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Abstract. Cybersecurity in digital twin environments for the food industry
presents unique challenges due to the merging of cyber-physical systems with
legacy industrial control systems. Digital twins boost efficiency, enable predictive
maintenance, and enhance product quality, yet they also expand the attack surface
available to adversaries. In this paper, we introduce a novel four-layer cybersecurity
framework that integrates real-time anomaly detection, process mining, and
blockchain-based data integrity. Evaluated on a simulated dairy processing plant,
our approach shows significant improvements in detection rate, reduction of false
positives, and faster response times compared to conventional methods. This
work offers a fresh perspective on cybersecurity challenges and demonstrates
the potential of advanced, integrated technologies. The proposed architecture
covers four layers: device, connection, data, and service. The first layer applies
security measures to sensors and controllers, including secure boot and hardware
authentication. The second layer ensures secure communications using TLS/SSL
and network segmentation. The third layer records data in a blockchain ledger,
ensuring its immutability and transparency. The last layer combines machine
learning algorithms to detect anomalies and process mining to analyze hidden
behavior patterns. The results of the experiment confirm that this model not only
improves the accuracy and speed of attack detection, but also reduces operational

11



Academic Scientific Journal of Computer Science

risks, allowing digital twins to safely realize the potential for process optimization
in the food industry.

Keywords: Digital Twin, Cybersecurity, Industrial Control Systems, Cyber-
Physical Systems, Anomaly Detection, Machine Learning, Blockchain
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AnHotamusa. Tamak eHepkociOiHe apHamFaH UQPIBIK €ri3  OpTajarbl
KHOepKayirci3nik KuoepPpu3nKaiIbIK KyieaepAiH OyphIHFbI OHEPKICINTIK OacKkapy
KylhenepiMeH OipiryiHe OaiaHBICTBI Oiperel KUBIHABIKTAPIbI  TYIBIPAJIBL.
Hudpraeik erizmep THIMALTIKTI apTTHIPaabl, OODKAMIBI TEXHUKAIBIK KbhI3MET
KOpPCeTyJll KamMTaMachl3 CTe/l JKOHE OHIMHIH CamachlH KaKcapTajbl, COHBIMCH
Oipre KapchulacTapra KoJ KeTiM[i malybul OeTiH keHeWTemi. by makamama 613
HAKThl YaKbITTaFbl AaybITKYJIAp/bl AHBIKTAY/Abl, TEXHOJOTHSIIBIK MPOIECTeP i
OHJIIPY/i JKoHE OJOKYEHHIe HETi3feNTeH ACPEKTepAiH TYTACTHIFBIH OipiKTipeTiH
KaHa TOPT JeHrein KHOepKayirci3mik KyheciH eHrizeMi3. VmuranusuiaHFaH
CYT eHjiey 3aybIThIHIA OaranaHFaH Oi3liH KO3KapachIMbI3 OJIETTETi 9JIiCTEpPMEH
CAJIBICTBIPFAH/IA AHBIKTAY JKbIIAM/IBIFBIHBIH aHTAPIIBIKTAN KaKCcapFAHbIH, KaTFaH
OH HOTHXEJICP/IiH a3aiiFaHbIH JKOHE KBUIAM OPEKET €Ty YaKbIThIH KopceTei. by
KYMBIC KHOEpKayiIlci3Iik MoceneNepine jkaHa Ke3KapacleH KapayFa MYMKIHIIK
Oepesii JoHe 03BIK, WHTETPAIMsIIAaHFAH TEXHOJOTHSIIAPBIH dJICYEeTiH KOpCeTeIi.
Y CHIHBUTFAH apXUTEKTYypa TOPT KaOATThl KAMTHJIBI: KYPBUTFbI, KOCBUIBIM, IEPEKTEP
JKoHE KbhI3MeT. bipiHmm kabar ceHcopiap MEH KOHTpOJUIepIiepre KayirciIik
nrapanapblH KOJJAHA/bl, COHBIH IIIHJC KAYilci3 JKYKTEY J>XOHE AarmapaTThiK
ayteHTtu(ukanus. Exinmn kadat TLS/SSL xoHe jxeniHi cerMeHTanusay apKbUTbl
Kayirci3 OailaHbICTBI KaMTaMachl3 eTeli. YIIIHII KabaT Jaepekrepii Onok4erH
KiTaOBbIHA JKa3bIN, OHBIH ©3TEPMEHTIH/IIT MEH AalIbIKTHIFBIH KaMTaMachl3 €Tei.
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Conrbl Ka0aT aHOMaNMSIAP/Ibl AHBIKTAY YIIIH MAIIMHAJIBIK OKBITY aJlTOPUTMICPiH
OipikTipeni J>XKoHe >KachIphIH MIHE3-KYJIBIK VATIIepiH Tajjay VIIiH Tay-KeH
KYMBICTapblH OHJCHII. DKCHEPUMEHT HOTHXelepi Oy mMoxensd malybuiaapasl
AHBIKTAayAbIH JONAINT MEH JKbUIAAMIBIFBIH apTTBHIPHIT KaHa KoWMail, COHbIMEH
Karap mudprbIK eri3nepre TamMak ©HEPKOCIOIHJETI MpolecTep/i OHTaHIaHIBIPY
QJIeyeTiH Kayillci3 )Ky3ere achIpyFa MYMKIHJIIK OEpeTiH OmepaIysuIbIK TOyeKeIIepIi
a3alTaThIHBIH PACTANIBI.
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AnHortanus. KudepOe3onacHOCTSH B cpejie UG POBBIX ABOWHUKOB JJIs TUIIIEBOM
[IPOMBIIIVICHHOCTA CTaJKUBACTCSl C YHHUKAJIbHBIMH BBI30BAMH H3-3a CIIMSHUS
KHOep-QU3NYECKUX CHUCTEM C YCTApEBIIMMH IPOMBILIUICHHBIMA CHCTEMaMU
ynpasnenus. [{npposeie MBOWHHKK TOBBIIAIOT 3()(HEKTUBHOCTD, MO3BOJSIOT
OCYHIECTBIISITh  MPEIUKTUBHOE TEXHUYECKOE OOCITY)KUBAaHHE U  YIydllaTh
Ka4eCTBO TMPOAYKIIMU, OJHAKO OJHOBPEMCHHO PACIIUPSIOT IMOTCHIIUAIBHYIO
MMOBEPXHOCTh aTaKH JIJIsl 3JI0YMBIIIIJICHHUKOB. B aHHO# cTaThe MbI IIPEACTABIIICM
HOBYIO YETHIPEXYPOBHEBYIO MOJETh KHOEpOE30MMacHOCTH, KOTopas OOBEIUHSET
oOHapyKEHHE aHOMAJIMI B peajIbHOM BPEMEHH, aHAJIN3 IPOIIECCOB M 00eCIIeueHUE
LIEJIOCTHOCTH JAHHBIX HAa OCHOBE TEXHOJIOTMHM OJIoKYeiiH. MeToguka Oblia
MPOTECTUPOBAHA HA CUMYJISIIMUA MOJIOYHOTO MepepadaThIBAIONICTO MPEAIPHUSITUS
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Y TIOKa3aJia 3HAUYMTENbHOE YITy4IlIeHHe MoKa3aresieil BBISBICHUS aTaK, CHUKEHHE
KOJIMYECTBAJIOKHBIX CpadaThIBAaHHA M COKPAIIICHIE BPEMEHH OTKJIMKA IT0 CPABHEHUIO
C TpaJWIMOHHBIMU MeTonamu. JlaHHas paboTa mpemnaraeT HOBBIM B3I Ha
po0OIeMbl KHOEpOE30NaCHOCTH U IEMOHCTPHUPYET IMOTSHIINAT WHTETPHPOBAHHBIX
MepeIoBhIX TeXHONOTHI. [IpeioskeHHast apXUTEKTypa OXBaThIBAET YETHIPE YPOBHSI:
YCTPOMCTBO, COCAMHEHNE, JaHHBIE W CEPBUCHBIA ypoBeHb. Ha mepBom ypoBHE
MIPUMEHSIOTCS MEPHI 3alUThl CEHCOPOB U KOHTPOJUIEPOB, BKIFOUast O€30TaCHYIO
3arpy3ky W ammapatHyr ayTeHTH(ukanuto. BTopoll ypoBeHb obOecrieunBaeT
3alUIIEHHBIE KOMMYHHUKAIMH ¢ Mcronb3oBanueM TLS/SSL u cerMeHTanum ceT.
Ha tpethem ypoBHe qaHHbBIE (DUKCUPYIOTCS B OJIOKYEHH-peecTpe, 4YTO rapaHTHPYeT
WX HEM3MEHHOCTbh W MPO3padHOCTh. [locineqHuii ypoBeHb 00bEIUHSIET aaTOPUTMBI
MaIIMHHOTO OOYYeHHWs /ISl BBISBICHHUS aHOMAIWH WM TIPOIECCHBIH MaWHWHT
JUIS aHall3a CKPBITHBIX MOJIENIeH TOBeleHusl. Pe3ynpraThl 3KCIIeprUMeHTa
MTOJITBEPK/TAIOT, UTO JTAHHASI MOJIETh HE TOJHKO TOBBIMIAET TOYHOCTh U CKOPOCTh
oOHapy>KeHHs aTak, HO U CHIDKAET ONEpaIlMOHHBIE PHCKH, ITO3BOJISS MU(POBBIM
JTBOMHWKaM 0€3011acHO peaTn30BaTh MOTSHIIHAT OTITUMHU3AIIIH IIPOU3BOJCTBEHHBIX
MTPOIIECOB B MHUIIEBON MPOMBIIIIICHHOCTH.

KaroueBbie ciioBa: nndpoBoii IBOHHIK, KHOEPOE30MacHOCTh, TPOMBIIIIICHHBIE
CUCTEMBI YIpaBIeHHS, KHOep-PU3NIECKUE CHUCTEMBI, OOHApYKEHHE aHOMAJHM,
MaIlIMHHOE 00yUYeHue, OJIOKUYCHH

Introduction. Digital twin technologies are revolutionizing the food industry by
creating highly accurate virtual counterparts of physical production lines, thereby
enabling continuous monitoring, predictive maintenance, and enhanced product
quality (Adilzhanova et al, 2025). Yet, the integration of these digital twins with
legacy industrial control systems significantly increases the overall complexity of
the environment and widens the potential attack surface. Traditional approaches,
such as static firewalls or simple rule-based intrusion detection, often cannot keep
pace with the real-time, dynamic nature of modern production lines. Consequently,
innovative methods that address both the physical and digital spheres are required
to ensure comprehensive protection.

A key scientific breakthrough in this work is the integrated four-layer
cybersecurity framework tailored for digital twin settings in the food industry.
This framework secures the entire lifecycle of data—ranging from edge devices
and communication channels to data repositories and high-level service functions.
Specifically, it incorporates advanced machine learning (e.g., Isolation Forest,
CNN-LSTM) for real-time anomaly detection, blockchain technologies to
safeguard data integrity, and process mining to uncover suspicious workflow
patterns that traditional methods might overlook. Despite the benefits offered by
digital twins—such as improved efficiency and product quality—various security
challenges remain critical (Akhmetov et al, 2022). Data manipulation, whether
through replay attacks or unauthorized modifications of sensor values (temperature,
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pH), can prompt unsafe operating decisions. Denial-of-Service (DoS) threats can
halt production lines and disrupt supply chains. Moreover, security breaches in
the digital environment can immediately impact the physical realm, posing a dual
threat to operational continuity and consumer safety.

To address these challenges, this paper proposes an end-to-end cybersecurity
solution for digital twins in the food industry. Its objectives are to develop a
robust architectural framework, combine state-of-the-art anomaly detection and
immutable logging technologies, and validate the resulting system via simulated
scenarios in a dairy processing context. By comparing our integrated approach to
traditional ICS security setups, we demonstrate notable improvements in detection
speed, accuracy, and overall resilience against both conventional and emerging
cyber threats.

Theoretical Framework

Digital twin (DT) technologies have emerged as powerful tools in the food
industry, allowing the creation of precise virtual replicas of physical production
lines. By integrating real-time sensor data—including temperature, pH, and pressure
readings—DTs maintain a continuous synchronization with on-site equipment,
enabling managers to monitor processes, predict failures, and optimize operational
parameters with minimal production risk (Amirkhanov et al, 2025). Numerous
benefits arise from this approach: predictive maintenance (e.g., detecting early
signs of mechanical wear on pasteurization lines or chillers), process optimization
(fine-tuning temperature thresholds or mixing speeds to reduce energy usage),
and quality control/traceability (logging batch-level data to facilitate regulatory
compliance and pinpoint anomalies).

Despite these advantages, cybersecurity remains an underexplored dimension
in most digital twin implementations for the food sector. Traditional studies tend to
highlight cost savings and throughput improvements rather than acknowledging the
potential vulnerabilities introduced by connecting legacy infrastructures, physical
sensors, and network-based control systems. Many industrial control systems (ICS)
in the food industry rely on legacy protocols (e.g., Modbus, OPC Classic) and
hardware that predates robust cybersecurity standards (Cherikbaeva et al, 2024).
This leaves them susceptible to data tampering (e.g., unauthorized changes in
sensor readings that could spoil products or mislead decision-making), Denial-of-
Service (DoS) attacks (e.g., high-volume traffic to disrupt production), and harmful
physical-digital interplay (e.g., sophisticated attacks that cause mechanical failures
or contamination events).

Recent research suggests that machine learning (ML) can help detect anomalies
at both the network and device levels, thereby identifying unusual traffic patterns
or suspicious sensor values. Nevertheless, many ML-driven solutions operate
in isolation, without a holistic, layered strategy to address advanced threats. For
instance, firewall- or signature-based intrusion detection solutions often struggle
against adaptive cybercriminals who continually evolve their attack vectors.
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Meanwhile, blockchain-based solutions provide tamper-proof event logging
(Ezeugwa, 2024)—a key mechanism to preserve data integrity—but do not offer
real-time threat containment. Process mining can yield valuable insights into
unusual or inefficient workflows and user behaviors, but it lacks native encryption
or intrusion prevention capabilities.

The novelty of the present work lies in combining anomaly detection, blockchain
logging, and process mining within a four-layer cybersecurity framework
specifically designed for digital twins in the food industry. By integrating advanced
ML capabilities, tamper-evident record-keeping, and workflow analytics, this
unified architecture counters both immediate threats (e.g., replay and injection
attacks) and long-term data integrity issues that arise when bridging older ICS
infrastructures with modern digital twin platforms. This holistic approach aims
to address the inherent security gaps, ensuring that digital twins can deliver on
their promise of improved efficiency and product quality without leaving critical
systems open to exploitation.

Materials and methods

Proposed Four-Layer Cybersecurity Framework. To holistically secure the
digital twin ecosystem for a food industry enterprise, we propose a four-layer
architecture that addresses vulnerabilities at each stage of data handling:

Device Layer: This layer covers the physical components—sensors, actuators,
and programmable logic controllers (PLCs). Security measures include secure boot
processes, hardware-based authentication using TPM/TEE, and tamper-evident
designs.

Connection Layer: This layer is responsible for secure data transmission.
We utilize protocols such as MQTT and Modbus/TCP, enhanced with TLS/SSL
encryption, VPN tunneling, and network segmentation to prevent unauthorized
access.

Data Layer: Data is stored in centralized databases and logged using blockchain
technology. Encryption at rest and in transit, coupled with blockchain’s immutable
ledger, ensures that all records remain tamper-proof and traceable (Ferencz et al,
2024).

Service Layer: This layer encompasses digital twin management systems and
real-time anomaly detection modules. It employs role-based access control (RBAC),
multi-factor authentication (MFA), and continuous monitoring via machine learning
and process mining. User-friendly dashboards offer real-time insights into system
performance (Guo et al, 2022).
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Figure 1: Multi-Layer Architecture for Digital Twins in the Food Industry

Figure 1 presents a four-tier architecture for securing digital twin ecosystems in
food production. The Device Layer consists of industrial sensors and controllers;
the Connection Layer secures data transmission via encryption and VPNs; the Data
Layer stores information with blockchain-based tamper-evident logging; and the
Service Layer facilitates digital twin management and real-time anomaly detection.

Implementation Details and Program Code. To demonstrate the novelty and

effectiveness of our approach, we integrated several modules:

Anomaly Detection Module: We employed the Isolation Forest algorithm. A

simplified Python implementation is provided below:

import numpy as np
import matplotlib.pyplot as plt
from sklearn.ensemble import IsolationForest

np.random.seed(42)

time = np.arange(e, 100, ©.5)

normal_data = np.sin(time) + np.random.normal(®, @.1, len(time))
anomaly data = normal_data.copy()

anomaly _indices = np.random.choice(len(time), 5, replace=False)

anomaly data[anomaly_indices] += np.random.normal(3, ©.5, len(ancmaly_indices))

X = normal data.reshape(-1, 1)

clf = IsolationForest(contamination=0.e5, random state=42)
clf.fit(x)

anomaly flags = clf.predict(X)
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Isolation Forest-Based Anomaly Detection
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Figure 2: Isolation Forest-Based Anomally Detection

Figure 2 displays time-series sensor data (blue line) over 100 time steps, with
detected anomalies (red dots) highlighted by the Isolation Forest algorithm. The
model identifies points deviating from the normal pattern, aiding real-time threat
or fault detection.

- Attack Simulation Module: We simulate attacks—such as replay attacks and
false data injections—using Scapy and custom Python scripts. These simulations
help evaluate the system's resilience against various cyber threats (Ibrahim et al,
2024).

- Secure Data Logging: To ensure data integrity, we employ blockchain
technology (e.g., Hyperledger Fabric) to log all critical transactions. This creates
an immutable audit trail that protects against unauthorized data modifications.

Comparative Advantages. Our integrated framework offers several innovative
advantages:

- High Adaptability: The machine learning model dynamically adapts to
emerging threats (Karnati, 2023).

- Comprehensive Security: By covering all data lifecycle stages, our system
provides end-to-end protection.

- Reduced False Positives: Combining multiple analytical methods significantly
lowers false alarm rates.

- Faster Response: Our system reduces the average response time from 500 ms
to 200 ms, ensuring swift threat mitigation (Kim et al, 2022).

Implementation and Experimental Evaluation.

Testbed Setup and Simulation Environment. We built a simulation testbed to
mimic a dairy processing plant:

- Hardware Emulation: Virtual sensors measure temperature and pH in
“pasteurization tanks” modeled via Docker containers. Actuators (valves, stirrers)
are represented by Python scripts controlling device states.
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- Communication Infrastructure: MQTT and Modbus/TCP protocols run on a
virtual LAN, with TLS-enabled gateways for encryption and traffic segmentation.
The digital twin interface is managed by Eclipse Ditto in a Kubernetes cluster.

- Attack Simulation: Using a Linux-based cyber range, we launched replay, DoS,
and false-data injection attacks. This allowed repeated testing under controlled yet
realistic scenarios, consistent with prior ICS security research (Lakhno et al, 2023).

Measurement and Evaluation Procedures. The system was evaluated using the
following key metrics:

- Detection Rate: The proportion of successful identifications of injected attacks
(true positives).

- False Positive Rate: The incidence of normal operations flagged as abnormal.

- Response Time: The time between the start of an attack and when the system
first issues an alert.

- Data Integrity: Confirmed by matching logs in the central database with the
corresponding blockchain entries.

Statistical Tests: We employed a 95% confidence level (p < 0.05) to ensure
that observed improvements (e.g., decreases in FPR) were not random. These
tests involved repeated attack scenarios and cross-validation of anomaly detection
performance (Lyu, Yin, 2020)

Visual aids were used to illustrate our results:

Figure 1: Multi-layer architecture diagram

Figure 2: Isolation Forest-Based Anomally Detection

Attack detection rate by attack type

False Data Injection .
. DoS Attack Detection
Detection

Figure 3: Attack Detection Rate by Attack Type

Figure 3 shows three labeled bars—Replay Attack Detection, False Data
Injection Detection, and DoS Attack Detection—highlighting comparative
detection performance across different attack scenarios.

Low Load: 200 ms Medium Load: 220 ms High Load: 250 ms

Figure 4: Response Time Analysis Under Varying Network Loads

Figure 4 shows how the system’s average response time (in milliseconds)
increases as network traffic moves from low load (200 ms) to medium load (220
ms), and finally to high load (250 ms), illustrating the incremental impact of rising
bandwidth usage.
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Figure 5: Real-Time Dashboard Interface Overview

Figure 5, depicts a centralized dashboard connecting four key elements: the
Device Registry (tracking all sensors and actuators), Live Data Feed (real-time
sensor readings), Anomaly Detection Module (flagging suspicious events), and the
Blockchain Log Viewer (maintaining a tamper-proof audit trail).

Intable 1, summarizes key security measures at four layers - device, connectivity,
data, and service - along with recommended technologies. The features and tools
in each layer-from secure boot and firmware integrity verification (device layer) to
blockchain-based data logging (data layer) to advanced anomaly detection (service
layer)-provide comprehensive protection.

Table 1: Security Functions by Layer

Layer

Key Security Functions

Technologies/Tools Used

Device Layer

Secure boot, hardware authentication,
firmware integrity

TPM/TEE, PKI, Embedded IDS

database segmentation

Connection | Encrypted data transmission, VPN, TLS/SSL, OpenVPN, VLAN, Custom
Layer network segmentation, IPS IPS
Data Layer Secure data storage, blockchain logging, | Hyperledger Fabric, TimescaleDB, SQL/

NoSQL databases

Service Layer

Role-based access control (RBAC),
multi-factor authentication (MFA),
anomaly detection, virtual fences

Eclipse Ditto, ML libraries (Scikit-
Learn, PyTorch), Process Mining Tools

In table 2, compares key security and performance metrics before and after
deploying the proposed framework, highlighting improvements in attack detection,
false positives, response times, and data integrity.

Table 2: Performance Metrics Comparison

Metric Before Implementation After Implementation
Attack Detection Rate (%) 70 95

False Positive Rate (%) 15 5
Average Response Time (ms) 500 200
Data Integrity Vulnerable Tamper-Proof

An example Python snippet for a bar chart is provided below:
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import matplotlib.pyplot as plt

attack types = ['Replay’, 'Dos", 'Injection’]
detection_traditional = [65, 70, 75]
detection_proposed = [95, 96, 94]

x = range(len(attack_types))

plt.figure(figsize=(8, 5))

plt.bar([p - @.2 for p in x], detection traditional, width=0.4, label="Traditional™)
plt.bar([p + ©.2 for p in x], detection proposed, width=8.4, label="Proposed™)
plt.xticks(x, attack types)

plt.xlabel("Attack Type")

plt.ylabel("Detection Rate (%)")

plt.title("Comparison of Detection Rates by Attack Type™)

plt.legend()

plt.grid(axis="y")

plt.show()

Comparison of Detection Rates by Attack Type
100

mmm Traditional
SN Proposed

80

60

Detection Rate (%)

20

Replay DoS Injection
Attack Type

Figure 6. Comparison of Detection Rates by Attack Type

Figure 6 chart contrasts the detection percentages for Replay, DoS, and Injection
attacks between a traditional security method (blue) and the proposed system
(orange). In each category, the proposed system achieves higher detection accuracy,
underscoring its enhanced effectiveness against diverse cyber threats.

Results and discussion

Experimental Findings. Deploying the four-layer framework in the simulated
dairy environment yielded notable results:

- Detection Rate: Improved from 70% under conventional ICS tools to 95% with
the integrated machine learning and blockchain approach (Mahmood, et al, 2022).

- False Positive Rate: Dropped from ~15% to 5%, ensuring operators focus on
critical alerts.
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- Response Time: The time to raise an alert after an attack was reduced to around
200 ms, a significant improvement over the 500 ms average baseline.

- Data Integrity: The blockchain logs proved tamper-evident. Any unauthorized
changes to sensor values triggered a mismatch between the database and ledger
hashes (Naik, et al, 2023).

Such gains confirm the added value of combining encryption, anomaly detection,
and immutable logging across all stages of production data flow.

Comparative Analysis and Discussion. A side-by-side comparison with
conventional ICS security methods highlights several advantages:

- Superior Adaptability: The layered approach easily accommodates updated
ML models or new modules (e.g., advanced neural networks).

- Lower Operational Costs: Reducing false positives and response times translates
into fewer production stoppages and minimized waste from erroneous alerts.

- Greater Scientific Innovation: Unlike siloed cybersecurity solutions, the
proposed framework unifies ML-based detection, process mining, and blockchain
under one cohesive design, offering robust protection against a broad array of
threats (Ramadan, et al, 2024).

Conclusion. Nonetheless, challenges include balancing blockchain’s resource
overhead (especially for high-frequency sensor data) and ensuring easy integration
with legacy controllers that do not support modern encryption standards. Future
enhancements might explore lightweight ledgers or selective logging strategies to
handle large-scale environments more efficiently.
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Abstract. Among active sources of disturbances in various media the most
widespread are transport and vibration transport ones, which are associated with
moving emitters of electromagnetic waves of different lengths, the speed of which
can be lower or higher than the speed of propagation of disturbances of the medium.
The most studied transport solutions are those with a constant shape of the moving
source, while the fields of moving sources with vibrations of different frequencies
are little studied. Here fundamental and regular vibration transport solutions of
biquaternion representations of the Maxwell and Dirac equations are constructed
for sublight velocities of the radiation source (the Mach numder M<1). Green's
bifunction is constructed, which describes the field of a radiation source concentrated
at a point, which moves with a constant speed and oscillates with a fixed frequency
o = 0. On their basis general solutions of the Dirac vibration transport equation
are constructed under the action of both spatially distributed moving vibration
sources and those concentrated on moving surfaces and lines. At @ = 0 the obtained
solutions describe transport solutions of the Dirac equations. At M =0, @ > 0 these
same formulas describe the process of stationary oscillations with a fixed frequency
and can be used to construct time-periodic solutions of the Dirac equations. At
p =0 these solutions describe the vibrotransport solutions of biquaternion form of
Maxwell's equations, which can be used to study electromagnetic fields of various
light emitters and radio wave emitters located on moving objects (trains, cars,
ships, etc.). The constructed solutions should find application in theoretical physics,
elementary particle physics, radio engineering, and electronics. The constructed
solutions should find application in theoretical physics, elementary particle physics,
radio engineering, and electronics.
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AHHOTanMs. OPTYpJIi oOpTajapiaarbl Oy3bUTyJIapAblH OeliceHal Ke3AepiHiH
ImmiHAe €H KOI TapaJFaHbl OpTYPJi TOJKBIH Y3BIHABIKTAFbl JJIEKTPOMArHUTTIK
TOJKBIHAAPIABIH KO3FaJaThlH SMHUTEHTTEPIMEH OalIaHBICTBI TachIMaAay KOHE
nipin 6epy Oonbin TadbuIaAbl. OnapAbIH KbULAAMIBIFBI OPTadarbl OY3bUTYIapIbIH
Tapaiy KbUIIaM/IBIFBIHAH TOMEH KOHE KOFaphl 00JIybl MYMKiH. EH keI 3epTrenrexn
KoK IIeIiM/epl KO3FajaThlH KO3/iH OCKITIAreH IMilIiHIHe He, all 9pTypii
JKUUTIKTET1 TepOermicTepi Oap KO3FalmaThlH KO3ACPIiH OpicTepi a3 3epTTENreH.
JXKapbIK KbUIZaMIBIFBIHAH TOMEH COyJEJeHY Ke3iHIH >KbUINAMIBIKTAphl YIIiH
Maxcsenn xoHe Jlupak TeHzeynepiHiH OMKBaTepPHUOH/BIK KECKIHACPIHIH HeTi3Ti
KOHE Jipin TaceMaijay Iemrimzaepi Kypacteipbuiran (Max canel M<1). Bip
HYKTE/Ie IIOFBIPIaHFaH, TYPAKThl V )KbULAAMIBIKIICH KO3FaJIaThiH )KOHE TYPAKThI @
YKUUTIKIICH TepOeIIeTiH coyliesieHy KO3iHiH opiciH cunartaiTeiH JKacbut OudyHKIus
TypreI3bUTFad. OapAplH HETi31HIe KEHICTIKTE TapaliFaH KoHE KO3FaIaThIH OeTTep
MeH TY3yJep/ie MIOFbIpJIaHFaH KO3FaJaThIH TepOelic KO3/IepiHiH /e SpeKeTi YIIiH
Hupak TepOenmeni TacbIMaliay TEHJACYIHIH KaJbl MemimMIepi KYpacThIpbUIFaH.
Anparan wemimvaepae @ = 0 upak TeHACyNepiHiH TPaHCHOPTTHIK LIeHIiMepi
cunarraiaasl. don ocel hopmynanap typaktel M =0, @ > 0 sxuinmikreri cra-
IUOHAPJIBIK TepOeric MPOLECiH CUMaTTaiabl xkoHe Jlupak TeHIeyJIepiHiH YaKbIT
OOWBIHIITA TICPUOATHI IMMICHIMACPIH KYpPYy VIIiH MalgadaHblIybl MYMKiH. by
memrimzaepae p = 0 Ko3ranateiH 00beKTUIepae (Toe3map, aBTOMOOMIIbIEp, KeMe-
Jep KoHe T.0.) OpHallaCKaH SpTYPJIi XKAapbIK LIBIFAPFBIITAD MEH DPaIHOTOIKBIH
CoyJNeNeHyIIIepIiH IEKTPOMAarHUTTIK OpICTEepiH 3epTTey YLIIH HalJalaHbuTybl
MYMKiH MakcBe/lI TeH/ISYJepiHiH OMKBATCPHUOHIBIK TYPIHIH Pl TachbIMajiay
menriMaepi cunartanansl. Kypeurra menriMaep TeoprsuTbIK (pr3ukasa, dIeMeHTap
Oesexkrep (U3UKACHIHIA, PAAMOTEXHUKANA JKOHE DJIEKTPOHHUKAAA KOJIJAHBUTYbI
MYMKiH.

Tyiiin ce3mep. [lupax Tenneyinepi, MakcBemn TeHieyhepi, KOC TOJIKBIHIBI
TEHJIeY, 1predi MIeHliM, IPUHHIH KOC(QYHKIUSICHI, KapbIK )KbULAAMIBIFbI, MaxX CaHbl
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Annoranus. Cpeu akTHBHBIX HCTOYHMKOB BO3MYIICHUH B pa3IMYHBIX cpeaax
HanOoJIbllIee pacIPOCTPaHEHHE MOMYYHIN TPAHCIIOPTHBIE U BHOPOTPAHCIIOPTHBIC
WCTOYHHKH, CBSI3aHHBIE C IBHKYILIUMHUCS U3Ty4aTeISIMH JICKTPOMArHUTHBIX BOJIH
pasnu4HOM JIMHBL. VX CKOPOCTh MOXKET OBITh Kak HUXKE, TaK U BBIIIE CKOPOCTU
pacrpocTpaHeHus: BO3MYIICHUH B cpezie. B To BpeMs Kak TpaHCIOPTHBIE PEIICHHUS
[IPY MOCTOSIHHOW (pOpME MCTOYHHKA H3yUEHBI JOCTATOYHO MOJHO, CBOMCTBA MOJICH,
CO3JIaBaE€MbIX JBIKYIIMMHUCS BHOPUPYIOIIMMH HCTOYHHKAMH, OCTAIOTCS MaJlo
HCCIIEIOBAHHBIMH.

B Hacrosmeid pabore mocTpoeHbl  (yHAAMEHTaJbHBIE W  PETyJspHBIC
BUOPOTPAHCIIOPTHBIE pelleHHsT OMKBaTEpHUOHHBIX (opM ypaBHeHHMI Makcsesia
n Jlupaka mpH JOCBETOBBIX CKOPOCTSX JBMKEHHS HCTOYHMKA (uncino Maxa M
< 1) u ¢uxcupoBanHoi uyactore BUOpauuu. [IpeacraBnena oudynkums [puna,
OIMCHIBAIOIIASl TIOJIE TOYEYHOTO MCTOYHUKA, JBHXKYIIETOCS C MOCTOSHHON
CKOPOCTBIO M KOJEOMIoUmerocsi ¢ MOCTOSHHOM uactorod. [locTpoeHsl oOmme
peleHnss BUOPOTpaHCHOPTHOTO ypaBHeHUs Jupaka Kak IUisi POCTPAHCTBEHHO
pacrpenenéHHbIX HUCTOYHHMKOB, TaK W Ui MCTOYHHMKOB, COCPEIOTOYCHHBIX Ha
MOABHMKHBIX TIOBEPXHOCTSIX M JIMHUSIX.

[ony4eHHbIe pelICHHS OMUCHIBAIOT:

— npu 0=0\omega = 00=0 — TpaHCHOPTHBIC pelIeHus ypaBHeHuil [upaka;

— npu V=0V = 0V=0 — cranuoHapHbie KoicOaHus;

— npu ©#£0,V£0\omega \neq 0, V \neq 0w =0,V =0 — BuOpoTpaHCIIOPTHBIC
peleHns OMKBaTEePHUOHHBIX GopM ypaBHeHHI MakcBeia.

OTH  pe3yabTarbl  MOTYT  OBITb  HCIHOJB30BAaHBI [PHU  MOJCIMPOBAHUHU
ANEKTPOMArHUTHBIX  TIOJIEH,  CO3JaBaeMbIX  IMOABM)KHBIMH  HMCTOYHUKAMH,
pa3MeuIEHHBIMU, HalIpUMeEp, Ha N0e3/aX, aBTOMOOMIISIX Wi cyaax. [loctpoeHHsie
peeHus 00J1aJat0T MOTEHIMAJIOM TPUMEHEHUS B TEOPETHYECKOH (PU3UKE, PHU3HKE
AIIEMEHTAPHBIX YaCTHIl, PAAMOTEXHUKE U 3JICKTPOHHKE.

KioueBsbie cioBa: ypaBuenus Jupaka, ypaBHeHus: MakcBeiia, OUBOJIHOBOE
ypaBHeHue, (yHAaMeHTaJdbHOEe pemeHue, OudyHkuus [puHa, CKOpPOCTh CBeTa,
yucino Maxa

27



Academic Scientific Journal of Computer Science

Paboma evinonnena npu ¢unancosoti noodepocke Komumema Hayku
Munucmepcmea nayku u vicuieco oopaszosanus pecnyonuxu Kazaxcman (cpanm
AP19674789, 2023-2025 z2.).

Beenenne. OcHOBONOJNAralOIMMM B KBAaHTOBOW TEOpUHM THOnd U
AIIEKTPOAMHAMUKE SBISIOTCA ypaBHeHUs MakcBeruia u Jlupaka (Maxkcsemn [Ix.K.,
1989; Hupak, 1979). IlocTpoeHnto u HcCAEIOBAaHUIO PEHIEHUH 3THX ypaBHEHUH
W KpaeBbIX 3a/1a4, HAa4YMHasl CO BTOPOH MonoBUHBI XIX Beka, MOCBSILEHBI PadOThI
MHOTHX Yy4YeHbIX. buOmuorpadust B 3ToOM HampaBlieHHMH OOIIWpHAs, HauuHas C
MHOTOYHCIICHHON y4eOHOI TuTepaTypsl 1o AnekTpoMaruetusmy (xexcon, 1965;
Oeitaman, 1965, Jlannay, 2003; Casenses, 1970) u np.

OTH ypaBHEHHS JI0ITyCKAIOT OAKBaTCPHUOHHBIE MTPECTABICHUS, YTO OTMEUCHO
mHorumu aBropamu (Rodrigues, 1990, Finkelstein, 1992; De Leo, 1997; Edbpemos,
2004; Acevedo, 2005; Mapuyk, 2009) ddyHnameHtanbHble U 0000IIEHHBIC
peleHns: OMKBaTEPHHOHHBIX BOJIHOBBIX YPaBHEHWH W KpaeBBIX 3ajad Ui HHX,
KOTOpBIE CONEp’KaT OWKBAaTEpHUOHHBIE O0000MICHMs ypaBHeHWH MakcBemna u
Hupaka noctpoeHs! B paborax (Alexeyeva, 2012, 2013, 2021).

Cpenn  JACWCTBYIOIIUX WCTOYHMKOB W3Iy4YeHHs OM BomH HamOonee
pacmpoCcTpaHEHHBIMU ~ SIBIIIOTCS.  THOABIIKHBIE ~ HMCTOYHUKH  KoJeOaHWid,
pacronokeHHble Ha  muaropMax — pa3IMUHBIX  TPAHCIOPTHBIX  CPEICTB
(subpomparncnopmnovle nuctodnukn). OYEBUIHO, YTO CKOPOCTh WX JIBIDKCHUS
U 4YacToTa KojeOaHMH CYILECTBEHHO BIMSAIOT Ha IIPOLECCHI PaclpOoCTPaHEHUs
OM BOJH B cpellax C pa3IMyHON 3JIEKTPUUECKON MPOBOAUMOCTBIO U MarHUTHOU
MPOHULAEMOCTBIO, KaK M ()OopMa CaMOro MCTOYHMKA U XapakTep ero padoThl.
HccnenoBanusi B 3TOM HalpaBJeHUW HE CTOJIb MHOTOYMCICHHBI U CBSI3aHBI C
oTpenieIEHHBIM BUIOM UCTOUYHUKA H3ITYUEHHUS.

Marepuajasl ¥ MeToAbl. B o600l cpeae BOJHBI PACIpPOCTPAHSIOTCS C
OIIPEIEIICHHOM CKOPOCTHIO. B MEeXaHMKe CIUIOLIHBIX CPE UX HAa3bIBAIOT 36YKOGLIMU,
KOTOpOE MPULIJIO M3 aKyCTUKHU. B CITOIIHBIX cpeax CKOPOCTh pacipoCTpaHeHUs
BOJIH 3aBHCHUT OT THMa Ae(GopMamuu Cpeabl, KOTOPYIO OHH PAaCHpPOCTPAHSIOT.
[TosTOMY B CIJIONIHOM Cpefie MOXKET ObITh HECKOJIBKO 3BYKOBBIX CKOpOCTEH. A B
AQHM3O0TPOITHBIX CPeax OHM eIlle 3aBUCST OT HampaBieHud. OTHOIIEHHE CKOPOCTH
JBYDKCHUSI ICTOYHUKA BO3MYIIEHUS B CpeJie V'K CKOPOCTH 3ByKa Ha3bIBAETCS UUCIIOM
Maxa (V/c=M).Ilpu M <1 nBmwxenue dozgykosoe, ipu M>1 ceepxsgyrkosoe. Xopomio
W3BECTHBI OCOOCHHOCTH aKyCTHUECKHMX BOJIH INPH JBWKEHHH CaMOJICTOB MpHU
JIO3BYKOBBIX U CBEPX3BYKOBBIX CKOpOCTsIX. [Ipn MaTemMaTndeckoM MOAEIMPOBAaHUN
TaKdX TPaHCIOPTHBIX 337a4 THUI IUPPEepeHINANBHBIX YpaBHEHUH MEHSETCS:
AIUTUNITHYECKUH TTPH J03BYKE M TUIEPOOIMUECKUI MPpH CBEpX3BYKe. UTO CHIBHO
BJIMSAET Ha PELICHUE 3aaudl U KapJUHAJIbHO MEHSET KapTUHY BOJIHOBOIO IIOJIS B
cpexe.

B M30TPONHBIX AJIEKTPOMAarHUTHBIX Cpeldax, KOTOPbIE OIUCHIBAIOTCS
ypaBHeHusiMH MaxkcBemia (YM), ckopocTb pacnpocTpaneHus DM BOJH ofHa, U
ee MPHUHATO Ha3bIBaTh cKkopocmuio ceema. OHa ABISETCS KPUTUYECKOH, TOYHO
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TaK ke, KaK SIBIISICTCS KPUTHUECKOH CKOPOCTh 3ByKa B Bo3ayxe. [loaTomy MOkHO
paccMaTpuBaTh 00C8eMOBOU PEKUM JIBIDKEHHUS, C8emosoll N ceepxceemogou. B
ctarbe (Anekceepa, 2024) MoCTpOeHBI TPAHCTIOPTHBIC PEIICHNsT OUKBATEPHUOHHOM
¢dopmbl ypaBHeHHH MakcBesuia-/{upaka B JOCBETOBOM JIMara3oHe CKOPOCTEH.

B 3T0i cTarke MBI TakkKe paccMaTpUBacM JOCBETOBOM JMANa3oH IBHKCHHUS
BUOPONCTOUHHMKOB H3TYYECHHUS! SJICKTPOMArHUTHBIX M BJIEKTPO-TPaBUMArHUTHBIX
BOJH C YYETOM YacTOTBl KOJIEOAHWH HCTOYHMKA H3IY4YEHHUS. 371eCh CTPOHUTCS
OukBaTepHHOHHAs (QyHKOMS [puHA AN 3TOro Juana3zoHa CKOPOCTEH BO BCEM
nuanasoHe 4actoT. Ha ee ocHoBe mpencrasieHbl (oOpMysbl pacuéTa BEKTOPOB
HanpspKEHHOCTH  TOJIeH, KOTOpBIE ONMCHIBAIOT HMCKOMBbIC OHKBaTEPHUOHBI,
IUIOTHOCTU 3HEPruM U Bektopa [loWHTHHTra U n3mydaTeneil pa3inudHbix GopM,
KOTOpbIE MOJICJIUPYIOTCS CHUHTYJISIPHBIMH OOOOIIEHHBIMH ~ (PYHKIMSMH THIIA
MPOCTBIX CJIOEB HA MOBEPXHOCTSX M KPUBBIX B TOM YHCJIE COCPEIOTOYCHHBIX Ha
MOABVKHBIX

Pe3ynbrarel um o0cy:kaeHue. 37ech HCIONb3yeM IIpeACTaBICHUE OHMKBa-
TEPHUOHOB B CKAJISIPHO-BEKTOPHOU (opMe, KOTOpasi OUeHb HANMISAHA U ynoOHa JUist
¢uznueckux npuiioxkeHui. s sscHOCTH M3IOKEHH IaAuM BHayajle OCHOBHBIC
onpeneneHuss W 00O3HaYeHHUs TUPPEpeHITUANTBHON anreOpbl OMKBaTEpPHUOHOB
(Alexeyeva, 2012).

1. OcHoBHBbIe TOHATHS TH(PepeHINATBHONI AJre0pbl OMKBATEPHHOHOB

IIpocTpancTBo OukBaTepHHOHOB B = {F = f + F} - 3TO TPOCTPAHCTBO
TUIIEPKOMIUIEKCHBIX YUCEIl, I€ f— KOMIUIEKCHOE YHCI0, F — TpEeXMEpHBIA BEKTOP
C KOMIUIEKCHBIMU Komnomentamu: I = Fe + Fe, +F;€3, €,6,,63—  opThHI
JIeKApTOBOIl CHCTEMbI KOOPAUHAT B R>, € = 1. 310 nuueitnoe MIPOCTPAHCTBO CO
cnoxennem (+): ans Va,b - xommnexcusix uncen aF+bG =a(f + F)+b(g+
+G) =(af +bg)+(aF +bG),

Y C U3BECTHOHU OTepannuel KBAaTepHUOHHOTO YMHOKEHHUS ( © ):

FoG=(f+F)o(g+G)=(fg—(F.G)+{fG+gF+[F,Gl} (1)

3
3necs u panee [F.G)=D &F;Gre- cxamspuoe mnpomssemenme F u G,
=

3
[F ’ G] - z € jkl r J Grer MX BEKTOPHOE MPOM3BeeHuE, € jkI - TICEBIOTEH30D
J=1

Jlesu-Yusura, /¢ - cumBon Kporekepa.
Anre6pa OMKBAaTEPHHOHOB HEKOMMYTATHBHA, MOCKONBKY FoG—GoF =2[G,F],
HO accoIMaTHBHA!

FoGoH:(FoG)oH:Fo(GoH)_ L 3)
Onpenenenne l.buxsarepuuon F = f + F' HaswBaeTcs KomnaeKkcHo-
conpsincénnoin F = f + F.

Onpenenenue 2. bukBarepunon = f — I waseiBaercs conpsiorcénnvim

F=f+F.
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Onpenenenue 3. Craripuvim npouzeederiem OUKBATEPHUOHOB F1.F»

Ha30BEM OMIIMHEHHYIO omepannio (Fl ,F, ) =hir+ (E, F, )
Onpenenenune 4. Hopmou OukBarepHHOHA F HA30BEM CKAISPHYIO

BCIIMYUHY
¥l = J(F.F) =7 +(EF) =/ +1#T

Onpenenenune 5. [lcesoonopmotii duxsarepurona F wazoBéM Bennuuny
F)=[f-T=(FF)= 1" ~|F" (4)

3Z[CCI) 1 fgajiee yepTa HaJl CUMBOJIOM O3HAYa€T KOMIIJICKCHOC COIIPSKECHUC.

Hanee paccmarpuBaeTcs GyHKIHOHAILHOE TIPOCTPAHCTBO OMKBATEPHUOHOB

B(M) = {F(z,x) = (7,0) + F(z,x)}

Ha npoctpancTBe Muukosckoro M ={(zr,x),7 € R xe R3} , e f(r,x) —
3

KOMIITeKCHO3HauHas dyukmus, a £(7,x) = Z F;(z,x)e; — rpéxmepHas BekTop-

J=1
(YHKIHSA ¢ KOMIUIEKCHBIMH KOMITOHEHTaMH W3 Kjlacca 000O0MEHHBIX (DyHKIIHHA

MeienHoro pocta Ha M (Bragumupos, 1976, 1979).
Onpenaencuue 6. Bzauunsie buepaduenmol — 310 AuddepeHITHaTbHBIC
OWKBaTCPHHOHHBIC OTIEPATOPHI BUJIA:
V'=0,+iV, V =0, -iV,
rne V =grad =(0;,0,,03). Ux neiicteue na B(M) onpeneneno cornacuo
MPABUITY YMHOKCHHUS B ajreOpe KBaTePHUOHOB:

VF=(0,+iV)o(f+F)10,fFi(V,F)*iVf+0,F+i[V,F]=

=0, fFidivF tigrad f +0 F tirot F/

(Be3ne B ABOMHBIX 3HAKax MOAPA3yMEBAIOTCS 3HAKHM BEpXHHE MO0 HUKHHUE).
Ux cynepnosuiusi 00s1aiaeT 3aMeuareIbHbIM CBOHCTBOM, KOTOPOE JIOKa3bIBACTCS
MPOCTHIM BEIYUCIICHHEM.

Nemma 1. Cynepnosuyus ézaumnvix 6uepaouenmos V', V™
KOMMYMAMUEHA U pasHa

V' (V'F)=V*(VF)=(V V' )FF,

02
IJie BOJIHOBOM oOIepaTop = F —-A (0anambepmuan), V - omneparop
Jlarumaca (rannacuarn).
Hcnonksys 3Ty ieMMy JIETKO pemath OWKBaTepHUOHHBIE MU PepeHIInaNTbHbIC
YpaBHEHHS BUJIA:

V*K =G(z,x). (5)
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KOTOpbIE  Ha3bIBAEM  OUBOIHOBBIMU. TakuM ypaBHEHHEM  SBISIETCS
OukBaTepHHOHHOE 0000ImIeHNe ypaBHeHHMH MakcBemna, 1€ K ONHMCHIBAET
HarpsbkeHHOCTh DM monst, a G(7,X) - IIOTHOCTH €ro 3apsi0B U TOKOB.

Pemenust GMBOTHOBOTO ypaBHEHHsI paHee paccMoTpeHsl B (Alexeyeva, 2021).

2. YpaBHenus /lupaka B OMKBATePHHOHHOM IPeACTABICHUH

Paccmotpum OGukBatepHrOHHOE 00001IeHre ypaBHeHus lupaxa (Y]1), kotopoe
UMeeT BUIL

(Vi+m)B=F(T,x)’ (6)

e m — KOMIUIeKcHas koHcTanTa. luddepenuunanbaele onepaTtopsr:

D, =V'+m, D, =V +m .

SBJIAIOTCS OUTPAJUEHTHBIM IIPEACTABICHIEM MAaTPUYHBIX OrepaTopoB Jlupaka.
Cucrema ypaBHeHHi [[npaka SKBUBAJICHTHA 3TOMY YPaBHEHHUIO Ipu M =10, t1e
p - IeHCTBUTEIbHAS KOHCTAHTA.

[TpocTBIM BEIYHCIICHUEM JICTKO [TOKA3aTh, YTO UX CYNEPHO3UINSA KOMMYTAaTHBHA
1 00J1a/1aeT CIeayIomuM CBOHCTBOM

JTemma 2. Cynepno3unus onepaTropos D:rn , D, KoMmMyTaruBHa U paBHa
1 D 2

D,D, =D,D,, =l+m” +2mo_, (7)

anpu M =1P,1ae p - oelicmsumensbHoe Yucio

+ 1 P Dt 2
D;,)D,,=D;,)D,=1-2p0, +p
Onpenenenue. CBEPTKON IByX OMKBATEPHUOHOB Ha3bIBACTCS BBIPAKECHUE

BUJIA:
3 3
A(r,x)*B(r,x)=a*b— Z (Aj *Bj)+ Z (a*Aj)ej +(b*Bj)ej +& (Ai *Bj)el ,
ijl=1 ijl=1

I7Ie B CKOOKAX CTOSIT OOBIYHBIE CBEPTKU 0000IIEHHBIX (hyHKIMI (Biagumupos, 1976).

Jlerko BuumeTh, YTO 31ech OOBEIUHEHBI OIEpalud OMKBATEPHHOHHOIO
YMHOXKEHUS U (YHKIIMOHANIbHAS CBEPTKA, KOTOpasl JUIA PErYISIPHBIX KOMITOHEHT
OMKBaTepHHOHA MPEJICTAaBUMAa B UHTETPAIILHOM BH/IE:

a(z,x)* A;(7,%) = [ a(z —t,x = y) 4, (t, y) dt dy,dy,dv,
M

Pemennss »Toro ypaBHeHHs AJ HECTAlMOHAPHBIX IMPOLIECCOB, IMPOLIECCOB
CTaLlMOHAPHBIX KOJIEOaHUH M TPAHCTIOPTHBIE PELICHUS paHee OCTPOCHBI U U3y UCHBI
aBTOPOM B BBILICYIIOMSIHYTBHIX padoTax. 31ech MOCTPOUM BHOPOTPAHCIOPTHBIE
pemrenust BOY/I (6).

3. BuOporpancnopTHoe ypaBHenne /{lupaka u ero pemenue

Paccmotpum cityuaii, koraa npasasi yacTb (6) UMeeT BHUIL

F(z,x) = Q(x,2)e"”, (8)
3

X= ijej , x=(x,x,), z=x,—-Vt=x;—Mr7. 3pecs BBEIEHO YHCIO
Jj=1

Maxa M =V /c.
31



Academic Scientific Journal of Computer Science

buxsarepunon F(7,X) ONUCHIBAET ABMXKEHUE U3IIy4aTess B HAIIPABICHUH OCU
X, €0 CKOpOCTBIOV, KOTOPOE BUOPUPYET € 4acToTol @ . B 9TOM Cilyyae pemenne

(10) 6ymem cTpouTh B aHanornuHoM sune B(x,z,7) = B(x,z)e”". Ha3zoBem ero
subpompancnopmusim pemennem bYJ[. Torma

0. =Md. +iw, V=(0,,0,,0.). ©)

¥ B IOJBMKHOM CHCTEME KOOpAMHAT (X,,X,,Z) YPaBHEHHE Mpeobpasyercst K
BUIY:

D;, B(x,z) =Q(x,2),

D, [1{Md, +(m+iw)+i(8,,0,,0,)}= M0, +(m+iw)+iV.

Bynem HazbiBaTh 3TO ypaBHEHHWE 6UOPOMPAHCNOPMHbBIM YpaeHeHuem J{upaxa
(BTY).

JTemwm a 3. Kounosuyus 63aumuslx onepamopos

D}y, Dy, = Dy oDly, = —A, — 12 (8, ) +2iad, — b2,

(10)

20e A, = 612 +6§ - 08YMepHbLUL TANAACUAH, M = ‘I—M2 , a=Mb, b=w+p.

HdokaszatenscTso: ComacHo Jlemme 2, momydnm
D, °D}, =Dy, oDy, ={Mo, +i(p+e)+iVie{Md, +i(p+w)-iV}

=—A+(M3.)’ +2iM (w+ p)o. —(p+ o) =—A-?0* +2a0, ~ b’
31ech UCTIONB3yeM BBENEHHBIE 0003Hauenus mis d, b, 4. B pesynsrare

nojy4eHa Gopmyrna JIeMMBI.

Teopewma l. Obwee pewenue subpompancnopmmnozo ypasHenus J{upaxa
(10) moorcro npedcmasumo 6 sude

B(x,z)=B’(x,2)+ D}, (Q*y), (1)

0
e B'(x,2) pewienue 00Hopoonozo ypasnenus (npu F=0), W(x,z2) -
Gynoamenmanvroe peuienue ypasHeHus::

2 4.
{—A2 — (0,)" +2iao, —bz}l//(x, z)=0(2)0(x). (12)
HoxazartenbctBo. [logcraBum (11) B (10) 1, ucrionb3ys nemmy 3, a TakKe

CBOHCTBO aCCOLMATUBHOCTH KBATEPHHOHHOTO YMHOKEHHSI U CBOIMCTBA CBEPTKHU C
nenbra-QyHKIUEeH, MoIyYuM Tpedyemoe:

D, {B"+D}, (Q*y)}=D;, B +D;, Di, (Q*y)={-A, -4’0 +2iad. - b’} (Q*y) =

={-A,— 0. +2iad, -}y *Q=5(2)5(x) *Q=Q

OcTanoch BBIUMCINTh cKansapHulii nomenyuan Y(X,Z). Buj ero 3aBUCHT OT

2 2

3Haka - =1-M~.
CKOpOCTh pactpoCTpaHCHHUs] BOJH B CpEle HA30BEM C8emosou.  Ita
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CKOPOCTD ABJISACTCA KpHTH‘IeCKOfI CKOPOCTBIO ABUIKCHMUA. BosmoxaBI TpU Cliy4das:

2
doceemosas ckopocms M<1 = {~ > 0, ceemosasn ckopocmb M=1—= ,u2 <0,u

ceepxceemosas ckopocms  M>1= ,uz < 0. B 3aBUCHUMOCTH OT HEE€ MEHSIETCS THIT
BUOpOTpaHcnopTHOTro ypaBuenus (10): ssrunmuueckuii ipu JOCBETOBOW CKOPOCTH,
napabonuveckuti TIPU CBETOBOU U cmMpo2o 2unepoonuyeckuti Ipu CBEPXCBETOBOI.
PaccmoTpum 31€CH 10CBETOBOI.

J1iist MOCTpOCHUS peleH i UCTIoNb3yeM rpeodpazoBanne Oypbe 0600MIEHHBIX
¢ynkumii. O6o03HauuM nepemennsle Oypre (f, ¢ ), COOTBETCTBYIOLIUE (x,2).
Jist peryssipHbIX (QYHKIHH, TOCTaTOYHO OBICTPO YOBIBAIOIIUX Ha OECKOHEUHOCTH,
npsMoe u obparHoe npeodpazoBanue Pypbe UMEET BUL:

FI7 &= f(x,2) =# [ 7.0 exp(-il(x.&) + 20 Nd&dde (13)
R3

FIA(EO= f(x2) =$ [ 7O exp-il(x.&)+ 20)dd &S (1)
R3

JUist  CUHTYISpHBIX — (YHKIMH  CIIEIyeT  HCIIONb30BaTh  ONpEIeeHHe
npeoOpazoBanust Oypbe B mpocTpaHcTBe 0000MEHHBIX (yHKIMNA (BraaunMupos,
1976, 1979).

JInst  BOCCTaHOBJIEHHS OpWIMHAla HCIOJb3yeM CBOWCTBO — OOpaTHOTO

npeobpaszoBanus Pypbe QyHKIUH @ ( ¢ ) P ( Z) [pU IMHEHHOM IPpeoOpa30BaHUH
KOOPAMHATBI:

e 1% . 12 -t
Fllgac+pl=5 [ plad+predl =—— [ gl @ de=
izBlaa ®© .z izfBla
e g e z
= 7] ad = —_
2ra _J;oqo(g)e ° 2na (o(aj

3TO CBOHCTBO MO3BOJISIET CTPOUT OPUTHHAIBI (DYHKIIUH (&) =p(al + p)

eciu m3Becten opurnuan P(&).
4. JlocBeTOBOI CKAJAPHBIN MOTEHIMAJT BUOPOTPAHCIIOPTHOIO YPABHEHUS

JAupaxa
ITpu M<1 ckansgpHbIii TOTEHIMAT YAOBJIETBOPSET YPABHEHUIO
2 .
{—Az — 1 (0,) +2iao, —bz}t//(x,z) =0(2)0(x). (15)

a ero Tpancgopmanma Pypve --
2 _
el + 126 +2a¢ -0} e.0) =1,
CremoBaTejibHO

FEL) = 1

||§||2 + 12t +2al b
33
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J1st MOCTpOCHUS OpUTHHANa IPeodpa3yeM ero K BUIY:

o 1 _
w(5,4) = e+ 20 20 -1
1 1
g g (ugralu) b (alu) G+ (ugral w07 (14(M ) )
1 1
T2, 2 2 20 p 7=
G +& H(ug+alp)y —(b/p) & +& H(ug+al u) —(b/ p)

_ 1

S +& +s7 -k
HHH BOCCTAHOBJICHU S OpI/IrI/IHaHa I/ICHOHB3yeM CBOI\/'ICTBO HI/IHCﬁHLIX

npeobpa3oBaHmii B IPOCTPAHCTBE MepeMeHHbIX Dypbe:

_ 1 T oexp(-i(&x; +Ex, +2¢)
F , =— | d&d d
[7&.9)] 873 j “ §2£§12+§§+(y§+a/y)2—k2

e J'eXP( l(§1x1+§1x2+z(g a/ﬂ)/ﬂ))
2_00 51 +§2 +§ —k*

z/
J- dél é:zj eXp( ;(é_li_xé—i_fl:Z +lfz /u))dg — €

3necy § = ( c—al ,u) / gt . A 11011 3HAKOM HHTErpaia CTOUT MPeodpa3oBaHUe
®dypbe QyHIaMEHTANBHBIX pellieHn ypaBHeHus [ enpmronbia:

AU +k*U +68(y) =0, Y=Y205)

Cpenn HUX, 3aryxarolmue Ha OCECKOHEYHOCTH, HMEIOT CICAYIOMUNA B
+ik
Sk

4z |y

[Ipruém ycnoBuro wm3mydeHuss 3ommepdernpaa, ¢ Y4ETOM BpPEMEHHOTO
MHOKHTEIS 7 , YIOBIETBOPSAET JIUIIL (PYHKIIHS
=i(k[y|-er)
; e
U(y)e'" =———, (18)
4y

c=pug+alp, k=b/u. (17

zza/,u iza/,u2

U(XIJXZJZ/IU)

(Bmagumupos, 1976, 1979): U(y) =

KOTOpasi OMHUCKIBaeT cheprueckue (ha30BbIe BOIHBI, UCXOJSIINE U3 UCTOYHUKA,
cocpenoToueHHOro B Touke y=0. CrnenoBaTenbHO

iza/,u2 *ikﬂil Zz*(/”)z
x//(x,z):# ¢ ! exp(i(szdzz+(yr)2)b/yzjz
47r\/ yr 47z\/

1
——exp(i(w+p)a(z,r)
P R p(i(@+p) )-

34




ISSN 1991-346X 3.2025

[ 2
me a(z,r)= (ZM .z +(,ur) )/,uz. CrneioBarensHo,

—ipa_(z,r)
w(x,z)e " :Lexp(ia)(r—zM/,uz—\/rz Jr(z/,u)2 D:
yNEa +(,ur)2
ia)(rjlerr(z/y)z)
:e—zexp( (pw/r +(z/,u) (p+a))zM/,u2D. (19)
YN +(,ur)

Onpeznenum (pa3oByr0 MOBEPXHOCTH 3TOH BOJIHBIL:

a(z,r)(p+w)=C-or,

2 C-owr
zM — 22+(ur) =,uzp——f():>

Brraucium
24 (ur) = f2)-22Mf () +(zM ),
(z)’ (M) +22Mf () + (r) = f2(2), (uz) +22Mf (0)+(wr) = f2(2),
2
(2 + MP@) )+ () = 2+ (MO e {%} ,

2
(Z+Mf(z')/y ) +r _fﬂ(T) ﬂ(C—a)rj .

p+o

B pesynbrare noayuum

2
[ M(C—a)rD 5 (C—a)r)z
Z'|'—2 +r =,u .
MU P+ P+

C-wr

910 cdepa pamuyca VH ‘ C LIEHTPOM B TIOABHMKHOM TOUKE

* { M(@T—C)}
X =10,0,z=n— L (20)

1 (p+o)
3nech C — Mpou3BOJIbHAS IeHCTBUTENbHAS KOHCTAHTA.
5. JlocBeTOBOIi BOJIHOBOM MOTEHIUAJ OAHOPOIHOIO
BUOPOTPAaHCIIOPTHOIO YypaBHeHusi lupaka
[Toctpoum Temnepp pelIeHUs] OXHOPOAHOTO BHOPOTPAHCIIOPTHOTO YpaBHEHHUS
Hupaka:
D!, B’(x,2) =0, (21)

Orcrona cienyer, 4To
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D}, DB’ = (-, — 4 (8.) +2iad, ~b* |B" =0

,ulel—MZ, a=Mb, b=w-—im.

COOTBETCTBYOIIMII CKaJIAPHBIN MOTEHUUAN ¥, (X,Z) ¥ SBISIETCS PELICHHEM
OZHOPOJHOTO BUOPOTPAHCIIOPTHOTO yPaBHEHHUSI:

(A + 10,0, =2iad, +b7 )yy(x,2) =0, 22)
npeodpazoBanue Oypre KOTOPOTO UMEET BHI:

(I + ¢ ~2a¢ -1 )7 .6 =0.

CrenosarensHo Wy = S(&,4)04(&,¢) - mpoctoii cinoii Ha moBepxHOCTH S:
:{(éé’):”f”er,uz (é’—a/,u)2 :a2+b2}- (23)

Jlerko BUACTHb, 4YTO DJOTO OceCI/IMMeTquHBIﬁ OJUIUIIC € HEHTPOM B TOYKE

a
(59 g) = (09 0,_ . OpI/IFI/IHaJ'I OIPEACIIACTCA MHTETrPAJIOM 110 IIOBEPXHOCTHU 3TOT'O
U

OJIITUIICA:

wo(x,2) = £ B e dS (8,0 24)

e B(&,¢) - npousBonbHas MHTErpupyeMas Ha S QyHKIus.

st noctpoenus Yo (X, Z) MOXKHO TaKKe HCTIONB30BATH pelIeHus OHOPOAHOTO
ypaBHeHus [ enbMrosbia:

Au+k*u=0,

KOTOpbIE MOXKHO PAa3JIOKUTh B PsAbl MO CHEPUUSCKUM TapMOHHKAM U
cepuueckum pyHkuusm beccens:

u(y) =Y a,J, (k|[yDE) (cos)e™ =" a,J, (k| B)" [" ||J(cos ¢+isin p)”

J (k
Ta LD (” "](yl )" ol = 3. (25)

v

3nece P, (cosd)

- TIpHCOeIMHEeHHbIe ToNHHOMBI Jlexanapa, ©,¢  yrmobie chepuueckue
KoopauHathel. Vcmonb3yst cBoiicTBa capura mpeoOpasoBanusi Oypbe U cxarus-
pPacTSDKEHHS TI0 KOOPAUHATHBIM OCsIM, B pe3ynbrare u3 (30) moaydyuM OpUruHal
3TOTO BUOPOTPAHCIIOPTHOTO BOJTHOBOTO MTOTEHITHATIA!

vo(x2) =" a, ,,(bvz%w]e,m [ r=NE R (26)
nm H NeE
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Urak, B hopmyre (11) Teopemsl 1 Bce PyHKIIMU OTpeieNIeHBI U 00IIee peleHue
BUOPOTPAHCIIOPTHOTO ypaBHEHUs J{upaka MpH JOCBETOBBIX CKOPOCTSIX JBMKCHHS
MCTOYHUKA TIOCTPOCHO.

BukBaTepHHOH SHEPTUU-UMITYIIECA ONIPEACIIIeTCs POPMYION

X(x,2z)=0,5B(x,z)oB’(x,2) =
- O’S(b(xa z)+B(x, Z)) O(E(X, z)-B(x, Z)) =w(x,z) +iP(x,z). (27)

3nece W(X,2), P(X,2) - mnotrocts SHepruM u aHajor Bekropa lloliHTuHTa,
KOTOPBIH MMOKa3bIBAET HAIIPABJICHUE €€ PaclpOCTPaHEeHHUSI.

9. budgynknusa I'puna BuOporpancnopTHoro ypasHenus Jupaxa

Oo6mee perrenne BTY]] moxHO 3amucarh B Oojiee yJOOHOM JIJisi BBIYUCICHUS
BHUJIE, €CITU UCIIOIb30BaTh OMKBAaTepHUOHHYIO (DyHKLMIO [pHHa.

OnpeneneHdue bupynkyuei I puna BUOPOTPAHCIIOPTHOTO ypaBHEHUS
Jupaka U*(x,z) HaseiBaeTcs pemenue ypasuenus (10) npu Q(x,z) = 5(x)d(2):
DIU* (x,2) = 5(0)3(2),

yOosIemeopsioujee YCiI0GUIM 3AMYXAHUSL

U'(x,z2) >0 mpu  |(x,z)| >

U YCRo8UAM U3LyyeHus 3ommeppenvoa Ha 6eCKOHeUHOCIL.
W3 reopemsl 1 crenyer, mpu F =0(x)0(z)

U*(x,z) =D}, w(x,2) =

:{Maz+i(p+a))J_riV}1//:i(p+a))l//+M82wiigradw. (28)

OueBwuiHO, yTOo ONyHKIWS [ priHAa  ymoBieTBOpseT ycinoBuro 3aryxanus (33),
B CUJTy CBOMCTB moTeHnmana ¥ (X,Z) u ero NpoM3BOIHBIX.

Teopema 2. Yacmnoe pewenue ubpompancnopmuozo ypaenenus /Jupaxa
npu doceemosvix ckopocmsix ogudicenusi (M<1) moocno npedcmasums 6 suoe
OUKBAMEPHUOHHOU CGEPMKU

B(x,2z) =U"(x,2)*Q(x, 2), (29)
KOMOPYIO 0I5l pe2ysipHbIX Q(X, Z) MOJACHO NPEOCMABUMb 6 UHMESPATbHOM
suoe

B(x,2) = [ d [[U(x- 1,2 - 0)0QUi Cdidrs.

—00

3
Pewenue cywecmeyem, eciu Q(x,z) e Li(R).
Ecnu npasas wacmo (10) cuneynsapuviti Ouxeamepuuorn ¢ Hocumenem Ha
nosepxnocmu S unu kpueotl I, nanpumep

Q(x,2) = A (x,2)0,(x,2)Q(x,2) = A, (x,2)5,(x, 2),
ro B(x,2) = [U*(x = 3.2 £)oQ(1.{)dS (3. 72.4).
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B(x,2) = [U*(x=,2-£) 2 Q(1,)dl(3,, 5. ),

20e unmezpanbl Oepymcs o HOCUMenio OUKEAMEPHUOHA, M.e. NOGEPXHOCIHbIL
U KPUBOTUHELIHBIIL.

3akmiouenne. Pemenus ypaBHenuidt Jlupaka B TeopeTHuecKoil (Qu3Hke
MPUHATO Ha3bIBaTh cnunopamu. COOTBETCTBEHHO Ha3BaTh OuUCNUHOpAMU WX
OMKBAaTEPHHOHHOE MTPE/ICTABICHUE.

®dopmyna Teopemsl 2 maét pemenue BTY]] npu mro0bIx Q(x,2) u3 xnacca
CUHTYJISIDHBIX OWKBAaT€pPHHOHOB, B TOM YHNCIJIC OIMCHIBAEMBIX CHHIYSIPHBIMHU
0000IEHHBIMH QYHKIMAMH, AETbTA — QYHKIUSMH U UX TPOU3BOIHBIMHU, KOTOPBIE
WCHOJB3YIOT Ul ONMCAHMSA JBUXKYIIMXCS 3apsA]0B, TUIONEH, MYIBTHUIONEH U
3JIEMEHTapPHBIX YacTHIL. J[J1s1 TAKWX MCTOYHUKOB U3TYUYEHHMS CIIEAYEeT UCIIOIb30BATh
IpaBuiia BIYUCICHUS CBEPTOK 0000mEHHBIX (QyHKIMi (Biaagumupos, 1979).

IIpy =0 nOIyYECHHBIEC PEIIECHUS OMUCBHIBAIOT TPAHCIOPTHBIE PEIIEHUS
ypasuennii upaka. Ilpu M =0, @>0 otu xe (HopMyssl ONUCHIBAIOT
Ipolecc CTAlMOHAPHBIX KojJeOaHUH ¢ (PUKCUPOBAHHON YacTOTOM M MOTYT OBITh
HCIOIb30BAHBI AJIS1 IOCTPOEHHUS IEPUOINYECKUX 110 BPEMEHH PELLIeHUH ypaBHEHUI
Jupaka. ITpu £ =0 >Tu penienus onuchIBarOT peleHns GUKBATEPHUOHHOM (OPMBI
ypaBHEeHH MakcBeiia, KOTopble MOKHO MCIOJIB30BaTh IS IS MCCIIEIOBaHUA
JJIEKTPOMAarHUTHBIX IIOJIEH Pa3IMYHBIX CBETOBBIX M3ITydaTelleil M HM3Iydaresen
panuoBOIH, PACHOJIOKEHHBIX Ha MOABWKHBIX OObEKTax (Moe3nax, MallnHaXx,
KOpaOJIsiX U T.IL.).

OTMeTnM, YTO MOCTpOeHHas 3aech OudyHkKnus IpuHa HeoOXommma aJs
peuieHnss BUOPOTPAHCIIOPTHBIX KpaeBbIX 3a1ad B OOJNACTAX, OTrpaHUYCHHBIX
UWIMHIPAYECKUMHU TIOBEPXHOCTAMH, TIO KOTOPBIM JBMO)KYTCSI M3JIy4aTesd BOJIH B
HaIPaBJICHUH UX 00Pa3yOIIHX.
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Abstract. With the rapid development of social networks and their integration
into everyday life, platforms such as Instagram are becoming increasingly vulnerable
to cyberattacks. One of the most common and dangerous vectors is the spread of
malicious links. This study focuses on identifying and mitigating threats associated
with the placement of harmful URLs in Instagram users’ biographies, direct
messages, and comments. The authors emphasize that traditional filtering methods,
such as blocking or URL matching, are insufficient, since attackers actively use
social engineering to disguise the true purpose of their links. To address this issue,
a hybrid detection system is proposed that combines machine learning methods
(Random Forest, LightGBM, XGBoost) with heuristic analysis. This approach
enables a more comprehensive evaluation of suspicious content and significantly
improves detection performance. Experimental results showed that the system
reached 98% accuracy in classifying suspicious links. It was implemented as a
browser extension, allowing users to promptly identify and flag potential threats,
which demonstrates its practical value. Although the current version requires local
installation, future work will focus on integrating deep learning techniques and
incorporating contextual information to further increase automation and precision.
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The proposed approach thus makes an important contribution to the development
of cybersecurity methods for social networks and can serve as a foundation for
scalable threat monitoring systems.

Keywords: Malicious link detection, machine learning, cybersecurity, real-time
analytics, Instagram security, URL classification
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AHHOTanusl. OJEYMETTIK JKeNIepIiH KapKbIHAbI JaMYyBIMEH KOHE OJapIIbIH
KYHEIIKTI eMipre eHyiMeH [nstagram cusKTHI TutaTdopmanap Knoepiadysiiaapra
ocanm Ooma Oactampl. EH Kem TapanfaH joHEe KayilTi BeKTOpIapAblH Oipi —
3USHABI ciITeMeneplid Tapaiybl. byn 3eprrey Instagram KonnaHyIIbUIapBIHBIH
eMipOastHbIH/Ia, TiKelel XabapiamanapblHlIa KOHE TYCIHIKTeMeJepiHe 3USHJIbI
Url MexkenxaiaapslH OpHAIacThIpyMeH OalllaHBICTBI KayilTepAi aHBIKTayFa
XKoHe aszaiiryra Oarbitranrad. ABropmap URL Meken-xaiinmapeiH Oyrarray
HEMece COUKECTeHIIIPY CHUSKTBHI JOCTYPIi CY3TUiey omicTepi »KEeTKUTIKCI3 eKeHiH
aram Kepcerell, OiTKeHI malypuIIayibuiap e3/epiHiH CiaTeMenepiHiH IIbIHAWBI
MaKCaThlH JKachlpy YIIIH QJIEyMETTIK MHKCHEPHsHBI Oeicenai KonmaHaabl. by
MOCeJICH] LIeUTy YIIiH MalMHaJIbIK OKBITY 9aicTepin (Random Forest, LightGBM,
XGBoost) »BpuCTHKANBIK TangayMeH OipiKTipeTiH THOPHATI aHbBIKTay >KyHeci
YCBIHBUIAABI. By Tocin KyMikTi Ma3MYHJBI KaH-KAKThl Oaranayra MYMKIHJIK
Oepeli JkoHE aHBIKTAy OHIMJIUTITIH aWTapibIKTall jKaKcapTalbl. JKCIEPUMEHTTIK
HOTIDKENep JKYHeHIH KYMIKTI cinremenepai xikreyne 98% Iomikke XKeTKeHiH
kepceTTi. On mainanaHymbulapra BIKTHUMaNl KayinTepAl Aepey aHbIKTayFa *KOHE
Oenrineyre MYMKiHIIK OepeTiH MIONFBII KEHEWTIMI PEeTiHe eHTi3i/i, OyJI OHBIH
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MPAKTUKAIIBIK KYHJIBIIBIFBIH KOPCETE/l. AFbIMIAFBl HYCKA MKEPTiTIKTI OPHATY/IBI
KaXeT eTce Je, Ooiaiiak >KYMbBIC aBTOMATTAHJBIPY MEH JOJIIKTI OfaH opi
apTTBIPY YIIiH TEPEH OKBITY SJICTEepiH OipiKTipyre >kKoHE KOHTEKCTIK aKmapaTThl
eHrizyre OarpITTananpsl. OchlIaiina, YCHIHBUIFAH TOCLT QJICYMETTIK JKeJiIep YIIiH
KHOEepKAyIINCi3IiK o/MiCTEPiH JAaMbITyFa MaHBI3/IbI YJIEC KOCAJbl JKOHE KayinmTepi
OaKpLIay/IbIH ayKbIMIBI XKYHeIepiHiH HeTi31 0oa anaipl.

Tyiiin ce3nep. 3usHIBI CiITEMENEP/li aHBIKTAY, MAIITMHAJIBIK OKBITY, KHOEpKayiTl-
Ci3/IiK, HAKTBI YaKbITTaFrbl Tanaay, Instagram kayincizziri, URL knaccudukanusicbr
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Annoramus. C pa3BUTHEM COIHMATBHBIX CETeH M WX IITyOOKOM WHTErparueit
B TIOBCEIHEBHYIO JKM3Hb TaKHe IIUPOKO WCIONb3yeMble IUIaTPOPMBI, Kak
Instagram, craHOBsITCS Bce Oojee ysS3BUMBIMU st KuOeparak. OcoOeHHO B
MTOCJICIHUE TOMBI UCTIOIH30BaHNE BPEIOHOCHBIX CCHIIOK NIPEBPATUIIOCH B OJIMH U3
HauOosiee PacIpoCTPaHEHHBIX U OINMACHBIX BEKTOPOB aTak, CO3/aBas CEepPhE3HBIC
yrpo3bl JTUYHBIM JIaHHBIM IOJIb30BaTElei, WX (UHAHCOBOW OE30MMacHOCTH H
[IETOCTHOCTY MH(POPMAITMOHHBIX cucTeM. [10/100HbIe aTaku YacTo HalpaBJIeHH Ha
oOMaH TOJIB30BaTeNell C IENBI0 MOMYYEHUS JOCTYNa K UX aKKayHTaM, XHUIIEHUS
KOH(HIEHIIMATFHOW ~ WHGOpMAIMA WM PacIpOCTPaHEHUS  BPEJOHOCHOTO
nmporpamMmMHOro oOecrieueHus. JlaHHOe wccieOBaHWE OPHEHTUPOBAHO Ha
BBISIBJICHUE U CHIDKEHHUE PUCKOB, CBSI3aHHBIX € pa3MelieHreM BpeqoHocHbx URL-
azpecoB B Omorpadusx, JMYHBIX COOOMIEHUSIX W KOMMEHTAPHUSIX IMOJb30BaTelNei
Instagram. ABTOPBI TOYEPKUBAIOT, UTO TPATUIIHOHHBIE METOBI (DUITBTPAIINHN, TAKHES
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Kak OnmokupoBka uin comocrtaBienne URL, oka3pIBalOTCS HEAOCTATOUHBIMHA. DTO
CBSI3aHO C TEM, YTO 3JI0YMBILIICHHUKN aKTHBHO HCIOJIB3YIOT METOIBI COLUATBHON
WH)KEHEPHH, MaCKUPYs. UCTUHHOE Ha3HAaueHHE CCBHUIOK M BBOJS MOJIb30BaTeIcH B
3abmyxacaue. st permenus 3Toi mpoOaeMbl IpeTaracTcs THOPUIHAS CHCTEMA
oOHapyXeHUs, 00BeAMHIIONas MeToIbI MarmuHHOro o0ydeHus (Random Forest,
LightGBM, XGBoost) c¢ »BpuctndeckuMm aHamn3oM. CucTeMa BBITIONHSET
KOMIUICKCHBIH aHATTU3 Pa3IMYHbIX HapaMeTPOB, KIIAaCCH()UIUPYET TOJ03PUTEIbHBIC
CCBUIKH M JIOCTUraeT BBICOKOH 3(P(PeKTUBHOCTH. DKCIIEPUMEHTAIBHBIE PE3YIBTaThl
[OKa3aJiM, 4TO TOYHOCTh Kiaccupukaiuu nocturact 98%. Peanusanus B opmare
pacipeHus a1 Opay3epa o3BoJISIET TTOTB30BaTEIISIM OBICTPO BRISIBIISITH M1 OTMEYATh
MOTEHITMAIbHBIE YTpo3bl. B Hacrosmee BpeMs cuctema TpeOyeT JIOKaIbHON
YCTaHOBKH, OJJHAKO B JTAbHEUIIEM IIAHUPYETCS BHEJIPEHHUE METOIOB IITyOOKOTO
00y4eHUsI, NCTIOJIb30BAHNE KOHTEKCTHOM MH(MOPMALUK U MOJHAs aBTOMATH3ALUs
rporeccoB. Takum 00pa3oM, IPeJIOKSHHBIHN TIOAX0J] BHOCUT 3HAUYNTEIIbHBIN BKJIa]T
B obecrieueHre KubepOe30MacHOCTH B COIIMAIBHBIX CETSIX U MOXKET CTaTh MPOYHON
OCHOBOM TSI TOCTPOCHHS MAaCIITA0UPyEMbIX CUCTEM MOHUTOPHHTA YTPO3.

KuroueBbie ci1oBa: 0OHapy>KeHHE BPEIOHOCHBIX CCHUIOK, MAITMHHOE 00y4YeHHE,
KrOepOe301MacHOCTh, aHAIMTHKA B peajhbHOM BpeMeHH, Oe30macHOCTh Instagram,
knaccugukanus URL

Kipicme. 3amanayn KOMMYHUKAIUSIIBIK TEXHOJIOTUsIIap ajamjiap
apachIHIAFbl KapbIM-KaTbIHACTAPIbl, COHAAN-aK TapaTbUIATbIH aKmapar IeH
KOMMEPIHSITBIK dpeKeTTep i TyOeretini e3repTTi. Ka3ipri koram aneymeTTik Meana
raTgopMasiapblHa KaTThl TOyeIi, OHa Instagram e3iH onapapiH apachiHAa JIEMIIK
KemOacmbl periHae kepcereni. [lmardopma 2 muwumapAaran actam OenceHni
naiaanaHyIbUIapabl  KaObUIIANTHIHABIKTAH, OJI TaiiajaHyIIbuIapFa ICKepIIiK
MKOHE KEKe KOKETTUTIKTEp/Il KaHAFaTTaH/IbIpa OTBIPHIN, HAKTHI YaKbITTa aliMacyFra
YKOHE Ma3MYHIIBI JKOHE TiKeJIeH XabapiiaMaHbl 06J1icyre MYMKIHIIK OepeTiH KyaTThI
atdopma peTiHe )KyMbIc icTeli (Statista, 2024). OneyMeTTik MeIMaHbIH KEHEIO1
KuOepKayinTepAiH NPONOPLHUOHAABl ©CyiHe oKeJai, eWTKeHI KbIIMBICKEpIep
aNasKTBIK CXeMaJlap/bl XKYprizy YIIiH iatdopManapasl naigananaas! (Alharbi et
al., 2024; Sheikhi, 2020). Instagram sxenicinie TapaTbUIaThIH 3USHABI ClITEMENep
naiganaHymbuIap kKAl Ke3/IeCeTiH jKoHe KayinTi KubepKayinTepain Oipi OombIm
TabbuTamel. by rumepcinTemenep TyciHikremenep, DM jkoHe OMO JKOHE aKbLIBI
KapHamayap apKbUIbl (DUIMMHTTIK alasKThIK, 3USHABI OaraapiaManapibl xKidepy
KOHE KapKbUIbIK aJlasKTHIK YILIiH Kipy HYKTeci peTinae opeker ereni (Meshram et
al., 2021).

