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Editorial
Advances in Study of Time-Delay Systems and Their Applications:
A Second Edition

Libor Peka¥f

Faculty of Applied Informatics, Tomas Bata University in Zlin, Nad Stranémi 4511, 76005 Zlin, Czech Republic;
pekar@utb.cz

1. Introduction

The delay phenomenon is a common feature of industrial, communication, economic,
biological, and similar systems and processes, and it significantly affects their stability and
dynamics. It can markedly deteriorate the quality of control performance in feedback loops.
Studying the influence of delays on system stability, dynamics, and control performance
poses a challenging mathematical problem. System and control theories have addressed
this issue for nearly a century, dating back to the seminal work by Volterra [1]. Modern
control theory faces growing demands for enhanced quality and performance in both
industrial applications and everyday life—demands that are difficult to meet using con-
ventional methods. Achieving these goals requires a deeper understanding of controlled
systems with delays. Despite significant advances in artificial intelligence techniques and
strategies in recent years, distinguished scholars continue to propose innovative solutions
to longstanding challenges and identify new open problems stemming from an increasingly
profound understanding of this domain.

This collection focuses on recent developments in the analysis and control design of
time-delay systems (TDSs). The goal was to attract quality and novel papers in the field of
“Time-Delay Systems and Their Applications”. It is anticipated that these top-tier research
papers will have a considerable impact on the international scientific community and will
inspire further advancements in the field.

2. Overview of Special Issue Contributions

The call for this Special Issue attracted 28 leading researchers in the field of TDSs,
who collectively submitted 10 manuscripts. After a rigorous review process, however, only
eight high-quality contributions were accepted and published. Based on the affiliation
of the corresponding authors, three of the accepted papers are from China [2—4], while
the remaining research papers were authored by scholars from Bulgaria [5], Jordan [6],
Russia [7], Saudi Arabia [8], and Spain [9].

Two of the papers primarily investigate the exponential stability of TDSs. Sedova
and Druzhinina [7] addressed the problem of uniform exponential stability for nonlinear
time-varying TDSs. They applied the Razumikhin method to establish sufficient condi-
tions for exponential stability and proposed an extension of the approach to time-varying
systems. Specifically, they allowed the time-derivative of the constructed Razumikhin
function to be indefinite and derived a new upper estimate on its rate of decrease. The
results obtained can be viewed as extensions of those presented in earlier works [10,11],
as well as a representation of known sufficient conditions for the exponential stability of
linear delay equations. Applying the exponential stability conditions derived in this study
to specific examples revealed that previously related results were either inapplicable or
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yielded different exponential estimates for the solutions. It was noted that the Razumikhin
method led to stability conditions that were sufficient but unnecessary, resulting in overly
conservative outcomes. Various approaches were then proposed to reduce this conser-
vatism, and numerous results were reported in this area. The paper included a comparison
with other findings [10,12-14], and the authors concluded that no universally good stability
criterion currently exists.

Another paper in the Special Issue, authored by Lang and Lu [4], evaluates the expo-
nential incremental stability of TDSs and presents the relevant criteria for both continuous
and discontinuous right-hand sides. The authors proposed and proved sufficient conditions
for the exponential incremental stability of solutions in systems with continuous right-hand
sides. Before addressing the incremental stability of systems with discontinuous right-hand
sides, they established conditions for the existence and uniqueness of the Filippov solu-
tion. Then, by constructing a sequence of systems with continuous right-hand sides and
applying an approximation method, they derived sufficient conditions for the exponential
incremental stability of systems with discontinuous right-hand sides. Numerical experi-
ments with a linear TDS and a Hopfield neural network with time delay were conducted to
verify the theoretical results. For future research, the authors aim to develop methods for
constructing continuous TDSs to approximate discontinuous systems more effectively.

The stability of TDSs is closely related to their asymptotic behavior. Two other papers
are primarily focused on the asymptotic behavior of solutions in a particular nonlinear
neutral TDS and on novel criteria for oscillation [8], as well as the asymptotic behavior
of another type of neutral TDSs [6], respectively. The former contribution, authored by
Mesmouli et al., investigates stability, asymptotic stability, and exponential stability using
the Banach fixed-point theorem. Under certain conditions, the matrix measure serves as
the key tool for tackling these three types of stability in a system that includes two Volterra
terms and a nonlinear term. The results obtained generalize the findings of [15] and the
authors’ recent research [16]. The work is another example of the advantage of using the
fixed-point method over Lyapunov’s method.

Batiha et al. [6] studied the oscillatory behavior of solutions to second-order differential
equations (DEs) with neutrality conditions. They developed analytical criteria that highlight
the dynamics of these equations and explain the associated oscillation patterns. Notably,
the paper contributes to a deeper understanding of the mathematical properties of this
class of DEs, enhancing the ability of researchers to address similar problems in various
contexts. In particular, it emphasizes the dual effect of neutrality conditions in shaping
the behavior of solutions, underscoring the potential to extend existing models to more
complex, real-world applications. This research also adds to the existing literature [17,18]
by providing precise criteria for assessing the nature of oscillatory solutions, laying a strong
foundation for future studies. Further exploration of oscillatory effects in the context of
higher-order DEs may reveal new patterns and offer deeper insight into the mathematical
structure of these systems, enabling broader applications and greater understanding of
more general systems.

The asymptotic behavior of solutions to nonlinear partial DEs (PDEs)—a key aspect in
understanding their long-term dynamics—is the focus of another contribution to the Special
Issue, authored by Ge and Du [3]. The paper addresses the global well-posedness and
asymptotic behavior of solutions to non-autonomous Navier—Stokes equations (NANSEs)
with infinite time delay and node determination. Using a mathematical framework based
on a specialized function space, the authors demonstrated the well-posedness of the system,
under the assumption of Lipschitz continuity with respect to time. In addition, they showed
that the long-term behavior of strong solutions could be characterized by their values at
a finite number of spatial nodes. The inclusion of an infinite delay term enabled the



Mathematics 2025, 13, 2005

application of existing theoretical results to analyze the well-posedness and asymptotic
behavior of the NANSEs under delay effects. This work provides theoretical support and
specific examples for studying nonlinear PDEs with time-delay effects. It also validates
the relevant conclusions obtained from time-delay DEs and offers insights into research
methods applicable to nonlinear PDEs with other time-delay effects, further reinforcing
findings from previous time-delay DE studies [19,20].

Nedzhibov [5] presented a detailed exposition of two spatio-temporal dynamic mode
decomposition (STDMD) variants—the parallel and sequential STDMD methods. The
author introduced the underlying matrix representations and highlighted their respective
computational frameworks for analyzing spatio-temporal data. To address limitations
inherited from the classic dynamic mode decomposition (DMD) algorithm, the study pro-
posed extensions incorporating delay-embedding techniques [21]. In addition, numerical
experiments were performed to validate the efficacy of the proposed extensions in over-
coming the shortcomings of traditional DMD methods [22]. The results demonstrated the
enhanced performance of delay-embedded STDMD, showcasing its utility in analyzing
complex spatio-temporal datasets. Future research directions were also highlighted. This
work advances spatio-temporal DMD methodologies by introducing extensions that en-
hance the robustness and accuracy of the analysis. The proposed approaches offer valuable
tools for researchers and practitioners seeking more profound insights into the dynamics
of complex spatio-temporal systems.

The problem of semi-global polynomial synchronization (SGPS) for high-order bidi-
rectional associative memory neural networks (HOBAMNNSs) with multiple proportional
delays was addressed by Cong, Zhang, and Zhu in [2]. The authors initially derived
delay-dependent SGPS criteria for the error dynamical system and then provided the
corresponding controller gain. Illustrative examples were presented to demonstrate the ap-
plicability of their findings. The main contribution of this work lies in the first investigation
of SGPS for HOBAMNNSs with multiple proportional delays. By directly deriving easily
implementable sufficient criteria based on the definition of SGPS, the proposed approach is
applicable to a broader class of neural network models. Future research aims to explore
general decay synchronization, which includes polynomial, exponential, logarithmic, and
other forms of synchronization [23].

Finally, a comprehensive study on the evolution operator that generates the state tra-
jectory of dynamical systems combining delay-free dynamics with several types of delays
was conducted by De la Sen et al. [9]. In the first part of the study, explicit expressions were
derived for the evolution associated with the state-trajectory solution of a class of linear
time-varying differential delay-free systems. The impulsive-free part of the dynamics ma-
trix function was assumed to be bounded, piecewise-continuous, and Lebesgue-integrable
at all times. Both the absence and presence of impulsive actions in the system dynamics
matrix were described. The obtained results were subsequently extended to systems with
constant point delays, with the evolution operators that generate the trajectory solutions
given explicitly. In the general case, these operators were non-unique in the impulsive
scenario. The parameterization of impulsive actions at specific time instants occurred in
the delay-free dynamics and in the various matrices of delayed dynamics, followed by
an immediate return to the previous configuration. These impulsive actions were inter-
preted as instantaneous, abrupt switching changes in the parameterization, which might be
non-unique, as the necessary impulsive gains to monitor the switched parameterizations
can vary in achieving a suitable right limit of the solution trajectory. In addition, the
boundedness of the solution trajectory of the impulsive TDS was investigated. It was found
that an appropriate distribution of impulsive time instants can potentially stabilize a TDS,
even if the delay-free dynamics is unstable.
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3. Conclusions

All the above-mentioned authors deserve sincere gratitude for their valuable contribu-
tions to this Special Issue. We also extend our deep appreciation to the reviewers for their
insightful comments and efforts in improving the quality of the submissions. We believe
that these high-quality research papers will have a meaningful impact on the international
scientific community and will further motivate research on the analysis and control of
TDSs, both at the theoretical level and in real-world applications.

Funding: This author’s work was funded by the internal research project of the Faculty of Applied
Informatics, TBU in Zlin, No. RVO/CEBIA /2024 /001.

Conflicts of Interest: The author declares no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

DE Differential equation
DMD Dynamic mode decomposition
HOBAMNN  High-order bidirectional associative memory neural network
NANSE Non-autonomous Navier-Stokes equation
PDE Partial differential equation
SGPS Semi-global polynomial synchronization
STDMD Spatio-temporal dynamic mode decomposition
TDS Time-delay system
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Multiple Proportional-Delay BAM Neural Networks
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Abstract: This paper addresses the semi-global polynomial synchronization (SGPS)
problem for a class of high-order bidirectional associative memory neural networks
(HOBAMNNSs) with multiple proportional delays. The time-delay-dependent semi-global
polynomial stability criterion for error systems was established via a direct approach. The
derived stability conditions are formulated as several simple inequalities that are readily
solvable, facilitating direct verification using standard computational tools (e.g., YALMIP).
Notably, this method can be applied to many system models with proportional delays after
minor modifications. Finally, a numerical example is provided to validate the effectiveness
of the theoretical results.

Keywords: semi-global polynomial stability; high-order BAM neural network; semi-global
polynomial synchronization; proportional delays; controller gains

MSC: 93D20

1. Introduction

Due to nonlinear computing capabilities and powerful parallel processing, neural
networks (NNs) have played an important role in fields such as addressable memory,
pattern recognition, and optimization control in recent decades [1,2]. A high-order NN
capable of simulating auto-associative, hetero-associative, and multi-associative memory
was proposed by Lee et al. [3] in 1986. Subsequently, various aspects of higher-order models
have been extensively studied [4,5]. These higher-order NN models have higher fault
tolerances, larger storage capacities, faster convergence speeds, and stronger approximation
properties than first-order NNs.

Bidirectional associative memory NNs (BAMNNS) [6,7] consist of two layers of hetero-
geneous associative circuits, which extend the functionality of single-layer NNs and have
the functions of memory and information association. In 1990, Simpson [8] put forward a
class of HOBAMNNS . Since then, scholars had a strong interest in the research of delayed
HOBAMNNS. In general, time delays considered for HOBAMNNSs can be classified as
constant delays [9], time-varying delays [10,11], leakage terms [12,13], and distributed de-
lays [14]. In the implementation of NNs, in addition to the aforementioned types of delays,
there also exists another crucial category of proportional delays. This is an unbounded
time-varying delay that is different from constant delay, bounded time-varying delay, and
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distributed delay. The stability results of other types of time-delay systems cannot be
applied to proportional delay systems directly too. For some time, an increasing number of
scholars have started to pay attention to proportional-delay NNs (PDNNs) [15-18].

Pecora and Carroll proposed the concept of synchronization based on drive-response
systems in [19]. It represents a state in which two or more systems exhibit common dynamic
behaviors. When studying the dynamic behaviors of NNs, synchronization plays a crucial
role. Since Zhou proposed the PDNNSs in [20], the synchronization of PDNNs has also re-
ceived much attention. A large number of manuscripts have emerged regarding the study of
different types of synchronization problems for PDNNSs: for example, asymptotic synchro-
nization [21-23], exponential synchronization [24-27], finite-time synchronization [28-32],
and fixed-time synchronization [33-35]. Regarding the implementation of synchronization
between PDNNSs, the majority of articles initially convert the proportional-delay drive—
response systems into drive-response systems featuring constant delays and time-varying
coefficients by means of nonlinear transformations. Then, corresponding methods are
applied to derive sufficient conditions for synchronization: for example, the Lyapunov
functionals (cited in [21,24,26,28,35]); the Lyapunov functionals and M-matrix method
(cited in [27,36]); the matrix measure method (cited in [27]); the differential inequality
techniques and the analysis approach (cited in [33,37,38]); the Lyapunov function and
analytical methods (cited in [39]); the reciprocally convex technique combined with a
new Lyapunov—Krasovskii functional (cited in [22]); the matrix measure strategy and the
method based on the finite-time stability theorem of the Lyapunov approach (cited in [29]);
the figure analysis method (cited in [30]); and the mean value inequality analysis (cited
in [23]).

Polynomial stability differs from asymptotic stability and exponential stability.
In terms of convergence rates, it is weaker than exponential stability and lies between
asymptotic stability and exponential stability [17,18]. In the context of stability analyses for
NNs, global power-rate stability and global polynomial stability are closely related con-
cepts, both describing the convergence behavior of system trajectories over an unbounded
state space. Global polynomial synchronization (GPS) is also an important synchronization
method for PDNN. It is a type of decaying synchronization, and its convergence rate is no
higher than that of global exponential synchronization. In recent years, polynomial synchro-
nization (PS) has emerged as a significant research direction in NN dynamics, achieving
notable theoretical and practical advancements [40-46]. References [40,41] investigate the
global power-rate synchronization (GP-RS) problem in different NNs. In [40], by utilizing
the Leibniz rule for fractional-order derivatives and an extended comparison technique,
the delay-dependent criteria for GP-RS were derived. In [41], by means of impulsive delay
differential inequalities, sufficient conditions for achieving GP-RS in chaotic NNs under
delay-dependent impulsive control laws are established. Zhou et al. [42] pioneered the
concept of PS for recurrent NNs, employing inequality analysis techniques and construct-
ing Lyapunov functionals to derive delay-dependent sufficient conditions for ensuring
exponential synchronization and PS in drive-response systems. Subsequent studies ex-
panded this framework to diverse NN architectures. For complex-valued inertial PDNNS,
researchers developed synchronization criteria using a non-separated approach [43]. In
the context of inertial PDNNSs, scholars designed feedback controllers and reduced er-
ror systems to first-order differential equations through order reduction. By leveraging
derivative definitions, matrix norm properties and Lagrange’s mean-value-theorem novel
proportional-delay differential inequalities were established, resulting in matrix-norm-
based synchronization criteria [44]. Addressing high-dimensional quaternion-valued sys-
tems, researchers achieved GPS through nonlinear controllers that integrate quaternion
algebra with advanced inequality techniques [45]. Practical applications were further
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explored in parameter-uncertain proportional-delay memristive NNs, where the Lyapunov
stability theory and inequality analysis yielded synchronization criteria that successfully
applied to image encryption systems [46]. Collectively, these works have systematically
advanced PS methodologies, demonstrating theoretical completeness in model generality,
controller design, mathematical tool innovation, and real-world implementation.

The central aim of this paper is to devise a control law capable of ensuring the SGPS
of multiple proportional-delay HOBAMNNSs. The main contributions of this paper are
as follows:

(1) This is the first study on the SGPS of multiple proportional-delay HOBAMNNS,
and the definition of SGPS here is obviously different from that of GPS.

(2) This paper proposes a direct derivation method based on the system’s solution.
Different from previous research results, it avoids using nonlinear transformation to
convert PDNNs into constant delay NNs. This method simplifies the research process,
avoids the complexity brought by constructing the Lyapunov-Krasovskii functional,
and makes the structure of the paper more reasonable.

(3) The established SGPS criterion not only enhances the convergence rate and accuracy but
also enables straightforward implementation using the MATLAB R2016b 9.1 toolbox.

The remaining portion is structured as follows. The elaboration and preparatory work
of the problem will be conducted in the next section. The major achievements of this
research, a new standard for SGPS, are presented in Section 3. Illustrative examples are
provided in Section 4 to verify the validity of the obtained results. Finally, in Section 5, we
present our conclusions.

Notation: The real number and positive integer sets are denoted by R and N*, re-
spectively. The symbol R'*$ denotes the set consisting of I x s matrices. R*® and R*® are
subsets of R, with the former containing all nonnegative matrices and the latter contain-
ing all positive matrices. In a similar vein, we also utilize Ry and R, among others. For
s € NT, let R® be the linear space of all s-dimensional column vectors over R. The column-
vectorizing operator is denoted by col(-). The notations || - ||> and || - ||« represent the
Euclidean norm and co-norm on R?, respectively.

2. Problem Description

Consider a class of multiple proportional-delay HOBAMNNS, which can be de-
scribed as follows:

éi( ) = —a;(t Z [ +Cz]l (19 (pl] ))}

J€Lm
Z Z Dz]lh pl]lt))hl(ﬁl(plﬂt))
JE€Ly 1€ Ly
+1;(t),i € Zy, t € [ty, ), (1a)
Bi(t) = —a;i0i(t) + Y [6;ihi(2i(t)) + ¢l (Ci(piit))]
i€y
+ )Y i hi(Ci(pjint) e (T (Pist))
€Ly r€Ly
+Ii(t),] € L, t € [tg,0), (1b)

Ci(s) = @i(s),9j(s) = j(s),0to < s < to,i € Zn, j € L,

6 =min{ min i, min min i min Pj; (1c)
1€ 7m,] €L pl] 1€7n,jE€Lm p v i€Ln,j €L pl]l/ 1,1 €L jELm p]”’
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where (;(t) and ¢;(t) denote the ith and jth neuronal state of layer-X and layer-Y, re-
spectively; to > 0 is the initial time; h;(-), h;(+), [;(+), l;(+), ;(-), and 71;(-) are nonnegative
activation functions; pj;, pji, piji and pj;, denote the proportional delays: 0 < p;; < 1,
0<p;i<LO<py<l, and 0 < Pjir < 1. a; and @; are positive constants; constants b;;, Bji,
¢;j, and ¢;; represent the connection weights; 9;;; and 0 jir are the second-order nonnegative
connection weights; ¢;(s), ¥;(s) € C[dtg, to] stands for the initial functions. I;(f) and f](t)
denote the external inputs on the i-th and j-th neuron at time t. Z; = {1,2,...,k}, k € N*.

We require these assumptions:

Assumption 1. There is sz,}:z' € Ry such that hj(0) = h;(0) = 0,0 < fym) —hi(ez) < hjand

N1 —np
0< % < i for any aq, ay € R subject to ay # &y, i € Zy and j € Zy,.
Assumption 2. There is l_],l: € R, such that [;(0) = [;(0) =0,0 < % < Ijand
0< % <1 i for any ay, wy € R subject to g # ap, i € Zy and j € L,
Assumption 3. There is fi; ,fi, € Ry such that h; ;(0) = 1;(0) = 0,0 < hile)hilez) hj and

- ] —ap
0< w < i forany ay, ap € R subject to ay # wp, i € Zy and j € L.

Assumption 4. The activation functions hj(-) and f;(-) satisfy —’?](.1) < hi(s) < 7](1), —71.(2) <

@) -

fi(s) < for anyt > tg, s €R,i € Zy, j € Ly, where ¥ ”(1) and ;" are positive scalars.

We regard higher-order BAMNN (1) as a master drive system and consider the follow-
ing form of slave matching response systems:

Ci(t) = —aii(t) + Y2 [oii(3i(1) + ciili(Bi(pist))]

JEL

+ Y Y wh(B(pint)) (B (pit))

JE€ELw 1€l
+1;(t) + Ui(t),i € Zy, t € [ty,0), (2a)

di(t) = —a;9;(t) + Y [Bihi(Ei(t)) + &ili(Cipiat))]

i€y
+ Z Z a]zr gl P]lr ) (éf(ﬁjii’ﬂ)
€Ly YELy
+Ii(t) + Vi(t),j € Zi, t € [to,0), (2b)
Ci(s) = ¢i(s),8;(s) = $;(s),0to < s < to,i € Ln,j € L, (2¢)

where U;(t) and V;(t) are the controllers for realizing the SGPS.

Let €;(t) = Z;(t) — C;(t) and &(t) = 0;(t) — @(t). Take €;(t) and &;(t) as the syn-
chronization error variables. Then, from Equations (1) and (2), we can obtain the error
dynamical system:

€i(t) = —aei(t) + ZZ: |:bl]h;k )+c1] j (ej(pl] ))}
JELm

+ 5% o (O pint) ) @ pit)

JELy 1€ Ly

157 (& (pi) 1 (B (pit)) |
—U;(t),i € Zy, t € [ty, ), (3a)
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&(t) = —ajg(t) + 3 [bjily (ei(1) + &l (es(Pjit))]
APIRILE [7s(Gi Pyt (e (Bjirt))

—l—fl? (ei(ﬁjirﬂ)flr(ér(ﬁjirt))}

—Vj(t),] € Zm, t € [to, ), (3b)
€i(s) = pi(s),&(s) = 0j(s),0to < s < to,i € Zy,j € Ly, (3¢)
where ) )

hi(&(-)) = hj(&(-) +9;(-)) — h(9;(-)),

i (ei() = hi(ei(-) + i) = hi(Gi()),

(&) = Li(&() + 8;()) = L(3;()),

I (i) = Tilei(-) + &) = LG (),

1y (&;()) = (&) +8;()) — hi(8;(-)),

fi (ei(+) = Ruei() +Gi(+) = Ru(G())-

pi(s) = @i(s) — @i(s), 0 (s) = j(s) — ;(s)

Due to Assumptions 1-3, we deduce that

15 ()| < Bilewl, |77 (@)] < hilwl,
1 ()| < Tjlw], |1} (w)] < L],
— ~ % = . .

1 (w)| < hjlwl, |7 (w)| < hilw|,w ER, i € Zy,j € L. 4)
Remark 1. Assumptions 1-4 guarantee the existence and uniqueness of the solutions to the
considered differential equations, ensuring that the solutions of the system will not diverge within a
finite time, thus guaranteeing the effectiveness of the stability analysis. The assumptions about the
activation functions prevent the nonlinear terms from causing system instability due to excessive

amplification in the state space. In the analysis of the synchronization error dynamics, these
assumptions help simplify the estimation of the coupling terms and interaction terms.

Let
ei(t) = Zit) — Li(t), &(t) = 8;(t) — 9(1).

Definition 1 ([18]). The HOBAMNN (1) is said to be semi-globally polynomially stable, if there
exist scalars R > 0, K > 0, and B > 0 such that

B
(he@I3+ 10013) ™ < Ko Wl 17 )

forany t > to, ¢ € C([dto, to], R") and i € C([6ty, o], R™) subject to ||(¢, P)|| < R, where

g(t) = col(Ca(8),Ga(t), -, Cu(t)), B(t) = col(B1(t), Ba(t), .., Im(t)),

1@ )l = sup max{[[e(s)lloo, 1¥(s)]lcc

s€[0to,to]

10
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¢(s) = col(@1(s), 92(s), -, @u(s)), P(s) = col($n(s), $2(s), -, Pm(s))-
Specifically, when % = 400, HOBAMNN (1) is defined as globally polynomially stable.

Remark 2. Global polynomial stability requires that the system polynomially converges to the
equilibrium state under all initial conditions in the entire state space. In contrast, semi-global
polynomial stability requires that the system polynomially converges to the equilibrium state
corresponding to the initial conditions within some fixed bounded set. In the case of global polynomial
stability, the polynomial decay rate is consistent for any initial state, but for semi-global polynomial
stability, the decay rate depends on the selected set.

Definition 2. The response HOBAMNN (2) and HOBAMNN (1) are said to achieve SGPS,
if there exist scalars R > 0, K > 0, and A > 0 such that any solution (e(t),&(t)) of error
dynamical system (3) satisfies

A
(lelB-+11e13) " < K@@ 15 )

forany t > ty, @ € C([0ty, to], R") and & € C([ty, to], R™) subject to ||(@, ®) ||, < R, where

oo
e(t) = col(er(t),ea(t), ..., en(t)), E(t) = col(&1(t), &(t), ..., Em(t)),

(@ @)l = sup max{[|@(s)[leo [@(5)]|o}
Se[éto,to]

@(s) = col(@1(s), @a(s),...,@n(s)), @(s) = col(d1(s),@a2(s),...,DOm(s)).

That is, the error system (3) controlled by the controllers U;(t) and V;(t) is semi-globally
polynomially stable.

The objective of this paper is to design a state feedback controller of the following form:

&

—
~

~—
|

(i —a;)ei(t), i € Ly, t > to,
Vi(t) = (fi; — &;)&j(t),j € L, t > to, (5)

which allows HOBAMNN:Ss (1) and (2) achieve SGPS, where p; > 0 and fi; > 0 are the con-
troller gains to be determined. In other words, the goal is to derive new sulfficient conditions
that ensure that the error dynamical system (3) exhibits semi-global polynomial stability.

3. Main Results
Lemma 1 ([18]). Let k(x) = (T —y)(x—=T) — Tln(%%ﬁ), x € (—1,T], where vy, T, T, and
T are positive scalars such that T — > tand T > to. Then, for all x € [to, T|, the following

inequality holds: x(x) < 0; that is, T(x — T) — Tln(%_ﬁi) <q(x—=T) forany x € [ty, T].

Theorem 1. Under Assumptions 1—4, let known positive scalars , 0, A, u;, i, Wi, and 7j be
subject to

A < min <§gizr;(m 1), min (i — 17]->> ©)
if there are {; > 0 and l§j > 0 such that

1+4; <

>
Sl

ir (7a)

1]

14§ < 8, (7b)

<

11
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where
Al-:‘z 19 A]f®lj+_,l],
JE€Lm
=) Nig,
i€Zy

0j; + &,
- |bjj |7 + \CijU_jPZJ

i

[1]

::

|hﬂ|h + [ellipyt

j

i

[;]\

—

ZVEZH r),r <|D]Tl|p]rl + ‘D]lr‘pﬂy )fl
i

Then, error system (3) is semi-globally polynomially stable; that is, the drive system
HOBAMNN (1) and response system HOBAMNN (2) achieve SGPS
Proof. Choose Y > 1 such that

where

Y > col( ), YO = col(1 --- 1).
¢ = col({y 4

Zn), O = col(d

-A
(0 =Yl@® ({15 &=

&(t) YI(P,Q)Ioo< Lt
Suppose that (e(t)

£\ s
— 0, t>ot
1+ fo) s =00
e(t), €
expression will be proven
le()]

(t)) is a solution of the error system (3). Next, the following
=é

< Om).
For any fixed initial functions @ € C([dty, to], R") and & € C([dt, o], R™), define
é(t) =

®)

ie.,

)
(), |e(t)] =

&(t),t > dty,

(10)
5 146\ s
0l <Yl@ @ ({5 ) & ezt
~ 1
|<><Y|<w,a>>|oo( !

(11a)
_/\~
t > ot
1+fo> 9, t= 0ot

(11b)

12
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Based on (5), it is obtained that

é(t) = —piei(t) + ) [ ihi (&(t)) + el ( j(Pijf))]

€L

+Y %z{ (pint)B} (@ (pint))

JE€ELw 1€l

+h;(éj(Pijlt))hl(1§l(Pijlt))]/i € Zn, t € [to, ). (12)

By multiplying both sides of Equation (12) by e#i(!~f) and then taking the integration
from t( to t, we have

ei(t) = e Milt)e;(tg)

t ) ;
+ Y by / e (& (w))dew

j€Zm fo

£ e [ e 6 o) o

j€lm to

+ 5T o [ e g0 ) @)

JE€Ly 1€Ly
117 (& (pio) i (By (pio)) | dew,
i € Zn,t € [tg,0). (13)

According to Assumptions 1-3 and 4, one can derive

lei(t)] < e M=) |py(to)]

+ X oyl e 0 i) e

J€Lm
+ X lagll | e ey (py) e
€L
(wo— Dz 1~
+)Y X |0ijl|/ et [7]( e (pie)|
€Ly 1€ 2 fo
+flj’yl(l)|éj(piﬂw)|}dw,i € Ly, t € [to, OO) (14)

Analogously, we can obtain

&(1)] < e M=) gi(ty)]

+ X loplls [ P o)l
to

i€Zy

= t ~ _ N
+) \3ji|li/t e e;(piw) |dew

i€Zy
+ L ol [ e [12R e o)

€Ly r€Ly

171 lei (Bjirco) | dew, € Lo, t € [to, 0). (15)

Clearly, (11) holds for any t € [dtg, to]. Assume that (11) is not true for all t € (¢, +c0).
Then, the following (i) or (ii) is true:

13
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(i) Whenty <t <T,thereis T and i* € Z, such that (11) is true, and

~ 1+T
e ()1 = Yl@ )l ( 1) 2, 6

(i) Whenty <t <T,thereis T and j* € Z, such that (11) is true, and

N 1+7T\ 7.
|€/*(T>| _Y”((DI(D)HOO(JtO) 19]* (17)

Case 1: (i) holds. From (14) and (11b), we derive
ler(T)] < Y|[(@, @) (T—10)

— T 1+w)\
+ Y (b8 Y| (@, @ oo/ Hf*<wT)( ) d
jezml i+jlhi0;Y||(@, @) L 1ot w

T oo (1+w\ ™
+ ¥ larillp i@l [ e D (150) T

jezm 0 1+t0
1+w\
Oir pirle=T) ()h A8,Y (0, @ <>0<>
]gmkzm'”l'/e iY@, @) s 1
—A
= 3) oo [ 15
+h]r)/l pz ]l Y||((D/(D)|oo<1+to> ‘|dw

3 T+T\ M oy 1+ T\
— pix(T—to)
Y@ @it ) { (1)
—A
+ Y |bl]|hz9/ i (W= T)(“’“’) deo
= " 147

A

1+w

+ ) |cl]|l]p ]/ et (W= T( ) dw
]eZm Z] 1+T

JE€ELw 1€l

T 1+w\
pis (w=T) [ 2T X
X/to e <1+T> dw}

N 1+T\ M . o /1+T\?
— Vz'*(T fg)
Y||(w’w)”°°<1+t0> {e (1+t0>

JE€Lm

_|_

~(z — z ~(1) — =
+3 ) (|0i*zj|’n( )thi*zAjJr 071 ¥ )Pi*ﬁ)ﬁj]

€Ly 1€l

T T+w) ™
pix (w—T)
X /to e <1+T> dw}

3 T+T\ M gy (1+ T\
—vi@ ol ) | ()

14+t
+ WA /Teﬂi*(w_T) Hiw _/\dw
UIAYS Jto 1+T s

14



Mathematics 2025, 13, 1512

where

>

= ) DijBjBij = Opj + Eiej,
J€Lm

Noting that e/* (w=T)=AIn(15%) < ellix(W=T) for any w € [to, T] from Lemma 1, we
have from (7a) that

N 1+T\ M, ~T
0
5 147\ -
<vi@dle(1hy ) 0+, a8

We have |e;+(T)| < Y||(®@, @) Hoo(llLTO) i+, which contradicts (16).
Case 2: (ii) holds. Using (15) and (11a), we derive

&(T)| < Y[(@,@)||oe P (T10)

T w_ 1+ —A
+ T i@l [ e (152) T
fo

i€Zy T+ to

= T 1 —A
+ T Jeillo Y@, @) s / e”f*(“’—”(“’) e

i€ to L+to

¥l | el
162,,;’62,,

B “A
+iP p A @, >|oo(”“’) ]dw

14—w>)L

Phpy @@l e

1+t

5 1+T\ M oy 1+ T\
RV fipe (T—to)
”(‘D"O)”""<1+to> {e 1+

= T 1+w\
fix(w—T)
+Z|b]1h /Oe! <1+T> dw

i€Zn

+ Y I8 I C/ eftj* (@=T) Itw Adw
= il 1+T

+ L [Bpalnhepnd
i1€Ly Y€1y

" 1+w\
+|D] lr|hl’)/r p] lr€l:| / ey w T) <1_|_,1_,> dw}

15
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- - 1+T —A *ﬁ‘*(T*tO) 1+T A

1 —A
L bl [ e (150

€Ly I+T
= i (w0 1+w\
+ i P /e”f*(“’ T)<> dw
ZE%' ' 14T
+Y T [\a] il 3 hp;?lt;z
€Ly rE€ELy

0
. 1+T\ M ey (1+ T\
:Y o| — ”l]*( 0) -
(@, @) (1+t0> {e 1+t

+ ) (|6j*i|fli + ‘Ej*i“:iﬁj_*z/'\)gi

i€Zy

i€y r€Ln

T oo (14+w\
f (w—T)
X[oej <1+T) dw}

N T+T\ M orer (14T
= Y|(@,& — Ay (T=to) ( _ T
(@ )”°°<1+t0> ‘ 1+ o

I T 1+w\
+77j+ R /to efir (@ T>(1+T) dw], (19)

+ Z Z (Ia] rl|’)/1’ h p] ri + |O] ZV|F:Z P]*;\r)gl‘|

where
= Y Rpili, Ry = Opj + Epy
i€y

Noting that /"« (w=

T)-Aln( 1) < el @=T) for any w € [to, T] from Lemma 1, we
have from (7b) that

—_

—_
i
~N o

“Ar . T
&:(T)] < Y||(co,(i>)||oo<1+tT) [emﬂtenﬁjmﬁ/t enj*(wT)dw]
0

<mwwm(

—A
Tr to) (1+Re), (20)

7)\ -
We obtain |- (T)| < Y| (@, ®) | (%) 8-, which contradicts (16).
Consequently, for all t € [tg, +o0), (11) is true. Therefore,

Y e+ Y e

i€y €L
~ . 14+¢+\ % y . 146\
< Y YZ|(@,@)]3 ( ) + Y V28| (0,0) % ——
=» l “\1+to j= J “\1+t
3 1+¢\ %
< T?||(@,@)]2 V> t,
< Pl@d)lk(11r) Mz

16
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. N\1/2
where I' = (ZieZn Y207 + YicZy Y219]2) .
In accordance with Definition 2, error system (3) is semi-globally polynomially stable;
that is, the drive system HOBAMNN (1) and response system HOBAMNN (2) achieve
SGPS. O

4. MMustrative Examples

Next, the effectiveness of the results given in this paper will be illustrated through a
specific numerical example.

Example 1. Consider drive and response HOBAMNNS (1) and (2) with the controllers in (5):
letn=2,m=2a; =04;,a, =04;4; =03, 6, =04; b1 = 1.2, b3p = —0.6; by = —1.3;
boy = 0.24; by = 1.2;b1p = —0.42; by = 2.2;bp0 = 0.22; ¢y = —1.3;¢10 = 1.5;¢ ¢p1 = 2.4;
Cp = 11, 611 == 016, 612 = —0.36,‘ 621 = —0.12; 622 = 043, 0111 = 1;0112 = 2,' 0121 = 1;
0120 = 1; 0211 = 250212 = 1; 0001 = 1,000 = 0.5; 0111 = 0.1;0112 = 0.3;0121 = 0.1;0120 = 0.3;
6211 = 01, 6212 = 021, 6221 = 02, 6222 = 011, P11 = 05, P12 = 04, P21 = 02, P22 = 08,
P11 = 0.7, p12 = 0.1, p21 = 0.2, P22 = 0.9, p111 = pr12 = P121 = P211 = P212 = P21 =
p222 = 0.8, p122 = 0.9; P111 = P112 = P121 = P12 = 0.8; P11 = 0.4; po1p = 0.6; o1 = 0.3;
poon = 0.7.
hy(s) = 0.2stanh?(s), hy(s) = 0.3stanh?(s),

f11(s) = 0.03stanh?(s), fip(s) = 0.2stanh?(s),
I1(s) = 0.3stanh?(s), > (s) = 0.04stanh?(s),
I1(s) = 0.04stanh?(s), I (s) = 0.02stanh?(s),
f1(s) = hp(s) = 0.2tanh(s), fi; (s) = fiz(s) = 0.3tanh(s),s € R.

Clearly, set the following: hy = 0.2;hy = 0.3; = 0.0371p =021, = 03,5, =
f =004 T =002 fiy =fip(s) = 02371y = Fin(s) = 0.3; 7\ = 30V = 0.2, 91 = 4 =
Assumptions 1—4 are satisfied.

When A = 0.05, 11 = 2.6, 1 = 1.6, fi; = 2.0,ji; = 1.8, 551 = 2.54,7, = 1.54, ; = 1.94,
and ijp = 1.74, by solving inequalities (7a) and (7b) in Theorem 1, the following feasible solutions
are obtained:

il = [3.0386,4.3666], 5 = [2.4361,2.5156]" .

It can be readily verified that the conditions of Theorem 1 in our paper are met. Consequently,
based on Theorem 1 in our paper, the drive system given by (1) and the response system given
by (2) experience semi-global polynomial synchronization under controllers (5). We choose the
initial values of the state variables as {(s) = [0.4,0.5]7, 8(s) = [0.2,0.1]T, {(s) = [0.6,0.3]T,
and 8(s) = [0.4,0.6]T. We also define the external inputas I; = I = 0,]; = Jo = 0. The error
curves of drive—response systems €1(t), €x(t), &1 (t), and & (t) are shown in Figure 1; the curves of
variables {1 (t), 0o (t), 01(t), 82(t), C1(t), Ea(t), By (t), and Oo(t) are shown in Figures 2 and 3.

Figures 4 and 5, respectively, show the state—response curves corresponding to the time delays
of pijt = Pjir = 0.1 and pjj; = pPjir = 0.5,1,],1,1 € Zy, indicating that different time delays affect
the convergence rate of the error system.
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Figure 1. The error curves of €(t) and &(t).
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Figure 5. The error curves of €(t) and &(t) when p;;; = pji; = 0.5,i,j,1,1 € Zs.

5. Conclusions

This paper addresses the issue of SGPS for HOBAMNNSs with multiple proportional
delays. Utilizing the definition of SGPS, we initially derive delay-dependent SGPS criteria
for the error dynamical system. Subsequently, a controller gain is provided. Finally, we
present illustrative examples to demonstrate the applicability of the conclusions. Compared
with previous research, the main contribution of this work lies in the first investigation of
SGPS for HOBAMNNSs with multiple proportional delays. By directly deriving easily im-
plementable sufficient criteria based on the definition of SGPS, our approach is applicable
to a broader class of NN models. In [47], the general decay synchronization concept for the
considered network based on -type stability has been given. The general decay synchro-
nization contained polynomial synchronization, exponential synchronization, logarithmic
synchronization, and other synchronization as its special cases. We will consider this issue
in further research.
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Abstract: This paper formalizes the analytic expressions and some properties of the evolu-
tion operator that generates the state-trajectory of dynamical systems combining delay-free
dynamics with a set of discrete, or point, constant (and not necessarily commensurate) de-
lays, where the parameterizations of both the delay-free and the delayed parts can undergo
impulsive changes. Also, particular evolution operators are defined explicitly for the non-
impulsive and impulsive time-varying delay-free case, and also for the case of impulsive
delayed time-varying systems. In the impulsive cases, in general, the evolution operators
are non-unique. The delays are assumed to be a finite number of constant delays that are not
necessarily commensurate, that is, all of them being integer multiples of a minimum delay.
On the other hand, the impulsive actions through time are assumed to be state-dependent
and to take place at certain isolated time instants on the matrix functions that define the
delay-free and the delayed dynamics. Some variants are also proposed for the cases when
the impulsive actions are state-independent or state- and dynamics-independent. The
intervals in-between consecutive impulses can be, in general, time-varying while subject to
a minimum threshold. The boundedness of the state-trajectory solutions, which imply the
system’s global stability, is investigated in the most general case for any given piecewise-
continuous bounded function of initial conditions defined on the initial maximum delay
interval. Such a solution boundedness property can be achieved, even if the delay-free dy-
namics is unstable, by an appropriate distribution of the impulsive actions. An illustrative
first-order example is developed in detail to illustrate the impulsive stabilization results.

Keywords: delay differential systems; point delays; evolution operator; impulsive actions;
global stability
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1. Introduction

Systems with delayed effects appear in many real-life problems, such as war and peace
models, some biological problems—for instance, the sunflower equation, logistic equations,
epidemic models, etc.—electrical transmission lines, economic models, heat exchangers,
urban traffic, digital control, remote control, tele-operation processes, integro-differential
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Volterra-type equations, neutral equations, etc. [1-14]. See also some of the references
therein. Delays often influence the solution trajectory.

Different types of delays are common and these types sometimes appear in a combined
manner. In this context, delays can be internal, that is, in the state dynamics, or external, in
the sense that they operate either on the forcing inputs, or controls, or in the measurable
outputs, or in both of them. Typically, the delays can be either constant or time-dependent
point delays or they can also have a distributed nature. On the other hand, point delays
can be commensurate, in the sense that all of them are integer multiples of a base delay,
or incommensurate, when they do not have the above mutual proportionally nature—see,
for instance, [1]. Distributed delays are typical in certain either deterministic or stochastic
classes of Volterra-type integro-differential equations. See, for instance, [11-14] and some
of the references therein. In particular, in [12], the stability of a class of integro-differential
Volterra-type equations, including the dynamics associated with a finite number of point
delays and impulsive effects, is analyzed by means of a Karovskii-Lyapunov analysis.

