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JUSTIFICATION OF PARAMETRIC OPTIMIZATION WITHIN THE OPERATIONAL
PARAMETERS OF BIOTECHNOLOGICAL SYSTEMS

Calculating the values of the objective function and optimizing technical parameters for technical and biotechnological
systems involves difficulties in obtaining an exact solution for the objective function. This is primarily due to the fact that taking into
account the structural features of the object under study and, for example, the thermal regimes of electromagnetic interaction when
formulating boundary value problems complicates the form of these problems. It then becomes impossible to determine whether
these boundary value problems will have a unique solution. To ensure the validity of the boundary value problems, it is necessary
either to disregard the structural features of the objects in the modeled systems and neglect external factors affecting the systems,
or to establish conditions for the validity of the boundary value problems formulated without averaging the features of the modeled
systems, where external factors are taken into account, The implementation of computational mathematical models constructed
without accounting for the characteristics of the objects under study will reduce the accuracy of the calculated values of the objective
function and, as a result, due to the connection between computational and applied optimization mathematical models, the accuracy
of the optimization of its parameters.

This article presents a parametric optimization method designed to improve the performance of a biotechnological system
for laser embryo cleavage. Using fundamental solutions to heat conduction equations for a homogeneous iron rod with a pulsed heat
source and for a single-layer, homogeneous spherical object subjected to thermal action, the authors obtained first approximations
to the laser power acting on the embryo. This was made possible by solving problems of synthesizing the parameters of technical
means based on the accuracy of the temperature field. The research presented in this article will enable the solution of the problem
of finding optimal parameters for laser emitters that ensure laser cleavage of the embryo.

Keywords: parametric optimization, biotechnological system, fundamental solutions, heat conduction equations, power.

JIEBKIH Jmutpo, JIEBKIH Apryp

JlepxaBHHI OIOTEXHOJOTIYHUI YHIBEPCUTET

OBI'PYHTYBAHHS MAPAMETPUYHOI ONITUMI3AILII B MEJKAX
OYHKHIOHYBAHHSA BIOTEXHOJIOI'TYHUX CUCTEM

Po3paxyHoK 3Ha4yeHs Q@YHKLUII METU | OMTUMI3ALIS TEXHIYHMX 1apameTpiB L1 TeXHIYHUX | OIOTEXHOOMYHUX CUCTEM
10B’93aHi 3/ CKIBAHOCTSIMU OTPUMAHHS TOYHOIMO 3HaYeHHS A1 QYHKUII METH. Lle MOSICHIOETbCI HACaMIePES THM, L0 BPaxyBaHHS
YCKIaAHUTE BUA KPaKOBHX 3a4a4y. Toal Bxe He MOX/INBO ByAe BUIHAYNUTH, Yn MATUMYTb Ui KPaHoBi 3a4a4l eanHmi po3s a3oK. Ansa
70r0, 106 6yTHU BIIEBHEHUMU B KOPEKTHOCTI KpauioBux 3agay HEOOX[gHO abo HE BpaxoByBaTw OCOGIMBOCTI 6y40Bu OG'EKTIB 3
MOLE/IbOBAHNX CHUCTEM [ 3HEXTYBATH 30BHILLIHIMU GaKTOPamMu 4ii Ha cucTemy, 360 OTPUMATH YMOBU KOPEKTHOCTI KDavoBux 3a4a4, LYo
06yJoBaHI 6e3 ycepesHeHHs 0CO6/MBOCTEN MOJE/ILOBaHUX CUCTEM, [J€ BPaxoBaHi (QakTopu 30BHILHLOI 4fi. Peanizauis
PO3PaXyHKOBUX MATeMaTndHux Mogesed, Lo robyaoBaHi 6e3 BpaxyBaHHs OCOG/IMBOCTEN [OCITIAKYBAaHUX OBEKTIB, 3MEHLINTS
TOYHICTb PO3PaXOBaHNX 3HAYEHb @YHKLIT METH i, K DE3Y/IbTAT LbOro, YEPE3 3B°A30K PO3DPAXYHKOBUX | MPUKIIGAHNX ONTUMIBALIVIHUX
MaTeMaTuYHuX MOJESIEN, TOYHICTb ONTUMIZaLIl il napameTpis.