CaHJIpIK KaylnTep CTaHAapTThl KAyilci3miK KyHelepiH KyH cailblH THIMIUTITH
TOMEHJCTETIH JeHTelre Meiin maMpianl. Kapa TiziMaep jkoHe epeskere HeTi3AereH
CY3TiJiey CHSKTBHI 3HWSHIBI CUITEMeNepi aHBIKTAay >XoHe OJOKTay[blH IocTYpJIi
oicTepl Mamblll Kelie JKaTKaH MIadybll cTpaTervsuiapblHa iJiecy YIIiH Kypecei.
KubepKpiiMbIcKepiiep 031€piHiH ClITeMeNIepiH opTY Pl 91iCTep apKbUIbI aHBIKTAY/IbI
KubIHAaTaabl, coHblH iminne URL KbICKapTKbIIITAphl JOMEHII ©3TrepTy KOHE
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JTMHAMHKAIBIK Kalita OarpITTay Ti30eri (Pradeep et al., 2023; Mughaid et al., 2023).
3ustHIbl OaFAapiiaMaiblK KaMTamachl3 €Tydl TapaTyIIbuiap KaHBUIBICTHIPATHIH
OaliTaHbIC KOHE JKAJFaH KYJIAe )KapHamMaliapbl HeMece yKeKe 0achlH KyollaH [bIpaThiH
JKaJIFaH aJasKThIK CUSIKTHI aJijiay dJ[icTepi apKbLIbI Iai1aaHy IbLUIap bl alAay YIIiH
QNIEYMETTIK MHKEHepHus omicTepin maipamanansl (Aljabri et al., 2023; Caruccio
et al., 2023). XKarnmaii aHpIKTay/IaH JKaNTapyFa THIPHICATHIH 3USHJIBI CiTTeMenepi
AHBIKTAY apKBLUIBI KOPFAHBIC KbI3METIH aTKapaThIH KETULIIPIITeH HHTEIUICKTYa/Ibl
JKYWEHI TaJam eTe/i.

WHctarpamuarbl 3WSHIBI CUITEMENEpli Tapary »Keke NaljalaHylbliapra
KaparaHaa keOipek ocep eTEeTiH ocepiiep jkacainmpl. MHcTarpamasl MapKETHHT
MakcaTTaphl YIIIiH, COHBIMEH KaTap OpeHINHT MaKcaTTaphl MEH TYTHIHYIIBUIAPMEH
e3apa SpEeKeTTecy YIIiH KOJJIAHATHIH BIKMAJ eTYNIIEPMEH >KOHE YHBIMIapMeH
Oipre KommaHusIap oyeyeTTi KuOepkayintepre tam Oomansl (Raja et al., 2021;
Kaushik et al., 2022). XXanran eHiIM1 )KbDKBITY jKOHE (QUIIMHITIK 1a0ybUIIapPMEH
Oipre OpeH/IKe eIKTey CXeMachl IIbIHAMBI OM3HECKE eJieylli OeIe)l MEH KapKbUIbIK
susH kenripeni (Durga et al., 2023). Ilmardopma meHreinmeri ocamabIKTapIbl
azafiTa OTBIPBIIN, KAYIiNTEp[i aHBIKTAY VIIH TOJBIK KayilCi3iK XKYHECIH KaKeT
eredi. 3epTTeynep KayinTi asaTy ImemiMAepiH o3ipiey Ke3iHAe aHBIKTaJFaH
3UAHABI ciiTeMe KayinTepiH Instagram yuniH ceHiMIi aHBIKTay >KYHeciH Kypy
YILiH OCBI )KYMBICTHI Y3€re achlpaabl. 3epTTey MULTHOHAaFaH dJISyMETTIK Meua
KOJIZIAHYIIBUTAPBIH OYKiJ oeM OOMbIHIIA KOPFay/lbl KAMTaMachl3 €Ty YIIiH KaHa
kubepmradybut skyienepine OenceHmi Typae OeHiMIeneTiH Kayilci3mik HeTi3iH
Kacay YIIIiH JKeTiaipinren anroputMmaepai enrizeni (Durga et al., 2023).

¥YcoibutFad 3eprrey Instagram-garel URL MexkeHkalmapblH aHBIKTay YIIiH
CTaTUKAJBIK Kapa Ti3IMAEP/IiH HEMece epeKere Heri3eNINeH aHbIKTay dJIiCTepiHIH
OpHBIHA OKBITYFa HETi3[eNreH Tocinai KonaaHaas! (Salamh et al., 2021; Nobili et
al., 2023). bipuemme kubepKayirncizmik 3epTreyiaepi Kapa Tizimre HerizaenreH URL
CY3TICIHIH HETi3T1 9JICi3 )KaKTaphIH CUTIATTA b1, ce0e0i1 TadybpuIIay IIbuiap aHbIKTAY
mapanapsH aiHabm oTy yiriH URL KeIcKapTKIIITapbl MEH TUHAMUKAIBIK JIOMEH
xKacay dJIICTepiH maijaniaHaibl.

Marepuanagap MeH dictep. IHCTarpamiarsl 3UsiHIbI CLITEMENEP/Ii aHbIKTayFa
KOMEKTECY YIIiH MaIlMHAJBIK OKBITY JKOHE IBPUCTHUKANBIK o/icTep OipiKTipii.
byn omicreme Oenrisi maOybul YATUIEPIH MaimanaHa OTBHIPHIN, jKaHA KayimTepi
aHBIKTayFa KaOUIeTTI CeHiMai jkoHe OeWiMIenTim >KyWeHI KamTaMmachl3 eTel.
Osipnedren anroput™M Random Forest, XGBoost sxone LightGBM kemerimen
URL mekenkaisiapblH 3UsSIHCBI3, OYIIiHY, (QHUIIUHT XOHE 3USHABI OaraapiaManap
caHarrapbiHa kikreni. JKanmel QumuHr cumarramanapbiHa HerizmenreH URL
MEKEeHKalIapbIHbIH KYAIKTI CHIIAThIH Oaraiay YIIiH KOJIMEH jKacallFaH epexerep
JKUBIHTHIFBI KOTaHbUIAR! (Alsharidaetal., 2023; Prince etal., 2024). DBpUCTHKAIBIK
epexenep/Ii MalHHAIBIK OKBITYFa KOCBIMIIIA KaJaMaap peTiHae KONIaHy JoMIIKTi
YKOHE KaHa JIepeKTep/Ieri YITIep/li aHbIKTay MYMKIHJIITIH )KaKCapTThI.

DyHKIMSA TaHOAY

MarmmaamMeH OKbITyAbIH THiMA1 0oy yiniH URL MekeHkainapeiHaH maiaasnsl
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MYMKIHAIKTepai Ta0yFa Oonmaasl (CypeT). byit epekmienikrepi kenecifaen xwikreyre
OoJaabl:

Jlexcukanbik mymKinzaikrep (URL KypbuibiMBl)

— URL y3bmasirsl: ¥361H URL Mekenxainapsl KyJiKTipek Oomabl.

— ApHaiibl TagOanap causl: @, %, -, , = KoHE? HOPMaJaH ThIC MeJIIEpP/E.

— lmki momenzaep casbl: imki gomeHaep ThiM Ken (example.phishing.attack.
com).

— CanzplKk KaTblHAC: JOMEHAErT LU(PIapIblH JKOFapbl CaHbl (MbICATHI,
paypall123.com).

— IP wmexkemxalbIHBIH OOnysl: eHIenMereH [P wmexemxkaimapsr O6ap URL
Mmekerxkainapsl (http://192.168.1.1).

— TLD Tangaysi: Cupek emec TLD (MbIcaisl, .Xyz, .tk) 3UsIHIBI OOITYBI MYMKIH.
Xocrt HeTi3iH/Ieri MyMKIHAIKTep (IOMEH Talaybl)

— WHOIS nepekrepi: moMmeHai Tipkey MomiMeTTepiH (ackl, TipKeyi,
JKacasFaH KYHi) TEeKCepe/i.

— JlomeH xacbl: JKakplHa TipKeITeH JOMEHJIEP KU1 3USHIIBL.

— Tansmvanabik: Alexa, Majestic Hemece Google Safe Browsing kemerimen
JIOMEH PEUTHHTIH TeKCEepeIi.

— SSL cepruduxarsiabiy 0omysl: 3ustHbl foMenaepae HTTPS mudpnaysr sxui
0OJIMAIIBI.

Ma3sMmyH¥Fa HeTi3eNTeH MYMKIHJIIKTep

— HTML sxone JavaScript MymMKiHAikTepi: TyciHikci3 JavaScript, iframes xone
KYAIKTI KaiiTa OarbITTaynap/s i3aeini. 36

— Kaiira OarpiTTaynapabiH OOTyBl: THIM KeIl KaiTa OarpiTTay (UIIMHT HEMece
3USIH]IBI OaFjapiaMa CalTTapbiH KOPCETYi MYMKiH.

— Enrizinren  cintemenep: BeO-Oerreri cintemenepni Tekcepemi. JKemire
HETi3/1e]TeH MYMKIHJIIKTEP

— DNS aknaparsr: momeHHiH [P MekeHkaiimapbiH *ui ©3repTeTiHiH TeKcepeIi
(>KBLIIaM afrbIH).

— PTR »ka306anapsl: 3aHIBIIBIKTH TEKcepy yiIiH kepi DNS i3neynepi.

— XOCTHHT Typadbl aKmapar: 3HAHABl Ma3MYHMEH Oenrimi  XOCTHHT
MpoBaiiiepiepiH aHbIKTANTBI.

AHBIKTay aNTOPUTMIHIH KYMBIC ITPOIeci

MammuHaIbIK OKBITY alTOPUTMICPIHIH KipicTepi caHmap OOJFaHIBIKTaH,
JIEKCUKAIIBIK CaHIBIK MYMKiHmikTep ¢ainmapmarel URL  MekemkailinapbiHaH
xacanazsl (Cyper 1). Ocbuiaiiia, MalinHaIBIK OKBITY aJITOPUTM/EPiHE Kipic HAKTHI
ennenmeren URL MekemxallapbiHaH Tepi CaHABIK JIEKCHKAJIBIK MYMKIHIIKTEp
OoJaael.
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1-cypem. Mawunanvix oxbimy mooerni

Lexical |

fanees
Features | |

= | A
Host-Based || _. [«] -
Features E

- . 3

=} 7 =
want-ﬂasc&m:
Features |

Colikec KeJeTiH aJirOPUTM/II TaHIay

Byt skyMBIC JOCTYpiIi MaIIMHAJIBIK OKBITY YJTUIEPIMEH JKaKChl OPBIHIAIAIbI.
En kymrri anropur™aepai taby YIIiH Tanjgay JoIAIK, JOIIK, ecke Tycipy xkoHe F1
Oasut Herizinge xyprizineni. Kesneticok opman, LightGBM xone XGBoost cusikTb
MAIIMHAJBIK OKBITYIIBIH YII MOJENI ONapblH Kalxal )KyMbIC ICTEHTIHIH OlTy YIIiH
KapacThIpbuIafs (CyperT 2).

2-cypem. Kesoeiicox opman yneici

Decision Tree-1 Decision Tree-2 Decision Tree-N

Result-1 Result-2 Result-N

L—-{ Majority Voting / Averaging

Final Result

— Jepexrepai xuHAy >koHE annaelH ama eHaey 660000-man actam URL
MEKeHKalmapel Oap mepekTep XUBIHBIH Firefox kamramace3 erti. [lepekrep
JKUHAFBI JKYKTENETiH, TaJJaHaThIH KoHE CTPaTH(UKAIMSUTAHFAH IPIKTEY apKBIIBI
OKy KoHE CBIHAK >KWbIHAapbiHa OejinreH Oenrimenren URL mexemkaitmapsia
KaMTH/IBL.

— Oynaknusa umkerepuscel Op typiai URL werizimmeri mymkiugikrep Python
KeMeTiMeH OarapiaMalibiK TYpJie IBIFapbuIIbl. HykTenep canbl, apHaiibl TaHOamap
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JKOHE JIOMEH KYPBUIBIMBI CHSIKTBI KYAIKTI CHMaTTaMayiap TaifaHajibl. TaHmayasl
OHTAMNIAH/IBIPY YIINIH OKBITBUIFAH YITLIEP apKbUIbI MYMKIHIKTIH MaHbBI3IbLUTBIFBI
AHBIKTAJIIEL.

Hormikesnep ™men Tajakbliay. HWHTepdeiic MakeTn Opay3ep KeHeHTiMi
naiaanaHymbUIapabpl Instagram cinremenepiHiy Kayirci3airi Typaibl eCKepTeTiHiH
KOepCceTy YIIIH JKacalFaH. 3-cypeTTe mHTepdeicTeri OapiblK MalganaHymbUiap
YKOHE OJapbIH dpKalichIichl Xxabapiramara KipeTiH URL MekeHkaimapbl KOpCeTUIreH.
Bapnblk cinTemenep aBTOMATThI TypAe CKaHEpJICHEI JKOHE Oapra Coukec
Tyc Oepiyemi: KayinTi HeMece JKajFaH ClITeMelep VIIH KbI3bUI JKOHE Kayilcis
cintemernep yuriH xachul. «Instagram Protection: ckanepsey OarmapiaMachy Jemn
OenrinenreH Instagram Kopray KeHEHUTIMI )KOFAPFhI OH YKaK OYpHIIITa OpPHAIACKAH.
O3ipieymiH KeHiHTi Ke3eHJAepiHIe MYMKIHAIKTep KOJJAaHOaHBl TaiamaHyIbl
KEHUTACTY KOHE KEHICTIKTI TONThIpMay YIIiH *)aHapTeulael. CinTeMernepae Kayim
JICHIeiiH KopceTy YIIiH TYCTep/i Naiiananbay YIIiH jkaHa JU3aifH OHBl MEH3ep/Ii
armapraH Ke3/e KOpCEeTETiH KOMipLIiKTI MHIUKATOPJIapMEH aybICTBIpABI. OpOip
cilTeMeHiH KaHbIH]Ia OenTille maiia 00Ia sl )KoHe MEH3ep/Il OHBIH YCTIHE arlapFaH
Ke37ie, «(QUIIMHTY, «3USTH/IBI OaFapiaMay HeMece «KaTepcisy CHSKThI Kayil TYpiH
Kepeci3. Hotmxkecinme nu3aiiH maiijananyibiFa bIHFAMITBI JKOHE HET13T1 Kayinci3aiK
(bakrinepi oI Ae KOIDKETIMII.

3-cypem. Mock-up

w

Protection of
instragrams:

Scanning the program: @D

User1

hitpe//unsecured site.com

User2

User 3

hitps//example.com/fake login

User 4

Wnest icke acweipbliiibl sxoHe MVP pertine kapacThIpbuibl, 0y OHbIH Instagram
Be0-CaliThIMEH OHAM JKYMBIC ICTEYIH KAMTaMachl3 eTejll )koHe HaKThl yakpiTTa URL
MOHHUTOPUHTIH YCBHIHAJBI. AFBIMAAFbl OCTTETi CcilTeMernep Jepey CKaHepieHeIl
JKOHE CepBepIeri aKnapaTThl Maiqanansin keHeiTiMmMen oesekreneni (Cyper 4).
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4-cypem. Instagram Direct Messages iwinoezi Oipnewe cinmemenepoi mikenet
manbanay

pephrvebraljgra usa oo

Hershey Felder Tickets

Bapnbik cinTemenep omapjablH KaHJAai CiITeMe €KEeHIH KOPCETETiH IIaFblH
Oenrinepmen Oenrineneni. «QHUIIMHTY HEMECE «KaKChl» CHUSKTBI CO3ICp Ke3
KeNreH xabap TYpiHZEri HeMece NaijanaHylibl OWOCHIHIAFbl CilITeMeNepaiH
KaHbIHJA Nakaa Oonanel, Oy KaHIai cintemenep 3usiHAbI OOTybl MYMKIH €KEHIH
Te3 kepeereni. JKyie Toyeken AeHreilin KepceTy YIIiH TYCTI HHIUKaTtopiaapsl 0ap
(KBI3BLI, XKAChUIL, KBI3FBUIT Capbl CUAKTHI) OipHEIe TerTepii naiiaaaHabl.

Tecriney ke3iHae KEHEWUTIM KbICKApTBUIFaH CLITEMeNep, KaiTa OarbITTalraH
JOMEHJEp KOHE TYpakTbl BeO-caiTTap CHKTBI opTypiai URL Mekenkainmapsin
eHJieni. HoTmwxkecinie xyie NepeKTepiiH KeH ayKbIMbIH )KOFaPbI JIQJIIKIICH OHJICH
anazasl (Cyper 95).

S-cypem. Apanac scazoatioaevl mvicanioap

imnotimg 1d imnotimg 1d
en.wikipedia.org/wiki/North_Dakota | http://www.pashminaonline.com/pu

re-pashminas

Ocpinaiima, Oyl TOCUT KOMIMIT HAKThI YaKBITTaFrbl KayilCi3MiK KOJ KeTiMIi
OonMaraH Ke3[e B3HSHABI CIATEMENEPJCH KapamalbiM IMIOJFBIINITH  KOPFayIbl
OpHATyFa OOJIATBIHBIH KOPCETE/I.

XKyite keitOip sBpucTUKATBIK epexenepmer kKarap Random Forest, LightGBM
xoHe XGBoost MamMHAIBIK OKBITY YITUICPIHIH KOCIAChIHA HETi3/ICNIeH.
COHJIBIKTAH JKACBIPBIH MA0YBULIAP epTEepPeK amibUIaabl KOoHE MpodieManapiabl
TaHyJIaFrbl KaTeJlep CaHbl a3as/bl, Oyl KaXKeT, OWTKeHI agamap KYHICTIKTI
QJIEyMETTIK MEMAaHbI KOl maljananaabl. MoJenb/i xacay Ke3iHae TOPT MyMKIHIIK
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MYKHAT TaHAAJBIN, KeJeCi caHaTTapFa TONTACTBIPBULABI: JIEKCHKAJIBIK, >KEJITIK
xoHe xocT. Hotmwkecinae 6y komannara URL mMekenkaiiapbiHOarsl e3repicrep,
KYJIKTI JIOMEHJEp oHE BeO-CalTTaplblH CUITEMENEpi KBICKApPTy TaCUIAepi
CHUSKTBI 3USH]IBI OaFIapIaMaHbIH OICTTEH ThIC IIAFBIH OeTiiepid TabyFa MyMKIHIIK
Oepmai. Ocel MEXaHM3MIEPAIH apKaChIHIA 3USHABI ClITEMEep TOKTAThIIAIBI JKOHE
aZlaMHBIH apajlacybIHChI3 OacKasapra TapayblHa >KoJI OepMerii.

3usaael  URL  MekenkailapblH JKbUIaM Kepyre FaHa €Mec, 3epTTey
OJIapIIbIH OpEKeTTepiH OaiiKayra KOHE oNapAbl Kayilci3 calTTapiaH a)bIpaTyra
KOMEKTECEeTIH Oenruiepai taHiayra kemekrecTi. HoTmkecinae kubepKayirnciaik
XKyHenepi KyIIeuin, »)akchblpak KOprayra ne 0oja anajibl, COHBIMEH Karap oiap
Ke3/IeCEeTIH KayinTep Typasbl keOipek TyciHemi. HoTwkenmepmi eckepe OTHIPHIT,
KYHEHI JKeTUIAIPETIH *OHE OHbI JKarJaiapiblH KeH ayKbIMbIHAA KOJIJaHyFa
KapamJpl €TETiH aHa TEXHOJOTHsIapAbl KOJAaHy apKbUIbl OfaH 9pi KYMBIC
icreyre Oonaapl. KoHBomrounonasl HeHpoHIbIK xediep (CNN), kadTanaHaThiH
Helpouapik skeninep (RNN) »xone Tpanchopmaropiap CHUSKTBI TEPEH OKBITY
omicrepi Oyrinri AW maMysIHBIH HEri3r1 OarbITTaphl 00ITBIN Ta0bLIa IR Byt ynrinep
YKaJFaH KOPBITBIHIBUIAPABI a3aiTy jKoHE KayinTi aHbIKTaybl )kakcapTy ymriH URL
MEKeHKalbIHIaFbl TAHOAIAPAbI, COH/IANH-aK OJap IbIH allHAJIACHIHAAFbl MOTIHMOH I
aHBIKTAUbI.

Hotmxenepai eckepe OTBIPBIT, )KYHEH1 JKEeTiJNIPETiH XKoHE OHbI JKaFAalIapIbIH
KEH ayKbIMBIHJa KOJIJIaHyFa apamJbl CTETIH jKaHA TEXHOJOTHSIIAPIbI KOJIJIaHY
ApKBUTBI OZaH 9pi KYMBIC icTeyre 0osaapl. KOHBOTIOIMOHIBI HEHPOHIBIK JKeITiIep
(CNN), kaiitamanatsiH HelpoHIbIK sxerinep (RNN) skone Tpanchopmaroprap
CUSIKTBI TePEH OKBITY dJicTepi OYTiHTi KacaHXKbl MHTEUIEKT JIaMYBIHBIH HETI3ri
OarbITTapbl 00BN TaObLIAABL. Byt yarinep xanFaH KOPBITHIHIBIIAPBI a3aH Ty 5KoHE
KayinTi aHbIKTay bl s)kakcapty yiniH URL MekeHxkaibIH1arbl TaHOAIAP IbI, COHIAM-
aK OJIap/IbIH alfHATAChIHIAFBl MOTIHMOHII aHBIKTai b, JKyiie kubeponemmeri kaHa
MKOHE JKbIJIJIaM KO3FaJlaThlH KayilTepre ijiece axybl MaHb3Abl. Monenbaep HaKThl
YaKbITTa )KaHAPTBUTYbI )KOHE OJIapIbIH HOTHKEJIEP1 ©3repicci3 Kadybl YILiH aFbIH/IbI
JepeKTepli eHJeyll XoHe OeliMIeNnreH OKBITYIbl Kocy KaxeT. [laiijmamanymibi
OpeKeTiH Talfay KoHe KOHTEKCTTi 3epzeiney apkpuibl NLP 3usnapl cintemenepai
aHBIKTayFa KOMEKTeCe ajajbl, COHJAM-aK aJanTHBTI ayTeHTU(UKAIHS CHSKTHI
HOpceJep/Ii Mai1aaana OThIPHII, JKeKe KOPFaHBICThI KOJIal IbI.

KopbIThiHABI. 3epTTeysiep THOPUATI MaIIUHAIBIK OKBITY KaymmiH Oaranay
HIemiMiH 93ipiey apKbuUibl Instagram cinteme KaTepiH aHBIKTayFa adTapibIKTal
MoH Oepai. ¥CbIHBUIFaH XKYyHe KUOEpKayilci3mik cajgachlHIarbl €Neylli Mporpecti
KepceTei, ce0edi o KoFaphl JSJJIIK MeH CEHIMIUTIKTI )KOHE HAKThI YaKbITTaFbl
KayinTepi aHbIKTay MYMKIHIITH KamMTamachl3 ereii. by kyleHiH Oosamiak
o3ipieMerniepi TEPEH OKBITY HHTCTPAIMACHIH, COHAAH-aK OCHIMIENTIiIT eHICymi
YKOHE KOHTEKCTTI €CKEPEeTiH Tajiay MyMKiHIKTepiH, COHBIMEH KaTap KapChIIacThIK
CEHIMJILTITI MEH KYHSUTBUTBIKTHI KOPFay IIapajapbiH KaXKeT eTei. byi xxakcaprynap
TUQPIBIK IaTGopManapasl a3ipieye )Keke najananymbuapAas 1a, YAsIMAapIbl
Jla KOpFalTBIH Kayinci3 QUQPIIBbIK KYPbUTBIMABI Kacabl.
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Abstract. This article explores the scientific validity of alarmist sentiments and
predictions regarding the future development of artificial intelligence. It analyzes
the evolution of global risks and threats, proposing that the growth of technological
progress correlates with a rise in existential risks. The historical context, in which the
term «artificial intelligence» emerged, is outlined, along with various definitions of
the concept. The paper highlights the key differences between Al-related alarmism
and other global threats such as nuclear, environmental, and biotechnological risks.
The main arguments of alarmist thinkers are examined, including scientific and
expert forecasts that often verge on apocalyptic scenarios. Some of these concerns
have already materialized, causing harm to government institutions, the corporate
sector, and individuals. The paper also presents counterarguments from opponents
of alarmism, who believe that with proper regulation and ethical alignment,
artificial intelligence does not pose an existential threat. Based on the analysis of
both perspectives, the article concludes that each side offers rational arguments that
merit serious consideration by the global scientific community and governments.
In this context, the article cites examples of growing efforts to establish ethical
standards and regulatory frameworks for AI. While alarmism may be justified in
certain cases and should inform public policy, excessive emphasis on worst-case
scenarios appears less scientifically grounded at the current stage of Al development
and leans toward speculative or science fiction narratives.

Keywords: Artificial intelligence, technological development, global threats,
existential risks, alarmism
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AnHoTanus. Makanaja »acaH/(bl HHTCIUICKTTIH OJ]aH dpi JlaMyblHa KaThICThI
AJIAPMHUCTIK Ce3iMJIep MEH OOJDKAMIAP/IbIH FHUIBIMU OPBIH/IBLIBIFBIH aHBIKTAYIBIH
opekeri kacananbl. JKahaHIBIK Toyekeajep MEH KayilTepiH 3BOJIOIHSICHI
TaJJaHaabl, COHBIH HETi31HJEC TEXHOJOTHSUIBIK JIaMYyIblH ©Cyl 3K3HUCTCHIIHAJIbI
TOYEKEIJICP/IiH OCyiHe TiKeJeld MPOIOPIMOHAIBI JIeTeH OOoJKaM JKacajalibl.
«Kacanapl WHTENNIEKT» TEPMHUHIHIH Maiaa OOJYBIHBIH TapUXH KOHTEKCTI
CHIATTaja bl )KOHE OHBIH aHBIKTaMaJlapbl KapacThIpbLIaibl. JKacaH bl HHTEIICKTKE
KAThICThl ~QJIADMU3MHIH  SJIPOJIBIK, AKOJOTHSUIBIK JKOHE OHOTEXHOJIOTHUSIIBIK
Kayinrep CHUSKThl kahaHABIK TOoyeKelJepAiH Oacka MbICAJIJapbIHAH HETi3ri
alBIPMAIIBUIBIKTAphl KOPCETieqi. AJNapMHUCTIK FBUIBIMHU JKOHE CapanTaMalbIK
OoJDKamMIap/Ibl aliFa TapTaThlH OAFBIT OKUIJIEPIHIH HEri3ri JaJiesiepl TaliaHabl.
MeMJIeKeTTIK opranapra, KOpropaTUBTIK CEKTOPFa KoHE KapanaibiM ajaMaapra
3USIH KeNTipreH KeulOip Mbicamugap kentipineni. CoHpail-ak, «aKbULIbDY
MalllMHAJIaPbIH JKYMbBIC TPUHIUITEPIH aJlaMU KYH/IIBIKTAPMEH COUKECTCHIIPY
JKOHE YHIJIECTIpY apKbUIbl JKacaHAbl WHTCIUICKTTIH KayliH TOMEHJIETY MYMKIiH
JICTeH OWIbI aliFa TapTaThlH aHTHAJAPUCTIK KO3Kapac OKiJIAEPiHiH YCTaHbIMIAphI
KapacThIpbuIa bl EXi Tocil Tayijay HeTi3iH1e eKeyiH e /e FhUIBIMU KOFaMIaCThIK
MeH 9JieM YKIMETTEepiHIH Ha3apblH Tajian eTeTiH YThIMIBI JAdJesuep Oap AereH
KOPBITBIH/BI JKacaiajbpl. Byj TYpPFbIIa «ITHKAIBIK MiHE3-KYJIBIK» MOJICHHETIH
KaJbINTACTBIPDYFa  JKOHE KAacaHAbl HWHTEJUICKTTI  perTeyre  OarbITTallFaH
nrapanapAblH JKaHIaHFAHBIH pACTalThIH HAKTHI IEPEKTep KenTipiareH. MakanaHbl
KOPBITBIH/BUIAN KeJIe, JKCKEJIEreH FallbIMJIap MEH CapallllibUIap/IblH aJapMHUCTIK
Ke3KapacTapAbl KalbIITACTBIPYbl OPBIHIBI OOMYbl MYMKIHJII >KOHE YITTBHIK
MEMJICKETTEP MEH TPAHCYJITTBHIK KYPBUIBIMIAPJIbIH Ha3apbiHaa O0JIybl Typajbl Oi
alThUTa bl AJlaiijia yKacaHIbl MHTEIUICKT JIaMYBIHBIH Ka3ipri Ke3eHiHJIe KayinTep
MEH ToyeKeJJIep/ii acblpa KOPCETY, OJIap/Abl IEKTEH ThIC Oaraay FEUIBIMU TYPFbIAAH
HeTi3ci3 jkoHe KeOiHe KaraH (YTYpHCTIK Hemece (aHTACTHKAJIBIK HACSIapMeH
YIITAcaThIHBI ECKEPTLIE .

Tyiiin ce3mep: ’xacaHIpl HWHTEIJICKT, TEXHOJOTHSUIBIK JAaMy, >KahaHIbIK
KayinTep, 9K3UCTEHIHAIIbI TOYEKeIAep, alapMu3M
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AHHOTanus. B crarbe ocyliecTBIEHa TONBITKA OINpPEACICHUS HaydHOU
OINPAaBIAHHOCTH AJAPMUCTCKMX HACTPOCHMH W MPOTHO30B B OTHOLICHUH
JalbHEHIIEero Ppa3BUTHS HCKYCCTBEHHOIO HMHTEJUIeKTa. [IpoaHanusmpoBana
IBOIOUUATIIO0ATIBHBIX PUCKOBU YTPO3, HAOCHOBAHUU YETO, C/ICTaHOTIPETIOTIOKEHNE
0 TOM, YTO POCT TEXHOJOTMYECKOTO Pa3BUTHS MPSIMO MPOMOPLUUOHAIEH POCTY
9K3UCTEHUMOHANBHBIX PHUCKOB. OmNHMcaH HCTOPHUYECKUN KOHTEKCT TOSIBJICHHUS
TEPMHUHA «UCKYCCTBEHHBIH HWHTEIUICKT» W PACCMOTPEHBI €ro ONPEIEeIICHHS.
WznoxxeHsl OCHOBHBIC OTJIMYWS ajapMHU3Ma B OTHOLICHHH HCKYCCTBEHHOTO
WHTEJUICKTa OT HWHBIX TNPHUMEPOB IMI00AJIBbHBIX PHCKOB, TAaKUX Kak siAcpHas,
9KOJIOTHUECKasi U OnoTexHoJIorndeckas yrpossl. [IpoaHaan3upoBaHbl OCHOBHBIC
JIOBOJIBI NPEICTABUTENCH aTapMUCTCKOTO IOJIXO0Ad, KOTOPBIMH BBICKAa3bIBAIOTCS
Hay4YHBIC W SKCIEPTHBIC NPEIINONOXKECHUS, TPaHUYALIUe C aloKaJIMITHYCCKUMU
MporHo3aMu. M3moxeHsl NpUMEpHl OTACIBHBIX HOATBEPAMBIIMXCS OIACCHHM,
KOTOpbIE HaHECIU BpeJ TOCYAAPCTBEHHBIM YUPEKICHUSM, KOPHOPATUBHOMY
CEKTOpY M MPOCTBIM JIIomsAM. Takke pacCMOTPEHBbI MO3MLMHU NpeICTaBHTENICH
AQHTUAJIAPMHUCTCKOTO TOAX0Ja, TOBOJBI KOTOPBIX CBOASATCS K TOMY, YTO TIIpH
MPaBUIBHOM PEryJHpPOBaHMM W COIVIACOBAaHMM NPUHLIHUIIOB PAOOTBHI «YMHBIX)»
MAaIllMH C YEeJIOBEYECKHM LICHHOCTSIMH, UCKYCCTBEHHBIH WHTEJUICKT HE SBISICTCS
9K3UCTEHIMAIBLHON yrpo3oid. Ha ocHoBaHnMm aHanm3a OBYX MOIXOOB, JeNacTcs
BBIBOZ O TOM, YTO 00€ TOYKH 3pPEHHsI HUMEIOT MOA COOOH psil J0CTAaTOYHO
panMoOHAJIbHBIX apryMEHTOB, TPEOYIOUIMX BHMMAaHHMS HAyYHOI'O COOOINECTBA U
MPaBUTENLCTB MUPA. B 3TOM KOHTEKCTE NMPUBOAATCS JaHHBIC, MOATBEPKAAIOLINE
aKTHBM3ALMIO MEp, HaNpaBJICHHBIX Ha (OPMHPOBAHHME KYJIBTYPHl «3THUYECKOTO
MOBEACHUS» W PEryJHUpOBaHUE MCKYCCTBEHHOTO HWHTEIIEKTa. B 3akmoueHun
JieTlaeTCsl BBIBOL O TOM, YTO alapMHU3M OTIEJIBHBIX YUYEHBIX M 3KCIEPTOB MOXKET
OBITH OINpaBIaH, a TaKkKe JOJDKEH OBITh B3SIT Ha BOOPYKCHHE HALMOHAJIBHBIMHU
roCyJapCTBaMU U TPaHCHAIMOHAJBHBIMU CTPYKTYPaMH, OFHAKO a0CONIOTH3aLMs
PHCKOB M YIpO3, CO3JaHHE ANOKAIMNTHYCCKHX HACTPOCHHMH, Ha JTAHHOM STare
Pa3BUTHS HCKyCCTBEHHOTO MHTEJIJICKTA, BHIVISAAT MEHEe HayYHO 000CHOBaHHBIMU
U TpaHuyaT ¢ cTporo GyTyprucTCKUMH WK (HaHTACTHYECKUMH MPEACTaBICHUSIMU.

KitroueBble ciioBa: VICKycCTBEHHBI MHTEIJICKT, TEXHOJIOTHUECKOE Pa3BUTHE,
100aJIbHbIE YTPO3bl, SK3UCTCHIIMOHAIBHBIC PUCKH, aTTapPMU3M
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BBenenue. Pe3kas naTeHcupukanus TpaHchopMauu MaTepuaIbHOTO MUPA B
XX Beke, CBsI3aHHAsI C TPEBPAIICHUEM HayKU B OCHOBHOM ()aKTOP TEXHOJIOTHIECKOTO
porpecca ¥ MHHOBAIIHUH, CIIOCOOCTBOBAJIA MOSBICHUIO PA3JIMYHBIX aJTaPMHUCTCKIX
HaCTPOCHHH M MPOTHO30B O PUCKax TodanmpHOro MacmTada. B 1970 rogy onun
13 OCHOBAaTeJIeH KOHIICTIIMH TIOCTHHIYCTpHaIbHOTO obmiecTBa DimBuH Todduep,
OIHCHIBAasl TEHJCHIIMIO YCKOPEHHUS TEMIIOB TEXHOJOTHYECKOTO W COIMAIHHOTO
mnporpecca, ormeuan, «4ro eciau nociengHue 50 000 ner cyliecTBOBaHUSA
YeJIOBeKa pa3/ielIuTh HA OTPE3KU KU3HH MPHOIM3UTEIBHO B 62 To/1a KaXKIIbli, TO
okakeTcst okoio 800 TakmX OTPE3KOB KHU3HU... M momaBisromiee OOJIBITHHCTBO
BCEX MarCpHaJIbHBIX 6HaI‘, KOTOPBIMU MbI ITIOJIB3YEMCA B HOBCC}IHGBHOﬁ KN3HU
B HacToOsIIee BpeMs, OBUTH TPUAYMaHbl B TeUeHHE HacTosmero, 800-ro oTpeska
xu3au» (Toddrep, 2002).

BypHBIii poCcT TEXHOIOTHYHOCTH U MaCIITa0bI €70 MPOHUKHOBEHUS B IIOBCE/THEB-
HYIO )KM3Hb HE TIPOCTO NMPUBEIN K YIIYOJICHUIO HHIYCTPUAIN3AIH U aBTOMAaTH3a-
UH, HO Y IOPOANJIN CUTYallNIO0, KOraa pe3yiabTaTbl AC€ATCJIbHOCTH OAHOI'O UJIX HE-
CKOJIBKHUX YEJIOBEK MOT'YT ITOBJIMATH Ha BCC YEJIOBEUYECTBO, & COBCPUICHHBIC OIINOKH
— MPUBECTH K KaTacTpoduueckum rmocienctsusiM. Kak ormeuan Hopbept Bunep,
paHbIlie aOCyp/IHbIC YEIOBEYECKHE JCUCTBUS OBLITH OTHOCUTEIHHO O€3BpEIHBIMH,
[MOTOMY YTO WX OI'PaHUYHMBAJl HEBHICOKUN YPOBEHb TEXHOJOI'MYECKOTO PA3BHUTHUS
(Bunep, 1966). OgHako 3TOT mepuo 3alUIIIEHHOCTH OBICTPO MOJOMIET K KOHITY,
qTO0 CHOCO6CTByeT TMOSABJICHUIO PA3JIMYHBIX SK3UCTCHIMOHAJIbHBIX PUCKOB (Paccen,
2021). IlogoOHOE TONIOKEHHUE TOCTYKIJIO0 aKTUBH3AIIMN HAYYHO-TEOPETHUSCKUX
M3BICKaHW B JIAaHHOM HAalpaBJICHWH, OHAKO HAyYHOE COOOIIECTBO BCE €Ile He
MTOCTABHUIIO TOYKY B BOIPOCE 00 OIPaBIaHHOCTH PACIIPOCTPAHIEMOr0 aJlapMU3Ma,
CBSI3aHHOTO C Pa3BHTHEM HCKYCCTBEHHOTO MHTEJUICKTa. [laHHAS cTaThsl SBISETCS
MOIBITKOM MOMCKA OTBETA HA JJAHHBIM BOIPOC.

Marepuajanl U1 MeToAbl. Ha OCHOBaHWMU HM3Y4YCHHS HAyYHO-TCOPETHUCCKUX
paboT TpOBENEHBI HAXPOHWYECKOE WCCIEAOBAHUE OJBOIIONUH TITOOATHHBIX
AK3MCTEHIIMOHAIBHBIX PICKOB ¥ CPABHUTEIBHBIN aHAIIN3 IO3UITUH peICTaBUTENICH
QITAPMHUCTKOTO W aHTHAJIAPMUCTCKOTO TOAXOAOB B OTHOIICHWW JalIbHEHIIEero
Pa3BUTUA UCKYCCTBECHHOI'O MHTCJIJICKTA.

Pesyabrathl U o0cy:kaeHue. B nocnennue necATUIeTHs aKTyalIUu3UpPOBAINCH
AJIapMUCTCKUEC HACTPOCHU, CBA3AHHBLIC C MCKYCCTBCHHBIM HMHTCIJICKTOM. HpI/I
9TOM 4YeM OoJiee TEeXHOJOTHYHBIM M MH(OPMAIMOHHBIM CTAHOBHUTCS OOIIECTBO,
TeM OoJiee pacTyT MacmTabbl 0003HaYaeMBIX YTPO3.

[losiBieHne w wWHTEHCH(HKAIUSA TPEBOXKHOCTU, CBS3aHHOH C pa3BUTHUEM
TeXHOJ’IOFHﬁ, HUMECT CBOU UCTOPUUICCKUEC MTPCAITOCHUIKH. HpI/I 9TOM HaI/I6OJ'ICC SIBHBIC
PHUCKH U YIpo3bl TNI00ATBHOTO MacIiTaba CBA3aHbl C Pe3yJIbTaTaMU YeIOBEUCCKOM
nesitensHOCTH Tocnenanx 100 ner.

40-e TOABI MPOIUIOTO CTOJIETHS TOSIBHIIOCH SJIEPHOE OPYKHE, YTO TTOPOIUIO
P CEpBE3HBIX PHCKOB MHUPOBOTO MacIlTabda Kak BO BpeMsi €ro pa3paboTKH, TaKk U
MOCJIC €T0 PacCIpPOCTPaHEHHUsI. 3a MECTh MECALEB JI0 TIEPBOTO SACPHOTO UCIIBITAHUS
y4YeHbIC, 3aJICHCTBOBaHHbIE B MAaHXITTCHCKOM IPOEKTE, IMOATOTOBUIM OTYET
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mon Ha3zBaHueM LA-602. B aToM mOKyMeHTe OBUIM IMPENCTaBICHBI PE3yabTaThl
HCCIIeIOBAHUH, KACAIOLINXCS BOSMOXKHBIX ITOCIICICTBHUM SIIEPHOTO B3PbIBA, BKIIIOUAs
BEPOSITHOCTh YHUYTOKEHUSI 3eMJIM M3-32 BO3MOXKHOTO BO3TOpaHHs aTMOCQEpHI.
OTOT OTYET MOXKHO CUYHMTaTh, OJHMM U3 IEPBBIX HAYYHBIX HCCICAOBaHUH,
MOCBALICHHBIX TNIO0AIIBHBIM yTPO3aM, CTABSILUM IO/ yTPO3y CaAMO CYILIECTBOBAaHHE
yenosedecTBa (SIPRI, 2024). IlepBblil saepHbIi yaap B HCTOpUN ObUT COBEPIICH
6 aBrycta 1945 roma Coenqunénnbsivu lllTataMn AMepUKH 1O SIMTOHCKOMY TOPOY
Xwupocuma. AtromHast bom0Oa, HazBaHHast «Maubin» (Little Boy), Obuta cOporena
¢ 6ombapnuposmrka B-29 «9Onona [eit». [1o pa3HpiM onenkaMm, okono 140 Teicsd
YeJIOBEK MOTHOJI0 BO BPeMsl B3pbIBa U YMEPJIO B TEUCHHUE ITOCIICAYIOIINX MECSIIEB.

B nauvane 2024 roma neBsath ctpan — Coenunennsle Irtatel, Poccus,
BenmukoOpurtanus, ®pannus, Kurait, Unaus, Ilakucran, Kopeiickas HapomHo-
Hemoxpatnyeckas PecryOnuka (Cesepnast Kopest) n M3paunbs — B COBOKynmHOCTH
Bragenu 12 121 saepHbIM Opy)ueM, U3 KOTOPhIX 9585 cunTanuch NOTEHUUAIBLHO
6oeroroBeiMu (SIPRI, 2024). HakomneHHblii apceHall CIOCOOCH MHOTOKPAaTHO
YHUYTOXKUTH BCIO IUIAHETY W JIeNaeT SACpHYI0 yrpo3y OAHOM u3 Hamboiee
CephEe3HBIX (PAKTOPOB, BIMAIOMIMX Ha II00AJbHBIC MOJUTUYECKHE U BOCHHBIC
npornecchl. [eononuTruueckas HaNpsLKEHHOCTh M HenpeackasyemocTs X X1 Beka,
KOTOPYIO MeTa(OpUUHO CTaJN Ha3bIBaTh HOBOW KOHCTAHTOMU, TOJNBKO YCYT'YOJISIOT
SICPHYIO YTPO3Yy.

CrenyomyuMi B XpOHOJIOTHYECKOM TOPSAKE TNIOOAIBHBIMH PHUCKAMH MOXKHO
Ha3BaTh MOJYYMBIIME HAWOOJBIIYI0 akTyanbHocTh B 1960-x m 1970-x romax
9KOJIOTHYECKUE MPOOIEMBl, CBSA3aHHBIC C MOCIEACTBUSMH HMHIYCTpPHAIM3aLUU U
HeraTuBHBIM 3¢ dexkToM or anTpomnorenHoro ¢gaxropa. B 1980-x romax yuensie
HayaJld BCEPbe3 MPEryNpekaaTh O pUCKaxX [M100aIbHOT0 M3MEHEHHMS KiIMMaTa n3-3a
BBIOPOCOB MAPHUKOBBIX T'a30B.

K XXI Beky pa3BuTHE T€HHOH WH)XEHEPUHW W OMOTEXHOJOTHH TPUBEIH K
OIIACEHHUSIM O CO3/IaHUH ITaTOTCHOB WJIM OPTaHU3MOB, KOTOPBIE MOTYT IIPE/ACTAaBIIAT
yIrpo3y Ui 4YenoBedecTBa. BropikeHHe deloBeka B apeajibl KHBOTHOTO MHUPa
aKTUBU3UPOBAIM PHUCK PACIHPOCTpPaHEHUs 300HO3HBIX BupycoB. COVID-19
MOATBEPAMII ITOJJOOHBIE OMTACEHUS U CIIOCOOCTBOBAI TOSIBIICHUIO HOBBIX TPOTHO30B
0 TIOSIBIICHUH B OyayIieM «0one3Hu X», OpUEHTUPYsl NPaBUTEIbCTBA MEPEIOBBIX
CTpaH Ha COBEPLUICHCTBOBAHME CBOUX IIOJUTUK B 0OJACTH OHMOIOTHYECKOI
Oe3omnacHoOCTH.

[losiBnenne B Teuenne XX u Havane XXI Beka MOZOOHBIX KPYITHBIX PHCKOB
0 BO3MOYKHOCTH HCYE3HOBEHHs 4YEJIOBEUECTBA, YEro paHblle HEe OBUIO 3a BCIO
HCTOPHIO YEJIOBEUECTBA, UMEET 3aKOHOMEPHBIN XapakTep. [Ipocnenus sBomonunio
1100aJIbHBIX PUCKOB U YTPO3, MOKHO BBIBECTH CIIEYIOLIYI0 3aKOHOMEPHOCTh — POCT
TEXHOJIOTMYECKOTO Pa3BUTHS IIPSIMO POTIOPLHOHAIICH POCTY IK3UCTEHIIMOHAILHBIX
puckoB. Ilpexxne uem mepedTH K ONMCAHHUIO aJapMHCTCKUX HACTPOCHHH IO
MOBOAY TIOSIBICHUS M PAa3BUTUSL JJIEMEHTOB HMCKYCCTBEHHOTO HWHTEIJICKTA,
npeasaraeTcss KOpPOTKO OCTaHOBUTHCS HAa HMCTOPUYECKOM KOHTEKCTE TOSIBJICHHUS
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TEPMHHA M JaHHBIX €MY ONpEACICHUSIX. BrepBble TEPMUH «HCKYCCTBEHHBIN
WHTEJUICKT» OBUT MPEIUIOKEH aMepUKaHCKUM MH(popmaTukom JoHom Makkaptu
Ha WHUIMMPOBAHHOM MM HAyYyHOM ceMuHape B JlapTMyTckoMm kosemxe B 1956
rony (AprbeiaFasuH, 2024).

[IpunsiTHE TepMHUHA HAyYHBIM COOOIIECTBOM MMEJO OOJIbIIE KOMIPOMHUCCHBIM,
a He KOHCCHCYCHBIN XapaKTep, MOCKOJIbKY OTACIbHBIC yUCHbBIC UIMEJIN U HIMEIOT CBOE
OTJIMYHOE MHEHHE O TOM, KaK Jiy4le OblIo OBl HAa3BaTh 3Ty HAay4YHYyIO oOnacTs. B
KaueCcTBE aJIbTEPHATHBHBIX BAPHAHTOB MpeIarajich TaKKe CIIOBOCOUYETAHHS KaK
KHOepHETHKa, MCCICJOBaHHE aBTOMAaroB, KOMIUIEKCHas 00paboTka MH(pOpMaun
W MalMHHBIA HMHTEIeKT. OCHOBHAasg dYacTh HECOINIACHBIX C BbIOpaHHON
(OpMYIHPOBKOW TEpPMHUHA aApryMEHTHPOBAJIM CBOIO IO3UIMI0 BO3HUKAIOIIUM
MOPaJIbHO-3TUYECKUM JIMCCOHAHCOM, BBIPXKAIOUIMM HPU NMPUMEHEHHU MOHSTHS
«MHTEJUICKT», TPAJAWLHOHHO CBOHCTBEHHOIO TOJBKO pa3yMHBIM CYLIECTBaM, B
OTHOMIEHUH MamiHbl. OTHAKO MPEATIOKEHHBIN TEPMHUH, OTIIMYABIINICS OT APYTHX
CBOCH OPHUIMHAIBHOCTBIO M TPHUBICKATEIBbHOCTHIO, a TaKXe MOAYCPKUBABIINI
aMOMIIMO3HOCTh CTPEMJICHHH YYCHBIX K CO3QaHUIO MAIlIMH, HMUTHPYIOLUIMX
OT/ICIbHBIEC ACTIEKThl YEIOBEYECKOTO MBIIIJICHHUS, BCE K€ NMPHIKHUICS B HayYHOM
coobmectBe. Cpeau y4YeHbIX HMMeEETCS MHOKECTBO BapHallMil OINpeneNeHUH,
naHHbIX TepMuRy. K mpumepy, k. MakkapTu onpenessii ero Kak HayKy U TEXHUKY
CO3JIaHUSI MHTEJUICKTYaIbHBIX MamuH», MapBUH MHHCKH — KaK «HAayKy O TOM,
KaK 3aCTaBUTh JIENaTh MAILIMHBI TO, YTO MOTPEOOBANO Obl MHTENJIEKTA, €CIU Obl
9TO ACTalu JIOAW», AJleKc DHIPIO Mpeanoiarai, YTo HCKyCCTBCHHbBIM HHTEIIEKT
MPEACTABISACT COO0H «CIOCOOBI CO31aHHS BBIYMCIUTEIBHBIX MAIINH, 0018 Ja0IINX
WMHTEIICKTYaIBHBIM MTOBeieHueM» (ApreiaFas3uH, 2024).

MupoBoMy HayqHOMY COOOIIECTBY €Ilie MPEICTONT BBIPa0OTaTh YHUBEPCAILHOE
n 00OCHOBaHHOE OINpeleNiCHHEe TEPMHHA «HCKYCCTBEHHBIH HMHTEIUICKT,
KOTOpOE€ CIOCOOCTBOBANO OBl CHW)KEHHIO DPAa3HOUTCHUH, HeIOpasyMEHUH u
JIBYCMBICIICHHOCTEH CpeaM HCCiIeoBaTele, Hapasisisi UX K COIVIACOBAHHBIM U
CKOOPJIMHHMPOBAHHBIM yCHIIMSM B 00J1aCTH JalbHEHIIEr0 pa3BUTHA JaHHON 00acTH
HayKd M TexHojoruu. Torma Kak HaM B paMKax JaHHOW CTaTbu HpeajaraeTcs
NPUACPKUBATBCS  JOCTAaTOYHO IIMPOKO  PACHPOCTPAHEHHOTO  ONpenesCHHs,
COIVIACHO KOTOPOMY MCKYCCTBCHHBIM HHTEIUIEKT — CBOWCTBO MAIIWH IOJTYYaTh
PE3YNIBTaThI, CX0KHE C OTACIBHBIMU 3JIEMEHTAMHU YEI0BEYECKOTO HHTEIJICKTA.

Teneps, Koraa Mbl ONPEAETUIIICH C KATETOPHaIbHBIM allllapaToM, NpeaiaracTcs
Oornee TTyOOKO MOTPY3HUTHCSI B BOIIPOCH TPEBOKHOCTH M OTNIACEHHH, CBS3aHHBIX C
HCKYCCTBEHHBIM HHTEIIEKTOM. [Ipexe Bcero, ciaeyeT OTMETUTD, YTO aJlapMHU3M B
OTHOIICHUH WCKYCCTBEHHOTO MHTEIJIEKTA OTIIMYACTCS OT MPEABIAYIINX IPUMEPOB
100aIbHBIX PUCKOB. [lOCKONBKY B ciiydae ¢ JAaHHOM TEXHOJOTHUEH MPOMCXOAMT
HE MPOCTO oYepeqHas CMEHa HayYHO-TEXHOJOTMYECKOH MapaaurMbl MUpa, KOTna
HOBAIMH CO3J1AI0T JOIIOTHUTENIbHBIC BO3MOXXHOCTH, IPUBOASIINE K HOBBIM PHUCKAM.
Cerognst MammMHa cTaja NPHOOpETaTh OTHENbHBIC 3JIEMEHTHl KOTHUTHBHBIX
XapaKTEPUCTHK YEJIOBEKa, YTO MOPOXKAAET CPeAr HayyHOH OOIIECTBEHHOCTH U

57



Academic Scientific Journal of Computer Science

9KCIIEPTOB AJAPMUCTCKHE HACTPOCHUS COBEPILIEHHO MHOIO XapakTepa, a TaKxkKe
MOTPEOHOCTh B PETYJIMPOBAHUU 3THUECKUX ACIEKTOB HCIIOJIB30BAHUS «YMHBIX)
MamuH. Kak oTmeuas 1o 3ToMy MOBOAY M3pamibckuii Marematuk More Bapnu:
«B XIX Beke MalllHbI KOHKYPUPOBAJIU C MBIIIIAMH Ye€lIOBeKa. Tenepb MalluHbI
COPEBHYIOTCSl C YEJIOBEUYECKUM MO3roM. PoOoThHI coueraror B ceOe HMHTEIUICKT
n (QU3MUECKYI0 CHIy. MBI CTOMM THiepell MNEepPCHEKTUBOW OBITh IOJHOCTBIO
MIPEB30ICHHBIMU CBOUM COOCTBEHHBIM co3anuem» (Vardi, 2013).

BaxHO OTMETUTB, YTO C MOMEHTA CBOETO MOSIBJICHHSI OOJIbILIAs YaCTh IPOAYKTOB
HCKYCCTBEHHOTO MHTEJUIEKTAa HOCHJIA CTPOro YTHJIMTapUCTCKUH XapakTep u
paccMarpuBajach Kak O4e€peJHON MHCTPYMEHT, OOJeryalounii KU3Hb YeI0BeKa,
HE MpEeAroaralomnuil Kakux-1u00 pPHUCKOB, TeM Ooiee 3K3MCTEHLHOHAIBHOTO
Xapakrepa.

JLi1s TaKOTO ITparMaTHyYe cKOro Mo1Xo/1a ObUIN COOTBETCTBYIOIINE TEOPETUIECKHE
ocHoBauus. B 1944 rony u3BecTHBIN BeHTepckuii MareMaTrk Jl>xoH ¢oH Heliman
1 aMepUKaHCKHH 3KOHOMHCT Ockap MopreHimTepH B (QyHAaMEHTAIbHOM TpYHAE
«Teopust Urp M HSKOHOMHYECKOE TIOBEIEHHE» OOOCHOBAIM MaTeMaTHYECKUE
OCHOBBI TEOPUH TIOJIE3HOCTH, KOTOPBIE CBOIATCS K TOMY, YTO DPalMOHAJIbHBIN
areHT OpPUEHTHUPOBAaH Ha MAaKCHMHU3ALHMI0O OXumaemod mojesHoctu (Heiiman,
Moprenmrepr, 1970). PanmuoHanpHBIH areHT — 3TO THIIOTETHYECKask MOJIEIb,
JCUCTBYIOIIAsE B COOTBETCTBMM C NPUHIMIAMHM PALMOHAIBHOCTH. Y4YEHBIC
W O3KCHEePTHl C LENbl0 MaKCUMM3alMU TIOJb3bl JAJISl 4elloBeKa M oOlliecTBa
ObUIM OPHEHTHPOBAHBI CO3JaBaTh MOAOOHBIE CHCTEMBI, YTO CHOCOOCTBOBAJIO
pacuMpeHnio MaciTaboB paclpoOCTPaHEHHS HWCKYCCTBEHHOIO HHTEIJICKTa B
COLIMaNIbHBIC, 3KOHOMUYECKHE, IOJMTHYECKHE M BOeHHble cdeprl.  OnHako
MOAOOHBIE YTHINTAPUCTCKUE TPEICTABICHUS O CO3JaHUU «Pa3yMHBIX» MallHH,
CIOCOOHBIX CTATh YEJIOBEUECKUMH MOMOLTHUKAMH, TI0 MEPE SKCIIOHEHIIMATN3aluU
pocTa BEIYUCIUTENBHBIX TEXHOJIOTHH, Bce OOJIBIIE CTANN POXKIATh AIapMUCTCKHE
HAaCTPOGHHUsI B HAay4HOM M OdKcrmepTHoW cpexe. Eciam B Hauane mnomoOHbIe
MPEACTABICHUsT OOJIbIIE HAXOOWIM OTPaKCHHE B HAy4HO-(aHTaCTHYECKUX
MPOU3BEICHUAX M QyTYPUCTHUECKUX MPEACTABICHUSX MHUcaTene, To yxe K 1960
rofaM CTajli MOSBISATHCS HAydHbIE TPYIAbl, 0OOCHOBBIBAIOIINE HCKYCCTBEHHBIN
WHTEJUICKT KaK HOBYIO yrpo3y I1o0anbHON 0€30MacHOCTH.

CriocoOcTBOBAIO 3TOH TEHACHLMH IOSBICHUE BCe 00Jee CIOXKHBIX arcHTOB,
OPHEHTHPOBAaHHBIX HAa CaMOOOydYeHHE W CaMOCOBEPIICHCTBOBAHHE uepe3 TaKUE
TEXHOJIOT'MH KaK MAallMHHOE U ITyOOKOoe 00y4YeHHE, YTO YCUIIMIIO CTPax U TPEBOTY
OOILECTBEHHOCTH, CBSI3aHHBIE C BO3MOXKHOCTBIO TIOTEPH KOHTPOJSL Haa 3TUM
mporeccoM. B ¢Bsi3M ¢ 3THUM amapMu3M cTaj HOBOM MOBECTKOH I 0OCYXKICHHUS
PSIOM YUYEHBIX M HKCIIEPTOB B 00JACTH BBICOKUX TEXHOJIOTHH W MCKYCCTBEHHOTO
WHTEJUICKTa, KOTOPbIE MTPOIODKAIOTCS O CETOAHSALIHEro IHS. B 3TOM KOHTEKcTe
OT/ICNIbHBIEC YUCHBIE CTAaBAT IO COMHEHHE caMy Lelib pa3BUTHS UCKYCCTBEHHOTO
WHTEJUICKTa, OTMEYasi, YTO YeJOBEYECTBO MOXKET NOOHMTHCS CIIMIIKOM BBICOKHX
PE3YIBTATOB B 3TOM 00JIACTH, TOPOIUB OOIBIIIOE KomrdecTBO yrpo3 (Paccen, 2021).
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B nagane XXI Beka alapMUCTCKAX TO3UIHAMN [TO OTHOLIEHHIO K NCKYCCTBEHHOMY
HHTEIEKTY npuaepxusaiuck Ctroapt Paccen, [Tutep Hopsur, non Mack, Ctusen
Xokwunr, bumn Tetitc, Huk boctpom, Pobept [xepacu, Mome Bapau u mHOTHE
npyrue. IlpencraBurenu Takoro moaxonaa, yuyuTsias, uto B nocnennue 20-30 ner
HabmonaeTcst OypHBIH POCT HCKYCCTBEHHOTO MHTEIUIEKTA M OTCYTCTBHE PEaIbHBIX
MEXaHM3MOB €r0 KOHTPOJIS, BBICKA3BIBAIM P MPEANOIIOKECHUH, TPaHUYAILNX C
aMoKaJIMITUYECKUMHU POTHO3aMH.

B oTkpbITOM mnHCbMe, MOANMCAHHBIM MHOTMMHU M3 BBILICTICPEUMCIICHHBIX
JUI], OIMyOMMKOBaHHBIM 28 OKTs0pst 2015 roma, oTMeYaroTCs MPeoCTepeKeHHS,
00IIMIT CMBICII KOTOPBIX 3aKJIFOYarcs B ciieayromeM: «lloTeHnman ncKycCTBEeHHOTO
WHTEJUICKTa KOJIOCCAJICH, M MO3TOMY Ba)KHO IOHATH, KaK BOCIOJIB30BAaTHCSl €TO
MpeuMyIlecTBaMH U HE YronuTh B onacHylo JoByiiky» (Future of Life Institute,
2025). Ilsenckuii ¢unocod u mpodeccop Oxcdopackoro ynusepcurera Huk
Bocrpom B cBoel kHUTre «VCKyCcCTBEHHBIN HHTENIEKT. DTanbl. Yrpo3sl. CTpaTeruu.»
YKa3bIBAaCT, YTO TEXHOJOTMYECKUH TMpolecc HIAET B CTOPOHY pa3paboTKu
MAIIMHHOTO HMHTEJJIEKTa YeJIOBEYECKOTO YPOBHS, KOTOPBIH OyAeT 3HAYUTEIbHO
MIPEBOCXOIUTH KOTHUTHBHBIE CIOCOOHOCTH YeNoBeKa. TaKiM CBEpXpa3syMOM CTaHET
TPYOHO YNPaBIsiTh, MOCKOJIBKY OH OyIeT MMETh BO3MOKHOCTH CaMOCOXPaHEHHS
U COIPOTHBJICHUS JIIOOBIM MOIBITKAM NPHOCTAHOBICHHUS €r0 AEATEIHHOCTH 10
peanu3anyy CreHepUPOBAaHHOM UM 3aJa4M, KOTOpast MOXKET OBbITh KaTacTpOpUIHON
s genmoedecTBa (boctpom, 2016). JloBomsl mpeacTaBUTENCH MOJOOHOTO
MOAX0NA TECHO CBA3aHBI C MOHSATHEM TEXHOJOTHMYECKOH «CHHTYISPHOCTH» —
TUIIOTETHYECKUM MOMEHTOM B OyaymieM, KOria HCKYCCTBEHHBIH MHTEIUICKT
CTaHET HACTOJILKO MPOIBUHYTHIM M CAMOCOBEPIICHCTBYIOIIUMCS, YTO ITPEB30HACT
YeJIOBEUECKUI MHTEIUIEKT U CIIOCOOHOCTH KOHTPOJIMPOBATh €TI0 pa3BuTHE. BriepBrie
3TOT TEPMHH, B KOHTEKCTE POCTa TEXHOJIOTHYHOCTH, OBbLT MCHONb30BaH [[xoHOM
¢on Heiimanom (Ulam, 1958).

AwMepukaHckmii  n3o0perarenb Pait  KypuBein, W3BECTHBII  CBOUMH
¢dyTyposroruueckuMu  pabotamMM B 00JacTH HCKYCCTBEHHOTO HMHTEIUICKTA,
CIPOTHO3UPOBAJl, YTO TEXHOJOTMYECKass CHHIYISPHOCTh, HacTynmuT B 2045
rofy, KOIjia TEXHOJIOTHH CTaHyT HACTOJIBKO MOIIHBIMHU, YTO OHU CMOTYT CO3JaTh
yAy4LICHHBIE BEPCUH caMuX ce0s 0e3 momonn yenoseka (Kurzweil, 2024).

OmnaceHust OTHEJNBHBIX YYCHBIX HOCAT MEHEE SMOLHMOHAIBHO OKpPAIICHHBIN
XapakTep M CBS3aHbl C HECOBEPIICHCTBOM aJITOPUTMOB MJIM HENPEAHAMEPCHHBIMU
JEUCTBUSIMU MPOrPaMMHUCTOB. YacTb MOIOOHBIX OMACCHUH y’Ke TOATBEPKIACTCS,
co3laBas  ONpENENICHHbIE YIpo3bl Uil TOCYIApCTBEHHBIX  YUPEXKICHHH,
KOPIIOPAaTUBHOIO CeKTopa M mpocTbix jropei. K mpumepy, B aBrycte 2012
roga amepukaHckas ¢uHaHcoBas xommnanus Knight Capital 3amyctuna HOBYIO
aBTOMATH3HMPOBaHHYIO IPOTPAMMY JIsl TOPTOBIIM aKLHsIMHU, COJCPIKAIIYIO OIINOKY
B Koxe. 3a 45 MuHYT OHa coBeplimia Oojee 4 MWIIMOHOB HPpalMOHAIBHBIX
CHICJIOK Ha CyMMY 7 MMJUTHAp/OB AOJUIAPOB, YTO €Ba HE IIPHUBEIO K OAaHKPOTCTBY
xommianuu (SIPRI, 2024).
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B ¢espane 2024 roma B [oHKOHTE MpOW30IIEN WHIUACHT, CBS3aHHBIA C
MOIIIEHHUYECTBOM, B XO1€ KOTOPOTO 3I0YMBIIUICHHUKH UCTIOJIb30BAIIN TEXHOIOTHIO
HCKycCTBeHHOro nHTeuiekTa deepfake s xumenust 26 MUJITMOHOB JI0JUIAPOB Y
TpaHCHALMOHAIBHOW Kopropauuu. [lpecTynHMKH, TPUMEHSsT CHHTE3UPOBAHHBIC
ayano- M BHUACOMAaTepHaibl, UMUTHUPOBAIN Tojioca M 00pas3bl PyKOBOAMTEINICH
KOMIIaHUH BO BpeMsl BUieOKOH(pepeHun. B Xone B3auMoaecTBuil onn yoexianu
COTPYAHUKOB NEPEBOANTH (PMHAHCOBBIC CPEICTBA HA OIpPEACICHHBIC OAHKOBCKUE
cueTa, BelaBas ce0s 3a cTapmux pykoBoauteneil oprannzanun (CNN, 2025).

Hecmotpss Ha macmTaObl ABMXKEHHUS aJapMHCTOB M yKa3aHHBIE HPUMEPHI
WCTIOJIB30BAHUS HCKYCCTBEHHOTO HHTEIUIEKTA BO BPE UEIOBEKY, UMEETCSI HEMAJIoe
KOJIMYECTBO YUEHBIX M 3KCIEPTOB, a Takke OOJbIIOE KOIMWYECTBO OOBIBAaTENEH,
HE BOCIPHHUMAIONIMX JaHHBIE ONAaceHWss Bcepbe3. X MOXHO Has3Barh
MPEACTABUTEISIMA aHTUAIAPMUCTCKOW MO3MLUM WM, KaK OTMEYal POCCUHCKHUI
¢uocod u cnenranucT no NHGPOPMAHMOHHBIM TEXHOIOTUAM AHaTonui PakuTos,
KOMITEFOTEPHOTO arHoCTHIIN3Ma 1 teccuMuiMa (Pakurtos, 1991). Onu, mognepxuBas
TEOPHIO O PALIMOHAIEHOM areHTe, CAMTAIOT, YTO UCKYCCTBEHHBII MHTEIIICKT CJICAYET
paccMarpuBaTh KaK HHCTPYMEHT, CTIOCOOCTBYIOIINH YIYUIICHUIO KauecTBa KU3HN
YeJIOBEKa, OTMEUasl BXKHbIC YTUIMTAPUCTCKUE U aJbTPYHCTCKUE XapaKTePUCTUKN
«YMHBIX MaIlIHH», @ TAK)KE UX HECTIOCOOHOCTh HABPEIUTH uesioBedecTBy. K mpumepy,
u3BecTHBIM ncuxonor Poii baymaiictep ormeuan: «Tak Ha3blBaeMble TyMarolliue
MAaIlMHBl — 3TO PACHIMPEHUE YeNoBeYecKoro pazyma. OHM HE CYyLIECTBYIOT B
npupozne. OHM HE CO3JaHbI SBOJIOLMEH, OHM CO3AaHBI JIIOABMHU W3 YEpTeXed u
Teopuil. YenoBeueckuil pasyM y4yuTCs CO3[JaBaTh MHCTPYMEHTHI, MO3BOJISIOLINE
eMy Jyunie paborars. KoMbeioTep — oauH U3 ydmux HHCTpyMeHToB» (bpokman,
2017). ITcuxonor ApHoiba Tpexy0 BICKa3bIBaeT aHAIOTHUHYIO MBICIIb, yTBEPKAAS,
YTO MAIIWHBI SBISIOTCS JIHILIb «CKOHCTPYUPOBAaHHBIMU YEIOBEKOM apTehakTaMmy,
KOTOpbIe HE MMEIOT «CBOEOOPA3HOro B3MNISAa HAa MHUPCKHE pedepeHIMn» U He
MoryT nymars (bpoxman, 2017).

OOmias TOHAJBHOCTh MX JIOBOJOB CBOAUTCS K TOMY, YTO INPH HPaBHILHOM
pEerylnupoBaHWM M COIIACOBAHUM MNPUHIMIIOB PabOTBl «YMHBIX» MAalIWH
C YeIOBEYECKUM IIEHHOCTSIMM, MCKYCCTBCHHBIM HWHTENJIEKT HE SIBIISIETCS
9K3UCTEHIMAIBLHON YyIrpo30H, CKOpee MPEACTaBIIsAs TEXHOJIOTHYHYIO BO3MOKHOCTh
JUISL YITyUIIeHHS )KU3HN YeI0BeKa.

OtaenbHBIC U3 HUX 00OCHOBBIBAIOT MBICIIB, YTO aJlApMUCTCKUE MTPEICTABICHUS
W TaK HasbiBaemas «poOodoOus» CBsA3aHBl C MCKAKCHHBIMU MPEACTaBICHUSIMU
YeJI0oBEeKa O MAIIMHE W INPUITMCHIBAHWM € MOTHBOB W XapaKTEPHCTHUK JIIOACH.
Opaniy3ckuit yuenslit 11 JlekyH B 3ToM koHTekcTe oT™MeuaeT: «Har crpax nepen
PpoOOTOM, KETAIOUIMM 3aXBaTUTh BJIACTh, — 3TO MPOCLHUPOBaHHE OCOOCHHOCTEH
YelnoBeueckord mpuponbl Ha MamuHb (Jlekyn, 2021). B manHOM ciydae mon
0COOCHHOCTSIMH 4eNIOBEUECKON MPHUPOAbI TMOHUMAIOTCS MIEH 00 €CTEeCTBEHHOM
CTPEMJICHHMH YE€JIOBEKA K BJIACTH, KaK LIEHTPAJIbHON ABHXKYIIEH CHJIEC YETIOBEYECKOTO
CYIIECTBEHHAs, KOTOPBIE BOCXOAAT K paboram ['000ca n Hume.
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O6e Touku 3peHust Ha OyaylIee YeI0BeuecTBa, IeTEPMUHUPOBAHHOE Pa3BUTHEM
HCKYCCTBEHHOT'O MHTEJIEKTa, MMEIOT 0/l COOOM psi TOCTAaTOUHO pallMOHAIBHBIX
apryMEHTOB, TpeOYIOUIMX BHHMaHMS HayYHOTO COOOIIECTBa M IPABUTEIILCTB
Mupa. B KauecTBe OTBeTa Ha alapMuU3M U ANOKAIWNTHYECKHE HACTPOCHHUS
MEPBOM TPYMIBl YYEHBIX, B TOCICAHNE TObl BCE AKTHBHEE CTAU NPUHUMATHCS
MEpBbI, HamlpaBlieHHbIE Ha (POPMHUPOBAHUE KYJIBTYpPhl «3THYECKOTO MOBEACHUS» U
perynupoBaHre HCKyCCTBEHHOTO MHTEIJICKTA.

CommacHO  TOCJHEOHEMY OTYETY  HCCIICOBATENBCKOTO  MHCTHTYTa  II0
HUCKYCCTBEHHOMY HMHTEJUIEKTy  CT3HAQOPIACKOTO  YHUBEpCHTETa, B  MHDE
HaOmomaeTcst yCTOHUMBasi AMHAMMKA YBEJIMUEHHs KOJIMYECTBA MPABOBBIX aKTOB,
PErynupyIOINX UCKYCCTBEHHBIH MHTEINIEKT. Kak yka3plBaeTcst B OTYETE, €CIU B
CILIA B 2016 romy neiicTBOBaJ JUIIb OAWH HOPMAaTHBHBIN aKT, PETYIHPYIOIIUI
cdepy, To B 2023 rogy WX KOIMYECTBO YBEITUIHUIIOCH /10 25 MOKYyMEHTOB. TONbKO B
2023 roxny oO1iee KOJTMYECTBO HOPMATUBHBIX aKTOB, CBA3aHHBIX C HCKYCCTBEHHBIM
MHTEIJIEKTOM, BbIpociio Ha 56,3% (The Institute for Human-Centered Artificial
Intelligence, 2024).

21 mas 2024 roma Coser EBpocorosza yTBepaun nepBblii B Mupe 3akoH 00
HCKYCCTBEHHOM HHTEJJICKTe. JlaHHBIM 3aKOH yCTaHAaBIMBACT pPsA 3allpeToB,
KJIacCU(UIMPYET MCKYCCTBEHHBIH WHTEIUIEKT B COOTBETCTBHHM C YPOBHEM
pHCKa OT HEro, Bo3jiaras OTBETCTBEHHOCTbH 32 BBICOKOPHCKOBBIE CHCTEMBI Ha MX
pa3pabOTYHKOB.

K mnpumepy, craress 5 3akoHa mnpennonaraeT 3ampeT Ha HCIOJIb30BaHHE
MaHMITYISATOPHBIX, 0OMaHHBIX X HHBIX METOIOB C HCIIOJIb30BaHUEM HCKYCCTBEHHOTO
WHTEJUICKTA, CIIOCOOHBIX IPUYNHHUTD BPE YEJIOBEKY; CO3JaHNE U PACIINpEHUE 0a3bl
JAHHBIX PACIIO3HABAHUSI JIML] IIOCPEACTBOM HELEJIEBOIO U3BJICUCHUS H300paskeHUI
yn moneit u3 Murepuera; onpeaeneHne sMonuii GU3NUECKOro JIMa Ha pabounx
MECTax U B 00pa30BaTeIbHbIX YUPEKACHUSX; Kiaccu(puKanuu (GU3NIecKux ML Ha
OCHOBE UX OMOMETPHUYECKUX AAHHBIX AJISI ONPENEICHUS UX PACHI, TOJTUTUIECKUX
B3[VISIOB, YWICHCTBA B MPO(COI03aX, PEIUTHO3HBIX MIH PUITOCO(CKUX YOKICHHH,
a TaK)ke MHOTHE Jpyrue peryiastopHsie nonoxeHus (Regulation (EU) 2024/1689
of the European Parliament and of the Council, 2024).

HecmoTpss Ha TO, 4YTO 3aKOH OPHUEHTHUPOBAH HA MHUHHMMHU3ALMIO PUCKOB U
YIPO3 COBPEMEHHOTO XapakTepa, €ro ujesi BO MHOTOM BOCXOAMT K TPEM 3aKOHAM
poboToTexHnkn Al3eka A3nMoBa, chopMyaHpoBaHHBIM B 1940-¢ roapl, KoTopsIe
MPEATONAraioT, YTO poOOT HE MOXKET MIPUIMHUTD BPE/ YEIIOBEKY (TIEPBBII 3aKOH),
JIOJDKEH ITOBUHOBATHCS BCEM €r0 NMpHKa3aM (BTOPOH 3aKOH) M 3a00THUTHCS O CBOEH
0€301acHOCTH, €CIIM 3TO HE MPOTHBOPEUUT IIEPBOMY HJIM BTOPOMY 3aKOHaM (TpeTUit
3akoH) (ITuxosep, 2023).

JanbHeliiee perynmpoBaHre HCKYCCTBEHHOTO HHTEIUICKTA, a TAK)KE CIIEI0BAaHHUE
YYEHBIX U Ppa3padOTUYMKOB OMPEAEICHHBIM PEKOMEHIALMSAM MEXIYHAPOIHOTO U
HAIMOHAJIBLHOTO MacIITab0B, BEPOSITHEE BCETO, CHU3SIT OTCIIbHBIC PUCKH M yTPO3BIOT
HEKOHTPOJIMPYEMOTO Pa3BUTHS «yMHBIX» MalinH. OTHAKO MOJIHOE HUBEINPOBAHHE
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PHUCKOB, aOCONIOTHBIH KOHTPOJIb 3a TEXHOJOTMEH W ee pa3padoTuyuKaMH, a
Takke O00eCNeYeHne JHIIb BBICOKOTYMAHUCTHYECKOTO XapaKTepa pa3sBUTHS
HCKYCCTBEHHOTO MHTEJUICKTA, C OOJNBIICH BEPOSITHOCTHIO, HEBO3MOXKHO. [ToaTomy
OIACEeHHUsI, CBSI3aHHBIC C HCKYCCTBEHHOM MHTEJUIEKTOM M TONBITKH HAy4HOTO,
9KCIIEPTHOTO COOOIIECTBA, NPABUTEILCTB CTPAH U TPAHCHALIMOHAIBHBIX KOMIIAHUN
no oOecredyeHnio 0e30MacHOCTH OT HCKYCCTBEHHOTO WHTEJUICKTa CTAHOBSITCS
HOBOM pealbHOCTBIO, C KOTOPO MBI OyJ1eM >KUTh TaKKe KakK C IIOCTOSIHHOM siIepHON
YIPO30# M 3KOJOTMYECKHMHU, OMOTEXHOJIIOTHUYECKUMH PHCKaMHU aHTPOIIOT€HHOTO
Xapakrepa.

[Ipu 3TOM CoBpeMeHHasl HayKa elle He Moxo0panack K MOJIHOMY MOHUMAaHUIO
(YHKIIMOHMPOBAHUS YEJIOBEUECKOTO MO3ra, CIIOCOOHOCTH KOTOPOTO IUIAHUPYET
SMynaupoBaTh. 1l03TOMYy HCKYCCTBEHHOW MAalllMHE JaJIeKO 10 YeJIOBEYECKOTO
WHTEJUICKTA, PAMOHAIBHOCTH, a TeM 0oJiee TAaKOro MOHATHS KaK CO3HaHME, XOTs
OHA YK€ MPEBOCXOANT €TO B OTJCIbHBIX KOTHUTHBHBIX CIIOCOOHOCTSX.

K mpumepy, Ctroapt Paccen, paccyxnast Ha 3Ty TeMy, OTMEUAET, YTO MAIIWHBI
elle HeJb3s1 Ha3bIBATh MOJHOCTHIO PAa3yMHBIMU M 00JIQIAIOMIMMHU 1OCTAaTOYHBIMHU
KOTHUTHUBHBIMH CIIOCOOHOCTSIMH: «OOpamars BHUMaHHE HCKIIOUYUTEIBHO Ha
BBIYUCIUTEIBHYIO MOIIHOCTH — 3HAYUT OYEHb CHJIBHO 3abmykaarbcs. OpHa
JUIIb CKOPOCTh HE TMONAPHT HaM HWCKycCTBEeHHBIH mHTEIniekT» (Paccem, 2021).
Wnn xak ormedan marematuk Kurt JleBmuH: «Eciam HeyTo XOmUT Kak yTKa U
KpSIKaeT KaK yTKa, 3TO €lle He JIeJIaeT ero yTkoi. M eciam mammaa 1eMOHCTpUpPYET
HEKOTOpBIC YEPThl MBIIUICHUS (HAIpUMeEp, CIIOCOOHOCTh NPUHHUMATh PEIICHUS),
9TO elne He aenaeT ee Mpicismei» (SIPRI, 2024).

Bonee TOro, OTHENBHBIE YYEHBIE CUYMTAIOT HEKOPPEKTHBIM CaM TEPMHH
«Mplcisimas Mamaay. K npumepy, Hefipoduonor Jleo YamyHa B 3TOM KOHTEKCTE
MUILET CIeAyIomee: «... TEPMHUH «MBICIAILIAs MalIMHA» YHOTpeomsieTcs
HenpaBuiIbHO. HU opHa mammHa He 3amaeTcss BEUHBIMU Bompocamu: «OTKyna s
B3sutack? 3aueMm s 3nech? Kyna s uay?» MamvHel He yMaroT O CBOEM OyayIieM,
0 CBOEM HEHM30€XKHOM KOHLIE MJIM O CBOEM HaciequH. UTOoOBl pa3MBILIIATH HaJ
TaKUMH BOIIPOCaMH, TPeOyeTcsl CO3HAHUE U CaMOCO3HAaHHUE. Y MBICISIINX MAIIUH
WX HET, M, yYUTbIBAsl HAIll HBIHCIIHUH YPOBEHb 3HAHUI, OHU BPAJ JIU 3TO MOJy4ar
B 0003puMom Oyaymem» (SIPRI, 2024).

Awmepukanckuii ¢punocod [xon Cupn eme Oonee yrmyOnsercst B 3Ty TeMy U
OTMEYaeT, 4YTO MaIlIMHBI HE MOTY T 00PECTH CO3HAHHUE, TOCKOJIBKY JJ151 TOTO TpeOyeTcst
BOCIIPOM3BEACHUE CIIOKHBIX OHOJOTMYECKHX IPOLECCOB, XapaKTEPHBIX IS
genoBedeckoro Mosra. OH pa3BUBaeT KOHUETLUIO OMOJIOTHYECKOTO HATYpalu3Ma,
COIVIACHO KOTOPOH CO3JaHHME CO3HATENBHOIO CYIIECTBA BO3MOXKHO JIMLIb IPH
BOCTIPOM3BEACHUHN (U3UUECKUX M XMMHYECKHX MPOLECCOB, MPOUCXOIIIINX B
YEJIOBEYECKOM MO3Te, YTO HEBO3MOXKHO B YCIIOBHSAX KOMIBIOTEPHOTO MHTEIUICKTA
(Guryanova, Shestakov, Noskov, 2019).

Cerognst yuyeHble HE MOTYT CO3[aTh OJIHY YHHUBEPCAIBHYIO CHCTEMY,
AHAJIOTMYHYIO YEJIOBEKY, KOTOpasi Moria Obl enaTh Bce, 4TO yMEIoT Jonu. OHU
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OTPaHHUYCHBI CO3/IAHUEM Pa3HBIX YTHIHUTAPUCTCKUX TPOTPAMM C PA3HBIMHU 33]1a9aMH,
KOTOPBIC 3a4acTyl0 MPEBOCXOMAAT OT/CIbHBIC YEIOBEUECKHE BO3MOXHOCTH. K
MPUMEPY, €CITH YEIOBEK MOXET MPOYecTh OJHY KHHTY 3a 5-10 mHel, mammny,
MPU COOTBETCTBYIOIIEM YPOBHE BBIUHUCIUTEIBHON MOIIHOCTH, TEOPETHUCCKU
MOXXHO HACTPOWTH MapauIeIbHO MPOYUTATh W TMOHSITH 32 HECKOJIBKO YacOB BCE
150 MmuutHoHOB Kornma-nubo HanmucanHbiX KHUT (Paccer, 2021). Ognako OobImas
YacTh DKCTIEPTOB CXOAUTCS BO MHCHHH, YTO MPEB30H/IA UYEIOBEKA B OTACIHHBIX
acreKkTaX WHTEIUICKTYaIbHOCTH, MAIllMHA HE B COCTOSHUH CHENaTh 93TO B
OCTaJIbHBIX, K MPHUMEpPY, TAKUX, KaK SMOIMOHAIBHBIA HWHTEIJICKT, MBIILUICHHUE,
IMMATHS, KPEATUBHOCTb, HHTYHUIIHS U CO3HAHUE.

