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Using digital twins and artificia intelligence for the
synchronization of physical and virtual collaborative

robots
Artem Lisovskyi!

1. Artificia Intelligence Department (Al) Kharkiv National University of Radio Electronics, UKRAINE,
Kharkiv, Nauki Ave. 14., e-mail: artem.lisovskyi @nure.ua

Abstract: This study proposes an approach to
synchronizing physical and virtual collaborative robots based
on the concept of digita twins and artificial intelligence
tools. The proposed mathematical models allow formalising
the processes of reflecting the real state of robotsin adigital
environment and minimisng synchronisation errors.
Particular attention is paid to the use of prediction, data
filtering, and reinforcement learning agorithms that ensure
the adaptability and stability of the system. The paper
anayses the advantages of direct, predictive, and hybrid
synchronisation methods and eval uates their effectivenessin
a multi-user environment. The use of artificia intelligence
allows for anincrease in the level of autonomy and safety of
human-robot interaction. The results of the <udy
demonstrate the promise of integrating digital twins into
modern robotic systems and open up opportunities for
creating scalable and flexible manufacturing solutions.

Keywords: digital twin, collaborative robot,
artificia  intelligence, synchronisation, reinforcement
learning, POMDP, optimal control, fuzzy logic.

|. INTRODUCTION

The current development of Industry 5.0 requires
integrating physcal and virtual systems to enhance
efficiency, safety, and adaptability in production processes.
A key tool inthiseffort isthe concept of adigital twin, which
creates virtual replicas of red robotic systems and ensures
their synchronization in rea time. Collaborative robots that
interact with humans and each other need a high level of
coordination, especialy in multi-user environments.
Artificial intelligence enables more accurate prediction of
robot behavior, optimization of movement paths, and
dynamic control that considers external changes. The
chalenge isto develop mathematica models and algorithms
that combine physical operational parameters with their
virtual counterparts, minimizing delays and errors.
Therefore, research into digital twins and artificial
intelligence offers new possihilitiesin collaborative robotics,
aimed at increasing flexibility, adaptability, and safety in
production systems.

Il. DEVELOPMENT OF MATHEMATICAL SUPPORT
FOR THE SYNCHRONISATION OF DIGITAL TWINS
AND ARTIFICIAL INTELLIGENCE

The dynamics model describes the evolution of the state
of aphysical robot and its virtual copy over discretetime. It

functions as the fundamental model for synchronization and
divergence assessment. General overview of the mode!:

@

Xt+1 = Axt + But + Wt

Where: x, € R"™ - state vector of the robot at time t
(position, velocity, joint angles, etc); u; € R™ - vector of
control actions (commands to motors, forces, etc.); A €
R™ ™ _ system dynamics matrix (how the state changes
without control); B € R™ ™ - matrix of control influence
on the gstate; w, - process noise (model of unaccounted
influences), frequency; w,~N (0, Q). Note: for nonlinear
systems, replacewith X, = f(x;, up) + wy.

The measurement (observation) model isdesigned to link
the values measured by sensors to the true state, which is

necessary for updating the digital twin. The following model
is proposed:

Ye = Cxp + v, @

Where: y; € RP - the vector of measured signas
(sensors, cameras, IMU); C € RP*™ - the measurement
matrix; v - the measurement noise, usualy v, ~N'(0, R).

The synchronization error measure (divergence norm)
enables you to quantitatively eval uate the difference between

a physical robot and its digital twin. It is used in adaptive
algorithmsto minimize divergences.

er = x{eal _ x;ilgltal, Et _ etTWet o)
Where: x} eal _ the state of the physical robot; xf ottt

- the state of the digital twin; e; - the synchronisation error
vector; W - the weight matrix (emphasi ses the importance of

individual components); E; - the scalar error function that is
minimised.

State estimation using the Kalman filter allows for the
filtering of noisy measurements and real-time correction of
the digital twin's state. Update model (filling + correction):

- forecast:

Xtjp-1 = AX¢_q)t-1 + Bug4

4
Pt|t—1 = APt—1|t—1AT +Q
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- update:

K; = Py 1CT(CPye—1CT+ R) ™
5C\t|t = £t|t—1 + K (ye — C£t|t—1)
Pt|t =(- KtC)Pt|t—1

®)

Where: ’?tlt—l - predicted state before measurement; P -
covariance matrix of the estimation error; Q - covariance of
process noise W¢; R - covariance of measurement noise v;;
K; - Kalman gain.

POMDP formulation for partially observable scenarios
makesit possible to formalize planning and decision-making

when the gate is not fully observable (e.g., partially hidden
operator states):

- trangition T ($|s, @) - probability of transition to state
$ after action a;

- observation O(0|s, a) - probability of obtaining an
observation o0;

-reward R(s, a).

Belief update (Bayesian state estimation):

bt+1(é)
= 10(0ps11$,20) ) T($15,a,)bi(5)

SES

(6)

Where: b;(s) - belief (probability distribution across
states); ) - normalisation factor.

The RL formulation for training synchronisation policies
(MDP / Deep RL) dlows us to find a palicy for a digital
twin/controller that minimises synchronisation error and/or
energy consumption. The goal is to maximise the expected

reward:
T
J(m) = E [Z )/tn]
t=0

where the instantaneous reward can be, for example:

= Blluell?

Where: a, 5 - weight coefficients for error, energy and
pendlties (e.g. for security violations); ¥ € (0,1] - discount
factor. Note: for complex systems, Deep RL (e.g. DDPG,
PPO) is used, where the state/observation isfed into a neural
network.

The purpose of the prediction model with delays (time
delay compensator) is to compensate for network delays
between the physical robot and itsdigital twin usingamodel -
based predictor or neural network.

Predictor model (several steps ahead):

()

e = —allel? (8)

()

_ gpred
Xtt1t = fo (xt|t'ut:t+‘r—1)

or inthe linear case:

12

-1

Revege = AR + ) AT KBy, (0)
k=0
pred
Where: T - delay step (number of discrete steps); f,

- predictor (parameterised, for example, by aneural network
with parameters 0).

Model predictive control (MPC) for bilateral
synchronisation. The purpose of it is to optimally sdlect a
sequence of controls to minimise synchronisation error and
resource consumption under imposed constraints.

MPC task (briefly):

2
wern Z (” cekie 5k |Q (12)
+ ||ut+k”R)
subject to:
Xerkrt)t = f Keare Uerr) (12)

Umin < Utk < Umax: X € xsafe

Where: N- optimisation horizon; ||||(22 - quadratic form
with weights Q; X 5. - Set of safe states (e.g. minimum
distance to a person)

Hybrid model (fuzzy + NN) for handling uncertainty. The
purpose of it is to take into account fuzziness (uncertain,
linearly indescribable phenomena) during synchronisation;
to combine interpreted rules and training modules.

General structure;

- fuzzy part: a set of IF-THEN rules with fuzzy inputs
Q)

- learning component, which is a neural network g Q)
that adjusts the parameters of the fuzzy system or issues
corrections.

Output example:

M
B = Y W) +gpG) (09

Where: w; (x;) - fuzzy rule weights (dependent on the
degree of truth); u; (x;) - local control laws; g - training

compensator (neural network).
Consensus model for synchronising multiple workers
(multi-agent). Its purpose is to synchronise a set of physical

and virtuad  agents (robots) for  coordinated
actiong/trgjectories. Discrete consensus mode:
Xit+1 = X + Z aij(xj,t - xi,t)
JEN; (14)
+ Biu;
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Where: x; , - state of the i-th robot; JV; - neighbours in
the interaction graph; a;; - connection weights (adjacency
matrix or Laplacian).

Stochastic reliability/failure model. Its purpose is to
model the probability of robot component failures and take
them into account in the digital twin. Markov failure process:

P(FAILin At) =1 — e ¢ (15)

Enables risks to be taken into account in planning and
predictive maintenance.

The developed mathematicadlk models provide a
formalised approach to describing the interaction between a
physical robot and its digital twin, which alows for high
synchronisation accuracy. The use of state and observation
dynamics models creates the basis for a redistic
representation of robot behaviour in a virtual environment,
whilethe application of filtering methodsincreasesreslience
to noise and sensor errors. The integration of artificia
intelligence into the process of minimising synchronisation
errors gives the system the ability to adapt to changing
environments and uncertainty. The inclusion of predictive
and optimisation models makes it possible to effectively
compensate for delays in data transmission and forecast the
future dtates of the robot. Models based on reinforcement
learning and POMDP allow the system to independently
develop a control policy focused on achieving long-term
goals. Hybrid approaches combining fuzzy logic and neural
networks provide flexibility in working with fuzzy or
incomplete data. Altogether, these models form the
foundation for a new generation of digital twins that not only
reflect physical processes but aso actively manage them in
real time.

[1. NUMERICAL SIMULATION RESULTSAND
ANALYSISOF THE RESULTS OBTAINED

To perform numerica modelling of the synchronisation
of physical and virtual collaborative robots, atime interval of
0 to 10 seconds was used, which was discretised into 500
points to ensure smooth graphs and accurate calculations.
The trgjectory of the physical robot was modeled as a
sinusoidal function with an amplitude of 1 and the addition
of random noise with an intensity of 0.05, which simulates
real fluctuations in sensor measurements. The virtua robot
reproduced the same trajectory, but with a time shift of 0.2
seconds, which allows us to evaluate the system'’s ability to
compensate for the delay between the physica and digital
models. To analyse the synchronisation error, the difference
between the states of the physical and virtua robots a each
moment in time was used. The neura network received
normalised time datain the range from 0 to 1 asinput, which
made it possible to avoid the influence of scale in the
calculations. The network architecture consisted of a single
hidden layer with 10 neurons, random weight coefficients
were generated based on anormal distribution, and the ReLU
activation function was used to model nonlinearity. The
network output approximated the target sine function, which
made it possible to evaluate the effectiveness of artificial
intelligence in reproducing the robot's motion dynamics.
Thus, the chosen numerica parameters ensured the
reproduction of both the physical characteristics of the robot
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and the process of its virtual synchronisation using a digital
twin. The results of numerical modelling are presented in
Figures 1-3.

Figure 1. — Graph of Synchronization of Physical and
Virtual Collaborative Robots

Synchronisation of Physical and Virtua Collaborative
Robots (Fig. 1) showsthe traectories of physical and virtual
collaborative robots, where their convergence and
divergence in the synchronisation process can be seen.

Figure 2. — Graph Synchronization Error Over Time

Synchronisation Error Over Time (Fig. 2) shows the
change in synchronisation error over time, which allows us
to assess the stability and efficiency of the robot motion
coordination process.

Figure 3. — Graph Neura Network Approximation of
Robot Dynamics

Neural Network Approximation of Robot Dynamics
(Fig. 3) demonstrates the operation of a smple neura
network that approximates the dynamics of robot motion and
allows modelling the behaviour of the systemin real time.

[11. CONCLUSION

The conducted study demonstrated that the use of digital
twins in combination with artificial intelligence creates an
effective tool for synchronising physical and virtual
collaborative robots in dynamic conditions. Numerical
modelling confirmed the possibility of accurately
reproducing the movements of a physical robot in a virtual
environment, taking into account time shifts and sensor
errors, which significantly increases the accuracy and
reliability of control. The use of neural networks has enabled
adaptive learning of the system and the approximation of
complex dynamic characteristics to real-world scenarios,
which is key to working in Industry 5.0 conditions. The
results demonstrated the ability to reduce the average
synchronisation error and improve the stahility of interaction
between the real and digita environments. The proposed
approaches can be applied to the development of integrated
control systems capable of quickly responding to changesin
externd factors and human interaction. The use of
mathematical models made it possible to analyse the main
parametersof the system and determine the optimal operating
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modes of digital twins. The obtained results form the basis
for further research aimed a developing hybrid control
architectures using artificial intelligence methods and multi-
agent models.
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Abstract: A comparative analysis of neura network
architectures (MLP, RNN, NNARX) for predicting
microclimate parameters in indugrial cyber-physica
systems has been carried out. The advantages of NNARX in
reproducing environmental dynamics are demonstrated, and
its application for intelligent control is substantiated.
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[.INTRODUCTION

Maintaining optimal microclimate parameters in
industrial premises is a key condition for the stability of
technological processes, ensuring high product quality, and
creating safe and comfortable working conditions for
personnel. Deviations in temperature, humidity, or air
composition lead to reduced productivity, energy losses, and
deterioration of equipment performance.

Traditional automatic control systems are mostly based
on reactive principles and threshold algorithms, which
activate actuators only after exceeding permissible limits.
Such an approach often causes oscillations of parameters
around the set values delayed responses to changing
conditions, and reduced energy efficiency. In addition, the
interdependence between microclimate parameters and the
presence of external disturbances (weather factors, heat from
equipment, human presence) makes the control process even
more complex and unpredictable [1].

The integration of cyber-physical systems opens new
opportunities for intelligent microclimate control. The
combination of sensor networks, actuators, and
computational methods within a unified architecture enables
data collection and analysisin red time. The use of neural
networks as part of such sysems alows a transition from
static, reactive regulation to predictive and adaptive contral,
which increases the accuracy of parameter stabilization and
ensures optimal use of energy resources[2].

The aim of this study is to improve the efficiency of
intelligent microclimate contral in industrial cyber-physical
systems by performing a comparative analysis of neura
network architectures (MLP, RNN, NNARX) and
substantiating the choice of the most suitable model for
forecasting and optimization of environmental parameters.

1. DECOMPOSITION OF THE
MICROCLIMATE FORECASTING AND
CONTROL PROBLEM

The task of intelligent microclimate control in industria
premises is complex due to the multifactorial and nonlinear
nature of the processes. Environmental parameters
(temperature, humidity, air composition, air velocity) are
interdependent and are highly sensitive to both external
influences (weather conditions, seasonal variations, solar

radiation) and internal factors (heat emissions from
equipment, human presence, disturbances from production
operations) [3].

For effective forecasting and control, the problem should
be considered as two interrdated sub-tasks. The first
concerns forecasting future microclimate states based on
historical data and current measurements. The second
involves forming control actions based on the forecads to
maintain parameters within permissible limits.

The genera model of the microclimate can be
represented as a multifactorial dependence:

MicroClim = f(Tin, Toue» Hin) Hout» GAs, Npip,

Act, Dist), (1)

where T,,, T, — indoor and outdoor temperature, H;,,H

— indoor and outdoor humidity, Gas — concentration of the
gas mixture, N, — number of people in the room, Act —
state of actuators (heaters, fans, humidifiers), Dist -
disturbances (solar radiation, open doors, €tc.).

Such a decomposition makes it possible to combine the
tasks of time series forecasting with control tasks, where the
key role is played by the choice of neural network
architecture capable of accounting for both temporal
dependencies and system nonlinearity [2].

1. FORMULATION AND MATHEMATICAL
MODEL OF MICROCLIMATE FORECASTING

The problem of forecasting the microclimate in industrial
premises is reduced to determining future values of
environmental parameters based on their previous states and
the influence of external and internal factors. This task can
be formalized as a time series forecasting problem [4]

Let y(t) denote the vector of output microclimate

parameters (e.g., temperature, humidity), and u(t) — the

vector of control actions and external factors (actuators,
disturbances, changes in the external environment). Then,
the general forecasting equation can be expressed as.

y(t+1)=F(y(t),y(t-1),...,.u(y),u(t-1),.), (2

where F(+) —isanonlinear function of the previous values

of outputs and inputs.

Intheclassical NNARX (Nonlinear AutoRegressive with
eXogenous inputs) architecture, this function is
approximated by a neural network, which takes into account
both the autoregressive dependence on past states and the
influence of exogenous variables. Such an approach allows
the model to reproduce the inertia of the system and the
interdependence between microclimate parameters.
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In fact, the forecasting task in a cyber-physical system can
be formulated as building the following mapping:

Fr(MUp) > y(t+1), ©)

where Y, ={ y(t),y(t-1),...,y(t—n)} —isthe vector of past
system states, U, ={u(t),u(t—1),...u(t—m)} — is the
vector of exogenousinputs, y(t+1) —isthe predicted future

state.

Thus, the mathematical model of microclimate forecastingis
defined as the problem of approximating a nonlinear
mapping between historical dataand predicted values, where
the key role is played by the choice of the neural network
architecture.

IV.COMPARATIVE ANALY SISOF NEURAL
NETWORK ARCHITECTURES

To address the problem of forecasting microclimate
parameters in industria conditions, three main neural
network architectures are consdered: multilayer perceptron
(MLP), recurrent neural networks (RNN), and neural
networks of the NNARX type. Each of these approaches
represents a different paradigm of neural modeling and has
its own advantages and limitations that determine their
applicability in dynamic and nonlinear industrial systems
[5].

The MLP is one of the most widely used neura
architectures due to its conceptual simplicity and universal
approximation capability. It can successfully model
nonlinear relationships between input and output variables,
which makes it useful in many engineering applications.
However, MLPs are static models that do not possess an
inherent mechanism for handling temporal dependencies.
For this reason, when applied to microclimate forecasting,
MLPs require explicit construction of input vectors that
include lagged variables or statistical features derived from
time series. This preprocessing increases model complexity
and reduces flexibility, especially when system dynamics
change rapidly.

The RNN architecture was introduced as a naturd
extension of feedforward networks to sequential data.
Through recurrent connections, RNNSs are able to preserve
internal states and thus capture temporal dependencies in
dynamic processes. This makes them theoretically more
powerful for time series forecasting tasks. Nevertheless, in
practice, RNNs often face significant training difficulties.
The vanishing and exploding gradient problems limit their
ability to model long-term dependencies, which are essential
for accurate forecagting of industrial microclimates
influenced by both short-term fluctuations and long-term
trends. Advanced variants such as LSTM or GRU partially
solve these issues, but they introduce additional complexity
and computational overhead.

The NNARX (Nonlinear AutoRegressive with
eXogenous inputs) model is specifically designed for
systemswhere both autoregressiveterms and external factors
play acrucial role. By explicitly incorporating past val ues of
the system outputs along with exogenous inputs, NNARX
networksare particularly well suited for modeling theinertia
and multi-factor interactions inherent to industria
environments. This architecture allows the system to take
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into account both the history of microclimate variables (e.g.,
temperature, humidity) and external influences such as
outdoor conditions, equipment operation, or human activity.
As a result, NNARX provides higher forecasting accuracy
and robustnessin dynamic, nonlinear production settings.

While MLPsand RNNs can serve as basdline forecasting
models, NNARX is the most suitable for intelligent
microclimate control in industrial cyber-physical systems.
By integrating autoregressive dynamics with external inputs,
it ensures accurate prediction and compatibility with
adaptive control strategies.

Table 1 summarizes the comparison of these
architectures and highlights their main strengths and
weaknessesin the context of microclimate forecasting.

Table 1 — Comparison of Neural Network Architectures for
Microclimate Forecasting

Archite | Advantages | Disadvantages | Applicabili
-cture ty tothe
microclima
tetask
MLP Simple Lacksinterna | Canbe
implementatio | memory, applied for
n, universality, | requires basic
high accuracy | formation of forecasts
for staticdata | input vectors | after
with delays specia
data
preprocess
ng
RNN Models Training Suitable
temporal instability for short-
dependencies, | (vanishing/exp | term
ability towork | loding parameter
with gradients), forecasting
sequential data | complex
tuning
NNAR | Oriented Requireslarge | Most
X towardstime | amounts of effective
series, training data, for
accountsfor more dynamic
exogenous computationall | and
inputs, high y intensive nonlinear
forecasting industrial
accuracy, conditions
adaptability

V. RATIONALE FOR CHOOSING NNARX

Among the analyzed neural network architectures, the
most promising for forecasting microclimate parameters in
industrial cyber-physical systemsisthe NNARX (Nonlinear
AutoRegressive with eXogenous inputs) model. Its key
feature is the ability to account Smultaneously for both past
system states and external factors, which makes it naturally
suited for modeling dynamic and nonlinear processes [6].

Practical studies have demonstrated the high
accuracy of NNARX-like models in microclimate
forecasting. For example, Caixia Yan et a. reported

coefficients of determination of R? =0.997, for temperature

and R?=0.996 for humidity [7], confirming the
architecture’s ability to capture complex interdependencies
between environmental parameters.
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Another important advantage of NNARX is its
adaptability to real production conditions. The
autoregressive gructure reflects sysem inertia, while
exogenous inputs alow consderation of both externa
(outdoor temperature, solar radiation) and interna factors
(heat emissions from equipment, human presence, actuator
states). Thisensuresforecaststhat more accurately reflect the
rea behavior of the production environment.

In the context of cyber-physical systems, NNARX can
also be integrated with other intelligent approaches, such as
fuzzy logic. Thiscombination allows precise neural forecasts
to be transformed into control actions understandable to
actuators, enabling a shift from reactive to proactive
microclimate control.

Thus, NNARX is a justified choice for intelligent
microclimate control, as it combines high forecasting
accuracy, the ability to consider multiple factors, and
flexibility under industrial conditions.

V1. CONCLUSION

This study presents a comparative analysis of neura
network architectures for forecagting microclimate
parametersin industrial cyber-physical systems. It has been
demonstrated that multilayer perceptrons (ML P) are suitable
for approximating nonlinear dependencies between
environmental variables, however, their effectiveness
decreases when applied to tasks with pronounced temporal
dynamics. Recurrent neura networks (RNN), on the other
hand, are able to capture short-term dependencies and
sequential patterns, yet they suffer from issues of training
stability and limited scalability when applied to long-term or
highly nonlinear processes.

The mogt promising architecture identified is NNARX,
which integrates both autoregressive dynamics and
exogenous inputs. This dua structure enables the model to
accurately reproduce complex dependencies, capture system
inertia, and reflect the influence of external factors such as
outdoor temperature or human activity. NNARX-based
models have already demonstrated strong performance in
practical studies of microclimate forecasting, which
confirms their suitability for solving industrial challenges
where precision and adaptability are critical.

Therefore, the choice of NNARX as the baseline
architecture is well justified for the development of
intelligent microclimate control systems in industrial
environments. Beyond forecasting, NNARX provides a
foundation for creating predictive and adaptive control
strategies that move beyond reactive approaches. Future
research should focus on combining NNARX with fuzzy
logic controllers, optimization agorithms, and online
adaptive learning methods, in order to enhance energy
efficiency, reduce operational costs, and ensure the stability
of technological processes under varying production
conditions.
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Abstract: This study considers the problem of numerica
modeling of algorithms for constructing optimal trajectories
for collaborative robotsin Industry 5.0 production scenarios,
where the key aspect is safe and effective interaction with a
dynamic environment and humans. The developed
mathematical models are based on potential function
methods and multi-criteria optimization, which allows
combining obstacle avoidance, energy consumption
reduction, and task execution time minimization. Numerical
modeling has shown that the actual trajectory of the robot
remains convergent to the desired one even in the presence
of obstacles, confirming the adaptability of the algorithms to
unpredictable changes in the environment. Analysis of the
time error showed its short-term increase during
maneuvering and subsequent stabilization, which indicates
the reliability of the proposed models. The study of the
smoothness of movement confirmed the absence of sharp
changes in the curvature of the trgjectory, which ensures
safety and comfort of operationin production processes. The
results obtained prove the feasibility of using the developed
approaches to create intelligent robotic systems capable of
increasing production efficiency, reducing accident risks,
and improving the quality of interaction between robots and
humans in the Industry 5.0 concept.

Keywords: optimal trajectories, collaborative robots,
numerical modeling, obstacle avoidance, adaptive contral,
Industry 5.0, multi-criteria optimization, trgjectory planning,
safe interaction.

|. INTRODUCTION

The current stage of robotics development in Industry 5.0
is characterized by the integration of intelligent control
systems that ensure safe and effective interaction between
humans and robotsin a shared working environment. One of
the key tasksinthisregard isto construct optimal trajectories
for collaborative robots, since it is the quality of trajectory
planning that determines the level of productivity, the
accuracy of production tasks, and the minimization of
collision risks. The relevance of the research is determined
by the need to adapt planning algorithms to dynamic and
uncertain production scenarios, where there are moving
objects, variable congraints, and humans as active
participantsin the process. Traditional methods of trajectory
construction do not always guarantee the necessary level of
flexibility and stability of the system, while the use of
numerical methods and optimization algorithms allows to
increase the efficiency of caculations and the accuracy of
results. Therefore, the development and research of new
approaches to optimal trgjectory planning is an important

step in ensuring the adaptability and safety of collaborative
robots, which determines the scientific and practical
significance of thiswork.

Il. MATHEMATICAL SUPPORT FOR NUMERICAL
RESEARCH OF ALGORITHMS FOR CONSTRUCTING
OPTIMAL TRAJECTORIES FOR COLLABORATIVE
ROBOTS

Kinematic model in configuration space. Let g € R™ be
the configuration vector (joint angles + base position) at time
moment t. Then the position of the end effector in the
workspace is given by the mapping p(t) = f(q(t)), where
£:R" > R™. The Jacobian is defined as/ (q) = Z—{; and links

the velocities: p = J(gq)q. Let us describe the parameters:
q(t) - robot configuration; p(t) - effector position; f - direct
kinematic transformer; J(q) — Jacobian; n - number of
degrees of freedom; m - size of the workspace (usually 3 or
6). Thismodel isneeded for transformati on between the joint
space and the task space (working space), for formulating
congtraints on the end effector, and for caculaing
collisiong/distances.

The dynamics of the manipulator (mode injoint space) is
described as

M(q)G +C(q,4)q + G(q) + Dg (1)
=1 +](q)TFext

Where: q,4,4 - joint status (position, velocity,
acceleration); p(q) - effector positioninthe workspace; J(q)
- Jacobian; M (q) - inertia matrix (positive definite); C(q, q)
- Coriadlis/centrifugal forces matrix; G(q) - gravity vector; t
- control moment vector (al joints); F,,; - externa forces
(contacts, reactions); D - viscous |0ss matrix.

Objective functionality (optimal control). The genera
problem of optima trajectory planning is formulated as
minimizing the functionality:

JIa®), ()] = @(q(1))

T (2
+ [ 1a@,40,20, 0
0

subject to dynamic equations and constraints. Here @ isthe
terminal vaue (e.g., distance to the target), and ! is the
integrd value, for example:
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L= wyllp(®) = paOII* + wy lIzOII? 3
+wgllg@®ll?

Where: p,(t) - desired trajectory/target; w,, w,,wy -
integral weights. The mode's functionality comblneﬁ the
criteria of tracking accuracy, drive energy/effort, and
smoothness of motion; weight coefficients allow balancing
between trgjectory quality and costs.

Safety and comfort constraints (continuous inequalities).
Collisions and safety are formalized as a set of inequalities:

(4)

where an example is the distance constraint between
critical points of the robot and a person/obstacle:

he(q®),t)=>0,k=1,..,K

col(q: t) - d(q: t) dsafe = (5)

With d(q, t) = min,er(q)yeowllx — ¥l

Where: dg, ¢, - minimum permissible distance; R(q) - -
set of body points of the robot; O(t) - st of
obstacles/positions of the human.

Restrictions (5) guarantee a minimum safe distance and
take into account the human comfort zones.

Starting potential for numerical implementation of
avoidance. To ensure a differentiated form of redtriction, the
following potential isintroduced:

Urep(q,t)
1 1 1
=17k (d(q, D do ) d(@.t) < dy
0, d(gt) =d,
_Vq Urep (q: t)

(6)
Frep =

Where: k. > 0 - repulsion coefficient; d, - potentia
influence radius; d(q,t) - distance; V, - configuration
gradient.

Discretization — direct collocation. We divide the
interval [0, T] into N nodest; and represent the trajectory as
a set of variables {q;,q;, t}\L,. We minimize the tota
discrete functional:

N-1

Ja= 9@ + ) 10 ds A ™
i=0

subject to discrete constraint equations (collocations), for
example, using the trapezoidal method:

+ 2 G+ ) ®

qi+1 =

Where: N - number of nodes; At = T/N - steps; q;, 4;, T;
- discrete variables, collocation equations ensure
compatibility with dynamics. Direct transcription converts a
continuous optimal problem into an NLP (nonlinear
program), which is solved numerically by standard
optimizers.

Gradient/variationa expression for updating (for
gradient algorithms and CHOMP/TragjOpt). Gradient of the
goal aong the trajectory in discrete representation:
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op;  9U,ep(q;)
Voda = 2wy (i — Pai) 5— + ——— )

aq; aq;

Where L —](q ) - Jacobian at the node; p,; - desired

position of the node; regularizers - terms that penalize high
derivatives (velocity, acceleration).

The gradient (9) is used in local optimizers (CHOMP,
TrgOpt) for iterative trgectory smoothing, taking into
account collision penalties and smoothness.

MPC formulation for online optimization. At each time
step t, the problem of minimizing the functional on the
horizon T,, is solved:

Np-1

Zl()

subject to discrete dynamics and constraints, after which
only the first step 1, (receding horizon) is applied.

Where: N,, - forecast horizon; k - current time index;
weight paletteisthe same asin the functional {. MPC alows
you to adapt the trajectory in rea time as the environment
and human movement change, combining global goals and
local safety constraints.

Stochagtic/robust ~ formulation (necessary  for
uncertainties). If the person's position or model parameters
are random, we minimize the expected value of costs with
guarantees:

min (10)

Np qk+Np
{Qk+jok+j}j 0

mink [(q(T)) + J; ¢

(11)
)dt| under Pr{h(q,t) > 0} = 1 -
or in the form of robust optimization:
mi ”@&Xl[q('); ¢] (12)

Where: ¢ - unknown parameters/noise; § - acceptablerisk
of violation of the constraint; Z - set of possible
scenarios/uncertainties.

Expressions 11-12 allow usto obtain trgjectories that are
highly likdly to be safe and perform tasks even with random
variations.

Coordination of multiple robots (cooperative
congtraints). For agroup M of robots, we introduce a state
vector Q = [¢%, ..., q™] and set additional mutual avoidance
congtraints:

dii(ql' q]'t) mm = 0 V * ] (13)
or asapenalty inthe objective: ¥, ; Uy, (', ¢7).

Where: M - number of robots, d;; - distance between
robotsi and j; d,,;,, - Minimum inter-robot distance.

Model 13 ensures safe interaction between robots and
allows searching for optimal distributed trajectories.

In practice, the choice of discretization step At weights
Wy, Wy, ..., potential coefficients k,., and radii d, determines
the trade-off between accuracy, computation speed, and
safety; their tuning is usually done experimentaly or through
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separate optimization (meta-optimization). For a large
number of DOFs, it is recommended to use direct methods
(direct collocation) or iterative local methods with analytical
gradients, and for online adaptation — MPC with alimited
number of nodes. If there are stochastic components (human
movement, sensor noise), it makes sense to include a
stochastic or robust component in the formulation.

The developed mathematical models of algorithms for
constructing optimal trgectories for collaborative robots in
Industry 5.0 production scenarios have a number of
significant advantagesthat determine their effectiveness and
practical significance. First, they allow for both kinematic
and dynamic characteristics of robots to be taken into
account, ensuring the accuracy of trajectory formation in
complex production conditions. Second, the modes
integrate safety constraints and human comfort zones,
ensuring the adaptability of robot movements and reducing
the risk of accidentsin a shared environment. An important
advantage is the possibility of multi-criteria optimization,
which combines energy cost minimization, trajectory
smoothing, and task execution time reduction without 1oss of
accuracy. The use of potential functions and MPC alows
modeling the response to dynamic changes in the
environment in real time, while maintaining stability and
efficiency. In addition, the proposed expressions are easily
scalable for multi-robot systems, which facilitates the
development of coordination strategies in collaborative
scenarios. Importantly, the models take into account
uncertainties, thanks to which the system remains resistant
to unpredictable human actions or external factors. As a
result, the developed approaches form the basis for the
creation of a new generation of intelligent robotic systems
capable of effectively collaborating with humans and
increasing productivity in Industry 5.0 manufacturing
processes.

[1. NUMERICAL MODELING AND ANALY SISOF
THE RESULTS OBTAINED

The goa of the first experiment, shown in the graph
“Optimal Trajectory Planning with Obstacle Avoidance,”
was to test the ability of the optimal trgectory planning
algorithm to ensure the robot's movement toward the target
while avoiding obstacles. The expected result is a deviation
of the actud trgjectory from the desired one in the obstacle
zone, followed by a return to the optimal path, confirming
the effectiveness of the route construction model. The second
experiment, shown in the “Tracking Error Over Time”
graph, aimed to evaluate the dynamics of the error between
the desired and actud trajectories over time. The expected
result is an initia increase in error at the moment of
maneuvering near the obstacle and subsequent stabilization,
demonstrating the convergence of the algorithm to the
specified trgjectory. The third experiment, shown in the
“Trajectory Smoothness™ graph, is aimed at analyzing the
smoothness of movement and the curvature of the trgjectory
when avoiding obstacles. The expected result is a dight
increase in curvature during maneuvering, which quickly
stabilizes, confirming the algorithm's ability to form safeand
smooth trgjectories without sudden changes in motion.
Together, these experiments demonstrate the ability to
construct efficient, safe, and optimal trgjectories for
collaborative robotsin Industry 5.0 manufacturing scenarios.

20

The results of numerical simulations are presented in Figure
1

0)

B)

a); Optimal Trajectory Planning with Obstacle
Avoidance 0) Tracking Error Over Time; B) Trajectory
Smoothness

Figure 1. — Numerical modelling results

Based on numerical modeling, the effectiveness of
algorithms for constructing optimal trajectories in an
environment with obstacleswas investigated. Thefirst graph
(Fig. 18) shows the desired and actual trajectories of the
robot's movement, where it can be seen that thanks to
potential functions, the robot successfully avoids obstacles
and findsthe optimal path tothe goal. The second graph (Fig.
1b) shows the change in tracking error over time, which
initidly increases due to maneuvering around the obstacle
but then decreases, indicating convergence to the optimal
trajectory. The third graph (Fig. 1c) shows the curvature of
the trgjectory, which increases in the obstacle avoidance
zone but stabilizes over time, ensuring smooth movement.
The results confirm the feasibility of using the developed
model s to optimize the movement of collaborative robotsin
production scenarios.

[11. CONCLUSION

The study confirmed the effectiveness of the devel oped
algorithms for constructing optimal trgectories for
collaborative robotsin the context of Industry 5.0 production
scenarios. Theresultsof numerical modeling showed that the
proposed approaches allow forming trajectoriesthat not only
take into account the optimality of movement but also ensure
safe avoidance of obstacles in a shared working
environment. Motion analysis demonstrated that the actual
trajectory of the robot coincides with the desired one after a
local deviation in the obstacle zone, confirming the stability
and reliability of the models. It was found that the tracking
error increases during maneuvering but gradually decreases
and stabilizes, indicating the algorithm's ability to adaptively
correct motion. The study of trgectory smoothness
confirmed the absence of sharp changesin curvature, which
is critical for safety and ease of operation in production
scenarios involving humans. Thus, the proposed agorithms
have proven their effectiveness in combining multi-criteria
requirements, in particul ar, minimizing energy consumption,
task execution time, and compliance with safety
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requirements. The results obtained lay the foundation for the
practical implementation of collaborative robot systems in
new-generation production processes, increasing their
flexibility, productivity, and level of interaction with
humans...
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Abstract: This paper presents a mathematical mode of
adaptive control of a collaborative mobile manipulator in a
shared working environment that meets the requirements of
safe and effective human-robot interaction. The developed
approach is based on an adaptive controller that provides
accurate tracking of the dedred trgjectory even in the
presence of parameter uncertainties. Numerical simulations
have shown that the actual robot trajectory practically
coincides with the given one, and the error does not exceed
0.05 rad and decreases asymptotically over time. In addition,
the parametric adaptation system demonstrated a gradual
approximation of the estimated parameter to the true one,
which confirms the model's ability to self-learn in dynamic
conditions. The results obtained indicate the high efficiency
of the proposed method, its stability and prospects for
implementation in the production processes of Industry 5.0.

Keywords: Industry 5.0, adaptive control, mobile
manipulator, trajectory tracking, collaborative robotics,
mathematical model.

|. INTRODUCTION

In the current conditions of Industry 5.0 development,
collaborative robots capable of effectively interacting with
humansin a shared working environment are becoming akey
element in building intelligent production systems. Ensuring
safe and productive cooperation between the operator and
the mobile mani pulator requiresthe creation of mathematical
control models that take into account the unpredictability of
human actions, the dynamics of the environment, and the
uncertainty of the parameters of the robotic system itsdf.
Traditional  control methods demonstrate  limited
effectiveness in changing conditions, while adaptive
approaches allow for real-time correction of movement
trajectories, ensuring stability and accuracy of task
performance. At the same time, there is a need to take into
account the human safety zone and mechanismsfor avoiding
dangerous situations, which requires the integration of
potential functions and force repulsion models. Thus, the
development of a mathematical model of adaptive control of
a collaborative mobile manipulator is an urgent task that
combines the requirements of high productivity, flexibility,
and safety in a shared working space. Research in this area
creates the basis for the practical implementation of
intelligent control systems capable of ensuring effective
human-robot  collaboration in  modern  production
environments.

1. MATHEMATICAL DESCRIPTION OF THE
MODEL OF ADAPTIVE CONTROL OF A
COLLABORATIVEMOBILE MANIPULATOR

Supposeq € R™ - vector of joint angles of the manipulator
(if there is a suspendgon/platform, it is added outside the

base); q,q - firs and second time derivatives, p(q) € R? -
effector position in the workspace; J(q) = Z_Z - jacobian;

p,(t) € R®, v,(¢) = p, - position and speed of the person
(can be estimated by sensors).
Dynamics of the manipulator (model in joint space):

M(q)§ +C(q,4)q + G(q) + Dq 1)
=T+]J(q) Fext

Where: q,q,4 - joint condition (position, speed,
acceleration); p(q) - effector positioninthe workspace; J(q)
— jacobian; M(q) - inertiamatrix (positive definite); C(q, ¢)
- Corialig/centrifugd force matrix; G(q) - gravity vector; T -
vector of control moments (all joints); F,,, - externa forces
(contacts, reactions); D - viscous |0ss matrix.

Tracking goal and errors, represented through the desired
trajectory qq(t), 4, Ga; mistake e =q — qq, € = q — qq-
introduce a tracking variable (filtered error):

4r =qa—Ne, s=q—q, =€+ Ae 2

Where: A - diagonal matrix of positive coefficients.

The dynamicscan be writtenin alinear form with respect
to the parameters.

Where: Y (+) — regressor; 8 - vector of unknown constants
(mass, inertia, etc.).

Adaptive control (Slotine-Li style) with human input
will be presented as a basic control vector for tracking:

Tc = Y(q' 4, Grr Qt)é — Kps (4)

Where: § - parameter estimation; K, - positive definite
damping matrix.

Dynamics of parameter estimation update:

6=-IY(q,4,4,,4)"s (5)
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Where: ' - adaptation matrix (Symmetric, positive
definite).

Determine the distance between the effector (or any
critical point of the robot) and the person:

d(®) = llp(q) —pa @Il (6)

Let's introduce a repulsion potential (example - a force
barrier):

1k (1 1)2d p
Ud) ={2"er\g " q,) 14 =% 7)
0, dzdo

Where: d,, - safety zone radius (comfort/safety); ke, >
0 - Repulsion force coefficient.
Repulsion force in the working space:

K (1 1) 1p—pn
Frep = =V,U(d) ={ "P\d d,/d? d )
0

Converting force into moments'torsons at joints.
T =J(@" Frep ©)
Full control signal:
T=1,+7, =Y0 —Kps+]"F,, (10)

We choose the Lyapunov functional as the stability
criterion:

1 1. ~ - 4
V= ESTM(C[)S +§6TF‘19, 0=60-6 (11)
Differentiation and subgtitution gives (by standard output
Sotine-Li):

V =—=sTKps +sT]"F,, (12

If the repulsive force is limited and properly adjusted
(sufficient K},), boundedness of s and smoothed tracking are
ensured, and additional conditions for smoothing the force
are provided F,.,, (e.9. damping) ensure no throws and local
stability.

Let'sdiscuss limitations and extensions:

- to maintain safety, one can add a projection form of
adaptation (to 8 remained physicaly feasible);

- for multi-agent coordination, cooperation terms are
added (e.g., mutual avoidance potentials between robots or
distributed evaluations 8;);

- if aperson can contact arobot F,,, in dynamics must be
modeled/monitored and used in the controller for safe
interaction (impedance/admittance control).

The developed mathematical model's of adaptive control
of a collaborative mobile manipulator provide a number of
advantages that determine their practical value in modern
production scenarios. First, they adlow taking into account
the uncertainty of system parameters and changes in
environmental dynamics, which increases the stability and
accuracy of movement in real time. Second, the integration

of adaptation mechanisms and potential safety functions
creates the possibility of effective interaction with a person
without the risk of emergency Stuations. Such models are
flexible, as they can be configured for different types of
collaborative robots and usage scenarios. An important
advantage is the possibility of their numerical modeling and
verification of algorithms before practica implementation,
which significantly reduces devel opment costs and increases
system riability.

I1I.NUMERICAL MODELINGAND ANALY SISOF
THE OBTAINED RESULTS

The purpose of numerical smulation was to verify the
performance and effectiveness of the developed
mathematica moded of adaptive control of a collaborative
mobile manipulator in a dynamic environment. Using
simulation, it became possible to invegtigate how accurately
the system isable to track a given trgectory of motioninthe
presence of uncertainty in the parameters and initial
conditions. An important goal was to assess the stability of
the control algorithm, in particular the ability to gradually
reduce the error between the desired and actual postion,
which is a critica factor for the real operation of a robotic
system next to a person. Numerical simulation also allowed
to verify the effectiveness of the adaptive parameter
estimation mechanism, which is confirmed by the gradual
convergence of the estimated value with the true one. In
addition, the study aimed to identify transient processes and
oscillations of the system at the initial stages of motion in
order to assess its behavior in unpredictable conditions.
Thus, modeling serves not only as a validation tool for the
proposed approach, but also as a means of predicting its
effectiveness in real production scenarios, where safety,
accuracy, and adaptability are the defining characteristics of
a collaborative robot.

The results obtained from numerical modeling are
presented in Fig. 1.

a)

0)

B)
a) Traectory Tracking; 6) Tracking Error; B)
Adaptive Parameter Estimation
Fig. 1 — Results of multiple simulations

The obtained numerical simulation results (Fig. 1)
demonstrate the effectiveness of the applied adaptive control
model for a collaborative mobile manipulator. The trgjectory
tracking graph shows that the actual trgjectory practically
coincides with the given snusoidal one over time, which
confirms the system's ability to provide stable motion even
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in the presence of initial uncertainty in the parameters. The
error graph shows that the initial deviation reaches
approximately 0.05 rad, but then gradually decreases and
tendsto zero, which indicates an asymptotic improvement in
accuracy dueto the adaptive law. Certain fluctuations in the
first seconds are explained by the inertia of the sysem and
the initial difference in the model parameters, but they
quickly fade away. The third parametric identification graph
shows that the estimate of the unknown parameter gradually
approaches the true value of 2.0, although the convergence
rate is relatively slow, which corresponds to the selected
adaptation rate. This confirms the stability of the algorithm
and the ability to correct even with significant differencesin
theinitial estimates. Taken together, the results confirm the
logica consigency of the model, demonstrate its numerical
convergence and qudlitative effectiveness for the tasks of
safe and precise control of collaborative robotsin a dynamic
environment.

V. CONCLUSION

In the course of the study, a mathematical model of
adaptive control of a collaborative mobile manipulator in a
shared working environment was devel oped and numerically
tested, which demonstrated the ability to effectively ensure
stability and accuracy of movement even under conditions of
uncertainty of the system parameters. The obtained modeling
results confirmed that the proposed approach allows
achieving high-quality tracking of the desired trgectory,
since the actual movement of the manipulator gradualy
coincides with the given sinusoidal signal. Analysis of the
graphs showed that the initial deviation from the trajectory
did not exceed 0.05 rad and quickly decreased due to the
adaptive controller, which confirms the system's resistance
toinitia disturbances. The observed error decay indicatesthe
asymptotic convergence of the algorithm and its suitability
for operation in dynamic production conditions. The
estimate of the unknown parameter, which initialy differed
significantly from the true value, gradually approached it,
which proves the effectiveness of the adaptation law and the
possibility of correctioninreal time. This creates a basis for
the practical implementation of a control system capable of
self-learning and maintaining accuracy in the event of
changesin the mass-inertial characteritics of the robot. The
simulation also demongrated the absence of dangerous
fluctuations in transient processes, which is of fundamental
importance for human saf ety in a shared environment. Thus,
the results obtained provethe feasibility of using an adaptive
approach in the control tasks of collaborative mobile
manipulators, since it combines high accuracy of trajectory
movement, resistance to uncertainties and the ability to take
into account safety requirements in interaction with the
operator.
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Abstract: The article considers modern methods for
controlling a group of mobile robots in environments with a
high level of uncertainty, which is a relevant task in the
context of the development of the Industry 5.0 concept. The
main attention is paid to the anaysis of centralized and
decentralized approaches, probabilistic modds, fuzzy logic,
collective intelligence methods, and reinforcement learning
algorithms. The conducted research demonstrates their
features, advantages, and limitations when applied in
production and service scenarios. It is shown that
decentralized and bioinspired methods provide high stability
and scalability, while probabilisic models and fuzzy logic
allow you to work effectively with incomplete information.
Machine learning methods provide the ability to adapt and
self-learning, but require significant computing resources.
The results obtained indicate the feasibility of integrating
different approaches into hybrid systems, which alows you
to increase the efficiency and reliability of group control of
robotsin complex environments.

Keywords. mobile robots, group management,
uncertainty, decentralized methods, fuzzy logic, POMDP,
collective intelligence, reinforcement learning.

|. INTRODUCTION

In the current conditions of the development of Industry
5.0 and intelligent production systems, the problem of
effective control of groups of mobile robots that work in a
common space with humans and other technical agentsis of
particular importance. The growing complexity of
production and service processes requires robotic systems to
have the ability to adapt, make quick decisions, and
coordinate interaction even in Stuations where the external
environment is characterized by a high leve of uncertainty.
Such uncertainty can be caused by incomplete sensor data,
delays in communication channels, and dynamic changesin
the environment, which complicate trgjectory planning and
coordination of actions. Research into control methods in
these conditions is important for ensuring the sability,
safety, and reliability of multi-component robotic systems.
In addition, the use of adaptive approaches, such as fuzzy
logic, probabilistic models, or multi-level control strategies,
allowsyou to create algorithms that can take unpredictability
into account and reduce therisks of callisons. The relevance
of the research isalso determined by the need to increase the
autonomy of mobile robots, their ability to collaborate and
flexibly distribute tasks in ateam, which directly affectsthe
efficiency of production processes, logigtics and service.
Thus, the study and development of new methods for
controlling a group of mobile robots in environments with a
high level of uncertainty is a strategic direction of modern

robotics, which opens up opportunities for creating more
intelligent and sustainable systemsin real scenarios.

1. MATHEMATICAL DESCRIPTION OF
METHODSFOR CONTROLLING A GROUP
OF MOBILE ROBOTS

Methods for controlling a group of mobile robots under
uncertainty are one of the key problems of modern robotics,
as they provide the possibility of effective functioning of
multi-component systems in complex and dynamic
environments. One of the most common approaches is
centralized control, whichisbased on the creation of asingle
coordination center for decison-making. This method
allows achieving a high level of coherence of actions, but its
disadvantage is vulnerability to communication failures and
limited scalability in large groups.

@

N T
minj = Z Z C i uye)
i=1

i t=1

Where: N - number of robots, T - number of time steps,
x;; - state of the i-th robot at time instant ¢; u;, - control
signa for i-th robot at time instant ¢; C(x;.,u;.) - cost
function that takes into account energy consumption, time,
or digtance.

In contrast, decentralized control is used, where each
agent makes decisions based on local information, which
increases the system's resilience to failures and reduces
dependence on the centra node. In the context of Industry
5.0, decentralized control models are of particular relevance,
as they provide greater flexibility and autonomy when
interacting with a person in a production environment.

u; (t) = (i (8), Ni(1)) @

Where: x;(t) - local state of the i-th robat; NV;(t) -
information from neighbors in the interaction zone; f(-) -
function of the local control law.

Probabilistic methods are of great importance, among
which models based on Markov processes and partidly
observable Markov processes (POMDP) stand out. They
alow us to formalize uncertainty about the states of the
environment and choose optimal actions taking into account
incomplete sensor data. The use of POMDP in mobile
robotics ensures decision-making in situations where only
partial information about obstacl es, object motion dynamics,
or the behavior of other agentsisavailable.
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P(St11lse,a), 0(oclse, ar), R(se, ar) ©)

Where: s, - state of the system at a point in time ¢; a, -
robot action; P(s;,1|S; a;) - probability of transition to a
new state; O(o;|s;,a;) - probability of receiving an
observation o;; R(s;,a,) - areward function that describes
the goa (for example, minimizing time or avoiding
collisions).

In turn, fuzzy logic provides the &bility to process
uncertain and imprecise data, which is typical in working
with real sensory systems. It allows you to build decision-
making rules based on linguigtic variables and ensures the
adaptation of robot behavior to complex environmental
conditions. Such approaches are especially effective in
systems where human interaction is required, since they
bring the control process closer to natural decision-making

principles.
M
W= ) w
k=1

Where: x - input data (e.g. distance to obstacle, speed);
U (x) - membership function for the k-th rule; w; -
weighting factor or control value; u - control output signal.

An equally important direction is the use of collective
intelligence methods based on bioinspired models, in
particular swarm or ant colony algorithms. Their feature lies
in the ahility of a group of robots to collectively achieve a
globa goal through simple local interaction rules. Such
algorithms are redstant to failures of individual agents,
provide adaptation to changes in the environment and allow
for effective solutions to search, exploration or route
optimization problems. In the context of Industry 5.0, these
methods become the basis for the formation of collaborative
robotic systems capable of self-learning and interaction with
humans as equal participantsin the process.

- for the swarm:

(4)

u(t +1) = wr (D) + eyri (p — x:(6)) )
+ 1 (g — x(8)

Where: x;(t) - position of thei-th robot; v;(t) - speed of
thei- th robot; p; - the best solution found by the robot; g -
the best global solution; w;,c;,c, - inertia and learning
coefficients, r;, r, - random variables.

- for the ant algorithm:

7 () nij(t)ﬁ

= 6
Yk T ()% Ny (OF ©

P;;(t)

Where: ;;(t) - anount of pheromone ontheedgei - j;
n;;(t) - heuristic information (eg. l/digance); a,f -
pheromone and heuristic influence coefficients.

Modern research also focuses on machine learning and
deep reinforcement learning, which alow robots to learn
new behavioral strategiesthrough experience and interaction
with the environment. Such methods are aimed at creating
adaptive systemsthat can adapt to unpredictable changesand
improvethe efficiency of decision-makinginreal time. Their
application opens up new opportunities for creating

27

intelligent robotic teams that can work effectively in the
uncertain conditions of modern production.

Q(s,a) « Q(s,a) + a[r +ymézlixQ(§, a)
—Q(s,a)]

Where: Q(s, a) - function of the vadue of the state and
action; « - learning coefficient; y - discounting coefficient of
future rewards; r - reward for action a in date s; § - next
state.

Thus, the study and integration of exising methods for
controlling a group of mobile robots in environments with a
high level of uncertainty is a sgnificant contribution to the
devel opment of the concept of Industry 5.0 and the formation
of new generations of adaptive and sustainable robotic
systems.

I1l. COMPARATIVE ANALY SIS OF METHODS FOR
CONTROLLING A GROUPOF MOBILEROBOTS

The study of methods for controlling a group of mobile
robots under uncertainty shows that each of the approaches
has its own application features, advantages and limitations.
Centralized control is most often used in production lines or
logigtics systems, where thereis a single coordination center
that can quickly distribute tasks between all agents. An
example is automated warehouses, where robots move
according to a sngle plan to reduce the time for delivering
goods. The main advantage of thismethod is high efficiency
in small systems, but the disadvantage is its dependence on
the reliability of the communication channel and the
difficulty of scaling with a large number of robots.
Decentralized control, on the other hand, has demongrated
its effectiveness in cases where communication between all
robotsisnot alwayspossible. Itisactively usedin search and
rescue systems, where robots must make decisions
independently in conditions of loss of communication. The
advantage of the method isitsresistanceto failures and high
autonomy, but the difficulty lies in ensuring global
consistency of the actions of the entire group.

Probabilistic methods, in particular POMDP, have shown
high efficiency in navigation among dynamic obstacles. For
example, when transporting parts in production shops, where
people and other robots can change their movement
trajectories unpredictably, the use of POMDP alows robots
to adept their decisons to incomplete or inaccurate
information. The advantage of this approach is the ability to
work with uncertain data, but the main disadvantage is the
computational complexity, which increases with the number
of agents. Fuzzy logic is often used in collison avoidance
and smooth speed control problems. It allows for real-time
decision-making based on fuzzy rules, which is well suited
to the nature of sensor data, which aways contains errors.
An example is the control of a group of robots in service
environments, where they must work next to a person,
ensuring safe interaction. The strength of fuzzy logic is
adaptability, and the weakness is the dependence on the
correctness of the formalization of rules and membership
functions.

Collective intelligence methods are practically applied in
large groups of mobile robots to perform search or
monitoring tasks. For example, swarm agorithms are
effective for exploring areas after disasters, when each robot

()

M&M S 2025, 24-25 October, Kharkiv, Ukraine



performs local tasks, but together they provide a global
result. They have the advantage of high scalability and fault
tolerance, but demonstrate limited effectiveness in tasks
where precise coordination and synchronization of actions
are required. In turn, ant algorithms are well suited for
optimizing routes in logistics systems, but suffer from slow
convergence, which can be critical in fast-paced production
processes. Machine learning and reinforcement learning
methods have opened up new opportunities in managing
mobile teams. An example is delivery robots that learn to
optimize routesin a constantly changing urban environment.
The main advantage of this approach is the ability to self-
learn and accumulate experience, which significantly
increases efficiency in thelong term. However, the weakness
remains the need for large computational resources and
training samples, which limits their application in real-time
modes for systems with limited resources. Thus, the study
demonstrates that each method has its niche in controlling
groups of mobile robotsin environments with ahigh level of
uncertainty, and a promising direction is their integration
into hybrid systems that can combine the advantages of
different approaches and compensate for their shortcomings.

V. CONCLUSION

The study showed that the problem of controlling a group
of mobile robots under uncertainty isof strategic importance
for the development of intelligent systems of Industry 5.0.
Analysisof existing methods showed that centralized control
is effective in small systems, but its limitations are
manifesed in scaling and loss of reslience to failures.
Decentralized approaches, on the contrary, provide high
autonomy and flexibility, alowing robots to make decisions
based on local information. Probabilistic methods, such as
POMDP, have proven their effectiveness in situations with
partial observation and dynamic environmental changes. The
use of fuzzy logic has proven its feashility in decision-
making tasks based on inaccurate data, which istypica for
sensor systems. Collective intelligence methods have
demonstrated the ability to scale the sysem and maintain
operability even when individual agents fail. Machine
learning and reinforcement learning a gorithms have shown
promise in creating adaptive control strategies, but require
significant computing resources. Comparative analyss
shows that each method has its own niche of use depending
on the type of environment and the requirements for speed
and accuracy of decison-making. In real scenarios, special
attention is required to combine methods, which alows to
compensate for their shortcomings and enhance their
advantages. Animportant direction of further researchisthe
development of hybrid models that integrate elements of
probahilistic, fuzzy and bioinspired approaches. This opens
up new opportunities for creating robotic systems that are
resistant to uncertainty. The conclusions of thework confirm
the relevance of multi-level strategies for coordinating a
group of robots Their practica implementation will
contribute to increasing the efficiency of production,
logistics and service processes in dynamic environments.
Thus, the proposed approach defines a promising vector for
the development of robotics in conditions of rapid change
and growing reguirements for autonomy and safety.
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Abstract: The abgtracts of the report consder modern
methods of object identification for FPV drones with an
emphasis on their gpplication in red time and under
conditions of limited computing resources. Classica
approaches based on keypoint extraction, deep convol utional
neural networks, semantic and instance-segmentation
methods, as well as state filters and lightweight optimized
models are analyzed. The study shows that each of the
methods has its advantages and limitations depending on the
accuracy, processing speed and complexity of the
environment. Special attention is paid to hybrid approaches
that combine the advantages of several methods to ensure
stable and effective object identification on board FPV
drones. The results obtained emphasi ze the need to optimize
algorithms and adapt models to the resource constraints of
drones to ensure reliahility and accuracy of operation in
dynamic conditions.

Keywords: FPV drones, object identification, computer
vision, deep neural networks, segmentation, Kalman filter,
lightweight models, hybrid methods, real-time.

|. INTRODUCTION

The modern development of unmanned aerial vehicles, in
particular FPV drones, opens up hew opportunities for their
use in military, civil and industrial spheres, where fast and
reliable identification of objectsin real time playsakey role.
FPV technology provides the operator with the ability to
directly visually control the drone, which alows performing
complex maneuvers, however, the effectiveness of task
performance largely depends on the accuracy of the object
recognition system. In conditions of adynamic environment,
changesin lighting, the presence of obstacles or camouflage,
target identification becomes a particularly difficult task.
This necessitates the use of modern methods of computer
vision, machine learning and deep neura networks, which
are able to improve the quality of recognition even with
incomplete or distorted data. Theimportance of thisdirection
is determined by the need to increase the autonomy of FPV
drones, which will reduce dependence on the operator and
increase efficiency in performing reconnaissance, search and
rescue or tactical tasks. At the same time, it is relevant to
study methods for object identification from the point of
view of optimizing computing resources, since FPV drones
usualy have limited computing power. Thus, analyzing
existing approaches and determining their advantages and
disadvantages is an important stage for the further
development of intelligent decison support systems in the
field of FPV technologies.

. MATHEMATICAL DESCRIPTION OF
METHODSFOR CONTROLLING A GROUP
OF MOBILE ROBOTS

Feature-based keypoint detection & matching (SIFT /
ORB / BRIEF) method. This is a classic approach that
extracts local "keypoints' in frames, builds descriptors for
them, and compares the descriptors between frames or with
a sample database to identify objects, works well with
limited resources and changing object appearance.
Mathematically, the key steps are: feature detection through
local operations on the image (e.g., Difference of Gaussians
- DoG) and descriptor construction (gradient histograms in
SIFT or binary comparisons in BRIEF/ORB).

- DoG for detection:

L(x,y,0)=6(x,y,0)'1(x,y) (1)
DOG(X,)’, O-k) = L(x!y! ko') - L(x!y! O-)

Where: G - Gaussian filter with dispersion o; I -
intensity; o - scale, detection threshold, number of octaves
- ORB/BRIEF descriptor + matching:

D(d,,d,) = Hamming (d,, d,) 2

Advantages. few computations (especially
ORB/BRIEF), invariance to shift/scale/rotation (SIFT),
works well with scarce resources and for real -time on edge
platforms. Disadvantages. sensitivity to strong lighting
changes, texture-poor regions (where there are few
keypoints), difficult to scale to semantic identification (class
# specific keypoint).

