, VF(wy) = AT(I — Pg) Awy,

- {W;}iz“ﬁ IVF ()l #0

0, otherwise,
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26 A. Adamu et al.

{p+} € (0,4) is nondecreasing, {6;} C (0,00), C and Q are nonempty closed and convex
sets.

The authors proved that the sequence {z;} generated by Algorithm 2 converges to a point
in Q.

Remark 1.2. Observe that Algorithm 2 is the alternated inertial version of Algorithm
1 in the setting of Euclidean spaces. Furthermore, the dependency of the stepsize on the
knowledge of the operator norm in Algorithm 1 has been dispensed with in Algorithm 2.

Still on Remark 1.1, with regards to the failure of the one step inertial acceleration tech-
nique, in [26], Polyak discussed that the multi-step inertial methods can boost the speed
of optimization methods even though no convergence results of such multi-step inertial
methods was given by Polyak [26]. Recent research on multi-step inertial algorithms have
been explored, revealing improved numerical efficiency in the results. Notably, consider
the findings presented in, for instance, [5, 16, 23, 24]. The idea of the two-step inertia is
to compute the inertial term as follows: given three points xs, z¢_1,z¢_o the inertial term
y¢ is computed by

yr = o + (2 — x4-1) + 6(x4—1 — x4—2), where 6 >0 and § < 0.

Recently, various scholars who have examined the multi-step inertial approaches have
shown that numerically, this method has advantage over the one-step inertial algorithms.
For some recent results interested readers may see [16, 22, 24, 39] and the references
therein.

Inspired by the mentioned works above and the growing interest on multi-step inertial
algorithms, our contributions are the following;:

e we introduce a new CQ method with a two-step inertial extrapolation and self-
adaptive stepsize for finding the solution of the SFP (1.1). The global convergence
result and nonasymptotic O(1/t) convergence rate of the sequence generated by
our proposed method are presented.

e Our approach includes two-step inertia (which hastens convergence) and self-
adaptive step size (which lessens computational complexity). Consequently, our
approach gets over the restrictions of the one-step inertia approaches examined in
[4, 17, 21] and also the limitation of estimating the linear operator or the spectral
radius of a matrix used in [8].

e We solve a multiple set split feasibility problem (which will be discussed in section
5) using our proposed method.

e We give numerical comparison using different problems arising from applications
and compared the performances of our proposed algorithm with several algorithms
established in the literature.

We organize the rest of the paper as follows: In Section 2, we present some basic defi-
nitions, concepts, lemmas and results that are needed in the subsequent sections. The
proposed method is presented in Section 3. We study the global convergence analysis and
present nonasymptotic O(1/t) convergence rate of the proposed method in Section 4. In
Section 5, using our proposed method, we solve the multiple set split feasibility problem.
In Section 5.2, we present some numerical results of the proposed method to illustrate
the applicability of our method. Finally, we conclude in Section 6.

Bangmod Int. J. Math. & Comp. Sci., 2025



A Two-Step Inertial CQ Method for Split Feasibility Problems with Applications 27

2. PRELIMINARIES

To obtain our global convergence and nonasymptotic O(1/t) convergence rate, we
present some basic results, lemmas and definitions in this section.

Definition 2.1. A mapping S : R¥ — R* is called
(i) nonexpansive if
1Sz = Syl < [l =y, ¥,y € R¥,
(ii) firmly nonexpansive if
1Sz = Sy||* < lla —yl* = (T = S)z — (I = S)y|*, ¥ z,y € R™.
Equivalently, the firmly nonexpansive mapping is given by

|Sz — Sy||* < (x —y, Sz — Sy), ¥V z,y € RF.

Recall that for a nonempty, closed and convex subset C of R, the metric projection
denoted by Pe, is a map defined on R¥ onto C which assigns to each x € R¥, the unique
point in C, denoted by Pex such that

e — Peal| < llx — yll,V y € C.

Lemma 2.2. Let C be a closed and convex subset of a real Hilbert space R* and z,y € RF.
Then

(i) |Pex — Peyll* < (Pex — Pey, = —y);
(ii) [[Pex —y||* < [l — ylI* = lz — Pex|]?.

Lemma 2.3. Let C be a nonempty closed convex subset of a real Hilbert space RF. For
any x € R* and z € C, we have

z=FPex <= (x—2,2—y)>0, Vyecl.

Lemma 2.4. The following assertions hold:

(i) 2(z,y) = 212+ [yl = llz — yl1? = [z + yl* = zl* = |yl?, Vz,y € R¥;
(i) llaz+Byl*> = a(a+pB)l|z|?+8(a+B)lyl?—aB(l—a)|z—y|?, Y,y € R*, a,f €
R;
(i) [z +yl* < z)® +2(y,z +y), ¥ z,y € RF.