MBI pazaenseM Takyro TOYKY 3pEHHS U TOJTaraeM, 4To MPOBOAUTH MPSIMYIO CBSI3b
MEXTY UCKYCCTBEHHBIM U UETIOBEUCCKUM HHTEIIEKTOM, aTeM 00JIee IPOTHO3UPOBAThH
MPEBOCXOJICTBO MIEPBOTO HAJ[ TIOCICHUM Ha TEKYIIEM HCTOPUYCCKOM dTarle PaHo.
Bonee Toro, HaM BHIUTCS, YTO MOJHAS SMYJISIIUS MAIIMHOW YEIOBEYCSCKOTO
WHTEJUICKTA HEBO3MOYKHA U B JIOJITOCPOYHOH MEPCIIEKTHBE.

3ak/ouenne. YUUTHIBas HW3I0KEHHOE, MBI I[IOJIaraeM, 4YTO Ha JaHHOM
JTane Pa3BUTHSI WCKYCCTBCHHOTO WHTEIJICKTA, CO3/[aHUE allapMHUCTKUX U
AMOKAMITUICCKUX HACTPOCHHUH B OTHOIICHHU JATBHEUIIIETO Pa3BUTHUSI «yMHBIX
MAIllUH» BBIIISIUT MCHEE HAy4YHO OOOCHOBAHHBIM M TPAHUYHUT C PYTYPUCTCKUMU
Wi (HAaHTACTHUSCKUMH TPECTaBICHUsIMA.  [10100HOE JOMYIIEHHE OCHOBAHO
Ha TOM, YTO MCKYCCTBEHHOM MHTEIJICKT €lle HE JOCTHI YPOBHS UYEIOBEYCCKOTO
pasyma. Boree Toro, Mbl Tipe/inosiaraeM, 4To peaiu3aius mogo0HON MepCIeKTHBEI,
B YCJOBHUSIX TEKYIIEr0 HAyYHO-TEXHOJIOTHUECKOTO pa3BUTHSA, HMEET KpaiiHe
HEBBICOKYIO BEPOSITHOCTD.

Takke  TPEACTABIACTCS  HEJOCTATOYHO  OOOCHOBAHHBIM  MPHUMEHCHHE
MPUHIIUITOB aHTPONOMOP(H3Ma B OTHOIICHUH ICHCTBUI M MOTHBOB MAIIIHH, TO €CTh
BOCTIPHSITHE UCKYCCTBEHHOTO MHTEIIJICKTA KaK CYIIECTBA C COOCTBEHHBIMH IICITISIMH,
SMOIMSIMU U HamepeHusimMu. [Ipu 3ToM 0003HaYaeMble OTACTBHBIMU YUCHBIMH U
9KCIEPTaMH PUCKH U YIPO3bI OT HEKOHTPOIUPYEMOTO Pa3BUTHSI HUCKYCCTBEHHOTO
WHTEJUICKTA ¢ TEOPETUUCCKON M MPAKTUYECCKOW TOUKU 3PCHHUS BIIOJHE OMPABIAAHbI,
a TaKKe JOJKHBI ObITh B3AThI HA BOOPYXKCHHE HAIMOHATBHBIMU TOCYJapCTBAMHU
W TpaHCHAIMOHAJBHBIMUA CTPYKTYpaMH, B TOM 4YHCIC MPEACTABUTEISIMU
rOCYIapCTBEHHBIX CTPYKTYp Pecnybmuku KazaxcraH.
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Abstract. Currently, due to the increasing trend of water scarcity, it is necessary
to use water resources efficiently and to develop and implement effective water
accounting methods and automated water resource management systems. This
study aims to develop an effective and adequate method, compared to existing ones,
for calculating water flow for automated water resource management systems.
The presented work examines existing groups of direct and indirect methods of
water accounting, identifies their main limitations and characteristic errors that
significantly reduce the accuracy of measurements. Results. Existing groups of
direct and indirect methods and tools for water accounting were analyzed, and
their inaccuracies, which lead to reduced precision, along with certain limitations,
were identified. For more accurate and adequate water accounting in conditions
of uneven, gradually varying water movement in a non-prismatic channel with
horizontal and reverse bed slopes, an effective water accounting method is
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proposed. Scientific novelty. The equations used for a more accurate calculation of
water volumes in the channels of irrigation systems in various water flow regimes
based on the developed computational scheme for uneven, gradually varying water
movement are provided. It is assumed that taking into account the characteristics of
real water flow will improve the accuracy of water metering in automatic systems.
Practical value. The proposed method was tested under the conditions of the
K-19 channel in the Turkestan region and demonstrated its efficiency and required
level of accuracy. The method can be integrated into intelligent automated water
management systems, improving water accounting in irrigation systems.

Keywords: water accounting, irrigation systems, automated water resource
management systems (AWMS), direct methods, indirect methods, uneven gradually
varying water flow
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Annotanus. Kasipri yakpiTTa cy TamIIbUIBIFBIHBIH ©CY TEHICHIMICHIHA
OallJTaHBICTBI Cy PeCypCTaphlH THIMI MaimanaHy, CyObl €CENKe aTyAbIH THIMII
TOCUIACPIH JKOHE Cy PEeCypCcTapblH aBTOMAaTTaHIBIPBUIFaH OacKapy JKyHesepiHn
a3ipiey JKOHE eHTI3y KakeT. bysl 3epTTeyiH MakcaThl KOJJIaHBICTAaFbl 9[iCTepMEH
CaJIBICTBIPFaHZIa, Cy PpEeCypCTapblH aBTOMATTaHIBIPbUIFaH Oackapy >Kyienepi
YILiH, CyABI €CeNTEYAiH TUIM/I KOHE aJIeBaTThIFbI XKOFAPhl TACUTIH d3ipiiey OOJIBII
TaObuIaAbl. ¥CBHIHBUIFAH XXYMBIC CyIbl €CEIIKE alylblH TIKeJeH XoHE j>KaHama
oflicTepiHIH KOJIAHBICTAaFbl TONTAPBIH 3€PTTEHIi, ONMapIblH HETI3r MIeKTeyaepiH
YKOHE OJTIIIeMICP T H TJAIT1H Al TapIBIKTal TOMEHIACTCTIH CHTIATTAMAITBIK KaTeJIepi
aHbIKTalbl. Homuowcenepi. Cyapl ecenTeyliH TiKeled j>KOHE KaHama ofjicTepi
MEH KYpaJAapbIHbIH KOJJAHBICTaFbl TONTAPBl TANJAHAIbI, OJAPIbIH JQJIITTHIH
TOMEH/JICYiHE OKeJIeTiH KaTelepi MeH KehOip miexTeynepi aHbIKTanasl. KenneHeH
XKOHE Kepi TYyOi eHictepi Oap MpHU3MaTHKaJbIK €MeC apHaJarbl OipKeski emec,
OIpTIHIEM TeTic ©3TePETiH CYy KO3FAIBICH PEKUMACPIHIE CYIbI KOJEMIH AIIipEK
JKOHE aJICKBATThI CCENTEYMIH THIMJI 9JiCi YCHIHBUIFaH. FblIbilMU JICAHANBIEDL.
Cy arbIHBIHBIH OPTYPIl PEXKUMJICPIHJETI Cyapy >KYHWEeNepiHiH KaHaJIapblHIarbl
Cy KOJIeMiH JQIlipeK ecenTey VIIIH KOJJaHBUIATHIH TeHIeyaep OipKenki emec
OipTiHZET ©3TepeTiH Cy KO3FaJbIChl YIIIH KYPBUIFAaH €CeITey cXeMachl HeriziHie
YCBIHBUIFaH KOHE cumnarranrad. HakThl cy aFbIHBIHBIH CHIIATTaMaJIapblH €CEIKe
ally aBTOMATThl JXYHeNepAe CyAbl €cCelKe alydblH ASJAIriH KaKcapTajpl Jem
Oomkanyna. [Ipakmuxanvix KyHObLIbIK. ¥ CBIHBUIFAH CY ecenrey Toci TYpKlCTaH
obnbiceinaa K-19 kananbl skarnaiiblHia ChIHAKTAH OTIiN, OHBIH THIMALIIIT MEH
KXKETTI JONIIK JEHreiH KamMTaMachl3 €TeTiHI aHBIKTaNgbsl. by omic cyapy
KYHENepiHAeri CyIpl ecemlKe ayabl KEeTUIipe OTBIPBIN, CyAbl OacKapyablH
WHTEJUIEKTYal bl aBTOMATTaHBIPBUIFaH Kylesnepine OipiKTipilyl MyMKiH.

Tyiiin ce3mep: <cy ecemTey, cyapy  OKyHemepi, Cy pecypcTapbiH
aBTOMaTTaHABIpbUIFaH Oackapy sxyhenepi (CP ABX), tikeneit Tacingep, xaHama
TaCLIIEp, CY aFbIHBIHBIH OIPKEJIKI eMec OIpTiH/CH 63repeTiH KO3FaIbIChl
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AHHoTanus. B HacTosiiee BpeMs B CBSA3U C TEHICHLMEH pocTa e pruiuTa BOIHBIX
pecypcoB HeoOXoanMo 3G PEKTHBHO HCIONB30BaTh BOAHBIX PECYpPCOB, pa3padoTarh
1 BHeAPUTH 3PPEKTUBHBIX METOAOB BOAOYYETa U aBTOMATH3HMPOBAHHBIX CHUCTEM
yIpaBieHHs BOIHBIMH pecypcaMu. Llenbio HacTOSIIEro McciaeqoBaHus SBISIETCS
paspaboTka 3(p(HEeKTHBHOTO M aJEKBATHOIO, MO CPaBHEHHUIO CYLIECTBYIOLUIMMU
cnoco0amMM, MeEToIa pacdyeTa pacxoda BOABI JJIsl  aBTOMAaTU3UPOBAHHBIX
CHCTEM YIpaBJCHUS BOOHBIMH pecypcamu. B mpencrasienHold pabore
MOABEPTAIOTCST  aHAJM3y CYLICCTBYIOUIME TPYNIbl NPSAMBIX M KOCBEHHBIX
METOJIOB BOJOYYETa, BBIBICHBI MX OCHOBHBIC OIPaHHYECHUS M XapaKTEpHBIC
MOTPEIIHOCTH, CYIIECTBEHHO CHW)KAIOUIME TOYHOCTb HM3MepeHHWH. Pesymbrarsl.
[Ipoananu3upoBaHbl CyIIECTBYIOIINE TPYMIbI MPSIMBIX M KOCBEHHBIX METOHOB
U CPEICTB BOJOYYETA, BHISBICHBI UX MOIPEIIHOCTH, MPUBOSIINE K CHHKCHHUIO
WX TOYHOCTH, WU HEKOTOpble orpanuyeHus. s mposeneHusi Oonee TOYHOTO U
aJICKBaTHOTO BOJIOYYeTa B PEXHMMaxX HEPAaBHOMEPHOIO IUIABHO H3MEHSIOIIErOCs
JBIDKCHHST BOJbl B HEMPU3MATHUECKOM PYClI€ C TOPU3OHTAIBHBIM M OOpaTHBIM
YKJIOHaMH JHA MpeaioxkeH 3QQeKTUBHBIA MeTon Bojoyuera. HayduHas HOBH3HA.
[IpuBeneHb! ypaBHEHUsI, UCTIONB3YEMbIE [l OoJiee TOYHOrO pacyeTa 00bemMa BOJbI
B KaHAJIaX OPOCUTEIIBHBIX CUCTEM B PA3JIMYHBIX PEKUMAaX TEUCHUs BOABI HA OCHOBE
CO3JJaHHOW paCYETHOM CXEMBI IBUKEHUS HEPAaBHOMEPHOT'O IUTaBHO M3MEHSIOIIEr0Csl
nwkenus. [Ipeamonaraercs, 4YTo y4€T OCOOEGHHOCTEH peEaIbHOTO BOAHOTO
MOTOKA IMO3BOJIUT MOBBICUTH TOYHOCTH BOAOYYETa B aBTOMAaTHUYECKUX CHUCTEMax.
[Ipaktuueckas ueHHOCTh. [IpeanokeHHBI METON MCIBITAH B YCIOBUSIX KaHasa
K-19 TypkecTtanckoii 00;1acTH U 1MoKa3al cBOIO 3(PPEKTUBHOCTh U HEOOXOAUMBIN
YPOBEHb TOYHOCTH. MeToJ MOXKET OBbITh MHTETPUPOBAH B HMHTEIUICKTYaJbHBIC
aBTOMATH3MPOBaHHbBIE CHCTEMbI YINPABJICHHS BOIHBIMH pPECypcamM, YaydIas
BOJOYYET B OPOCUTENIBHBIX CUCTEMAX.

Ki1roueBble ci10Ba: BOgOyUYeT, OPOCUTENBHBIE CUCTEMbI, aBTOMaTU3UPOBAHHBIC
CHCTEMBI YIIpaBiieHus BoIHbIMU pecypcaM (ACY BP), npsimble MeTObI, KOCBEHHBIE
METO/Ibl, HEPABHOMEPHOE [UIaBHO U3MEHSIOLIEECs ABHKEHUE [T0TOKA BOABI

Introduction. The water resources of the Republic of Kazakhstan are
characterized by their scarcity compared to many other countries. The majority
of water resources are supplied by the country's surface waters. Of these, 56% are
formed locally, while the remaining 44% come from the runoff of transboundary
rivers from Russia, China, Uzbekistan, and Kyrgyzstan. This indicates Kazakhstan's
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dependence on transboundary rivers flowing in from neighboring countries
(Yespolov et al., 2022). This situation significantly increases the importance of
regulating transboundary flows to address the country's existing and potential
water-related issues. Additionally, water resources for irrigation in Kazakhstan are
distributed unevenly, and some regions experience water shortages for irrigation
during summer.

In recent years, the growing trend in water consumption and the declining
availability of water resources pose a threat of increasing shortages, especially
in the irrigation systems of the southern regions of the country. If the efficiency
of water accounting and management systems is not improved, water scarcity
will intensify in the coming years, negatively affecting the water supply for the
population, irrigation systems, and the state of the environment.

To improve the efficient use of water resources in Kazakhstan, it is necessary to
establish reliable accounting for the collection, transportation, and distribution of
water at all levels of water management facilities. This should be based on effective
water accounting methods and automated water resource management systems
(AWMS). However, since issues of uncertainty and fuzziness of some initial data
often arise, AWMS needs to be supplemented with elements of intellectualization
to ensure their efficiency. In this regard, developing an effective water accounting
method for creating AWMS is a relevant scientific and practical challenge for
Kazakhstan. This situation motivated this study, dedicated to developing an
effective water accounting method, compared to existing methods (Bochkarev,
2012; Masumov, 2015). for use in the creation of intellectualized AWMS.

Materials and methods. The materials for this study include various sources,
methods, and approaches to water accounting used in water accounting and water
resource management systems within irrigation systems. Since water is one of the
most scarce natural resources in the world, including in Kazakhstan, it is essential
to manage the distribution and usage of water resources efficiently. In the process
of water resource management, water accounting methods and water volume
measurements play a critical role.

Many studies have examined water accounting and water accounting methods
(Pacheco et al., 2020; Albaina et al., 2023; Arregui et al., 2010). For instance,
Pacheco et al. conducted a techno-economic analysis of water accounting devices
(Pacheco et al., 2020) while Albaina et al. explored the effects of various accessories
installed upstream of large water meters (Albaina et al., 2023). These studies
proposed approaches that combine technical and economic research, enabling more
accurate assessments of measurement errors and the influence of various factors on
measurement quality. The technical research includes methodologies for measuring
errors that occur at different flow rates and analyzing the resulting measurements,
while economic studies use various methods to determine when to replace water
meters based on management needs.

Arregui et al. developed a graphical method for calculating the optimal
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replacement period for water meters and proposed tools that integrate observation
data with global databases to enhance data collection for water resource accounting
(Arregui et al.,, 2010) The authors of other studies (Kamienski et al., 2019;
Manimegalai et al., 2020) introduced an loT-based platform for intelligent water
resource management and a smart irrigation system with monitoring. Madias et al.
demonstrated the effectiveness of smart water meters for consumers (Madias et al.,
2023) However, these and other studies do not explore methods and tools for water
accounting that can effectively distribute water resources across irrigation systems
under various water flow conditions (e.g., with straight, horizontal, or reverse bed
slopes).

The tools and methods for water accounting that can be used in irrigation
systems are considered in the study (Bochkarev et al., 2013). According to modern
legal and regulatory documents, direct and indirect methods are used in practice as
standardized measurement methods.

Direct methods of water flow measurement are used for metrological testing,
calibration, and certification of flow meters and other specialized equipment. Direct
methods include volumetric, gravimetric, and volumetric-hydraulic approaches,
which rely on various calculation dependencies. Because volumetric and volumetric-
hydraulic methods require significant financial resources, they are primarily used
for calibration of working measurement tools as per metrological standards. The
volumetric method involves measuring volume and height, but its accuracy heavily
depends on the devices, tools, and the operator’s skill, making it less precise.

The gravimetric method offers higher accuracy compared to other water
accounting methods, with errors mainly arising from determining the weight of the
water, which is measured more accurately.

The channel method involves determining water flow and runoff by observing
water levels at a control section where the relationship between the flow rate (Q)
passing through the section and the corresponding water levels (/) is pre-established:
O=f(H). The channel method does not require the construction of special facilities.
However, it is not operationally efficient, cannot be automated, and measurement
errors can occur due to channel deformation caused by erosion or silting. On fixed
channels, where there are no backwater or recession effects and stable sections exist,
the channel method ensures an acceptable level of accuracy for water accounting.
However, there are specific conditions for applying this method: during water flow
measurements, the bed and banks of the natural or artificial watercourse must be
sufficiently stable. Currently, the channel method remains the primary approach for
water accounting at key irrigation sources, headworks, and accounting points of
main and large canals.

The hydraulic method is applied when water flow through a structure depends on
the fixed dimensions of some of its elements. This method is based on the installation
of hydrometric facilities or devices at specific points in irrigation systems. These
facilities or devices allow the measurement of water flow passing through them.
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Tracer methods involve introducing markers into the water flow, such as floats, salt
solutions, or other materials. In practice, the channel and hydraulic methods are
the most widely used for water accounting. In the next section, the authors of this
study propose and describe a more efficient water accounting method for irrigation
systems designed for automated water resource management systems.

Results and discussion. The following efficient water accounting method
is proposed, which utilizes modern tools to ensure a high level of accuracy and
operational efficiency in measuring water flow within automated systems. This
method involves the use of water level sensors and controller equipment integrated
into an automated water accounting system. For this study, the K-19 canal located
in the Turkestan region, designed for irrigation systems in the area, was selected.
An automated water accounting system was installed at the canal, incorporating
water level sensors and controller equipment for real-time water accounting.

Based on the analysis and verification conducted, the proposed water accounting
method demonstrated its efficiency, considering the existing backwater conditions
in the K-19 canal. Graduated tables showing the relationship between flow rates and
water levels were developed, and the consistency of the water accounting process
with the automation requirements for this canal was evaluated. The method was
validated for canals like K-19 that operate under backwater conditions.

The research utilized high-precision, calibrated instruments, including the
Nikon XF laser total station, the dual-frequency GPS GS-1200 navigation device,
and the GR-21M hydrometric propeller.

For calculating water flow, sensors and a tabular flow meter were used to measure
water level and compute flow rates based on predefined relationships between level
and flow.

The velocity regime across the K-19 canal's cross-section was studied using
hydrometric techniques, with measurements of water slope and channel bed slope
conducted using the laser total station and dual-frequency navigation device. The
results showed that factors such as channel bed silting, overgrowth, and obstructing
structures creating backwater conditions significantly influence the canal's average
velocity and throughput capacity. These factors result in a dynamic regime known
as "established uneven gradually varying water flow."

Established uneven gradually varying water flow is characterized by changes
in flow properties along its length. If these changes (e.g., velocity and flow rate)
occur gradually over the flow's length, the flow is described as gradually varying.
The primary task in studying such uneven flow in an open channel is to determine
the variation in depth along the flow, i.e., to construct the curve of the free surface
of the water flow. The computational scheme for uneven gradually varying water
flow is presented in Figure 1.
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J — Pressure line; / — Free surface; a — Kinetic energy coefficient; V' — Flow velocity;
g — Acceleration due to gravity; 7 — Height from the channel bed to the free surface of the water;
i — Variable bed slope; / — Length from the horizontal line O, — O, to the horizontal line O, — O, from
the beginning of the slope to the intersection with vertical line 1 — 1; f — Angle between the end of
the slope and the horizontal line O, — O,; » — Distance between the free surface and the pressure
line; A — Distance from the pressure line to the intersection with the horizontal line from the start
of the pressure line.

Figure 1. Computational scheme for uneven gradually varying water flow

The equation for uneven gradually varying flow in a non-prismatic channel with
a straight sloped bed can be written as:

i 0- 4Q24 + aQ23d~
dh-__ ~CR g-d M
a 1- aQB
a-

where dh/dl — change in flow depth along the channel length; i, — bed slope
of the channel; QO — water discharge in the channel; o — kinetic energy coefficient;
o — flow cross-sectional area; C — chezy coefficient (hydraulic coefficient); R —
hydraulic radius, defined as the ratio of the flow cross-sectional area to the wetted
perimeter; B — width of the channel; g — acceleration due to gravity.

Similar expressions, considering the slope's sign, can be derived for prismatic
channels with horizontal and reverse bottom slopes. In prismatic channels, the
live cross-sectional area of the flow can only vary due to changes in depth. By
substituting dw/dI=0 into Equation (1), we obtain the differential equation for
uneven, gradually varying flow in prismatic channels with a positive bottom slope:
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Introducing the (2) kinetic parameter and using the concept of the flow
characteristic K= ~ Cw/E for an arbitrary depth / of uneven flow, we derive:

.d.b.= [°- QZ/KZ, (3)
d - 1- P«
where K — flow characteristic; I1_— kinetic parameter. Other parameters are as
described above.
Expressing the flow rate O using Chezy’s formula via the flow characteristic K,
which corresponds to the normal depth %, in the channel for a given slope i, we
can write:

dh ;1= (KYK)"

d 1- P«

where K —is the flow characteristic corresponding to the normal depth.
Using the hydraulic index of the channel:

T @

We obtain the equation for uneven flow in prismatic channels of regular shape:

do o jp 1o (hlh) 0
1- P«

For prismatic channels with a horizontal bottom 7,=0:
2

Q
dh- _K
d " 1- P«

For channels with a reverse slope (i,<0)

dn- i+ Q1K
d " 1- P«
When considering differential equations (3) and (4), the flow rate O should
be taken as constant. The variables are the flow characteristic K and the kinetic
parameter I1 , as they depend on the cross-sectional characteristics of the flow w,
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X, B, R, C, which vary along the length of the prismatic channel due to changes
in depth / during uneven flow. It is evident that at certain depth values / the flow
characteristic K and the kinetic parameter II_may take such values that the term in
parentheses in the denominator of the right-hand side of these equations approaches
ZEero0.

For channels with a slope i >0 when the numerator of equation (3) equals zero,
we obtain:

jo - Q2 = O (6)
From this, di/dI=0, which corresponds to the constancy of flow depth along the
channel, i.e., uniform flow (#=h,). This is also directly derived from expression (6),

which represents Chezy's formula (=0 /io for uniform flow. Thus, it is confirmed
that uniform flow is possible in a prismatic channel with a positive bottom slope
i,>0. The derivative divdl=tg0, where 0 — is the angle between the tangent to the
curve of the free water surface and the line N-N of normal depth or the line K—K
of critical depth. Consequently, if the depth of uneven flow in a channel with a
slope i >0 approaches the normal depth 4—#h,, then divdl=1g0—0, meaning the free
surface asymptotically approaches the N—N line.

Based on the theoretical description of established uneven gradually varying
water flow in the K-19 channel, it was determined that to obtain accurate discharge
data while simultaneously considering various factors affecting the hydraulic
flow regime (artificial backwater, backwater in branch channels, siltation, and
vegetation growth), the water flow chart must be frequently adjusted. Thus, the
results of the velocity study along the length of the K-19 channel indicate that
the average velocity and discharge are influenced by the backwater regime created
by obstructive structures along the channel, siltation of the channel bed, and
vegetation growth. Collectively, these factors create a dynamic regime referred to
as "established uneven gradually varying water flow." This type of flow impacts
the velocity regime of water in the channel and leads to changes in discharge at the
same water level. Therefore, it is necessary to continuously adjust the water flow
chart for a backwater-type channel like K-19.

During the research, the installed equipment (a table-based flow meter) in the
pilot project on the K-19 channel functioned properly. Water flow rate calculations
were performed using the provided graduated level/discharge tables. However,
discrepancies in water discharge measurements between the hydrometric propeller
and the installed devices at the head section of K-19 were due to the absence of
corrections in the water flow chart. The graduated dependencies (charts) provided
by the RGP "Su-Metrology" branch did not account for the backwater regime,
indicating that the methodology for constructing these charts should consider
established uneven gradually varying water flow.

Conclusions: The proposed and described method for measuring water flow
in open channels transitions traditional accounting methods into a digital format.

75



Academic Scientific Journal of Computer Science

However, it is essential to calculate and implement adjustments in the water
accounting sensors' programs based on the operational regimes of the channel (e.g.,
backwater, siltation, vegetation growth). The program must automatically adjust
water accounting when backwater conditions arise. This is the primary reason
for inaccuracies in sensor readings. This observation applies to all sensors using
ultrasonic methods to measure water flow levels, regardless of the manufacturer
or brand. These sensors operate based on the following principle: the sensor emits
ultrasonic pulses, the product surface reflects these pulses, and the sensor registers
them again. The time taken for the reflected ultrasonic signal to return is directly
proportional to the distance traveled.

Based on the conducted research, it can be concluded that despite operational
difficulties when using modern water accounting devices in channels with slight
slopes operating in automatic mode, automating the water accounting process
is considered feasible. However, it requires continuous adjustment of the water
flow chart, depending on the flow type and the operational state of the channel.
Regarding the accuracy and reliability of the data provided by the water accounting
sensors studied in the K-19 channel case, it can be affirmed that sensors of this class
and type operate correctly within the specified technical accuracy limits.
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Abstract. This study focuses on the development of a Large Language Model
(LLM) for the Kazakh language and provides a comprehensive overview of its
theoretical foundations, methodological aspects, and practical applications. A
model designed with consideration of the morphological, syntactic, dialectal,
and orthographic features of the Kazakh language represents a significant step in
advancing artificial intelligence. The relevance of this research lies in the need to
create intelligent systems capable of professionally processing Kazakh texts and
providing users with accurate and well-grounded responses. Within the framework
of the project, a specialized dataset was collected and structured. The purpose of
this article is to create a premium dataset suitable for LLM training by collecting
data in the Kazakh language and presenting it in a high-quality and accessible form.
The dataset development addressed key challenges such as filling gaps in linguistic
materials, covering dialectal diversity, incorporating orthographic variations, and
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including diverse usage scenarios. The application of OCR technology enabled the
digitization of materials from multiple sources and their transformation into formats
convenient for processing. Furthermore, methods for annotation, structuring, and
systematization of data were proposed, contributing to improved model reliability
and accuracy. The study also analyzes advanced methodologies such as MBERT
and GPT, emphasizing their limitations in processing the Kazakh language. The
importance of building unique datasets for low-resource languages is particularly
highlighted. The findings demonstrate the potential for applying Al in government,
education, healthcare, business, and digital services. Thus, this work contributes to
reducing informational inequality, integrating the Kazakh language into the global
Al ecosystem, and fostering Kazakhstan’s technological progress.

Keywords: Kazakh language, large language model (LLM), mBERT, dataset,
natural language processing (NLP)
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OpTYpIi TpaguKaNbIK KXYHeJIepAeri epeKIIeTiKTepiH eCKepil KacalFaH MOIEIh
KacaHAbl HHTEJUICKTT] AaMBITYaFbl MaHbI3/IbI KaJaM OOJbIN caHanaasl. MyHaai
OaFBITTBIH MAaHBI3/IBUIBIFBI Ka3aK TUTIHIE KOCIOM JEHTeiie MOTiHAEpMEH e3apa
OpeKeTTEeCeTiH, Maiiananymbl CypaKTapblHa TOJIBIK Opi OPBIH/BI XKayaln OepeTiH
WHTEIUICKTYaJIIbl J)KYHelep/Ii KabINTacThIpy KaxeTTinirimeH OatmaneicThl. JKoba
asicblHza apHaiibl dataset sKMHAJIBIMN, KYpbUIbIMIAIAsl. OCkl MaKaJaHBIH MaKCaTbhl
— Ka3ak TUTIHET] epeKTepl )KUHAKTAI, Carabl 9pi KOIDKEeTIMIi (hopMaia YCHIHY
apkbutel LLM oOKbITYFa >kapamabl NpeMHyM-KHUBIHTBIK Kypy. Dataset ozipney
OapbICBIH/IA JKETICTICHTIH MOTIHMIK PECYpCTapAbl TONBIKTBHIPY, ITHANCKTIIEpIi
KaMTy, TYpJli opdorpadusiIblK HyCKaIapabl eHTi3y KoHE opTYpPIIi CIeHapuiepIi
eckepy Macesenepi wemingi. OCR TeXHOIOTHACHIH KOJIaHy AEPEKTepAl opTypii
Ke3AeplcH HU(pIaHAbIpYFa jKOHE OHJEyre bIHFaWibl MillMaepre TypJeHAipyre
MYMKiHIIK Oepai. CoHbIMeH Oipre IepekTepai aHHOTalMsAIay, KYPhUIBIMAAY KOHE
KYHeney oMicCTepi YCHIHBUIBIN, OJApJbIH MOAENBIIH CEHIMIUIr MEH MQNAITiH
apTThIpyFa bIKnanbl akeiHaanasl. 3eprrey MBERT xone GPT cusikTbl angbIHEbI
KaTapJibl 9JicHaMasappl Taaaaysl KaMTHIbL Byl MozpenblaepAiH Ka3ak TiiMeH
YKYMBIC iCTEey/IeT] MeKTeyIIepi KOPCEeTLTIN, pecypcChl MIEKTEY Il Tijiep YIIiH apHaibI
dataset KanmbINTACTBIPYIBIH MAaHBI3ABUIBIFBI epekiie aran eTiiai. JKoOaHbIH
HOTIDKENIepi MEMIIEKETTIK Oackapy, OiiM Oepy, MenuImHa, OM3HEC JKOHE U (PITBIK
KbI3MET KOpCeTy cajajapblHla >KacaHIbl HWHTEIJICKTTI KEHIHEH KOJIJaHyFa
MYMKiHAIK Oepeni. Ochlnaiiia, aTkapblIFaH KYMBIC Ka3ak TiTiHIH aKmapaTThIK
TEHCI3/ITIH a3aiiTyFa, OHbI )kahaHJIBIK jKacaHIbl HHTEIUIEKT SKOXKYHECiHe eHTi3yTe
xoHe KazakcTaHHBIH TEXHOMOTHSUIBIK IaMYbIHA KaHa CepIliH Oepyre OarbITTalFaH.

Tyiiin ce3nep: xacaHIbl UHTEIUICKT, Ka3aK Tilli, TAOUFHU TUI1 OHJIEY, MAIITHHAIIBIK,
okpITy, YikeH Tii mozeni (LLM), mBERT, GPT cunTeTHKANBIK NepekTep
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AHHOTamusl. JlaHHOEe WCCIICJOBaHKME TIOCBSIICHO CO3JaHUIO0  OOJBIION
si3pikoBON Mojienn (LLM) muist ka3aXCKoro si3bIKa M KOMIUIEKCHO paccMaTpHBacT
€€ HAay4YHO-TEOPETUYECKUE OCHOBBI, METOAOJOTMYECKHE AaCHEeKTbl, a TaKKe
MPaKTHYECKUE BO3MOXKHOCTH TMpUMEHEeHus. Mojenb, pa3paboTaHHas C
y4éToM  MOpP(OJIOTUYECKUX,  CHUHTAKCHYECKUX,  JIHAJCKTOJIOTUYCCKUX U
rpadu4ecKuX OCOOCHHOCTEH Ka3axCKOTO $3bIKa, SIBJSCTCS BaXKHBIM IIArOM B
Pa3BUTUH HCKYCCTBEHHOTO HWHTEIJICKTA. AKTYalbHOCTh JAHHOIO HAIPaBICHUS
00ycCJIOBJIEHa HEOOXOJAMMOCTBhIO (OPMHUPOBAHHS WHTEIUICKTYAIBHBIX CHCTEM,
CHOCOOHBIX MPO(ECCHOHAIBHO PadOTaTh C TEKCTAMH Ha Ka3aXCKOM S3bIKE U
JlaBaTh TIOJIB30BATEIIsIM TIOJIHBIE W OOOCHOBAHHBIC OTBEThI. B paMkax mpoekra
ObUT coOpaH W CTPYKTYpUpPOBaH crienuanu3upoBaHHbiil dataset. llens nanHOM
CTaTbU — CO3J[aHME MPEMHUATBHOTO HAa0Opa JaHHBIX, MPUTOIHOTO JJIS OOydYeHUS
LLM, 3a cuér cucteMaTH3aluu U MPEICTABICHUS Ka3aXCKOS3BIYHBIX TEKCTOB B
yao0HOU (opme. B mporiecce pa3zpaboTku ObUIH PELICHBI 3a/Ja4d BOCIIOIHEHUS
HEJI0CTAaTKa S3BIKOBBIX MAaTEpHUAaliOB, OXBaTa JUAJCKTOB, BKJIIOUEHUS Pa3THUHBIX
opdorpaduueckux BapHaHTOB W CIICHAPHEB WCHONb30BaHus. [IpuMeHeHue
texHosnorun OCR 1o3BomII0 o1 poBaTh MaTepHabl U3 Pa3InIHBIX UCTOUHUKOB
U mpeoOpa3oBaTh UX B yAoOHBIE it 00paboTtku ¢dopmatel. Kpome Toro, Obuin
MPEATIOKEHBl METOABl AHHOTHUPOBAHUS, CTPYKTYPUPOBAHMSI U CHCTEMATU3ALUU
JAHHBIX, CIOCOOCTBYIOIIME TMOBBINICHUIO TOYHOCTH M HAIEKHOCTH MOJICIICH.
HccnenoBanue BKIIOYAET aHAIN3 MEPEIOBBIX METOAOJOTHM, Takux kak MBERT
u GPT, ¢ ykazaHuem MX OrpaHWYeHUN Npu paboTe ¢ Ka3zaxCKuM si3bikoM. Ocobo
MOTYEPKHYTA 3HAYMMOCTh (OPMHUPOBAHUS YHHKAJIBHBIX HAOOPOB JAaHHBIX IS
SI3BIKOB C OTpaHMYeHHBIMU pecypcamu. [lomydeHHbIE pe3ynbTaThl OTKPBHIBAIOT
BO3MOXHOCTH Mmupokoro mpumeHeHuss WU B cdepe rocymapcTBEHHOrO
yIpaBJICHUs, O0pa30BaHUs, MEIWUIIMHBI, OM3HECAa U IUPPOBBIX yCIyr. Takum
oOpa3oM, mpojieiaHHas padoTa HapaBlIeHa Ha COKpalleHue WH(GOPMAIIMOHHOIO
HEPABCHCTBA, WHTETPAIMI0 KAa3aXCKOTO S3bIKa B TIOOATBHYI DKOCHUCTEMY
HCKYCCTBEHHOTO MHTEJICKTa U MPHUAAHUE HOBOIO MMIIYJIbCA TEXHOJIOTHUECKOMY
passutuio Kazaxcrana.

KiroueBbie cj10Ba: MCKYCCTBEHHBIN WHTEIUICKT, Ka3aXCKUN SI3BbIK, 00padoTKa
€CTECTBCHHOTO s3bIKa, MAIIMHHOE 00y4YeHHe, OoJbIas si3bikoBas Mojeib (LLM),
mBERT, GPT cunTernyeckue naHHEBIC
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bnacooaprocmy: [annoe uccnedosanue 6wi10 npoghunancuposarno Komumemom
Hayxu Munucmepcmea nayku u evicuie2o obpazosanus Pecnyonuxu Kazaxcman

(I panm Ne BR24993001-OT-24).

Kipicme. Ynken Tinmgik Mogensaep (LLM) — Oyn Taburu Tinmi agamra
KaKblH JCHIeHIe KypyFa XKoHE eHJeyre KaOineTTi kacanipl MHTEIEKT. Onap
aBTOMATTHI TYpAE aygapMmaja, MOTIHII Tailayaa, 1aybICTHIK KOMEKIIIepAe KoHe
Oacka cananapia Kosganbuianel. Kazak TiniHiH Oipereit MOp(hOJOTHAIBIK KoHE
CHUHTAKCHCTIK epekuenikrepi O0ap. OcblFaH cyileHEe OTBIPBIN, aFbUIIIBIH JKOHE
Oacka Ja onmemjiK Tijjepre OarbITTaiFaH KomjuaHbicTarbl LLM-Ii @HIey KUbIH.
MaMaHAaHABIPBUIFAH MOJENBIl KYpy Ka3zak TUNHAEri MOTIHAEPAi HEeFypIbIM
HaKTBHI JKOHEe TaOUFU TYCIHYAl )KOHE KaJBINTACTBIPYAbl KaMTamMachl3 erefi. Tk
MOJICTIB/IIH canachl OKBITY JEPEKTEPiHIH KeJjeMi MEH OHBIH TYPJIUIriHe Tikeien
OaiimanbicThl. [lepexTep KOpbl HEFypibIM Oail jkoHe Taza Oosca, MOAEIbIIH
HOTHXKEJIEpl COFYPIIBIM Kakchl Oomaabl. JlepekkesaepaiH caH TYPIUIriH ecKepy
KOHE OPTYpPJl CTWIbJEp MEH IHAaJEKTiJiep apachbIHIAFbl TENe-TeHIIKTI cakTay
MaHBI3/IbI.

YnkeH TNOIK MOJENbAEP CallachIHIAFhl 3epTTEylep TaOWFd  TiLAepai
OHJICY TEXHOJIOTHSUIAPBIHBIH KapKbIHABI JaMyblH kepcereni. MBERT cuskTbI
TpaHC(HOPMATOPIIBIK MOJIENBIEP/IiH Maiaa Ooybl MaHBI3IBI Ke3CHIEpIiH Oipi
oonapr (Devlin et al., 2018). GPT-3 xone GPT-4 mozenbaepi >korapbl carajbl
MOTIHIEpAl JKacay[bl, aBTOMAaTThl ayJapMaHbl, 4aTOOT Kacaylbl >KoHEe Oacka
Jla KemTereH TarceipManapasl opeiHai amabl (OpenAl 2023). Twuicti 3eprrey
OarbITTapbIHBIY ilIiHAE MbIHanap Oap: Jlon Oanray: MaMaHAaHABIPBUIFAH JEPEKTEP
KOPITYCBIH/IA YJIKCH YJIT1JIep/ii OKBITY MEIUIMHA, KYKBIK ’KOHE TEXHUKANIBIK ayl1apMa
CHSIKTBI JKOFapbl MaMaHJaHbIPbUIFAH cajlaiapia JJIKTI apTThIpyFa MYMKIHIIK
oepeni (Howard & Ruder, 2018). Kenrinai monenpaep yIIiH 3epTTeyiepre
kepcetkenaei, mBERT sxone BLOOM cusikTbl Monenbaep Matinaepai OipHere
Tinge eHaed anaapl, Oipak pecypcrapsl a3 TULAEPIl OHICY camachl il Jie YIKEeH
Mocene 6onbin Kana Oepeni. LLM-HiH 0ip>KaKThIIbIFBI MEH ATUKACBHIH/IA FAIBIMIAP
JEPeKTePIiH MOACIBIIK OCHIMIUTIKKE oCepiH JKOHE JepeKTepi Cy3y JKOHE
TEHrepiM/Iey apKbUIbI OHBI a3aiTy xoiuapbiH 3eprredai (Bender et al., 2021).
Huxobaxt P. 2)Kone 6acka ranpIMIapAblH YCbIHFaH FBUIBIMU JKYMbICBIHIA 3gpp (3-
Generation Partnership Project) TexHuKasbIK cumaTTaManapbld TYCiHY YIIiH YJIKEH
tingik yarinepai (LLM) okpITyFa apHajfaH alliblK ACPEKTEp KUHAFbIH YChIHA/BI.
3eprreymijiep IepeKTep >KUBIHTBHIFBIHBIH camachlH Oarajay YLIIH CypakTapra
xKayarn OepMmec OypbIH THicTi akmaparTsl any yiniH RAG >xyleciH KoigaHraH
(Nikbakht et al. 2024). Ecentey WbIFbIHOAPBIH OHTAMIAHIBIPY JKOHE a3aiTyna
KaHa 3epTTeylep MOACTbICPAIH KeJIEMiH a3alTyFa >KOHE OJlapAblH CarachlH
alTapibIKTall KOFaITHal Te3neTyre OarblTTayiFaH. 3epTTeydiH Oys OarbITTapbl
Ka3aK TUJliHe apHaJIFaH MaMaHJaHIbIPbUIFaH MOJIeNIbAep i Koca anranaa, LLM-HiH
JaMybIHA HeTi3 00Ja bl
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Marepuajagap MeH dicrep.

Kaszax mininiy mopghonocusinuly scane cunmaxcucmix Kypoeniniei. Kazax Timi
armIFOTMHATUBTI OOJIBIN TaObUTA bl SIFHU, OYJI CO3/EP/IiH MaFrbIHACKIH ©3TePTETIH
kenrtereH ad¢ukcrepin OomybiH Oinmipeni. byn morinai nemmaruzanusiay
MEH TOKCHU3aIMsUIayAbl KUbIHAATa bl JIaThIH, KUPHIUINIA, KBICKAPTBUIFAH JKa3y
Mocernenepi OoifbiHIIA Ka3ak Tini OipHemie ajgaBUTTepAl KOJAaHAIbL: TapuXu
KOHTEKCTE KUPUJIUIIA, JAaThIH X)oHe apal »ka3ybl. Ochliaiiiia apanac naijanaHy
MOTIHJEPAl OHJIEYe KUBIHIBIKTAP TYFbI3abl. J\nanekTiiep koHe CTUIUCTUKAIBIK
epeKUIeTIKTep, AUajJeKTiepaeri ailblpMallblIbIKTap MEH coliey MoHepi (pecMu,
aybI3eKi, JKacTap >KaproHsl) oMOeOamn MoOAeNb KYpy YLIH JepeKTepli *KUHAyIbI
KOHE KaJbllKa KenTipyai Taman ereai. byn mopdonorusbik kypaeninik LLM
o3ipiey/e epeKiie Ha3ap aylapyabl Tanamn eTei:

- Kenrik adduxcrep xyiieci: kiran — KitTanrap — KiTarnTapbiM

- Kenreren centik ¢opmanapsl: Kitam — KiTalka, KiTanTaH, KiTanmneH

- JlnanexTimik KoHE CTWIMCTHKAJBIK adblpMallblibikTap: pecMu (YkKiMer
menriM KaObuaaabl), aybideki (Byrin kemike kesmecemis 0e?), jkacrap *KaproHsl
(Tycinbenim, Ka3ip TEKCEpEMiH)

- OnminouIepAiH OpTYPIIITi: KUPHIUTUIIA, JIATBIH TpaduKackl, apad skazybl

By epexiienikrep/ii eckepMeit KYpbhUTFaH MOJICIIb Ka3aK TUTIHIECT MOIIMETTep/I1
nonn enzei anmaiiibl. Nel kecrene LLM MeH Oacka Ja MAalIMHAJBIK OKBITY
o0anapbl YIIiH KaXeTTl AepPEKKOpIapAbl Kypyla KOJAaHBLIATBIH HETI3Tri JepeK
Ke3/Iepi opTypIti OoJaibl.

Nel xecre - Jlepekrepi )kuHAy KOHE OHICY

ANIBIK 1EPEKKO3/ED

Jlepekkes Typi Meicannap

Kitanrap, Makananap, SHIUKJIONEUsIIAD Onebu mbIFapMaap, FhUIBIMU 6achUIBIMIAD,
razerrep

JKananpikrap caiTrapsl, 61orrap, hopymaap | Onnaiin 6acbuTbIMIap, TAJIKbUIAY TIaT(GOpManaps!

OJeyMeTTIK el IInardopmanapna naiiganaHyms! xacaraH
Ma3MyHJel MoTiHAEp Twitter, Facebook

YKaObIK nepexkesnep

JlucceprauusibK )KYMbICTap Ounocodus nokrops! (PhD) nopexecin any yurix
JalbIHIAIIFaH AUCCepTanusiiap

Kiranrap, sHIUKIIOTEAUSIIAD On-Oapabu areiHgarel Ka3z¥VY  kiTamxaHachlHAH
omebu mibIFapManap, FeUIBIMA 0achUIBIMIAp, KiTar-
Tap

Mortinaepai anabplH  ana eHAey Kajaamjaapbl. bipiHim, yOnukaTTapiabl
kKOK — Oipell MOTIHACpAIH OipHElIe peT KOJJaHbUIYbIH OosubipMmay. Exiniii,
opdorpadusuIbIK KOHE TpaMMaTHKAIIBIK Kareyiepii Ty3ety. Jlypbic OenriieHreH
JIepEeKTep carmaHbl apTThIpajabl. Y IIiHIII, Kaublka kenTipy (Normalization) — a3y
cruiin Oipizaenaipy. Teprtinmi dopmarray xoHe KypbuibiMaay — JSON, XML
Hemece CSV ¢opmarrapbiHia cakray.
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Haracerti "docx" QopmMaTeiHaa KyKarTapibl aBTOMATTBHl TYpJAE OHJAEYTe
apHasiraH Oarjapiama o3ipieHIl xkoHe python opracsinaa ennenni. Herisri makcar
— MOTIH/II IIIBIFAPY, OHBI JKEKe colyiemepre 0oy KOHE OJlaH opi Tayjay HeMece
eHJICY YIIIiH "txt' ¢opmarbiHia cakTay. XKoHE 0J1 cosl Ky)KaTTarbl OacKa Tiaaepi,
(dhopmyma, CypeTTepi JKOMBII, kaHa popMaTKa caKTanIbI.

Heri3ri >xyMbICHI Kenecieit:

1. barmapnama 'docx' (aiiyibIH amra sl xKOHE OAPIIBIK MOTIH/II IIBIFAPAJIb.

2. ComaH KeliiH MOTIH apThIK 00C OpBIHIApIAH, XKOJJAp/bl TaChIMajiay/aH
JKOHE OacKa KakeTci3 TaHOaIap/aH Ta3apThUIaIbl.

3. AJIBIHFaH MOTIH TRIHBIC OCINTiIepi epexeepi apKbLUTBI coiieMaepre OorHe .

4. bapneIk ceitmeMaep ' txt ' (aimbiHIa cakTanmambl, MYHIA Op coiieM Oerek
JKOJIJIa OpHAJIACA/IbI.

By Tocin MOTIHIIK aKmapaTThl KYpBUIBIMJIIAIFAH TYPJC BIHFAMIBI CakTayFa,
COHIali-aK OHBI 9pi Kapail Tanjay, TaOUFH TULA1 OHJACY XKoHe OacKa Jia TarncelpManap
YIIiH naiganaHyra MyMKIHIIK Oepe/t.

Kazak Timine apuamran LLM Kypymarbsl HETi3TI KHBIHABIKTApIBIH Oipi —
JepeKTep KoJeMiHiH 1mekTey 00mybl. OChl MOCEINeH] Ny YIIiH CHHTETHKAIBIK
JepeKTep/li TeHepauusyay OJiCTepi KOJNJIAHBLIAAbI, OHBIH INIHIE MOTIHIEPII
napadpasanay, CHHOHUMJEPHAI KOJIJaHy, CTaTHUCTUKAJBIK JKOHE HEHPOHJIBIK
reHepanusuiay Tocuiaepi  kKoijaneuianbl. CoHpal-ak, JepeKTepli KOJIMEH
AQHHOTAIUSIIAY JKOHE OeNTijiey MPOIeci MaHbI3bI POII aTKapaibl, OYJI JepeKTepIiH
CamachklH apTTHIPHIT, MOACIBIIH TYCIHY KaOileTiH xakcapTaapl. COHBIMEH KaTap,
WHTEPHETTEH JXKOHE TYPJIi CaH/IBIK ApXUBTEP/ICH aBTOMATTHI TYpJIe JepeKTep KUHAY
ozicTepi Jie KapacThIPbLIAIbL.

Dataset canachiH Oarasnay yIiH TOJBIKTBIK, 9PTYPIALTIK, CHHTAKCUCTIK TYPBICTBIK
JKoHe Oeyriiey CcraHAapTTapblHA COUKECTIK KOPCETKIITepl KOJIJaHbLIA b,
JlepexTepaiH TEHrepiMIiiri, CTHJIBIIK BapHATHUBTLIITT JKOHE TaKBIPBITITHI
KaMTy JeHreii e MaHp3ael. COHBIMEH KaTrap, KOPITYC CalachlH JKaKCapTy YIIiH
ABTOMATTAH/BIPBUIFAH BaMAANNS JKOHE aJaMIBIK TEKCepy ojicTepi Karap
KOJLAaHblIa bl MallmHaIbIK OKBITY KYHenepi yIIiH Jaepekrepai OemyniH (train/
test/validation split) qypBICTBIFBIH CaKTay MOJICIIB/IIH FeHEepaIn3alusiiay KaOiieTiH
apTThIPAJIbI.

LLM ymrin dataset Tanmay skoHe TalbIHIAY — OHBIH OHIMJIUTIT MEH THIMIUTITIHE
TiKeJIeH acep eTeTiH MaHbI3AbI KafaM. No2 KecTezie KoNTereH 3epTTey MEeH OHIIPICTIK
»kobasapaa KoJIIaHbUIaTRIH JaiiteiH Dataset-tep.

No2 - Jlaracerrepre momny

Jaracerrep Cunarramacbl Kouibl | Kokaszoa
TiJi

Common Crawl maMaMeH | TpHIDIHOH ce3zep Oap. 2007 aFBUIIIBIH

(Common Crawl, 2025)

The Pile (EleutherAl, 800 I'b mepexkesi, (KiTanTap, KO, FEUIBIMH 2020 arbplIIIBIH

EleutherAl. The Pile: Makaianap).

GitHub repository, 2025)
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JaraceT

PubMed (PubMed, OMOMEIMIIHANBIK 9JIcONeTTepiHe, 1997 AFBUIIIBIH
2025) JKapaThUIBICTaHy >KypHaJlapblHa KOHE OHJIalH
KiTanTapra 37 MIJUIMOHHAH acTaM ciaTeMelnepi
KaMTHUJIBL
Open Corpora OpbiC TiiHAET] MOTIHACPIIH YIKEH 2009 OpbIC
(OpenCorpora, 2025) KOJUICKIMSCHI. ©e0H IIbIFapMasap, pecMu
KYKaTTap, SHIUKIONENSIIBIK MOTIHAEP.
Yandex Toloka Datasets | Toloka rmardopmacs! apKbLIbI XKHUHAIFaH sxoHe | 2014 OpBIC
(Toloka.ai, 2025) OHJICNITEH OpbIC TUTIHAET AepekTep. KaMTuThH
Ma3MyH: JKaHalbIKTap, TEXHUKAIBIK MATIHIEP,
TiKipIep.
Kazak TiniHiH YATTHIK Ka3aK TUTiHIH JeKCHKa-rpaMMaTHKAIBIK XKyieciH | 2012 Ka3akK
kopiycsl (Qazcorpus, TOJIBIK KAMTBIFaH (TEpeH aHHOTALMSIAaHFaH)
2025) MWUTHOHJAFaH CO3KOIJAHBICTaH TYPATHIH
QIIEKTPOH/BI MILTHICTI KOJIEMAl MOTIHACD
skrHarel, JKanme! ce3konmanpic cansl — 65 000
000. 16 imKkopycTaH Typassl.
KOHTD 3000 komkazba eMTHXaH KYMbICBI MeH 140335- | 2022 Kazak
TEH acTaM CErMEHTTEINIeH CypeTTepi Oap xKaHe
mramamer 922010 taHOa1aH TypaThiH Ka3ak
TiUTiHZACT] odJaifH KoyKa30a MATIH/IK AepPEKTEp
sxuHarbl (Kazakh offline Handwritten Text
dataset - KOHTD) (Toiganbayeva et al, 2022)
Kaz txt Dataset Op TYpIi cana OOIbIHINA Ka3aK TUTIHIETI KeH 2024 Kazak

Kazax i yiiris canaiisl Jepekkesaepait xkericreyi LLM eHIMIUTINH IIEK TS .
Kazax Timi yurin camansr dataset kypy — yikes Tuigik moaenbaepai (LLM) okeiTy
MEH JIaMbITYJ/IbIH MaHbBI3/Ibl aCTIeKTiIepiHiH Oipi. Byt e3ekTinikTi OipHeIe Herisri
(dakTopiapMeH TyciHaipyre 0oJabl:

- Tinnik pecypcrap TanIIBUIBIFEl — Ka3ak TUTIHAE YIIKEH 9pi 9pTYpIli JepeKTep
JKUBIHTBHIFBI JKOKTHIH KACHI.

- LLM ka3ax tuninge Hamap sxymbic icreiiai — Konmansicrarsl GPT, LLaMA,
Mistral Mogenbaepi Ka3ak TiITIHAETT MOTIHACP/I OHICY/IC )KHi KaTeJIece/Il.

- AxnaparThlk TeHCi3mik — Kaszak Tl KoNJaHyIIbUIap YIIH >KacaHJIbl
WHTEJUIEKT MYMKIHIIKTEp1 MEeKTeyi OOJBIIT OTHI.

- Camnanel dataset xazak tiniaae gambiran GPT cHsKTBI Mozenbaepai Kacayra

MYMKIHJIK Oepei.

- MemnekeTTik KpI3MeT, OinmiM Oepy, OuW3Hec, MEAWIMHA JKOHE Tarbl Oacka
casanap/ia xacaHpl HHTEJUICKT KYpalaapblH THIM/II KOJIaHyFa ’KOJI allaIbl.

- Erep kaszak Tijl YIIiH camajibl JIEPeKTep KMHAKTaIMaca, OJI YJIKSH TIJIIK
MOJICTIbICP/IIH KOJICHKECIHIE KaJIbI KOIObI MYMKIH.

- O3imizniy dataset-imi3 Oonmmaca, Al kazak TiNiH Kate Hemece OypMasaHFaH
TYp/Z€ TYCIHIIpYl MYMKIH.

Mine, ockl e3ekTiii Mocenenep «Kaszak Tilmi MEH TEXHOIOTHSUIBIK MPOTPecTi
KoJfay yuriH yikes Tin moxenin (LLM) kypy» o0achl aschlH/a MICUIIMIH TayHbIIT,
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Kaz txt Dataset kypputbin xkarbip. Kaz_ txt Dataset kypy ymiin pdf dopmarrarst
marepuangap OCR rtexnonorusiceiHa Herizzenin, txt, JSON ¢opmarrapeina
aynapbuts (1-Cyper.), )KHHaKTaIFaH MOTIHAEp op caia OOWBIHINA ipIKTENTeH.

1-cypem. pdf popmammasvr mamepuanoap OCR mexnonocuscvina neizoenin JSSON

hopmammapwina ayoapy
EN
¢ OCR
\——D Optical Character — J So N
o

OCR TtexHomormsutapel dataset-Ti jxaHa JepeKTep KO3IEpIMEH TOJBIKTHIPY
apKBUTBI Oacia JkoHe Koibkazda MoTiHAepiH mudpranapipyra kemekrecemni. OCR
JKy#enepl JaThlH, KUPWUIHIA KoHE apad omimOuiHaeri MOTIHAEPII TaHy JKOHE
KOHBEpTaNMsIay MYMKIHIITIH €ckepyi kepek. byraH Koca, Tapuxu >KOHE CHPEK
Ke3JIeCeTiH KYXKaTTap/iaH ajblHFaH MOTIHIEP/l TaHy, TY3€Ty JKOHE BaIUIAlUsIIAY
omictepin xeTurnipy Maue3apl. OCR-1iH Ka3ak TigiHe OefiMaenyi YIIiH apHaibI
HEUPOHIIBIK KENJIEPIi OKBITY KaKeT, OV KHPWUJUIMIIA MEH JIaThIH Tpa]uKachIH
Karap TaHyFa MYMKIHIIK Oepe/ti.

Dataset Oomamakra ©3iH-631 OKBITATBIH MOJICIBICPIe apHaIFaH HEHPOHIIBIK
JKEMJIEpMEeH WHTETpaIisIaHybl MYMKiH, OYJI ITEepeKTepIIiH CalmachlH aBTOMATTHI
Typme jkakcapryra MyMKiHmIK Oepemi. COHBIMEH Karap, OpTYpJIi cajanapra
apHaJIFAaH MaMaHJaHJBIPBUIFAH MOJICTBACPl JAaMBITY (KYKBIKTaHY, MEIUIIMHA,
OuriM Oepy) MaHBI3OBI OarbITTapABIH Oipi Oonmbm TaObIambl. byman Oerek,
MYJIBTEMOANBIBI MOJCBACP KYPYy — SFHU MOTIH, ayauo KoHe OCiHEeHi OipiKTipy
apkpUTBl KeHelTinren LLM sxacay nma e3ekTi. MbIcanbl, COMey TiliH TaHy JKOHE
TeHepanusyiay MYMKIHIIKTEpIH KETUIMIPY Ka3aK TUTIHIETI KOJTaHyIIbUIapFa
BIHFAUITBIpAK )KYHemep skacayra MyMKiHaik Oepeni. Kazak Timiame LLM naMbITynarsr
MaHBI3IBI KaZaMIapabliH 0ipi — MHANEKTUTIK epeKIIeTIKTeP/Il €CEITKe aJlaThIH JKOHE
MOP(OIOTUSIBIK KYPBUTBIMFa CE31IMTall MOZIETBACD *Kacay, Oy 63 Ke3eTiHIe Ka3ak
TUTiHIH TAQPIBIK TpaHcHOpMaUIChIHA alTapIIBIKTaH yiIec KOCaIbl.

Kazak timiame LLM xypyra OaiiiaHbICThI OipHEIIe 3epTTey KYMBICTaphl Oap.
MBERT sxone GPT-4 cusKTBI Kol TiUIII MOAETbACp Ka3aK TUTIMEH JKYMBIC iCTey
KaO1IeTiH KepceTce e, oJiap HeTi31HeH aFbUIIIBIH JKOHE 0acKa 11a JKOFaphl peCYPCTHIK
Tinnepre 6erimMaenrer. Kazak TiTliHiH TUHTBUCTHKAIBIK €pEKIICTIKTePiH HEFYPIBIM
TepeH JKOHE IO OHJCY YIIIH MBIHAIAH TOCITAEp 931pICHII:

- KazNERD (Yeshpanov et al., 2022) - ataynap, yiibiMaap ’aHe reorpadusiibiK
arayiap CHsIKThl CyObEKTIJICpAiH KOJIMEH aHHOTAIIMSAChIH KAMTUTBIH Ka3akK TLUTiH/IE
araiFaH CyObeKTiIep/i TaHy MiHJIEeTi YIIIiH KypbUIFaH JaTacer.

- KazGPT-xeprumikri Oactamanap IIeHOEpiHAE 93IpJCHIeH Ka3aK MOTIHIH
TeHepanusiayra OaFsITTalIFaH MPOTOTHIITIK TUTIIK MOJCITb.

86



ISSN 1991-346X 3.2025

- Kommen  OenrineHreH — koprycrapra — HETIi3eNTeH  MOJeNbaep —
MOPQOIOTUSIIBIK KOHE CUHTAKCUCTIK Tanjay YUIiH, COHBIH ilIiHAe semeval xoHe
Universal Dependencies xaJbIkapaJibIK x00aiapbl asChlHAa KOJIaHbLIIbL.

bi3 ychIHATBIH ojlic MaMaHIaHABIPbIIFAH Ka3aK TUIIl JEpEeKTep >KUBIHTHIFbIH
YKoHe OeriMIeTeH TpaHCPOPMaTOPITBIK ApXUTEKTYPaHbI KOJAAHY €CceOiHeH MOTIH/I
reHepanusIay KoHe TYCIHY callachblH apTThIPY MaKCaThIH A aTallFaH MOJIEITbICPIIH
apTBHIKWIBUIBIKTApBIH OipikTipyni ke3neini. Kasax tinmine apnanran LLM azipney
yIIiH OipHeIIe 3KCIIEPUMEHT JKYPIi3iii.

OKCIeprUMEHT OapbIChIHIA OPTYPIl JIEPEKKO3AEpIeH alblHFaH MOTIHAED
ermenai. Herisri kamammap:

- Mortinaepai neMMaTH3anusiay JKoHE TOKCHH3aAIlMsIay — Ka3akK TUTIHIH
MOP(DOIIOTHSIBIK EPEKINETIKTepiHe COKeC apHalbl OHJIY diCTepl KOMTaHbUIIbI.
- Jmanexrinepai coWKecTeHOIpYy — OpPTYpil CTWIBJICP MEH alMaKThIK

epeKUIETIKTep/li eCKepy YIIiH KOPIYCKa OPTYpIi KO3AEpIACH albIHFaH MOTIHAEP
KOCBUIJIBL.

- Jlepexrepai anHoTammsuiay — POS-Terrey, CHHTaKCHCTIK KYPBUIBIMIAPIbBI
Oenriney jkoHe CeMaHTUKAJIBIK aHHOTAIUSUIAP SHT 131111

Mogenbai 6anray (Fine-tuning)

3eprreyne mBERT xone GPT-3 mopmenbiepi Kazak TUTIHIETT JEpEeKTEp
KUBIHTBIFBIH/Ia HAKTBLIAN OanTanapl. banray kezeHaepi:

1. AnapiH ana OKbIThUIFaH MozenpAl naiganany — mBERT xone BLOOM
KOIITIIAI MOAENbIep] Ka3aK TUTIHIET1 MOTiHAepre OeHiMIen .

2. Kazak TimiHIEri KopIyc Heri3iHAe KaiTa OKbITy — apHalbl KWHAKTaIFaH
dataset KO/ qaHBUIIBI.

3. Tingik epekmenikrepre OeiiMaey — addukcanus, centey xoHe MopQo-
JIOTHSIJIBIK ©3TEIIESNIIKTEP €CKEePiIi.

3epTTey HOTHIKeIePi MEH TAJKBLIAY.

Monenpaepaid THIMAUTITI OipHeIe MeTpruka OOMBIHIIA OaFaTaH/Ib:

- Perplexity (PPL) — Tinmik Momenb/iH KaHIIAJIBIKTEI COWKEC KeJIETiHIH OJIIIey.

- BLEU score — aynapma >koHe reHepalysuIaHFaH MOTIH canachlH Oaraay.

- Fl-score — aray ecimaepni tany (NER) xoHe MOpQOJOTHSIIBIK Tajnay
JIQJIJIITIH OJIIIIeY.

3epTTey OaphIchIHIA Ka3ak TiiHe apHaiarad LLM opTypai yarinepi Tanganmisl.
[IeiceIkTay HOTHRENEpi TOMeHeTi Ne3 KecTesie KenTipijreH.

Neo3 kecre - Hotmkenep

Mopnenb Perplexity | BLEU 1 F1-score 1
mBERT 25.3 32.7 78.4
GPT-3 19.8 45.2 85.1
BLOOM 22.1 38.5 81.3
LLaMA 18.5 47.1 86.4
Mistral 17.3 50.5 88.2
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Kazax Timine apranran GPT-3 xone LLaMA moznensaepin gom 6array mporecin
KOJIJITaHa OTBIPBIN JKETUIAIpY Ke3iHze OipHemie TecT MOTIHAepi KOJJaHBUIIBL.
Meicansbl, bert mozeni Oacrankbina "ByriHri aya-paiibl KaHIai? nereH cypakka
"Men OyriH aya paifbl JepeKTepiH KepceTe alMaiWMbIH" nen skayamn Oepmi. Ad,
Mistral mozeni "byrin AnMarbiia KyH alibk, aya Temmneparypackl +10°c" mamipek
kayar Oepzi. bynm Kaszak TidmiHAEri MOTIHIEPAIH MOHMOTIHIH TYCiHYIETrl COHFBI
YITiIepAiH apTHIKIIBUIBIKTAPEIH KOPCETE/Ii.

Kopnyc O0epexmepin suzyandvl manday. Kazak TiniHe apHajfaH YIKEH TUIIIK
KOPITYCTHI d3ipiey Ke3iHJe JEePEeKTEepAiH JKaIIbl KelleMi OOWBIHINA JKOHE OJapibl
TaKBIPBINITHIK CaHATTAp OOMBIHIIA 06Ty KaxeT. JlepekkesnepiH opTypIiliri xKoHe
TaKpIpbIITap OOWBIHINA JEPEKTEP/iH Tere-TeH Il KOPBITHIHABI TiI MOJIETiHIH
carmachlHa TikeseH acep ere/i. by skympIcTa )KUHaIFaH KOPITyCKa Tajay Kacabl
JKOHE OHBI alIbIHFaH MOJIMETTEp HETi3iHJIe aTaceTTiH KYPhUIBIMBIH OCHHEIeHTIiH
YII TrarpaMma apKbLIbl KOpceTeMis.

2- cypTerTeri THUCTOrpaMMasa OPTYPJi TaKBIPBINTHIK caHATTap OOWBIHIIA
¢atinmap caneiH KepceTMi3. bipkarap caHarTapia MOTIHIEPIIH endyip caHbl Oap
eKeHiri Oaiikamajapl, an OacKalapblHAA JEpeKTep alTapibIKTail a3. MeIcaisl,
¢unonorus, Tapux, SKOHOMHKA CaHATTapbl €H JKOFapbl KOPCETKImTepre ue, Oy
OCBHI caiaiapJarbl MOTIHJCPIIH JKOFapbl KOJDKETIMAUIriH kepceteni. CoHbIMEH
KaTrap, KOMITBIOTEpIIiK JMHTBUCTUKA, KYPBUIBIC, KWHO CaHATTapblHIA dJJIeKaiaa
a3z Jnepekrep 0ap, Oyl OCHI camaimapJaFbl MOTIHIEPAI OHJEY Ke3iHAe MOJeih
CarachIHBIH JKETKITIKCI3/IiriHe 9Keyi MyMKiH.

2-cypem. Jlepexmepoi mapamy 2ucmozpammacsl
CanaT GofbiHWa haRnnap cakHs
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Byt Tanaay kopirycThl TEHIECTIpY YIIiH OipKarap OarbiTTap OOMBIHIIA KOChIMIIIA
MAJTIMETTep KUHAY KKETTUIIT1 Typabl KOPBITHIH/BI KacayFa MYMKIHIIK Oepeti.
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3-cyperTeri JeHreleKk JAuarpaMMa TaKbIPBIITHIK —caHaTTap  OOMBIHIIA
GaiingapaelH TaWbI3ABIK TapalyblH KepceTedi. BusyanmszanmusuelH Oyl Typi
KOpITyCTa KaHJIai TaKbIpHIITAp OAachIM €KCHIH OHE JEePEKTepAiH KaHIIAIBIKTHI
Oipkenki OeiHTeHiH OaranayFa MYMKIHIIK Oeperti.

3-cypem. Kopnyc KypulibiMbiHblH 06H2e1eK OUASPaMMACh

dainpapabl caHaTTap bolbiHWwa Beny

Dunonorna

48.0%

KaTeropusanap
®unonorus
B Tapux
®unocopus

Tapux BN backanap

®unocopus

Backanap

Juarpammazna KepceTureHael, (UIoJIorus, TapuX, 3KOHOMHKA KOPITYCTBIH
Ken OeJIiriH anajabl, ajl KajfaH caHaTTap a3 FaHa MaibI3abl Kypaiael. MyHuaai
TEHTepIMCI3IIK TULIIK MOJENbBJIIH carachblHa 9Ccep €Tyl MYMKIiH, OHTKEeHI TeK
TakKpIppIITAp OachklM OOJIATBIH KOPITyCTa OKBITBUIFAaH MaIIMHANBIK OKBITY
AITOPUTM/JIEPl a3 YCBIHBUIFAH caliajapiarbl MOTIHAEPII OHJCY Ke3iHJe HaIiap
OHIMJIUTIKTI KepceTyl MyMKiH. OHTaW/IbI MIEIIiM KOChIMIIA ACPEKTEPl MaKCATThI
TYpZ€ KHMHAy, COHJai-aK caHarTap OOibIHIIA (aiiyiiap caHblH KaJbIIKa KEIATipy
ApPKBUIBI KOPITYCThI TEHECTIPY OOJIybl MYMKiH.

4-cyperTe ChI3BIKTBHIK TpaduK caHarTap OoibIHIIA (aiingap CaHbIHBIH ©3repyiH
KepceTeni. byl kopmyc KypbUIBIMBIHAAFBI TPEHATEP/l aHBIKTayFa »OHE dpTypii
OarbITTap OOMBIHIIIA IEPEKTEP Il )KUHAY KAPKbIHBIH HAKTBI CAIBICTBIPYFa MYMKIHIIK
Oepeni. lepekrep kenemi Oipkenki OemiHOereHiH kopyre 0ojaabl, Oy KOPIYCTHI
TeHeCTipy OOMBIHIIA KOCBIMIIIA JKYMBIC iCTEY KaXKETTUIITiH TaFbl O1p peT pacTaiibl.
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4-cypem. [epexmep OUHAMUKACHIHBIY CbI3LIKMBIK 2paghuei

CaHaT 6olbiHWa dainpap caHblHbIH, AWHAMKWKACHI
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KopnycteiH Bu3yannel JepekTepiH Tangay OipHemie Heri3ri KOpPBITBIHIbI
xKacayra MYMKIHAIK Oepeni:

1. [depexrep TeHrepimcizuiri- 6enrini 0ip canarrapna Oackajapra KaparaHza
enayip ken (aitngap Oap, OyJ1 MOJENbAIH 0AChIM TaKbIPHINITAPFa AybICYbIHA JKEITY1
MYMKIiH.

2. KoprycTsl KeHelTy KasKeTTiniri — eH a3 MoTinaepi 6ap CaHarrap 1aTaceTTiH
YKAIIITBI OKIJIIITIH J)KaKCapTy YIIH KOCHIMINIA TOJITHIPYIbI K&KET €TE/Ii.

3. Jlepekrep KypbUIBIMBIH OHTAHIaHABIPY- KalTa YCHIHBUIFAH CaHATTapAarbl
KalTaJllaHaTBIH IEPEKTEPAl Cy3y HEMECE )KETICTICHTIH TaKbIPBIITAPIAFbl JEPEKTEPIi
KacaHabl TYpZe KeOeHTy CHAKTHI TEHJIECTIPY oiCTepl MYMKiH.

5-cypeTTe MOAesb KYpbUIFaH 1aTaceT HEeri3iHe CypaKka skayar Oep/i:

S-cypem. Konoanbanwr mecminey
toktarbekakzhol

K 333K XaH/bIFbIHbIH HEM3IH KANaFaH XaH KIM? @

MomouHux

1465-1470 xeingapsl Kazak xauabiel Kypeingsl, byn kesenae Kepeli men Xaribek cynmanaap Bactaran ¥ael xy2 Taiinanapsl XKeTicy aifMarsinga AepOec Memneker kyp
ya kipicti. Onap e3aepiHin TaiinanapkiH S6iAKaiikIp XaHHeIK GuAiriseH G0CaTEIN, Ka3aK XaKbIHLIH TAPUXU X3HE M3AEHW MYPaNapsIH CaKTayFa YMTLINAE!. XaHOLIKTEIH ‘ﬂ

aymaFsl KeHelin, XansikTeiH canbl apTTel: XV faceipasid 70 xeingapeiaa Ly szexi BofibiHgask! Xansik caHbl Bip MUANMOHHAH aCTel,

«Kazak xanapIFBIHBIH HETi31H KajlaFaH XaH KiM?» cyparbiaa Al Assistant Gepren
yKayaObl ©T€ Ma3MYH/IBI 9pi KYPBUIBIMABI OOIIBI.
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Byn HoTmxenmep ViKeH TIIIIK KOPITYCTHI KYpyAa MaHBI3IBI POl aTrKapajbl
YKOHE OHBI OJIaH 9Pl KAKCAPTYABIH HETI3r1 OarbITTapblH aHBIKTAyFa KOMEKTECEII.
Canarrap apacblHJa AepeKTepi OipKenKi Oemyre Koy KeTKi3y opTypiIi TaKbIPBHIITHIK
cananapJarbl MOTIHJEPAl THIM/Ii OHJIeyTe KabiJeTTi )KOFaphl carajbl )KoHe oMOeOan
TUIMIK MOAEJBII KAaMTaMachI3 €Te]Il.

Kopsoitbiaabl. Kazak Tim ymis ynkeH tin mogenid (LLM) kypy ocer Tinzgeri
MOTIH/IEPMEH THIMJIi )KYMBIC icTeyTe KaOlIeTTi )KacaH bl MHTEIUIEKTTI TAMBITY/IaFbl
MaHBI3/IBI KaJaM OoJbIT Ta0bIIaabl. Kaszak TimiHiH MOp(]OIOTHSIIBIK, CHHTAKCHUCTIK
JKOHE JUANIEKTLTIK epeKIIeNiKTepiH 3epAeliey, COHIal-aK opTypii andaBUTTEpIi
ecernke ajxy TaOBICTBI MOJNENbBJI d3ipiey Ke3iHJe MIeUTyIni OOibIn TaObLIaJIbL.
Byn xommarer 6actel pobnemanapasie Oipi Kazak Timi ymriH TULMIK JepeKTepiH
IeKTenyi 0oibIn TadbiIanbl, 6ys1 LLM-1i OKBITYIBI KHBIHAATAIbI JKOHE OJap/IbIH
OHIMIUIITIH TOMEHIETEI].

Ocpl 5k00a asgceinga dataset >KMHaJIIbI, OHBIH MaKcaThl — Ka3ak TUIII MOIEIbI1
OKBITY VIIIH JepeKTepAl >kKuHay xoHe KypbutbiMmay. OCR cHAKTBI 3aMaHayu
TEXHOJIOTUsIapAbl Al 1aTaHy opTYPIIi Ke3IepIeH MaTepraIiap bl MU pIaHabIpyFa
YKOHE OHJCYTEe OHAM MillliMAepTe TYPJICHIIpyTe MyMKIHIIK Oepei, Oy KO KeTiMTi
JepeKTep KeJIeMiH aWTapibIKTail keHewtemi. Al Assistant cypakrapra OpBIHIBI
YKOHE TOJBIK Jkayan Oepy ymiiH KazLLLM-re apHanFaH 1aTaceTTi olli e TONBIKTBIPY
YKYMBICTAPBIH XKYPTi3y Kepek.

ConbpIMeH KaTap, Ka3ak Tili YIIIH camajibl XoHE anyaH Typii dataset Kypy
JKacaHIIbl WHTEIUICKTTI JaMbITy, OHBI MEMJIEKETTIK Oackapy, OimiM Oepy,
MEIMIIMHA KOHE OU3HEC CUSKTHI callaiap/a KOIJIaHy YIIiH MYMKIHIIKTEep amiajbl.
TonmbIKKaHABI JKOHE aHHOTAIVSUIAHFAaH JepeKTep/iH OONybl Ka3ak TUTIMEH ajam
TYCIHITiHE KaKbIH JIEHIeHIe )KYMBIC 1CTEH alaThIH NI JKOHE THIMAI MOACIbACP/Ii
o3ipreyre MyMKiHAIK Oeperti.

Ocpinaiima, ocbl k00a MmIeHOEpiHIE aTKapbUIFaH JKYMBIC —aKIapaTThIK
TEHCI3IIKTI YKOIOFa BIKITAJ €TeHl YKOHE OHBIH JKACaHIbl MHTEJUIEKTTIH XahaHIbIK
o3ipremMernepiHe TOJNBIKKAH/IbI KaTBICYBIH KaMTaMachl3 €T€ OTBIPBII, Kazak TiJliH
TEXHOJIOTUSIIBIK ITPOTPECTE KOJIAY/IbI KAMTaMaChI3 €TE/i.
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Abstract. Educational Recommender Systems (ERS) have become a critical
component of modern digital learning environments, offering personalized learning
pathways tailored to individual student needs, preferences, and behaviors. These
systems utilize a wide range of data sources—including demographic information,
academic performance, cognitive characteristics, and behavioral patterns—to
recommend relevant courses, learning materials, and strategies that support
student engagement and success. This paper presents a comprehensive review
of current approaches used in the development of ERS, including collaborative
filtering, content-based filtering, hybrid recommendation models, machine
learning, deep learning algorithms, knowledge graphs, and explainable artificial
intelligence (XAI). Particular attention is given to the advantages and limitations
of each approach, as well as key challenges that persist in the implementation of
ERS. These include the cold-start problem, data sparsity, scalability issues, lack
of transparency in decision-making, and concerns regarding user privacy and
algorithmic fairness. The paper also explores practical applications of ERS in
higher education and large-scale online platforms such as MOOCs, where such
systems have demonstrated positive impacts on learner motivation, retention,
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and academic performance. Furthermore, the ethical dimensions of educational
recommendations—such as inclusivity, bias mitigation, and transparent design—
are discussed as essential components of trustworthy and student-centered systems.
The review emphasizes the growing importance of adaptable, interpretable, and
ethically aligned recommendation models that can evolve with the dynamic nature
of modern education. Finally, the study identifies key directions for future research,
including the development of reinforcement learning-based systems, improved
handling of large and heterogeneous data sets, and the integration of personalized
recommendation mechanisms that enhance the overall quality, transparency, and
fairness of digital education worldwide.

Key words: Personalized learning, Educational Recommendation Systems
(ERS), Collaborative Filtering, Hybrid Models, Large-Scale Datasets, Explainable
Artificial Intelligence
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neMorpadusIIbIK MATIMETTEPl CHUSAKTBI OPTYPIi JEPEKTEepAl capanTtail OTBHIPHIIL,
OKBITY TPaeKTOPHSICHIH keke Oeilimaeyre MyMmkiHaik Oepeni. by makanana ERS
KYpy/ia KOJIJAaHBLIATBIH 3aMaHayd o/IiCTepre aH-)KaKThl LIONY jKacalaabl. ATarl
alTKaH/Ia, KOJJTa0OpaTUBTI CYPHINITAY, Ma3MYHFa HET13JIeJITeH CY3riiey, THOpHITI
MOJETBACP, MAMINHATBIK KOHE TePEH OKBITY alTOPUTMAEpi, OiTiM rpadTapbl MEH
TyciHmipmeni »xacaHnel WHTEIEKT (XAl) TeXHOMOTHSIApBl KapacThIPBLIAIBL.
CoHbIMEH KaTap, IepeKTepAiH CUPEKTIri, CybIK OacTay Moceseci, )KyHeHl KeHeHTy
Ke31HJET1 KUBIHIBIKTAP, aITOPUTMACP/IIH alIbIKTBIFGI MEH MaiaaiaHyIIbluIapIbiH
nepOec JepeKTepiH KOpFay KaXKETTUTrl CHSKTBI ©3€KTI Maceseliep TaylaHallbl.
ERS-tig ambik ommaiH-okpITY miaTdopmaiapeiaaa (MOOC) xoHe KOFaphl OKY
OpPBIHAAPBIHAA KOMIAHBUTY MBICAIIAPHI KENTIPUTIN, OJApIbIH CTYICHTTEPIiH
MOTHBAIMSACHIH apTTBIPyFa, OKY MPOIECIHE TApTHUTYBIH KYIIEHTYTe JKoHEe OKyIaH
IBIFY JEHTeHiH TOMEHAETyre bIKHal ereTiHi kepcerineni. CoHbIMEH KaTap,
YCBIHBICTAP OJUIIT, WHKIFO3UBTUIIK KOHE 3THUKAJBIK TYPAKTBUIBIK Maceielepi
JIe KapacThIpbuiagbl. ABTOpiap OuniM Oepy cajachlHAarbl ©3repMelli Tajantapra
OeliiMzene anaTblH, UKeMIi, TYCIHIKTI OHE ST YCBHIHBIC KYHeNepiH a3ipieyain
MaHBI3IBUIBIFBIH aTar eTeai. by momy 3eprrey OiiM Oepy kylenepin omaH api
JaMBITYFa HeTi3 0oyia OTBIPBIN, YCHIHBIC KYHENepiHIH THIMILIITIH, STHKAJIBIK
KayarnKepILITIriH XKoHE KEKeJCH Py JeHIeHiH apTThIPY >KOJIIAPbIH YChIHAIBI.
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4acThIO IUPPOBBIX 00PA30BATENBHBIX TIAT()OPM, TaK KaK TIO3BOJISIFOT Pean30BaTh
MEePCOHANTM3UPOBAHHBIN MTOJX0 K 00yYEHHUIO U IOBBICUTH €r0 3P PEeKTUBHOCTE. DTH
CHCTEMBIHUCITOB3YIOT COBPEMEHHBIC AITOPUTMbI aHAIN3a JAHHBIX 1 UICKY CCTBEHHOT'O
WHTEIJIeKTa NIl Toa0dopa y4eOHBIX MaTepHalioB, KypCOB M HMHIUBUAYAIbHBIX
TpaekTopuii OOy4eHHWs, ONHpasCh Ha I[MUPOKAH CIEKTp WH(GOpPMAIIH:
aKaJIeMHYECKYI0 YCIIeBa€MOCTb, ITOBEIEHYECKHE OCOOCHHOCTH, IPEIMOYTECHUS,
KOTHUTHBHBIE CTWJIM, a Takke JaeMorpaduyeckue JTaHHbIE OOYYarOIIMXCS.
Hacrosmas cratbst mpeacTaBisieT cOOOH BCECTOPOHHHMH 0030p COBpPEMEHHBIX
noaxonoB K moctpoennto ERS, Bxmouas komnabopaTMBHYIO W KOHTEHTHYIO
(unpTpannio, THOPUIHBIE MOAEIH, aJTOPUTMBI MAITUHHOTO B IITYOOKOTO O0Y4eHHS,
puMeHeHue TpadoB 3HAHUHA U 00BICHUMOTO UCKYCCTBEHHOTO MHTEeITekTa (XAI).
PaccmarpuBaroTcsi KiTtoueBble TPOOIEMBI, C KOTOPBIMH CTaJKWUBAIOTCS TaKWe
cucteMbl: 3P(EKT «XOMOAHOTO cTapTa», Pa3peKEHHOCTh IAHHBIX, CIOKHOCTH
MaciTaOUpoBaHus, HEOOXOAMMOCTh 00eCIeUeHHsI MPO3PAYHOCTH AITOPUTMOB U
3aIUTHl IEPCOHATBHBIX JaHHBIX. Takke aHaTU3UPYIOTCS MPAKTHUYECKUE TPUMEPHI
npumenenust ERS B koHTekcTe OHTaliH-00y4eHNs U BBICIIETO 00pa30BaHus (B TOM
gucne Ha margopmax MOOCs), rae cucTeMbl peKOMEHAAIUN TEMOHCTPHUPYIOT
BBICOKYIO PE3yJIBTaTHBHOCTh, CIIOCOOCTBYS CHMKCHHIO OTCEBA CTYIEHTOB,
MOBBIILICHUIO WX MOTHBAIlMM U BOBJICUEHHOCTH B Y4eOHBIH mponecc. OTaensHOe
BHHUMAaHHE yAEJNEHO BOMPOCAM ATHKH, MHKIIO3WMH, a TaKKe CIPaBEIJIUBOCTH B
peKoMeHIanusx. B cTaThe momaEpKuBaeTCss HEOOXOAMMOCTD Pa3BUTHS YCTONUHBHIX,
aIaTITUBHBIX U MHTEPIIPETUPYEMBIX MOJIETIEH, CTIOCOOHBIX YUUTHIBATh U3MEHEHHS B
00pa3oBaTeNbHBIX MOTPEOHOCTIX U KOHTEKCTE. [IpeicTaBienHoe nccinenoBanue He
TOJILKO CUCTEMAaTH3UPYET CYIIECTBYIOIIHNE OAXObI, HO M 0003HAYAET HATIPABJICHHS
JAJTbHEHIIINX Pa3pa00TOK, HAIIPABICHHBIX Ha ITOBBIIICHHE KAY€CTBA, TPO3PAYHOCTH
Y TIepCOHaIM3aIuK u(POBOro 00pa3oBaHus Ha MI00ATHLHOM YPOBHE.

