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SCALED FORWARD-BACKWARD ALGORITHM AND THE MODIFIED SUPERIORIZED
VERSION FOR SOLVING THE SPLIT MONOTONE VARIATIONAL INCLUSION PROBLEM
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ABSTRACT. In this paper, we propose an inexact scaled forward-backward algorithm to solve the split
monotone variational inclusion problem in a real Hilbert space and prove the strong convergence of it
under appropriate conditions. Based on this, we discuss the bounded perturbation resilience of the exact
algorithm for introducing the corresponding superiorized version and the superiorization algorithm with
restarted perturbations. The numerical experiments illustrate that the proposed algorithms perform well
and the superiorization version with restarted perturbations has advantage in decreasing the number of
the iterations.
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1. INTRODUCTION

Let H; and Hs be real Hilbert spaces. Let By : H; — oM B, : Hy — 272 be multi-valued maximal
monotone operators. Let Cy : Hy — Hy, Cy : Hy — Hj be v;-inverse strongly monotone and v»-
inverse strongly monotone operators, respectively. Let A : H; — Hj be a bounded linear operator
from H; to Hy. We consider the following split monotone variational inclusion problem (SMVIP) in
this paper: find * € H; such that

0 € (B1+ Ci)z" and y* = Az™ € Hy such that 0 € (By + Co)y*. (1.1)

If Ch = Cy = 0, (1.1) reduces to the following split variational inclusion problem: find * € H; such
that

0 € Byz* and y* = Az™ € Hy such that 0 € Byy™. (1.2)

Further, if we have B1 = N¢ and By = N, (1.2) simplifies to split feasibility problem, which was
originally formulated by Censor and Elfving [1] in 1994 in the following form:

find z* € C such that y* = Az™ € Q,

where N¢ and N are the normal cones of the nonempty closed and convex sets ' C H; and ) C
Hj, respectively. In fact, SMVIP provides a unified framework for issues like split feasibility problem,
split minimization problem, split variational inequality problem, split variational inclusion problem
and monotone inclusion problem and has found wide applications in real-world such as compressed
sensing and image recovery([2]), intensity-modulated radiation therapy treatment planning([3]), signal
processing and image reconstruction([4]), among others.

Moudafi [5] introduced SMVIP in 2011 and proposed the following iterative algorithm:

Tny1 = U(xy + A (T — 1)Axy,), zo € Hy, (1.3)
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where U = Jfl (I —XC), T = J)??(I — ACh), Jfl and JfQ are the resolvents of By and B,
respectively, A € (0, 2min{vy,v2}), v € (0, HTlAH)’ A* : Hy — Hj is the adjoint operator of A.
The weak convergence of this algorithm was addressed. In 2020, Zhao et al.[6] proposed a proximity
algorithm for solving (1.1) and obtained the strong convergence by introducing a contraction and a
strongly positive bounded linear operator. The iterative scheme is

Yn = Tpn + TAY(T — I)Axy, o € Hy,
Tnt1 = U(yanf(zn) + (I — anF)yn),n > 0,

where U = J{2(I — M C1), T = J2(I — A2Ch), A € (0,2v1) and A; € (0,203). f : Hi — Hyisa
p-contraction, 1 € [0,1). F': H — H is a strongly positive bounded linear operator with coefficient
M-

On the other hand, to accelerate the convergence speed of algorithm (1.3), Yao et al. [8] incorporated
well-established inertial extrapolation techniques and resulted in the following algorithm with inertial
extrapolations and self-adaptive step sizes

{wnzanrgn(mnl‘nl), o, L1 €H17 (1 4)

Tpy1 = U(wy + 9 AT — 1) Awy),n > 1.

They proved that the sequence generated by algorithm (1.4) converges weakly to a solution of (1.1)
under some mild assumptions. Very recently, Zhou et al. [7] introduced adaptive hybrid steepest de-
scent algorithm involving an inertial term and proved that the generated sequence converges strongly
to a point of the solution set of problem (1.1). Moreover, Izuchukwu et al. [9] proposed an algorithm
to address problem (1.1) without the need to assume that C'; and (' are inverse strongly monotone
operators. The algorithm is as follows:

(wn =y + Op(zn — Tp-1), xo,z1 € Hy,
Yn = 522(] — Ao C) Awy,
Up = Awp, — yn — A2(CoAw, — Caoyy),
tn = Aw, — &nyon,
by = Wy + Y A* (t, — Awy,),
Un = JYHI = M Ch)by,
Tn = bn — Up — )\1(011)” — Clun),
Tnt1 = (1 — pp)wn + pn(bn — aBpry),n > 1,

(1.5)

where

(Awn—Yn,vn) (bn—un,rn)
— Ton 12 ,  Un 7& 0, and §, = a2 Tn 7é 0,
O, Un — O, 5 ,rn - 0'

Under certain conditions on the parameters, they proved that the sequence generated by the algorithm
possesses weak convergence. More articles on solving (1.1) can be found in references [10]-[13]. An-
other way of accelerating strategies is scaling techniques for determining the descent direction, which
enables algorithms to better adapt to variations in data at different scales when dealing with problems
such as image restoration and machine learning [14]-[16].

Besides that, Censor [17] proposed a superiorization method for solving constrained optimization
problems with large data, which can improve the convergence speed of an algorithm to some extent.
Superiorization method is a heuristic method, which introduces a perturbation in each of its iterations
and aims to obtain lower values of the objective function. At the same time, the sequence generated
by this superiorization version converges to a feasible solution of the optimization problem by means
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of that the basic algorithm (that is the algorithm without perturbations ) possesses the bounded per-
turbation resilience (see Definition 3.4 in Section 3.2 below). In addition, superiorization method can
get more information than the basic algorithm by defining a cost (or target) function. Up to now, supe-
riorization method has found wild applications in real world, such as computer tomography scanning
[18]-[20], radiotherapy inverse treatment planning [21]-[22], medical image restoration ([23]), convex
feasibility problems [24]-[25], etc.