B cTarri 06rpyHTOBaHa napaMeTpu4Ha OnTuMialis A5 MABULUEHHS €QDEKTUBHOCTI QYHKLIOHYBAaHHS 6GIOTEXHOIOMYHOI
CUCTEMMU TIA3EPHOIO AI/IEHHS eMOPIOHa. BUKOPUCTOBYIOYM QyHAGMEHTA/IbHI PO3BA3KU PIBHSIHB TEI/I0NPOBIAHOCTI A1 OAHOPIAHOMO
3a/1BHOMO CTPWKHS 3 IMITY/IbCHUM [DKEPESIOM TEN/IOBOI Aif | 419 04HOLIaPOBOro, O4HOPIAHOMO CRHEPUYHOro OO'EKTa, YO MiAAAETHCS
TervIoBivi Aii, aBTopamMu OTPUMAEHI NePLUi HAGIWKEHHS A0 MOTY)XHOCTI /1a3epHOI i Ha eMOpIoH. Lle CTano MOX/mBuM 3aBASKU
PO3BS3aHHIO 33434 CUHTE3Y NapamMeTpiB TEXHIYHMX 3aC06iB 3a TOYHICTIO TEMIIEPATYPHOro 1osis. HaBegeni B cTatti JOCTAKEHHS
[03BO/ISITb PO3BA3aTN 334a4y IMOLYKY ONTUMAE/IbHUX 1aPaMETPIB /1a3EPHUX BUIPOMIHIOBAYIB, L0 3a0€3MeYyioTb /I33EPHE AI/IEHHS
emMO6pioHa.

Kmo4oBi  c10Ba: napameTpuyHa OrTuMI3alis, OIOTEXHO/IONYHE CUCTEME, QYHAAMEHTA/IbHI PO3BS3KY, DIBHSIHHS
TErVIONPOBIAHOCTI, MOTY)KHICTb.
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FORMULATION OF THE PROBLEM
The field involving the use of laser technology to induce cell division in cattle embryos is highly promising
and offers the potential to significantly reduce the time required for cell division and improve accuracy. However, the
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use of existing specialized laser systems, whether for medical or agricultural purposes, is fraught with significant
challenges. This is primarily due to the fact that almost all laser systems currently in mass production are specialized
and designed for a clearly defined class of tasks. Such systems are expensive, and modifying and adapting them to the
specific class of tasks under consideration significantly increases their overall cost. At the same time, the lack of
theoretical methods for analyzing the interaction of laser radiation with early-stage elite cattle embryos, methods
adequate for the new research objectives, hampers the development of effective laser devices for embryo splitting.

Based on the fundamental solution of the heat conduction equation, first for a homogeneous iron rod with a
pulsed heat source, and then for a single-layered, homogeneous, spherical body, this article derives first-order
approximations for the power of the laser source. The authors note that the solution to the differential heat conduction
equation from the boundary value problem describing the process of electromagnetic exposure to an embryo is a
power function with components from Fourier series. The permissible values of the laser exposure power density are
obtained from the constraints on the temperature fields at controlled points within the microbiological object (embryo).
Thus, the authors have justified parametric optimization for a specific biotechnological system (an embryo under laser
exposure) in the case of using laser spot embryo splitting technology. Note that the search for and screening of local
extrema in the temperature field is carried out by solving a series of boundary value problems for heat conduction
differential equations that describe the state of the embryo under laser irradiation.

ANALYSIS OF THE LATEST RESEARCH

Conditions for the well-posedness of nonlocal boundary value problems for heat conduction differential
equations with random disturbances in the right-hand side have been derived [1, 2]. In [3, 4], mathematical models
were developed for the optimization of thermomechanical processes in metal processing. The authors of article [5]
proposed an analytical method for solving heat transfer problems during a fire in a steel tank. Mathematical models
were constructed for thermal imaging control of metal cutting and turning processes [6]. In the article [7],
mathematical models of multithreaded processes were developed to synchronize physical, logistical, and engineering
operations. Theoretical information regarding the mathematical modeling and optimization of complex systems is
presented [8]. Taking into account the numerical experiments conducted in [9] on the operation of critical
infrastructure facilities under conditions of a changing security environment in the region, the authors developed
mathematical models to support management decision-making in the field of energy supply to critical infrastructure
facilities in this region. Using methods of system dynamics, the authors of the article [10] have developed
mathematical models for managing banking systems under current conditions.

The purpose of the work is justification of parametric optimization to improve the performance of a
biotechnological system for laser embryo cleavage.