Lemma 2.5. Let z,y,2 € R* and a, 3 € R. Then
(L + @)x — (a = By — B2|* = (1 + a)[lz|* — (a = B) [yl
=Bzl + (1 + a)(a = Bz - y?
+A(+a)llz —2[* — Bla - B)lly — 2>
Definition 2.6. A function F : R¥ — R is called convex, if for all v € [0,1] and z,y € R*,
Floz+ (1 —v)y) <vF(x)+ (1 —v)F(y).
Remark 2.7. If F is convex on R* and differentiable then

F(y) > F(z) + {y— 2, VF(@)), ¥ y € RE.
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Definition 2.8. A convex function F : R¥ — R is said to be subdifferentiable at a point
x € RF if the set

OF (z) = {u e R* | F(y) > F(x) + (u,y — z), Yy € R} (2.1)

is nonempty, where each element in OF(z) is called a subgradient of F' at x, 0F(x) is
called the subdifferential of F' at = and the inequality in (2.1) is called the subdifferential
inequality of F at x.

Remark 2.9. If F is convex and differential, then its gradient and subgradient coincide.
Definition 2.10. A function F : RF — R is said to be lower semicontinuous at x if

xn, — x implies F(x) < likn_1>i£f F(zy).
Note zhat F is lower semicontinuous on R if it is lower semicontinuous at every point
z € RY.

Lemma 2.11. [0] Let F(x) := 3||(I — Po)Az|*, « € C. Then

(i) F is convex and differentiable.

(i) VF(z) = AT(I — Po)Az, x € R*.

(iii) F is lower semicontinuous on RF.

(iv) VF is Lipschitz continuous with Lipschitz constant || Al|2.

3. PROPOSED METHOD

Assumption 3.1. The following assumptions will be used in the convergence analysis.
(a) o €(0,2).
(b) 6 and ¢ lie in the region

4—0c 1 (8—0)f—(4—0)
— < . .
8—0’<2, 8—o+80 <00 (3.1)

(c) 6 €[0,2) and 6 <0 such that

6] <1 (i”’)a.

— 0

g::{(5,0):0<9<

(d) A is a bounded linear operator with adjoint or transpose AT, C and Q are
nonempty closed and convex subsets of R* and R™, respectively.

Remark 3.2. Conditions (a), (b) and (c) of Assumption 3.1 are easy to verify. Here is
a prototype of constants that satisfy these conditions

oc=15,0=025 and §=—0.1,

we will give a sensitivity analysis of these parameters to suggest the optimal choice for
these parameters in section 5.2.
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Algorithm 3. Two-step inertial CQ method

Initialization: Let g, z1, 22 € RF be chosen arbitrarily. Set ¢ := 0.

Step 1: Given the iterates x;_o, x;_1,2; for each t > 2, choose § and 6 satisfying
Assumption 3.1.

Step 2: Compute

wy =+ 0(xp — xp—1) + (41 — T4—2)

and
rip1 = Pe(wy — 0 VF(wy)),
where
1 2 T
F(w) == 5” (I - PQ)Awt , VF(w) := A" (I — Pg)Aw,
and

oF(w;
o HVF((W))HQ’ [V E(w)|| # 0
0, otherwise.
Set t < t+ 1, and go to Step 2.

Remark 3.3. When § = 0, our method reduces to a one-step inertial method for solving
SFP studied in Algorithm 1 with constant inertial parameter and self adaptive step size.

4. CONVERGENCE ANALYSIS

Lemma 4.1. Assume that the solution set Q of (1.1) is nonempty. Then the sequence
{z+} generated by Algorithm 3 satisfying Assumption 3.1 is bounded.

Proof. Let p € Q. Since VF(w;) = AT(I — Pg)Aw;, we obtain from the firmly nonexpan-
sivity of I — Pg and the definition of F'(w;) that

(VF(w,), wy —p) = (AT (I — Po)Aw,, w; — p)
= {((I — Pg)Aw;, Aw; — Ap)
= (I — Po)Aw; — (I — Po)Ap, Aw; — Ap)
> |[(I — Po)Aw|?
= 2F (wy). (4.1)

Using Lemma 2.2 (ii) and definition of 7;, we have

||5Et+1 —th - ||PC(wt —UtVF(wt)) _th
< we = VEF(wi) — wi|
= 77tHVF(wt)||
F(U}t)
S S 2 4.2
[V E (w)]| 2
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From the definition of x¢11 in Step 2, (4.1) and (4.2), we have

|zt = plI* = [1Pe(we = neVF(we)) = p*
I

IN

|we —p —n: VF(wy)
lwr = pl* + (0)* I VF (we) || = 20 (VF (wy), w; — p)
lwr = pl* + (0)* [V F (wy) |* = 4 F (wy)
lwe = pll> = 4neF (we) + ()| VF (wy) |

F2(wy)
[V (wy)]?