From the point of view of differential systems, time-delay systems are infinite-
dimensional because of their time-interval-dependent memory, and so they possess in-
finitely many characteristic zeros. The initial conditions of time-delay differential systems
are defined by any piecewise-continuous bounded function on the time interval [—F, 0],
where & is the maximum size of all the delays present in the system, which coincides with
the delay of the maximum size.

It has been seen that, in the event that there is no time-varying dynamics in the
delay-free part, and furthermore, there are no delays in the dynamics, then the solution
of the differential system is generated by an evolution operator; this is a Cyp-semigroup
of a time-invariant infinitesimal generator [15-20], which is a one-parameter semigroup
that is both strongly continuous and uniformly continuous. The one-parameter semigroup
property of the linear time-invariant undelayed typically becomes lost if the dynamics is
time-varying and/or it involves delays [21].

On the other hand, impulsive continuous-time- and discrete-time-controlled systems
and their stability, asymptotic stability, and stabilization properties under appropriate
controls have been studied in the background literature in both delay-free and delayed
cases. See, for instance, Refs. [22-28] and some of the references therein. In particular, the
global exponential stability of a type of system with control impulses and time-varying
delays is studied in [22] by means of an impulsive delay differential inequality. Also,
an “ad hoc” impulsive stabilizing controller was synthesized. In [23], an inequality of
Razumikhin-type with delays in the impulses is addressed, while the information on the
time delay in the impulses is used for stabilization of the delayed systems. In [27], a sliding-
mode controller is designed for impulsive stabilization of a class of time-delay systems
in the presence of input disturbances. The designed control allows for counteracting
the unsuitable perturbation effects. In [28], sufficiency-type conditions for exponential
stability are developed for delayed systems where the delay size is not limited by the
distribution of the impulsive intervals. Related studies have also been extended to some
nonlinear problems involving delays such as Cohen—Grossberg neural networks or actuator-
saturated dynamics and to some stochastic control problems involving delays [29-31]. The
distribution of the impulses through time is not necessarily periodic since the aperiodicity,
and eventual sampling adaptation to the signal profiles, allows for the improvement of
the data acquisition performance [32]; improvement of the system dynamics in discrete-
time systems [33]; to better fit certain optimization processes [34]; the improvement of the
signal filtering and attenuation of the noise effects [35]; or the improvement of behavior
prediction [36]. Some strategies of non-periodic sampling are described and discussed
in [37-40]. In [41], non-uniform sampling is proposed for the improvement of tracking
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control against stochastic actuator faults. On the other hand, the adaptation transients can
be improved by using adaptive sampling that is, by nature, non-uniform and adapts itself
to the signal variations. This allows for reducing the signal overshoot peaks, especially
at the beginning of the state and the output responses. See, for instance, Refs. [42—47]
and some of the references therein. In particular, non-periodic sampled-data controllers
have been proposed for distributed networked control against potential cyber-attacks of
a stochastic type [46]. In [48,49], impulsive controls are proposed and synthesized for
certain epidemic models in such a way that the controls are not uniformly distributed
through time. Typically, the impulsive effects are characterized through Dirac distributions
in the differential system, which generate finite jumps in the solution trajectory at the time
instants where such impulsive effects take place. Some classical books of systems theory
and physics explain both the intuitive ideas behind and the mathematical description of the
impulsive effects. See, for instance, [50-52]. Some recent results in the field of time-delay
systems are given in [53-56] as follows: In [53], the solvability of a state-dependent integro-
differential inclusion is studied together with the existence and uniqueness of solutions of
these types of equations when subject to delay nonlocal conditions. In [54], new sufficient
and necessary conditions are derived regarding the oscillatory behavior of second-order
differential equations with mixed and multiple delays under a canonical operator. In [55],
oscillation conditions are presented for fourth-order neutral differential equations. On the
other hand, the purpose of the investigation performed in [56] is the study of the asymptotic
properties and oscillation regime of neutral differential equations with delays of even order.
The given results are based on the Riccati transformation together with a comparison with
first- and second-order delay equations.

This paper relies on the analytic forms and some relevant properties of the evolution
operators that generate the state-trajectory solutions of a class of eventually impulsive linear
time-delay with linear time-varying mixed delay-free dynamics and delayed dynamics. The
analysis of the impulsive effects is a main novelty compared with the results given in [21].
It should be pointed out that impulses translate into finite jumps in the solution trajectory.
In this article, the impulsive actions are assumed to take place inside the parameterization
instead of influencing the forcing terms as is usual in the related previous background
literature. The eventual impulses directly influence the parameterization of the undelayed
dynamics and, eventually, that of the delayed dynamics in the differential system at the
impulsive time instants. The various combined delayed dynamics correspond to a finite
number of known constant point delays. In more detail, the evolution operators are made
explicit for both the non-impulsive and the impulsive time-varying delay-free cases and
also for the impulsive time-varying systems with eventual delayed dynamics. The delays
are assumed to be constant and, in general, multiple and arising in a finite number but
they are not necessarily commensurate in the sense that they are not required to be an
integer multiple of a minimum or base-minimum delay. The impulsive actions are assumed
to be state-dependent and to take place at certain isolated time instants on the matrix
functions, which define the delay-free and the delayed dynamics. Some variants of the
above model are also briefly discussed for the cases when the impulsive actions are either
state-independent or both state- and dynamics-independent. It is assumed that the inter-
impulse intervals, that is, the time intervals in-between consecutive impulses, can be, in
general, time-varying while being subject to a minimum threshold. The boundedness and
the associated global stabilization of the state-trajectory solutions for any given piecewise-
continuous bounded function of the initial conditions (defined on the initial maximum
delay interval) are investigated in the most general case of the proposed time-varying
impulsive system with delays. Such a boundedness property can be achieved, even if the
delay-free dynamics is unstable, by an appropriate distribution of the impulsive actions.
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An illustrative first-order example with impulsive parametrization changes is developed in
detail to illustrate the boundedness and stabilization results.

The impulsive system under study could be interpreted as a limit case of a switched
delay system with instantaneous switching actions from one parameterization to another,
and then immediately returning to the former parameterization in the configuration previ-
ous to the impulsive action. In that context, the parameterizations are impulsive and seen
as instantaneous switching actions occurring at the impulsive time instants.

The paper is organized as follows. Section 2 presents expressions of the evolution
operator that generate the state-trajectory solution of a class of linear time-varying differ-
ential delay-free systems. The evolution operators used in this article are based on the
analysis of the solution of the differential systems with time delays taking into account
the impulses in the parameterization of the dynamics that are, in general, state-dependent
and lead to finite jumps in the solution of the differential system at the impulsive time
instants. In that context, the impulsive time instants might be either effective or ineffective
according to their validity to produce, or not, parameterization changes in the dynamics.
Intuitively, an impulsive time instant is considered to be ineffective if it is not able to
generate a jJump in the state being valid to modify the parameterization of the dynamics.
The simplest case (but not the only one) of impulsive ineffectiveness happens when the left
limit of the trajectory solution is null at the “a priori” claimed impulsive time instant. In
such a case, another closely allocated impulsive time instant candidate should be tried. To
establish the main results, the impulsive-free part of the matrix function of dynamics of
such systems is supposed to be bounded, piecewise-continuous, and Lebesgue-integrable
on [0, ). The cases of absence and presence of Dirac-type impulses in the system matrix
of dynamics are described. In the impulsive case, the evolution operator is seen to be,
in general, non-unique. The efficiency of the impulsive time instants in the generation
of relevant impulsive actions depends on the particular evolution of the matrix function
that describes the dynamics. In that sense, the potential impulsive time instants might
be effective or ineffective. Section 3 extends the above results to the presence of delayed
dynamics associated with, in general, multiple constant point delays. The impulsive actions
at certain time instants can take place both in the delay-free dynamics and in the various
matrices of delayed dynamics. The boundedness of the solution trajectory leading, as a
result, to the global stability of the system for any bounded initial conditions is also investi-
gated. An appropriate distribution of the impulsive time instants, subject to a minimum
inter-impulsive threshold, is proved to be essential for the potential stabilization of the
differential system. An illustrative first-order example is discussed in detail to visualize the
theoretical results of Section 3. Finally, some conclusions end the paper.

Nomenclature

p={L2--,p}

Commensurate point delays h;, = hy < hy < --- < hy = h are those that are the
integer multiple of a minimum common multiple, which is the minimum, or base, delay
hm = hy, namely, h; = ihy, for i € p, then h = hy, = phy,.

Incommensurate point delays hy, = hqy < hy < --- < h, = h are those that are not the
integer multiple of a minimum common multiple.

f;, denotes the strip of the function f: R — R" on [t — a,t], defined as a function
fromRto R" by f,,(t) = f(t); T € [t —a,t], f,,(T) =0; T€R\[t—a,t]; t € Rinsucha
way that the support of f,, is a proper or improper subset of [t — a, t]. Thus, Xy, is the strip
of the solution x(t) on [t — I, t] of an n-th-order time delay system on a maximum delay
period of size h. To abbreviate the notation, it is referred to simply as X; to avoid confusion.
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I, is the n-th identity matrix;
0, is the n-th zero matrix.

Ro =Ry U{0}={reR:r >0}, Ry ={reC:r >0},

R y=R_U{0}={reR:r<0}; R_={reR:r<0},

where R is the set of real numbers, and
Cor =CLU{0} ={z€ C:Rez >0}; C4 = {z € C:Rez > 0},

Co=C_U{0} ={z€C:Rez<0}; C- ={z€ C:Rez <0},

where C is the set of complex numbers.

In the same way, we can define “mutatis mutandis” the respective subsets Zy,, Z,
Z_y,and Z_ of the set Z of integer numbers.

The closures of the real set and subsets are c/R = RU {0},

CZRO+ = R0+ U {+00}, CZR+ = R+ U {0, +00},

cIR_ y=R_oU {—OO},‘ cIR_.=R_U {O, —OO},

where BPC([—h,0]; R") denotes the set of bounded piecewise-continuous functions from
[—h,0] to R".

PCY(R;R") is the continuous differentiable class of n-real vector functions on R,
whose first-derivative is piecewise-continuous but not necessarily continuous. Note that
CY(R4;R") C PCY(R4;R™).

Rop(t) ={[t—ht]:t€Roy} C R;Ryp(t) = {[t—h,t]:t € R} C R are, respec-
tively, non-negative and positive strips of real intervals of the Lebesgue measure & relative
to the time instant “t”.

An impulsive real function f: Rp; — R is that which has a non-zero set of Dirac-
distribution-type impulses Ké(7 — t;) on a finite set of impulsive points T = t; such that
there is an impulsive jump f(t") — f(t;) = K(t;)6(0) at t = t; of size K(t;)(#0) € R.
The same idea applies for a vector function f : Roy — R”" in the sense that t = f; € Rot
is impulsive if there is at least a component j € 7 of f(t;) such that f;(t[) — f;(t;7) =
K;(t;7)6(0) with K;(t;) # 0. Thus, t; is an impulsive point of f(t) if f(t7) — f(t;7) =
(Kq(t7)0(0), Ko (£7)6(0), - -, Ka(£7)6(0)) T is non-zero, that is, if there is at least one non-
zero K;(t;") for j € 7i. An abbreviated notation for thatis f (") — f(t;) = (K;(t;)6(0)).
Again, a generalization for the real matrix functions F : Ro — R™*" is direct in the sense
that ;. is an impulsive point of F(t) = (F;(t)) if F(t) — F(t, ) = (Kij(t; )6(0)) with at
least one entry of K(t; ) = (Kjj(t; )) being non-zero. Note that if  is non-impulsive, then
the impulsive jump amplitude is null. To keep the notation less involved, the right limit +*
of t is simply denoted by ¢ so that F(#) stands as the notation for F(¢").

The spectral radius of a matrix function of time A :Rp; — R™" is denoted by
p(A(1));

e; € R" is the unit’s i-th Euclidean vector whose unique non-zero component is the
i-th one that equalizes unity;

“iff” is the usual equivalent abbreviation of the claim “if and only if”;

Xo denotes the infinity cardinal of a numerable set;

The entry-to-entry definition of a matrix K € R"*™ is denoted as K = (Kij) ;1 €,

jem.
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RH"*" is the Hardy space of real-rational complex-valued proper transfer matrices
00 y sp P prop

G(s) from Cto C"*™, analytic in Cy, and of finite norm || G(s = max 0(G(iw)), where
y OO wGR(H,

0(G(iw)) is the maximum singular value of G(s) for s = iw; and i = y/—1 is the complex
imaginary unit.

2. Time-Varying Linear Delay-Free Differential Systems and Their
Evolution Operators for the Non-Impulsive and Impulsive Cases

This section studies the analytic expressions of the evolution operator that generate
the state-trajectory solution of a class of linear time-varying differential delay-free systems.
The impulsive-free part of the system matrix function is assumed to be bounded, piecewise-
continuous, and Lebesgue-integrable for all time. The cases of absence and presence
of Dirac-distribution-type impulses in the entries of the system matrix of dynamics are
described and the corresponding expressions of the evolution operators [15,21], which
generate the solution trajectories for given initial conditions, are given explicitly. In the
impulsive case, the evolution operator is seen to be, in general, non-unique. The efficiency
of the impulsive time instants to generate relevant impulsive actions depends on the
particular evolution of the matrix function that describes the dynamics. In this sense,
the impulsive time instants might be either effective or ineffective. A discussion is also
provided for the case when the impulses do not affect the parameterization of the matrix of
dynamics while they produce finite state-independent jumps in the solution trajectory at
the impulsive time instants.

Consider the subsequent linear time-varying differential system of order n:

x(t) = A(H)x(t); x(0) = x 1)

where A : Roy — R” *" is bounded and piecewise-continuous Lebesgue-integrable on Ry ;
and A(t) and fo T)dt are assumed to commute for all ¢ > 0.

Theorem 1. The following properties hold:

(i)  The unique solution of (1) is given below:
x(t) = elo ATy -t € Ro+ 2)

so that the unique evolution operator of (1) from Roy to R"™" is ¥(t) = el A)dT for
any t € Roy.
ot
(ii)  The evolution operator ¥ (t) = el AlD)dr forany t € Ry satisfies the integral equation

=1, +/ T)ydt =1, —|—/ efo (@)dog7:t € Ry 3)
Proof. It turns out that if (2) holds then (1) holds. Assume that there exists another solution
for the same initial conditions of the following form:
x(t) = ®(t)x0; ¢ € Ry @)
so that

x(1) = D(H)xo = A(D)P(H)xo = A(Dx(t) = A(t)elt ATxy; ¢ € Ry, ©)
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fort € Ry, and
B(t) = A(t)eh AT = %(efé AIT); e Roy ©)

Note from (2) and (4) that el AT — ®(0) = I, since x(0) = xq for any given arbitrary
finite xo. Since ¥(0) = eo A4 — [ — &(0), and

o) =3 (efo ) )

forall t € Ry from (6), then ®(t) = elo AT for all ¢ € Ry+. Thus, the evolution operator
Y(t) = O(t) = el AT of (1) is unique for all t € Rg,. Property (i) has been proved.
Since ¥ (t) = el AT g the unique evolution operator of (1) for all t € Ry, then

/ dT—In+/ efo A(U)d(f) =1, +/ )dT t € Roy+

and Property (ii) has been proved. [

Define < A >;= (1/t) fo T)dT as the average of A : [0,t) — R™*", which exists for
allt € Ry since Hfo dTH < +oo forall f € Ry+. Note that

¥(t) = eh A = (/D[ ADIE = oA, 4 € Ry, ©)

Thus, the explicit computation of ¥ (t) = elo AT can be performed by direct or
numerical integration from (8) and also as ¥(t) = L‘l{(s, L, —, <A, >t)_1} via the

Laplace inverse transform of (sl,— < A >t)_ for each fixed t € R0+ and its associated
(constant for such fixed t € Ry ) averaged n-matrix < A >;= (1/t) fo T)dT.

The above considerations may be extended for more general Lebesgue integrals,
which eventually include Dirac-distribution-type jumps in the integrand, that is, infinite
point jumps at isolated sampling instants in the dynamics of the differential system, as is
now discussed.

Note from Theorem 1 that, under the simplifying notation convention ¥ (¢,0) = ¥ (),
we can write the following:

x(t) =¥ (t,0)xg =Y (¢t to)x(tg) = ¥ (¢t to) ¥ (to,0)xpfor any t >ty > 0 (10)

Note that the evolution operator of Theorem 1 is not a Cyp-semigroup—which is
essentially one-parametric—since, if t # to(# 0) in (10), then the state-solution cannot
be expressed, in general, with one parameter (t — ty) for any fo and t because A(f) is
time-variant. Consider now the modification of (1) that follows to include impulsive effects
in the time derivative of the solution trajectory, which produces proportional instantaneous
finite jumps at the impulsive time instants in such a solution trajectory:

x(t) = (A(H) + A(1))x(t); x(07) = xo (11)

Zt cIMP(t E)A(E)o(t—t) (12)

where A : Rp;+ — R™" isbounded and piecewise—continuous Lebesgue-integrable on [0, t]

forany t € Ro; A,-j(t_) = A;j(t7)if the (i, j)-entry of A(t™) is impulsive, and Aij(t_) =0,

otherwise, for i,j € 7; A(t) is a Lebesgue-integrable impulsive real square n-matrix on
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[0,t] for any t € Ro; such that at least one entry of the real non-continuous bounded
n-matrix function K(¢~) is non-zero if, and only if, the time instant ¢ is impulsive—that
is, t € IMP (= Uzcg,, IMP(7)), where IMP is the total set of impulsive time instants
and IMP(t) = {T(<t) € Roy : K(t7)A(t™) # 0} is the set of impulsive sampling in-
stants up to the time instant f, which has a cardinal N(t), i.e., the set of impulses on [0, ¢].
Note that the support of the impulsive matrix function is, by definition, a set of isolated
time instants in Roy. We also define by convenience the impulsive set of time instants
IMP(t) = {1(< t) € Ro4 : K(1) # 0}, of cardinal N(¢) (i.e., the set of impulses on [0, t))
so that IMP(t) = IMP(t™) if and only if t ¢ IMP. The total finite or (denumerable) infinite
number of impulsive time instants is card(IMP) = Ny, < xo, where xo denotes the
infinity numerable cardinality. Note from (11)~(12) that x(t) — x(t7) = K(t7)A(t7)x(t7)
if t € IMP and K(t) = 0 so that x(t) = x(¢7) if t ¢ IMP and also its right limit is zero if
t € IMP. Note that A(t) = A(t) and x(t) — x(t7) = K(t")A(t7)x(t) if, and only if, all
the entries of A(t) are impulsive. It can be noticed that if x(t ) € Ker(K(t")A(t")) then
x(t) = x(¢") and such a time instant  does not have a real, effective impulsive effect in the
solution for such an impulsive gain K(t). If, in addition, x(t~) € Ker(A(t7))A(t") =0,
and in particular, if x(+~) € Ker(A(t")), then t does not have a real, effective impulsive
effect in the solution irrespective of the impulsive gain K(t). Then, such a time instant “#”
is non-effective or ineffective versus the case when it is effective. Related to these ideas, the
following definitions are pertinent:

Definition 1. If x(t~) € Ker(K(t7)A(t™)) for t € IMP, then t is an ineffective impulsive
time instant for the impulsive gain K : Ry — R™".

Definition 2. If x(t7) ¢ Ker(K(t~)A(t")) for t € IMP, then t is an effective impulsive
time instant for the impulsive gain K : Roy — R™".

Definition 3. The impulsive set of time instants IMP is effective for the impulsive matrix
function gain K : Ry — R™" if K(t7)A(t7)x(t7) #0 forany t € IMP.

Note also that if A(t7)x(t~) # 0, then there always exists some impulsive matrix
function gain of K : Ro+ — R™*" for which t € IMP is effective. It suffices for this concern
that A(t7)x(t~) ¢ KerK(t™). The following simple result holds:

Proposition 1. (i) A time instant t € IMP is effective for some impulsive matrix function gain
K:Roy — RV iff eT A(t7)x(t7) # 0 for somei = i(t) € 7.

(ii) el A(t7)x(t7) # O for some (unique or non-unique) i = i(t) € nn implies and it is
implied by A(t™)x(t~) # 0 (the converse implication does not imply the uniqueness of i = i(t) €
7 such that el A(t7)x(t~) # 0. Then, Property (i) is fully equivalent to the following assertion:
a time instant t € IMP is effective for some impulsive matrix function gain K : Roy — R™"
iff eTA(t7)x(t7) # 0 for some i = i(t) € 7.

(iii) A time instant t € IMP is ineffective for any impulsive matrix function
gain K:Roy — RV iff el A(t7)x(t7) =0 forall i € 7, equivalently, iff A(t~)x(t") =0.

Proof: Ife] A(t7)x(t7) # Ofor t € IMP and some i = i(t) € 7, then the i-th component of
A(t7)x(t7) is non-zero. Then, it suffices that the i-th column of K(t) has all its components
non-zero in order that x;(t) # x;(¢t7) for all j € 7. This ensures the existence of a (non-
unique) K : Ry — R™*" such that t € IMP is effective. The sufficiency part of Property
(i) has been proved. The necessity part is followed by contradiction arguments. Assume
that ef A(t7)x(t7) = Ofort € IMP and alli = i(t) € 7. Thus, v(t) = A(t")x(t~) = 0 so
that x(t) = x(t) irrespective of K : Roy — R™*". Property (i) has been fully proved. The
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implication parts “ = ” and “ <= ” of Property (ii) follow directly from Property (i) so that
Property (ii) is proved as equivalent to Property (i). Property (iii) is the dual of Property (i)
so its proof is direct under close “ad hoc” arguments. [

The relevance of extending Theorem 1 of the impulsive case relies on keeping the
Lebesgue-integrability of (A(t) + A(t)) through time when the impulsive contribution A(#)
is non-null. In particular, the following cases are of interest:

(@) card(IMP) < oo, that is, there is a finite number of impulsive time instants;

(b) there are infinitely many impulsive time instants but their influences are mutually
compensated so that their total contribution to the solution of (11) is bounded for
all time;

(c) there are infinitely many impulsive time instants but their respective jumps collapse
asymptotically so that (A(t) + A(t)) is Lebesgue-integrable on [0, t] for any f € Ry..
Because of its modus operandi, its way of operating, at the impulsive time instants,
the system (11)—(12) is said to be a proportional instantaneous finite-jumps system.
The uniqueness of the evolution operator is guaranteed along the inter-switching time

intervals but such uniqueness is not guaranteed in the general case, at the right limits of

the impulsive time instants, since different impulsive gains can generate the same right
limit value of the solution trajectory for a given left limit value. This property is formalized
in the subsequent results:

Theorem 2. The following properties hold:

(1)  The unique solution of the proportional instantaneous finite-jumps system (11)—(12) is given
by the expression below:

x(t) = (L +K(E)A(F)) <ef:w>1 A(T)dr) <Hihi<lt)1 [eﬁ}u A (g K(ti—)A(ti—))D (gfg'f A(T)d‘r) o 13
= (In + K(t7)A(t7))x(t7);t € Ros

where the product of matrices operates from the left to the right in the order of the increas-
ing sequence {t;};cz ; and IMP(t™) = {t1,t2, e ,tN(tf)} is the impulsive set of time
instants on [0,t) whose cardinal is N(t~). Thus, the solution of (11)—(12) is given by
x(t) = Q(t)xo;t € Ry, where, in general, its non-unique evolution operator is as follows:

Q) = (1 + K(F) A ) )
= (I + K() A1) (wau AWT) <n§v({>‘1 {eﬁ?’“ Ay K(ti)A(ti))} ) (efa’f A<r>df) Ry, Y

The evolution operator Q) : Ry — R™*" is unique on [0, +o0) if and only if there is no se-

quence of impulsive gains of the matrix of dynamics {K'(t;) }, _pp 7 1K(t7) such

Feimp
that x(t;) € Ker{(K(t;) —K'(t;))A(t;")} for at least one t; € IMP; equivalently, it
is unique if and only if x(t;) ¢ Ker{(K(t;) —K'(t;))A(t;)} forall t; € IMP. Asa
result, if there is at least one t; € IMP such that x(t;) € Ker{ (K(t; ) — K’ (tl-_))z‘i(ti—) }
with K'(t;7) # K(t;7), then Q) : Roy — R™™ is non-unique.

(i) If t € IMP then t = tyy) and IMP(t) = IMP(t™) U {tN(t)} so that (14) becomes the
following:

Q
_ (In +K(f_)A(t_)) (E‘/;‘N(f)l A(T)dT> (l_[l]\](lt)—l |:eft‘:1+1 A(T)dT(In +K(fl_)A(tl_)):|> (E 0“17 A(T)dT) (15)
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and

e Am‘”) (HZN_(;‘“ lefr/“ AT L K(E) A ))D ( It 4 TW) (16)

If 0 =t € IMP, then

) (1 -+ e ) () (<o ) (I | k) o

If 0 =t € IM;) and t € IMP, then t = tN(t)/ tN(t*)—l = tN(t)—Zf and
EN(-) = EN(t)—1 SO that
Q) = (Li+K(t)A())Qt) t
R B i+1 ~
= (1 KO)AG) (T [ A (1,4 k(1) 4G )| 18)
R ! A(t)dt - fi N
= (KA e T (O RO k) A7) )

Proof. It turns out from (11)—(12) that

x(t) = i AT “x(ti1)if t € [tipr, tipo)and iy, bipo (> Hipq) € IMP (19)

x(tipy1) = (lﬂ) +fl“ x(T)dt

x(th) + IS g K(T ( ra) ¥t )oltia — )i
(In n K( T 1+1 x<fz+1
(I”+K( z+1) (1+1 ftllﬂ o “x(t)

The last identity arising since A(t) is not impulsive; thus, (20) into (19) yields if t €

(20)

[tit1 tivo):

x(t7) = effrﬂ (ti+1> - (eft’“ (In + K( z+1>A< z+1))>€f'tfj+1 A(T)de(ti) (1)

and using recursive calculations for ¢ € [t; 1, t;12]:

(T)d'r

x(t) = (In +K( JA(t 3 1+1) B
— (KO ( O ez A ) (74
ti i (22)
= (L +K(t [(e i1 “(L+K(t ,H)A(tlﬂ))) (efff A(TW(IH +K(t;)A(t;))>} <e“x 1A(T)dT>x(t,-])

= (1 + K(P)A >>[(fw A 0 K () Alr)) ) e (B2, >A<tl>>)]<e-fﬁ”<ﬂ“>xo

which proves (13) for any given finite xp = x(0) and any t € Ro;. This implies that
x(t) = Q(t)xp; t € Ry via the evolution operator (14). The solution is unique for given
finite initial conditions because (22) is explicit and unique for finite given initial conditions.
It turns out from (13) that the evolution operator that generates this solution for any given
finite initial conditions is (14). From Theorem 1, this evolution operator is unique at each
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time interval [t;, t;,1) for any ¢;,t;11 € IMP and any finite initial condition x. It turns out

that, as outlined below:

(a) the evolution operator is unique on Uti,tiHeIMP[ti/ tiyq1) if cardIMP = Nimp = Xo, L€,
if there are infinitely many impulsive time instants;

(b) the evolution operator is unique on (U, +,, ermp(ti tiz1)) U [tNimp,—&—oo) if Nipmp < X0,
i.e., if there is a finite number of impulsive time instants;

(c) the evolution operator is unique on [0, +0) if, and only if, there is no sequence of im-
pulsive  gains  {K'(t) }tieIMP # {K(t") }tieIMP such  that
x(t7) € Ker{(K(t;7) —K'(t;))A(t;)} for at least a t; € IMP. Otherwise, assume
that there is t; € IMP and another impulsive gain matrix K'(t;) # K(t;) such
that, given x(t; ), the right limit of the solution at t; is x(t;) = K(t; )A(t; )x(t;) =
K'(t7)A(t;7)x(t;). As a result, distinct evolution operators generate an identical

1
solution at ¢; and the evolution operator is not unique on [0, +oc0). Then, the evolution
operator () : Ry, — R™ " is unique on [0, +0) if, and only if, for any sequence of im-
pulsive gains {K'(t;") }, _;,;p of the matrix of dynamics, such that {K'(t;") }, _;pp #
{K(t) }tieIMP' one has that x(t; ) € Ker{(K(t;) —K'(t;))A(t;) } forall t; € IMP.
Then, Property (i) has been proved. Property (ii) follows directly for the mentioned
particular cases of the evolution operator (14). [

Note that the global non-uniqueness of the evolution operator in Theorem 2 (i)
on [0,+) is lost when there is one t; € IMP for which there is some impulsive
gain K'(t;) # K(t7) such that x(t;) = K(t;7)A(t; )x(t;) = K'(t7)A(t; )x(t;). In
this case, the same solution is achieved for distinct impulsive gain matrices. Equiva-
lently, the evolution operator is unique if, and only if, K'(t;) # K(t;), one has that
x(t7) & Ker{(K(t;) —K'(t;))A(t;") } foreach x(t;") for t; € IMP. We can easily see that,
except in some particular cases, the global uniqueness of the evolution operator over time
becomes lost.

Note also that the above impulsively parameterized system can be considered as a limit
case of a switched system where switches are instantaneous at the switching time instants
and the former configuration is re-established immediately after the impulsive actions. In
this context, a switched differential system would be of the form x(t) = A, ;) x(t). Assume
that t; € IMP, then, for t — t;,one has x(t;) = Ag(t;)x(tf) and for t — t (sayt;), one

has x(t;) = Ag(,)x(t) = [Aa(ti’) +A(A(ter(tf)))}x(ti)-

Remark 1. Some examples that visualize that the evolution operator of the proportional instanta-
neous finite-jumps system (11)—(12) is not always unique for all time are as follows:

(a)  There is some t; € IMP such that x(t;) = 0, then x(t;) = 0 for the scheduled impulsive
gain K(t;) but also for any other impulsive gain K'(t;) # K(t);

(b)  The order of the system is n > 2, the impulsive gain matrix sequence consists of diagonal
matrices and there is one impulsive time instant t; such that the first component is x1 (t;) = 0.
Then, any other diagonal gain matrix K'(t;") that coincides with the given one in all the
diagonal entries except in the first one generates the same x(t;) with x1(t;) = 0 under all
such gains, including for K(t).

Now, consider the following alternative impulsive system to (11)—(12), which is a
non-proportional instantaneous finite-jumps system depending on the left values of the
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matrix of dynamics A(t) for t € IMP, while the impulsive actions are, instead, additive to
A(t7) in the differential system:

x(t) = (A(t) + A())x(t); x(0) = xo (23)

At) = Zt’_emp(t) K(t7)o(t—t;) (24)

Note that x(t;) — x(t; ) = K(t;)x(t;") (instead of K(t;)A(t; )x(t;") as it happened in

1

(11)-(12)) if t; € IMP and x(f) = x(¢™) if t ¢ IMP. Note that the increments between the
right and the left values of the matrix of dynamics A(t) at impulsive time instants are not
proportional to its left value, in contrary to (11)—(12). This implies, in fact, that the feedback
solution information from the left limit value of the matrix of the dynamics A(t) value to
its right limit value disappears in (23)—(24) with respect to (11)—(12). Thus, the following
result is the direct counterpart one for the impulsive system (23)—(24) of Theorem 2:

Theorem 3. The following properties hold:

(1)  The unique solution of the instantaneous finite-jumps system (23)—(24) is given by the
expression below:

x(t) = (I +K(t)) (eﬁw‘“ Ade) (Hﬁ({)_l [@f“‘m A K (1 ))] ) (ejgl AWT) 25

= (I, +K(t))x(t");t € Ro+

where tg = 0; K(ta) = K(07); xo = x(0); {ti}iez+? IMP(t™) = {f1/f2,' .. /tN(t*)} if
K(07) = 0;and IMP(t) = {tg = 0,11, ty(p-) } if K(0) # O is the impulsive set
of time instants on [0, t) whose cardinal is N(t™). Thus, the solution of (23)—(24) is given

by x(t) = Qu(t)xo;t € Roy, where, in general, the non-unique evolution operator is now
redefined as follows, with respect to its definition Q(t) of Theorem 2:

Qu(t) = (I +K(t))Qa(t) .
S C e 1 R e ] ) R

The evolution operator Q) : Ry — R"" is unique on [0, +00) if, and only if, there is no
sequence of impulsive gains {K'(t;") }tiGIMP # {K(t;7) }t,-eIMP of the matrix of dynamics
such that x(t;) € Ker{(K(t;) —K'(t;")) } for at least a t; € IMP. Equivalently, if there
is at least a t; € IMP such that x(t;) € Ker{(K(t;) — K'(t;")) }, with K'(t;) # K(t;7),
then Q) : Ro — R™" is non-unique.

(i) If t € IMP, then t =ty and IMP(t) = IMP(t")U {tN(t)} so that (26) becomes the
following:

O, ()

(Hll\](lt)_l [eftii+l A(T)dT(In + K(t:))]) <e Otf A(T)d'[') (27)

and

Qa (t,) _ <gfttl\l(t—)1 A(T)dT> <H11\i(1t)_1 lef:ii-#l A(T)dT(In + K(fl))‘| > (gfotl A(T)dT) (28)
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If 0 =1t € IMP, then

t.

£ - i
Qa(t) _ (In + K(t_))e'ftiﬂ A(t)dt (I—LN(lf )—1 |fi‘&ﬂ A(T)dT(In + K(t:))]) (29)
If0=t; € IMPand t =ty € IMP, then

Qu(t) = (I +K(t7))Qu(t7) |

N A(t)dt - fi
= (1, + (e e O (O BT A g, ki) )

3. Impulsive Time-Varying Differential Systems with Constant Point
Delays and Their Evolution Operator

The results of Section 2 are reformulated for the case where the dynamics include
a finite number of constant point delays, with the associated dynamic matrices being
bounded and piecewise-continuous on Ry, in the more general setting. The impulsive
actions can take place in both the delay-free dynamics and in all or some of the delayed
dynamics.

Consider the following impulsive differential system of order n with proportional
instantaneous finite jumps and with p, in general, incommensurate constant point delays
hi;i € p, subject to h; < h;if j,i(< j) € p:

x(t) = (A(t) + A0)x(E) + Y (Ai(t) + Ai(£)x(t — hy) (31)
A(t) = Zt,-eIMPA(t) K(t7)A(t)o(t — t;) (32)
Ai(t) = Zt,veIMPAi(t) Ki(t_)Ai(t_)‘s(t —t;) (33)

for i € p, where the admissible function of the initial conditions ¢ : [—hp, 0] — R", with
x(0) = ¢(0) = x, is bounded piecewise-continuous on [—h,,0]. The matrix function
A Rop+ — R™" of delay-free dynamics is bounded, piecewise-continuous, and Lebesgue-
integrable on Ry and the matrix functions A; : Ro; — R"*"; i € p associated with the
delayed dynamics of the various delays are bounded piecewise-continuous. The matrix
function A : Ry, — R™" is defined in such a way that Aij(t’) = A;j(t7) if the (i,])-
entry of A(t™) is impulsive and /\ij(t’) = 0, otherwise, for 7,j € 7. In the same way,
Akij(t’) = Aij(t™) if the (i, j)-entry of Ar(t™) is impulsive and Akij(t’) = 0, otherwise,
fori,j e nand k € p.

The above Equations (31)—(33) reflect that impulses also occur for the delayed terms.

It turns out that K(t7)(€ R™") # 0iff t € IMPA, and K;(t™)(€ R™™") # 0 iff
t € IMPA;, where IMPA = {t € Ry : K(t7)A(t™) # 0} is the impulsive set of time in-
stants of A: Ro; — R™",and IMPA; = {t € Ry : Ki(t7)A;(t7) # 0} is the impulsive
set of time instants of A;: Rg; — R"*" fori € p, and IMPA(t) = {t(<t) € IMPA},
IMPA(t~) = {t(<t) € IMPA}, IMPA;(t) = {T(<t) € IMPA;}, and IMPA;(t") =
{t(< t) € IMPA;} fori € p.

The impulsive sets on time intervals [f — 0, t], [t — 0, ), and (t — 0, t) of A(t) are de-
noted, respectively, as IMPA[t — o, t], IMPA[t — 0,t), IMPA(t — 0, t], and IMPA(t — 0, t)
such that IMPA[t —o,t] = IMPA[t—o,t) U {t} if t € IMPA, IMPAJt—o,t] =
IMPA(t —0,t] U {t— 0o} if (t—0) € IMPA, and IMPA[t —0,t] = IMPA(t—0,t) U
{t—c}U{t}if (t —0),t € IMPA.
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Close definitions apply “mutatis mutandis” for the impulsive set of time instants
of A(t) for i € p. The whole impulsive set for impulses in any matrix of dynamics is
IMP = {t; }; ccararmip = IMPA U (UjcpIMPA;).

3.1. Trajectory Solution of the Differential Impulsive System with Delays

The following result is immediate from (31)-(33):

Proposition 2. Assume that IMP = {t;}, coraimip = IMPA U (UjcpMPA;) with IMP can
be either finite (i.e., the number of impulses is finite) or infinity numerable (i.e., the number
of impulses is infinite but they are located through time) so that cardIMP < xq. Then,
the unique solution of (31)—(33) for any given admissible function of the initial conditions
¢ : [—hp,0] — R" with x(0) = ¢(0) = xq is as follows:

S .t7 _
x(t7) = ejfk A(T)de(tk) + Zle /tk ele A(”)d”Ai(T)x(T — hy)dt (34)

x(t) = (L +K(E)A(E))x () + 0 Ki(E) A (7)) x(t — hy) (35)

forany t € [ty, tyi 1], provided that ty, t;. 1 € IMPA U IMPA,;.
In particular, if t € IMPA and t ¢ IMPA, for some i € p then, one has, from (35)

X(1) = (L + K(7)A(E))x(+)
If t € IMPA U (Ujer1IMPA;) for II(C p), then

x(t) = (I + K() A7) 2 (1) + ) Ki(17) A (7)) x (87 — hy)

If t € UjeriIMPA,; for II(C p) and t ¢ IMPA, then from (35),

x(t) = x(E)+Y e Ki(E ) Ai(E)x (" —hy).

Note that, since the impulsive matrix of any (delayed or not) particular matrix of
dynamics is zero if the impulse does not affect such a matrix A(.) and A((.), then (35) is
also valid for all the particular cases of Proposition 2.

The last additive term in (34) reflects the contribution of all the delayed impulsive
terms of the form x(t — h;) on the time interval [ty — h;, t — h;] for all i € p. Each of them
can be empty, for instance, if there is no impulse associated with x(7) in such an interval.

A particular case of the above result is direct under the following assumption of
constant time intervals of size in-between consecutive impulsive time instants:

Assumption 1. Assume that IMP = {t; = iT : x(t;) # x(t;) } if 0 ¢ IMP
cand IMP = {ti};c; = {(i—=1)T};cz, if 0 € IMP, ie., there are infinitely many
impulses through time with a constant time interval T in-between each two consecutive impulses.

Define j;(t) = max(j € Zoy : jT < t—h;) fori € pU {0} with hy = 0. Then, t — h; =
ji(t)T iff (t —h;) € IMP so that K(t— —h;) = K(j;(t)T~)(# 0) iff (t —h;) € IMP and
ji(t) <ji—q1(t) fori € pand t € Ry

Define also for each t € R a proper, improper—which can be empty (if the impulsive
setin [t — hy, t] is empty)—subset F(t) of p U {0} by the following:

p(t) ={zepu{0}:(t—h;) € IMP} fort € Ry}, which is the indexing set of the
impulsive time instants that occurred on [t — hy, t]. As aresult, K(t~ — h;) = K(ji(£)T ™) is
non-zero iff i € p(t). Asaresult, i € p(t) (t —h;) € IMP, implying that t — h; = j;(t)T.

The following result is an immediate consequence of Proposition 2 and Assumption 1:
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Proposition 3. Assume that IMP = {t;};c,, = {iT};c, (Assumption 1), the unique solution
of (31)—(33) for any given admissible function of the initial conditions ¢ : [—h,,0] — R" with
x(0) = ¢(0) = xq is as follows:

x(£) = elir AT () £ VP / ele A0 A (T)x(T — hy)dT (36)

x(t) = (L + K(E)AQE))x(t7) + Xy Ki(t7) Ai(E)x (¢ — hy)
— (L+K(t)A(t ))[efkT AT (KT) + TP [ el A0 A (1)x (T — hy)dr | + XF_ Ki() A () x (- —hy)  (37)
,(k+1)T]

forany t € [kT

The next assumption relaxes the constraint that the time interval between consecutive
impulsive time instants is constant but is still assumed to be an integer multiple of a positive
real constant.

Assumption 2. If IMP > t; = j;T for some positive integer j; = j(i) < i
, then all the impulses on the interval [t — hy, t] take place at time instants t = j T subject
to t—h; <t =jT <t

Note from Assumption 2 the following;:

(1) Ift € IMP, then all the impulsive time instants in [t — /1, t| are in a non-empty set
IMP[t — hy,t] of cardinal m = m(t) > 1 and the impulsive time instants are of the
form

{tl =T = tll,t =i T =tj, -, t=t;= imT} whereiy, i;(< i) € Zforj <k

(2) The impulsive sets in [t —hyp,t] and [t —hp, t) can be empty and they verify the
IMP|t — hp,t) if t ¢ IMP

IMP[t —hy, t) U{t}if t € IMP

Note that the above impulsive sets are identical iff t ¢ IMP and that they are jointly
empty iff there are no impulses in the time interval [t — hp, t) and t ¢ IMP.