KuaroueBble cjioBa: oOpazoBarenbHBIE peKoMeHaarenbHble cucteMmbl (ERS),
TIePCOHANN3UPOBAHHBIC OOyUeHHE, KoJuTabopaTuBHAsI (UIBTPAINS, THOPHUIHBIC
Mofend, oObsicauMblii MU, kpymHOMacmTaOHbIe HAa0OpHl JaHHBIX, TOYHOCTH
pEeKOMEH AU

Introduction. Educational systems with recommending functionalities are
very popular and their application and usage are getting wider according to their
capability to proffer materials, which meets individual preferences of learners. By
performing analyze on data like materials of past courses, contents of searches by
learners ERS generate suggestions using filtering types, like collaborative, content-
based and hybrid. However, challenges such as the cold-start problem and data
sparsity persist, particularly for new users or courses (Masthoff, 2023; Thammarak,
Kesornsit, & Sirisathitkul, 2024; Zhou & Zhang, 2024).

Hybrid systems that combine CF and CBF have demonstrated improvements in
addressing these limitations, offering more accurate and robust recommendations
(Shuang & Hang, 2024; Alahmadi & Alruwaili, 2021). In addition, deep learning
and matrix factorization methods like Singular Value Decomposition (SVD)
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have significantly enhanced the performance of ERS, especially in large-scale
environments like MOOCs (Wu, 2023; Alfaifi, 2024).

The inclusion of knowledge graphs and explainable Al (XAI) offers further
advancements by providing more personalized, context-aware recommendations
and ensuring transparency in the recommendation process (Shuang et al., 2024;
Zheng, 2022; Yazdi et al., 2024). While progress has been made, challenges related
to privacy, data management, and recommendation quality remain, requiring
ongoing research to further enhance the effectiveness of ERS (Dhananjaya, Goudar,
Kulkarni, & Rathod, 2024; Xiong, Li, Liu, Chen, Zhou, Rong, & Ouyang, 2024).

Materials and Methods. Implication of recommender systems to educational
process requires significant efforts due to the fact that it has enormous aspects. The
next research questions were studied in the current paper in order to obtain majority
of these aspects (Table 1):

Table 1. Research questions

Research questions

Background and Key Concepts

Main Approaches to Educational Recommendations
Challenges in Educational Recommender Systems
Case Studies and Applications

Evaluation of Educational Recommender Systems

Future Directions and Research Gaps

Approaches to Material Search. Relevant material was sourced using a
methodical strategy to guarantee a thorough review. The following techniques were
applied:

1. Database Selection: Google Scholar, Elsevier's ScienceDirect, IEEE Xplore,
ACM Digital Library, and Springer were used as major academic databases.
For the most recent scientific findings, preprint sources such as arXiv were also
investigated.

2. Method of Search: To find pertinent material, a mix of Boolean operators
and keywords was employed. Among the sample search terms were: "Educational
recommender systems" AND "personalized learning"

e "Collaborative filtering in education" OR "content-based recommendation for
students"

e "Challenges in adaptive learning platforms"

e "Hybrid recommendation models in MOOCs"

Inclusion and Exclusion Criteria:

e Inclusion Criteria: Peer-reviewed journal articles, conference papers,
and authoritative surveys published in the last decade (2020-2025) focusing on
recommender systems for educational settings.

e Exclusion Criteria: Papers that do not explicitly discuss recommendation
algorithms in education, duplicate studies, and works that lack empirical validation.
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Selection Process: Titles and abstracts were screened to determine relevance.
Full-text articles were reviewed if they contained significant discussions on
educational recommender systems.

Classification of Sources: The collected materials were categorized into
different themes aligned with the research questions in Table 1. This ensured
structured analysis and synthesis of information.

Methodology. To answer the research questions, an integrative literature review
methodology was employed. The process involved:

« Thematic Analysis: Identifying and grouping themes such as user modeling,
algorithmic approaches, and evaluation techniques.

. Analyzing by comparing: compare different techniques of recommendations
in order to detect their strength, weakness and possible contexts of application.

« Case Study Review: Examining real-world implementations of educational
recommender systems to assess their impact.

By employing these methodologies, this study provides a structured and
comprehensive analysis of recommendation algorithms in educational settings,
ensuring coverage of both theoretical and applied aspects of the field.

2.1 Background and Key Concepts

2.1.1 Overview of Recommender Systems. Recommender systems (RS) are
software tools and techniques designed to assist users in making decisions by
providing personalized suggestions. The types of systems analyze behaviors of
users according to their previous activities in a system in order to give suggestions
and recommendations about products, services, information resources and courses.
Typically, RS employ methods like collaborative filtering, content-based filtering,
and hybrid approaches, each with its own strengths and limitations (Aucancela,
2023; Li, Zhang, & Zhang, 2021; Kamal et al., 2024; Urdaneta-Ponte et al., 2021).

The focus Collaborative Filtering (CF) is directed to the interaction of users with
items. This approach generalized the preferences of users with similar behaviors
for proposing recommendations. The main problem in the usage of this method
can the sparsity of data and cold-start issue. On the other hand, Contend-Based
Filtering (CBF) pays attention to the attributes of items and makes suggestions on
the basis of user’s interaction with cognate items in the past. While CBF can handle
new items effectively, it may struggle with offering diverse suggestions (Zhou et
al., 2024; Alahmadi et al., 2021; Xiong et.al., 2024). Hybrid systems combine CF
and CBF techniques to address their respective shortcomings, offering improved
accuracy and robustness (Thammarak et al., 2024; Alahmadi et al., 2021; Yazdi et
al., 2024).

The wide use of recommendation systems can be found in domains like tourism,
healthcare, e-commerce and education. Their ability to enhance user experience,
decision-making, and engagement has positioned them as crucial tools across
industries (Urdaneta-Ponte et al., 2021; Xiong et al., 2024).

2.1.2 Distinction Between General Recommender Systems and Educational
Recommender Systems. Educational recommender systems (ERS) are a
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specialized subset of RS designed to support educational decision-making by
providing personalized recommendations for courses, learning materials, career
paths, and other academic resources. Unlike general RS, which often prioritize
maximizing user satisfaction or sales, ERS focus on improving educational
outcomes, engagement, and retention rates (Aucancela, 2023; Butmeh & Abu-Issa,
2024; Dhananjaya et al., 2024).

In order to create suitable recommendations to learners, ERS usually consume
unique types of data like demographic information, learning behaviors and
academic rates. These systems pursue the aim to solve specific issues in education
like helping students guiding suitable course, improve the development of their
various skills and the rates of possible dropouts. Techniques such as collaborative
filtering, content-based filtering, and hybrid models are commonly employed in
ERS, with an emphasis on integrating domain-specific knowledge and learner
preferences (Butmeh et al., 2024; Shuang et al., 2024).

One key distinction is the importance of pedagogical considerations in ERS.
These types of systems basically use educational theories in their core logic to meet
learners expectations and enhance their capabilities, the examples example these
theories can be cognitive diagnosis and knowledge mapping (Shuang et al., 2024;
Butmeh et al., 2024; Silva et al., 2022). Furthermore, Educational Recommender
Systems (ERS) are progressively incorporating sophisticated methodologies, such
as deep learning and knowledge graphs, to improve recommendation precision and
better accommodate the dynamic needs of learners (Wu, 2023; Zheng, 2022; Guo
et al., 2024).

2.1.3 Common Data Types Used in Educational Recommender Systems. ERS
rely on diverse data types to deliver personalized and effective recommendations.
Commonly used data types include:

1.Demographic Data: Information such as age, gender, and location helps
contextualize recommendations, ensuring relevance to the learner’s background
and circumstances (Butmeh, et al., 2024; Dhananjaya, et al., 2024; Yazdi, et al.,
2024).

2.Academic Data: This includes grades, test scores, and course enrollments,
providing insights into the learner’s academic performance and progress (Phalle &
Bhushan, 2024; Dhananjaya, et al., 2024; Xiong, et al., 2024).

3.Behavioral Data: Data on learners’ interactions with educational platforms,
such as time spent on tasks, resource usage patterns, and engagement levels, helps
model preferences and predict future needs (Ma et al., 2023; Phalle, et al., 2024;
Xiong, et al., 2024).

4.Cognitive and Learning Preferences insights into learners’ knowledge levels,
cognitive styles, and favored instructional strategies facilitate the generation
of personalized recommendations tailored to their unique abilities and learning
objectives (Thammarak, et al., 2024; Rahman et al., 2022; Guo, et al., 2024).

By synthesizing these data dimensions, Educational Recommender Systems
(ERS) can construct detailed learner profiles, thereby supporting the creation of
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recommendations that not only improve learning outcomes but also effectively
mitigate issues like the cold-start problem and information overload (Thammarak,
et al., 2024; Alahmadi et al., 2021; Raza et al., 2024).

2.2 Main Approaches to Educational Recommendations

2.2.1 Collaborative Filtering (CF). Collaborative Filtering (CF) is a prominent
methodology in recommendation systems, particularly in educational recommender
systems (ERS). It leverages the preferences and behaviors of users to predict items
or services that may interest others with similar patterns. CF operates primarily
through two approaches: user-based filtering and item-based filtering.

« User-based filtering identifies users with similar preferences or behaviors.
Recommendations are made based on what similar users have liked or interacted
with.

. Item-based filtering analyzes relationships between items, recommending
items that are closely related to those a user has previously interacted with.

CF can effectively propose personalized recommendations especially if there
is available a big amount of user-interaction data. For instance, it is frequently
employed in course recommendation systems, where courses preferred by users
with similar profiles are highlighted as beneficial options (Aucancela, 2023;
Butmeh et al., 2024; Zhou & Zhang, 2024; Dhananjaya, et al., 2024 ) However, CF
faces significant challenges:

« Data sparsity: When user interaction data is limited, the system struggles to
make accurate predictions.

« Cold-start problem: The absence of sufficient data for new users or items
hinders recommendation accuracy.

« Scalability: As datasets grow, the computational cost increases, requiring
optimization to maintain efficiency.

To overcome these challenges, researchers propose hybrid approaches that
combine CF with other methods, such as content-based filtering, and the integration
of trust metrics to enhance accuracy and adaptability (Alahmadi & Alruwaili, 2021;
Dhananjaya, et al., 2024; Xiong, et al., 2024). To tackle these issues, some research
recommends using hybrid approaches and integrating trust metrics to improve the
accuracy and adaptability of recommendations (Raza et al., 2024).

User-based
filtering
Memory based

filtering
Collaborative Eler;]lﬁr;tnj:ased
Filtering g

Approach

Model Based Data Mining and
Filtering Machine Learning

Figure 1 — Categorization of the collaborative filtering approach (Aucancela, 2023)
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2.2.2 Content-Based Filtering (CBF). Content-Based Filtering (CBF) relies on
analyzing item attributes to recommend items similar to those a user has interacted
with in the past. It utilizes algorithms such as decision trees and Bayesian classifiers
to match user preferences(Figure 2) with item features, including course topics,
difficulty levels, or skill requirements (Zhou & Zhang, 2024; Alahmadi & Alruwaili,
2021). CBF’s strengths lie in its ability to handle new users by leveraging their
explicitly provided preferences and its independence from other users’ data.

However, CBF is prone to overspecialization, where the system repeatedly
recommends items similar to those already consumed, leading to a lack of diversity
(Zhou & Zhang, 2024; Xiong, et al., 2024). For example, in educational settings,
CBF might recommend courses closely aligned with a user’s past selections without
introducing diverse learning opportunities. Additionally, CBF struggles with new
item recommendations since it relies on pre-existing item descriptions. Addressing
these challenges often involves hybrid methods that combine the strengths of
multiple approaches (Zhou & Zhang, 2024; Dhananjaya, et al., 2024).

Content-based Filtering

!nd:vMual

A f
& |
: Personalized Views
: : Recommendations
Personalized
@ ? § Recommendations Purchenes

{l“

Figure 2 — Content-based Filtering (Zhou & Zhang, 2024)

2.2.3 Hybrid Methods

Hybrid recommendation systems integrate multiple approaches, such as CF
and CBF, to overcome their individual limitations and enhance recommendation
quality. For instance, hybrid systems can mitigate CF’s cold-start problem by
incorporating content-based techniques to generate recommendations for new users
or items. They can also reduce CBF’s (Figure 3) overspecialization by introducing
diversity through collaborative methods (Thammarak, et al., 2024; Zhou & Zhang,
2024; Alahmadi & Alruwaili, 2021; Yazdi, et al., 2024).

Several hybridization techniques are employed in ERS, including weighted,
switching, mixed, and feature augmentation methods. These approaches combine
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CF and CBF dynamically, optimizing performance based on user data and context
(Alahmadi & Alruwaili, 2021; Yazdi, et al., 2024). For example, a hybrid attribute-
based system tested in an e-learning environment successfully integrated user
preferences, learning styles, and knowledge levels to recommend personalized
courses while addressing data sparsity and cold-start challenges (Thammarak, et
al., 2024). Such systems have demonstrated superior accuracy and adaptability,
particularly in addressing diverse learner needs and preferences (Butmeh, et al.,
2024; Thammarak, et al., 2024).

Some
features Evaluating
Combining result Final
1 ™ o
the features usmg Recommendation
multiple
Some Algorithm
features

Figure 3 — Hybrid Recommendation System (Alahmadi & Alruwaili, 2021)

2.2.4 Al-Based Techniques

Al-based techniques have transformed educational recommendations by
introducing advanced methods like machine learning (ML), deep learning (DL),
and knowledge graphs. ML algorithms, including decision trees, random forests,
and gradient boosting, have been effectively applied to match students with
suitable courses based on their skills and preferences. These methods enhance
recommendation accuracy by addressing imbalanced data and incorporating
dynamic user behavior (Phalle & Bhushan, 2024).

Deep learning techniques, such as convolutional neural networks (CNNs),
recurrent neural networks (RNNs), and long short-term memory (LSTM)
networks, have further advanced ERS by capturing complex patterns in user
interactions and preferences. For instance, deep learning models like DeepFM and
Bidirectional LSTM have demonstrated high performance in personalized course
recommendations, addressing cold-start issues and improving temporal dynamics
(Masthoff, 2023; et al., 2024).

Knowledge graphs (KGs) offer another innovative approach by structuring data
into semantic networks, enabling more precise and context-aware recommendations.
In educational contexts, KGs have been used to address data sparsity and enhance
adaptability by combining semantic similarity with item features. For example, the
TransAR-CF model improved recommendation accuracy and user satisfaction by
leveraging KGs for course recommendations in higher education (Shuang et al.,
2024; Rahman et al., 2022).

The integration of these Al-based techniques has significantly enhanced the
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scalability, accuracy, and personalization of ERS, addressing challenges like the
cold-start problem, data sparsity, and scalability while ensuring a more effective
and engaging learning experience (Shuang, et al., 2024; Rahman, et al., 2022; Guo,
et al., 2024; Raza et al., 2024).

2.3 Challenges in Educational Recommender Systems

Educational Recommender Systems (ERS) face several challenges that limit
their efficiency, scalability, and user satisfaction. Below, we discuss the most
pressing issues and explore proposed solutions based on the latest research.

2.3.1 Cold-Start Problem

The cold-start problem arises when ERS encounter new users or items with
insufficient data for accurate recommendations (Thammarak, et al., 2024; Yazdi,
et al., 2024). Traditional collaborative filtering (CF) methods rely heavily on user
interactions, making it difficult to generate recommendations for new learners or
courses. Hybrid models, which combine CF with content-based filtering (CBF),
have been widely adopted to address this challenge (Alahmadi & Alruwaili, 2021).
Forexample, the hybrid attribute-based system proposed integrates user preferences,
learning styles, and knowledge levels to create more accurate recommendations for
new users (Thammarak, et al., 2024). Knowledge graphs, as highlighted, also help
mitigate this issue by providing a semantic understanding of relationships between
users and items, enriching the recommendation process (Shuang & Hang, 2024).

2.3.2 Data Sparsity and Scalability

Data sparsity refers to the lack of sufficient user-item interactions, which hinders
the performance of CF algorithms (Butmeh, et al., 2024; Xiong, et.al. 2024). Matrix
factorization techniques, such as singular value decomposition (SVD) and BiVAE,
have been effective in addressing sparsity by capturing latent user and item features
(Aldayel et al., 2023; Kamal, et al., 2024). Scalability is another critical challenge,
particularly in large-scale educational systems. Distributed computing approaches,
including the use of parallel processing and cloud-based infrastructures, have
been proposed to improve scalability (Phalle & Bhushan, 2024). These methods
enable ERS to process vast datasets efficiently, ensuring timely and relevant
recommendations for a growing user base.

2.3.3 Personalization

Personalization is central to ERS, aiming to tailor recommendations to
individual learning needs and preferences. However, achieving true personalization
is challenging due to the dynamic nature of learners' goals and behaviors (Alfaifi,
2024; Guo et al., 2024). Advances in machine learning (ML) and deep learning
(DL) have significantly enhanced the ability of ERS to adapt to individual learning
paths.

This study proposes a dynamic recommendation system that leverages
bidirectional LSTM networks in combination with mindfulness mechanisms
to effectively model and adapt to both the short-term behaviors and long-term
preferences of users (Guo et al., 2024). Another approach introduces a hybrid
method that clusters students based on their multidimensional skill profiles, aiming
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to generate more personalized and precise recommendations tailored to each learner
(Alfaifi, 2024).

2.3.4 Privacy and Ethical Issues

Privacy and ethical considerations play a crucial role in educational
recommendation systems (ERS), particularly when dealing with sensitive student
data. Ensuring transparency, fairness, and robust data protection is essential for
maintaining user trust and adhering to ethical standards. Research indicates that
privacy-preserving technologies, such as differential privacy and encryption
techniques, can effectively safeguard user information. At the same time, ongoing
monitoring is required to address ethical concerns like algorithmic bias and
disparities in access to personalized learning opportunities. User-centered design
methodologies are seen as a promising direction for developing fair, trustworthy
algorithms and promoting equity in educational settings (Xiong, et.al., 2024).

2.4 Case Studies and Applications

2.4.1 Case Study 1: Course Recommendation Systems in Higher Education

In recent years, course recommendation systems in universities have become
a subject of considerable interest among researchers. A systematic review of
publications over the past decade identified collaborative filtering as the predominant
approach in the development of such systems, with hybrid methods and content-
based filtering also being widely applied. These systems make recommendations
based on student demographics, academic performance, and personal learning
preferences. They have proven to be highly effective in improving retention
rates, increasing student engagement, and supporting the creation of personalized
learning pathways. For example, several systems use demographic data to tailor
course recommendations, fostering better learning experiences for students. Future
research directions include exploring multi-view data approaches and incorporating
fairness in recommendation processes (Butmeh et al., 2024; Dhananjaya et al.,
2024; Thammarak et al., 2024).

2.4.2 Case Study 2: MOOC Recommendation Systems

Massive Open Online Course (MOOC) recommendation systems have gained
considerable attention due to their potential to personalize learning at scale. DeepFM
and DORIS are two prominent deep learning-based systems used to recommend
courses in MOOC:s. These systems are designed to overcome common challenges
such as cold-start issues, scalability, and data sparsity. DORIS, in particular,
leverages deep learning techniques, including DeepFM and TextRank, to enhance
recommendation accuracy by processing textual data. The system has shown
significant improvements in recommending courses that match learners' preferences
and needs. These systems utilize personalized algorithms to suggest courses, taking
into account dynamic user preferences and interactions with educational content.
Further improvements could focus on integrating advanced deep learning techniques
and addressing real-time user feedback to refine recommendations (Zheng, 2022;
Yazdi, et al., 2024;Wu, 2023).
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2.4.3 Case Study 3: Personalized Learning in E-Learning Platforms

Personalized learning systems in e-learning platforms aim to optimize the
educational experience by tailoring content and resources to individual learners.
An attribute-based hybrid recommendation system, which combines collaborative
filtering and content-based approaches, has been proposed to address the commonly
encountered cold start problem in e-learning environments. This approach builds
models of both users and courses by taking into account learners’ preferences,
cognitive styles, and prior knowledge. Empirical studies have demonstrated that
when integrated with machine learning techniques—particularly decision trees
and random forests—this method proves effective in delivering targeted course
recommendations. The use of machine learning algorithms enhances the accuracy
of predicting students’ course preferences, which in turn contributes to improving
the quality of the learning process. Personalized recommendations support students
by suggesting courses aligned with their current needs and academic goals (Butmeh
et al., 2024; Thammarak, et al., 2024; Phalle & Bhushan, 2024).

2.5 Evaluation of Educational Recommender Systems

2.5.1 Metrics for Evaluation

The evaluation of educational delivery systems (ERS) requires the use of various
performance indicators to determine their accuracy and effectiveness. The most
commonly used indicators include precision, recall, accuracy, novelty, and diversity.
Accuracy and recall — are important for assessing the compliance of the courses
offered with user demand, and accuracy — indicates how correctly the system can
predict user preferences. Innovation and Variety also play an important role, as
they characterize the ability of the system to provide different recommendations,
and not monotonous ones, which, in turn, will improve the overall user experience.
These metrics help deliver content that is relevant, diverse, and meaningful, thereby
improving user satisfaction and engagement (Li et al., 2024; Butmeh et al., 2024;
Shuang et al., 2024).

2.5.2 Evaluation Approaches

Various assessment methods are used to evaluate the performance of educational
offering systems (ERS). Prediction accuracy is usually determined by metrics such
as mean absolute error (MAE) and mean square root error (RMSE), which measure
the difference between predicted ratings and actual user feedback. In addition,
user-oriented assessment approaches based on surveys and user opinions play
an important role in assessing the subjective quality of recommendations. These
methods allow you to assess how well the recommendations meet the needs and
expectations of users.

In addition, modern assessment methods based on the theoretical foundations
of decision-making are being studied, which make it possible to comprehensively
assess the performance of the system, taking into account factors such as user
satisfaction, adaptive capabilities of the system and long-term efficiency (Li et al.,
2024; Butmeh et al., 2024; Urdaneta-Ponte et al., 2021).
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2.5.3 Challenges in Evaluation

Assessment of the effectiveness of educational systems (ERS) presents a
number of difficulties, primarily due to the complex and multidimensional nature
of educational data. Furthermore, the diversity of students' needs and preferences
necessitates the creation of a comprehensive evaluation system that can capture
the varying impacts of recommendations in different educational contexts.
Additionally, ethical considerations and ensuring fairness remain crucial issues,
particularly when processing students' confidential data. Researchers are exploring
multidimensional evaluation systems that better capture the nuances of educational
recommendations, including factors such as diversity, fairness, and privacy (Butmeh
et al., 2024; Dhananjaya et al., 2024; Xiong et.al., 2024).

Results and discussion. One of the most promising areas of future research in
educational recommender systems (ERS) is the integration of advanced artificial
intelligence (Al) models such as learning reinforcement, deep learning and neural
networks. According to recent research, MOOC and e-learning environments are
deep learning approaches such as convolutional neural networks (CNN), repetitive
neural networks (RNNs), and long-term short-term memory (LSTM) architectures
that demonstrate important potential in improving the accuracy of representations
in contexts such as (Wu, 2023; Alfaifi, 2024). It still requires the study of dynamic
and adaptive recommendation processes that can continuously learn from the
models of users of artificial intelligence systems and provide personalized course
recommendations in real time. In addition, the ability to optimize recommendation
systems by creating a responsive educational environment has an impact on
changes in the preferences and learning behavior of users of reinforcement learning
(Wu, 2023; Guo et al., 2024). Future research aims to provide personalized learning
pathways, improving long-term learning outcomes, while developing the use of
reinforcement learning based on the student's progress.

One of the main problems in environments where new users or elements
(e.g. courses) are often introduced remains the problem of cold start education
recommendation systems (ERS). To solve this problem, hybrid models and
approaches are offered on the following eLearning and MOOC platforms. In
solving cold startup problems, attribute-based hybrid recommendation systems
that combine collaborative filtering into content with methods using user data and
element attributes to create recommendations for new users or courses have shown
promising results (Thammarak, et al., 2024; Phalle et al., 2021). In addition, machine
learning techniques such as decision trees and random forests that group elements
based on common features are used to improve scalability and offer quality by
working with large data sets (Phalle & Bhushan, 2024). Continued development in
this area should focus on integrating new data sources and improving the adaptability
of these models to handle cold-start problems across diverse educational contexts.

As ERS become more prevalent in personalized education, addressing ethical
concerns and ensuring data privacy are crucial. This is due to the large accumulation
of personal and academic data needed to personalize learning, especially confidential
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data of minors and students, which raises serious concerns about confidentiality.
The researchers noted the importance of designing recommendation systems that
provide clear and meaningful recommendations while ensuring the protection of
users ' privacy. Atthe same time, in the development of artificial intelligence models,
special attention should be paid to ensuring that the recommendations offered by
educational systems (ERS) are fair and impartial and that they are transparent and
interpretable in order to build user trust. From the point of view of ethical issues,
the risk of increasing bias or limiting educational opportunities should also be taken
into account (Xiong et.al., 2024). Future research should focus on developing the
foundations of ethical artificial intelligence in education, considering recommender
systems (ERS) as a tool that contributes to the formation of an inclusive and fair
learning environment.

Conclusion. The survey performed on recommendation algorithms used
to detect the preferences in education has exposed the immense capacity of
recommender systems in empowering the process of personalized learning. The
most used approaches like filtering types: collaborative and content-based, and their
hybrid types have been used in studies which pursued to offer students accurate
recommendations and concurrently address issues and challenges related with
development which include the problems of data sparsity, scalability, and cold-start
issue. The application of artificial intelligence approaches in the implementation of
educational recommender systems have increased accuracy of recommendations
and have shown promising results in the improvement of adaptability of ERS. As
modern conditions of learning require from students to evolve in their knowledge
as fast as possible, the recommendations of e-learning systems are becoming more
and more dynamic and this requires sophisticated algorithms, which can easily
adapt to behaviors, preferences and growing learning contexts of students.

Future research should focus on the improvement of hybrid approaches,
knowledge graphs and building new model architectures of deep learning, because
they have shown the possibility of overcoming actual limitations in ERS. Moreover,
widening the usage of ERS to various contexts of education can lead to the further
improvement of this field. The future pathway of ERS evolution will focus not
only on the personalization of recommendations, but it can also play significant
role in detecting the gaps and involvement of learners in the diversity of learning
environments.
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Abstract: Kazakh Sign Language (KSL) serves as a primary means of
communication for people with hearing and speech impairments. This study
focuses on analyzing the syntactic structure of KSL and identifying its differences
from the features of spoken Kazakh language. Additionally, a specialized linguistic
analyzer was developed to transform Kazakh texts into KSL glosses, enabling
the creation of a parallel corpus. The study of KSL is significant not only from
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a scientific perspective but also for the development of tools that contribute to
building an inclusive society. As part of the research, a machine translation system
based on the Transformer model was trained using the parallel corpus. As a result,
high translation accuracy was achieved, demonstrating the potential for enhancing
communication accessibility. This approach represents an important step in the
automated processing of KSL. Such technologies aim to improve the educational
process and social integration of people with special needs. To analyze KSL syntax,
Python 3.10, Stanza, and libraries such as PyTorch, NumPy, and Pandas were
utilized. Over 500 sentences were analyzed, revealing the flexibility of word order
and the features of visual-spatial structure. The analysis of sentences, including
reversible, nonreversible, locative, animate, inanimate, heavy, and nonheavy,
enabled the description of the grammatical structure of KSL. The research results
serve as a foundation not only for identifying the syntactic patterns of the language
but also for developing new translation models. The research highlighted key
challenges, such as the limited availability of annotated data. Future work will focus
on integrating video data and expanding evaluation metrics. The proposed methods
form the basis for developing inclusive information technologies and improving
communication with people with special needs. This work plays an important role
in expanding the inclusive potential of technologies and opens new avenues for
scientific research.

Key words: Kazakh Sign Language, parallel corpus, Transformer architecture,
NLP, machine learning
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Annoramus. Kasak sim Tt (KbIT) ecty sxoHe ceiiney kaOineri Oy3buiFaH
ajaMaap YUIiH HETi3Ti KapbIM-KaTblHAC Kypaibl OOJBIN TaOblIanbl. byn 3eprrey
KbIT-HiH CHHTaKCUCTIK KYPBUIBIMBIH TaJlJayFa jKOHE Kazak TiUTIHIH aybI3eKi Timi
epeKIeNKTepiHeH albIPMAIIbIIBIKTAPhIH aHbIKTayFa OarbiTTanFaH. CoOHBIMEH
Katap, Kaszak Timinzaeri mortinaepai KbIT mnoccka aiHanmelpy yIuiH apHaiibl
JMHTBUCTUKAIBIK TaJIJayIIbl )Kacalabl, Oy Mapaielb KOPIyCc KypyFa MyMKIHJIIK
Oepni. KbIT-HiH 3epTTenyl TeK FbUIBIMH MaHBI3JIBUIBIKKA FaHa €MeC, COHBIMEH
Katap WHKIIO3MBTI KOFaM KypyFa KaXeTTI Kypajjiap jkacayFa BIKIIal eTeli.
3epTTeyae mapaiienb KOPIyCThl KoJIaHa OThIpkI, Transformer Mozeni HeriziHme
MaIllIMHAJBIK aylapMa Kyheci OKBITBULABL. HoTmxkeciHme aymapMaHBIH IKOFaphl
JOIIriHEe KOJ JKETKI3iIai, Oy KOMMYHMKAIUsl KOJDKETIMIUITIH apTThIPYIbIH
olleyeTiH KepceTTi. Byn Tocinm Kazak bIM TUIIH aBTOMAaTTaHIBIPBUIFAH TYpPIE
OHJICY/Ie MaHbBI3ABI KajaM OOJbIN TaObUIajbl. MyHIAH TEXHOJIOTHSIIAD epeKIie
KOKeTTUTIKTepl Oap amaMaapAelH OUTIM ally JKoHE OJIEYMETTIK WHTETpanus
yaepictepin xakcapryra OarpiTTanrad. KbIT cunaTakcucin tammay ymrin Python
3.10, Stanza, PyTorch, NumPy sxone Pandas kitarxananxapsr kongausuiast. S00-neH
acTam ceuseMJIep 3ePTTENIIl, o3 TOPTIOIHIH MKEMILUTITT MEH BU3YaIbI-KEHICTIKTIK
KYPBUTBIMBIHBIH €peKILeNiKTepi aHbIKTanabl. S00-1eH acTaM ceiyiemaep OOHbIHIIA
Tamgay SKYPTi3iuTim, HETI3Ti Hazap KaWThIMABI, KaWTBIMCHI3, MEKEHIIi, >KaHIIbI,
JKAHCBI3, KYpJeli jKOHE KYpAeli eMec ceiyemaep OOWBIHIIA JKYPTi3iAreH Taamgay
Ka3aK bIM TUTIHIH T'paMMAaTHUKaJblK KYPBUIBIMBIH CHIIATTayFa MYMKIHIIK Oepi.
3epTTeyAiH HOTHXKeNepi TNIIH CHHTAKCHCTIK 3aHJBUIBIKTAPhIH aHBIKTayFa FaHa
eMec, COHBIMEH Karap jkaHa ayaapMa MOJENbACPiH d3ipieyre jae Heri3 Oomaipl.
3eprrey OapbIChIHIA aHHOTAIMSJIAHFAH ACPEKTEPiH LICKTEYNi OONybl CHSKTHI
HETI3r1 KUBIHIBIKTAP aHBIKTAIIR. bomnarmakra OciftHe maepekrepmai OipikTipy JKoHE
Oaramay KepCEeTKIIITepiH KeHEHTy OaFbIThIHIA JKYMBIC ICTEYy J>KOCMapliaHy/a.
Y CHIHBUTFaH 9JIICTEp WHKITIO3MUBTI aKIMapaTThIK TEXHOJIOTHSIIAP/IBI TaMBITYFa )KOHE
epeKlIe KaKETTUIKTepi Oap azamaapMeH KapbIM-KaThIHACTHI JKaKcapTyFa Heri3
Oonazapl. By )KyMbIC TEXHOJIOTUSIIAPABIH WHKITIO3UBTI 9JIEyeTiH KCHEUTYyAe KoHe
’KaHa FRUIBIMH 3€pPTTEyJepre jK0J alrya MaHbI3/Ibl POJI aTKapabl.
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HaNpaBJICHO Ha aHAJIN3 CHHTaKcHIeckor cTpyKTypbl K)KSI 1 BEIsIBIICHNE OTITHYHIA OT
OCOOCHHOCTEH pa3roBOPHOTO Ka3aXCKOTro si3bika. Kpome Toro, muis npeodpa3oBaHus
TEKCTOB Ha Ka3aXCKOM si3bike B mtocchl KXKSI ObuT co3man crieruain3upoBaHHbIH
JIMHTBUCTUYECKUI aHaIW3aTop, YTO II03BOJWIIO Pa3paboTaTh Mapasie/IbHbIH
kopnyc. M3yuenne KXKS BaxHO He TOJBKO ¢ HAYYHOH TOYKHW 3pEHHUS, HO W JJIA
pa3pabOTKK  WHCTPYMEHTOB, CIIOCOOCTBYIOIINX  CO3IAHUIO WHKIFO3UBHOTO
obmiectBa. B pamkax nccnenoBanus Obiia 00ydeHa CUCTeMa MallImHHOTO TIepeBo/ia
Ha ocHoBe Mojieni Transformer, ucnonb3yst napasuieibHbIN Kopiyc. B pe3ynbrare
ObUTa JIOCTUTHYTa BBICOKas TOYHOCTh IIEPEBOJIa, YTO IPOAECMOHCTPUPOBAIIO
MOTEHI[MAJI I TIOBBIMICHUS JOCTYIMHOCTH KOMMYHHUKAI[MM. OTOT IOAXO.
TIPEICTABIIICT COOON Ba)KHEIH IIIar B aBTOMAaTH3MPOBAHHON 00pab0TKe Ka3aXCKOTO
JKECTOBOTO sI3bIKa. [10100HBIE TEXHOIOTHH HAIIPaBIIEHBI HA YITyUIIIEHHE Mpoliecca
0oOy4YeHHS W COIMALHOW MHTETPalluyl JroJel ¢ 0coObIMU moTpeOHOCTSIMH. [t
ananmm3a cuHTtakcuca KXKS ucmonszoBamuch Python 3.10, Stanza, 6ubnmorexu
PyTorch, NumPy wu Pandas. Beuto wuccinemoBano Oosiee 500 mpeasioxeHHi,
YTO IO3BOJIMIIO BBISIBUTH OCOOCHHOCTH T'MOKOCTH IOPSIKA CJIOB M BHU3yaJbHO-
MPOCTPAHCTBEHHOW CTPYKTYpbl. AHalN3 TPEMIOKESHUN, BKIIOYas 0oOpaTuMbIe,
HeoOpaTuMble, JIOKaTHBHBIC, OAYIICBIEHHBIE, HEOAYIICBIEHHBIE, CIIOXKHBIC
U TPOCThIE KOHCTPYKIIUH, TO3BOJMJ ONKCATh TI'PAMMATHUYECKYH) CTPYKTYPY
Ka3aXxCKOTO JKECTOBOTO s3bIKa. Pe3ynbTarhl McCiaeqOBaHHs MOCITYKHIM OCHOBOU
HE TOJIBKO JUIsl BBISBJICHUS CUHTAKCHYCCKUX 3aKOHOMEPHOCTEH sI3bIKa, HO U IS
pa3paboTKi HOBBIX Mozeneil mepeBona. B xone mccienoBaHus OBIITH BBISBICHBI
OCHOBHBIE TPYIHOCTH, TaKWe KaK OTPAaHWYEHHOE KOJMYECTBO aHHOTHPOBAHHBIX
NaHHBIX. B Oymymiem rtutaHupyercss paboTa HaJl WHTETrpamnueldl BHUICOAAHHBIX
M pacIIMpeHUEM OIICHOYHBIX MoKa3aTenei. [IpeayiokeHHbIE METOMABI JIekKaT B
OCHOBE Pa3BUTHS MHKIIIO3UBHBIX MH()OPMAI[MOHHBIX TEXHOJIOTMH W YITyYIICHUS
KOMMYHHKAIIUH C JIFOIBMHU C 0COOBIMH TOTPEOHOCTSIMH. JTa paboTa UrPaeT BAXKHYHO
POTBb B paCIIMPEHNH HHKITFO3UBHOTO IMTOTEHIINATA TEXHOJIOTHI U OTKPHIBAET HOBBIC
HaNpaBJICHUS I HAyYHBIX CCIIEIOBAHUMA.

KuaroueBble cioBa: Ka3zaxCkull KeCTOBBIM S3bIK, NapajICNbHBIA KOPILYC,
apxurektypa Transformer, NLP, mammmHnHOoe 00yueHue

Kipicne. Jlynuexy3inik aeHcaynblK cakTay yHAbIMBIHBIH (/1Y) momimeTTepi
OOMBIHIIA, 3JIEM XaJIKBIHBIH ITaMameH 5%-51 (460 MUILTHOH aaM) ecTy KabiineTiHeH
aiipeurrad. Ecty ka0ineTi Hammap agamaap YIIiH bIMJAAy TUIAEepi HETi3ri KapbiM-
KaThIHAC Kypasbl 0ol TaObuIajbl, onemje mamMamed 300 Typiai bIM Timi Oap.
Anaiina, Oy TUIIEp/l XanbIKThIH TeK 1%-bl FaHA MEHTepPIeH, OJapAblH KOIIIIiIiri
ecTy KaOijeTi Hamap agamjaap MeH ojapibiH orOacbutapel (Perea-Trigo et al.,
2024). Ecty oHe ceiiney KabieTi Oy3pUTFaH aaMaap YIIiH bIM TUTi HETi3T1 KapbIM-
KaThIHAC KypaJibl 00IbIT TaObUIaabl. Anaiiia, olap KOFAMMEH e3apa opeKeTTecyne
KU1 KABIHJIBIKTapFa YIbIpan sl Kasakcran/a maMaMeH »apThl MUJLTHOH aJlaM bIM
TiniH Konmaanaael (Amangeldi et al., 2020a), 6ipak onap/IbIH TOJIBIKKAH]IBI KApbIM-
KaTbIHAC jKacay MYMKIHJIT1 miekreysi OombIn Kana Oepeni
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blm Tim (Amangeldi et al., 2020b) — aknmapaT anMacy YIIiH KOJ KUMBUIIAPBIH,
0eT-oMmeT MHMHUKACBIH JKOHE JIEHE KO3FaJIbICTAPhIH KOJIJAHATBHIH BHU3Yaabl
Oaiimanpic Tocimi. Ecry xoHe ceiney KaOineTi miekTeyni axamjaap yuiiH
KOMMYHHUKAIVSUTBIK, KEACPTUIepal KOIOFa OarbITTalFaH MaHBI3IBI IICTIIMICPIiH
Oipi OompIT - MamMHANBIK aygapMa J>Kyienepi TaObuTansl. Ajaiiga, aybI3eki
TiITe apHaNFaH TEXHOJOTHSUIAPMEH CalbBICTBIPFaH/a, BIM TIJJIEpiH aymapyra
apHaJFaH OJIiCTep MEH JKyHelep aWTapibIKTail JamMbIMaraH. by, eH anIbIMeH,
BIM TiJJIEPiHIH BU3YaNIbI-KCHICTIKTIK KYpbUIbIMbIHA OalIaHBICTBI, OUTKEHI oJap
KOJI KUMBUIJAPBIHBIH, CayCakKTap/blH OpHallaCybIHbIH, MUMHKAHBIH JKOHE JICHE
KQJIITBIHBIH YIII OJIIIeM I KeHICTIKTE opeKeTTecyine Heriznenemi. COHBIMEH Karap,
BIM TUIACPIH/IC CTAHIAPTTH TPAMMATHKAIBIK KYPBIIBIMIAPIBIH O0IMaysl ka30arma
MOTIH/II BIM TiJIiHE ayapyabl aUTapIIbIKTal KUbIHIaTa/Ibl.

KemmacmtaOThl KEHICTIKTIK-YaKBITTBIK TpadThIK XKUBIHTHIKTANY (MS-G3D)
APXHUTEKTYpachl JICHE KOHE caycaK OybIHAApbIHAH TYPAaThIH KAHKAIBIK IpagThl
naiananeln, 3epTTeyiHie YChIHBUIFaH. ABTopnap >kymbictapbl (Vazquez-En-
riquez et al., 2021) xepceTkeHel, OyJI TOCII CEMaHTHKAIBIK TYPFBIIa MaHBI3IBI
e3apa OaimaHpicTapabl 1o Tycipyre MymkiHAik Oepim, AUTSL nmepexrep
KUBIHTBIFBIHA KOFaphl HOTIKeNepre Koi xkeTkizreH. ConbiMeH Kartap, 3D-CNN
(S3D) apXuTEKTypachIMEH CaJIBICTBIPY *oHE TpaHc(epiiK OKBITY TaxKipuodenepi
MS-G3D opmicinig ISLR canaceinga 6acexere kabinerTi opi OediMaenrinn eKeHin
JIOTIEIIICTCH.

KbIT mapamiens KOPIyChIH 93ipiey KoHE 3epTTEY €CTy JKoHE colney KabinmeTi
IIeKTEY1 aJlaMAaap/ablH Ka3aKCTaHIbIK KOFaMFa BIKIAIIACYbIH KEHIISTETIH )KoHe
KOMMYHHKAIUSHBI €10Yip JKaKcapTaThlH MaHBI3IbI OaFbIT 0OJbIN TaObuIaAbl. biM
Ti1 €CTy oHE ceiiiey KadineTi Oy3blIFaH aHAap YIIiH Heri3ri KapbIM-KaTbiHaC
KYpaJbIHBIH POIliH aTKapansl. Kazakcranaa, kentereH 6acka MeMJIeKeTTepIeriaei,
OyJ1 caHaTTarbl ajamaap OUTiM ajya, aKmapaTka KoJl KETKI3y/Ie KoHe 9JISyMETTIK
opTara OeHiMuenye eneyii KAIHABIKTapFa Tam 0oiaasl. MyHaai kemepriiepain
0acThl cebedi — BIM TiNI Typasibl KOFaMHBIH Xa0apIapibIFbIHBIH TOMEHIT1, OiiM
Oepy OarmapramMaliapblHBIH >KETKUTIKCI3/Ir, COHJal-aK OCHI CajlaHbl JaMBITyFa
apHajJFaH 3epTTeyilep MeH pecypcrapabiH TammblibiFel. KbIT 3eprreyre
OarpITTalFaH FHUIBIMH OacTamaliap ecTy JKoHe ceiiey KaOineri Oy3blIFaH
agamMaapabpIH OUTIM MEH aKIapaTrka KoJl JKeTKi3yiH KaMTaMachl3 €TyTe, COHIal-aK
OJIapIbIH MOJIEHU JKOHE JIMHTBHCTHKAIBIK CPEKIICNTIKTepiHe KATBICTHI TYCIHIKTI
teperneryre OarpiTtanFad. KbIT ymiin mapamnens xopmyctap Kypy xone KbIT
HYCKayJapblH J>KETUINIpYy 3eprTeylliiepre, TopOuemriiepre jKoHE MaMaHAapra
TanteipMac Kypain 6oxa anaabl. by xymbictap KbIT okbiTyFa apHanran 3aMaHayn
olicTeMenepi  d3ipieyre, ayaapMa pPecypcTapblH KETUIIIpyre JKOHE TIIIIK
OenrinepmiH KYPBUIBIMIBIK EPEKIICITIKTepIH TEPEHIPEK TYCIHYre MYMKIHIIK
oepeni. Ocor Oemimme KbIT »xoHe mapamiens KOpPIyCTHI AaMBITY CallaChIHAFbI
3epTTeyJIep/IiH HEeTi3T1 MaKcaTTaphl MEH Ke3/IeCEeTiH KUbIH/IBIKTAphl TaTKbLUIAHAIbI.

[Mapamiens kopryc cypuoayaapMma IKYHeNepiH JambITyla MaHBI3Ibl Pei
arkapazapl. CoHali-aK, bIM TUILACPIHIH ©31HAIK IpaMMaTUKAaIbIK KYPbUIBIMBI MEH
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JIEKCHKAchl OJIap/bl MOTIHTEe ayaapy KyielepiH o3ipieyne eneysi KHbIHIBIKTap
Tynslpansl. OceiHaai kyienepai kypyra (Bertin-Lemée et al., 2022; Jiao et al.,
2024) 3eprreyiepi Typil TOCUIACPAl KapacThIPhIN, MAJIIMETTeP/iH IIEKTEYIiIIr,
KOJITAHBICTAFBI MOJICIIBICPAIH TOMEH JIOJIIIT )KOHE BIM TUIACPiHIH TMHT BUCTHKABIK
EPEKIIENIKTepIH eCKEPYMiH MAaHBI3ABUIBIFEI  CHSIKTBI  HETI3TT  Mocenenepi
aHBIKTANUIbI.

Bertin-Lemée >xone Oackamapsl (2022) 3eprreyiHae MOTIHAI bIM TUIAEPiHIH
HepapXIsUIBIK GOpManIbpl cunarTamMaiapbiHa AZee aynapy o1ici YCbIHbUIFaH. by
o/lic mapaieNs KOPIycTap[bl KOJNJAHBIN, YXaHa MATIMJIEMENepi ayaapy YIIiH
MOTIH CETMEHTTEpiH KalTajar aybICThIpy apKbUIbI OipHEIIe aynapMa HyCKalapbhlH
KYpacThIpaabl. OJIic BIM Tili KYPBUTBIMIAPEIH MYMKIHIIITIHIIIE CaKTayFa MYMKIHIIIK
Oepeti ’KoHEe HOTIDKENIEP/li aBaTapiiap/sl CHHTE3/Iey YIIiH KOJIaHyFa HeT13/1ereH.

blm Tininen wmotinre aymapy (SLT) Oeiinenepai MOTIHIIK ceiinemaepre
TypJieHaipyre OarbITTainFaH MaHbael MiHaeT (Jiao et al., 2024). [acrtypmi
ToCiIAepIe BU3YalIbl YCHIHY/BI YHPETY YIIiH IIOCC aHHOTAIMSIIaphl KOJIaHbLICca
13, OJIAPJIBIH KOFAphl KYHBI MacIITa0TamyIbl KUbIHAATA (Bl OChl MOCEINIeH] TIenry
YIIH 3epTTeyiepAe BHU3yalnbl Typajayabl anjaelH ana madbiHnay (VAP) omici
YCBIHBUIBIN, OJI BU3YaJJbl JKOHE MOTIHIIK TOKEHAEPII COWKECTEHAIPY apKbLIbI
CEeMaHTHKAJBIK TYPFbIJAa MOHJAI akKmaparThl THIMII NalijanaHyFa MYMKIHZIIK
Oepai. Toxipubenik nHotmwxkenep VAP rtociminig SLT eHIMAINITIH apTTHIpHIN,
IIOCC  HETI3IHJEeTi O/ICTEPMEH CallbICTBIPFaHJla aWbIPMAIIBUIBIKTEL  €19Yyip
KBICKApTaTBIHBIH KOPCETTI. 3epTTeyiepae KOMMAHBUIATBEIH OPTYPIi  OIicTep
MOTiH/IEp MEH OeifHeNepl bIM TUTAEpiHe aynapy MocelenepiHiH KOMKbIPIbLTBIFbIH
KepceTedi. 3aMaHayn HEHPOHIBIK XKelli MOJIENb/EP alTapibIKTall JKETICTIKTepre
KOJI )KETKi3T€HIMEH, JePEKTEPIiH MEKTEYIIIIIr MEH bIM TUIEPiHiH €peKIIeNiKTepiH
eCKepy/Ieri KUbIHJIBIKTAp dJIi e Oap.

KbIT >xoHe mapasuiensb KOPIYCTHI AaMBITYy 3€pTTEYIIIEP/iH alIbIHAa TYpFaH
HETI3ri MiHAETTepi MOJCHW MYpPAHBI cakTay, OUTiMre KOJDKETIMIITIKTI KCHEHTY,
KapbIM-KaThIHACTBI HBIFAITY, TUHIBUCTUKAJIBIK 3€PTTEYJICPIi JaMbITY, dJICyMETTIK
WHTETpalMsHbl KOJAAy >KOHE KociOu aynapMmalubiiapra KeMEK KepceTy OOJIBII
Tabbianbl. by 3eprrey kaszak turinaeri matinaepai KbIT miocceiHa aymapyisl
ABTOMATTAH/BIPY KOHE Napaiiellb KOPIYCThl JaMbITy apKbUIbl €CTy JKOHE
ceiyiey KabOureTi Oy3pUTFaH aaaMaap YIIH TULIIK KOHE MOJICHH KeIepriiepii
orora OarpiTTanFaH. JKoba KbIT-HiH rpaMMaTHKambIK KYpBUIBIMIAPBIHA TEPEH
JUHTBUCTUKAIBIK Tangay jKacam, JAEpPeKTepAl aHHOTALMsUIAY, CHHTAKCHCTIK
COMKECTIKTI KaMTaMachI3 €Ty JKoHE MalllMHAIIBIK ayfaapmania Transformer mopemniHig
THiMALTIriH 3epTreyre Herizaeneni. 3eprrey KbIT men kaszak Tini apachlHIarbl
ABIPMANIBUTBIKTAp/Ibl  aHBIKTAY apKbUIBl OUTIMre KOJDKETIMIUIIKTI apTTHIPHII,
MHKIJIIO3UBTI TEXHOJOIMSJIAP/bl JAMBITYFa bIKIIAJ €TEe/l.

Marepuajgap MeH daicrep.

Inoccune benzinepi

Ceiiney TimiH y3nikciz 3D bpIM mo3anapblHa aygapy YIIiH NPOIPECCHBTI
tpanchopmepinep (Saunders et al., 2020) 3eprTeyne ycoiHbUIFaH. byn monenbae

116



ISSN 1991-346X 3.2025

[IOCCTapabl apaiblK JIEMEHT peTiHle MaiiianaHy KapacTbIpbUIFaH, COHIal-ax
MOTIHHEH BIMJBI TiKeJIeW OHAIPY JKOHE IIOCCTAP apKbUIbI dKYMBIC ICTEHTIH JKENITIK
KoH(HTryparusiap YCoIHbUIa b1 Jlepextepi keHenTy anictepi SLP Monenbaepinin
eHiMaLTiriH apTTeIpbin, PHOENIX 14T nepextep »kubIHBbIHAA OaFanay HOTHKEIEpiH
KaKcapTaibl.

[moccwHT — BIM TLTIH aybI3eKi TUTe co30e-co3 ayaapyablH 9JIici, oN TUTIepdl
yiipeHy MeH aBTOMaTThl eHieyae Konmanbuiaabl (Moryossef et al., 2021a). byn
o/lic TIOCC apKbUIBI BIM TiJiHIH TYMHYCKA CHHTAKCHCTIK KYPBUIBIMBIH CaKTarl,
aylapMajaH e3relnesieHesli. [JIOCCHHT BIM Tl MEH aybI3eKi T apachiHAarbl
CHUHTAKCUCTIK COMKECTIKTI kKepcereni. Exi caThlIbl KYPBUIBIM MOTIHHEH ITIOCCKA
(T2G) xone Tnoccran mosara (G2P) aymapymsl xysere aceipans (Huang et al.,
2022). byn omicte TIIOCC aHHOTAIUSUIAPHl MAHBI3IBI apalIbIK JJIEMEHT peTiHe
koimanbuianel. Balanced Multi-Modal Multi-Task Dual Transformation (BM3T-
DT) amici apKbLiIBI ilIiHApa IIOCC-aHHOTALMSUIAHFaH )KOHE MOHOJIMHTBAJIbIbI ITI0CC
JIepeKTepl NaiaaaaHbLIbII, OHIMAUIIK €19yip dKaKCapThUIIbI.

I'mocc biM TiniH jxa30arnra Typ/e anHoTanusIay oaici. by xyiie HakThHI aymapma
ycbiHOAlbl, anaiiza Tid KypbUIBIMBIH 3€pPTTEYIE MAaHbI3ABI Pej aTKapaTblH
KYPBUIBIMJIBIK KYBIKTay[bl KaMTamMachl3 eremi. [Jocc omici aybi3eki TLIIIH
rpaMMaTHKaJIbIK KYPhIIbIMbIHA JKaKbIH, O1paK bIM TUTIHIH ©31HAIK epeKIIeTiKTepiH
CaxTail OTBIPBIN, OHBIH KYPBUIBIMAAPBIH cUMarTaisl. bi3 mapaniens KOPIyCTHI
KYPYIBIH KaJaMJIbIK HYCKAyJIapblH KeJiecl 0eIiMIe YChIHATBIH 00aMbI3. 3epTTey
Oapriceiana Python 3.10, Stanza, PyTorch, NumPy >xone Pandas maiimamasbsuiast.
Stanza Tinmik Tanmay ymris, PyTorch mefiponabik xemninepai yitperyre, anm NumPy
MeH Pandas nepekrepai eHJey MeH TajlayFa KOJIJaHbUIIbI.

Kasax vim mininiy coz mopmioi

Cesziep/iiH peTi Ke3 KeJIMeH aybI3eKi TUIAIH I'paMMaTUKAChIHA MaHbBI3Ibl PO
atkapanbl. Ceiiney TUTiHIe co3aep Oipi3MiTIKIIeH alThITYBl COMICY anmapaTbiHbIH
meKTeynepine 0almaHbICTEI 00JICa, BIM TUIACpi OV XKaFbIHAH epeKiencHe . blm
TiNIepinAe eki Kokl Oip Me3riiae apTypii Oenrinepai skacay YIIiH Naiananyra
OonaTbIHBI CO3MEPAIH KaTal OpHajacy KaKETTUIMH TeMeHAeTeni. 3epTreyne
BIM TUTIHAET1 COMJIeM KYpbUIBIMBI aybl3eKi TUIIAETiAed IpaMMaTHKajbIK KbI3MET
aTKapaTblHbIHA HAKTHI yKayan Oepy KHMbIH eKeHi alThUIFaH. bys mocene 3epTreynig
HEri3ri HpICaHbIHA alfHAJIA kL.

CelineM KypbUIBIMBIHBIH MaHBI3[BUIBIFBIH €CKEPE OTBIPBII, 3€PTTEY OHBIH
BIM TUTIHJIE JKOHE aybI3eKi TUIAEe TpaMMaTUKaJbIK Kypal peTiHIe Kaiald >KyMbIC
ICTCHTIHIH HEMeCe bIM TUIJEPiHIH BU3YaJJbI-KCHICTIKTIK CHITaThiHA OalIaHBICTHI
epeKIe KYpbUTBIMABIK KACHETTEepTe e eKeHIH aHBIKTayFa OaFbITTalIFaH. 3epTTeyIiH
makcarel — KbIT-meri xaii ceitnmemuepzeri Herisri sneMeHTTepAl (CyOBEKT,
00BEKT, eTICTIK) Taljam, OJapIblH COUIEMACTI KYPBUIBIMABIK POIIH alKbIHIAY.
Kazaxcranna xone Oypeiarsl Kenec OmarbiHa KipreH KeHOip enjepie ecTy jKoHe
celiney kaOineri Oy3purrad amgamuap kebine KbIT komnananer. COHFBI yaKbITKA
JeiiiH OpBIC BIM TUTiHE KaTBICTHI JIMHTBUCTHKAJIBIK 3€pTTEeyaep Mynae OoamaraH,
TEK COHFBI XKBUIJAphl FaHa OipHele KYMBIC JKapbIK kepe O0actaasl (Kimmelman,
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2012). KbIT ce3nepmin opHaiacy TopTiOi oii Jie aH-KaKThl 3ePTTEIMETCHIMEH,
(Zaytseva, 2006) eHOeKTe OHBIH HKEMJIi KYpbUIBIMFA W€ €KEHJIri arar eTijelli.
ConbpiMeH Katap, 0y 3eprrey KbIT-meri ce3 TopTiOiHIH HKEMIUTITIH CUIIaTTa 16l
JKOHE TUIJIE «HETI3Ti O3 TOPTiO» YFBIMBIHBIH Oap-’KOFBIH aHBIKTAayFa THIPHICAJIBL.
Ocbl 3eprTey OapbIChIHIA aybI3eKi JKOHE BIM TUIIHAETT HETi3rl Ce3 YFbIMbI
KapacThIPBUIBIN, KOJJIaHBUIFaH onictemenep cumartanansl. ConsiHnaa, KbIT-geri
HET13T1 co3 TOPTiOiH TaJIKbLIAy aPKBUIBI 3€PTTEY/IiH KOPBITHIHIBIIAPHI YCHIHBLITA B,

Kasax vim mini kopnyceinoazol ce3 mapmioin manoay

Bypein aranm etkenzeir, KbIT Ttammaymarsl Heri3ri KHBIHABIKTApABIH Oipi
— KOJDKETIMJI JepeKTepiiH, ocipece TiIocC (opMaThIHAAFBl JIEPEKTEPAiH
xericrieynrimiri. Konm  Oenrinepiniy jkaz0amra KepceTiymimi  aybI3eki Tinre
HeT13/IeTeH/TIKTeH, OJIap bl TYCIHY JKEHLIT OOJIBII Keei. 1-CyperTe Ka3ak TUTiHAeT]
COUJIEMHIH CHHTAKCUCTIK KYPBUTBIMBI MEH OHBIH bIM TLTIHJIE TYPJIEHY1 KOPCETUITEH.
JlmarpaMMaHbIH )KOFapFbl Ka0AThI Ka3aK TLTIHJIET1 COIIeM i CHHTaKCHUCTIK Kypam1ac
OeikTepre Oeuir kepceTe/Ti, onap MbiHaNapabl KaMTuabl: ADV (ycrey, «KELLEY),
NP (3ar ecimuik Tipkec, onbiH imiage ANT/M—anbikraysimn, «EPACBLUD xone
NOM— aray cenrik), CNJCOO (xanraynbik), TV (cant erictik, «CATBIID»),
VAUX (kemexiri eticTik, «AJIJIbI») sxoHe ThIHBIC Oenrici (cypak Oenrici).

JmarpaMMaHbIH TOMEHTI KaOaThl CHHTAKCHCTIK aibIpMAIIBUIBIKTapIbl eCKepe
OTHIPBIN OSHIMAENTEH BIM TUTIHJIET] ColiKec Kypamaac OemikTepai kepcereni. by
KabarTap apachlHIaFbl OalTaHBICTap CO3 TOPTIOIHIETI e3repicTepiai KepceTeTiH
xebenepmen OetinenenreH. Meicanbl, «KEILE» (ycrey) cefinemHiH OackiHaH
KEHiHT1 TMO3uIusFa aybICThIpbUIaAbl. COJ CHAKTBI, €63 TOpTIOl BIM TLUIIHIH
rpaMMaTHKachlHa CoWKecTeHAipinenai, MmyHaa Oactaybim (Mbicainsl, «EPACBIIIy)
KaFJainap HeMece TONBIKTAYBITapIaH KeliH opHalacybl MyMKiH. [lmarpamma
Ka3ak TiTiH/IeT1 COMIEMHIH bIM TiJIiHE KaJlall TYpJIeHeTiHIH KOPHEKi Typ/ie KepceTei,
KbIT-ne mon OeifHeney VIIiH KaKETTi HETi3Tri CHHTAKCHCTIK albIPMAIIBLUTBIKTAP
MeH Oefimenymnepi epeKIenen/i.

I—cypem. Kamrg bIM MITIHIY zpajwuamukaﬂbng 1§ypbmbwbmbm Mbicanvl

Y
\ ~ |
8 )
g | ADY ‘ CNJCOO
=
o
E | ANTM
=
N
2 NOM
[ KEIITE EPACLIJI CATBI]'[
>—<
EPACHLT | KEIIE CATBIT
o
&
.
5 ‘ ANTM
=
8
CNICOO ;
@ |NP‘ |ADV| ‘ ™ ||VAUX‘
L \ ! |
| np | 18 ] ’1' A\ .




ISSN 1991-346X 3.2025

blm Ttiminge (Moryossef et al., 2021b) ce3 TopriGi MOP(HOCHHTAKCHUCTIK,
CEMaHTHKAJIBIK, MPAarMaTUKAIBIK Opi MOAAIBABIK EPEKIISTIKTepre OalTaHbICThI
Kanbinracanpl. CyOobekT-eTicTik-00bekT (SVO) sxoHe SOV CHSKTHI HEri3ri ce3
pertepi Oenrim Oip jkarmaiiapaa, COHBIH IIIHJE TOMHMKAIAHABIPY, CTICTIKTEpi
KIKTEy, KIKTEyIIITepai KOJJaHy >KOHE AacleKTUTIK TaHOanay Ke3iHae maiima
oomaner. KeiiOip Tinmepnme kapamaiibiM etictikrep SVO peTiH ycTaHaabl, aji
TypakThl etictikrep SOV-HbI ycTanansl. JKikreyimTep MEH HaKThl TaHOAJIaHFaH
eTICTIKTep/l KAMTUTBIH KOHCTPYKIMsIap KeOiHece MOP(OIOTHSIBIK KYPASTITIK
[IEH acMEeKTUIIK TaHOalayFa OaiJIaHBICThI HET13T1 ¢O3 TOpTiOiHEeH ayhITKUbL. Co3
TOPTIOIHIH KHULIIT1, TApaTybl ’KOHE KapanailbIMIBUIBIFBI CUSKTHI (haKTOpIIap TIAET1
Ce3IMHIH HEeTi3T1 KypbUIBIMBIH aHBIKTayFa BIKITAJ eTeIi.

Byn 3eprreyne 500-neH acram TabwWfH TiIEri ceiyiemiaep 3epTTeNim, Keieci
KETi TOIKa OeIiH/i: KaWThIMJIbI, KAUTBIMCBI3, MEKCH/II, XKaH]Ibl, )KaHCBI3, KypAeIi
KoHe Kypaeni emec. KaHThIMabI—KalTBHIMCBI3: Backa bIM TijiepiHAEri CHUSIKTHI,
KbIT-ne na KaWThIMIBUIBIK O3 TOpTiOiHE ocep erei. KalThIM/Ibl jxarmainapaa
SVO ce3 TopTibi apTHIKIIBUTREIKKA e 00ica, KaUTHIMCBI3 KOHTeKcTepae SOV xui
Konmanbiianel. Mekenni: Ceitniemaepae opbsIH/OpHaIacy OipiHII KOWBUTA b, SIFHU
aJJIBIMEH OPHBIH, COJIaH KeHiH 3aTThIH OpHAIACYBIH aHBIKTai bl XKaH b —KaHCHI3:
Kanger obbekTinepi Oap ceitnemuepae sgerre VO T1opribi Oacekim Oolsca, ain
JKAHCBI3 00BEeKTLIEp YiliH kebiHece OV TopTiOi Konmaanbuiansl. Kypaemi—kypaeni
emec: By kikTeyne «kypaedi» Jen aWTapibIKTal (U3HUKAIbIK KYIITI KakeT
€TeTiH KUMBUIZAp, MBICANBI, KeH aMIUTUTYIAlIbl KO3FajbICTap HEMece KYIITeH
OpBIHJIATATHIH SPEKETTEP aTaiaibl. ANl «KYPIETi eMec» KUMbBUIIap a3 (PU3NKaIbIK
KYIII )KYMCAJIaThIH YKOHE [IaFbIH KO3FAIBICTAP/Ibl KAMTHIBL.

163 ceiimemre >KyprizinreH Ttangay l-kecTele KOPCETUITEHACH, OJapablH
KaWThIMJIBUTBIKKA HETI3/ICIITCH KIKTEIy1HEe COHKEC KeJieCl YITIep aHbIKTaIIIbL:

KaitteiMast sxargaitnapaa 6aceim ce3 TopTioi — SVO, o 35 ceitmemae (53.85%)
keszneceni. SOV topri6i 29 ceiinemue (44.61%) Oaiikanca, OSV ek 1 ceiinemue
(1.54%) ampikTangel. byn xaiteimael koHTEKCTepae SVO KypbUIBIMBIHA alKBIH
0achIMIBIK OEpisIeTiHIH KepceTe/I.

Kaiiteimcebi3 sxarnaiinapaa 1a SVO eH kUl KOJNJIaHbLIAThIH CO3 TOPTIOL OO
TabbiIaabl, o 44 ceinemae (44.90%) kesneceni. SOV Topribi 37 ceitnmemue
(37.75%) Gaiikanca, VO kypsutbiMbl 17 ceitmemmue (17.35%) anbIKTanraH.

Ocruraiima, exi kareropusaa 1a SVO 1opTibi 6ackiM OOJIBINT TaOBIIAIbBI, aaiiaa
KaWTHIMJIBI JKaFainap/a OHbIH OACHIM/IBIFEI alKBIHBIPAK Oalikananbsl. KalTeiMChI3
xarnainapaa SOV xone VO TopTinTepiHiH MaHbI3IbUIBIFBI apTa TYCE/II.

Kecre 1 — Ceiinem TopTiOiH KA TBIMIBI )KOHE KAUTBIMCHI3 XKaFnainapaa 6eiry
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SOV 37 37.75
SVO 44 44.90
VO 17 17.35
Bapneirst 98 100

93 MEKeHJIIK celyieMre )KYpri3uireH Tajjay 2-KecTe/le KopceTuIreH el keieci
ce3 TopTiOi yirinepi aHbIKTANIbL:

OV T1opTibi 2 celnemue Ke3aecin, >Kaimbl CaHbIHBIH 2.15%-bIH Kypaiabl.
SOV topribi 25 cetinemue Oarikansir, 26.88%-1b1 Kypainel. EH xui ke3neceTin
KypbutbiM — SVO, o 41 ceitiemae anbikTansin, 44.09%-n1p1 Kypaiinsl. CoHbIMEH
katap, OSV Topri6i nme 25 ceitnemue keszmecin, 26.88%-mp1 Kypaiinel. byn
HoTmxkenep SVO eH Ui KoNJaHbUIaThIH KYpbUIbIM OoranbiMeH, SOV skane OSV
OyHpBIKTaphI IOKAaTUBTI coinemepae Oipaeil MaHbI3IbI €KEHIH KopceTeTi.

Kecte 2 — Ceitniem peTin MEKeHI1 KOHCTpYKIUsIapaa ooy

oV

SOV 25 26.88
SVO 41 44.09
OsV 25 26.88
Bapneirst 93 100

199 ceiinemre Kypri3uireH Tanjgay 3-KecTele KOPCETUITSH, OJIapibIH JKaHJIbI
HEMece JKaHChI3 OosyblHa OaliaHbICTBl JKIKTENyiHEe CoHKec Kejeci yariiepi
AHBIKTAJIIBL:

YKanner oObekTiIEpl Oap cerneMaepie apThIKIIBUIBLIKTEI ¢o3 TopTioi — OV, on
56 ceminemae (53.33%) kesneceni. Anaitna, VO TopTiOi Jie *ui KOJNJIaHbUIkI, 49
ceitnemae (46.67%) aHbIKTaimFaH, Oy €Ki KYPBUIBIM apachblHla CalbICTHIPMAIbI
TeHrepiMauTikTi Kepceteni. KaHcez oObekTinepi Oap ceinemaepae OV Topridi
alikpiH OackiMzbiKKa ue, o 70 ceitmemue (74.47%) wxe3neceni. An VO Ttopribi
oneKaiiia cupek KoJIaHbUIbIN, Oap Oonranbl 24 ceinemue (25.53%) OalikanraH.
Byn nHotwxkenep skaHchl3 oObekTinep yuriH OV TopTiGiHe aKbIH OachIMABIK
OepisneTiniH, an xauapl o0bekTinep ymin OV xone VO TopTinTepi maMamMeH TeH
KHUITIKIIEH KOJIAaHBUIATBIHBIH KOPCETE].

Kecre 3 — Xanpl, sxaHCBI3 CoOIIeMIEPIiH co3 TOPTIOiH eIy

oV

VO 49 46.67
Bapnbirst 105 100
oV 70 74.47
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VO 24 25.53
Bapnbirst 94 100

47 ceiinemre KYpri3iireH Tannay 4-kecre/ie KopceTijiereH, OapabliH OObEKTiHIH
KYPJENUTiTiHe OailITaHBICTHI XKIKTEIyiHe COMKeC Kelleci YATUIepi aHbIKTaI bl

Kypaeni oObekrinepi Oap ceitnemuepae OV TopriGi OackiM  KypbUIBIM
6ompin TabbuTael, o 30 ceinemue (76.92%) kesneceni. An VO Toprili cupex
KOJJIaHbLIabl, Oap OonraHbl 9 ceitmemae (23.08%) Oaiikamamer. Kypneni emec
oObekTinepi 6ap ceitnemuepae ae OV Toptidi 6aceiM Oombim, 7 ceitnemue (87.5%)
kezaeceni. An VO topridi ek 1 ceitnemae (12.5%) Ttipkenren. by notmxenep
00BeKTiHIH Kypaeniiirine kapamactad, OV TopTibiHe TypakThl TypAe O0achIMABIK
OepineTiHiH, anm Kypzesi emec OObeKTiiep YmIiH Oyl OachIMIBIKTHIH OJaH Ja
KYIITipeK eKeHiH KopceTe/Ii.

Kecte 4 — Kypneminikke 6aiiTaHBICTBI coeMIEpIiH co3 TOpTiOiH 6oy

Ochbl aHBIKTAJIFaH YATUIEp MEH KYPBUIBIMJIBIK €pekeliepre cylieHe OTBIPHII, 013
kazak MoTiHiH KbIT-meri colikec kepiHiCiMEH YHIECTIpeTiH TMapaiuielh KOpIyC
ozipnenik. bynm kxopryc 0i3miH TangaybIMbI3a aHBIKTAIFAH CHHTAKCHUCTIK JKOHE
TpaMMAaTHKAIIBIK epPEeKIIeTIKTePIl 0N KOpCeTy YIIiH JKacalbIll, bIM TUTIH OHJIEY
MeH MalliHAJBIK aylapMa cajlaChIHJIaFbI OJIaH dpi 3epTTeyJep YIIiH CeHIMI Heri3/i
KaMTaMachI3 eTe/i.

Aneopumm sicane anoviH ana eHoey

Kipic nepexrepin eHyey ke3iHje coiieMai MbIHAAAN TYpe TYPICHIipeMis:

£(8) =T, (R(S))

MYH/IaFbI:

R(S) ) . .
Ce3/Iep/liH OpHaacy TOpTiOiH e3repTei.

Ttemp YaKBITTBIK MapKepJIepi KOCabl.

(1) Bacranke! ceitnem (S):

S =(w,W,,...,w,) — ceiineM KypallTbIH cO31epP/iH peTiH Oinaipeni, MyHa:

W, ceisiemyieri -1 ce3 00JIbI Ta0bLIaIbI.

(2) CunTakcucTik Toyenaimk f(w,):

Op0bip ce3 W, CHHTAKCHUCTIK POJIMEH OailIaHBICTBIPBLIAIbL:
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f(w,) € {subject, object, verb, adverbial }.
(3) Ce3niH »aHIBIIBIK CUITATHIH JKIKTEY

a(w) € {animate, inanimate}.
(4) Cesnepai kaiita perrey dynkiwsicel R(S) :

R(S) Oenrini 6ip maprrapra coiikec ceiieM KYpbUIBIMBIH TYpIICHIIIpeIi:

-Erep (S nmemece O) exeyi ae kaHapl Oosca, onap ETICTIKIEH OPBIHAAPHIH
ayBICTBIPAIBL.

-Erep ceiimemzme MekeHIK KepceTKiln 0Ooiica, MEKEHIIK KOpCETKIll I1eH
OacTtayblII OPBIHIAAPBIH AYBICTHIPA/IBL.

- Erep 6ipi (S nemece O) sxanzst 0os1ca, OV opbIHAAPHIH ayBICTBIPA/IBL.

akrst Tysery ¢pynkumsicst T, (R(S)) :

VYaKpITTBIK MapKepiiep KOChIIaIbl:

- OTKeH IIaK YIIiH: «O6TKEH IIIaK MapKepi».

- OCBI IaK YIIiH: «OCHI ITaK MapKepi».

- Kenep mrak yrmis: «kenep mak MapKepi».

Oxbimy npoyeci

byn OemiMmme 6i3 mapamiens KopiycThl Transformer apXuTeKTypachlH
KOJIJIaHA OTBIPBIT OKBITYFa YOHE OHBIH JKYMBICHIH KOJJAHBICTAFbl 3€PTTEYIICPMEH
caspICTRIpFaHaa Oaranmayra keHiT Oememis. Transformer moxeni (Waghmare et al.,
2024) mazap aymapy MEXaHH3MIiH MMaliaiaHa OTHIPHIT, MANTHHAIBIK aygapMana €H
THIMIII MOZEIBACPIIiH Oipi PEeTiHIAE TaHBUIABI. 2-CypeTTe €Ki HEeTi3ri KOMIIOHCHTTEH
TypateiH Transformer-miH apXUTEKTypachl KOPCETUITEH: KOATAYIIIBI JKOHE TEKOeD.
Konraymier TanOamaybImTapabl Kipic peTiH OHIeH i, oappl KOHTEKCTKE Ce3iMTal
BEKTOPJIBIK KOpiHICTEpre TYpJCHIIpeni, Kol 06acTel Ha3zapasl ayaapy, KadaTrTapsl
KaJIbITIKa KeNTIpy JKOHE aiFa jkidepy KabarTapbl apKbutbl. ComaH KeHiH JeKomep
QIIBIHFRI TaHOANAYBIIITApAbl Oackapy YIIIH MacKaJaHFaH KOl 0acThl HazapIbl
KOJIJIaHY apKbUTbI IIBIFBIC PETiH KAaCakIbl, aJl )KEKe KoT 0aCThI Hazap ayapy MeXaHU3Mi
KOJITAyIIbIIaH AJIBIHFAH aK[IaparThl KaMTUABL. ApPXUTEKTYypajia KaWTalaHyIbIH
OoNMayblH ©Tey VIINIH MO3WIMSIBIK KOJITay KOJIaHbUIAAbL. JIeKOmep/iH COHFBI
IIBIFBICHI CHI3BIKTHIK KabaT apKbUTBI BIKTUMAJIBIKTRIH YIIECTIpUTYyiHe, ComaH KeHiH
softmax QyHKITHSICBIHA CATBICTHIPBIIA B,

by 3eprrey ymmia Transformer mMomeni OHBIH ¥3aK Ti30eKTepi THIMII OHILY
KaOineTiHe, OKyIbl JKEOCNICTY VIIIH JepeKTepli OHJACYM IapalieibaeyTe
KaOIJIeTTUTITiHe JKOHE albICTAaFbl DJEMEHTTED apachbIHAarbl TOYEIIUTIKTEPi
PETTUTIKIICH OpHATY YIIIiH 3eHiH MEXaHU3MiH Maii1ajiaHybIHa OaiiTaHBICTHI TAHTAJIIBL.
By epexmenikrep OHBI Signay TUTIHE aymapy CHSIKTBI KYPIAESTi JTHHTBUCTHKAIBIK
KYPBUIBIMIAPEI KAMTUTBIH TaTlChIpMaap YIIiH ocipece KOIalibl eTeIl.
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2—cypem. Transformer apxumexmypacuwt (Choi et al., 2024)

Output
Probablities

Add & Norm <

Feed
Forward

Add & Norm <

> Add & Norm Multi-Head
Attention Nx

———

Add & Norm <

Nx
— Add & Norm

Masked
Multi-Head Multi-Head
Attention Attention
pS 4
Positional + + Positional
Encoding Encoding

Input Outputs
Embedding Embedding
T Outputs
Inputs (Shifted right)

Ocwr 3eprreyne kommanbuiraH Transformer momem PyTorch 2.1-me xysere
aceippubl.  OxpiTy Tporeci (Velay et al, 2024) >xymbpIicTa YCHIHBUIFAH
napameTpliepre Herizziene OTHIPBIN KYprizinai, runepnapamerpiepi Bl = 0.9, f2
= 0.98 xone € = 107 GomxpInm opHaTbuFaH Adam ONTUMHU3ATOPHIHBIH KOMETiMEH

OHTaWIaHIBIPBLIIBL. MOIeNhb Kelleci mapaMeTpiaepMEH OKbITBLUI/IbL:
- batch emmemi = 64;
- 1Kl genren eamemi = 1024;

- dk = 64;

- dmodel = 512;

-dv =64;

- dword vec = 512;

- dropout = 0.1;

- epochs = 50;

- maxtoken seq len = 59;
- nhead = §;

- nlayers = 6;
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- nwarmup Kagamaapsl = 4000;

- Irate = d™°.°> modelmin (kagam™.°, Kagam '.° nwarmup KagaMaapbl).

bazanay kepcemkiwmepi

bi3 sxacanran MoTiHHIH camacekiH Oaranay ymiH BLEU (Bilingual Evaluation
Understudy) merpukacein Konpaablk. BLEU — Oyn mammsamnelk aygapMa
HOTIXeJepiH Oip Hemece OipHemle ajaM jKacaraH JTaJOHMABIK ayaapMmaiapMeH
CaJIBICTBIPY apKbUIBI OaranalThIH KeHIHEH KOJJIAHBUIATBHIH KepceTkim. baramay
KacaJFaH MOTIH MEH STAJIOHJBIK ay/apMaliap apachblHIarkl n-rpaMMasiapsiy (n
CO3JICH TYpPAThIH TI30CKTEP/IH) COMKECTIriHE HETI3JIeNITeH, ayJaapMa JSJIiriHIH
CaHJIBIK OJIIIIEMiH KAMTaMachI3 €TeIi.

BLEU kepcetkimi keneci (1)—(4) popmynanapsl OoibIHIIA ecenTeei:

Count,,,

(n— gram) = min{Count(n— gram), Max Re fCount(n— gram)} (1)

z Ce{Candidates } z n—grameC Countdip (n - gram)

P- , 2
ZC'E{Candidatex} Zn—gmm'EC' Count(n —gram ) ( )

1 if e>r
BP = {e“”"‘) ;’jfcmr €)
BLEU = BPxexp[(Y. " w,logP)] (4)

Byn gopmynana "n-rpamm" TepMUHI MalMHAJa jKacalfaH aylapMajaa raiaa
0O0JIaThIH N-TPaMM KUUTITTH OUIIIpE/Ii, 0J1 aHBIKTaMaJIbIK ayJapMajia Ja Ke3aecel.
By 3eprreyze n MoHi 4-Ke TEH, SIFHU YHUTpaMMasiap, Ourpammaap, TpurpaMmMaiap
XKoHEe TepT rpamm eckepiymeni. CoHbIMeH Kartap, (opmynana KOJJaHBUIATHIH
rapameTpiIepre CuITeMe aynapMachIHbIH Y3BIHABIFRIH OinmipeTiH (a) r kipemni; (b) c,
OyJ1 MalIMHANBIK aynapMaHbIH Y3bIHABIFBIH OlTipesni. byn aneMeHTTep kacanFaH
JKOHE aHBIKTaMaJIbIK ayaapMallap apachlHIaFbl Ka0aTTacylbl 6IIiey apKbLIbl
ayJapma carachlH 0ObeKTHBTI OarajiayFra bIKIaJ Tell.

3eprTey HoTHiKesepi. 3eprrey Oapbichiga KbIT-HIH HErisri KypbUIBIMBI
TalgaHAbl, OHBIH INNHAE €03 TOpTiOI MEH JKeCT TIUMIHIH KBl KYPBUIBIMBI
kapacteIpbuabl. 10 000-HaH actaMm BIM TUTIHIETI ceiemaep TalgaHBIT Ha3ap
KaWTHIMJIbI, KAWTBIMCBI3, MEKEH/Ii, JKaH/IbI, )KaHChI3, KYypJelli KoHe Kyp/eli eMec
KoHE 0acka Jla caHaTTapra JKIKTeIi.

