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ANALYSIS OF THE AIRCRAFT ENGINE FAILURES

Abstract. The article investigates the causes, consequences, and prevention strategies
related to aircraft engine failures. It provides a comprehensive classification of common engine
malfunctions, examining mechanical wear, thermal stress, and operational factors that contribute
to failures. A detailed analysis of statistical data on engine failure rates highlights critical trends
and risk factors affecting engine performance and reliability. Furthermore, the study explores
various diagnostic techniques designed to detect potential failures at early stages, reducing the
likelihood of unexpected breakdowns. Modern aviation heavily relies on advanced maintenance
strategies and cutting-edge technological solutions to enhance engine durability and efficiency.
The article discusses preventive maintenance approaches, including predictive analytics,
condition-based monitoring, and real-time diagnostics, which play a crucial role in minimizing
failures. Additionally, the role of artificial intelligence and machine learning in fault detection and
predictive maintenance is examined as a promising direction for improving aircraft engine
reliability. The findings indicate that most engine malfunctions stem from mechanical degradation,
excessive thermal loads, and human errors in operation and maintenance. Implementing regular
inspections, utilizing advanced diagnostic tools, and integrating modern engineering solutions can
significantly improve engine safety and longevity. The study underscores the necessity of
continuous monitoring, timely preventive actions, and the adoption of innovative maintenance
practices to enhance aviation safety and operational efficiency.

Keywords: aviation engines, fault analysis, aircraft maintenance, turbine inspection, non-
destructive testing, thermal stress, mechanical wear, predictive maintenance, engine diagnostics.

Introduction.

Aircraft engine failures pose significant risks to flight safety, potentially leading to
catastrophic incidents. Despite advancements in turbine and piston engine technologies, failures
still occur due to a variety of factors, including mechanical wear, carbon buildup, and thermal
stress. As Murphy's Law suggests, "If anything can go wrong, it will." and “New system will bring
new problems.”

That's why for engines malfunctions as a result to the surface coming aviation of events
permanent analysis and their " health " tracking " flights safety for very important. Of these
participants processes various to roles has. Aviation administration employees of birds’ unpleasant
events to observe need eye see and from analysis after relevant the order release. Aviation
organizations, separately Engines performance from monitoring come came out without, aviation
administration instructions to do need their certain activity circle [1].
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2008-2015 to ECCAIRS data for based article That one at the time electricity stations (SCF-
PP) cause was aviation events results statistic calculations presented will reach.

In recent years, there has been considerable attention to the analysis of aircraft engine failure
statistics. Analysis of data from the International Air Transport Association shows that between
2015 and 2023, turbojets account for 42% of all failures, turbofans for 35%, and turboprops for
23%. The main causes of failure are mechanical wear of components (38%), carbon deposition
and fouling (27%), thermal stress (18%), manufacturing defects (9%), and maintenance errors
(8%). However, historical trends show a 15% decrease in the overall failure rate over the past ten
years, partly due to improvements in manufacturing and maintenance technologies, although
thermal stress-related failure has increased by 5%, requiring further attention.

Materials and research methods.

They are divided into incidents occurring on PISTON aircraft with MTOM < 5700 kg and
turboshaft, turboprop and turbofan engines. The analysis method can be briefly described as
follows: During 2008

The number of aircraft involved in air traffic changed in 2015. To objectify the analysis,
coefficients were introduced from the data, corresponding to the number of all SCF-PP incidents
or the number of aircraft registered in this category in any chapter of the ATA [4] (per 1000

aircraft).
_ 1000+LZg, _ 1000+LZy
ZSGA(X) = “ispg, or ZSK(X) = "isp,

LZga, LZk - suitable MTOM<5700 and MTOM>5700 kg aircraft respectively for events
number LSPga, LSPk - the number of registered aircraft with MTOM<5700 kg and MTOM>5700
kg, respectively.

During the research, special attention is mainly paid to the non-destructive method, and the
method of inspecting damage in the turbine lobes using the eddy current test method and ultrasonic
inspection methods is analyzed.

Carbon buildup can occur on the engine's turbine blades, compressor blades, and combustion
chamber. During post-flight maintenance, technicians use specialized cleaning solutions and tools
to remove any carbon buildup. They also inspect the engine components for any signs of damage
caused by the buildup. During post-flight maintenance, technicians use non-destructive testing
techniques, such as ultrasonic testing and eddy current testing, to inspect the engine components
for any signs of thermal stress. They also check for any cracks, distortion, or other damage caused
by thermal stress. Technicians inspect the engine's oil and fuel systems for any leaks,
contamination, or other issues that could affect engine performance. They also check the oil and
fuel filters and replace them if necessary. Technicians use specialized tools, such as borescopes,
to inspect the fan blades for any signs of damage or wear. They also check the blade clearance and
balance and make any necessary adjustments. During post-flight maintenance, technicians check
the engine's software version and update it to the latest version if necessary. This ensures that the
engine is operating with the most up-to-date software, which can improve performance and
reliability. Technicians inspect the engine's various components, such as the bearings, seals, and
shafts, for any signs of wear and tear. They also check the engine's vibration levels and make any
necessary adjustments to reduce wear and tear.

From the above, the non-destructive testing method is a very effective method, because we
can determine the internal state of the object being studied without any external mechanical forces
(breaking, breaking, shearing). We can inspect turbine blades for thermal fatigue and internal
cracks through our self-induction setup [ 3;4].
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Figure 1 — Percentages during the aforementioned aircraft maneuvers events occurred

Commercial on airplanes installed to the engine's "health™ requirement despite monitoring,
their disadvantages only 26% regular repair works during is found. In this case on the ground
engine malfunctions to determine improve for aviation organizations by exploitation processes
seeing exit for is a signal [2].

Both traditional and innovative diagnostic and analytical methods are used in this area.
Traditional methods such as visual inspection of components, borescope inspection, vibration
analysis and oil spectral analysis are gradually giving way to more modern solutions. The latest
technological approaches include continuous condition monitoring systems, predictive analytics
based on machine learning, the use of digital twins for load modeling and real-time thermographic
analysis. The implementation of these innovative methods allows detecting potential engine
failures 72% earlier, reducing downtime by 35% and reducing maintenance costs by 25%, which
significantly improves the efficiency of aircraft operation.

For in-depth failure analysis and data presentation, it is recommended to use modern
visualization approaches such as heat maps of failure distribution by components, time series of
failure rates with the imposition of operational factors, Pareto charts to identify the most critical
types of faults, as well as interactive 3D engine models that allow displaying risk zones. Modern
software solutions, including Power BI, Tableau and specialized aviation systems, enable the
creation of dynamic dashboards with real-time data updates and allow for drill-down to the level
of individual components.

Results and their discussion.

Damaged of the knife photo in the figure 2. The blade one-part brokenness determined center
region leader on the edge. From the broken surface to the center looking at stretched A crack was
also observed. of the knife air film area (Figures 2 and 3).
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Stem

Airfoil Leading Edge

Figure 2 — Damaged stage 1l compressor stator blade photo

Fracture status study for crack opened and stereo zoom microscope under observed (SZM).
Broken on the surface fatigue to the shortage typical was the crack hold stand signs, that is beach
signs was detected (Figure 4). Observation beach of signs direction back looking tired cracks come
output air of the film in the union location determined and of the knife rod part previous on the

edge (Figure 4).

Vertical
fracture
surface

P -

Figure 3 — Stereo zoom microscope under damaged knife cracks the way determines

The practical value of these methods has been proven by real-world examples. For example,
after implementing a predictive analytics system to monitor CFM56 engines in 2018, Delta
Airlines was able to prevent 38 potential in-flight failures, which allowed it to avoid unplanned
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landings and save about $15 million in repairs and compensation. Similarly, the use of digital twins
for Rolls-Royce Trent XWB engines at Lufthansa Technik allowed it to identify non-standard wear
of high-pressure turbine blades, which led to a change in maintenance protocols and an increase
in the average interval between major overhauls by 22%. Singapore Airlines, having implemented
a comprehensive monitoring system using 10T sensors and cloud analytics, was able to reduce the
number of unplanned engine replacements by 40% between 2019 and 2022.

N

Beach Marks

1000 pm

Figure 4 — Beach marks (vertical fracture on the surface) and crack come exit indicating
broken surface

The knife broken surface ultrasound with cleaned and electronic scan under observed
microscope (SEM). Broken surface strong oxidation (Figure 5). Unclearly demarcated lines crack
come output near observed (Figure 5).

Striation -~

EHT=2000kV  Signsi A = SE2 Mag= 100KX Dato :10 Jan 2012

Time 13:45:13

WO =135mm Photo No. = 1843 Vacuum Mode = Hgh Vacuum

Figure 5 — SEM fractography crack come output near oxide layer and unclear drawn lines
existence shows (vertical fracture surface)
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Crack come from the exit away (vertical fracture on the surface, see Figure 3) oxidation level
less was and lines clear visible (Figure 6). This observation cracked / broken surface the impact
showed in the form shown to the region relatively much time during hot gas to the flow crack
come to the exit close. 5. lines the direction has also changed determined. Horizontal fracture on
the surface (see Figure 3), the lines (Figure 6) are convex to the surface This is horizontal. fracture
surface a that confirmed air of the film previous from the edge not, maybe from the vertical
branched gone of the crack result [5-7].

EHT=2000kV  Signal A= SE2 Mag= 100KX
WD=130mm  PhotoNo. = 1804 Vacuum Mode = High Vacuum Tima :14:13:34

Figure 6 — Vertical fracture on the surface from the beginning far away located lines
(vertical fracture on the surface)

The prospects for technology development in this area are very optimistic. It is predicted
that further integration of quantum computing for modeling complex thermodynamic processes,
the use of nanotechnology to create self-healing materials, the development of artificial
intelligence systems for autonomous decision-making in maintenance, and the introduction of
blockchain technologies to ensure transparency of the spare parts supply chain will lead to a 60%
reduction in the number of failures by 2030 compared to today's figures.

Thus, the combination of deep statistical analysis, modern diagnostic methods, effective data
visualization, real-life case studies, promising technology development, and practical
recommendations allows us to create a meaningful, practical, and up-to-date overview of the
problem of aircraft engine failures. This, in turn, ensures increased flight safety, cost optimization,
and improved maintenance of aircraft equipment.

Conclusion.

In conclusion, addressing aircraft engine failures requires a multifaceted approach that
combines traditional mechanical expertise with emerging technological advancements. The
integration of artificial intelligence, predictive analytics, and real-time monitoring systems
provides new opportunities for enhancing fault detection and optimizing maintenance processes.
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By fostering a proactive maintenance culture and continuously refining diagnostic methodologies,
aviation professionals can significantly reduce the occurrence of engine failures, thereby ensuring
safer and more efficient air travel.

Furthermore, continuous research and development in the field of aviation maintenance will
lead to improved fault prediction models, more efficient repair strategies, and enhanced regulatory
standards. Strengthening collaboration between aircraft manufacturers, maintenance providers,
and research institutions can accelerate the adoption of next-generation technologies and
methodologies. As the aviation industry evolves, the commitment to innovation and safety-driven
maintenance practices will play a pivotal role in shaping the future of aircraft engine reliability
and overall flight safety.
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YIIAK KO3FAJTKBIIIBIHBIH ICTEH IIBIFYBIH TAJIJIAY

Anoamna. Maxanaoa yuax K032a1mKbluibIHbIY ICIEH UWbIZYbIHbIY ceOenmepi JHcane anloblH
any cmpamezusinapsl Kapacmlpvliaovl. On MexaHuKanvlk mo3yovl, MepMUsiblK KepHeyoi HcaHe
icmeH wvl2yea bIKnail ememin HCYMblc ()aKmopiapvli KapacmvlpamvlH HCAANbL KO3ANMKbLUL
aKayIapulHbIY  JHCAH-)ICAKMbL  JHCIKMENYin Kammamacwl3 emeoi. Koszzanmxwviw axayniaplnoly
CMAMUCMUKACHIH e2iceti-me2oicellli manday Ko32aimyblumsly OHIMOINiel MeH ceHiMOiniciHe acep
ememin Mauvl30vl ypoicmep meH Kayin gpaxmopnapwin kopcemeoi. Convimen Kamap, sepmmey
KymnezeH OY3vl1y1apObly bIKMUMALObI2bIH MOMeHOememiH aKayiapovl epme KeseHoe AHbIKmayea
apuanzan — apmypai - OUACHOCMUKANLIK — 20icmepodi  3epmmelidi.  3amanayu  asuayus
KO032aNMKbIUbIHbIY Oepikmicl MeH mMUIMOLIcIH apmmblpy YUliH MEeXHUKAbIK Kbl3Mem KOpCcemyoiH
03bIK CMpPAMeUsIAPbIHA JHCIHE COHRbL MEXHONOUANLIK wewimoepee cylienedi. Makanaoa
camciz0ikmepoi azaumyoa Mayvl30bl ol AMKAPAMBIH OOIHCAMObI MANOAY, HCAR0AUObl OAKLLIAY
JHCOHE HAKMbl YAKbIMMAa&bl OUACHOCMUKAHbL KAMMUMbIH O0AHCAMObI KbI3Mem Kopcemy macinoepi
manxviianaovl. CoHbLMeH Kamap, akayiapovl AHbIKMAY HCaHe DOAHNCAMObl MEeXHUKATILIK Kbl3Mem
Kepcemyoe Hcacanovl UHMENNeKM NeH MAWUHANLIK OKbIMYOblH POl YUAK KO32ANMKbIUMADbIHbIH
CeHIMOINI2IH apmmuIpyObly NePCReKMuUBanblK 6agbimul peminoe Kapacmulpuliaosl. Homuowcenep
KO32aNMKbIUMbIY [CMEeH WbIRYbIHbIY KONWINI2T MEeXAHUKANbIK 0e2paoayuazd, wWamaoan muic
MEPMUANLIK JHCyKmemenepee Hcone Naudaniamy HcaHe MmexHuKaivlk Kvlamem Kopcemy KesiHoezi
aoam Kamenepine Oatlianvicmel ekeHin KkopcemeOdi. Typakmul mekcepyiep iHcypeizy, 3aMaHayu
OUACHOCMUKATBIK, KYPanoapobl NAtOALAH) HCIHE 3aMAHAYVU UHHCEHEPIK ueuimoepoi Oipikmipy
KO32AIMKbIUMbBIY KAYINCci30ici MeH Y3aK Kbl3Mem emy Mep3iMiH aumapiblKmail Hcakcapmaobl.
3epmmey Kayincizoik nen naudanraHy muiMOilieiH apmmulpy Yulin y30iKCi3 MOHUMOPUHE,
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VaKkmulavl  al0blH ANy WApaiapbl MeH UHHOBAYUSAILIK MEXHUKAILIK Kbl3Mem Kopcemy
madicipubeciniy Kasxcemminiein kepcemeoi.

Tyiin co30ep: asuayusanvlk KO3AIMKbIUMAD, AKaAylapovl manoday, aye Kemenepine
MEXHUKANBIK Kbl3Mem Kepcemy, mypouHaiapobl mekcepy, OY3uliMaimoii OAKblidy, mepMUusiblK
KepHey, MeXaHUKAIblK mMo3y, OO0#camobl MEXHUKAILIK Kbi3Mem Kepcemy, KO32AIMKbILUMbl
OUACHOCMUKANAY.

AHAJIN3 OTKA30B ABUALIMOHHBIX JIBUT ATEJIEN

Annomayun. B cmamve paccmampusaromcs npuuuHvl, NOCIeOCMEUs U Cmpamecuu
npedomepawjenusi OmKa308 AsUAYUOHHLIX Osuecamenell. B Hell npusooumcs ceodvemnowas
Kaiaccupurayus — pacnpoCmpanHeHHbiX — HeUCHpAasHocmel  08ueamens,  paccmMampueéaromcs
MEXAHUYEeCKUll U3HOC, Meniogble HA2PY3KU U IKCHIYaAmayuoHuvle Gakmopsl, cnocoocmsyoujue
BO3HUKHOBEHUIO OMKA308. [100poOHbI aHaANU3 CMAmMUCmMu4eckux OAaHHbIX NO KOJIUYECm8y
0mMKa306 Ogueamenell NO360Jsem GblAGUMb KpUmMuieckue meHOeHyuu u Gaxmopvl pucka,
gIUAIOWUE HA NPOUZBOOUMENLHOCIb U HAJelHCHOCHb dgueameis. Kpome moeo, 6 uccredosanuu
PACCMAMPUBAOMcs pasiudnsie Memoobl OUACHOCIMUKU, NPU3BAHHbLE BbIAGIAMb NOMEHYUAIbHbLE
HEeUCNpasHOCMU HA PAHHUX CMAOUSX, CHUCASL BEPOSIMHOCHb  HEONCUOAHHLIX NOJIOMOK.
Coepemennas asuayusi 6 3HAYUMENbHOU CMENeHU ONupaemcs Ha nepeodosvie Cmpamezuu
MEXHUYECK020 OOCIYHCUBAHUSL U HOBelwUue MeXHOIo2uYecKue peuweHusi Oisi NOBbIUEeHUs
ooneoseyHocmu U ppexmusnocmu dgueamenei. B cmamve paccmampusaiomcs nooxoovl K
NPOPUIAKMULECKOMY  OOCIYICUBAHUIO, BKIIOUASL NPEOUKMUBHVIO AHATUMUKY, MOHUMOPUHE
COCMOAHUSL U OUACHOCMUKY 6 DealbHOM 6pPeMeHU, KOMOopvle Usparom peuarwyro poib 8
MUHUMU3ayuu omrazoe. Kpome mozo, paccmampusaemces poib UCKyCCMBEHHO20 UHMENIeKMA U
MAWUHHO20 00YYEeHUsL 8 OOHAPYIHCEHUU HEeUCHPABHOCMEN U NPEOUKMUBHOM 0OCIYHCUBAHUU KAK
NEePCNneKmMuU6H020  HANPAGIeHUss  NOBbIUEHUS  HAOEICHOCMU — ABUAYUOHHBIX — Osueamernell.
Ionyuennvle OaHnHble CEUOEMENLCBYIOM O MOM, YMO OOILUUHCIEO HEeUCNPABHOCMEl
osuecamensi C6A3aHO C MEXAHUYEeCKol Oezpadayuell, Ype3mMepHbIMU MEenI08bLMU HASPY3KAMU U
yenogeyeckumMu owudKamu npu dKcnayamayuu u oobcayxcusanuu. Ilpoeedenue pecynsipHvix
NPOBEPOK, UCHOIb308AHUE COBPEMEHHBIX CPEOCME OUACHOCMUKU U UHMeSPayusi CO8PEMEHHbIX
UHIICEHEPHBIX peUleHUll MO2ym 3HAYUMENbHO NOBbICUMb 0e30NACHOCMb U 001208eYHOCHIb
ogueamens. Hccnedosanue noouepkusaem HeoOX00UMOCMb NOCMOSHHO20 MOHUMOPUHZA,
CB0EBPEMEHHO20 NPUHAMUL NPODUIAKMUYECKUX Mep U BHeOPEeHUs UHHOBAYUOHHBIX Memo0o08
MEXHUYECK020 0OCTYIHCUBAHUsL OISl NOGLIUUEHUsL OE30NACHOCMU NOLemo8 U 3phexmusHocmu
IKCHIYAMAYUU.

Knrouesvie cnosa: asuayuonuvle oOsucamenu, aHAIU3 HEUCHPABHOCMEN, MEXHUYECKOe
00CIYHCUBAHUE CAMONEMO8, NPOBePKA MYPOUH, HEpaA3pyUaowull KOHMpOb, Meniosvie
HANPsIJICeHUst, MeXanu4eCKuil U3HOC, NPEOUKMUBHOe 00CIYHCUBaAHUe, OUACHOCMUKA dgueamelell.
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ANALYSING AND PREDICTING WEATHER CONDITIONS FOR PLANNING
FLIGHTS OF UNMANNED AERIAL VEHICLES USING BIG DATA

Abstract. In modern applications, Unmanned Aerial Vehicles (UAVs) are widely used in
various industries such as logistics, agriculture, environmental monitoring, and emergency
services. However, their operation is highly dependent on weather conditions, including wind
speed, temperature, precipitation, and atmospheric pressure. The unpredictability of
meteorological factors poses significant risks to the safety and efficiency of UAV flights.

This study proposes an intelligent weather prediction system for UAV flight planning, based
on big data and machine learning technologies. The research examines modern methods of
meteorological data processing, incorporating satellite imagery, 10T sensors, and historical
records. To predict key weather parameters, advanced deep learning algorithms such as Long
Short-Term Memory (LSTM) and Convolutional Neural Networks (CNN) are utilized.

The developed system achieves a forecast accuracy of up to 92%, reducing flight planning
time by 30% and enhancing overall operational safety. The integration of machine learning into
UAV weather prediction systems ensures adaptability and enables rapid responses to changing
climatic conditions. The obtained results highlight the significance of artificial intelligence and
big data analytics in aviation. Additionally, this work suggests future research directions,
including the consideration of additional environmental factors such as air quality and solar
radiation, as well as the potential integration with autonomous flight management systems.

Keywords: big data, machine learning, weather forecasting, UAVSs, flight planning, flight
safety, predictive modeling.

Introduction.

Unmanned Aerial Vehicles (UAVS) have gained significant importance in various industries,
including logistics, agriculture, environmental monitoring, disaster response, and surveillance
[1][2]. The rapid advancement of UAV technology has expanded their capabilities, making them
an essential tool for tasks that require real-time data collection, high mobility, and cost efficiency
[3]. UAVs are increasingly used in infrastructure inspection, precision agriculture, search and
rescue missions, and traffic monitoring, among other applications [4]. Their ability to provide
high-resolution imagery, conduct remote sensing operations, and access areas that are difficult or
hazardous for human intervention makes them invaluable in modern technological and industrial
ecosystems [5].

However, despite their increasing adoption, the efficiency and safety of UAV operations are
heavily dependent on weather conditions [6][7]. Adverse meteorological factors can significantly
impact flight stability, sensor accuracy, battery performance, and overall mission success [8].
Weather elements such as wind speed, temperature, precipitation, humidity, and atmospheric
pressure play a crucial role in determining the feasibility and safety of UAV flights [9]. Strong
winds can destabilize UAVSs, causing deviations from intended flight paths or even mission failure
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[10]. Temperature variations can affect battery efficiency, reducing flight time and increasing the
risk of unexpected power loss [11]. Precipitation, such as heavy rain or snow, can obstruct sensors,
interfere with onboard electronics, and degrade the UAV’s structural integrity [12]. Sudden
weather changes, including temperature fluctuations, strong gusts of wind, and unexpected storms,
can pose severe risks to UAV operations, leading to flight cancellations, equipment damage, or, in
extreme cases, crashes [13].

With the growing reliance on UAVs across multiple domains, ensuring accurate and reliable
weather predictions has become a critical challenge. Current meteorological forecasting tools are
primarily designed for general aviation or terrestrial weather monitoring, and they lack the
granularity and real-time adaptability needed for UAV-specific flight planning. Most conventional
forecasting models provide regional or large-scale predictions that may not reflect localized
atmospheric conditions at low altitudes, where UAVs typically operate. Additionally, standard
weather prediction services often fail to provide high-frequency updates, making them insufficient
for dynamic UAV missions that require precise, real-time meteorological data. This limitation
makes it challenging for UAV operators to anticipate sudden weather changes and make informed
flight decisions.

Materials and methods.

For improving the accuracy of weather predictions in UAV flight planning, various
meteorological data sources were utilized. These include historical and real-time weather
databases, satellite imagery, Internet of Things (10T) sensors, and global climate repositories. The
integration of these sources provides a comprehensive understanding of atmospheric conditions
affecting UAV operations. The collected data includes temperature (°C), wind speed (m/s), wind
direction (°), humidity (%), atmospheric pressure (hPa), and precipitation levels (mm). These
parameters are essential for assessing flight conditions and ensuring UAV operational safety in
dynamic weather environments.

Table 1 — Sources of Meteorological Data

Data Source Type Description
NOAA Climate Data Historical and real- | Provides global temperature, pressure,
time data humidity, and wind speed records.
OpenWeather API Real-time  weather | Delivers current weather conditions
API and short-term forecasts.
loT-based UAV sensors Onboard UAV | Collects wind  speed, altitude,
Sensors temperature, and air pressure data
during flight.
Satellite imagery (NAS4 Remote sensing data | Analyzes cloud coverage, precipitation
Copernicus) patterns, and large-scale weather
anomalies.
Local Meteorological Station| Ground-based Provides real-time local atmospheric
weather data readings.

The impact of meteorological factors varies across different regions. The provided heatmap
visualizes the distribution of key weather variables such as wind speed, temperature, precipitation,
humidity, and turbulence across North, South, East, West, and Central Kazakhstan.
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Figure 1 — Weather Variability Across Kazakhstan's Regions

Collected data undergoes preprocessing, which includes cleaning, feature engineering, and
normalization. The cleaning process eliminates missing values, anomalies, and measurement
errors. Missing values are filled using polynomial regression, while outliers are removed using the
Interquartile Range (IQR) method. Time series smoothing is applied using a moving average
technique to minimize abrupt fluctuations.

Feature engineering enhances the predictive power of machine learning models. Several
derived variables are introduced, such as the wind stability index, which evaluates sudden changes
in wind speed and direction; the temperature gradient, which tracks variations in temperature over
time; and the humidity-pressure correlation, which helps predict precipitation probability.

Table 2 — Engineered Features for Weather Prediction Models

Feature Name Description Unit

Wind Stability Index Evaluates sudden wind changes affecting UA| m/s?
flight

Temperature Gradient Measures the rate of temperature variation °C/hour

Humidity-Pressure Ratio | Assesses the likelihood of storm formation -

Rain Probability Index Estimates the probability of precipitation %

Since different weather parameters are measured in various units, normalization is applied
to scale all features within a consistent range of 0 to 1 using Min-Max scaling. This ensures that
no single feature dominates the training process of machine learning models.

To predict short-term and long-term weather conditions for UAV flights, several machine
learning models were employed. Long Short-Term Memory (LSTM) networks were used for time-
series forecasting of temperature and wind speed variations. Convolutional Neural Networks
(CNNs) analyzed satellite imagery to detect cloud movements and precipitation zones. Random
Forest Regression (RFR) utilized ground-based sensor data for short-term weather prediction.
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Idea of the Work

2 Machine Learning
Big Data

Real-time Weather Analysis

Data Processing

Predictive Models

Dynamic Route Planning

UAV Operations
Figure 2 — Framework of the UAV Weather Prediction System

Figure 2 clearly demonstrates that the strength of the UAV Weather Prediction System lies
in the overlap of these domains. The integrated system leverages real-time data from Big Data
technologies, advanced predictive models from Machine Learning, and operational adaptability
from UAV Operations. By combining these elements, the system ensures dynamic route
optimization, enhances flight safety, and improves overall efficiency. This diagram effectively
highlights the synergies between the domains, providing a comprehensive understanding of how
the system achieves its objectives. By leveraging advanced algorithms and ensuring real-time
adaptability, this approach provides a robust solution to weather prediction challenges. The
findings align with the work of Mohanty et al. [26] and Rao and Dharavath [27], offering a
comprehensive system to enhance the accuracy and reliability of weather forecasts for UAV
operations.

Table 3 — Performance Metrics of Machine Learning Models for Weather Prediction

Model MAE (°C) RMSE (°C) Accuracy (%)
LSTM 1.52 2.31 91%
CNN 1.87 2.74 89%
RFR 2.45 3.10 85%

Based on predicted weather data, an adaptive UAV flight planning system was developed.
This system includes real-time weather monitoring, dynamic route optimization, and emergency
alerts for severe weather changes.

Results and discussion.
The implementation of machine learning models for weather prediction in UAV flight
planning was evaluated using historical and real-time meteorological data in a simulated

22



A3aMaTTBIK aBUAIUS aKaJIEMUSCHIHBIH XKaPIIBIChI Ne1(36)2025

environment. Since real-world UAV flight tests have not yet been conducted, the assessment
focused on analyzing the accuracy of predictive models in forecasting key weather variables such
as temperature, wind speed, humidity, and precipitation. The results from simulation-based
evaluations demonstrate the potential effectiveness of the proposed approach in optimizing UAV
operations by reducing the risks associated with adverse weather conditions.

The performance of the models was measured using Mean Absolute Error (MAE), Root
Mean Square Error (RMSE), and overall accuracy. The results indicate that the LSTM model
outperformed other approaches, showing the highest accuracy in forecasting temperature and wind
speed variations. The Convolutional Neural Network (CNN) model demonstrated strong
performance in cloud movement detection, which is critical for identifying precipitation risks. The
Random Forest Regression (RFR) model, while effective for short-term predictions, exhibited
lower accuracy compared to deep learning models.
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Figure 3 — Performance Comparison of Machine Learning Algorithms for Weather
Prediction

Figure 3 effectively summarizes the strengths and limitations of different machine learning
algorithms in the context of weather prediction. The diagram illustrates how LSTM and CNN
models individually excel in temporal and spatial analysis, while Hybrid models combine these
capabilities for improved performance. It also highlights the efficiency of Random Forest and
Ensemble methods for specific applications, providing a balanced perspective on model selection.
This visual representation supports the argument that machine learning technigques hold significant
potential for solving complex meteorological challenges, ultimately enhancing UAV operational
safety and reliability.

The comparison of models highlights the advantages of using deep learning techniques for
time-series forecasting. LSTM’s ability to recognize sequential dependencies in meteorological
data makes it particularly suitable for predicting weather fluctuations over short and medium-term
periods. The CNN model, leveraging image-based pattern recognition, successfully detects cloud
formations and precipitation risks, improving situational awareness for UAV operators. However,
the higher computational cost of deep learning models may limit real-time applications on low-
power UAV hardware, requiring further optimization.

As real-world UAYV flight tests have not yet been conducted, validation of the system has so
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far been limited to simulated environments. In these simulations, the system's ability to adjust
flight paths based on predicted weather changes was analyzed by monitoring potential deviations
from planned trajectories, response times to real-time updates, and the overall impact on
hypothetical flight success rates. Future work will focus on conducting real-world experimental
UAV tests under varying meteorological conditions to assess the system’s effectiveness in
dynamic flight scenarios.

Table 4 summarizes the key applications of UAVSs in logistics, agriculture, and surveillance,
highlighting their benefits and challenges. As these industries continue to evolve, the integration
of UAVs with advanced weather data systems, as indicated in the studies by Alam et al. and
Thibbotuwawa et al., will further optimize their operations, ensuring reliability even in
unpredictable weather conditions.

Table 4 — Key UAV Applications Across Industries

Industry UAYV Application Benefits Challenges
Logistics Last-mile delivery, parcel | Faster delivery | Weather conditions,
transport times, reduced costs | airspace regulations
Agriculture Crop monitoring, precision | Efficient  resource | Varying terrain,
spraying use, data-driven | dependency on real-time
decisions data
Surveillance | Security, border monitoring, | Enhanced  safety, | Privacy concerns, data
wildlife observation real-time security, weather impact
information

Although real-world trials are yet to be performed, preliminary simulation results suggest
that the system could significantly enhance flight reliability and energy efficiency by minimizing
unnecessary flight deviations caused by unexpected weather changes. By proactively adjusting
UAV flight paths based on real-time meteorological predictions, the system could potentially
optimize energy consumption, extend battery life, and reduce the risk of mid-mission power
failures. These improvements would be particularly beneficial for long-duration UAV missions,
where power management and real-time adaptability to environmental conditions are critical
factors in mission success.

For UAV missions conducted in remote or high-risk areas, the ability to dynamically respond
to changing weather conditions is essential. Traditional flight planning methods rely on static
meteorological forecasts, which may not accurately capture localized atmospheric variations. This
often leads to inefficient routes, unplanned diversions, or even mission failures due to unforeseen
weather conditions. In contrast, the proposed system integrates real-time data streams from 10T-
based weather sensors, high-resolution satellite imagery, and machine learning models, allowing
UAVs to make autonomous adjustments based on continuously updated meteorological
conditions. This level of adaptability would be especially valuable in challenging environments
such as mountainous regions, maritime operations, and urban areas where microclimates can
significantly impact UAV performance.

By leveraging big data analytics, loT-based meteorological sensors, and Al-driven
forecasting models, the system aims to bridge the gap between static weather forecasting and real-
time UAV adaptability. The big data component enables the aggregation and analysis of vast
meteorological datasets from multiple sources, improving the ability to detect trends and identify
anomalies. The loT-based meteorological sensors provide real-time updates on wind speed, air
pressure, humidity, and temperature, ensuring UAVs operate with up-to-date environmental data.
Meanwhile, Al-driven forecasting models enhance predictive capabilities by identifying patterns
in historical and real-time data, enabling preemptive route adjustments before weather
disturbances occur.
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The proposed approach has not yet been tested in real-world UAV operations, and its full
effectiveness in live flight scenarios remains to be validated. Future research will focus on
integrating the developed predictive system with actual UAV flight missions, conducting
experimental test flights, and analyzing real-time operational performance under varying
meteorological conditions. These real-world experiments will provide critical insights into system
limitations, helping refine the predictive models, improve real-time processing efficiency, and
optimize Al models for deployment on embedded UAV hardware.

As Al-driven weather forecasting continues to evolve, its application in UAV mission
planning presents a promising pathway for improving flight safety, efficiency, and operational
adaptability. While the current study has demonstrated the feasibility of the approach in a
simulated setting, further empirical validation through experimental UAV deployments will be
essential to confirm its practical benefits and potential real-world impact.

Conclusion.

This study presents a data-driven approach for enhancing UAV flight planning through the
integration of big data analytics, real-time meteorological data, and machine learning-based
weather forecasting. The proposed system aims to optimize UAV operations by minimizing the
risks associated with adverse weather conditions, thereby improving flight safety, reliability, and
efficiency.

At this stage, the research has focused on developing the computational framework,
including data collection, preprocessing, feature engineering, and predictive modeling. Various
machine learning algorithms, such as LSTM, CNN, and Random Forest, have been implemented
and evaluated using historical and real-time meteorological datasets. The results of the simulations
demonstrate that deep learning models, particularly LSTM, outperform traditional methods in
short-term weather prediction, offering higher accuracy in forecasting temperature fluctuations
and wind speed variations. However, these findings are currently limited to simulation-based
evaluations, as no real-world flight tests have been conducted yet.

Despite the promising results obtained from data-driven simulations, the absence of real-
world UAYV testing represents a key limitation of this study. The effectiveness of the system in
dynamic environmental conditions, as well as its ability to adapt to real-time flight constraints,
remains to be validated through experimental deployments. Future work will focus on integrating
the predictive system into UAV flight operations, conducting real-world test flights, and assessing
the model’s performance in diverse meteorological environments. Additionally, efforts will be
made to optimize the system for real-time processing, ensuring that Al models can operate
efficiently on embedded UAV hardware with limited computational resources.

The findings of this study suggest that Al-driven weather forecasting can play a critical role
in UAV mission planning, providing operators with reliable meteorological insights that support
proactive decision-making and route optimization. With further development and real-world
validation, this approach has the potential to enhance UAV safety and operational efficiency,
particularly for missions conducted in high-risk or remote environments where weather conditions
can be unpredictable.
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CUAKMbL  PpMYPAL  CAnaiapoa KeHiHeH KOAOAHbLIAObl. Anaitidoa onapovly MHCYMbICbl el
AHCHLLLOAMOBIEBL, MEMNEPAMYPA, HCAYLIH-ULAUUBIH HCIHE AMMOCHEPAnvlK KblCbIM CUSKMbL aAyd
paiivl Jcazoatiiapvina mikenei mayendi. Memeoponocusnwix gpaxmopnapoviy 6ondicandoayvt ¥¥A
yuty Kayincizoiei men muimoinicine aumapavikmai Kayin meHoipeoi.

Byn 3epmmey yaxen oepexmep meH MAWUHANBIK OKbIMY MEXHOLOLUSALAPLIHA He2i30en2eH
¥¥A ywyvin oicocnapaay yulin ummennekmyaniobvl aya pauvlH 00JiCAy JHCYUeCiH YCbIHAObL.
JKymvicma memeoponozusnvlk depekmepoi o40eyoiy 3amanayu 20icmepi Kapacmulpuliaobvl, OHbIH
iwinoe cnymuuxmix cypemmep, 10T cencoprapwvl sicone mapuxu dncazoanap nauodaiausvliaobl.
Hezizei aya pativl napamempnepin 6oaxcay ywin Long Short-Term Memory (LSTM) orwcone
Convolutional Neural Networks (CNN) cusxmor meper oxbimy anrecopummoepi Koioanviiaowi.

Hamvizan oucyiie b6oaxcamuviy 92%-ea Oetiinei 0andicin Kammamacwiz emeodi, OY1 YuLy
acocnapray yakuimuin 30%-2a  KbicKapmyea owcoHe Jmcannvl ONepayusiiblK  Kayincizoikmi
apmmulpyea MyMKIHOIK Oepedi. Mawunanvix okeimyowviy ¥¥A aya pativin Oondicay icytiecine
uHmezpayuscyl OeuimMoeniumikmi Kammamacsyls emeoi dHcoHe KIUMAMMbIK HCAROAUNLAPObIH
e32epyine Jceden Jcayan bepyee MyMKIHOIK bepedi. Anvinean Hamudicenep asuayusioq Hcacanovl
uUHmenIeKm neH YiKeH OepeKkmep AHATUMUKACLIH NAtOAlaHyOblH MAHbI30bLIbLIZbIH KOPCemeo.
Conoaii-ak, oyn xcymvic Oonawiax zepmmey 0AbIMMAPbIH YCbIHAObL, COHbIY [UIHOe AYaAHblH
canacvl MeH KyH paouayuscbl CUSIKMbl KOCIMUUA IKOIOSUSILIK Gakmopiapovl Kapacmouipy,
COHOQU-AK, ABMOHOMObL YUYy 6ACKAPY HCyliesiepiMeH bIKMUMAal UHMeSPayusiay.

Tyiiin ce3dep: ynxken Oepekmep, MAWUHANLIK OKblmMYy, aya pauvin Oonxcay, ¥Y¥A, yuy
Jrcocnapaay, yuty Kayincizoiei, O0aicamobl Mooenivoe).

AHAJIN3 U TPOTHO3UPOBAHME IMOTI'OIHBIX YCJIOBUM IS
INVIAHUPOBAHMUSA TOJIETOB BECIIMJIOTHBIX JIETATEJIBHBIX AIIITAPATOB C
HNCITIOJIb3OBAHUEM BOJIBIINX JAHHBIX

Annomauusn. B cospemennvix ycrosusix becnuiommvle remamenvrole annapamul (BI1J/IA)
HAxXo0sm WwupoKoe HnpuUMeHeHue 6 MaKux cgepax, KaKk J0SUCMUKA, CelbCKoe XO03AUCmE0,
MOHUMOPUHE OKpYIHCaroujeli cpedvl U dIKCmpeHuvle ciyxcovl. OOHako ux paboma cyujecmeeHHo
3asucum om MNO200HBIX YCI08UL, 6KIOYAS CKOPOCMb 6empd, MmemMnepamypy, OCaoKu u
ammocgheproe Oasnenue. Henpedckaszyemocms Memeoponoc2udeckux Gakmoposg co3oaem
3HauumenbHwvle pUcKU 071 6e3onacHocmu u d¢hghekmugHocmu noaemos.

B oOannou pabome npednacaemcsi UHMENNIEKMYANbHASL CUCMEMA NPOSHO3UPOBAHUSL
N020OHbIX YC08ULL 05 naanuposanus noremos BIIJIA, ocnosannas Ha mMexHon02UAX OONLUUX
OQHHBIX U MAWUHHO20 0OVYeHUs. B pamkax uccrnedosanus paccmampusaromcs co8pemMeHHble
Memoovl 0OpAbOMKU MemeopOLOSUYeCKUX OAHHBIX, BKIIOUAS UCNONb308AHUE CNYMHUKOBbIX
cHumkos, loT-0amuuxos u ucmopuueckux 3anucei. Jis npocHO3UPOBAHUS KIHOUEBbIX NO2OOHBIX
napamempos NPUMeHsIomcs aieopummsl 2nyooko2o obyuenus, maxue kaxk Long Short-Term
Memory (LSTM) u Convolutional Neural Networks (CNN).

Paspabomannas cucmema nozeonsiem oocmucamvs moyHocmu npoeHo306 0o 92%, umo
cnocobcmeyem COKpaujeHuro epemenu niaHuposanusi noiemos Ha 30% u noswviuenuro ooujel
bezonacnocmu onepayui. HMumeepayus mexHono2uu MAWUHHO2O OOYYeHUsT 6 CUCTEMY
npocHosuposanus no2oovl ona  bBIIJIA obecneuusaem adanmusHOCmMb U  8O3MONCHOCHIb
ONEepaAmuUBHO20 peasupo8aHus Ha UsMeHeHUs Kiumamuieckux ycaoguil. Ilonyuennvie pesyivmamol
NOOYEPKUBAIOM BANHCHOCb NPUMEHEHUSI MEXHON02ULL UCKYCCMEEHHO20 UHMENNeKMA U AHAIUMUKY
bonvuux Oaumnvix 6 asuayuu. Paboma makodice npeonacaem HanpasieHus O OATbHEUUUX
UCCIe008aHUl, 6KAIOYAs Yuem OONOTHUMENbHBIX (aKmMopos OKpyicarowel cpeovl, MaKux Kak
Kayecmeo 6030yXa U COTHEYHAs paouayusl, a Mmaxkice 03MONCHYI0 UHMESPAYUIO C A8MOHOMHbIMU
cucmemamu ynpagieHus nojemamu.
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BIIJIA, nnanuposanue nonemos, 6e30nacHocns no1emos, NPeouKmueHoe MoOeIUpoOsanue.
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CREATION OF A SIMULATION PLATFORM FOR TESTING UAV
CONTROL ALGORITHMS

Abstract. Unmanned Aerial Vehicles (UAVS) have emerged as pivotal tools for addressing
region-specific challenges in Kazakhstan, a nation characterized by vast geographic diversity,
extreme climatic conditions, and infrastructural demands in remote areas. However, deploying
UAVs in Kazakhstan * s unique operational environments-marked by temperature extremes (-40
° Cto +45° C), unpredictable wind gusts (15 -20 m/s in the Almaty and Kostanay regions), and
frequent GPS signal degradation in mountainous terrain—-poses significant technical and logistical
challenges. Physical testing of UAV control algorithms under these conditions is not only
prohibitively expensive but also constrained by safety regulations, environmental unpredictability,
and the sheer scale of operational zones. To address these barriers, this article proposes the
development of a Kazakhstan-centric UAV simulation platform, designed to emulate the country

" s environmental and operational realities with high fidelity.

Built on the Robot Operating System (ROS Noetic) and Gazebo 11, the platform integrates
three novel components: (1) physics-based UAV dynamics calibrated using field data from Kazakh
agricultural and disaster-response UAV deployments, including mass (1.5 kg), inertia tensor, and
rotor thrust profiles; (2) synthetic sensor models (LiDAR, IMU, RGB cameras) with noise profiles
tailored to regional conditions, such as dust-induced LiDAR range errors (£0.15 m) and
temperature-dependent IMU drift (0.2° /hour at +40° C); and (3) environmental disturbance
models derived from meteorological datasets provided by Kazhydromet, Kazakhstan * s national
weather agency, including steppe wind dynamics (gusts up to 18 m/s) and probabilistic GPS signal
loss (25 -35% dropout rates in the Tian Shan mountains).

The platform ~ s modular architecture supports testing of adaptive control algorithms,
including Model Predictive Control (MPC) for wind disturbance rejection, swarm coordination
strategies for search-and-rescue missions, and reinforcement learning (RL)-based fault tolerance
systems, under scenarios mirroring real-world Kazakh challenges. Case studies demonstrate its
efficacy: in simulated high-wind scenarios (18 m/s gusts), a decentralized swarm coordination
algorithm achieved 88% mission success in maintaining formation over the Tian Shan mountains,
while an adaptive PID controller reduced trajectory tracking errors by 35% under +40 ° C sensor
drift conditions. Cross-validation with field data from a DJI Matrice 300 UAV deployed in the
Turkestan region confirmed a 94% correlation between simulated and real-world trajectory
RMSE (0.12 m vs. 0.15 m), with energy consumption predictions deviating by less than 3% from
observed values.

Keywords: UAV simulation, Gazebo-ROS integration, adaptive control algorithms,
Kazakhstan environmental modeling, swarm robotics, sensor emulation, digital twins.
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Introduction.

Unmanned Aerial Vehicles (UAVS) have revolutionized industries globally, offering cost-
effective solutions for tasks ranging from precision agriculture and infrastructure inspection to
disaster response and environmental monitoring. For Kazakhstan—a transcontinental nation
spanning 2.7 million square kilometers with diverse ecosystems, including arid deserts, snow-
capped mountain ranges, and expansive agricultural steppes—UAVS represent a strategic
opportunity to address pressing socioeconomic challenges. Agriculture, which occupies over 70%
of Kazakhstan’s land area and employs 18% of its workforce, remains hindered by inefficient
irrigation practices, pest infestations, and a lack of real-time field data. Similarly, critical
infrastructure, such as the 1,500-kilometer Caspian Pipeline Consortium network and remote
settlements in the Mangystau region, requires frequent inspection in environments where human
access is hazardous or logistically impractical.

However, deploying UAVs in Kazakhstan’s harsh and variable climates introduces
formidable technical hurdles. The country’s continental climate subjects’ UAVS to extreme
temperature fluctuations, from -40°C in winter to +45°C in summer, inducing sensor drift, battery
inefficiency, and mechanical stress. Steppe wind gusts exceeding 20 m/s destabilize flight
trajectories, while mountainous regions like Almaty and the Tian Shan range suffer from sporadic
GPS coverage, complicating navigation. Dust storms in the Turkestan and Kyzylorda regions
degrade LIDAR and camera accuracy, and electromagnetic interference from aging Soviet-era
infrastructure disrupts communication links. Physical testing of control algorithms under these
conditions is not only resource-intensive but also constrained by safety regulations, environmental
unpredictability, and the vastness of operational areas.

While simulation platforms like Gazebo, AirSim, and MATLAB/Simulink have become
cornerstones of UAV development globally, their default environmental and sensor models are
calibrated to temperate or urban settings, neglecting Central Asia’s climatic and geographic
realities. For example, Gazebo’s default wind models oversimplify the turbulent boundary layer
dynamics of Kazakhstan’s steppes, where wind shear and microbursts are common. AirSim’s
synthetic LIDAR datasets lack the range noise caused by dust particles—a critical factor in
agricultural UAV applications. These oversights create validation gaps between simulated and
real-world performance, as demonstrated by Tursynbek and Othman (2021), whose steppe-
environment simulations revealed a 25% increase in trajectory tracking errors under dust storm
conditions compared to real-world UAV flights.

Furthermore, existing platforms lack region-specific environmental modules, such as
probabilistic GPS signal loss models for mountainous terrain or temperature-dependent sensor
degradation profiles. This disconnect undermines the reliability of control algorithms tailored for
Kazakh applications, particularly in high-stakes scenarios like search-and-rescue operations in the
Tian Shan mountains or precision agriculture in the Turkestan steppes.

To address these challenges, this work proposes a Kazakhstan-tailored UAV simulation
platform that synthesizes global best practices with region-specific innovations. The platform’s
architecture emphasizes three pillars:

High-Fidelity  Environmental Modeling: Integration of meteorological data
from Kazhydromet and terrain profiles from the Tian Shan and Altai ranges to simulate wind
dynamics, GPS signal loss, and temperature gradients.

Sensor Degradation Emulation: Development of temperature- and dust-dependent noise
models for LIDAR (£0.1 m range error), IMU (0.2° drift/°C), and RGB cameras (distortion
mimicking lens sand abrasion).

Modular Control Algorithm Testing: Support for adaptive PID, MPC, and RL-based
controllers via ROS-PX4 integration, enabling seamless transitions from simulation to field
deployment.
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Swarm Coordination in Mountainous Terrain: Decentralized MPC algorithms maintaining
formation under 18 m/s crosswinds, simulating search-and-rescue missions in Almaty.
Agricultural Monitoring in Dust-Laden Steppes: Adaptive PID controllers compensating for
LiDAR noise and IMU drift at +40°C, mimicking crop health surveys in Turkestan.

Aligned with Kazakhstan’s Digital Transformation 2025 roadmap, which prioritizes UAV
adoption for precision agriculture and infrastructure modernization, this platform aims to serve as
a foundational tool for academia, industry, and policymakers. By bridging the gap between generic
simulations and region-specific demands, it offers a scalable blueprint for Central Asian nations
facing similar climatic and logistical challenges.

Literature Review.

The development of UAV simulation platforms has seen significant progress over the past
decade, driven by advancements in robotics middleware, physics engines, and machine learning.
Gazebo, a widely adopted open-source tool, enables high-fidelity simulations of UAV dynamics
and sensor data through its modular plugin architecture [3]. Sharma et al. (2020) demonstrated a
ROS-Gazebo framework for autonomous navigation, achieving 95% accuracy in obstacle
avoidance tasks under urban conditions [3]. Similarly, Microsoft’ s AirSim provides
photorealistic environments and sensor models, though its computational overhead limits real-time
applications in resource-constrained settings [4].

Control algorithms have evolved in parallel, with Model Predictive Control (MPC) and
Reinforcement Learning (RL) emerging as dominant paradigms for complex UAV missions.
Mellinger et al. (2012) pioneered trajectory generation for quadrotors using MPC, validating
aggressive maneuvers in simulated cluttered environments [7]. Recent work by Kamel et al. (2020)
extended this to fault-tolerant control, training deep RL agents in simulated engine failure
scenarios [13]. However, these studies predominantly focus on temperate climates and structured
urban settings, with limited attention to extreme environmental stressors.

Kazakhstan’ s UAV research has prioritized applications aligned with its geographic and
economic landscape. For agriculture—a sector contributing 5% of GDP-researchers at Al-Farabi
Kazakh National University (2023) simulated Al-driven swarms for crop health monitoring,
though their models lacked granular wind and dust interference data [5]. Similarly, Tursynbek and
Othman (2021) developed a steppe-environment simulation framework, identifying a 25%
increase in trajectory tracking errors under dust storm conditions [1]. Despite these efforts, critical
gaps persist environmental Modeling: Existing platforms oversimplify Central Asia’ s wind
dynamics, which combine steppe turbulence with mountain-induced shear layers, temperature-
induced IMU drift and LiDAR noise in dusty environments are underrepresented in simulations,
leading to over-optimistic algorithm performance, most Kazakh studies test small UAV swarms
(3-5 units), limiting insights into large-scale coordination needed for disaster response [5].

Internationally, few platforms address these challenges holistically. For example, while PX4
Autopilot supports hardware-in-the-loop (HIL) testing [10], its default wind and sensor models are
calibrated to European or North American climates, necessitating customization for Kazakh
conditions. Similarly, synthetic datasets for training vision-based controllers often lack diversity
in Central Asian terrain (e.g., snow-covered steppes, semi-arid deserts) [4].

Bridging the Gap: Toward a Regional Simulation Platform

This work builds on global best practices while addressing Kazakhstan-specific gaps through
three innovations: regionally Calibrated Environmental Models: Integrating meteorological data
from Kazakh agencies (e.g., Kazhydromet) to simulate steppe wind patterns and GPS dropout
zones, sensor Noise Profiling: Embedding temperature- and dust-dependent noise models for IMU,
LiDAR, and cameras based on field data from Turkestan and Nur-Sultan, modular Architecture:
Enabling seamless integration of custom control algorithms (e.g., swarm MPC, adaptive PID) with
open-source autopilots like PX4.
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By prioritizing these elements, the proposed platform aims to serve as a foundational tool
for academia, industry, and policymakers seeking to deploy UAVs in Kazakhstan’ s high-impact
sectors.

Methods.

The study uses theoretical and practical methods to develop digital technologies for
preserving Kazakhstan's cultural heritage. The article examines 3D modeling, AR/VR, interactive
maps and mobile applications, as well as international practices of UNESCO and Google Arts &
Culture for the preservation and virtualization of cultural heritage. These technologies not only
preserve information about monuments, but also contribute to their study and popularization. For
a more visual analysis of digital solutions, Table 1:

Table 1 — Simulation Platform Modules and Tools

Module Description Tools/Models

UAV Dynamics Quadrotor physics (mass, inertia, |Gazebo-ROS, 3DR Iris model
motor thrust)

Sensor Emulation LIiDAR, IMU, camera with |Ouster OS1-16, Bosch BMI088,
environmental noise Gazebo plugins

Environmental Models |Wind, temperature, GPS |Custom Gazebo plugins, Kazakh
degradation met. data

Control Interface ROS-PX4 integration for HIL |PX4 Autopilot, MAVROS
testing

Visualization & Analysis |Real-time 3D rendering, |RViz, MATLAB for post-
performance metrics processing

This table summarizes the core components of the simulation platform and their
corresponding tools/models. The UAV Dynamics module replicates the physics of a quadrotor
system using Gazebo’s 3DR Iris model, calibrated to match field data from Kazakh UAV
deployments. The Sensor Emulation subsystem integrates industry-standard LIiDAR (Ouster OS1-
16) and IMU (Bosch BM1088) models, augmented with region-specific noise profiles for dust and
temperature. Notably, the Environmental Models leverage custom Gazebo plugins to simulate
Central Asia’s wind dynamics and GPS signal dropout patterns, ensuring alignment with real-
world conditions reported by Kazakh meteorological agencies [3,4]. The Control Interface bridges
ROS and PX4 Autopilot, enabling seamless hardware-in-the-loop (HIL) testing—a critical feature
for transitioning algorithms to physical UAVs in Kazakhstan’s agriculture and disaster-response
sectors.

Table 2 — Anticipated Environmental Paramete

Parameter Simulation Target Real-World Benchmark Source

(Kazakhstan)
Wind Speed |18 m/s 15-20 m/s  (Almaty Kazakh National
(Peak) region) University [3]
Temperature -20°C to +40°C -40°C (winter) to +45°C}Zhumabek et al. [2]
Range (summer)
LiDAR Noise | 30% dropout probability |25-35%  (Tian  Shan Tursynbek & Othman
(Dust) (mountains) range) [1]
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Control Interface |+0.1 m range error +0.15 m (field Sarsenov & Ivanov [4]
measurements)
Swarm Size|5-10 UAVs 3-8 UAVs  (typical Al-Farabi Kazakh
Tested deployments) National  University
[5]

This table juxtaposes simulation parameters against empirical data from Kazakhstan to
validate the platform’s fidelity. For instance, the simulated wind speed (18 m/s) closely matches
peak gusts observed in the Almaty region [3], while the GPS signal loss probability (30%) reflects
field measurements from the Tian Shan mountains [1]. The LIiDAR noise (+0.1 m range error) was
deliberately set lower than real-world observations (+0.15 m) to account for algorithmic error
margins in dust-laden environments [4]. Additionally, the swarm size tested (5-10 UAVSs) aligns
with typical deployments in Kazakh emergency response operations, where small-to-medium
swarms balance scalability and communication reliability [5]. These parameter choices ensure that
control algorithms are stress-tested under conditions mirroring Kazakhstan’s operational realities.

Results and discussion

The developed UAV simulation platform was evaluated through a series of experiments
designed to assess its fidelity, performance, and applicability to real-world scenarios in
Kazakhstan. Comparison of simulated and real-world UAV performance under Kazakhstan-
specific environmental conditions. Evaluation of adaptive control strategies in challenging
operational scenarios. The platform’s accuracy was verified by comparing simulated UAV
trajectories and sensor outputs against real-world UAV flight data collected in the Turkestan and
Almaty regions. Measured deviation between simulated and real-world flight paths. LIDAR, IMU,
and GPS error distributions were compared against field measurements.

Table 3 — Comparison of Simulation and Real-World UAV Performance

Metric Simulation Resulis Real-World Data Devioation(%)
Trajectory RMSE 0.12 0.15m 3%
LIDAR Moise {Dusty Environment) +-0.1 m rnage error +0.15 m o
GP35 Signal Loss (Mountain Regions) 30% dropout 25-35% dropout 4%

Comparison of Simulation and Real-World

UAV Performance
GPS Signal Loss (Mountain
Regions)

LIDAR Noise (Dusty
Environment)

Trajectory RMSE

0% 2%Deviation(%)Lv% 6%
Figure 1 — Comparison of Simulated and Real UAV Flight Paths
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To evaluate the platform’s ability to test UAV control algorithms, multiple adaptive control
strategies were simulated under Kazakhstan-specific environmental conditions.

Test Scenarios:

1. High-Wind Flight Stability Test (Steppe Winds, 18 m/s)

2. GPS-Denied Navigation in Mountainous Terrain (Tian Shan, 30% signal loss)

3. LiDAR-Based Obstacle Avoidance in Dusty Conditions (Turkestan region, £0.15 m
LiDAR noise)

Table 4 — Algorithm Performance in Simulated Environments

Control Algorithm Scenario Succes Rate Improvement Over Baseline (%)
Adaptive PID Wind Disturbance 87% 35%
Model Predictive Control (MPC) GPS-Denied Flight 91% 42%
Reinforcement Learning (RL) LiDAR-Based Obstacle Avoidance 88% 38%

The adaptive PID controller reduced trajectory deviation by 35%, improving UAV stability
under strong winds. The MPC-based navigation system achieved a 91% success rate in GPS-
denied scenarios, significantly outperforming traditional waypoint-following algorithms.

The reinforcement learning (RL) approach for obstacle avoidance improved navigation
efficiency by 38% compared to fixed-threshold LiDAR filtering methods.

Figure 2 - UAV Flight Path Stabilization Under
High-Wind Conditions

100%

80%
60%
40%
-In 1 e
0

Adaptive PID Model Predictive Control Reinforcement Learning (RL)
(MPC)

X

B Succes Rate W Improvement Over Baseline (%)

Figure 2 — UAV Flight Path Stabilization Under High-Wind Conditions

The simulation platform was tested on a system with the following specifications:
e Processor: Intel Core i7-12700K

o« GPU: NVIDIA RTX 3080

« RAM: 32 GB DDR5

« Software: ROS Noetic, Gazebo 11
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Table 5 — Computational Performance Benchmarks

Metric Value

Average Simulation Speed 32 FPS

Physics Simulation Latency 2.6 ms
Real-Time Factor (RTF) 0.98

Memory Usage 7.4 GB

The platform achieves an average simulation speed of 32 FPS, ensuring real-time
performance for control algorithm testing. The real-time factor (RTF) of 0.98 indicates near real-
time execution, making it suitable for hardware-in-the-loop (HIL) testing. Memory usage remains
below 8 GB, allowing for efficient execution on standard research workstations.

Real-world UAV trajectories and sensor outputs show a 94% correlation with simulated
results. Adaptive control techniques enhance UAV performance by 35-42% under challenging
conditions. The platform runs at 32 FPS with an RTF of 0.98, enabling real-time testing.

These results demonstrate that the UAV simulation platform is a reliable and efficient tool
for developing and testing UAV control algorithms in Kazakhstan-specific environments.

Conclusion.

The creation of a specialized simulation platform for testing UAV control algorithms tailored
to Kazakhstan’s unique environmental and operational challenges represents a significant
advancement in the field of autonomous aerial systems. This platform addresses critical gaps in
existing global simulation tools by integrating region-specific models of environmental
disturbances, sensor degradation, and terrain variability. By leveraging Gazebo and the Robot
Operating System (ROS), the platform provides a modular, open-source framework that enables
researchers and engineers to rigorously validate control algorithms under scenarios that closely
mirror Kazakhstan’s harsh climatic conditions, including extreme temperature fluctuations (-40°C
to +45°C), steppe wind gusts (up to 18 m/s), and GPS-denied mountainous zones.

A core contribution of this work lies in its high-fidelity environmental modeling, which
incorporates meteorological data from Kazhydromet and terrain profiles from regions such as the
Tian Shan mountains and Turkestan steppes. These models enable realistic emulation of
challenges like dust storms, temperature-induced sensor drift, and communication latency—
factors often overlooked in generic simulation platforms. For instance, the integration of
probabilistic GPS signal loss (25-35% dropout rates) and LiDAR noise (+0.15 m range error)
ensures that algorithms are stress-tested against conditions prevalent in Kazakhstan’s agricultural
and disaster-response operations. The platform’s modular design further supports testing of diverse
control strategies, including adaptive PID controllers for precision agriculture and decentralized
swarm algorithms for search-and-rescue missions in Almaty’s rugged terrain.

Validation studies underscore the platform’s efficacy. Cross-correlation with field data from
UAYV deployments in the Turkestan region demonstrated a 94% accuracy in trajectory tracking
(simulated vs. real-world RMSE of 0.12 m vs. 0.15 m) and less than 3% deviation in energy
consumption predictions. These results highlight the platform’s potential to reduce reliance on
costly physical prototypes while accelerating the development of robust, climate-resilient UAV
systems. Furthermore, the platform aligns with Kazakhstan’s Digital Transformation
2025 initiative, which prioritizes technological innovation in agriculture, infrastructure
modernization, and disaster management. By providing a risk-free environment for algorithm
optimization, this work directly supports national goals of enhancing productivity and safety in
these critical sectors.
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While the platform marks a significant step forward, several opportunities for enhancement
remain. First, the environmental models could be expanded to incorporate real-time weather data
streams and dynamic dust storm simulations, further improving predictive accuracy. Second,
integrating Al-driven testing frameworks, such as reinforcement learning, could automate scenario
generation and fault injection, enabling more comprehensive validation of fault-tolerant systems.
Finally, extending the platform to address shared challenges in neighboring Central Asian
countries—such as Uzbekistan’s arid regions or Kyrgyzstan’s high-altitude terrain—would foster
regional collaboration and standardize UAV testing protocols across borders.

In conclusion, this work not only addresses Kazakhstan’s immediate needs for UAV
algorithm validation but also establishes a scalable, open-source blueprint for regions grappling
with similar environmental and logistical hurdles. By bridging the gap between simulation and
real-world deployment, the platform paves the way for safer, more efficient UAV operations in
agriculture, infrastructure inspection, and emergency response, ultimately contributing to
sustainable development and technological self-reliance in Central Asia.
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YYA BACKAPY AJITOPUTM/EPIH CbIHAY YIIIIH CUMYJALIUAJIBIK
IINIAT®OPMA KYPY

Anoamna. Ywkbiucwlz  yuly —annapammapuvl  (YWKBIWCHI3 YWY — annapammapbol)
2eozpauanbly apMypainiciMeH, KCMpemanobl KIUMAMMbIK HCALOAUNIAPLIMEH JHCIHE WANEall
ayoanoapoagvl UHGPaAKYpuLIbIMObIK maianmapmen cunammanamvii Kazaxkcmanoagol aimaxka
man MiHOemmepOoi wewlyoiy He2izel Kypanvl peminoe nauda 6onovl. /lecenmen, Kazaxcmannwiy
bipezeti onepayusnvik opmanapvinoa (-40°C-man +45°C-xa Oetiin), Kymnezen sicenoiy ekninimeH
(Anmamor  ocone Kocmanau obnvicmapvinoa 15-20 m/c) oicone mayawt oiceprepoe GPS
CUCHATLIHBIY  Jicul  Hawapaayvimen cunammaniamvin  Kazakcmanoaevl  Oipeceii  ocymvic
OPbIHOAPBIHOA YUIKBIUICHI3 YUY annapammapbii OPHAIACIbIDY MAHbI30bl MEXHUKAIbIK HCIHE
JIOCUCIUKANBIK KUbIHObIKmap myawvizaovl. Ocvl wapmmapoa UAV 6ackapy aneopummoepin
PUBUKATBIK COIHAKMAH OMKIZY ome KblMoam 60.16ln KaHa KOUMAtiobl, COHbLMEH Kamap Kayincizoik
epediceepiMet, KOpulazan Opmanvl 001dcay MYMKIH eMeCmiciMeH JiCoHe ONepayusiivlk
aumakmapowly ayKulMobliviebimeH wekmenedi. Ocvbl Kedepeinepoi wiewry yuwin Oy1 makaniaoa
aHco2apel 02N0IKNEH eN0iy IKOIOSUSNBIK HCIHE IKCNILYAMAYUSIBIK UWIHOBIKMAPLIHA eliKmeyee
apuanzan Kazaxcmanea 6aeeimmanean UAV moodenvoey niamgopmacwin azipaey ycoiHbliaobl.

Robot Operating System (ROS Noetic) ocone Gazebo 11 mnecizinOe KypacmulpulizaH
niamgopma yw sHcana Kypamoac oenikmi oipikmipedi: (1) Kazaxcmanuoly ayvliuapyauibliviy
JIcoHe anamka Kapcvl apekem emy kesinoeei UAV opnanacmulpyiapeinan anvlhean OAlanbl
Ooepexmepoiy KomeziMmen KaiuopieHeer Qusurxaea Hecizoencen UAV ounamukacol, convly iuinoe
maccacwl (1,5 ke), unepyus menzopwl dHcane pomop npoduni; (2) wanynan myvinoazan LiDAR
ouanazonvinvly Kamenepi (£0, 15 m) scane memnepamypaza mayendi IMU opetighi (+40°C kezinde
0,2°/caz) cuagkmul aumaxmolk Hcazoaiinapea bewimoenzen uwy npo@uivoepi 6ap cunmemuKanibiy
cencop yneinepi (LiDAR, IMU, RGB xamepanapvl), owcone (3) Kaszaxcmanuoly ynmmuolk
MemeoponocusiblK  azenmmici  Kaseuopomem — YColHAmMblH — MemeoponiocusiblK — OepeKmep
HCUBIHMBIZLIHAH ANILIHEAH KOPUIARAH OPMAaHbl OY3y MoOenboepi, COHblY wiHOe OaNanblK el
ounamukacwvl (exip 18 m/c) ocone wvikmumanovix GPS cuenanvinviy owcoeanyvr (Tanv-Llans
maynapwinoa okyovl macman kemy oeneetii 25—-35%).

Inamgopmanvly Mm00ynv0ik apxumexmypacwsl OetiimOenzen 6ackapy anieopummoepi,
COHbIH TWiHOe dcendiy Oy3vinybiHan bac mapmyea apuanzan bonscanowl backapy mooenin (MPC),
i30ecmipy-KymKapy MUCCUANApbl YUliH YUipoi yilecmipy Cmpameusiapblh JHCoHe HAKMbl
KA3aKCMAHObIK, KUbIHOLIKIMAPObL KOpCememin cyenapuiliep 0oublHua Kamenepee meo3iMoiiikmi
apmmuipyea (RL) nezizoencen scytienepoi mecmineyoi Konoauosl. Kagoailnvlx 3epmmeyiep oHbly
MuUiMOinicin  Kepcemeoi: UMUMAYUATLIK Kammbvl Jicel cyeHapuiiiepinde (18 m/c exninoi)
OpMAanbiIKMaHobIpulIMazan — yuipoi  yinecmipy — aneopummi — Taune-Llane  maynapvinoa
Kaneinmacyosl caxmayoa muccuauvly 88% mabvicvina Kon owcemkizoi, an adanmuemi PID
KOHMPOJNEPI CEHCOp Hca0aublHOa mpaekmopusnvl Oakvliay xamenepin +40 ¢ym 35%
azaummol. Typxicman obaviceinoa opHaracmuipvinizan DJI Matrice 300 UAV oOananvig
Ooepexmepimen Kpocc-sanuoayus RMSE moodenvOeneen dcone Haxmol anemoezi mpaeKmopus
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apacvinoazvl 94% roppenayusanvt pacmaowt (0,12 m-ee xapcer 0,15 m), snepeusnvt mYmoiHy
bondcamoapul batikanean Mmanoepoer 3%-0an a3 ayblmKbl2aH.

Tyiiin ce30ep: UAV cumynayuscel, Gazebo-ROS unmeepayuscel, adanmuemi O6ackapy
aneopummoepi, KazaKCmaHowvlk KOPWAAH OpPMAaHbl MOoO0envboey, Vuip pobomomexHuKacol,
CEHCOPNBIK IMYAYUS, YUPPIAbIK e2izoep.

CO3JIAHUE CUMYJISIIIAOHHOM IIJIAT®OPMBI )11 TECTUPOBAHUA
AJITOPUTMOB YIIPABJIEHUSA BILJIA

Annomauun. becnunomuvie nemamenvhvie annapamol (BIIJIA) cmanu Knouesvimu
UHCMpyMeHmamu 01 peuleHuss  pecUuoHanbHulx npoorem 6  Kasaxcmamwe, cmpane,
Xapakmepusyrowelcs — 02pOMHbIM — 2eocpaguyecKkum  pasHooopaszuem,  IKCMPEeManlbHbIMU
KAUMAMUYECKUMU YCLOBUAMU U UHGPACMPYKMYPHLIMU MPeDOBAHUAMU 8 OMOALIEHHbIX PAUOHAX.
Oonako pazeepmuisanue bBIIJIA 6 yHuxkanbuvix onepayuonHvlx ycaosusx Kasaxcmana,
ommeueHnvix dKkcmpemanvivimu memnepamypamu (-40 °C oo +45 °C), mempedckazyemvimu
nopvieamu eempa (15-20 m/c 6 Aimamumnckou u Kocmauaiickot o6aacmsax) u uacmolm
yxyoweHnuem cuenanra GPS 6 copnou mecmuocmu, co3oaem 3HauumenbHvle MeXHUYecKue u
Joeucmuyeckue npodemvl. Puzuueckoe mecmuposanue areopummos ynpasnenusi bII/IA 6 smux
VCIOBUAX He MONbKO HENOMEPHO 00p020, HO U O2PAHUYEHO Npasulamu 0Oe30nacHoCmi,
HenpeockazyemMocmvio OKpyicarouell cpeobl U 02POMHbIM MACUMAOOM ONepayuoHHbIX 30H. s
ycmpaHeHusi dmux 0apbepo8 68 OAHHOU Cmamve npeonazaemcs paspadomrka Ka3axcmacKou
niamghopmol  modenuposanusi BIIJIA, npeonasnauenuou O umumayuu 3KOJI02UHECKUX U
ONEPaAyUOHHBIX Peanuli Cmpanvl ¢ 8blCOKOU moyHocmvio. Ilnamgpopma, cozoannas Ha ocHose
onepayuonnol cucmemsvl podooma (ROS Noetic) u Gazebo 11, obvedunsiem mpu HOBbIX
komnoneuma: (1) ¢pusuveckas ounamurxa BIIJIA, omkanubposanuas ¢ UCNOIb308AHUEM NOLEBbIX
OGHHBIX, NOIYYEHHbIX OM KA3AXCMAHCKUX CeNbCKOXO03AUCMEeHHbIX U cnacamenvhuix BIIJIA,
sxmoyas maccy (1,5 ke), menzop unepyuu u npogpuiu mseu pomopa, (2) cunmemuueckue mooenu
oamuukoé (LiDAR, IMU, RGB-xkamepwv) c¢ npoguramu wyma, aoanmuposanHuiMu K
PECUOHATILHBIM YCI0BUAM, MAKUM Kaxk nozpewnocmu oanrvHocmu LiDAR, evizeanuvie nvlivlo
(£0,15 m) u opeuigh IMU 6 3asucumocmu om memnepamypet (0,2%uac npu +40°C); u (3) mooenu
803MYWEHULl OKpYdcalowell cpeovl, NOIYYEHHble U3 MemeopoNocUYecKUX HAbopo8 OAaHHbIX,
npedocmasnenHvlx  Kaseuopomemom, HAYuoOHANbHbIM — MEmMeEOPOIOSUYECKUM — A2eHMCIMEOM
Kaszaxcmana, exniouas ounamuxy cmennoco eempa (nopwiébl 00 18 m/c) u 6eposmHOCmMHYIO
nomepio cuenanra GPS (kosgppuyuenmor nomepu 25-35% 6 eopax Tanv-Lllans). Mooynvuas
apxumexmypa naamgopmvl nooodepicusaem mecmuposanue aicopummos aodanmueHo20
ynpasnenus, exmodas Model Predictive Control (MPC) ona nooasnenus eo3mywjenuii eempa,
cmpame2uu  KOOpOUHayuu posi Ol NOUCKOBO-CNACAMENbHLIX ~ MUCCULL U CUCTEMbl
OMKA30yCMOU4U80CMU HA OCHOBe 00yuenus ¢ nookpennienuem (RL), 6 cyenapusx, ompasicaroujux
peanvHvle  npoonemvl  Kazaxcmana. Ilpakmuuyeckue npumepvl  OeMOHCMPUPYIOM €20
appekmuenocmsb: 8 MOOEIUPYEMbIX CYEHAPUAX CUNbHO20 eempa (nopwigel 18  m/c)
0eYeHMpPaIu3068aHHblL  aleopumm  Koopounayuu pos oocmue 88% ycnexa muccuu no
noooepocanuro gopmayuu Hao copamu Tanv-Illans, 6 mo epemsa rax adanmusHwvii ITHJ/]-
pecyismop YMeHbuiul owudKu omciexcusanus mpaekmopuu ua 35% 6 ycaosusx opeligha
oamuuka +40 °C. Ilepexpecmuas npogepka c¢ nonegvimu oanuvimu ¢ BII/IA DJI Matrice 300,
pazeepuymoeo 6 Typxecmanckom pecuone, noomeepouna 94% kKoppenayuio  medxncoy
Mmooenupyemoti u peanvroti mpaekmopuei RMSE (0,12 m npomug 0,15 m), npu s3mom npoeHossi
nompeo.aeHus IHep2uL OMKIOHANUCL MeHee yem Ha 3% om Habarooaembix 3HAYeHUl.

Knrouesvie cnosa: Mooenuposanue bBIIIA, uumeepayus Gazebo-ROS, aneopummol
ao0anmueHo20 YNpaeneHus, Mooenuposanue okpyscarowelu cpeovl Kazaxcmana, poesas
POOOMOmMexXHUKA, IMYIAYUSL OAMYUKO8, YUPPOBble OBOUHUKU.
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DEFECTS OF AIRCRAFT STRUCTURAL ELEMENTS BASED ON POLYMERIC-
COMPOSITE AND THEIR DIAGNOSTICS BY NONDESTRODUCTIVE CONTROL
METHODS

Abstract. This article examines the application of non-destructive testing (NDT) methods for
assessing the structural integrity of aircraft components made from polymer-based composite
materials. Composite materials are widely used in aviation due to their high strength-to-weight
ratio, corrosion resistance, and durability. However, these materials are subject to various defects
caused by manufacturing processes, operational loads, and environmental factors such as
temperature and humidity fluctuations. Traditional NDT methods, including ultrasonic,
radiographic, optical-visual, capillary, and thermal testing, each have specific advantages and
limitations. Ultrasonic testing, for example, does not provide comprehensive volumetric analysis,
while radiographic methods require complex safety measures. Optical-visual techniques fail to
detect internal defects, and capillary methods suffer from low productivity. To address these
challenges, the study proposes improvements to existing diagnostic techniques, the development
of new automated models, and the optimization of parametric indicators. The research also
explores an integrated "human-machine-environment” system to enhance the reliability of defect
detection and assessment. Advancements in NDT technologies will not only increase the accuracy
and efficiency of aircraft inspections but also improve safety, extend service life, and reduce
maintenance costs. The findings of this study contribute to the development of modern diagnostic
complexes that ensure higher operational reliability of aircraft structures.

Keywords: composite materials, defect, non-destructive testing method, loaded parts,
diagnostic models, dynamic correlation.

Introduction.

Aircraft have a complex structure. During the long-term operation of aircraft mechanisms
and components, defects that occur during their service life lead to an increase in accidents.
Ensuring safety is the responsibility of modern technical diagnostics, which are closely related to
automatic monitoring systems. Technical diagnostics is the science of determining the state of a
technical system and solving a wide range of problems such as obtaining and evaluating diagnostic
information. Currently, aircraft monitoring systems are limited in scope, making it impossible to
predict the technical state of all aircraft elements and assemblies over a long period of time during
their dynamic motion. Recently, one of the most pressing issues is the creation of combined
systems for diagnostics and forecasting of the technical condition of aircraft. Such combined
systems make it possible to timely monitor defects in polymer composite-based structural
elements, assemblies and nodes, accurately obtain information through modern sensors installed
in the composition of composite materials, study their dynamic and static characteristics and
process them on board, automatically compare information within permissible limits and transmit
it to a ground station, and also control various physical parameters. Namely, the creation of modern
automated monitoring systems in this direction, as well as the complex design of the “human -
machine - environment” system are considered one of the most pressing issues [1].
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The purpose of the work is to conduct a comparative analysis of diagnostic methods (models)
for the control of polymer composite-based structural elements of the HG and to identify directions
for improving existing diagnostic methods.

Materials and methods of the study.

In aviation technology, the replacement of structural parts of aircraft with high-modulus
polymer composite materials (PKM) is considered one of the important and strategic issues.
Composite materials are considered multicomponent materials. Typically, a composite material
consists of a plastic base (matrix) and various reinforcing fillers. According to the structure of the
filler, composite materials (KM) are divided into fibrous, layered and dispersed solid materials.
The matrix of the composite material ensures the monolithicity of the material, and the filler
provides stress transfer and distribution.

Depending on the composition and properties of the matrix and filler, their proportions and
the choice of placement, materials are divided into operational and technological types. Many
composite materials surpass traditional materials and alloys in terms of their mechanical properties
(specific strength, hardness, wear resistance, fatigue limit, thermal and vibration resistance, sound
absorption, impact viscosity, etc.). The impact strength and elastic modulus of composites are 2...5
times higher than those of conventional structural alloys. Studies show that during the operation
of structures made of composite materials, mechanical, impact, corrosion, etc. type damage leads
to the formation of cracks, and the effect of periodic fluctuations in temperature and humidity leads
to an increase in their size. Thus, diagnostics of structures and their periodic repair prevent
breakdowns and increase operational safety.

Currently, a number of non-destructive inspection methods have been developed in scientific
research centers in many countries of the world for the control of materials and products, where
the development of damage from the initial stage to complete destruction (wearing out) of
materials is monitored. Defects formed in materials, the study of their informative parameters, as
well as the calculation of defects in structures fall under the responsibility of non-destructive
inspection methods. However, non-destructive inspection methods used in the control of
composite materials have shortcomings. Namely, in order to eliminate these shortcomings,
research is being conducted in the leading scientific research centers in the field of non-destructive
inspection to improve the most effective diagnostic methods and develop new methods. It is known
that composite materials are widely used in aviation, rocket, automotive, mechanical engineering,
metallurgy, etc. industries. Over the past decade, the use of composite materials in aircraft
structures has increased significantly, which is 50-55% in Boeing 787, Airbus A350 aircraft, 80-
85% in small aircraft, and 100% in unmanned aerial vehicles. Figure 1 shows the replacement of
the entire fuselage section of a Boeing 787 aircraft with aerospace composite materials, and Figure
2 shows the replacement of individual parts of an A-380 aircraft with aerospace composite
materials.
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Figure 1 — Replacing an entire Boeing 787 HG fuselage section with composite materials
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Figure 2 — Replacement of Airbus A-380 HG with aerospace composite materials [1]

Unlike metal, composite materials are considered non-monolithic materials and are
considered the main part of the structure in terms of quality.

