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Abstract. The article explores the potential of applying machine learning (ML) for
adaptive trajectory control of unmanned aerial vehicles (UAVs) under uncertainty.
The concepts of ML algorithms and the classification of UAVs by purpose, size, and
weight are examined. To analyze control methods, theoretical approaches such as
ensemble learning, neural networks, and probabilistic models are applied, enabling
real-time adaptation of flight trajectories. Additionally, mathematical models are
presented and illustrated with formulas describing the dynamics of interaction
between the control system, external disturbances, and control inputs. Parameters
such as system adaptability, trajectory correction accuracy, and stability under
challenging conditions are studied to assess the accuracy and efficiency of the
proposed algorithms. The study also investigates the impact of computational power
limitations on the real-time performance of algorithms. The integration of data from
various sensors is considered crucial for improving the accuracy and reliability of the
control system. Special attention is given to the practical application of ML for
environmental change prediction and flight trajectory optimization. Examples of real-
world ML algorithm implementations include successful developments by Russian
and foreign companies, demonstrating high levels of autonomy and adaptive control.
The results show that ML significantly enhances UAV autonomy and safety, ensuring
reliable trajectory corrections even under uncertain conditions. Further research could
focus on developing collective control for UAV groups and improving real-time ML
integration. This would expand UAV functionality, improve efficiency, and reduce
resource consumption.
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3asiBjieHHe 0 KOH(UINKTEe HHTEPECOB

ABTOpBI 3a5BJISIIOT 00 OTCYTCTBUH
KOH(ITUKTa HHTEPECOB.

AHHoTanus. VccnenoBaHsl BO3MOXHOCTH NIPUMEHEHUST MAIIMHHOTO
o6yuenust (MO) 1 aJanTHBHOTO YIPABICHHS TPASKTOPUSIMU OecCITH-
JIOTHBIX JieTaTenbHbIX anmaparoB (BIIJIA) B ycinoBusix HeonpeaeneH-
Hoctu. V3ydens! konuenmu ainroputMoB MO u knaccngukanust BITTIA
10 Ha3HAYEHUIO, pa3Mepy U Becy. [lid aHaIM3a METOOB YIPaBICHUS
MIPUMEHSUINCH TEOPETUYECKUE TIOIXO/bI, TAKUE Kak aHcambiieBoe o0y-
YeHUe, HEHPOHHBIE CETH W BEPOATHOCTHBIE MOIEIH, MO3BOJISIOIINC
a/lanTUPOBaTh TPACKTOPHH TI0JIETA B PEaTbHOM BpeMeHH. B nomnosHe-
HHE K 3TOMY TPeCTaBICHb MaTEMaTHUECKHE MOAEIH, KOTOPBIE MPO-
WUTIOCTPUPOBAHbI (POPMYIIaMH, OIHCHIBAIOIINMI AUHAMHKY B3aHUMO-
JEHCTBHS CHCTEMBI YIIPABIICHHUS C BHEIIHUMH BO3MYILCHUSIMH U yTIPaB-
JISIOIMME BO3IEHCTBUAMH. J171s1 OLIEHKH TOYHOCTH U 3P (HEKTUBHOCTH
HPEIJIOKESHHBIX AITOPUTMOB H3Y4YEeHbl NapaMeTpshl, BKJIIOUAIOLINE
aJanTUBHOCTh CHUCTEMBI, TOYHOCTh KOPPEKTHPOBKH MapIIPYTOB H
YCTOMYMBOCTb B CJIOKHBIX yCIOBUSX. TakxkKe HCCIEN0BAaHO BIUSHUE
OTpaHUYEHUH BBIYMCIUTEIBHBIX MOLTHOCTEH HAa paboTy aIrOPUTMOB
B peaJIbHOM BpeMeHHU. PaccMOTpeHa poib HHTErpaluy JaHHbIX C pa3-
JWYHBIX JATYMKOB ISl TOBBINICHUS] TOYHOCTH M HAIEKHOCTU CH-
cTeMsl ynpasieHus. Ocoboe BHUMaHNE YAEIEHO MTPaKTHIECKOMY MPH-
MeHeHuro MO 171 IpOrHO3UPOBaHMS H3MEHEHHH OKPYKAFOIIEH CpeIbl
1 ONTHMH3ALUH IOJETHBIX TpaekTopuil. IIpumepsl HCHONB30BaHUS
anroputMoB MO B peabHBIX IPOEKTaX BKIIIOYAIOT YCIICIIHBIE pa3pa-
OOTKM POCCHHCKHX M 3apyOC)KHBIX KOMIIAaHHH, JE€MOHCTPHUPYIOLIHE
BBICOKYIO aBTOHOMHOCTb M aJIallTUBHOCTH YIIpaBlieHHUA. Pe3ynasTaTsl
UCCIIeIOBaHUS IEMOHCTPUPYIOT, YTO ucrnonb3oBanue MO mo3Bonser
CYILIECTBEHHO ITOBBICHTH aBTOHOMHOCTb U Oe3omacHoctb BITJIA, obec-
neurBasi HaIe)KHYI0 KOPPEKTHUPOBKY MapLIPYTOB Jake B YCIOBMSIX
HEOIIpeIeNIeHHOCTH. [lanpHelme uceneioBaHusi MOTyT ObITh Halpas-
JICHBI Ha pa3paboTKy KOJJIEKTUBHOTO ynpapieHus rpymnmamMu BITJIA
n ynyumenne uarerpatun MO B peanbHOM BpeMEHH. DTO MO3BOJIUT
pacumputs pyHKIHOHATEHOCTE BITJIA, moBBICHTS HX 3(h(heKTHBHOCTH,
a TaK)Ke CHU3UTh PECypCco3aTpaThl.
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Introduction

Unmanned aerial vehicles (UAVs) are an
integral part of many areas, including military,
agriculture, environmental monitoring (EM), and
logistics. Effective UAV flight control under EM
uncertainty is one of the key challenges facing
researchers and engineers. The main challenge is
the need for real-time trajectory adaptation, which
requires a high degree of autonomy.

Machine learning (ML) provides new opportu-
nities for solving adaptive control problems. ML
algorithms are able to analyze large amounts of
data and extract patterns from them, which allows
predicting changes in EM conditions and adjusting
the flight trajectory.

The purpose of this paper is to explore the
theoretical foundations of ML application for
adaptive UAV control under EM uncertainty. The
main principles of ML are considered, and existing
theoretical approaches and models are analyzed.

1. Methods

The study used both empirical and theoretical
methods of data analysis and processing. The work
is based on modeling, which allows describing
the trajectory of objects based on mathematical
relationships and ML algorithms. The work used
an experimental method, including simulation
calculations and testing the proposed algorithms
on simulated data.

Among the theoretical research methods,
analysis and synthesis were used, aimed at syste-
matizing existing UAV trajectory control models,
as well as abstraction and analogy, which allow
identifying general patterns and adapting known
methods to new conditions. In addition, a classi-
fication was used to structure approaches to ML in
this area.

For a quantitative assessment of the effective-
ness of the developed methods, statistical methods
and quantitative analysis were used, allowing to
identify patterns and evaluate the accuracy of model
predictions. This approach ensures the reliability
and objectivity of the conclusions, which makes the
research results applicable in the adaptive UAV
control.

2. Results
2.1. ML Algorithm Concepts

Machine learning (ML) is a field of artificial
intelligence (Al) that focuses on developing algo-
rithms and models that can learn and make
decisions based on data. Researchers estimate that
the global ML market will exceed $150 billion in
2023.

ML is based on the principles of statistics,
probability theory, and optimization, which allows
you to create systems that can improve their per-
formance with experience. The main difference
between ML and traditional programming is the
ability to independently identify patterns and adapt
to new data without the need for explicit pro-
gramming. ML is based on several key concepts:

Supervised learning (SL) on labeled data con-
taining input and corresponding output values
(Figure 1).

External
environment

desired

Teacher response

actual
response

Training system

error l
<

Figure 1. Supervised learning scheme
Source: made by A.S. Ermilov, O.A. Saltykova

The external environment provides input data,
such as information about the current flight con-
ditions and surrounding environment. The infor-
mation is passed to the teacher, who generates the
desired response of the SL system, for example, the
optimal trajectory of the UAV [1]. The system takes
the input data and tries to reproduce the desired
response. The actual UAV response is then com-
pared with the desired one, and the difference
between them (error) is used to adjust the ML
algorithms. In the context of UAV operation, this
concept uses data about the current flight condi-
tions and surrounding environment to generate and
adjust the optimal flight trajectory.

Unsupervised learning (UL) is performed on
unlabeled data, where the model must independently
identify hidden structures (Figure 2).
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stimulus

response

Figure 2. Unsupervised learning scheme
Source: made byA.S. Ermilov, O.A. Saltykova

The external environment provides stimuli
that enter the UL system. It analyzes these stimuli,
identifying structures and patterns in the data
without predetermined responses [2]. Based on this,
the system generates a response that affects the
external environment, creating a new stimulus.
UL allows the UAV to function effectively in com-
plex and dynamic conditions without the need to
predetermine all possible scenarios.

Reinforcement learning (RL) is the agent inter-
acts with the OS, receiving rewards or penalties for
its actions (Figure 3).

reward

action
state

Figure 3. Reinforcement learning scheme
Source: made by A.S. Ermilov, O.A. Saltykova

Reward is a numerical value that reflects the
success or failure of an agent’s actions in a given
situation. In the RL process, an agent representing
a UAV control system selects an action (ar) based
on the current state of the environment (sv).

It changes the state of the environment, which
is recorded [3]. After that, the agent receives rein-
forcement, which is understood as a feedback signal.
It can be positive (reward) or negative (penalty)
and depends on how effectively the action is per-
formed.

The implementation of ML algorithm concepts
ensures a high degree of adaptation and accuracy
in UAV control [4]. This allows analyzing and
processing data in real time, optimizing flight
trajectories and making autonomous decisions in
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complex and changing conditions. To understand
the specifics of ML application, it is necessary
to study the classification of UAVs by their
capabilities, design features and technological
characteristics.

2.2. UAVs and Their Classification

Unmanned aerial vehicles (UAVs), or drones,
are aircraft systems that operate without the direct
participation of a pilot on board. These vehicles
are controlled remotely by an operator or auto
nomously using onboard computers and sensors.
The global UAV market was valued at US$ 37.46
billion in 2023 and is expected to grow to US$
148.19 billion by 2032, with a compound annual
growth rate of 16.5% from 2024 to 2032. Figure 4
presents the distribution of UAV applications
across various industries in 2023 based on current
market data.

m Defense and security Logistics and transport
Media and W Energy and infrastructure
entertainment Healthcare

@ Construction
and mining

Agriculture

® Other

Figure 4. Distribution of UAVs
by industries worldwide in 2023, %
Source:made byA.S. Ermilov, O.A. Saltykova

UAUVs are classified by purpose into three main
categories: military, civil and scientific. Military
drones are used for reconnaissance, surveillance,
target designation and combat operations. Civil
drones are used for commercial and private pur-
poses, such as aerial photography, delivery of
goods and monitoring of agricultural lands.
Scientific and research drones are designed to
monitor the environment, study atmospheric pheno-
mena and collect data [5].

UAVs are classified by design into three main
categories. Multi-rotors (multicopters) are equipped
with several rotors, providing high maneuver-
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ability and flight stability, which makes them ideal
for aerial photography and video filming [6].
Airplanes have fixed wings, allowing them to fly
efficiently over long distances at high speed, and
are used for long-term surveillance and monitoring

missions. Hybrid devices combine elements of
multicopters and aircraft, providing high maneu-
verability and the ability to fly long distances.
Based on size and weight, UAVs can be classified
into several categories (Table 1).

Table 1
Classification of UAVs by size and weight
UAV type Weight Main areas of application
Micro UAV Up to 250 g Research in limited spaces, observation
Very small UAVs 2509 -2kg Aerial photography, light commercial use
Small UAVs 2-25kg Agricultural monitoring, infrastructure inspections, commercial applications
Medium sized UAVs 25-150 kg m:gtsz?crxlznd commercial purposes, long-term surveillance and data collection
Large UAVs More than 150 kg Large-scale military operations, high-load commercial missions

Source: made by A.S. Ermilov, O.A. Saltykova

The operation of the UAV includes three main
phases:

= Navigation is the process of collecting and
analyzing information about the environment, which
is necessary for constructing routes and avoiding
obstacles [7].

= Control includes solving flight problems
and ensuring the execution of planned routes.

» Tracking is the assessment of the current
location of the UAV and adjusting the route as
necessary.

The classification of UAVs demonstrates that
these aviation systems can be effectively used in

various industries due to their ability to perform a
wide range of tasks. Adaptive control of the UAV
trajectory, using ML methods, plays an important
role in their ability to function effectively at all
phases of operation.

2.3. Adaptive Control of the UAV Trajectory

To ensure autonomous flight in conditions of
uncertainty of the environment, it is necessary for
the system to be able to respond to changes and
adjust the trajectory in real time. Control of UAVs
in conditions of uncertainty is associated with
many factors (Table 2).

Table 2

Factors associated with UAV control under uncertainty

Factor

Description

Impact on UAV control

Changing weather conditions
pressure

Wind speed and direction, temperature, humidity,

May affect flight stability, require
trajectory correction

Presence of obstacles .
trees, birds

Static and dynamic obstacles such as buildings,

Constant monitoring is required to
avoid collisions

OS Dynamics

Changes in landscape, moving objects, other UAVs

Requires flexibility in route planning
and adaptation

Communication instability

Communication with the operator is disrupted,
interference in data transmission channels

May lead to loss of control and
management

Limited computing resources
computers

Insufficient data processing capabilities of onboard

Limits the complexity of algorithms
and their speed of operation

Low energy reserves

Short flight times, need to conserve energy

Requires route optimization and energy
management

Data uncertainty

Inaccuracies and errors in data received from sensors

Can lead to errors in decision making
and management

Route complexity o
unfamiliar areas

Includes the need to navigate routes in complex and

Requires high precision and reliability
in planning and execution

Source: made by A.S. Ermilov, O.A. Saltykova [8; 9]
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Effective UAV control requires a system that
can analyze sensor data and predict potential
changes. Sensors collect information about wind
speed, temperature, pressure, and the presence
of obstacles, and machine learning algorithms
process this data to adjust the trajectory. The use of
such technologies allows us to identify complex
dependencies and predict changes more accurately.

2.4. Theoretical Approaches to the Application
of ML for UAV Control

The main tasks solved by ML in the UAV
control system are:

» Pattern recognition: using ML algorithms to
analyze visual data, which helps the UAV to iden-
tify objects and obstacles in the environment [10].

» Route optimization: using ML to find the
most efficient and safe flight paths, which mini-
mizes time and energy costs.

* Threat prediction and prevention: using
ML models to predict potential risks and develop
strategies to prevent them, ensuring flight safety.

* Improving interaction with operators:
implementing ML to improve the quality of commu-

nication and coordination between UAVs and their
operators, which contributes to more effective
control and monitoring [11].

The implementation of ML requires compre-
hensive strategies. Various theoretical approaches
to the application of ML, such as different learning
options, neural networks, ensemble learning and
probabilistic models, play a significant role in the
development and improvement of UAV control
technologies (Table 3).

The application of ML theoretical approaches
to UAV control provides many benefits, such as
improving the adaptability, accuracy, and efficiency
of these systems. The use of methods including
reinforcement learning, neural networks, ensemble
learning, and probabilistic models allows for the
creation of more autonomous and robust systems
that can cope with uncertainty and complex con-
ditions [14]. These approaches not only improve
the functionality and safety of UAVs, but also open
up new prospects for their application in various
fields, from military operations to civil and
commercial tasks.

Table 3

Theoretical approaches to the use of ML for UAV control

Approach Application

Advantages Disadvantages

Neural networks capable
of nonlinear data processing

Object recognition,
image processing

High accuracy,
big data capability

The need for large amounts
of data for training

Ensemble learning Improving classification

Increased stability High computational costs

(multiple models) accuracy
PrObabmSt'(.: models Forecasting and risk Accounting for uncertainty, Difficulty in building
for accounting assessment,

for uncertainty in data data processing

improved interpretability and setting up models

Source: made by A.S. Ermilov, O.A. Saltykova from [12; 13]

3. Results and discussions

3. 1. Application of ML for Forecasting
and Optimization of Mathematical Models
of UAV Trajectory Control

One of the main models used to describe the
UAV flight dynamics is the system of differential
equations (1):

x=f(,uwi), (D)

where x is the state vector, including the coordi-
nates, speeds and orientation of the UAV; u is the
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vector of control actions; w is the vector of dis-
turbances, such as wind and turbulence; # is time.

The function f describes the dynamic behavior
of the system. Using a system of differential
equations to describe the UAV flight dynamics
allows us to accurately model and predict their
behavior under various conditions, taking into
account the coordinates, speeds, orientation, control
actions and external disturbances, such as wind
and turbulence [15].

ML methods, such as neural networks, are
used to approximate the function f, allowing us to
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model complex dependencies in the data [16]. For
example, recurrent neural networks (RNN) can
model the temporal dynamics of the system using
formula (2):

h: = on(Whx:+ Unhi-1 + br);
yi=oy(Wyhitby), (2)

where h; is hidden state of the network at a given
time ¢, x; — input data at time #; Wi, W, — weight
matrices; bn, by — response; 6i, 6y — activation
functions such as sigmoid or ReLU. Sigmoid and
ReLU (Rectified Linear Unit) are activation
functions used in neural networks to introduce
nonlinearity into the model. They allow the net-
work to learn and model complex nonlinear
dependencies in the data. For UAVs, this means
that ML methods model complex dependencies
between the data and the temporal dynamics of the
system [17].

Long Short-Term Memory (LSTM) net-
works, owing to built-in mechanisms for forgetting
and remembering information, are able to retain
important data for long periods and ignore irrelevant
ones. This allows them to effectively predict future
system behavior based on past data, which is
necessary for adjusting the UAV flight path in
changing conditions [18]. The networks process
sequential data, such as weather conditions, and
help the system adapt to changes in real time.

The use of ML in UAV trajectory control sig-
nificantly increases their autonomy and efficiency.
The use of differential equation systems, recurrent
neural networks and networks with long short-
term memory allows not only to improve control
accuracy, but also to significantly reduce the risks
associated with the uncertainty of the OS [19].
This opens up new opportunities for the creation
of highly efficient and safe unmanned systems
capable of performing complex tasks.

3.2. Practice in the Application of ML
for Forecasting and Optimizing UAV Trajectories

Examples of successful application of ML in
UAV control can be found among both Russian
and foreign companies. The Russian company
Kronstadt specializes in the development and pro-

duction of high-tech solutions in the field of UAVs,
shipbuilding, robotics and simulators. It offers
complex control systems for military and civil avi-
ation, maritime transport and other areas. Kronstadt
actively participates in innovative projects,
introducing advanced technologies and ensuring
high reliability and efficiency of its products. The
share of innovative developments in the manu-
factured products is 90%.

The American company Northrop Grumman
uses advanced Al and ML solutions to create
complex systems that support the execution of
important tasks in the field of national security.
These technologies improve the quality of decision-
making, providing faster and more accurate data
processing at the tactical level [20]. Northrop
Grumman is implementing Al algorithms for
vertical takeoff and landing, which allows them to
be used in expeditionary conditions with minimal
logistics and maintenance requirements. These
systems can be quickly deployed and operated by
a small team, which increases their tactical flexi-
bility and effectiveness in combat conditions.

The American company General Atomics
Aeronautical Systems, Inc. (GA-ASI) is one of the
leading American manufacturers of military UAVs.
Well-known models produced by this company
are the MQ-9 Reaper, Gray Eagle and Predator C
Avenger. These drones are widely used to perform
reconnaissance tasks, as well as to carry out combat
missions. ML is used to analyze large amounts of
data in real time, which improves target recognition
and decision making [21]. Adaptive control
provides a high degree of autonomy for drones,
allowing them to independently adjust their
actions depending on changing conditions on the
battlefield. Despite the fact that legal regulation of
the use of UAVs is becoming more stringent in
various countries, this direction remains promising.
Strengthening requirements for flight safety and
data protection stimulates the development of
more advanced UAV control technologies, including
the use of ML. Regulatory changes are aimed at
ensuring the safe integration of UAVs into national
airspace, which opens up new opportunities for
developers and users of these technologies.
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Conclusion

The use of ML for adaptive control of UAVs
in uncertain conditions represents a significant
step forward in ensuring the accuracy and safety of
flights. The use of advanced ML algorithms allows
for the efficient processing and analysis of data in
real time, which facilitates timely correction of
trajectories. This is especially important for complex
missions in various fields, such as military affairs,
civil and scientific research. The introduction of
ML technologies opens up new opportunities for
increasing the autonomy and efficiency of UAVs.
Despite the tightening of legal regulation, innovative
developments in the field of ML continue to
evolve, offering improved algorithms and models
for data processing and decision-making. Prospects
for the development of ML in UAVs include the
creation of more complex systems for collective
control, which allows for the coordination of
actions of several UAVs in a single network. This
facilitates the implementation of complex tasks,
such as joint survey of territories and synchronized
response to emergency situations, significantly
expanding the functionality of UAVs and increasing
their operational flexibility.
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3asiBjieHHe 0 KOHGUINKTEe HHTEPECOB

ABTOpBI 3asBIISIOT 00 OTCYTCTBUH
KOH(JIMKTa HHTEPECOB.

AHnHoTanus. PazpaboTaH HaleXHBII METOA ONpENENICHNs a9POAHHA-
MHUYECKHX KOA(Q(UIHEHTOB M CHCTEMaTHYECKUX OIIMOOK B U3MEpH-
TEJILHOM CHCTEME CaMoJIeTa, B KOTOPOM HCIIONIB3YIOTCS TPEUMYIIECTBa
aHaM3a B YaCTOTHOU 00acTH. 3a/1ada ompeeNieHus IrapaMeTpoB Gop-
MYJIHpYETCsl B paMKax METOZla MakCHMyMa INpaBaornonobus. Moaenn
oObekTa 1 HaOJIOIeHNs 3aJaI0TCsl BO BPEMEHHOI obsacTh, a QyHK-
IIMOHAJI ONPEAEIsIeTCS B YACTOTHOM 00JIACTH, YTO MTO3BOJISIET pas3zie-
JUTh JUHAMUYECKHE XapaKTEPUCTUKU CaMOJIeTa Ha Pa3HbIX 4acTo-
Tax, 3(1)(1)6KTI/IBHO YMEHbIIas BIUAHUC IIyMa U IMOTCHUHUAJIbHBIX HEJIU-
HEeWHOCTeH, MPUCYIINX JAaHHBIM BO BPEMEHHOI oOiacTu. DTOT mepe-
XOJI M3 BPEMEHHOU 00JIaCTH B YaCTOTHYIO TAaKoKe 00NeryaeT onpeaene-
HHUE 33/IepPKEK B U3MEPUTEIILHOW CHUCTEME, KOTOPbIE YacTO CIIOXKHO
TOYHO OLIGHUTH BO BpeMEHHOH obnacTy. J{si MUHMMHU3aIUK LeJIeBOH
(hyHKIINHM B 9YaCTOTHON OOJIACTH MPUMEHSIETCS MOAU(DUIINPOBAHHBIH
metox HproTOHAa, 9TO MO3BOJISIET MOYYUTh ONTUMAJIbHBIE OLIEHKH OOKO-
BBIX a9pOJMHAMHYECKHUX KOI((HUIMEHTOB W 3amasipiBaHuil. D dek-
TUBHOCTH JJaHHOTO II0/IX0Ja MOATBEPKAAETCS MPUMEPaMHU HICHTH-
(uKanMy mapamMeTpoB MOJENH JBMKEHHS JIETATeNBHOTO amlapara,
JEMOHCTPUPYS €r0 CHOCOOHOCTh TOYHO OXapaKTepH30BaTh OOKOBYIO
JUHAMHKY camoseTa. JTOT METOA MOXET cTaTh 3((EeKTUBHBIM WH-
CTPYMEHTOM JUIS ONTUMM3ALMH MTPOCKTUPOBAHMS M aHAJIN3a CHCTEM
ynpasieHust nonetoM. OH JaeT BO3MOXHOCTb C BBICOKOH TOUYHOCTBIO
MOJIEITUPOBATh IIOBEACHUE JEeTaTEeIbHOIO aIlapara.

KaroueBble ciioBa: ujaeHTH(UKAIMS TapaMETPOB, CIIEKTPaIbHO-BPe-
MEHHOH JITOPUTM, YaCTOTHAs 00J1acTh, a9poJHAMHYECKue Kodahu-
LHEHTHI, HOIPEITHOCTH GOPTOBBIX U3MEPEHHI
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Introduction

Algorithms for the parameter identification
of dynamic systems are traditionally divided into
frequency- and time-domain methods, and each
group of methods has its own advantages and dis-
advantages [1;2]. Therefore, time-domain algo-
rithms provide a simpler account of the nonline-
arities and nonstationarities of an object, whereas
frequency-domain algorithms allow for the selection
of the most effective band of operating frequencies
for a given task. Time and spectral domain para-
meter identification methods form an effective
instrument for aircraft flight tests [3]. An example
of spectral parameter identification was presented
in [4]. In previous studies [5—8], the use of inputs
in the frequency domain to augment the quality of
identification estimates was discussed. Other fields
where time- and frequency-domain identification
play an important role are on-board measurement
systematic error identification [9—11], aircraft thrust
and drag force estimation [12; 13], satellite orbit
parameter determination [14; 15], and analyses
and improvement of piloting processes [16—19].

In recent years, there has been a trend towards
the development of mixed time-frequency methods
that aim to combine the advantages of both ap-
proaches.

As an example, one can cite the spectral-
temporal identification method [20], in which the
calculation of residuals between the experimentally
measured and model-predicted signal values is per-
formed in the time domain, whereas the minimized
function is formulated in the frequency domain,
specifically in the complex variable domain of the
Laplace transform. The main limitation of this
method is the requirement of linearity in the object
and observation models. The proposed algorithm
is free from this constraint and is based on a well-
known method for identifying nonlinear nonstatio-
nary dynamic systems using the maximum like-
lihood approach [21]. Furthermore, a significant
advantage of the proposed algorithm is its use of
concepts familiar to engineering practice, such as
frequency domains and spectral densities.

1. Time-Frequency Identification

The identification algorithm is obtained in
which the models of the object and observations
are formulated in the time domain, whereas the
minimized functional is defined in the frequency
domain. It is assumed that the new algorithm,
while retaining the main properties of the original
time-domain method, will acquire new beneficial
qualities, primarily because of its ability to select
bands of operating frequencies.

The nonlinear and nonstationary model of the
object and observations are defined as follows:

V)= f(»(1).a,t), (1)
z(t;) = h(y(t, a, ;)+v()). ()

where, y(¢), z(t) is the state vector and observat-
ion vector with dimensions n and r respectively;
a is the vector of the parameters that shall be
identified with dimension p; v(#)is the vector
random process of the white noise type of
dimension 7, having a normal distribution and a
correlation matrix R(7;).

The control signal u(¢), is considered to be a

known function of time and is accounted for by the
time dependence on the right-hand side of (1).
Observation equation (2) is defined for discrete
time instants ¢, ,i =1, 2, ..., N, which corresponds
to digital registration and processing.

Traditionally, the minimized functional in the
time domain is formulated as follows:

N

J(a):(1/N)Z(z(ti)—2(ti,a)jT><

i=1

1) 2(0) - 2{000) | G

where N is the number of observations; Z(;,a) is

the prediction of the observation vector, which is
determined by the numerical integration of
equations (1), (2) at v(z,)=0 for given initial
conditions and at a fixed value of the parameter
vector a .
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N
Considering that the operation (1/N)> ()

i1
corresponds to the estimate of the mean and is
denoted by &(#,a) the residual between the

observation and prediction:
e(t,a)=z(t;)-2(t;, a) “4)
the functional (3) may be written in the form:

J@)=M|e" (t,a)R™(1)e(t,a) |, (5)

where M [.] is the estimate of the mean for N

number of observations.

It is necessary to introduce several notations
immediately before proceeding to the formulation
of the functional in the frequency domain.

For a scalar signal x(¢), presented by N

number of measurements of x(z,),i=L2,...N

conducted at regular intervals Af =7, —¢, with

the registration frequency freg =1/At, let us

denote F (x(t)) the result of the discrete Fourier

transform [10], calculated for discrete values of
frequencies f(x), k=1,2,..,N/2+1 within the

frequency band 0 ... 0.5 f .

Let us denote Fj (x(¢)), the component of
F(x(t)), corresponding to the frequency f,.
In the case of a vector signal

T

x(t) = [xl (t)x2 (t), vy X, (t)] 5

the discrete transformation is applied separately to
each component, and F, (x(t)) represents a vector

of the same dimension.

Fo(x(8) = F (5,.(0)) F (%, (1)) s s B (5,(0)) ] -

For the scalar signal x(¢) described above, at
each discrete frequency value f, the estimate of
the spectral density of the power flux S, (x(2)) is
denoted as [10]:

20

S, (x(0)) =M [ F (x(0)) F (x(1)) |- (6)

Methods for numerically determining the
estimate of mean in for (6) for N number of
measured values of x(,) are presented, for instance,
in [22].

It is now possible to proceed to the for-
mulation of the functional and derivation of the
algorithm.

The following assumption is made: the object
model and observation model are defined by the
equations (1) and (2). The functional in the
frequency domain can be defined as follows:

Jf(a)=M{ZL:Fk*(s(t,a))Gka(s(t,a))}, (7)

k=1
where ¢(t,a) is the vector of residual with
dimension 7 between observation and prediction,

calculated by formula (4); G, is the diagonal

matrix of real dimensional weight coefficients
with dimension »Xr.
Substituting into (7)

Gy :diag[gkl 8r2 5 -es gkr]a

equation (6, 8) can be obtained in the form:

L r R
Jf(a):kZiZ;gk/Sk(Sj(t,a)). (8)
Zi=
From (8), considering (6), it follows that
functional (7) with the specified choice of the
weight matrix G, is real-valued, although it

contains complex components F (&(z,a)).

A recurrent algorithm for finding an estimate
of the vector of parameters a minimizing the
functional (7) is obtained as a modification of
Newton’s method [21]:

. 1 (4)
Qi1 = 9y _(D(ak )) ‘;&k ) )
dJ (a,) . . . :
where, ﬂ is a vector with the dimension p

da,

of the first derivatives of the functional with
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respect to the vector of parameters; D(d,)is a

matrix with dimension p X p, approximately equal
to the matrix of the second derivatives of the
functional with respect to the vector of parameters.

We will examine the matrix D(4,) in more

detail during the derivation of the algorithm. It is
important to note that the distinction between the
recurrent algorithm (9) and classical Newton
method lies in the way it is computed. To imple-
ment (9), it is necessary to determine the first- and
second-order derivatives of the functional (7) with
respect to the vector parameters that should be
identified. In the differentiation process, we utilize
the linearity property of the expectation operators,
differentiation, and Fourier transforms, along with
the following formula:

d *
M:QR {dx ax (@) & (a )} (10)
da da

where G is a valid diagonal matrix; x(a) is a
complex vector that is a function of a valid vector
argument a.

The equation (10) is obtained by diffe-
rentiating the left side, where the elements of the
vector x(a)and matrix G can be written
explicitly. The derivative of the quadratic form is
x (a)Gx(a).

It is assumed that x(a) is a complex vector of
dimension », which is a function of the valid
vector argument a of dimension p;

G is a diagonal real-dimensional matrix of
the weight coefficients of the dimension nXxn,
G=diag(g, &, - &y)-

Let us demonstrate, that the derivative of
quadratic form by vector a

=2 Re[dx* (@)

a  (pxm)

d(x"(a) G x(a))
da

G(nxn) x(a)(nxl) i| .

Writing out the elements of the vectors
explicitly,

X' (a) G x(a)= g, x,(a) x,(a) +

+g, x;(a) x,(a)+..+g, x:(a)xn(a)'

In order to proceed, it is necessary to
determine the derivative of the summand of the
form included in the resulting expression,

g% (a) x,(a):

CIC (c;) %) _ g’_(dxi @ @)+ 3 (@) 2D j:
a da () a  (px)
_ [dx/(a) dx; (a)
_gi[ da o) xi(a)(lxl) [ x,(a )] j

~2gRe {d" @ (a )}

(px1)

Let us find the desired derivative using the
following result:

d(x*(a;aG x(a)) :d[igl X:((l) X[(ll):| —
=2Re|l g—— ](a) x(a)+g, dxdfl )xz(a)+ -+g, d(a)x (a ):|
[ g 0 .. 0][x(a
0 || x(a)

—2Re dx;(a) dx,(a) mdx:(a) 0 g .
da da da
0 0 .. g||x/(a)

=2Re| ——

G(nxn) x(a)<nx1):|-

Thus, the equation (10) is proven.
It is necessary now to find the first derivative
of functional (7):

dJ, (a) {im { (dsc(lt a)) G.E (e (t’“))H:
a

:—ZM{ZL: { (dzgquma,a»}}<u>

k=1

Note that in the second equation (11),
expression (4) is used for the residual €(¢,a).

In the special case, for G, = E the derivative
(11) takes the form:
(t,a)j}, (12)

aJ,(a) _ L di(t,a)
5%

&, )J { [dz(”)jﬂ(s(m},
da
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dz(t,a)

where, $ [
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there is an estimate of the cross-spectral density of
signals dZ(t,a)/da and ¢g(t,a)is calculated

from N values of these signals recorded at discrete

time points ¢, 1 =1,2,...,N .

More generally, after substituting
G, = diag[g,, g;15----&,.] into (11), equation
(13) will be obtained:

> S.iLig,
i=1
L A . .
aJ ,(a) — _JRe z ;Sk(lzal)gki . (13)
da k=1
ng(ipai)gki
= ]
where, § (ij,i) is the estimate of the cross-

spectral density of the signal corresponding to the
i-th row of the j-th column of the matrix
dz(t,a)/ da (i.e., the signal of the derivative of

the i-th element of the vector of observation
prediction Z(¢,a) with respect to the j-th element

of the vector of parameters @) and the i-th element
of the vector of the residual €(¢,a).

As can be observed, and in this case, finding
the first derivative is reduced to calculating the
cross-spectral densities.

Then, it is necessary to approximate the
second by derivation differentiating (11) using the
vector of parameters a :

d'J,(@)_d {d] (a)}

da’ da| da
L
=—2Re{M{ s F (‘””ﬂ F (e, a))}
k=1
+9Re M{ZL:F,( dz(t a) dz(t,a)
=l da
. M{iFk =t 6 | 2200 |||l (14)
k=1 da

22

In equation (14), the term containing the pre-
diction of the second derivatives with respect to the
parameter vector has been omitted. This reduces
the computational burden and eliminates errors
associated with calculating the second derivatives.
The main idea is that near the extremum, the
omitted term is small because it is proportional to
the residual &(¢,a), and far from the extremum,

its influence on the convergence of the algorithm
1s not decisive.
When G, =E, from equation (14),

following equation (15) will be obtained:

d*J (@) Lo (dE"(ta) di(t,a)
Lm0 ). o

k=1 a

where, under the sign of the sum, there is an
estimate of the cross-spectral density of the signals
dz(t,a)/ da.

By substituting G, = diag [g,, > &»> > &1
into (14), equation (16) will be obtained as follows:
iS‘k(il,iZ)gk,

Z&(il,n)gm > S, iLip)g,
i=1

dJ(a) . ZZS L (12,i1)g,, Zs (12,i2)g,; - ’Z.SA'k(iZ,ip)gh ' (16)

Zsm'p,il)gk. Zsk(ip,iz)gh Y 8,ap.ip)g,
i=1 i=1 i=1

The term S . (ij ,in) represents an estimate of

the cross-spectral density between the derivative
of the i-th element of the prediction vector with
respect to the j-th element of the parameter vector,
and the derivative of the i-th element of the
prediction vector with respect to the n-th element
of the parameter vector.

Thus, the final algorithm is as follows: the
model of the object and observations is defined by
equations (1) and (2), and the parameter estimates
are computed using the recurrent formula (9),
in which the first derivative of the functional is
determined based on the form of the matrix G,

using formulas (12) or (13), whereas the approximate
matrix of the second derivatives D(a,)is given

by formulas (15) or (16). Prior parameter estimates
must be provided to initiate the algorithm. The
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computations based on formula (9) are concluded
when the magnitude of the vector a,,, —a,

becomes less than a certain small value, for
example, 1 to 2% of the magnitude of the vector
d, . The derivative of the forecast with respect

to the parameters dZ(f,a)/da is determined

numerically by sequentially assigning small
increments to each of the elements of the vector a.

The numerical estimation of the spectral and
cross-spectral densities of the power flow is per-
formed using one of the known methods. A number
of practically effective algorithms are provided,
for example, in [22]. In particular, this work used
the Fast Fourier Transform, the Goodman-Otnes-
Enokson spectral window, and frequency averaging,
although other options are also possible.

The choice of operating frequency bands is
based on the conditions of a specific problem
by setting the coefficients of the matrix G, or by

excluding individual frequency components from
the summation over k=1,2,....L. The latter
method must be used when using simpler formulae
correspondto G, = E.

2. Identification of Lateral Aerodynamic
Coefficients of an Aircraft Using
Time-Frequency Ildentification Algorithm

This study considers the functionality of the
proposed algorithm by means of examples of
identifying the parameters of an aircraft motion
model.

Example 1. Let us consider the lateral motion
equations of an aircraft, which we will extract from
the complete system of spatial motion equations:

d . . .
?B =a_cosf—(asinf -, )cosa + (a,sinf + o, )sina;
. ) )

do, J —-J St
=" oo +g—m +K o +(P. —P )z )/ J;
dt Jy x 7z qJ y ( nBz ( npas .I(,B) JB) y

y

do, J,—J, Sl
X — W Q)Z+q7mx,
dt J, p
dy .
E:(ox—tgv (0, cosy—w_siny), (17)

where
a,=qS(-c,+c,)/ m— gsinv,

a,=qSc, / m— gcosvcosy;
a, =qSc, / m— gcosvsiny.