PRESENTING MAIN MATERIAL

The objective of synthesizing the parameters of laser-thermal exposure is to determine the acceptable values
of the key parameters that can be adjusted when modifying the technical equipment used in this stage of the
technological process [11, 12]. These parameters primarily include: the power of the laser exposure; the geometric
parameters of the laser spot, sphere, or segment; the speed of the source; and the nature of the change in the pulse
exposure over time. Since the primary criterion for the quality of laser embryo cleavage is ensuring the viability of
the embryo fragments, the task of synthesizing the parameters of the technical equipment with regard to the accuracy
of the temperature regime is of paramount importance. The essence of the problem is as follows: from the set of
permissible technical parameters, it is necessary to find those that would ensure the embryo cleavage process while
ensuring that the resulting temperature field at points closest to the cleavage site does not exceed predetermined values.

Specifying the permissible values of the temperature field 7' at specific control points is directly related to
ensuring the viability of the segments of the cleaved embryo [13]. We will consider the laser power and the geometric
parameters of the source as the main operating parameters. In general, the temperature field 7" depends on these
parameters and can be represented as:

T=T(x,5,2,,P(x,,2,1),%,.,.2,), (1)
where x,y,z — spatial coordinates;
t —time;
P —laser power;
X,, ¥,z —the most characteristic geometric parameters of the source, such as the width, length, and depth

of the laser’s effect on the embryo.
Given the formulation of the problem of synthesizing operating parameters described above, we arrive at
the following system of nonlinear inequalities:

T(P(x,y,z,t),xl,yl,zl) <T,
P < P(x,y,z,t) <P..

min

@

when

International Scientific-technical journal
«Measuring and computing devices in technological processes» 2026, Issue 2
479



MixxcHapoonuii HayKo60-mexHIYHUIL HCYPHAT
«BumiprosanbHa ma obyucnroeanbHa mexHika 8 mexHos102iYHux npoyecax»
ISSN 2219-9365

y <y <y, 3)
* < skk

z <z <z,
where T, — specified permissible values of the temperature field at various points x’, y’, z/ monitoring

the temperature distribution and, at the same time x=x’, y=y/, z=2z/, j=1,...

1=t
", " —the asterisks denote, respectively, the minimum and maximum values of the geometric parameters of
the source carrier.

Constraints (3) are very simple, and the optimal parameters can be found, for example, using the dichotomy
method or the golden section method. As for constraints (2), to analyze them, one must first find an analytical solution
to the corresponding boundary value problem. If the boundary value problem is nonlinear or if the distribution of laser
power across the source substrate is nonlinear, then the analysis of constraints (2) becomes more complicated. In this
context, it is very important to propose a procedure for finding a first approximation of the desired parameters, in this
case, the source power. This procedure is particularly important when, in the initial stage of investigating the system
of constraints (2)—(3), constraint (3) is defined based on the limits of possible parameter variations. Then, in constraint
(2), we switch to strict equality and consider either a single nonlinear equation, if there is a single control point for the
temperature field, or a system of nonlinear equations, if there are multiple control points. In both the first and second
cases, it is important to find an initial, albeit rough, approximation of the source power.

We can estimate the power of the laser source using an approximate physical model of thermal processes,
which allows us to determine a first-order approximation of the power fairly easily. We will base our analysis on the
application of the fundamental solution to the heat conduction equation for a homogeneous rod with a pulsed heat

source. At that moment, ¢ =0 in the section from x, —J until x, +J a sudden release of heat occurs F, . We obtain
the temperature field distribution in the form:

_ A s
T(x,t)— Spc-z—we R “)

where F, — desired power of the source;

S — cross-sectional area of the rod;

o — material density;

¢ — specific heat capacity of the material;

a — the thermal conductivity of the material;

(x,—8)<&E<(x,+9).

Suppose that the point x there is only one measurement of the temperature field at the specific point in time
we are interested in ¢,, and the permissible temperature at the monitoring point 7", then, based on expression (4),
constraint (2) takes the form:

)
P 1 T
"> ™ ®)
Spc 2\|rat,
From here
p< T Spc —
() (6)

2 rat, e
Using the first-order approximation of power from constraint (6) as a starting point, it is easy to proceed to
the use of standard software for solving nonlinear constraints and nonlinear equations. Let us consider the
determination of the power of a laser source for laser spot embryo splitting technology. An analytical expression for
determining the temperature field of a spherical body of radius R with a spherical pulse source of radius r, , whose

power is uniformly distributed across the source medium can be expressed as:

