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MODELING NONLINEAR ENERGY TRANSMISSION CHAINS
VIA VOLTERRA SERIES: CONVERGENCE CRITERIA
AND STABILITY BOUNDS UNDER PERIODIC EXCITATION

This paper derives sufficient conditions for the convergence of
Volterra series representing solutions to a class of nonlinear inte-
gral equations that model energy objects’ dynamic networks with
periodic input signals. By formulating the system’s response
through a nonlinear integral equation, we establish rigorous criteria
for the absolute convergence of the Volterra series expansion. Spe-
cifically, we analyze energy objects’ networks containing ideal
bandpass filters excited by trigonometric polynomial inputs, a con-
figuration common in simplified analyses of physically realizable
systems. For energy systems’ resistive nonlinear chains, we
demonstrate that the Volterra series reduces to a power series and
provide explicit estimates of its convergence radius (Theoretical
statement 3). Additionally, Theoretical statements 1 and 2 present
generalized convergence criteria based on the minimization of a
functional over a constrained spatial domain, extending prior re-
sults for NARX-type systems. The results can contribute to bridg-
ing theoretical analysis with engineering applications, offering
practical tools for designing nonlinear energy systems’ chains with
predictable dynamics, such as those found in power electronics and
signal processing systems.
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Introduction. The Volterra series has long served as a foundational
tool in the analysis and modeling of nonlinear systems, particularly in con-
texts where memory effects and weak nonlinearities are present. Unlike
the Taylor series, which is limited to memoryless systems, the Volterra
series captures dynamic behavior through multidimensional convolution
integrals, making it indispensable for describing nonlinear chains of ener-
gy objects such as resistive or reactive networks. However, the practical
utility of the Volterra series hinges critically on the convergence of the
expansion, especially when modeling complex nonlinear chains subjected
to periodic or broadband excitations.
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Recent advances have highlighted the limitations of classical conver-
gence criteria, particularly for systems modeled by NARX (Nonlinear Au-
to-Regressive with Exogenous Input) structures. Zhu and Lang (2020) [1]
introduced a Generalized Output Bound Characteristic Function (GOBCF)
to rigorously assess convergence, offering a more robust alternative to
earlier methods. Further refinements in frequency-domain approaches, as
detailed in Zhu’s 2021 monograph [2], have expanded the applicability of
Volterra series to higher-order nonlinearities and general input signals.
Additionally, Jing and Xiao (2017) [3] derived analytical bounds for con-
vergence in a class of nonlinear systems, providing key insights into the
radius of convergence under various excitations. The works [1-3] explore
both theoretical and practical aspects of convergence, including the use of
the Generalized Output Bound Characteristic Function (GOBCF), fre-
guency-domain representations, and parametric bounds for nonlinear sys-
tems under various input conditions.

Despite these advancements, the increasing complexity of modern
energy systems-from smart grids to nonlinear transmission chains-
demands more precise convergence guarantees. This paper addresses this
need by establishing sufficient conditions for the convergence of Volter-
ra series in a specific class of nonlinear dynamic chains. By modeling
these systems through nonlinear integral equations, we derive explicit
criteria for convergence and estimate the convergence radius for resistive
chains under periodic inputs. The results not only can extend the theoret-
ical framework of nonlinear system analysis but also can provide practi-
cal insights for engineers designing energy systems with predictable dy-
namic responses.

One of the methods for analyzing nonlinear systems is the method
of Volterra series [4-6]. This method is usually used to calculate the
steady state of systems in order to determine the mutual influence of
nonlinear distortions. Literature sources also provide examples of how
this method is used to calculate oscillations in autonomous systems [7].
An extremely important task associated with the use of VVolterra series is
convergence and determination of truncation error conditions of local
convergence [8-10], as well as nonlocal convergence of Volterra se-
ries [1, 11-13] for a certain class of systems described by equations of
state and integral equations. In this work, an attempt is made to establish
sufficient conditions and radius of convergence of Volterra series for a
certain class of networks.