The aerodynamic force and moment coefficients
are generally defined using the following mathe-
matical expressions:

_ B dns .
CZ _czB+CZ 811’

— B ox @y 3 g .
m,=mB+m’ o +m o, +m; o, +m)"d,;

N Ox @y 8 1
m,=mB+m o, +m o, +m’d +m'"s,. (18)

The normal, lateral, and longitudinal overloads
were calculated using the following formulae:

n,=a,/ g+ cosvcosy;
n_=a_/ g+cosvsiny;

n.=a_/g+sinv. (19)

This notation corresponds mainly to the
generally accepted notation in flight dynamics.
When performing lateral motion identification, the
longitudinal motion parameters (angles of attack

o, pitch angle J and pitch rate @) are replaced
with the measured values, and the parameter a

is calculated from (19) using the measured values
of the normal overload n,. The changes in flight

speed V' and parameter a, were considered
similarly.

In order to obtain the initial data for identifi-
cation, a straight and level flight was simulated.
Relative to this straight and level flight, a series of
aileron inputs to the left and right, lasting 1-2.5 s
was performed. The duration of the identification
section was 32 s, with a registration frequency of
8 Hz. For identification, the values of the angular
velocities ® , o, and lateral load factorn_,

as well as the measurements of the input signal -
aileron deflections 83 , were used. The rudder was

not deflected during the identification section,
ie. 8, =0 was assumed. The amplitude of the
aileron deflections was chosen so that the
maximum deviations of the signals were = 8 deg/s
for @+ 1.7 deg/s for ®,+0.08 units of overload
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for n.. The measurement noises were modeled as

discrete Gaussian random sequences of the white
noise type with standard deviations of 0.08 deg/s
for o, 0.02 deg/s for ®,,0.02 units of overload

for n_,0.02 deg/s for 6, .

The entire volume of the simulated data was
used for identification, that is, a section with a
duration of 32 s. The coefficients of the acrodynamic
forces and moments (18) in various combinations
were selected as the parameters to be identified.

At the initial stage, the same input data were
processed using the proposed algorithm and the
traditional Maximum Likelihood Estimation (MLE)
algorithm, with identical object and observation
models and for the same set of parameters to be
identified. In the frequency functional, summation
was performed over the entire frequency band.
In this case, the estimates obtained by both algo-
rithms were nearly identical, with estimation errors
not exceeding 2-3%. The results indicate that
when models (1) and (2) correspond to the object

and measurement system with respect to the
parameters to be identified, respectively, and the
disturbance represents the aforementioned broad-
band noise that is uncorrelated with the useful
signal, the use of the frequency functional does
not provide advantages over the time method, and
both algorithms are equivalent. Therefore, further
research should focus on cases of disturbances that
are correlated with the object’s signals.

At the initial stage, it was also established that
components with frequencies above 0.8 Hz do not
have a significant impact on the parameter
estimates, as they fall outside the object’s pass
band and correspond to noise. Therefore, in
subsequent implementations of the algorithm with
the frequency functional, these components were
excluded from the summation process.

In the main stage, the identification of the roll
channel parameters m”, m™* was considered as the
first example, with the signal of angular velocity
o containing additive sinusoidal noise. The

results are presented in Table 1.

Table 1
Relative errors of lateral aerodynamic moment coefficients identification
E band Relative errors of the estimates Noise parameters
requency ap of parameters, % P Standard
for the calculation iterion Cr. %
f functional, Hz <] ox ; criterion Cr, %
0 ’ m, m, Amplitude, Degree Frequency, Hz
0...0.8 9.6 7.1 3.0 0,5 16.3
0...0.33 3.2 1.7 3.0 0.5 0.42
0...0.24 0.1 0.12 3.0 0.5 0.001
0...0.8 6.1 14.0 3.0 0.2 17.7
0.24...0.8 1.4 9.7 3.0 0.2 3.9
0.33...0.8 0.25 4.9 3.0 0.2 0.67
0...0.8 8.7 15.1 4.0 0.1 24.2
0.33...0.8 1.4 3.8 4.0 0.1 0.61
0.42...0.8 1.39 0.2 4.0 0.1 0.32

Source: made by O.N. Korsun and M.H. Om

The relative errors in the parameter estimation
are presented in Columns 2 and 3 of the Table 1.
The table indicates that the presence of noise leads
to an increase in the estimation errors of the para-
meters when calculating the functional across the
entire frequency band of the object (0—0.8 Hz).
The errors decrease significantly when calculating
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the functional within a band that does not contain
noise.

To select frequency bands effectively, a criterion
that allows for the comparison of different options
is required. In this study, the following normalized
criterion was used, with the values presented in the
last column of the Table:
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i(ﬁk(sl(t,a)) +8,(&,(t,a)) +...+ S, (¢, (t,))) - 100% -
Cr=41

i(ﬁk E,ta) + 8,5, (t,a) + ...+ S, (2.(t,0)))

(20)

In formula (20), the numerator contains esti-
mates of the spectral densities of the residuals for
each component » of the measurement vector,
whereas the denominator includes estimates of the
spectral densities of the components of the pre-
diction vector. The summation in (20) is performed
over the frequency components belonging to the
frequency band used in the functional calculation.
Criterion (20) is proportional to the ratio of the
powers of the residual and the output signal within
the frequency band utilized for identification.

Table 1 shows that, as the accuracy of the
estimates increases, the value of the criterion
decreases. In the identification of the roll channel
parameters, it was assumed that the other para-
meters of lateral motion (18) were known exactly.
Now, let us assume that they are known with errors,
and assess the possibility of isolated identification
of the roll channel parameters.

We introduced 30% errors in the parameters

B

my, ¢’ and identified the roll channel.

m,my, m,
The results presented in Table 2 show that the
transition to the relatively high-frequency band

significantly reduced the estimation errors.

3. Identification of the Errors
of the Measurement System
from the Flight Experiment Data

Example 2. For the conditions in Example 1,
consider another task. Suppose it is necessary to
identify the errors of the measurement system from
the flight experiment data, namely, the delays
ATw,, ATo, relative to the start time of the infor-

mation frame for the angular velocity signals ®
and O, . During the generation of the initial data,

these delays were assumed to be equal to 1/2 of the
sampling interval, that is, ATo =ATo, =1/16s.
The errors in specifying the aircraft model para-
meters were considered as noise. The results are
presented in Table 3.

Table 2
Relative errors of lateral aerodynamic moment coefficients identification
Relative errors of the estimates
Frequency band for the of parameters, % Standard
. . Type of error o
calculation of functional, Hz o o criterion Cr, %
mx mx
0...0.8 7.5 16.7 Errors 30% for parameters 4.65
0.38...0.8 3.4 4.0 m® m® m® m® P 0.24
0.42...0.8 3.3 2.7 x2 Wx 2 Ty 2 Ty 2 Tz 0.025
Source: made by O.N. Korsunand M.H. Om
Table 3
Relative errors of identification estimates
Relative errors of the estimates
0,
Frequ_ency band for the of parameters, % Type of noise _Sta_mdard
calculation of functional, Hz criterion Cr, %
ATo, ATo,
0...0.8 0.5 1.5 Without noise 0.012
0...0.8 2.5 50.2 o i 1.05
0.33..0.8 4.2 0.5 Errors 30% for m, 0.036
0...0.8 9.2 106.1 N N 0.88
0.33...0.8 8.6 23 Errors 30% for m!, m.”, m” 0.054
0.51...0.8 4.8 9.7 0.035

Source: made by O.N. Korsunand M.H. Om
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As we can see, in this case, the transition to
the relatively high-frequency band also significantly
reduces the influence of noise, and the comparison
of options is facilitated by criterion (20). The
advantages of the algorithm include the ability to
select the operational frequency band, which sub-
stantially diminishes the impact of noise related to
the useful signal, typically caused by inaccuracies
or incompleteness of the model, neglect of coupled
system models, and other problems mentioned
in [23].

Conclusion

This study proposes an algorithm for the
identification of dynamic systems, in which the
nonlinear models of the object and observations
are defined in the time domain, while the mini-
mized functional is defined in the frequency do-
main. The algorithm offers a significant advantage
by allowing for the selection of the operational
frequency band. This capability greatly minimizes
the interference from noise that can affect useful
signals, which often arises from various factors
such as model inaccuracies, incomplete data, and
the neglect of coupled system interactions. By effec-
tively targeting specific frequency ranges, the algo-
rithm enhances signal clarity and reliability, making
it a valuable tool in complex modeling scenarios.
In contrast, traditional algorithms often lead to
significant biases in parameter estimates due to
such types of errors and noises. The effectiveness
of the algorithm has been validated through examples
of identifying the parameters of a flight vehicle
motion model.
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CpaBHUTENbHbIN aHANN3 gUHaMu4yeckoro koadpdpuumneHrta
HepaBHOMEPHOCTU BETPOBbIX S.HEKTpOCTaHLI,I/Iﬁ
B Pa3JIN4HbIX 9Heprocncremax
O.10. CururoB
Poccuiickuii yHuBepcUTET APYKObI HapoaoB, Mockea, Poccuiickas Pedepayus
P< OlegSigitov@gmail.com

HUcTtopus cratbu AHHOTaUMA. B yClIOBUSIX MHTErpalvu BETPOBBIX NIEKTPOCTAHLMM B
TTocTynuia B pefakiuio: 6 centsops 2024 r. AIEKTPOIHEPTETUUECKUE CUCTEMbI BXKHBIM yCIOBHEM sIBIIsIETCs] 00ec-
JlopaGoTana: 22 nexabpst 2024 r. TIeYeHNe HaJeKHOTO 3HeprocHabkeHus norpedureneii. MameneHue
Tpunsra k my6mukauuu: 13 suBaps 2025 . PeXUMOB pabOTHI BETPOBBIX deKkTpocTaHImi (BOC) 1omKHO KOMIICH-

CHUPOBATHCA BO3MOXKHOCTAMU PETYIMPOBOUYHOIO AHaIla3oHa Tpaauln-
OHHBIX JJIEKTPOCTAaHLMI Ha 3arpy3Ky WJIHM Pas3rpy3Ky IO aKTHBHOH
MOIIHOCTH. [109TOMY NpW YBEIHYEHHH YCTaHOBJICHHOH MOIIHOCTH
BOC B sHeprocucTeMax yiaydllIeHHE XapaKTePUCTHK MaHEBPEHHOCTH
TEIUIOBBIX AJIEKTPOCTAHIIUN, B TOM YHUCIIE PACHIMPEHUE PETYTHUPOBOY-
HOTO JMalla30Ha, SIBJISIETCS OCHOBHBIM YCJIIOBHEM HaJIS)KHOH paboThI
sHeprocucteMsl. IlpencraBieHsl pe3yabTaTbl HCCISIOBAaHUN 10 pac-
4YeTy TUHAMHYECKOTo Kod(duIreHTa HepaBHOMEPHOCTH ISl pa3inyd-
HBIX DHEPrOCHCTEM C BETPOBBIMH dJeKTpocTaHimsMu. Comocrasie-
HHE Pe3y/IbTaTOB MO3BOJMIO YCTAaHOBHUTH, YTO W3MEHEHHE MOIIHOCTH
BOC ammmurynoit 1o 40 % oT ycTaHOBIIEHHOH Ml 6a3HCHOM MOIITHO-
ctu BOC ¢ nepuojiom kosiebanuii oT 15 MHH /10 3 4 COCTaBIIAET OCHOB-
HYIO TIPOAOIDKUTEIBHOCTE BpeMeHH (oxoi0 90 %). Ha npumepe sHEp-
TOCHUCTEMBI ABCTpaJIH MOKa3aHo, uTo pacnpeneneane BOC no sHep-
TOCHCTEME OKa3bIBAET IMOJIOKHUTENbHBIN A(PEKT Ha BHIpAaBHHBAHHE
rpaduka Harpy3Ku.

3asiBjieHHe 0 KOHGUINKTEe HHTEPECOB

ABTOp 3asBIISET 00 OTCYTCTBHH
KOH(JIMKTa HHTEPECOB.

KiroueBble cj10Ba: YHEPreTHKA, 3IEKTPOIHEPIeTHUYECKHE CHCTEMBI,
MaHEBPEHHOCTh, BO30OHOBIISIEMble MCTOYHHMKU JHEPTHH, JHHAMHYE-
CKuit K03 HUIIEHT HEPAaBHOMEPHOCTH
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Abstract. In the context of integrating wind farms into power systems, it is
imperative to ensure a reliable power supply to consumers. Changes in the
operating modes of wind power plants (WPPs) should be compensated for by the
ability of the control range of conventional power plants to load or unload active
power. Therefore, when increasing the installed capacity of WPPs in power
systems, improving the manoeuvrability characteristics of thermal power plants,
including the expansion of the regulation range, is the main condition for reliable
operation of the power system. The results of research on calculation of dynamic
non-uniformity coefficient for different power systems with wind power plants are
presented. Comparison of the results made it possible to establish that changes in
WPP power with an amplitude of up to 40% of the installed or baseline WPP power
and a fluctuation period of 15 minutes to 3 hours constitute the main time duration
(about 90%). Using the Australian power system as an example, it is shown that the
distribution of WPPs across the power system has a positive effect on load schedule
levelling.
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BeepneHue OmnpeneneHue 3aKOHOMEPHOCTEH PEKUMOB
paboter BOC mo3BOISET ONEHUTh BO3MOKHOCTH
TeHEepUpYIoIero 000pya0BaHUS TPaJAUIMOHHBIX
anekrpoctanimii (TOC, I'DC, ADC) paboraTth B
MEepEeMEHHBIX pexnMax. Ha ux ocHOBaHUM Takxke
pa3palaThIBalOTCSl pPa3IUYHbIE JHEPTETUYECKHE
KOMIUIEKCHI Uil HajexHOU uHTerpaimu BOC B
HHEPTOCHCTEMBI, HAIIPUMEDP B COUYETAHUU C DJIEK-
TPOJIU3HBIMH yCTaHOBKaMH [2]. BodamMokHOCTH pa-
00THI renepupytomero odbopynosanus TOC, 'DC,
ADC B iepeMeHHBIX PeXHMax OINpeessieTcst HAbo-
POM XapaKTEePUCTHK MaHEBPEHHOCTH, B YUCIIE KO-
TOPBIX HAXOAMTCA PETYJIMPOBOYHBIN HANa3oH,

Betposeie anexrpoctanimu (BOC) B cBszu ¢
HECTAaOMJIBHBIMM PEXHMaMu paboThl TpeOyIoT
0co00ro moaxoa K pacyery mapamMeTpoB, Xapak-
TEpHU3YIOIINX UX BIMSHUE HA PEKUM PabOTHI 3JIEK-
TposHepreTuyeckoi cucreMsl (nanee — 39C). B
TEMIIe MPOTEKAIOUINX B SHEPrOoCHUCTEME IpOLeC-
coB renepauuss BOC 3aBUCHT OT CKOpPOCTH U
HalpaBJIEHUs BETPa U TEM CaMbIM BHOCUT U3MEHE-
HUS B (hopMHUpOBaHHE OATAHCOB MOIIHOCTH, YTO
BJIMSIET HA ONTUMAIIHOE paclpe/ieieHue MOIIHO-
CTH MEX]y MIEKTPOCTAHIUAMU. B noarocpodnbix

nporuo3ax redepanust BOC 3aBUCHT OT KITUMaTH-
YEeCKHX W3MEHEHHH, Ui KOTOPBIX MPOTHO3UPY-
eTCsl yBEJIMYEHHE KOJIMYEeCTBa JHEW C MUHUMAIIb-
HOM BBIPAOOTKOM 3nekTpuueckoil sueprun BOC
[1]. B cBs3u ¢ 3TUM ompejenieHne peKMMOB pa-
60t1el BOC sBnsiercs BaykHOM 3aaueil s uccie-
JIOBaHUS WX BIUSHUS HA SHEPTOCUCTEMBI.

MOJ] KOTOPHIM TMOHMMAETCd WHTEpPBAI JIOMYCTHU-
MBIX Harpy30K T€HepUPYIOIIETro 000py T0BaHHS IO
AKTHUBHOM U pEaKTUBHOW MOLIHOCTH JJI1 HOPMaJlb-
HBIX YCJOBUM €ro 3KCIUTyaTallid, TPU KOTOPBIX
napaMeTphbl FTCHEPUPYIOMIETO 000pYyTOBaHHS HAX0-
JISITCSL B JTOTMYCTUMBIX TIpenenax. ITUM 00yCIIoB-
JeHa HEOoOXOIMMOCTh 3HATh 3apaHee aMILIUTYIy
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CYTOUYHBIX KOJeOaHWW Tpaduka TeHeparuu s
OLICHKN BO3MOXHOCTH HCIIOJIb30BaHUA TpaAWuliu-
OHHBIMHM AJIEKTPOCTAHLUSMHU CYIIECTBYIOIIETO pe-
TYJUPOBOYHOro auana3oHa. Cieayer OTMETHTb,
YTO PETYIUPOBOYHBIA THANA30H B 3HAYUTEIBHOU
CTCIICHU OTJIMYACTCA Yy pa3/IMYHbIX THUIIOB 3JICK-
TpocTaHuii. B Tabn. 1 nmpuBeaeHbl npuMepsl pe-
TYJMPOBOYHOIO JHAIa30Ha JJI1 HEKOTOPBIX AJIEK-
tpoctanimii [3—4]. 'DC obnamarT JIyqmumMu xa-
PaKTEpUCTUKaMU MAaHEBPEHHOCTH B CPaBHEHUU C
JPYTUMH THIIaMU IEKTPOCTAHLUI, TaK KaK UMEIOT
MaKCHUMaJIbHYI0 CKOpPOCTh W3MEHEHHs Harpy3Kd

BO BCEM DETYJIMPOBOYHOM JHANa3OHE aKTUBHOU
MOIIHOCTHU ¥ TPAKTHYECKNA HEOTPaHUICHHBIN JHa-
Ma30H PEryJMpOBOYHOTO JMala3oHa aKTUBHOU
MOIITHOCTH, KOTOPBII MOKET YMEHBILIATHCS B CBSA3U
¢ ocoOeHHOCTSMHU BOJHOTO pexuma [S]. Hpyrue
AJIEKTPOCTAHIIUU UMEIOT OTPaHUYCHUE PETYITHPO-
BOYHOI'O JMana3oHa M0 HWXKHEMY Ipeneny (Tex-
HOJIOTHYECKOMY WJIM TEXHUYECKOMY MHHUMYMY).
B cBsi3u ¢ 3TUM HE0OX0 MBI 00BEM B CKOPOCTH
pEryJIupoBaHUs Ha CyTKH BIEpea AJis TPAJUIIMOH-
HBIX 3JIEKTPOCTAHIINI HEOOXOJMMO yCTaHABINBATh
¢ yueroM u3MeHeHus rpaduka reneparun BOC.

Tabnuya 1/ Table 1

XapaKkTepucTUKU MaHEBPEHHOCTU pa3an4yHbixX 3Heproosiokos / Flexibility of different generation units

Tun reHepupytoLero obopyaoeaHus /
aneKkTpocTaHumin /
Type of generation units /
power plants

CKOpPOCTb M3MEHEHUSI HArpy3ku
BO BCEM PEryiMpoOBOYHOM AvanasoHe
aKTUBHOW MOLLHOCTU, % B, /MUH /
Rate of load variation over the entire
active power control range, % F...,/min

HuxxHuiA npepen perynmpoBoYHOro
AmanasoHa akTMBHOM MOLLHOCTH
B KOHOEHCAUVOHHOM pexume, % P, /
Lower limit of the active power control
range in condensing mode, % F,.n

Mapocunosble ycTaHoBkM / Steam turbine unit

MCY TAC (ras)”/ STU TPP (natural gas) 4 40
MCY T3C (yronk)"”/ STU TPP (coal) 4 50
MCY (kameHHbIi yronk)? / STU (coal) 1,5-4 25-40
MCY (kameHHbiIii yronk)® / STU (coal) 3-6 25-40
MCY (6ypsiit yrons)?/ STU (lig) 1-2 50-60
MCY (6ypsiit yrons)®/ STU (lig) 2-6 35-50

[a30TypbuHHBLIE 1 Napora3oBblie ycTaHoBKM / Gas turbine and combined cycle power plant

nry (NT+NTTY)"/CCPP (ST + N GT) 5 50
nry (1 NT+2rTY)"/CCPP (1 ST+2GT) 5 25
nry (1 NT+3rTY)"/CCPP (1 ST+3GT) 5 17
rTy?/GT 8-12 40-50
rTy’/GT 10-15 20-50
nry?; CCppP 2-4 40-50
nry®; CCppP 4-8 30-40
ATOMHbIE 3N1eKTPOCTaHLUMM Masio MoLLHoCTM / Low capacity nuclear power plant [6]
ACMM Ha 6a3e PUUTM-200 / Low 6 20
capacity NPP based on RITM-200
M'mppoanekTpoctaHummn / Hydro power plant
roC / HPP 10-30 0

! XapakTepucTukmn AeicTByOLWMX SHEProB6A0KOB cornacHo MNocTtaHosne-
Huio MpasuTtensctea PP ot 13.08.2018 Ne 937 (pea. ot 08.12.2018)
«06 yTBEPXOEHNN I'Ipanm TeXHOoJIorm4eckoro (byHKLI,I/IOHVIpOBaHVIﬂ
BJIEKTPO3HEpPreTn4ecknx CNCTemM 1 0 BHeCeHUn N3MEHEeHUN B HEKOTOopble
akTbl MpaBuTenscTBa Poccuiickoii Pepepaumm».

' XapakTepucTuKu AENCTBYIOLLMX SHEProBIoKOB COrNacHo [7].
3'XapaKTepwcwnm rnepenoBbIX 3HEProb/10KOB cornacHo [7].

"Characteristics of generation units in operation in accordance with Decree
of the Government of the Russian Federation No. 937 dated 08.08.2018
(as amended on 08.12.2018) “On Approval of the Rules for the Techno-
logical Functioning of Electric Power Systems and on Amendments to
g,ertain Acts of the Governmgnt of the Russian Federation”. )
Characteristics of generation units in operation in accordance with [7].

® Characteristics of advanced generation units in accordance with [7].
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1. Cnoco06 onpepneneHnsa U3MeHeHus
rpadpuka reHepaLumn BeTPOBbIX
3N1eKTpocTaHuumn

Brictprie u3menenus renepanuu BOC Tpe-
OYIOT ONEpPaTHBHOCTH TPHHATHS PEUICHUN s
obecniedeHust cucteMHol HafiexHOCTH DIC. Yun-
TBIBAs1, YTO OJTHOBPEMEHHOE CHIYKEHHE HITH YBEJIH-
YEHHE MOITHOCTH YAAJICHHBIX ApYr oT apyra BOC
MIPOMCXOINT HE3aBUCUMO JIPYT OT ApyTa (Tpaduku
TCHEepaIui He KOPPETUPYIOTCS ), pacUeThl CICIyeT
MIPOBOJIUTH C YUETOM FeHEPUPYIOICH MOITHOCTHIO
Bcex BOC B aHeprocucreme, a He OTAEIbHBIX CTaH-
nwmii. Tem cambiM konebanus renepaiuu BOC Oy-

—
&
=
[s]
2
3
w
=
g
©
Q.
©
9]

OyT HAKJIaAbIBaThCS NPYT HA Opyra U CHUXATh
00111y10 HepaBHOMEPHOCTD Iparka reHepali.

VYkazannblii 3¢ (deKT mokazaH Ha IpUMepe pe-
»uMoB paboTel BOC B Teuenue cytok 30.08.2024 .
B sHeprocucreMe Abctpanuu' (puc. 1-6). Ycra-
HOBJICHHass MOIMHOCTh Bcex BOC cocrammiser
11 409 MBT. Y oTenbHBIX SHEPTO00hEANHEHUM
(puc. 1-5) pesynprupyrommii TpaduKk HArpy3KH
MOJKET HOCHTh PE3KOIEPEMEHHBIN XapaKTep, 0COo-
OCHHO eclii paccMaTpuBaTh rpauK TEeHepaluu
otnenpHBIX BOC. B 10 %)e BpeMms konebannst BOC
KOMITICHCUPYIOT APYT JAPYra, U Pe3yIbTUPYIOIIHN
rpaduK Mo Bcel IHeprocucTeMe ABCTPAJIMU BbI-
paBHHBaeTcs (puc. 6).

Fri 03:00 06:00 09:00

12:00 15:00 18:00 21:00 Sat

Puc. 1. BOC sHeproobweamHeHnst New South Wales, 2 765 MBT
M c 10 4Hwuk: Australian Energy Market. URL: https://anero.id/energy (nata obpaiieHus: 12.05.2024)

Figure 1. WF in energy system “New South Wales”, 2 765 MW
S ource: Australian Energy Market. Available from: https://anero.id/energy (accessed: 12.05.2024)

Capacity Factor (%)

Fri 03:00 06:00 09:00

12:00 15:00 18:00 21:00 Sat

Puc. 2. BOC sHeproobbeguHeHus Queensland, 1011 MBT
M c 1 o4Hwunk: Australian Energy Market. URL: https://anero.id/energy (aata obpateHus: 12.05.2024)

Figure 2. WF in energy system “Queensland”, 1 011 MW
S ourc e: Australian Energy Market. Available from: https://anero.id/energy (accessed: 12.05.2024)

! Australian Energy Market. Energy data from the Australian Energy Market Operator. URL: https://anero.id/energy
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Puc. 3. BOC sHeproobbeauHeHusa South Australia, 2 763 MBT
M c T o4 Hwuk: Australian Energy Market. URL: https://anero.id/energy (aata o6paieHus: 12.05.2024)

Figure 3. WF in energy system “South Australia”, 2 763 MW
S ource: Australian Energy Market. Available from: https://anero.id/energy (accessed: 12.05.2024)

Capacity Factor (%)
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Puc. 4. B3C 3HeproobbeauHeHus Tasmania, 566 MBT
M c 1o 4Hwuk: Australian Energy Market. URL: https://anero.id/energy (aata obpaiieHus: 12.05.2024)

Figure 4. WF in energy system “Tasmania”, 566 MW
S ource: Australian Energy Market. Available from: https://anero.id/energy (accessed: 12.05.2024)

Capacity Factor (%)
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Puc. 5. B3C 3HeproobbeauHeHus Victoria, 4 304 MBT
M c 1o 4Hwuk: Australian Energy Market. URL: https://anero.id/energy (aata obpaiieHus: 12.05.2024)

Figure 5. WF in energy system “Victoria”, 4 304 MW
S ourc e: Australian Energy Market. Available from: https://anero.id/energy (accessed: 12.05.2024)
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A e L

Fri 03:00 06:00 09:00

12:00 15:00 18:00 21:00 Sat

Puc. 6. Bce BAC aHeprocuctembl Asctpanum, 11 409 MBT
M c 10 4Hwuk: Australian Energy Market. URL: https://anero.id/energy (nata obpatieHus: 12.05.2024)

Figure 6. All WF in energy system of Australia, 11 409 MW
S ource: Australian Energy Market. Available from: https://anero.id/energy (accessed: 12.05.2024)

HccnenoBanus B o0iacTH aHain3a Kojeba-
Huii moutHocTH BOC npoBoaTcs B MUpe pa3iand-
HBIMU HWHCTUTYyTaMH W aBTOpaMu. B ocHOBHOM
METO/bl 0a3MPYIOTCS HAa CTATUCTUYECKOM 0Opa-
00TKe 60JIBIINX MAaCCUBOB JJaHHBIX. HekoTopble u3
HUX OCHOBAHBI HE TOJBKO HA HCCIEJOBAHUU pe-
AKUMOB padboTel BOC, HO M UX BIMSHUM Ha YHEP-
rocuctemsl [8]. Jlpyrue umccienoBaHus Harpas-
JICHBI Ha YUCIICHHOE OTPEIeNICHHE CKOPOCTH U3Me-
Henust MomHoctu BOC, uto npejacrasiseT co0oii
HanboJiee BaXKHYIO 3a/1a4y JJIsi 0OecredeHusl Ha-
nexXHOCTH dHeprocucteMbl [9-10]. Takue paboThI
MPHOOPETAIOT 0COOYI0 BaKHOCTH NIPU 00OCHOBA-
HUU XapakTepucTuk ma"eBpeHHoctu I1I'Y, koro-
pBIe CBSI3aHBI C PACYETOM TEPMOHANPSKEHHOTO
COCTOSIHHS U aHAJIM30M LUKINYECKON MPOYHOCTH
KPUTUYECKHX D3JEMEHTOB NapoOBOTO TpakTa MpHU
Pa3IMYHBIX CKOPOCTSX HarpyxeHus [11].

N3menenue rpaguka reneparmu BOC MoxHO
OTIPEENIUTH 10 3HAYCHUAM TUHAMUYIECKOTO K03(-
¢urnmenTa HepaBHOMepHOCTH [12]:

B —F
KHLII/IH.Z': - P - b (1)
6
rae P, — momnocte BOC, coorsercTByromas

usmepenuto n, MBr; P ., — mommnocte BOC,

COOTBETCTBYIOIIIAsH CIICTYIOIIEMY H3MEPEHHIO n+1,
MBrT; P,— 0a3ucHas MOIIHOCTH (IPHHHMAETCS

paBHOI HAUOOJIBLIIEMY 3HAUEHHIO KOJIEOaHM MOIIT-
Hocty BOC nnu ycranonenHoi momHoctu BOC),

MBrt; K, ,.; <0 cooTsercTByer yBemmueHHIO

momuocti BOC; K . > 0coorBercTByer cHU-

xenunro morraoctd BOC. Tpu K =0 wmomr-

H JIUH.I
HocTh BOC He uzmensercs.
[ToBTOpsieMOCTh TMHAMUYECKOTO KOADDHUITH-
€HTa HEPaBHOMEPHOCTH YCTAHABJIMBAET OTHOIIIE-
HUE YMCIIa CITy4aeB CO 3HAYCHUSIMH, BXOSIINMH B
3aJJaHHbII HHTEPBAJ, K 00ILIEMy YUCITy CITy4aes:

z(Aij):%, )

rae t(AK

— j) — TNOBTOPSAEMOCTh JIMHAMUYE-
ckoro koddduuuenra HepaBHOMepHOocTH BOC

— ) , 0.€.; M — YUCJIO 3Ha-

B MHTEpBaJIax t(AK
YeHHUI TUHAMUYECKOTro Kod(pduilmeHTa HepaBHO-

MepHocTH K

H JIMH.I
AK

H IUH.j °

B pacCMaTpUBAaE€MOM HMHTEpBaJIe

0.e.; n — oOIIee YNCI0 3HAYECHUH TH-

HaMHMYECKOro Ko3(uIMeHTa HEepaBHOMEPHOCTU

K

wum; B TEUEHHE PACCMATPMBAEMOIO MEPUOJA

BPEMEHH, TO €CThb BO BCex mHTepBanax AK, .. .,

0.€.; j — KOJINYECTBO MHTEPBAJIOB; [ — KOJINYE-
CTBO U3MEPEHUH.
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2. Pe3synbTaThl UCCieaoBaHus
3HEeprocucTem ¢ BeTpoOBbIMU
3/1eKTPOCTaHLUUSMU

B pamkax uccnenoBaHWi NMPOBENEH aHAIU3
Pe3yIabTAaTOB pacyeTa JUHAMUIECKOro K03 duru-
€HTa HEPaBHOMEPHOCTH I YETHIPEX BapHAHTOB
9HEPrOCHUCTEM C BETPOBBIMU JIEKTPOCTAHLIMSIMH.

1. Mopnean oanoii BOC nipeacrasnsier co0oii
moaens BOC 6onpmoi momuocTu 3,4 I'Bt B Ho-
BOPOCCHICKE C UCXOAHBIMH JAHHBIMH Ha OCHOBA-
HUU TPEXYACOBBIX U3MEPEHUN CpeHEN CKOPOCTH
BeTpa B TeueHue okTsiops 2017-2019 rr. [13].

B cooTBeTcTBHY € IpeICTaBICHHBIMH PE3Y b~
TaTaMH UCCIIEJOBAHUN BBICOKUH IOKa3aTeib IO-
BTOPSIEMOCTH JUHAMHUYECKOTO KO3 puIreHTa He-
paBHOMEpHOCTH (paBeH HyIO mpuMepHo B 60 %
BPEMEHH B TEUCHHE OKTAOps MpH KodduumeHre
Bapuanuu okosio 10 %) oObsicHsAeTcs He CTa0UIIb-
HOH BbIpaboTKoi BOC, a 3HAUNTENBHBIM YHCIOM
Oe3BeTPEHHBIX YacoB. B cpaBHeHMH ¢ «Moemnbio
cuctembl BOC» y cuctemsr BOC cymmapHoe uncio
0€3BETPEHHBIX YacOB COCTABUIIO 46 U, B TO BpeMs
kak B ciydae ogHot BOC HoBopoccuiick cocra-
BUJIO 436 u.

2. Mopaeasn cuctembl BIC npejcrasiser co-
0ol Mozens, KoTopas coctouT u3 matu BOC mo
680 MBT kaxmasi B HaceleHHBIX MyHKTax HoBo-
poccuiick, Mapraputoso, Jlomkanck, CTaBponosib,
Eiick. Monenp paccunTaHa aHaJIOTUYHO HA OCHO-
BAHUU TPEXYACOBBIX U3MEPEHUN CpellHEN CKOpo-
CTH BeTpa B TeueHue okTs10ps 2017-2019 rr. [13].

Pe3ynbTarhl pacyeToB MOKa3bIBAIOT, YTO 3a
nieproz ¢ okTs0pst 2017 m o 2019 r. TpexvyacoBbie
W3MEHEHHUs MOUIHOCTH aMIUTUTYyAOH He Oolee

0,2P

verme HAONMIOMAIOTCS OKONO 85 % BpeMeHH
B T€UEHHE OKTAOps. Takum oOpa3om, TpaIuIIUOH-
HBIE AJIEKTPOCTaHIIMU B paccMmarpuBaemon I9C
JIOJDKHBI TPAKTUYECKU KaXK/Ible TPH Yaca JOJKHBI

OBITH B TOTOBHOCTH 3arpy3UThCS/Pa3rpy3UThCs Ha
0,2P i 680 MBT.

YCT.BOC 2

3. B3C B 3Heprocucreme I'epmanum 2021
BKIItoUaeT B ce0s BOC, monkimodeHHbIe K SHEp-
rocucteme ['epmaHuM, CyMMapHOW MOUIHOCTBIO
20 968 MBt (19 875 MBT nHazemuele BOC nu
1 093 MBrT o propusie BOC). B kauecTBe ncxon-
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HBIX JAHHBIX BBIOPAHBI pEabHBIC YCpEIHEHHBIC
15-MuHyTHBIE 3HAYEHUST aKTUBHOU MotiHOCTH BOC
B Teuenue 2021 r. [14].

B ykazanHOM HccienoBaHUM pacyeT IMHAMU-
94eCKOro K03 puIMeHTa HepaBHOMEPHOCTH IPO-

BOAMIICA C pasjaeieHueM Ha K >0 u

H JIUH.I
K

wums < 0. Pe3ynbTaTsl mokasanu, 4To M3MeHe-
HUsl MOIIHOCTH Becex BOC Ha cHM)KeHUE U MOBBI-
IIEHNE aKTUBHOM MOIITHOCTHU OTJIMYAKOTCA HE3HA-
yuTenbHO: 50,5 % MOBTOPSEMOCTH COOTBETCTBYET
CHI)KCHHIO MOIIHOCTH HJIM OTCYTCTBHIO H3Me-

HeHus MouHoctu K >0, a 49,5% coor-

H JIAH.I
BETCTBYCT IOBBIIICHUIO MOIINHOCTH KH R < 0 .

OCHOBHYO IPOJAOJKUTEIIBHOCTh BPEMEHH B T€UE-
nue roga (71,75 %) 6moxam TOC HeoOxomumo
3arpy’kartb Wiv pasrpysxkars B uatepsaie 0,0+0,1,
yto cooTBercTByeT (0+118 MBT B mepecuere oT
6a3ucHoi MomHocTU. Takum 00pa3oM, B JAHHOM
uaTepBaine 61oku TOC momkHBI 001a1aTh MAHEB-
PEHHOCTBHIO Ha0Opa U CHWIKEHUSI aKTMBHOM MOII-
HOCTHU CO CKOPOCThIO HE MeHee 8 MBT/muH B mpe-
JieNiax peryJIupoBOYHOTO Anamna3oHa. [lpu makcu-
MansHOM n3MeHeHuH MomHocTH (1179 MBT) cko-
POCTh JJOJI’KHA COCTAaBIATH HE MeHee 79 MBT/MuH.

4. BOC B 3neprocucreme I'epmanun 2020
TaKe BKIouaeT B ce6s1 BOC, moakitoueHHbIE K
sHeprocucreme I'epmaHun, cymMMapHONW MOLIHO-
ctbio 20 206 MBT (19 138 MBT — Hazemusie BOC
u 1 068 MBT — oddmopusie BOC). B kauectse
WCXOIHBIX JTaHHBIX BBIOpAHBI peajbHBbIE yCpea-
HEHHbIE 15-MUHYTHBIE 3HAUEHUS] aKTUBHON MOII-
Hoctu BOC B Teuenne 2020 r. [15].

