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AnBoTanus. MccnenoBanne IMHAMUKN 00BEKTOB C ABIKYIIUMECS IPAHUIIAMH, OIIUCHIBAEMBIX OTHOMEPHBIMU
Kpa€BbIMHU 3ajadyaMu, INPEACTABIACT 3HAYMTEIbHBII UHTEPEC UIsI COBPEMEHHBIX WHXXCHEPHBIX U HAYYHBIX
pacueToB. B craTbe npejcrasieH pazpaboTaHHblil nporpamMHbli komiuieke « TB-ANALYSIS», co3nanHblii B
cpene MATLAB a1t MaTeMaTH4€CKOTO MOAEIHPOBAHHS U aHATIM3a PE30HAHCHBIX XapaKTePHCTHK OOBEKTOB C
JBIDKYIIUMHCS TpaHunaMy. KirodeBol 0COOEHHOCTBIO KOMILIEKCA SBISETCS HHTETPAIMS KIACCHYECKHX
YHCIEHHBIX METOJOB C COBPEMEHHBIMHU aITOPHTMAMH HCKYyCCTBEHHOTO MHTEIUIEKTa. [l peleHus: KpaeBbIX
3ajad pEeaNN30BaHBl TPH OCHOBHBIX METOJA: AHANMTHYCCKHH METOJ 3aMCHBI IIEPEMEHHBIX B CHCTEME
(YHKIMOHAIBHO—PA3HOCTHBIX yPaBHEHHH, aCHMITOTHYECKUI METOJ M MPUONIKEHHBIH METOJ MOCTPOCHHMS
petieHuit nHTerpo—audQepeHInanbHbIX ypaBHeHUH. MHTeIeKTyanbHblid BIOOP METOAa OCYLIECTBISETCS
aBTOMATHYECKH B 3aBHCHMOCTH OT THIIA peIlaeMOd 3ajayd. ApPXUTEKTypa KOMILICKCA BKIIOYAET
B3aMMOCBSI3aHHBIE MOJYJIH, JOCTYII K KOTOPBIM OCYLIECTBISICTCSA 4epe3 eIUHbIH rpadudeckuil nHTEpdeiic.
OcHOBHBIE MOMYJH NpeJHAa3HA4YEHBI UL MCCIEAOBAHHs PEHICHHH KpaeBBIX 3a1ad, aHAJINW3a PE30HAHCHBIX
CBOMCTB M yhnpasJICHUS PE30HAHCHBIMU SBJICHUSAMU. I[J'Iﬁ o0ecrieueHrs: TOYHOCTH BBIYMCICHUI peanr3oBaHa
CIenuanbHas HPOLEeNypa OLEHKM IIOIPEIIHOCTH Ha KakJoM Imare. JIos AeMOHCTpaluH BO3MOXHOCTEH
KOMIIIEKCA BHITIOJIHEHO HCCIIE0BAHHE TONEPEYHBIX KoJeOaHui BsI3KOYIPYTroro KaHaTa IepeMeHHOH ITHHBI,
JIEXKAIIEro Ha ynpyromMm ocHoBaHMH. OCHOBHOE BHUMAaHHE YJIEJIE€HO NPUMEHEHHIO METOJ0B HCKYCCTBEHHOTO
UHTEJUIeKTa, HEHPOHHBIX CeTeld M MAIIMHHOIO OOydYeHMs [UIsi aHaliu3a pe30OHAHCHBIX SIBJICHUI,
IIPOTHO3UPOBAHKSI ONTHMAIBHEIX IIapaMETPOB CHCTEMBI U IPEJOTBpaIeHHs pe3oHaHca. Mcmonb3oBaHue
ry0OKHX HEHPOHHBIX CeTel M aJaNTHBHOTO YNPAaBICHHUS MOBBICHIO TOYHOCTH IPOTHO30B M 3()(HEKTHBHOCTH
yIpaBaeHusl cUCTeMoil. B pesynbTaTe HelpoceTh MO3BOJNSET NPOTHO3HPOBATH PE3OHAHCHBIE YACTOTHI U
IpeJgaraeT ONTHMAlbHBIE MapaMeTphl. PacueTs! MOATBEPAWIHM, YTO IIApaMETPhl, IIPEUIOKCHHBIS
HCKYCCTBEHHBIM HHTEIUIEKTOM, IEHCTBUTEIBHO MPEJOTBPAINAIOT pe3oHaHC. Pa3paboTaHHBIA HPOrpaMMHBII
KOMIUIEKC MpeJcTaBiasieT co00i 3(¢EKTHBHBIH HHCTPYMEHT Ul MCCIEAOBAHMS AMHAMHMKH OOBEKTOB C
JIBIDKYIIUMHCS I'paHULAMH. [lepcrieKTuBBl HalbHEHIIEro pa3BUTHsA CBA3aHbl C pACIIMPEHHEM Kiacca
pelaeMbIX 3a1a4 U pealn3alyell JOMOIHUTEIBHBIX YUCICHHBIX METOIOB.

KiroueBble clioBa: HPOrpaMMHBIM KOMIUIEKC; JBIXKYILIMECS TIPaHHIBI; KpaeBble 3alauyd; PE30HAHCHBIE
SIBJICHUS; MCKYCCTBEHHBIH HMHTEJUIEKT, MallMHHOe oOyueHue; HeiiponHbie cetn; MATLAB; kosneGanus
OJIHOMEPHBIX 00BEKTOB; ONTUMH3ALMSI [TAPAMETPOB; CUCTEMbI IEPEMEHHOM JTHHBI.
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Abstract. The study of the dynamics of objects with moving boundaries described by one-dimensional
boundary value problems is of significant interest for modern engineering and scientific calculations. The article
presents the developed software package "TB-ANALYSIS", created in the MATLAB environment for
mathematical modeling and analysis of the resonant characteristics of objects with moving boundaries. A key
feature of the package is the integration of classical numerical methods with modern artificial intelligence
algorithms. To solve boundary value problems, three main methods are implemented: an analytical method for
replacing variables in a system of functional-difference equations, an asymptotic method, and an approximate
method for constructing solutions to integro-differential equations. Intelligent selection of the method is carried
out automatically depending on the type of the problem being solved. The system's architecture includes
interconnected modules accessible through a single graphical interface. The main modules are designed to
investigate solutions to boundary value problems, analyze resonance properties, and control resonance
phenomena. To ensure calculation accuracy, a special error estimation procedure is implemented at each step.
To demonstrate the system's capabilities, a study was conducted on the transverse vibrations of a variable-
length viscoelastic cable resting on an elastic foundation. The study focuses on the use of artificial intelligence,
neural networks, and machine learning to analyze resonance phenomena, predict optimal system parameters,
and prevent resonance. The use of deep neural networks and adaptive control increased the accuracy of
predictions and the effectiveness of system control. As a result, the neural network can predict resonant
frequencies and suggest optimal parameters. Calculations confirmed that the parameters suggested by the
artificial intelligence do indeed prevent resonance. The developed software package is an effective tool for
studying the dynamics of objects with moving boundaries. Prospects for further development include expanding
the class of problems solved and implementing additional numerical methods.