Dynamic network analysis: computational methods for nonlinear
systems with periodic excitations. A wide class of nonlinear networks
containing a single nonlinear element (Fig. 1),
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Fig. 1. Network with a nonlinear resistor
can be described by the following integral equation

t):jk(t—r)F[y(r)]dr+v(t) te[0,00), 1)

where k(t) is the impulse response of the linear part of the network for

which j|k(t)|dt<oo, v(t) is the input signal, y(t) is the output signal,

—00

F :|R —>|R an integer function characterizing a nonlinear element with
the property. F(0)= F'(O):O. Let us assume that the input v(t) is a
periodic signal (not necessarily valid) with a period T =27/Q described
by a trigonometric polynomial
N .
= > vl v eC. )

Let us analyze the established reaction y(t) . Consider an equation
describing a steady state

t)= [k@F[y(t-7)]dz+v(t), te(-o,m). 3)
0
The solution of equation (3) can be presented in the following form
= Yo" @)
n

To analyze equation (3), we apply the method of Volterra series,
based on the representation of the solution y(t) in the form of a homoge-

neous mapping V,

y(t) = Zynv(t) = iT"'Tgn(t_Tl""’t_z-n)f[v(ri )dz—i ) ()

where g, (z,...,7,) is the nucleus of Volterra of the nth order.

Substituting (2) in the row (5), we get the steady state y(t) in the fol-
lowing form
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y(t):i ZN: Gn(pilv"-v Pi, )Vi1---Vinej(pll)r"'drp'")t ' (6)

n=1i,...,i,=—N
where G (s;,...,s,) is the nth order transfer function, p;, =< . Formula

(6) shows that each element of series (4) has the form of a power series
with 2N + 1 complex variables

0

Vo= 2, agn’)__'a VA Ve, n=0,41,..; @ Mec. @)

In addiﬁEJn, éuppose that there y(t) are no harmonic components in
the reaction. This means that we must try to find a solution to the follow-
ing equation

y(t)= J. k(r)F[y(t—z')Jdr—i-v(t), te(—o,0). 8)

—00

The conditions for uniform convergence with respect to the time of t
the series z y(”) (t) to the solution y(t) of equation (8) can be represent-
n

ed as follows
y-Uy=v, 9)

where

QZZ[K(—jNQ)UfN (y—Nv"'1yN)v"'1K(jNQ)uN (ny""vYN )]T,
and

17 S jkot | ke
un(y_N,---,yN):?IF Z yie e dt, n=0,%1,---,+N .
0 k=—N

Thus, the method of Volterra series consists in finding a solution
Y=[Y_nrr YN ]T to a system with 2N +1 nonlinear equations (9) in a
complex Euclidean space in the C2N*! form of a power series. Let us de-
termine the radius of convergence of the power series.

Definition 1. The radius of convergence is the maximum radius of a
ball centered at zero in which the series (7) is absolutely converging and is
written as

Yp,= sup {Iim sup | > [@W v vl | (10)
N ) K o K 1, Xania
=1 > @, oy
,,:ZN‘V”‘ 1 2N+1

Particularly, we’re looking for a the radius of a sphere p in which
all rows (7) are absolutely converging for n=0,41,...,+N, which means
p=minp,.

n
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The power series in the convergence ball are uniformly converging,
hence the Volterra series (5) is uniformly converging in the time domain t .

Convergence criteria for series expansions in nonlinear systems.
It follows from equation (9) that (1-U)y=v. The mapping (1-U) is
holomorphic for everyone y e C2"**, since F We require that the inverse

mapping to G = (1—Q)_l also be holomorphic on a specified solution set.

A mapping possessing this property is called a biholomorphic mapping. It
is known that a mapping is biholomorphic if and only if it is both injective
and holomorphic.