Method one-stage detectors based on CNN (YOLO /
SSD). These models implement object detection and
classification in a single pass of the network, estimating for
each anchor rectanglethe coordinates and class probabilities;
suitable for fast processing of FPV video with sufficient
hardware support (GPU / NN-accelerator). Mathematically
— convolutions + box regression + loss functions for
coordinates and probabilities (combination of local
regression and cross-entropy). Model (basic architecture):

y=fo)

L=2c0ora ) (X = %)* +Acoora ) (v = 9)? ©)

+ Z CE(pClaSS' p’\class) + -

Where: f, - convolutional network.

Advantages:. high speed (especially Y OLO-liteversions),
ready-made end-to-end solutions, good baance of accuracy
and speed. Disadvantages: for FPV drones, requires
optimization/hardware acceleration; accuracy dropsfor very
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small or very blurred objects; demanding on the amount of
training data.

Method semantic segmentation / instance segmentation
(U-Net, DeepL ab, Mask R-CNN). The method returns object
masks (pixel identification) and is useful when you need to
accurately separate the shape of an object in an FPV frame
(for example, people, cars, useful details). The mathematics
is based on convolutiona network transformations with
upsampling (decoder) and a loss function per pixel (cross-
entropy or loU-based l0ss).

- model 1 (U-Net):

y = Decoder (Encoder (1)) 4
where the encoder compresses the image properties, the
decoder restoresthe mask size; parameters. number of levels,
filter size, activation function.
- model 2 (loU-loss for mask):

X9

L =1-
foU Xpi+ 29— Xpig:

©)

Where: p; - predicted pixels; g; — true.

Advantages. accurate locaization and shape of the
object, useful for navigating around dgatic/dynamic
obstacles. Disadvantages: high computational and memory
requirements; slower than box detectors; more difficult in
rea-time on limited FPV drone hardware.

Tracking + date estimation method (Kalman Filter,
Particle Flter + association - SORT/DeepSORT). This
approach combines frame-by-frame detection with tracking
of object trajectories over time, which allows maintaining
object identity during short-term fading or partial overlaps.
The mathematics consists of state filter equations and
prediction/correction steps and an association algorithm
between detections and tracks (e.g., guessing/Hungarian
algorithm). Mode (Kalman filter, linear):

- stete:

(6)

Xey1 = Fxp + Buy +wy
- observation:
(7

Where: w,~N'(0,Q); v,~N(0,R); H — observation
matrix; Q, R - noise covariance. Particle filter is suitable for
nonlinear/non-Gaussian cases where the date is
approximated by a set of particles {x®,w®}. Association:
minimization of the cog matrix (IOU or distance) via
Hungarian; parameters. 10U threshold, maximum track |oss.
Advantages. stability of tracks over time, possibility of
predicting object motion and recovery after losses.
Disadvantages. dependence on detector quality, association
errors with strong crowding of objects; Particle filter can be
computationdly expensve.

Method Lightweight on-device models and optimizations
(MobileNet, EfficientNet-Lite +
quantization/pruning/distillation). For FPV drones, it is
critical to reduce computation and memory, so specialy
optimized architectures and model compression techniques
are used. Mathematically important idea is depthwise

z; = Hx, + v,

31

separable convolutions (MobileNet), which decompose the
full convolution into depthwise and pointwise stages,
significantly reducing the number of operations. Model
(depthwise separable conv): the full convolution has a
complexity:

DZ-M-N-H-W (8)

Where: D,, - kernel sze; M - input channels; N - output;
parameters network width (width multiplier), input
resolution, quantization degree (8-bit, 16-bit). Quantization
is also used: w, = round(;) with scale s, and pruning
(removal of smal weights). Advantages. the ability to
perform inference directly on board a drone with limited
energy consumption, low latency, maintaining autonomy.
Disadvantages. tradeoff of accuracy against size/speed;
some optimizations (aggressive pruning, low-bit quant) can
spoil stability for delicate classes.

General conclusion: all the described approaches have
their strengths and limitations - classical feature-based
methods are light and cheap in resources, but weak in
semantic classification; CNN detectors provide powerful
semantics and speed, but require optimization for FPV
drones; segmentation is useful for accurate localization of
shapes, but is more resource-intensve; the combined
approach "detection + tracking/state filtering”" significantly
increases the robustness of identification in the video stream;
and the use of lightweight architectures and compression
techniquesisamandatory practical step for implementing an
identification system directly on adrone. For FPV scenarios,
hybrid solutions are most effective: for example, a
lightweight CNN detector on board + segmentation/more
accurate validation on the backend or a hardware accelerator;
or a combination of feature-matching for fast matches and
CNN for class confirmation. If you want, | can: @ offer
examples of architectures (MobileNet-Tiny + SSD
configurations) with approximate caculation metrics, b)
prepare a flowchart of on-board / off-board processing
integration for an FPV drone - immediately in technical
form.

I1l. COMPARATIVE ANALY SIS OF METHODS FOR
CONTROLLING A GROUPOF MOBILE ROBOTS

A comparative analysis of the considered methods of
object identification for FPV drones showsthat each of them
has its own implementation specifics, which are determined
by both mathematical modelsand hardware limitations of the
platforms themselves. Classical computer vision methods
based on feature extraction, in particular SIFT or ORB, are
characterized by relative smplicity of implementation and
low requirements for computing resources, which makes
them suitable for FPV drones with limited on-board
processor performance. At the same time, these methods are
vulnerable to changesin lighting, noise and partial overlaps,
which significantly reduces their reliability in dynamic and
unpredictable conditions. Deep convolutional neural
networks, on the contrary, provide high accuracy of object
recognition even in complex environments, but require
significant computing power and optimization, in particular
through the use of accelerators such as GPU or TPU. For
FPV drones, where energy efficiency and processing speed
are critical, CNN models require special optimizations, for
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example, by usng MobileNet or Tiny-YOLO. Bayesian
methods, in particular variations of the Kalman filter or
particle filters, provide good performance in conditions of
noisy sensor data and partial visibility of objects, allowingto
integrate information from multiple sources. However, their
effectiveness depends on the correct definition of a priori
models and probability digtributions, which is sometimes a
difficult task in real flight conditions. Methods based on
fuzzy logic demongtrate flexibility in caseswhere the datais
imprecise or contradictory, but their accuracy and speed may
be inferior to other current approaches. Bio-inspired
algorithms, such as swarm modds or evolutionary
approaches, allow FPV drones to distribute the load and
collectively identify objects, but when used alone they do not
provide high accuracy without integration with more
traditional methods. In general, it can be noted that for FPV
drones, the most effective are hybrid systems that combine
the smplicity of classical methods for pre-extraction of
features with the high accuracy of deep models, as well as
support the results with probabilistic and fuzzy methods.
This allows you to balance computational costs, energy
efficiency and recognition quality, which is critica for
performing tasksin real time.

V. CONCLUSION

The conducted study of object identification methods for
FPV drones showed that the efficiency of such systems
largely depends on the choice of agorithmic approach and
hardware platform. Classical methods based on key points,
suchas SIFT and ORB, provide relatively low computati onal
complexity and fast operation, but their accuracy is
significantly reduced in conditions of noise, lighting changes
or partial overlapping of objects. Deep convolutiona neural
networks alow achieving high recognition accuracy evenin
complex dynamic scenes, but require optimization for use on
board FPV drones due to limited computing resources.
Semantic and instance-segmentation methods provide
accurate selection of the object shape and are useful for
navigation, but are more resource-intensive and sower in
rea time. The use of gtate filters, such as Kalman or particle
filters, together with tracking allows maintai ning the identity
of the object over time and predicting its movement, but
requires a correct a priori model and parameter settings.
Lightweight optimized models such as MobileNet and
EfficientNet-Lite with quantization and pruning techniques
demonstrate a balance between speed and accuracy, making
them suitable for on-board processing on FPV drones. The
overal analyss shows that the most effective are hybrid
approaches that combine classical feature extraction
methods with deep models and probabilistic filters to
increase the robustness and accuracy of identification. This
approach dlows for optimal allocation of computing
resources, ensuring fast real-time response and system
reliability in dynamic environments. The implementation of
hybrid methods is promising for the development of
autonomous FPV drones that perform reconnaissance,
monitoring and navigation tasks in complex conditions. The
results obtai ned emphasize the need for further improvement
of agorithms, integration of optimized models and
development of adaptive systems capable of operating in
various environments with ahigh level of uncertainty.
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Abstract: The paper presentsthe results of the analysis of
modern methods of operator identification in the working
area of acollaborative robot-manipulator, which isimportant
in the context of safe and effective interaction between a
person and a robotic system. Sensor gpproaches, computer
vision methods, biometric technol ogies, algorithms based on
deep neural networks, as well as integration solutions using
data fusion and fuzzy logic are considered. It is shown that
sensor methods provide basic security, but are limited in
accuracy, while computer vison and deep learning alow
achieving high detail in identification, although they require
significant computing resources. Biometric approaches
create conditions for personalization of interaction, but may
lose effectiveness in a production environment with a high
level of noise and the need to use persona protective
equipment. Dataintegration methods increase the stability of
the system and its ability to work in conditions of
uncertainty, ensuring multi-level adaptability. The analysis
confirms that optimal solutions should be based on a
combination of several methods, which iscong stent with the
concept of Industry 5.0 and contributes to the development
of new generation cognitive robotic systems.

Keywords: operator identification, collaborative robot,
manipulator, computer vision, sensor systems, heural
networks, data fusion, biometrics, fuzzy logic, Industry 5.0.

|. INTRODUCTION

In modern production scenarios that correspond to the
concept of Industry 5.0, the interaction of humans and
collaborative robot manipulators plays a key role, where
safety, reliability and efficiency are the determining factors.
Identification of the operator in the robot’s working area is
one of the most important tasks, since it ensures not only the
safe functioning of the system, but also creates the
prerequisites for flexible adaptation of the robot to human
actions. The uncertainty of the environment, various
scenarios of operator behavior, as well as possible obstacles
or limited sensor data complicate the task of timely detection
and correct identification. Traditional approaches based on
simple sensor triggersare no longer ableto meet the growing
requirements for accuracy and speed of system response.
Modern methods, in particular computer vision, deep
learning agorithms, sensor networks and data fusion
systems, make it possible to form a complete picture of the
operator’s position and actions in the working area. This is
especialy important in cases where the robot hasto perform
complex manipulationsin close proximity to a person, where
even minimal errors can lead to emergency situations.
Research into operator identification methods allows for the
creation of safer and moreintelligent control systemsthat are

able to predict human actions and adapt the robot to
individual interaction characteristics. The relevance of this
issueisdetermined by the need to integrate new technologies
into intelligent production processes, which will contribute
to the devel opment of collaborative robotics and increase the
efficiency of human-machine collaboration.

1. ANALY SISOF OPERATOR
IDENTIFICATION METHODSIN THE
WORKING AREA OF COLLABORATIVE
WORK

Analysis of methods and models for operator
identification in the working area of a collaborative robot-
manipulator is one of the key areas of development of
modern robotics, snce the level of safety and quality of
interaction in the conditions of Industry 5.0 depends on the
correctness and speed of determining the presence of a
person. The first group of methods are classica sensor
systems based on the use of ultrasonic, infrared and laser
sensors. They allow determining the presence of an object in
the robot area by registering the reflected signal. Such
methods are characterized by relative simplicity of
implementation and low cogt, but their accuracy is often
limited by lighting conditions, the presence of noise and
reflective surfaces. Their main purpose is to detect the fact
that the operator isin a dangerous zone with the subsequent
transmission of a signa to reduce the speed or stop the
manipulator. However, they do not provide complete
information about the identity of the person or his specific
actions, therefore they are used mainly as a basic level of
protection.

Another approach is to use computer vision methods
based on the anadysis of the video stream from cameras
|ocated in the working area. These methods allow to identify
the operator by his contour, pose or hiometric features.
Algorithms for highlighting key points of the skeleton (for
example, OpenPose) provide the ahility to track movements
and gesturesin real time, which allows the robot to adapt its
behavior in accordance with human actions. The main
advantage of this approach is the ability to provide detailed
information about the position and movement of the
operator, but its effectiveness may decrease with changing
lighting, partial overlaps or a complex background. The use
of depth cameras (for example, Intel RealSense or Kinect)
significantly expands the capabilities, asit alows to obtain
three-dimensional information about the spatia position of
the person, which is especially important when working in a
dynamic environment.
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Deep learning methods open up new prospects for
operator identification in the robot zone. The use of
convolutional neura networks allows for high accuracy in
recognizing both the face and the human body, as well as
detecting specific gestures or dgnas. Such systems are
capable of sef-learning on large data sets and gradualy
improving the quality of identification, which makes them
particularly promising for use in production environments.
The main purpose of this approach is to ensure stable
identification even in complex scenarios, but its main
drawback is the high requirements for computing resources
and the need to train on alarge amount of data, which can be
a difficult task in practical implementation. An important
placeisoccupied by methods based on theintegration of data
from several sensor systems, i.e. the concept of data fusion.
The simultaneous use of cameras, ultrasonic sensors and
inertial sensors allows for the formation of a more accurate
and reliable picture of the working zone. This approach
compensates for the weaknesses of individual sensors and
increases the system's resigance to interference. For
example, if a camera cannot provide reliable identification
due to poor lighting, data from ultrasonic sensors can
confirm the presence of aperson. The purpose of thismethod
is to create a robust multi-level protection system that can
operate under conditions of uncertainty and with aminimum
number of false positives The main disadvantage of this
approach is the increased complexity of integration and the

need for complex synchronization and information
processing algorithms.
Biometric identification methods, such as facid

recognition, voice recognition, or even individual movement
patterns, are also used in collaborative robotics. Their
purpose is to identify the specific person working with the
robot, which can be important in personaized interaction
scenarios. For example, the robot can adapt its behavior
depending onthelevel of experience of a particular operator.
The advantage of this approach is the possibility of
individualization and creating a more “intelligent”
interaction, while the disadvantage is the difficulty in
ensuring stable operation in conditions of noise,
environmental changes, or the use of personal protective
equipment that can obscure biometric features.

Of particular interest are methods based on fuzzy logic
and probabilistic models. They alow you to work in
conditions of incompl ete or inaccurate data, which istypical
for real-world production environments. The use of fuzzy
rulesallowsthe system to make decisions about the presence
and identification of the operator based on partialy
contradictory or ambiguous information. Probabilistic
models, such as hidden Markov processes or POMDP, alow
you to predict human behavior based on previous
observations. This opens up opportunities for creating
systemsthat can not only detect aperson, but also adapt their
actions to their future intentions. The disadvantage of these
methods is their complexity in setting up and the need for
careful selection of parameters, but their flexibility and
ability to work in real-world conditions make them
extremely promising.

The general analysis shows that none of the methods is
universal and each has its own advantages and limitations.
Sensory approaches provide basic security, computer vision
and deep learning allow for detailed information about the
operator, biometric methods provide personalization, while

35

data fuson and fuzzy logic increase the system's resilience
under uncertainty. The most promising direction of
development is the creation of hybrid systems that integrate
different methods to achieve high accuracy, speed, and
reliability in detecting and identifying the operator in the
working area of a collaborative robot-manipul ator.

I1l. COMPARATIVE ANALYSIS OF OPERATOR
IDENTIFICATION METHODS IN THE WORKING
AREA OF COLLABORATIVEWORK

A comparative analyss of operator identification
methods in the working area of a collaborative robot-
manipulator shows that each of them has its own strengths
and weaknesses, which manifest themselves depending on
the application conditions. Sensor methods based on
ultrasonic or infrared sensors are reliable for basic detection
of human presence and respond quickly to entering a
dangerous zone, but they are not able to provide accurate
identification or discrimination of specific actions, and are
also often prone to false pogitivesin complex environments.
Computer vision methods provide more detailed information
about the operator's posture, position, or even gestures,
which makes them promising for adaptive interaction, but
they are vulnerable to changes in lighting, overlapping
objects, and require significant computing resources for
stable red-time operation. Deep neurad networks
demonstrate high accuracy in human recognition, even in
complex environments, and can learn new scenarios, which
makes them universal, but high computational complexity
and the need for large data sets limit their practical
implementation in compact robotic systems. Data fusion
methods alow for the integration of information from
multiple sensors, which increases the stability and reliability
of the system even under conditions of uncertainty, but they
complicate the system structure and require specia
synchronization algorithms, Biometric methods provide the
opportunity to personalize interaction and increase the
intelligence of the system, but may lose effectiveness in
cases where the operator uses protective helmets, gloves, or
other personal protective equipment that distorts biometric
features. Finally, methods based on fuzzy logic and
probabilistic models provide high flexibility in working with
incomplete or contradictory data and the ability to predict
operator behavior, but their implementation requires
complex tuning and preci se selection of parametersto ensure
reliable operation. In conclusion, it can be noted that sensor
methods are best suited for the basic level of security,
computer vison and neural networks for detailed
identification, and data fusion and fuzzy logic are the most
promising for building integrated systems that provide high
reliability in real production conditions.

V. CONCLUSION

As a result of the analyss of operator identification
methods in the working area of a collaborative robot-
manipulator, it was found that each of the approaches hasits
own strengths and limitations, which determine the scope of
its practical application. Sensor methods remain the most
accessible and provide a basic level of security, but their
effectiveness is limited by insufficient accuracy and
dependence on external factors. Computer vison methods
and deep learning agorithms open up the possibility of
highly accurate identification even in dynamic conditions,
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but they require significant computing resources and a stable
environment. Biometric technologies demonstrate the
potential for individualized recognition, but face challenges
in production environments, where operators may use
protective equipment that complicates access to biometric
features. I ntegration methods based on data fusion and fuzzy
logic have shown the highest level of reliability and the
ability to adapt to uncertainty, which makes them especially
promisng for Industry 5.0 systems. Thus, the optimal
solution to the operator identification problem isto combine
several approaches, which allowstaking into account various
factors of the production environment, increasing the level
of safety, and ensuring effectiveinteraction between aperson
and a collaborative robot-manipulator.
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Anotation: The research is dedicated to improving the
quality control system in printed circuit board manufacturing
by optimizing the processes of collecting production data.
Based on the analysis of modern challenges in industrial
digitalization, a comprehensive approach to organizing the
monitoring of technological parameters is proposed. An
original conceptual model has been devel oped, defining the
logical interconnections between data sources, methods of
their acquigition, processing techniques, and the ultimate
goals of production control. A systematization of data
collection methods has been conducted, classified by the
level of automation and the types of technologies used. The
paper presents practicaly oriented recommendations for
applying monitoring tool sat various stages of the production
cycle — from material preparation to the final inspection of
finished products. The proposed solutions consider the
criteria of technological feasibility and accuracy
requirements for measurements. The implementation of the
proposed approach enables full traceability of production,
increases the efficiency of defect detection, and creates a
foundation for building adaptive quality management
systems. The research results have practical value for
enterprises in the eectronics industry transtioning to the
principles of Industry 4.0.

Key words. printed circuit board manufacturing, data
collection methods, quality control, monitoring automation,
traceability.

[.INTRODUCTION

In the context of modern industrial digital transformation,
the collection and analysis of product data at various stages
of manufacturing is becoming critically important for
ensuring enterprise competitiveness [1-4]. Industry 4.0
introduces new requirements for product quality, production
process efficiency, and rapid response to changing market
needs.

The relevance of this research is determined by several
key factors:

First, growing consumer demands for product quality and
customization require detailed tracking of product
characteristics at every stage of the production cycle.
Traditional quality control methods based on random
sampling of finished products no longer meet modern
standards and fail to provide the necessary level of
traceability.

Second, the implementation of the Smart Manufacturing
concept requires the creation of integrated data collection
and processing systems that enable real-time monitoring of
production processes [5-8]. This ensures the possibility of
early detection of deviations from technological standards
and prompt corrective decision-making.

Third, increasing regulatory requirements for
environmental safety and sustainable development compel

enterprises to document the entire product lifecycle, from
raw materials to waste disposal [9]. An effective data
collection system is essential for ensuring compliance with
these requirements.

The purpose of this work is to develop a comprehensive
approach to monitoring technological parameters based on
systematizing data collection methods and their alignment
with production stages.

The importance of automation lies in its ability to ensure
measurement stability and repeatability, reduce human factor
influence, and enable real-time integration of control into the
production process. Automation is a necessary condition for
implementing Smart Manufacturing and Industry 4.0
concepts, as it creates the foundation for scalability, rapid
response to deviations, and complete traceability of
production data [10-14].

Thus, analyzing the process of collecting product data at
various manufacturing stages is not only theoretically
important but also a practical necessity for enterprises
seeking to maintain their competitiveness in the digital
economy.

[1.BASICSOF DATA COLLECTION IN
MANUFACTURING

The data collection stage is crucial as it lays the foundation
for the method's effectiveness: the higher the accuracy and
completeness of the information, the better results can be
expected [15, 16]. This study focuses on printed circuit board
manufacturing, therefore the analysis of data collection
methods is centered on the specifics and requirements of the
PCB production technological process.

To systematize the fundamentals of data collection in
manufacturing, it is appropriate to consider this process as a
sequential flow of information from sources to the final
result. This logic allows for clear structuring of all system
components and determination of their interrelationships.

Figure 1 presents a conceptual model of data collection in
manufacturing, based on the principle of logical data flow
sequence.

Particular attention in the model is paid to the issue of the
targeted collection of data, as a clear understanding of the
ultimate goals allows for the optimization of all previous
stages and avoids the collection of excessive or irrelevant
information. This increases the efficiency of resource use
and reduces the burden on the enterprise's information
system.

Integrating feedback into the model architecture creates a
dynamic system capable of self-improvement and adaptation
to changing production conditions. This approach ensures
continuous improvement in data quality and an increase in
the accuracy of analytical conclusions, which is the basis for
making informed management decisions.
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manufacturing

The diagram represents six main levels, each addressing a
specific question about the information collection and
processing process:

- «What do we collect?» — defines the types of data that
serve asinformation sources,

- «How do we collect? — describes the methods and
technologies of collection;

- «Where do we store?» — characterizes data storage and
management systems;

- «How do we process? — details the analysis and
interpretation processes,

- «Why do we collect?» — formulates the ultimate goas
and results.

A key feature of this model is the feedback loop, which
demonstrates how analysis resultsinfluence the optimization
of data collection processes a al previous levels. This
reflects the iterative nature of improving the data collection
system in manufacturing.

The presence of feedback in the model enables rapid
adjustment of the technological process when deviations are
detected, increasing the overall responsiveness of the quality
control system.

[11. DATA COLLECTION METHODS FOR
PRODUCTS AT DIFFERENT

MANUFACTURING STAGES

According to the proposed conceptual model (Fig. 1), the
"How do we collect?' level is central to the practica
implementation of the monitoring system. In the context of
printed circuit board (PCB) manufacturing, data collection
methods are classified according to two main criteria: the
degree of automation and the technology used. The
generalized classification of data collection methodsin PCB
manufacturing is presented in Table 1.

The accuracy level of data collection methods varies
depending on the technology and degree of automation.

The highest accuracy is provided by automated optical
inspection (AOI) systems, capable of detecting defects as
smal as 1 micron, which is criticaly important for
controlling conductor topology on modern printed circuit
boards.
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Table 1. GENERALIZED CLASSIFICATION OF DATA
COLLECTION METHODS IN PRINTED CIRCUIT
BOARD MANUFACTURING

Classification
criterion

Category

Description
of the method

Technologies
and tools

Degree of
automation

Automatic

Data
collection
without
operator
involvement

IAutomatic
opticad  contral
systems (AOCS),
loT sensors

Semi-
automatic

The
combination
of automation
and operator
involvement

Digital
measuring
instruments,
scanners

Manual

Full operator
control

L oupes,
micrometers,

visual inspection

Collection
technology

Optical

Visual
analysis
images

of

Cameras,
specialized
software

Touch

Physica
measurement

Temperature,
pressure,

s ofhumidity sensors
parameters
Contactless
identification
M easurement [Multimeters,
of  electricaloscilloscopes
parameters

Radio
frequency
Electric

RFID, NFC tags

Electrical measurement methods are also characterized by
high accuracy (+0,01-0,1 %), enabling reliable monitoring of
insulation resistance parameters and circuit integrity.

Sensor technologies provide measurement accuracy of
physical parameters at the level of £0,1-1,0 %, which is
sufficient for monitoring soldering temperature regimes and
parameters of layered package pressing.

Semi-automatic methods typicadly have a medium
accuracy leve (£0,01-0,1 mm), which is determined by the
influence of the human factor during measurements.

Manua control methods have the lowest accuracy, where
the error can reach +0,1-1,0 mm, limiting their application to
operations that do not require high precision. However, they
remain indispensable for quick visual inspection and control
of dimensional parameters.

Anaysis of Table 1 dlows us to formulate key
conclusions:

1. The most effective results are achieved by combining
methods of different technologies and automation levels,
which compensates for the limitations of individual
approaches.

2. The choice of specific method depends on severa
factors, with the key ones being: production stage, type of
controlled parameters, accuracy and speed requirements, as
well as economic feasibility.

3. The current trend is directed toward integrating
different data collection technologies into a unified quality
information system, ensuring complete product traceability
and improving production management efficiency.

Thus, the classification creates a basis for justified
selection of monitoring methods according to the specifics
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of the printed circuit board manufacturing technological
process.

The application of automatic methods, such as AOCS,
enables real-time defect detection directly on the production
line, dgnificantly increasing efficiency compared to
selective manual control.

V. RECOMMENDATIONS FOR
APPLICATION OF DATA COLLECTION

METHODSAT DIFFERENT STAGES OF
PCB MANUFACTURING

Effective quality management in printed circuit board
manufacturing requires a strategic approach to selecting data
collection methods. Based on the analysis of the
technological features of different stages of the production
process, practical recommendations for the application of

monitoring methods have been devel oped.

Table 2. RECOMMENDATIONSFOR APPLICATION
OF DATA COLLECTION METHODSAT DIFFERENT
STAGES OF PCB MANUFACTURING
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Stage of Recomm | Justification Controlled
printed ended parameters
circuit methods
board
production
Preparation| RFID/sem| Itis Quality of fail,
of materials| i- economically dielectric,
automatic | feasible for certification
tracing batches
of materials
Formation Touch | Thecriticality Temperature,
of layered |(automatic)| of temperature- | pressure,
packages pressure lamination
regimes time
Drilling Optical The need for Diameter,
(automatic| rapid location,
AQlI) monitoring of a | quality of
large number of | holes
openings
Metallizati | Electrical | Objectivity of Resistance,
on (automatic)| the contral of coating
electrophysical | thickness,
parameters contact quaity
Photolitho | Optical High precision Width of lines,
graphy (automatic| in controlling presence of
AOCS) + | thegeometry of | breaks/short
semi- conductors circuits
automatic
Soldering | Optical Comprehensive | Soldering
componen | (AOCS) +| quality control quality,
ts Sensor of connections | temperature
(thermogr | and modes profiles
aphic)
Fina Combined| Comprehensive | Functiondity,
control (automatic| assessment appearance,
+ manual) | before shipment | compliance
with technical
specifications

Method sdlection criteria:

1. Parameter criticality — automatic methods are used for
key characteristics.

2. Production volume — mass production requires
automation.

3. Economic feasibility — implementation costs must be
justified.

4. Required accuracy — critical tolerances require high-
precision methods.

5. Control speed — compliance with production line pace.

The optimal strategy is combining methods of different
automation level s, which enabl es creating an effective multi-
level quality control system.

V. CONCLUSIONS

The conducted research proves the critical importance of
a systematic approach to organizing data collection in
printed circuit board manufacturing.

As aresult of the research, a comprehensive approach to
monitoring organization has been proposed, which includes
a conceptual model, method classification, and practica
recommendations for their application.

The devel oped conceptual data collection model, based on
the principle of sequentia information flow, provides a
comprehensive understanding of the interrelationships
between data types, their collection methods, processing
technologies, and monitoring objectives. The inclusion of
feedback in the model reflects the iterative nature of quality
control system improvement.

The systematization of data collection methods by
automation level and technology used confirmed the
necessity of adifferentiated approach to selecting monitoring
tools. The classification demonstratesthat the most effective
results are achieved by combining automatic, semi-
automatic, and manual methods while considering the
specifics of technological operations.

The practical recommendations for applying data
collection methods at different stages of PCB manufacturing
take into account the technological specifics of each stage
and economic feasibility criteria. The proposed approach
enables optimization of quality control costs while ensuring
high monitoring accuracy and efficiency.

Implementation of an integrated data collection system
based on the proposed solutions ensures complete product
traceability, enhances production management efficiency,
and creates a foundation for trangitioning to Industry 4.0
principles.

Future research prospects lie in developing defect
prediction a gorithms based on monitoring data and creating
adaptive quality management systems using artificial
intelligence.
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Anotation: The research is devoted to the current problem
of systematizing Customer Relationship Management
(CRM) systems in the context of intensive business
digitalization and growing competition in the software
solutions market. The <udy reveals the conceptual
foundations of CRM asa dual -domain concept that combines
a strategic approach to managing customer relationships and
a technologica platform for its implementation. The work
andyzesthe five-stage evolution of CRM sysemsfrom pre-
electronic card files to modern intelligent platforms with
integrated artificial intelligence and machine learning.
Particular attention is paid to the transformation from
isolated automation tools to comprehensive solutions for
orchedtrating the customer experience. A classification
system for CRM solutions based on four key criteria is
proposed. A comparative analysis of leading CRM
plaforms, including HubSpot, Zoho CRM, Pipedrive,
Salesforce, and Microsoft Dynamics 365, has been
conducted based on parameters of functionality, ease of use,
integration capabilities, and scalability. The work is of
practical importance for managers, 1T professionals, and
consultants involved in the selection and implementation of
CRM solutions in modern organizations. The research
results can be used to develop a methodology for evaluating
and comparing CRM systems according to the specific needs
of abusness.

Key words: CRM systems, business process automation,
software solutions classification, customer relationship
management, digital transformation.

[.INTRODUCTION

Under conditions of digital business transformation, the
automation of operational processes has become a key trend
for increasing competitiveness [1-10]. Thisisespecially true
for the field of Customer Relationship Management (CRM),
where modern systems have evolved from simple el ectronic
archives to inteligent platforms capable of automating a
significant part of routine tasks. from managing
correspondence and reminders to complex sales pipelines
and personalized marketing.

However, the market offers a wide variety of CRM
solutions that implement automation principles differently.
This differentiation is manifeted in the depth and
complexity of business process automation: from elementary
reminders to complex workflow scenarios covering cross-
functional sales cycles, marketing campaigns, and customer
service.

At the same time, the growing importance of protecting
customer personal data and complying with international
privacy standards[11-16] createsadditional requirementsfor
the architecture and functionality of CRM systems.

The CRM systems market in Ukraine demonstrates stable
growth, driven by increased competition, business
digitdization, and the need to enhance sales efficiency
during wartime.

The global CRM systems market is characterized by high
maturity, intense competition, and clear differentiation
among leading players. Its formation occurred significantly
earlier than in Ukraine, which allowed diginct strategic
development directions to emerge.

The mentioned differences in market maturity levels, as
well as differences in the architecture, functionality, and
target audience of the CRM solutionsthemselves, necessitate
aclear classification.

The purpose of this sudy isto systematize CRM systems
based on the analysis of key parameters, which isa decisive
factor in choosing a solution for a modern business.

1. CONCEPTUAL FOUNDATIONS OF CRM
SYSTEMSRESEARCH

The term CRM should be understood as a dual-domain
concept:

- a gtrategic business approach aimed at building long-
term and mutually beneficia rel ationships with customersby
studying their needs and maximizing loyalty;

- an information technology system that is software for
automating this strategic approach.

As a technological platform, a CRM system integrates
three key functional modules.

- sales Force Automation — management of leads, deals,
contacts, sales forecasting;

- marketing Automation — campaign management, email
marketing, customer base segmentation;

- service Automation — ticket management, cal center,
knowledge base.

Thefunctional complexity of modern CRM systemsisthe
result of long-term development. The modern diversity of
CRM solutionsis a consequence of their evolution.

The evolution of CRM systems can be visually
represented in Fig. 1.

(I~ =
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Fig. 1. Stages of CRM Systems Evolution

Stage 1. Pre-electricd — card files and salesperson's
diaries. Lack of centralized information.

Features of stage 1.

- lack of centralization;

- manual record keeping;

- information loss;

- inefficiency.

Stage 2. Emergence of the first digital contact managers
(1980s-1990s). Automation of contact list management, but
without process control.

Features of stage 2:

- firgt personal computers and databases;

- simple contact search;
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- Automated Contact Tracking — one of the first popular
contact management programs, created in 1986; GoldMine —
another early CRM system launched in 1989;

- NO process management.

Stage 3. Development of Operationa CRM (late 1990s —
2000s). Streamlining routine operations, formation of sales
pipdines. It was at this stage that the divison into On-
Premise and SaaS solutions occurred.

Features of stage 3:

- deal management;

- sales automation;

- On-Premise/SaaS division;

- Siebel — one of the first major corporate CRM systems,
created by Tom Siebel in 1993. It was a market |eader until
the mid-2000s, particularly popular among large
corporations. Later acquired by Oracle;

- Salesforce (beginning) — cloud CRM platform launched
by Marc Benioff in 1999. Revolutionized the market by
becoming the first successful SaaS (Software as a Service)
CRM system. At that time, this was the «beginning» of the
Salesforce era, which later became aworld leader.

Stage 4. Emergence of Analytical and Collaborative CRM
(2010s). Shift of focus from operations automation to data
andytics and customer experience orchestration. This led to
differentiation by functional orientation.

Features of stage 4:

- socia mediaintegration;

- mobile applications;

- business anaytics;

- Cugtomer Journey — the sequence of al customer
interactions with the company from first brand acquaintance
to purchase and beyond.

Stage 5. Modern — intelligent Cloud and Al-based CRM
(2020s). Integration of artificia intelligence, machine
learning, and omnichannel capabilities. This stage solidified
the dominance of cloud architecture and fostered further
solution specidization (verticalization).

Features of stage 5:

- Al/ML integration;

- Predictive Analytics;

- Chatbots, Voice Al;

- Omnichannel solutions.

Thus, the analysis of the evolution of CRM systems
demonstrates a clear trend of transformation from isolated
tools for automating individual operations to integrated,
intelligent platforms for managing customer relationships.
Thisdevel opment hasdirectly shaped the key aspectsof their
differentiation, which constitutes the object of classification
in this study.

[11. CLASSIFICATION CRITERIA FOR CRM
SYSTEMS

The need to systematize the diversity of CRM solutions
necessitates the definition of key classification criteria
Based on market analyss, the following system of
parameters for differentiating CRM systems is proposed

(Fig. 2).

43

Fig. 2. Themain criteriafor classifying CRM systems

L et's examine each category of criteriain more detail.

1. By deployment method (architecture):

- On-Premise (local ingallation) — software installed on
the company's own servers. Provides full control over data
and confidentidity but requires significant capital
investment and dedicated IT resources for maintenance.
(e.g., Microsoft Dynamics 365 (on-premise versions) or
some ERP systems with a CRM module);

- Cloud or SaaS (cloud solutions) — solutions hosted on the
provider's servers and accessible via a web browser.
Characterized by rapid implementation, low startup costs,
and automatic updates. (e.g., Salesforce, HubSpot);

- Hybrid (hybrid solutions) — combine elements of both
approaches, where some data or functions are in the cloud,
while criticaly important information remains on local
servers.

2. By functional orientation and target audience:

- operational CRM — focuses on automating front-office
customer interactions. sales (Sales Automation), marketing
(Marketing Automation), and service (Service Automation).
The most common type;

- andytical CRM — aimed at analyzing data collected by
operational CRM systems to identify trends, customer
segmentation, and support management decis on-making;

- collaborative CRM — integrates various communication
channels (email, social media, phone) to provide a unified
view of customer information across al company
departments.

3. By scalahility and pricing policy:

- small — startups, up to 10 users,

- medium CRM - 10-500 users,

- large CRM - corporations, 500+ users.

4. By specidization (vertical):

- Retall CRM - gpecidized solutions for managing
relationships with end consumers, featuring loydty
programs, inventory management, integration with POS
systems, and omnichannel retail. (e.g., Lightspeed CRM,
Vend);

- B2B segment (Business-to-Business CRM) — solutions
for managing long sales cycles, complex deals, relationships
with corporate clients, and partner programs. Include
features for tender management, contract management, and
multi-level  approval  processes. (e.g., Saesforce
Professional, Microsoft Dynamics 365 Sales);

- Service companies (Service CRM) — systems for service
companies with a focus on ticket management, resource
planning, work time tracking, and service quality control.
(e.g., ServiceNow, Zendesk).

V. COMPARATIVE ANALY SIS OF
MODERN CRM SOLUTIONS

For an objective analysis of modern CRM solutions, it is
appropriate to consider them according to key criteria:
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functionality, ease of use, integration capabilities, and
scalability.

This approach allows for comparing systems with each
other and determining their suitability for the needs of
businesses of different sizes and industries. Below is a
summarized matrix reflecting the strengths and weaknesses
of the most common CRM platforms.

A comparative analyss of modern CRM solutions is
presented in Table 1.

Table1l. COMPARATIVE ANALY SIS OF MODERN
CRM SOLUTIONS

CRM | Function | Easeof | Integrat | Scalability
aity use ion
opportu
nities
1 2 3 4 5
HubSp Basic Very A large Good for
ot CRM + | simpleto | ecosyst | small/mediu
(Free/ | marketin dtart; em m
Starter) | g/salesin | intuitive | (market | businesses,
asingle Ul ing, the cost
environm mail, increases
ent; third- with large
strong in party needs.
inbound integrat
engagem ions)
ent
Zoho Wide Moderate | Many Good for
CRM | functiona ly built-in small and
lity: simple, | integrat medium
sales, requires ions, enterprises,;
automati | adjustme | API for | suitablefor
on, nt customi scaling.
anaytics, zation
Al
features.
Pipedri | Focuson| Very Integrat | Suitablefor
ve thesales| simple ions small/mediu
process and through | m, complex
(pipdine),| visua market corporate
simple | (kanban- | place scenarios—
automatio| pipeline) and limited.
n features API
Sdlesfo | Full CRM| Powerful,| Wide | Wel scaable
rce stack for | but more| AppExc| for growth;
(Profes | sadlesand| complex | hange, requires
sional) service; to rich | implementatio
strong | implement| APIs n
anaytics
Sale | Maximum| It's more | Practical| Under large
sforce | flexihility,| complica | |y any | corporations,
(Enterp | customizat| ted, integrati global
rise) ion, administr on, processes.
automatio | ators/con | middiew
n, multi4{ sultants are.
segments. | are
needed.
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Continuation of table 1

1 2 3 4 5
Micros | Integrati | Depends Deep Suitable for
oft on with|on the| integrat | medium/larg
Dynam | the MS | configura ion e
ics 365 | ecosyste | tion; with corporations

m familiar Micros | and global
(Office, MS-UL. oft teams.
Teams), product

powerful s, rich

CRM/ER APlIs.

P

features.

Analysis of the matrix shows that modern CRM solutions
differ significantly in functionality, ease of use, integration
capabilities, and scalability.

For small businesses, HubSpot Free/Starter, Zoho CRM,
and Pipedrive appear most appropriate, as they have a low
entry barrier, simple interface, and sufficient set of basic
functions. HubSpot is particularly effective for companies
focusing on inbound marketing, while Pipedrive is best
suited for sales process management.

For medium-sized businesses, Zoho CRM and Salesforce
Professional are optimal, as they provide greater
customization, analytics, and automation capabilities. Zoho
remains a more budget-friendly and flexible option, while
Salesforce Professional offers more powerful functionality
but requires implementation resources.

For large corporations, Salesforce Enterprise and
Microsoft Dynamics 365 are best suited, as they offer
maximum scalability, customization options, and integration
with other corporate systems. However, these solutions
require  significant  investment and  professional
administration.

Overall, the choice of a CRM system should be based not
only on functional characteristics but also on the specifics of
the company's business processes, implementation
resources, and strategic development goals.

V. CONCLUSIONS

Based on the conducted research, several important
conclusions can be drawn regarding the systematization of
CRM systems and their role in the modern business
environment.

The evolution of CRM systems demonstrates a clear
transformation from simple contact management tools to
complex intelligent platforms integrating artificial
intelligence and machine learning. This development reflects
the growing needs of businesses for automation and
optimization of customer relationships, especially in the
context of the digital transformation of the economy.

The developed classification system for CRM solutions
based on four key criteria provides a comprehensive
approach to analyzing market offerings. Architectural
deployment, functional orientation, scalability, and industry
specialization form the basis for an objective comparison of
systems and determining their suitability for specific
business needs.

A comparative analysis of leading CRM platforms
confirms the absence of a universal solution suitable for all
types of organizations. Each system has its advantages in
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certain market segments: HubSpot and Pipedrive are optimal
for small businesses due to their ease of use; Zoho CRM and
Salesforce Professional meet the needs of medium-sized
businesses; while Salesforce Enterprise and Microsoft
Dynamics 365 best meet the requirements of large
corporations.

The research results show that successful selection of a
CRM system requires a comprehensive approach that
considers not only functional characteristics but also the
specifics of the company's business processes, available
implementation resources, and long-term strategic goals.
This is particularly relevant in the context of the Ukrainian
market, where the growing demand for CRM solutions is
driven by the need to increase competitiveness and efficiency
of business operations.

The further development of CRM systems will be aimed
at deepening integration with artificial intelligence
technologies, expanding predictive analytics capabilities,
and creating a more personalized customer experience. This
creates new opportunities for businesses but also requires
careful planning of digitalization strategy and investments in
appropriate technological solutions.
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Anotation: The research is devoted to the anadysis and
development of methods for optimizing Unmanned Aeria
Vehicle (UAV) trgectories to enhance their autonomy and
efficiency in various operating conditions. The work
systematizesthree main groups of route planning algorithms:
classica methods (A, Dijksra, RRT/RRT), evolutionary
approaches  (genetic  agorithms, particle  swarm
optimization), and machine learning technologies (deep
reinforcement learning). Key trgjectory quality criteria are
defined - energy efficiency, navigation safety, and flight time
minimization. The algorithms were experimentally tested in
simulated urban and rural environments with varying
obstacle densities. The advantages of different methods were
established depending on the specifics of the environment
and the nature of the mission. The results demondrate the
importance of individually selecting agorithmic solutions
according to the application conditions and can be used in
the development of autonomous control systems for drones
in logistics, agricultural production, monitoring, and rescue

operations.
Key words: tragjectory optimization, path planning,
navigation algorithms, energy efficiency, obstacle
avoidance.

[. INTRODUCTION

In the modern world, robotics and Unmanned Aeria
Vehicles (UAVS), or drones, have transcended their status as
elements of science fiction films to become powerful drivers
of technol ogical progress acrossawiderange of fields—from
military affairs and logistics to environmental monitoring
and agricultural production [1-8].

However, the effectiveness of drone applications is
directly dependent on their autonomy, maneuverability, and
energy efficiency, with the optimality of their flight
trajectory being akey factor [9-11]. Thisis precisely why the
optimization of drone trajectory planning agorithms is an
extremely relevant scientific and practical task today. The
complexity of thistask liesin the necessity of simultaneously
accounting for multiple factors, such as energy consumption,
flight time, navigation safety, weather conditions, and
dynamic obstacles.

Traditional route planning methods often prove
insufficiently effective, as they are unable to adapt to
changing environmental conditions, leading to inefficient
resource utilization.

Thus, the relevance of this research lies in the need to
develop new adaptive trajectory optimization adgorithms
capable of ensuring flight safety and efficiency in rea -time,
while accounting for dynamically changing conditions and
the specific requirements of a particular mission.

Achieving a high level of automation in the planning
processisparticularly important, asit will minimize operator
involvement and enable fully autonomous drone operationin
complex and unpredictable conditions[12, 13].

II. ANALYSIS OF TRAJECTORY
OPTIMIZATION METHODS

Planning an optimal trajectory for unmanned aerial
vehicles is a complex task that requires considering
numerous factors, such as the geometry of the space,
dynamic obstacles, the physical constraints of the drone, and
optimality criteria (time, energy, safety).

Existing optimization methods can be broadly classified
into several main groups: classical path planning algorithms,
evolutionary and metaheuristic algorithms, as well as
machine learning methods.

1. Classical Path Planning Algorithms.

This group of methods forms the basis for path planning
in discretized space (e.g., on a grid) and is known for its
reliability and guaranteed results.

Classical path planning algorithms include:

- the A algorithm* remains one of the most popular
methods for finding an optimal path in a static environment.
Its key advantage is the use of a heuristic function, which
allows it to direct the search more efficiently towards
promising areas compared to Dijkstra's algorithm. This
ensures finding the shortest path with relatively high speed
and a guarantee of optimality. However, the main
disadvantages of A* are its low efficiency in large-scale
environments due to high computational complexity, its
inability to work effectively with dynamic obstacles, and its
disregard for the physical constraints of the drone (e.g.,
minimum turning radius), which can lead to the generation
of trajectories unsuitable for real flight;

- Dijkstra's algorithm is a fundamental algorithm for
finding the shortest paths in graphs with non-negative edge
weights. It guarantees finding an optimal route but, unlike
A*, it searches in all directions simultaneously, making it
less efficient for large search spaces where the use of
heuristics is critical. Sampling-based algorithms, such as
RRT (Rapidly-exploring Random Tree) and its improved
version RRT*, demonstrate high efficiency in planning paths
in complex, high-dimensional configuration spaces. Instead
of analyzing the entire space, these algorithms randomly
sample and build a tree of possible paths, allowing them to
quickly find a feasible, and subsequently optimal, path even
amidst numerous complex obstacles. Their main advantage
is the ability to account for the physical constraints of the
drone.

A potential drawback can be the lack of a guarantee of
globa optimdity and the non-deterministic nature of the
results.

RRT* guarantees asymptotic optimality (given unlimited
runtime).

2. Evolutionary Algorithms.

These methods are a powerful tool for solving complex
multi-criteria  optimization problems where classical
methods are ineffective:
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- genetic Algorithms (GAs) demonstrate high
effectiveness in finding trajectories that simultaneousy
consider multiple quality criteria, such asminimizing energy
consumption, flight time, and maximizing distance from
obstacles. By working with a population of potential
solutions (tragjectories), GAs simulate natural selection using
crossover, mutation, and selection operations. This allows
them to explore a wide solution space and find compromise
(Pareto-optimal) options. A disadvantage is their high
computational cost and the potential to get stuck in local
optima. They are particularly useful for NP-hard problems;

- particle Swarm Optimization (PSO) mimics the
collective behavior of a flock of birds or a school of fish.
Each «particle» in the swarm represents a candidate solution
(a trgjectory) and moves through the search space by
following its own best experience and the best experience of
the entire swarm. PSO is particularly effective for dynamic
planning and rapid adaptation to environmental changes, as
the swarm can quickly reorient itself when new obstacles
appear.

3. Machine Learning Methods.

This approach opens new horizons for creating fully
autonomous and adaptive trajectory planning systems.

Deep Reinforcement Learning (DRL) is the most
promising direction. An agent (the drone) learns to choose
optimal actions (maneuvers) through interaction with the
environment based on a reward system (for example, a
positive reward for avoiding an obstacle, a negative one for
energy consumed). Deep neural networks serve as function
approximators, allowing the agent to generalize its
experience and make decisions in real-time in situations that
were not explicitly programmed.

The main advantage of DRL is its ability to learn from
both simulated and real-world data and adapt to completely
new, unpredictable conditions, making it an ideal candidate
for the full-scale deployment of autonomous drones in the
rea world. The primary challenge remains the lengthy and
resource-intensive training process and ensuring safety
during this phase.

Thus, the choice of trajectory optimization method
depends on the specific problem conditions. classical
algorithms are effective for datic environments,
evolutionary algorithms are for multi-criteria optimization,
and machine learning methods are for creating highly
adaptive systems capable of operating in dynamic and
uncertain conditions.

To systematize information on the application of various
drone trajectory optimization algorithms, a comprehensive
comparative matrix (Table 1) has been developed.

This matrix enables an informed choice of optimization
method based on eight key characteristics: type of
operational environment, obstacle density, scale of the
operational area, computational resource requirements,
criticality of time constraints, need for a multi-criteria
approach, main advantages, and fundamental limitations of
each algorithm.

The matrix covers both traditional deterministic methods
(A, RRT/RRT) and modern adaptive approaches (genetic
algorithms, PSO, DRL), as well as promising hybrid
solutions that combine the advantages of different
approaches to achieve an optimal balance between the speed,
accuracy, and adaptability of trajectory planning.
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Table1l. GENERALIZED CLASSIFICATION OF DATA
COLLECTION METHODS IN PRINTED CIRCUIT
BOARD MANUFACTURING

Algori | Typeof | Obst | Scaleof | Computat | The
thm environ | acle | thezone iona critica
ment dens resources | lity of
ty time
A* Static, | Medi | Small- | Medium- | High
quasista | um— | medium high (espec
tic high (<10 ialy
(30— kmg) under
80%) strict
time
constr
aints)
RRT/ | Static | High | Smal- | Average | Mode
RRT* with (>60 | medium rate
comple | %) (<10
X kmg)
geometr
y
Dijkstr | Static Any Small High Low
a (<1km?)
Geneti | Static, Low | Medium | Medium- | Low
C sowly - —large high
algorit | changin | medi | (>1km?)
hms g um
(GA) (<60
%)
PSO | Dynamic| Low | Medium | Average | Mode
, quasi- - (1-10 rate —
static | medi kmg) high
um
(<60
%)
DRL | Dynamic| Any | Small - High Low
, medium | (training) | during
unpredic (practica | , medium | learnin
table lly); any | (perform | g, high
(theoreti ance) during
caly) executi
on

Thus, a universal algorithm does not exist: each method
has its own niche of application. Classica agorithms are
suitable for smple and static tasks, evolutionary ones are for
open spaces that require global optimization, while adaptive
ML approaches are best suited for highly dynamic
environments. A promising area of development is the
creation of hybrid systems capable of combining different
algorithmic strategies depending on the mission context.

[11. OPTIMIZATION CRITERIA FOR DRONE

TRAJECTORIES

The selection of optimization criteriais acrucial stagein
planning unmanned aerial vehicle trgjectories, as they
directly determinethe quality and practicality of the resulting

solution.

Different drone missions require different priorities,
leading to the necessity of a multi-criteria approach.
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A scheme has been proposed (Fig. 1) that illugtrates the
three most important criteriathat determine the effectiveness
of dronetrajectory planning in modern applications.

@ Obstacle Avoidance
and Safety. Algorithms must
ensure a safe distance from
both static and dynamic
obstacles. This includes
buildings, other aircraft,
power lines, and natural
obstacles.

e Energy efficiency.
Minimizing energy
consumptionisa
critical factor for
increasing the flight
time of a drone.

Key
Trgjectory
Optimization
Criteria

GMinimization of Flight Time.
For commercial applications, such as delivery, mission
completion time is akey performance indicator.

Fig. 1. Themain criteriafor trajectory optimization

Energy efficiency ensures maximum autonomous
operation time, safety criteria guarantee the avoidance of
emergency situations, and minimizing flight time increases
operationa efficiency. A comprehensive consideration of
these interrelated factors allows for an optimal balance
between performance, safety, and cost-effectiveness in the
use of drones across various applications.

Studies show that a properly optimized trajectory can
increase flight time by 15-25 %. In practice, it israre to use
only one criterion. Most often, multi-criteria optimization is
applied, which requires.

- determining the relative importance of each criterion for
a specific mission;

- using Pareto optimization methods to find compromise
solutions;

- applying weighting coefficients or lexicographic
ordering of criteria.

V. EXPERIMENTAL RESEARCH ON THE
EFFECTIVENESS OF DRONE TRAJECTORY
OPTIMIZATION ALGORITHMS

To conduct a comprehens ve assessment and comparison
of the effectiveness of various trgectory optimization
algorithms, a series of experiments were carried out in
simulated urban and rural environments. The testing
included scenarios with different obstruction dengties,
weather conditions, and mission types, allowing for an
objective view of the advantages and disadvantages of each
approach.
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The experimental platform — a remote drone control and
monitoring system in simulation — was built on a client-
server model using native web technologies and a
proprietary physics engine. For each algorithm, 100 test runs
were conducted with different initial conditions, ensuring the
statistical reliability of the results.

An urban environment was used as the starting point.

In densely built-up urban areas with a high concentration
of obstacles (buildings 15-50 m tall, obstacle density
covering 65-80 % of the area), the best results were shown
by hybrid algorithms that combine A* for global planning
with machine learning methods for local optimization.

The analysis revealed that the advantage of the hybrid
approach lies in the ability of A* to quickly find a general
route between buildings, while the DRL component
optimizes local maneuvers within «urban canyonsy. This led
to a reduction in the number of sharp turns.

Hybrid agorithms proved particularly effective in
navigating areas with irregular construction, where
traditional methods often generated suboptimal zigzag
trajectories.

The rural environment was then chosen for further
research.

In open rural areas with low obstacle density
(predominantly natural objects: trees, hills, power lines),
genetic algorithms demonstrated better efficiency due to
their ability to optimize long straight-line segments of the
trajectory. The improvement in energy efficiency reached 22 %.

A key advantage of genetic algorithms in rural terrain was
their capacity for global optimization while accounting for
the terrain's elevation profile and wind conditions.

V. CONCLUSIONS

The conducted research confirmed that the task of
optimizing unmanned aerial vehicle trajectories is multi-
criteria and has no universal solution. The effectiveness of
the applied agorithms significantly depends on the
characteristics of the flight environment and the
requirements of a specific mission.

The main research results are:

1. In complex urban environments with high density of
dynamic obstacles, hybrid approaches combining
deterministic methods (particularly A*) for global route
planning and adaptive machine learning methods (e.g., DRL)
for red-timelocal trajectory correction proved to be the most
effective. This combination ensures both the overall
optimality of the route and the ahbility to react quickly to
unforeseen changes in the environment.

2. For open spaces, energy efficiency is the priority
criterion. In rural areas dominated by dtatic obstacles,
evolutionary methods, particularly genetic algorithms,
demonstrated the ability to form globaly optima routes
considering terrain topography and wind conditions, which
contributesto extending drones autonomous operation time.

3. Trajectory optimization is inherently multi-criteria. A
compromise between flight duration, energy consumption
levels, and safety indicatorsis always necessary.

Methods capable of generating a set of Pareto-optimal
solutions hold higher practical value, as they allow the
operator to select a trajectory based on the current mission
priorities.

Prospects for further research:
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- development of adaptive hybrid architectures capable of
switching planning strategies depending on the dynamics of
external conditions (e.g., when transitioning from open space
to dense urban environments);

- deeper integration of machine learning methods with
physical models, particularly the use of transfer learning and
online learning with limited data to enhance operational
reliability in real-world conditions;

- optimization of group missions, involving cooperative
trajectory planning in swarm architectures, inter-agent
collision avoidance, and minimization of costs for the entire
system,

- enhancing the computational efficiency of complex
algorithms for implementation on resource-constrained
onboard computers through model quantization, the use of
hardware accelerators, and distributed computing between
the drone and a ground station.

The practica significance of the work liesin defining the
criteria for selecting and evauating trajectory planning
algorithms, which is useful for developers of drone
autonomous control systems. The obtained results can be
used to enhance the efficiency, safety, and autonomy of
unmanned aerial vehicles in the fields of logistics, critical
infrastructure monitoring, precision agriculture, and search-
and-rescue operations.
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Review and selection of optimal sensors for
building a production facility microclimate
monitoring system
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Anotation: The study examines modern sensors for
monitoring the microclimate of industrial premises, such as
temperature, humidity, pressure, CO: concentration, dust,
noise, and light sensors. A review of their characteristicsand
selection criteria, such as accuracy, cost, reliability, power
consumption, and ease of integration, was conducted. The
selection of specific sensorsfor the indoor (BME280 + MH-
Z19D) and outdoor (BMP290L + SHT40) modules is
justified. The obtained results demonstrate an optimal
balance between functionality, accuracy, and cost-
effectiveness for building amicroclimate monitoring system.

Key words: microclimate monitoring, Sensors,
temperature, humidity, pressure.

[.INTRODUCTION

Microclimate monitoring is a key task for ensuring the
safety and comfort of production processes [1-3].
Controlling parameters such as temperature, humidity,
pressure, gas concentration, dust levels, noise levels, and
illumination allowsfor the timely detection of deviationsand
the optimization of working conditions. Modern sensors
enable the creation of distributed data acquisition systems
with high accuracy and low power consumption.

In industrial production environments, the automation of
microclimate control processesis particularly relevant [4-6].
The integration of sensor modules into control systems
enabl es continuous monitoring of environmental parameters
and an immediate response to deviations from established
norms [7]. This not only increases the efficiency of the
production process but a so reduces risksto personnel heath
and equipment.

Particular attention is required for modern robotic
complexes operating in enclosed workshops and on open
sites [8-12]. Accurate microclimate control is criticaly
important for their stable and safe operation: from
temperature and humidity, which affect electronics and
batteries, to the level of dust or the gas composition of the
air, which determine the reliability of sensory navigation
systems. Microclimate sensors are becoming an integral part
of intelligent production platforms and robotic systems.

Thus, the selection of optima sensors is critical for
creating intelligent monitoring systems capable of operating
both indoors and outdoors, ensuring reliability, scalability,
and the ability to integrate with modern automated and
robotic platforms.

1. A REVIEW OF MODERN SENSORS

Building an effective microclimate monitoring system
requires the correct selection of sensors that provide high

accuracy, reliability, and compatibility with modern
automation platforms.

Therefore, we will conduct a detailed review of the
modern sensors selected for monitoring the key parameters
of the industria environment: temperature, humidity,
pressure, gas concentration, dust level, noise, and
illumination.

Sensors such as the BME280, MH-Z19D, BMP290L, and
SHT40 will be consdered, along with a photoresistor with a
resistive divider for auxiliary screen brightness adjustment.

We will begin with the BME280 (Bosch), which is a
multifunctional sensor selected for measuring temperature,
humidity, and atmospheric pressure. The BME280 sensor is
distinguished by its low power consumption, available 12C
and SPI interfaces, and broad support among microcontroller
platforms.

The BME280 sensor has a small package size (2,5 x 2,5
mm) (Fig. 1), alowing for its integration into mobile
devices, robotic systems, and compact monitoring modul es.

Fig. 1. BME280 sensor (Bosch)

The BME280 sensor is factory calibrated, ensuring long-
term measurement stability without the need for frequent
maintenance. Therefore, an important characteristic was its
resistance to eectromagnetic interference, which is crucial
inindustrial environments.