Assumption 2 implies that the impulsive time instants are (in general, non-consecutive)
integer multiples of a constant time interval T rather than aperiodic [42—44]. The delays
in that case are still, in general, incommensurate since they are not necessarily integer

relations IMP[t — hp, t] = {

multiples of a minimum base delay /. However, the case of commensurate delays can be
dealt with simply as a particular case with /; = ih for i € p. The following result follows
directly from Proposition 2 and Assumption 2:

Proposition 4. If Assumption 2 holds, then one has for any two consecutive ty(= j;T)

(i1 T) = (Lo + K(jra Tﬁ)‘é(]'kﬂi))x(]'kﬂ T) + 2 K T AiGiena T)x (e T™ = hi)
= (In‘+ ijk+l T )A (jk+1 N ) ) (38)
y ej};:(%rll' A(T)d'( f]k+1T 7k+1 (”)d‘TAl(T)x(Tfh‘)dT +ZP K( T—)A,(- T i T —hy
T i i i=1 &N Jk+1 iUk+1 )x(]k+1 ’)

And, if t € [ty tgyq), then

t t .
x(t) — E‘]}kT A(T)de(jkT) + Zf_l/ ej—ﬁ A(U)dUAi(T)x(T _ ]’li)dT (39)
T
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The evolution operator, which gives the solution for any given function of the initial
conditions, follows directly from Proposition 2:

Proposition 5. Assume that IMP = {ti};cz . Then, in general, the non-unique evolu-
tion operator that generates the solution (34)—(35) of the differential system (31)—(32) on [ty, t],
with ty, ty 1 € IMP being consecutive impulsive time instants and t € [ty, ty1] € Roy, is defined
recursively as follows:

t— t -
Z(t ) = el 2O Z0,0)+ Y7 / el AT A (D) Z(r — 1y, 0)dT  (40)
),

Z(tt7) = (L +K(E)AE ) Z(t ) + Y0 Ki(t7) A () Z( — hi,0)  (41)

and Z(t,t) = I, Z(t,T) = Oy for t € Roy, and Z(t,t7) = I, if t ¢ IMP forany t, (T > t) €
Ry The evolution operator is, in general, clearly non-unique and time-differentiable in the open
real interval Uy ciyvp(ti, tiyr). If the impulsive set of time instants is finite such that ty; =
{maxt : t € IMP} < +oo, then the evolution operator is time-differentiable in the open real
interval (Ut,‘GIMP(tir ti+1)) U (tM/ +OO)

The non-uniqueness of the evolution operator can be addressed under similar con-
siderations as those used in the proof of Theorem 2 based on the fact that, except for
particular cases of the choices of the impulsive gains, the right limits of the solution at
impulsive time instants are achievable for more than one impulsive gain from the given
reached values of the solution of their left limits. Particular versions of the evolution
operator of Proposition 2 follow directly from Propositions 3 and 4 under Assumptions
1 and 2. The particular evolution operators arising for the particular cases discussed in
Proposition 2 follow directly from such a result and they are then not displayed explicitly in
Proposition 5.

3.2. Some Results on the Solution Boundedness and the Global Stability

The subsequent result relies on the global boundedness of the solution of the impulsive
time-delay system in the event that the matrix A(t) is a stability matrix for all time, provided
that a minimum threshold in-between consecutive impulsive time instants is respected
under sufficient smallness in the norm terms of the matrices of dynamics and that of the
impulsive matrix gain. A second part of the result relies on the global stabilization of the
differential system by the appropriate choice of the impulsive matrix gain and the set of
impulsive time instants, even if the matrix of delay-free dynamics is not stable for any
time. The mechanism to achieve stabilization is that the impulses occur at a sufficiently
fast rate with the impulsive gain entries being of appropriate signs and of sufficiently large
amplitudes. For simplicity of the subsequent exposition, it is assumed that IMPA; = @
for i € p so that IMP = IMPA. This simplification does not imply an essential loss in
generality since the resulting most general result could be easily reformulated.

Theorem 4. The following properties hold:
(1)  Assume the following:

(1) IMP = IMPA;

(2)  forany t € Roy, Timpr = sup (tke1 —tr) < oo is the largest in-
tk,tk+1(§t)€IMP
terval between consecutive impulsive time instants, tp 1 > ti + Ty, up until

the time instant “t” for some minimum k-inter-impulsive time interval thresh-
old Ty, (> Ty) € R* for any consecutive ty, ty,1(> ty) € IMP with k-inter-
impulse time interval Ty, =t — ty;
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(3) ar = sup ||A(T)|| < +oo, with the supremum spectral radius of A(t) satisfy-
0<T<+00
ing sup p(A(t)) <1, that is, all the eigenvalues of A(t) have a negative real
0<T<+00
part for any t € Roy a5 = max sup ||A;(7)]| < +ooky = sup ||K(7)| < 400,
1€P 0<r<t 0<t<t
and

tk+Tkm tkt1
eftk A(t)dt eftk A(t)dt

Oy(t) =

< 0= sup ( > < 400 (42)

tk,(tk<tk+1§t)€IMP

Then, a sufficient condition for sup ||x(t)|| < oo for any given finite admissible
teERp+
function of the initial conditions is outlined below:

limsup [0; (1 + kear) (14 pag Tynpe (1 + k)] <1, (43)

t—o0
In addition, (43) holds under the stronger sufficiency-type condition

1

0 <
(T+kear) (1 + pag Timpr (14 kt))

(44)

forall t > tq and some finite ty € R

In order for (44) to hold, a necessary condition is that tyq > ty + Ty, with the inter-impulsive
minimum time-interval threshold Ty, being sufficiently small, satisfying:

¢
Ji K T A(t)dt

e’k (1 + ktat)(l + padtTkm(l + kt)) <1 (45)

tr, ter1(> t) € IMP with tg, 1 = max(t(< t) € IMP)

(ii) Assume that the conditions of Property (i) hold, except the one invoking that the con-

straint  sup p(A(T)) < 1 holds; furthermore, assume, that for each t € Ro., there
0<T<+00

exists at least a time instant ¢;, € [tk + Tis te + Tiom + hp] such that A(C[k) is non-
singular and the maximum inter-impulse time interval (Ty,, + hyp) is sufficiently small. The
set of impulsive time instants is effective for an admissible impulsive matrix function gain,
that is, if tp € IMP, then A (ét_k)x(gt_k) # 0. Then, the solution can be made globally
bounded for all time for any given admissible function of the initial condition—so that the
differential system is globally stable—by means of appropriate choices of a sufficiently short
choice of the impulsive set of time instants and the sign and amplitudes of the entries of
the impulsive matrix function gain K : Roy — R™ ™. It can also be achieved under more

stringent conditions that  lim x(t;) = lim x(t; ) =0.
g t,(€IMP) () t,(€IMP) (t)
Proof. For any finite time instantf € R, definex, = sup ||x(7)| and x; = sup ||x(7)],
0<T<t— 0<T<t
and also definex™ = sup |x;|andx = sup |x|. Those four amounts depend on
0<t<+oo 0<T< +00

the parameterization, impulses, and initial conditions. One has from Proposition 2, and
Equations (35) and (34) that

xp < (T+kear)xy < (14-kear) 0 (1 + page Timpe (1+ke)) X, (1) (46)

x; < 0; (1 + padtTimpt(l + kt))xak(t) < 0; (1 + padtTimpt(l + kt)) (1 + ktat)x;k(t) (47)
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where ay(t) = min(t — hy, tk(t)) with t;(t) = max(t (< t) € IMP). Note that x; > X (1)
and that x; > X (1) by construction of the supremum since 0 < (t — ax(t)) < - for all
t € Roy. It turns out from (46)—(47) that x~ < 400 and x < +oco if (43) holds, guaranteed
by (44) for some finite t) € R, for which a necessary condition is that Tj,, should be
sufficiently small according to (45) since 6; > 0, (t) and Timpt > Tgm since

> 1

1+ kear) (1 + pag Ty (1 + ki)

f:kﬂ A(t)dt

Bt Ty,
ef’k A(t)dt ol

—am<e— s
tk,(tk+1§t)€IMP
1

(48)

< <
(14 kear) (1 + pag Timpe (1 4+ ki) — (
that is, only if (45) holds. Property (i) has been proved.
Now, Property (iii) is proved. For the entry-to-entry definition of the matrices
K(t) = (K(t)) and A(t") = (A;;(t7)), rewrite (35) equivalently, as follows, provided that
Yiq Aik(t_)xk(t_) is non-zero for some | = J(t) € 71 and each t € IMP so that

xi(t) = x(t) + Ty T Ky (0 ) Ap (7)) x (47)

~ ~ 49
() 4 Kig ()T Agelt)0(6) + 2y Dy Ky () At ) () @)

that x; () = A;(£)x;(+7) with

Ai(t) =14 Kig (87) 1y Age ()2 (87) + Ly Ly Ky () A ()2 (£7) - (50)

and 0 < |A;(t)| <g;(t) <1if

— (65(8) + 1+ gy Dy K1) A7) (1))
< Kig ()X Age(t)x(t) (51)

< Gi(t) = 1= Kl gy Xk K (87 ) A (£7) 3 (£7)

that is,
i 1 n YKt At n
7€(t)+ +Z](7én$)71AZk 1_ (t _) k() xe (¢ )gK@(t)

Ek:l A$k<t )xk(t ) . (52)

Gi(t) = 1= X py o X Ki (87 ) Ajic(£7) 3 (£7)

g Ape(t)xe(t7)

Now, note the following:

(1) In the event that )}, Aik(t_)xk(t_) = 0 for some t € IMP and all { = {(t) € 7,
then the formula (52) has division by zero and one has, equivalently, A(t~)x(t~) =0
and x(f) = x(#7) so that t is then an ineffective impulsive time instant (Definition 1,
Proposition 1) irrespective of the value of the impulsive matrix gain;

(2) If the impulsive set IMP is effective irrespective of any non-zero matrix function
gain K(t), then A(t7)x(t7) # 0 for all + € IMP (Definition 2, Definition 3, and
Proposition 1). Thus, by virtue of the given hypothesis, A(t~)x(t~) # 0 for all
t € IMP, equivalently }}_, Ay{(t’)xk(t’) # 0 so that (52) is well-posed without
division by zero;

(3) Since +oo > Typr = tgyq1 — tx > hp and then

hy < Ty = sup Ty = sup sup (b1 — tp) < 400
teRq+ FERo 4ty by 1 (<t)EIMP
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max
1<i<p

max
1<i<p

Thus, it follows as a result thatif x(7) = 0for T € [t,t + Ty], then x(t) = 0for t > Ty,
and the differential system has then been stabilized in finite time;

(4) If x(7) is not identically zero on [ty + Ty, tx + Tin + hp] for any t, € IMP, then
there is always (at least) an eligible effective impulsive time instant §, (= t;11) €
[t + Tk, t + Tk + hp| N IMP subsequent to “t,” by hypothesis and provided that

X (ét_k ) # 0 since for each t € Rg, there exists at least one such a time instant ¢y,, such
that A (6;{) is non-singular and then A (@‘k)x(@_k) # 0if x(&; ) # 0. Then, K() can
be defined so that at &, K(& )A(&; )x(& ) # 0 with &, € IMP being an effective
impulsive time instant (see Definition 3 and Proposition 1) under the impulsive matrix
gain K(t) fulfilling the constraint (52) with the replacement t — ¢;, . Thus, given an
effective ty € IMP, the next tyy; € IMP can be fixed as t;1 = t; + Ty such that
Ty > Ty fulfils the following constraint:

(i) = (). =

[;+Tk
Aki — Gi
t. +T;
Tf’kk kA(T)dT
1

eTe % A(t)dt
provided that 0 < ¢; < min (1,/\ki/ e;e

)IIx(t;)llqu” oT [ 4T oA () (7 — i)t

i=1"1 Jt
)

) for i € p, from (34)—(35) with

K; = 0, since IMPA; = @; i € P, by hypothesis, and provided that K(t.") fulfils the
< ( max )\ki) |x(t;) ]| - Then,

constraint (52). It turns out that (53) implies Hx (t,: +1) Jmax.
<i<p

HOO

one has the following features:
(1) If the real sequence {{f@c)‘ki} C (0,1], then the sequence {||x(t; )|} is
SIsP k=1
bounded for any admissible function of the initial conditions. Since { ||K(t, )| }120:1
is bounded, the sequence {||x(t;)||.} is also bounded. Since the parameterization
of the differential system is bounded on each inter-impulse time interval [ty, f;,1),
then ||x(t)||, is bounded in Utk’tk+1 cIMP|tk tkr1] and then also in ¢/R . This proves
Property (ii);
[ee]
(2)  If the real sequence { max Aki} satisfies limsup( max Aki) < Aforsome A € (0,1),
1<i<p k=1 k—o00 1<i<p

then the sequence {||x(t, )|, } is bounded for any admissible function of the initial
conditions and it converges asymptotically to zero. Since {||K(t; )| },-, is bounded,

|l } is also bounded and it converges asymptotically to zero.

then the sequence { || x(f)
Since the parameterization matrices of the differential system are bounded on each
inter-impulse interval [t, f;, 1), which is finite unless the impulsive parameterization
o

ends in finite time, then ||x(t)
CZRO+. O

is bounded in Uy, by, EIMP [tk, tk1] and then also in
et

Theorem 4 can be directly extended to the general case when U5 IMPA; # & by an
“ad hoc” re-statement of its proof by considering in (35) a non-null impulsive contribution
Y Ki(t7)Ai(t7)x(t™ — hy) for t € IMP with IMP = IMPA U (Uiep MPA;).

Remark 2. Assume for simplicity of the subsequent explanation that IMP = IMPA. It
turns out that the impulsive system (31)—(33) provides relative jumps at the right-hand-side
of impulsive time instants, related to its value at the left limit of the time instant, according
to x(t) = x(t7) + K(t7)A(t7)x(t~) defined by the matrix (L, + K(t~)A(t™)) but t € IMP is
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ineffective if K(t~)A(t™)x(t~) and this concern depends on the solution itself. A way to be able
to choose effective impulsive time instants in any case is the implementation of absolute jumps at
the impulsive time instants independent of the values at the left limits as follows. If t € IMP,
then x(t) = x(t7) + K(t7)A(t™) with the impulsive gain being a bounded real vector func-
tion K : Roy — R with a support set consisting of isolated real points. In this case, any component
of x(t) can differ from its counterpart x(+~) by choosing to be non-zero for all the components
of K(t~) provided that A(t™) is not identically zero. This also facilitates the stabilization by
an impulsive action through time by relaxing some of the conditions of Theorem 4. The finite
jumps x(t) = x(t7) + K(t7)A(t™) in the solution come from the subsequent modification of the
impulsive differential system (31)—(33) with IMP = IMPA:

x(t) = A(t)x(t) + Y0 Ai(t)x(t = hy) +u(t); u(t) = ZtielMPA(t) A(F)K(t7)o(t—t)

where u(t) is an impulsive open-loop (i.e., without using feedback) control, contrarily to (31)-
(33) [50], where, again, if IMP = IMPA, it can be rewritten as follows:

x(t) = A(t)x(t) + Y0 Ai(t)x(t— k) +u(t);u(t) = ZtieIMPA(t) K(t)A(F)6(t—t)x(t7)
where now u(t) is an impulsive state-feedback control.

Remark 3. Note that the extension of the impulsive delay-free differential system (23)—(24) to its
delayed version might be viewed also as an impulsive open-loop controlled system of the form:

x(t) = A(t)x(t) + Y0 Ai(t)x(t — ki) +u(t);u(t) = Yo crmpac K(E7)8(E ;)

Note that the impulses are not state-dependent and are not related to abrupt modifications in the
matrix of delay-free dynamics at the impulsive time instants.

Remark 4. In the event that the system becomes time-invariant in a finite time tg, then the
impulsive actions can be removed in a finite time while keeping the stability as it is well-known.
Assume that for t > t the differential system is time-invariant as follows:

k() = Ax(t) + L0 Ae(t—hy) +ult) = (A+ L0 A)x(0) + L0, Ail(t—hy) = x(8) + u(t)

It follows that it is globally asymptotically stable for any given finite admissible function of the
initial conditions if there are no impulses for t > ty, i.e., u(t) = 0 for t > t, and, furthermore,

4 A,
(@) A is a stability matrix and Y sup ||————| <1 (guaranteed if
i=1weRy, |l 1wl — Ally
Aj -1
max sup 7,H <p )
i€ weRy, iwl,—A || p
p , o . P Aj 1
() Or (A +Yi Al-> is a stability matrix and Y sup ||- 5 < = (guar-
i=lweRg, || iwln — A=Y Ai|, 2
A 1
anteed if max sup ||- 7 < ).
I€P weRy, || Wl — A — Zl‘zl Aj ) 2p

The above conditions guarantee that all the zeros of the characteristic equation
det(s[n—A—EleAie’his) = 0 are in Res < O—that is, equivalently, that

-1
(sln —A- Z‘f:l Aie_his) exists for Res > 0. As a result, the transfer matrix G(s) =

-1
(sln —A— Zle Aie‘his> € RH."—that is, it is strictly stable. See, for instance, [1,4].
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The above remark is induced to guess that the global asymptotic stability of the
time-varying differential system can be achieved in the absence of impulsive monitored
parameterizations, or under a finite number of them, if a nominal time-invariant limit
differential system of reference is globally asymptotically stable and the parametrical
deviations from it of the current differential system are sufficiently small through time. The
subsequent result relies on this feature.

Theorem 5. Assume that the three hypotheses below hold:

(1) Ai(t) = Ai(t) — Ai; i € PU{0} are bounded piecewise-continuous for t € Ry, where Ag =
A Ap(t) = A(t) = A(t) — A = Aop(t) — Ao for t € Roy and some given constant
matrices A; € R""; i € puU{0};

(2)  For some finite ty € Roy and all t > tg, sup gijk(t)‘ <E ;iepU{0};jkenand E; =

ljk’

fztf
( l]k)forz epU{0};jkemn;
(3)  Any of the two conditions below holds:
(3.1)  Aisastability matrix and Z sup AitEi <1, orif max sup AL H <
i=0 weRy, iwly — All, 1€P weRy, iwh =41l
-1.
p
Aj + E; 1
(3.2)  (A+YF . A;) isastability matrix and Z su - < Zor
( =1 ) Y i= OwGR;?H iwly, — Zf:()(Ai + Ei) ) B
A+ E; 1
if max sup 5 <57
€D weRy, |[twly — A =Y 1 A; ) 2p
where E; = (Eijk) foriepuU{0}.
Then, the following properties hold:
(i) The nominal time-invariant differential system is globally asymptotically stable.
k() = Axe () + L At = hy); xa () = 9(t)
with bounded piecewise-continuous initial conditions x(t) = ¢(t) for t € [—h,,0].
Also, the auxiliary differential system is as follows:
(1) + Y 7 (Ai+ENx(t—hi) = Ax(t) + Y 7 Ax(t —h) + Y b Eix(t
with bounded piecewise-continuous initial conditions x(t) = @(t) for t € [—h,,0],

hg =0, Ap =0, go(f) = g(t), and E; = (
asymptotically stable;
(ii)  The current differential system

)forz € puU{0}; j,k € 7 is globally

ik

() = Ax(t) + Lo (A + &) )x(t ~ i)

is globally asymptotically stable;

(iii)  Assume that E; = Aj|| A;||, I for some constants A; € Roy;i € pU{0} with A = maic })\ .
iepU{0

Then, Properties (i)—(ii) hold if any of the conditions below hold:
i

ivl, — A

1
< (which is guaranteed

. oy . p
(3.1") A is a stability matrix and ), sup , ST

i=0 (UGRO+

under the sufficient condition max sup iwI/n\i—A Hz < p(ll+A) )

I€P weRy,
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|

(3.2°) (A + Zf_l Ai) is a stability matrix and
Z sup A ‘ < ! (which is  guaranteed if
i=0weRy. |[iwl — Yo (Ai+ Ei) ||, 2(1+A)
max sup A; ! )
i€ weRy, || iwl — A=Y A, 2p(1+A)

Proof. Property (i) follows since any of the conditions (3.1) or (3.2) guarantee: (a) the global

asymptotic stability of the auxiliary system; and (b) the global stability of the time-invariant

nominal system since it satisfies the constraints 0 = sup ‘Aijk(t)‘ <Ej;icpu{o}jken
t>t

included in any of the conditions (3.1) or (3.2). Property (i) has been proved.

To prove Property (ii), note that for t > ¢ £, one has, for any vector norm and corre-
sponding induced matrix norm,

o) < IANE + X2y A (e = B+ X2 [ — )

[N < AT+ Sy Al =)l + S| Ax6) | x(t = 1)
< AN+ £y A1 = i) |+ ol Ealllx(t = hi)|

Since the function of the initial conditions is the same for the current differential system
and the auxiliary differential system, i.e., x(t) = X(t) = ¢(t) for t € [—hy,0], then

x(0)] < |[70)] = AN+ Z Al = k)l + S IEllI1F( = ho)llfort € [~hy,0]

and by complete induction based on the above differential inequality, one has the following;:

[y = =) A (x| < [z

)it € [y, 0] = (IOl < [FO]; = ~hy)

Since from Property (i) ¥(t) — 0 and X(t) — 0 as ¢ — co, and both the trajectory solution
and its time first-derivative are bounded for all time, then the current differential system
is also globally asymptotically stable—that is, the solution trajectory and its first time-
derivative are bounded for all time and converge asymptotically to zero as time tends to
infinity. Property (ii) has been proved. Property (iii) is a direct conclusion as a particular

case of Properties [(i)—(ii)] under any of the conditions (3.1") or (3.2’), which are “ad hoc’
modifications of the conditions (3.1)—(3.2). ]

A particular interest of the above result is when A;(t) — A; as t — oo fori € pU {0},
that is, when the nominal differential system of reference is a limiting system of the current
time-varying one.

A simple first-order example with a single point delay is described in detail to illustrate
the mechanism of stabilization under impulsive monitored parameterizations. The example
is illustrative to see, in an analytic way, the effects of the impulsive parameterization in
the solution with the main focus on the stability context and how closed-loop stabilization
can be achievable by an appropriate selection of the sign and amplitude of the impulsive
gains at suitable chosen effective impulsive time instants. The role in the stabilization of
the involvement of a finite or infinite number of impulsive time instants is also seen.

Example 1. Consider the subsequent differential equation:

x(t) = a(t)x(t) +ag(t)x(t —h) (54)
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o o
K(t)a(ee)el M x(g) = (P(tk, bet) - e“‘fl”(ﬂd(r))x(f;) -

k(t)

With a finite delay h and impulsive effects in the function of delay-free dynamics, the impulsive
set of time instants is IMP = {t;};>1, a: Ro+ — R is bounded piecewise-continuous in all
the inter-impulsive intervals (ty, ty1)—with tp 1 = tx + Ty—and az : Ro+ — R is bounded
piecewise-continuous. The function of the initial conditions ¢ : [—h,0] — R is bounded piecewise-
continuous with ¢(0) = x(0) = xq. The solution is the following one for t € [ty, ty1) is given by
the following:

x(t7) = el "I, b+ [ el 1@, ()a(r —h)dr 55
=<1+k<t,:>< el WO () 4 1 et 100, (v)x(x - mydr

Thus,
t I o
©(te) = (L k(g Jalt )l O (e [F o O (1) x( — nydr (56)
te

Assume that the impulsive sequence of gains is claimed to guarantee that the matching ob-
jective x(tk+1> = o(ti tr)x (b ) at the left limits of the impulsive time instant holds,

where {p(ty, ti1) b ooy is bounded and limsupp(ty, tyq1) < pliminfo(ty, ty1) > —p where
ty—roo ty—roo

p(<1) € Ry Note that if p =1, then there exists a finite lim |x(t; )| Then,
k00

tx

b o £
(p(tk, i) = (14 k(0 )a(t;) el ”(T)dm> x(t) = [T g (0 x(r — i

equivalently,

tr
and equivalently, if t, € IMP, is effective, then

= k(te T)
_al(tk_)(<f7(tk,Tk) ~Ji e T>—1>—x Lt )—Lk”

Claim 1: {|x(t)| }Zozl is bounded.

Proof. Assume, on the contrary, that {|x(t, )] }Zo:l is unbounded. Then, for some large

M € Ry, there exists a strictly increasing subsequence {’x(tkj ) ‘ }:; of {|x(t:) |}y

with |x ’ ( )' < c¢M for¢(> 1) € Ry but then |x ‘ <tkj+1>' < pkj+1*k1

-) < kjt1—ke
x(tkj) < cM‘p
and lzmsup’x(t 1)‘ < M lim pfiv17 %1 (e [0,¢M]) since p < 1 is a contradiction. Then,

j—00 j—+co

{|x(t )|}, is bounded. O

Claim 2: If p = 1, {|x(t; )|}, is bounded and it does not converge to zero. Further-
more, { |k(t; )|}y is bounded, {|x(t)|}py is bounded, and x : [~h,+o00) — R is bounded
if cardIMP = xo (ie., if there are infinitely many impulses) and 0 < T, < Ty =

sup(tpr1 —ty) < —oo. Then, the differential Equation (54) is globally stable for any given
tk,tk+1€IMP
admissible function of the initial conditions.
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)ft’::ﬂ efo;:+Tk ﬂ(”’)d(wgd(’[)x(l’ — h)dT)

(57)
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Proof. The following {|x(t)|},_, is bounded if p = 1 since it is bounded for p < 1
(Claim 1). Furthermore, since each t, € IMP is effective, {|x(t;)|};zo:1 neither con-
verges to zero nor has some null element. On the other hand, {|k(t; )|}, is bounded
from (59), {|x(tx)|};=, is bounded since {|k(t;)|};_, and {|x(t; )|}, are bounded. Fi-
nally, since there are infinitely many impulses, and the time interval in-between any two

consecutive impulses is finite by the hypotheses, then x : [—h, +00) — R is bounded in
Uty s eimp (b tigr) since {|x(t )|}, and {|x(t)|};2, are bounded from the bound-
edness and piecewise-continuity of 4,4, : Roy — R in Uy 1, eimp(tk, tri1)- The global
stability of (54) follows as a result. [J

Remark 5. Note that if cardIMP = xq and the objective x(tkjrl) = p(tp ter1)x(8),
where {p(ty, tyy1) by i bounded with limsupp(ty, ty1) < p, liminfo(ty, tyq) > —p is

t—roo t—ro0
fixed with p < 1, then {|x(t;)|}; =0 and {|k(t;)|};, — +oo from (59) since
{|x(t )|}y = 0. This also implies that the members of IMP lose effectiveness as they
tend to infinity (that is, the impulsive time instants tending to infinity are not effective). One
then concludes that, in the case of injecting infinitely many impulses, the matching objec-
tive x(t; +1) = p(t tig1)x (b ) with p <1 is not appropriate in practice since the sequence of
impulsive gains diverges.

Claim 3: Assume that either

(1) cardIMP = xo (there are infinitely many impulses) and either the matching objec-
tive x (tk_+1) = 0(ty tis1) X (), where {o(ty, tis) }peq is bounded, ll;:is?opp(tk' ti) =
—liminfp(ty, ty11) = 1 and the inter-impulses intervals are subject to finite lower-bounds
ang Z;C;Jaer—bounds;

(2)  Or the above matching objective is not fixed, cardIMP < xq (there is a finite number of

impulses), there is a finite time instant T for which max(t € Ro4 : t € IMP) < T.

Then, the set IMP can be defined with all the impulsive time instants being effective provided
that there is no t € Roy such that x(7) = 0 in the time interval [t,t + h].

Proof. Assume that t; € IMP and take ¢ > T, such that
9 a T 4 9 a —0
x(ty +9) = elo & )drx(tk) + / elr e )d”ad(tk +T)x(ty+7—h)dt =0  (60)
0

so that tg b = ket ¥ is not an effective impulsive time instant. Now, if Ty = Ty, +
h, then the above constraint holds for all 6 € [Ty, Ty, + k] and there is no impulsive
action on [ty ty + Tyy + h], and then x(t) = 0 for t > t; + Ty, Thus, if there isno t €
[tk + T, ty + Tou + h] such that x(t) = 0 for t € [ty, ty + Ty + h], then it is guaranteed that
there is some fy 1 € [t + T, ty + Ty + h] such that x (tk_+1) # 0. Such a ty is eligible as

the next impulsive time instant to t; € IMP since Ty; = Ty, + h is finite and f; 1 € [Ty, Ta]
and it is compatible with the matching objective for p = 1 (see Claim 2). J

Remark 6. Note that Claim 3 relies on the fact that, if there are infinitely many impulses, then all
of them can be chosen to be effective under the first set of constraints of the claim. In the case of a
finite number of impulses, they can be chosen to be effective.

It has been seen that, if p < 1, then |x(t, )| — 0 as k — 400 asymptotically at an
exponential rate. Then, {x(t;)},_, and {x ()}t are bounded but the boundedness of
the sequence of impulsive gains {k(t, ) }Iio:l fails. This problem is avoided in the case of
absolute jumps at impulsive time instants of the form x(t) = x(t; ) +k(t; )a(t; ) in the
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k(i) =

solution generated from absolute impulses in the parameterization of a(t) (see Remark 2).
In this case, (59) is replaced with

e Tk t+ Ty

t t, 4T,
Ll_l(tk_) <<P(tk1 Tk)eij*k a(t)d(t) 1) _ eij“k a(T)d(T)/ k1 eka " ka(a)d(a)ad(T)x(T — h)dt

tr

and the reasoning on the boundedness of the sequences {x(t)},_,, {x(f)};—1, and
{k(t;)},_, of Claim 2 remain valid even if p < 1 since the requirement for the impulsive
time instants to be effective is no longer needed.

The solution of (54) might be re-stated in an equivalent form to (55) on the right limits
of the time instants as follows. If f; € IMP and t € [ty, t;.1], then f 1 € IMP is the next
consecutive time instant to t;. Then, one has that

> (61)

vt = (1Rt )o(tin) Jx(ti) = (0 feCi) o (i skt Jsama(ta) ) (8

B(ty, Tx) = sup

t _ -
(1 4 k<tk_+1)“(tk_+1>) [eftkk+1 a(T)d(T)x(tk) i ftikJrl o a(0)do g (1) x(T — h)dT

with sgn(0) defined as zero and sgn(x) = x/|x| if x # 0. Itis direct to see thatif a (t,:+1> #0

and k<t1:+1) is chosen with sgnk(tkjrl) = sgna (t,;l), then |x(tgyq1)| > ’x (tl:+1) ‘ and if

sgnk(tkjrl) = —sgna(tk+1), and then [x(frq1)| < ’x(tkjrl)‘. Define Ty = ty 1 —f; €
[T, Typm] for ty, ty 1 € IMP, and

a(ty, 8) = (1+ k(ty + 0)a(ty +9))

te+o o+

t, 40
Bk, 6) = (%, 8) = eli "Dy 4 [* T e 000 (1)x(x — myde

te
for 6 € (0, Ty). As a result, one has that

x(te +6) = a(ty, 6)B(t, 6)

Note also that

O<§<Tk<

ELLM a(t)d(7) ny eﬁ;wu(g)w

STt +0 h<t<h+d  0<6<Ty

Now, given t;y € IMP and (i € (0, ], if one chooses the next impulsive time instant

tk+1(€ IMP) =t + T with T, = l?’lf((s >Ty: |l¥(tk,5)‘ (ﬁ(tk, Tk)/sup|x(r)|> < €k> and
B <T<t+0
then |x(tgy1)| < gk sup |x(tx + T)| and also, as a result, if limsupl; < 1, then sup(|x(t)]) <
0<t<T} t——+00 0<t<+4o0

+00. The choice of k (t,: +1) is made as follows in order to satisfy the constraint:

1+ k(s )a(te) | ggklu sup <

0<0< Ty

ef:kklé a(t)d(t) ny ef;’;Ma((r)da

max ag(t
max o >|)]

in such a way that
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ftk 7)d(T) 46 efrt H o)do

tkSTStk+5

(@ Ifg < sup (

0<6<Ty
chosen to satisfy the following:

an(K(5.0) = so(o(i) ®

max |ad(r)|> then k( k+1) is

1
1- Ck < ‘k(tk_ﬂ)‘ <1 (64)
- f +5
’ (tkﬂ)‘ sup f’k (o) N4 lel " alo)de| gy |ag(7)|
0<<Ty b <t<t+o
or
b) If ftt;M”(T)d(T) 5 j't"_+§u(a)da hen k[t
> tk T t .
(b) 0 = Ojl{ka e +dle tkngiM'ad(T)' en (k+1> is

chosen to satisfy:

sen(k(t5,1)) =sen(a(1711)) )

k -1 (66)
efT )7\ max  |ay(T) |)

tkSTStk+§

G (o

P 1o
JiE T a(yd(x)
0<6< Ty

Note that the constraint limsup(; < 1 can also be guaranteed with the appropriate
t——+oo
choice of the impulsive gain sequence while fixing a sufficiently small inter-impulse mini-

mum threshold interval T,, and the choice of Ty approaching to T, as k tends to infinity.
This threshold can be fixed greater as a(t) becomes negative on relevant intervals of time.

4. Conclusions

The first part of this study has derived explicit expressions for the evolution associated
with the state-trajectory solution of a class of linear time-varying differential delay-free
systems. The impulsive-free part of its matrix function of dynamics of such systems has
been assumed bounded and piecewise-continuous Lebesgue-integrable for all time.

The cases of the absence and the presence of impulsive actions in the system matrix
of dynamics are described. In the impulsive case, the evolution operator is seen to be,
in general, non-unique. Subsequently, the above obtained results are extended to the
presence of delayed dynamics associated with constant point delays, and the evolution
operators that generate the trajectory solution are given in an explicit fashion, while they
are non-unique, in general, in the impulsive case.

The parameterization impulsive actions at certain time instants can take place in the
delay-free dynamics and also in the various matrices of delayed dynamics followed by
an immediate return to the previous configuration. The impulsive actions are interpreted
as an instantaneous abrupt switching change in the parameterization. Furthermore, the
parameterization impulsive actions might be, in general, non-unique in the sense that,
depending on the left limits of the solution values at impulsive time instants, the necessary
impulsive gains for monitoring the instantaneous switched parameterizations can be non-
unique for the achievement of a certain suitable right limit of the solution trajectory.
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Next, the boundedness of the solution trajectory of the delayed impulsive differen-
tial system is also investigated. It has been seen that an appropriate distribution of the
impulsive time instants is relevant for the potential stabilization of the delayed differential
system, even in the case when the delay-free dynamics is unstable.
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Abstract: The asymptotic behavior of solutions to nonlinear partial differential equations
is an important tool for studying their long-term behavior. However, when studying the
asymptotic behavior of solutions to nonlinear partial differential equations with delay, the
delay factor u(t + 6) in the delay term may lead to oscillations, hysteresis effects, and other
phenomena in the solution, which increases the difficulty of studying the well-posedness
and asymptotic behavior of the solution. This study investigates the global well-posedness
and asymptotic behavior of solutions to the non-autonomous Navier-Stokes equations
incorporating infinite delays. To establish global well-posedness, we first construct several
suitable function spaces and then prove them using the Galekin approximation method.
Then, by accurately estimating the number of determining nodes, we reveal the asymptotic
behavior of the solution. The results indicate that the long-term behavior of a strong
solution can be determined by its values at a finite number of nodes.

Keywords: Navier-Stokes equations; infinite delay; global well-posedness; asymptotic
behavior; determining nodes; long-time behavior
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1. Introduction

In this paper, we study the non-autonomous Navier-Stokes model with infinite delay
in 2D bounded domains, which is given by the following equations:

%Zt —vAu+ (u-Viu+Vp=f(t)+Gtut+0)) in (xt) € Qx(t,T),
divu =0 in (x,t)€eQx(t,T), 1)
u=0 on (x,t)€dQx(t,T),
u(x,7+0)=¢(x,0) x€Q 0ec (-0,
where the unknown functions u(x,t) = (uM)(x,t),u®(x,t)) and p = p(x,t) repre-

sent the velocity field and the pressure of the fluid motion, respectively. The function
F(t) = (fO(¢t), f2)(t)) is the external force, which is a given vector function that varies
with time t. The parameter v > 0 denotes the viscosity coefficient. The function u(t + )
represents the history of the state u(-) at time f, where 6 € (—o0,0]. The function G(-,-) is a
known continuous function, as required by the study.
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In addition, Q C R? is an open set with smooth boundaries, and the function ¢(x, 0)
is the initial value of Equation (1) in the delay time(—oo, 0]. These assumptions typically
serve as the basis for ensuring the well-posedness of the solution to Equation (1) in .
They also imply that the boundary has well-defined tangent vectors at each point and that
the shape of the boundary does not exhibit sharp points or discontinuous regions. The
assumption of regularity in the initial data is to satisfy the requirements of adaptability,
regularity, and long-term behavior of the solution to Equation (1) in Q.

The Navier—Stokes equations describe the motion of fluids, involving multiple factors
such as velocity, pressure, and viscosity. Introducing delay factors allows for a more
realistic simulation of inertia and time-delay effects in fluid flow, including interactions
at fluid—solid interfaces and the impact of temperature variations on fluid states. In many
physical phenomena, the response of fluids is not immediate but involves a time delay;,
which leads to the influence of time delay on the motion state of fluids and indirectly affects
the stability of the system. Therefore, studying the Navier-Stokes equations with delay
provides insights into flow stability across varying parameters and elucidates how delays
influence flow transitions and turbulence onset. Incorporating delay factors enhances
model accuracy, improving the prediction and understanding of fluid behavior. The study
of Navier-Stokes equations with delay is not limited to traditional fluid mechanics but
also involves multiple fields such as control theory, nonlinear dynamics, and mathematical
physics, promoting interdisciplinary research and communication.

Owing to their wide applications, the Navier-Stokes equations have been extensively
studied by mathematicians and physicists. In particular, the well-posedness and regularity
of solutions are the most significant concerns. Several papers have been dedicated to
investigating the well-posedness of solutions, including references [1-4]. Foias and Temam,
among others, introduced the concepts of definite modules, degrees of freedom, and
determining nodes of the system in [5]. These concepts describe how the asymptotic
behavior of the system can be determined by a finite number of quantities, revealing the
internal structural properties of the attractor. The term “determining nodes” refers to the
process of numerically solving partial differential equations, where the solutions at certain
specific grid points or nodes are uniquely determined by specific boundary conditions,
initial conditions, or solutions at other nodes. In other words, the values of these nodes
do not depend on the values of other unknown nodes but are directly calculated based
on given conditions, thereby reducing uncertainty in the solving process. This concept
is further elaborated in references [6—15]. Kakizawa used the energy method to prove
the asymptotic behavior of strong solutions to the initial-boundary value problem for
general semilinear parabolic equations in [12]. Additional related research can be found in
references [6-9,11,14,16,17].

The phenomenon of time delay is ubiquitous and closely related to real life. For
example, when we aim to control or change the original state of a system by applying
external forces, we must consider not only the current state of the system but also the
impact of its previous states, i.e., the lag factor. Therefore, time delay effects are often
incorporated into models when dealing with practical problems. Examples include the
delayed Navier-Stokes model (see [16,18]) and wave equations with time delay (see [19]).
Hernandez and Wu studied the well-posedness and global attractors of abstract Cauchy
problems with state-dependent delay and provided examples of PDEs with state-dependent
delay in [20], which offers important insights into the application of state-dependent delay
in specific PDEs and the study of their well-posedness and asymptotic solutions. Other
related results can be found in references [21,22]. Regarding the Navier-Stokes equations,
Garcia-Luengo, Marin-Rubio, and Real investigated the asymptotic behavior of the Navier—
Stokes model with finite delay in [8,14], while Chueshov studied the finite-dimensional
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global attractors for parabolic nonlinear equations with state-dependent delay, using the
Galerkin method to prove global well-posedness in [21]. For the study of infinite delay,
Fu and Liu investigated the well-posedness of solutions to a class of second-order non-
autonomous abstract time-delay functional differential equations with infinite delay and
demonstrated the application of their conclusions through examples (see Section 6 in [23]),
which can be referenced in [23-25]. However, these articles only studied the well-posedness
of solutions for non-autonomous systems with infinite time delay. They did not address
the asymptotic behavior and regularity of solutions, and the equations provided in the
examples were not specifically applied to several specific differential equations. In this
paper, we apply the above research conclusions to the Navier-Stokes equations. Based on
the extensive foundational work on well-posedness established by Caraballo et al., we use
the theory of determining nodes to characterize the asymptotic behavior of solutions to the
non-autonomous Navier-Stokes equations with infinite delay by estimating their number.
The most crucial step in studying the process and methods of non-autonomous Navier—
Stokes equations with infinite delay is to handle the infinite time delay term u(t + 0), which
is particularly important for studying the well-posedness of nonlinear PDEs with time
delay effects. In addition, dealing with the delay term is usually the most critical step in the
research process of the well-posedness and asymptotic behavior of nonlinear PDE solutions
with other delay effects.

The paper is arranged as follows: In Section 2, we first establish several basic function
spaces and several operators, then introduce several relevant theorems and define the
weak and strong solutions of Equation (1). In addition, to deal with the infinite delay term
u(t+ 6), we refer to descent function space C,(H). Unlike the finite delay term, we not
only need to consider the influence of the system state at a certain time in the past, but
also need to consider the comprehensive influence of the system state at the past time. In
Section 3, we investigate the global well-posedness of the strong solutions for Equation (1)
by the Galerkin method without considering the pressure term p. In Section 4, we commit
our focus to proving Equation (1) has a finite number of determining nodes.

2. Preliminaries

In this section, we introduce several common conclusions that are essential applica-
tions that we used in this paper.

2.1. Basic Function Spaces and Conclusions

We introduce several basic function spaces, which are as follows:

Vi={pe (CFQ)?: divg=0,9 = (o1, 92 };
H := closure of V in (L?(Q))?,with norm || - || g;
V := closure of V in (H}(Q))? with norm || - ||y;

V' := dual space of V with norm | - ||y

The definitions of norms || - ||y and || - || are as follows:

1 1
_ 2 2 _ 2 2 E.
lolha = ([ loPax) " ol = ([ (192 + 1Vo)ax)

for convenience, we use “|| - ||” as “|| - ||”. In addition, we denote the inner product in
L?(Q), H by (-, ) and denote the inner product in V by ((+,-)). In addition, we denote the
dual product between V and V' by (-, -).
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In order to be able to express Equation (1) as an abstract equation, we define several
operators. Firstly, we define the Stokes operator A as follows:

- du; 8(pl

() = () =v Y [ 290y, @
i,j=1 777

forany u = (u),u)), ¢ = (¢, 9(?)) € V. Moreover, D(A) := VN (H(Q)))?, and the

operator A is the linear continuous operator, which both form V to V' and D(A) to H.

Then, we denote the linear function

b(u,v,w) = 2/”13 “widx, Yu,o,w e V.
i,j=1

It is obvious that the linear function b(-, -, -) is continuous trilinear on V x V x V and
it satisfies
b(u,v,w) = —=b(u,w,v), b(u,v,0)=0, Yuov,wéelV.