Defects found in composite materials are divided into two classes: production and
operational defects. Defects are divided into three groups: micro-, mini- and macro-defects [3].

Micro-defects are defects that occur in reinforcing fibers (microcracks, microparticles,
microvoids, fractures, bends, etc.), between elementary fibers in the matrix (micropores,
microcracks, microparticles, etc.) and on the fiber-matrix surface.

Mini-defects are bends, fiber breakage, small scratches, dents, fractures in groups or
individual parts of elementary fibers.

Macro defects are cracks, voids, depressions on the surface of the composite material, impact
defects, cracking, delamination, blistering, air macroparticles, non-adherent parts, and other
defects.

During the polymerization process of composites [3], the irregular distribution of internal
stresses, bonds, and other technological factors leads to delamination, detachment of individual
layers, brittleness, crack formation, and separation of fibers and reinforcement strands (Fig. 3 and
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Fig. 4).

Unlike metallic materials, composite material defects can increase during operation, which
reduces the reliability of the structure. Here, liquid penetrates into the composite through a crack
on the matrix surface, damaging it and reducing its elastic modulus. Even with a typical
delamination defect, the bond strength weakens, fibers break, and tensile strength decreases.

Figure 3 — Defects in composite materials: a) pores (black); b) cracks; c) delamination; d)
wave-like defects [3]

a) 3 b)
Figure 4 — External damage of composite materials: a) on the surface of the wing;
b) in the fuselage [3]

Composite-based objects are very difficult to control because they have a heterogeneous
structure, anisotropic properties, many different types of reinforcement (unidirectional, transverse-
longitudinal, combined, etc.), specific physical properties (high electrical insulation quality, low
thermal conductivity, sound absorption, many physical and mechanical characteristics, low density
(0.02- g/smd). It is very difficult to keep the situation under control. Therefore, testing composite
materials by physical methods compared to homogeneous structures (metals) is characterized by
low sensitivity, transmittance and signal-to-noise ratio.

Depending on the nature of the filler used in many types of composite materials, they are
usually dielectric or poorly conductive. Practically all composite materials are non-magnetic
materials, which is why many non-destructive testing methods used for metals are considered
unsuitable for composite-based products. The main non-destructive testing methods used for
composite materials are given in Table 1 [1,3]. Let us consider the main characteristics of the
methods used. Testing composite materials by high-frequency ultrasonic methods is considered
ineffective, since the power of ultrasonic waves with a frequency of 1...5 MHz is scattered in the
matrix, fibers and other particles and weakens. Thus, the control becomes difficult depending on
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the thickness range of composite materials. Some types of composite materials are very sensitive
to moisture, and non-destructive testing methods are not applicable here.

In the nondestructive ultrasonic method, a powerful laser excites waves, making it essential
for personnel to handle the technology with care and work under controlled conditions for a limited
time. Among the various acoustic nondestructive testing methods, the low-frequency approach is
particularly effective for riveted joints in multilayer polymer composite materials. This method
enables the inspection of multilayer riveted construction joints composed of carbon, boron, and
organic glass-type fibers, including non-metallic coatings and riveted joints between frames.

A key distinction of the low-frequency nondestructive testing method for multilayer riveted
constructions based on polymer composites lies in its unique capabilities. It allows for the detection
of structural non-dampness in gyroscopic materials, ensuring the integrity of details and
assemblies. Additionally, it facilitates the assessment of surface curvatures, accommodating both
concave and convex components. Furthermore, this method proves effective in evaluating uneven
surfaces of anisotropic materials, enhancing the reliability of structural inspections.

Table 1 — Basic methods of non-destructive testing used for composite materials [1,3]

Sizes of detected
Control methods ControI. defects. mm
: productio etects,
Area of used for KM Information 5
lication arameter n, m</hour, Minim| Minim
applica p um um
scan | length
Damage to Active thermal | Temperature, heat area 0.6 0.15 10
smoothness control
Crack (open defect)| Surface wave 'Il'the time dl_Jratllog ?f the 2.1 0.1 15
ultrasonic signal between
ultrasound method T reoear o
transmitter of the
ultrasonic transducer
Revealed defects Ultrasonic sound | Acoustic radiation and 0.6 0.001 | 5.7
and thermal area
thermo r%Phy
_ metho
Various defects and Radiography Conversion of X-ray 4..5 0.15 3
cracks Radioscopy intensity into optical
Radiometry beam
Cracks Radio wave Radiation characteristics 05 0.1 15
Foreign particles, X-ray television | Comparison of X-ray 7 0.2 0.2
roughness and video
images

The unevenness of | Tangential Size change and depth3 02 10
multi-layer lightin detection
construction in ghting
rotating bodies

In non-gyroscopic composite materials, the acoustic contact between the transmitter and the
object is established through a viscous liquid. Typically, the free oscillation method is employed
for testing composite materials, analyzing the characteristics of free oscillations that occur after a
vibration shock. This method, in combination with appropriate electronic equipment, enables the
detection of various defects, including layered and air-bubble cavities, as well as non-adherent
parts. Compared to other low-frequency acoustic methods such as impedance, velocimetric, and
acoustic-topographic techniques, the free oscillation method offers distinct advantages. It allows
for the detection of defects located at significant depths, facilitates the control of structural

44



A3aMaTTBIK aBUAIUS aKaJIEMUSCHIHBIH XKaPIIBIChI Ne1(36)2025

materials with a low elastic modulus, and ensures effective monitoring of materials characterized
by a high damping coefficient of elastic oscillations.

One of the most common methods is the radiation control method [3]. This method allows
the detection of various voids, individual particulate foreign materials, as well as non-uniform
structures (fractures of reinforcing elements, voids, etc.). It has been established that, as in metals,
if the illumination has a weak effect on defects (cracks perpendicular to the radiation flux,
delamination), depending on the change in the total thickness of composite materials, then the
application of the X-ray method becomes impossible.

For this type of materials, the capillary-radiation inspection method is used, in which the
contrast of the elements of the illuminated object is increased by the penetration of a liquid X-ray
contrast penetrant. For this purpose, a wide range of organic and inorganic penetrants with a high
absorption coefficient of X-rays are produced. One of the most common penetrants is considered
to be a solution of Znl2 (zinc iodide). It is opaque and has high radiation compared to other
substances. With this method, it is possible to detect surface or intermediate damage as a result of
the penetration of capillary penetrants into cracks or interlayer gaps. The high achievements of
radiation defectoscopy in the last decade have also had an impact on the development of digital X-
ray television inspection.

Here, the X-ray beam is converted into an optical beam by passing through the object with
the help of optical converters and is reflected on the monitor screen by the telephoto method. Here,
inexpensive X-ray optical scintillation crystals are used and the optical image is read by a small-
sized charge-coupled device (CCD) with high sensitivity (Fig. 5). The digital radioscopy method
provides instant digital X-ray imaging, improves visual imaging, and determines the measurement
of geometric parameters controlled by the images. Here, a database (flash radiography) provides
for the input, storage, selection, display of images, and the extraction of results, as well as data
transmission to local and external networks [3].

Figure 6a shows low-contrast images of a fiber with a width of a few pixels inside a
composite material using the digital X-ray method. In this case, it is difficult to examine the
structure of the fiber. Here, specialized digital filters are used for image processing, which
improves the X-ray image of the fibers in given directions in the composite material (Figures 6b,

cand d).
Q
»
a) b)

Figure 5 — X-ray flash radiography method of HCC matrix: a) YCC sensor; b) X-ray image
of a trident made of composite material [3]
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P ) 7=
Figure 6 — X-ray image of a composite sample: a) real; b), c), d) images after digital
contrasting

Figure 7 shows images of carbon fibers and their fractures. Here, the effective use of
computed tomography depends on the geometric dimensions of the object. Such an expensive
technology can be considered unique for the study of volumetric internal structures. Its resolution
is several microns and is determined by computed microtomography.

Figure 7 — Visualization of cracks in the internal structure of camposite material
using tomography [5]

It is difficult to diagnose large-sized composite materials using the tomography method,
when 360...720-pixel images are rotated at an angle of 360 degrees. This method makes it possible
to obtain 6, 12, 24 projections with small angles. However, exposure deficiencies are encountered
here. In this case, the error in the reconstruction of geometric parameters increases sharply.

Thermography (thermal) method is the most promising non-destructive inspection method
for composite material-type structures [2, 6]. The basis of this method is infrared technology
(thermal imager or pyrometer) and determines the presence of a defect as a result of changes in
temperature fields. Thermography records temperature changes at 0.01°C. Thus, during
mechanical loads, energy concentration sites are recorded, where energy is released as a result of
plastic deformation. By recording temperature fields on the surface, it is possible to determine the
location of the energy concentrator relative to the surface of the product. Here, taking into account
the issues of non-stationary heat transfer, it is also possible to determine its dimensions and
location. Figure 8 and Figure 9 show images of the distribution of heat fields (thermograms) in
composite-based objects [6].

defekt defekt
N\
/ —
defekt
Figure 8 — Thermogram of the Figure 9 — Thermogram of the defect found on
defect of the composite panel of the the honeycomb panel of the wing of the Super
aircraft [2] Jet-100 aircraft [2]
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The main advantages of thermographic control are universality, high evaluation of
temperature signals, efficiency, high productivity and remote measurement. The disadvantages of
this method are the presence of specific noise generated by the object (fluctuations in optical
properties), as well as by an external heat source.

It has been established that the active thermography method is one of the new, highly
effective and informative methods of non-destructive control and is widely used in the aerospace
industry. Due to a number of advantages of the active thermal control method, it is more expedient
to inspect composite materials using this method (Fig. 10 and Fig. 11).

Figure 10 — Active temperature control Figure 11 — The device of the active
method applied to composite materials temperature method for the study of
[2] airplanes (Automation Technology,

Germany) [2]

However, recently, automated diagnostic monitoring systems of leading organizations such
as Boeing, Airbus, AgustaWestland (AW), Northrop Grumman, NASA have been designed based
on modern sensors. The application of such sensors has been widely used in conducting scientific
research and measuring many different physical parameters (deformation, temperature and
magnetic field). Studies show that further improvement of modern sensors based on the fiber-optic
method in the future will give impetus to the development of a number of areas. For example,
modern sensors will allow for full monitoring of the internal structure of composite material parts,
rivet joints, and airframes, as well as for operational monitoring of the resources of individual
elements of the structure and uneven areas in a short time. Figure 12 and Figure 13 show the
installation of modern sensors in the internal structure of composite materials [5].

a)

Figure 12 — Placement of conventional optical fiber (a) and small diameter fiber (b) in the
internal structure of carbon fiber [4,5]
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Figure 13 — The sensor installed on PCM [4,5]

Conclusion.

Thus, the above methods of non-destructive testing have their advantages and disadvantages
for the diagnosis of composite materials. The ultrasonic method does not allow volume control of
composite materials, as it is necessary to take into account the requirements for the material of the
controlled object, as well as its surface. The radiation method limits the complexity of the technical
execution, used to ensure the requirements of radiation safety, as well as specific defects of
composite materials. The disadvantage of the optical-visual method is that hidden defects are not
detected, and the disadvantage of the capillary method is its contact and low productivity. The
disadvantage of the heating method is a one-sided check, dependence of surface temperature
signals on the depth of defects, as well as a high level of detection of additive and multiplicative
sounds when using an optical stimulator. It also makes it difficult to control the quality of
composite materials.

And with this connection, the improvement of diagnostic methods in recent years, the
creation of new automated diagnostic models using non-destructive control methods, the study of
new methods and tools, as well as the optimization of parametric indicators are considered as one
of the most important issues of creating new modern diagnostic complexes.

The creation of such control systems will not only increase the safety of aircraft operation,
increase its resource, increase the accuracy of measurements, make it economically efficient and
affordable, but also open the way for a complex and convenient study of the "human - machine -
environment" system.
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MHOJIMMEPJII-KOMIIO3UTTIK HET'T3JIEI'T OYE KEMEJIEPIHIH
KOHCTPYKTHUBTIK 3JIEMEHTTEPIHIH AKAYJIAPBI ’)KOHE OJIAP/1bI
BY3BAUTBIH BAKBUIAY 9AICTEPIMEH IMAT'HOCTUKAJIAY

AHnoamna. JKobanay ywin OY3ulimatimsin cblHay 20iCMEPIHIK CANlblCMbIPMAlbl MAi0dybl
acypeizinoi. Byn maxanada noaumep HeliziHOe2i KOMNOSUYUSILIK MAMEPUATOAPOAH HCACANAH
yuiax, KOMNOHEeHMMepIHiy KYPblIbIMObIK MYMACMbleblH 6aganay yulin OY3uliMaiumoli O0aKuliay
(BB) a0icmepin natioanany kKapacmoipwliadsl. Komnosummix mamepuanoap xco2apvl Oepikmix
NeH CanMak KAmvblHACbIHA, KOPPO3Usiea me3iMoilicine dcane bepikmicine OAUIanblCmbl A8UAYUAOA
KeHiHeH KONOaHuLIaobl. [lecenmen, Oyn mamepuanoap 6HOIpPICMIK npoyecmepoeH, dHCYMbLC
KepHeyiHeH J#CoHe meMnepamypa MeH bli2aloblIblKmazvl e32epicmep CUSKMbl KOpulazan opma
Gakmopaapvinan myblHOA2aH aPMYpai aKayiapea ce3imman. Jocmypii Oy3uiamaimoin 6AKbliay
a0icmepi, COHbIY [WiHOe VIbMPAObIOLICMBIK, PAOUOCPADUATLIK,  ONMUKALLIK-BU3YAN0bL,
KAnUAPILIK  HCOHE MEPMUSILIK, O0AApOblH  apPMLIKUWBLILIKMAPLL  MeH uwiekmeynepi  oap.
Yavmpaoviovicmeix mexcepy, mvicansl, KeuieHOl KoeMOiK maniodayovl KAMmamacsls emneioi, al
paouocpadusvlk 20icmep Kypoeni Kayincizoik wapaiapvin maian emeodi. Onmuxanivi-6u3yaiobvl
a0icmep TWKi akayiapovl aHbIKMAll aimatiovl, al Kanuwiisapavlk 20icmep momeH OHIMOLIIKmeH
sapoan wezedi. Ocvl macenenepli wiewly YwiH 3epmmey KOAOAHbICMA&bl OUACHOCMUKAIBIK
a0icmepoi  Jceminodipyoi, dcana asmMoMammaHobIPbLIZAH MO00enb0epdi  23ipneyoi  JicaHe
napamempiix Kopcemkiuumepoi OHMAUIaHObIPYObl YCbIHAObL. 3epmme)y COHbIMEH Kamap
akaynapobl aHLIKMA) JicoHe 0a2anay CeHiMOLNIZIH apmmulpy YuliH a0amM-MAauuHa-KOpuLazam
opmanvly Oipikmipineen Jucytiecin Kapacmvipaowvl. by30atimein CblHAK MeEXHOI02USIAPbIH
oamvimy aye KemelepiH mekcepyoiy 0an0iei MeH MUIMOLIICIH apmmulpbln KAHA KOUMAUObL,
COHbIMEH Kamap Kayincizoikmi cakcapmaovl, Kvi3mem emy Mep3iMiH Y3apmaowsl JicoHe
MEXHUKANbIK Kbl3Mem KOpCcemy Wbl2blHOApulH azaumaovl. Byn 3epmmeyodiy nomuoicenepi aye
Kemenepi KYpblLibIMOapbiHbly NAOALAH)Y CeHIMOLNI2iH ApMMbIpAMbIH 3AMAHAYU OUASHOCINUKATIBIK
Jcyiienepoi 0amvlmyaa biknau emeoi.

Tyiiin ce30ep: KOMNOZUYUALLIK MAMEPUANoap, aKayivlk, OY3blIMAumvlH OaKbLIAY
a0icmepi, scykmenceHn bouekmep, OUASHOCMUKAILIK MOOeNbOep, OUHAMUKATLIK KOPPEAYUSL.

AE®EKTbI KOHCTPYKTHBHBIX 9JIEMEHTOB BO3AYIIHBIX CY10B HA
MNOJMMEPHO- KOMITO3UTHOU OCHOBE U UX TUATHOCTUKA METOJAMUA
HEPA3PYIIAIOIIEI'O KOHTPOJIA

Annomauusn: Ilp0Oseder cpasHumenvHulli AHAIU3 MEMOO08 HEPA3PYUAIowe20 KOHMPOJis.
0Nl KOHCmpyKyuu. B oOannoii cmameve paccmampusaemcs npumeHeHue Memooos
Hepaspywaioweco koumpoaa (HK) onsa oyenku cmpykmypHOU yerocmHocmu KOMNOHEHMO8
JIlemameibHulX annapamos, U320MoGIeHHbIX U3 KOMNOSUYUOHHLIX MAMepudios Ha OCHO8e
noaumepos. Komnosumuvle mamepuanvl wupoxo ucnonb3ylomcs 6 asuayuu 61a200aps 6blCOKOMY
COOMHOWLEHUIO NPOYHOCMU U 8eCd, KOPPOZUOHHOU cmotKocmu u 0oneosednocmu. OOHaxko smu
mamepuanbl  NOOBEPIHCEHbL  PA3IUYHLIM — OeheKmam,  Bbl36AHHLIM — NPOUIBOOCHBEHHBIMU
npoyeccamu, KCHAYAMAYUOHHBIMU HASPY3KAMU U akmopamu oKpyscaioujell cpeovl, maxKumu
Kak nepenaovl memnepamypvl U 6aaxcHocmu. 1paouyuonnvie mMemoovbl Hepaspyularouie2o
KOHMPOJISl, BKII0UAS YIbIMPA3EYKOBOU, paouozpaguieckuti, ONMUKO-8U3YAIbHbIL, KANULIAPHBIL U
MeNnJI080U, UMEION C80U NPEUMYWECmEa U 02pAHUYeHUs. YIbmpa3eykoeol KOonmpoib, Hanpumep,
He obecneyusaem cecmoponHe20 00beMHO20 AHANU3a, a paouocpaguyecKue memoosvl mpedyom
CoJHCHLIX Mep GezonacHocmu. Onmuko-eusyanivbHble Memoobl He NO380NAIM OOHAPYHCUMb
8HympeHHue 0egekmul, a KanuuisApHvle Memoobl CMpaoarom om HU3KOU NPouU3800UmMeIbHOCMU.
Jna  pewenus omux npobrem 8 UCCIE008AHUU  NPeOdla2aemcsi YCO8EepUIeHCIBE08aNMb
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cywecmeyrowue memoosbl OUASHOCMUKU, pa3pabomams Ho8ble A8MOMAMmu3UPOSarHHble MOOeIU U
ONMUMUZUPOBAMb NApamempudeckue nokazamenu. B ucciedosanuu makaice paccmampueaemcs
UHMESPUPOBAHHASL  CUCEMA  «YeNl08eK-MAWMUHA-Cpeda» Ol  NOGLIUEHUS  HAOEHCHOCHU
obOHapyosiceHuss U oyenku Oegexmos. Pazeumue mexnonoeuti Hepaspyuiarowe2o Koumpois
NO3601UM He MOAbKO NOBbICUMb MOYHOCHb U IDDEKMUBHOCTb NPOBEPOK 8030VUIHBIX CYO08, HO
U yryyuums 6e30nacHocms, NPOOIUMb CPOK CIYHCObL U CHUSUMDb 3ampamsl HA 0OCLYIHCUBAHUE.
Pezynomamer  0anmoco  uccnedosamus — cnocobocmeylom — paspabomke — COBPEMEHHLIX
OUACHOCMUYECKUX KOMNIIEKCO8, 00eCneyUu8arouux nosblleHue dIKCNILYamayuoHHOU HAOeHCHOCTNU
ABUAYUOHHBIX KOHCMPYKYUI.

Kntouesvie cnosa: xomnosumuvle mamepuanvl, oegexkm, Memoobl HepaspyuLanuje2o
KOHMPOJIsl, HA2PYHCEHHble YaACmU, OUa2HOCIUYecKue Mooelu, OUHAMUYECKAsl KOpPenayusl.
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ITPOBJIEMBI PET'YJIAPHOCTH BO3AYIIHBIX ITIEPEBO30OK KA3AXCTAHA

Annomauusn. Ilpobnema 3adepowcex peiicos sensemcs 0OHOU U3 KIouesblx 6 chepe
8030YVWHbIX nepeso3ok Kasaxcmana, oxazviéas 3HauumenvHoe GIUAHUE HA NACCANCUPCKULL
cepsuc, OnepayuoHHble NPoYeccol ABUAKOMNAHUL U IKOHOMUKY AdPONOpmMos. Yuumwieas pocm
nacca)cuponomora u axKmueHoe passumue aAsUAPLIHKA, 6blasleHue U YCmpaHenue NpuduH
3a0epoiceK CMaHOBUMCS BANCHOU 3a0ayell 0Ji NOBbIULEHUS KOHKYPEHMOCNOCOOHOCMU OMPACU.

Ilpeomemom uccnedoanusi A6IAIOMCA NPULUHBL 3A0ePIHCEK pelico8 U UX GIUsAHUe Ha
aghghexmusnocms pabomul asuaxomnanuii u asponopmos Kaszaxcmana. B xoode uccredosanus
ObLIU peutenbl maxKue 3a0a4u KAK aHAalu3 meKyujeeo COCMOAHUSL NYHKMYAIbHOCMU pPelco8 6
Kazaxcmane, 6visgnenue 0CHOBHbIX (PAKMOPO8, GIUAIOUUX HA 3A0EPAHCKU, OYEHKA IKOHOMUYECKUX
U COYUANbHBIX NOCAEOCMBULL HApYuleHUull 2paghuxka noiemos, pazpabomka pekomeHOayutl no
CHUDICEHUIO 3A0ePICEK U NOBIUEHUIO NYHKIMYATbHOCTIU.

Lenvro uccnedosanus 6v6i10 U3yueHue NPUHUH 3A0EPAHCEK PelicO8 HA PbIHKe B030YVUIHbBIX
nepesosox Kazaxcmana u paspabomxa 3¢pghekmueHvlx mep no ux MUHUMUIAYUU.

B pabome ucnonvzosanvl mMemoobi CMamucmuiecko2o aHauu3d, 3KCHepmHblX ONPOCOSs,
AHAMU3A  HOPMAMUBHBIX OOKYMEHMO8, a MAKdJice CPAGHUMENbHbIL AHAIU3 noxazamelell
NYHKMYANIbHOCIMU 8e0YWUX ABUANEPEBO3UUKOS.

OcHoBHbIMU  pe3yTbmamami.  UCCIe008aHUsL CMAN0 onpedelieHue KIyesblX NpUuduH
3a0epaicek peticos, GKI0UASL NO20OHbLE YCI08USL, MEeXHUYecKue HeUCNPasHOCU, 3a2PYHCEHHOCb
a’ponopmos U OpeaHU3AYUOHHbLIE (DAKMOPbL, AHAIU3 CMAMUCTIUKU  3A0ePAHCEK  Pelico8
KpynHetiux aeuakomnanui Kasaxcmawna, paspabomra npeonodxceHuli. no onmumMuzayuu
npoyeccos NIAHUPOBAHUS U YRPABTIeHUs. 030V UUHbIMU NePEBO3KAMU.

B pesynbmame ucciedosanus npeonodceHvl Mepbl N0 COKPAUWEHUIO 300epiceK pelicos,
BKIIOHAS YIYHULEHUE CUCIEMbL ONePamueHO20 NIAHUPOBAHUS, BHeOPEHUE YUPDPOBLIX MEXHOIOULL
011  NPOCHOZUPOBAHUSL  3A0EPHCEK, MOOEPHUZAYUIO  AIPONOPMOBOU  UHDPACMPYKMYPbL U
co8epuleHCcmeo8anue HOpMamueHol 0Oasvl. Peanuzayus OAHHBIX peKOMeHOAyull NO380aUM
NOBbICUMb NYHKMYATbHOCMb ABUANEPEBO30K U YIVUULUMb KAYECTB0 0OCIYHICUBAHUSA NACCANCUPOB
6 Kazaxcmane.

Knwouesvie cnoea: 3aodepoicka pelicos, asuampaHcnOpmMHbuLL PbIHOK, pe2YIspHOCHb
noaemos, a’ponopmul, ABUAKOMAAHUU, KAYECMB0 00CIYHCUBAHUSA, 6€30NACHOCMb NOIEMO8.

BBenenue.
3aep KK aBUAPEHCOB MPEICTABIISIOT CEPhE3HYI0 MPOOJeMy JIJisi aBHAITMOHHOM OTPacCIIH,
BIIUSISL HA DKOHOMHUKY, O€30MacHOCTh U KOM(OPT MaccakupoB. B oceHHe-3UMHUI Mepuo1 STOT

51


mailto:Ainur.abzhapbarova@mail.ru

A3aMaTTBIK aBUAIUS aKaJIEMUSCHIHBIH XKaPIIBIChI Ne1(36)2025

BONIPOC CTAHOBUTCS OCOOEHHO AaKTyalbHBIM W3-32 HEOJIArONPHUSTHBIX IOTOMHBIX YCIOBHIA,
YBEJIMUYMBAIOIIUX BPEMs MOATOTOBKH CAMOJIETOB M MOTPEOHOCTh B MPOTUBOOOJIECICHUTEIBHOM
o0paboTke. DTO MPUBOAUT K POCTY 3aTpaT AaBHAKOMIIAHWA, TIEpErpy3ke a’pormopToB U
HeynoOcTBaM JIJisi MacCa)KUPOB, CTAJKUBAIOUIMXCA C W3MEHEHUEM IUJIaHOB M (DMHAHCOBBIMU
MOTEPSIMHU.

HccnenoBanue 3aiepKeK percoB, 0COOEHHO C y4€TOM CE30HHBIX (DaKTOPOB, SIBIISETCS
aKTyaJIbHOM 3a71aueii, perieHrue KOTOPO MOMOXKET yAyUIIUTh aBUAIIMOHHbBIE TIEPEBO3KH, CHU3UTh
(MHAHCOBBIE IOTEPH U MOBBICUTH YOBJIETBOPEHHOCTD MMACCAKHUPOB.

Llenpro uccienoBaHUs SBISETCS aHAIW3 W MPOTHO3MPOBAHUE 3aJCP>KEK aBUAPEHCOB C
Y4€TOM CE30HHBIX (PaKTOPOB (OCEHHEe-3UMHUMN NMEePUOT) 111 MUHUMHU3AIUHN UX BIUSHUS Ha paboTy
aBHaKOMIIaHUW U a3pOINOPTOB.

Jis [OCTMOKEHHsS JTOM LelNM MIPOBEICHO HCCIEAOBaHME, B paMKax KOTOPOro ObLIH
MIpOaHATM3UPOBaHbI (haKTOPHI 3a/IePKEK aBUAPEICOB, COOpaHbl U 00padOTaHbl COOTBETCTBYIOIINE
nannble. [IpumMeHeHHe MaTeMaTHUYEeCKMX M CTaTUCTHUYECKHUX METOJIOB IO3BOJMIIO BBISIBUTH
3aKOHOMEPHOCTH M pa3paboTaTh MPOTHO3HBIE MOJEau. Ha ocHOBe MOMydeHHBIX PE3yJbTaTOB
chOopMyIUPOBaHBl PEKOMEHAALMU JJIs aBUAKOMIIAHUW U a’pONOpPTOB, HAIIpaBJICHHBIE Ha
MOBBIIICHUE MYHKTYaJIbHOCTH PEMCOB U YIIYUIICHUE KaueCcTBa 00CITyKMBAaHUSI TACCAKUPOB.

B Hactosmiee BpeMs Ha pbIHKE aBUaTpaHCHOpPTHBIX yciuyr Kaszaxcrana Habmiomaercs
BBICOKAsI YacTOTa 3aJepKEK PEHCOB M HEYJOBJICTBOPHUTEIHLHOEC KAa4eCTBO OOCIY)KUBAHUS CO
cTopoHbl aBuakomianuii. CormnacHo nanHeiM Komutera rpaxnanckoit auanuu PK, B mepuog ¢
ssHBaps 1o uroHb 2024 roxa B Kazaxcrane Ob110 3anepikano 4 842 peiica u3z 28 235, B To Bpems
Kak 3a Bech 2023 rox 3amepxkano 6 735 peiicoB u3 50 701. OnHOBpEeMEHHO HAOMIOAACTCS POCT
AKTUBHOCTH HACEJICHUS B 3alIUTE CBOMX MPaB KaK MOTPeOUTEIeH aBHAIMOHHBIX yCiryT. [Ipobiema
PETYISIPHOCTU PEHCOB 1 MUHUMU3ALINY 33/IEPKEK aKTyallbHa He Tosbko aist Kazaxcrana, HO U Auis
MUPOBOHM aBUAIMOHHOW OTpacid. ABHMAKOMIAHWUU MO BCEMY MUPY MCCIEAYIOT 3TOT BOIPOC U
MPEeANPUHUMAIOT Pa3IMYHble Mephl JJIi MHUHHUMH3AIUU 3aTpaT U IOTepb, CBSI3aHHBIX C
YCTPAaHEHUEM TIOCIICICTBUM HAPYIICHHOW PEryJspHOCTH IOJIETOB, YTOOBI COXPAaHUTh CBOIO
KJIMEHTCKYI0 6a3y u penyTanuio [1].

Bo3ayuineie mepeBo3ku UrparoT KIIIOYEBYIO pOJb B TpaHCHOpPTHOHM cucteme Kazaxcrana,
obecnieunBast OBICTPYIO U A(P(HEKTUBHYIO CBSI3b MEKIY PETHOHAMHU CTPaHbl M MEXIYHAPOIHBIMU
HarnpaBieHussMHi. OJTHaKO OJHOM U3 HanboJiee OCTPHIX MPOOJIEM aBUAITMOHHOM OTPACIId OCTAETCS
BBICOKAsl 4acTOTa 3aJ€pPKEK PEHCcOB, YTO HETaTUBHO CKAa3bIBAETCS Ha IMACCAXKUPCKOM OIBITE,
OTIEPAIIMOHHON JESITEIPHOCTH aBUAKOMITIAHUHN U 9KOHOMHKE a’dPOIOPTOB.

3amepKKH  pecoB  MOTYT OBITh  BBbI3BaHBI MHOXECTBOM  (DAKTOpPOB, BKIIOYAs
HEOIaronpusTHBIE TOTOJHBIC YCJIOBHS, TEXHUYECKHE HEUCIPABHOCTH BO3YIIHBIX CYJIOB,
3arpy’kK€HHOCTh ~ ad3pPOIMOPTOB, HEIOCTATOYHYIO  KOOPAMHAIIMIO HA3eMHBIX CIyk0 U
HECBOEBPEMEHHOE BBLITIOJIHEHHE PETJIAMEHTHBIX TpoleAyp. B mocineaHue roasl aBHAaIlMOHHAS
unayctpus Kazaxcrana mnpeanpuHUMAaeT IIard IO MOBBIIIEHUIO MYHKTYaJIbHOCTH, OJIHAKO
npo0sieMa ocTaeTcsl akTyallbHOM, 0COOEHHO B KPYIHBIX Y3JIOBBIX a’ponopTax [2].

B naHHOI cTaThe paccMaTpUBaIOTCS OCHOBHBIE TPUUMHBI 33JIEPIKEK PEUCOB, UX BIHUSHUE HA
YYaCTHUKOB aBUAIIMOHHOTO PBIHKA, & TaK)Ke MPEIJIararoTcss METOJbl ONTUMH3AIIMN TIPOILIECCOB
TUTAHUPOBAHUS U YIIPABICHUS BO3AYIIHBIMHU MTEPEBO3KAMH.

Marepunanbl M1 METOABI HCCJICAOBAHMS.

B 3apyOexHol mnpakTuke, Ha (QOHE CBOOOJHOTO M JAEPEryJIMpPOBAHHOTO PBIHKA,
PETYJIAPHOCTh PEMCOB HUIpaeT BaXHYIO pOJb s aBUAKOMIIAHWM, IIOMOras IpHUBJIEYb
BBICOKOJIOXO/IHBIX IacCa)XHUPOB, COKPATUTh 3aTpaThl, CBSA3aHHBIE C 3aJepXKKaMU. AccColMalUU
IIEPEBO3UMKOB, TakMe Kak Accoluaius €BpONEHCKHX aBMAKOMIIAHUM, PETYJISPHO OLEHUBAIOT
NEeSTeIbHOCTh CBOMX YJIEHOB C MENbI0 CTUMYJIMPOBAHHUS MX Pa3BUTUS U YIy4IIEHUS
KOMMEpUYECKOI MPAaKTUKH, a TaKKE€ COBEPLICHCTBOBaHMS PabOThI adpONOPTOB M MOCTABIIMKOB

52



A3aMaTTBIK aBUAIUS aKaJIEMUSCHIHBIH XKaPIIBIChI Ne1(36)2025

a’pOHABUIallMOHHBIX YCIIyr. [ 1aBHOM 3aa4eil 3TUX acCOLUAlUi ABIIAECTCS BHEAPEHUE KYJIbTYpPbI
0€30MMacCHOCTH II0JIETOB, IMPOBEJIEHUE SKCIEPTU3 U HCCIEAOBaHUN i OOMEHa MepeaOBBbIM
OIIBITOM CPEY aBUAaKOMIIaHUM, a3PONIOPTOB U OPraHOB YIPABJIECHUS BO3AYIIHBIM JBUKEHUEM, a
TaK)Ke BHEIPEHUE €AUHBIX HOPM U MpaBuI 110aeTOB. OIEHKA PEryasspHOCTH OCYLIECTBISAETCS 110
MOKa3aTeJsIM MMyHKTYJIbHOCTH KaK OTIPABICHHM, TaK U IPUOBITHSL.

B EBpome pasznuyaroT peryiaspHOCTb PEUCOB MO a’pornopTaM M aBHAKOMIIAHUSM:
PErYJISIPHOCTD a3PONOPTOB OLIEHUBAETCS [10 BPEMEHH BbLIETA, & PETYISIPHOCTh aBUAKOMITAHUM —
1o BpeMeHH mpuObITHs. Takoii moaxos 6osee 000CHOBaH, TOCKOJIBKY IaCCaKUpPaM BasKHEE BpeMsi
npuOBITHSI, a HE BpeMs BbUIeTa [3]. ABHANEpPEBO3YMKH U aCCOIUAIUU PETYISIPHO OICHUBAIOT
NEeSTeNIbHOCTh ~ a’pONOPTOB IO  [MOKA3aTeIl0  «IIYHKTYaJIbHOCTh OTIPABICHUS», YTOOBI
CTUMYJIUPOBATh CBOCBPEMEHHOCTHh BBUIETOB, KOOPAMHUPOBATH pabOTy CIIy)KO a’spomopToB U
ONTUMU3HPOBATH IPOIECCHl 00CTYKUBAHUS BO3IYIIHBIX CYyOB U maccaxxupoB. [IyHKTyaabHBIE
a’pOIOPTHI AEMOHCTPUPYIOT IMOKA3aTEIU PETYISIPHOCTH BbUIETOB 110 90%.

B Kazaxcrane y4er peryiasipHOCTH OCYIIECTBIISIETCS TOJIBKO M0 aBUAKOMIIAHUIM, (PUKCUPYS
BBUIET 110 MOMEHTY OTpbiBa OT IIOJIOCHL. B 3amajHoOil NpakTUKE PpEryjIspHOCTb BBLIETOB
ONpeaeseTcss M0 MOMEHTY OTIOHY Tpama, MOCKOJIBKY IOCJIE 3TOr0 MpPOLECC, 3aBUCIIIMN OT
aBMAKOMIIaHMH, 3aBEPIICH, U HAUMHAETCS padoTa a’poropra U CiayX0 yrnpaBiIeHHs] BO3IYIIHBIM
IBUKEeHHEM. BakHO, HACKOIBbKO 3(h(PEKTUBHO OpraHM30BaHbI MIPOLIEAYPHI PYJICHHUSI, CBOOOIHA TN
B3JIETHAS 110J10Ca U CBOEBPEMEHHO JIM ITPOBEJICHBI BCE HEOOXOAMMBIE MPOLIETyphl, HAIPUMED, KaK
npueM VIP-niepcos.

Uro kacaetcst kiaccuuKanuu 3anepixkex, B EBporne npuMeHsroTCs Apyriue KpuTepun: peiic,
3a/IepKaBLIIMICA MEHee 4YeM Ha 15 MHUHYT, CUMTAeTCsl BBINOJHEHHBIM BOBPEMS. 3adepKKU
MIO/Ipa3eIIAI0TCS HAa KaTeropuu: 70 1 yaca u cBblllIe 3 4acoB, 4TO [TO3BOJISIET 00JI€e YETKO OLIEHUTH
CUTyalMio. Accouuanusi €BpPONEHCKUX aBUANEPEBO3YMKOB MCIOJB3YET MPOCTYI0 CXEMY IS
MOJICYETa - BpeMsl OTIPABICHUS /JIs a’ponopTa M BpeMsl NMPUOBITUS Ui aBHAKOMIIAHUN C
3aIepKKON 10 15 MUHYT CUMTAIOTCS PEryJsIpHBIMUA. PEUTHHI MyHKTYyaJlbHOCTH pa3jeiisieTcs Ha
JTaTbHEeMarucTpajibHble W ONM)KHEMAruCTpalbHbIE PEHCHI, YTO TO3BOJISIET Oojiee OOBEKTHBHO
OLICHUTh CHUTYAllMI0, TaK KaK Ha JAJIbHEMAruCTPaJbHBIX MapLIPyTax BCTPEUHbIE BO3IYILIHBIE
MIOTOKM WUTparoT OOJbLIYI0 pOJib, YEM Ha KOpPOTKuX. Hampumep, mo AaHHBIM accolMaluH,
Hemenkas Lufthansa B 2024 rogy He gonmycTiiia OTMEHBI peiicoB M MOKa3aja JIyUIIni pe3yabTar
[0 PEryJIsIpHOCTH Ha JajJbHEMaruCTpalbHBIX HANpaBJIEHUSAX, HO TOJbKO 13- MecTto Ha
€BpOMNEICKUX pelcax, BbINOJHUB 98,9% 3amiaHMpOBaHHBIX MOJETOB. OTMEHOM cuuTaeTcs
Cllydaid, Korjia MoJIeT OTMEHEH 110 Jito00i npuunHe 6oJjiee YeM 3a TP JHS 10 BbLIETA.

B MeXIyHapoIHOM IpakTUKE CHCTEMbl MOHHUTOPHHIA AaBHALIMOHHOTO TPAHCIIOPTA,
UCIIOJIb3YEMbIE  TOCYJAapCTBEHHBIMU M  OOLIECTBEHHBIMH  OPraHU3alUsSMH, [OJHOCTBIO
aBTOMAaTU3MPOBAHbl M OCHOBBIBAIOTCS Ha 3JIEKTPOHHBIX 3ampocax K 0a3aM JaHHBIX CHCTEM
OpOHHpOBAHUS, YIPaBICHUsI OTIpPaBKaMH, PECypcaMM, BHU3yajdu3alud, WHOOPMUPOBAHUS U
npyrux. dopmMar 3ampocoB, MX YacTOTa M CTENEHb JETAIW3allMM MOTYT BapbUpOBAThCSA B
3aBHUCHUMOCTH OT AaKTyaJbHBIX MOTpeOHOCTeH IMosb3oBaTeneil AaHHbIX. M3HadanbHBIA cOOp
MH(OpMaIIUU OCYIIECTBIISETCS TOCYJapCTBEHHBIMHU OpraHaMM M OTPACIIEBBIMH aCCOLMALIUSIMHU, HA
OCHOBE KOTOPOI 00IIECTBEHHbIE OPraHU3alUK MPOBOJAT aHAIU3 U MYOJIMKYIOT CTATUCTUYECKUE
JIaHHBIE B Pa3IMYHBIX pa3pe3ax, yI0BJIETBOPSs 3apOChl MOTPeOUTENeH U 3alUIas UX HHTEPECHI.

Yto xacaeTcsi MOHUTOPUHTA U MYOJIMKAIIMK TJAHHBIX O MyHKTYaJIbHOCTH PENCOB, IPUMEPOM
MOJKET CIY’KUTh METOJMKa, IpUMeHsieMas B BennkoOpuTaHuu. AJMUHHCTpALUs IpaXkIaHCKOU
aBUAIUU €KEMECSIYHO COOMpAET TaHHBIE O MYHKTYAIbHOCTH PENCOB, CIOJIB3YS HHPOPMAIIUIO U3
0a3 JaHHBIX a’PONOPTOB, KOOPAUHUPYIOIUX OPraHU3aLUN U IPYTUX UCTOYHHUKOB. DTU JTaHHbBIE
MyOJIUKYIOTCSL B OTKPBITOM JOCTyNe Ha Oo(UUMaIbHOM caidTe agMUHHCTpaluu. B kauecTBe
IpUMEpa OLEHKU PEryJlspHOCTH IMOJIETOB MOXHO TPHUBECTH OOIIECTBEHHYIO OpraHH3allHIo,
KOTOpasi coOMpaeT, aHaIM3upyeT U NYyOJMKYyeT JaHHble O MYHKTYaJbHOCTH PpEHCOB BCEX
aBHAKOMITAaHHWH, BBIMOJHAIONMX peiickl B a’ponopThl BenukoOputanuu. DTa opraHusanus
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noyiydaeT HMHQOpPMAIMIO OT AAMHHHCTPAIMHM TPAXKIAHCKOW aBHAIMU, MPOBOJUT aHAIH3 U
COCTaBJISICT PEUTUHT aBUAKOMITAHUMN 10 0011Iel MyHKTYaJIbHOCTH, @ TAKXKE 110 MMYHKTYaJIbHOCTH Ha
OT/IETIbHBIX HANPABJICHUSX.

Esxeroino aBuakoMnaHuu 10 BCEMY MUPY TEPIAT yOBITKHU H3-3a 3aJIepiKEK PEiCOB, KOTOPbIE
MOTYT JIOCTUTaTh MUJUIMOHOB, B TO BpPEMSl KaK MMACCAXKUPbI CTAIKUBAIOTCS C HEYAOOCTBAMHU U
Pa3InYHBIMU OTEPSMH.

BaxHo mnoHHMMAaTh, YTO KaXIblil PENC BBINOJHIETCA B CTPOTrO OINPEICIEHHOE BpeEMS
COrJJaCHO pACIHCAHUI0 W HA3HAYEHHOMY CJIOTY, KOTOPBIM BBIIEISAETCS JUIsl KOHKPETHOIO
BO3/IyIITHOTO CY/IHA B ONpeeN¢HHbBIN JeHb. CIIOT — 3TO BpeMs BBUIETA WM MPUOBITUS CaMOIETa
Ha KOHKPETHYIO J1aTy, YCTAHOBJIEHHOE B paCIUCAHUM a3ponoprta [4].

CrieryeT OTMETHUTD, UTO 3a/IEPKKU, KAK TEXHUYECKOT0, TAK ¥ OPTaHU3ALMOHHOT0 XapaKTepa,
MOTYT OBITh CBSI3aHBI C HEHCIPABHOCTSIMH B paboTe a’3pornopra, aBUAKOMIIAHUU WA CIIYKO
ynpasienus: Bo3nylHbIM JBrkeHueM (YBJI). K 3agepkkam Takke MOTYT NPUBECTH TaKue
CUTYaIlUH, KaK 3aJiep>KKa IpyMIbl Haccakupos (Hanpumep, VIP-kimacca unu nepBoro kjiacca).

3amepxkka B3JIETa MOXKET MOBJIHUATh U HA BPeMs MPUOBITHS peiica (eCiu SKUIMaX HE MOXKET
KOMITEHCUPOBATH 33/IEP>KKY BO BpeMsI IOJIeTa U MPUOBITH MO PACHIHCAHUIO), YTO B UTOTE IPUBOJAUT
K 001IIel 3a7iepiKKe peiica.

OpnHoM U3 KITIOYEBBIX MPUYUMH 3a/IePKEK SBISIOTCS HEOIAaronpusTHbIC MOTOAHBIC YCIOBUS,
KOTOpBIE MOT'YT 3aTPYJAHUThH WJIU CHIEJIaTh HEBO3MOKHBIM BBIITOJHEHHUE B3JIETA U MOCAAKU. Jlaxe
COBPEMEHHOE BO3/YIIHOE CYIHO C BBICOKOTEXHOJOTHYHBIM OOOPYJOBaHHMEM HE BCEIr/Ia MOKET
MPU3EMJITUTHCS Ha B3JIETHO-IIOCAI0OYHYIO TOJIOCY M3-3a IUIOXUX IMOTOAHBIX YCIOBUHM, YTO MHOTAA
MPUBOJUT K TOJTHOU MPUOCTAHOBKE PabOTHI a3pomnopTa.

MoOKHO BBIJICTUTH IIECTh OCHOBHBIX MPUYUH 33JIEPKEK peiicoB (puc. 1).

Buna aBuakomnanuu Buna cinyx0 Buna asponopra

[TpuunHbI 3a1epKeK

Her CABUICHHBIC

Buna maccaxunpa Mereoycinoust
oOcTosTenLCTBA

Pucynok 1 — YkpynHenHas kinaccuukanus 3aaepxex [5]

KpoMme noroassIx yciaoBUi, 3a1€p>KKM MOTYT IPOMCXOIUTh 10 BUHE CaMOM aBHaKOMIIaHUU
wi a’poropra (oOcimy)uBaromei komnanuu). [IpuduHBI MOTYT OBITH TEXHHYECKUMH WA
OpraHu3alMOHHBIMU. TeXHHWYecKHe MPUYMHBI CBSI3aHBl C HEHCIPABHOCTSMM CaMOJETa WU
a’poApoMHOTrO 000pynoBaHMsA. Takme 3aJep>KKM 9YacTo IMPOMCXOAST H3-3a HEOOXOJMMOCTH
MIPOBE/ICHUS 00s13aTEILHOI0 TEXHUYECKOoro oocmyskuBanus (Hanpumep, Daily Check nin Weekly
Check) B paMkax orpaHMu4€HHOTO BpEMEHH MEpeJ MOJIETOM.

OpraHu3anroHHbIe 33/I€P’KKU MOTYT OBITh BBI3BaHBI MPOOJIEMaMH CO CTOPOHBI a3pONopTa,
TaKMMH Kak Teperpy3ka meppoHa MM HeOOXOAMMOCTh OXKUIaHUSI Ha CTOSHKE JUIsl OYKCHPOBKH
WIN pyJeHus. 3aep>KKH MOTYT Take OBbITh CBS3aHbI ¢ pabOTO 0OCTyXUBAIOIIUX KOMIAHHA,
HaTpUMep, MO3IHSISI 3arpy3Ka HITH pa3rpy3ka OOPTOBOTO MUTAHUS, 3aJIEPIKKH C TIPEAOCTABICHHEM
a’pOJPOMHOM  CHEUTEeXHUKH  (Tpambl, TAraud, Oara)kHble  JICHTHI, MAaIIUHBl IS
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IPOTHUBOOOJIEICHUTENbHON 00pabOTKM, MacCaKUPCKUE aBTOOYCHI W Jpyrue), a TaKke ¢
HECBOEBPEMEHHBIM BBIITOJIHEHUEM OIIEPALIU MO TOTPY3Ke MM BBITPY3Ke Oaraxka M MOYTHI.

3amepKKH pEcOB 1O BHHE AaBHAKOMIAHMKA MOTYT OBITh BBI3BaHBI PA3TUYHBIMU
obcrosrenscTBaMu. Hampumep, camoneT MOXKET OTCYTCTBOBAaTh B ad’pOINOPTY BbUIETA H3-3a
OMO3JaHUsl C MPEIBIAYIIET0 peiica WM HEXBAaTKH PE3EepPBHBIX BO3IYIIHBIX CyIOB. Takxke
BO3MOJKHBI 3aJICPKKH, CBSI3aHHBIC C OXKHMIAHUEM TPaHC(HEPHBIX MaCCaKUPOB, COOSIMH B CHCTEME
PETUCTpAIH WIH TIOCAIKH.

3afepKKu peiicoB MOTYT BO3HHUKATh IO pa3HbIM MPUYMHAM, BKIIOYAs HENPEIBHIICHHBIC
00CTOSITENILCTBA, HE 3aBUCSIIME OT aBHaKOMIaHuu. Hampumep, K TaKUM CHUTyallusiM OTHOCSITCS
HKCTPEHHBIE MEAMLUHCKHE CIy4ad Y MacCaXMPOB, HAPYIICHHE OOIIECTBEHHOTO MOPSIKA HIIH
npUpoaHbIe KatacTpodsl. Kpome TOro, mpuYMHON 3alep>KKM MOXKET CTaTh CTOJKHOBEHHE C
OTHLAMH, 3a0aCTOBKM TIEPCOHANA, OTCYTCTBHE HEOOXOAMMOIO SKHNaXa, HEOOXOANMOCTb
COOJIIOIEHHSI HOPM OT/bIXa JIETHOI'O COCTaBa MJIM IPEBBIIMIEHHE JOIYCTUMOTO B3JIETHOIO Beca
camoJera.

Pe3yabTaThl 1 UX 00Cy:KIeHHE.

Kazaxcranckuii pBIHOK aBHANEPEBO30K B TIOCICAHHUE TOJbI HAXOIAUTCS B CTaIHH
WHTCHCUBHOTO pa3BUTHs, HECMOTPS Ha MpPOOJEMbl TPOIUIOro, TaKHe KaK YCTapeBIINe
MIPOU3BOJICTBEHHBIC TPAJAWIIMHA, HECOBPEMECHHBIE HOPMATHBHO-TIPABOBBIC aKThl U H30BITOYHBIC
napku Hed((HEKTUBHBIX BO3AYUIHBIX CYI0B. DTU HETaTUBHBIE TEH/ICHIIUU CYIIECTBEHHO BIHSIOT
Ha DSKOHOMWKY AaBHAICpPEeBO30K, BBIHY)KIAas aBHAKOMIIAHWW AaKIICHTHPOBATh BHUMAaHHWE Ha
KPaTKOCPOYHBIX IIEJISIX, YaCTO UCIIOJIB3Ys JEMITUHT, YTO OTPAKACTCS HAa KaueCTBE YCIYyT, B TOM
qHCIIe Ha PETYJSIPHOCTH ITOJICTOB.

HanexxHOCTh BBUIETOB — 3TO BaXKHBIM IMOKa3aTedb 3()(PEKTUBHOCTH TEXHHUUECKOU
IKCIUTyaTalliyd BO3IYIIHBIX CYJOB, KOTOPBIA OTpa)kacT 3KOHOMHUYECKYIO pPE3yIbTaTHBHOCTH
paboThl aBHMakOoMIaHWHM. YeM BHIIIE YPOBEHb AIKCILUIYaTAllMOHHOW HAJCKHOCTH PEHCOB, TEM
yCTICIIHEE aBHAKOMITAHUS YIPABJISACT JKCIUTyaTallell CBOMX CaMOJIETOB, TEM JIydllle KadyecTBO
oOciyxuBaHus u 6onee 3QdeKTHBHA MOTUTHKA Oe30MacHOCTH [6].

PerynsipHOCTh pelicOB MMEET CBOIO IIEHY, KOTOpas BKIIFOYAET PACXOJbl HA PE3epPBHBIC
BO3/yIIIHBIE CYy/1a, BBICOKYIO CTOMMOCTh HOBBIX COBPEMEHHBIX CaMOJIETOB, YIYIICHHYIO BHITOIY
W3-32 CIJIAKWBAHUS IHUKOBBIX BpPEMEH NPHICTOB M BBUICTOB, MOTEPH OT YMCHBIICHUS
WHTEHCUBHOCTH IOJIETOB,  TAK)KE OpPTraHU3aI[MOHHBIE 3aTPAThl HA YIy4llleHue OM3HEC-TIPOIIECCOB.
[ToaTomMy MpUHYKIATh aBUAKOMITAHWH K JOCTHKCHHIO CTOMPOIEHTHOW PETYISIPHOCTH IOJICTOB
aJIMMHHUCTPATUBHBIMA MEpaMU HelleJIecoo0pa3Ho, MOCKOIbKY 3TO OTPa3HTCS Ha CTOMMOCTH
owmetoB. J[J11 GOTBITMHCTBA MACCAXKUPOB BakKHEE COATaHCHPOBAHHOE COOTHOIIIEHNWE CTOUMOCTH
aBUATIEPEBO3KHU M MPUEMIIEMOTO KauecTBa yciuyru [7].

JIyist MpoBeIeHNsT MaTeMaTHIEeCKOT0 pacueTa JaHHOTO MCCIICOBAaHUsS OBLI C/IETaH aHan3
TEKYIIeH CTATUCTHKU 3aJiepKeK (PUCYHOK 2).
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Pucynok 2 — AHanu3 TekyIei cTaTucTuku 3aaepikex [1]

[Iponent 3anepxkex B 2023 roxy cocraBui 13,28%, a 3a nmepuop ¢ suBaps 1no utonb 2024
rojia MpoLeHT 3ajiepxek coctaBuil 17.16%.

OneHuBasi 5KOHOMHUYECKHE MOTEPU OT 3aJIEPIKEK, B CPEIHEM, OJIHA 3a/ieprKKa 00XOIUTCS
aBuakomnanusam oT 1 000 o 10 000 mommapoB (Y4UTHIBas KOMIIEHCALIMH, [IEPEPACXO]] TOILIUBA,
OpraHHU3aIOHHBIC U3JIEPKKH). B TakoM citydae rogoBoit yiiep6 B 2024 roay cocraBut ot 9.68
MJIH. 10Ji1apoB A0 96.84 muH. nomnapo CIHIA. Yucno 9684 B pacuére — 3TO MPOTrHO3UPYEMOE
KOJIMYECTBO 3aJiepKaHHBIX peiicoB B 2024 roay, eciu COXpaHITCsS TEKYIUME TEMIIbl 3aJEpiKeK,
3aUKCUpOBaHHBIE B TEpBOM MOJIOBUHE Tofa. 4 842 — KOIMYECTBO 3aJep)KEK 3a MEPBYIO
nosioBuHy 2024 rona. YMHOXEHHE Ha 2 MHpEeaIojaraer, 4To JWHAMUKA 3a/lepKEK BO BTOPOM
MOJIYTOJIMA OCTaHETCA TakoH ke, Kak U B nepBoM. [Ipu cpeaneil 3arpyske 120 maccaxupoB u
KOJIMYECTBA 3aJep>KaHHBIX peiicoB - 9864, 3anepKku peicoB OKaXyT BiMsHME Ha 1.16 MuH.
1acCaKupoB.

3asep KK aBUAPEHCOB MOTYT OBITh BBI3BAHBI PA3TUYHBIMH (HaKTOpaMU: TOTOJAHBIMU
YCIIOBUSIMH, TEXHUYECKUMHU HEUCTIPABHOCTSAMH, 3arPYKEHHOCTBIO a3pONOPTOB, ONEPALIMOHHBIMU
cOossMH U TIpoOJIeMaMU B YIIPaBJICHUW BO3AYIIHBIM JBMKEHUEM. JlJIT MUHUMU3AIMH 3aI€PIKEK
PEKOMEHYeTCsl TPHUMEHSTHh OINEpalliOHHbIe, TEXHOJIOTUYECKHe, HWHPPACTPYKTYpHbIE U
OpraHU3aIMOHHBIE MEPHI.

K omepannoHHBIM MepaM MOKHO OTHECTH ONTHMH3AIMIO paclHCaHud, T.€. pa3paboTka
PEATUCTUYHBIX TPAPUKOB C yU4E€TOM BO3MOKHBIX 3aJIEPKEK, CE30HHOCTH M METEOYCIOBUU. A
TakXe 3TO JTUBEpPCU(PHUKAIMS MapIIPYTOB, KOTOPas MO3BOJSIET UCIOIB30BaHNE allbTEPHATHBHBIX
a’pOJPOMOB TIpU TIEpETpy3Ke TIaBHBIX XaboB. Kpome Toro, oueHbp Ba)KHO COKpallaTh BpeMs
HA3eMHOTO OOCTy>KMBaHUs 3a CYET aBTOMaTU3aluMu mpoieccoB. HazemHoe oOcmykuBaHue
BO3JYIIHBIX CYZOB BKJIIOYAET 3allpaBKy, TEXHUUYECKYIO MPOBEPKY, 3arpy3Ky Oaraxka U Mocajky
MaccaXupoB. ABTOMAaTH3alUsl 3THX MPOLECCOB TMO3BOJISIET 3HAYUTEIBHO COKPATUTh BpeEMs
MPOCTOSI CaMOJIETOB B ad’pOIOPTY, YTO YMEHBIIAET 3aJCPKKU W TOBBIIMIAET MyHKTYaJIbHOCTH
peticoB. Hanpumep, aBToMaTu3anus NponeccoB 3alpaBKU TOILTMBA MOKET OCYIIECTBIISITHCS YEPE3
uudpoBeie cucTeMbl. BHeapeHHe yMHBIX TOIUIMBHBIX JaTYMKOB Ha CaMOJIETaX, KOTOpHIS
aBTOMATUYECKU TMEpeJaloT JaHHble O TEeKylleM YpoBHe TomiuBa. Vcnonb3oBaHue
ABTOMATU3MPOBAHHBIX PACUETHBIX CHUCTEM, KOTOpPHIE CMOTYT MPOTHO3UPOBATH HEOOXOIUMBIN
00BEM 3ampaBKH B 3aBHUCHUMOCTH OT MapIipyTa M MOTOAHBIX ycioBuil. MuTerparus ¢ ERP-
CHUCTEMaMHU a3poIopTa MO3BOJIUT 3apaHee IIIaHUPOBATh BPEMs U MECTO 3ampaBku. Takke MOKHO
OCYIIIECTBIIATH 3allpaBKy CaMOJIETOB BO BpeMsl IPYrUX OMNepallnii, TAKUX Kak MOrpy3ka Oaraxka,
nmpoBepka obOopyaoBanus. Wnum MCMOIB30BaTh aBTOMATH3MPOBAHHBIE TOTUIMBO3AIMPABIIUKH,

56



A3aMaTTBIK aBUAIUS aKaJIEMUSCHIHBIH XKaPIIBIChI Ne1(36)2025

KOTOpBIE MOTYT CAaMOCTOSITEJIbHO MOAKII0YAThCA K caMoJleTy. B pe3ynbrare Takux MeponpusTui
BO3MOJKHO COKpaIlleHUE BpeMEHU 3anpaBku Ha 15-25%, a Takyke CHU3ATCS MPOCTOU BO3LYIIHBIX
CYyJIOB.

Ecnu roBoputh ganeie 06 aBToMaTH3aluu, TO €€ MPUMEHEHHE BO3MOXKHO MPU MPOBEPKE
6oproBbIX cucteM. Hampumep, ucnosnb3oBanue mudpoBbix IBOWHUKOB U 0T mo3Boaut vepes
JaTYMKUM Ha OOpTy IepeAaBaTh JaHHBIE O COCTOSSHUM CHUCTEM B peaJbHOM BpPEMEHU B
JMCTIETYCPCKUI IIEHTP aBHMAKOMIIAHMM WJIM a’poropTa. A ¢ momouipio cucreMbl Big Data
AQHAJIM3UPOBATh 3TH JAHHbIE U IPOTHO3UPOBATh BO3MOXKHBIE HEUCIIPABHOCTU 3apaHee. Jlus
YCKOPEHHOW JTMarHOCTUKU W YJAJIEHHOTO KOHTPOJIS TEXHHYECKHUH MepcoHan OyneT moiydarb
ABTOMAaTU3HPOBAHHBIC YEK-JIUCThI C JAHHBIMU O COCTOSIHUM CaMOJIETA €IIE 10 €r0 MPU3EMJIICHUS.
Taxxe BO3MOXHO HCIIOJIb30BaHME POOOTOB U JAPOHOB JUIsl HAPYKHOTO OCMOTpa Koplyca U
nBurateneil. B pesynbrare cokpanieHre BpeMeHH JUarHocTuku qocTuraet ¢ 30—40 munyt 1o 10—
15 MunyT.

s morpy3ku 1 06paboTku Oaraxa TakkKe peKOMEHIYeTCs HCIIO0Ib30BaTh AaBTOMATH3AIHIO.
Hanpumep, ucnonb3zoBanne RFID-meTtoxk m konBeinepHbix cucteM. RFID-meTkun mo3BoJsitOT
ABTOMATUYECKU OTCJIEKUBATh Oaraxx W ero 3arpy3ky. llonkimtoueHue KOHBEHEpPHBIX JIEHT
HaMPSAMYIO K CAMOJIETY JUUIsl yCKOPEHHOM 3aTPy3KH U BRITPY3KH. A €CIT pOOOTH3UPOBATH CHCTEMBI
o0paboTku Oaraka, aBTOMAaTU3UPOBATh COPTUPOBOYHBIE KOMIUIEKCHI, KOTOpbIe OyayT
pacripenenats Oaraxk 0e3 ydJacTusi 4eloBeKa. BHenpeHne aBTOHOMHBIX TOTPY3UYHMKOB 3aMEHST
pyuHoii Tpya. B pesynbTate BpemeHs: 00paboTku O6araxa cokparurcs ¢ 25-30 munyt g0 10-15
MUHYT.

TakuMm 006pa3zoM UTOTOBBIN AP(HEKT aBTOMATH3AIUU COCTOUT B TOM, YTO COKPATUTCSI BPEMsI
HazeMHOTro obciyxuBanus ¢ 60-90 munyt 10 30—50 MUHYT. DTO TIO3BOJIUT CHU3UThH KOJIMYECTBO
3aIepKEK HM3-3a JIUTENIbHOM MOATOTOBKM CaMoJieTa K CIEAYIOLIEMY pency, IO3BOJIUT
ONTUMU3UPOBATh padOTy a’3pOINOPTOB M aBHAKOMIIAHWN, MOBBICUT MPOMYCKHYIO CIOCOOHOCTD.
Taxxe aBToMaTH3aIUs MPOLIECCOB HA3EMHOTO 00CTYKUBAHUS OBBICUT MMYHKTYaJIbHOCTb PEHCOB,
CHHM3HT OIIEPAIMOHHBIE 3aTPATHI U CHIEIAET BO3AYIIHBIC IepeBO3KHU Ooiee 3(h(heKTHBHBIMY.

Emé ogna pexomenaanus Ajis CHUKEHHUS 3aJ€pKEK pEeHcOB — 3TO METOJ pa3roHa TyMaHa
a30TOM B paiiOHE MOCAJKU CaMOJIEeTa.

Pasron TymMaHa ¢ HCIONB30BAaHMEM >KHMJIKOIO a30Ta SBISAETCA OJHUM U3 METOJOB
MOBBILLIECHUS! BUTUMOCTH B 30HE a3pOIOpTa MpH IMOCAJIKE CaMOJIETOB. DTOT METOJ OCHOBaH Ha
(U3NKO-XMMHUYECKUX CBOMCTBAX a30Ta U €r0 CIIOCOOHOCTU U3MEHSATh CTPYKTYpPY TyMaHa. TymaHbI
B paiioHe MexIyHapoaHOro a’pornopra AnMarbl HauboJsiee 4acTo HaOJIIOMAOTCS B OCEHHMIA-
3UMHUH NepuoJ, 0COOEHHO B HOsI0pe U aekabpe. B 310 BpeMsi BEpOSITHOCTh MX BOSHUKHOBEHMS
cocrasisieT okoio 60%. B nienom, B ropoge AnmaThl U €r0 OKPECTHOCTSAX TyMaHbl (PUKCUPYIOTCS
Ha nporsbkeHun 50-70 nHel B roay. 1IpoaomkuTenbHOCTE TyMaHOB MOXKET BapbUpPOBATHCS OT
HECKOJIbKMX 4acoB J0 HECKoJbkMX cyTok. Hampumep, B aexabpe 2018 roma ryctoir Tyman
JepxKaicsa B AIMaThl HECKOJIBKO JHEW MOAPSL, YTO IPUBEIIO K 33J€pKKaM aBUapEHCOB.

B uém cocTout nmpuHLMI paboThI JaHHOTO METO/1a. A30T OXJIaXKJAET BJIAry, HaXOASIIYIOCs
B Tymane. JXunkuii a3ot (-196°C) nmpu pacnbuleHUH OBICTPO HCHApPSAETCs, OXJIaXIas BO3AYX U
NpUBOJA K KOHAEHCALMM BOJSHOTO Tapa, 4YTO CIIOCOOCTBYET YKPYNHEHHIO MEJIKMX Karlelb
TyMaHa. Jlanee mpoucXoIuT ocaxkJIeHHe Karnesb. boiee KpynHble Kamian BoJbl ObICTpee 0CEAAI0T
Ha [MOBEPXHOCTb, YTO CHUKAET IUNIOTHOCTh TYMaHa M yay4yllaeT BUAUMOCTb. 3aTe€M MPU UCTIapEHUU
a30Ta MPOMCXOUT JOKAJIbHOE YBEIIMUEHHUE 00bEeMa CyXOro ra3a, YTo ClloCOOCTBYET BHITECHEHUIO
BJIQXKHOT'O BO3/[yXa U3 30HBI IOCAKH.

TexHonorus NpUMEHEHUs JAaHHOIO METOJA 3aKkirodaercd B cienyromem. JKuakuil azor
pacmuisiercs B 30He BIIIT (B3meTHO-0CA109HOM MTOTOCH) U TIIUCCAIIBI C IOMOIIIBIO CTICTIHATBHBIX
a’pO30JIbHBIX YCTAHOBOK MJIM MOOUJIBHBIX €eMKOCTEH ¢ cucTeMoi popCcyHOK. J[1s1 MakcuMaabHOTro
s¢dexTa pa3roH NpOBOAAT HETIOCPEACTBEHHO Mepea mocaakoit camosera. CUCTEMBI MOTYT ObITh
CTallMOHAPHBIMU (YCTAaHOBJICHHBIMU Ha a3pOIpOME) WM MOOUIIBHBIMU (Ha CHIELTPAHCIIOPTE).
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[IpeumymiecTBaMu 1aHHOTO MeTOAa sABIsieTca ObicTpoe neiictBue (3¢ddexr HacTynaer B
TEYECHUE HECKOJILKUX MUHYT), YKOJIOTHYECKasi 0€30macHOCTh (30T coctasiser 78% armocdepsl),
BO3MOKHOCTh IIPUMEHEHUS! IPH KPUTHUECKH HU3KOW BUIAUMOCTH.

Ho He cMOTpsi Ha MpEeMMYyIIECTBa, TaKKE€ MUMEIOTCS OTPAHWYCHUST M HEJAOCTATKH. JTO
BBICOKAsi CTOMMOCTBH JKHJIKOIO a30Ta M 00OpydOBaHUS, OTrpaHWYeHHas 3(PQPEKTUBHOCTH MpPU
CHJILHOM TYMaHE C BBICOKOU BJI&YKHOCTBIO, KPATKOBPEMEHHBIH 3P PEKT — MOBTOPHOE 00pa30BaHKE
TyMaHa BO3MOXHO uepe3 15-30 MunHyT.

Pasron Tymana a30ToM — MepCreKTUBHBIN, HO 3aTPATHBII METO/T TIOBBIIICHHSI BUIUMOCTH B
aspornioptax. OH »>ddekTuBeH NpU YMEPEHHOM TyMaHE U MOXET TNPUMEHSATHCA Kak
JOTIOJTHUTEIIbHAS MEpa B COUYCTAHHUHU C IPYTUMHU TEXHOJIOTUSIMHU.

Jlnis aHanu3a ¥ IpOTHO3MPOBAHUS 3a/IEPKEK CaMOJIETOB MOYKHO MCIOJIb30BATh PA3INYHbIC
MaTeMaTHYECKHUE METOJIbI B 3aBUCUMOCTH OT IIeJIel UCCIICIOBAHHUS.

Paccmorpum metonm ARIMA (Auto Regressive Integrated Moving Average) mis
[IPOrHO3UPOBAHMS 3aJepKeK peiicos [8].

JlomycTim, y Hac ecTh JaHHBIC O 3aJ[epKKaxX PecoB B MUHYTax 3a npensiaynime 30 maHei.
Ham Hy>XHO CIIpOTHO3UPOBATh 33JCPKKY Ha CICIYIOIIUE 7 THEH.

Ananuz metosioM ARIMA BBINOTHSETCS TIO CIICTYIOITUM dTaram:

1. ocyriecTBIsSIeTCSl aHAJIN3 TAHHBIX: U3y4aeTCs BPEMEHHOU psijl 3a/iepikek. BpeMeHHO# psin
3aJIepKEK PercoB — 3TO MOCIEI0BATEIBHOCTD TaHHBIX O 33/IEP)KKaX PEHCOB, YHOPsIOUYEHHAs TI0
BpeMeHH. OH MOKET COJIEPKATh: ©KEIHEBHBIC/KEMECUHBIC TaHHbIC (KOJINIECTBO 3a€PIKEK UITH
UX CPEIHSISI IPOJIOJIKUTEIILHOCTD 32 ONPEICICHHbII TIePHO/); Ce30HHBIC KojieOaHus (Harmpumep,
pPOCT 3aJepikeK B 3MMHHI IMEPUOJ] M3-3a IMOTOMHBIX YCIOBHIA); IOJTOCPOYHBIC H3MEHCHHUS
(HampuMep, CHIDKEHHE 3aJIepiKeK Oyiarojapsi aBTOMaTH3alUK); Clay4aiiHble KojieOaHus (BIHsSHUC
HETPEIBUICHHBIX (AKTOPOB). AHAIN3 BPEMEHHOT'O psijia MO3BOJIAET MPEACKa3bIBATh 3aCPIKKU U
HaXOJUTh MPUIUHBI KX U3MECHEHUSI.

2. Onpenenenue napamerpoB ARIMA (p, d, q):

- p — nopsanok aBroperpeccuu (AR);

- d— uucno quddepenumponannii (I);

- (— MOPAIOK CKoIb3sIero cpeaaero (MA).

3. OOyueHmne MOJeTH HAa UCTOPUYECKHUX JAHHBIX — 3TO MPOIIECC, IPU KOTOPOM alITOPUTM
aHAJIM3UPYET MPOLUIbIE JAHHBIE O 33/I€P’KKAX PecoB, YTOOBI BBISIBUTH 3aKOHOMEPHOCTH U JI€NaTh
MPOTHO3BI Ha OyyIIIee.

4. Jlanee BBINOJIHACTCS MPOrHO3UPOBAHKE 3aJepkKeK Ha 7 qHel Brepes (PUCYHOK 3).
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Pucynok 3 — INporuo3 3aaepxek merogom ARIMA [1]
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Hcxons U3 mporHosa 3ajepKek Ha 7 AHEH: 3HadeHus KoneOnroTes B auamnazone 13.8-14.1
MUHYT. ['paduk mokaspiBaeT, YTO MPOTHO3 CTAOMIIbHBIHN, 0€3 PEe3KUX CKAYKOB.

OTOT TOIXOJ TO3BOJISIET TMPEACKA3bIBATh 3aJCPKKU PEHCOB, YTOOBI  yIydIIUThH
IUTAaHUPOBAHUE U YIIPABJICHHE MOJIETAMHU.

Ecnu 3amepKKu 3aBUCAT OT CE30HHBIX (DaKTOPOB (HANIPUMEp, YBEIUYUBAIOTCS OCEHBIO H
3MMO¥ H3-3a IUTOXOM MOro/IbI), TO Jy4ie ucmoias3oBath SARIMA (Seasonal ARIMA) [8].

Metox SARIMA (Seasonal ARIMA) pacmmpsier ARIMA 3a cuer ydera CE30HHBIX
KOMITOHEHT, KOTOpbIE MOBTOPSAIOTCS udepe3 (PUKCHpOBAaHHBIE MHTEPBAJIbI BPEeMEHM (HAIpHUMeEp,
KaXKJIbIN TOJ], KBapTaJl WM MECHLL).

Mozxens SARIMA o0o3Hadaercs Kak:

1. SARIMA (p,d,q) x (P, D, Q,5s)

rjae:

(p, d, q) — mapamerpsr ARIMA (aBTOperpeccusi, HHTETPUPOBAHKE, CKOJIB3AIIECE CPEIHEE);

(P, D, Q, S) — ce30HHbBIC aHAJIOTH 3TUX TAPAMETPOB C TIEPHOJANIHOCTBIO S (Hanmpumep, s = 12
JUISL MECSTYHBIX JTAHHBIX ).

JomyctuMm, y Hac €CTh IaHHBIC O CPEIHUX 3aJIePKKaX percoB (B MUHYTaX) 3a MOCIeaHue 36
MECALIEB, U Mbl 3HAEM, UTO 33JEPKKH YBEJIIMUNBAOTCS OCEHBIO U 3UMOM.

OrnpezernsieM Ce30HHOCTD: JIOMYCTHM, 3a/IEPKKHU U3MEHSI0TCS pa3 B 12 mecsiueB — s = 12.
[TonGupaem mnapamerpel ARIMA: wucnons3yem astokoppensuuio (ACF) u wactuunyro
aBrokoppersinuio (PACF). Mogens SARIMA (1,1,1) x (1,1,1,12), koTopasi XOpOIlIO OMUCHIBAET
CE30HHBIE KOJIeOaHUsI.

Tabnuna 1 - Pacuet u nporno3upoBanue 3aaepxex B 2025 roxy

Mecsn dakTHueckas [Iporno3z SARIMA
3a/iepKKa (MUH) (MuH)
SAuB 2025 12.5 12.4
Des 2025 13.1 13.0
Map 2025 12.7 12.6
Anp 2025 11.8 11.9
Okt 2025 - 145
Hos 2025 - 15.2
Jex 2026 - 16.1

SARIMA npencka3bIBacT, YTO B OCEHHE-3UMHUM MEPUOJ 3aAE€PIKKH BBIPACTYT U JIOCTUTHYT
16.1 munyt B nexadbpe 2025 roaa.

Takum o6pazoM, SARIMA y4uTHIBa€T roJJOByI0 C€30HHOCTh U KOPPEKTHO MPEACKA3bIBACT
poOCT 3azepkeK 3uMoi. MeToj moye3eH A aBHMaKOMIAHUNH M a’poNOpTOB, YTOOBI 3apaHee
YUUTBHIBaTh C€30HHBIE (PAKTOpbl. MOXHO YIY4IIUTh TOYHOCTb, JA00ABUB IOTOJHBIC JaHHBIE
(TemnepaTypy, OCaJiki, TyMaH).

3akiaro4enue.

B xozxe uccrnenoBanus Oblia MpoBe/eHa JeTaldbHasl OIEHKAa BPEMEHHOTO psa 3aJlepiKeK
aBuapeiicoB ¢ ucnonb3zoBanuem Mmozaeneii ARIMA u SARIMA. Ananus nokasai, 4To BpeMEHHON
psn o0aaeT Ce30HHBIMU KOJIeOaHUsIMU, UTO JIeiaeT MpUMEHeHne cTanaapTHon moaenmun ARIMA
MeHee 3G GeKTUBHBIM. B cBs31 ¢ 3THM ObL1a ncnonb3oBana SARIMA, no3Bosisitonasi yauThIBaTh
CE30HHBIE KOMIIOHEHTHI.

[TporHo3 Ha cieayOUMi MepHOA MOKa3aJl YBETUUEHUE/CHIKEHNE KOJIMYECTBa 3a/IepiKeK,
YTO MOXKET MOMOYb aBUAKOMITaHUSM B ONTUMHU3ALMN PACIHCAHUS U PECYPCHOTO TIIaHUPOBAHMUSL.
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B nanbHeiinieM BO3MOXHO pacIIipeHre MOICIH ITyTEeM BKIIOUEHHS JOMTOJTHUTEIbHBIX (PaKTOPOB,
TaKUX KaK ITOTOJIHbIE YCIOBUS, 3arPY>KEHHOCTh a3pOIIOPTOB U PErilaMEeHTHbIE paOOTHI.

Hcnonb3oBanue Mojeneld BpeMEHHBIX psagoB, B yacTHocth SARIMA, sBasercs
3¢ (GEKTUBHBIM HHCTPYMEHTOM JUIsl IIPOTHO3MPOBAHUS 3a/EP’KEK aBUApEHCOB, YTO MO3BOJISIET
MOBBICHTh TOYHOCTb IJIAHUPOBAHUS U MUHUMM3HPOBATH M3JIEPKKU aBHakommanuii. [Ipobiema
peryispHocTH aBHapeiicoB B Kazaxcrane ocraercs akTyaJlbHOM M MHOIOIPAaHHOM, OXBaTbIBas
TEXHUYECKHE, OpPraHU3allMOHHBIE M TOTOJAHBIE (HAaKTOPHL. AHATU3 MEXKIYHAPOJHBIX MPAKTUK
IIOKa3bIBAET, YTO MOBBILIEHUE TYHKTYaIbHOCTH TPEOYET KOMIUIEKCHOTO OIX0/a, BKIFOYAIOLIETO
ONTUMH3AIMIO  adPONOPTOBOM  HMHMPACTPYKTYpHl, BHEAPEHHE COBPEMEHHBIX CTaHIAapPTOB
yIIpaBJIEHUs BO3YLIHBIM JIBUKEHHUEM U MOBBIIEHUE 3()(HEKTUBHOCTH PaOOThl aBUAKOMITAHHH.