To determine the domain in which the operation (1-U): D, — D, is

injective, let's apply the Banach compression theoretical statement. The Fré-
chet derivative of the mapping U in C?N*1 s a Jacobian matrix in the form

U'(y) _ Koy (X)/ay—'\‘ Konouy (X) /ayN
7 Knauy (y)/ay o Kyauy (y) oy | @D
K, =K(jnQ).
It follows from Banach's theoretical statement that a set of elements
satisfying the inequality ”U_()_/)” <1 or

Kr@%ul" <X) <l (12)

T
where A,,..., A,y are the characteristic numbers of the matrix {U ] U,

forms the domain D, in which the mapping (1—L_J) is injective. Therefore,
the mapping (1—Q) of the domain D, in D, is injective and holomorphic.

The radius p, centered at zero included in D, , expressing sufficient condi-

tions for the convergence of the Volterra series, is equal to the smallest dis-
tance of the point to the v=0 boundary of the T", domain D, , which means
=min|y-U Hzmin v . 13
Pa yerl, ”X =Y verl, "_" ( )
The above propositions can be summarized in the form of the follow-

ing theoretical statement:

Theoretical statement 1. If the following assumptions are met:
1. K(jw)=0 where |o|>NQ;



MatematuyHe Ta KOMI'I,I'OTepHe Mo entoBaHHA

2. F — integer function and F(0)=F (0)=0, then for signals v(t) sat-

N
isfying the inequality ZN |vn |2 < p*a, the Volterra series is uniformly
e

converging with respect to time to t the solution of equation (8) taking
into account the expression (13).
A set in which the mapping (1—L_J) is biholomorphic, can be deter-

mined by a different method using Rouché's theorem [7], which requires
some additional constraints on the functions u,, .

Consider the following theoretical statement that defines sufficient
conditions for the convergence of VVolterra series.

Theoretical statement 2. Let assumptions 1 and 2 of theoretical
statement 1 hold and the functions u,, satisfy the conditions:
1. un(y,N,---,yN)|yn:0:O where n=0,+1,---,+N, (14)
2. ¥, =Ky, (Y_n,.-. YN ) =0 where y, =0 then
ZeP(O,R,N,...,RN). (15)
Then for the input signal v(t) , satisfying the inequality

Vo <My (et ) = 1y 0oy e [Ya = Kty (Yoo Y )
n=0,£1...,+N.
The Volterra series is uniformly converging to the t solution of
equation (8), where 0<r, <R, .
Assumption (14) significantly limits the class of functions u,, and

F , for which we can use Theoretical statement 2, whereas inequality (15)
will always be satisfied in the class of systems considered.

Instead of using the inequality (16) that defines the amplitude range of
the individual harmonics of the input signal v(t) , we can use the formula

N
2 .
/n—ZN|Vn| <p(r_N,...,rN):_@LQNMn(r_N,...,rN),

determining the effective value v(t) of. Primary interest lies in the maxi-
mal achievable signal value p, , given by the expression

Pp=max  p(ry,....Ny).
_0<r<R7N

(16)

b<r<RN

Nonlinear resistive networks: Volterra series analysis and conver-
gence properties. Using Theoretical statement 2, we can determine the neces-
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sary and sufficient conditions for the convergence of Volterra series for specif-
ic types of networks and signals. Consider the resistive network (Fig. 2) de-
scribed by equation (1), which for k(t) = k05(t) takes the form of

y= I(o a7

i=Fi (u) i
|
e(t) ) I w=F()

Fig. 2. Nonlinear resistive network
Let us solve equation (17) in the form of the Volterra series (5),
which in our case is a power series y = Zanv” converging for |v| <P
n

Within the convergence domain, the power series converges uniformly.
Then for the signals v(t) , continuous and limited, satisfying the condition

of sup V()| < p, row Y a,[v(t)]" is uniformly converging in t to a
n

continuous and limited function y(t) . Radius of convergence p, of such

a series is defined by theoretical statement 3.
Theoretical statement 3. Let the nonlinear element be described by

the analytic function F(y)= chny” for |y| <r,. The radius of conver-
n=

gence of the Volterra series, which is the solution of equation (17), is giv-
en by the following expression

p. = sup inf
O<r<R 0<¢p<27

rel —k,F (rej"’)‘ , (18)
where is R <, the radius of the largest domain in which y—k,F(y) =0

for y=0.

