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Regularized Dynamical Systems for Finding Zeros of
Generalized Monotone Operators
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Abstract: We propose regularized dynamical systems for finding zeros of generalized monotone oper-
ators in both continuous- and discrete-time settings. We establish strong convergence of the trajectories
generated by such systems. Our results not only refine and extend the existing results, but also highlight
examples where our results are applicable where current theory does not. Examples indicate that our
methods exhibit varying convergence behaviors, with speeds that can be either faster or slower than the
existing methods, depending on particular problems.
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1. Introduction

In this paper, H is a real Hilbert space, equipped with inner product (-, -) and associated norm || - ||. For a
given operator B : H — H, the subject of our study is the following problem

Find x* € H such that B(x*) = 0. (1)

For the sake of brevity, the set of zeros of B is referred to as Z(B). Despite its apparent simplicity,
Problem (1) has proven relevant in numerous diverse areas. The typical approach to tackling Problem (1)
requires the assumption that the operator B satisfies a monotonicity, as defined in the following senses.

Definition 1.1. Let y be a positive constant. An operator B : H — H is called
1. y-strongly monotone if (B(u) — B(v), u —v) > yllu —o|* Vu,v € H.
2. monotone if (B(u) — B(v),u —v) >0 Vu,v e H. m|

A natural first thought to solve Problem (1) might be the iterative scheme x(k + 1) = x(k) — B(x(k)).
However, this approach is problematic: fails to converge under the condition that the operator B is mono-
tone; for instance, consider B : R? — R? defined by B[x1,x2]7 = [~x2,x1]" with initialization x(0) # 0.
When faced with the limitation of monotonicity condition, the Tikhonov regularization method is often the
approach taken by researchers. Originally designed for inverse problems, the regularization method has a
rich history in optimization (see [2, 3, 12, 18]). Consider the regularized problem

Find x* € ‘H such that B(x*) + eF(x*) =0, (2)

where F : H — H is a strongly monotone and Lipschitz continuous operator, € > 0 is a regularization
parameter. It was proven in [11, 13] that Problem (2) has a unique solution x. and it strongly converges to
a solution of (1) as € tends to 0. Based on this idea, the aforementioned iterative scheme becomes:

x(k +1) = x(k) = s(k)B(x(k)) — s(k)e(k)F(x(k)). €)
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Under some certain conditions on the regularization parameter, the scheme (3) achieves strong convergence,
as demonstrated in [4, 12]. These conditions impose limitations on the allowable scope of parameters. In
this paper, we not only extend the scheme (3) to a broader class of operators, but also propose more relaxed
conditions on the regularization parameter compared to the existing results.

The application of ordinary differential equations (ODEs) to the formulation of optimization algorithms
is a subject of increasing scholarly attention, with the continuous gradient method y’(t) = =V¢(y(t)) for the
unconstrained minimization of the differentiable convex function ¢ representing an early example. This
method suggests tackling Problem (1) through the first-order ODE

y'(t) = -B(y(t)) (4)

with starting time fo > 0 and initial conditions y(tp) = y°. Although ergodic convergence is a feature of the
trajectories of (4) when the operator B is monotone, ordinary convergence is not ensured (see [0, 9]). The
stronger condition of B being cocoercive leads to a significant change in convergence, resulting in weak
convergence of the trajectory y(t) and strong convergence of the residual ||B(y(t))|| for the system (4) [8]. Like
the discrete-time setting, the regularization method is highly effective in overcoming the disadvantages of
the monotonicity condition (see [5, 8, 9]). While the papers [5, 8, 9], following this reasoning, introduce
dynamical systems that possess strong convergence and fast speed, their analysis is limited to the case
F = I (with I denoting the identity operator), specifically for the system

xX'(t) = =B(x(t)) — (t)x(t) ()

with initial time ¢y > 0 and initial conditions x(to) = x°. Our paper differs itself by considering a more
general case, focusing on the system

xX'(t) = —B(B)[B(x(t)) + e(t)F(x(£))]. (6)

In practice, the operator B does not behave according to the monotonicity conditions set forth in Definition
1.1. A case in point is the operator W : R* — R?2
w l¥1] 2 e+ _ 1 4 x1 + 13xp )
xo| T @MY -1 —(7x1 + 1) |

The existing methods [5, 8, 9] are no longer applicable to the operator W. In the paper, we propose
ODE:s to address Problem (1), where the operator B is characterized by a property generalizing Definition
1.1 and concurrently containing the operator W. The monotone operators under consideration in this work
are defined in the following manner.

Definition 1.2. [16] Let y be a positive constant. A pair (A, B) is called
1. y-strongly monotone if (B(u) — B(v), Au — Av) > y|lu —o||* Vu,v € H.
2. monotone if (B(u) — B(v), Au — Av) >0 VYu,v e H. O

Example 2.4 and the works [1, 14] show the surprisingly large scope of operators satisfying Definition
1.2, a class that properly contains those meeting Definition 1.1.

The following outlines the organization of the subsequent sections. Section 2 prepares for the main
results by defining key terms and establishing some initial observations.

Section 3 focuses on the regularized dynamical system (6), which extends the system studied in [5, 8, 9].
Our extension involves two generalizations. Firstly, the monotonicity property, initially defined for the pair
(I, B), is extended to the pair (A, B). Secondly, the regularization ¢(f)x(t), which became so familiar in (5),
is generalized to encompass a more comprehensive form ¢(f)F(x(t)). Our analysis in Section 3 yields three
main results.

¢ Theorem 3.5 shows that strong convergence of the trajectory is guaranteed under the condition that
the set Z(B) # 0. Note that Theorem 3.5 encompasses the classical result of trajectory convergence to the
minimum-norm solution [5, 8, 9] as a special case.

* Theorem 3.7 proves the reverse of Theorem 3.5; in detail, bounded trajectories imply that the set
Z(B) # 0.



Journal of Convex Analysis 321

* Theorem 3.10 delivers a convergence rate for the residual, given certain additional conditions on the
regularization coefficient. The flexibility to adjust the regularization operator F is found in Theorem 3.10,
providing a way to enhance the efficiency of the regularized dynamical system (6) (see Remark 3.13).

Section 4 studies the discrete counterpart (3) of (6). Obtained here is the development of discrete-time
counterparts to Theorems 3.5 and 3.7, with relaxed conditions compared to [12] (see Example 4.5). Note
that the existing literature, specifically papers [5, 8, 9], has only studied the dynamical system (6) with
F = A = [, leaving its discretizing unexplored. Our paper fills this gap with two contributions. First, we
discretize the dynamical system (6) to produce a novel algorithm. Second, our paper not only provides
a concrete algorithm but also establishes a strong two-way link between the algorithm’s convergence and
the condition Z(B) # 0. Specifically, we prove that convergence requires this condition, and conversely,
that the boundedness of the generated trajectories implies it, thereby completing the convergence analysis
in discrete setting.

The theoretical results are empirically validated in Section 5 through illustrative examples, which
specifically confirm the observations made in Remark 3.13. These examples indicate that the convergence
rate of our method, in comparison to the existing ones, depends on particular problems; it can be either
faster or slower.

2. Preliminaries

Key concepts, specifically monotone operators and ordinary and difference equations, are recalled in this
section as a basis for the main results.

2.1. Monotone operators

We first review the concepts of monotone operators to provide the necessary context for the main results.
Assumption 2.1. Assume that the operators A, B, F : H — H satisfy the conditions (i)—(iii):

(i) The pair (A, B) is monotone.

(ii) The pair (A, F) is y-strongly monotone.

(iii) The operators B, F are Lipschitz with constants L;, L, respectively.

Assumption 2.2. Assume that conditions (i)-(iii) hold.

(i) The operator A is linear.

(i) There exist positive constants A, L such that

lAgll < Lligll YgeH, and (Ag,g)=Algl* VYgeH.