IN

lwe = pll* = o(4 — o)

4—0

< Jhoe = pl* - e 1 — wi*. (4.4)
Also, by the definition of w; and Lemma 2.5, we have
lwe =pl* = [I(L+0)(we —p) = (0 = 8)(xe-1 —p) — d(z1-2 — p)|?
= (1+0)|ze—pl* = (0 = 6)l|lze-1 — pl
—Ol|lze— = pl|* + (L +0) (6 — )|z — o1 ?
+6(1+ 0) ||z — 2-2]|* — 6(0 — )||2t—1 — 242> (4.5)
From the definition of w; and applying the Cauchy Schwartz inequality, we have
241 = wel” = zp1 — (20 + (e — 24-1) + 6(wp-1 — 24-2)) ||
= ||5Ut+1 - $t||2 - 29<$t+1 — Xty Ty — xt71>
+26(xs — py1, Te—1 — Te—2) + 03| — w1 |?
+200(x; — 241, Teo1 — Ty—2) + 52th71 - $t72||2
> Nzpsr = 2]|* = 20l|zer1 — @llllze — 2]
= 208[[|lzs = wepallllze—1 — zeoll + %[l — ze—a?

—2[610]|x1—1 — welllzi—1 — ze—a| + 8[| w1 — 3p_o?
> Jwesr = @l = 0 zer — @l + 20 — 2e1?]
181 lzesr = @ul? + lwer - 2e-2l?]
62w — - |2 = 1818 -1 — 20l]? + llzios — w12
+52H$t71 —!Et,QHQ
= (18] = O)||wegr — z4]|® + (6% — 0 — |6]0) |2 — o1 |)?
+ (8% = 16] = [810) [l 1 — 2 —2]*. (4.6)
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Using the estimate in (4.3), equation (4.5), inequality (4.6) and Assumption 3.1, we have

-0
w41 = pl* < e —pl* — o1 — wi|?

< (14 0)llze = plI* = (0 = O)llwe—1 = pl* = dllze—2 — p|®
+ 01+ 0)]lwe — weal* = 6(0 — 8)[lwe—1 — zo—2]?

_ (4;0) [(1 — 18] = O)[|wegr — xel|” + (67

+ (8% = 18] — 818)lae-1 — 1o

=0 —1610) [l — weaf?

= (1+0)|ze = pl* = (0 = )l ze—1 = pl|* = dllz—2 — pl|?

+ :(1+9)(9—5)—(4;7")

(4—o)

—[50-6)+

(02 = 0~ 1610) o2 — w012

(62 18] = 161) | w1 — w12

= (1 +0)[lze —pl* = (0 = 8)l|lwe—1 — plI* = dl|lzr—2 — p|?

+ (1f47)92+9(1+47)f5 59+(4_

(4—0

g
)16t e — 11

+ '(1—4*”)52—50+(4;”>|5\+

g

4—0
I F—

<
4

4

J1616] 11 — 1ol

Ol = plI* = (0 = 8)l|lwi—1 — plI* = Sllwe—2 — p|”

7_1>|5|9 59+(——1)I6I}Ilwt 1= wpf?

g =1) (1101 = 0) e — @l

From (4.7), we have that

;[(4)9 —5—d0+ (= -1) léle] e — w1
+[(
-

(4.7)

Foa Tt [(S-1)0- (S =1) + a+0)((5 ~1)161-0)]lew = 202

g

F[(Z = 1)1610— 50+ (5 = 1) 181l s — weal

where
Uy = [lz — pl? = Ollze1 — p)|* = bllzi—2 — p?
+ (g 1) (1101 = 0) e — o2 V£ 2 1.
Also, we observe that
w1 = pl? < 2)|z — @1 | + 2]z — pl*.
Now, we show that I'; > 0, Vt > 1.

(4.8)

(4.9)
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Using (4.9) and Assumption 3.1, we have

4
Lo = flae = pl* = Ollwe—r = pl2 = dllwe—s — pl* + (= = 1) (1 = 6] = 0) 2 — o |
> |z = pl? = 26llz — @ ]® = 26l — pII* = 8wz — |
4
+ (== 1) (1 =181 =) llow — wea
4 440
= (1= 20) 2 = plI* = dllwe—z = pl* + (= = 1) (1= 18 = (7= )) Il = mea

4
> 0. (4.10)

From (4.8), we have

e[S () ()i )] e

o) = [ (G -0 (G -1) o (G -1)ei-9)
_ ((j_ ~1)1816 - 80 + (g = 1)|6> 71 = 2]

o (£ 1) s n(E)o-))s-
e l?) = [ 1) = (- 1)o 23 1)
- 2(% - 1)|6|9+6+ 295} lze—1 — ze—2]f?