In addition, we use the following lemma to provide estimators of the linear function
b(-,-,-), which can be found in references [26,27].

Lemma 1. There exists a positive constant Cqy that depends only on ), such that

|b(1,0,w)| < Callull? || Aull?|[o|lv |[w]|, Vu e D(A),v€ V,we H. 3)
[b(u,v,w)| < CqllAul| |||y ||w], VYu € D(A),ve€ V,we H. 4)

Ifu e L®,ve V,we H, then the linear function b(-, -, -) satisfies
[b(u, 0,w)| < lul[= [[ollv [[w]- ®)
Ifu,0,w €V, it satisfies
1 11 1
b(u, 0,w)| < lul[2 [[Vul|2 [|of|2 [[Vol|2 flwl]. (6)

To handle the infinite delays G(t, u(t + 6)), we define the space C, (H) with a suitable
constant v > 0, as follows:

¢, (#) = { € C((-o0,0 I3 tim_e7C(s) € 1},

S— —00

which is a Banach space with the norm

1€llc,(my = sup €”|[Z(s)]-

s€(—00,0]

The space C,,(H) represents the space of descent functions, where the parameter v > 0
is typically used to describe the growth rate of the function in C,(H). The purpose of
introducing C, (H) is to ensure that the growth property of the function does not affect
the long-term behavior of the system and also satisfies the descent conditions required by
continuous functions with changing states due to time delay effects.

To establish the well-posedness of Equation (1), the continuous function G : [t, T| x
C,(H) + (L2(Q))? is assumed to satisfy the following conditions.

(I) For any 7, the mapping t — G(t,77) is measurable;

(I) G(t,0) = (0,0);
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(IIT) There exists Lg > 0, such that
||G(t,x1) - G(t,xz)H < LGHxl — XZHCW(H)/ Vx1,x € CrY(H) (7)

When studying differential equations with infinite time delay, Lipschitz conditions
also help to investigate the asymptotic behavior of solutions. For example, when studying
the steady-state or periodic solutions of a system after long-term operation, the Lipschitz
condition can ensure that the solutions do not experience explosive growth in time. In
addition, the Lipschitz condition ensures understanding of the continuous dependence
on the initial conditions, as infinite delay terms may lead to temporal irregularities in the
solution. By ensuring that the mapping is Lipschitz, it can be proven that small initial
perturbations do not cause significant changes in the solution, thereby ensuring its stability.

Based on the above conclusion, we define the weak and strong solution of Equation (1)
as follows.

2.2. The Weak Solution and Strong Solution

Definition 1. Assume f € L2(t, T; V') and u(t) = ¢ € C(H). A weak solution is any function
u € C,(H) of Equation (1) if it satisfies

(Du e L®(t,T,H)NL2(t,T; V), forall T > t;

(II) For all o € V, such that

%(u(t),(f) —v(Au(t), o)+ b(u(t),u(t),o) = (f(t),0) + (Gt u(t+0)),0),  (8)

u(t+0) =¢(0) € C,(H), 6 e (—c0,0] )
holds in the distribution sense of D'(t, T).
Assume f € L*(t,T;H); if u € C,(H) is a weak solution of Equations (8) and (9) and
u € L®(t,T; V)N L2(t, T; D(A)) forall T > T, then u € C(H) is called a strong solution of
Equations (8) and (9). Furthermore, the function u' € L?(t, T; H).

Remark 1. If u € C,(H) is a weak solution to Equation (1), then in this case, from Equations (8)
and (9), for any T < 's < t, the following energy equality holds

lu(t) > +2v [ )]y 2dr
=[lu(0)|? +2/St (<f(r),u(r)> + (G(t,u(r—i—@))),u(r))dr. (10)

In addition, we introduce a useful inequality in the differential equation theory. This
will play an important role in making a priori estimates.

Lemma 2. (Gronwall Inequation) Assume g, p,q € C([a,b];R™) and for all t € [a, b] satisfy
t
g0 <g@) + [ (p(s)() +a(s))as
then any t € [a, b, and functions g, p, q satisfy
t t
g(t) < elap)ds (g(a) +/ q(s)ds), Vt € [a, b]. (11)
a

3. Global Well-Posedness

In this section, we study the global well-posedness of Equation (1). Therefore, we
present the existence and uniqueness theorem for the weak solution of Equation (1). There-

55



Mathematics 2025, 13, 222

fore, we apply the treatment of the infinite delay term u(t + ) to the proof of the global
well-posedness of the non-autonomous Navier—-Stokes equation, that is, adding the infi-
nite delay term u(t + 6) to the proof of the global well-posedness of the non-autonomous
Navier-Stokes equation.

3.1. The Existence of Solutions
Theorem 1. Suppose f € L*>(t,T; V'), and there exist constants C = C(v, A1, Lg) that satisfy

t
= [ dr < oo,
T

v

and the function G(-, -) satisfies the conditions (I)-(III). Then for all T > T and u(t) = ¢ € C,(H),
the function u € C.(H) N L*(t, T; H) N L2(t, T; V) is the weak solution of Equation (1).

Proof. For the proof of Theorem 1, we use the Galerkin approximation method. The proof
is divided into the following three steps.
Step 1: Construct the approximate solution.

Taking a set of canonical orthonormal basis {¢;} C V on the Hilbert space H, denote

Vi =span[¢y, G2, , 8, k=12,
from the Gram-Schmidt theorem, the projection of H onto V} is defined by
k
Paw =Y (u,&)Ei.

i=1

Since the Stokes operator A is compact operator on the V space, it satisfies
Agi:/\i@-, (/\i>0,i:1,2~~~,k),

where A, is the eigenvalue of Stokes operator A. Sort them in ascending order and renumber
them as follows:
O< A <A< <A< eee,

and they satisfy lim A; = co. We take the minimum eigenvalue A of Stokes operator A as
1—00

the first eigenvalue.
From this, we construct the approximate solution of Equation (1) from the space V
as follows:

k
up(x, t) = ; agi(£)¢i(x),

where ay;(t) = (uy, &;) and all t € (7, T) satisfy

%(”k(t)f‘:i) +v(Aug(t), &) + b(ug, ug, &) = (f(£), &) + (Gt ue(t+0)), &), (12)

and initial conditions

uk(T+ 9) = Pk(P(O), 0 e (—OO, O]. (13)

Therefore, Equations (12) and (13) satisfy the condition of existence and uniqueness of local
solutions for the system of ordinary differential equation with infinite delay (e.g., [19]).
Step 2: A priori estimate of the approximate solution.

Firstly, we estimate Equation (12), multiplied by ay;(t) to Equation (12) and sum it to
obtain the ODE:
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2 P+ vl O = 0 u0) + (Gl el +0) (), (1)

which implies

1d
5 g @I+ vl < 1 fllv lu®lv + 16wt +O) | lue(®)llv.  (15)

. . . . . v
Using Young and Poincare inequations, we choose suitable constants ¢ = &3 = T
then we obtain

1Ay () v + NG (& w8+ )| ur (B

71 2 4 2 LG 2
§2£1 IfO v+ ZHuk(t)HV + Zﬂuk(t + 9)‘|C7(H)' (16)
where ||Mk(t+9)HCW(H) = sup eV||ug(t+s)|| > |lux(t)||,t € [t, T]. Substituting (16)
s€(—o0,0]

into Equation (15), for T <r <t < T, we obtain
d 2 2V 2 4 2 4Lc 2
3 NP v lfue ()7 + Sllu )y < S IFE) v+ == luk(r+0)lle, (- A7)
Multiplying by e~*"1(t=") and then integrating it for r over [, ], we obtain

vt e
(@I +5 [ e g (r)

A E i (4 4L
<@ 4 [N (DU + S+ Ol ) 08)

According to the definition of C,,(H), we obtain

2
Huk(t—i_e)n(zfv(H) ( sup e(ys|uk(t+s)||> s
se

(7 00,0]

<ma><{ sup ¥ |lug(t +5)[|?, sup 6275||Mk(t+5)||2}
se(

—00,T—1] s€(t—1,0]
— max{J1(£), [a(t) + Ja(£)}, (19)
where
K= sup & ult+9)P,
sG(—oo,T—t]
IZ(t): sup [627571/)L1(t+sf’r)Huk(T)HZ],
se(t—t,0]

—V S t+s —V —r 4 4L
J(t) = sup }[em e [ e (150 + S i+ 0)1R ) )]

se(t—t,0

Now, let us estimate J1(t), J2(t), and J3(¢). On one hand, since vA; < 27,
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L) = sup  ETPplt+s—1)* < sup Tt +s— 1)
s€(—oo,T—1] s€(—oo,T—t]
= sup AEEg(s) |2 = 27D 1g(s)[E, )
s€(—00,0] 7
e O e (20)

On the other hand, by direct computation, we have
Ja() < ™MD lug (o) < e M0 ()3 5y (21)
b (4 4L
Ja(t) < / e~vM=) <|f(r)|%ﬂ + =2 Jlu(r +0)13 (H))dr. (22)
T v v v
Then, Equations (19)—(22) give
2
et + O

_ _ o _ 4 41
<MD IE )+ [ MO (S0 + S I+ O g Jar. 2
T
By Lemma 2, this implies

4L,
VA1—7G>

—(vA =26 (1 4 rt t—r
||uk(t+9)||%7(H)§e (v =58 (¢ )”(P(S)”‘%W(H)JFE/TE ( ( )||f(r)||%,,dr,

combining Equations (18) and (24); it can be concluded that the {uy(t)} is bounded in
L*®(7,T; H). According to Equation (18), this means

t
2o MO [ ()
2 T

Eo e (4 AL
<)+ [ e D (S0 + Sl + Ol i )ar. @)

By Equation (24), this implies that the {u;(t)} is bounded in L?(t, T; V). In addition,
for any ¢ € V, we obtain

(ur(6), ) + (Aug(6), ) + b(ug, up, ) = (f(£), ) + (G(t, uk(t + 0)), ).

Using the Holder inequation, we obtain the following result:

|[Cur(8), 9)| < [(Aue(t), )| + [b(u,u, )| + [(F (1), 9)] + [(G(t, ui(t + 6)), )]
< lllv (vlue(®llv + Callu O VO + | fllve + G ue (£ +0))[]),
< |lpllv (vllue®)llv + Callue O Oy + [ fllv + 1G(E ue(t +0)))- (26)

Hence, it follows from Equations (7), (18), (24) and (25) that the sequence {u;(( t)} is
bounded in L?(t, T; V).
Step 3: Approximation of approximate solutions.

Now, based on the conclusions of the previous step, since the compactness theorem
(see, e.g., [1,11,18]), for all T > T, there exist subsequences, which we still denote by {ug},
such that as k — oo, the following conditions satisfy:
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u = u inL®(t—h,T;H), (27)
up —u inL%(t,T;V), (28)
u, = u' inl?(t,T; V), (29)
U — u in LZ(T, T;H), (30)
G(tu(t+6)) = n(t) inL®(t, T; (L*(Q))?). 31)

where 5 (t) € L®(7,T; (L?>(Q))?) is the limiting function of G(t,ui(t + 6)). However,
currently, we cannot yet obtain it:

G(t,up(t+6)) — G(t,u(t+0)) € L2(t, T; (L*(Q))?). (32)

Next, we will prove Equation (32) through conclusions (27)—(31).
From conclusions (27)—(31), we obtain

up(t) - u(t), aete(r,T), inH, (33)

then for all s, t € [7, T}, it implies

ur(t) —up(s) = /t u(r)dr, inV’; (34)

therefore, the {u;} is equicontinuous for all [7, T] and k in H. By the embedding relation
V << H <3< V’, and the Ascoli-Arzela theorem, it yields that {uy } is relatively compact
in V/, and for all t € [t, T], which implies

ur(t) = u(t), inC([r,T; V). (35)
According to conclusions (27)-(31), for any sequence {t;} C [t, T| that satisfies t;y — ¢,
up(te) — u(t), in H. (36)
Before proving Equation (32), we need to first prove
up(t) = u(t), in C([z,T]; H). (37)
Since forall € [s,t] C [t, T], the approximate solution uy, satisfies
() +2v [ ) [t
() 242 [ O)mr +2 [ (Glrulr+ 0 mr))ar, (9
we obtain the following result by conclusions (27)-(31),
/: IG(r,ux(r+0))|*dr < Ci(t—s), Vre[s i C[t,T], (39)
where C is a positive constant. According to the conclusions of (27)—(31), we verify that

the function
u € Cy(H)NL®(7, T;H) N L*(1,T; V),
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is a weak solution of Equation (1), and it satisfies

%(u(t),w) + v{Au(t), w) + b(u(t),u(t),w) = (f(t),w) + (y(t),w) YweV, (40)

in addition, for any r € [s,t] C [T, T], the energy estimates also satisfy
2 ! 2
(@) +2v [ u(r)ar
t
=u(@)IP+2 [ ((F0), () + (Glt,u(r +0)),u(r) ) dr. (41)

Due to the conclusions of (27)-(31) and Equation (39), we obtain

t t
[ In(Pdr < timint [ Gt u(r+0)) |dr < Cr(t —s); )
S —00 S

therefore, consider the continuous functions Ly, L : [7, t] — R, which are defined by

L) = 3O} — [ (£ up(r)er —Cat,
L) = S}~ [ (@) ur))dr - cot.

As shown in Equations (38) and (41), it is evident that the functions L (t), L() are non-
increasing and continuous in [, T|. According to the conclusions of (27)—(30), we obtain

Li(t) — L(t) ae. te]tr,T], (43)

from the conclusions of (27)—(30), it is obvious that |[u(tp)|| < li]{n inf ||ug (ty)]. To prove
— 00

lim sup ||ug(te) || < [Ju(to)]], (44)

k—o0

we assume fo > T and take the sequence {f,} C {f} that satisfies (43), which is increasing,
and approach the value ¢y from the left when n — 0. Since L(-) is continuous, there exists
N;, and when n > Ng,

|L(ty) — L(to)| < e.

Take k > K(Ng) such that t; > fy,, by the sequence L(-), Li(+), is non-increasing and
satisfies (43); we obtain

|Li(te) — L(to)| < |Li(En,) — L(En,)| + |L(En,) — L(to)| < 2e.
At this time, the conclusions of (27)-(30) imply
. t
[ mendr — [, - o). )

Due to these and functions L, L, we have proven Equation (44).
According to the definition of C,,(H), we obtain

60



Mathematics 2025, 13, 222

([ (t +0) —ult+0)llc, ()
= sup " |lug(t+s) —u(t+s)| = max{®(s), Pa(s)}

s€(—00,0]
< maX{BV(”) 1Pcd = llc, (), sup e”[Jug(t+s) —u(t +s)| } (46)
se(t—t,0]
where
Pi(s) = sup  eV||Pep(t+s—1)—¢p(t+s—1)],
s€(—o0,T—1]
Pa(s) = sup € u(t+s) —u(t+s)l,
se(t—10]
which implies that
lim Huk(t+9) —u(t+9)||C7(H) =0. (47)
k—o0

In addition, the convergence results are obtained by Equations (7), (37) and (47),
and conclusions of (27)—(31); therefore, we prove Equation (32). Thus, we have proven
Theorem 1. [

3.2. The Uniqueness of Solutions

Theorem 2. If all the conditions in the Theorem 1 are satisfied, then the function u € C,,(H) N
L®(t, T; H) N L2(t, T; V) is the unique weak solution of Equation (1).

Proof. Set ii; and 1, be the weak solutions of Equation (1). Denote the function U(t) =
u1(t) — up(t); for any t > T, we have

| o

[Ut)|> +v|VU() |+ b(U, 7y, U) = (G(t 71 (t+0)) — G(t, Tt +6)), U(t)). (48)

N —
Q.

t

Furthermore, according to Lemma 1, and Equations (14) and (39), using Young, Holder,
and Poincare inequations, we obtain

1d
s LR+ viu
NOIRERGIE
g%(” “”ZL';”(>”V+‘°'§||u<t>||2v>+Lc||u<t+9>||CW(H)||u<t>||. 49)

Integrating Equation (49), we obtain

SR = U@ P+ v [ ue) e

t u 21|37 2 t
SCQ/T (I (r)||2|€|3ul(r)|lv+€23|u<r)|2v>dr+/T Le|[U(r +0) e, IU(r)||dr.  (50)

2
Take e3 = C—U ; then, according to the definition of C (H), we obtain
Q

[U(r+0) = sup e|U(r+s)|| < sup [U(z)], re Tt

s€(—00,0] ze(T,r)

Therefore, we have
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- 2
sup |U()|P < / t<cﬂ|”l(r)”v+ch> sup ||U(2)|2dr, (51)

ze(tt) 2v ze(tr)

where ||U(7)||> = 0. By Lemma 2, we conclude that ||U(t)|?> = 0; therefore, we have
proven Theorem 2. [

4. Estimate the Number of Determining Nodes

In this section, we prove that Equation (1) has a finite number of determining nodes.

4.1. Introduction to Relevant Lemmas

Let 71 and u; be the two strong solutions of Equation (1) corresponding to the external
force and torque f; and f,, respectively, and f1, fo € L?(t, T; H). The asymptotic strength
of the external force and moment is described by its L2 norm, i.e.,

1
j - limsup(/0|fl-(x,t)|2)2dx, i=1,2. (52)

t—+co

which can be found in references [12,28]. Therefore, we have the following definition.

Definition 2 ([12,28,29]). Consider N measuring points x; in the space QO C R?, where i =
1,2,-++,N. Denoted A = {x1,x%,- -, xN'}. Suppose that iy and 1, are two strong solutions of
Equation (1). If by

li T (x ) — T (1) =0, 53
Jim  max [ (1) — (2 £)] (53)

we can obtain
lim / @ (x, ) — T (x, 1) 2dx = 0, (54)
Q

t——+oo

then the point set A is called the definite node set of Equation (1), and the point in A is the definite
node of Equation (1).

In addition, in order to prove the main conclusions of this section, the following
important lemmas (see [11,26,29-31]) should also be used.

Lemma 3. Let Q) be covered by N identical squares. Remember the point set
A= {xl,x2,~ .- ,xN} cQ,

where the point x' belongs to and only belongs to one of the squares, then for Yu € D(A), there
exists the normal number Cqy, which is only dependent on Q), such that

C
IVull? < CaNp?(u) + ATKI)\,HAMHZI (55)
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Lemma 4. If P(t) and Q(t) are real-valued functions on [T, +o0) and there exist T > 0 and
constant Cp, such that

1 rt+T 1 pt+T
lim inf—/ P(r)dr =C, >0, limsup — P (r)dr < oo, (56)
t=rtoo t t—o00 t
and
. 1 4T .
Jim /f Q*(r)dr =0, (57)

where P~ (t) = max{—P(t),0},Q"(t) = max{Q(t),0}. Suppose &(t) is the non-negative
absolutely continuous function on [T, 400). If &(t) satisfies

d’ii(tt) +P(HE(H) < Q(t),

then lim ¢(t) = 0.
A ¢(t)

Next, we prove that if any two strong solutions of Equation (1) have the same asymp-
totic behavior at a finite number of points in space, then these two solutions will have the
same asymptotic behavior almost everywhere in the entire space.

4.2. Main Results

Theorem 3. Let () be covered by N identical squares. The set A is defined in Lemma 3, N >

16C3,C
O~5

51/2/\1
the squares. Let 111 and 1y be two strong solutions of Equation (1) corresponding to external forces

f1 and fo, respectively, and fi and f, have the same asymptotic strength, i.e.,

, where Cs := Cy|¢(s)||> + C3F? and each point x' belongs to and only belongs to one of

Jim [ |fiCe, ) Pdx =0 (58)
Then, the point set A is the definite node set of Equation (1).
Proof. Denote U =1y —up, f = f1 — fo and
G(t,U(t+0)) = Gi(t,ur(t+0)) — Ga(t, up(t +6)).

Since %7 and 1 are the two solutions of Equation (1), in the sense of distribution, we obtain

ou
5 vAU + (U - V)1 + (- VYu = f(t,x) + G(t, U(t + 0)). (59)
Next, we prove that under the condition of Theorem 1, if Equation (53) holds, then
there is
. 2 o
Jm (U] = 0. (60)

Firstly, the inner product of AU with Equation (59), respectively, is obtained with
1d
2dt

IVUu®?+vilAu|?
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by the Lemma 1 and Young inequality. Take €3 = Z, then we can obtain

_ 2C2 _ v
1b(U,u1, AU)| < Co|[VU| [V || AU < TQIIVU\Izl\Vu1IIZ+ gllAUHZ,

_ _ 2C3 o
[b(ii2, U, AU)| < Ca[VE|| [ VU [| AUl < =2 ViR |?|[ VU +

Similarly, it is obvious that
((f, Aw)] < Zjaul?+ 22
— 16 v

and

1%
—lAU|%.
8|| Ul

v 412
(Gt U(t+0)), AU)| < L AUIP + —E Ut +0)[E, 1)

By Equation (24), substituting (62)-(65) into Equation (61), we obtain

d Sv 4C2 _ _
FIVU@+ T Aul? = =2 vu) 21V |2 + V)

1%

By Equation (55) in Lemma 3, we obtain

(62)

(63)

(64)

(65)

812 —1/1—— T 4L 1/1—4L—G —r
BNl i + 217+ 2( G) [T )R

d A 4C
SITUOPR + [Z2% = 8 (v 2 + v ) [ vu)?
8L —|vA1— T 4L VAL — 1’
<L (o) + SR 4220 [ O
2

Secondly, we define

HOESS N (O]

50A1N  4C2 _ _
P(t) := f - —“(nwf + ||VM2H2)-
8LZ _(va,—26)(t—1)
Q) = 28 ()2 4 S

+2<41L/c> /Te (v1- 226 ) ¢ r)Hf(T’)HV/dr.

Then, the inequality (67) can be expressed as

K 4 P < o).

51/)\1N

——7*(U)

(68)

Next, we verify that P(t) and Q(t) satisfy the conditions of Lemma 4. There exist

constants C3 and C4 such that

1 4T )
lim sup — Viu;(r)||*dr < Cs, i=1,2,
PT
Jt

t—+o0
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16C3,C
where Cs := Cy4|¢(s)||? + C3F2. Therefore, when N > 51/2(3\ 2, P(r) and P~ (r) satisfy
1
t+T 4C2
lim infl/ P(r)dr ZSV)HN — 2 limsup |V (r)||>dr
t—+o0 t O 1% f— 4o

and

t—+too t Q Vo bteo
_SvMN 4C3Cs

=710, L ST
they satisfy Equation (56).
By Lemma 4, this implies
im_ y(U(1) = 0.
Combining them, then we have
.1 T /5pA N2, 8 9
Jim 1 [ (2AEE ) + 21 )ar =o. 70)
Since v2A; > 4L, we obtain
T —(vA (r—7)
— 177
Jim 2 [ 19(5)13, sydr
1 ilg
— : - (V/\]*i)(f#’T T) _ 7(1//\177 —
dim o : ) [TZCTEA
=0.

According to Equation (58), for all € > 0 there exists T; > 7 such that when ¢t > Tj,
it satisfies

1 t+T 4Lg €
g swp @I [T R T gy < 55 7
T(wA — 26 se(r, 1o0) JT l } 2

therefore, for VT; > T, we have

llm ( (1//\1 )(t 1’) (V)\l 7)(t+T 7’)) :0 (72)

t—r-Foo

Hence, for the € of Equation (71), there exists T, such that when t > T, we have
;/To I (r )szr{ (A =58 (E=Tp) _ p—(vhy =58 (t+T— To)} << m
T(vA, — 2a) Jx 2

Denote Ty = max{Ty, T»}, then for ¢ > 0, when t > Ty, we have
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M50 | £(r) Pdodr

[
/ / M5 0N £(r) |Pdpdr
:T(%Gl_ml)/; |F)2 - [ TENHT—r) _ g (v =58 ) (- ) ar

1 20 [—wA =Gy (-Ty) _ —(vA— 3G (1T Ty)
s 4LG)/ 1) IPar- [~ )=k ]

<

S [

N 1 sup (2 ”/ —(wA =Gy (1) _ ef(V/\1f4LTG)(t+Tfr)}dr
(V)\ _T) ZE[T0,+OO

<g, (74)

which implies

1 rt+T rp 4Lg
m = —(vA—=5)(p—) 2 =
gim o [ [T |£(r)|*dpdr =o. (75)
By equations (70) and (75), we can see that Q" (#) satisfies Equation (57).

Finally, by Lemma 4, we obtain

Jim £() = lim VU] =
According to the Poincare inequation, we have proven Equation (60). According to
Definition 2, Theorem 3 is proven. [

5. Conclusions

The problem addressed in this paper is the global well-posedness and asymptotic
behavior of solutions to non autonomous Navier-Stokes equations with infinite time delay
and node determination. This study establishes a mathematical framework based on the
function space C,(H) and demonstrates the well-posedness of Equation (1) under the
assumption that the function G(-, -) satisfies Lipschitz continuity with respect to time ¢.
Furthermore, the long-term behavior of strong solutions is shown to be characterized
by their values at a finite number of spatial nodes. The result of this paper is to apply
the infinite delay term u(f 4 ) to the non-autonomous Navier-Stokes equations and to
study the well-posedness and asymptotic behavior of the Navier-Stokes equations with
delay effects using relevant existing theoretical results. This result provides theoretical
support and specific examples for studying nonlinear PDEs with time delay effects to a
certain extent. It not only validates the relevant conclusions obtained from time delay
differential equations but also reveals the research methods for nonlinear PDEs of other time
delay effects, further verifying some examples given by time delay differential equations
(see [23-25]).

However, this method also has some limitations, as the construction of C, (H) is only
a function space established for handling the infinite delay term u(t + 6), as the asymptotic
behavior of function u becomes particularly important at t — oo and creates a convergence
relationship between the infinite delay terms u(t + 0) and u(t). In addition, the function
G(-,-) itself must satisfy Lipschitz properties, otherwise it will greatly affect the well-
posedness of the solution of Equation (1). For the physical meaning of the Navier-Stokes
equation itself, we only consider the case where the Reynolds number is particularly small
to study the global well-posedness and determining nodes of Equation (1). For other cases,
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due to the need to consider the pressure p term, the method used in this paper may not
be applicable.

The research method presented in this paper has high universality and can be applied
to various types of nonlinear PDEs. By adding an infinite delay term u(t + ) to the existing
conditions of a nonlinear PDE, it becomes a nonlinear PDE with infinite delay, which
has a more profound impact on the well-posedness of solutions and other related issues.
This provides theoretical support and technical means for solving other complex systems,
especially for the study of differential equations with infinite delay. In the current research
results, only the system of non-autonomous micro polar fluid flow has been studied for
global well-posedness and asymptotic behavior of solutions by adding an infinite delay
term u(t + 0) on the original basis (see [32]).

Due to the existence of time delay factors, the introduction and application of nu-
merical methods need to consider the influence of historical states, which leads to a more
complex implementation of the algorithm. In order to solve Navier—Stokes equations with
time delay, it is generally necessary to discretize them. Furthermore, determining nodes are
the discrete points determined during this process. In the process of analyzing problems, it
is usually necessary to calculate analytical and numerical solutions at determined nodes
and to strictly control the time step based on the introduced time delay factors in order
to avoid the instability of numerical solutions and evaluate the accuracy of numerical
methods, ensuring the stability and convergence of the algorithm. By comparing these
solutions, we can assess the effectiveness of the selected nodes and discretization methods,
thereby improving the efficiency and accuracy of solving Navier—-Stokes equations with
time delays, ensuring that researchers can better simulate and control fluid systems, and
enhance the reliability and performance of engineering design.

Advancements in computational technology open new avenues for research on Navier—
Stokes equations with time delay, particularly in exploring time-delay effects in high-
dimensional spaces and complex geometries. This includes the behavior of fluids under
complex boundary conditions or multiphase flow, particularly in applications such as
biomedical engineering and environmental science. In recent years, machine learning has
gained prominence in fluid dynamics, offering novel approaches to modeling and real-time
control of fluid systems. Integrating time-delay factors with machine learning methods
presents a promising direction for developing more accurate fluid models and real-time
control strategies, advancing both theoretical understanding and practical applications.
These methods can be used to learn fluid behavior from experimental data and predict the
system’s response under different conditions.

In addition, for delay differential equations, there are various types of delay effects
such as discrete delay and state-dependent delay. Future research will focus on investigat-
ing the global well-posedness and asymptotic behavior of solutions to differential equations
with state-dependent delay u(t — o (¢, u(t + 0))) and generalize the relevant conclusions
of abstract functional differential equations with state-dependent delay in reference [20]
through several specific partial differential equations. The manuscript on the study of
partial differential equations with state-dependent delay is currently in progress.
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Abstract: This research deals with the study of the oscillatory behavior of solutions of
second-order differential equations containing neutral conditions, both in sublinear and
superlinear terms, with a focus on the noncanonical case. The research provides a careful
analysis of the monotonic properties of solutions and their derivatives, paving the way for
a deeper understanding of this complex behavior. The research is particularly significant
as it extends the scope of previous studies by addressing more complex forms of neutral
differential equations. Using the linearization technique, strict conditions are developed
that exclude the existence of positive solutions, which allows the formulation of innovative
criteria for determining the oscillatory behavior of the studied equations. This research
highlights the theoretical and applied aspects of this mathematical phenomenon, which
contributes to enhancing the scientific understanding of differential equations with neutral
conditions. To demonstrate the effectiveness of the results, the research includes two
illustrative examples that prove the validity and importance of the proposed methodology.
This work represents a qualitative addition to the mathematical literature, as it lays new
foundations and opens horizons for future studies in this vital field.

Keywords: oscillation; non-oscillation; sublinear type; superlinear type; neutral differential
equation; second order
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1. Introduction

In this paper, we study the second-order noncanonical neutral differential equation of
the following form:

(x)[5) + 1)y (1(8)) + g2y (a6 ] *) + 4Gl =0, 5 > 50 (1)

To ensure a comprehensive study of this equation, we assume the following hypotheses:

H1. «>1,8> 0,91 > land v, < 1are ratios of odd positive integers;
H2. glr ng q S C([SOr OO)IRJ’_)I and q # 0;
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H3. 1, 1o, ¢ € C!([sp,),R) satisfy o(s) < s, v1(s) < s, 1a(s) <'s, 0/(s) > 0and

limg_ye0 t1(S) = liMg 00 t2(S) = lims_y00 0 (S) = 00;

H4. « € C!([so, ), RT). We define

© 1
7(s) :/S KlT(v)dv'

and s q
7t(s,s0) := /50 ;@T(v)dv < o0ass — co. (2)

Below, we provide some basic definitions:
(1) A function y(s) € C([sy,),R), s, > sp, is said to be a solution of (1) if it has

o
the property x(s) | (¥(s) + g1()y™ (v1(5)) + g2(s)y™ (12(5)))' | € C'[sy, o0), and it
satisfies the Equation (1) for all s € [s,, c0). We consider only those solutions y(s)
of (1) that exist on some half-line [s,, o) and satisfy the condition

sup{|y(s)|:s > S} >0, forall S > s,.

(2) The solution of (1) is said to be oscillatory if it is neither eventually positive nor
eventually negative.

(3) If the solution of (1) is eventually positive or negative, it is non-oscillatory.

(4) The equation is considered oscillatory if all its solutions are oscillatory.

Since the time of Newton, differential equations (DEs) have been one of the basic tools
for understanding dynamic systems and modeling natural phenomena, as they are used
to describe changes in physical, chemical, and biological systems. With the continuous
development of science and the expansion of its applications, the need for more accurate
and comprehensive models has emerged. Among these models are delay differential
equations (DDEs), which are characterized by taking into account the effect of the temporal
memory of systems, making them more efficient in representing many natural phenomena,
see [1,2].

However, finding accurate solutions to these equations represents a major challenge
that hinders a deep understanding of these phenomena. Therefore, qualitative theories
are an essential tool that allows studying the properties of equations without the need
to find their detailed solutions. Among these theories, Oscillation Theory stands out,
which focuses on studying the oscillatory and non-oscillatory behavior of solutions, in
addition to the infinite analysis of the distribution of roots. Recent advancements have
further enriched this foundational theory, see Chuanxi and Ladas [3], Kiguradze and
Chanturia [4], Bazighifan [5,6], and Masood et al. [7], which provide innovative criteria
and methodologies to analyze these complex equations.

The study of oscillation criteria for second-order DEs has been a cornerstone of mathe-
matical analysis due to its wide applicability in physical and engineering systems. Agarwal
et al. [8] laid the foundation for oscillation control criteria, and subsequent research [9]
extended to include linear and nonlinear equations. Dzurina et al. [10] developed further
criteria specific to delay differential equations, while Erbe et al. [11] provided criteria
for nonlinear equations. Later, Hassan [12] and Grace et al. [13] improved these neutral
equations. In recent years, Zhang et al. [14] and Baculikova [15] contributed significantly to
the understanding of second-order equations with noncanonical operators and deviating
arguments, respectively. Jadlovska [16] extended these findings to include Kneser-type
criteria and sublinear neutral terms. Li et al. [17] and Grace et al. [18] introduced advanced
differential equations with diverse terms. Finally, Muhib [19] presented important de-
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velopments in the study of noncanonical neutral equations. For more details, see Moaaz
et al. [20], Masood et al. [21], Alsharidi and Muhib [22], and Alemam et al. [23].

Various oscillation criteria for second order NDEs impose specific constraints on
their coefficients:

Agarwal et al. [24] and Han et al. [25] studied the oscillation of second-order
linear NDEs

(<) () + 86y ((s)') +als)y(o(s)) =0,

introducing new criteria under the condition 0 <g(s) <go < co.
Agarwal et al. [26] considered NDEs with a nonlinear term

(x5 w(s) + 1)y (11(5)))') +a(s)y(e(s)) =0,

where 0 < 71 < 1. They introduced conditions to ensure oscillation in the cases

© 1
[ sde =

Je'e} 1
/S de < 0.

Wang et al. [27] investigated the asymptotic properties of second-order nonlinear

and

delay equations

(x)[(v() ~ s1 (s lym())]") +a@fwlels) =0,

with a non-positive neutral coefficient, and f(u) > ky*(u).
Tamilvanan et al. [28] addressed the oscillatory nature of a similar DEs with a nonlinear
neutral term.

(<6) () +81(5)y™ (01(5))') + ()P (s)) = 0.

Dzurina and Jadlovska [29] introduced criteria to ensure the oscillation of nonlin-
ear equations

(<) [y (9)]") +a(s)yP(e(s)) = 0.

in a noncanonical form.
Dzurina et al. [30] and Wu et al. [31] used the Riccati method to study the oscillation
in the nonlinear NDEs

(x(9) [ + gl )] +as)sPlets)) =o0.

Despite the importance of these models, understanding the oscillatory behavior of
their solutions, especially in nonlinear and noncanonical cases, remains a major challenge.
Most previous research has focused on linear or quasi-linear forms of these equations,
creating a knowledge gap regarding more complex cases.

This research aims to fill this gap by establishing novel and generalized criteria for
analyzing the oscillatory behavior of neutral second-order differential equations. Previous
studies primarily considered neutral terms of the form

u(s) = y(s) + 81(s)y(v1(s)),
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as presented in [25], with some extending to sublinear cases such as

u(s) :=y(s) +g1(s)y" (v1(s)), m <1,

as presented in [26,28,31]. In contrast, this study introduces a more comprehensive frame-
work that incorporates both sublinear ¢y < 1 and superlinear v, > 1 terms within the
generalized relationship:

u(s) == y(s) +81(s)y™ (va(s)) + 82(s)y™ (v2(s))-

This dual consideration of multiple nonlinear terms significantly broadens the scope
of oscillation theory for neutral differential equations. Through advanced techniques,
including linearization and rigorous analytical methods, new criteria are derived and
validated with illustrative examples, demonstrating their effectiveness and applicability.
This research contributes to the existing literature by expanding the understanding of
oscillatory and asymptotic properties of neutral differential equations, providing a solid
foundation for future investigations into more complex systems.

2. Preliminary Results

Let us define

u(s) :=y(s) +81(s)y™ (vi(s)) + g2(s)y™ (va(s)),
1, ifa =B,
(s, s0) == Mlﬁ_“, ifa <pB,
Mzﬁflxnlg""(s,sl), ifa > B,
1, ifa =B,
ps,so) =4 M5 ¢, if o > B,
Mf_anﬁ_“(s), ifa <pB,
H(s) = - CPr (0(s),50)q(s),
and o
H(s) = p(s) [ m(e(0),s0)H(o)do.
Lemma 1 ([32]). Let « be a ratio of two odd positive integers, A > 0 and B are constants. Then,
Ba+1

atX

. (a+1)/a b
Bu — Au < (tx—l—l)“l YT

A > 0. 3)

Lemma 2. Assume that y(s) is an eventually positive solution of (1). Then, the corresponding
function u(s) satisfies one of two cases eventually:

(N1 u(s) > 0,x(s) (£(5))" > 0, (K(5)(()*) <0,
(N2) = u(s) > 0,x(s)(w(s))" <0, (K(S) (u’(S))a) <0,

fors > sy > sp.

73



Mathematics 2025, 13, 147

Proof. Assume that y(s) is a positive solution of (1). In view of (H;)—(H,), there exists
s1 = sp such that y(c(s)) > 0, y(r1(s)) > 0and y(ra(s)) > 0, for all s > sy, then,

u(s) = y(s) +81(s)y™ (vi(s)) + ga(s)y™ (va(s)) >0,

for all s > s;. Then, from (1), we obtain

(<) (W'(5)*) = ~a(s)w(e ()P < 0.

From the above inequality, we can obtain that x(s)(1/(s))" is decreasing. Then,
xk(s)(1'(s))" > 0or«x(s)(1(s))" < 0. Hence, the proof is complete. [

Notation 1. The notation N; denotes the set comprising all solutions that eventually become
positive and satisfy condition (N;) fori =1,2.

3. Main Results

In this section, we provide key results regarding the monotonic behavior of solutions
to Equation (1) and its derivatives. Additionally, we establish conditions that rule out the
existence of positive solutions, addressing the cases (N71) and (N ) separately.

3.1. Category Ny

In this subsection, we introduce a collection of lemmas focused on the asymptotic
properties of solutions belonging to the (N7) class.

Lemma 3. Let y(s) € Ny. Assume that

lim g;(s)7t" " (s,s1) = 0, and slgrglogz(s) =0. 4)

S— 00

Then, eventually

(A1) u(s) > x"/*(s)u'(s)7(s,0);
(A12) u(s)/ (s, sp) is decreasing;
(A13) uP2(s ) p(s s0);

(A14) y(s) > Cu(s), where C € (0,1).

<

Proof. Let y(s) € Nj. Then, there exists an s; > sg, such that y(s) > 0, y(ri(s)) > 0,
y(r2(s)) > 0and y(o(s)) > 0fors > sq.

(A11) With the monotonicity property of x!/%(s)u'(s), we obtain

l/rx
u(s) = u(s; +/ Kl/“
1

> u(sy) + &%)/ (s) /S KlT(v)dv

S1

> kM%) (s)7(s,s1), s > 1.
(A12) Using the above inequality, we deduce that

< u(s) ) )l ) —us) _

(s, s1) x1/%(s) 72 (s, 1) -
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(A13) We have the following cases:

Case « < B : Since u'(s) > 0, there exists a constant M; > 0, such that
u(S) 2 Ml/

and therefore,
uP=%(s) > Mf%.

Case o > f3 : Since u(s)/7t(s,s1) is a decreasing function for s > s; we can find sp > s;
and a constant M, > 0 such that

u(s) < Mp7(s,sq).

Thus
uP%(s) > Mgf'x P2 (s,51).

(A14) From the definition of u(s), we have u(s) > y(s). Then, we express y(s) as

> u(s) — g1(s)u”(vi(s)) — &2(s)u™(v2(s)).
Now, because y; > 1, and 77 < 1, and noting that ' > 0, we find
y(s) = u(s) —gi(s)u(s) — ga(s)u™(s)
1—1
= [1 —q1(s)tM 7 1(s,51) < u(s) >7 — o (s)u”271(s) [u(s). (5)

(s, s1)

Since u(s) /7 (s, s1) is decreasing and positive, and u(s) is increasing, there exist two

constants, ¢; and ¢, such that
7-1
u(s
( ) S C1,
7(s,s1)

u”? 1(s) < cy.

and

So (5) it becomes
y(s) > [1 —c181(s)tM (s, 5) — czgz(s)}u(s).
By (4), we can choose C € (0,1) such that
y(s) > Cu(s).
Accordingly, the proof is finished. O

Lemma 4. Assume that (4) holds. If

/s:o Kl/i(t) /S: (o (0),50) 7 (0(v),51)q(v)dvdt = oo, ©

then Ny = @.

Proof. Lety € Nj. Then, there exists an s; > s, such that
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y(r1(s)) >0, y(x2(s)) and y(o(s)) > 0 fors > s; > sp.
We begin with the relation

I 1 a—1

() (()) = (61 (5)) (/) (5))

we can derive

(7 on'(9) = 1 () (W )*) (W ()
Using (1) and (Aj4) gives
Al (s) = —= () () ()
( .

1—a

< () g ().

Applying Lemma 3, we deduce

(2/*(sn'(s))

IN
|
Q
=
/N
k]
—_
~
2
—~
n
~—
=
~
—
»
~

IN
|

IN
|

Thus,

(< (5)) <~ CPu(e(s), s0)7 (o(s),s1)q(s)u(o (). )

Since u(s) is an increasing function, there exists a constant M, > 0 such that u(s) > M;.
Using this in inequality (7), we obtain

/ 1 B
(K451 (s)) < ——MaCPu(a(s), 50) 7" (o (s), s1)a(s). ®)
Integrating this inequality from s; to s, we have
S
K (s (s) < xM ¥ (s (s) — k1% (s (51) < —%CﬁMZ/ (o (v),50) ™ (o (v),s1)9(v)do,
s1

which implies that

B s
W) € i [ HeE) s o) s)a(e)de

Integrating this inequality from s; to s, we have

1 s 1
_-Ch - -
u(s) < aC M, /S] /a

(t) /slt (o (0),50) 7 (0(v),51)q(v)dodt.
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As s — oo, this leads to a contradiction with the assumption that u(s) is positive.
This concludes the proof. [

Lemma 5. Let (4) hold. Assume that there exists a non-decreasing function p(s) € C*([so, o,),

(0,00)), and ¢’ (s) > 0. If

lim sup
S—00

Fi(s) + <p<v>u<a<v>,so>H<v> - W)d] o, )
then N1 = @.
Proof. Let y € Ny. Then, there exists an s; > s, such that
¥() > 0, y(x1(s)) > 0, y(r2(s)) and y(o(s)) > Ofors > s1 > .
Using (7), we obtain
(% s'(s))" <~ CPplor(s), o)~ (o(5),s1)a(s)u(e(s)).