(iii) The operator A is self-adjoint.

Remark 2.3. Recall from [17] that a bounded linear operator R : H — H is said to
be positive if (Rx,x) > 0 for all x € H, while it is classified as strictly positive if the inequality holds
strictly for all non-zero x. It is known from Assumption 2.2(iii) and [17, Corollary 5.5] that there is only one
positive self-adjoint operator T that squares to give A. This operator is the positive square root of A, denoted

by VA. O

Example 2.4. Let H = R", A = (a;j)uxn be a strictly positive matrix with ax; >0, fi :R - R,i=3,...n be
Lipschitz continuous and monotone increasing functions. The operators A, B : R" — R" are defined as

n n n n T
A(x) = ﬂx, B(x) = [— Z tlzjx]', Zaljx]', fg(z {13ij) ey fn(Zanjxj)] .
j=1 j=1 j=1 j=1
For all x, y € R", we have

(B(x) = B(y), Alx) = A(y)) =

= {f( aijxf) - f(z ﬂz‘jyf)}{ INTIEDY az‘j%‘} 2 0.
i=3 =1 =1 =1 =1
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The pair (A, B) is monotone; but (I, B) is not, since
(B(e') - B(0), e —0) = —axn <0,

where e! = [1,0,...,0] .

2.2. Ordinary differential equations
The following discussion prepares the reader for the basic concepts regarding ordinary differential equa-
tions.

Definition 2.5. The function £ : [0, c0) — H is said to be locally absolutely continuous if, within every finite
interval [c, d] of its domain, it is possible to identify an integrable function ¢ mapping [c, d) to H, which
satisfies the following equation

t
h(t) = h(c) + / g(s)ds Vtelc,d]. O

Remark 2.6. Locally absolutely continuous functions are almost everywhere differentiable, with derivatives
equal to their distributional derivatives almost everywhere.

Remark 2.7. Let f : [a,b] — H be an absolutely continuous function and U : H — H.
Then, ¢ = Uf is also absolutely continuous. Additionally, ¢ is almost everywhere differentiable, and
its derivative satisfies ||g’(t)|| < L[| f’(t)|| almost everywhere, where L, is the Lipschitz constant of U. O

Consider the dynamical system

x'(t) = =p)[B(x(t)) + e(t)F (x())], @)
x(to) =x e H,
where the starting time ¢y > 0, the functions §, ¢ : [tg, 00) — (0, o) and operators B, F : H — H.
The solution of dynamical system (8) is understood in the following sense.
Definition 2.8. A function x is called a strong global solution of equation (8) if it holds:
(1) The function x : [tg, c0) — H is locally absolutely continuous.
(2) x'(t) = —B(t)[B(x(t)) + e(t)F(x(t))] for almost every t > to and x(tg) = x°. O

Remark 2.9. To ensure the existence and uniqueness of the trajectory x(t) generated by (8), we require that
B and F satisfy Lipschitz conditions and that  and ¢ are locally integrable. See [10, Proposition 6.2.1] for
details. m|

2.3. Difference equations

This section serves as a prerequisite for the main results in discrete time by revisiting the concepts of
difference equations and proving some observations.

Operators employed in the discretization of ODEs include y*(1n) = y(n + 1) — y(n). Proposition 2.10
supports our convergence analysis.

Proposition 2.10. We always have

[(a(n), b()]* = (a(n), b(n)) + {(a(n), b*(n)) + (a®(n), b2 (n)) .
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Lemma 2.11. Let u,y, f : N — (0, c0) and

p(n +1) < u(n) +y(n)\u(n) + f(n) Vn.

m+x—1

Then it holds that ~Ju(m + «) < \u(x) + Z (\/f(j) + y(j)).
j=K
Proof. By taking square roots and subsequently utilizing \/p +q < /p + %, we arrive at the following
inequalities
(n)yp(n)
(n+1) < Vu(n) + f(n) + =2 < fu(n) +[f () + y(n).
Vu Vi) + fln) + s < Vi fn)+y
Summing both sides from n = x ton = m + x — 1 yields the desired result. m]

3. Regularized dynamical systems from continuous perspective

The monotonicity condition of the pair (A4, B) is insufficient to guarantee the convergence of the trajectories
generated by the dynamical system x’(t) = —B(x(t)), as demonstrated below.

Example 3.1. Let H = RZ?, and define the operators A, B : R2 — R? as follows

A x1| _ |16x1 + x2 B x1| _ |—x1—49x2
X2 h x1 +49x, ! X2 h 16x1 + x» '
It can easily be checked that the pair (A, B) is monotone, but the pair (I, B) is not. The trajectories generated
by the dynamical system x’(t) = —B(x(t)) fail to converge to 0. O

In this section, we consider the dynamical system (6) under Assumptions 2.1, 2.2 and 3.2, which extends
the system studied in [5, 8, 9].

x'(t) = =p(O)[B(x(t)) + e(t)F (x(1))].

This extension is twofold. We extend the applicability of the monotonicity property beyond the specific
case of (I, B) to the more general case of (A, B), with the operator A subject to Assumption 2.2. Furthermore,
the regularization is generalized to encompass a more general form, ¢(t)F(x(t)), where the operator F and
regularization coefficient ¢(f) satisfy Assumptions 2.1 and 3.2, respectively.

Assumption 3.2. The regularization coefficient ¢ : [tg, 00) — (0, 00) is assumed to be continuously differ-
entiable, fulfilling (9) and (10)

tli_)rg e(t) =0, )
/ﬁ(s)s(s) ds = oco. (10)
to

Remark 3.3. We list some of the terminology employed in the proofs.
(i) Since the operator A is self-adjoint, for all x, y € H, we have

(x -y, AB(x) - AB(y)) = (A(x) — A(y), B(x) - B(y)) > 0.

The operator AB is monotone and continuous and hence Z(AB) is convex. Moreover, under Assumption
2.2,it1is easily seen that Z(B) = Z(AB). The convexity of Z(B) and strong monotonicity of (A, F) ensure that
the variational inequality VI(AF, Z(B)) possesses a single solution, denoted by ¢, which fulfills

{¢ezw»
(AF(¢),y ~¢) 20 Vy e Z(B).

(ii) Denote I'(t,r) = exp (/rt 2Tyﬁ(s)e(s) ds). O
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Having made the necessary preparations, we are now in a position to analyze the convergence of the
trajectories generated by (6), with the aid of the following lemma.

Lemma 3.4. For z € Z(B), denote
o(t) = %(A(x(t)—z),x(t) —2), (11)
w(t) = % (A(B(x(t) + e(t)F(x(t))), B(x(t)) + e(t)F(x(t))) - (12)
Along with Assumptions 2.1 and 2.2(i)~(ii), assume that Z(B) # 0. Then conclusions (i)—ii) are valid:
(i) It holds that

o'(t) + z%ﬁ(f)é‘(t)v(t) < —p()e(t)(x(t) — z, AF(2)) (13)

< ZB(H)e(t)o(t) + %ﬁ(t)e(t)HN/ATF(z)llZ.

(i) The trajectory x(t) and F(x(t)) are bounded, meaning that

C = sup [F(x(D)]] < oo.

t>tg
(iii) It holds that

W (1) + LpOebo(t) < ~8 (F(H), A (1)), (14)

Proof. (i) We have

v'(t) = (x'(t), Ax(t) — Az)
= —p(t) (B(x(t)), Ax(t) — Az) — B(t)e(t) (F(x(1)), Ax(t) - Az)
< 0—B(t)e(t) (F(x(t)) - F(z), Ax(t) - Az) - p(H)e(t) (F(z), Ax(f) — Az)
< —z%ﬁ(f)é‘(f)v(f) — B(t)e(t) (AF(z), x(t) — z)

which gives
V(1) + ZO)et)ot) < Bl (~VAFE), VAR(D) - 2))
< TBOeto(t) + PO eIVAFP.