The perturbations introduced in the superiorization method usually have the form S,v,, n =
1,2,---, where {v,} is a bounded sequence and {f,} is a summable sequence of positive numbers.
That the superiorization algorithm performs well in practice when f3, is set to ac” where a > 0,
c € (0,1) are constants. But the perturbations will become negligible due to that 8,, = ac™ will quickly
decrease to zero as the number of iteration steps increases. This situation is undesirable because it may
affect the accelaraion of the algorithm. The permission to restart the perturbation and to maintain the
summability of {3, } in the superiorized algorithm will increase the computational efficiency [22].

Inspired by the above results, we propose an inexact scaled forward-backward algorithm with inertial
term for solving problem (1.1) and analyze the strong convergence of the generated sequence. Then we
discuss the bounded perturbation resilience of the exact version of it. As a consequence, we show
the superiorization version of the exact algorithm and the superiorization algorithm with restarted
perturbations.

The rest of this paper is organized as follows. In Section 2, we review some background on monotone
operators and convex analysis. In Section 3, we propose an inexact algorithm for solving problem (1.1)
and prove the strong convergence of the generated sequence. After discussing the bounded perturba-
tion resilience of the exact algorithm (3.23), we introduce the pseudocode of the superiorized version
of algorithm (3.23) and the superiorized version with restarted perturbations. Finally, in Section 4, we
illustrate the validity of the proposed algorithms and the performance of them under different values
of the parameters by two numerical examples.

2. PRELIMINARIES

In this section, we recall some notations, definitions and lemmas used in this paper. Let H be a real
Hilbert space with the inner product (-, -) and the induced norm || - ||. Let {x,,} C H be a sequence. That
{x,} converges strongly to z* is denoted by — and {x,, } converges weakly to z* is denoted by —. The
set of all weak cluster points of {z,,} is denoted by wy,(z,,) = {z € H|x,, — x and {z,, } C {zp}}.
Let T': H — H be a nonlinear operator and Fix(7T') be the fixed set of 7. That is Fix(7) := {x € H :
Tz = x}. Denote by I the identity operator on H.

Definition 2.1. ([26])
(i) T : H — H is said to be non-expansive if Vo, y € H, it has

[Tz = Ty| < |z —yll
(if) T': H — H is said to be L-Lipschitz continuous with L > 0 if Vx,y € H, it has
[Tz — Tyl < Lilz —y].

T is said to be contractive if 0 < L < 1.
(iii) 7' : H — H is said to be firmly non-expansive if Va,y € H, it has

(Tx —Ty) > || Tz — Tyl

In particular, a firmly non-expansive operator is %—averaged.
(iv) T : H — H is said to be v-inverse strongly monotone (v-ism) with v > 0, if Va, y € H, it has

(x —y,Tx — Ty) > || Tz — Tyl
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Definition 2.2. ([5]) Let A : H — 2 be a multi-valued operator.
(i) A is said to be monotone, if Vz,y € H,u € Az, v € Ay, it has
(u—wv,x—y) >0.
(ii) A is said to be maximal monotone, if it is monotone and the graph
Graph(A) = {(z,y) € H x H : y € Ax}

is not properly contained in the graph of any other monotone operator. Furthermore, A is maximal
monotone if and only if for every (u,v) € H x H,

(u,v) € Graph(A) < (V(z,y) € Graph(A)) (x —u,y —v) > 0.
(iii) the resolvent of A is defined as
J =T +X4)71 A>o.

Lemma 2.3. ([5]) Let H, and Hs be real Hilbert spaces. Let B; : H; — 2 be maximal monotone
operator, C; : H; — H; be v;-inverse strongly monotone operator for eachi € {1, 2}. Let A : Hy — Hs
be a bounded linear operator. Denote the solution set of problem (1.1) by Q). Then it is easy to check that
VA >0,

2t € Q& a* € Fix(JP' (I — MC1)) and Ax™ € Fix(J2* (I — XC2)).
Furthermore, if A € (0,2min{v1,v2}), J;\Bl (I — \Cy), JfQ(I — ACYy) are averaged operators and hence
they are non-expansive. If vy € (0, ﬁ), then the operator V := I + ’YA*(J;\EQ(I —ACy) — DA is
averaged, and hence it is also non-expansive, where A* is the adjoint operator of A.

Lemma 2.4. ([27]) Let H be a Hilbert space. Let T : H — H be a non-expansive operator. Then for all
x,y € H, we have
((x = Ta) — (y = Ty), Ty — T) < 5[|(Tx — ) — (Ty —y)|,
and consequently ify € F(T') then
(v — Tz, Ty — Tz) < 3| Tz — x|

Lemma 2.5. ([28]) Let z,y € H and o € R. Then
@) [z, y)| < [|lz[[ly
(ii) |z +y[I* < [|l=|* + 2{y, 2 + ),

(iii) oz + (1 — a)yl|” = aflz]* + (1 = &) [ly* — a(l — a)llz -y
() 2(z,y) = |z +yl* = llz* = llyl* = l=]* + [ly]* = |z — y]I*.

>

2

>

Lemma 2.6. ([29]) Let H be a real Hilbert space, C C H be a nonempty closed convex set. LetT : C — C
is a non-expansive operator with Fix(T') # (). The operator I — T is said to be demiclosed at zero if for any
sequence {x,, } C C', that x,, =€ C and ||z, — Tx| — 0 implies z € Fix(T).

Lemma 2.7. ([30]) Assume that {s,} is a sequence of nonnegative real numbers satisfying
Sn+1 < (1 - wn)sn + wWpon + 5n7vn > 17

where {ww,} C (0,1), {0}, {0n} C R satisfying
(i) 0 wp = +00,
(ii) lim supo,, <0,
n—oo
(iii) 300, || < +00.
Then lim,, oo Sp, = 0.
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3. ALGORITHMS AND THE CONVERGENCE ANALYSES

In this section, we propose the scaled forward-backward algorithm and analyse the strong conver-
gence of the generated sequence in subsection 3.1. Then we verify the bounded perturbation resilience
of the exact version of the proposed algorithm in subsection 3.2. Finally, we give the corresponding
superiorization algorithm and the version with restarted perturbations in subsection 3.3.