Next, we will consider the MH-Z19D sensor (Winsen)
(Fig. 2), which belongs to sensors based on the NDIR
principle and is used to measure CO: concentration in a range
up to 5000 ppm. Thanks to its UART/PWM interfaces and
operational stability, it isan optimal solution for monitoring
air quality in industria premises. Furthermore, it can be
easily integrated into modular systems due to its standard
interfaces.
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Fig. 2. MH-Z19D sensor

The MH-Z19D sensor consumes approximately 15-20
mMA in operating mode, making it suitable for embedded and
loT systems. Its operating temperature range of 0 to +50 °C
alows for usein most industrial environments.

The BMP290L sensor (Bosch) was selected for precise
atmospheric pressure measurement. The BMP290L sensor
featuresalow noise level.

We will now consider the SHT40 (Sensirion) (Fig. 3),
which is used for high-precision temperature and humidity
measurements. Its key advantages are compact size, high
accuracy, and low power consumption, makingit suitablefor
autonomous systems.

Fig. 3. SHT40 sensor

The SHT40 (Sensirion), with its ultra-compact
dimensions (1,5 x 1,5 x 0,54 mm), isone of the most modern
temperature and humidity sensors. Its high accuracy and
small footprint allow for integration into miniature devices,
loT systems, and robotic complexes where saving space and
energy iscrucial.

A photoresistor with aresistive divider is used to measure
the light level. This is a simple and economical way to
implement automatic brightness adjustment for the weather
station's display, enhancing the device's user convenience.

Thus, the selected set of sensors covers al the necessary
microclimate parameters (temperature, humidity, pressure,
CO: level) and daso ensures the system interface's
adaptability through automatic display brightness control.

1. CRITERIA FOR SELECTING
MICROCLIMATE SENSORS

In modern
microclimate

effective
without

production  environments,
monitoring  is  impossible
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comprehensive digitalization, which involves the collection,
processing, and analyss of sensor data in real-time to
support automated solutions and process optimization [13-
16].

The selection of sensors for an industrial premises
microclimate monitoring system must be based on a number
of key criteria.

1. Measurement Accuracy and Stability. This criterion is
paramount, as the accuracy of the data directly impacts the
reliability of monitoring and decision-making. For
temperature and humidity sensors, not only initial accuracy
but also long-term stability of readings over years of
operation is important. For barometers, low pressure
measurement error iscritical, enabling the detection of even
minor changes.

2. Cost and Availability. Inindustria systems, sensors are
typically used in significant quantities, so their price affects
the economic feadbility of the project. It is aso important
that the sensor is widely available on the market and has a
stable supply chain, as this reduces the risk of dependency
on asingle supplier.

3. Reliahility and Durability. Sensors must operate stably
in conditions of increased dugt, humidity, or temperature
fluctuations. Particul ar attention should be paid to protection
from environmental influences, as well asthe quality of the
housing and the stability of calibration.

4. Power Consumption. Since some system modules may
operate autonomoudy on batteries or be powered by energy-
efficient sources, minimizing energy consumption is
important. Sensors with low power consumption extend the
operating time without recharging and reduce operational
costs.

5. Ease of Integration. This criterion covers the
availability of standard interfaces (12C, SPI, UART), clear
documentation, example libraries, and ready-made drivers
for popular microcontroller platforms. The simpler the
integration, the faster the system can be developed and
scaled, and the easier it isto maintain during operation.

Thus, the combination of these criteria enables a well-
founded selection of sensors that not only meet technical
requirements but are aso economicaly viable and
convenient to implement. Tables 1, 2, 3, 4, and 5 present the
main characteristics of the selected sensors according to the
key criteria: accuracy, cost, rdiability, power consumption,
and ease of integration.

Table 1. KEY CHARACTERISTICS OF THE BME280

SENSOR

Sensor BME280
Parameter T,RH, P
Accuracy T +1°C, RH+3%, P+1hPa
Cost Medium
Reliability High, time-tested
Power Low
Consumption
Ease of Very smple (I12C/SPI, ready-made
Integration  |libraries)
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Table 2. KEY CHARACTERISTICS OF THE MH-Z19D

SENSOR
Sensor MH-Z19D
Parameter  |CO,
IAccuracy +50 ppm + 5%
Cost Medium
Reliability High, NDIR principle, stable
Power Medium (requires preheating)
Consumption
Ease of Simple (UART/PWM, many examples
Integration  |available)
Table 3. KEY CHARACTERISTICS OF THE BMP290L
SENSOR
Sensor BMP290L
Parameter P
IAccuracy +0,3 hPa
Cost Higher than BMP280
Reliability  |Very high (stability, low noise)
Power Low
Consumption
Ease of Simple (compatible with Bosch line,
Integration  |I2C/SPI)
Table 4. KEY CHARACTERISTICS OF THE SHT40
SENSOR
CeHcop SHT40
Parameter T, RH
IAccuracy T £0,2°C, RH £1,8%
Cost Medium-High
Reliahility High, modern sensor
Power Very low
Consumption
Ease of Simple (12C, official libraries)
Integration
Table5. KEY CHARACTERISTICS OF THE
PHOTORESISTOR
Photoresistor MH-Z19D
Parameter [1lumination
Accuracy Low (relative values)
Cost Very low
Reliahility Medium (depends on conditions)
Power \Very low
Consumption
Ease of \Very smple (analog ADC input)
I ntegration

After analyzing the key characteristics of the sensors, it
can be concluded that each sensor has its own advantages
and limitations depending on the selection criteria.

Thus, the BME280 provides an optimal balance of
functionality, accuracy, and ease of integration, making it a
convenient choice for indoor microclimate monitoring. The
MH-Z19D is a reliable solution for CO. measurement,
although it requires more energy and a pre-heating period
before operation. The BMP290L demonstrates high accuracy
and stability in measuring atmospheric pressure, which is
critically important for the externd module. The SHT40 is
notable for its low power consumption and high accuracy,
making it suitable for long-term use in outdoor conditions.
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The photoresistor with a resstive voltage divider is the
simplest and most cos-effective solution for light level
control, sufficient for implementing automatic display
brightness adjustment.

Therefore, the selected set of sensors ensures complete
coverage of the necessary microclimate parameters with an
optimal balance of accuracy, cost, and power consumption.

V. CONCLUSIONS

This work reviewed modern sensors for monitoring the
microclimate parameters of an industria premises. Key
selection  criteria-accuracy, cost, rdiability, power
consumption, and ease of integration — were considered,
enabling a well-founded choice of sensors for practical
application.

Analysisof the primary sensor characteristics showed that
the BME280 is an optimal solution for indoor modules, asit
combines temperature, humidity, and pressure measurement
functions in a single package with relatively low cost and
simple integration. The MH-Z19D sensor provides stable
CO: level monitoring by utilizing reliable NDIR technology,
which is criticaly important for assessing air quality and
ventilation efficiency in industrial settings. For the outdoor
module, the combination of the BMP290L and SHT40 is
advisable. The former offers high accuracy and long-term
stability in atmospheric pressure measurement, while the
| atter features a modern component base, high accuracy, and
very low power consumption, making it suitable for
prolonged use in external conditions.

The use of a photoresistor with a resigive divider for
auxiliary light level control was separately justified.
Although this approach does not provide high metrological
accuracy, it issmple, inexpensive, and entirely sufficient for
implementing automatic brightness adjustment of the
weather station's display, thereby enhancing the system's
ergonomics.

Overal, the selected set of sensors enables the
construction of a microclimate monitoring system that
covers al key parameters. temperature, relative humidity,
atmospheric pressure, CO: concentration, and light level for
interface adaptation. This system achievesabal ance between
measurement accuracy, economic feashility, and energy
efficiency. The proposed solutions are easily integrated with
modern microcontroller platforms, creating afoundation for
further functional expanson and project scalability.
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Anotation: The research is devoted to the development
and implementation of automatic working time control
systems, which are an important tool for improving
personnel management efficiency and optimizing business
processes. The paper discussesthe features of creating aweb
application based on the Vuetify framework, using the
SQL ite database and the server part on Node.js. The main
focus is on automating work time accounting processes,
including employee check-in/check-out  registration,
performance analysis, and report generation. The study
andyzes the advantages of using a lightweight SQL.ite
database for small and medium-sized organizations, as well
astheintegration of modern front-end technologies to create
a user-friendly interface. The work includes the practical
implementation of the system, demongrating its
functionality, and provides an analysis of the chalenges
associated with ensuring data security, scalability, and
integration with other systems Visual elements such as
diagrams and graphs contribute to a better understanding of
the structure and functionality of the developed application.
The study emphasizes the importance of automated systems
for modern organizations, offering recommendations for
their implementation and improvement.

Key words. time and attendance systems, Vuetify,
SQLite, Nodejs automation, web application, human
resources management, productivity.

[.INTRODUCTION

In modern conditions, automation and robotization
processes play a key role in improving the efficiency of
enterprises, alowing to minimize the human factor, reduce
time costs, and ensure the accuracy of processing large data
sets [1-8]. The use of digital technologies and automatic
information collection systems creates the bass for
transparency in business processes and contributes to the
formation of intelligent personnel management systems [9-
12].

In modern conditions, working time management is an
important aspect for increasng the productivity of
organizations. Automatic working time control systems
allow youto optimize accounting, reducing manual labor and
increasing data accuracy. The growing demand for such
systems is due to the need for transparency of work
processes, especially in the context of remote work and
business digitalization.

The development of web applications for such systems
opens up new opportunities for companies of various scales.
The use of the Vuetify framework ensures the creation of an
adaptive and convenient interface, SQLite offers smple and
effective data storage, and Node.js allows you to implement
fast server logic. Together, these technologies create a
flexible solution that is easily deployed and adapted to user
needs.

The purpose of the study is to analyze the features of
creating automatic working time control sysems, develop a

prototype of a web application based on selected
technologiesand eval uate its effectivenessin real conditions.
The relevance of the work is explained by the growing need
for automation of personnel management in the modern
business environment.

1. ARCHITECTURE OF THE AUTOMATIC
WORKING TIME CONTROL SYSTEM

Automatic working time control systems perform a
number of key functions aimed at improving the efficiency
of personnel management. They alow you to record working
hours (track employee arrival and departure times), analyze
productivity (assess working hours and time efficiency),
generate reports (create analytical reports for management
and accounting), and ensure transparency (providing
employees and empl oyers with accessto working time data).

The automatic working time control system (AWTCS)
includes the following main components:

- front end — a user interface that allows employees to
record their working hours and managersto view the data;

- backend — the core of the system that processes requests
from the frontend, implements business logic, and provides
communication with the database;

- database — responsble for storing information about
working hours, attendance, changes, and other parameters.

The generalized architecture of the AWTS is shown in Fig. 1.
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Fig. 1. Generalized architecture of the AWTS

Analytics module — analyzes coll ected data, allows you to
identify patterns, monitor performance, and forecast
indicators.

Reporting module — generates reports for management,
accounting, and HR departments (e.g., information about
hours worked, tardiness, vacations).

Accounting/HRM integration module — provides
automatic data exchange with external systems, simplifying
payroll calculation and personnel management.

The successful implementation of al these modules
depends on the right choice of technol ogies and development
tools. Table 1 shows the main advantages of using the
selected technologiesin AWTS.
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Tablel. ADVANTAGES AND LIMITATIONS OF
AUTOMATIC WORKING TIME CONTROL SYSTEMS
TECHNOLOGIES
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Technology | Advantages of use Restrictions on use
Vuejs+ - adaptive design; | - limited SEO
Vuetify - rapid interface optimization for

devel opment; Single Page
- support for Applications (SPA);
Material Design - dependence on
components; JavaScript in the
- reactivity and browser;
two-way data - need for additional
binding; configuration for
- easy integration | large projects,
with the backend. - bundle size can be
significant.
Nodejs+ | - high performance | - not optimal for
Expressjs | for I/O operations;, | CPU-intensive tasks;
- asynchronous - single-threadedness
request processing; | canbealimitation;
- extensve - rapid changesin the
ecosystem of npm | ecosystem;
modules; - need for additional
- single caching for high
programming loads.
language
(JavaScript);
- rapid
development and
prototyping.
PostgreSQL | - high performance | - more complex
and scalability; configuration and
- support for adminigtration;
complex queries - higher server
and indexes, resource
-ACID requirements;
compliance and - heed for specialized
reliability; Database
- advanced role Administrator
and security knowledge;
system; - more complex
- support for JSON | backup.
and other data
types.

JWT - stateless - itisdifficult to

(JSON Web | authentication; revoke tokens before

Tokens) - easy scalahility; their expiration date.

- self-sufficient - the token size may

tokens with be large.

metadata; - secret keys must be

- support for stored securely.

various encryption | - security risksif

algorithms. implemented
incorrectly.

The presented technology stack ensures the creation of a
scalable and reliable AWTCS system capable of serving
from several dozen to thousands of users. The combination
of selected technologies dlows you to implement al key
system functions. from recording working hours to
generating analytical reports.

For successful implementation of the system, a phased
approach is recommended: first, develop basic functionality

using the simplest components of the gack, and then
gradually add more complex andytics modules and
integration with external systems.

1. FEATURES OF DEVELOPING A WEB
APPLICATION FORWORKING TIME
CONTROL

The development of a web application for monitoring
working hours involves creating a system that combines
convenience, functionality, and reliability [13-17].

The development process covers several key stages, from
planning the application structure to testing the finished
product.

First, the user interface is designed using the Vuetify
framework. This framework, built on Vue,js, offers a set of
ready-made components that comply with Materia Design
standards, ensuring an aesthetic and consistent look for the
application on different devices. For example, to display
employee working hours, components such as cards and
tables are used, which allow dynamic display of information
with the ability to sort and filter.

A digtinctive feature of Vuetify components is ther
reactivity, meaning they automatically update when data
changes, making the interface lively and user-friendly. In
addition, Vuetify supports themes that can be customized to
match your corporate style, and has built-in support for
localization, making it easy to adapt your application for
different languages.

Oneimportant aspect istheintegration of VVue Router with
V uetify to manage navigation in the application. Vue Router
allows you to create a single-page application with multiple
routes, for example, for authentication pages, viewing
working hours, generating reports, and settings. A special
feature of thisintegration is the use of Vuetify components
such as v-navigation-drawer for the sidebar or v-app-bar for
the top navigation bar, which are synchronized with the
routes. This ensures smooth transitions between pages
without reloading, improving the user experience.

When configuring routes, it is important to consider
security, for example, using guard functions that check user
authorization before accessing certain sections, adding a
layer of security to the frontend.

The next step isto develop the server sde using Node,js.
This technology allows you to create a fast and scadable
backend using the Express.jslibrary to organize API routes.
The server processes requests from the client, executes
business logic, such as calculating total working time based
on records, and interacts with the database.

A digtinctive feature of Nodejs is its asynchronous
execution moddl, which is ideal for 1/O operations such as
database queries, allowing multiple requests to be processed
simultaneoudy without blocking.

SQLite, a lightweight database that does not require a
separate server process and stores al information inasingle
file, is used for data storage. The peculiarities of creating
tables in SQLite lie in the use of smple SQL queries to
define the structure. For example, atable for employees may
include fields for 1D, name, position, and contact details,
created using the CREATE TABLE command with specified
datatypes, such asINTEGER for IDsand TEXT for names.
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For the working time records table, fields are added for
date, entry and exit times, as well as a foreign key to
reference the employee table, ensuring relational integrity.

An important feature is the use of indexes to speed up
searches, for example, on the date field to quickly extract
data for a period.

In addition, SQLite supports transactions, which allows
you to perform multiple operations atomically, preventing
datalossin case of errors.

Frontend and backend integration is achieved through
asynchronous HT TP requests using the Axios library on the
client side. Axios smplifies sending requests, handling
responses and errors, allowing you to configure headers, for
example, for authentication using tokens.

A specia feature of Axiosisthe ability to useinterceptors
that intercept requests or responses to add authorization
tokens or handle errors such as session expiration. For
example, to get alist of employees, the client sends a GET
request to the /api/employees endpoint, and the server returns
the data in JSON format, which isthen displayed in Vuetify
components.

Similarly, to save a new record about working hours, a
POST request with a body containing the necessary data is
used, after which the server inserts it into the database using
an INSERT SQL query and returns a confirmation.

PUT requedts are used to update data, and DELETE
requests are used to dedete it, providing full CRUD
functionality. A specia feature of this interaction is
asynchronous processing: Axios returns promises that
integrate with the reactive properties of Vue,js, allowing the
interface to be updated automatically after receiving a
response. In addition, for optimization, you can use request
caching or debounce functionsto avoid excessiveload on the
server during rapid changes in the interface.

Component tegting is also taken into account during
development. Vuetify offerstools for unit testing using Jest
or Vitest, where you can check component rendering and
their interaction with data. For the backend, Node,js allows
you to integrate tests with Mocha or Jest, checking API
endpoints and interaction with the database. Overall, this
structure ensures the creation of a reliable web application
that effectively controls working time.

IV.CHALLENGESAND LIMITATIONS OF
DEVELOPING WORKING TIME CONTROL
SYSTEMS

The development of automatic working time tracking
systems is associated with certain challenges. One of the
main ones is ensuring data security. Since the system stores
information about employees, it is necessary to protect it
from unauthorized access. The work uses password
encryption methods and authentication based on JWT
tokens, but SQLite does not support built-in encryption,
which requires additional security measures.

Another challenge is scaling the system. SQLite is
effective for small organizations, but as the number of users
or data volume increases, it may be necessary to switchto a
more powerful database, such as PostgreSQL. Thisrequires
additional effort to migrate data and adapt the system.

Integration with other systems, such as accounting
software or HRM platforms, is aso challenging. The variety
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of data formats and protocols requires careful APl planning
and compatibility testing.

Creating a user-friendly interface is another important
aspect. Degpite the advantages of Vuetify, developing an
intuitive design that meets the needs of different user groups
requires a deep understanding of UX principles and testing.
Figure 2 shows a diagram of the man development
challenges.

V. CONCLUSIONS

The development of an automatic working time control
system using Vuetify, SQLite, and Node.js alows you to
create effective and affordable solutions for personnel
management. We plan to devel op aweb application that will
automate working time accounting, analyze productivity,
and generate reports, which will increase transparency and
reduce the time spent on administrative processes.

Vuetify will provide a modern and responsive interface,
Node.js will ensure fast request processing, and SQL ite has
proven to be the optimal choice for small and medium-sized
businesses due to its ease of deployment and lack of
specialized administration reguirements.

An analysis of the architecture shows that the modular
structure of the system, with a clear division into front-end,
back-end, and database, creates a foundation for further
scaling and expansion of functionality. The integration of
andytics, reporting, and externa system modules allows for
the creation of a comprehensive solution for automating HR
processes.

The study revealed the key advantages of the proposed
approach:

1. Speed of implementation — the use of ready-made
components and frameworks reduces development time by
40-60 %.

2. Cost-effectiveness — no licensng costs for core
technologies reduces the total cost of ownership.

3. Flexihility of adaptation — modular architecture allows
you to easily customize the system to the specific needs of
your organization.

4, Ease of maintenance — the use of popular technologies
ensures the availability of speciaistsfor further support.

At the same time, the study revea ed the limitations of the
existing solution. The use of SQL ite limits horizontal scaing
capabilities for large enterprises with thousands of
employees. Thelack of built-in encryption in SQLite creates
additional challenges for ensuring the security of personal
data. Dependence on JavaScript on the client side can create
problems in organizations with strict browser security
policies.

Thus, the study shows that such systems are an important
tool for organizations seeking to optimize human resource
management. However, to ensure security, scalability, and
integration with other platforms, it is necessary to consder
the limitations of the selected technologies.

Further development of automatic working time tracking
syssems may include the introduction of artificia
intelligence for analyzing productivity data or atransition to
cloud solutions to improve scalability.
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KoHcTpykiis ta TexHonoriss LCD apyky Ta OCHOBHI
napamMeTpu ciaancepiB sl POTOMOIIMEPHOTO JPYKY
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Anomauyin: 'Y po0OTI JOCHIPKEHa KOHCTPYKIis
npunTepa 11t LCD npyky Ta nmpoBeaeHuii aHaii3 OCHOBHUX
rapamMeTpiB iCHYIOUHMX claicepiB uis (OTOMONIMEPHOTO
APYKY.

Knrouosi cnosa. 3D-npyk, FFF/FDM TeXHOJIOTIs, BIUTUB
napamerpis, ciaiicep, LCD, YO.

. Bcrvin

VY cydacHHX YMOBaxX CTPIMKOTO PO3BUTKY aIUTHBHHX
TexHonorid 3D-Apyk mocimae mpoBigHe Micue cepen
METOIB MIBUAKOTO MPOTOTUIYBAHHS T4 BHTOTOBICHHS
JpioHOCcepiltHOT poayKiil. OHNUM 13 HANEPCTIEKTUBHILINX
HanpsiMiB € (HOTOMOJIMEPHHUI JPYK, IO I'PYHTYETHCS Ha
MOETAITHOMY 3aTBEPJiHHI PIJIKUX CMOJI i1 Ii€I0 CBITIIOBOTO
BunpomiHioBanHs. Cepen pi3HOBHIIB (OTOMOIIMEPHOTO
JpyKy ocobiuBe nommpeHHs HaOyB Meton LCD npyky,
KA BUPI3HSAETBCS BHUCOKOI TOYHICTIO BIATBOPEHH:
JeTaneil, BIJHOCHOIO JIOCTYIHICTIO OOJajJHaHHS Ta
MOXIIMBICTIO CTBOPEHHSI BUPOOIB 31 CKJIaJHOIO I€OMETPIERO.

Amnamni3z xouctpykuii 3D-mpuntepa miss LCD apyky e
BaXJIMBUM 3 OISy HAa HEOOXIJHICTh ONTUMI3alii ioro
MEXaHIYHHX 1 ONTUYHUX BY3JIiB 3 METOIO i IBUILICHHS TKOCTI
JpYKy Ta 3MeHILIeHHs cobiBaprocTi mporecy. OkpemMoro
3Ha4YeHHs HaOyBae JOCIHIDKCHHS IapamerpiB claicepis,
TAKOTO CIELiali30BaHOr0 MPOrPAMHOr0 3a0e3MeUYeHHs], 10
BUKOHY€E IIEPETBOPEHHSI TPUBUMIPHHX Mojelieid y Habip
IHCTPYKIIH mst npyky. Bubip 1 KOpekTHe HanamTyBaHHS
TAKUX MapaMeTpiB, SK TOBIIUHA IIAPY, Yac EKCIIO3MIL,
LIBUJKICTh MigOMYy IUIATGOPMH TOIMIO, Oe3MOCepeTHbO
BIUIMBAIOTh HA TOYHICTh BiITBOPEHHS MOJEINi, MIIHICTh
TOTOBUX BHPOOIB Ta €(QEKTHBHICTH BHKOPHCTAHHS
MaTepiais.

[1. TEXHOJIOI'TI ®OTOIOJIMEPHOI'O LCD JIPYKY

Texnomnorist ¢porononimMepnoro LCD apyky (a6o MSLA)
— e Meto 3D-npyKy, KA MOIIapOBO 3aTBEPIKYE PIAKY
¢doromomiMepHy CMOy MiJ Ji€l0  yIbTpadioneToBUX
ceitnogionie Ta LCD-macku. Cnemiansaa LCD-matpuis
(bopmye 300paKeHHS KOKHOTO TPy, MPOIMYCKAIOUYH CBITIIO
TIJIBKH TaM, J€ HeOOXIJHO 3aTBEpIiHHS MaTepiaiy, IO
JO3BOJISIE CTBOPIOBAaTH OO'€KTH 3 BHCOKOIO TOYHICTIO,
JleTai3aItiero Ta ria Koo mosepxuero [1, 2.

Mpunmun pobotu LCD pmpyky IUTUTBCSA HA JEKiTbKa
MIPOJOBXKYIOUHX eTamiB. [lepimM i HAaWPOCTIIAM € eTar 3
MiATOTOBKA CMOJHM: y BaHHOYKY INPUHTEpA 3aIUBAETHCS
pinka ¢oromomiMepHa cmona. [licas mporo matdopma s
JPYKY OIYCKA€TBCA Yy CMOIY, a 3BEpXy pPO3TAIlOBYETHCS
LCD-nucruieii Ta Y®-cBiTIoaionu, ek €Tamn 4acTille 3a BCe
HAa3MBAaIOTH 3aCBITKOI0. Y D-cBiTIIOAIOMM CBITATH Kpi3h LCD-
MackKy, sIKa IPOITyCKAae CBITJIO JIMIIE Yepe3 MEeBHY IUISHKY.
s nmidsHKa CMOMM  TOJIMEPU3YEThCS Ta  TBEpPIHE,
¢dopmytoun onuH map ob'exra. [Inatdopma migHIMaeThCS i
MIPOIIEC 3aCBITKM ITOBTOPIOETHCS, HAKIAJAIOUYM HACTYITHUI

TIap MOBEPX MOMEPETHHOTO, JOKU MOJICITh He Oy 1e TOBHICTIO
cthopmoBaHa.

KoHerpykuis mnpuHTepa OyAyeThcs JIMIIE MO CHUCTEMI
3HHU3Y-Bropy, TaK sIK OCHOBHE JKepelo 300pakeHHs Ta Y D
BUIPOMIHIOBaHHS 3HAXOSITHCS 3HU3Y PUHTEPA, pHUC. 1.
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Puc.1. TunoBa KOHCTpyKIisi mpuHTEpa 1o TexHoorii LCD

Sk mxepeno  yibTpadioneTOBOro  BHITPOMIHIOBAHHS
3a3BMYall 3aCTOCOBYIOTH CBITJIOZNION a00 CBITJIOMIOAHY
MaTPHI[I0, BUPOMIHIOBAHHS SIKOT IPOXOJIUTh KPi3b €KpaH i
MOTPAILISE HA THO BaHHU, pUC. 2. OCHOBHOIO OCOOJIMBICTIO
TaKUX JOKeped € iXHiId CIEeKTp BHUIIPOMIHIOBAHHS, SKUH
3HaXOmUThCA B miamaszoHi Bixg 390 no 415 am. Came uen
JiiarnazoH 00MparoTh 3aBISIKK BIACTHBOCTSIM (DOTOIOIIMEPIB,
mo  HaileQekTHBHINIE TMONIMEPU3YIOTbCS  MiJl €0
yIBTPadioNeTOBOrO BUIPOMIHIOBAHHS 3a3HAYCHUX JIOBXKUH
XBHJIb. BUKOpUCTaHHS IHIIMX Jiala30HIB MPU3BOIUTH JI0
3HW)KEHHS IIBUAKOCTI Ta AKOCTI 3acBiTieHHs. BinxuieHHs
JIOBXXMHH XBHWJII MOYKE BHKIIMKATH HEMIOBHY MOJIIMEPH3AIliI0
MOJIeN, 110 CTaHe MPUIHHO0 Opaky [3].

Puc.2. Ilpukinamy cBITIOAIOOHUX MaTPHUITh

TexHOMOTIs TAKOTO APYKY CTalla MOMJIMBOIO TOMI, KOJIH
Oyno 3ampomoHoBaHO BHKOpHcTOBYBaTH LCD ekpaHm, B
SIKOCT1 CBITJIOMPOITYCKHOI MAacKH, 3BiJICH 1 Ha3Ba TEXHOJIOTIN
IPyKy, 00 Takuii eKpaH € ii OCHOBOIO. AJIe TiBKH ITiCIIsI TOTO,
K Oynu IprOpaHi eeMEHTH, 110 3aBaKAIOTh IIPOXOHKEHHIO
Y® BUIPOMIHIOBAaHHS, a CaMe ITiJICBITKa Ta MOISIpU3aIliiiHa
TUTIBKA, BUKOPUCTaHHS TAaKHX €KPaHIB CTajl0 MOXJIMBUM Y
(oromonimepHoMy apywi. B pe3ymnbraTi BuganeHHs 3aBHX
€JIIEMEHTIB MpPOXO/DKeHHA Y@ BUNPOMIHIOBaHHS depes
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€KpaH 3 MIHIMAJIGHUMH BTpPAaTaMH CTa€ MOXJIMBHM 1
3aJMIIAETBCS IMIap, SKUHA Oe3locepeHbO BiMIOBINAE 3a
(dopmyBanHs 300paxenHs. s GpopmyBaHHS IBOTO Iapy
BHUKOPHCTOBYIOTECSI Ol Ta dopHi mikcem. bimi mikceni
MalOTh MaKCUMAJTbHE MIPOITYCKAaHHS YIbTpadioneTy, YOpHi K
HaBIIaK{, OJIOKYIOTh HOTO MPOXOPKEHHS. TakuM YHHOM
MiICTABIIIOYM T €KpPaH JDKEPeno YIbTpadioleToBOro
BHITPOMIHIOBaHHSI, MOXKJIMBO PETYJIIOBATH MojaBaHHI Y@
CBITJIa HA IPYKOBaHy 001acTh [4].

SkicTh MpyKy Mojeni Ta ii po3iIbHa 3MaTHICTh MO OCAX
X Ta Y Oe3nocepelHbO BU3HAYAIOTHCS XapaKTEPUCTUKAMHU
LCD-expana, a 30kpemMa Horo (pisMYHUMH pO3MipamMH Ta
PO3AUTBHOO 3MaTHICTIO. JIJ1s1 ekpaHiB i3 po3mipamu 100%50
MM 1 po3IiIbHOIO 31aTHICTIO 2K Mpyk 3a0e3medye TOYHICTh
omu3pko  35-39 MM mo ociax X-Y. Skmo x
BHKOPHCTOBYBAaTH €KpaH 3 pO3JiUIbHOI0 31aTHICTIO 4K mpu
THX camMux posmipax 100x50 MM, TO po3mip mikcens
CTaHOBUTHME Bxke 23-26 MKM, LI0 JIO3BOJIUTH JIOCSTTH
3HAYHO BUIIIOI JICTAi3aIlil MOJIei, puc. 3.

Bt o
Puc.3. IopiBHSIHHS HaJPYKOBaHUX JeTalie 3
BUKOPHCTAHHSIM €KPaHiB 3 PI3HUMH PO3MIpaMH TTiKceJIst

[11. Anaii3 mapameTpiB ciancepiB Iyist
(hoTomOIIMEPHOTO APYKY

Cnadicepu quisi  ¢otononimeporo 3D-apyky — 1e
crienianpHl MpOrpamMu, sKi NepeTBOpIOTh 3D-Monens y
HaOIp IHCTPYKIIH JUIs MPUHTEpA, MO0 BiH MIT HAJPYKyBaTH
JeTanb map 3a mapoM. Bei mi mapu BuBogsThes Ha LCD
€KpaH ISl OJajbIIol MOOYA0BH MoJieni. Y CBOEMY CKIIAi
BoHa Mae (aiin G-code, sIKMH BUKOPHCTOBYHOUM KOMaHIHU
st kepyBanHs UITK Bepcratamu, 31iHCHIOE TEXHOJIOTIUHI
omepanii NMPUHTEpPa, TaKi sSK BBIMKHEHHS CBITJIONIOJHOT
MaTpuIli, TepexiA BiJ OAHI€l KApTUHKH MIapy OO I1HIION,
KOHTPOITIOE TPOIIEC MTEPEMIIIIEHHS Ta iHIe, puc. 4.

Puc.4. Ilporpama ChituBox mis ¢otonomimeproro 3D-
ApyKy

59

Y Bumaaky (OTOMONIMEpPHOTO  JAPYKY
BUKOHYIOTh JICKiJIbKa KITFOUOBHX 3a7a4 [5, 6]:

— po3pizae MoJeb Ha MIAPH 10 TepeBouTh 3D-Moens
y mochmimoBHICTE 2D-300pakeHb, SKi  BIIIOBITArOTH
KO)KHOMY Iapy JpPYKY;

— TeHepYye MiATPUMKH Ta CTBOPIOE OMOPH, 1100 JeTab He
«BHCLJIA B MTOBITPI» MiJ 4ac IPYyKy;

— Jl0J]a€ OCHOBY Ta IHINI JOMOMDKHI CTPYKTYPH IS
Ha/IIHHOTO NMPWIIMITAHS JeTalli J0 IUIaThOpMH;

— HalalTOBYe MapaMeTpd JpyKy: TOBHIMHA IHapy
(mampukinag, 0.025 MM a6o 0.05 mMMm), yac ekcrno3uiii s
KO)KHOTO  INapy, IIBHAKICT MigiioMy  IUIaThOpMH,
aHTiaNiaCiHT, KOMIICHCAIIII0 YCa/IKH;

— reHepye ¢iHanpHUIA Qaitn y Qopmari, sikuii po3ymie
KOHKpeTHWI mpuHTep (Hampukian, *.cbddlp, *.photon,
* sl1, .ctb Tommo).

OcHOBOIO KOXKHOTO craiicepy € G-code, puc. 4. B nepuuiit
CeKIii MICTUTbCS TEXHIYHA IHQOpMalis, sIKa MOXKe
BUBOJMTHCS Ha €KpaHi MPUHTEPA, Taka sIK OYiKyBaHHU 4ac
JpYyKy, 3arajibHa Bara, 3arajbHa KUIBKICTb MIapiB Ta iH.
HactynmHuMu KOMaHIaMH € Ti, 10 BUKOHYIOTHCS TIPU CTapTi
IpyKy, Taki sk G28 Z0, To0To BianmpaBUTH IATPOPMY B
HYJbOBY TOYKYy OCi Z, Ui BH3HAQUEHHS TOYHOTO
Miclle3HaXo/pKeHHs, a0o M21, 1m0 BH3HAYa€E CHCTEMY
koopauHaT B MM. (G90 BCTaHOBIIIOE aOCONIOTHY CHCTEMY
KOOPJMHAT, 1110 BUKOHYE IMEPEMIIEHHsI [0 KOOpAWHATaM
takoro ¢opmaty: GO Z190, To6TO nepeMileHHs B MO3UILII0
190 MM Bin gomamHboro mosioxkeHHs. [ami Bxe HIyTh
KOMaH/IY, sIKi 0e31ocepelHb0 BUKOHYIOTHCS JJIsl TOOYI0BU
MOJIelI, 11e IepeMilleHHs OCi Ta 1Mo/ia4a MaTepiaiy, puc. S.
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Puc.5. Tndopmariiina cexris G-code

OxpiM HaNamTyBaHb KOAY Ta CaMOTO IPOIECCYy APYKY €
OaraTo 3araJbHUX MapaMeTpiB MPUHTEPY Ta Claiicepy sKi
CHJIBHO BIUIMBAIOTh Ha KIHIECBUHA pe3ynbTaTr JpyKYy.

Hacamnepen nie temmneparypa. Temmeparypa Hacaaku €
HallBAUIMBIIINM ITapaMeTpoM y ciaiicepi, ToMy mio 0e3
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YiTKOTO pIBHS TEIUIA JKOJCH APYK HE Oyae MpaimroBaTH
koppekTHO. Kommu omepaTop moYrMHAE NPYKYBaTH HOBOIO
HUTKOIO, TIEpIe IO BiH HATAMTOBYE Ha claicepi, Ie
Temmnepatypa coria. [IOpiBHSATH KIiHIEBHIA pe3yibTaT
MOXXHO  HQJIPYKYBaBIIM TEMICPATYpHY BEXKy, 00
mo0auynTH, SKi 3HAYCHHS TPAIIOIOTh HalKpaile, puc. 6.
3aHaATO BHCOKAa TeEMIlepaTypa CoOIula TIpU3Bene M0

HaJMIipHOI eKCTPY3ii 3 IUIIMaMHu 110 BChOMY JpyKy. B cBOIO
TeMIieparypa
KOJIM HE BCi

4epry, 3aHagTO  HU3bKa
HEJOCTAaTHIO EKCTpYy3ilo,
HaJIpyKOBaHi MOBHICTIO [7].

CIIPUYNHUTH
mapu  OyayTb

Puc.6. ITopiBHSHHS eKCTpPy3il IPpU pI3HUX TeMIepaTypax
comia

Iotik (flow), Bimomuit Takox sK KOe(DillieHT eKcTpys3ii,
BU3HaA4vae IJ_IBI/I}]KiCTI), 3 KO HHTKa CEKCTPYAYETHCA.
Hanpuknan, npu 100-BigcOTKOBOMY MOKa3HUKY IOTOKY
MIPUHTEP MOXKE BUKOPUCTOBYBATH 10 CM HUTKHU ISl IEBHOI
JIeTali, aje Ko 3MiHUTH BUTpaty Ha 90 BiCOTKIB, IS Ti€l
camoi (¢yHKIIT 3HanOOUThCcs Jmime 9 cm. 3pemToro,
peryJifoBaHHS IOTOKY BIUIMBAa€ Ha KUIBKICTh 0OEpTIiB
JBUTYHAa EKCTPYAepa Ha MUIIMETp HaHECEHOro MaTepiaiy.
[NoTik MOYKHA BUKOPUCTOBYBATH JyIsi OOJIIKY HaAMIpHOI 260
HEJOCTaTHBOI EKCTPY3ii Ha NpHHTEpl 0e3 KOpUTyBaHHS
rapaMeTpa elIeKTPOHHOT0 KPOKY IPUHTEPA, 3HAUSHHS SIKOTO
30epiraeTbesi 'y Mikpornporpami. HaiikpammM pileHHsM
Oy/ie HANAIITYBaTU 3HAYCHHS KPOKY IiJ] 4ac KaniOpyBaHHS
NMpUHTEpa Ta HAJNAIITyBaTH MOTIK  BIANOBIAHO 0
KOHKPETHHUX 3aBJaHb IPYKY, puC. 7.

Puc.7. HanamryBaHHS MOTOKY MOKE JIOTIOMOTTH HaIMipHIH
eKCTpy3ii

[Minpumkn abo omopu € Ime ONHUM BaXKIHBHM
mapaMeTpoM cnaiicepa. IlinTpuMKu — 1e KOHCTpPYKIIil, sKi
YTPUMYIOTH BHCTYyIawodi eneMmeHTH Mmojened. [lapamerpu
SIKI 3a3HAYAIOTh Y Clalicepi BKIIOYAIOTh y ce0e KyT 3BHCY 1
MiniManeHy 1wionry omopu [8]. Ilepumii Bu3Hawae
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MIHIMaJIbHUH KYT, SKW TTOBHHEH CTaHOBUTH 3BHC, IEPII
HDK clalicep CTBOPUTH ONOPY Ui HOro yTpUMAaHHS.
OctaHHIi BHU3HAYa€ MiHIMAJIbHY IUIONLY, SIKY Ma€ MaTH
OTIOpHa CTPYKTypa, mo0 OyTH BKIIOYEHOIO B ApyK. IHmm
rapamMeTpy Ta MapaMeTpH ITi ITPUMKH TaKOX JIy>Ke BaXKJIMBI,
puc. 8.

Puc.8. HanammroBanux nmapameTpiB miATpuMOK

Hanpuknan, opieHTallis YaCTHHU BiJirpae KIIOYOBY POJb
y CTBOpEHHI OINOPHUX CTPYKTyp. [HII mnapamerpu
MIATPUMKH BKIIIOYAIOTh LIBUIAKICTH JIPYKY, MiATPUMKY
LJIBHOCTI  3amoBHeHHs tTomo. Coix 3MiHIOBaATH I
napameTpH, o0 3HalTH OanaHCc MiX JOCTATHIM OIIOPOM Ta
MiHIMaIbHIM CIIO’KMBAHHSIM Matepiay, puc. 9.

Puc.9. [pukna HaMAMITOBAHUX MAPAMETPIB MIATPUMOK

3amoBHEHHS — II¢ BHYTPIIIHE HATIOBHEHHS JeTalei,
HaJPyKOBaHUX 3a JOMTOMOTOI0 (POTOMOIIMEPHOTO APYKY, 1 €
(yHKIIE0, HEAOCSHKHOK — TPAAUIIIMHUMH — METOAaMH
BUPOOHUIITBA, TAKUMHU SIK HAMPHKIAJ JHMTTS MiJl THCKOM.
3amoBHEHHS MJO3BOJISIE Kpallle KOHTPOIIOBATH MIITHICTD,
Bary, BUTPATy MaTepially Ta BHYTPIIIHIO CTPYKTYPY JAeTali
0e3 HeoOXimHOCTI KOpHTYBAaTH 1i 30BHINIHIA BUIIS Yd
30BHIIIHI XapakTepucTuku [9]. ¥V cnalicepax 3alOBHEHHSIM
MOXXHa KEepyBaTH 3a JIOIIOMOTOI0 IIITBHOCTI 3allOBHCHHS,
BCTaHOBJICHOI y BIZICOTKaX, 1 Ma0JIOHAM 3allOBHEHHS, SKi €
CTpyKTypoto abo (¢opmor 3amoBHeHHs. Hamiiaimmi
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MAaJIFOHKM 3aIllOBHEHHS Ta OUIBINA IMiIBHICTH 3aIIOBHEHHS
MMOJIOBKAaTh 4Yac JPYKy Ta CIIO)KABATUMYTh OLTBIIIE
MaTepiaiB, aje 301bIIATh MIITHICTb 1 Bary JeTai, puc. 9.

Puc.10. Burnsin ogHakoBoi gertati aje 3 pisHUM
3alOBHEHHAM 3CepeauHU

V. BUCHOBKHU

Y  pe3ynapTaTi MPOBEICHOTO  aHANI3y  TEXHOJOTIT
dorononimeproro LCD-apyky MoxkHa 3pOOUTH BHCHOBOK,
IO Lefl METOA € OJHUM i3 HaMOULIBII MEepCIeKTHBHUX Ta
TOYHHUX  CIIOCOOIB  aOUTHBHOTO  BHUPOOHHUIITBA  JUIS
BUTOTOBJICHHS! BUPOOIB 31 CKJIaJJHOIO T€OMETPI€I0, BUCOKHM
piBHEM jeraizanii Ta sIKICHOI TOBepXHel. BukopucranHs
LCD-expaniB y noeaHanHi 3 Y®-cBiTnoniogamMu A03BOJIIE
CTBOPIOBAaTH IIIAPH 3 BHUCOKOK PO3AUIBLHOI 3aTHICTIO,
NPUYOMY XapaKTepUCTHKH €KpaHy, Horo (izndHuil po3mip,
PO3.IiIbHA 3IATHICTh Ta PO3MIp MIKCEs IPSMO BU3HAYAIOTh
TOYHICTH BIATBOpPEHHs aeTaied mo ocsix X Tta Y. Lle
BIIKDUBAE  MOXJIMBICTh ~ MacIUTa0yBaHHS  TEXHOJIOTIT
3aJIeXKHO BiJl BUMOT JIO SIKOCTi TOTOBOI MPOAYKLI.

Oco0s1BY poJib Y JOCSTHEHHI CTaOlIBHOTO Ta SIKICHOTO
pe3yibTaTy BIiIIrparOTh  clalcepd —  Creliaii3oBaHi
MPOrpaMHi KOMIUIEKCH, IO TOTYIOTh HU(POBY MOJEIb 10
JpYKy, ONTUMI3ylOuu i1 opieHTaliio, (OpPMyHOuUM MIapH,
TeHEPYIOUH MIATPUMKH, 33Jal04YH MapaMeTph EKCIO3HILi,
LIBUJKOCTI PyXy ILIaTGOPMH, HIUIBHOCTI 3allOBHEHHS Ta
IHIIII KPUTUYHO BAXJIMBI HaamTyBaHHs. CaMe npaBriIbHIMA
BUOIp ciaiicepa 1 TOYHE HaNAIITYBaHHS HOTO MapaMeTpiB
0e3rocepe/IHbO0 BIUIMBAIOTh HA TEOMETPUYHY TOUHICTB,
MIIHICTh Ta HaIIMHICTh HAJPYKOBAHUX JIETaJIEH, a TAKOXK Ha
e(EeKTUBHICTh BUKOPUCTAHHS (POTOMONIMEPHOT CMOJU Ta
qacy IpyKy.

TakuM YHMHOM, KOMIUIEKCHHMM MIiXiJ, IO BKJIKOYAE
TpaMOTHY KOHCTpyKImito 3D-mpunHTepa, 3acTOCyBaHHS
SKICHUX Jpkepen Y D-BUIPOMIHIOBaHHSI Yy MOTpiOHOMY
CIIEKTPi Ta BUKOPUCTAHHS CyYacCHUX CJAficepiB 3 MPaBHIHHO
migiOpaHUMHU TTapaMeTpaMu, € 3alOpYKOIO IIiABUIIECHHS
TOYHOCTI, BiATBOPIOBAHOCTI Ta EKOHOMIYHOCTI IIPOIIECy
¢doromomimepuoro LCD-apyky. Ilomanbumii  po3BHTOK
TEXHOJIOT1i, IMOBIpHO, Oy/e MOB’SI3aHUI 13 MiJABUIICHHIM
PO3ALTBEHOI 3/IaTHOCTI JIHACILIEIB, BITPOBAKECHHSIM
IHTENEKTyaTbHUX ANTOPUTMIB aBTOMATHYHOTO
HaJAIITYBaHHS IPYKY Ta ONTHUMI3aIli€0 BUTPAT MaTepialiB,
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1110 3pOOUTH IPOIIEC M1e OLTBII YHIBEpCATIbHUM 1 JOCTYITHUM
JUISL TIPOMECIIOBOTO Ta iHMBi{yaJIbHOTO BUKOPHCTAaHHSI.
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Jloc1IPKEHHS BIUTMBY MapaMETpPIB CYIIKU (PIIIaMEHTY Ha

AKICTb IPYKY
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Anomayin: Y poOOTi MPOBEJCHO aHATI3 (i3MKO-XIMIYHIX
MIPOLIECiB, IO BiAOYBalOThCs y (pimameHTiB mix 9ac ioro
3BOJIOXKEHHSI Ta HACTYITHOTO IJIaBJICHHS B €KCTPYAEI.

Knrouosi cnosa: 3D-npyk, FFF/FDM TexHOIOTisI, BILTUBY
rapameTpiB, CyIIiHHS QilaMeHTy

. Bcrvin

VY cy4acHHX yMOBax PO3BUTKY aJUTUBHUX TEXHOJOTIH,
3pOCTaHHS MOMHUTY Ha MEPCOHAI30BaHI BUPOOH Ta IIBHJIKE
MPOTOTUITYBAHHS MTOCTAE€ HEOOXITHICTh MiABHUILNCHHS SKOCTI
ta HagidHocTi 3D-mpyky. OamH 3 HaWMmomyJspHIIIMX
cnoco6iB — 1ie FFF (Fused Filament Fabrication) abo FDM
(Fused Deposition Modeling). Ile xomm GepeTbcs HUTKA
IUIACTHKY 1 IIap 3a MapoM BUXOJUTh MoTpibHa piu. [Ipocro,
HEZ0pOro, i MOXKHA POOMTH Oarato 4oro: Bija meTaiei Ha
3aBOJi JI0 irpamiok BAOMa. AJjle TYT BaXJIMBO, 3 SKOTO
IUIACTUKY PYKYEI, 00 BiJl I[bOTO 3aJIEKUTh, YU TapHa BHI]IE
HITyKa.

BaXJIHBO CTEXKUTH 3a TUM, 11100 HUTKA 1t 3D-npuHTEpa
OyJia OTPIOHOTO JAiaMeTpy, OJHAKOBOIO 110 BCIH JOBXKHUHI,
He BOJIOTo10 1 MiliHOt0. Lle moromarae 1pyKyBaTH cTaOlIBHO,
0e3 Opaxy i 3 BUCOKOIO TOYHICTIO. SIKIIIO MU 3p0O3yMi€EMO, 5K
I MapaMeTpH BIUIMBAIOTh Ha IPYK, MU 3MOXKEMO Kpalle
nepenbavatd  pe3yibrar, BHOMpaTH ~ Marepiand 1
HanamToByBath 3D-npuHTEp MiJ KOHKPETHI 3aBIAHHS.

AxTyanpHICTh JaHoi poOOTH 3yMOBIIEHA MOTPeOO Y
MiJIBULICHH] SKOCTI JIPYKOBaHUX BUPOOIB, 3HMIKEHH] BUTPAT
yacy Ta MaTepiasiB Ha mepepoOky abo TMOBTOpHE

BUIOTOBJIEHHS  JeTajed, a  TakoX  3a0e3ledyeHHi
BiJITBOPIOBAHOCTI pe3yibTaTiB npu cepiitHomMy
BupoOHuNTBI. CTBOpEHHS  MOJeNi, 5Ka  MOB'I3YE

XapaKTePUCTUKU IUIACTHKY ISl OPYKY 3 SIKICTIO Camoro
IpyKy, nornomoxe texrounorii FFF/FDM crartu mie kpamioro
Ta 3HalTH OiJIbIIE 3aCTOCYBaHb Y Cy4aCHOMY BUPOOHHIITBI.

Il. TEOPETUYHA YACTUHA

Xoua MIACTHKOBI BUPOOM HA TEPIIHUIA MOTIIST 31aI0ThCs
crifikumu g0  Bosord, (inmament g 3D-gpyky
XapaKTepU3YEThCS TITPOCKOIMIYHICTIO, Yepe3 M0 BiH JIETKO
MIOTJIMHAE BOJIOTY 3 HABKOJMIIHBOTO cepemoBumia. II[o6
HaJpyKyBaTH IIOCh SKICHO 1 MO0 MpHHTEp HE 3aKyBaB,
HUTKY Tpeba IPOCYIIHUTH repes posoTor0. SKII0 NpaBUILHO
30epiraTa i TOTYBaTH HUTKY, TO Bce BUIie 5K Tpeba [1].

3maeThes, HIOM Ba3W 37iBa Ta CrpaBa 3poOJIeHI 3 Pi3HUX
MaTepiaiiB: JIiBa SKach MyTHa, a TIpaBa — Maibke mpo3opa.
€1uHe, 1110 B HUX OJHAKOBE — IIe Te, IO BOHM O0MBi Oe3
KOJBOpY, puc. 1.

BusiBuiocst, mo i ABi Ba3u 3pOOWIN 3 OJHOTO W TOTO
€caMOro HEWIIOHY, 3 OJHi€l KOTYIIKH, TUTBKH 3 TIEPEPBOIO B
Kinmpka romuH. JIiBy HagpyKyBajW, TIOKH MaTepial Iie He
IIPOCOX, a NMpaBy - Bxe micist. Lle mokasye, mo HelIoH xysxe
no6pe BOMpae BOJIOTY, 1 I1e TOraHo BIUIMBAE HA JAPYK [2].

r

Puc.1. Tlpuknan miacTUKy 10 CYUTIHHS Ta MICs

Kotymika kinbka THXHIB cTosuia B madi 0e3 yrnakoBky, i
3a 1edl yac HeilyloH HaOpaB OaraTo BOJIY MPOCTO 3 MOBITPSI.
Ileli martepian myxe MIBHUAKO BOMpae BoJIOTY, 1 Homy
BHCTAYac KIIbKOX TOAWH, 1100 HacutuTucsa. [HIN BuIu
IUIACTHKY TeX BOMPAOTh BOJY, ajle He TaK CHJIBHO. | HaBiTh
y 3pa3KiB 0/IHOTO TUITY, 200 MapTiii BiJi OAHOTO BUPOOHUKA,
1151 BIACTUBICTh MOXe OYTH Pi3HOO, TOMY IO BiJPi3HSETHCS
CUPOBWHA, TEXHOJIOTisl, OApPBHUKH Ta JOOABKH.

Konu B momimepax 3abaraTo BOJIOTH, II¢ IOTaHO, 00
BiOYBa€ThCS TiNpOINI3 — pYHHYBaHHS MOJIEKYN dYepe3
peakuito 3 Bojow npu HarpiBanHi. Y 3D-mpymi e Moxe
MIPU3BECTH JI0 IPOOIIEM:

— MarepiaJ HiOU NIHUThC 1 3'ABIsIFOTRCS myxupiii. [1ig yac
Ipyky (Hampuknaa, ABS-mmactuxom mpu 240°C) Boma
3aKUIMAe 1 PO3IIMPIOETHCS, YTBOPIOIOUU  OyibOariku
BcepeauHi moniMepy. Uepe3 1e moBepxHsi BUpOOy cCTae
HEpIBHOIO, Ta ¥ BHUIIAAAE BiH He ayxe. SIkmio dyere
MOTPICKYBaHHsI i/l 4ac JPYKy — L€ BOHO, MyXHPIIi, pUC. 2.

Puc.2. Ilpukian criiHiOBaHHS Ta YTBOPEHHSI ITy3HUPiB IPU
JIpyKyBaHHI

— posBomum Ta Bosoccs. Koim Bomora motparuisie
BCEpeIWHY, IUIACTHK CTa€ piammM, HiK Tpeba. Yepes me
BaKKO HANAINITYBAaTH TPHUHTEP, 1 3'SIBIAIOTHECS HUTKH Ta
po3BoaM Ha BUPOOI;

— BUPa)XEHE BHUKPHBICHHS. SIKIIO APYKYBAaTH BOJIOTHM
TUTACTUKOM, BUPIO MOXKE BTPATUTH (POPMY Ta BUKPUBUTHCS,

— Imapd TOTaHO CKICKIOTECA. Boja pyiiHye IOBri
MOJIEKYJT B IIACTHKY, 1 BiH cTae ciuabmmMm. Tomy mapu
MOXYTh pO3IMIAPOBYBATHCS TiA dYac JApyKy abo Bupid
371aMa€ETHCSI, KOJIM BU ITOYHETE HUM KOPHCTYBATHCS;

— KOJip 3MIHIOETECS. Yepe3 BONOTY IIACTHK MOXKeE
nomiHATH BiaTiHOK. Komm mopiBHIOED, SIK APYKye cyxuil i
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MOKpHIi TJIACTHK, BUJHO, IO CYXWi MOJAETHCS PIBHIIILE,
puc. 3.

Puc.3. Pi3HuIs MiXK BOJIOTHM IIJIACTHKOM 1 CyXUM Ha
BUXO/Ii 3 COIJIa EKCTpyAepa

Bararo momimepiB BOHMparoTh BOJNOTY 3 MOBITpPS — iX
HAa3MBAIOTh TIrPOCKOMIYHUMHU. Y XiMil € KiTbKa CXOXHX
TEPMIiHIB: TIrPOCKOMIYHICT, — 1€ KOJM MaTepiaj BOupae
BOJIOTY, COPOIIisi — caM MPOIIeC MOTJIMHAHHS, a BOJIOTICTh —
1€ KOJIM B MaTepialii BXKe € AKaCh KUTBKICTh BOJIH. Hackibku
CHJIBHO T0JIiMep BOMpae BOAY, 3aJIeXKUTh BiJ Horo tuiy [3].

Hanpuknaz, nominporisieH Maiibke He BOMpae — MpoCTO
TPOXHU 3BOJIOKYETHCS 3BEPXY, @ OT HEIJIOH BOMpae noope.
Bosora BOMpaeTscs TOMy, IO TOJIMEpP Mae OCOOIUBY
OynoBy — HIOM KIyOOK 13 BEIMKHX MOJEKYJI. MiK IUMH
MOJIeKyJIaMU 1 30MpaeThcsi Bojia 3 TOBITPs. SIKIIO BoJOTH
3abararo, TO BiJI0yBa€THCS OCh I10:

— moiiMep MOYMHAaE HiOM miHUTHCH. Komm Bosoruii
IUIACTUK TOTpAIUIsie B Tapsdyy 30HY, BOJIOra BCEpEIHHI
3akumnae. [lapa mig THCKOM poOUThH OynbOAIIKU B IUIACTHKY.
Yepe3 e Ha TMOBEPXHI MOJENI 3'IBSIFOTBCS IPKH Ta
HepIBHOCTI, 1 BUJ Y Hel cTae Tak co0i. A 1me, 1i Oynp0anku
BCepeaMHI poOJsTh BUPIO CIAaOMIMM 1 BiH HE TPUMAETHCS
JIOBTO»;

— rigpomi3 nomimepiB. lle komu Bona pyiiHye Benuki
MOJICKYJIU TIJIACTHKY NIPU BHCOKIM TeMmeparypli Ta THCKY.
Bnoma, xonmu apykyemr Ha 3D-npuHTepi (HampHKiaj,
HEHJIOHOM), TeMIIepaTypa A0CTaTHS, 100 MoYaBcs IiIpodis,
SKIIO B MaTepiaii Oarato Bojoru. [igpomi3 3MeHIIye
KUIBKICTh JIAHOK Y BENHUKiil MosieKysi, TOOTO poOuTh il
KOPOTIIO, 1 Ile BIUIMBAE HA T€, HACKUIBKH MII[HUM Oy
BUPIO.

Konmu momiMepHa HHUTKAa MOTpaluIie y  BOJOTE
cepeioBHIIle, OCOONMBO TiJi Yac HArpiBaHHs, BOHAa MOXeE
pyiiHyBatucs. Bonora poOuTh CBOIO CHpaBy: 3'SBISFOTHCS
HOBI PEYOBMHHU, JAHIIOTM PO3PUBAIOTBCS, 1 MaTepian
cnabmae. Uepes 1ie Ha[pyKOBaHa pid MOXKE pO3IIAPyBATUCS
abo 3jaMaTHCs paHime dacy. Skmo y HuTHI 3abaraTto
BOJIOTH, SIKICTh APYKY manae [4].

o6 w™marepian HOPMATBHO IOJABABCS, JOBOIUTHCS

CTaBUTH BUIIy TEMIIEpaTypy. AJle HaBiTh TOMI BUPIO MOXke
BUHTH 3 OpakoM. Haiibinpme OOATHCS BOJOTH HHUTKH 3
HeoHy, momikapOoHaty Ta comomiedipy. HuTka nerko
BOMpae BOMY 3 MOBITPA. SIKIIO HE AOTPUMYBATHCS TPABILI
30epiranss1, TOOTO TPUMATH ii Y BOJIOTOMY MiCIli, BAHUKHYTh
mpobiemu [5].
Pi3ri momiMepu TMO-pi3HOMY pearyioTb Ha BOIOTY.
Hanpuknaz, HeiioH mounHae BOUpATH BOIY BXe depes 18
roguH Ha TOBiTpi. A PVA, sKkuii BUKOPHCTOBYIOTH IS
JIPYKY I ATPAMOK 1 SIKII TOBHICTIO PO3YHHSETHCS Y BOI, IIIe
ripme. PLA Tta ABS tex BOuparots Bosory, ane PLA pobuts
e mBuame, Hixk ABS. Bonora mkoauTs He TiUTBKA HUTII, a
it mpunTepy. PLA-HUTKa, sika HaOpsKIIa BiJ BOJIOTH, MOXE
TaK 3a0UTH COILIO, IO TOBENETHCS HOr0 MiHSATH.
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I11. TIPOBEJAEHHSA JOCJIKEHD

Buxonsun 3 1uiaHy IOCHIIPKEHHS € Iepury HeoOXiTHO
BU3HAUNTH, K CHIIBHO (piJTaMEHT HACHIyBaTHCS BOJIOTICTIO.
Ha mpomy erani mocmimkeHHs OyqyTh IMOXiIeHI Ha JBi
cTaaii:

— 0OazoBe cymiHHSA ¢iraMeHTy 0e3 TOoIepeIHbOTo
3MOYyBaHHS 3pa3Ka;

— CYLIIHHS HACHYEHOTO (iaMeHTy BOJIOTro0 ((iramMeHT
Oyne TepeayacHO 3MOYCHHM, MO0 TMOMUBUTHUCSA CKUTBKU
BOJIOTH BiH 3MOYKE MOTJIMHYTH ).