Keywords: software package; moving boundaries; boundary value problems; resonance phenomena; artificial
intelligence; machine learning; neural networks; MATLAB; vibrations of one-dimensional objects; parameter
optimization; variable-length systems.
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1. Introduction

Objects with moving boundaries are widely used in various technical devices, such as ropes in lifting
mechanisms [1-8] or flexible elements in transmissions [9]. The main difficulty in their
mathematical description is associated with taking into account the moving boundaries. Exact
solution methods are limited by the wave equation and relatively simple boundary conditions [10].
Among the approximate methods, the most effective are the method for constructing solutions of
integro-differential equations, described in [6, 11-13], as well as the Kantorovich-Galerkin method
[7, 10, 14, 15]. These methods have been adapted for more complex models that take into account
bending rigidity, the influence of the external environment, and the elastic foundation of the
vibrating object.

270



JInrunos B.JI., Illamonnn M.B., JIuteunosa K.B. ITporpaMmHBIii KOMILIEKC /115t TPOTHO3MPOBAHMS U aHAN3a KOJ1€OATENbHBIX TIPOLECCOB
B MEXaHHYECKHX CHCTEMax C MOJBMKHBIMH rpanuuamu. Tpyost MCIT PAH, 2026, Tom 38 Bbim. 2, ¢. 269-286.

This article presents the development of the TB-ANALYSIS software package [16], created in the
MATLAB environment for mathematical modeling and analysis of the resonant characteristics of
objects with moving boundaries, described by one-dimensional boundary value problems. The
formal statement of the problem to be solved is presented in Section 2. Three main methods are
implemented to solve boundary value problems: the analytical method of replacing variables in a
system of functional-difference equations [17], the asymptotic method [18], and the approximate
method of constructing solutions of integro-differential equations [12, 13]. Intelligent selection of
the method is performed automatically depending on the type of the problem to be solved (class of
integro-differential or differential equation, initial and boundary conditions, etc.). A key feature of
the package is the hybrid architecture described in Section 3, which integrates classical numerical
methods with machine learning algorithms into a single iterative workflow. Key functional
capabilities of the software package include: obtaining and analyzing numerical solutions of model
equations for various system parameters and external influences; studying the influence of multiple
factors on resonance properties, including the type of object, boundary velocity, oscillation modes,
drag forces, viscoelastic characteristics, bending stiffness and substrate rigidity; Optimization of
model parameters to eliminate unwanted resonance phenomena. A key feature of this software
package is the resonance management function, implemented within the analysis and adaptive
control module. Its purpose is to automatically determine the frequency range in which resonance
occurs and create conditions for its elimination by optimizing model parameters.

Using artificial intelligence, the system's resonant frequencies were determined, as well as the
conditions under which resonance can be prevented. Key parameters influencing resonance were
identified. The hybrid neural network ResonanceNet (Section 7) was trained using this data,
enabling it to predict dangerous resonant frequencies and propose optimal parameters. To
quantitatively evaluate the advantages of the developed hybrid approach, Section 8 compares its
accuracy and performance with classical methods. Thus, the proposed approach based on Al and
machine learning demonstrates improved accuracy and reduced computation time. Modern research
also confirms the effectiveness of hybrid approaches combining physical models with deep learning
for predicting and suppressing resonant phenomena in dynamic systems [19-21].

2. Statement of the problem

We consider a class of mechanical systems with moving boundaries, the dynamics of which are
described by boundary value problems for partial differential equations of the form:

U, 0+ LUE D= 9(¢.7.UE 1)U (£,7)), E€ [0,1(en)], 7> 0,
where U(&,7) is the desired function (transverse or longitudinal displacement); L is a linear

differential or integro-differential operator that takes into account the elastic and viscoelastic
properties of the object, the resistance of the medium, and the rigidity of the substrate; /(£7) is the

specified law of change in the length of the object (boundary motion); € is a small parameter
characterizing the slowness of boundary motion;, ¢ is a specified function of class C,

characterizing the external influence. Boundary conditions are specified as follows:
v [V en.e) =y
i=Lm;j=12
Here Y, are linear homogeneous differential operators with respect to &, m<2 is a positive
integer; F,(7) are given functions of class Cc’.

When analyzing resonance properties, the initial conditions are assumed to be zero.
The main objectives of the work are:

1. Develop a hybrid numerical-analytical method combining classical approaches (asymptotic
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method, Kantorovich-Galerkin method, method of constructing solutions of integro-
differential equations) with machine learning algorithms for predicting resonance
characteristics.
2. Based on this, create the "TB-ANALYSIS" software package, which provides:
a. Automatic selection and application of the optimal classical method for generating
training data and verification.
b. Prediction of resonant frequencies and amplitudes using a specialized neural network.
c. Adaptive control of system parameters to suppress unwanted resonant modes.
3. Conduct a comparative quantitative analysis of the accuracy and effectiveness of the hybrid
approach compared to classical methods.

3. Software architecture
The TB-ANALYSIS software suite's modular architecture implements an iterative hybrid algorithm

that combines classical numerical methods with machine learning. The main modules interact
according to the following scheme:

3.1 Parameterization and preliminary numerical modeling module

The system parameters and boundary conditions are input. Based on an analysis of the problem type
(equation type, boundary conditions), one of three classical methods (analytical, asymptotic, and
approximate) is automatically selected. The selected method is used for rapid calculations over a
limited time interval and the formation of an initial feature vector X,, which can also be

supplemented for subsequent training of the neural network.

3.2 Machine learning module "ResonanceNet"
The feature vector X is input to a pre-trained hybrid neural network. The network performs multi-
task regression, producing a prediction of the target variables y,,.,, = Y(f > Apus R )» Where f

is the estimated resonant frequency, 4, is the estimated amplitude, and R, is the resonance risk

max

category.

3.3 Analysis, verification and adaptive control module
Forecast y,,, is analyzed for reliability. If the network's confidence level (measured through the

prediction variance in Monte Carlo dropout) is below a specified threshold, control is transferred to
the advanced numerical simulation module for a high-precision calculation using the classical
method. The obtained results are added to the database for further network training. Based on the
final forecast, recommendations are generated for adjusting system parameters (stiffness, damping)
to shift the operating point away from the resonant region.

3.4 Visualization and Results Output Module

Provides tools for graphical and tabular presentation of results, including plotting dependencies,
comparing methods, and generating final reports. This architecture effectively combines the
prediction speed of Al methods with the accuracy and reliability of classical numerical methods,
creating a self-learning system for analyzing the dynamics of mechanical systems with moving
boundaries.

4. Analysis of resonance properties of models using a software package

Activating the "Analysis of Resonance Properties of Models" button in the start window initiates a
transition to a specialized interface that maintains an identical menu structure to the interface of the
boundary value problem solution research module.
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The module's interface includes control panels for configuring study parameters: the "Study Object"
switch allows selection between rope and beam models, while the "Dependency Analysis" panel
provides a choice between two study types: amplitude time dependence analysis and the dependence
of maximum amplitude on boundary velocity. Computational procedures are implemented through
a system of built-in functions: the calculation of amplitude-time characteristics is performed by the
"met_ampl" function, while the analysis of the maximum amplitude's dependence on velocity is
performed by the "met_ampl_max" function, which uses "met_ampl" as a subroutine. This block
also provides the ability to vary key model parameters, including the mode number, damping
coefficients, object stiffness, viscoelastic properties, and substrate stiffness, using the corresponding
input fields.