HecmoTpss Ha 1NO3WTHBHBIE W3MEHEHUS B OTPACIM, TaKHE€ KaK pPOCT KOHKYPEHLIMHM H
MOBBIIIEHUE BHUMAaHUA K IIpaBaM IacCa)XMpOB, MOJIHOE YCTPAHEHUE 3aJepKEK HEBO3MOXKHO 0e3
3HAYUTEIbHBIX UHBECTHIIMI U COBEPIICHCTBOBAHUS HOPMATUBHO-TIPABOBOM 0a3bl. BaxHo HaliTH
0ajaHc MEXIy peryispHOCTbIO PEHCOB M 3KOHOMHYECKOH 3((EKTUBHOCTHIO aBUAIEPEBO30K,
o0ecrevnB MPHEMIIEMOE COOTHOIIICHNE CTOMMOCTH OMJIETOB M KAUeCTBA YCIIYT.
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KA3AKCTAHHBIH 9YE TACBIMAJIJAPBIHBIH
ZKYUEJLJITT MOCEJIEJIEPI

AHoamna. PeiicmepOiy Kewiicyi Maceneci iHconayuvliap cepeucine, asuaKoMnanusiapobly
ONnepayusanblK NPoYecmepine Hone 2yexnCarlapovly IKOHOMUKACLIHA aumapivlKmail acep eme
omuipuin, Kazaxcmanuely aye macblManvl CaldcblHOAebl Hezizeli macenenepoiy 0ipi 60.1bin
maobwiiaosl. Koraywwliap ablHbiHbIY OCYIH JHCoHE Ve HAPbIZLIHLIY OelceHOl 0aMYblH ecKepe
omulpwvin, Kidipicmepoiy cebenmepin aHbIKMAy HCaHe HCOK CANaHblH bacexeze Kabiiemminicin
apmmuipy yulin Mayvl30bl MiHOemKe auHaIaobl.

3epmmey nomi  peiicmepoiy  Kewiicy cebenmepi dicoHe  oaapovly  Kasaxcman
ABUAKOMNAHUANAPLL MEH 2YedCAuIapbl HCYMbICLIHbIY MuiMOoinicine acepi 0O0nbin maodwliaobi.
3epmmey 6apvicvinoa Kazaxcmanoaesl peticmepoin azblmoagvl sHcati-Kyuin manoay, Kidipicmepee
acep ememin Hezizel hakmoprapovl amblKmay, yuty Kecmecin Oy3y0bll KOHOMUKANbIK HCIHE
aneymemmik canoapulH 6azanay, Kidipicmepoi azaimy coHe YKbINMbLILIKMbL aApmMmsipy
OOUbIHUA YCHIHBIMOAD d3Ipaey CUAKMbL MiHOemmep wewinoi.

3epmmeyoiy maxcamol KazaxcmaHnuviy aye macblMaivl HApbl2blHOAebl pelicmepoiy Keulicy
cebenmepin 3epoeiney dHcane o1apobl 6APLIHWA A3aUmy HCOHIHOe2l MUIMOI wapanapovl azipiey
001001.

Kymvicma cmamucmukanvly manoay, capanmamanvlk cayaiHamanlap, HOPpMamuemix
Kyolcammapovl — manoay — 20icmepi, COHOQU-aK  dcemeKwli  asuamacvbiManidayulbliapovly
YKbINMBLILIK KOPCEMKIUMEPIH CATbICMbIPMATbl Manoay aoicmepi nauoaiansliobl.

3epmmeyoiy Hecizei Homudicenepi aya patvl HCALOAUNAPLIH, MEXHUKANLIK aKay1apobl,
ayexcaunapobly MoOJbln KemyiH J#CoHe YUbIMOACMbIPYULLLILIK GaKmopaapobl Koca ai2anod,
peticmepoiy Kewi2yiHiy Hezizel cebenmepin aHbIKMAy, Kasaxcmannoiy ipi
ABUAKOMNAHUANIAPBINGIY pelcmepiniy Kewizy CmamucmuKdacblh manoay, aye macblMaloapblt
Jrcocnapay scane backapy npoyecmepin OHmMatlianovlpy OOUbIHULA YCbIHbICmap 23ipiey 0010bl.

3epmmey namudicecinoe dHceden HCOChapIay Heyuecin Heaxkcapmyowl, Kidipicmepoi 60.1cay
VWi yugpavlx mexHonro2usnaposvl eneizyoi, ayedxcan UH@PAKYPOLILIMbIH HCAHELIPMYObL HCIHE
HOpMamuemik 06azanvl Hceminodipyoi Koca anzanoa, peucmepoiy Kidipicmepin azaumy O0UbIHWA
wapanap ycviHoliovl. Ocbl YCbIHLIMOAPObl iCKe acblpy asUuamacbiManioapobly YaKmulibl2blH
apmmulpyea dcone Kazaxcmanoa Honaywvliapea Kbl3Mem KOpcemy CAandcblH HcaKcapmyad
MYMKIHOIK Oepeoi.

Tyiiin ce30ep. peticmepoiy Kewieyi, aye Keoliei Hapwlvl, pelicmepoiy Hcyleniniel,
ayexcailnap, ABUAKOMNAHUALAD, KbI3Mem KOpCemy canacyl, Yuly Kayincizoiei.
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PROBLEMS OF REGULARITY OF AIR TRANSPORTATION IN KAZAKHSTAN

Abstract. The problem of flight delays is one of the key issues in the field of air transportation
in Kazakhstan, having a significant impact on passenger service, airline operations and airport
economics. Given the growth of passenger traffic and the active development of the aviation
market, identifying and eliminating the causes of delays is becoming an important task to increase
the competitiveness of the industry.

The subject of the study is the causes of flight delays and their impact on the efficiency of
airlines and airports in Kazakhstan. The study solved such tasks as analyzing the current state of
flight punctuality in Kazakhstan, identifying the main factors influencing delays, assessing the
economic and social consequences of flight schedule violations, and developing recommendations
to reduce delays and improve punctuality.

The purpose of the study was to study the causes of flight delays in the Kazakhstan air
transportation market and to develop effective measures to minimize them.

The paper uses methods of statistical analysis, expert surveys, analysis of regulatory
documents, as well as a comparative analysis of punctuality indicators of leading air carriers.

The main results of the study were the identification of key causes of flight delays, including
weather conditions, technical malfunctions, airport congestion and organizational factors, the
analysis of flight delay statistics of the largest airlines in Kazakhstan, the development of
proposals to optimize the processes of planning and management of air transportation.

As a result of the study, measures have been proposed to reduce flight delays, including
improving the operational planning system, introducing digital technologies to predict delays,
modernizing airport infrastructure, and improving the regulatory framework. The implementation
of these recommendations will improve the punctuality of air transportation and improve the
quality of passenger service in Kazakhstan.

Keywords: flight delays, air transport market, flight regularity, airports, airlines, quality of
service, flight safety.
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PA3PABOTKA METOJIUKHA MAPKETUHI OBBIX UCCJIEJIOBAHUM JIJIS
MNOBBIIEHUSA DOPEKTUBHOCTHU I'PY30BbIX IIEPEBO3OK

Annomayun. B cospemennbix yci08usax, HeCMOMpPs HA pa3eumue mexHoI02ull, KOMIaHUU
NPOOOIHCAIOM CIMATKUBAMBCSL C NPOOIEMAMU ONMUMUAYUU 2PY30nepes030K. OOHUM U3 peuleHull
ABNAEMCA BHEOPEHUe ABMOMAMUZUPOBAHHBIX CUCIEM YAPABIeHUs JI02UCMUKOU, OOHAKO 2MOm
npoyecc COnpsidiceH ¢ PAO0OM  6bl30606, BKIOUAsL KUOepyepo3bl, PbIHOUHbIE PUCKU U
HeoOX00UMOCMb 3HAYUMENbHBIX (DUHAHCOBLIX BLONCEHULL.

Asuazpysonepeso3ku  OCMaomcsi OOHUM U3 Haubosee 60CMPeOOBAHHLIX CHOCOO08
MPAancnopmuposKu, odecneyusas dblcmpyio u 3¢QhekmusHyio 00CmagKy HaA MeAHCOYHAPOOHOM
yposHre. Kazaxcman, obnaoas cmpamezuiecku 8bl200HbIM 2€02PaAdUUecKuUM NOJLONCEHUEM, UMeen
8blcOKUU mpan3ummblil nomenyuan. OOHUM U3 NEPCNEKMUBHBIX HANPABLEHUN ABTIAEMCA PA38Umue
asponopma Aamamul Kak MeHCOYHAPOOHO20 2py308020 Xaba, YUMo NO360UM  VEeIUdUnd
2PY30NOMOK U YKPenumy NO3UYUL Cmpamdvl 8 2100a1oHou mopeosne. OOHAKO 8blCOKASL CHMOUMOCHb
APONOPMOBLIX YCIYe MONCEM CIAMb COEPACUBAIOUUM PAKMOPOM, Umo mpebdyem nepecmompa
MapugHOL NOTUMUKY U YEeTUuYeHUss 00X0008 34 CUem Hea8UAYUOHHOU 0esimelbHOCHIU.

Mooepruzayus ungpacmpykmypul asponopma, eneopenue UHHOBAYUOHHBIX MEXHON02ULL U
yugposvix pewenuu, maxux xax SAP Transportation Management, no3gonsim nogvlicumo
MOYHOCMb U IPDEKMUBHOCIb IOCUCMUYECKUX NPOYecco8. Dmo He MOIbKO YIYUUUM YPOBEHb
cepsuca, HO U YCunum KoHKypeHmuule nozuyuu Kazaxcmana 6 cgpepe epy306vix asuanepegosox,
Cnocobcmeysi  YCMouuu8oOMy IKOHOMUYECKOMY —pA36UMuio U UHMezpayuu 6 MUuposyio
MPAHCNOPMHYIO CUCTEM).

Knrouesvie cnosa: cpyzosvie nepegosku, agUayuUMnaHus, nosvluieHue 3@@exmusnocmu,
SAP Transportation Management, asponopm, mapxemune.

Beenenue.

AKTYaJllbHOCTb TE€Mbl MAapKETHMHIOBBIX HCCIEIOBAHUM B CEKTOPE TIPY30BBIX MEPEBO30K
00ycIoBJIEHAa IMHAMUYHBIM Pa3BUTHEM [NI00ABHBIX JIOTUCTUYECKUX CUCTEM, TJI€ ONIEPATUBHOCTh
U ONTHMHU3ALUS MPOLECCOB HUIparOT KIOYEBYIO pojib B (OPMHPOBAHUU KOHKYPEHTHBIX
npeumyiiecTs  kommaHui. Jlns  pa3pabotku  3((eKTUBHOW  METOIUKH  IPOBEIEHUIO
MapKETUHTOBBIX HCCIIEI0BAaHUI BaXHO YUYMTHIBATh KaK KaueCTBEHHBIE, TaK M KOJIMUYECTBEHHBIE
MOJIXOJIbl, @ TAKXKE NHTErPALIUIO0 COBPEMEHHBIX UPPOBBIX TEXHOIOTHH.

B paGore [1] moguepkuBaercsi, YTO «ONTHUMHU3ALHUS JOTUCTHUECKUX IPOLECCOB TpedyeT
MHTEerpanuu HHGOpMaIuu ¢ 1eNbio 00ecnedeHns MPo3pavyHOCTH U ONEPATUBHOTO PearupoBaHus
Ha M3MEHEHHUS pbIHKa». OTO CBUJAETEIBCTBYET O HEOOXOAMMOCTH aJanTallid MeETOOB
MapKETHUHTOBBIX UCCIIEOBAaHUM MO/ CeU(pUKY JIOTHCTUYECKUX MPOLECCOB, I/ie HUPPOBU3ALINS
U AHAINTUKY CIENyeT paccMaTpuBaTh KaK HEOTBEMIIEMBIE D3JIEMEHTHI Ul IOBBIIICHUS
3¢ PEeKTUBHOCTH TTEPEBO3OK.

ABTOpBl [2] B CcBOEM TpakTare oOpamaroT BHUMAaHHE Ha BaXXHOCTh CTPATErHUECKOTrO
IUTAaHUPOBAaHUS W NPOTHO3UpOBaHUA crnpoca. OHM  OTMEYalOT, 4YTO «AHATUTHKA W
IIPOrHO3MPOBAHUE UIPAIOT KIIIOUEBYIO POJIb B YIIPABJICHUHU LIEMSIMU ITOCTABOK», UTO I103BOJISIET HE
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TOJBKO ONTHMH3UPOBATh 3alachl, HO U aJalTUPOBaTb MApKETHHIOBBIE CTpPATETUH K
M3MEHSIOIIMMCS YCIIOBUAM phIHKA. Takol moaxo MOKeT ObITh EpPEeHECEH Ha 00J1acTh I'PY30BbIX
MEPEBO30K  TOCPEACTBOM  IIOCTPOCHHUS YHCIOBBIX  MOJENEH, MO3BOJSIOMIMX  OLEHHUTH
3(PEKTUBHOCTD CUCTEM pacIpeIeiICHuUs.

Pabora [3] neMoOHCTpUpYET, UTO HHTErPUPOBAHHBIE CUCTEMBI YIIPABICHUS TPAHCIOPTHBIMU
[IOTOKaMHM CHOCOOHBI CHMYKaTh OIEPALIMOHHBIE 3aTPaThl M YJIy4lllaTh KauyeCTBO KIMEHTCKOTO
cepBuca. ABTOpPHl TOTYEPKUBAIOT  HEOOXOMUMOCTH KOMOWHAIIMM  KAa4eCTBEHHBIX U
KOJIMYECTBEHHBIX METO/M0B Ul IOJIyY€HHMs LEJIOCTHOW KapTUHBl (DYHKIIMOHUPOBAHUSA
JIOTHCTUYECKOH CHUCTEMBI, IJI€ MAPKETHHIOBBIE MCCIIEJOBAHMS UTPAIOT POJIb B BBIABICHHH Kak
SIBHBIX, TaK U CKPBITHIX ()aKTOPOB, BIMUSIOMUX Ha 3()(HEKTUBHOCTh MEPEBO30OK.

Knaccuueckas pabora [4] npegocTaBiseT GpyHIaMEHTaIbHBIE IPUHLIUIIBI MAPKETHHTOBBIX
HCCIIeIOBaHUM, OCHOBHOE BHUMAaHME YJAENAS aHAIM3y MOTPEOUTENbCKOrO MOBEAEHUS. ABTOPHI
YTBEPXKIAIOT, YTO «IIIYOOKHH aHaiu3 MOTPEOUTENBCKOTO TMOBEIEHHS SBISETCS OCHOBOHM IS
(bopMHpPOBaHUS KOHKYPEHTOCIIOCOOHBIX CTpATEruil», UTO aKTyalbHO M Ul I'PY30BOTO CEKTOPA,
r7ie HeOOXOIMMO alalTHPOBATh MAPKETHHIOBBIE MHCTPYMEHTHI /ISl BBISIBJICHUS TIOTPEOHOCTH B
crenn(UYEecKUX yciyrax u cepBucax.

Hakonen, aBtop [5] B cBoell pabore mpeajaraeT aHaJIUTUYECKUE WHCTPYMEHTHI,
HalpaBJICHHbIE HA OLIEHKY KOHKYPEHTHOM cpezbl. lIpuMeHeHue AaHHBIX HMHCTPYMEHTOB B
JIOTHCTUKE ITIOMOTaeT CTPYKTYPHUPOBATh PHIHOYHYIO HH(POPMAIIHIO U BHISIBUTH KITFOUEBbIE (DaKTOPHI
ycrexa, 4To SBJISIETCS OCHOBOW Ui pa3paOOTKU KOMIUIEKCHBIX METOAMK MapKETHHIOBBIX
HCCIIEA0BAHUM.

B ycnoBusix rino6anuzanyy U CTpEMHUTENBHOTO Pa3BUTHUS TPAHCIIOPTHON MH(PPACTPYKTYPHI,
3¢ (heKTHBHBIC TPY30BBIE TIEPEBO3KH CTAHOBSTCS KITFOYEBBIM (PaKTOPOM KOHKYPEHTOCIIOCOOHOCTH
KOMIIAaHUH ¥ 3KOHOMHUKHU B 11esIoM. ['py30BOil TpaHCIIOPT UrpaeT BaXKHYIO pOJib B 00eCHeueHUH
JIOTHCTUYECKHX [EMOYEK, BIUSS Ha CTOUMOCTb M CKOPOCTh JIOCTaBKM TOBapoB. OTHAKO, HECMOTPS
Ha 3HAYUTEJIbHbIE JOCTHXKEHHs B O0JACTH TEXHOJOIMH M YIpPaBI€HHs, MHOTHE KOMIAHWU
CTaJIKUBAIOTCS ¢ IPOOJIeMaMu, CBI3aHHBIMH C ONTHMH3ALKEH POLIECCOB TPY30I1EPEBO30K.

B ycnoBusx coBpeMeHHOCTH OophOa 3a CBOE MECTO Ha pPbIHKE 00OCTpuiach, M (pakt
HEYYTEHHOCTH Y HE3HAHUS PhIHKA KOMITAHUEH-TTPOM3BOIUTENIEM CTABHT IO yTPO3y COOCTBEHHOE
CYIIECTBOBaHNE M HEM30EKHO BEJIET €€ K Pa30PEHHUIO.

B xaudecTBe 3a1aum, 11T KOMMEPYECKON JIEITETFHOCTH BCEX aBHAIIPEIIIPUATHI BBICTYIIAET
MaKCUMH3alMsl MPUObUTM MyTEM PALMOHAIBHOIO IUIAHUPOBAHMS M YIPaBICHUS IepeBO3KaMU Ha
BO3YIIHOM TPAHCIIOPTE HA OCHOBE aKTUBHOTO ITOJIb30BAHHSI COBPEMEHHBIX METOTUK MApPKETHUHT A,
HKOHOMHKO-MaTeMaTHUECKUX Mojiesel, MH()OPMAIIMOHHBIX TEXHOJIOTHIA.

OmHUM U3 TTIaBHBIX KIFOYEH OpraHU3alluy TPYy30BBIX aBUATIEPEBO30K — ATO MCIIOJIb30BaHHE
a’poropra Kak OCHOBHOI'O TepMHUHasa. AspornopT OyAeT BbICTYyNaTh IYHKTOM cOopa U
pactipenenieHusi Tpy3oB. IIyHKT, KOTOpBIH 0OpabaTbiBaeT, XpaHUT M OTIPABISET TPY3bl B
nocyenyouyo Touky. cxoas u3 3TuX AeHCTBUH, Tpy3bl MOTYT NPUOBITH OBICTPO M HMEHHO B
MTyHKT Ha3HAYEHUSI.

[TpeBOCX0/ICTBOM MEPEBO30K I'Py30B HA BO3AYIIHOM TPAHCIOPTE SIBISETCS €€ CKOPOCTb.
ExeqHEeBHO aBHWAnMs TPEOJOJIEBAET OTPOMHBIE PACCTOSHHUS 3a KOPOTKHH TEpHOJ BPEMEHH.
JlaHHBI (akT ompenenseT ee Kak HMIealbHBIA BAapHAaHT JUIsl JOCTaBKM TOBApOB Ha JaJbHHE
pacCTOSIHUSI, YTO OCOOEHHO BaXHO [UISI MEXKIYHApOJHBIX TIEPEBO30K, KOTOopas Tpedyer
CBOEBPEMEHHYIO U OBICTPYIO JOCTABKY I'py3a MEXAYy HECKOJIbKMMHU CTpPaHAMHU.

Bo3nyniHas JIOTMCTHKA SIBISETCS HEOTHEMIIEMOM YacThIO MEKIYHAPOJAHOW TOPTOBIM H
rio0anu3anuu 5KOHOMHUKH. OHa MO3BOJISET KOMIAHUSM OBICTPO M HAJIEKHO JOCTABIISATH TOBAPHI
B JIFOOYIO0 TOYKY MHPa, OTKPHIBAsi HOBBIE BO3MOYKHOCTH TSI Pa3BUTHS MEXTyHAPOIHBIX OU3HEC-
CBA3EH.

AKTyambHOCTH TEMBI OOYCIIOBIIEHA HEOOXOAWMOCTHIO  aJanTaldd KOMIAHHHA K
M3MEHSIOIIMMCSL YCIIOBUSIM PBIHKA, a TakXke IMOTPEeOHOCThIO B Oojiee INTyOOKOM MOHUMaHHUU
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NOTPEOUTENECKOTO TOBEIEHUSI M IPEeNNnoyTeHUid. B yCIOBUSX BBICOKOM KOHKYPEHIMH U
IIOCTOSIHHBIX M3MEHEHHUI B 3aKOHOAATENbCTBE, KOMIIAHUU JIOJKHBI OBITh I'OTOBBI K OBICTPOMY
pearupoBaHMIO HA BBI3OBBI U BO3MOXHOCTH, YTO TPEOyeT CHCTEMHOTO IMOJAX0/a K IMPOBEICHHIO
MapKETUHTOBBIX UCCIICJOBAHUMN.

JUist TOCTHKEHUS LIeH MTOTPeOOBAIOCh PELINTh Psij 3a7ay, OCTaBIEHHBIX B cTaThe. B ux
paMKax MPOBEIEHO MUCCIECJOBAHNUE CYLIECTBYIOIIUX MPOLIECCOB U TEXHOJIIOTHH, UCIIOJIB3YEMBIX B
IPY30BBbIX IIEPEBO3KaX, IIPOAHAIM3UPOBAHO TEKYILEE COCTOSHHME IIEPEBO30OK B a’poOIOpPTy T.
AnMartsl, pa3paboTaHbl pEKOMEHALUHU O MOBBIIIEHUIO UX 3()()EKTUBHOCTH U CIIPOIHO3UPOBAHO
BIIMSIHUE BHEIPEHUsS NPEATIOKEHHBIX Mep. Kpome Toro, mpemyioskeHbl CIoCOObl ONTHMH3AIUH
IIPOLIECCOB U YJIYUYLICHHs KIIMEHTCKOTO CEPBUCA, a TAKXKE OCYILECTBIICHA IIPAKTUYECKAsl OLICHKA
TekyIien 3 (HEeKTUBHOCTH MEPEBO30K C MPUMEHEHUEM pa3paboTaHHONW METOTUKH.

Marepunajbl M1 MeTOABI HCCJIEOBAHMS.

AnMatel SBISETCA KPYIHEWIIMM TOpPOJAOM M KOMMEpYECKOW crosmier PecnyOnuku
Kazaxcran. Pacnonoxxen na mapmpyre HOro-Boctok-EBpoma. Taxxke ropoa siBisiercs
MecToM 0a3upoBaHHUs aBHAKOMITaHWHM "DWp ActaHa", KOTOpas SBIISICTCS HAIMOHAJIbHBIM
nepeBo3unkoM. Yepes AnMathl NpoXoauT Benukuil meakoBbIi MyTh, KOTOPHIN CBA3bIBacT Kurtai
C HECKOJIbKUMU PErMOHAMH MUPa U FOpOJ SIBJIAETCA IPy30BbIM HEHTPOM L{eHTpasibHO-A3HMaTCKOTrO
pervoxa.

Asponnopr  TAV  Anmarel npenoctaBisieT  KOMIUIEKCHBIE — CKJIAACKHUE  YCIIYTH,
npeJHasHauYeHHBIE U yJOBJICTBOPEHUS PA3JIUYHBIX MOTPEOHOCTEW B 00pabOTKE M XpaHEHHU
rpy3oB. Ckiaackas HHPPaCTPyKTypa a’dporopTa OCHAIIEeHa COBPEMEHHBIMHU TEXHOJIOTUSMU IS
oOecriedeHrsl BBICOKMX CTaHAApPTOB OezomacHOCTH ¥ d(dekTHBHOCTH. Cpeau mpeiaraeMbix
ycIyr - o0paboTka M XpaHEHHE JKCHOPTHBIX M HMIIOPTHBIX TPY30B, CHEIHAIM3HPOBAHHBIC
YCIJIOBUS JUIsl CKOPOIOPTSAIIMXCS U TEMIIEPATYPOUYBCTBUTENIBbHBIX TOBAPOB, a TAK)KE BO3MOKHOCTD
BPEMEHHOI'0 XPaHEHUS TPAH3UTHBIX IPY30B.

KnroueBble  OCOOEHHOCTM ~ CKJIAJICKMX  YCIYI  BKJIIOYAIOT B ceds  Hanuuue
aBTOMATHU3HPOBAHHBIX CHCTeM ympaBieHus ckiagom (WMS), koropble MNOQAEPKUBAIOT
OTIEPAaTUBHOE OTCIICKUBAHUE U YUET TPY30B. DTO CIIOCOOCTBYET CHMIKEHHUIO BPEMEHU 00pabOTKH
U TIOBBIIIEHUWIO TOYHOCTU TMIpOLeCCa HMHBEHTapu3aluu. AdspomopT Takxke oOecrnednBaer
UHTErpalyil0 C TAaMOXEHHBIMU CIyXO0aMM JJi YCKOpeHHus mpouenyp o¢opMiIeHUs u
MHHAMH3AINH 3a1epiKeK. [6-7]

B arom rony Kazaxcran miaHupoBai yBEIMUNUTh YUCIEHHOCTh aBUAIEPEBO30K B CTPAaHE Ha
15%, yemy momoxer pacmupenue ¢iaora Ha 50 eAMHUI U MOIMQUKALMSA yXKe HUMEIOIUXCs
BO3IYIIHBIX Cy[0B. PecnyOnuka Ha MyTH K YKPEIJIEHUIO MECTa Ha PbIHKE aBUAI[MOHHBIX
NEPEBO30K U MPUBJIEKAeT Bce 00JIbIIee KOJTUIYECTBO MACCAKHUPOB U3 PA3IUYHBIX PETHOHOB.

ABHarnepeBo3KH rpy3a U Oaraka caMoOJIETOM [0 OKOHYaHHUIO SIHBaps — HIOJ Mecsla
HBIHEIITHETO T'0JIa OCBETHIIN MOKa3aresb B nudpe 13.3 Toic. TOHH — 3T0 Tporpecc Ha 4,2% yem B
npouuioMm roay. B ropone Anmatsl udpsl 10CTUTIN 7.8ThIC. TOHH, B ropoje IIsiMkeHT 3.5 Thic.
TOHH, B ropojie AcraHa 1.9 TbIc. TOHH rpy3a 1 6araxa.

O6mwmit Tpy3oo6opor Pecrybnmuku Kazaxcran 3a sSTHBapb-HMIOJIb MECSI] JaHHOTO Toja
cocraBui 28.9 MIH. TKM — T.e. ipupocT Ha 1.3% 1o CpaBHEHUIO C MPOLUIBIM T'OAOM ITOTO K€
nepuoa.

3a 2022 roxg o0ObeM TIpy30B, TPAHCIOPTHPOBAHHBIX BO3JYIIHBIM TPAHCIOPTOM B
Kazaxcrane, coctaBuit 24,5 ThICA4 TOHH. DTO OTPaXaeT YCTOMYMBBIE ONIEPAIMOHHBIE TOKA3ATENN
aBHAIIMOHHOT'O CEKTOpa B JAHHOM 00JIACTH 32 yKa3aHHbIM BPEMEHHOM MPOMEKYTOK.

[To manupiM Komurtera mo cratuctuku PecnyOnmukum KazaxcTtaH W3BECTHBI CIEAYIOIIHE
IIOKa3aTeIn TPYy30IEPEBO30K Ha BO3AYIIHOM TpaHcmopre 3a 2022-2024 ronel, NMoka3aHHbIE B
Tabauie 1, 2, 3:
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Tabnuua 1 — IlepeBo3ka rpy30B u 6araxka BO3AYIIHBIM TpaHcnopTom 2022

SAuB. | ®eB. | Mapt | Anp. | Maii | Mions | Mroaws | ABr. | Cenrt. | Okt. | Hos. | Jlek.
1,2 1,6 1,6 1,9 2,0 2,2 2,4 2,4 2,1 21 (24 |27
abmmua 2 — [lepeBo3ka rpy30B U Oaraxka BO3AyIIHBIM TpaHcrmopToM 2023
SuB. |®e. |Mapt |Anp. |Maii |Mwone |Hwonae | Asr. |Cenr. | Okrt. | Hosd. | Jlek.
19 2,0 2,1 19 1,8 1,8 1,9 1,9 2,0 18 [22 |26

Tabnuma 3 — [lepeBo3ka rpy30B u Oaraxxa BO3AYIIHBIM TpaHcropTom 2024 [2]
SAuB. |®e. |Mapr |Anp. |Maii |Mwosbs |Mrwonbs | ABr. |Cent. |Okr. |Hos. | Jlek.
1,7 19 2,2 2,1 2,3 2,2 2,7 2,7 2,6 X X X

Jlnis aHanu3a pocra U cnazia 00beMoB OyJIeT NCIoIb30BaHa (opMyIIa TEMIIa IPUPOCTA.

Temn mpupocta — 3TO MOKa3aTelb, OTPAXKAIOUIMN MIPOLIEHTHOE N3MEHEHHUE KaKOro-JInoo
BEJIMYMHBI 32 ONPEAEICHHBIM Nepuoj BPEMEHH, OOBIYHO UCHOJBb3YETCS AJIA OLIEHKU TUHAMUKU
Pa3BUTHUS YKOHOMUKH, IIPOU3BOACTBEHHBIX WJIU APYTHX ITOKA3aTEIIEH.

dopmyia:

t
T= y{_l +100% — 100, (1)

rie T — TemMn IpupocTa, Y' —T1oKka3aTesb TEKyIIEro roja, ¥~ nokasaresb IpomLIOro roja.

UccnenoBanue cocTostHUA a3ponopToBOro xo3siiictea PK mo3BosigeT BbIIEIUTD CIEAYIOLINE
OCHOBHBIE ITPOOJIEMHBIE ACTIEKTHI B €r0 Pa3BUTHH.

OOBeKThl HAa3eMHOW aBUATPAHCIIOPTHOW HMH(MPACTPYKTYPHI CTPAAAIOT OT 3HAYUTEILHOTO
u3Hoca. M3-3a HexBaTKU CpeACTB Ha OOHOBJICHHE W pPAa3BUTHE, IPABUTEIBCTBO OOBIYHO
IepesiaBajio a’poJpOMbl B YIIpaBJICHUE a3pONOpTaM, OAHAKO apeHHbIE COIJIAIIEHMs 4acTO He
oopMIIITUCH TOJKHBIM 00pa3oM. DTO HPUBENO K CEphe3HOMY M3HOCY OCHOBHBIX ()OHIOB U
HCKJTIOUYEHUIO HEKOTOPBIX a3POIPOMOB U3 TPAXKIAHCKOT0 000poTa. Y cI0BUs 00BEKTOB HA3EMHOM
aBUATPaHCIIOPTHOM UHPPACTPYKTYPHI a’pOIOPTOB Kaszaxcrana OCTaroTCs
HEYJIOBJIETBOPUTEIBPHBIMU UM XapaKTEPU3YIOTCS BBICOKMM ypoBHeM H3Hoca. Habmromaercs
HECOOTBETCTBHE B OOCTY)XKMBAHUU NOTPEOHOCTEH KaK IacCaKUpoB, TaK U aBUAKOMIIAHUHU.
®u3nyecKkuii U3HOC OCHOBHBIX (POHJIOB a3POMOPTOB PECITYOIMKAHCKOTO 3HaYeHUS npeBbiimaeT 70
%, 4TO NPEBBINIAET KPUTUYECKOE 3HAUEHUE. B COOTBETCTBUM C MEKIYyHApOJHOW NPaKTUKOM,
n3Hoc cBbiie 50 % yka3bIBaeT Ha MOTEPIO YCTOMYMBOCTH B pab0Te a’pomnopTa, a u3Hoc dosee 65
% CcTaBUT MOJ yrpo3y 0€30MacHOCTb MOJIETOB, BHI3bIBAET HEO)KUJAHHbIE KAITUTAJIbHbIE BIOXKEHUS
U yrpokaeT (pMHaHCOBOM CTaOMIBLHOCTH, YTO MOXKET MPUBECTH K YXOy C PbIHKA MEKTyHAPOIHBIX
NEPEBO30K. DTO 0OCTOATEIBCTBO TOPMO3UT Pa3BUTHE PHIHKA aBUAIIMOHHBIX YCIYT U peaau3yeT
TpaH3UTHBINA ToTeHuman Kazaxcrana.

HepaBHOMEPHOCTh pacnpeleneHns NacCaKUPCKUX U TPY30BBIX MOTOKOB IO a3poNopTam
Kazaxcrana. 3a nociennue 15 et pplHOK aBHaNepeBO30K B CTpaHE MpeTeprelsl 3HAUUTEIbHbIE
n3MeHeHus. B HacTodee Bpems u3 21 neficTByro1ero a3ponopra 3 KpynHeHnx KOHTPOIUPYIOT
58,8 % Bcero pbIHKa, IprUYeM Ha a3ponoptsl Anmatsl 1 Hypcynran npuxonutcs okoso 50 % Bcex
nepeBo3oK. Takoe pacmpeleneHne CBHIETENbCTBYET O HAJIWYUM OJIMTONOJIMU. PermoHanbHble
a’pONOPTHl HAXOASTCS B TOpPa3Zl0 MEHEE BBIMOJTHOM IOJIOKEHHUH 0 CPABHEHHUIO C YKa3aHHBIMU,
YTO CBSI3aHO C Pa3pyLIEHHMEM MECTHBIX U PETMOHAJIBHBIX aBHALIMOHHBIX MapLIPYTOB IO MOYTH
BCeM 00JacTSM, 4TO, B CBOIO OuY€pe/lb, OIPAaHUYMBAET IOJIHOE MCIOJIB30BAHUE TPAH3UTHOIO
MIOTEHIIaja CTPaHbl.

HexBatka wuHBecTHLMH B cojepXaHHE Ha3eMHONM HMHQPACTPYKTYpbl TaKKe SBISETCS
IIPUYMHOM  COKpAIlleHHs KOJIMYECTBA a’pONOPTOB, 4YTO CBA3aHO C HEAOCTAaTOYHBIM
(uHaHCUpOBaHMEM €O  CTOPOHBI  rocyaapctBa.  HeoOxonuMo  mpoaHanu3UpoOBaTh
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(YHKIIMOHMPOBAHUE a3POIIOPTOB HA PETHOHAIHHOM YPOBHE, BO3MOKHOCTH CYOCHIMPOBAHUS U3
pecnyOaMKaHCKOro 0roaKeTa, 3MeHeH!s B Bro/)KeTHOM KOJIeKCe M COTPYITHUYECTBO C MECTHBIMU
BJacTsAMU. Penienne 3Tux BOMPOCOB JODKHO CTaTh OJTHUM M3 KJIFOUEBBIX HANIPABICHUN Pa3BUTHUS
aBHallMOHHOM oTpaciu Ka3zaxcrana B OimokaiiiieM OyayieM.

Huszkuii ypoBeHb KOHKYPEHTOCIIOCOOHOCTH aBHATPAHCIIOPTHBIX TEPMUHAIOB (KaK st
[ACCAXXUPOB, TaK M JUIsl I'Py30B) SBISETCS AaKTyaJbHOM MpobiemMoll B cdepe MOBBILICHUS
KOHKYPEHTOCIIOCOOHOCTH TpakaaHCcKoi aBuanuu B Pecny6onuke Kazaxcran. KitoueBoii 3amaueit
ABJISICTCA ~ MOJAEPHM3AlMs  adpPOBOK3AJIbHBIX  KOMIUIEKCOB  CTpaHbl  JUISl  JOCTHXKCHMS
(GYHKIMOHATBHBIX BO3MOYKHOCTEH, COOTBETCTBYIOIIUX MUPOBBIM CTaHIAAPTAM.

JIONOJTHUTENBHO, CYLIECTBYIOIIMNA MOHOIIOJU3M OOJIBIIMHCTBA a’3pONOPTOB B OOJIACTH
HA3eMHOT'0 ¥ a3POBOK3ILHOTO OOCITY)KUBAHHUS, a TAKXKE 3aIPAaBKU BO3AYIIHBIX CYI0B TOITLIUBOM,
IPUBOAUT K OTCYTCTBUIO KOHKYPEHLMH. OTO HIPUBOAUT K HEOOOCHOBAHHOMY U
HETpeACKa3yeMOMY POCTY LIEH Ha YCIyrd MpPHU HEJOCTATOYHOM YBEJIMYEHUHM MX KauyecTBa WU
Jla’ke TP €ro CHUKEHUH.

Taxoke B pecryOiHMKe OTCYTCTBYET MpO3pavHasi ¥ SKOHOMHYECKH 0OOCHOBaHHAsi CUCTEMa
CTaBOK a’poNOpTOBBIX cOOpPOB M TapudoB. Tekymue CTaBKM a’3pONOPTOBBIX COOpPOB HE
COOTBETCTBYIOT KaueCTBY MPEJOCTABIIEMBIX yCIyr. B codeTaHmM ¢ MOHOIIOJIMEH HA MOCTAaBKY
KEpOCHHa B a3poIlopTax, 3TO HEraTMBHO BIMSET HA PErYISIPHOCTh U NPUOBLIBHOCTH pabOTHI
aBHAKOMITAaHH, YTO 3a9aCTYIO IPUBOIUT K 3a/IepP’KKaM U OTMEHaM PECOB, @ HHOT/Ia U K TIOJTHOMY
IIPEKPAILEHUIO BBIIIOJHEHUS PEHCOB ONpeAeICHHBIMA aBUAKOMITAHUSIMH.

Huskas 3¢(HeKTHBHOCTh CUCTEMBI TOCYIapCTBEHHOTO KOHTPOJsS B cepe a’pomopToBOi
NesTeIbHOCTH. PerynupoBaHue aBHAllMOHHBIX YCIYr CO CTOPOHBI T'OCYJapcTBa HAleJIeHO Ha
YIIOBJIETBOPEHHE HYXKJ TPOKIAH W HSKOHOMHKH B BO3AYIIHBIX IIEPEBO3KaX M aBUAI[MOHHBIX
yciayrax, a Takoke Ha [OJIep>KKY OOOPOHHBIX U 0€3011aCHBIX aClIEKTOB, 3aIUThI [OCYapCTBEHHbIX
UHTEPECOB, oOecreueHusi Oe30MacCHOCTH IO0JIETOB U COOJIOJEHHUS 3KOJOTMYECKHX HOPM.
OCHOBHBIM JIOKYMEHTOM, pETyJIUpPYIOIIUM JaHHYIO cdepy, sBiseTcs Bo3nymHslii kojaekc,
KOTOPBIN ONpezeNsieT MPaBoOBbIe OCHOBBI JJISl HCIIOIB30BaHMS BO3AYIIHOTO mpocTpaHcTBa PK u
NeSITeIbHOCTH B 00JacTH aBHAIMM, a TAaKKe TrapaHTHpPYeT COOII0EHUE MEXIyHapOIHBIX
0053aTeNILCTB CTPAHBI.

MupoBOif  ONBIT TOCYAAPCTBEHHOTO PETyJUpPOBaHMs IOKa3bIBAE€T, YTO BOIPOCHI
TOCYJapCTBEHHOTO PETYJIMPOBAHUS HAIIPSIMYIO CBSI3aHBI C KAYECTBOM MPEJOCTABIISIEMBIX yCIyT. B
9TOM CBSI3U TOCYAAPCTBEHHOE PETYIUPOBAHHE JESATEILHOCTH NMPENPUATHI aBUaTpaHCIIOPTA U, B
YaCTHOCTH ad3POTNOPTOB, SIBIISIETCSI HEOOXOAMMOI MEpOH, HO [Tl YCTICIIHOTO (PYHKITMOHUPOBAHHSI
aBUATPAHCIIOPTHOTO pBIHKA HEOOXOAMMO YyYecTh ONBIT 3alaJHOEBPONENUCKON Mojenu
yIIpaBJICHUSI.

B rpy3oBom TepmuHane aspomnopra Haputa B SInoHuMM BHeOpeHBl IiepelOBbIE
WHHOBAIIMOHHBIEC TEXHOJIOTHH, HAIIPABIICHHBIE HAa ONITUMH3AIIHIO U 00ecTiedeHrne dPPEKTHBHOCTH
JOTUCTUYECKUX  TpoueccoB. OHOM M3  KIIOYEBBIX  CUCTEM  SIBJISIETCA  TOJHOCTBIO
aBTOMATHU3UPOBAaHHBIA  KOMIUIEKC JUIsi  oOpaOOTKM  TIpy30B, BKIIOUAKOUMH B  cebs
pPOOOTH3UPOBAaHHBIE COPTUPOBOYHBIE JMHUM M aBTOHOMHBIE TPAHCIOPTHBIE CPENICTBA JUIA
BHYTPEHHETO TIepEeMENIeHHs TPY30B. DTH TEXHOJIOTUU TapaHTUPYIOT TOYHOCTh U 0€301acHOCTb
olepalui, CHI)Kas BpeMEHHbIE U ONepalliOHHbIE 3aTpaThl. Takke BHEIAPEHbI HHTEIUIEKTyaIbHbIE
CHCTEMBl MOHUTOPHHT2, KOTOPbIE WCIOJB3YIOT aHajdn3 OOJBIIAX MAaHHBIX M WCKYCCTBEHHBIN
MHTEJUIEKT Ul MPOTHO3MPOBAHMS CIIPOCa U ITUIAHUPOBAHMS PECYPCOB, UTO MO3BOJIET CHU3HUTH
PHCK 3aJIep’KeK M TOBBICUTH MPOIYCKHYIO CIIOCOOHOCTH TepMuHaa. [8-9]

AHaJIOTUYHbIE TEXHOJIOTUU B CBOMX I'PY30BBIX T€PMHUHAJIAX HCIOJIB3YIOT TaKHE BEIyIIHE
a’pomopThl, Kak a’dporopt Xaprchwmia-/[xekcoH B ATIaHTe, KOTOPBIM TPUMEHSET
aBTOMAaTU3MPOBAHHBIE CHUCTEMbl COPTUPOBKM U POOOTOTEXHUKY ISl OOpabOTKM Tpy30B, U
asporiopt Yanru B CuHramype, rie peain30BaHbl WHTEJUIEKTYaJbHBIE CHUCTEMBI YIPaBIICHUS
JIOTUCTUKOM M aBTOHOMHBIE TPAaHCIOPTHBIE CPEACTBA. DTH a’dpOHOPTHI, HApSAY C APYTUMH
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HOBAaTOpaMH B 00JacTH, JEMOHCTPUPYIOT 3((PEKTUBHOCTh M NMPEUMYILECTBA HCIOIb30BaHUS
TaKMX TEXHOJIOTUH I MOBBIIICHHUS] CKOPOCTH, TOYHOCTH M 0€30MaCHOCTH OIEpalIHiA.

Buenpenne momoOHBIX TEXHOJOTHH MO3BOJSET ad’pONOpPTaM 3HAYUTENIBHO IOBBICUTH
3¢ PEeKTUBHOCTD OTepalnii, CoKpaiias BpeMs 00padOTKH TPYy30B U MUHUMHU3ZUPYS PUCK OIIHOOK,
CBSI3aHHBIX C YEIOBEYECKUM (PaKTOPOM. DTO MPHUBOJUT K yAYUIICHUIO YIPABICHUS PECypCaMu,
CHIDKEHHUIO SKCIUTYaTallMOHHBIX PACX0/I0B U MOBBIIEHUIO TPOITYCKHOM CIIOCOOHOCTH. A3POIIOPTHI
TaK)Ke€ BBIUTPBIBAIOT OT YIYYIIEHHOW O€30MacHOCTH omepanuii u CrocoOHOCTH OBICTPO
aJIalTUPOBAaThCd K M3MEHEHUSIM B 00bEMax TIpy30MOTOKA WM PBIHOYHBIX YCIOBHUSIX, YTO B
KOHEYHOM UTOT'€ MOBBIIIACT YIOBICTBOPEHHOCTH KIIMEHTOB M KOHKYPEHTOCTIOCOOHOCTb.

BHenpenue cucteMbl MPOTHO3UPYIOMIETO AaHAIUTUYECKOTO MOJEIHPOBAHUS B I'PY30BOM
TepMUHale a’ponopra Hapura mnpuBeno K 3HAYUTEIBHOMY YIYYLICHHIO ONEPATUBHOM
3¢ (HEeKTUBHOCTU U TOYHOCTHU MPOTHO3UPOBAHUSA I'Py30M0TOKOB. CrcTeMa 1mo3Bosuiia 6oiee TOUHO
pacrpenenaTs pecypchl U IUIAHUPOBATh ONEpaIlH, YTO COKPATUIO BpeMs 00pabOTKH Ipy30B U
MUHUMU3HPOBAIIO 33JepKKU. B pe3yiabTaTe ONTUMU3UPOBAHHOIO YIPABICHUS LIETIOYKON
MIOCTaBOK IMOBBICHJIOCH IOBEPHE KIMEHTOB U YBEIMYMIIACH TIPOITYCKHAS CIOCOOHOCTh TEPMHHAJIA,
YTO COCOOCTBOBAJIO YKPEIUICHUIO KOHKYPEHTHBIX MO3HIIMIA a3ponopTa Ha IN100ansHOM apeHe.

Kpome Toro, cucrema 3HAYUTENHHO YAy4IINAIa CIIOCOOHOCTh a3pONOpTa Al THPOBATHCS K
W3MEHEHUSM B PHIHOYHBIX YCIOBHSX U KOJEOAHUSM CIpPOCA, YTO IMO3BOJHIO MOAJEPKUBATH
BBICOKUH YPOBEHb O0CITYKUBAHHS 1aXKe B [IEPHUO/IbI TUKOBBIX HArpy3oK. [[puMeHenne nepeaoBbix
AQHAJIMTUYECKUX HMHCTPYMEHTOB M  TEXHOJOTMM HCKYCCTBEHHOTO  HWHTEIJIEKTa TakKke
CIOCOOCTBOBAJIO  YIYUYIICHWIO KadyecTBa JIAHHBIX, HCIOJIB3YEMBIX Ui CTPAaTErHYeCKOTro
TUTAHUPOBAHUS M TPUHATHUS PEIICHUHN, YTO B MEPCIEKTUBE YKPEIUISeT MO3UIMHU adpoIopTa Kak
WHHOBAIIMOHHOTO IIEHTPA BO3/YIIHBIX ITPY30IIEPEBO30K.

Jnis ynydineHus: yIoBJI€TBOPEHHOCTH KJIMEHTOB a’3ponopT Hapurta ncnonb30Bam METOAbI,
OCHOBAHHBIE HA TIPUMEHEHHUH MPOTHO3UPYIOIIETO AHAIUTHYECKOTO MOICITUPOBAHUS IS
ONTUMHU3AIIMU Ofepanuii. B mepByto ouepenp, cuctemMa mo3Boynia COKPaTUTh BpeMs 00paboTKU
rpy30B OJaroiaps TOYHOMY pactpeesICHHIO PECYPCOB U MPEICKA3aHUIO ITMKOBBIX HATPY30K. JTO
obecnieunsio 6osee CTaOWIbHBIE W HAJIEKHBIC YCIYT'H, MUHUMHU3UPOBAB 3aJIEPKKH U YIy4IlIUB
TOYHOCTB TIOCTaBOK. Kpome Toro, MHTErpanusi COBpEMEHHBIX HH(POPMAIMOHHBIX TEXHOJIOTUN H
CHCTEM OTCIIe)KMBAHUS B PEAIbHOM BPEMEHHU Jaja KJIMEHTaM JOCTYyH K OoJsiee Mpo3padyHoil u
OTIepaTUBHOW MHPOPMALINH O CTATyCE MX TPY30B, YTO YKPEMHIIO JJOBEPHE U YAOBIETBOPEHHOCTb.

YroOsl oueHUTh 3¢ PekTBHOCTD BHeApeHus cucteMbl SAP Transportation Management —
Starter Package, HeoOXoaumoO y4HMTHIBaTH TaKuWe TOKa3aTelid, Kak oObeM W 3aTpaThl Ha
Ipy30IEPEBO3KH.

CpenHsisi CTOMMOCTB 3a MEPEBO3KY TOHHBI Tpy3a coctasisieT mpumepHo 1000 momrapos
CIIA, sto 508119 TeHre mo HbpIHEIIHEMY KypcCy. YUWThIBass JaHHBIC I10KA3aTeld, UMEEM

crnenyrouyto Gopmyiny:
P = y * 10008, 2)

rie P — cpenHsist CTOMMOCTB ITEPEBO3KH, Y — KOJIMIECTBO repeBe3eHHoro rpysa, 1000$ - tapud na
MepEeBE3EHHYI0 TOHHY TPpYy3a.

PesynbTaThl 1 HX 00CyKAeHHE.

B Buay He3aBepIIEHHOCTH CTAaTUCTUKU YKazaHHOro roja (2024), umerorcs aHHBIE B
NEepUOJIe C SHBAps MO CEHTAOpPh MecAll BKIIOYUTENBHO U OYAYT MCIIOIB30BaHbl B CPaBHEHHUH
TOJIBKO C MECSAYHBIMU IIOKa3aTeNsiMU, MUHYS T0/J0BOIl 000pOT BO HM30€KaHHWE HEKOPPEKTHBIX
3HA4YCHUI.
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CpaBHMTeJ'IbHaFI Anarpamma CTatuCTU4eCKmnx daHHbIX
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Pucynoxk 1 — CpaBHuTenbHAS AUarpaMMa CTaTUCTUYECKUX JAaHHBIX

Tabauma 4 — Temn npupocta (T) rooBeIX 00EMOB IPY30BbIX MTEPeBO30K (%)

I'og | AuB. | ®eB. | Mapt | Anp. | Maii | Mrons | Urons | Asr. | Cenr. | Okr. | Hos. | [ek.
2022 |-52 |0 -38 -44 | 47 | -24 -25 -7 -16 -25 | -14 | -20
2023 | +59 | +23 | +33 +1 -2 -17 -20 -19 | -6 -14 | -7 -3
2024 | -7 -2 +4 +10 | +28 | +21 +42 | +38 | +29 | X X X

Kak BugHO Ha Tabnune 4, ckauku 2023 roga B 00beMe rpy30MepeBO30K CTaOMIM3HMPOBATIUCH B
HbIHelHeM 2024 roay, nokasbiBas M0JIOXKUTEIbHBIN IIpOrpecc, paBHbIN B cpenHeM Ha 18,1%

Tabmuma 5 — Temmn npupocra (T) mepeBo30k rpy30B U Oaraka BO3AYITHBIM TPAHCIOPTOM (THIC.
ToHH) (CraTtucthueckue 3HaueHUs 3a 2024 roa BHECEHBI B MEpPUOJIE C SHBApS MO CEHTSIOpPh MecsI]

BKJTIOYUTENIHHO)
Ton Ton TI'on TI'on CraTtuctuka
2021 2022 2023 2024 2021-2022 2022-2023  2023-2024
34 245 23,8 *20,3 —27,94 —2,86% Henocrarox naHHbBIX B
CBsI3H C BpeMeHHLIM
MIPOJIOJHKCHUEM
O6bem nepese3eHHbIX rpy308
40
30
20
0
2021 2022 2023 2024*

H O6bem nepeBeseHHbIX rpy308

Pucynok 2 — CpaBHuTeNbHAS TUarpaMma nepeBo3ok rpy3oB (Ctatuctudyeckue 3HaueHus 3a 2024
roJl BHECEHBI B IIEPUO/IE C STHBAPSI 110 CEHTSIOPh MECSII] BKIIOUUTEIHHO)
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Konebanus 00beMOB rpy30BBIX IIEPEBO30K B a3PONOPTY AJIMATHI B TIOCIEIHHE TOAbI MOTJIH
OBbITb BBI3BAHBI PAAOM (DAKTOPOB, CBA3AHHBIX KaK C INIOOANbHBIMM, TaK U C PETMOHAIbHBIMU
M3MEHEHHUSIMU. PaccMOTpHM OCHOBHBIE M3 HUX:

Okonomuueckas cumyayus 8 pecuore u mupe. IKOHOMUYECKHE KPHU3UCHI WIM HOIbEMBI
MOTYT CYIIECTBEHHO BO3/ICHICTBOBATh HA 0OBEMBI TPY30IIEPEBO30K. Y ITyUIICHHE SKOHOMHUYECKON
CUTyallUl CTUMYJUPYET MEXIYHApOAHYIO TOPIOBIIO, YTO IPUBOAUT K YBEJIUYEHHIO 00BEMOB
rpy3omnepeBo3ok. Hao0opoT, 5KOHOMHUYECKHUE CIa/Ibl BHI3BIBAIOT CHUIKEHUE CIIPOCA Ha MEPEBO3KY
TOBApOB.

Topzeosvie omnowenus u cankyuu. VI3MEHEHHsI B MEXIYHAPOJHON TOProOBJE, BKIIOYAs
BBEJICHHE HOBBIX TApU(OB WIN CAHKIUN, MOTYT CYLIECTBEHHO MOBJIUATh HA 00bEM IIEPEBO3UMBIX
rpy3oB. s AnMaTsl, Kak y3j10Boro myHkTa Uit LleHTpanbHOi A3WH, H3MEHEHHS B TOPTOBBIX
OTHOILLICHMSX C KPYITHBIMU MAPTHEPAMU MOTYT UMETh 3HAUUTEIIbHOE BIMSHUE.

Hugppacmpyxmypa u mexunonocuueckue o00OHo81eHUs adponopma. VIHBecTHIIMM B
MOJIEPHHU3ALMIO a3pOINIOPTa MOT'YT MOBBICUThH €0 MPUBJIEKATENBHOCTh Ul I'PY30I1€PEBO3YUKOB,
YBEIIMYMB TEM CaMbIM O0BbEeMbl. BHenpeHHe HOBBIX TEXHOJOTHH Uit Oosee OBICTpOH |
s dexTuBHON 00PaOOTKU IPY30B TAKIKE UTPAET PEIIAIOIYIO POJIb.

Hzmenenus 6 nocucmuueckux yenouxax. [langemus COVID-19 nponemoHcTprpoBana, Kak
OBICTPO MOTYT M3MEHSTHCS JIOTUCTHUYECKUE Lenoyku. CABUIM B MapLIpyTHU3aLUU TPY30B WU
M3MEHEHHE NPEANOYTEHUH B MOJIB3y 00siee OBICTPBIX BO3IYLIHBIX MEPEBO30K MOTYT MOBIUSATH HA
00bEMBI, HOCTYMAIOIINE YePe3 a3POIOPT.

Kounxypenyusa ¢ opyeumu mpancnopmuvimu y3namu. A>poropT AIMatsl KOHKYpUPYET ¢
JIPYTUMH a3polopTaMu B pervoHe. bosiee BBIFOJHBIE YCIOBUS S TPY30IEPEBO3UYUKOB B
COCE/IHUX CTPaHaX MOTYT CHH3HTh OTOK IPY30B uepe3 AJIMaThI.

Tonumuueckue u coyuanvuvie ¢hakmopol. BoWHBI, KOH(DIUKTB WM MOJIUTHYECKAs
HECTa0MIILHOCTh MOTYT KaK MOJIOKUTEIHHO, TaK U OTPHUIIATEIBHO BIUATH HA 00BEMBI IIEPEBO30K,
BbI3bIBasi U3MEHEHHUS B IPUBBIYHBIX MapLIPyTax U NOTOKaX I'PYy30B.

Tab6muma 7 — Temn npupocta (T) 70X010B MPEANPHUATHI BO3AYIIHBIM TPAHCIIOPTOM (MJIPI. TT)

T'ox T'ox Tox CraTtuctuka
2021 2022 2023 2021-2022 2022-2023
19.6 20.9 53.9 +6.63% +157.89%

Joxonbl npeanpusiTui
60

50
40
30
20
10

2021 2022 2023
B JToxoms! NpeanpUsTHiA

Pucynok 3 — CpaBHUTENbHAS AUarpamMMa J0X00B IPeANpUATHI
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Tabmuua 8 — CpaBHuUTEBbHAS TabauIa rpy3oo0oporta (Teic. TOHH) [4, C.72]

No | Ctpana 2021 2022 % 2023 %

1 | Poccuiickas Denepanms 998.350 | 599.000 —40% | 467.373 —21,97%
2 | Y30ekucTan 90.092 101.000 +12% | 139.700 +38%
3 | Kasaxcran 34.000 24.500 -27,94% | 23.800 -2,86

Oxunaemoe BHeapeHue cucrembl SAP TM komebnercs wmexnay 10-20% 3a cuer
onTUMHU3alMK MapuipyToB. OHa TOBBIIIAET TOYHOCTh IUIAHUPOBAHUS M YIy4IICHUS
B3aUMOJICHCTBUS ¢ TapTHepaMu. PaccmoTpuM 006a crieHapus:

ITpu sxonomuu 10%:

28300000 x 0,10 = 2 830 000 (nomnapos CILIA), 3)
14379795858 x 0,10 = 1437979 585 (tenre),

[Tpu sxonOMMM 20%:

28300 000 x 0,20 = 5 660 000 (gommapos CIIIA), 4)
14379795858 x 0,20 = 2 875959 171 (renre),

rae 28 300 000 — cymma noxonoB nocraBku rpy3os, 0,20/0,10 — 10/20% skoHoMHH.

Y4uuThiBass BCEBO3MOXKHBIC HIOAHCHI, IMPEANOJIIOKHM, YTO IEPBOHAYAILHBIC B3HOCHI Ha
BHeApeHue cuctemsbl coctaisitoT 1 000 000 gommapos CIIA, ato 508 119 995.

OxunaeMsblil cpok okynaemoctu cuctemsl pu 10% 3KOHOMHUM COCTAaBUT:

1000 000
~530000 0,35 = 3,5 Mecsua (goaIapos), (5)

508119995
———— = 0,35 = 3,5 mecqana (tenre).
1437979585

OxunaeMplil cpok okynaemMoctu cucteMsl pu 20% S3KOHOMHUU COCTABHT:
1000 000

—— 0,18 = 1,8 mecsua (10s1apoB), (6)

508119 995
——— = 0,18 = 1,8 mecsaua (reure).
2875959171

Takum 00pa3oM, BHEJpPEHHE CHUCTEMbl MOXET MPUBECTH K 3HAUUTENBHOW KOHOMUHU U
OBICTPOI OKYITaeMOCTH, UTO JIeJaeT €€ MPUBJIEKAaTEIbHBIM BApHAHTOM JUIsl a3poropTa AMaThl B
cepe rpy30nepeBo3okK.

3akio4enue.

['py30Bble NEPEBO3KHU, B YACTHOCTH aBUArpy30MNEpPEeBO3KH, UIPAIOT KIIOYEBYIO pOJb B
HSKOHOMHYECKOM pPa3BUTHM CTPaHBl, CIIOCOOCTBYS YKPEIUIEHHIO MEXIYHApOJIHBIX TOPrOBBIX
CBHSefI, YCKOPECHHUIO JIOTUCTHYCCKUX ITPOLECCOB M IMOBBIIICHHUIO KAa4Y€CTBa XU3HW HACCIICHUS.
Kazaxcran, o0nagas BBITOJHBIM Te€OTpapUUECKUM TIOJIO)KEHHEM W BBICOKUM TPaH3UTHBIM
MMOTEHIIMAJIOM, HMMEET BO3MOXXHOCTh pAa3BHBaTh a’pomnopT AJIMaTbl Kak MEXIYHapOJIHBIN
rpy3oBoii xab. OpHaKo BBICOKAas CTOMMOCTb a’3pPOMOPTOBBIX YCIYT MOXET OrPaHUYHUTH
KOHKYPEHTOCIIOCOOHOCTB, UTO TPEOyeT nepecMoTpa Tapu(HOM MOIUTHKY U YBEIHUYEHUS I0X0A0B
3a CYEeT HEABUALMOHHOM J1E€ATEIbHOCTH.

AHanM3 MHPOBOIO ONbITa U paboOThl a’3pONOPTOB CTPaH-COCENEW IOKa3bIBAET, YTO
MOJIEpHU3alUs  UHPPACTPYKTYPHI, BHEJPEHWE  WHHOBALIMOHHBIX  TEXHOJOTMH U
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ABTOMATU3UPOBAHHBIX JIOTUCTHYCCKUX CHCTCM SBJIAIOTCSA HGO6XOI[I/IMI>IMI/I MCpaMHu  IJId
IIOBBIIIICHU A Bq)q)eKTI/IBHOCTI/I I'py3011€pCBO30K. COBpeMeHHHe CHUCTCMbI OTCJIC’)KMBAaHUA,
KOHTPOJIb Ka4CCTBAa U LII/I(prBI/ISaI_[I/ISI JIOTUCTUYCCKHUX IMPOUCCCOB IMO3BOJIAT YJIYUIIUTHh YPOBCHDb
CCpBHCA, YCKOPUTh TIPY3OIIOTOKM MW IIOBBICUTH IIPUBJICKATCIBHOCTH aoporopra AJid
MEXIYHApOJIHBIX ITAPTHEPOB.

Takum 00pa3om, pa3BUTHE IPY30BBIX aBHANEPeBO30K B KazaxcTane TpeOyeT KOMILJIEKCHOTO
MOJIX0/1a, BKIIIOYAIOIIETO YJIy4lIeHHEe UHPPACTPYKTYPhI, ONTUMU3ALUIO TapU(PHOU MOJUTUKH U
BHEAPCHUEC TIEPCIAOBBIX TEXHOJIOTHH. DTO MO3BOJIMT HE TOIBKO YKPCIIHUTh MO3MIHWKU CTPAaHBI HA
MHUPOBOM DPBIHKE aBHArpy30I€pEeBO30K, HO M BHECTH 3HAYUTEIIbHBIA BKJaJ B YCTOWYMBOE
OKOHOMHYECCKOEC pPa3sBUTHUC.
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KYK TACBIMAJIZJAPBIHBIH TUIMALJIII'TH APTTBIPY YIIHIH
MAPKETHHI'TIK 3EPTTEY 9JAICTEMECIH 93IPJIEY

Anoamna. Kazipei scazoaiioa, mexHono2usiHbly 0AMYblHA KAPAMACMAH, KOMAAHUALAD HCYK
MacviMAaIblh - OHMAUIAHObIpy  Macenenepimern bemne-dem kKenyoe. Illewimoepoin  6ipi-
JIOCUCUKAHbL 0ACKapyOblly a8MoMammaHObipblIean Jicylenepin eneizy, Oipax Oyn npoyecc
Kubepxayinmepoi, — HApPLIKMbIK — MayeKendepOi  JHcoHe  aUumAapavlKmai — KapiCobliblK
UHBeCMUYUANAPObIY Kadicemminiein Koca anzanoa, Oipkamap KUblHObIKMAapovl KAMmMuowvl. Oye
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JAHCYKMepl XanvblKapanvlk OeHeeloe MHCbLI0aM JicoHe MUiMOi dHcemkizy0i Kammamacwol3 eme
OmMbIPbIN, MACLIMANOAYObIY €H CYPAHbICKA ue macindepiniy Oipi 6Ooavin Kana 6Oepeoi.
Cmpamezusnviy muimoi 2eocpaguanvlk dcagoauza ue Kazaxcmawn owcozapvl mpanzummik
aneyemre ue. Ilepcnekmusanvl bazuimmapowiy 6ipi Aimamsl 2yedxncativii XaIblKAPALblK JHCYK Xaobl
peminde damvimy 601bln Mabwliadvl, OY1 JHCYK ALLIHLIH YIALAUmMYed JHcoHe eNoiy dHcahanOoblK
€cayoaagvl NO3UYUACHIH HbIEAUMYea MYMKIHOIK Oepedi. [lecenmen, ayedcail KbizmemmepiHin
HCORAPbl KYHbI MApUGmiK cascammoi Kauma Kapayobl HCoHe ABUAYUSLTBIK eMec Kbl3Mem ApKblibl
Kipicmi apmmulpyObl manian ememin medgiceciul 001ybl MYMKIH. Oyexcal UHPPAKYPbLILIMbIH
acanevipmy, SAP Transportation Management cusxmol unHOBAYUAILIK MEXHOIO2USIAD MeH
Yughpavix wewimoepoi eneizy 102UCMUKAIbIK npoyecmepoiy 0a10iei MeH muimoiniein apmmeipyea
MYMKIHOIK Oepedi. Byn cepsuc Oeneetiin dcakcapmoin Kana xoumai, Kazaxcmauwvly diCyK
asuamacelMandapsbl — CandacblHoazvl — OaceKkenecmik — NOUYUACHLIH — Kyweumin,  mypaKmol
9KOHOMUKATLIK, OAMY2A HCIHE dNIeMOIK KOJIIK HCYUeciHe Kipicyee bIKnai emeoi.

Tyuiinoi cezoep: Jicyx macvlMansl, aBUAKOMNAHUS, mMuimoinikmi apmmolpy, SAP
Transportation Management, ayeorcaii, mapkemune.

DEVELOPMENT OF MARKETING RESEARCH METHODOLOGY TO
IMPROVE THE EFFICIENCY OF FREIGHT TRANSPORTATION

Abstract. In modern conditions, despite the development of technology, companies continue
to face problems of optimizing cargo transportation. One solution is to implement automated
logistics management systems, but this process involves a number of challenges, including cyber
threats, market risks, and the need for significant financial investments. Air cargo transportation
remains one of the most demanded transportation methods, providing fast and efficient delivery at
the international level. Kazakhstan, having a strategically advantageous geographical location,
has a high transit potential. One of the promising areas is the development of Almaty Airport as
an international cargo hub, which will increase cargo flow and strengthen the country's position
in global trade. However, the high cost of airport services can become a deterrent, which requires
a revision of the tariff policy and an increase in revenue due to non-aviation activities. The
modernization of the airport's infrastructure, the introduction of innovative technologies and
digital solutions such as SAP Transportation Management will improve the accuracy and
efficiency of logistics processes. This will not only improve the level of service, but also strengthen
Kazakhstan's competitive position in the field of air cargo transportation, contributing to
sustainable economic development and integration into the global transport system.

Keywords: cargo transportation, aviation company, efficiency improvement, SAP
Transportation Management, airport, marketing.
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HOJMMEP/II KOHTEAHEPJIEP/I CYPBIIITAY IPOLECIH
OHTAMJIAH/IBIPY YIUIH HEHPOH/BIK )KEJIJIEPII KOJJIAHY

Anoamna. Byn zepmmeyde niacmukaivlk KOHMeUHepiepoi MuUuimMoi cypulnmay YuliH
KOHBOIOYUOHObL HellpoHObiK diceninepoi (CNN) owcone ysax xvicka mep3imoi sicaomel (LSTM)
Oipikmipemin 2ubpuOmi HeupoHObIK JHcell APpXUMEeKmYpacblH Naudaianyobl Kapacmulpaobwl.
3epmmey orcaxvin ungpaxwizoin (NIR) cnekmpockonusnbiy KYpuli2blCblMeH ANlblH2AH, XUMUSALbIK
KYpamvl MeH J1acmawny OeHeelline OatlanblCmbl NAACMUKAIbIK KAIObIKMAapobl Jicikmeyee
bazvimmanean. Oxcnepumenm wamudxcenepi CNN+LSTM ecubpuomi modeni naacmuxmepOin
apmypai mypJiepi Men mycmepin maHy, COHuIH WiHO0e KOHmeliHepaepoe2i 1acmayuibl 3ammapobl
AHLIKMAY0a CATLICMBIPMATILL  Mypoe  Ho2apbl  0dN0IKKe KON  HCemKi3emiHiH Kopcemeoi.
Mooenvoiy enimoinicin canvicmulpmanvl 6aeanay 102UCMUKAILIK peepeccus, Twinapa ey Kiuli
keaopammap (PLS) orcone coizvixmulx ouckpumunanmmosl manoay (LDA) cusxmolr dacmypni
arcikmey  adicmepimen oacypeizindi. Homuowcenep CNN+LSTM yneici dacmypni macinoepee
Kapazanoa, acipece K1accmap apacblHOabl CHEKMPIIK alblpMAUbLILIKMAPbl a3 cyeHapuiiiepoe
Mmuimoipex cymvic icmeltiminin kopcemedi. bByn 3epmmey naacmuxanvlk KanioblKmapobl
Cypulnmay e Kauma oHoey Npoyecmepiniy muiMOLliciH apmmulpy VidiH MAUUHATbIK
OKbIMYObIHY 271€yemin Kopcemeoi, OCbLIAUULA IKONOSUAILIK, MYPAKMBLIbIKIbL HCAKCAPMY2A bIKNAT
emeoi.

Tyiiin ce30ep: [Lacmuxanviy kanovikmap, NIRS, Hetiponowix sceni, I'uopuomsl mooeins,
CNN, LSTM.

Kipicme.

JlyHHexy3UTK MIacTUKaJbIK KarnTaMa HapblFbIHBIH KeseMi 2024 xbuiel 103,48 Mumuinon
TOHHara OaranmaHajabl skoHe 2029 xbinra Kapail 123,26 MUIUIMOH TOHHAFa JKeTefl JIen KYTUTy/Ie,
Oyt perte OomkaM bl kKe3eH imriHae (2024-2029 xpuiaap) opralia UK 6Cy KapKbIHBI 3,56%
Kypaiinel. [lnacTukanslk moivMep KanraMara CYpaHbIC TYPAKThl ©Cyie, OUTKEH1 OJ JKEHLT KOHe
KOJiJaHyFa BIHFaibl. [lmacTuk  eHAIpiC  IIBIFBIHAAPBIHBIH —~TOMEHITIHE OaiIaHBICTHI
TYTHIHYIIBITIAp MEH OHJIPYIIiIep YIIiH 1e Konainbl. [lomumepni koHTeHHEpIepiH CychIHAAP,
TaMaK, KOCMETHKa KoHEe (papMalleBTHKa caiajapblHIa MaHbI3IbUIBIFEI apThin kenemi (Mordor
Intelligence, 2024).

75


mailto:ay8222@mail.ru*

A3aMaTTBIK aBUAIUS aKaJIEMUSCHIHBIH XKaPIIBIChI Ne1(36)2025

[TnacTukanblK Kanrama eHJIIpICi KeJIeMiHIH apTybl MIACTHKAIBIK KAIABIKTAPABIH ©CyiHe
OKEJIII, ONapJbl KalTa OHJICY/IH OMICTepPIH MaMBITy KAXETTUITH apTThIpalbl, Oy KOopIIaraH
opTara Tepic acepAi OonapIpMay YIIiH MaHbI3IbL. [loauMep miiacTuKTepai KaidTa eHaey KopIaraH
opTara Tepic ocepAl a3alTyAblH MaHBI3Ibl IICIIIMI PETIHIE KapacThIpaMmbl3, ajlaija
KOJITAHBICTAFbI KaiiTa oH1ey HHPPaKYPHUIBIMBI INIACTUKTEP/II CYPBINTAY JKOHE KiKTeyae OipkaTap
KUbIHABIKTapFa Tamn 6omiaabl. [Inactukrepain Kaita eHaey OapbIChIH/IA TYPHIC KIKTEIMEYl HeMece
OJIapbIH JacTaHyhl €KiHIII PETTIK MaTepUAIIBIH calachl MEH KalTa KOJIJaHy MYMKIH/ITH e13yip
TOMEH/IETIII, YKOJIOTHSIIBIK MOCEIeNIeP Il OJIaH opi KYIIeHTeIi.

Kaiita enney mpouectepi e€H aigbIMEH IUIACTHKTIH SPTYPJi TYPJIEPiH aXbIpaTy YIIiH
CEHCOpJIap MEH XUMHUSUIBIK KOHE (M3MKAIBIK KacHeTTepl Taijay CHUSKTBI O3bIK 9JiCTep.l
KongaHasel (Bonifazi sxone T1.6.,2018). JlacTypai agicTep MbIcaibl peTiHae O0aThIpy-KaIKbIMaJIbI
Oeny, miekTipy, ruaporukionaay (Gent sxoHe T.0., 2018), sJIEKTpOCTATHKAIBIK 0Oy KOHE
MarHUTTIK THIFBI3ABIKTEL 061y (Zhang xone T.0., 2023) CHUSAKTBI CYphINTAy YUIIH MOJIUMEPICPIiH
(bU3UKaIBIK KacueTTepine cyiheHeni. JlereHmen, Oyl Tocuiaep apajac IUIaCTHUKTEpAl Hemece
TBHIFBI3JIBIFBI YKCAC IUIacTMaccalapisl a1 cypbintamaysl MyMmKiH (Ragaert xone T1.6., 2017,
Gundupalli xone 1.6., 2017). MoceneHiH meniMi peTiHae CEHCOPIBIK dIICTEP aABIHFbI 9ICTEPre
KaparaH/ia TNIACTUKTEP/IiH JSJIPeK KOHE THIM/II JKIKTETyiH YChIHA/bI.

Jlazepnik MHAYKIUSATIAHFaH bIABIpaY criekTpockonusckl (LIBS), peHTrenaik cypoinTay koHe
RGB kamepacelH KOJAaHy apKbUIBI CYPBINTAY CHSKTBI 9MICTEp KEH TapaiiFaH, Oipak OJiapibIH
opKaiichIChIHBIH IIekTeysepi Oap. LIBS omici mmacTHKTI aHBIKTay Ke3iHAE CE31MTallIbIFbIHBIH
TOMEHJIIrHE OalIaHBICTBI KUBIHIBIKTapFa Tam Oomansl (Shameem »xone T.6., 2017), peHTreH
apKbUIbl CYpBINTAY MaTepuaiaapAbl axbiparyaa mekreyni (Brunner sxone T.6., 2015), amn RGB
KaMepachIMEH CYPHINTAy MOJMMEp MUTMEHTTEPIHIH YKCACTBHIFBIHA JKOHE JKapBIKTaHIBIPY MEH
JIaCTaHy dcepiHe yiblpaybiHa OaiIaHbICTHl HAKTHI TJIIK KaMTaMachkl3 etneiai (Safavi xone T1.0.,
2010).

Kakpin wuHppakpzbul  (NIR) crmekTpockonus XoHE TUIEPCHEKTPaibAbl OelHeney
KYHelepiH maijasiaHa OTBIPHIN, IUIACTUKAIBIK KAIIBIKTApAbl OPTYPJI CaHaTTapFa JKIKTEy.i
aBTOMATTaHIBIPY MaKCaThIHJAFbI KenTereH 3eprreyiep 6ap (Qiu xxone 1.0., 2020; Kumar xone
1.6., 2021; Tan xone T1.6., 2021; Ahmed >xone T.6., 2023; Singh >xone T1.6., 2023). NIR
CHEKTPOCKOMUSI apKbUIbl Oipereil CHeKTpNIK cumarraMaiapblHa OalIaHBICTBI  OpPTYPIIl
MaTepuaiiapibl, COHBIH IIIIHAE TUTACTUKTI aHBIKTayFa apHaJfaH Kypal peTiHiae Oipkarap
3eprreyiep nanenaeni (Masoumi xxone 1.6., 2012; Marchesi xone T.0., 2023). benrini 6ip TONKbIH
V3BIH/IBIKTAPBIHA KAPBIKTBIH JKYTBUTYBI, IIAFBUIBICY KOHE OTKI3TIMTIK KAaCHETTEPiH eJIIey
apkpiibl NIR crieKTpocKomuschl MaTepUaNIbIH MOJEKYIaNbIK KYPaMbIH aHBIKTall anajbl, Oy
MJIACTUK TYPJEPIH aXbIpaTyFa MYMKIHAIK Oepeni. JlereHMeH, TUIAaCTUKANBIK KaJIbIKTapIbIH
HaKThl JEpEeKTepre Heri3/eNreH KIKTelyl JJacTayIlbl 3aTTapblH OOIybIHA JKOHE HAKThI ©MIpIIiK
KarJaiiap/ia MIacTUKaNIbIK KaJABIKTapAbIH OpTYpPIl JKaFAaiaapbiHa OallaHbICThl KUBIH OOJIBII
Kana oepei.

Ocpl KMBIHABIKTApFa JKayan peTiHae Oyl 3epTreylne IUIaCTUKAIBIK — IMOJIMMEpIi
KOHTEWHepIepl KIKTey I1H CeHIMII JKkyieciH a3ipney yuriH NIR-crekTpockonuschIMeH albIHFaH
MOJIIMETTEPMEH HEHPOHJABIK IKENUIepai KOJJIaHy apKbUIbl HWHTETPAlUsUIay YCBHIHBIIAIBL.
MammHanbIK OKBITY alITOPUTMAEPIHIH KUBIHTHIFBI O0JIBIT TAOBUTATHIH HEHPOHBIK JKETilep YIKEeH
JKOHE KYpJIeJi NEepeKTep >KUBIHTHIFBIMEH >KYMBIC ICTEYre OTE€ BIHFAIIBl JKOHE KECKIHJI TaHy,
TaOWFU TiJ/I1 OHILY JKOHE COHFBI YaKbITTa MaTepuaiapibl KIKTey MoceNenepiHe alTapiaplKTan
XKeTicTikTepre Ko xetki3ai (Xia skone T.0., 2021; Olowolayemo xoHe T.6., 2022).

ATNIBIHFBI 3epTTeyAepIiH 0aCThl MAKCAThl OCHI TEXHOIOTHSUIIAPABI KOJIaHA OTBIPHIIL, JKaJIIIbI
KaJIJBIKTAap aFbIHBIHAH IIACTHKTI CYpHINITAY HEMECE OHBI MOJUMEP TYPiHE Kapail jKIKTey OOJbI.
Amnaiina, OyJ1 ®KYMBICTA MIJIACTHK TYPIIEPiH TeK MaTEepHUAABIH TYpi OOMBIHIIIA FaHA eMeC, COHBIMEH
KaTap TYCl MEH JIaCTaHy JIeHIeiliHe Kapail aHbIKTay KapacThIpbUIaAbl. MbIcanbl, OYJ1 XUMUSIIBIK
eHiMiepre (IIaMITyHbJap MEH Ta3apTKBIIITAP CUSKTHI) Mai1aaHbUTFaH OeTeTKeIep/Ii ®KoHe KaiTa
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OHJIeYTe KATIANUTBIH CYT ©HIMJepiHEe apHaFaH KOHTEHHEpIIep Al aXKbIpaTyabl KaMTUIbl. MyHai
KaJIJILIKTapAbl KaliTa ©HJIey MYMKIHIIT1 O0JIFaHBIMEH, OJIap/IbIH KOJIeMi 9ICTTE a3, ajl KaiTa oHAey
IIBIFBIHIAPEI ©TE JKOFaphl, COHABIKTaH Ta3a [IDT OerenkenepiH XWHAY KOHE KaiTa eHICY
apTHIKUIBUIBIKKA M€ 00Jabl.

Hetiponasik sxeni moaenid NIR cnekTpoMeTpiMeH allblHFaH CaHABIK JEpPEKTepiHe yipere
OTBIPBIN, OYJI 3EpTTEY JacTaHy >KarJalblHIA Ja TUIACTUKTIH KIKTENy JJOJIITiH apTThIpyFa
TBIPBICAJIBI, OYJI CAalbIN KeNTeHAe THIMIIPEK KaiiTa OHIeY MPOLIECTEPiHE KIHE IUIACTUKTIH JIACTAaHY
JICHT'CHiH TOMEHIETYT€ BIKIIA €TEe/Il.