T(r,t) = 2 lein (_nm’j i-sin i — 7, -cOSs BT || x B0 g rle) (l—e_A”'I ) , @)
rmpc o n R n R R A,
2 2
where 4, = %.
R
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To search for valid values g, , corresponding to the source distribution density and the permissible radius 7,

for the substrate of the laser-irradiated source, we require that the temperature field (7) satisfy the following constraints
at no fewer than two points:

T(r,t,ro,gO)STl*,when r=n,t=t, (8)
T(r,t,ro,gO)ST;,when r=rn,t=t, 9
where 7, r, — specified coordinates of temperature field control points at specific time instants # and ¢, ,
respectively.
In this case, the ranges of variation for the desired parameters are specified g, and 7, :

0<g, <g,
{ 8o =8 (10)

O<ry<r.

Based on expression (7), constraints (8) and (9) can be expressed as:

. 2 &1 (nar \| R . (nrr nrr, 8o 4 (i-1) a
T 22— Z—sm{ 2 J{—-sm( 2 j—ro-cos( 2 ﬂxA—e (l—e ) (11)

npcion n !
and
bl 2 &1 ) R .
T, >2———) —sin Ll —~sm(n”roj—ro~cos(n”r°] xS0 gl )(1—e A”"). (12)
1, PC Yo N R n R R A,
Let’s consider constraint (11). We require that the equality holds within it and express the following from it
8o
T .
&= < nzr || R nrr, | nrr, 1 (5-1) =7 (ro)
2mpcy —sin L || = -sin 0 \—7, -cos 0 | |x—e ™ (1=t 13
L5 (5 (R e "

Substituting g, into equation (12), we get:
T [5.T" ()] <1y (14)
Thus, to determine the rational value #, we must solve the nonlinear inequality (14) subject to the constraints

(10) on the maximum possible changes r, . Let’s consider the equality in constraint (14):

T [5.T" ()] =T"". (15)
Using numerical methods to find the roots of the nonlinear equation, we solve it and select only the real root
that satisfies the constraints (10) for the desired value r, . Substituting the value of the unknown parameter obtained

from equation (15) into equation (13), which takes the form:
& =T (%) (16)
we will obtain the desired density value g, source distribution.
This determines the desired operating parameters 7, and g, for the spot-based embryo division technique.

Undoubtedly, given the close correspondence between the physical model discussed in this article and the actual
object, the obtained values 7, and g, are also close.

CONCLUSIONS

This paper presents initial estimates of the laser source power, for which constraints on the objective function
and the technical parameters of the laser emitters have been formulated. The boundary values for the laser exposure
temperature were determined by taking into account the thermal conditions of laser heating of the embryo and the
viability temperature of the embryonic cells. The authors solved the problem of justifying parametric optimization to
improve the efficiency of the biotechnological system for laser embryo cleavage. Calculations of the optimal values
of laser exposure power were performed for the technology of embryo cleavage using a laser spot. It should be noted
that although the research is focused on optimizing technical parameters specifically for the biotechnological process
of laser embryo cleavage, these studies can be applied to optimize other technical and biotechnological systems under
the influence of thermal loading sources. However, in the authors’ opinion, without averaging the thermophysical
characteristics of the modeled systems and neglecting certain external influencing factors, it will be impossible to
justify the correctness of the boundary value problems with heat conduction differential equations. This will
undoubtedly lead to additional errors in the calculated values of the temperature field and the technical parameters
being optimized. Furthermore, it is important to note that, due to the structural characteristics of the object under study

International Scientific-technical journal
«Measuring and computing devices in technological processes» 2026, Issue 2
481



Mixcnapoonuit HayKo60-mexHiuHuil HcypHa
((BUMipmeaana ma obyucsiroeanibHa MmexHika 8 mexHos102iYHuUX npouyecax»
ISSN 2219-9365

when subjected to electromagnetic influence, it is impossible to expect an analytical solution. To implement the
computational mathematical model, approximate methods will need to be applied, which will reduce the accuracy of
both the computational mathematical model and, due to their interdependence, the optimization mathematical model.
A solution to this situation would be to apply specialized methods, for example, from the theory of differential
operators on the space of generalized functions. This will allow us to obtain correctness conditions not only for the
computational mathematical model described in this article, but, in the future, for an entire class of partial differential
equations. However, in this case, a stage for verifying the correctness of boundary value problems would need to be
included between the stages of developing computational mathematical models and their implementation, which
would undoubtedly complicate the implementation of boundary value problems.
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