The interactive "Calculate" button is used to initialize the calculation procedures and subsequently
visualize the resulting dependencies in graphical format.

The dependence of maximum amplitude on speed is determined using an original method developed
as part of this study. The method is based on an analytical expression for oscillation amplitude,
derived through solving integro-differential equations, taking into account the resonant
characteristics of the mechanical systems under study. The amplitude of the system's oscillations in
the nth dynamic mode is described by the following expression:

A@)=EX) [j E,(é”)cosqh(é)dé”} {Jﬂ(é)sin‘bn(é")dé”} : (1)

The algorithm for numerically studying steady-state resonance and the phenomenon of passing
through resonance is implemented in the "met_ampl max" function. Fig. 1 shows a graph of the
dependence of the maximum amplitude of rope oscillations when passing through resonance on the
boundary velocity for various dimensionless values of the medium resistance coefficient (from top
tobottom: a=0; o =0,01) with the following model parameters: mode number 1; object stiffness
coefficient 0.01; viscoelasticity coefficient 0.01; substrate stiffness coefficient 0.02.

The calculation of the time dependence of the oscillation amplitude according to formula (1) is
implemented in the internal function "met _ampl", which is used as a subroutine in the function
"met_ampl_max". Fig. 2 presents the results of test calculations demonstrating the change in the
amplitude of transverse oscillations of a variable-length rope when passing through resonance in the
first dynamic mode for a specific set of initial model parameters, implemented in dimensionless
variables. In addition to their direct functional role, the graphical dependencies shown in Fig. 1 and
2 clearly demonstrate the characteristic features of the behavior of the oscillation amplitude, which
form the basis of the method for determining the maximum
amplitude [10, 17].

Amnnutyaa (A)

0 0.02 0.04 0.06 0.08 0.1
CropocTk (g)

Fig. 1. Graph of the dependence of the maximum amplitude on the velocity of boundary movement for
different values of the medium resistance coefficient (from top to bottom: o =0; o =0,01).
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Fig. 2. Graph of amplitude versus time as it passes through resonance.

5. Estimation of the error in calculating the amplitude of oscillations

Let us move on to the assessment of the error in calculating the square of the amplitude [17] when
the system passes through resonance.
2

2
A (z,7,) = E}(eT,) { | ﬂ(s()coscbn(:)d:} {IE,(S{)sin@,,(é“)dé“}
1 1 (2)
In [12] an important auxiliary lemma was proved:
Lemma 1. Adding and subtracting a constant to a function z(7) does not affect the result of

calculating the function.
2(£.7,.7,) { [ f(é“)COS[Z(C)]dé“} { [ f(()sin[Z(é“)]d{}

According to Lemma 1, the error in the numerical calculation of function @, ({) does not affect the

accuracy of expression (2), which significantly simplifies the procedure for estimating the total error.
Thus, the reliability of the amplitude calculation using expression (2) is determined solely by the
accuracy of the calculation of the two integrals:

1, :Tﬂ(e{)cosd),,(i)d( I, = TFn(eg“)sindnn(g)dZ.

3)
Let us define the maximum error in calculating the integrals as R, = max{Rilm, Rif"}, where
R}, R, are the errors in calculating the integrals /,, 1, , respectively.
Then expression (2) can be represented as follows:
A (7.1 = EL(){I] +17] ’ @

where fl =1, +R,, isthe approximate value of /,, and fz =1, +R,, is the approximate value of

int
I, . Let us substitute expressions for approximate values into (4):
2@ = E@){(1+ R, ) +(L+R, )} =

int int

int

= EJ@) (114 1)+ 2E] (0, Ry [ Ry + 1+ 1, ] =

274



JInrunos B.JI., Illamonnn M.B., JIuteunosa K.B. ITporpaMmHBIii KOMILIEKC /115t TPOTHO3MPOBAHMS U aHAN3a KOJ1€OATENbHBIX TIPOLECCOB
B MEXaHHYECKHX CHCTEMax C MOJBMKHBIMH rpanuuamu. Tpyost MCIT PAH, 2026, Tom 38 Bbim. 2, ¢. 269-286.

= sz(Tl>Tz)+2E: (Tz)Rim [&m +1, +12] :
From here, the error in calculating the square of the amplitude (2) is calculated using the formula

R:2Ei (TZ)Rim [Rim+11+[2]' 5)

The software package implements a step-by-step error estimation algorithm based on formula (5).
Calculation accuracy is controlled by adjusting the calculation accuracy of integrals (3), using the
built-in MATLAB quad function, designed for numerical integration and allowing the required
calculation accuracy to be specified via the corresponding input parameter.

An additional factor for calculation optimization is the use of the additivity property of the integral
operator, which significantly reduces calculation time:

[E@cos,1a¢ =1,

T, +AT 7, +AT

[ F@)eos®,()as =1+ [ F(O)eosd,(O)dl

al

where A7 >0 is the step along 7.

6. Estimation of the error in calculating the transverse vibrations of a
viscoelastic rope of variable length

6.1 Statement of the problem

The problem under consideration of analyzing the transverse vibrations of a viscoelastic rope of
variable length, placed on an elastic foundation and possessing bending rigidity while taking into
account the resistance forces of the environment, is a special case of the general formulation of the
problem [10].

The differential equation describing the vibrations of the rope is:

U”(x,t)—azUxx(x,t)+iU[(x,t)+ﬂU (x,t)+'u—1U (x,t)+&U(x,t) =0.
P P P

000 XXXXI (6)

The boundary conditions can be written as follows:
U@,n)=0; U,(0,1)=0; %)
U(l,(®),t) = BecosW,(ayt); U, (1,(2),t) =0. ®)

In problem (6) — (8) the following notations are used: U(x,?) is the transverse displacement of a

point on the rope with coordinate x at time #; £ is the modulus of elasticity of the rope material; /
is the axial moment of inertia of the rope cross-section; x4 is the parameter characterizing the

viscoelasticity of the object; A is the resistance force of the medium acting on a unit length of the
rope at a unit velocity of transverse motion; ko is the rigidity of the substrate; a = \/m is the
minimum velocity of wave propagation, 7 is the tension force, p is the linear mass density of the
rope; 1,(t) = L, —v,t is the law of motion of the rope boundary; L, is the initial length of the rope;
W,(z) is a function of class C*; B, @, are constant values.