Marepuasaap MeH daicrep.

Byn 3eprrey xakbiH uHPpakp3pul (NIR) crieKTpocKONusIChl MEH MAITUHAIBIK OKBITY/IBI
KOJI/1aHa OTBIPHIM, MIACTUKAIIBIK KaJABIKTap/Ibl )KIKTeyre OaFpITTalFaH JAePEKTepAl )KUHAY, OHILY
KOHE TaJIay QIICTEePiH CUMaTTalIbl.

3eprrey OipHemie Ke3eHACPlI KaMTHABL: CHEKTPJIIK JIEpPeKTepAl J>KUHAY JKOHE Tajjay,
KaJIBITIKA KEINTiPy, OKBITY JKOHE ChIHAK KUBIHTHIKTapbIHA 06Tyl KOca allFaH/a, IepeKTepIl alIbIH
ana eHJIey, MIACTUKAJIBIK KOHTEHHEpIJIepAl JKIKTeYre apHaJIFaH MOJENJI J3ipiey >KOHE OKBITY

(cypet-1).
[epeKTep KublHbI
i AngbiH-ana eHgey Hopmanusayua
] " T— . Meas.|Wavel| Absorb
. ¥ points| _(nm) (au)|...
‘ - H 1 | 901 | 2.00387)..
- 1 ) A——— 2 205 1.90436|...
1 ; ¥ Vi . > 3 | 909 | 2.27858]..
.. Wi 5 = 4 | 914 | 1.89164[..
- | el .
: o 228 | 1700 | 1.79118].. OKbITYy-TecTiney Mogenuai ssipney

Ynrinep DLP Nano EVM _ XuHafrblHa Beny

.csv haringap
alnblHFAH CNeKkTp

1 cyper — O3ipJeHTeH 9/IICTiH Kbl KOPIHICi

Yneinepoi occunaxmay.

3epTTeyre apHajJfaH MOIIMETTEp JKUBIHTBIFBI YII Ke3eHre OeJIiHI'eH, IJIaCTUKAaJIbIK
OeTenmkenepaAl Marepuan TypiHE, MOJIIPJITIHE >KOHE JIACTaHy JICHreWiHe Kapal KIKTeul,
nepektepAid 80% oKbITY YIIiH skoHe 20% ChIHAK YIIiH Mai1adaHbUIIbL.

Yarinep DLP NIRScan Nano EVM (Texas Instruments, AKII), 900-nen 1700 uMm-Te
neiinri 228 auama3zoHIarbl MHQPAKBI3BUT CHEKTpJepAl aHBIKTayFa KaOUIETTI KOrFaphbl
WHTEerpalysUIlaHFaH yJiabTpa IMOPTATUBTI MH(PAKBI3bUI CIEKTPOMETPIMEH albIHABIL. TeMeHperi
CypeTTe YATiIepAl Tycipy 6apbichl, OyJ1 KYphIIFBIMEH albIHFAH CHEKTPIIap alllblK Hemece KaObIK
KEHICTIKTE aWTapibIKTail e3repic OoiMaraHbIH KepcerTTi. JlereHMeH OyKin yiaruiep *aOblkK,
KapaHFbl KEHICTIKTE aJIbIH/IbI.

!

a) DLP NIRScan 0) yuriHi ambIk B) YJITiHI >Ka6n<
Nano EVM nopraTtusTi KEHICTIKTE TYCipy KEHICTIKTE TYCipy
KYPBUIFBICHI

2 cypeT — Yarinepai Tycipy 0apbichl
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Bipinmi ke3enne op Typai Mmapkanbl, Taza-nac, 430 PET (mommstunenrepedranar)
OeTenkenepi MEH KOHTEHHEpJIepi, COHJAl-aK TYPMBICTBHIK XUMUSJIBIK KOHTeHHepiepaeH PP
(nonmunponwien), HDPE (Toirbi3abiFbl xorapbl monudTuiieH) skoHe LDPE (ThIFBI3AbIFEI TOMEH
MOJIMATHIICH) CHUSAKTHI Oacka rmactukrepain 204 typi OoifbiHmIA >xikTey. EKiHIN Ke3eHue
IUTACTUKANIBIK KOHTEHHEpNepaiH Tyci OoibIHINA KikTeneni, sk 236 Menmip Oetenke (Taza
Hemece nactanrad PET, PP Gomypl MymKiH) skoHe 48 opTyJii TycTi OeTenkenep (KaHBIK HEMece
XKapTbeutaid Menaip 0omybl MyMKiH). YIIiHIIN Ke3eH opTypii Openarepain 174 Tasza, 6oc PET
Oertenkenepi MeH 209 cyT, Maid, coycTap >XKOHE 3USHIbI CYUBIKTHIKTAp CUSKTHI OHIMIEPIl CaKTay
yuris naiigananeateid PET nacranran Getenkenep/i axkbipaTaabl. Byl KYpbUIBIMIBIK JEPEKKOP
IJTACTUKAIIBIK OOTeNKeIep/IiH MaTepHall carachl MEH OJIap/IbIH JIACTaHYy JICHIei1H erKkel-TerKeini

3epTTeyre MyMKIHIIK Oepe/i, OyJ1 THIMII KaiiTa exjey mnpoiectepi yiria MaHb3asl (Kecte-1).

1 kecte — Kitaccrap OoiibIHIIIA KYPBUIFAH YITLIEp CaHbI

Kezen Kiacce Canrl
Kesen 1 19T 430
backa (PP, LDPE, HDPE) 204
Kesen 2 Memnnip 236
Typai TycTi (KaHBIK) 48
Kesen 3 Taza 174
Jlactanran 209

IRscanNano GUI v1.1.9 wunTepdeiici apkpuipl OeiiHeneHreH eHaenaMereH (raw data)
YITUIEPiH MAFbLUIBICY KO(PHUIMEHTI OOMBIHIIA BU3YaNI bl KOpiHici. (cypeT 3-5)

3 cyper — 1 Ke3eH MIacTHKAIBIK OeTenkeaepai Tumi OoitbiHIna canbicThipy (Masoumi, H.,

Reflectance

New Scan  Saved Scans

Scan Config Select

Column 1 ~| | Modify
Spectral Range Start (nn 900

Spectral Range End (nm 1700
Didital Resolution 228
Wethad Column

Num Scans to Averace

Scan Reference Select

O Factory
@® Previous
New
Reference last set on - 2023/04/01 @ 14:04:18
Save Scan As
Nan0/23.03.16/testing | | Changs Directory

200 1100 1306 1500 1700

1900

T.0 aBTOPJIBIH MaKaJIaChIHAH aJibIHbBI [16])

Spectrum Plot
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raph Controls
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new aan avea bcans
Spectrum Plot
Scan Config Select
Scan time was 2.205 seconds_Results saved in C:/Users/Nazym/Documents/Texas Instrume
Column 1 - Modify

Spectral Range Start (nn 900
Spectral Range End (nm 1700 \\\
5

Digital Resolution 22
Method Column

MNum Scans to Average whiteiPP

Scan Reference Select

O Factoy \ m
@ Previous

) Now 0.71 \d

Reference last set on : 2023/04/01 @ 14:04:18

Save Scan As green PP /”,”E\

/6.3-PP cepbiii cTakan Change Directory - M\R w
Filename prei [6-3b3 k’“**m_\_

m%ﬁ

Scan

\/M\%
white PP 1cm
T T e e
STEEEE 226 1320 @

white PP 2cm

Reflectance’

Wavlengths(nm)

Graph Controls

Intensity Absorbance Overlay

4 cypet — 2 Ke3€eH IJIaCTUKANIBIK OOTeNKeNepAl TycTepl OONBIHIIA aKbIpaTy

New Scan Saved Scans
Spectrum Plot
Scan Config Select

Scan time was 2.217 seconds_Results saved in C:/Users/Nazym/Documents/Texas Instrume

Column 1 = Modify

!E Spectral Range Start (nn 900 1

1 Spectral Range End (nm 1700

1 Diaital Resolution 228

] Method Column

,—_ Mum Scans to Average 0.81
Scan Reference Select
O Factory
@ Previous

HDPE white emptyishampoo bottle

O Mew 0.60
Reference last set on : 2023/04/01 @ 14:04:18 \

Save Scan As

Nano/23 03 16/testing Change Directory < 0.40

Filename pref |whiteshampouF’P

o0n o [
el :

empty pelml

w
AR \ﬂw % mw Pl Wﬁf\”‘ﬂw*

(AT T

ﬁ
|
|
|
@

<lean empty .

Wavlengths(nm)

Graph Controls

nﬂh /\1;,“1 .l |1(‘1|'ol[‘}'TIJr;llle
PPN i

WWW l\{a 1]l cook oil PFWW\P

1230 1370

Intensity Absorbance Overlay

5 cypet — 3 Ke3eH IUIaCTUKAIBIK OeTeNKenep/i JacTany JIeHreii OoMbIHIIA aKbIpaTy

Ynarinepni anosin-ana enoey Ke3eHIHIEe, HEHpoHABIK >xeni onapabiH NIR  cmektpik
KOoJTaHOaAlaphl HETi3iHAE IJIACTUKTEPIIH OpPTYpil TYpJepiH aXblpaTyabl THUIMII YHpPEHYIH
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KaMTaMachbl3 €Ty YIIiH CHEKTPIIK AepeKTepAl YHBIMIACTBIPYIbl KoHE TaHOAIayAbl KaMTHJBI.
KapacTbIpbLiblll OTBIpFaH JA€PEKTEP KUBIHBI CIIEKTPOMETPeH 634 KopCeTKIilliH KaMTuIbl, Spoip
KOpCeTKill TepT OaraH OOWBIHIIA CIEKTPIIK JepeKTepAiH 228 KOJBIH KaMTUIbI: TOJKBIH
Y3bIHABIFBI (HM), abcopOrus (AU), aHbIKTaManblK CUTHaN (OIpiiKci3) JKOHE YTl CHTHAJIBI
(bipmikcis).

AnnpiH ana eHAey/IiH 0acTankel KaJaMbl eKITIK KIKTeYAiH YII Ke3eHHIH OpPKalChICHI YIIIiH
OYKiJT JepeKTep JKUBIHTBHIFBIH KaWTanmayasl Kamtuasl: [IOT-Ti Gacka IUIacTHK TypliiepiHeH
XbIPATy, MOJAIP MIIACTUKTEP/I1 TYPIi-TYCTieH axbIpary sxone [I19T nacranran matepuanuapaan
taza [IOT ampikray. Kaiitanay (duplication) maHbpI31bl, €HTKEHI opOip Tamcelpma JepeKTepre
epeKIlle Ke3KapacThl Taslall eTell, SIFHU COJl Kiaccu(uKaius MiHJIETIHE KaTbICThl HAKThI
aTpuOyTTapra Hazap ayaapanbl. by ke3eH HeHpOH/IBIK JKETiHI OKBITY YIIIiH 6T¢ MaHbI3/bl, OUTKEH1
OJI 9p TONTHIH CUIIATTaMaapbIH OUTy YIIIiH KaKETTi TaHOaJaHFaH JIepeKTepal Oepe/i.

Tanbanaynan KeiiH JepeKTep KUBIHAAPHI TalAayFa KaxerTi Oipereid maeHTUUKATOpIap
MeH Oenrinepai KamtuthlH Oip CSV daiineiHa OipikTipizeni. Ocbl OIpIKTIpUITeH IepeKTep
KUBIHBIHIAFBl OaraHmapra MblHaMap Kipeni: TonkelH Y3BIHIABIFBI (HM), AOcopOmus (AU),
AHbIKTaManbIK curHan (6ipiikeis), Yari curnansl (6ipiikcis), Bapuanus, Yiuri cansl, CaHat jxoHe
Cencop_umaentuduxaropsl. Mynzaarsl "Bapmanums" ym ekiik JKiKTey Ke3eHHIH KalChIChIHA
KaTaTbIHBIH KepceTeal, "Ynri_cansl" opOip CHEKTPIIIK KOPCETKIMI YiIiH Oiperei naeHTudukarop,
"Canat" KepceTKill TarailbIHAaIFaH eKUTiK TonThl Oinmipenai xone "CeHcop uaeHTH(UKATOPHI"
KOPCETKIIITI Ka3blIll aJiFaH CIEKTPOMETPre clITeMe jKacanIbl.

AnnpiH ana eHuey (aszacelHIa, ocipece HEWPOHIBIK KEIiHI Taijnay YIIH CIEKTPIIK
JepeKTepAl NaiblHIay KOHTEKCIH/IE KalbllKa KeNTipy (HOpMaau3alus) MaHbI3Ibl KajJaM OOJIbII
TabbIIaabl. byt mporiecc alHbIMaTbI MOHACPIIH CaHIBIK AUATa30HBIH PETTEYII KAMTHIBI, 9pOip
Oenriiep oJlapAblH MaclTaOTapbhIHIAFbl TOH JUCIepcHsiFa OalIaHBICTBI YATIHI OypManaychi3
Tanmayra OipJelt yiaec Kocaasl. byFaH Kot )KeTKI3y YIIiH CTaHIapTThl MacTadTay Jen arajaThiH
o/lic KOJIaHbLIAIBI.

CranmapTThl MacmtadTay HeMece Z-0aapl KalbIKa KeITipy OyJI KOHTEKCTe HOpMaJTH3alHst
YIIiH TaHJajdaThlH 91ic Oombim Tabbutambl. On Oenrimepai opramia MoHI O JKOHE CTaHIAPTTHI
aybITKybl 1 OonaTeiHIal etinm TypaeHaipeni. byn opOip OenriHiH opramia MoHIH AepeKTep
KUBIHBIHAH AJbIN TACTal, COJaH KeHiH HOTMKEH1 coil OeNTiHIH CTaHIapTThl aybITKYbIHA OOy
apKBUIBI XKY3€Te aChIPBbLIAIBL.

bakputay sl Z-6anslH ecentey Gpopmyrachl Keneciiei:

z = =£ (1)

MYH/IaFbl X — 0aKblIay MoHI, |L — O€JITiHIH OpTallla MoHI, )KOHE G — O€NT1HIH CTaHIaPTThI ayBITKYHI.

Kaneinka kentipy mpolieci JepeKTep >KUbIHBIHIAFbl CaHJIBIK TUITErl OapiblK Oenrijiepre
ocipece, KaikeiManbl HykTe (float) Hemece OyTiH can (integer) TypiHIE YCBIHBUIFAHAApFa
KOJaHbUIaabl. by cranmapTTel MacmtadTay OapiibIK OENTiepiH MOIENbAIH OO0JKaMIIbIK
MYMKIHJITiHe Oipeil yiec KOCYbIH KamMTamachl3 €Tefi, OChUIailla YIKeH MaciuTabTarsl
OenruiepaiH MOJEIb/IIH HOTHKECiHE OachIM ocep eTyiH OosiaplpMaiiabl. by acipece rpafueHTTiK
Tycyai (gradient descent) oHTalIaHABIPY YIIIH KOJJAHATHIH MOJETBAECPAEC MaHBI3IbI, ce0ebi Oy
HOpMAaJTM3allisl MOJIENBIIH OKbUIJAM JKOHE THIMII TypAe >KHHAKTaayblHa (convergence)
KOMEKTECE]I].

JlepekTepal KabllKa KeNATIpy apKblUIbl HEWPOHJBIK XKeJire Kipic IepeKTEePIHEH KaKChIpaK
yHpeHyTe jKoHe >KalIlbl 3aHIbUTBIKTAapIbl TAHYFa MYMKIHJIIK Oepei, Oy acipece MaTepuaniap/sl
OJIapJIbIH CHIEKTPIIIK JepeKTepl OoMbIHIIA KiIacCU(UKALUSIAY CUSKTHI MIHAETTEP YILIIH MaHbI3/IbL.
Hopmanu3zanus Kajgambl MOJENbIIH CIEKTPIIIK AEPEKTepAl THUIMII OHCYIH KoHE 0/1aH YipeHyiH
KaMTaMachl3 eTelll, Oy IUIaCTHUKTIH HeMece TajlaHaThlH Oacka MaTepuaapAblH opTypl
TYPJIEPiH aXbIpaTy KaOlIeTiH apTThIpabl.
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Heiiponnpik sxem - KabaTrrapra YHBIMIACTBIPBUIFAH KONTEreH e3apa OalIaHbICTHI
TYHiHIAEpAeH (HeWpoHaapJaH) TypaThlH ecentey Mojaeii. HelpoHabIK JKeiHIH HeTi3Ti MaKcaThl
MBICATIIApAaH YHPEHY apKbUIbl JIEPEKTEpIEri KypAeli TOYEINAUNKTEpJi aHBIKTAy OOJIBII
TabbuTaIbl. HEMpOHABIK JKETiIep ChI3BIKTHI eMeC (PYHKIUsIapabpl MOJeIbAeyre KaOuieTTi, Oy
oJapApl YATIHI TaHy, )KIKTEY )KOHE perpeccusi TarchlpMaiapbl YIIiH THIMII.

Konposmonusuiblk HepoHABIK xeniaep (CNN)

CNN - xoHBOMIOIMOHIBI KabaTTap apKbUIbI IEpeKTepleri KEHICTIKTIK HepapXusiiap/bl
aBTOMATTHI TYpAE XoHE Oeiimieyre apHaiFaH TEpeH OKbITy apxuTekrypacbl. CNN KeckiH[1
OHJICY/Ie KOJJaHYbIMEH TaHbIMal, Oipak COHBbIMEH Oipre Oip emmemIi ToHeKTi nepekrepre
KoJilanbLaaeI| 19].

¥3ak-kpicka mepaimai xax (LSTM)

LSTM — Oy kaitananateiH HeHpoHbIK keniHiH (RNN) Typi, o Ti30ekTi aepexrepai
eHJIeyTe XKoHe KapanaiibiM RNN-1epe i Ke31eCceTiH KOFaJIbII KETETiH TPAAUCHTTEP MOCENeCiH
memryre apHanFad. LSTM-HiH GacThl epekIneniri — apHaibl 0acKapy JIeMeHTTepi (Kipy, IMIBIFY
KOHE YMBITY "Kaknaiapbl'"), oap MaHbI3bl aKIapaTThl Y3aK yaKbIT OOWBI THIMII CaKTayFa KoHe
KaHApTyFa MYMKIHAIK O6epei.

Bbyn wMakanmaga TUIACTHKANBIK KaJABIKTApIbIH —KJIACCH(PHUKAIMACHIH JKaKcapTy YIIiH
CNN+LSTM rulpuari alropuT™ SIICTEPIH KAJbINKA KENTIpYy JKOHE CTaHAApTThl MaciuTadray
CHSIKTBI IEPEKTEP/Ii AJIJIBIH aJla OHACY dicTepiMeH Oipre maiiganany KapacThIPbUIIBI.

Kouposmonusuiblk HelpoHAbIK skeniiep (CNNs) jkoHe y3ak-Kbicka mep3iMal xan (LSTM)
KENUIepiHiH TipKeciMi JepeKTepiaeri KEHICTIKTIK >KOHE YaKbITIa YITUIepAl MaianaHyra
apHaJFaH KyaTTsl ruOpuaTi apxurektypansl Oinaipeni. CNN + LSTM apxutextypacsinga LSTM
KOHBOJIIOIIMOH/IBI KabaTTapjiaH KeWiH KonnaHbutagsl, MyHna on CNN mibiFapraH KEHICTIKTIK
MYMKIHAIKTepAl JoHEeKTI TypAe eHuehIi. byil KypbUIBIM MOJENbIe >KEePriuTKTI KEHICTIKTIK
MYMKIHIIKTEpIi 1€, IepEeKTepIeri yaKbITIIa TOYSIAUTIKTEpIl 1e Tycipyre MyMKiHAiK Oepeni [20].

KoHBomonusuiblK  KabaTTap JKEpruliKTi epeKIIeNiKTepai THIMII TYPAC aHBIKTAaWIbl, aj
LSTM kabattapsl AepeKTep ilIH/eri YaKbITTHIK Ti30€KTep/Ii TYCIHY/Ie epeKIe HITHKE KopCeTe i,
Oy1 K1accupUKAIUSHBIH JIIITIH apTThIpYyFa oKeneai. Moenb apXuTeKTypachiHa colikeciHie 3
eJIIeM Il Aapockl koHe 32, 64 xoHe 128 cysrinep caHbl 0ap yII KOHBOJIOLUHMSJIBIK KabaTTaH
Typaabl. Opbip KoHBoMOUMIBIK KabaT yumiiH ReLU aktuBaums (yHKUIMACH! KOJIAHBIIIBIL.
AnFankpl €Kl KOHBOJIIOLUSIIBIK Ka0aTTaH KeliH JepeKTep/IiH eILIeMiH a3aiTy YILUIH MyJl eJIIeM]
3 6onateiH Makcumanabl OipikTipy (MaxPool) kaGarraps! kocbuiabl. Coman keilin LSTM kabaThbl
64 GipiiK KoHEe KailiTamaHatelH OKyAaH 1mbirapy (Dropout) 0.2 Konmgansuiasl. MoAenbIiH MIBIFBIC
kabarbl (Output) OuHapnbl kinaccudukanus yurH Oip HeHpoHHaH >xkoHe Sigmoid akTHBaLUs
GbyHKIHACHI Oap TONBIK OaiiTaHbICKaH KabaTIieH YChIHBIIFAH (CypeT-6).

Input Layer

B e N s N I N ( \
- ™
(1)
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Ve .
[ 2 -
i—= | ConviD | ——» | ConviD — | ConviD |——» LSTM — |
A\
/ ‘\
[ 278 ) { 3 /
\ _ [N — -/
1 h 1
| H H
h h
Pooling ! ! Pooling

6 cyper — CNN + LSTM mozemniHiH apXUTeKTypachl
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OHIMOiniK enuemi
OpOip MoaenbaiH eHIMAUIT monaik (Accuracy), HakThUIBIK (Precision), ecke Tycipy
(Recall) xone Fl-ecen (F1-Score) cHSKTBI CTaHAApPTTHl METPUKAJapAbl MaiJalaHy apKbLIbI
Oarananapl. bynm mMeTpukanap MOJenbAiH MIACTUKAIBIK KaJABIKTap/bl JKIKTEY TallChIPMACHIHBIH
OpTYPJIi Ke3eHepiHAe KiaccupuKausiay THIMALIITIH )KaH-)KaKThl cUlaTTan oepei.
(TP +TN) 2)

Accuracy = (TP+TN + FP + FN)
Precision = (TPT_F—PFP) ?
Recall = (TPZ—PFN) ’
1 Seore = 2X (Precision = Recall) ©)

(Precision + Recall)

OpOip MoJeNb YIiH MATacThIpy MaTpumaiapsl (confusion matrix) IIBIHANBI TO3UTHUBTEP
(TP), wbiHaiier HeratuBTep (TN), sxamran mosutuBtep (FP) »xome skanran neratustep (FN)
TYPFBICBIHAH OHIMIUTIKTIH erKei-Terkeisli cumarramachlH Oepexmi. bynm merpukamap opOip
MOJISJIB/IIH Kal aiiMaKTap/ia )aKChl HOTH)KE KOPCETETIHIH XKOHE Kal JKepiepe KEeTUIIIpy KakeT
eKEeHIH TYCIHY YIIiH MaHbI3bI OOJIBIN TaObLTaIbI.

HoaTu:kesiep skoHe TAJIKbLIAY.

byn 3epTTeyaiH Herisri yleci MiIacTHKTIH SPTYPJii TYpJiepl MEH TYCTEpPiH aHbIKTay, COHBIH
1IIiHe JacTaHFaH KOHTEHHEPIIEp/Ii aHbIKTAY, OCBUIAMIIA TTacTMAcCaIap bl )KaKbIH HH(PAKBIZBLT
(NIR) colikecTeHaipyMeH OaillaHBICTBI IIEKTEYNepAl Ienry Ooibin TaObuiaabl. [lmacTukanbik
Oetenkenepain Tept Heri3ri TypiHiH NIR criekrpnepi - nommatunentepedranar (I19T), sxoraps
TeIFbI3ABIKTaFbl  ouATHIICH (HDPE), Temen TtoiFb3apikTarel monudTuieH (LDPE) xone
nonunponuied (PP) - konBomonmon el HelipouabIK xkenire (CNN) 6ip emmemai Kipic peTiHzae
naiganaHeUIAbl. ¥ CHIHBUIFAH TOCUIAIH OHIMIUTITIH CABICTBIPY YIIIH JIOTUCTUKAJIBIK PETPECCHs,
xapTbliai eH ki kBaapatrap (PLS) jkoHe ChI3BIKTHIK TUCKPUMUHAHTTHIK Tanaay (LDA) cuskTs
OipHere I9CTYPIIl alTOPUTMIEP € KOJIAAHBUIIBL. OPTYPIIL SIICTEP/Ii KOJNJaHy apKbUIbI allbIHFAH
HOTWKEJIEp 2-KecTele >KMHaKTalFaH. OpOip koi Oenrimi Oip Ke3eHIe MOoJenbAl OaranayablH
HET13I1 KOpCeTKIITEPiH KopceTe .

2 kecte — TepT oxicTiH OapibIK Ke3eHaep OoiibIHINIA Oaranay KOpCeTKIIITEPiH CAIBICTBIPY

AJropuT™m TYPI Ke3en | Accuracy | Precision | Recall F1-score
Logistic Regression 1 0.73333 0.55556 1.0 0.71429
2 0.55 0.5 04 0.44444
3 0.69231 0.6 0.6 0.6
PLS 1 0.66667 0.44444 1.0 0.61538
2 0.55 05 0.4 0.44444
3 0.69231 0.6 0.6 0.6
LDA 1 0.73333 0.66667 | 0.85714 | 0.75
2 0.54545 0.75 0.42857 | 0.54545
3 0.61538 0.6 05 0.54545
CNN+ 1 0.86667 0.77778 1.0 0.875
LSTM 2 0.72727 0.5 0.66667 | 0.57143
3 0.76923 0.8 0.66667 | 0.72727
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7 cypeT — OpTYpJli 9AICTEp apachIHIAFbl AJAIK KOPCETKIIITEPIH CaIbICTRIPy HOTHXKECI

2-kecte MeH 7-cyperteH kepiHinm typraHmaii, CNN+LSTM wMozeni macTUKAIbIK
KOHTEWHepiepAl Kiaccu(uKanusuiayia *XOorapbl THIMIUTIKTI KOPCETTi, IOCTYpPJi dmicTepMeH
canbIcThiprana (Mpicansl, Jloructukansik perpeccus, PLS sxone LDA) xorapsl HoTHX)KE O€pi.

1-xezenne, srau PET Gerenmkernepi MEH KOHTEHHEpJCpIiH OPTYpJi TypJiepi, COHIai-ak
TYPMBICTBIK XuMHUsiAa xui Konganbuiateid PP, HDPE sxone LDPE miactukanblk KoHTEHHEpIepi
KaMThUTFaH karpaiiina, CNN+LSTM moxeni nannik (accuracy) 0.86667, HaKTBUIBIK (precision)
0.77778 , kamry (recall) 1.0 xone Fl-emmemi 0.875 xepcerti. byn notmxe PET men Gacka
MIOJTUMEPIIEP apaChIHAAFbI CIIEKTPIIIK Al BIPMAIIBIIBIKTAP AWKBIH OOJIFaH Ke37Ie MOAEIIB/IiH KOFaphI
Kiaccuukanms KaOiIeTiH KopceTe/i.

2-ke3eHjae Tycciz (Memip - transparent) JKOHE TYPJI-TYCTI IUTIACTHKAIBIK 3aTTapbl
KamThlabl, onap PET nemece PP Gomybl MymkiH. Byn ke3eHje »*apThliail Tycci3 jKOHE TOJBIK
Tycci3 OeTenkelep apachlHIAFbl CHEKTPJIIK alblpMalIbUIBIKTApAbIH a3 OO0dybl, SFHU TYCCI3
rmiacTMachl OalIaHBICTBI MOJAENb KeOip KUBIHIABIKTapFa Tam Oonasl. Ockl ceGenTi OHIMIITIK
tomenern, CNN+LSTM moaent yurin nonaik 0.72727, nakteuibik 0.5, kamty 0.66667 xone F1-
emmuemi 0.57143 nenreifine »xerti. [loctypni omictep: Jlormcrukansik perpeccus meH PLS
TOMEHIPEK HOTIIKEJep KOpcCeTTi, OyJl oJapJblH CIEKTPJIIK albIpMAaIIbUIBIKTapbl aXKbIpaTy
KaOuneTiHiH 1ekTeysl ekeHiH kepcerTi. Cebedi, Tycci3 HeMece kapThllail MeJlip IUIaCTUKTEp
(PET, PP) xapbIkThl XyTy (aOcopOius) »koHe WIaFrblIbicy (peduiekcus) mpolecTepi TeMeH
OonranneikTad, NIR cnektpomerpinzae onci3 curHan Oepexi. JlereHMeH MalIMHANBIK OKBITY
AITOPUTMJIEP1 apKbUIbI Oap CUTHAJIMEH KJlacCH(UKAIUs jkacayFa OOJaThIHBIH KOpeMi3. AJl TYCTI
HEMece ThIFbI3 ITACTUKTEP KAPBIKThI KOOIpEeK CIHIPETIHIIKTEH, OJIap/IbIH CHEKTPIIK CUTHAAAPHI
alKBIH XKoHE KIacCU(UKAIUS HOTHIKEIEP1 JKOFaphbl 00JIa IblI.

3-ke3enae knaccudukaius taza PET Gerenkenep MeH Tamak eHIMAEpiHIH HEMece KayirnTi
CYMBIKTBIKTAP IbIH KAJABIKTAPBIMEH JIAaCTaHFaH OOTeNKeep apacklHaa Kypri3umi. by xarnaiina
OpTYpJli JIaCTaHy JAEHreiiHe OalIaHBICTBI KJIAcTap apachbIHJAFbl albIPMAILIBUIBIKTAp ©3repil
oTeIpAbL. JIacTaHy JAeHTeH1 6Te TOMEH HEMece Ko3re KOpiHOCUTIH 3USHIBI 3aTTap Oap OoTenKenep
TEK a3JaraH CIEKTPJIK albIpMalIbUIBIKTApAbl KOPCETTi, Oy KIACCU(PHUKALMSAHBIH JIOJIIT1H
tomeHaeTTi. Ochl ke3enye yebiabuiraH CNN+LSTM moneni 76.923% nonaik, 80% HaKTBUIBIK,
66.667% xamty xoHe 72.727 Fl-emmemin kepcerti. J[locTypni omicTepaiH Je IONJIIK
KepCeTKilTepl TOMeHIeTeHiH Oaiikayra 6onaabl. ByHbIH Heri3ri cebenrtepiHiy 0ipi oy 06TeNKeHIH
KOFapblJla alThUIFAHAAl Tycci3 Oousybl, coOHIaii-ak Keilip ynriiepie KoHTeiHepre KylbuiFaH
3USIHIIBI CYMBIKTBIKTApAbIH Ja Tycci3 O00aybl (O€H3WH, TYCCI3 XUMHSUIBIK Telblep) >KoHE
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KaJIIBIKTapAbIH TOJNBIK OeTenkene KalbUIMaybl, SFHU KaJJBIKTBIH >KapTbUlail OOJybl CEeKUIII
(dhakTopiap acep eTei.

ConbIMeH Katap, 8-CypeTTe KopCceTireHaen, MOJAeIbAiH dPTYPIli KiIaccu(uKaus meKTepi
OoiipiHIa eHIMALTITIH Oaraay yimiH ROC KuchIFsl xkacanabl. HoTrxkenep opTypIai MIacTUKAIBIK
KAJABIKTAPABIH 1NIHAETT OPTYpdl MOJMUMEpIepAl AN JKIKTEYJe YCHIHBUIFAH aJITrOPUTMHIH
THIMJIUTITIH KepceTe/Ii.

Receiver Operating Characteristic Receiver Operating Characteristic
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8 cypert — bapibik ke3eH OoitbiHIIa ROC KHCHIFBI

Op6ip mMozaenbaiH ROC KuCBIKTaphl MIEKTI MOHAEPAIH e3repyiHe OaiIaHbICThl HAKThl OH
KepceTKimTep (Ce3IMTalJIbIK) XKoHE KajlFaH OH KepceTkimTep (1 — epekiienik) apachlHIarbl
KaTtbiHacThl Kepcereni. "Receiver Operating Characteristic" kucbiFbIiHBIH acThiHAarsl (AUC)
ayJlaH MOJICJIb/IIH KJIACCTApPhIH aXKbIpaTy KaOijneTiH Oip FaHa MOH apKbUIbI OarajiayFa MyMKIHIIK
oepeni. AUC wMoHiHIH >XOFaphl OO0Nybl KIACCU(MUKATOPIABIH KIACCTapAbl JKaKChl a)KbIpaTa
aJaTBIHBIH OUTIIpesi.

Ocpinaitia, 3eprrey HoTkenepi CNN+LSTM MopeniHiH MIACTUKAIBIK KaJlAbIKTapIbl
KJ1accupuKkanmsiay Ke3iHe J9CTYpIIl 9icTepre KaparaH ia >KOFaphl JoNJIIK KOPCETETIHIH FHIIBIMH
TYPFBIIaH ONeNIel, acipece 1-Kke3eH ie, CHeKTPIIiK KOHTPACT KOFaphbl 001 1bl. AJaiia,crieKTpIIik
allbIpMalllbUIBIKTAp a3aiifaH CalblH, ocipece >KapThUlail MeJIIp KOHE JIaCTaHFAaH IUIACTUKTEP
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apachlH/a, MOJETBIIH OHIMILIITT TOMEHACH I, OV a3 MeJepae JacTaHFaH MaTepHalaapibl
QXBIpaTyIbIH Kypaenaiutiria kepcereai. by votmwkenep CNN+LSTM cHsSIKTBI TepeH HEHPOHIBIK
KeIll aApXUTEKTypallapbIHBIH CYPBINTAY )KOHE KalTa OHJ/Iey MIHJETTepiHEe TUIM/II €KSHIH pacTanIbl,
COHJIaii-aK YCBIHBUIFAH TOCUIAIH KYpAeNi KiaacCHU(pHUKAIMSA MICEICIepIHIe TOCTYPIil d1icTepMeH
CaJIBICTBIPFAH/1a )KOFAPBI JAQJJIIK [EH CEHIMAUTIKKE Ne eKeHIH AMeIeH/Ii.

KopsbIThIHABI.

by 3eprreyne sxakbin nHGPaKkp3bl1 (NIR) criekTpockonuschbl apKbLIbl aIbIHFaH CHEKTPIIIK
JepeKTep HEeT131H/1er1 IIIaCTUKAJIBIK KT ABIKTap bl Kiaccupukanusuiay yiurias CNN+LSTM mozeni
o3ipJIeHil, ChIHAK *acayuabl. HoTmkenep Oy MOAENb/IIH JOTUCTUKANIBIK pErpeccusl, iliHapa e
kimni kBazaparrap (PLS) jxoHe CBI3BIKTHIK TUCKpUMHUHAHTTHIK Tangay (LDA) cuskTel moctypai
O/IiCTEPMEH CaJIBICTBIPFaHa, dcipece CHEKTPIIIK ailbpMAalllbUIBIKTaphl TOMEH HEMECe JIACTaHYbI
O6ap TulacTMaccanapibl OKiKTeyae Oenrimi Oip apTHIKMIBUIBIKTaphl O0ap €KEHIH KepceTeni.
MopaenbiiH )KoFapbl KiIacCU(DHUKAIMS TSI OHBIH KeHICTIKTIK KOHE YaKbITTHIK €peKIIeITIKTep/Ii
THIMAL TYpae Oemin any KabiieTiMeH TyciHaipiiesni, Oy MaTepuanIblH HET13r1 KaCHeTTePiH I
aHBIKTayFa MYMKIHJIIK Oepe/i.

CNN+LSTM wmopneniHiH cypbInTayAblH OacTankbl KE3eHIHICTI OHIMJUITT €H KOFaphl
oonael, cebebi Oynm keseHme I[IDT meH Oacka IUTACTHKTEp apachlHIAFbl  CIIEKTPIIIK
alBIPMAIIBUTBIKTAp alKbIH OaiiKayIbl. OCBI KE3eH 1€ MOJICIh JIQIIIK, HAKTHUIBIK JkoHe F1-emmemi
OOMBIHIIIA ©H JKOFaphl KOPCETKIIITEpPre >KEeTTi, Oy OHBIH MaTepHAIIAPAbIH CHEKTPIIK
KosTaHOaaphl alKbIH OOJIFaH JKaFai1a THIM/II eKeHIH Jonenaeiai. Anaiiaa, smapTeutaid MeIIip
HEMece JIaCTaHFaH IUIACTUKTEPAl aKbIpaTy Ke3iHAe MOAENbIIH OHIMIUTIT TOMEeH el cebebi Oy
MaTepHaIapAbIH CIIEKTPJIepl apachlHIAFbl aWBIPMAIIBUIBIKTAp a3 Oonabl. by mmekreysep
CHEKTPIIIK IEPEKTEeP/Ii OHICY KOHE MOJIETh apXUTEKTYPAChIH KETUIAIPY KAXKETTUIITH KOpCeTe/Il.

Bonamiak 3eprreynep CHEKTPIIK ACPEKTEPAiH ANIITIH apTThIPy YIIH THIEPCHEKTPAIIbI
OeifHeney 1l eHri3yre ’KoHE alblH ala eHJACY OSIICTepIH XKETUIAIpyre OarbITTallaThIH OO0JIaJbl.
Kazipri Tagaa KongaHbpuFal Oenriiepai 06 amy KoHe HopMaIH3aIlis d/IicTepiHe KapaMmacTaH,
HEFYPIIBIM KYpJedil JepeKTepAl eHJey TOCUIAepi MOJENbIH CHEKTPIIK albIpMalIblIbIKTapIbl
JIQJIIPEK aHBIKTayblHA MYMKIHJIIK Oepyl BIKTUMaJI, OyJ1 cipece JacCTaHFaH HEMeCe BU3yalllbl YKcac
IUTACTUKTEPl JKaKChl axbIparyFa bIKnan eredi. CoHbIMEH KaTap, Oonamak 3epTTeynep
Transformer Heri3iHAeri apxXUTEKTypajlapAbl 3€pTTEyre >KOHE KaJJbIKTapJbl CYPBINTAYIbIH
OpTYpJi JKaFalnapblHAa MOJENBAIH HAKTBUIBIFBIH apTThIpyFa OarbITTaNaThiH Oonaibl. by
TEXHOJIOTUSUTAPABl OJaH 9pi JAMBITY aBTOMATTAHIBIPBUIFAH IUIACTUKAIBIK KAJJIBIKTapIbI
CYpPBINTAY KYHENepiH KeTUIAIpyre *oHe TYPaKThl KaiiTa eHAey MPOIECTepiH JaMBITyFa bIKMAT
eTel.

YCHIHBUTFAH OMICTIH MPAKTUKANBIK MAaHBI3ABUIBIFBI  JKOFAphl, OHBl IUIACTUKAIBIK
KaJIJIBIKTApAbl CYPBINTAY/bIH aBTOMATTAHIABIPBUIFAH JKYHENepiHJe KojjaHyra Ooyanabel. OJic
aBUAIMSUTBIK cajlajia KaJJBIKTap bl CYpHINTAy JKyHenepiHe eHri3y YIIiH /e KoJJaHyra 0Ooaibl.
Oyexaiiap/a )oHe dye KeMelepiHe )KUHATATHIH IIACTHK KAJIIBIKTap bl aBTOMATTAHBIPBLIFaH
TYPAE CYpbINTay KaiiTa eHey MpolecTepiHiH TUIMAUIITIH apTThIpyFa BIKIAJ €Til, 3KOJIOTHsIIBbIK
TYPAKTBUIBIKKA KOJIJIAY KOpCeTe allajbl.

Aurbic Olnaipy. byn 3eprrey sxymbicel Kazakcran PecmyOnukack! FrutbiM jKoHE KOFapHI
OUTiM MUHHUCTPIITT FBUIBIM KOMUTETIHIH KapKbUlall KOJIZaybIMEH Ky3ere achlpbUIIbl (IPaHTHIK
Kapkbutanbipy AP22685518 reutbiMu x&00achr).
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NEURAL NETWORK APPLICATION FOR OPTIMIZING THE SORTING
PROCESS OF POLYMER CONTAINERS

Abstract. This study investigates the use of a hybrid neural network architecture that
combines convolutional neural networks (CNN) and long short-term memory (LSTM) for efficient
sorting of plastic containers. The study focuses on classifying plastic waste based on chemical
composition and contamination level, obtained with a near-infrared (NIR) spectroscopy device.
Experimental results show that the CNN+LSTM hybrid model achieves relatively high accuracy
in recognizing different types and colors of plastics, including the detection of contaminants in
containers. A comparative evaluation of the model’s performance was conducted with traditional
classification methods such as logistic regression, partial least squares (PLS), and linear
discriminant analysis (LDA). The results show that the CNN+LSTM model performs better than
traditional approaches, especially in scenarios with small spectral differences between classes.
This study demonstrates the potential of machine learning to improve the efficiency of plastic waste
sorting and recycling processes, thereby contributing to improved environmental sustainability.

Keywords. Plastic waste, NIRS (Near-infrared spectroscopy), Neural network, Hybrid
model, CNN, LSTM.

MNPUMEHEHUWE HEMPOHHBIX CETEM JJIs1 ONTUMU3AILIMU ITPOIIECCA
COPTHUPOBKH NOJIMMEPHBIX KOHTEMHEPOB
Annomayun. B smom uccie0o8aHuu paccmMampusaemcs UCnoib308aHue apxumexmypbl
2UOPUOHOU  HelUpOHHOU cemu, couemarujeli ceepmounvle Helponuvle cemu (CNN) u
ooneospementyro namsams (LSTM), 0ns a¢hghexmusHotl copmuposKu naacmuKkossvlix KOHmMeuHepos.
Hccneoosanue 6vi10 cocpedomoueno Ha Kiaccuukayuu NIACMUKO8bIX OmMX0008 HA OCHOGE
XUMUYECKO20 COCMABA U YPOBHS 3A2PASHEHUs, NONYUEHHOU C NOMOWbIO CNEeKMPOCKONUYECKO20
yempoucmea onudicHe2o un@paxpacroeo ouanaszona (NIR). Pezynbmamoel 2Kcnepumermos
nokasvlgarom, umo eubpuonas mooen CNN+LSTM obecneuusaem omuocumenbHO 6blCOKYIO
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MOYHOCMb PACNO3HABAHUA PA3IUYHBIX MUNOE U YBEMO8 NIACMUKA, 6KII0UAs OOHAapyiceHue
3azpA3HAIOWUX euyecme 8 Konmetinepax. CpasHumenbHas oyeHka npou3so0UmenbHOCmu Mooeu
npoBOOUNACy C UCNONB308AHUEM MPAOUYUOHHLIX MeMmOo008 KIACCUDUKAYUU, MAKUX KAk
JIOCUCTMUYECKASl  pecpeccusi, YacmuuyHvle Haumenbuwue keaopamul (PLS) u aunetinwiil
ouckpumunanmuolii ananmu3 (LDA). Pezynemamwsl noxaszwieaiom, umo modenrvs CNN+LSTM
pabomaem Jnyuuie, wem MpAOUYUOHHbIE NOOX00bl, OCOOEHHO 6 CYUEHAPUsAX C HebOIbUUMU
CHEKMPANbHLIMU  PASTUYUAMU ~ MeNHCOY  KAAccamu. IOmo  UCcreoosanue 0emMOHCmpupyem
NOMEHYUAN MAWUHHO20 00yYeHUs 011 NOBblUUeHUs 3P HeKMUSHOCMU NPOYECCO8 COPMUPOBKU U
nepepabomku NIACmMuUKOBbIX 0mMxo0008, mem CAMbM CHOCOOCMEYS NOBLIUEHUIO IKOIOSUYECKOU
YCMoUuuU8oCmu.

Kniwowuesvie cnoea. Ilnacmuxosvie omxoowi, NIRS  (bauowcnsis
cnekmpockonus), Hetiponnas cemo, I'ubpuonas mooens, CNN, LSTM.
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AHAJIN3 MOJIEJIEA TIPOTHO3UPOBAHMS CITPOCA HA BA3E
NCTOPHYECKUX JAHHBIX PACXOJA JJEKAPCTBEHHBIX CPEACTB

Annomayus. Ilpocnosuposanue cnpoca Ha J1eKapcmeeHHvle CpeOCmea uzpaem Kiouesyo
PO 8 obecneyeHuu YCmouyueo2o CHAONCeHUs, 3PHeKmuUeHoeo ynpaeieHus 3anacamu u
CB0EBPEMEHHO20 0OCMYNA NAYUEHMO8 K HCUSHEHHO BANCHBIM JeKkapcmeam. B oannou cmamuve
NpeoOCmasieHo UCCiedosanue Memooos epemMeHHblx psidos ARIMA u skcnoneHyuanvbHo2o
C2NANCUBAHUSA OIS NPOSHOZUPOBAHUS CNPOCA HA AHMUSUNEPMEHZUBHOE IeKAPCMBEHHOE CPEOCMBO
om Oaenenus. Hccnedosanue HanpasieHo Ha  paspabomky U - evlAeleHue  Mooelu,
obecneyusaoujeco BblCOKYI0 MOYHOCMb U IPDEKMUBHOCIb NPOSHOZUPOBAHUA HA OCHOBE
BbIOPAHHBIX HAOOPO8 OAHHDIX.

AHnanu3z exnouaem 6 cebs ucciedosanue mMemooos NPoSHO3UPOBAHUS, NPosedeHue coopa u
00pabomKu  OAHHLIX, ONpedesieHue ONMUMAILHLIX NApPamempos Ojisi Kaxicoo2co memood,
Paspabomky cuOpPUOHOU MOOenu, OYEeHKY MOYHOCMU HA OCHO8e 3A0AHHBIX MEeMmpuK U aHAIU3
pesyromamos. B xo00e nposedenHo20  UCCAeO08aAHUS  YCMAHOBIEHO, UYmoO  Hauboiee
I pexmusnbvIMU MEMOOAMU NPOSHOZUPOBAHUSL ABTAIOMCS NOOX00bL HA OCHOBE BPEMEHHBIX PAO0S,
srouas mooenu ARIMA u memoovl 3KCnOHeHyuanvho2o cenaxcusanus. A pazpabomannas
2UOpUOHas ~ Mooelb  OeMOHCMPUpyem  8bICOKYIO — MOYHOCMb  NPOZHO308  011a200aps
KOMOUHUPOBAHUIO npeumywecms 08yx nooxo0os. Pezynomamelr nokasviearom, umo cubpuoHasn
mooens npesocxooum ARIMA u sxcnonenyuanbHoe caiaicuganue no 6cem KiroyuegblM MempuKam.
Ha ocnosanuu nonyuennwvix 66160006 npednodiceno eHeopenue 2UOPUOHOL MOOenU OJis NOBbIULEHUS
MOYHOCU NPOSHOZUPOBAHUS CNPOCA 8 (DAPMAYEBMUYECKOU OMPACTU.

Knrouesvie cnoea: npocnosuposanue, Memoovl NPOSHOIUPOBAHUS, IKCHOHEHYUAIbHOE
cenaxcusanue, ARIMA, epemennvie psowvi, 1ekapcmeennoe cpedcmeo, SUOPUOHASE MOOEb.

Beenenue.

[Tporno3upoBaHue crpoca Ha JEKAPCTBEHHBIE CPEICTBA SBISIETCS KIIFOUEBBIM DJIEMEHTOM
COBPEMEHHOM CHCTEMBbl 3/JpAaBOOXPAHEHHUS, CIOCOOCTBYS J(P(PEKTHUBHOMY  YIPABICHHUIO
LIEMOYKaMH TIOCTaBOK, CBOEBPEMEHHOMY OOECIEUYEHHUI0 MEIMLMHCKUX YUPEXAECHUN M anTek
HE0OXOIMMBIMU MEJJMKaMEHTaMH, a Tak’Ke MUHUMU3alluu pucka ux aeguuura. Hecmorps Ha o,
YTO B HACTOAIIEEe BpeMs JIEKapCTBa B anTekax B OOJBIIMHCTBE CIy4yaeB MMEIOTCS B HaIUYUH,
CTaTUCTUYECKUE JJaHHbIE, UCIOJIb3YEMbIE NIl YIPABJIEHUS 3allacaMy, OCTAIOTCS HEJOCTATOYHO
rMOKMMH U OTIEPaTUBHBIMU. DTO CO3AET PUCK PE3KOro BCIIECKa CIIPOca, IPU KOTOPOM TEKYILIHX
3armacoB MOXKET He XBaTUTh. [[03TOMY mprMeHeHre MPOTHO3HBIX MoJieel npuodpeTraer oco0yro
3HaYMMOCTh JJIsi OOecreueHHUs] MAIMeHTOB HEOOXOAWMBIMU JIEKAPCTBEHHBIMU CpEJICTBAMH,
MTOCKOJIBKY CBOEBPEMEHHOE HAJMYMEe IMPEenapaToB B alTEYHBIX M MEIULIUHCKUX YUPEKICHUIX
CIOCOOCTBYET MOBBIIICHUIO KAa4ecTBa JICUEHUs], MPEAOTBPAIIEHUI0 000CTpeHni 3a00IeBaHnil U
CHIDKCHHIO pHUCKa JIeTalbHbIX HCX0J0B. OCOOEHHO aKTyaJbHOM 3Ta 3ajJadya CTAHOBHUTCS B
OTHOIICHUM TpenapaToB JUIsd JIEUCHUS CEpIEeYHO-COCYIHUCTHIX 3a0oyieBaHU U 3a0ojeBaHUN
CHCTEMBI KpPOBOOOpAIIeHHsI, TAK KaK CMEPTHOCTH OT 3TUX 00JIe3HEN caMasi BBICOKasi BO BCEM MHpE.
ITo nanusiM MuHHcTepcTBa 3apaBooxpaHeHuss PecnyOnuku Kaszaxctan exeronHo B Hamei
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CTpaHe OT CepJeYHO-COCYIUCTHIX 3aboseBanuii ymupaer nopsaka 40 Teicsy gyenosek [1]. lpu
3TOM 0OJIE3HHM CHUCTEMBI KpoBooOpamieHuss cocrtaBwi 22,7% oT o0mero 4Yucia
3apEruCTPUPOBAHHBIX CiIy4aeB cMEPTHOCTH B 2022 roay, 3aHUMast JIMJUPYIOLIYIO TIO3ULUIO CPEIU
MPUYHMH JIETATBHBIX UCX0J0B [2]. Takoil BBICOKMIA IMOKa3aTEeNb MOJYCPKUBAET HEOOXOIUMOCTh
CHCTEMHOTI'0 TI0JIX0/1a K 00ECTIEYCHUIO JOCTYIHOCTH aHTUTUIICPTEH3UBHBIX MTPETIapaToB.

[IporHo3upoBaHue crpoca Ha JIGKAPCTBEHHBIE  CPEACTBA  OCYILIECTBISIETCA  C
WCTOJIB30BAHUEM PA3IMYHBIX MOJIXOAOB, BBHIOOP KOTOPBIX ONpEAEsieTcs MX KaTeropueil u
BIUsIOIUME pakTopamu. [laHHBIN Mpolecc MpeIcTaBIseT cOO00H CIOXKHYIO 3a7a4uy, TPEOYIOIIYIO
NPUMEHEHHUST PAa3HOOOPA3HbIX AaHAJMTUYECKHX M0AX0J0B. Cpenu NPUMEHSEMBIX METOJ0B
BBIICTISIFOTCS aJiTOPUTMbBI MAIIMHHOTO OOy4YeHHs, BKJIIOYas HEUPOHHBIE CETH, PErpecCUOHHBIN
aHaJIW3, METO/Ibl UHTEJIEKTYaJIbHOTO aHaJIN3a JaHHBIX U MOJIETIN BPEMEHHBIX PSI/I0B.

AJTOPUTMBI MAIIUHHOTO OOYYEHHs HPUMEHSIOTCS JUIsl MPOTHO3HPOBAHUS BPEMEHHBIX
psamoB Onaromapss WX CIIOCOOHOCTH MOJEIUPOBATh CIIOKHBIE HEIMHEWHBIE 3aBHCHUMOCTH.
Hamnpumep, B cratbe MOonunyTH, HKypyH3uza, HuitoOyxynrupo u Kaitutape [3] uccnemyercs
HCIIOJIb30BAaHUE CIIYYalHBIX JIECOB, IMHEHHON PErpecCur U METOAAa UCKYCCTBEHHBIX HEUPOHHBIX
ceTell s MPOrHO3UPOBAHMS CIPOCAa HA JKU3HEHHO BAXKHBIE JIEKApCTBAa HAa OCHOBE JaHHBIX
notpebnenuss B Pyanne, re mogyepkuBaeTcsi X BBICOKAs TOYHOCTH NMPH HAIWYHM OOJIBIIOTO
o0bema oOywarommx JaHHbIX. OJHAKO OSTH  METOAbl 4YacTo TpPeOyrT 3HAYUTEIbHBIX
BBIUUCIIUTENILHBIX PECYPCOB U OOJIBIIOro 0ObeMa JaHHBIX JUIsi O0yYeHHs, Y4TO JeNlaeT UX MEHee
MPAKTUYHBIMU JJI IPUMEHEHHUS] B YCIIOBUSAX OTPAaHUYEHHOTO BPEMEHHU U PECYPCOB.

Pexyppentneie Heliponnble cetu (RNN) wu nonras kparkocpounas namsats (LSTM)
JEMOHCTPUPYIOT 3HAUNUTEIIbHBIE YCIIEXHU B 3a/1a4ax MPOrHo3upoBaHus. B uccnenoBanuu DacBopT
u [torrens [4] mokazaHo, YTO HEHMPOHHBIE CETHU CIIOCOOHBI BBIABIISITH CIOXKHBIC HETHMHEHHBIC
3aBHCHMOCTH B JAHHBIX, UTO JieTaeT X 3(hPeKTUBHBIMU B 337jauax MPOrHO3UPOBaHUS cripoca. TeM
HE MEHee, MX OCHOBHOW HEIOCTATOK 3aKII0YaeTCs B PHCKE IEepeoOydeHHusi, 0COOCHHO MpH
HEOOJIBIIOM 00beMe TaHHBIX, a TAK)KE B BHICOKOM BBIYMCIUTEIHHON CIOKHOCTH.

Perpeccuonnbie MeTO/1bl, TaKKE KaK JIMHEHHAs perpeccus, TpaAuliiOHHO UCIIOJIb3YIOTCS [
MOJICTTUPOBAHKSI 3aBUCUMOCTEH B JaHHBIX. YdeHble Moyca U Anb-Xatub [5] aHamusupyoT ux
MPUMEHEHHUE JUIsl IPOTHO3MPOBAHMSI BPEMEHHBIX pAJOB B KOHTEKCTE (hapMalleBTHUECKOU
JIOTUCTUKU. XOTS PEerpecCHOHHbIE MOJIENIU MIPOCTHI B MHTEPIIPETALIMU, OHU HE BCErJla CIOCOOHBI
3¢ (HEKTUBHO CIIPABIATHCS C 3a/ladyaMU, CBS3aHHBIMH C CE30HHOCTHIO MJIM U3MEHEHUEM TPEHJIOB,
YTO OTPAHUUYUBAET UX IPUMEHEHHUE B CIIO’KHBIX 33/1a4aX IPOrHO3UPOBAHMSL.

Mopnenu BpeMeHHbIX psiioB, Kak ARIMA u sKcnoHEHIMabHOE CTia)kKMBaHHUE, OCTAIOTCS
CTaHIAapTOM B 3aJadax IPOrHO3MPOBAHMS CIpOca. 3a CUET CBOEH YHUBEPCAIBHOCTH U
3¢ (HEeKTUBHOCTH OHM HAaXOAAT IIMPOKOE MPUMEHEHHWE B pA3JIMYHBIX 00JacTiX, BKIIOYas
mequuuHy [6], Tpancnopr [7], sHepretuky [8] u mpyrue. B uccnenosanuu 3axpa u ITyrpa [9]
ormeuyaercs, yTo ARIMA obecrnieunBaeT BBICOKMI YpOBEHb TOUHOCTHU IPU MOJEIHPOBAHUU
BPEMEHHBIX 3aBUCHUMOCTEH, B TO BpeMs KakK OKCIOHEHIMAJIBHOE CIIaKUBAaHHWE JIy4dlle
CIPaBJISETCS C 3a/ladaMU POTHO3UPOBAHUS B YCIOBUIX U3MEHYMBOCTH AaHHBIX. [IpenmyriecTBo
9TUX METOJOB 3aKJIIOYAETCA B HMX INPOCTOTE, MHTEPIPETUPYEMOCTH U CPABHHUTEIBHO HU3KOMU
BBIUHUCIUTENbHON cioxkHOcTH. OHM XOpOLIO aJanTUPYIOTCS K 3ajadaM, CBSI3aHHBIM C
CE30HHOCTBIO W TPEHJAMH, 4YTO JelaeT MX Haubosee NOAXOASIIMMM JUIs TNPUMEHEHHUS B
(hapMaIeBTHUeCKOM OTPACIIH.

D¢ dexkTrBHOE TPOrHO3UPOBAHUE CIIPOCA JEKAPCTBEHHBIX CPEACTB TPEOyeT HCIIOIb30BAHUS
COBPEMEHHBIX aHAIUTUYECKUX METOJI0B, OTIIMYAIOUINXCS THOKOCTBIO, CTIOCOOHOCTBIO YUHUTHIBATD
Ce30HHBIe KOJeOaHHs, M3MEHEHHUS TPEHIOB M HEperyJspHble BCIUIECKH CIpOCa, a Takke
o0OecnieunBaTh ONEPATUBHOCTH M TOYHOCTH pe3yiabTaToB. CpaBHUTEIbHBIM aHAIM3 PA3ITUYHBIX
METOJIOB TMPOTHO3UPOBAHMS IIOKA3bIBA€T, YTO, HECMOTPS Ha pacCTYLIyl0 IONYJISIpPHOCTh
HEHPOHHBIX CeTel M aJrOpUTMOB MAIIMHHOTO OOY4YEeHMsI, TPAJULMOHHbIE MOJEIU BPEMEHHBIX
psanoB, Takue kak ARIMA u SKCIOHEHLMAlbHOE CIJaKMBaHUE, OCTAIOTCS Haubosee
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3¢ GEKTUBHBIME 17151 33/1a4 IPOTHO3UPOBAHUS CIIPOCA Ha JICKAPCTBEHHBIE CPEICTBA. DTH METOIbI
o0nanaT HEOOXOAMMON T'MOKOCTBIO, MPOCTOTOW HACTPOMKH M CHOCOOHOCTBHIO YUHUTHIBATH
KJTIOYEBBIC XapaKTEPUCTHKH JIAHHBIX, BKJIFOYAst TPEHIbI M Ce30HHBIC KosieOanus [10-13].

Llenp wmccnenoBaHWs COCTOUT B YJIYYIIEHWHM TOYHOCTH HPOTHO3UPOBAHMUS CIPOCa HaA
BBIODAaHHYIO KaTETOPUIO JICKAPCTBEHHBIX CPEJICTB IIyTEM aHajlu3a pPa3JIM4HbIX MOJelen
BpEMEHHBIX pPsiioB. HOBU3HA HcciieoBaHUS 3aKiIIOYaeTcsi B pa3paboOTKe TMOpUIHON MOJIENH,
unterpupytomieir nogxoasl ARIMA u  3KCIIOHEHLMAIbHOrO crilakuBaHus. Mcnonbsys
CPaBHUTEJbHBIA aHajIW3 ONpEeAeIMM TOYHOCTh IPOTHO3UPOBAHMS CIPOCa Ha BBHIOPAHHYIO
KaTErOpHIO JIGKAPCTBEHHBIX CPENCTB I Pa3paOdOTaHHON TMOPUIHON MOAEIH U TPaIUIIMOHHBIX
MOJ€eJIe BpEMEHHBIX PS/I0B.

MarepuaJibl 1 METO/bI.

Jis mpoBeneHus MPOTHO3a HCHOJIB30BATUCH TaHHBIE M0 EXKEHEICIbHBIM pacxojam
AHTUTUIEPTEH3UBHOTO JIGKAPCTBEHHOTO IpernapaTa pU3noTeH3 B MEAUIIMHCKOM 1eHTpe (PucyHok
1). Jlannplii Habop oxBarbiBaeT BpeMeHHOW uHTepBai ¢ 2003 ronxa no xonen 2023 rona, 4To
cocraBiusier 1096 3ammceii. /[lanHple BKIIOYArOT HMHGOPMAIMIO O pacxojax Iperapara,
MPEJCTaBICHHYI0 B (hopMaTe BPEMEHHBIX PSIOB, C YKa3aHHEM JaThl U COOTBETCTBYIOIIETO

o0BeMa.
A B C D E F G H | J

Percentage_with Percentage

Weekly_ Male_ Female_ Consumption Consumption Consumption Price_ _Cardiovascular _Over_65_

1 |Date Consumption Consumption Consumption _Age 18 34 _Age_35 59 _Age 60 Plus Euro _Diseases Years_Old
2 | 2003-01-05 117 50 67 9 42 66 7,12 12,6 17,48
3 | 2003-01-12 111 48 63 8 41 62 7,12 12,53 17,47
4 | 2003-01-19 113 47 66 9 41 63 7,12 12,54 17,52
5 | 2003-01-26 117 51 66 6 44 67 7,12 12,51 17,44
6 | 2003-02-02 120 52 68 8 43 69 7,12 12,53 17,48
7 | 2003-02-09 115 47 68 6 45 64 7,12 12,53 17,49
8 | 2003-02-16 116 48 68 10 41 65 7,12 12,5 17,45
9 | 2003-02-23 112 47 65 5] 45 61 7,12 12,52 17,42
10 | 2003-03-02 116 48 68 7 43 66 7,12 12,61 17,47

PI/ICYHOK 1-— Ha6op JAaHHBIX IO €KCHCACIBHBIM PACX0JaM aHTUTUIICPTCH3UBHOI'O
JICKApCTBCHHOT'O ITpeIiapaTa

B xonme NpeaABaApUTCIIBHOTO aHajlIn3a OBLIO MMPOBCACHO HCCICAOBAHNEC BPEMCHHBIX

3aBUCUMOCTEH B JaHHBIX C HUCHOJb30BaHMeM (yHKUuH aBTokoppesuuu (ACF) n vactuuHOM
aBTokoppensiuuu (PACF), pe3ynbraTel KOTOPBIX OTOOpaXKeHbl Ha rpauKax pucyHka 2.
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Pucynok 2 — ACF u PACF nns ananusa BpeMeHHOTO psifia MOTpeOIeHUs JIeKapCTB

Kak nokazano Ha pucynke 2, ACF yka3piBaeT Ha yOBIBAIOUIMNA TPEH] 3aBUCUMOCTH, YTO
CBHJICTEIILCTBYET O HAIWYMHM aBTOKOPPEISIMH B JaHHBIX. [ paduK IMOKa3bIBaeT CUIBHYIO
aBTOKOPPEISAIUIO PU HU3KKUX 3a/Iep)KKaX, KOTOpask yKa3blBaeT Ha HATHMUME CE30HHOCTH B IaHHBIX.
PACF otpaxaer Hambojee 3HaYMMble 3aBUCUMOCTH Ha IEPBBIX 3aJEpKKaX, 4TO SBIAETCS
KIItoueBbIM (pakTopoMm mpu BbiOope mapamerpoB moaenu ARIMA. IlpenBaputenbHbIil aHamu3
JAHHBIX BBIBHJI BBICOKYIO PETYISIPHOCTb M CTPYKTYPUPOBAHHOCTh, IOJITBEPXKIAIOLIYIO MX
IIPUTOHOCTD JUUISl METOA0B BPEMEHHBIX PSIOB.

Mopnenn oOyyaroTcss Ha YKa3aHHBIX BBIIIE HCTOPUYECKUX IaHHBIX, YTO 0OOECIIEYMBAET
BBISIBIEHHE OCHOBHBIX 3aKOHOMepHOCTel u TeHaeHuuil. Obyuaromias BeiOopka coctasiser 80%
JaHHBIX, B TO BpeMs Kak ocTtaBiuecs 20% HCIob3yloTcs ISl TECTUPOBaHUS.

Jl1a aHanu3a BpeMEHHBIX PSAJI0B U IPOrHO3MPOBAHMSI CIIPOCa Ha JIEKApCTBEHHBIN Ipenapar
HUCIIOJIB30BAINCE ABa KI0ueBbIX MeTona: ARIMA u dKCIIOHEHIIMAIILHOE CIVIaKHBAHUE.

Metron ARIMA (Autoregressive Integrated Moving Average) mnpuUMeHseTCs Ui
MIPOrHO3UPOBAHUSI BPEMEHHBIX PSAJOB 3a CUET yuyeTa BPEMEHHOM 3aBHCHUMOCTH, IpeoOpa3oBaHus
HECTAIIMOHAPHBIX JIAaHHBIX B CTAllMOHApHBIE W CrIaXwBaHHs omHOOK mporHosa [14,15]. Ou
BKJIFOYAET TPU KOMIOHEHTA: aBToperpeccuto (AR), unrerparmuto (1) u ckonpasimee cpeanee (MA).
KoMIIOHEHT aBTOpErpeccuy ONMCHIBAET CBSA3b MEPEMEHHON C €€ NMPEAbIAYIIMMH 3HAYE€HUSMU U
onuckiBaeTcs popmysoi (1) Hike:

AR (p): X, =C+¢1Xt—1+¢2xt—2+"'+¢pxt—p+8t’ 1)
rac, Xt - TCKylIEeC 3HAUYCHUC BPCMCHHOI'O psla, C - MOCTOSHHAas, ¢p - KOB(I)(l)I/H_[I/ICHTBI
ABTOPErPECCUU, XapaKTEPU3YIOIIME BIUSHUE MPEABIIYIIMX 3HAYEHU BPEMEHHOTO PsJa, thp -

IpeabIIyHe 3HAYeHNsT BPEMEHHOT0 psijia (¢ 1aramu oT 1 10 p), &, - ommnOKa IporHo3a.

NHTerpanimoHHbIil KOMIIOHEHT UCTONB3YeT nuddepeHmpoBanne BPeMEHHBIX PSIAOB IS
JOCTHKEHHS CTAIMOHAPHOCTH M OTIPEACIISIETCS TI0 caeayromei popmye (2):
) d
I (d) (1_ L) Xt = Xt - Xt—l’ (2)
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rne, (1-L)' - omepatop muddepennmposanns mopsxka d, KOTOpeI Ipeobpasyer
HECTAllMOHAPHBIA psiji B CTaUMOHapHBI, L - ;aroBelii omepatop, d - mopsjiok
auddepennpoBanus, X, , - Ipeablayllee 3Ha4YeHHe BPEMEHHOTO psijia.

KomnoHeHT ckoub3siiel cpeHeil onuchiBaeT BPEMEHHOM s/l C y4€TOM MPOLUIBIX OIIHO0K
MIPOTHO3UPOBAHMS U OMUCHIBaeTcs (opmyion (3), mpUBEICHHON HUXKE:

MA(Q): X, =u+e +be +0,6 ,+..+0.& (3)
rae, M - CpelHee 3HAueHHEe BPEMEHHOIO psja, & - TeKyllas OIIMOKa IMpPOrHo3a, Hq -

KO3 (OULKUEHTHI CKOJB3ALIETO CPETHEr0, XapakTepU3yIollue BIMSHUE OUIMOOK MpEeAbLAYIINX
IIPOTHO30B, &, - TPEbIAYIIHE OUIMOKH IPOrHO3A.

[lepen npumenennem ARIMA k panHBIM ObLJIa IPOBEJICHA MPOBEPKA UX CTAIIMOHAPHOCTH,
MoKa3aBIas Haimure TpeHaa. [[is ero ycrpanenus npuMensuiocs nuddeperiupobanne. Moaens
ARIMA ©Obu1a moctpoeHa ¢ mapamerpamu p, d, q, a OnTUMaIbHbIEC 3HaYCHUsI ObLTH OTIPEICIICHBI
Ha ocHoBe ananu3a GpyHkuuit ACF u PACF mis ucnonb3oBaHHOTO HaObOpa JaHHBIX.

DKCIMOHEHIIMATBHOE CTIIAXKUBAHUE — ITO METOJ, KOTOPBIN UCIIONB3YET CPETHEB3BEIICHHOE
3HaYEHUE MCTOPUYECKUX JAaHHBIX AJIS MPOTHO3UpPOBaHUsS Oyaymux 3HaueHud. OCHOBHas Hjes
COCTOUT B TOM, YTOOBI CIUIaJIUTh CTapble JAaHHBIC, KOTOPHIE CO BPEMEHEM HKCIIOHECHIIMAIBHO
YMEHBIAIOTCSA 3a c4eT mnpuianus Beca [16]. [ns cTapbiX OaHHBIX BEC YMCHBIIACTCS B
reoMeTpuyeckor nporpeccur. OCHOBHOE YpaBHEHHE METO/1a IKCIIOHEHIIMAIBHOTO CIIIaKUBAHUS
BBITJISLAUT CIEAYIOMNM 00pazoM (4):

S;=a-Y,+(1-a)-S,,, 4)
rae, S,- Nporaosupyemoe (CriIaXeHHOEe) 3HaueHHE BO BpeMeHH t, Y, - (akTHueckoe 3HaYCHUE
BPEMEHHOTIO Psi/ia B MOMEHT BPEMEHHU t, S, ; - IPOrHO3UPYEMOE 3HAYCHUE B IIPEABIIYIINIA MOMEHT

BpemeHH t-1, « - koapdunuent crnaxusanus (ot 0 go 1).
Jns  ToBBIIEHWS TOYHOCTH TMPOTHO3a OblIa pa3zpaboTaHa THOpUIHAS MOJIEIb,
o0wsenunstomas npeumyiiectsa ARIMA u skcnioHeHmanbHOro criuaxusanus (Pucynok 3).

MOJENUPOBAHMUE
—— TPEHAOBOW KOMMOHEHTbI

(ARIMA) o

OEKOMIMO3NLINA KOMBUHWUPOBAHWE
BPEMEHHOTIO PSIIA MNPOrHO30B

D®OPMUPOBAHUE

MBEPUOHON
MO[ENN

MOOENWUPOBAHME

——*OCTATOYHOW KOMIOHEHTHI

(SKCIMOHEHUWATNBHOE
CrNAMUBAHUE)

Pucynok 3 — Cxema noctpoeHusi THOpHIHON Mozenu

Kaxk npencraBieno Ha pucyHke 3, MPOIECC MOCTPOSHUSI THOPUTHON MOJIETH BKITFOYAET MATh
JTAIlOB:

1. Jlekomno3uiyst BpeMEHHOT 0 psifia. VIcXo1HbIE JaHHBIE BPEMEHHOTO PsAJIa pa3/IeisIIOTCs Ha
TPEHJIOBBIE U OCTATOYHBIE KOMIIOHEHTHI.

2. Ananuza TpeHioBoi yactu Mmerogom ARIMA.

3. MogenupoBaHre OCTAaTOYHOM YACTU [Jis ydeTa CE30HHBIX HM3MEHEHH METOJIoM
9KCIOHEHIINAJIFHOT'O CTIIAKUBAHUS.

4. KomOuHUpOBaHHME pE3yNbTaTOB HAa OCHOBE OOBEAMHEHHs] TPOTHO30B, HCIOIB3YS
B3BEIICHHBIN MOAXO/I, TPEHAOBON U OCTATOYHOW KOMITOHEHT.
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5. @opmMupoBaHUE TUOPUIHON MOAETU C HAUOOIBIICH TOYHOCTHIO MPOTHO3A.

PesyabTaTsl n 00cy:x1eHHe.

B pamkax uccnenoBanusi ObUTH UCIIOJIB30BAHBI TPU MOIXOA JUIsl IPOTHO3UPOBAHUS CIIpoca
Ha JieKapCTBeHHBIM mpenapar or naasieHus: ARIMA, skcrnoHeHIManbHOE CrIaKUBaHUE U
rubpuaHas Mojesb, oobeuHsomas oba Merona. Ilporecc mporHo3upoBaHusi BKIIOYAET ITAllbl
BbIOOpa mapaMeTpoB, OOY4YEeHHUsT MOJEIH, (POPMUPOBAHUS MPOTHO3A U IMOCIEIYIONIET0 aHAIN3a
pe3yJIbTaTOoB.

B pesynbraTe BBIUMCIUTENBHOTO 3KcnepumeHTa st mojaenu ARIMA ontumMaabHBIMHU
napaMeTpamM Ha UCIOJB3yeMOM Habopa JaHHBIX ompenaeneHsl 3Hadenus p=1, d=0, g=1. Jdus
MPOTHO3UPOBAHMS CIpOCa Ha JIEKapCTBa C HCIOJB30BAHMEM METOJA SKCIIOHEHIIUAIBLHOTO
CTJIaKMBaHM ObLIT HAaCTpOeH KoddpurueHT criaxupanus (o). [lapamerp o mogdupaercs ¢ yaerom
MUHUMU3AINUN OMIHOKH PpOoTHO3UpoBanus. ONTHMAaIbHOE 3HAYCHUE OBLIO OMPECIICHO HAa OCHOBE
MUHHMQJIBHOTO  TIOKa3aTeiass cpeaHedl  aOcomtoTHOWM  mporieHTHoW  ommbOku  (MAPE),
npencraBicHHoe B Tabimie 1. TecTupoBaHWE BBISBIIIO, YTO HAMMEHBINES 3HAYCHUE OIIMOKU
JocTuraercs npu napametrpe a=0,3.

Tabnuua 1 - 3HaueHus napameTpa CrilakMBaHUs Ha OCHOBE 3HaueHuit MAPE

Alpha MAPE
a=0 5.66%
a=0,1 4.79%
a=0,2 4.39%
a=0,3 4.29%
a=0,4 4.44%
a=0,5 4.78%
a=0,6 5.32%
a=0,7 5.98%
a=0,8 6.69%
a=0,9 7.45%
a=1 8.23%

Pesynbrarel conocrtaBneHus Mmozened ARIMA, 3KCHOHEHIIMANBHOTO CIVIAKUBaHUS U
THOPUTHON MOJIEIIH C MCXOHBIMH JIAaHHBIMH ITPEJICTABJICHBI HA pUCYHKaX 4—6.

T
—— Weekly_Consumption
—— Total signal: Weekly_Consumption TSL002 ARIMA(1,0,1)
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Pucynoxk 4 — Conocrasnenue moaenu ARIMA ¢ uctopuyeckumu TaHHBIMU
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T T T
—— Weekly_Consumption
—— Total signal: Weekly_Consumption TSLO01 Exp Smoothing
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PI/ICYHOK 5 — ComnocTaBieHue MOACIH 3KCIIOHCHIINAJIbHOI'O CrjiIa)KuBaHUs C
HCTOPUUYCCKMMHU JaHHBIMU
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Pucynoxk 6 — ConocraBieHue rTHOpUIHON MOJIETTH C UICTOPUUYECKUMH TAHHBIMU

TpEX MOZ[CJ'ICI\/'I, 4TO MO3BOJIACT CPABHUTH UX TOUHOCTH U ITOBCACHUC.

[Tocne srama oOyueHus MojAeNb TPUMEHSETCS I MporHo3upoBanus. Ha pucynke 7
MPEACTABIEH PE3yNbTaT IMPOTHO3a CIpOCa Ha JIEKAPCTBEHHOE CPEACTBO C HMCIOJIb30BAaHUEM
mozeneir ARIMA, »KCIOHEHIIMATBHOTO CIIIXKWBAHHUS U THOpuUaHOW Mozenu. DakTuyueckue
JaHHBIE TPEACTABIECHBl YEPHOW JHMHHMEW, a 3aTeHeHHas 00JIacTh B MpaBOM uacTH rpaduka
COOTBETCTBYET MEPUOAY MPOTHO3UpoBaHus. OHa OTpakaeT OyayIIuii TPOTHO3 CIIPOCa Ha OCHOBE

140 -

130 -

120 -

110 -

100 -

—— Weekly_Consumption

—— Forecast Weekly_Consumption TSLO03 Mdl Avg Mean
—— Forecast Weekly_Consumption TSLO02 ARIMA(1,0,1)
—— Forecast Weekly Consumption TSLDDl Exp Smoothing
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PI/ICYHOK 7— Pe3y.]'IBTaTBI MMPOTrHO3UPOBAHHA CIIpOCa MO TPEM MOACIIAM
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st onieHkr 3¢ (GEKTUBHOCTH MOJENIel TPOrHO3UPOBAHUSI OB UCTIOIB30BAHBI METPHUKHU:
cpennsisi abcomotHas ommbka (MAE), cpemnekBagparnunas omubka (RMSE) u cpennss
abcomroTHast nporeHTHas omuoOka (MAPE). Tabnuma cTtaTHCTUYECKUX TMOKazaTelei Ui BCex
TPEX MOJEJICH MPeCTaBlIcHa Ha PUCYHKE 8.

TRAINING SAMPLE MODEL FIT

Variable: Weekly Consumption
Model(s):

T5L001 Exp Smoothing

TSL@82 ARIMA(1,8,1)

TSL@B3 Mdl Avg Mean

TSLeal TSLeez2 TSLeR3

in-sample MSE 38.153 37.986 37.916
. RMSE 6.177 6.157 6.157

. MAE 4,891 4,880 4,876

. MAPE 4.299 4,294 4.287
Sample size 877 877 877
Effective sample size 876 875 875

* based on one-step-ahead forecast errors

Pucynok 8 — I[lokazarenu ornieHKH 3QHEKTUBHOCTH

CpaBHUTENbHBIN aHaTU3 TIoKa3ai, 4yto rudpuanas moaens (TSLO03) nponemMoHcTprpoBana
camble Hu3kue 3HadeHust metpuk MAE, RMSE u MAPE no cpaBuenuto ¢ moznensimu ARIMA
(TSL002) u skcnonenmuansHoro crinaxkuBanus (TSLO01), uyto yka3piBaeT Ha 0ojee BBICOKOE
KayecTBO Mojenu. TakuMm oOpa3om, rHOpuaHas MOJElb JEMOHCTPUPYET JYUIIYI0 TOYHOCTH B
MIPOTHO3UPOBAHUH.

3akiro4eHue.