Practical case. The practical application of the convergence criterion
defined by theoretical statements 1, 2 and 3 can be illustrated by the fol-
lowing example. Consider the chain defined by the equation

0= [ K(e)[y(t—o)] de+ Acosr. 19)

The frequency response of the linear part of this network is shown in
Fig. 3.

11
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Fig. 3. Frequency response of the linear part

The members of the series determined on the basis of the recurrent
formula are

y(t) = AcosQt +% KAZ cos(Qt + ) +§ K2A® [cos(Qt +20p) + %cos Qt} +

+i—g K3A7[cos(Qt+3¢o)+%COS(Q'[+¢’o)+%cos(m_(/’0)}+'“
Equation (9) becomes
{yl} 3K 4yhy :{Vl} . (20)
Yol 3Kyt |

It follows from theoretical statement 1 that

2 3 (3
A2 2< p? = 1+ ( —2c0s j .
/ Pa = Jaok { J90 /o0 &

The analyzed chain satisfies the assumptions of theoretical statement 2.
Let's also assume that v_; =V; . From theoretical statement 2 we get

2
2 1-3Kr?)=—“"_. 21
Ao< ma rli-a?)= T @y

In a particular case, when ¢, =0, the system of two equations (20)
can be reduced to one equation for the amplitude

Vil = 3Ky +vi| (22)

and arg y; =arg v, .
Using equation (22), theoretical statement 3 (or another method), it is
possible to prove that the radius of convergence of the series |y;| = > a, |v;|"
n

is |vi| < p, =2/(9yK) . Thus, using theoretical statement 2 in the case

@, =0, we obtain the quantity (21), which determines the radius of conver-

gence of the Volterra series. The dependence of the obtained sufficient condi-
tions for the convergence of the Volterra series, which is the solution of equa-
12
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tion (19) in the phase function ¢, is shown in Fig. 4, where T1 < T2 and T3 -
are the corresponding theoretical statements.

A
—-—D.S A,-m,;W ‘“""T'| :
T3 :
N 12
04 '

0 1 2 %35

N i
T ] T -

Fig. 4. Solution of equation (19) in the phase function

Conclusion. This paper has presented a rigorous method for estimating

the radius of convergence of the Volterra series as a solution to a nonlinear
integral equation, with a focus on networks containing an ideal bandpass filter
under periodic excitation in the form of a trigonometric polynomial. Such a
formulation is particularly relevant for the simplified analysis of physically
realizable nonlinear systems, where the periodic response is often approximat-
ed by a finite number of harmonic components.

The key contributions of this work are as follows:

1. Convergence criteria for nonlinear integral equations (Theoretical
statements 1 and 2):

sufficient conditions for the convergence of the Volterra series by
deriving a criterion based on the minimization of a specific func-
tional over a defined spatial domain are established;

these results can extend classical convergence analysis by incorpo-
rating periodic input constraints, ensuring applicability to real-
world energy engineering problems, such as nonlinear filter design
and signal processing.

2. Explicit radius of convergence for resistive chains (Theoretical state-
ment 3):

for the class of resistive nonlinear chains described by equation
(17), we demonstrated that the Volterra series reduces to a power
series with a well-defined radius of convergence;

this provides a computationally tractable framework for engineers
to assess the validity of Volterra series approximations in practical
network analysis.

Broader implications and future work. The derived convergence

conditions are particularly valuable in nonlinear network theory, where
ensuring the validity of functional expansions is crucial for accurate mod-
eling. Future research could explore generalizations to time-varying sys-

13
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tems or stochastic excitations, as well as numerical implementations for
automated convergence verification in network simulation tools. In sum-
mary, this work can contribute to advancing the theoretical foundations of
nonlinear energy system analysis while offering practical tools for engi-
neers working with nonlinear chains, bandpass filters, and periodic signal
processing. The results can bridge the gap between abstract functional
analysis and applied energy networks design, reinforcing the Volterra se-
ries as a powerful tool for modelling energy objects’ nonlinear dynamics.
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MOAENIOBAHHSA HENMIHIMHUX KIN
EHErPETU4YHUX CUCTEM 3A ONMOMOIOLo PAAIB
BOJNIbTEPPU: KPUTEPII 3BDKHOCTI TA MEXI CTIMKOCTI
NPU NEPIOANYHOMY 3BYXXEHHI