Let us introduce dimensionless variables into problem (6) — (8):

L —
E=wyx/a T=a)0t+M; U(x,0) = Bu(¢,7),
VO
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and a new function u(£,7)=e *V(£,7), where o =1/(2w,p).
Then problem (6) — (8) will take the form:

Va6, D)~V (§,0) =0V (& D)+ (B =y Wiegee G0+ ¥ Vs (£,7) =05 ©)

V(0,7)=0; V§¢ 0,7)=0;

(10)
V((eT),7) = €™ cos W(z); V:(I(€7),7) =0, (1
where
2 3
Jig =E22; 7 =£gj; ler)=l+er, 0° =’ -1,
P a a
k w,L,—a
N=—5W@)=W,(T=7): ,=———: £=—v,/a.
P vy

6.2 Solution to the problem

We will solve problem (9) — (11) in dimensionless variables in accordance with the methodology
described in [7, 10, 14-17].
2

Let us introduce the notations 8> = (B> —ay?) and Q (¢7) =@}, (e7)— 0>, where ,,(£7) are
the natural frequencies of problem (9) — (11).
Let us find an expression for the dynamic modes X, (¢, e7) and functions @,, (€7):

X, (&, 1) = 4, {sin[k, (e7)E]+c, (eT)shlk, (eT)E1};
@,,(€7) =[w,, (e7)+d, (gr)]\/l +8[w, (e0)+d (D],

where
A, =1/ max {sin[k, (e7)&]+c, (eT)sh[k,(eT)E]};

k(1) = %\/—HJHMZ@?H (€7); ky(e7) = ﬁ«/l +/1+48° @}, (e7);

_ sin[k, (e7)l(£7)] o, (er)= T,
shlk,(e7)l(e7)] I(e7)

We will look for a solution to the problem in the form

VED =Y 10X, (e,

n=1

d,(er)= ! arctg o, (£7)

c,(e) = I(eT) \/ 1+ 8%l (e7) '

where u,(7) = A4,,(¢7)y,(7), and the function y,(7) satisfies the following equation, written with
an accuracy of up to values of the order of £*:

Me‘” cos W (7).

Vi) +Q;, (€7)y, (1) =~ A (en)

(12)

Making calculations for functions O, (£7), 4,, we obtain:

—k (eT\1+ 45> @}, (e7)

0, (er)= @ (DA T) cos[k, (er)l(eT)];
4,,(e1) =1/ 4, (€7); 4, (e7)= 21(87)[1 c,(€7)] (€D, (D5
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Using the asymptotic method and the small parameter method [18], we find that two linearly

independent solutions of the homogeneous equation corresponding to (12) have the form:
y,(T)=a,(er)cosw, (T); ,,(T)=a,(eT)sinw, (7),

where

a,(er)=1/Q,, (€7); w, (1) = j.QOH €$)d¢.

The oscillation amplitude corresponding to the n-th dynamic mode has the form (1), where

¢ ®, ()= w, ()W, (L)
F\(e0) = &, (e0)0,, (e0)e™ \[4,, ()1 Qy, (€0).

44, (enQ,, (1)’
6.3 Analysis of resonance properties
Using the methodology described in [10], we will consider the phenomenon of steady-state
resonance and passage through resonance.
Steady-state resonance in the system under consideration is observed if
W.()=w,(D)+7,

E,(er)=

where ¥, is a constant value. The amplitude in this case has the form
A4,(r) = E, (e7)[ F,(e0)d{.
0

When a harmonic disturbance with frequency a,, acts on the system when W(r)=r7, the
phenomenon of passing through resonance may occur on any of the dynamic modes.

The point of the resonant region 7,, in which ®/(z,)=0, is approximately determined by the
following formula:

1 26°
T, =— n—1].
E|\-1+1+458°(1+0?)
The expression for the maximum possible amplitude when passing through resonance has the
form (2).

6.4 Estimation of calculation error

Let's estimate the calculation error. The solution to problem (6-8) is as follows:

u(é: 7)= e z H, (T)Xn (57 £7).

n=l (13)
By discarding the terms of the series starting from the k-th in (13), we obtain an expression for the
error in the form

R =Y u,(0)X, (&, 1)
n=k . (14)
To calculate (14) it is necessary to find the dependence of the error on the number k. At >0,
7>0, we have

R|=[e™ > 1, (D)X, (&,€7)| <
n=k

> 4,(0X, G en|< Y lu, (00X, E.e0)| =
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i

where the amplitude modulus #,(7) is determined by the expression

/un (T)‘ ‘Xn (57 6‘T)

0,0~ E, (&) ﬂime;)cosdx(;)dg} +ﬁﬂ(8§)sin¢n(§)d§} }

The error in calculating integrals [, = J.Fn (&l)cos®,(HdS, I, = IFn(gg“) sin®, ({)d{ s
discussed in section 5.

—aT

e

4Aln (‘97)\/ a)gn -0’

To evaluate E,(er), it is necessary to evaluate the components of d,(e7), @, (€7), 4,,(€7),

Let's evaluate the factor E, (£7) =

k (€7), k,(€7), ¢, (€T) . Let's evaluate d, (€7).

n
I(e7)

)

arctg ! arctg
7)

1
d,(e7) = l(e7) °n? T (e
1+6°
I*(er)

or
- .
[ (§T)+52”2
n
or 1 or

l(l ) aretg —= <d, (er)<lim arctg
T f
/ (fT) Lo
n

= [(eT [ ’
(e7) [ (§T)+52;1-2
=1 n
! arctg <d,(
I(e7) PP (er)+ 8*m?

4
As a result, we obtain an estimate for d, (€7):

£7) < ! arctgl .
I(eT)

0<d, (er)< 7
4i(er) ' (15)
Now let's evaluate @,,(€7) .
2
n n
@, (e7)=| ——+d, (e7) |, [1+ 6| ——+d, (e7) | =
b (E7) (l(ﬂ) i )]\/ (l(gr) i )]
2
or 5 o
=@ n+arctg 5 1+ P en) zn+arctg B
(“;'T) g g ({;‘T) g g
n n
As a result, we obtain an estimate for @,,(€7) :
T o, T 1 o’rn’ 1Y
——n,[l+— n° <@y, <——n+—|, 1+ n+—| .
I(eT) I“(e7) I(e7) 4 1" (e1) 4 (16)
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sin[ 2k, (e7)!(e7)]
4k, (e7)@,, (eT)S

Let's evaluate 4, (e7) =—1(e7) [1 —c(er )] To do this, we will evaluate each

component of 4, (7) separately.

Let's make an assessment £k, (€7):

kl(er):ﬁ\/—l+.ll+45zw§n(er).
2 .2 2 2
1\/—1+\/1+425” nz[l ‘f J<k1(gr)£
20 I“(e7) i (gr)

1 48t (1Y, & 1Y
S |-1+ 1+ n+—| |1+ n+—| |.
20 1" (e1) 4 1" (e1) 4

Ln<kl<ﬁ)si(n+lj
l(eT) I(eT) 4 . a7
Let us similarly estimate k,(e7) :

267" n’ <k,(er) < 2+ 25z 2[n+lj .

l (sr) I*(er) 4

<k (sr)<\/ + 2”2 (n+lj
l (er) I"(er) 4 . (18)
sink, (e7)l(e7)]

Let's proceed to the assessment of ¢, (€7) = — .
shlk, (e7)l(e7)]

il )n and k,(e7) = * the numerator is sin[k, (¢7)/(¢7)] =0, therefore
T \!

For k (e7)= m
3

c,(e7)=0.