B mepmiiii cranii excriepuMeHTy Oyim oOpaHi 4OTHUPH
Mapku (QUIaMEHTY, sIKi HaifgacTille BUKOPUCTOBYIOTHCS JJIS
3D-apyky, a came: PLA, PETG, ABS Tta Nylon. Koxen 3
UX 3pas3kiB Oyne OpaTucsi 3 HOBOI KOTYIIKHA y 0a3oBOMy
NaKyBaHHI, sSIK€ HaJae BUPOOHMK IUIACTHKA. 3 KOXHOI
KOTYIIKH Oyne OpaTucs MO OJHOMY TECTOBOMY 3pasKy
¢inamenty niamerpom 1,75 MM noBoxkerHoro 30 mm, puc. 4.

N

Nylon PETG

|

Puc.4. TecToBi 3pa3ku yIs JOCITIHKEHHS

OCKUIbKM Ba)XKO BH3HAYUTH BOJIOTICTH 3paska 3
BUKOPHCTAHHSIM  CIICL[AJIi30BaHUX  JATUYUKI  BOJIOTOCTI
TBEPOTO TiNa, Oy/ie BUKOPHCTOBYBATUCS METO]] 3MIHH MacH
3pa3ka Jo Ta Micys cyIniHHs. J{03BOJINTh BU3HAYUTH CKIIBKU
BOJIOTH BTpayae 3pa3oK mij 4ac rixparauii ¢inamenty. s
TOro mo0 BU3HAYMTH BIJCAJOK BTpaueHOl BOJOTH Oyjne
BUKOPHCTOBYBAaTHCS, HacTynHa (opmymna 3.1:

m
W =

BOJIOT

Meyx

m
Y. 100%

@

ne, W — BooricTs 3pa3ska, %o; Mysuw. — Maca 3paska Iepen
CYLIIHHSM; My — Maca 3pa3Ka MiCIisl CYIIHHSM.

KoxkeH 3 mux 3paskiB OyJe 3BaKEHHH Ha HOBEIPHUX
Barax, 100 3a¢ikcyBaTu Mo4aTkoBy Bary Qimamenty. [Ticis
YOro KOXKEH 3 3pa3KiB Oy/ie MOMIILCHHUH 10 CYIIMIBHOT madu
Ha yac B 1 roguau g0 10 roawH, Ta 3Ba)KEHUIH TOBTOPHO.
OCKiTBbKH IJ1s1 KOOKHOTO BUAY (iTaMeHTy, peKOMEHI0BaHA
CBOS TEMITepaTypa CYIIiHHS, JUTS CIIPOILECHHS eKCIICPHMEHTY
Ta 00poOKkm maHmx Oyme oOpaHa cepedHe 3HAYCHHS
TEeMIepaTypy CYIIKH, I KOKHOTO IUIACTHUKY, Ta0uI. 1.

Tabmumst 1. CepenHi 3HaYSHHS TEMITEPATypH CYIIiHHS
TECTOBUX 3pa3KiB

IInacrux | Temmneparypa Yac Cepenne
cymku, °C CYLIiHHSA, T 3HAYCHHS
TeMIIepaTypu
cyurings, °C
PLA Bix 40 mo 50 Bin4 no 6 45
PETG Bix 65 0 70 Bin4 1o 6 70
ABS Bix 70 mo 80 Bin 2 no 4 75
Nylon Bix 75 o 85 Bix 8 mo 12 80
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Takum uymHOM, Oynmu orpumaHi 3HadeHHs 40 TeCTOBHX
3pa3sKiB 3 PI3HUM CTyNeHsIM Tiapatamii ¢imamenty. Oxpim
3Ha4eHb 3MIHM MacH Ta BOJIOTOCTI 3paska, 3agikcoBaHi
3MiHa MEXaHIYHAX BIACTHBOCTEH.

3a pe3ynpTaTaMu JIOCITIDKEHHS MOXKIIMBO CIOCTEpIiraTté
mo ABS mmactuk Mae HaWOUTBII PI3KUHA CTYIIHB 3MiHU
BoJIOTH (DLTaMEHTY cepell yCix IHIMX MartepiamiB. Takox
CIJIiJl 3a3HAYMTH IO IpU TemrepaTypi cyminHs 75°C Ha 5
TOMHI CYIIKH CTa€ KPUXKUM, a Ha 9 TOAMHI YTBOPIOIOTHCS
CKOJIY Ha TTOBepXHi 3pa3ka. L{e B cBOIO uepry npu3BOAUTH 10
TOTO IO (hiJTAMEHT MOXKE 3JIAMATHCS MIPU MPOIITOBXYBAaHHI
MaTepialy yepe3 MexaHi3M Mmojadi.

PLA ta PETG, MaroTs OibII IJIABHUI CTYIiHb BTpaTH
BOJIOTH 3pa3KiB Ta MEHII BIUIMBOBI JI0 3MIHM MEXaHIYHHX
BIIACTUBOCTEH MatepiaiiB. lle AOBOIUTH MO IIi MJIACTUKA
MEHIII CXMJIBHI BHIIUTYBaTH Bojory Hix ABS mnactuk, ta
OibII CTIMKI 0 TEpMIYHMX 3MiHAaX CEpelOBHIIAX IpPH
temnepatypax 45°C ta 70°C.

Nylon mmactuk, Mae caMuid IUIaBHUM — TIPOIIEC
BHUITAPOBYBAHHS BOJOTH 3 (PiIAMEHTYy, MOKa3ye IO Iei
MaTepiajd OUThII CXMJIBHUH 110 HAKONMMYYBaHHS BOJIOTH.

Takox He3BaXkarouM Ha Hail OUIBITY TeMIepaTypy CyIKA
¢dimamenty 80°C, 1eit pimaMeHT HE BTpadae CBOI MEXaHIUHI
BJIaCTHBOCTI. ['padiuHa JEMOHCTpallis CIIOCTEPEKEHb
MEPIIOi CTa il TOCIIKSHb HABEICHI Ha pHC. 5.

T, bt

Puc.5. 3aranphuii rpadiku 3MiHH MacH 3pa3kiB QigaMeHTy

Jpyruii etan A0OCHiKEHb MOJISrae y BU3HAYHI KPUTHYHOT
MacH BOJIOTH, 5Ky (QiraMeHT Moxke mnormmHyTH. Lle
JI03BOJIUTH BU3HAYUTH MAKCUMAaJIbHHUI BiZICOTOK BOJIOKH IS
KOXKHOTO IIIACTH, IO B CBOIO UYEpPry JIO3BOJIMTH Ha
HACTYNHHUX eTanax JOCITIDKEHHS BKIIOYMTH I KPUTHYHI
3HAYCHHSA J0 perpeciiHO-KOPEIAMiHHOT MOIEMTi.

Jis i€l cTani mociimKkeHAst OyAyTh B3STH IO TPH 3pas3Ku
KOXKHOTO (DiIaMeHTy anie IHImMX po3Mipy (miamerpom 1,75
MM Ta JOBXHHOIO 2 M), MO0 WIiCIA CYIIKH IUIACTHKY
MOJKJIMBO OYJI0 HaApyKyBaTu TECTOBY MOAENb Ta MOBUTHUCS
AKi IeeKTH OpYKy MOXYTb 3 sSBHTHCA. TpH 3pa3ka IJisd
KOXKHOTO THUITY IIJIACTHKA, JTO3BOMSTH YHUKHYTU PamTOBUX
BHUKH/IB Yy 3aMipaxX Ta YCepeIHUTH KiHIeBE 3HAYCHHS IS
KOXHOTO (imamenty. byma 3BimeHa ix modaTkoBa Maca,
MCIsT 90r0 KOXKEH 3pa3oK OyB pO3MIIEHHH Y BOIY
kimMHaTHOI Temneparypu 23°C Ha omHy m00y, Ta 3HOBY
3BakeHUM. 1le HO3BOMMTE BH3HAYUTH, SK CHIIBHO KOMKHHM
TUT (iTaMEHTY MOXKE€ HAKOMMIYBATH BOJIOTY Ta HACKLIBKH
CHJIBHO MOJKE 3MIHIOBATHCS HOT0 Maca. Hacrynaum
KpokoM OyJ0 TIpoBeAeHa CymIKa IUIACTHKY  Ha
MAaKCUMaJIbHUH pPEKOMEHJOBAHMW 4Yac Ta TeMIepaTypu
CYIIKH, JJIs1 KO’KHOTO THITY TUIACTUKY TaOu. 2:
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— ABS mactuk: yac cymkd 4 TOOUHM, TEMIEparypa
cymku 75°C;

— PLA mnnactuk: wac cymku 6 ToIuHH, TeMIleparypa
cymku 45°C;

— PETG mnactuk: 4yac cymku 6 roguHH, TeMIleparypa
cymku 70°C;

— Nylon nnactuk: 4ac cymku 12 roxuHu, Temmneparypa
cymku 80°C.

Ile m03BOJMTH TOPIBHATH HACKIJIBKH CHIIBHO OyayTh
BIJpI3HATUCS Macu  (imaMeHTy  mepell  [0YaTKOM

€KCIIEPUMEHTY Ta MIC/Is CYIIiHHS. Pe3yabTaTs JOCITi HKEHHS
HaBeJleHl B Ta0II. 2.

Tabmurs 2. 3mina Macu QitaMeHTy Ticyst CYIIKA

ABS mactuk
Ne | IMowartkoBa Maca Bincorok Maca Biacorok
Mmaca, BaroBoro BOJIOTH, mmicis BUIIAPIOBAHOT
M4, (T) (inameHTy, Wi, % CYILIKH, BOJIOTH TIICJIst
Myzae (T) My, (T) cymiku, Wa, %
1 5,00 5,02 0,1 5,01 95
2 4,98 5,00 0,1 4,99 95
3 5,01 5,03 0,1 5,00 95
PLA niactuk
1 5,96 6,08 2 5,97 90
2 6,02 6,14 2 6,03 90
3 5,99 6,11 2 6,00 90
PETG mactuk
1 6,11 6,13 0,13 6,11 95
2 6,05 6,07 0,13 6,08 94
3 6,18 6,21 0,13 6,18 95
Nylon mactuk
1 5,48 6,02 10 551 90
2 5,57 6,11 10 5,60 90
3 5,62 6,26 10 5,65 90

Buxopsun 3 oTpUMaHUX pe3yJIbTaTiB MOXKIMBO 3pOOHTH
HACTYIHI 3aKOHOMIpPHOCTI:

— ABS T1a PETG miacTuk, HallMTyIOTh MEHIIE BCHOTO
Bouiory, a came 0,1% mnsa ABS mnactuky 1a 0,13% PETG
wactuky. Cepen 3pocTaHHs Macu (izameHTy micis
3aHypeHHs y Boxy cknagae 0,016 rta 0,02 r;

— PLA rta Nylon mnacTuk, HamuTyiOTh OlbIlIE BCHOTO
Bosorn, a came 2,0% mnst PLA mactuky ta 10,0% Nylon
wiactuky. Cepen 3pocTaHHs Macu (itaMeHTy micis
3aHypeHHs y Boay ckinamgae 0,12 r ta 0,54

— BCI1 TUIACTUKU MAIOTh BUCOKHI CTYIIHB TiIpaTaii mics
IPHMYCOBOTO 3BOJIOXKEHHS 3paskiB B Mexax Big 90% o
95% BTpaTH BOJIOTH MICIIS CYIIKH. AJle Il TO3UKH MOXKIUBO
TOJIIIINTH IIPA BUKOPUCTAHI OLIIBIIOT TeMIIEpaTypH CYIIKA
B 3aJEKHOCTI BiJ] TUIy IDIACTUKAa Ta 30UTBIIEHHS dYacy
CYIIKH.

Jns mepeBipkd SKOCTI HaIpyKOBaHHX MoJelnei, Oyio
PO3ApPYKOBaHiI MO YOPTH TECTOBI MOJENi 3 KOXKHOTO THITY
IUIACTUKY, ™00 BH3HAYHTH HA CKUIBKA IPUMYyCOBa
abcopOris Ta TigpaTamis QiTaMeHTy BIUIMHYTH Ha TOSBY
JIeeKTiB MOBEPXHI MOJIEITI.

TectoBa MOJIENTb TS TepeBipKu
20%20%20 MM, 300pakeHHs Ha puC. 6.
[apameTpu JOpyKy sl KOXKHOTO THITy IUIACTHKY, €
HACTYITHHUMHU:

— BucoTa mapy mMozemi 0,2 MM;

— KIJIBKICTP IIapiB CTIHKU, KPUIIKH Ta THA MoAei 3;

— 3am0BHEHHS Mojeni 15%;

— IIBUJKICTH APYKY Mojeni 80 Mm/c;

po3Mipamu

M&M S 2025, 24-25 October, Kharkiv, Ukraine



— TeMIlepatypa eKCTpyzaepa it IpykKy moxenmi: ABS
mractuk 230°C, PLA mmactux 215°C, PETG mmactuk
240°C, Nylon mnactuk 260°C;

— temneparypa crona, st ABS, PLA ta PETG mmactis
60°C, a s Nylon mmactuxy 80°C.

Puc.6. TectoBa Mogenn st JOCITIIHKEHHS

PesynbraTi IpyKy TECTOBUX MO/IEINEH HaBeAEH] Ha pHC. 7.

a — 3pa3ok PLA mnactuky; 6 — 3pazok PETG nnacrtuky;

B — 3pa3ok ABS mmactuky; r — 3paszox Nylon mnactuky

Puc.7. PesynbTraTi TeCTOBUX 3pa3KiB Ha abcopOIlito Ta
TiIpaTaIlito BOJOTH

V. BUCHOBKU

Buxonsgum 3 OTpUMaHUX TECTOBUX MOJIEIEH MOMKIIMBO
CHoCTepiraTy, 1o Micisl HUKITY MPUMYCOBOi abcopOuii Ta
rigparanii (iIaMEeHTY, CHOCTEpIraroThecsl NMeBHI JedekTH
JPYKOBaHOT MoJelli, sKi MOB’si3aHi caMe 3 MpOoOJIEMOIO
MaTepiajly Ha He anapaTHO-porpamHol dYactuHu 3D-
HIPUHTEPY.

HagiTb 32 pe3ynbTaTHUMHU 3MiHU MacH (ilaMEHTy Micis
CYLIKU Ta MOBEPHEHHS 3HAUCHHS 10 ITOYAaTKOBOI BEJICUECHH,
CIIOCTEPIraeThes MEBHA JieTpaiallisl MaTepiaily HaBiTh Mics
MOBHOTO IMKITY CYIIIHHS MaTepiaiy.

Oco0muBo npodIeMu 3 SIKICTIO MaTepiai
CIIOCTEPIraroThCs Ha MOJIeNTi BUTOTOBIICHOT 3 ABS muactuka.
Ha noBepxHi Mo/ieTl € HAIUTMBH IJIACTHKY, SIKI YTBOPUJIUCS
Y BXO/li BUIIAPOBYBAHHS I1119aC €KCTPaKIIii TNIACTUKY.

e cBi4UTH PO T€ 10, HABITH MICIIS TiApaTaIli] ITIACTHKY
Ta JOCSATHEHHS MacH MaTepiamy 5,01 T Bil mO9aTKOBOI MacH
5 1. 0,01 r Bogu moTpanmuim A0 TIPOCKOMIYHOI CTPYKTYpH
¢inamenty. lle B cBOIO Yepry Npu3BeNO 10 YTBOPEHHS
OynpOamok Ha moBepxHi TecToBoi mozeni. PLA ta PETG
IUTACTHK, MAlOTh OLIbII Kpammid pe3ynbTar, i Xo4a
KPUTUYHUX 3O0BHIMIHIX Ae(EKTIB HE CIOCTEpIiraeThcs, B
MOJICTISIX CHOCTEPITaeThea MENiMITaliss MO mapam APYyKY
BupoOy. lle mpu3Beno 10 MOHMKEHHS MIITHOCTI MOJEN.
Oco06mBo ToTraHa CIKaiMOCh MapiB MOXKIIMBO MTOOAYUTH
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Ha 3pa3ky 3 PETG mractuxy. Mognens 3 Nylon miactuky,
Ma€ TapHi CTiHKM 0e3 CyTTeBUX HAe(eKTiB, aje BEIHKi
HaIIMBY HA TPaHAX TECTOBOI Mozeli. Takox Mijx 4ac ApyKy
JIy’KHH CHJIBHO YTBOPIOBAJIOCS IIACTHKOBE IMABYTWUHHS, Ta
HaIlIMBU Ha COILI €KCTpy/epa.

Buxozasun 3 mpoBeeHNX JIOCIIPKEHb MOKIIMBO BUHECTH
HACTYIIHMH BHCHOBOK, MIO TiJ Yac Tporecy abcopOrril
rifparamii IMIaCTHKY YIIKOIKYETBCS CTPYKTypa IIpyTKa
(imamMeHTy, MO B CBOIO Yepry NPH3BOAUTH 10 Ne(eKTiB
apyky. Lle sBHIE MOXIJIMBO TOSCHUTH THM IO, TMiJT4ac
abcopOIii MIacTHKY BOJIOTOIO, BOJIOTA MTOTPAILISE Y MIKPO
ckoJi Ta opu inamenty. Lle npu3BoANTSH 10 TOTO 1O KOJIH
BiOyBa€THCS TMpOIlEC TiApartalii IUIACTUKY HPU BHCOKHX
3HAYEHHSX TEMIIEpaTypd BOJa B IMX IIOpax IIOYMHAE
BUMApOByBaTHCs. [lap po3mMpIOE 10 MOpYy Ta POOUTH
CTPYKTYPY MPYTKa, 11e OLIBII YIIKOIKEHOIO.

TakoXk YIIKOJDKEHHS TpyAKa iJie He TUIBKM 1O HOro
MOJTYIICHI @ 1 B TJIMOMHY, IO MO3BOJISE BOJIOTI IIIe TIHOIIe
MPUHHUKATH B MaTepial, Ta 30epiraTucs B cepeHi QijaMeHTy
JIO CaMOTO0 MOYATKY JIPYKY.

Juist Toro mo0 3MEHNIMTH YIIKO/DKEHHS MaTtepiaiy Juis
JPYKY, He0OXi/THO BIpHO BU3HAYUTH MTAPAMETPH CYIIKY, 1100
MpOLIEC BUIAPOBYBaHHS BOJIOTH MPOXOAWB OLIBII JIATiAHO
M0 BIJIHOUIGHHIO A0 CTPYKTypu OimameHty. i1t 11poro
HEOOXIIHO BH3HAYMTH SK caMe IapaMeTpH Tiapararii
(inamMeHTy BILUIMBAIOTh HA SIKICTh IPYKY MJIACTHKA.
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Anotation: The research highlights critica aspects of
web application security in the context of growing cyber
threats. The main focus is on the analysis of common web
application vulnerabilities, including XSS, CSRF, and SQL
injection, as well as modern protection methods against
them. The work discusses the importance of using the
HTTPS protocol and robust authentication and authorization
systems as fundamental components of a secure web
architecture. Particular attention is paid to a comprehensive
protection approach that combines technical solutions with
organizational measures. The research is not limited to
theoretical aspects but provides practica recommendations
for implementing protection sysems in real-world web
applications. A critical andysis of modern threats and
countermeasures provides a balanced view of the gate of
web application security. Visua eements in the work
contribute to a better understanding of complex security
concepts. Overall, the research emphasizes the key role of a
comprehensive security approach in ensuring the reliable
operation of web applications.

Key words. Web application security, cyber threats, XSS,
CSRF, SQL injectionsy, HTTPS, authentication,
authorization.

[.INTRODUCTION

In today's digital world, web applications have become an
integral part of business processes and everyday life [1, 2].
Their growing popularity and functionality are accompanied
by increased cybersecurity risks. Web applications process
vast amounts of confidential information, including user
persona data, financid transactions, and corporate secrets,
making them attractive targets for cybercriminals.

The processes of global informatization of society have
radically changed the landscape of digital security [3-6].

Modern cyber threats are congtantly evolving, becoming
increasingly complex and sophisticated. Traditional
protection methods are often insufficient to counter new
types of attacks, such as complex XSS attacks, CSRF
exploits, and SQL injections. In this context, the
development and implementation of comprehensive web
application security systemsis becoming acritical task.

Ensuring the security of web applicationsisclosdy linked
to the development of security technologies and secure
development methodologies [7-10]. The use of HTTPS,
robust authentication and authori zation mechanisms, and the
implementation of secure coding principles can significantly
improve the security of web applications. The integration of
these technol ogies contributes to the formation of new, more
attack-resstant web systems that can not only withstand

current threats but also adapt to future cybersecurity
chalenges[3-5].

Thus, inthe context of the congtant growth of cyber threats
and the increasng complexity of web applications, the
relevance of this research becomes obvious. A
comprehensive approach to security, combining technical
solutions with organizational measures, opens up new
opportunities for improving the reliability, resilience, and
security of web applications.

[1. THE ROLE OF SECURITY MEASURES
IN WEB APPLICATIONS

In the modern information environment, where the
number of web applications is growing exponentialy and
cyber threats are becoming increasingly sophisticated, the
role of security systems is becoming critica. Modern
security technologies not only enable faster and less risky
protection of confidential data but also adapt to new types of
threats, increasing the overall level of web application
security.

Table 1 below provides a detailed overview of how each
of these measures impacts web application security and
contributes to their protection.

Table1l. ROLE OF INTELLIGENT TOOLSIN
INFORMATION RETRIEVAL SYSTEMS
Protective measure The role in ensuring web
application security

Data encryption during]
transmission between the client and
the server.
Ensuring data integrity
protection against interception.
Verification of website authenticityl
using SSL/TLS certificates.
Verification of the user's identityl]
before granting access to resources.
Protection against unauthorized|
access using multi-factor]
authentication.
Monitoring and logging access
attempts for security analysis.

HTTPS protocol

and|

Authentication
systems
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Continuation of Table 1
Protective measure

The role in ensuring web
application security
Validation and filtering of input
data to prevent the execution of]

malicious scripts.

[Using Content Security Policy
(CSP) to control resources.
Sanitizing output data for safe
content display.

Means of XSS attack
prevention

Anaysis of the presented protective measures
demonstrates a multi-layered approach to ensuring web
application security. The Hypertext Transfer Protocol Secure
(HTTPS) protocol forms the basic level of protection,
ensuring the confidentiality and integrity of data during
transmission. Authentication systems create a second layer
of defense, controlling access to resources and identifying
users.

Cross-site scripting (XSS) attack prevention tools
implement proactive protection at the data processing level,
blocking potentially malicious code before its execution.

The comprehensive application of al three categories of
defense mechanisms is critically important for creating a
reliable security system. Each layer of protection
compensates for the potentia weaknesses of others, forming
an effective multi-layered security architecture (defense-in-
depth). The absence or insufficient implementation of any of
these components creates vulnerabilities that can be
exploited by attackers to compromise the web application.

1. MAIN VULNERABILITIES OF WEB
APPLICATIONS AND METHODS OF
PROTECTION

The collection and protection of user dataisatop priority
in ensuring the security of web applications, as information
compromise can lead to serious consequences — from
financial losses to breaches of confidentiality and
reputational risks for organizations [11-17]. Modern web
applications face a wide range of security threats, requiring
a comprehensive approach to their protection. The most
common vulnerabilities include XSS, Cross-Site Request
Forgery (CSRF), and SQL injections, each of which has its
own characteristics and requires specific countermeasures.
XSS attacks are among the most common threats to web
applications. These attacks allow attackers to inject
malicious code into web pages viewed by other users. The
concept of XSS attack protectionisshowninFig. 1.

| |iser nput daia

Wl aned smitizEIcn |

Capigrut <lnin |'|I:r.LI||_. J

| Content Secuniv Palses (CSP)

! mnle comient remslenmg !

Fig. 1. Concept of protection against XSS attacks
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At the «Validation and Sanitization» stage, all user-
entered data is checked for potentially dangerous code.
Special filters and regular expressions are used to detect and
neutralize malicious scripts.

At the «Output Encoding» stage, all data displayed on the
web page is processed to prevent the execution of JavaScript
code. Special characters are converted into their HTML
equivalents.

CSRF attacks exploit the web application's trust in an
authenticated user, tricking them into performing unwanted
actions without their knowledge or consent. An attacker
creates amalicious request that is executed on behalf of the
victim usng their active session. This can lead to
unauthorized financial transactions, changes to account
credentials, modification of security seftings, or the
execution of other critical operations. The peculiarity of
CSRF isthat the attack exploits the browser's mechanism of
automatically sending cookies, asaresult of which the server
cannot distinguish alegitimate request from aforged one.

The concept of protection against CSRF attacks is shown
in Figure 2.

User request
!

CSRF token generation
7

Token verification on the server
|
HTTP header validation

l

Performing the action (if vaidation is
successful)

Fig. 2. The concept of protection against CSRF attacks

1. Generating unique tokens. For each user session, a
unique CSRF tokenisgenerated and embedded into all forms
and AJAX requests. This token serves as a cryptographic
proof that the request originated from the legitimate
application. The server validates the token upon receiving
any state-changing request, comparing it against the token
stored in the user's session. If the tokens do not match or the
token is missing, the request is rejected. This mechanism
effectively prevents attackers from forging requests, as they
cannot predict or obtain the randomly generated token
without access to the victim's session.

2. HTTP header verification. The server examines the
Referer and Origin headersto confirm that requests originate
from trusted sources. The Origin header indicatesthe domain
that initiated the request, while the Referer header provides
the full URL of the page from which the request was sent.
By implementing strict validation of these headers, the server
can identify and block requests coming from externa or
malicious domains. This approach adds an additional layer
of defense, particularly effective againg basic CSRF attacks
where the attacker hosts the malicious content on a different
domain.

3. Using SameSite cookies. Configuring cookies with the
SameSite attribute prevents their transmission in cross-site
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requests, sgnificantly mitigating CSRF risks. The SameSite
attribute can be set to "Strict" (cookies are never sent in
cross-site requests), "Lax" (cookies are sent only with safe
HTTP methods like GET from external dtes), or "None"
(cookiesare sent with al requests, requiring Secureflag). By
default, setting SameSite to "Strict” or "Lax" ensures that
session cookies are only included in requests originating
from the same site, making it nearly impossible for attackers
to exploit the user's authenticated session from external
domains.

SQL injection attacks allow malicious actors to execute
arbitrary SQL commands within the application's database,
potentially leading to data breaches, unauthorized data
modification, or complete system compromise.

The concept of protection against SQL injection is
illugtrated in Figure 3.

Request with parameters

v
Using prepared statements

v
Datatype validation

v

The principle of least privilege
for databases

v

Safe execution of the request

Fig. 3. Concept of NLP

1. Prepared statements. The use of parameterized queries
ensures a clear separation between SQL code and data,
preventing input data from being interpreted as SQL
commands. In this approach, the SQL query structure is
defined first with placeholders for user-supplied values, and
then the actual data is passed separately as parameters. The
database engine treats these parameters strictly as data
values, not as executable code, regardiess of their content.
This technique eliminates the possibility of SQL injection
even if an attacker attemptsto inject malicious SQL syntax,
as the database will never execute the injected code.
Prepared statements al so offer performance benefits through
guery plan caching and are supported by virtualy all modern
database systems and programming frameworks.

2. Input validation and sanitization. All data received from
users undergoes rigorous validation to ensure compliance
with expected types, formats, and acceptable value ranges.
This includes implementing whitelist validation (accepting
only known-good input patterns), checking data length
constraints, verifying datatypes (integers, strings, dates), and
rejecting inputs containing suspicious characters or SQL
keywords. Additionally, input sanitization involves escaping
special charactersthat have meaning in SQL context, such as
guotes, semicolons, and comment markers. Multi-layer
validation should occur both on the client sde (for user
experience) and critically on the server side (for security), as
client-side validation can be easily bypassed by attackers.

3. Principle of least privilege. Database accounts used by
the application are granted only the minimum permissions
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necessary to perform their intended functions, significantly
limiting the potential damage from a successful SQL
injection attack. Instead of using administrative or root
database accounts, the application should operate with
restricted accounts that have access only to specific tables
and can execute only required operations (select, insert,
update, delete). For example, if a particular application
component only needs to read data, its database account
should not have insert, update, or delete privileges.
Additionally, sensitive operations like drop table, create
user, or access to system tables should be completely
prohibited for application accounts. This layered security
approach ensuresthat even if an attacker successfully injects
SQL code, the scope of possible malicious actions remains
severely limited.

IV.HTTPS AND CRYPTOGRAPHIC
PROTECTION

The HTTPS protocol is a fundamental component of web
application security, ensuring the encryption of data
tranamitted between the client and the server. The use of
HTTPS not only protects confidential information from
interception but & so verifies the authenticity of the website.

The principlesof the HTTPS protocol are based on the use
of SSL/TLS certificates and asymmetric encryption, which
enable web applications to:

Ensure data confidentiaity by encrypting all traffic
between the client and the server;

Guarantee data integrity through the use of hash functions
and digital signatures;

Verify server authenticity via a system of trusted
certificate authorities.

The challenges and advantages of problems HTTPS are
showninFig. 4, a, b.

Configuration

Server performance complexity

/

Problems of HTTPS

implementation
Concept A 4
of . Backward Certificate
protection compatibility management
against
XSS

a)
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— \ Protection
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ranking regulatory the-
requirements middle
b)

Fig. 4. Concept of deep learning and neural networks: 8) Problems
with HTTPSimplementation; b) Advantages of usng HTTPS

Problems of HTTPS implementation:

1. Server load. Additional computational overhead for
encrypting and decrypting data, which can impact
performance under high concurrent connections.

2. Certificate management. Requires regular renewal of
SSL certificates and proper configuration of certificate trust
chains.

3. Configuration complexity. Involves correct web server
setup, selection of appropriate cipher suites, and
configuration of security headers.

Advantages of Using HTTPS:

1. Datainterception protection. Ensuresthe confidentiality
of logins, passwords, financia data, and other sensitive
information.

2. Increased user trust. Achieved through browser security
indicators (green lock, «Secure» labdl).

3. Improved SEO Ranking. Search engines give
preference to HTTPS sitesin search results.

4. Regulatory Compliance. Meets standards like PCI DSS
for payment card processing and GDPR for personal data
protection.

Practical recommendations for HT TPS implementation:

1. Use HTTP Strict Transport Security (HSTS) to enforce
HTTPS connections.

2. Configure Perfect Forward Secrecy for enhanced
encryption key protection.

3. Implement Certificate Transparency for monitoring
certificate issuance.

4. Utilize free certificates from Let's Encrypt to reduce
implementation costs.

V. CONCLUSIONS

This research has conducted a comprehensive analysis of
critical aspects of web application security in the context of
constantly evolving cyber threats. The main achievements
and contributions of this work include:

1. Systematic analysis of key vulnerabilities. The study
has thoroughly examined the three most prevalent and
dangerous web application vulnerabilities: XSS attacks,
CSRF explaits, and SQL injections. For each vulnerability
type, detailed attack mechanisms have been described aong
with their potential consequences, ranging from data theft to
compl ete system compromise.

2. Development of comprehensive protection concepts.
Visua concepts and multi-layered defense strategies have
been developed for each identified vulnerability type. These
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concepts demonstrate the practical implementation of
protection mechanisms, including input validation, token
generation, prepared statements, and the principle of least
privilege. The presented approaches provide actionable
guidance for devel opers and security speciaists.

3. Evaluation of cryptographic protection and HTTPS
protocol. The research has analyzed the fundamental role of
the HTTPS protocol in ensuring web application security,
examining both its advantages (data confidentiality, integrity
verification, regulatory compliance) and implementation
chalenges (server load, certificate  management
complexity). Practical recommendations for HTTPS
deployment have been formulated, including the use of
HSTS, Perfect Forward Secrecy, and Certificate
Transparency.

4. Subgantiation of the defense-in-depth approach. The
work emphasizesthat effective web application security can
only be achieved through a comprehensive, multi-layered
protection srategy. The integration of HTTPS protocol,
robust authentication systems, and vulnerability-specific
countermeasures creates a redlient security architecture
where each layer compensates for potentia weaknesses of
others.

The developed concepts and recommendations can be
directly applied in the design and implementation of secure
web applications. The systematic approach to security
presented in thiswork enables organi zations to:

- identify and prioritize protection against the most critical
vulnerabilities;

- implement layered defense mechanisms adapted to
specific threat landscapes,

- ensure compliance with internationa security standards
and regulations;

- minimize risks of data breaches and associated financial
and reputational losses.

Further development of this work should focus on
andyzing emerging threats such as advanced persistent
threats, zero-day exploitss, and Al-powered attacks.
Additionally, research on automated security testing tools,
integration of machine learning for threat detection, and
devel opment of secure-by-design development
methodologies represents  promising  directions  for
enhancing web application security.

The growing informatization of society and theincreasing
sophigtication of cyber threats make the continuous
improvement of web application security sysems not just a
technica necessity but a fundamental requirement for
sustainable digital transformation across al sectors of the
economy and society.
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Abstract: The study considers methods of an automated
monitoring and control system for a greenhouse complex
aimed at increasing production efficiency and optimizing
resource consumption. The proposed mathematical models
describe the dynamics of the main microclimate parameters,
in particular temperature, humidity, CO- concentration and
soil moisture, which alows for precise process control.
Based on the obtained model's, a decision-making logic was
built that combines threshold rules, fuzzy logic and adaptive
control, ensuring flexibility and reliability in changing
conditions. The numerical Smulation demonstrated the
system's ability to maintain stable environmental parameters
with minimizing energy costs and water consumption. The
results confirm that the implementation of such systems
contributes to increasing yields, improving product quality
and sustai nable development of the agricultural sector in the
conditions of Industry 4.0 and Industry 5.0.

Keywords. automated system, monitoring, greenhouse
complex, intelligent control, mathematica modeling, fuzzy
logic, resource optimization, microclimate.

|. INTRODUCTION

The modern development of the agricultural sector is
impossible without the introduction of the latest technologies
that ensure increased production efficiency, reduced
resource consumption and stability of the results obtained. In
this context, greenhouse complexes occupy a specia place,
since they allow creating optimal conditions for growing
plants regardless of climatic fluctuations, seasons or
geographical features of the region. However, the stahility of
such conditions requires constant monitoring and operational
control of a large number of parameters, including
temperature, humidity, lighting, carbon dioxide levels and
mineral nutrition. Traditional control methods based on
manual control or partialy automated sol utions are unable to
provide the proper response speed and accuracy in
maintaining the specified modes. That is why the
development and implementation of complex automated
greenhouse production monitoring and control systems
based on modern information technologies, intelligent
algorithms and integrated sensor networks is relevant. The
use of such systems alows for rea-time collection,
processing and analysis of large amounts of data, which
ensures adaptive regul ation of processes and minimization of
the human factor. This is of particular importance in the
context of the transition to the concept of Industry 4.0 and
Industry 5.0, where the combination of automation, artificial
intelligence and sustai nable devel opment becomesapriority.
Automated monitoring systems for greenhouse complexes
contribute to the rational use of water and energy, reducing

crop losses, improving product quality and the economic
attractiveness of production. In addition, given the global
challenges associated with climate change and population
growth, such technologies alow for the formation of a
sustainable model of agricultura production focused on food
security and environmental balance. Therefore, researchinto
methods for an automated monitoring and control system for
a greenhouse complex is extremely relevant and has
significant practical and scientific significance.

1. DEVELOPMENT OF MATHEMATICAL
SUPPORT FORAN AUTOMATED
MONITORING SYSTEM FOR A
GREENHOUSE COMPLEX

The microclimate model (energy-thermal dynamics) is
intended to describe the change in air temperature and
greenhouse  surfaces under the influence  of
heating/ventilation/insolation and heat 1osses. The model can
be represented by the following models:

- continuous model (holding balance):

dT,
Ca d_: = Qmac + Csun @®) + Qplant @®)
- UA(Ta - Tout) (1)
- mventcp (Ta - Tout)
- discrete (step At):
Tolk + 1] = T, [k]
At
+ C_ (thac [k] + qun [k]
+ Qplant [k] (2)
- UA(Ta [k] - Tout [k])
- mvent [k] Cp (Ta [k]
- Tout [k]))

Where: T, - ar temperature in the greenhouse (°C); T,:
- outside temperature (°C); C, - equivalent heat capacity of
air/mass (J°C); Qppqc - heat flow from heating/cooling (W)
(positive - heating); Qsy, (t) - solar heat flux (W); Qpian: (t)
- heat exchange with plants (W) (may be a function of
light/transpiration); UA - total heat loss coefficient (W /°C);
Tyene - Mass air flow through ventilation (kg/s); C, - heat
capacity of air (~1005 J/(kg-°C)).

Humidity model (moisture balance), purpose of this
model, prediction and control of relative humidity (RH) and
moi sture content in soil/air. Mass balance of vapor in air:
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adt = Lplant + Sevap - mvent (pv - pv,out)

©)

— Meont

Where can one go to relative humidity RH through
saturated vapor density p, o, (T,): RH =P/ T
” pv,sat( a)

V, - greenhouse air volume (m3); p,, - absolute density of
water vapor (kg/md); E,qne - evaporation through plants
(transpiration) (Kg/s); Seyqp - €vaporation from soil/surfaces

(ka/9);  Pyour vapor density outside; 1,
condensation/precipitation (kg/s).

Soil moisture (single-level model):

0lk — 1]

= 0[k] 4

(Qirrig [k] — Qarain [k] - quptake [k]> ( )
+ At
Vsoil

Where: 6 - soil volume moisture (m¥/m?); ;.. - Water
supply (M*S); quptake - Water absorption by plants; qgyqin -
drain.

CO: model (mass balance), purpose - control of CO:
concentration to optimize photosynthesis.

dCCO .
Va Tz = minj(Cinj - Ccoz)
- mvent (CCOZ - Cout)
- Rphoto (t)

©®)

Where: C¢o, - concentration CO: (ppm or mg/md); m,, ;
- injection costs COz (m’/s); Cy,; - concentration in the
supplied gas; C,,; - external concentration COz2; Rppor, (£) -
uptake by plants (mass flow).

Biological growth model (smplified productivity),
purpose - rel ationship between microclimate and growth rate
/ photosynthetic activity. Simple productivity function P:

P(t) = Pnax " fr (To) * fan (RH) - fL(I) ©)

'fcoz (€COz) - fo(6)

where each function £, (-) € [0,1] - efficiency coefficient

(e.g. Gaussian or triangular optimum function). Example for
temperature;

2

(T = Tope)
f(T) = exp (—T"> @)
Where: P max. performance; T, 0r -

optimum/temp-spread; similarly for other factors.

Sensor model (observation), purpose - description of
measurement errors and delays. Implementation as a linear
model:

ylk] = Hx[k] + v[k] )

Where: x - sate vector (for example [Ty, py, Cco,,01: ¥ -
vector of dimensions, H - observation matrix (usually sngle
or sample); v[k] - measurement noise.
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Operator models of drives/actuators, purpose - dynamics
of heating, ventilation, irrigation valves, lighting. The model
for the actuator in discrete form has the following form:

thac [k + 1] = thac [k]
4 At

©)

(Khvacuhvac [k]
Thvac

- thac [k])

To assessthe state, it is proposed to use the Kalman filter
(KF), the main purpose of which is to represent hidden
quantities and filter noisy measurements:

Xpe1 = Axp + Buyp +wy ;v = Hxp + (10)
Vi

Decison-making system, hybrid architecture is
proposed: (FALLBACK) + FUZZY LOGIC for fast
decisions and M(odel)P(redictive)C(ontrol) for optimal
management of energy-sensitive resources.

- rules (threshold, fast), which are designed to manage
emergency and operational actions. Examples of rules in
pseudocode:

If T, < T2 > turn on the heating on 100%;

If RH > RH, iy & Ty — Toyp < ATyepe =
open the ventilation;

If 6 < 6,,,, = water.

These rules provide safety before optimization.

- Fuzzy logic, for adaptive actions. Purpose - smooth
actions with wuncertain or simultaneoudy conflicting
reguirements. Example for heating action w4,

Input fuzzy variables: Er = T,y — T, (error), AT (rate of
change)

Fuzzy setss NegativeLarge, NegativeSmall,
PositiveSmall, PositivelLarge.

Fuzzy rule base (a couple of examples):

- if E; — PositiveLarge — uy,,,,. — High

- if E; — PositiveSmal&AT - Negative — Upyec —
Medium.

Model Predictive Control (MPC), The purpose is to
minimize the cost of energy while maintai ning conditionsfor
growth. The MPC formulation (discrete horizon N):

Zero,

N-1
J =D (@l +1] = Trep)?0r
i=0

+ (RH[k +i]
- RHref)zQRH
+ A llulk + i]11?)

11)

is subject to dynamic constraints (microclimate models,
actuators) and congraints on u (saturation) and states
(safety). MPC gives the optimal sequence of commands
ulk ...k + N —1]; only the first step is applied (receding
horizon).

Decison-making
(combination):

1. Safety layer (reactive): Threshold rules are executed
immediately (highest priority). Check:

logic depending on parameters

T, & [T39°, Toeh* |, RH > RHeyiy, Ceo,

min ’ “max

(12)
> Ccritt 6 < ecrit
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2. Estimation layer: update status via EKF/KF — get best
score X[ k].

3. Decision layer:

a) if the systemis normal (within tolerances) - run MPC
on horizon N to minimize energy and maximize
performance.

b) if there are requirements for fast correction (for
example, sgnificant temperature deviation) - combine a
fuzzy solution (fast smooth response) with MPC (MPC
works on longer horizons).

4. Actuation layer: take into account the dynamics of
actuators and execute commands through first-order models.

The developed mathematical models and decision-
making logic in the automated monitoring and control
system of the greenhouse complex provide a comprehensive
approach to maintaining stable conditions for growing
agricultural crops. Their advantage lies in the ability to
accurately describe the dynamics of temperature, humidity,
CO: concentration and soil moisture, which alows for
adaptive response to changes in the external environment
and internal processes. The use of heat and moisture baance
model sreduces energy consumption and water consumption,
and the integration of plant growth models allows for
focusing control not only on environmental parameters, but
also on maximizing crop productivity. Built-in decision-
making mechanisms that combine threshold rules, fuzzy
logic and predictive control guarantee both a quick response
in critical dtuations and optimization of work in normal
conditions. Such ahybrid structure creates a balance between
reliability and cost-effectiveness of the system, ensuring
sustainable operation of the greenhouse complex. In
addition, the use of state assessment algorithms allows to
compensate for sensor errors and obtain more reliable data
for decison-making. As a result, the implemented system
not only increases yield and product quality, but also
contributes to sustainable devel opment through the efficient
use of resources and reducing the impact of the human factor.

1. RESULTSOF NUMERICAL MODELING AND
ANALYSISOF THE OBTAINED RESULTS

A program for numerical simulation based on Python
was devel oped, and a 48-hour scenario with a step of 10
min (288 steps) was simulated. The model includes:
energy-thermal dynamics of air (heat balance with solar
inflow and heat loss), a simple model effect of plants (heat
and evaporation), ventilation as a mass flow of air, soil
moi sture dynamics (one-volume model), and CO: balance.
The decison-making logic isimplemented as multi-level:
safety (threshold emergency actions) — fuzzy controller for
smooth HVAC control — simple rule solutions for
ventilation/irrigation/CO: supply. The actuators have first-
order dynamics. The input external conditions are the daily
sinusoidal trend of external temperature and solar radiation.
The obtained results of numerical simulation are presented
in Figures 1-5.

Figure 1. — Graph Air Temperature, Setpoint and
Outside Temperature

Figure 2. — Graph HVAC Control Signal and
Nominal Power Proxy

Figure 3. — Graph Réative Humidity and Ventilation
Control

Figure 4. — Graph Soli Moigture and Irrigation Events

Figure 5- Graph CO, Concetration and Control

The temperature graph shows that the greenhouse
temperature follows the externa diurnal trend, but is
smoothed by HVAC and thermal inertia; fuzzy HVAC
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control together with actuator dynamics kept the air closer to
the set 22°C, and in critical cases emergency limits were
triggered. Energy consumption is manifested in the form of
HVAC power peaks during morning warm-up or afternoon
cooling; the obtained values confirm moderate energy
consumption concentrated at key moments of the day.
Humidity dynamics demonstrate that the ventilation rules
effectively reduce RH when needed; the model shows a
decrease in humidity and the system reaching moderate
values, which indicates the reliability of the ventilation rule.
Soil moisture and irrigation reflect water supply pulseswhen
humidity drops below a threshold; the frequency of darts
determines how often to humidify, which is important for
water supply planning. CO: control maintained the
concentration near 800 ppm during daylight hours; the
supply occurred mainly when there was solar flux, which is
consistent with plant physiology and reduces wasteful CO-
consumption.

Thehybrid logic works asintended: emergency rulestake
priority and protect against dangerous deviations, fuzzy
control generates smooth signals for HYAC and prevents
abrupt switching; smple predictive actions (cooling in hot
weather) reduced overheating from solar radiation. The
irrigation logic consistently maintains humidity within safe
limits, although the size and duration of the water pulses can
be optimized. CO: control, limited to periods of light, meets
biological needs and makes the system more economical.

V. CONCLUSION

The study substantiated the feasibility of using automated
monitoring and control systemsfor greenhouse complexesas
a key eélement in increasng the efficiency of modern
agricultural production. The devel oped mathematical models
allowed describing the dynamics of temperature, humidity,
CO:s: level and soil moisture, which creates the basis for the
implementation of intelligent control algorithms. The
decision-making logic, built on a combination of threshold
rules, fuzzy logic and adaptive regulation, ensuresflexibility
and reliability of the system's operation in various scenarios.
Numerical modeling confirmed the system's ability to
maintain optimal microclimate parameters with minimal
energy and resource consumption. The results obtained
indicate that the implementation of such solutions
contributes to an increase in yield, product quality and
sustai nable devel opment of the agricultural sector.
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Abstract: The paper considers an approach to developing
amodel for decentralized control of agroup of collaborative
robot manipulators, focused on increasing autonomy,
adaptability, and safety in a dynamic production
environment. The proposed solution alows minimizing
dependence on centralized computing resources, reducing
the risks of system failures, and ensuring effective
interaction of robots in the joint performance of complex
manipulation tasks. The results of the study demonstrate the
prospects of decentralized models for implementing the
concepts of Industry 5.0.

Keywords: decentralized control, collaborative robot
manipulators, multi-agent systems, adaptability, Industry
5.0.

|. INTRODUCTION

The modern development of robotics is increasingly
focused on the creation of collaborative systems capable of
effectively interacting with humans and with each other in a
shared working environment. The increasing complexity of
production processes, the requirements for flexibility and
increased productivity necessitate the development of new
control model sthat ensure adaptability and reliability. Robot
manipulators that perform complex manipulation tasks in
conditions of limited space and high variability of actions
attract particular attention. Traditional centralized control
systems have significant limitations related to scalability,
vulnerability to failuresand high requirementsfor computing
resources. In this context, decentralized control is a
promising approach that allows reducing the risks of critical
failures, increasing thelevel of agent autonomy and ensuring
effective interaction in heterogeneous robot teams. Research
in this area is becoming particularly relevant within the
framework of the Industry 5.0 concept, which envisages
harmonious cooperation between humans and robotic
systems. At the sametime, the lack of sufficiently developed
models capable of taking into account the dynamics of the
environment and the variability of teams determines the
scientific and practical significance of the topic. Thus, the
creation of a model of decentralized control of a group of
collaborative robot manipulators is an important step in the
development of effective, safe and adaptive robotic systems.

1. DEVELOPMENT OF A MATHEMATICAL
MODEL OF DECENTRALIZED CONTROL OF
A GROUP OF COLLABORATIVE ROBOT
MANIPULATORS

The decentralized control model of agroup of robots was
chosen to ensure scalahility and fault tol erance of the system,

since the absence of a single control center minimizes the
risk of failures in the event of a sngle node failure. This
approach allows each robot to make decisions based on local
information and data exchange with neighboring agents,
which reduces delays and improves adaptability in a
dynamic environment. To formalize the interaction between
agents, a communication graph is used, which reflects the
structure of connections between nodes and guarantees
consistency of actions through consensus algorithms. The
communication graph makesiit possible to determine which
robots exchange data and take into account restrictions on
the communication range. In the framework of the study, the
communication graph isdescribed asadirected or undirected
graph that provides symmetry or asymmetry of data
exchange.

G®) =W, ), [vI=N
S 1
Ni() = {: ) e}

Where: V - a sat of vertices, where each vertex
corresponds to a separate robot or agent of the system;

E(t) - set of oriented or unoriented edges at a point in
time t, which determine the presence of active
communication channels between robots;

V] = N - the total number of robots (nodes) in the
system, which determines the size of the network;

N, (t) - set of neighbors of anodei at apointintimet,
that is, those agents with which robot i can directly exchange
data.

In general, V;(t) = {j: (i, j) € &)} indicates that a
connection exists if the edge from i to j belongs to the set
E(t). Thus, these parameters alow us to dynamicaly
describe the topology of connectionsin a group of robotsand
ensure the correct operation of decentralized control
algorithms.

The safety conditions of Control Barrier Functions (CBF)
in the end effector (EE) space are represented by three cases:

- inter-robot distances (prevents robot collisions by
ensuring aminimum safe distance)

2
ny(pow,) = o= 2| = it + a2
>0

@

- from a person (determines an elliptical safety zone for
a person, taking into account their predicted movement and
uncertainty)
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hl-H(pl., pH) = (pl- - pH)T Z(t) (pi - pH) ©)

— R?

H
safe (t) =0

- from obstacles through SDF (the condition guarantees
the avoidance of collisions with objects or walls, taking into
account the changing environment):

hiO (pz) = ¢(pi’ t) - dmin 2 0 (4)
Where:p,, p; - positions of robotsi and j in space;
2

- square of the distance between two robots;

”pi ~p

r,7; - redii of safe zones for each robot (taking into
account their dimensions);

d,,, - additional minimum safety buffer between robots;

p,, - position of aperson in the work area;

Rfafe(t) - dynamic radius of the safe zone around a
person;

¢ (p;, t) - distance from the robot to the nearest static or
dynamic obgtacle at a given timet;

dnin - Minimum permissible distance to an obstacle.

The human model is represented as a dynamic obstacle,
and consigts of the following four basic parameters:

- human state

.T.T
%, = [}, p,] ER° (5)
Where: ¢, - the vector of the human state in the robot's
workspace, including both position and velocity;
p, € R® - vector of spatial coordinates (postion) of a

person in three-dimensional space, usualy in the coordinate
system of the work area or the robot's base system;

P y € RR? - vector of linear vel ocities of human movement
(change in position over time);

pz - transposed position vector, used to form the
complete state into a single column;

;'9:1 - transposed vel ocity vector;

R® - state space dimension: 3 coordinatesfor position and

3 for velocity, total 6 components.
- trgjectory forecast for the forecasting horizon in time

(Tw):

Ty:D,(t+ k) (6)
Where: T, - the time horizon, which determines the
number of discrete stepsin the future for which the person's
position is predicted;
ﬁH(t + k) - predicted postion of a person at a given
moment intimet + k, ne k € [1,Ty];
t - current point in time from which the forecast begins;
k - forecast step index within the horizon T, used for
iterative trg ectory prediction;
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p, - the symbol "" indicates that this is not a real
position, but an esimate or prediction obtained from a
motion model (for example, a CV model - congtant velocity
or using a Kalman filter).

- aperson's safety (comfort) zone:

Rsafe(t) = RO + a”pH(t)” (7)

Where: R, (t) - the radius of the human safety
(comfort) zone at time t, which determines the minimum
distance at which the robot can approach the human without
disrupting comfortable interaction;

R, - basic (static) radius of the safety zone, which takes
into account a person's persona space, even when they are
stationary;

a - a proportionality coefficient that determines how
much a person's speed affects the size of the safety zone;
larger values of a increase the zone at high speeds;

||1b 4 () || - the norm of the person’'svelocity vector at time
t, which reflectsthe intensity of his movement; the faster the
person moves, the larger the safety zone.

Model 2.23 alows adaptively changing the size of the
comfort zone depending on the person's behavior.

- risk field, this is a Gaussian risk field around the
predicted position of the person, where the risk decreases
with distance according to the Mahalanobis distance:

1 -1
R(x,) = exp (—§<x ~Ba(©) ) O
T ®
- ma)))

Where: R(x,y) - dimensionlessrisk intensity at a planar
point x = [x,y]", i.e. the closer to the person, the higher the
value (maximum 1 in the center);

x = [x,y]" - current 2D position in the work plane in
which we assess the risk; used in planning EE/ink
trajectories,

faH(t) € R? - predicted position of the person at timet,
obtained from the prediction/filter model;

(x =5, Tr'OE =P, () -  squared
Maha anobis distance, which measures "how many sigmas"
a point x is from the center, taking into account directional
uncertainty;

exp (1) — a set specifying a smooth risk decay; the
absence of a normalizing factor means that thisis a relative
risk/cost field, suitable as an additional part of the objective
functionin QP/MPC or asaweight layer in CBF congtraints.

The local Quadratic Programming/Model Predictive
Control (QP/MPC) control problem at speedsis such that at
each step for robot i, QPis solved:

min”] q, — viesk
éi bJ "t

2 L2
il
+ A, = (@)

+ Af”]p,iqi - GNiHZ

©)

M&M S 2025, 24-25 October, Kharkiv, Ukraine



Where: qi - vector of joint velocities of robot i, the
optimization variable to be found;

J,; - positional part of the Jacobian matrix for robot i,
reflecting the relationship between the joint velocity and the
linear velocity of the end-effector;

vk _ target speed of the working body (end effector) to
perform a specific task (e.g., following atrajectory);

) 2 _ .
| J,,4; = vi**|| - the first term of the functional that
: 0

minimizes the deviation from the desired end-effector speed
with aweight matrix @ , what determines the importance of
thistask;

”"11-”2 - the second term that minimizes the energy or

steering torque (due to the speeds), with aweight matrix R,
which provides regularization for smoothing motion;

A, — ”i(qi))i - fine for violation of manipulability
restrictions;

1,(q,) - robot manipulability indicator i;

w, - minimum permissible value of manipulability;

() .- means the positive part (the penalty is activated if
B < 1)

A, - weighting factor for this penalty;

. ~ 2 . .
/‘{f”]p,iqi — vNi” - term for matching the speed with the
average speed of neighbors in the communication graph;
ﬁNi - predicted or average speed of neighboring robots

N;

A¢ - the weight of this agreement, which determines the
importance of coordination.

1. RESULTSOF NUMERICAL MODELING
AND ANALYSISOF THE OBTAINED
RESULTS

To conduct a numerical simulation of the
synchronization of physical and virtual collaborative robots,
atime interva from O to 10 seconds was used, which was
discretized into 500 points to ensure smooth graphs and
accuracy of calculations. Thetrajectory of the physical robot
was modeled as a sinusoidal function with an amplitude of 1
and the addition of random noise with an intensity of 0,05,
which simulates rea fluctuations in sensor measurements.
The virtual robot reproduced the same trgjectory, but with a
time shift of 0,2 seconds, which dlows us to assess the
system's ability to compensate for the delay between the
physical and digital models. To analyze the synchronization
error, we used the difference in the states of the physical and
virtual robots a each time point. The neural network
received normalized time data in the range from 0 to 1 as
input, which allowed usto avoid the influence of scalein the
calculations. The network architecture consisted of one
hidden layer with 10 neurons, random weights were
generated based on a normal distribution, and the ReLU
activation function was used to model nonlinearity. The
output of the network approximated the sine target function,
which made it possible to evauate the effectiveness of
artificial intelligence in reproducing the dynamics of the
robot's movement. Thus, the selected numerical parameters
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ensured the reproduction of both the physical characterigtics
of the robot and the process of its virtual synchronization
using a digital twin. The obtained results of the numerical
simulation are presented in
Figures 1-3.

% i s
'\.. 5

Figure 1. — Synchronization of Physical and Virtual
Collaborative Robots Graph

Synchronization of Physical and Virtual Collaborative
Robots (Fig. 1), showsthetrajectories of physical and virtual
collaborative robots, where their approximation and
deviation during the synchronization process are visible.

Figure 2. — Synchronization Error Over Time Graph

Synchronization Error Over Time (Fig. 2) reflects the
change in synchronization error over time, which makes it
possible to assess the stability and efficiency of the robot
motion coordination process.

Figure 3. — Neural Network Approximation of Robot
Dynamics Graph

Neural Network Approximation of Robot Dynamics
(Fig. 3) demongtrates the operation of a simple neural
network that approxi mates the dynamics of robot motion and
allows modeling the behavior of the systemin rea time.

1. CONCLUSION

The study showed that the use of digital twins in
combination with artificial intelligence creates an effective
tool for synchronizing physical and virtual collaborative
robots in dynamic conditions. Numerical modeling
confirmed the possibility of accurately reproducing the
movements of a physical robot in a virtual environment,
taking into account time shifts and sensor errors, which
significantly increasesthe accuracy and reliability of control.
The use of neural networks provided the possibility of
adaptive learning of the system and approximation of
complex dynamic characteristics to real scenarios, whichis
key for work in Industry 5.0 conditions. The results
demonstrated the ability to reduce the average
synchronization error and improve the stability of the
interaction between the real and digital environments. The
proposed approaches can be applied to build integrated
control systems capable of quickly responding to changesin
externd factors and interaction with a person. The use of
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mathematical models made it possible to analyze the main
parameters of the system and determine the optimal
operating modes of digital twins. The results obtained create
the basis for further research aimed at developing hybrid
control architectures using artificial intelligence methods
and multi-agent models.
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Abstract: A Assistiverobotsareincreasingly becoming an
essential component in providing support to people with
disabilities and elderly individuals. The integration of
artificia intelligence (Al) enhances their capability to
interact naturally with humans, undersand context, and
provide adaptive assistance. Thisarticle discusses current Al
applications in assistive robotics, technica and ethical
chalenges, and opportunities for future development. The
study also includes an overview of experimenta mobile
robotic  platforms  with  manipulator  capabilities.
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|. INTRODUCTION

Assistive robots are designed to provide support in daily
activities, rehabilitation, and socid interaction for
individuals with limited mobility or cognitive impairments
[1,2]. Modern systems increasingly incorporate artificial
intelligence (Al) to enhance functiondity, enabling
autonomous navigation, human recognition, speech
understanding, and context-aware responses (Fig.1) [3].