B uccrnenoBanum mokazaHo COOTHOIIEHHWE
n3MeHeHus: MomHoctu BUD Ha cHuxenue u no-
BBIIICHHE aKTUBHOM MOIIHOCTH, KOTOPOE TaKKe
MeHsieTcst HesHauuTenbpHo. s Bcex BOC 50,9 %
MOBTOPSIEMOCTH COOTBETCTBYET CHHKEHHIO MOII-
HOCTU WJIM OTCYTCTBHIO H3MEHEHHUS MOIIHOCTU

(KH " 0) , a 49,1 % CcoOTBETCTBYET MOBBIIIE-

HHFO MOIITHOCTH (KH g < 0) . Takum 06pasom,

TEHEPaTOPBI TPAJAULUOHHBIX JIEKTPOCTAHIMN J10II-
’KHBI OBITh B PAaBHOW CTETIEHH TOTOBHI KaK K 3ar-
pY3Ke 10 aKTUBHOI MOIIIHOCTH, TaK U K pa3rpy3Ke.
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Pe3ynbraTthl CpaBHHMTENBHOIO aHajIM3a pe-
3yJNbTAaTOB pacyera JAWHAMHYECKOro Koddduiu-
€HTa HEpaBHOMEPHOCTH JIsl YEThIPEX BapHAHTOB
SHEPTOCUCTEM C BETPOBBIMH 3JIEKTPOCTAHIIMSIMHU
MpeCTaBIeHbI B Ta0. 2 1 Ha puc. 7. Bropoii, Tpe-
TUW U YETBEPTHIA BApUAHTHI MMOKA3bIBAIOT BBICO-
KYIO0 KOPPEJSIMOHHYIO 3aBUCHMOCTh, OIH3KYIO K
enuauIe. KodpumeHT Koppensiun Mex Iy ep-
BBIM BAPUAHTOM U OCTAJIbHBIMH COCTaBJISIET OKOJIO
0,2. CnenoBarenbHO, BETPOBbIE 3JIEKTPOCTAHIIMU
OO0JIBIION MOITHOCTH, PACIIOJIOKEHHBIE B YAaJICH-
HBIX APYT OT JpyTra y3ilax, IeMOHCTPUPYIOT CXO-

KM€ 3aKOHOMEPHOCTH B peXHMax paboOThI B pa3-
HBIX SHEProCHCTEMaXx.

Takum oOpasom, pacnpenenenne BOC mo
HSHEPTOCHCTEME MOMHUMO TOJIOKHUTEIBHOTO 3(-
(exTa B yaCTH BBIPaBHUBAHMS Tpaduka Harpy3Ku
MO3BOJIIET YCTAHOBUTH 3aKOHOMEPHOCTh M3MEHE-
HUS TUTHAMHYECKOTO KO3 PHIIeHTa HEpaBHOMED-
HOcTH: 0KOJIO 90 % BpeMEHM aMIUIMTYAa MaKCH-
MaJbHOE 3HaUY€HUE aMIUIUTYAbl KOJeOaHUN MOIII-
HocTH He mnpesblmaeT 40 % OT yCcTaHOBIEHHOU
momHocT BOC nnm 6aszucHoit moutHoctn BOC
pu nepuoe konedanuit ot 15 muH 110 3 4.

Tabnmya 2/ Table 2

CpaBHeHue pe3yNbTaToOB pacyeTa AUHaMnU4eckoro koagpduumeHTa HepaBHOMEPHOCTHU
ANng YyeTbipex BapuaHTOB 3HEeprocuMctem Cc BeTpoBbIMU IJIEKTPOCTAHLUAMMU
Comparison of the calculation results of the dynamic coefficient of unevenness
for four variants of power systems with wind farms

Mogenb Mogpenb B3C B aHeprocucteme | BOC B aHeprocucteme
Mogaenn B3C / WF models Hoi BOC" /| cuCTeMel BacC"/ FepmaHun 2021% / repmanumn 2020/
MapameTpsi / Parameters OAHO »|  The model WF in the German WF in the German
Model of one WF " . 5
of the WF " system | energy system 2021” | energy system 2020

YcTaHoBneHHas mowHocTb BAC, MBT /

Installed WF capacity, GW 8.4 34 20,968 20,206

Vccnepyemblii nepuog BpeMenu / OgT?ngr/ 2017-2019 2021 2020

The time period under study 20 107?281 9

Mepvon, konebanuit mowHocTn BACY / . .

The period of fluctuations in WF* power 84/h 3u4/h 15 muH/min 15 muH/min
AK, t(AKHMH_j),%

0 60,73 6,48 0,01 0,00

0,0-0,1 15,92 64,51 71,75 64,81
0,1-0,2 8,23 18,76 19,48 23,04
0,2-0,3 2,43 7,29 5,93 7,82
0,3-0,4 3,64 2,56 1,9 2,88
0,4-0,5 3,24 0,27 0,54 0,95
0,5-0,6 2,43 0,00 0,26 0,32
0,6-0,7 0,54 0,13 0,08 0,12
0,7-0,8 0,27 0,00 0,04 0,03
0,8-0,9 1,21 0,00 0 0,02
0,9-1,0 0,94 0,00 0,01 0,01

" BasucHast MOLLHOCTb npuHsTa 3,4 IBT.

% BasncHas MOLWHOCTL NpuHsTa 1179 MBT.

¥ BaancHas MOLLHOCTb NpuHaTa 1126 MBT.

Y MNepwog, konebaHwii MoLHocT BAC B Mogensix onpenesieH Ha oc-
HOBaHUN UMEIOLLMXCS OaHHbIX N0 U3MEPEHUSIM CKOPOCTU BETPA NN
reHepaunmn mouwHocTn BOC.

" The base power is 3.4 GW.

®The base power is 1179 MW.

¥ The base power is 1126 MW.

Y The period of fluctuations in wind power in the models is determined
based on available data on measurements of wind speed or generation
of wind power.

M ¢ T0o4HwMK: BbinonHeHo O.10. CurntosbiM
Source: made by O.Yu. Sigitov
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0,0-0,1 0,1-02 0,2-0,3 0,3-0,4

m B3C B aHeprocucteme fepmanun 2021 / WF in energy
system of Germany in 2021
m B3C B 3Heprocucteme fepmanun 2020 / WF in energy
system of Germany in 2020
0 |‘ [ | II I -. l [ | — — - -

m Mogenb ogHoit BIC / Model of one WF

Mogenb cuctembl B3C / Model of WF system

04-05 0506 06-0,7 0708 0809 0910

AKH pyH.j / AKu dyn.j

Puc. 7. CpaBHeHne pe3dynbLTaToB pacyeTa AMHAMMYECKOro KoadduumeHTa HEPaBHOMEPHOCTH
A9 YEeTbIPeX BapUaHTOB S3HEProCUCTEM C BETPOBbIMU 3IEKTPOCTAHLNAMU
M ¢ T04HuMK: BbinonHeHo O.10. CurntosbiM
Figure 7. Comparison of the calculation results of the dynamic coefficient

of unevenness for four options of power systems with wind farms
S ource: made by O.Yu. Sigitov

3akJiloueHve

OnHolt U3 npo6ieM pa3BUTHS BETPOBBIX 3JIEK-
TPOCTAHLMHU B AIEKTPOIHEPIETUUECKUX CHCTEMAX
ABJISIeTCS HecTaOWIIbHAsl TeHepaluss UM MOIIHO-
CTH. YKazaHHas mpoOlieMa OKa3bIBaeT 3aMETHOE
BIIMSIHME Ha PEXKUMBI Pa0OTHI TPAIULIMOHHBIX J1EK-
TPOCTAaHLUH, B TOM YHCJIE HA MAHEBPEHHBIE XapaK-
TEPUCTUKH, IIyCKHM U OCTAHOBBI [€HEPUPYIOLIETO
obopynoBanus. Vccnenyst 3akOHOMEPHOCTH H3Me-
HEHMsI Tpa(MKOB IEHEPALUU BETPOBBIX AIEKTPO-
CTaHILMM, MOKHO OLIEHUTh TOTOBHOCTb CYILIECTBY-
IOLINX TPAAULIMOHHBIX 3JIEKTPOCTAHIMNA padoTaTh
10 U3MEHsTIoNeMycs rpad UKy Harpy3Kd U IPUHSTD
pelieHre 00 OrpaHNYeHUH YCTaHOBJICHHOM MOII-
HOCTH BETPOBBIX JIEKTPOCTAHLUI UM BBOJE J10-
MOJTHUTENBbHBIX BBICOKOMAaHEBPEHHBIX MOLTHOCTEM.

B crarpe mokasaHbl pe3yabTaThl HCCIIE0BA-
HUS SHEPTOCHUCTEM C BETPOBBIMH 3JIEKTPOCTAHIIH-
MU B BUJIE aHAJIN3a HEPAaBHOMEPHOCTHU Irpaduka
TeHEepallud BETPOBBIX AEKTpocTaHnwili. Ha npu-
Mepe UCIOIb30BAHUS JUHAMHUYECKOTo ko3 duiu-
€HTa HEPAaBHOMEPHOCTH MOXHO BBIJEIIUTh XapaK-
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TEpHBIE PEKUMBI PAOOTHI BETPOBBIX JIEKTPOCTAH-
1. YeM OoITbITie yCTaHOBJICHHAS MOIITHOCTD BET-
POBBIX MEKTPOCTAHIINNA, TEM 3HAYUTEIbHEE OyaeT
UX BIUSHHUE HA PEXHUMbI YHEPTOCUCTEMBI, OHAKO
HEraTUBHBIN A3PPEKT MOKHO CHU3UTH IIPU TOMOIIH
pacnpenenenusi BOC Ha ynaneHHOM apyT OT ipyra
paccTosiHMM. YKa3aHHbIN 3 (eKT MokazaH Ha MpHU-
Mepe pexxumoB paboTel BOC B TeueHHe CyTOk
30.08.2024 r. B sHeprocucTeMe ABCTpalIudl —
kosnebanuss BOC koMIeHCHpyIOT JIpyT Apyra U pe-
3YNBTUPYIOIINHA TpapuK MO BCEH DHEProCUCTEME
BBIPaBHHUBAETCSI.

Pacnpenenennie BOC no sneprocucrteme mo-
MHMO IOJIOKUTEIBHOTO 3 PeKTa B YaCTH BbIPAB-
HUBaHUA TpaduKa HArpy3KH MO3BOJISIET yCTaHO-
BUTb 3aKOHOMEPHOCTh U3MEHEHHS TUHAMUYECKOTO
ko3¢ duIrenTa HepaBHOMepHOCTH. B paccmarpu-
BaeMBbIX MOJEIIAX dHeprocuctem okono 90 % Bpe-
MEHHM MaKCUMAaJIbHOE 3HAYECHUE aMIUTUTY/bI KOJie-
6anuit MomHocTu He mpesbimaet 40 % ot ycra-
HOBIIeHHOI MotHocTH BOC unu 6a3ucHol Mor-
Hoctu BOC npu nepuone konebanuit ot 15 Mun
J0 3 4.
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Hcropus cTaTbu AnnoTanms. [ToctpoeHue pacnucanus y4eOHbIX 3aHATUH By3a — OflHa
TocTyImIa B peAakiuio: 6 HosOps 2024 . U3 TPyNoeMKHX 3a1a4 NP-ci10)kHOCTH. B cilyyasx 3HaYMTENbHBIX 00b-
JlopaGotana: 23 nexabpst 2024 r. €MOB BXOJIHBIX JAHHBIX, XapaKTEPHEIX [JIi MHOTOYPOBHEBOIO By3a,

[punsra k my6nukanuu: 10 sasaps 2025 r. ¥ COBOKYIHOCTH MHOTOYHMCJIEHHbIX OTPaHUYEHUH, TIOUCK IIPUEMIIEMOTO
pELICHHS MOXKET 3aHATh NPOJOJKUTEIBHOE BpEMS WIIM 0Ka3aThCsl HEOII-
TUMaJIGHBIM. B mccnenoBanny mpruBeeHsl 0COOCHHOCTH MHOTOYpPOBHE-
BOTO By3a U PACCMOTPEH KOMIIBIOTEPU30BaHHBIN MOAXO/ K OCTPOEHUIO
OHTOJIOTHYECKOW MOJIENH ISl aBTOMATH3allli COCTABJICHUS y4EOHOTO
pacnucaHusl, IPUMEHSAEMON Ul ONTUMHU3ALUH POLIECCA Er0 COCTaBIIE-
Huil. Mcnonb30BaHbl METOJbl CEMAHTUYECKOIO OIMMUCAHMS IPEIMETHON
o0JacTy, BKIIIOYask KOMITBIOTEPHYIO TTOJIEPKKY TIOCTPOEHHS OHTOJIOTH-
yeckux mozeneil. Ha ocHOBe NMpHUBENEHHOIO aHallv3a OCHOBHBIX IPO-
61eM 000CHOBaH OHTOJIOTHYECKHHA TOIXO0A K (DOPMUPOBAHUIO CTPYKTYPHI
JIAHHBIX JUIS 33]1a4 COCTaBJIeHHs yueOHbIX pacnicanuid. [1peioxeHHbli
MOAXOJ Peai30BaH C YYETOM YCJIOBHI MHOTOYpOBHEBOIO By3a. Pa3pa-
0oTaHa OHTOJIOTHYECKAsh MOIEIh aBTOMATH3HPOBAHHOTO COCTAaBJICHUS
pacnucanuii. [IpuBenen MeTon peuieHus 3aauu NOCTPOEHUS pacnuca-
HUIl MHOTOYPOBHEBOIO By3a C IPUMEHEHHUEM TIE€HETHUYECKOro ajro-
purma (I'A), ucnonp3ytomero mrpadHple GYHKIUN U y4eTa OrpaHu-
YeHW MareMaTndeckoi Monenn. PaspaboTraHHas Ha OCHOBE IMOCTPOEH-
HOW JMarpamMMbl KJIaCCOB KOMIBIOTEpHAs IporpamMma obOecrieunuBaeT
MOCTPOEHHUE PACHHUCAHUsl YUEOHBIX 3aHATHH MHOTOYpPOBHEBOTO BY3a,
3¢ PEKTUBHOTO 10 HHTETPAILHOMY KPUTEPHUIO Ka4eCTBa.
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Introduction

Methods and approaches of systems analysis
form the basis of research methodology in various
branches of the economy and scientific and
technological development of society, ensuring the
choice of the most universal methods, including
the formulation and solution of optimization
problems. The ontological model, as one of the
tools for implementing the systems approach, is a
structure of entities (concepts, notions, types of
objects), their properties and rules for establishing
relationships between them.

In its most general form, a schedule is a
tabular form of a graph containing instructions on
the time, place, and sequence of execution of the
required procedures necessary to determine the
moment in time at which the management entities
must be in certain positions. Schedules of many
transport, production, and educational processes
are organized with a certain frequency of repeti-
tions in various time intervals.

Scheduling theory, which studies the methods
of their compilation and optimization, is one of the
sections of discrete mathematics and operations
research. The scientific direction of scheduling
theory originates from the work of Henry Gantt
(Gantt H.L.) [1]. At the same time, the compilation
and optimization of the schedule of classes of
universities, including those combining several
levels of education (multi-level), refers to labor-
intensive multi-criteria problems of NP-complexity.

As a traditional method for solving the prob-
lem of optimizing educational schedules, genetic
algorithms (GA) are used, which became popular
in the early 1970s thanks to the monograph by
J.H. Holland “Adaptation in Natural and Artificial
Systems” [2].

According to the definition of E. Virsanski,
“Genetic algorithms are a family of search algo-
rithms, the ideas of which are suggested by the
principles of evolution in nature. By simulating the
processes of natural selection and reproduction,
genetic algorithms can find high-quality solutions
to problems including search, optimization, and
learning” [3].

The main advantages of GA are the ability to
achieve a global optimum when solving complex
multi-optimal problems, applicability to optimiza-
tion algorithms without calculating the gradients of
the objective function, and the ability to distribute
processing and parallelize the calculations of the
objective function (OF).

At the same time, in [4—6] it is noted that the
effectiveness of genetic algorithms significantly
depends on the structure and method of coding the
optimized data sets, the justification of which can
be provided by methods of ontological modeling,
including classes, connections, and rules for the
relationship of objects.

1. Literature Review

Ontology is a way of formalizing a subject
area of knowledge using a conceptual scheme that
includes a data structure containing classes of ob-
jects, their connections, and rules (relations) adopted
in this area” [7-13]. According to E.M. Beniaminov,
“Ontologies are specifications in a formal language
that record the agreements of a group of specialists
on what is called what in their area and what pro-
perties it satisfies. Ontologies are usually built on
a modular principle and should also be easy to
understand for professionals and interpreted by
systems when used” [14]. The publications of
E.R. Gafarov, A.A. Lazarev, and others [15; 16] with
minimax and additive criteria are devoted to the
study of fundamental and applied problems of
scheduling theory. The article [17] is devoted to
the issues of applying scheduling theory directly to
organizing the educational process in educational
institutions. In [18-20], the rationale for the
effectiveness of using the ontological approach to
implementing situational management in some
subject areas is presented.

At the same time, the issues of using the onto-
logical approach to solve problems of optimizing
the preparation of educational schedules for a spe-
cific multi-level university combining subsystems
of higher and secondary vocational education
require further resolution [21; 22].

In the most general form, the ontology can be
written as [23]:
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0 =<K, R, F>, (1)

where K is a set of domain concepts; R is a set of
relationships between concepts; F is a set of
interpretive functions.

The constraints on the components of the
ontology are the finiteness and non-emptiness of
the set K, while R and F in special cases can also
be empty.

2. Research Methods

The construction of an ontological model of
the academic schedule of a multi-level university
was based on a systems approach that takes into
account the main classes of the subject area under
consideration.

This study proposes an automated approach
to constructing an ontological model of data used
to solve the problems of compiling educational
institution schedules, taking into account the
structure of a multi-level university.

The ontology of the subject area was built
on the basis of concepts presented in the database
[24].

For automated compilation of the ontology,
specialized software was used that allows you
to build ontologies using the OWL language. The

program provides the ability to add objects, build
a class hierarchy and assign roles between individ-
uals.

The UML diagram was developed based on
the constructed ontology, it describes the structure
of the future system, demonstrates its classes, attri-
butes, methods and dependencies between structural
blocks.

3. Results and Discussion

It is necessary to justify the software platform
for the automated construction of an ontological
model, as well as identify the main problems that
complicate the preparation of the curriculum of a
multi-level university and possible directions for
solving them.

3. 1. Justification of a Software Platform
for Automated Construction
of an Ontological Mode/

In order to substantiate the software platform
used for automated construction of the ontological
model, an analysis of known proprietary software
tools implementing various stages of its construction
was conducted. The results of the analysis are pre-
sented in Table 1.

Table 1
Characteristics of software tools for automated ontology model building
Program Characteristics URL
1. Protégé o Free and powerful ontology development tool, supports OWL, RDF https://protege.stanford.edu

o Suitable for designing complex technical and economic models

2. WebProtégé remotely and collaboratively

A web-based version of Protégé that allows you to work with ontologies

https://webprotege.stanford.edu

3. TopBraid A commercial tool for working with ontologies https://www.topquadrant.com/

Composer e Provides integration with various data sources and supports SPARQL products/topbraid-composer/
A plugin for modeling ontologies based on the OntoUML language .

4. OntoUML e Supports integration with other tools https://ontouml.org

5. RDF4J e A framework for working with RDF data and building ontologies https://rdf4j.org

e Supports SPARQL queries and database integration

6. Fluent Editor e Suitable for simple projects

e Ontology creation software with a simplified user interface

http://www.fluenteditor.com

e Ontology creation software with a simplified user interface

7. Neodj e Suitable for simple projects https://neo4j.com
8. OWLGrEd » Visual ontology editor for working with OWL ontologies http://owlgred. lumi.lv
e Easytouse
9. GraphDB A graph database optimized to handle ontologies and semantic data https://graphdb.ontotext.com

Source: made by A.F. Rogachev
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Based on the set of functional capabilities, the
Protégé software tool version 5.6.4 was chosen as
a platform for developing the ontological model.
This software tool supports the OWL and RDF
modeling languages and provides integration with
various data sources.

3.2. Analysis of the Main Problems
of Drawing up the Curriculum
of a Multi-Level University

The University schedule is mostly organized
in a periodic manner, with repetition every week
or two. Such an organization allows to reduce
planning costs.

In the process of drawing up schedules, it is
necessary to take into account many restrictions
and requirements, such as the number of students
in a group, the number of teachers, the size of
classrooms, the availability of special equipment,
legal regulations, etc. These restrictions can be
divided by the degree of severity.

Strict restrictions:

— students may only be accommodated in
a free classroom,;

— no teacher or student group may have more
than one class at a time;

— the classroom must have the required number
of seats;

— the classroom must be equipped with special-
ized equipment;

— the student workload must be uniform.

Soft restrictions:

— teachers’ preferred class time;

— teachers’ preferred classroom;

—time and space restrictions for classes for
student groups or teachers (for example, if the
university has remote buildings).

The compilation of a university schedule
usually begins with the distribution of the teaching
load of teachers based on approved curricula
indicating the discipline, groups, number of people
in a group and the number of classroom academic
hours allocated for teaching the disciplines.

The teaching load is compiled based on the
regulations and approved procedures of the autho-
rities (Sanitary Regulations and Norms, Federal
Education and Science Supervision Service, Russian

Federal State Agency for Health and Consumer
Rights, Ministry of Education and Science). Some
academic disciplines can be combined for several
academic groups, for example, for general lectures
in lecture halls, or, conversely, divided into sub-
groups, for example, for computer classes and
laboratories in the event of an insufficient number
of workstations. The structure of the automated
construction of the academic schedule can be
presented in the form of an IDEFO0 diagram, shown
in Figure 1.

The schedule of classes is formed on the basis
of the approved terms of the academic semester,
and the number of academic weeks is also calcu-
lated.

A class at a university, according to the order
of the Ministry of Education and Science dated
April 5, 2017 No. 301, is 2 academic hours
(90 minutes) long. Each discipline of the curricu-
lum has its own number of classroom academic
hours. In order to find out how many classes need
to be held in a particular semester, it is necessary
to divide the total number of hours by 2, and then
by the number of weeks specified in the academic
schedule.

Each educational institution has at its disposal
a classroom fund, often located in separate buildings.
Classrooms, like classes, have a specific purpose
(laboratories, practical classes, gyms, lecture halls,
etc.), a limited number of seats. Specialized class-
rooms are assigned to faculties and departments.

Thus, we get 3 global data tuples: teachers,
disciplines and classrooms. In addition, it is
necessary to implement the fourth group of data —
these are teachers’ preferences. The set of teachers’
preferences will contain wishes regarding the time
and date of classes. This is due to the need to involve
third-party teachers in the educational process,
including production workers, whose employment
depends on their main workplace.

The listed data arrays must be distributed
according to the schedule grid. There are quite a
few manual and automated ways to perform this
task. The disadvantages of manual distribution of
classes are high labor intensity and complexity of
coordination within multi-level universities, since
it is necessary to establish communication between
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different faculties and departments. For example,
there are disciplines whose teachers are involved
in several faculties, mainly general education
(mathematics, computer science, and similar).

With this approach, the following problems
may arise, reducing the quality of the compiled
schedule:

— simultaneous assignment of classrooms;

—the presence of “gaps” for students and
teachers;

— local excess of the workload of teachers and
students above standard values;

— the preferences of teachers and “soft” re-
strictions for students are not taken into account.

c1 c2 C3
Groups | Workload Training shedule
Disciplines Y v
H—_—
Cabinets Teachers workload
e F—N upload
I3 Teachers
S50 1

Workload
Workload splitting

Lesson
blocks

h 4

workload parser

Creating an initial

population Initial

|-

Regulatory
documentation

M1 M4

population
0 3 of shedules
ry Ready-made
shedule
Shedule generating | — 5 01
30 3
Software e
Restrictions GA
M2 M3

Figure 1. IDEF0O-diagrams of the scheduling procedure
Source: made by D.S. Zakharov

There may be situations when the problem of
a lack of free classrooms arises at the last stage of
creating a schedule. In this case, the specialist must
practically create a new schedule with a different
distribution of teachers on the schedule grid, which
greatly increases the amount of work, taking into
account the preferences of teachers, which can
change depending on their workload at their main
place of work.

Another problem with distributing disciplines
on the schedule grid is the irregular distribution of
hours in the curriculum, when the classroom hours
of a discipline may not be multiple of the number
of weeks in a semester. In this case, disciplines must
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be taught unevenly relative to the weekly schedule.
In such cases, the university needs to introduce two-
or three-week schedule, or set a limit on the number
of weeks allocated to a small part of the discipline.

A diagram of the consistency of classes within
the future system was compiled. To construct the
diagram, the following were studied:

— the main limitations in drawing up schedules;

— the structure of the schedule grid of academic
disciplines;

— the features of disciplines that require addit-
ional conditions, equipment, etc.;

— the influence of the size of student groups
on the educational process;
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— Groups;

—the possibility of taking into account the
wishes of teachers, mainly working in several

educational institutions;
— legislative and legal acts regulating the

process of drawing up university schedules.

4.3. Construction of an Ontological Mode/

Particular cases of constructing ontologies (1)

are the following.
For the case when R=F=0. Then the

ontology O degenerates into a regular dictionary:
2

Ve=<K, {}, {}>
If only R=0, then each concept of the

ontology can be associated with some function f

3)

from the set F.
K=X1UX,,
where X1 and X — sets of correspondingly

interpreted and interpreting terms.
Taking into account the problems revealed by

the above analysis, the ontological model oriented
towards constructing the academic schedule of the

university in question will include the following

concepts:

tions);

— Classrooms;
— Curricula;
— Teachers;

— Academic schedule;
— Workload;
— Schedule grid.

Automation of the scheduling process

includes the following steps:

— Based on the curricula and the list of groups,

the academic load and academic schedule are built;

— A schedule grid is formed for student groups;
— Subjects with teachers are randomly distrib-

uted across the schedule grid (without intersec-

— Suitable rooms are assigned.
The data structure table and the class interaction

diagram within the future system are compiled
using the given ontological model. This version of
the diagram is intuitively understandable for sub-
sequent creation of a schedule based on the genetic
algorithm. Table 2 contains data for generating the
zero generation of the genetic algorithm, including
the names and types of data, their size, set “flags”

and keys.
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- Cabinets
i
+ + I
[ Teaching_plans ] Teachers I
I
i
I

= Groups ]

Training_shedul |
5 # Disciplines_in_
week

X
\

~~ e I
- < ]
|

I
\
\ {
3 ]
]
I
]
i
1
i
|
L

# Discipline_type
- % :
. Teacher S
X
. \
r

P A

| Shedule_grid

Figure 2. The structure of the formed ontological model
Source: made by D.S. Zakharov
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Table 2
Data structure of the automated scheduling system
Class Flag Type Name Size Flag
id int 11 ai
1 Calendar groups varchar 255
semestr1 int 11
semestr2 int 11
id smallint 4 ai
discipline id smallint
igroup char 20
2. Breakdown hours_lectures tinyint
hours prak tinyint
hours_lab tinyint
teacher char 20
bond tinyint 2
id int 11 ai
3. Restricts object varchar 255
type varchar 10
data varchar 10
id int 11 ai
4. Cabinets build varchar 20
number varchar 20
types varchar 255
5. Cabinet_type d int 1 A
type name varchar 255
id int 11 ai
name varchar 255
6. Un_cabinets cab id lek varchar 255
cab id lab varchar 255
cab id prak varchar 255
id int 11 ai
name varchar 255
semester varchar 255
groups varchar 255
type varchar 255
kafedra varchar 255
teacher varchar 255
7. Curricula hours lek varchar 255
hours prak varchar 255
hours_lab varchar 255
kafedra varchar 255
teacher varchar 255
hours_lek varchar 255
hours_prak varchar 255
hours lab varchar 255

46

Source: made by D.S. Zakharov




Pora4es A.@., 3axapos /].C. BectHuk PYAH. Cepusi: MHxeHepHble nccneposanuns. 2025. T. 26. Ne 1. C. 39-51
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i GA
+ name: str
+ params: array
h i
Cabinets Workload +first_population{array): void
+ fitness(array): void

+ build:str + group: str + crossover(array): void
+ number:int + cab:str + mutation{array): void
+{ype:sir +teacher:str + selection(array): void
+ countint + discipline:str

+ hoursint

+ gemestr
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+ do_grafic(): void

Figure 3. UML-diagram of classes of the developed software tool
Source: made by D.S. Zakharov

The ontology, including the main classes and
constraints of the considered problem of automated
scheduling, and the developed data structure of the
system allow us to construct the class diagram
shown in Figure 3.

The class diagram, constructed on the basis of
the ontology, was used to develop a software tool
created to optimize the scheduling of university
classes. MySQL DBMS is used to store the initial
information. The described approach to designing
the ontology of the subject area, the DB and the
program for automated construction and optimi-
zation of the schedule was tested at the Sebrya-
kovsky branch of the Volgograd State Technical
University.

Approaches based on the genetic algorithm
were used, to develop the software tool modified
taking into account the specifics of the problem
being solved. This algorithm allows us to solve
optimization problems and find the optimal solu-
tion to scheduling theory problems.

The iterative approach of the genetic algo-
rithm using pre-justified hyperparameters, the de-
veloped CF (fitness function in GA) of the popu-

lation and the process stopping condition, uses
the initial population of the structure generated
randomly, and allows finding the optimized solution
with sufficient accuracy.

However, the numerical experiments con-
ducted on the basis of the described approach to
solving the problem of optimizing the educational
schedule revealed the following shortcomings:

— high costs of RAM and CPU loading time
of the computer;

—reduction of its efficiency at the stage of
completion of the optimization algorithm,;

—achieving a global optimum is not always
feasible, since classical variants of GA implemen-
tation allow iteratively achieving an optimum
(global or one of the local ones),

Elimination of the identified shortcomings
required modification of the classical GA based on
a system analysis of the possibility of adjusting
hyperparameters, forming the initial population
and genetic operators — selection, crossing and
mutation. The modified algorithm of the GA for
the task of creating schedules for a multi-level
university is shown in Figure 4.

47



Rogachev A.F., Zakharov D.S. RUDN Journal of Engineering Research. 2025;26(1):39-51

Hyperparameters
configure

v

Waorkload uploading

i=1 to population_size

Random placement of
~——» discipline blocks with
l several groups

v

Random placement of
the remaining blocks

v

Cabinets uploading

|

Matching cabinets
and disciplines

i

Sefting restrictions

'

Training shedule
uploading

Random placement of
cabinets

=ve all the stages

Calculation of an
individual's fitness
l function

S

Workload splitting

)

n:=1 to max_loops
or stop_function=true

Output

Choosing the fittest
individuals

n:=1 to crossover_pool

Choosing the parents
individuals

'

Choosing the
Crossover groups

ile any disciplines for
placement

Finding a suitable
location

l

Choose a discipline

)

Individ's mutation |[€—

Is any errors?

Calculation of the
~— fitness function of
created individuals

Choosing the fittest

individuals

Figure 4. A modified GA algorithm for scheduling problems of a multilevel university
Source: made by D.S. Zakharov

Thus, the use of the developed ontology for
the automation of the construction of optimized
educational schedules allows eliminating the
shortcomings of the classical GA, reducing the
time of work of educational methodologists in
drawing up optimized versions of schedules, while
it becomes possible to reduce the number of limi-
tations of the mathematical model due to the flex-
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ible configuration of parameters and the mentioned
modifications.

Conclusion

Based on the application of a systems approach
to the automated compilation of a schedule of
classes for a multi-level university, the main classes
and limitations that must be taken into account
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when constructing and optimizing schedules of
classes are identified.

It is shown that the schedule of classes and
metrics for assessing their quality should be con-
sidered as complex organizational and technical
systems characterized by multi-factor integral
criteria due to the specifics of educational systems
of a multi-level university, the subsystems of
which are partially intersecting components of
higher and secondary education.

The developed ontology allows one to
construct a UML class diagram that implements
the compilation and optimization of a schedule of
classes using the example of specific conditions of
a multi-level university. The operating algorithm
and software tool developed on the basis of the
constructed class diagram and using MySQL
DBMS for storing the initial information ensure
the construction of an effective schedule of classes
for a multi-level university according to the
integral criterion using penalty functions.
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ABTODBI 3a5IBIISIOT 00 OTCYTCTBUH (hakTOpPOB HAa TMHAMHUKY BBHITIOIHEHHS TPOEKTa M pa3paboTKa MEXaHU3-
KOH(JIMKTa HHTEPECOB. MOB YIPAaBJIEHUS, YCTOMYMBBIX K BHEIIHUM Bo3xaeicTBUsAM. [IpoBeneH

aHaJIN3 CYLIECTBYIOMHX IIOJX00B K YIIPABJICHUIO IPOSKTaMH, pa3pado-
TaHa MaTeMaTH4ecKas MOJeNb HAa OCHOBE TCOPHUHM CHCTEM M TEOPUH
yrpasieHus. s mocTpoeHHs MOZEIH HCIIOIb30BAaJICs CHCTEMHBIHN O/
Xon, KOTOpLIﬁ TMOMOT Y4€CTb B3aMMOCBA3U MCKAY pa3IMYHbIMU 3JICMCH-
TaMH 1poekTa. MoJienb yUnuThIBaeT Takue (HakTophl, Kak HEONpeaesIeH-
HOCTb, pECYPCHBIC OTPAaHUYCHUA U JUHAMUKY IIPOLICCCOB. Pe3yJ'H)TaTOM
WCCIIEI0OBaHMUS CTal HHCTPYMEHT JUIS TPOTHO3UPOBAHUS M OIITUMU3AINN
yIpaBJeHus mpoekTaMu. Mojiesib moMoraeT HAeHTH(GUIMPOBATH OTEH-
LIMaJIbHBIE PUCKHU M pa3padaTbiBaTh d((GEKTUBHBIE CTPATEINH UX MHHU-
mu3anuu. Hay4yHast HOBU3Ha pabOTHI 3aKIIF0YAETCS B pa3pabdOTKe HOBOH
MaTeMaTHYeCKOi MO, YYUThIBAIOMEeH crequ(UKy OpraHU3alHOH-
HBIX MPOEKTOB JJIsl TOYHOTO TIPOTHO3UPOBAHUS MX Pe3ynbratoB. IIpak-
THYECKas 3HAYMMOCTb HCCIEIOBAHMSA 3aKIIOYaeTCs B BO3MOXKHOCTH
MPUMEHEeHHS Pa3paboTaHHOW MOJENH TSI MOBBIIEHHUS 3(ppekTuBHOCTH
YIPaBJICHUS IPOEKTAMH B Pa3IMYHBIX OpPraHH3aLHsX.

KiaroueBble ci1oBa: MareMaTHICCKas MOZI€CIIb, YIIPABJICHUE MTPOCKTAMU,
JAUHAMHWYCCKHUE CUCTEMBI, OIITUMU3AINA, IPOTHO3UPOBAHUE, PECYPCHBIC
OrpaHUYCHUA
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Abstract. A new mathematical model is presented aimed at improving the accuracy
of forecasting and the effectiveness of managing organizational projects in
conditions of uncertainty. The relevance of the study stems from the growing
complexity of projects and the need to develop tools to minimize risks and optimize
resources. The aim of the study is to create a mathematical apparatus that allows
assessing the influence of various factors on the dynamics of the project and
developing management mechanisms that are resistant to external influences.
To achieve this goal, an analysis of existing approaches to project management was
conducted, a mathematical model was developed based on systems theory and
control theory. A systematic approach was used to build the model, which helped
to account for the interrelationships between the various elements of the project.
The model takes into account such factors as uncertainty, resource constraints and
process dynamics. The results of the study allowed us to create a tool for forecasting
and optimizing project management. The model helps to identify potential risks and
develop effective strategies to minimize them. The scientific novelty of the work
lies in the development of a new mathematical model that takes into account
the specifics of organizational projects in order to accurately predict their results.
The practical significance of the study lies in the possibility of using the developed
model to improve the efficiency of project management in various organizations.
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BBepeHue

MaremMaTrueckoe MOJEIUPOBAHHE — COBPE-
MEHHBII MHCTPYMEHT, OCHOBAaHHBIA Ha CTpeMIIe-

CnoxHBIM TpoLecc YIpaBJIEHUs OpraHH3a-
IUOHHBIMU ITPOEKTaMH, cpepa, B KOTOPO# cTpare-
TUYeCKHUe BUJCHUS TPAaHCHOPMUPYIOTCS B ocs3ae-
MYI0 peaslbHOCTb, MPEACTABISAET COOOW CIOKHOE
B3aMMOJICICTBHE YEIOBEYECKUX YCHIIUN, TEXHOJIO-
TMYECKUX NHHOBAIUM U OPTaHU3aIIMOHHON CTPYK-
Typbl. B 0CHOBE MOENMPOBaHUS OpPraHNU3ALNOH-
HBIX MPOEKTOB JIEKUT CTPEMIICHHE K 3HAHMSM,
CTpPEMJIEHHE TNOHATH OCHOBOIIOJIAralolINe MpPHH-
LIUTIBl U IMHAMHKY, KOTOPBIE ONIPEAEIISIIOT Y CIIeI-
HOE BBIMOJHEHUE TIPOEKTA.

HUU TIEPEBOIUTH CIOKHOCTH YIPABIICHUS TPOEK-
TaMH B MaTEeMaTHYECKUE YPAaBHEHHS U aJITOPUTMBI,
YTOOBI BBISIBUTH CKPBITHIE 3aKOHOMEPHOCTH, TPE-
BUJETh NOTEHIUAIbHBIE TPOOJIEMbI U ONITUMH3H-
pOBaTh MpOIeCChl MPUHATUS pemieHuit [1]. Mare-
MaTHYECKUH MOJXOJ| 1aeT BO3MOXHOCTH DPa3o-
OpaThcs B CII0KHOM CETH IEPEMEHHBIX, BIHSIOLIIX
Ha Pe3yJIbTaThl IPOEKTA, TAKUX KaK pacrpeesieHne
pEeCypcoB, yNpaBieHHE PHUCKaMH M YyIpaBiIcHHUE
KoMaH10i. C TOMONIBIO TIIATEILHOTO aHaIN3a U
MOJICTHPOBAHHSI MOXXEM H3YYHTh BIIUSHUE pa3-
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JMYHBIX CTPATETHid M ONPeNeNuTh HanboJee mep-
CTIIEKTHBHBIC IIYTH K YCIIEXY IPOCKTA.