3.1. The scaled forward-backward algorithm. In this subsection, we propose an inexact scaled
forward-backward algorithm with inertial terms and perturbations to solve problem (1.1). Then we
prove the strong convergence of it.

Given arbitrary zo, x1 € H;. We define an iterative sequence {z,,} by

Yn = Tp + Hn(xn - xnfl) + en,
Zn = Yo + WA (JP2 (Ayy — <D2(Ayn)CaAyn) — Ayn), (3.1)
Tni1 = anf(yn) + (1 — an)JL (20 — AD1(22)Ch2n),m > 1,
where 6,, > 0, v, >0, ¢, A € (0,2min{v;, v2}), a, € [0,1]. f : Hy — H; is a u-contraction operator
with p € [0,1). {e,} is a perturbated sequence. D; : H; — B(H;, H;), i = 1,2 are scaled operators.
To obtain the strong convergence result of algorithm (3.1), we begin with some assumptions.
Assumption 3.1. Supposed that the operators and the solution set satisfy the following conditions, re-
spectively:
() By : Hy — 2", By : Hy — 2M2 are maximal monotone operators,
(ii) C1 : Hy — Hj is a vi-inverse strongly monotone operator, and Cy : Hy — Hj is a va-inverse
strongly monotone operator,
(iii) A : H; — H> is a bounded linear operator, and
(iv) the solution set €2 of problem (1.1) is nonempty, that is,
Q={pe H|0€ (B1+Ci)pand 0 € (Bs + Cy)Ap} # 0.
Assumption 3.2. Suppose the following conditions hold:
(i) 0 € [0,1), Y202, Onlln — 21| < +o0,
(i) {an} C (0,1), limy o0 @y = 0, Y07 oy = 400 and Y7, g, — ap—1] < +00,
(iii) 0 < infy,, < v, < supy, < m and > 7 v — Yn—1] < +o0,
(iv) >0 llen ]| < +oc, and
(v) For each x € Hj, y € Ho, the scaled operators D;(z), Dy(y) are linear bounded opera-

tors and satisty 3207 lo1(za)l| = 52 1D1(20)Crzn — Crzall < 400, 3202 lloa(Ayn)l| =
ZZO:1 HD?(Ayn)CQAyn — CgAynH < “+00.

Theorem 3.3. Let Assumption 3.1 and Assumption 3.2 hold. Then the sequence {x,,} generated by algo-
rithm (3.1) converges strongly to z* € ), where z* = Pq f(z*).

Proof. We first prove that {z,,} is a bounded sequence.

Denote by U := J/{Bl (I —XC1), T := JP2(I —<Cy), and Uz, = J/{gl(l —AD1Ch)zy, = J/\Bl(zn -
AD1(2n)Ch2p), T Ay, = Jng(I — ¢DyCy) Ay, := JgB2 (Ayn — <Da(Ayy,)CaAyy,) for simplicity.

For any p € (2, we have Up = p and T Ap = Ap by Lemma 2.3.

[#n+1 = pll =llon f(yn) + (1 — an)un — p||
=llan(f(yn) = f(p)) + an(f(p) —p) + (1 = an)(un — p)|
<ol f(yn) = @) + anllf(p) — pll + (1 — an)llun — p||
anpillyn = pll + anll f(p) = pll + (1 — an)lJun = pl|.

(3.2)
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Further,
[yn = pll = 20 — P+ On(zn — Tn1) + enll < l|zn — pll + Onllzn — 2p1|| + [lenll, (3-3)

and it follows from the non-expansiveness of U (see Lemma 2.3), J f ! and Assumption 3.2 (v) that

ltn = pll =[|Tzn — p|
<Uzn — Uzl + Uz — Upl|
=[[JV (I = AD1C1)zg = JH (I = AC)za| + || 20 — | (3.9)
<|[(I = AD1C1)2zn — (I = AC1)2n | + |20 — p|
=llzn — pll + Allor(zn) |-

To estimate the value of ||z, — p|| in (3.4), we note from Lemma 2.4 that

290 (Yn — 0, A(T — I) Ayn) =270 (A(yn — p) + (T — 1) Ayp, — (T — 1) Ayp, (T — I) Ayy)
=27, (T Ayn — Ap, (T — I) Ayn) — |(T — I) Aya|*)

1
<2, (ST = DA~ 1T - D P)
= — (T = 1) Aya|%,
which indicates

[yn + 1 AX(T = I) Ay, — p|®
=llyn = plI* + 27 (yn — p, A(T = 1) Ayn) + 72| A*(T — 1) Ay, |?
<yn = pI* + 29 yn — p, A*(T = I) Ayn) + V2| AAS||(T — I) Ayn|?
<lyn = plI> = Wl(T = D Ayn||* + 2| AA* | (T — I) Ayy||?
=llyn — plI* = Y (1 = Wl AA* N I(T — 1) Aynl®
<llyn — pII>

as 0 < inf~,, <, <supy, < HT}LVH' Hence,

20 = pll =llyn + AT — I) Ay, — pl|
=y + WA (T = I) Ay — A" (T — I) Ay + 3 A (T — 1) Ayy, — p|
<[ AT = 1) Ay — 1A (T = 1) Ayl + llyn + 1 A™(T — 1) Ayy, — pl|
<l AT\ T Ay, — T Aynl| + lyn + 1 A*(T — I) Ay, — p|
| AT [[[1T22 (I = s D3 Co) Ay — TB2(I — <Cs) Aypl|] + llym + 1 A*(T — T) Ay — p|
<cvnll A*Nlo2(Ayn) | + lyn + 1A (T — I) Ayn — p| (3.5)
<smll A" o2(Ayn) [l + [lyn — p- (3.6)

