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METHODS FOR SOLVING APPLIED PROBLEMS IN MATHEMATICAL PHYSICS

The article proposes methods for solving applied problems for optimizing the parameters of the laser embryo division
process. The spherical shape of the embryo, its three-layer internal structure, and laser action modes are taken into account. It is
shown that the computational mathematical model of the laser action process is based on a nonlocal boundary value problem of a
system of multidimensional, nonstationary differential heat conduction equations with boundary conditions of the third kind and
Dirichlet boundary conditions. These boundary conditions are formed taking into account the permissible temperatures of laser
action on the embryo, based on expert assessment of the technical parameters of laser emitters. Due to the peculiarities of the embryo
and the technical characteristics of laser emitters, significant computer time is required to implement the procedure for solving
boundary value problems and to ensure the iterative process of searching for the optimal technical parameters of laser emitters.
Therefore, the author proposes to perform this procedure on specialized grid processors. This will increase the accuracy of solving
the entire problem of finding the optimal technical parameters of lasers.

The correctness of the boundary value problem presented in the article is justified using specialized methods and estimates
of the fundamental function of solutions over the space of generalized functions. Taking into account the peculiarities of the embryo
structure and the technical characteristics of laser emitters, a method for solving the boundary value problem for the process of laser
action on the embryo was chosen. To control the trauma of the embryo, the author proposes to use an integral criterion for assessing
material damage. The quality of embryo division is determined by the ratio of the volumes of the segment of injured embryo embryos to
the entire layer of embryos. This will increase the accuracy of laser embryo division and reduce the energy consumption of laser emitters.
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JIEBKIH IMUTPO
Jep>kaBHHIA O10TEXHOJIOTIYHUHI YHIBEPCUTET

METO/IM PO3B’SI3AHHS ITPUKJIAJTHUX 3AJIAY MATEMATHYHOI ®I3UKH

B cmammi 3anpononosani Mmemoou po3e a3aHHA NPUKIAOHUX 3a0ay s ONMUMI3ayii napamempie npoyeca 1a3epHo2o OileHHs eMOpiona.
Ipu yvomy eépaxosani cghepuuna popma embpiona, 1io2o mpuwiaposa enympiuits 6y006a i pescumu nazepHoi Oii Ha emopioH. Aemopom nokazamo,
WO 8 OCHOBI PO3DPAXYHKOBOI MAmMemMamuyHoi mMooeni npoyeca 1asepHoi Oii cmoimb HeloKAIbHA Kpauosa 3a0aya cucmemu 0azamosumipHux,
HENIHIUHUX, HeCMAYIOHAPHUX OUDEPEHYIANbHUX PIGHAHb MENIONPOGIOHOCHI 3 SPDAHUYHUMU YMO8aMU 3-20 pody i epanuyHumu ymosamu Jipixie. Lfi
2PAHUYHI YMOBU CHOPMOBAHI 3 YDAXYBAHHAM NPUNYCIMUMUX MeMnepamyp ia3epHoi Oii Ha eMOPIOH, HA OCHOBI eKCNEPMHO20 OYIHIOBAHHS MEXHIYHUX
napamempie 1azepHux sunpominiogauis. Yepes ocobrusocmi emopiona i mexHiyHi XapaKmepucmuku 1a3epHux SUNPOMIHIOBAHI6 NOMPIOHI 3HAUHI
uacogi gumpamu Komn'iomepie 0na peanizayii npoyedypu po36’azanns cepii Kpainogux 3aday i 3abe3neyenns imepayiinozo npoyecy nouiyky
ONMUMANbHUX MEXHIYHUX NapaMempie 1a3eprux sunpominiosayis. Tomy agmop npononye 30iicHumu 4o npoyeodypy Ha cneyianizo8anux cimkoeux
npoyecopax. Lle dozeorums nidguwumu mouHicms po36 a3anHa ycici 3a0ayi NOuLyKy OnmuMatbHUX MmexHiYHux napamempis iasepis.