Integrating the above inequality from s to co, we have

W) 2 1P [T o) s (o) s)ie)ulo(e)do
> (@) [ re(o),s0)H()do, (10)
Define
k(s (s b
0(5) =00 & = 005) [ ple(e) o) (e)eo > 0 (1)
Then
ke (s k(! (s (o
P = 09 ) ps)uols) soH() — plo)o () Sy OS]
/(s K1/ (s)[u! (s))?
< B0~ po)ulols)sH() —p(s)0'(6) g
= 280(5) - peInets) soIH() — e S aP(6)
Using Lemma 1, we see that
0 T o RS (S)]
o) " T T (spm Y P =1 o (e

By substituting the above inequality in (13), we obtain

/a(g\o! (s 2
¢'(s) < —p(s)p((s),s0)H(s) + iW

77

(12)
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Integrating the last inequality from s; to s and then using (11), we deduce that

K1/ / 2
p@(o(@),s0)H() — 3 DL gy < g(sy)

o(s) / " 1(0(0), 50)H(v)do + /2 7))

By applying the lim sup to both sides of this inequality as s — oo, we reach a contra-
diction. This concludes the proof. [J

By setting p(s) = 1, and considering Lemma 5, we immediately derive the follow-
ing result.

Corollary 1. Let (4) hold. If

S

limsup [ p(o(v),s0)H(v)dv = oo, (13)
S—r 00 So
then N1 = @.
Lemma 6. Lef (4) hold. If
| P e)a(e)do = =, (14
S0

then Ny = @.
Proof. Lety € Nj. Then, there exists an s; > s, such that
y(s) >0, y(v1(s)) >0, y(ra(s)) and y(c(s)) > 0 fors > s; > sp.

Using Lemma 3 (Aj4), the expression in (1) can be transformed into the follow-
ing inequality

(x() (¢ (5))") + CPa(s)ub (o (s)) <. (15)

Integrating the last inequality from s; to s, we have

KOW(E)" < x(s) ()" - P [ g (e(o)do

< xls2) (W(2))" — CPuo(s2)) [ q(o)e. (16)

J Sy

Since 77’ < 0, we deduce that

S S
| me@)a)do < n(o(s2)) | g(o)ae,
2 2
From (14), it follows that
S
/ g(v)dv — o0 as's — oo.
S2
Consequently, from Equation (16), we deduce that u’(s) — —oco as s — oo, which leads

to a contradiction. [

3.2. Category Ny

In this subsection, we introduce a collection of lemmas focused on the asymptotic
properties of solutions belonging to the (Nj) class.
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Lemma 7. Let y(s) € Ny. Assume that

lim g1(s )<n(tl (s)))% =0, and Sh_)l’gogz(s)m =0. (17)

s—00 7-((5)

Then, eventually

A1) u(s) >~/ (s)u'(s)7(s);
Ap) u(s)/m(s) is increasing;

(

(A)

(Agz) wP™%(s ) > pi(s,s0);

(Ags) y(s) > Cu(s), where C € (0,1).

Proof. Let y(s) € Ny. Then, there exists an s; > sg, such that y(s) > 0, y(t1(s)) > 0,
y(r2(s)) > 0and y(c(s)) > 0 fors > sq.
(Ag1) Since (k(v)(w/(s))")" < 0, we get

x(v) (W (v))" < x(s) (1 (s))" forv >s > s,

or equivalently
1
/
<
t (U) - Kl/rx(v)

K% (s (s).
Integrating this inequality from s to oo, we deduce that
—u(s) < xM%(s)u/(s) / 1 qo- KM% (s)u! (s)7t(s).
JS

That is,
u(s) > —x/%(s)'(s) 7 (s).

(Ap2) Using the above inequality, we deduce that

(u(s) >’ _ k1% (s)' (s)7t(s) + u(s) >0

/2 (s) 72 (s) T
(A23) we have the following cases:

Case a > B : Since v/ (s) < 0, there exists a constant M3 > 0, such that
u(s) < Ms,

and therefore,
WP~ (s) > ME",

Case a < B : Since u(s)/7(s) is an increasing function for s > s;, we can find s, > s;
and a constant My > 0 such that

u(s) > Mym(s).

Thus
u/s*“(s) > Mffknﬁ*"‘ (s).

(Ag4) From the definition of u(s), we have u(s) > y(s). Then, we express y(s) as
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Now, because 71 > 1, and 7, < 1, and noting that u’ < 0, we find

Ys) = uls) (S (s) ~ g2
! 72
= ) = ST 9 o — 25T (a6 S 2
_ m ult(s) T u”(s)
> u(s) gl(s)ﬂ (tl(s))n’h(s) gz(S)T[ (tz(s))r['YZ(s)

1 2(¢ 2—1
= [1 —g1(6) (T ) ) — gy L) (1LY ]u(sy

Since u(s)/7(s) is positive and increasing, and u(s) is decreasing, there exist two
constants, c3 and ¢4 such that

t1(s))\ " 2(ty(s
o) = [1-exg(o) (L) cpga(s) T2 )

By (17), we can choose C € (0,1) such that

y(s) > Cu(s).
Accordingly, the proof is finished. O

Lemma 8. Assume that (17) holds. If

o 1 t N
_ o(v),sp) ™ (v)g(v)dodt = oo, 18
L g [ o) s @a(o) (19)
then N, = @.
Proof. Lety € Ny. Then, there exists an s; > s, such that

y(s) >0, y(v1(s)) >0, y(ra(s)) and y(c(s)) > 0 fors > s; > sp.

We know that
(R (s) = 1 (<) ()" (R ep(s))
Using (1) and (Ayy) gives
() = 1 () s e)

< —%6’5 (Kl/”‘(s)u’(s)) 1_aq(5)uﬁ(‘7(5))-

Applying Lemma 7, we deduce
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IN
|

(/4 (sn'(s))

IN
|

IN
|
\
@)
-

IN
|
\
(@)
=

= 2 CPu(o(s),s0)* (o (s), s1)a(s)u(o(s)).

Since v’ < 0, then, u(c(s)) > u(s), so that

’ " 1-w
(@eE) < (5] aemels)sne)
= )M ((6), 0)u(s))
Thus,
(Kl/"‘(s)u’(s)) < —iéﬁn“_l(s)q(s)yl(a(s),so)u(s). (19)

Since u(s)/7t(s) is an increasing function, there exists a constant M5 > 0 such that
u(s) > Msm(s). Using this in inequality (19), we obtain

(/%)) <~ MsCPpr (0(5),s0) 7 () (s):
Integrating this inequality from s; to s, we have
Kl/"‘(s)u’(s) < —%Mﬂ?ﬁ /sj p1(0(9v),s0) 7 (v)q(v)do,
which implies that

5 s
w(s) < i;ﬁ((js) /81 (o (v),s0) e (v)q(v)do.

Integrating this inequality from s; to s, we have

us) < = MC [ s [ (o) s e)g(o)dodt

As s — oo, this leads to a contradiction with the assumption that u(s) is positive.
This concludes the proof. [J

Lemma 9. Assume that (17) hold. If

hrr;supn(s) /SS p1(0(v),50) 1 (v)g(v)dv = o0, (20)

then N, = @.

Proof. From (19), we know that

(<4 s)'(s)) <~ CP A ()g(s)p (0(5), so)uls).
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Integrating the above inequality from s to s, we have
K s)l(s) < —=C

. s
< = Chuls) [ m(e(e), 507 (@)9(0)do,

51

Using Lemma 7 (A ), we infer that

S

K% (s)w'(s) < %Eﬁxl/“(S)u’(S)ﬂ(S) /Sl i (0(v),50)7" " (v)q(v)do,

which leads to s

12 260(s) [ o)) (o)

This leads to a contradiction with the condition (20).
This concludes the proof. O

Lemma 10. Let (4) hold. If (14) holds, then, Ny = @.
Proof. Lety € Nj. Then, there exists an s; > s, such that
y(s) >0, y(r1(s)) > 0, y(r2(s)) and y(o(s)) > 0 fors > s1 > s.

Using Lemma 7 (Apy), the expression in (1) can be transformed into the follow-
ing inequality
!/ ~
(x(s) (' (5))") +CPa(s)uP((s)) 0. 1)

By applying a similar line of reasoning as in Lemma 6, we arrive at a contradiction.
This concludes the proof. [

4. Oscillatory Theorems and Examples

In this section, we present a comprehensive set of theorems that establish oscilla-
tion criteria, which are formulated directly by summarizing the results obtained in the
main results.

Theorem 1. Assume that (4) and (17) hold. If both (6) and (18) are satisfied, then, (1) is oscillatory.
Theorem 2. Assume that (4) and (17) hold. If both (6) and (20) are satisfied, then, (1) is oscillatory.
Theorem 3. Assume that (4) and (17) hold. If both (9) and (20) are satisfied, then, (1) is oscillatory.
Theorem 4. Assume that (4) and (17) hold. If both (13) and (20) are satisfied, then, (1) is oscillatory.
Theorem 5. Assume that (4) and (17) hold. If (14) is satisfied, then, (1) is oscillatory.

Example 1. Consider the equation:

(o[l (i) 22

3 /
) +55y3<;s) =0,s>1 (22
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Comparing Equation (22) with (1), we deduce the following:

R VAP PV SR _1 _1
a = IB_’)/l_BI ’)/2_3/ K(S)_S/U(s>_58’ tl(S)—4S,
() = 35 80) = g &(s) = g andgfs) =
(s = 3S,gls—s_1,gls—s_2, qis) =s".
Additionally, we have:
1 s—1
i(s,s0) = pi(s) =1, n(s) = S and 71(s,sg) = .
Using (4), we compute:
lim g;(s)7t"1 " (s,s1) = lim ﬂ =0,and lim g,(s) = lim v _ 0
oo 81 r=1 s—oo (5 —1)s? ! 500 82 soog—2 )
From (17), we find:
, me )\ _ _ L (8) 2 (r(s) .33
o) (TGP )= tim Ty = 0 and i ST i 2
Several conditions are verified as follows:
Condition (6):
> 1 a1 Il S L ()
/SO (D) /sO u(o(v),sp)m (U(v),sl)q(v)dvdt—/l t1/3/1 2 Y dodt = co.
Condition (13):
. S a1 . S (v— 5)2 3
limsup [ 7 *(0(v),s1)q(v)dv = limsup [ ~———v’dv = co.
s—o0  JSp s—oo /1 4
Condition (14):
© 4 © 125 ,
/ P (0(v))gq(v)do :/ — v’dv = o
SQ 1 (Y
Condition (18) leads to
/oQ 1 /t ((v),s0)t*(v)q(v)dodt = /oo 1 /t lvadvdu = 0
o K750 Sy 1 0 1 S houtB -
Condition (20):
: s a—1 : 151 3 : 5
hmsupn(s)/ u1(o(v),s0) " (v)g(v)u(v)do = 11msupf/ —v°dv = limsup = co.
S—00 S0 s—oco SJ1 © S—y00 2

Since the conditions of Theorems 1-5 are satisfied, it follows that every solution of (22) oscillates.

Example 2. Consider the equation:

/ 5 !
S O O R O R
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Clearly
1 1 1
xa = B=m=5 1= 5 K(s) = s10, o(s) = i r1(s) = §S’
1 1 1
v(s) = S Q1(s) = & 21(s) = 2 and q(s) = .
Additionally, we have:

u(s,so) = pi(s) =1, m(s) = %and (s, 80) =

Using (4), we compute:

4
. -1 T Cll ) N i L
lim g1 ()" 7 (s,51) = lim "= = 0, and lim g5(s) = lim 5 =0.
From (17), we find:
m(v(s)\™ . 3 _ 82(s)7712(va(s)) 1215
ima (7o) =m0 ma i ST i 2202 o

Verification of conditions (6), (13), (14), (18) and (20) proceeds as follows:

Condition (6):
] /5 5dvdt = 0.
Condition (13): .
s(v—14
lirsrl)s;}p . (© o ) v°,dv =
Condition (14):
45

/ v’dv = .

h P
Condition (18) leads to

1
/1 s / vSdudt = co.

Condition (20):

2
lim sup— / —Ude—hmsup;S 0.

s—oo S 5—00

Since the conditions of Theorems 1-5 are satisfied, it follows that every solution of (23) oscillates.

5. Conclusions

The study of the oscillatory behavior of solutions of second-order DEs containing
neutrality conditions, whether sublinear or superlinear, is a rich and exciting field in
applied and theoretical mathematics. This research has made new contributions in this
context by developing analytical criteria that highlight the dynamics of these equations
and explain the associated oscillation patterns. The results obtained here contribute to
a deeper understanding of the mathematical properties of this class of equations, which
enhances the ability of researchers to address similar problems in multiple contexts. What
distinguishes this work is that it highlights the dual effect of neutrality conditions in
shaping the behavior of solutions, which opens up prospects for extending current models
to include more complex real-world applications. This research also adds to the existing
literature with precise criteria that contribute to assessing the nature of oscillatory solutions,
which lays a strong foundation for future studies. It is worth noting that the application
of the approach developed in this study to higher-order DEs represents a promising and
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interesting direction. Exploring oscillatory effects in the context of higher-order equations
may reveal new patterns and add further understanding to the mathematical structure
of these systems. One of the exciting directions for future studies is to extend these
investigations without the constraints ; > 1 and 72 < 1, as well as without relying on
conditions (4) and (17), which would allow for broader applications and deeper insights into
more general systems. This research advances the understanding of oscillatory phenomena
in NDEs and lays a foundation for expanding these insights into more complex studies.
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1. Introduction

Dynamical systems are prevalent in science and engineering, yet analyzing and pre-
dicting them remains challenging. While linear systems are well characterized, nonlinear
systems are difficult to characterize. They can exhibit an extremely wide range of behav-
iors, including chaos, and generally do not yield analytical solutions. Koopman operator
theory plays an important role in the analysis of such systems [1,2]. The idea is based
on transforming the finite-dimensional dynamics of the nonlinear state space into an
infinite-dimensional linear dynamical system of functions on the state, represented by the
Koopman operator. Through the eigendecomposition of the Koopman operator, we can
understand the behavior, stability and long-term dynamics of complex systems. One of the
leading algorithms for Koopman spectral analysis is dynamic mode decomposition (DMD),
introduced by Schmid in [3]. The method comprises a mathematical technique for identify-
ing spatio-temporal coherent structures from high-dimensional data. After its introduction,
the method is now used in a variety of fields, including various jets [4,5], epidemiology [6],
video processing [7], neuroscience [8], financial trading [9-11], robotics [12] and cavity
flows [13,14]. For a review of the DMD literature, we refer the reader to [15-19]. For some
recent results on DMD extensions, we recommend [20-42] to the reader.

While standard DMD is a powerful technique for analyzing dynamic systems, it has
limitations related to its assumptions, sensitivity to noise, ability to capture long-term dy-
namics, computational complexity, parameter sensitivity and others. Researchers continue
to develop and refine variations in the DMD method to address these shortcomings and
improve its applicability to a wide range of data analysis tasks. Over the last few years,
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several variants of DMD have been proposed. Chen [20] proposed an optimized DMD
method that can reduce numerical sensitivity and calculate the modal growth rate and
frequency accurately. Williams et al. [21] suggested extended DMD (EDMD), which can
produce improved approximations of the leading Koopman eigenfunctions and eigen-
values. Moreover, Le Clainche et al. [22] developed higher-order DMD (HODMD), which
extends DMD to resolve delayed snapshots. In [23], Le Clainche and Vega introduce
spatio-temporal Koopman decomposition (STKD), which incorporates higher order DMD and a
spatio-temporal approach for the Koopman operator.

One of the modifications of the DMD method, which will play a key role in the
exposition of the present work, is the delay-embedding DMD (or Hankel DMD) [43,44].
Delay-embedding methods have also been employed for system identification, most notably
by the eigensystem realization algorithm (ERA)[45] and in climate science with singular
spectrum analysis (SSA) [46]. Brunton et al. [47] developed a variant of this technique
called the Hankel alternative view of Koopman (HAVOK) analysis.

In the present work, we consider the spatio-temporal DMD (STDMD), a generalization
of the DMD method designed to handle spatio-temporal datasets. It extends the framework
so that it can analyze data that have both spatial and temporal variations, by extracting
spatial structures and their temporal evolution. The STDMD method extracts temporal
and spatial development information simultaneously, including wavenumber and spatial
growth rate. This can be crucial in complex dynamic systems. The “spatio-temporal” aspect
refers to the fact that DMD is applied to data that vary both in space and time, such as
sequences of images or sensor measurements collected over time and across multiple spatial
locations. In such data, patterns and structures can evolve both spatially and temporally,
and the approach aims to capture these spatio-temporal dynamics. Applications of spatio-
temporal DMD span various fields, including fluid dynamics, neuroscience, climate science,
and engineering, where understanding and predicting complex spatio-temporal behaviors
is essential. Some recent publications related to the topic suggest applications in the
fields of unsteady shear layer flow [48], wake of a circular cylinder [49], urban flow [50],
aerodynamic modeling [51], turbulent flow [52] and binary fluid convection [53].

We provide a comprehensive mathematical framework for sequential and parallel
STDMD approaches. A clear expression of the presented algorithms in matrix form is also
provided. This facilitates theoretical analysis and provides a solid foundation for further
research and development. Furthermore, we introduce a delay coordinate generalization
of STDMD, enabling the use of both time-delayed and space-delayed snapshots. This
extension, labeled delay-embedding STDMD, can be considered as an alternative approach
to the STKD method proposed in [23]. The proposed STDMD approach is compared with
the results obtained from STKD.

The following is an outline of the paper: in the rest of Section 1, we describe the DMD
and some basic concepts related to it; spatio-tempral DMD approaches are in Section 2;
in Section 3, we introduce and discuss the framework for delay-embedding STDM; in
Section 4, we present the numerical results; in Section 5, we provide the conclusion.

1.1. Dynamic Mode Decomposition

In this paragraph, a brief introduction to the classical dynamic mode decomposition
(DMD) framework is provided. For details, we refer the reader to [16,17,19] and the
references therein. Consider the system of time-invariant ordinary differential equations of
the form

x(t) = f(x(1), @

where x € R" is the state vector and f : R" — R" is a nonlinear map (n > 1). Let the
discrete-time representation of (1) be

X1 = F(xx), @)
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where x; € R" is a high-dimensional state vector sampled at t; = kAt fork =0,...,m,
and F is an unknown map that describes the evolution of the state vector between two
subsequent sampling times. The initial condition is defined by x(0) = xo.

Suppose that the evolution of the high-dimensional state x is governed by some
underlying low-dimensional dynamics. Then, the DMD computes a data-driven linear
approximation to the system (2) as follows: the sequential set of data

D =[x0,--,Xm] 3)
is arranged into the following two large data matrices
X =[x0,. -, Xp_1] and Y = [xq,...,Xm]. (4)

The goal of the DMD approach is to find a relationship between the future state x; 1 and
the current state xi, given by
Xk+1 = AXk ’ (5)

where A € R""*" is called the DMD operator. The solution of (5) may be expressed simply
in terms of the eigenvalues A; and eigenvectors ¢; of A:

.
xp = ) pibiAk = @A, (6)
j=1

where @ is the eigenvector matrix of A, A is the diagonal matrix of eigenvalues A =
diag{A;}, b = ®'xp, and ® is the Moore-Penrose pseudoinverse of ®. The parameter r is
determined by the low-rank eigendecomposition of matrix A.
Therefore, the corresponding continuous-time approximation of the system (1) can be
written as
x = Ax, with A =exp(A) (7)

and the initial condition x(0). Then, the state-variable evolution in time can be approxi-
mated by the following modal expansion

x(t) =Y ¢ibjexp(wjt) = Pexp(Qt)b, (8)
=1

where ¢; are also the eigenvectors of the approximated matrix A and matrix Q) = diag(w;)
is a diagonal matrix whose entries are

wj=In(A;)/ At )

the eigenvalues of A, with A; the eigenvalues of A. The real part of w; regulates the growth
or decay of the DMD modes, while the imaginary part of w; drives oscillations in the DMD
modes. In this sense, while the discrete-time eigenvalues A; imply stability when they are
inside the unit disc in C, the continuous-time eigenvalues w; imply stability when they are
in the left half-plane of C. Each component b; of vector b, in (6) and (8), is a complex scalar
that represents the i-th modal contribution of initial vector xg and can be interpreted as the
amplitude of the corresponding DMD mode ¢;.

1.2. Reduced-Order DMD Operator

The relation (5) can be rewritten in terms of snapshot matrices

Y = AX. (10)

89



Mathematics 2024, 12, 762

Then, the dynamic mode decomposition of data matrix D is given by the eigendecompo-
sition of A. The DMD finds the best-fit solution A, one that minimizes the least-squares
distance in the Frobenius norm

argmjnHY—AXHp, (11)

where ||.||r is the Frobenius norm. The solution A to this optimization problem is given by
AmYX', (12)

where X' denotes the Moore-Penrose pseudo-inverse of X. This is the same as saying
that A minimizes ||xx, 1 — AxXk||2 across all time steps. The DMD modes and eigenvalues are
intended to approximate the eigenvectors and eigenvalues of A.

In practice, the A matrix can be too large and it is computationally inefficient to
explicitly compute A ~ YX*. It should be noted that calculating the eigendecomposition
of the n X n matrix A can be prohibitively expensive if n is large, i.e., n > 1. In such cases,
DMD aims at finding a reduced representation of A by A € R"™" with r < n. Matrix A
can be used to construct DMD modes associated with specific temporal frequencies. Thus,
we can use the dynamics of low-rank approximation to represent the full state dynamics.
This basis transformation takes the form

x = QX, (13)

where Q is usually a unitary matrix or such that Q*Q = I. The reduced-order model,
corresponding to (5), can be derived as follows:

Xki1 = AXy, (14)
where the corresponding reduced-order matrix is
A=Q"AQ, (15)

such that A € R"*". The eigenvalues of A and A are equivalent, because of similarity
transformation and the eigenvectors are related via a linear transformation.
Let the eigendecomposition of A be

AW = WA (16)

where W is the eigenvector matrix and A is the diagonal matrix of the associated eigenval-
ues A = diag{A;}. Then, the matrix of DMD modes is

d=QW (17)

which approximates the eigenvector matrix of A.

Some possible choices for the projection matrix Q in (13) are:
(i). The left singular vector matrix of X. A common approach to choosing the transfor-
mation matrix Q is
Q=1, (18)

from the truncated SVD of X:
X = Uxv¥, (19)

where U € R, % € R™" and V € R™". In this case the reduced order matrix A in (15),
can be expresses as
A=uryvet (20)
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The DMD modes have the following presentation
®=yvztw. (21)

This approach to implementing the DMD method is called exact DMD, since Tu et al. [16]

proves that DMD modes computed by (21) are the exact eigenvectors of A. DMD modes

computed by (17) are known as projected eigenvectors of A. See [38,39] for some other results.
In this case, the projected matrix of D, in (3), has the following presentation:

D=U*D = [Xg,...,%n] (22)
or in equivalent block-matrix form
D = [UX | Uxy). (23)
If D is a full-rank matrix, then (23) has the form
D = [ZV* | Uxy. (24)

(ii). The left singular vector matrix of D. We can choose the transformation matrix Q,
in (13), to be
Q = Up, (25)

where Up is from the truncated SVD of the full data matrix D:
D = UpXpVy, (26)

where Up € R"™",%p € R™*" and Vp € R™*", see [22].
Then, the projected matrix of D, in (3), has the following presentation:

D =U}D = [Xo, .-, %m) (27)
and if D is a full-rank matrix, then
D =XpVj. (28)
The matrix of DMD modes In this case, is
o =UpW, (29)
where W is the eigenvector matrix of A = Uj, A Up.

1.3. Optimal Amplitudes of DMD Modes

Finding the DMD mode amplitudes that best fit the DMD modes of a collection of
data is referred to as the reconstruction problem. In the context of DMD, reduced-order
modeling seeks to identify a subset of DMD modes that perform well in data reconstruction
for a data set or a variety of data sets.

Let us consider again Equation (6), which represents the DMD reconstruction of data
snapshots D. In the standard DMD approach the vector of amplitudes is computed by

b = dtxg (30)

as shown in (6). It is possible to improve this estimate with optimization over all snapshots.
It is straightforward to show that (6) has the following equivalent expression:

D= q)diag{bi}vand()\) ’ (31)
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where V,,,;(A) is a Vandermonde matrix

1 M AT
1 Ay ... A

Vand(A) = N : : (32)
1 A A

This demonstrates that the temporal evolution of the dynamic modes is governed by the
Vandermonde matrix, which is determined by the r complex eigenvalues A; of A which
contain information about the underlying temporal frequencies and growth/decay rates.

Therefore, determination of the unknown vector of amplitudes b can be considered as
the following optimization problem:

min|[ D — @ diag{b;} Vina (V) [ - (33)

Using the truncated SVD of D = UpXpV}, and the definition of the matrix ® = UpW
in (17), we bring this problem into the following form:

min|[Sp V5 — W diag {5} Voua (1) |7 (34)
or in equivalent form, by using (27) and (28)
R . 2
n'gnHD — Wdlag{bi}Vand()&)HF (35)

where W is the eigenvector matrix and A is the eigenvalues vector of the reduced-order
operator (15). This is a convex optimization problem that can be solved using standard
methods. For instance, we can represent (35) in matrix form as

Mb = h, (36)

where M € C"-(m+1)%7 is the coefficient matrix, h is the forcing term and the unknown
amplitude vector b as given by

w Xo by
M=| WA h=| 8| andb=| 2|, (37)
WA™ S b,

where A = diag{A;} € C"*" is a diagonal matrix formed by the eigenvalues of A in (16).
Therefore, we can solve the Equation (36) by least-squares approach

b =M'h, (38)
where the pseudoinverse M may be computed through SVD of M.

1.4. Delay-Embedding Dynamic Mode Decomposition

Delay-embedding is also an important technique when the temporal or spectral
complexity of a dynamical system exceeds the spatial complexity, for example, in systems
characterized by a broadband spectrum or spatially undersampled. In this case, we arrive
at a “short-and-wide”, rather than a “tall-and-skinny”, data matrix D, and the standard
algorithm fails at extracting all relevant spectral features.

Delay-Embedding DMD (or Hankel DMD) overcomes several shortcomings of the
standard DMD method by extending its capabilities to handle nonlinear dynamics, non-
uniformly sampled data, long-term temporal behavior, high-dimensional datasets, and noisy
data. This makes it a more versatile and robust technique for dynamic mode decompo-
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sition in various applications. The Takens embedding theorem [54] provides a rigorous
framework for analyzing the information content of measurements of a nonlinear dynami-
cal system.

To implement delay-embedding DMD, given the data sequence D in (3), we stack
s < m time-shifted copies of the data to form the augmented input matrix. The following
Hankel matrix H is formed:

X1 X2 oo Xip—s+1
X2 X3 ... Xp—s42

Daug = . . . . ’ (39)
Xs Xg+1 .- X

where the applied embedding dimension is s. The augmented data matrix Dy, is then
used in place of D and processed by the standard DMD algorithm. The DMD algorithm pre-
scribed in Equations (3)—(8) is applied to the augmented matrices Xayg, Yaug € R (:8) x (m—s)
in place of X and Y, giving eigenvalues ®;,, and modes Agyq. The first n rows of Oy
correspond to the current (not shifted) time and are used to forecast x(t).

Arbabi and Mezi¢ [43] have shown the convergence of this time-shifted approach to the
eigenfunctions of the Koopman operator. They also illustrated remarkable improvements
in the prediction of simple and complex fluid systems. Further examples and theoretical
results on delay-embedding and the Hankel viewpoint of Koopman analysis are given
by Brunton et al. [47] and Kamb et al. [44]. They demonstrated that linear time-delayed
models are an effective and efficient tool to capture nonlinear and chaotic dynamics.

2. Spatio-Temporal DMD

The idea behind the spatio-temporal extension of the DMD method is to extend the
application range of DMD by implementing the simultaneous capture of both spatial and
temporal dynamics. This approach is particularly useful for analyzing complex systems
where dynamics evolve both in space and time, such as fluid flows, biological systems,
and climate phenomena. To our knowledge, the first paper in the literature in which this
idea has been attempted is Sharma et al. [55], and later, it was realized by Clainche et al. [23];
see also [56]. In [23], Le Clainche and Vega introduce spatio-temporal Koopman decomposition
(STKD), which incorporates higher order DMD (HODMD) and a spatio-temporal approach
for the Koopman operator. For some applications, see [48,49].

In principle, this expansion can be obtained in two ways:

(i). Sequential method. A temporal DMD algorithm is first applied to the snapshot
matrix and a spatial DMD algorithm is applied to the spatial modes. Obviously, the order
in which temporal and spatial DMDs are applied can be reversed, and the result of the
direct and reverse methods is not identical.

(ii). Parallel method. Reduced SVD is first applied to the snapshot matrix D, and then,
spatial and temporal DMD algorithms are applied to the rescaled left and right singular
vector matrices.

In the following, we provide a detailed mathematical description of the parallel STDMD
and sequential STDMD approaches.

2.1. Parallel STDMD

The parallel spatio-temporal DMD method simultaneously decomposes spatio-temporal
data across both spatial and temporal dimensions, providing insights into the interplay
between spatial and temporal dynamics.

Let us recall that the DMD algorithm presented in Section 1.1 uses a low-rank approxi-
mation of the linear mapping that best approximates the dynamics of the data D, in (3),
collected for the system. Moreover, if we choose the projection matrix to be the matrix Up
from the truncated SVD of the full data matrix D, as shown in (26)

D = UpSpVs,
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we obtain the reduced-order model given by the following data matrix

D = [xo,...,%ml,

which coincides with the scaled right singular vector matrix of D, i.e.
D =3%pVp,

according to (27) and (28). Applying the standard DMD approach to reduced model data
D, we obtain the following expansion according to (6):

X = WA*D, (40)

where W is the eigenvector matrix, A = diag{A;} is the diagonal matrix of associated
eigenvalues of the corresponding DMD operator, and b = W~!%,. For our purposes, we
will call W the matrix of temporal DMD modes and A the matrix of temporal DMD eigenvalues.

Using equality (13), by multiplying the left side of Equation (40) by matrix Up, we
obtain the temporal DMD expansion, in (8):

xp = PAFD .

Following the same idea, we can use the row vectors of the scaled left singular vector
matrix UXp of D to obtain a spatial expansion similar to (40). Let us denote

D =2pU" = [y0,...,¥u], (41)

where y; is the i-th column vector of D. Applying the standard DMD approach to data D,
we obtain the following expansion, according to (6):

¥ = WA'D, (42)

where W is the eigenvector matrix, A = diag{A;} is the diagonal matrix of associated
eigenvalues of the corresponding DMD operator, and b = W~1y,. We will call W the
matrix of spatial DMD modes and A the matrix of spatial DMD eigenvalues.

From expressions (40) and (42), using (31), obtain

D = Wdiag{b;}V,,4(A) and D = W diag{b;}V,,4(7). (43)
Then, for the full-data matrix D, using equality
D = (UpZp)Zp' (ZpVp),
we obtain the matrix form presentation
D =V, ;(A)diag{b; } ¥ diag{b;}Voua(A), (44)

where r X r the matrix
¥ =WIz'w (45)

is the matrix of spatio-temporal DMD modes.
The following algorithm (Algorithm 1) summarizes the steps for parallel STDMD:
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Algorithm 1: Paralle] STDMD algorithm

1. Compute the (reduced) SVD of D, writing D = UpZpVy.

2. Define spatial and temporal data matrices:
D =%pV}, and D = ZpU’.

3. Perform the standard DMD approach to data set D
and compute temporal DMD modes, eigenvalues and amplitudes:
W,A and b.

4. Perform the standard DMD approach to data set D
and compute spatial DMD modes, eigenvalues and amplitudes:
W,A and b.

5. Compute the matrix of spatio-temporal DMD modes
¥ =WIz 'w.

The eigenvalues and DMD modes can then be used to reconstruct the full data x; in
D. Let us denote the elements of snapshot x; and matrix ¥ as follows:

Xy = [xgk),xgk),...,x,(lk)]T and ¥ = [Wij]rxr

Then, from (44), for the s-th coordinate of x; it follows:

,
k R
W = 3 pAshiaky, (46)
ij=1

where A; and A; are the spatial and temporal DMD eigenvalues, respectively.

2.2. Sequential STDMD

In contrast to parallel STDMD, sequential involves decomposing spatio-temporal
data sequentially along the temporal axis, capturing both spatial and temporal dynamics
separately. This approach enables the identification of spatial structures evolving over time
and their corresponding temporal dynamics.

For conventional DMD, the temporal information (temporal growth rate and angular
frequency) is explicitly included in the eigenvalue matrix A, whereas the spatial information
(spatial growth rate and wavenumber) is implicitly hidden in the dynamic mode matrix
@. Therefore, this study aims to decompose dynamic modes in a certain way to obtain
spatial information.

Let us apply the standard DMD method described in Section 1.1 to the input data D
specified in (3), which results in temporal DMD expansion (8):

Xy = DAD,

where ® = YVEZ'W is the matrix of (exact) DMD modes, A is the matrix of DMD eigenval-
ues and b is the vector of amplitudes; see (15)-(21). As we mentioned, this expression is
equivalent to (31):

D= diag{bi}Vand (A) .

Note that the spatial information, such as spatial growth rate and wavenumber, of the
dynamic in consideration is implicitly hidden in the dynamic mode matrix ®. We can use
the row vectors of the DMD mode matrix @ to obtain spatial expansion similar to (40). Let

us denote
D=a =[yo,...,9a], (47)
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where ¥; is the i-th column vector of D. Applying the standard DMD approach to data D,
we obtain the following expansion according to (6):

7 = PA*D, (48)

where @ is the eigenvector matrix, A = diag{A;} is the diagonal matrix of associated
eigenvalues of the corresponding DMD operator, and b = &~ y,.
Then, for the full-data matrix D, we obtain the following matrix form presentation:

D= and( )dlag{b }leag{b }Vﬂnd( ) (49)

where 7 X r matrix
Y =W’ (50)

is the matrix of spatio-temporal DMD modes. The following algorithm (Algorithm 2) summa-
rizes the steps for sequential STDMD:

Algorithm 2: Sequential STDMD algorithm
1. Perform the standard DMD approach to data set D :
1.1. Define the data matrices: X and Y;
1.2. Compute the reduced SVDof X: X = UXV*;
1.3.  Construct the reduced-order operator: A = U*YVET;
and compute the eigendecomposition of A : AW = WA;

1.4. Compute the DMD modes, eigenvalues and amplitudes:
® = YVE'W, Aandb.
2. Define the spatial data matrix as transposed DMD modes:
D =T
3. Perform the standard DMD approach to data set D and
compute DMD modes, eigenvalues and amplitudes:
d, A and b.
4. Compute the matrix of spatio-temporal DMD modes
Y=o

For the reconstruction of snapshots in D, we obtain similar to (46) expression

Z ;i ASh; Aj‘ i (51)
ij=1
where xs(k) is the s-th coordinate of state x;. Note that although the notations of parameters
in (51) and (46) are the same, their values are different.
For both cases, in (46) and (51), it is straightforward to obtain the expression for the
continuous case, in the form

r r
x(s, t) = Z 471‘1'6@"3 Eiewft b] = Z Pij I_?,' bjewis+wjt, (52)

ij=1 ij=1

where s denotes the spatial variable. The spatial DMD eigenvalues @; give the information
about spatial wavenumbers and growth rates, while the temporal DMD eigenvalues w
give information about the underlying temporal frequencies and growth rates.
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3. Delay-Embedding STDMD

As already mentioned, traditional DMD approaches are limited in their ability to cap-
ture the full complexity of nonlinear and non-stationary systems, particularly when dealing
with high-dimensional and noisy datasets. Due to the fact that in Algorithms 1 and 2 the
standard DMD method is applied sequentially or in parallel, they inherit the disadvantages
of the DMD method. To address these limitations, we will propose an extension of STDMD
algorithms using the delay-embedding approach described in Section 1.

3.1. Parallel Delay-Embedding STDMD

This approach redesigns the input data of the system, creating new state variables.
However, the introduction of the new variables is made at the expense of reducing the
number of samples in the training data set. Hence, the number of these new variables
(number of rows in the Hankel matrix), in (39), has to be a balance between the ability to
detect dominant modes and the accuracy of the estimated model. The following algorithm
(Algorithm 3) provides a step-by-step implementation of parallel delay-embedding DMD:

Algorithm 3: Parallel delay-embedding STDMD
1. Compute the (reduced) SVD of D, writing D = UpXpVy.
2. Define spatial and temporal data matrices:
D =%pV}, and D = ZpU’.
3. Perform delay-embedding DMD approach to data set D

and compute temporal DMD modes, eigenvalues and amplitudes:
W,A and b.

4. Perform delay-embedding DMD approach to data set D
and compute spatial DMD modes, eigenvalues and amplitudes:
W,A and b.

5. Compute the matrix of spatio-temporal DMD modes
¥ =WIz 'w.

The implementation of the corresponding algorithm for the sequential STDMD ap-
proach is similar, so we will omit it here. We note that although delay-embedding is only
applied to the reduced input matrices D and D, the embedding can be applied to the full
input data matrix D as well.

3.2. Delay-Embedding STDMD vs. STKD

Le Clainche et al. [23] introduced spatio-temporal Koopman decomposition (STKD), which
incorporates higher order DMD [56] and a spatio-temporal approach for the Koopman
operator. Our goal in this section is to present an alternative approach to STKD. Below, we
outline some similarities and differences between the two approaches.

e The STKD scheme is similar to delay-embedding STDMD, with the difference that
STKD uses higher order DMD instead of augmented DMD. This implies greater
computational complexity in STKD than in STDMD, but on the other hand, it allows
easily extending the STKD to higher spatial dimensions when the snapshot matrix
becomes a tensor.

e In[23], the spatio-temporal expansion, by STKD, corresponding to (52) has the form

m,n

x(S, t) _ Z aijqije@i5+d)jt,
ij=1
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where g;; are the normalized spatial modes and a;; are the mode amplitudes. In ad-
dition, for STKD, the amplitudes 4;; are determined by the optimal amplitudes com-
putation scheme described in (34)—(38). We should note that although the calcula-
tion of the amplitudes in STDMD is through the standard Formula (30), which is
more cost-efficient, a better approximation of the data is achieved when using the
schemes (34)—(38).

Among the main advantages of the schemes proposed in this article are the following;:

e The matrix form presentations (44) and (49) of the snapshot matrix D, which offer a
structured framework that facilitates easier understanding and implementation.

e Additionally, the structured nature of the matrix representation allows for straightfor-
ward generalization to parallel computation architectures, enabling seamless scalabil-
ity and improved computational efficiency in analyzing large-scale spatio-temporal datasets.

¢  The STDMD approach, augmented with delay-embedding, offers enhanced computa-
tional efficiency compared to STKD.

* By augmenting the dataset with delayed observations, the analysis captures underly-
ing dynamics more effectively, reducing the impact of noise on mode identification
and reconstruction.

Overall, the delay-embedding STDMD enhances the accessibility and usability of the
proposed approaches, making them more practical and widely applicable to researchers
and practitioners in various fields.

4. Numerical Examples

In this section, we will illustrate the introduced approach to delay-embedding spatio-
temporal DMD. The considered examples are well known in the literature, and through
them, we illustrate the ability of the proposed scheme to accurately calculate spatio-
temporal DMD modes and eigenvalues, including spatial wavenumbers and growth rates
and temporal frequencies and growth rates. We mainly present the results of the application
of parallel delay-embedding STDMD (Algorithm 3). Since both methods use extended
data matrices and are computationally comparable, we collate the results obtained by
Algorithm 3 with those of the STKDM method presented by Le Clainche in [23]. All numer-
ical experiments and simulations were performed on Windows 7 with MATLAB release
R2013a on an Acer Aspire 571G laptop with an Intel(R) Core(TM) i3-2328M CPU at 2.2 GHz
and 4 GB of RAM.

Example 1. Combination of travelling wavetrains.
We begin by demonstrating the feature extraction technique for delay embedding STDMD for
a spatio-temporal signal:

x(s, t) = [0.5 4+ sin(s)][2 cos(k1s — wrt) 4+ 0.5 cos(kas — wyt)], (53)

defined in a 1D periodic domain, s € [0,27). This example was taken from [23] and the same
example was also discussed in [57]. It represents a simplified model of the signal proposed in [58]
with three basic features in the convective variability of the tropical atmosphere as a function of
longitude (s):

(i) A time-independent profile, 0.5 + sin(s), representing enhanced convective activity over warm
oceans over cold oceans such and continental land;

(i) A long-wavelength eastward-propagating wave, cos(kis — wit), representing a large-scale
mode of organized convection called Madden-Julian oscillation (MJO);

(iii) A short-wavelength westward-propagating wave representing the building blocks of the MJO
(so-called convectively coupled equatorial waves).

The natural time units in (53) are days, so the long wave has a period of 45 days and

the period of the short wave is approximately 14 days. These periods are comparable to
the timescales observed in nature.
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In (53), k1 and k; are integer-valued wavenumbers set to k; = 2 and k; = 10, and w;
and w, are time-dependent phases for the rationally independent frequencies w; = 271/45
and wy = v/10w;. The color map of this pattern is depicted in Figure 1 (left). This pattern
is obtained with a spectral spatial and temporal complexity of 12 and 4, respectively.
This is because it involves 12 wavenumbers: +kq, £ko, +=(k; 1) and £(k, £ 1), and four
frequencies: £w; and Fwy. This pattern is spatially periodic, with a period equal to 27,
but temporally quasi-periodic.