Substituting (3.6) into (3.4), we get

[un = pll <llzn = pll + Alo1(2n) |l (3.7)
<[lyn — 2l + vl A% 02(Ayn) || + Allo1(2n) |- (3.8)



62 M. X. ZHENG AND Y. N. GUO

Now, combining (3.2), (3.8) and (3.3) yields

(el
<anpillyn — pll + anllf(p) — pll + (1 — o) [lun — p|
<anpllyn = pll + anllf(p) = pll + (1 = an) ([lyn — 2l + syl A [|[e2(Ayn)[l + All01(22) 1)
<(anp 41— an)llyn — pll + anll f(p) — pll + syl A" [ 02(Ayn) | + Ml o1 (20) |

Hf() pll
L—p
+ sl A [lo2(Ayn)ll + Allor (zn) || + Onllzn — za—1ll + [lenll

<(1 = an(1 = p)l|zn — pll + an(l — p)=————

<(1 = a1 = ) — | + a1 — ) L= Mp” M,

where M,, = ¢y, || A*[|||o2(Ayn)|| + Allo1(zn) || + Onllzn — 2rn—1]| + ||en|| such that >~>° | M,, < +oc.
By mathematical induction, we obtain

f -p
s — pl SmaX{Hﬂ?o _py, 1) =l ” ZM

So {z,} is bounded. Consequently, {y,}, {un} are bounded due to (3.3), (3.8) and Assumption 3.2 (v).
Hence, { f(yn)} is also bounded.

Next, we prove that w,,(z,) C . First of all, the boundedness of {z,,} implies that w.,(z,) # 0.
For any ¢ € wy,(xy,), then there exists a subsequence {xy, } of {z,} such that z,, — gas k — oc.
In the following, we prove that 0 € (B; + C1)q by utilizing the maximum monotonicity of the op-
erator By + C; and that y,, — qgas k — oo, lim,_,« [|(T" — I)Ayy, || = 0, which indicates that
Aq = TAq. Then 0 € (B, + C3)Aq follows from Lemma 2.3. To show 0 € (By + C})q, we need to
verify u,, — qas k — oo and lim,_, ||ty — 25| = O at first.

From the definitions of {x,,} and {y,,}, we get

||xn+1 - JUnH :Hanf(yn) + (1 - an)un - an—lf(yn—l) - (1 - an—l)un—1||
=llan(f(yn) = f(yn-1)) + (n — an-1)f(yn-1)
+ (]- - an)(un - Un—l) - (an - an—l)un—1||

<anfillyn = Yn-1l| + (1 = O‘n)Hun — Up_1]| + ’an - an—ﬂ”f(yn—l) - un—IHv

(3.9)
and
Hyn - yn—IH :Hxn + Hn(l'n - xn—l) +en—Tp_1— Hn—l(wn—l — -Tn—2) — en—lH (3 10)
<wn — zp—all + Onllzn — Tn1ll + On-1llTn—1 — Tn—2l| + llenl + llen—1]l- .
By Assumption 3.2 (v) and Lemma 2.3, we further get
tn = tnall =Tz — Tz
<NUzp — Uznl| + |Uzn-1 — Uzp—1|| + |Uzn — Uzpp—1|| (3.11)

<AMo1(zn)ll + Mot (zn—1)[] + [|2n — 2n—1]|;
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and

20 = zn1ll =llyn + AT = 1) Ayn — (Yn-1 + -1A%(T = I) Ayp_1)|
<[ AT — I) Ay — 1 A™(T — I) Ayy|
+ |1 AT = DAyt — Y1 A(T — I) Ayy—1 |
+ lyn + 1 A(T = 1) Ayn — (Yn—1 + Y01 A"(T — I) Ayn—1) ||
<Yl AT Ay — T Ay + 1 [ A*[[| T Ayn1 — T Ay | (.12
+ 1T+ AT = D A) (Yn — Yn—1) + (I + 1 AT = 1) A)yn—1
= (I + 71 AT = 1) A)yn—1||
<cTnll A% [o2(Ayn) || + cvn-1| A" l02(Ayn—1) | + lyn — Y1l
+ I = =1 [|A(T = 1) Ayn—1 |-
So, by (3.9)-(3.12), we have
[ Tna1 — 2ol
<anptl|yn — Yn-1ll + (1 — an)l|un — un—1ll + [an — an—1|l|f(Yn-1) — un—1l|
<anptllyn — yn-1ll + lon — an—1[||f(Yn-1) — un—1|
+ (1 = an) (AMlo1(zn) [l + Allor(zn-1)|| + [[2n — 2n—1]])
<anptl|yn = Yn-1ll + lon — an-1lll f(Yn-1) — -1l + (1 — an) M o1 (zn) || + Allo1(2n-1) |l
+ <l Al o2(Ayn )|l + syn—1l[ A" [lo2(Ayn-1)I| + [lyn — Yn-1ll + [0 — V-1 [[[A(T = I) Ayp-1 ]
<(1 = an(l — ) lzn — zp_a|l + Na,

where Ny, = On || 20— 2n—1||+O0n-1]|Tn—1— T2l + |lenll + [len—1ll +[an — an-1|[| f (Yn-1) = un—1]| +
Allor(zn) || + Allor(zn—1)[l + sy llA*([lo2(Ayn) | + svn—1[|A* [ 02(Ayn—1) + |0 — V-1l A*(T —
I Ayp—1]| satisfying > 2 | N,, < +00.

Take w, = ap(1 — u), 0, =0, 6, = Ny, n > 1in Lemma 2.7. We obtain
Jim {241 — 2l = 0. (3.13)

As a result,
un — znll <llun — znsa || + 2041 — nl|
=|lun — anf(yn) — (1 — an)un|| + [[2nt1 — n|
<apllun = FYu)ll + |Tnt1 — 20l
—0 as n — oo.