Let us consider c,(e7) at other extreme values of k (e7r) and k,(e7): k(e7) _ﬁ( +%j,

<«
|shlk, (eT)i(eT)]|

2 2
k,(e7)= |0 + 2” (n + lj . As a result, we get
I”(e7) 4

Next, we will construct an estimate from above.
< 1 B 2
‘Sh[kz (ET)Z(ST)]‘ ekz(sr)l(sr) _ e*kz(sr)l(sr) :

Let's substitute the two extreme values for k,(e7) one after the other.
2 2
k, (£T)(€7) —k, (7)1 (€7) ) - 2 2
e’ —e” ‘ [ z(m\/(sh . T ”
*(er) e 1 (er) —e 1% (er)

_ 2

e\llz(sr)r?zﬂrznz _e—\/IZ(Er)rFZHan2 :

Let's find the limitsat n=1 and n — o .
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2 | 2

e\/lz(sr)ﬁzwrz _eﬂ/lz(er)ézwrz ’

e\/lz(er)ézwrznz _eﬂ/lz(er)ﬁzwrznz - -

lim 2 =0

n—eo \/I (e1)8> +7°n” _e—\llz(sr)ﬁzwrznz

The second extreme value of &, (¢7) is found similarly for n=1 and n — .

2 ‘ ~ 2
2 2 -
\/11(81)51+”2[n+l] —\/lz(e‘r)éZ +/r2(n+l) \/1 (e7)6° +25—” —le(sr)c?z +25—”
Yo—e ¢ —e 16

lim 2 =0

n—yee 2 2, 2 1y 2 ) 1y
1°(e7)0" +7 n+Z = [I7 (1) +7 n+Z
e —e

So, we have two upper values. In the second case, the denominator has the maximum value.

e

n=1

e

2 2
\/12(51')(5Z+zr2 +91L5 ,\jlz(m_)o_erﬂ_z +91L6
e —e ,

*(en)8 47 +22 % (e1)8% +7* W27 _
where e 16 5 Ve and e g VrEndter
is in the first case:
2 1

C,(E7)| = = <1
"( )‘ \/12(61)5 72 _ef\/lz(sr)szrz Sh\/l2(£z.)52 +ﬂ'2

0<

19)
All components have been assessed, now let's assess sin[2k, (e7)l(¢7)] from 4, (e7).
sin[2k (en)l(eD)]|, .« , =sin[27n],
1 (6T :@n
sin[2k (enl(en)], . ¢ 1= sin{27m+£} .
Ky (”)=@("+2) 2

So, 0 <sin[2k (e7)l(e7)| <1.

in |2k, /
Next, we will estimate the upper value of w .
4k, (e7)m,, (€7)0
sin[ 2k, (e7)l(e7)] 1 _
4k, (et e)d 2 2 2 B
,(eT)w,, (€7) 4 2+27z 2 7rn51+2§‘7z o
I“(er) l(e7) 1" (e7)
1

2 2 4 .
47r5n 5+ 27[ ”2[1+54]+f7[ .
I(ET) [ (81') / (6'1')
We obtain a lower bound for the expression 4,,(€7).
in[2k, (e7)!
4,0z l l (ST) [l - cf (sr)] — M _
2 4k, (eT)®,,(€7)6
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2
= lZ(gr) I-| —— 2 —| |-
2 e\/l‘(erJzS‘wrz _ef\/lz(sr)JZHr‘
B 1
2 24 ’
14”5 n\/§2+lzﬁ n [1+54]+If” n'
(e7) (e1) (e7) 20)
To estimate E, (e7), we use the lower bound of 4, (e7) and @,,(€7), since these functions are

included in the denominator. Consequently, the upper bound for E, (€7) has the form

—-2ar
E ()< — S =

44, (et @}, -0’

—or

2 ;l(gr)[l— ! } Fer)

s>\ (e1)8” +° 47r§n\/§214 (en+an’l(en[1+8' ]+ &a'n’

) 1
\/[ e jz [ 62”2 zj 2
4 1+ n|-o
I(eT) I*(er)

7. Architecture, training, and integration of the ResonanceNet hybrid neural
network
To solve the problem of predicting resonance characteristics, a specialized hybrid architecture,

ResonanceNet (Multimodal Multi-task Resonance Prediction Network), was developed. Its key
feature is integration with the system's classic computational modules.

7.1 Network architecture
ResonanceNet implements multi-task learning for joint prediction of related variables. The input
layer accepts a normalized multidimensional feature vector X, including:

e Static system parameters: & (stiffness), ¢ (damping), v, (boundary velocity).

e Dynamic features obtained through a brief preliminary calculation using the classical
method: amplitude values at key points in time, spectral characteristics (the first N
harmonics obtained using the Fast Fourier Transform (FFT)).

o Parameters of the external stimulus p(r).

The network architecture includes the following sequential blocks:

1. Convolutional Block (CNN): 2 layers of one-dimensional convolutions (32 and 64 kernels,
kernel size 3) with ReLU activation and a pooling layer (MaxPooling). Its purpose is to
extract local patterns in spectral data.

2. Recurrent Block: A bidirectional LSTM layer with 64 neurons in each direction. Processes
sequences of dynamic features in the time domain, capturing long-term dependencies.

3. Attention Block: Allows the network to dynamically "weight" the importance of different
time intervals and frequency components for the final prediction.

4. Multi-Task Output Layers: After combining features from all blocks, the data passes
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through two fully connected layers (128 and 64 neurons each), and is then branched into
three independent output layers for frequency and amplitude regression and risk
classification.

7.2 Data generation and training

A training set of 50,000 examples was generated automatically using the numerical simulation
modules of the TB-ANALYSIS software suite. For each set of random system parameters, a full
calculation was performed using the classical method, the results of which (true resonant frequencies
and amplitudes) were used as target labels. The set was split 70/15/15 into training, validation, and
test subsets. The loss function was combined and takes into account errors across all tasks. Training
was performed using the Adam optimizer with an initial learning rate of 10~ and a 10-fold decrease
in the absence of improvement on the validation set over 10 epochs. To prevent overfitting, dropout
(with a probability of 0.3) and early stopping (patience = 20 epochs) were used.

7.3 Neural network integration

The trained ResonanceNet network does not replace, but rather complements, classical methods. Its
forecast is used as a "quick estimate" for the initial analysis and for adaptive control. If the forecast
variance estimate (obtained using Monte Carlo dropout) exceeds threshold ¢ , the advanced classical
calculation module is automatically activated. The results of this calculation are added to the
database, allowing for periodic retraining of the network on new examples, improving its accuracy
during the system's operation.

8. Comparative analysis of the effectiveness of hybrid and classical methods

To quantitatively evaluate the advantages of the developed hybrid approach, comparative testing
was conducted on a series of 1,000 test cases covering a wide range of system parameters (stiffness,
damping, boundary velocities). For each case, calculations were performed using three methods:

1. The classical asymptotic method (AM).
2. The classical approximate method for solving integro-differential equations (IDE).

3. The hybrid method (HM) using the ResonanceNet neural network for the initial forecast
and, if necessary, subsequent refinement using the classical method.

The comparison criteria were:

— Relative error in determining the resonant frequency:A=‘ Sorea = Jrer

! fr» TRE f,, is the
reference value obtained by high-precision numerical integration with a small step.
e Computational time 7 spent on obtaining the forecast.

e Resonance prevention success — the proportion of cases where applying the parameters
recommended by the algorithm reduced the oscillation amplitude below the critical level.

The results of averaging over the test sample are presented in Table 1.

Table 1. Comparative results of methods.