5

o)
9—0 000060600090

Figure 1. Spatio-temporal color map for the dynamics defined by (54), (left panel), and first 15
singular values of the generated data (right panel).

In order to apply the delay-embedding STDMD method, we discretize s and t in the
sampled intervals 0 <s < 10and 0 < t < 5, using 50 and 25 points, respectively. Generated
data are 50 x 25, but its rank is 4 (see Figure 1 (right)), which yields unsatisfactory results
with the pure temporal DMD method.

Performing delay-embedding STDMD (Algorithm 1), with time-delaying index 2 and
spatial-delaying index 3, we identify the correct 12 wavenumbers and 4 frequencies. See
the dynamic reconstruction with delayed STDMD (Algorithm 1) in Figure 2. Figure 3
depicts the amplitude—frequency and growth rate—frequency diagrams. Figure 3 shows the
combinations of spatial modes and temporal modes used in the reconstruction of the
data in (52). They are grouped along straight lines in the plane, which may be either
horizontal or oblique, and correspond to either standing or travelling patterns, respectively.
The results are identical to those in [23], where the STKD method is applied to the same
example and input data.

Example 2. Dynamics of two counter-propagating waves
In this example, we consider the dynamics of two counter-propagating waves

x(s,t) = v(s,t) +v(—s,t), (54)
where v is defined as
6 ,
o(s, ) = %23—\m|ezm(wm+3m) ' (55)
—6

99



Mathematics 2024, 12, 762
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Figure 2. Spatio-temporal color map of reconstructed data computed by delay-embedding STDMD
(Algorithm 1).
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Figure 3. (Left panel) Spatial amplitude-wavenumber (‘+’) and temporal amplitude—frequency (‘0’);
(Right panel) Spatial growth rate-wavenumber (‘+’) and temporal growth rate—frequency (‘o).

The color map of this pattern is depicted in Figure 4. The two counter-propagating
waves are visible on the chart, but it is seen that the pattern can also be considered as a
modulated standing waves, in which the positions of the nodes and crests do not remain
constant, but oscillate left and right. The generated data have a low-rank structure, which
can be seen from the singular values depicted in Figure 4.

Figure 4. Spatio-temporal color map of reconstructed data computed by delay-embedding STDMD
(Algorithm 1).

If we apply the standard DMD approach, we obtain only seven modes and it gives poor
reconstruction of the input data. Instead, if we use delay-embedding STDMD (Algorithm 1),
with time delay of 2 and spatial delay also of 2, then we obtain 13 modes and reconstruct
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the input data with greater accuracy. See the dynamic reconstruction with delayed STDMD
(Algorithm 1) in Figure 5.
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Figure 5. Spatio-temporal color map for the dynamics defined by (54), (left panel), and first 15 singu-
lar values of the generated data (right panel).

Note that, if we use optimal amplitude computation, in Algorithm 1, as shown
in (34)—(38), we obtain a better approximation of the dynamics data and reconstruct the
snapshots with a relative RMS error ~1.4 x 10~'2. Figure 6 depicts the amplitude—frequency
and growth rate—frequency diagrams. It shows that the relevant points are aligned in two
straight lines, which, according to (54), is consistent with the fact that the pattern is the
superposition of two counter-propagating travelling waves.
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Figure 6. (Left panel) Spatial amplitude-wavenumber (‘+’) and temporal amplitude—frequency (‘0’);
(Right panel) Spatial growth rate-wavenumber (‘+’) and temporal growth rate—frequency (‘0’).

Note that the counterpart to Equation (55) is given by

6 .
v(s,t) = %23*"”‘630’”1%05(1017173) , (56)
—6

which implies (from the equality cos(10m7s) = cos(—10ms)) that the spatial complexity
is 7, while the spectral complexity is 13. It also follows from (56) that the pattern can be
seen as modulated standing waves.

5. Conclusions

In this paper, we have provided a detailed exposition of two variants of spatio-
temporal dynamic mode decomposition (STDMD), namely the parallel methods STDMD
and sequential STDMD. We have introduced the matrix representations underlying these
techniques, highlighting their respective computational frameworks for analyzing spatio-
temporal data. To address some shortcomings of the presented algorithms, which are
inherited from the classic DMD algorithm, we have introduced extensions to these ap-
proaches incorporating delay-embedding techniques. Furthermore, we have conducted

101



Mathematics 2024, 12, 762

numerical experiments to validate the efficacy of the proposed extensions in overcoming
the identified limitations of traditional DMD methods. Through these experiments, we
have illustrated the enhanced performance of delay-embedded STDMD, showcasing its
utility in analyzing complex spatio-temporal datasets.

For future work, there are several promising directions that can build upon the method-
ologies and findings presented in this paper. Firstly, further exploration and refinement
of the delay-embedding techniques introduced in our study could lead to more effective
approaches for capturing nonlinear dynamics and improving robustness against noise in
spatio-temporal DMD analyses. Additionally, investigating the application of our sequen-
tial and parallel approaches with delay-embedding across a wide range of spatio-temporal
datasets and real-world applications would provide valuable insights into their generaliz-
ability and practical utility. Furthermore, exploring hybrid methodologies that combine
elements of different spatio-temporal decomposition techniques, such as incorporating
machine learning algorithms or Bayesian approaches, could offer new avenues for en-
hancing the accuracy and interpretability of spatio-temporal analysis. Additionally, future
research could focus on the parallel implementation of the approaches introduced in
this paper to enhance computational efficiency. Investigating strategies for parallelizing
the computation of spatio-temporal DMD algorithms across multiple processing units or
distributed computing architectures could significantly reduce computational time and
enable the analysis of large-scale datasets. By investigating the parallel implementation of
these techniques, future research can enhance their computational efficiency and facilitate
their widespread adoption in scientific and engineering domains where timely analysis of
spatio-temporal data is critical. Overall, these future directions hold great potential for ad-
vancing the state-of-the-art in spatio-temporal DMD methodologies and their applications
in diverse fields.

In conclusion, our research contributes to the advancement of spatio-temporal DMD
methodologies by introducing extensions that enhance the robustness and accuracy of the
analysis. The proposed approaches offer valuable tools for researchers and practitioners
in diverse fields, enabling deeper insights into the dynamics of complex spatio-temporal
systems. We anticipate that our findings will stimulate further research and development
in this area, leading to continued advancements in the analysis and understanding of
spatio-temporal phenomena.
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1. Introduction

The basic applications of Volterra equation, which was introduced in 1928 by Volterra
himself, can be found in [1-3]. After that, the Volterra integro-differential equation ap-
peared, which has several applications in many fields, such as nanohydrodynamics, glass-
forming process, diffusion process in general, heat transfer, neutron diffusion, and wind
ripple in the desert. More details about these equations and their applications can be found
in [4-8].

Many researchers studied the existence of solutions and asymptotic behavior of these
equations; for example, in [9-12], the authors considered the exponential stability of
continuous, discrete, and stochastic differential equations. In [13-19], the authors dealt
with the existence and stability of one or n-dimensional equations.

A wide variety of differential equations were successfully stabilized using Lyapunov’s
direct method. Over the last century, Lyapunov theory has been a very fruitful field,
studying a qualitative theory of differentials and systems. However, the expressions of
Lyapunov functionals are very complicated and hard to construct in many problems,
as is the case when the differential equation has unbounded terms or when it contains
unbounded functional delays. To overcome the shortcomings of Lyapunov’s direct method,
in recent years, several researchers have investigated different aspects of the qualitative
theory of differential equations using the fixed-point method, which was found to be
significantly advantageous compared to Lyapunov’s direct method; see instance [20-22].

In [23], Dung studied the following problem of mixed linear Levin—Nohel integro-
differential equations.

W (p)+ [7 gy P mu(n)dip +b(p)u(p —v(p)) = 0, p = po, O
u(p) = ¢(p) for p € [m(po), pol,

Mathematics 2023, 11, 2676. https:/ /doi.org/10.3390/math11122676 105 https:/ /www.mdpi.com/journal /mathematics



Mathematics 2023, 11, 2676

while the following n-dimensional version of the above problem

{ W' (p) + [Ty Clpm)uln)dy + B(p)u(p = v(p)) = 0, p = po, 2
u(p)

= y(p) for p € [m(po), pol,

with
(po) = min inf (7= Bn)), inf (1= 7(1)}),

has been considered in [19], as well as its asymptotic stability.

In this work, we propose generalizing these problems by considering the following
nonlinear neutral differential system with two Volterra terms, in addition to the study of
the exponential stability

!/
(u(p) = [y Crlpmundy ) = [V Calp,m)uCn)dy
p—a(p) p=h(p) 3)
+Q(p, ulp), ulp = (p))), p = po,
u(p) = y(p) for p & [z(po), pol,
with
() = min inf (7= a(), inf (7= B}, inf {1 = 7(1)}),

n=po =po n=Po
where
e u:[t(py),°) — R"and Q : [pg, ) x R" x R" — R" are continuous vector

functions, such that Q(p,0,0) = 0.

e a7 : R — RT is a continuous real function such that p — a(p),p — B(p),

p—v(p) — cowhenn — oo.

e C1,Cy:[po,o0) % [T(po),00) — R are bounded with a continuous real function such

that C(p, p) is nonsingular for all p € [py, o).

In this context, the main contribution of this paper is to apply the Banach fixed-point
theorem to the show stability, asymptotic stability and exponential stability of solutions for
the system (3), which is the generalization of the papers [19,23]. The paper is organized as
follows. In Section 2, we present some previous results, and construct the integral form
of the problem. After this, we prove the stability, asymptotic stability, and exponential

stability of solutions for the system (3) in Sections 3-5, respectively. An example is given in
Section 6 to illustrate our results, and a conclusion is provided at the end of this article.

2. Preliminaries

We start this section by transforming the system (3) to a more tractable system. There-
fore, in the analysis, we use the fundamental matrix solution of

v'(p) = Ca(p, p)y(p), )

from which we obtain a fixed-point mapping.
Throughout this paper, Q(p, po) will denote a fundamental matrix solution of the
homogeneous (unperturbed) linear problem (4).

Lemma 1. We say that u is a solution of the problem (3) if and only if

utp) = @ po) () = [ Catpomutnan )
1
+ / p ot ([ Comrutridr—uto) )a
s [ bl QU ututy — () ©)
n=p0n)
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for p > po and u(p) = ¥(p) for p € [t(po), pol-

Proof. Let
y(p) = u(p) f/ Ci(p,m)u(n)dy.
P

Then, we can write the system (3) as

y(p) = Ca(p.p)y(p) + /p Ca(p, i)ulin)dy
Jp=PB(p)
= Ca(p, p)y(p) + Qp, ulp), u(p = 7(p)))-

y(p) = Q(P,Po)y(po%/pQ(P,ﬂ)

7 Po

P
X Up—mp) Ca(p, mun)dn — Ca (1, 1)y (1) + QU u(y), uly = (n))) | d,
witch equivalent to (5). O
Lemma 2 ([24]). The state transition matrix ®(p, n) of Equation (4) satisfies

P (Cy(p,r))d
D (p, )| < el MO >y

7 - 7

where u(Cy(p,r)) is the Matrix measure of Co(p, ).

Let (S, ||-]|) be the Banach space of vector continuous functions u : [T(pg), o0) — R”
with the supremum norm.

[ull = sup fu(p)],
pE[t(po),e)

where |-| is the infinity norm for u € R". If A is an n x n matrix valued function A given
by A(p) := [aij(p)], then we define the norm of A by

|Al:==sup [A(p)],
pelt(po),o)

where
n

AP = max. | (p)

Using Lemma 1, we define the operator / : I'e — S by

Po

(Fu)(p) = (popo) (90 = [ Calpompinin)

=[ewn|[ e
+cxmw(4” Cat u(r)dr = u(r)

—a(n)
+ Q7 u(n), u(n —(n)))ldy (6)

for p € [po, ). Therefore, in this paper, we need the following conditions

(C1) The function Q satisfies

1Q(n, ur(n), u1(n —v(n))) — Qn, uz(n), ua(i7 —v(n)))|
< qlur(n) —ua(n)| + q2lur(n — () — w2l —v(n))1,
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forall uj, up € Sand p € [po, ).
(C2) There is a positive constant L € (0,1) such that

= swp  ["(1cao ([ 1C 1)

pE[t(po),e)

+/ HCz i,7)||dr + q1 +qz>d77-

3. Stability

Definition 1. The zero solution of (3) is Lyapunov stable if, for any € > 0 and any integer
p € [po, o), there exists § > 0 such that |(p)| < 6 for p € [t(po), po] implies |u(p, po, P)| < €
for p & [po, ).

Theorem 1. Suppose the conditions (C1), (C2) and

P
/ w(Co(r,r))dr <M, p =1,
n
where M is a positive constant. Then, the zero solution of (3) is stable.

Proof. Let e > 0be given. Choose § > 0, such that for

v = [ Calponplnin] <5, o € [x() ),

and
M4+ Le)<e

Define complete metric space
Te={ue8: |ull <5,Yp € [v(po), po] and [lu]| < &,¥p € [po,)}.

We first prove that / maps I'c into I'c. Therefore, using the conditions (C1) and (C2),
we have

[(Fu)(p)] < [12(p, po) ‘#’(PO) - /,,Zo_,x(po)

= [1ewmifican ([ e i+ jup)

AP O |||u<r>|dr+|Q<n,u<n>,u<n—v<n>>>|}dn

C1(P0/’7)l/’(’7)d’7‘

Po

v = [ Gy
+ f;;HCZTY)dr|:||C2(T] 17)”(/

+ / It |||u<r>|dr+rQw,u(m,u(n—v(n)))@dn
(5+Le)_ €,

< efl’fz) 2 (rr))dr

)||C1(77,V)H|u(r)ldr + |“(’7))

hence
[Ful <e.

We next prove that f is a contraction.
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Letu,v € T'¢; then,
Py r,r))dr U
Fup) = o)pl < [ et ([ e )
Po n—a(1)

Ul
a1 Gl -+ -+l o]
n—=B(1)
< Lo,
Hence,
Fu=Fol < L2,

since L € (0,1), then F is a contraction.
Thus, using the fixed point of Banach, / has a unique fixed point u in I'e, which is a
solution of (3). This proves that the zero solution of (3) is stable. [

4. Asymptotic Stability

Definition 2. The zero solution of (3) is asymptotically stable if it is Lyapunov stable and if, for any
integer po > 0, there exists & > 0 such that |¢(p)| < 6 for p € [T(po), po] implies |u(p)| — 0as
p — co.

Theorem 2. Assume that the hypotheses (C1), (C2) and

p
/ u(Ca(r,r))dr — —oo, p>1,,as p — oo, (7)
U
hold. Then, the zero solution of (3) is asymptotically stable.

Proof. In the last Theorem, we proved that the zero solution of (3) is stable. For a given
€ > 0, define
I'p = {u € I'c such that u(p) — 0,as p — oo}.

Define fF : I'y — T'c by (6). We must prove that, for u € Ty, (F u)(p) — 0 when p — oo.
Using the definition of I'g, u(p) — 0, as p — 0. Thus, we obtain

(Fu)(p) < 56.[,50 #(Ca(rr))dr

" a7 I ) ldr-+ ) )
+/ wwwnwmm+mwmwwww—wmﬁw

By (7)

w(Co(r,r))dr

(5er0 — 0when n — co.

Moreover, let u € Ty so that, for any €; € (0, €), there exists T > pg large enough such that
n > T — t(po) implies |u(n)|, [u(n —v(17))| < €1. Hence, we obtain
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A= [l e ([ et nllur + utn))
+/ mwwnwnm+mwwH@WW—wmﬂw
A (Cz(rr fpo (Ca(r,r))dr
S N [T A _
[ Il + )]+ alur =20
+ [ sl ([ 1) o) ldr-+ ) )

[l + gy )|+ aaluty =20 d

|Co(p, 7)[[u(r)|dr + |“(’7)>

< Leff’oy Ca(r,r) drH |

|+L€1.

Since (7) holds, then A — 0, as p — .
Hence, I maps I'p into itself. Using the fixed point of Banach, / has a unique fixed
point u € I'g, which solves (3). O

5. Exponential Stability

Definition 3. We can say that the zero solution of (3) is exponentially stable if there exists
0,0,A >0, such that
lu(p)| < ce PP, p > p, (8)

whenever [p(p)| < & for p & [T(po), pol-

Theorem 3. Assume that conditions (C1) and (C2) hold if there exists A > 0, such that

#(Calp, p)) < —A, Vp > po, )
and
sap [ |emical 1 il e+ Gt )]
pelt(po),)

+eM / ( )ch(;y,r)uewdwa +qze)‘7(’7)}d77 < (10)
n—p(y

N~

hold. Then, the zero solution of (3) is exponentially stable.
Proof. Since the condition (9) holds. We define I',, the closed subspace of S, as
I = {u € S :such that |u(p)| < ge MP=P0) Vp > 1(pg) and o > 25}.

We will show that £ (T'e) C Te. Then, using (9), we have
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I u(B(r, r)dr 5 b fj’y (B(r,r))dr
(Fu)(p) <e OF | e

<[Icatm / 6 loe P+ ol e
+/ ch n,7)||oe M P dr 4 4y ge=H1—P0) +qzae)‘(’77(’7)p0)]d77
<e” (P*Po)(er —AMp=1)

[IICz 7,77 II/ lCa(nr)lloe Mr=p0)dr || Cy (i, 1) || ore 01— P0)

+ / HCZ 1/]’ Hg’e_ (r_p(])dr + q10€_A('7_p0) + ng-e—/\(ﬂ—’Y('?)—PO):| dT]
(P Po)(5_|_(fe A(p=po)
/ catl [ 1€l var+ e
Ul
v [ ||cz<n,r>||e-Mdr+q1 + 426" | dy
J—=B ()
since (10) holds. Then, we have
|(FU)(P)| < %UeiA(pipo) + %0’67)‘(7]7!]0) = (Tef/\(p*po)‘
Then [ (T) C T.

Hence, F has a unique fixed point u € I',, which solves (3). Then, the zero solution of
(3) is exponentially stable. [

6. Example
Consider the two-dimensional nonlinear neutral differential system of the form
/
p — (P
< fp_i p)u ) P12 Ca(p,m)u(n)dy
(11)

—l—Q(p,u( Ju( ln28)) pZO
u(p) = (p) arbitrary for p € {

where
Calp,y) = -2 sin(p — 1)
P sin(p—n) -2 )’
_1 -1 3 cos(p —1)
and

1 .
_ gXosint _ 1 _ 1
Q(sz/y) < %yl sin t ) , q1 4/ q2 2

Since for A = (“if)nxn € R™" we have

Then

-
o
@)
N
—
=
=
SN—
N—
OO\H
A
N
+
o)
o
2}
—~
‘E
Q
SN—
S—
OO\H
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1 1
Culp)| = maXZ|C2u pl = g5 (~1+ 3sinr =) = 1G] <1,

1<i<n

1 1 1
|Ca(p, )| = max Z}sz] p.1 )’ = 8(—1+ 2cos(p—11)) = ||Cap, )| < e

1<i<n

and

L= s [(iconi( [ 1 nlar)

pele(po).o)
+/ &,y WTHh+%>M

1 1 1 3
= sup <16<(1—|—172 1)+1>+16(1+’72_12)+4>dﬂ

pe[=

= su ! +1 ! d
s, p 161+q 161+42)""

1
= sup ftan_lq:£<1.

pe[z =)
Therefore, using Theorem 2, system (11) is asymptotically stable.

7. Conclusions

This paper investigated the stability, asymptotic stability, and exponential stability
using the Banach fixed point theorem. The matrix measure, with some conditions, was
the key tool used to tackle these three types of stability for the system (3). The considered
system contains two Volterra terms and a nonlinear term; hence, the obtained results
generalise the findings of [19,23]. Our work is another example of the advantage of using
the fixed-point method instead of the Lyapunov’s method.
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Abstract: Incremental stability analysis for time-delay systems has attracted more and more attention
for its contemporary applications in transportation processes, population dynamics, economics,
satellite positions, etc. This paper researches the criteria for exponential incremental stability for time-
delay systems with continuous or discontinuous right-hand sides. Firstly, the sufficient conditions for
exponential incremental stability for time-delay systems with continuous right-hand sides are studied,
and several corollaries for specific cases are provided. As for time-delay systems with discontinuous
right-hand sides, after expounding the relevant conditions for the existence and uniqueness of the
Filippov solution, by using approximation methods, sufficient conditions for exponential incremental
stability are obtained. The conclusions are applied to linear switched time-delay systems and Hopfield
neural network systems with composite right-hand sides.

Keywords: time-delay system; exponential incremental stability; discontinuous right-hand sides;
Filippov solutions
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1. Introduction

Stability analysis in mathematics mainly refers to the relevant research on the long-
term performance of the dynamical system'’s steady state. With more and more applications
of neural networks and complex systems, the stability analysis of differential equations,
including time-delay dynamical systems, has attracted more and more attention from
academia and industry. Incremental stability [1,2] has been presented to be a perfect
instrument for stability analysis, which is able to address problems of synchronization of
coupled systems.

Incremental stability means that as time approaches infinity, the solutions of the
dynamical system in different initial states will approach each other, that is, the state
variables of the system with different initial states will gradually converge to the same
trajectory. This property has a very wide range of applications in different fields of academia
and industry. In recent years, due to the increasing potential application value in many
frontier fields, such as PI-controlled missiles, Ref. [3] as well as the synchronization problem
of network dynamics [4-6], there is already a lot of literature available on incremental
stability, e.g., Refs. [7,8] provided a systematic exposition and discussion of related issues,
and Ref. [3] provided specific examples of incremental stability-related applications.

In dynamical system analysis, the theoretical research on differential equations with
discontinuous right-hand sides has also been highly valued because of its wide application.
In some fields, such as mechanical engineering, electronic engineering, and automatic
control theory, many problems rely on relevant theories of these ‘discontinuous’ differential
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equations [9]. Among them, switched systems, as a type of differential equation with dis-
continuous right-hand functions, are particularly commonly used in the field of automatic
control, thus driving the development of related theories [10-13].

In 1964, Filippov [14] studied the motion of Coulomb friction oscillators and proposed
a differential equation with a discontinuous right-hand side. In order to study the trajectory
of the solution, ‘differential inclusion” and set-valued mapping were introduced, and the
existence and uniqueness of the solution of the discontinuous differential equation were
discussed. A detailed discussion on this type of discontinuous differential equation can be
found in reference [15]. Before we study the compressibility of the system, we need to first
ensure the existence and uniqueness of the Carathéodory solution of the system. Filippov’s
theory mainly focuses on the existence and uniqueness of the solution of the non-smooth
dynamical system. The relevant conclusions have been listed in [15].

Research on time-delay differential equations first began in the early 20th century
by Volterra [16,17]. The ordinary differential equations with time delay are commonly
used in contemporary applications, gradually pushing the relevant theories of time-delay
systems to integrity and maturity and producing rich results. There are many important
achievements emerging one after another. It is worth mentioning Hale and Verduyn Lunel’s
comprehensive work [18], which discussed in detail the properties of the solutions for some
time-delay differential equations, e.g., uniqueness, continuous dependence of parameters,
continuity and compactness of solutions, stability and invariance, etc. At the same time,
some concrete analyses and methods on the properties of these solutions for time-delay
systems were proposed in the literature [19-23], among which, Ref. [20] includes an intro-
ductory chapter that provides detailed examples of time-delay differential equations used
to control computer systems, transportation processes, population dynamics, economics,
satellite positions, urban transportation, and so on.

Set-valued dynamical systems, also named Filippov systems, whose right-hand sides
are set-valued mappings, are widely used in these applications mentioned above. These set-
valued dynamical systems are perfect instruments to represent the time-delay differential
equations with discontinuous right-hand sides [20,24-28] or control systems with time
delay [20,29,30]. Therefore, naturally, a large amount of the literature has discussed the
problems along these lines. One of the most important achievements in this field is [31], in
which Haddad focused on upper semicontinuous dynamics, elaborated on the existence
and compactness of the solution set, and also proved the upper semicontinuity of the
solution. Haddad’s work [31] is given under functional differential inclusion, where
the corresponding time-delay term acts on the infinite-dimensional space of continuous
functions.

In recent years, there have been many related analytical studies and achievements on
the incremental stability of Filippov systems. In the case that the local Lipschisz condition is
satisfied, Ref. [32] provided a sufficient condition for the local stability of Filippov solutions.
Ref. [33] used the concept of Filippov solutions to analyze a class of time-delay dynamical
systems with discontinuous right-hand sides. In the sense of the Filippov solution, Ref. [34]
proposed the conditions for global asymptotic stability of the error system of the time-
delay neural network with a discontinuous activation function. While [35] put forward
an approximation method and gave the specific sufficient conditions for the exponential
incremental stability of the switched system.

In this paper, first, several preliminary definitions are given in Section 2. In Section 3,
we research the criteria on the exponential incremental stability of the solutions for time-
delay systems with continuous right-hand sides, involving several specific cases, and
relevant corollaries are provided. Then, in Section 4, under the hypothesis that the system
has a unique solution, we extend the sufficient conditions for exponential incremental
stability to the time-delay system with a discontinuous right-hand side in the sense of the
Filippov solution by using a sequence of ‘continuous systems’ to approach the correspond-
ing Filippov system. In this section, we also provide the conditions for the existence and
uniqueness of the solution for the time-delay dynamical system before stability analysis
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in Section 4.1. The applications on linear switched systems and Hopfield neural network
systems with time delay are given in Section 5, respectively, and corresponding numerical
examples are given in Section 6.

2. Preliminaries

Here, we first introduce some primary definitions, including matrix measure and
multiple norms, incremental stability property, exponential incremental stability, and so on.

Definition 1 (Definition 1 in [35]). For any real matrix A € R"™*" and a given norm || - ||, we
define the corresponding matrix measure v(A) as
. I+hA] -1
v(A |l -]) = lim ———.
(A1) = Jim =2
The matrix measure above can be considered as the one-sided directional derivative of the
induced matrix norm function || - ||, evaluated at the point I, in the direction of A.

In the following parts, we will study the incremental stability property of time-delay
systems under multiple norms. Here, we also list the definitions of multiple norms with
subscript x(t) and the corresponding measures. Note that the function x(f) is a piecewise
right-continuous function.

Definition 2. For real matrix A € R"*" and the matrix norm || - || (), (the corresponding vector
measure | - |,y)), we here define the corresponding matrix measure pi ) (A) as follows:

I+ hA[ ) —1
Hry(A4) = lim, 7 '

If iy, o+ [%] 5 () My, 0 [X ]y (4m)) exists, then we denote the right (left) limit of
the norm | - |, ;) at time point ¢ by | - [, ;1. We say the norm | - |, ;) is continuous at ¢, if and
only if | - [y44) = [+ |y—) = | - [x(r), thatis, | - |, is right-continuous and left-continuous
as well. If there exists D > 0, such that |x|, ;) < D|x|y() holds for all t,s € R", we say
|+ () is uniformly equivalent.

Then, we extend the definition for matrix measure in the sense of multiple norms.
Consider the time-varying nature of x(t), as follows:

Definition 3 (Definition 3 in [36]). If the following limit exists, the switched matrix measure
with respect to vector norm | - |,y is defined as follows:

—1
Ve (A) = lim — sup  |(In +hA)x|yqp) — 1

o
h—0 |x|7((t) -1

where lim stands for the upper superior.

Remark 1. The definition of multiple matrix norms || - ||, ;) can be thought of as matrix norms
induced by vector norm | - |, y): for a matrix A,

Al ) = sup |Ax|,q

‘X | X(f)zl
This implies that, if x(f) is constant over an internal [a,4 + ), then it holds that

V(i) (A) = pyry (A) in[a,a + 6).
According to the existence of the switched matrix measure, the definition is as follows,
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Definition 4 ([36]). Define the partial differential of the switched norm | - |, ) as follows,

||y (4 — 1

Ot(| + ly(n) = lim  sup ?

+
h—0 ‘x‘)((f)zl

If (| - |x(t)) exists at t, we say the multiple norm | - |,y is right regular at time t.
According to the ‘right regular’ property, we have the following proposition [36]:

Proposition 1 ([36]). If the multiple norm | - |,y is right regular, then

1. The multiple norm | - |, () is right-continuous at time t;
2. vy () exists at time t.

For a clearer statement in the following part, we define a transaction function between
norms |- |y and |- [/,

Definition 5. Function C(x, x") > 0 is the transaction function between norms | - [y and | - |/,
satisfying that
| S COUXD] - [y

Definition 6. If the function C(x(t), x(t')) is well-defined for all t and t', we say the multiple
norm | - |,y is equivalent for all t.

Here, we consider the following dynamical time-delay system:
X:f(x,xrl(t),...,me(t),T(t», tZtO (1)
x(s) = ¢(s), s € [to — T, to]

where x € R", x. ;) = x(t — %(t))(k = 1,...,m) is the time-delay term, each 7; is a
bounded function, max sup;c(y, ) () = T, function r(t) : [tp, +0) — R is an upper
continuous staircase function, f = (fy,..., fu) : R** "1 x [t5, 4-00) — R". The function
¢(-) represents the initial value function, and ¢(-) € C!([to — T, to], R"). Let x(t; ¢, 7¢) be
the solution of system (1).

Then, we will research the sufficient conditions for incremental stability for time-delay
dynamical system (1), which is defined as follows.

We have the following definition for several types of incremental stability (IS):

Definition 7. Let ¢(t;ty, xo) be the solution of system (1) with the initial time ty and initial value
function xo(-). If there exist a function B(s, t) of class KL, and some norm | - |‘[’t°0_? fol induced by

vector norm | - |, defined as \go|f;’0_? o] = SUPsclty—7.4o] |@(s)|, such that for any initial function

xO(’)/yO(')/
@ + to; x0,t0) — @ (£ + to; Yo, fo) | < B(Ix0 — volfy 7y 1)

then, we say that system (1) is Incrementally Asymptotically Stable (5AS) in the region ¥ C R".
If B(s, t) is independent of initial time t, then we say system (1) is Incrementally Uniformly
Asymptotically Stable (6UAS). If function B(s,t) is of class EXL, then we say system (1) is
Incrementally Uniformly Exponentially Asymptotically Stable (SUEAS).

Moreover, if there exists a constant M and ¢ > 0 such that B(-,-) of class KL satisfies (2)
with some norm | - |, then system (1) is said to be exponentially incrementally stable.

B(Ix0 = Yol ff) 2o 1) = Me™x0 — 1ol 1), @
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3. Contraction Theory for Time-Delay Systems

Here, we list the following hypothesis, denoted by Assumption 1, including the
Carathéodory condition to guarantee the existence and uniqueness of the solution of the
time-delay dynamical system (1) with a continuous right-hand side.

Assumption 1. Dynamical time-delay system (1) satisfies the following conditions:

1o f(x, Xg(t)s - - - Xy (1), 7 (E)) B continuously differentiable with respect to x, and continuous
with respect to
(X, Xy (1) + - -+ X (1), 7) €XCEPL for the switching time points {ty,...,t;,...}.

2. 7(t) is upper bounded and has a positive lower bound for each k, and maxy sup,¢ y, o) T (t) =
T, miny infte[to,oo) () = T

3. fi : R0+ 5 [tg, +00) = R (i = 1,...,n) is locally Lipschitz.

Thus, under Assumption 1, system (1) has a unique solution. (Refer to the Refer-
ence [37] for details.)

Here, we try to research the contraction property for time-delay system (1). First,
enlightened by Ref. [38], we prove the following lemma:

Lemma 1. Assume that | - |, is right regular, x(t) is a right-continuous staircase function
with discontinuities in {t,...,t;,...} and | - |, ;) < Co| - |y holds for any t,t' > to. x(t)
is continuous, to is the initial time, and T = maxy sup,,; T(s). For the following time-delay
system:

x(t) = ZBk x(t =7 (t))

where x(t) € R", A(t), B(t) € R"™*"(k = 1,2,...,m) is piecewise continuous with respect to
t, and the discontinuities belong to {t1,t5,...,t;,...}, which is a countable set. If there exists a
piecewise right-continuous function m(t) > 0 whose discontinuities belong to {t1,ta,...,t;,...},

and matrix-valued functions B,El) (1), B,E2) (t) such that

m - D m(t
H+ Y B (1) + Z 1B Ol g = 77 zr B Ol (A1) + BE (1) < - mag |
k=1
where D represents the Dini derivative, and
- t)
A= sip 4Gy ms,
t—Tk(t)I;sgt A )m(s)
_ t)
B¥(H) = su B ()|l v(s L
(£) tiw)l;gtll € lxs) 75 =230y

Then, for each t € [tj, t; 1), we have

X(Olym(t) < sup [x(s)lyym(s) < Co sup  [x(s)|yq )

to—T<s<t ty—T<s<t;

Proof. Let V(t) = sup; =g |x(0)],(6)m(6). Assume that V(¢) is strictly increasing at
time point t*, it implies that V(") = [x(#*)|(;)m(t*). There exists j such that t* € [t;, t; 1),
and here we calculate the Dini derivative of |x(t)] X(tj)m( t),

, xR ) — X))
ym(B)] = mi(6)|x(#) [y +m(t) lim Z L,

]

D [Jx(t) ]yt
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in which x(f) can be rewritten as
x(t) = +EBk x(t — 7 (1))
—T(t) "
= [A(t) + Z BY (1)]x(t) + 2 B (1) /tt t i(s)ds + Y B (B)x(t — (1))
k=1 k=1

k=1

Thus, we have

(1) o) — x(8) e

limy, 9 2
- m m —
= limh_m% [’x(t) +h(A(t) + 1<Z1 Blgl)(t))x(t) + th; Blgl)(t) /t x(s)ds
= =1
LB =]y~ KOl

N t
= T ¥l |1 HAW + 1 B )y 1]+ 1B Ol [ Oy
—

+ZI|B (E) ey 12 CE = () L)

=w@mm+iﬁk> o+ S I8 @l [ 6
=1 t—T7(t)
+ L B Ol (=)l
that is,
()l m(e)
=Eﬁ<muw> m<m+ﬁ%%mwm@mo
# S IR0y lte =)
F LB W gy w/t|mm@+fm@m—mmmms
k=1 T (f)
- 8mm”mww @+ L B0l m)
- 0
+k:1| ||X (t—Tk(t))|x(tj)m(t—Tk(t))m
- : m(t)
# 1Bl [ 1Ay WOl s
3 Bl (5 = ) g s = o) s
Let
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then, for t = t*, we have

DHV() <| T+ vy (A0 + 1 BV0) + T w8 0y (0 + B0

+ZHB Bllxe, mv<t>§0

which is contradictory to the hypothesis that V (t) is strictly increasing at t*. Therefore,
V(t) is decreasing for t € [t;,t;,1), that s,
V(t) <V(t)

that is,

X0 gym() < sup  [x(s)lxqym(s) < Co sup x(s)|y,yms)

to*?gsgt]‘ to*?SSSt]‘

The lemma is proved. O

With the conclusion in Lemma 1, we can select a proper function m(t) > 0, and prove
the following theorem for exponential incremental stability property of system (1).

Theorem 1. Suppose that Assumption 1 holds for time-delay system (1). x(t) is a right-continuous
staircase function with discontinuities in {ty, .. ot J.Let N(t) =#{j: t > t,j=12,.. s
and there exist that
1. A constant Ty > 0,
2. Positive constants y(k =0,1,...), 70 <711 <
3. C(x(t),x(t")) < Coyforanyt,t' > to,
such that the following conditions hold:

Let A(t) = (of /0x)(x, Xz, ..., Xx,,7(t)), Be(t) = (Of /0xq ) (X, X1y, ..., X, 7(E)), k =
1,..., m be piecewise continuous with respect to t, and the discontinuities belong to {t1,tp, ..., t;,...}.

There exist matrix-valued functions B,El) (1), B,52> (1), B,El) (t) + B]EZ) (t) = By(t) such that

exp ((VN(t)77N(t—rk(t)))t>
exp (WN(t—Tk(mTk(t))

vy (A(E) + S0y B () + 5 w(D)IBE ()| (A5 (8) + BE(1) + T3y 1B () o <~ B

where

Af = sup  [|A(S) |l exp (Yt — Tns)s)
T (F) <s<t

Bf = sup  [IBi(s)lly) P (YNt — YNGs—z(s)) (6 — T (5)))-
=7 () <s<t

and for any t > Ty,

L PN
71 L (i =7t +10g Bira] + 0t — vt | < —¢ )
i=0

where B = C(x(tx), x(tx—)), then system (1) is exponentially incrementally stable.

Proof. For any initial state x, 1o, denote the corresponding initial function by x¢(-), yo(+),
x0(+),yo(+) € C([to — T, to], R™). Here, we define a function ¢, () as ¢ (s) = (1 —A)xp(s) +
Ayo(s), A € [0,1],s € [to — T, o], which is the initial value function of the initial state ¢, .
Let @9 = x0, 91 = Yo- f(x, X7, ..., Xq,, 1(t)) is continuous with respect to (x, X, ..., Xx,, 1)
except for the switching time points {t;}, and is continuously differentiable with respect to
x, so we have the solution (¢, A) = x(t; ¢, r¢), which is continuously differentiable with
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respect to ¢,. Let w = 9y /dA, thus we can conclude that w is well-defined and continuous.
From chain rule, w(t, A) is the solution of the following system:

of _9of , m  of
= @ T Lk=1 oy, W

W=
T dAdt
{ w(s,A) = % (s),5 € [to — T, to]

0 /dA is well-defined and continuous, with condition (3), from the proof of Lemma 1,
select a piecewise right-continuous function m(t) = exp(7yy;)t) > 0 whose discontinuities
belong to {t1,ty,...,t;,...}, we have

m(BO)]w(t, My V() < V() = sup  m(s)|w(s, )|y

tO—TSSSt]‘
holds for any ¢ € [t]-, t]-+1). Thus, under the condition (4), we have
m(Ol(t, Ny < V() <V = sup m(s)wls, Al
tof?gsgt]‘

<exp ((vj—7j-1)t) - B sup  m(s)|w(s,A)|y-)

to 7?S5§tj

<exp((rj—-)t) B sup  m(s)w(s Al

to —?Ssﬁtj,l

< 11 exp (vj = vj-1)t) - Bj- sup  m(s)|w(s,A)| s

tg—T<s<ty
<[Texp ((vy—vi-1t) Bj- sup m(0) sup |w(s,A)|y,)
]:l Ge[tof?,t[]} tg—T<s<ty

then, we have
N(H)
jw(t, Ml < exp () (7 = vj-1)tj +10g Bj) exp (voto — Ynnt)  sup  |w(to, A)]y(s) < e sup Jw(to, A)|yty)-

]:] tof?gsgto fo*?gsgfo

Therefore, together with the condition (4), we conclude that the time-delay system (1)
is incrementally uniformly asymptotically stable:

[x(t;y0, 1) — x(Ex0,7) [y (1) < Colx(Eyo0,7e) — x(£x0,7¢) [ (1)

Loy(t,A) 1
gc0|/0 > d/\|X(t)§C0/0 ot A) ]y A

1
<Cpe~*! / sup  [w(fo, A)[(s)dA

0 t—T<s<ty

<Cpe " sup |xo(6) —

6)|X(f0)
0€[to—T,to)

O

Actually, the key thought of Theorem 1is replacing the time-delay term By (t)x4, (t)
with B,El) (t)xq (t) + B,Ez) (£)x( (t) [ tt wlt s)ds. In some special cases, we can set
Blgl) (t) =0or Bl(<2) (t) =0 for k = 1, 2,. .,m, wh1ch infers the following corollaries.

Corollary 1. Suppose that Assumption 1 holds. x(t) is a right-continuous staircase function with
discontinuities in {t,. ) J.Let N(t) =#{j: t > t,j=12,.. .}, and there exist

1. A constant Ty > 0,
2. Positive constants yr(k =0,1,...), 70 < 11 <
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3. C(x(t),x(t")) < Coyforanyt,t' > to,
such that the following conditions hold:

Let A(t) = (of/ox)(x,xg, ..., X5, 7(t)), Br(t) = (0f/0xq)(x, X, ..., Xg,,7(t)),
k = 1,...,m be piecewise continuous with respect to t, and the discontinuities belong to

{t1,t2, .., ti,...},

exp (Ynet) .
Jexp (YN(t—r () (E = (1)) — N

)+ Z [1Bi(E) |y (r)

and for any t > Tp,

LN
n Z (Vi1 — ¥itiv1 +1og Biv1] + voto — YNyt | < —¢,
=

where By = C(x(tx), x(tx—)), then system (1) is exponentially incrementally stable.

Corollary 2. Suppose that Assumption 1 holds. x(t) is a right-continuous staircase function with
discontinuities in {t1,...,t;,...}. Let N(t) = #{j: t > t;,j = 1,2,...}, and there exist

1. A constant Ty > 0,
2. Positive constants a > 0(k =0,1,...),
3. C(x(t),x(t") < Cyforanyt,t' > to,
such that the following conditions hold:
Let A(t) = (0f/0x)(x, Xz, ..., Xz, 7(t)), Be(t) = (9f /0x¢, ) (%, X1y, ..., X, 7(F)), k =
1,...,m, there exist matrix-valued functions B,El) (1), BISZ) (1), Blgl) (t)+ B,(CZ) (t) = By(t) such that

A(b) + kmzl Bi(1)) + kmzl (BB (8) Ly (X (1) + BE(D) < e

where

Af = sup  [IA(S) |y P (Tnint — Tns)S)
=T (1) <s<t

Bf = sup  [IB(s)lly exP (YNt — YNG—g(5)) (8 — T(5)))

=7 () <s<t
and for any t > Tp,

N(t)-1
Z (Yier — vi)tiv1 +1og Biva] +voto — Ynpt| < —¢

where By = C(x(tx), x(tx—)), then system (1) is exponentially incrementally stable.
4. Incremental Stability for Time-Delay Dynamical Systems with Discontinuous
Right-Hand Sides

Here, we consider the time-delay dynamical systems [39] with discontinuous right-
hand sides using multiple norms, formulated as follows:

X = f(x(t), xq (1), ..., xq,(£),7(t)) (5)

where x,x¢, ..., xg, € R", xq (t) = x(t — 1% (t)), (k = 1,..., m) represents the time-delay
term. The right-hand function f may be discontinuous with respect to (x, Xty Xy ). The
solution of the system (5) can be defined as a solution of the following differential inclusion,
which is named a (time-delay) Filippov system,
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{ € F((0) 20 (0, xua (8) (1)), £ € [0,T] ©
x(s) =

¢()S€[t0*’fto]

where x4, (t) = x(t — 1% (t)), 7(t) is non-negative for t € [to,T|, T € (to,+o0|, T =
maxj sup, T(s), the initial function ¢(-) is defined on [tg — T, o], and F is a set-valued
mapping defined as follows,

F(x(t), x5, (8), - %, (8),7(8)) = K[f](x(8), x5, (8), -, x5, (£), 7 (2))
=1 M {fB((x,xq,...,xq,),€) \ P,r(t)},

€>0u(P)=0

where yi(-) stands for the Lebesgue measure, B((x, X, ..., Xz,),€) = {(Y, Yo, Yzn) ©
\(yT,yIl,. coye )T = (T TTl, ...,xt )| < €} represents the e-neighborhood of
(x,X¢,..., X5, ) with the given vector norm | - |, and co represents convex closure.