[Mapamnens kopryc Kypy mporeci kaszak xone KbIT apacwinia aymapma meH
OeiiMey/1i OHTAMIAHABIPY YIIIIH MaHbI3/IbI YIII HETI3r1 Ke3eHHEH TYPa/Ibl:

1-ke3en: by ke3eH MOTiHAI IIOCCKa aymapyabl KaMTHIBI, OHNIA Kaszak JKoHe
KbIT-ne cofikectennipinesni. byn kagam opi kapaii Tanmay MeH MOTiHI TypaJlayIbIH
Heri31 0016l Ta0bLUIAIE.

2-ke3eH: Kazak sxone KbIT ceiinemuepiHiH Y3bIHIBIKTaphl TaJIaHBIIL,
3-cyperrterifeli TpauKTep apKbUIbl BU3yalu3anusuiaHajbl. CallbICTBIPy Kep-
CETKCeHJICH, €Ki TiJIe JIe HEeTi31HeH KbICKa CelieMJep KOJNJIaHbLIa/bl; ICTCHMEH,
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Ka3ak TUTiHJIe COMIIeM Y3bIHIBIKTAPBIHBIH TUATa30HbI KeHipeK, ail KbIT TeFbI3pipak
Tapaiyra ue. Hotmwxkecinne, ka3ak Tumiageri y3uiH covnemuepai KblT-ne aymapy
Ke3iHJIe KbICKa CETMEHTTEpre 00Ty KaKeT 0OIybl MYMKIH.

3—cypem. Cetinem Y3vIHObIZbIH 6OTY

Distribution of Kazakh sentences length Distribution of Kazakh sign language sentences length

0.14 0.14
0.12 m 0.12
0.10 0.10

> 0.08 2z 0.08

0 w

2 2

& 8
0.06 0.06
0.04 0.04
0.02 0.02
0.00 0.00

0 25 50 745 100 125 1561 175 0 25 50 75 100 125 150 175
Length Length

3-ke3eH: Kazak xone KbIT kopmycTapblHBbIH CHIIaTTaMallapbl, COHBIH 1LIiHJIE
ceiiemzep caHbl, TOKEH/EP CaHbl, COMIeMIePAiH MaKCUMAIIIbl JKOHE MHHUMAIIIBI
V3bIHJIBIFBI, COHJIal-aK CO3JIIK KOPBIHBIH KOJIEMi CHSKThI HETi3ri KOPCETKIITep
CaJIBICTBIPBUTY S5-KecTeHze KepceTinreH. bynm nepextep exi Tl apachlHAarbl
KYPBUTBIMBIK )KOHE KYPIEILTIK aibIpMalbUIBIKTapBIH TYCIHYTE MYMKIHAIK Oepei,
napajuiesib MOTIHIACP/l IO COMKECTCHIIPY MEH ayapy/bl )KEHIIIETE .

Kecre 5 — Kazax Tisli MeH Ka3ak bIM TiJIi KOPITYCHIHBIH CHITATTaMaJIapbIH CaJIBICTBIPY

84 707 84 707
645 197 767 346
42(ce3) 45(ce3)
1(ce3) 1(ce3)
33 181 16 980

Byn ymr kesen Oipre kaszak sxoHe KbIT apackiHzarbl ayqapMaHbl sKaKkcapTyFa
OarbITTalFaH KYPBUIBIMIBI TOCUIAI Kypaasl. 3epTrey OapbIChlHAA BIM TiJi
rpaMMaTHKACBIHBIH aybI3eKi TUINEH eneylli alblpMallbUIBIKTaphl Oap eKeHi
aHBIKTANABI, OyJl opOip caHaTKa apHaJFaH TYPJCHIIPY epekesiepiHe ocep eTemi.
Ocbl HOTHKENep HETi3iHAe epeskeNiep KUBIHTBIFBI 931pIIeHIN, Ka3aK MOTiHIH KeCT
Tl MOTIHIHE TYpJEHIIpyre apHajfaH napcep skacanabl. [lapcep askranraHHaH
KeWiH MOJeNb KiTanTap MEH >KaHAJIbIKTap MakananapbiHaH anbiarad 100 000-
HaH acTaM COHJIEMHEH TYpaTbIH AEPEKTEpP *KHUbIHbI OOHBIHIIA OKBITHUIABL. OKBITY
nporeci Transformer apxuTekTypachlH NaijganaHy apKbUIbl JKy3ere achIpbUIIBL.
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Aynapma Tuimzinirin Oaranay ymin BLEU xepcerkimi kompganbuiabl. by
ANTOPUTM MAIIMHAJBIK ay/lapMaHbIH CallachlH KOCIOM aymapMariibl )kKacaraH ajgam
ayJapMachIMEH CaJIBICTHIPY apKbIIbI OaFaali/Ipl. cara Oarachl MAIIMHAIBIK ayJlapMa
MOTiHI MEH KociOM ajaM ayJapMachlHBIH YKCACTBHIK JOpEXKeCiHe Heri3iernei:
«MammuHanbIK aygapMa KociOu ajaM aynapMachIMEeH KaHIIAJBIKTB COUKec Kelce,
OHBIH carachl COHINANBIKTHI XKOFapbl Oomanel.»y — BLEU kpurtepwuitinin 6acTbl
Uaeschl OOIBIN TAOBUTAAbL.

Seq2seq xone Transformer momenpaepi yuwin amsinraH BLEU kepcetkimi
4-cyperte Kepcetinren. Seq2seq moxeni Oacrankpiia mamamen 0.620 BLEU
KOPCETKIIIH KepceTin, OipTiHaen kakcapsbir, coHbHAa 0.680 1mamachIiHa KeTei.
An Transformer mozeni 6acrankpiaa mamamen 0.715 BLEU kepceTkimiin kepcerit,
0apIbIK OKY Ke3eHJIEpiHAe TYPaKThl Typ/e ecir, Oecinmi kezeHae mamameH 0.788
KepceTkinrine xeTti. OKy Ke3eHJepiHiH opOip carbickiHAa Transformer momeni
Seq2seq MozemniHe KaparaH/Ia KOFaphl HOTHIKEJIEpP KOPCETII, ayAapMaHbIH JIIITiH
KaMTaMachl3 €TTi.

4—cypem. BLEU mempuxacsi

BLEU Score comparison between Seq2Seq and Transformer

—8— Seq2tSeq
—&— Transformer

0775
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Epoch

Junamukanelk rpadra Herizmenren Hediponnsik SLT moneni (Zheng et al.,
2022) 46.24% BLEU kepcetkimiimMeH epekiiencHeal. by oic ce3 neHreiinaeri
CEMaHTHKAJIBIK OLTIMIII KOCY MYMKIHJITIH YCBIHAJbI, OipaK BbIM TUTIHIH TOJIBIK
JTUHTBUCTHUKAIBIK KYPBITBIMBIH, OHBIH iIITH/1C TPAMMATHKAJIBIK KOHE TParMaTHKaJIBIK
ACIICKTIJICPIH TOJIBIK KaMThIMaii bl KeTepMerni ajiiblH ana OKbITY JKOHE BU3YaJlJIbl-
Tingaixk Mapper-meH OipikTipiireH HeHpOoHIBIK bIM TiTi aynapmacs! (Chen etal., 2022b)
53.81% BLEU xepcertkimine ue, Oipak Oyi1 ofic anjibpH ajna OKbITY MpoLeci YIKeH
JICPEKTEP MEH eCeNTey PEeCypCTapbhlH Tajlall €TETIHIKTCH IICKTEYI pecypcTaphbl
Oap 3epTTeyliep YUIiH KUBIHIBIK TYFBI3Yybl MyMKiH. bizain omicimiz 78.80% BLEU
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KOPCETKINIH Kepceremdi, Oyl 0acka oJicTepMeH CalbICTBIpFaHIa aNTapIibIKTal
JKOFapbl HOTWKe. Anaiina, Oi3fiH ofiCiMI3IiH mIeKTeyl OipKelKi TpaMMaTHKaIbIK
KYPBUTBIMIApABIH OolMaybIH/Ia KaThlp. KOpeITBIHIBITAN Kesle, Oi3iH 9iciMi3miH
BLEU «kepceTkinn jxofapbl OONFaHBIMEH, TPaMMAaTHKAJBIK KYPBUIBIMIAP/IBIH
YKETICTICYIILTITT OHBIH THIMIUTITIH IIEKTEHTiH akTop OOIBIN TaOBLIA b

3epTTenreH oicTepIiH imriHeH Oi3/1iH MOJETh €H KOFaphl HOTHIKEHI KOPCETIIL,
78.80% BLEU xepceTkimiine Ko >keTKi3al (5-kecTeHi KapaHbI3). by kepcerkimn
JTMHAMUKAIBIK TpadKa HETi3JeNTeH HEHpPOHIBIK BIM TUIi ayJapMa MOIENi MEH
KOTEepMEJTi aJIJIbIH aJla OKBITY 9JIICTepPIHEeH alTapiIbIKTal )KoFapbl. bi3miH amicimMi3miH
APTHIKIIBUTBIFBI OHBIH THIMIUTITT MEH HOTWIKENIITIHAC *XKaThlp, ananiaa Oipkenki
rpaMMaTHKAIIBIK KYPBUTBIMIAPABIH OoMMaybl KeHOIip KeMIIUTIKTEp TYFbI3a/ibl.
ConpIMEeH Karap, 0acka oficTepMEH CallbICThIpFaHIa Oi3MiH MOACTIMI3IIH
pecypcrapasl Kem KaKeT eTHEeWTiHI e MaHbI3Abl. bi3miH 3epreyiMi3 jKoFapsl
BLEU kepceTkilIiMeH *akchl HOTHXKE KOPCETIIN, bIM TLTIH aygapyAa THIMIUIriH
JTONEIIE.

Kecre 6 — OpicTep MeH TOCUTAEPIIH CaIbICTHIPMAITBI KecTeci

jic araysl Tacin araybl MeTpuxkacsl lekTeymaep
(BLEU
KOpceTKili)
JlnHaMuKanbIk rpadka JlMHaMMKaJIbIK 46.24% 3eprTey ce3 AeHreHiHaeri
HETi3[eNTeH HEHPOHIBIK rpadxa CEMaHTHKAJIBIK O1TIM/I1 KOCY/IBI
SLT moneni (Zheng et HeTi3/IeNreH YCBIHABI, OipaK bIMAY TUTIHIH
al., 2022) MYJTBTHMO/AITBIbI TOJIBIK JIMHTBACTUKAJIBIK
HHTErpaIus KYPBUIBIMBIH, MBICAJIBI,
IPaMMaTHKAJIBIK KOHE
MParMaTUKANbIK aCHEKTIIePiH
TOJIBIFBIMEH KAMTBIMAHIbI.
Ketepmeni anypin anna | Transfer learning 53.81% ANJpIH ana OKpITY Ipoleci
OKBITY JKOHE BU3YaJl/Ibl- HeTi3iH/er] YJIKEH JepEeKTep MEH ecenTey
Tingik Mapper- KaparaibM pecypcTapbiH Taam eTe/i,
MeH OipiKTipiIreH 0a3aJbIK MOJIEIb OyJ1 meKTeyIi pecypcrapsl 6ap
HEWPOHMBIK bIM T 3epTIeyliep YIIiH KUBIHIBIK
aynapmacs! (Chen et al., TYABIPYBI MYMKiH.
2022b)
biznin Transformer 78.80% Bipkenki rpamMMaTHKaIbIK
KoHe Seq2seq, KYPBUIBIMJIAP/IBIH OOIMAyBI.
TapaJuIelib KOpIryc

Tankernay. byn 3eprrey KbIT ymin mekreyni pecypcrap MaceseciH menryre
KOHE apHaiibl MAIIMHAJIBIK aylapMa XYHEeCiH AaMbITyFa OarbITTalfaH MaHbI3Ibl
Kanam 6okl Ta0buTabl. KbIT-HIH KYpBUTBIMIBIK €pEeKIIeNiKTEpiH Taiay KoHe
napajuiesib KOPIyC KYPY apKbUIBI BIM TUTIH OHICYIIH KYPISIUITiH TepeHipeK
Tycinyre bIkai eTti. Herisri xxerictikrepain 6ipi — Kbl T-HiH «Heri3ri ce3 TopTiOi»
yIrinepiH aHbIkTay Oonabl, Oy yiriH S00-1eH actaM ceiiyieM KeTi TOTKa OeITiHiI
tanmasael. KbIT rpaMmmarrkackl MeH aybI3eKi Tl apachlHAAFbl aiBIPMAIIIBUTBIKTAp
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TaOUFU TUTIEPAl OHIeY KYHenepiH OeiiMIeyniH MaHbI3bUIBIFBIH KOPCETTI. 3epTTey
KbIT-HiH BU3yanIbI-Ka3bIKTHIK MOJIAJBILTITI apHAWKI )KOHE KYpP/ei MOJEbISY
Ka)KeT €TETIHIH ailKbIHAAIbI.

3epTTeyaiH TaFel Oip MaHBI3ABl TEXHUKAIBIK KeTicTirli — Ka3ak MoTiHiH KbIT
IJI0CCHIHA TYPJICHIPETIH mapcepi a3ipiey Oomibl, OV TONBIKKAHIIBI ITapalielb
Koprmyc Kypyfa Heri3 kamanael. CoHbIMEH Karap, Transformer apxXuTekTypachiHa
HeTi3/Ie]ITeH MallnHAIBIK ayJapma mMoaenbaepi Konganeuibin, BLEU kepcerkimri
OOMBIHITIA KOFAPBI HOTIKENEPre KO KeTKi3nmi. [lerenmen, 3eprrey OapbIChiHIA
IJI0CCTap/bl apallblK KajaM peTiHAe KOJJIaHy CHUSKThI KUBIHABIKTAD TYBIHIAIIBL.
Bomamaxra OefiHeMa3MyH/IbI IepEKTep MEH MYJIBTHMO/IANBIBI TOCLIIEPIi O1pIKTIpY
apKbUIBl BIM TUTIHIH JHHTBUCTHKAIBIK OAiJIBIFBIH TOJBIK OCHHENEY YCHIHBLIAIBI.
Byn tocinmep Oer omreri MeH JeHE KMMBUIIAphl CHSIKTHI MaHBI3IBI Oenriiepi
TIOITIPEK KOpCeTyre MyMKIHAIK Oepe/ti.

Konmansimran BLEU kepcerkimn aymapma camacklH Oaramayyma THIMIIL
OonFaHbIMEH, OoJamak 3epTTeyliep afgaM OaranayiapblH KOCY HeMece MaFbIHAHbI
TEepeHipeK Oaranayra apHaifaH >KaHa METPUKAIap/Abl CHTI3ydl KapacThIpaJlbl.
3eprreynin HoTKeepi biM TiiH TaHy(Yerimbetova et al., 2024; Yerimbetova et
al., 2025), HHTEpaKTHBTI OKYy KypalJapbl )KoHE HHKITFO3UBTI OaillaHbIC KyHenepiHn
JAMBITY cajlaapblHa ocep eTyai ke3neiai. ¥ ceraputra Tocin KbIT xxobackia Oacka
ennepae Oelimaeyre MYMKIHIIK Oepei, TIfIiH CaKTaTybIH jKOHE KOJDKETIMILUTITIH
apTTHIPHIT, MOJICHUAPAIBIK OalIaHBICTAPBI HBIFAUTAIbI.

CoHbIMEH KaTap, Mapajuielb KOPIYC KYpPy XaJbIKapalblK >KOHE YIITTHIK
JICHTeii/Ie MoIeHHapaTbIK KOMMYHUKAIVSIHBI )KeHUTAeTe 1. by ocipece biM Tinaepi
YKCaCTBIKTaphIMEH HEMecCe Tapuxu OailyaHbIcTaphl Oap aitmakrapaa e3exti. KbIT
K00AaCHI eNJiep apachiHIarbl BIHTHIMAKTACTHIKTHl HBIFAUTYFa, BIM TIJIH 3€pTTEYIi
YKOHE KOJDKETIMILTIKTI )KaKcapTyFa YATi 0ona anaabl. TeXHOIOTHSIIBIK JKETICTIKTEep
OyJ1 3epTTeymiH Tarbl Oip MaHBI3/BI acrekTici Oonbim TaObuTaabl. TEepeH OKBITY,
ocipece Transformer apXWTEKTypachlH KOJJaHy, bIM TUTIH ©HJIEY MoceleNnepiH
IIeTTy/Ie 03bIK TEXHOJIOTHSIIAP/IBIH JIeyeTiH KopceTei. byn naHoBammsap 0acka
eNiepre e3A€piHiH TUIAIK KOXKETTUTIKTepiHe colikec OeliMIeryi MyMKiH.

Byn 3eprrey KbIT ymin pecypcrap TtammbuiblFbiH mienrymi, NLP sxoHe
MAaIIMHAJBIK OKBITYJBIH KOMMYHHUKAIVSUIBIK KEACPTUIEpi a3alTylarbl QJeyeTiH
kepceteni. OHBIH HOTHXKEJEpl BIM TiNIH TaHy CaJaChIHAAFBI JKETICTIKTEpre yiec
KOCHIII, WHKIIIO3UBTi, KOHTEKCTKE HETI3[ENTeH TEXHOIOTUSIBIK IIeITiMIePIiH
MaHBI3JIBUIBIFBIH aTall Kepceredi. by 3epTTey KOKeTiMIi KOHE WHKIFO3HBTI
KYWeNep/ai NaMbITyFa HEri3 Kajaizbl, ecTy j>KOHEe ceilyiey Kalineri Oy3blIFaH
ajlaMjap YIIiH YIKeH OaillaHbIC MYMKIHIIKTEPIiH yKacaiIbl.

Kopsiteinasl. byn 3eprrey KbIT nepekrepiniH >KETiCIIEYIIUITIH IIENTy
YKOHE TJIOCCTapbl Maianany apKblIbl TIapajlieslb KOPIYC jKacayFa OaFbITTaJFaH.
KbIT kypbUTbIMBI CO3 TOpPTIOIH Taijay »oHE OHBI aybI3eKi TUTIMEH CallbICTHIPY
apkpuTBl 3eprrenmi. Kitantap meH xaHansikrapaad aneiarad 100 000-HaH actam
cetinem eHyenmin, NLP Kypammapsl, OHBIH iIIiHIE TOKEHU3AIHSI, MOP(HOIOTHSITBIK
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Tanjay >OKOHE JIeMMarTHM3anus KONJaHbuiabl. Transformer apXxuTekTypachiHa
HETI3/IeNITeH MAIMHANBIK aylapMa Mojeii orapbl aonaik kepcerti. KbIT-HiH
epeKIlle TPaMMATHUKAJIBIK KOHE JIEKCHKAaJIBIK CHUIATTaMallapblH €CKepe OTBIPHIIL,
MOTIHII TIocc QopMaTblHa TYpICHIIpeTiH mapcep o3ipieHmi. KommaHbicTarsl
ayapMma JKYHWeJlepiHiH IIeKTeyJaepi aHBIKTAJbIN, aylapMa calachblH JKaKcapTyFra
OafpITTaJIFAaH JKaHA TOCUT YCHIHBUIABI. MOOWIBI KOCHIMINIA apKbUIBI BIM TUTIH
ayapy KypalJapbl JKacaiblll, OJap OJIEyMETTIK WHTETrpalusHbl JKaKcapTyFa
JKOHE aKIaparka KOJDKETIMILTIKTI apTThIpyFa BIKMall ereni. bomamrak 3eprreynep
MOOWITB/TI KOCBIMIIIAHBIH O1TiM Oepy ocepiH Oaraay YIIIiH cayaiHamanap, mikipiaep
MeH cyxOarrapnel Konmanynbl ke3medai. bynm 3eprrey KbIT OoiibiHma 3eprrey
CaJIaChIH JaMBITya MaHBI3bI KaJaM OOJIBIT TaObLIaIbI.
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Abstract. Accurate classification of electrocardiogram (ECG) beats plays a
critical role in the early diagnosis and prevention of cardiovascular diseases, which
remain one of the leading causes of mortality worldwide. Although automated
ECG analysis methods have advanced considerably, challenges persist in detecting
rare arrhythmias and capturing temporal dependencies across consecutive beats.
These limitations highlight the need for hybrid architectures that integrate both
spatial and temporal features. This study proposes a deep learning framework that
combines a convolutional neural network (ResNetl8) with a bidirectional long
short-term memory network (BiLSTM). The hybrid model leverages the strengths
of both components: ResNetl8 extracts morphological features from ECG beat
images, while BILSTM accounts for sequential dependencies, enabling improved
recognition of arrhythmic patterns with subtle temporal variations. The MIT-
BIH Arrhythmia Database was used for evaluation. ECG signals were denoised
using discrete wavelet transform, segmented around R-peaks, and converted into
standardized grayscale images of 224x224 pixels. To address class imbalance, data
augmentation techniques such as cropping, temporal scaling, and shifting were
applied. Training was conducted in PyTorch with the Adam optimizer and stratified
patient-level splitting to avoid data leakage. Experimental results show that the
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proposed hybrid architecture achieved an accuracy of 97.4% and a macro F1-score
0f 96.8%, outperforming baseline CNN and BiLSTM models. The framework also
demonstrated strong performance in detecting rare beat types such as ventricular
escape beats (VEB) and ventricular fusion waves (VFW). These findings confirm
the effectiveness of the ResNetl8 + BiLSTM approach and its potential for
integration into real-time ECG monitoring and clinical decision-support systems.

Keywords: electrocardiogram classification, arrhythmia detection, deep
learning, bidirectional long short-term memory (BiLSTM), ResNet18, biomedical
signal processing
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AnHoTanus. Dnekrpokapanorpamma (IKI') OolibIHIIA KYpEeK COFyIaphbIH JIJT
KIKTEY )KYPEK-KaH TaMBIPIIaphl aypyJIapblH epTe THArHOCTHKAIAY/Ia MAHBI3/IBI POl
arkapazapl. by aypymap oieM OoifbIHINIA ©J1iIM-KITIMHIH HETI3T1 cebenTepiniH 0ipi
Oonbin Kanma Oepemi. AproMmartaHasipbiIFad DKI' Tammay omicrepi aitapibikTait
JAMBIFAHBIMEH, CHPEK Ke3JIECeTIH apUTMILUIAPbl aHBIKTAy >KOHE COFyJap
apachIHJAFbl YaKBITTBIK TOYSIJUTIKTEpAl €cerke aily o Je KypAeli Mocele
OobI oThIp. OCHI MIEKTEYIIEpP CUTHAIAP/IBI KEHICTIKTIK opi yaKbITTHIK JCHTeHIe
Talaai anaTelH THOPHUITI apXUTEKTYpaiapibl KOJIJIaHy KaKeTTIiriH kepceTei. Och
3eprreyne ResNetl8 cBepTkinn HEHPOHABIK Kelici MEH eKiOaFrbITThl KBICKA JKOHE
y3ak mep3imai xkan (BiLSTM) skemiciH OipiKTipeTiH TepeH OKBITYIbIH THOPUATI
MOJIeJTI YCHIHBIIAIbl. MYHIai TOCUT €Ki 9/IiCTiH apTHIKIIBUIBIKTAPBIH OipiKTipeTi:
ResNetl8 wmopdonorusielk  Oenriiep/i KeCKiHAepJAeH THIMII Oeminm amajsl,
an BiLSTM yakbITTBIK PETTUIIKTEpAl €CKepe OTBIPHIN, YKCAc apUTMUsUIApAbI
axplparynsl skeHinpereni. Oxcrnepumentrep MIT-BIH Arrhythmia nepexrep
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0azaceinaa xyprizingi. OKI' curnangapel AUCKPETTI BEHBIET-TYPICHAIPY apKbLIbI
IIyaH Ta3apThUIBIN, R-TONKBIHIApHI OOWBIHINIA CETMEHTTENI KoHe 224%224
MUKCENb OIMIEMIH/IETI KecKiHaepre TypiaeHaipuiai. CHIHBII TEHrepiMCI3Airin
JKOIO VIIiH: KHUIO, YaKbITIIA MacIITa0Tay jKOHE BIFBICTBIPY CEKUIII JepeKTep
ayrMeHTanmschl KonmaHeipl. Mopens PyTorch tutatrdopmaceiama  Adam
ONTUMHU3ATOPHI apKBUIBI OKBITBUIBIT, HAayKac ACHTeHiHJe cTparh(uKanusIaHFaH
Oexy omici maiimananeLIbl. HoTiokenep yChHBUIFaH THOPUATI MoaenbaiH 97,4%
nonikke xoHe 96,8% makpo F1 xepceTkimmiHe KO JKETKI3TeHIH KOpCeTTi. OIic
acipece cupek kezneceTid cory Typuepid (VEB, VFW) anbikrayna tuimai 00msl.
By ResNet18+BiLSTM apxurekTypacbhlHbIH HaKThI yakeITTarsl K" MoHuTOpHHT
XKYHernepiHe ®oHe KITMHAKAJBIK MISITiMIep Il KoJIay KypaliJapblHa eHTi3yTe YIKeH
oneyeti 6ap eKeHiH JNeNIeHIi.

Tyiiin ce3mep: DOnexTpokapauorpamma KJIAcCU()UKALMSICH, apUTMUSHbBI
aHBIKTAy, TEPEH OKBITY, eKiOaFrbITTHl y3ak Mep3iMmi xkan (BiLSTM), ResNetl8,
OMOMETUITNHAIIBIK CUTHAIIAPIBI OHJIEY
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AnHoranus. Krnaccuduranust cepAeyHbIX COKpAIICHHH Ha 3JIEKTPOKapIH-
orpamme (OKI') urpaer BaxxHYHO pOJib B PaHHEH JUArHOCTHKE M MPOQUIAKTHKE
CEpPAEYHO-COCYANUCTBIX 3a00JIEBaHUN, KOTOPBIE OCTAIOTCS OJHOM U3 BEAYIIUX MpU-
YMH CMEPTHOCTH BO BceM MHpe. HecMOTpsi Ha 3HaYMTENbHBIE YCIEXH B 00IacTu
aBTomMarusrupoBanHoro ananu3a JKI, coxpaHsioTcs TPYIHOCTH, CBSI3aHHBIE C BBI-
SIBJICHUEM PEIKUX apUTMHUM 1 y4ETOM BPEMEHHBIX 3aBUCUMOCTEN MEXy IOCIIE0-
BaTeJIbHBIMU COKpAILCHUAMHU. DTH OTPaHUYCHHsSI MOJUYEPKUBAIOT HEOOXOANMOCTh
pa3paboTKH THOPUIHBIX APXUTEKTYP, COUETAIOLINX MMPOCTPAHCTBEHHBIN U BpeMeH-
HOW aHanmM3 CUTHAJOB. B Hacrosmeil paboTe mpeayaraeTcs apXuTeKTypa riry0o-
Koro o0y4eHus, 00bEUHAIONIAs CBEPTOUHYIO HEHPOHHYIO ceTh ResNetl8 u aBy-
HaMpaBJICHHYIO CeTh N0NToi KparkocpouHod mamatu (BiLSTM). Takoi momxon
MTO3BOJISIET HCIIONIB30BaTh MpenMyInecTBa odbenx texaomoruid: ResNetl8 obecre-
YHMBaeT U3BJICUEHUE MOP(OIOTHUECKHUX MTPU3HAKOB U3 N300paKEHUH COKpaIeHHIH,
a BILSTM yunThiBaeT BpEMEHHON KOHTEKCT, YTO MOBBIIIAET TOYHOCTh PacloO3Ha-
BaHMsI APUTMHI C TOHKHUMHU BPEMEHHBIMHU BapHaLIUSIMH.

Jnst 9KCIeprUMEHTOB Hcmonb3oBasiach 0Oa3a manuHbix MIT-BIH - Arrhythmia.
Curnaner OKI' ounmanuchk ¢ MOMOIIBIO JUCKPETHOTO BEHBIET-TIpeoOpa3oBaHus,
CEerMEHTUPOBAIMCH 0 R-nMkam 1 npeoOpa3oBbIBAIMCH B H300paKEHUS pa3MepoM
224x224 nukcens. [l ycrpaneHus aucOananca KiIacCcoB MPUMEHSITICH METOIbI
ayrMeHTanuu: oOpe3ka, BpeMeHHOe MacmrabupoBanue u casur. OOydeHne
npoBoaniIock Bo gpeiimBopke PyTorch ¢ ucnonszosanuem ontumuzaropa Adam u
CTpaTu(UIIMPOBAHHOTO PA30UEHUS 110 MAICHTAM.

Pe3ynbraTel mokaszanu, 4TO MpEIOKEHHAs] MONENh JOCTHTaeT TOYHOCTH 97,4%
n makpo Fl-onenkn 96,8%, npeBocxons 6azoBeie CNN u BiLSTM. Ocobenno
BbICOKasi 3(QQEKTUBHOCTh MPOJAEMOHCTPUPOBAHA IMPH KIACCUPHUKALUN PEIKUX
TUNOB coKpaleHut, Takux kak VEB u VFW. [1onyueHHble 1aHHbIE TOATBEPKIAIOT
s dexTuBHOCTS THOpUAHON apxuTekTypbl ResNetl8 + BiILSTM u ee notenuuan
JUIs MHTETpanuud B cucteMbl MoHuTOopuHra OKI' B peasbHOM BpeMeHH U
MHTEJUICKTyalIbHbIC PEILICHNS OAAEPKKHY BPaueOHbIX PELICHHH.

KiroueBble cioBa: xiaccuuKanus SJIEKTPOKapAXOTPaMMbI, OOHApYKCHHE
apuTMuii, TIIyookoe oOydeHue, IBYHAIIpaBICHHAs JOJITOBPEMCHHAS MaMSTh
(BiLSTM), ResNet18, 06paboTka OMOMEANIIMHCKAX CUTHAIIOB

Kipicne. Dnexkrpokapauorpamma (IKI) — sKypeKTiH dIeKTpIiik OeJICeHAUTITiH
Oakpulay OHE Tajjay YIIiH KeHIHEH KOJJaHbUIATBIH MaHbI3[bl AUArHOCTUKAIBIK
Kypai. ©OneM OOWBIHIIA JKYPEK-KaH TaMbIpiapbl aypyJdapblHBIH Tapaaybl apThIIl
kenme JkatkaH karmaiina OKIT aHomanmsutapelH Jep Ke3iHAe aHBIKTay >KOHE
KIKTEY TPOPUIAKTUKAIBIK MEIWIMHAHBIH HETi3ri aneMeHTiHe aiHamymga. DK
CUTHAJIJIApBl OPTYPJi JKYPEK COFY TYpJIEpiH KaMTHIbIL, OJapIbIH OpPKANHCBICHI
ar3aHblH  (DU3MONOTHSJIBIK HEMece TAaTONOTHSUIBIK IKaFlaliblH  CHITATTalThIH
o3iHAIK MOp(hOJIOTHSCHIMEH epeKieneHeai. JKypek CoFyaapbiH JKiKTey MpoIeciH
ABTOMATTaHJBIPY KapAUOJOTHSJIBIK KOMEKTIH THIMIUIIIH eAdylp apTTHIPHIIN,
ocipece manrail aiiMakTap/ia HeMece PecypChl MISKTEYI JKaFmaaiapaa maiasl
0OJTyBI MYMKIH.
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Onparan xpuigap Ooiiel DKI' TangayblHIa epexenepre >KOHE CHUTHAIApAbI
OHJICyre HETI3ACIAreH JSCTYPl oMiCTep KONAAHBUIABL. Ajaiga MyH#Aal
TocinAep Iy ACHrediHiH >Korapbl OONMybIHIA, MALMCHTTEP apachIHAAFBI KEKe
allBIPMaIIBUIBIKTAP 1A YKOHE aPUTMUSHBIH KYPJIET YATLIepiHAe )KETKITIKC3 HOTHKE
kepceteni. COHFBI KbUIIAPBl TEPEH OKBITY dAicTepi, acipece CBEPTKILl HEMPOHABIK
xemiep (CNN), amaplH ajna eHJEIMETeH HeMmece OacTanKbl JIepeKTepicH
aBTOMATTBl TYpPAE aKmaparTel Oenriiepai Oeuinm amy KaOUMeTiHIH apKachlHIA
KeHiHeH Konanbuta Oactansl (Faust sxone T.6., 2018). CNN Herizinzeri xyienep
OMOMETUITMHAIIBIK KJIaCCU(PUKAIMSIHBIH OipKarap MiHIETTEpiH/Ie, COHBIH iNIiH/Ie
OKI -corynapapl aHbIKTayda s>korapbel THiMAUTIK kepcerti (Kiranyaz sxone T.0.,
2016). [erenmen, cranmaprtbl CNN yakbpITTBIK TOYSIIUTIKTEPIi MOIEIbICYIES
IIEKTEYJTi, aJl OJI KYPEK COFyJap Ti30eriH Tayiaayaa aca MaHbI3/IbI.

Ocpl mekTeyni eHcepy yurH Oy skymbicTa ResNetl8 KaiambIKThI CBEPTKiLI
JKEITICIH JKOHEe eKiOaFrbITThl KbICKA jkKoHEe y3ak Mep3imai xkan (BiLSTM) xemnicin
OipiktipeTin THOpuATI Mozmenb ycbiHbUIAABL. ResNetl8 xommonenti OKI
CEerMEHTTEpiHIH KEeCKIHJIEpIHeH TYpaKThl KEHICTIKTIK Oenrimepmi Oerim asca,
BiLSTM Ti30ekreri corynap apacblHIaFrbl YakKbITTBIK OallaHbICTapAbl €CEIKe
aimyra MyMKinzgik O6epeni (Yildirim, 2018). Mynnaii ruOpuaTi apXuTeKTypa TepeH
Oenrinepsi amy MeH Ti30eKTepAl MOJEIBACYMIH apTHIKIIBUIBIKTAPBIH OipiKTipirl,
ocipece apuTMUSHBI TaHy/a Kilaccu(PUKAIUs JOIIITIH apTTHIPYFa BIKIA ETET.

1-cyper. OKI bIpraKTapbiHa apHAJIFaH YCBHIHBIIBIN OTBIPFaH TEPEH OKBITY KYPBITBIMBIHBIH
APXUTEKTYpPack
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Ocpr  3eprrey asceinga MIT-BIH Arrhythmia nepexrep 0a3zachlHmarbl
OKI' curHanmmapbl  BEWBJIET-TYPJICHAIPY  apKbUIBl  IIyJaH  Ta3apThUIBII,
R-TONKBIHIAPBIHBIH ~ MaHBIHIA CETMEHTTENel. AJIBIHFAaH CETMEHTTEp CYp
TYCTI KeCKiHIepre TYpJCeHIIpimin, Oipi3mi ¢opmarka aeliH wmacmTaOTanasl
KOHE JICPEKTEp JKUBIHBIHBIH TEHI'CPIMIH KaMTaMmachl3 €Ty YIIIH KHIO, YaKbITIIA
MacIITadTay JKOHE BIFBICTBIPY 9/IiCTEPl apKbUIBI ayrMEeHTalusAaH oTei. | mopunri
MOJIENB/II OKBITY QJNJIBIH aja OHJENreH JEePeKTep JKUBIHBIHJIA JKYPTi3iIin, KehiH
CTaHIAPTThl METpHKalap OOWBIHINA OaFamaHajbl: JOIIIK (accuracy), TONBIKTHIK
(recall), HakTBUTBIK (precision) skoHe Makpo F1 kepcerkimti. Hotmxenep ycbHbUTFaH
MozenbiH n1acTypii CNN TociniepiHeH KoFapbl eKeHIH KOPCETill, KeH TapajFaH
Jla, CUPEK KE3[ECETiH XYPEK COFY TYpJEpiH /e MOFapbl ASJIIKICH alKbIHIAyFa
MYMKIHIIK O€peTiHIH JoNeN e Ii.

Marepuaagap Men dgicrep. byn 3eprreynin makcarsl — 0ip apuansr OKI
HETi3iH/Ie JKYPeK COFYBIHBIH JKeTi Typii TYpiH Jon ‘KikTey. bynm Tamcelpma
MYFaJliMMEH OKbITBIIaThIH KOMKJIACCTHI KJIacCHU(UKALNS PETiHAE TY>KbIPBIMAATIA B

Kipic JIepeKTep SKUBIHBI TOMEHIEeri e oelnriieHemi:
X={x1, x2, X3, ..., X }, MYHJaFbl N — CETMEHTTEJIIEH XKYPEK COFYIIaPbIHbIH JKaJIIbI
caHbl. OpOip CerMeHT X; = (S1, S2, S3, ..., Sn) Y3BIHABIFEI 77 00JIATHIH, R-TONKBIHBIHA
KaTBICTHI IeHTpIeHreH OipernmreM i OKI' curnaneia Oimgipei. OpOip Xi CHTHAJIbIHA
JKETi TYPJIi KYPEK COFYBIHBIH OipiH CHIIATTAHTBIH Y; OINTici colikec Keme/i:

Y ={y1,y2, ¥, ..., YN}, MYHIAFbI

r 0 ,NOR (KaneInTEHI COFY)
1, LBB (I'ic moFeIpEIHEIH COJ afKIIackIHEIH Oeremnici)
2, RBE (T'uc mofLIpbIHbIH OH afAKIIAckIHEIH Dereici)
Y14 3, PVC (KaphIHI ALK 3KCTPACHCTOIANLIK, COFY)
4, APC (#ypeKIenik 3KCTPacHCTOIAMEIE, COFY )
5, VFW (KaneINTH 3#SHe KAPhIHIIANEIE COFYIEIH KOCELIVEI)
\6, VEB (KanbINTHI }XoHe KAPLIHIIAILIK COFYABIE KOCBLIYEI )

Makcar — op0ip DKI' cermenTiHe xi aypbic Yy; OenriciH CoHKeCTEHAIpeTiH
f: X — Y ¢ynkumsacein kypy. by 3eprreyne MIT-BIH Arrhythmia Database
nepekrep Oasacel KomganbLiaael — DK kiaccu(uKanuschl MiHICTTEPIHAC €H
TaHbIMaJI 3TAJIOH/IBIK JepEKTEp KUbIHAAPbIHBIH 0ipi (Goldberger xoHe T.6., 2000).
Jepekrep xKublHbI 47 NAUCHTTEH KUHAIFaH, )XuiIiri 360 ['i; OosaThiH €Ki apHaIbI
amOymnaropnsik DKI' sxaz6amapsiHbiH 48 KapThl caraTThIK (PparMeHTIHEH TYPasbl.
Bi3niH xymbIchiMbI3a Herisri Hazap MLII apHackiHa aymapbuiibl, cebebi o
R-TONKBIHIAPBIH KOHE KYPEK COFYbI MOP(OIOTHSICHIH aKbIH BU3yaIN3aIUsIIayFa
MYMKIHIIK Oepeni. Opbip xa30a AMEpHKalIbIK MEIUIMHAIBIK aclanTap/ibl
xKeTuaipy WMHCTHTYTHl (AAMI) ycbiHFaH KiaccuuKalusi CXemachblHa COHKec
KapIoJIOr-3KCIepTTep TaparbiHad annoranusanran (Rajpurkar sxone 1.6., 2017).

137



Academic Scientific Journal of Computer Science

Nel kecre - Komnansurran OKIT nepexrep sxubtael (MIT-BIH) Typasnsr akmapar:

[Tapamerp MIT-BIH

JKazbanap cansl 48

3eprxaHa ber W3paunb aypyXxaHacbIHBIH apUTMMs 3€pTXaHaChl
(Beth Israel)

Tipkey KypaJsl XoJTepIlik MOHUTOPHHT

Curnannap Exi apraner OKTI': (i) MLII sxene (i) V1; (xeiine V2, V4
Hemece V5)

CurHai y3aKkThIFbl, TUCKpeTTeY skuiniri | 30 MuayT (Hemece can y3akray), 360 ['ig

3eprrenyurinep 47 anam (25 ep amam, 22 oiten). Tek Oip HaykacTta FaHa 2
*a30a 6ap

YKac apaibIrsl Epnep: 32-men 89 xacka peitin, Oiiennep: 23-teH 89
JKacKa JIeHiH

Cory TypiepiHiH CaHbI 20 (makanaza 15 Typi naiianaHblIazbl)

7Kaz6a ke3eni 1975-1979 k.

OKBITY YIIiH Ke3[eCyl KMl JKOHE KIMHUKAJIBIK MaHBI3bI KOFaphl Kelleci XKeTi
COFy KJIaChl TaHAaJI/Ibl:

» Kanemte cory (NOR)

* ['ric IOFBIPBIHBIH COI asgKmachkiHbIH Oerenici (LBB)

* ['uc mOFBIPBIHEIH OH asKmackiHbH Oeremici (RBB)

» Kappamansik mep3iminen Oypsia cory (PVC)

* JKypexmenix mep3iminen 6ypsia cory (APC)

 KapbIHmaneIK IeH KaJlbIThl COFyABIH KOCHUTYHI (VEW)

 Kapsmamansik anMacTeipytsl cory (VEB)

Kanran 11 knacc xiaccudukanusiiarbl TYCIHOSYIILTIKTI a3aiiTy MakcaTblH/a
COHFBI OKBITY JI€PEKTEP KUBIHBIHAH aJIBIHBII TaCTaJ/IbI.

Curnangapas! albH ajla OHACY )KOHe CerMeHTaIus. ba3abIK ChI3bIKTAFbI ITY/IbI
K010 xKoHe QRS-KOMITIEKCIHIH aHBIKTBIFBIH apTTHIPY YIIiH SymS BeHBIETI jkKoHE
0.1 »xymcax meKTi MoH1 KOJIaHBUTFaH BEUBIICTTIK 1Ty 0acy oici maiaamaHbUIIbL.
R-tonkpmmapen ansikTay BioSPPy KkiTamxaHachl apKbUIBI KY3€Te aChIPBUIBIIL,
Ta3apTbUIFAH CHUTHAJIAFbl R-TONKBIHIAPBIHBIH OpPHBIH CEHIMJI aHBIKTayFa
MYMKiHJIK Oepai (Attia xoHe 1.0., 2019).

Op0ip cory R-TOJNKBIHBIHA IEHTPIICHTEH TEPe3e apKbUIbI CETMEHTTEIII, )KYPEK
LMKIIBIHBIH aJIBIHIAFBI XKOHE KeWIHT1 HHTepPBAJIIAPhIH KAMTYFa KarJai sKacaibl.
CerMeHTTIH IeKapayiapbl opOip »ka30a yuriH oprama RR-uHTepBan Herisinme
AHBIKTAJIBIN, HEri3ri MopQOJOrusUIbIK KOMIOHeHTTepaiH — P Ticmeci, QRS-
KOMITIEeKCi skoHe T TicIIeciHiH KaMTBUTYBl KaMTaMachl3 eTil. OpOip CeTMeHTTIH
IYPBICTBIFBI £150 Mc R-TOJIKBIHBIHBIH MaHbIH/IA aHHOTAIUS OCITICIHIH 0ap->KOFbI
OolibIHIIIA TEKCePLII.
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Ne2 xecre - MIT-BIH nepextep KUbIHBIHIAFBI )KYPEK COFYJIap CaHbl:

Knace Corynap

Ne | Typi | Cory araysr cansl (MIT-

BIH)

Kanprmrer (N) 1 |N Kaubinter cory 74 658

2 |L I'c OFBIPBIHBIH CON AKIIACKIHBIH Oorerici 8063

3 |R I'nc MIOFBIPBIHBIH OH AAKIIACKIHBIH Ooremic 7244

4 e JKypexmernik KOCbIMIIIA COFy 16

5 1] TyHiHAIK KOCBIMIIIA COFY 229
Kapbinmanan xorapel |6 | A JKypexiernik sxcTpacucTona 2 540
9KCTPACcUCTOJIa1ap 7 |a AOGEpaHTTHI JKYPEKIIEIK SKCTPACHCTOA 150

8 |J Tyitinzik (junctional) skcTpacucromna 83

9 |S KapbiHmaan xKorapbl 9KCTPaCUCTOIA 2
Kapbramansik 10 |V KappIHmansIk sKcTpacucrona 7117
skcrpacucronanap (V) |11 |E KapbIHIIanbIK KOCBIMIIA COFY 106
Kocwurran corynap (F) |12 |F KapbIHianbIk eH KaJabIThl COFY/IbIH KOCBUTYHI | 802
AmnpikranMarat (Q) 13 |/ Kacannp! cory (paced beat) 3612

14 | f JKacan/ipl )KoHE KaJIbIIIThI COFY/IbIH KOCBUTYBI 260

15(Q AHBIKTaIMaFaH COFy 15

Keckinpepai renepaumsuiay sxkoHe MacmTaOrtay. CerMeHTTENIeH COFyaap
OKI' mopdonorusicblH Taza BU3yalgsl TYpAE KOPCeTy YIIiH OipKenKi OCBTIK
napameTpiiepi 0ap, TOPCHI3 JKOHE JKa3yChl3 CYP TYCTI KECKiHAEpre TYPIACHIIPiL.
Aunpiaran rpadukrep OpenCV kiTanxaHachkl apKbUIbl ejieMi 224%x224 mukcenb
OoNaThIH KECKiHACP TYPiHIIE CaKTaJIbl.

TymHyCcKa CUTHAJABIH NPOMOPLUSCHH CaKTay YIIiH opOip COFY >KaKTapbIHBIH
apakarbIHAChIH O0y30aii macirabranael. Kaxerri 224%224 eniieMiHe KeTy YIIiH
aK ¢onra Koceimina epicrep (padding) xocwuibl. byl niporiece kipic iepekrepin
CBepTKill KabaTTapra apHaiFaH OipblHFail Gopmarka KenTipin, MOAENbAl KeHiHT1
okbITynbI skeHUIeTTi (Isin & Ozdalili, 2017).

Hepexrepni ayrmeHtauusuiay. Kimaccrap apachlHAarbl TEHIE€pIMCi3iKTi, acipece
VEB xone VFW CHSKTBI cHUpeK Ke3leceTiH Typiep YVIIiH, KOO MaKcaTbIHIA
JIepeKTep/li ayrMEeHTaMsIIaYIbIH KeHEHTIITeH CTpaTerusiapbl KOJIAaHbLIIbL:

* Keckinai 9 TypaxkTel mnosumusga Kuio (OypblTapia, jkKakrapia >KoHe
opracbiaa) (Jun xoHe 1.0., 2018);

* YakpiT OolibiHIIA MacmTa0Tray kodpdunmentrepi 0.8, 1.0 xome 1.2
kosmanbLiel (Mahmud xone 1.6., 2020);

» CurHaipl X oci OoribiHIIa +10 MUKCENbre BIFBICTHIPY.

By opmicrep a3 canapl KiaccTaparbl MbICaJAap CaHbIH OipHEIIe XY3[eH
mamMamer op kiace ymin 10 000-ra geiiin apTTeipyFa MYMKIHIIK Oepmi. XKammst
TEHTepiMJIi CaKTay YIIiH KaIbIThl corynaapabiH 10 050 yirici 6acTankel )KUbIHHAH
Ke3JIefCOK TaHaabI anbiHabl (Wang xoHe T.0., 2021).

Hopmanuzanus. OkpiTyFa iei i 0apibIK KeCKIHIep min-max HOpMaau3aIusachiHa
YIIbIpamn, THKCeNb KapKelHABUIBIKTApbl [0, 1] amanasoHbiHa KedTipinai. by
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MOJISNB/IIH TPAJAUEHTTIK TYCy Ke3iHJe JKbUIIamay YHpeHyiHe KoHe OenriiepiH
MacmTad albIpMalIbUIBIKTaphIHAH TYBIHIAWUTBIH apThIK YVilpeHy (overfitting)
KayTIiH a3alTyFa bIKIA eTTi.

ResNet18 + BiLSTM. J[aMBITBUTBIT OTBIPFaH MOJIENh €Ki Ke3€HHEH TYpaThIH
THOPHITI apXUTEKTypaHbl OUTIIpeIi, OFaH MbIHATAP KipeTi:

1. ResNetl8 (cBeprounbiii 069k00H) KanaplkTel OaitaHbICTapbl Oap JKemi, o
OKTI'-cory KeckiHAEpiHEH HepapXHUsUIBIK KEeHICTIKTIK Oenrimepmai ThiMai Oerin
amyael KamTamachi3 etesi. COHFBI CBEPTKIlll OJOKTaH IIBIKKAH TEH30p Oenrinep
BEKTOpBIHA TYPIICHAIpLTiN, keneci ke3eHre Oepineni (He xone T.0., 2016).

2. BILSTM «kaOarbl  (ekiOaFbITTBI ~ y3aK KbICKa  Mep3iMii  Kaj)
byn xabar anbiHFaH Oenrinep Ti3OSKTepiH OHJEHII, MOIENbre YaKBITTHIK
TOYEIAUTIKTEpi opi TikeneH, opi Kepi OarbITTa YHpEHyre MyMKIHIIK Oepei.
MyHzaii Tocin JoHWeKTi KYpPEeK COFyJap apachlHIAFbl BIPFAKTHIK ©3TepicTepi
TYCiHAipy yuriH epekuie Manbi3asl (Oh sxone T.0., 2019).

3. Tomeik Oaiimampickan kabar (FC) +  Softmax-knaccudukarop
BiLSTM notmxkenepi softmax axTuBanus QyHKIUSACHI O0ap TONBIK OaiilaHBICKAH
Kabarka Oepisiesti, O XKeTi COFy KIIACBIHBIH OipiH OOJIKay/IbI )KY3€ere achIpaibl.

MyHgaii THOpHATI TIEmIiM MOJENbre KEHICTIKTIK Te, YaKbITTHIK Ta
aKnaparTel THiMAI TypAe OipikTipyre mMymMmKiHmik Oepeni, Oyn DKI'-corynapsia
KJIACCU(UKAIMSIIAYIBIH TYPAKTHUTBIFBIH JKOHE TYCIHAIPLTYiH apTThIPaIbL.

OKCHEPUMEHTTIK OpHATBUIBIM. MoOJIeNbAIH Kalnbliay KaOuieTin Oaranay yuIiH
JIepeKTep KUBIHBI YIII iIIKi )KUbIHFa OOIIH/I:

* OKbITY XHBIHBI (70%),

* BaATEY KUBIHEI (15%),

* TecT XKUBIHBI (15%).

Beny mpomeci mnamueHTTep MACHTEWiHIE IKYPri3unmi, OepeKTeplliH aFyblH
OoneipMay yiIiH — Oip TAIMEeHTTIH COFyaaphl Oip yaKbITTa 9pi OKBITY, Opi TECT
KUBIHBIHA eHT131Mei. CoHai-ak 0apIIbIK iK1 JKUBIHIAp/Ia KIIACCTapIbIH O1pKeKi
0o iHyiH KaMTaMachI3 €Ty YIIiH cTpaTu(UKaIUsUIaHFaH TaHAay KOJJaHbUIIbL.

OxpITy KOH(Urypauuscel. Moaensai oksiTy GPU konnayst 6ap sxxyitene PyTorch
(hpeiiMBOPKi apKBLIHI XKYy3ere achIpbUIIbl. Keneci runeprnapaMerpiep OpHATBUIIBL:

* Onrummsarop: Adam

* Oxy *bumaMasirsl (learning rate): 0.0001

e bary emmemi: 64

e Onoxa cassl: 50

* IIpirpiH (DYHKIHSACHL: KaTeropusuiblk Kpocc-dHTponus (Categorical Cross-
Entropy)

o L.2-perynspusarnus (weight decay): le-5

* Epre tokrary (Early Stopping): Bammpmauusuiblk Karenik 10 smox Ooib
KaKcapMaraH arjainaBo Bpemss oOydeHUsS COXpaHsUIUCh KOHTPOJIBHBIE TOYKH
mognenn (checkpoints), ocHOBaHHBIE Ha HAWIY4IEH BaTWAANMOHHONW TOYHOCTH,
YTO TTO3BOJIUIIO U30EKaTh IepeoOydeHUsI.
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baramay wmetpukamapbl. MoaenbaiH OHIMAUIITIH OaFajay VIIH Kejeci
KJaccu(uKanys METpUKajIapbl KOJIIAHBUIIBL:

* lonaix (Accuracy, ACC) - nypsic kitaccu(puKanysIaHFaH COFyIapAbIH sKaIIbl
ManbI3bI.

* OH OomwkamHBIH HaKThUIBIFEI (Precision, P) - naypeic OomkanraH OH
MBICAJIIApAbIH CAaHBIHBIH OapJIbIK OH OOJKamap CaHbIHA KATbIHACHL.

* TomeikTeik (Recall, R) - maypeic OomkaHFaH OH MBICANIAPIBIH CAHBIHBIH
OapIIbIK HAKTHI OH MbICaJIlapFa KaThIHACKI.

* Fl1-mepa (Fl-score) - HAKTBUIBIK NIEH TOJBIKTHIKTBIH TAPMOHUSUIBIK OpTalia
MOHI.

* Oprama makpo Fl-mepa (Macro F1) - Oapibik kiaccrap Ooifbrama F1-
MepIepIiH opTaria MoHi, 9pOip Kiacka TeH MaHBI3IBUIBIK Oepe/ti.

OpOip kiacc OOWBIHIIA IYpHIC KOHE Kare OOmKaMaapIbl erKeH-Terkeii
Tajjay YIIiH KaTeJikTep Marpuracel (confusion matrix) n1a KypacThIPBUIIBL.

Herisri MozpenbaepMen caibICThIPy. ¥ CHIHBUIFAH TMOPUATI apXUTEKTYPaHBIH
TUIMJIUTITIH pacTay YIIiH 013 OHBI OipHEIe Heri3ri MOJIEbIEPMEH CAIBICTHIPIBIK:

Ne3 kecte - 3epTTeye KOIIaHBUIFAH MOAENb APXUTEKTYPaTapbIHBIH CHITATTaMalIaphl:

Monenb Cumnarrama
ResNetl8 CBepTKIlT HeWPOHMBIK XKeJli FaHa, yaKBITTHIK TOYSITITIKTep i eckepMeiii
BiLSTM Bipesnmem/i 6enrisepe OKbIThUIFaH yaKbITTBIK MOJIEIb
CNN + BiLSTM H_[E.IFBICBI LSTM KabaTbl TypiHAe OepiieTiH KapamalbIM CBEpTKII
HEeWPOHIBIK XKeJi
ResNet18 + BiLSTM | Kipici keckiH TypiHIe OepieTiH YChIHBUIBIT OTHIPFAH THOPUATI MOJIENb

CanpIcThIpMalIbl TaNAAY HOTHIKEIEP] KA ABIKTHI Oenrinepi weirapy (ResNet18)
MeH eKiOarbITThl YakbITTBIK Mozenbaeyai (BiLSTM) 6ipikripy kinaccugukanms
carachlHbIH OipTiHAEH JKaKcapybIHa allbIll KeJETiHIH KOpPCeTe .

Horum:kenep. ¥ conbuirad ResNet18 + BiILSTM mopeni 6a3anbik MOJeIbIepMEH
caJIbICTBIpFaH/ia OapIblK Oaranay METpUKalapbl OOMBIHIIA €H Y3IiK HOTHKEIepIl
kepcerti (Jamil xoHe T.0., 2024). TemMeH/eri KecTee TECT JKUBIHBIH/IA AJIBIHFaH
KOPBITBIH/IbI KOPCETKILITEP OepiIreH:

Ne4 kecte - TecT KUBIHBIHIAFBI OPTYPJI APXUTEKTYpaTapAbIH THIMUIITIH CalbICTBIPMAaIIBI
KOpCEeTKIITepi:

Mozens Tonzix (%) OI'/IE)IKTLIJ'ILIK (Precision, 50)HLIKTLIK (Recall, Maxpo F1 (%)
() 0

ResNet18 93.5 91.7 91.1 90.8

BiLSTM 92.3 90.2 89.5 88.7

CNN + BiLSTM 94.6 93.1 92.5 92.0

ResNetl18 + BILSTM | 97.4 96.9 96.2 96.8

¥YcoibutFan TuOpuaTi mozaenb skeke CNN men LSTM apxutextypanapblHaH
alTapibIKTall KOFapbl HOTIDKENEp KOpCeTiM, IoNaik neH Makpo Fl-merpuka
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OOMBIHINA €H Y3/1iK KOPCETKIIITepre )KeTTi. ByJl OHBIH TYPaKTHIIBIFBIH )KOHE OaPITBIK
KJacTap OOWBIHINA TEHrepiMAl KiaccH(UKAIUs KYpPri3e ajaThbHBIH JIOJICIICH T
(Oh xoHe 1.0., 2019).

Kareniktep wmarpuniacel. TeMeHIe KENTIPUITEH KaTeNKTep MAaTpHIAChI
MOJISNB/IIH JKYPEK COFYBIHBIH JKETi TYpiHIH OpKaWChICHI OOWBIHINA THIMILTITIH
kepcereni. JlmaroHampapl MEMEHTTEPIiH OackiM OOIyBI OapIibIK KIIaCcCTapibl
KJIACCU(UKAIMSIIAYIBIH JKOFAPBI TSJIITH Olipet.

2-cypeT. Moziemnb/li OKBITY Ke3eHIePiHAeT1 MK KUCHIKTaphl

L.OoD
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0.9 05

Accuracy
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052

Accuracy Curves during Model Training
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F1-mepansiy Tapanysl. Temenaeri ntuarpamma apoip kiacc 6oitbramma F1-mepa
MOHIepiH keke kepcereni. Ocipece VEB xxone VFW cHAKTHI cupek Ke3neceTiH
KJIAacCTapAa MOJEJbBIIH JKOFapbl THIMIUIITT Oaiikamamel, OyJ KiaccTap oIeTTe
JIepEKTep/IeT a3 Ke3IeCETIHIKTeH KTacCH(pUKAIUsIIAyAa KHbIHABIK TYIbIPaJIb.

3-cypet. MoJieib/Ii OKBITY Ke3eHACePIHACT] MIBIFbIH ()YHKIUSCBIHBIH KHCHIKTaphl
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Kraccrap OoiibiHIa Tanmay

* Kampmrer putm (NOR): YurinepniH KemnTiri j>KOHE CHTHANJIBIH alKbIH
(hopmachl ecebiHEH KOFaPhI IQJIIK ITeH TOIBIKTHIKKA KOJ JKETKI3UIII.

* PVC xone APC: AyrMeHTanwsiHbIH KOJJIAHBUTYBl JkoHe BiLSTM-HiH
KOHTEKCTTI ecKepy KaOilneTiHiH apKachlH/Ia HAKTBUTBIKTBIH apTybl OalKasIbl.

* VEB xone VFW: bacrankeina canpl a3 OonraHbplHA —KapaMacTaH,
ayrMeHTalus1aH Keiin Mozenb F1-merpukana 94%-m1aH sKOFapbl HOTHKETE JKETTI.

* LBB xone RBB: Keckingepae me, YakbITTBIK OOJBICTAa Jla JKAKCHI
KBIPATBUIATHIHBIKTAH, KJIacCU(DUKAIINS JTQIJIIT )KOFAPHI OO

Krnaccudukanms tuimainiria Oaranay omicTepi. Y CHIHBUIFAH KJIACCUDUKAIISL
MOJISNIHIH THIMJUIITIH Oaranay YIIiH Kelleci MeTpuKaiap KOJIaHBUIIBL: JOIIIIK
(Accuracy), cesimranabik (Sensitivity), epekmenik (Specificity), connaii-ak F1-
Mepa. by MeTpuKkanap MamIMHAIBIK OKBITY aJITOPUTMIEPiHIH KYMBIC CalachlH
Taayna, ocipece KemkIaccThl Kilaccu(GuKanys MiHACTTEPiH/IE HETI3T KOPCETKII
00JIBII TAOBLIABI.

Kiracc 6oiipramia kepcetkimTep (per-class accuracy, sensitivity sxone specificity)
Keseci popmynanap OOWBIHINIA €CEeNTeNe/Ii:

g n ag n Tp
Sensitivitype = Sensitivityg, = —— (D
.f- . — -f. n — TN
Specificitypc = Specificityg, = ——— 2
Accuracy,, = — TB¥TN
€¥pc = TprTwerpiEN 3)
A — NE‘IJTTEIE'T
CCUTracy o N (4)

myHaarel TP - mbiH oH Oomkamaap canbl, TN - mblH Tepic Oomxamaap
canbl, FP - sxanran on Oomkamuap canbl, FN - xanran Tepic Oommkamaap CaHbl;
NNN - yarinepaiy sxammnsl canbl, NcorrectN  {\text{correct} } Ncorrect - mypsic
KJIacCU(UKaIMsIIaHFaH yiriiep canbl; OA - MomenbaiH kambl TaiMpiri, PC -
opOip kitacc OOMBIHIIIA THIMJILTIK.

Op06ip kiacc ymin F1-mepa keneci popmyna OoibIHIIA ecenTenei:

2-Precision-Sensitivity __ TP 5
Precizion-Sensitvity 2ZTP+FP+FN ( )

MYHJAFbI Floa - sxanmbt F1-mepa. Maxkpo xoHe canmakranral F1-mepa
(weighted) Temenieriiel aHBIKTAIA]IbI:

1
Macro — Fj g, = - Xz Fl,pc (6)
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myHnarel C - Kjaccrap CaHbl, Flipc - j-mi knace yuiin Fl-mepa, N;- i-mi
KJIacC yIrinepiHiy canbl. KenmkiaccThl KilacCU(pUKAIHS YIIiH )KaJbl C€31MTaIIBIK
(sensitivity), epekmienik (specificity), nanuik (accuracy) sxoHe Mukpo F1 monzmepi
COMKeC KeJiedl:

Sensitivity 5, = Specificityy, = Accuracygy, = Micro F, g, ®)

Taaxkpuiay. Ocbl 3eprreyne VebiHbUTFAaH HoTkenep OKI  corymapea
KJIacCU(pUKaIMsyiaya KEHICTIKTIK JKOHE YaKBITTBIK OKBITYIbI OIpIKTIpyIiH
THIMIUTITIH afikeiHgaiael. ¥YcbiHbuFad ResNetl8 + BiLSTM apxutekrypacsl
noctypii CNN skoHe LSTM  MopnenbjepiHeH aWTapibIKTail >KOFapbl HOTHIKE
KOPCETIIl, acipece Kyp/elli apuTMHsUIap MEH CHUPEK KEe3JIeCETIH COFy TYpJepiH
eHJiey/ie OachiMIbIK TaHBITTHI (Oralbekova xone T.0., 2024).

Byt sketicrik eki Heri3ri (hakTopra OalIaHbICTHI:

1. ResNetl8 cory keckinjepiHeH TepeH MOP(OJOTHSUIBIK Oenriiepai THIMI
OeJIin anabl,

2. BILSTM BIpFaKkThIK aHOMAaTUSIApABl TaHyJa MaHBI3IBI OONBINT TAaOBLIATHIH
Ti30€KTIK TOYEIITIKTEPl eCKepyre KaOiaeTTi.

Oxuaynanrad CNN-MozesbIepiMeH CajbICThIPFaHa THOPUATI apXUTEKTypa
YKAKChIPaK Kallbliay KaOieTiHe jxoHe TypakThUIbikKa ue. Jactypimi CNN kebine
TEK JIOKAJJ/Ibl KeHICTIKTIK epeKIIeNIiKTepre Ha3ap ayaapalibl )KoHE YaKbITTHIK YCaK
alBIPMaIIBUTBIKTApBl Oap COFyNapibl aXbIpara aliMaybl MyMKiH (Zhang xoHe T.0.,
2023). BiLSTM wuHTerpanuscel eKiOarbITThl YaKbITTBIK KOHTEKCTI KamMTaMachl3
eTin, MOpQONOTHSCH yKcac, Oipak KOHTEKCT OOMBIHIIA OpPTYPIi COFyIapibl
aXpIpaTyra MyMKiHJIik Oepe/ti. CoHbIMEH KaTap, Oi3/[iH aJJIbIH ajla OHJICY Ke3CHIMI3
- BEWBIET-QUIBTPALUSHBI, JION CETMEHTAIUSHBI JKOHE OarbITTallFaH JIePEKTep
AyTMEHTAIMSICBIH KaMTHUTBIH — OKBITY JKUBIHBIHBIH CalachlH adTapibIKTai
xakcaptTel. Ocipece VEB xone VFW CHIKTBI CHpPEK Ke3IECEeTiH KIIACTapIbIH
F1-mMeTpuKachIHBIH KOFapbl MOHJEPIe KOJ KETKi3yl JepeKTep TeHrepiMCi3irine
KapChl KOJJIAaHBUIFAH 9MiCTEp/iH (KHIO, YaKbITIa MaciiTadTay, X oci OOMbIHIIA
BIFBICTBIPY) THIMJILTITIH AJICIICHII.

Karenikrep Mmarpuiacel MeH op kiacc OoibiHma F1 Monmepi ae kare
KIaccu(UKaNMsUIapIblH €H a3 JICHTei/le eKeHiH, HeTi3iHeH MOpPQOIOTHUSICH
yKcac coryiap apacbiaa (Meicaiisl, PVC xone VEB) GaiikanaTblHbIH KOPCETTI.
Bonamakra mynmail karenepai azaity ymiH xemn apransl OKI' konmany Hemece
WHTEPIIpETAUSIHBI apTTHIPY MaKcaThIHIa Ha3ap ayaapy (attention) MexaHU3MIEPiH
enrizy mymkiH (Yang xone T.0., 2022). CoHjaii-aK MOJETh apXUTEKTYPAChIHBIH
ecenTey TYPFBICHIHAH THUIMJII JKOHE ayKbIMJIQIATBIH CKCHIH aTall OTKEeH JXOH.
ResNetl8 cambicThIpMalbl TypAe «OKEHID CBEPTKIII JKeii OOJBIN TaObLIAbI, all
BiLSTM kabarbl Tek mamalbl KOChIMINA JKYKTeMe eHrizermi. by Oykin skyieHi
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KYPEK KbI3METIH HAKThl YaKbIT peXuMiHzae Oakpliayra apHaJfaH Xyieinep MeH
MOOWIIB/II MEIUIIMHANBIK KOChIMITIAIAPFa CHTI3yTe KOJIAIIbI eTeIi.

[exreymnep. XKyOaHbIr OepeTiH HOTHKEIEpPre KapamacTaH, OyJl 3epTTeyIaiH
OipHelIe MIeKTeyIepiH aTan oTKEH JKOH:

* 3eprrey Tek MIT-BIH nepexrep 6a3aceingarst MLII apHackiHa Herizaenrex.
Kemn apnainier OKI' nepekrepin Kocy, acipece 0ip apHabl Tajaayaa eKiyITbl OB
TaOBIIATHIH COFYJIAp YIIiH, JOIIIKTI KOCBIMIIIA aPTTHIPYBI MYMKIH.

» Keckin TypiHIE YCHIHY Kipic IepeKTepiHiH (opMaThiH KEHIIIEeTKEHIMEH,
Oacramkbl CHTHaijapia OONaThIH JKUUTIKTIK alMakTarbl Oenrinepiai  aibIin
TacTaybl MyMKiH. bonammak Mozensaep KecKiHIep MEH CUTHAIAapAbI OipiKTipeTiH
MYJIBTHMOJAJBAbI OKBITY/IBI KOJIIaHA ajlajbl.

* BiLSTM KOMITOHEHTI yaKbITTBIK TOYEJIUTIKT] €HT13€/11, COHIBIKTaH Ti30eKTep/Ii
eCKepe OTBIPBIN OKBITYAb! Tayan ereni. KInHUKanblK KaFaaiaa JepeKTep peTcis
HeMece CUpeK OoNFaH1a KOChIMILA aJl/IbIH ajla OHAeY KaXXeT 00Tybl MYMKIH.

* MopenbaiH Kanmbuiay KaOieTiH Oarajay YIIiH OpTYpili MONMYNSnusiap MeH
XaOIbIK TYpJiepiH KaMTHTHIH Tayescis OKI' gepexrep >KHMbIHOapbIHAA CHIPTKBI
BaJIMJALINS JKYPIi3y KaKeT.

Kopsbitbinabl. byn sxymeicta DKI' corynmapeiH kiaccudukanusiay YIIiH
ResNet18 cBepTkinr xemici MeH eKiOaFrbITTHI y3aK KbicKa Mep3imai xan (BiLSTM)
JKEICiH OipiKTipeTiH THOPUATI TepeH OKBITY apXUTEKTypachl YCHIHBUIIBL.
Bipenmemi curHannapasl KeCKiHAepre TYPIASHIIPY KOHE ayrMEHTAIH 9JIICTepiH
KOJJIJaHy KJaccTap TEHTePIMCI3MITiH KOKFa XOHE MOJICNbIiH TYPaKThUIBIFBIH
apTTBIPyFa MYMKIHIIK Oep/Ii.

MIT-BIH  Arrhythmia Database nepekrep ©0a3aceiHma I Kypri3iiareH
AKCIIEPUMEHTTEP YCBIHBUIFaH TIcUINiH 97,4% nonmikke xoHe 96,8% makpo F1
KOPCETKIlIiHe KOJ JKeTKi3reHiH kepcerTi, Oyn Gazanblk CNN sxone BiLSTM
apXMTEKTypaJapblHAH >KOFapbhl HOTIKENEp. ©Ocipece CHPEK KE3IECETiH COFy
TYpJIEepiH aHBIKTayAaFbl JKOFAPhl THIMAUTIK MOJEIBIIH JKaIbliay KaOieTiH ®KoHe
LIEKTEYJ IePEKTEPMEH KYMBIC 1CTEH aTyblH JToNIEIICH I

AJBIHFaH HOTHXKEJIEP KEHICTIKTIK OHE YakbITTBIK Tajpayasl Oipikripy OKI
KJIacCU(UKALMACHIHBIH CallachlH €AQylp AapTThIPaThIHBIH JKOHE TPAKTHUKAJBIK
KOJIJTaHy MYMKiHIIKTEPiH allaTbIHBIH KepceTeli. bonmarnrakra 3epTrey i Kol apHajIbl
OKI kongany, Ha3ap aynapy (attention) MeXaHU3MICPIH €HI13Y JKOHE KIMHUKAIBIK
JIepEeKTEeP KUBIHIAPbIH/A BaJTHAlNs )KYPIi3y apKbljbl KeHEHTY xKocnapnanyaa. by
MOZICTIB/IIH MHTEPIPETALMACHIH KaKCaPTHIIl, OHBI )KYPEK KbI3METIH HAKThl YaKbIT
peXuMiHIe Oakbllay JKyHelepiHe j>KOHEe Jopirep HIemiMiH KoJjayFa apHallFaH
MHTEJUICKTYalAbl KypajliapFa eHri3yre JaibiH OOIybIH KaMTaMachl3 eTeli.
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Abstract. This study presents a personalized learning feedback system driven
by a lexical semantic network, tailored for low-resource language education with
a focus on Kazakh-language instruction. At its core is an error-triggered review
process: when a learner answers an assessment item incorrectly, semantic textual
similarity (STS) embeds the learner’s response and canonical solutions, retrieves
concept-linked lecture snippets and micro-drills, and prioritizes targeted remediation
over traditional scoring. Educational content is modeled through a tripartite Term—
Lecture—Assessment (TLA) chain that provides traceable mappings from tested
concepts to remediation actions, while review tasks are scheduled according to
forgetting-curve principles so that spacing adapts to observed similarity trends. To
enable robust semantics, we translated the SemEval STS Benchmark into Kazakh
(STSb-kk) and developed a Kazakh Natural Language Inference corpus (NLI-
kk). Experiments show that LaBSE, fine-tuned in two stages (NLI-kk then STSb-
kk), achieves a Pearson correlation of 84.72% on STSb-kk, supporting reliable
similarity-based retrieval at classroom scale. We further constructed a WordNet-
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style lexical resource for Kazakh via translation to encode synonymy, hypernymy,
and prerequisite relations; this supports lateral and vertical expansion of practice
after an error. While STS is not suited to grading complex open-ended responses,
it excels at auditable, low-latency search and recommendation in constrained
computing environments. The system offers a scalable framework for personalized
remediation, an adaptive scheduler that tightens or widens intervals based on
performance signals, and applicability beyond language learning to disciplines
such as mathematics and physics. Future enhancements will integrate multimodal
materials, real-time difficulty adaptation, and expanded domain-specific term
inventories.

Key words: lexical semantic network, semantic textual similarity, personalized
feedback, adaptive review, Kazakh, closed-loop learning
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Annotaumusi. Byn 3eprrey pecypcrapsl mekTeym Tinmik OiniMm  Oepyre
OeliMIeNITeH, Ka3aK TUTIHJErT OKBITYAbl HBICAHAaFa ajfaH JIGKCUKAJIBIK-
CEMaHTHKAJIBIK KEJIIre HEeTI3JCNTeH JKEKSJICHIIPIITEeH OKYyAbIH Kepi OailylaHbIC
KYWECIH TaHBICThIpaabl. JKyHeHIH 63eriHje KaTeliKIeH ICKe KOCBUIAThIH
KaliTanay ynepici Oap: Oimim amymisl Oaranay TapMmarblHa KaTe jkayan OepreH
Ke3Jle, CEMaHTUKAJIBIK MOTiHAIK yKcacThK (STS) OinmimM amymbiHBIH SkayaOblH
YKOHE JTAJOH LICHIIMJIEpiH eHJipMernepre TYPJICHIIpiN, YFhIMMEH OaiijlaHbICKaH
Jopic Y3iHAUIEpiH MEH MHKpPO-KATTBIFYIapibl i37en Tabaabl KOHE JocTypii
Oara KOKJIaH T'epi MaKcarThl TY3eTydl aiFa Kosibl. OKy Ma3MyHBI TEKCEpiIreH
VFBIMJIAp/IaH TY3ETY OpEKeTTepiHe JIEHIHT1 TPacCajbUIBIKThI KAMTaMachl3 ETCTiH
yir kypamabl Tepmun—/lopic—baranay (TLA) Ti30eri apKbulbl MOJEIbACHEI, all
KaiiTajay TalrchlpMallapbl YMBITY KHCBHIFbI KaFuJaTTapblHA Cail >KOCIAPIIaHBIIL,
apanbIKTap OaliKallFaH YKCaCThIK TpeHATepiHe Oeliimaeneni. Kymiti ceMaHTHKaHbBI
KaMmTaMachi3 ety yiriH 0i3 SemEval STS Benchmark nepexrep »KUBIHTBIFBIH Ka3aK
tiniHe aymapasik (STSb-kk) xone ka3ak TijiHe apHanFaH TaOWFH TUIK TaibIMIay
koprycbiH (NLI-kk) o3ipnenix. Dxcnepumentrep LaBSE mozpenin exi keszeHze
(anmgpimen NLI-kk, weitin STSb-kk) sxerinmiprenme STSb-kk >xubIHTHIFBIHIA
Pearson xoppemsiiusicein 84,72% JeHreiiHe KOPCETETIHIH aWKbIHIAABI, Oyl
CBIHBIN ayKBIMBIHJA YKCACTBIKKA HETI3MIENITCH 13/ICY/IiH CEHIMIUIIrH KOJIau/Ibl.
Bynan Genex, kazak Timi ymin WordNet ynriciHaeri JIeKCHKaJbIK pecypc ayaapMa
APKbLUIBI KYPBUTBIIT, CHHOHHUMHS, TUIIEPHUMUS )KOHE IPEPEKBU3UTTIK KAThIHACTAP/IBI
KOJITAMJIbl, OYJI KATENIKTeH KEHIHrT TOXipuOeHI KeyJieHEeH Jie, TIK T¢ KEeHeHTyre
MYMKiHIIK Oepeni. STS kypaeni amibIK skayanTapasl Tikesel Oaraiayra KOJaiibl
OonMaraHbIMEH, IIEKTEYIl ecenTey KaraaliapblHaa ayIuTTeNeTiH, Kilipici ToMeH
i3Iy MEH YCBIHBIMJA Y3IIK HOTHXeNiep Oepeni. ¥ CHIHBUIBIIT OTBIPFAH IKyke
JKEKEIJICH/TIPIITeH TY3eTyTe apHAJIFaH ayKbIMJIbI TYFBIP/IbI, OHIMILUTIK CUTHAJIIApbIHA
Kapail WHTepBaJJapibl TapbUITHIT/KCHEHTETIH OCHIMIIEIETIH KOCHapIaFbIIIThI
JKOHE T YHPEHY/ICH ThIC MaTeMaThKa MEH (PU3UKa CHUSKTHI IOHJIEPre KOJJIaHbLTY
MYMKIHJITiH YChIHaABI. Bonanmak sketinaipynaep MyIbTHMOIAIbAbI MaTepHaAap bl
OipikTipyni, KYpHACMUTIKTI HAaKTBl YakbITTa OeHimMaeyli >KoHEe MoHre Toyesi
TEPMUH/ICP KOPBIH KEHEUTY I KAMTHIbI.

Tyiin ce3mep: JEKCUKAIBIK-CEMAHTUKAJIBIK KNI, CEMAaHTHKAIIBIK MOTIHJIK
YKCAaCTBIK, JKEKEJICH IIPUITeH Kepi OaiiaHbic, OeHiMIeNreH KalTanay, Ka3ak Tii,
KaOBIK UK OKBITY
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AnHoTanus. JlaHHOEe MccieqoBaHHE MPEACTABISCT NEPCOHATU3UPOBAHHYIO
cucTeMy Y4eOHOH OOpaTHOW CBSI3M Ha OCHOBE JIGKCHKO-CEMAHTHYECKOH CETH,
OPHEHTHPOBAaHHYI0O Ha OOyYeHHE B YCJIOBHSX OTPaHUYCHHBIX PECYpCOB C
(oKyCcOM Ha Ka3axCKHiH s3bIK. B 0CHOBe — mporecc MOBTOPEHUS, 3alyCKaeMbli
OMOKOM: MPXU HEBEPHOM OTBETE METPHUKA CEMaHTHUYECKOTO TEKCTOBOTO CXOZCTBA
(STS) npeobpa3yer oTBET 00yUarOMIETrOCs U 3TAJOHHOE PelieHUE B AIMOCIIUHTH,
W3BJICKACT CBSI3aHHBIC C MOHATHEM (PAarMEHTHI JEKUUH U MHUKPOYIPAXHEHUS U
OT/IaeT MPUOPHUTET aAPECHON peMeAnaly Tepe]] TPaIUIUMOHHBIM BBICTABICHUEM
0amioB. Y4eOHBIH KOHTEHT MOJACIHPYETCsS TPEX3BEHHOH Ienoukoil «Tepmun—
Jlekums—OuenuBanue» (TLA), oOecrnieunBaronieii TpaccupyeMble COOTBETCTBUS OT
MPOBEPSEMBIX MOHSATHH K KOPPEKTUPYIOLUINM JCHCTBHUIM; 3aJaHHsl Ha TIOBTOPCHHE
IUTAHUPYIOTCS TI0 MPUHIMIIAM KPHUBOW 3a0bIBaHMs C ajanTaluell MHTEpBaJIOB
K HaOnofaeMbIM TpeHIaM cXoAcTBa. [l Hale)KHOW CEMaHTHKH MBI IEpeBeNn
sranon SemEval STS na kazaxckuii s3bik (STSb-kk) m pazpabortanu kopmyc
ecTecTBEHHO-3bIKOBBIX BbIBOAOB (NLI-kk). B skcnepumentax momens LaBSE,
nooOyuenHast o ApyxatanHoii cxeme (NLI-kk — STSb-kk), nocturna xoppensuun
[Mupcona 84,72% na STSb-kk, moxrBepkaas Ha/IeKHOCTh IIOUCKA 110 CXOACTBY Ha
MacmTabe aynutopuu. JomomuurensHo co3nan WordNet-nmogoOHblid pecype s
KOAMPOBAaHHUS CHUHOHUMHH, THIIEPHUMHH M TNPEPEKBU3UTOB, YTO IMOJACPKUBACT
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TOPHU30HTAIBHOE U BEPTUKAIHHOE PACIINPEHHE TIPAKTUKH TTocIie omrOKu. XoTst STS
HE TIpeIHa3HaYeHAa JJ1s1 OLICHUBAHUS CIIOKHBIX OTKPBITHIX OTBETOB, OHA 3(p(pekTHBHA
JUTSL ayIUPYEMOT0, HU3KOJIATCHTHOTO TIOUCKA U PEKOMEHIAITNI MPU OTPaHUYCHHBIX
BBIYHCIUTEIBHBIX pecypcax. Cuctema mpemaraeT MaciTabHpyeMyio OCHOBY,
AJIaNTUBHBIA  TUIAHUPOBINMK, CYXXAIOWUA WA PACIIUPAIONIMNA  HWHTEpPBAJIbI
[0 CHTHAJlaM YCIIEBaeMOCTH, H TPHUMEHHMa 3a TpefesiaMH  SI3BIKOBOTO
oOy4eHHs, HarpuMep K mMaremartuke u (u3uke. B mepcrektnBe — HHTErparus
MYJIbTUMOJANBHBIX MaTepUajIoB, aJalTalus CIOKHOCTA B PEAIbHOM BPEMEHU U
pacinpCHUEC TCPMUHOJIOTHYCCKUX HHBGHTapeﬁ.

KutoueBble ci10Ba: JTEKCHKO-CEMaHTHYECKasi CETh, CEMAaHTHUYECKash TEKCTOBAs
CXOXKECTh, TEPCOHAIM3NUPOBAHHAA OOpaTHas CBs3b, AJaNTHBHOE ITOBTOPEHHE,
Ka3aXCKHUH SI3bIK, 00yYeHHE C 3aMKHYTHIM ITHKJIOM

Introduction. The rapid advancement of educational technologies has catalyzed
a shift toward personalized learning systems that address individual learner needs,
particularly in low-resource language education. Low-resource languages, such as
Kazakh, face significant challenges due to limited linguistic resources, including
sparse corpora and underdeveloped semantic tools like WordNet. Traditional
feedback mechanisms in educational systems often rely on binary correctness
scoring, which fails to diagnose underlying knowledge deficits or provide targeted
remediation, resulting in fragmented learning experiences. This issue is particularly
acute in low-resource language contexts, where the absence of structured knowledge
bases hinders the delivery of contextually relevant feedback.