(ii) By Assumptions 2.1(iii) and 2.2(ii), it is enough to show that the function v(t) is bounded. It follows
from (13) that

o)+ FRDEDO) < L AOWIVAF G
Multiply both sides by 6(t) = exp (% ft; B(s)e(s) ds) to get
4 (00(0) < SO DINAF) = %n«ﬁﬂz)uz.
After integrating t € [t, s], we obtain
6(s)o(s) = O(to)o(to) < %[G(S) — 6(to)] - IVAF ()|,

which means
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O(to)v(to) 0(to) 2
o(s) < Aot +y2( ) IVAFG)

< O(to)o(ty) + ;—inmz)uz.

(iif) We establish the conclusion by using (15)-(16), as proven below. The monotonicity property of the pair
(A, B) gives

<B(X(S))—B(X(t)) Ax(s)) - A(x(t))>

s—t ! s—t
which implies, by letting s — £, that
([B(x(t))]', Ax'(t)) =0 Vt > to. (15)

The strong monotonicity of the pair (A, F) yields

<F(X(S)) —F(x(t)) Alx(s)) = A(x(t))> x(s) = x(t) H
s—t ! s—t s—t
and then taking the limit as s — t gives
(), Ax'(1) 2 yll' (DI ¥t > to. (16)

Having established (15)—(16), we proceed to prove the conclusion (iii).
Indeed, since the operator A is self-adjoint, we have

w'(t) = <[B(X(t))]’ [e(DF (x(£)]', AB(x(t)) + e(t)AF (x(1)))
[B(x(t)]" + [e(DF (x(1))], —Ax'(t))

ﬁ(t)
£, 0 i (TGO, Ax' () = T (FGx(1), Ax'(0),
which, as
(FC@),AX®) 2 I OIF = yp@IBa(0) + Ox(OIF
> ZB2(B(x(1) + e())x(t), AB(x(1) + () Ax(1)
= 2Bt wt),
gives (14). O

3.1. Strong convergence

Theorem 3.5. Consider the dynamical system (6), under Assumptions 2.1 and 2.2. Assume that the reqularization
coefficient ¢ : [tg, 00) — (0, 00), in addition to Assumption 3.2, satisfies

: le’(t)] _
either th—>oo OEG =0, 17)
or / (ﬁ(s) + m) le"(s)|ds < oo. (18)

fo

Then the trajectory x(t) generated by (6) converges strongly to ¢, the unique solution of the problem VI(AF, Z(B)) as
t — oo, provided that Z(B) # 0.
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Proof. Claim: tlim B(x(t)) = 0.
Case 1. Condition (17) holds.
Recall that the function w is defined in (12). By (14) and Assumption 2.2(ii), we have

W'(t) + LB e ()

A e ’ 3 (P
<2 O 4 L O e P

T 2L ) 274 B(t)e(t)
3 7 2
= LEBOeWIB() + eFEWIP + 5 - S lIFx()IP
Y6(H)e B eOP ~2
< TROetw(t) + 33 5

which implies, by [9, Lemma 1] and (17), that

2
lim sup w(t) < limsup (;é)(;()l)) -

t—o00 t—o0

Here, the constant C is specified in Lemma 3.4. Thus, by Assumption 2.2(ii), the limit of B(x(t)) +
e(t)F(x(t)) as t — oo is zero. Consequently, applying Lemma 3.4(ii) along with (9), it follows that the limit
of B(x(t)) is also zero.

Case 2. Suppose that (18) holds.

The product rule, applied to the left side of (14) after multiplying by I'(¢, fo) as specified in Remark 3.3,
gives us

%(F(t, to)a)(t)) < —%r(t, to) (AF(x(t)), x"(t))

le"(#)] 202 ()7
< S L 10) (LPC + X (OIF)

with the last inequality due to Lemma 3.4(ii). Note that

[lx" (1)1 5 BHIIB(x(t) + e(D)x ()P R %ﬁ(t)zw(t)

ssumption 2.2(iii)

Thus, we get

& T ) < T 1) (L2C7 + 3p ),

which implies, after integrating ¢ € [f1, t2], that

[(t2, to)w(t2) <

-, t2
<T(t1, to)w(tr) + L2C / ';(L:))'r(t, t)dt+ 2 [ Bl (DI, to)w(t) dt
t 51

[15, Theorem 1.3.1], applied to the inequality above, leads to the following

-, t ,
T(ty, to)w(t) < (ral, fo)w(ty) + L2C2 / ';(—(jj'm, to) dt)e%ftf Pl @l
5]

Dividing the line above by I'(t;, to) yields

to t
Lt to)w(t) | jac2 [71E®1 Tt t) 40,5 57 BO Oldt
) < (L f)olt) | . t !
w( 2)_( T fo) T C/t B(H) F(tz,to)d)e 1

t
(F(tlrto)ﬂ)(tl) L 2c2 / 1) dt) IR0l @lar
f

IA

[(t2, to) B(t)
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which implies, after letting t, — oo and using (10), that

lim sup w(tz) < (L2C2 /00 "ol dt) e%/ﬁw PN dt.
t

th—o0 ﬁ(t)
Note that by (18),
0o > / (5(5) + L) le"(s)l ds > / (B(s) +0) | (s)] ds,
J B(s) to
which leads to
o0 o0 3]
B(H)le’ ()| dt = B(B)le’ (1)l dt - B(t)le’ (1) dt.
51 to to
Hence,
tlim / B(t)le’(t)|dt = 0.
1= Jy
Similarly,

Y (0]
1 —=dt =0.
o Jy B0
Now, letting t; — oo in the lim sup estimate of w(f,) yields tlim w(t) =0.
As a consequence of Lemma 3.4(ii) and (9), it follows that the limit of B(x(t)) as t approaches infinity is

Zero.
To recapitulate, the satisfaction of either condition (17) or (18) implies

lim B(x(¢)) = 0.

Applying (13) with the function ¢(t) defined as %(A(x(t) — ), x(t) — ¢), where ¢ is an element of Z(B) as
specified in Remark 3.3, we obtain

W)+ ZpOep(t) < BO)e(t) (x(t) — ¢, ~AF(®)),
which implies, by (10) and [9, Lemma 1], that

lim sup ¢(t) < limsup <x(t) -0, —AF(gb)) . (19)
t—o0 t—oo

We will now demonstrate that, on the condition that B(x(t)) — 0 ast — oo, every weak cluster point of x(:)
belongs to Z(B). The existence of such cluster points is guaranteed by the boundedness of the trajectory.
Let xo be an arbitrary weak cluster point of x(t). Consequently, there exists a sequence {x(s;)}m>0 such
that x(s,,) converges weakly to x5 as m — oo. Moreover, B(x(s;)) — 0 as m — oo, which implies by
Assumption 2.2, that AB(x(s;)) — 0, too. Given that AB is maximally monotone, its graph is sequentially
closed in the weak X strong topology of H X H. This implies that AB(xe) = 0 and so B(x) = 0. This result,
in conjunction with (19), allows us to conclude that

limsup ¢(t) < (xo -, —AF(¢)> == <x@ - cb,AF(qb)) <0,

t—o0
which is equivalent to the fact that tlim x(t) = ¢. m]
Example 3.6. The functions &(t) = \4/% and B(t) = \/11_+t are shown to fulfill the conditions specified in
both Assumption 3.2 and Theorem 3.5. ]

We end this section by noting that for A = F = I and (t) = 1, Theorem 3.5 simplifies to the classical
finding that the trajectory generated by (6) converges to the minimum-norm solution, as established in
[5, 8, 9].
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3.2. Non-emptiness of the zero set

Theorem 3.7. Consider the dynamical system (6), under Assumptions 2.1 and 2.2. Assume that the reqularization
coefficient ¢ : [tg, 00) — (0, 00), in addition to Assumption 3.2, satisfies

|(Be) (B)] + |B’ (1)

Jim, BOet) (20)
or [ (|(ﬁe)'(t)| + |,6"(t)|) dt < oo. (21)

Then the zero set Z(B) # 0, provided that the trajectory x(t) generated by (6) is bounded.