Thus, we have

lim [|u, —z,| =0, (3.14)
n—oo

which together with z,,, — ¢ indicate
Up, — qask — 00.

On the other hand, we have

= pl1* < (llz0 = 2l + Al o1 (z0)1)*
=ll2n = pII* + 2Allz0 = pllllos (zn)ll + (Aller(za) D%,
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and
120 = PI* < (lyn + 30 A™(T = T) Ay — pl| + sl A7 ||| 02(Ayn) )?
<llyn + 1A (T = 1) Ay — p|1* + (sl A%[[[l02(Ayn) )?
+ 26 A [l 02 (Ayn )|y — P
<llyn = plI* = (1 =W AA DT — 1) Aynl|* + (<7all A*[[[lo2(Aya ) 1)?
+ 26 A [ 02(Ayn ) lym — P

based on (3.4), (3.5), respectively. Hence, we get

lun = pII* <llyn = pI? = (1 = Yl AAT DT = 1) Ay + (7l A* [[lo2(Aya) 1)

+ 263 4 ea gl — 2l + 2010 = plller(e)l + Mlerl)2
Also, because
lyn = pII® =llzn + (@0 — p—1) = p + enl®
<||n + On(2n — 2p-1) — p”2 + 2(€n, Yn — p)
<zn = pll? + 02|20 — zn1l|® + 200z — P, — Tn_1) + 2{€n, Yn — D)
<llzn _pH2 + Q?LHCUn - CUn—lHQ + O (|lzn — p”2 — lzn—1 _pH2
+l2n = zn-a]?) + 2llenlllyn — pl (3.16)

=llzn = pl* + On(lzn = pI* = lzn-1 —p[?)
+ (0 + 03) |2 — na|” + 2llenlllyn — pll

<llzn = plI* + On(llzn — plI* = |21 — p|*)
+ 20, ||z, — xn—IH2 +2llen|llyn — 2l

we conclude that by applying Lemma 2.5 (ii), (3.15) and (3.16)

2011 — pl?
=llanf (yn) + (1 — an )ty — p||>
=[lan(f(yn) = F(P)) + an(f(p) — p) + (1 — an) (un — p)[|”
<anlf(yn) = DI + (1 = an)llun — plI* + 200 (f (p) — P, Tnr1 — p)
<antllyn — plI* + 20m{f (p) = P g1 — p) + (1 = an)[[lyn — plI*
— (L = Wl AA* DT — 1) Aynll* + (sl A* [ 02(Ayn) [)?
+ 267l A* ||| 02(Ayn) [ lyn — Pl + 2X 120 — pllll01(20)[| + (Al 21 (z0)1)?] (3.17)
<(1 = o (L= p)[llen = plI* + On(l|zn — plI* = 2n-1 — plI*) + 260 [0 — 2na|?
+ 2llen|llyn — pll] + 200 (f(P) — P, Tn41 — P)
— (1= an) (@ = Wl AA* DT — 1) Aynl* + (vl A* [l 02(Ayn) 1)
+ 257 | A* ([l 02 (Ayn) Hlyn — pll + 2Xl120 = pllllo1(z0) | + (M1 (z0)[1)?
<(1 = an(l = w)llzn = plI* + On(llzn — plI* = llzn-1 — pl*)
+ 200 (f(p) = P, T — 1) — (1 — an) V(1 = Y [AA* )T = 1) Aya||* + Kn,

where Ky, = 205 |2 —2n—1[ + 2 enl [y —pll + (3 | A* [ 02 (Ayn) )% + 27 | A* 11l 02 (Ayn) ]y —
pll + 2A\|zn — plllle1(zn)|| + (Mllo1(2n)||)? such that }"°° | K,, < +oc. Thus, the second term on the
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right of (3.17) can be estimated as follows

(1= an) (9 = W [AA DT — 1) Ay |®
<llzn = plI* = llznt1 = pl* + Oa(llzn = pI* = lzn-1 = pl1?) + 200l (p) = pllllznts — ol + K
=(llzn = pll = lznt1 = pID([l2n = pll + 2011 = pll)
- 0u(2n = 2l = lzn-1 — pI)(l2n — pll + 201 = pI) + 20a]l f () — plllznss — Il + Kn
Sll#n = znall(lzn = pll + 21 = pll) + Onllzn — znall([l2n = pll + 201 —pl])
+ 200l /() — pllznss — pll + Kn
—0 as n — oo,
which implies
Jim (T = I) Ayn[| = 0 (3.18)
in view of Assumption 3.2 (iii). Therefore,
[2n = znll <[lzn = ynll + lyn — 2ull
<[l = yall + l A [T = 1) Ayal|
<lwn = ynll + Wl AT (T = 1) Ay — (T — I) Ayn|| + (T = 1) Aya|)) (3.19)
<llzn = ynll + <vnll A" 02(Ayn) | + Yall AT (T — I) Aya||
—0 as n = o0
since
|Tn — Ynl| <Onllzn — Tn-1]| + |len]] = 0 as n — oc. (3.20)
Finally, by using (3.14) and (3.19), we get
lun — znll < ||un — xn|| + |20 — 20]] = 0 as n — co.