This research introduces a personalized learning feedback system driven by a
lexical semantic network, de- signed to address these challenges through an error-
triggered recommendation mechanism. When a learner answers an assessment item
incorrectly, the system extracts associated terms, retrieves semantically related
content using semantic textual similarity (STS), and schedules review tasks based
on forgetting-curve principles. A translated WordNet-style lexical semantic resource
for Kazakh, supplemented by datasets such as STSb-kk and NLI-kk, enables robust
semantic modeling in a low-resource context. Unlike traditional systems focused on
grad- ing, our approach prioritizes content retrieval and adaptive scheduling, forming
a closed-loop learning framework that is computationally efficient and scalable.

The contributions of this study are threefold:

1. Formalized Semantic Modeling: We define a tripartite Term—Lecture—
Assessment (TLA) chain to structure educational content, enabling traceable and
semantically grounded retrieval.

2. Adaptive Scheduling Algorithm: We develop an algorithm that integrates
similarity trends, error fre- quency, and memory decay to dynamically prioritize
review tasks.

3. Low-Resource Language Validation: We validate the system’s efficacy in
Kazakh-language education and demonstrate its potential for cross-disciplinary
applications through rigorous experiments.
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This paper is organized as follows: Section 2 reviews related work on ontology-
based systems, semantic mod- els, and content modeling. Section 3 details the
system design, including semantic modeling and scheduling strate- gies. Section 4
explores application scenarios in Kazakh and other disciplines. Section 5 presents
experimental methodology and results, followed by conclusions and future
directions in Section 6.

2 Related Work

2.1 Ontology- and Concept-Based Learning Systems

Ontology-based educational systems model knowledge as interconnected
concepts, facilitating navigation, prereq- uisite alignment, and personalized
remediation. Novak’s concept mapping framework highlighted the role of structured
knowledge representations in enhancing learning outcomes. Recent advancements
have in- tegrated semantic networks like WordNet or DBpedia to support content
recommendation. For example, Fernandez et al. proposed an ontology-based system
that aligns learning resources with learner needs. Our work extends this paradigm
by focusing on error-triggered recommendations, using STS to retrieve relevant
con- tent and drills, creating a dynamic feedback loop tailored to learner errors.

2.2 Semantic Learning Models: Comparison and Positioning

Traditional keyword-based matching in educational recommendation systems
struggles to capture deep semantic relationships, leading to suboptimal content
relevance [6, 11]. Semantic textual similarity (STS) models, such as Sentence-
BERT (SBERT) [6] and LaBSE [8], encode text into embeddings that reflect
semantic content, of- fering robust performance in retrieval tasks. Large language
models (LLMs) like BERT and RoBERTa excel in open-ended reasoning but are
computationally expensive and challenging to calibrate for real-time classroom ap-
plications [3]. STS-based pipelines, as demonstrated by Cer et al. [1] and Herbold
[11], provide low-latency, resource-efficient retrieval, making them ideal for
scalable educational systems. Our system leverages STS to drive a recommendation
engine activated by learner errors, balancing semantic precision with computational
efficiency.

2.3 Educational Content Modeling

Effective semantic modeling of educational content requires defining terms, their
interrelations, and mappings to instructional resources. Terms are annotated with
canonical definitions, surface variants, and usage examples, while relations (e.g.,
synonymy, hypernymy, meronymy) form a semantic network. Memory and spacing
research, including Ebbinghaus’s forgetting curve [13] and subsequent studies
[14, 17, 18], informs our scheduling policy, which adapts review intervals based
on similarity trends and error patterns. This approach contrasts with traditional
systems that rely solely on correctness metrics, offering a more nuanced assessment
of learner mastery.

3 Materials and Methods

3.1 Educational Content Semantic Modeling

3.1.1 Term Definition and Annotation

152



ISSN 1991-346X 3.2025

Each course defines a term inventory, where each term is a core concept with a
canonical definition, surface variants (e.g., synonyms, morphological forms), and
contextual usage examples. For example, in a Kazakh morphology course, the term
“kitan” (book) is linked to its possessive form “kitanteiy’ and associated with
specific lecture segments and assessment items. This structured annotation ensures
traceability from assessment errors to relevant instructional content.

3.1.2 Semantic Relations Among Terms

Terms are interconnected through typed relations:

Synonymy: E.g., “kitan” and “6et” in specific contexts.
Hyponymy/Hypernymy: E.g., “suffix” as a hypernym of “possessive suffix.”
Meronymy: E.g., “stem” and “suffix” as parts of a “word.”

Prerequisite: E.g., understanding “noun stem” precedes “possessive suffix.”

These relations, encoded in a lexical semantic network, enable lateral (related
terms) and vertical (prerequisite or hierarchical terms) expansion of review tasks
following an error.

3.1.3 Term—Lecture—Assessment Chain

The course content is modeled as a ftripartite graph, the Term—Lecture—
Assessment (TLA) Chain, where:

Terms represent core concepts.
Lectures are annotated with covered terms.
Assessment Items are tagged with tested terms.

When a learner answers an item ¢ incorrectly, the system extracts the bound
term set 7'(q) and uses it as a query seed for content retrieval.

3.2 Similarity-Triggered Scheduling Strategy

The scheduling strategy operates as follows:

1. Error Detection: When a learner answers item ¢ incorrectly, the system
identifies 7'(q), the set of terms bound to g.

2. Semantic Similarity Computation: The learner’s answer and canonical
solution (or term definitions) are encoded into a shared embedding space using a
pre-trained model (e.g., LaBSE). Cosine similarity is com- puted:

- ) Vi V3
sim (v,,v,) = ———
N AT

where v, is the embedding of the learner’s answer, and v, is the embedding of the
canonical solution or term definition.

3. Content Retrieval: A similarity threshold & (e.g., 0.7) determines whether
related terms, lectures, or drills are retrieved. If sim(v,, v,) > 0, associated content
is added to the scheduling queue.

The scheduling priority for a term ¢ is calculated as:

P()y=w, -sim(t, T(q)) +w, E(t) +w, - F (1)

where:
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sim(z, T'(g)): Similarity between term ¢ and the bound terms of item ¢.
E(?): Number of errors associated with term ¢.
F (9): Forgetting-curve decay factor, defined as:
F@) =e™-At/7)
where At is the time since the last review of term ¢, and 7 is a forgetting time
constant (e.g., 7 days).
w,, w,, w,: Weight parameters, empirically set to 0.4, 0.3, and 0.3, respectively.

3.3 Recommendation Engine Logic

The recommendation engine maintains a priority queue for review tasks, with
the following workflow:

1. Task Generation: Tasks are generated based on the priority P (¢), including
lecture snippets, reading mate- rials, and micro-drills.

2. Task Scheduling: Tasks are prioritized and pushed to the learner’s interface.
Scheduling intervals are ad- justed dynamically: increasing similarity trends widen
intervals, while declining trends tighten them.

3. Progress Tracking: Task completion is logged, updating term mastery
estimates based on correctness, similarity, and time elapsed.

Algorithm 1 Similarity-Triggered Task Scheduling

1: Input: Incorrect item ¢, term set 7' (g), learner answer a, canonical
solution s

: Output: Scheduled review tasks

: Encode @ and s into embeddings v,V

: for each term ¢ € T'(¢) do

: Compute sim(v, v)) using cosine similarity

sif sim(v, v) > 0 then

: Retrieve lecture snippets and drills for ¢

8: Compute priority P (£) =w, - sim(t, T (q)) +w, - E(t) + w, - F ()
9: Add tasks to priority queue

10: end if

11: end for

12: Sort queue by P (¢)

13: Push top-£ tasks to learner interface

NN B WN

4 Application Scenarios

4.1 Kazakh Language Course

In a Kazakh morphology course, terms such as “kitan” (book) and “possessive
suffix” are defined and linked to lecture segments and assessment items. For
example, if a learner incorrectly answers the item “What is the possessive form of
‘kitam’?”, the system:
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1. Extracts the bound term “possessive suffix.”

2. Computes cosine similarity between the learner’s answer and canonical
content.

3. Retrieves related materials, such as Lecture 5 (Possessive Morphology) and
drills (e.g., “yit” — “y#ain”).

4. Schedules a personalized review task list and tracks progress.

Table 1- Kazakh Course Example: Term-to-Task Mapping

Review Task (Kaiitainama

Term (Ka3zakma) Lecture (dapic) ranchipwa)
. Lecture 1: Noun Basics / Jlopic 1: 3ar Drill: Stem Identification /
KiTar . . g S
€cIM Heri3zepi XKarreiry: TyOipai ansikTay

Lecture 5: Possessive Morphology
/ Mopic 5: Lnik cenTiriHig
MOP(OIOTHSICHI

Possessive Suffix /
ik xanrays

Examples: kitanteiH, yitaiy /
Meicangap: KiTanTsIH, YHIIH

4.2 Extension to Other Disciplines

The system is extensible to other domains:

. Mathematics: For an incorrect answer on “Calculate the vertex of a quadratic
function,” the system retrieves lecture snippets on parabola properties and related
drills.

- Physics: For an error on “Apply Newton’s Second Law,” the system
recommends foundational mechanics lectures and exercises (e.g., F = ma
applications).

5 Datasets and Translation Resources

5.1 Natural Language Inference (NLI)

We translated the SNLI dataset [2] to create NLI-kk, supporting entailment,
contradiction, and neutral relations in Kazakh. This dataset enhances sentence pair
representation learning and improves STS fine-tuning.

Table 2 - NLI-kk Dataset Examples

Premise (Asrpimapr) Hypothesis (Bomkam) :;:if):l (Kayan
Epm-3a1:11,1nrmnap KillIkeRTaHl YIbIMEH 6ipre OrGach chiprra.
JKaFakaii/ia TOJIKBIH KybIIT OfHAII XKYp Entailment
(A couple play in the tide with their young son) | (The family is outside.)
Epni-3al“:11,1nTmJ1ap KimKeH”{aI‘/’I yibIMeH Oipre OT6acH TEMATBICT.
JKarakaii/ia TOJIKBIH KybIIT OfHaII XKYp Neutral
(4 couple play in the tide with their young son) | (The family is on vacation.)
Epni-saii - = - ..
;:;;;Zgl;: ?:)I;IESH ilmbf;};;?{zn ¥;:HM€H Oipre OT0achl KeIIKi ac imryre oThIp.
Y i The familv is sittine d —1 Contradiction
. . . . tt
(4 couple play in the tide with their young son) glimfe{fjml y is sitting down for
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5.2 Semantic Textual Similarity (STS)
The SemEval STSb dataset [1] was translated into Kazakh (STSb-kk) using the

Google Cloud Translation API, yielding 8628 sentence pairs with similarity scores
in [0, 5].

Table 3- STSb-kk Dataset Examples

Sentence 1 (Ceoiijiem 1) Sentence 2 (Ceoiiiem 2) Score (bara)
. . . Oye yIIarbl YIIBIN Keneni. (An air
Ymax yusin keneni. (4 plane is taking off.) plane is taking off) 5
Ep agmam tamakransin xateip. (The man is | Ep agam tamax imin oteip. (4 man is 46
eating.) eating food.) )
Tept ut kapaa typ. (Four dogs stand in the | Kapna oifnar >xypreH Tept ut. (Four 36
snow.) dogs playing in the snow.) )
Bip oiten arka miHin kene xateip. (A woman | Ep agam atka mineni. (4 man rides a 28
is riding a horse.) horse.) )
. . L . Ep anam iforamen aitHanbicajel. (4
[oiteI3 xKypin KaTeIp. (A train is moving.) man is doing yoga.) 0

Table 4 - STSb Dataset Statistics (English Original)

Type Train Valid Test Total
News 3299 500 500 4299
Titles 2000 625 625 3250
Forums 450 375 254 1079
Total 5749 1500 1379 8628

uuuuuuuu

"Bip anam at MiHin xyp" [0.188457 0.17425622 ...
"Bip agam aTTbIH ycTiHAe Xyp" [0.1676641 -0.04720686 ...]
"Bip Kbla GaTnbipaybiH YLLbIPbIN #Kyp" [0.22689256 -0.0308905 ...

K "
/’w/;"

I
,;v P4

Figure 1- Pipeline for Computing Semantic Similarity in Kazakh Text

5.3 Score Interpretation

Table 5- STS Score Descriptions

Score Description

5 Sentences are essentially identical in meaning.
4 Highly similar, differing only in minor details.
3 Share core information but diverge in aspects.
2 Partial thematic overlap, not equivalent.

1 Broad topic overlap, substantial differences.

0 Entirely unrelated topics.
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5.4 Lexical Semantic Resource

A WordNet-style lexical semantic resource for Kazakh was translated to support
term relations and retrieval. Due to its scale, manual validation is lighter than for
STSb-kk and NLI-kk.

6 Experimental Methodology

6.1 Models

We evaluated multilingual BERT, SBERT, RoBERTa-XLM, LaBSE, and
SimCSE [3, 6, 7, 8, 9] to obtain robust sentence embeddings for Kazakh text.

6.2 Training Strategies

Training strategies included:

1. Direct fine-tuning on STSb-kk via regression.

2. Sequential fine-tuning: classification on NLI-kk followed by regression on
STSb-kk [2].

Cosine similarity was used for STS scoring [10, 11], with a threshold = 0.7 and
weights w = 0.4, w, = 0.3,

w,=0.3.

7 Results

7.1 Performance on STSb-kk

Table 6 - Experimental Results on STSb-kk Test Set

Model Pearson (%) Spearman (%)
Without Fine-Tuning on STSb-kk
BERT 78.06 79.96
LaBSE 77.64 77.48
SBERT 70.35 71.73
RoBERTa-XLM 69.09 71.3
Fine-Tuning on STSb-kk
BERT 80.89 80.71
LaBSE 83.52 83.26
SBERT 73.27 73.15
SimCSE 74.26 74.12
RoBERTa-XLM 76.6 76.52
First NLI-kk, Then STSb-kk

BERT 82.25 82.24
LaBSE 84.72 84.72
RoBERTa-XLM 82.3 82.3

The LaBSE model with two-stage fine-tuning achieved the highest correlation
(Pearson 84.72%, Spearman 84.72%) on STSb-kk, confirming its suitability for
similarity-based retrieval in low-resource settings. These embeddings power the
system’s error-triggered review mechanism.
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7.2 Why Recommendation Over Grading

Using STS for retrieval directly addresses the question of what to learn next after
an error, offering a more ac- tionable intervention than grading alone. Compared
to generative feedback systems, similarity-based retrieval is auditable, low-latency,
and aligns well with the TLA structure, scaling effectively under computational
con- straints.

7.3 Spacing and Mastery Trends

Scheduling is driven by similarity trends rather than correctness alone. Rising
similarity across attempts widens review intervals, while declining similarity
tightens them [13, 14, 17, 18]. This integration of memory science and semantic
evidence enhances the timeliness and relevance of review tasks.

8 Discussion

8.1 Terminology Usage Example

In a Kazakh morphology unit, terms such as “kitan” (book), “suffix,” and “case
markers” are defined. Each quiz item is bound to one or more terms. Upon an
error, the bound term set is activated, and STS retrieves the most semantically
aligned lecture snippets and micro-drills illustrating the specific concept, such as a
possessive suffix conflict.

8.2 Tracking Learning Progress

For each term, we track correctness, similarity trends, and time since last
practice. Mastery is inferred from these signals, and the user interface displays
per-term mastery bars, recommending the next best action based on current deficits.

8.3 Generating Personalized Recommendations

When a learner misses an item on possessive suffixes, the engine retrieves: (1)
a short lecture clip defining the suffix; (2) examples contrasting near-confusable
forms (e.g., “kitan” — “kitanTsig’); (3) two or three micro-drills. If similarity
remains low on follow-up attempts, the system expands to prerequisite terms (e.g.,
noun stems) via semantic relations.

9 Conclusion

This study reframes semantic modeling in education around error-triggered
recommendations, leveraging a lexical semantic network to operationalize a closed-
loop learning framework. The TLA chain, coupled with STS-driven retrieval and
forgetting-curve-based scheduling, ensures precise and timely interventions.
Experiments validate the system’s efficacy in Kazakh-language education, with
LaBSE achieving superior performance on STSb-kk. The system’s scalability,
low-resource adaptability, and cross-disciplinary potential position it as a versatile
solution for personalized learning.

Future work will focus on:

1. Expanding domain-specific term inventories for broader curricula.

2. Integrating multimodal content, such as videos and interactive exercises.

3. Developing real-time difficulty adaptation algorithms to adjust task
complexity dynamically.
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Abstract. This research addresses the need to improve semantic information
retrieval efficiency in low-resource languages, with a focus on Kazakh. Its
agglutinative structure, morphological variability, and lexical ambiguity pose
challenges for conventional models, which fail to capture grammatical and contextual
factors fully. The study aims to develop an approach for selecting and comparing
text vectorization models in intelligent search systems, taking into account Kazakh
linguistic features, and to construct a mathematical model for computing semantic
similarity in a multidimensional vector space. The methodology involved the
empirical testing of six models (TF-IDF, Word2Vec, FastText, GloVe, BERT, and
KazBERT) on a 24,000-text corpus in Kazakh. Vectorization used CLS-tokens,
with morphological preprocessing via Kaznlp. Semantic similarity was measured
with a cosine metric enhanced by an original grammatical compatibility modifier.
Model performance was evaluated using precision, recall, and F1-score. Results
showed that KazBERT with morphological analysis achieved the highest accuracy,
outperforming multilingual BERT by 11-15% and TF-IDF by over 30%. FastText
proved robust to morphological variation but less effective for syntactically complex
queries. The scientific novelty lies in creating a hybrid model for intelligent search
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tailored to Kazakh’s agglutinative nature and introducing a morpho-syntactic metric
that improves sensitivity to grammar. The study concludes that grammar-adapted
vector models significantly enhance retrieval relevance. The proposed architecture
can be applied in real-world systems processing diverse queries. Future research
will expand the Kazakh corpus, fine-tune transformer models on specialized data,
and adapt the architecture for other Turkic languages with similar morphology.
Keywords: semantic similarity, agglutinative language, morphological
processing, transformer architecture, relevance ranking, Kazakh-language corpus
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AHHOTanmus. byl 3epTTey mIeKTeym TUIIK pecypcTap KaFaaiblHaa, acipece
Ka3ak TiTiHe KaThICThI, CEMaHTHKAJIBIK aKITAPATTHIK 13ACyA1H THIMILUTITIH apTTHIpyFa
OarpiTTanFaH. Kaszak TUTIHIH armIOTHHATHBTI  KYPBUIBIMBL, MOPQOIOTHSIIBIK
©3TEePrillTIri MEH JIGKCHKAIBIK KOIIMOHIUIITT JOCTYPIi MOJENbIACp YIIiH eneyii
KUBIHIBIKTAp TyFbI3adbl, ce0ebi onap TrpaMMaTHKaIbIK JKOHE KOHTEKCTIK
(hbakTOpIappl TONBIK €CKepe alMaibl. 3epTTeydiH Makcarbl — Ka3ak TiUTiHIH
EPEeKIEeNKTePiH eCKepe OTHIPBIN, WHTEJUICKTYalIbl i3ey JKyhelepiHae MOTiHIl
BEKTOPHM3ALMSUIAy MOIENBACPIH TaHAay MEH CalbICTBIPYIbIH HEri3leNreH
TOCUTIH 93ipliey JKOHE KOIeNIIeMIi BEKTOPIBIK KEHICTIKTe CEeMaHTHUKAJBIK
YKCAaCTBIKTBI €CENTey YLIIH MaTeMaTHKaJIblK Mozenb Kypy. Opicnama 24 000
Ka3aK MOTiHIHEH TYpaTblH Kopmyc Herizinae antel moaensai (TF-IDF, Word2Vec,
FastText, GloVe, BERT xone KazBERT) sMmmupukanblK ChIHAKTaH OTKi3yTe
Herizgenred. Bekropuzauus CLS-TokeHIep apKbUIBI XKYPri3ini, MOpOIOTUsIIBIK
angeiH  ana enaey Kaznlp Kkypansl apkbuibl  opblHAANABL. CeMaHTHKAIbIK
YKCAaCThIK TPaMMAaTHKaJbIK COMKECTIKTI €CKepeTiH TYNMHYCKa MOAM(UKATOPMEH
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KETUMIPIATeH KOCHHYCTHIK METpUKa KeMeriMeH eumeHnai. Mopenbaepin
TriMTri precision, recall sxone Fl-score merpukamapbl OOWbIHINA OaFajaHIIbL.
Hormwxenep KazBERT mozeni Mopdomorusiiplk TajmaymeH Oipre eH KOFaphl
TOIIIKTI KepceTkeHiH monenaeni: on kentiunai BERT-ten 11-15%-ra sxone TF-
IDF-ten 30%-nan acramra acwin TycTi. FastText mopdonorusnsix esrepicrepre
Te3iMIi OOJIFaHBIMEH, CHHTAKCHUCTIK KYPJIEIi Cypayiap/ia THIM/IUTIT TOMEH OOJIbI.
FruIbIMU KaHANBIFBI — Ka3aK TUTIHIH arrifOTHHATHUBTI TaOWFaThiHA OcHiMOENreH
WHTEIUICKTYaJIbl  13/I€y/IiH THOPUATI MOJENIH jKacay >oHE TIpPaMMAaTHKAJBIK
CpEeKUIETIKTEepPre Ce31IMTaNIBIKTEl apTThIPaThlH MOP(O-CHHTAKCUCTIK METPUKaHbI
eHrizy. KopbITBIHIBICBIHAZ TpaMMaTHKaHbl €CKEPETiH BEKTOPJIBIK MOICIBACD
1371y peNeBAaHTTBUIBIFBIH aWTapibIKTall apTTHIPaThIHBl PacTajibl. ¥ ChIHBUIFAH
ApXHUTEKTypa 9pTYPIl cypay TYpJepiH eHACHTIH HaKTHI JKyHeneple KONIaHbUTybl
MYMKiH. bonamak 3eprreyiepiiH NepcleKTUBalapblHAa Ka3ak Tildl KOPIYCBHIH
KeHeHTy, TpaHchopmepiiepai MaMaHJaHIbIPBUIFAH JAEPEKTEpAC KOChIMINIA YHPETY
KOHE yKcac MOpQoIorusichl 0ap 0acka TYpKi Tuigepine Oelfimey xKarabl.

Tyiiin  ce3jep: CceMaHTHUKAJIBIK YKCAacThIK, MOPQOJIOTHSIIBIK  Taljaay,
TpaHcoOpMep VITIiCi, aKMaparThIK PEJeBAaHTTHIK, Ka3aK MOTIHIIK KOPIIYCHI,
adPUKCTIK KYpBUTBIM
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AHHOTa].lI/Iﬂ. I[aHHOC HCCJIICA0BAHUC HarpaBJICHO Ha ITOBBIICHUE
3(1)(1)6KTI/IBHOCTI/I CCMAHTHUYCCKOI'0 IMONCKAa B YCJIOBHUAX OTPAHUYCHHBIX A3BIKOBBIX
peCypCcoB, € AKICHTOM Ha Ka3axCKHM SI3bIK. Ero armmoTrnmHaTUBHAS CTPYKTYypa,
BBICOKasA MOp(l)OJ'IOI‘I/I‘IeCKaH U3MCHYMUBOCTL M JICKCHUYCCKasd HCOIHO3HAYHOCTH
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CO3JaI0T CEpbE3HBIE TPYAHOCTH JUIS TPAAMLMOHHBIX MOAEIEH, KOTOpble HE
CIOCOOHBI [TOJTHOIIEHHO YYHUTHIBATh IPAMMAaTHUECKUE U KOHTEKCTYanbHbIE (PakTOPHI.
Lenp paboTel 3akiodaeTcs B pa3paboTke MOAXOHAa K BBIOOPY M CpPaBHEHHUIO
MofieTiell BEKTOPU3ALMHM TEKCTa JUIS HHTEIUICKTYyaJbHBIX ITOMCKOBBIX CHCTEM C
y4€TOM 0COOEHHOCTEN Ka3aXCKOT0 SI3bIKa, @ TAKXKE B TOCTPOCHUH MAaTeMaTH4eCKOn
MOJICTI BBIYUCIICHUS CEMAaHTHYECKOTO CXOACTBA B MHOTOMEPHOM BEKTOPHOM
npocTpaHcTBe. MeTomoIorusl OCHOBaHa Ha SMIMPHUYECKOM TECTHPOBAHUHU LIECTH
moneneit (TF-IDF, Word2Vec, FastText, GloVe, BERT u KazBERT) na xopmyce
n3 24 000 ka3axcKMX TEKCTOB. BekTopH3alys BBINOIHANACH C UCHOIB30BAHUEM
CLS-tokenoB, Mop¢osorudyeckas nperoopadoTKa OCyIIECTBISUIACH C MOMOIIBIO
nHctpymenta Kaznlp. CemaHTHYeCKOe CXOICTBO H3MEPSIOCh KOCHHYCHOH
METPUKOH, JOTMOJHEHHOM OpPUTMHAIBHBIM MOAM(PHUKATOPOM T'paMMaTH4eCKOn
COBMECTHUMOCTH. D(QPEKTUBHOCTh MOAEIECH OLEHUBAJach IO METPUKaM
precision, recall u Fl-score. Pesynprarel nokazamu, uro KazBERT B couetanun
¢ MOpP(}OIOTHUECKUM aHaJIM30M TPOAEMOHCTPUPOBAT HAWOONBUIYIO TOYHOCTH,
npeBblcuB Mokaszarenu MHorossbiuHoro BERT na 11-15% u TF-IDF Gonee uem
Ha 30%. FastText oka3ancsi ycTOHYHBBIM K MOP(OIOTHYECKON BAPUATUBHOCTH, HO
MeHee HPPEKTUBHBIM NPU CHHTAKCUYECKH CIOKHBIX 3ampocax. Hay4unas HoBu3Ha
3aKIIIoyaeTcss B pa3padoTKe THOPUAHOW MOJENM HMHTEIUIEKTYaJIbHOTO ITOMCKA,
alalTHPOBAaHHOM K arMIIOTHHATUBHOM IPUPO/IE Ka3aXCKOTO SI3bIKA, U B IPEUIOKCHUT
MOP(O-CHHTAKCUYECKOM ~ METPHKH, IOBBIMIAIOUICH  YYBCTBUTEIBHOCTH K
rpaMMaTHYeCKUM OCOOCHHOCTSIM. B 3akiiouyeHMM TOATBEpKIAeTCs, UTO
ajlanTanusl BEKTOPHBIX MOJENEH ¢ y4ETOM IpaMMaTHKU CYLIECTBEHHO MOBBIIIACT
penieBaHTHOCTh NoucKa. [IpemioxkeHHasi apXUTEKTypa MPUMEHHMa B PEajibHbBIX
CHCTEMax C Pa3HOOOpa3HBIMH THIIAMH 3ampocoB. llepcrekTHBBI JanbHEUIINX
HCCIIeI0OBAaHUM BKITIOUAIOT paclIMpeHne Kopiyca, 1000ydenne Tpaac(opmepoB Ha
CHEeLUAIN3UPOBAHHBIX JAHHBIX U aJallTalluI0 apXUTEKTYPBI ATl APYTHX TIOPKCKUX
SI3BIKOB CO CXOXKEH MOP(OIOTHEH.

KiroueBble cj10Ba: ceMaHTHYECKOE CXOJCTBO; ArTIIOTHHATUBHBIN SI3bIK;
Mopdonornueckas o06padoTka; TpaHC(POpPMEpHas apXUTEKTYpa; PeeBAaHTHOCTH;
Ka3aXCKOSI3bIYHBIH KOPITYC

Introduction. Modern intelligent information retrieval systems are faced with the
need to process and interpret vast volumes of unstructured data, such as text, images,
and multidimensional arrays. One of the key scientific and applied challenges in
this field is the development of models capable of effectively identifying semantic
relationships between queries and documents, while minimizing information loss
and improving the precision of relevant results retrieval. Vector space models, which
serve as the foundation for representing textual information numerically, show
significant potential in addressing this problem, especially given the rapidly growing
information flows and the need for adaptive, context-dependent search capabilities.
However, several unresolved issues remain, including the limitations of traditional
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methods in interpreting ambiguous lexical constructs, the dependency of results
on the quality of data preprocessing, and the need to integrate these models into
complex, multi-layered architectures of intelligent systems. These circumstances
underscore the relevance of scientific analysis and practical implementation of
vector-based approaches aimed at enhancing the quality of information retrieval,
increasing system adaptability, and reducing the cognitive load on the end-user.

Literature review. In the current landscape, the development of intelligent
information retrieval systems based on vector models is of paramount importance
for ensuring relevance, high processing speed, and multilingual support amid the
growing volume of information. An analysis of scientific literature reveals four
leading research directions that form the conceptual basis for applying vector space
models in search systems.

The first direction covers the development of classical and neural vector
space models. For instance, B. Abu-Salih adapted the classic VSM model to the
morphologically complex Arabic language, which improved search accuracy by
accounting for inflectional features (Abu-Salih, 2018). C. van Gysel, M. de Rijke,
and E. Kanoulas introduced neural vector spaces for unsupervised retrieval,
emphasizing the effectiveness of deep text representations with minimal need
for labeled data (Van Gysel et al., 2018). B. Mitra and N. Craswell conducted a
fundamental review of neural information retrieval, highlighting key architectures
and avenues for their improvement (Mitra & Craswell, 2018). Y. Zhu, H. Yuan, S.
Wang, et al. examined in detail the role of large language models in search tasks,
noting their potential for self-learning and enhanced contextual relevance (Zhu
et al., 2023). Future work should focus on developing hybrid architectures that
combine classical vector models and transformers to improve search robustness in
the face of semantic ambiguity.

The second direction relates to the semantic specialization and refinement of
vector spaces. N. Mrksi¢, 1. Vuli¢, D. O'Séaghdha, et al. proposed a method for
semantic specialization of vectors using monolingual and cross-lingual constraints,
which significantly improved the precision of semantic word grounding (Mrksi¢ et
al.,2017). F. Glinther, L. Rinaldi, and M. Marelli discussed the cognitive foundations
of vector models, pointing out common misconceptions about their ability to
accurately represent meaning without considering mental context (Giinther et al.,
2019). H. Ren, W. Hu, and J. Leskovec developed the Query2box model, where
queries are interpreted as multidimensional geometric regions, enabling logical
operations on knowledge in vector form (Ren et al., 2020). Promising research
avenues include integrating vector representations with ontologies and logical
knowledge structures to enhance the explainability of search results.

The third direction involves the development of scalable and context-adaptive
systems built on vector databases. R. Tareaf, M. AbulJarour, T. Engelman,
et al. described an architecture for integrating vector databases to accelerate
contextualization in large language models, opening prospects for efficient
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storage and retrieval of semantic representations (Tareaf et al., 2024). D. Gillick,
S. Kulkarni, L. Lansing, et al. developed an approach for training dense entity
representations, which ensures high-precision search in open domains (Gillick
et al., 2019). V. Karpukhin, B. Oguz, S. Min, et al. implemented Dense Passage
Retrieval as a foundation for open-domain question answering based on dense
vectors (Karpukhin et al., 2020). N. Thakur, N. Reimers, A. Riicklé, et al. introduced
BEIR — a representative dataset for zero-shot evaluation of retrieval models, which
enabled large-scale comparisons without additional training data (Thakur et al.,
2021). It is advisable to develop methods for optimizing the structure of vector
databases with a focus on accelerating access and improving scalability in real-time
systems.

The fourth direction covers the interface and applied aspects of using vector
models. Y. Hassan-Montero and V. Herrero-Solana proposed an improvement to tag
clouds as visual interfaces for vector models, enhancing the clarity and intuitiveness
of interaction (Hassan-Montero & Herrero-Solana, 2024). Y. Nie, H. Chen, and M.
Bansal combined fact extraction and verification within semantic neural networks,
which increased the reliability of search answers (Nie et al., 2019). S. Li, J. Jin,
Y. Zhou, et al. explored a generative approach to information retrieval, where the
model not only finds documents but also generates answers close to the meaning
of the query (Li et al., 2025). B. S. Khater, A. W. Abdul Wahab, M. Y. 1. Idris,
et al. developed a lightweight perceptron-based model for fog computing, which
can be adapted for low-power intelligent search systems (Khater et al., 2019).
Research into interface solutions based on vector semantics should be deepened,
with capabilities for adapting to user behavior and personalizing search strategies.

Thus, the analysis confirms the existence of a multi-faceted approach to the
application of vector models in intelligent search systems — from classic VSMs
to generative LLMs, and from semantic detailing to integration with knowledge
bases. All of this forms a scientifically grounded platform for building adaptive,
scalable, and semantically sensitive information retrieval systems.

Despite a significant body of research on vector models for text representation,
several key aspects remain unresolved. Primarily, the specifics of applying such
models to agglutinative languages, particularly Kazakh, are poorly studied. Key
problems include insufficient sensitivity to variable word forms, limited adaptation
to morphological structure, a narrow training base, and a scarcity of empirical data.
Furthermore, most existing models have been tested on general-purpose corpora,
which reduces their applicability to languages with high grammatical complexity.

The proposed study aims to address these gaps by developing a mathematical
model for intelligent search that integrates KazBERT with morpho-syntactic
analysis tailored for the Kazakh language. A comparative analysis of six models
(TF-IDF, Word2 Vec, FastText, GloVe, BERT, and KazBERT) was conducted, using
local text data and applying new semantic similarity metrics. This allowed for a
deeper understanding of the interaction between the grammatical structure of the
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language and search quality, as well as proposing practical solutions to improve the
relevance of results for morphologically complex languages.

The purpose of this study is to provide a scientific justification and comparative
analysis of vector models for text representation used in intelligent information
retrieval systems, considering the specifics of the Kazakh language, and to develop
a mathematical model of semantic matching in a multidimensional vector space to
improve the effectiveness of search algorithms.

Tasks of the article:

* to conduct a comparative analysis of the effectiveness of TF-IDF, Word2 Vec,
FastText, GloVe, BERT, and KazBERT models in semantic search tasks, considering
the morphological features of the Kazakh language;

* to formalize the principles of calculating semantic similarity in a vector space
and construct an adapted model for intelligent search;

* to identify the limitations of existing models and develop recommendations
for their combination and tuning for agglutinative languages.

Hypotheses of the study:

 context-dependent vector models (e.g., BERT and KazBERT) provide higher
precision and recall in intelligent search compared to statistical models like TF-IDF
and Word2Vec when applied to Kazakh-language texts;

* semantic similarity metrics based on the cosine measure between vector
representations demonstrate stable effectiveness when processing texts containing
variable word forms and synonymy, which are characteristic of the Kazakh
language;

* the application of vector models in combination with morphological analysis
helps to increase the relevance of search results in the context of the agglutinativity
and polysemy of the Kazakh language;

 the problems of low lexical unit frequency and limited training corpora
significantly reduce the effectiveness of neural network models without prior fine-
tuning on specialized Kazakh data;

* the combined use of FastText and KazBERT models allows for achieving an
optimal balance between accuracy, processing speed, and the ability to handle rare
words in intelligent search systems.

Materials and methods. The study utilized a sample of 24,000 Kazakh-
language texts, including news articles, academic publications, and user queries,
which were collected and annotated for relevance assessment purposes. To verify
matching accuracy, a manually labeled test set of 500 "query-relevant document"
pairs was used, balanced by query type (single-word, phrasal, grammatically
complex, interrogative, and synonymous constructions).

The TF-IDF, Word2Vec, FastText, and GloVe models were trained on a unified
corpus using the Gensim and Scikit-learn libraries. The BERT and KazBERT models
were used in their pre-trained configurations from the HuggingFace platform (bert-
base-multilingual-cased and KazBERT-base).

166



ISSN 1991-346X 3.2025

Text preprocessing included tokenization, cleaning, and morphological analysis
using Kaznlp, a tool adapted for the Kazakh language. Contextualized vector
representations were obtained via the CLS token, and semantic similarity between
queries and documents was calculated using the cosine metric. Additionally, a
morpho-syntactic correspondence modifier was applied, which considers matches
in grammatical features (case, number, possessive affixes). Model quality was
evaluated based on Precision, Recall, and F1-score metrics. The comparison was
performed in the context of searching for the top 5 documents for each query. The
results were interpreted with expert evaluation (3 native-speaking experts, a S-point
scale, consensus conclusion), as well as considering computational complexity
(processing time and memory per query).

The proposed architecture was tested under practical conditions on a local
server using Python 3.10 and an NVIDIA T4 GPU, ensuring the reproducibility
of calculations and a reliable assessment of model effectiveness in the context of
a real-world application for Kazakh-language search. This function reflects the
core logic of the hybrid model, combining contextual encoding with morpho-
syntactic relevance adjustment. The use of CLS-token embeddings ensures deep
semantic capture, while the morpho-syntactic coefficient accounts for grammatical
compatibility, especially critical for agglutinative languages like Kazakh. In the full
implementation, grammatical features are extracted using Kaznlp, and queries are
processed in batches for computational efficiency.

Results. In an era of rapid growth in digital information volume, the task of
effective informationretrieval is becoming increasingly significant. A key component
of modern intelligent search systems is vector models of text representation, which
transform lexical units into numerical vectors in a multidimensional space, enabling
the assessment of semantic similarity between queries and documents.

The development of such models has progressed from simple statistical
approaches based on frequency characteristics to context-dependent neural
network architectures that can account for the complex linguistic features of a
language. In recent years, analyzing the effectiveness of these models for low-
resource languages, particularly Kazakh, has become especially relevant, as their
morphological variability, agglutination, and polysemy create additional challenges
for vector encoding (Table 1).

Table 1 — Generalized characteristics of vector text models for intelligent search tasks

Word Form | Context e el L.

Model Model Type Representation | Support Advantages Limitations

Basic Simple Insensitive to
TF-IDF Statistical None implementation, synonymy and

(word as token) .
high speed polysemy

Word2Vec | Neural network | Whole words Partial Con51.ders proximity Lgses meaning
in context with rare words
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Handles Does not capture
FastText | Neural network N-grams Partial agglutinative p
global context
languages
. . Poor adaptation
GloVe Statlstlcgl- Whole words None Effective on large to variable word
semantic corpora
forms
Deep contextual High
BERT Transformer | Subword tokens Full p i computational
understanding .
requirements
KazBERT | Transformer | Subword tokens Full Adapted for the Réqmres specific
Kazakh language infrastructure

Source: Compiled by the author based on (Abu-Salih, 2018; Mitra & Craswell, 2018; Mrksi¢ et
al., 2017; Zhu et al., 2023; Li et al., 2025).

The conducted analysis is based on an empirical comparison of six models
in a controlled experiment, which aimed to evaluate the applicability of vector
representations for intelligent search in Kazakh-language texts. The experiment was
conducted on a corpus of 1,200 documents from Kazakh academic publications,
news texts, and user queries, which were standardized and annotated for relevance
assessment tasks. Each model was used to search against 100 unique queries
covering a wide range of topics and was compared based on the following criteria:
correctness of morphological matching, ability to consider context, robustness to
rare words, and technical applicability (response time, library availability, memory
consumption).

For BERT and KazBERT, models from the open HuggingFace repositories
were used with the parameters "bert-base-multilingual-cased" and "KazBERT-
base," respectively. TF-IDF, Word2Vec, and FastText were trained on the same
corpus, while GloVe was loaded as a pre-trained model. The conclusions were
based on the Fl-score calculation, as well as on a manual expert review of the
search result relevance (3 experts, 5-point scale, consensus decision). In practice,
it was established that context-based transformer models, especially KazBERT,
significantly outperform classical models in tasks requiring consideration of the
semantic features of an agglutinative language. FastText also showed high robustness
to word form variations and lexical rarity, making it a valuable component for
hybrid search architectures. In contrast, TF-IDF and GloVe demonstrated limited
capabilities when working with the Kazakh language, particularly in processing
complex grammatical structures and ambiguous forms.

One of'the central tasks in intelligent search is determining the degree of semantic
similarity between queries and documents. The effectiveness of its solution directly
depends on the method of mathematical text representation and the choice of metric
used for the quantitative assessment of their similarity. Modern vector models of
text enable the encoding of lexical units in multidimensional spaces, where each
text is represented as a numerical vector of a fixed dimension. This creates the
opportunity to apply algebraic and geometric approaches to the comparative
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analysis of semantic content. The formalization of the models' operating principles
involves mapping text data into a vector space and selecting a metric to evaluate
the distance or angle between vectors as a measure of semantic similarity (Table 2).

Table 2 — Formalized principles of text-to-vector transformation and semantic similarity
calculation in modern models

Model Spatial Text-to-Vector Semantic Similarity Type of
Representation Transformation Calculation Metric Used
. Vector of word . .
TF-IDF Matrix space of frequencies with IDF Dot product or cosine Cos_lne,
frequencies . measure Euclidean
weights
Sum or average of Comparison
Word2Vec | Trained word space £ of averaged Cosine
word vectors .
representations
Averaging vectors of Accounting for
FastText N-gram space g morphological Cosine
characters/morphemes S
similarity
GloVe Global co- Vector from the co- Static model without Cosine,
occurrence space occurrence matrix context Manhattan
Deep transformer Contextualized CLS- Multldlmen51opal Tramgble
BERT comparison via function,
space token vector . . .
attention mechanism Cosine
BERT architecture, Contextual Adaptation to Cosine,
KazBERT trained on the representation at the morphology and softmax-
Kazakh language subword level syntax overlap

Source: Compiled by the author based on (Van Gysel et al., 2018; Giinther et al., 2019; Ren et al.,
2020; Thakur et al., 2021; Khater et al., 2019).

The models presented in Table 2 are broadly divided into statistical (TF-IDF,
GloVe) and neural network (Word2Vec, FastText, BERT, KazBERT) types, which
determine the nature of the vector space and the depth of consideration for the
linguistic features of the text. The TF-IDF model is based on a simple statistical
principle: the more frequently a word appears in a document and the less frequently
it appears in other documents in the corpus, the higher its importance. The text is
transformed into a sparse vector with word weights, after which semantic similarity
is calculated, usually using the cosine metric or Euclidean distance. However, the
model ignores synonymy, polysemy, and morphological variations, making it
poorly applicable to agglutinative languages such as Kazakh.

Word2Vec is trained based on local context and forms dense word vectors that
reflect their distributed meaning. When comparing texts, an average of the word
vectors is used. Nevertheless, the model is sensitive to rare and informal word
forms, which limits its accuracy without fine-tuning.

FastText expands on the capabilities of Word2Vec by incorporating n-grams
(character-level subword units), which is particularly effective when working with
morphologically rich languages. This architecture allows the system to recognize
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semantic similarity even in the presence of new or modified word forms, making
the model especially valuable for search tasks in the Kazakh language.

GloVe builds vector representations based on a matrix of word co-occurrence
in a corpus, which allows it to capture global statistical relationships. However, the
model does not consider the context of a word in a specific sentence, which limits
its application in the semantic matching of complex constructs and hinders accurate
performance with rare forms.

The BERT and KazBERT models are based on the transformer architecture and
perform deep contextual encoding of text. Each word is represented considering
its surrounding context in a sentence, and the final text vector is formed either
from a special CLS-token or by aggregating the hidden states of tokens. KazBERT,
unlike multilingual BERT, is trained on Kazakh language corpora, which allows it
to account for the morphemic structure, syntactic features, and frequency patterns
of the national lexicon.

In practice, this means that intelligent search systems using KazBERT or
FastText can find relevant results even with significant differences between the
query and the document content. For example, suppose a user enters a query with
a rare word form or a synonym. In that case, contextual models can still determine
semantic similarity and provide a relevant answer. In contrast, TF-IDF and GloVe
demonstrate low sensitivity in such conditions and, consequently, less accurate
results.

The formalization of semantic similarity calculations as geometric operations
in vector space (cosine measure, Euclidean distance, probabilistic estimates) not
only allows for machine interpretation of texts but also for building adaptive search
systems on their basis that are robust to lexical transformations and linguistic
diversity. This is particularly important when working with the Kazakh language,
where rich morphology and syntactic variability require a deeper linguistic
interpretation.

With the rapid growth of textual information in low-resource languages, there
is an increasing need to develop intelligent search systems capable of accurately
interpreting query intent and finding relevant documents, considering the
morphological and syntactic features of a specific language. Standard approaches
often overlook the agglutinative nature of the Kazakh language, its complex
affixation, and word form variability, resulting in a significant decrease in search
relevance.

The relevance of constructing a specialized mathematical model is driven by
the need to ensure the system's robustness to grammatical transformations and to
increase the precision of semantic matching amid lexical ambiguity.

The developed model is a hybrid architecture that combines contextual encoding
using the KazBERT model and an adaptive semantic similarity metric, supplemented
by a morpho-syntactic modifier. The fundamental difference of the proposed model
lies in the preliminary morphological analysis of both the query and the documents,
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during which roots, affixes, grammatical features, and syntactic dependencies are
identified. This data is integrated into the model's attention mechanism, enhancing
the contribution of structurally relevant tokens to the final vector representation.

The model is implemented in Python using the HuggingFace Transformers,
Kaznlp, and Scikit-learn libraries. The base model is KazBERT (pre-trained on a
Kazakh-language corpus). Tokenization and morphological analysis are performed
using Kaznlp, after which a CLS vector represents each text.

To assess semantic similarity between queries and documents, the cosine
measure is used, further adjusted by a morpho-syntactic correspondence scale that
considers the coincidence of grammatical features: case, number, voice, possession,
and others (Fig. 1).

KazBERT (pre-trained model in Kazakh)

Tokenization, morphological analysis with the selection of
roots and affixes

Using CLS token to represent query and document

Cosine measure between vectors

Morpho-syntactic coefficient of relevance (author's
development)

Weighted sum of semantic and morpho-grammatical
similarity

Ranked list of documents

Figure 1. Structure and functional components of the mathematical model of an intelligent search
system adapted to the Kazakh language
Source: author's own development.

The model's operation begins with the analysis of the query and documents: a
morphological parsing is performed to extract all grammatical features, which form
the basis for subword tokenization. The resulting representations are processed by
KazBERT, where contextualized CLS vectors are formed. Then, the vectors are
compared using the cosine measure, but the final ranking value is further modified
to account for the structural overlap of morphological and syntactic parameters.

Such integration enables consideration of the variability in meaning expression
characteristic of the Kazakh language, while maintaining semantic relevance
despite significant differences in the form of expression between the query and the
document.

The model validation experiment was conducted on a manually labeled test set
containing 500 "query-relevant document" pairs. The queries were grouped by type:
single-word keywords, short phrases, syntactically complex queries, questions,
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stylistically neutral queries, and synonymous paraphrases. The test document base
(24,000 texts) included news, academic articles, and user information records.
Precision, Recall, and F1 metrics in the top-5 documents were used for evaluation
(Table 3).

The results demonstrate the significant superiority of the developed model
in Kazakh language search tasks. Particularly high accuracy was achieved in
analyzing complex queries with variable word forms and non-standard lexemes,
where classical models show a significant drop in accuracy. The use of the morpho-
syntactic modifier allowed for an average increase in the Fl-score by 11-15%
compared to Multilingual BERT and by 33% compared to TF-IDF.

Table 3 — Comparative evaluation of information retrieval model effectiveness based on metrics
of precision, recall, and robustness to morphological variations

Fl- Robustness to
Model Precision | Recall Morphological Advantages
score .
Variations
TF-IDF 0.58 042 | 048 Low Simplicity, speed
FastText 0.68 | 061 | 0.64 Medium Handles rare words, robust to
affixation
Multilingual . .
0.73 0.68 | 0.70 Medium Contextual encoding, accuracy
BERT
Accounts for grammar, adapted
+
KazBERT . 0.84 0.78 | 0.81 High to the Kazakh language, and
morphoanalysis
accuracy
TF-IDF 0.58 042 | 048 Low Simplicity, speed

Source: author's own development.

A reduction in the number of irrelevant results was also noted, especially in
the presence of synonymic variation in queries. Thus, the constructed model is a
viable solution for creating intelligent search systems in a low-resource language
environment. It provides a stable interpretation of meaning under conditions of
high morphological variability, increases search accuracy and recall, and can be
effectively integrated into electronic libraries, state registries, and educational and
media platforms.

Discussion. Despite significant progress in the development of vector models
for text representation, their application to Kazakh-language data is accompanied
by several unresolved problems that significantly affect the quality of intelligent
search. One of the main difficulties is the recognition of variable word forms,
caused by the agglutinative nature of the Kazakh language.

Unlike languages with an analytical or inflectional structure, in Kazakh, a lexical
unit can take dozens of grammatical forms through the attachment of sequential
affixes, which creates difficulties in training models that cannot automatically
generalize morphologically related forms. This leads to gaps in the semantic space
between words that express the same concept but are presented in different written
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variants (Abu-Salih, 2018; Mrksi¢ et al., 2017). An additional challenge is the
limited representation of rare and regionally specific vocabulary in existing corpora.
Standard models, especially those trained on multilingual or general-purpose
datasets, show low sensitivity to lexemes that are absent from the main corpus. This
applies to both rare words and terms reflecting the cultural and historical realities
of Kazakhstan. Similar challenges are noted in studies on the application of vector
models in conditions of semantic shift or weak contextual representation (Giinther
etal., 2019; Ren et al., 2020). Without a mechanism for extended morpho-semantic
generalization, models lose their ability to correctly interpret the meaning of such
words in context, reducing search relevance.

A critical factor remains the limited volume and diversity of Kazakh-language
training data. Despite some initiatives to create national corpora, their size, genre
diversity, and annotation quality still lag behind their English or Russian counterparts.
Research in information retrieval emphasizes the importance of well-labeled
"query-document" pairs for improving model stability and accuracy (Thakur et al.,
2021; Tareaf et al., 2024). Consequently, when moving from laboratory conditions
to real user scenarios, a drop in the quality of semantic matching is observed.

The development of effective intelligent information search systems for the
Kazakh language requires not only selecting a suitable model architecture but
also considering the language's specific characteristics, user query types, and the
system's functional tasks. Practical recommendations should be based on a balance
between accuracy, computational costs, and robustness to language variations. This
approach is supported by modern trends in integrating hybrid models (Mitra &
Craswell, 2018; Karpukhin et al., 2020).

When dealing with short or keyword queries containing one or two words, it is
advisable to use FastText as the base model, as it demonstrates high robustness to
morphological variability due to its handling of n-grams. In cases where queries
are formulated as complex phrases, questions, or include rare and non-standard
forms, preference should be given to contextual transformer models, particularly
KazBERT, which can capture syntactic dependencies and contextual nuances.

Combining models can significantly enhance the system's overall effectiveness.
In practice, a hybrid approach is advisable: preliminary document filtering is
performed using a faster model (TF-IDF or FastText), after which the final ranking
is conducted based on KazBERT with the inclusion of morpho-syntactic analysis.
This helps to reduce computational resources while maintaining high accuracy in
the relevant sample.

Furthermore, when designing the model, it is essential to provide for separate
processing of negative constructions, homonyms, and synonyms, especially
in legal, educational, and scientific texts. To improve the interpretability of the
results, it is recommended to use not only semantic similarity metrics but also an
additional coefficient of grammatical correspondence, which is particularly relevant
for languages with a flexible word structure. Additionally, implementing user
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customization options (e.g., selecting "strict match" or "semantic approximation"
mode) can enhance end-user satisfaction.

Thus, building an adaptive architecture for intelligent search requires the
integration of several vector models, with the ability to switch between them
depending on the query conditions and usage goals. Special attention is given
to adapting algorithms to the morphological nature of the Kazakh language and
expanding the training data.

Conclusion. As a result of this research, it was established that the use of
context-dependent vector models, particularly KazBERT, significantly improves
the efficiency of intelligent information retrieval in the Kazakh language compared
to classical approaches like TF-IDF and Word?2 Vec.

The developed mathematical model, which combines KazBERT and a morpho-
syntactic modifier, demonstrated the highest precision and recall, especially when
processing variable word forms and synonymous constructions.

Key remaining challenges include the inability of most models to recognize
morphologically related forms, the limitations of training corpora, and poor
coverage of rare and dialectal vocabulary. A practical solution lies in a hybrid
architecture, combining initial document filtering with FastText and final ranking
with KazBERT, along with grammatical correction.

The five advanced hypotheses were empirically confirmed: contextual models
showed an advantage in quality metrics, the cosine measure proved stable in
combination with morphological analysis, and the combined approach provided the
best balance between accuracy and computational efficiency. Prospects for further
research include expanding specialized corpora of the Kazakh language, fine-tuning
transformers, and developing new adaptive metrics for semantic matching.

The results obtained can be used in the creation of intelligent search systems and
language platforms for other agglutinative languages.
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Abstract. This article presents a comparative analysis of five state-of-the-
art deep learning architectures used for the segmentation of road surface cracks:
CrackNet, DeepCrack++, YOLOVY, ViT-UNet, and Swin-UNet. The evaluation
was conducted using several publicly available datasets with varying levels of
annotation. Key performance metrics included Recall, Precision, mean Intersection
over Union (IoU), and Fl-score. The experimental results showed that the
DeepCrack++ model achieved the highest recall and precision, indicating its
strong capability to detect various types of damage with minimal false positives.
The CrackNet architecture stood out for its exceptional processing speed and
low computational requirements, making it particularly suitable for resource-
constrained embedded systems. YOLOVY, adapted for the segmentation of both
micro- and macro-cracks, demonstrated a balanced trade-off between accuracy and
processing speed. ViT-UNet leveraged global context modeling through attention
mechanisms to provide more detailed identification of fine and branched cracks.
Meanwhile, Swin-UNet effectively combined local and global features, resulting in
stable performance across diverse datasets. Thus, the presented findings can serve
as a foundation for selecting the most appropriate architecture in the development
of intelligent road infrastructure monitoring systems, where a balance between
accuracy, computational efficiency, and response time is essential.

Keywords: deep learning, crack, CrackNet, DeepCrack++, YOLO9, ViT-UNet,
Swin-UNet, segmentation
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AnHoTanus. byn Makanaja »KoJ TeCEMiHIer )KapbIKTap/bl CerMeHTalMsIIayAa
KOJIIAHBIIATBIH TEPEH OKBITYABIH 3aMaHayd apXUTEKTypaiapbl CajbICTHIPMAaIbl
typae tangannel: CrackNet, DeepCrack++, YOLOvV9, ViT-UNet xone Swin-
UNet. 3epTTey opTyp:i JeHreleri aHHoTausiapsl Oap OipHelIe alblK JIepeKTep
KUBIHTBIFBl HETI3iHAE JKYpriziiai. baramay kepceTKilTepi peTiHAE TOJBIKTHIK
(Recall), nakrbuibik (Precision), loU opra mMoHi xoHe F1-emmieMi KoJaaHBUIIBL.
3eprrey Hotmkenepi DeepCrack++ MoOJeNiHIH TONBIKTBIK II€H HAKTHUIBIK
OobIHIIA KOFApbl KOPCETKIIITEpre KOl KETKI3TeHIH, SFHU OPTYPIi 3aKbIMIaHy
TYpJIEpiH aHbIKTay THIMAUTIriH KepcerTi. An CrackNet apxuTekrypachel ecenrtey
pecypcTapbiH YHEM/II TalialaHybIMEH JKOHE OTe )KOFapbl OHJICY KbUIIaMIbIFBIMEH
epeKUIETICHIM, EHAIPUITeH JXYHelep YIIH KOJalibl HieuriM OOJNbIl TaObLIazbl.
YOLOVY9 Mozmeni MHKpPO- >KOHE MaKpOKapbIKTapAbl CErMEHTAlMsiay YIIiH
OeWiM/IeNTil, HAKTBUIBIK IEH KbUIIAMBIK apachlHIa OHTAWJIbl TENe-TeHIIKTI
kepcerti. ViT-UNet mozerni sxahaHIbIK KOHTEKCTIHI TEPEH MOJIEIIbICY MYMKIH/IT
ApKbBLIBI JKIHIIIKE JKOHE TapamIajFaH jKapbIKTap bl JOJIIPEK aHbIKTal aJibl. Swin-
UNet 6onca, nokanaplK xoHe kahaHnblK Oenrinepal THIMII OipikTipim, apTypii
JCPEKTep JKUBIHTHIKTAPbIHAA TYPAKThl HOTHXKE KopceTTi. COHBIMEH, 3epTTey
HOTHIKEJIepl KON WH(PPaKYPBUIBIMBIHBIH JKaFJaiblH MHTEIUICKTYal bl OaKbLiay
XKyHenepine apHalFaH MOACIBIACPAl TaHaayJa IIIIIK, €CenTey pecypcrapbl MeH
OHJICY YaKbIThl apaChIHJAFbl OHTAWJIBI TEINE-TCHIIKTI €CKepPe OTBIPBIN, THIMJIL
apXHUTEKTypaHbl TaHJayFa HeTi3 Oona anajipl.

Tyiiin ce3nep: TepeH okpbITy, *kapbikTap, CrackNet, DeepCrack++, YOLOY,
ViT- UNet, Swin-UNet, cermenTanusiay
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Annoranusi. CTarbs NOCBAIICHA CPABHUTEILHOMY aHaNM3Y TISITU TIEPEIOBBIX
APXHUTEKTYp DIIyOOKOro OOy4eHHs, MPUMEHSICMbIX JIIsl CErMEHTAIMU TPEIIuH
Ha popoxHoMm mokpeiTud: CrackNet, DeepCrack++, YOLOVY9, ViT-UNet u
Swin-UNet. AHanu3 NPOBOAWIICS Ha OCHOBE HECKONBKHX OOIIETOCTYIHBIX
JaTaceToB C Pa3IMYHBIM YPOBHEM pa3METKH, a B KaueCTBE KIJIIOUEBBIX METPHUK
ucnons3oBanuchk noiaHota (Recall), Tounocts (Precision), cpemHee 3HaueHHE
IoU u Fl-mepa. CoracHo pesyibraraMm 3KCHepuMeHTOB, Moneinb DeepCrack++
MPOJIEMOHCTPUPOBAIa HAWBBICIINE 3HAYCHUS IIOJHOTHI W TOYHOCTH, HYTO
yKa3bIBaeT Ha €€ BBICOKYIO 3((HEKTUBHOCTh B OOHAPYKEHHH PA3IMYHBIX THIIOB
MOBPEXKJICHUH C MHHUMAJIBbHBIM YPOBHEM JIOKHBIX cpadarbiBaHWil. B TO *Xe
Bpems CrackNet BeIenHIaCh HCKIIOUYUTEIBHOM CKOPOCTHIO 00PaOOTKH M HU3KUM
NoTpeOICHNEM BEIYUCIUTEIBHBIX PECYPCOB, UTO AejaeT e€ 0COOCHHO MOAXOAsIIeH
JUIsS. KCTIOJIB30BaHMsI B PECYpCOTPAaHMUYCHHBIX BCTPaUBaeMbIX cuUcTeMax. Mojelnb
YOLOVY, agantupoBaHHas [UIsl CETMEHTAIlMU KaK MHKpPO-, TAaK U MaKpOTPEIIHH,
nokasasia  cOaJlaHCHPOBAaHHBIE  XapaKTEPUCTHKU: BBICOKYIO TOYHOCTH U
CpaBHHUTENBbHO OblcTpoe Bpemsi oOpaborku. ViT-UNet Omarogapsi ciocoOHOCTH
MOJETMPOBaTh II00AJbHBIA KOHTEKCT C TIOMOIIBI0O MEXaHM3MOB BHHMAaHMS,
obecrieuniia Oonee AETATM3UPOBAHHOE BBISIBICHWE TOHKHX W Pa3BETBIEHHBIX
TpemuH. B cBoto ouepenb, Swin-UNet, sdhdexTrBHO 00BenUHSSI TOKaJIbHBIC U
ro0asbHbIe IPU3HAKH, TIPOIEMOHCTPUPOBAIa CTAOMIBHYIO IPOU3BOAUTEILHOCT
Ha pa3IMYHBIX Ha0Opax JaHHBIX. TakuM 00pa3oM, NpeICTaBICHHBIC PE3YIbTaThl
MOT'YT CIIy)KHTh OCHOBOH JIsi BBIOOpa Hanbolee MOIXOAAIIeH apXUTEKTYPhI IPpU
pa3paboTKe HMHTEIUIEKTYalIbHBIX CHUCTEM MOHHTOPUHTA COCTOSIHUSI JOPOKHOU
UHPPACTPYKTYPBHI, I7Ie HEOOXOANMO YUUTHIBATH COOTHOIICHHE MEXKy TOYHOCTBIO,
BBIYUCITUTEIBHBIMY 3aTpaTaMy U BpEMEHEM OTKIINKA.
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KuaroueBsbie cioBa: niryookoe oOyuenue, Tpemunbl, CrackNet, DeepCrack++,
YOLOV9, ViT-UNet, Swin-UNet, cermenrarus

Kipicme. Kon wunH(pakypbUlbIMBl €NIiH SKOHOMHUKAJBIK OpKEHIEYl MEH
QJIGYMETTIK JaMybIHBIH MaHbI3Ibl Tiperi Oouibin TaObLIaabl. JKoi Teceminueri
KApBIKTAP/bIH YaKbITBIHAA AaHBIKTaIMAaybl KOJABIH KYPBUIBIMABIK OCpiKTiriH
QJICIpETiN, WIYHKBIpIAp MEH OHBIKTapiAblH Maija OoNybIHA, YKOJI-KOJIK
OKHFallapbIHbIH apTyblHa, COHJAAH-aK >KOHJEyre KETeTiH WIBIFBIHAAPIBIH KYpT
yIFarobiHa okeneni. JKapbikTapisl aHbikTayga «binding—pointing—crossword»
HEri3JieMeciH MaijanaHy KemeJieMJli CcularrtamMajiapisl Oelin  Kepcere
OTBIPBIN, aiiMakTap MEH KHBUIBICTApIbl HAKTHl aXbIpaTyFa MYMKIHAIK Oepemi.
Binding ke3eHiHIle >KOJ TOCEMIiHIH KYpPBUIBIMJIBIK KaOaTTapbl, MaTepHasJIbIK
Kypambl XOHE KbI3MET €Ty Ke3iHAe ocep eTeTiH CBIPTKbI (akropiap, SFHU
KIIMMATTBIK JKaFaaiaap, )KYK jKyKTeMeci, naianany epeKIeNikTepi KaH->KaKThl
KapacThipbuiaabl. COHBIMEH KaTap, OChI Ke3€H HETi3l1 JKapbIKThIH aifHaIaChIHAAaFbl
MUKPOKaPBIKTAPJbIH OaFrbIThl MEH TBHIFBI3ABIFBIH KOJI TOCEMIiHIH KYPBUIBIMIBIK
KacHeTTepi MEH CBHIPTKblI ocepliepiMeH OaillaHBICTBIPBIN, HETi3ri KapbhIKTapabl
N Oosbkayra MYMKIHIIK Oepemi. An Pointing ke3eHIHJE KON TeCeMiHeTi
KapBIKTAap HAKTBl AHBIKTAJBIN, OJIAPAbl T€OMETPHSUIBIK OpHAacybl JKOHE Typi
OolibIHIIIA KapTaFa TYCIpy JKy3ere achlpbliabl. ByJ caTbija MUKpOXapBIKTap MEH
LIYHKBIPIapAbIH KOOPIUHATTAPbI, Y3bIHABIFBI )KOHE €Hi, COHJIaii-aK oapblH e3apa
OalimanpIChl eJIIeHIN, nUQPIBIK Mozxenbaepre enriziieni. Crossword ke3eHiHIe
MOJICTIBACPIH HMHTEPIPETAMICHIHAA BIKTUMaJI KaTelepliH a3aloblH Kepyre
Oomnapl.

JKapbIkTapapl MUKCEeNnb ACHreHiHAe KapacThIpaThlH TOJNBIK HEMECE JKapThuial
cermeHranus oxictepi «binding—pointing—crossword» Heriznemecine cyiieHe
OTBIPBII, OpOIp MUKCENbBJIIH KAPbIKKA THECUIITIH JIJI aHBIKTAIl, 3aKbIMIaHY/IbIH
HaKThl (POPMACHIH KaJIbIHA KENTIpyre MYMKiHIK Oepeai. CerMeHTanusiay — ol
TeceMiHe KaTbICThl 3aKbIMAAHYJIAP/bl 9N aHBIKTAIl, KOHACY JKYMBICTAPBIH epTe
Kocrapiaylaa ©H MaHbI3bl OelHe-TeXHOoJIorusuIapabiy, Oipi. XKon Teceminzeri
KApBIKTApJbl CETMEHTALMIAY MOJACIBIACPIH OKBITY JKOHE KapaMIbUIBIFbIH
TEKCepy YIIiH KoJiaHbuUiaThiH AepekTep KubIHTHIFBL: Crack500, CFD (Crack
Forest Dataset). Monenb/iiH IIbIHAIBI OpTaaarsl )KYMbIC KaOineTiH Oaranay yIiiH
CFD pepexTep *KHBIHTBIFbIH/AA KOCBIMIIA TecTiney xyprizineni. Crack500, Crack
Forest Dataset aepekTep >KUBIHTBIFBI TaOUFW OpTa JKarJaiiapbelHAa TYCipiIreH
KOJT JKaMBUIFBICBIH/IAFBI OclHEeNep/i KaMTHIbI )KOHE MOJICIIBIIH IIbIHAKBI opTana
KYMBIC KaOllIeTiH TeKcepy YIIiH KOChIMINA JepeK Ko3i peTiHje naiiianaHbliabl.
CrackNet, DeepCrack++, YOLOV9 apxutekTypajapblH OKBITY >KOHE TECTiliey
yuin Crack500 sxone Crack Forest Dataset mepekTep >KUBIHTBIFBI TaHJIAIBIH/IbI
YKOHE 3aMaHayd KOHBOJIOLMSUIBIK HEHPOHIIBIK el OKbIThUIa bl KongaHbaTeiH
JICPEKTep KUBIHTBIFBIHBIH €PeKIIeNiKTepi MEeH KOJIAAaHbLUIy THUIMALIIr 1-kecrene
KOpCETIITeH.
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1- xecte. [lepekTep KUBIHTHIFBIHBIH €PEKIIeNIKTepi MEH KOJIaHBLTY THIMILIIr]

JlepeKTep :KUBIHTBIFbI Epexieikrepi Koanany Tuimainiri

Crack500 Korape! canansl RGB cyperrepi, opkaii- | ChI3BIKTBIK KYPBUTBIMIBI
CBICBIH/IA JKAPBIKTAp 1071 OeNTijeHTeH. MOJIeTIb/IEpTe eH KU1
Mackanap TONBIK KOJDKETIMII. KOJIZTAHBLIA B

CFD (Crack Forest Taburu yxarmaiaarsl opTYPII KapBIK Mopzesnb mbIHaMbI OpTaga

Dataset) TypJiepi O6ap *KoHe MacKaap TOJBIK JKYMBIC 1CTEH/I.
OenriJeHreH.

CrackNet, DeepCrack++ apxuTekTypanapbl CBHI3BIKTBIK KYPBUIBIMIIAPIBI
KenmMacmTaOThl JeHreiiie 3eprrey, KOochMIIa KabaTTapaa eHIey oJicTepiH
narimanaranbl. CrackNet apXUTEKTypachl KO TOCEMIHICTI KaAPBIKTAPIbI AHBIKTAY
YIIIH apHaWbl >KacaifaH >KOHE J>KapBIKTAPIBIH CBHI3BIKTBIK KYPBUTBIMBIH IO
cumnarTayra OarsITTaaFad. byJl MOAETbIiH HETi3T1 apTHIKIIBUTBIFBI — KYPBITBIMIIBIK
EPEKIICIIKTep i CaKTall OTBIPBIIN, XKAPBIKTAPILI MMHUKCENb EHTCHIHIEC aHBIKTaN
aITybl KOHE KON MH(PaKYpHUILIMBIH OakbliayFa OarbITTallFaH 3epTTeyiep MeH
HaKThl KOJIAaHOabI xo0anapaa ceHimMal Tanaay 0ol Tadbutaasl. DeepCrack++
ApPXUTEKTYPACHl JKIHIMIKE, Y3UTICTI KapbIKTapAbl Jda NI alKbIHAAW amaabl JKOHE
IIaFBIH JAEPEKTEP KUBIHTHIFBIMEH JKaKChl HOTHKETep KepceTe ananbl. MonenbaiH
encoder-decoder KypbUIBIMBI MEH KOHTEKCTIK aKIapaTThl TEpPEeH OHJCYl OHBI
JKOJ 3aKbIMIAHYJIApbIH aBTOMATTHI TYpPJIE, JKOFaphl TONIIKIIEH aHBIKTayFa €H
KOJIAJIB apXHUTEKTypaapabH Oipine aHamasipaabl. YOLOVY apxuTekTypacs
«Pointing» ke3eHiHAE XKOJ TOCEMIHAETI 3aKbIMIApPAbl KbIIAAM 9pi KapamaibiM
JIOKaM3alusIayFa apHaiIFaH THIMI o/1ic 00JbIN TabbuTasl. byl apXuTekTypanap
JKOJT JKapBIKTapbIH aHBIKTAY/Ia ©3r€ MOJIEIbIEpPre KaparaHia HaKThl TalchblpManapra
KaKChl OeHiMIeTyIMEH KOHE JKOFaphbl HOTHIKENIIIKIICH epeKIIeIICHEI].

KonBomonmmoHasI ~ HEHPOHIBIK  SKEJIepPIiH (CNN)  xJmaccuKajbIK
ApPXUTEKTypaliapbl JKEPTrUTIKTI KOHTEKCTTI KaKCHl OHJICCE e, JKapPBIKTBIH OYKLI
V3BIHBIFBI OOMBIHIAFEI OalTaHBICTAPABI TOJBIKTAH KaMTH anMaiiapl, an Vision
Transformer »xone Swin Transformer TpanchopmeprnepiHiH apXHUTEKTypaiapsl
KEHICTIKTIK TOYeNIUTIKTEep/li HepapXHsUIbIK TYPAE OHIEH OTBHIPHII, KOJ TOCEMIHIH
KYpJeni TeKCTypalapblH KOFapbl JonfiikieH kepcere amansl (Danilescu et
al., 2015). Pointing ke3eHiHne OecliHeHi OipHemie OemikTepre Oelie OTHIPHII,
Y3BIHJIBIFBI MEH €HiH, COH/Ial-aK OJap/AblH e3apa OalIaHBICHIH eJIeyre 0oab.
Vision Transformer TpanchopMmepiHiH apXUTEKTypachl YJIKEH KaIIbIKTBIKTAFbI
MAKCENTb OalTaHBICTAPBIH THIMII MOIEIBACH amansl, OipaK €CeNnTey MIBIFBIHBI
xoFrapbl, an Swin Transformer TpancopMmepiHiH apXUTEKTypachl CErMEHTaIHIIA
MUKpPOXapBIKTapAsl Ja Jonm Tabyra MyMKiHmIK Oepeni. KapacTeipeiran
TpaHchopMepiiep KON KapbIKTapbhlH aHBIKTay/la e3re MOJeNIbAepre KaparaHia
HaKThl TalChlpMajapra Kakchl OCHIMICNYIMEH >KOHE JKOFapbl HOTHXKEIIrIMEH
EpEeKITIeIICHE .

Marepuaagap MeH agictep. Emimizae Xom TeceMiHiH 3aKbIMIaHYIapBIH
aBTOMATTHI TYP/IE AHBIKTAY YKOHE KIKTEy callaChIHa eJIeyIli *KeTiCTIKTep OalKaiabl.
JKon Ttecemineri 3aKpIMIaHyIAP Bl AHBIKTAYIa TEPEH OKBITY IICTEPiH KOITaHyFa
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apHaJIFaH 3aMaHayW 3epTreyiiep Oy canaaa TpancHOpMEpliK MOICIbACD
MEH apHaiibl KOH(UTypalMsUIaHFaH KOHBOJIOUMUSUIBIK HEHPOHBIK IKEIUIepIiH
TUIMJIUTITIH alKbIHaalabl. bysr onmicTep K0 TOCEMiHIH Kypaesi KYpbUIBIMBIH/IA,
aran aWTKaHAa KeJCHKE, JXKOJ TaHOaJapbl MEH JIACTAHY CHSKTBI Keueprijiep
JKarmalbIiHAa 1@ JKOFaphl JONIIKIICH JKYMBIC ICTEyTe KaOUIeTTi. Ocipece, OKBITY
JepeKTepi MEeKTEYI1 JKoHe aHHOTAITUSCHI TOJIBIK eMeC XKaFaainap/a OyJ1 Tociaaep i
TYPaKTBUIBIFBI MEH OeHIMALTIT] epekie MoHTe re. COHABIKTaH MOJIENb/IEP/Ii HAKTHI
JKYMBIC JKarJaiiapeiHa OediMzaey — KON WH(PPAKYPBUIBIMBIH WHTEIUICKTYaII bl
Oackapy KyHesepiHe KoFrapbl HOTHXKETe KOJI )KETKI3Y/IH Heri3ri (hakTopbl OOJIBII
tabbutamel. Kemreren eHOekTepae OelHeNEpai TalmaydablH OPTYPIi dicTepi
VCHIHBIIABI, a1 YCHIHBIIFAH 9ICTEPIIH Talaay caparnTaMachl 91eONeTTIK moiryaa
KeJITipiIre .

N.A . KanaeBaHbIH KOJ TOCEMIHIH 3aKbIMJIaHYybIH aBTOMATTBI TYpPJAE AHBIKTAy
eceOiHIe IepeKTep i CHHTETHKAIIBIK TaH/ay aJITOPUTMIHIH )KYMBIC iCTEY Karuaachl
ycoiHbUTFaH. [lukcenb JNeHreriHae >koj TeceMiHae maijga OOJIFaH JKapbIKTaP/Ibl
cermentrey yimriH Mask R-CNN apxurekTypachl KOJIAHBUIFAH >XOHE HAaKThI
HoTmkenep aneiarad (Kanaeva et al., 2021).

XKapeikrapasl aHbikTayra OarbiTTanraH eHOekte (Eisenbachet al.,, 2017)
XKapbIKTapbl TaHy TOCULAEpiH Taijnay OapbIChIHIA €Ki Heri3ri omic ToOBI
OeJiHIN KepceTiuIreH: OelHenepai (QUIbTpICy XoHE KiaccupukaTopiaap Kypy.
Beiinenepai GunbTpiey 9/Iici K07 TOCEMIHCTT 3aKbIMIaHYIapAbIH KYPBUTBIMJIBIK
EPEKIICITIKTepiH aHbIKTayFa OarbITTaimFaH. AJIBIMEH OCHHETe CHIPTKBI OCEPIiH
BIKIAJIBIH OaphIHINA a3alTy VIIH algplH ajla eHjey »xyprizizeni. OmaH coH
ChI3aTKa THECIITi UKCENbACPAiH KAPKbIHBLUIBIFBl €H TOMEH MOHIEPMEH OepisieTiHi
eCKepinim, meK MoHI OoibIHIIA (QUIBTPIeYy KOJNAAaHBLIAAbl. AJBIHFAH KOHTYPABI
HAKThUIay MaKcaThlHIa MOP(QOJIOTHSIIBIK —amaljap MEH OalIaHBICTBUIBIK
KOMIIOHEHTTEPIH 137Iey omicTepi manmanansiiaasl. Myramai omictep Li H. xone
opinTecTepiHiH eHOeKTepiHAe e KaH-)KaKThl CUTIaTTaJIFaH.

Hamishebahar Y. »xonHe opinTecTepi ja3raH >XYMBICBIH[A TEPEH OKBITY
o/iCTEepiHE HETI3/ENreH J>KapBIKTAp[bl TaHY TOCUIAEpi KaH-)KAKThl TallJaHFaH
(Hamishebahar et al., 2022). ABTopiap >KapbIKTapAbIH dpTYpJii TYpiepiH (Y3bIH,
KHCBIK, 9JICI3 KOPIHETIH) aHBIKTAy VIIIH KONMMACIITa0Thl epeKIIeTiKTepli oHIey
KabimeTi 6ap MomenbaepaiH MaHBIB3IBUIBIFBIH aramn eredi. CoHmaii-ak, 3epTreyne
CrackNet, DeepCrack++, CrackGAN CcHIKTBI 3aMaHayd apXHUTEKTypaiapablH
KYPBUTBIMIBIK €PEKIIENIKTepl CambICThIpbUIFaH. Onap YKapbIKTap/AbIH ChI3BIKTHIK
TaOUFaThIH CaKTall OTBIPHIN, KOHTEKCTIK JKOHE KEHICTIKTIK aKmaparThl THIMJI
OipikTipyre MYMKiHZIK Oepeni.

Maeda H. sxoHe opinTecTepi KON TOCEMIHJIETI 3aKbIMIAHYIap/bl AHBIKTAY
VIIiH TEHEepPaTHBTI-KapBICYy KEIJIEPiH KOJNIaHy MYMKIHAITIH 3epTrTeni (Maeda
et al., 2020). KapacTpIpputFaH Tocia IEpPEKTEeP/AiH MIEKTEYIl KoJeMi jKaFmalbIHIa
MOJISJIB/IIH JKaJIbUIay KaOlIeTiH apTThIpyFa MYMKIH/IIK Oepei.

XKonm  TecemiHeri jKapbIKTapAbl aHBIKTAy YIIIH TpPaHCQEPIiK OKBITYIbI
KOJIJIJaHa OTBIPHIIN, TEPEH KOHBOJIFOIMSIIBIK HEHPOHJIBIK JKEJi MOZEII YChIHBUIIBI
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(Jana et al., 2022). ABropnap amabplH ajla OKBITBUIFAH HEUPOHIBIK JKENiIepIi
naianany apkbUIbl ©CENTey MIBIFBIHAAPBIH a3alThIN, KIIIIripiM  JIepeKTep
KUBIHTBIKTAPBIMEH I )KOFaphI JITIKKE KOJI )KETKi3y MyMKiH eKeHiH KopceTTi. by
TOCLIT KOJI )KapBIKTAPBIH aHBIKTAY KYHeJIepiH MPaKTUKAIBIK KoJIanyFa Oeitimaeymi
JKEHUIIeTe .

Kim B. jxoHe opinTecTepi ’KapbIKTapabl TaHy YuIiH >keHiaeriiren CNN
ApPXUTEKTYpachlH KONIaHyAsl 3eprreni. OmnapaplH JKYMBICBIHIA —€CenTey
peCYpCTapblH YHEMJICH OTBIPBIN, JKETKUTIKTI JSTIKKE KON KETKi3y MYMKIHIIT
KapacThIpbUIFaH. MyH/Iail jkelnijiep HaKThl YaKbITTarbl KOJAaHOAIap/aa, MbICAIBI,
YKOJI MHCTICKITMSICBIHBIH, MOOMJIB/II JKYHenepinae TuiMai memiM 6ona anansl (Kim
etal., 2021)

Maniat M. xone opintecrepi Google Street View keckinzaepiH mnaiigaiaHa
OTBIPBII, XKAPBIKTAP/IHI BU3YAIJIbI TYPJIE AHBIKTAY/IBIH XaHa o/1iciH YChIHAbI (Maniat
et al., 2021). byn 3eprrey KOMmKETIMII JepeKKe3JIepJeH alblHFaH KEeCKiHAep
HeTi3iH/1e 3aKbIMIaHyIap/Ibl KAIIBIKTHIKTaH OaKblIay MYMKIHIKTEPiH KEHEHTeI1.

Garvanova M. xoHe opinTectepinin eHoerinae «binding—pointing—crossword»
HETi3/IeMeci KapacThIPBUIBII, KOTIOIIIEM/Il IEPEKTEP KYPhUTBIMBIHIAFbI TOTUKAIBIK
IIeKTEYJIepAiH *KaHa TonTaManapsl cunarranra (Garvanova et al., 2023).

TepeH OKBITY omicTepi KON TeceMiH/e Maiaa OONaThIH JKapBIKTAP/Ibl CEHIM/II
TYypJle CerMeHTAIUsUIail OTBIPHIT, KiIacCHUUKanmsuiail ananpl. CerMeHTanusiay
OaphICBIHIIA CYypeTTIH Kall JKepiHJe *KapblK Oap, Kail kepiHge 0acka oObeKkTiiep
OpHaJIACKAHBIH aHBIKTAHTHIH MacKa jkacanajabl. Binding kapra kepirn opHamackaH
MUKCENbACPAIH  apacelHaarsl  «binding—pointing—crossword»  OGaiIaHbBICTBI
OeliHenel OTBIPBIT, KIHIIIKE J>KapBIKTApIbl KOIEHKEICH, O OenriiepiHeH
axpIpata amanel. Pointing kapra *KapbIKTHIH TPACKTOPUSCHIH KOPCETETIH apOip
MTUKCENbIIH OaFbITTayIlbl BEKTOPHIH Oepeni HakTer memiMaepai kaObuigay yiriH
pointing skoHe crossword MOayIbAEpiHIe KOIaHyFa Ooabl.

I-cyperte «binding—pointing—crossword» HerizneMeciniH cXeMmachlHAa YOIl
TOCEMIHJIET] JKaPBIKThIH OpHanacy aiiMarbl V , V., V. CBI3BIKTAPhIMEH IEKTEJIIEH.
G, xapbirpina Tycipinren  A,C,E KMCBIKTapbl KO TOCEMIiHIH KapbIFbIH/IA
opHayackaH, B jxoHe D KHCBIKTapBhI KO TOCEMIHIET] JKaphIKTHI Tanaayaa binding
nporiiH OeHeme 1.