=a (th_1 —xo|)? — |lwy — l‘t—le) — agllzi—1 — oo, (4.11)

o= [ () vaa((4 )

as = {(371) - (g71)972@f1)\5|72<371)|5|9+5+295]

Since § <0, |6| = —¢ and we have

alz—[(g—l)e—(3—1)+(1+0)((§—1)|5|—5)} >0
(8—0)0—(4—0) <5
4(1+6)

a = [(§—1)—(2—1)9—26—1)\&—2(§—1)|6|9+6+295} >0

(8—0)f—(4—0)
S—otss %

where

and

Also,

4— 1
F0r0§9<70<7,wehave
8—0o 2

8—0))—(4—0) - (8—0)0—(4—0)

(
(8=0)0=(-0) <777 8o+ 80
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which implies by Assumption 3.1 that a; > 0 and as > 0 if
8—0)0—(4—0)

8 —o+ 86 <80
From (4.11) we have
o1+ aflze — 2| STe+ar||wemr — sl — azl|we—1 — s, (4.12)
Also from (4.12), we have
A1 <Ay —as|m—y — 2-0|%, (4.13)

where Ay 1 = Tyy1 +ar||ze — 21 ||? and Ay =Ty + ay||ze—1 — 242
Now, since ag > 0, we have from (4.13) that

Appg < Ay
which implies that the sequence {A;} is decreasing, thus the limit tlim Ay exists. Conse-
—00
quently, from (4.12) we have that
lim ag|zi—1 — 212]|> =0
t—o0
and
lim H.Z‘t,1 — ,Tt,Q” =0.
t—o00
From the previous equation and the fact that tlim A, exists, we have that tlim I'; exists.
— 00 — 00

Also, from the definition of w;, we have

41 — well = llzepr — 2 — (2 — 1) — 6(@e—1 — T1-2) |
< |wer1 — zel) + 0l|lze — xe—1|| + [O|||xt—1 — Ti—2|| = 0, as t — oo.
(4.14)
Also,
lwe — x| < Ollwe — o1l + |6][|we—1 — 24—2]| = 0, t — o0.
Using the fact that lim I'; exists and lim [|zs41 — 2¢|| = 0, we have
t—o00 t—o00
tim [Jlze =l = Ollzrs — pl12 = Sfar—s | (4.15)

exists. We obtain from (4.10) that the sequence {z;} is bounded. From (4.3), (4.5) and
(4.15), we have

2 T EEr (416)

Also, we note that
IVE(z)[| = [VF(z:) = VF(p)|
< A ze — pll, ¥ p € Q.
Hence, {VF(x;)} is bounded. Therefore, from (4.16), we have
tlgglo F(z) =0. (4.17)
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Theorem 4.2. Let {x:} be a sequence generated by Algorithm 3 satisfying Assumption
3.1. Assume that the solution set Q of (1.1) is nonempty. Then {x:} converges to a point

in Q.

Proof. Since {x:} is bounded from Lemma 4.1, there exists a subsequence {z;,} of {x:}

such that z;, — u* € R¥. Also, since F is lower semicontinuous we have

0 < F(u*) < liminf F(zy,) = lim F(z,) = 0.
k—oc0 t—o0

Therefore, F(u*) = 0. Thus, Au* € Q which implies that u* € Q. Suppose that there
exist {z¢, } C {2} and {x¢,} C {2} such that z;, — u*, k — oo and x; — u, j — oo.

We show that u = u*.

Note that

2w, u—u*) = |l — u*)® = oy —ull® = Ju*||* + ul?,

20z 1,u —u) = =0llwe1 — uw* + Ol 1 — ul® + 0lu*|® — O]|u]?
and

2(—6z12,u—u*) = =0||z—g — u*||* + 8|z —2 — ull + 6]ju* | — b]jull®.

Combining (4.18), (4.19) and (4.20), we have

(4.18)

(4.19)

(4.20)

2wy — 01 — dwy_o,u— u*) = ([Joy — u*||® = 0|z — u*||* = 0l|lzi—2 — u*|?)

= (llze = ull® = Ollwe—r — ull® = 8llwr—2 — ul|?)

(1= 0= 0) (ul? = ).
From (4.15), we have
tim [z, — wl® = Ollze_s — ul® — 8llz_s — ul?
exists. Also,
lim ||z, — u*||* = 0|21 — w*[|* = dl|we—z — u*|?]
exists which implies that
lim (x; — Oz — 0xp—o,u — u™)
t—o00
exists. Now,
(u* —O0u™ —ou*,u —u*) = lim (x¢, — Oz, _, — Ox4,_,, u—u")
k—o0
= lim (x; — Ox4—1 — dx4_o, u —u™)
t—o0
— 5xt

= lim (x4, — Oy u—u")

j—1
Jj—o0

j—2
= (u— Ou — du,u — u™)
which implies that

(1— 80— d)|ju—u*||=0.