Kopexmuicmv nasedenoi 6 cmammi Kpaiiosoi 3adaui oOIpyHmMogana 3 GUKOPUCTAHHAM CHeYianizoeanux memooie i OyiHOK Ha
Qynoamenmanviy QyHKYilo po3e’s3Kie HAO NPOCMOpoM y3azanbHenux @yukyii. Bpaxyseaswu ocobmugocmi 6ydogu embOpiona i mexHiuHi
MpasmMosarocmi emopiona agmop NPOnoHye CKOPUCMAMUCh IHMeZPATbHUM KpUMePIemM OyinKu nOwKoodcents mamepiana. Axicms nodiny embpiona
BUSHAYEHA 3 CNIBGIOHOWEHHS 00 €MIG ceeMeHma MpasmMo8aHUx 3apooKie eMOpioHa 0o yinozo wapy 3apookis. Lle 003601ums nidguwumu moyHicms
21a3epro2co Oinents eMOpiona i 3MEeHWUMb eHepeemuyHi GUIMpamu 1a3epHux GUNPOMIHIOBAYIE.
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Formulation of the problem

Interdisciplinary methods must be used to calculate and optimize technical and biotechnological systems
containing local, concentrated, discrete sources of laser exposure. This is primarily because physical processes in complex
systems are described by non-local boundary value problems with systems of partial differential equations. The goal of
optimizing such systems can be both physical processes and technical parameters of hardware exposure sources.

In this article, the author sets the main task of optimizing the technical parameters of laser emitters to improve
the quality of laser embryo division. To assess embryo damage, the author proposes using an integral criterion of the
ratio of the segment of traumatized embryos to the cell layer. Note that to implement the integral criterion, it is necessary
to have a layer-by-layer distribution of temperature fields in the embryo, which can only be obtained after solving
boundary value problems for the process of laser exposure to the embryo. In addition, the optimization of the parameters
of the above-mentioned biotechnological system (embryo under laser exposure) is further complicated by the fact that
it is impossible to guarantee the correctness of the boundary conditions for this biotechnological system. Using methods
from the theory of pseudodifferential operators, the author obtained conditions of correctness for the above boundary
value problem. Since the optimization of technical parameters is based on the repeated solution of boundary value
problems, the correctness of boundary value problems entails the correctness of applied optimization mathematical
models for the process of laser exposure to the embryo.

Thus, by taking into account the multilayered structure of the embryo and the thermal conditions of laser
exposure, it will be possible to improve the quality of this biotechnological process. In addition, according to the author,
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the research presented in this article can be used to improve the accuracy of mathematical modeling and optimize the
parameters of many other technical and biotechnological systems. Changes in the object under study will entail the
selection of other methods for calculating the values of the objective function and optimizing technical parameters,
while the procedure itself can be left virtually unchanged.

Analysis of the latest research

Articles [1, 2] present mathematical models for heat treatment of cylindrical surfaces. These mathematical models
are implemented through cubic approximation of the radial coordinate of the system of equations from boundary value
problems. Optimal temperature regimes for chips in computer networks have been calculated [3]. To increase the efficiency
of solar energy use and reduce fossil fuel consumption, the authors of article [4] have developed computer models for
energy conservation in buildings. The authors of article [5] investigated the application of information technologies for
management decision-making with the aim of controlling energy supply depending on economic needs in the region.

The correctness of boundary problems with second-order differential equations for longitudinal vibrations of a
rod was substantiated and their solutions were obtained [6]. The article [7] proposes methods for solving parabolic
boundary problems with Dirichlet and Neumann boundary conditions for separate cylindrical and spherical regions.
The authors of the article present an algorithm for finding the optimal parameters of physical fields in regions of arbitrary
shape [8]. For this purpose, article [8] presents a specialized generalized approach to solving specialized problems of
mathematical physics described by linear differential equations. The correctness of nonlocal boundary value problems
for parabolic equations has been proven in the case where the initial condition is a continuous generalized function
[9, 10]. In article [11], geometric models for quadrangular and triangular cells of surface segments are constructed, and
resource costs in calculating the parameters of modeled systems are optimized, which will speed up the adoption of
appropriate management decisions for certain functional processes. Methods have been developed for forecasting the
number of risks, the dynamics of their addition and absorption, and assessing the effect of negative events on the project
[12]. The authors' research [12] forms the basis of their methodology for effective project risk management.

The purpose of the work is proposed methods for solving applied problems in mathematical physics to
optimize the technical parameters of the biotechnological process of laser embryo division.

Presenting main material

Let us consider the basic principles of implementing the concept of constructing hardware for modeling the
effect of a laser beam on a multilayered microbiological object. For clarity, let us take, for example, an early elite
embryo of cattle, which is sufficiently complex in terms of layer structure and geometric characteristics.