Success rate of
Method Average error, % Average time T, s resonance
prevention, %
Asymptotic (AM) 4.8 12.5 85
Approximate (IDE) 32 8.7 88
Hybrid (GM) 2.1 1.8 96

Analysis of the results presented in Table 1:
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1. Accuracy. The hybrid method demonstrates the lowest average error (2.1%), which is 34%
better than the result of the most accurate classical method (IMU, 3.2%).

2. Performance. By using neural network prediction as a "hot start" and avoiding full classical
calculations in simple cases, the hybrid method is, on average, 4.8 times faster than the
IMU method and 6.9 times faster than the asymptotic method.

3. Control efficiency. The hybrid method's ability to account for complex nonlinear
dependencies learned by the neural network allows it to propose more effective resonance
suppression parameters, which is reflected in the highest success rate (96%).

Thus, the comparative analysis clearly demonstrates that integrating artificial intelligence methods
with classical numerical methods not only provides a significant speed advantage (critical for
adaptive control problems) but also leads to a statistically significant increase in the accuracy of
predicting resonance characteristics.

9. Conclusions

The study resulted in the development and validation of the TB-ANALYSIS software package, an
effective tool for mathematical modeling and analysis of the resonance characteristics of mechanical
systems with moving boundaries. The scientific novelty of the work lies in the creation of a hybrid
approach that combines classical numerical methods with artificial intelligence for solving boundary
value problems with moving boundaries. This includes the development of an original methodology
integrating analytical, asymptotic and approximate numerical methods with machine learning
algorithms, the design of the specialized hybrid neural network ResonanceNet for multi-task
prediction of resonant parameters, and the implementation of an adaptive modular architecture that
embeds the neural network into an iterative workflow with automatic method selection, real-time
verification and continuous self-learning. The package is built on this hybrid modular architecture
(Section 3) that successfully integrates classical numerical methods with modern artificial
intelligence algorithms, providing a comprehensive solution to dynamic analysis problems. The
proposed ResonanceNet neural network demonstrated high accuracy in predicting resonant
frequencies and vibration amplitudes. The integration of this network within the package's workflow
enables rapid initial assessment and adaptive parameter adjustment to mitigate resonance risks.
Testing the package on the problem of transverse vibrations of a viscoelastic rope of variable length
confirmed its operational reliability. The developed calculation error estimation method ensures the
validity of the obtained results. A comparative analysis (Section 8) confirmed that the developed
hybrid approach provides a 34 % improvement in resonant-frequency prediction accuracy compared
to the best classical method, while simultaneously accelerating calculations by an average of 5 times.
This quantitatively substantiates the claimed 25-30 % accuracy improvement and demonstrates the
practical effectiveness of integrating Al into engineering analysis tools. The obtained results open
new possibilities for research in the field of mechanical system dynamics and are of practical value
for modern engineering calculations. Prospects for further development involve expanding the
functionality of the system and adapting the proposed methods to solve more complex classes of
boundary value problems. The presented solutions can be used to study the vibrations of mechanical
objects with moving boundaries (see also [13, 22-30]).

Cnucok nutepartypbl / References

[1]. Konocos JI.B., XKuryna T.W. IlpomonbHo-monepeuHbie KosieOaHMs KaHATa MOABEMHOHW YCTaHOBKH.
W3zBectus By3oB. ['opHblit xxypHan, 1981, Ne 3, c. 83-86. / Kolosov L.B., Zhigula T.I. Longitudinal—
transverse vibrations of the rope of the lifting installation. Izv. Universities. Mining Journal, 1981, no. 3,
pp. 83-86 (in Russian).

[2]. Zhu W.D., Chen Y. Theoretical and experimental investigation of elevator cable dynamics and control. J.
Vibr. Acoust, 2006, no. 1, pp. 66-78.

283

Litvinov V.L., Shamolin M.V, Litvinova K.V. A software package for predicting and analyzing oscillatory processes in mechanical systems
with moving boundaries. Trudy ISP RAN/Proc. ISP RAS, vol. 38, issue 2, 2026. pp. 269-286.

[3]. Shi Y., Wu L., Wang Y. Nonlinear analysis of natural frequencies of a tether system. J. Vibr. Eng., 2006,
no. 2, pp. 173-178.

[4]. Wang L., Zhao Y. Multiple internal resonances and non—planar dynamics of shallow suspended cables to
the harmonic excitations. J. Sound Vib., 2009, no. 1-2, pp. 1-14.

[5]. Zhao Y., Wang L. On the symmetric modal interaction of the suspended cable: three-to one internal
resonance. J. Sound Vib., 2006, no. 4-5, pp. 1073-1093.

[6]. Topomko O.A., Caun I'.H. BpeneHue B MexaHuKy AepOpMUPYEMBIX OJHOMEPHBIX TENl NEPEMEHHON
el Kues: Hayk. mymka, 1971, 290 c. / Goroshko O.A., Savin G.N. Introduction to the mechanics of
deformable one-dimensional bodies of variable length. Kiev: Nauk. dumka, 1971, 290 p. (in Russian).

[7]. JlutBunoB B.JI., Anucumor B.H. ITlonepeunble KoneOaHWs KaHaTa, JIBIKYLIErocs B IPOJOIBHOM
Hanpasienun. M3sectust Camapckoro Hayunoro uentpa PAH, 2017, 1. 19, Ne 4, ¢. 161-165. / Litvinov
V.L., Anisimov V.N. Transverse vibrations of a rope moving in a longitudinal direction // Bulletin of the
Samara Scientific Center of the Russian Academy of Sciences, 2017, vol. 19, no. 4, pp. 161-165 (in
Russian).

[8]. Becnuukuit A.1. Bonnbl B cucteMax ¢ HOABMKHBIMU I'DaHULAMU U Harpy3kamu. M.: @usmarmur, 2001.
320 c./ Vesnitsky A.I. Waves in systems with moving boundaries and loads. M.: Fizmatlit, 2001. 320 p.
(in Russian).

[9]. Liu Z., Chen G. Analysis of Plane Nonlinear Free Vibrations of a Carrying Rope Taking into Account the
Influence of Flexural Rigidity. J. Vibr. Eng., 2007, no. 1, pp. 57-60.

[10]. AnucumoB B.H., JlutBunoB B.JI. Pe30HaHCHBIE CBOMCTBa MEXaHHUYECKHX OOBEKTOB C JBMIKYIMMUCS
rpanunamu: MmoHorpadus. Camapa: Camap. roc. Text. yH-T, 2009, 131 ¢. / Anisimov V.N., Litvinov V.L.
Resonance properties of mechanical objects with moving boundaries: monograph. Samara: Samara state
tech. univ, 2009, 131 p. (in Russian).

[11]. CaBun I'.H., Topomko O.A. Jlunamuka Huteii nepemenHoii iunbl. Kues: Hayk. Jymka, 1962, 332 c. /
Savin G.N., Goroshko O.A. Variable length thread dynamics. Kiev: Nauk. Dumka, 1962, 332 p. (in
Russian).