OpHaKko NMPUMEHEHHE MaTeMaTHYECKOrO MO-
JICTUPOBAHUS B YNPABICHUH MPOEKTAMH — MO~
X0H, TpeOyromuil MOHMMaHHA OCHOBOIIOJIATraro-
HIMX JOMYIICHUH W OTPaHUYEHHI MCIIONIb3YEeMbIX
mozenei [2; 3]. [ToaTtomy kpaliHe BaXXHO PU3HATH
MPUCYIIIE MATEMaTHYECKUM MOJICISIM OrpaHHye-
HUS ¥ HCIOJB30BAaTh UX KAaK MHCTPYMEHTHI IS
MPUHATHA 00OCHOBAaHHBIX PELICHHM, a He KakK He-
UCTIpaBUMBIX OmUO0K. CodeTasi KOMTNIECTBEHHBIN
aHalM3 C KAa4eCTBEHHBIM, Mbl MOXXEM MOJYYHTh
IIEJIOCTHOE TpeJICTaBIeHHE 00 yNpaBlIEeHUH IPO-
€KTaMH ¥ COCTABIISATH HAJICKHBIC TIPOTHO3HI.

[To cytu, mareMaTu4eckoe MOJEIHPOBAHHE
CITy>KUT CBSI3YIOILIIMM 3B€HOM MEXIy aOCTPaKTHBIM
MHUPOM TEOPHH M KOHKPETHBIMH PEATUSIMH TIPO-
ekTHOU mpakTuku [4]. [IpegocraBnss cTpyKTypu-
POBaHHYIO OCHOBY JUIsl aHAJIM3a M MPUHATHUA pe-
HICHH, PYKOBOJUTEH OPTaHU3AIIMOHHBIX TIPOCK-
TOB CIIPABJISIFOTCS C HEOTPEICIIEHHOCTSIMH U BBI30-
BaMHU, KOTOpbIE HEU30€KHO BO3HUKAIOT B X0JI€ UX
paboTsr. [TockonbKy 00J1aCTh yIIpaBICHUS TPOCK-
TaMH MPOJOJDKAET PAa3BUBATHCS, POJIb MaTeMaTH-
YECKOro MOJIEIMPOBaHMs Oy 1eT Bo3pacTtarts [5; 6].

1. 0630p nuTepaTypbl

B coBpeMeHHOI opraHn3almoHHON Cpee Npo-
€KThI BCE Yallle UCII0JIb3YIOTCS B KaUeCTBE CTpaTe-
THYECKUX MHCTPYMEHTOB IS JOCTH)KCHHUS JTOJITO-
CPOYHBIX OM3HEC-IIEJIeH. Y CIeNTHOE BHIMIOTHCHNE
9TUX MPOEKTOB UMEET MEPBOCTENIEHHOE 3HAUCHHE
JuIst o01Iero ycrexa opranusanuii. CienoBaTensHo,
YIPaBJIEHUE OPraHU3ALMOHHBIMU IIPOEKTAMH IIpe-
BpPaTWJIOCh B Ba)KHEUIIYI0 CTPATETHYECKYIO JHC-
LUUIUIMHY, KOTOPYIO OpraHU3alllH JTOJKHBI MPH-
HATH 751 OOECTeYeHHusl YCIEIIHOW peann3aiuu
npoekToB. OHAKO, HECMOTPS Ha 3HAYUTENIbHBIN
MIPOrpecc B METOJOJIOTUSAX M MHCTPYMEHTAX yIIpaB-
JICHUS POEKTaMU, SMITUPUIECKHE JaHHbBIE CBH/IE-
TEIBCTBYIOT O TOM, YTO YPOBEHB YCIEIIHOCTHU Op-
TaHU3AIMOHHBIX POEKTOB OCTAETCS OTHOCUTEIBHO
HEU3MEHHBIM.

M. Aubry ocHOBHOE BHIMaHHE YACIAET OH-
cam ynpasienus npoektamu (OVYII) u opranuza-
LIMOHHOMY JIU3aiiHy. ABTOp HUCCIEyeT, KaK yIpaB-
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JSFOINME KOMIAHWU CTPYKTYPHUPOBAHBI U pa3Mme-
IICHBl BHYTPU OpraHu3zanuii st 3¢QexTuBHON
MOJIEPKKU PeaTu3aliuu MPOESKTOB U JOCTHKECHUS
CTpaTernueckux nemueut [7-9]. Ananuzupys B3au-
MocBs3b Mexay OVII u opranu3aimoOHHBIM TPO-
€KTOM, OHA J]aeT LIEHHYIO HH(POPMALIUIO O TOM, KaK
MOKHO uctonib3oBaTh OVYII mst moBeimeHus 3¢-
(eKTHBHOCTH PabOTHI OPraHU3AINH.

R. Chia nomuyepkuBaeT BaXXHOCTb HUCIOJIb30-
BaHUs PA3IUYHBIX TOUYEK 3PEHUS U Mapajurm s
JOCTUKEHHSI BCECTOPOHHET0 MOHMMAHUS CIOXK-
HBIX TPOEKTHBIX SIBJICHUH. ABTOp KPUTHYECKU
paccMaTpUBaeT OrpaHUYEHHS TPAJAUIUOHHBIX UC-
CJIEZIOBATENILCKUX IMOJIX0/I0B M BBICTYIAET 33 WH-
HOBALIMOHHBIE M MEXIWUCIHUILIMHAPHBIE METOJIbI
[10]. On uccnenyert, Kak cO3/1at0TCs 3HAHUA U KaK
UMHU JIeIITCd B COOOLIECTBaX MO YIPABICHUIO
MpOEKTaMu, MOAYEPKUBAs POJIb KaK (POpMaNIbHBIX,
TaK ¥ He()OPMAIBHBIX MTPOIIECCOB 0OyUEHHUS.

M.M. De Carvalho, F.J.B. Laurindo, M.S. de
P. PessOa cocpenoTounianch Ha MOHMMAHHUU OC-
HOBOIIOJIATalOIIUX MPUHIUIIOB U PAMOK, KOTOPBIE
onpenensaoT 3(Q(EeKTUBHYI0 MPaKTUKY YIIpaBie-
HUS IPOEKTaMH. ABTOPBI pa3padoTaiy U OLUEHWIN
pa3inyHble OPraHU3alLMOHHBIE MOJENU yIpaBlie-
HUS TIPOEKTaMH, BBIJICITUB UX CUJIBHBIC U clalble
cTopoHsl. [IpakTHyeckn nx nccieroBaHue JaeT UH-
dbopMaruio o ToM, Kak OpraHu3aliyd MOTYT BHEII-
PATH MOJIENIN YTIPaBJICHUS MPOEKTaMU JIJIsi TIOBbI-
1IeHus cBoe 3(HEKTUBHOCTH U TOCTHXKEHUS CTpa-
Ternueckux menei [11].

HccnenoBanue W.A.De Oliveira u de
C.F. Muylder mocBsieHo moTeHITHANY yIpaBJie-
HUSl TPOEKTaMHM B OpraHU3alldd JUIs CO3/aHus
neHHocTu. Ha ocHOBe aHanmm3a KOHKPETHBIX MPH-
MEpPOB aBTOPBI HCCIEAYIOT, Kak 3(dexTuBHOE
yIpaBJIEHHE MPOEKTaMU MOKET CIIOCOOCTBOBATH
yCIieXy OpraHu3allid U €€ KOHKYPEHTHBIM IIpe-
uMmytmiecTBam [12].

UccnenoBanusi HEM3MEHHO JEMOHCTPUPYIOT
CIWJIbHYIO B3aHMOCBS3b MEXIY BO3MOYKHOCTSMU
OpraHus3alyy B 00JacTH YIPaBICHUS MPOSKTaAMU
Y YPOBHEM yCHENHOCTH ee mpoekToB [13]. Opra-
HU3AIMH C XOPOIIO OTJIAKEHHBIMH MPOIECCaMH
YIpaBleHUS] MPOEKTaMH, KBAIU()UIIMPOBAHHBIMH
MEHE/DKepaMU TPOEKTOB U TOACPKUBAOIIEH
OpraHU3alMOHHON KYJBTYpOil ¢ OoJblIei Bepo-



lMoaknH K.N., Hazaposa 1O.A. BectHnk PYH. Cepusi: HxeHepHble nccneposarus. 2025. T. 26. Ne 1. C. 52-62

ATHOCTBIO OyayT peaJn30BBIBATH IPOEKTHl B
CPOK, B paMKax O0J[’KeTa U B COOTBETCTBUH C TPE-
OyeMbIMH CTaHAapTaMH KauecTBa.

Mogenu 3penocTH ynpaBieHHUs MPOECKTaMH
(Project Management Maturity — PMM) obecrre-
YHMBAIOT LIEHHYIO OCHOBY /ISl OLIEHKH BO3MOKHOCTEH
OpraHM3alii B 00JACTH YHPaBICHUS MPOECKTAMH.
OneHnBas pa3aMyHbIC ACIIEKTHI YIIPABIECHHs Opra-
HHU3ALMOHHBIMH MIPOEKTaMHU, TaKHe KaK TIAHMPOBa-
HUE, UCIIOJHEHUE, MOHUTOPUHT U KOHTPOJIb, MO-
nen PMM MoryT noMo4b OpraHu3alysM onpese-
JUThH CHJIbHBIE U c1a0ble CTOPOHBI M 00J1acTH, Tpe-
Oytomme ymyumenus [14]. [ToHumas cBO# TeKy-
LU YPOBEHb 3pEIOCTH, OpraHU3alli MOTYT pas-
pabaTbeIBaTh LIEJICHANPABICHHBIC CTPATETHH IS
COBEPILIEHCTBOBAHUS CBOEW MPAKTUKHU YIIpaBIe-
HUSl OPraHU3alMOHHBIMHU MIPOEKTaMU, TEM CaMbIM
yJIydiuasi pe3yiabTarhl npoekra [15].

Mogenb 3penocTu ynpaBieHHsI MPOECKTaMH
(PMM) BeICTyIIaeT B KadecTBE KIIOYEBOTO WH-
CTpYMEHTA JUIsI OLICHKH M TIOBBIIICHUS CIIOCOOHO-
CTH oOpraHu3aiuu 3(p(EeKTUBHO pPeaTn30BbIBATH
OpraHM3alMoHHbIe MPOEKTHI. [IpencTaBnsas coboi
CHUCTEMATUYECKYIO CTPYKTYpy, PMM omnpenenser
TEKyIIUHA YpOBEHb Pa3BUTHS MPOIIECCOB yIpaBJe-
HUS MIPOEKTAMH U BBIABISIET 00IAaCTH IS COBEp-
nieHcTBOBaHusA. lccnenoBanus NE€MOHCTPUPYIOT
MPSMYIO KOPPETSLUI0 MEXY YPOBHEM 3PEIIOCTH
yIpaBIeHUS MPOEKTaMHU U BEPOATHOCTHIO yCIIeII-
HOW peaNu3aluu OPraHU3alMOHHBIX IPOEKTOB
[16]. HemmpepbiBHOE COBEPIIEHCTBOBAHHE MTPOLIEC-
COB YyINpaBJIeHUs MPOEKTaMH SBJISETCS OCHOBOIO-
JararoIyM TPUHIMIIOM, OOECIIEYHBAIONINM I10-
BBITIIEHUE 001IeH A (HEKTUBHOCTH OpTaHU3AIIHH.

PMM u ocHOBaHHBIE HA HEW MOJENM CITY’KAT
CTpaTEerMyeCKUM WHCTPYMEHTOM, HalpaBICHHBIM
Ha ONTHMU3AIMIO NPOLIECCOB YIPABICHUS Opra-
HU3ALUOHHBIMU NPOEKTAMHU U, KaK CJIE/ICTBUE, I10-
BBIIICHNE BEPOSTHOCTH TOCTHKEHHS OpraHu3alu-
oHHbIx nenei [17]. HecMoTpst Ha TO, YTO pOJIb
IIPOEKTOB B COBPEMEHHON OpraHU3aly HEOCIIO-
pHrMa, 0OCOOEHHO B KOHTEKCTE KPYITHBIX M CIIOKHBIX
WUHUIMATHUB, YCIICITHAS peaTnu3aliusi MPOeKTOB 3a-
BUCHUT OT HAJIMYUSA 3peibIX U 3PPEKTUBHBIX MPO-

[IECCOB ympaBieHusa. Takum oOpazom, MprUMeHe-
HUE MOJIeJIel 3pesIOCTH YIIPaBICHUs OpraHu3aIH-
OHHBIMH MPOEKTAMH MOMOTAaeT OpraHU3alHsIM He
TOJIBKO OLIEHUTh TEKYIIHE BO3MOXKHOCTH, HO U Pa3-
paboTaTh CTpaTeruu Ui pa3BUTHI U COBEPIICH-
CTBOBaHHUS MPOILECCOB YNPABIEHUS MPOEKTaMU,
YTO B KOHEYHOM HTOT€ CIOCOOCTBYET MOBBIIIE-
HUIO UX KOHKYPEHTOCIIOCOOHOCTH.

Konuenius opraHu3aiiioHHOTO yIpaBiIeHUs
npoekramu (Organizational Project Management —
OPM) nanpaBieHa Ha CUCTEMATHU3ALUIO U UHTE-
IPaLMIO BCEX acCEeKTOB YIPABIECHUS IPOEKTaMU B
KOHTEKCTE OpraHU3alMOHHON cTpyKTypbl. HcTo-
pUYECKH CIOXUIOCh Tak, 4To OPM BO3HUKIIO B
OTBET Ha HEOOXOJIUMOCTh COTJIACOBAHUS OPTaHH-
3alMOHHBIX MPOEKTOB C JOJITOCPOYHBIMHU CTpaTe-
rudeckumMu nensimu opranuzauuu [18]. TlepBona-
yanbHble Moaenu OPM akuieHTUpOoBav BHUMAaHUE
Ha MHTETPAIlH MPOEKTOB, MPOTPaMM U MOPTde-
JIeil MOCPeCTBOM YCTAaHOBJIEHUS €IUHBIX MTPOLIEC-
cOB U NoJINTUK. OJTHAKO COBPEMEHHBIE HCCIIEI0BA-
HUS BBISIBUJIM HEOOXOMMOCTh aHAJIN3a B3aUMOCBS-
3el Mexy pa3nnyHbiMU actiektamu OPM, Takumu
KaK yIpaBlieHUE U3MEHEHUSMH, YIIPaBJICHUE pea-
mu3auuen Boiron W apyrumu [19]. Hecmotps Ha
NPU3HAHUE BaKHOCTH ITHUX AaCIEKTOB JUIS yCHell-
Horo BHenpeHusst OPM, cymecTtByromme Moaenu
HE BCErja aJleKBaTHO OTPAXKAIOT UX B3aHMMO3aBH-
CHUMOCTb U B3aUMOBJIMSIHUE.

IIpornosupyercs, uro B Teuenue 2025 r. cpen-
HETr0/10BOM TEMII pocTa pbIHKA IPOrpaMMHOI0 0oec-
NIeYEHUs], MPEIHA3HAYEHHOTO [T YIIPABICHUS Op-
TaHU3aLUOHHBIMU NPOEKTAMH, TIPOJIEMOHCTPUPYET
YCTOWYMBYIO JUHAMHKY U JOCTUTHET 3HAUYEHUS B
10,17 %, 4TO CBUAETENBCTBYET O CYLIECTBEHHOM
pacuIMpeHUH JTaHHOT'O CerMeHTa HH(OpPMAaIMOH-
HBIX TeXHOJIOTHI'. HecMOTpst Ha TO, 4TO B HACTOS-
miee BpeMsl HCIOJIb30BAHUE CIIEHUATU3UPOBAH-
HOT'O MPOTrPaMMHOI0 oOecriedeHust IJs yrpasiie-
HUSl OPraHU3alMOHHBIMHU NPOEKTAMU XapaKTepH-
3yeTcsl OTHOCUTENILHO HEBBICOKOHM pacpOCTpaHeH-
HOCTBIO B CPAaBHEHHMHU C JPYTUMH HH(OPMAIIMOH-
HBIMHU cucTeMaMu. OXKUAaeTcs, 4To 0 Mepe IBO-
JIFOLMU U YCIIO’KHEHHUS! OPTaHU3ALIMOHHBIX CTPYKTYP,

' CratucTika ynpaBineHusi NpoeKTaMM: TEHASHIMH M pacripocTpaHeHHble ommbku B 2024 romy. URL: hitps://team
stage.io/project-management-statistics/ (qara oopamenus: 23.10.2024)

55



Podkin K.l., Nazarova Yu.A. RUDN Journal of Engineering Research. 2025;26(1):52-62

a TaKKe BO3pACTaHMs MAacIITa0OB IEATEILHOCTH
KOpHOpaIUii JaHHbIE CUCTEMbI IPUOOPETYT KPUTH-
YEeCKH Ba)KHOE 3HAUYeHHUE B oOecredeHuu dPdek-
TUBHOT'O yIIpaBJICHUsS paboyeil Harpy3Koii, panuo-
HAJIBHOTO pacHpe/IeNICHUs PECYPCOB, a TAKKE KOH-
TPOJISl U ONITHMU3AIMHU OFOJIKETHBIX MTOKa3aTeleH,
9TO 00YCIIOBUT HX IIOBCEMECTHOE BHEAPEHHE U
WHTETpaInio B On3Hec-mporiecchl. Takum oopa3om,
YUUTBIBAsI BO3PACTAIOIILY MOTPEOHOCTh B KOM-
TUIEKCHOM YIIPaBJICHUU POCKTAMH B YCIOBHSX [T~
HAMUYHO Pa3BUBAOIICHCS OU3-HEC-CPE/IbI, MOYKHO
KOHCTaTUPOBATh, YTO TEHJCHIUS POCTa DPBIHKA
MPOrPAMMHBIX CPEICTB YIPABICHUS MPOCKTAMU
(Project Management Software, PMS) coxpanut
CBOIO aKTyaJlbHOCTh M JOCTHTHET MPOTHO3HpYE-
MOIr'0 3Ha4CHHA, YTO NOAYCPKHUBACT 3HAYUMOCTDH
JTAHHOTO HAIPaBJICHHUS B Pa3BUTHU COBPEMEHHBIX
yIPaBJICHYECKUX TEXHOJIOTHH.

2. MeToabl uccneposaHus

MeTobl, UCTIONIb3yEeMbI€ JIJIsl HAITMCAHUS CTa-
TbH: MaTEMaTHYEeCKOE MOJEIUPOBaHUE, aHaU3
JTAHHBIX, CPAaBHUTEIIbHBIN aHAJIN3 HAY4YHbBIX HCCIIe-
IoBaHuM. JIJIST JOCTYDKEHUS TOCTaBICHHOM IIEIH
OB IPOBEJICH aHATTU3 CYIIECTBYIOIIMX MOIXO0/I0B
K yNpaBJICHUIO IPOEKTaMH, pa3paboTaHa MaTeMa-
TAYECKasi MOJICJIb Ha OCHOBE TEOPUU CUCTEM H
Teopuu ympasieHus. PazpaboTana Mojenb, KOTO-
pasi yuuThIBaeT Takue (PakTophl, Kak Heompene-
JIEHHOCTb, PECYPCHBIE OTPAHUYEHUS! U AUHAMUKY
MPOLIECCOB.

3. Pe3ynbTarthl

Pe3ynbTarhl aHanu3a CBUAETEILCTBYIOT O 3Ha-
YUTEJIbHOW HEOIpPENEICHHOCTH B IPOLIECCE BbI-
MIOJIHEHUS OPTaHU3ALMOHHBIX IIPOEKTOB, KOTOPHIE
MPOSBIISIIOTCA B CUCTEMAaTUYECKMX OTKIOHEHUSX
OT IJIAHOBBIX TOKa3arenei. J{is moBwimenus 3¢-
(DeKTUBHOCTH YIpPAaBIEHUS OpPraHU3AIMOHHBIMU
MpoeKTaMu pa3paboTaHa METOAOJOTHs, KOTOpas
MOMOXKET WACHTH()UIUPOBATh U KOJIMYECTBEHHO
OLIEHUTH (DaKTOPBI, BBHI3BIBAIOIINE HEONpPEICTICH-
HOCTB, a TaKXKe pa3paboTaTh MEXaHU3MBI yIIpaBiie-
HUS OpPraHM3alMOHHBIMU INPOEKTaMH, KOTOpPBIE
OyIqyT yCTOHYMBBI K BHEUTHHUM BO3JCUCTBUSM WU
o0ecrneyar JOCTH)KEHUE TTOCTaBICHHbIX LEJIEH.
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JInisl TIOBBIIIEHUSI TOYHOCTH HPOTHO3MPOBA-
HUSL 00BbeMa BBITIOJHEHUS! NTPOEKTOB B YCIIOBHSIX
HEOIPEIeICHHOCTH pa3padoTaH MaTeMaTHYeCKUH
amnmapar, 4ToObl OICHHUTHh BIHMSHUE Pa3JIMYHBIX
(bakTOpOB Ha JAWHAMHKY BBIIIOJHEHUS OpraHH3a-
IIMOHHOTO TPOEKTA!

Y=/[U.X.0.N]. (1)

rne Y — HavajabHbIe, IPOMEKYTOUHBIE U KOHEU-
HBIE MPOIIECCHl (0ObEMBI BBIITOJIHEHHS) OPTaHn3a-
LUOHHBIX TPOEKTOB; U — BBIXOJHBIE (IIPOMEXKY-
TOYHBIE) Mpolecchl (00BEMbI BBIIOJHEHUS) TPO-
eKTOB; X — pecypchl, HEOOXOIUMBIE ISl BBITIOJ-
HEHUS 3a71a4 (3aIUTaHUPOBAHHBIE 0OBEMBI) TTPOCK-
TOB; () — MapaMeTpbl IPOLIECCOB BHITIOIHEHHS Op-
TaHU3AIMOHHOTO IPOEKTa, Ha KOTOpbIE BIMSET
00BEKTHBHAsI HEONPEIEICHHOCTh MpoekTa; N —
OTKJIOHEHHE 00BbeMa paboT OT 0XKUAAEMOTrO BbI-
MOJIHEHUS1, KOTOPOE MOKET OBITh CBSI3aHO € OIINO-
KaMU B YIIPaBJICHUH WU BBHIMIOJIHEHUH OpraHU3a-
IIMOHHOTO TPOEKTA.

KomnoHeHTsl BEKTOpOB BXoasmue (mpome-
JKYTOUYHBIE) MTPOAYKTa IPOEKTOB U3BECTHBI, a pe-
Cypchl X 3aJlal0T OrpaHMYEHMS MTOCPEJICTBOM He-
paBeHCTB THIa X < X

CrenoBaresbHO, MPOTHO3UPOBAHUE COCTOS-
HUs Y ynpaBisieMoro o0beKkTa Ha MOJAETH MOXKET
OBITh OJYYEHO C TOYHOCTBIO JI0 mapamerpa 0, oT-
HOCHUTEIBHO KOTOPOTO U3BECTHO, UTO OH MPUHA-
JEKUT HEKOTOPOMY MHOXecTBY Q€ Q.DTOT mna-

pameTrp OyzneM Ha3bIBaTb €CTECTBEHHBIM COCTOS-
HUEM HEYNpaBJIsIEeMOro MOBEACHHUS OpraHHu3ally-
OHHBIX [TPOEKTOB.

Ecnu B nmponecce BBIIOJHEHHS] OpraHU3alu-
OHHBIX IIPOEKTOB HE BBIIEIAThH BEITMUMHY HEYIpaB-
jsieMoro napamerpa (J, To ee aJJJATHBHOE HaKOII-
JICHWE MOXET MPUBECTU K TOMY, UYTO IIOKa3aTeNln
OTKJIOHEHUS 00bEMa BBINOJIIHEHHS IPOEKTa OT Ij1a-
HOBBIX 3HaUEHU B IMHaAMHKe Oy 1yT pactu. B po-
L[eCCe peaNu3aluy OPraHU3alMOHHOIO IPOEKTa
MaKCHMAaJIbHbIE OTKJIIOHEHHS OT LIEJIEBOTO PE3yJib-
TaTa UIMEIOT TEHICHIIHIO K yBeJIndeHuto. 13-3a He-
KOHTPOJIMPYEMBIX [TapaMeTPOB 3HAYCHHUE BEKTOpa
OTKJIOHEHMSI MOXKET JJOCTUTaTh TOUKH, KOI/1a OHO
IPEBBIIAET IpeJebl BO3MOKHOCTEH CyObeKTa
no komneHcauuu. [loaToMy naHHOE cocTosiHUE
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SIBIISICTCS KPUTHUECKUM U TPeOyeT MPOAKTUBHOTO
MOJIX0/[a K YIPaBIEHUIO OPraHU3allMOHHBIM MPO-
eKTOM 15l o0ecriedeHus 3PPEeKTUBHOCTH U Pe3yJib-
TATUBHOCTHU JIOCTHKEHUS 1IeNiell B paMKax 3aJaH-
HBIX 3a7a4.

[lenb cocTOUT B TOM, YTOOBI JOCTUYD pa3yM-
HBIX KOJIMYECTBEHHBIX 3HAUCHUH MMapamMeTpoB (MH-
JMKaTOPOB), COCTABIISAIOUINX OKUIAEMbIN pe3yib-
TaT OPraHU3aLMOHHOIO MpoeKTa Y, KOTOPBIN A0-
’eH OBITh JOCTUTHYT B XO/I€ BHITIOJITHEHHUS ITPOCKT-
HBIX MeponpusatTuil. B ynpaBineHun opraHusaiiu-
OHHBIMH TIPOEKTaMHU, KOTOPOE IMPENCTaBISIET CO-
00l crcTeMy TUCKPETHBIX JACHCTBHIA, 3aBEpIlaro-
LIMXCS JOCTH)KEHHUEM 1M, JI0CTaTO4YHO, YTOOBI
Tmokasarenb Y(f), OTHOCSIIUNCS K aHHOW IIeJIH,
HaXOJWICA B MpeJienax 3aJaHHoro guanasona. Ha
MYTH K JOCTHXKEHUIO KOHEYHOM IeJIM TakKe MO-
XKeT OBITh YCTAHOBJIECH PsJI MPOMEXKYTOUHBIX IIe-
Jeil 1Ji1 MOHUTOpPUHTA Mporpecca B peanu3aluu
OpPraHHU3alMOHHOTO MTPOEKTA.

J171s1 TOro 4To0bI HCCIEAOBATE HEOOXOAMMEIE
W JOCTATOYHBIE NTapaMeTPbl U MEXaHU3MBI ITPOAK-
TUBHOTO YIIPaBJIEHUS OPraHU3allMOHHBIMH ITPOEK-
TaMU B OPraHU3allMOHHOM Pa3BUTHH DYHEpPreTuye-
CKUX KOMIAaHUM € 3a/1ayeil TOCTHKEHUSI KOHKPET-
HOM 11e511, He0OXOAMMO CO37aTh MOJIEIIb LIEJIEBOM
(GYHKIMU A0S YIpaBlIeHUS TUHAMUKOW HMX TIPO-
LIECCOB.

[Tocne ompenenenusi o0mEH CTPYKTYphI CH-
CTeMBI ISl IPOEKTOB OPraHU3allMOHHOTO pa3BU-
THS B DHEPreTUYECKUX KOMIAHMAX U HMX LeJeH
OTIPE/ETSAIOTCS M BIOCIEICTBUU KOHKPETU3UPY-
IOTCSl OT/IeNbHBIE ()YHKIIMOHAJIBHBIE MOJICHCTEMBI
Y KOMIIOHEHTBI. B3auMOCBSI3U MEX1y KOMIIOHEH-
TaMU CHUCTEMBI OTPAKAIOTCA B Pa3IMYHBIX MOJE-
JISIX, KOTOPBIE CITy’KaT Il KOOPIMHALMK B3aUMO-
NeUCTBUI MeX Iy 2JIeMEHTaMu, OIpeiensist (OpMbl
B3aMMOCBSI3€H, TIepeMEHHbIE, OTPaHUYCHUS U TI0-
Kazarenu. BusyanbHoe mpeacTaBieHue CTpyKTypbl
(hopManru30BaHO C TMOMOIIBIO CEPUH IIeJIeHAINPaB-
JIEHHBIX MH(OPMAIIMOHHBIX JucIuieeB. Ha koHIen-
TyaJbHOM YpPOBHE HpEACTaBJICHHE MPOOIEMHBIX
CUTyaluil B UX KAYECTBEHHOM aCIIEKTE, OXBaThIBA-
OIIIEM MTPUPOTY TOTpeOHOCTEH, (POpMHUPYET OCHOBY
JUISL CO3JJaHMsI MOJIENIM, KOTOpast JISXKUT B OCHOBE
CTpaTeruil akTUBHOTO YIIPABJICHUS TPOEKTaMU Op-
TraHU3aIlMOHHOTO Pa3BUTHSI.

Ha ocHOBe IpoBeICHHOTO UCCIIETIOBAHMS HAMHU
MpeyIokKeHa MOJIENb 11eJIeBON (YHKIIMH MOIIAro-
BOTO IPOIIeCCca YIPaBJICHHs TUHAMUKON MPOCKTOB
OpraHM3alMOHHOTO pa3BUTHUs. Mojenb, u3o0pa-
JKCHHAsl Ha PUCYHKE, YIUTHIBACT TPOCTPAHCTBO Ta-
paMeTpoB, TPACKTOPHIO 0A30BOTO IJIaHA U TIPUEM-
JIeMbI€ TIPOTIECCHI (IEHCTBHSI), HEOOXOMUMBIE IS
JIOCTHKESHHSI 1IEJTA OPTaHU3aIMOHHOTO MTPOEKTa Ha
Ka)K70M 3Tarne B ¢aze Ha4yaJIbHOTO IJIAHUPOBAHMS.

Koopaunatel cocTostHus 00bEKTa yrpaBiie-
HUS OTIPECTISIOTCS C UCTIOIB30BAHUEM MapaMeT-
POB, CBSI3aHHBIX CO CTOMMOCTBIO IMPOCKTHBIX pa-
00T, HCOOXOUMBIX JIJISI TOCTHKCHHS TIEJIH, U CO-
OTBETCTBYIOIINX BPEMEHHBIX paMoK. M3mMeHeHHe
COCTOSTHUH TpeoOpa3oBaHMs MPOIyKTa OMUCHIBA-
eTCsl TPACKTOPHEH MepeMeIeHus: 0ToOpakaeMon
TOYKU B TPOCTPAHCTBE COCTOsIHUI. C MOMOIIBIO
CTPYKTYPHOTO TIPEJICTABICHHUSI MOJEIbh OTpa)kaeT
00pa3bl JMHAMUKH CIICHAPUS HAOJIFOICHUS 3a TTpe-
o0pa30oBaHHEM TPOIYKTa MTPOSKTOB U3 COCTOSTHUS
«KaK eCTh» S0 B COCTOSTHHE «KaK JIOJDKHO OBITEY Sy:

— OCHOBHBIEC HaYaJIbHBIE MTApaMeTPhI Or0HKeTa
U BpeMs (CPOK) €ro 3aBepLICHHUS;

— [IEJIEBYI0 00JacTh C IIEHTPOM, 3a/IaHHBIM
KOOpJIMHATaMU HaYaJlbHBIX TApaMETPOB;

— TPAEKTOPHUIO «HJICATBHBIX» COCTOSIHHNA J0-
CTH)KCHUS 1IN,

— TI0CJIeIOBATEIILHOCTD 7 (Pa3 MPOEKTOB.

Ucnone3ys mexaHW3M OOBEKTUBHOTO KOH-
TPOJIS, UX OXHJACMbIC M TMOPOTOBBIC 3HAYCHHUS
PacCUMTHIBAIOTCS HA OCHOBE TEKYIIUX 3HAUCHH
pabounx mapameTpoB npoekra. BuzyansHoe mpea-
CTaBJICHHUE CTaTyca BBIOJHEHHUS TPOCKTa Orepa-
THUBHO OIICHUBAET U3MEHEHUS TEHACHIIUHN 110 CpPaB-
HEHUIO CO CTATUCTUYCCKUM aHAITU30M.

Monenb npenHazHavueHa i 00ecrieyeHNs HH-
(bOpMaIMOHHON TOAJIEPKKH MPOAKTUBHOTO TIOJI-
XOJIa ¥ IIpoliecca MPUHSITHS YIPEKIAIOMINX Pelle-
HUI, a Takke OOBEIUHSET IMATh BAKHEHIINX ac-
TIEKTOB TIpOIIecca YIIpaBIICHUs, HO 1eeBast PyHK-
IUST SIBJISIETCS] COBOKYITHOW Ha KayKJIOM dTare opra-
HU3AIMOHHOTO MPOEKTA:

Fsk(x)=[fk(xk)+Fk—1(x—xk)], ()

tne fk(xk)=S, — moKasaTelb MPOMEKYTOIHOTO

COCTOSIHUS HA k-M 11are.
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Mogaenb LeneBon GyHKUNM yNpaBaeHnUs AMHAMUKOM NPOLLECCOB NPOEKTa OPraHM3aLMOHHOIo Pa3BUTMS QHEPrOKOMMAaHN
M ¢ 1704 HuKK: BoinonHeHo K.W. MoakuHeim, KO.A. Hasaposoii

Model of the objective function of process dynamics management of the organizational development project of an energy company
Source: created by K.I. Podkin, Y.A. Nazarova

IlokazaTenu KOHEYHOH LeNIM OpraHHU3alMOH-
HOTO MPOEKTa JOCTUTAIOTCS MyTEM BBITOJHEHHS
yIpaBlIeHUYEeCKHUX AeicTBU. KoHeuHoe cocTosiHne
Sz mpoekToB (11e1b) sBisieTcst uroroM (k) mpome-
KYTOYHBIX COCTOSIHUI MPOEKTOB:

S, =F(Soax)+i[fk—1(xk—1)+Fk(x_xk—1 )] 4)

i—1

CocTostHUE CUCTEMBI Sk HAa KaXKJIOM k-M Iare
YIpaBIIEHUS 3aBUCHUT OT TPEIBIAYIIETO COCTOSHUS
CUCTEMBI Si-1 U YIpaBISIIONIETO JercTBusl Di Ha

k-M mare:

S, = Dr(Sk—1,xx), k=1, n, 3)
rne Dk — omeparop JeHcTBHS.
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Mozenb MPOaKTUBHOTO YIPABJICHHS MPOCK-
TaMH OPraHU3aIMOHHOTO Pa3BUTHSI TpeIaracTcs
(GbopMyTHpOBaTh CIEIYIOMUM 00pa3oM: HAWTH
TaKOe 3HAYCHHE YIMPABISEMON MEPEeMEHHOU Xx*,
KOTOPOE MEPEBOJUT CUCTEMY U3 HA4aJIbHOTO CO-
CTOsHUSL S, X =Xy B KOHEYHOE COCTOSHHE

S,s X(ry =Xr TaK, 4ToObI IeneBas (QyHKIUS 10-

CTHUIVIa MMHUMAJIbHOTO OTKJIOHEHMs OT OXHJae-
Moro 3HaueHus. JlocTmwkenue chopMynupoBaH-
HON MoIeNN 00ecreunBaeTcs NPOEKTUBHBIMHU Me-
paMu B OIIEPATUBHOM YIIPABICHUH OpraHU3alOH-
HBIMH MTPOEKTAMH.

CrnyualiHblii XapakTep MpOLECCOB yIpaBJe-
HUSl OPraHU3allMOHHBIMU ITPOEKTaMU, IPOSIBIISIO-
LIUIACS B BapHaLUAX O’KU/IaEMbIX PE3YyJbTaToB, pac-
LIMPSET CHEKTP BO3MOXKHBIX PEUICHUH U 3aTpyi-
HseT AocTxkenue neneil. /s odecrieuenus ycroi-
YUBOCTH U 3(PPEKTUBHOCTU YIIPABICHUS OpPTaHU-
3allMOHHBIMU NPOEKTaMU HeoOXonumo obecre-
YUTH LEJIECYCTPEMIICHHOCTD JIEHCTBUI Ha KaXKJIOM
JTane M JUHAMHYECKOE PAaBHOBECUE IPOLIECCOB.
VYuuTbiBas CTaTUCTUYECKUN XapaKTep TeXHUYe-
CKUX XapaKTepUCTUK IPOEKTa, Mpe/ICTaBICHHbBIX
CIyYallHBIMU BENWMYMHAMU, W CIYyYaHBIN Xapak-
Tep oObeMa BBIIOJIHEHHBIX padoT, 3a7a4a yrpas-
JIeHUsl 3aKJII0YAeTCsl B MAKCUMH3AIMU CPEIHETO
3HAYEHHUS [10KA3aTellsd KadyecTBa IPU OJJHOBPEMEH-
HOW MHHHUMU3AIMH ero Auciiepcuu. To ecTh HEOO-
XOJUMO JJOCTUYb KOMIIPOMHCCA MEXTY (P (HEeKTHB-
HOCTBIO ¥ CTAOMIIBHOCTBIO ITPOIECCOB.

[TockonbKy 00beM BBINOJIIHEHUSI pabOT opra-
HU3ALUOHHBIX IPOEKTOB Y U3MEHSETCs Cilydai-
HBIM 00pa3oM ¢ aucnepcueii D(Y), To BBIOOpoUHOE
cpenHee Y mMmeeT aucCHepcuio o0beMa BBIOOPKH.
Orcrona ecnu aucnepcust B(H) yMmeHbiiaercs, To
BEPOSATHOCTbH TOTO, YTO 3HaYeHHe Y Onu3ko K M(y),
YBEJIMUMBAETCS U MOKA3bIBAET L[€JIeCO000pa3HOCTh
BBEJICHUS KPUTEPHS, B KOTOPOM MAaKCHUMHU3ALHS
0KMJIa€MOT'0 3HaUYEHUs MOKa3aTessl KayecTBa Mpo-
LIECCOB yIpaBieHUs: () COYETaeTCsl ¢ MUHUMHU3A-
nuei ee aucnepcuu B D(y):

Q:M(Y)—KD(Y), %)
rae K — xoadpdunuenr (K > 0).