It yields
nh_)rrolo |un, — zn|| = 0. (3.21)
Now, we prove 0 € (B + C)q. Observe that u,, = Jfl (I — AD1Ch)zy,,. We get
(I = AD1Ch)zp, € (I 4+ AB1)up,, or %(an — AD1C1 2, — Up,) € Brug,.
Siminarly, for any (v, z) € Graph(B; + C1), we have z — C1v € Bjv. Then by the monotonicity of
By, it has
<U — Up,, 2 — C1v — %(an —AD1Cizp, — unk)> > 0.
Consequently,
(v —tup,, 2)

> <v — Up,, C1v + %(an — AD1C1zp, — unk)>

= (v = tn,,, C1v — D1C1 2, + Crun, — Chttn,, + 3 (20, — Uny))
=(V — Up,,, C10 — Chuy, ) + (U — Uy, , Crun, — D1C12y,) + <v — Up,, %(an — unk)> (3.22)
>uv1||Crv — C’1unk||2 + (v — un,, Crtn, — D1C12y,,) + <v — Up,, %(an — unk)>

> (v — Uy, Crtn, — D101 20, ) + (0 — Uny, § (20, — Uny)) -
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We claim that the two terms on the right side of (3.22) tend to zero as n goes to infinity. In fact, from
Assumption 3.2 (v), (3.21) and the fact that C; is a %—Lipschitz continuous operator, we derive
|(v — up, , Crupn, — D1C12p,)]
‘</U — Uny, Clunk - D].C].an + Clznk - O]_an>|
<[{v = tuny, Crum;, = Crzn )| + [{v — uny,, Crzn,, — D1C12n,.)|
1
vy
—0as k — oo.

< —l[o = uny [ty = 20, || 4 [lv = wny [ 01 (zn))

This means

kli_)n;()(v — Uny, Crtn, — D1C12y,,) = 0.

Moreover, that

lm —(v — up,, 2n, — Un,) =0
k—oo A

follows from
1 1
0< XKU = Uny» Zny, — u”k” < XH'U - unkHHunk - an” — Oask — oo.
Taking the limit with respect to k on both sides of (3.22), we get

lim (v — up,,2) = (v—¢,2) > 0.
k—o00

Thus we have 0 € (B + C1)q as By + C} is a maximal monotone operator.

Next, we prove 0 € (By+C3)Aq. By (3.20) and that z,,, — gas k — oo, we gety,, — gas k — oo,
which implies Ay,, — Agqas k — oo since A is a bounded linear operator. We conclude that
Aq = TAq by (3.18) and Lemma 2.6. Moreover, 0 € (B + C3)Aq follows from Lemma 2.3. Hence,
q € Q. So we obtain wy, (z,) C .

Finally, we prove {x,,} converges strongly to z* = Pq f(2*). From (3.17), we know that
|1 — 2™
<(1 = on(1 = p))l|lzn = 2" + On(llan — *|* = [lzn-1 — 2*[|*)
+ 20 (f(2") = 2%, 21 — 27) — (1= an)yn(l = 3l AAT DT — D Ayall® + Ky,
<(1 = an(1 = p))llzn = 2| + Onllzn — w1l (l2n — &"[| + lzn-1 — 2*[])
+ 20, (f(2") — 2", xpy1 — ") + K,

=1 — wy)||zn — :C*H2 + wpon + On.

Set wy, = ap(l—p), 0p = ﬁ(f(a:*) —a*, Tpy1 — ) and 6, = Op||wy — 21 ||(||2n — 2* ||+ ||2n—1 —
z*||) + K, in Lemma 2.7. Then it is clear that ) > | @, = coand >~ §,, < cco. We verify that {0}, }

satisfies the condition (ii) of Lemma 2.7 now. Obviously, we have

2
lonl < T— Hllf(w*) — & [[Jzn 1 = 2 < oo,
which implies that lim sup,,_,, 0, is a finite number. Therefore, there exists a subsequence {0, } C
{on} such that lim sup,,_,, 0, = lim;_, 0pn;. Without loss of generality, assume x,,;, — g as j — o0.
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Then g € Q and 2,41 — g as j — oo according to (3.13). So,

limsup oy, = = limsup(f(z*) — 2", zp41 — x¥)
n—00 U n—oo

2 . * * *
=1 lim (f(z") — 2%, 241 — 27)

—u Jj—00
2 ~
= ﬂ(f@*) —z*,q—1")
<0.
As a result of Lemma 2.7, we have
lim ||z, — 2" =0.
n—o0
That is {z,,} converges strongly to z* = Pq f(z*). O

3.2. Bounded perturbation algorithm and convergence results. In this subsection, we start with
the definition of bounded perturbation resilience of an algorithmic operator, then we introduce the
bounded perturbation algorithm of the exact version of algorithm (3.1). The strong convergence of it
follows from Theorem 3.3.

Definition 3.4. (Bounded perturbation resilience [20]). Given a problem ). An algorithmic operator
T : H — H is said to be bounded perturbation resilient if the following condition holds: if the sequence
{z,,}, generated by z,,41 = T'x,, with xy € H, converges to a solution of 1), then any sequence {y, },
generated by y,+1 = T'(yn + Bnvn) with yg € H, also converges to a solution of ¢, where {v,} is a
bounded sequence in H and the scalars 3,(n = 0,1,2,---) satisfy 8, > 0and > ", 5, < .

We consider the exact version of algorithm (3.1) as the algorithmic operator 7. Let e, = 0,n > 1in
algorithm (3.1), we get the following exact version: given arbitrary zo, x; € Hj, define

Yn = Tp + Hn(xn - xnfl)a
Zn = Yn + A" (JP2(Ayn — sDo(Ay,)CoAyy) — Ayn), (3.23)
Tni1 = nf(yn) + (1 — an) L (2 — AD1(20)Cr2n), 0 > 1.

Corollary 3.5. Let Assumption 3.1 and Assumption 3.2 hold. Then the sequence {x,,} generated by algo-
rithm (3.23) converges strongly to x* € ), where x* = Pqo f(x™).

The bounded perturbation algorithm of algorithm (3.23) is : given arbitrary xg, x1 € Hj, iterate

Wy, = T + Bnn,

y;z = Wp, + On(Wn — wn-1),

2y = Up + WA (P2 (Ay, — < Da(Ay,)C2Ay,,) — Ay,,),
Tng1 = anf(y,) + (1= an) I (2, — AD1(2,)Chz,),n > 1.

(3.24)

Theorem 3.6. Suppose that Assumption 3.1 and Assumption 3.2 hold. Let {5,} and {v,} fulfill the
conditions stated in Definition 3.4. Then the sequence {x.,,} generated by (3.24) converges strongly to z* €
Q). Hence, algorithm (3.23) is bounded perturbation resilient.