Now, since 6 < 0 < 1 — 6, see (3.1), we have that u = u*. Hence, the sequence {x;}

converges to a point in 2. This completes the proof.

Now, we are in the position to present a nonasymptotic O(1 / t) convergence rate of our

proposed Algorithm 3.
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Theorem 4.3. Assume that Q # 0 and xg = x_1 = x_3. Let {z;} be a sequence generated
by Algorithm 3 satisfying Assumption 3.1. Then, for any p € Q and t > 0, the following
condition holds

1 (1—0—29)]zo—p|?

. 2 2 52
o @41 — wi]|* < 3 (1+ 6%+ 67) o ] ) (4.21)

where ag = [(% - 1) - (% - 1)0 - 2(3 - 1)\5| - 2(% - 1)\(5|9—|—(5+ 205].
Proof. Let p € Q. Then, it follows from (4.13) that
2 2 g 4-0 2
Ao =To = Jlzo = plI” = Ollz—1 = plI” = dllz—2 = plI" + ——(1 = [d] = O)|zo — 21|

— Jlzo — plI? = Blle—1 — plf? — dllw—z — p?
— (1-0—6)]lao — p|[* (4.22)

Also, from (4.13) we have
t
az Y [lzj1 — @0l < Ao — Appy
j=0

which implies that

t . .
S llzgr = w2l < = Ag = T
j=0 a2 a2
1 2
= —(1=0=20)llzo —pl"
az
Hence,
i 1 (1—0—0)]zo—pl?
2
a2 < & .
in ey ) < L0202
Consequently,
1 (1—0—68)]zo —p|?
min |jz; —z; 1) < 1 Mzo —p[*
0<j<t—1 s n
and
1 (1—0—0)|lwo —p?
i a2 < .
o, e =l <

From (4.14) and using Young’s inequality, we have

2
loers = wil® = (2o = @ill + Oz — zeall + 18l 2e-1 — 2e-2]])

< 3(th+1 — a2+ 02|z — zmn|? + Pz — xt_2||2).
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Hence,
: a2 < ( _ 2 2 _
oo flojes —wj|® < 3( | min | fleje —agl® + 07 min [l — ;- 1P?
—|—(52 mln ||x] 1—Tj—2]| )
— 0 = 9)[lwo —plI?

3(1 02 52 (
( + + )ag t—1

which completes the proof. [ |

5. APPLICATIONS AND NUMERICAL RESULTS

5.1. APPLICATION TO MULTIPLE SET SPLIT FEASIBILITY PROBLEM

In this section, we present an extension of our proposed method to solve a multiple set
split feasibility problem.
Consider the following multi set split feasibility problem:

Find & € N;_;C; such that AZ € N]_; Q;, (5.1)

where C;, i =1,2,---,7, Q;, j =1,2,--- s are families of convex closed sets in RF and
R™ respectively, and A : R¥ — R™ a bounded linear operator. Let © # () be the solution
set of the multi set split feasibility problem.

Now, we recall the proximity function which is associated with the multi set split feasibility
problem (5.1) (see [30]): Assume that ¢; >0, j =1,2,--- s, then

1< . . )
F(z) := izwj\\Ax—PQj(Ax)H{ Vi € R¥. (5.2)
j=1
In literature, it have been shown that F' is differentiable with gradient

Z% (I — Pg,)Az, ¥V & € R". (5.3)

From our proposed method and the idea of Wang et al. [33], we propose a two-step iner-
tial projected method to solve (5.1). The proposed method for solving (5.1) is defined as
follows:

Algorithm 4. Two-step inertial CQ method for solving multi set split feasibility
problem

Initialization: Let g, z1, x> € RF be chosen arbitrarily. Set ¢ := 2.

Step 1: Given the iterates xi_o, x;—1,x, for each ¢ > 2, choose § and 6 satisfying
Assumption (3.1) and define I := {1,2,--- ,s}.

Step 2: Compute

wy = x + 0(xr — T41) + 6(xe1 — T4—2)

Step 2: Define the weights {w;; € (0,00) : ¢ € I'} such that > w;; > 7 and inIf Wy > T,
i=1 ielt

where I, :={i € I: w,; > 0}.

Step 3: Compute

Ti41 = Z wyi Pe, (wy — n: VEF(wy)),
i=1
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where

VFE(wy) := Zcp] (I — Pg,)Aw,

F(w) := %ic@” (I - PQJ.)Awt
j=1

and

(5.4)

i { TEFGATs IVE (i)l £ 0,
0, otherwise.

Set t + t+ 1, and go to Step 2.

Definition 5.1. Let {z:} be a sequence generated by Algorithm 4 and let v be a non-
negative integer. Then, the sequence {z;} satisfies the v-intermittent set control if

ItU"'UIpH)fl:I, Vtz:l

Following the same line of argument in Theorem 3.1 of Wang et al. [33] and Theorem 4.1
we obtain the following result for solving (5.1).