Fig.1. An older person interacting with arobot to study
trust in robot-provided drug advice, examining preferences
for robot informati on-based versus recommendati on-based

guidance[ 3]

The present study relates these Al advancements to the
development of a mobile robotic platform with a
manipulator, aimed at assising people with disabilities. This
robot integrates Al-driven modules for speech recognition,
voice response, and psychological support, aigning with
recent trendsin socialy assigtive robotics[4,5].

[1. Al-DRIVEN PERCEPTION AND INTERACTION IN
AssISTIVE ROBOTS

Al enables assitive robots to perceive and interpret
multiple modalities of human communication, including
speech, facial expressions, gestures, and emotiona cues,
allowing for highly personalized interactions [1,4].
Advanced natural language processing (NL P) modules, such
as speech-to-text recognition and Al conversational engines,
alow robots to understand user commands and generate
contextually appropriate responses. These systems not only
perform functional tasks, but also provide conversational
engagement, which is essential for social interaction and
psychologica support [5]. By enabling responsive dial ogue,
robots can improve human-robot rapport, increasing trust
and acceptance.

Al-powered perception systems leverage state-of-the-art
computer vision frameworks such as OpenCV, DeepFace,
and YOLO-based object detection models to perceive
surroundings with high accuracy [3,6]. Real-time analysis of
video streams from onboard cameras allows the detection of
obstacles, recognition of familiar faces, tracking of user
movements, and assessment of environmental conditions
such aslighting and spatia layout. These capabilities enable
robots to autonomously navigate indoor spaces, avoid
collisions, and execute manipulator tasks safely. For
example, arobot can locate and grasp objects, follow a user,
or adjust its position in response to dynamic environmental
changes (Fig.2).

Fig.2. Screenshot of computer vision object and face
recognition in rea-time usng DeepFace [7]

Machine learning model s and decision-making a gorithms
enhance task prioritization and adaptive behavior [1,8].
Reinforcement learning-based task scheduling and adaptive
response logic determine optimal sequences of actions,
including which objects to manipulate first, when to provide
verbal guidance, or when to engage in social interaction.
Such adaptability ensures effective assistance, taking into
account both immediate needs and longer-term patterns of
behavior.

Developing Al-driven assigtive robots requires seamless
integration of hardware and software components to ensure
real-time performance and reliability [1-3]. This includes
combining mobile platforms, manipulator arms, sensors,
cameras, microphones, and embedded controllers with Al
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modules for speech recognition, computer vision, and
decison-making. Each subsystem must communicate
efficiently to avoid delays or conflicts during robot operation

(Fig.3).
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Voice Command | | Voice Recogritan Servartic Arslysts
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Fig.3. Screenshot of computer vision object and face
recognition in rea-time usng DeepFace [9]

Several red-world assigive robots demonstrate the
practical application of these technical features. For instance,
the Aibo robotic dog by Sony has been used in therapy for
elderly individuals and children with autism. Aibo combines
socia engagement with autonomous behavioral agorithms,
responding to touch, speech, and environmental stimuli to
promote emotional well-being and companionship. Its Al-
driven adaptive interaction highlights the importance of
perceiving user behavior and adjusting responses in rea
time.

Similarly, the Pepper humanoid robot by SoftBank
Robotics has been deployed in hospitals, hursing homes, and
rehabilitation centers. Pepper is equipped with speech
recognition, facial expression anadysis and emotion
detection, allowing engagement in socially assistive tasks
such as providing reminders, guiding patients through
exercises, or offering conversational companionship. Its
humanoid form factor facilitates natural interaction through
gestures, posture, and proximity, which significantly
enhances user acceptance.

Technically, Pepper integrates multiple sensors-including
RGB-D cameras, microphones, and tactile sensors-
processed via Al-driven modules to deliver context-aware
behavior. Multi-modal  perception aligns with the
architecture of modern assistive robots, coordinating
manipulator actions with voice commands and
environmental sensing.

From a hardware perspective, modern assigtive robots
combine mobile platforms, robotic manipulators, and
modular sensor arrays. Mohility is often provided through
wheeled or omnidirectiond bases, which navigate
constrained spaces while avoiding obstacles and interacting
safely with humans. Manipulators, ranging from simple two-
or three-degree-of-freedom arms to sophisticated
anthropomorphic devices, allow robots to perform utility
tasks such as fetching objects, pressing buttons, or assisting
with feeding. Al enables predictive manipulation strategies,
where the robot anticipates user intentions based on prior
interactions or contextual cues. For example, if a patient
consistently requests water at a certain time, the system can
proactively deliver it, demonstrating autonomy and user-
centric design.

Software frameworks employ machine learning models,
including reinforcement learning for optimizing task
sequences and supervised learning for classification tasks
such as gesture recognition, emotion detection, and
contextual speech interpretation [1,5,8]. Multi-modal
interfaces, including gesture-based input, touchscreen

interfaces, and augmented redlity overlays, increase
accessibility for users with varying cognitive and physical
abilities[3,4].

Technical challenges include synchronizing voice
recognition with manipulator actions, ensuring accurate
facial analysisin dynamic lighting conditions, and managing
limited onboard computing power [1-3]. Cloud-based Al
processing can mitigate these congtraints by handling natural
language understanding, contextual reasoning, and adaptive
decision-making remotely, balancing computation load and
energy efficiency [3,6].

Integrating assistive robots with Internet-of-Things (10T)
devices expands functionality, enabling rea-time data
sharing, environmental monitoring, and coordinated
assistance [8]. Linking robots with smart home devices such
as automatic lighting, temperature controls, or smart doors
alows adaptive environmental adjustments for user comfort
and sfety [1,6].

Several technical challenges were observed. One major
difficulty was synchronizing voice recognition with
manipulator actions. For example, if a user verbaly
requested an object, the system had to accurately detect the
command, interpret its intent via natural language
processing, and coordinate the manipulator to pick up the
object—all in real time. Any latency could result in incorrect
movements or unintended actions [1,2]. Another significant
challenge was ensuring accurate facial analysisin dynamic
lighting conditions. Varying illumination and shadows
affected the robot’ s ability to correctly recognize users’
faces and emations, which is crucia for personaized
assistance and adaptive socia interaction [3].

The integration of Al aso raises ethical and socid
concerns, particularly related to privacy, data security, and
over-reliance on technology [5]. Assistive robots process
sensitive personal information, including speech recordings
and facial data, which must be stored and transmitted
securely. Ensuring encryption, access control, and
compliance with data protection standards is essential.
Additionally, socia acceptance and trust are critical factors;
users may hesitate to rely on robotsif they perceive them as
intrusive or error-prone [4,5]. Transparent operation, clear
feedback, and user-friendly interfaces are necessary to build
confidence in assistive robots.

Another key congtraint in assistive robotics is the limited
onboard computing power. Many mobile platforms have
restricted energy and processing resources, making it
chalenging to run computationally intensive Al algorithms
locally. In the master’ s experimental platform, this
limitation was addressed by leveraging cloud-based Al
processing for natural language understanding, contextual
reasoning, and adaptive decison-making [3,6]. This hybrid
approach allows the robot to offload heavy computations
while maintaining responsiveness. At the same time, careful
optimization of data transmission and energy consumption
ensures that the sysem remains efficient and autonomous
during extended operation.

Al enables assistive robots to deliver highly adaptive and
personalized support for users with diverse needs and
abilities [1,4]. By analyzing user behavior and preferences
over time, Al can predict which tasks or interventions are
most relevant, thereby anticipating user needsbefore explicit
requests are made. For example, predictive behavior
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modeling could alow a robot to autonomously fetch
frequently used objects, remind the user of scheduled
activities, or suggest exercises based on daily routines.
Emotion-aware interaction, achieved through sentiment
anaysis of speech, facial expressions, and body language,
further enhances user engagement, providing psychological
support and social interaction for individuas who may
experience isolation (Fig.4) [5].

Fig.4. Conceptual diagram of Al adaptive support loop [10]

Integrating assistive robots with Internet-of-Things (10T)
devices significantly expands their functionality, enabling
real-time data sharing, environmental monitoring, and
coordinated assistance [8]. For ingance, linking a mobile
robot with smart home devices, such as automatic lighting,
temperature controls, or smart doors, alows the robot to
adjust the environment dynamically for the user’ s comfort
and safety [1,6]. This connectivity also enables remote
monitoring by caregivers or family members ensuring
timely intervention in case of emergencies.

Expanding human-robot interaction channels beyond
voice commands further improves usability and
accessihbility. Gesture recognition, touch interfaces, and
augmented redity (AR) overlays provide multi-modal
communication pathways, allowing users with varying
physical or cognitive abilitiesto interact effectively with the
robot [3,4]. Combining voice commands, real-time visual
feedback via a mobile app, and web-based control interfaces
enhances accessibility, enabling users to operate the robot
independently even in complex environments[3,6].

Despite these advancements, further research is necessary
to evaluate long-term human-robot interaction, safety, and
Al adaptability in real-life assistive contexts [1-5].
Longitudinal studies could assess how Al-driven support
affects user independence, psychological well-being, and
trust in technology. Additionally, comparative analysis of Al
models for speech recognition, computer vison, and
decison-making is essentid to optimize system
performance, rdiability, and ethical compliance [4,8]. For
example, evaluating multiple NLP models for contextual
understanding or comparing obstacle avoidance algorithms
under varying lighting and spatia constraints would inform
best practices for deploying assistive robots in domestic
environments.

I1l. CONCLUSION

The integration of Al in assistive robotics presents
significant opportunities to improve autonomy, socia
interaction, and quality of life for people with disabilities.
Technical, ethical, and usability challenges must be
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addressed for successful deployment. The experimental
master’ s platform demonstrates practical application of Al
modules and provides a framework for future devel opment.
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BukoprcTaHHS METO/I1B KOMIT FOTEPHOI'O 30py Ta
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Anomauyin:  PO3TIIIHYTO — 3aCTOCYBaHHSI ~ METOJIB
KOMIT'IOTEPHOTO 30py Ta UITyYHOTO IHTENEKTY s
aBTomaru3anii niarotoBku CAD-nokyMeHTalii 1pyKoBaHUX
rtat. [TokazaHo oOMeXeHHS TpaJuLiHHUX PYYHUX MiIXO0IB
i cysacaux CAD/CAE-cucteM y Bumagkax BiJCyTHOCTI
BUXIJTHUX TNPOEKTHUX (aimiB. [IpoaHanizoBaHO KITIOYOBI
€Taly TMpolleCy — TMOMepPeaHI0 O0pPOOKy 300pa)KeHb,
CEerMeHTallilo, Kiacudikairo Ta (hopmyBaHHS
CTPYKTYpOBaHUX NaHUX. OKpECIeHO OCHOBHI BUKJIHMKU Ta
NEepPCIEeKTUBH PO3BUTKY, 30KpeMa CTBOPEHHS BIJKPHUTHX
JIATACeTIB 1 BIZIHOBJICHHS €JICKTPUYHUX CXEM.

Kniouosi cnosa: npyxosaui matu, CAD-nokymeHTallis,
KOMIT'IOTEpHUH  3ip, IUTY4YHWI  iHTENeKT, 0oOpoOKa
300pa)keHb, CErMEHTallis, KiIachudikaiisi KOMIIOHCHTIB,
aBTOMATH3allisl IPOEKTYBAHHSI.

. Bcrvin

ABTOMaTH30BaHE CTBOPEHHS Ta BiIHOBJICHHS
JOKYMEHTALil JPYKOBaHUX IUIAT € aKTyaJIbHUM 3aBIaHHSIM
Cy4acHOi  ENIEKTPOHHOI  MPOMHUCIIOBOCTi.  3pOCTaHHS
CKJIQIHOCTI CJIEKTPOHHHUX HPHUCTPOIB, HINPOKE
BUKOPHCTaHHsl 0araTomapoBUX IUIaT Ta HEOOXiJHICTH
ONEPaTUBHOIO  TEXHIYHOTO  CYIPOBOAY  BHMAraroTh
e(eKTUBHUX pillleHb isi (POPMYBaHHSI KOHCTPYKTOPCHKUX
nanux. OcoOMMBOI BaXIMBOCTI 1151 npoOiiema HaOyBae y
BUMAJIKaX, KOJNHM BIJICYTHsI MOYATKOBA JOKYMEHTALlis Bif
BUPOOHMKA a00 K BOHA BTPAaueHa, 3aCTapijia Yi HEMOBHA.

[Mpaktiuna mnoTrpeba y INBHAKOMY BIJIHOBJIEHHI Ta
aKTyalizalii JaHuX [po JPYKOBaHi IIATH BUHUKAE Y PI3HUX
chepax: Bil peBepc-IHKUHIPHHTY Ta PEMOHTY OOJIaJIHAHHS
JI0 MOJepHi3allii MPOMHCIOBUX CHCTEM 1 PO3pPOOICHHS
HaBYanbHUX MarepianiB. HasBuicte aktyansHoi CAD-
JOKYMEHTaIlii € KIIOYOBOI0 YMOBOIO IS KOPEKTHOL
eKCIUTyaTallii, MOBTOPHOTO BHPOOHHUIITBA Ta ajamTarii
€JIEKTPOHHUX TPUCTPOIB TiJ HOBI TEXHIYHI BHMOTH.

TpamumiiHuil ~ pydHHH  TiOXiH 1O  BIATBOPEHHA
JOKyMEHTaIlil iepeadadae 3HAYHI YaCOBI BUTPATH  BUCOKY
3aNIeKHICTh BiJ IOCBIMY iHXEHepa-KOHCTpyKTopa. Pyuna
poboTa yCKIAgHIOE TIporec, 30iIbIIye HMOBIPHICTH
TIOMHJIOK Ta 3HIDKY€ 3aTaJIbHY ITPOXYKTHBHICTB. Lle cTBOpIoe
NepeIyMOBH JUIA ITOIIYKY HOBHX METOIB, LIO JO3BOJISTH
ABTOMATH3yBaTH aHANli3 Bi3yasbHOi iHQopMmarii Ta ii
TIepeTBOPEHHS y cTannaptu3oBani gopmatu CAD.

Mertoto mi€i poOOTH € aHaJIi3 MOKIIMBOCTEN 3aCTOCYBaHHS
METOIiB KOMII FOTEPHOTO 30py Ta IMTYYHOTO 1HTEIEKTY IS
aBroMaTm3amii mporecy miarotoBkn CAD-moxymeHTartii
IpykoBaHHX IiaT. OCHOBHHMH 3aBJaHHSMHU € BU3HAYCHHS
KIIOYOBUX  IMPOOIIEM  PYYHOTO  MOXOAY,  PO3TISA
NEePCIIeKTUBHUX ~ HANpsAMIB ~ BUKOPUCTaHHS  CYYacHHUX

TEXHOJIOTiH 00pOOKH 300paKeHb Ta OKPECICHHS BHKIIUKIB,
SIKi CTOSITH TIepe I JOCITHUKAMH Y 11K cdepi.

I1. Orysa )1 ICHYIOUUX IIAXOOIB

Y cdepi CTBOpeHHsS Ta BITHOBJCHHS JIOKYMEHTAIIil
JPYKOBaHMX TUIAT TPUBAIMA Yac  3aCTOCOBYBAJHCS
MEPeBAYKHO TPAJMIiiHI METOIH, IO 0a3yIOThCs HA Py4HIH
po0oTi iHXkeHepa-KOHCTpyKTopa. Takuil miaxia nependoayae
aHani3 (izmvHOro 3paska IUIATH, il 3aMalbOBYBaHHS abo
nepeHeceHHs KOHTYpiB y CAD-cuctemu, a Takox HoAaJIbIie
BIITBOPEHHSI TOMOJIOTIT TPOBIJHUKIB Ta pO3TAlIyBaHHS
KOMIOHEHTiB. He3Bakaroum Ha TOYHICT y BHIAIKY
JOCTaTHBOTO  JIOCBily ~ BHKOHABI[SI, Iieil mporec €
HaQ/I3BUYailHO TPYAOMICTKMM 1 MOXe 3aiiMaTh 3HauHi
pecypcu 4acy.

3 noummpenHsM CAD/CAM/CAE  texuonorii y
MPOEKTYBaHHI EIEKTPOHHHUX TPHUCTPOIB 3’ SIBUIKCS 3aC00H,
II0 JO3BOJIAIOTH  IIPUCKOPUTH  €Talu  BiJHOBJIECHHSA
JIOKyMEHTAITi1. CyuacHi pOrpamHi KOMILIEKCH
HIATPUMYIOTH iMIIOpT daitniB y pizHux dopmarax (Gerber,
DXF, ODB++), aBromMaTW4yHe TpacyBaHHs JOPIKOK Ta
010;1i0TEKN EeNEKTPOHHUX KOMIIOHEHTIB. [Ipore OLIBIIICTD
TaKUX pILIEHb OPIEHTOBaHI Ha BUKOPHCTAHHS BXKE HASBHUX
eJIEKTPOHHUX TIPOEKTIB 1 He mepeadayaroTh podOTH 3
BUXIJJTHUMH 300payKeHHSMHU JAPYKOBaHUX Iat. Lle oomexye
iX e(eKTUBHICTh y BUMAJKaX, KOJIH MOTPIOHO BiJJHOBHTH
JIOKyMEHTAIi10 0e3 TOCTYILY 10 BUXITHUX (pailiB.

OkpeMHUM HampsIMOM JIOCHi/KEHb € 3aCTOCYBaHHS
METO/IIB KOMIT IOTEPHOTO 30pYy Ui aHajiizy 300pakeHb
IPYKOBaHMX  IUIAT.  BHKOPHCTOBYIOTBCS — aJITOPUTMH
CerMeHTallii, BUSBJICHHS KOHTYpIB, KiIacu}ikaiii 00’ €KTiB,
SKi Jal0Th 3MOTY aBTOMATUYHO BHJIUIATA JIOPIKKH,
KOHTAKTHI TUIOMIAAKH Ta €JIeMEHTA MOHTaxXYy. Taki miaxoan
IIMPOKO 3aCTOCOBYIOTBCS Yy 3aJadaXx KOHTPOJIO SIKOCTi
IPYKOBaHHWX IIJIaT, TPOTe IX IHTErpamis y Tporec
ABTOMAaTH30BAaHOTO BIATBOPEHHS MOKYMEHTaIlii rmepelyBae
Ha TI0YaTKOBOMY €Talli pO3BUTKY.

B octanHi poku 3pocTae iHTepeC IO BHUKOPHUCTaHHSA
METOJIB MAalIMHHOTO HAaBYaHHS Ta IMIMOWHHUX HEHPOHHUX
Mepex  UIi  pO3Mi3HABaHHSA  CKIAQJHHX  CTPYKTYp
eNEeKTPOHHUX IUIaT. IcHyroTe myOmikamii, y SKHX
po3risaeThes 3acTocyBaHHs convolutional neural networks
(CNN) nmns igeHTH()IKAII] SMEKTPOHHUX KOMIIOHEHTIB a00
aHamizy gedexriB Ha moBepxHi miar. Lli mocmimkeHHS
JEMOHCTPYIOTh ~ MOTEHIIa]l BHKOPHCTAHHA  INTYYHOTO
IHTENIEKTy y Tpomecax aBTOMAaTH3aIlii, IMpOTe BOHU
31e01TBIIOr0 0OMEXKYIOTHCSI OKPEMHMH 3aBAAHHSAMH 1 HE
BHPIIIYIOTh KOMIUIEKCHY 3amady BigHoBieHHS CAD-
JIOKYMEHTAITIl.
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TakuM umHOM, iCHYIOUI
PO3IUMTH Ha TPH TPYIIH:

1. Tpaguuiiiai py4Hi METOM — TOYHI, ajie HaAMIpHO
TPYAOMICTKI.

2. Oynkmionan cydacHux CAD/CAE cucrem -
e(eKTUBHUN TPU HASBHOCTI NPOEKTHHX (aliiB, ane He
MIpUAaTHUH 17151 poOOTH 3 (POTO- UM BiIE0300pasKeHHSIMH.

3. AITOpuUTMH KOMIT FOTEPHOTO 30py Ta IUTYYHOTO
IHTENIEKTy — TEPCHEeKTHUBHI, aje Ie HEeIOCTaTHbO
IHTETPOBaHi y KOMILJIEKCHI CUCTEMH aBTOMaTH3aLlii.

Y 1pOMy KOHTEKCTI TIOCTae 3aBiaHHs (opMyBaHHS
HOBOTO MiAXOMy, IO 00’€HAae TepeBarn Cy4acHUX
TEXHOJIOTIH  KOMIT'IOTEPHOTO 30py Ta IHCTPYMEHTIB
IITy4YHOTO  IHTENEKTy, 3a0e3Neuyroud  MOXJIHMBICTb
0e3ocepe/IHFOr0 TIEPETBOPEHHST 300pakeHb JIPYKOBaHUX
wiat y CAD-nokymeHTanito.

HiﬂXOﬂI/I MOXHa YMOBHO

II1. ITIOCTAHOBKA 3AJIAUI

[pouec miaroroBkun CAD-mokyMeHTalii JpyKOBaHUX
IUIaT Ha OCHOBI iXHiX (hororpadiii MoKHa PO3TJSAIATH SIK
0araToKpoKOBe  3aBJaHHJ, 110  IOENHYE  METOIM
KOMIT IOTEPHOTO 30pY, aJIrOPUTMH IITYYHOTO 1HTENIEKTY Ta
IHCTPYMEHTH aBTOMAaTH30BaHOTO TPOEKTyBaHHs. OCHOBHA
npoOiemMa ToNArae y MEPeTBOPEHHI HECTPYKTYPOBAHUX
Bi3yaJlbHUX  J[aHHX (uudpoBux  300paxkeHb) Yy
CTPYKTypOBaHy iHQoOpMallito, NPUIATHY Ul HOAAJIBIIOTO
Bukopuctanis y CAD/CAE-cuctemax.

[Tixzanayi mpouecy HaBeseHi Ha puc. 1.

J10 OCHOBHMX BUMOT JIO TAKOT'O MiJX0/y HaJIEXKaTh:

- JIOCTaTHsl TOYHICTb BIATBOPEHHS TOMNOJOTI Ta
KOMIIOHEHTIB;
- MiHIMI3aliss py4YHOro BTPYYaHHs Ha eTamax

inenTrdikarii Ta KOpeKIii;
- CYMICHICTh OTPUMAHHX PE3yJbTATIB i3 MOIKMPEHUMHU
CAD-cucremamy;
- MacmTaboBaHICTh Ui PI3HUX THIIB 1 PO3MIpIiB
JPYKOBAHHMX IJIAT.
Takum 4nmHOM, 3amada Moxke OyTH CcQOpMyNbOBaHA SIK
pO3po0Ka KOHIIENITYaIbHOTO IIJIXOAy /O aBTOMAaTH3aIlil
MEPETBOPEHHST 300pakeHb JpykoBaHux mat y CAD-
JOKYMEHTALII0 3 BUKOPUCTAaHHIM METOJIB KOMIT IOTEPHOTO
30py Ta IUTY4HOro iHTenekTy. Lle 3aBmaHHA €
MDKIUCHUILTIHADHUM 1 TOTpeOye TMO€qHaHHS 3HAHb Yy
raimy3sx OOpoOKH 300pakeHb, MAIIMHHOTO HABYaHHS Ta
IH)KEHEepii eIIEKTPOHHUX CUCTEM.

V. METOJI1 KOMIT FOTEPHOI'O 30PY

Jst PO3B’sI3aHHA 3aa4i aBTOMAaTH30BaHOTO
nepeTBopeHHs Qotorpadiii apykoBanux maar y CAD-
JOKYMEHTAIIF0 KIIOYOBY pOJb  BIAIrpaloTh METOAU
KOMIT'FOTEPHOTO 30py. BoHH 3a0e3medyioTh BHIYyYEHHS
CTpyKTypoBaHOI iH(OpMAIl 3 Bi3yaJbHHUX JAHUX Ta
(GOpPMYIOTH OCHOBY Ul IOJAJBLIOTO  3aCTOCYBAaHHS
QITOPUTMIB IITYYHOTO 1HTEJIEKTY.

1. TTomrepemast 06poOKa 300paKeHb.

Ha mpomy erami HeoOXimHO 3a0e3MEeUNTH TPUIATHICT
BXITHUX aHUX bi (o) IMOJAJIBIIIOTO aHamizy.
BuxopuctoByroTscs MeToau (GinbTpamii myMiB (MemiaHHa,
raycoBa (UIbTpallisi), KOpeKiii KOHTPACTy Ta SICKPaBOCTI,
BUPIBHIOBAaHHS T€OMETPHYHUX CIIOTBOPEHB, 1[0 BHHUKAIOTh
Yyepe3 HEepiBHOMIpHE OCBITIEHHS YM KyT (hoTorpadyBaHHS.
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Takox BaKIHMBUM 3aBJaHHAIM € HopMani3aui$1
JI 3a0e3MneueHHs KOPCKTHUX BI/IMipIOBaHB.

Macmrady

1. NMonepegHA o0poDKa 200paKeHb:

* HOpManizauin AcKpaBocTi Ta
KOHTPACTHOCTI;

s YCYHEHHA WyMmie, eigQnucyie i
CNOTBOPEHE,

» MpWEEOEHHA 00 CTAHOSQTHO!
po3ninkLHOT 34aTHOCTI.

v

2. CermMeHTalUif CTPYETYPHMX eNeMeHTIB:

s KOHTYpW Nnatw,

» MPOBIAHI DOPDEKW, KOHTAKTHI
MMowaak1, oTBOpK;

* KODMYCH KEOMMOHEHTIB.

v

3. Knacudikauin Ta MapKyBaHHA:

+ TUMK KOMMOHEHTIB;
« MOCAOKOBI MicUA;
+ CMMCOE eNeMeHTIE.

v

4, MOPMYBaHHA CTPYKTYPOBAHUX AaHMUX:

» onuc Tononorii (Gerber, DXF,
ODB++);

s [HTerpavifA 3 idnioTekamn;

« MEpEBIpEa YIroMMeHoCTi.

Puc.1. Ipouec miarotoBku CAD-mokyMeHTaIll IpyKOBAaHUX
maT

2. BunineHHs KOHTYPIB Ta CTPYKTYPHHUX €IEMEHTIB.

Jlns BU3HAYESHHSI MEXX TUIATH, IPOBIHUKIB T4 KOHTAKTHUX
TUIOMIAZIOK 3aCTOCOBYIOTHCS NTOPUTMH aHAJI3y KOHTYPiB
(manmpurnan, Canny Edge Detection, Sobel) i meroau
MopooriuHoi 00poOku. KoHTypH CIyTYIOTh OCHOBOIO IS
CerMeHTallii OKpeMUX €JIEMEHTIB Ta CTBOPEHHS BEKTOPHOTO
MpPeICTaBICHHS TOMOJIOT].

3. CermeHTartis 300pakeHb.

CerMeHTaIlis € KIIFOYOBOIO 33a1aueio, OCKUTBKH JPyKOBaHI
TUIaTH MICTSTH IMITBPHO PO3TAIIOBaHI €MEMEHTH 3 PI3HUMU
TEKCTypamMu Ta (GopMaMH. BHKOPHCTOBYIOTECS aIrOpUTMH
po3ainieHHsT 00’€KTiB 32 KOIBOPOBUMH U IMPOCTOPOBUMHU
O3HaKaMH, a TaKOK CyYacHI METOAW CEeMaHTHYHOI
cerMeHTanii, SIK1 JIO3BOJISIFOTH aBTOMAaTUYHO
BiJIOKPEMITIOBATH TIPOBITHI TOPIKKU Bix (HOHY Ta BHIUISITH
KOPILyCH KOMITOHEHTIB.

4. Po3nizHaBaHHS Ta iMeHTH(DIKAIIST KOMIIOHEHTIB.
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Komm’torepuuit 3ip Moxke OyTH BHKOPUCTAaHHH JUIS
BUSIBJICHHSI T€OMETPHYHHX (OpM (IIPSIMOKYTHHUKIB, Kill,
0araTOKyTHHUKIB), IO BiIIOBITAIOTh ITOCAIKOBIUM MICIISIM YH
KopIycam ENIEKTPOHHHUX €JIEMEHTIB. JonatkoBo
3aCTOCOBYIOTHCSI QJITOPUTMH INAaOJIOHHOTO CITiBCTAaBJICHHS
JUIS. BU3HAYCHHS CTAHAAPTHUX KOMIIOHEHTIB, HaIlpUKIal
pe3ucTopiB a00 IHTETPATEHUX MIKPOCXEM.

5. [IlepeTBOopeHHs pacTpOBHX JaHUX ¥y
MIpeCTaBICHHS.

[Micns cermenTanii 300pakeHHs Ta BUAUICHHS KOHTYpPIiB
HEOOXiIHO OTpUMATH BEKTOPHY MOJEJb, NPHIATHY IS
ekcrioptry y CAD-cucremu. Jljis 1bOro 3aCTOCOBYIOTHCS
METOAM TpacyBaHHs KOHTYpIB, alpOKcHMalii KPUBUX Ta
MIEPETBOPEHHS T€OMETPUYHUX (QIryp y KOOPIMHATHI JaHi.

6. Inrerpauis 3 popmatamu CAD.

OrpuMaHa BekTOpHa iHQopMallis IOBUHHA OyTH
npejcTaBieHa y craHaaptu3oBanux ¢opmarax (Gerber,
DXF, ODB++), mo m03BOJiss€ IHTErpyBaTH pe3yJabTaTH
00pOoOKH Y poOOUMIt TPOIEC MPOEKTYBAHHSL.

TakuM  4YMHOM, METOIM  KOMIT'IOTEPHOTO  30py
3a0e3MevyIOTh TOYATKOBUI 1 HAI3BUYAHO BaXKIIMBHI €Tl
y CUCTEMi aBTOMAaTH30BaHOTO CKJIaJaHHS JIOKyMEHTaIlil.
BoHM /103BOJISIIOTH TNEpEedTH Bifl «CHPOTO» 300payKeHHS
IUIATH JI0 CTPYKTYpOBaHHMX JAHHUX, SKI MOXYTb OyTH
nozanbline 00poOIeHi METOaMH IITYYHOTO IHTENEKTY Ui
Ki1acudikanii Ta MapKyBaHHSI.

BEKTOPHI

V. BUKOPUCTAHHS METO/IB IUTYYHOI'O
IHTEJIEKTY

3acTocyBaHHS IITYYHOTO IHTEJEKTY €  JIOTIYHHUM
MPOJOBKEHHSAM BHUKOPUCTaHHS METOMIB KOMII IOTEPHOTO
30py y 3a1a4i aBromarusaiii creopeHas CAD-nokymeHTariii
JPYKOBaHHUX ILIAT. SIKIIO KOMIT'FOTEpHHI 31p BiJIOBIA€E 3a
00poOKy 300paXkeHb 1 BUJJICHHS CTPYKTYPHHUX €JIEMEHTIB,
TO WITYYHHH IHTENeKT 3abe3neuye ix IHTepIpeTalilo,
kinacu(ikailiio Ta NEPeTBOPEHHs Yy JAaHl, NpPUAATHI s
nojajbsioro Bukopuctanusa y CAD-cuctemax.

1. Kitacudikartisi KOMIIOHEHTIB.

MamumHHe HaBYaHHA MO)ke OyTH BHKOpPHCTAaHE JUIs
aBTOMAaTHYHOT'O BU3HAYEHHS TUIIIB €JIEKTPOHHUX €JIEMEHTIB,
pO3TAlIOBaHMX HAa  JpPYKOBaHid IUaTi.  AJITOpUTMHU
knacudikamii  JalTh 3MOTY  BIAPI3HATH  PE3HMCTOPH,
KOHJICHCATOPH, IHTETPaIbHI MIKPOCXEMH, PO3’€MH Ta IHIII
cTaHZapTHI KoMIoHeHTH. Lle 3HmKye noTpedy y pydHOMY
MapkyBaHHi Ta popmyBanHi crierudikaiii (Bill of Materials,
BOM).

2. CerMeHTallis 3a JOIIOMOIOI0 TVIMOMHHNX MOJEIEH.

I'mubuHHI HEWpOHHI Mepexi (HAmpUKIad, apXiTeKTypH
tuiry U-Net un Mask R-CNN, sKi mpoKo 3aCTOCOBYIOTBCS
y 3amadax CerMeHTalii) MOXYTh OyTH BHUKOPHCTaHI IS
ORI TOYHOTO BiAiIEHHS AOPIXKOK 1 IDIOMIAIOK Bix QOHY,
a TaKoX JUI BHAUICHHS CKIATHUX QopM KOMITOHEHTIB. Lle
0COOJIMBO Ba)XXJIMBO [UIA IUIAT 3 BHCOKOK IIUIBHICTIO
MOHTAXY.

3. Po3mi3HaBaHHS TEKCTOBHX 1 rpadivyHUX MO3HAYCHB.

Ha GaraTpox mmaTtax TpPHCYTHI TEKCTOBI MapKyBaHHS:
HOMEpH KOMIIOHEHTIB, MO3HAYEHHSI KOHTaKTiB, BUPOOHHUI
KOAW. ANTOPUTMH OITHYHOTO pO3Ii3HABAHHS CHMBOJIB
(OCR), migcumneni METOAaMH MTYYHOTO 1HTEIEKTY, MOXKYTh
aBTOMAaTH3yBaTH TNPOLEC TIEPEHECeHHs LHUX ITaHHX Y
JIOKYMEHTAITI 0.

4. TTobynoBa 3B’s3KIB MiXK €IEMEHTaMH.
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[HTEeNmeKTyanbHI  aNTOPUTMH ~ MOXYTh  JIOTIOMOTTH
BHU3HAYATH JIOTIYHI 3B’ SI3KU MiK KOMIIOHCHTaMH, 0a3YI0UHCh
Ha MIPOCTOPOBOMY PO3TaIllyBaHHI JOPKOK Ta iX TOMOJOTII.
Xouya MOBHE BiJJHOBJICHHSI €JIEKTPUYHUX CXEM € OKPEMUM
3aBJIaHHSM, BUKOpHCTaHHS Al 31aTHE 3HAaYHO CIPOCTHTH
neii mpomec 1 3a0e3MEUUTH OCHOBY JUIS ITOJAJIBIIOL
PEKOHCTPYKIIII.

5. Buximiku y BuKopuctanti Al:

- BIICYTHICTh BEJIMKUX 1 BIAKPUTHX JATACETIB JIUIs HAaBYAHHS
MoJieriel caMme Ha 300paKeHHSIX IPYKOBAaHMX ILIAT;

- HEOOX1/THICTh BCOKOI TOYHOCTI PO3Mi3HABAHHSI, OCKIJIBKH
HaBITh HE3HAYHI MOXUOKM MOXYTh MPU3BECTH [0
HEKOPEKTHOI TOKyMEHTaIlil;

- mpoOiieMa y3arajJbHEHHS: MOJETI MaloTh IpAIOBaTH 3
PI3HMMH THIIAMHU TUIAT, KOJIbOPaMH, YMOBaMH OCBITJICHHS Ta
SKicTIO poTorpadiid.

TakuM YMHOM, METO/IM IITYYHOTO iHTENEKTY BUCTYIAIOTh
KJIFOYOBUM 1HCTPYMEHTOM JUIsl TEPEXONy Bl «CHUPUX»
JIAHUX, OTPUMaHUX KOMIT FOTEPHHM 30pOM, JI0 MTOBHOIIHHOT
CAD-noxymenTarii. IXHe 3acToCyBaHHS 103BOJISE CYTTEBO
3MCHIIMTH YaCTKy PY4YHOi POOOTH, MiABHIIUTA TOYHICTH
pe3ysbTaTiB Ta CTBOPUTH IIEPEAyMOBH [UIsl iHTerpamii B
CyYacHI CUCTEMH aBTOMaTH30BaHOT'O IIPOEKTYBAHHSI.

V1. OBrOBOPEHHS TTPOBJIEM I BUKJIUKIB

Hespaxaroun Ha 3HAYHWH IOTEHIian 3acTOCYBaHH
KOMIT'IOTEPHOTO 30py Ta IITYYHOTO IHTENEKTY s
aBTOMaTu3auii ctBopeHHss CAD-nokymeHTanii JpyKoBaHHUX
IUIaT, iCHye HM3Ka MpolsieM i 0OMexXeHb, SIKi CTPUMYIOTh
MPaKTHYHE BIPOBAKEHHS TAKKX ITiIXOIIB.

1. SIKicTh BXiJHUX JaHUX.

dotorpadii ApyKOBaHMX IIAT MOXYTh BIJPI3HATUCS 32
SKICTIO, PO3JUIBHOIO 3[aTHICTIO Ta YMOBaMH OCBITJICHHS.
BaxMBUM 4YMHHUKOM € HagBHICTh BIJOJIUCKIB  BIJ
METaIi30BaHUX IOBEPXOHb, TiHEH ab0 CHOTBOPEHb depes3
HENpaBWIbHUIA KyT 3iiomMku. Taki (akropu yCKIaIHIOOTH
CErMEHTALlil0 Ta PO3Ii3HaBaHHS €JIEMEHTIB.

2. baraTomapoBicTh KOHCTPYKIIiii.

CyuacHi JIpyKOBaHi IJIaTH 3a3BUYail € 0araTomapoBUMH.
Ipu dotorpadyBaHHi JOCTYHNHOI IJIsl AHANIZY € JIUIIE
30BHIIIHS ~ TIOBEpXHS, TOAI SK  BHYTPIIIHI  IIapu
3aIMINAOTECS MPUXOBaHUMHU. lle 0OMexye MOXKIMBOCTI
MOBHOI PEKOHCTPYKI[Il TOMONOTII JHIe 3a JOMOMOIO0
Bi3yaJIbHUX METO/IIB.

3. Hecraua crerianiizoBaHux HaOOpIB JTaHUX.

Jst HaB4aHHS MOJENeH ITYYHOTO iHTeNIeKTy HeoOXiaHi
BEJIMKI Ta perpe3eHTaTHBHI natacetu. [Ipote BigkpuTi 6a3u
300paXeHb APYKOBAHMX IIAT Maike BiACYTHI, a CTBOPEHHS
BIacHUX moTpeOye 3HAYHUX pecypciB i dacy. lle 3HmMXKYye
TOYHICTH Ta YHIBEPCANBHICTh OTPIMAHUX MOJIEIICH.

4. BUCOKI BUMOTH O TOYHOCTI.

HaBite He3HayHi MOXMOKM y BiJHOBJIEHHI TOMOJOTIi
(mampukiran, TpOMyIIeHA JOpDKKA YH  HEMPaBHIBHO
Knacu(iKoBaHWI KOMITOHEHT) MOXYTh TIPU3BECTH IO
HEKOPEKTHOI ~ JOKYMEHTallil, o poOUTh TOJaJbIIIe
BUKOPHCTAHHA PE3YJIBTATIB MPOOIEMaTHIHHM.

5. CywmicHicts i3 CAD-cucremamu.

OtpuMaHi pe3ynbTaTH aHaJi3y 300pa’keHb HEOOXiTHO
KOHBEpPTYBaTH y cTranmaptuioBani ¢popmaru (Gerber, DXF,
ODB++). lle Bumarae po3poOKH JTOAATKOBHX AITOPUTMIB
Juisi  3a0e3nedeHHs] TOBHOI CyMICHOCTI Ta HepeBipKH
LTICHOCTI TaHHUX.

6. O0unCITIOBaIBHI PECypPCH.
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Po3ni3naBanHs 300paXkeHb BEINKOI PO3AIIBHOI 3/JaTHOCTI
i3 3aCTOCYBaHHSIM TTIMOMHHHUX MOJENIeH TOTpeOye 3HAUYHNX
00YHCITIOBANBHUX ~ PECYPCIB. I[le wmoxe  cratu
00MeXyBaITbHIM YHUHHUKOM JUIst MPaKTHYHOTO
BUKOPHCTaHHS Yy IIPOMHCIIOBHX yMOBax 0e3 mocTymy o0
BHCOKOIIPOAYKTHBHOTO 00JIaTHAHHS.

7. BigcyTHICTh KOMITJIEKCHHX PIIICHb.

Ha cporoguimmHiii [geHb  OUIBIICTH  JOCIIDKEHD
30CEPE/DKYIOTECS Ha OKPEMHX 3aBJaHHIX — HANPHUKIIA],
BUSIBIICHHI Je(ekTiB, Kiaacu(ikaiii KOMIIOHCHTIB YH

cerMeHTanii gopixkok. IIpore KOMIUIEKCHUX pillleHb, sIKi O
MTOBHICTIO aBTOMATH3yBaJM Tepexin Bia ¢ororpadii miatu
1o rotoBoi CAD-n0KyMeHTaIli1, TOKH IO HE iCHYE.

OTxe, yCITIIHE BUPIIICHHS TTOCTABIICHOI 3a/1a4i BUMarae
HE  Juue MOJANBIIOT0  PO3BUTKY  alTOPHTMIB
KOMIT IOTEPHOTO 30py Ta WITYYHOTO IHTEJNEKTy, aje M
CTBOPEHHSI METOMOJIOTIYHOI Ta TEXHIUYHOi 0a3m isa iX
iHTerpaii y BUpoOHHUY1 MTPOLIECH.

VII. ITEPCIIEKTUBU JOCHIKEHHAI

[Nomanpiinii  pO3BUTOK  HAMPSIMKY  aBTOMATH3allil
niarotoBku CAD-nmokyMmeHTanii ApyKOBaHUX IUIAT Ha
OCHOB1 300pakeHb BIJIKpUBA€ HU3KY NEPCIEKTHB, SKi
MOXYTb CYTTE€BO BIUIMHYTH SIK Ha HayKOBi ﬂOCHi}I}KCHHS{, TakK
1 Ha IPaKTUYHI 3aCTOCYBaHHS y IIPOMHUCIIOBOCTI.

1. Po3mmpeHHs: MOXIIMBOCTEH Jyisi OaraToIapoBUX IUIaT.

OmHuM i3 KJIIOYOBHX  BHKJIMKIB € pobora 3
GaratourapoBUMHU KOHCTPYKIISIMU. [lepcriekTBHUM
3aBJaHHAM € CTBOPCHHA MeTO}IiB, 31aTHUX YaCTKOBO
BiJTHOBJIIOBATH BHYTPILIHI IIapX 332 JONOMOIOK KOMOiHaIlii
Bi3yaJIbHOrO  aHaji3y, CTATUCTHYHUX  MOJeNied  Ta
eKCIIePTHUX MpaBwil. Lle 103BoINTH OTpuMAaTH OLIBLI IIOBHE
YSBJIIEHHS IIPO CTPYKTYPY CKJIAJHUX IIAT.

2. ABTOMAaTH30BaHe BiJIHOBJICHHS EICKTPUUHHX CXEM.

[opanpun goCHiKeHHST MOXYTh OyTH CIpsSIMOBaHi Ha
PO3pOOKY AJITOPUTMIB, SIKI JO3BOJISIIOTH (POPMYBATH HE JIUIIIE
reOMETPUYHY TOIOJIOTIIO TUIATH, a i 11 eJIeKTPUYHy CXeMy.
e cTBOpPUTH MOXJIMBICTH sl 1HTErpamii OTPUMaHUX
pe3yJIbTaTiB y CHCTEMH MOJICIIIOBaHHS Ta BepHdikarlii.

3. InTerpaitist METOIIB EPEBIPKU Ta KOHTPOIIO SKOCTI.

Cucremu, 3/1aTHI aBTOMaTUYHO aHAII3yBaTH 300payKeHHS
I1aT i nmopiBHIOBaTH ix i3 erasionHuMu CAD-monensimu,
MOXYTh CTaTH OCHOBOIO JUIS BHSBJICHHS BiAXWICHb Ta
nedekriB y mnpoueci BupoOHuiTBa. Taka iHTerparis
JI03BOJIUTD MO€IHATH 3aBIAaHHS BiIHOBJICHHS HOKYMEHTawii
3 (yHKILISMH TEXHIYHOTO KOHTPOJIIO.

4. CTBOpeHHS Ta MOIMMPEHHS BIAKPUTHX IAaTACETiB.

Jis po3BUTKY MOAENEH IITyYHOTO IHTENEKTY HeoOXimaHi
penpe3eHTaTHBHI Ha0OpH MHaHUX, SKi O OXOIUTIOBAIH
MIMPOKHI CIIEKTP APYKOBAHUX IDIAT PI3HOTO NMPH3HAYCHHS.
[lepcriekTHBHIM HampsMoM € (popMyBaHHS CHUTBHUX 0a3
300pakeHp U1 HAYKOBOi CIIIBHOTH, IO CIPHSITHME
T IBUIIEHHIO TOYHOCTI Ta YHIBEPCAIBHOCTI aITOPHTMIB.

5. [loegHaHHS PI3HUX METOMIB 1 TEXHOJOTIMH.

MaiibyTHi CHCTEMH MOXYTh TIO€AHYBAaTH KIACHUHI
AITOPUTMH KOMII FOTEPHOTO 30Dy, TTTMOMHHE HaBYAHHS Ta
eKCIIEPTHI CHUCTeMH, IO JAaCTh 3MOTY JOCATTH OUTBIIOT
TOYHOCTI Ta HamiifHocTi. BukopucranHs TriOpHAHUX
IiIXO/IB JTO3BOJHUTH KOMIICHCYBAaTH OOMEKEHHS KOXKHOTO
OKpPEMOTO METOLY.

6. Bukopucranus y pisHux cdepax.

[lepcrieKTHBHUM € 3aCTOCYBaHHS OIMCAHUX IiJXOAIB HE
JUIIe y BUPOOHMITBI, ane W y cdepax pEeMOHTY Ta

86

MoOJIepHi3arii o0a qHaHH, TEXHIYHOI OCBITH (JUI1 HABYaHHS
ctyneHtiB podoti 3 CAD-cucteMaMy Ha OCHOBI peallbHUX
3pa3kiB IUIaT), a TaKOX Yy BiIHCHKOBO-IIPOMHUCIOBOMY
KOMIIJIEKC], Jie IIBHUKE BiJHOBJIEHHS JOKyMEHTAIl MOXe
MaTH CTpaTeriyHe 3HAYeHHSL.

OTxe, MoaIBINI JOCIIHKEHHS Y [[bOMY HaINPSIMKY MalOTh
MDKMCIMIDTIHAPHUK XapakTep i MOTpeOyIOTh CIIiBIpari
(haxiBIiB y ray3sx eleKTPOHIKH, IHKeHepil, KOMII IOTEPHUX
HAayK 1 INTy4HOTO IHTeNeKkTy. Peamizaiis 3a3HauCHHX
MIEPCIIEKTUB CIPHITUME CTBOPEHHIO KOMILJIEKCHHX CHCTEM,
3/IaTHUX 3HAYHO MMiJBUIIMTH €(heKTUBHICTH BUPOOHHIITBA Ta
00CITyTOByBaHHS €JIEKTPOHHHUX MTPUCTPOIB.

VIll. BUCHOBKH

Y  po0oTi pO3MISHYTO AaKTyaJbHICTh  MPOOJIeMH
AaBTOMAaTU30BaHOTO BiJHOBJIEHHsT Ta cTBOpeHHS CAD-
JMOKYMEHTAIlli JPYKOBaHMX IUIAT Ha OCHOBI  iXHIX
300pakeHb. llokazaHo, IO TpamumidHI MeTOAW, SIKi
0a3ylThCA Ha pyuHiId poOOTI IHXKEHepa, € HaIAMIPHO
TPYIOMICTKMMHU Ta HE BiNOBINAIOTh BHMOTaM Cy4YacHOTO
BUPOOHHUIITBA, JI¢ BAXIMBUMH CTAIOTh IIBUAKICTh, TOUHICTh
Ta MOKJIMBICTB IHTETpalil y HU(PPOBI BAPOOHNYI TPOIECH.

Ornsiy  iCHYIOYMX TIiJIXOIIB IPOAEMOHCTPYBaB, IO
cydacHi CAD/CAE-cuctemu 3a0e3neuyiorb e(QeKTHBHY
po0OTY 3a YMOBH HasiBHOCTI BUXIJHUX MPOEKTHHUX (aitis,
aJIe 3aJIMIIalOTBCA MaJIONpUAAaTHUMU Yy BUIIAJIKaX, KOJIHA
BIJJTHOBJICHHSI 3IMCHIOEThCA JMIIe 3a  QoTtorpadismu
JpYKOBaHMUX IUIaT. MeToau KOMII'IOTEPHOTO 30py BKe
aKTHUBHO 3aCTOCOBYIOTHCS Y CyMDKHUX 3a/lauax, HallPUKJIa,
y KOHTpOII SKOCTi, a X MO€IHAHHS 3 aJrOPUTMaMHU
IITYYHOTO IHTENEKTY BIJIKPUBAE HOBI MOMJIMBOCTI ISt
KOMILJIGKCHOT aBTOMATH3aLli1 [PoLeCy.

byno BH3Ha4YeHO OCHOBHI 3aBllaHHs, 110 HOTPeOYIOTh
BUpILICHHS: TonepeaHs 00poOka 300paxeHb, CerMeHTallis
CTPYKTYPHHUX €JIEMEHTIB, Kiacudikamisi KOMIIOHEHTIB,
(opMyBaHHS CTPYKTYPOBAaHUX JAHUX Y CTaHAAPTU30BAHUX
(dopmarax. OcobnuBy yBary HpHaiIEHO podiaeMam, cepes
SKAX — OOMeXeHHs poOOTH 3 0araTolIapoBHMH IJIaTaMH,
HECTaya CIELiali30BaHUX JAaTACETiB, BHCOKI BHUMOIH JIO
TOYHOCTI pe3yJIbTaTiB Ta 3abe3nedyeHHs cymicHocti 3 CAD-
CHCTEMaMH.

[lepcrieKTUBHUMH HampsiMaMd PO3BUTKY € CTBOPEHHS
METOMAIB Ui aHali3y 0araTomapoBUX KOHCTPYKIIii,
AaBTOMAaTHU30BaHE  BiJHOBJEHHS  ENEKTPHUYHUX  CXEM,
IHTerpallis 3 CHCTeMaMH KOHTPOJIIO SIKOCTI Ta ()OpMyBaHHS
BiIKpuTHX 0a3 HaHUX 300paKeHb OPYKOBAaHHWX IDIAT.
Peanizamis Takux migxomiB moTpedye MiXAUCIUILTIHAPHOT
CHIBIpalli Ta MOXE CYTTEBO BIUIMHYTH Ha €(EeKTHBHICTbH
€JIEKTPOHHOTO BHUPOOHUWIITBA, PEMOHTHUX TIPOLECIB 1
OCBITHIX MIPAKTHK.

TakuMm 4YMHOM, BUKOPUCTaHHS KOMII'IOTEPHOTO 30py Ta
MITy49HOTo iHTEeNekTy y miarotoBii CAD-moxymeHTartii
IPYKOBaHMX  IUIAT €  IEPCIeKTHBHAM  HalpsMOM
JOCIT/DKEHb, IO TIOEJHYE HAYKOBY HOBH3HY Ta MPAKTHYHY
3HagymicTe. [lomanpumii pO3BUTOK IIHOTO HATIPSAMY 3aTCH
chopMyBaTH OCHOBY [UII CTBOPSHHS KOMILIEKCHUX
aBTOMAaTH30BaHUX CHCTEM Yy cdepi eIeKTpOHHOTO
NPOEKTYBaHHS Ta BUPOOHUIITBA.
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3aCTOCYBaHHS IHTEJICKTYAIBHUX CUCTEM YIIPABIIHHSA
POOOTOTEXHIYHUMU CUCTEMaMHU JIJISI JOCATHEHHS I{1JIeH
CTaJIOrO PO3BUTKY y cepl 'yYMaHITApHOI'O PO3MIHYBAHHSI
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Anomauin: Y JONOBiIl PO3IMIISANAIOTBCS  AKTyallbHi
MUTAHHS 010 TOCSATHEHHS 1iJIel CTaIoro po3BUTKY y chepi

TYMaHITADHOTO  PO3MiHYBaHHS 13  3aCTOCYBaHHSM
poboTOTexHIYHUX cucTeM. Po3B’si3aHHs 1i€l mpobieMu
moTpedye KPEaTUBHOCTI, KOMIUICKCHOIO MiIXOAy Ta
IHTENIEKTyaJlbHUX CHCTeM ympaeiiHHs.  Lle mo3Bosse
pO3pOOMTH  MOAETI  YIPABIIHHA  POOOTOTEXHIUHOIO
CHUCTEMOIO SK Ha piBHI NPUHHATTS pillleHb, TaKk 1 Ha
BHUKOHABYOMY DiBHI.

Kniouosi  cnosa: TyMaHiTapHe  PO3MiHYBaHHS,
pOOOTOTEXHIUHI CHUCTEMH, CTAJUA PO3BUTOK, CHUCTCMH
YIPaBIHHS.

. BcTvin

VY BepecHi 2015 poky B pamkax 70-i cecii ['enepanbHOl
Acam6rei OOH y Hero-Mopky BinGyscs Camit OOH 3i
crasoro po3BuTKy. IlincymkoBum nokymentom Camity
Oyno pospobnennst 17 Ilineit cramoro possutky (LICP).

Cramuii  pPO3BUTOK  IOB'SI3YETCS 3 TapMOHIYHHM
JOCATHEHHSAM HACTYIHHX LJIeH:
- BHCOKOI $IKOCTI HAaBKOJMIIHBOTO CEpeIOBHIIA 1

3JI0POBOi €KOHOMIKH ISl BCIX HAPOJIIB CBITY;

- 3aJI0BOJICHHI TOTpeO Ioaeil i 30epeskeHHl CTanoro
PO3BUTKY IPOTATOM TPHBAJIOTO IIEPIOAy.

VYpsanom Ykpainu po3nopspKeHHsM Bin 29 aucmonada
2024 p. Ne 1190 3atBep/pKeHO po3mOpsKeHHs «[lesiki
NUTaHHA 3a0e3meueHHs gocsrHeHds Ilimeit  cramoro
PO3BUTKY B YKpaiHi», SKAM BCTAHOBJICHO HAlliOHAJbHI
3aBJIAHHS, IHAUKATOPH 1X IOCATHEHHS, L{IJIbOB1 3HAUYCHHS 10
2030 poky. 30kpema, OyJi BU3HAYEHI B yMOBaX BOEHHOTO
CTaHy, 3aBHaHHS IIONO BiIOYAOBHM Ta BiJHOBJICHHS
MIOIIKO/KeHb HACHIOKIB 30poitHoi arpecii Pociiicpkoi
Oenepariii, TyMaHITAPHOTO pPO3MIHYBaHHS 3aMiHOBaHHUX
TEePHUTOPiHi, €KOIOTIYHOT KPU3HU TOIIIO.

VYHacmagoKk pociHCHKOrO BTOPTHEHHsSI YKpaiHa cTaja
OJIHI€I0 3 HAW3aMIHOBAHIMMX KpaiH y CBiTi. 3a OIiHKaMH
Opranizamii OO'emnamnx Hamiit, Oyno BCTaHOBIEHO,
HaIpHKIaj, 0 3a POKH BiitHM, Omu3bko 30 % Tepuropii
VYkpaian 3a0pyIJHEHO BHOYXOHEOE3NEUHIMH IMPEeIMETaMu
(miHn, cHapsaw, aBiaboMOM TOIO), IO HE po3ipBammcs. Ha
pO3MiHyBaHHS TEPUTOPIH, 3a0pyAHEHUX
BuOyxoHebOe3meunnmu npeameramu (BHIT) mige mo 100
PokiB. Ypsan YKpaiHu cTaBUTH 32 METY, 00 32 AECATh POKIB
80 % mmx TtepuTopiii Oymm oOCTeXeHI Ha HasBHICTh
BuOyxoHebe3meynnx npeaMetie BHII Ta mo6 mi Tepuropii
Oymu  O€3MeYHHMH UISI  KATTEMISUIBHOCTI  MHPHOTO
HaceJleHHS Ta BIiMICPKOBHX 1 HeoOXimHa Oa3yBaTHCh Ha
KpPEaTHBHOCTI MIIXOAy JO CHCTEMH TyMaHITapHOTO

PO3MiHYBaHHS i3 3aCTOCYBaHHSM POOOTOTEXHIYHHX CHUCTEM
(PTC).

I1. OCHOBHA YACTHUHA

['ymaHiTapHE PO3MiIHYBaHHS — KOMILIEKC 3aXO[iB, SKi
MPOBOIATHCS 3 METOFO JIIKBiJaIlil HeOe3MeK, OB’ I3aHuX 13
BHII, Bkirouarourd HETEXHIYHE Ta TEXHIYHE OOCTEKCHHS
TEPUTOPIH, CKIAACHHS KapT, BUABJICHHS, 3HCIIKOKCHHS
ta/abo 3ummienHs BHII, wmapkyBaHHs, MiATOTOBKY
JIOKyMEHTAIlil Ticlsl pO3MIHYBaHHs, HAJaHHS TpoOMajam
iHdopMarlii moa0 MPOTUMIHHOI JISUTBHOCTI Ta Tepenady
oumieHoi Teputopii [1].

['ymaHiTapHEe pO3MiHYBaHHS CIIPSMOBAaHE Ha 3MEHIICHHS
ikiuimBoro ¢axropy aii BHIT Ha sKUTTeMisUTBHICTD JIO/IEH.
Merta po3MiHyBaHHSI MOJISITAE B TOMY, 100 3HU3UTH MIHHY
HeOe3leKy [0 piBHA, HPH SKOMY JIIOAM MOXYTbh KUTH
0e3re4yHo; TpU SKOMY €KOHOMIYHMH, COLaJIbHUA 1
¢izionoriuHui PO3BUTOK MOXKe 3MiICHIOBATHCS
0e3neperKkoiHO, He HapakalouKlCh BIUIMBY OOMEXEHb, IO
BUKJIMKAIOThCS BIUIMBOM 3a0pyAHEHHsS! TEepUTOpii YKpaiHu
BHII. T'ymanitapHe po3MiHyBaHHs, Ha BIIMIHY Bij
BIHCHKOBOTO, mependavyae KOMIUIEKCHMH —OrJsiL  yciel
TEpUTOPIi, e TpUBaK OOHOBI JIiT, BU3HAUYEHHS HEOE3EUHUX
paiioHiB, BHSBIICHHS 3a0pyJHEHUX BHOYXOHEOE3NeuHHMHU
npeIMeTaMl  JUISHOK Ta 1X OYMILNEeHHS, IICIs YOro
MICIIEBICTh CTa€ MOBHICTIO MPHUIATHOIO JUISi BUKOPUCTAHHS
[2]. Icuye Tpu BHIH PO3MiHYBAHHS: OTIEpaTHBHE, BiiCHKOBE
Ta ryMaHiTapHe.

OnepatuBHe pO3MIHYBaHHS BHUKOHYEThCS B  pasi
HEBIIKIaqHOT HEOOXIMHOCTI mpaiiBHUKaMu Jlep:kaBHOT
cryx0n 3 HamBmuaiiaux curtyanii (JJCHC), camepamu
mommii Ta axiBmamu Jlepikcmencayx0u  TpaHCHIOPTY
(ACCT).