4.1. Existence and Uniqueness of the Solution

Before the main theorem, the existence and uniqueness of the Cauchy problem of
the Filippov system (6) should be proved first. Herein, several of the existing results
on dynamical systems without time-delay terms are presented as follows. Readers are
referred to [15,37,40] for the details. For some dynamical systems without time-delay terms,
formulated as follows,

X = f(x,1)
in which x € R", we have the corresponding Filippov system,

x=F(x,t) =K[f](x,t)= () () co{f(B(x,e)\Pt)} (7)

€>0pu(P)=0
Then, from Definition 4 and 5 in [40]. We have concluded that under the following

Assumption 2, it can be guaranteed that system (7) has at least one solution.

Assumption 2 ([40]). The set-valued mapping F : R" x R = R" satisfies that for all (x,t) €
R" x R, F(x,t) is non-empty, bounded, convex, and closed, and F is upper semicontinuous at

(x, ).

In Assumption 2, ‘upper semicontinuity’ for the set-valued mapping F is defined as
follows.

Definition 8 (Section 1, Chapter 2 in [37]). A set-valued mapping F : R" x RT = Y is called
upper semicontinuous at (x,t) € R" x R if and only if for any neighborhood U of F(x,t), 36 > 0,
such that ¥(%,f) € B((x,t),6), F(%,F) C U.

Assumption 3. With respect to a given Euclid norm | - | defined on a n-dimensional space, we
have the following hypothesis:

1. Forany (X,y1,---,Ym, 1) € Rx(m+1) « R, F(x,y1,--.,Ym,7(t)) is non-empty, convex,
closed in R", and set-valued mapping F is upper semicontinuous with respect to (X, Y1, ..., Ym, 1)
2. (Linearly increasing) There exists « > 0 such that

sup{|v] : v € F(x,y1,- - ym 1)} < allx] +[yal + o+ [ym| +[r[ +1)

holds for any (X,y1,...,ym,v) € R™"+D) 5 R, With Gronwall inequality [41], it can
easily be seen as equivalent to: there exists © > 0 such that

sup{|v|:v € F(x,y1,...,Ym, 1)} <O
holds for any (x,y1, ..., ym,v) € R+ » R,
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3. Function 1 : [to, T| — [0,00) (k = 1,...,m) is continuously differentiable and bounded,
with its upper bound T := max{t(t) : t € [to,T], k = 1,...,m} and lower bound
T=min{7(t) : t € [to,T], k=1,...,m} > 0.

4. The initial function ¢(-) € L®([to — T, to], R") is measurable.

5.  Forany (x,y1,...,Ym,7) € R (m+1) 5 R x R, there exists continuous function h(-) :
RT — R, suchthat |F(x1,y1, -, Ym, *(t)) = F(x2, 1, - -, Ym, 7(t))| < h(|x1 — x2]|) holds.

First, we fix a continuous initial function ¢(-) € L®([tp — T, to], R"), then select a
measurable function ¢ : [tg — T, to] — R" such that ¢(s) € K[$](s) holds for s € [ty — T, to]
almost everywhere. For t € [tg, t) + 7], consider the following differential inclusion [42]:

{ 1(6) € F(x(t), gt =ma(t)),.., 9t = Tu(8), (1)) ®)

x(0) = ¢(0)

From Assumption 3, together with Assumption 2 and the conclusion for the existence
of the solution of system (8), the inclusion (6) has at least one solution defined in [to, t) + T].
Therefore, similarly, the solution can be extended to [to, +00). Assume, as an inductive
step, that the solution x is defined on [ty — T, ty + Nz|, forsome N = 1,2,.... Then, one can
consider the vector & = x(typ + NT) as the initial state of the following differential inclusion,

{ #(t) € F(x(t), (¢ = (t)), ., p(t — Tu(t)), (1))

t € [to+ N1, to + (N + 1) 7] almost everywhere.
x(0) = ¢(0)

Then, one can extend x(t),t € [tp — T, ty + N1 to a right neighborhood of ¢y + Nz,
the interval [t) — T, fo + (N + 1)z]. That is, we have the following lemma,

Lemma 2. If the time-delay Filippov system (6) satisfies Assumption 3, then, the system (6) has at
least on solution in [ty, T|, T € (0, +o].

Then, when it comes to the problem of uniqueness, enlightened by Chapter 2, Section 10,
Theorem 1 in [15], we similarly research the conditions for uniqueness of the solution of
system (6).

Theorem 2. Suppose that function f(x(t),x¢ (t), ..., xq,(t),r(t)) defined on region D C R" x
R" x R" is discontinuous on zero measure set M, and there exists an integral function 1(t)
such that |f(x,xc, ..., Xg,,7)| < I(t) holds for any (x, %<, ..., Xg,,7) € D, and I(t) < oo
almost everywhere. Let €y > 0, for any (Xo, Xz, ..., X5, 1), (Y0, Yz, - - -+ Yzu, T) satisfying that
|xo — yo| < epand |xq —yg| < |x0—yol, (k=1,...,m),

(x0 = y0) - (f(x0, %7y, Xy ) = f (Y0, Y- Y 7(1)) S H(B)lx0 — o> (9)

Then, under the simplest convex definition (Page 50 in [15]), equation X = f(x, X, ..., Xz,,7(t))
is right-unique on D.

Proof. If for all t € R, any 9 > 0, x(-) and y(-) satisfying that |x(-) — YOIF-zqg <
|x(t) —y(t)] < €o, on the basis of (9), we have

(x(t) =y (1) - (F (), xe (1), 2, (), 7(D) = F(y (), ym (), -y, (1), 7(8) < L(H)]x(E) =y ()],

holds. Thus, we have

22 (t) ~ y (O = (x(6) — y (D) (2(0) — (1)
= (x(6) = y(0)) - (P8, 3, (8) -, 0, (0, 7(8)) = F 0y, (6, (0),(8))
<1(0)|x(t) - y(1)
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Therefore, similar to the proof of Theorem 1, in Section 10, Chapter 2 in [15], it can be

seen that
i (10 —yoPeH0) <o

where L(t) = ftf; I(s)ds, that is, |x(t) — y(t)|2e~ () is decreasing with respect to time ¢. If

() =y OIE 74y = supl|x(8) —y(B)] : £ € [to = T, fo]} = O, then |x(¢) — y(#)| = 0 holds
for t > tj, then we obtained the right uniqueness of the solution of system (6). [

If system (5) is a switched system, according to Theorem 2, one can prove the right
uniqueness of the solution.

Here, we formulate a switched system with time delay, that is, the right-hand function
is switched with respect to (x, x¢, ..., Xq,)-

flx, t) = fi(x,xq, .., Xz, 7(t)), (X, Xg,..., Xz, 1) €ER; (10)

in which f; : R"("+1) x Rt — R, regions R; ¢ R™*("+1) x R*, i =1,...,K. All of the
regions R; have non-empty interiors. The discontinuities are composed of several smooth
hypersurfaces of dimension d(d < (m + 1)n + 1). Suppose that {S;}¥, is a sequence
((m + 1)n)-dimensional smooth hypersurfaces, S; = {(x,xr, ..., %z, t) € R0
RT | ¢i(x, x5, ..., X5, t) = 0}, in which ¢;(x, x7,, ..., xz,,t) € C! (R (m+1) 5 R R), the
continuous region of the function f is a sequence of connected regions, whose boundaries
are the switching surfaces. Suppose that the switching surfaces never intersect each other.
Denote one of the connected continuous region of f by G;r (G; ), then it satisfies that

1. 3G (9G;) C Uk Sk

2. f(x,xq,...,Xxqg,,r(t)) is continuous in Gf(G;);

3. ¢i(x,xc,...,xg,,t) > 0(< 0) holds in G} (G;").

in which G;" and G;” are two different regions with their common boundary on S;.

Take a switched system defined as (10) with K = 2, N = 1 as an example.In the
domain G, consider one of the switching hypersurface S, f(x,x,...,xq,,r(t)) and
f(x,xq,...,Xg,,t(t)) represent the limiting values of the function f(x, x, ..., Xq,, 7(t))
atpoint (x, g, ..., Xg,, ) from the regions G and G, respectively. f;,r (%, Xz, Xy, 7(1))
and fy (x, X, ..., Xx,,7(t)) represent the projections of the vectors f*(x, x,, ..., x,, 7(t))
and f~(x,xg, ..., Xq,,7(t)) onto the normal vector to S directed from G* to G, respec-
tively, at the point (x, x¢, ..., Xz, t).

Together with Theorem 2, according to bimodal time-delay systems, we have the
following conclusion:

Theorem 3. Under the notations defined above, for all t € [tg, +c0) and point (x, X, ..., Xq,, t) €S,
if the inequality fy (X, %z, ..., X5, 7(£) = fa (X, Xz, ..., Xg,, 7(t)) > O is fulfilled, then right
uniqueness of Filippov solution for the bimodal system (10) (K = 2, N = 1) occurs. (Possibly
different inequalities for different (x, X, ..., X, ) and t.)

Proof. We use the conclusion in Theorem 2 to prove Theorem 3 above.

For any point (z,z+,, ..., Zq,, t) on the switching surface S, and (x, x¢,, ..., Xq,, t) € Ry,
(Y, Yz, - Yo, t) € Ro, which satisfy that [y, —zq | < |y —z|, |xq, — 2| < |x — 2], |xq, —
Y| < |y — x|. Since 9f1/0x, df,/0x and df1/0dx+,0f2/0x, (i = 1,...,m) are bounded,
this implies that there exist [,k; > 0 (i = 1,...,m) such that

m

f O 20, X, (1) = f1(2, 20, 20 1 ()] S Hlx = 2]+ ) kil — 24,
i=1
m

Wy Yo 1) = fa(z 20, - 2 1) <y = 2]+ ) Kilys — 25,
i=1

(11)
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Similar to the proof of Theorem 2 in Chapter 2 in [15], if fy (x, x¢, ..., Xz, 7(t)) —
fa(x,xq,..., xq,,7(t)) > 0holds, then

(x—2z)(f1(z zq, - 200 ¥ (£) — f2(2, 27, ..., 24, 7(1))) <O. (12)

The inequality (12) still holds if vector x — y is substituted with vector x — z, which is
in the same direction. Together with (11) and (12), it infers that

(x=y)(f(x, X0, o X, ) + f2(2, 20+ 200, ) — [1(Z 20 - 20, ) — (U Yy oo Y 1))

<ly—xl- (|f<> Az 2o Dl YY) — folzmy >|)

m m
<ly = x| (I = 2| + Yo kilx — zg] + 1y — 2l + ) kilyr, — 251).

i=1 i=1

Thatis, if [y, — 2| <[y —z|, [xg —zg < |x —z|, [xg —yg[ < |y —x| (i=1,...,m),
it holds that
m

(x=y)(f(x, 20, X0, 7(1) = fF(W Yrys - Y (1)) <21+ ;ki”y - x‘z'

Thus, together with Theorem 2, at any point (z,z+, ..., Z2q,,t) in the domain, right
uniqueness of the Filippov solution for system (10) (K = 2,N = 1) occurs for t &
[to, +o0). O

4.2. Criteria for Incremental Stability for Filippov Systems with Time Delay

Here, with the conclusions above, we then research the conditions of incremental
stability for time-delay systems with discontinuous right-hand sides.

X(t) = f(x, 2 Xy 7 (1) 13)

where xq (t) = x(t — 1(t)), 7w (t) (k = 1,2,...,m) is a bounded function with respect
to time ¢, the function f(x, xr, ..., X, 7(t)) = (fi, fa, -, fu) : Rex(m+1)  RT — R" is
discontinuous with respect to (x, Xz, ..., Xg,, t) on a zero measure set. r(t) is a piecewise
right-continuous switched function, with its discontinuities in {t1, f, ..., ti, .. .}

Then, according to the discontinuous right-hand side f(x,x¢,...,Xq,,r(t)), with
corresponding set-valued mapping F(x, X, ..., Xq,, 1(t)) = K[f](x, x¢, ..., X5, 7(t)), we
construct a sequence of functions {f?(x, x, .. .,xrm,r(t))};"zl satisfying the following

conditions, denoted by Condition Cy;pe—deray (X), where X € Rx(m+1).

Lo fP(xxg,. . xg, (1) = (L), fh) « R+ RY — R” is continuous and
continuously differentiable with respect to (x, X, ... Xz, ), and continuous with re-
spectto (x,xg,...Xx,, 7). Moreover, ff ,i =1,...,m satisfies local Lipschitz condi-
tions for (x, x¢, ... Xg,) € X

2. Foreacht > tyand compact set 2 C Rx (m+1)

Jim dp{Graph(fP (%, r(t))), Graph(F(Z,r(t)))} = 0

holds, where F(x,x¢,...xq,,r(t)) = K[f](x,xq,...%xs,,7(t)) and dy represents
the Hausdorff metric. Graph(F) and Graph(fP) are considered on R"* (1) x
[to, +00), where Graph(F(x, x,,...Xq,,7(t))) = {(x,t,y) 1 y € F(x,x¢,... X5, 7(t)),
(X, Xq,...Xg,) € X,t > to}, and so it is with Graph(fF(x, x4, ... X5, 7(t))).

3. For any compact set & C R"™*("*+1) there exists measure w(-), defined as w(X) =
g(A(X)), in which A represents the Lebesgue measure, ¢ is a measurable function map-
ping R™ to R™, such that | f¥ (x, x,, ... Xg,, t)| < w(X) holds for each (x, X, ... X, ) €
Yand t > ty.
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Thus, we have the following conclusion on incremental stability of time-delay systems
with discontinuous right-hand sides:

Theorem 4. Suppose that system (13) has a unique solution, and there exists a sequence of functions
{fP}yq satisfying Condition Cype— dela/(z) X (t) is a right-continuous staircase function with
discontinuities in {t1,...,t;,...}. Let N(t) = #{j : t > t;,j = 1,2,...}, and suppose that
there exist
1.  Aconstant Ty > 0,
2. Positive constants v (k=0,1,...), vo <m < ...
3. C(x(t),x(t") < Coyforanyt,t' > to,
such that the following conditions hold:

Let AP(t) = (9fF/0x)(x, Xz, ..., Xq,, 1(t)), B,f( ) = (0fF/oxg)(x, le, e Xg,, 1(1)),
kh: 1,...,m, there exist matrix-valued functions Bj (t) ( ), Bf (t) + B2 (t) = B,f(t) such
that

v (AP (1) + klefkafrk<t>||3fk<t>||x(t><fi< )+ BL(t) +2||B )l —— P (v!)

< -7
=1 Jexp (YN(t—z (1)) (E = (1)) N©

where

AL(t) = sup  [[AP(5)lly(r) exp (it — TN(s)S)
=T (1) <s<t

Bi(t) = sup  [IBL(s)llyeyexp (Yn(ryt — YN(s—m(s)) (8 — T($)))-

- (1) <s<t
and for any t > Ty,

N(t)— 1

[(7it1 — vi)tiv1 +10g Biv1] + voto — Tt —C
i=0

where B = C(x(tx), x(tx—)), then system (6) is exponentially incrementally stable in % for
t € [tg, +00).

Proof. First, we construct a sequence of functions satisfying Condition Ctime—daluy(z)/ and
the corresponding sequence of time-delay system:

X(t) = fP(x, xq, ... Xg,, 1(t)) (14)

in which, according to Condition Ctime—deluy(z)/ fi,i = 1,...,m satisfy local Lipschitz
conditions, so it can be seen that (14) has a unique solution for t € RT.

Therefore, from Theorem 1, for each p, system (14) is exponentially incrementally
stable.

Denote any two of the solutions of (6) with different initial function x((-) and yo(+) by
x(t) and y(t). Then, here, try to approximate x(t) and y(t) by two sequences of solutions
of (14), denoted by x” and y?, respectively. The initial functions xo(s) and y(s) here are
defined for s € [ty — T, ty], where T = max; SUP ¢t +00) T (8)-

With f7 satisfying condition Ctie—gelay(X), for each given T, ty < t < T, we have
xP(t) and xP () are bounded regarding (xo(-), T). It is the same with y”(t). Thus, x”(t)
(yP(t)) is uniformly bounded on [ty, T], and x(t) (y”(¢)) is uniformly bounded on [to, T
as well.

Because of Condition 1in Ciiye—gelay(X), x¥(t) (y7(t)) is continuous with respect to
t. Together with Condition 3 in Cyjye—getay (X), We conclude that x?(t) (y?(t)), p € N* are
equicontinuous for t € [ty, T].

Here, we present the Arzela—Ascoli lemma (similar to Theorem 2.2 in [43]):
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Lemma 3. (Arzela—Ascoli Lemma) X is a compact set on R". If a sequence { f,}$° in C(X) is
bounded and equicontinuous, then it has a uniformly convergent subsequence.

From Lemma 3, one can find a sub-sequence of {x?(t)},cry+ and {y”(#) }pen+ (still
denoted by x™(t) and y™(t)) satisfying that x?(t) (y”(t)) uniformly converges to a con-
tinuous function x*(t) (y*(t)) on [to, T|, T € (tp, +o0]. For all k € N*, one can find a
subsequence {xkf(t)}jeN+ of {xP(t)},en+ such that ki (£) — x*(8)] < % holds on the in-
terval [tg, tp + k + 1]. Then, by diagonal selection principle, select a new subsequence
{x* () }ren+ such that {x*(t)},cn+ uniformly converges to a continuous function x*(t)
on [ty, T], T € (tg, +o0]. It is the same with xik(t), fork=1,...,m.

The system %7 (t) = fP(x,xq,...,Xx,,7(t)) has a unique solution. x7(t) satisfies
Lipschitz condition:

P (£) = 2P (') () < LIE— ]2

where t,t' € [to, T], L > 0. Because of norm equivalence, the Lipschitz condition above
also holds with other norms defined in R”. Therefore, x*(t) (y*(t)) also satisfies the
Lipschitz condition, that is, x* () (y*(¢)) exists and is bounded and measurable for [ty, T),
T € (t, +00].

We then have the conclusion that ¥7(t) (y(t)) weakly converges to x*(t) (y*(t)) on
the space Ly ([to, T], R"), the demonstrations are as follows.

Cy([to, T],R™) is dense in the Banach space L®([tp, T],R"), which is the conjugate
space L1 ([tp, T|,R"). Therefore, the following equation

T T
[ G =3 a)dt =~ [ (40, x7(t) - x)at
to to

holds for each g(t) € C§°([to, T],R"). Since {xP(t)} is bounded for each p, from the
Lebesgue-dominant convergence theorem we have

R LR __/T. o p _
Jim, [ O = Fa(h)dt == | (q(E), lim x7(8) = x7 (1))t = 0.

That is, {%?(t) } weakly converges to x* () on the space Ly ([to, T], R").

With Mazur’s convexity theorem [43], one can find a}' (b)) with )" ; a}* = 1 ()%, b)" = 1)
such that #¥ converges to %*(t) almost everywhere on [ty, T], where £/ (t) = Y, afx".
Notice that #* is in the convex closure of {xP}, ¥ converges to x* uniformly. So it is with
iP (t) with 77 () = le:l bfyp, and it is the same with {x%(t)} and {x7 (t)}.

Recall Condition 3 in Cyjye—deray (Z). For £ € R”", it holds that

lgn dy{Graph(fP(%,t)), Graph(F(%,t))} = 0,Yt > to,
‘U (e9)

With #7(t) in the convex closure of {f7(x?,x%,,...,x% ,#(t))}, for any € > 0, there ex-

ists N > Osuch thatx?(t) € B(F(x*,x7,...,x3 ,7(t)),€) forallp > Nand (x*,x7,,...,x7 ),
(xp,x%,...,xgm) eX, te [ty T

Since € can be arbitrarily small, it can be seen that #*(t) € F(x*,x5,...,x} ,r(t)) with
x* € X, which infers that the solution of (6) equals to x*(¢) in X almost everywhere on
[to, T]. For x(t) and x*, both are continuous because X¥ converges to x* uniformly on [to, T],
it can be seen that x* is the solution of (6). So it is with y*(f).

Because system (6) has a unique solution, x(t) = x*(t) and y(t) = y*(t) almost
everywhere for t > fy. That is, x” converges to x(t) uniformly in [ty, T], T € (to, +o0]. A
similar proof can be applied to y¥(t) and y(t).

For {fP(x,x¢,..., Xz,,7(t))} is exponentially incrementally stable from Theorem 1,
there exists some M > 0and a > 0,
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2P (8) = P (B) ity < Me™*U7) sup o (s) = yo(s) (e

se [to 7?,150]

forall p € N* and t > t;. For each given t > tg, lete(t) = 3Me—*(t~t0) SUP ¢ [1,—7,1] [¥0(5) —
Y0()| (1), there exists some py (e, t) with which [xP(t) — x(t)],(,) < €/3 and [yP(t) —
Y(t)|y(t,) < €/3hold for p > py(e, t), which implies that

|X(

1X() =y ey < 1x(E) = 2P (B) [ ap) + 1Y) = 4P (D)l yt) + 167 (8) = 4P (B) |0
< e=3Me "0 sup |xo(s) = y0(S)(zy)-
SE[to—T to)

This completes the proof. [

Remark 2. Similar to Theorem 4, Corollary 1 and Corollary 2 can also be extended to discontinuous
cases.

5. Applications

In this section, with the conclusion in Theorem 4, the applications to switched time-
delay systems and Hopfield time-delay systems are given.

5.1. Linear Switched Time-Delay System

Consider the following linear switched time-delay system:

Ar(H)x(t) + 25 B (B)x(t —w(t)) + 1 (t),  ¢(x,x7,..., %g,) >0
Ap(t)x(t) + g B () x(t — 7 (£)) + Lo(t),  ¢(x,xq,...,Xg,) < 0

in which x(t) € R", Aq(t), Aa(t) € R"™", Byy(t), By (t)(k =1,...,m) € R"*" is piecewise
continuous, bounded matrix-valued functions, whose discontinuities are in {t1,t5 ... .t;,...}.
Take a simple bimodal system as an example, with the switching surface S = {(x, x¢, ..., xg,) :
$(x, Xz, ..., Xq,) =0}

In order to guarantee the uniqueness of the Filippov solution for system (15), the linear
time-delay system satisfies the following hypothesis:

X(t) = f(x, %, ..., Xq,, t) = { (15)

Assumption 4. The linear time-delay system (15) satisfies:

1. The right-hand function of system (15) satisfies Assumption 3.
2. For each point (x,Xv,,...,Xz,) € S, the time-delay system (15) satisfies

P wxaeee x) (410 = Aa()7+ 1 (But) = Ba)) g+ h(t) ~ (1)) <0

k=1

Under the definitions and Assumption 4 above, from Lemma 2 and Theorem 3, it can be
obtained that system (15) has a unique solution.

Assumption 5. Suppose that in the continuous regions, the right-hand side f(x, X<, ..., Xq,,t)
satisfies the conditions for exponential incremental stability in Theorem 1, which are formulated as
follows.

Let N(t) =#{j: t > t;,j = 1,2,...}, x(t) be a right-continuous staircase function with its
discontinuous points belonging to {t1, ..., t;, ...}, and there exist
1. A constant Ty > 0,
2. Positive constants v (k=0,1,...), 0 <m < ...,
3. Cx(t),x(t)) < Coforanyt,t' >ty
4. Matrix Bﬁ), Bii), Béi), Bglz() € R™*" satisfying that Bﬁ) (t)+ Bgi) (t) = Byg(t) and BS{) (t)+

2

B (1) = Ba(h),
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such that the following conditions are satisfied:

Ly(t) = +ZB<” )+ zrk (Aui(t) + BB ()14

exp (wmt) .
) exp (YN—m () (E— (1)) N

La(t) =vy (o) (Aot ZB(l +zrk (A (1) + Bor (D) 1B (D)

+ Z HBlk D)

exp (“YN(t) )
Jexp (YN(—ge (1)) (= (1))

+ Z ||BZk M < =IN(Y

in which, fori =1, 2,
Ag(t) = sup  [[Ai(s)|ly exp (7nint — TNs)S)
- (1) <s<t
Bi(t) = sup  [Bi(s)llx(ey exp (vnieyt — I(s—ri(s)) (5 — T (5)))
=7 () <s<t

and for all t > Ty,

N(t)-1
[(vit1 — 7vi)tiv1 +10g Biv1] + voto — YNt | < —¢, (16)

where B = C(x(tx), x(t—))-

Thus, together with Theorem 4, we have the following corollary on incremental
stability for bimodal linear time-delay systems.

Corollary 3. Suppose that time-delay system (15) satisfies Assumptions 4 and 5. Meanwhile, in
the neighborhood of switching surface S, that is, when —5/2 < ¢(x, X, ..., Xq,) < 6/2,let w =
(Aq1(t) — Aa(t))x(t) + 201 (Byk(t) — Bog(t))x(t — i (£)) + J1(t) — Jo(t), if it is satisfied that

pLi(t) + (1 — p)La(t) + %Vx(t) < —) % i exp(Ynt)

(1) &P (IN (= (1) (= (1))
i [ 1B 130y — 1Bl (A5(8) — A (5) + Ba(t) — Bu(1))

erk

(17)

wi

t
o0 () |, 29
x(6)€XP (TN (s)5) dxr

(1) (1) exp (nnt)
+—||pBy, +(1—p)B ( su
g H 1 2l P 20 &P (YN(s—7.(s)) (s = T(5)))

=7 (1) <s<t
< =ING

holds for —$ < P(x, Xz, ..., Xg,) < % and p = o(¢(x, Xz, ..., xz,)/d) € [0,1], then the linear
switched tzme delay system (15) is exponentially incrementally stable.

Proof. With the conclusion in Theorem 4, by constructing a sequence of time-delay systems
with continuous right-hand sides satisfying Condition Ctime—deluy(z) as follows, we can
prove the exponential incremental stability property of system (15):

£ = f0 =o(PE T )y 4, () + zBlk x(t = () + 11 (0)]
(18)
+<1—a<4’(""““"“"‘w>> )+ ZBZk x(t— (1)) + Ja(0)]

)
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in which o(-) is defined as

1, 0>1/2,
olp)=<p+1/2, pe[-1/2,1/2],
0, p<-—1/2.

letw = (A1(t) — Az(#))x(t) + Xfq (Bu(t) — Bk (£))x(t = w(£)) + )1 (t) — Ja(t) and p = @
(¢(x, %7, ..., Xz,)/5), the partial derivative of the right-hand function f° with respect to x
and x, are as follows,

Bffs(x,xrl,_..,xm,r(t)) :(T(q)(x,xfl,...,Jch))Al(t)+[17a(gb(x,xfl,...,me))]Az(t)+ 1 8747

ox o 0 gw ox
Of(x, Xy, - Xy, 7 (1) (X, X1y, ..., Xg,) (X, Xe,, .00, Xy,) 1 o
T =0 ( 5 )Bix(t) + [1 — o 5 )| Box (t) + SW T,

Thus, it needs to satisfy
1 0 =z
L 1) = (wn+u—wwh+5w,§+g:w%?+u—pw$0
=1

+wmww$+u—m%3

x(t)

i

2,1 9 exp (Ynt)
—p)By + <w- N
6 0 ||y exp (Y- (1) (E— (1)) N
in which
~ aff
Up()) = sup [l 5= (x(s), x2,(5), -, %5, (), 8) ey P (Ynvent = Tves)s)
T (F) <s<t
) aft
V() = sup [l (x(s), X (), %0, (), ) ) P (M)t = TNGs—wi(s)) (8 = T(5)))
t-m(t)<s<t 9T
where t € [tj, tj+1). That is,
i 1 L exp (Ynet)
L(F,8) <pLa(t) + [1 = pLa(t) + ~v <w 7) !
f e 5 é Z axrk (0 &P (YN(—z (1) (E = T(1)))

Y ) U%m 1B o) (A (E) — A5 (E) + Bae(t) — Bug(t))
=1

;T.

op
“ox

exp (1n(nt) Hw L9
x(t )eXp (')/N(S)S) ax’['k

1 1
+ ngBik) +(1- p)B§k>Hx(t)( sup

=T (1) <s<t

exp (Tn(n!) )}
x(t) €XP (’YN(S_Tk(S))(s —7(s)))
Together with (17), it infers that L(f%,t) < —7YnN(t), thatis, system (18) is exponentially

incrementally stable for each § = %, m € N*. From Theorem 4, it can be proved that the
time-delay system is exponentially incrementally stable. [J

Here, let Bﬁ) = Béi) =0,(k=1,...,m), we have the following corollary, which is a
variant of Corollary 3.

Corollary 4. Let N(t) = #{j : t > t;,j = 1,2,...}, and suppose that system (15) satisfies
Assumption 4, and there exist

1. Aconstant Ty > 0,
2. Positive constants yi(k =0,1,...), 0 < 71 <

3. C(x(t),x(t") < Coforany t,t' > to,
such that the following conditions are satisfied:
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exp (Ynet)
Yexp (Yn(r—gp ) (E — (D))
exp (7N(t)t)
exp (Yn(t—z(t) (t —

Li(t) = )+ Z [ Bak ()] x(e)

Lao(t) = vy )+ Z ([ Bax (£) 1] ()

and for all t > Ty,

)

(-1
{ 2 (Yi+1 — 7i)tiv1 +1og Bita] + v0to — YNy ] < -¢

where B = C(x(tx), x(tx—)). Moreover, in the neighborhood of switching surface S, that is,
when —6/2 < ¢(x,x¢,...,Xg,) < 0/2, let w = (A1(t) — Ax(t))x(t) + L, (Byx(t) —
Bor(8))x(t — e (t)) + J1 () — Ja(t), if it is satisfied that

L of

dx,

exp (/YN(t) i’)
26 &P (YN (g (1)) (t = Tie(1)))

pLi(t) + (1 —p)La(t) + %Vx(t) (w 84)) + = i w

ox k:1

= TN

holds for —6/2 < ¢(x,x¢,...,Xg,) < 6/2and p = ¢(x,Xv,...,xg,)/d € [0,1], then the
linear switched time-delay system (15) is exponentially incrementally stable.

5.2. Hopfield Neural Network Systems with Time Delay

Consider the following Hopfield neural network system with time delay:

1(t) = =D(H)x(t) + T(£)g(x(£)) + S(H)ulxc(t))) + J(#) (19)

where x = (x1,Xp,...,X,) " is the state variable, the time-delay term x(t) = x(t — (t)).
Forany t € R", D(t) = diag{di(t),...,dn(t)}, T(t) = (T;;(t)) € R™", S(t) = (S;(t)) €
R", | = (J1,J2,--.,Jn) € R" is the input vector, g(x) = (g1(x1),2(x2), .-, gn(x)) T,
u(x) = (ug(x1),u2(x2), ..., tn(x0)) 7.

Here, we list the following hypothesis, denoted by Condition C;:

1. There exists D = diag{D1,Dy,...,D,}, D; > 0, such that d;(-) is continuous and
% > D;holds fori=1,2,...,nand {1 # {».

2. gi(-) isnon-decreasing and non-trivial in any compact set in R, and each g;(-) has only
finite discontinuous points. Therefore, in any compact set in R, except a finite points py,
where there exist finite right and left limits g; (o) and gi(p; ) with gi(0;") > gi(p; ),
gi(+) is continuous.

3. u;(-) is non-decreasing and non-trivial in any compact set in IR, and each u;(-) has only
finite discontinuous points. Therefore, in any compact set in R, except a finite points 1,
where there exist finite right and left limits u;(17;") and u; (17, ) with u;(17,"7) > u;i(n7;),
u;(-) is continuous.

4. Here, define a matrix measure vz1 (A) = max;[aj; + Yi4; |§i§j_1ai]- |] for matrix A = (a;;),
with respect to vector norm | - [z; and matrix norm [|Al|z; = ||EAZ (|1, where & =
diag{¢i,...,Cn}. There exists a positive diagonal matrix §(r(t)) = diag{&,(r(t)),...,
¢n(r(t))} such that

Ye(r(ma(T) = max{Tj;(t) + ; 12i(r(D)g;(r(8) ' Ty(1)[} <0

holds for t € R*T.

Therefore, we have the following corollary:

Corollary 5. Suppose the system (19) has a unique solution for t € R, and satisfies Condition C,
above. Let N(t) =#{j :t > t;,j = 1,2,...}, and there exists
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Positive piecewise right-continuous function m(t) > 0,
A constant Ty > 0,

Positive constants a > 0(k =0,1,...),

C(r(t),r(t")) < Cyforanyt,t' > ty,

such that in the continuous regions of ¢ and u,

L=

exp (Tt du
15(8) 5= (%, x) [l s < -7 (20)
exp (YN (—z(r) (= T(1))) ax, X ller(n)a N()

Let K; = ming[g;(ox+) — gi(ok—)], Mi = maxy[u;(vk+) — ui(ve—)], and K = min; K;,
M = max; M;,

G
Ve(ripa (= DB+ T(O 55 (x,x0)) +

exp (Ynet)

K-v (T(£)) + M- 1@l <0 (21)
a(r(t)1 exp (')/N(t_l—(t))(t - T(t))) &(r(n)1
Forany t > Ty,
1 [N@B-1
71 X [ = 7t +log il + 10t — vt | < ¢,
i=0

where By = C(r(ty),r(tx—)), then system (19) is exponentially incrementally stable.

Proof. Suppose that system (19) has a unique solution for t € R™, then we construct a
sequence of ‘continuous systems’ as follows,

#(t) = f°(x,2c,8) = =D (B)x(t) + T(H)§(x(1)) + S()i(x<(t)))

where g(x) = (gl(X1),g~2(X2), e ,gn(xn))T, ﬁ(x) = (111 (Xl),ﬁz(xZ), e ,ﬁn (xn))T. For
each i, denote one of the discontinuous points of g;(x) by p;, and one of the discontinuous
point of u;(x) by ;.

Function §°(x) is formulated as follows, if x; ¢ [p; — $,0; + 5], §2 (x;) = gi(x;), and if

xi € [pi — 5,0i + 5,

. i(oi+%) —gilpi— %) 3 6
g (xy) = S0P T2 (Sgp 2[xi—Pz‘+§]+gi(Pi—§)-

Function ii(x) is similarly constructed. It can be seen that when § — 0, the function
sequence f‘s (x, xe, t) converges to the Filippov differential inclusion of the right-hand
side of (19), that is, {f°(x,x¢,t)} satisfies Condition Ctime—delay (R™2). Let g;(0:,0) =

(0t 9) o8 ) (8
w, i;(n;,0) = M. Here, denote the Jacobi matrix of functions

§°(+) and @#°(-) by matrix G° and U°. In the neighborhood of the discontinuous point,
og(x L - -
G = BO) | o= 408 (21(01,6), 22(02,0), -, G0, )
ol (x o _ -
U= O | = i {3 O71,0), 02072 0), 60}

0xt

that is, we have

af‘s(x,xr,t) B

B —D(t) + T(t)G‘s,
of°(x, xr,t)

B e Ol
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In the continuous regions, the function sequence {f°(x,x,t)} satisfies (20), and
Ve(r(t),1(T(t)) < 0. Meanwhile, in the neighborhood of the discontinuities, together with
the condition (21), it holds that,

exp (Ynet)
exp (YN (e—(r))(t = T(1)))
exp (Yn(t)
exp (Yn(r—z(r) (t = T(£)))
<Vg(r()1 (= D(£)) +min gi(pi, )V (r(1))1 (T(£))

exp (’)/N(t)t)
exp ('YN(t—r(t)) (t— T(t)))

Ve (=D () + T(H)G®) + IS e(r())1

<Ve(r()1 (=D (1)) + Ve(r(e (T(HG) + ISl e(r(e))1

+ max ;(1;,6) IS(O) (i)

< = UN@Y

for & — 0. Therefore, if there exists a large enough number my > 0, such that for each
m > mgy, m € NT,

exp (Ynet)
exp (Yn(t—r(e)) (t — T(1)))

Ve (—D(t) + T(H)G®) + IS e < =N

holds for 6 = 1/m. According to Theorems 1 and 4, the time-delay system (19) is exponen-
tially incrementally stable. [

6. Numerical Experiments
6.1. Linear Time-Delay System

Consider a linear switched time-delay system formulated as follows:

(22)

£(6) = Ax(t) +Bix(t—t(t)+J1, z x>0
| Apx()) + Box(t—1(t)) 4+ Jo, 2z x <0

where x, x; € R?. The switching surface of system (22) is {x : ¢(x) = z'x = 0} where
z=[1,3]".
Let 7(t) = 1 and

oo B} me[F lmene[3 e [3] e (2]

Here, we first prove that system (22) has a unique solution for t € [1, +c0). On the
switching surface {x : ¢(x) = z"x = 0}, we have

Z(ﬁ() ((A1A2)x+h]2)=[1/3]T<[1 ;]ﬂﬂ*{_;]):‘h

According to Assumption 4, the uniqueness of the Filippov solution for (22) occurs for
t € [0,+0). Let yypy =1—1/ 2l and the number [¢] represents the floor of time t. So, for

t>1,
eINmt e(1- 172t 1
Li(t) = va(Ay) + ||Bl||2€ o T —5.75+ NeRYz Ty < -35< -1+ i
POk p(1—1/2M) 1
LZ(t) AZ + ||B2||2m = —6.35+ W <4< -1+ ﬁ

where || - ||2 stands for 2-norm. Then, for —6/2 < ¢(x) < é/2and p = ¢(x)/6+1/2 € [0,1],
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pa)+a-pa®+ (| 13 50+ 5 ]) 08) <-15<-ne,
and for all t > Ty,

N N(H-1 4 1
Z[ZHU+UV41_ﬂ945_Q5

i=0

| =

(-1 .
Y [(vis1 — 7i)tisa +1og Biza] + voto — 'yN(t)t] < n
i=0

Thus, from Corollary 4, the switched time-delay system (22) is exponentially incremen-
tally asymptotically stable.With the initial state xo(s) = [5 x (0.5 +5)2,6 x (1 —s) — 1.5]
and yo(s) = [-3 x (1 +5)3 —2,—3 x (1 —5s)] for s € [0,1], the corresponding solution of
system (22) are x(t) = (x1(t), x2(t)) and y(t) = (y1(¢), y2(t)), respectively.

Figure 1 shows the dynamical trajectories of two of the solutions with the initial
function defined as xo(-) and y(-) for system (22). Moreover, Figure 2 shows the errors
between the two dynamical trajectories of their segments.

Inis{al Functioms — XuX2
T YLy
[
=)
e e
>
-+~
c
(]
c
o
Q
=
o
O
0 1 2 3 4 5

Time

Figure 1. Dynamical trajectories of the solutions for time-delay system (22).

40 1 ! —— errorl = |x; — y1|
— error2 = |x3 — y>|
30 A
. Initial Erfor.
2 20 -
L
10 +
0 —/\
0 1 2 3 4 5
Time

Figure 2. A diagram for exponential incremental uniform stability (the error of each segment) of
time-delay system (22).
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6.2. Hopfield Neural Network with Time Delay

Here, we take an example of the Hopfield system with time delay for illustration. The
system is formulated as follows,

x(t) = D(t)x(t) + T(£)(x(£)) + o (£)S(H)u(x-(£))) + ] () (23)

where x = [x1, xz}T is the state vector, o(t) is the switched function with respect to time f,
takes value between 0 and 1. The parameter matrix are

o) = 1° t € [kTo, kTo + 3To) =1t t <02
1 tekTo+ 1Ty, (k+1)Tp)’ 0.1 x |sin(7t/0.4)| +0.1 t>0.2
| —0.340.1 x sin(t) 0 | 10sin(2t)
D) = { 0 —0.3 4 0.1 x cos(t) }' J{t) = { —10sin(2t) |’

[ =5—sin(t) 2.5+ cos(t) B 0.1 x sin(t) 0.1+ 0.1 x cos(t)
T(t) = { 25— Csos(t) -5 —(;(i)ri(t) ]' (8) = { 0.1— 0.1s>< cos(t) 0.1 x sin(z(t))s ]

(x) = x+25 x>0 (%) = x+1 x>0 P "
it = x-25 x<0" "7 x-1 x<0 o
where k € N>, Typ = 1. According to the uniqueness conditions for the Filippov solution
of the time-delay system, Lemma 2 and Theorem 3, it can be seen that (23) has a unique
solution in compact set © € R2.

Here, define the norm with subscript o (t) as |x|o = 0.8]x1| + |x2|, |x|1 = |x1] + |x2],
Bor = 1.25, B1o = 1, then vy(T) < —0.5, 11(T) = =25+ v2 < —1,[|S]}1 < 0.3, [S[jp <
0.25, therefore, let N(t) = j, t € [tj_1,t;), vj = max{1/4,(1/2) — (1/2)/}, t; = (To/2) -},
j =1,2,..., such that in the continuous region of the right-hand side of system (23), it
holds that

an( tvo(—=D(t) + T(t)) <0

exp (Yn(t)

IS()]r < 05—1+0.25 < 0
exp (Yn(r—z(r)) (t = T(£))) '

NGO vi(=D(t) +T(t)) +

As for condition (21), after calculation, we have K = 5, M = 2; thus, condition (21)
holds for o(t) = 0,1. Moreover, for t > 10, we have

N(t)-1

Y [(vier — 7i)tiv1 +log Bira] + voto — Yyt < 1.75 +log(1.25)t — 0.49t < —0.25¢
i=0

Together with Corollary 5, the switched time-delay system (23) is exponentially incremen-
tally asymptotically stable. With the initial state xo(s) = [5 x (0.5+5)%,6 x (1 —s) — 1.5]
and yo(s) = [-2* (1 +5)2 —2,-3 x (1 —s)] for s € [0,0.5], the corresponding solution of
system (23) are x(t) = (x1(t),x2(t)) and y(t) = (y1(f),y2(t)), respectively. When ¢t > 0.5,
o(t) = 1 and time lag occurs.