Bennunna ko dunmenrta K onpenenser cre-
MeHb BECOMOCTH BEJIMYMHBI AUCHEpCHH Y OTHO-

cutenibHO M(Y) m MHTEpHpeTupyeT ypoBeHb He-
BOCIPUUMYHMBOCTH K puckaMm. Hampumep, ecnu
PUCKOBBIMH B OPTaHU3AIMOHHBIX MTPOEKTaX SBIIS-
I0TCs1 OOJIBIIIME OTPUIIATEIILHBIC OTKIOHEHUS 00b-
emMoB Y ot M(x), To K BBIOMpatOT OOJIBIIE €MHHUIIBI
Y TIOBBIIIACTCS 3HAYMMOCTD PA3JIMYMKA B MPOIIEC-
cax MPHUHATHA YNPaBICHYECKUX PEIIeHUM, KOTo-
pbIe IPUBOMAT K NMPUHATHIO YIIPABICHYECKUX pe-
IICHUH, TEM CaMbIM CHWXasi BEPOSATHOCTh 3HAYH-
TEIbHBIX OTKJIOHEHUH OT OXHIaeMbIX Pe3yJIbTa-
TOB. BBINIEYTOMSIHY ThIE TTOKA3aTEIIA BBHITTOTHEHHS
MPOEKTa MOJIeKaT OLEHKE 70 Hayaja OpraHu3a-
IIMOHHOTO TPOEKTa M JTOJHKHBI KOPPEKTHPOBATHCS
Ha MPOTSHKCHUH BCETO 3allJIAHMPOBAHHOTO CpPOKa
€ro peayn3aluy B COOTBETCTBUU C TPOAKTUBHBIM
TTOJTXOJIOM.

Kax mpaBuiio, mpeBOCXOIHBIX PE3YIbTaTOB
MOYKHO JOCTHYb, pemias 3ajady BBISIBICHHS W
OIICHKM TapaMeTPOB OTKJIOHEHHH C TTOMOIIBIO
THIATEIHHO CTPYKTYPUPOBAHHON MOJIENN U OTIepa-
TUBHOTO aHaim3a JnaHHbIX. CliegoBaTelbHO, CTa-
HOBHTCSI HEOOXOAUMBIM IPUMEHSATh METOAOIOI U
YIpaBJICHUS OPTaHU3AIIMOHHBIMU MTPOSKTaMH, UC-
TOJIB3YS TTePEIOBbIe WHPOPMAIIMOHHBIC TEXHOJIO-
THH, YTOOBI TAPAHTHPOBATH CBOEBPEMEHHBIH cOOp
HEOOXOIMMBIX TaHHBIX.

WNudopmarus o cocTosHuu 00bEKTa YIpaB-
JICHHS OKa3bIBA€T HEMOCPEACTBEHHOE BIHSHHUE HA
00BbEeM U Ka4eCTBO MPOTHO3UPOBAHUS, aHAJIHM3a CO-
CTOSIHUSI U TIPUHATHS PEIICHUH B paMKax IMPOaK-
THUBHOTO TOIXO0/1a.

ITo HameMy MHEHUIO, KpailHE BaXKHO OIpee-
TUTh (PyHIaMEHTATBHYIO CTPYKTYPY, JSKAITYIO B
OCHOBE OTKJIOHEHUH Pe3yJIbTaToOB pa3pabOTKH CH-
CTEMbl YIpaBIIEHUS! OPraHU3allMOHHBIMH IMPOEK-
TaMU OT OXHJIaeMOro coctosHus. OcoOeHHO 3TO
aKTyaJbHO B NPOAKTUBHOM YIIPABJICHUU OpPTaHH-
3alIMOHHBIMU MTPOCKTAMH, TJIe HEONPEICICHHOCTh
MpHCylla TMPOTHOZHPYIOMIEH MPUPOAEC MOACIH
ynpasieHus. KiroueBbiM KOMITOHEHTOM TTPOAKTHB-
HOTO TOJXO/Ia YacTO SIBISIETCS BEPOSTHOCTHBIN
MEXaHU3M, OTPAXKAIOIINN CITy4aliHbIe BO3JCHCTBUSA
pasnuusbIX (hakTopoB. bonee Toro, mpu orpaHu-
YCHHOM KOJIMYECTBE KOHTPOJIBHBIX TOYCK MOXKET
HE XBaTUTh JMaHHBIX i 3QdeKkTuBHON peanmnsa-
[IUU TIPUHIIATIOB TPOAKTUBHOTO MTOIX0/a, YTO MO-
’KeT IIOMOYb YCTPAHUTh CyObEKTUBHBIE (PAKTOPBHI.
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OOBeKTHBHAs HEONPENIEIIEHHOCTh TPOEKT-
HOT'O PHCKa MOXET OBITh KJIAaCCHU(UIIMPOBAHA KaK
npuemMseMasl Wil HempuemiieMasi B 3aBUCUMOCTH
OT €€ BIIMSAHMS HAa KOHKPETHYO LI€JIb OpraHn3alu-
OHHOTO TpoekTa. Ecnu HeonpeneneHHOCTh OyneT
COYTEHA HENMPHEMIIEMOM, TO MOXET MPHUBECTH K
MOTEpE KOHTPOJIS HAJl OPraHNU3ALMOHHBIM MPOEK-
ToM. HeomnpeaeneHHOCTh B OTHOIIEHUY 1O CTHXKE-
HUS 1eJIed OPraHU3allMOHHOTO ITPOEKTA B MEPBYIO
ouepellb OmpeneseTcss ageKBaTHOCThIO MUH(OP-
Maluu, JOCTyIHON NPOEKTHOW KoMaHe. Takxke
MMEIOT 3HAYEHHE 3HaHUS O MPEICKa3yeMOCTHU Mpo-
LIECCOB U PE3YNIBTATOB IPOEKTA, O MOTEHLUATbHBIX
MOCIIEICTBUSX YIPABICHYECKUX OITHOOK.

Komnencanus 3a OTKJIOHEHUS OT yCTaHOB-
JICHHBIX TIPEAENIOB YacTO MPOUCXOIUT MOcThak-
TYM, 4YTO Jenaer ee HedpdektuBHOM. [IpoakTus-
HOE YIIpaBJI€HHUE MPEATNONAraeT OLUEHKY BIIASHUSI
MIPOrHO3MPYEMBIX OTKJIIOHEHMM Ha Ka)KJOM JTare
Ha OOUIyI0 IeJh OPraHU3aIIOHHOTO MPOEKTA.
Ecnu oxxupaeTcss OTpUIaTENbHBIN pe3ybTaT, pH-
HUMAIOTCSI MEpPBI 0 CHW)KEHUIO PHUCKA, YTOOBI
NPEIOTBPATUTh HEOIArOMPHUSTHBIN UCXO MO pe-
3ynpTaraMm Lenu npoekra. I[Ipu oLeHke oTKIIOHE-
HUW U UX MOTEHUMAIbHBIX MOCIEICTBUNA OmNpee-
JICHHbIE 3HAYEHUS CYUTAIOTCS IPUEMIIEMBIMH, B TO
BpeMsI KaK IPYTHe KIaCCU(PUIIUPYIOTCS KaK PUCKO-
BaHHBIE.

Kputnueckue oTkI0oHEHUS KiacCUPUIIUPY-
I0TCS KaK MpUeMJIEMbIE UM PUCKOBAaHHBIE HA OC-
HOBE OLIEHKH JIOCTaTOYHOCTH UMEIOILIUXCS PECYp-
COB JIJIsl IPUHSTHS 000CHOBAaHHBIX PELICHHUI OTHO-
CUTEJIbHO KOPPEKTUPOBKH IIOTOKOB PECYPCOB C 11€-
JBI0 CMATYEHUS ATHX OTKJIOHEHHWH M, CIIElOBa-
TEJNbHO, U3MEHEHUS COCTOSHUS MPOEKTOB. B KoH-
TEKCTE€ BEPOSITHOCTHBIX PE3YJIbTaTOB KIIHOYEBHIM
aCIeKTOM B TIpollecce yIpekaaromen hopmymnu-
POBKH pELIEHUI, HAIPABJICHHBIX HAa JOCTH)KEHUE
YIOBJIETBOPUTENBHBIX PE3YIBTATOB B YIIPABICHUN
MPOEKTaMU OPIraHMU3ALMOHHOTO Pa3BUTHS, SBIS-
€TCs Yepe/ia MO3UTUBHBIX U HETaTUBHBIX COOBITHH.
[To coOBITHAM MPOBOTUTCS KPUTHUYECKAsT OICHKA
COCTOSIHMSI OPTaHU3aI[MOHHOIO IIPOEKTa MO OTHO-
HIEHUIO K €r0 0’KUJAEMOI CTOUMOCTH, YTO NPUBO-
JIUT K MIPUHATHIO PELLICHUI.

Bei6op BapuaHnTOB B mporecce (GpopmMynupo-
BaHUS TUNOTE3 JUIsl IPUHATUS PEIIEHUN OTHOCH-
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TEJIBHO CTA0MIIBHOCTH TUHAMUYHOM CHUTYaIlluH OC-
HOBAH Ha OILIEHKE JIOCTAaTOYHOCTU PECypCOB Opra-
HU3aLMOHHOTO mpoekTa. [IpeumyiiecTBo mnpoak-
TUBHOTO MOJXOJa B YNPAaBICHUHU OpPraHU3alMOH-
HBIM IIPOEKTOM 3aKIF0UaeTcs B TOM, 4TO 3a0aro-
BPEMEHHOE MPOTHO3UPOBAHKE BBISABISET OIMOKU
B IIPOEKTE, KOTOPHIE €IIE HE NPUBEIU K HETraTHUB-
HBIM IMOCJIEICTBUSAM, HO MOT'YT IIPUBECTH K HUM B
OyzyIieM Wi MOTyT OBbITh IIPEAOTBPAIEHBI C MO-
MOILBIO TPEBEHTUBHBIX MEP.

[Ipouecc mpoOaKkTUBHOTO YTNpaBiICHUS SBIS-
€TCsl UTEPAaTUBHOM NPOLETypOil MPUHATHUS pelie-
HUH, KOTOpas BKJIIOYAET aHAJIU3 U BBISBICHUE 3a-
KOHOMEpHOCTEH B MH(OPMAIH, KaCaroIIeicst Hera-
TUBHBIX TEHACHLUUN B MOJENSX, U CTPYKTYPHBIX
MapaMeTpPOB BEPOSTHOTO COCTOSHUSI paccMaTrpH-
BaeMoOU cucTeMbl Sk Ha Kaxx7oM k-M miare. OiHO-
BPEMEHHO MPOBOAMUTCS OLIEHKa MAaKCUMAJIbHO J10-
MyCTUMBIX YPOBHEH OTKIIOHEHMH, YYUTBIBAIOILAS
KaK HEKOHTPOJHUPYEMbIE OTKJIOHEHHS, TaK U IO-
TEHIMAaJIbHbIE PUCKHU. [[aHHBIE, TOTYYEHHBIE B XO/IE
mporecca OLEHKH, CIY:KaT OCHOBOW JUIS MPOaK-
TUBHBIX JACHCTBUH, HANIPABJICHHBIX HA MPEJOTBpa-
HICHHE TMOTepU KOHTPOJIs, YTOOBI 00ecTIeuuTh (-
(EeKTUBHOCTH yIpaBlIEHUs OPraHU3aMOHHOTO IPO-
ekta. Clie10BaTeNIbHO, OLIEHKY KauyecTBa yrpasJie-
HUS HEJb35 PACCMaTpPUBATh KaK CAMOCTOSATEIbHYIO
KaTerOpHUI0, MOCKOJIBKY MOYKHO IOCTPOUTh MHO-
JKECTBO OIIEHOK KayecTBa YIPaBJICHUS OpraHH3a-
[IUOHHBIM TPOEKTOM Ha OCHOBE OJHOTO U TOTO K€
BEKTOpa OIMMOOK (OLIEHKU HE BCEIa YMECTHBI U
3¢ dEeKTUBHBI).

AHanu3 MpoLECcCOB peaM3aluu MPOEKTa C
HCIIOJIb30BAaHUEM MOJIEIIN JIOJIKEH BOCIIPOU3BECTH
MPOEKTHBIM Iporecc B WH(POPMALMOHHOM MPO-
cTpaHcTBe. JlanHas Mojiesib TOCTPOEHAa Ha OCHOBE
MCXOJHOTO COCTOSIHUSL M MaTeMaTUIECKOM 3aBUCH-
MOCTH, KOTOpasi OnpezesisieT MoKa3aTesd mpome-
JKYTOUHBIX PE3yJIbTAaTOB MPOEKTa U 00ILIKE pe3yib-
TaThl IPOEKTA.

[Tytem BiirOUEHUS (HAaKTUICCKUX 3HAYCHUI
IOoKa3areyiel B HMCXOAHYK0 MOJEIb Ha KaXIoM
JTane YTOYHSIOTCS MapaMeTphl MPOEKTOB, KOTO-
pwie emnie He ObuM 3aBepieHsl. [Iporecc mpuso-
JTUT K U3MEHEHUIO IIHUPHUHBI IUAaNa30HOB IPOTHO-
3UpYEMBIX 3HAUE€HUH NOKa3aTese, a TakKe BbIsB-
JICHUIO KPUTUYECKUX CUTYalUH.
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Ha ocHoBe 3TuX HaHHBIX (QOPMYIHPYIOTCS
pelIeHus, HallpaBJIEHHbIE HAa 3aBEPILIEHNE OPTraHu-
3al[MOHHOIO TMpOEKTa. B 3aBUCMMOCTH OT LMW,
BBIOPAHHOTO KPUTEPUSI ONTHUMAIbHOCTH U Xapak-
Tepa OTPaHUYCHUN MOXKEM KITaCCU(PHUIIUPOBATH 3a-
Jlaud Ha Te, KOTOpbIE€ HalpaBJIEHbl HA MUHUMM3a-
1885030 OTKJIOHEHHUM OT 3aJaHHbIX ICJICBBIX ITOKa3a-
TEJen.

Ucxonst u3 BBILEN3IIOKEHHOTO, MOXKHO CHE-
JIaTh BBIBO/, UYTO HpoaKTHBHLIfI MOAXOJ K yIIpaBJie-
HUIO OpPraHM3ALMOHHBIMU MPOEKTAMM IIpeaIosa-
raet opMuUpoBaHUE THIIOTE3 O OYyIYyILIEM COCTOS-
HUU MPOEKTa Ha OCHOBE IMPOTHO3HBIX MoOJEJei.
IIpoakTuUBHBIA TONXOJ TOMOXKET CBOEBPEMEHHO
BBISBJISITh MOTEHIMAIBHBIE PUCKH M pa3padarbl-
BaTb aJIbTCPHATHUBHLIC CLHCHAPUU PA3BUTUA, YTO
MOBBIIIAET THOKOCTH YIIPABJICHUS U aJITalITUBHOCTH
K M3MEHEHUSM BHEIIHEH Cpelpl OpraHu3alyoH-
HOTO ITpoekTa. biaronaps mpoakTHBHOMY IOAXOLY
pecypchl OpraHU3alMOHHOIO IPOEKTa ONTUMH3U-
PYIOTCSI, TIOCKOJIBKY YIpaBieHHE (OKYCHPYETCS
Ha KJIFOYEBBIX aclEKTax MpPOEKTa, a HE Ha JOCTH-
JKEHUU YpEe3MEPHON TOYHOCTH.

3aknioyeHve

[TpoBeneHHOe HcCiIe0BaHKE OBUIO HAIpaB-
JICHO Ha pa3pabOTKy MareMaTu4eCcKol MOJICITH IS
yIpaBICHHUS TUHAMUKONW OpPraHU3aIlMOHHBIX MPO-
€KTOB B YCJIOBHSAX HEOIPEICICHHOCTH. AHaJIHU3
CYIIECTBYIOIIMX IMOJIXOM0B BBISIBHJ HEIOCTATOY-
HYI0 3((EKTUBHOCTh TPATUIIMOHHBIX METO/IOB
HpI/IMeHI/ITeJIBHO K CJIOKHBIM U TUHAMHWYHBIM HpO—
ekTaM. B pamkax mcciieoBaHus pa3paboTaHa HO-
Bas MareMaTHuecKas MOJCNib, KOTOpas CMOXET
HpOFHO3I/IpOBaTB BBIIIOJIHCHHC OpFaHI/I3aHI/IOHHOFO
MPOEeKTa U MPUHUMATh 0OOCHOBaHHbBIC yIPaBIICH-
Yyeckue perieHus. Mojieiab yYUThIBaeT (haKTOpPBI,
BJIMSIFOLIME HA XOJI MMPOEKTA, B TOM YHCJIC HEOIpe-
JICTICHHOCTh, PECYPCHBIC OrPAaHHYCHHS U BHCIITHHE
Bo3/eicTBHS. OCHOBHBIM ITPEHMYIIIECTBOM pa3pa-
0OTaHHOM MOJENIH SIBISIETCS €€ CIIOCOOHOCTH K
aJlanTalui K U3MEHSIOIIUMCS YCIIOBHSM U YUETY
HeomnpeaeaeHHOCTH. KpoMe Toro, Mojesib MOXeT
OBITh MCIIOJIB30BaHA [ ONITUMU3AIMU PACIIPEe-
JICHUS. PECYpCOB M MHUHHMH3ALUU PUCKOB. [lep-
CTIIEKTHBHBIM HAIIPaBJICHUEM JTaJIbHEHIIIUX HCCIIe-

JIOBaHUH SBJISIETCS Pa3BUTUE MOJENU C YUETOM
Takux (pakTOpoB, Kak yenoBeyeckuil daxrop, opra-
HM3alMOHHAsl KyJIbTypa U BHEIIHAA cpena. Takxke
Hpe/ICTaBIsIET HHTEPEC IPUMEHEHNE MOJIENU B pa3-
JMYHBIX OTPAcisIX U TUIAX HPOEKTOB IS OLCHKU
€€ YHUBEPCaJIbHOCTH.

B 3akirouenue oTMeTHM, 4TO pa3paboTaHHas
MareMaTh4eckass MOJENb IPEICTaBiIseT Cco0oM
LICHHBIM MHCTPYMEHT JJIsl YIIPaBJIECHUSI OpraHu3a-
IIMOHHBIMU NpoeKTaMu. Ee mpuMeHeHue MOBBICUT
3¢ dexTUBHOCTD yNpaBiIeHus, CHU3UT PUCKH U I10-
MOXKET JOCTUYb MOCTABJICHHBIX LEICH.
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ansa opMmupoBaHUs NEPBUYHON KOMaHAbI MPOEKTa
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HcTopust cratbu AnHoTanus. [Tpe/yioKeH alrOpUTM MOMCKA KaHIUAATOB JIJIs (POPMHUPOBAHHUS
TEpBUYHON KOMAaHIBl IPOEKTa, HANpHUMEpP, YUPEIUTEICH, COydpeauTeIeH,
KJTIOUEBBIX YYaCTHUKOB JIIOOOTO MPOEKTa, opraHu3anuu, crapramna. [Ipeaso-
JKEHHBIN alroput™ npeacrasieH B Metonoiorun IDEF0, koTopas mo3sosseT
MoKa3aTh JIOTHYECKHE CBSA3M B rpad)MyecKkoM BHJE Ha OCHOBE JUArpaMM,
BKJIIOYAIOIIUX B ce0sl OJOK-CXEMBbI C UCIOIB30BAHNUEM CICI[HAIU3UPOBAHHBIX
JasgBJIeHHNE O KOH(l)J]]’IKTe HHTEPecoB DJIEMEHTOB, @ UMCHHO: BXO40B, MCXaHU3MOB, YIIPpAaBJICHUSA, BBIXOOOB, OJIOKOB U
(dyukuuii. OCHOBHBIM MPEUMYIIECTBOM Pa3pabOTaHHOTO aarOpUTMa SIBISETCS
HAMIAIHOCTh, KOMIIAKTHOCTh, BO3MOXXHOCTh OMNI[MOHAJIIBHOTO BUJIOM3MEHEHHUS
AJITOPUTMA U €ro KOHBEPTAILMU B PA3JIMYHbIE JIOTHYECKUE METOJOJIOTUH, MPO-
TPaMMHBIM MM MaTeMaTHMYeCKUH KO C LENbI0 JallbHEHIIero IpUMEHEHUs,
HanpuMep, JAJIs CO3/IaHKs CIICIUAIM3UPOBAHHOTO MIPOTPAMMHOTO 00eCIIeUeHUs,
BHEJIPEHUS B AJITOPUTMBbI HCKYCCTBEHHOIO MHTEJUIEKTA, ayluTa CTPYKTYp pas-
JIMYHBIX opraHu3auuii. HoBu3Ha HcCClienoBaHUS 3aKIIIOYAETCd B OTCYTCTBHH
aHAIOTHYHBIX paboT B paccMaTpuBaeMoil 00IacTu ¢ MPUMEHEHHEM METOI0JI0-
run IDEFOQ, a Taxoke B IpUMEHEHUH HECTAH/IapPTHBIX 3JIEMEHTOB, KOTOpBIE paHee
HE paccMaTpHUBaJIMCh UM PUMEHSIINCH, HO HEeYacTo, B 00Jee KOHCepBaTUBHBIX
METOJIaX PEKPYTUPOBaHUS, BEPOOBKU MM MON00pa MepcoHalia U Kajapos. Pe-
3yJbTaThl UCCIIENOBAHUS MOTYT OBITh HCIOJB30BaHbBI JUIi BHOBb (OPMHUPYIO-
LIUXCS KOMaH/, 3aHUMAIOLUXCs CO3JaHUEM HOBBIX IPOAYKTOB, 3aIlyCKOM CTap-
Tana, MPOBEJACHUEM HCCIICAOBAHUN U B I[EJIOM IS JIFOOBIX MPOEKTOB, MPEIIIOo-
Jlararoliux Hajuu4ue B OyaylieM TOW WM MHOM OpraHU3allMOHHON CUCTEMBI.
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Abstract. In this study the authors propose an algorithm for identifying candidates
to form the initial project team, such as founders, co-founders, and key participants
of any project, organization, or startup. The proposed algorithm is presented using
the IDEFO methodology, which allows for the graphical representation of logical
connections through diagrams that in-clude flowcharts utilizing specialized
elements, namely: inputs, mecha-nisms, controls, outputs, blocks, and functions.
The primary benefit of the developed algorithm is its clarity and compactness.
Additionally, it is modifiable and convertible into different logical methodologies,
programs, or mathematical code for further application. For instance, it can be uti-
lized in the creation of specialized software, the implementation of artifi-cial
intelligence algorithms, and the auditing of structures in various or-ganizations. The
novelty of the research lies in the absence of similar works in the field using the
IDEF0 methodology, as well as in the applica-tion of non-standard elements that
have not been previously considered or have been used infrequently in more
conservative methods of recruiting or personnel selection. The results of the study
can be utilized for newly forming teams aiming to create new products, launch
startups, conduct research, and generally for any projects that anticipate the
establishment of some organizational system in the future.

Keywords: functional block, functional model, algorithm, functional method,
innovative idea, systems management, project team, IDEFO
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BBepeHune

Pa3BUTHS OpraHU3aINI, 3a4aCTyO TIPU 3TOM HaX0-
JISICh HE B CaMbIX KOM(OPTHBIX YCIOBUSX [4—7].

VYenex u nanpHeiiiee CylneCTBOBaHUE JIHO-
60ro BHOBb CO3/1aBa€MOI0 U Pa3BUBAEMOTIO IPO-
€KTa BO MHOTOM 3aBHCHUT OT IIEPBUYHON KOMaHIbI
npoekra [1-3]. 3a BceMUpHO U3BECTHBIMU KOPIIO-
paIusaMH CTOAT HE MEHEE M3BECTHBIE HCTOPUHU UX
ydpenuTeneil 1 KOMaH I, HalleJICHHBIX Ha pa3BUTHE
Pa3BUTHS CBOUX MPOEKTOB. YUPEAUTENN OTyqaan
OTIBIT M PACIIUPSUIA CBOM KOMIIETEHITUH 110 Mepe
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OOBIYHO TIpOIECC TOWCKA TMEPBUYHOM KO-
MaH/Ipl JTFOOOTO MPOEKTa HE CTPYKTYpUPOBaH U
MPEACTABISIET COO0H yIauyHOe CTEUCHHE CIydail-
HBIX 00cTOATENBCTB [8]. Bo3MOkHO, Takoii moj-
XOJT MOYKET MPUBECTH K YCTIEXY MPOEKTOB, OJTHAKO
sBIsieTcs HeHay4YHbIM. CyIIecTBYIOT HEKOTOpHIE
HAy4YHBIC TPYABl U TCOPUH, B paMKaX KOTOPBIX aB-
TOPHI MBITAIOTCA TIOKA3aTh BIUSHUE CITYYaHOCTH
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U yJauu Ha ycnex B npoekrtax [9; 10]. OtaensHO
CTOUT OOpaTUTh BHUMAaHHE HA TEOPUIO CIAOBIX
cBs3el 3a aBTopcTBOM Mapka ['paHoBeTTepa, B KO-
TOPOH yTBEPIKIAETCS, YTO MEHee ONM3KUE CBS3U
MOTYT OKa3aThCsl 00JIee MOJIEe3HBIMH /IS MTOTyYe-
HUSI HOBOW MH(OpMAINH, PECYpPCOB U MaTepHAIOB
[11]. ITIpu aTOM 11E7IECO00PA3HO CTPYKTYPUPOBATH
MIPOLIECC MTOMCKA MEPBUYHON KOMaH/IbI UCXOMS U3
HEOOXOMMBIX BBOJHBIX JIaHHBIX.

OcHoBHasi 1eJib MCCIeJOBAHUA — CO3/a-
HHUE aJITOpUTMa TIOWCKa MEePBUYHON KOMaH/bI JIFO-
60ro mpoekTa. AJNTOPUTM BBHINIOJHEH B HOTALUU
IDEFO B cBSI3M ¢ T€M, YTO BIIOCJIEACTBHAH €0 BO3-
MO>XHO HCIOJIb30BaTh NPU CO3/aHUM MPOrpaMM-
HOTO o0ecrieueHus, 00y4YeHUN HEHPOHHBIX CETe! U
HCKYCCTBEHHOI'O MHTEJIEKTA, a TaKXKe B CBS3H C
KOMITAaKTHOCTBIO M HATJISITHOCTBIO (DYyHKIIMOHAIIb-
HBIX Mozeneit [12].

1. MaTepuansl U MeToAbl

ABTOpamu cTaThu ObLT pa3paboTaH AITOPUTM
B BHJIE rpaduuecKkux OJI0K-CXeM, ITPeICTaBICHHbIX
B quarpammax corjacHo HoTaruu IDEF0. ®yHk-
HOHANBbHOE MojienupoBanue B HoTanuu [IDEF(
OBLIO OCYIIECTBICHO B COOTBETCTBUHU C PYKOBO/ISI-
MM JTOKyMEHTOM «MeToomorust GyHKIIMOHAb-
Horo mojnenupoBanusi IDEF0» u pexomennanueit
no cranpapruzamuu P 50.1.028-2001" [13; 14].
ANTOpUTM MPEACTABIEH C TOUKH 3PEHUS TTITABHOTO
WHUIMATOPA WK TPYIIIBl MHULIMATOPOB, KOTOPHIM
MO’KET BBICTYIaTh JIMJAEP IPYIIBI, IPOrPaMMHOE
obecrieyeHrne Wik Jpyrue eIUHUIbl WIH TPYIIIbI
€IMHMIL.

Ha puc. 1 nmpencraBieHa KOHTEKCTHasl aua-
rpamma BepxHero ypoBHs A(1)-0. Iuarpamma co-
CTOUT U3 OJHOTO 0]10KAd, ONHUCHIBAIOIIETO OCHOB-

HYIO yHKYUIO.
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Figure 1. Top-level diagram (A(1)-0)
Source: made by A.A. Boykov

Moienb mocTpoeHa ¢ TOUKU 3pEHUs HHUIHA-
Topa(-oB) mpoekTa. B quarpammax mo MeTo0J1o-
ruu IDEF0 oToOGpakaroTcsi OCHOBHBIE 3JIEMEHTHI:
6X000bl, YnpagieHue, Mexanusmbl, 6blxo0bl U Camu
On10KU.

[IpencraBneHHblE MexaHu3Mbl THATPAMMBbl
BEPXHET0 YPOBHS:

1. Maunmatop(-b1) mpoeKTa.

2. Uctounuku uHdopmamuu.

[IpencraBneHHBIN Y00 MUArpaMMBI BEPXHETO
YPOBHSI:

1. ITouck KaHIUIATOB.

[IpencraBieHHble ynpagnieHus IHAATPAMMBI
BEPXHET0 YPOBHSI:

1. Hopwmsl mobopa mepconarna.

2. IIpoune 1OrOBOPEHHOCTH.

3. I[lone3Hble Ka4ecTBa M XapaKTEPUCTHKU
KaH/IUJIaTOB.

[IpencraBieHHbIE 8bIX00bI AUATPAMMBI BEpX-
HEro ypOBHS:

1. Hanbornee moaxosinye KaHuaaThl 13 Kpyra
o01eHus: MHUIIMATOPa(-0B).
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2. OnTuMalibHbIE METOJIbI IOMCKA KaHIUIa-
TOB JUTE POPMUPOBAHUSI TIEPBUYHON KOMaH/IBI ITPO-
eKTa.

Bce BhIenepeyrciaeHHbIe 3JIEMEHTHI OCYIIle-
CTBJIIIOT T€ WM WHBIC 337a4y¥, HAIpUMep, HJICH-
TUGUIHPYIOT CPEICTBA, MOIJEPKUBAIOT BBITION-
HEHHE @)YHKYuu OCHOBHOTO 0OJ10KA, OTPENEINSIOT
YCIIOBUS, a TaKkkKe (yHKyuu, HEOOXOAUMBIE IS
OCYIIECTBIICHUS BEPHBIX 661X0008, KOTOPBIE SBIIS-
I0TCS pe3yJIbTAaTOM aaroputMa. Briocnencrsum KoH-
TEKCTHAs [UarpaMma BEPXHETO YPOBHS JIEKOMITO-
3UpyeTCcsi Ha OOBIYHBIC THarpaMMBbl 00Jiee HU3KUX
ypoBHel. Ilpomecc neKOMIO3UIIMHE MOKET OBITh
0ECKOHEYHBIM, 1 YeM OOJIbIIe JEKOMIIO3HIIUH, TEM
TOYHEe paboTaeT aJrOPUTM, OJTHAKO 3TO HE UMEET
parMaTU4ecKoro CMBICIIA, TaK KaK CO3/aeTCs KaK
BU3yaJlbHasl IIEperpy3Ka, Tak U cMblciaoBasd [13].

Ha puc. 2 nmpencraBineHbl OCHOBHBIE )VHKYUU
MOMCKA EPBUYHON KOMaHbI MpoekTa. [narpamma
COJICPKHUT KOMIUIEKCHBIC OJI0K-CXeMbl, PACIIONIO-
YKCHHBIE KaK MapajuIebHO, TAK U ITOCIIEI0BATEIBHO.
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B nmarpamme aBTOpOM MpeasioxKeHa IOCIIeI0Ba-
TENTbHOCTh OCHOBHBIX (hyHKYUll: OTIpeeTICHNue KaH-
JMIATOB Ul TEPBUYHOM KOMaHIBI MPOEKTa U3
JMYHOTO Kpyra OOIICHHUS WHHUIMATOpa(-0B), U3Y-
YeHHE KOHCEPBATUBHBIX METOAOB TMOMCKA KaHH-
JIaTOB, U3Y4YEHHUE COBPEMEHHBIX METOJIOB ITOMCKA
KaHIMJIATOB U BBIOOP HanboJjee MOAXOAINX Ba-
PHAHTOB METO/1a TOUCKA KaHANAATOB. YTIOp B paM-
Kax pa3pabOTaHHOTO aJITOPUTMA JIETIACTCS Ha ()YHK-
yulo ONpeAeNeHNUs KaHAMJATOB JJs TEePBHYHOU
KOMaH/Ibl IPOEKTA U3 JINYHOTO KPyra OOIIeHNS MHHU-
maropa(-oB) B CBSI3M C TEM, YTO JaHHBIN MPOIIECC
B MEHbIIIEH CTemeHW CTpykTypupoBaH [14; 15].
W3ydenne KOHCEpBAaTHBHBIX M COBPEMEHHBIX Me-
TOJIOB TOKMCKA KaHIU/IATOB, a BIOCJIEICTBHU BbI-
00p HamboJee MOAXOMANINX BapHAHTOB Ha OCHO-
BaHUH MeXaHU3M08 — UCTOUYHUKOB HHPOPMAIUH,
KOMITETeHIIMM MHUIIUATOPA(-0B) MPOEKTA, a TAKKE
Ha OCHOBaHWU yNpaegieHuli — HOpPM Mo100pa mep-
COHaJIa, TOJIE3HBIX Ka4eCTB KaHIUAATOB U APYTHX
JIOTOBOPEHHOCTEH JaeT B pe3yIbTaTe 8bIX00 — OII-
TUMaJIbHBIE METO/IbI TIONCKA KaHAWJATOB. Takum

00pa3oM, paccMaTprUBaEeMBbIX, a 3aTeM BRIOPAHHBIX
KaHAMJATOB MOXHO TOAKIIOYHUTH JJIS M3YYCHUS
KOHCEPBATHUBHBIX U COBPEMEHHBIX METOJIOB IOJ-
0opa KaHIUIATOB.

Ha puc. 3 npencraBnena 1eKOMIO3UIUS (YHK-
yuu «OTpenennuTh KaHIUIATOB B Kpyre OOIIeHns
nHuIMaropa(-oB)». Kaxmast u3 nmpencraBIeHHBIX
@ynkyuil HA TAHHOW IHUarpaMMe Takxke Oyner
nexoMno3npoBaHa. IIponecc Ha yka3aHHOM Jua-
rpaMMe MPECTABISAET JOTUIHYIO ITOCIEI0BaTEb-
HOCTh MOA0Opa KaHIUAATOB W3 Kpyra OOIICHHUS
MHHUIHAATOPA(-OB), UX COPTUPOBKY U OKOHYATEIb-
HBIH BBIOODP MOAXOIAIMINX U3 KaHIUAATOB, OTCOP-
TUPOBAHHBIX JIJISl y9aCTHS B TIPOEKTE.

Ha puc. 4 npencrapnena 1eKOMIO3UINS PYHK-
yuu «IIpearnonoxuTh, Kakue JIOAW U3 Kpyra 00-
MICHUSI HHUIIAATOPa(-0B) MOTJIH ObI OBITH TIOJIE3HBI
B peanm3anuu npoekta». OHa HeoOXoauma s
noa0opa MEepBUYHOTO ITyJia KaHIUAATOB, BXOMIS-
IIMX B IEPBUYHYIO KOMaHay npoekta. Ha nanHom
JTare O4YeHb BaXKEH MOM0O0p HamOOJee MOIXOMIs-
IIUX MeXAHU3MO8 U YNPAGIeHUsl.
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Omnpenensisi criocoOHOCTH KaHIWAATa, Clie-
JyeT T0JIaraThCsl Ha TOTCHIUAIBbHBIC TIEPBUYHBIC
noTpeOHOCTH B poekTe. KanauaaT MoXeT UMETh
CIIOCOOHOCTH M KOMIIETEHIIMU KaK B KaXXIOW W3
paccmatpuBaeMoil 00JacTel, Tak U B Pa3IMYHBIX
KOMOWHAIMAX 3TUX CHOCOOHOCTEH M KOMIIETEH-
nuii. Ecou y mHMIIMaTopa(-oB) MpoekTa HeJaocTa-
TOYHO COOCTBEHHBIX HABBIKOB ISl ONpEAETICHHUS
KOMIIETEHIIMHA Ka)KJO0r0 W3 KaHAMJATOB, TO BO3-
MOXXHO 0OpaTHTbCS K KCIEPTHOMY MHEHHUIO, a
TaKk)Ke K Pa3IUYHBIM HCTOYHUKAM HH(POpPMAIIUH.
ABTOpBI CTaThU MPEAIATAIOT UCIOIB30BaTh B Ka-
YeCcTBE HCTOUHMKOB HH(POPMALINHU CTICITUATU3UPO-
BaHHYIO JINTEPATyPy WIH PA3ITUYHBIC BH]IBI TECTH-
poBanuii kauauaaTos [16-21].

Ha puc. 5 nuzo6paxena gexomMno3uuus QyHk-
un «PaccopTupoBaTh KaHIUIATOB U3 KpyTa 0011e-
HUSI MHULIKATOPA(-0B) MO KOMIleTeHIusM». [lua-
rpaMMa BU3YaJbHO BBITIISAUT MEPETIOJHEHHOMH,
OJTHAKO B JICMCTBUTEIFHOCTH OTPAXKAET MPOCTYIO
JIOTHKY TIOCJIEeIOBATEIbHOM COPTUPOBKH paccMaT-
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pHBaEMOro KaHAWaaTa — Mepexo]] OT JIIoOOoro
on0oka ¢ynkyuu X CleAyloleMy, paHee He pac-
CMOTpeHHOMY. B mpouecce copTHpoBKH HeMallo-
Ba)KHBIM SIBJIIETCSI pacupeie]IieHue paccMaTpuBae-
MOTO KaHIUJaTa B T€ WM WHBIC TPYMIIbI, HAIIPH-
Mep, 10 MIPUOPUTETY COCOOHOCTEH — OT CHIIBHBIX
XapaKTePUCTHK K CIa0BIM ¥ HA00OpOT, KOMOWHA-
Ui CIIOCOOHOCTEH, a TaKKe IPYTUM BCEBO3MOXK-
HBIM BapuaHTam [22-26].