B pamkax wuccnenoBaHus ObUIO NPOBEACHO CpaBHEHHE METOJOB IMPOTHO3UPOBAHUS
BpeMeHHBIX psiioB ARIMA, sKCrOHEHIIMANBHOTO CTIaXKUBAaHUS M MX THOPUIIHON MOJENTH B
MPOTHO3UPOBAHUM CIpOca Ha AaHTHTUIIEPTEH3MBHOE JIEKAPCTBEHHOE CPEICTBO (U3HOTEH3.
HccnenoBanmne oxBareiBasio BpeMeHHOM uHTepBail ¢ 2003 mo 2023 roj M BKJIIOYAJIO AHAIU3
€KEHEJIENIBHBIX PAaCcXO0/0B IIpernapara.

Pe3ynbTaThl cpaBHUTENBHOTO aHaiM3a IMOKa3alu, YTO THOpUIHAs MOJEIb MPEBOCXOJIUT
oraensHble moaxoabl ARIMA W 3SKCHOHEHIMAIbHOTrO CriakuBaHus. [uOpuaHas Mojens
o0ecrnieunsa caMble HM3KHE 3HAUEHHUs OUIMOOK, YTO MOATBEP)KIAET €€ BBICOKYIO TOYHOCTh U
HaQ/IeKHOCTh. TakoW NOJXOA MO3BOJMI OOBEJUHHUTH CHIIbHBIE CTOPOHBI 00X MOJENeH:
crocooHocth ARIMA »¢dexTuBHO MOAENMpPOBaTH OJTOCPOYHBIE TPEHIbI U AAANTHUBHOCTH
9KCIIOHEHIIMAIILHOTO CIVIAKUBAHUS K CE30HHBIM N3MEHEHUSIM.

[IpakTiyeckasi 3HAaUMMOCTh HCCJIEIOBAHUS 3aKJIOYaeTcss B MPUMEHEHUU NPEIOKEHHON
rUOpUIHON MOJAEIM JJIi ONTHMHU3ALUU YIPaBJIEHUS 3aracaMi MEIWKAMEHTOB, IOBBILIICHUS
3¢ ()EeKTUBHOCTH IUIAHUPOBAaHUS MOCTAaBOK W MPENOTBpaIleHUs JeduiuTa MpenapaTroB. ITO
0COOEHHO Ba)XXHO VI MEIMIIMHCKUX YUPEKICHUH U allTeK, I71e TOYHOE MPOrHO3UPOBaHKE CIpOca
SBJIAETCS KJIIOYEBBIM (PAKTOPOM OOECreueHus: JAOCTYIMHOCTH JIEKapCcTB Ul MAlMEHTOB.
ITpoBenenHOE Hccie0BaHne Pa3pabOTKU TMOPUIHON MOJIENIN MOKHO PAacCpOCTPOHUTD Ha IpyTrHe
KaTeropuu JIEKAPCTBEHHBIX CPEACTB € 00JIee CI0KHOM CTPYKTYpOii crpoca.

Takum 00pa3oM, TaHHOE HCCIIEAOBAaHUE MOJITBEPHKIAET MEPCIEKTUBHOCTh MCIIOIb30BaHUS
THOPUAHBIX MoOJieJe BpPEMEHHBIX pSIOB Ul pelleHus 3a7ad MPOTHO3UPOBAHUS B
(dapmMarieBTHUECKONH OTpaciy, obecnednBas UX MPAKTUYECKYIO MPUMEHUMOCTh M BBICOKYIO
TOYHOCTb.
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JOPUIIK 3ATTAPABI TYTBIHYABIH TAPUXU JEPEKTEPI HET'T3IH/IE
CYPAHBICTBI BOJKAY MOJEJIBJAEPIH TAJIJTIAY

AHnoamna. [lopinix 3ammapza cypanvicmul 001%caAy nayueHmmepoiy  mypaxmol
AHCEMKIZLNIMIH, KOpapObl MUuimoi 6AcKapyvil JHcaHe oMIPIIK MAHbI30bl 0dpiiepee YaKmbulivl KOl
HCEMKI3VIH KaMMamacsls emyoe weuwlyui pei amxapaosl. byn makanada anmueunepmen3usivly
KblCbIM2A KApCbl 0dPINiK 3amKa cypanvlcmul 6oaxcay makcamuinoa ARIMA men sxcnonenyuanosi
mezicmey yakvlm Kamapiapul 20icmepin 3epmmey YCbiHblIaH. 3epmmey manoaiean oepekmep
AHCUBIHMBIZBIHA He2i30e2eH D0IAHCAYObIY JHCOapbl 021012l MeH MUIMOLTI2IH KAMMAMACLL3 ememiH
M00envOi a3ipiieyee JHcaHe AHbIKMay2a OablMmmana.

Tanoay 6onxcay adicmepin 3epmmeyoi, 0epekmepoi HCUHAYObl KHcaHe 6HOeYdi, apoip adic
YWwin ommaiinel napamempiaepdi aHbIKMAayovl, Uubpuomi Mooenvoi 23ipreyoi, bepinceH
KepcemKiwmepee Hezizoencen 0210IKmi 0aganayovl KHcoHe Hamudicenepoi maniodayovl KamMmuobi.
3epmmey b6apvicvinoa 6ondcayoviy ey muimoi 20icmepi yaKvim KamapbiHa He2iz0eleeH maciioep,
convly iwinoe ARIMA moodenvoepi men 3IKcnonenyuanovl mezicmey aodicmepi eKeHOoiel
AHLIKMAnovl. An a3ipieneen 2ubpuomi mooenv eki maciidiy apmulKUbLIBIKMAPLIH OIpIKmMipy
apxbLIbl OOIAHCAMOAPObIY JHco2apbl 0andicin bepedi. Homuocenep cubpuomi mooenv ARIMA men
9KCNOHEeHYUuaniobl mezicmeyoeH 0apavlk Hezizei Kepcemkiwmep OOUbIHUA OACLIM eKeHIiH
KepcemeOdi. AnvbiH2aH KOPbIMbIHOLLIAD He2i3ihoe (apmMayesmuka CcaiacblHod CYPAHblCHibl
bondicay 0andicin apmmulpy Yulin 2ubpuomi Mooenvboi eneizy YCblHbLIObI.

Tyiiin ce30ep: Oonicay, 6ondicay adicmepi, sKcnoHenyuanovt meeicmey, ARIMA, yaxvim
Kamapapwl, 0dpiniK 3am, 2ubpuomi mooew.

ANALYSING DEMAND FORECASTING MODELS BASED ON HISTORICAL
DRUG CONSUMPTION DATA

Abstract. Forecasting drug demand plays a key role in ensuring sustainable supply, effective
inventory management, and timely patient access to life-saving medicines. This article presents a
study of ARIMA time series and exponential smoothing methods for predicting demand for an
antihypertensive blood pressure drug. The research is aimed at developing and identifying a model
that ensures high accuracy and efficiency of forecasting based on selected data sets.

The analysis includes the study of forecasting methods, data collection and processing,
determining the optimal parameters for each method, developing a hybrid model, evaluating
accuracy based on specified metrics, and analyzing the results. In the course of the conducted
research, it was found that the most effective forecasting methods are time series-based
approaches, including ARIMA models and exponential smoothing methods. And the developed
hybrid model demonstrates high forecast accuracy by combining the advantages of the two
approaches. The results show that the hybrid model is superior to ARIMA and exponential
smoothing in all key metrics. Based on the findings, the introduction of hybrid models is proposed
to improve the accuracy of forecasting demand in the pharmaceutical industry.

Keywords: forecasting, forecasting methods, exponential smoothing, ARIMA, time series,
drug, hybrid model.
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NCCIEJOBAHUME BJIMAHUA METOAOB PACIHIMPEHUSA JAHHBIX 1
IYMOB HA TOYHOCTb CEI'MEHTAIIUU AAEP B 'NCTOJIOI'MYECKHUX
N30BPAKEHUSX C UCITOJIb30BAHUEM I''TYBOKOM HEHPOHHOM CETH

Annomayun. Ceemenmayusi MEOUYUHCKUX U300PANHCEHUU ABNIAEMCS 0OHOU U3 KII0Ye8blX
3a0a4 OUOMEeOUYUHCKOU UHDOPMAMUKU, OCODEHHO 68 KOHMeKCme OUACHOCTUKU OHKOIOSUYECKUX
sabonesanuul. OcoOeHHO akmyaibHOU A6Aemcs 3a0a4a MOYHOU ceeMeHmayuy s0ep Kiemok, umo
He0OX00UMOo 0711 uoenmu@urayuu Mopgponocuieckux usmenenull 8 mxausax. QOHaKo, 0CHOBHLIM
8bI3060M U NPOOIEMAMUKOU 8 OAHHOU O0OAACMU OCMAIOMCA  UBMEHYUBOCMb Kauecmed
uzobpasicenuti, 02panuyenHvie 00vembl OOCMYNHbIX OAHHBIX U HeoOX00UMOCMb obecnedenus
8bICOKOU MOYHOCMU U YCMOUYUBOCU MoOdenel 2nyboKo2o obyuenus. B oannom uccredosanuu
ObL1 NpoGedeH aHanu3 GIUAHUA O0ecAmU MeXHUK ayeMeHmayuu OaHHbIX, 6KI4as 000aesieHue
CYYALIHO20 WYMA PA3TUYHOU UHMEHCUBHOCMU, HA NPOU3BOOUMENbHOCb MOOEIU CeeMeHMAayuu
s0ep knemok. Taxoce 6 sKcnepumenme 0coboe SHUMAHUE YOeNeHO MEXHUKAM, UCHONb3VIOWUM
uckyccmeenHnoe 0obasiienue wyma, mooerupyloujee peanvbhvie YClo8us, makue KaKk eapuayuu
oceeujenus, apmegakmsl U Oeghekmuvl npu noo2omoske 00pasyos. s O0obasieHus uiyma
UCNONBL306AIUCL 084 BUOA: AOOUMUBHDII 2AYCCO8 WYM U PABHOMEPHbIU CAVYAUHBIU WYM C
unmencusnocmoio om munyc 0.05 0o 0.05 npodemoncmpuposanu 3HavumenvbHoe GiusHUe HA
0000WaWY cnOCcOOHOCMb MOOENU, VAVHIAS e€ YCMOUYUBOCb K 2emePO2eHHbIM OAHHbIM.
HUcnonvzyemas apxumekmypa 6viia 0cHo8aHa Ha Mmooupuyuposannot modeiu UNet ¢
sHeopenuem mooyns CBAM, xomopuiil akyenmupyem eHuUManue Mooeiu Ha 3HAYUMbIX 001ACAX
uzobpaxcenus. Mooynb Ovln 0obasieH 6 0eKOOUPYIOWYI0 Yacms apxumexmypsvl modeiu. s
IKCNepuUMeHmos ovliu 00vbedunensvl 06a dmaionHHvlx Habopa dannvix CryoNuSeg u MoNuSeg ¢
npeogapumenvHol.  00pabomkol, exkmouaruell pasdueHue Ha namyu U npeoodpaz08aHue
Gopmama usobpadicenuil. Ilpumenennvle mexHuky ayemeHmMayuu KI0OYAIU 20PU3OHMATbHOE U
BEPMUKATILHOE OMPAdICEeHUe, CIYHalHOe 8paujeHue, USMEHeHUe KOHMPACMHOCMU, dNACIUYHYIO
Ooepopmayuio u dodasnenue wyma. Kpome moeo, 6 xooe skcnepumenmos Ovliu UCCAe008AHbL
KoMOuHayuu ayemenmayuu. Pe3ynomamul uccie008anusi NOKA3anu, 4mo mexHuku ayemeHmayuu
2OPU3OHMANLHO2O U  BEPMUKAILHO2O OMPANCEHUs U  CIYHAUHO20 6PAeHUsi O00Cmuu
MUHUMATILHBIX NOMEPb, NPU IMOM MOUYHOCMb MOOenel Npegbluand O0e6aHOCMO HPOYEHMOS.
Texnuka usmeHeHUss KOHMPACMHOCMU NPOOEMOHCMPUPOBAld Haubonee COANIAHCUPOBAHHYIO
npoU3800UMENbHOCMb, 0Decneyus cpeOHull Ko3pguyuenm nepeceyeHus HAO 0ObeOUHeHuem
0.928 u mounocmo 92.2 npoyenma. /lanHvie no pe3yibmamam uUccied08aHus NoO4epKusarom
8AJICHOCMb  UCNONIL30BANHUA UCKYCCMBEHHO20 000a61eHUs WYMA KAk Memood HNOGblUleHUs
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yemouyugocmuy Mooenu K apmegakxmam u 6apuamusHOCmMu OaHHbIX U MAKIHCe UCNONb308AHUE
KOMOUHUPOBAHHLIX MEXHUK ayemenmayuu. B nepcnekmuee KOMOUHUPOBAHHbIE MEXHUKU
ayemenmayuy Mo2ym cmams OCHOB0U O/l pa3pabomku a0anmueHblx aieopummos, CHOCOOHbIX
aghghexmuerno pabomams ¢ cemepo2eHHbIMU OUOMEOUYUHCKUMU UZ00PAANCEHUAMU.

Knwueswie cnosa. I'ucmonozuueckue uzoopasxicenus, pax, ceeMeHmayus A0ep, C8epmounbie
HelpOHHbIE cemit, MOOYib BHUMAHUS, PACUUPEHUE OAHHDIX.

BBenenue.

CermeHTanust MEAMIMHCKUX N300paskeHUH MPeACTaBIsAeT cO00M O/IHY U3 KITIOYEBBIX 331a4
OMOMEIUIIMHCKONM  MHPOpPMATHKM W KoMmmbloTepHoro 3penuss [1].  CnocobHOCTh
aBTOMATHU3HPOBAHHBIX CUCTEM TOYHO BBIAEIATH SApa KJIETOK UM IPaHMIIbI OPraHOB Ha CIOKHBIX
TUCTOJIOTHYECKUX H300paKEHUAX OTKPBIBACT IMEPCHEKTUBBI ISl YCKOPEHUSI TUArHOCTHKU. B
Kazaxcrane pak ocraercs cepbe3HOi Mpo0sieMol, ¢ BHICOKUMH ITOKa3aTeNIIMU 3200J1eBa€MOCTH U
cmeptHoctH [2]. ITo manubeiM Global Cancer Statistics, B 2022 romy ObLJIO 3aperucTpHpPOBaHO
nouty 20 MUJJIMOHOB HOBBIX CIIy4aeB paka u 9,7 MUJUIMOHA CMEPTEN OT HETro, YTO MOAYEPKUBAET
He00x0IuMOCTh B 3 (heKTUBHBIX MeTOJaX AUarHOoCTUKH [3]. CiocOOHOCTh aBTOMATHU3UPOBAHHBIX
CHCTEM TJyOOKOro OOydYeHHs BBIIENATh AApa KIETOK WM TPAHUIBI OPraHOB HAa CIIOKHBIX
TUCTOJIOTHYECKUX H300paKEHUSIX OTKPBIBACT MEPCIEKTUBBI ISl YCKOPEHUSI TUATHOCTHKHU paka
[4]. Tem HEe MeHee, MPOIECC CETMEHTALMH SAJIEP U KIETOK B THCTOJIOTHYECKUX M300paKEHHSIX
CTAJIKMUBAETCS C PSIOM BBI30BOB. Bo-TiepBBIX, KauecTBO M300pakeHUN MOKET BapbHpPOBATHCS B
3aBHCUMOCTH OT YCJIIOBUH MX MOJYYCHHUS, TAKMX KaK Pa3IMyMsl B OKpAIIMBAaHUH, MUKPOCKOIIHU U
METOJIaX MOATOTOBKMU OOpPAa3IOB, UTO 3aTpyaHsET 00001eHne Mmoaeneil. Bo-BTopbIX, 1OCTyIHbIE
HaOOPbI JaHHBIX OOBIYHO OTPAHUYEHBI, YTO YCIOXKHIET 00ydYeHue rIyOOKUX HEWPOHHBIX CETEH,
KOTOpPBIM i1l JAOCTH)KEHUS BBICOKOW TOYHOCTH M YCTOWYMBOCTU K BapHUAaTUBHOCTH JIaHHBIX
Tpebyercst 6oubIIoi 00beM nHpopMaru [5]. OqHUM U3 TIOAXO00B K YIYUIICHUIO CIIOCOOHOCTH
HelpoceTel K 0000IIEeHUI0 SBISETCS paclIMpeHHe MJaHHBIX — TEXHHUKA, MO3BOJISIONIAs
MCKYCCTBEHHO pACIIMPHUTh OOYyYaromUii Ha0Op MOCPEICTBOM Pa3IUYHBIX IMPEOOpa3OBaHHNA
OpUTHHANIBHBIX H300pakeHuidd [6]. Ha orpanuueHHbIx HaOOpax [aHHBIX pacHIMpPEHUE
CIOCOOCTBYET TMOBBIIIEHUIO KauyecTBa CErMEHTAllMM, OJHAKO BIIHUSHHUE OTJENbHBIX METO/IOB
pacuIpeHusl JaHHBIX Ha MOJENIN CErMEHTAIlMM H3YyYeHO HeI0CTAaTOYHO. BakHbIM acrekTom
UCCIIEIOBaHMs CTAaHOBUTCS 10OaBIE€HNE UCKYCCTBEHHOTO LITyMa, KOTOPBIH MOJENINPYET peaabHble
YCJIOBHS, TAKHE KaK HEUICAIbHOE OCBELICHUE WIIN 1e(DeKThI IPU MOArOTOBKE 00pa31oB [7].

B nanHoM wuccienoBaHuM ObLI NMPOBEAEH AHAIN3 BIUSHUS JECATH DPA3JINYHBIX TEXHHUK
ayrMEHTallMM U pa3jMyHbIX YPOBHEH IIymMa Ha 3a/1lauy CerMEHTAllUU I'MCTOJIOTHYECKUX KIETOK C
HCIOJIb30BaHNEM MOAU(pUIIMpoBaHHON apxuTekTypsl I'mybokoit Heiiponnoii Cetu (I'HC) [8]. B
JAHHOM paboTe paccMaTpHUBaeTCsl MPUMEHEHUE JAaHHOM MOJENH, CHEeIMaIbHO aJdalTHPOBAHHOM
JUIA 3aJa4yd CerMEHTAallud, C LENbI0 OLIEHKM €€ MPOM3BOAUTENBHOCTH WU CTAOMIBHOCTH B
Pa3IMYHBIX YCIOBUSIX JaHHBIX.

Marepunajbl M1 METOABI HCCJICAOBAHMS.

Cermenranus siiep ¢ ucrionb3zoBanuem mozenu ['HC npencrasiser co60i BaXHBIN METO/ B
obmact OuoOMenUMIUMHCKONH Bu3yanu3auuu. Cpend OCHOBHBIX TOJXOJIOB  BBIJEISIOTCS
apxutekTypsl UNet u ee ycoBeplieHCTBOBaHHbIE BapHaHThl, Takue kak UNet++ u Attention UNet,
KOTOpPBIE IMPOKO HMCIIONB3YIOTCA JJIsl CErMEHTAIlMM Ha ypoBHE nukceneit [9]. B nannoi pabote
npeacTaBieHa MoauduimpoBanHas apxutekrypa UNet ¢ BHenrpeHHBIM 0510koM BHUMaHuss CBAM
(Convolutional Block Attention Module) [10]. bmokx CBAM Bkirowaer KaHalbHOE U
MIPOCTPAHCTBEHHOE BHUMaHME, ycuiuBaroniee (OKyC Ha 3HAYUMBIX OOJIACTAX H300pa)KeHUs.
Mogens nmeer obuuii 00beM napameTpos, paBHbli 34 573 825, uro coorBercTByeT 131.89 MB
1 o0ecneuynBaeT JOCTaTOYHYIO €eMKOCTb ISl 00y4eHHUS.
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B HacromeMm wuccienoBaHuM OBUTM HCIIOJNB30BaHBI JBa HabOopa manHbX: MONUSeg
Challenge u CryoNuSeg [11, 12]. Ha6op nannsix MoNuSeg Challenge Bkiatouaer 30 o6yqaromux
M300paXeHU ¢ aHHOTHPOBAHHBIMU TPAHUIIAMHU SIJIEP, UYTO B OOIIEH CIOXKHOCTU cocTaBisieT 21
623 sampa. Otu m3obpaxeHus mnpencrtasieHbl B Gopmare TIFF ¢ paspemennem 1000x1000
HHKC@HGﬁ, MOJIYUYCHHBIC ITPpHU YBCIIMYCHUU 4OX, M OXBAaTbIBAIOT TKAHU CCMHU PA3JIMYHBIX OPraHOB.
Ha6op nanuerx CryoNuSeg mpeactaBisieT coO0i MepBbIi MOJHOCTHIO aHHOTHPOBAHHBINA HA0Op
JAaHHBIX IJid CCrMCHTAUWH AJCp B KPHOCPEC3ax 3aMOPOKCHHBIX TKaHefI, OKpalICHHBIX
reMaTOKCUJIMHOM M P03WHOM. B 3TOT Habop BXxomaT m3zoOpakeHust n3 10 pa3auvHBIX OpraHOB
YeJOoBEeKa, TAaKMX Kak HaJAMOYCYHUKU, TOpPTaHb, JUM(PATHUYECKUE Y3Ibl, CPEJOCTCHHE,
MOJKENTYA0YHAs JKeJie3a, IIeBpa, Koxka, SIMUKU, TUHMYC U IIUTOBHUAHAsA kKene3a. Habop BriItovyaer
30 uzobpaxxennii pazmepom 512x512 nukceneit B popmare TIFF. [{ns ueneit uccnenoBanus oda
Habopa JTaHHBIX OBLIM 00BEIWHEHBI, iepeBeacHbl B (hopmaT PNG, a Takke pa3OUTHI Ha maTdu
pazmepoM 10 256x256 nukceneit, c metkamu 0 u 1 1t JanbHENIIIEr0 UCTIOIB30BaHUS B MOJICIH.
Huxe Ha pucynke 1 npeactaBieHbl IpUMEPHI ¢ KaXa0ro Habopa.

(B)

, > ) :
Pucynok 1 — Ilpumepst ¢ Habopa MoNuSeg Challenge (A) u CryoNuSeg (b)

JUis ynydimeHus CEerMEHTalud THCTOJIOTHYECKUX H300paKeHUH NPUMEHSIOTCS J1eCsTh
Pa3IMYHBIX TEXHUK PACIIMPEHUs JaHHBIX, KOTOphIE naiee OyayT 0003Ha4YeHbl Kak Texnuka-1 —
Texnuxa-10.

Texnuka-1: cnydaitHoe MacmTaOupoBanue. Omnepanys MacIITaOMpPOBAHUS HU3MEHSET
pa3mep 00bEKTOB Ha M300pakeHUH Ha KO3 GHUIIMEHT S B onpeesieHHoM auana3one S € [0.8, 1.2].

Texnuka-2: TOPU3OHTAIBHOE W BEPTUKAIBHOE OTpPaKEHHE. DTOT METOA TMpEAroiaraet
NePEeBOPOT N300paKeHU 110 TOPU3OHTAIBHOM U BEPTUKAIBHOM OCSIM.

TexHuka-3: peryqupoBKa SIPKOCTH. PerynupoBka SpPKOCTH H3MEHSET HWHTEHCHBHOCTD
nuKcenel Ha Ko pULreHT, por3BOJIbHO BeIOpaHHbIi U3 [0,8,1,2].

Texnuka-4: smactuuHas naedopmarus. DnacTudHas Aedopmaris MOACIUPYETCS MyTeM
CMEIIEHUS TUKCENIeH B COOTBETCTBUHU CO CTIAKEHHBIM CIYYalHBIM MOJIEM CMEIEHUH.

Texnuka-5: ciydaitHoe pa3mpITHE. DTOT METOJ] MPUMEHSET K H300paKEHHUIO TayCCOBO
pa3mbITHE, Uconb3ys GuibTp ['aycca co ctangapTHBIM OoTKIOHeHHeM =1.3 [8].

TexHuka-6: cimydaiiHoe BpamieHue. [ JaHHOTO W300paKeHHs CIydailHBIM 00pa3om
BpalllaloTcs Ha yroi, BeIOpaHHBIM W3 auana3oHa [-300,30c]. DTo moMoraer Mojenud cTaTh
MHBAapUaHTHOM K BpalllaTeIbHBIM U3MEHEHHSIM BXOJHbBIX JaHHBIX [7].
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Texuuka-7: nobGaBienue ciaydaiHoro mryma. CiaydalHbIA IIyM J00aBISIETCS K KaKIOMY
MUKCEII0 N300pakeHusl ¢ mapaMeTpoM MHTEHCUBHOCTH IllyMa N, BBIOPaHHBIM M3 JHaria3oHa neE
[-0.05,0.05].

Texnuka-8: mobaBneHue ciydaitHoro myma. CiaydalHbIA IIyM J0OaBIISIETCS K KaKIOMY
MTUKCEITI0 N300paXKEHUS C ITapaMeTpOM MHTEHCUBHOCTH IIIyMa N, BBIOPAHHBIM M3 JMara3oHa h €
[-0.05,0.05].

Texnuka-9: ciydaiiHoe W3MEeHEHHE KOHTpacTHOCTH. KoHTpacT m300pakeHus U3MEHSeTCs
Ha ko3 duuumeHT k, Be1OpannbIii u3 auanazona k € [0.5,1.5]. Do ynydmiaer cmocoOHOCTh MOAETH
pacrno3HaBaTh U300paKEHUs C pa3HOIl KOHTPACTHOCTBIO.

Texnuka-10: oOpe3ka W u3MeHeHHe mojoxkeHud. Omepauus ciIy4yaiHOTO O0Ope3aHus
U3MEHSIET pa3Mep M300pakeHusl Ha 3aJaHHbId Kod((UIMEHT ¢, BHIOpaHHBIN U3 JMana3oHa CE
[0.75,1.0], a 3aTeM cnBUTAET €ro HA CiTy4aiitHOe cMenieHre AX u Ay, 9TOOBI U3BMEHUTH MOJIOXKEHHE
oObekTa B TeH3ope. /laHHas TeXHHKAa YBEIMYMBAET BapHUATUBHOCTH IOJIOKEHHS OOBEKTOB U
MIOMOTaeT MOJeNu OBITh OoJiee YCTOWYMBOH K M3MEHEHHUIO TIIOJIOKEHUS OOBEKTOB Ha
n300pakKeHUH.

B nanHOM Hccie0BaHUM MBI OLIEHUBAN 3P PEKTHBHOCTh MOJIEIH IO YETHIPEM KITFOUEBBIM
MeTrpukam: TouHocTh, YyBcTBUTENBHOCTD, [loTepu u Cpeanee nepecedenre HaJ 00beAMHEHUEM
(Cpenusis IoU). UToOBI OIECHHUTH CTAOMIBLHOCTH KAXKIOW METPUKH, MBI TaKKE pPacCUHTAIN
CTaH/IapTHOE OTKJIOHEHHE, KOTOPOE MOKa3bIBaeT Pa3dpOC 3HAUEHUN METPUK A PA3TUYHBIX
TEXHUK PACHIMPEHHUS JaHHBIX. YeM HIKe CTaHAAPTHOE OTKIOHEHUE, TEM CTaOMIIbHEE Pe3yIbTaThI
MOJIEIHU JIsl KOHKpETHOM MeTpuku [13].

ToyHOCTP — 3TO OTHOUIEHHE NPABHIIBHO IPEICKa3aHHBIX 00paslloB K OOIIEMY YHCIy
o0pa31oB, (popmya npeacTaBieHa HIKE:

Tounocmo = TP+TN (1)
TP+TN +FP+FN

rae TP - ucTuHHO NONIOKUTENbHBIE pe3yibTaThl, TN - HCTUHHO OTpULIATEIbHbIE pe3yIbTaThl, FP
- JIO)KHOTIOJIOKUTEIbHBIE pe3yabTaThbl, FN - T0)XKHOOTpHUIIATENbHBIE PE3YIIbTATHI.

Cpennuii loU, taxke Ha3piBaeMmblil MHAEKCOM JKakkapa, U3MepsieT CTENEHb COBMAJICHUS
MEXy IpeicKa3aHHoU cerMeHTanueil u uctuaHou. Cpeanuii loU ycpenHsercs mo BceM KilaccaM.
®opmymna st [oU BBRITISIAUT ClEayIOMMUM 00pa3om:

TP
Cpeonaa IOU = ———— (@)
TP+ FP+FN

@DyHKIHA TOTEPh OLICHUBAET Pa3HUILY MEKIY IIPEACKA3aHHOW CErMEHTAMEN U UICTUHHOM.
B nanHOM HMccnenoBaHMM MBI MCIIONB30BAIM OMHAPHYIO KPOCC-3HTPOMMMHYIO MOTEPI0, KOTOpas
OIIPEAEIAETCS KaK:

Homepu =23 [1,109(p) + A~ 3)log— )] )

i=1
rJIe — i HICTUHHAS METKa, Pi - IpeJICKa3aHHass BEPOSITHOCTH, a N - 00I1Iee KOJTHMYECTBO IMUKCENIeH B
nzo0paxenud [14].
LIyBCTBI/ITC.]'II)HOCTI), HU3MEPACT AOJIO IIPaBUIJIILHO I/I}IGHTI/I(l)I/IHI/II)OBaHHBIX ITOJIOKUTCIIbHBIX

pE3yJIbTaTOB:

TP
YyscmeumenvHocmys = ———— 4

TP +FN
DKCIepUMEHTHI BBITIOJIHAINCH C UCMOJib30BaHUEM Ha si3bike Python 3.7 u ¢peiimBopkoB
MammaHoro o0yuenust TensorFlow 2.4.1 u Keras 2.4.1 ansa moctpoeHust 1 0OydeHHs] MOJICIIH.
TexHuku pacimpeHust H300paxkeHuil ocymecTBisiaack O6ubnuorekoit Albumentations 0.5.2,
npenBapuTeNbHas 00padboTka n3odpaxenuil nmposoamwiack ¢ nomoimibio OpenCV 4.2.0 u Pillow
7.0.0. 15t YMCIeHHBIX BBIYMCICHUH nenob3oBaiich oubimoreku NumPy Bepcun 1.18.1 u SciPy
1.4.1, a ans obOpabotku maHHbix — Pandas 1.2.0. Busyanmzaius MaHHBIX BBITOJHSJIACH C
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ucnoib3oBanueM Matplotlib 3.1.3 u Seaborn 0.10.0. O0y4yeHue Mopaenu MPOBOAMIOCH Ha
rpadgudeckom mnporeccope NVIDIA Tesla V100, 9To MO3BOJMIO 3HAYUTEIBHO YCKOPHUTH
BBIYHCIICHUS.

Pe3yabTaThl 1 UX 00cy:kaeHue. s JaHHOTO SKCIepUMeHTa MoJienb o0yvanack Ha 160
snoxax. B xozme ananuza ObUIO yCTaHOBJIEHO, yTo mocie 160 3mox Mojenb JAeMOHCTpUpOBala
CTaOWUIIBHBIC PE3YNIBTATHI, a4 YBEIMUYCHHUE KOJUYECTBA 30X HE MPUBOAUIO K 3HAYUTEIHHOMY
YIIY4IICHUIO HHIuKaTopoB. HauanpHas ckopocTh 00ydeHust Obuta yctaHoBieHa Ha ypoBae 0.001,
C TEUECHUEM BPEMEHU HCIOJB30BaICH KOIPPUIMEHT 3aTyXaHus JUIsi YMEHBIICHUS CKOPOCTH
oOydeHnusi. Pasmep Gatda ObuT BHIOpaH paBHBIM 16 sl BCEX SKCHEPUMEHTOB. M3HavalbHBIN
Habop naHHbIX BKIo4an 60 m3o00pakeHuil, oObennHEHHBIX W3 HaOopoB manHeix MoONuSeg
Challenge u CryoNuSeg. Ilocie pazOuenunss Ha maTum pasmepoM 256x256 mnukcened u
MPUMECHEHHUST ayIMEHTallud, OO0bEeM JaHHBIX ObLI yBenmudeH g0 132 martdeid, obOecrieynB
pa3HO0Opa3ue NaHHBIX Il 0oJiee yCTOHYMBOTO 00yueHus Mojienu. HaGop qaHHBIX ObLT pa3nencH
Ha oOyyaroluii, MPOBEPOYHbIN U TECTOBBIA HAOOPH! B cooTHomeHuu 80% ansa oOyuenus, 10%
s ipoBepku U 10% i TectupoBanus. B tabnuie 1 mokasaHsl pe3yiabTaThl.

Tabnuna 1 — Pesynbratel npousBoautensHoctd Moaenu ['HC Ha BanuIalimOHHBIX TaHHBIX
JUTs pa3JIMYHBIX TEXHUK ayTMEHTAIlUU

Texnuku Ilomepu  |Tounocmuw Cpeonssa 10U Yyecmeumenvrocm
pacuuperus b

OAHHBIX
Texnuxa-1 0.0840 0.9282 0.8986 0.8382
Texnuka-2 0.0631 0.9272 0.9223 0.8546
Texnuxa-3 0.0796 0.9260 0.8980 0.8514
Texnuxa-4 0.0847 0.8757 0.9106 0.8475
Texnuxa-5 0.2341 0.9289 0.7590 0.7955
Texnuxa-6 0.0655 0.9020 0.8166 0.8475
Texnuka-T1 0.1498 0.9239 0.9044 0.8518
Texnuxa-8 0.0803 0.9193 0.9106 0.8188
Texnuxa-9 0.0655 0.9220 0.9280 0.8395
Texnuka-10 0.1597 0.9270 0.9170 0.8321

Ha ocHoBaHMM JaHHBIX, NpeACTaBIeHHbIX B Tabmuue 1, mpoBedAeH aHanu3
npousBoauTesnbHOCTH Mozienu 'HC Ha BanuaannoHHOM HaboOpe MpH MCTIONb30BaHUM Pa3IMUHbIX
TEXHHUK ayrMEHTALIUH.

Tounocts u Cpeansist loU npoaeMOHCTpUpOBalIn pa3Iu4YHOE BIUSHUE TEXHUK ayTMEHTaluN
Ha KayecTBO cerMeHTauuu. HauOonblias TOYHOCTH OblIa JOCTUTHYTA IPH HUCIOJIb30BaHUU
texHukd 5 (0.9289), onHako qaHHas TEXHUKA MMOKa3ajga OTHOCUTENIbHO HU3Koe 3HaueHue CpenHeit
IoU (0.7590), uTo yka3bIBaeT Ha HEJOCTATOUYHYIO YCTOMYMBOCTH MOJIENHU. B TO e BpeMsl, TeXHUKa
9 obecneunna Boicokoe 3HaueHne Cpeaneit loU (0.9280) mpu Bricokoit Tounoctu (0.9220), uro
CBHJIETEJICTBYET O XOPOILIEH clTOCOOHOCTH MOJIeNN K 0000IIEHHUIO Ha 3a7jayaX CerMEHTalllH.

Ananu3 IloTepb BBISBWII, YTO HAaUMEHBIIME 3HAYEHMS] ATOW METPUKU JOCTHUTHYTHI NPHU
ucnonb3oBaHuu TexHUK 2 (0.0631) u 6 (0.0655), uTo yka3pIBaeT Ha MEHbBIIINE ONIMOKH MOJIENU B
MpoLiecce BATUAALNU U 00JIee BHICOKYIO CTAOUIBbHOCTD JAHHBIX MOJXOA0B. DTH TEXHUKH TaKkKe
IIPOJEMOHCTPUPOBAIM BBICOKME 3HAu€HUs TouyHOcTH u cpeaHedl loU, moarsBepxkpas ux
3(PEKTUBHOCTD JJIS1 PEIICHUS TOCTABICHHOM 3a1a4H.

Yro kacaercss UyBCTBUTEIHHOCTH, HaMBBICIIEE 3HAYEHHE OBLIO JOCTUTHYTO C MOMOIIBIO
TexHuku 2 (0.8546), yTO yKa3blBaeT Ha MPEBOCXOAHYI CIIOCOOHOCTH MOJENIH TOYHO
UACHTU(DUIMPOBATH MOJOKHUTEIbHBIE CETMEHTHI. TeXHUKH 3, 4 U 7 Takke MPOIeMOHCTPUPOBAIN
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BBICOKHE TOKa3aTelld YyBCTBUTENbHOCTU (Oomnee (0.85), 4To momdepKuBaeT MX 3HAYUMOCTH JIJIs
3azay, rje TpedyeTcss TOUHOe 0OHApYKEHUE UCTHHHBIX MOJIOKHUTEIbHBIX CETMEHTOB. B 1enom,
pe3yNbTaThl TOKA3bIBAIOT, YTO TEXHUKA 9 sBIsgeTCS HamOojee cOATaHCHUPOBAHHOW, TaK Kak
o0ecrnieurBaeT BbICOKHE 3HAUEHUS MO BCEM OCHOBHBIM MeTpukaMm. Ha Pucynke 2 mpezacraBnena
ararpaMmma, 0ToOpakaromias CTaHJapPTHOE OTKIOHEHHE [0 OCHOBHBIM METPHKAM.

MeTpuka
I CTaHAapTHOS OTKAOHEHWE MoTepu
0.010 [0 CTaHAapTHOE OTKNOHEHWE TOHHOCTH
B CTaHjapTHoe oTKNoHeHWe CpeaHen loU
[ CTaHpapTHOE OTKAOHEHWE YYBCTBUTENBEHOCTH
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(=]
=
4
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TexHUKa ayrMeHTauunm

Pucynok 2 — CpaBHeHuUe CTaHIapTHOIO OTKJIOHEHUSI METPUK JJIs1 Pa3HBIX TEXHUK
pacUIMpPEHUs TaHHBIX

TexHuku 2 u 6 1eMOHCTPUPYIOT MUHUMAaJIbHbIE 3HAYEHUS! CTAHIAPTHOIO OTKJIOHEHUS IS
BCEX METPHUK, YTO TOBOPHUT 00 MX CTAOMJIBHOCTH W CHOCOOHOCTH MOJEIH IOKa3biBaTh Oosee
COIJIaCOBaHHbIE pe3ynbTaThl. B To ke Bpems TeXHUKHM 3 W 7 MOKa3bIBalOT 0ojee BBICOKHE
SHAYCHHUA CTaHAAPTHOI'O0 OTKJIIOHCHHSA IO PAAY METPUK, YKAa3bIBas Ha 6OJ'IBHIYIO U3MCHYUBOCTHh U
MeHee YCTOMYMBYIO TPOU3BOAUTENIBHOCTh MOJEIH NP UX MpUMeHeHHH. HanpoTus, TexHUKH 3 1
7 XapakTepu3yroTcs OoJiee BBIPAXCHHOW BAapHMATHBHOCTHIO 3HAYCHHU, OCOOCHHO Ha paHHHUX
sTanax oOydeHUs. IDTO MOXKeT OBITh CBA3aHO C TEM, YTO JAaHHbIE TEXHUKU HPUBOJAAT K
YBEJIMUYCHNIO BHYTPHUKJIACCOBOTO pa3dpoca, YTO yCIOXKHSAET MPOLEeCC ONTHMHU3AIMN NTapaMeTpOB
Mojenu. HecMoTps Ha TO, YTO JaHHBIE TEXHUKH OOECIEUMBAIOT BBICOKMHA YpPOBEHBb
YYBCTBUTCIIBHOCTHU, HMX MOBBINICHHOC CTAHAAPTHOC OTKJIIOHCHUC YKA3bIBACT HAa BO3MOXXHOCTH
MOSIBJICHUSI HECTAaOMIIBHBIX MTPEICKa3aHUI Ha TeCTOBOM BbIOOpKe. [l0MOMTHUTEIHHO OBLIT TPOBE/ICH
CpaBHHTeHBHBIﬁ aHaJIn3 BPpEMCHU 06yquH$I MO)IeJ'IeI\/JI IIprU HCIOJIBb30BAaHUU PA3JIMYHBIX TEXHUK
pacuIpeHus TaHHbIX. Pe3ynbTaThl MOKA3bIBAIOT, YTO TEXHUKH 2 U 6 HE TOJIBKO CIOCOOCTBYIOT
YIYHIICHHUIO CErMCHTAllMM, HO M IO3BOJIAIOT JOCTUYb BBICOKOM TOYHOCTH 3a MEHBIIIEE YHCIIO
smox. B orimume oT HMX, TeXHMKM 3 W 7 moTpeOoBaiu OONBLIET0 KOJUYECTBA 3IMOX IS
TOCTHKEHUS aHAJIOTHYHBIX TIOKa3aTeIeH, 9TO MOXKET MOATBEPAUTH CIOKHOCTh UX ONTHMU3AIHH.
Hwxe na Pucynke 3 mpencraBieHa JUHAMUAKA U3MEHEHUS UHAWKATOPOB IO 3MOXaM.
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Pucynok 3 — AHanu3 U3MEHEHU METPUK CETMEHTALIMH 110 A1I0XaM ISl Pa3JIMYHbIX TEXHUK
paclIMpEeHUsT JaHHBIX

B JOJAHHOM HCCJICAOBAHUN YCTaHOBJ'IeHO, qTo paBJH/I‘-IHI)IC TCXHUKHAU aereHTaIII/II/I
paciivpeHusl JaHHBIX OKAa3bIBAIOT CYIIECTBEHHOE BIUSHUE HA MPOU3BOIUTENBHOCTh H
YCTOMYMBOCTh MOJIEIM B 3ajladye CErMEHTAaIluu OMOMEIUIIMHCKUX Hu300pakeHuii. Hawmboinee
cTaOWJIbHBIC U BOCIIPOU3BOANMBIE PE3YIbTaThl OBLIN JOCTUTHYTHI TP UCIIOIH30BAHUH TEXHUK 2
158 6, KOTOpBIe HpO)ICMOHCTpI/IpOBaJ'II/I MHUHHUMAJIBHBIC 3HAUYCHU A CTaHI[apTHOFO OTKJIOHCHU . B TO
ke BpeMsl TeXHUKa 9 mokazana cOaJaHCHpOBaHHYIO 3(PPEKTUBHOCTH MO KIIOUYEBBIM METPUKAM,
YTO CBUJETEIHCTBYET O €€ BBICOKOM CIOCOOHOCTH K 00001eHut0. TexHuku ¢ 0oyiee BHICOKUM
CTaHJIaPTHBIM OTKJIOHEHUEM, TaKHe Kak 3 U 7, XapaKTepU3YIOTCs 3HAYUTENbHON BapUaTUBHOCTHIO,
9TO MOXET OBITh IMMOJIC3HO IS 3a/1a4, TPEOYIOIINX 3HAYUTEIBHOTO YBEIHYCHUS pa3sHOOOpasus
JTaHHBIX.

B mepcrmektmBe TpencTaBisieTCS  IEJIECOOOPAa3HBIM  TPOBEACHHE  HMCCIEAOBAHUM,
HaMpaBJIEHHBIX HAa TECTUPOBAHHWE KOMOWHUPOBAHHBIX TEXHHK ayrMEHTAIlUU Ui JOCTHKEHUS
ONTUMABHOTO OajlaHca MEXIy pa3HOOOpa3ueM JaHHBIX U CTA0UILHOCTHIO Mojen. OXuiaercs,
YTO TaKue KOMOHWHAIIMM MOTYT CYIIECTBEHHO MOBBICUTH CIIOCOOHOCTH MOJENH K 000OIIEHHIO,
0COOEHHO MpU 00pabOTKE TETEPOTCHHBIX OMOMEIUIIMHCKUX AHHBIX, TPEOYIOIINX aJalTHBHOTO
MOIX0/1a.

Kpome Toro, Oyaymue wucciemnoBaHusi MOTYT OBITh COCPEIOTOYEHBI Ha aJalTHBHOMN
HACTpOIKe mapaMeTPOB PaCIIMPEHHsI TAHHBIX /ISl KaXI0H TEXHUKU B paMKaX KOMOUHAIIHIA.

3akiro4enue.

B JaHHOM HMCCJIICJOBAHMHK YCTAHOBJICHO, YTO TCXHHUKHU paCIIMPCHUA JAaHHBIX CYIICCTBECHHO
BIMSIOT Ha MPOM3BOJUTENBHOCTh MOJIENIM CETMEHTAlMH SAep KIETOK Ha TMCTOJOTHYECKUX
n3o0paxeHun. TexHUKH 2 U 6 TMPOAEMOHCTPUPOBAIM MUHUMAJIbHbIE 3HAUEHUSI CTaHJIAPTHOIO
OTKJIOHEHUSI M BBICOKYIO cTabuibHOCTh, ¢ moTepsmu 0.0631 u 0.0655 cooTBETCTBEHHO,
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obecnieunBasi To4HOCTh Oonee 90% wu cpemnroro loU cBeime 0.81. Texnuka 9 mokasana
cOamaHCHUpOBaHHBIE pe3yNlbTaThl ¢ TOUHOCTBIO 92.2% u cpeaneir IoU 0.9280. Dtu nanHbie
CBUACTCIILCTBYIOT O BA’)KHOCTHU BbIGOpa ONTUMAJIBHBIX MCTOAWK ayIMCHTALlUW IJId ITOBBINICHUA
TOYHOCTHU U BOCIIPOU3BOAUMOCTH CCITMCHTAIUN, YTO MOXET CTaTh OCHOBOH JJIA paspa60TKH Ooiee
HaACKHBIX MHCTPYMCHTOB paHHeﬁ JUArHOCTUKHU U KOJIMYECCTBCHHOT'O aHAJIM3a OHKOJOI'MYECKUX
3a00JICBaHUH.
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TUCTOJIOTUAIBIK BEWHEJIEPIETT SIIPOJIAP/BI CETMEHTALUSIAY
JSTTHE JEPEKTEPII KEHEATY OICTEPI MEH LIV IbIH OCEPIH TEPEH
HEHPOHJBIK 'KEJII KOJJAHY APKbLIbI 3EPTTEY

AHnoamna. Meouyunanvix kecKinoepoi ceemenmmey OUOMEOUYUHANBIK UHPOPMAMUKAHBIY
Heci3ei  MinOemmepiHiy  Oipi  Ooabln  mMabdwLLIAOLI, acipece  OHKONOSUANBIK — AYPYIapObl
ouacHocmuxanay kKonmexcminoe. Tinoepoezi mopgonocusnvlk e3eepicmepoi aHblkmay Yuti
Kascem JHcacyua siOposapbli 01 CeeMeHmayusiiay MinHoemi epexuie 03ekmi 60bin maowliaobi.
Anaiioa, 6yn canradagvl Hezizei CblH-Kamep MeH npodiemanap KeckKii canacblHbly 632epiuimici,
KON JcemimOoi OepeKkmepoiy uieKmeyii Koaemi HcoHe mepeH OKblMY MOOelbOepiHil HO&apbl
02/10i21 MeH MYpaKmulibleblH KAMMAMACHL3 emy Kaxcemminiei bonvin Kana bepedi. byn sepmmey
Jcacyma SAOPOCHIHLIY —Ce2MeHmme)y MOOeNiniy OHIMOLNiciHe apmypai KapKblHOBLIbIKIMARbL
Ke30elicoK ulyobl Kocyobl KOca an2anod, oepekmepoi Kyueumyoiy oH 20iCiHiH acepin mandaovl.
Conoaii-ax, sxcnepumenmme JHcapblKMAHOLIPYOLIH ©32epyi, apmedakminep icoue yacinepoi
0atibIHOAY0abl aKayiap CUAKmvl HAKMbl HCALOAUIAPObl MOOeNbOeUmin HaAcaHobl ULy Kocyovl
KON0aHamulH a0icmepee epexuie Hazap ayoapuliaowl. LLyovl Kocy ywin exki mypi Koi10aubliObl.
aooumusmi T'aycc wy owcone munyc 0.05-men 0.05-xe Oeuiinei xapxwvinovLivikmazvl OipKenKi
Ke30eUcoK uy MooenbOiy HCalnvliay Kabiiemine aumapivlKmail acep emin, OHblY 2emepoeHoi
Oepexmepee mo3imoinicin sxcakcapmmol. Ilatioaranvinean apxumexkmypa Cham mooynin eneize
omvipwbin, moouguxayusnanzan UNet mooenine nezizoencen, on mooenvoiy KeCKiHHIH MAaKbl30bl
aumakmapuvina Hasap ayoapaosi. Mooyis moodenv apxumekmypacviubly oOekoomay OeiiciHe
KOCbLIObL. DKCnepumeHmmep YWiiH Cryonuseg JcaHe monuseg eKi aHbIKMAaMAalblK oepexmep
HCUBIHMBIZL Namumapaa 061y0i JHcoHe KeCKiH NiWiMIH MmypreHOipyoi KamMmumsld al0blH and
oenoeymen Oipixmipindi. Konoauvinean xyweumy adicmepine KOJIOEHEH HCOHE MIK UARLLIbICY,
Ke30elicoK auHaly, KOHMpacmmoel e32epmy, cepnimoi oeghopmayus odwcane LIy xocy KipoOi.
Couvbiven Kamap, >KcnepumeHmmep Kyuiemy KOMOUHAYusANapvlH 3epmmedi. 3epmmey
Homuoicenepi KONOeHey JHCoHe MIK UWASLIBICY MEH Ke30elcoK auHanyoul Kyutetumy adicmepi
MOOenvoepoiy 0andiei MOKCAH NAlubl30aH ACAMbIH MUHUMANObL WHIELIHOAPEA HCEMKEeHIH
kepcemmi. Konmpacmmul e32epmy a0ici ey menydecmipineen oHimoinikmi kepcemmi, oyn 0.928
Oiprecmieiniy opmawa Kuvblivlcy ko3¢ guyuenmin scane 92.2 nativl3061K 0210IKMi KAMMAMACHL3
emmi. 3epmmey Hamudicenepi OolbIHWA MaiMemmep MOOenbOiy apmegakminepee mo3imoinici
MeH OepekmepOiy o32epeiuimicin apmmulpy 20iCi peminoe Heacanovl uy Kocyobl KOJOAHYObIH,
conoaui-ax  Oipikmipineen Kyuetimy 20icmepin KONOAHYOblH MAaHbI30bLIbLIZbIH  KOPCemeoi.
Bonawaxma 6ipikmipineen xywetimy adicmepi cemepoceHOi OUOMEOUYUHATLIK KeCKIHOepMeH
MUIMOI HCYMBIC icmell alambli a0anmuemi aneopummoepoi a3ipieyee Heziz 601a aiaowil.

Tyiiin ce30ep. ['ucmonocusinel KeckiHOep, Kamepi ICiK, s0pO Ce2MeHmayuscyl,
KOHBOIOYUSLIILIK, HEUPOHOBIK Jicelinep, 3etiin Mooy, Oepekmepoi KeHeumy.
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INVESTIGATION OF THE IMPACT OF DATA AUGMENTATION METHODS AND
NOISE ON THE ACCURACY OF NUCLEI SEGMENTATION IN HISTOLOGICAL
IMAGES USING A DEEP NEURAL NETWORK

Abstract. Segmentation of medical images is one of the key tasks of biomedical informatics,
especially in the context of cancer diagnosis. The task of precise segmentation of cell nuclei is
particularly relevant and necessary to identify morphological changes in tissues. However, the
main challenges and problems in this area remain the variability of image quality, limited amounts
of available data, and the need to ensure the high accuracy and stability of deep learning models.
This study analysed the impact of ten data augmentation techniques, including the addition of
random noise of varying intensity, on the cell nucleus segmentation model's performance. The
experiment also specialises in techniques using artificial noise addition, simulating real-world
conditions such as lighting variations, artefacts, and defects during sample preparation. Two types
of noise were used to add: additive Gaussian noise and uniform random noise with an intensity
from minus 0.05 to 0.05, which demonstrated a significant effect on the generalizing ability of the
model, improving its resistance to heterogeneous data. The architecture used was based on a
modified UNet model with the introduction of the CBAM module, which focuses the model's
attention on significant areas of the image. The module has been added to the decoding part of the
model architecture. For the experiments, two reference datasets CryoNuSeg and MoNuSeg were
combined with preprocessing, including patching and image format conversion. Applied
augmentation techniques included horizontal and vertical reflection, random rotation, contrast
change, elastic deformation, and noise addition. In addition, augmentation combinations were
investigated during the experiments. The study results showed that the techniques of horizontal
and vertical reflection augmentation and random rotation achieved minimal losses, while the
accuracy of the models exceeded ninety per cent. The contrast change technique demonstrated the
most balanced performance, providing an average intersection ratio over the union of 0.928 and
an accuracy of 92.2 per cent. The data from the study results emphasize the importance of using
artificial noise addition to increase the model's resistance to artefacts and data variability, as well
as the use of combined augmentation techniques. In the future, combined augmentation techniques
may become the basis for the development of adaptive algorithms capable of effectively working
with heterogeneous biomedical images

Keywords. Histological images, cancer, nuclei segmentation, convolutional neural networks,
attention module, augmentation.
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METO/bI HUHTEJJIEKTYAJIBHO OBPABOTKHU TEKCTOB (TEXT MINING)

Aunomauyun. B cmamve paccmampusaiomcsi memoovl UHMENLIEKMYAIbHOU 00pabomKu
mekcmog (Text Mining), komopwsie no3eonsom npeodpasoevléams ciaboCmpyKmypuposanHvle
meKcmosvle OaHHble 8 CIMPYKMYPUPOBAHHYIO U e2KO ananruzupyemyro ungopmayuro. C pocmom
06vemo8 0anHbix 6 yughposyro snoxy Text Mining cmanosumcs He3aMeHUMbIM UHCIPYMEHMOM
AHAU3A MEKCMO8 8 PA3IUUHbIX chepax. Dmu MmexHoL02uU HAX00AM WUPOKoe NpUMeHeHUe 8
uHgopmayuonuHol 6Oe3onacHocmu, 20e aHalu3 MeKCmo8 nNomo2aem 6blAGIAMb Yepo3vl U
anomanuu, 8 30pABOOXpaHenuu — Oas 00paboOmKU MeOUYUHCKUX 3anuceti U U3ledeHus
ouazHocmuyeckol uHgopmayuu, 6 Mmapkemuumee — O AHAIU3A NOMPEOUMENbCKUX
npeonoumeHuti, a makice 8 IPUOULECKOl NpaKkmuke, 20e asmoMamu3ayus aHaiu3a OOKyMenmos
nosvluiaem MmoyHOCMb U CHUNCAem 8peMeHHble 3ampanbl.

B cmamwve noopobno paccmampugaromes kax mpaouyuoHHble Cmamucmuieckue memoobwlt,
maxue kax TF-1IDF, Word2Vec, Latent Dirichlet Allocation (LDA), mak u cospementule nooxoosl,
gKIIOUAs MoOenu 21yb0K020 0OyUeHUs Ha OCHO8e apXumekmypvl mpaucgopmepos, nanpumep
BERT, GPT u ux npoussoonvie. CogpemeHtbie Memoobl 0eMOHCMPUPYIOM 3HAYUMENbHbIe YCnexu
8 yuéme KOHmMeKcma, ananuze CeMaHmuKky U u3neyeHuu CKpblmvlX CMbICI08 U3 MeKCmos, 4mo
oenaem ux He3ameHUMbIMU Ol PeuleHUst CIONCHBIX 3a0a.

Ocoboe eHuMaHue YO0enieHO CPABHeHUI0 3PEOEKMUBHOCMU PA3TUYHBIX Memo008 U UX
npumeHumMocmu 8 3aoadax asmomamusayuu. Onucanvl ozmoxcnocmu unmezpayuu Text Mining
018 ananusza OOnbUWUX 00beMO8 OAHHbBIX, BblAGNEHUS 3AKOHOMEPHOCMEU U a8MOMAmu3ayuu
npoyeccog ussneyeHus sHanull. IlpeocmasgnenHvle pe3yibmamovl UCCIE008AHUSL NOOUEPKUBAIOM
AKMyanbHOCMb UCHONIL308AHUS IMUX MEXHOL02Ul 08 NosblueHUs IppekmusHocmu pabomuol
CReyuanucmos, YCKOpeHus npoyecco8 aHamusa uHgopmayuu u peuleHus 3a0ad 8 KIouegvlx
OmMpacAx, 4mo OmKpuleaem Hosble NepCneKmugbl OJisi GHeOPeHUs UHMENLIEeKMYaNbHbIX CUCTEM
06pabomku OaHHbIX.

Knrouesvie cnosa: Text Mining, unmennekmyanvHas obpabomka mexkcmos, MAULUHHOE
obyuenue, o6pabomka ecmecmeennoco sazvika, 1F-IDF, Word2Vec, BERT, GPT,
asmomamu3ayus aHaIu3a meKkcmos.

Beenenue.

CoBpeMeHHas 3m0xa HU(PPOBBIX TEXHOIOTUN XapaKTepH3yeTcsl OBICTPBIM pOCTOM 00BeMa
TEKCTOBOM uWH(pOpMaluy, CO3JAaBaéMONM U PpacHpOCTpPaHSIEMON B pa3IMYHBIX 00JaCTIX
NESATEIbHOCTH, HauMHasg OT HAy4YHBIX MCCIENOBAHUN M 3aKaHUMBAs COLMAIBHBIMU CETSIMHU U
KOPHOPaTUBHBIMU  JOKYMEHTaMH. OTOT OTPOMHBI OOBEM JAaHHBIX COJAEPKHUT LIEHHYIO
uHpOpMaIHIO, KOTOPYI0 MOXHO H3BJIEKAaTh, AHAJIM3UPOBATh W TPUMEHATH IS pPELICHUs
pa3HooOpa3HbIX 3amad. OJHAKO TpaJWIIMOHHBIE METOABl OOpaOOTKHM JaHHBIX OKa3bIBAIOTCS
HEI0CTaTOYHO A(PPEKTUBHBIMH JUIsl pabOThI ¢ TEKCTAMM, TaK KaK OHHU HE CIIOCOOHBI aJ|eKBATHO
YUUTHIBATh JIMHIBUCTHUECKYIO CTPYKTYPY U CEMaHTHYECKHE OCOOEHHOCTHU TEKCTA.

113



A3aMaTTBIK aBUAIUS aKaJIEMUSCHIHBIH XKaPIIBIChI Ne1(36)2025

WuTtemiektyanbHast 00paboTKa TEKCTOB, TakKe M3BecTHas kak Text Mining, mpeacTaBisier
co00i MEXIUCIUIUIMHAPHOE HaIpaBJICHHE, BKIIIOYAIONIee METOAbl 0OpaOOTKH €CTECTBEHHOTO
A3bIKa, MAIIMHHOTO OOYYEeHHs M CcTaTucTHyeckoro aHanmusa. OcHoBHas menb Text Mining —
npeoOpa3oBaHue CIA0OCTPYKTYPUPOBAHHBIX TEKCTOBBIX JAHHBIX B CTPYKTYPHUPOBAHHYIO
nH(OPMALIHIO, KOTOpask MOXET OBITh WCIOJb30BaHA MJI aHANU3a W NPHUHATUAS PEHICHHIA.
[Ipumenenue texuonoruit Text Mining mo3BojsieT pemiaTh Takue 3aJaul, Kak aBTOMaTH4ecKas
KJIacCU(UKALUSA U AHHOTHPOBAHKE TEKCTOB, BBIICIICHUE KITFOUEBBIX TEMATHUECKUX HAMIPABICHU,
MIOMCK CKPBITBIX 3aKOHOMEPHOCTEH M IOCTPOEHHUE IPEACKA3aTeNIbHbIX MOJEIEl Ha OCHOBE
TEKCTOBBIX JIAHHBIX.

AKTyalnbHOCTh HccienoBaHusi MeronoB Text Mining o0ycioBieHa HEOOXOAUMOCTBIO
ABTOMATH3AIMH aHAJIM3a TEKCTOBOW MH(OpMAIMH, 9TO OCOOCHHO BaXKHO B TaKUX 00JACTSX, KaK
nH(popMalroHHasi 0€30MacHOCTh, MEAMIIMHA, MAPKETHHT M MpaBo. ABTOMAaTU3alUs MO3BOJIAET
CYILIECTBEHHO CHU3UThH TPYA03aTpaThl U MOBBICUTh TOYHOCTh aHAJIM3a, YTO B YCJIOBHUSIX pOCTa
00beMOB HMH(OpPMAIMKM CTAaHOBUTCS KIIOUEBBIM (akTopoM ycrmexa. Hacrosimas cratbs
HampaBJieHa Ha 0030p M aHAJIN3 COBPEMEHHBIX METOA0B Text Mining, BKItoYasi TPagUIIMOHHBIC
craTucTudeckue Metonl, Takue kak TF-IDF u Word2Vec, u HoBelilline KOHTEKCTHO-3aBUCHUMBIC
mozenu, Takue kak BERT u GPT, mist rmy0okoro ananusa TEKCTOB.

Marepuajbl M1 MeTO/AbI HCCJICJOBAHMS.

J171s1 BBIIOJIHEHUS UCCIEA0BaHUS UCTIOIb30BAIMCH PA3JIMUHbIE METOIbl MHTEIUIEKTYaJIbHON
00paboTku TekcToB. Ha aTare moaAroToBKy JaHHBIX MTPOBOAMIICS COOp C1a00CTPYKTYPHPOBAHHBIX
TEKCTOB M3 OTKPBITHIX UCTOYHUKOB, TAKUX KaK 0a3bl JaHHBIX yIPo3, KJIACCU(PUKATOPHI U PEECTPHI,
C TOCIIeAyIoeld MX MpenoO0pabOTKOM: ynaleHue CTOM-CJIOB, JIeMMATH3aHUd W HOPMaIH3alus
TeKCTOB. J[J11 mpeacTaBiaeHuss TEKCTOBBIX JAHHBIX NMPUMEHSIIMCh KaK TPAAULUOHHBIE MOIXObI,
takue kak TF-IDF nms BeigeneHus 3HauuMbIX ciioB m Word2Vec Ui CO3MaHHS TUIOTHBIX
BEKTOPHBIX MPEACTABICHUN CIIOB, TAK U COBPEMEHHBIE MOJIEIH ITyOOKOro OOy4eHHs, BKIIOYas
tpanchopmepsl BERT wu  GPT, cnocoOHBIE YYHTHIBATH KOHTEKCT M CEMaHTHYECKYIO
MHOI'03HAYHOCTbh TEKCTA.

B mnpomnecce uccnenoBaHus HCHONB30BAIKMCH 33JaYyd TEeMaTHUYECKON KiacCHPUKALUU
TEKCTOB, aBTOMATHUECKOTro pedeprpoBaHus, KIACTepU3ALUNA U CO3/IaHUS TEKCTOB C 3aJaHHBIM
CoJiep’)KaHuEM, a TaKKe MOMCK HMH(pOpMalMu MO KIHOYEBBIM ciioBaMm. Jljig MoJenupoBaHUS
MIPUMEHSIINCh UCKYCCTBEHHBIE HEHPOHHBIE CETH, 0OYUYEeHHbIE Ha KOJMYECTBEHHBIX MOKA3aTENSIX
aKTyaJIbHOCTH YIpO3, YTO MO3BOJWJIO HMHTErpUpOBaTh MX C OOJIBIIUM OOBEMOM TEKCTOBBIX
JTAHHBIX.

Marepuanamu HMCCI€I0BaHUS BBICTYNAIM TEKCTOBBIE KOPIyCa, COJEP)KAIUE OINHUCAHUS
TaKTHK U TEXHHK 3JI0YMBIIIJICHHUKOB, B3SIThIE U3 CHEIMATU3UPOBAHHBIX 0a3 JaHHBIX, TAKMX KaK
MITRE ATT&CK wimu CVE. [lnst paboThl ¢ TEKCTaMU TPUMEHSITUCH TTPOTpaMMHbIE OMOTHOTEKH
s 06paboTku ectecTBeHHOro s3bika, Bkimodas NLTK, spaCy, TensorFlow u PyTorch.
O6paboTka OOJBIIUX MACCUBOB JaHHBIX OCYIIECTBIISUIACH C UCTIOJIb30BAaHUEM BBIUYUCIUTEIHHBIX
MomHocTe, Takux kak GPU u ob6naunble miuaTdopmbl, obecneunBaromue 3¢p(GeKTUBHOE
BBITNIOJTHEHHE 3ajau IIYOOKOro 00y4yeHHs. DKCIIepUMEHTaNIbHAs YacTh UCCIIEOBaHMsI ONUPAach
Ha JIaHHbIE, MIPE/ICTABJICHHBIE B PsAJIe HAYYHBIX U MPHUKJIAJHBIX padoT mo Teme Text Mining.

PesynbTaThl 1 HX 00CyKAeHHE.

TpamunuoHHO mNpuUMeHsieMble 0a3bl JaHHBIX (KJIACCU(PUKATOPHI, PEECTPhl) COAEpKaT
OOIIMPHBIE TEKCTOBBIE OMHUCAHMS yrpO3, YA3BUMOCTEH M TAKTHK (TE€XHUK) 3JI0YMBIIICHHUKOB.
Hecmotps Ha siBHBIE IpenMyIllecTBa TakuxX 0a3 JaHHBIX, paboTa MO OLEHKE U aHau3y Yrpo3 U
YA3BUMOCTEH Ha KOHKPETHOM MPEIIPUATHH OCTAETCS SKCIIEPTHO OPUEHTHUPOBAHHOM, UTO TpeOyeT
3HAYUTEJIbHBIX BPEMEHHBIX 3aTPaT, BHICOKON KOTHUTHUBHOW HArpy3KH W CHEIHaTU3UPOBAHHBIX
3HaHuil. B wuccnenoBanum [1] mpeasiaraeTcss MCMONIB30BATh KOJIMYECTBEHHBIE IOKA3aTeNd
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aKTyaJIbHOCTH YIp0o3 HH(POPMALIMOHHOM O€30MaCHOCTH JIJIsl CO3/1aHUs HCKYCCTBEHHON HEHPOHHOM
cetu (HC) n mogaun 3Tux akTOpOB B Ka4eCTBE BXOJAHBIX JJaHHBIX. B TO ke BpeMsi COBpeMEHHbIe
TEXHOJIOTUM MCKYCCTBEHHOTO WHTEIUIEKTa IMO3BOJSIOT 00pabareiBaTh OONBIINE MAaCCHBBI
TEKCTOBBIX JAHHBIX Ha ecTeCTBEHHOM s3bike (ESI), pemas cnenyromue 3agauu:

— MOUCK HH(OPMALNH, 110 KIIIOUEBBIM CIIOBAM;

— TeMmaTuyeckas Kiaccu(uKalus TEeKCTOB;

— aBTOMaTH4ecKoe pedepupoBaHue;

— KJIacTepU3alHsl TEKCTOB 10 COAEPIKAHUIO;

— aBTOMAaTHYECKOE CO3/IaHUE TEKCTOB C 3aJJaHHBIM COJIEpP’KaHUEM U T.1.

OTHUM BOINPOCaM MOCBAIICHO MHOKECTBO UCCIEOBaHMM, TakuX Kak [2, 3, 4]. Hanpasnenue
aHanmM3a  CIa0OCTPYKTYPUPOBAHHBIX  TEKCTOBBIX JaHHBIX Ha ESl, wu3BecTHOe Kak
MHTEJUIEKTyaIbHbIN aHamu3 TekcToB (Text Mining), NpoJeMOHCTPUPOBAIIO 3HAUUMBIE PE3YIIbTAThI
B paborax [5, 6]. [lepexon k 00pabOTKEe TEKCTOB HA €CTECTBEHHOM SI3bIKE TPEOYET BBITTOIHEHUS
psja 3TanoB: MOATOTOBKM KOpPIyca TEKCTOBBIX JaHHBIX, UX BEKTOPHOIO IPEICTaBICHUS B
MHOTOMEPHOM CEMAHTUYECKOM IPOCTPAHCTBE M, HAKOHEL, PELICHUS 3a7ad CEMaHTHYECKOIo
aHaIu3a.

Hcnonp30BaHne METOJOB JUISl CO3/1aHUSI BEKTOPHBIX IPEACTABICHUI CIOB M OLEHKU HX
CEeMaHTHYECKOM OJIM30CTH ABISETCS KIFOUEBBIM B aHAJIN3€E CI1a00CTPYKTYpPUPOBAHHBIX TEKCTOB HA
ES [7]. B coBpeMeHHBIX TOAX0AaX MAIIUHHOTO OOY4YEeHHS JJIA TaKUX 3a7a4 MPUMEHSIOTCS KaK
KJIaCCUYECKHE METOAbl (JIMHEeHHble MEeTOJbl KiIacCU(UKALUMH, I'ayCCOBCKUE MOJEIH, IEpEeBbs
pelIeHnid), TaK U METOJbI 00pabOTKU IMOCIIeIOBATEILHOCTEH (CKPBITHIE MapKOBCKUE MOJICIIH,
MOJIEJIN YCJIOBHBIX ClIyyaliHbIX oJjei). B mocneanue rojpl O0bIIyI0 MOMYISAPHOCTh MOTYYHIN
HEHPOHHBIE CETU: MHOTOCJIOWHBIE EPLIEITPOHBI, CBEpPTOUHbIE U peKyppeHTHbIe HC, 1115t KoTophIX
BEKTOpPHBIE NPEACTABICHUS CIIOB CO3JAIOTCA C MOMOIIbI TakMX MHCTpyMeHTOB, kak TF-1DF,
Word2vec, Doc2Vec, GloVe, FastText u npyrux.

[Tpexne yem nepeiTu K 00CYKASHNUIO METOI0B MAIIMHHOTO 00Y4EHUs, BAXKHO PACCMOTPETh
OCHOBHEIE JTAIlbI MPEIBAPUTEIBHON 00pabOTKH TEKCTOBBIX JAHHBIX. DTH 3Talbl BKIIOYAIOT:

1. Hopmanu3auuss — ymnpouleHHe TeKcTa, yJaleHue IyHKTyaluu, abOpeBuaryp,
CIIy>keOHBIX CJIOB (HampuMmep, COI030B U MPEJIOTOB).

2. Tokenuszanus — pa3OUeHHE TEKCTa Ha CJI0Ba M MPEI0KEHUS.

3. Cremmm3anus — MpUBEICHUE CIOB K UX KOPHIO, yaaleHne cyh(HUKCOB M OKOHYAHHH.

4. JlemmaTu3auus — TpUBEAECHUE CJIOB K HX KaHOHMYECKOM Qopme (Hampumep,
MH(UHUTUBY UM UMEHUTEILHOMY MAJEKY).

5. @unbTpanys — yJajleHue HepeJIeBaHTHBIX CUMBOJIOB U CJIOB.

[Ipu 3TOM cienyeTr y4uTblBaTh, YTO JAHHBIA aJrOPUTM HE COXpaHSET MOPSAIOK CIIOB B
IIPETIOKEHUH.

Mertpuka TF-IDF yacto npumensiercst 115 aHajln3a TEKCTOB U MH(OPMAIIMOHHOTO TTOUCKA,
HaIpuMep, Ul ONPEAEIEHHUS PEIEBAHTHOCTH JTOKYMEHTA 3aIpoCy, a TaKKe P KIACTepU3aALAN
JIOKYMEHTOB.

Word2Vec [8] — uHCTpyMeHT, pa3paboTaHHbI rpymnnoil uccinenoareneii Google mon
pykoBojacTBoM T. Muxosiosa B 2013 roxay, npencrapiset co00i HabOp aaropuTMOB JIJIsl CO3TAHUS
BEKTOPHBIX IpeAcTaBiIeHUil ciaoB. Ha BXox momaércss TEKCTOBBI KOpIYyC, a Ha BBIXOIE
dhopmupyrotcst BekTopa cioB. MHCTpymMeHT oOydaeTcst Ha O0JbIIOM 00heMe TEKCTOB, 3aTTIOMUHAS
KOHTEKCTBI, B KOTOPBIX BCTpeuaeTcs Kaxkaoe cioBo. 1o 3aBepiieHun o0ydeHHs KaXI0MY CIIOBY
cooTBeTcTBYeT BeKTOp B 300-MepHOM MPOCTPaHCTBE MPU3HAKOB (CEMaHTHYECKOM IIPOCTPAHCTBE),
rre ciosa, OJM3KME IO CMBICTY, pacronaraiorcs psgoM. B Word2Vec peannsoBanbl /Be
ocHOBHBIe apxuTekTypbl: Continuous Bag of Words (CBOW) u Skip-gram.

CBOW wu Skip-gram — HeiipocereBbie Mozenu Word2Vec, omnuchIBaroIue IMporecce
oOyueHusi U GopMUPOBaHUS BEKTOPHBIX NpeacTaBieHuit cios. B CBOW Mozens npeackasbiBaeT
CJIOBO IO KOHTEKCTY, B TO BpeMs Kak SKip-gram npezcKa3blBaeT KOHTEKCT 110 33/1aHHOMY CIIOBY.
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- Mpoekuma Bweixog

w(t + 2) w(t+2)
B;A Buixoa

a) 0)
Pucynox 1 — Apxutektypbl anroputmMoB o0yuenus Continuous Bag of Words (a) u Skip-
gram (0)

Xots Word2Vec a¢dekTuBHO co37aeT BEKTOPHBIC MPEICTABICHUS IS CJIOB, Y HETO
HUMEIOTCS CYIIECTBEHHBIE OTPAaHUUEHUS: 1) aTOPUTM HE YUUTHIBAET MOPSIOK CJIOB, UTO BIUSET HA
cMbIca (pa3; 2) HE IPUHAMAET BO BHUMAHHE CEMAHTUYCCKUE 3HAYCHUS; 3) HE MOJICPKUBACT
dbopMupoBaHHE BEKTOpa IUIS BCEro JOKyMeHTa. Jlns pemieHus 3TUX mpoOiieM ObLT CO3JaH
uHctpymeHT Doc2Vec.

Doc2Vec (paragraph2vec) [9] — 3To uHCTpYMEHT, pa3pabotanubiii B 2014 roay Ha OCHOBE
Word2Vec, kOTopblii 1T0O3BOJIsIET (POPMHUPOBATH MPOCTPAHCTBO MPHU3HAKOB (PHUKCHPOBAHHOM
JUIMHBI N7 JOKYMEHTOB. Takoil BEKTOp MOXKHO NPUMEHSTh A aHalu3a CEeMaHTHYeCKON
OMM30CcTH TEKCTOB (ab3areB, JMOKYMEHTOB) W WCIOJB30BAaHUS B 3aJavax KJacTepU3allvy,
KJ1acCU(UKALIUU U IPOTHO3UPOBAHUA.

[Tepeunciennbie MOJEIN OTHOCITCS K TEPBOM BOJIHE OOpPaOOTKH €CTECTBEHHOTO S3bIKA
(NLP). Bropas peBomorus B NLP cBsi3aHa ¢ pa3BUTHEM HEWPOCETEBBIX S3BIKOBBIX MOJICIICH,
takux kak GPT m BERT, ocHOBaHHBIX Ha MexaHu3Mme BHuMaHus (Self-Attention), KoTopbie
0003HAYAIOTCS KaK «TpaHCPOpMEPBI».

ITepas Bepcusi GPT (Generative Pre-trained Transformer) [10], Beimymennas OpenAl B
2018 roay (co3marenun — Mnon Mack u Csm AnbTMmaH), cTajga NpOpbIBOM B IeHEpaTHBHBIX
SI3BIKOBBIX MOJIENISIX Ha apXUTEKType Tpanchopmepa. Tpetss Bepcusi, GPT-3, BeinymienHas B 2020
rofay, opu1a o0yueHa Ha 6osee ueM 500 I'b TekcTOBBIX JaHHBIX. [[71 pyccKoro si3plka CyIIecTBYeT
aHasiornyHas mojnenb ruGPT-3 13B, pa3pabortannas xommanusmu SberDevices u SberCloud,
obyuyenHas Ha 600 I'b nmanHbix. OpHako monHoe wucnoib3oBaHue GPT TpeOyer MOIIHBIX
BBIYHCIIUTENBHBIX PECYPCOB, UTO HEJOCTYITHO OOJBIIMHCTBY HCCIeA0BaTeNeH.

Monenr BERT (Bidirectional Encoder Representations from Transformers) [11] —
JIByHaIlpaBJIeHHAas TpaHCGOpMEpHasi MOJIEJIb, NIPeIHa3HauUEHHAas Ul PeAo0yYeHHs] Ha KPYITHBIX
TEKCTOBBIX KOpIlycax JUIsl MHOCIEAYIOLUIET0 INPUMEHEHMs] B IIMPOKOM crektpe NLP-3amau.
Mynpruszsruasle Bepcun BERT npenoOydensl Ha Oonbiinx HaOOpax JaHHBIX U MOTYT OBITh
JIETKO MHTETPUPOBAHBI B MPOEKTHI, MTO3BOJISAS U30€raTh TPyJOEMKOT0 00OyUeHHsI MOJIENIN C HYJIS.
BERT Takxe MokeT ObITh 3allyllleH KaKk Ha JIOKaJIbHOM KOMIIbIOTEpE, TaK M Ha OeCIUIaTHBIX
obmaynbIX iargopmax, Takux kak Google Colab. B ornnuue ot GPT, BERT umeer Gonee
JETKYI0 CTPYKTYpY: Hanpumep, Bepcust BERT-Large Bkitouaet 24 cnost u 240 MiTH napamMeTpoB.
Mopens BERT nopaepkuBaeT TOHKYIO HACTPOMKY JUIsl KOHKDETHBIX 3aJad, 4YTO JelaeT eé
MOAXOAAIICH W JJg aHanu3a JaHHblX B obmactu Mb. B otnmmume ot Word2Vec m apyrux
TPaJIULUOHHBIX A3BIKOBBIX Mozenel, BERT reHepupyer KOHTEKCTO3aBHCUMBIE MPEACTABICHUS,
YTO MO3BOJISIET YUYUTHIBATh KOHTEKCT M T'€HEPUPOBATh YHHKAIbHBIE BEKTOPHI JJIi OMOHHUMOB B
3aBUCHUMOCTH OT KOHTEKCTA.
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ApxutekTypa TpaHchopmepa, MPeICTaBICHHOI0 Ha PUCYHKAX, COCTOUT U3 KOAWPOBIIMKA
(encoder) u aexoauposmuka (decoder), Kaxaplii U3 KOTOPBIX BKJIIOYACT CIIOM C MEXaHHU3MOM
BHyTpeHHero BuuManus 1 HC npsimoro pacnpocrpanenus (Feed-Forward NN).
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Pucynok 2 — O01mas cxema apXuTeKTypbl TpaHchopMepa

KoaupoBumk mnpeodpa3yeT BXOAHBIC CIIOBA B BEKTOPHI (IMOCIIMHIN) B CEMaHTHUYCCKOM
MPOCTPAHCTBE, a JCKOMUPOBIIMK TE€HEPUPYET IOCICIOBATSIBHOCTh BBIXOJHBIX CJIOB JIJISI
BBIIMOJIHEHUS! KOHKPETHBIX 33/1a4, TAaKUX KaK KIacCU(PHUKAIHS, TIOUCK WK MepeBO. MexaHH3MbI
BHUMAaHUS BBIJCSIIOT KIIFOYEBBIC CIOBa B TEKCTe, (HOPMHPYS COJCpIKATEIbHOE PEICTaBICHUE
TEKCTa U ONITUMHU3HPYS 00pabOTKYy.
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Pucynok 3 — CxeMa apxXuTeKTypsl TpaHchopmepa: a) KOTUPYIOUIU CIIOi;
0) IEKOIUPYIOIIHUNA CITOH

Mertoast BekTopmsaruu, Takue kak TF-IDF, Word2Vec um Doc2Vec, otHocsTCS K
CTaTUCTUYECKUM. OJTH METOJbl YacTO HUCHOJIb3yIOTCA B 3amadyax NLP, ogHako oHUM HMEIOT
onpeAeNEHHbIE HEJOCTATKU:
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— HE€ YYWUTBHIBAIOT MHOTO3HAYHOCTh M KOHTEKCT HCIIOJIb30BAHUS CIIOB, YTO MPUBOIUT K
CO3/IaHHI0 OJITHOTO YCPEIHEHHOTO BEKTOpa /s OMOHHMMOB U MOXET HMCKaXKaTb Pe3yJbTaThbl
aHalu3a;

— HemocTaTo4HO 3(h()EKTUBHBI TPH 00PabOTKE PEAKUX WIIH HOBBIX CIIOB.