Proof. Lets > 0and t, > t > t; > fy. Consider the function
g(t) = % (x(t + ) — x(t), Ax(t +5) — Ax(1)).
A direct computation gives
Q') =(x"(t +s)—x'(t), Ax(t +s) — Ax(t))
= —p(t) (B(x(t +5)) = B(x(t)), Ax(t +5) — Ax(t))

+ [B(t) = B(t +5)] (B(x(t +5)), Ax(t +5) — Ax(t))
= B(t)e(t) (F(x(t +5)) — F(x(t)), Ax(t +s) — Ax(t))

L IB(B)e(t) — B(t +s)e(t + )] (F(x(t +5)), Ax(t +5) — Ax(t)
<0+[B(t) — B(t +5)] <\/ZB(x(t +5)), VAx(t + ) — \/Zx(t)>
—yB®)e(t)lIx(t +5) — x(£)|
FIB(B)e(t) — Bt +9)e(t +5)] <\/ZP(x(t +5)), VAx(t +5) - \/Zx(t)> .

Estimating the term ||x(f + s) — x(t)|[> using Assumption 2.2(ii), moving the resulting expression to the
left-hand side, and applying the Cauchy-Schwarz inequality to the right-hand side, we obtain

g'(0)+ 2L p(t)e(t)g(h)
< [B(E)e(t) — Bt +s)e(t + )| - [VAF(x(t + s))|| - [VAx(t + ) — VAx (1)
+|B(t) = B(t +5)| - [VAB(x(t + 8))|| - [[VAx(t + 5) — VAx(2)]].

Applying the product rule on the left side, after multiplying by I'(t, 1) (as specified in Remark 3.3), yields
d
5 (L 0)g (1)

< IB(t)e(t) = Bt +s)e(t + )| - V2IVAF(x(t + )V (t, t1)NT(E, t1)g (t)
+B(t) = B(t + 5)| - V2IVAB(x(t + s))IIVT (¢, t1)VT(t, t)g(t),

which implies, by [5, Lemma 3.1], that

VI(ta, tl)g(fz)
<V8(t1)+/|ﬁ(t)€(t) B(t+s)e(t +5)| - V2IIVAF(x(t + )V (¢, t1) dt

/ IB(t) = B(t + 5)| - V2 VAB(x(t + s))|IVT(t, t1) dt

/ Lﬁ(r)e(r)dr
<\/g(t1)+D/{|ﬁ(t)s(t) Bt +s)e(t + )| +|B(t) — Bt +5)|} €1 dt,
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where D = \/Esuptzto {IVAB(x())Il + IVAF(x(t))l|} < oo by virtue of Lemma 3.4(ii). The last inequality,
upon dividing both sides by s and then taking the limit as s — 0, transforms into

t2

f%ﬁ(r)s(r)dr
e V(X! (1), Ax’ (1))
-ﬁ(r)s(r)dr
< V(& (t), Ax(0)) + DV2 / (e ()] + B0} ¢ dt. @)
Claim:
lim x(t) = 0. (23)

Case 1. Condition (20) is met.
The inequality (22) gives
ta
/ %,B(r)e(r) dr
e V(' (t2), Ax'(£2))

ty t y ‘
, LDV2 (BeY I+ 1M [y { YB(r)e(r) dr
< V(x'(h), Ax' (1)) + == S tls:g)tz GEG / B(t)e(t)e dt

dt

t2 fz r)er r
= V(x'(t), Ax'(t)) + === LDV2 (BeY DI+ [ d (é{ LB(r)e(r)d )

su
t1<t£tz B(t)e(t) : dt
1

I , Vi e+ 180 / L p(r)e(r) dr
= Vot Ax ) + 122 sup ST ¢ 1)

which implies, after dividing both sides by exp ( /t 52 LB(r)e(r) dr), that

}2 T B(r)e(r)dr
V(x'(t2), Ax'(t2)) < e V(x' (1), Ax' (1))

LD2 (Be)Y DI+ 1B [, —Z %mr)e(r)dr)
M A OO (1 ‘

)
= [ £B(r)e(r)dr

<en V(! (1), Ax/ (b)) + === LDV2 [Be) ()l + |,3'(t)|.

su
BB
By (20), for every 1 > 0 there exists t, = t.(17) > to such that

|(Be)" (D + (2]
B(t)e(t)

<TI VtZt*.

For t, > t; > t4, we have

t

- [ £y dr
V) At <e ! Ve, Avin) + 2,

which implies, after letting t, — oo, that

- Lﬁ(r)s(r)dr
lim sup Vx! (1), Ax' (1)) < e t{ VX' (h), Ax/ (1)) + ——= LD\/_

th—o0

< (' (h), Ax/(h)y + H2V2 LW (24)
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Passing to the limit as t; — oo yields the inequality

lim sup \/(x (t2), Ax’(tp)) < l1rn 1nf \/(x (t1), Ax’'(t1)) + L[;\/_

thy—o0

Since this inequality holds for an arbitrary 1, we can conclude that /(x’(t), Ax’(t)) converges to a limit as
t — oco. Thus, by (24), we get

— [ L£B(r)e(r) dr
Jim (' (t2), Ax'(12)) < e f{ V(' (hr), Ax/ (b)) + 222 LW (25)

Note that by (10):

%) o tl
B(r)e(rydr = [ B(r)e(r)dr — [ B(r)e(r)dr,
Jonsr= [ o= |

which gives
tlim / B(r)e(r)dr = 0. (26)
1—00
f

Through letting t; — oo in (25) and then using (26), we obtain

0< hm Vx! (1), Ax’ (1)) < 0 + LD)/\/_

where the non-negativity of the limit is derived from Assumption 2.2(ii). The limit as n — 0, taken in
conjunction with Assumption 2.2(ii), gives (23).
Case 2. Condition (21) is met.

Dividing both sides of (22) by exp ( ft fz ZB(r)e(r) dr) yields

—f Lﬁ(r)é(r) dr
V(x'(t2), Ax'(t2)) < e Vx'(h), Ax' (1))

fz

+DV2 / {Bey @l +Ip®l}e !

Lﬁ( r)e(r)dr
dt

—}z%ﬁ(r)s(r)dr f
<en V(x'(t), Ax'(h)) + D\/E/ {lBey I+ g 1)1} dt. (27)

Taking the limit as t, — oo, along with applying the result from (10), gives

lim sup V{(x’(t2), Ax’(t)) < DV2 / {IBe) (1) + 18’ ()]} dt.
t

tp—o0

Consequently, (23) follows by taking the limit as t; — oo and using Assumption 2.2(ii).

Having made the necessary preparations, we are ready to analyze the convergence of the trajectories
generated by (6), with the aid of (23). Note that weak cluster points of the trajectory x(t) always exist due
to the boundedness of x(t). Let (f,) be a sequence such that

ty — o0,  x(t;) = Xo.
By (6), (23) and (9), we have
B(x(tn)) = —x'(ty) — (tu)F(x(ty,)) — O,

which implies by Assumption 2.2, that AB(x(t,)) — 0, too. Given that AB is maximally monotone, its
graph is sequentially closed in the weak X strong topology of H x H. This implies that AB(x,) = 0 and so
by Assumption 2.2 B(x,) = 0. m|
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3.3. The case when f(t) is a constant function

When f(t) is a function with a constant value, we combine Theorems 3.5 and 3.7 to provide a characteriza-
tion, as follows.