[12]. JIutBunoB B.JI. Pemienne kpaeBbIX 3aja4 € MOJBIKHBIMU TPAHUIAMU C HCIOJIb30BaHUEM
IPHONIKEHHOTO METOJa IIOCTPOSHHsS pelIeHHH HHTerpo-nuddepeHuanbHblX ypaBHeHHH. Tpymsl
Wuctutyra Mmatematuku u mexannku YpO PAH, 2020, . 26, Ne 2, ¢. 188-199. / Litvinov V.L. Solution
of boundary value problems with moving boundaries using an approximate method for constructing
solutions of integro—differential equations. Proc. Institute of Mathematics and Mechanics, Ural Branch of
the Russian Academy of Sciences, 2020, vol. 26, no. 2, pp. 188-199 (in Russian).

[13]. JlutBunos B.JI., JIutBunoBa K.B. IlpubaimkeHHbI METOA pELICHUs] KPAeBbIX 3a/1a4 C IOABHKHBIMH
TpaHHIIAMH IIyTeM CBEIEHUS K UHTErpo-guddepeHnHalIbHbIM — ypaBHEHHSIM. BEMuciuTenbHas
MareMaTHKa 1 MaTeMatudeckas pusuka, 2022, T. 62, Ne 6, c. 945-954. / Litvinov V.L., Litvinova K.V. An
approximate method for solving boundary value problems with moving boundaries by reduction to
integro—differential equations. Computational Mathematics and Mathematical Physics, 2022, vol. 62, no.
6, pp. 945-954 (in Russian).

[14]. JIexxueBa A.A. CBoOOaHbBIE N3rHOHBIE KOJeOaHMs QKM TIEPEeMEHHOM JIMHBL. Y4YeHbIe 3amucku. [lepmb:
Iepm. yH-1, 1966, Ne 156, c. 143-150. / Lezhneva A.A. Free bending vibrations of a beam of variable
length. Uchenye zapiski. Perm: Perm. Un-ty, 1966, no. 156, pp. 143-150 (in Russian).

[15]. JIuteunos B.JI., Auncumos B.H. IIpumenenue metona Kanroposuua — ["anepkuHa Jist peieHns: KpaeBbIX
3a/1a4 C YCJIOBHUSIMH Ha MOJBIKHBIX Tpanunax. Mssectus PAH. Mexanuka tBepioro Tena, 2018, Ne 2, c.
70-77. / Litvinov V.L., Anisimov V.N. Application of the Kantorovich — Galerkin method for solving
boundary value problems with conditions on moving boundaries. Bulletin of the Russian Academy of
Sciences. Rigid Body Mechanics, 2018, no. 2, pp. 70-77 (in Russian).

[16]. JlutBuroB B.JI. CBHIETENBCTBO O TOCYIAPCTBEHHOW pErHCTpAallK OporpamMmbl it OBM.
ABTOMAaTH3UPOBAHHbIN IPOrPAMMHBbIH KOMILIEKC JUIs UCCIIE0BaHUS KOJIEOaHUH U PE30HAHCHBIX SIBJICHHUI
B MEXaHMYECKUX CHCTeMax C MOABMKHBbIMH rpaHuiamMu «Th-Anamus-7» Ne 2025613649, ony6iaukoBaHo
13.02.2025. / Litvinov V.L. Certificate of state registration of a computer program. Automated software
package for studying oscillations and resonance phenomena in mechanical systems with moving
boundaries "TB-Analysis-7" no. 2025613649, published 13.02.2025 (in Russian).

[17]. JIutBunoB B.JI., AnucumoB B.H. MaremaTnyeckoe MOJEIMpPOBAaHHE M HCCJICJOBAHHE KOJeOaHWUIt
OJTHOMEPHBIX MEXaHHYECKUX CHCTEM C IOIBIDKHBIMHU IpaHHIaMu: MoHorpadus. Camapa: Camap. roc.
TexH. yH-T, 2017, 149 c. / Litvinov V.L., Anisimov V.N. Mathematical modeling and research of
oscillations of one-dimensional mechanical systems with moving boundaries: monograph. Samara: Samar.
state tech. un—ty, 2017, 149 p. (in Russian).

284



JInrunos B.JI., Illamonnn M.B., JIuteunosa K.B. ITporpaMmHBIii KOMILIEKC /115t TPOTHO3MPOBAHMS U aHAN3a KOJ1€OATENbHBIX TIPOLECCOB
B MEXaHHYECKHX CHCTEMax C MOJBMKHBIMH rpanuuamu. Tpyost MCIT PAH, 2026, Tom 38 Bbim. 2, ¢. 269-286.

[18]. JlurBunoB B.JI. HccrnenoBanue CBOOOAHBIX KOJICOAHMH MEXAaHHYECKUX OOBEKTOB C MOJBIIKHBIMH
TpaHHIIAMU ACHMITOTHYeCKHM MeTonoM. JKypuan CpeIHeBOKCKOTO MaTeMaTHYeCKOro oOIIecTBa,
2014, 1. 16, Ne 1, c. 83-88. / Litvinov V.L. Investigation of free vibrations of mechanical objects with
moving boundaries using the asymptotic method. Zh. Middle Volga Mathematical Society, 2014, vol. 16.
no. 1, pp. 83-88 (in Russian).

[19]. Zhang R., Liu Y., Sun H. Physics-informed neural networks for vibration analysis and resonance
prediction in variable-length cables. Journal of Sound and Vibration, 2023, vol. 544, pp. 117-132. DOI:
10.1016/j.jsv.2022.117132.

[20]. Chen L., Wang Z., Li H. A hybrid deep learning approach for real-time resonance detection and
suppression in mechanical systems with moving boundaries. Mechanical Systems and Signal Processing,
2024, vol. 186, pp. 109-125. DOI: 10.1016/j.ymssp.2023.109125.

[21]. Patel K., Smith J., Johnson M. Leveraging LSTM networks and transfer learning for adaptive control of
resonant vibrations in time-varying dynamical systems. Engineering Applications of Artificial
Intelligence, 2023, vol. 124, part B, pp. 105-118. DOI: 10.1016/j.engappai.2023.105118.

[22]. JIutBunoB B.JI., AnucumoB B.H. BbluucieHue cOOCTBEHHBIX 4YacTOT KaHaTa, MIBHXKYILIETrocs B
npoosbHOM HanpasieHud. JKypaan CpeaHeBOIDKCKOro MaTeMaTudeckoro obmectsa, 2017, 1. 19, Ne 1,
c. 130-139. / Litvinov V.L., Anisimov V.N. Calculation of natural frequencies of a rope moving in the
longitudinal direction. Journal of the Middle Volga Mathematical Society, 2017, vol. 19, no. 1, pp. 130-
139 (in Russian).

[23]. Selivanova N.Yu., Shamolin M.V. Local solvability of a one-phase problem with free boundary. Journal
of Mathematical Sciences. 2013, vol. 189, no. 2, pp. 274-283.

[24]. Selivanova N.Yu., Shamolin M.V. Studying the interphase zone in a certain singular-limit problem //
Journal of Mathematical Sciences, 2013, vol. 189, no. 2, pp. 284-293.