Theorem 5.2. Assume that the solution set  of (1.1) is nonempty. Suppose that there
exists a positive integer v such that the sequence {x:} satisfies the v-intermittent set
control. Then the sequence {x:} generated by Algorithm / satisfying Assumption 3.1
converges to a point in ).

5.2. NUMERICAL ILLUSTRATIONS

In this section we will give numerical illustrations and compare the performance of our
proposed Algorithm 3 with some recent algorithms in the literature. In the first example,
we will perform a sensitivity analysis on the parameters given in Assumption 3.1.

Example 5.3. Let A: R> — R® be a symmetric and positive definite matrix defined by

11 -8 05 05 2 1
-8 10 -15 -15 4 Ty

Ar =05 —-15 13 -1 —05]| 23| then ATz = Ax.
05 —-15 -1 10 1 x4
2 4 —05 1 13 zs5

Let C={zcR’: ||z| < g} and Q = {z € R® : ||z|| < 2}.

Set no = 1.5, mg = x1 = x2 = (1,1,1,1,1)T. The simulation is terminated when ||z;.; —
x¢]| < 1078 or n = 1001. The results obtained are presented in Table 1 and Figures 1, 2
and 3.
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TABLE 1. Convergence Performance of Algorithm 3 with Respect to Parameters

o 0 0 Number of Iterations CPU Time (secs)
1.5 025 -0.1 33 0.0049
1.5 0.25 —-0.05 31 0.0036
1.5 025 -0.01 34 0.0065
1.5 0.25 0 36 0.0087
19 0 -0.05 33 0.0056
1.9 0.1 -0.05 32 0.0052
1.9 02 -0.05 30 0.0048
19 03 -0.05 28 0.0039
15 03 —0.05 31 0.0055
1 03 —005 39 0.0085
05 03 —005 39 0.0165
0.1 03 —0.05 244 0.0403
T I
- — AGOZ Alg 3=-0.1
100k ——A00ZAlg §=0.05 | |
--="AQ0Z Alg §=-0.01
- - AOOZ Alg §=0
102 ¢ 3
S
104 E 3
10°® * E
10'8 1 1 1 1 1 1
0 10 15 20 25 30 35 40

Number of iterations

F1GURE 1. Behaviour of Algorithm 3 for § = 0.25, ¢ = 1.5 and varied

values of §

Bangmod Int. J. Math. & Comp. Sci., 2025



A Two-Step Inertial CQ Method for Split Feasibility Problems with Applications 39

10

1076

1078

10°

1078

C N ]
L \ ]
)
- [~ =AocOZ Alg -0 E
£ |—A00Z Alg 6=0.1 ]
£ |=-=AQOZ Alg §=0.2
© |- = A0OZ Alg 6=0.3 ]
| | | |
0 5 10 15 20 25 30 35
Number of iterations
FIGURE 2. Behaviour of Algorithm 3 for 6 = —0.05, ¢ = 1.9 and varied
wvaliae f A
C N ]
L \ ]
\
[ —AOOZAlg 0=15 E
£ |—A00Z Alg o=1 ]
£ |--=AOOZ Alg 0=0.5
F |- = A0OZ Alg 0=0.1 ]
| | | |
0 5 10 15 20 25 30 35

Number of iterations

F1GURE 3. Behavior of Algorithm 3 for § = —0.05, 8 = 0.3 and varied
values of o
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Discussion of Results. From Table 1 and Figures 1, 2 and 3, we observe that the choice
of §, # and o are very sensitive and affects the behavior of our proposed Algorithm 3.
Based on the results in Table 1 and the simulations in Figures 1, 2 and 3, we see that
the best set of parameters for Algorithm 3 are § = —0.05, § = 0.3 and ¢ = 1.9. Using
the best set of parameters, we will compare the performance of our proposed Algorithm
3 (AOOZ Alg) with Algorithm 3.1 of Dang et al. [17] (DSX Alg), Algorithm 1 of Dong
et al. [18] (DLQY Alg), Algorithm 1 of Shehu et al. [32] (SDL Alg) and Algorithm
4.1 of Wang and Xu [34] (WX Alg). Since the choice of parameters are sensitive to
the behaviour algorithms, we will choose the same parameters used by the authors in
their papers. However, Wang and Xu [34] did not give any numerical example in their
paper. Hence, in WX Alg we choose a,, = m and v = 107%. We will consider
two set of initial points to test the robustness of each algorithm. The simulation is
terminated when E; = ||z;41 — 24| < 1078 or ¢ = 1001. The results obtained for Case 1:
2o =21 = 22 = (0.5,1,2,0.25, —1)7 and Case 2: 2o = 21 = 75 = (-2,1.5, -2, -0.25,3)7
and are presented in Table 2, Figure 4 and Figure 5.