Corollary 3.8. Consider the dynamical system (6), under the Assumptions 2.1 and 2.2. Let f(t) = 1 for all t > t.
Assume that the reqularization coefficient ¢ : [ty, 00) — (0, o0) satisfies, in addition to Assumption 3.2,

either lim [ (2)]
o ()

=0 or/ le"(t)| dt < oo.
to

Then the following assertions are equivalent:

(i) The trajectory x(t) generated by (6) converges strongly to a zero of the operator B as t — oo.
(ii)  The trajectory x(t) generated by (6) is bounded

(iii)  the zero set Z(B) is non-empty.

Proof. When g is identically constant, we have the following equivalences:

(17) & (0) « lim "i'((:))' -0
and (18) = (21) le'(t)| dt < oo.

fo
We can now apply Theorems 3.5 and 3.7 to establish the equivalence of assertions (i), (ii), and (iii). The
implication (i) = (ii) is immediate, as convergence inherently implies boundedness. The remaining
implications (ii) = (iii) and (iii) = (i) follow from Theorems 3.7 and 3.5, respectively. O
3.4. Convergence rate

This section establishes a convergence rate of the dynamical system (6) under Assumption 3.9. The
malleability of the regularization operator F is a key property of this method, as detailed in Theorem 3.10,
thus providing a means to improve computational efficiency.

Assumption 3.9. The operator F meets the requirements of (i) and regularization coefficient ¢(t) is subject
to the conditions of (ii).

(i) The operator F : H — H is assumed to be a bounded, linear operator satisfying the condition that
the product AF is self-adjoint and positive.

(ii) There exists t; > to such that

(t) is twice differentiable on [t1, o),

B(#)
/(t) <0on [tl/ OO)

7 (é Gy e(t)z) has a sign that does not switch on [t, o),

Theorem 3.10. Consider the dynamical system (6), under the Assumptions 2.1 and 2.2. If Assumption 3.9 holds,

then it holds that
; t
IB(x(£))l| < My max {, /‘;(t()”, expG %,B(s)e(s)ds)} + Mae(t) Vi = 1, (28)
fo

where My, My are some positive constants.

Proof. Assumption 2.2 and Lemma 3.4(ii) give

IBG()I < [[B(x (1)) + e(DF (x| + e(OIF (x()I < 4/ =~ 200 4+ e(r)C. (29)

By (14), we have o'() + 2L B(He(Dw(t) <~ &\ AFx(1)|P.

2B(t) dt
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Using the product rule on the left-hand side, after multiplying by I'(¢, t) (as specified in Remark 3.3),
results in the following inequality:

(Tt o) < 20T 1) LIVAF (P,

We integrate with respect to t € [t1,t;] and apply integration by parts on the right-hand side of the
inequality above

T(ta, to)a(ta) + 2Tty t)|[VAFx(t)|

2B(t2)
< Tt h)w(t) + BTk, o) [VAFx(t)P
Co
5]
1 — o od [
t
Note that & (ﬁ ((:))r(t, to)) = T(t, to) & (Sﬁ(—(:)) + %s(t)z).

The subsequent analysis will be conducted under two distinct cases, predicated on the sign of the

derivative 4 (ﬂ + Z,s(t)z).

at\ B T L
cAEW LY 2

Case 1: ym (ﬁ(t) + Le(t) ) >0fort > t.

The estimation of (30) by C1, where Cj is defined as sup ||[VAFx(t)|?, leads to

1>t

T(ta, to)w(ta) + SU2 T (ty, to)||VAFx(t)| P
26(t2)

1)

<co+S [ 2 (ﬂr(t,to)) dt

2 dt \ Bt)
f1

_ C1 [€'(t) &)
=Cp+ 5 ( 56 I'(t2, to) 5 I'(t1, to)) .

Dividing both sides by I'(t,, to) yields

w(ts) + S| VAFx ()|

2B(t2)
[SRAG)) _C1 €(h) 1
=2 B(t2) +(C° 2 B(ty) r(tl’t‘))) T(ty, to)

On the left-hand side of the inequality, we evaluate || VAFx(t,)||> < C1 and combine it with ¢’(t2) < 0 to
obtain

(31)

() < (o= G+ Sr(n, 1)

1
B(t1) L(tp, to)

Case 2: % (% + %s(t)z) < 0 for t > t;. Thanks to (30), we deduce

€'(tp) 2 Co
w(t2) + 2ﬁ(tz)ll\'z‘lFx(tz)ll S i)

On the left-hand side of the inequality, we evaluate ||[VAFx(t,)|[*> < C; and combine it with &’(t;) < 0 to get

(32)

Combining (29) with (31), and then with (32), yields the desired result. O
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Example 3.11. Let H = R?, and the operator W : R? — R?is given by (7). The pair (I, W) lacks monotonicity,
rendering the existing theoretical framework [5, 8, 9] inapplicable to find a zero of the operator W. However,
our Theorems 3.5 and 3.10 overcome this limitation by leveraging the monotonicity of the pair (C, W), where
the operator C : R? — R?

7x1 + X2
x1 + 13x»

“lu-
X2
Consider the system x”(t)+ W (x(t))+ sz x(t) = 0,m € (0, 1], €0 > 0. Use Theorem 3.10 to obtain the following
convergence rate

W) :0( 1_) ast - co.

t 2
3.5. Selection of parameters

Theorem 3.10 offers the basis for our examples, aimed at accelerating the convergence of the proposed
method. Although the convergence rate (28) is influenced by three parameters &(t), f(t), and y, the
interdependence of &(t) and B(t), imposed by the conditions of Assumption 3.9, limits the ability to
effectively accelerate the convergence of the residual B(x(t)) through their individual adjustment. The
inequality (28) reveals that the convergence speed of B(x(t)) towards zero is directly proportional to y.
This connection, in conjunction with y being independent of both &(t) and (t), suggests that maximizing
y increases the convergence rate. Compared to the identity operator F = I, which corresponds to y = A,
we can obtain an improved convergence by selecting the new operator F with y > A, as below.

Corollary 3.12. Consider the system x’(t) = —B(t)[B(x(t)) + e(t)pA™x(t)], where the operators A, B and the
functions B(t), e(t) satisfy all the conditions in Theorem 3.10, m is a positive integer, p is a positive real number.
Then it holds that

/7 t m
IBGx(1))]| < M; max {, /‘;(t()”, exp F/to %ﬁ(s)e(s) ds)}+Mze(t) VE >, (33)

where M1, My are some positive constants.

Proof. This follows from Theorem 3.10, where F = pA™ and y = pA™. m]

Remark 3.13. Setting p = 1 transforms (33) into the following

—&'(t) tﬂ d )}
||B(x(t))||§M1max{,/ <0 exp Hto " p(s)e(s) ds || + Mae(t) Vi > 1, (34)

while setting m = 1 results in the inequality below

|[B(x(t))] <M; max {1 /%, exp E‘/tot %‘B(s)s(s) ds)} + Mpe(t) VYt > t. (35)

Observation of the rate (34) suggests that setting F = A™ offers an advantage in the convergence rate over
setting F = I. The rate (34) outperforms (35) in convergence when A1 > p while (35) converges better
than (34) when A"~ < p.

4. Regularized dynamical systems from the discrete perspective

4.1. The discretized system

Using the forward difference y(n) = y(n + 1) — y(n), the dynamical system (6) is discretized to form the
following difference equation

y*(n) = =s(n)[B(y(n)) + e(m)F(y(n))]. (36)
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Assumption 4.1. The regularization coefficient € : N — (0, ) and the step size s : N — (0, co) satisfy
conditions (37)—(39)

YA e(n) e(n+1)
s(n) < 55 - min {(Lh T eI Ly +e(n+ L2 } (37)
lim e(n) =0, (38)
Z s(n)e(n) = oo. (39)
n=0

Remark 4.2. Our proofs utilize the inequalities presented below, which are consequences of (37)

em?  _ yA

YA
5(7’1)6(7’1) < ﬁ (0+€(1’1)Lf)2 - ZL?(Lz’ (40)
s(ne(n +1) < A iy _ v (41)

202 (0+e(n+DLp? 21212

Like as the continuous counterpart, our analysis is conducted with the help of the following sequences
z(n) = (A(y(n) -z),y(n) - z) , (42)
x(n) = (A(B(y(m) + e(n)F(y(n))), By(n) + e(n)F(y(n)) , (43)
where z € Z(B).
Lemma 4.3. Along with Assumptions 2.1 and 2.2, assume that Z(B) # 0. Then conclusions (i)—(iii) are valid.