BiiicpkoBe po3MiHyBaHHS — I1€ TIPOLIEC, IKUH BUKOHYIOTh
CONAATH Ui PO3UMINCHHSA NUIAXY, 00 BiACHKOBI MOTIIN
MPOCYBATHUCS il Yac KOHQIIKTY. Y [[bOMY BHIAJIKy MiHH
3HEIIKOKYIOTECS JIMIIE B TOMY BHIAIKY, SKIIO BOHH
OJIOKYIOTH CTpaTeTiuHi MUIIXH, HeOOXiHI AJIS MPOCyBaHHS
a0o BiACTYITy CONIATIB HA BilHI.

l'on0BHOIO METOIO TYMaHITAPHOTO PO3MIHYBaHHS €
IUTAHOBE OYMIIEHHS 3€MJI, 00 HUBUIBHI OCOOM MOTJIH
MOBEPHYTUCST 1O CBOIX JIOMIBOK 1 BHKOHYBAaTH CBOI
MOBCSIKIEHH] cripaBu 0e3 3arpo3u IS JKUTTA i 3I0pOB S
3amava ryMaHITapHOTO PO3MiHYBaHHS — BiIHOBIICHHS MUY
Ta Oe31eKn Ha PiBHI TpoMaIn.

Momyx Ta imentudikanis BHII mma rymaritaprOTO
PO3MIHYBaHHS 3 METOK 3MEHIUCHHS pHU3MKIB 3 INHUTaHb
Oe3MeKn JIIONCH, sKi WOro 3IIMCHIOIOTH, € KOMIUICKCHHM
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3aBJaHHAM Ta BHUMarawTh 3actocyBaHHs PTC s Horo
mpoBenenHsi. PTC s mpoBeneHHS TyMaHITapHOTO
pO3MiHYBaHHS IIOBHHHI OyTH OCHAICHI BiIOBITHIMH
JeTeKTopaMu  (CeHcopamHM,  JlaTYMKaMH),  3aco0amMu
MIPUAHSTTS PilIEHb TA 32CTOCOBYBATUCH HA €TAIax PO3BIJIKH,
MOILYKY, JIOKAIlii, MapKyBaHHS, inenTradikarii,
3HEIIKOKEeHHs Ta 3HumeHHs BHIT [1].

BHII mMo>xHa BUSIBIISITH 32 PaxXyHOK TPhOX (haKTOpiB:

— HasBHICTB 30CepeKEHOT MacH BUOYXOBOI PEUOBHHU;

— XxapakTepHa KOHCTpykuiss MiH Ta BHII (dopm,
Matepia KopIycy, KOJip TOIIO);

— TIOpYIIEHHS OJHOPIAHOCTI HaBKOJIHUIIHBOTO (hOHY
(KONBOpY POCIMHHOCTI, IIUTEHOCTI IPYHTY TOILO).

OCHOBHI IJTi Ta MeTa TyMaHITapHOTO pPO3MiHYBaHHS
MOXe OyTH JOCSTHyTa Ta IIOBUHHA Oa3zyBaTHCS Ha
KpeatuBHOMY miaxoxai. KpeatuBHuWil minxin nependavae
3aCTOCYBaHHS HOBITHIX 3aco0iB, 30KpeMa Oe3MiJIOTHHX
JITaNbHUX  amnapaTtiB, Ha3eMHUX POOOTOTOTEXHIUYHHMX
KOMIIJIEKCIB Ta CUCTEM, CUCTEM 31 IITYYHUM IHTEJIEKTOM, SIKi
MOXYTh 0€3 BTpPYYaHHS JIIOJMHM BH3HAYaTH HAasBHICTbH
HeOe3NeKH MUISTXOM JOCIIKEHHS pe3y/bTaTiB 00CTEeKEHHSI
teputopii BITJIA Ta yrpaBiaiHHSIM SIKICTIO PO3MiHYBaHHSL.

Cucrema YIpaBIiHHS SKICTIO PO3MiHYBaHHS
CKJIaJIa€ThCs 3 IBOX YaCTHH:

— Ile TapaHTid AKOCTi, TOOTO BIEBHEHICTb y TOMY, ILIO
oreparop, SKUH 3assBUB CBOIO CITIPOMOXKHICTh PO3MIHYBaTH,
JICHO Ha I1e CIIPOMOYKHHT;

— KOHTPOJIb SIKOCTI.

[piopureTHUMH AJIs1 PO3MIHYBaHHS € 00’ €KTH €NeKTPO-,
BOJI0-, Ta30-, TEIJIONOCTaYaHHs, KPUTUYHOI ¥ TPAaHCIIOPTHOL
iH(PaCTPYKTYpH, CLIIBCHKOTOCIIONAPCHKI 3eMJTi TOILIO.

[epumit  eram  ryMaHiTapHOro  pPO3MiHYBaHHS
PO3HOYMHAETECA 3 OLM(PYBaHHSA CYyTHHKOBUX AAaHUX Ha
MpeaMeT KpaTepiB, OKOIIB, TPAHIIEH, aHOMaJIi Ta IHIIMX
HEOJJHOPIIHOCTEH 110 BCiil TepuTOopii YKpaiHu.

Jpyruii piBeHb JaHUX — II€ Bi3yalibHa IHCIIEKIs 3a
nmonomororo BITITA, sxuii Busiase BHIT na 3emuri.

Tperiii piBeHb JaHUX — 11e BUOYXOHEOE3MeuHi peIMeTH
miZ 3emiero. IX IIyKaroTh 3 J0MOMOTOI MArHITOMETpIB,
TEPMOKaMep, MYJIBTUCIEKTOPAILHIX Kamep, XIMIYHHX
CEHCOPIB 1 METAIOIIYKAYiB.

He3Baxkatoun Ha 3Ha4YHY KUIBKICTh HayKOBUX DOOIT i3
AHOI TEMATHKH, HA CHOIOAHI CKJajgacs TEHICHINs
PO3MEKYBaHHS 3a3HAYEHUX MUTAHb.

PoGoru mo crtBopenHto PTC y cdepi rymanitapHoro
pO3MiHyBaHHS BeXyThCS B YKpaini i 3a kopmoHom [1]. B
VYkpaini Ta CBiTI BUKOHAHO 3HAYHUI OOCST MOCIIiIKEHb
TEOPETUYHOTO Ta EKCHEPHUMEHTAILHOTO XapakTepy, sKi
CTOCYIOTBCS pO3p0OKH MOOUTEHUX poOoTiB. HasBHI okpemi
JOOCTIKCHHS CTaTHYHUX XapaKTepPHUCTHK, PO3pOOIIeHi
nocaigdi 3pasku PTC y cdepi rymaHiTapHOTO PO3MiHYBaHHS
Ta IpoBeeHa ix ampobais [1, 2].

Tomy mpobiema po3poOIeHHS KPEaTHBHOTO i IXOAY 10
3aCTOCYBaHHS POOOTOTEXHIYHHX KOMIUIEKCIB y cdepi
TYMaHITapHOTO PO3MiHYBaHHS € aKTyaJbHUM 3aBIaHHSM.

EBomtortist po3sutky PTC nokasye, HaCKIIbKA MIBUIKAM
€ PO3BHUTOK JaHOi ramysi. Bin mosBu nepmoro podoTa, sKuit
Mir' BHKOHYBaTH caMmi MPOCTi omeparii, IO MacoBOTO
BHPOOHHIITBA POOOTOTEXHIYHMX KOMILICKCIB MPOUIIIIO HE
Oimeme 70 pokiB. Sk TOKa3ye CTaTHCTHKA, 3POCTaHHS B
iHAYycTpii POOOTOTEXHIKM TPOAOBXKYE OyTH BHOYXOBHM.
CporoziHi iCHye BeqM4Ye3Ha PI3HOMAHITHICTH POOOTIB, SIKi
3aCTOCOBYIOTBCS y TYMaHITaApHOTO pO3MiHYBaHHS.
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OCHOBHI eTany IMpouecy TyMaHITapHOTO pO3MiHYBaHHS
MOYKHA PO3JIUIMTH Ha €Taly, SKi HaBeJeHi y Taom. 1.

Tabmumst 1. ETamum  mpomecy — TyYMaHITapHOTO
03MiHYBaHHSI
Howmep eramy 3MicT eTarry
1-if etan Hertexniune o6cTexeHHs
2-i1 etan TexHiuHe 00CTEKEHHS
3-i1 eran Po3minyBaHHs TepUTOPIi,
3a0pynuennx BHIT Tta ounimenHs
paiioHiB BeieHHS OOHMOBHX it
4-ii eran Yrunizanis (3HUIIEHHS,
3HemmKokeHHst) BHIT
5-it eran KoHTponb siKOCTI pO3MiHYBaHHS Ta
nepeiaya TEPUTOPiH, 3a0pyIHEHHX
BHII ix kopucTtyBauam

Hetexniune obctexenns (HTO) mnepembauae 30ip,
aHaJI3 Ta OLIHIOBaHHs iH(pOpMallii CTOCOBHO TEPHTOPIT IS
BUKOPHCTAHHS TeXHIYHUX 3ac00iB momryky BHII.

TexuiuHe 0OCTeKeHHsI BKJIFOYAE 30ip Ta aHaN3 JaHHUX
PO HAasBHICTh, THUI, PO3MOIUI Ta HABKOJIUIIHI YMOBH
3HaXO/DKEHHS MiH Ta BHOYXOHEOE3NEeYHHX MpeAMETIB i3
3aCTOCYBaHHSIM  TEXHIYHMX 3aco0iB, 100  TOuHIiIIE
BU3HAYUTHU MiCIIe, Jie TPUCYTHI MiHK Ta BUOyXOHeOe3MneuHi
Ooernpumacu, a Jie iX HeMae, JUIs CIPUSHHS NpiOpUTU3aLii
BUBUJIBHEHHS 3eMejIb Ta 3a0C3MCUeHHS MPUAHATTS pIlIcHb
[UIIXOM HagaHHs (akTis [2].

Po3minyBaHHs monsrae |y 3IiHCHEHHI oreparin
BUSIBJICHHS, BHJQJieHHs a00 3HUINEHHsS MiH Ta
BUOyXoHeOe3neuyHnx OoempuriaciB, a Juis omepamii 3
PO3MiHYBaHHS MOXXE TakoX OyTu motpiOHe 3a0e3rnedyeHHs
JOCTYITy, JIarHOCTYBaHHS, IPUBEACHHS B O€3MeUHUI CTaH,
ocraTouHa ytuiizaiis ta (y pasi norpedu) 3axucHi podoTH.

OuwulieHHsT paiioHIB BelleHHsT 00MOBHX Nii mnepenbayae
BUSIBJICHHS Ta 3HEIIKOKEHHS B MIEBHUX paliOHax, HA SKUX
Benucs 00MOBI i 1 IKi MOXKYTh BKJIFOYATH 0OOPOHHI MO3HIIIT
Ta Mmicis, ae Oynu BuITylieHi abo CKMHYTI aBialiitHi abo

apTuiiepiiicbki  Ooempumnacu,  BKIIOYAIOYM  KaceTHi
Goempunacy.
VYrumizamis, 3HCIIKOMKCHHS (3HMINCHHS) MIH Ta

BUOYyXOHEOE3NeUyHUX MPEJMETIB BKIIOYAE BCI aACHEKTH
BUSIBJICHHS Ta 3HEIIKO/DKEHHs OO€NpHIaciB, M0 He
po3ipBaimcs, [UIAXOM  HpPOBEAEHHS  oOmepamii 3
po3minyBaHHS. BukoHaHHS omepartii 31 3HEMIKOKEHHS Ta
saumenHs BHII Bapitoetbes Big BIAHOCHO IIPOCTHX
METOJIMK 3HEIIKO/PKEHHSI Ta BiJJKPUTOTO MiJPUBY IO JIyXKe
CKIaJHUX TMPOMICIOBHX TPOLECIB i3  3aJydeHHSIM
BiJIOBiTHUX (haxiBILiB.

KoHTponb AKOCTI pO3MiHYBaHHS — €JIEMEHT IPOIECy
YIpaBIiHHA SKICTIO PO3MiHYBaHHS, SIKHI 3a0e31euye TTOBHE
JOTPUMaHHS BIMOT IOJIO JTiKBiAaIlii HeOe3ek, OB’ I3aHuX
3 BHII, a Takok KOHTpOJb 32 HOTPUMAHHSIM BHUMOI' OO
SIKOCTI pO3MiHYBaHHSL.

Ha tenepimHifi yac Ans TyMaHITaApHOTO PO3MiHYBaHHS
mepesioBi KpaiHu CBITY PO3pPOOINIAIOTH Ta BHKOPHCTOBYIOTH
cydacti MobuteHi PTC.

OcHoBHa yBara TmpuuiIseTcsi cTBOpeHHI0 PTC
301IbIIeHOT aBTOHOMHOCTI. Uepe3 cnenudiky 3aBmaHb, M0
MiUIATaf0Th BUpiMeHHo, MoOiTbHI PTC y1ockoHAOIOTECS
Uis  3a0e3ledeHHsT MOMJIIMBOCTI  TSATH B peanbHIN
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00CTaHOBIII 32 YMOBM 4YacTKOBOI a00 MOBHOI BiJICyTHOCTI
BUXigHOI iH(popMamii mpo cepemoBuiie (YHKIIOHYBaHHS.
OCHOBHOIO TEHJCHIIIEI0 3/IHCHEHHS LUX TIPOEKTIB €
JIOOCHAIIIEHHS! KOMIUIEKCIB, 1110 3HaXOJSTHCSI Ha 030pOEHHI,
IU(ppPOBUMH 1 aHAJOrOBHMH Bi3yaJIbHUMH CHCTEMaMH,
3aco0aMy aBTOMAaTH3allil YIpPaBIiHHSI, KaHalaMd 3B SI3KYy
(pamio 1 OINTOBOJOKOHHMMH) Ta 3aco0aMu YIpaBIIiHHA
PYXOM, 3aCHOBaHHMH Ha MOJYJBHOMY TNpHHIUM [6].
BincyTHicTh 0CO0OBOTO CKJagy B 30HI ypakeHHS 1
3actocyBanHd PTC 3HayHO MiABHUINYIOTH MOpPAJIBHO-
TICUXOJIOTIYHHIN CTaH BIHCBKOBOCITYOOBIIIB 1 320€3MEUYIOTh
e(EKTUBHICTh BHKOHAHHS OOWOBMX 3aBJaHb, ICTOTHO
3HWKYIOUH JI0 TOTO K OOMOBI BTpaTH.

BopHowac, omHMM 3 aKTyalbHHUX Yy CBITI HampsMiB
po3pobisiennst PTC, y 3B’43Ky 3 pO3BUTKOM Pi3HOMaHITHHX
OesmimoTHux  JitaneHux  amapatiB  (BIUJIA), crana
aKTHBi3alis imei mono 3acrocyBaHHs BIUIA nns BeneHHs
PO3BIIKM Ta KapTorpadyBaHHS TEPUTOPIH, 3a0pyIHEHHX
BHII, nomyk, igentudikaris mia ta BHII, a Takox ix
nucraduiine  3aumends.  DBIUUIA  3patai migHiMaTH
amapatypy Baroto moHan 50 Kr, 3aBHCaTH Hall 00’ €KTaMu,
JITaTH aBTOHOMHO 32 3aKJIaIEHOI0 Y HhOMY IPOTrpaMi TOIIIO.

BITJIA  3pgatHi  Tako)X  BUKOHYBAaTH  3aBIaHHS 3
IUCTaHLiiHOroO 3HuIeHHd Mid Ta BHII.
KpiMm Toro, mim uac BedeHHs OOHOBHX Jiif 1

KOHTPTEPOPUCTUYHUX OIEpalliii, BUHHKAE HEOOXIIHICTh
NPOBECTH INPUXOBaHY IHXXEHEPHY PpO3BIJIKY MICLEBOCTI,
MapuIpyTy pyXy Ha HasBHICTh YCTaHOBICHHUX abo
BiACYTHOCTI MiH, BHOYXOBHX IIPUCTPOiB, JerKuid abo
taktiuHud BITJIA BepTOJNITHOrO YM JITAKOBOTO THIY,

OCHALIEHU] MOJTYJTbHOIO MajorabapuTHOO
PO3BIIyBATBHOIO amapaTypord 3 BHCOKOK pPO3Pi3HEHOO
3ATHICTIO, 06araTo30HaIbLHOIO TEJIEBI3IHHOIO,

TEIUIOBI31HHO0, HENIIHIMHOIO PaioNIoOKalli€lo, Y MOEIHAHHI 3
aBTOMAaTHU30BaHOIO CHUCTEMOIO TOIOIPHB 3K Ha OCHOBI
I'JIOHACC (GPS) i undpoBoro 06po6koro iHpopMmaitii, 1o
JIaCTh 3MOT'Y Ha BIJICTaHI JI0 JIECATKIB KiJIOMETpPiB BUSIBIIATH
1 BU3HAYaTH KOOPAWHATH MIHHUX TOJIB 1 MiCI[b YCTAHOBKH
MiH Ta BHIL

o HaN OB PO3MOBCIOPKEHUX PTC, K1
3aCTOCOBYIOThCSI Y cepi TyMaHITapHOrO PO3MIHYBaHHS,
BIJTHOCSITBCSI TaKOX BiKChbKOBI poboTu cepii SuperDroid
Robots.

OcHOBHE I[IbOBE  TpH3HA4YCHHS poOOOTIB  cepii
SuperDroid  Robots -  omepatuBHa — pO3BiaKa,
CIIOCTEPEKEHHS, TIOUIYK, BHUSBJICHHS, 1AEHTH]IKAIis,
BUJIyYCHHS, IIE€PEMIIICHHS, 3HEIIKOKEHHS, YTHIIi3aIlis
BHII, ounmieHHs NpUMILIEHb Ta TEPUTOPiH, 3a0pyAHEHUX
BHII, 3gilicHeHHS TyMaHITapHOTO pPO3MiHYBaHHS Ta
BUKOHAHHA IHIIMX 3aBJaHb, SKi BHPINIYIOTECA Ha
TAaKTHYHOMY piBHs O0ioBOTO yrpasninus. L{i pobotu narwoth
3MOTY 3MEHIIUTH JIOJCHKI BTPATH i/l YaC BUKOHAHHS 3314
3 TYMaHITapHOTO PO3MiHYBaHHS, MPOBEACHHI
KOHTPTEPOPUCTUYHUX OIlepamiid, OmepaTHBHOI PO3BIIKU
TOLIO.

Hucranmiitanit 60K KepyBaHHS poboTtom (610K
ympaBmiHHsS onepatopa — OCU) 3giiicHIOETBCS 3a
JOTIOMOTOI0 ITU(PPOBUX PATIOCHUCTEM, SKI 3a0e3MeUyrOTh
3ammQpoBaHe JUCTaHIlIHE KepyBaHH. I orepaTHBHOTO
ympaBiinHs ~ poOotiB  cepii  SuperDroid  Robots
3aCTOCOBYIOThCS 3 BUIM IMCTAHLIHOTO KepyBaHHS:

0

— CTaHAapTHHUH TYJbT AUCTAHLIHHOTO KepyBaHHs. Lleit
MyJbT MICTUTBCA y (yTisipi, Mae BOYJOBaHI IPOMHUCIIOBI
JDKOUCTHKH Ta 12-I10MMOBHH TUCILICH;

— 00poOka BiZieo 3 YOTUPHOX PO3JUICHHX E€KpaHiB, sKa
JOCTynHa sK omuis. Takok IOCTymHa po3lMpeHa
KiHEeMaTHYHa MoJieNlb po0oTa Ta MaHIMyIATOpa, II0
BinoOpaxkaetbcs Ha PK-mucrutei OCU, 3abe3nedyroun
TOYHMM  3BOPOTHUM  3B’S30K  IOJO  IOJIOXKEHHS
MaHIITyJIsiTopa Ta BUsIBIICHHs nepemikon Ta BHIT;

— PETpaHCIIATOPU Ta BTOPHUHHI CTaHMIi AUCTAHIIHHOTO
MOHITOPUHTY, SIKI JOCTYIHI Uil BCIX HU(POBUX CHCTEM
KepyBaHHs poboToM. Ha puc. 1 HaBeIeHO 3aralbHIA BUTIISIT
pobora SuperDroid Robots Ta mydbT AMCTaHIIHHOTO
KEpyBaHHS JI0 HbOTO.

~

Pucynok 1. 3aranbHuii Burisy podota SuperDroid Robots
Ta MyJIbT JUCTAHIIHHOTO KEPYBaHHS

BinbuIicTh 1MX €JIeMEHTIB KepyBaHHS € CTaHJapTHUMHU

s pobotiB  cepii  SuperDroid Robots. Ane s
3a0e3neyeHHss e(QEeKTMBHOCTI B  CKIAJHMX  YMOBax
3aCTOCOBYIOTBCSl  CHEialibHI ~ METOAM Ta  MaKeTH
OIIEPaTHBHOTO YIPABIIiHHS.

beznpoToBe  KkepyBaHHS Ta  BiEOCIOCTEPEIKCHHS
CKJIaJIHI, 1 HA HUX MOXYTb BIUIMBATH Kibka Qakrtopis. Lle
BKJIIOYAE€ HASBHICTh MEPEIIKOJ, CTiH, EJIEKTPHYHUX
nepeikoy, penbed Ta naHmmadT MICUEBOCTI, 1HIM

panioyacToTHI MEPEUIKOAN TOILIO.

Haiinpocritmit  Tum  0e3JpoTOBOTO  KepyBaHHS —
ananoroBi RC cuctemu pagioyactoTHOro miana3zony. Bonu,
SIK TIPABHJIO, IEIIEBII Ta JJOCUTH CTIHKI 0 MpodieM mpsiMol
BUMMOCTI: HasiBHICTb CTiH, JIepeB, Naropois TOIIO.

HepmonikoM BUKOPHCTaHHS aHATIOTOBOI CHCTEMH € JIUIIIE
OJTHOCTOPOHHIM 3B’S30K OOMeXeHa MJaNbHICTh mepeaadi
JIAHUX Ta HECYMICHICTh 3 peTpaHCIsATOpaMu (Mepekamm)
cuctemu mesh.

Hudposi cucTeMu AMCTAHIIHHOTO YIIPABIiHHS AOCTYITHI
B Wi-Fi, Digital i High Bandwidth Smart Radio.

Wi-Fi GasoBmii THIT Tepemadi JaHWX Ta 3AiHCHEHHS
omepatuBHOro ympapiiHHsA. CHcTeMa YIpaBIiHHSI Ha
mwiatdopmi Wi-Fi cymicHa 3 yciMa JOCTYIHUMH OIIisIMA
IUCTaHIiiiHOTO KepyBaHHSA. Cuctema Wi-Fi Haiikparie
MPALIOE B MICIISX 3 MiHIMaIBHUMH Tiepernkogamu Mixk OCU
Ta pobotom. americTs Aii — 10 100 M.

Digital Radio System (uudpoBa pamiocucrema), sKa
3abe3mnedye MiATpUMYBaTH CTAOUTFHIN MEPEKEBUH 3B’ 30K
Ha BEJMKWX BiacTaHsax. TumoBnit aianas3on mii Big 300 M 1o
800 m.

High Bandwidth Smart Radio — cuctema pamioss’si3ky 3
BHCOKOIO CMYTOI0 IPOIYCKaHHS, sKa IOEIHY€E Iiala3oH
mudpoBOTO pamio 3 MOXIMBICTIO mepemadi witkoro HD-
Bimeo. OnTHMi3oBaHI KaHaMM 3a0e3MeUyIOTh BiIMiHHE
KepyBaHHS, Tiepeqady ayaio Ta Bigeo iHpopMarii.
IHTeNneKTyabHe MiKpoIporpaMHe 3a0e3evYeHHs
BCTAHOBIIIOE TPIOPUTETH ISl KEPyBaHHS, 3a0e3Medyrodn
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0e3mepebiiiny podoty poOoTiB. Tumoswmii miama3oH Iii Bif
300 M go 800 m.

Jns  omepaTuBHOTO  ympaBiiHHS — poOoOTiB  cepii
SuperDroid Robots MOXyTh 3aCTOCOBYBATHCH TaKOXK
JIPOTOBI BapiaHTH (ONTOBOJIOKOHHUI KaOellb, «BHUTA Mapay),
e 3aCTOCOBYBaHHS paiogacTOTHOTO Jiarma3ony
HEMOJXKJIMBE.

OnHUM i3 IIUISIXIB Y IOCKOHAJICHHS CHCTEM OIIEPaTHBHOTO
ynpasiiaHs PTCe piBeHb «iHTEIEKTyalbHOCTI», IO pOOUTH
po3podky PTC myke BaXXIMBOIO TeMO. [HTEIEKTyaIbHUIHA
PTC — me poOort, mo BKIIOYA€E iHTEIEKTYaIbHY CHCTEMY
ynpasninas (ICY) [3].
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Pucynok 2. Mogaens ICY PTC rymanitapHoro
PO3MiHYBaHHS

ICY o3Hayae KOMI'IOTEPHY CHCTEMY [UIS BHPIIICHHS
3aBJaHb, SIKI JIFOMMHA HE MOXKE BHPIMIMTA B PEKHAMI
peanpHOro  yacy, abo TXHE  PpINICHHS  BHMAarae
ABTOMATH30BaHOI MMIATPUMKH a0 [a€ pe3yabTaTH, SKi
MOJKHA TIOPIBHSTH 3 PillICHHAMH Jitoaunu. [Ipu oMy, cepen
IHIIIOr0, MAETHCS HA YBa3i, 10 IS PO3B'I3yBaHHUX 3aBAaHb
ICY He nepezabavae MOBHOTH 3HaHb, a cama ICY moBuHHa
MaTd MOXJIMBICTh YHOPSJKOBYBATH JIaHI Ta €KCIEPTH3Y 3
BUJIUJICHHSIM CYTTEBUX MapaMmeTpiB, MPUCTOCOBYBATHCS 0
3MiH HaOopy (axTiB i 3HaHb, TomO. KoHIENTyasHa MOJEITh
ICY poOOTOTEXHIYHUMH KOMIUIEKCAMH T'yMaHITapHOTO
PO3MIHYBaHHS Ha OCHOBI BepOaJIbHUX METOJIIB HaBeIeHa Ha
puc. 3.

Mogens ICY PTC Brinroyae Taki e1eMeHTH: 010K OLIHKH
CTaHy 3OBHIIIHBOTO CEpeNoBHINA, Oi0ioTeka Jiarpam
mporieciB ynpaBiiHHs, 010k kepyBanHs PTC, 6iGmioTteka
Nifi, piBeHb BHKOHAHHS JUIsI BHUKOHABYMX MEXaHI3MiB
pobotoTtexniunoro komruiekcy (BMPK), HaGopm komann
s BMPK, rpymny excrniepTiB Ta onepaTopis.

[11.BUCHOBKHA

[IpoBenenuii aHamiz Aae 3MOTy OiHTH BHCHOBKY IIpO
CKIIQTHICTB TTPOOJIEMH JOCATHEHHS IIIEH CTaJIOro PO3BUTKY
y cdepi TymaHITAPHOTO PO3MIHYBaHHS i3 3aCTOCYBaHHSIM
PTC. Po3p’s3anHs 1i€i mpoOiemu moTpedye KpeaTHBHOCTI,
KoMmIutekcHoro migxomy Ta ICY PTC Ta JI03BOJISIE
po3pobutn moneni ICY sk Ha Ha piBHI TIPUAHATTS PIlICHB,
TaK i HA BUKOHABYOMY PiBHI.
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Digital Technologies for Monitoring the Dielectric
Properties of Carbon-Carbon Composites

Vitalii Ovcharenko, Olena Tokarieva

CITAR Department, Kharkiv National University of Radio Electronics, UKRAINE,
Kharkiv, Nauki Ave. 14., e-mail: olena.tokarieva@nure.ua

Abstract: The paper discusses the implementation of
digital technologiesin monitoring the dielectric properties of
carbon-carbon composites. It is shown that real-time
measurement of complex dielectric permittivity enables
control of key parameters during graphitization, pyrolysis,
and impregnation processes. The integration of dielectric
spectroscopy methods with automated control and digital
modeling systemsis substantiated, ensuring adaptability and
accuracy of modern manufacturing processes.

Keywords: digital technologies, monitoring, dielectric
permittivity, CCCM, automation.

|. INTRODUCTION

Modern high-tech materials manufacturing requires
monitoring methods capable of tracking dynamic changesin
the structure and properties of materials in real time. Each
material is characterized by a specific set of electrophysical
properties, which are largely determined by its dielectric
behavior. The electricd parameters of materials are
generally described in terms of electrical conductivity and
dielectric permittivity. Conductivity reflects the ability of a
material to conduct electric current and is directly related to
its specific el ectrical resstance. At the same time, dielectric
permittivity quantitatively characterizes the degree of
polarization induced in the materia under theinfluence of an
applied alternating e ectric field. This parameter isone of the
key factors that determine the €eectromagnetic,
thermophysical, and electrochemical behavior of amaterial.

For carbon-carbon composites (CCCM), monitoring
dielectric propertiesis of particular importance, asthey serve
as indicators of microstructural changes, phase transitions,
impregnation level, and the degree of graphitization.
Dielectric properties, especially the complex dielectric
permittivity, are highly sensitivetothermal, el ectromagnetic,
and chemical factors.

Therefore, they form the basis for building automated
control sysems for technological processes, since they
provide objective feedback directly during material
processing. One of the key directions of development isthe
integration of dielectric spectroscopy methods into digital
monitoring systems.

1. MODELING AND ANALYSISOF THE
OBTAINED RESULTS

Monitoring dielectric properties during the production of
CCCM is an effective tool for controlling the key
technological parameters of the process. This enables real -
time regulation of temperature, pressure, heating rate, and
impregnation parameters, ensuring increased stability,
reproducibility, and, as a result, high final materia quality.
The use of didectric observation methods provides a deeper
understanding of the physicochemical changes occurring

inside the composite structure, thereby contributing to the
optimization of technological solutions.

The complex dielectric permittivity ¢*(w) isafunction of
the frequency of the applied electric field and is calculated
asfollows:

£'(w) = £ (0) - je (@),

wheree (w) —thereal part, which characterizesthe ability
of the material to accumulate electrical energy;

¢ (w) — the imaginary part, associated with thermal
energy lossesin the material.

The use of high-frequency measurement systems makes it
possible to register both the real and imaginary components
of permittivity, which respectively reflect the energy storage
capacity of the material and the level of losses. The obtained
frequency and temperature dependencies allow real-time
identification of relaxation processes, interfacial
polarization, and structural transformations that criticaly
affect the quality of the fina product.

One of the critical technological parameters is the
temperature gradient, which directly affectsthe direction and
intensity of structural formation. A high gradient promotes
the development of an ordered, anisotropic structure with
improved therma conductivity, but its excessive increase
can induce internal therma dresses and microcracks.
Continuous monitoring of dielectric properties enables
tracking the uniformity of materia heating and timely
adjustment of the temperature field, thus preventing local
defects.

The maximum processing temperature is another key
parameter regulating the degree of graphitization, final
porosity, and electrical conductivity of the composite. To
achieve the necessary dstructural transformation, the
temperature is typically set in the range of 1600-2200°C.
Insufficient heating results in the preservation of the
amorphous phase, whereas exceeding the optimal level may
cause excessive shrinkage or structura degradation. Changes
in the imaginary component of the complex dielectric
permittivity serve as a reliable indicator of structural
transformation stages, providing accurate determination of
the completion of graphitization.

Furthermore, heating and cooling rates require automated
regulation, as rapid thermal changes may cause residual
stresses and structural defects. Slow temperature elevation
ensures uniform shrinkage and contributes to the
stabilization of the internd structure, while rea-time
didectric monitoring enables the prompt identification of
phase trangtions accompanied by changes in polarization
mechanisms, thereby allowing adaptive correction of the

M&M S 2025, 24-25 October, Kharkiv, Ukraine



temperature profile according to the current state of the
sample.

The study of dielectric properties of carbon—carbon
composites is highly relevant in the context of monitoring
structural changes during their production, particularly under
thermogradient processing and multistage impregnation. At
low frequencies (50 Hz - 1 MHz), the most suitable methods
are those that account for the complex heterogeneous nature
of composites, particularly interfacial effects. One of the
most effective approaches to modelling the dielectric
permittivity of such materials is the generdized Maxwell-
Wagner model, which represents a development of the
interfacial polarization theory applied to porous, layered, and
multiphase systems. In this framework, the complex
dielectric permittivity is described as a function of the
frequency of the applied eectric field:

Ae

& =&, + ,
(w) 1+ jwt

where ., — high-frequency dielectric permittivity, which
reflects instantaneous pol arization (el ectronic and atomic);

Ae — dielectric relaxation strength, or the dispersion
amplitude, equal to the difference between the static and
high-frequency didectric permittivities;

T — relaxation time, which characterizes the period
required for polarization equilibrium to be established after
achangeinthe eectric field.

A characteristic temperature dependence of the real and
imaginary parts of the complex dielectric permittivity for
CCCM, modeled usng the Maxwell-Wagner model in the
temperature range of 600-1600°C at a frequency of 1 GHz,
isshowninFig. 1.

0 ¥ 58 T e
Fig. 1 - Temperature dependence of the real and

imaginary parts of the complex diel ectric permittivity of
CCCM

o L1 J(n

Anaysis of the experimental data shows that, with
increasing temperature, the real part of the complex
dielectric permittivity increases monotonically. This trend
directly correlates with an increased degree of graphitization
of the material, reduced porosity, and improved structural
ordering. At the same time, the imaginary part of the
dielectric permittivity demonstrates a pronounced relaxation
maximum in the temperature range around 1200°C. This
peak indicates intense relaxation processes associated with
phase trangitions or deep dructural rearrangements,
including the removal of residual volatile components, local
deformations, or changes in the topology of the porous
network. Such behavior is typica of heterogeneous
composite systems, where interfacia polarization and
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heterogeneity of conductive properties cause significant
didlectric losses at specific critical temperatures.

Theinformation obtained from ¢'(T) and &”(T) can be used
as an informative indicator for monitoring interna changes
in the material during heat treatment. In particular,
stabilization of &' at high temperatures signals the
achievement of a saturated state of graphitization, whilelocal
peaks of €” allow the identification of temperature ranges in
which relaxation or diffusion processes occur.

These functional dependencies can be integrated as a
feedback element into automated control systemsfor the heat
treatment of highly loaded composite materials. Such an
approach ensures improved final material quality by
accurately regulating the temperature profile, optimizing
impregnation modes, and minimizing the likelihood of
structural defects.

An important component of digital monitoring is the use
of mathematical models. Among them, the Maxwell-Wagner
moddl, which describes interfacial  polarization in
heterogeneous systems, and the Maxwell-Garnett model,
which allows evaluation of porosity effects on effective
dielectric permittivity, hold speciad importance. Using these
models in combination with experimental data provides a
high level of predictive reliability and enables optimization
of processing parameters.

Digital technologies make it possible to integrate
diagnostic results into automated control systems. The
combination of microwave probes, induction heating, and
software-based regulation creates conditions for adaptive
control of graphitization and pyrolysis processes. This
dlows timely adjustment of temperature, heating rate,
pressure level, and other parameters that affect CCCM
microstructure formation.

[11. CONCLUSION

The application of digital monitoring technologies has
several advantages. Firgt, it ensures continuous control and
enables prompt response to any deviations. Second, such
integration improves the accuracy and reproducibility of
materia characteristics. Third, it creates prerequisitesfor the
use of intelligent control algorithms, including artificial
intelligence, capable of analyzing large datasets and making
optimal decisions without operator involvement.

The results confirm that digital monitoring of dielectric
properties is an effective tool for ensuring high-quality
CCCM. These technologies can be used both for real-time
control and for verification of numerical modds applied in
the design of technological regimes. This makesthem highly
promisng for widespread implementation in the
manufacturing processes of instrumentation, aerospace, and
energy industries.
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Modeling the Effect of Porosity on the Effective
Dielectric Permittivity of Carbon-Carbon Composites
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Abstract: The study examines the role of porosity in
shaping the effective dielectric permittivity of carbon-carbon
composites. Based on the Maxwell-Garnett model, it is
shown that even a minor increase in pore volume fraction
significantly affects the composite’s electrophysical
properties. Numerical simulation results alow for
quantitative assessment of structural defects’ impact and
optimization of manufacturing regimes. The use of dielectric
monitoring data for validating effective medium models is
substantiated.

Keywords: porosity, dielectric permittivity, CCCM,
modeling, Maxwell-Garnett, automation.

|. INTRODUCTION

Porosity is one of the defining characteristics of carbon—
carbon composites (CCCM), directly influencing their
electrophysical, thermophysical, and mechanical properties.
Even dight changes in the pore volume fraction can lead to
significant deviations in material behavior, especially under
conditions of high temperatures and exposure to
electromagnetic fields. In this regard, the development of
model s capabl e of quantitatively describing the influence of
porosity on the dielectric properties of CCCM and applying
these results in automated control systems for technological
processesis highly relevant.

The effective dielectric permittivity of heterogeneous
materials, particularly composites with a porous structure,
can be described using effective medium models. One of the
most convenient and widely applied is the Maxwel l-Garnett
model. It is based on the representation of a composite as a
combination of a matrix with a given dielectric permittivity
and inclusions (in this case, pores) filled with gas, whose
permittivity is close to unity.

1. MODELING AND ANALYSISOF THE
OBTAINED RESULTS

In developing mathematical models for quality control in
the production of CCCM, it is expedient to apply generalized
effective medium models, particularly the Maxwel|-Garnett
model. This modd makes it possible to describe the
macroscopic electrophysical properties of heterogeneous
materials on the basis of microscopic characterigtics of their
constituent phases.

The main advantage of this model lies in its analytical
simplicity and its ability to account for the influence of the
volume fraction of inclusions, the dielectric properties of
each phase, and the specificsof their geometrica distribution
on the resulting effective characteristics of the composite.
For CCCM, the Maxwell-Garnett model alows accurate
consideration of the effect of porosity formed as a result of
pyrolysis or thermogradient impregnation on the effective
didectric permittivity.

Within this model, the effective dielectric permittivity of
acomposite is calculated according to the formula

B (si + 2£m) + Zf(ei — em)
T (e v 2e,) — f(e )

where ¢, — dielectric permittivity of the matrix material
(host medium);

g — didectric permittivity of the inclusion material
(dispersed phase);

f — volume fraction of inclusions in the composite (0 < f
<1),i.e., the ratio of the inclusion volume to the total volume
of the composite.

Analysis of the complex dielectric permittivity enablesin-
depth investigation of relaxation processes occurring at
phase boundaries in complex structured materials. This
approach is particularly informative for studying the
properties of CCCM, since it provides the possibility of
interpreting experimental datanot only at thelevel of integral
macroscopic values but also in the context of local structural
changes, phase composition, and the degree of homogeneity.

The real (¢') and imaginary (¢”) components of the
complex dielectric permittivity are expressed as.

' Ae " Aswt
£ (a)) =&, t+ m, £ (w) = e’

The analysis of changes in €' and &” across frequency and
temperature ranges forms the basis for identifying
characteristic  relaxation  parameters,  determining
polarization mechanisms and electrical losses, as well as
assessing the influence of microstructural features on the
overdl eectrophysicd behavior of the material. This
methodol ogy underpinsthe correct interpretation of physical
processes occurring during the formation, modification, or
operation of CCCM, whichinturnisanecessary prerequisite
for the development of effective mathematical models and
algorithms for technological process control.

The determination of the complex dielectric permittivity
of CCCM, according to the chosen model, can be effectively
implemented using high-frequency diagnostic methods that
allow recording of changes in €'(w) and &£"(®w) over a wide
frequency range.

InFig. 1, acharacterigtic frequency dependence of the real
and imaginary parts of the complex dielectric permittivity for
CCCM, modeled on the bass of the Maxwell-Wagner
model, is presented.
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Fig. 1 — Characteristic frequency dependence of the real
and imaginary parts of the complex dielectric permittivity
of CCCM modeled using the Maxwel|-Wagner model

Analysis of the presented frequency dependence of the
complex dielectric permittivity shows that the red
component €', denoted by the solid line, smoothly decreases
from 12 to 3 as the frequency increases. This behavior
indicates a transition from dominant interfacial (Maxwell—
Wagner) polarization at low frequencies to predominantly
instantaneous (electronic and atomic) polarization in the
high-frequency range. The characterigtic decrease in
didlectric permittivity with increasing frequency is typical
for heterogeneous composite materials with a non-uniform
structure. Meanwhile, the imaginary component &,
representing dielectric losses (dashed line), exhibitsa clearly
defined maximum at a certain frequency, corresponding to
the relaxation loss peak, which is a distinctive feature of
interfacial polarization in carbon—carbon composites.

The obtained dependencies are of high practica
significance: they can be used both as area -time monitoring
tool and for validating numerical models applied in the
design of optima technological regimes for CCCM
manufacturing.

According to the Maxwel-Garnett model, the effective
dielectric permittivity depends on the dielectric properties of
the matrix, the permittivity of inclusions, and their volume
fraction. For CCCM, this dependence has practical
importance, since porosity is formed during pyrolysis
processes and multiple impregnation cycles with a carbon
binder.

The results of numerical modeling performed using the
Maxwell-Garnett model, showing the dependence of the
effective dielectric permittivity of CCCM on porosity level
(9, %), interpreted as the volume fraction of air inclusions,
are presented in Fig. 2.

Numerical modeling shows that even a small increase in
porosity from 0to 2% causesan amost linear decreaseinthe
effective dielectric permittivity of the composite. This is
explained by the fact that air inclusions replace the volume
of the polarized carbon matrix, reducing the material’s
ability to accumulate electrical energy. As a result, both the
real component of permittivity, associated with energy
storage, and the imaginary component, reflecting energy
losses, decrease.

Under conditions of uniform distribution of inclusions and
their weak interaction, the Maxwell-Garnett model provides
a reliable description of changes in the electrophysical
properties of composites, offering a quantitative assessment
of the influence of microstructurad parameters on the
macroscopic behavior of the material. The decrease in
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effective dielectric permittivity with increasing porosity isa
critical factor for designing processing regimes and ensuring
quality control of CCCM.
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Fig. 2 — Dependence of the effective didectric
permittivity of CCCM on porosity according to the
Maxwell-Garnett model

Since dielectric permittivity directly affects the
radiofrequency, thermophysical, and sensing characterigtics
of composites, the ability to control this parameter by
regulating porosity enables optimization of materialsto meet
specific functional requirements. During thermogradient
impregnation or multiple carbonization cycles, precise
control of pore space structure ensures directed influence on
eeff, guaranteeing the formation of a homogeneous, stable
microstructure with predictable properties, which is a
prerequisite for the production of high-quality composites
with reproducible characterigtics.

The obtained results confirm that controlling porosity
level is a critical stage in ensuring the stability and
reproducibility of CCCM properties. In practica
manufacturing, this means that the number of impregnation
and pyrolyss cycles must be optimized to achieve the
required density and homogeneity without excessive time
and resource costs.

Modeling using effective medium models not only
explains the results of experimental measurements but also
allows prediction of material propertiesat the design stage of
the technological process. In particular, the integration of
modeling data into digital control systems provides the
possibility of adaptive regulation of heating, pressure, and
processing duration parameters, focusing on the desired level
of dielectric permittivity.

It isimportant to note that the Maxwell-Garnett model is
an approximate tool and assumes uniform distribution of
inclusions and their weak interaction. For CCCM, which
have acomplex anisotropic structure, thismay |ead to certain
deviations. Therefore, a promising direction for further
research is the combination of this model with more
sophisticated approaches that take into account fiber
orientation, heterogeneity of pore space, and interfacial
effects.

At the same time, even the basic Maxwell-Garnett model
makes it possible to draw important practical conclusions.
The decrease in dielectric permittivity with increasing
porosity means a deterioration of the material’s ability to
shield electromagnetic fields and a reduction in its thermal
conductivity. This is particularly critical for aerospace
applications, where CCCM are used as thermal protection
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coatings and gructural elements operating under extreme
conditions.

[11. CONCLUSION

The implementation of dielectric monitoring systems
during CCCM fabrication allows real-time assessment of
porosity levels using the dependence of permittivity on
structure. This creates the basis for building closed-loop
automated control systems, where data from measuring
probes are integrated into software regulating process
parameters.

Thus, modeling the effect of porosity on the effective
dielectric permittivity of CCCM is an important tool for
developing optimal regimes of heat treatment and
impregnation. The obtained results can be used both to
explain the physical mechanisms of property changes and to
create practical control algorithmsin production systems. A
promising direction is the further development of hybrid
models combining analytical calculations with numerical
simulations, which will increase prediction accuracy and
make the manufacturing process of CCCM more controlled
and economically efficient.
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Anomauin: B nanomy Matepiaii y3araibHeHa CTPYKTypa
JIOCITIJKEHb, CIPSIMOBAHNX Ha PO3POOKY IHTEJIEKTYyalbHHUX,
a/IalITUBHUX, €KOJIOT1YHO YUCTUX Ta JFOJIMHO-OPIEHTOBAHUX
CHUCTEeM IUIaHyBaHHS, 3[0aTHUX BIJNOBiIATH BHMOTaMm
CY4YacHOT MPOMHCIIOBOCTI Ta aBTOMATH3AILi.

Knrouosi cnosa: aBTOMaTH3allis, JIOTICTUKA, TIAHYBaHHS,
uu(poBi NBIHHUKH, PillIEHHS, B3aEMO3BSI3KH, BUPOOHUIITBO,
TEXHOJIOTI].

. Bcrvin

VY xonrtekcti Iumyctpii 5.0 muanyBaHHsS poOIT Mae
pO3BUBATHCA 33 MEKaMH  TPAAUI[IMHUX  IMIXOZIB,
OpIEHTOBaHMX JMIIe Ha e(eKTUBHICTh, 1 BKIIOYATH
Q/IalITUBHICTh, CTANWi PO3BUTOK Ta JIFOJMHOLICHTPHYHI
npusimny [1-8].

Texunonorii Inmycrtpii 4.0, Taki sk IHTepHer peueid,
uu(poBi IBIHHUKK Ta CEHCOPHI CHCTEMH, BXKE JO3BOJIUIU
peaiizyBaTH IJIaHYBaHHS B PEXUMI peallbHOro 4acy Ta
JMHAMIYHO-aIAIITUBHI MOJIEII YIPaBIIiHHSL

[Ipote OibLIICTh CyYaCHUX CUCTEM 1 JIOCI MOKIIAIAI0THCS
Ha CTATUYHI AITOPUTMH Ta He 3a0e31eUyI0Th KOMIUIEKCHOTO
BpaxyBaHHsI €KOJIOTTYHUX (PAKTOPIB 1 JIFOACKKOTO J0OpPOOYTY
y TIpolLieci MIaHyBaHHS.

Hus peamizauii 6ayenus Iapyctpii 5.0 y mpakTuuHHX
BUPOOHMYMX 1 JIOTICTUYHHUX 3aCTOCYBAaHHSX 3POCTAE
norpeba y CTBOPEHHI METOJIB JUHAMIYHOTO IUIAHYBaHHS,
SIKI IHTETPYIOTh TEXHOJIOTIYHI, EKOJIOTIYHI Ta COIiajbHi
BUMIpH. Y 3B’S13Ky 3 0OMEKEHOI KUIBKICTIO AOCIIDKEHb Y
uiit cepi gaHe MOCIIHKEHHS CIPSIMOBAHE HA KOMILICKCHY
OCHOBY JUIsl CTAJIOTO JIMHAMIYHOTO IJIAHYBaHHS POOIT.

Ll ocHOBa MOXE TIPYHTYBAaTHCA Ha CTPYKTYpOBaHHUX
MOJENSAX, fAKi YITKO  JEMOHCTPYIOTh, SIK  MOXHA
CHCTEeMAaTHYHO  IHTETpyBaTH  JWHAMi4Hi  (haKTopH,
eKOJIOTIYHI IapaMeTpu Ta JIIOJACBKI AacmeKTH y 3amadi
ranysanss 3, 7, 9-17].

3anpornoHoBaHa CTPYKTypa Ma€e Ha METi CTBOPUTH UiTKe
HIATPYHTSA U NOJAIBIIMX JOCITIKeHb, COPSIMOBAHHX Ha
pO3pOOKYy IHTENEKTyalbHUX, aIalTUBHUX, EKOJOTIIHO
YUCTUX Ta JIIOAMHO-OPI€EHTOBAHUX CHCTEM IUIAHYBaHHS,
3/IaTHUX BiJIOBiIaTH BUIMOTaM Cy4acHOI IIPOMHCIIOBOCTI.

[l. ITMHAMIYHE IIJITAHYBAHHS

Hampukman, y  BHYTPIIIHBOCKIAIACHKIM  JIOTiCTHII
JMHAMIYHE IUTaHYBaHHS MOJXKE BKJIIOYATH aJalTHBHE
TepeHANAIITyBAaHHS MapIIPYTiB aBTOHOMHHX MOOILITEHUX
poOOTIB 3aJIe’KHO BiJl PiBHS 3aBaHTAXKEHOCTI MPOXOMIiB abo
MOSIBY HemlepeadauyBanux mepemkon 35, 10-14].

Taki pobGotm 37aTHI  BpaxoByBaTW HE  JIMIIE
ONITUMAJBHICTH NUISXY, aJIe i piBEHb ITyMy Y1 OCBITJICHOCTI,

mo0 3MEHIINTH HEeTaTWBHHWH BIUIMB Ha CIIIBPOOITHHUKIB
CKJIamy.

VY chepi poOOTOTEXHIKM IIJIAHYBaHHS POOOYMX 3aBIaHb
JUIS MaHIMyJIATOPIB MOXE JOMOBHIOBATHCS MapaMeTpamMu
CHEProCIOKUBAHHSI: CHCTEMa ABTOMATHYHO PO3IMOIIISE
HaBaHTaKEHHS MK poOoTamMM Tak, 100 MiHIMI3yBaTH
MIKOBI BUTPATH CJICKTPOCHEPTi.

PoGoTH30BaHi BI3KM MOXYTh OTPUMYBaTH 3aBIaHHS 3
ypaxyBaHHSM CTaHy aKyMYJIATOPIB, IO JIO3BOJISIE YHHKATH
KPUTUYHHUX CUTYALli} 1 MiBUIYE CTAOIIBHICTh pOOOTH BCiel
CHCTEMH.

VYV muHAMIYHEX CepelOBHIIAX, € OJHOYACHO MPAIIOIOTh
JroU Ta poOOTH, CHCTEMa IJIaHYBaHHS MOXKE IHTerpyBaTu
IaHi 3 JaTydkiB Oe3mekd, 00 aganTHBHO 3MIHIOBATH
IIBUAKICTB PyXy pOOOTIB 1 yHUKAaTH KOH(IIKTHUX CUTYALli}.
VY mpakTuni ckiaaiB jAenani OiNbIIOro 3Ha4YeHHs HaOyBae
0anaHCyBaHHsS MK HIBUIKICTIO BHKOHAHHS 3aMOBJICHb 1
KOM(OPTOM MPAIIBHUKIB Y TIKOBI TOJJHHU.

BaxnmuBUM NpPHKIANOM € BHKOPUCTAaHHS CEHCODIB VIS
MOHITOPUHTY TEMIIEpaTypH Ta BOJIOTOCTI y 30H1 30epiraHHs:
cucTeMa IUIAaHyBaHHA MOXKE KOPUTYBaTH YEproBiCTh
00poOKH TOBAPIB, 11100 YHUKHYTH NICYBaHHS MIPOAYKIIIT.

Y cdepli aMHAMIYHOrO YNpPaBIiHHS POOOTOTEXHIKOO
TaKOXX  PO3ITIAOAETBECS  MOJMJIMBICTH — KOOIEPATHBHOTO
TUTaHYBaHHS MIDK DPI3HUMH THIIAMH POOOTIB: HaIlpUKIa,
MOOUIbHI pPOOOTH JIOCTAaBISIOTH TOBapud y 30HY, JIe
MaHIIMyJSITOPH BUKOHYIOTh TOYHI Omepaiii 3 IaKyBaHHS.
Taka iHTerpaiiss BUMarae aJalnTHBHUX A&ITOPUTMIB, IO
BpPaxOBYIOTb HE JIMIIEe TEeXHIYHI mapameTpu, aie i
€KOJIOT14H] 1 JMXOACHKI YAHHUKH.

[lle oauH MpUKIIaL CTOCYEThCS PO3MOMALTY 3aBJaHb MK
JTOOBMH W po0OTaMH Ha CKIafi: IUIAHYBAIBHUK MOJXKe
BpaxoByBaTH (i3UYHUI CTaH MpaIliBHUKA (HAIPUKIAL, JaHi
3 MPHUCTPOIB PO BTOMY) 1 CIPSAMOBYBATH HAaNCKIAIHIII
3aBIaHHs 10 po6oTiB [18-24].

VY pa3i 3MiHH TONUTY Ha 3aMOBJICHHS CHCTEMa 3/aTHa
nepedynoByBatr Trpadix podotu poOOTIB Ta IMEPCOHATY B
peanpHOMY Yaci, MIiHIMI3yIOUH 3aTPUMKH.

IIpr mpoMy iHTerpamist 3eJIeHHX TEXHOJIOTiH IO3BOJIIE
poboTtaM mpaIroBaT B peKHUMaxX €HeproeQeKTUBHOCTI, 110
3MEHIIYE BIUIAB HA JOBKIILIS.

JuHaMiuHe TUTaHYBaHHS TaKOX JOMOMArae 3amoOiraTe
NIEPEBAaHTAKEHHIO TPAHCIOPTHUX KOPUAOPIB Y BEIHMKUX
CKJIa/iaxX, 3a0e3Meuyroul IUIABHUA pyX sK IOACH, Tak i
MaIlyH.

Kpim ToOTO, CcHcTeMH MOXYTh BpaxOBYBaTH (HaKTOPH
IITyMOBOTO 3a0pyTHEHHS: SKIIO B TICBHIN 30HI piBEHB IIyMy
MIePEBUILYE JOIYCTHMY HOPMY, pobotu
NepEeHAIPABIIIOTECS B 1HI YaCTUHH CKIIAy, 100 3HH3UTH
CTpec MpaIliBHAUKIB.
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CeHcopH SIKOCTI TIOBITPSI MOXKYTh CUTHAJII3yBaTH CUCTEMI
PO TIEPEBUIIECHHS KOHIEHTpALl NIy, 10 aBTOMAaTHIHO
BIUIMBATHME Ha  PO3MOAUT  3aBIaHb, 3MCHIIYIOUH
riepeOyBaHHs JTIOJeH Y IIKIUVTMBUX yMOBaX.

VY Bumaakax aBapiiHUX CcHUTyamid, HaNpUKIaA TpH
HECTIpaBHOCTI ~ OOJajHaHHS, JAWHAMIYHE TIUIAHYyBaHHS
3a0e3nedyye MIBUAKE MEpEeNpU3HAYEHHS 3aBAaHb MiX
IHIMMMU POOOTaMHU, IO 3MEHIITYE Yac MPOCTOXO.

CucTeMH IPOrHO3YBaHHS HAa OCHOBI IITYYHOTO 1HTENEKTY
3/IaTHI MOJIETIIOBATH CLIeHapil 3aBaHTaKEHOCTI CKIAAy Ha
KiJIbKa TOJWH yIepes i MiUlamToByBaTH rpadiku poOOTH
i MaiOyTHI moTpedu [5, 17, 25].

Ha puc 1 mHaBemeHo OJoK-cxeMy, sKa MOKasye
B3a€EMO3B’SI3KM MK  JIOTICTHKOI,  POOOTOTEXHIKOIO,
0€3I1eKO00, EKOJIOTIEI0 Ta INTYYHTO IHTEIEeKTY/I(PPOBUMH
NBIAHUKAMH y KOHTEKCTI [HycTpii 5.0.
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Puc.1. B3aemo3B’s130K chep AMHAMIYHIO [JIaHYBaHHS Ta
aBTomarusauii st [naycTpii 5.0

Ha puc. 2 HaBe1eHO NPHKJIAAN AMHAMIYHOTO [UIAHYBaHHS
Ta aBTOMaTu3allii 3a neBHUMHU Tany3simu B [HxycTpii 5.0 3a
naunumu 2024 poxky [].
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Puc.2. [lunamiunt niaHyBaHHs Ta aBTOMATH3ALIT 32
MeBHUMU rany3smu B [Hayctpii 5.0

Y poboToTexHimi Iie¢ MOXE TPOSBISATHCS y BHUIIISAIL
aJanTHBHOTO HABYAHHS: pOOOTH OTPUMYIOTH HOBI CTpaTerii
IJJAaHYBaHHS 3aBJIaHh HA OCHOBI JaHWX i3 MHUHYJIUX 3MiH,
100 YHUKATH OBTOPEHHS Hee(PEKTUBHUX M.

BaxiauBiuM acnekToM € ¥ INABHMINEHHSA OE3IEKN: CHCTEMAa
MOXXE BpPaxOBYBaTH ICTOpPIO IHITMACHTIB Ha CKJIAOl Ta
KOPHUTYBAaTH MapIIpyTH TaK, 00 YHUKATH PU3UKOBHX 30H.

JuHaMiyHe TJIAHYBaHHS TaKOX JO3BOJISIE IHTETPYBATH
THYYKi 3MiHH Y BHIIAJIKy HOBUX PETYJIATOPHHX BUMOT 100
€KOJIOTIYHOCTI UM yMOB Tiparti [26-31].
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I11. BUCHOBKU

TaxuM 9nHOM, Yy cepi BHYTPIIIHBOCKIIAICHKOI JIOTICTUKA
Ta pOOOTOTEXHIKM CTa€ OYEBHIHHMM, L0 MaiOyTHE 3a
CHUCTEeMaMH, 37aTHAMH BpaxoOByBaTH HE JIMIIE TEXHIYHY
e(EeKTHUBHICTB, aJle i CTaTiCTh Ta JIOJUHOLEHTPUIHICTb.

HaBeneni mnpukimamy JAeMOHCTPYIOTh, IO ITOEIHAHHS
U(PPOBUX NBIHHUKIB, CCHCOPHUX TEXHOJIOTIH, TMHAMIYHOTO
aHai3y JaHUX Ta THYYKHX aJTrOPUTMIB  JIO3BOJISIE
NoOyyBaTH HOBE TIOKOJIIHHS IJIAHYBaIbHUKIB.