TABLE 2. Table for Two Cases of the Initial Points

Algorithm | Case | Number of Iterations | CPU Time (secs)
Case 1 28 0.0036
AOOZ Alg | e o 31 0.0077
Case 1 101 0.0206
DSXAlg | Cage 2 92 0.0254
Case 1 99 0.0254
DLQY Alg | (e 9 98 0.0174
Case 1 415 0.0507
SPLAlg | e 9 303 0.0571
Case 1 412 0.0829
WX Ale | rage 2 410 0.0577
— —AOOZAg |
——DSX Al
10° ! Aoy g A ——bLav Alg
& it II‘-‘ ;‘! Ay 1y J!-h E!'\ ~"T'SDL Alg 1
W A l”\-\' .\!‘: 1 it ! \'V' 7--WXA| E|
102V . > N
E vy KN
Y .
5] 1 \\
104 ', \‘\
1 \‘\
1 G B
1 NSs \\
106L 1 e - b
R - \\‘
~~~~~~ N
-8 | I I I ~~~~\~~‘~-¢\‘
0% 50 100 150 200 250 300 350 400

Number of iterations

FIGURE 4. Graph the Iterates for the Cases 1
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102 T
— = AOOZ Alg
——DSX Alg
0 i ——DLQY Alg
10 i i C —-—:SDL Alg E
!'\_.‘ i-....‘ ,'\‘ A Aa s, - = WX Alg
WOWRE LY LG
y SRR I BN Y
-2 ] ]
10 i E
. .\v
5] M
N
1074 S E
N
\\
E Bs ~ \Q
£ S s o ™,
106k S Mg =
E e~ N,
it
E N T T =~
108 I I I I A3 | T -~
0 50 100 150 200 250 300 350 400 450

Number of iterations

FIGURE 5. Graph the Iterates for the Cases 2

In the next example we test the robustness of each algorithm for higher dimension.

Example 5.

matrix such

4. Let A : R¥ — RF be defined as Az = Bz where B is a randomly generated
that its entries b;; € (0,1).

Let C:{xeRk Sl < ;} and Q = {z e R¥ : ||z < 2}.

We will consider two dimensions £ = 100 and k = 1000 and study the behaviour of each
algorithm with respect to these dimensions. The initial guess x( is generated randomly
and we set x1 = xo = x¢ for all the algorithms. Since z( is generated randomly, as we
saw in Example 5.3, the choice of x( affects the required computational time and number

of iterations

to satisfy the stopping criteria. So, for fair comparison, for each algorithm,

we run the simulation ten (10) times and we report the best performance. The simulation
is terminated when E; = ||x;11 — 24| < 1078 or t = 3001. The results obtained for each
dimension is presented in Table 3, Figure 6 and Figure 7.
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TABLE 3. Table for Two Cases of the Initia

1 Points

Algorithm | Dimension £ | Number of Iterations | CPU Time (secs)
AOOZ Alg 1100000 63586 g:gggg
DSX Al 1100000 3308070 102. .02640611
DLQY Al | g st 30520
SDL Alg 1100000 1332937 Zgiég
WX Alg 1100000 ;55377 22(1)?18;

—DSX Alg

—DLQY Alg| ]

—-—SDL Alg
- — WX Alg

= = A00Z Alg|

200 250
Number of iterations

350 400

FIGURE 6. Graph the Iterates for £ = 100
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102 - = AOOZ Alg| ]
—DSXAlg |3
——DLQY Alg | ]
—-=SDLAg | ]
100 = = WX Alg 1

| 1
0 500 1000 1500 2000 2500 3000
Number of iterations

F1GURE 7. Graph the Iterates for 1000

Discussion of Results. We observe from Examples 5.3 and 5.4 our proposed Algorithm
3 outperforms the Algorithms Dang et al. [17] (DSX Alg), Dong et al. [18] (DLQY
Alg), Shehu et al. [32] (SDL Alg) and Wang and Xu [34] (WX Alg) in terms of the
computational time and number of iterations required to satisfy the stopping criterion.
Surprisingly, for these examples, the algorithms of Dong et al. [18] and Shehu et al. [32]
stopped after a few iteration when we choose the inertial term w, to be alternating as
given their respective papers. For the purpose of illustrations, it should be noted that
the results presented for the algorithms of Dong et al. [18] and Shehu et al. [32] are for
the fully inertial versions of their respective algorithms. This perhaps should serve as
an explanation for the oscillatory behaviour of the iterates generated by the algorithms.
Based on the iterates generated by the algorithm Dang et al. [17] (DSX Alg) when we
increased the dimension to 1000, we can concluded that their algorithm is not suitable
for higher dimension.

5.3. APPLICATION TO LASSO PROBLEM
Example 5.5. We consider the following LASSO problem

. 1
min {§|\Ax —b|2: zeRF, ||z||y < 7‘}, (5.5)

where A € R™*% m < k, b € R™ and r > 0. We consider k& = 6144 and m = 1440. A
normal distribution with a standard deviation of zero and a unit variance serves as the
basis for the matrix A. Additionally, the genuine spare signal z, is formed by uniformly
dispersing throughout the interval [—1, 1] with spikes (nonzero entries) 90 and 180 while
the rest are kept at zero. The sample data b is given as b = Ax,.

The solution of the minimization problem (5.5) under certain conditions on the matrix A
is similar to the ¢;-norm solution of the under determined linear system. For the problem