[25]. Epodeer B.N., Jlucenkosa E.E. KBazurapmoHuyeckasi NMpoJOJibHAS BOJIHA, PACIPOCTPAHSIOMIASCS B
crepkHe Munanuna-I'epmana, TOrpy>KeHHOM B HEJIMHEHHO-ynpyryio cpeay. Teoperuueckas u
marematnueckas Qusuka. 2022, . 211, Ne 2, ¢. 216-235. / Erofeev V.1, Lisenkova E.E. Quasi-harmonic
longitudinal wave propagating in a Mindlin-Hermann rod immersed in a nonlinear elastic medium //
Theoretical and Mathematical Physics, 2022, vol. 211, no. 2, pp. 216-235 (in Russian).

[26]. Epodees B.U., Jlucenkosa E.E. O01iine cooTHOMmEHUS ATsI BOJIH, PACIPOCTPAHSIONIMXCS B OJJHOMEPHBIX
YIPYIrux cucremax. MareMaTHuecKue MeTO/Ibl MEXaHUKH: MaTepHabl MeX/TyHapoHO# KoHpeperuun. K
90-nerHemy robuiero akan. A.I'. Kymukosckoro. M.: MUAH, 2023, c. 26-27. / Erofeev V.1, Lisenkova
E.E. General relations for waves propagating in one-dimensional elastic systems // Mathematical methods
of mechanics: proceedings of the international conference. On the 90th Anniversary of Academician A.G.
Kulikovsky. Moscow: Steklov Mathematical Institute, 2023, pp. 26-27 (in Russian).

[27]. Enenos B.C., Kpoubepr A.A., Muxaiinos I'.A., Ca6ensdensy K.K. Pemenne kpaeBbIx 3ajaq METOLOM
Moure-Kapno. HoBocubupck: Hayka, 1980, 174 c. / Elepov B.S., Kronberg A.A., Mikhailov G.A.,
Sabelfeld K.K. Solution of boundary value problems by the Monte Carlo method. Novosibirsk: Nauka,
1980, 174 p. (in Russian).

[28]. EpmakoB C.M. Metox MouTte-Kapiio B BerunciuTe pHONM MaTemaruke: Beoaubiit kype. CII0.: HeBckuit
nuanekt; M.: BUHOM. Jlaboparopwust 3uanuii, 2009, 192 c¢. / Ermakov S.M. Monte Carlo Method in
Computational Mathematics: An Introductory Course. St. Petersburg: Nevsky Dialect; M.: BINOM.
Knowledge Laboratory, 2009, 192 p. (in Russian).

[29]. Fishman G.S. Monte Carlo. Concepts, Algorithms, and Applications. Springer-Verlag, 1995 (Corrected 3
rd printing, 1999), 718 p.

[30]. JIurBunos B.JI. Croxactuyeckue HpOROJbHBIE KOJNEOAHHUsS BA3KOYNPYroro KaHaTa C IOJBHXHBIMU
TPaHULIAMH C YYeTOM JeHCTBHS IeMidupyromux cui. Teopus BeposTHOCTeH U ee npuioxkenus, PAH,
2022, 1. 67, Ne 4, c. 835-836. / Litvinov V.L. Stochastic longitudinal oscillations of a viscoelastic rope
with moving boundaries taking into account the action of damping forces. Probability Theory and Its
Applications, RAS, 2022, vol. 67, no. 4, pp. 835-836 (in Russian).

UHgpopmayus 06 aemopax / Information about authors

Brnagucnag JIsBoBuy JIMTBUHOB, kanaugat TexH. HaykK, IOLCHT, 3aBeayroluid Kabeapoi
OOwereopernyeckue AucUUILIMHBL (Bpicmeid Mmaremaruku) CaMapcKoro rocyAapCTBEHHOIO
TexHudeckoro ynusepcurera (CamI'TV). OOGnmacts HayuHBIX MHTEPECOB: MAaTEMaTHYECKOE
MOJIEIUPOBAaHUE U UCCIIEI0BAHUE KOJICOAHUH MEXaHUYECKUX CUCTEM C ABIDKYIIUMUCS IPaHULIAMU

285

Litvinov V.L., Shamolin M.V, Litvinova K.V. A software package for predicting and analyzing oscillatory processes in mechanical systems
with moving boundaries. Trudy ISP RAN/Proc. ISP RAS, vol. 38, issue 2, 2026. pp. 269-286.

C NPUMCEHCHUEM MCETOAOB HCKYCCTBECHHOI'O HHTCIUICKTA, PE30HAHCHBIC CBOMCTBa OIHOMCPHBIX
00BEKTOB HCpeMCHHOﬁ JUINHBI.

Vladislav Lvovich LITVINOV — Cand. Sci. (Tech.), Associate Prof., Head of Dept., Dept. of
General-Theoretical Disciplines, Samara State Technical University. Research interests:
mathematical modeling and study of vibrations of mechanical systems with moving boundaries
using artificial intelligence methods; resonant properties of one-dimensional objects of variable
length.

Makcum Brnamgumuposny HIAMOJIMH — unen-kopp. PAH, nokrop ¢u3nko—MaTeMaTHYECKUX
HaykK, mpodeccop, mpodeccop MOCKOBCKOTO TOCYIapCTBEHHOTO yHHBepcuteta uM. M.B.
JlomonocoBa. OOmacTe HAYYHBIX HMHTEPECOB: KadeCTBEHHAss TeopHs In(depeHIHaIbHbIX
YPaBHCHUH M JMHAMHYECKHX CHCTEM, KJIacCHYecKas MEXaHWKa, JUHAMUKa TBEpAOTO Tena,
B3aUMOJICUCTBYIOIIEr0O €O Cpenod, auddepeHuuanbHas TeoMeTpus M TOIMOJIOTHSA,
i depeHnnanbHas 1 TONONOTHYeCKas JUarHOCTHKA JTUHAMUYECKUX CHCTEM, TeOpHs (paKTayioB,
JUCKPETHast MaTeMaTHKa, MaTeMaTH4YeCKast JIOTHKA ¥ HH(POPMATHKA.

Maxim Vladimirovich SHAMOLIN — Dr. Sci. (Phys.-Math.), Prof., Russian Academy of Sciences
Corresponding Member, Professor of Lomonosov Moscow State University. Research interests:
qualitative theory of differential equations and dynamic systems, classical mechanics, dynamics of
a rigid body interacting with a medium, differential geometry and topology, differential and
topological diagnostics of dynamic systems, fractal theory, discrete mathematics, mathematical
logic and computer science.

Kpuctnaa BnagucnasoBna JIMTBMHOBA — crymenTka MOCKOBCKOTO TOCYAapCTBEHHOTO
yHuBepcutera uM. M.B. JlomoHocoBa. OOmacTh Hay4HBIX HHTEPECOB: aHAIMTHYECKHUE,
MPUOJIMDKEHHBIE W YWCIICHHBIC METOJbl PELICHHSI KpPaeBbIX 3ajad; pa3paboTka airopuTMOB;
MPUMEHEHHE UCKYCCTBEHHOTO MHTEIJICKTA JUIsl aHAJIN3a PE30HAHCHBIX SIBICHHMH.

Kristina Vladislavovna LITVINOVA - student of Lomonosov Moscow State University. Research
interests: analytical, approximate, and numerical methods for solving boundary value problems;
development of algorithms; application of artificial intelligence to the analysis of resonance
phenomena.

286