V naniit po6OTi OTpEMaHO AOCTaTHI YMOBH 30DKHOCTI psiniB BombTe-
ppH, SIKi OIMUCYIOTH PO3B'SI3KU KJIacy HENHIHUX IHTerpajbHUX PiBHSHD,
10 MOJEJIOIOTh AMHAMIYHI KOJIa EHEPreTHYHHUX 00'€KTIiB i3 mepio uuHu-
MU BximHuMH curHanamu. llnsxom ¢opMmymoBaHHS peakuii CHCTEMH
4yepe3 HeNiHIHE iHTerpalbHe PIBHSIHHSA MH BCTaHOBIIOEMO CYBOPI KpH-
Tepii abconoTHOT 301KHOCTI po3kinany B psa BoasTeppu. 3okpema, noc-
JiPKEHO KOJIa CHepreTUYHHUX O00'€KTiB, IO MICTATH iAeajbHI CMYTOBi
¢dinpTpHu, 30yMIKEHI TPUTOHOMETPUYHHMHU ITOJIHOMIaIbHUMH BXiTHUMH
CUTHaJaMH — KOH(QITypalis, TUIIOBA JJIsl CIIPOIICHOTO aHali3y (i3uaHO
peaiizoBaHUX cucTeM. [l pe3sUCTUBHUX HENIHIHHUX KiJl eHepreTHYHHX
CHCTEM IOKa3aHo, IO psii Bonbreppy 3BOJUTHCS 10 CTENEHEBOTO Py,
Ta HaBEJCHO SIBHI OLIHKHM #oro pamiycy 306ixHocTi (TeopeTnune TBep-
mokeHHs 3). logatkoBo, TeopeTuyHi TBepMKeHHs 1 Ta 2 MicTATH y3ara-
JTpHEHI KpuTepii 30DKHOCTI, 3acHOBaHI Ha MiHiIMi3amii (QyHKLiOHATY B
0oOMexeHil MPOCTOPOBii 00IaCTi, IO PO3MIHUPIOE MOTIEPEAHI PE3yNbTaTH
i cucteM Ty NARX. Otpumani pe3ynbTaTd MOXKYTh CIIPHATH IO€]T-
HaHHIO TEOPETUYHOTO aHaJi3y 3 IHKEHEPHIMH 3aCTOCYBAaHHIMH, IPOIIO-
HYIOYH NPaKTHYHI IHCTPYMEHTH ISl IPOCKTYBAaHHS HENIHIMHUX KilT eHe-
PTEeTHYHHX CHCTEM i3 IependadyBaHOI0 JHHAMIKOIO, TAKUX SK CHCTEMH
CHUIIOBOT €JIEKTPOHIKH Ta 0OPOOKH CHTHATIB.

KuawuoBi cnoBa: 30iscnicms padie Bonvmeppu, Heainitini inmeepaivHi
PDIBHSIHHSL, OUHAMIYHI eIeKMPUYHI KOIA, NePioOUdHI 6XIOHI CUSHAU, Pe3Uc-
MUGHI HEeAIHIUHI KOAA, OYIHKA paodiycy 30ijCcHOCmI, anpoxkcumayis cmene-
HegUMU PAOAMU, HETIHITIHI eHepeemUdHi cucmemu.