The main operations of this method are:

— determining the radius of the embryo sphere;

— identifying the stage of embryo development;

— establishing the structure of the embryo's location;

— setting the permissible temperature at the nearest points of the laser's action on the embryo;

— the trajectory of embryo division is determined;

— for each location of the laser beam, the diameter of the laser source, i.e., the spot, in a given section of the
embryo is calculated;

— the laser intensity is corrected in accordance with this diameter and the permissible temperature.

The disadvantage of this method is that the embryo in each section is assumed to be homogeneous in terms of
thermal conductivity. This significantly reduces the accuracy and quality of this stage of the biotechnological process.
To improve the accuracy of modeling, the following sequence of operations is proposed.

Using a microscope and a television camera connected to a computer, the stage of embryo development, its geometric
dimensions (radius of the embryo sphere), and the structure of the embryo arrangement are determined. Based on this data,
the «tracingy» program is used to calculate the rational trajectories of the laser source, i.e., the spots during embryo division.

Next, the permissible temperature at points belonging to the embryos is set. The thermal conductivity
coefficients for each layer of the embryo are set. A system of differential equations describing the thermal processes in
the embryo when exposed to a laser beam is set. The initial, boundary, and coupling conditions in the embryo layers are
entered. Note that under laser exposure, the multilayer (three-layer) microbio-object (embryo) is in the late morula stage
of development and contains 32 blastomere cells. It should be noted that the embryo is a nonlinear, non-stationary,
three-layer, chemically heterogeneous, spherical microbiological object with different values of thermal conductivity,
density, and heat capacity of the layers. The pellucid zone is the protective outer shell of the embryo. In terms of its
chemical composition, the pellucid zone consists of 90% water, with 5% protein molecules and low-molecular
substances. The perivitelline space occupies an intermediate position between the pellucid zone and the blastomere cell
layer. In terms of its chemical composition, the perivitelline space consists mainly of water. Therefore, the values of the
thermal conductivity, density, and heat capacity coefficients of the perivitelline space and the pellucid zone can be taken
as close to the values of the above parameters for water. The inner space of the embryo is occupied by a layer of
blastomere cells, which are protein in nature, and each cell in this layer, in turn, has a three-layer structure.

Without taking into account the multilayer (three-layer) structure of the microbiological object (embryo), the
process of laser beam action on the embryo is described using a boundary value problem for the heat conduction
equation in a spherical coordinate system with the corresponding Dirichlet boundary conditions at the beginning and
end of laser heating of the microbiological object (embryo), and boundary conditions of the third kind, which determine
its interaction with the environment. The differential heat conduction equation that determines the laser effect on the
embryo:
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pcz—:—l(aT+za—T)+Q(rt)—0 (1)

or? ' ror
where p — density coefficient of a microbiological object (embryo);

¢ — embryo heat capacity coefficient;

T = T(r,t) — temperature field,;

r— depth of laser beam penetration into the embryo;

t— duration of laser exposure;

A — embryo thermal conductivity coefficient;

Q(r, t) — a function that characterizes the distribution of the laser energy source.

Taking into account the three-layer structure of the embryo, the heat conduction equation (1) is transformed
into a system of differential heat conduction equations:
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Dirichlet boundary conditions define the beginning and end of laser exposure to the embryo:

{T(r Olicee = To;

3)
T DI =T,

whereT and T — initial and final temperatures of laser exposure to the embryo.
To account for the three-layer structure of the embryo, we will define the medium separation equations and the
temperature field continuity equations along the time coordinate, respectively. Medium separation equations:

BTl aT,
T(r,t) =To(r2,t2), —A—— ar =—1 o
T,(ry, ty) = T5(rs,t3), —Ay—— ar = _/13?;
4
aT. aT,
T3(r3,t3) = Ty(ry, ty), —A3—— ar 2= /146—:; @
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Equality of continuity of temperature fields along the time coordinate:
T(ry; 6 —0) =T(ry; ty + 0);
T(ry;t; = 0) = T(ry; £, + 0);
T(rg;t3 —0) =T(r3;t5 + 0); 6)
T(ry;ts —0) = T(ry; t4 + 0);
T(rs;ts — 0) = T(rs; ts + 0).
To set the boundary conditions for heat transfer (third-order boundary conditions) at the interface between the
embryo's pellucid zone and the surrounding environment, we will use the boundary conditions for heat flux:
boundary conditions for heat flux at the embryo's pellucid zone:
~M2E(0,t)=gS, 0<t<h (6)
where q — specific heat flux;
S — diameter of the heat source, i.e., the spot;
h — duration of laser exposure to the embryo.
To obtain the conditions for the correctness of the multi-point boundary value problem (1)—(6), we will consider
homogeneous and inhomogeneous boundary value problems:

P )

% = 4, <E> ulx 0);

6u§;, D_, (%) u(x, t);

du(x,t) (0 ’
o s (E) un

ou(x,t) 4
e (E) uen

with boundary conditions:
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with boundary conditions:
Bo( )u(x 0) + BS( )u(x ts) = 0, (10)

where A4, ( ) and By, ( ) differential operators with symbols from the space of infinitely differentiable

functions of power growth, k = 1, ... ,4;

u(x,t) — decision function.