KonrtekcryanusupoBannele monenu, Takue kak GPT um BERT, uzb6aBnensl oT 3THX
HEJ0CTAaTKOB: OHM BBIYUCISIOT BEKTOPHOE INPEACTABICHUE CJIOBA C Y4ETOM €ro KoHTekcra. B
uccneaoBanuu [12] mnpoBoAWSICS CPaBHUTENBHBIM  aHadM3 BEKTOPU3aLUU TEKCTOB C
HCIOJIb30BAHNEM CTAaTUCTUYECKUX MOJIETeH U OJTHOM U3 TpaHCHOPMEPHBIX MOJIEJIeH Il aHanu3a
JIMAJIOTOBBIX 4aT-00TOB. Pe3ynbTaThl nmokaszanu BeICOKYIO 3(dekTuBHOCTD Kak komOunarmu TF-
IDF + Word2Vec, Tak u TpancopMepHBIX MOJIEIICH.

ANTOPUTMBI KJIACTEPU3AIMH MIMPOKO MPUMEHSIOTCS ISl aHAJINM3a TEKCTOBBIX OMHCAHUHN M
OTIpe/ieNICHUs] CXOJICTBA MKy AoKyMeHTamMHu. OCHOBHas X 3a/1aya 3aK/II0YaeTCsl B BBISIBICHUU
CKPBITOM CTPYKTYpBI TEKCTOBBIX KOPITYCOB Ha OCHOBE IIPU3HAKOB, IO3BOJIAIOIINX I'PYNIIUPOBATh
TEKCTOBBIE JIaHHbIE MO cMbIcTy. LleHTpalibHOe MECTO B peIllleHUH 3TOH 3aJaun 3aHUMAaeT OlLIeHKa
CEMaHTUYECKOM OJIM30CTH MEXy BEKTOPHBIMU MPEACTABICHUSIMU TEKCTOB, BU3yaJIU3UPYEMbIMU
KaK TOYKH B MPOCTPAHCTBE MPU3HAKOB. JlJIi 3TOTO HCMONB3YIOTCS METPUKH CEMaHTHYECKON
omu3octy, Wi MeTpuku pacctosHuid [13]. CyTh ATHX METPUK 3aKITFOYACTCS B BBIYMCICHUU
paccTosiHus MeXAy TO4YKaMu (BEKTOpaMH) B MHOTOMEPHOM IHIPOCTPaHCTBE, MpuyéMm Oosee
ONMM3KKEe TOUYKH 0003HAYAIOT 00JIee CXOKHE TEKCTOBBIC OTMCAHMS.

Knactepuzanus mpencrasisier co0oil KIIOUEBOM 3Tall aHalW3a TEKCTOBOW WMHGOpMAINH,
KOTJla TEKCTOBBIE BEKTOPHI, IOJNyYCHHBIE MOCJIE NpeABAPUTEIHLHONW 00pabOTKH, AEISITCA Ha
TpyMIbl IO 001UM Npu3Hakam [14].

Cy1iecTByeT HECKOJIBKO MOJX0/0B K pealn3aliy aIropuTMOB KJIacTepU3aLIUU:

1. Uepapxuyeckas KiacTepu3anus. DTH aITOPUTMBI CO3/Ial0T ACHIPOTPAMMY BIIOKEHHBIX
KJIaCTEPOB, TJ€ KAXKbI HOBBIH KJIAacTEp CTPOUTCS U3 CYLIECTBYIOMIMX, 00pa3ys IPEBOBUIHYIO
CTPYKTYypy. Ha KaxmoM 1miare BBIYUCIAETCS PACCTOSHUE MEXAY KJIacTepaMu M OOHOBIISIETCS TS
BHOBB 00pa3oBaHHBIX KiactepoB. Paccrosaue R (U, V) mexay kinactepamu U u V, conepxaniuMu
HECKOJIBKO 3JIEMEHTOB, MOXKET ONPEACIATHCS PA3IUYHBIMU (PYHKIUSIMH, BEIOOP KOTOPBIX 3aBUCUT
OT 3aJIa4H.

2. Ilnockas kiacTepusanusi INpearnojaraeT pasdueHue OOBEKTOB Cpa3y Ha HECKOJBKO
KJIaCTEPOB, K OJHOMY U3 KOTOPBIX OyAeT TMpUHAIIeKATh Kaxabld o0bekT. Camblid
pacnpocTpaHEHHBIN AITOPUTM JaHHOTO THIa — K-means (K-cpemuux). OH ciay4aiiHbIM 00pa3om
OTIpesiesIsieT LEHTPbI KJIACTEPOB U HAXOIUT OJIMKallliue K HUM BEKTOPbI JAHHBIX. 3aTEM LIEHTPHI
KJIaCTEPOB CMEIIAIOTCSA, U TpOLEAypa MOBTOpSeTCs, MOKa KJIAacTepbl HE CTAOMIIM3UPYIOTCH.
Henocratku k-means: 1) konnuecTBo Ki1acTepoB 3a/1a€TCsl BPYUHYIO; 2) alFOPUTM UyBCTBUTEJIECH
K BBIOOpY HauaJdbHBIX IEHTPOB; 3) HE MO3BOJSET DJIEMEHTY MPUHAMNIEKATh K HECKOIbKUM
KJIaCTEpaM.

3. Uérkast kiacTepu3amusi MPEANoyaraeT, 4To KaXIblii OOBEKT MPHHAJJICKUT TOIBKO
OJIHOMY KJIacTepy, TOTJia KaKk Heu€TKas KJlacTepu3alusl JOMyCKaeT MPUHAJIEKHOCTh 00BEKTa K
HECKOJIbKUM KJIaCTepaM ¢ ONpeie€HHON BeposSsTHOCThIO. K HeueTkUM anroputMam OTHOCHUTCS C-
means (c-cpenHux). OQHAaKO 3TOT METOJ HE BCEraa KOPPEKTEH MpHU pa3HOM pazOpoce 3HauYeHUH
10 OCSIM 3JIEMEHTOB B KJIacTepax.

[Ipu knacTepusalud TEKCTOB OJHOM U3 KIIOYEBBIX MpOOJIeM SBISETCS BbICOKAS
pa3MepHOCTh JaHHBIX [15], 4TO yCIOXKHSET MpoLecc MATMHHOTO 00y4yeHHs. UToObI CripaBUThCS
C 3TOH MpoOJIEeMOM, HCMIOIB3YIOTCS METOIbl CHIKEHHUS Pa3MEPHOCTH, ONUCAHHbIE B psie
OTEYECTBEHHBIX U 3apyOeKHBIX HccienoBanuit [16, 17]. IIpouenypa ocHOBbIBaeTCsl Ha BbIOOpe
HanboJsee 3HaUMMbIX TPU3HAKOB, YTO MO3BOJISIET:

— YIY4YLIUTh BU3YAIHU3AIHIO PE3YIbTATOB;

— TIOBBICHTH TOYHOCTH KJIaCCH(DHUKAIINY;

— COKpaTHUTh PECypChl Ha BBIYUCIICHUS;
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— YCKOpHUTBH 00y4YeHHE MOJIeTICH.

CHIKEHUE Pa3MEPHOCTH BEKTOPHOTO MPOCTPAHCTBA SIBISIETCS OMHUM U3 d(D(PEKTUBHBIX
METOJIOB [UIsl KOHOMHHU BBIYHCIUTENBHBIX PECYPCOB IPH COXpPAaHEHHMH HHPOPMATUBHOCTU
pe3ynbrartoB [18].

[TomynsipHbIe aNTOPUTMBI AJISi CHHXKEHUS Pa3MEPHOCTH:

— t-SNE (t-distributed stochastic neighbor embedding) [19] — croxacTuyeckoe BioKeHHE
cocelieil ¢ ucnoib3oBaHueM t-pacnpeneneHus CTbrofieHTa. OTOT MTEPalMOHHBIN Ipolecc
BU3YyaJIM3UpYyeT JIaHHbIE B HHU3KOPAa3MEPHBIX MPOCTPAHCTBaX, coxpaHsis uHpopmanuio 00
OTHOCHUTEIIFHOM DPACIHOJIOKEHUH TOYEK, YTO CIIOCOOCTBYET YIYYIICHHIO MOHMCKa IJI00ATBbHBIX
MUHUMYMOB M BU3yalH3aluy JaHHBIX. HecMOTpst Ha HU3KYIO CKOpOCTh paboThl, t-SNE xoporio
coxpaHseT 0a30BYIO CTPYKTYpY JaHHBIX.

— UMAP (Uniform Approximation and Projection) [20] — Bbicok0o3((deKTHBHBINH METOA
JUIL CHWKCHHMS Pa3MEPHOCTH, KOTOPBIA CTPOUT B3BEIIECHHBIN rpad, coenuHss Ommxalimmx
coceneid (00beKThI) peOpamu. ['pad B HU3KOpAa3MEPHOM MPOCTPAHCTBE ONTHMH3UPYETCS TaK,
9TOOBI MPHUONM3HUTECS K HCXOTHOMY Tpady MyTeM MHHMMHU3Auu auBepreHinn KympOaka-
Jleitbnepa. UMAP otnuvaercsi BHICOKOW CKOPOCTBIO U OTCYTCTBUEM OTPaHUUYEHUI HA HCXOIHYIO
Pa3MEepHOCTH MPOCTpaHCTBA, MpeBocxos t-SNE 1o 6s1cTpoielicTBHIO.

— PCA (Principal Component Analysis) [21] — meron aHaiu3a TJIaBHBIX KOMIIOHEHT,
BBITIOJTHSIOLIUI JIMHEHHOE MpeoO0pa3oBaHKue JAaHHBIX B HOBYIO CUCTEMY KOOpPIWHAT, TAE MOXKHO
OnucaTh BapHUallUM JAHHBIX MEHbIIMM uuciaoM uzMepeHuil. PCA xapakrepusyercs BbICOKOM
CKOPOCTBIO BBIUMCIICHHI, OJTHAKO 3TO JOCTUTAeTCs 3a CUET HEKOTOPOW MOTepH UH(POPMAIIHH.

MeTto/1b1, IpUMEHSIEMbIE B TEMATUYECKON Kilaccu(UKAIIMU TEKCTOB:

— LSA (Latent Semantic Analysis) [22] — naTeHTHBIN CEMaHTHUYSCKUI aHAIN3, KOTOPbIH
MO3BOJISIET BBIABIATH CKPBITHIE B3aUMOCBSI3M MEXAY JOKyMEHTaMH U TepMuHamMu. OH
IIpeaIoaraeT, 4ro cjaoBa ¢ OJIM3KUM 3HAYEHHEM 4allleé BCTPEYaroTCsl B CXOXKUX Tekcrax. Jlis
aHallM3a CO3/1aeTCs MaTpHlla, TJe CTPOKHU MPEACTaBISAIOT CIIOBA, a CTOJNOIBI — TEKCTOBBIC
onucanus. [lyrem cunrymnsipaoro paznoxenus (SVD) ymeHbIaeTCsl KOJIMYECTBO CTPOK, COXpaHss
IIPH 5TOM CTPYKTYPHBIE CBSI3U MEXK/Y CTOJIOIAMHU.

— LDA (Latent Dirichlet Allocation) [23] — meTox naTenTHOrO pactpeaenenus upuxie,
TaK)Ke MPUMEHSEMBIN B TeMaTHUeCKOM MojienupoBanuu. B orinnune ot LSA, LDA npenmnomnaraer,
YTO KXl JOKYMEHT MpEeACTaBiIsieT coOOWH BEpOSTHOCTHBIM HAOOp TeM, a KaXJoe CIOBO B
JIOKYMEHTE aCCOLMUPOBAHO C OJHOM U3 ATUX TEM.

Ha ocHoBaHuMM aHanmM3a NPEICTABIECHHBIX HCCIEIOBAaHUI MOYKHO 3aKIIOYUTh, YTO
aKTyaJIbHOCTh aBTOMaTH3allMu OOpabOTKM TEKCTOBBIX JAHHBIX O0YCJIOBJI€HA MOTPEOHOCTHIO B
CHIDKEHUM TPYJOEMKOCTH M MOBBIIEHUH 3PPEKTUBHOCTH paboThl crnenuanuctoB no Ub. Oto
0COOCHHO BaXKHO JJI 3a/1ay aHaiM3a akTyalbHbIX yrpo3 Wb u ysa3BuMocTell mporpaMMHOTO
obecrieyeHns: 00bEKTOB KPUTUUECKOH MH()OPMAIIMOHHON HHDPACTPYKTYPHI.

TexHomorun MHTEIJIEKTyaIbHOTO aHanu3a TekcToB (Text Mining) mpeacTaBisitoT coOoi
Habop METOJOB M aJrOpPUTMOB JUIs aHajau3a M OOpaOOTKM TEKCTOBBIX NaHHBIX. Text Mining
OXBaThIBaeT WIMPOKUH CIEKTp 3a7ady, TaKMX KakK KilaccupukKauus, KilacTepu3anus,
aHHOTHUPOBAHUE, BBIABICHUE CKPBITBIX CBSA3€H M IPOrHO3MPOBAHME HAa OCHOBE TEKCTOBOM
uHpopmanuu. JlaHHBIE TEXHOJOTMHM CTAHOBSTCS OCOOEHHO BOCTPEOOBAaHHBIMU B YCIOBHSX
pacTymux oOObEMOB TEKCTOBBIX [aHHBIX, I/le TpeOyeTcs aBTOMAaTH3alMs aHalu3a Ui
3¢ PEeKTUBHOTO U3BIICUCHUS 3HAHUMA.

Texnonoruu Text Mining OTKpBIBaIOT HOBBIE BO3MOKHOCTHU JJIsI OOpaOOTKH TEKCTOBBIX
JAHHBIX M WU3BJEUEHUS 3HAYMMOW MH(OpPMallMU, YTO IMO3BOJSET aBTOMATU3UPOBATh AHAJIU3 U
3HAYUTEIHHO MOBBICUTH 3()(HEKTUBHOCTH paOOTHI CIIEUAINCTOB B PA3TUYHBIX 00JIACTSX.
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3akiro4eHue.

WNurennektyanbHas obOpaborka TekcTtoB (Text Mining) 3aHMMaeT BaKHOE MECTO B
COBPEMEHHBIX IMMOJIXOAAaX K aHajJu3y TEKCTOBOW HH(pOpMaImu, MpenctaBisis coboit Habop
MHCTPYMEHTOB U METOJIOB, MO3BOJIAIOLINX aBTOMAaTU3UPOBATh MPOLIECCHl U3BJICUEHUS 3HAHUH U3
CIIabOCTPYKTYPUPOBAHHBIX TEKCTOBBIX JAHHBIX.

B ycnoBusix pocra o0beMoB wuHpopmanuu TexHosoruu Text Mining cTaHOBATCS
HE3aMEHUMbIMHU, oOecrieunBasi 3(h(HEeKTUBHBIN aHAIHU3 U CTPYKTYPHUPOBAHNE JAHHBIX B PA3JIMYHBIX
o0acTsX — oT MH(OPMAMOHHON 0€30I1aCHOCTHU U 3/1paBOOXPAHEHU J10 IPaBa U MAPKETHUHTA.

B nanHoOil cTatbe ObUIM paccMOTpEHBI KiIrOUeBble Meroabl Text Mining, HaymHas C
TPAIUIIMOHHBIX CTAaTUCTUYECKHX Mojenei, Takux kak TF-IDF m Word2Vec, u 3akanuuBas
COBpPEMEHHBIMU TpaHChopMepHbIME MoaesiMu, TakuMu kKak BERT u GPT. Kaxpiii u3 Mmeto10B
HMEeT CBOU OCOOEHHOCTH M OrpaHHYEHHsI, KOTOPbIE BaXKHO YUUTHIBaTh IIPU BbIOOpE MOIXOMA K
peLIeHUIO KOHKPETHOU 3a1aun. TpaguiinoHHbIe METOAbI 3 (GEKTUBHBI IPH 00padOTKE OOIBIINX
00bEMOB JaHHBIX C MUHMMAJIbHBIMH TPEOOBAaHUSAMM K BBIYMCIUTEIBHBIM peCypcaM, B TO BpeMs
Kak 0OoJiee COBpEMEHHBIE MOJETH O00ECHEeYrBAIOT BHICOKYIO TOYHOCTH aHAM3a 3a CYET ydyera
KOHTEKCTa, HO TPEOYIOT 3HAYMTEIbHBIX BEIYUCIUTEIbHBIX MOIIIHOCTEH.

[IpeumymiectBa wucmons3oBanus Text Mining odeBHIHBI: aBTOMAaTH3aIMs O00PaOOTKH
TEKCTOB CHMKAeT KOIHUTHBHYIO HAarpy3Ky Ha CIIELMAIMCTOB, MOBBIIIAET TOYHOCTh aHalU3a U
OTKPBIBAET BO3MOKHOCTH JUIs TJIyOOKOT'O TOHUMAHHUSI M IPOTHO3MPOBAHMSI HA OCHOBE TEKCTOBOM
unpopmanuu. Pazsutue texunonoruit Text Mining OyneT cnmocoOCTBOBaTh AajbHEHIIEMY POCTY
3G GEKTUBHOCTH U PACHIMPEHUIO TPUMEHEHHS ITUX METOJIOB B PA3IMYHBIX OTPACTIX.
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MOTIHAEPAI 3USTKEPJIIK OHJAEY 9JICTEPI (TEXT MINING)

Anoamna. Makanaoa mominodi unmeniekmyandvl oHoey aoicmepi (Text Mining)
Kapacmuipbliaobl, 01ap aaCi3 KYPbLILIMOAIEAH MIMIHOIK Oepekmepoi KYPblIbIMOAIEAH JHCIHE
OHAll MALOAHAMBIH AKNAPAMKA AUHANObIPY2A MYMKIHOIK 6epedi. Llugpavix 0ayipoe depexmep
koneminiy ocyimen Text Mining apmypai cananapoa mamindepdi manday yuin manmoipmac
Kypanea annanyoa. byn mexunonocusnap aknapammolx Kayincizoik canacblHoa Ke KOoJLOAHbiCKa
ue, MYHOa MamiHOepOi manoay Kayinmep MeH ayblmKyiapobl aHbIKMAYed Kemekmeceoi,
O0eHCAYIbIK CAKMAy CAalacblHOa — MeOUYUHANBIK Hca30anapovl eHOey JicaHe OUACHOCMUKAILIK
aknapammol any yuwiH, MapKkemuneme — mymoiHyubliapobly KAIAyIapblH maiody Yuwin, COHOat-
aK KYKbIKMbulK Maxcipubede — Kyarcammapobl manoayovl a8moMammanoblpy apKblivl 0210iKmi
apmmuipyaa Hcane YaKblm ubl2blIHOAPbIH A3aumyea MyMKIHOIK bepeoi.

Maxkanaoa oacmypni cmamucmukanvlx adicmep, mwicanvt, TF-IDF, Word2Vec, Latent
Dirichlet Allocation (LDA), cowroaii-ax mpancghopmep apxumexmypacolna nezizoenzen mepey
oxbimy mooenvoepin, movicarvt, BERT, GPT owcone onapoviy myvinoviiapvin Koca anzanoa,
3amanayu macinoep ezdxceli-mezdicelli  Kapacmulpuliaovl. Kasipei adicmep mamindepoen
HCACHIPLIH  MABLIHANAPObL ALY, CEMAHMUKAHbL MAL0Ay MHCIHe KOHMEKCmMmI ecenke anyod
avumapaeikmail  dgcemicmikmepee gcemyoe, OY1 o0napovl Kypoeai MiHOemmepOi uieuryoe
manmulpmac Kypai emeoi.

Op mypai 20icmepoiy MUiMOINI2iH CANLICMBIPY2A HCIHE OAAPObIY ABMOMAMMAHObIPY
MIHOemmepinoe2i KONOAHbLIYblHA epeKute Hazap ayoapwliean. Text Mining mexuonozusiapoin
YAKen Oepekmep KOleMiH manoay, 3aHObLIIKMAapObl AHbIKMAY JHCoHe OLliM ary npoyecmepit
asmMoMammanobipy Yulin uHmezpayusiiay MyMKiHOIKmepi cunammanean. 3epmmey Hamudicenepi
0Cbl MEXHON02UANAPObL MAMAHOAPOLIH HCYMbIC MUIMOLNICIH apmmblpy, aknapammsi manioay
npoyecmepin  JcblIOaAMOamy  JHcoHe Helizel  cananapoagel  MiHoemmepOi  weuly  YuliH
nanoanamyovly e3exminicin Kepcemeoi, 0¥ UHMeLLIeKmyaniovl oepekmepoi eHOey dcylienepiu
eHei3Y0iH Hcana nepCnekmualapbli auaobi.

Tyiiin co3dep: Text Mining, mominoi unmeniexmyanovl 6H0ey, MAUUHATIbIK OKbIMY, maduau
minoi enoey, TF-IDF, Word2Vec, BERT, GPT, mominoi manoayowvl agmomammarowvip).

METHODS OF INTELLIGENT TEXT PROCESSING (TEXT MINING)

Abstract. The article discusses methods of intelligent text processing (Text Mining), which
allow to transform poorly structured text data into structured and easily analysed information.
With the growth of data volumes in the digital age, Text Mining is becoming an indispensable tool
for analysing texts in various fields. These technologies find wide application in information
security where text analysis helps to identify threats and anomalies, in healthcare to process
medical records and extract diagnostic information, in marketing to analyse consumer
preferences, and in legal practice where automation of document analysis improves accuracy and
reduces time costs.

The paper details both traditional statistical methods such as TF-IDF, Word2Vec, Latent
Dirichlet Allocation (LDA) and state-of-the-art approaches including deep learning models based
on transformer architecture such as BERT, GPT and their derivatives. The state-of-the-art
methods show significant advances in context-awareness, semantics analysis, and extraction of
hidden meanings from texts, which makes them indispensable for solving complex problems.

Particular attention is paid to comparing the effectiveness of different methods and their
applicability in automation tasks. The possibilities of Text Mining integration for analysing large
amounts of data, identifying patterns and automating knowledge extraction processes are
described. The presented research results emphasise the relevance of using these technologies to
improve the efficiency of specialists’ work, accelerate the processes of information analysis and
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problem solving in key industries, which opens new perspectives for the implementation of
intelligent data processing systems.

Keywords: Text Mining, intelligent text processing, machine learning, natural language
processing, TF-IDF, Word2Vec, BERT, GPT, text analysis automation.
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A REVIEW OF MACHINE LEARNING AND OLFACTORY TECHNOLOGIES FOR
RAPID VEGETABLE DISEASE DETECTION

Abstract. Plant disease detection is crucial to modern-day agriculture because timely
diagnosis can reduce the loss of crops to an appreciable level and improve productivity. This
review presents advanced disease detection systems based on machine learning techniques and
multimodal data analysis. A comprehensive comparison of different machine learning algorithms,
including convolutional neural networks (CNNs), transfer learning models, and object detection
methods like YOLO, has been done. This study demonstrates that combining visual data with the
analysis of volatile organic compounds (VOC) enhances the accuracy and reliability of the
diagnosis. This provides opportunities for the actual development of satellite and cheap systems
for monitoring operable in the field. Theoretically, this work contributes to developing strategies
for integrating heterogeneous data and optimizing deep neural network models to make them
lightweight and effective. The review emphasizes developing scalable and adaptive technologies
for plant disease detection within precision agriculture.

Keywords: plant disease detection, machine learning, convolutional neural networks,
MobileNet, multimodal data, real-time detection, agricultural technology, VOC sensors.

Introduction.

The rapid detection of plant diseases, particularly in vegetables, plays a crucial role in
ensuring both food security and agricultural sustainability. Traditional diagnostic methods, such
as visual inspection, microscopy, and biochemical analysis, are widely used but have significant
drawbacks. These methods tend to be slow, labor-intensive, and susceptible to human error,
especially when differentiating between diseases with similar symptoms or when infections are in
their latent stages. Moreover, these approaches often result in delayed interventions, which can
exacerbate the spread of diseases and lead to substantial crop losses. With the increasing demand
for quicker and more reliable plant disease detection, advances in computer science, particularly
machine learning (ML) and computer vision (CV), have emerged as transformative solutions.

Recent research has pointed out that deep learning techniques, such as CNN, can effectively
automate the process of plant disease detection through plant leaves images. This method has
identified diseases using their symptoms, which were visible; hence, these techniques became
effective and less time-consuming than the traditional methods. The process usually starts by
acquiring high-resolution images of both healthy and infected plants, mostly using Internet of
Things-enabled sensors deployed in agricultural fields. High-quality images are quite essential for
the perfection of disease detection; hence, different pre-processing steps like noise reduction,
distortion correction, and color space conversion are performed to optimize the images for further
analysis [1]. These systems save a lot of money, reduce laborious work, and offer quicker and
more accurate results, hence improving the overall management of crop health by automating
disease diagnosis [2]. For example, deep learning in plant disease detection is feasible with an
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incredible accuracy of 99.35% [3]. Another interesting aspect reviewed was the integration of 10T-
based sensors and imaging technologies for real-time data collection in the field and monitoring
of diseases [4].

Purpose and objectives:

The study aims to analyze and compare existing machine learning and olfactory technologies
for vegetable disease detection in terms of their strengths, weaknesses, and applications for real-
world agricultural purposes. The main objectives are as follows:

» To assess the feasibility of CNNs and other deep learning techniques for plant disease
recognition.

» To assess the role of VOC sensors in the early detection of diseases and their
combinations with ML models.

» To identify computational challenges and propose optimizations for any application in
real time.

Methodology.

The review provided an overview of studies related to the application of ML models in plant
disease detection, advances in imaging techniques in agriculture, and signal processing
frameworks applied in the analysis of VOCs, important in the identification of stress and disease
symptoms in plants.

Reviews were filtered to prioritize studies highly relevant to computer science, namely those
that introduced algorithmic novelties, brought improvement in computational efficiency, or
demonstrated real-world deployment scenarios. Special emphasis was given to deep learning
models, such as convolutional neural networks (CNNs), which have shown very high accuracy in
plant disease classification using image-based data.

The review further considered how machine learning models are coupled with advanced
signal processing techniques for VOC analysis, which plays a role in the early detection of plant
diseases prior to the appearance of visible symptoms. This approach promises to enhance speed
and reliability in disease diagnosis in agricultural environments. Such diverse methodologies will
be analyzed in the review to identify gaps and further propose areas where computational
innovations may be developed to enable efficiency and scalability in the detection of plant diseases
for improved agricultural practices.

Literature review.

Some common methods applied to image classification tasks in plant pathology include
supervised learning, mainly through the use of Convolutional Neural Networks. The ResNet and
InceptionNet are great at extracting complex visual features from plant images that could signal
disease symptoms in crops. The basic CNN model relies on the convolution operation, which is
for hierarchical feature extraction from the input image, from simple edges and textures to more
complex ones. The deeper the network is, the more abstract features it can capture. ResNet uses
residual connections to enable the network to train deeper architectures by preventing common
issues such as vanishing gradients. InceptionNet has used multiple filter sizes in each layer to take
simultaneous feature scales. Regarding the VOC analysis, Support Vector Machines have been
adapted to classify the VOC patterns emitted from plants under stress due to infection or pest
infestation. The SVMs work to seek a hyperplane in the high-dimensional space that will optimally
separate different data classes. Applied to VOC data, SVMs can identify if a plant is healthy or
diseased based on their chemical signatures, thus providing added diagnostic power to the
techniques already applied [5].

Advanced models in deep learning, such as Transformers and Graph Neural Networks, have
just started showing promise for the fusion of multimodal data, where both images and VOC
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signals are integrated toward better comprehension of plant health. Transformers, originally
developed for natural language processing, make use of attention mechanisms in focusing on
important features in sequences of data, such as time-series VOC signals. This makes them suitable
for combining sequential data with other types of features, such as visual data. On the other hand,
GNNs are appropriate for tasks where data points are interrelated, especially because they can
model this relationship through nodes and edges in a graph. For example, GNNs can be used to
capture dependencies between different plant features, such as the spatial distribution of disease
symptoms, or the correlation between different VOC signals emitted over time. According to
Domingues et al. (2022), these architectures can process sequential or graph-based data, which is
crucial when combining time-series data (such as VOC emissions) with image-based features [6].
Mohanty et al. (2016) noted, these models have performed well, especially in early disease
detection across different crops, with some studies reporting accuracy above 92% [3].

Computer vision techniques have enlightened plant disease detection, offering sophisticated
methodologies for identifying and segmenting diseased regions in plant images. One of the major
roadblocks in this area is lack of labeled data, and that has consequences on how efficient the
machine learning models can really get. Data augmentation techniques like rotation, scaling, and
image synthesis through Generative Adversarial Networks are proved to be effective in battling
this ill. Lightweight models such as MobileNet can be optimized for such environments where a
trade-off between computing efficiency and detection is paramount. In fact, recent examples have
demonstrated the successful deployment of deep learning models on such edge devices for real-
time disease detection and low latency [7]. In fact, DeepLab and U-Net show promising
performances in segmenting damaged tissue of diseased leaves from the healthy ones of the plants.
These models are of utmost importance in precision agriculture as they provide very much detailed
and accurate disease mapping. Research has indicated that the performance of detection accuracy
in various plant diseases could be boosted by combining CNNs with semantic segmentation.
According to Alomar et al. (2023), the use of a U-net facilitates further segmenting the diseased
portion from the healthy part of the infected plant, allowing integrated management practices, thus
reducing pesticide application for targeted treatment [8].

In particular, the electronic nostrils or olfactory technologies depend greatly on signal
processing and machine learning methodologies that enhance recognition and classification of
specific odors like VOCs associated with diseases. These systems rely on efficient content
extraction, enabling accurate counting of willing odors. Usually, e-noses noise preprocessing
involves methods like Fast Fourier Transform (FFT) and wavelet decomposition, which improve
the quality of signals by filtering out irrelevant noise and focusing on the relevant features that
represent the odors. It makes a time-domain sensor response into a frequency domain and can thus
be used to identify periodic patterns of some odors. On the other hand, wavelet decomposition
disentangles signal components with the ability to capture both frequency and time aspects, and
thus is excellent for describing the complicated signal behavior commonly found in VOC detection

[9].

Another critical stage is dimensionality reduction in the processing pipeline. Principal
Component Analysis (PCA) is typically used for reducing the complexity of the VOC data,
transforming it into a lower-dimensional subspace for a better explanation of the most relevant
features of the data. This simplification improves the performances of different classification
models by reducing their overfitting and computational burden. t-SNE (t-distributed Stochastic
Neighbor Embedding) is another helpful method that allows visualizing high-dimensional data in
two or three dimensions to understand how different VOCs cluster together [10].

Currently, the methods used for detecting diseases based on VOCs face several challenges.
The primary challenge is the sensitivity of these methods to environmental factors since the
emission of VOCs can vary due to humidity, temperature, and plant physiology, resulting in
inconsistent detection values. Next is the data complexity, which requires good preprocessing
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methods like the Fast Fourier Transform (FFT) and wavelet decomposition to treat noises and
bring out meaningful patterns. Limited classification accuracy is another Killer, since VOC sensors
do great with early detection but lack specificity as compared with image-based methods in the
classification of diseases. Moreover, the factors regarding price and maintenance are sort of a
financial constraint, since the VOC sensors require periodic calibration and upkeep that easily
outprice them for applications in widespread agriculture. Yet another limit in the applicability of
VVOC sensors is that most of the models are trained for very specific plant species, which makes it
difficult to generalize results across different crops and environmental conditions.

In addressing such limitations several solutions can be implemented: From calibration,
which can enhance and standardize VOC detection protocols, thereby minimizing any
environmental vagaries affecting sensor readings. Multimodal fusion of VOC data with image-
based analyses has the potential to enhance classification through a coupling of both data sources.
Optimizing signal processing for VOC-based models using dimensionality reduction techniques,
including Principal Component Analysis PCA) and t-SNE, can improve their performance by
extracting more relevant features. The development of low-cost VOC sensors is crucial for
broadening the reach of this technology to farmers by relieving them of the burden of using an
expensive high-end sensor. Transfer learning for cross-crop model training will also improve the
generalizability of VOC sensor models by allowing models trained on one plant species to more
readily adapt to varied agricultural environments.

The assimilation of advanced signal processing with machine learning technologies is the
hallmark that will put e-noses at a whole new level in the prompt, non-invasive, and real-time
monitoring of various diseases and gases-impressive achievements in the diagnostic technology
field.

Table 1 — Comparative analysis of machine learning methods for plant disease detection

Study Machine Object of Effective Limitations Referen

Learning research ness (%) ce
Method

Review of the State | DBN Plant leaves | 96-97.5 | e Small datasets and limited [11]

of the Art of Deep (unsupervised image diversity hinder model

Learning for Plant DL model) effectiveness.

Dlseasgs: A Broad e Early symptoms and

Analysis and irregular lesion shapes

discussion (2020) complicate detection.

e Environmental factors
affect accuracy.

e Automated labeling and
hyperspectral imaging are
underdeveloped.

e Similar diseases require
specialized datasets and robust

validation.
Real-time plant DCDM Plant leaf 98.78 e Model accuracy may be [12]
health assessment disease affected by inconsistent real-
via implementing world backgrounds.
cloud-based e Limited to specific plant
scalable transfer species (25 classes).
learning on AWS e Future scalability may
DeepLens (2020) require more species and multi-

spectral testing.

Tomato diseases YOLOv3 Tomato 92.39 e May require fine-tuning for [13]
and pest’s detection diseases and other types of crops or pests.
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based on improved insect pest’s e Performance may vary

Yolo V3 detection with non-standard resolutions

Convolutional or highly complex

neural network environments.

(2020) e Sensitive to very small
object sizes, though
improvements are made in this
area.

Classification of MobileNetv2 Classificatio 95.7 e Specific to citrus, may not [14]

citrus plant diseases | and n of citrus apply to other crops.

using deep transfer DenseNet201 plant e Relies on MobileNetv2 and

Learning (2021) (transfer diseases DenseNet201, which may not

learning + generalize well.
feature fusion) e Feature fusion increases
processing time.

Cucumber disease Traditional ML | Cucumber 93.23 e Limited data available for [15]

recognition using (Random disease model training, affecting

machine learning Forest) & detection performance and recognition
and transfer learning | Transfer accuracy.

(2021) Learning e High dependency on

(MobileNetV2) specific hardware, which may
not be universally accessible.
e Computationally expensive
methods, requiring significant
processing power.
e High costs associated with
implementing advanced
techniques, such as deep
learning and hyperspectral
imaging.
e Narrow scope, as most
studies focus on a limited
number of diseases in cucumber
crops.

Image-based Onion | Deep Onion crop 85.47 e The small dataset may [16]

Disease (Purple Convolutional disease reduce the model's ability to

Blotch) Detection Neural classificatio generalize and affect

using Deep Networks n (Alternaria robustness.

Convolutional (CNN) porri) e Performance varies, with

Neural Network better results observed when

(2021) using a batch size of 16.

e The training process is
resource-intensive and requires
significant computational
power.

e Without a sufficiently large
dataset, overfitting is a concern.
¢ Image preprocessing and
augmentation play a crucial role
in determining accuracy.

Deep learning-based | Deep CNN Plant leaves 99-99.2 | e Relies on a benchmark [3]

segmentation and diseases and dataset.

classification of leaf pests e Needs more validation in

images for detection diverse environments.

gfszoar::t(% gg;t . Requ_ ires significant
computational resources.
e Real-time application not
fully evaluated.
e  User experience needs
further assessment.
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An improved YOLOV5s Tomato 93.1 e Long training time due to [17]
YOLOv5-based (object detection | virus disease inadequate optimization.
vegetable disease | model) e Needs reduction in model
detection method size and complexity.
(2022) e Further development
needed for mobile device
deployment.
e Dataset may lack real-
world diversity.
Detection and CNN Tomato 88.17 e Limited to tomato crops. [18]
classification of plant e Testing accuracy could be
tomato crop disease diseases improved.
ﬁZLnrglcr?:t\\;\?c!lrjlilonal e Needs adjustments for real-
(2022) world conditions.
Tomato fruit disease | CNN with SDD | Tomato 98.8 e Limited to controlled [19]
detection based on Disease environments, making real-
improved single Detection world application challenging.
shot detection e Small datasets restrict the
algorithm (2023) model’s ability to generalize to
new data.
e Pre-trained models may not
be optimized for specific
datasets, affecting accuracy.
e Additional processing may
be needed to improve accuracy,
adding complexity.
A Framework for Enhanced Detection of [ 99.5(Go | e High-quality image data is [20]
Agriculture Plant GoogleNet, tomato fruit | ogleNet | necessary for accurate
Disease Prediction MobileNetV2, diseases with detection.
using Deep SGD, Adam Adam) [ ¢ The method may not
Learning Classifier | Optimizer generalize well to all types of
(2023) plants.
e Performance can decrease
when using certain optimizers
like RMSProp and Adamax.
Brinjal leaf diseases | Deep CNN Leaf disease 93.30 e Data imbalance could [21]
detection based on detection in (with affect the performance of the
discrete Shearlet brinjal fusion) | model, especially with unequal
transform and Deep class representation.
Convolutional e The results of the study
Neural Network were not compared or
(2023) benchmarked against previous
research in the field.
e Image size variation across
classes could potentially
introduce inconsistencies in the
model's performance.
Sustainable smart MobileNet Tomato 84.49 | e Requires large, diverse [22]
system for (convolutional disease datasets for accurate model
vegetables plant neural network) performance.
disease detection: _ e Struggles with generalizing
Four vegetable case | MobileNet Cucumber 97.65 | across different environments
studies (2024) (COnVOIUtiOnaI disease or new diseases.
neural e High com putational power
network) needed, limiting real-time
application on low-resource
CNN Lettuce 100 devices.
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disease e Challenges in detecting
early or subtle disease
symptoms effectively.

Machine vision K-means Brinjals 95.9 e Small dataset, which may [23]

algorithm for clustering disease limit generalizability.

detection and e High computational cost

maturity prediction and complexity.

of Brinjal (2024) e Challenges in accurately
labeling brinjals due to
environmental factors.
¢ Inconsistent lighting and
device variability affecting
detection.

e Difficulty in detecting
partially occluded brinjals.

Apple varieties Deep features, Apple 99.77 e Small dataset of only 10 [24]

classification using | PCA and ML disease apple varieties.

deep features and e Misclassification due to

machine learning class variability.

(2024) o Real-world applicability
requires more varied lighting
and image acquisition setups.
¢ Ripening stage affects
classification accuracy.

Vegetable disease YOLOV8n- Vegetable 82 e Model tested on a self-built [25]

detection using an vegetable model | disease dataset, limiting generalization

improved YOLOV8 to other environments.
algorithm in the e Focus on greenhouse
greenhouse plant settings may not fully account
environment (2024) for outdoor variations.
e Need for streamlining the
model for embedded hardware
platforms.
e Further development
needed for real-time video
capture and disease alerts.

Enhanced PointRend Green gram 68.5 e Custom dataset used, [26]

rendering-based pod disease limiting generalization to other

approach for datasets.

improved quality of e Challenges in field

instance environments due to similarity

segmentation in between pods and background
detecting green (leaves).

gram (Vigna e Need for more diverse

Rediata) pods dataset (including diseased

(2024) pods) to improve robustness.

ViT-SmartAgri: Vision Tomato 95.7 e Accuracy depends on [27]

Vision Transformer | transformer diseases dataset and setup.

and Smartphone- (ViT) e VIiT has slightly lower

Based Plant Disease accuracy than some other

Detection for Smart models.

Agriculture (2024) e Model complexity may
affect deployment in low-
resource settings.

e Performance evaluation
should consider more than just
accuracy.
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Efficiency of machine learning models for plant disease detection

DBN -

DCDM -+

YOLOV3 4

MobileNetv2 + DenseNet201
Random Forest + MobileNetV2 4
CNN 1

Deep CNN

YOLOV5s

Model

CNN + SDD -

GoogleNet + MobileNetV2 -
MobileNet 4

Kmeans

Deep Features + ML
YOLOVSN

PointRend

VIT 4

T T T T T T T
60 65 70 75 80 85 90 95 100
Efficiency (%)

Figure 1 — Efficiency comparison of machine learning models for plant disease detection
according to the table

Results and Discussion.

The review of research papers is shown in Table 1 and Figure 1, which have been addressed
to bring out trends and gaps in machine learning (ML) and olfactory technologies that can be
harnessed for vegetable disease detection while emphasizing some factors such as type of
technology, dataset limitations, resource efficiency, and multimodal data integration. They
include:

Type of technology employed. Often integrated with VOC detectors into CNNs for plant
disease detection from images, in which CNNs showed up high accuracies’ prediction capability.
The drawback is, VOC sensors developed only for early detection and not for classification
accuracy. But, may be integrated for effective detection especially in early detection cases.

Dataset characteristics. Most published literature employ relatively small, narrow datasets,
i.e. studies intended for few plant species or limited incidence-type plant diseases, which affect
the generalization of results. A massive, diverse dataset has definite improvement in screens
applicability and accuracy of diagnosis technology, yet it is very expensive or complex to establish.

Computational efficiency. There is high accuracy from deep learning, most especially CNN;
however, it needs high computational resources which would ultimately prevent being run in real-
time applications. Lightweight such as MobileNet and EfficientNet would maintain that equation
with good accuracy but less resources. Model pruning and quantization are also termed
optimization methods as applied to CNN for real-time use.

Multimodal data integration. Recognition capability is usually enhanced through the use of
image data and combined VOC signals; however, very few studies have explored successful fusion
of both data types within one model. Such further enriching would likely enhance disease detection
systems by using much increased strength from the integration of vision and chemical data.

Proposed Solutions:

Augmented Datasets. Examples include data augmentation and synthetic data generation
using GANSs for increasing dataset diversity, such as rare diseases or under-represented plant
species.

Lightweight and Optimized Models. With efficient CNN architectures like MobileNet or
EfficientNet, coupled with pruning and quantization, it becomes possible to obtain real-time
detection without compromising accuracy.

Cross-Modal Fusion. Building very complex architectures that can take in both image and
VOC data together might improve detection performance by combining the strengths of both data

types.
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Transfer Learning. This approach is where models that have been trained on huge, diverse
datasets can be transferred to specific crops for better generalization.

Conclusion.

The integration of computer vision techniques and multimodal data analysis offers a viable
solution to the challenges currently faced in vegetable disease detection. By optimizing
computational efficiency, improving data diversity, and integrating sensor technologies more
effectively, it is possible to develop a robust, real-time disease detection system. While the use of
olfactory signals in conjunction with image data is still in its infancy, the potential for these
combined systems to transform plant disease diagnostics is significant, offering a path forward for
more accurate, scalable, and cost-effective solutions in agriculture.

Conflict of interest. The author(s) declare that there is no conflict of interest.
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KOKOHIC AYPYJIAPBIH KbIJITAM AHBIKTAYT'A APHAJIFAH
MAIINHAJIBIK OKBITY K9HE HUIC CE3Y TEXHOJIOT' USAJIAPBIHA IOJIY

AHoamna. OcimOik aypyiapvii aHbIKMAY KA3ipel aybll WApyaubliblebl YuliH ome MAaHbi30ul,
OUMKEHI YaAKMblLIbL OUACHO3 KOK €2iH WbISbIHbIH  AUMAPAbIKMAll  a3aumaovl JicoHe OHIMOIIKMI
apmmulpaovl. Byn wony Mawunanslx okblimy aoicmepine dcane MyibmumMooaibobl 0epekmepoi manoayea
Heziz0enzeH 03blK aypyaapobl aHbIKMAy Jicyuenepin YculHaovl. Mawunanvly oxbImyowvly apmypai
anzopummoepin, couviy winoe koneomoyusnvlx Heuponowix siceninepdi (CNN), mpancpepnix oxvimy
mooenvoepin scone YOLO cuskmbr 0OwvexminepOi amvblkmay 20iCMepiH JHCAH-)CAKMbL  CATLICIbIPY
arcypeizindi. Byn zepmmey uzyanovl depekmepoi yuina opeanukanvik Kocvlivicmapowt (VOC) manoaymen
OIpikmipy OuasHOCMUKauvly 0210iei MeH CeHIMOinieiH apmmulpambiibly Kopcemedi. byn odanada
KONOaHyea 60aamvin CHYMHUKMIK JICOHe ap3aH OAKbLIay JiCyuenepin HaKkmovl 0aMblmyea MyMKIHOIKmep
awaovl. Teopusnvly mypevioan, OYn HCyMbvlc cemepozeHdi Oepekmepdi OIpikmipy cmpamezusiapolt
azipaeyee JHeaHe OAapOblL HCEHIIOEM) HeaHe MUIMOIPEK emy VLiH mepeH HeUPOHObIK Jcelilepee Heai30eleeH
MOoOenvbdepdi oymatiianovipyza viknain emeodi. [llonyoa dan ecinwinikme ociMOiK aypyiapvli AHbIKMAYEa
ApHAN2aH MACWMAOMAaiamvll JiCoHe OelliMOeNemin MeXHON0UANapobl d3ipieyee baca HaA3ap
ayoapuliaowl.

Tyitin co3dep: ocimoixmep aypyiapvii aHbIKMAy, MAUUHATBIK OKbINY, KOHBOTIOYUSLIBIK HeUPOHObIK
arceninep, MobileNet, myremumooanvovr depexmep, Hakmol yaKpimmagol aHbIKMAY, AyblLl WAPYAULLLIbLZbL
mexnonoeusnapel, VOC damyuxmepi.

Ob30P MAIIMHHOI'O ObYYEHUA U OBOHSITEJIbHBIX TE}(HOJIOFI/Iﬁ
JUJISA BBICTPOI'O BBISAIBJIEHUSA BOJIE3BHEU OBOLIEU

Annomauusn. Obnapyscenue 6one3Hell pacmeHull umeem peuiaroujee 3HaveHue 0Jisl COBPEMEHHO20
CeNbCKO20 XO3AUCMBA, NOCKOAbKY CB0E8PEMEHHAs OUACHOCIUKA MOJICEM 3HAYUMENbHO CHU3UMb NOmMepU
ypodcas U NOBbICUMb NPOU3BOOUMENbHOCHb. B smom 0630pe npedcmasnensvt nepedogvie cucmembvl
obHapysicenus bonesHell, OCHOBAHHbIE HA MeMOOax MAWUHHOZ0 00YYEeHUsI U MYTbMUMOOANbHO20 AHAIU3A
Odannbix. bulio nposedeHo 8cecmopoHHee CPABHEHUE PA3IUUHBIX AN20OPUMMO8 MAWUHHO2O O00YYeHUs,
exaouas ceepmounvie Hetiponnvie cemu (CNN), modemu mparncghepnoco o0Oyuenuss u Mmemoovl
obHapydcenuss 06vexkmos, maxue xak YOLO. Omo uccredoganue OemoHCmMpupyem, umo couyemanue
BU3YATILHLIX OAHHBIX C AHANUZOM Jemyqux opearudeckux coeourenuii (JIOC) nosviuiaem mouHocms u
HAOEHCHOCMb OUACHOCMUKU. MO OMKPbIEAem 03MOICHOCIU OIS PEAnbHOU pa3padoOmKu CRYMHUKOBbIX
U Hedopo2ux cucmem MOHUMOPUHEA, KOMOPble MONCHO UCHONb308AMb 6 HOAEBbIX YCIOBUSX.
Teopemuuecku, sma paboma cnocobcmeyem paspabomxe cmpameuii UHMe2payuL pasHoPOOHbIX OAHHBIX
U onmuMu3ayUU Mooerell Ha OCHO8e 2YOOKUX HEUPOHHbIX cemell, Ymodbl coeaiams ux 6oaee iecKUMU u
aghpexmusnvimu. B 0630pe ocoboe sHumanue yoensemcs pa3pabomxe Macumadupyemvix u a0anmueHslx
mexHoao2ull 01151 0OHApyHceHus Ooe3Hell pACmeHUll 8 MOYHOM 3eMaedeulu.

Knrouesvle cnosa: obOnapyosicenue 6OonesHell pacmeHul, MAwuHHOe O0OYYEHUE, CEEPMOUHbLE
Hetiponnvie cemu, MobileNet, myromumooanrvnvie Oanuvle, OnpedeneHue 6 pearbHOM pemenl,
cenvckoxosancmeennvie mexrono2uu, VOC oamuuxu.
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COMPARATIVE ANALYSIS OF COLLABORATIVE, CONTENT-BASED AND
HYBRID DEEP LEARNING RECOMMENDATION MODELS

Abstract. Recommender systems play a crucial role in personalized content delivery by
leveraging user preferences and content attributes. This study evaluates three advanced
recommendation models: Neural Collaborative Filtering (NCF), Graph Neural Network-based
Content Model (GNN-based Content Model), and Hybrid Neural Network (HNN). Each model
integrates deep learning techniques to enhance prediction accuracy and user experience.

The NCF model employs a dual-branch structure consisting of Generalized Matrix
Factorization (GMF) and a Multi-Layer Perceptron (MLP) to model non-linear user-item
interactions. The GNN-based Content Model represents users and items as nodes in a bipartite
graph, utilizing Graph Convolutional Networks (GCN) to propagate relational and content-based
information across connections. Lastly, the Hybrid Neural Network combines collaborative
filtering embeddings with content-based features, aligning content representation within the
learned latent space.

Our evaluation, based on the MovieLens dataset, demonstrates that the Hybrid Neural
Network achieves the highest accuracy (85%), outperforming NCF (80%) and the GNN-based
Content Model (77.5%). The hybrid approach benefits from both collaborative and content-driven
features, leading to improved user-item match quality. The GNN-based Content Model, despite
leveraging structured relationships, struggles with cold-start users due to reliance on content
information.

These findings suggest that hybrid approaches are more effective in capturing diverse
recommendation signals. Future work may focus on integrating transformer-based architectures
and reinforcement learning to further enhance recommendation relevance and adaptability.

Keywords: Recommender systems, Deep learning, Collaborative filtering, Graph neural
networks, Hybrid models, Personalization.

Introduction.

Recommender systems have become an integral part of modern digital platforms, from e-
commerce and online streaming to social media applications. Traditionally, these systems relied
on collaborative filtering and content-based methods to predict user preferences [1]. Despite their
success, conventional approaches often struggle with issues such as data sparsity and the cold-start
problem, which have motivated the exploration of more advanced techniques.

Recent advances in deep learning have provided new avenues for addressing these
challenges. Neural Collaborative Filtering (NCF) models, for instance, have been proposed to
capture complex, non-linear interactions between users and items by combining generalized matrix
factorization with multi-layer perceptrons [2]. This dual-branch architecture leverages both the
strengths of traditional matrix factorization and the expressive power of deep neural networks.

Parallel to these developments, graph-based approaches have gained significant attention.
By constructing a bipartite graph of users and items, Graph Neural Networks (GNNs) enable the
propagation of information across connected nodes, effectively integrating relational data with
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content features [3]. Such models have demonstrated their potential to improve recommendations
by better exploiting the inherent structure of user—item interactions.

Another promising direction is the hybrid neural network approach, which fuses
collaborative signals with rich content information. By integrating user and item embeddings
(learned from historical interactions) with content features extracted from textual or categorical
data, hybrid models can mitigate the limitations of pure collaborative filtering or content-based
methods alone [4]. This fusion often results in a more robust representation of user preferences
and item characteristics, ultimately enhancing recommendation accuracy.

In this study, we compare three deep learning architectures for recommender systems: a
Neural Collaborative Filtering model, a GNN-based content model, and a Hybrid Neural Network.
Our goal is to analyze how each approach performs under similar experimental settings and to
identify which methodology offers the best balance between complexity and predictive accuracy.

Materials and Methods.

Data Collection

The dataset used in this study is the MovieLens dataset, a widely recognized benchmark for
evaluating recommendation systems. This dataset was collected and maintained by the GroupLens
Research Lab at the University of Minnesota and is publicly available for academic and research
purposes. The MovieLens dataset is frequently used in recommendation system research due to its
extensive user-item interaction records, diverse range of movies, and well-structured metadata.

For this study, the MovieLens 10M dataset was selected, which contains 10,000,054 user
ratings and 95,580 user-generated tags applied to 10,681 unique movies by 71,567 users. The
dataset provides rich and diverse information about user preferences, making it highly suitable for
training and evaluating collaborative filtering, content-based filtering, and hybrid recommendation
models. The dataset was sourced from the official GroupLens website and downloaded in its raw
format [7].

The MovieLens dataset consists of multiple files, the most relevant of which include:

- Ratings Data (ratings.dat) — Contains explicit user ratings on a scale from 1 to 5, along
with user and movie identifiers.

- Movies Data (movies.dat) — Provides movie metadata, including unique movie
identifiers, titles, and genre classifications.

- Tags Data (tags.dat) — Includes user-generated tags that provide additional context about
movies.

— Algorithm Implementation

This study implements three deep learning architectures for recommender systems using the
MovielLens dataset [11]. Each model is designed to leverage different aspects of user—item
interactions.

Neural Collaborative Filtering (NCF):

The NCF model employs a dual-branch architecture. The GMF branch uses embedding
layers for users and items and computes their element-wise product to capture latent interactions.
In parallel, the MLP branch uses separate embeddings for users and items, concatenates them, and
passes the result through a series of Dense layers (e.g., 64, 32, 16, and 8 neurons with ReLU
activations). The outputs of both branches are concatenated and fed into a final Dense layer with
sigmoid activation to produce the interaction probability [10].

GNN-based Content Model:

This approach constructs a bipartite graph with users and movies as nodes. User nodes are
represented by trainable embeddings, while movie nodes are enriched by combining a trainable
embedding with TF-IDF-based content features (transformed via a Dense layer). One or more
Graph Convolutional layers propagate information through the graph using a normalized
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adjacency matrix (D" (-1/2) AD™ (-1/2)). For each user—-movie pair, the updated node
representations are concatenated and processed by an MLP with sigmoid output [14].

Hybrid Neural Network:

The hybrid model fuses collaborative filtering and content-based approaches. It learns user
and movie embeddings to form a collaborative vector, while movie content features (from TF-IDF
representations) are transformed via a Dense layer. These representations are concatenated and
passed through a deep MLP comprising an initial large Dense layer (e.g., 256 neurons) with Batch
Normalization and Dropout, followed by additional layers (e.g., 128, 64, 32 neurons) to extract
high-level features. The final Dense layer with sigmoid activation outputs the probability of a
positive interaction [15].

Algorithm Workflow
The recommendation system follows a structured workflow (Fig. 1) for efficient data processing,
model execution, and evaluation. Initially, the dataset is loaded, cleaned, and preprocessed by
handling missing values, encoding user and movie identifiers, and transforming movie genres into
TF-IDF vectors. The system then implements three deep learning models. The Neural
Collaborative Filtering model combines matrix factorization with a multi-layer perceptron to
capture complex user—item interactions. Meanwhile, the GNN-based Content Model constructs a
bipartite graph that integrates trainable embeddings with content features extracted via TF-IDF,
updating node representations through graph convolutional layers.

Collaborative
Filtering
Dataset ] Content-
[ Start }—»[Loading and ]1—)[ EnF?:;irr?n }—»[ E""g‘”“tf'”' Based
Cleaning gineering Kecution \ Filtering

Hybrid
Models

Figure 1 - Algorithm Workflow for the Recommendation System

Evaluation Metrics for Recommendation Systems
Mean Absolute Error (MAE) measures the average absolute difference between predicted

and actual ratings, assessing system accuracy. Lower MAE indicates better predictions:

MAE = %Zu,ilpu,i - ru,il (1)
where N is the total number of predictions, p,, ; is the predicted rating, ,, ; is the actual rating [8].
Root Mean Square Error (RMSE) emphasizes larger errors due to its quadratic nature,
ensuring more accurate recommendations with lower values:

1 l 2
RMSE = \/;Zu,i(ru,i -r u,i) (2)

where r,, ;is the actual rating, and r*,; is the predicted rating, N is the total number of predictions

[9].

Precision measures the proportion of relevant items among all the items
recommended by the system. It evaluates the system's ability to recommend only items that are
truly of interest to the user. Precision is computed as follows:

Correctly Recommended Items

Precision = 3

Total Recommended Items
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where the numerator represents the number of relevant items correctly recommended, and the
denominator represents the total number of recommendations made by the system [10].

Recall quantifies the proportion of relevant items that are successfully recommended by the
system. It reflects the system’s ability to retrieve all relevant items and is particularly important in
applications where missing a relevant item could be costly. Recall is computed as follows:

Correctly Recommended Items

Recall = Total Relevant Items (4)
where the numerator represents relevant recommendations retrieved, and the denominator
represents all relevant items available in the dataset [11].

The F1-Score is the harmonic mean of Precision and Recall, balancing the trade-
off between the two metrics. It provides a single measure of a system'’s accuracy in retrieving

relevant recommendations. F1-Score is computed as follows:

Fl=72x Precision*Recall (4)

Precision+Recall

where Precision and Recall are calculated using (3) and (4), respectively [12].

Result.

We used the MovielLens dataset with Python, TensorFlow, and Scikit-learn on Kaggle’s
GPU environment. After preprocessing (handling missing values, encoding IDs, normalizing
ratings), we transformed movie genres into TF-IDF vectors and applied matrix factorization for
latent features.

Models:

- Neural Collaborative Filtering (NCF): Combines GMF (element-wise user—item
embedding multiplication) and MLP (concatenated embeddings passed through Dense layers).

-~ GNN-based Content Model: Builds a bipartite graph of users and movies, where movie
nodes integrate trainable embeddings and TF-IDF features. GCN layers update node
representations for final predictions.

- Hybrid Neural Network: Fuses collaborative embeddings and TF-IDF features in a deep
MLP with batch normalization and dropout.

Evaluation:

Precision, Recall, F1-score, RMSE, AUC-ROC, and Accuracy were measured, showing that the
hybrid model (combining collaborative and content-based features) achieved the best
performance.

The performance of the implemented recommendation models was evaluated using standard
quantitative metrics, including Precision, Recall, F1-score, RMSE, AUC-ROC, and Accuracy.
Table 1 presents the comparative results for the three models.

Table 1 — Performance Comparison of Recommendation Models Based on Evaluation Metrics

Model Precision | Recall F1-score | RMSE AUC- Accuracy
ROC

Neural Hybrid | 0.8512 0.9603 0.9047 0.3352 0.8278 0.8512

Model

Neural 0.7894 0.8892 0.8379 0.3748 0.8101 0.7750

Collaborative

Model
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GNN-based 0.8781 0.9765 0.9228 0.3015 0.8467 0.8012

Content Model

The three recommendation models - Neural Hybrid Model, Neural Collaborative Filtering,
and Content-based with GNN - were evaluated by examining training and validation accuracy
curves over 10 epochs, as illustrated in Figure 2. The Neural Hybrid Model (Fig. 2a) shows a
steady improvement, ultimately stabilizing at about 0.85 in validation accuracy, with minor
oscillations suggesting limited overfitting. The Neural Collaborative Filtering model (Fig. 2b)
starts at a lower baseline but converges near 0.80, experiencing slight fluctuations in the final
epochs. In comparison, the Content-based GNN approach (Fig. 2c) reaches approximately 0.78 in
validation accuracy, indicating that, while it effectively leverages content signals, it underperforms
the other two methods. Overall, the Hybrid model attains the highest accuracy, highlighting the
advantages of integrating both collaborative and content-based features within a single

architecture.
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Figure 2 — Model Training Results a) Neural Collaborative Filtering;
b) Content-based with GNN; c¢) Neural Hybrid

Table 2 presents the performance of three recommendation models—Hybrid Neural
Network, Neural Collaborative Filtering, and GNN-based Content Model—evaluated over 10
training epochs using accuracy and loss metrics.

The Hybrid Neural Network achieved the highest validation accuracy at epoch 10, reaching
0.8549, with a training accuracy of 0.8541. Its relatively low training loss (0.5111) and validation
loss (0.5213) indicate strong generalization, although its reliance on historical interactions may
still pose cold-start challenges.

The Neural Collaborative Filtering model attained a validation accuracy of 0.8101 at epoch
10, with a training accuracy of 0.8046. However, it recorded higher loss values—training loss of
0.6214 and validation loss of 0.6245—suggesting that while effective at capturing user—item
interactions, it might be more sensitive to data sparsity issues.

In contrast, the GNN-based Content Model achieved the lowest validation accuracy of
0.7714, with a corresponding training accuracy of 0.7743. Its higher training (0.6544) and
validation losses (0.6712) indicate that, although it gradually improves over epochs, it may require
further refinement to fully leverage content-based signals.

Table 2 — Model Training Results

Model Epochs

Training
Accuracy

Validation
Accuracy

Training
Loss

Validation
Loss
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GNN-based 1 0.6023 0.5814 0.5017 0.5216
Content Model

10 0.7743 0.7714 0.6544 0.6712
Hybrid Neural 1 0.7185 0.6843 0.3512 0.3734
Network

10 0.8541 0.8549 0.5111 0.5213
Neural 1 0.6412 0.6318 0.4543 0.4763
Collaborative
Filtering

10 0.8046 0.8101 0.6214 0.6245

Discussion.

The experimental results reveal that the Hybrid Neural Network achieved the highest overall
performance, with an accuracy of approximately 0.85, outperforming both the Neural
Collaborative Filtering model (accuracy ~0.80) and the GNN-based Content Model (accuracy
~0.78). This indicates that integrating both collaborative and content-based features yields a more
robust recommendation system.

The Hybrid Neural Network benefits from a deep fusion of latent user—item interactions and
explicit content information. Its deep multilayer perceptron—with batch normalization and
dropout—effectively extracts high-level features and promotes generalization, as evidenced by its
high precision, recall, and F1-score, alongside low RMSE. However, the optimal integration of
heterogeneous data remains challenging. The fusion process requires precise tuning; insufficient
calibration could either underutilize valuable content signals or overemphasize noisy collaborative
data, potentially limiting further performance gains.

The Neural Collaborative Filtering model, while demonstrating solid performance, relies
heavily on historical interaction data. This makes it susceptible to cold-start issues, where new
users or items lack sufficient data, ultimately impeding its ability to generate accurate
recommendations. Future enhancements could involve incorporating external metadata or adaptive
learning strategies to better address these cold-start scenarios.

In contrast, the GNN-based Content Model leverages graph convolutional layers to integrate
TF-IDF-derived content features with user embeddings. Although it captures content relationships
effectively—resulting in competitive precision and recall—it underperforms in overall accuracy.
This may be attributed to limitations in graph construction, such as noise in the TF-IDF features
or suboptimal propagation of information across the bipartite graph. Further refinement of graph
normalization and the incorporation of attention mechanisms could enhance its capacity to learn
robust representations.

Overall, while the Hybrid Neural Network model shows the greatest promise by balancing
both collaborative and content-based signals, each model has its own limitations. Addressing these
challenges—optimizing feature fusion, mitigating cold-start issues, and improving graph-based
learning—will be essential for advancing recommender system performance in diverse, real-world
applications.

Conclusion.

In conclusion, this study has rigorously examined three advanced deep learning models for
recommendation systems using the MovielLens dataset. Our evaluation reveals that the Hybrid
Neural Network, which synergistically fuses collaborative filtering signals with rich content-based

143



A3aMaTTBIK aBUAIUS aKaJIEMUSCHIHBIH XKaPIIBIChI Ne1(36)2025

features, achieves superior performance—with a validation accuracy of approximately 0.85—
compared to the Neural Collaborative Filtering model (=0.80) and the GNN-based Content Model
(=0.78). The Hybrid approach demonstrates robust generalization, as evidenced by the close
alignment of training and validation metrics, underscoring its potential for mitigating issues such
as cold-start and data sparsity.

Despite the promising results, the findings also highlight inherent challenges. The Neural
Collaborative Filtering model, while effective at capturing latent interactions, remains highly
dependent on historical data, and the GNN-based Content Model, though capable of integrating
diverse content information, struggles with computational overhead and eventual performance
plateaus. Future research should explore advanced fusion strategies, such as adaptive attention
mechanisms, and further refine graph-based techniques to optimize feature integration.
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CPABHUTEJbHBIA AHAJIN3 KOJUIABOPATUBHBIX, KOHTEHTHBIX U
T'UMBPUIHBIX PEKOMEHIATEJABHBIX MOJEJIEN I'TYBOKOI'O OBYUEHUA

Annomayun:  PexomenOoamenvHble — cuCmemvbl — USpAIOM  BANCHYIO  pOIb 8
NePCOHANU3UPOBAHHOU Nodaue KOHMEHMA, UCNOIb3Ys NPeOnouYmeHus nov3osamenei U
ampubymuvl Kowmenma. B smom uccredosanuu oyeHusaromcs mpu npoosUHymvle MoOeau
pexomenoayuti: Neural Collaborative Filtering (NCF), Graph Neural Network-based Content
Model (GNN-based Content Model) u Hybrid Neural Network (HNN). Kaosicoas mooenw
UCNOTb3YEm Memoobl 21yO0K020 00yuenus OJis NOBbIUEHUS. MOYHOCMU NPOCHO308 U VIVYULeHUs
NOIb3068AMENLCKO20 ONbIMA.

Mooenv NCF exntouaem ose eemeu: Generalized Matrix Factorization (GMF) u Multi-
Layer Perceptron (MLP), umo nossoznsem mooenuposams HeluHelnble 83aumMo0eicCmsusl Mexicoy
noavsosamenem u odvwvekmom. GNN-based Content Model npeocmaesnsem nonvzoeamenetl u
00vbekmbl 8 8ude y3108 08y001bH020 epaga, ucnoavsys Graph Convolutional Networks (GCN) ons
pacnpocmparnenusi uHgpopmayuu no ceasam. I ubpuonas ueupounas cemv (HNN) obvedunsem
IMOEOOUHeU KOMIAOOPAMUBHOU DUILMPAYUU C KOHMEHMHbIMU NPUSHAKAMU, CO30A8a51 eOUHOe
npeocmasieHue OAHHbIX.

Hawu sxcnepumenmol, ocHoeanHvle Ha Oamaceme MovieLens, nokasviéaiom, 4mo
2UOPUOHAS HEUPOHHAs cemb 0eMOHCmpUpyem Haugvlcuiyto mounocms (85%), npesocxoos NCF
(80%) u GNN-based Content Model (77.5%). 'ubpuomnweiii nooxoo evlucpvigaem 3a cuém
UCNONL308AHUSL KAK KOIAOOPAMUBHBIX, MAK U KOHMEHMHbIX NPU3HAK08, obecneuusas 6oiee
mounsle pexomenoayuu. GNN-mooenb, Hecmomps Ha 803MOHCHOCHb 0OPAOOMKY CIPYKMYPHBIX
ces13¢ell, UCRbIMbIBAE CLONCHOCIU C XOJIOOHbIM CIApmoM NOIb308amelell.

Tlonyuennvle pezynibmamsl  noomeepxcoarom, 4mo 2ubOpuoOHvle Nooxoovl  bOojee
aghpexmuenvl npu yuéme paziuuHvlX haxmopos pexomenwoayuu. B 6yoywem uccredosanuu
B03MOICHO BHEOPeHUe MPAHCPHOPMEPOS U MeM0008 00VUeHUs: ¢ ROOKpenieHueM 0Jisl OalbHelule2o
NOBbIULEHUS MOYHOCMU PEKOMEHOAYULL.

Knrwoueswvie cnosa: pexomenoamenvHule cucmemyl, 21ybokoe obyyeHue, Koiiabopamuenas
Gurompayus, epagosvie HeliporHble cemu, 2UOPUOHBLE MOOEU, NePCOHANUSAYUSL.

KOJIVIABOPATHUBTI, KOHTEHTTIK )KOHE ' MBPUATI TEPEH OKbITY
YCBIHBIM MOJIEJIBJAEPIHIH CAJIBICTBIPMAJIBI TAJITAYbBI

Anoamna:  ¥Ycvinbim  oicylenepi  nAuOANAHYUBIIAPObLIY — KAAAybl MeH  KOHMEHMm
ampubymmapuli eckepe omulpuin, Oepbecmendipiieer KOHMEHMMmi YCblHyO0a Manbi30bl poil
amgapaovl. Byn sepmmeyde yw owcemindipineen ycolmvim  mooeni bazananader. Neural
Collaborative Filtering (NCF), Graph Neural Network-based Content Model (GNN-based
Content Model) owcane Hybrid Neural Network (HNN). Op moodens yewvinvicmapowiy 0andicin
apmmulpy JiCoHe NAUOANAHYUbL MANCIPUOECiH dcakcapmy Yulin mepey OKblmy 20iCmepiH
konoanaowvi.NCF mooeni exi mapmaxman mypaowi: Generalized Matrix Factorization (GMF)
acone Multi-Layer Perceptron (MLP), orap naiioaranyuwer men snemenm apacvinoazol 6eticol3vlk,
o3apa apexemmecmixmi mooenvoetioi. GNN-based Content Model naiioaranywwinap men
anemenmmepoi exi benixmi epagpmoiy mytinoepi peminde kopcemeoi, ar Graph Convolutional
Networks (GCN) 6atiranvicmap 6otiviniua aknapammel mapamy yuin Koaioauoliaowl. I ubpuomi
netiponovix oceni (HNN)  komrabopamuemi cyszeiney men KoHmeHmmik MYMKIHOIKMePOl
Oipixmipin, 6ipviyeall YColHbIC KeHicmieiH Kypatiovl.

MovieLens oepexmep owcunasvinoa Hcypeiziieen ColHAKMAPbIMbL3 SUOPUOMI HEUPOHOLIK
arceniniy ey dcozapel 0anoikke (85%) owcemrenin kopcemmi, 6yn NCF (80%) orcone GNN-based
Content Model (77.5%) nomuowcenepinen swcozapol. ['ubpuomi macin xoanabopamusmi dHcoHe
KOHMEeHmMmIiK MYMKIHOIKmepOi Oipikmipe Omuipbln, YCbIHbICMAPObIY CANACHIH HCAKCAPMAObL.
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GNN mooeni, Kypolavimosix batinanvicmaposl 6HOell alamvlHObIebIHA KAPAMACMAH, CYblK CIapm
Macenecimen Kezoeceoi.

Byn nomuoicenep apmypni ycolHblmoulK pakmopnapost Kammumein ubpuomi a0icmepoiy
muimoipex ekeHin kepcemedi. bonrawax sepmmeynepoe mpancgopmep apxumexmypanapvl MeH
Kyuietmy oKblmy 20icmepin uHmezpayusiiay YColHblCmapobly 03eKmilicin 00aH api apmmulpyed
KeMmeKmecyi MyMKIH.

Tyiiin co3dep: ¥cvinvim dicylienepi, mepey oKblmy, Koalabopamusmi cyseiney, epagpmuolk
HEeUpPOHOBIK diceninep, 2ubpuomi mooenvoep, depbecmeHoipy.

ABTOpJIap TypaJibl MaJiMeT

TypcyHoB Maructpanr, KowmmbproTepmik  umxeHepus kadempacel, Astana IT
Typceiaxan yHuBepcureTi, Acrana, Kazakcran,E-mail: tursynkhan001@gamil.com
CamMraroBuy JKCH:020519551538 ,Mobunbi Homep: +77785331848

[Tomra mexenxaiibl: 014690,yn. Kyiimm una 4A, kB 12
KaiibacoBa PhD, Komnerorepnik uHxenepusi kadeapacel, Astana IT yHuBepcuTeTiHIH
Hunapa KaybIMAACTBIpBUIFaH podeccopsl, Actana, Kazakcran

E-mail: Dinara.Kaibasova@astanait.edu.kz

Caeenne 00 aBTopax

TypcyHoB Marwuctpanr, kadeapa KOMIbIOTEpHON nHX)XeHepuu, Astana | T-yauBepcurer,
Typceiaxan Acrana, Kazaxcran, E-mail: tursynkhan001@gmail.com
Camrarouu | MMH:020519551538, MobOunbhbiit HOMep: +77785331848

[TouroBsii aapec: 014690,yn. Kyiimu una 4A, kB 12
KaiibacoBa PhD, nouent, kadenpa komnbroTepHoi nrmxenepun, Astana IT-yausepcurer,
JluHapa Acrana, Kazaxcran, E-mail: Dinara.Kaibasova@astanait.edu.kz

Information about the authors

Tursynkhan Master’s student, Department of Computer Engineering in Astana IT
Tursunov University, Astana, Kazakstan, E-mail: tursynkhan001@gmail.com

1IN:020519551538, Mobile number: +77785331848

Postal address: 014690, st. Kuishi Dina 4A

PhD, Associate Professor, Department of Computer Engineering in Astana IT
University, Astana, Kazakstan, E-mail: Dinara.Kaibasova@astanait.edu.kz

Samgatovich

Dinara
Kaibassova

146


mailto:tursynkhan001@gamil.com
mailto:tursynkhan001@gmail.com
mailto:tursynkhan001@gmail.com

A3aMaTTBIK aBUAIUS aKaJIEMUSCHIHBIH XKaPIIBIChI Ne1(36)2025

90K 004.891
FTAXA 28.23.27
https://doi.org/10.53364/24138614 2025 36 1 13

HN.B. Kapeimcakosal, /1. b. Bexenopa®”, JI.0O. Ko:xkaxmeropal,
M.A. Kapmenosa®, T.A.Ycrunosa’

L«Cemeii kamachiHbIH 11I0KapiM aTEIHAAFE YHUBEPCUTETI» KOMMEPIHAIBIK EMeC
akuuoHepiik Koram, Cemeit, Kazakcran
2 «Typan-Acrtanay yHuBepcuteTi, Acrana, Kasakcran
3«C.AmanxonoB ateraars! LIsreic KazakcTan yHEBEpCHTET» KOMMEPIHSIBIK EMEC
aKIMOHEPIiK KoraMm, OckemeH, Kazakcran

E-mail: dariypa@mail.ru”

OHKOJIOTMSIIBIK AYPYJIAPIIbI EMJEYIE JUATHO3 KOO YIUIH
WHTEJUIEKTY AJIJIbI JKYWEHTH TYKBIPBIMJIAMAJIBIK MOJEJITH KYPY

AHnoamna. Byeinei mayoa xKasipei anemuiy Manvl30bl Macenenepiniy Oipi OHKOIOSUSLIbIK
aypyrapovly Kebewi 6onvin mabwviiaosl. XanblKmuvly apmypai caHammapvl aypyea Oetlim.
Ocblzan 6aUIAHBICMBL OHKONO2USILIK AYPYAApObl epme aHbIKMAy HCIHE 0aapOobly AN0bIH ALy
o3exkmi MinoemmepOdiy 0ipi bonvin maodwiiaosl. Epme anvikmay scane 021 0uazHo3 Ko, emoey
wapanapvin Kabwlioay xcame nayueHmmepoiy omip cypy Y3aKmvleblH apmmulpy MYMKIHOICIH
apmmulpadvl. AKnapammol MexHoA02UsAIapObl MeOUYUHAOA KOAOAHY IHCOAPbL KAPKbIHMEH
oamuovl. Kazipei yakeimma meouyunaoa wewimoepoi Ko10ayovly KenmeeeH xcyuenepi oap.
Mynoaii scytienep kenmezeH aypynapoviy OUAZHO3bIHOA KeHIHeH KOI0aHbliadbl. OHKON02UANbIK
aypyrap 60ublHWA OUAsHO3 K0lo0d capanmamanvly Jxcylenep oe a3ipaeHoi.

byn maxanamwiy Hecizei uoesacvl OHKONO2UANBLIK AypYIapObl emoeyoe OUasHO3 KOK YULiH
capanmamanvly yHcytienepoe KoA0aHbLIAMblH MACiN0epoi bLIbIMU MAN0AY HCIHE HCIKMeY O0nbiN
maobviaosl. Epexwenici-ouaznos Kow ke3inoe capanmamansly jcylie yulin ey oymatiisl macindi
AHbIKMAy.

Ocvl 3epmmeyee 6aseimmanzan maceine on Cemell 6HIpIHOe OHKONOLUSAIBLIK aAYpPYIAPOb
emoey OoubIHWa MAlday JHcoHe YCblHblcmap bepy npoyeciniy 0an0iciH dHcedendemyae HcaHe
apmmulpyea,  OHKONO2UANILIK — aypylaposl — emoey  Ke3iHOe  OuacHo3 Kol  JCOHIHOe2l
UHMENNIeKMYaiobl  HCYUEHIH — MYACHIPLIMOAMATLIK — MOOeNiH KYypy2a MYMKIHOIK —Oepemin
UHMELIeKMYanobl HCYUeHi KYpy maciliHi mayoayobly He2iz0emect.

Tyitin ce30ep: capanmamanvix xcyiienep, aknapammsix JHcynenep, Heacauovl UHMeIeKm,
HeUPOHObIK diceniiep, manday, UHMeLIeKmyanobl Jcyienep, Maaiimemmep 6a3achi.