Otpumano: 25.06.2025

15



	Математичне та комп’ютерне  моделювання
	Серія: Технічні науки
	Редакційна колегія:
	Zb_teh_27_1.pdf
	Andriy Verlan, D.Sc.,
	Norwegian University of Science and Technology, Gjøvik, Norway; National Technical University of Ukraine «Igor Sikorsky Kyiv Polytechnic Institute», Kiyv, Ukraine
	MODELING NONLINEAR ENERGY TRANSMISSION CHAINS VIA VOLTERRA SERIES: CONVERGENCE CRITERIA  AND STABILITY BOUNDS UNDER PERIODIC EXCITATION
	Key words: Volterra series convergence, nonlinear integral equations, dynamic networks, periodic input signals, resistive nonlinear chains, convergence radius estimation, power series approximation, nonlinear energy systems.
	References:
	МОДЕЛЮВАННЯ НЕЛІНІЙНИХ кіл  ЕНЕГРЕТИЧНИХ СИСТЕМ ЗА ДОПОМОГОЮ РЯДІВ ВОЛЬТЕРРИ: КРИТЕРІЇ ЗБІЖНОСТІ ТА МЕЖІ СТІЙКОСТІ  ПРИ ПЕРІОДИЧНОМУ ЗБУДЖЕННІ

	Ключові слова: збіжність рядів Вольтерри, нелінійні інтегральні рівняння, динамічні електричні кола, періодичні вхідні сигнали, резистивні нелінійні кола, оцінка радіусу збіжності, апроксимація степеневими рядами, нелінійні енергетичні системи.
	Oleksii Zholtovskyi,
	Oleksandr Stanislaviv,
	Olena Smalko, PhD
	Kamianets-Podilskyi Ivan Ohiienko National University, Kamianets-Podilskyi
	Procedural Generation of Digital Terrain  Using Discrete Hydrodynamic Models

	Key words: procedural terrain generation, discrete hydrodynamic models, partial differential equations, physics-based modeling, computer graphics.
	References:
	Процедурна генерація цифрового рельєфу за допомогою дискретних гідродинамічних моделей

	Ключові слова: процедурна генерація рельєфу, дискретні гідродинамічні моделі, диференціальні рівняння в частинних похідних, фізично обґрунтоване моделювання, комп'ютерна графіка.
	В. В. Жуковський, канд. техн. наук,
	Д. Л. Грабовський
	Національний університет водного господарства та природокористування, м. Рівне
	моделювання внутрішньочастинкового масопереносу за допомогою дробово-диференціальних рівнянь

	Ключові слова: дробово-диференціальні рівняння, дробова похідна, математичне моделювання, каталітичне пористе середовище, метод Фур’є, метод перетворення Лапласа, функція Міттаг-Лефлера.
	Список використаних джерел:
	Software Development for Intraparticle  Mass Transfer Modeling Using Fractional Differential Equations

	Key words: fractional differential equations, fractional derivative, mathematical modeling, catalytic porous medium, Fourier method, Laplace transform method, Mittag-Lefler function.
	Р. А. Крук,
	Н. А. Жуковська, канд. техн. наук
	Національний університет водного господарства  та природокористування, м. Рівне
	ЗАСТОСУНОК-ПОСЕРЕДНИК ДЛЯ ТРАНСФОРМАЦІЇ  ВИМОГ ДО ПЗ ATLASSIAN JIRA П’ЯТИКРОКОВИМ СЕМАНТИЧНИМ АНАЛІЗОМ ГЕНЕРАТИВНОЇ  ВЕЛИКОЇ МОВНОЇ МОДЕЛІ

	Ключові слова: інженерія вимог, Agile, LLM, аналіз вимог, Jira, семантичний аналіз.
	Список використаних джерел:
	FIVE-STEP SEMANTIC ANALYSIS MIDDLEWARE FOR ATLASSIAN JIRA SOFTWARE REQUIREMENTS TRANSFORMATION USING GENERATIVE  LARGE LANGUAGE MODEL

	Key words: requirements engineering, Agile, LLM, requirements analysis, Jira, semantic analysis.
	Р. С. Мусій, д-р фіз.-мат. наук, професор,
	А. В. Кунинець, канд. фіз.-мат. наук,
	Б. Й. Бандирський, канд. фіз.-мат. наук,
	О. Г. Орищин, канд. фіз.-мат. наук,
	І. Г. Свідрак, канд. тех. наук
	Національний університет «Львівська політехніка», м. Львів
	ДОСЛІДЖЕННЯ ПРОЦЕСІВ НАГРІВУ  НЕФЕРОМАГНІТНОГО ДВОШАРОВОГО  ПОРОЖНИСТОГО ЕЛЕКТРОПРОВІДНОГО ЦИЛІНДРА  ЗА ДІЇ НЕУСТАЛЕНОГО ЕЛЕКТРОМАГНІТНОГО ПОЛЯ