Ha puc. 6 nzo0paxxena 1eKOMIO3ULUS PYHK-
yuu «BpiOpaTh Hanboee MOAXOASIINX KaHIUIa-
TOB M3 Kpyra oOIIeHusI HHUIUATOPa(-0B)». DYHK-
yusAMU B pacCMaTPUBAEMOIl TnarpaMme SBISIOTCS
orpeieieHue ONTHMAaJIbHOTO KOJMYECTBA KaH[H-
JATOB JIJIsl IPOEKTAa C YYETOM YPOBHS €T0 pa3BH-
TSI, UCKJIIOYEHUE OTCESHHBIX KaHIHIAaTOB, CpPaB-
HEHUE KOMIIETEHIIM U HaBBIKOB OTCOPTHPOBAH-
HBIX paHee KaHAWIATOB, ONpE/EIeHUE CTEHeHU
HE3aMEHUMOCTH KaHAUIATOB IT0CTIe CPAaBHEHHS X
KOMIIETCHIIMH U 0003HAaYEeHHE TPEABAPUTEIBHBIX
poJeil B MPOEKTe IS BHIOPAaHHBIX KaH/IUATOB.
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ABTOpBI 00paIIaloT BHUMaHUE Ha TO, YTO OII-
TUMaJIbHOE KOJIMYECTBO KaHAUIATOB JIJISl TPOCKTA
MOXXET OBITh Pa3IMYHBIM U WHIWBHIYATLHBIM B
KKIOM pacCMaTpUBAaeMOM Ciydyae, OJIHAKO aB-
TOpPHI PEKOMEHIYIOT HE MPEBBIIIATh KOJIHMYECTBO
YJICHOB TEPBUYHONM KOMaHIbI 0ojiee 5 delnoBek
U JAPYTUX CYOBEKTHBIX EAUHUI] B CBS3U C TEM,
YTO Ha MPAKTUKE KOMAaHIBI ¢ OOJBIIAM YHCIIOM
YYaCTHUKOB BIOCJICICTBUH MPEKPAIIAIOT CBOE CY-
uiectBoBanue [27-30]. JlaHHas pekoMeH1auus He
pacmpocTpaHsieTcs Ha rI100aIbHbIE TPOSKTHI, TIPO-
€KTHI OOJBIITNX MAcITa00B, a TAK)KE HA BHOBD CO-
3/1aBaeMbIe MPOCKTHI B paMKax y)Ke CYIECTBYIO-
IIUX ¥ OTJIKEHHBIX OPTaHU3AIMOHHBIX CTPYKTYD.

2.Pe3ynbTaTtbl n 06CcyXaeHne

Pe3ynbrarom nccienoBaHus SBISETCS pa3pa-
OOTaHHBII aJITOPUTM TTOMCKA KaHAUAATOB s (hop-
MUPOBaHHS IEPBUYHON KOMaH/IbI IPOEKTa B HOTA-
un IDEFQ. Pa3paboTanHblii anroputM BO3MOKHO
WCTIONB30BATh JJIsl KOMILIEKCHOTO IIOMCKA KaH [H/1a-
TOB JUTSL (POPMHUPOBAHUSI IEPBUYHOI KOMAaH/IbI TIPO-
€KTa, aBTOMAaTH3alll1 TPoIecca MOUCKa, a TaKKe
npeoOpa3oBaHUsl AIrOpUTMa B MPOTPaMMHUpYe-
MBIH JIOTHYECKUN KOHTPOJUIEP MM CHELUAIU3H-
POBaHHOE MPOrpaMMHOE obecrieueHre. AJITOpUTM
BBITIOJIHEH Ha 0a3e MporpaMMHOro o0OecredeHus
AllFusion Process Modeler.

Pa3paboTaHHBII aNrOpPUTM MOXKET OBITH OII-
TUMH3HPOBAH, J0pabOTaH U MPEICTaBJICH B JIpY-
T'UX HOoTanusiX. BeposiTHO, OCHOBHBIE QYHKIHH U3Y-
YEeHHsI KOHCEPBATUBHBIX U COBPEMEHHBIX METO/IOB
MONCKA KaHIUJATOB CTOMJIO JEKOMIIO3UPOBATh,
OJTHAKO 3TO IlesiecooOpaszHee cAenaTh B OTIEINb-
HOM HAYYHOM TPYJI€ B CBSI3H C TEM, YTO KOMITAKT-
HOCTB W HAIJISITHOCTh AJITOPUTMA B TAKOM CIIydae
yXyALHTCS B pas3bl. Takke, BEpOSATHO, SKCIIEPTHOE
MHEHHE HE0OXOIMMO ObUIO BHIBECTH B OTAEIHHBIN
MexaHusM, OJHAKO OHO TAaK)K€ MOXKET CUHTATHCS
WCTOYHUKOM HH(OpPMAIMH, TIOITOMY IIeJIec000-
pa3HOCTh JAHHOTO JICHCTBUSI COMHHUTEIbHA, HO MO-
KET MOTPeOOBATHCS MTPU ONTUMU3AIMH aJITOPUTMA
JUIS TeX WIA WUHBIX PEIICHUH NMpU NMPUMEHEHHU
B Pa3IMYHOM IporpaMMHOM obecnieuennu. Ha oc-
HOBAaHUU JAHHOTO aJNTrOPUTMa BO3MOXKHA pa3pa-
00TKa JOTIOJHUTENFHOTO aNropuT™Ma (POPMHUPOBA-
HUS TIEPBUYHON KOMaH/IbI ITPOEKTA.

3akoyeHume

OyHKIIMOHATBHAS MOJIENh TOCTPOEHA C y4e-
TOM SKCIIEPTHOTO MHEHHS aBTOPOB M UX MPaKTH-
4yeckoro ombiTa. Mcmonb3oBaHue anropuTtMa Ha
MPaKTUKE MOXKET OKa3aTh BIMSHUE HA JUHAMUKY
CO3/1aHHS HOBBIX THHOBAIIMOHHBIX TIPOEKTOB C 00-
Jiee JUTMTEIBHBIM CPOKOM KU3HHU B CBSI3H C OoJjiee
YHOPSA0OYCHHBIM BBIOOPOM HamOoOJiee pesieBaHT-
HBIX KaHJIMJATOB MEPBUYHON KOMAaHJIBI MPOCKTA,
KOTOpbI€ BIOCIEACTBUU MOTYT COCTABUTh OCHOBY
Uit hopMupoBaHHs 00Jiee CTaOMILHONW KOMaH bl
Ha CJICTYIONTUX dTanax pa3BUTH Pa3IUIHBIX MPO-
€KTOB. B 1eToM JaHHBINA aNTOPUTM MOXKET ITOJIO-
JKUTEIBHO TTOBIIMATE HAa WHHOBAIIMOHHEINA IOTCH-
nuan Poccuiickoit @enepanum.
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MpuMmeHeHue cToXacTUYEeCKMX MeTOA0B, BeMBneT-npeoopa3oBaHuii
1 ONMOPHbIX BEKTOPOB AJIS UCC/IeA0BaHUS CUrHaJIOB 3J1eKTpo3HUuedanorpamMmm
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Hctopus cratbu AHHoTanus. VccnenoBaHo NpUMEHEHHE COBPEMEHHBIX METOJOB 00pabOTKU
[ocTynuna B pepaximo: 25 urons 2024 T JAHHBIX — BeHBIET-IPeoOpa3oBaHMs, CTOXaCTHUECKMX METONOB M METOona
Jopa6otana: 27 okta6ps 2024 r. OnopHBIX BeKTOpoB (SVM) — Ha peanbHBIX CHUTHAjax dJIEKTPOdHIIEedao-

[IpunsTa k myonukanuu: 13 Hosbps 2024 1. TpaMm (B3I u3 oTKpBITHIX 6a3 naHHBIX. AHamK3 DO -CUrHAIOB UMeeT OOJIb-
I0€ 3HaYEeHUE B MEMIIMHCKON JMAarHOCTUKE U HEHpOHAyKe, HO TpeOyeT CI0XK-
HBIX MOJXOMOB M3-32 UX BBICOKOH Pa3sMEpPHOCTH M IIyMOB. MeTO/ BEHBIET-

3asiBIeHHe 0 KOH(IMKTE HHTEPECOoB npeoOpa3oBaHuUs MCIOIb3yeTCs AJs aHaIM3a CUTHAIOB BO BPEMEHHO-4acTOT-
ABTOPBI 3asIBIISIOT 06 OTCYTCTBUH HOIf 06macTy, Mo3BOJIAET Pa30UTh CUTHAN HA YaCTOTHBIE COCTABIISIONINE C Pa3-
KOH()IMKTA HHTEPECOB. HBIMH BPEMEHHBIMU paspenieHussMU. CTOXaCTUYECKUE METOAbI 0a3upyroTcs

Ha BEPOSATHOCTHBIX MOJEJSAX U MCIONB3YIOTCS ISl MOAEIMPOBAHUS CIIydaid-
HBIX TPOLECCOB M aHAJM3a CTATHCTHYCCKUX CBOWCTB JAaHHBIX. MeToz omop-
HBIX BEKTOPOB — QJIFOPUTM MAIIMHHOTO O0y4YeHHs, KOTOPBI HAXOOUT ONTH-
MaJIbHYIO Pa3IelIoIyI0 THIEPINIOCKOCTh MEKAY KIacCaMH, MAaKCHMU3UPYS
3a30p U obecneyrBasi Xopolryr obodmarnIyr cnocodHocts. SVM addek-
THUBHO PaboTaeT CO CIOXHBIMH HENHHEHHBIMH TaHHBIMH. [Ipu cpaBHEHHH
ITHX METOJIOB CIEyeT YUUTHIBATH MX MPUMEHHUMOCTh K KOHKPETHBIM THIIaM
JAHHBIX U 3a7a4aM. BeiBneT-npeoOpazoBanue 0OBIYHO HCIOIB3YyeTCs B 00ma-
cTH 00pabOTKH CHTHAJIOB, CTOXaCTHYECKUE METOJIbI MPUMEHSIOTCS IJIsl MOJIe-
JTUPOBAHUS CITyYalHBIX MIPOIECCOB, a SVM XOpoIIo CrpaBisieTcs ¢ 3agadyaMu
kinaccupukanui. BeiOop MeTona 3aBUCHT OT XapaKTePUCTUK AAHHBIX U IT10-
CTaBJICHHBIX LeJIeH U MOXKET OBITh cleflaH Ha OCHOBE CPAaBHHUTEIBHOTO aHa-
732 U OLICHKU d(P(HEKTHBHOCTH KAXIOTO METO/Ia B KOHKPETHOM KOHTEKCTE.
PaccMOTpeHb! KOHIIETITNH, METOIBI X TPUMEPHI TPUMEHEHHUS yKa3aHHBIX O~
XOJ0B Ha peaslbHbIX AaHHbIX DI, uTo cnocobcTByeT Oonee 3¢ heKTUBHOMY
aHamu3y U Kiaccu(UKAIMU MO3TOBOM aKTUBHOCTH, a TAKKe MACHTH(GUKAINK
MaTOJIOTUH ¥ aHOMAJIHH.

Kuarwuesrble ciioBa: METO/ OITOPHBIX BEKTOPOB, 3HeKTp03HHe(1)aJ'IOFpaMMa, BpeE-
MCHHBIC PAIBI, 6I/IOMC,HI/II_[I/IHCKI/IC CUTHAJIBI, AJITOPUTMBI MalIMHHOT'O 06yqu1/1;1
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Abstract. This study explores the application of modern data processing methods — wavelet
transformation, stochastic methods, and Support Vector Machine (SVM) — on real
electroencephalogram (EEG) signals from open databases. Analyzing EEG signals is crucial
for medical diagnostics and neuroscience, requiring sophisticated techniques due to high
dimensionality and noise. Wavelet transformation allows decomposition of signals into
frequency components with varying temporal resolutions, facilitating time-frequency
analysis. Stochastic methods utilize probabilistic models for modeling random processes and
analyzing data statistics. Meanwhile, SVM is a machine learning algorithm that identifies
the optimal hyperplane to separate classes, enhancing generalization, particularly with
complex nonlinear data. When comparing these methods, the specific data type and task
should be considered: wavelet transformation is ideal for signal processing, stochastic
methods are used for random processes, and SVM excels in classification tasks. Thus,
selecting the most suitable approach should be based on a comparative analysis of method
effectiveness in a particular context. This study will discuss these concepts and present
examples of applying these techniques to EEG data, contributing to the analysis and
classification of brain activity and the identification of pathologies.
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BBepeHue

0a3 naHHBIX. BeliBner-npeodpazoBaHue HUCIOIb-
3yercsl Ul aHaJlInW3a YacTOTHBIX XapaKTEPUCTHK

B coBpemMeHHOM MUpE HEWpPOHAYKHU U MEOU-
LIUHCKOM TMAarHOCTUKH aHAJIM3 CUTHAJIOB AJIEKTPO-
sHIedanorpamm (331) urpaer KITOUEBYIO pOJb B
BBISIBIICHUM TATOJIOTMHA MO3Tra, UCCIIEIOBAHNH aK-
TUBHOCTH MO3Ta M NOHUMAaHUU MEXaHU3MOB €ro
pabotsl. OgHako 0O6paboTka u ananu3 DI -curxa-
JIOB SIBJISIETCS CIIOKHOM 3a7jadel U3-3a X BEICOKOU
Pa3sMEepHOCTH, IIYMOB H CIOKHOW CTPYKTYPBI.

B nanHoM HccnenoBaHMM pacCMOTPEHO IMPH-
MEHEHHUE COBPEMEHHBIX METOI0B 00pabOTKHU JaH-
HBIX, TAKUX KaK BEHBIET-peoOpa3oBaHue, CTOXa-
CTHMYECKHE METONBI U METOJ OMOPHBIX BEKTOPOB
(SVM), Ha peanbHbIX naHHBIX DD U3 OTKPHITHIX

78

CHTHAJIOB, YTO MO3BOJISIET BBILACIATH OCOOEHHOCTH
U CTPYKTYpY CHUTHAJIOB Ha Pa3sHbIX BPEMEHHBIX H
4acTOTHBIX MaclITadax.

Ctpareruy MallIMHHOTO 00y4€HHMs, TAaKUE KaK
CTOXacCTHYECKHE METONbl U SVM, ABIIAIOTCS MOIII-
HBIMU HHCTPYMEHTAMH JUTS KIIACCH(DUKAIIIN JJICK-
TPOPHU3HOIOTHIECKUX CUT'HATIOB. X mpuMeHeHne
Ha peanbHBIX AaHHBIX OOI' mo3Bomsger >ddek-
THBHO BBISBJIATH [TATOJIOTHU U aHOMAJINH, a TaKKe
KJIacCU(UIIMPOBATh AKTUBHOCTH MO3Ta.

B xone pabotsl OyayT pacCMOTpEHBbI KOHIIETI-
IIM1, METObI ¥ IPaKTHYECKHE IIPUMEPHI IIPHUMEHE-
HHS YKa3aHHbIX [TO/IX0/I0B Ha PEasIbHBIX CHI'HAJIAX
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D3I, 9T0 MOMOXET YIITyOUTh TOHUMAHHUE BO3MOXK-
HOCTEH aHaJu3a U MHTEPIIPETALUH TaHHBIX MO3TO-
BOM aKTUBHOCTU C MCIIOJIb30BAHUEM I1E€PEIOBBIX
METOJ10B 00pabOTKHU U KIacCU(UKALIH.

1. MeToabl

OnexrposHiedanorpapus (331) — metox
WCCIIEIOBaHUSl aKTUBHOCTH MO3ra, KOTOPBIN MO03-
BOJISIET 3AIUCATh IEKTPUUECKUE CUTHAIII, TeHEPH-
pyemble HeiipoHamu. AHanu3 curaanoB D31 numeer
OoNbIIOE 3HAUEHUE B MENULMHE, HEHpOHayKe U
TICUXOJIOTHH.

Opnnum u3 Hanbomee 3(h(HEeKTUBHBIX METOIOB
aHasnu3a curnanos D01 sBisgercs BeHBIeT-peod-
pasoBaHue. ITOT METO] TO3BOJISIET AaHAJIM3HUPOBATD
CUTHAJIBI Ha Pa3JIMYHBIX BPEMEHHBIX MacIITadax u
4acToTax, YTO MOJIE3HO JUIS BBISBICHUS BPEMEH-
HBIX 3aBUCUMOCTEH B JaHHBIX [1].

[Tomumo BeliBreT-1peoOpa3oBaHusl CTOXaCTH-
YEeCKHE METOJIbI TAKXKE IIMPOKO UCTIONB3YIOTCS IS
aHalu3a BPEMEHHBIX PSJ/IOB, BKIIOYAs CHUTHAJIBI
O0I. OHM NO3BOJIAIOT YUYUTHIBATh CIIY4alHOCTh U
M3MEHYMBOCTh CUTHAJIOB, YTO MOXKET OBITH Ba’KHO
NP UCCIIETOBAHUN AaKTUBHOCTH MO3Ta.

Cpenu MeTOZOB MAIIMHHOTO OOYYEHHUS s
aHasm3za curHanoB O0I' SVM (Support Vector
Machine) 3anumaer oco6oe mecto. SVM — 310
MOIIIHBIA  aNTOPUTM  KJIaCCH(HUKAINH, KOTOPBIHA
MOJKET OBITh YCIIEITHO IPUMEHEH ISl pacro3HaBa-
HUsl 00pa3uoB B curHaiax DI, Hanmpumep s
JIMarHOCTUKU HEBPOJIOTUYECKHX 3a00JIeBaHUH.

HccnenoBaHus, B KOTOPBIX KOMOUHHUPYIOTCS
METONBl BEHUBIET-IPe0oOpa30BaHMs, CTOXaCTHYE-
ckre MeTosibl 1 SVM Ha peanbHBIX JaHHBIX D00
U3 OTKPBITHIX 0a3 TaHHBIX, MOTYT MIPUBECTH K HO-
BBIM OTKPBITHSIM B 00J1aCTH HEHPOHAYKU U MeEIH-
UHBL. Takue uccienoBaHus HapaBIeHbI Ha YITyd-
IIEHNE TUAarHOCTUKHU U JICYCHHS PA3INYHBIX 3200-
JeBaHUI MO3Tra, a TakXke MOHMMaHUs O0COOEHHO-
CTel ero paboThl.

3HauyeHHe MCIO0Jb30BAHUS pPeabHbIX CUT-
HaJ10B DI U3 OTKPBITHIX 0a3 JaHHBIX. VcTIOb-
30BaHHE peabHbIX CUTHAIOB DI U3 OTKPHITHIX
0a3 JaHHBIX UMEET BHICOKOE 3HAYECHUE JJIsl UCCIIe-
JIOBaHUM B 00MacTH HEWpOHAyKH, MEIUIMHBI U
TICUXOJIOTUU. PaccMOTPUM HECKONIBKO KIIFOYEBBIX
ACTEKTOB ATON TEMBI.

1. 1. O630p OoTKPBITbIX 6a3 AaHHbIX B 00s1acTy 33

Cy1mecTByeT HECKOIBKO MOMYIISIPHBIX OTKPBI-
THIX 0a3 JTAaHHBIX, COJEPKAIINX 3AIUCH CUTHAJIOB
33T, KOTOpBIE HTMPOKO MCTIONB3YIOTCS UCCIIEI0BA-
TEeNSIMM 110 BceMy Mupy. HekoTopble u3 Takux 6a3
JAHHBIX BKITIOYAIOT:

— PhysioNet — 3T0 kpymnHeiimas 6a3za qaH-
HBIX C Pa3IMYHBIMU (PU3HOJIOTUYECKHMHU CHTHA-
namy, BKiIrouas gaHHsle o O0I. OHa comepxkut
pa3Ho00pa3HbIe HAOOPHI TAHHBIX, KOTOPHIE MOTYT
OBITh MCIONB30BAaHBI ATl PA3IHMYHBIX HCCIIEA0BaA-
HUH;
— EEG Database — 3T0 pecypc, nmpemnocras-
JISIFOIIME TOCTYTI K MHOXECTBY 0a3 TaHHBIX C CHT-
HanamMu D01 pa3nUuHBIX MAUEHTOB U 310POBBIX
UCTIBITYEeMBbIX.

1.2. lMMpeumyLyecTBa NCrnosb30BaHNs PeasbHbIX
AaHHbIX 4151 UCCIELOBAHNI

Peanuzm. Vicnionb3oBaHue peanbHBIX JaHHBIX
H03BOJISIET MOJTYYUTH OOJIee TOUHOE MPEACTaBICHHE
00 aKTUBHOCTH MO3Ta, 4TO ToMoraer Ooimee 3¢-
(EKTHBHO U JOCTOBEPHO UCCIIEOBAThH Pa3IHIHbIC
acTeKThl paboTHI MO3Ta.

Obvexmuenocms. JlaHHBIE U3 OTKPBITHIX 0a3
00eCcreYrBaloT JOCTYH K IUPOKOMY CIEKTPY pa3-
JUYHBIX CHIHAJOB, YTO IOMOraeT 0OeCleYuTh
00bEKTUBHOCTD PE3yJIbTaTOB UCCIIEI0BAHHUS.

Bozmoorcnocms noemopsiemocmu. YIcronb3o-
BaHUE OTKPBITHIX JAHHBIX MO3BOJSET JPYTMM HC-
CIIeJOBATEISIM IOBTOPUTH U IPOBEPUTH PE3YIIBTATHI
HCCIIEOBAaHAMN.

1.3.HeobxoaumocTs ctaHgapTusaymm
U MPOBEPKU Ka4yeCcTBa AaHHbIX

Cmanoapmusayus. BaxHo o0ecniedyuTs eau-
HBIN TOIX01 K 00paboTKe U aHamu3y JaHHbIX DO
U3 pa3IM4yHbIX 0a3 TaHHBIX, YTOOBI FApaHTUPOBATh
CpPaBHUMOCTL PE3YJIbTATOB MECKAY PAa3HbIMU HUC-
CJICTOBAaHUSIMH.

Ilposepra xauecmea. Heobxogumo mpoBO-
JAUTH MPOBCPKY Ka4€CTBa JAaHHBIX, TaK KaK BO3-
MOYKHBI UCKQ)KEHHUS U IITyMBI, KOTOPHIE MOTYT BIIH-
STh Ha BBIBOIBI HccienoBanmii. OHa BKIIIOYACT B
ce0st IpoBEepKy Ha apTedakThl, TOMEXH U JAPYTHE
OIIINOKH.

79



Tolmanova V.V., Andrikov D.A. RUDN Journal of Engineering Research. 2025;26(1):77-85

Ucnonb3oBanue peanbHbix AaHHbIX D3I u3
OTKPBITHIX 0a3 JAHHBIX MPEACTABIAET COOOH IeH-
HBIH pecypc JUlsl Hay4dHbIX UCCIIEA0BaHUN B 00Ma-
CTH HelipoHayku. TareabHbIi aHaIU3 U CTaHJap-
THU3AIMs JAHHBIX UTPAIOT BYKHYIO POJIb B oOecre-
YEHUU JOCTOBEPHOCTH U 3HAYMMOCTH UCCIIEA0BA-
TEJICKUX PE3YJIbTATOB.

2. MopenupoBaHune

2. 1. Meroasi BesiB/I€T-1Ipeobpa3oBaHuns
4151 aHaIm3a curHanos 330

BeiiBneT-npeoOpa3oBanue — 3T0 MeToA 00-
pabOTKM CHUTHAJIOB, KOTOPBIM IO3BOJIAET pPasJio-
KHUTh CUTHAJl HA COCTABJISIOIINE PAa3JIMYHbIX Ya-
CTOT U BPEMEHHbIX MacmTaboB. OH UCHONB3YyET
BelBIIETHl — HEOOJIbIINE BOTHOBBIE (DYHKIIUH IS
aHaJIn3a CUTHAJIOB B IMAITa30HE 9acToT [2].

[TpeumymiecTBa MpUMEHEHUs] BeWBIET-aHa-
nu3a ais 00pabotku curnanos D01

— JloKaauzayus 60 epemeHu u yacmome. Beii-
BJIET-aHAJIM3 MO3BOJISIET OJHOBPEMEHHO aHaJIHM3H-
pOBaTh U JIOKAIM30BaTh KaK 4YaCTOTHBIE, TAK U Bpe-
MEHHBIE 0COOEHHOCTH CUrHaIoB DOI;

— yuuee paspeuterue. BeiiBner-ananms o0Jia-
JIaeT JTyYIIUM pa3pelieHneM o CPaBHEHUIO C Kilac-
cuueckuM mnpeodOpasoBanueM dDypbe, U4TO MO3BO-
JISIeT BBISBIIATH 1a)Ke TOHKHE U3MEHEHHUS B CUTHA-
nax D0l

— MynIbmupe3onvloyuoHHocms. BeiiBner-ana-
713 00ecTeunBaeT MyIbTHPE30IbIOIIMOHHBIN MOI-
XOJ] K aHAJIM3y CUTHAJIOB, YTO II03BOJIIET UCCIIENIO0-
BaTh pa3JIN4YHble BPEMEHHbIE U YAaCTOTHBIE Mac-
mTaObl OTHOBPEMEHHO.

[TpakTHUeckoe TpPUMEHEHHE METOJOB BEii-
BJIET-IIpe00pa30BaHus Ha peallbHbIX JaHHbBIX DO

— Qurempayus wymos. BeiiBneT-npeoOdpaso-
BaHHME TO3BOJsAET dPPeKTUBHO (HHUIBTPOBATH U
yMEHbIIATh IIyMbl B curHanax 3!, moBblmas ka-
YEeCTBO JITAaHHBIX;

— uoenmugpuxayus coovimuii. C TIOMOIIIBIO BEH-
BJIET-aHAJIM3a MOXKHO BBISBIISATH CHELM(PHUUECKHE
cOOBITHS U MATTepHbI B curHanax D21, Takue kak
peaxIy Ha CTHUMYJIbl WM STHJICTITUYECKHE pa3-
psibI,

— usyuenue OUHAMUKU MO32080U AKMUBHOCTI.
Mertozp! BeHBIIET-TIpe0oOpa30BaHUsI TIO3BOJISIIOT aHa-
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JTU3UPOBATh U3MEHEHUS B YACTOTHBIX KOMIIOHEH-
Tax curianga 991" Bo BpeMeHHU, YTO MOMOT'aeT I0-
HATh IMHAMUKY MO3TOBOM aKTHBHOCTH.

[IpakTrueckoe mMprUMeHEHNE BEUBIET-TIPE00-
pa3oBaHMs Ha peasbHbIX JaHHBIX OOl sBisiercs
MOIIHBIM UHCTPYMEHTOM [Tl U3Y4YE€HHUSI MO3TOBOM
AKTUBHOCTH, BBISIBJICHUS TIATOJIOTUN M MCCIIeI0Ba-
HUS KOTHUTUBHBIX TporieccoB [3].

[lepeiinem k npumepam (puc.).

BaiieneT MekcukaHckas wnsna / Tne Mexican hat wavelet

1.0 — w(a=1b=1
wasltla=2b=1

081 — Waltla=4p=1

0.6

0.4

0.2 1

0.0

Amnnutyga / Amplitude

-0.4 1

-15 -10 -5 0 5 10 15
t,cex It,s

Mpumep BerBneta MekcrkaHckas wnana
M ¢ T 04 HuUK: BbINOHEHO B.B. TonmaHoBoOM

An example of the “Mexican Hat” wavelet
Source:done by V.V. Tolmanova

Ha rpaduke BeiiBiner MekcukaHcKas IUIsIa
M300paXeHbI TP Pa3HbIe KPUBBIE, COOTBETCTBY-
IOIMEe MaTeMaTHYeCKON (yHKIUH, OMHCAHHOU
B 3arojioBke u jerenze. Kaxxnas kpuas mpen-
CTaBisieT coboil koMOMHanuio (GYHKIHA Mac-
MITa0MPOBaHUS U TaycCOBOW GyHKuMH. ['paduk
HMMEET rOPU30HTAIIBHYIO0 OCh C METKaMu oT —15
70 15 1 BepTUKaIbHYIO OCh C JUANa30HOM 3Ha-
yenui ot —0,4 10 1,0:

1) kpuBass Y(¢) (CuHSAS JUHUS) COOTBET-
CTByeT mapamerpam a = 1, b =1;

2) kpuBas Yab (f) (OpaHkeBast TNHUS) COOT-
BETCTBYET Napamerpam a =2, b = 1;

3) xpuBas Wan (¢) (3e51€Hast TUHUS) COOTBET-
cTByeT napamerpam a =4, b = 1.

Kaxxgas 3 KpuBBIX MpeAcTaBiseT coOon
BeWBIIeT MEKCUKaHCKas nuisina JUisl pa3aIudHbIX
IapaMeTpoB MacIITaOMPOBAaHUS U CIIBUTA, TIOKA-



TonmaroBsa B.B., AHgpunkos /].A. BectHuk PYOH. Cepusi: ViHxeHepHble nccnepoBanus. 2025. T. 26. Ne 1. C. 77-85

3bIBasI, KaK (DyHKIIHS MEHSIET CBOIO ()OPMY H K-
pUHY TIpY U3MEHEHUH 3HAYEHUM a U b.

Merto BeiiBIeT-IpeoOpa3oBaHus SABISETCS
MOIIHBIM UHCTPYMEHTOM aHajJIu3a CUTHAJIOB U
n3o0paxenuii. Micnomnb3ys BeWBIET-IpeoOpas3o-
BaHME, MOXKHO JOOUTHCSA psAla MPAKTUIECKUX pe-
3yJBTaTOB:

1) corcamue dannwix. BeliBner-npeodbpazoBa-
HUE TIO3BOJISIET MPEACTABIATH JAHHBIE B UX pa3-
JIOKEHHOM BHJE HA pas3lMYHbIE MacIITaObl U
YacTOTHI. DTO JIa€T BO3MOXKHOCThH 3(PPEKTUBHO
C)KMMATh JTaHHBIC, COXpaHss MPU ITOM UX HH-
¢dopmaruBHOCTh. Takoil MOAX0] IMUPOKO TPHU-
MEHSIETCS B C)KaTUU M300pakeHUH U 3BYKa,

2) punompayus cucnanos. BeiiBner-npeod-
pa30BaHME TIO3BOJISIET BBIJICNIATH PA3TUYHbIC KOM-
MOHEHTHI CUTHAJIa Ha pa3HbIX MaciiTabax, Oma-
rogapsi Y4eMmy BO3MOXKHO YJIaJisiTh IIYMbI U3 CHUT-
Haja WIH BBLICNATh HHTEPECYIONIHE KOMIIO-
HEHTBI CUTHAJIa, yIy4llas €ro KauecTno [4];

3) demexyus u ceemenmayust 06vexkmos. Beu-
BJIET-TIpe0oOpa30BaHKE MO3BOJISIET BbIIEIATH TEK-
CTYpBI K IATTEPHBI B U300PaKEHUSX, UTO JCTIaeT
€ro TMOJIE3HBIM MHCTPYMEHTOM JISl IETEKIIUU U
CEerMeHTallu OObEKTOB Ha M300PAKEHUSX;

4) ananus spemennvix psaoos. BeliBner-npe-
o0pa3oBaHUeE MO3BOJISIET AHATU3UPOBATH BPEMEH-
HBIE PSABI HA PA3IMYHBIX BPEMEHHBIX U 4aCTOT-
HBIX MaciTabax, 4YTo MOMOTAEeT BBISBISTH Pas-
JIMYHbIE 3aKOHOMEPHOCTH U TPEH[IbI B TAHHBIX.

Taxum o0Opa3omM, MeToJ] BEHBIET-IIpeodpa-
30BaHMs 00JIa[]aeT MUPOKUM CIIEKTPOM MpPUME-
HEHUN U MOXET HCIOJIb30BaThCs AJIS pPelleHus
pa3IUYHBIX 33734 B 00JaCTH aHAJIM3a CHUTHAJIOB
1 u300paxkenuii [5].

2.2. CroxacTuyeckne MeToabl aHaIm3a
curHanos 33

CratucTHYEeCKHE METONBI aHajnu3a, BKIIIO-
Jasi CTOXaCTUYCCKHUEC METO/bI, IMUPOKO UCIIOIb-
3YIOTCSl 111 U3Y4YEHUsI BpPEMEHHBIX psAnoB DI
Hexoropsie n3 KIIOYEBBIX CTOXaCTUYECKUX MeE-
TOJIOB BKJIIOYAIOT:

— asmopezpecCuoHHble MOOelu — aJro-
PHUTMBI, MOACIHUPYIOIIUE 3aBUCUMOCTH MEXKIY

TEKyIIUM 3HAYCHUEM CUTHaJa U MpeIblayIIUMU
3HAYECHUSMH;

— CHEKTPaJbHBIA aHalu3 — METONbl aHa-
JM3a YaCTOTHOTO COJEPIKAHMSI CUTHANa, TaKue
KaK METO/Ibl OLICHKH CIIEKTPa MOIIHOCTH;

— METO/Ibl MAIlIMHHOTO 00y4eHUs — CTOXa-
CTHUYECKHE aJITOPUTMBI, TAKUE KaK CKPBIThIE Map-
KOBCKHME MOJENIN WJIN HEUPOHHBIE CETH, MOTYT
OBITh IPUMEHEHBI U aHaJIM3a U Kiaccuduka-
nuu curdanoB D01 [6].

[IpuMeHeHne CTOXaCTHYECKUX METOAOB ISt
M3y4YEHUs BpEMEHHBIX psaoB DI

— uoenmugpuxayus nammeprog. CTOXacTU-
YEeCKHUE METO/Ibl MIO3BOJISIFOT BBISIBIATH M aHAJIH-
3UpOBATh CJIOKHBIE BPEMEHHBIE 3aBUCUMOCTH B
curHanax D3I, HanpuMep nepexoabl MEKIY pa3-
TMYHBIME (pa3amMu aKTUBHOCTH [6];

— knaccugpuxayusi cocmosnuu. C UCTOINb-
30BaHMEM METOJIOB MAIIMHHOTO 00Y4YEHHs Ha OC-
HOBE BPEMEHHBIX psi10B DO MOXKHO Kiaccudpu-
[UPOBaTh Pa3NUYHbIC COCTOSHHSI MO3TOBOM aK-
TUBHOCTH, YTO TOJIE3HO, HAMpuMep, Ui Aua-
THOCTUKH HEHPOJIOTHYECKUX PAaCCTPOUCTB;

— npozno3zupoganue. CTOXaCTUYECKUE Me-
TOJBI MOTYT OBITh MCIOJIB30BaHbI Il MIPOTHO-
3UpOBaHMs Oynymux 3Ha4yeHWd curHajoB D00
Ha OCHOBE IPEJbIIYLIUX TaHHbIX [§].

Pesynprarel 1 npeumyIecTBa IPUMEHEHUS
CTOXaCTHUYECKUX METO/IOB Ha peajIbHbIX JAHHBIX:

— YIyuUeHHoe NOHUMAHUe OUHAMUKU MO320-
6ot akmusHocmu. CTOXaCTUYECKUE METO/IbI 1103~
BOJISIIOT TMPOBOIUTH OoJiee TTyOOKHI W TOUHBIN
aHau3 BpeMEHHbIX psagoB D3I, uro cmocoO-
CTBYET JIy4llIeMy TOHUMAaHHUIO TUHAMUKH MO3TO-
BOM aKTUBHOCTH [9];

— mounocmsb OuacHocmuku. Vcnonb3oBa-
HUE CTOXaCTHMUYECKHX METO/IOB JIJISl aHAJIN3a CUT-
Haj0B D01 MOXKET MOBBICUTH TOYHOCTh IUArHO-
CTHKHU Pa3jIMYHbIX MMAaTOJIOTUI MO3ra, TaKMX Kak
AIWIEIICUS WIN PacCTPOMCTBA CHa;

— nouck koppenayuti. CTOXacCTUYECKUEe Me-
TOJIbI TO3BOJISIFOT UCCIIEA0BATH KOPPEISILIUN MEXKTY
pa3IMYHBIMH YAaCTOTHHIMU KOMIIOHEHTAMHU CHT-
HasoB OOI" u Apyrumu napameTpamu, YTo MOXKET

81



Tolmanova V.V., Andrikov D.A. RUDN Journal of Engineering Research. 2025;26(1):77-85

MIPUBECTH K HOBBIM OTKPBITHSM B 00JIaCTH HEUPO-
Hayku [10].

[IpuMeHeHne CTOXacCTUYECKUX METOAOB Ha
peanbHbIX AaHHBIX DOl — 3710 3P deKkTUBHBIN
MOJXOJ JUISl U3YUEHMSI U aHAJIM3a MO3TOBOM ak-
THUBHOCTH, @ TAKXK€ JJIs1 TUarHOCTUKU U MOHHUTO-
pUHra pa3InYHbIX HEUPOIOTUYECKHX COCTOS-
Huil. OHU TIO3BOJIAIOT BBISIBIISITH CKPBITHIE IMaT-
TEPHBI, IPOTHO3UPOBATH OyIyle U3MEHEHHS U
yiAy4IIaTh o0I1ee moHuMaHnue paboTsl Mosra [ 11].

Croxactudyeckue MeTolbl 00paboTKu JaH-
HBIX IIUPOKO MPUMEHSIOTCS B Pa3UYHBIX 00Ja-
CTsX. briaromapst MX MCHONB30BaHUIO MOKHO JI0-
CTUYb Psiia IPAKTHIECKUX Pe3yIbTaTOB.

1. Yayuwenue ckopocmu 06yuenus mooenei.
CroxacTH4ecKuil rpaJUEHTHBIH CITyCK ITO3BOJISIET
OBICTpEe HaXOAWTh JIOKAJIBHBIA ONTUMYM (DyHK-
MU TOTeph M 00yuaTh MOAENU Ha OONBIINX
o0beMax JaHHBIX. DTO OCOOCHHO aKTyaJbHO B
00J7aCTH MAaIIMHHOTO OOYYEeHHSI U MCKYCCTBEH-
HOro UHTeIekTa [12].

2. Dpghexmusnoe pewenue onmumuzayuoH-
Hulx 3a0ay. CTOXacTUYECKUE METOJbl ONTUMU-
3allM¥ MOTYT MOMOYb B PELICHUU CIIOKHBIX OII-
TUMH3AIMOHHBIX 3314, TAKMX KakK 3a/laud MU-
HUMU3AIUU QYHKIHA TOTEPh WM TOUCKA ONTHU-
MaJIbHBIX ITApaMEeTPOB MOIEIIH.