Proof. Plug wy,, = z,, + Bpv, into the second formula of (3.24). We get

y; =Ty + ann + Qn(xn + ann - (xn—l + 5n—1vn—1))
=T, + en(xn - xn—l) + ann + en(ﬁnvn - Bn—lvn—l)

=T, + 071(3771 - xn—l) + e;w
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where e;l = Bnvn + 0n(Bnvn — Bn—1vn—1) such that

o) oo
D llenll =D 1Bnvn + 0n(Bavn — Bu10n-1)|
n=1 n=1

< Z [ Brvnll + Onll Brvn |l + Onll Brn—1vn-1]
=1

) [e%S)
< Balllvall + Onllvalll + - OnBallvn-1]
n=1

n=1

< + 00.

So algorithm (3.24) can be rewritten as

Z/;L = wp + en(wn - wn—l) + G,n’
2 = Yy + WA (JP2 (Ay, — <Da(Ay,)C2Ay,) — Ay,,),
Tna1 = an f(y,) + (1 — o) JY (2, — AD1(2,)C12,),n > 1,

which is algorithm (3.1). So we get that the sequence {x,} generated by (3.24) converges strongly
to * € (1 according to Theorem 3.3. It also means that algorithm (3.23) is bounded perturbation
resilient. O

3.3. Superiorization algorithm and superiorization algorithm with restarted perturbations.
Superiorization algorithm works by using the bounded perturbation resilience of a basic algorithm and a
nonascending direction of the target function at each iteration point. Then this algorithm provides us an
automatic way for finding a solution of problem (1.1) and getting a reduced target function value. In this
subsection, we introduce the concept of nonascending direction at first. Then we give the superiorized
version (AlgS) of algorithm (3.23) and the superiorized version with restarted perturbations (AlgSR).

Let ® : H — R be a target function. A vector v € H is said to be a nonascending direction of the
function @ at point z, if ||v]| < 1 and there exists a positive number ¢ such that for any ¢ € [0,¢), it
has ®(z + dv) < ®(x). Such nonascending direction always exists. For example, the zero vector v is a
nonascending direction of ® at x.

The pseudocode of the superiorized version (AlgS) of the algorithm (3.23) is given in the next page.

Note that the summable sequence {/3,,} = {ac"} employed in AlgS decreases to zero quite fast. This
will make the perturbations 3,v,(n = 0,1,2,---) insignificant. That restarting the perturbations to
a previous value while maintaining the summability of the perturbation sequence is a useful method
as it may be improve the performance of an algorithm. In the following pseudocode of superiorized
version of algorithm (3.23) with restarted perturbations (AlgSR), {W, } is a positive integer sequence
used to control when the perturbations return to a previous value.

4. NUMERICAL EXPERIMENTS

In this section, we present some numerical experiments to illustrate the performance of the proposed
algorithms. All numerical results are written in MATLAB R2023(b) on an Intel(R) Core(TM) i5-8265U
CPU, 1.80 GHz computer with a 8.00GB RAM. Denote the number of iterations by “Iter”, the CPU time

© _»

by “Sec” in seconds and the stopping criterion ||z, +1 — 2| < & by “€”.

Example 4.1. Let H; = Hy = R equipped with the inner product (x,y) = zy (V z,y € R) and
the induced norm ||z|| = |z| (V2 € R). Define By : H; — 281 by Byx = 3z, By : Hy — 22 by
Box = 2x,Cy : HH — Hy by Cyz = sinz and Cy : Hy — Hs by Cox = 3z (Vo € R). Obviously, both
Bj and B, are maximal monotone operators. (] is a 1-inverse strongly monotone operator and C is a
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Superiorized version of algorithm (3.23)

1Given o, 21 € Hic € (0,1),a > 0, N € Ny, {an} C (0,1), 6 € [0,1), 7 € (0, =y)s
2setn=1,1=—1;

3 repeat

4 set :591 =Tp, 2 = Tp—_1;

5 fork=0:N-—1;

6 set v tobea nonascending vector for ® at zk;
7 setl =1+ 1;

8 when ®(zF + ac'vk) > ®(zk)

9 l=1+1;

10 end

11 set xﬁ"’l = mﬁ + aclvﬁ;

12 end

13 setx,, = a:,]y;

14 compute yn, = Tpn, + On(Tn — 2);

15 set 2, = y,, + A" (JP2 (Ay,, — cDa(Ay,)C2Ay,) — Ay,);
16 set T, 41 = anf(y;) +(1- ozn)JiEel (z;1 — )\Dl(z;)C’lz;);
17setn =n+ 1.

Superiorized version of algorithm (3.23) with restarted perturbations

1 Given xo, z1, ¢ € (0,1),a > 0, {an} C (0,1), 0, € [0,1), y» € (0O, ﬁ), N € Ny, and a sequence of positive
intergers {W, }22,.

2setn=11l=—-1Lw=0,r=0;

3 repeat

4 set :Jc% =Tn, 2 = Tn-1;

5 fork=0:N—1;

6 set v¥ to be a nonascending vector for ® at z*,
7 setl =1+ 1;

8 While ®(z% + ac'vk) > &(xk)
9 setl =1+1;

10 end

11 set xﬁ“ = :v’fL + aclva;

12 end

13 setw=w+ 1;

14 Ifw=W,

15 setr=r+1,l=7r,w=0;
16 end

17 set x,, = xfj;

18 compute y, = xn + O, (fl:n — Z);

19 set i1 = on f(yn) + (1 — an)U(yn +yA*(T — 1) Ayn);
20setn =n+ 1.

3-inverse strongly monotone operator. Let Az = £ (Vz € R). Then A : Hy — Hj is a bounded linear
operator on R and the adjoint A* of A is defined by A*y = £ (Vy € R).