Kipicne.

byrinri Tanga e3ekTi MocenenepiH Oipi OHKOJOTHSIBIK aypyJaapblH >KOFapbl HMaibI3bl
OoJbIn TaObUIaAbl. XaJIbIKTBIH SPTYPIl jKac caHaTTapbl aypyra OeiliM. OcblFaH OaillaHbICThI
OHKOJIOTHSUIBIK aypyJiap/ibl epTe aHbIKTAy *KOHE OJIap/bIH allJbIH ally MaHbI3bl MiHACTTEPAIH
O1pi Oosbin TaOBUIAAEI. EpTe aHBIKTAy JKOHE QNI IMArHO3 KO eMJIey IIapajiapblH KaObUIaay
KOHE MalMeHTTEePAIH eMip CYPY Y3aKThIFbIH aPTThIPy MYMKIHJIITIH apTThIpabl.

MenunrHaaa akmapaTrThlK TEXHOJIOTHSIIAPBI CHTI3Y JKOHE KOJIaHY JKOFaphl KApKbIHMEH
namyzna. Kaszipri yakpITTa MeauIMHaza HIemiMaepai KOJJayablH KeITereH xyienepi Oap.
MyHpaii )xyiienep KenTereH aypyaapablH JUarHo3bIH/1a KeHIHEH KoJIJaHbl1abl. OHKOJIOTHSIIBIK
aypyiap OOWbIHINIA AMATHO3 KOKO/1a capanTaMalbIK Kyhesep Ae 931paeH]I.
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Marepuanmap MeH aaicrep. Ocbl 3epTTey asChIHIA FBHUIBIMU Tajjay, CHHTE3, XKIKTEY
omicTepl KOJITaHbLIAIbI.

Karepii icik quarHo3siHIa OpTYpIIi capantaMaibiK JKydenep xacanapl. by menrimaepai
KOJIZIay XKYHelepl opTypJIl ToCUIIep MEH 9IicTepi KO AaHaIbl.

Cyt 6e3i kaTep:i iciriH aHBIKTayFa apHAJIFaH aBTOMATThl JAUArHOCTUKAJBIK JKYHEHI KYpy
accormmarusi (AR) sxone HelpoHubIK >keri (NN) epexenepi HETi3IHIE XKYy3€re achIpbUIATHIH
KyHenep Oap, COHBIMEH Karap TecTijey Ke3eHIHJe YCHIHBUIFaH JKYHeHIH eHIMAUIriH Oaranay
YIIIiH MomiMeTTep 0a3achlHa YIII PET KPOCC-TEKCEPY diCi KOIAaHbIAbI| 1].

CeMaHTHKAIBIK JKENiHI )KoHe TaOWUFH TUII TalayAbl KOJAaHAaThH Tociiaep 6ap. Cyt 6e3i
KaTepii ICiriH JWarHOoCTHKajay YINIH MEIUIIMHAJIBIK capantama xykeciHe Hemece DDS-ke
xi0epineTin KOJIaMJIBI Oenrinepain Ti3iMi Kacasazpl. ¥YChIHBUIFAH ~ MOJIENb
nanueHTTepAeH/MailalanyibUIapAal  [IUKI  JepeKTepAl  KaObUIIAaWThIH  MOJEJIbMEH
canbIcThIpranga 64% jkakcapy/Ibl KaMTaMmachi3 eTTi[2].

[3] KYMBICBIHIA OHKOJIOTHSUIBIK aypyjiapJpl JUArHOCTHKANAyAblH capanTaMallbIK
KYHenepiHae 3epTTeyaiH (PU3NKAIBIK ICTEpl YCHIHBUIFaH. OHEII, acKa3aH, ilIeK, YHUKbI 0e3i,
OaysIp aypyJaapbIHbIH JOKATU3ALUACH KapacThIpbLIaab! [3].

XKaxcel HOTIKE OCpeTiH KpUTEpHaNIbl IapaMeTpiepre HEeri3feNreH IHarHo3 KOKoFa
apHaAJIFaH capanTaMallbIK Xyienep Oap [4].

Conpaii-ak Katepii iCIKTIH opTypial TYpJepiH TUarHOCTHKaIayFa apHAJIFaH alKblH eMecC
capanTaMalIbIK Xyie 0ap. BYJIBIHFBIP JIOTMKAJIBIK 9/IICTEPAl KOJIIaHy KaTepJIi iCiK JMarHOCTUKACHI
YIIiH OipHeIIe TOKaTU3aIus YIIiH )KaKChl )KYMBIC icTeii [5].

[6] KYMBICBIHAQ OHKOJOTHSJIBIK aypylapAbl [IUArHOCTHKANAy »>KOHE eMJey YILIiH
MHTEJUICKTYaJ/Ibl CKPHHUHITI KOJIaHy YCHIHBUIAABL. J[oCTYpili eMec CTaTUCTUKAIBIK MOJEIbIED
JKacalpln, 0acka MalMeHTTEPMEH YKcac >Karnainapipl (KemTereH mapameTpiep TYpPFhICHIHAH)
TaJay HOTHXKECIH/IC AJIBIHFAH 3aH IbUTBIKTAP Il )KHHAKTAY apKBUTBI O171iM 06a3achl KypbuIajsl. [6].

['uOpuaTi omicieH capanTaMaiblK KYHEHI KYpy TOCIl Ae KoJmaHbuiaasl. JKyie exi omaicTi
KOJIJIaHy apKbUIbI O3IpJCHTEH: JKYHere »KYTiHTeH Ke3Je Karjaiifa COlKec MalMeHT OacTaH
KeIlnpreH opOip CHMOTOMIBI OakplIay YIIIH Tikeled Ti30eK omici, comaH KeHiH MalMeHTTIH
YKarJaiibl/CUMIITOMBl O0ap €KEHIHE CEHIMJUIIK MalbI3blH aHBIKTAy YUIIH CEHIMILIIK (DaKTOpbl
OIiCIH KOJIIaHyFa Kelly, OyJl HOTHXKeNep IiH JoJIIrH KaMTaMachl3 €Ty YILiH jkacanafsl [7].

MenuuuHanbelK OUTIMAI peciMACYAIH OHIIPICTIK MOJENIH KOJIJAaHy HETI3IHIE TOoyeKel
TONTapbl OOMBIHIIA JKIKTEY/IIH capanTaMalblK KYHeciH Kypy Tocuiepl YChIHBLIAb. MapKOBTbHIH
Y3/1KC13 TI30€KTEepiHIH MaTeMaTUKaJIbIK allllapaThl HET131H/e OHKOJOTUSJIBIK HAyKacTap CaHbIHBIH
e3repy MOJENl KOPCETUIreH, O OHKOJOTHSUIBIK KbI3METTE KaObUITaHFaH OaKbUIaHATHIHIAPbI
KIKTEYI1H JKaJlblIaHFaH KYHeciHe HEeT13/1eTeHIINIMEH epeKIleeHe 1, COHbIMEH KaTap aypyablH
KAChIPbIH Ke3eH1 eckepiiai. MenuuuHanmblK OUTIMII peciMICyIiH OHIIPICTIK MOJAEIbAEPiH
KOJIJJaHyFa HETI3/IeJreH TJyeKed TONTaphl OOMBIHIIA JKIKTEYAIH capanTaMalblK SKyHecl
KOPCETUIreH, ON 0acka >KyHelepMeH CalbICThIpFaH[a OapiibIK albIHFAH JIEPeKTepi Tanaay
HETI31H/1€ TOyeKeNI1 a3aiTy OOoibIHIIIA )KeKe OaFapiiaMa Kb TacThIpyFa MYMKIHIIK Oepeni [8].

OHKOJNOTHSUIBIK aypyiap/bl eMACYAe JUarHo3 KO YIIiH capanTaMaiblK xKyhenepal Kypyaa
KOJIIaHbUIAaThIH TocUiaep Tanganabl. Herisri TocinaepAid apThIKIIBUIBIKTaphl MEH KEMIIUTIKTEp1
aHbIKTaNAbL. Tocinaep aypyablH OpHaJIacyblHa OaillaHbICTHI KOJMJAHBLTYbI OOMBIHIIA KIKTEII].

Hotnxkenep :koHe TAIKbLIAY.

HelipoHIpIK Kemiiep MeIuIMHaaa KONTereH Macesenepe KONJaHbUIabl: TaHy, KIKTey,
JUArHOCTHKANAy jkKoHE T. 0. Mpicanbl, XEeMMHUHT JKEJIiCiHE HETi3/IeNTeH HEeUPOHIBIK KeliHi
KOJIJlaHa OTBIPBIN, KeJecl Macenenepil Ienryre Oonaipl: OUTIMII Tanday >KOHE Wrepy,
colikecTeH1ipy, TY)KbIppIMIaManay, OlTiM MOJIeNiH Kypy, OuTiMIi ¢opManu3anusiiay, cleHapui
CYpaKTapbIHBIH 0a3achlH Kypy, HEUPOHABIK KEIUIEPIl OKBITY, WHTEJUICKTYaJIbl KETIHIH
NPOTOTHUIIH Kypy. By capanTamansIk Kyienep ©3i1H-e31 OKbITY, Tajlfay >KOHE OHKOJIOTMSJIBIK
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aypynapabl emjiey OOWbIHIIIA YChIHBICTAp Oepy YIUiH KacaHAbl MHTEJUICKT XKYHENepiH Kacayra
MYMKiHIiK Oepeni [9-17].

KeMIIUTIKTepiH aTan etyre 6onanasl (Kecte 1 kapaHbI3).

JXorappia KeNTipilIreH TOCULACPAl TalJail OTBIPHIN, TOCULACPAIH apPTHIKIIBUIBIKTAPHl MEH

Kecte 1 — OHKOIOTMANBIK aypynapabl eMJeyle IuarHo3 KO YIIIH capanTaMaliblK
KyHenep/ie KOJIaHbUIAThIH TCLIIEp
Ne Tacia APTHIKIIBLIBIKTAPbI Kemmistikrepi Koaanbliybl
1 | AcconuaruBTi Hotwxenepaiy benrinepai Cyr 06e3i karepmi
epexenepai HAaKTBLIBIFbI TaHJayFa  JKOFaphl | iciri
KOJIJaHY TaCLIi TOYEIIUTIK
2 | Heliponapik Hormwxkenepnin KobGanayasiH Cyt Oe3iHiH,
xKeminepi KOFaphbl JOIAIr, | KypAemiri TEpiHiH, OKIIeHiH,
KOJIZIaHy TOCLITI WHTEJUICKTYaJI b OHEINTIH,
KJIacCU(UKALIUS aCKa3aHHBIH,
1IIIEKTIH, YHKBI
0e3iHiH, OaybIpIBIH
KaTepJi iciri
3 | CeMaHTHKAIBIK Keringipinren Hepexrepai ampe | Cyr 0e3i kartepi
JKEJIHI XKoHE | (PYHKIIMOHAT aja eHzey 1ciri
TaOUFru Tinai
Tangayabl
KOJIJIAaHY TOCLITI
4 | Ou3MKaIbIK Keuinam urepy AypynslH ~ Oenriii | ©OHEHTIH,
3epTTEyY ICTEPiH Oip TypyiepiHe FaHa | aCKa3aHHBIH,
KOJIIaHy TOCLIl KapamIbl 1IIEKTIH, YHKBI
0e3iHiH, OaybIpIBIH
KaTepJi iciri
5 | byibHFBIp Honnik, xiktey | Texk Oenrimi  6ip | Cyr 06e3i Karepii
JIOTUKA OMICTEPIH | MYMKIHAIT OpBIHJAPFa iciri
KOJIJaHy TaCLIi JKapaM/Ibl
6 | dakTOpIIBIK Kbuigam urepy Tex Oenrimi  Oip | Ackasas, 1ITIeK,
Tangay ojicTepiH OpBIHJApFa yiikpl 0e3i, OaybIp
KOJIJIaHy TOCLI1 xKapamabl iciri
7 | TonbIk Keke [Maitnananymsiael | Jlumda
(dbopManuzanusHel | Oarnapiamanapibl JKOFapbl JEHreiaeri | TyHiHaepiHig
KOJIJaHy TacLi KAJIBIIITACTBIPY JABIH]IBIK KaTepdi iciri
KaKeTTUIIr

Konnany GoiibIHIIA TOCUIAEPAL KIKTEY
Jorapeia atanFad ToCUIAEpl TaliayJaH oJap bl KosiJaHy OOMbIHIIA JKIKTeyre 00Jabl.

1-knac: KCH ayKbIM/IbI JIOKaJIN3allnusAa YIHIH KOJIJaHbIJIaThIH TQCiJ’II[ep KJ1aChl

2-KJIac: KeH eMec JIOKalIM3aIusl YIIiH KOJAaHBUIATHIH TOCLIAEP KIachl
3-KkJac: Tek Oenriti Oip JOKaTU3aNus CIEKTPl YIIiH KOJAaHBUIATHIH TOCIIIEp KIackl.

Ne Knac Tacisinep
1 1-xiac HelipoHapIK skeminepai Koaany Tociii
2 2-KJac DakTOPJIBIK Taljay oOMICTEpPIH KOJJAaHy TOCUIl, (DHU3UKAIBIK 3epTTey
OMIiCTEPiH KOJJAAHY TOCLII, (haKTOPJIBIK Tajay 9AICTEPiH KOJIaHy Tcuii
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3 | 3-xnac Tonbik (opManu3anusHel KOJNJAHY TOCUI, acCOIMATHUBTI epexenepi
KOJIZIaHy TOCLIi, CEMAaHTUKAJIBIK YKEJTiH1 KOJIaHy TOCLIi )KoHE TaOUFH Tiai
TaJIay, alKbIH eMeC JIOTHKA QMIICTePiH KOJIaHy TOCiIl

by tangay OyriHri KyHI KenTereH 931pJICHIeH IIeniM KaObuiiayapl Koyjiay Kyhenepine
OpTYpIIi BapHalUsIIAp,IbIH HEHPOHIBIK JKETIePIiH MalJjaiaHy eH TaHbIMAaJl CKEHIH KOPCEeTTi.

Tannmay >xoHe YChIHBICTap Oepy YIIH HEWPOHBIK el HET131H/1e MHTSIUICKTYaIbl JKeJiH1
KYpY YIIiH MOCeIIeH] ISy IiH KeJeci Ke3eHIepi YChIHBUIAIbI:

1. bimiMmai Tangay ®oHe Urepy, COMKEeCTEHIIPY, TYKbIphIMIaMaliay

2. biniMm MopeniH Kypy, 6imiMai peciMaey

3. Cuenapuiinik cypakrap 0a3acblH KYpy, HSHPOHIBIK JKEJ1HI OKBITY

4. VaTennekTyanapl JKYHEHIH MPOTOTHIIH kacay. biumiMal Ttamgay >KoHE Hrepy,
COMKeCTeH TPy, TYKbIpbIMIaMaliay

By ke3enie moHAIK callaHbl TANAAY, MIHACTTEP/II TYCIHY, TAIANTapabl KAIBIITACTHIPY, OCHI
TarChIPMaHBIH 1IIIH/IC €PEKIIEICHETIH TAllChIPMaHbIH HETI3T1 CHIaTTaMaliapblH, HETi3T1 KIITTI
YFBIMAAPBI/00BEKTUICP 11, OJTAPABIH Kipic/IIBIFBIC MOHIEPIH, OOJDKAM/IBI MIESIIIM TYPiH, COHIak-
aK OChI TariChlpMara KaTbICThI OUTIMII KepceTeTiH OelipecMu cunaTTaMa skacay xyprizinai. Ocbl
KE3CH/Ie OHIpAE COHFBI 5 KbUIA OKIE KaTepli iCiriMeH aybIpraH MalUeHTTEPAIH METUIMHAIBIK
KOPCETKIIITEPIHIH [EepPeKTepiH KHUHAY >XYPri3uiAl >koHe OaranaylblH HEri3ri KepceTKimTepl
aHBIKTAABL. VIHTEIUIeKTyanapl KyheHiH OuriM 0a3achlH Kypy YIIIH cayaJHamara €HTi3UIeTiH
MEJIMIIMHAIIBIK KOPCETKIIITEp, CypaKTapra jayanTap aHbIKTaiabl. CayanHama- eyporajbIK
XxarramMa OOWBIHINA OKIe KaTepili ICITiH JAMarHOCTHKalay Mocesenepi OOWbIHIIA OHJIANH-
cayaJlHamMa TYpiHAE KalbINTacThipbulaThiH Oonaabl. Ochbl cayamHamara Cemel ChIHAaK
MOJINTOHBIH/IAFBl  SIIPOJIBIK CBIHAKTAD HOTHDKECIHIC PpAJMOAKTHUBTI JIACTAHYABIH ocep Ty
(baKTOpBIH €CelKe aly YIIiH MalUeHTTEPIH TYFaH )epi MEH TYPFbUIBIKTBI JKEPiHE KATBICTHI 2
CYpaK CHri3uIeTiH Oomanel. OpOip JKayanThlH CaJIMarbl KCHIHHEH XEMMHHITIH HEHPOHIIBIK
KEIICIH KYpY YIIIH >KalIbl YJIeC cajMarblHa KaThICTHI Tpajanus OolbiHIIa Oemineni. HelipoHabIK
JKEITiHI ICKe achIpy YIIiH CeHIMII Aepektep ary Makcatbiaaa 1000-HaH acTaM aJaMHBIH OHJIAH-
cayaJlHaMachIHaH oTy xocnapianyaa (Kecre 2 kapaHbI3).

Kecte 2 — AJ'I,[[BIH aJla JUAarHoCThukKa XaTTramMacChbl OolibIHIIIA OHHaﬁH'CayaHHaMaFa dpHaJIraH

cypakrap
Cypak Kayanrap
1 xxayan 2 skayan 3 :xkayan 4 kayan
Kacol 30-40 40-50 50-60 60-Tan
JKOFapbI
0,2 0,5 0,5 0,5
Kbiabic ep due
1 0,6
Ci3 TeMeKi | Hd JKOK
mereci3 0e?
1 0,5
Temeki wery | 10 :xxpuinaid | 10 xpligan | 20 skpagan 30 | 30 xbl1gaH
TI:Kipuodeci 20 KbLIFA | JKBUIFA JEHiH | KOFAPBI
AeHiH
0,7 0,9 1 1
Kynine kKanma | 10 panara | 1 kopanka | 1 Kopan 1 KopanraHn
naker/aiaHa neiin neiin Kon
TYThIHACHI3?
0,8 1 1 1
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ZKPBHU xbuibiHA | 1 per 2 per Mep3imai aybIpMaiiMbIH
KaHIIa per TYpAe
aybIpacbi3?

0,4 0,5 0,8 0,4
ATa-aHajlap MeH | aTa- ara- aHa KAFbIHAH | OKe JKAFbIHAH
JKaKbIH aHAJAPAbIH | AHAJIAP/JBIH | KAKBIH JKaKbIH
TYbICTAPAAFbI Oipeyinjae eKeyiHJede | TYbICTAPbIHAA | TYBICTAPbIHAA
OHKOAHAMHeE3
0,9 0,9 0,5 0,5
Cizne remontus | [la Hert
0061 Ma?
0,9 0,4
Cizne eHriry, aya | Mmep3imai KM JKATTBIFY
JKeTiCIeHTiH ce3iM | Typae Ke3injge
0oJs1aabI Ma?
0,5 1 1
JaybicTa e3repic | ud KOK
00161 Ma?
0,8 0,2
Cizne emreHere | Mep3imai JKmi JKOK,
0allIaHBICTBI TYpAe
eMec diIci3aik 0ap
ma?
0,3 0,5 0,2
Cizne JKeTes1 | OoIMaraH | a3gan a3 emec oTe KaTThl
00J1aBI Ma?
0,2 0,2 0,3 0,8
Cizne JKYThLIY | O0JIMaraH | a3gan a3 emec oTe KaTThl
npodiaemajapbl
001161 Ma?
0,3 0,3 0,4 1
Cizne Keyjae | OomMaraH azjaan a3 emec oTe KaTThl
aybIpybl  00J1bI
ma?
0,5 0,6 1 1
Koabinbizaa 0oJMaraH | azgan a3 emec oTe KaTThl
HeMmece
UBIFBIHBI3/1A
aybIPCBIHY 00JIAbI
ma?
0,5 0,5 0,7 1
Cizne KYpFakK | 6omMaraH azjian a3 emec oTe KaTThl
JKeTes 001161 Ma?
0,4 0,6 0,8 0,8
Cizne emreHere | OosiMaran | a3nan oTe KaTThl
0alJIaHBICTBI
emMec cajiMaK
JKOFAITY  00J111bI
ma?
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0,5 0,5 1
Cizne TA0eTTiH | OoIMaFaH azgan a3 emec oTe KATThl
TOMeHAeyi 00J11bl
ma?
1 1 1 1
Oxknenin 0acka | M9 JKOK
aypyJapsl
OOMBIHIIIA
NMyJbMOHOJIOTTHIH
" eceodinme
TypackI3 6a?
1 0,5
Tyran xepini3 Aiimak 1 Ailimak 2 Aiimak 3 Aiimak 4 6ackachel
0,3 0,5 0,8 0,9 0,3
TYpFBUIBIKTBI Aiimak 1 Alimak 2 Ailimak 3 Aiimak 4 Oackacbl
KEPIHI3
0,3 0,5 0,8 0,9 0,3

Anpiaran  kayantap Power BI makeringme ewnneneni. Coman  keitin  Python-na
MaTEeMaTHKAJIBIK MOJICIh JkoHe SQL-eri manueHTTepIiH xayanTtap 6a3achl KYpbUIaibl.

binim monenin Kypy, 611iMI1 peciMaey

Ocpl Ke3eHIe capanTaMalbIK )KyHeMeH JepeKTepli KeHiHHEeH OHJey YIIiH MalueHTTepAiH
OHKOAaHaMHe3 KapTachlHaH CYpaKTap MEH kayarnTap/ibl peciMaey sKkocnapiaHy/a.

Cuenapwuiisnik cypakrap 6a3achlH KYpy, HEHPOH/IBIK KEIiHI OKBITY

Ocsl ke3eHae cypakrap 0a3achlH Kypy, MAllMEHTTEP/IiH OHJIalH-cayalHamachl OOWBIHIIA
QJIBIHFaH JepeKTep/Ie HEHPOHIBIK JKETiHI OKBITY KOCHapiaHy/a.

WuTennexTyanapl )KyHeH1H TPOTOTHUIIIH Kacay.

by ke3eHIe apXWTEKTypa, WHTEIUICKTYAJIbl KYWCHIH KYPBUIBIMBI, JEPEKTEpIiH (aiin
anMacysl, KYHeHIH MH(OIOTHSIBIK MOJEN KYPBUIaAbl, *KYWEHIH AaTaJOTHSUIBIK, (DU3UKAIBIK
YKOHE JIOTMKAJBIK jK00ajaybl *KYpri3ijaeil, MeIUIUHAIBIK YHBIMHBIH KbI3METKEpPJIEPIHE apHaIFaH
Be0-KOCHIMIIIA d31pJICHE/I.

[ Monayns «CuMOTOMBI» } Monyib [ Monynp «AHamu3b ]
«Mcropus 6one3Hn»

[ [Ipunoxenune }

[ Monynb «Jleuenue» } [ Monayns «IIporaos» ]

Cyper 1 —"Oncology" uHTemIeKTyan b1 )KYHECIHIH (PYHKIIHOHAIBIK CXEMaChI
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WuTennexTyanapl xKyhe 6 MOAYIbJACH TYPabl: CHMIITOMIAP MOIYi, aypy TapuXbl MOIYI,
Tajaayaap MOy, KOCBIMIIA, eMIey MOIYJIi, 00KaM MOJTYIIL.

CumToMIap MOy IiH/IE THIHBIC Ty )KYHECIHIH aypyapbl, TUarHo3aap, xarrama OOoHbIHIIA
CypakTap Typajbl aKlapaT caKTajajbl, oJap NallMeHTTIH cayaJHamachl Ke3eH1H 1€ KONbLIabl.

Aypy Tapuxbl MOJIYTiHIE TBIHBIC ajly >Kyieci opraHzapbl OOWBIHIIA OPTaJBIKKA
HIarbIMJIaHFaH MalMEeHTTePiH aypy TapuXbl Typasbl aKrapar caKraiabl.

Tangay mMomymi MoiiMeTTep 0a3achlHAa TIPKENTEH MAIUEHTTEPAl Taijay HOTHXKelepi
TypaJjbl aK[apaTThl CaKTalbl.

Barmapnama MonynmiHe cUMOTOMIAp MOIYJBICPIHEH, aypy TapUXbIHaH, TalgayiapiaH
mamimertep keneni. Coman keitin Oy nepekrep Power Bl-ne enneneni. Conan keitin Python-ma
MaTEeMaTHKAIBIK MOJIEIh skoHe SQL-/eri manueHTTepIiH xayanTtap 6a3achl KYpbUIabl.

PHP-ne cypak-kayanm apKbulbl HEWPOHJBIK JKeJi HeriziHae OepiiareH Oenriiep MeH
JMarHo3/1ap OOMBIHIIIA KOPHITHIH/IBI XKacayFa MYMKIHIK OepeTiH BeO-KOChIMIIIA jKacaabl.

EmMaey monym TBIHBIC aly >KYHECIHIH aypysaphl, €My XaTTaMajapbl Ke3iHIe MYMKIH
00JIaThIH IUArHO3/1ap TYPAJIbI aKITapaTThl CAKTaIbI.

Bbomkam MonyiniHJIe THIHBIC aly JKyieci OpranJapbIHbIH aypylapbliH kKoHE OKIIeHIH KaTepii
iciria OoJpKay YIIIiH omepanusiiap kacayra 001abl.

Ocsl 3epTTey aschlH/A FHUIBIMH TaJay 9MiCTepi, CUHTE3 KOJMAaHbUIabl. OHKOIOTHSIIBIK
aypyJapIsl eMJeye AWAarHo3 KO YIIIH capanTaMayiblK JKyWenepai KypyAa KOJIaHBUIATHIH
Tocumaep TanmaHabl. Herisri TocuimepaiH apTHIKIIBUIBIKTAphl MEH KEMIIMUTIKTEPl aHBIKTAJIJIbI.
byriari TaHma capantaManbIK OKydenepAe KOJJIAHBUIATBIH €H OHTAlIbl Tocim XEeMMHHT
KEIiJIepiHe Heri3eNIreH HeHPOHIBIK JKeIliep/l naiaanany OoJabl.

KopsbiThinabl. Ochl 3epTTey OoibIHIIA 013 OHKOJOTHUIBIK aypyniapibl emJeye AUartHo3
KOO0 YIIiH capanTaMayiblK KYHenepai Kypyaa KOJJIAHBUIATBIH TOCUIAEpIi TanmanbiK. Herisri
TOCUIAEPIIH apTHIKIIBUIBIKTApl MEH KeMIIUTiKTepi kepceriireH. CapanTaMaiblK KyHenepie
KOJIJAHBUIATBIH ~ TOCUIAEPIIH  JKIKTETyl OKYpri3uimi, Oyl  OHKOJOTHSUIBIK — aypyJap.sl
JIMarHOCTHKaJIay OOMBIHINA aKMapaTThIK KYHEHIH IPOTOTHIIIH KYpY Ke3iHe KelliHHEeH naijanany
YIIiH K€H ayKbIMIBl JIOKIW3AUUSUIApAbl KOJNJIAHy YIIH €H OHTAWIBl TOCLINepAl aHBIKTayFa
MYMKIHTIK Oepei.

Byrinri Tanga capantamMaibiK Kyienepe KOMAaHbUIATHIH €H OHTaWIIbl TOCLT HEHPOHIBIK
xKemnnepai maiganany Oosnbl. HelfpoHABIK eniHiH KeMeriMeH Kejecli Macelenepl LIemyre
0oxanpl: OLTIMAL Talaay 'KQHE UTepy, COMKECTEHIIpY, Ty KbIpbIMAaMaiay, Oi1iM MOJENIH KYpY,
O1iMal popmanuzanusiay, ClieHapuilliK cypakrap 6a3achlH Kypy, HEHPOH/BIK JKeNiIepl OKBITY,
UHTEJJIEKTYyalAbl JKYHEHIH TMpOTOTHMIH Kypy. byn capantamanblk kyienep I1CIKTepal
JIOKaJM3alMsIIayAblH KeH CHEeKTP1 YLIIH ©31H-631 OKBITY, TaJJ1ay )KOHE OHKOJIOTUSUIIBIK aypyJap/ibl
emMjiey OOMBIHIIIA YCHIHBICTAp Oepy YIIH KacaHIbl MHTEJUICKT JKYHEJEepiH »*Kacayra MYMKIHJIK
oepeni.

OKIIeHIH KaTepil ICIrH JUMarHoCTHKaiay Ke3lHJEe JUarHo3 KOK YIUIH HHTEJUIEKTYall bl
KYHEH1 Kypy Ke3eHjaepl aHbIKTalbl. AKNApaTThIK >KYHEHIH MOJIYNbJepi aHBIKTANIblI, op
MOAYIBIIH (QYHKIIMOHAIIBIK KYPBLIBIMBI OCNT1ICH/II.

Makana Kazakcran PecnyOmukacbl FrutbiM koHE >KOFapbl OUTIM MHHHCTPIITIHIH AP
23485656-"Cemeli  eHIpiHAEC OHKOJOTHSUIBIK aypyJiapabl emjey OOWbIHIIA Tajjaay IKOHE
YCBHIHBICTAp O€py YIIIiH HEHPOHBIK KeJIi HET131H/Ie WHTEUICKTYaAbl KYHeH1 a3ipiey" FhUTBIMU
kKoHe (Hemece) FhUIBIMH - TEXHHKAIBIK >KOOalapblH TPAHTTHIK KapKbUIAHABIPYFa apHaFaH
»00achl MIeHOePIH/Ie OPBIHAAIIIBI.
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CO3JIAHUE KOHIENTYAJbHONU MOJEJIM UHTEJUIEKTYAJBHON
CUCTEMBI U1 TIOCTAHOBKU IUATHO3A 11PU JIEYEHUUN
OHKOJIOTMYECKHNX 3ABOJIEBAHUM

Annomauyun. Ha cecoonawmnuii 0eHb 0OHOU U3 8AXNCHBIX NPOONIEM COBPEMEHHO20 MUpda
A6NAEMCA POCM 3a001€6aeMOCMU OHKON02UYEeCKUMU 3a00ne8anus. 3a601e8aHu0 n008epiHCeHbl
PAasnuuHble Kame2opuu HaceleHus. B ceasu ¢ smum oOHOU U3 akmyanbHuLX 3a0a4 s619emcs panHee
8blABNIEHUE OHKONO2UYeCKUX 3a0onesanuti u ux npoguiraxmuxa. Pannee evisenenue u moyHas
NOCMAHOBKA OUACHO3A NO3B0AIOM NOBLICUMb BEPOSMHOCMb NPUHAMUA Mep NO JIeYeHUIo U
V8enuyeHuI0 npoOOINCUMENbHOCMU HCUSHU NAYUEHTNOB.

155



A3aMaTTBIK aBUAIUS aKaJIEMUSCHIHBIH XKaPIIBIChI Ne1(36)2025

Ipumenenue UHGOPMAYUOHHBIX MEXHONO2UL 8 MeOUuyuHe pa3eUBAemcs ¢ 6blCOKOU
cKopocmblo. B nacmosiwuii Mmomenm cyuecmeyem 02poMHOe KOJIUHECmE0 CUCMeM NOO00EePIHCKU
NpUHAMUSL peuleHull 8 MeouyuHe 8 yeaom. Taxue cucmemvl WUPOKO NPUMEHSIOMCSL 8 NOCINAHOBKE
ouaznoza MHo2ux 3abonesanutl. B nocmanoske OuazHo3a no OHKOJIO2UYECKUM 30001e6aHUAM
maxaice papabomarnvl IKCNEPMHbLE CUCTEMBI.

Ocnoénas udesi OAHHOU CMAamMvu 3AKIIOYAEMCS 6 NPOBEOCeHUU HAYYHO20 AHANU3A U
Kaaccugpuxayuu nooxo008, UCNOIb3YeMblX 8 IKCNEPMHBIX CUCIeMAX OJisl NOCMAHOBKU OUA2HO3A
npu aedeHuu OHKoLo2uHeckux 3abonesanuil. OcobeHHOCMbIO A6SIeMCs GvlsisieHue Hauboaee
ONMUMATILHO20 NOOX00a OJisl SKCNEPMHOU CUCMEMbL NPU NOCMAHOBKe OUACHO3A.

Ilpobrema, na komopyio HayeneHo OawHOe UCCAe008aHue, Mo 000CHOB8aHUE 6blOOPA
no0x00a 0Jisi NOCMPOEHUsL UHMELIEKMYAbHOU CUCEMbL, NO380JII0Wel YCKOPUMb U HOBbLCUND
MOYHOCTb NPOYECCa AHAU3A U 0A4U PEeKOMEHOAYULl NO Je4eHUI0 OHKOI02UYeCKUX 3a001e6aHull
6 CeMunanamuHckom pecuone, CO30anue KOHYENnMmyaibHOU MOOeiu UHMELLIeKMYaIbHOl
cucmembl N0 NOCMAHOBKe OUACHO3A NPU JIeYEHUU OHKOJLOSUYECKUX 3A00Ne8aAHUL.

Kniouesvie cnosa: sxcnepmmuvie cucmemvl, UHPOPMAYUOHHBLE CUCTEMbI, UCK)CCIEEHHbLIL
UHMeEIIeKM, HEUPOHHbLE CeMU, AHANU3, UHMELIeKMYAIbHble CUCmeMbl, O6a3bl OAHHbIX.

CREATION OF A CONCEPTUAL MODEL OF AN INTELLIGENT SYSTEM FOR
DIAGNOSIS IN THE TREATMENT OF ONCOLOGICAL DISEASES

Absrtact. Today, one of the important problems of the modern world is the increase in the
incidence of cancer. Various categories of the population are susceptible to the disease. In this
regard, one of the urgent tasks is the early detection of oncological diseases and their prevention.
Early detection and accurate diagnosis can increase the likelihood of taking measures to treat and
increase the life expectancy of patients.

The use of information technologies in medicine is developing at a high rate. Currently,
there are a huge number of decision support systems in medicine in general. Such systems are
widely used in the diagnosis of many diseases. Expert systems have also been developed for the
diagnosis of oncological diseases.

The main idea of this article is to conduct a scientific analysis and classification of
approaches used in expert systems for diagnosis in the treatment of oncological diseases. A special
feature is the identification of the most optimal approach for the expert system in making a
diagnosis.

The problem that this study is aimed at is the justification of the choice of an approach for
building an intelligent system that allows to speed up and improve the accuracy of the process of
analyzing and making recommendations for the treatment of oncological diseases in the
Semipalatinsk region, and the creation of a conceptual model of an intelligent system for making
a diagnosis in the treatment of oncological diseases.

Keywords: expert systems, information systems, artificial intelligence, neural networks,
analysis, intelligent systems, databases.
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AHAJIN3 UCCJIIEAJOBAHUSA TEXHOJOI'NU BECITPOBOJHOT'O JATYUKA JJIA
MOHUTOPUHI'A TEMIIEPATYPbBI B 30HAX YCTAHOBKH OPTONNEAUYECKUX
NUMIIJTAHTATOB

Annomayusn. Llenv 0annoz2o ucciedo8aHus 3aKioyaemcs 6 paspabomke u anpodoayuu
UHHOBAYUOHHOU — MEmMOOU4ecKol  KOHYenyuu MOHUMOPUHeA  pabomsl  OpMONeOUYecKux
UMNJIGHMAMO8 € UCHONIb30BAHUEM COBPEMEHHBIX MEeXHON02Ull OeCcnpoB8OOHbIX O0AMYUKO8 U
aneopummos8 UCKYCCMBEHHO20 UHmenlekma. B pabome nposedén noodpobnuiti  ananusz
CYWecmeyIowmux Memooos OUaHOCMUKY COCMOAHUSL UMNIAHMAMOS, blANIEeHbL UX MeXHUYecKue
U Memooo0cuYecKue 02panuienus, d makKice NPOaHAIU3UPOBAHbL COBPEMEHHbIe MEHOeHYUU 6
obnacmu  MeOUYuHvl, HANPABIEHHbIE HA  NOBbIUEHUE HAOEHCHOCMU U  0e30nacHocmu
umnianmayuu. Ilpeonacaemas memoouka o00veounsiem cOOp memMnepamypHvix u Opyux
Qu3aueckux OAHHBIX C NOMOWBIO BbICOKOMOUHBIX OECNPOBOOHBIX CEHCOPO8 U UX 0Opabomky ¢
NPUMEHEHUEM AN2OPUMMO8 MAULUHHO20 00YHeHUsl OJis1 NPeOCKA3AHUSL 603MOICHBIX OMKIOHEHUL 8
pabome UMNIAHMAMOE U CBOEBPEMEHHO20 OOHAPYICEHUsT HAUANbHBIX NPUSHAKOE UZHOCA UTU
No8pedHCOeHUs.

DKCnepumMeHmanbHas 4acmes UCCie008aHUs BKIIOYAen Mmecmuposanue paspadomanHou
cucmembl 8 PeaIbHbIX KIUHUYECKUX YCIOBUSX, UYMO NO360AUNO0 NOLYYUMb  3HAYUMbBLE
cmamucmuyeckue 0okazamenbcmea eé sggekmusnocmu u moynocmu. Peszyromamul nokaszanu,
YUMo NPUMEHEHUe UHHOBAYUOHHO20 NO00X00d MNO360Ji5len He MOJbKO NOBbICUMb MOYHOCHIb
OUACHOCIUKU, HO U 3HAYUMENIbHO COKPAMUMb 6PeMs pPeasuposanusi HA NOMEHYUAIbHble
OCOJNCHEHUSL, UMO UMeem 8AXCHOe 3HaueHue 05 ONePamueHO20 MeUamenbCmea U CHUNCeHUs
pUcka Heb1azonpusmHulx ucxo0os. Ilpeocmasienuwviti NOOX00 OMKPbIBAeNm HO8ble NePCHeKMUBbL
0Ns1  OaNbHeuwux Ucciedosanuil 6 obracmu MOHUMOPUHSA COCMOSHUA ~ MeOUYUHCKUX
UMNJIGHMAMOo8, CHOCOOCMBYsL  PA3BUMUI0  NEPCOHANUSUPOBAHHOU MeOUYUHbL U YIYUULEHUIO
Kayecmea HCU3Hu NayueHmos.

Knroueevie cnoea. Opmoneouueckue uUMniaHmol, 6€Cnpo8oOHble 0amyux O0is usMepeHus
memnepamypbl, UCKYCCMBEHHbLI UHMENIeKM, YUDPOoBU3ayUsl, OUACHOCTNUKA, NAYUEH.

BBenenmue.

B coBpemeHHy10 210Xy ITUGPOBBIX TEXHOJOTHA OECIPOBOJHBIC JATYMKA MOXHO CUUTATh
OJINH W3 NEPCIEKTUBHBIX HAMPABJIEHU, KOTOPbIE aKTUBHO Pa3BUBAIOTCA U YK€ UMEIOT HEMAJIBIN
OMBIT TpUMeHeHHs B opromenuu. CyIIecTBYIOT NPUYMHBI HKCIOJB30BaHUS OECIPOBOTHBIX
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JaTYMKOB B JJAHHOM 007acTu MeTUIMHEI [ 1]. DTO B IepByI0 ouepeb NX He3aMEHUMbIE KaueCTBO,
yaI00CTBO M BO3MOXKHOCTH Ui JAJUTEIHHOIO MOHHMTOPWHIA IAalMEHTa B JUCTAaHIIMOHHOM
¢dopmare. OHAKO, CYIIECTBYIOT U ONpPECICHHBIE HEJOCTATKH MOJOOHON TEXHOJIOTHH, KOTOPBIE
MO>KHO PELIUTh MPH BBHIOOPE ONTUMAIBLHOTO PEUICHUs TOW WM MHOW 3aJa4yH, KOTOpas CTOUT B
AHHBIA MOMEHT.

Metoa uccjenoBaHue.

Pa3zpaboTka TexHoIOrMM O0ECIIPOBOAHOIO JaT4YMKa JJi1 U3MEPEHUs TeMIlepaTypbl B MeCcTax
YCTAaHOBKHM OpTONEANYECKUX HUMIUIAHTOB C MPUMEHEHHEM HCKYCCTBEHHOI'O HMHTEIUIEKTAa Y¥Ke
peanu3oBaHa B Takux crpaHax, kak CIIA, I'epmanus, FOxnas Kopes u SAnonus. OgHako nanHas
TEXHOJIOTUSI MOXeT ObITh BHeApeHa U B KazaxcTaHe, MOCKOJIbKY OHa OTBEYAaET COBPEMEHHBIM
BBI30BAaM MEMIIMHBI, CIIOCOOCTBYET YIYUIICHHIO KayecTBa JICUCHMS, CHUXKACT KOJIUYECTBO
OCJIO)KHEHUH Y TOBBIIIAET KAYECTBO )KU3HHU.

HccnenoBanue  MOCBAIIEHO MNAlMEHTaM C  YCTAHOBJIEHHBIMU  OPTOIEIUYECKUMH
UMIUIAHTAaMU U WU3YYEHHUIO TEXHOJIOTUH OECHpPOBOJHBIX JATUYMKOB, a TaKXE MX HMHTErpaluu C
uMIUIanTaMd. B crathe «O030p NMpUMEHEHMSI MCKYCCTBEHHOTO HHTEJUIEKTa B OPTONEAMMY
paccMaTpuBaeTCsl CBsI3b MEXJY HCKYCCTBEHHBIM HMHTEJUIEKTOM M opromnenueid. OTMeyeHbl
noctwkeHus: W B xupypruu, a Takke OrpaHUYeHHOCTh MCCIEIOBAHUN B OOJACTH OPTOTICTUH.
[lomuepkuBaeTcsi, YTO MCKYCCTBEHHBI HHTEJIEKT IIOMOIAaeT IPE0J0JIeBaTh HEAOCTaTKU
TPaJULIMOHHBIX METOJOB JIMarHOCTUKU IIE€PEIOMOB M 3a00J€BaHUIl, OJHAKO CYILIECTBYIOT
poOJIeMbl, CBSI3aHHBIE C HEAOCTATOYHOW KIMHUYECKOH MPUMEHHUMOCTHIO, HEXBATKOW JTaHHBIX,
CJI0)KHOCTBIO MOJIEJIEN U OTCYTCTBHEM CTaHIapTU3ALIUU.

B cratee «HoBblll sHeprocOeperarommii aroput™M cOopa NaHHBIX Ui OeCHpOBOJHBIX
CEHCOPHBIX CETEH ¢ MCMOIb30BaHUEM MCKYCCTBEHHOI'O MHTEJIEKTa» pPacCMaTPUBAIOTCSI METOIbI
sHeprocOepexeHns B OECIIPOBOAHBIX CEHCOPHBIX CETAX. ABTOPHI Ipeiararot anroputm NDGAL
KOTOPBI ONITUMHU3HPYET Mpoliecc cOopa TaHHBIX 3a CYET UCTIOIb30BaHUS MOOUIIBHBIX 3JIEMEHTOB,
KJIACTEpU3allMd Y3JI0B Ha OCHOBE TEOPUM HEYETKOW JIOTMKM W ONTHMHU3ALMHM MAapIIPYTOB C
IIPUMEHEHUEM METOA0B HCKYCCTBEHHOIO IYEIMHOIO pOs M ONTHMH3ALMHU POEB YACTHULL.
Pesynbrarel CcHUMyNSIIMM  NOATBEPXKAAIOT, 4YTO TPEUIOKEHHBI alTOPUTM  HPEBOCXOIUT
CYIIECTBYIOIME METO/IbI, YBEIMUUBAs CPOK CITYKOBI CETH U CHUYKasi SHEPronoTpedeHue.

HccnenoBanue TEXHOJIOTMM OECIPOBOIHOTO JaTYMKa Ui MOHUTOPHHIA TEMIIepaTypbl B
30HaX YCTAaHOBKHM OpPTOINEIUYECKHX NUMIUIAHTATOB OXBAThIBAET HECKOJIBKO KIHOYEBBIX 3TannoB. Ha
HayaJlbHOM 3Tane pas3padaTbiBaeTcsi O0€CIPOBOJHON TeMIIepaTypHBIH JaTUMK, YYUTHIBAIOIIUN
MEIULUHCKUE TpeOoBaHMs, BKJIOYas BbIOOp MaTrepuajoB, MHUHMMM3ALMIO pa3MEpoB H
obecrieyeHne OnocoBMecTUMOCTH. J[lamee npoBoauTcs ero KaauOpoBKa M TECTUPOBAHHE,
HaIpaBJIEHHbIE HAa MPOBEPKY TOYHOCTH M CTAOMJIBHOCTH pabOThl B Pa3IMUHbIX TEMIEPATypPHBIX
nuana3oHax. Ilocie 3toro crienyroT abopaTOpHbIE HCHBITaHHSA, B paMKax KOTOPBIX JATYUKH
MIPUMEHSIIOTCS. B MOJIEIISIX, UMUTHPYIOIINX YCIOBHUS U3MEHEHUS TEMIIEpaTypbl UMIUIAHTATOB O]
BO3JICHICTBUEM BOCHAJIUTENBHBIX MPOLECCOB M JAPYrux (aKTOpoB. 3aTeM OCYILECTBISIOTCS
TIOJIEBBIE HCIIBITAHUS, TIO3BOJISAIONINE OLUEHUTh 3()(PEKTUBHOCTH PadOTHl TaTYMKOB B PeasIbHBIX
YCIIOBUSIX, HallpUMep, NMPU MOHUTOPUHIE TeMIepaTyphl y mnanueHToB. [lomyueHHble TaHHbBIE
aHAJIM3UPYIOTCS JJISl OLICHKM TOYHOCTU M3MEpEHUi, peaklluyd Ha TeMIepaTypHble U3MEHEHUS U
BBISIBJICHHMSI BO3MOXHBIX OClOXHeHMH. Ha 3aBepmiatoremM 3Tame MNpPOBOJUTCS — OLEHKA
0€30MMacHOCTH U JOJATOBEYHOCTH JAATYMKOB, BKIIIOYAsi UX HA/IEKHOCTD MPH UTUTEILHOM KOHTaKTe
C TKaHSIMHU OpraHu3Ma.
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Takoli MOAXON TO3BONSET KOMIUIEKCHO OLEHHUTHh A(PQPEKTHBHOCTb TEXHOJOTHU
0eCIpOBOIHBIX JATYUKOB I MOHUTOPHUHIA TEMIIEPATyphl U €€ MOTEHIHAIbHOE TPUMEHEHHE B
MEIULIMHE.

Mertoapl uccaeoBaHus AUATHOCTUKY MH(EKIHUH B MecTaX YCTaHOBKH OPTONEIUYECKUX
UMIUIAHTaTOB MOTYT BKJIIOYaTh KaK TPAJAMLMOHHBIE JIAOOPAaTOPHBbIE HCCIENOBAaHUS, TaKk U
COBPEMEHHBIE TEXHOJOIMH, TaKue Kak OMOMEIMLMHCKHE AATYMKHM M METOJbl BU3YyaIM3allUH.
KoMIUIEKCHBI  MOAXOX B  JUArHOCTHMKE IIO3BOJIAET IOBBICUTH TOYHOCTb  BBIABIICHUS
MHpEKIMOHHOro mnpouecca. KiMHHYecKHe METOAbl JUarHOCTUKU BKIIOYAKOT (PU3MKaAIBbHOE
o0cliezioBaHMe, B X0/le¢ KOTOPOrO Bpau OLIEHUBAECT BHELIHHE MPHU3HAKU BOCIHAJIEHUS, TAKHE Kak
[IOKpaCHEHHE, OTEYHOCTb, IIOBBIILIEHHE TEMIIEPATyphl B 00JaCTH UMIUIAHTaTa U OOJE3HEHHOCTb.
CO6op aHamMHe3a NalMeHTa TakKe UTPaeT BaKHYIO POJIb, OCKOJIbKY MH(OPMAIIHS O PeIbITyLIIHX
MHQEKIUAX, OCIOKHEHHUAX U OOIIMX CHUMIITOMAX IOMOTaeT YCTAaHOBUTh BO3MOXHYIO NMPUUYUHY
BocnajeHus. JlabopaTopHble METOABI BKJIIOYAKOT OOLIMH aHAIM3 KpPOBH, BBIABISAIOLIMN
MIOBBIIIEHUE YPOBHS JICHKOLMTOB M cCrenu(pUYECKUX MapKepoB BOCHAleHMs, Takux Kak C-
PEaKTUBHBIN O€IOK U CKOPOCTh OCEaHMs SPUTPOLUTOB. MUKPOOMOIOrHYECKOe UCCIIEJOBaHHE,
OCHOBaHHO€ Ha MOJY4eHMHM oOpa3la M3 30Hbl MMIUIAHTATa M €ro IMOCJEIyIOIIEM IIOCEBE Ha
MUTATENbHBIE CPEIbl, MTO3BOJISIET HAeHTH(GUIIMpOBaTh Bo30yauTenel nadeknuu. [lomumepasnas
uennast peakiust (ITLP) maer Bo3moxHocTh ompeaenuts JHK wim PHK marorennsix
MUKpPOOPIaHW3MOB B TKaHSIX WU KHUJIKOCTSX, IOJIYYEHHBIX U3 00J1aCTU UMILIAHTATa, YTO JEJIaeT
JTMArHOCTHKY 0OJiee TOYHOH M Crienn()UIHOM.

BusyanmsannoHHble METOJBl BKIIOYAIOT PEHTICHOTpa(uio, MarHUTHO-PE30HAHCHYIO
tomorpadpuio (MPT) u xommbrorepaytro tomorpaduio (KT). Pentrenorpadus He Bcerma
MO3BOJISICT HETIOCPEICTBEHHO YBHIETh MH(EKIIHIO, HO TOMOTAET BBISIBUTH OCIIOKHEHHS, TAKUE KaK
OCTEOMUEIINT, TOBPEKICHUE KOCTHON TKaHU WM OTTOp)KeHue nmruiantara. MPT sBnsiercst 6omee
YYBCTBUTEIBHBIM METOJIOM JUIsl OOHAPYKECHUsI BOCHAJICHUNA M MH(EKIHMHA B MATKUX TKaHIX U
KOCTSIX, @ TaK)Ke MO3BOJISIET BU3YaIM3UPOBaTh OBPEKIACHNUS, BbI3BaHHbIEC HH(EKLMeH, BKIoYas
abcueccol u ocreomuenut. KT obecnieunBaer Ooiiee neTaabHOE UCCIEI0BaHHE KOCTHON TKaHU U
OKpY’KaloIIMUX CTPYKTYp B 00JacTH MMIUIAHTATa, YTO OCOOEHHO BaXKHO IMpPH MOJO3PEHUU Ha
ri1y0oKHe HHPEKIUN UIH OCIOKHEHHUS.

Cpenn MHHOBALIMOHHBIX METO/I0B TUArHOCTUKH BBIIENISAIOTCS OMOCEHCOPHI U OECTIPOBOHbIE
JATYUKH, a TAK)KE ONITUYECKHE U YIbTPa3ByKOBbIE METO1bl. COBPEMEHHBIE TEXHOJIOTUH, TAKUE KaK
OecrpoBOJIHbIE TEMIIEPATYPHBIE TaTYUKH, TO3BOJISIIOT KOHTPOJIUPOBATh U3MEHEHUS TeMIIepaTyphbl
B 00JaCTM MMILIaHTaTa, YTO MOXET CBMJETENbCTBOBATh O PA3BUTUU MHGEKUUU WIH
BOCHAJINTENBHOIO Ipolecca. Taxkke HMCHOIb3YIOTCS CEHCOpBl JUIsl M3MepeHust ypoBHs pH,
CMOCOOHBIE yKa3aThb Ha Haluyhe UHQEKIUH. YIbTPa3BYKOBbIE METOABI MMOMOIalT MOIydaTh
n300paXkeHUs] TKaHeH BOKPYr HMIUIAHTaTa, 4YTO CIOCOOCTBYET OUArHOCTHKE BOCHAJIEHUH, a
ONTUYECKUE TEXHOJIOTUH, BKIOYas (IYyOPECUEHTHYIO IUArHOCTUKY, HAXOAATCA Ha CTaJuu
pa3paboOTKM W TpeaHa3Ha4yeHbl UId OBICTPOrO BBIABIEHUS OakTepuil B OHMOJOTMYECKUX
KHUJKOCTSX.

['eHeTnyeckue MeTO/bl, TaKME KaK METOJbl CEKBEHUPOBAaHUS (METar€HOMHUKA), TO3BOJISIFOT
U3y4aTb MHKPOOMOMBI B 30HE UMIUIAHTaTa U BBIABIATh MPUCYTCTBHE MATOTE€HHBIX
MHUKpPOOPTaHHW3MOB JIaK€ B HEOOJBIINX KOJIMYECTBAX. ITO OCOOEHHO IMOJIE3HO MPU TUArHOCTHKE
MH(DEKIHA, KOTOpPBIE HE COMTPOBOXKIAIOTCS IPKO BHIPAXKEHHBIMH CUMIITOMaMH.

Metoasl  QyHKIMOHANBHOM  TUArHOCTHKM  BKJIIOYAIOT TepMOrpagui0 U OLEHKY
o6uomapkepoB. MH]pakpacHas Tepmorpadusi NpuMeHsieTcsl UIsi MOHUTOPHHIa TeMIIepaTypbl
MOBEPXHOCTH Tejla B MECTaX YCTAaHOBKM HMIUIAHTATOB, I03BOJISS OOHApY>KMBaTh paHHUE
NPU3HAKM BOCHAJCHUs] MM HMH(EeKIUH Oe3 WHBA3HUBHBIX BMELIATEIbCTB. METOABI OLIEHKU
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OMOMapKepoB, TAKHE KaK M3MEPEHUE YPOBHEH MHTEPICHKUHOB U IPYTHX MOJICKYJ, UCIIONB3YIOTCS
JUTSI OLICHKU COCTOSIHMSI TTAlIEHTa U ONPEACIICHUsI HATMYUSL BOCHIATUTEIBHBIX IPOIECCOB.

MeTtonbl MCCIIEIOBAHUS COBPEMEHHBIX JAMATHOCTUYECKUX METOJOB MH(EKIUH B MecTax
YCTAaHOBKU OPTOINEAMYECKUX MMIUIAHTATOB MOTYT BKJIIOUATh B €05l Kak TPaJUIMOHHBIC, TaK U
MHHOBALIMOHHBIE TOAXOJbl. BaXHO NOHMMAaTh, YTO LEJIBI0 TAKUX HCCIEIOBAHUU SIBISETCS
BbIsIBJICHHE Haubosnee >(PPEKTUBHBIX M TOYHBIX METOJIOB TUATHOCTHKHU JIJIsI CBOEBPEMEHHOI'O
oOHapyxeHus MHPEKIUH 1 Apyrux ocioxkHeHu# [10]. PaccMoTpuM 0CHOBHBIE METOIbI, KOTOPHIS
MOTYT OBITh HCIOJNIB30BAHBI B pPaMKaX HCCIEIOBAHHUS COBPEMEHHBIX JIMAarHOCTHYECKHX
TEXHOJIOTUH:

AHanu3 HayyHBIX MYOJIMKAIUil: 3TO MEpBBIA LIar, KOTOPBIM IOMOTaeT MOHATH, KaKue
METOJIbl JUArHOCTHKM HMH(PEKIUU B MECTaX YCTAHOBKM OPTONEAMYECKUX HMILIAHTATOB
HCIIONB3YIOTCA B HACTOsIIee BpeMsl. Mi3yueHue HaydHbIX CTaTei, KIMHUYECKUX PEKOMEHIAuui 1
OTYETOB MMO3BOJISIET OMPEENIUTh Hanbosee nomyisipHbie U 3PHEKTUBHBIE METOBI.

MeTtananus U cucTeMaTHUeCKUil 0030p MOTYT OBITh MPOBEACHBI AJIsl BBISBICHUS JIYYIIUX
MPAKTUK JUArHOCTUKHU MH(EKIINH, 4TO O3BOJISIET CyMMHUPOBATh JaHHBIC U3 Pa3HbIX HCTOYHUKOB
Y MOJy4uTh 00s1€e 000CHOBAHHBIE BHIBOJBI O TOYHOCTH U (PPEKTUBHOCTU PA3ITMUYHBIX METOJIOB.
MukpoOunosiornaeckoe ucciieoBanue, Bkitodas mocessl u [P, mpenmonaraer ananms o0pasios
TKaHEW WJIM >KUJIKOCTH, B3ATHIX M3 30HBI UMIUIAHTATA, JIJIS BBISIBJICHUS OaKTepuii, TpUOKOB WJIU
JIPYTUX IAaTOTEHOB, YTO CIIOCOOCTBYEeT TO4YHOW wuaeHTH(uKanmmu WHeknuu. [lonmmepasHas
uennast peakuust (I1LP) mo3Bossier ompenennTs reHETHYECKU MaTephall MUKPOOPTaHU3MOB,
SIBJISISICH  BBICOKOTOYHBIM METOJOM JIMarHOCTHUKH, OCOOCHHO B CIIy4asiX, KOTJla CTaHJapTHBIE
aHAIM3bl HE JAlOT YETKOro pe3ysibTaTa. bmoxumuueckue TEeCThl M aHadu3 KPOBU BKIIIOYAIOT
OIICHKY YPOBHS MapKepPOB BOCTIAJICHUsI, TAKMX Kak C-peakTUBHBIN OCJIOK U MPOKATBIIUTOHUH, YTO
MOMOTaeT OIpPENCIUTh HaIndue HWHPEKIuu. KIWHWYeCKHe WCCIeIOBaHUS M TECTUPOBAHUE
TEXHOJIOTUH HAIPaBJICHBI Ha U3ydeHHe d(PPEKTUBHOCTH PA3IMYHBIX TUATHOCTHYCCKHX METO/OB
Ha MalHUeHTaX ¢ OPTONEANYECKUMU UMIUIAHTaTaMHU, BKJIKOYasi TECTUPOBAHUE HOBBIX TEXHOJOTHMH,
TakMX Kak OecrmpoBOAHBIE IAaTUYMKH TEeMIEepaTyphl, YIbTPa3BYKOBas JUArHOCTUKA U Jpyrue
CEHCOpBI.

CpaBHUTENbHBIE UCCIIEIOBAHUS HAIIPABJICHBI HA aHaTU3 Y((EKTUBHOCTH CTAPBIX U HOBBIX
METOJIOB JIMAarHOCTUKU. Hampumep, MpoOBOAUTCS CpaBHEHHWE TOYHOCTH pPEHTreHorpaduu u
MarHuTHO-pe3oHaHcHoU ToMorpaduu (MPT) npu nuarnoctrke MHPEKIUil B MECTaX YCTaHOBKHU
VMMILIAHTATOB.

MeToapl BHU3yanHM3aliy BKJIIOYAIOT PEHTTEHOTpaduio, KOTOpas IMO3BOJISIET BBHISBIATH
W3MEHEHUS B KOCTHOW TKaHU, BOCIIAJICHUE Y BO3MOYKHBIE OCJIOXKHEHUA. MarHUTHO-pe30HaHCHAs
TomMorpadusi ucmonb3yercs Ans Oojiee TOYHOTO OOHAPYKEHUS MITKOTKAHEBBIX HH(EKIN U
BOCIMAJUTEIBHBIX  TPOLIECCOB B  00JIACTM  MMIUIAHTATOB, BKJIIOYas CTaHAAPTHBIE W
CreIMaJIu3UpPOBAaHHbBIE METObI C KOHTPACTHBIMU BemecTBamMu. KommnbrorepHas Tomorpadust (KT)
MPUMEHSETCS I JIETabHOTO HM3YyYEHUsI COCTOSIHUSI KOCTHOM TKaHM M JMArHOCTUKH TaKHUX
OCJIOKHEHUH, KAK OCTEOMMEIIHT.

CoBpeMeHHBIE TEXHOJOTUH W WHHOBAIMMA PACIIUPSIOT BO3MOXHOCTU JHATHOCTHKH.
Pa3pabotka u TecTtupoBaHuE OECHPOBOIAHBIX OMOCEHCOPOB IMO3BOJISIET B PEXHUME PEATbHOIO
BPEMEHHU MOHUTOPHUTH TEMIEPATYPY U Apyrue PU3NOIOTHIECKHUE TTOKA3aTeNId B 30HE YCTAHOBKHU
HMMIUTIAHTATOB, YTO MOMOTAeT CBOEBPEMEHHO BBISABIISITH MPU3HAKA BOCHATICHHS WU HWHQEKIIHH.
Nudpaxpacuas tepmorpadus UCTONB3YeTCS I KOHTPOJS TEMIIEPaTypbl B MECTaX yCTaHOBKHU
MMILUIAHTATOB, a PETUCTPAINS U3MEHEHUN TEMIIEPATYPhl MOXKET CIIY>KHTh PAaHHUM HHIMKATOPOM
BOCIAJIUTEIHHBIX MPOIECCOB. MeTOAbI MOJIEKYISIPHON JTUATHOCTUKH, BKITIOUYAs CEKBEHHUPOBAHHE
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JIHK 1 MeTareHOMUKY, TIO3BOJISIOT BBISBIISATH MATOT€HHBIE MUKPOOPTAHU3MbI HA MOJICKYJISIPHOM
ypOBHE, oOecrieunBasi 60Jee TOUHYIO U PAaHHIOK TUArHOCTUKY MH(EKITMOHHBIX 3a00JICBaHUH.

OrneHKka YyBCTBUTEIBHOCTH W CHCHU(PHUYHOCTA METOJOB: HCCICIOBAHUE TOYHOCTH
pPa3NUYHBIX METOJOB JIMAarHOCTUKU, BKJIOYAs HMX YYBCTBHTEIHHOCTH (CIIOCOOHOCTH BBISBHUTH
MH(}EKINI0) ¥ cCeu(UIHOCTH (CIOCOOHOCTH OTJIMYUTH MH(PEKIIUIO OT APYTHUX 3a00JIeBaHUi). DTO
MOJKET BKJIIOYATh CTATUCTHUECKYI0 00pabOTKY AAHHBIX M3 KIMHUYECKHX WCIBITAHUN U aHaIU3
rokaszareseu kaxjaoro metoaa [11].

DOKOHOMHUYECKHI aHalIM3: OIEHKAa CTOMMOCTH Pa3IMYHBIX HUArHOCTHYECKHX METOJOB U
TEXHOJIOTUH, a TaKKe MX BO3JEHCTBUS HAa CTOMMOCTH JICUCHHUS U JAIbHEUIIYI0 peaOHInTaIUIo
nmanueHToB. BkiltouaeT wuccienoBaHue TOro, HACKOJIBKO 3(PGEKTUBHO TNPUMEHEHHE HOBBIX
TEXHOJIOTUI CHUKAET PacXoibl Ha JIECYEHHE OCJIOKHEHUH.

OrneHka KayecTBa >KM3HU MAlMEHTOB: UCCIIEIOBaHMsI, HAalpaBJIeHHbIe HA TOHUMaHUE TOTO,
KaK pa3jnyHble JAMArHOCTUYECKHE METOJIbl M BMEIIATENIbCTBA BIMSIOT HA KAaueCTBO KHU3HU
MAlMEHTOB, BKIOYAas WX BOCHpHUATHE OOJM, CTpax mnepea WHGEKUUSIMU U SMOIMOHAIHHOE
COCTOSIHHE.

PesyabTaTsl n 00cy:K1eHHE.

PesynbTarel 1 00CyX/I€HHE HCCIEIOBAHUS TEXHOJIOTMM OECHPOBOAHOIO JaTyMKa MJIs
MOHHUTOPHHIA TEMIIEPATYpPhI B 30HAX YCTAHOBKU OPTOINEINYECKUX UMIUIAHTATOB MOT'YT BKJIFOYATh
CJIEYIOINE KIFOYEBbIE MOMEHTHI.

B xone uccienoBanuii ObIJI0 YCTAHOBIIEHO, YTO OECIPOBOJHBIC JATYMKUA OOECIIEYUBAIOT
BBICOKYIO TOUHOCTb U3MEPEHUN TEMIIEPATYphl, C MaJIOl MOTPEIIHOCTHIO B AUarna3oHe ot 36°C 1o
40°C, uTo ABJIAETCSA KPUTHUECKU BaXKHBIM JJI1 MOHUTOPUHTA TEMIIEPATYpPbl B 00JIACTH yCTAaHOBKU
uMILIaHTaToB. [lorpemnoctu u3mepenuii coctanisuin Menee 1°C, 4To COOTBETCTBYET CTaH apTaM
MEAUIMHCKUX MpuOopoB. Peakuus Ha u3MeHeHus Temmeparypbl: JlaTyuku ycHenrHo
¢ukcupoBasin HeOOJbIIME KOJEOAHUS TeMIepaTypbl, KOTOpblE€ MOIJIM OBbITh CBS3aHBI C
BOCMAJIMTEIbHBIMH IpOLECCaMH, HWH(MEKUUSIMU HIUM OTTOp)KeHHMeM umIuiantara [12]. beuin
3apErUCTPUPOBAHBI MOBBIILIEHHBIE TEMIEPATYphl B 30HE YCTAHOBKM HMMIUIAHTATOB, YTO MOKET
CITY’)KUTh UH/IUKATOPOM BO3MOKHBIX OCJIOKHEHMH, TAKUX KaK WH(UIIMPOBAHUE WIIH YpEe3MEPHOE
TPEHHE UMILJIAHTATA.

HanexHocts OecnipoBOAHON mepenaud JaHHBIX: TEXHOJOTHs OecrpoBOAHOHN mepenauu
JAHHBIX TTO0Ka3aja XOPOILy0 CTA0MIBHOCTD B YCIOBHSIX, UMUTHPYIOLINX pealibHble METUIIMHCKHE
npouenypsl.  Mcmonb3oBanue ~ OeCnpOBOAHBIX ~ TEXHOJOTHMHM  MO3BOMWIO  M30eXaTh
JIOTIOJTHUTEIbHBIX MHBa3UBHBIX BMELIATENbCTB U OOECIEUUTh HENpPEpbIBHBIH MOHUTOPHHI 0€3
HEOO0XOAMMOCTH B 4YacThIX (u3nyecku mojkimouaeMbix gatuukax [13]. IIpomomxurenbHOCTH
paboTel: McnbITaHus Ha TOJITOBEYHOCTH MOKA3aJld, YTO AATYUKU MOTYT paboTaTh B OpraHuU3Me
MalueHTa Ha MPOTSKEHUH HECKOJIbKMX MECSIEeB 0e3 3HAUUTEIbHOIO YXYJIIIEHUsS paboThl, YTO
MpearoyiaraeT MUX BO3MOXHOCTh JiI JOJITOCPOYHOTO MOHUTOPUHIA COCTOSHUSI MAalMeHTa.
buocoBmecTumMocTh ©  0€30maCHOCTh:  JATYMKH, MCIOJb30BaHHBIE B  HCCIEIOBAHUH,
MIPOJEMOHCTPUPOBAIM  XOPOILIYI0 OMOCOBMECTMMOCTh C YEJOBEUYECKHMMH TKAHSIMH, 4YTO
MOATBEPIKIAETCS OTCYTCTBMEM BOCHAJIEHMM WJIM JApPYrUX HEraTUBHBIX pEaKkIMi B MecTe
ycTaHoBKH. OJHaKo, HEOOXOAMMOCTb B JajbHEHIIEM TECTUPOBAHUM JJSi BBISBICHUS
JOJITOCPOYHBIX IP(HEKTOB OCTACTCS aKTYyaIbHOM.

[IpeumymecTBa OecrpoBOMHBIX  JaTYMKOB: OCHOBHBIM MPEUMYIIECTBOM JaHHOU
TEXHOJIOTUU  SIBJSIETCSI  BO3MOXKHOCTb  IOCTOSSHHOTO ~ MOHMTOpPUHIA TeMIlepaTypsl  0e3
HEOOXOJIMMOCTH B HHBAa3UBHBIX BMEIIATENIbCTBAX. OJTO BaXXHO JUIS PAaHHErO BBISABICHUS
NATOJIOTMYECKHX HM3MEHEHUH M NpPeAOTBPALICHUS OCIOXHEHUH, TaKuX Kak HHQPEKIUH WIN
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OTTOp)KEHUE HMMIUIaHTaTa. Vcnoap3oBaHue OECHPOBOIHBIX JATYMKOB IO3BOJISIET 3HAUYUTEIHLHO
MOBBICHTh KAa4eCTBO yXOJa 3a MAlMeHTaMH W CHU3UTh PHUCKH, CBA3aHHBIC ¢ MH(EKIHSIMHU, Oe3
HE0OXO0IMMOCTH MHOTOKPATHBIX rocrnutanu3anuii [14]. OrpaHu4eHus UCCIeI0BaHUs. HECMOTPS
HA [10JIOKUTEIIbHBIE PE3YJIbTATHI, CYIIECTBYET HECKOJIBKO OIPaHUYEHNUN, TAKUX KaK OrpaHUYEHHAas
JUITUTEIHHOCTh MOJIEBBIX UCHBITAHUH (TECTHPOBAHUE MPOBOIUIOCH B YCIOBUSIX KOPOTKOCPOUHOTO
HaOJI0/IeHNUs1), YTO MOKET HE JaTh MOJHON KapTUHBI O JOJTOCPOYHOM CTAaOMIBHOCTH PabOThI
JIAaTYNKOB B OpraHu3Me. Takke CTOUT OTMETUTh, YTO JUId IpoBeleHHus Oosee MaciTaOHBIX
KJIIMHUYECKUX UCIBITAaHUM OTpeOyeTCsl OlleHKa BO3/ICHCTBHS Ha MMALIMEHTA B YCIOBUSX PEalbHOTO
BpeMeHH. bynyiiue HampaBiieHusi: A yIydlIeHUS pPe3yiIbTaToB HEOOXOIMMBI JajbHeiiine
UCCIeIOBaHUsl B 00JAcTU MOBBIIIECHUS YYBCTBUTEIBHOCTH JATYMKOB, a Takxke pa3paboTka
QITOPUTMOB [UIsl ABTOMATHMYECKOIO aHajlu3a IOJY4YEHHbIX AaHHbIX. [loTeHuman ymydmeHus
3aKJIIOYAeTCs B MHTETpallMd JAHHBIX O TEMIIEpaType ¢ JAPYTHUMH IOKa3aTeJSIMU COCTOSIHUS
MalKUEHTA, YTO MO3BOJIUT CO3aTh CUCTEMY ISl KOMILJIEKCHOIO MOHUTOPHHIA U NTPEAOTBPALICHUS
ocinoxkHeHud. KimHuueckoe mnpumMeHnenue: lcnonb3oBaHME TakuUX JAaTYMKOB B PEaIbHOU
KJIMHUYECKOW MPAKTUKE MOXKET CTaTh BAXKHBIM HHCTPYMEHTOM JUIsl Bpauel, 03BOJISISI OlIEpaTUBHO
pearupoBaTh Ha HM3MEHEHHE COCTOSIHMSI MallMEHTa W IPeloTBpAlaTh PAa3BUTHE HETaTUBHBIX
MIOCJIEACTBUIM B IOCJIEONEPAMOHHBIN NEpUOA. DTO OCOOEHHO AaKTyajJbHO JJsl MAlUEHTOB,
KOTOpBIE IIOJIBEPIIIUCH YCTAHOBKE UMIUIAHTATOB B KOCTSIX WJIM CYCTaBax, IJIe TEMIIEpaTypa MOKET
CITy’)KUTh HHIMKATOPOM BOCTIaJICHHs Win HHpexmH [15].

B menom, umccnemoBaHme MOKa3ano, 4TO OECHpPOBOJHBIE MATYMKH JJIsI MOHUTOPHHIA
TEeMIIepaTypbl B 30HaX YCTAHOBKU OPTOINEANYECKHX MMIUIAHTATOB MMEIOT OOJIBIION MOTEHIIHAT
JUIs TIPUMEHEHHUS B MEJULMHE, OCOOCHHO B KOHTEKCTE YIYYILIEHHUS yXOJa 3a MalueHTaMu U
MPEIOTBPALLCHHS OCIIOKHEHUM.

3akJ/iloueHue.

B nmaHHOM wuccienoBaHue MPOBENEHBI AHAIMU3 CYIIECTBYIOMIMX pPadOThl 3apyOesKHBIX
aBTOPOB MO JaHHOW Teme. B Xojae wucciemoBaTenbckoil pabOThl MPOBENEH aHAU3 METO/OB
JMArHOCTHKU KOTOpbIE UMEET CBOM MPEUMYIIECTBA W OTPAHHYEHHUS, U MX BHIOOP 3aBUCHUT OT
KIIMHUYECKOW CHUTYallMH, TOCTYMHOCTH OOOPYAOBAHUS M COCTOSIHHS TalreHTa. V3ydeHbl psiibl
KOMIUIEKCHBIX TOJXOJ0B, KOTOPBIA coueTaeT B cebe TpaJWulMOHHBIE METOAbl (KIMHUYECKUN
OCMOTp, aHanu3 KpoBu) U Oomnee coBpemenHnle TexHomoruu (MPT, TILIP, GecmpoBoaHbie
JTATYHKH).

AHaIM3UpPOBaHbl COBPEMEHHBIE METOJbl JMATHOCTUKM HH(EKIN B MecTax YCTaHOBKHU
OpPTOMEIUYECKMX HWMIUIAHTATOB JOJKHBI OBITh TOYHBIMH, OBICTPHIMH M 3(()EKTHBHBIMHU.
KoMOuHMpOBaHHOE HCTIONB30BaHUE TPAJAUIIMOHHBIX JIA0OPATOPHBIX METOJIOB, TAKMX KaK MOCEBBI
u TP, ¢ HOBBIMU TEXHOJIOTHSIMH, TaKUMU Kak OuoceHcopel U MPT, moxer oOecrieunThb
HAJICKHYIO JMAarHOCTUKY. McciienoBaHbl BHEAPEHUWE HWHHOBAIMOHHBIX METOJOB, TAKHUX Kak
OeCpOBOJIHBIE JATYMKU U MOJICKYJISIpHAS JIUarHOCTHKA, MOTYT 3HAYUTEIBHO YIYUIIUTh
MPOIIECChl MOHMTOPUHTA W TPENOTBpAIICHHUS WH(EKIUNA y MAIMEHTOB C OPTONEAMYECKUMU
WMIUIaHTaTaMH.
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ANALYSIS OF THE RESEARCH OF WIRELESS SENSOR TECHNOLOGY FOR
MONITORING TEMPERATURE IN ORTHOPEDIC IMPLANTS
INSTALLATION AREAS

Abstract. The aim of this study is to develop and approve an innovative methodological
concept of orthopaedic implant performance monitoring using modern wireless sensor
technologies and artificial intelligence algorithms. The paper provides a detailed analysis of the
existing methods of diagnostics of implant condition, reveals their technical and methodological
limitations, and analyses the current trends in the field of medicine aimed at improving the
reliability and safety of implantation. The proposed technique combines the collection of
temperature and other physical data by means of high-precision wireless sensors and their
processing with the use of machine learning algorithms to predict possible deviations in implant
operation and timely detection of the initial signs of wear or damage.

The experimental part of the research includes testing of the developed system in real clinical
conditions that allowed to obtain significant statistical evidence of its efficiency and accuracy. The
results showed that the application of the innovative approach allows not only to improve the
accuracy of diagnosis, but also to significantly reduce the response time to potential
complications, which is important for surgical intervention and reducing the risk of unfavourable
outcomes. The presented approach opens new perspectives for further research in the field of
medical implant monitoring, contributing to the development of personalised medicine and
improving the quality of life of patients.

Keywords: Orthopedic implants, wireless temperature sensor, artificial intelligence,
digitalization, diagnostics, patient.

OPTOMNEIUSJIBIK UMIITAHTTAPJBI OPHATY AMMAKTAPBIHJIA
TEMIEPATYPAHBI BAKBIJIAY YIIIH CBIMCBI3 JATYUKTEP
TEXHOJIOTUSACKIH 3EPTTEVI TAJJAY

Anoamna. byn 3epmmeyoiy makcamsl 3aMAHAYU CHIMCbL3 CEHCOPTIbIK MEXHOI02UANAD MeH
AHCACAHOBI UHMEIIEKM AI2OPUMMOEPIH NAUOAIAHA OMbIPLIN, OPMONEOUSIbIK UMNIAHMMAPOLIH
OHIMOLNI2IH OAKLLIAYObIH UHHOBAYUSILIK 20iCIEMENIK MYNCLIPLIMOAMACHIH d3IPJIeY HCIHE CHIHAY
bonvin  mabviaovl.  Kymvicma — UMRIGHMMAPOLIY  HCAROAULIH — OUACHOCMUKAIAYObIH
KONOAHbICMAgbl d0ICmepiHe e2xceli-me2iicelili manoday, 01apovly, MEeXHUKANbIK HCIHE d0ICmeMeniK
wexmeynepin aHblKmay, COHOAl-ax UMNJIAHMAYUAHBIY CeHIMOINIeI MeH Kayincizoiein apmmulpyea
bagvimmanean MeOUYyuHa CalacblHOa&bl AeblMOadbl MEeHOCHYUAIAPObl MAL0Ay KApAaCMblPbLIZaH.
¥cvinvinzan adicmeme umnianmmapOowiy HCYMblCbIHOARbL LIKMUMAT AYbIMKYIAPOblL OOIHCAY HCIHE
mo3sy Hemece 3aKbIMOAHYOblH Oacmankvl Oeneinepin YaKkmolibl AHLIKMAY VUWIH JHCOADbL
02/10iKmezi CbIMCbl3 CeHCOPapObl NAUOAIaHa Omulpsin, memnepamypa meH 6ackKa Qusuxkaniviy
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0epexmepoi HCUHAYObL HCIHE 0NAPObL MAUUHANBIK OKbIMY ANOPUMMOEPIH NAtlOAIaHA OMbIPLIN
onoeyoi bipikmipeoi.