1-cyper. «Binding—pointing—crossword» Herizaemeci
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XKapeikrapasr  aHbikTayga — «binding—pointing—crossword» — HerizaemeciH
naiganany KemneJsmeM Il cuaTTaMaiapabl 06l KepceTe OThIPHIN, alMaKTap MEeH
KHBLUIBICTAP/Ibl HAKTHI &KbIpaTyFa MYMKIHIIK Oep/i. XKapsikrapapiy OeriHeciHaeri
Ke3re KOpiHOCHTIH MHUKpOXKapBIKTap/bl aHBIKTAy OCHI HETi3IeMEHIH KOMeTiMeH
XKy3ere acTbl. Erep MUKpOXKapbIKTap/Ibl YaKbITBIH/IAa aHbIKTaMaca, OJIap/IbIH illliHe
OpPTYPIIi JIac 3aTTap )oHE CY Kipill, )KapbIKTHIH YIIFAalObIHA aJIbIIl KeJe/i.

Horm:kesniep ™en Ttankbliay. Herisri aiiMakThlH iIKi  MacKachkIHIA
KabaTTacy/IbIH IIEeHTPi 60JIa agaThlH HYKTE TAHIAJBIHBIIN jkoHe G™* omeMine TeH
Tmask giiMarsl KHBIT abIHIBL. Mackamap aiMarbiHa €Ki OCiHEe BIFBICYBIHBIH E
OpTa MOHI ecenTeNei:

— 1 .
Go =7 ) Gu(5) (1= G™(5))

myHiarsl k- mmkcenb cambl, G.(s) — ¢ KaHanbiHgarsl G, KON JKapbIFbI
CYPETiHiH S MUKCENbAIK MOHI, ;g mask (5) — 7KOI JKaPbIFbIHBIH OMHApPIIBI MaCKaJarbl
MTUKCEIBIIK MOHI.

Xon TecemiHiH KapbIKTapblH OeliHere OpHAaJIAaCTBIPFaHJa MAacKa acThIHIAFbI
3aKbIMJIAaHY MOHJIEP] FaHa KapacThIPbLIa/IbL:

M(S) — G mask(s) . T mask(s)

Beiinenep/iH KEHICTIKTIK KaCHETTEPiH CaKTay MaKCaTbhIHIa, Macka aliMarbl
OeliHEHIH OpTaJbIK O6NIKTepiHe OaFbITTAJBIN TaHANA(bl. Byl Tacii ko OeTiHIH
3aKbIMJIaHYJIApbIH OCiiHENey Ke31H/Ie aKIMapaTThiH TOJBIK CaKTalyblHA MYMKIHIIK
Oep/ii J)KoHE TEepeH OKBITY MOJCIBCPIHIH OKBITY THIMJLIITIH JKOFapbLIATTHI, Oy
MOJICJIb/II OKBITY KE31HJIC KOHTEKCTIK aKMaparThl THIMJI NMaiaaiaHyra MyMKIHIIK
Oepai. OKBITY TaH/IaMachIHBIH aKIIapaTThUIBIFBIH apTTHIPY YIIiH Oip Oclinene 1-neH
6-ra JIeWiH KON TOCEMiHIH JKapbhIKTapbl KapacThIpbULIbL. HoTHkKeciHae OKBITY
Tangamackl 500 OeliHeH1 KypaJibl.

2-cypeTTe KOpCEeTUITeH/ICH, Koy OeTiHJe maina OonraH OOMIIBIK OarbITTarbl
JKapbIK KYPbUIBIM/IAPbl aBTOMATTAHIBIPBUIFAH TACIJ apKbUIbI AHBIKTAJIBII, KAaChLT
TYCTi TIKTOPTOYpHIITaApMEH OenrineHred. bysl Busyanu3anusi TEpeH OKBITY
HET131HIer1 CerMEHTAIMSUIBIK 9/IICTEP/IIH HOTHKECIH MOJICIbICY apKbUIbI JKYy3ere
aCBIPBUIBIN, THKCEIBIIK JEHIeHe >KaphIK IIeKapanapblH HAKThl KOPCETyre
MYMKIHIIK Oepeni. JKacklm KBajparrap JKapbIKTBIH OpHAJacKaH alMarbiH
JIOKAJIM3alMsIan, OJlapJblH T'C€OMETPHUSIIBIK IMIIIiHI MEH OaFbITTaJFaH Tapajy
CHIIAThI YKOHIHJIC MaHbI3/IbI MOJIIMET Oepi.
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2-cypert. JKou GeTinzeri kapbIKTap ’KOHE OHBIH HMHUTAIHSCH

Kypaemi sxaHe y37iKCi3 eMecC ®KapblK KYPhLIbIMAAPhI 2-CYPETTe HAKThI OOJIiHII
KepCeTLI 1, OYJT 63 Ke3eT1H/Ie KOJI TOCEMIHIeT] 3aKbIMIaHyIap/IbIH HAKThI IIIiHIH,
Y3bIH/IBIFBIH KOHE OPHAIACYbIH TallJlayFa MYMKIHJIIK Oepeii.

Kunakranran vHotmwkenep CrackNet nmen DeepCrack++ apXuTeKTypagapbIHbIH
THIMIUTNT MEH KOJJIaHy epEKIICIIKTEPIHAErT albIpMaIlbUIBIKTap/bl adKbIH
kepcerTi. CrackNet apXUTEKTypachl )KEHUIT opi JKbUIAAM KYMBIC ICTEH OTBIPBIIL,
XKIHIIITKE JKapbIKTap bl TOKATH3alUsUIay/Ia )Kakehl HoTHke kopeerce, DeepCrack++
MOJICTI KeH ayKbIMJIbI )KOHE KYPJIeJTi KYPhUTBIMJIBI 3aKbIMIaHy alMaKTapbIH )KOFaphl
nmanikieH anbikTai anel. ViT-UNet apXuTekTypachl Kypeii TEeKCTypaibl dKoHE
KOPIHOCHTIH KapbIKTapbl 11 cerMeHTausuiaisl. Swin-UNet «OKbUIKBIThIIFaH
Tepe3e» MEXaHU3MIH HepapXusiiblK OHJCYMEH YHIIECTIpe OTBIPBIN, ecenTey
THIMIUTINIH CaKTalapl. By Momenb MHUKPOXKAPBIKTAPAbI KOFApPhl JIJIIKIICH
anbikTall oThIpbi, ViT-UNet-ke kKaparaHia *KbUIIaMbIpak >KYMBIC ICTEHI jKoHE
Kypama KypbUIBIMBI Oap akayiapisl Ja ceHimai keckinged amamsl. CrackNet,
DeepCrack++, ViT-Unet, Swin-Unet sxone YOLOV9 apxuTekTypaiapblHbIH
THIMIUTINT  IEPEKTEP JKUBIHTBIFbIHAA OIpHEIIEe HEri3ri MeTphKa OOMbIHINA
OaramaHqpl. ATan alTKaHIa, HAKTBUIBIK, TOJBIKTHIK, F1-kepcerkimn sxone loU
KOPCETKIIITEPI MOACIBACPAIH JKOJI TOCEMIHJEIT >KapbhIKTap/Abl KAHIIAIBIKTHI
camaJibl aHbIKTall ajJaThIHBIH KOPCETYre MYMKIHIIK Oepii. ApXUTEKTypajap/IbiH
HET13r1 KOPCETKIIITEPi TOMEH/ETT 2-KeCTeIe KEITIPiIreH.

2- kecte. APXUTEKTYpaJIap/IbIH KaPbIKTAPbl aHBIKTAY/IAFbl THIMJUTIK KepceTKimTepi

Metpuka CrackNet |DeepCrack++ |ViT-UNet |Swin-UNet | YOLOVY9
Precision (HaKTBITBIK) 0.82 0.89 0.92 0.94 0.94
Recall (TOMBIKTBIK) 0.78 091 0.88 0.93 0.93
Fl-score 0.80 0.90 0.90 0.93 0.93
IoU (aysicmansr cotikecy) | 0.72 0.86 0.85 0.90 0.90
Processing time (cek) 0.08 0.15 0.30 0.25 0.25

Tannay Hotmxenepi OoipramTa Swin-UNet Mozerni 0apibIK canaiblKk MeTpruKazap
ootipraIa CrackNet-ke KaparaHia )KOFapbl HOTHKE KOPCETKEHIMEH, OH/IEY YaKbIThI
na y3arbipak O0oimel. A Swin-UNet apXuTekTypachl KEHIT opi KbUIIaMbIpak
YKYMBIC iCT€H OTBIPHIT, HAKTHI JIOKATN3AMAAA THIMIUTIK TAHBITTHL.
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3-cyperTe TEpeH OKBITy apXHUTEKTypaJapblHbIH HETi3ri CerMEeHTalUsUIIbIK
MeTpHUKayiap OOHBIHINA CAJBICTBIPMANbl HOTHIKENIEPl KOPCETUITeH JKoHE OapIbIK
KOPCETKIIITEP CabICTBIPBUIFAH.

3-cyper. TepeH OKBITYy apXHUTEKTypalapbIHBIH CAIBICTEIPMAIIBI KOPCETKIMTepi
TePgoﬂ OKBITY apX1TeKTypanapblHbiH, )XapblkTapAbl aHblKTayLafbl KepceTKiTepi

0.95
.\
- F\‘—\

0.85

MaHi

0.80

0.75

CrackNet
—e— DeepCrack++
0.70 | —e— ViT-Unet
—o— Swin-Unet
—o— YOLOvV9

65 Precision Recall Fl-score loU
MeTpuka Typi

3eprrey HoTmkenepi DeepCrack++ apXHTEKTypachIHBIH OapibIK HETi3ri
Merpukanap OoifprHima CrackNet MoemiHeH achIll TYCETiHIH KOpceTTi. Ocipece,
TOJIBIKTBIK JKOHE aybICIalibl COMKECTIK KepceTkimTepi OolibiHima DeepCrack++
APTHIKUIBUIBIFBl aKbIH OalKaiibl, OYJ1 OHBIH KYPAET KYPBUIBIMABI KapbIKTapAbI
HEFYPJIBIM CEHIM/JII KOHE JKaH-)KaKThl aHbIKTall anareiHbIH qanesaeiai. CrackNet
MOJIETIi eCenTey PeCypCTapbIH YHEMJICH OTBIPHII, )KOFAPhI KBUIIAMJIBIKITCH dKYMBIC
icTeyiMeH epeKIIeneHe i, OyJ1 OHBI MIBIHAIBI YaKBITTAaFbI KipICTIPIJITEH Xyienepae
KOJIJITaHyFa KOJaMIIbI eTeIi.

Conbiven  karap, ViT-UNet xome  Swin-UNet  Tpancdopmepiix
aApXUTEKTypajapbl Jia JKOFaphbl JIIKICH KypAesi KYPbUIBIMIBI KOHE JKIHIIIKE
JKapbIKTap/bl aHbIKTayna ©3 THiMautiridn kepcerTi. ViT-UNet skiHIIIKe >KapbIK
KYPBUTBIMIAPBIH OO alKpIHAal amapl, an Swin-UNet apXuTekTypacsl oenriiepmi
YiIecTipy apKbUTBl MEKPOXKAPBIKTAP/IbI CEHIMII CETMEHTTEY I KaMTaMachl3 eTTi.

Beiinenepmi anjpiH ana oHIEY Ke3€HIH/Ie KOHTPACTTHI APTTHIPY )KOHE [Ty ISHTeHiH
TOMEH/IETY MaKcaTbIHAA apTedakTiIepAl a3aiTy anropuTMIepi Konaanbiasl. by
mapaiap >KapblK IMEH KOJICHKE OCEPIHEH TYBIHJIANTBIH KaTelikTepil OapbIHINA
azailTyra MyMKIHJIIK OepiI, >KyHeHIH >KaJITbl TOAITT MEH THIMIUTITIH apTTHIPIEL.

KopbIThinabl. Maxkamaga Kol TOCEMIHAETI JKapbIKTapAbl aHBIKTAy >KOHE
nmon cermeHTtanusiiay ece6in mrenry ymriH CrackNet, DeepCrack++, ViT-UNet,
Swin-UNet sxoHe YOLOV9 TepeH OKBITY apXUTEKTypalapbl CalbICTBIPMAaJIbI
TypAe TangaHapl. 3eprrey HoTmkenepi DeepCrack++ apxuTekTypachIHBIH
TOJIBIKTBIK TICH HAKTBHUIBIK OOMBIHIIIA )KOFaphl HOTHOKENep kopceTkeHiH, CrackNet
APXUTEKTYPACHIHBIH OHICY JKBUIMAMIBIFEI MEH PECYPCTBIK THIMIUTITIMEH
epekmieneHeTiHin  kepceTti. CoHbIMeH Katap, Tpanchopmepnin ViT-UNet
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ApXUTEKTYpPachl JKIHIIIKE >KOHE TapMakTaJiFaH >KapbIKTapabl THIMII aHBIKTACa,
Swin-UNet optypii Genrinepai yiuecTipin, TYpaKThl HOTHXKEIEpre KO KETKi3Ii.
YOLOVY9 apxuTekTypachl KbULAAMIBIK TI€H JOJIIKTIH OHTAMIbI Tene-TeHIITiH
KaMTaMachI3 €Till, MUKPO- OHE MaKpPOXKapPBIKTap/bl Ta0y/la CeHIMITUTIK KOPCETTI.

3eprTey aschblHla CUHTETUKAJBIK JACPEKTEP KUBIHTHIFbIHA HET13/1CITCH OKBITY
DeepCrack++ CHSKTBI MOJETBICp YIIIH JKOFaphl MHKCEINBAIK TIIIIK TIEH opTaria
TOIIIIK  KOPCETKIMITEepiHe KON KETKi3yre MYMKIHIIK OepeTiHi aHBIKTaJJIb.
Byn konmmen TanHOanmaHFaH HaKThl JAEPEKTEPMEH OKBITyFa KaparaHaa Oipkartap
apTHIKWBUIBIKTap Oepeni. COHbIMEH KaTap, KapblK KYPBUIBIMBIHBIH KYPZIEJLTIri,
KO OeTiHIH opTypIiiiri xoHe OeifHemeri kemepri (axTopiap KIACCHUKAIBIK
oMiCTepliH THIMAUIITIH TOMEHAETETiHI aHBIKTANABL. MHTemeKTyanapl xKynenep
KOJI 3aKbIMIAHyJapblH epTe KE3CHIC aHBIKTAIl, TEXHUKAJBIK KbI3MET KOPCETY
MEH JKOHJIEYy XKYMBICTaphIH THIMJI KOocmapiayFa MYMKiHIIK Oepemi. bym sxomn
WHQPAKYPBUIBIMBIHBIH CalachlH apTTBIPBIN, anarrap KayliH asaiTagsl KoHE
KOH/ICY IIBIFBIHAAPBIH a3alTalbl.

Maxkanaunst a3ipney 6apvicblHOA HCACAHObL UHMENLIEKM KYPAL0apbl KOMeKull
peminde naudaiaHbLiObl.
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Abstract. This paper examines modern linguistic analysis methods applied to
the processing of the Kazakh language for the purpose of automatic identification
and extraction of textual information. Special attention is given to morphological,
syntactic, and semantic analysis and their adaptation to the specific features
of the Kazakh language, which is classified as an agglutinative language and is
characterized by flexible word order. These features create certain challenges when
applying traditional approaches designed for languages with fixed word order,
such as English. The study analyzes contemporary approaches, including finite-
state machine methods, statistical models, deep neural networks, and transformer-
based architectures. It reviews existing software tools such as HFST, Apertium,
KazNERD, BeeBERT, and Kaz-RoBERTa, as well as other models specifically
adapted for languages with complex morphological structures. Their potential
and limitations are assessed in the context of Kazakh text processing. Particular
focus is placed on the accuracy of morphological analysis, the models’ robustness
to polysemy, and their ability to handle rare and complex word forms. The paper
also discusses practical applications of modern NLP solutions for the Kazakh

188



ISSN 1991-346X 3.2025

language — in machine translation systems, automatic text classification, named
entity recognition, and sentiment analysis. Concrete examples of model usage
in the educational and legal domains are presented. Finally, the paper provides
recommendations for developing national text corpora, advancing morphological
analysis tools, and further exploring the integration of different methodological
approaches to improve the quality of Kazakh language processing in NLP tasks.

Keywords: Kazakh language, Transformer, morphological analysis, syntactic
and semantic analysis, NLP, pretrained models
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Annoramusa. byn makanama ka3ak TUTIH eHJeyre OarbITTalfaH 3aMaHayd
JTIUHTBUCTUKAJIBIK TaJAy 9/1iCTEPi KAPaCTHIPBULABI. MOTiH K aKapaTThl aBTOMATThI
TYpJI€ aHBIKTaY KOHE IIBIFAPBIT ATy MAKCAThIH 1a KOJTaHBLIATHIH TOCUIAEPTe €peKIIe
Hazap aynapbuiIsl. Mop]oIOTHSIBIK, CHHTAKCHUCTIK KOHE CEMAHTUKAJBIK Tajiay
TypJepi MEH OJapjblH Ka3ak TiJiHe OeWiMIenyi erked-TerKenim CUIaTTaIbL.
Kazak Timi arriroTHHATHBTI TUIIEp KaTapblHA JKaTKaHIBIKTaH €e3 TOPTiOiHIH
epKiHAIriMeH epekieneHeni. MyHIall epeKIeniKTep aFbUIIIBIH TiTl CHSKTHI CO3
TOpTiOi KaraH TUIAepre apHaiFaH JOCTYPJl TocuImepai KoimaHyma Oenriii Oip
KHUBIH/IBIKTAp TYFBI3aJbl. 3epTTeyae Kazipri TaHIaFbl TOCUIAEp KapacThIPBUIFaH,
OHBIH IMIiHJIE aTall aAlTKaH A KeJIeciiep KeNTIPUIreH: aKbIPIIbl aBTOMATTap 9JIiCTepi,
CTaTUCTHKANIBIK MOJENbBIEP, TEPEeH HEHPOHMBIK KeNijiep XKoHe TpaHcpopMmep
Herizingeri apxurekrypaiap tanganansl. HFST, Apertium, KazNERD, BeeBERT
xoHe Kaz-RoBERTa cusktel OarmapiamanblK KypangapMeH Karap, KypAeli
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MOP(DONOTHSIBIK KYPBIIbIMIapra OediMaenreH Oacka Ja MOAENbAepre MeH
TOCiAepTe WOy *Kacaabl. by KypannapasiH Ka3ak MOTiHIH ©HIey KOHTEKCTIHeT1
MYMKIHJIKTep1, apTHIKIIBLUIBIKTAPI MEH IIEKTEYIIepi capantansl. MophoimoT usiibIK
TaIJayablH TOJAITIHS, MOJCIBACPAIH KOIMMAFbIHAIBUIBIKKA TO3IMIUIITIHE KOHE
CHUPEK opl KYpIe co3 TYJIFajJapblH OHIACY KaOlIeTiHe epeKIne Ha3ap aymapblUIIbL.
ConbpiMeH Kartap, Kazipri NLP menriMuepinia Ka3ak TiTiHe apHaIFaH MPaKTHKAIBIK
KOJIZIaHy canajapbl MalIMHAIBIK ayapMma xXyHenepi, MoTiHAEpal aBTOMATThI TYpAe
KIKTEY, aTaylibl MOHACP/l TaHy *KOHE TOHAIBMIKTI Tajnay Maceseepi Ko3raaIbl.
Mogenbaepain OuniM Oepy JKoHE KYKBIK callajapblHIa KOJJIAHbUTybIHA HAKThI
MBICaNapel KenTipineni. Makajga COHBIHAA YITTHIK MOTIH KOPIYCTapblH KYPY
JKOHE OHICY, MOP(OTIOTHUSIBIK Talfay KYpalJapbhlH KETUIIPY, COHAai-aK Ka3ak
TUTIH OHJEYIIH cCalachlH apTThIPy MaKCaThIHAA TYPJi OJICTEMENIK ToCUIAep/i
OipikTipy OOMbIHILIA YCHIHBICTAP OEpiireH.

Tyiiin ce3nep: xazax tini, Transformer, MOp(OTOTHUSIBIK TaIay, CHHTAKCUCTIK
JKOHE CeMaHTHKaIbIK Tajzay, NLP, anjeia ana yipeTiireH Moebaep
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AHHOTaIII/Iﬂ. B I[aHHOﬁ CTaTbC pPaACCMATPUBAKOTCA COBPEMCHHBIC MCTOABI
JIMHIBUCTUYCCKOI'O aHalin3a, IPUMCHACMBIC I 06pa6OTKPI Ka3axCKoro s3bIKa, C
OCJIIBI0 aBTOMAaTHYCCKOI'O BBISIBJICHUS M U3BJICYCHH A TEKCTOBOM HH(I)OpMaI_II/II/I. Ocoboe
BHUMAHUC YACIIACTCA MOp(l)OJ'IOFI/ILIGCKOMy, CUHTAKCUYCCKOMY U CCMAaHTHYCCKOMY
AHAJIM3Yy, a TAKKE HX aAalTaluu K 0COOCHHOCTSAM Ka3aXCKOTO A3bIKa, KOTOpI:IfI
OTHOCHUTCH K aIrTJTIIOTUHATUBHBIM S3bIKAM U XaPAKTCPU3YCTCA CBO60,I[HBIM MOPAAKOM
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CJOB. DTO CO3MAET ONpEeaeNEHHbIC TPYAHOCTU NMPU MPUMEHEHUU TPAAUILIMOHHBIX
MOJIX0JIOB, Pa3pa0O0TaHHBIX JUIS S3BIKOB C (DUKCUPOBAHHBIM ITOPSIIKOM CJIOB, TAKHX
KaK aHDIMACKUA. B ucciemoBarelibckoil paboTe aHATM3UPYIOTCS COBPEMEHHbBIC
TTOIXO/IBI, BKJIFOUAss METONBI Ha OCHOBE KOHEYHBIX aBTOMATOB, CTATHCTHYCCKHE
MoJiend, TIyOOKWe HEHpOHHBIE CEeTH U TpaHCPOpPMEpPHBIE AapXHUTEKTYPHI.
PaccmarpuBarores cyliecTByoLME IPOrpaMMHbIE HHCTPYMEHTHI, Takue kak HFST,
Apertium, KazNERD, BeeBERT u Kaz-RoBERTa u apyrue monenu, crieriuaibHO
aJIalITUPOBAHHBIC IS SI3BIKOB CO CJIOKHOM MOP(QOIOTHYECKON CTPYKTYpOH, a
TaKXKE UX MOTCHI[UAJ U OTPAHUYCHHS B KOHTEKCTE 00pabOTKH Ka3aXCKUX TEKCTOB.
Ocoboe BHUMaHHE YIEISIETCS BOIPOCAM TOYHOCTH MOP(OTIOTHISCKOTO aHAN3a,
YCTOHYHMBOCTH MOJIeTIe K TIOJIMCEMHUH, a TaKXKe CIIOCOOHOCTH CIPABISATHCS C
PENKVMMH W CIIOKHBIMH CiIOBOoopMaMu. Takke 0OOCYXKITAIOTCS MPaKTHYECKHE
oOylacTi puMeHeHHsI coBpeMeHHbIX NLP-pernieHuii s ka3aXxckoro si3blka — B
CUCTeMax MAaIIMHHOTO IIePEeBO/Ia, ABTOMATHUYECKOM KIIACCU(UKAIIMH TEKCTOB,
W3BJICUCHUN UMCHOBAHHBIX CYITHOCTEH M aHANIHM3€ TOHAIBLHOCTHU. IIpemcTaBieHb
KOHKpPETHBIE IIPUMEPHI TPIMEHEHHUS MOJIeTIel B 00pa30BaTeIbHON 1 IOPUANYECKON
cepax. B 3akmoueHMM MaHBl PEKOMEHJANWH MO0 CO3JAHHWI0 HAIMOHAIBHBIX
TEKCTOBBIX KOPITYCOB, Pa3BUTHIO MHCTPYMEHTOB MOP(OIOTHYECKOTO aHaIn3a, a
TaKXke JaJbHEHIIeMY UCCICIOBAHUIO HHTETPALIMY PA3TUYHBIX METOAOIOTHUECKUX
TOJIXO/IOB JIJIsI MOBBIIICHHS KaueCTBa 00pa00TKH Ka3aXCKOro si3bika B 3a1auax NLP.
KuroueBble ci10Ba: ka3axckuit si3bik, Transformer, MOp¢ooruyecKuii aHaims,
CUHTAKCUYCCKHUH U ceMaHTH4YeCcKknid aHam3, NLP, mpemoOyueHHbIe MOAeTH

bnazooapnocmu. /lannoe uccnedosanue ghunancuposanoce Komumemom nayxku
Munucmepcmea nayxku u evicuwezo obpaszosanus Pecnyonuku Kazaxcman (I panm
BR24993166).

BBenenue. O0paborka ecrectBeHHOTO s3bika (NLP) mist xazaxckoro s3pIka
MPECTABIACT COOOH Psill yHUKAJIBHBIX 3a/1a4, 00yCIOBICHHBIX €0 arrIlOTHHATHBHON
NPUPOAOI U CBOOOTHBIM MOPSIKOM CJIOB. DTH 0COOCHHOCTH TpeOyIOT pa3paboTKu
CTICIMAIM3UPOBAHHBIX METOIOB JIMHTBUCTHUECKOTO aHalu3a JUIS  BBIIBICHUS
1 H3BJIICHCHUA TCEKCTOBBIX JaHHBIX. COBpeMeHHBIe noaAXoabl, BKJINOYAss MCTO/IBI
DIyOOKOTOo 00y4YeHHs, TpaHC(HOpPMEpHbIE MOJAETH W CTAaTHCTHYECKHE TEXHHKH,
OTKPBIBAIOT BO3MOXKHOCTH VISl CO3/1aHUsI BBICOKOTOUHBIX HHCTPYMEHTOB 00pabOTKH
Tekcra. OfHAKO OrpaHMYEHHAsl AOCTYIHOCTh PA3MEUEHHBIX AAHHBIX M CIOXKHOCTb
rpaMMaTHYECKON CTPYKTYPHI SI3bIKa 3aTPYAHSIOT PEATU3AINIO TTOJOOHBIX PELICHHH.

B JaHHOM UCCJICAOBAHUN OCHOBHOC BHUMAHUE YACIACTCA aHAJIN3y COBPEMCHHBIX
METOJIOB JIMHTBUCTUYECKOTO aHAIIN3a — MOP(OIOTHIECKOr0, CHHTAKCHYECKOTO U
CEMaHTHUYECKOTO — M UX aalTalul K 0COOEHHOCTIM Ka3aXCKOI'O s3bIKa.

NLP — »T0 KitoueBo€ HarpaBjieHHe B 00JaCTH MCKYCCTBEHHOTO MHTEIUIEKTa U
JIMHTBUCTHKH, MPEIOCTABILIONIEE MepeJOBbIC METOIbl aBTOMATHYECKOIO aHaIM3a
TEKcTa JUIA TaKWX 3a[a4, Kak M3BJeueHHe MH(OpMalyy, MAIIMHHBIA TEepeBOA U
aHaIM3 TOHATBHOCTU. OJHAKO AJISI Ka3aXCKOTO f3bIKa, KaK M JUII MHOTHX IPYTHX
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SI3BIKOB C OTPaHMYCHHBIMH pecypcamu, pa3padoTka sddextuBHbix NLP-perennit
CONpPSDKEHA CO 3HAYUTENBHBIMU TPYAHOCTSIMU.

Kazaxckuii s3bIK OTHOCHTCSI K KJacCy armilOTHHATUBHBIX SI3BIKOB, B
KOTOPBIX TpaMMaTH4ecKoe 3HAYeHHWE BBIpaXKaeTcsi mocpeacTBoM addukcos,
IIPUCOEIMHAEMBIX K KOPHIO €JI0Ba. JTO TpeOyeT CO3AaHus CHelHMaIn3upOBaHHbIX
MOP(OIOTHIECKUX aHAIN3aTOPOB, CIIOCOOHBIX TOYHO HHTEPIIPETUPOBATH CIOKHBIC
W MHOTOKOMIIOHEHTHBIE clioBoGopMbl. Kpome Toro, cBOOOAHBINH MOPSIIOK CIOB B
MPEATOKEHUSIX CO3/1AaeT JOMONHHUTEIbHBIE CIOKHOCTU JUISI CHUHTaKCUYEeCKOTO U
CEeMaHTHUYECKOTO aHaN3a, TOCKOJIBbKY TPaJAUIIOHHBIE METO/IbI, pa3padOTaHHbIC IS
SI3BIKOB C (PUKCHPOBAHHBIM MOPSIJIKOM CJIOB, YaCTO OKa3bIBAIOTCS HEA(P(DEKTUBHBIMH.

CoBpeMEHHBIC TEXHOJOTMH MAITMHHOTO OOYYCHHWs, Takhe Kak TITyOOKHe
HEMPOHHBIE CETH M TpaHC()OPMEPHBIE MOIEIH, OTKPHIBAIOT HOBBIE BO3MOXKHOCTU
Ut 00paboTkM Kazaxckux TekcToB. Mopenu, Takue kak BeeBERT u KazNERD
(Yeshpanov et al., 2022), 1eMOHCTPHPYIOT 3aMETHBIN MPOTPECC B aHAJIN3E TEKCTOB,
OIHAKO MX IPOM3BOIUTEILHOCTD MO-TIPSKHEMY 3aBHCHUT OT HAIMUYHS KPYITHBIX
pa3MEUCHHBIX KOPITYCOB, KOTOPbIE B CJydae Ka3aXCKOTO S3bIKa TOKa OCTAOTCS
OrpaHUYEHHBIMU.

Llenp naHHOTO HCCIEOOBAHUSI — MPOBECTH 0030p M CHCTEMaTH3aLHUI0
CYIICCTBYIOIIMX METOJOB JIMHTBUCTUYECKOTO aHANW3a, adalTHpPOBaTh HMX IO[
Ka3axCKUH S3bIK M OLUCHHUTh MPHUMEHHUMOCTH DPAa3lIHYHBIX TOAXOJO0B, BKIIOYAs
KOHEUHBIC aBTOMAThI, CTATUCTUYECCKHE MOJCITH U TPpaHCHOPMEPHL. DTO MO3BOJIHT
OIIPENICNIUTh COBPEMEHHBIE MAOCTHKEHUS B 00pabOTKE Ka3axCKOro s3blKa U
0003HAUUTh NEPCIECKTUBHBIC HANpaBiCHHUS sl JAJbHEHIIEro pa3BUTHS,
Takde Kak CO3JaHME HOBBIX TEKCTOBBIX KOPIIYCOB M HHTETPalMsl Pa3IMYHbBIX
METO0JIOTHYECKHUX TTOJXO00B.

Marepuaasl U MeToabl HcciaeqoBanusa. MopQoJorudeckuii aHamu3z —
9TO TPOILECC pa3OMEHHsI CJIOBa Ha €ro COCTaBHbIC YacTH (KopeHb U ad(UKCHI) U
OIIpEIeNICHHE MX TPaMMATHUECKUX 3HadeHuH. [ armIlOTMHATHBHBIX S3BIKOB,
TaKUX KaK Ka3aXCKUi, MOp(oIoruueckuil aHain3 ocoOCHHO BaXKEH, MOCKOJbKY
rpaMMaTH4YeCKUE 3HAYECHUS TIEPEeJatoTCs ¢ TOMOIIBI0 MHOTOYHMCIEHHBIX ahrKkcoB,
MPUCOCAMHSAEMBIX K KOPHIO CIIOBA.

Mertoipl, OCHOBaHHBIC Ha MPaBUIIAX U CIOBAPIX

MeTon, 0OCHOBaHHBIN Ha MPABMIIAX U CIOBApPsX, MPEJICTaBIsAeT co00il 6a30BbIi
MOAXOA K BBIYUCIHUTENILHOMY MOp(ojorudeckoMy aHaiumsy. B cioBapHoil 0aze
XpaHATCs 0a30BbIe (POPMBI CIIOB (JIEMMBI), 2 HA0OP TPABUI OMUCHIBAET TOPSIIOK
npucoeaunenus appuxcoB u ux Bzaumoneiicrsue (Jurafsky et al., 2019).

CroBapu, SBISSICH IEHTPAJIbHBIM JJIEMEHTOM IaHHOTO MOAXOMa, COMAEepKaT
MOP(OIOTHYECKHE XapPaKTEPUCTHKH JIGKCEM, TaKUEe KaK 4acTh PEYd U OCHOBHBIC
rpaMMaThdeckue Tpu3Haku (pox, uducio, mamex u T. A.) (Haspelmath et al.,
2013). IIpu mpoBepke ciioBa MO CIOBApI0 aHAIM3AaTOp MPUMEHSET MpaBuiIa s
oIpezieNIeHns: CTPYKTYpbI U 3HadeHus ciosa (Kaplan et al., 1994).

K kimoueBbIM HMHCTpyMEHTaM [JaHHOW KaTteropuu oTHocsitcss TRMorph u
Apertium. TRMorph — mopdonornueckuii ananuzaTop s TYPELKOTo s3bIKa,
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00eCIIeYNBAIOIINI TOYHBIN aHAIN3 33 CYET CTPOTUX MPABHI M CTPYKTYPHPOBAHHBIX
cioBapeii (Kim, 2024). Ananoruuno, Apertium — 3To porpaMMHoe odecriedeHne
C OTKPBITBIM UCXOJHBIM KOJIOM, TIpeTHa3HAYSHHOE [ MOP(HOITOTUUECKOTO aHAIN3a
M MallMHHOTO TIePEeBOJIa, MOJICP)KUBAOIIEe arrIIOTHHATHBHBIC SI3BIKH, BKIFOYAs
kazaxckuit (Forcada et al., 2011).

[Tomxox, OCHOBaHHBII Ha ITPaBHUJIAX M CIIOBAPSIX, 00JIA1aeT PSIOM IPEHMYIIECTB,
TaKUX KaK BBICOKAas TOYHOCTH JUIA CJIOB, NPUCYTCTBYIOIIMX B CJOBape, H
OTHOCHTENIbHAsl MPOCTOTa pPEANN3alMU ISl S3BIKOB C XOPOIIO H3YYeHHOU
Mopdonorueil. OqHaKO OH TakKe UMEET OTpaHMYCHHS — B YacTHOCTH, ciabas
CIIOCOOHOCTh 00pabaThiBaTh HEM3BECTHBIC CIIOBA W 3HAYHMTENBHBIC 3aTpaThl Ha
pa3paboTKy ciaoBapel 1 mpaBHIL.

KoHeunsle aBTOMATHI

MeTon KOHEUHBIX aBTOMATOB MPUMEHSETCS Ul MOJCITHPOBAHUS PETYISIPHBIX
CTPYKTYp U MOP(OJIOTHYESCKHUX MPOIECCOB, YTO JETAET €ro 0COOCHHO MOJIE3HBIM
JUIsl aHANIM3a arnIiOTHHATHBHBIX SI3bIKOB. KOHEYHBIE aBTOMAaThl MOTYT OBITh
nerepmuaupoBanHbiME  (DFA) wmm  HemerepmuuupoBanabiME  (NFA), u9TO
MO3BOJISIET TPE/CTABIATh CIOXKHBIE TPAMMAaTHYECKHE CHUCTEMBI C ITOMOIIBIO
(opMasbHBIX SI3BIKOB M PETYIApHbIX BeIpaxkenuil (Boyd et al., 2021).

KoHeunslif aBTOMar mpencTaBisieT co0oi  TrpadoBYI0  CTPYKTYpY, TI/e
y3JIBI  COOTBETCTBYIOT COCTOSIHHSIM, a IEPeXOIbl MEXKAYy HHUMH MOICITHPYIOT
Mopdonornueckue npeoOpa3oBaHusl. Mopddonoruyecknit aHaJIN3aTop
00pabaTeIBaeT BXOTHOE CIIOBO, TPOXOJS MO COCTOSHHUSIM aBTOMara M IPHMEHSS
3apaHee 3aJlaHHbIC MPaBUJIA JUIS W3BJICUCHUS MOP(OIOTUUECKUX XapaKTEPUCTUK
cioBa (Beesley et al., 2003) (puc. 1).

Pucynoxk 1. O6mas cTpykTypa KOHEUHOTO aBTOMaTa

HauOonee mmpoko HCHonb3yeMbIMA HHCTPYMEHTAMHU B 3TON 00JIACTH SBIISIFOTCS
HFST u FOMA.

HFST (Helsinki Finite-State Transducer) — 3to muardopma it mocTpoeHus
KOHEYHBIX aBTOMAaTOB, IIMPOKO IpHMEHseMas Ajsl aHaln3a arrIiOTHHATHBHBIX
SI3bIKOB, BKItouasg kazaxckuil. HFST mnopnepxnBaeT MHTErpanuio ¢ ApyruMH
WHCTPYMEHTAaMH, TaKMMH Kak Apertium, u oOecrneuynBaeT BBICOKYIO
MIPOU3BOAUTENLHOCTE Oarogapsi ONTUMU3MPOBaHHBIM anroputMaM (Lindén et al.,
2011).
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FOMA — ru0xuii v 1IerkoBeCHBINH HHCTPYMEHT 15l pa3paOOTKU M TECTUPOBAHHUS
KOHEUHBIX aBTOMATOB. OH UCTIONIB3YETCSI TI5 CO3TaHUS CIIOKHBIX MOP(HOIOTrHYECKUX
MofieTiel M TMOIAEPKUBACT pasjindHble (popMarhl BBOAA/BBIBOJA, YTO JENACT €rO
yHuBepcaibHbIM pemenneM (Hulden, 2009).

Meron, KOHEUHBIX aBTOMATOB  OONAalacT BBICOKOH  A(PQPEKTUBHOCTHIO
npu o0paboTKe PEryISIpHBIX CTPYKTYp, TakUX Kak THOpAIoK add@ukcoB B
arnIIOTUHATUBHBIX s3bIKaxX. Ero aganTUBHOCTH AeNaeT €ro MOAXOSIIUM s
MOCTPOCHHUSI KOMIAKTHBIX M OBICTPBIX MOP(OJOTHMYECKUX aHaJIM3aTOPOB.
OnHako y HEro UMEIOTCSl U HEAOCTATKU: OrpaHUueHHAasi THOKOCTh MpH 0OpadoTke
HEPerysipHbIX (OPM M UCKIIIOUCHHH, a TaKKe HEOOXOAMMOCTh IITyOOKHX 3HAHHUN
B oOnmacti (OpMalbHBIX S3BIKOB, MOP(OJIOTHMM arrIIOTUHATUBHBIX SI3BIKOB U
MPOrpaMMHUPOBAHUS, YTO MOXET CO34aBaTh CIOXHOCTH MJIs1 pa3pabOTUYMKOB
(Manohar et al., 2022).

CrarucTuiyeckue MOICIH

MeTopl CTaTHCTHYECKOTO aHajln3a OCHOBAHBI Ha BEPOSTHOCTHBIX MOAXOAAX
JUIsl TIpeficKa3aHus MOP(OIOTHUECKUX TEroB, YTO JeNlaeT UX aJalTUBHBIMH U
MPUTOTHBIMHE JJ1s1 00PaOOTKH SI3bIKOB C OOJIBIINMH KOPITyCaMH JaHHBIX. B oTnnune
OT CHCTEM, OCHOBAaHHBIX Ha IpaBMJIax, 3TH MOJICIM HE OrpaHWYCHBI 3apaHee
3aJJaHHBIMU TIPABUJIAMH, YTO MO3BOJIIET UM 00padaThiBaTh HEM3BECTHBIC CIOBA U
YUHTHCS Ha peanbHbIX TekcTax (Koosha et al., 2022).

OCHOBHOI MPUHIMII CTATUCTUYECKUX MOJIETICH 3aKIII0YaeTCsl B UCTIOJIb30BAHUHT
pacripenenieHUii BEPOSITHOCTEH Ul aHajiu3a MOCIEeJOBAaTEIbHOCTEH CIOB M HX
MOPQOIOTHYECKUX TEroB. Takue MeTOAbI, KaK CKPBITbIE MapKOBCKHE MOJENIN
(HMM) un ycnousle cnyuaitaeie monst (CRF), ucnonb3yloT BeposSTHOCTHOE
rpadoBoe MOIECTUPOBAHUE JUIS 3axBaTa CIOXHBIX 3aBUCHMOCTEH MEXAY
adpukcamu u nexcemamu (Fraser, 2008).

HMM ouenuBaror Hamnbonee BEpOSTHYIO MOCICIOBATEIbHOCTb TETOB IS
3aJJaHHOTO BXOJia Ha OCHOBE BEPOSITHOCTEH mepexonoB. OaHako 3¢ ¢PEeKTUBHOCTH
9THUX MOJIEJICH OTPaHIMYMBAETCS IPEATIOTIOKECHUEM, UTO KaXKI0€ COCTOSIHUE 3aBUCUT
TOJIBKO OT npeabiymero (Wang, 2022) (puc. 2).

Pucynoxk 2. Ilpumep CKpbITOI MapKOBCKOH MOAEITH
an
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B otmmune or HMM, CRF mipemaratot 60see mpoABHHY THIH MOIXOJT, YIUTHIBAs
100abHbIE 3aBHCHMOCTH W B3aUMOACUCTBHSI MEXKAY ODIEMEHTaMHM BXOIHOU
MOCIEeIOBaTeIbHOCTH. JTO JenaeT ux Oonee 3dpdexkTuBHBIME Ui 00paboTKU
CJIOXHBIX SI3BIKOB, TAKKX Kak kazaxckuii (Oralbekova et al., 2022).

Mertozpl CTATUCTUYECKOTO aHAJIM3a UMEIOT PsJ IPEUMYIIECTB: OHU CIIOCOOHBI
00pabaTbIBaTh HEM3BECTHBIE CJIOBA U UCIIOJIB30BATh BEPOSTHOCTHBIE PACCYKICHNUS,
YTO JeNlaeT UX BEChbMa aJIallTUBHBIMU K HOBBIM JaHHBIM. J{JIs I36IKOB C OONBIIMMU
pa3sMEUEeHHBIMH KOPIyCaMH, TaKHX KaK aHIIMACKUN WM KWUTalCKui, OHHU
00€eCIeunBaIOT BEICOKYIO TOUHOCTh MOP(OJIOTHYECKOTO aHaIH3a.

OCHOBHBIMH ~ HEIOCTATKAMH  CTATHCTHUECKUX MOJENeH  SIBISIOTCS — HX
3aBHCUMOCTb OT OOJIBIIOT0 00bEMa Pa3MEueHHbIX JaHHbIX, a TAKXKe HEOOXOAUMOCTh
3HAUUTEJIbHBIX BBIYMCIUTENBHBIX PECYpPCOB M 3HAaHWH B 00JaCTH MAalIMHHOTO
o0ydeHUst U1l 00yueHHs U TOHKOH HaCTPOMKH MOZETICH.

Mertobl m1yOOKOro 00y4YeHHS

CoBpeMeHHBIE METOJIbI TITyOOKOT0 00YUEHUSI UCTIONB3YIOT HEHPOHHBIE CETH JJIS
ABTOMATUYECKOTO M3BJICUCHHSI MOP(HOIOTHUECKIX 3aKOHOMEPHOCTEH M3 JTaHHBIX.
Takoii moOAXOm TPOAEMOHCTPUPOBAT BBICOKYIO d(dexTnBHOCTL Onaromaps
CIOCOOHOCTH Helpocereill 0OpalaThiBaTh CIOKHBIC SI3BIKOBBIE 3aBUCHMOCTH M
aIalITUPOBATHCS K 0COOCHHOCTSIM arIiOTHHATHBHBIX SA3BIKOB, TAKUX KaK Ka3aXCKUH.

I'myGokue HelipoHHbIe ceTu, Takue kak LSTM (monras kpaTkocpouHast amsiTh) U
GRU (3arBopHBIC peKyPPEHTHBIE €TUHUIIBI ), IIMPOKO TPUMEHSIIOTCS 111 00paboTKH
[OCIIeI0BATENbHBIX JaHHBIX. DTH MOJEIIN 0COOCHHO XOPOIIO MOAXOAAT VI 33124,
TpeOyIoIMX y4eTa MopsaKa NEMEHTOB, TAKUX KaK aHaJIN3 [10CIIeI0BaTeIbHOCTEH
apduxcoB B cinoBax. LSTM u GRU cnocoOHBI ynepKuBaTh JOITOCPOYHBIC
3aBUCUMOCTH M YYUTHIBaTh KOHTEKCT MPU aHAJIN3€ MOP(OIOTHIECKON CTPYKTYpHI
(Vennered et al., 2021).

Bonee mpoABHHYTBIE apXWUTEKTYphl, TaKUe Kak TpaHCPOpMEphl (BKIIOYAs
BERT u Kazakh-BERT), ucronb3yroT MeXaHW3Mbl BHUMAHHS JUTSI TTapasuieIbHON
00pabOTKH BCEro KOHTEKCTa CJIOBA. JTO MO3BOJSAET 3PPEKTUBHO aHATU3UPOBATH
CJIOKHBIE MOP(OJIOTHUECKUE CTPYKTYphl M KOHTEKCTyaJIbHbIE BapHallM JaXe B
sa3bIKax ¢ Ooraroit Mmopgonorueit (Vaswani et al., 2017).

Mertozp! riryOoKoro o0y4eHus 00IagaroT PsiioM MPEUMYIIECTB: OHH JIOCTHTal0T
BBICOKOI TOYHOCTH NIPU HAJIMYHH OOJIBIIHX 00BEMOB JJAHHBIX, MOTYT MOJICITHPOBAThH
CJIOXHbIE MOP(OJIOrHYECKHE 3aKOHOMEPHOCTH, BKJIIOUasi HEperyispHble (GopMbl U
penkue komOuHanuu addurcoB. Kpome Toro, oHu criocoOHBI 00padaThIBaTh CJI0BA
C HECKOJIbKMMH BO3MOXHBIMU MHTepripeTanusamu (Devlin et al., 2019).

OCHOBHBIE HEJJOCTATKH STHX METOJIOB — BBICOKAsi BEIYUCIUTEIbHAS CTOUMOCTb
U 3aBUCHUMOCTH OT OOJIBIITUX Pa3MEUCHHBIX KOPITycoB. OOyueHHe TaKuX MOJCICH
TpeOyeT 3HaUNTEIbHBIX AlNapaTHBIX PECYPCOB, a TAKXKE TILATEIbHON ITOATOTOBKU
TEKCTOBBIX JAHHBIX.

MeTozpl CHHTaKCHYECKOTO aHaIN3a

CuHTakcMuecKknid aHanu3 (MapCUHI) HWrpaeT KIIOYEBYI0 poib B 0OpalboTke
TEKCTOB, OCOOEHHO Ui SI3BIKOB CO CBOOOIHBIM MOPSAKOM CJIOB, TaKHUX Kak
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Kazaxckuil. OH MO3BOJISIET BBIABUTH CTPYKTYpPHBIC 3aBHCUMOCTH MEXIy CIOBaMHU
B MPEJIOKEHUHN U CHOPMHUPOBATh UX IpaMMaTHUYECKOE MpeacTaBieHne. MeToasl
CHUHTAaKCHUYECKOTO aHajM3a MOXKHO YCIIOBHO Da3[deluTh Ha JiBa MOAXOJA:
aHAJMTUYECKUH (HA OCHOBE MpPABWJI) M CTAaTHCTHUYCCKUI (Ha OCHOBE Mojeleit
MAaIIMHHOTO O0YUYEeHUS).

3asucumocmuuiii napcune (Dependency Parsing)

3aBHCUMOCTHBII MapCHHT MPEACTABIAET COO0I METOA, MPU KOTOPOM CTPOHUTCS
rpadoBasi CTpPyKTypa, B KOTOPOH Y3JIbl COOTBETCTBYIOT CJIOBaM, a pedpa 0003Ha4aroT
CHUHTAaKCHUYECKHE CBSA3M MEXIY HUMH. Takas CTPyKTypa HarIJHO MOKAa3bIBACT,
KaK{e 3JIEMEHTHI IPEAIOKEHHSI 3aBUCAT JPYT OT Apyra U KaK OHH CBSI3aHbI.

OcHOBHasl 1edb METOAa — OIPEACTUTh 3aBHCUMOCTH MEXKIY CJIOBaMH B
npeanoxeHnn. Hampumep, momiexaiiee M CKa3yeMo€ CBSI3aHbl OTHOIICHHEM
3aBUCUMOCTH. DTOT MOIXOA 0COOEHHO 3(PQEKTUBEH IJISl A3BIKOB CO CBOOOIHBIM
MOPSIZIKOM CJIOB, TAKHUX KaK Ka3aXCKHUH, rJie rpaMMaTuieckue (QyHKIUH IepeaaroTcs
MOP(OIOTHYECKH, a He (PUKCUPOBAHHOHN MO3UIMEH B TPEIIOKECHUH.

CymiecTBylOT JBa OCHOBHBIX QJITOPUTMa 3aBHCUMOCTHOTO aHaju3a: 1)
[epexonusriii ananus (Transition-Based Parsing) — cTpouT nepeBo 3aBucumocteit
nomaroBo. Kaxplid mar onpeznenser aeiictBue (Hanpumep, 100aBUTh peOpo min
MEPEHTH K CIICAYIOIEMY CIOBY), UTO JeNIaeT aJITOPUTM OBICTPBIM U 3 (EKTHBHBIM.
OnHako OH YyBCTBUTENICH K OMIMOKaM Ha paHHMX 3Tanax. 2) I'padoBsiii anamms
(Graph-Based Parsing) — cTpout mo6ansHO ONTUMAIBHOE AEPEBO 3aBUCHMOCTEH,
dopMynHupys 3aJady KaK HaXOKJCHUE MAaKCUMAJIbHOTO OCTOBHOTO JiepeBa B rpage.
ObGecnieynBaeT BBICOKYIO TOYHOCTh 3a CUET PACCMOTPEHHMS BCEX BO3MOXKHBIX
CBsI3€H, HO TpeOyeT OONBLINX BHIYNCIUTEIBHBIX PECYPCOB.

Dpazosas cmpykmypa (Constituency Parsing)

®pa30BbIif aHATTN3 IPEACTABISIET IPEIIOKEHNE KaK HEPAPXUUECKYIO CTPYKTYPY,
7€ KaXIbIi y3€J COOTBETCTBYET paMMaTHYECKOH enHuLe: (hpase, IPUAaTOUHOMY
MPEATIOKEHUIO WIM BCEMY INPEIJIOKEHUIO. MeToa MCXOIUT W3 MPEAOIOKEHHMS,
YTO KaXKJ0€ MPEIUIOKEHNE MOXKHO pa3ieluTh Ha 0ojee MEJIKHE TpaMMaTniecKue
KOMIIOHEHTHI.

HepeBo ¢pa3oBoil CTPYKTyphl TOKAa3bIBaeT, KaK CJIOBa OOBEAWHSIOTCS B
Oonee KpymnHbIE CHHTaKcHueckue eanHunbl. Hanpumep, maronsnas dpasza (VP)
MOXET BKJIIOUaTh IJIaroJl M €ro JOMOJIHEHHs. DTOT METOJ MOoJIe3eH sl ITyOOKOro
CHUHTAaKCHYECKOTO aHajM3a M IIMPOKO MPHUMEHICTCS B MAIIMHHOM IEPEeBOJEC U
JIMHTBUCTUYECKOM aHAJIN3E.

AnropuTMBl pa3zoBoOTo aHaIU3a:

Anroput™m CKY (Cocke—Kasami—Younger) — ncrosnb3yercsi Al TOCTPOCHHUS
JIepeBbEB pa3dopa Ha OCHOBE KOHTEKCTHO-CBOOOmHBIX rpammaruk (CFG).
[Ipumensier ArHAMHUYECKOE MpOrpaMMUpoBaHue, obecreunBas 3QQPEKTHBHOCTH
JUIS1 SI3BIKOB C (QPMKCUPOBAHHBIM ITOPSIIKOM CJIOB.

I'myGokue HelpoceTn — COBpeMEeHHble NOAXOAbl Hcnoib3yloT LSTM n
TpaHchopMepsl A mpeacKasaHus GpazoBbIX CTPYKTYp. DTH MOAEIH CHOCOOHBI
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YUUTBIBaTh KOHTEKCT BCETO MPEUIOKEHHUS, YTO OCOOCHHO TMOJIE3HO IS SA3BIKOB CO
CBOOOTHBIM TIOPSIIKOM CJIOB, TaKUX Kak kazaxckuii (Oralbekova et al., 2024).

CrartucTuieckuil 1 HelipoceTeBoi TapCUHT

CoBpeMeHHBIE METOABl CHHTAKCHYECKOTO aHajln3a BCE Yalle HCIOIb3YIOT
1yOOKHE HEHpOHHBIE CETH Uil aBTOMAaTUYECKOTO BBISBICHUS CHHTAKCHMUYECKUX
MaTTEepPHOB U3 OOJBIINX TEKCTOBBIX KOPILYCOB. DTH METOIb! JOCTUIAIOT BBICOKOH
TOYHOCTH W aJaNTUBHOCTH, YTO AEJaeT WX MPUTOAHBIMHU IJISl aHAJIN3a TEKCTOB Ha
Pa3INYHBIX SI3BIKAX, BKIIIOYAsT Ka3aXCKHH.

KiroueBbiMu nHCTpyMeHTaMu siisitotcest BILSTM u tpancdopmepsr. BILSTM
(mBynampasnenHast LSTM) »sddextuBHO 00pabaThiBaeT MOCIEI0BaTEIHHBIE
3aBUCHUMOCTH, aHAJIM3UPYS KaK MPENIICCTBYIOMINH, TaK U CICIYIOUINH KOHTEKCT.
Tpanchopmeps (Bkmodas BERT u GPT) MmonenupyroT ClIoKHbIE CHHTaKCHYECKHE
CTPYKTYPBI C TIOMOILIBI0 MEXaHW3MOB BHUMAaHHS, IO3BOJSISI YYWUTHIBATH BEChH
koHTeKCT npeanoxenus (Narejo et al., 2024).

MeToabl CEMaHTUYECKOTO aHAIN3A

CeMaHTHYECKHI aHAIN3 BKJIIOUAET M3BJICUEHHE CMBICIA M3 TEKCTa, BKIIIOYAs
oIpe/ieNICHNe 3HAYCHUI CII0B, BBISIBIEHUE CBA3EH MEXy HUMH U HHTEPIPETALIIO
KoHTeKcTa. OH UrpaeT KJIIOUEBYIO POJib B TAKUX 3aa4ax, KaK MaIlMHHbIN IepeBOI,
n3BJeYeHUE NHPOPMALIMH U aHAIN3 TOHAJIBHOCTH.

Bexmopnwie npedcmasnenus cnos (Word Embeddings)

MeTozipl BEKTOPHOTO MPEACTABICHHsSI CIOB MPEoOpasyloT ClIOBa B YHCIOBBIC
BEKTOPbI, OTPAKAIOIIME MX 3HAYCHHE B KOHTEKCTE. DTH METOIbl OCHOBAaHBI Ha
JUCTPUOYTHBHOW THIIOTE3€, COMIACHO KOTOPOM CJIOBA C OMU3KUMH 3HAUYCHHSIMU
MOSIBJISIIOTCS B CXOAHBIX KOHTEKCTaX. BeKTopHbIE mpenacTaBieHus o0ydaroTcs
Ha OCHOBE aHaJM3a COBMECTHOH BCTPEYAEMOCTH CIIOB B TEKCTaX, YTO JENaeT UX
YHHUBEPCAJIbHBIM HHCTPYMEHTOM 00paOOTKH TEKCTOB.

KimroueBbie MeTOIBI:

Word2Vec — co31a€T BEKTOPHI CIIOB C HCIIOIH30BAHUEM JIBYX apXHTEKTYD:

- CBOW (HempepbIBHBIN MEIIOK CIIOB) MPEICKA3bIBAET TEKYIIEE CIOBO IO €r0
OKpYKEHHIO.

- Skip-Gram mnpejcka3biBaeT OKPYKAFOIIKE CIIOBA [0 TEKYIIEMY.

Word2Vec xopomio mOIXOAMT JUIS KJlacTepu3allid CIIOB W aHalW3a
CEMaHTHYECKOTO CXO/cTBA. Hampumep, crmoBa «kama» (TOpom) W «aybuDy (CEJo)
OyayT IMETh OJIM3KHE BEKTOPHI.

GloVe (Global Vectors for Word Representation) yuuTbIBaeT o0aibHYIO
CTaTHUCTUKY COBMECTHOM BCTPEUAEMOCTH CJIOB B OoJbIIMX Koprycax. OOydaercs
Ha MaTpUIE BCTPEYAEMOCTH M XOPOIIO CIPaBIAETCs € 3a/laiaMi CEMaHTHYECKOTO
CpaBHEHHUSI.

FastText B ommmume or Word2Vec m GloVe, pabGoTaeT Ha ypoBHE TOACIIOB,
aHAJIM3UPYS IIOCJENOBATEILHOCTH CHMBOJIOB B  CJOBax. OJTO OCOOCHHO
3¢ PeKTuBHO 11 MOP(HOIOrHIECKH OOraThIX SI3bIKOB, TAKMX KaK Ka3aXCKHH, Ine
aQUKCHI CYIIECTBEHHO MEHSIOT 3HaYeHue cinoBa. Hanpumep, «Mekrem» (1Ikosna)
U «MEKTenTep» (IIKOJIbI) OyIyT UMETh CXOXKHE MPEACTaBICHHS.
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OcHOBHBIE ITPEUMYIIECTBA ITHX MOJENCH — MPOCTOTa peanu3annu, ObIcTpast
CKOpOCTb OOy4YeHHsI W WHTYHTHUBHAs HHTEPIPETAlMs: CEMaHTUYECKHU ONU3KHE
CJIOBa OTOOpaKaloTCs OIM3KO B BEKTOPHOM MpocTpaHcTBe. ONHAKO OHH MMEIOT
orpanndenns: 1) KaxxaoMmy cioBy mprcCBauBaeTcst OWH BEKTOpP, YTO 3aTPYIHSIET
00pab0OTKy MHOTO3HAYHBIX CJIOB. 2) CIIO)KHO YYHUTHIBATh CIIOKHBIE KOHTEKCTHBIC
3aBHCUMOCTH, OCOOCHHO B JUIMHHBIX IPEIIOKCHUSAX.

Cemanmuueckoe ponegoe annomuposanue (Semantic Role Labeling, SRL)

CeMaHTHUECKOE pOJIEBOE AHHOTUPOBAaHME — JTO TNPOIECC OMpeeTIeHUs
POJIEBOI CTPYKTYPBI TMPEUIOKCHUS, NIPU KOTOPOM KaXKIOMY CIIOBY WM (paze
MpHrcBanBaeTcs onpenenéHHass (YHKIHMS B KOHTEKCTE JACHCTBUS. DTOT METOM
MO3BOJIICT PACIO3HABATH CyObEKThl, OOBEKTHI, JEUCTBUS U APYIHe KOMIIOHEHTHI,
(hopMHPYsI HACBIILIEHHOE CEMAaHTUYECKOE IPEICTaBICHUE TEKCTA.

SRL nHampaBieH Ha OIpeJeleHne CEMaHTHUYECKHUX poJied B IpeIoKEHUU.
Hanpuwmep, B npeuioskeHnn «Anu npountan KHUTYy» SRL anHHOTHpYeT « Anm» Kak
CYOBEKT, «IIPOYHTAI» — KaK JIEHCTBUE, a KKHUTY» — KaK 00beKT. TakiuM 00pazom,
SRL siBnsieTcst MOIIHBIM WHCTPYMEHTOM JIJISl aHAJIM3a CIOXKHBIX CHHTAKCHYECKUX
CTPYKTYp, OCOOCHHO B 3a/1a4ax M3BJICYCHUST MHPOPMAIINH.

OcHoBHBIE TTOOX0AbI K SRL

Mopaenu Ha OCHOBE IIPaBUII. DTOT HOAXO/ OIUPAETCS Ha 3apaHee ONpeeIEHHbBIE
malloHbl U TpaMMaTHYECKHUEe MpaBWila sl IPUCBOCHHUS CEMAaHTHYECKHX POJIei.
OH npocT B peau3ainy, Ho 00J1a/1aeT HU3KOW THOKOCTBIO M TpeOyeT 3HaYNTeTbHON
PYYHOM HACTPOUKH MO KXKbIN A3BIK.

I'myOokoe oOyuenme. CoBpeMeHHBIE MeToAbl Hcmonb3yloT RNN, LSTM u
TpaHchopMepsl AT aBTOMATHYECKOrO aHHOTHPOBAaHHA posied. DT Monenu
CTIOCOOHBI YNIaBIUBATh KaK JIOKAIbHBIE, TAK U INI00AIbHBIE KOHTEKCTHI, 00eCIIeunBast
BBICOKYIO TOYHOCTbH JIa)Ke B CIIOXKHBIX CTPYKTypax mnpeoxenuii (Mamyrbayev,
2023).

SRL ocobeHHO TONIE3eH ISl W3BJICUCHUS WHGOPMAIMd B TaKUX OOJIACTSX,
Kak aHanu3 TpeOoBaHuil, 00pabOTKa IOPHIMYECKUX IOKYMEHTOB M CHCTEMbI
BONPOCOB-0TBETOB. OH XOpOLIO MOAXOAUT Ul JUIMHHBIX TNPEAJIOKEHUH, Ine
HEOOXOJMMO BBISIBUTH CIIOKHBIE OTHOIIEHHS MEXIy cioBaMu. OQHAKO y MeTona
€CTh OTPaHHYCHHUS: OH TPeOyeT OONBIINX Pa3MEUEeHHBIX KOPITYCOB, UYTO 3aTPYAHSET
€ro TpMMEHEHHE B yCIOBHSIX OTPaHMYEHHBIX SI3BIKOBBIX pecypcoB. Kpome Toro,
MOJIENIA TITyOOKOTO OOYYeHHsT MOTYT HWCHBITBIBATH TPYAHOCTH TIPH 00paboTKe
OYEHb [UIMHHBIX TEKCTOB, YTO YBEJIMYMBACT BBIYUCIUTEIBHBIC 3aTPaThl U TpeOyeT
JIOTIONTHUTENBHBIX pecypcos (Onan, 2023).

[Mpumep npumenenus: SRL MokeT OBITH HCIONB30BAH Uil M3BICYCHUS
TpeOOBaHMI U3 TEXHUUYECKON JOKyMeHTanuu. B npeiokennn «Crucrema o/mKHa
TTO3BOJISITH TIOJIE30BATEISIM 3arpykath (aitmeny SRL aHHOTHpYeT «CHCTeMay Kak
CYOBEKT, «I0JKHA IT03BOJIATEY) — KaK JEHCTBHUE, a «I0JIb30BaTesei» U «(haiibn»
— KaK OOBEKTHI.

Pe3ynbrarbl um o0cy:xkaeHue. Monenn Ha OCHOBE TpaHC(OPMEPOB, TaKHE
kak BERT, RoBERTa, T5, BART u GPT, cranu npopbIBHBIMH HHCTPYMEHTaMU
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B oOmacTi 00pabOTKH €CTECTBEHHOTO sI3bIKa Oyaroapsi CioCOOHOCTH YYHUTHIBATH
KaK JIeBBIH, TaK W MPaBBI KOHTEKCT CJIOBa. JTH MOJETH O0yJaroTCs Ha 3ajadax
MacCKHpOBAaHHOTO  sI3BIKOBOTO  MozpenupoBanms (MLM) wu  mpenckazanus
cienytomiero npeanoxenus (NSP), uto mo3BosnseT uM 3 PeKTHBHO aHATU3UPOBATH
KaK JIOKallbHbIC, TaK ¥ IJI00aIbHBIE 3aBHCUMOCTH B TekcTe (Wang et al., 2024).

Mopgenu T1y0OKOTO OOyYeHHUS! MIUPOKO MPUMEHSIOTCS B 3a/1a4aX W3BICUCHUS
CMBICIOBOM MHQOpManuu. OHH aBTOMATH3UPYIOT CIIOKHBIE IMPOIECCHI aHAIHM3a
TEKCTa, TaKWe KakK TIepeBo]], KiaccU(UKalus, paclio3HaBaHWE WMEHOBAHHBIX
cymroctedt (NER) m aHanmu3 ToHanmpHOCTH, YTO AENAeT WX HE3aMEHUMBIMH TPHU
00paboTKe Ka3axcKoro si3bIka (Tadm. 1).

Mamunnsiii nepeBoa. Monenu, takue kak BERT, 3HauuTtensHO ymydinaroT
Ka4eCcTBO TEepeBo/ia Ka3aXxCKUX TeKCTOB. lIpemoOydeHHbIe TpaHCHOpPMEpPHI MOTYT
aIalITUPOBATHCS K arTIFOTHHATUBHOW MOP(OIIOTHH SI3bIKa H CBOOOTHOMY TIOPSIIIKY
cinoB. Hanpumep, Muorosizprunbiii BERT B coueTtanuu ¢ MexaHu3MaMy BHUMaHUS
VIaBIMBAaET KOHTEKCT W TPAMMATHYECKHE CTPYKTYPHI, TOBBIMAs TOYHOCTh H
€CTECTBEHHOCTh TIepEBO/IA.

Knaccudukamms texcra. FastText, crtocoOHBII 00padaThIBaTh TEKCT HA YPOBHE
CHUMBOJIOB, XOPOIIO TIOAXOAWUT JUIsl KIACCH(PHKAIMKA Ka3aXCKUX JTOKYMEHTOB.
Mopens 3¢ dekTuBHO crpaBisieTcss ¢ MOPQOIOTHUECKHMHA O0COOEHHOCTSIMU
sI3bIKa, 00padaThiBasi TEKCTHI Ha pa3nuvHble TeMbl. Hanmpuwmep, FastText ycrenrHo
MPUMEHSETCS NIl aBTOMATHYECKOW KaTeropu3aluyd JIOKyMEHTOB M0 TaKuM
HanpaBJICHHUSAM, Kak 00pa3oBaHUE, TOJUTHKA U HayKa.

Pacno3naBanne wmmenoBaHHbIX cymHOCTed (NER). KazNERD — wmonens,
CHeIMaIbHO pa3paboTaHHas IS Ka3axCKOTO s3bIKa, 3(PQEKTHBHO pacro3HAET
CYIIHOCTH, TaKWe KaK WMEHa, OpraHM3alMd W Teorpaduyeckne Ha3BaHUS.
Wnrterpanms  miyObokoro  oOydenmss ¢ TpaHchopMepamMu — oOecriednBaeT
TOYHOE W3BICUEHUE CJIOKHBIX JIMHTBUCTHYECKUX KOHCTPYKIUH, YYUTHIBAS
Moponorndyeckoe OorarcTBo si3bika. Hanmpumep, KazNERD wncnons3yercs npu
aHaJIM3e FOPUAMYECKAX TEKCTOB, IJIe BAKHO HIACHTHU(HUIIMPOBATH YYACTHUKOB U
HAaUMEHOBaHUS OpPTraHU3aIUi.

CeMaHTHYECKOE CXOJICTBO. METO/IbI BEKTOPHOTO TIPEICTABICHHUS TEKCTa, TAKUE
kak Word2 Vec, IipoKo IpUMEHSIOTCS TSl OIIEHKH CEMaHTHYECKOTO CXO/ICTBA. DTH
MTOJIXO/TBl M3MEPSIIOT OJMU30CTh 3HAUYEHUH MEXIY JIByMS TEKCTaMHU WM CIIOBAMH.
Hanpumep, Word2Vec wucrmonb3yercss Uis KJIacTepU3alldd Ka3aXCKUX TEKCTOB,
TPYMITAPYS CXOXKHE JOKYMEHTBI HA OCHOBE MX COJICPIKaHUSI.

Ananu3 ToHanbHOCTH. Mozaens BERT moka3piBaeT BBICOKYIO TOUHOCTH INPHU
pElIeHNH 33/1a4 aHaIu3a TOHANFHOCTH Ha Ka3aXCKoM s3bike. OHA aHAIU3UpPYyeT
KOHTEKCT CIIOB B TPEAJIOKCHHH, TIO3BOJISISI TOUHO OMPEACISATh SMOIHMOHAIBHYIO
OKpacKky (TIOJOXKHUTENBHYIO, OTPUIATEIBHYIO WM HEHTpalmbHY0). Takol momxos
WCTIOJIB3YETCs, HAIPUMep, MPU aHallM3e OT3BIBOB TOJH30BATENICH HAa Ka3aXCKOM
SI3BIKE, YTO IIOMOTAeT KOMITaHUSM ITOHMMaTh OOpaTHYH CBSI3b M YIIy4IaTh
KITMEHTCKUI CepPBUC.
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Ta6J'[I/H_[a Nel — O630p HUHCTPYMEHTOB JIMHIBUCTUYECKOI'O aHAJIU3a JUIS Ka3aXCKOI'o sI3bIKa

Wnctpyment | Onucanue [Ipenmyiecrra Henocrarku
/ Monenb
Mopdo- | Apertium [Iporpammuoe ITonxonut st OrpanuueH
JIOTH- obecriedeHre ¢ OTKPBITEIM | 6a30BOTO aHaM3a (hUKCUPOBAaHHBIMH
YeCKUii HCXOIHBIM KOJIOM JUISt TEKCTa U MepeBo/a. MIpaBUJIAMU, HU3Kast
aHaIu3 MAaIIMHHOTO N1€PEBOA s dexTnBHOCTH
1 Mopdoornueckoro pu padote
aHanusa. [lognep:xuBaer CO CIIOKHBIMHU
Ka3aXCKHUIl S3BIK U cioBoopmamu.
UCIIOJNIB3YeT CII0BApH Ha
OCHOBE IIPaBUIL
HFST Helsinki Finite- DddexTrBHBIC TpeOyer
State Transducer, MOJIE]IH Ha OCHOBE 3HAYUTEIBHBIX
IpeTHa3HaYeHHBIN U1 KOHEYHBIX aBTOMATOB, | yCHIIHH 10
aTrmTIOTHHATHBHBIX S3BIKOB. | MOMIEPKKA HACTPOHKe MpPaBHIL.
YHHUBEPCATbHBIX
MOP(OIOTHYECKUX
ONUCAHUI.
KazNERD | Cucrema pacrnio3HaBaHusl | YUHUTBIBaeT OrpannyeHa
MMEHOBAHHBIX CYIIHOCTEil | MOpdonorudeckue 3aa4aMu
JUIS Ka3aXCKOTO 0COOCHHOCTH SI3bIKA, | PACIIO3HABAHUS
SA3bIKa, UHTETPUPYCT BBICOKAsI TOYHOCTD. HNMCHOBAHHBIX
MOP(OIIOrHIECKHUii aHAIU3. CYILIHOCTEH.
BeeBERT AgnanTupoBaHHAs BepcUs | YiIaBIUBaeT TpebyeT BBICOKIX
BERT nns kazaxckoro MopoIoruueckrue BBIYHCIIUTENBHBIX
SI3BIKA. Y CHHTaKCHYECKHE pecypcos.
0COOCHHOCTH,
COXpaHSET BBICOKYIO
TOYHOCTB Jake
IpU MaJioM o0BbeMe
JTAHHBIX.
Cun- Stanford Hcnonezyet [omnepxuBaet CnoxHo
takcu- | Parser YHUBEpCaIbHbBIE MHOXXECTBO SI3bIKOB, | HACTPAMBACTCS AT
YEeCKUI rPaMMAaTHKM 3aBUCUMOCTEH | BKJIIOYAs Ka3aXCKUM. | armVIIOTUHATUBHBIX
aHan3 JUISL aHAJIM3a TEKCTa. SI3BIKOB.
MSTParser | Peanusyer TouHbIi 1 Meennas
rpadoBbIH OAXO0M K rUOKMI 1Tpu obpaboTka
CHHTaKCHYECKOMY pa30opy | aHan3e CIOMKHBIX OOJIBIINX
3aBUCHMOCTEH. CHHTAaKCHYECKHX KOPITYCOB.
CTPYKTYPp.
Berkeley Tlonnep>xuBaer Heckonbko | Beicoxas OrpaHudeHHOE
Parser SI3BIKOB, HCTIONB3YeT TOYHOCTB JUIS KOJIMYECTBO
CTAaTUCTUYECKHE MOAEIN arnIIOTHHATHBHBIX Mozienel s
JUIS TApCHHTA T10 SI3BIKOB. SI3BIKOB C HI3KHMH
COCTAaBJIAIOMINM. pecypcamu.
Stanford [Mpumenser [Monxoxut Memnee 3¢ dexTrBeH
Constituency | CTATUCTHYECKHE METOIBI | JUIS I3BIKOB C JUIS Ka3aXCKOTO
Parser JUISL CHHTAKCHUECKOTO (UKCHPOBaHHBIM SI3bIKA M3-3a €10
aHaM3a. MOPSAKOM CJIOB. CBOOOIHOTO
MOpPsAJIKaA CIIOB.
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UDPipe MucTpymeHT Ha ocHOBe ‘YHuBepcanbHOE 3aBHCHUT OT
BiLSTM, nomiepxuBaet pelieHue ¢ KauyecTBa
TOKCHU3AIHIO, MOIIEPKKON MHOTHX | 00ydaromux
Mop¢orornyeckuii u SI3BIKOB. JTaHHBIX.
CHHTAKCHUYECKUIl aHaIN3.
SpaCy CoBpemenHas 6ubnuoteka | beictpas, nerko OrpaHn4eHHas
NLP g5 06paboTku HHTETPUPYETCS. MOJICPKKA
TEKCTA. Ka3aXCKOTO SI3bIKA.
Ceman- |KazSemEval | [Tnatrdopma st onenku CrieriuanbHO Henocrarounsle
THYe- CEeMaHTHUYECKHX 3a/1ad Ha | pa3paboTaHa pecypehI st
CKU Ka3aXCKOM SI3bIKE, BKIIFOYas! | JUIsl Ka3aXCKOTO PELICHHS CIIOXKHBIX
aHaIM3 W3BJICYCHHUE CBS3CH U SI3bIKA, YIUTHIBACT CEeMaHTHUYECKHX
aHaJIM3 3HAYCHUIT CIIOB. JIMHTBUCTHYECKUE 3ajad.
U KyJIBTypHBIE
0COOEHHOCTH.
Kaz- MonuduunpoBanHas Bricokas TouHOCTB TpeOyet GompInx
RoBERTa Bepcust ROBERTa, B 3aJja4ax o0ydJaromumx
a/laTHPOBaHHAS KIacCH(pHUKAIUN KOPITyCOB H
TOJT Ka3aXCKHUH A3BIK. TEKCTa, aHaITN3a 3HAYUTETBHBIX
TlomnepxuBaeT MIMPOKUH | TOHATBHOCTH BBIYHCITUTENBHBIX
criexTp 3anad NLP. U U3BJICYEHUS pecypcos.
nHpOpMaNUH.

Hepeménnsle mpobieMpl U HanpaBiieHHUs AalbHEUIINX UCCIICIOBAHUM

OnHolf M3 KIIOYEBBIX MpoOJeM B 0O0pabOTKE Ka3aXCKOro s3bIKa SIBISETCS
OTPaHMYCHHOCTh pPa3MEUCHHbIX JaHHbIX. COBpPEMEHHbIE METOAbl TIIIYOOKOro
oOydeHMsI, Takue Kak TpaHc(hopMepbl, TPeOyIOT MAacIITaOHBIX KOPIYCOB IS
oOydeHMsI, 4YTO 3aTpydHsieT pa3paboTKy >¢dekTuBHbIX Mozeneld. bymymume
WCCIICIOBaHUSl JOJDKHBI OBITH COCPEAOTOYCHBI Ha CO3JaHWU U AHHOTHPOBAHHUU
KPYIHBIX TEKCTOBBIX KOPIYCOB, BKJIIOYasl CIIEHHAIN3UPOBAHHBIC 00JACTH, TaKHE
KaK IpaBo U MeJUIMHA.

ATDIIOTHHATHBHAsA CTPYKTypa Ka3axXCKOTO s3blKa, NPU KOTOPOW K KOPHIO
CIIOBa TMPHCOCTUHACTCS MHOXKECTBO a((PHUKCOB, YCIOXKHICT HHTETPALHIO
MOP(OIOTHIECKOTO U CUHTAaKCHUYECKOTO aHaIN3a. AHAINTHYECKUE HHCTPYMEHTHI
JOJDKHBI  OAHOBPEMEHHO YYMTBIBaTh MOp(QOJOrudeckue Ipeodpa3oBaHus U
CHUHTAaKCHYECKUE 3aBUCUMOCTH, YTO TPEOYyeT BEICOKMX BBIYUCIUTEIBHBIX PECYPCOB
U CJIOKHOW HAaCTPOMKHU MOAETeH.

Jnst sA3bIKOB €O CBOOOIHBIM MOPSIAKOM CJIOB, TaKMX KaK Ka3aXCKHid,
TPaJULMOHHbIE METOJbI CHHTAKCHUUYECKOI0 aHAIN3a CTAJIKUBAIOTCS C TPYAHOCTSIMHU.
['pammarnueckue QyHKIMN ONPEEIIIOTCS MOP(OIOrHYeCKUMH MapKepaMu, a He
MO3HLIMEH CII0BA B TPEJIOKEHUH, YTO TPEOyeT pa3pabOTKHU I3bIKOOPHEHTHPOBAHHBIX
MOJIeJIeH, CIIOCOOHBIX YUUTBIBATh 3TH 0COOCHHOCTH.

Hecmotpst Ha TO, uTO coBpemenHble Moaenu, Takue kak BERT, addexrusno
YJIaBIMBAIOT KOHTEKCT, OHM BCE ewé CTaJKUBAIOTCS C MPOOJIEMOM MOJIMCEeMHU
(MHOXXECTBEHHOCTH 3HAa4eHUH cJIoB). JTa mpobnemMa 0COOEHHO akTyasbHa s
Ka3axCKOT0 s3bIKa, TJI¢ 3HaYCHUE CJIOBA 3aBUCHT OT MOP(OIOTUU U KOHTEKCTa. B
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Oy/yIeM UCCIeI0BaHMsI TOJKHBI ObITh HAMPABJICHBI HA YIYUIICHHE pa3pelIeHuUs
MOJIMCEMUH, HalIPUMED, MTyTEM UHTETPALMH MYJIBTHMOAATBHBIX TIOIXO/IOB.

Bricokue BBIYHCIHTENBHBIE TPEeOOBaHHWS MojeNed DIyOOKOro oOydyeHus
OTPaHMYMBAIOT WX TPAKTHYECKOE MpHMEHEeHHe. B nanpHeieM HEoOXOIUMMO
pa3pabarbiBaTh ONTHMH3HPOBAHHBIC W JIETKOBECHBIC MOJCIU JUISl BHEAPCHUS
B YCIOBHS C OrpaHHuYCHHbIMH pecypcamu. [lepemoOydeHne Ha OONBIIUX
MHOTOSI3BIYHBIX Kopiycax, Takux kak Multilingual-BERT, ¢ nocnenyromeit
JOHACTPOMKOH Ha MEHBIIMX Ka3aXCKUX BBIOOPKaX, MOXET IIOMOYb PEIINTh
npoOeMy HEXBaTKH JaHHBIX. OJTOT TOAXOJ YK€ MPOJEMOHCTPUPOBAI CBOIO
3(h(HEeKTUBHOCTH B 3a7]a4aX CHHTAKCHYECKOTO aHAIH3a.

3akaouenne. B manHoit paboTe mpemcTaBieH 0030p COBPEMEHHBIX METOIOB
JUHTBUCTHYECKOTO aHajmu3a Uil OO0pabOTKM TEKCTOB HAa Ka3aXCKOM SI3bIKE.
HccnenoBanue OXBaTbIBACT MOIXOABI K MOP(OIOTHUIECKOMY, CHHTAKCHUECKOMY
U CEMAaHTHYCCKOMY aHaJIN3y, BKJIIOYAs METOJbl Ha OCHOBE IIIYOOKMX HEWPOHHBIX
ceTeit u TpanchopMepoB.

B ananmse momuepKHYTHl 3HAYMTENBHBIC JOCTH)KECHWS B JaHHOW OOJACTH,
BKITIOUasi pa3paboTKy CeUATU3UPOBAHHBIX HHCTPYMEHTOB U MOJIENCH, a TaKKe
BBISIBIICHBI OCHOBHBIC HepeléHHbIe mpoOiembl. KITFOueBbIME U3 HUX SBIISIOTCS:
HEXBAaTKa pa3MEUCHHBIX JaHHBIX, CIOKHOCTh OOpaOOTKH arnIiOTHHATHBHOW
MOP(OIIOTHUH ¥ BBICOKHE BBIYUCIUTEIbHBIE 3aTPaThl MOJIEIIEH ITyOOKOT0 00yUeHHSI.
Jiist peosionieHust 3TUX O0apbepoB HeoOXoAUMa JanbHeimas padora o pa3BUTHIO
KOPITYCOB, aJanTalii MOJEIeH W CO3MaHUI0 HOBBIX METOJIOB JIMHTBUCTUYECKOTO
aHanmi3a. HecMOTps Ha cymecTBYOIIHE OTPaHUYCHHS, Pe3YIbTaThl HCCIICTOBAHUI
MOKa3bIBAIOT, YTO COBPEMEHHBIC TEXHOJOTHMH OOpabOTKU €CTECTBEHHOTO S3bIKa
MOTYT 3HaYUTEIBHO MOBBICUTH 3()(EKTUBHOCTh aBTOMAaTU3UPOBAHHOW 00pabOTKU
Ka3aXxCKUX TEKCTOB, OTKPbIBas HOBBIC BO3MOXXHOCTH JUIsl TIPUMCHEHHS B
o0Opa3oBaHuwy, rpase u chepe UCKYCCTBEHHOTO UHTEIUICKTA.
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RESEARCH ON EXPERT ASSESSMENT METHODS FOR
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Abstract. To effectively allocate the teaching load across disciplines between
teachers, an urgent task is to use the priority of teachers. Expert evaluation methods
are the most widely used in education, so well-known expert evaluation methods
were chosen to solve the current problem. Analysis of the solution methods, the
range of application of the methods and the complexity of using the methods were
carried out. The article reviews known peer review methods that are proposed
to be used to assess faculty priority across disciplines, such as group assessment
methods, pairwise comparisons, the Kemeny method, and the averages method. The
group assessment method allows you to aggregate the opinions of multiple experts,
forming a generalized view of the priority of teachers. The pairwise comparison
method involves comparing teachers in pairs based on their competencies within a
discipline, which helps to identify relative priorities. The Kemeny method, based
on finding the median ranking, ensures a consistent and objective distribution of
priority, minimizing inconsistencies in expert opinions. The mean method, the most
common method, is based on finding the mean value of expert opinions. This study
describes the results of a study on the application of these methods to evaluate
teachers’ priorities by discipline, presenting the calculation algorithms. Depending
on the resources available to the educational organization, any of the methods
discussed in the paper can be used. A practical example of computing teachers’
priority for one subject and a comparative analysis of the results are provided.
The obtained results can be useful for educational organizations in planning and
organizing the learning process.