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under consideration (1.1) , we define
¢={o: |2l <t} and Q= {b}.

We will use the subgradient projection since the projection onto the closed convex C does
not have a closed form solution. Now, we define a convex function d(z) := ||z||; — ¢t and
define

Ci = { € R 2 d(w) + (Giy @ —wy) <0},
where ¢ € dd(w;). The orthogonal projection on C; is given by

FPe,(9) = {y’ dwe) + (61,5 = wr) <0,

_ d(we)+ (G G—we)Ce otherwise
lI¢e 112 ’ ’

Therefore, at point x, the subdifferential dc is given by

1, x>0,
Oc(z) = ¢ [-1,1], =z=0,
-1, x<O.

Now, we will compare the performance of our proposed Algorithm 3 (AOOZ Alg) with
Algorithm 3.1 of Dang et al. [17] (DSX Alg), Algorithm 1 of Dong et al. [18] (DLQY
Alg), Algorithm 1 of Shehu et al. [32] (SDL Alg) Algorithm 4.1 of Wang and Xu [34] (WX
Alg). in the restoration process of the sparse signal. We use the same control parameters
used in Examples 5.3 and 5.4. Furthermore, we evaluate the mean square error (MSE)
defined by:

1
MSE = |z, - | (5.6)

to make sure that the restored signal has a good length and observation compared to the
original signal, where x, is an approximated signal of x. The initial points xq, z1,z2 are
choosen to be zeros and we use tolerance of ||z; — .|| < 107° and maximum number of
iterations ¢ = 1000 are used as stopping criterion. We present the results of the numerical
simulation in Figures 8 and 9.
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1
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LTI T T 1 O N 1 | I [ A I L
0 1000 2000 3000 4000 5000 6000
«10° Measurement (m = 1440, 90 spikes)
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C | | | | |
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LTI T T 1 O N 1 | I [ A I L
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DLQY Alg (MSE = 2¢-09, 452 iterations, CPU = 642 5)
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LI T T 0 O [ N 1 [ | A L]
0 1000 2000 3000 4000 5000 6000

SDL Alg (MSE = 2¢-09, 587 iterations, CPU = 8.32'5)
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LI T T 0 N O A 1 | | A L]
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WX Alg (MSE = 2¢-09, 1000 iterations, CPU = 14.15)

1 L I I (LT 1 1 1T 11
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0 1000 2000 3000 4000 5000 6000

FIGURE 8. Restored Signal via One-Inertia and Two-Inertia for 90 spikes
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Original signal (k = 6144, 180 spikes)
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FIGURE 9. Restored Signal via One-Inertia and Two-Inertia for 180 spikes

Discussion of Results. We observe from Figures 8 and 9 the MSE values of all the
algorithms show that restored signals have a good length and observation compared to
the original signal. However, the superiority between the algorithms will be determined
by the required number of iterations and CPU time to satisfy the stopping criteria since
the MSE values is only a measure of the quality of the restored signals. Looking at these
Figures again, one will see that our proposed algorithm (AOOZ Alg) restored the signals
in much fewer iterations and CPU time with the best MSE value compared to other
algorithms. Notably, when the number of spikes was increase to 180, all the methods
failed to satisfy the stopping criteria before the specified maximum number of iteration
(1000) was reached. But for 180 spikes, it took our proposed algorithm just 387 iteration
and a CPU time of 5.49s to restore the signal with accuracy (MSE value) of 2E-09. Thus,
based on these examples, we see that our proposed two-step inertial algorithm (Algorithm
3) provides computational advantage over the algorithms of Algorithm 3.1 of Dang et al.
[17] (DSX Alg), Algorithm 1 of Dong et al. [18] (DLQY Alg), Algorithm 1 of Shehu et
al. [32] (SDL Alg) Algorithm 4.1 of Wang and Xu [34] (WX Alg).
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6. CONCLUSION

In this work, we studied the split feasibility problem. We introduced an algorithm
with two-step inertial extrapolation and self adaptive stepsize to solve the aforementioned
problem. We presented a global convergence and non-asymptotic O(1/t) convergence rate
of the proposed method. Furthermore, we applied our proposed method solve a multiple
set feasibility problem. Finally, we presented numerical results of our proposed method
to illustrate the applicability of our method and presented an application of our result to
LASSO problem.
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