We apply the Fourier transform (in spatial variables) to the equations from the homogeneous and
inhomogeneous boundary value problems (7)—(8) and (9)—(10), respectively. We obtain the following boundary value
problems:
d1i(s, t)

Jat
d01i(s, t) N
= = A,(5)U(s,

. (11)
08,0 _ 4 (9)als,

= 4,(s)i(s, 1);

A
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with boundary conditions:
By(s)i(s,0) + Bs(s)u(s, ts) = ¢(s) (12)
and
d1i(s,t) R .
at = Al(S)u(S, t) +f(S, t);
d1i(s,t) 5 ~
at = AZ(S)U(S, t) +f(s: t)l

o1i(s, t) "
" = A3 (9)i(s, t) + f(s,t);

ot
d1i(s,t) 5 ~
at = A4(S)u(sl t) + f(s! t)
with boundary conditions:
By (s)u(s,0) + Bs(s)u(s,ts) = 0. (14)

Let us seek a solution to problem (11)—(12) in the form of an exponential function. From the continuity
condition, we obtain the solution:
@r(s) = exp(t141(5) + (t; — t1)A2(S) + (L4 — t3)A4(S)) @1 (5). (15)
We obtained the resolving function from the homogeneous boundary value problem (7) — (8):
expt-A.(s)/A(s);
exp t-A (s)/A(s)

Q(s,t) = (16)
exp((t tn- 1) An(S) ot tlAl(S)) /A(S)
where the function 4(s):
A(s) = By(s) + By(s)expty A (s) + -+ (17)
+B(s) exp(t141(s) + (tz — t1)Az(s) + -+ (T — th_1)An(s)) # 0,
that @, (s) = % and the solution to the boundary value problem (10)—(11) can be represented as:
expt - Ay(s) - @(s)/A(s);
Q(S, t) — exp t- AZ(S) qD(S)/A(S) (18)

€xp((t — tn- 1)An(S) Tt 1(5)) <P(S)/A (s)
This function is called the resolving function of problem (11)—(12).
Thus, we have obtained that problem (9)—(10) is correct in functional spaces of bounded growth only when the
solution function of the homogeneous boundary value problem (7)—(8) together with its derivatives up to a fixed order
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is uniformly bounded.

We have obtained that the correctness of the homogeneous boundary value problem (7)—(8) from the space in
functional spaces entails the correctness of the inhomogeneous boundary value problem (9)—(10) in the specified spaces
[13, 14]. Thus, we arrived at the following result: the parabolicity condition of the homogeneous boundary value
problem (7)—(8) is necessary for the correctness in the selected functional spaces of the perturbed equation (9) with
homogeneous boundary conditions (10) for sufficiently small perturbations.

Next, the method for solving the boundary value problem (2)—(5) and its computational parameters are
specified, for example, the discrete time step, the steps of uneven sampling of the embryo region, etc. The temperature
field of the embryo is determined by solving the corresponding boundary value problem [15, 16]. Its implementation
can be either numerical or based on an analog-digital grid model. Next, to determine the number of viable embryos
(differential criterion), the number of embryos whose laser exposure temperature is below the predetermined permissible
temperature is counted. If it is important to estimate the total volume of viable embryos, an integral criterion is proposed,
the calculation of which boils down to calculating the total volume of viable embryos. This criterion is used to determine
the quality of the biotechnological process of dividing early elite embryos, for example, in livestock breeding. The use
of this approach has made it possible to improve the accuracy of the main task of improving the quality of laser exposure
to the embryo by controlling the distribution of temperature fields in the layers of the embryo.