(i)  For every p1 > 0, it holds that

M) + z%s(n)e(n)z(n)

< —2s(n)e(n) <\/ZF(Z), VAy(n) - \/Zz> (44)
+ %5(”)2@17 +e(n)Ly)*z(n) + 2Ls(n)*e(n)?||F(2)|

< P s(n)e(m)z(n) + 255 ()2 (Ly + e(n)LsPz(n) (45)

b LS eIVAFGIP + 2L enPIF )P

(i) y(n) is bounded.

(iii)  For every p3 > 0, it holds that

xAn) + %s(n)e(n +1)x(n)
< =250 (R(y(m), Ay*n) + 2L nPIF )P (46)

+ 2Ly +en+ 1)Lf)25(n)2x(n) = I et + 1))

Proof. (i) We have

z8(n) = 2(y2(n), Ay(n) — Az) + (y2(n), Ay (n))
= -2s(n) (B(y(n)) + e(n)F(y(n)), Ay(n) — Az) (47)
+5(n)* (B(y(n)) + €(n)F(y(n)), AB(y(n)) + e(n)AF(y(n))) .
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For the evaluation of z%(n), we require the estimation of the two following inner products. For the first

product, we observe

(B(y(n)) + e(n)F(y(n)), Ay(n) - Az)
= (B(y(n) - B(z), Ay(n) ~ Az)
+¢e(n) <F(y(n)) —F(z), Ay(n) — Az> +¢e(n) (F(z),Ay(n) - Az>
> 0+ e(m)ylly(n) - zIP - e(n) (~VAF(z), VAy(n) - VAz)
> %e(n)z(n) —€(n) <—\/ZF(Z), \/Zy(n) - \/Zz>
> Ye(n)z(n) - e(n) ;L IVAFG)P + B2 IVAY (n) - VA=IP).
Next,

(B(y(n)) + e(n)F(y(n)), AB(y(n)) + e(n)AF(y(n)))

< LIIB(y(n)) + e(m)F(y(m))|?

< 2L(Lp + e(m)LsPlly(n) — z|P +2Le(n)?||F(2)I

< %\—L(Lb + e(n)Lf)zz(n) +2Le(n)?||F(2)|.

Combining (47) with (50)—(48) leads to (44), and with (50)—(49) leads to (45).
(ii) Let p1 such that max {0, 1- %} < p1 < 1. Using (45) and (37) yields

z8(n) + 2%s(n)e(n)z(n)

< P s(me(m)z() + S s(me(mIVAF @ + 2Ls(nPe(nPIFE)I,

which leads to the following

22(n) + T s(m)e(n)z(n)

< —S(n)e(n)ll‘/_F(Z)ll2 +2Ls(n)*e(n)?||F(2)I

<( : i 2 )smen)(IVAF@IP + IFEIP),

Py

where (40) is taken into account. Denote

C = (-5 + L) (IVAF@IE + IFGIP) 7=

p1y f

Py

and use the fact that z%(n) = z(n + 1) — z(n) to get

2 +1) - (1 - Qopy s(n)e(n))z(n) < B2 s(nye(n).

n
Let us define ¢ : N — R by setting ¢(n) = l_[ (1 - @ S(j)e(f))-
j=1

(48)
(49)

(50)

(51)

By (37)—(38), we can assume without loss of generality that g(n) > 0. Upon dividing both sides of (51)

by the expression g(n + 1), we arrive at

z(n+1) z(n) <C 1 _ 1
gn+1) g = “\gn+1) g
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Adding up the inequalities above from n = 2 to m gives
2m+1) 2@ _ N (24D z(w) S
gm+1)  g(2) HZ:; (g(n +1) g(n)) Z‘ (g(n +1) g(n))

-cf+ _ 1
- C(g(mﬂ) g(2>)’

which implies, after multiplying both sides by g(m + 1), that

z(2) g(m+1) z(2)
z(m+1) < (z)g(m+1)+C( ) ) g(2)+C

(iii) We have
2B (n) = 2([B(y(m)]* + [e(m)F(y(n)]*, AB(y(n)) + e(n)AF(y(n)))
+{[By(m)]* + [e(m)F(y(n)]*, A[B(y(m)]* + Ale(n)F(y(m))]*) .

The first inner product on the right side is estimated, using (36), in the following manner

= S(n) <[B<y<n>>] + [e()F(y(m)]*, Ay (n))

S(n) (lemE(y(m)]*, Ay"(n)
=~ (X Ey(m) + e(n + DIF(m)]*, Ay*(m)),
where Proposition 2.10 is employed. Using the strong monotonicity of the pair (A, F), we get
<[B<y<n>>]A [e(mF(y(m)]*, AB(y(n)) +e(nAF(y(n)
<- o Gy (S MEQ), Ay (m) = Lsen + Dlly* (I
= — == (* F(y(m), Ay (m)) = ys(me(n + DIIB(y(n) + e(mF(y(m)IP
<~ (XMF ), Ay () = Ts(me(n + x(n).

The estimation of the second product is likewise achieved through the application of (36) and Proposition
2.10, as follows

(B + [ Fyo0)I, AIBm)I* + Al F(y()I*)
< LIB(y(n)]* + [ F(y ()1

= LIBy()I* + (n + DIF((n)]* + XnF(y(n)I?

< 2L((Ly + e + DL Py () + e on)PIF(y0n)IE).

In the above inequality, we use (36) on the right side where the difference y*(n) appears
([Bly(m)I* + [e(m)E(y(m)]*, A[B(y(m)]* + Ale(n)F(y(m))]*)

< 2Ls(n)*(Ly + €(n + DL s)?|[B(y(n)) + e(m)F(y(m)I? + 2LIe* (m) PIIF (y (m))IP
< %S(H)Z(Lb +e(n +1)Lg)%x(n) +2LIe" (n) PIIF (y (n)I.
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4.2. Strong convergence

Theorem 4.4. Consider the dynamical system (36), under the Assumptions 2.1 and 2.2. Assume that the regular-
ization coefficient € : N — (0, 00), in addition to Assumption 4.1, satisfies

e’ (n)
n—oo s(m)e(n +1)

(52)

Then the trajectory y(n) generated by (36) converges strongly to a zero of the operator B as n — oo, provided that
Z(B) # 0.

Proof. Claim:

lim B(y(n)) =0, (53)
i s(n)e(n + 1) = oo. (54)
n=0

Indeed, by (52), we have

s(n)e(n+1) = s(n)

and employing the asymptotic comparison test for series gives (54). The estimation of (46), using (37) and
p3 =1, is as follows

x8(n) + Zs(n)e(n + 1)x(n) = 2LIe" () PIIF (y ()]

A
< 2 LEG I Lily o)

< L3 Fym)IP A m)P
= yA s(n)e(n +1)
< L3 Fym)IP  [eAm)P

+ %S(n)e(n +1)|1B(y(n)) + e(n)F(y(n))|?