3. AdanmusHocmb K U3MEeHeHUAM 8 OAHHbIX.
bnaromapst croxacTMuecKHMM METOJaM MOJENU
MOTYT MOJICTPANBATHCS K N3MEHEHHUSM BO BXOJI-
HBIX JaHHBIX WIH cpene, 4YTo JenaeT ux Oonee
YCTOMYUBBIMU M THOKUMU.

4. Pewenue 3a0a4 8 peaibHOM 8peMeHU.
Hcnonb30BaHre cTOXaCTHUECKUX METOMIOB M03-
BOJIsIeT 00padaThIBaTh TaHHBIC B PEKUME Pealb-
HOTO BPEMEHH, YTO OCOOEHHO Ba)KHO B TaKHX
o0mactsix, Kak QUHAHCHI, MEUIIHA, MAPKETHHT
u ap.

5. Vaywwenue xauecmea pezynomama. llpa-
BUJIbHBIN BBIOOP CTOXAaCTHUECKOTO METO/1a 00pa-
OOTKM IaHHBIX M HACTPOHKa €ro mnapaMmeTpoB
MOTYT MOBBICUTH KaU€CTBO MOJIETICH U TOYHOCTh
npeackazanuuii [13].

Takum 00pa3oM, CTOXaCTUYECKHE METOAbI
00pabOTKHM TaHHBIX MOTYT MPHUBECTH K YITydIIle-
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HU1O 3 PexTuBHOCTH 00yUECHHS MOJICTICH, a1ar-
TUBHOCTH K M3MCHCHUSM W TOBBIIICHUIO Kade-
CTBa PE3YJITATOB B Pa3IMYHBIX 00JACTAX MPH-
KJIAJIHOW HAyKU U TEXHOJIOTHIA.

3. MpumeHeHne MeToaa ONOPHbIX BEKTOPOB
(SVM) B aHanuse curHanos 33l

3. 1. BBegeHune B MeToq ornopHbIX BEKTOpoB (SVM)

Meron omopHbIX BekTopoB (Support Vector
Machine, SVM) — 3T0 MOIIHBIH aNTOPUTM Ma-
IIUHHOTO OOYYEHHUs, KOTOPBIM HCIOIB3YETCS
Ut 3amad kiaccuukanuu u perpeccun. Oc-
HoBHasg unes SVM 3akirodyaeTcs B IOUCKE OIITHU-
MaJIbHOH pa3JessoIel TUIEPILNIOCKOCTH, KOTO-
pas HawIydmuM o0Opa3oM pasfenseT JaHHbIe
pa3HbIX Ki1accoB. SVM cTpeMuTCsi MaKCUMU3H-
pOBaTh PacCTOSTHUE MEXAY 3TOM THIIEPIIOCKO-
CTBHIO U OJIM)KAMIINMHU K HEW TOUYKAMU, Ha3bIBae-
MBIMH OIIOPHBIMU BeKTOpaMu [14].

3.2. NMpumernenne SVM a5 knaccungpuxkaunmn
curHanos B 33

[Ipumenenne SVM nns knaccudukanuu
CUTHAIOB B D3I SIBIIAETCSA OMHUM U3 MOMYJISIPHBIX
MOAX0A0B, 0COOEHHO B 3amadax JIUarHOCTHKHU
HEUPOJOTHYECKUX COCTOSIHUM. [l 3TOro nmaH-
HbIe cUTHAJIOB DI 00BIYHO MPEICTABISIIOTCS KaK
Ha0Op MPU3HAKOB, HATIPUMED, YACTOTHO-BPEMEH-
HbI€ XapaKTEPUCTUKHU CHUTHaja, KOTOPbIE 3aTeM
nonarotcs Ha Bxog SVM it oOydeHus: Moienu
knaccudukanuu [15].

3.3. lMpakTuyecknii npumep npumeHeHns SV
Ha peasibHbIXx AaHHbIx 33

Nmes mabop nanubix D31, copepkammuii WH-
(hopMaIuio 0 pa3IMYHBIX COCTOSTHUSX MO3TOBO
aKTUBHOCTH, MBI HCTIONB3yeM SVM nist kimaccu-
(UKALWU 3TUX COCTOSTHHMN. J[J1s 9TOTO MBI JOIKHBI
cieNnarh CIeayolee:

1) npedobpabomams dannvie. llpensapu-
TenbHas 00paboTka curHaynoB DOl Takas Kak
bunbTpanys, yMEHbIICHUE ITyMa U U3BJICUECHUE
MIPU3HAKOB.
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2) pazoenums dannvle. Paznenenne qaHHBIX
Ha 00y4aroulyro 1 TECTOBYIO BBIOOPKH 1Jisl 00Yy-
YeHHS M OIICHKU Mojesii SVM;

3) 6vibopams s10po. Be1OOp oNTUMAIBLHOTO
sanpa SVM, koropoe HamilydiuMm obpazom Oy-
JIET COOTBETCTBOBATh CTPYKTYpPE JAHHBIX;

4) obyuums modens. O6yuenrie SVM Ha 00y-
YaroIeM Habope JaHHBIX C MOCIIEYFOIIEH Kpocc-
BajMalMel s mogdopa rumneprnapamMmeTpos;

5) oyenumov mooensb. OLIEHKA Ka4yeCcTBa MO-
JIeNI Ha TeCTOBOW BBIOOpPKE C MCIIOJIb30BaHUEM
METPHK, TAKHX KaK TOYHOCTb, MOIHOTA, F1-Mepa
U T.JI.

4. Pe3ynbTatbl U 00CYyXAEHUSA

B pesynbrare nmocie 00paboTKu TaHHBIX U
oOyuenust mogenu SVM Ha Habope nanHbix D3I
MBI MOXXEM HCIOJh30BaTh OOyUYEHHYIO MOJEIb
JUIS Kiaccu(UKay HOBBIX CHUTHAJIOB U OMpe-
JICJIEHUSI COCTOSIHMIM MO3TOBOM aKTUBHOCTH C BBI-
COKOH TOYHOCTBIO [16].

Merton onopHbIx BekTopoB (SVM) siBisieTcst
MOIIIHBIM HHCTPYMEHTOM MAITUHHOTO O0YYICHHUS,
KOTOPBIiA 103BONIAET AP PEKTUBHO pelIaTh 3a1a41
knaccudukanuu u perpeccuu [17]. Janee npu-
BEJIEM HECKOJBbKO MPAKTUYECKUX PE3YNIbTaTOB,
KOTOpbIE MOKHO MOJYYUTh MIPU UCIIOJIb30BaHUU
SVM.

1. Xopowas obobwaiowas cnocobnocms.
SVM crnioco0eH cTpouTh pa3elsiollyto THITep-
MJIOCKOCTh, KOTOpasi MaKCHMMAJIbHO pasliemser
KJIACChI, YTO MO3BOJISIET MOJIENIU 00001IaTh 1aH-
HbIE U JeNIaTh TOUYHbIE IPOTHO3bI HA HOBBIX, pa-
Hee He UCIOJIb30BaHHBIX JIaHHBIX.

2. Pewenue 3a0au ¢ nuneinou u HenuHeuHou
3asucumocmoio. SVM criocoOeH padoTarh Kak C
JUHEWHO pa3eIMMbIMU JaHHBIMU, TaK U C JIaH-
HBIMH, KOTOpPBIE HE MOTYT OBITH pPa3/ieIeHbI Mpsi-
Mol nuHHel. C moMomblo SAEpHBIX QYHKITUN
SVM MOXeT CTpOUTH CI0KHBIC HETMHEHHBIE pa3-
JEJAIONINEe TOBEPXHOCTH.

3. Iloooeparcka mrocomepHwix dannvix. SVM
MOKET 00pabarThIBaTh JaHHBIE B BBICOKOPA3MeEp-
HBIX TPOCTPAHCTBAX, YTO IMO3BOJISIET 3P dek-

TUBHO PaboTaTh C JAaHHBIMHU OOJIBIIION pa3Mep-
HOCTH, HalIpUMeP B KOMITBIOTEPHOM 3pEHUH WIIH
00paboTKe €CTECTBEHHOTO SI3bIKA.

4. Pewenue npoonemwl nepeodyuenus. SVNGM
MMeET BO3MOKHOCTH KOHTPOIHUPOBATh CIIOKHOCTh
MOJIETM C TIOMOIIBIO MapaMeTPOB Peryisipru3a-
IIUH, YTO [TIOMOTaeT MpeI0TBpaIIaTh nepeodyye-
HUE€ ¥ TOBBIIIACT 0000MIAIONTYI0 CTIOCOOHOCTh
MOJICTIH.

5. Ilododepoicka paznuunvix yHKYULl nomepo.
SVM MOKHO HaCTpauBaTh ¢ pa3InYHbIMH PyHK-
[USMU TOTEPh B 3aBUCUMOCTH OT 3a7a4yH, YTO
JieNaeT JaHHBIA METO]l yHUBEPCAIbHBIM HHCTPY-
MEHTOM JJIsl Pa3IMYHbIX TUIOB 3a/1a4 MAaIIHH-
HOTO OOyueHnus [18].

Takum 00pazoM, HCIIONB30BAHHME METOAA
OTIOPHBIX BEKTOPOB MOKET IMPUBECTHU K BHICOKOU
TOYHOCTH MOJIENIeH, CIOCOOHOCTH paboTaTh ¢
pa3HoOOpa3HBIMU JAHHBIMU U pelIaTh pa3iud-
HBIE 3a/1a41 KJIACCU(PUKALIUU U PETPECCUHU.

[Toatromy SVM sBisieTcst MOLIHBIM UHCTPY-
MEHTOM [T Kiaccudukanuu curHanoB D00 u
MOXeT ObITh 3(p(peKTUBHO TPUMEHEH IS aHa-
7132 U IMaTHOCTHKH HEHPOIOTHYECKHUX COCTOSI-
Huii [19].

Pesynsrar:

Mounted at /content/drive
TouHoCcTh Momenu SVM Ha TecToBoM Habope maHHex: 0.55

JlaHHBII pe3ysbTaT 03Ha4acT, YTO TOYHOCTh
monenu SVM Ha TecToBOM Habope JaHHBIX CO-
craBiser 55 %. To ectb MOzIEb IPABUIIBHO KiIacC-
cudunuposana 55 % npumMepoB U3 TECTOBOTO
Habopa JaHHBIX. YeM BBIIIE TOYHOCTh MOJIEIIH,
TEM JIy4ll€ OHA CIPAaBIIIETCA C 3aa4€il KIIacCH-
¢dukaruu [20].

3aknioyeHve

IlonBoast uTor, HEOOXOAUMO HOAYEPKHYTh
3HAUUMOCTb U NEPCHEKTUBHOCTh IaHHBIX METO-
JIOB ]I aHAJIN3a MO3TOBOM aKTUBHOCTH.

Hcnonp3oBaHue BelBIET-IIPe0Opa3oBaHus
MPEIOCTABIISIET BO3MOXXHOCTH A((PEKTHBHOTO BbI-
SIBJICHUSI YaCTOTHBIX OCOOCHHOCTEH CUI'HAJIOB Ha
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pa3HbIX BPEMEHHBIX MaclITadax, 4To Ba>KHO IS
W3Y4YCHUs IUHAMUKH MO3TOBOW aKTUBHOCTH.
Crpareruu croxacTHUECKMX MeTonoB U SVM
MO3BOJISIIOT Kiaccupuiuposars DI -CUrHAIBI,
YTO Ba)XXHO JJI JUATHOCTHKHU MAaTOJNIOTUN U TO-
HUMaHus QYHKIHMOHATBHON OpraHU3alliy MO3Ta.

Pesynprarel nccienoBaHMs Ha pPeabHBIX
naHabIx D01 monTBepxkaatoT 3P PeKTUBHOCTD U
MPUMEHUMOCTh YKa3aHHBIX METOMOB IS aHa-
Ju3a CJI0KHBIX CUTHAJIOB MO3TOBOI aKTHBHOCTH.
[IpuMeHeHne COBPEMEHHBIX aJrOpUTMOB 00pa-
OOTKM JTAaHHBIX YIy4IIaeT TOYHOCTh KIIACCH(H-
Kalliy ANIEeKTPOPU3NOIOTUIECKUX AAHHBIX, YTO
OTKPBIBAET HOBHIE BO3MOXXHOCTH JIJISI UCCIIEIO-
BaHMI B 00JaCTH HEHPOHAYKHW U MEIUIIMHCKON
JTUArHOCTHUKU.

OnHako JUTs1 JambHEHIIero pa3BUTHS U YITyd-
meHus: d(QpPEKTUBHOCTH TMPUMEHEHHS JaHHBIX
METOJIOB HEOOXOAMMO MPOBOAUTH Oojiee TTy0o-
KHE UCCIICIOBAHMSI, BHEPSITh HOBSUIIIHE TEXHUKU
aHaM3a JaHHBIX U MPOJOJHKATh paboTy HaJl OIl-
TUMU3aluel anroputMoB. Kpome Toro, BaxkHO
OCYILECTBIIATh CPABHUTENIbHBIN aHAIU3 C JpYy-
TUMHU METOAaMH 00paOOTKH CUTHAIOB JIJIS TIOJTY-
4yeHusl 0ojiee TOYHOW M BCECTOPOHHEH OLEHKU
WX TPUMEHUMOCTH U 3PHEKTUBHOCTH.
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3asiBiieHHe 0 KOH(DJIUKTE HHTEPECOB

ABTOpBI 3asBJIAI0T 00 OTCYTCTBUU
KOH()JIMKTa MHTEPECOB.

AnHoTauus. MccnenoBaHue HalpaBlIeHO Ha OCTPOSHUE MAaTeMaTU4eCKO! Mo-
JIeTIH, OTPaKaroIel OCHOBHBIE OMOXMMHUYECKHE U (DPU3HOTIOTHUESCKHE IPOLIECCHI,
IIPOUCXOAAIHUE B OMOUCKYCCTBEHHOM neueHu. OCHOBHAs Leb UCCIIEJOBAHUS —
CO37aHNe HAAEKHOTO MHCTPYMEHTA IS MPEICKa3aHMs ITOBEAEHHS KIIETOK Iie-
YeHH B HMCKYCCTBEHHBIX YCIOBHSIX, YTO MO3BOJUT YAYYIINTh MOHHMAHUE UX
(YHKIMOHATEHOCTH M METa0OIMUYECKOI aKTUBHOCTH. YIEJICHO BHIMaHUE MOJe-
JIMPOBAHUIO YPOBHS METa00IUTOB, T((y3UH TOKCHHOB U cHHTe3a OenkoB. s
peanu3anuy JaHHOH 3a/1a4u pazpadorana cucteMa quddepeHIMalbHbIX YpaBHe-
HU, KOTOpast OIMCHIBAET TMHAMUKY KITIOUEBHIX MPOLIECCOB, CBA3aHHBIX C (DYHK-
LMOHUPOBAaHUEM KIICTOK II€UYEHU B MCKYCCTBEHHBIX YCIOBHUAX. MoOJENb YUUThI-
BacT B3aHMMOJEHCTBHE OMOXHMMHUYECKHX MPOLIECCOB, TAKUX KaK MeTabOIN3M IH-
TaTCJIbHBIX BCUICCTB, CEKPELUA MeTa60J’lI/ITOB, a TaK)K€ MCXaHH3MbI BbIBOAA TOK-
CHHOB M3 KJICTOK, YTO SIBJISIETCSI KPUTHYECKU BaKHBIM JUISl TOHUMAHUS OOLIEro
COCTOSIHUS OMOMCKYCCTBEHHOI IeueHu. B Xone ucciieioBaHust IPOBEJECH aHAIN3
BJIMSIHUSI PA3JIMYHBIX (JAaKTOPOB HA YPOBEHb META0ONUTOB M 3()(HEKTHBHOCTH
I Qy3un TOKCHHOB. DTO MO3BOJSET JIyUIIe MOHATH OCHOBHBIC MEXaHH3MEL,
HPOUCXOASIIHUE B KIETKaX, 1 ONTHUMHU3UPOBATh YCIOBUS UX KYJIBTHUBALMH JJIS T10-
BBIIIEHHS JKU3HECIIOCOOHOCTU U (PYHKIIMOHAILHOCTH OMOMCKYCCTBEHHOH Iie-
4yeHu. PazpaboTanHast MOZIENIb MOXKET CTaTh OCHOBOM JUIS ANbHEHIINX UCCIIE0-
BaHUil B 00MIaCTH OMOTEXHOJIOTUIl M CO3AaHHs BBICOKO3()(EKTHBHBIX 3aMECHUTE-
JIel OpraHoB, YTO OTKPHIBACT HOBBIE MEPCIIEKTHUBEI B JIEYEHUN IEYEHOYHON HEeJ0-
CTaTOYHOCTH M TpaHCIUIAHTalWK. TakuM 00pa3oM, pe3ysbTaThl JAHHOW paboThI
[IOYEPKUBAIOT 3HAYUMOCTh MaTeMaTHUECKOr0 MOJEIMPOBAHUS B UCCIICIOBAHUH
CIIO)KHBIX OMOJIOTMYECKHX CHCTEM M MOTYT OBITh MCIOJIB30BAHBI JUIS TalIbHEH-
LIEr0 YCOBEPLIEHCTBOBAHUS METOJOB JIeueHUs 3a00NeBaHUN MeYeHu U paspa-
OOTKH HOBBIX ITOJIXOJIOB B 00JTaCTH pereHepaTHBHON MEINIIMHEL.

KaroueBble ciaoBa: muddepeHnnansHoe ypaBHEeHNE, ONOPEaKkTop, MOAEIHNPO-
BaHNE OMOXMMHMYECKHX IPOLECCOB, podacTHas cucTeMa, MeTaboIu3M NeYeH!
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Abstract. The research is aimed at developing a mathematical model reflecting the basic
biochemical and physiological processes occurring in a bio-artificial liver. The main goal of
the study is to create a reliable tool for predicting the behavior of liver cells under artificial
conditions, which will improve the understanding of their functionality and metabolic
activity. The focus of this study is the modelling of metabolites, the diffusion of toxins and
protein synthesis. To achieve this goal, a system of differential equations has been developed
that describes the dynamics of key processes related to the functioning of liver cells under
artificial conditions. The model takes into account the interaction of biochemical processes
such as nutrient metabolism, metabolite secretion, and mechanisms for removing toxins from
cells, which is critically important for understanding the general condition of a bio-artificial
liver. The study analyzed the influence of various factors on the level of metabolites and the
effectiveness of toxin diffusion. This allows us to better understand the basic mechanisms
occurring in cells and optimize the conditions of their cultivation to increase the viability and
functionality of the bio-artificial liver. The developed model can become the basis for further
research in the field of biotechnology and the creation of highly effective organ substitutes,
which opens up new prospects in the treatment of liver failure and transplantation. Thus, the
results of this work emphasize the importance of mathematical modeling in the study of
complex biological systems and can be used to further improve methods of treating liver
diseases and develop new approaches in the field of regenerative medicine.

Keywords: differential equation, bioreactor, modeling of biochemical processes, robust
system, liver metabolism
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BBepeHue

THX CTPaHax TaKoH 1e(UIUT IPUBOIUT K JITUTEIb-
HOMY OXHJIQHUIO NAIMEHTOB, YTO YBEJINYUBAET

bronckyccTBeHHBIE OpraHbl MPEACTABISAIOT
co00# BaKHYIO 00JIaCTh COBPEMEHHOM MEHIINHBI.
UccnenoBanus B 3TON o0nacTu HampaBlIeHbl HA
pa3paboTKy TEXHOJIOTHA, CIIOCOOHBIX TIOMOYb Ta-
LUEHTaM C OCTPOH M XPOHUUECKON HEI0CTaTOYHO-
CTbIO0 (QyHKUMN opraHoB. OIHUM M3 KJIHOUEBBIX
HamnpaBJIEHUN SBISIETCS pa3paboTka OMOUCKYC-
CTBEHHOH MEYEHN — YCTPOUCTBA, CIOCOOHOTO BBI-
MOJHATh OCHOBHBIE (DYHKIMM €CTECTBEHHOW Iie-
YeHH, TaKhe Kak 00paboTKa TOKCUHOB, CUHTE3 0eJI-
KOB U y4acTHe B METa0OIMUYECKUX MPOIECCaX.

[TpoGnema HeXBaTKU TOHOPCKOW IEYEHU SIB-
JISIeTCsl BAXKHOW U cepbe3HOoi B MeauinHe. Bo MHO-

PHUCK OCIOKHEHUH U cMepTHOCTH. Oxono 10-15 %
MaIMEeHTOB, HAXOMISAIIMXCS B OYEPEAM Ha TpaHC-
TUTAHTALMIO TICYEHH, YMUPAIOT J0 MOJIy4YEeHHUs He-
obxonumoro oprana. HecOanancupoBanHoe cOOT-
HOIIIEHHE MEX]y KOJIMYECTBOM HY’KJAIOIIUXCS B
TPAHCIUIAHTAIMN TAI[EHTOB M JOCTYIMHBIMH JI0-
HOPCKUMH OpraHaMu MOAYEPKUBAET BaXKHOCTB I10-
MCKa HOBBIX METOJIOB pelIeHus mpooiemsl [1].
IlocTpoenne MaremaTHyeckoil Monenu ams
OMOMCKYCCTBEHHOM MEYEHHU UIPaeT BaXKHYIO POJIb
B HCCIICIOBAaHUAX B ITOHM oOnactu. Martemaruye-
CKHE MOJIENIU MO3BOJIAIOT YUYEHBIM M MHXXEHEpaM
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Oosee ITyOOKO MOHSTH OCHOBHBIE MIPOIIECCHI, TIPO-
UCXOJIAIINE B OMOMCKYCCTBEHHOM MEUEHH, M ONITH-
MHU3HPOBATh UX pabdoty [2].

Jlannas paboTa HampaBJeHa Ha MOCTPOCHUE
MareMaTH4eCKON MOJIENH, OTPaXKaIoIIeii OCHOBHBIC
OMOXUMHYECKUE U (U3NOJIOTHYECKUE TPOILIECCHI,
MPOUCXOASIINE B OMOMCKYCCTBEHHOW II€UCHH,
BKJIIOYas B ce0s MOACTUPOBAHUE YPOBHS MeTa00-
JTUTOB, TU(PPY3UH TOKCUHOB M CHHTE3a OeTKoB [3].

JlutepatypHbIif 0030p MOAKPEIUIAET aKTyallb-
HOCTB JJAHHOH TEMBI ¥ OCBEUIAeT MPEbIAYIINE UC-
CJIEZIOBaHMS B 00JIACTH MaTEMaTHYECKOTO MOJICIIH-
poBaHUs OMOUCKYCCTBEHHOH neuenu. Mccnenona-
HUE BKJIIOYAET B ce0s pa3paboTKy MaTeMaTHUECKIX
YpaBHEHHH, WX BAIMAALUIO U pa3pabOTKy METo-
JI0B YHCJIEHHOTO MopenupoBaHus. [lomydeHHbIe
pe3ynbTarhl OyIyT UMETh MOTEHIMAN U IpUMe-
HEHHs B MEIUIIUHCKOW MPAKTUKE U MOTYT MpPHUBE-
CTH K YIy4YIICHUIO TEXHOJOTHIA CO3MaHHs OHOMC-
KYCCTBEHHBIX OPTaHoB [4].

1. MeToabl U MaTepuarbl

1. 1. Merog co3naHunss GMONCKYCCTBEHHOMH NneyYyeHun

buounckyccTBeHHas meueHb — 3TO OTHOCH-
TEJIbHO HOBOE HaIPaBJIeHHUE OMOTEXHOJIOTHH, TIPe-
CIeyrolIee 1eiab Co3Aanus QYHKIIMOHUPYOIIETO
oprana, KOTOPbIH ObI MOT 3aMEHHUTh WJIU TTOMJIEP-
)aTh paboTy COOCTBCHHOH TICUEHH YeIOBeKa. ITO
T0JIe MCCIICJIOBAHUIN CTOUT BO IJIaBE MPOPBHIBOB B
00J1aCTH TIeUeHHs 3a00JIeBaHNM ITeYeHH [5].

Coznanne OMOMCKYCCTBEHHOM TIEUCHU SIBIISI-
eTCsl CIIOKHOM 3ajiadeil W3-3a MHOXKECTBa (yHK-
[IWH, BBITOJIHSACMBIX TIEUYCHBIO, BKIIFOUAs OUHIIC-
HUE KPOBHU OT TOKCHHOB, CHHTE3UPOBAaHUE OEITKOB
U peryirpoBanre ooMeHa BeniecTs. Buaenve npe-
M0JIaraéMbIX CIIOKHOCTEH U CIIOCOOOB UX MPEOJI0-
JICHHsI JTAae€T BO3MOXKHOCTBH CO3JaHHS peaTruCcTHY-
HOM paboueit Moiesi, KOTOPYIO MOYKHO HUCIIOJIb30-
BaTh JIJIS1 IOAICP’KKH HJIM BOCCTAHOBJICHHS (PyHK-
LU TIeYeHH Y TIAIMeHToB [6].

CriocoObI co3nanusi OMOMCKYCCTBECHHOH Tie-
YCHH:

1) ucnonvzosanue cmeonogvix kiemox. Onuu
U3 TOIXO/IOB K CO3/1aHNI0 OMOMCKYCCTBEHHOM I1e-
YeHW — 3TO WCIOJH30BAHUE CTBOJIOBBIX KIIETOK.
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OTH KJIETKU CTIOCOOHBI AuddepeHITMPOBaTHCS B
JEOOBIE TUTIBI KJIETOK B OpPraHU3Me, BKITIOUAs KIETKH
MIEYCHH. YYCHBIE MOTYT B3STh CTBOJIOBBIC KJIETKU
U3 TKaHEH MaIieHTa Wik JOHOPa, B3PaCTUTh UX B
71a00paTopuH U CHIEIMATIBHO CTUMYIUPOBATH T (]-
(bepeHIraInIo B TeNaTolnThl, OCHOBHBIC (DyHKIIH-
OHAJIbHBIC KJICTKH MCUCHH,

2) mkanesvlli uHMCunupuHe. Jpyroi momxop
3aKIIIOYAeTCS B HCIIONb30BAHUHM TEXHUKHU TKaHE-
BOTO MHYXHHUPUHTA JUTS CO37aHUs (DYHKIIMOHAIb-
HOro aHasora rnedeHd. OH BKIIIOYaeT CKIICUBaHNE
KJIETOK TIe4eHU (TenaTolUTOB) B OIMpPEACICHHBIX
NPOTIOPLHUAX U CTPYKTypax C HCHOIb30BaHHEM
OMOCOBMECTHMBIX MaTepHaOB, YTOOBI HMHTHPO-
BaTb €CTECTBEHHYIO apXHUTEKTYPY IE€UYCHHU;

3) 3D-neuamw. 3D-nieuath OPraHoB cTajA pe-
AIBHOCTBIO Oaroapst HOCIESTHUM JIOCTHKCHUSAM
B oOnactu 6nonedaru. Pabouee mpoctpancTBo 3D-
NPUHTEPA, KaK MPABHJIO, HATIOIHSIETCS TeJIeM, COIIep-
KaIllUM CTBOJIOBBIE KJICTKH WJIM T'€NaTOIUTHI, U 3a-
TEM MPHUHTEP CTPOUT TPEXMEPHBIA OOBEKT, TOYHO
BBIC)KMBASI KJICTKH 10 YKa3aHHBIM KOOP/AMHATAM;

4) ucnonvsosanue nepgysuu nevenu. Eme on-
HUM TIO/IXOJIOM MOXET OBITh MCIOJIB30BaHHE TIEp-
(dy3un redeHn — TEXHUKH, MPU KOTOPOW KPOBB
WJIH PacTBOP MPOKAYMBAIOTCS YePe3 ICUCHD HITH €€
4acTh, YTO MO3BOJISIET IMOJICP’KUBAThH KHU3HECIIO-
COOHOCTB OpraHa ¥ CTUMYJIUPOBATh €ro (hyHKIIHO-
HUPOBAHUE B YCIOBUSAX UCKYCCTBEHHOM CPEIbl.

Kaxp1ii n3 3THX MOAX0I0B UMEET CBOH CO0-
CTBEHHBIEC BBI30BBI U TUMHTHL. Ho Onaromapst mx
COYCTaHUIO yUCHBIE HAJICIOTCS C/IeJIaTh MPOPHIB B
CO3/1aHUM OMOMCKYCCTBEHHOW I€YEHH, KOTOpas
Moria Obl OBITH HCIIONB30BaHA B KIMHUYECKOU
NPaKTUKE /IS JISYCHUS TTAlIUEHTOB ¢ 3a00JIeBaHU-
SIMU TIE€YE€HH, CBI3aHHBIMH C IePUIUTOM QYHKIHH
sToro oprana. CoBpeMEHHBIE TEXHOJIOTUM U HC-
CJICZIOBAHHS yX€ MO3BOJISIIOT CMOTPETh Ha 3TO C
ONITUMHU3MOM [7].

1.2. KoHncTpykumns 6unopeaxkropa

buopeakTopbl UrparoT KIOYEBYI POJb BO
MHOTUX 00J7aCTsX HAYKH M TEXHOJIOTHH, BKIIIOYas
Ouonoruio, XUMHIO U OunorexHoiorud. OHH HC-
NOJIb3YIOTCS AJIs1 BOCIIPOU3BECHUSI HATypalbHbIX
OMONIOTHYECKUX MPOIECCOB B KOHTPOIHPYEMOMH
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cpele Uil MOJTY4YEHUs KOHKPETHBIX IPOAYKTOB.
BbuopeakTopbl MOT'YyT MCHONB30BAaThCS B MPOILEC-
cax (hepMeHTallH, KyJbTUBUPOBAHUS KJIETOK, OMO-
WH)XEHEPUH U MHOTHUX JpYyrux cdepax [8].

Crpykrypa 6uopeaxkropa. O0mas cTpykTypa
OuopeakTopa, Kak MpPaBWIIO, BKIIOYAET CIETYIO-
LI1€ OCHOBHBIE KOMIIOHEHTBI:

1. Peszepgyap — 3T0 OCHOBHas 4acTh OHOpe-
aKTopa, B KOTOPOM MPOMCXOAUT OHOJIOTHYECKUN
nporecc. Pasmep u popma pesepByapa MOryT us-
MEHSATBCS B 3aBUCUMOCTHU OT KOHKPETHBIX ITOTpeO-
HocTell. PesepByaphl MOTYT OBITH M3TOTOBJICHBI U3
CTaJI, CTEKJIa WIH CHEIUAJIBHBIX IUIACTUKOB, KO-
TOpBIE YCTOMYMBBI K KOPPO3HUM U BO3ACHCTBUIO
OMOJIOTMYECKH AaKTUBHBIX BEIIECTB.

2. Cmecumensw. J1jist 3h(HEKTUBHOTO MPOXOXK-
JIeHUs1 OMOJIOrMUYECKUX IPOLIECCOB BaXKHO obecIe-
YUTh OAHOPOAHOCThH CPEIbl BHYTPHU pe3epByapa,
MO3TOMY B KOHCTPYKIIMHM OHOPEaKTopa MUCIONb3Y-
€TCsI CUCTEMA JUTsl IEPEMELLIBAHUS, KOTOPAs TAKKE
CIOCOOCTBYET IIEpEHOCY BEIIECTB U TEeIlIa.

3. Cucmema nooauu 6o30yxa. Ilomaua BO3-
JyXa WIN JIPyTuX ra3oB BaKHA JJIS MOJIEP KaHUS
KU3HEAEATEILHOCTH MUKPOOPTaHU3MOB U KIIETOK
B Ouopeakrope. OHa MOXKET peryJaupoBarbes B 3a-
BHCHMOCTH OT TpeOoBaHMI K Kuciopomy u pH
CpelBl.

4. Temnepamypuwiii pecynsimop. llonaepxxanue
ONTUMAJIBHON TEMIIEPATYPhl OUEHBb BaXKHO 151 3(h-
(eKTUBHOTO BeIeHUs OMOJIOTNYECKHUX ITPOLECCOB.

5. Cucmema xonmpons. COBpeMeHHbIE OHO-
peakTophl OCHAIIEHbl ABTOMAaTHMYECKUMHU CHUCTe-
MaMU KOHTPOJIS, KOTOPbIE MOHUTOPSAT U pEryiu-
PYIOT TaKue apaMmeTpsl, Kak TeMIleparypa, AaBiie-
HUE, CKOPOCTHb nepemerinBanus U pH [9].

1.3. Tunesl 6uopeakTopos

CymecTByeT MHO)KECTBO THUIIOB OMOpEaKTo-
POB, KaXJIbI1 U3 KOTOPBIX UMEET CBOIO CHEIH(H-
YECKyI0 KOHCTPYKIHMIO B 3aBUCUMOCTH OT KOH-
KPETHBIX 3a/1au.

Cmennepnvle Ouopeakmopvl — 3TO CaMble
MPOCThIe OMOPEAKTOPHI, B KOTOPBIX KyJIbTypa MUK-
POOPraHN3MOB BEIpAIIMBAaeTCs B OaTU-pekuMe.

Deobamu-ouopeaxmopuvl. OHA MPEACTABISIIOT
co00if Moar(UKaIHIO OaTY-peakTOPOB, B KOTOPHIX

MOJIaeTCsI AOTIOTHUTEIIbHAS TUTATeNIbHAS Cpelia JIst
MoJi/IepsKanusi OMOJIOTMYECKOTO TIpoliecca.
Koumunyanvnvie buopeaxmopul. B aTux 6mo-
peakTopax mpoIriecc mpoaoKaeTcs 0e3 nepepoina,
MPU ATOM MHUTATEIbHASI Cpela MOCTOSHHO TOja-
€TCsl, a MPOAYKLHS MOCTOSIHHO YaJseTCsl.
Membpanusie buopeakmopul. ITH OUOpeaK-
TOPBI UCTIONIB3YIOT MEMOPAHBI JIJIS cenapaliiy Kiie-
TOK OT MMATATEILHOU cpebl Miu mpoaykToB [10].
OnHako HE3aBHCHMO OT TUIa OMOpeakTopa,
€ro KOHCTPYKIIUS JOJDKHA 00€CTIedrBaTh MPOCTOTY
B HCIOJIb30BaHHH, JIETKOCTh B OOCITY)KUBAaHUH H
BO3MOYKHOCTb MacIITaOWpOBaHUs JII KOMMEpUe-
ckoro wucnonb3oBanusa. Co3naHue ONTUMAIBHON
KOHCTPYKIIMH OMopeakTopa TpeOyeT TIareIbLHOTO
IJIAHUPOBAHUSI U NTpoekTupoBanus [11].

1.4. CnocobbI mocTpoeHmns moaenu

1. Mooeruposanue duoxumuueckux npoyec-
cos. Vcrionb3oBaHue ypaBHEHUH, OMHCHIBAIOIINX
OCHOBHBIE OMOXUMHUYECKUE PEAKIINH, TIPOUCXOIS-
IIMe B MEYEHH. ITO MOXKET BKIIIOYATh MOJEITUPO-
BaHHE METa0OJIUTOB, CHHTE3 OEJIKOB, OOMEH Be-
mecTB U T. A. [12].

2. Mooenuposanue nepeHoca maccol u menia.
Pa3paboTka MareMaTu4ecKux ypaBHEHHIA, YUUThI-
BAIOIINX MEPEHOC TOKCUHOB, META0OIUTOB U APY-
TUX BEIIECTB Yepe3 OMOMCKYCCTBEHHYIO IE€UYCHb,
a TaK)Ke paBHOBECHUE TEIUIA B CUCTEME.

3. Mooenuposanue Ounamuky K1emox u mxa-
Hetl. Y4eT MPOLECCOB, MPOUCXOIAMINX HA MUKPO-
YpOBHE, BKJIIOYasl B3aMMOJICHCTBHE KIIETOK, JH (-
(by3HI0 BEIMIECTB U POCT TKAHEH.

4. Hnocenepnvle mooenu. Pazpaborka mome-
JIei, OCHOBaHHBIX HAa HMHXCHEPHBIX IPHUHIUIAX,
TaKUX KaK THJpaBIUKA, TEPMOIMHAMHUKA U MeXa-
HUKa MaTepHasoB, /Ui OMUCAHUs paObOThI OHOUC-
KyCCTBEHHOM IeYeHHU.

2. MopenupoBaHue

2. 1. lMocTpoerHne maremarnyeckosi Mmogenun

buocoBmecTHMBIE YCTPONCTBA HCKYCCTBEH-
Hoit neuenu (BUIT) paboTatoT Ha CThIKE METUITIH-
CKHUX W MH)XCHEPHBIX TUCIUILINH, U UX (QyHKIIHO-
HUPOBaHUE BKIIIOYACT B ce0s HCITOJIb30BAaHUE Psijia
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AITOPUTMOB T oOecriedeHns Y3PGEKTUBHOM 00-
paboOTKK KPOBH M MOJJICPKAHKS TOMEOCTa3a B Op-
ranusme. PoGacTHas cucrema ajroputMoB (yHK-
uuroHuposanus bUII nomkHa yooBieTBopsTh pas-
JUYHBIM TPeOOBAHMSIM, YYUTHIBAsT HHIUBHUIYab-
HbIe OCOOCHHOCTH IAllMEHTOB W JUHAMUYECKHE
U3MEHEeHHS ux cocTosHus [13].

Takast cucremMa aaropuTMoB (PyHKIIMOHHPO-
Banus bUII MoxkeT BKIIOUaTh alnropyuTMBbI JIs JU-
arHOCTUKHU J1e(DEeKTOB yCTpOHCTBa, OOHAPYKECHUS
AQHOMAJIbHBIX CUTYALUH, a TAK)Ke aJITOPUTMBI, 00ec-
neyrBarole 6e30macHoe npekpaieHue padboTsl B
CIly4ae BO3HUKHOBEHWSI CEPhEe3HBIX mpodieM [ 14].