Conclusions

The article investigates issues of mathematical modeling and optimization of the «embryo-laser radiation»
system with the aim of ensuring the quality of the biotechnological process of laser embryo division by taking into
account the viable parts of the embryo. To optimize the technical parameters of such systems, it is necessary to solve
boundary value problems that underlie the computational mathematical models. Therefore, the accuracy of parameter
optimization is increased by greater detail of the modeled system when implementing computational mathematical
models. As shown in this article, the process of laser exposure to the embryo is described using a nonlocal boundary
value problem with a system of multidimensional, nonlinear, nonstationary partial differential equations of heat
conduction. To determine whether the above-mentioned boundary value problem has a unique solution, it is necessary
to define and verify the condition of its correctness.

It should be noted that the conditions of correctness for this boundary value problem obtained by the author in
this article are appropriate to be used to justify the correctness of boundary value problems for other technical and
biotechnological systems containing concentrated, local sources of physical field exposure. To solve the boundary
problems, the article proposes using a grid approach with discretization of the optimized parameters. This will increase
the accuracy of the overall problem of improving the quality of laser embryo division by refining the values of local
and global extrema of the temperature field function at each iteration.

JlitepaTypa

1. Myciii P. MaremaTiyHe MOJIEJFOBaHHS Ta aHAIII3 TEIUIOBUX PEKUMIB CTAJIEBOro Basly 3a HOro iHAYKIiHHOT
TepMoobpodku. / Myciit P., Mensauk H., Banaupcekuii b., Ceigpak 1. // ®@i3uko-MateMaTnyHe MOMICIIOBAHHS Ta
iHdopmaniitHi TexHonorii. — 2024. — Ne 39. — C. 144-155. https://doi.org/10.15407/fmmit2024.39.144

2. Myciit P.C. [ocmimkeHHs TpoleciB HarpiBy He(pepoMarHiTHOro JABOIIAPOBOrO ITOPOXKHUCTOTO
€JICKTPONPOBIHOTO IIMIIHAPA 3a Jii HeycTajieHoro enexktpomarditHoro mois. / Myciih P.C., Kyuuneus A.B.,
Banmpeskuit b.1., Opummn O.T., Cigpax I.T. / Matematnune ta komm'iotepae mosentoanns. Cepis: «Texniumi
Haykmy». — 2025. — Bum. 27. — C. 58—67. https://doi.org/10.32626/2308-5916.2025-27.58-67

3. ®emopuyk B.A. AHali3 [aHUX TEIUIOBOTO PEKUMY KOMYTaliHHOTO 00TaHAHHS KOMIT FOTEPHUX MEpeX Ha
OCHOBI BiJIHOBJICHHS CHTHAJIB TeMIlepaTypHHUX naTdukiB. / @emopuyk B.A., IBantok B.A., Bepnanp A.A., Tuxoxong
B.O. // Maremarnyse Ta kKomm'rorepae monentoBanHd. Cepis: «TexHiuHi Haykny». — 2024. — Bum. 25. — C. 114-128.
https://doi.org/10.32626/2308-5916.2024-25.114-128

4. Mysak S. Development of a combined system with a hybrid solar collector and determination of its thermal
characteristics. / Mysak S., Shapoval S., Hyvliud A. // Eastern-European Journal of Enterprise Technologies. — 2024. —
Vol. 3. No. 8 (129). — Pp. 45-54. https://doi.org/10.15587/1729-4061.2024.304932

5. 3y6enko B.O. BukopucranHs iHGopMaIiiHUX TEXHOJOTIN Ui ONTHMI3allii YIPaBIiHHS CIOKUBAHHIM
eneprii. / 3ybenko B.O., bepestok I.A., Bonkos 1.B. // TaBpiiicekuii HaykoBuid BicHUK. Cepist: «TexHiuHi HayKm». —
2024. — Ne 5. — C. 33-309. https://doi.org/10.32782/tnv-tech.2023.5.4

6. Tamiit P.M. 3arampHi KpaiioBi 3a1a4i JUIS MOJCITIOBaHHS MO3/IOBXKHIX KOJNHMBaHb CTprokHs. / Tamiit P.M.,
Umup O.10., Kapabun O.O. // [IpuknanHi nutaHHg MateMaTHaHOro MogemoBaHHs. — 2020. — T. 3. Ne 1. — C. 194-206.
https://doi.org/10.32782/2618-0340/2020.1-3.20

7. I'pomux A.Il. TlapaGomivyHi KpaioBi 3a1adi B KyCKOBO-OJHOPIJHOMY KJIMHOBHIHOMY IMJIIHAPHYIHO-
KpyroBomy mapi 3 nopoxkauHoto. / I'pomux A.Il., Koner I.M., [Tumumok T.M. / MaremartnyHe Ta KOMII'IOTEpHE
MozenoBaHHs. Cepis: «Dizuko-mMaTemarnyHi Haykm». — 2022, — Bum. 23. — C. 14-29. https://doi.org/10.32626/2308-
5878.2022-23.14-29