	Ключові слова: двошаровий порожнистий електропровідний циліндр, неусталене електромагнітне поле, однорідна дія, осьова компонента вектора напруженості магнітного поля, тепло Джоуля, процеси нагріву.
	Список використаних джерел:
	INVESTIGATION OF THE HEATING PROCESSES  OF A NONFERROMAGNETIC TWO-LAYER HOLLOW ELECTROCONDUCTIVE CYLINDER UNDER THE ACTION  OF AN UNSTEADY ELECTROMAGNETIC FIELD

	Key words: two-layer hollow electrically conductive cylinder, unsteady electromagnetic field, homogeneous action, axial component of the magnetic field intensity vector, Joule heat, heating processes.
	В. Д. Павленко, д-р техн. наук, професор,
	Д. К. Лукашук, аспірант
	Національний університет «Одеська політехніка», м. Одеса
	АНАЛІЗ РЕДУКЦІЇ ДІАГНОСТИЧНИХ  МОДЕЛЕЙ ОКОРУХОВОЇ СИСТЕМИ  У ПСИХОФІЗІОЛОГІЧНИХ ДОСЛІДЖЕННЯХ

	Ключові слова: психофізіологічний стан, око-рухова система, моделювання, багатовимірні перехідні характеристики, технологія айтрекінгу, діагностична модель, аналіз редукції, машинне навчання, метод Байєса, метод опорних векторів.
	Список використаних джерел:


	Zb_teh_27_2.pdf
	ANALYSIS OF THE REDUCTION OF DIAGNOSTIC  MODELS OF THE EYE MOVEMENT SYSTEM  IN PSYCHOPHYSIOLOGICAL STUDIES
	Key words: psychophysiological state, eye movement system, modeling, multidimensional transient characteristics, eye-tracking technology, diagnostic model, reduction analysis, machine learning, Bayesian method, support vector machine method.
	В. В. Палагін, д-р техн. наук, професор,
	О. В. Івченко, канд. техн. наук,
	О. А. Палагіна, канд. техн. наук,
	В. В. Філіпов, канд. техн. наук,
	О. С. Гавриш, канд. фіз.-мат. наук,
	А. В. Байрак,
	Р. Л. Пташкін
	Черкаський державний технологічний університет, м. Черкаси
	РОЗРОБКА МЕТОДУ АНТИСПУФІНГУ  ЗОБРАЖЕНЬ В СИСТЕМАХ БІОМЕТРИЧНОЇ  БЕЗПЕКИ З ВИКОРИСТАННЯМ ML

	Ключові слова: технічний захист інформації, біометрична автентифікація, машинне навчання, виявлення живості, комп'ютерний зір, багаторівневий захист, антиспуфінг.
	Список використаних джерел:
	DEVELOPMENT OF AN IMAGE ANTISPOOFING METHOD IN BIOMETRIC SECURITY SYSTEMS USING MACHINE LEARNING

	Key words: technical information protection; biometric authentication; machine learning; liveness detection; computer vision; multi‐layered protection; anti‐spoofing.
	В. В. Палагін, д-р техн. наук, професор,
	О. В. Івченко, канд. техн. наук,
	О. А. Палагіна, канд. техн. наук,
	В. В. Філіпов, канд. техн. наук,
	А. В. Байрак,
	О. А. Проценко
	Черкаський державний технологічний університет, м. Черкаси
	МЕТОД МАШИННОГО НАВЧАННЯ ДЛЯ АНАЛІЗУ ШКІДЛИВОГО МЕРЕЖЕВОГО ТРАФІКУ  НА ПРИКЛАДНОМУ РІВНІ (DHCP SPOOF)