Mertozpl U IpHEMBbI KOHTPOJISI U KOPPEKLIUU
pabotsl BUII, BKiTIOUast ananTUBHBIC alTOPUTMEI,
MOTYT obecriednTh 3(h(HEeKTUBHYIO U O€30MacHYyI0
paboTy yCTpOHCTBa B pa3IMYHBIX KIMHUYECKUX
CUTYyaIHSIX.

Takum oOpa3oM, poOacTHas cuUCTeMa ajro-
pur™oB pyHkimonupoBanus BUII Bkmtouaer B ceOst
IIMPOKHUN CIIEKTP METO/IOB, AJITOPUTMOB U MIPOTO-
KOJIOB, HaIIpaBJIEHHBIX HAa 00ecIIeueHe HaJe)KHON
n 0e30macHOl pabOThl HCKYCCTBEHHOW TIEUYCHH B
Pa3INYHBIX KIMHUYECKHUX yCIoBHsX [15].

OCHOBHBIE TAPAMETPHI:

1. Koappunuent nuddysuu (D) — onpene-
JsIeT UHTEHCUBHOCTD TU(Qy31H BEIIeCTBA B KIIET-
Kax MEeYCHH.

2. Pa3mep obmactu (L) — pa3mep mpocrtpan-
CTBEHHOI 001aCTH, B KOTOPOI MOZIEIHPYETCS IPO-
1ecc.

3. Bpems monenupoBanus (T) — obiiee Bpemst
MOJICIMPOBAHHUS MIpOLEcca.

4. KomnyecTBO (YHKIIMOHUPYIOMIUX KIIETOK
neueHu (cells) — KOMMUECTBO KJIETOK IMEYEHU B
HAyaJbHOM COCTOSTHUH.

5. YpoBens caxapa B kpoBu (sugarLevel) —
KOHIIEHTpAIMs caxapa B KPOBH.

6. Cropocth motoka kpoBu (bloodFlow) —
CKOPOCTH MOTOKa KPOBH, POXOJIAIIETO Yepes Tie-
YeHb.

7. Macca niedenu (liverMass).

8. Cropocts MeTabomi3Ma (metabolismRate) —
CKOPOCTH MeTa00IM3Ma KJIETOK ITEYEHH.

OTH mapamMeTpsl BIUSAIOT HA XapaKTePUCTUKU
Y TUHAMUKY MOZAETHPYEMOTo MpoIecca B CUCTEME
OMOMCKYCCTBEHHOM reuenu [16].
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[TpuBenennsrii kox (IIpunoxkenune) mpeacras-
JseT co0O0 MareMaTH4YecKyl MOIEeNb IS IOo-
CTpOCHHS OMOMCKYCCTBEHHOW TieueHu. B maHHOM
MOJICTT! HCTIONB3YIOTCSl PA3JIMYHbIC MapaMeTphl,
Takue Kak ko3 dumment quddysun, pazmep oodia-
CTH, BpEMsI MOJICTTMPOBAHUSI, KOJIMYECTBO (YHKITH-
OHHPYIOIIMX KIJIETOK IEYeHH, YPOBEHb caxapa B
KpPOBH, CKOPOCTh IIOTOKA KPOBH, Macca MEYeHH U
ckopocTh MetabonusMa. Kak pesynbrar, cuctema
JIOJDKHA OBITh yCTOWYMBA K Tomexam [ 17].

CHauana B KoJie 3aJafOTCsl TapaMeTpbl MO-
nenmn, Takue kKak kodpdumment muddysuu (D),
pa3mep obnactu (L), Bpemst monenupoBanus (T),
KOJIMYECTBO (DYHKIMOHUPYIOIIUX KJIETOK MEYSHU
(cells), ypoBenn caxapa B kpoBH (sugarLevel), cko-
poctb noroka kpoBu (bloodFlow), macca nmeuenu
(liverMass) u ckopocTh MeTabom3Ma (metabolism
Rate).

3arem ompeAemsoTCs apaMeTphl TUCKPETH-
3auM (X — KOJMYECTBO Y3JIOB IO MPOCTpaH-
CTBEHHOW CETKe, /nf — KOJIMYECTBO BPEMEHHBIX
I1aroB), a TaK)K€ PACCYUTHIBAIOTCS INArH IO Bpe-
MEHH U MPOCTpaHCTBY (dx, df) [18].

[Tocne nannManu3upyeTcs HadyalbHOE COCTO-
SIHUE CHCTEMbl — KOHIICHTPAIHsI KJIETOK B Kax-
JIOM y3JI€ IPOCTPAHCTBEHHOM CETKH.

B nukie BpeMeHH MPOUCXOIUT pacueT u3Me-
HEHMS KOHIIEHTPAIMU KJIETOK C MCIOIb30BAaHHEM
ypaBHeHus: aud¢ysun. Ha kaxmaom BpeMeHHOM
mrare MpPOUCXOAUT OOHOBIIEHHE COCTOSIHHUS KaX-
JIOW KJIETKU HA OCHOBE MU(Qy3un, MOTOKa KPOBU
u MeTabonu3ma. [Ipu 3TOM yUUTHIBAIOTCS BIUSHHE
COCEJIHHX KJIETOK, CKOPOCTh KPOBOTOKA M MeTabo-
JM3Ma B KQKJOM y3JI€ TPOCTPAHCTBEHHOW CETKH.

[locne pacdyera M3MEHEHHMS KOHIICHTPALUHU
KJIETOK B KaKJIOM y3Jie€ TPOCTPAHCTBEHHOMN CETKU
MPOUCXOAUT OOHOBJICHHE TEKYIIETO COCTOSHUS
CUCTEMBI, 2 UTEPALIUs IO BPEMEHU TPOJ0IDKACTCS
JI0 IOCTUKEHHUS 33JaHHOTO BPEMEHU MOIETTUPOBa-
Hus [19].

I'padux (puc. Pesymsratr MonenmupoBaHus) 1mo-
Ka3bIBAET, KAK CO BPEMEHEM KIJIETKHU I1€YEHH, 3Ha-
YaJIbHO CKOHIIEHTPUPOBAHHBIE B IIEHTPE 00IacTH,
TUGPYHIUPYIOT, U KaK MX KOHIIEHTPALUs U3MEHSI-
eTCsI M3-3a BIUSHUS KPOBOTOKA M METa0OIH3Ma.

B kaxap1it MOMEHT BpEMEHH MOXKHO HAOIIO-
JaTh, KaK MUK KOHIICHTPAIMH B IICHTPE YMEHb-
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IIaeTCsl U IIUPUTCS, B TO BpeMs KaK KOHIIEHTpa-
1Sl KJIETOK B APYTUX y3jaX 00lacTu yBeIU4HUBa-
eTcs.

Takum 00pa3oM, JaHHBIM KOJ IO3BOJIET MO-
JIeTUPOBaTh Ipouecchl U y3nuu KIeTOK INedeHU
C Y4YETOM BJIMSHHSI KPOBOTOKAa M METaboIM3Ma Ha
U3MEHEHHE UX KOHLIEHTPAlUM B IPOCTPAHCTBE B
TEYEHUE OIIPEAEICHHOIO BPEMEHHOTO HHTEPBaJa.

KoneuHasi 11e11b 3101 Mozienu cBs3aHa ¢ u3yue-
HHEM BIIMSHUS PA3IMYHBIX IAPAMETPOB, TAKUX KaK
CKOPOCTb KPOBOTOKAa WJIM YPOBEHb METa0O0IM3Ma,

. . 10222

Ha pacIpoCTpaHEHUE KJIETOK MedeHu. Takue Mo-
JIeTT MOTYT OBIThb TOJIE3HBI KaK Ul MOHUMAaHHS
(U3U0IOrMYECKUX MPOLECCOB, TAK U pa3pabOTKu
METOJIOB JIEYEHUSI U MEIMKaMEHTOB, B YaCTHOCTHU
Ui mpenckazaHus 3(@eKTUBHOCTH IpenaparoB
Ha U3MEHEHUE KOHIEHTPAlUY KJIeTOK. Taxke naH-
HbIE€ MOJIEIM MOTYT OBITh MCIIOJIb30BAHbI Ul CH-
MYJISILIMU Pa3JINUHBIX TATOIOTMYECKUX COCTOSTHUM
MEYCHU, YTOOBI U3y4aTh UX BIMSIHUE HA MPOLECCHI
T Qy3un KIETOK U IMpPeAcKa3blBaTh Pe3ysbTaThl
TaKMX COCTOSIHHH.

Konnyectso BpemeHHbIx Lwaros / Number of time steps

| | I |

| I I |

10 20 30 40

50

60 70 80 90 100

KonnyecTeo y3nos no npoctpaHcTBeHHoi ceTke / The number of nodes in the spatial grid

Pe3yanaT MopgennpoBaHna
M ¢ T04HuMK: BbINoAHeHO A.C. MaHbLMHBIM B nporpamme MATLAB

The result of the simulation
Source: done by A.S.Ganshin in MATLAB software

Kpome Toro, momoNHUTENbHBIE BO3MOXKHO-
CTH MOTYT BKJIIOYATh B ceOs y4eT M3MEHEHHH B
CTPYKType TI€YeHH, HallpuMep, MpH 3a00JIeBaHUSX,
a TaKKe MOJICTUPOBAHNE BO3JICHCTBUS PA3INIHbIX
JIEKapCTBEHHBIX IPENapaTtoB Ha 3TH MPOIECCHI.
WnTerpanus Takux Mojened ¢ dKCIEepUMEHTab-
HBIMHU JIaHHBIMH MOJKET NTOMOYb YIYYIIUTH HAallle
MMOHUMaHHE OMOJIOTHYECKUX IMPOLECCOB U pa3pa-
6otarb Oosiee 3((eKTUBHBIEC MOAXOAbI K JICUCHUIO
MIEYEHU U JPYTUX 3a00JIeBaHUH.

TakuMm 00pa3oM, JaHHBIA KO MOXET CIy-
KUTb OCHOBOM JIJIsl pa3jMYHBIX HCCIEIOBaHUI B

o0mactv OMOIOTHH, METUITHBI U (hapMaKOIOTHH 1
UMeeT MOTEHIMAJ s Pa3paboTKH HOBBIX METO-
JO0B JICUCHUA W IIOHHUMaHUsA (I)I/I?)I/IOJ'IOI‘I/ILICCKI/IX
mpoiieccoB B opranusme [20].

3aknio4yeHve

KonctpynpoBanue mareMaTHuecKkol MOJEIH
JUI  TIOCTPOCHHsI OWOUCKYCCTBEHHOM TNEYeHU
NpeACTaBIIeT COOON CIOKHYIO M MHOTOACIIEKT-
Hy!0 3a7a4y. OHO BKIIIOYAeT B ceOs ydeT pa3nnd-
HBIX TPOIIECCOB, MPOUCXOISIIMX Ha Pa3TUYHBIX
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YPOBHSX: OT KJIETOYHOTO ¥ TKaHEBOTO JIO OMOXH-
MHUYECKOTO W WHKEHEPHOTO.

[IpoBenenne MoaenUpoOBaHUS OHOXUMUYE-
CKHX TIPOIIECCOB HEOOXOMUMO JIJISI OTIMCAHUS OC-
HOBHBIX META0OJIMYECKHUX PEAKIIUN U TTOHUMAHHUS
paboTHI IEYEHN Ha MOJIEKYJIIPHOM YpoBHE. Moje-
JTUPOBaHME MTEPEHOCA MACCHI U TEIIJIa UTPAET KITIO-
YEBYIO POJIb B IOHUMAHUU KaK TPAHCTIOPTHUPOBKHU
BEIIECTB, TaK ¥ 001IEH TEPMOIMHAMUKN CUCTEMBI.
MogenupoBanue JAMHAMUKHA KIETOK M TKaHEH
HEOOXOANMO JJI U3YYECHHs] POCTa U B3aUMOJICH-
CTBUS TKaHE Ha MUKPOYPOBHE.

OfHaKo HCIONB30BAaHUE KAXKIOTO M3 ITUX
TTOJTXOJTOB TIO OTZIETBHOCTH MOYKET OBITh HETOCTa-
TOYHO JJIs TIOJHOTO MOHUMAaHHs paboThl OHOMC-
KyCCTBEHHOH IedyeHu. VIMEHHO mosTOoMy yueHble
4acTo MPHUOEraroT K KOMOWHHPOBAHHBIM IOIIXO-
JlaM, KOTOPBIE COBMEIAIOT Pa3IMYHbIE METOIUKH
MaTeMaTH4eCKOr0 MOJETUPOBaHMs, YTOOBI CO-
3MaTh OoJiee COBEPIICHHBIC W CIIOKHBIE MOJIEIIH,
OXBATHIBAIOIINE Pa3HBIC aCHEKThl (PYHKIIMOHHUPO-
BaHUs1 OMOMCKYCCTBEHHOM MEYEHHU.

Taxum oOpa3om, MaTeMaTHIECKOE MOICITUPO-
BaHUE SBJISIETCS] HEOTHEMJIEMBIM DIIEMEHTOM pas3pa-
OOTKM HOBBIX TEXHOJOTMH B OOJACTH CO3/aHUs
OMOMCKYCCTBEHHBIX OPTaHOB M 00ECTICYMBACT KU3-
HEHHO Ba)XHOE TIOHMMAaHHE CIIOKHBIX B3aHMMOCBSI-
3el W MPOIECCOB, MPOUCXOANIUX B OMOMCKYC-
CTBEHHO TICUCHHU.

MpunoxeHwne
MapameTpbl MOAENNpPOBaHUSA

% lMapameTpbl

D = 1e-6; % KoaddunumneHt ouddysun

L=1; % Paamep obnactu

T =500; % Bpema mogenmpoBaHus

cells = 50; % KonnyectBo GyHKLMOHMPYIOLLNX KNETOK ne-
YyeHu

sugarLevel = 5.5; % YpoBeHb caxapa B KPOBU (MMOb/1)

bloodFlow = 30; % CkopocTb NOTOKa KPOBW (M1/C)

liverMass = 1.5; % Macca ne4eHu (kr)

metabolismRate = 0.1;

% MapameTpbl ANCKPETM3ALMN

nx=100; % KonuyecTBo y3/50B MO MPOCTPAHCTBEHHOWN
ceTke

nt =500; % KonnmyecTBo BPEMEHHbIX LLIAros

% PacueT waros No BpEMEHU 1 NPOCTPAHCTBY

dx =L/nx;

dt=T/nt;

% HauvanbHoe cocTosiHve

¢ =zeros(nx,1); % kKoHueHTpaumsa

c(round(nx/2)) = cells; % KonnyecTtBo 300pOBbIX KNETOK B
cepeanHe obnactu
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% LWabnoH ons umkna BpeMeHn

fort=1:nt

% Ckonnpyem Tekylllee COCTOsIHNE BO BPEMEHHYIO nepe-
MEHHYIO

c old=c;

% OO6HOBNSIEM COCTOSIHME KaXAoW KJeTKM Ha OCHoBe
onoddy3nm n NnoToka KPoBm

fori=2:nx-1

dc =D * dt/dx"2 * (c_old(i+1) - 2*c_old(i) + c_old(i-1));

bloodFlowEffect = bloodFlow / liverMass / sugarLevel;

metabolismEffect = metabolismRate * dt;

c(i) = c_old(i) + dc - dt * bloodFlowEffect * c_old(i) —
metabolismEffect * ¢_old(i);

end

% AHMMUPOBATL NPoOLLECC

if mod(t,10) ==

plot(c);

pause(0.1);

end

end

xlabel('KonnyecTBo y3510B N0 NPOCTPaHCTBEHHOW CETKE');

ylabel('Konn4yecTBO BpEMEHHBbIX LLIAroB');
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3asiBiieHHe 0 KOH(DJIUKTE HHTEPECOB

ABTODBI 3asIBIISIIOT 00 OTCYTCTBHH
KOH()JIMKTa HHTEPECOB.

AnHoTauus. OHOI U3 caMbIX CEPbE3HBIX MPOOIIEM, C KOTOPOH CTAJIKUBAIOTCS
WH)XEHEpPhl B Pa3JIMYHBIX OTPACisX MPOMBIIIJIEHHOCTH, SBJSETCS KOPPO3USL.
B Hacros1iee BpeMst 0CHOBHOE BHUMAHUE YAENIACTCS KOPPO3HOHHBIM CBOMCTBAM
Pa3MYHBIX TUIIOB aTFOMUHHUEBBIX CIUIABOB, IHPOKO HCIIOIb3YEMBIX B IPOMBIILI-
JICHHOCTH. B CBf3M ¢ 5TMM OBUIM IPOTECTHPOBAHBI ATIOMHHHEBBIE CIUIABBI
Al12024, A1 6061 u Al 7075. Kpome TOro, ObLIO HCCIICIOBAHO BIUSHHUE TEMIIE-
paTyphl OKpY’Karome cpeIbl Ha CKOPOCTh KOPPO3UH KaXKIOH rPyIIbI MaTepua-
70B. B KauecTBe HHANKATOPOB KOPPO3HH 00PA3LOB ObLIH H3MEPEHBI TPH CTATH-
CTHYECKHUX IapaMeTpa, BKI04as OOLIYIO MJIO0MIa/b KOPPO3UH, CKOPOCTh KOPPO-
3un (OTHOLIEHUE OOLIel IUIomAaau KOppo3HM K oOled miomanu obpasua)
U MaKCHMaJbHBIH pa3Mep TOUKH kopposuu. Kpome Toro, ¢ momoInpo Merona
Bpunems Oblta U3MepeHa U NMpecTaBleHa OBEPXHOCTHAS TBEPAOCTh 00pas-
11oB. HakoHelr, ObL1 ipe/icTaBiieH aIFOMUHHUEBBIN CIIJIaB, HAUOOJIEEe YCTOHYMBBIN
K KOPPO3UH IIPU Pa3IMuHBIX TEMIIEPaTypHbIX pekuMax. McnbITanne Ha KOppo-
3U10, IPOBEJCHHOE B IIPUCYTCTBUH XOJIOMHOTO BO3IyXa, IOKa3ajJ0 MaKCHMAaIlb-
HYIO TBEPIOCTb CpEeIu BCEX HCCIEIOBAaHHBIX AIFOMUHHUEBBHIX CIUTaBoB (2024,
6061 u 7075). Anmromunnit 7075 uMeeT caMyr0 HU3KYIO KOPPO3HOHHYIO CTOM-
KOCTb, TOTAa Kak amoMuHHUN 6061 umeeT camylo BBICOKYIO KOPPO3HOHHYIO
CTOMKOCTb, €CIIM IPUHATH BO BHUMaHUE Pa3JIMUHbIC YCIOBHS UCTIBITAHUH.

KuroueBble cj10Ba: aTfOMUHHUEBBIE CIUIaBbl, CKOPOCTh KOPPO3UH, ONTHYECKUH
mukpockon (OM), HaOoAeHHS, TBEPAOCTh TOBEPXHOCTH
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Pesa Kawu 3a0e K. — pa3paboTka KOHLEILUY, METOJOJIOT s, IPOrpaMMHOe oOecieueHue, 00paboTKa JaHHbIX, HAIUCAHUE;
T'opbanu C. — HanucaHyue, NOAIOTOBKA OPUTUHATIBHOIO IPOEKTa; Agepranos A.C. — HanucaHue, I0Ar0TOBKA OPUTHHAIBHOTO

YEpHOBHKA.

PDuHaHCHPOBaHHE

ABTOpLI HE MIoJIy4Yain q)HHaHCOBOﬁ OOAOCPKKHU AJI IPOBEACHUS 3TOr0 UCCICAOBAHUAA.

3asiBiieHHE O AOCTYITHOCTH JaHHBIX:

JlaHHBIE MOT'YT OBITh NIPEOCTABIICHBI 110 3aIPOCY COOTBETCTBYIOLIETO aBTOPA.

I[Jlﬂ HUTUPOBAHUA:

Reza Kashyzadeh K., Ghorbani S., Averyanov A.S. Influence of environmental temperature on the corrosion resistance of
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Introduction

Corrosion is one of the biggest challenges
faced by engineers in various industries [1-3]. This
destructive phenomenon is a physical and chemical
interaction between a metal material and the
environment, which leads to a change in the pro-
perties of the metal and can cause a significant
disruption in the performance of the metal, the
environment, or the technical system of which they
are a part of [4; 5]. Owing to the presence of an
oxide layer on its surface, aluminum alloys show
good corrosion resistance in corrosive environ-
ments with pH values in the range of 3 to O.
However, in environments with pH values lower
than 3 or higher than 9, the outer porous layer
is dissolved, and the aluminum surface is severely
corroded. In other words, aluminum products are
quickly destroyed as a result of long-term exposure
to aggressive environments, especially those con-
taining chlorine [6; 7]. Therefore, it is very im-
portant to understand the corrosion properties of
aluminum alloys in special environments and under
harsh working conditions. Failures caused by
corrosion in metals have caused irreparable eco-

nomic losses in large industries such as petro-
chemical, automotive, and aerospace, etc. [8; 9].

National Association of Corrosion Engineers
(NACE), as a world leader in corrosion control,
has estimated the total costs associated with global
corrosion losses at 2.5 trillion dollars per year,
which is equivalent to 3.4% of the world’s Gross
Domestic Product (GDP) [10]. According to the
NACE international report, corrosion losses in the
world’s largest economies include 5% of GDP for
Arab countries, 4.2% for China and India, 4% for
Russia, 3.8% for the European Union (Norway and
Switzerland), 2.7% for the United States, and 1%
in the case of Japan. These statistics emphasize the
importance of understanding corrosion pheno-
menon, as well as the development of plans that
prioritize the long-term stability of materials and
the use of optimal corrosion protection methods.
As mentioned previously, aluminum alloys have
many uses in industry. Therefore, considerable
research has been conducted to investigate the
destructive phenomena on aluminum. As schema-
tically illustrated in Figure 1, a wide variety of
corrosion types exist [11].

2 - Irregular

3 - Selectiv

/)

1 - Uniform
/,

5 - Ulcer

6 - Pitting

V W@% 7

.

4 - Stain
7 - Intergranular

8 - Stress corrosion

9 - Subsurface

cracking

Figure 1. Schematics of different types of corrosion in aluminum alloys
Source:made by A.S. Averyanov, S. Ghorbani, K. Reza Kashyzadeh [11]
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Among the corrosion mechanisms, pitting,
intergranular, and exfoliation corrosion are the most
prominent [12]. Moreover, exfoliation corrosion
and stress corrosion are also the main types of
corrosion in aircraft materials [13]. Paglia and
Buchheit investigated the sensitivity of aluminum
alloy friction stir welds to corrosion [14]. Because
the microstructure of the material changes drasti-
cally in the Heat-Affected Zone (HAZ), intergra-
nular corrosion occurs in this area. This corrosion
becomes more severe as the grain boundary sedi-
ments become coarser. They reported that by using
a short-term heat treatment after welding at a
temperature similar to the welding temperature,
the microstructure can be modified, and the cor-
rosion rate can be reduced.

Xu X. et al. utilized an amorphous CrAIN coat-
ing to improve the corrosion resistance of aluminum
alloy in a 3.5% NaCl solution [15]. They reported
that material properties (i.e., microstructure and
corrosion resistance) of the amorphous CrAIN
coating depends on the nitrogen content of the
coating. Sanchez-Amaya et al. studied the influence
of heat treatment on the susceptibility of AA2024
and AA7075 alloys to intergranular corrosion [16].
They showed that slow quench step resulted in
samples with high susceptibility to intergranular
corrosion in both alloys.

Li X. et al. simulated a mechanical test in line
with the corrosion behavior of 7005 aluminum
alloys in atmospheric environments [17]. In other
words, they believed that the stress concentration
of the pits led to the destruction of the mechanical
properties. Therefore, the effects of pit size and
location parameters on stress concentration were
analyzed using Finite Element (FE) method. Finally,
they presented a Back Propagation Neural Network
(BPNN) model to predict stress concentration.

As is clear from the above literature review,
much research has been carried out in the field
of aluminum corrosion and different methods to
prevent or reduce the corrosion rate. Most research
has been experimental. However, a limited number
of simulation studies have been conducted. In ad-
dition, in recent years, machine-learning techniques
have been used in this field. In simulation studies,

laboratory data are required to validate the model.
Furthermore, using machine learning techniques,
experimental data is collected, and the machine
is trained. Therefore, it can be concluded that labo-
ratory data and tests are required in any case.
In addition to the above-mentioned issues, not all
the details of the corrosion phenomenon can be
simulated in the software, and the main reason is
the simplification of the software to solve various
problems. Therefore, to achieve a system response
with a higher accuracy, it is necessary to perform a
series of tests. Therefore, this study was performed
in a laboratory. In this study, different groups of
aluminum alloys were prepared and immersed in a
corrosive solution with a pH of approximately 12.
Finally, the solution containing the sample was
placed in three different environments at different
temperatures. After a specified period of time, the
samples were removed from the solution and the
corrosion parameters were investigated. The sub-
sequent parts of the article are organized in such
a way that the second section is dedicated to
materials and methods. The third section describes
the experiment, and the obtained results are dis-
cussed in the fourth section. Finally, the achieve-
ments of the current study are presented in the last
section.

1. Materials and methods
1. 1. Materials

The studied materials are widely used alumi-
num alloys in industry, including 2000, 6000, and
7000 series sheets with a thickness of 4 mm. These
sheets were prepared using a casting process.
Then, using a wire cutter, they were cut into pieces
with a square cross-section and side size of 10 mm.
Quantometric test was performed to extract the
percentage of the constituent elements in the raw
materials. Table 1 illustrates the chemical compo-
sition of Al 2024, Al 6061, and Al 7075. More-
over, for each group, a specific heat treatment was
defined according to what is most commonly used
in the industry. For example, to perform T6 heat
treatment, Al 7075 samples were fully tempered
by heating at 480 °C for 5 h and then quenched
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in water below 120°C (slow cooling of approxi-
mately 28 °C per hour). Finally, they were kept
at this temperature for 24 h [18].

Moreover, to determine the effect of heat
treatment on the mechanical properties of each
group of aluminum alloys, nine laboratory samples

were prepared according to the ASTM E8/ESM
standard. Tensile tests were performed at room
temperature under controlled environmental con-
ditions according to ISO 17025. The obtained
results, including the key parameters, are listed in
Table 2.

Table 1
Chemical composition of different aluminum alloys used in the current research, wt%
Material Al Si Fe Mn Mg Ni Ti Cr
Al 7075 96.68 1.15 0.32 0.01 0.73 0.99 0.01 0.01 0.10
Al 6061 97.72 0.58 0.36 0.21 0.03 0.93 0.00 0.01 0.16
Al 2024 97.57 0.64 0.14 0.27 0.12 1.00 0.01 0.03 0.22
S ource: made by K. Reza Kashyzadeh, S. Ghorbani, A.S. Averyanov
Table 2
The results obtained from tensile tests
Material Yield strength Ultimate tensile strength
Al 2024 98 MPa 186 MPa
Al 7075-T6 483 MPa 560 MPa
S ource: made by K. Reza Kashyzadeh, S. Ghorbani, A.S. Averyanov
1.2. Methods This research includes two preparation steps,

This section describes the general idea behind
conducting this research. The working algorithm is
illustrated step by step in Figure 2.

that is, aluminum samples and a corrosive solution
with a minimum pH of 12. The tests were divided
into three groups: primary, main, and secondary.

e EE s EEEmEm—-—-—-] S m=—-— 1 el 1
3
Purchase of Iz
raw materials Add corrosive : ; Statistical
substance :l 1 ii parameters
’ J1E i
Cutting the samples measurement = 12 Microscopic
with a wire cutter of solution 1 g observations Hardness
if pH = 12 1 T—H
Y
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Figure 2. The working algorithm used in the current research
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In fact, primary tests are related to the tests per-
formed before the main test, that is, corrosion, and
the goal is to better understand the properties of the
material. Subsequently, the main test is corrosion,
which is done by immersing the samples in the
corrosive solution for a certain period of time.
Finally, there is a secondary test that is performed
on the corroded samples to determine their cor-
rosion rate through microscopic observations and
measurement of statistical parameters. Further-
more, to determine the effect of corrosion on the
properties of the raw material, hardness measure-
ment is also done.

2. Experiments

Before performing the main test, the surfaces
of the samples were polished with P800 grit
sandpaper so that they had the same surface rough-
ness. To create a corrosive solution, 20 g calcium
hydroxide was added to 250 ml of distilled water
(pH~6.5). In this time, the pH of the solution was
measured and showed a value of 10.2. Subsequently,
20 g of sodium hydroxide was added; as a result,
the pH value reached approximately 12.12. The
solutions were poured into nine glass containers
at the same height level and each sample was
immersed in a solution container. The glass con-
tainers were placed in three different environments
in terms of temperature, including 2—4 degrees
called cold air, 10—12 degrees called fresh air, and
22-24 degrees called room temperature. The im-
mersion time for all samples was considered one
hour. Subsequently, the samples were removed
from the solution, washed with distilled water, and
their surface was dried with a heater, and finally
they were not exposed to air.

The corrosion process in aluminum is based
on the following reaction equations:

241+3Ca(OH), —3Ca+241(0H); (1)
AI(OH), + NaOH — Na[ AI(OH),].  (2)

The surface analysis of the samples was
performed using an Olympus GX53 optical micro-
scope and the Olympus Stream program. In fact,

Optical Microscope (OM) observations were con-
ducted to monitor surface damage characteristics
such as the maximum, minimum, and average
diameters of pits, pit shapes, and corrosion rate.
Thus, the area of the visible sample in the obser-
vation range of the microscope was measured in
square micrometers S,. Moreover, the area of each

corrosion damage was measured and dis played as
S;,where i represents the number of damages

caused on the surface of the sample owing to the
corrosion. Eventually, the corrosion rate was
obtained as the ratio of the total area of corrosion

damage on the surface to the total area R = X % .
t

In addition, the largest corrosion damage was
identified on the surface, and assuming the shape
of the damage to be circular or several circles
connected together, the largest diameter of the
damage was measured as D, . .

Finally, the hardness values of the samples
were measured. For this purpose, a universal
hardness tester METOLAB 703 was used with the
ability to measure hardness based on Brinell,
Rockwell, and Vickers methods. Three points were
measured for each sample to verify the repro-
ducibility of the results. The hardness test was
performed based on the Brinell method with a ball
(diameter of 10 mm), applying a load of 187.5 kg
and a settling time of 30 s.

3. Results and Discussion

For ease of understanding, each sample was
assigned a unique numeric and letter code that
indicated the raw material and corrosion condi-
tions. The four-digit number indicates the series
of aluminum alloys, and the letter indicates the test
conditions. In this regard, X, K, and Y represent cold
air, room temperature, and fresh air, respectively.
The samples after the corrosion test along with
their identification codes are shown in Figure 3.
It is clear that the images of the samples exposed
to fresh air have a darker surface than the other
samples. On the other hand, the images related
to samples that are in the vicinity of cold air have
a brighter surface, such as snow salt.
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Identification code K

6061

7075

Figure 3. Samples after performing corrosion tests under different conditions
Source: made by K. Reza Kashyzadeh, S. Ghorbani, A.S. Averyanov

In addition, Figure 4 illustrates the corroded
surfaces of different samples under an optical
microscope at 10 x magnification. These images
were obtained after cleaning (washing with dis-
tilled water, drying with a heater, and not being
in close proximity to air). Therefore, the corroded
parts can be recognized as dark holes with pro-
minent depths [19].

OM observations showed that aluminum 7075
suffered more corrosion damage under all tem-
perature conditions than the other two aluminum
series (6xxx and 2xxx) did. Moreover, among all
the samples, the sample made of the 6061 alloy
showed the least corrosion effects at room tem-
perature, which is consistent with the results pre-
sented in the laboratory study of Kharitonov et al.

Identification code

2024

6061

7075

[20] on the corrosion observations of the sixth
series aluminum alloy.

Next, to measure the statistical parameters
and compare the samples from the viewpoint of
corrosion resistance, microscopic observations were
performed at 100 x magnification. These images
(Figures 5-7) are shown in detail, including the cor-
roded areas with red lines and the largest corrosion
damage in yellow. Also, the blue number indicates
the largest size corresponding to the largest cor-
rosion damage, which was extracted in micrometers
using the software. In addition, the area of the
corroded zones was extracted using the software
and is reported in Tables 3—5. All corroded zones
are indicated by numbers. Moreover, the zero num-
ber represents the total area of the examined surface.

Figure 4. OM observations at 10 x magnification
Source: made by K. Reza Kashyzadeh, S. Ghorbani, A.S. Averyanov
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Figure 5. OM observations with 100 times magnification
for Al 2024 samples at different temperature conditions including:
a— in the vicinity of cold air; b — at room temperature; ¢ — in the vicinity of fresh air
S ource: made by K. Reza Kashyzadeh, S. Ghorbani, A.S. Averyanov

Table 3
Statistical characteristics (areain x10° },lm2 ) corresponding to Figure 5
Zone No. o 1 2 3 4 5 6 7
Part (a) 73913 81.4 180.5 190.8 386 - - -
Part (b) 74404 54 32 11 5 6 104 7
Part (c) 74695 108 47 333 113 248 265 -

S ource: made by K. Reza Kashyzadeh, S. Ghorbani, A.S. Averyanov
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Figure 6. OM observations with 100 times magnification
for Al 6061 samples at different temperature conditions including:
a— in the vicinity of cold air; b — at room temperature; ¢ — in the vicinity of fresh air
S ource: made by K. Reza Kashyzadeh, S. Ghorbani, A.S. Averyanov

Table 4
Statistical characteristics (areain x10° },Lm2 ) corresponding to Figure 6
Zone No. o 1 2 3 4 5 6 7 8 9
Part (a) 72766 234 106 121 119 114 102 - - -
Part (b) 74131 67 63 50 43 - - - - -
Part (c) 74237 86 104 306 71 106 145 232 52 54

S ource: made by K. Reza Kashyzadeh, S. Ghorbani, A.S. Averyanov
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Figure 7. OM observations with 100 times magnification
for Al 7075 samples at different temperature conditions including:
a— in the vicinity of cold air; b — at room temperature; ¢ — in the vicinity of fresh air
S ource: made by K. Reza Kashyzadeh, S. Ghorbani, A.S. Averyanov

Table 5
Statistical characteristics(areain ><103],Lm2 ) corresponding to Figure 7

Zone No. 0 1 2 3 4 5 6 7 8
Area 74208 20 24 33 17 15 27 10 17
Zone No. 9 10 11 12 13 14 15 16 17
Area 14 191 21 20 20 8 19 10 10
Part (a) Zone No. 18 19 20 21 22 23 24 25 26
Area 17 20 25 26 166 17 8 9 23
Zone No. 27 28 29 30 31 32 33 34 35
Area 23 23 54 151 10 116 36 91 20
Zone No. 36 37 38 39 40 a1 42 43 44
Area 16 22 24 22 90 103 18 - -
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Ending of the Table 5

Zone No. 0 1 2 3 4 5 6 7 8
Area 74419 232 41 157 42 32 28 55 30
Zone No. 9 10 11 12 13 14 15 16 17
Part (b)
Area 34 45 54 41 43 51 34 47 25
Zone No. 18 19 20 21 22 23 24 25 26
Area 24 43 47 51 44 - - - -
Zone No. 0 1 2 3 4 5 6 7 8
Area 74028 42 15 49 112 19 63 40 58
Zone No. 9 10 11 12 13 14 15 16 17
Part (c)
Area 77 26 52 33 27 45 29 39 47
Zone No. 18 19 20 21 22 23 24 25 26
Area 48 48 24 46 70 20 30 - -

S ource: made by K. Reza Kashyzadeh, S. Ghorbani, A.S. Averyanov

Table 6
Corrosion rate and hardness in different aluminum alloys corroded
under different environmental temperatures

Identification code Diax [m] R HB, HB, HB, HB,,.
2024 X 907.5 0.011307 13.2 12.1 12.8 12.7
2024 K 525.0 0.002953 11.3 10.6 10.3 10.7
2024Y 827.0 0.015224 11.7 13.0 12.2 12.3
6061 X 644.5 0.009767 16.2 15.6 14.6 15.5
6061 K 369.3 0.003008 13.3 13.2 13.1 13.2
6061Y 749.0 0.015612 12.5 11.0 11.8 11.7
7075X 5138.5 0.021644 21.7 23.5 20.3 21.8
7075 K 570.0 0.016127 19.2 18.2 20.2 19.1

7075Y 639.3 0.014305 21.2 21.5 21.8 21.5

S ource: made by K. Reza Kashyzadeh, S. Ghorbani, A.S. Averyanov

As is clear from the microscopic images, the
number of corrosion damages on the surface of
7075 aluminum samples is much higher than the
others, with the difference that the size of the pits
is smaller. The corrosion rate in each of the
samples, along with the hardness measurements
including three different points and their average,
are given in Table 6. In this table, D, and R

X
represent the maximum size of the maximum
corrosion damage on the surface and corrosion
ratio, respectively. Also, HB; is the Brinell hard-

ness at ith measurement, and the average value is
indicated by HB,,.
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Conclusion

In this study, the authors investigated the cor-
rosion rates of various series of aluminum alloys
in the vicinity of a corrosive solution with a pH
of 12 and different environmental temperatures in
the laboratory. The most important achievements
of this study are as follows:

— The largest corrosion damage occurred in
aluminum alloy 2024 and in the vicinity of cold air.

— The highest corrosion rate was observed for
aluminum alloy 7075 in the vicinity of cold air.

—Among all the studied aluminum alloys
(2024, 6061, and 7075), the highest hardness was
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observed when the corrosion test was performed in
the vicinity of cold air.

— The lowest corrosion rate was observed for
aluminum samples 2024 and 6061 when the cor-
rosive solution was at room temperature.

— Considering the different experimental con-
ditions, it can be concluded that aluminum 6061
has the highest corrosion resistance, and aluminum
7075 has the lowest corrosion resistance.
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