8. I'pinuenko B.T. [luckpeTHO-aHANITHYHWN METOJ PO3B’A3aHHA 3amady MaremMaTwyHoi ¢izuku. / B.T.
I'pinuenko, B.T. Mamunypa. // Bicuuk HarioHaapbHOTO TEeXHIYHOTO YHiBepcuTeTy «XIII». Cepis: «MareMaTuiHe
MOJICJIIOBAHHA B TEXHilli Ta TexHojoriax». — 2025. — Ne 1(8). — C. 55-60. https://doi.org/10.20998/2222-
0631.2025.01(8).06

Herald of Khmelnytskyi national university, Issue 1, 2026 (361) 255


http://mcm-tech.kpnu.edu.ua/index
http://mcm-tech.kpnu.edu.ua/index
https://doi.org/10.32626/2308-5916.2025-27.58-67
http://mcm-tech.kpnu.edu.ua/index
https://doi.org/10.32626/2308-5916.2024-25.114-128
https://doi.org/10.15587/1729-4061.2024.304932
https://doi.org/10.32782/2618-0340/2020.1-3.20
http://mcm-math.kpnu.edu.ua/index
http://mcm-math.kpnu.edu.ua/index
https://doi.org/10.32626/2308-5878.2022-23.14-29
https://doi.org/10.32626/2308-5878.2022-23.14-29
http://mmtt.khpi.edu.ua/issue/view/19530
http://mmtt.khpi.edu.ua/issue/view/19530
https://doi.org/10.20998/2222-0631.2025.01(8).06
https://doi.org/10.20998/2222-0631.2025.01(8).06

Technical sciences ISSN 2307-5732

9. Toponmenpkuii B.B. TlapaGomiuni nceBmpomudepeHitiadbHi pPIiBHIHHSI 3 aHATITHYHUMH CHUMBOJIAMHU Yy
npocropax tumy S. / B.B. I'oponeuskuii, O.B. Maptuniok. // MoHorpadist. — Yepnisii: Texnoapyk, 2019. — 280 c.

10. Horodets’kyi V. Pseudodifferential Equations With Smooth Symbols in the S-type spaces. / Horodets’kyi
V., Petryshyn R., Martynyuk O. // Ukrains’kyi Matematychnyi Zhurnal. — 2023. — Vol. 75. No. 6. — Pp. 753-776.
https://doi.org/10.37863/umzh.v75i6.7443

11. ITaBnenko O.M. KoMno3zuniiiHe iHTepIIOItOBaHHS KPUBHX JiHiH 3 KpaTHUMH ToukamH. / [TlaBnenko O.M. //
[puknagna reomerpis Ta imkeHepHa rpadika. — 2023. — Ne 105. — C. 180-189. https://doi.org/10.32347/0131-
579X.2023.105.180-189

12. Mixuosa O./l. Y3aransHeHHI MOXYJTBFHUA METOJ YIPaBIiHHS pr3ukamu npoekty. / O.J1. MixHoBa, A.B.
Mixnoga. // Enektponne monemoBanHs. — 2024. — T. 46. Ne 5. — C. 92—-103. https://doi.org/10.15407/emodel.46.05.092

13. Levkin D.A. Application of mathematical models and computational methods for optimal use of biological
assets. / Levkin D.A. // PartioHansHe BUKOPHUCTaHHS IPUPOJHUX PECYPCiB B YMOBAX TII00ATBHIX BUKIIMKIB: KOJIEKTHBHA
MoHorpadis; 3a 3ar. pen. T.0. Yaiiku. — [TontaBa: Actpas, 2025. — C. 177-202.

14. Levkin A. The Quality Function in Determining the Effectiveness of Example Bioeconomics Tasks. /
Levkin A., Abuselidze G., Berezhna N., Levkin D., Volkova T., Kotko Y. // Rural Sustainability Research. — 2022. —
Vol. 48. Issue. 343. — Pp. 91-102. DOI 10.2478/plua-2022-0019

15. Jlekin JI.A. YucenbHi MeToau i MareMaTH4YHI MoJesi onTuMizauii nmapameTpiB Oi0TEXHOJIOTIYHUX
nporieciB. / Jlepkin JI.A. // Bueni 3anucku Taspilicekoro Hartionansaoro YHiBepcuteTy iMeHi B.I. Bephancekoro.
Cepist: «Texniuni mHaykm». — 2022. — T.33 (72). Nel. — C. 128-132. https://doi.org/10.32838/2663-5941/2022.1/21