Y
yA s(n)e(n +1) + Zs(n)e(i’l + 1)x(n)

Through moving the expression 2L|e”(n)|?||F(y(n))||* to the right-hand side and then eliminating the ex-
pression %s(n)e(n + 1)x(n), we obtain
xA(n) + %s(n)e(n + 1)x(n)
2B3Fym)IP  |er(n)P
yA s(n)e(n +1)

2 2 2L3IF(ym)IP)  [erm)P
< (2L st IF O + 55 )

< 2Lle*(m)PIF(y(m)IP +

2
A 2, 2LPNFGEDIPY _yA (1t
< (ZL 2L2L§ ||F(]/(7’l))|| + yA )2L2L? (s(n)e(n + 1)) ’

where usage of (41) is made. By [7, Lemma B.2]

e )] )2 ~ 0.

lim sup x(1) < lim sup (m

n—00 n—00

Thus, by Assumption 2.2(ii), the limit of B(y(n))+e(n)F(y(n)) as n — oo is zero. Consequently, applying
Lemma 4.3(ii) along with (38), it follows that the limit of B(y(#n)) is also zero. Applying (44) with the function
u(n) defined as 1 (A(y(n) — ¢), y(n) — ¢), where ¢ is an element of Z(B) as specified in Remark 3.3, and
then using (37),

u ) + 2 s(me(n)u(n)
< -2s(n)e(n) (VAF(), VAy(n) - VA)

+2Ls(n)*e(n)?|IF($)IP + %S(n)e(n)u(n)-
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After eliminating %s(n)e(n) p(n) from both sides of the inequality, we arrive at the following

uhn) + Ls(n)e(m)p(n)
< s(me(n)| -2 (VAF(9), VAy(n) - VAp) +2Ls(me(mlIF@)IF],

which implies, by (38) and [7, Lemma B.2], that

limsup u(n) < limsup [2 (~AF(), y(n) - §) + 2Ls(emIFG)IP| (55)

n—-00 n—00

We will now demonstrate that, under the condition that B(y(n)) — 0as n — oo, every weak cluster point of
y(-) belongs to Z(B). The existence of such cluster points is guaranteed by the boundedness of the trajectory.
Let xo be an arbitrary weak cluster point of y(n). Consequently, there exists a sequence {y(su)}m=0 such
that y(s,,) converges weakly to x as m — co. Moreover, B(y(s;,)) — 0as m — oo.

Given that AB is maximally monotone, its graph is sequentially closed in the weak X strong topology
of H x H. This implies B(xg) = 0. This result, in conjunction with (55) and (38), allows us to conclude that

limsup p(n) < (xo — ¢, ~AF($)) = = (xo = ¢, AF(9)) <0,

n—o00

which is equivalent to the fact that lim y(n) = ¢. m]
n—oo

Consider the following example, which illustrates the conditions of Theorem 4.4.

1
(n+1)1’
2y -9
(Tl + 1)‘7(Lb + Lf)2

Example 4.5. An example of e(n) and s(n) satisfying the conditions in Theorem 4.4 is s(n) =

1
(n+ 1P’

e(n) = where0 < p < g <landp+q < 1. Compared to the paper [12], where s(n) =

and e(n) = ( 0 < ¢ <min{l;7},0 <p <g <1land2p +q <1, our conditions are more relaxed.

_ 1
n+1)pP’

4.3. Non-emptiness of the zero set

Theorem 4.6. Consider the dynamical system (36), under Assumptions 2.1 and 2.2. Assume that the regularization
coefficient € : N — (0, 00), in addition to Assumption 4.1, satisfies

(se) ()l +Is2(m)l _

either nh_r}rolo e 0, (56)
or > (Iser ) +1s5m) < co. (57)
n=0

Then the zero set Z(B) # 0, provided that the trajectory y(n) generated by (36) is bounded.
Proof. Let us define h(n) = (A(y(n +1)—y(m)),y(n+1) - y(n)). By Proposition 2.10, we have
hWA(n) =2 <yA(n +1) - yA(n),Ay(n +1) - Ay(n)) (58)
+(y (n+1) =y (n), Ay*(n + 1) - Ay*(n)).

For the evaluation of h*(1), we require the estimation of the following two inner products. For the first
product, we observe

(y*(n +1) - y*(n), Ay(n + 1) - Ay(n))

= —s(n) (B(y(n + 1)) - B(y(n)), Ay(n + 1) — Ay(n))
— s%n) (VAB(y(n + 1)), VAy(n + 1) - VAy(n))
—s(n)e(n) (F(y(n +1)) - F(y(n)), Ay(n + 1) — Ay(n))
— (se)*(n) (VAF(y(n + 1)), VAy(n + 1) - VAy(n)),
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which implies, by Assumption 2.1, that

(yA(n +1) - yA(n),Ay(n +1) - Ay(n))
< 0+[s2(n)| - [VAB(y(n + D)|| - [VAy(n + 1) = VAy(n)|
= Zs(n)e(n)h(n) +1(s€)*(n)| - IVAF(y(n + D)I| - [VAy (n + 1) = VAy(n)||

Hence,
(y2(n +1) = y*(n), Ay(n + 1) — Ay(n))

59
< —Zs(m)e(mh(n) + (s (n)] + [(s€)* () QIVAy (n + 1) = VAy(n)l, &9

where Q = supnzo{ll\/ZB(y(n + 1))+ ||\/ZF(y(n +1))||}, which is finite. The second product is estimated as

(y*(n +1) = y2(n), Ay*(n + 1) - Ay*(n))
<Lly*(m+1) -y (n)l?
= L||s®(n)B(y(n + 1)) + (s€)*(n)F(y(n + 1))

+ SOO[B(y(n + 1) = Bly(n)] ~ s(u)e(n)[F(y(n + 1) ~ Flym) I,
which implies, by the Lipschitz property of F and B, that
(A +1) = y ), Ay (n + 1) = Ay ()
< L[4+ Kse DBy -+ 1) + IE(n + D)
#sO)(Ly + e(Llly(n +1) -yl
< 2L(s ()] + KseY DBy (n + D)+ IECyn + D)
+ ZEs(P(Ly + e(m)L)Ph(n),

where the Cauchy-Schwarz inequality and Assumption 2.2(ii) are taken into account. Consequently, by
(37), we get

(y*(n +1) -y (n), Ay®(n + 1) - Ay"(n)) (60)
< 2L(Is*(m)] + I(se)* DBy (n + DI+ IF(y(n + DI + Ls(n)e(n)h(n).
Using (59) and (60), we can estimate (58) as follows
hA(n) + %s(n)e(n)h(n)
< 2(|s%(n)] + (s€)* (m))QIIVAy (1 + 1) = VAy(n)]| (61)
+ 2L(Js*(m)] + |(s€)* (m))*(IB(y (1 + DI + F(y(m + D).

Let us define g(n) by setting g(n) = 1—1?2—11 (1 - %s(j)e(j)) and by (39) the limit below holds

lim g(n) =0. (62)
n—oo
Dividing both sides of (61) by g(n + 1) gives
hn+1) _ hn) _ 20s2m)l+1s€)*(mDQ | INAy(n +1) - VAy(n)]

gn+1)  gn) ™ (1-Ys(n)e(n))yg(n) V()
2L A AL N2 A2
+ 2t )]+ (ser PR

Note that by conditions (37) and (38) there exists a constant M > 0 subject to

1

— <M Vn.
1- %s(n)e(n)



340 P. V. Hai and T. N. Hai

We use Lemma 2.11 to get

h(m + %) _ M
g(m +x) g(x)
m+x—1

Z ( 1- —S(J)e(J) \/gT g(J +1)

]=

)(| 5+ 52 ())Q

m+x

Z (2M ) (2 + s ).