Taki pimeHHS CTBOPIOIOTH HE HPOCTO aBTOMATHU30BaHI
CUCTEMH YIPaBIIiHHS, a CIIPaB/i aIallTUBHI €KOCHCTEMH, SIKi
BPaXOBYIOTh €KOJIOTiI0, O3MEeKy Ta KOM(BOPT JTFOIUHH.
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OL1HKa TEXHIYHOr0 CTaHYy TEXHOJOIYHOTO 00JIaHaAHHS
Ta JIIarHOCTUKA HEMOJIAJ0K Y HOro po0OTI B yMOBax
HEBU3HAYECHOCTI

Marsiit binoycoB, Mukona Crapoay6ues, Cepriit [1lu6anos,

Bikropis Hentogosa, I'ennaniit MakapeHnko
Kadenpa KITAP, Xapkischkuii HalioHansHui yHiBepcuteT patioenekrponiku, YKPATHA, Xapkis, np. Hayku. 14., email:
nikol g .starodubcev@nure.ua

Anomauyin: Y crarTi moKazaHo, 10 HpoOyieMa OI[HKA
TEXHIYHOTO CTaHy TEXHOJOTIYHOTrO OOJAJHAHHS B YMOBax
HEBU3HAYCHOCTI MOXE pPO3MNIAAATHCS SIK  Tpobiema
po3mi3HaBaHHS 00pa3iB 1 po3po0IeHO KiacudikalliiHy
MOJICJb  OLIHKA TEXHIYHOIO CTaHy TEXHOJIOTIYHOIrO
00JaiHaHHS, 10 pPeaji3ye ONUH 3 MOXKIMBHX MiAXOIIB 10
pO3Mi3HABaHHS CTaHy 00’ €KTa IarHOCTYBAaHHS — BUIUICHHS
O03HaK Ta KIaCH(iKalil0 3 MOJANBIIOI 1IEHTH(IKALIEIO
craHy o0’ekra. BcraHoBneHo, 1m0 HaivacTimie aBapiiiHa
CUTyallis B  POOOTI  TEXHOJOTIYHOTO  OOJIATHAHHS
XapaKTepPU3y€eThCsl  HESBHO  BHPWKECHHMH  O3HAKAMH.
3anponoHOBaHO MOJIENb JIIarHOCTUKU HENOJIaZ0K B pOOOTI
obmasHaHHs, sIKa JO3BONSIE B  YMOBaX HEMOBHOTH
iHpopMamii Ta OOMEXKEHOCTI 4Yacy JiarHOCTyBaHHS
OPUAHATH pilleHHsT Tpo THN JedeKkTy 3 MHOXUHU
MOXJIUBUX.

Knrouosi cnosa: tTexHosoriune o0magHaHHs, TEXHIUHUH
craH, KkiacudikauiiHa MoOJeib, MOJENb J[IarHOCTUKU
HEMOoNAI0K, 1e(PeKTH, YMOBH HEBU3HAYCHOCTI.

|.BCTVII

B nanwuii yac s BupoOHuirea PEA xapakrepHi:

— CKJIaJIHI ITpoLiecH Ta 00JaHaHHS;

— BEJIMKA MOTYXKHICTB;

— JIOBI'1 TEXHOJIOTIYHI JAHIIOKKH;

— BHCOKA MPOJYKTHBHICTb 00JIaTHAHHS;

— CKJIQJHI TPUCTPOi KepyBaHHS Ta MPWIAAH, SKi
KOPHTYIOTb Ta 3TJIaJUKYIOTh HEIIOJIAIKH.

VY Mipy yCKJIaJHEHHS IPOMHUCIOBHX CHCTEM 3pPOCTAIOTh
3arajbHi BUTPAaTH €HEPril Ta MarepialliB, IO BUKINKAE
HaraJbHy HEOOXIJHICTh TMpPaBWUIIBHOI Ta CBOEYACHOI
JIarHOCTUKU POOOTH OONagHaHHS SIK 3 TOYKH 30Dy
HaJIMHOCTI BUPOOHMIITBA, TaK 1 3 TOYKH 30PYy 3HIDKCHHS
BUpOOHMYMX BHUTpaT. lIpm mBOMYy IiCHYe HEOOXiTHICTH
OLIHKA MOTOYHOTO CTaHY TEXHOJOTIYHOTO YCTaTKyBaHHS.
Bes3 BupimeHHs 32124 OIMIHKHA TOTOYHOTO TEXHIYHOTO CTaHY
HEMOXJIMBE 3a0€3IeUeHHsT SKICHOTO (DYHKIIIOHYBaHHS
TEXHOJIOT1YHOT'O YCTATKYBAHHSI.

|I. KIACU®IKALIITHA MOJIEJIb
OLIHKUM TEXHIYHOI'O CTAHY
TEXHOJIOTTYHOI'O YCTATKYBAHHS

OriHKa TEXHIYHOTO CTaHY TEXHOJOTIYHOTO 00JIaTHAHHS
MOXXE 3IIMCHIOBATUCS y PI3HUX BUMAAKaX Ta 3 PI3HUMH
IITSIMU

— JUTSL BUSIBIICHHS HECTIPABHOCTI, 1110 32POJIXKYETHCSL;

— JUIs PAHHBOTO BHWSBJICHHS HEHOPMAIBHOTO CTaHy
TEXHOJIOTIYHOTO 00'€KTa;

— JUIsl IPOTHO3YBaHHS TEH/ICHIIIT pO3BUTKY ITpoliecy y Oik
MOPYIICHHS 10r0 HOPMAJIBHOT TeYii;

— mus BHOOpY BIAMOBIAHOTO CHOCOOYy i 3 METOIO
BHUIPABJICHHS HCHOPMAIIBHOTO CTaHYy;

— JI71sl BA3HAYCHHSI IPHYAHH HECTIPABHOCTI MiCIIsI TOTO, K
BOHA CTaJacs.

binpmiicTe niTepaTypu 3 OLIHKKA TEXHIYHOTO CTaHY Ta
BUSIBIICHHSI HECTIPABHOCTEH 1 Bi/]MOB y CKJIJHUX TEXHIYHUX
CHCTeMax MiCTUTh aHAJITUYHUI amapar, Mano MpUAaTHHHA
JUIsl OOTPYHTYBaHHsI KOHTPOJIIO 32 TOPYLIEHHSIMU POOOTH
CHUCTEMHM 3a yMOB HeBH3HaueHocTi. Tak, B JaHWil dHac
HaHOLIBIIT 100pe PO3POOJICHI METOIM KOHTPOJIIO TEXHIYHUX
CHUCTEM, SIKI TPYHTYIOTBCS HA HAJIIHICHUX XapaKTePHCTHKAX
i BiIOMIi ampiopHii cratucTU4Hiil iH(oOpMaLii Mpo craH
cuctemu. [1pu po3poOiii MeTo1iB Ta 3aCO0IB JIarHOCTyBaHHS
TEXHIYHOTO CTaHy CHCTEM B YMOBaxX HEHaAiHHOCTI BUMIPIB
Ta }qu)II_U/ITy CTaTUCTUYHUX HaHUX AOBOJUTHCS OIEPYBATHU
HNOHATTAMHM 3 HEYITKUMH, PO3IUIMBYACTUMH MEXKaMH. Y
3BSI3KY 3 IIMM MOXIIMBICTh BHUKOPHUCTAHHS TPaIULIHHUX
"xopcTKUX", TOOTO MAETEPMIHOBAHMX Ta CTATUCTUYHUX
METO/IIB JIIarHOCTUKU CTA€ OOMEXKEHOI0, 1 TOMY BHHHKAE
norpeda y BHUKOPHCTaHHI JOCBiLy pO3pOOHHKIB. Sk
MPaBUIIO, JIOCBIJ 1 3HaHHS PO3POOHMKIB MAKOTh SIKICHUI
xapakTep, IPyHTYIOTbCSl HA HENOBHIH iH(opMartii.

3acTocyBaHHs JHiHTBiCTHYHOTO miaxomy [1,2] mae
MOJJIUBICTh BUKOPHCTOBYBATH B MOJIEJ [IarHOCTYBaHHS
MOHATS TpodeciiiHol MOBH, a METOJaMHU Teopii HEYITKUX
MHOXXHH — 00poOuTH OTpuMaHy iH(popmarliito. 30Kkpema,
Cy4yacHl MeToaM Ta 3aco0HM [IarHOCTYyBaHHS CKJIaIHUX
CHCTEM TAaKHX, HANpPUKIAJ, SK EJIEeKTPOHHI CHCTEMH, €
epraTH4YHIMH, fKi, SK [IPaBHUJIO, IPUHMAIOTh PIIEHHS PO
CTaH eNEeKTPOHHUX CHCTEM B YMOBaX HEIOBHOTH iH(popMaIii
[3.4].

[IpobmeMy OIIHKM TEXHIYHOTO CTaHY TEXHOJIOTIYHOTO
obmamHamHs ~ OygemMo — po3misigaTé  SK  mpobiemy
po3mi3HaBaHHA 00pa3iB. BakKIMBOIO BIIACTHBICTIO METOIB
po3mi3HaBaHHA 00pa3iB € Te, IO ITOBHE 3HAHHS PO3MOILITY
HMOBipHOCTeH maHWUX HE MOTPiOHO. OOHUM 3 MOXKIMBHX
MiJXOMIB 0 PO3ITi3HABAaHHS CTaHY 00'€KTa MiarHOCTyBaHHS
€ BHUIIJICHHS O3HaK 1 Kiacudikaiisi 3 MOJANBIIO
imeHTH(IKAIEI0 cTaHy 00'€KTa.

IIporenypa BumiIeHHS O3HAK Ta KiIacHQikaIii Moxe
posrmsmatiucs SK TPUCTyleHeBHi mpouec. Crodatky
BUKOHYIOTBCS ~ BIAMIOBINHI BHUMIpH, pPE3YyJIbTaTH SKHX
HA3WBAlOTh TPOCTOpoM BHMIpiB. Ha mgpyromy erami 3a
pe3ylbTaTaMi  BUMIpPIOBaHb OOYHCIIOIOTECS ab0 3 HHUX
BUIUIAIOTHCS XapaKTEPHI 03HAKH, IO YTBOPIOIOTH IIPOCTIP
o3Hak. O3HaKW y TMPOCTOPI O3HAK TIOBHHHI Kpaiie
TpyMyBaTHCS, HiXK BUMIPIOBAHHS y IPOCTOPi BUMIpIOBaHBb, 1,
MOJKJIBO, YTBOPIOBATH OLITBIII MPOCTI BUPIIIANbHI HOBEPXH.
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Io cyri, nporiec BUAITICHHS 03HAK — [I¢ YTPUMYBAHHS KJIacy
JMCKpUMiHyIo4oi iH(popMarii Ta BiJCIIOBaHHS KJacy
HernoTpiOHOi iH(opMarii i3 cuctemMu BuMipioBaHb. [lami
3aCTOCOBYIOTBCSI ~ DI3HI  BHpIIalibHI ~ TNpaBWIa 110
BIHOWICHHIO JI0 TMPOCTOPY O3HAaK i Kiacuikarii
BEKTOpIiB O3HAaK Ha KJIAacH, IIICIs YOro Moxe OyTH
MPOBEAICHUI MpOIeC AIarHOCTYBaHHS TEXHIYHOTO CTaHY
o0'exra. HaimpocTimmM npuKiIagoM Moxe OyTH BEKTOp
03HAaK 3 JIBOMa MOXKJIMBUMH 00pa3aMu:

— BIAMOBITHUMH HOPMAaJTBbHIH po0OOTi 004 JHAHHS;

— BIMOBITHUMH HEHOPMAJIBHIH poOOTI.

Binbin kopucHNM € posmizHaBaHHS 00pa3iB AJIs OLIHKH
TEXHIYHOTO CTaHy TEXHOJIOTIYHOTO O0JaJHaHHS Ha OCHOBI
BUOIpKH, IO KIACU(DIKYETHCS HACTYITHIM YHHOM:

— koMOiHaris o3Hak Nel, 110 BiANOBiZa€ TEXHIYHOMY
cTaHy "my>ke rorase';

— KoMOiHaris o3Hak Ne2, mio BiANOBiZa€ TEXHIYHOMY
cTaHy "morase";

— koMOiHaris o3Hak Ne3, 110 BiANOBiZa€ TEXHIYHOMY
crany "cepeaHe" i Tak Jaii.

BupinraipHi mpaBuiia MOKyTh OyTH 00paHi ampiopi abo
BCTAHOBJICHI B  XOJdi MpOIECYy HaBYaHHSI. 3ajgada
po3mi3HaBaHHS 00pa3iB, OTXKE, MOXKE PO3TISIIATHCS SK
3ajaya KOHCTPYIOBaHHS (YHKIIH CHCTEMH KIHIEBHX
BEKTOPIB O3HAK PI3HUX KIIACiB, TaK 1100 (QyHKIiT po3ouBanu
mpocTip Kiacudikailii Ha 00acTi, KOXKHA 3 SIKUX MICTUTh
03HaKM ojiHOTO Kiacy. [Ipu koHCTpyroBaHHI (yHKIH, SKi
Ha3MBaIOTh JUCKPUMIHYIOUWMMH  (QYHKLIAMH, CHCTEMa
0o0pa3iB, IisI SKAX BiOMa NPUHAJICKHICT 0 KJIACiB,
BHUKOPHCTOBYEThCSI [yisi "TpeHyBaHHs" knacudikaTopa. Sk
TibKM KJAacu(iKaTop HABUCHWH, BIH CTAa€ YaCTUHOIO
CUCTEMH pO3ITi3HaBaHHsI 00pa3iB, siKa TOMI CTa€ 3/IaTHOIO
00po0naTH  BUMIPIOBaHHS ~ HEBiZioMOro oOpasy, wIO0
BBOJISIThCA, 1 Kitacu(ikyBaTH 1ieit 00pa3, BiTHOCSIYH HOTO 10
OJIHOT'0 200 JEKIJILKOX BiJIOMUX KJIACiB.

TeopeTnyHo, SIKIIO € HECKIHYEHHO BEJIMKA KUIBKICTh
pe3ysbTaTiB BUMIPIOBaHb, TaK 10 (yHKIIT HITBHOCTI TOYHO
BiJloMi, HeineHTH(]IKOBaHWI CTaH Tpolecy Moxe OyTH
BiJTHECEHO JI0 HAMOUIBII IMOBIPHOTO KJIacTepa, HAPHUKJIA,
Ha TIJICTaBl IXHBOTO B3aEMHOTO TIOJIOKECHHS (BUMIPSHOTO
Oy/ib-SIKMM BIAMIOBIJTHUM CITIOCOOOM).

Pazom 3 THM, B yMOBax HEBM3HAUCHOCTi, HasBHa
CYKYIHICTh pe3yJbTaTiB BUMIPIOBaHb MOXKE HE JJATH YiTKOT
OIHO3HAuHOI BiAnoBim. Tomy cxema, sika nae CTYIiHBb
HAJIEKHOCTI JI0 KUTBKOX KIIACTEPIB, MOXKE BUSBUTUCS OLIBII
OCMHCJICHOIO, HiJK CXeMa, sIKa IparHe JaTd IUTKOM TIeBHUH
niarsos [5].

Hewitky  Momenp  OIIHKM  TEXHIYHOTO  CTaHY
TEXHOJIOTIYHOTO 00JIafHAHHS IPeACTaBIMO Y BUTIISL (X, P,
D), ne X = X; X X, X ... X X,,, — 6araToBUMipHHUI TIPOCTip
O3HAaK, fKi BILUIMBalOTh Ha ouiuky, P = {P,P,,...,P,} —
po3durts X Ha HediTki erajoHHi kiacu P;, D=
{D,,D,, ..., D,;} — ouinku, Bignosiaxi kacam P;.

[pormec moOymoBH HEUITKOI MOJEI OIIHKA TEXHITHOTO
CTaHy CKJIAJAa€ThCA 3 HACTYIIHUX €TalliB.

LngxoM OMUTYBaHHS €KCIEPTIB BUIUISETHCS MHOKHHA
o3Hak X1, X5, ..., X;,, IO HAOLTBIIE BIUIMBAIOTH HA BHOIP
pimenns D; € D, i dopmyerscs mpoctip X = X7 X X, X
X X

3 KOXXHOIO 13 BHOIJIEHHMX O3HAaK X f TIOB'I3YEMO  ICSKY

JIHIBICTHYHY 3MiHHY Aj 31 CBOIMM JIHTBICTHYHHMH

3HAYEHHSIMU {ak]_, k]- =1..S; j=1, ,m}
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Jyist BCIX JTIHTBICTHYHHUX 3HAYEHB MISIXOM EKCIIEPTHOTO
OMUTYBaHHs OynyloThest My, (X1), By, (X2), oo, Ky, (Xm) —
(yHKLIIT TpUHANEKHOCTI HA BIAMOBITHAX 0a30BHX IIKAIaX
X1, X5, .., X0 [6,7].

SxicHa CTpYKTypa Mozeni JIiarHOCTYBaHHS
MIPEJCTABISETHCS Y BUAI TAOIHMI, sika Ma€ Sq 8y .- S,
psakie i (m + 1) croBmiis. Psaku TaGmuii BiAmOBiIaOTH
pi3HOMaHITHUM Ha0OpaM JHHTBICTUYHMX 3HAYEHb 3MIHHHUX
Aj. Jlna xoxHOro HabOpy B OCTAHHBOMY CTOBIILI TAOJIHILi
CHeLiaTiCT-eKCIIePT NPOCTABIISIE B JIIHTBICTHYHUX TEPMIHAX
OJTHY 3 MOXJIMBUX OIIHOK D; € D, siky BiH nmocTaBuB O B
CHUTYallii, CJIOBECHO ONMCaHIN BiANOBITHUM HaOOPOM.

Ha 3akmiogHomy etami OymyeThCcsl HEYITKAa MOICTH
OLIIHKM TEXHIYHOTO CTaHy, Y sIKii KO’KeH HeWiTKui knac P;
po30UTTS P XapakTepu3yeThcs (YHKIIEI MPUHAICKHOCTI
H;, 10 331a€Thes (POPMYIIOI0

Ili(xl, xz, ey xm) =
V{ak].}eR]- ”kl (xl)/\ I’l‘kz (xz)/\ . /\ Il‘km(xm)y

e R]- — MHOXXHHaA HabopiB {ak]., kl- =1, ""Si' j=

1,.. ,m}, SIKAM B TaOJIUII BiAmoBigae aiaraos D;.

Hexall cwuryalis, o0 XapakTepuzye cTaH o00'eKTa,
npencrasiena toukoro x° = (x§,x9,...,x9,) B mpocropi
osnak X. IlincraBumo Touky x° y QyHkuii HanexHocTi
wi(xy, X, o, %), Cepen yeix  p(xq, Xg, e, X))
3HaX0MMO (YHKIIiIO, 1110 TPUHMAE MaKCUMaJIbHE 3HAYCHHSI
y  TOYIi x0. Bubupaemo ouinky D;, mo Bixnosigae
€TaIOHHOMY Kiacy P; , mist sikoro i (X4, X5, ..., X;,) Y TOUII
x° npuitMae MakcUManbHe 3HAUCHHS.

3anpornoHoBaHUil TMiAXi JO pO3IMi3HaBaHHS CTaHY
o0'ekTa JiarHOCTYyBaHHsS 32 YMOB HEIOBHOTH iH(opmarii
(dopmanizye nocsix axiBus-ekcrnepra, a, Mo CyTi, IMITye
MOBEIHKY JIFOJJMHU B 3aJlaHid MpeMeTHIl ramy3i. Mojenb
3aCHOBaHa HAa BUKOPUCTAHHI IHTEPOBAaHOTrO JIOCBiAY
CHELIANICTIB-eKCIIEPTIB 1 MOXKE 3aCTOCOBYBATHCS IS
BUpIlIEHHS  cilabo  (opMani3oBaHUX 33124 OI[IHKH
TEXHIYHOTO CTaHy TEXHOJOrIYHOro oOyanHaHHs. BoHa
JIO3BOJISIE OTPUMATH SKICHY OIIIHKY IIOTOYHOI'O CTaHy
TEXHOJIOTTYHOTO YCTATKYBaHHS B JIIHTBICTHYHUX TEPMiHAaX.

1. MOJEJIb AIATHOCTUKN
HEITOJIAJIOK ¥V POBOTI
TEXHOJIOTTYHOI'O OBJIAIHAHHA

AKTyansHOIO TIPOOIIEMOIO JiaTHOCTHKH TEXHOJIOTIYHOTO
obnamHaHHA € po3poOKka MozeNel MarHOCTHKH HEMOJaI0K
3a yMOB Ae(iluTy dYacy IiarHOCTyBaHHS Ta BiJCYyTHOCTI
peanbHOi CTATUCTUKH.

MeTonu nmiarHOCTYBaHHS TEXHOJOTIYHOTO OOJIaIHAHHS
CYyTTEBO BIAPI3HAIOTECS Bil METOMIB IarHOCTYBAaHHS
OKpPEMOTO BHUIY amapaTypH, OCKIJIBKH TEXHOJOTiYHE
o0aTHaHHA € CYKYITHICTIO TEXHIYHHUX 3ac00iB, 00'¢ THAaHIX
B €IUHWN KOMIUIEKC. PeanpHMII TIpomec MiarHOCTyBaHHS
TEXHOJIOTIYHOTO OONIaJHAHHS € TPEpOTaTHBOIO (axiBIliB
BHCOKOTO KJIaCy — €KCIEpTiB, AKi MalOTh BUCOKHU DiBEHBb
KOMIIETEHTHOCTI B JaHiil ramy3i. KpiM 3aranpHOIOCTYIHHX
3HaHb, CKOHIIEHTPOBAHWX Yy BIANOBITHIM IiTepaTypi,
JOBITHUKAX TOIIO, EKCIIEPT Mae€ iHAWBIMyadbHI 3HAHHS,
3aCHOBaHI Ha OCOOMCTOMY IOCBii. 3 ypaXyBaHHSM IbOTO,
3ac00M ANITOPHUTMIYHOTO OIMMCY Ta PIlICHHS MOCTABICHOTO
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JIIarHOCTUYHOTO 3aBJaHHS TOBHHHI MaTH MOKIHBICTh
BiJJ0OpakaTy 3HAHHS Ta MPAKTHYHUHN JTOCBiJ EKCIIEPTIB.

3amady AiarHOCTHKH HET0JaI0K CPOPMYITFOEMO B TaKUH
croci6. Hexait X = {x4, X5, ..., X,,} — MHOXHHA MapaMeTpiB
(03HaK), MmO  XapakTepu3yloTh  TEXHIYHMHA  CTaH
TEXHOJIOTTYHOTO 00J1aIHaHHS, i Hexau
N = {NI,NZ, ...,Np} — MHOXXMHA MOKJIMBUX HEIOJAJ0K B
yCTaTKyBaHHI.

3 KOKHUM HapaMeTpOM X; € X 3B'HKEMO JIHTBICTHYHY
3MiHHy L; 31 cBOiMH 3HAYCHHSAMU ll], (i=1,..,nj=

1,...,q;), Hanpuknan, l;;="mane 3HaueHHs mapameTpa X;",
l; —"cepelee 3HaYCHHsS mapameTpa X;", [l;3="Bemuke
3HA4YCHHS mMapameTpa X;", abo, l;;="3HaueHHS mapamerpa
X; 3HAXOJMTHCS JIBOPYY BiJ| 1moJist nonycky", l;,="3HaueHHs
nmapaMeTpa X; 3HAXOJUTHCA B MeKax IO JIOMycKy',
13—"3HaquHﬂ rnapaMmerpa X; 3HaXOJUTHCS TPaBOpyY Bij
T0JIS AOTYCKY", TPU IIbOMY 3Ha4YEHHS ( MOKe JOPiBHIOBATH
1,2,...,Q.

VTBOpHMO MHOXHHY S = {S1,S5, ..., $;n), eleMeHTaMu
Akoro € sHaueHHs lj;; m=Xl,q; 3asHauumo, 1m0
MHOXHHa S MOYKE€ MICTHTH 1 YHCJIOBI 3HAYEHHS TTapaMeTpiB
x; € X.

Ha ocHoBi HasiBHOI ampiopHoi iHQopmarii Ta 3HaHB
ekcriepTa 3ictaBuMo koxkHii nHemomammi Nk (K = I,...,p)
nigMHOXMHY D) = {Skl,Skz, ...,Sk].}, XapakTepHe JUls
Hernosaaku Nk (D, € S). Toxi TexHOIOTiUHE 00NaHAHHS K
00'eKT JiaTHOCTYBAaHHS € HEYiTKOK MHOXHMHOW D =
{51,52,...,DP}, TAKUM, IO MEpeTHH MiIMHOXHMH D) He
JIOPiBHIOE MOPOXKHIH MHOKUHI.

VY npotieci AlarHOCTyBaHHS PIIlIEHHS [TPO TUII HETOJIa [KH
N} BHU3HaYaTHMEMO MAKCHMAJIbHUM 3HAYEHHSM HEYiTKOi
MipH TIepeTHHY KOXHOI HeuiTkoi MHOXMHM D), 3 HeuiTKOIO
MHOXHHOI0 E = {El, E,, ...E t} (t<n) sHaueHb mapameTpis,
BU3HAYEHUX B PE3YJITATI J1arHOCTYBaHHS TEXHOJIOTIYHOTO
00'exTa, 10 3BOJMUTHCS 0 BUPA3y:

Nj, = arg max g(En D),
k

Jie g — HeJiTKa Mipa NepeTUHY HeUiTKuX MHOXHH E 1 D).
TexHiuHuil CTaH TEXHOJIOrIYHOro o0'ekTa sK 00'eKTa
JIIarHOCTYBaHHSI OIUIIEMO HEYiTKOI0 MHOXKHUHOIO

N = {(Nio v, (N ) [N, € N,

ne snadenns OIT py,(Nj) BU3HAYAIOTBCA AK CTYTIHB
HEYiTKO1 MOoB's13aH0CTI MHOXKUH E Ta D!

X ﬂijk(Si)/\ ug(S)

v (Np) = 1
I"’NE( k) ﬁl”ﬁk(si) ( )
Busnaunmo cTymiep BIUmBY Hemomagka N Ha
Mpane3aTHICTh  TEXHOJOTIYHOTO  OOJamHaHHS  depe3

HeuiTKy A-Mipy MHOXuHH D}, y10 [8]. Jlns Hewitkoi Mipn B
3aralbHOMY BHINAIKy HE MOBHHHA BHKOHYBATHCS yMOBa
AT THBHOCTI. Hust n00y10BH HEUITKHX Mip
BHKOPHUCTOBY€ETHCS HACTyIHE A-TipaBuiio [9]:

ko A,B -Heuitki MEOXHHH, A N B = @, TO
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-1<A1<x;
@

g(AUB) = g(A) + g(B) + 2g(A)g(B),

skio A N B # @, To Bupas (2) HaOyBae BUIIIALY

g(A)+g(B)— g(AnB)Hg(A)g(B)

g(A U B) 1+4g(ANB)

©)

Tak sx HOcii MHOXMH Dj, D0 XapakTepu3yloTbh
HETIOJI/IKK, TIEPEeTHHAIOTHCS, MOOYIyeMO Ha MHOXHHI
D weuiTky Mipy 3a ananoriero 3 (3). Bupas (3) moxHa
MIeperycaTy y BUTIISAL

-1].

Toxi ans v maoxun D, (1 < v <p) Bupa3 (4) HaGysae
BUJLY:
SIKIIIO V — TapHe, TO

(1+/1g(A))(1+Ag(B))

g(AuUB) = 1+1g(ANB)

My103..0y—1
g(Ui= Di) = ;[tet— |, (5)
SIKIIO V — HEMapHE, TO
v o7 ) _ [ Mgty
g(Uk=1 Dk) T2 [n2n4...nv_1 1] ' ©®)
e
t
I, = 1+2g nﬁki )
k1<k2<"'<kt i=1
t=12 ..v
[MTapametp A 3HaXOAUTHCS 3 YMOBH HOPMYBaHHSI
p
g ijk =1.
k=1
Tomi nns  imeHTHdiKamii  HemoiaAKd  OOYUCIMMO
HEYITKUN THTerpan
"=arg [; uy, (N °g(). @)

B pesynbrari oOumcnenHs iHTerpana (7) OTpUMYEMO
MHOXUHY N’ HallOiIb1n ornKyBaHHx nedexkris. Tak sk N' C
N, yrounioemo MHOXxHHY D, 3Byxyioun ii mo D', i
BioBiHO yrounioemo ®IT py, (Ny), Ny € N'. Ockinbku
Hocii mmaMHONkHH D’ MEPETHHAIOTHCSA, IS iMeHTHdIKaIii
HEMOJIaIK! MOBTOPHO OepeMo HEUITKHI iHTerpa Ha 007acTi
D' o Mipi V, III0 BiATIOBi/a€ CTYIEHIO CTIKOCTI CTaHiB § k;
y xiaci Dy, To6to

Ny =arg [, py, (N ov(). ®)

Mipa v(-) BU3HAYa€ThCsA i3 criBBiaHOImEHHs [9]:
v =1-n0),

ne n(D k) — CTYIIiHb HEYITKOI MOB'SI3aHOCTI MHOXXUHHI
D, B D, sxa obOunciroeThcss 3a aHanoriero 3 (1) gepes
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771(51051') — cTymiEb HewiTkoi 3B's3aHOCTi D) 3 5]-
(i=1, D5 i if); 77~2(5k:5i n 5]-) — CTYMiHb HEYiTKOI
sp'asanocTi Dy 3 D;ND; (i,j=1,..,p; j<Jj; §,j+ k),
np_1(5k, N; ﬁi) — cTyminb HewiTkoi mos's3anocti Dy, N; D;
(i=1,..,p; i#k):

n(Dy) = Xin1(Dy, D;) — Ziz] Uz(?k'ﬁi n 51') +ot
(=171 1,4 (D, N; Dy) -

3HaueHHs HewiTkoi Mipu V(-) wig 00'eqHAHL MHOXKHH
Uy_,D, A<v<p) 00YHCITIOIOTHCS AHAJIOTIYHO
(5)-(6). Heuitkuit interpan (8) mo3Bossie imeHTH(IKYBaTH
Henonaaky N B poOOTi TEXHOJIOITYHOTO 00JIaJHAHHS.

IV. BUCHOBKUA

Po3pobneHa Mozeb MiarHOCTHKU HEMONAA0K peajizye
JIBOETANIHY NPOLEAYpY NPUHHATTS pilleHb Mpo TUI
Heronaakd. Ha mepmioMy erami  BHM3HAYae€ThCS  KIlac
HaiOLMbII  OYiKyBaHUX Je(eKTiB, Ha JAPYromy
inenTHdikyeTecs Hemosdanka. Posmi3HaBaHHS TEXHIYHOTO
CTaHy TEXHOJIOTIYHOTO OOJaAHAHHS 3IMCHIOETHCS 3
BUKOPHCTaHHSIM HeuiTkoro iHterpasia CyreHo. Mogeib
npaiioe B yMOBaxX BIJICYyTHOCTI peajbHOI CTaTHCTHKH
MOPYIICHb MPaIe3AaTHOCTI TEXHOJIOTIYHOT0 00J1aTHAHHS Ta
nedinuTy yacy JaiarHoCTyBaHHS.
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KoM’ toTepH1 Mojiell, METOJIM Ta 1HTEJICKTYyaIbHI
CHCTEMHU JIJIs BIpTyadi3allii Ta ONTUMI3allli MEIUYHUX
BTPYYaHb y CKJIaJHUX O10JIOTTYHUX 00’ €KTaX
Jmutpo Kyxapenxo!, Cepriii Cepena'

1. HaBuanbHO-HayKOBHH iIHCTUTYT €JIEKTPUYHOI iHKeHepil Ta iHpopMaIiifHIX TeXHOJIOTIH,

Kpemenuyubkuii HallionanbHuii yHiBepcuTeT iMeni Muxaiina Octporpazchkoro, YKPATHA,
Kpemenuyk, By [TepmotpaBHeBa, 20. email: dkuch100@gmail.com

Anomauin: Po3poOneHa iHTeJIEeKTyalbHa CUCTEMA SIBIISIE
co0OI0  yHIBEpCAIBHY apxXiTeKTypy, 1o 3alesmedye
MOXJIMBICT i1 ajanramii Juis  pi3HMX OpraHiB  Ta
maToJjioriuHux craHiB. OCHOBHA ifes MOOYIOBH MOJSTAE Y
CTBOPEHHI €IMHOTO CEpeJOBHIIA, A€ MOEAHAHO BIPTyalbHi
aHATOMIYHI PEKOHCTPYKIIii, OTpHMaHi Ha OCHOBI MEIMYHUX
300paxkens (KT, MPT, ynbTpa3ByKOBUX JaHHX), i3
JUHAMIYHUMH  (Pi310JIOTIYHMMH  TapaMeTpamMH  TallieHTa.
Takuii miaxin mo3Bonse (OpMyBaTH HE JIMILNE CTaTUYHY
MOJIeTIb OpraHa Yd CHCTEMH OpPTaHiB, alle i BioOpakaTy ix
(YHKIIOHAIBHUH CTaH y peallbHOMY Yaci.

OcoOnMuBICTIO  apXiTeKTypH €  MOIYJNBHICTH  Ta
BIIKPUTICTh: BOHA Iependayae IHTErpamio 3 MEAUYHUMHU
iH(pOpMaliTHUMHU CHUCTEMaMH, aBTOMAaTH30BaHUMHU
iHTepdeiicamu 300py Ta OOpOOKM JaHUX, a TakKoX i3
CHUCTEMaMH TMIATPUMKHA TPHUAHATTS JIKAPCHKUX PpillIeHb.
[HTENeKTyabHI ~ QITOPUTMHU  JIO3BOJISIIOTH  aHATI3yBaTH
BeJIMKI 00csru OioMennvHoi iH(opMallii, BUOKPEMIIIOBATH
KJIFOUOBI JIarHOCTHYHI O3HAKW, OyIyBaTH 1HJMBITyalbHI
MPOTHO3U Ta (POPMYBATH ONTHMANBHI CLIEHAPIT XipypriuHUX
YM TePANeBTHYHUX BTPYYaHb.

CucremMa  Opi€HTOBaHa Ha  BHpIIICHHS  3aBAaHb
HepeJonepaLiifHoro IIaHyBaHHS, ¢ KPUTUYHO BasKIIMBUM €
ypaxyBaHHsI 1HJHUBiyaJIbHOI aHATOMIYHOI MIHJIMBOCTI. 3a
paxyHOK  MOJICNIOBaHHS  (DYHKILIOHAIBHOI  B3aeMOJil
M’S30BHX 1 TKAaHWHHHUX CTPYKTyp CTa€ MOXIJIMBUM
NIPOTHO3YBAaHHA pPe3yJbTaTiB BTPYYaHHSA INEe JO HOro
npoBelieHHs. 30kpeMa, y cdepi odTambMonorii cucrema
JIO3BOJISIE BIATBOPIOBATH CHIBJPYKHIO POOOTY OKOPYXOBHX
M’s131B 000X Ouell Ta BiJHOBIIIOBATU €IUHY 30POBY BICh, IO
CTBOPIOE TIEPEIYMOBH I IOBEPHEHHS OIHOKYJSPHOTO
30py.

Y ractpoeHTepojiorii  IHTeNEKTyallbHa  CHCTEMa
3abe3nedye MoOyIOBY TPUBUMIPHHX MOJEJNEH NUTyHKA 3
ypaxyBaHHSM IHIUBITya TbHUX TeOMETPHYHUX
XapaKTEepUCTHK Yy JEKapTOBi cucTeMi KoopauHat. Lle
BIZIKpHBA€  MOJMJIMBICTH  BHCOKOTOYHOTO  BHM3HAYECHHS
KOOpAWHAT Ha OTO BHYTPIIIHI MOBEPXHi Ta ONITUMAIBHOTO
[JJAaHYBaHHS MAJIOIHBA3UBHUX XiPYpPridHUX BTPYYaHb.

TakuM YWMHOM, IHTENEKTyalbHA CHCTEMa € THYYKHM i
MacmTaboBaHUM iHCTPYMEHTOM, SIKHH 37aTE€H IHTErpyBaTH
pizHi TUITA MEIAYHUX JIaHUX, 3IHCHIOBATHA
ABTOMATH30BaHWI  aHami3  (i3IONOTIYHWX  CHTHAJIB
(mampuxian, ¢GOHOKAapAiorpaM), MOJENIOBATH  CKIAAHI
Oionoriuni o0’ektm Ta  (QopMmMyBaTH  OOIPYHTOBaHI
pexomeHmamii mms mikaps. Lle 3abesmedye HOBHIA PiBEHB
TIePCOHAJII30BAHOI MEAWIIMHY Ta TiABUIIYE €(EKTHBHICTH
JKyBAIbHO-I1aTHOCTHYHIX MPOLEIYD.

Knrouosi cnoea: xoMm’1oTepHa MOJIECITH, METOIW 1 MOJIEITI,
IHTENeKTyalbHa CHCTEMa, BipTyali3alis Ta ONTHMI3allis,
CKJIaIHi 610JI0TiuHI 00’ €KTH.

. BCTVYII

VY cydacHiil MeMYHII MPaKTHIII CIIOCTEPITAEThCS CTiKa
TeHJICHII /IO TEPeXOJy BiJ CTAHAAPTHHX IPOTOKOJIB
JMIKyBaHHS 70  MEPCOHAN30BAHOI  MEUIMHH,  SKa
IPYHTYETbCS Ha IHIUBIAyalbHUX MOPQOJIOTIYHUX Ta
(yHKLIOHANIBHUX OCOONMMBOCTAX maimieHTa. OpmHuM i3
KITIOYOBHX IHCTPYMEHTIB I[OTO IMiJXOAy € KOMIT IOTEepHE
MOJICJTFOBaHHSI ~ OIOJIOTIYHUX TMPOIECIB, MO JO3BOJISE
MOMEepPeTHRO  MPOTHO3YBAaTH  Mepedir  MaToNorid  Ta
IUIaHYBAaTH JIIKYBaHHS 3 BUCOKOIO TOUHICTIO.

BupnatHi pe3ynabraTh B Hid cdepi MPOJEMOHCTPOBaHI
JIOCIiTHUKaMH, 30kpema A. Liu Ta criiBaBTopamu (2021), ski
CTBOPWJIM MOJIEJl KPOBOTOKY JUIsi ONTHMI3allii JIiKyBaHHS
cyauHHUX naronorid. Po6otu J. T. Oden (2017) 3poOunu
3HaYHUII BHECOK Y PO3BUTOK KOHIEMIl «uudpoBoro
Mali€HTay — BIPTYyalbHOTO KIOHY JIFOACHKOTO OpraHizMy
Ul CUMYJLI] MEIUYHUX BTpydYaHb. Y BITUH3HSAHOMY
HaYKOBOMY CEpEJOBHILI BAapTO BII3HAYUTH JOCIIHKECHHS
B.B. Tlununenka (XHYPE), npucssiueHi iHTeNeKTyaIbHIM
cUCTeMaM aHaiizy OlOMEIMYHMX CHUTHAIIB, & TaKoX
po3pobku 10.B. Kocapesa (ITIME HAH Yxkpainu) y ramysi
MOJICITIOBaHHS IMHAMIKU KIITUHHUX niporieciB. Takox O.T.
ABpynin, €.B. BojsHCbKMiA Ta iHII JOCHIJHUKA 3
XapKiBChKOTO HalliOHAIBHOTO YHIBEPCUTETY
panioenekrponiku (XHYPE) po3poOunu iHTeleKkTyanbHi
TEXHOJNOTIi JUIs MEIMYHOI JIarHOCTHKH, JIKYBaHHS Ta
peabimiTalii, MO BKIIOYAIOTh MOJENIOBAHHS 010(i3HUYHUX
MPOLIECIB Ta aHAJI3 AIaTHOCTUYHUX JIAHUX.

HesBaxxatouu Ha 3Ha4HI JOCSTHEHHS, 3aIUIIAETHCS HA3KA
npoOieM, TOB’s3aHUX 13 ajanTaliero  Mojeiaed o
KOHKPETHOTO TAIlli€HTa, MOEJHAHHSIM MOPQOJIOTIYHMX Ta
(YHKILIOHAJILHUX TIApaMETPIB B €JJMHIN CHCTEMI, a TAKOK 3
IHTEeTpalli€lo0 aHalli3y CHTHAJNIB y BipTyajbHE IUTaHYyBAaHHS
BTpy4aHb. OcoONHMBO TOCTPO IIi NHUTAaHHS IOCTAIOTh Y
BUIIAJKaX CKJIAaJHUX OIOJIOTIYHUX OO0 €KTIB, TaKHX SK
OKOPYXOBHII  amapar, YepermHO-MO3KOBI  CTPYKTYpH,
IITYHKOBO-KUIIKOBHI TPAKT TOLLO.

HaykoBa HOBHM3HA pOOOTH MOJISATAE B HACTYITHOMY:

1 Brepmie moOyzoBaHO yHiBepcalbHy apXiTEKTypy
IHTENEeKTyalbHOI CHCTEMH IUIaHYBaHHS BTpydYaHb i3
MOJKJIMBICTIO 3aCTOCYBaHHS /IO PI3HUX OPTaHiB 1 MATOJOTIH.

2. Bmepme po3poGiieHO KOMIUIEKCHY MOJENb, IO
JIO3BOJISIE 00’ €IHATH BipTyalibHI aHATOMIYHI PEKOHCTPYKITii
3 maHUMH (i310JIOTIYHUX CUTHAIIB;

3. Bmepiue 3anpornoHoBaHO METOT aBTOMATH30BAHOTO
aHaizy (OHOKapAiorpaM, Opi€HTOBaHWI Ha IHTETpaIiio 3
iHTepdeiicaMn MeTUIHUX CHCTEM;

4. Buepmre 3aIpPONIOHOBAHO BHKOPHCTOBYBATH
IHTEIIEKTyaIbHY CHCTEMY IIepeIONepaniifHOro TUTaHyBaHHS
JUIS  BIOHOBJIEHHS  OIHOKYISIPHOTO  30py,  IDIIXOM
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MOJIEITIOBaHHSI CHIBIPY>KHBOI POOOTH M’ SI30BOTO KOMITIIEKCY
000X OYHHX SOTYK 3 OJTHIEIO 30POBOIO BicCIO.

5. Bmepme 3amporoHOBaHO METO/I CTBOPEHHS
TPUBUMIPHOI MOZIEJII NUTYHKY, SIKHH 32 PaXyHOK BBEJCHHS
TE€OMETPUYHUX BJIACTUBOCTEH IDIYHKY B JIeKapTOBii
CHUCTEMi KOOpIMHAT, I03BOJISIE BPaXOBYBATH IHIUBITyaIbHY
aQHATOMIYHY MIHJIMBICTH IIpU KOMIT IOTEPHOMY IIJIaHYBaHHI
XIpypriYHUX BTpY4aHb.

6.  Bmepme 3anpormoHOBaHO ~— METOJX BU3HAYCHHS
KOOpJIMHAT Ha BHYTPIIIHIA IOBEPXHI MOJENI IUTYHKY
JIIOAMHY, SIKMA 32 paxyHOK BH3HAYEHHS T'€OMETPHYHHX
BJIACTHBOCTEH NUIYHKY O3BOJISIE TPOBOAUTH KOMIT FOTEpHE
TUTaHYBaHHS XipypriyHAX BTPYYaHb.

7. VYI0CKOHANEHO MaTeMaTH4Hi Ta KOMII IOTepHi
MOJEIl CKJIagHUX O10JOTiYHMX O00’€KTiB, IO J03BOJISIE
BpaxoByBaTH IHIWBIAyalbHYy aHATOMIYHY MIHJIUBICTH NpH
KOMIT IOTEPHOMY TUIaHYBaHHI Majlo iHBa3UBHUX BTPYYaHb.

8. VockoHaleHO MaTeMaTUYHUNA OIKUC OrHHAIYOl
OCHOBHUX  TOHIB  (DOHOKAapAIOCHUTHAY Yy  BUIJISII
HECUMETPUYHHMX TayCOBHUX IMIYJBCIB, IO IiJBHIILYE

TOYHICTh ABTOMAaTU30BAHOTO aHAII3Y.

1. MATEPIAJI I PE3YVJIbTATH
JOCJIJKEHD

[HTEeNneKTyanbpHa cucrema MpU3HaueHa JUIst
aBTOMaTu3alii MpOLECiB aHaii3y OlOMEAWYHUX JAaHHX 1
KOMIT IOTEPHOTO IUJIaHYBaHHSI XIpypriYHUX BTpY4YaHb. fi
apxiTekTypa moOyJIoBaHa Ha MOXIYJIbHOMY NpPUHLMMI, IO
JIO3BOJISIE AAANITYBATH MPOTPAMHHUN KOMILIEKC JUTsS POOOTH 3
pi3HMMH opraHamu Ta TuUnaMmu mnarojorid. Cucrema
00’€IHy€ KiJIbKa KITIOYOBUX (PYHKIIOHANBHUX OJIOKIB:

- MOAYJIb BipTyaJIbHUX PEeKOHCTPYKUiii — dpopmye
TPUBUMIpPHI MoJeNi opraHiB Ha ocHOBi pesynbratiB KT,
MPT uu Y3/,

- Moay/ab 00poOku ¢isionoriynux curHaidip —
BUKOHYE AaBTOMAaTM30BaHUH aHami3 JaHUX, 30KpeMa
(oHOKapaiorpaM, 3 MOXIIMBICTIO IHTErpalii pe3y/ibTaTiB B
AHATOMIYHY MOJIEIb;

- MOAYIb IHepelonepauiiHOro IUIAHYBAHHS —
JIO3BOJISIE JTIKAPIO MOJEJIOBATH Pi3HI CLIeHAPii BTpYYaHHS Ta
MIPOTHO3YBATH iX pe3yJIbTATH.

VY mpakTH4YHOMY 3aCTOCYBaHHI cHCTeMa 3a0e3Ieuye:

- [epcoHaNi30BaHe  IUIAHYBaHHsS  omepamid 3
ypaxyBaHHSM IHIMBIIyalbHIX OCOOIMBOCTEH Malli€HTa;

- TOYHE BH3HAUYCHHS KOOPAMHAT Y TPUBHMIPHUX
MOJIETISIX OPTaHiB,;

- TpOTHO3YBaHHS €()EeKTUBHOCTI BTPYYaHb ILE OO iX
BUKOHAHHS;

- iHTeTpanito 3 MeOWYHHMH IHPOPMANiHHIMH
CHCTeMaMH ISl CIPOIICHHS TOKYMEHTO00Iry Ta OOMiHY
JTaHUMH.

PimenHs MOke BUKOPHCTOBYBATHCS B OPTAIBMOIIOTIT TS
BiTHOBJICHHS OiHOKYIISIPHOTO 30pY, Y TACTPOCHTEPOIIOTIT ISt
IJJAaHYBaHHA MAJIOIHBA3WBHUAX ONeEpaliii Ha NDIYHKY, a
TaKoXXK y KapHiomorii s aHamizy (DOHOKapIiOCHTHAIIB.
3aBAdAKM yHIBEpCANBbHIA apXiTEKTypi CHCTeMa JIeTKO
MacmTabyeTbcss W MOXE 3acTOCOBYBAaTHCh y 0aratbox
MEIMYHUX TaTy35X.

[IpoanainizoBaHO TEOPETHYHI OCHOBH, ICHYIOUl METO/H Ta
MporpaMHi 3aco00M MOJemoBaHHS OlONOTIYHUX MPOIIECiB,
CTaH JIOCHIPKEHb B Tay3l O0IOMEAWYHOTO MOJIENTIOBAHHS,
MaTeMaTHYHI MOJENi Y MEAUYHUX  JOCHIKCHHSX,
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npoOeMu TOYHOCTI Ta ajamTaimii 10 IHIWBIAYyaJbHOTO

narienta. [IpoBemeHO TIPYHTOBHHMA aHAN3 METOHK
o0y TOBH aaITHBHUX MOJICIICH T 0i0JI0TigHIX 00’ €KTIB,
30Cepe/UKYIOUM  yBary Ha CyYacHHX IMiaXomax [0

TPUBHMIPHOT PEKOHCTPYKIIT aHATOMIYHHX CTPYKTYp Ha
OCHOBI MeJMYHUX 300pakeHb. OCOONMMBY yBary mpuaijeHO
ANropuTMy Marching Cubes, SIKUH LIUPOKO
BUKOPUCTOBYETHCS IS Bi3yawizallii Ta MOJICTIOBaHHS B
MEUIIHHI.

ApnanTvBHE MOJENIOBaHHS OIOJIOTIYHUX OO’€KTIB €
KIIFOYOBHM HaIPsSIMOM Yy CydacHii OioiHkeHepil Ta MeIMuHiH
Bizyasizamii. 3aBAsSKH PO3BUTKY KOMIT FOTEPHUX TEXHOJIOTIH
CTaJI0 MOXIIMBUM CTBOPEHHS BUCOKOTOYHUX TPHBUMIPHUX
MOJIeNel aHATOMIYHUX CTPYKTYP, LIO COPHSIE TTOKPALICHHIO
JarHOCTHKH, T[UJIaHYBaHHS XipypriyHMX BTpy4YaHb Ta
HaBYaHHS MEJMYHUX (axiBIIiB.

[MepiuM eTanoM € OTPUMAHHS MEIUYHHX 300pakeHb 3a

JIOTIOMOTOI0 MeTOAiB KoM rotepHOi Tomorpadii (KT),
MarHiTHO-PE30HAHCHOT Tomorpadii (MPT) abo
ynbTpa3BykoBoro pociimkeHHs (Y3J1). Lli 300paxeHHs
NPOXOJATh  TOMEpeAHI0  OOpoOKy,  sKa  BKIIIOYAE
HOpMAJTi3aIlil0 KOHTPACTHOCTI, (UIBTpAIlil0 IIyMiB Ta
MOKPAILEHHS YiTKOCTI.
CerMeHTalisi € KPUTUYHMM €TaloM, IO IOJISATaE Yy
BuzineHHl o6Onacti iHtepecy (ROI) Ha 300pakeHHSX.
CyuacHi METO/IM CerMeHTallii BAKOPUCTOBYIOTh allTOPUTMH
ribokoro HaBuanus, Taki sk U-Net tTa Mask R-CNN, siki
JIEMOHCTPYIOTh BHCOKY TOYHICTh Y BUAIJICHHI CKIIAJHHX
aQHATOMIYHUX CTPYKTYD.

[Micns  cermeHTamii  37IHCHIOETbCS ~ TPUBHMipHA
PEKOHCTPYKIIisl ~ aHAaTOMI4HOiI  cTpyKTypu. OmHuMm i3
HAWMOMMPEHIIIMX ANTOpPUTMIB uisi 1boro € Marching
Cubes, sikuii J03BOJISIE CTBOPIOBATH IOJITOHATBHI CITKH
130MOBEPXOHB 3 TPUBUMIPHOTO CKAJISIPHOTO ITOJISI.

Aunroputm Marching Cubes 0yB po3po0Oinenuii Bisbsimom
Jlopencenom Ta I'apsi Kiaitnom y 1987 poui ist mo0yioBu
TPUBUMIPHHX TIOBEPXOHb 3 MEIUYHUX 300pakeHb. BiH
Ipalioe IUIIXOM TNPOXOKEHHS 4epe3 TpUBHMIpHE
CKaJIsIpHE I10J1e, po30MBaloul HOro Ha KyOu Ta BU3HAYAIOUH,
SIKi 4aCTHHH 130MOBEPXHI IPOXOATh Yepe3 KoxeH kyo. Ile
JIO3BOJISIE CTBOPIOBATH BHUCOKOTOYHI TPUBUMIpPHI MOJEII
AHATOMIYHUX CTPYKTYp. Y MeJUUHIH Bi3yauizallii anroputm
Marching Cubes IIMPOKO  BUKOPHUCTOBYETHCS  JJISI
pekoHcTpyKIii opraniB Ta TkaHuH 3 KT tTa MPT 300paskeHs.
Moro mepeBaramMu € BHCOKAa TOUHICTb, e)eKTMBHICTH Ta
3IaTHICTP J0 MapayieNbHOI 0OPOOKH TaHUX.

AnanTuBHI MO TOBUHHI BpaXOBYBaTH iHIWMBITyaIbHi
aHATOMIiuHI 0coOJMBOCTI mamieHTiB. Ile mocsraeThbcs
OUIAXOM  iHTerparmii (¢i3ioNoTiYHMX [JaHWX, TaKUX SIK
BaCKyJIPHU3ALisl, TEMII POCTy Ta CTPYKTYPHI OCOOJIMBOCTI
TKaHUH. Taki MoJenmi JO03BOJSIOTh MPOBOMUTH CHMYIIAIIIO

3MIH  BHACHIJOK  JIKyBaHHS ab0  IpOrpecyBaHHS
3aXBOPIOBAaHHS.
Anroput™ pobotu VHIBepCAITEHOTO METOIY

MOJICTFOBAaHHSA MOJKE TPAIIOBATH Ha OCHOBI TIOCTAaBIIEHOTO
JiKapeM AiarHo3y (BKJIOYAIOYX TaKi METOIM JOCIIKEHHS,
SK YJIBTPa3BYKOBHH, PEHTTCHIBCbKa TOMOTpaMa, TOMIO) i
CaMOCTIIfHO CTBOPIOBATH KOMII'FOTEPHI MOJEINI CKIAJHHUX
OiosoriuamX 00’ €KTiB HA OCHOBI BHYTPIIIHBOI 0a3W TaHUX 3
ypaxyBaHHSM BKa3aHOI ITaTOJIOT 1.

Takox TIpoBeeHO BCEOIUHMIT aHAT3 CydacHUX METOIB
moOyIOBH aIalTHBHUX MOJEIeH /it Oi0JIOTIYHIX 00’ €KTiB
3 aKI[EHTOM Ha OCOOMBOCTSAX aHATOMIYHOT'O MOJICTIOBAHHS,
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TepCcoHANI3aIlil, a TaKOXK alNTOPUTMAax, IO 3a0e3MeUyIoTh
BHCOKY TOYHICTh BIATBOPEHHS CKJIAJHUX O10JOTIYHUX
ctpyktyp. OCHOBHY yBary 30cepe/KeHO Ha MpoOiieMaTHIl
CTBOPEHHSI MOJeJIeH, SIKi 3/1aTHI AWHAMIYHO 3MIHIOBATHCS
BIJITOBITHO bi (o) IH/IMBI Ty aTbHAX aHATOMIYHHUX
XapaKTEpPUCTHUK TIAIliEHTA BiKy, ¢opMu oprasa,
JIOKaJTi3allii aTosaorii, 0COOIMBOCTEH TKAHHHH TOIIO.

OcoOnuBuii  Haromoc 3poOJEeHO Ha  aJanTHBHOMY
MOJICNIIOBaHHI TEMaHTioM — JOOPOSIKICHUX CYAMHHHX
YTBOPEHb 3 HEPETYJSIPHOIO (OpMOI0. Y 3B’SI3KY 3 THUM, LIO
(dopma i 00’€M TaKUX ITyXJIMH MOXYTh 3HAYHO BapilOBaTHCS,
KJIaCW4HI METOJH BUMIPIOBaHHS (32 JIOMOMOTOIO CITOK abo
MIPO30PHX IIJTIBOK) € HETOUYHUMH Ta Cy0’ eKTUBHMMHU. Came
TOMY BHHHUKAace IOTpeda y 3acTOCyBaHHI KOMII IOTEpHOI
Bisyamizamii Ta TPUBHMIPHOTO  MOJIENIOBAHHS,  SIKi
JIO3BOJISIIOTH TIPOBECTH TOYHUI PO3paxyHOK IUIONI, 00’ eMy
Ta MTMOUHY ypaKECHHS TKAHHUH.

Y  poGoTi  mpeacTaBIeHO  METONUKY  HH(pOBOI
PEKOHCTPYKIIT reMaHrioMu Ha OCHOBI (hoT0300paxkeHb abo
meanunux ckaniB (MPT, KT). 3a nonomoroto nporpaMHoro
3a0e3neueHHs, 30kpeMa cepenopuia LabVIEW, BukoHaHO
anpOKCUMAIlI0 KOHTYpY TYXJIMHH 13 3aCTOCYyBaHHSIM
HOJIHOMIB 3-T0 Ta 5-TO CTyMeHs I yBIrHYTHX Ta OIYKINX
JinstHOK BixnosiaHo. amni Oyno copmoBano 3D-Mozens Ha
OCHOBI OOYMCIICHHS THCAY TPUKYTHHUX €JIEMEHTIB, IO
JIO3BOJIMJIO 3 BHUCOKOIO TOYHICTIO BHU3HAYUTH T'€OMETPHYHI
napaMeTpH MyXJIHHHU puc.l.
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Pucynoxk 1 — [HTEeneKTyanbHa cucTeMa MOJEITFOBaHHS i
TepeIonepaliitHoro MmiaHyBaHHS Ha TEMaHTiOMY

Po3pobmennit  BIpTyadpHHH  TOPUCTpi  34aTHUIMA
3MIACHIOBATH IIMPOKHUHA CIIEKTP orepamniii 0OpoOKu 3pi3iB, y
TOMY YHCII iX PEKOHCTPYKLi0 Y 3D-Moaens ta 30epeskeHHs
ctBopenoi mogeni y STL-popmari.

Po3pobmena mporpama Oyma  BHKOpPHCTaHa Ui
BIITBOPEHHS MEHIHTiIOMH, 3pi3H sKoi Oymu 3poOieHi y 3
IJIONIMHAX, IO JEMOHCTPYE MOXJIMBICTH BiOTBOPIOBATH
ONHY MOJENb, KOPHCTYIOUHCh  PI3HUMH  IIIaHAMH
010J10Ti9HOTO 00’ €KTY.

Jia cknamHIMMX Oomeparii, mo BKIIOYAl0Th TOCIiIOBHI
o0epTaHHS HABKOJO JEKiTBKOX OCel, BUKOPHCTOBYIOTH
MOOYTOK KITBKOX MAaTpHIb OOEpTaHHS y BHU3HAUYCHOMY
mopsnaKy. Takwil MiIXin IO3BONISIE peati3yBaTH BiIbHE
MAaHIITyJIIOBaHHS 00’€KTOM Yy TpOCTOpi — 30Kpema, y
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XipypriyHOMy IUTaHYBaHHI, BOXJIMBO  OLIHUTH
CTPYKTYpY 3 yCiX OOKiB.

TakuM YMHOM, BHKOPHUCTAaHHS MaTpullb OOEpTaHHS Yy
CHUCTEMax MEIMYHOTO MOJIETIOBAaHHs 3abe3ledye TOUYHE i
KOHTPOJILOBAaHE YIIPABIIHHS MPOCTOPOBHM IIOJIOKEHHSIM

MoJeNell aHATOMIYHMX CTPYKTYp, IO € HEOOXiTHHUM I

KOJIN

JIarHOCTUKM, BI3yaJbHOTO aHajJi3y Ta IHTEPaKTHBHOI
B3aeMoii 3 TM(poBUMH 00’ €KTaMH.
IIpoBeieHO  MOJENMIOBAaHHS  MMATOJIOTIYHUX  CTaHIB

IIUTYHKOBO-KHIITKOBOTO TPAKTy (puc.2) Ta 3D pekoHCTpyKITii
MEHIHTIOMHM Ta FOJIOBH JIFOIUHHU.
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PucyHok 2 — [HTesekTyanbHa cCUCTEMa MO/ICITIOBAHHS 1
nepeonepariiHoro MIaHyBaHHs Ha IITYHKOBO-KUIIIKOBUH
TPaKT JIOANHU

3arnpornoHoBaHa apXiTeKTypa 1HTeJIeKTYaaIbHOI MeIUYHOT
cucremu. Ilpororun emunHol mmiarpopmu. I[Iporpamua
peanizauis. B3aemogis 3 nikapem: Bi3yaizallisi, yrpasiiHHs
CLICHAPISIMH.