16. Levkin D. Solution of nonlinear optimization problems of heat transfer theory. / Levkin D., Kravtsov A.,
Zavgorodniy O., Kotko Ya. // Herald of Khmelnytskyi National University. Technical Sciences. —2025. — Vol. 347. Ne
1. — C. 221-226. https://doi.org/10.31891/2307-5732-2026-347-29

References

1. Musii R. Matematychne modeliuvannia ta analiz teplovykh rezhymiv stalevoho valu za yoho induktsiinoi termoobrobky. / Musii R.,
Melnyk N., Bandyrskyi B., Svidrak I. // Fizyko-matematychne modeliuvannia ta informatsiini tekhnolohii. — 2024. — No. 39. — S. 144-155.
https://doi.org/10.15407/fmmit2024.39.144

2. Musii R.S. Doslidzhennia protsesiv nahrivu neferomahnitnoho dvosharovoho porozhnystoho elektroprovidnoho tsylindra za dii
neustalenoho elektromahnitnoho polia. / Musii R.S., Kunynets A.V., Bandyrskyi B.I., Oryshchyn O.H., Svidrak I.H. // Matematychne ta kompiuterne
modeliuvannia. Seriia: «Tekhnichni nauky». — 2025. — Vyp. 27. — S. 58-67. https://doi.org/10.32626/2308-5916.2025-27.58-67

3. Fedorchuk V.A. Analiz danykh teplovoho rezhymu komutatsiinoho obladnannia kompiuternykh merezh na osnovi vidnovlennia
syhnaliv temperaturnykh datchykiv. / Fedorchuk V.A., Ivaniuk V.A., Verlan A.A., Tykhokhod V.O. // Matematychne ta kompiuterne modeliuvannia.
Seriia: «Tekhnichni nauky». —2024. — Vyp. 25. — S. 114-128. https://doi.org/10.32626/2308-5916.2024-25.114-128

4. Mysak S. Development of a combined system with a hybrid solar collector and determination of its thermal characteristics. / Mysak S.,
Shapoval S., Hyvliud A. // Eastern-European Journal of Enterprise Technologies. — 2024. — Vol. 3. No. 8 (129). — Pp. 45-54.
https://doi.org/10.15587/1729-4061.2024.304932

5. Zubenko V.O. Vykorystannia informatsiinykh tekhnolohii dlia optymizatsii upravlinnia spozhyvanniam enerhii. / Zubenko V.O.,
Bereziuk I.A., Volkov 1.V. // Tavriiskyi naukovyi visnyk. Seriia: «Tekhnichni nauky». — 2024. — No. 5. — S. 33-39. https://doi.org/10.32782/tnv-
tech.2023.5.4

6. Tatsii R.M. Zahalni kraiovi zadachi dlia modeliuvannia pozdovzhnikh kolyvan stryzhnia. / Tatsii R.M., Chmyr O.lu., Karabyn O.0. //
Prykladni pytannia matematychnoho modeliuvannia. — 2020. — Vol. 3. No. 1. — S. 194-206. https://doi.org/10.32782/2618-0340/2020.1-3.20

7. Hromyk A.P. Parabolichni kraiovi zadachi v kuskovo-odnoridnomu klynovydnomu tsylindrychno-kruhovomu shari z porozhnynoiu. /
Hromyk A.P., Konet LM., Pylypiuk T.M. // Matematychne ta kompiuterne modeliuvannia. Seriia: «Fizyko-matematychni nauky». — 2022. — Vyp.
23.—S. 14-29. https://doi.org/10.32626/2308-5878.2022-23.14-29

8. Hrinchenko V.T. Dyskretno-analitychnyi metod rozviazannia zadach matematychnoi fizyky. / V.T. Hrinchenko, V.T. Matsypura. //
Visnyk Natsionalnoho tekhnichnoho universytetu «KhPI». Seriia: «Matematychne modeliuvannia v tekhnitsi ta tekhnolohiiakhy». —2025. — No. 1(8).
—S. 55-60. https://doi.org/10.20998/2222-0631.2025.01(8).06

9. Horodetskyi V.V. Parabolichni psevdodyferentsialni rivniannia z analitychnymy symvolamy u prostorakh typu S. / V.V. Horodetskyi,
0O.V. Martyniuk. // Monohrafiia. — Chernivtsi: Tekhnodruk, 2019. — 280 c.