	Ключові слова: кіберзагрози, атаки на інфраструктуру, штучний інтелект, мережева безпека, DHCP spoofing, IDS аналіз, машинне навчання.
	Список використаних джерел:
	MACHINE LEARNING METHOD FOR MALICIOUS  NETWORK TRAFFIC ANALYSIS  AT THE APPLICATION LEVEL (DHCP SPOOF)

	Key words: cyber threats, infrastructure attacks, artificial intelligence, network security, DHCP spoofing, IDS, machine learning.
	Т. М. Пилипюк, канд. фіз.-мат. наук,
	В. С. Щирба, канд. фіз.-мат. наук
	Кам’янець-Подільський національний університет  імені Івана Огієнка, м. Кам’янець-Подільський
	СПЕЦИФІКА БАГАТОПОТОКОВОГО МЕТОДУ  РЕАЛІЗАЦІЇ МУРАШИНОГО АЛГОРИТМУ

	Ключові слова: графові моделі, мурашиний алгоритм, розподілені системи та паралельне програмування.
	Список використаних джерел:
	SPECIFICS OF THE MULTITHREADED  IMPLEMENTATION OF THE ANT COLONY ALGORITHM

	Key words: Graph models, Ant Colony Algorithm, Distributed systems and Parallel programming.
	С. А. Положаєнко, д-р техн. наук, професор,
	А. Ю. Прокофьєв, аспірант
	Національний університет «Одеська політехніка», м. Одеса
	ЗАБЕЗПЕЧЕННЯ БАЖАНОГО ПОРЯДКУ ЛОКАЛЬНОЇ ПОХИБКИ ПРИ РЕАЛІЗАЦІЇ МОДЕЛЕЙ ДИНАМІЧНИХ СИСТЕМ МЕТОДОМ ЗІ ЗРОСТАЮЧОЮ ТОЧНІСТЮ

	Ключові слова: динамічна система, математична модель, локальна похибка, метод зі зростаючою точністю.
	Список використаних джерел:
	ENSURING THE DESIRED ORDER OF LOCAL ERROR  IN THE IMPLEMENTATION OF DYNAMIC SYSTEMS MODELS BY THE METHOD WITH INCREASING ACCURACY

	Key words: dynamical system, mathematical model, local error, method with increasing accuracy.
	A. A. Savelev, senior lecturer,
	L. L. Prokofieva, senior lecturer
	Odesa Polytechnic National University, Odesa
	QUALITATIVE ANALYSIS OF MATHEMATICAL  MODELS OF ENERGY PROCESSES BASED  ON THE GENERAL THEORY OF MODELS

	Key words: mathematical model, synthesis of the mathematical description, system of the equations in private derivatives, theorems of existence and uniqueness of the decision.
	References:
	ЯКІСНИЙ АНАЛІЗ МАТЕМАТИЧНИХ МОДЕЛЕЙ ЕНЕРГЕТИЧНИХ ПРОЦЕСІВ НА ОСНОВІ  ЗАГАЛЬНОЇ ТЕОРІЇ СИСТЕМ

	Ключові слова: математична модель, синтез математичного опису, система рівнянь у приватних похідних, теореми існування та єдиності рішення.
	В. А. Федорчук*, д-р техн. наук, професор,
	О. Є. Коваленко**, д-р техн. наук
	База даних як засіб отримання  адаптивної моделі предметної області  зі слабоформалізованими об’єктами

	Ключові слова: адаптивна модель, слабоформалізовані об’єкти, база даних, гнучка схема, еволюція системи, видавнича справа, NoSQL, предметна область.
	Список використаних джерел:
	DATABASE AS A MEANS OF OBTAINING ADAPTIVE MODEL OF A SUBJECT AREA WITH WEAKLY FORMALIZED OBJECTS

	Key words: adaptive model, loosely formalized objects, database, flexible schema, system evolution, publishing, NoSQL, subject area.
	Відомості про авторів
	Алфавітний покажчик авторів
	Зміст


	end.pdf
	Математичне та комп’ютерне  моделювання
	Серія: Технічні науки