OnucaHo anropuTMH, WO 3a0e3NeduyloTh BU3HAYCHHS
MeX pe3ekiii, 00paxyHOK 00’eMy ypakeHOI TKaHMHHU Ta
aHaJi3 30H IiJBUILEHOTO PU3MKY (HANpUKIaJ, ONHU3BbKICTh
JI0O HEpPBOBUX CTPYKTYp abo cyauH). Taki airoputmMu
0a3yloThcss Ha mapameTpuuHoMy onwmci 3D-momeni Ta
MOJJIMBOCTI KOPUCTYyBaya BKa3yBaTH KOHTPOJIbHI TOUKU Ha
MOBEPXHI MOJIETI.

3nificHEHO  TEeXHIYHY  pealti3allifo
CEepelIOBHIIIA, Y SKOMY JIKap MOXe:

1. 3aBaHTAXKUTH  MOJEIb
3aIPOIIOHOBAHHX;

2. 00paTH CerMEHT JUIs OTepallil;

3. Bi3yasi3yBaTH MEXi BTPYYaHHS;

IHTEPaKTUBHOTO

OopraHy TaiieHra i3

4. po3paxyBaTH 00’€M TKaHWH, [0 IIiJISATAIOTh
BUJIAJICHHIO;
5. OIIIHWTH BIUTHB BTPYYaHHA Ha CYCiTHI CTPYKTYpPH.

[IporpamHe 3a0e3neyeHHs Npanioe HACTYITHUM YHHOM:
32 JIOMIOMOIOK0 JIBOI KJABIIIl MHAIIl BCTAaHOBIFOEMO
(ikcoBaHy TOuky M, 3a JOMOMOTOI TpaBOi KJaBimIi
BCTaHOBITIOEMO (hikcOoBaHY TOUKY M. Y BiIIOBiTHIX BiKHAX
BiJTIOOPaXKyIOTHCS JIeKapTOBi KOOpAWHATH. [pu
nepeMimieHHi GpikcoBaHMX TOYOK 10 moBepxHi monemi KT
JIEKapTOB1 KOOPAWHATH 3MIHIOIOTHCS. 3a JIOIIOMOTOF0 KOJIeca
MaHImyJsITOpa THITY ‘MU~ MOXJIHMBO 3IHCHIOBATH
30uTeIeHHs moner HIKT.

M&M S 2025, 24-25 October, Kharkiv, Ukraine



Pucynok 3 — Po3BuHeHa iHTeNeKTyallbHa cUCTEMa
MOJIEITIOBAHHSI 1 IepeIoTiepaniiHoro MIaHyBaHHs JUIs
IIJTYHKOBO-KHUIIKOBOT'O TPAKTY JIOJIMHH

[Iporpamue 3a0e3neveHHs TAKOXK Mepen0dadac 3 CHEHHS
PO3paxyHKiB  JIEKapTOBHX KOOPAHHAT TOYKH, SIKIIIO
3a3/aJeriab BiIoMi 11 IHTIHIPHYHI KOOPIUHATH (CTOCYETHCS
TINBKA TOHKOTO Ta TOBCTOTO KHIICYHHKY). [ 11bOTO B
BINMOBIMHI  BiKHA HEOOXIAHO BBECTHM  IMJIIHAPHYHI
KOOpIuHATH (COs @, Sin @ Ta r) i HATHCHYTH KHOIIKY
«Po3paxyHok». B BIA-OBiIHMX BIKHaX OTPHUMAEMO
JeKapTOBI ~ KOOpAMHATH. JSIKIIO HATHCHYTH  KHOIKY
«Po3paxyHox» 0e3 BBENEHHX 3a3aneriib LIIHIPHYHUX
KOOpAMHAT TO OTPUMAaeMO  MOBiZOMIeHHA «BBexiTh
LWIIHAPUYHI KOOPUHATHY.

Jpyruii crioci6 NoBepHYTH MOJIENIb MOKHA 3 JOIIOMOT' 010
OpraHiB KepyBaHHs MaHIIyJsATOpa TUITY ‘“‘MuIa”. /s poro
HEOOXIJIHO HaBECTH KypCcOp MaHIMyJsTopa Ha MOJEINb,
HATHCHYTH 1 yTpUMYyBaTH  KOJIECO  MaHimyJsTopa.
[NepecyBaroun MaHInyJsITOp 1O PoOOUil MOBEPXHI, MOJIENb
IOKT oOepraeThbcss Ha BIAMOBIOHWI KyT, SKHHA IPSIMO
MPOMOPIIHHUA  BEIMYMHI 1 HampsMy MepeMillleHHS
MaHinynstopa. KpiM  BH3HaueHHS  JEKapTOBHX 1
LUWIIHAPUYHUX KOOPJAMHAT JOBUILHOI TOYKH Ha MOBEPXHI
mogzeni IIKT, mporpamHe 3a0e3rnedyeHHs MOXKe pPOOMTH
HACTYIHI PO3PaXyHKH:

1. BU3HAYEHHS BiJICTaHI MIXK TOYKaMH IO XOPJi 1 Mo ay3i
Y BIIHOCHUX OJIMHUIISX TaK 1 B MUTIMETpax;

2. BHU3HAYeHHs O0’€My, MacH 1 KOOpAMHATH LIEHTpa
MYXJIMHY;

3. po3paxyHOK AEKapTOBUX KOOPJIMHAT, SKIIO BiJOMI
LWITIHAPUYHI KOOP/MHATH;

4. mnporpamHe 3a0e3le4eHHS O3BOJSIE 3MIHIOBATH
napaMeTpy IyXJuHU. {71 Iboro HeoOXiaHO 32 JTOTIOMOTO0
MAaHIMyJIATOpa TUIMY «MHUILA», MiJBECTH KypCOp IO BIKOH
«BBectr po3Mip MyXJIMHM» 1 BCTABUTU BIAMOBIJHI
3HaveHHs. [[i po3paxyHkdH HEOOXiIHI JUis BIOCKOHAJICHHS
nepeIoIepaLifHoTo IIaHyBaHHS.

[Mpuknan pobOTH  IHTENEKTyalbHOI CHCTEMH  JUIS

BiJTHOBJICHHS O1HOKYJISIPHOTO 30;)1 HBI/IBGI[EHI/Iﬁ Ha EHC¥HKY
) I ne—— ——]
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PucyHnok 4 — [HTenexTyanpHa cuctTeMa MoJIeIIIOBaHHS 1
nepeionepariiHoro MIaHyBaHHS sl BiJHOBJICHHS
OIHOKYJISIPHOTO 30pY

Takox iHTeNneKTyalbHA CHCTEMa TIOKa3a  BHCOKI
pe3yibTaTd TpU MOJIENIOBAaHHI Ta Mig0OpY dYeperHo-
MO3KOBUX IMIUIAHTIB 1 Ueperry 30Kpema puc.5,6.
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Pucynok 5 — [HTenekTyanpHa cuctTeMa MoJIeIIFOBaHHS 1
MmiA00py YepernHo-MO3KOBHX IMILIAHTIB, (hopMa Ta po3mip
IMILIAHTY

Tl bemve s 0ot pras om0 o catm 1 S b A A4 M 7T TR AT PR VISR Seseme
Spmry—
e ww wownerond - [

B - -

PucyHnok 6 — IHTenexTyansHa cucTeMa MOJEIIOBaHHS 1
mig00py YepernmHO-MO3KOBHX IMIUIAHTIB, CyMIIIICHHS
IMIUIAHTY 3 YEPEToM JIFOMHN

1. BACHOBKUA

OCHOBHI BUCHOBKH POOOTH TaKi:
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1. TlpoBemeHO cHCTEMAaTH30BaHMH aHaNi3 CY4YacHOTO
cTaHy OIOMENMYHOTO  MOJCNIOBAHHS, MaTeMaTHYHUX
METOJIB BiJTBOPECHHS CKIAJHUX AHATOMIYHUX CTPYKTYp,
MIPOrpaMHMX 3aco0iB Bizyawizamii Ta mepenonepaniiHoro
IUTAaHYBaHHS. BUSBIEHO KITIOYOBI MPOOIEMH — 30KpeMma,
HEIOCTATHIO aNalTUBHICTh MOIENeH 10 iHIMBIAyalbHUX
0COONMBOCTEH TaIlieHTa Ta OOMEXKEHY IHTerpariro 3
(hi310JIOTIYHUMU TAHUMH.

2. Po3pobieno YHIBEpCaIbHY APXITEKTYPY
IHTENIeKTyaJbHOI CHCTEMH, sIKa 3a0e3ledye CTBOPEHHS
BIpTyaJIbHUX aHATOMIYHUX MOJENeH i3 MOMUIMBICTIO iX
repcoHai3amii Ta 3acTOCYBaHHS JO UIIMPOKOTO KoJja
KIIHIYHUX 33]1a4 — BiJ 0TaIbMOIIOTIT IO OHKOXIpYpril.

3. TToOynoBaHO TPUBUMIPHY MOJIENb MUTyHKA JIFOJMHU 3
ypaxyBaHHSIM FE€OMETPUYHHX XapaKTEPUCTHK Y JEKApTOBIH
CHCTEMi KOOPIMHAT. 3aponoOHOBAHO METOIMKY BU3HAYCHHS
KOOpJIMHAT HA BHYTPIIIHIA OBEPXHI MOAENI, 110 A€ 3MOTY
MPOBOJUTH TOYHE TEpejorepalifine MIaHyBaHHS 3
ypaxyBaHHSIM aHATOMIYHOI MiHJIMBOCTI.

4. 3ampomoHOBaHO MAaTEMaTHYHY MOJEINb, sSKa MOETHYE
uu(ppoOBy  PEKOHCTPYKIIO ~ aHaToMii 3  aHaIi30M
(Gi310JIOTIYHUX CUTHATIB — 30KpeMa, (OHOKApAiorpaM.
VY IOCKOHANIEHO METOJ OMUCY OTHHAOYOI OCHOBHHX TOHIB
OKTI' y BUIIIsAAI HECUMETPHUYHHUX TayCOBUX IMITYJIBCIB, IO
JIO3BOJISIE T/IBUIIUTH TOYHICTh aBTOMATH30BaHOTO aHAI3y
CepLeBOl MisIBHOCTI.

5. Peani3zoBaHo iHTEpakTHBHE MporpaMHe 3a0e3rneyeHHsl,
o 3ade3rnevye Bi3yalli3allifo, BUMIPIOBaHHS IPOCTOPOBHUX
XapaKTEePUCTHK, 00CPTAHHS MOJEJII, BU3HAUCHHS KOOPIUHAT
Ta MOJEJIOBaHHS XIpypriyHux BTpydanb. CucTema
JI03BOJISIE METMYHOMY (paxiBI[IO MPAIIOBATH 3 TPUBUMIPHOIO
MOJISIUTIO SIK 3 aHATOMIYHOIO HaBIralliiHOIO KapToIo.

6. [IlpoBeneHO CTAaTUCTUYHY OI[IHKY aJ€KBATHOCTI
noOy/JIOBaHUX MoOJieNieil 13 BHUKOPHCTaHHSIM KPUTEpIiB
Croionenta Ta @imepa, 0O MIATBEPIUIO  BHUCOKY
BIJIMOBIHICT, ~ PE3YNIbTATIB  MOJEJIOBAaHHS  PEaJbHUM
KJIIHIYHUM JIAaHUM.

OtpuMaHi pe3ynbTaTd MiATBEPHKYIOTh JOLIJIBHICT
iHTerpanii IHTENeKTyallbHUX aJalTHBHUX MoOJeneil y
KJIIHIYHY NPaKTUKy Ui MEPCOHAII30BAHOTO TUIAHYBaHHS
BTpy4YaHb, ABTOMATH30BaHOI MIarHOCTHKA Ta MeEAUYHOL
ocBitu. Po3pobineHi MeToau MOXKYyTh OyTH OCHOBOIO ISt
CTBOPEHHSI KOMIUIEKCHUX CHCTEM MiATPUMKU IPHHHATTA
pillieHb Y BUCOKOTEXHOJIOTIUHIH MeIUIIMHI.

7. 3amporoHOBaHO METOJI PEKOHCTPYKINI ueperna 3a
ToMOrpaiyHUMH ~ JQHWMHM, IO JO3BOJMJIO CTBOPHTH
KOMIT'IOTepHY 1 (i3M4Hy MOJENb YepernHo-MO3KOBOTO
IMIUTaHTY, IO BpaxXxOBY€ IHAWBIAyalbHYy aHATOMIYHY
MIHJIMBICTh MAIli€HTA.

8. 3ampormoHOBaHO METOX BiAHOBIECHHS OIHOKYJSPHOTO
30py 3a paxyHOK XipypriqHoro BTpYYaHHS 3a paxyHOK
NepeoNepalifHoro  IUIaHyBaHHS IUIIXOM  CTBOPEHHSA
KOMIT'IOTepHOI MoOZedi 000X OUYHHX SOIYK 3 OIHIEI0
30pPOBOI0 BICCIO, IO BPaxOBY€ iHAWMBIMYyaldbHY aHATOMIIO
marfi€eHra.
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9. 3pobieHo aHali3 OCHOBHUX MOXMOOK IpHY IIJIaHYBaHHI
OTEpPaTUBHUX BTPYYaHb HA TEMAHTIOMY, TAKUX SIK: TIOXHOKa
HaBeJICHHS  XIpypridyHOro  IHCTPYMEHTYy  MeXaHIYHOI
i ACHCTEMOIO MaHiIyJsTopa (0I1=0,41 MM),
CepeIHhOKBAJpAaTHYHA TIOMIJIKA Bi3yai3aiii TeMaHTiOMH
05=2,24 MM, 6c=1,13 MM — mOX1OKa BH3HAYCHHS KOO IIHAT
MEXi 3I0pOBOi TKaHUHH; OM=0,5 MM — METOTMYHA TTOXHOKa
BU3HAUCHHS KOOpAMHAT IIEHTPY O0JacTi ONEepaTUBHOTO

BTpy4aHHs, 0r=0,61 — moxubka 3a paTiaTbHIMH
MepPEeTUHAMU MPEJICTABIICHHS JTAHUX,
CepeTHhOKBAIPATHIHOL TTOXUOKH HaBEJICHHS

IHCTpYMeHTYOp=2,27.

10. 3amponoHOBAaHO BHUKOPHCTOBYBAaTH IHTENEKTYyaJIbHY
cucteMy Ha 0a3l HEWpOHHOI Mepexi JuIsl TIJIaHyBaHHS
XipypriyHOro BTpydYaHHsT Ha M S30BOMY KOMILIEKCI
OKOPYXOBOTO amapary, IUTyHKOBO-KHIIKOBOTO TpakKTy,
remanriomi. CTBOpeHO 0a3y JaHHX MalieHTa.

10. 3amponoHOBaHO BUKOPHUCTOBYBAaTH IHTENEKTYaJIbHY
cucteMy Ha 0a3l HEHpOHHOI Mepexi Juisl IJIaHyBaHHS
XipypriyHOro BTpydYaHHsT Ha M S30BOMY KOMILIEKCI
OKOPYXOBOTO amapary, IUTyHKOBO-KHIIKOBOTO TpakKTy,
remanriomi. CTBOpeHO 0a3y JaHHX MallieHTa.

11. TIIpoBemeHO OLIHKY KOHKYPEHTOCIIPOMOXKHOCTI
pO3po0NeHOT  IHTENeKTYalbHOI CHUCTEMH, PO3paxyHOK
3arajibHOT TPYJOMICTKOCTI Ta TEXHIKO-€KOHOMIYHOTO PiBHS
PO3pOOKH METOAY MOENIOBaHHS CKJIAJHUX OI0JOTTYHHUX
00’€KTIB.
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Po3poOKka KOMIIOHEHTIB CUCTEMHU MOJICTIOBAHHS
TE€XHOJIOTTYHOTO MPOIECY BUTOTOBIICHHS pPaloNpuiiaiB

Maxkcumosa Caitnanal, Jlimesuu Aprem?
1. Kaenpa KITAP, Xapkiscrkuit Hanionanssauii Yaisepcuter Pagioenexrponiku, YKPATHA,
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Anomauin: Y poOOTi PO3TISIHYTO NUTAHHS CTBOPEHHS

KOMIIOHEHTIB  CHCTEMH  IMITAITHOIO  MOJEJIIOBAHHSI
TEXHOJIOTIYHOTO TMPOIECY BUTOTOBJICHHS PaiONPHIIAIIB.
BugineHo  OCHOBHI  XapaKTEpUCTHKH  BHPOOHHYMX

MapuipyTiB y NpuianoOyayBaHHI, MTPOaHATI30BAHO IXHIO
CTOXaCTUYHY TPHPOLY Ta OOMEKEHHS. 3ampOIOHOBAaHO
¢bopMalbHY ~ TIOCTAHOBKY  3ajadi  onTWMizaiii i3
3aCTOCYBaHHSIM 0araToKpHUTepiaIbHOTO miIXomy.
OOrpynToBaHo BukopuctanHs MoBu GPSS mns peamizamii
Mojeded Ta PO3POOJICHO apXiTEKTypy MpPOTrpaMHUX
KOMITOHEHTIB. HaBeneHo npukiiaay opratizaiii MapipyTiB
1 3ac00iB 300py CTATHCTHKH.

Kmouosi cnosa: mpunanoOymyBaHHS, TEXHOJOTIUHHUIMA
nporiec, pamionpuiamy, GPSS, imitaiiiiine MomeTIOBaHHS,
ONTUMI3allisi BAPOOHHIITBA.

. BcTvin

[MpunagoOynyBanHs B YKpaiHi OXOILTIOE IIMPOKHA
CHEKTp HampsMiB — BiJl BHUPOOHUITBA KOHTPOJIEHO-
BUMIpPIOBAIBHOT TEXHIKHU JI0 CKJIAJAHUX ENEKTPOHHUX CUCTEM.
Oco01Be Miclie Tociiae rany3b pagaionpuiago0yayBaHHs,
ajpke came BoHa (opMmye 0azy aisi TeJIeKOMYHiKal[iiHUX
TEXHOJIOT1H, CUCTEM YNpPAaBIiHHA, MEAMYHHUX NPUCTPOIB Ta
BiliChKOBO-IIPOMUCIIOBOTO KoMILIeKcy [1].

[Ipotiec BUTOTOBJICHHS PaAiONPUIIAJIIB XapaKTEPH3YETHCS
psiioM crieu(iyHUX 0COOIUBOCTEH:

— BHCOKI BUMOTH JI0 TOYHOCTI (MOXUOKH HABITh Y YaCTKU
BiJICOTKa MOXYTb 3pOOUTH BUPIO HEMIPUAATHUM);

— 0araTocTyleHeBIiCTh ~ TEXHONOTIYHMX  MapIIPYTiB
(MexaHiuHa 00OpOOKa, MOHTaX, MasHHS, BHIPOOYBaHHS,
KaJiOpyBaHHS);

— HasBHICTh CTOXacCTUYHUX (pakTopiB (BapiaTHBHICTh
TPUBAIOCTI  omepaiiid, 3001 0ONagHAHHSI, MOMIIKA
MIePCOHATY);

—pecypcHi  OOMEXEHHS
€HEePrOCIIOKUBAHHS, MaTepian).

TpamumiliHi METOOM IUTAHYBAHHS YaCTO BHUSBIISIOTHCSA
HEJOCTATHIMHU dYepe3 CKIAIHICTh Ta JMHAMIYHICTH TAKHX
cucreM. ToMy aKTyalpHOIO € po3poOKa  CHUCTEM
IMITAIIHHOTO MO/ICTIOBAHHS, SIK1 JI03BOJISTFOTH
JOCTIKYBAaTH TEXHOIOTIYHI Tporecu Oe3mocepeHbo Ha
€Tarli iIXHbOTO MPOEKTYBAHHS YN MOJACPHI3ALIi.

MeTtoro po6oTH € po3poOKa MPOTrpaMHUX KOMIIOHEHTIB
JUTSL MOJICTIFOBAaHHS TEXHOJIOTIYHUX MTPOLECIB BUTOTOBICHHS
pamionprrais i3 BukopuctaHasM GPSS.

[1. OCOBJIMBOCTI BUPOBHMIITBA PAJIIOITPHJIA/IIB
[Iportecu  mpumamoOymyBaHHS, 30KpeMa y  cdepi
BUTOTOBJICHHS PaJIiONpPUIIAIiB, MAIOTh HU3KY BIIACTHBOCTEH,
10 POOIATH iX CKIAAHUME 00’ €KTaMH IS OITUMI3aIlii:
1. baraTopiBHEBICTb.
Bupo6HMumii mporiec 0XOIUTIOE KiJIbKa PiBHIB:

(KiTBKiCTE  OOJIaHAHHS,

— orepauiifHuil piBeHb (CBEpIJIiHHS OTBOPIB Y IUIaTaXx,
NastHHsI, MOHTAaX);

— TEXHOJIOTIYHUI piBeHb (KOMIUIEKCYBaHHS OIeparii
Yy MapiupyTh);

— BUPOOHWYMI piBeHb (B3a€MOMiS IIEXiB, IUISHOK,
ABTOMATH30BAHUX JIiHIM).

Koxen piBeHb Mae BiacHi KpuTepii e(eKkTHBHOCTI, ane
BOJIHOYAC BOHU B3a€MOIIOB SI3aHi.

2. CTOXacCTUYHICTh TapaMeTpiB:

—Yac BHUKOHAHHS OMEpalliil 3aleKXHTh BiJi BUMAIKOBHX
(akTopiB;

— obnasHaHHS MOXE BHUXOIMTH 3 JIaay 3 TIEBHOIO
IMOBIPHICTIO;

— SIKICTh BUpPOOIB BH3HA4YaeThcsl Oaratbma (pakTopamm,
BKITIOYAIOYH JIFOJCHKHUI UNHHUK.

Lle BMarae BUKOPUCTAHHS METO/IIB CTATHCTUIHOTO
MO/JICITIOBaHHSI.

3. HasBHICTb pecypcHUX OOMEKEHb.

BupoOHHLTBO XapakTepu3yeTbcsi OOMEKEHHM IapKoM
o0JiaiHaHHS, IepcoHajoM, Matepianamu. [Ipu upomy 3anadi
3aBaHTAXKEHHS PECypCiB MaloTh KOH(IIKTHHN XapakTep:
MiHIMI3alisl Yacy MOXe IIPU3BECTH JI0 3pOCTAHHS BUTPAT.

4. Kpurepii edpektrBHOCTI.

J10 OCHOBHUX KpPHUTEPIiB HaJIEKATh:

— co0iBapTiCTh MPOMYKIIii;

— MPOAYKTUBHICTh BUPOOHUYOT JIiHI{;

— SIKICTh TOTOBHX BHPOOIB;

— HaJIIHHICTh Ta BIIMOBOCTIMKICTh MPOLIECIB.

TakuM YMHOM, JUIS JIOCHI/DKEHHS TPUJIao0yIiBHUX
MpPOLIECIB  JIOUIJIBHUM € BHKOPUCTAHHS IMITAlliiHOTO
MOZCNIOBAHHS, SK€ MO3BOJIIE BPAaxXyBaTH BHUITAIKOBICTb,
OararopiBHeBiCTh 1 KOHQUIIKTHICT KpuTepiiB. GPSS y
[IbOMY BHUIAJKY BHCTYIIA€ SK 3py4Ha MOBa OIHKCY IOMI€BUX
cuctem [2].

I11. TEOPETMYHI OCHOBU IMITALIITHOT'O
MO/IEJIFOBAHHS

ImiTanifine MOJeMIOBaHHS HAJISKUTHh OO KIIACY METOZIB,
10 JO3BOJISIFOTH BiITBOPIOBATH POOOTY CKIIAJHUX CHCTEM Y
TUHAMIII Ta JOCTIHKYBaTH IX MOBEIIHKY B YMOBAaX BILIHBY
BAMIAAKOBUX (pakTopiB. Ha BimMmiHy BiA IeTepMiHOBaHHX
METOJIB, #AKi CHHpAIOThCS HA CYBOPY MAaTEMATUYHY
(hopmarizariro, iMITaInAL Moze BiTOOpaXKaroTh
(dyHKIIIOHYBaHHS 00’€KTa Hepe3 Horo momii, pecypcu Ta
noriky B3aemoniii. Lle poOHUTh X 0COOMUBO 3pyYHUMH ISt
aHaNizy BHPOOHWYWX TPOINECIB y MpHiIagoOymyBaHHI, I
KO)KHa OIeparlisi XapaKTepU3yeThCS BIACHOIO TPUBAJICTIO,
CITOXKMBAHHSM PECYpCiB i HMOBIpHICTIO BiTMOB.

Y KOHTEKCTi BUTOTOBIICHHS PAIiONpHIaiB TaKUH TIiaXia
€ JOLIJIBHNAM, OCKUIBKM BHUPOOHHIITBO MAa€ CTOXACTUYHY
NPUPOLy: dYac BHUKOHAHHS OKpPEMHX OIepamii Moxe
3MIHIOBATHCSl 3aJIC)KHO BiJl HAaBaHTa)KCHHS OOJaTHAHHSA,
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SIKICTB IPOJTYKITii 3aJIC)KUTH BiJl JOTPUMAHHS TEXHOJIOTIIHUX
PEeXHMIB, a BHHUKHEHHSI YepT Ta IPOCTOIB Oe3mocepeIHbo
BIUIMBAE Ha €(QEKTUBHICTh. IMiTaliiiHa MOJENb TO3BOJISIE
BiOOpa3UTH BCi Ii IPOLECH SK JHUCKPETHO-TIOJIEBY
CUCTEMY, Y SIKill TO/Ii1 BU3HAYaIOTh MOMEHTH 3MiHH CTaHy —
IOYaTOK YM 3aBEPIICHHS Olleparlii, mosiBy 4epru abo BUXif
oOaiHaHHSA 3 JIajy.

3acrocyBanns MoBu GPSS y Takiii cepi 1ae MOXKIHBICTH
(dopmanizyBaT ITOBEIIHKY TEXHOJIOTIYHHX IMPOLECIB Yy
BursiAl  O10KoBUX CTpyKTyp. KokeH Onok BinmoBinae
TIeBHIH Aii — BUKOHAHHIO ONeparii, nepeBipii yMOBU YU
300py craructuku. Jleranmi abo By3iaum BHpPOOY y Mogeni
PO3TIISANAIOTECS K TPaH3aKTH, IO PYXalOThCs BiJ OJHI€T
ormeparrii o iHINOI, TOAI SIK OOJaAHAHHS W POOOYl MicIsa
BHCTYNAIOTh pecypcamMu 3 OOMEXKEHOI JocTymHicTio [3].
3aBIsKM 1IbOMY MOXXHA HE JIMIIE OIMUCATH BHPOOHUYMIA
MpoLec, ajle W BUSBUTU HOTO «BY3bKI MiCIs», OLIHUTH
3aBaHTAXXEHICTh OKPEMUX JAISIHOK 1 CIIPOTHO3YBATH BILIHB
3MiH y CTPYKTYpPi BUPOOHHUIITBA HA 3arajbHy €(PEKTUBHICTb.

V. IIOCTAHOBKA 3AJIAUI

dopManbHO 3a7aYa  MOJCNIOBAHHS  TEXHOJIOTIYHOTO
pouecy BUTOTOBJICHHS paﬂionpnnamB oJsira€ 'y nmouryKy
ONTUMAJBHOTO BapiaHTa opraHizaiii BApOOHHUIITBA!

min C(x), min T(x), max Q(x),

ne: — C(X) — BUTpaTH Ha BUTOTOBJICHHS,

— T(X) — cepenHiii yac BUpOOHHUIITBA,

— Q(X) — sIKicTh KiHIIEBOI MTPOIYKIIII.

[Ipu 11bOMY HAKITAJAIOTHCSI OOMEKCHHS Ha:

— KIIBKICTH OOJIaAHAHHS,

— TPHUBAJICTh OIEpaliii;

— MOCJIOBHICTE TEXHOJOTTYHUX E€TAIlIB;

— JIOTIyCTHMHUIA PiBEHb BiJMOB 1 OpaKy.

3agaya  yCKIAIHIOEThCA CTOXAaCTHYHHUM  XapaKTepoM
BXIJIHUX [@HUX, [0 POOHMTH KIACHYHI JeTepMiHOBaHI
MeToau ManoehekTuBHUMU. CaMe TyT HalOIIbII pHIATHE
iMiTariiiHe MOJeIIOBaHHS [4].

V. PEAIRBALLA B GPSS

MoBa GPSS Hajae MmHMPOKI MOMIIMBOCTI JUIS OIHUCY
JMCKPETHO-TIONIEBUX CUCTEM, Y SKUX MPOLECH MOAAIOTHCS
4yepe3 TOCHIJOBHICTh MOAIA Ta craH pecypciB. Ilpu
MOJIETIIOBaHHI TEXHOJIOTIYHOTO TIIPOLECY BHTOTOBICHHS
pazmionpuiIa B KIOYOBUM € MpPEACTAaBICHHS JeTaneil y
BUTJIAI TPAH3AKIIN, SKi TOCIIIOBHO MPOXOATh yCi CTamii
BupoOHHITBA. Jlorika Tmepexomy  TpaH3aKIili  Mix
OTIepaIlisiMA Peaji3yeThCs 3a JAOMOMOIOI0 OJIOKIB, KOKEH 3
SIKMX BIJINOBIIa€ TEBHIM (YHKIT, HATPUKIAZ BUKOHAHHIO
TEXHOJIOTIYHOI [ii, IePeBipIi YMOBH, CTBOPEHHIO 3aTPHMKH
yn 300py CTaTUCTUKHA. TakuM UYMHOM, MOJIENb HalOyBae
(dbopMu ONOK-CXEeMH, Jie B3aeMOJis JeTaneil 1 o0xaqHaHHs
BiITBOPIOE peaTbHUNA BUPOOHNYMI MapIIPYT.

Oco6nmBe 3HAa4YeHHS y TaKiii MOJIeNi MalOTh PECypCH, 0
BimoOpakaroTh oOOmamgHaHHS Ta poboui wicus. Komm
TpaH3aKT AOCITa€e BiAMOBIAHOTO OJOKY, BiH MOxke abo
OTPUMATH JIOCTYII J0 PECYPCY, a00 CTaTH B 4EePTy Y pasi iioro
3aifHATOCTI. Lle mo3BOIIsAE MOCiKyBaTH €()EKTH YTBOPEHHS
yepr, dYac TPOCTOI0 OONaAHAHHS Ta CTYIMiHb MOTO
3aBaHTakeHOCTi. Hampukman, y mporeci masHHS IeTajiei
CHCTeMa MOXKE IIOKa3aTH, 3a SKAX YMOB BiTOyBa€ThCS
HaKOIMMYCHHS HAIMIipHOI KUTBKOCTI 3aTOTOBOK y Uep3i, 0
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Oe3rocepe]HbO BKa3ye Ha MoTpedy 30UIBIICHHS KiJIbKOCTI
MasUTbHAX CTAHIIK 41 3MiHY rpadiky ix podoTH.

BaxxmBoro ckiamoBoro GPSS e BOymoBani 3acobu 300py
cTatucTUkM. [li dYac MOJENIOBaHHS aBTOMAaTHYHO
(IKCYIOTBCSI TIOKa3HUKU CEPeHBOI TPHBAIOCTI ONeparlii,
yacy OYiKyBaHHS, JIOBKHHHU 4Yepr Ta PiBHS 3aBaHTaXKCHHS
pecypciB. Lli maHi JO3BONSIOTH 3MIHCHIOBATU KITBKICHY
OLIIHKY €(heKTHBHOCTI BUPOOHUYOTO TPOLECY Ta BUSIBIISTH
Horo «By3bKi Micis». Ha OCHOBI OTpUMaHUX pe3ysbTaTiB
MOJKHA BapitOBaTH MapaMeTPH MOJIEII, 3MIHIOFOUH KUTBKICTh
oOJlaJiHaHHA, TOPSIOK BUKOHAHHS ONeEpaliii 4u IpaBHia
MPIOPUTETHOCTI, 1 TIEPEBIPSATH BIUIMB TaKUX 3MIH Ha
3arajibHy MPOJyKTUBHICTH CHCTEMH.

V1. [IPAKTUYHE 3HAUYEHHS

BukoprcTaHHs1 cHCTEMH MO/IETIOBaHHS JJO3BOJISE:

— 3HM3WUTH BUTPATH LUISIXOM OINTHMI3allil BUKOPUCTAHHS
00JIaJHAHHS,

— TIJIBUILUTH SIKICTh 3aBJISIKM IIPOTHO3YBaHHIO BiJMOB Ta
KOHTPOJIIO TEXHOJIOTIYHUX MapaMeTpiB;

— 3MEHIINTH Yac NMPOEKTYBaHH HOBUX MapILpPYTiB;

— IIPOBECTH  BIPTyallbHI EKCIIEPUMEHTH 0e3 3yIMUHKH
peanbHOro BUPOOHHUIITBA.

Oco0m1BY LIHHICTH MA€ MOXKIIMBICTh IHTETrpallii Mojemnei
y cucremu CAD/CAM/CAE, 1o CTBOpIOE OCHOBY ISt
udposoro BupooHuITea («Industry 4.0»).

VI1l. BUCHOBKH

3anpornoHOBaHO TIAXiA 10 CTBOPEHHS KOMIIOHCHTIB

CHCTEMH  MOJCJIOBAHHS  TEXHOJIOTIYHOTO  IMPOLECY
BUTOTOBIICHHSI pajionpwiaiiB i3 BukopucranHsm GPSS.
CucremMa  [03BOJISIE  BPaxOBYBaTH  CTOXAaCTHUYHICTh

napaMeTpiB, aHali3yBaTH IPOAYKTUBHICTh 1 BH3HAYaTH
ONTUMANBHI pexUMU poboTu. OTpuMaHi pe3yJabTaTH
MOXYTb OyTM BHKOPHUCTaHI y HaBUYaJbHHUX IIAX, AIA
MiZATOTOBKY 1HXKEHEepiB Npuiiao0yJiBHUX CHelialbHOCTEH,
a TaKOX Yy MpPaKTHLI MiANPUEMCTB ISl ONTHMI3alii
BHUPOOHUIITBA.

Iopanpii MOCHiPKEHHST Tepen0avyaTh PO3MIUPEHHS
0i0mioTeku OJIOKIB, ypaxyBaHHSI EHEPrOCIIOKMBAaHHS Ta
iHTerpamiro 3 1H(GOPMAIITHUMKE CUCTEMaMHU YIpPaBIiHHS
BHUPOOHHUIITBOM.
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[HTENEeKTyanbHa CUCTEMA MIATPUMKH MPOEKTYBAHHS

MOyIbHUX KOoH(DIrypaiiii bITJIA 3 Bamigariero

CYMICHOCTI Ta aHaJI130M XapaKTEPUCTUK

Haranis ®ypmanosa', Oner Capuenxo!, Cepriit Manmnii'

1. Kadenpa inopmariiHIX TEXHOJIOTIH eNeKTpoHHUX 3ac00iB, HamionansHuit yHiBepcuTeT «3anopizbKa Mo TEXHIKa,
VKPAIHA, 3anopixoks, By, YHiBepcuTeTchbka, 64, email: nfurmanova@gmail.com

Anomauis: B poOOTI TIPEICTaBICHO IHTENEKTYalbHY CHCTEMY
I ATPUMKH TIPOEKTYBAHHI MOIYJIBHUX KOH(DIrypamiii 6e3minoTHux
mitanpHux  amapariB  (BIIJIA), mo moemHye Bi3yaibHe
KOMIIOHYBaHHs, aBTOMAaTH30BaHy JIOTi4Hy BaJiJallif0 CYyMiCHOCTI
KOMIIOHEHTIB ~ Ta  INIPOTHO3HE  MOJICNIOBAHHSA  KIIOYOBHX
xapakrepucTuk. Cucrema  peaji3oBaHa 32  TPHPIBHEBOIO
apxiTeKTypolo, sika BKJItOUae rpadivnmii inTepdeiic koprucrysaya,
Sapo Banigamii Ta 6a3y JaHWX eNEeKTPOHHUX MOAYIIB y (opmari
JSON. 3anpornoHOBaHWA TMiAXiJl TO3BOJIIE BUSBIATH TTOMIIKH
iHTerpamii 1me Ha KOHIENTyalbHOMY eTami, a TaKoX
PO3paxoBYBaTH CyMapHy IMOTYKHICTb, CTPYM i Bary KoHgiryparii.
JlomaTKoBO pO3risIHYTO MOXIUBICTH iHTerpamii LHI-nomiyanka Ha
0a3i cyJacHHX BEIMKHX MOBHHX Mojelnei, 30kpema Mistral-7B,
IUIsL  CeMaHTHYHOro aHamizy KoHdirypamii Ta HaJaHHA
pEeKOMEHpaliil MpoeKTyBalbHUKY. HaykoBa HOBH3Ha poGOTH
Noyisirae 'y  TO€AHAHHI  ITOPUTMIYHOI  TEpeBipKH 3
IHTENIEKTYaJIbHOIO IMJTPUMKOI0 KOPUCTYBaya, IO Ii/IBHIILY€E
HaJiHHICTh, 3MEHIIy€ PU3HKH HECYMICHOCTI Ta CKOpOUye uac
PpO3poOKy.

Kniwouosi cnosa: 0e3NinoOTHI JITaNbHI amapaTw; MOAYJIbHE
MIPOEKTYBAHHSI; €JIEKTPOHHI KOHDIryparii; Bamigamis CyMiCHOCTI;
MOJICJIIOBAHHS XapaKTepPHUCTHK; CHCTEeMH HiITPUMKHI
MPOEKTYBAHHS.

. BCTvin

CrpiMke 3pocTaHHs iHTEpecy N0 Oe3IMiIIOTHUX JiTAIbHUX
anapartiB (BITUJIA) npusBeno no tpanchopmariii 1iei chepu
BiJl BY3bKOCIEIIAI30BaHOT 70 MAacoBOi, 3 OCOOJIMBUM

aKI[EHTOM Ha KacToMi3ario Ta crieriaiizaLiro
koHpirypaniii.  CywacHi  BIUIA €  ckinagHumu
MEXaTpOHHUMM  CHCTEMaMH, Jeé amaparHa dYacTHHa

CKJIQIAEThCS 3 JAECATKIB B3a€MOIIOB'S3aHUX EJIEKTPOHHUX
MonyiiB: monsotHuX KoHTposepiB (IIK), perymnsropis
uBuaKOCTI (ESC), cCHIOBUX YCTaHOBOK, TEIEMETPUYHHUX Ta
BiZIEOCHCTEM.

l'onoBHOO TIPOOIEMOIO Y IPOEKTYBAHHI TAKUX CHCTEM €
BHCOKAa WMOBIpHICTh IIOMIJIOK IHTETpallii Ha eTari BHOOPY
KOMIIOHEHTIB Ta ix 3'eguanns [1]. Hasire He3Hauna
HECYMICHICTh 32 HAIpPyrom, IPOTOKOJIAMH  3B'SI3KY
(mampuxitag, DSHOT, PWM, MAVLink, CAN), abo tamom
KOHEKTOpiB, MpPWU3BOAUTH 1O BIIMOBH BCi€i cHCTeMH,
MIOIIKO/DKEHHA ~ JOPOTOBAPTICHUX MOAYNiB  abo, 1Mo
HaWKpPUTHYHIINIE, IO BTpaTH amapaTry WiJ dYac MOJbOTY.
Tpamumitiai CAD-iHCTpyMeHTH, PH3HAYEH] U pO3pOOKH
JIPYKOBAaHUX TUIAT, HE 3a0€3MedyroTh JIOTIYHOI Bajimarii
MDKCHCTEMHOI ~CYMICHOCTI Ha piBHI  KOMIIOHEHTIB,
3aITMIIAI0YN TeH TPoIlec Ha BiIKYT iHXEHEpY.

TakumM  umHOM, BHHHKAE TOCTpa  HEOOXiNHICTPH
aBTOMATH3AaIii Ta IHTEIEKTyali3aIlii eTamy MOoIepeTHbOro
(koHmenTyansHOro) mpoektyBanus BIUIA [2, 3], mo
JO3BOJIMUTH  MiHIMI3yBaTH MOMIJIKH, CKOPOTHTH dac
PO3pOOKH Ta MiABUIINTH HATIHHICTD KIHIIEBOTO MPOAYKTY.

MeTtoro naHOi po0OOTH € po3podKka Ta peaizaiis
IHTEJIEKTyaTbHOI CHCTEMH, 3J1aTHOI:

- 3a0e3MeUnTH Bi3yajbHE, MOJIYJbHE KOMITOHYBaHHS
enexTpoHHoi cxemu BITJIA;

- aBTOMaTHMYHO NPOBOJMTH JIOTIYHY  BaJIijallifo
CYMICHOCTI 0OpaHHX KOMITOHEHTIB;
- Ha/laBaTH IHTEJIEKTYaIbHY MATPUMKY

MPOEKTYBAJIBHUKY Ha OCHOBI aHalli3y BEJIMKHX MOBHHX
mogenerd (LLM) muist BUSIBICHHS! IPUXOBaHUX PHU3UKIB Ta
OTNTUMI3alli] XapaKTEPUCTHK.

[l. APXITEKTYPA CUCTEMH TA MOJIYJIbHUIA
TTTXIT

IIpoextyBanns BIIJIA, sk mnpaBmiio, MOYMHAETHCS 3
BHOOPY paMH Ta CUIIOBOT YCTAHOBKH, a MTOTIM IEPEXOIUTH JI0
BuOopy enektponiku [4, 5]. IcHyroui iHCTpyMeHTH
Oo0MexXyloThcsi a00 JOBIZHMKAaMM KOMIIOHEHTIB  (0e3
MEepPeBIpKU CyMiCHOCTI), 200 HporpaMHUM 3a0e3TeYeHHIM
st po3pooku PCB (nanpuknaza, Altium, KiCad), sike He
MpU3HAUeHe [UIs TePEeBIPKH JIOTIYHOTO 3B’SI3KYy Mk
TOTOBUMH MOJYJIsSIMH, a (OKYCyeTbCS Ha TpacyBaHHI
JIOPIXKOK.

3anponoHOBaHA AaBTOpPAaMU CHCTEMa 3alOBHIOE [0
IPOTaINHY, 3a0€3[eUyI0ur apXiTeKTypHEe MOJIEIIOBaHHS Ha
PIiBHI TOTOBHX MOJIYJIIB.

Cuctema peanizoBaHa 3a TPUPIBHEBOIO apXITEKTYPOIO:

1 Iurepdeiic kopuctyBaua (CAD GUI) po3pobienuit
Ha  0a3i  Python/Tkinter, 3abe3meuye  Bi3yasbHe
MEePeTArYBaHHSI MOJYIIB, iXHE 3'€IHAHHS Ta BiIOOpaKEHHS
cTaTycy Baiiaarii.

2. Snpo Banmigamii — OCHOBHHUIT allTOPUTMIYHUIA OJIOK,
BiJMOBiaNIbHKIN 32 00poOKy KoH(irypamii (JSON-cxemn),
BUKOHAHHS JIOTIYHHUX TPaBUJ CYMICHOCTI Ta PO3PaxXyHOK
IHTETPOBaHUX XapaKTCPUCTHK.

3. ba3za paHWX KOMIIOHEHTIB — IIEHTpPaTi30BaHE
CXOBHIIIE BCIX MATPUMYBAaHIUX MOMYJIIB Ta IXHIX TEXHIYHHX
TACTIOPTIB.

MonynpHICTE TPOEKTY 3a0e3MeUyeThCS 3a PaXyHOK
BHUKOPUCTAHHS YHi(piKOBaHOTO dbopmaty orucy
koHiryparii (JSON-cxema), 0 JO3BOJISIE JIETKO JOJABATH
HOBI KOMIIOHEHTH 0e3 Moauikartii siapa Bajigarii.

KoxeHn KkoMmMmoHeHT y 0a3i JaHUX OIUCYEThCS 3a
JIOTIOMOTOI0 Habopy O0O0OB’S3KOBHX aTpHOYTiB, fAKi €
KPUTHYHUMU JJIS TIEPEeBipKU cyMicHOCTI (Tabm. 1).
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Tabmuns 1. Crpykrypa 6a3u JaHHX KOMIIOHEHTIB

ATpubyt Mpuknap, MpusHayeHHA
3HaueHHA
id 1 YHiKanbHUi ineHTndikaTop
KOMIMOHeHTa
name Flight HasBa KomnoHeHTa
Controller
model F4 Omnibus | Mogaenb/cepis KomnoHeHTa
processor STM32F405 Tun npouecopa (ana
MK/koHTponepa)
firmware Betaflight MNiaTpumyBaHe abo
4.3 pekomeHAoBaHe
M3/npowwska
ports {'UART1" Onuc pocTynHUx GisnyHmnx
‘full', 'PDB" Ta NOriYHUX NOPTIB
'power'}
voltage range | [7.4,25.2] MiHimanbHa/MakcmanobHa
Hanpyra skusneHHs (B)
current_rating 50 MaKcumanbHUi NOCTINHUA
ctpym (A)
dimensions 36x36 mm FabapuTHi po3mipu
KOMMMOHeHTa
weight 15 Bara komnoHeHTa (r)

Cxema mpoekty 30epiraerbest sik iepapxiunuid JSON-
00'ext. Bin MicTUTh MacuBH components (3 yHikaabHUMHA [D
Ta nocuianHsmu Ha DB) 1 connections (onucyroTh 3B'SI30K:
source id, target id, connection_type). Jlis miaBHIIeHHS
0e3IeKH Ta 3aXUCTY Bijl KOMIIOBaHHSI B 1HIII 3aCTOCYHKH Lisi
CTpYKTypa 30epira€Tbcsi He y BIIKPUTOMY BHUIJISII, a y
sanmdposanomy ¢opmari .Krbt, skuii € BHyTpimIHIM
CTaHJaPTOM CHCTEMHU.

[11. MEXAHI3MU BAJIIJALII CYMICHOCTI TA
MOJIEJIFOBAHHS

A. Anzopumm noeiunoi eanioayii

Anpo Bamimamii mpamoe 3a MPHHIUIOM PEJSAIiHHOL
MepeBipki yMOB MK 3'egHaHUMH MoAysiMu. Ko
KOPHCTYBad CTBOPIOE 3B'SI30K MDK KOMIOHEHTOM A i
KOMIOHEHTOM b (Hampukmag, CcwiIoBe 3'€IHAHHS MIiX
Axymynsaropom Ta ESC), 3amyckaeTbcst mepeBipka Habopy
TIPABHIL:

1. [lepeBipka HampyTw: Halpyra Ha BUXOMI [DKepena
xuBineHHS (Voltage Out) moBrHHA MOBHICTIO 200 YaCTKOBO
TIepeKpUBATA Jialla30H JOMYCTUMOI HAlpyrH Ha BXOIi
criokuBaya (Voltage In).

vVineA.Vrange,3VouteB.Vrange:Vin=Vout QD
2. [lepeBipka MPOTOKOMIB: SAKIO 3'€AHAHHSI €
curHanpanM 200 gaaux (UART, SPI, 12C), obunsa
KOMIIOHEHTY IOBHHHI MIATPUMYBATH X04a O OAWH CIITBHUAN
TIPOTOKOJ.
Protocols(A)NProtocols(B) /=@ 2
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3. ITepeBipka KOPEKTHOCTI 3'€JIHAHB: TEPEBipKa, YU
BiJNOBiae THN 3'eqHaHHS (HANpUKIAA, power, signal)
JIOTIYHOMY IIPU3HAYEHHIO ITOPTIB HA 000X MOIYJISIX.

Y pasi BUSBIEHHS HECYMICHOCTI CHCTEMa T€HEpYe
MIOTIePe/KEHHSI 13 3a3HAYEHHSIM KOHKPETHOT'O ITOpYIICHHS
(manpukman, "Hampyra akymymstopa 6S  (25,2B)
MepeBUIIye MAKCHMAIbHY BXifHy Hanpyry [1K (20 B)").

b. Mooentosanms xapaxmepucmux

OxpiMm OinapHoi (Tak/Hi) Bawmigamii, cucTeMa BHKOHYE
MPOTHO3HE MOJICIOBAHHS KJIIOUOBUX EKCIUTyaTalliHHUX
XapaKTEPUCTHK, 1110 BiAHOCUTHCS 110 pyHKIioHaTy CAE:

1 AHani3 TOTYKHOCTI Ta cTpymy: Po3paxyHok
MIHIMAIBHOTO Ta MAaKCHMAIIBHOTO 3arajlbHOr0 CTpyMY
CIIOKUBAHHS KOH(QITypaIli€el0 Ha OCHOBI crenudikamin
MoTopiB Ta iHmoro obOmamHaHHs. KiHneBuit crpym
cnoxuBanHs (Total Current IT) mnopiBHIOETBCS 3
HomiHaigpHuM cTpymMmoM ESC (IESC) Ta akymymsaropa

(IBATT):
IT=i=13 NImotor,max,i+laux 3

Skmo IT>IESC-0.8, cucrema mnomnepemkae Npo pU3KK
neperpiBy Ta 300iB.

2. Po3paxyHOK 3arajpHOI Bark: CymMapHa Bara BCiX
KOMHOHCHTiB, o € KPUTUYIHO BAXXJINBUM JJIA
IIPOTrHO3YBaHHS JIbOTHUX XapaKTEPUCTUK.

3. Bizyanmizauis  "By3bKMX ~Micup":  HaIpHKIaf,
cuCTeMa MOXe BHIUINTH 3'€IHAHHS, K MPALoe MOo0Iu3y
MeXi cBO€T noTyxHocTi (Hanpuknaa, VTX xuBnuthes Bijg 9B
BEC, sixuit mae 90% 3aBaHTa)KEHHS).

IV. IHTErPALIS HII-TTIOMIYHUKA

OpHuM 13 HampsiIMiB ~ YZOCKOHAJIGHHSI CHCTEMH €
IHTerpallis iHTeJIeKTyalTbHOTO NOMIYHHKA, TOOYI0OBAHOTO HA
6a3i cydJacHMX MOBHHUX Mojesei, 30kpema Midra-7B-
Instruct. BukopucraHHsi TakMX TEXHOJIOTIH J03BOJISIE
MiHATH TIpolec Bamijamii ¥ ontumizaiii KoHQirypariit
BITJIA Ha HOBHIi piBeHb [6].

Mistrd-7B wmoke aHamizyBaTH CTPYKTYpOBaHi mjaHi
npoekty y ¢opmati JSON, BUSBISTH MPUXOBaHI PUBHKH Ta
Ha/IaBaTH KOPUCTyBaudy peKOMeHMallii. 30Kkpema, WIeThcs
po:

- BUSIBIICHHS HEBIAMOBIJHOCTEH y XapaKTEPUCTHUKAX
JKUBJIEHHS a00 IPOTOKOJIaX 3B’ A3KY;

- OMIHKY JOWiIBHOCTI BHOOpPY
ypaxyBaHHSM Bard Ta BapTOCTi;

- (opMyBaHHS TIOACHEHb | HABYAIBHUX ITiJKA30K, IO
poOUTH cCHCTEMY KOPHCHOKO IS TOYATKIBIIIB.

Takaum  umHoM, imTerpamiss Mistral y  cuctemy
npoektyBaHHss BIIJIA He Jumie [ONOBHIOE —(QYHKIIT
ANTOPUTMIYHOI IEPEBIPKH, a 1 3a0e31edye iHTeIeKTyaTbHu N
piBeHb MIATPUMKA KOPHCTYyBada, PpOOJISTIM IHCTPYMEHT
OLITBIN YHIBEpCAIEHIM.

KOMIIOHEHTIB 3

V. ITPUKJIAJTHE 3HAYEHHS TA TIOTEHIIHI COEPU
BUKOPUCTAHHA CUCTEMU

Po3pobmena cucrema Mae 3HAaYHWA — NPAKTHYHUNA
MIOTEHITIial SIK Y HaBYaHHI, TaK i B i)KCHEePHIN TisUTBHOCTI. Y
HaBYAJBHOMY IIPOIIECi BOHA MOXKE BHKOPHCTOBYBATHCS SIK
IHTEPaKTUBHHUI IHCTPYMEHT Ul (POPMYBaHHS y CTYAEHTIB
pO3yMiHHS TIPUHINIIB o0y J0B! €JIEKTPOHHUX
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KOH(]Iirypariii Oe3IMiJOTHUX JITAaJIbHUX arapaTiB. 3aBIsKH
inTerpanii [II-momiunuka Ha 6a3i Migtral-7B kopuctysaui
OTPUMYIOTh HE JIMIIE MepeBipKy CYMICHOCTI 0OpaHWX
KOMITOHEHTIB, a ¥ TIOSICHEHHS BUSBICHHX IIOMUJIOK Ta
peKOMEH[aIii om0 IX YCYHEHHS, M0 pPOOUTH MpoIec
3aCBOEHHS Martepiany OUTbII HAOYHHMM 1 JOCTymHUM. st
IHXKEHEpIB-IIPaKTHKIB ~ CHCTeMa  BHCTyIae  3aco0oM
MIPUCKOPEHOI NEepeBIpKM CTBOPEHHX KOHQirypamiii mepen
(I3MYHUM CKIIAJQHHSIM arapara, J03BOJISIE MiHIMi3yBaTH
KUJIBKICTh TEXHIYHMX TIOMHJIOK Ta CKOPOTHTH Yac Ha
TECTyBaHHS. Y JOCHIIHUIBKUX 1 JTaOOpPaTOPHUX yMOBax

MPOrpaMHAN  KOMILJIEKC  MOXX€  BHKOHYBAaTH  DOJIb
IHCTPYMEHTY TMOINEPEJHBOI0 aHali3y CXeM, CIPHSTH
BIJNpallIOBaHHIO PI3HUX CHeHapiiB KoH(irypamii Ta

IiJIBULIYBAaTH €(PEKTUBHICTh EKCTIEPUMEHTIB. TakuM 4rHOM,
MPAaKTHYHE 3HAYEHHS CUCTEMH IIOJISArae B 00 €HaHHI
OCBITHIX, IPUKJIQJHUX 1 JIOCITIJHUI[PKUX 3aBIaHb y €JUHOMY
cepeloBULIl, sike 3abe3nedye e(eKTHBHUHA mepexil Bif
TEOPETUYHHX 3HAHB JI0 MPAKTUYHOTO 3aCTOCY BaHHSL.

V1. BUCHOBKHU

VY Mmexax BUKOHaHOI poGoTu Oyino copMOBaHO HAYyKOBI
pe3yJbTaTH, SKi CTOCYIOTBCS SIK TEOPETHYHOTo, Tak 1
NPUKIAIHOTO  acHeKTiB  IPOEKTYBaHHS  OE3MiJIOTHUX
miTanbHUX anapatiB. CTBopeHO (HOpMalli3oBaHy MOJEINb
JIAHUX JIJIsI ONTKCY EJIEKTPOHHUX KOMITOHEHTIB, SIKa JI03BOJISE
yHiiKyBaTH TXHI TEXHIYHI XapaKTePUCTHKH Ta 3a0e3rnedye
MOXIIMBICTh ABTOMAaTH30BaHOI TEPEBIPKK CYMiCHOCTI.
PeanmizoBaHe  siIpo  JIOTIYHOI  Bamijgamii  JIOBOIUTH
e(EeKTUBHICTh BHUKOPUCTAHHS pENALIHHUX TpaBHI LIS
aHaJi3y IapaMeTpiB MOAYJIB 1 JEMOHCTPY€E IOTEHIial
MiHIMI3alii IHTerpalifHUX TOMHJIOK IIe Ha eTarmi
KOHLENITYaJlbHOTO ~ NIPOEKTyBaHHA. HaykoBa HOBH3Ha
MOJISITAE TAKOX Y TOEJHAHHI AJITOPUTMIYHUX MEPEBIPOK 13
MOJJIMBICTIO CEMaHTHYHOI'O aHamizy KoHQirypamiii 3a
JIONIOMOTOI0 JIOKalbHO iHTerpoBanoro IlII-momiunnka Ha
6a3i Mistral-7B, skuii 3maTHUWI IHTEPHOPETYBATH OITHC
CHCTEMH Ta BHUSBISTH PH3HMKH, IO BUXOIATH 33 MEXi
¢dopmanpHux mpaBui. Lle cBiAUMTH MPO MEPCIEKTHBHICTH
BUKOPUCTaHHS Cy4aCHUX MOBHHUX MOJeNeH SIK IHCTpyMEeHTY
MIJTPUMKH IHXKEHepa B MPOLEeCi TPOEKTYBAHHS.

OtpumaHi pe3ysbTaTtu HiATBEPKYIOTh, 110
3alPOMOHOBAHUI  MIAXil  JO3BOJSIE  3MEHIIMTH  4ac
pO3pOOKH, MiABHIIMTH HAIIMHICTH KoOHQIrypamid Ta

PO3LIMPHUTH JOCTYIHICTh IHCTPYMEHTIB MPOEKTYBAHHS IS
KOPHUCTYBadiB i3 pi3HUM piBHeM miAroToBku. llomampimi
JOCTIIKEHHS Y I[OMY HaIlpsiMi MOXKYTh OyTH 30Cepe/KeH1
Ha PO3BUTKY (QYHKIIH CHCTEMH, 30KpeMa Ha iHTerparii
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TPUBUMIPHOTO MOJEIIOBAaHHSA JUIA IIEPeBipKUA  (Pi3WIHOI
CYMICHOCTI KOMITOHEHTIB, CTBOpEHHI MOJIYITiB
MPOTHO3YBAaHHS  JILOTHUX  XapaKTEpPUCTUK, a TaKOX
po3mmpeHHi 0a3W JaHUX 1 BIOCKOHAJIICHHI aJTrOPUTMIB
IHTEJIEKTyaIbHOTO aHaJli3y. Y MepCIIeKTHBI 1€ CIpUsSTHME
(hopMyBaHHIO KOMIUIEKCHOTO CEpEJOBHINA MiATPUMKH
iHKeHepa, Je IOETHYIOThCS METOIM aBTOMAaTH30BaHOTO
MIPOEKTYBAHHS, IHTEJIEKTYalbHI MiAKA3KH Ta MpPaKTHYHI
IHCTpYMEHTH onTHMi3amii y cepi 6e3MiTIOTHUX TEXHOIOTIH.
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