Figure 3 shows the dynamical trajectories of two of the solutions with the initial
function defined as xo(-) and y(-) for system (23). Moreover, Figure 4 shows the errors
between the two dynamical trajectories of their segments.
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Figure 3. Dynamical trajectories of the solutions for time-delay system (23).

17.5 1
— errorl = |x; — y1|

15.0 1 —— error2 = |x; — y>|

Initial Errors
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10.0 A
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Figure 4. A diagram for exponential incremental uniform stability (the error of each segment) for
system (23).

7. Conclusions

This paper researches the criteria for incremental stability for time-delay dynamical
systems, including systems with continuous right-hand sides and systems with discontinu-
ous right-hand sides, respectively. In this paper, the corresponding sufficient conditions
for the exponential incremental stability of solutions for time-delay dynamical systems
with continuous right-hand sides are proposed and proved. Before studying sufficient
conditions for incremental stability of the systems with discontinuous right-hand sides,
we first provide the conditions for the existence and uniqueness of the Filippov solution.
Then, by constructing a sequence of systems with continuous right-hand sides and using
the approximation method, sufficient conditions for exponential incremental stability of
the systems with discontinuous right-hand sides are obtained.

There still needs to be much further work. Our theorem can be helpful for applications
in other more complex scenarios and we may propose more corollaries for some more
complex systems in the future. Furthermore, we may seek some other approaches to
construct “continuous systems” to approximate discontinuous systems.
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Notations

||ty  Vector norm with subscript x(t)
| - Hx(t) Matrix norm induced by | - |x(t)

M0 Matrix measure induced by | - | x(t)

x(t) A right-continuous staircase function with respect to t, with switching points
belonging to {t;}

r(t) A piecewise right-continuous function with respect to ¢, with switching points {¢;}

to The initial time

T The upper bound of 7 max sup;es o) k() = T
T The lower bound of 7j: ming infic ) 00y T (t) = T
N(t) N(t)=#{j:t>t;,j=12,...}
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Abstract: In this article, some new sufficient conditions for the exponential stability of nonlinear time-
varying delay differential equations are given. An extension of the classical asymptotical stability
theorem in terms of a Lyapunov-Razumikhin function is obtained. The condition of non-positivity
of the time derivative of a Razumikhin function is weakened. Additionally, the resulting sufficient
asymptotic stability conditions allow us to guarantee uniform exponential stability and evaluate the
exponential convergence rate of the system solutions. The effectiveness of the results is demonstrated
by some examples.
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1. Introduction

There have been a number of developments in searching for the stability criteria for
nonlinear delay differential systems, but most of these have been restricted to finding
asymptotic stability conditions.

As noted in [1], this may be caused by the fact that ‘a “geometric” view of nonlinear
dynamics leads one to adopt the view that notions of stability should be invariant under
(nonlinear) changes of variables’. For this reason, ‘exponential stability is not a natural
mathematical notion when nonlinear coordinate changes are allowed. This is why the
notion of asymptotic stability is important” [1].

However, in some cases it is necessary not only to establish the fact of asymptotic
stability, but also to know the rate of convergence in the asymptotic stability property—for
example, in order to guarantee some asymptotic properties of solutions to a cascaded
system based on an analysis of the properties of its isolated subsystems [1]. In practi-
cal applications, it is also important to guarantee a certain rate of convergence of some
characteristics of the system.

At the same time, the exponential stability of nonlinear systems is not easily verified.
Moreover, for systems with delay, even in the linear case, there are difficulties in estimating
the rate of convergence of solutions (see, for example, references in [2]).

Therefore, researchers are attracted by the problem of obtaining requirements for the
Lyapunov function, which can guarantee estimates for the convergence of solutions.

The specificity of using finite-dimensional functions to analyze the stability properties
of systems with delay is that the derivative of the Lyapunov function is estimated not in
the entire neighborhood of the origin, but only within its part.

The idea of such a modification of the requirements for the derivative was simultane-
ously proposed by N.N. Krasovskii and B.S. Razumikhin [3,4]. Subsequently, the conditions
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that determine a part of the neighborhood of zero for estimating the derivative were called
Razumikhin conditions.

On one hand, these conditions simplify the practical verification of the relevant require-
ments that guarantee one type of stability or another. On the other hand, the absence of an
estimate for the derivative of the Lyapunov-Razumikhin function along the entire solution
makes it difficult to estimate the rate of decrease of the function itself, and, consequently,
the estimate of the rate of convergence of solutions.

Therefore, for equations with delay, such estimates are mainly obtained using the
Lyapunov—Krasovskii functionals [5,6]. Similar results using the functions instead the func-
tionals have occurred from time to time and have become more frequent in the last decade;
in this case, mainly autonomous or linear equations are considered (see, e.g., references
in [7]).

The purpose of this paper is to establish sufficient conditions for the exponential stabil-
ity of nonlinear time-varying delay differential systems, under less restrictive assumptions
on the Lyapunov-Razumikhin function (the function V (¢, x) below) than those made in the
literature so far.

Namely, the time-derivative of the constructed Razumikhin function is allowed to be
neither sign-definite (as in the classical asymptotic stability theorem) nor semidefinite (as
in some more general theorems, see e.g., [8]). Moreover, a new upper estimate on the rate
of decreasing of the function is obtained.

It is important to note that, in this paper, consideration is given only to deterministic
systems. Nowadays, practical control systems need to meet several important requirements,
for example, time delays, stochastic perturbations, time-varying parameters, and impulse
effects. The research problem of stability analysis for related systems has received a great
deal of attention.

The Lyapunov—-Razumikhin method was originally developed to study the stability
of deterministic systems with delay. However, the Razumikhin technique has also been a
powerful and effective method for investigating the stability of other types of delay systems.
In 1996, X. Mao extended the technique to stochastic functional differential equations to
investigate p-th moment exponential stability [9]. In the past several decades, a large
number of works on this topic have been reported in the literature (e.g., [10-12]).

In particular, several novel criteria of the moment exponential stability are derived for
the related systems; see, for example, [13-16] and references therein.

An analysis of these results shows that Razumikhin-type theorems for deterministic
systems can be appropriately developed and extended to stochastic delay systems with
additional features and effects. Taking into account the behavior of a specific system
leads to using special tools and adding certain conditions to ensure stability. Therefore,
when studying a system of a certain type, it is easier to rely on results for deterministic
systems than to derive stability conditions from the available results for systems of another
type. Therefore, the development of the Razumikhin method for deterministic continuous
systems plays an important role both in theory and applications.

The paper is organized as follows. In Section 2, we introduce notation, definitions,
and other preliminaries. Section 3 gives new sufficient conditions for uniform asymptotic
stability and uniform exponential stability in terms of the Lyapunov-Razumikhin functions.
Section 4 contains a remark on necessary conditions for uniform asymptotic stability, which
are relevant to the results obtained. In Section 5, we consider scalar linear time-varying
equations and show the effectiveness of the exponential stability theorem using some
particular examples. Some more examples of nonlinear equations are given in Section 6.
Section 7 discusses some known related results. Concluding remarks are given in the
final section.

2. Preliminaries

The following notation will be used throughout the paper: R* is the set of all non-
negative real numbers; R" is the n-dimensional vector space and |x| is a norm of a vector
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x € R"; time delay is denoted by r (r > 0), Rt = [0, +0); R" denotes the n-dimensional
space of vectors x = (x1,...,%,) | with thenorm |x|; C = C([~r,0], R") is the Banach space
with the supremum-norm || - ||. For a continuous function x(t) € C([tp —r,to + ), R")
(to € RT, I > 0) an element x; € C is defined for any t € [to, to + ) by x¢(s) = x(t +5s),
—r <5 <0, and x(t) stands for the right-hand derivative.

Consider the nonlinear system described by a time-varying delay differential equation
of the form:

(1) = f(t x1), ey

where x(t) € R", f(t,x) : RT x C — R" is a given nonlinear function satisfying f(¢,0) = 0
for allt € R™. Then (1) admits the zero solution.

In the following, we assume that the Carathéodory-type conditions from [17] are
imposed on Equation (1). We denote the solution of (1) with initial conditions ty € R and
@0 € Cby x(ttogo).

In addition, we use the following standard definition:

Definition 1. The zero solution of (1) is said to be uniformly exponentially stable (UES) if there
exist constants A, 8, and r such that

lpol| <1, t =1ty = |x(ttogo)| < A||(PO||€_§(t_t°).

We say that the zero solution is globally uniformly exponentially stable (GUES) if r = co.
From now on, to shorten expressions, instead of saying the zero solution of the equation is
GUES, we say that the equation is GUES.

We also use the well-known concepts of uniform asymptotic stability (UAS) and global
uniform asymptotic stability (GUAS).

Let V(t,x) : RT x R" — R be a given function. Now, let x(¢) be a solution of (1) start-
ing from (t, ), and denote by V'(t, ) the upper right-hand derivative of V (¢, x(t)) [18]:

iy Vx4t 9) ~ V(6.9(0) o

h—0+t

Suppose that V(t,x) is locally Lipschitzian in x (uniformly in t € R*"). Then, the
derivative (2) is bounded and is equal to the upper Dini derivative of V(.) (along the
trajectory of (1)):

= VD, 9(0) + hf(1,9)) — V(t,9(0))
h—0+ h '
where f(.) is the right-hand side function of (1).
Obviously, a continuously differentiable function satisfies the equality

oaV(t ¢(0)) v~ 9V(t¢(0))
D + Z Txi(t/ ?).

Vi(t, @) =
i=1

In the sequel, we assume that V (¢, x) is continuous in ¢ and locally Lipschitzian in x
(uniformly in t).

We also define the class of functions K = {a € C(R",R"), o(u) is continuous, strictly
increasing, and a(0) = 0}. A class-Ko function is a function a € K which is unbounded.

As is known, the idea that made it possible to obtain constructive results on stability
in terms of functions for systems with delays was that it is sufficient to check the sign of
the derivative V' at each time not on the whole set C, but only on its subset [3,4]. As a rule,
one of two sets is used:

(V) ={peC: V(t+s,¢(s)) <V(te(0)), —r<s <0},

(V) ={@eC:V(tts p(s) <n(V(te0))) —r<s<0},
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where 7 € K is such that (1) > u for u > 0.
The following Razumikhin-type result of N.N. Krasovskii became the basis for further
studies of the asymptotic stability of delay systems in terms of functions.

Theorem 1. Suppose that there is a function V : Rt x R" — R such that:
L m(|x]) < V(5 x) <ax(|x]);
2. ifteRTand o € W(V,n) then V' (t, ¢) < —az(|x|);

for some functions a; € K.
Then Equation (1) is UAS.

It can be proved in the standard way that if 2; € K, then the uniform asymptotic
stability will be global (GUAS).
3. Main Result

First, we prove the following lemma, which provides an upper bound for the behavior
of the function V (¢, x) along solutions of Equation (1).

Lemma 1. Suppose that there exist numbers @ > 0, a € R, and the functions y € I, V €
CYR* x R",R*),and p € C([—r,+0),R), such that the following conditions are met:

1. forallt € [—r,+00) and s € [0,r] the following inequalities a < :+S p(0)de < a hold;
2. n(u) = e"uforu > 0:
3. V'(t,e) < —p(t)V(t ¢(0)) whenever t € R* and ¢ € O(V, 7).

Then, for any solution x(t) = x(t; to, ¢o) of Equation (1) and for all t > t( the estimation

V(tx(t) < max Vit +s, go(s))e” S PO+

—ISSS

is valid with a = min{0, a}.

Proof. We define the function v(t) = V (¢, x(t)) along an arbitrary solution x(t) = x(t; to, o),

t
and the function u(t) = v(t) — max_,<s<ov(to +s)e [ffo p(@)dGJra] . Itis clear that u(ty) < 0.
We define t* = inf{t > to : u(t) > 0} > ty. Then, u(t*) = 0, while u(t) < 0 for
t € [to—rt"), and u(t) > 0 fort € (t*,t* +¢). So we have () > 0. Notice that

. (4% 1k * _[ff* p(@)d9+a] - (g% * *
u(t*) = o(t*) + p(t*) max_,<s<o v(tg +s)e L' < o(t*) + p(t*)v(t*). On the
other hand,

t*
Y = ; ~[ i p(@)do+a]
v(t") 7%2200( 0+s)e

7

and for all s € [—r,0] we have

+* 45
v(t" +5) < max ov(fy+ S)ef [fto P(G)d9+a]
—r<s<0

+* %
= max o(tg+s)e Ufo p(@)d9+a] eftt*Jrs p(0)do+a

< o(t)e” < n(v(t)).

U
Then, item 3 of the theorem implies 1 (+*) < 0. The obtained contradiction proves that
u(t) <0, which was to be proved. O

Based on the lemma just proved, it is easy to obtain the following result:
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Theorem 2. In addition to the conditions of Lemma 1, suppose that for some T > 0, A > 0 and
forall t € R, we have the estimate

T
/ p(6)d6 > A.
t
Then, for an arbitrary solution x(t) = x(t; to, ¢o) of Equation (1) and for all t > tg, there holds

—r<s<0

with M = eA—271,

In addition:
1. ifay(|x]) < V(t,x) (a1 € K) then Equation (1) is asymptotically stable;
2. ifay(|x]) < V(t,x) < ax(|x|) (aq, ap € K) then Equation (1) is UAS;
V(t,x) < ax(|x|) (a1, ap € K), and there exist constants ¢, ¢ > 0, and

3. ifm(lx]) <
¢z € (0,1) such that a; ' (May(s)) < cs and a7 (c1a2(s)) < ca, then Equation (1) is UES.

Proof. Indeed, it follows from the additional condition that for t > T the inequality
/. t2°+t p(0)d6 > A(t/T — 1) + ais valid. Thus, we can immediately get the required estimate
for V(t,x(t)).

Then, item 1 implies a; (|x(£)]) < V (£, x(£)) < Mmax_,<sco V(fo + 5, po(s))e~ T =10,
and item 2 implies a1 (|x(t)|) < V(¢ x(t)) < Mmax_,<s<o V(to +5, (po(s))e_%(t_t(’) <
Ma; (|| o] )e’%(t’tO). The assertions of items 1 and 2 follow directly from these estimates.

It remains to prove item 3. We define the function v(t) = max_,<s<o V(t +s,x(t +5))
along an arbitrary solution x(t) = x(¢; to, ¢o). Note that the resulting estimate for V implies
v(t+1) < Me_%(tl_r)v(t) < c1o(t) for every t > ty and a sufficiently large value t;.
Therefore, a1 (|| x¢4s, ||) < c1aa(]|x¢]|) and [|x¢4¢, || < c2f[x¢]|. Further, take an arbitrary ¢ > tg
and, following the idea of the proof from [19], denote by N the lower integer part of (t —
to)/t. Thent — Nt € [to,to+t1),and [|xtl < callxi—r, | < SBllxian, [| < -+ < llxen |
Moreover, the inequality v(t) < Mo(ty) implies ||x;—ny, || < a7 (Max(||gol]) < ¢l gol-

t—tg

Thus, [|x:]| < cYellgoll < ¢, cllgoll < ellgolle™=4), where 6 = é(cs) = Elog L > 0.

This implies the last assertion of the theorem. O

Remark 1. If we replace K by K in the conditions of items 1-3, then we obtain the conditions for
global uniform asymptotic (exponential) stability.

Remark 2. It is easy to see that the condition aq|x|™ < V(t,x) < ap|x|™ implies
[2(8)] < Aqfxgg |lem o)

with Ay = (e /oq)V/™, 61 = A In this case, a;  (c1a2(s)) = (c1aa/a1)'/™, hence the
second inequality in item 3 holds for an arbitrary c; € (0,1) (it suffices to put c; = ¢4 (a1 /a2)).
Moreover, §(ca) — «v/m = & for c; — 0.

Remark 3. Recall the definition of GUAS(ag) [1], which qualifies the speed of convergence in
the GUAS property, and serves to relax exponential stability (here we modify it according to the
type of equation considered). We say that the zero solution to the Equation (1) is GUAS(ag) for
a given ag € Koo if there exists a class-Keo function a and a positive constant 6 > 0 so that
1x(t;to, o)| < ag(e=2t—t)a(||gq||)) holds for all o € C (recall that GUAS is always equivalent
to the existence of some a and ag like this.) We see that due to the exponential estimate for V (t, x(t)),
item 2 of Theorem 2 actually implies GUAS(afl).

Corollary 1. Let the conditions of Theorem 2 hold for t > t > 0. Then all statements remain true.
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Proof. For the proof, we use the assumptions on the right-hand side of Equation (1) and
results from [17].

By Assumption 2 from [17], for each compact K C C there exists a locally Lebesgue-
integrable function Lk (t) and N(K) > 0 such that for all ¢ € Kand t € R the estimate
|f(t, @) < Lg(t)| ¢| holds, and f:“ Lk (s)ds < N(K). In addition, for an arbitrary a > 0
every solution x(t) of Equation (1) is contained in some compact K(q) C C as long as
|x(t)] < al17].

Now, let x(t) = x(t; topo) be an arbitrary solution of (1). It is clear that it suffices to
check the case ty < f. If

[|xt|| < aforallt e [to,f] (+)

then .
Izl < llgoll + max [ 1£(6,xpld0 <
t—r<s<t Jiy

F
Igoll+ | La(6)xal .
0
The Gronwall-Bellman inequality now implies
Il < llgofle™”.
It remains to note that inequality () will be satisfied whenever || gol| < ae~Nef. O

Remark 4. Note that if V(t,x) < ax(|x|) (ap € K), then the estimate for the derivative in
Theorem 2 can be replaced by the following one: V' (t, ) < —p(t)az(|¢(0)|) for all t € R™ and
¢ € W (V,n), where az € K. Indeed, in this case we set U(t,x) = A(V(t,x)), where A is some
C! positive definite proper function such that A'(s)az(ay'(s)) = A(s). Then, the function U
satisfies the conditions of Lemma 1.

4. A Remark on Necessary Conditions for Uniform Asymptotic Stability

In this section, the discussion will center on the integral conditions for the function
p(t) that ensure the exponential convergence of the function V (¢, x(t) to zero (Theorem 2).
In fact, these conditions are equivalent to a restriction on the antiderivative of p(t), which
naturally arises in the analysis of linear ordinary differential equations with time-varying
coefficients. Here, we give a statement showing that, in the nonlinear case, a similar
estimate for the right-hand side is a necessary condition for uniform asymptotic stability.

Note that the requirements imposed on integrals of p(t) to be bounded from below,
which are specified in Theorem 2, are equivalent to the following condition (see [20]):

t
Ja > 0 and b such that / p(0)do > a(t —to) + b for every ty, t > 1o, 3)

fo

and (3) is equivalent to GUES for the scalar ordinary differential equation y(t) = —p(t)y(t).

Moreover, for GUES of the linear system y(t) = —P(t)y(t) with a symmetric positive
semidefinite matrix P(t), it is necessary and sufficient that (3) be satisfied for p(t) = |P(t)x]|
and every unit vector x € R" [21].

If the inequality x " P(t)x > 0 is violated, then the estimate (3) provides sufficient
GUES conditions via a quadratic time-varying Lyapunov function [20]. Note that for a
linear system, GUAS and GUES are equivalent.

Z. Artstein ([22] Theorem 6.2) showed that the growth condition (3) is necessary in a
very general situation for ordinary differential equations. There holds a similar statement
for Equation (1):

Theorem 3. Suppose that Equation (1) is uniformly stable. Then, the equation is uniformly

asymptotically stable only if there exists a compact neighborhood of zero W C R™ such that for
every 6 > O there are numbers a > 0 and b such that
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/t: £ (6,9)|d0 > a(t — to) + b

for every ty € RT, t > tg and every ¢ € C such that ¢(s) =c, |c| = 6, andc € W.

Proof. Assumptions about the right-hand side of Equation (1) ensure the positive precom-
pactness of (1) in an appropriate function space and the existence of the so-called limiting
equations; in addition, for every limiting equation and every pair (t, ¢o) the initial-value
problem has a unique solution [23].

Using the relationships of uniform asymptotic stability of Equation (1) and stability
properties of the corresponding limiting equations ([23] Theorem 6), we can now repeat the
proof of Theorem 6.2 from [22] with slight modifications. [

It should be emphasized that the necessary condition for UAS from Theorem 3 without
additional assumptions is not sufficient, even for ordinary differential equations ([22]
Theorem 6.3) (see also Section 5).

5. Application: Scalar Linear Time-Varying Equations

In this section, we consider the scalar linear differential equation
(1) = —a()x(t) + b(H)x(t — (1)), )

where a(t), b(t), and T(t) are piecewise continuous, 0 < 7(t) < 7.

Note that by Theorem 3, the uniform asymptotic stability of the Equation (4) implies
the condition .

/t | — a(6) + b(6)|d0 > ag(t — to) + by 5)
0
forevery t) € R", t > ty, and some numbers ay > 0 and by.

There have been a lot of investigations concerning sufficient stability conditions for
Equation (4).

Most of the results obtained in this line of study impose restrictions on the sign of
coefficients. For example, by Theorem 1, an Equation (4) is uniformly asymptotically stable
if pi(t) = a(t) —q|b(t)| = po > 0 for some g > 1 and py > 0; it is also clear that for GUES
of Equation (4), it is sufficient for the function p;(t) to satisfy the conditions of Theorem 2.
In both cases, an arbitrary (bounded) delay is allowed. Moreover, if no restrictions are
imposed on the delay, then for constant coefficients, the condition is the best possible.

For Equation (4) with time-varying a and b as well as with a time-varying delay,
sufficient GUES conditions can be refined through information about the nature of the
delay variation. However, in this case, the conditions known so far usually also imply that
some function depending on a, b, and 7(t) must retain its sign (at least for large values of
t); see [24,25] and references therein.

Note that the effect of delay variation can have a decisive influence on the stability
even for Equation (4) with constant coefficients: one can give an example such that for each
fixed member of the range of the delay function, the associated autonomous equation is ex-
ponentially stable, yet the time-varying equation considered is unstable [26]. However, the
exact form of the relation “delay—time” is usually unknown; thus, in practice, it is more
convenient to check the conditions that are valid for all delay values from a given range.

Equation (4) with a(t) = 0 has a separate and even richer history of study going
back to the work of Myshkis (see e.g., [27]), and this study is still ongoing. Following
A.D. Myshkis, various forms of the so-called “3/2-criterion” were obtained, which establish
an upper bound either for the coefficient b(t) or for the integral of it; see some discussion
and references in [28,29]. However, in those results, the lower bound for b(t) (at least for
the limit as ¢ tends to infinity) remains zero.

In [30], the assertion is proved that if the equation x(t) = —b(¢)x(t) is GUES and a
certain additional integral condition for b(t) is satisfied, then Equation (7) is GUES.
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Note that the equation x(t) = —b(t)x(t) is GUES if and only if (3) hold for b(t) (see
Section 4), while for the equation %(t) = —b(#)x(t — 7(t)) this condition is not sufficient and
additional upper bounds are required. For example, even for constant values b(t) = b > 0
and 7(t) = r the equation X(t) = —bx(t —r) is GUAS only if br < 71/2; for time-varying
non-negative functions b(t) and 7(t), this condition turns into restrictions imposed on their
supremum or some integral (see, e.g., [27]).

But even such conditions stop working as soon as the coefficient b(t) is allowed
to change sign. The authors of [25] investigate whether sufficiently small bounds r
for the delay and b for the integral |, :7 (1) |b(s)|ds < by and exponential stability of
%(t) = —b(t)x(t) cause exponential stability of the equation %(t) = —b(t)x(t — (t)) with
an oscillating coefficient b(t). They provide an example showing that, unlike the case of
the equation with b(t) > 0, such r and by cannot be found in the general case.

Thus, the study of the stability of linear delay equations with sign-changing coefficients
is a rather challenging problem. Even for the scalar Equation (4) there are only a few results
of this kind; see [25] and references therein.

Next, we deduce sufficient GUES conditions for several examples of Equation (4)
using Theorem 2, and compare the conditions with those obtained by some other methods.

Example 1. Consider the scalar equation
X(t) = —x(t) +b(t)x(t — (1)) 6)

with 0 < T(t) < 7.

The classical theorem (Theorem 1) implies GUAS of (1) for |b(t)| < 1; the same inequality
follows from other results (see, e.g., [24] and references therein).

Let b(t) be a periodic function of period 1 given by

_ [0, te]|0,0),
b(t){ d te[c,;),

where c € (0,1) and d > 1.

For the derivative of the function V(x) = |x| by virtue of the Equation (1) for (s) =
gs (¢ > 1), we obtain the estimate from Lemma 1 with p(t) = 1 —q|b(t)|. If r < 1, then
a = min{r,c}, and if n —1 < r < n with integer n > 1, then a = nc. For T = 1, we get
A=c+ (1—c)(1—gqd) =1—qd(1 — c). Then, by Theorem 2 the conditions q > ", A > 0 are
sufficient for GUES of Equation (1).

In Table 1 we compare the results for Equation (1) obtained using various assertions.

Table 1. Comparison of some sufficient conditions for GUAS (GUES) of Equation (1).

Method Stability Conditions Convergence Rate
[31] (1—c)d < =47 ~ 03161 -
GUAS
[32] (1-c)d<1,r<—In[(1-c)d], -
GUAS
[33] (I—c)d<es, A/(1+7),
e ¢ >e 1203679 (A=1-¢d(1-0))
GUES
Theorem 2 (1—c)d<e™® A
a=
ncif max{e,n—1}<r< n (A=1-¢"d(1—c))
(mne{1,2,...,})
rifr <c
GUES
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Note that the conditions of GUAS from [32] follow from the estimates obtained using Theorem 2.
Thus, the number d can be large enough, provided that c and r are small enough. A comparison
of the conditions for r, ¢, and d shows that for large values of r, Theorem 2 gives more restrictive
conditions than [33], and vice versa for small ones.

Example 2. Consider the scalar equation

£(t) = ~b()x(t - T(1)) %

with a bounded b(t) and a time-varying delay T(t) € [0,7].

Using the function V (x) = |x|, we find that the estimation in condition 3 of Lemma 1 holds for
p(t) =0b(t)—|b(t)|q ftir |b(s)|ds, where (1) = qu and q > ¢°. We denote b = sup,cr+ |b(1)],
then p(t) > b(t) — qrb* and ftHTp(G)dG > A = b— qrTh?. Moreover, in condition 1 of
Lemma 1, the number @ can be chosen to be equal to rb. Thus, if the zero solution of the equation
X(t) = —b(t)x(t) is GUES, then the GUES of Equation (7) is guaranteed for sufficiently small
values of r (at least for 0 < r < b/ (erPD2T).

To compare known GUES conditions with the conditions of Theorem 2, consider a special case
of Equation (7) (see ([30] Example 2) and ([25] Example 4)) with the function

. a, 2n<t<2n+1,
b(t)_{ —B, 2n+1<t<2n+2, ®

where0 <r<1l,a>p>0,andn=0,1,2,....
For (7), (8) with a constant delay, the condition of GUES is obtained in the form

(2eP — e~ (=B) —1)ar
1— e*("‘*ﬁ)

<1 )

in [30], and in the form

w P 1
ramax{w_A,A_ﬁ}e < 1 forsome A € (B, «) (10)
in [25]. ,

From Theorem 2, we get the conditions AT-(x — B)? + (a — B) — qr(a® + p?) > 0and
q = e"(@=B*r) Table 2 lists some numerical values of the parameters , B, and r and indicates
whether the conditions of Theorem 2 or Equations (9) or (10) are satisfied for these sets.

Table 2. Fulfillment of sufficient GUES conditions for (7), (8) with different values of the parameters

«, B, and r.
Values of («, B, r) Theorem 2 9) [301 (10) [25]
(0.6, 02, 0.6) + + +
(0.6, 03, 0.5) + - -
(0.6, 0.3, 0.4) + + -
(0.6, 0.3, 0.6) - - -

Comparing the results for Equation (7) with b(t) given by (8), we observe that the conditions
do not follow from each other and may or may not be satisfied depending on the parameter values. In
addition, the conditions obtained using Theorem 2 remain applicable in the case of variable delay,
including a state-dependent one.

Note that all the mentioned stability conditions are sufficient. Not every pair of

conditions can be compared; one or the other may win, depending on the particular
equation. However, it is worth noting that the previously obtained results discussed in this
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section were obtained using methods that make significant use of linearity of the equation
under study. The results of this paper are obtained on the basis of Lyapunov-Razumikhin
functions and are applicable to more general time-varying equations (see Section 6 for some
examples of nonlinear equations).

Example 3. Consider the system
X(t) = —sin®t - x(t) + bx(t — T(t)), T(t) € [0,7]. (11)

We study the stability conditions for this equation with arbitrary values of r > 0 and b > 0.
For b > 1/2, the necessary condition GUES of the Equation (11) does not hold for r = 0. Numerical
experiments show that the solutions of Equation (11) for b > 1/2 increase indefinitely for all r > 0.
Using the function V(x) = |x|, we find that the estimation in condition 3 of Lemma 1 holds for
p(t) = sin®t — q|b|, and the conditions of Theorem 2 are satisfied for Equation (11) whenever
7 =1/2—q|b| > 0and q > e'/>*". In this case, for all solutions of the equation, the estimate
1x(£)| < M]|xs,|le~1t10) is valid with M = e'+71. The given GUES conditions are satisfied,
for example, for b = 0.2, v = 6,9 > 2.243, 1 < 0.0513, and M > 3.2. It can also be noted that
none of the GUES conditions given in [24,25] are not applicable here.

From Figure 1, we find that Equation (11) is GUES with the decay rate guaranteed by
our conditions: for the selected parameter values, the norm |x(t)| is less than M||xy|le~1(t~t0),
The above GUES conditions remain valid for the equation x(t) = — sin®t - x(t) + Zf\; bi(t)x(t—
7 () with "N, |b;(t)| < band 0 < 7(t) < rforalli=1,...,N (see an example with N = 2 in
Figure 1a). For comparison, the time evolutions of other functions that estimate the decay rate of
solutions are also shown. These functions are calculated using formulas from ([33] Theorem 1). It is
clearly seen that our estimate of M is very conservative and much worse than the estimate by [33],
but the decay rate estimate gives a better result (0.0513 versus 0.0176). We also see that for b > 0.5
the solutions of Equation (11) diverge (Figure 1b).

(b)

)

o

’ 0 2 4 6 8 10 12 14 16 18 20 0 10 20 30 40 50 60 70
t t

Figure 1. Evolution of the states with t) = 0, ¢1(s) = —2(1 + $scos?(3s)), and ¢o(s) = 2(1 +
1ssin?(6s)): (a) for Equation (7) with b = 0.2 and 7(t) = 6(1 — 0.2 cos? ) (red line); for the equation
x(t) = —sin?t - x(t) + by ()x(t — 7 (t)) + bp(t)x(t — 1o (t)) with by (t) = 0.1(1 — 0.2sin?t), by(t) =
0.1(1 - 0.1cost), 7y (t) = 4(1 — 0.5sint), and To(t) = 6/(1 + sin t) (green line); the blue dashed
lines indicate the time evolution of the functions M]||x;, [le~(!=1), the orange dash-dotted lines
indicate the time evolution of functions estimating the decay rate of solutions by ([33] Theorem 1).
(b) for Equation (7) with 7(t) = r = 6 and b = 0.5 (red line) or b = 0.52 (green line).

6. Nonlinear Examples
Example 4. Consider the system

X(t) = f(t/ xf) +g(t, xt)/ (12)
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where x(t) € R", and suppose that for some & > 0 the inequality || ¢|| < & implies f;(t, ¢)¢;(0) <
—a;(t)9?(0) and |gi(t, )| < bi(t)|@;(0)] forall i = 1,...,n. Using the function V(x) =
MaXic(1, . n} |Xi|, we obtain that system (12) is UES whenever p(t) = miny;<,(a;(t) — qbi(t))
satisfies the conditions of Theorem 2 for some q > 1.

It should be pointed out that the idea of generalizing “linear” results to a certain class
of nonlinear systems using the direct Lyapunov method is used quite often; see e.g., [29].

Example 5. Let yi; > 0, f; : Rt xC — Rand g; : Rt x C — R be continuous and lo-
cally Lipschitz uniformly in t and take non-negative values for non-negative ¢ (i = 1,...,n).

Define f(t,@) = (fi(t,@),-- flt, @), 8(t, @) = diag(g1(t, ), gu(t, @), and p =
diag(p1, ..., un), and consider the system

2(#) = f(t xe) = (4 + g(t,x))x(b), (13)

arising in models of population dynamics [34].
It is also assumed that x(t) € R" takes non-negative values and there exist matrices LF

(k=0,1,...,m+ 1) such that f(t, @) < 4Ly LFo(—1¢) + ffymﬂ L™+ (s)(s)ds with rg = 0,

0 <r <rfork=1,..,m[34] Let us denote L = Ypy L5+ [°  L"*(s)ds. In [34],
the exponential convergence of positive solutions of (13) is proved under the condition that y — L
is a nonsingular M-matrix. Let us use the function V(x) = maXe(y,. u) |x;|. Estimating the
derivative of this function by virtue of system (13) and applying Theorem 2 with a constant p(t) (see
also Theorem 4 below), we obtain a sufficient condition for the exponential convergence of positive
solutions of (13) in the form:

in (u;— Y L) >0. 14
ie?ﬁ}f}n}(# ]; if) (14)

Notice that whenever all L;; = 0, which corresponds to most specific models, condition (14)
means that the matrix y — L is strictly diagonally dominant. This implies that y — L is a nonsingular
M-matrix [35]. 1t is easy to see how, for system (13) with time-varying parameters, condition (14)
can be generalized using Theorem 2.

7. Discussion

On one hand, Razumikhin’s conditions simplify the practical checking of the corre-
sponding requirements that guarantee one type of stability or another, since the resulting
estimate of the derivative does not depend on the history of the system; this circumstance,
in turn, gives more "freedom” for delay in comparison with the method of functionals.
On the other hand, the absence of an estimate for the derivative of the Lyapunov function
along the entire solution makes it difficult to estimate the rate of convergence of solutions.

To obtain an estimate for the convergence of solutions based on Theorem 1, one
can use a special structure of the time-dependent Lyapunov function, so that the conver-
gence to zero of the function itself implies a certain rate of convergence of solutions (see,
for example, [36]).

Another approach is to modify the requirements for the function V (¢, x). A significant
number of modifications of Razumikhin-type theorems are based on ideas representing the
so-called comparison principle. Two types of comparison theorems [37] give rise to two
types of sufficient stability conditions.

In the first case, the estimate of the derivative is constructed over the entire domain,
and therefore, it has the form of a functional. Accordingly, the comparison equation is
a delay equation. In the second case, the derivative of the function V (¢, x) is estimated
over some set in the spirit of Razumikhin’s conditions, but to determine this set, it is
necessary to know the solutions of the comparison equation [37]. In the first case, to apply
the result, it is necessary to obtain information about the properties of solutions of some
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delay equation; in the second one, it is necessary to find a solution to a (nonlinear) ordinary
differential equation.

Therefore, it is natural to try to obtain more specific forms both for estimates of the
derivative of the function V(t,x) and for Razumikhin-type conditions. The particular
form of the proposed comparison equations makes it possible to obtain more constructive
requirements that provide suitable properties for the solutions of these equations and, at
the same time, do not lead to the "trivial” stability conditions that follow from the classical
theorems. In this case, the requirements for the Lyapunov function are easier to check in
specific applications, and sometimes it is also possible to obtain information about the
convergence of solutions.

The results which do not make use of any Razumikhin conditions, but use a functional
as an estimate of the derivative, mainly go back to the following statement:

Lemma 2 (Halanay’s lemma, [38]). Let v(t) be a piecewise C' non-negative valued function
that admits constants r > 0,0 < B < a such that (t) < —av(t) + pmax;_,<s<t v(s) holds for
all t > to. Then, the inequality v(t) < max_,<s<o0(to +8)e~71) holds for all t > to with
v € (0, — B) be the root of the equation v = a — Be".

There are a number of extensions of Halanay’s lemma to the time-varying case; they are
formulated in different forms and under different assumptions, depending, among other
things, on the purpose of use (e.g., [31,32,39-41]). Moreover, in a number of cases, the pro-
posed conditions imply classical requirements for the Lyapunov-Razumikhin function,
which ensure (asymptotic) stability.

The requirements on the derivative in such results are relaxed due to the fact that
the proposed conditions do not impose restrictions on the values of the system parame-
ters themselves, such as delay and norms of the system coefficients, but instead involve
integration of the time-varying parameters.

The second approach, which is based on the use of Razumikhin’s conditions, uses the
following result in most cases:

Theorem 4. Suppose that there exists a function V : Rt x R" — R, numbers v > 0and g > 1,
and functions a1, ap € K such that a1 (|x|) < V(t,x) < ax(|x|), and V'(t, ¢) < —yV(t, ¢(0))
whenever t € R and max_,<s<o V(t + s, ¢(s)) < qV(t,¢(0)). Then, along any solution
x(t) = x(t; to, po) of (1), the following inequality

V(tx(t)) < max V(tg+s, go(s))e min(vina/nit=t)
—r<s<0

holds for all t > to. If, in addition, a;|x|™ < V(t,x) < ay|x|™ for some integer m > 0, then
Equation (1) is GUES.

This statement is proved in various ways and used in a number of papers (see [7]
and references therein). Some estimates for the convergence of the function V (¢, x) along
solutions use other Razumikhin-type conditions. For discussion of a number of such results,
see [8]. Note that, in such statements, the estimate of the derivative of a (non-negative)
function V (¢, x) is usually non-positive on the entire time interval. The question arises
whether it is possible to allow the sign of the estimate of the derivative to change, and at
the same time to ensure the (asymptotic) stability of the zero solution of this equation.

One of the main ideas to combine these requirements is to use integral constraints on
the parameters of the system studied (including the delay). As a result, it turns out that a
delay system can be asymptotically stable even if the system is described by an equation
with an unstable zero solution on some (short) time intervals. Therefore, a “classical”
function for such a system cannot exist.
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The first result allowing usage of an indefinite time-derivative of the function V (¢, x)
under a Razumikhin-type condition was probably given in [42]: sufficient conditions for
uniform stability are justified therein, provided that on the set (3;(V) the estimate

Vit g) <yp(t)V(L 9(0), (15)

is valid, where [ max{¢(s),0}ds < oo, and for uniform asymptotic stability, the estimate
0

ft; max{—1y(s),0}ds > e(t — ty) is additionally required for some ¢ > 0 and sufficiently
large values of t. Itis clear that such a function i (t) does not have to be negative all the time.
On the other hand, the conditions of [42] cannot be satisfied if, for example, (t) is periodic
and ¢(t) > 0 forall t from [a,b] C [0, T|] where T is the period and b > a. For such functions
P(t) in (15), sufficient conditions for uniform asymptotic stability and exponential stability
were obtained in [33]: inequality (15) should be verified on the set Q);(V, 17), wherein the
functions ¢ and # are linked by a certain relation. Note that Theorem 2 implies Theorem 4
for p(t) = 1.

The results obtained here are close to the Razumikhin-type asymptotic stability theo-
rem from [33], but another approach is used and other exponential stability conditions are
obtained. It should be mentioned at this point that in [33] the estimate of the decay rate of
solutions decreases with increasing delay, while in the estimate of Theorem 2 an increase
in delay can lead to an increase in the number M. Thus, the results of [33] and Theorem 2
complement each other.

8. Conclusions

This paper has dealt with the problem of uniform exponential stability for nonlinear
time-varying delay systems. We apply the Razumikhin method to establish sufficient
conditions for exponential stability, and propose an extension of the Razumikhin approach
for time-varying systems. Namely, the time-derivative of the constructed Razumikhin
function is allowed to be indefinite, and a new upper estimate on the rate of decreasing of
the function is also obtained.

The statements deduced can be seen as extensions of those in some earlier work
discussed in the previous section, as well as some known sufficient conditions for the
exponential stability of linear delay equations. The application of the exponential stability
conditions derived here to specific examples shows that the previous related results are
either inapplicable or give some other exponential estimates for the solutions.

We note that the use of the Razumikhin method gives rise to stability conditions
that are sufficient but not necessary. Therefore, such stability conditions may be overly
conservative. Various approaches have been taken to reduce the conservatism of the
method, and numerous results have been obtained in this area. However, no universally
good stability criterion exists; which criterion is better depends on what a specific system is.

The simple examples given in the paper show that Theorem 2 can be less conservative
than other methods.

The method used in this paper for estimating the function V along solutions of a
differential equation can be extended to wider classes of differential equations. It can
also be used to solve other problems. For example, in [39], similar estimates are used for
sufficient conditions for practical stability (exponential stability is a special case; see ([39]
Remark 1)). Parenthetically, in [39] the coefficient of V in the estimate of the derivative
is negative.

In [16], methods from [33] are extended to stochastic systems, as well as to studying
other types of stability, in particular input-to-state stability and integral input-to-state
stability. In [14], the ideas of [33] were developed for impulsive stochastic systems with
delay. For such systems, it is necessary not only to construct estimates for a function V on
continuity intervals, but also to take into account the change in this function at impulse
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moments. The most important feature of the results from [14] is that time-derivatives of
Razumikhin functions are allowed to be unbounded.

We also note the recent work [43], in which the reaction—diffusion epidemic model
with a delayed impulse is studied. For this model, a new synchronization criterion is
obtained. In this case, the Lyapunov—Krasovskii functional is used, but the estimate for the
derivative also has the form V' < —¢V with v > 0.

Therefore, the results obtained in this paper can be extended both to other types of
equations and the study of other qualitative properties. In the future, the estimates of
Razumikhin functions will be refined and used to study other types of stability.
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