10. Horodets’kyi V. Pseudodifferential Equations With Smooth Symbols in the S-type spaces. / Horodets’kyi V., Petryshyn R., Martynyuk
O. // Ukrains’kyi Matematychnyi Zhurnal. —2023. — Vol. 75. No. 6. — Pp. 753-776.
https://doi.org/10.37863/umzh.v75i6.7443

11. Pavlenko O.M. Kompozytsiine interpoliuvannia kryvykh linii z kratnymy tochkamy. / Pavlenko O.M. // Prykladna heometriia ta
inzhenerna hrafika. — 2023. — No. 105. — S. 180-189. https://doi.org/10.32347/0131-579X.2023.105.180-189

12. Mikhnova O.D. Uzahalnenyi modulnyi metod upravlinnia ryzykamy proiektu. / O.D. Mikhnova, A.V. Mikhnova. // Elektronne
modeliuvannia. — 2024. — Vol. 46. No. 5. — S. 92-103.
https://doi.org/10.15407/emodel.46.05.092

13. Levkin D.A. Application of mathematical models and computational methods for optimal use of biological assets. / Levkin D.A. //
Ratsionalne vykorystannia pryrodnykh resursiv v umovakh hlobalnykh vyklykiv: kolektyvna monohrafiia; za zah. red. T.O. Chaiky. — Poltava:
Astraia, 2025.— S. 177-202.

14. Levkin A. The Quality Function in Determining the Effectiveness of Example Bioeconomics Tasks. / Levkin A., Abuselidze G.,
Berezhna N., Levkin D., Volkova T., Kotko Y. // Rural Sustainability Research. —2022. — Vol. 48. Issue. 343. — Pp. 91-102. DOI 10.2478/plua-2022-
0019

15. Levkin D.A. Chyselni metody i matematychni modeli optymizatsii parametriv biotekhnolohichnykh protsesiv. / Levkin D.A. // Vcheni
zapysky Tavriiskoho Natsionalnoho Universytetu imeni V.I. Vernadskoho. Seriia: «Tekhnichni nauky». —2022. — Vol. 33 (72). No. 1. - S. 128-132.
https://doi.org/10.32838/2663-5941/2022.1/21

16. Levkin D. Solution of nonlinear optimization problems of heat transfer theory. / Levkin D., Kravtsov A., Zavgorodniy O., Kotko Ya.
// Herald of Khmelnytskyi National University. Technical Sciences. — 2025. — Vol. 347. Ne 1. — S. 221-226. https://doi.org/10.31891/2307-5732-
2026-347-29

256 Herald of Khmelnytskyi national university, Issue 1, 2026 (361)


https://opac.library.cv.ua/cgi-bin/koha/opac-search.pl?q=pl:%22%D0%A7%D0%B5%D1%80%D0%BD%D1%96%D0%B2%D1%86%D1%96%20%3A%22
https://opac.library.cv.ua/cgi-bin/koha/opac-search.pl?q=Provider:%D0%A2%D0%B5%D1%85%D0%BD%D0%BE%D0%B4%D1%80%D1%83%D0%BA%2C
https://doi.org/10.37863/umzh.v75i6.7443
http://ageg.knuba.edu.ua/index
https://doi.org/10.32347/0131-579X.2023.105.180-189
https://doi.org/10.32347/0131-579X.2023.105.180-189
https://doi.org/10.15407/emodel.46.05.092
https://scholar.google.com.ua/scholar?oi=bibs&cluster=17063929182844047394&btnI=1&hl=uk
https://doi.org/10.31891/2307-5732-2025-347-29
https://doi.org/10.32626/2308-5916.2025-27.58-67
https://doi.org/10.32626/2308-5916.2024-25.114-128
https://doi.org/10.15587/1729-4061.2024.304932
https://doi.org/10.32782/2618-0340/2020.1-3.20
https://doi.org/10.32626/2308-5878.2022-23.14-29
https://doi.org/10.20998/2222-0631.2025.01(8).06
https://doi.org/10.37863/umzh.v75i6.7443
https://doi.org/10.32347/0131-579X.2023.105.180-189
https://doi.org/10.15407/emodel.46.05.092
https://scholar.google.com.ua/scholar?oi=bibs&cluster=17063929182844047394&btnI=1&hl=uk
https://doi.org/10.31891/2307-5732-2025-347-29
https://doi.org/10.31891/2307-5732-2025-347-29