=

Upon multiplying both sides by +/g(m + k), we obtain

Vh(m + ) h(K “Vg(m +x)+ (63)
m+x—1
nd Z SRR )+ 56 )

where P = %(ZM +2L)Q.
Claim:

lim yA(n) =0. (64)

Case 1. Condition (56) is met. By (63)

h
Vh(m +x) - £~\/g(m+1< <

Is2G) + (s () Z )’s(j)e(j)

< Pyg(m+x) sup

k<j<m+x—1 s(je() \/g(] + 1
Is2()] + [(se)2(j)l
SR R R ]

S T T D + S
SOVsOsGD RGO

V8(i) + /g + 1)
V(i)

\/h(m+1<)—1/%-\/g(m+1<)

which implies, after using < 2, that

A Ay m+x—1
<2P g(m +K) sup [s2(7)] + I(se)> ()

1
Kk<j<m+x—1 s(7)e(j) ]:ZK ( V8(j+1) Vg(]))

Is2()| + 1s€)2 () ( Ve(m+ m)
=P SN+ Rsey Ul (1 - NS TN
csjommt SUE0) V50

The limit as m — oo, taken in conjunction with (56) and (62), gives (64).
Case 2. Condition (57) is met. By (63)

m+1< 1

Vi(m + 1) < |29 e+ x) + 2L Z (Is* ()l + I(s€)* (D

g(x)
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The inequality above, when taking the limit as m — oo, becomes

limsup () < 5 374 +1(5) )

j=x

Consequently, (64) follows by taking the limit as x — oo and using (57).
Using arguments similar to Theorem 3.7, we get the desired conclusion. m]

Examples 4.7 and 4.8 demonstrate parameters that satisfy the assumptions of Theorem 4.6. These
examples provide a clear demonstration of two distinct scenarios: Example 4.7 details a case where the
parameters meet condition (56) but fail to meet condition (57), and Example 4.8 describes a complementary
situation in which condition (57) is met while condition (56) is not.

Example 4.7. (Meets (56) but not (57).) Let

20 52).

Inn

s(n) = hyVinn, €)= \/11_

Note that condition (37) holds for sufficiently large n and (38) is clear. Condition (39) is a direct consequence
of the equality

—

—1)"
nlnn’

s(n)e(n) = h, = % +

To show that (57) fails, we consider

11
n+1 n

(se)*(n)| > )(—1)“+1 ( LI 1 )‘ _

nlnn  (n+1)In(n +1)
S 2 1
T m+DIn(n+1) nn+1)’

[o¢]

which gives Z (l(se)A(n)l + |SA(n)|) = co.
n=0
To demonstrate the validity of (56), we analyze two limits. The first one considers the following

1 -1 n+1
(se)d(n)  wrl (1 + —m<n+1>)

1

n

= -1-0.
s(n)e(n) (1 + %)
The second limit is
_ hn+1 = hy 1 _ L
In(s(n+1) —s(m) <n e(n+1) "lem+1) e(n)

i +nh, (\/ln(n +1) - VIn n)

'e(n+1)
n 1
:3 1n(n+1)+(1+(—1) ) In(1+ )
Inn Inn m+m
3yIn(n + 1) 1"\ 1
=" Tn +(1+ Inn ) S s D)+ Vinn

A
which gives 0= lim n(s(n +1) —s(n)) = lim S(Sn)(erzl)'

Consequently, the limit (56) of the sum is shown to be the sum of the individual limits and it is equal
to 0. O
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Example 4.8. (Meets (57) but not (56).) Let

@éﬁﬁ ifng{n:kez k>0,
" __ 1
2 ifne{ny:kezk>0} €(n)_(n+1)s(n)'
Jn +1)3 e

Note that condition (37) holds for sufficiently large n and (38)—(39) are clear. Condition (56) fails to hold,
since

ne =45, sn) =

1 _ 2

Is®(np)l | V2P e

- 1
s(nk)e(nk) s

_ 2V + 2P = g + 1% 4

Vi +1)° 4
24—m le+1—)00.

To establish the validity of (57), we can divide it into two convergent series. The first one considers

i (se)*(n)] = i
n=0 n

=0

ng+1

1 1

n+2 n+1

To prove the convergence of the second series, we introduce

0 ifn¢g{ngk:kezk=>0},

1
Cyp:=S\nN)— —— =
nims) Vi +1)3 ifne{ng:keZk=0}.
V(n +1)3
Then
o) A 00 oo . .
s (n)| < c —Cu| + —
HZ:;)l ()l nZ:;)lnH nl nz:;] \4/(;1_’_2)3 \4/(n+1)3
:Z|Cn+1_cn|+1/
n=0
where we observe
1 .
——— ifne{nr:keZ k>0}
T e )
Cn+l — Cn| = W ifne{ny—1:keZk=>0},

0 otherwise.

Thus, we get

(o) o0
Z Is®(n)] < Z L, L li1<c
4/..3 4/,,3
k=1 k k

n=1
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5. Examples

In this section, the theoretical results are empirically validated through illustrative examples, which specif-
ically confirm the observations made in Remark 3.13. These examples indicate that the convergence rate of
our method, in comparison to the existing ones, depends on particular problems; it can be either faster or
slower.

——B(v=1
—0— B(t):t |

B(H=t"

6001

IIBx(t)ll

4001

200f

0 .
0 0.1 0.2 0.3 0.4 0.5

t
Figure 1. Performance of the dynamical system (6) with different stepsizes B(t) in Example 5.1

Example 5.1. (The case when A #I) Let H =R", A,B : R" — R" defined as

2x1+ X2+ X3+ ... + Xy —X1—2Xp — X3 — ... — Xy,

X1+2x +x3+ ...+ xy, 2x1+ X2+ X3+ ...+ Xy
Ax)=| x1+x2+2x3+...+x, |, Bx)=| x1+x2+2x3+...+x,

X1+ X2+ x3+...+2x, X1+ X0+ x3+..2x,

As demonstrated in Example 2.4, the operators A, B satisfy all conditions of Theorem 3.5. Let n = 100 and
x®=11,1,...,1]". First, we test the dynamical system (6) with F = I, e(t) = t%l, using different selections

of B(t). The results are presented in Figure 1.

4

10 :
—F=I
—F=A

10" } - p=A2M

IIBx(O)II

0 10 20 30 40 50
t

Figure 2. Performance of the dynamical system (6) with different reqularization operators F in Example 5.1
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To study the effect of the regularization operator F, we test the dynamical system (6) in cases: F = I,
F = Aand F = A%. Observation of Figure 2 suggests that setting F = A? yields the best accuracy, aligning
with the theoretical prediction in Remark 3.13, but causes oscillations. The choice F = A introduces stability
at the cost of moderate accuracy.

Example 5.2 (The case when A = I). We compare the system (6) with [8, the system (2.1)] by Bot and Nguyen.
LetH =R"and B : R* — R", B(x) = Bx, where B = MM', M isa randomly generated n X n matrix. In (6),
we choose (t) = 1 for all t. Both methods use ¢(t) = % and x° = [1,1,...,1]7. Unlike the Bot’s method
that keeps the regularization operator F as the identity, our method leverages F as a tunable parameter
to potentially enhance performance. Let K be an n X n matrix with all elements equal to 1. We test the
methods with F = K+ 1, F = K+ 2[ and F = K + 3I. For n = 10, the result is presented in Figure 3.

10 ' ' ' '
Our method F=K+I
t Our method F=K+2I
‘ Our method F=K+31
10° | +== Bot F=I

IIBx (o)l

t
Figure 3. Comparison of our method and that of Bo t in Example 5.2

6. Conclusion

This paper introduces regularized dynamical systems designed to identify the zeros of generalized mono-
tone operators. Our contributions are summarized as follows: First, we consider a broad analytical frame-
work by addressing operators that satisfy generalized monotonicity conditions. This approach expands the
scope of existing methods to a wider set of operators. Second, we propose regularized dynamical systems
in both continuous- and discrete-time settings, employing a broader regularization framework than those
found in the existing literature. Finally, for the continuous-time case, we demonstrate that the convergence
rate is highly dependent on the choice of regularization operators; this provides a mechanism for acceler-
ating convergence, which we validate through illustrative examples. The extension of these rate estimates
to discrete time, along with the corresponding numerical experiments, is identified as a significant area for
our future research.

Acknowledgments: We are grateful to the reviewer for their constructive feedback and profound insights,
which have contributed substantially to enhancing the overall quality of this paper.
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