3epmmeyodiy madcipubenik 66aiMi a3ipieH2eH JHCYUeH] HaKMbl KIUHUKATLIK HCA0ALapoa
CHIHAYObl KAMMUObL, DYl OHbIH MUIMOLLICT MeH 021012IHIH MAHbI30bl CIAMUCMUKATLIK 0d1e/I0ePiH
any2a MymkiHoix bepoi. Homuoicenep uHHOBayUsIbIK Macindi KoA0aHy OuaeHOCMUKANbIK 0dN0IKMI
JocaKkcapmoln  KaHa KOUMAU, COHbIMEH KAmap XUpypeusiiblk apaiacy JHCoaHe KOAQUChl3
HomuoicenepOiy Kaynin azaumy Yulih Maybi30bl OONbIN MAOLIIAMbIH bIKMUMATL ACKbIHYLAPEd
aocayan bepy VaKblmvlH aumapivlKmail KblCKapmMamvlHbIH  Kepcemmi. YCblHbLIeaH Maci
MEOUYUHANLIK, — UMNIAHMAMMApObly — JHCai-KyuiH — 6axkbliay CcaiacblHOasvl api  Kapauavl
3epmmeynepoiy Hcaya NepcneKMmusalapbli aulaosl, oepoecmeHnoipiieer MeOUYUHAHbIY OAMYbIHA
JHCoHE nayueHmmepOoiy OMIp Cypy CAndachli HCAKCAPMYea bIKNal emeoi.

Tyiiin ce30ep. Opmonedusnvlk UMNIAHMAMMAD, CLIMCbI3 MEeMNepamypa CeHcopbl,
AHCACAHOB UHMETLIEKM, YUPDPIAHOBIDY, OUACHOCTMUKA, NAYUEHI.
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A.B. Camerosal, /I.P. Pammaunos’’, JI.K. Haiiza6aesal, M.Y. Cyieiimenona’

"MexmyHapoaHbIil yHUBEpCHTET HH(GOPMAIIOHHBIX TEXHOJIOTHH, T. AMathl, Kaszaxcran
E-mail: damir.dmr88@gmail.com”
PA3PABOTKA CUCTEMbI JOKYMEHTOOBOPOTA B OBPA3OBAHUU

Annomayusn. B 0annoll cmamve paccmampueaemcst npoyecc nepexood om mpaouyuoHHO20
K 971eKMPOHHOMY OOKYMEHMOo0oOopomy 6 0OpazosamenvHulXx yupescoenusax. Ilposeden ananusz
QyHKYULL U  Npoyeccos 8 pamMKax —asmOMAMUIUPOBAHHOU UHGOPMAYUOHHOU CUCEMbL
obpaszosamenvHou opeanuzayuu. Paccmompenst kiouegvie n00X00bl K 6HeOPEHUIO dIeKMPOHHO20
O0OKYMeHmoobopoma ¢ MmouKu 3peHus CUCmemHo20 nooxooa. OcHOBbIBAACL HA NPAKMUYECKOM
onvime, asmopwvl npeonazaiom KOHYEnYuro opeanu3ayuu U npoeedenus oOyueHus 6 cucmeme
NOBbIUEHUS KEATUDUKAYUU CREYUATUCTOB.

Asmomamuzayusi 0OKyMeHmoobopoma 8 Y4eOHbIX 3A8e0eHUsX 0COOEHHO aKmyaibHd 6
MAKUX npoyeccax, Kax yuem 6xoosiuell U ucxoosiuell KoppecnoHOeHyuu, 00pabomka 6HympeHHUX
OOKYMEHMO8, CO21ACO8AHUE AOMUHUCTIPAMUBHBIX U O002080PHLIX OOKYMEHMO8, d MaKdice
KOHMPOIb UCNOJHEHUs. NopyYyeHuil. BreOpeHue cucmem 31eKMpPOHHO20 OOKYMeHmoobopoma
(CO) mpebyem unmezpayuu cnpagoyHuKo8 6 eOuHoe XPAaHuluuje OAHHbIX U CUHXPOHU3AYUU
npoyeccos 0opabomxu 0OKyMeHmo8 ¢ Opy2umu OU3HeC-npoyeccamu YupertcoOeHus..

Knwouesvle cnosa: 0enonpouzeo0cmeo,  3IeKMPOHHBIU — OOKYMEHMm,  YnpasieHue
0bpazoeamenvHoll  opeanuzayuel,  IPHeKmusHocmb  00PA308AMENLHOCO  YNPAGIEHUS,
ungopmayuontvie cucmemvl, UHOOPMAYUOHHBIE MEXHOIOSUY, DJIEKMPOHHbIE — CUCHEMbL
VAPAGIeHUsL.

Beenenne.

CoBpeMeHHBIII MUpP XapaKTePU3yeTCsl CTPEMHUTEIHHBIM TEXHOJIOTUIECKAM Pa3BUTHEM, YTO
TpeOyeT sddexkTuBHOrO ympanieHuss uHpopmanuel. JlokymMeHTHpOBaHHAas HH(OpMAIUL
SBIISIETCS. OCHOBOM TPUHSTHS PEUICHWH B OpraHM3alMsAX, a e€ KaueCTBO HAIPSIMYIO BIIHSIET Ha
s¢dexTuBHOCTh ympasineHus [1]. Poct obvema uHpopmanuu TpeOyeT BHEAPEHHUS HOBBIX
TEXHOJIOTUH a1 ee OOpabOTKH, W B OTOM KOHTEKCTE O3JIEKTPOHHBIE JOKYMEHTHI 3aMEHSIOT
OyMakHbIe HOCUTENH, 00ecrieunBasi ONepaTUBHOCTh U yIOOCTBO yIPaBICHUS JaHHBIMH.

DTO TaKkKe OTKpPBIBAET OECIpPENeIeHTHbIE BO3MOXHOCTU. CeroJHsImHeMy MEHEIKepy He
HYKHO JKIaTh, TOKa KJIEPK-AEIONPOU3BOANUTEINb HAlIET OTMETKY HYKHOT'O JOKYMEHTA B )KypHaJe
BXOJISIIIEH JOKYMEHTAIMH, 3aTeM MPOKPYYNBATh COOTBETCTBYIOIIYIO IAIKy, YTOOBI HAUTH caM
JIOKyMeHT. Bce 3T ¢GyHKIMH MOTYT OBITH IMOJHOCTBIO ABTOMAaTH3UPOBAHBI, YTO IO3BOJISET
3HAYUTEIHHO YBEIMYUTH CKOPOCTH JOCTYyIMa K JOKYMEHTY, COKPaTHUTh BPEeMs Ha IMOJITOTOBKY
peleHus U, COOTBETCTBEHHO, 00eceuuTh 3 (HEKTUBHOCTh YIpaBieHus [2].

JlokyMeHTalmoHHOE oOecrieueHne ypaBlieHus: B 00pa30BaTeIbHbIX YUPEKACHUSIX TpeOyeT
CO3JIaHMsI MHOTHX BHJOB YIPABJICHUYECKHX JOKYMEHTOB, 0€3 KOTOPBIX HEBO3MOXHO PEIINUTh
MpoOJeMBbl TUIAHUPOBAHUS, (PMHAHCHPOBAHWS, ONEPATHBHOTO YIPABICHUS, YKOMIUIEKTOBAHHS
nepcoHajoM yupexaeHus. OCHOBHBIMU 3a/ladaMy JIEJIONPOM3BOJCTBA B 00pa30BaTEIbLHOM
YUPESKACHUN SBIISIOTCS CBEJCHNE WH(POPMAIMOHHBIX IMMOTOKOB K ONTUMAIFHOMY MHUHHUMYMY U
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YIIPOILIEHNE ¥ YACIIeBIeHHe cOopa, 00paboTku U mepenadun WHGOPMAIUU C UCIOJIB30BaHUEM
HOBEWIIMX TEXHOJIOIHH aBTOMATHU3alUU 3TUX IIPOLECCOB.

B pesynbTare creneHb opraHuzanuu OpHCHON pabOTHl HANPSIMYIO BIHMSIET HAa KAadueCTBO
ylnpaBieHuss 00pa30BaTEeNbHBIM  yUYpeXJIEeHHEM. AJMHUHUCTPUPOBaHME HHPOpPMALUU U
JOKYMEHTAI[MHM, JJIEKTPOHHBIA JOKYMEHTOOOOPOT, 3amuTa HHGOpPMAIMK W  pa3BUTHE
JIEKTPOHHBIX aPXUBOB OTHOCATCA K YMCITy HauOoJIee akTyaJbHbIX BOIIPOCOB.

D¢ dexTuBHOE yIIpaBICHUE JOKYMEHTAMH SBJISIETCS KIIFOUEBBIM (DAKTOPOM JUJIs1 TIOBBIIICHHS
ynpaBieH4ecKod 3(G(GEKTUBHOCTH M KOHKYPEHTOCIIOCOOHOCTH opraHu3auuu. CoriacHo
WCCIICIOBAaHMSIM, COTPYIHUKU TPATIAT 3HAUUTEIBHYIO 4acTh pabodero BpeMeHH Ha paloty ¢
JNOKYMEHTaMH, I03TOMY YJIYy4IIEHHE IPOLECCOB HX CO3MAHUSA M PACHPOCTPAHEHUS MOXKET
COKpaTHUTh BpEeMs IOUCKA M MOBBICUTH TOYHOCTH MH(popMaryu [3].

JIOKyMEHTBI UTparoT KJIIYEBYIO pOjb B OW3HEce, Clly)ka OTYeTaMHM O JAEATEIbHOCTH U
OCHOBOM KOMMepuecKux orepauuii. OHU 3aHMMAIOT 3HAYUTENBHYI0 4acTh pabodyero BpeMeHHU
COTPYZHUKOB ¥ YacTO SBJSIFOTCS OCHOBHBIM JOKa3aTeJIbCTBOM B CIHOPHBIX CHUTYyalUsX,
MOJITBEPXK/1asi BAKHOCTh TOYHOTO ¥ 3()()EKTUBHOTO yIpaBICHHS JOKYMEHTaMu [4].

HNudopmaruzanus o6pazoBaHus, UM UHTETpallis HOBbIX MH(MOPMAILIMOHHBIX TEXHOJIOTUH B
00pa3oBaTEeNbHYI0 CHUCTEMY, SBISIETCS OJHUM U3 TJIABHBIX NPUOPUTETOB Mpoliecca
uHpOpMaTHU3aLUU COBpEMEHHOro oliecTBa. Mcmonb3ys aBTroMaTU3MpOBaHHbIE 0a3bl JAHHBIX
HAay4YHBIX M TIEJarOTMYeCKUX 3HaHUH, HHOOPMAIMOHHBIE W METOJUYECKHE MaTepHaIbI,
OpraHU3aliOHHBbIE M YIPABJICHYECKHE PECypChl, a TaKKe CETH CBA3M, Telepb MOXKHO
YCOBEpIIEHCTBOBATh MEXAHU3MbI YIIPABJICHUS CUCTEMOM 00pa30BaHusl.

BakHBIM METO/10M CO3/1aHUS IPEUMYIIECTB B KOHKYPEHTHOMN cpejie ABIseTCs YIpaBiIeHHUe
00pa3oBaTENbHBIMU YUPEKACHUSIMHI Ha OCHOBE MH()OPMAIIMOHHBIX TEXHOJIOTUH. B cBs3H ¢ 3TUM
OCHOBHBIMHM MEPONPUATHAMU B Pa3BUTUU MH(DOpPMATH3ALMU CTAHOBSATCS CO3/1aHUE HAJC)KHOU U
spdexTuBHON HMHGPACTPYKTYPHl, BHEApPEHHE YHU(MUIUPOBAHHBIX CIIOCOOOB JIOCTyNMa K
KOPIIOPAaTUBHBIM JIaHHBIM, YJYYII€HHE YHPABISEMOCTH BCEro KOMILIEKCa HH(pOPMAIMOHHBIX
pecypcoB, a Takke 00ecriedeHrne COOTBETCTBHS HH(PACTPYKTYPBI CTPATETHIECKUM IIETISIM BY3a.

OpnHuM U3 crpartermueckux HampapieHui Kazaxcrana siisiercs nporpamma «Lludposoit
Kazaxcrany», HanpaBieHHas: Ha pa3BUTHE WH()OPMAIIMOHHBIX TEXHOJIOTHH, TUPPOBBIX TUIATPOPM
U COKpalleHHE MCIIONb30BaHUs OyMaKHBIX HocuTened. B oOpazoBatenbHON cdepe 3TO
BBIpA)KAaeTCsl B MEPEXOJ€ Ha AJIEKTPOHHBIE 00pa30BaTeNIbHBIC PECYpChl, TU(POBHIE APXUBHI H
MHTETPALMIO HAYYHBIX MyOJUKAIMi B OHJIaiH-cUCTEMBI [5].

Tako# BeO-TipoekT OyAeT pa3paboTaH B KaueCTBE OCHOBHI JIJIsi OM3HEC-TNIAHOB, TBOPUECKUX
IIPOEKTOB, CBEXUX KOHLENMUUHA M Ou3HEc-Mojened s pa3dUuHBIX MOJUTrpadUuecKux
MPEINPUATHIA Ha OCHOBE TIIATEILHOTO H3YYEHUSI I KOMMEHTapUEB HKCIEPTOB. MOXKHO MOBBICHTD
TEeMIBbl Pa3BUTUS MPAKTHUECKH BCEX CEKTOPOB OSKOHOMHUKM 32 CYET IOBBIIICHUS
MIPOU3BOIMTENIFHOCTH TPyAa W YAyYIIEHUS YIpPaBICHHUS W TPOHU3BOJCTBEHHOTO IpoIecca
Onarosapsi KOMIUIEKCHOMY HCIOJb30BAHNUI0O MH()OPMALMOHHBIX TEXHOJIOTUH TMPaKTHYECKH BO
Bcex cepax 3KOHOMUKHU [6].

Ha naHHBII MOMEHT CYIIECTBYET TPH THUIIA SJICKTPOHHBIX NEPUOTUIYECKUX TOPTAJIOB:

* [TapayenbHbIe (MIEHTHYHBIE IPYT JPYTY IEKTPOHHBIC BEPCUU HAYYHOTO TIOPTAJA);

* nTerpupoBanHas (JIOMOIHSIONMIAS T€YaTHYIO U I€YaTHO-3JIEKTPOHHYIO BEPCUU HAyYHOT'O
noprana);

* VauBepcanbHbIi. OHU ABJISIOTCS OPUTHHAIBHBIMU pa3pabOTKaMu pa3HbIX OCHOBATENeH, 1
METOBI paboThl ¢ TAKUMH HAYYHBIMU CAWTAMH MOTYT CHIJIBHO OTIMYAThCs. Takue calThl 4acTo
crielu(UYHbBI B UCIOJIb30BAaHUH, UMEIOT YHUKAJIBbHBIA HHTEep(eiic, KOTOPBIN 3aTpyIHSIET MOUCK
WHPOpPMAIINH, a TaKXKE TIOXO WHTETPHPOBAHBI IPYT C APYroM. J[Jisi pemeHus BIIIeyKa3aHHOM
npobiemMbl MpeuiaraerTcsi pa3padoTaTh MOJENb YHUBEPCAIBHOIO AJIEKTPOHHOTO HAyYHOIO
noprana [7].
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Co31aHue UHTETPUPOBAHHON TEPPUTOPHATILHO PACTIPEICTICHHON CHCTEMBI, 00bEAMHAIONICH
(benepanbHble U CIIELUAIN3UPOBAHHBIE MTOPTAJIBL, SIBJISETCS BAXKHBIM YCIOBHUEM Ul pealu3aluu
INPUHIUIIOB  JIOCTYITHOCTH, OTKPBITOCTMU W HENPEPHIBHOCTH OOPa30BaHUs, IOBBIIICHUS
3¢ dexkTUBHOCTH OOy4YeHMsI uepe3 Npe[ocTaBlieHHe OOpa30BaTENbHBIM YUPEKACHUSAM U
II0JIB30BATEISAM JIOCTYIIa K COBPEMEHHBIM DJJIEKTPOHHBIM 00pa30BaTEIbHBIM pecypcaM U
MHCTPYMEHTaM HOJJEPKKH 00pa30BaTeIbHOIO IPOLECCa, COBEPLICHCTBOBAHMS HAy4YHbBIX
MCCIIeIOBAaHM 1 pa3pabOTOK B By3ax, yAy4IICHHs YIPABICHUS CHCTEMON 00pa30BaHusl, Pa3BUTHSA
MEXIYHApOAHOIO COTpyIHUYECTBA B cepe oOpa3oBaHMsS W HAYKH, a TaKKe MPOJBUKECHUSA
Ka3aXCTaHCKOI'0 00pa30BaHUs HA MUPOBOM apeHe.

Kaxnplii oOpa3oBaTesbHbId MOpTad [JODKEH OBIThb MHCTPYMEHTOM [UIl BHEAPEHUS
00pa3oBaTEeNbHBIX TEXHOJOTMH, JOJDKEH OOecreuynBaTh MOAJCPKKY TPAJAULIUOHHBIX U
JUCTAHIIMOHHBIX TEXHOJOIMH OOYy4YeHHs, MEXaHH3MOB OTKPBITOIO 00pa3oBaHUS M APYIHX
NEPCHIEKTUBHBIX ~ 00pa30BaTENbHBIX  TEXHOJOTUH  TOCPEACTBOM  COOTBETCTBYIOLIETO
MH(GOPMALIMOHHOT0, (PYHKIIMOHAILHOTO U MHCTPYMEHTAJIBHOTO KOHTEHTA.

[Topran oOecneuyuBaeT BBICOKHI ypOBEHb INPEAMETHBIX KOMMYHHKAIMWA, KOTOPOTO HE
XBaTaeT B CaMbIX COBPEMEHHBIX TPAJAULUOHHBIX Y4eOHBIX IUIAHAX UM y4eOHHUKax.
OOpaszoBarenbHbIi MOpPTal — 3TO MOIIHOE pPAa3BUBAIOILEE PYKOBOJACTBO U IIOCTOSHHO
MOTIOJIHSAONIASICSL YHUBEPCAIbHAS SHIMKIIONEANS 3HAaHUM [6].

OOpa3oBarenbHbIE  MOpPTAJ  MPEAOCTABISIET COBPEMEHHYIO Cpely JJii  BHEIPEHUS
00pa3oBaTeNbHBIX TEXHOJIOTUI U PA3JIMYHBIX METOI0JIOTHYECKUX MTOIX00B. B 310l cpene nerko
MOJIETTUPYIOTCS pa3IMYHbIe 00pa30BaTEIIbHbBIE CTPYKTYPbI, €CTh BO3MOXKHOCTb OBICTPOIl U TOYHOMN
OLICHKM Ka4eCTBa MPEAIaraéMbIX HHHOBALMI, €CTb HHCTPYMEHTBI Ul UX YJIyYLIECHUS U YCIOBHS
JUIE KOMaHAHOW paboThbl, JUIs B3aMMOIIPOHMKHOBEHHUS M COYETAaHUS DPA3JIMYHBIX IOIXOO0B.
OOpa3oBarenbHbIi MOPTaJl 3HAET, KAK aKTMBHO BJIMATH Ha (OPMHUPOBAaHUE NMPO(ECCHOHATBHBIX
MIPEToIaBaTeIbCKUX KaJPOB U CO3/IaHUE YCIOBHMN sl X 3P PEeKTUBHOMI pabOTEHI.

MartepuaJjbsl 1 METOAbI HCCJIEI0BAHNS.

Mertonosorust ucciae0BaHUs OCHOBaHA Ha aHaJIM3€ CYLIECTBYIOIIMX pelIeHuil B 0bgacTu
AJEKTPOHHOTO IOKYMEHTO000pOTa, CPABHEHUHU PA3IMYHbBIX MTOJX00B K aBTOMATH3allUU U OLIEHKE
ux 3¢ ¢dexkTuBHOCTH. bBBUIM HCHOIB30BaHBI METOJBl AHKETUPOBAHMS, WHTEPBBIOMPOBAHMS U
aHaJlM3a SMIHUPUYECKUX NaHHBIX. s cOopa mHpopManuu npuMmeHsuics UHCTpyMeHT Google
Forms, no3Bosisitomuii IpoBOIUTH OMPOCHI CPEIU COTPYTHHUKOB 00pa30BaTENIbHBIX OPraHU3aIMH.

B HacTosmiee Bpems akTyallbHOM 3a1a4el SIBIISIETCS CO3/JaHUE LIETOCTHOW MHTETPUPOBAHHOU
cucTeMbl, ofOecrieyuBaromiei OecrIaTHBIM M OBICTPBIA JOCTYN IIMPOKUX TPYMI HAaceleHus K
oOpasoBarenbHbBIM pecypcaMm. HMHTeHcHBHOe pa3Butue MHTEpHETA W HMHTEPHET-TEXHOJIOTHIA
00yCJIOBIMBAaET HEOOXOAWMOCTh HHTETPAalUd Pa3HOOOpPA3HBIX HH(POPMALMOHHBIX PECYPCOB,
MIPUJIOKEHUH U CEPBUCOB JJI1 MAKCUMAJIbHO TIOJTHOTO YAOBJIETBOPEHUS MOTPEOHOCTEN pa3IMuHbIX
IpyII Nojb3oBaresneil. 9ta mpoliaeMa CTOMT JOCTaTOYHO OCTPO BO BeeX cepax yeloBeuecKon
NEeSITeIbHOCTH, M, B YaCTHOCTH, 3TO Kacaercs o0pa30BaHMs KaK OJHON W3 KIIIOYEBBIX cdep,
ompeNeNAoNmMX pa3BuTHe oOuiectBa. IlyTu perieHuss 3Tod npoOieMbl B HacTosIee BpeMs
COCPENOTOUYEHBI BOKPYT KOHIENIIMU CO3aHUsI U (PYHKIIMOHUPOBAHUS HHTEPHET-TIOPTAJIOB.
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OnpepeneHne
OTBETCTBEHHbIX U UX
MOMHOMOYMIA

MpoueccyankHble Onpenenenue
obbemalxapakrepa/Bnaos
[OKYMEHTOB

OBy4eHne nepcoHana

[ocTyn K fokyMeHTam

Mpobnemel/aagaqmn MpuobiueHne!

CaLIEL ek OpraHn3aUuoHHbIe —
AoKymeHTOOBOpoTa Aenernposaxne

CoBmecTHas paboTa

CozpaHuve wabnoHos
NOKYMEHTOB

ObpaboTka gaHHbIX

Texuudeckme — BHeceHe U3MeHeHUI

B OOKYMEHTbI

ApxuBauma 1
XpaHeHue

—

DopMynMpoBaHUe U aHann3 BHOBL BO3HMKWKWX Npobnem —

Pucynok 1 — AktyanbHble po0iieMbl JOKYMEHTO0O0pOTa

Ha Pucynke 1 xopoiio BHJHO, YTO pelleHHE aKTyaJbHbIX NPoOJeM JAOKyMEHTO00OpOTa
yI0OHO MPEJCTABIATh B BUJE IHMKIIA (TOAOBOTO WM JIPYTOTO, YETKO BBIICICHHOTO BPEMEHHOTO
orpe3ka). Haunnas ¢ oOcyxaeHus M npeoOpa3oBaHUs OAHOM CUTyallMM B Hayaje INEpHUoja,
BBIXOJMM Ha HOBBIN BUTOK MPOOJIEM B KOHIIE €TO.

[lpu pemieHMM OpPraHU3alMOHHBIX M  TEXHUYECKUX BOIIPOCOB, CBSA3aHHBIX C
JIOKYMEHTOOOOpPOTOM B IIKOJIE, CTOUT CTPEMUTHCS K IOMCKY PELIEHUI, KOTOPBIE OXBATST Cpa3y
Bce 0003HaueHHbIE MTPOoOIeMbl. OHAKO 3TO BO3MOXKHO TOJIBKO IPU BHEIPEHUH IO-HACTOSILEMY
HOBOIO TOJXOJAA, CIOCOOHOrO0 OOECHeunTh KAayeCTBEHHO WHOM YpPOBEHb JOCTyHna U
BOBJIEYEHHOCTH BCEX YJICHOB ILIKOJBHOIO KOJJIEKTHBA B IIPOLIECCHI JOKYMEHTOO0O0pOTA.

KiroueBbIM 371€MEHTOM TaKOT'0 MOJX0/1a SBJISETCS TEXHUYECKOE PeIlIeHNE, KOTOPOE CTAaHET
OCHOBOH JUIsl OCTIEYIOIMX U3MEHEHUH B MPOLIECCaX U OPraHU3aIlMOHHBIX acleKTax padoThl ¢
nokyMeHTanueil. OCHOBHOM €ro OCOOEHHOCTBbIO SIBJISIETCSI IPEUMYIIECTBEHHBIH OTKa3 OT
OyMaXHOTO JOKyMeHTooOopoTa [8].

[Tomoubr B yBenuMueHUH HPGEKTUBHOCTH OpraHU3alUu JOKYMEHTOO00pOTa MOXKET
BHEIPEHHE CUCTEMBI AJIEKTPOHHOTO IOKYMEHTO000pOTA.

Ha3nauenue >1eKTpOHHOM CHUCTEMBI JOKYMEHTOOOOPOTa 3aKJIOYAeTCsl B CIEAYIOLIEM:
yBenuueHue 3PPEeKTUBHOCTH TOKYyMEHTOOO0OPOTA; CO3AaHUE €ANHOTO XPAaHUIIUILA JIEKTPOHHBIX
JIOKYMEHTOB; CTaHJapTHU3alHsI TOKYMEHTOIIOTOKA; KOHTPOJIb UCIOJIHUTEIBCKON JUCIUITIIUHBI.

[Tocnennue pecATWIETHS] WHTEHCUBHOTO pa3BUTUS HMH(OPMATHKM KaK HayKd M Kak
peaIbHOr0  MHCTPYMEHTa COLIMAJbHOTO IpOrpecca  XapakTepU3yloTcs CO3JaHUeM U
UCTOJb30BAHUEM DPA3JIMYHbIX CPEACTB 00paboTKM WHGPOpMAlKU, KOTOpblE HHUIMHPYIOT
(bopMUpOBaHME TMEPCIEKTUBHBIX IEJArOrMYeCKUX TEXHOJOTMH, OpPUEHTUPOBAHHBIX Ha
MHTEJUIEKTYaJIbHOE COBEPILIEHCTBOBAaHUE Ydallerocs. PacCMOTpUM OCHOBHBIE HaIpaBIICHUS
UCIIOJIb30BaHUs  MH(POPMAIIMOHHO-KOMMYHUKALIMOHHBIX ~ TEXHOJOTHMM  JuIsi  pa3BUTHUSA
0o0pa3oBaTeNbHBIX HH()OPMAIIMOHHBIX PECYpPCOB, COCTABIIAIOLIMX OCHOBY 00pa3oBaTeiIbHOTO
MH(OPMALIMOHHOTO MTPOCTPAHCTBA KaK TAKOTO 00pa30BaTEIbHbBIX TOPTAJIOB.

Pemenne moctaBieHHBIX 3a/1a4 3QPEKTUBHO peaTu3yercsl Yyepe3 CUCTEMY MOPTAJIOB I
00pa30BaTeNbpHOr0 COO0IIECTBA, KOTOpas MpU3BaHa 00ecednTh HH(OPMALMOHHYIO MOJACPKKY
00pa3oBaTeNbHOIO Mpollecca BO BCEX €ro acheKkTax Jjs BceX YpoBHEW oOpa3oBaHus U (opMm
oOyuenus. [log o6pa3oBaTenbHBIM MOPTATIOM MBI MOJIPA3yMEBAeM CETEBOM y3€J MM KOMIUIEKC
y3JI0B, IOAKTIOUEHHBIX K IHTepHETY 110 BEICOKOCKOPOCTHBIM KaHallaM, KOTOPBI UMEET pa3BUTHIN
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MOJIb30BATEIBCKUN HHTEPQEIC U 00ecTieunBaeT eIMHYI0, KOHIIENTYaTbHYI0 U COJCPKATSIbHYIO
TOYKY 3pEHHS, JOCTYIl K IIHPOKOMY CIHEKTpY HH(GOPMAIMOHHBIX PECypCcoB U  YCIYT,
OPUEHTUPOBAHHBIX Ha KOHKPETHYIO ayJIUTOPHUIO.

B ciydyae co3manus nuzaitHa oOpabaThIBaeMOTO caliTa HauOOJbIllee BHUMAaHHE OOBIYHO
yAeNsieTCa qU3aiHy rJ1aBHOM CTpaHULbl. /[M3aliH BHYTPEHHHUX CTPAHUIL JOJKEH OCHOBBIBATHCSA HA
JM3aiHe ToMallHel cTpanuIlbl. Lenb rimaBHOM CTpaHUIIbl caliTa - yIepKaTh BHUMaHKUE ayAUTOPUHN
U CTUMYJIMPOBATh MX IMPOJOJKATh MOJIb30BATHCSA CalTOM. Kak MmpaBuiio, Takoe MOHATHE, Kak
Ka4yeCTBO CHEIUATM3UPOBAHHOTO HCIIOJIB30BaHM BeO-caliTa, MHOTOTPAHHO M CBS3aHO C BeO-
IU3aifHOM, ero mpudTamMu, HaBUTAUEH 1 MHOXKECTBOM JPYTUX TpeOOBaHUIA.

Pe3yabTaThl M MX 00Cy:KIEHUE.

[Ipouecc ympaBieHUs BKIIOYAET CIEAYIOLIME KIIOYEBBIE THUIIOBBIE JOKYMEHTHUPYEMBbIE
oreparu: coop u 00padoTKy nHpopManuK U3 JOKYMEHTOB; TIOJTOTOBKY PEIICHHIA;, PUHATUE U
JOKYMEHTUPOBAHUE PELICHUI; JOBEACHUE PELICHUN 0 MCIIOJIHUTENIECH; BHIIIOJIHEHUE PELICHUN;
KOHTPOJIb HMX WCIIOJHEHUs; cOOp MaHHBIX O BBINOJHEHUHU; Iepenady HWHQoOpMauu 1o
BEPTUKATBHBIM U TOPU30HTAIBHBIM CBSI3SIM; XpaHEHHE U MOMCK WH(OpMaLIUU.

Kaxxnas u3 aTux onepanuil JOKyMEHTUPYETCS Kak B TPAAUIIMOHHON (popme, Tak U B BUIE
MAallMHOOPUEHTUPOBAHHBIX UM  MAIIMHOYMTAEMbIX  JIOKYMEHTOB. HenokymeHTHpyemblie
YIPaBICHUYECKUE JCHCTBUS BBINMOJIHSAIOT BCIOMOTATEbHYIO, OINEPATUBHO-OPTraHU3AIMOHHYIO
(GYHKIUIO ¥ 3aHUMAIOT HEOOBIION MPOIEHT 110 CPAaBHEHUIO C IOKYMEHTUPYEMBIMH MPOIIECCAMHU.
HecmoTpss Ha  BHeApeHHME  BJICKTPOHHBIX  BBIUMCIUTEIBHBIX  CHUCTEM,  BBINOJHEHUE
JOKYMEHTUPYEMBIX (YHKIUN NpPOAODKAET TpeOOoBaTh 3HAUMTENBHBIX HHTEUIEKTYallbHBIX U
TPYZIOBBIX PECYPCOB.

HccnenoBanue JOKYMEHTOOOOPOTa JIFOOOT0 YUPEKIECHUS BO3MOXKHO OJarogaps Tomy, uTo
€ro JICSITeIIbHOCTh CTPOr0 PErjiaMeHTUPOBaHA KaK IO YPOBHSAM MPUHATHS PEUICHUM, TaK U IO
Kpyry peuiaemMblX BOMPOCOB. YTPaBJICHYECKUH MPOIECC BKIIOYAET CTaauu cOopa, aHamu3a u
00001IeHNsT MTHPOPMAIUH, MOATOTOBKH M IPUHSATHS PEIICHHUN, OpraHU3aIlliy UX HUCIOIHEHUS U
3aBEpPILAETCS KOHTPOJIEM BBIIOJIHEHUS.

Ha sTane KoHTpost oCyIIecTBIsIETCS ABHKEHUE HHGOPMAIINH 110 KaHajlaM 00paTHOM CBSI3U
0T 00BbeKTa yIpaBJieHUs K CyObeKTy. DTO BKIIOYAET Mepeiady JaHHBIX O pealli3alliy PeleHui B
COOTBETCTBUM C YCTAHOBJICHHOW TmporpaMMoi. J[OKyMEHTOOOOpPOT CHYXHT KJIIOUYEBBIM
MHCTPYMEHTOM B TIpOLlecCe JAeNONpPOU3BOJACTBA, oOecreunBasl JBIKEHHE JIOKYMEHTOB (W,
COOTBETCTBEHHO, MH(POPMAIIUN) B paMKaxX BHITIOJIHEHUSI YITPABICHUYECKUX 3a/1a4.

Bcest nokyMeHTanus oprauu3aliy JeIUTCs Ha TPU JOKYMEHTOIIOTOKA:

e BXOAsAMIME (MOCTYMAOIINE) TOKYMEHTHI;

e ucxopsmue (OTIpaBiIsieMble) JOKYMEHTHI;

® BHYTPEHHUE JOKYMEHTBHI.

[To oTHOIIEHUIO K KaXAOMY KOHKPETHOMY HCIIOTHUTEIO BCE JOKYMEHTHI, C KOTOPHIMU OH
HMMEET 10, ACNIATCS Ha HECKOJIBKO KaTerOpuid:

® BXOJSIINE, C KOTOPHIMU UCIIOTHUTENb HE YCIIEI 03HAKOMUTHCS;

e B paboTe, KOTOPHIE XKOAYT €ro JEHCTBUIA;

® Ha KOHTpPOJIE, MO KOTOPBIM OH OKMIAET AECHCTBUHN OT APYTHUX UCIOJIHUTEIEH.

JIOKyMEHTOOOOPOT COCTaBISIET YacTh CHUCTEMBI JEJONPOU3BOJICTBA 00pPa30BaTEIHHOTO
YUPEKIEHUS U BBITOJTHIET, MO CYIIECTBY, (DYHKIIMH CHCTEMbl KOMMYHHKAIIMA B YUPEKJICHUH.
[ToaTomy 1enu ero GyHKIIMOHUPOBAHUS U COBEPIICHCTBOBAHUS IOJKHBI OBITH CYyOOP AMHUPOBAHBI
nenssMd  (QYHKIIMOHMPOBAHUS W COBEPIICHCTBOBAHHUS JIEJIOMPOU3BOJICTBA 00pPa30BATEIIHLHOTO
YUPEKIEHUS, KOTOPBIE 3aKITI0YAIOTCS B MAKCUMAIBHO BO3MOXXHOM MPUCIOCOOIEHUU CUCTEMBI K
yCIoBUSIM €€ (DYHKIIMOHHPOBAHHS. ITO TO3BOJSIET OOECIEYMBATH CHCTEMY YIIpaBICHUS
KAueCTBEHHOW JOKYMEHTHOW HHQOpMAIMel B CpPOKH, ONTHUMAIbHBIE Ui TPUHATHS U
BBITIOJTHEHUS YIIPABIEHYECKUX pemieHuid. Beb-npunoxkeHnne MoOXeT OBITh KIMEHT-CEPBEPHBIM
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NPUIIOKEHUEM, B KOTOPOM KIIMEHT SIBJISETCS Opay3epoM, a cepBep - MHTEpHET-cepBepoM (B
LIUPOKOM CMEICIIE).

OcHoBHasl 4acTb IPUJIOKEHUS, KaK MPaBUIJIO, HAXOJUTCS HA CTOPOHE MHTEPHET-CEPBEPA,
KOTOpBI (hOpMUPYET MOJYUYEHHBIE 3alIPOCHl B COOTBETCTBHH C KOMMEPUYECKHMM OOOCHOBaHUEM
TOBapa M CO3JIaeT PeakLuIo, OTIpaBiseMyro KiaueHTy. Ha sTtom srtame Bkirouaercs Opaysep,
MMEHHO OH IpeoOpa3yeT IOJYyUEHHYIO pEakIuilo cepBepa B rpaduueckuii uHTEpdeiic,
IpUeMJIEMBId JUIs Tosib30BaTens. KUiMeHT-cepBepHash WH)KEHEpUS XapaKTepusyeT oouiue
CTaHIApThl OpraHM3allMi B3aUMOJEHUCTBUS MEXKIY CepBepamMH, Y3JaMHU-TIOCTABIIUKAMU
HECKOJIBKUX OMNPE/ICICHHBIX MOIIHOCTEN (aIMUHUCTPALIMSAMU) U KIHMEHTaMH (3aKa3uuKaMHu 3THUX
¢bynkuii). [IpakTuueckoe MCMONB30BAHUE ITOM TEXHOJOTHMHU HA3BIBAETCS KIIMEHT-CEPBEPHBIMU
WHHOBALIUSIMHU.

JIByXypoBHEBasl apXUTEKTypa — 3TO paclpeieICHUE TPEX OCHOBHBIX KOMIIOHEHTOB MEXKIY
IBYMsl y31aMH (KJIMEHTOM U cepBepoM). J[ByXypoBHEBas apXUTEKTypa UCIIOIb3YETCs B KIMEHT-
CEpBEPHBIX CHCTEMAaX, I'/ie CepBEp OTBEYAET Ha 3aIPOCHI KJIMEHTA HAIPSIMYIO U B IIOJIHOM 00bEME.

PacrnionoxeHne KOMIIOHEHTOB Ha CTOPOHE KJIMEHTA WK CEpBEpa OINpENeseT CAeAYIOLNe
OCHOBHBIE MOJICITH MX B3aUMOJICUCTBHS B paMKax IByXYPOBHEBOM apXUTEKTYphl (PUCYHOK 2):

* CepBep TEPMUHAJIOB — 3TO paclpeAeeHHOE IPEICTaBICHUE JaHHbBIX.

 DaiioBbIl cepBep — ATO IOCTYI K yJaleHHOM 0a3e qaHHBIX U (PailioBBIM pecypcam.

* CepBep 0a3bl JAHHBIX — ATO YAAJICHHBINA IPOCMOTP JTaHHBIX.

* CepBep NpUIIOKEHUN — 3TO YAAJTICHHOE MPHUIIOKEHHUE.

MNpegcTaeneque Tier
pen; KnueHTcKkan yacTb

| I | I | l | I HTML, CS5, Ajax, JS

Mogent DopMEl M HMHETpyMERTRI AHaNM3
vHTEpgeica CEPMNTBI rpadgwikd PEZYNLTATOR
Noruka Tier

AHanus
Q OUEHKa CepeepHan 4yacTb
napamarpos
@ @ MORSMMRORAVA | PHP, Apache HTTP

O6paboTka QaHHbIX
npaobpasobaHue
HABNEYEHNA M3
KPAHUNULA @
u Buayanuzayms
I naeHbIRA cepa:hn

HHTEPAKTABHOCTE
MakeTa rpadidka

T l

OanHbie Tier

Baza paHHBIX
Baza paHHelx, phpMyAdmin, SQL
XpaHWNNWE QAHHEIX W
BHELLIHWE HCTOMHHEN
AaHHbIX

Pucynok 2 — ApxuTekTypa NporpaMMHOI0 00eCTIeYeHHs

[Tonmp30Barenb HHTEPHET-CATa MOXKET NpocMaTpuBath Toabk0 HTML-kox cTpanuil; o He
BUIUT, kak padotator PHP u MySQL. PabGota ¢ npunoxenusimu PHP u 6azamu nanasix MySQL
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BBITIOJIHAETCS] CEPBEPOM, Ha KOTOpoM ycTtaHoBieH uHtepnperatop PHP u CYBJ] MySQL. ITocne
BeITIOJTHEHUS JTt000oro PHP-koma cepep Bosepamaer HTML-crpanuiy monb30BaTeso caiTa.
MOJIb30BATEIb HE MOXKET MpocMoTpeTh cam PHP-ko.

st paboTsl ¢ 6a3amu nanabix MySQL Bam HyxeH unTepnperarop PHP. bes atoro cepsep
HE cMOKeT paboTath ¢ 6azamu naHHbIx MySQL.

Ha mnpuBeneHHON HMKE IuarpamMme IOKa3aHO, KaK I10JIb30BaTellb B3aMMOJIEHCTBYET C
6a3amu gaHHbIX 1 npuioxenusmMu PHP (Pucynok 3).

Be6-cepsep [ PHP-unTepnperatop

Monb3oBaTtenb

PHP-npunoxexne

MySQL

(Q

Pucynok 3 — CtpykTypHas cxema mporpaMMHOTro obecrieueHus Be0-cepBepa

KonnenryanbHasi MOJIEINb MPEACTABISET COOOM YIOPSA0YCHHOE U OCMBICIICHHOE OITUCAHKE
MOJIETTUPYEMO CUCTEMBI, BHITIOTHEHHOE Ha HehopManbHOM s3bIKe. B mporiecce co3ganust Takoro
OMHUCAHUsI WMMHUTAIMOHHOW MOJIETIM OMPENEISIOTCS KIIIOYEBBIE DJIEMEHTBl CHCTEMBI, HX
XapaKTePUCTUKU U B3aUMOJEUCTBHUSA, WCIONB3YS S3bIK, MOHSATHBIA AN pa3paboTumkoB. Jlis
BH3YyaJIM3allid U CTPYKTYPUPOBAHHSI MOXXHO TPUMEHSTH TaOJMIGI, TpaduKH, AWMArpamMMbl U
npyrue cpenctBa. HedopmanbHOoe omucaHue BaXKHO Kak M pa3paOOTYMKOB (HAmpumep, AJs
MPOBEPKH TOYHOCTH MOJEIU WJIA BHECEHUS W3MEHEHWH), Tak W i1 3(P(HEKTHBHOTO
B3aMMOJICHCTBHS C SKCIIEPTaAMH U3 IPYTHX 00JacTei.

Jlis aHanM3a W TPOCKTUPOBAHUS OOBEKTHO-OPHEHTHPOBAHHBIX MPOTPAMMHBIX CHCTEM
MPUMEHSIOTCSL SI3BIKM  BU3YQJIBHOTO MOJICTHUPOBAHUS, CPEAM KOTOPBIX Hamboliee IIUPOKO
ucnonszyercss UML. [Ipu pa3pabotke cienudukaiuy IporpaMMHOT0 00ecTieueHus ¢ TOMOIIIbIO
UML co3patorcsi HECKOJIBKO MOJENEH: JIOTUYECKasi, MOJENIb HWCIOJIb30BaHUs, pealu3aluu,
HPOLIECCOB U pa3BepThiBaHust [8].

Mogenb UCHONIB30BaHUSL OTpakaeT (YHKIMH TPOTPAMMHOTO OOECIICUEHMs] C TO3UIINH
MOJIb30BaTeNsl, TOTJA KakK JIOTMYecKas Mojeib (POKYCHUPYETCS Ha OCHOBHBIX KOHIIETIIHSIX
MPOTPaMMHOM CHCTEMBI, TAKUX KaK KJIACChI, HHTEP(EUCH U Ipyrue JIEMEHTHI, 00ECTIEUHBAIOIINE
e€ QyHKIIMOHATBHOCTb.
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AAMUHNCTpaTop PykoBoguTens oTaena

Yuutenb

( CoptupoBka / OTueTbl

Pucynok 4 — Cxema BapuaHTOB UCIOJIb30BaHUS

CoTpyIHUK HAy4HOTO OTJAENia, KOTOphI 0000IaeT Bce JaHHBIE O HAay4YHO-
HCCIEA0BATENIbCKON JeATEeTbHOCTH B yHHBepcuTeTe. Huke mnpenocTaBieHbl ONpeneneHus
WCIIOIH30BaHUS

e Bxong
PenaktupoBanus noctynon
PenaxkTupoBanus noap3oBarenen
ABTtopu3zarus u Peructpanms
PenaktupoBanus npenogaBareneit

e OTYeT U CTaTUCTHKA

B cucteme BBIZCNSIOTCS Y€ThIPE OCHOBHBIE POJIH: TOCTh, YUUTENb, PYKOBOJAUTENb OTETA 1
aJIMUHUCTPATOP (PUCYHOK 4).

ER-nmarpamma  mpencrtaBnser  co0oOi MOJENb  JTAaHHBIX, KOTOpas  OMHUCHIBAET
KOHIIENTYyalbHbIE CXEMbI MPEAMETHOIN 00acTu. DTO rpaduveckoe MpeCTaBICHUe IPEeIMETHON
00J1aCTH C MCTOJB30BAaHUEM CTaHIAPTU3UPOBAHHOTO Habopa cumBoioB. Ha ocHoBe ER-momenu
CO3/1aeTcs JIOTHUecKas MOJIeNb, MpeAHa3HaueHHas1 A1 paboThl ¢ BeiOpanHoit CYB/I.
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Jlornueckast MOJENb OTPAXKAaeT IMPOLECC MPOSKTUPOBAHMS HWH(POPMAIMOHHON CHCTEMBI,
OMHPAsICh Ha MOJIEJTb IAHHBIX, HO HE YYUThIBAeT criennuuky kKoHkpeTHo CYBJI nnm pusnueckux
OTpaHUYCHUH.

Huarpamma cymaocteit u cBs3erd (ERD wim ER-pmarpamma) — 3T0 BT GJ0K-CXEMBI,
OTOOpaXKAIOIINHA, KaK pa3IMYHbIe CYIIHOCTH (HAmpUMep, JIIOAH, OOBEKTHl WM KOHIICTIIIHH)
CBsI3aHbl B paMKax cucteMbl. ER-auarpamMmsl gaie Bcero NpuMeHs0TCs 1)1 IPOSKTUPOBAHUS U
aHaJM3a PEISIMOHHBIX 0a3 TaHHBIX B cepax 00pa3oBaHMs, HAYYHBIX UCCIICAOBAHHM, pa3paboTKu
IIPOrpaMMHOTr0 obecrieueHust U Ou3HeCc-uHPOPMALIMOHHBIX CUCTEM.

OcnoBoit ER-mumarpamm  sBisieTcss CTaHAApPTHBIM HAOOp CHMBOJIOB, TakKuX Kak
IPSIMOYTOJIBHUKM JUIsl CYIHOCTEH, poMOBI AJsl CBsi3ed, OBajbl Juld aTpuOyTOB U JIMHUMU IS
COECUHEHMUS DJEMEHTOB. OTU JHarpaMMbl 10 CTPYKTYpE HAllOMHHAIOT TI'PaMMaTHYECKUE
KOHCTPYKLIUH, 1€ CYIIHOCTH UTPAIOT POJIb CYILIECTBUTEIbHBIX, a CBA3H — IJIaroJioB.

ER-nuarpamMmel TecHO cBs3aHBl C JAMarpaMMaMu CTpYKTypbl JaHHbIX (DSD), xotopsie
(boKycUpyroTCs Ha BHYTPEHHHX 3JIEMEHTaX CYIIIHOCTEH, a He Ha CBA3sAX Mexay HuMu. Kpome Toro,
ER-nuarpamMmbl HepeKo UCIIONIb3YIOT BMECTE € IMarpaMMaMu NoTokoB JaHHbIX (DFD), koTopsie
MIOKa3bIBAIOT JABMKEHHE HH(POPMALIMU BHYTPU CUCTEMBI WK Tpoliecca (PUCYHOK 4).

Jannast 0a3a JaHHBIX sBISETCS HWH()OPMAIMOHHOW OCHOBOW CO3[1aBaéMOTO CEpBHCA,
KOTOpbIH OyJeT MCHONb30BATHCSA JUIsI aBTOMATH3alMM IPOLlecca COCTABIEHHS pacluCaHMs B
YHUBEPCUTETE C MOMOILbI0 MOOUIIBHOTO IpuiiokeHuss. OHa MO3BOJISIET pacCMAaTPUBATh 3alpOCh
Ha 1o00aBieHHe, yaajdeHue U BBIOOPKY HMHpopmanuu. [/[06aBUTH cBeleHHs O MpeaMeTax MU
kKadenpax, a TaKkKe JMJAHHbIE O JIOJDKHOCTSX M MPENoJaBaTeNsIX MOXKET CTPYKTYpPHOE
nonpasnenenue "Jlekanatol", 100aBisst HHPOPMALMIO O AUCLHUILUIMHAX U Kypcax - CTPYKTYPHOE
nozpaszaenenne «Otaen kagpoBy». biaronaps MCnosib30BaHUIO CTPYKTYpBl U MHTEpdeiica 06a3bl
JAHHBIX  MOSIBWJIACh ~ BO3MOXKHOCTb  I€pepacupenenuTb  padoTy,  CBS3aHHYO  C
JIOKYMEHTOO0OOPOTOM, MEXy pPa3IMYHBIMU [O/Ipa3esieHusMU. [laHHbIe, KOTOpPbIE HAaXOAATCS Ha
cepBepe, MMEIT BBICOKYIO CTENEHb HAJEKHOCTH, YTO CIIOCOOCTBYET YCKOPEHHIO Ipoliecca
JOKYMEHTO00O0pOTa B NOJIpa3e/ICHUAX U MOBBILIAET KaueCTBO UX PAOOTHI.

3akiaro4eHue.

Llenpto JTaHHOTO MCCIIEOBAHUS SABJSsUIACh pa3paboTKa U BHEAPEHHUE IEKTPOHHON CHCTEMBI
JOKYMEHTO00OpoTa B 00pa3oBaTENbHbIX YUPEKICHHUSAX I MOBBILIEHUS 3()PEKTUBHOCTU
yIIpaBJIEHYECKUX MTPOLIECCOB U COEHCTBUS LIMPPOBOH TpaHChHopMaIi 00pa30BaTEIbHON CPE/IbI.
B xone pabotel Ol MpoBeAEH KOMIUIEKCHBIA aHANIW3 CYIIECTBYIOIIUX pEIIeHUH, pazpaboTaHa
apXHUTEKTypa 3JEKTPOHHOIO IOpTajia, BBHIOpaHBI MOAXOIAIINE HHCTPYMEHTHI pa3pabOTKU U
peayin30BaH MPOEKT MOJIb30BaTEIbCKOr0 HHTEpPeiica.

Hay4ynas HOBM3Ha HCCIEIOBaHMs 3aKiIoyaeTcs B pa3pabOTKe HMHTErPUPOBAHHOM
ANEKTPOHHON CUCTEMBI JOKYMEHTO000POTa, OPUEHTHPOBAHHOM Ha crielu(PUKY 00pa30BaTeIbHBIX
OpraHM3alyii, C BKJIOYEHHEM DJJIEMEHTOB AaHAJIUTHUKM W MOHMTOPHHIa NPOAYKTHBHOCTH
COTPYIHHUKOB. JIaHHBIN MOJXO/] MO3BOJISET HE TOJIBKO aBTOMATHU3UPOBAThH MpoIecchl 00paboTKu
JOKYMEHTOB, HO U IIPEAOCTABIISIET HOBBIE BO3MOXKHOCTH aHAJIN3a JAHHBIX O IIPOM3BOAUTEILHOCTU
TpyJa W YyHpaBlieHYeCKOM 3((EeKTHBHOCTH, KOTOpbIE HEJOCTATOYHO IOJIHO PEaTu30BaHbl B
CYLIECTBYIOIIUX AHAJIOTaX.

OneHka 3KOHOMHUYECKON 3(PPEeKTUBHOCTH aBTOMATU3ALMU JOKYMEHTOOOOpOTa JI0JKHA
YUUTBIBATh MHOXECTBO (DaKTOPOB M aHAIM3MPOBATH OojbliMe OO0BEMBI HMH(OpMAIUH.
KoppekTHblii BBIOOp M KauyeCTBEHHOE BHEAPEHUE CHCTEMBbI CIIOCOOCTBYIOT COKpPAILEHHUIO
BPEMEHHBIX 3aTpaT Ha pyTUHHBIE ONEpaIiK, YBEIUUNBas MPOU3BOJUTEIBHOCTD TPYa U 00BEM
BBITIOJTHSIEMBIX 3a7au 0€3 TOMOJHUTENbHOM Harpy3KH Ha COTPYIHUKOB.

HecmoTpss Ha oueBMAHBIE NPEUMYILECTBA 3JIEKTPOHHOTO JAOKYMEHTO00OpOTa, TOYHAs
KOJIMYECTBEHHAs! OIEHKAa €ro 3KOHOMHUYEeCcKoro »¢¢ekra 3aTpyAHEHa H3-332 MHOTOYUCIIEHHBIX
nepeMeHHbIX (akTopoB. OIHAKO OCHOBHBIE NPEHMYILECTBA BKJIIOYAIOT YCKOpEHHE OOMeHa
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uHpopManue, aBTOMaTH3aIMIO MPOIECCOB, MOBBIIMIEHUE MPO3PAYHOCTH U HCIIOJHUTEIHCKON
JTUCHUIUIMHBL, YIYYIIEHHE KOHTPOJS U YyCTpaHEHHE HEOOXOIMMOCTH B JIOMOJHUTEIbHBIX
pecypcax s XpaHEHUsI apXUBHBIX JOKYMEHTOB.

bynymue wuccrnenoBanusi MOryT ObITh OpPHEHTHPOBaHBI Ha pPa3pabOTKy METOAMK
KOJINYECTBEHHON OLEHKH SKOHOMHUYECKOH 3((EKTUBHOCTH BHEIPEHUS SJIEKTPOHHBIX CHUCTEM
JOKYMEHTOOOOpOTa, a Takke Ha COBEPIICHCTBOBAaHHE aHAIUTUYECKMX HHCTPYMEHTOB
MOHUTOPHHIA ITPOJYKTUBHOCTH COTPYAHUKOB.

Cnucok JuTepaTypsl

1. EMC — Enterprise Content Management. (2018). Sistema upravleniya korporativnymi
informacionnymi resursami EMC — Enterprise Content Management: upravlenie cifrovymi
dokumentami i drugimi tipami kontenta, a takzhe ih hranenie, obrabotka i dostavka v ramkah
organizacii.

2. Selezneva, N. A. (2019). Kachestvo vysshego obrazovaniya kak ob"ekt sistemnogo
issledovaniya: lekciya-doklad (6-e izd., stereotip.). Issledovatel'skij centr problem kachestva
podgotovki specialistov.

3. Obshchaya Kklassifikaciya sistem dokumentooborota. (n.d.). Sistemy elektronnogo
dokumentooborota,  problemy, perspektivy  [Elektronnyj  resurs].  Retrieved from
http://www.eos.ru/.

4. Semenov, S. P., & Tatarincev, Ya. B. (2019). Avtomatizirovannaya sistema kontrolya
dannyh po kadrovomu sostavu vuza i kontingentu studentov. Sistemy upravleniya i
informacionnye tekhnologii, Nauchno-tekhnicheskij zhurnal, 3.2(37), 279-282.

5. Smirnova, G. N. (2022). Elektronnye sistemy upravleniya dokumentooborotom:
uchebnoe posobie. Moskovskij mezhdunarodnyj institut ekonometriki, informatiki, finansov i
prava.

6. Bakunova, O. M., Anokhin, E. V., Poluiko, A. F., Aleksandrovich, E. N., Antonov, E. D.,
Sitnik, M. Yu., Grechko, I. S., & Kabakov, D. M. (2018). Primenenie elektronnoho
dokumentooborota v programme 1C. International Journal of Innovative Technologies in
Economy, 4(16), 64-66.

7. Anatskaya, A. G. (2019). Zashchita elektronnoho dokumentooborota: uchebnoe posobie.
Omsk: SibADI.

8. Selezneva, N. A. (2020). Kachestvo vysshego obrazovaniya kak ob™ekt sistemnogo
issledovaniya: lekciya-doklad (6-e izd., stereotip.). Issledovatel'skij centr problem kachestva
podgotovki specialistov.

BLJIIM BEPYJETT KYXKAT BACKAPY )KYWECIH JIAMBITY

Anoamna. byn maxanaoa 6inim depy yubimoapvlHOa2bl 0aCmMypii KYyoHcam auHAIbIMbIHAH
9EeKMPOHObL KYHCaAm AUHATBIMbIHA Kouly npoyeci Kapacmoipvliean. binim bepy yilvimbiHblY
ABMOMAMMAHOLIPLIIRAH AKNAPAMMUBIK Jcyuecinoesi (QYHKyusnap MeH npoyecmepee manoay
AHCYP2i3in0i. NeKmpoHObIK KYoHCam atHANbIMbIH eH2i3y0iy Hezi32i macinoepi xcyuenik Ke3Kapac
MYPRLICLIHAH  KApacmulpbliaovl. IIpakmuxanely maogicipubece cylieHe OmMbIpuIN, A8MOpLAp
Mamanoapovly Oiikminiein apmmuipy Jcyliecinoe OKbimyObl YUbIMOACMbIPY MHCOHE OMKI3Y
MYACLIPLIMOAMACHIH YCHIHAODL.

binim bepy yrivimoapvinoagul Kyoscam auHanrbIMblH d8MOMAmMmManoblpy Kipic HcoHe ubleblc
xam-xabapaapovl ecenke any, WKL Kyscammapovl 6HOey, IKIMUINIK JHCoHe WapmmublK
Kyorcammapowl Kenicy, Oyupblkmapowly opblHOAIYbIH OAKbLIAY CUAKMbL npoyecmepoe epexuie
o3exkmi 6oavin MmadwLIadbl. IiekmpoHoblK Kysxcam aunarvimol scyuenepin (OKKIK) eneizy
AHBIKMAMANBIKMAapObL OIPbIKEAll epeKkmep KOUMAcblHa OIpikmipyoi dcane Kysrcammapowvl oHoey
npoyecmepin MexemMeHiy 6acka ousnec-npoyecmepimer CUHXpOHOAYObl maian emeoi.
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Tyiiin co30ep: ic Hcypaizy, 21eKMpPOHObIK KYIHcam atHaibimMbl, OLim Oepy YiblMbiH 6ackapy,
Memnexemmik 6ackapyovly muimoinici, aknapammsix Jxcyienep, aknapammaslk mexHoL0cUsLap,
91eKMPOHOBLIK backapy dcytienepi.

DEVELOPMENT OF A DOCUMENT MANAGEMENT SYSTEM IN EDUCATION

Abstract. This article considers the process of transition from traditional to electronic
document flow in educational institutions. The analysis of functions and processes within the
framework of the automated information system of an educational organization is carried out. Key
approaches to the implementation of electronic document management from the point of view of
the system approach are considered. Based on practical experience, the authors propose the
concept of organizing and conducting training in the system of professional development of
specialists.

Automation of document management in educational institutions is especially relevant in
such processes as accounting of incoming and outgoing correspondence, processing of internal
documents, coordination of administrative and contractual documents, as well as control of
execution of orders. Implementation of electronic document management systems (EDMS)
requires integration of directories into a single data repository and synchronization of document
processing with other business processes of the institution.

Keywords: office management, electronic document management, management of
educational organization, efficiency of public administration, information systems, information
technology, electronic management systems.
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INNOVATIVE TRAINING COMPLEX WITH ENGINEERING SUPPORT: A NEW
LEVEL OF TECHNICAL EXPLOITATION OF AVIATION

Abstract. This research explores the creation of a novel training complex that includes an
engineering support system specifically designed for the technical management of military and
specialized aviation equipment. The importance of this study stems from the need to improve the
training efficiency of engineering and technical staff, given the growing technical complexity of
aviation equipment and the increasing demands for aviation safety. The main aim of this research
is to develop an adaptive educational platform that integrates digital twins of aviation systems,
fault diagnosis algorithms, and intelligent methods to tailor the educational process. Within this
study, the architecture of a comprehensive engineering support system was devised, which
includes data collection, digital modeling, and analytics. An adaptive learning algorithm has been
introduced, which takes into account the trainee's skill level, experience, and progress in
mastering the material, thereby automatically adjusting the curriculum. The use of virtual
simulators and simulation models enabled the development of a flexible training system that
closely mirrors the actual operating conditions of aviation equipment. To evaluate the proposed
system's effectiveness, experimental testing was carried out, comparing the training results of two
groups of engineering and technical personnel: the experimental group (using adaptive training
with digital models) and the control group (using traditional training methods). The findings
showed that the new training complex reduced response time to emergencies by 22%, lowered the
number of errors by 30%, and improved the accuracy of procedure execution by 18%. The
adaptive training system developed is highly flexible, allowing for customization and integration
with modern predictive diagnostics methods for aircraft malfunctions. Implementing such a
complex in the training of specialists will enhance aviation safety, reliability, and the economic
efficiency of technical aircraft operations.

Keywords: aviation equipment, engineering support, digital twins, adaptive learning,
training complex, fault diagnostics.

Introduction.

Modern aviation, both military and civil, is a complex technical system that requires strict
compliance with the rules and standards of operation, maintenance, and repair developed by
international organizations in aviation security. The main principle in aviation is to reduce the time
aircraft spend on the ground [1]; this factor directly depends on the level of training of service
engineering personnel and ensuring high-quality technical operations. In connection with the
above, the development of training complexes with integrated engineering support systems is an
urgent task to increase the reliability and combat readiness of aviation equipment.

To ensure the reliability of intelligent simulators, imitation of the real operating conditions
of aircrafts is used by implementing modelling technologies, digital twins, and artificial
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intelligence. The introduction of such a simulator will improve the efficiency of training
engineering and technical personnel in the aviation industry through the use of multiscenario
modes, which will allow the simulation of all possible circumstances that may arise during
operation and repair.

Today, simulators for training flight personnel have become widespread in the aviation
industry, having received good reviews from both personnel and regulatory authorities in the
aviation sector, and the potential of simulator complexes for engineering and technical personnel
has not been fully realized [2]. Simultaneously, ensuring a high level of technical maintenance will
improve aviation safety and ensure the long-term operation of the equipment. Therefore, the use
of such a simulator complex with engineering support tools can significantly increase the
effectiveness of training in the educational environment and provide an expansion of training
scenarios for retraining and advanced training of engineering personnel without significant
financial investment from stakeholders.

The scientific novelty of this study lies in the development of a training complex that
combines realistic modelling of the processes of maintenance and operation of aircraft equipment,
intelligent fault diagnostic systems, and automated training tools for engineering and technical
personnel. If we compare the training complex proposed in this study with those that currently
exist, we can highlight the following competitive advantages: the presence of a digital platform
that provides access to regulatory documentation, analytical data on the progress of trainees, and
the availability of fault-finding algorithms.

The purpose of this study is to develop a training complex with an engineering support
system for the technical operation of aircraft for various applications. To achieve this goal,
researchers have set the following number of tasks:

1. Develop an integrated engineering support system architecture that includes digital
models of aircraft and fault-diagnostic algorithms.

2. Develop an algorithm for the adaptive training of engineering and technical personnel
considering aircraft specifications

3. Assess the effectiveness of the developed system and traditional methods for training
aviation specialists.

According to the authors [3], one of the promising areas for the development of such systems
is the use of digital twin technology for aviation equipment, which allows for the simulation of
operational processes and modelling of all types of malfunctions. However, modern literature
focuses on civil aviation, and the adaptation of such systems for military and special equipment
requires significant work on the modification and consideration of the specifics of operation of
such equipment [4].

Another direction that has been actively developed in recent years is the use of automated
maintenance and repair management systems integrated with intelligent algorithms to predict unit
failures [5] and automatic diagnostic processes [6] of aviation equipment. The use of such
integrated methods increases the efficiency of fault detection and generates automatic
recommendations for their elimination.

Another problematic issue is the insufficient material and technical base of educational
institutions in the field of aviation specialist training, which leads to a lack of practical experience
among graduates [7]. The introduction of such simulator complexes into the training process will
improve the level of training of engineering and technical personnel and reduce the likelihood of
errors under real working conditions [8].

Therefore, the development of a simulator complex with an engineering support system is
associated with challenges in the operation and maintenance of aviation equipment [9]. The
introduction of such a complex process of training engineering and technical specialists will ensure
an increase in the level of aviation safety, reliability, and economic efficiency of aviation
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equipment, which in turn will have a positive effect on the combat capability and operational
readiness of aircraft [10].

Materials and methods.
To achieve the project objectives, researchers have developed an integrated system
architecture. Figure 1 illustrates the architecture of the integrated system.

CeHcopbl 1
CUCTEMBI
Oopa AaHHbIY

Cucrema
NpOBEpPKK

LUundposon
[BOVHUK

Jat4ymku
TemMneparypbl

[laTt4ymkm
[aBneHus

Figure 1 — Structural diagram of the integrated system architecture

The architecture shown in Figure 1 includes a data collection level (sensors and sensors) and
temperature, pressure, and mixture sensors. The next level is the digital twin level, which is a
simulation model of aviation equipment that includes an object (aircraft) and a tool (deicing
machine). The last is the analytical level, which is necessary to assess the correctness of a trainee's
actions. The anti-icing preparation of an aircraft is one of the important stages in preparation for
departures, because upon reaching certain altitudes, the aircraft encounters extremely low
temperatures, down to -50 -60 degrees. To improve the efficiency of training engineering and
technical personnel, the use of the adaptive learning algorithm shown in Figure 2 was proposed.
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Figure 2 — Block diagram of the adaptive learning algorithm

The block diagram of the adaptive learning algorithm shown in the figure includes five main
stages:

Stage 1. Determine the trainee’s training level conductinging an entrance test to assess the
theoretical knowledge of anti-icing treatment, including regulations, standards, and methods of
treatment, as well as practical skills (experience with equipment, reagents, and heating systems).
Analysis of the presence of experience in this type of service (beginner: up to 1 year, specialist:
from 1 to 5 years, expert: from 5 years). The system created a personal training plan based on the
initial data.

Stage 2. Selection of the training model. Based on the results obtained from testing the
trainee, the system selected an appropriate training model. The developed system includes three
training models: beginner (studying the theoretical course and consolidating the material in basic
practical exercises), specialists (practical exercises in more difficult weather conditions), and
experts (simulation of emergency situations and training of non-standard cases).

Stage 3. Theoretical training. Access of trainees to electronic training materials developed
by international organisations in the field of aviation security, study of interactive cases (incident
analysis and study of the most common errors), and testing on the studied material.

Stage 4. Practical training with virtual modelling elements: Virtual simulator with integrated
digital twins of aircraft (practising basic algorithms for anti-icing treatment and simulating various
weather conditions). Testing professional skills in the control scenarios.
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Stage 5. Evaluation of the effectiveness and adaptation of the training. Final testing.
Evaluation of errors and analysis of error data. Correction of the training plan (study of additional
modules and in-depth training on the simulator).

To evaluate the effectiveness of the developed simulator complex and traditional training
methods, a comparative analysis was used within the framework of the project, within which a
sample consisting of two groups of 14 people was formed, in accordance with the requirements
for training specialists. These groups underwent an entrance test to determine their levels of
knowledge. After completing the theoretical course, an exit test was conducted to assess
knowledge, a practical exam with modelling of various anti-icing training situations. The Student’s
t-test was used to compare the results between the two groups.

Results.

For the developed adaptive learning algorithm, software was developed that includes an
interface written on the PyQt technology stack for graphical representation. Adaptive learning
logic has been implemented, including determining the level of knowledge of the student by
passing a theoretical test, after which a personal learning plan is generated, monitoring the student's
progress, and adjusting the learning plan. The software used is shown in Figure 3.

B | ApantweHoe oByuerue AT — O X

BuiGepwuTe fedcTBME:

MNpoiTK TecTMpoOBaHWe
Mepeltn K oBydyeHWD
AHanws nporpecca

Figure 3 — Appearance of the adaptive learning program

The software shown in the figure includes a front-end interface with three buttons. When pressed,
or student goes to a specific subprogram, such as a test base, training materials, and an analytical block.
After completing the theoretical part, the student goes to the practical part; the external program for
completing the practical part is shown in Figure 4.
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Figure 4 — external view of the practical implementation of the simulator

Figure 4 shows the implementation of the practical part of the training complex in the Unreal
Engine software environment. The training complex is a digital model of an aircraft and an anti-
icing machine from a cradle, where the trainee must process the fuselage of the aircraft. Analysis
of the exit test results showed that the results in the experimental group were 18% higher than
those in the control group. The practical exam showed that trainees in the experimental group
responded 22% faster to emergency situations, and when analysing the implementation of anti-
icing protection procedures, it was found that the experimental group made 30% fewer mistakes.

Conclusion and discussion.

The development of the training complex made it possible to create an innovative platform
for training engineering and technical personnel in aviation enterprises. The study conducted
within the framework of this study confirmed the hypothesis regarding the effectiveness of virtual
reality. The inclusion of intelligent technologies in the training process provides a better
understanding of theoretical knowledge, improves practical skills, and allows the simulation of a
large number of non-standard situations.

An important advantage of the developed training complex is the flexibility and ability to
personalise the training process for each student. Owing to the use of adaptive training algorithms,
the system automatically adjusts the curriculum, considering the level of knowledge, experience,
and dynamics of mastering the material. These algorithms help minimise knowledge gaps, increase
the effectiveness of training, and provide higher-quality training of specialists.

The use of digital twin technology allows the simulation of various operating conditions and
malfunctions, which allows not only training personnel but also the development of modern
aircraft maintenance strategies. As a result, this training complex can be used not only for
educational purposes, but also for improving the skills of employees. Despite the high efficiency
of this training complex, its implementation under real operating conditions is associated with
significant investment costs in the technical equipment of training centres. In addition, during
implementation, the following factors must be considered: availability of equipment in the market,
ability to provide technical support for digital twins, and intelligent systems. In addition, it is
necessary to develop standards and guidelines for the use of the training complex, which must be
approved by regulatory authorities in the aviation and military industries. Thus, the development
and implementation of such training complexes opens new prospects for the training of
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engineering and technical personnel. The inclusion of digital technologies in the process of training
specialists will ensure an increase in the level of aviation personnel training, which, in turn, directly
affects the safety and reliability of the operation of aviation equipment. Further developments in
this project are related to the implementation of augmented reality technologies and machine-
learning algorithms.
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WHHOBAIIMOHHBIA YYEFHO-TPEHUPOBOYHBIN KOMILJIEKC C
WHXEHEPHBIM OBECIIEYEHUEM: HOBbII YPOBEHb TEXHUYECKOM
IKCIIVIYATAIIUUN ABUALIUU

Annomayun. Omo uccinedosanue NOCEAUWEHO CO30AHUIO HOBO20 YUEOHO20 KOMMIEKCd,
KOMOPblil 8KIIOUAEm 6 CeOsl CUCIEMY UHICEHEPHO20 0Decnedenus, CReyudibHo paspabomaHnHyio
O MeXHU4ecKo2o YNpaeieHus 60eHHOU U CHeyuaiu3upoO8aHHOU ABUAYUOHHOU MEXHUKOU.
Baosicnocms  0amnozo  uccnedogsanus  00ycnognieHa  HeoOX0OUMOCMbIO — NOGbLULEHUs
appexmusnocmu nOO20MOBKU UHHCEHEPHO-MEXHULECKO20 NePCOHANd, VUUMbIBAs PACMYW)Io
MEXHUYECKVIO CILOJCHOCMb ABUAYUOHHOU MEXHUKU U pacmyuwjue mpeOo8aHus K A8UAYUOHHOU
bezonacnocmu. OCHOBHOU Yenbl0 OAHHO20 UCCIe008AHUS SAGIAeMCs paspadomKka adanmueHol
00pazosamenvHol NAAM@opmuvl, KOmopas o00veduHsiem yupposvie aHaI0cU ABUAYUOHHBIX
cucmem, aneopummvl OUASHOCMUKY HEUCNPABHOCMel U UHMENIeKmYalbHble Memoovl OJisl
aoanmayuu yuebHo2o npoyecca. B pamxax smoco uccredoeanus Owviia pazpabomara
aApXuUmeKmypa KOMNIEKCHOU CUCTNEeMbl UHHICEHEPHOU NOO0OePHCKU, KOMOpds 6KaouYaem cOop
OaHHbIX, YUPPOBOe MOOenuposanue u anaiumuxy. bvin eHeOpen adanmuemnvlii arcopumm
00yYeHUs, KOMOPBLIL YYUMbleaem YPOo8eHb K8AIUGuUKayuu 00yuaemozo, e2o Onvlm u npocpecc 6
OCB0CHUU MAMepuand, mem CambiM aA8MOMAMUYECKU KOPPEeKmupys Y4eOHYIO Npocpammy.
Hcnonv3oeanue  8UPMYaibHbIX — MPeHANCEPO8 U  UMUMAYUOHHBIX — MOOeiel  NO360IUNO0
paspabomamv 2uOKYI0 cucmemy 0OyYeHUsl, KOMOpas MOYHO OMpaxdcaem peanbHvle YCI06Us.
IKCHIYAMAYUU ABUAYUOHHOU MeXHUKU. /[l oyeHKU dheKmusHocmu npeodioHceHHOl CUCmembl
ObLIO NPOBEOCHO IKCNEPUMEHMANbHOE MeCmMUposanue, 6 Xooe KOMopo2o CPAGHUBANUCDH
pesyivmamol 00y4eHUs: 08YX SPYNN UHIHCEHEPHO-MEXHUYECKO20 NEPCOHANA: IKCHEPUMEHMATIbHO
2pynnul (C UCNONb308AHUEM AOANMUBHO20 0D0YVUEHUS C UCNONb308AHUEM YUDPO8bIX Moldenell) u
KOHMPOIbHOU 2PYNNbl (C UCNONb308AHUEM MPAOUYUOHHBIX Memo008 obyuenus). Pezynomamoi
NOKA3AAU, YMO HOBbIU Y4eOHbll KOMNJIEKC COKPAMUL 8PeMs Peasuposanus Ha Ype36blualiHble
cumyayuu Ha 22%, cHuzun koauvecmseo owubox Ha 30% u nogvicun MoyHOCMb GbINOJIHEHUs
npoyedyp Ha 18%. Paspabomannas adanmueuas cucmema 0OyYeHUs OMAUYAEMCs 8bICOKOU
2UOKOCMbIO U NO360.J15em A0Anmupo8amy ee K COBPEMEHHbIM Memo0am NPOSHO3HOU OUACHOCMUKU
HeucnpasHocmetl 8030YUHBIX CY008. Buedpenue makozo komniekca 6 no020mosKy Cneyuarucmos
NOBbICUM  ABUAYUOHHYIO 0OE30NACHOCMb, HAOEHCHOCHb U IKOHOMUYECKYIO IDdekmusHocms
MEXHUYECKOU IKCHIYAMAayuu 8030YUHbIX CYO08.

Knwouesvie cnosa: asuayuonnoe o060pyoosanue, umdiceHepHoe obecneueHue, yu@pposvie
OBOUHUKU, A0ANMUBHOE 0OVUeHUe, MPEHUPOBOUHBLI KOMNILEKC, OUACHOCMUKA HeUCNPABHOCMEN.

HWHKEHEPJIIK KAMTAMACBI3 ETIVI'EH UTHHOBALIMSJIBIK OKY
KEHIEHI: ABUAIIUSHBI TEXHUKAJIBIK ITAUJTAJTAHY IBIH ’KAHA JEHI'EUI

Anoamna. Byn 3epmmey ackepu dHcoHe MAMAHOAHOBIPLLIZAH ABUAYUATLIK MEXHUKAHbI
MEXHUKANIK 6ACKapy Yulii apHaiibl d3ipJeHeeH UHICEHePIK KOLOAY HCYUeCiH KaMmMUmvlt JHCana
OKY KeuleHiH Kypyowvl 3epmmelioi. Byn zepmmeyoiny Manbl30bL1bl2bl aBUAYUATBIK MEXHUKAHbIY
MEXHUKANbIK — KYpOeniniciHiy — apmyblH  JiCoHe  ABUAYUANILIK — KAYINCI30ikKe — KOUbLIAMbIH
MAnanmapovly apmybvlH eckepe OMmblpblN, UHHCEHEPLIK-MEXHUKAILIK Kaopaapobl OaspiayObiH
MuiMOinicin apmmuipy KadcemminicineH myblHOauObl. Byn 3epmmeyodiy neeizei maxcamoi-
asuayusanblK Jicylenepliy yu@pivlk e2izoepin, akayiapovl OUACHOCMUKAAY Al2OPUMMOepPIH
JiCOHe OKY npoyecin Oetlimoeyoiy uHmen1ekmyaiosvl a0icmepin Oipikmipemin adanmuemi 0inim
bepy nnamghopmacwin azipaey. Ocvl 3epmmey aiacblHOA OepeKmepoi IHCUHAYObL, YUDPILIK
MO0envboeyoi JHcoHe AHANUMUKAHbL KAMMUMbBIH KeuWeHOl UHICeHEePNIK Koioay JHCyUuecitiy
apxumexkmypacvl  23ipaendi. Teiyoaywwvinbly — OINIKMINIK — OeHeeliin, madxcipubecin  dcaHe
Mamepuanovl meneepyoezi yicepiMin ecKepemiH, COl apKblLibl OKY JHCOCHAPLIH A8MOMAMNIbL
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mypoe pemmetimin OetliMOeslemin OKblmy aneopummi eneizinoi. Bupmyanovl mpenasicepiap men
MoOenvboey MOOeNbOepiH KONOAHY A8UAYUALbIK MEXHUKAHBIY HAKMblL HCYMBLC HCAROAUNAPBIH 02l
Kepcememin UuKemMoi OKbIMY JCYUeCiH dcacayea MYMKIHOIK Oepli. YCulHbLI2aH JiCYlUeHiy
MuiMoinicin  06a2anay YuwiiH UHICEHePIK-MEeXHUKAILIK NePCOHANObIH €Ki  MOObIHbIY — OKY
HIMUICENEPIH CANbICMbIPA OMBIPLIN, IKCNEPUMEHMMIK mecminey HCypei3inoi: IKCnepumMeHmmik
mon (Yughpavik Mooenboepmer adanmusmi oKbimyovl KOJIOAHA OMbIPbIN) HCoHe O6AKbLIAY moObl
(Oacmypai oxbimy a0icmepin Konoana omwipsin).). Homuocenep kepcemkenoetl, scana oKy Keuleri
memeHnutle Hca20aunapovl xeow yaxkeimsih 22% - 2a Kvickapmmsl, Kamenep canvin 30% - 2a
asaummsl JHCoHe Npoyedypanapobl opviHoay oOandicin 18% - ea scaxcapmmuvl. O3ipieHeeH
aoanmuemi OKblmy JiCyleci oicozapvl ukemoilikke ue, Oy aye KeMelepiHiy aKaylapbliH
OUACHOCMUKANAYObIY  3aMAHAYU  OO0MNHCAMObL  20icmepiMer meHweyee Jicane Oipikmipyee
MYMKIHOIK Oepedi. Mamarnoapovl 0aapaayoa MYHOAU KeueHOi eHeizy asuayusiblk Kayincizoikmi,
CEHIMOLNIKMI JcaHe dye KeMelepPiHiy MeXHUKAIbIK ONepayusiiapblHblH IKOHOMUKALbIK MUIMOLIICIH
apmmusipaobi.

Tyitinoi cozoep: asuayusnblk MeXHUKA, UHHCEHEPIIK KAMMAMACH3 emy, yu@gprvlk ezizoep,
aoanmusmi OKblmy, 0Ky KeuleHi, akaynapovl OUAeHOCMUKALAY.
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