In the numerical experiments, we choose Dy (z) = Da(Az) = [1+ ]I (¢ € (—1,1) is a constant),
On = 7> I = ﬁ 4+ 0.01, e, = 0, X € (0,2min{1,3}) = (0,2), o, = ﬁ and f(z) = 3
in algorithm (3.1) (Alg (3.1)), AlgS and AlgSR. Choose N = 10, ¢ = 0.8, the target function ®(z) =
%|x\2, Va € R in AlgS, AlgSR and choose W, = W = 30 in AlgSR. For algorithm (1.5) (Alg (1.5)), we

use the parameters provided in [9].
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FIGURE 1. The number of iterations with the different initial values
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Figure 1 (a)-(d) illustrate the numerical results of Alg (1.5), Alg (3.1), AlgS and AlgSR with the differ-
ent initial values and the different stopping criterions. From the left figures of (a)-(d), we can see that
Alg (3.1), AlgS and AlgSR have much fewer iterations than Alg (1.5) under the same stopping criteri-
ons. We compare the numerical performance of the three algorithms Alg (3.1), AlgS and AlgSR in the
right figures of (a)-(d). It is reported that the three algorithms have the same iteration numbers when
the stopping criterion is 10719, AlgSR or AlgS has better numerical performance than the other two
algorithms under some stopping criterions.

Example 4.2. Let H; = Hy = l3(R), where [b(R) = {z = (z1, 22, -+ , @i, )|z € R, D2 |24]? <
oo} with the norm |jz|| = /> oy |zi|> (Vo € 12(R)). Let Bixz = 2z, Box = 5z (Va € l»(R)).
Clearly, B and By are maximal monotone operators from l2(R) to [2(R). Let Chz = (%‘xl‘ %lml

9 5

%‘m", «++), Cor = 3z (Vo € [2(R)). It is easy to verify that C is 1-inverse strongly monotone
and (' is 3-inverse strongly monotone. Define a bounded linear operaor A from H; to Hy as Ax =
(0,21, %,%,---) (Vo € [2(R)). Then the adjoint operator A* of Ais A*y = (y2, %, %,---) (Vy €
I2(R)).

In the following numerical experiments, we select Dy (z) = Da(Az) = [L — 5]I (t € (=1,1) is

a constant), 6,, = #, Yo = 0.001 + —L—, X\;¢ € (0,2min{1,3}) = (0,2) and v, = ﬁ in Alg

[AA*|n2
(3.1), AlgS and AlgSR. We define a target function ®(z) = 3||z||* and the nonascending direction v of
the function ® at point x as v = —ﬁ if ||z]| # 0 or v = 0, otherwise in AlgS and AlgSR. We use the

parameters given in [9] for Alg (1.5). Choose the initial values zo = (3,3, 1,-++), 21 = (1,2,3,---).

We first consider how the kernel c of the summable perturbations and the inner loop number N affect
the iterations of AlgS and AlgSR. Then we report the numerical results of AlgSR with the different .
Finally, we compare the numerical performance of Alg (1.5), Alg (3.1), AlgS and AlgSR.

5 10 15 20 25 30 35 5
Iteration numbers Iteration numbers

(a) AlgS (b) AlgSR
FIGURE 2. Comparison of iteration steps of AlgS and AlgSR with different c and N

In Figure 2, we choose the contraction operator f = 0.7, the number of consecutive step-sizes of the
restart W = 50, the stopping criterion ¢ = 10, 1072,--- ;1071 and set ¢ = 0.2,0.5,0.9, N = 2, 20,
respectively. It can be seen that the iteration numbers of AlgS is greatly affected by the different values
of ¢, N and it has the least number of iterations when ¢ = 0.2, N = 20. In contrast to this, the iteration
numbers of AlgSR is less affected by the values of ¢, N and it has the least number of iterations when
c=0.5, N = 20.

In Figure 3, we choose the contraction operator f = 0.7, the stopping criterion ¢ = 10°,1072, - - -,
10719, Set W = 2,20, 35, 50, respectively. We compare the number of iterations of AlgSR with the
different values of W in two cases: ¢ = 0.5, N = 20 and ¢ = 0.9, N = 2. It can be seen that AlgSR has
better convergence performance with W = 50 in the both cases.
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FIGURE 3. Comparison of iteration numbers of AlgSR under different ¢, N and W

TaBLE 1. Numerical results for different contraction operator f(z)

(@) Alg (1.5) Alg (3.1) AlgS AlgSR
Iter.  Sec. Iter.  Sec. Iter. Sec. . Iter.  Sec.
0.1z 6113 0.3186 39 0.0129 35 0.0332 0 29  0.0257
0
0

0.5z 6113 0.3129 41 0.0120 36 0.0333 34 0.0261
0.9x 6113 0.3232 43 0.0133 36 0.0299 36 0.0277

o o ok’

In Table 1, we choose ¢ = 0.9, N = 2, W = 50, the stopping criterion ¢ = 1072 and compare the
numerical performance of Alg (1.5), Alg (3.1), AlgS and AlgSR when f = 0.1, 0.5, 0.9, respectively. The
experiments show that the proposed algorithms Alg (3.1), AlgS and AlgSR have obviously advantage
than Alg (1.5) in decreasing the number of iterations and the running time whatever the value f takes.
Especially, the superiorized algorithm with restarted perturbation has the minimum number of iteration
while running relatively little compute time.

5. CONCLUSION

In this paper, we proposed an inexact scaled forward-backward algorithm for solving the split mono-
tone variational inclusion problem and proved the strong convergence of the generated sequence under
some appropriate conditions. We also discussed the bounded perturbation resilience of the exact ver-
sion of it and introduced the superiorization algorithm as well as the superiorization algorithm with
restarted perturbations. In numerical experiments, we illustrated the effectiveness of the proposed al-
gorithms and showed the effect of the kernel ¢, inner loop number N and the number of restarted
steps W on the number of iterations. The numerical results show that choosing of appropriate W may
effectively reduce the number of iterations.
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