Keywords: teacher priority, expert evaluation, group assessment method,
pairwise comparison method, teacher ranking
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MOHJEP BOMBIHIIA OKBITYIIBLIAPIBIH BACBIM/IbIFbIH
BAFAJIAYFA APHAJIFAH CAPATITAMAJIBIK BAFAJIAY 9JIICTEPIH
3EPTTEY

TaxenoBa ’Kanap CapcendaeBHa — 5KOHOMUKA FBUIBIMAAPBIHBIH MarucTpi, XaJlbIKapasbK Oi1iM
Oepy Kopnopanusicel, AnMarsl, Kazakcras,
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Annoranus. OKBITYIIBIIAp apachiHAa MoHIEP OOWBIHIIA OKY XYKTEMECiH
THiMAI Oelly VIIiH OKBITYIIBUIAPIABIH OachIMABIFBIH TalanaHy ©3€KTi MiHJeT
Ooubin TabbabL. binim Oepy canackiHa capanTamaiblk Oaranay ojicTepi opTypii
MakcarTapAa KeHiHeH KOJJAaHbLIa[bl, COHABIKTaH, CH aJlIbIMEH, KapacThIPbUIBII
OTBIPFaH ©3€KTi MOCEJICHI LIeIy YIIIiH capanTaMallblK Oaraay/iblH OenTifi oxicTepi
tagganael. [lemiM omicrepine, omicTepi KOJJAHY CICKTPIHE KOHE oJicTepii
KOJIJIAaHYJIbIH KypJeIiIirine Tanaay xacanibl. CapanraMaiblk Oarayiay 9JIiCTepiHiH
KEH ayKbIMBbIHAH IMalijaJIaHy 9JIiCTEPiHIH TOOBI epekiieneHe . Makaaaa TONThIK
Oarasay 9J1icTepi, )YIITBIK CAIBICTBIPY, KeMeHu o1ici ’koHe opTaliia MoH 9]1iCi CUSKThI
noHJep OOMBIHIIA OKBITYHIBUIAPABIH OachIMIBUIBIFBIH Oaraniay YIIiH KOJIJaHyFa
YCBIHBUIATBIH OCNTiIi capantamalslkK Oarajay dicTepi KapacThIpbuiraH. TONTBIK
Oaranay ozici OipHelle capalIIbIHBIH MIKipaepiH OipikTipyre MyMKiHIiK Oepi,
OKBITYIIBIIAPABIH O0aCBIMIBIFBI TYpajibl JKWHAKTAJIFaH YFBIM KaJbIITACTBIPAIbI.
JKYIITBIK CaNbICTBIPY 9ICI TOH asCBIHJIA OKBITYIIBUIAP/IBI OJapAbIH KY3bIpeTTepi
OOBIHILIA YKYIITAI CAJIBICTHIPYABI KO3ACHI1, OYJI CabICThIPMaIIbl OaChIMIBIKTAPABI
aHBIKTayFa MYMKIHIIK Oepemi. MenuaHIbIK paHXUPICYIl i37ieyre Heri3ieireH
Kemenn omici capammibuiap mikipiaepiHaeri KaHIIbUIBIKTApAbl a3aiTa OTBIPHII,
0achIMJIBIKTAp/Ibl KEJIICIM/I1 OHEe 00bEKTUBTI Oeyre MyMKiHaik Oepeni. Opramia
MOHJIEp 9JIiCi capallibuIap MiKipJIepiHiH OpTallla MOHIH €CENTEYTe HeT13/Ie/INeH )KOHE
€H KeIl TapajFaH dJlic OoJbIn TadbuIa bl JKYMBICTa OCHI 9IiCTEpP/Ii I10H OOWBIHIIA
OKBITYIIBITIAp OachIMABIFBIH Oaranayqa KOJNJaHy HOTHOXKENEpl J>KOHE OJapiAbl
ecenTey airopuTmiepi cumartainraH. bimim Oepy YHMBIMBIHBIH pecypcTapbiHa
0ailJIaHBICTBl JKYMBICTA KapacThIPbUIFAH OICTEPAIH Ke3 KEJTeHI KOJJIaHBLIYbI
MYMKiH. Bip noH OoWbIHIIA OKBITYHIBUIAD OACBIMABIFBIH €CENTEY MbICAIIbl KOHE
HOTHKEJIEP/IiH CaNbICTHIPMalbl TaJJAdybl YChIHBUIAAbI. AJIBIHFaH HOTHXKEIEpP OKY
MPOLECiH XKOcHapiay >KoHe YHBIMAACTBIPY Ke3iHne OiniM Oepy yibIMIapbl yIIiH
naiganel 00Iybl MYMKiH.

Tyiiin ce3gep: OKbITYHIBUIAD OACHIMIBIFBI, capanTaMalblK Oarajay, TONTBHIK
Oaranay 9fici, JKYNTBIK CAIBICTBIPY 9JIiCi, OKBITYLIBUIAPABI PAHKHPIICY
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HNCCIEJOBAHUE METOJOB SKCIHIHEPTHBIX OHEHOK J1JIsA
OLIEHKHU MPUOPUTETA NNPENOJABATEJIEN O JUCHUIIIMHAM

TakenoBa JKanap CapceHfaeBHa — MarucTp OSKOHOMMYECKMX HayK, MexayHapoaHas
obpa3zoBarenbHast Koprnopanusi, Anmarsl, Kazakcran,
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Aunnoramus. [lng sddexTuBHOrO pacnpeneicHusi y4yeOHOW — Harpys3ku
[0 JUCLUIUIMHAM MEXIy IpenofaBarelisIMU AaKTyaJlbHOW 3ajadyeil sBisieTcs
WCTIOJIb30BaHUE MPHOPHUTETa MpenojaBareneii. Hanbonee mupoko MCHONB3yOTCS
B c(epe oOpa3oBaHus JIs PA3IMYHBIX IEJIEH METOIbI IKCIEPTHBIX OICHOK,
[I0ATOMY B IEPBYIO O4EpEAb Ul PELICHUS PaCCMaTPUBAEMON aKTyallbHOM 3a/1auu
ObLTH BEIOpAHBI ISl U3Y4YEHUS M3BECTHBIE METO/IbI SKCIIEPTHBIX OLIEHOK. [IpoBeneH
AQHAJIU3 METOJOB PEILIEHUs, CHEKTp IPUMEHEHUS METOAOB M TPYHOEMKOCTb
HCIIOJIB30BAHMS METONOB. M3 IIMPOKOIro CIEKTpa METOAOB 3KCIEPTHBIX OLIEHOK
BBIJICJICHBI IPYIIIA METOAOB I UCIIOJIb30BaHUs. B CTaTbe paCCMOTPEHBI U3BECTHBIE
METO/Ibl SKCIIEPTHOM OLIEHKH, KOTOPbIE IIPEACTABISETCS UCIIOIb30BaTh ISl OLEHKU
[IPUOpUTETA IPENOAABATENEH MO JUCLUIUIMHAM, TaKME€ KaK METOJbl I'PYIIOBOU
OIICHKH, MMAPHBIX cpaBHEHUH, MeTona Kemenu u metoz cpeanux 3nauenuit. Llenpio
paboThI OBIIO CPAaBHUTH METOAWKH PUMEHEHHSI METOAOB SKCIIEPTHBIX OLICHOK IS
peLIeHus IPAKTUYECKUX 3a]a4. MeTo IpyIIIoBOM OLIEHKHU II03BOJISIET arpErMpOBaTh
MHEHHSl HECKOJBKHX OJKCIEPTOB, (GOpMUpPYs OOOOIIEHHOE MNpeACTaBICHUE O
[IPUOpUTETE IIpenoaasareneii. MeTon napHbIX CpaBHEHUH NPEAIIOIaraeT onapHoe
COIOCTABJICHUE [TPENOaBaTelIe 10 UX KOMIIETCHIMAM B PAMKaX JUCLUILINHBL, YTO
II03BOJISIET BBIABUTH OTHOCHUTEJbHBIE MpUOpUTETH. MeTon Kemenu, ocHOBaHHBIN
Ha MOMCKE MEAMAHHOTO PAaHXKMPOBAHMS, MO3BOJSIET 00ECIEUUTh COIIACOBAHHOE
U OOBEKTUBHOE pachpejelieHHe NPHOPUTETa, MUHHUMH3HUPYS HNPOTUBOPEYHS B
SKCIEPTHBIX MHEHHAX. MeToJ CpeAHMX 3HAYEHHUW — CaMblil pacipoCTpaHEHHBIN
METO/l, OCHOBaH Ha IMOKMCKE CPETHET0 3HAYCHHUS U3 SKCIIEPTHBIX MHEHMIA. B pabote
OIMCBIBAIOTCS PE3YJIBTAThI UCCIIEN0BAHUS IPUMEHEHUS ITUX METOJI0B JJIs1 OLEHKU
[IPUOPUTETOB IIPENOJABATENIEH [0 IUCLUILIMHE, C HPUBEACHUEM AJITOPUTMOB
ux pacu€ra. B 3aBUCHMMOCTH OT pecypcoB, KOTOPHIMU 0O0JalaeT OpraHU3alus
0o0pa3zoBaHusi, B pabOTe MOXKET HUCIOJIB30BaThCS JIIOOOH M3  PacCMOTPEHHBIX
MeTonoB. IIpuBenéH nNpakTUYECKUH IpuMep pacuéra OLEHKH IPUOPUTETA
Hpenojasareiieid 0 OAHONW JNUCLMILIMHE U CPABHUTEIIBHBINA aHANIU3 PE3YJIbTAaTOB
ux pacuéra. [loixydeHHble pe3ynbraThl MOTYT OBITH MOJIE3HBI JUISl OpraHU3alui
00pa3zoBaHus MPH IUIAHUPOBAHUH U OPraHrU3aluK yueOHOTo mpolecca.

KuroueBble cjoBa: npuopuTeT IpernojaBareiel, SKCIepTHas OLEHKa, METO
IPYIIIOBON OLEHKH, METOJ| IAPHBIX CPABHEHUH, PAHKUPOBAHUE IIPEIOaBaTElICH.
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Beenenue. 3amaua mnnaHupoBaHMs Y4YeOHOM Harpy3Kd MpenopaBaresiei
SBIISIETCSL aKTyalbHOW 3aJaueil B ymnpaBleHHMH o0Opa3oBaTelbHbBIMH Ou3HEC-
nporieccamu  (Tashev et al., 2023). DddekruBHOEC pacmpenesieHue y4eOHBIX
Harpy30K IperoiaBaresyieil Mo TUCIUIIMHAM 3aBHCUT OT TOYHOCTH OIpEe/eIeHUs
MPUOPUTETA MIPEINOIaBATEIICH.

Jns ompeneneHus NPHOPUTETa IperofaBaTesief, OCHOBHBIM (DaKTOPOM Ha
KOTOPBI HEOOXOIMMO omupathbes, sBIAETCS 3()(EKTUBHOCTD MPENOJaBaHUS 10
aucuuiuHe. Bornpock! oneHkr 3QQeKTHBHOCTH MpenojaBaHus B YHUBEPCUTETaX
paccmarpuBatotcsi B uccienosannu Berk R.A. (Berk, 2005), roe npuBogurtcs
0030p 12 akTopoB, kKOTOpHIE BIUAIOT HA 3PPEKTUBHOCTh TpemnogaBanus. K HuM
OTHOCSITCS: PETHHIU CTYAEHTOB, MHEHHE KOJIJIET, CAMOOLIEHKA, BUICOMAaTEPHAJIbI,
HUHTEPBBIO CO CTYIEHTAMH, PEUTHHIH JaHHbIC BBIITYCKHUKAMH, PEMTUHTY JaHHBIC
paboromaTensimMu, PeUTHHIM JaHHBIC aJAMUHHCTpaLUel, HaTUYUe CTUICHIUH 32
npernoAaBaHe, HAIMYMe Harpaj y MpernojaBatelis, NeJarorudyeckoe noprdoano
MIperoiaBaTes, MoKa3aTelln Pe3yabTaToB 00yueHusl. ABTOp aHAJM3UPYET KayKbIi
(hakTop, mpearast UX KOMOMHHPOBAHHOE HCITOB30BaHKE 15 00Jiee 0OBEKTUBHOTO
N3MEpPEeHHUS.

B pa6ore FOpesuua M.A. (Yurevich, 2013) takxe npeacTaBiaeHo UCCIeI0BaHUE
(haKTOpOB, KOTOPBIC BIMSIOT HA OLICHKH [TPENoAaBaTeieli B yHuBepcureTax EBpomnsl,
CILIA n ABctpanuu. OH ONTUCHIBAET CIIEAYIOIINE PAKTOPBI: CTYICHUECKUE PEHTHHTH,
JKCIepTHBIE pPEUTHHTH, CaMOOIIEHKa, BHAEOMAaTepHajbl, OIPOC CTYIEHTOB,
PEUTHHTH BBITYCKHUKOB, PEHUTHHTH paboTomareniel, PEWTHHTH PYyKOBOJICTBA,
[IPENOAABATEIbCKUE HABBIKM, HArpajbl, Pe3ylbTaTbl OOydeHHsl, JIMYHOE AEJ0
npenogasarens. Kak BUIHO, (akToOphl, BIMAIOLIME HA OLEHKY 3((EKTHBHOCTU
npenogasanus y Berk R.A. u FOpeBrua M.A. npakTHuecKy COBIAAIOT.

Uccnenosanue Ucaesoii T., Uypukosa M. u Komispenko 1O. (Isayeva et al.,
2015) akmeHTHpyeT BHHMaHHE Ha J(Q(EKTUBHOCTH TPUMEHEHHS Pa3IHYHBIX
METOJIMK OIEHKH TIPEIToIaBaTeIc B POCCHMCKUX M 3apyOEKHBIX By3ax. ABTOPHI
JeNSIT OLCHKM Ha KOJIWYCCTBEHHbIE — PEUTHHIOBbIE W OanbHBIE, a TaKXKe
KaueCTBEHHBIC - OJKCIEPTHBIE U PeLEeH3UpyeMble. AHAINZUPYIOT MIPEUMYLIECTBA
W HEAOCTATKU KOJMYECTBEHHBIX U Ka94€CTBEHHBIX TIOIX0/I0B, a TAK)KE 3aTParuBaloT
BOIIPOC BOCIIPUATHS ITHX OIIGHOK CAaMHMH IperojaBaTensiMu. JlemaeTcst BbIBOI
0 HEOOXOAMMOCTH KOMIUIEKCHOTO TOAXO/a, YUYUTHIBAIOMIETO KaK OOBEKTHBHBIE
[10KA3aTeJH, TaK U CYObEKTUBHBIE aCIIEKThl BOCHPUATHS ACATEIbHOCTH I1€Aarora.

Jnst pemieHust 3agadd ONpelesieHHs MPUOpHUTETa IpernojaBaresicii MOXKHO
MPUMEHHTH 3KcIiepTHBIe cucTeMbl. B pabore Kpasuenko T.K. (Kravchenko, 2010)
paccMarpuBaeTCsi MOCTPOSHHE OSKCIEPTHOM CHCTEMBl MOAJCPKKH NPUHSITHS
pemenuit (OCIIIIP) Ha ocCHOBE HeEpapXU4YECKOH CTPYKTYpbl KPHUTEPHEB H
[IPUMEHEHUS JIOTn4YecKuX npaswi. HoBru3Ha nmoaxona 3akirodaercs: B peaau3alun
MOZYJIBHOH apXUTEKTYPBbl, TO3BOJISIONICH aJalTHPOBATh CUCTEMY IO Pa3JIMuHbIC
npeaMeTHbIe 00aacT. MeToqomorus BKIIoYaeT 3Tarbl OCTPOSHUS 0a3bl 3HAHUM,
OIIpe/IeNIeHNs] BECOB KpHUTEpUEeB M (hopManu3alMy NpEeAroYTEeHHH, YTO AeiaeT
CHCTEMY YHUBEPCAIBHOH JUI 3a7a4 yIpaBJIeHUS.
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AHanu3 cynecTBYIONINX PadoT MOKA3bIBAET, YTO AJIS OTIPEACIICHHS TPHOPUTETA
mpernoaaBaTeycii B OCHOBHOM NPUMEHSIOTCSI METOZABI SKCIEPTHBIX OLIEHOK U
MHOTOKpHTEpHAJIbHBIE METOIbI aHanu3a. Onucanue 0cOOEHHOCTEH MPUMEHEHHUs
(opMaIM30BaHHBIX METOIOB OKCIIEPTHBIX OLEHOK B 33Jadax YIPaBICHUS
mporieccamMu  npencraBieHo B pabore Jamensna T.S. (Danelyan, 2015).
[IpuBoasTCA 3TAIBl HKCIIEPTHOTO OLCHUBAHMSA, a TAKKE METOIBl KOJJICKTUBHON
palboThl SKCIIEPTHON TPYMNIBI M METOABI MOMYYCHUS MHIUBHIYaIbHOTO MHEHHS
skcriepToB. IlpeacraBiena Metonnka 0OpabOTKH Pe3yIbTaToOB OIMPOCa 3KCIEPTOB
B paspe3e (popmupoBaHusi 0000IIEHHON OLEHKH, ONPEAEICHUS! OTHOCHTEIbHBIN
BECOB 00OBEKTOB M YCTAHOBJICHUS CTEIICHH COINIACOBAHHOCTH MHEHUH 3KCIIEPTOB.

Tsukida n Gupta (Tsukida et al., 2011) mogpoOHO aHATU3UPYIOT METOIBI
MapHBIX CPABHEHUH, B yacTHOCTH, Mojienin bpnnu—Téppu u TropcToyHa. ABTOpHI
UCCIIENYIOT CTAaTHUCTHYECKUE aCHEKThl MOCTPOCHHS MAaTpULl TNpearnodTeHUN
W TIPOBOIST CPaBHUTEIBbHBIM aHATN3 METOAOB [0 KPUTEPHSIM YCTOHYHMBOCTU
W UHTEPIPETUPYEMOCTH pe3ynsraToB. PalOora BKIIIOYaeT MPaKTHYECKHE
PEKOMEHAAMK MO NPUMEHEHHIO 3THX METOIOB B aHAJM3€ COLMANBHBIX U
MOBEACHYECCKHX JTAaHHBIX.

Knaccuueckass pabora Thurstone L.L. (Thurstone, 2017) mnpencrasisier
(dopManM3anMIo 3aKOHA CPAaBHUTEIBHOTO CYKICHHUS, IZNE aBTOP BBOAUT
KOJIMYECTBEHHBIC MEpbI Il CyObEeKTUBHBIX mpennoureHuid. Meton TropcToyna,
OCHOBAaHHBIH Ha MPEANONOKEHUH HOPMAJIBHOTO paclpeiesieHnsl JIaTeHTHBIX
MEPEMEHHBIX, [0 CHX IOp HPUMEHSETCSl B IICUXOMETPHM, MAapKETHHIE M MpU
MOCTPOCHHH KA.

MarepuaJnbl 1 MeTOAbI. B ciyyasx, korga He0OXOANMO yUUTHIBATE MHOKECTBO
KPUTEPHUEB M aJbTEPHATUB, MPH HAJTUYUU MPOTHBOPEUMBBIX MHEHHMH 3KCIEPTOB
W HaJWYUM HEYETKUX OLIEHOK, MCIOJIB3YIOTCS MHOTOKPUTEPHAIbHBIE METOIbI
aHanm3za, Takue kak AHP (Analytic Hierarchy Process), ELECTRE (ELimination
Et Choix Traduisant la REalit¢) u TOPSIS (Technique for Order of Preference by
Similarity to Ideal Solution), koTOpbIe MO3BOIAIOT PAHXXKUPOBATH M COTNIACOBBIBATD
OLICHKH, 0OecrieunBas 0oJiee B3BEILICHHbIE peIieHUs. MeTO bl ABISIOTCS JOCTaTOYHO
CJIOKHBIMHM B pacueTax, 0COOCHHO MPH OOJBIIOM YHCIIE allbTePHATHB, 3aBUCHMBI OT
LIKaJIbl KPUTEPUEB U YaCTO HE YUUTHIBAIOT 3aBUCUMOCTb MEXKLy KPUTEPHIMHU.

OnHUM M3 W3BECTHBIX aBTOPOB METO/A aHAJIM3a MEpapXuil siBisieTcs Saaty
T.L. (Saaty, 2008). OH OmMCBHIBACT IIMPOKO MCHONB3YEMbIH WHCTPYMEHT IS
MPUHATHS PEIICHUH B yCIOBUSAX MHOTOKPUTEpHAIbHOCTH. B cBoeit paboTte aBTOp
MOAPOOHO OMMCHIBACT MPOLIECC JEKOMITO3HILINH 33]a41 Ha HEPAPXUUECKHUE YPOBHH,
MPOLEAYPHl MAapHBIX CPAaBHEHHWH M pacdyEéT BECOB ajJbTepHATHUB. MeTon aokaszal
cBOIO 3(pPEeKTHBHOCTH B 00pa30BaTEIBLHOM cepe, T/Ie OH IPUMEHSETCsSI IS BRIOOpa
porpaMM, INpenojaBaTeyel n APYrux ynpaBlCHUECKUX PELICHUH, TpeOyrommx
9KCTIEPTHBIX OLICHOK.

B pabore Kou G., Lu Y., Peng Y., Shi Y. (Kou et al., 2012) paccmarpuBarorcs
METOJIbl MHOTOKpHTEpUanbpHoro npuHsatus pemwennit (MCDM) B 3agade oneHkn
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ITOPUTMOB KJIacCU(pUKAH. ABTOPBI ONMMCHIBAIOT MPUMEHEHHUE TAKHUX TOIXO0A0B,
kak TOPSIS, ELECTRE u unTerpanus paHroBbIx KOppessiluil Ipy  CpaBHUBAHUU
1 paH)KMPOBAHUH aJIbTEPHATHUBBI IO HECKOJIBKUM TOKa3aresisiM. PaboTa akryanbHa
JUIs 337134, Tre TpeOyeTcsi 0ObeKTHBHOE arperupoBaHue Pa3HOPOIHBIX KPUTEPHEB,
BKJTIOUAsi CUCTEMBI OAJICPKKH MIPUHATHS PELICHUH.

Meron  Henbdu, Kak HMHCTPYMEHT 3KCIEPTHOIO  MPOTHO3MPOBAHMSA,
aHanmmsupyetcs B cratbe Rowe n Wright (Rowe et al., 1999). Apropsl uccienyior
KOTHUTHUBHBIC U OPraHM3alMOHHBIC AaCHEKThl MPOLEOYpbl, MOAYEpKUBas &
MpeuMyllecTBa — aHOHMMHOCTh, MTEPAaTHBHOCTh, (POKYC Ha KOHCEHCYC — U
OTPAaHUYCHHMS, CBS3aHHBIE C PHCKAMHU MPEIB3ATOCTH M CJIA0BIM KOHTPOJIEM
KauecTBa cyxJeHud. Pabora mpencraBnsier coOoil MeTa-aHaIU3 NPUMEHEHHUS
Metona Jlenbhu B pa3nuuHbIX 001acTsIX, BKIIOYAS CTPATETHUECKOE INIAHUPOBAHHE
U yIpaBJICHHE.

WHTepecHylo MHTEpHpeTalyio METoJa aHajlu3a HepapXuil MpeCcTaBiIsIoT
Kpusymaun H.K. u Ceprees C.H. (Krivulinetal., 2019), pazpaboTasiuie peaans3annio
METo/Ia MPUHSTHS PEIICHUH B MPOLIECCe aHATTUTUIESCKOW MEepapXUH, OCHOBAHHYIO
Ha MaTeMaTH4YeCcKuX onepauusx. [IpeanokeHHbIH MoaXoa ynpouaeT BEIYUCICHUS
1 1aéT anbTepHATHUBHYIO TPAKTOBKY HPOLEAYPHl arperaluy NpeanodTeHUH. ITo
no3BosisieT npuMeHsITs AHP B yCloBHSIX orpaHn4eHHOTo pecypca, 9YTo 0COOCHHO
aKTyaJbHO JJIsI 33]a4 ¢ BBICOKMMH BBIYHCIIUTEILHBIME 3aTPaTaMu.

[IpakTHueckuM BOMpOCaM MONYyYEHHUs] M aHajiu3a SKCHEPTHBIX CYXKICHUN
nocesauieHa MoHorpagust Meyer M.A. u Booker J.M. (Meyer et al., 1991),
B KOTOPOH CHCTEeMaTH3MPYIOTCSI METOABI BBISBICHHS SKCIEPTHOTO 3HAHMSA U
aHajM3a TOJyYEHHBIX JaHHBIX. ABTOPBI NPUBOIAT KJIACCH(DHKALIMIO BHUIOB
HEOoNpeAeIEHHOCTH, 00CYKIAI0T IPOLEAYPHI 0TOOPA SKCIEPTOB U MPEIOCTABISIOT
MPaKTHYECKUE PEKOMEHJALMU IO arperupoBaHHIO OIEHOK. Pabora sBisiercs
(byHIaMEHTaIbHOM AJIST TPOSKTHUPOBAHUSI IPOLEAYP 3KCIIEPTHBIX OMPOCOB, B TOM
qucie B 00J1aCTH YIPaBJICHHUs KaueCTBOM 00pa30BaHMs M aHAIN3a PUCKOB.

Crenyer OTMETUTB, UTO B XO/I€ M3YUEHUS paboT (KOTOPBIE PACKPBITHI B OTKPHITOM
JOCTYTIE IS MCCIieIoBaTeNeil), B KOTOPBIX PaCCMaTpUBAIOCh IPUMEHEHNE METOIOB
9KCIIEPTHBIX OLEHOK B c(epe MPHUHATHS PELICHUS B BOIpPOCAaX IJIAHUPOBAHHUS
JeSITebHOCTH MpEenoAaBaTesieii, BBISIBICHO HE TaK MHOTO PadoT 10 HAIlPaBICHUIO
3¢ PEeKTUBHOTO MJIAHUPOBaHMS Y4eOHOM HArpy3KH IpernoaaBareiei.

B 1o ke Bpems, M3 ombiTa pabOTHl B cdepe yHpaBieHHs B OpraHU3aluu
00pa3zoBaHuUs, MOXKHO OTMETHTB, YTO LITMPOKO IPUMEHSICTCSI METOIUKA TPHUBJICUCHUS
MaJIBIX TPYON SKCHEPTOB JJIsl HEMOCPEICTBEHHOIO OLECHMBAs, TIIE 3KCIEPTHI
CaMOCTOSITEJIBHO M HE3aBUCHUMO JAPYT OT Jpyra MOTYT NPOBOJUTH OLICHUBAHUE
M0 IIMPOKOMY KpYTy BOIIPOCOB MJISl TNPHUHATHS YNPAaBICHYECKUX PEILICHHUH.
HenocratkoMm siBnsieTcs, 4to npu cOOpe 3KCIEPTHBIX MHEHHH, OMUPAIOTCS TOJIBKO
Ha KOJIMYECTBEHHBIC IIOKA3aTeNId JESATEIbHOCTH NpErojiaBarelis, Haupumep —
aHaJM3 My OJIMKAIIMOHHOM aKTUBHOCTH IPEIOIaBaTelsl, HE yUUThIBAsI KAYeCTBEHHBIC
MOKa3aTell, HAIPUMEpP — YPOBEHb BIIaICHHUS MaTePUaIIOM.
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OCHOBHBIMHM ~ XapaKTEPUCTHKAMH KOMIICTEHTHOCTH OKCIIEPTOB  SIBISIOTCS:
HaJIM4Ke y4EHOH CTETIeHH U 3BaHUS, TOJKHOCTD, CTaXK paOOTHI M YPOBEHb BIIaICHHUS
BonpocoM. OLEeHKH KOMIETEHTHOCTH 3KCIIEPTOB 10 JaHHBIM MHEHHH 3KCIEPTOB
(o mx oreHKaM 00ObEKTOB) MpUBEIEHHI B padoTrax (Yevlanov et al., 1978; Mirkin,
1974). 3agaun onpe/ieieHrs] KOMITIETEHTHOCTH KCIIEPTOB CBEACHEI K OMPEICIICHUI0
MaKCHMaJIbHOTO COOCTBEHHOTO 3HAUCHMS MaTPHILIbl, NOITYYEHHOH M3 MCXOAHOH U
COOTBETCTBYIOLIETO COOCTBEHHOTo BekTopa. IlomydeHHass OT 3KCrepToB OLEHKA
00BEKTOB, TO €CTh OLICHKA MPHOPUTETAa OOBEKTOB, TAKKE CBEJCHA K HAXOXKICHHIO
MaKCHMaJIbHOTO ~ COOCTBEHHOTO 3HA4YCHUS TPAHCIOHHUPOBAHHOH  MAaTpHLIBL,
WCTIOJIb30BAHHOM JUIsI OTIPEICNICHHSI KOMIIETCHLIUH HKCTIEPTOB, M COOTBETCTBYIOLIECTO
coOCTBEHHOTO BeKkTOpa. B paboTax npuBeneHb! HTEPallMOHHBIC METObI TOTYYCHUS
9TUX 3HAYCHUH, 0OOOCHOBBIBACTCSI CXOIUMOCTh 3TUX MTEPALMOHHBIX MOIXOIOB K
cobctBennbIM BekTtopaMm (Nikaydo, 1972).

OCHOBBIBaSICh Ha OTIBITE MPUHSATHS YIIPABJICHYECKUX PEIICHUN B OpPraHU3aHIx
o0Opa3oBaHUsl pacCMOTPEHHBIX B paborax (Arici et al., 2022; Takenova, 2024) u
Habopa cTaHZAPTHBIX PECYpCOB, MMEIOMIMXCS B OPraHU3alMM, aHAIU3 KOTOPBIX
mpoBeacH B pabore (Takenova, 2022), pa3paboraHa maremMarudeckass MOIEIb
(hopMHpOBaHMS MaTPULIBI IPUOPUTETOB MPENoiaBaTesieii Mo JUCHUTLTHHAM.

HccnenoBanusi, KOTOpBIC AETAJM3UPOBAHBI B 3TOM CTaThe IMOATBEPIKIAIOT
BO3MOJKHOCTh PEaJM3allii WAEH O MPUMEHEHHH METOIOB AKCIIEPTHBIX OLCHOK
JUISL peLieHust mpooiIeMbl Houcka 3G QGEKTUBHBIX METOIOB JUIsl OLCHKH IIPUOPUTETA
mpernoaaBaTeseld Mo TUCUUIUIMHAM B OpraHu3anusx oOpazaBoanusi. OCHOBHBIMU
KPUTEPHAMH JJIS1 aHAJIN3a IPUMCEHSEMBIX METOIOB KCIIEPTHBIX OLICHOK BHIOPAHBI
— TPOCTOTa TMPUMEHEHHS, CIICEKTP MCXOAHBIX PECYpPCOB, KOTOPHIMH 00JagaeT
opraHuszanyss 0Opa3OBaHWS, HU3KHE BPEMEHHbIE M TpPYAOBBIC 3aTparhl Ha
peanuzanuio. CoriacHO 3THX KPUTEPUEB, BHIOPAHBI YETHIPE METONA IKCIEPTHBIX
OLICHOK JUIS ICTAJIILHOTO PACCMOTPEHHsI M METOAUKH NpUMeHeHHs. Bce merombl
SIBIISIFOTCS M3BECTHBIMU METOAaMHU 0OpaOOTKU MOMyYEHHBIX SKCIEPTHBIX MHEHHMN
— METOJI TPYMIIOBOI OLIEHKH, METOJ MapHBIX CpaBHEHUH, MeToa Kemenu n meton
CpeIHUX 3HAYCHUH.

Eme onHo#l menpto maHHOHW pabOTBl OBUIO TONYYUTh MAaTEeMAaTHYECKYIO
(dopManM3annIo 3a1a4d OLEHKH HNPUOPHTETa MpenojaaBaTeieii Mo AWCLHUIIIMHAM
JUIs1 TaIbHEHILEro PEeLIeHUs! OTHUM U3 METOJ0B KCIIEPTHBIX OLIEHOK.

1. IlocTaHoBka 3aja4m.

3amaHbl cleaylolnMe HapamMeTpbl: 71 — YHCIO JKCHEPTOB; 7 — KOIHYECTBO
npernoaaBaresei, s — KOMMUECTBO JTUCIIUILINH.

Ha ocHoBanum KBaJM(pUKAIMOHHBIX TpeOOBaHUIl (ClIeAyeT OmMpaThCcsl Ha
KBaJIM(UKAIMOHHBIC TPEOOBaHMS, YIOBJICTBOPSIOIINE CTAHJApTaM [0 YPOBHIO,
KOTOPOMY IIPUHAJICKHUT OpraHu3aius 00pa3oBaHms), IPEMoIaBaTeNId MOT'YT BECTH
TOJIBKO OTIpE/ICIICHHBIH TepeYeHb AUCIUILUIHH U3 33/IaHHbIX §, B TOM YHCJIE B pa3pese
JEKIHH, MPAKTUYECKHUX M JIA00PaTOPHBIX 3aHATHIH. COOTBETCTBEHHO Y KaXK/0TO U3
m mpernojaBareneil GopMupyeTcs JOCTYIHBIH eMy TIepedeHb AUCIHIIIHH.

[Ipuopurer npenogasaresel o Kax 01 JUCHUILUIMHE OLIEHUBAOT 7 HKCIIEPTOB.
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O1leHKY JKCIIEPTOB Ka)JIOTO IMPEeNojaBaTessi Mo d-o¥ JUCHMIUIMHE 0003HAYUM
CIIeIYIOIUM 00pa3om:

d d d
11 X1z e Xgp
d d d
X o Kana v Xa
EY = 21 %z - Fm | d= 15,
d d d
xml xmi xmn

d
xs . .
rae ] —93TO PE3ybTaT OLUCHUBAHUS J-bIM 3KCICPTOM [-I'0O NPCHIogaBaTeIIs 110

d-0il TUCLIUIUTAHE.

3a/iaua COCTOMT B OIPEJIEIICHNH 110 KaXKIOW JUCIUILIMHE TPUOPUTETA KaKIOTO
MpernoaaBaTessi ¢ MPUMEHEHHEM METO/Ia YKCIIEPTHBIX OLECHOK.

Jlns perieHusi 3amaddl BBeJAeM O0O3HAYCHHSI 3HAYCHHI MPUOPUTETOB, IJIE

HNPUOPUTET j-TO NpENogaBaTess Mo d-oil AMCHMIUIMHE 0003HaYuM depes - Paj.
Torma B uTore moayYuM MaTpPHILy TPHOPUTETOB MPEIOIABATENICH 1O JUCITUTLINHE:
P=[pyl.d= 1,5, j= 1L,m.
BBoaum orpanusieHus1, 4T0 MOT'YT IPUHUMATD TOJIBKO HEIOUUCICHHbIE 3HAYEHUS
oT «1» 10 «10». UeM BblllIe 3HAUECHUE , TEM BBILIE IPUOPUTETE MIPEHOAaBATENS.
st npuMepa paccCMOTPUM CiIydai, Korja SKCIepTaMu MPOBOIUTCS OLICHUBAHUE
MperoiaBaTesieil o OHOM TUCIUILTUHE, TO €CTh ciiydal, korna d = 1.

d —
Tor/:{a nojarac€m, 4To x:‘j‘ - x:‘j‘ 1 CBOJUM 3aa4y K OINPCACTICHUIO ITPUOPUTETA

npernoaasareield Mo OJHON IWCUUILIMHE W HaXOKACHUIO {P _,-}, j= Lm, TIlo
aHaJIOTUH, OTIpEJeNssl 3HAYSHHsI IPUOPUTETOB MO KAXKAOH AUCHUIUIMHE MOTydaeM
MaTpuIly IPUOPUTETOB MpeToiaBareseil o BceM JUcuuIInHam — P.

2. Meronuka omnpenenaeHUs MaTpHUIbl MPUOPUTETOB TpernojaBareneil 1o
JTUCIUTUTMHAM.

Jlis penieHus 3a1a4u onpeieleHns MaTPULIbl TPUOPUTETOB MperojaBaresieil no
JUCHMITIIMHAM METOJIaMH SKCIIEPTHOW OLIEHKH MPEICTaBIsIeTC METOIMKA, KOTopas
COCTOMT U3 CJIEAYIOUIUX 3TAIOB:

1) JWCUMIUIMHBI IeNSITCS U COOMPAIOTCS Ha POACTBEHHBIE TPYIIITEI

2) Cospaercs rpyIna 3KCIepTOB M0 KaKIO0H pOACTBEHHOM Ipymiie AUCHMUILIMH
B KonmuecTBe 3-4 uenoBeKka. DKCHEPTHI JOKHBI UMETh MEAaroTUYSCKUA OIMBIT
WM OTIBIT aKaJIEMUYECKON MM METOIUYECKON ynpaBiIeHYeCKOW padOoThl, 3HAHUS
MPEeAMETHOHN 001aCTH MO BBIICICHHOH IpyIIe TUCIUTUINH

3) ®opmupyeTtcs MOpTdOIHO TpernogaBaresici U ONpeneIeHHBIA MabIoH s
BBICTABJICHUSIMU KCIIEPTAMU CBOMX MHEHHIA

4) Jlns paboOThl IKCHEPTOB, UM BbIIACTCS MOPT(OIMO mpernoaaBaresieid ¢
OJIMHAKOBBIM HA0OpOM MH(OPMAITIH O JIEATEILHOCTH MTPETIO1aBaTelIsl.

5) DxcnepTbl HE3aBUCUMO APYT OT APYyra OLEHUBAIOT Ka)KJ0TO MPErojaBareis
0 JWCUWIUIMHE, COTJIACHO BBIJAHHOMY INAOJIOHY. OKCHEPTHI 3alONHSIOT TpPU
Buja mabmona: [labnon 1 — myreM BbicTaBiieHus: 0aywioB oT «1» g0 «10», rme
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«10» sBnsieTCS caMoii BBICOKOH OIIEHKOH MpuopuTeTa npemnofasarens; [1ladmon 2
— IyTeM IMMapHOTO CPaBHEHUS IperojaBaTesieil Apyr ¢ APyrom, ¢ BBICTABICHHEM
3Ha4eHNH «0», eciam TPHUOPUTET TEPBOTO MpEeroaBaresl HUXKE, YeM BTOPOTO,
3HaueHue «0,5» - ecau 00a mpernoaBaTess paBHbI, 3HAYCHHE « 1» - €CIIM IPUOPUTET
MEpBOTO TperoaBaress Boimie, ueM Broporo; [1ladmon 3 — myTem pamkupoBaHus
npernoaaBaTeseli ¢ BRICTABICHHEM PaHIOB, I7Ie 3HaUCHHE paHra «1» COOTBETCTBYET
caMOMYy BBICOKOMY TMPHOPHUTETY NPeToaaBaTens

6) PaccunThiBaeTCs COTIIACOBAaHHOCTH MHEHUH DKCIIEPTOB

7) PaccuuThiBaeTCS TPHOPUTET KaXAOTO IMpEerojaBaTeNis MO  KakIou
TUCTIAIIIMHE METOAOM DKCIIEPTHBIX OIIGHOK M TaKUM 00pa3zoB ¢opmupyercs
MaTpHla MPHOPUTETOB MpernoaaBareieil mo BceM AucuurinHaM. [Ipumensrorces
METOJIbI 00Pa0OTKM OSKCIEPTHBIX MHEHHH: METOJ[ CPEIHUX 3HAYCHUH, METOJ
IPYTITOBBIX OLIEHOK, METOJI ITAPHBIX CpaBHEHUH 1 MeToj] KemeHwu.

2. O11eHKa COIIACOBAHHOCTU MHEHUN SKCIIEPTOB.

J1s IpUHSTHS PE3yNBTaTOB, TIOIYYEHHBIX METOIOM SKCIIEPTHBIX OIIEHOK, BAYKEH
ATl MPOBEPKHU COTTACOBAHHOCTH MHEHUH 3KCIIEPTOB.

[punsro (Ivchenko et al., 2010), 4To oleHKa COTTACOBAaHHOCTH MHEHUI
AKCIIEPTOB, KOTJIa YHCJIO SKCIEPTOB OONbBIIE JBYX, OINpENeIsieTcs Ha OCHOBE
k03¢ uIreHTa KOHKOPIAIIH.

3amaeM uepes 71 — YHUCI0 IKCIIEPTOB, a Yepe3 /1 — YUCIIO MPeToaaBaTelnei, Toraa
k03 pHUIIMEeHT KOHKOpIAIMH OyJIeT BEIYUCIATHCS 1O (popmyIe:

12§
n?(m3 —m)’

m n 2

1
S = inj—zn(m+1) ,

rae Xij - — 9TO pe3y/nbTaT OLEHUBAHHS j-bIM DKCIEPTOM i-TO TpernoaaBares (j
=1,i=1).

Koadduurent koHKopanuy paBHsAETCs €AMHULIE, €CIIM MHEHHUS BCEX 3KCIIEPTOB
COIVIacOBaHbl, U B MPOTUBHOM cilydyae, paBeH Hymo. [Ipunsato cumtars (Kendall
et al., 1939), uro cormacoBaHHOCTb OyIdeT OOCTAaTOYHOH, eciau KoY OUIHEHT
KOHKOpHauuu oombiue, yem (.5.

Jnst onpeneneHust ¢ Kakod JOBEPUTENBHON BEPOSITHOCTHIO MHEHHS 3KCIIEPTOB
SBISIFOTCS COIVIACOBAaHHBIMM, Hcmonb3yeTcst kpurepuid lupcona (Kendall et al.,
1939):

Xeq =m(n—DW. (1)

2
HeoOxoaqnMo HaWTh TaOIMYHOE 3HAYECHUE X(tab,a), B3ITO€ JUISI CTEICHU

2
CBO60,Z[LI m-1n KOTOpOC 6OJ'II>IIIC, YEM BbIYHMCJICHHOC 3HAYCHHEC Xcal, 10 KOTOpOMY
OIIpeALIAACTCA YPOBCHDb 3HAYUMOCTH Q.
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MHeHuS 3KCIIepTOB OyAEeM CUUTATh XOPOLIO COITaCOBAaHHBIMHU C IOBEPUTEIIbHON
BEpOSTHOCTBIO = | - . PacdeT cornmacoBaHHOCTH MHEHH SKCIIEPTOB HA MPHUBEACH
B npumepe 1.

Ilpumep 1. Tlpu 3amanHOoM ko3(ddunmente W = 0.55, npu KommdecTse
9KCTIEPTOB 7 = 3 U KOJIMYECTBE IperofaBaTesnei m = 15 HeoOX0qUMO ONPEAETUTh
JIOBEPUTENbHYIO BEPOSTHOCTh COTIACOBAHHOCTH MHEHHH KCIIEPTOB MO KPUTEPHUIO
[Mupcona.

2 2
Pewenue: Boraucnsem snadenue Xcal no popmyne (1): Xcal = 15.4. Haxonum
2
TaONMMYHOE 3HAYEHHE X (¢qb,q) A1A CTENIEHH CBOOOMIBI paBHOE /4 M Gomblle, YeM

154, T0 ecTh Xczal < X(ztab,a) (Chi-Square Table, 2025). lmeem coriacHo
JaHHBIX TAOMMYHOM (QOpMBI: X(tab,a) = 23.685 a1 ypoBHSA 3HAUUMOCTH O =
0.05. CrnenoBaresnbHO, CUATAEM, YTO MHEHMS SKCIEPTOB XOPOII COIJIACOBAHBI C
JIOBEPUTENHLHON BeposTHOCTHIO p = 0.95.

4. MGTOI[I)I OKCIICPTHBIX OLCHOK M aJITOPUTMbl PCHICHUA IJId OIIPCACICHUS
MIPUOPUTETE MperoaaBaTeneil Mo OAHOMN TUCIUILTHHE.

HyTeM aHajJiM3a MCETOHOB OKCICPTHBIX OLCHOK Ha TPYAOCMKOCTb METOOA
peleHus, BpEMEHHbIC 3aTpaThl Ha PEUICHHE M KPYr TpeOyeMbBIX pecypcoB JUis
pelieHus, BBIOpaHbI JUIsI PACCMOTPEHHUS YEThIpe METO/a IKCHEPTHBIX OIEHOK:
METOJI CPEJIHUX 3aHUYECHUM, METOJI I'PYIIIOBOM OLICHKH, METOJ IIAPHBIX CPABHEKHUN
u metox Kemenn.

Jdnst Kaxaoro wmerofa pa3paboTaH alIrOpuTM pEIIeHHsT W pealu30BaHa
nporpamMMma Ha Python.

B mporpamme mpemycMoTpeH OJIOK Ui OLEHKH COIIACOBAHHOCTH MHEHHI
JKCIEPTOB, KOTOPBIM TaKXke TMpeajaraeT paccMOTPETh 3aMEHy KaKoro-iubo
JKCIepTa, €CJIM €r0 MHEHHE HE COOTBETCTBYET ITOCTAHOBKE 3aJa4H.

st ynobctBa 00pabOTKM JTaHHBIX, B KOJIE MPOTpaMMbl peali30BaHa 3ajava
3arpy3KH JaHHBIX U3 JIUCTOB (Qaiina popmara Excel.

1. Meron cpennux 3HaueHuwil. MeTon sBiseTcs HauOoiee MIMPOKO
HCIOJIb3yEeMbIM TIPU 00pa0OTKE JIaHHBIX Ha MPAKTUKE B 00pa30BaTelibHOM chepe.
Jia ompeneneHus mpuopuTeTa IMperojaBareieil Mo JUCIUILNIMHE, HaXOAUM I10
Ka)XJ0OMY TPENoAaBaTeNio MO 3TOW AMCHUMIUIMHE CpelHee 3HaYeHHEe I10 BCEM
MHEHUSIM SKCIEepTOB. YeM BhIIIe COrIacOBaHHOCTh 3KCIIEPTOB, TEM TOYHEE OyaeT
PE3YIbTAT, BBIUYMCJICHHBIN MCETOOOM CPEIIHUX 3HAYCHUH.

B npumepe 2, paccMoTpeHa 3aj1a4a ¢ NpUMEHEHHEM METO/1a CPEAHUX 3HAUCHUM.

[Ipumep 2. Ha xadenpe, nmeercst 7 mperomaBaTeiei, KaKIbIii U3 KOTOPBIX
nMeeT KBATN(UKAIIUIO JJIs TIPETOJaBaHus OTIPEICTICHHON TUCIIUTLTHHBL.

Heo0xonnmo ompeaenTh MPHOPUTET MPEIoIaBaTeNIeH 110 TOH TUCIIHITIHHE.

Jua pemenns 3amaun coOpaHa TPyIIa W3 TPEX DKCIEPTOB, KAXKIOMY U3
KOTOPBIX BBIJAHO TOPT(ONMO TperomaBaTenell co cieaylomned nHpopMamnei:
MeIaTOTHYECKUN CTaXK, aKaJeMHuecKas W HaydHas KBaTU(UKAIMS ¥ pe3yJabTaThl
OTIPOCOB CTYIEHTOB. JKCIIEpTaM MPEJCTaBIieH Ia0JI0H, B KOTOPOM OHH JTOJKHBI
OTpa3uTh CBOE MHEHHE MO OTHM 7 TPENOAaBaTEeNsIM. OJKCHEPTHI TMPOBOIAT
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OIIEHWBAaHUE HE3aBHCHUMO JIPYT OT JIpyra, MMyTeM BBICTABJICHHS 0AJIOB OT «1» 10
«10», toe «10» - camast BbICOKasl OLICHKA JaHHAsI MPEMOABATENIO.

Pemenne 3amaun MeTOIOM CpeAHMX 3HAYCHHWA. 3a7aeM B BHJE TaOIHIIBI
1 MHEHHS DJKCIEpPTOB, IOJY4YCHHBIE ITyTeM HEIMOCPEICTBEHHOTO OIICHUBAHUS
MperoiaBaTenei.

Tabmuma 1. — MHeHus KCIEpPTOB IO OLIEHKE MPHOPHUTETA TPETIoiaBaTeNei o AUCIUIUINHE

Ne IIpenogaBaresu Okenept 1 (1) Jxcnept 2 (I2) Jxkcnept 3 (I3)
1 11 9 8 10

2 112 7 9 7

3 113 5 6 7

4 114 10 4 8

5 15 1 7 5

6 I16 3 5 4

7 17 6 4 7

ComacHO NpeUIoAKEHHON METOAMKH, Aajee OINpelelsieTcs COIIacCOBaHHOCTh
MHeHHUH dKcrepToB. [1o pe3ynpraTaM BBIYMCICHHUH TPOTPAMMOiA, OBUTH TOTY4EHBI
CIEAYIOIUE 3HAYCHHWs IapaMETPOB COITIACOBAHHOCTM MHEHHMHM OKCIEPTOB:
koa¢d¢unmeHT konkopaanuu W = 0.71; pacuetHoe 3HaueHue kpurepus [Iupcona

2 2
Xeal — 12.78; TabauuHOE 3HAYCHHE A(tab,a) = 16.81 (crerrens cBOOOIBI — 6).
TabnuuHOE 3HAYEHHE /TSl 33JaHHOM CTENCHH CBOOOJIBI, OOJIbIIIE, YeM PAaCUeTHOE
3Ha4YeHue Kputepus [TupcoHa.
2

Cornacto tabmane X (taba) = 16.81 COOTBETCTBYET YPOBHIO 3HAUUMOCTHU A =

16.81 coorBercTByeT ypoBHto 3HaunMocth o = 0.01 (Chi-Square Table, 2025).
BeiBOon — MHEHMS 3KCIIEpPTOB XOPOLIO COMIACOBAaHBl C JOBEPUTEIBHON
BeposiTHOCTEIO = (0.99.

Crenyromuii 670K pa3pabOTaHHON MPOTrPaMMBbI 3aIlyCKaeT pacyeT MPUOPUTETE
MpernoaBaTeseil mo AUCUUILIMHE [T0 METOAY CpeHNX 3HaueHnH. HopMupoBaHHbII
pesynbraT K mkane «10», mosydeHHBId B pe3yiabTaTe BBIUMCIECHUN MpOrpaMMoin
MpeAcTaBiIeH B TabiuLe 2.

Tabmuma 2. — Pe3ynbsrar BEIYMCICHUN MPUOPHUTETA MPEMOAABATENICH MO JUCIUILIHHE METOIOM
CpeIHUX 3HAYCHUI

Ne IIpenonasarenu HTorosas 3xkcrnepTHasi OLEHKA MO0 METOAY CPeIHHUX
3HAYEHMIT

1 I11 10

2 112 9

3 113 7

4 114 8

5 115 5

6 116 4

7 117 6
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[lo pesynpraraM BBIYMCICHUH METOAOM CPEOHHMX 3HAUCHHH HMeeM
CJICTYIOIY IO MPUOPUTETHOCTD npernoaaBareiei o JUCLUIITHHE:
«IT1>T12>T14>T13>I17>115>116». Camblii BBICOKHI NMPHOPHUTET y MpPENogaBaTeis
mon Homep | (3HaueHme mpuwopurera paBHO — «10») W camblii HU3KUH — Y
MpernoAaBaTest Mo HoMepoM 6 ((3HaUeHHE IPUOPHUTETA PABHO — «4»).

1) Merton rpynmnoBoii omenkn. CorimacHo MeToay (GOpMHUPYETCs MaTpuila
C pe3ynbTaTaMH OLCHHUBAHMS j-bIM 3KCIEPTOM I-IO IperojaBarelis MO OJHOM

mucmumne: E =[X;;] (=1 m j =1,n).
Jlyis omipenienieHns KOMIIETEHHOCTH AKCIIEPTOB M MIPHOPUTETA MPEIoiaBaTesicit
no puctumiude (Mirkin, 1974), Haxo MM MaTpPUIIbL:

A=EE", B=E'E 2)

HaxoxxneHneM MakCUMalbHOTO COOCTBEHHOTO 3HAueHUsi MaTpuisl B u

COOTBECTBYIOILEr0 cobcTBeHHOrO BekTopa k = {k;}, j = 1,n, onpenensercs
KOMIIETEHTHOCTb JKCIIEPTOB.
HaxoxaeHrneM MaKCHMAaIbHOTO COOCTBEHHOTO 3HAUCHHsSI MAarTpuibl A U

COOTBECTBYIOIIETO COOCTBEHHOTo BekTopa P = {p;}, i = 1,m, ompenensercs
MPUOPUTETE TIPEIOJIaBaTeIC.
Uccnenosanmus (Kireyev et al., 2004) mpaxTrdeckux BBIYMCIEHUH BEKTOPOB

k ¥ P nokassiBaior, 9T0 IpH GOIBIIOH PasMEPHOCTH LETeCO00PA3HO BBITHCICHHS
MIPOBOJIUTH HTEPALMOHHBIM CITOCOOOM.
o_ 1
[1laru peKyppeHTHOTO alropuT™Ma: Ha miare ¢ = 0, IpuHUMaeTcs, 4to K; = o

j=1n_ nanee wis kaxoro /= 1,2,3, ..... npoBoasTcs Berancienns p, A5 k"
no ¢opmynam:

ﬁr — EEE‘—l (3)

= 1 —
| T =t
kP= ZE'p (4)
I/IMeeM , OTCrO4a — HOpMHpOBOqHBIﬁ KOB(I)(l)I/ILII/IeHT BBIUUCJIACTCA KAK:
E — F!- t
A= 3K

ITpu ¢ = 0 umeem: A = ;-":1 (:—}} = 1. Torma cortacHo (4) nomyvaem:
Etl = %Erﬁr—l. (5)

Honcrasnss (5) B (3)

1 g
FEE"PpY, (6)

=
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[Moncrasmss (3) B (4)
— 1 — .
kt = A—rErEkr L (7)

VYuutsiBas (2), moxxeM 3anucath (6) u (7) B clieayromeM BUE:

— 1 ——1 = ] _
pP=5= APk =Bk

Wteparuu o BEIYUCICHNIO TTPOBOAMM IO TE€X TOP, TTOKA.

B pabore (Yevlanov et al., 1978) nmokazana cXoAMMOCTh JaHHOTO AJITOPUTMA
K COOCTBEHHOMY BEKTOPY, COOTBETCTBYIOILIEMY MaKCHMalbHOMY COOCTBEHHOMY
YUCITy MaTPHUIIBI A.

brox cxema anropuT™Ma BBIYMCICHHS ~HPHOPUTETa  IIPENOAaBaTeleH
Npe/CTaBIeHa Ha PUCYHKe 1.

BBoA ncxoaHbIX Mput =0, 3apaem
Hauano > O@HHbIX M, n, 1
{xij 3 k== puaj=Tn
n

Bbiumcnaem npuoputet
npenogasatenei:

t Ft—1

1
= 1[—1Ap

max (|pf - pi7t[) < &
i=1m

|
A
ket = Bk

n
=Kt

PesynbTar wara t yA0B/ETBOPAET YCNOBUIO

OKOHYaHWA NTepaunmoHHOro npouecca 1 3a
3Ha4eHne npruopuTeTa npenoaasatena
npUHUMaeTca
Pt = (pi,p5, - PR )T

v

— ~|
BbiBOA 3HaueHNit P ,< KoHeL )

Pucynok 1. — AnropuT™a BBIYHCIEHHS IPUOPHUTETA MIPETIOaBaTeNe 0 JUCIIUILTIHE METOA0M
TPYNIOBOI SKCIEPTHON OLIEHKU

Ha mpumepe 2 paccMoTpuM pelieHHE 3aaddl MO ONpPEACTICHUI0 NMPHOPUTETa
npernoaasaTeseid o AUCHMIUIMHAM ¢ IPUMEHEHHEM METOa IPYIIOBBIX OLICHOK.

Peenue 3a1aui METOJOM IPYIIIOBBIX OLIEHOK. 3a/1auy pelaem Al AAHHBIX 110
MHEHHIO 3KCIIEPTOB, KOTOPBIE IPUBEICHBI B TOH ke Tadnuue 1.

CormnacHO PEeKyppeHTHOrO ajropuTMma, IpeJCTaBICHHOIO Ha pHUCYHKE 1,
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MOJTy4aeM Ppe3y/lbTaThl BBIYUCICHHS MO CHENHAIbHO pa3padOTaHHOMY OJIOKY
nporpaMMmsl Ha Python s MeTona rpynmoBbIX OLEHOK.

HopmupoBanusiii pesynbrar K wmkajne «l10», MOXy4YeHHBIM B pe3yibrare
BBIYHCJICHUN TIPOTPAMMOH TIpE/ICTaBICH B Ta0mwIIe 3.

Tabmuma 3. — Pe3ynsrar BEIYMCICHUN MPUOPHUTETA MPEMOAaBaTeIeil MO JUCIUILIMHE METOIOM
TPYHITOBBIX OLICHOK

Ne IIpenonaBarenu | Mrorosasi sxcnepTHasi OlleHKA 110 METOAY I'PYNIIOBON OLleHKH
11 10

112
113
14
15
I16
117

N[N |[W|N|—

Ao |©O

Ilo pesymbraraM BBIYHCIEHHI METOAOM TPYMIOBBIX OIEHOK HMEEM
CJIEYIOIIYTO MIPUOPUTETHOCTH nperoyaBaTeneit 1o JTUCIUTIIINHE:
«IT1>T12>T14>T13>T17>115>116». Camblii BBICOKMI MPUOPHUTET y MpPErofaBaTeis
mon HoMmep 1 (3HaueHue mpuopurera paBHO — «10») W camblii HHU3KHH — Yy
TIpenoaaBaresis Mo/l HoMepoM 6 ((3HaYCHUE MPUOPUTETA PABHO — «4»).

3) MeTton napubIx cpaBHeHnii. CoriacHO METOJY, JJIS N OKCIEPTOB, 3a/1aeTCs
IUIsl CpaBHEHHUsI MeKAy co00i m mpenonasatieil. Yepes 'r!-“j- 0003HauaeTcs pe3yabrar
h-BIM KCTIEPTOM IO CPABHEHHMIO i-TO IIPETIOAAaBaTEIs C j-bIM [0 OJHOMN AUCIMILUIMHE:

1 ,ecnu i — wlif NpenogagaTens Dolee IHAYHM, 4eM j — LI
0,5 ,ecnu npenoJaEaTeNu [ M j ABIAKTCA PABHONPABHLIMH;
0 ,ecnu i — blIii npenogaegaTeilb MeHee 3HA4YHUM, 9eM j — BII,

h _—

T =

e h=1,nij=1m

Pe3ynbraTel cpaBHEHUI mperomaBaTeieii MeXay coOOH, MpEeACTaBISIIOTCS B
BHJIE TaOIUI] TAPHBIX CPABHEHHI IO KAXKIOMY IKCTIEPTY.

. h
Ha ocHOBaHMM BCEX CpaBHEHHH 1O MOJNYYEHHBIM Tj; CTOMTCS Marpuia
MaTeMaTruecKux oxxuganuii O = [95]:

—1 o 1
1 - ;-
oy =Ml =1L 405+t 00
7 J n n n (8)
TS .. AT -1

me h=1,nij=1,m a M — KOMMYECTBO SKCIIEPTOB, KOTOPHIE TIPETIOUIH

. . 1
j-ro mpenofasatens ¢ i-My, ™ij - KOJMYECTBO HKCIIEPTOB, KOTOpHIE MPEANOUIN

0
[-TO TPENoaBareis C j-My, 'Vij - KOIMYECTBO SKCIEPTOB, KOTOPBIE MPUPABHSIN
IIPUOPUTETHI i-I'0 U j-T'0 IPEIOJABATELA.
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Tak kak 001Iee KOTUIeCTBO SKCIIEPTOB PABHO CYMME TPEX BO3ZMOXKHBIX MHEHUI
-1 1 o
OKCIIEPTOB, TO €CTh 71 = Ti;" + M5 + T T OTCIOMA MOXKHO OIIPEICITUTD 3aHYECHHE

o a. ..
T;; W NOACTaB/IAA €ro B (8) noaydaem 3Hadenue 9;;:
e €))

ITpu sTOM.

Jasiee BBIYMCISACTCS BEKTOP KOA(P(GUIIMCHTOB OTHOCHUTEIILHOW Ba)XHOCTH
(Orlov, 2002), To ecTh MPUOPUTET MPETOAABATEIICH O JUCIUIUINHE JI KaK0r0
ara uTeparyu:

1 .
pir = Fr Q= p!.r l’i: l,m’t: 1,2,3,.....

Hua ¢t = 0, 3agaercs OnMHAKOBOE 3HAu€HHE NPUOPHUTETA IIperojaBaTeneil:
B = l,I = 1, .
Hrepauus npexpamaercs npu

B pat6ore (Kireyev et al., 2004) mokazaHa CXOIUMOCTb JAHHOTO AJITOPUTMa
BBIYUCIICHHS] KOO(P(UIIMEHTOB OTHOCUTENIBHOM BaXKHOCTH MPEIOaBaTeleH.

biok cxema anropuTMa BBIYMCICHHS NPUOPUTETA MperoaBaTeieil METOI0M
MapHbIX CPABHCHUIT IPE/ICTABIICHA HA PUCYHKE 2.

—_— BBOA, MCXOAHBIX t=0,
A 'D‘
nNaHHbIX M, N, =1 i-Tm

i, ('), )

T HeT v

Bblumcnsem npuopwutet

v

npenosasatenei:
-1 1
1 ng -ng; - -
0jj=-+——",1ei,j=1m
U2 m o TAeh) !

AM=[111..1]%0x*pf?,

Aa roei=1,m,

t =1, 0xpt?
Pe3yanaT wara l'y,CI,OBneTBOpFleT YCNOBUIO OKOHYaHUA pl At pl 4

m
UTEPaLMOHHOrO NpoLecca U NpuopuTeT .
npenosaasatens (KoaGGUUMEHT BasKHOCTM) NPUHUMAET Z pi=1
3HayeHus i=1
At — t t tN\T
P = (P1P3s1Pm) t=t+1

A 4

BbIBOZ, 3HAaYEHUit NpropuTeTa Npenogasartenei pt —)

Pucynok 2. — AnropuT™ BBIYHCIIEHHs IPHOPHUTETA MPENoaBaTeneil o JUCIUILINHE METOIOM
MapHbIX CPABHEHUI
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Ha mpumepe 2 paccMoTpuM pemieHHe 3aaddl MO ONPEACTICHUIO NMPHOPUTETa
npernoaasaTeseid o AMCIMIUIMHAM ¢ TPUMEHEHHEM METOa apHbIX CPaBHEHUH.

Pewenue 3a0auu memooom napuvix cpaeuenuii . Jlns penieHus 3aavd
npeoOpasyeM AaHHBbIE M0 MHEHHUIO 3KCHEPTOB, KOTOpbIC NMPHUBEICHBI B TaOIHIIEC
1. CormacHo MeTo[a MapHBIX CPaBHEHUH KaXKJbIi SKCHEPT MOMApPHO CPaBHHUBAET
npernogasaTeneii Mexay coOoi M BbICTaBiAeT 3HadeHue «0», eciu MpUOPHUTET
i-ro TpernojaBarelis Mo JUCUUIUIMHE HIDKE, YeM Y j-TO MPEenoaaBaTessl, 3Had4CHNe
«0.5» - ecnu oba mpenopaBarens paBHBI, 3HAUCHHE «1» - €CIIM MPHOPHUTET I-TO
mpenoAaBaTessl MO IUCUMIUIMHE BBIIIE, 4eM Yy j-ro mnpenopasarens. llocne
npeo0pa3oBaHus pe3yabTaThl HAPHOTO CPABHEHUS TIOJTy4aeM, COTTIaCHO TaOmuIbI 4.

Tabmuma 4. — Pe3ynasTaTsl MapHOTO CpaBHEHHS MPHOPHUTETA MPEMOaBaTeIeii METOIOM MapHBIX

CpaBHEHUH

D1 (111 |12 |13 | 114 | 115 |T16 (117 |22 |[I11 |12 |TI3 | 114 | TI5 | 116 | 117 |23 (111 [112 | 113 | 114 |I15 | 116 | 117
o051 1 0 1 1 1 M |o0.5]1 1 1 1 1 1 11051 1 1 1 1 1
mio (051 0 1 1 1 2|1 0.5 |1 1 1 1 1 2|0 051050 1 1 0.5
mf{o |0 (05|10 |1 1 0 (I3[0 |0 051 [0 |1 1 m3(0 [0.5(05|0 |1 1 0.5
14 |1 1 1 05]1 1 1 ([14]0 |0 0 (050 1 0.5(I14 |0 1 1 051 1 1
I5(0 [0 |0 0 0510 0 (II5|0 |0 1 1 051 1 5|0 |0 |0 [0 [05]1 0
nmef{o |0 (0 (0 |1 (050 |II6[0 |O 0 |1 |0 [05]1 m (o (o (0 (0 [0 [05]0
7 (0 |0 1 0 1 1 05170 |0 0 (05]|0 |0 |05|II7{0 [0.5]0.5(0 1 1 0.5

ComracHO pPEKyppeHTHOTO aJropuTMa, IpPEJCTaBIEHHOIO Ha pHUCYHKE 2,
MOJTy4aeM pe3ylbTaThl BBIUYUCICHHSA IO CIEHHMaIbHO pa3padOTaHHOMY OJIOKY
nporpamMMel Ha Python mns merona mapHbIX cpaBHeHMU. B kome mporpammbl
peann3oBaHa 3arpy3Ka JaHHBIX U3 Tpex JUcToB (aiina ¢popmra Excel, roe kaxapiii
JUCT 3TO Pe3yNbTaT MapHOTO CPaBHEHHs MpenojaBareiell MexXIy co0O0H OJHMM
JKCIIEPTOM.

HopmupoBannsblii  pesyasrar kK mxaine «l0», MHONydeHHBIH B pesyJbrare
BBIYUCIICHUI POrpaMMOIi IIpeACTaBiIeH B TabIuLe 5.

Tabmuma 5. — Pe3ynsrar BBHIUMCIEHHN PHOPHUTETA IPENoAaBaTeIeil 1Mo JUCIUILINHE METOIOM
MIapHBIX CPaBHEHHI

Ne IIpenogaBaresun HTorosas 3xcrnepTHasi OLEHKA 110 METOAY NAPHbIX
cpaBHEHHUH

1 I11 10

2 112 9

3 113 7

4 114 9

5 15 6

6 116 6

7 117 7

IIo pesyapraram BBIYHMCICHUU METOJOM NApHBIX CPABHEHWH, HUMeeM
CJIEIYIOILYIO MIPHOPUTETHOCTD IpernonaBaTenei o JUCLUIUINHE:
«IT1>T12=T14>T13=I17>115=I16». CambIii BBICOKMII MPHUOPHUTET y MpPEIOIaBaTEIsI
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mox HoMmep | (3HavueHue mpuwopureTa paBHO — «10») W camblii HU3KHH — ¥y
npernoaasaTeseid ox HoMepoM 5 1 6 (3HaYeHUE IPHOPUTETA PABHO — «O»).
Wtorosoe 3HaueHHE NMPUOPHUTETA MpPENOAaBaTeiel, BHIYUCICHHOE MO METOIY
MapHBIX CPaBHEHHUH, HE COBIAJACT C BBIYUCICHHSIMU MO MPEABIAYIIAM JBYM
METOaM.
4) Metoa Kemenn. CornacHo MeToay, N SKCIIEPTOB MPOBOIAT PAHXKUPOBAHUE /71

npenozasatieil (Orlov, 2002). Tak xak Mbl nmeeM Marpuny E = [X;;] (i = 1,m j=

1, 1) mo pe3ynbraram OLIEHUBAHHUS j-bIM SKCIIEPTOM i-TO MPETIOAaBaTEeNsl, Ha OCHOBE
9TOH MaTpHLbl IPOBEAEM PAHKUPOBAHUE MPENOAABATEICH U Pe3yIbTaThl 3alUIIeM
B @ (i=1m j=1,n).

Cornacno onucanus meroaa (Kemeni, 1972), BeruucnsieTcss BeTUUMHA CyMMBI
pasHocTell (1o aOCONMIOTHON BeMWYMHE) MHEHHH ABYX SKCIEPTOB MO KaKIOMY
MPENoAaBaaTeNio, TO €CTh PACCOTSIHAE MEXAYy MHEHHSMH j-TO M k-TO DKCIIEPTOB,

KOTOPYI0 0603HauMM Ty (j = L7, k= 1,m),

Jlasiee BBIYUCIIETCS pACCTOSIHHE OT j-TO AKCIEPTa JI0 OCTAIbHBIX - Rj- (j=L.m),

Cpenu BEIYHCICHHBIX CyMMapHBIX PACCTOSHHUH HIIETCS MUHUMAILHOE, KOTOPOE
Y IPUHUMAETCS 32 UTOTOBOE MHEHHUE SKCIIEPTOB.

Pa3paboTan anroputTMm BBIYHCICHHS TMPUOPUTETA TpENofaBaTesiell Mo METOIy
Kemenwu, mpencrasneH B OIOK-CXeMe Ha pUCYHKE 3.

Nmeetcs cnienuanbHO pa3paboTaHHbIH 010K Tporpammbl Ha Python s metona
Kemenu juis monydeHHs pe3ylbTaTOB BBIYMCICHHN 10 MTOTAM pPaH)XHPOBaHUS
MperoiaBaTenei.

Ha mpumepe 2 paccMoTpuM pelieHHe 3ajadyl M0 ONPeIeTICHUIO MPHOPHUTETA
MIperioiaBaTeneil mo TUCIUILTHHAM ¢ TpUMeHeHHeM MeTona Kemenu.

Pemenne 3amaun meromom Kewmenw. [lnst pemenus 3amgaum mpeoOpasyem
JTAaHHBIE TI0 MHEHHIO JKCIIEPTOB, KOTOphIE MpuBeneHb B Tabnume 1. [IpoBoxurcs
paH)XHpOBaHUE TIperojiaBaTeNicll KaXJAbIM OKCIEPTOM dYepe3 IMPOCTaBICHHS
3HaYeHUH oT « 1» 10 «7», rae «1» camblil BHICOKUH paHT IPUOPUTETA IPETIOIaBATENS,
Pe3yIbTaThl PACKPHITHI B TAOIHIIE 6.
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/ BBOZ, MCXOZHbIX AAHHbBIX
Hauano /> m, n, { a;;}

y

Bbluncnaem cymmapHoe pacCcTofHne OT j-ro 3KcnepTa [0 BCeX OCTa/bHbIX:

<
=
|

m

= Zla”_ aik|, rae j,k=1n
=1
n

R = erk, rae j= 1,n
k=1

Bblumcnsem npropuTeT Npenoaasartenei:
N = T
P = (aw, Azp) -, i)

L

y

< min R;

Jj=1n

Boiumcnaem MUHUMYM U3 R;: R, =

BbiBOZ 3HaYeHW npuopuTeTa npenogasarenei p

é

PI/ICyHOK 3.- AJIFOpI/ITM BBIYUCJICHUS IIPUOPUTETA MIPETIoAaBaTeId 110 JUCIHUIUIMHE 10 METOAY

Kemenn

Tabmuma 6. — Pe3yabTaTsl paH>KHPOBaHUS IpETIofaBaTesell SKCIepTaMu

No IIpenonaBaresin Okcnept 1 (1) | Dxenepr 2 (I2) kenept 3 (I3)
1 11 2 2 1

2 112 3 1 3

3 113 5 4 4

4 114 1 6 2

5 115 7 3 6

6 116 6 5 7

7 117 4 7 5

HopmupoBanubiii pe3ynbrar K mkaine «10», TOIyYeHHBIA B pe3yibTare
BBIYUCIICHUH TTPOTPAMMOM TIPEICTABIICH B TaOIHUIIE 7.

Tabnuua 7. — Pe3ynbrar BBIUMCICHUH NPUOPUTETA MPENOAaBaTeieil N0 JUCLUIIMHE METOIOM

Kemenu

Ne IIpenoxaBarenn UToroBast JxcnepTHasi oleHKa 1o metony Kemenn
1 111 10

2 112 8

3 113 7

4 114 9

5 15 5

6 116 4

7 117 6
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Ilo pe3ynsraTam BBIUUCIICHUH METOIOM Kemenn, uMeeM
CJICTYIOIY IO MPUOPUTETHOCTD npernoaaBareiei o JUCLUIITHHE:
«IT1>T14>T12>T13>I17>115>116». Camblii BBICOKHMI NMPUOPHUTET y MpPENogaBaTeist
mon Homep | (3HaueHme mpuwopurera paBHO — «10») W camblii HU3KUH — Y
MIPEenoAaBaTesst o7 HOMEpOM 6 (3HaYCHUE TPUOPUTETA PABHO — «4»).

HtoroBoe 3HaueHHE NPUOPHUTETA MPENOAABATEICH, BHIUUCICHHOE 10 METOLY
Kemenu, He coBnagaeT ¢ BEIYMCICHUAMH T10 MPEABLAYILAM TPEM METOIAM.

5) CpaBHMTENIBHBIN aHAIN3 PE3yNIbTAaTOB HccienoBanus. Ha npumepe 2 Obiin
MPUMEHEHBI YETBHIPE METO/a SKCHEPTHBIX OLICHOK JJISI HAXOXKICHUS MPHOPUTETE
npernoAaBaTesieii: METoJ CPeIHUX 3HAYCHUH, METOI TPYIIIOBBIX OICHOK, METOJ
MapHBIX cpaBHEHUH U MeTox KemeHu.

B Tabmune 8§ mpuBeneHbl pe3ynbTaThl MO MPHOPUTETHOCTH IperofaBaTesei,
KOTOpbIE TOMYy4YeHbl B XOJAE PELICHUS 33Ja4d IO BBIYUCICHUIO IMPHOPUTETA
npernogasaTeyeld Mo AWCUMIUIMHE, yKa3aHHBIMH MeToaMu. A B Tabmune 9 —
3HAUCHHS NPUOPHUTETOB MPeroiaBaTelieii.

Tabmuma 8. — [IpHOpUTETHOCTE TpernonaBaTeyieil BBIBICHHAS B XOAE BBIYUCICHUS METOIOM
CpeIHUX 3HAYCHUI, METOZOM IPYITIOBBIX OIIEHOK, METOIOM MapHBIX CpaBHEHWI U MeTooM KemeHn

Mertopn BbIYHC/ICHHUS IPUOPUTeTa npenoaasaresieil no | IlpuopureTrHocTh NpenoaaBareis
JUCHHUIIIHHE
MeTon cpeaHux 3HAYCHUN IT1>T12>T14>T13>T17>115>116
MeTon rpymmoBbIX OLEHOK IT1>T12>T14>T13>T17>T15>116
Mertoz mapHbIX CpaBHEHHUI TT1>T12=T14>T13=I17>I15=I16
Meton Kemenu IT1>114>112>T13>T17>115>116
Tabnmuua 9. — 3Ha4YeHUsT NPUOPUTETA TPEINOAaBaTeNiel, BBIYMCICHHBIC METOIOM CPEIHUX

3Ha‘-leHI/II‘/II, METOAOM I'PYIIIOBBIX OLUEHOK, METOAOM IapHBIX CpaBHeHl/lﬁ n METOOOM Kemel-m

Ne | IIpenopaBaresnn HUroroBas 3xkcrnepTHasi OLEHKA IPUOPUTETEA NpenoaaBareiei

Merton cpeanux Meton Metox Meton Kemenn
3HAYEHH rPpyNnnoBbIX MapPHBIX
OLICHOK CpaBHEHMIi

1 111 10 10 10 10

2 (112 9 9 9 8

3 113 7 7 7 7

4 |14 8 8 9 9

5 I15 5 5 6 5

6 |II6 4 4 6 4

7 |17 6 6 7 6

Pe3ynbTarbl  BBIYMCIEHHBIX  NPHOPUTETOB 10  OJHOH  AMCUUILIIMHE
paccMOTpPEHHBIMH METOHaMM JUIS 33Jadd  I[pUMepa 2, COIIacHO JaHHBIX
0TOOpakKeHHBIX B Tabnuie 9 packpbIThl B BUAE Tpaduyeckoro n300pakeHus Ha
pucyHke 4.

['paduky HArIAOHO TOKA3BIBAIOT, YTO MMEETCS €AMHBIA TPEHI — MPUOPHUTETHI
npernopasaTeield MOCTENEHHO CHIDKAITCA OT mnepBoro npenopasarens (I11) x
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mectomy mperogaBarento (I16) ¢ mocnemyronmM HE3HAYUTETHHBIM POCTOM
3HaueHMH y cenpMmoro npenoaasarens (I17). Habmrogaercst MuHnManbHbIN pa3opoc
3Ha4eHnH Mexay TperbuM mpenonasarenem (I13) u cempmbim (I117). Pazmmuuns
MEXJy pe3yibTaTaMH METONOB He mpeBbmaroT 3HaueHus ot 0.2 mo 0.3, yto
TOBOPUT 00 00IIIeH COTIIACOBAHHOCTH MHEHHUH SKCIIEPTOB.

YcToWYMBOCTD 3KCHEPTHBIX MHEHHH M HAJIC)KHOCTb PE3YJIBTAaTOB MOKA3bIBACT
HaOIIOIaeMBbIi TPEHIT /T OONBIIMHCTBA MPETIoIaBaTesie — 3TO BHICOKAS CTETIEHb
COBIIAJICHUSI PE3YJTBTATOB TI0 METOIAM.

JlokanpHBIE OTKIIOHEHHS MOJMYYaroTCs MPH HCIONB30BAaHWU METOAa MapHBIX
CpaBHEHWH, IJIMHUS ToKa3biBatomas upuoputer uerBeproro (I14) m msToro
(I5) mpemomaBarenst JAeMOHCTPUpPYET OoJiee BBICOKHME 3HAYCHHUS IPHOPUTETE
[0 CpPaBHEHWIO C JAPYTUMH MeToJaMH. 10 eCTh JKCIepTHOE MHEHHE OYeHb
YYBCTBUTEIBHO MMEHHO TPHU TPOBEICHUHM CPaBHEHHS IIperojiaBaTeNiell MexIy
COOOIA.

Meton Kemenu, B OTAMYMHU OT APYTUX METOAOB IMOKAa3bIBACT PE3KUH Cral Ha
BTOPOM TIperojiaBaresie, 9YTo BhI3BAHO CHENU(DUKON MEIHMaHHOTO arperHpOBaHUs,
KOTOpOE€ MUHUMU3UPYET MTPOTHBOPEUHS B HCXOTHOM PAHKUPOBAHHH.

Jluanm TpeHa MeTona CpemHWX 3HAUCHWH W MeTofla TPYIIIOBBIX OIIEHOK
COBITJIAIOT, YTO JOKA3bIBACT CXOKECTh MPUHIIHIIA CPETHEHN arperamnny SKCIEPTHBIX
MHEHHH.

Oo0cy:xaenue. Takium 00pa3om, HECMOTPS HA UMEIOIIUECS JTOKATbHBIC PA3ITHUHUS
B JIMHUSX TPEH]IA, OOJBIIMHCTBO UMEIOIINUXCS TOUYEK TPEH/Ia, TOKa3bIBACT HATUINE
CTaOMIIBHOTO pACIIpE/IeNICHUs] TPHOPUTETOB TMPEToAaBaTelied Mo JUCIUTLINHE
MTOJTyYEHHBIX YKa3aHHBIMHU BBIIIIE METOJIAMH.

Ouenka npuopHuTeTa npenojapaTeiell pasJIMIHbLIMH METOIAMH
12
10
8 \
6
4
2
0
m 19 m3 14 s e mn7
@ O11eHKA 10 METOJIy CPEJHMX 3HAUECHHUI — OleHKa 1o MeToly rpyIIOBBIX OLEHOK
OleHKa 110 METO/ly NAPHBIX CPABHEHMIH === (leHKa 110 MeToy Kemenu

Pucynok 4. — I'paduk pe3ynbTaTtoB BRIYUCICHHN IPHOPUTETOB MPEIOAaBaTeNIeii Mo JUCIUILIHHE
METOIOM CPEIHUX 3HaYE€HUH, METOZOM I'PYIIOBBIX OLIEHOK, METOZOM MapHBIX CPABHEHUN U
meTonaoM Kemenu
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Hcxons u3 TpyIoeMKOCTH U pecypco3aTpaTHOCTH (110 BPEMEHH, 110 KOJIMYECTBY
3aJIeHiCTBOBAaHHBIX IUITM 00bEMY MTOJIT0TaBIMBAEMON HH()OPMAITHH ), BIIPAKTHYECKOM
MPUMEHEHUH CaMBIMH YIOOHBIMH SIBIISIOTCSI METOJ CPEAHUX 3HAYCHUH U METO.
IPYIIOBBIX OIEHOK. HO HEe0OX0MMMO YUHUTBIBAT, YTO 3TH METOABI JAIOT XOPOLIHI
PE3YILTAT TOJIBKO NPHU HAJIUYHUKN XOpOIlIefI COTJIAaCOBAHHOCTH MHEHUH OKCIICPTOB.
To ecTp mpu MPUMEHEHWH JTUX METOAOB HEOOXOIMMO MPaBHIBLHO MOAOWpPATh
AKCIIEPTHYIO TPYIIITY.

B urore pemenus 3aauu, onpenessis NouaroBo MpuOpUTET penoaaBaresnei o
KaXJIOW TUCIUTUIMHE MOYKHO COCTABUTh MAaTPUILy IPHOPUTETOB IO MPETOIaBaTelis
Bcel KadeIphl.

3akaouenmue.

B mensx pemieHWs TOCTaBIEHHOW 3a/ladd, HWCCIEAOBAHBI CYIIECTBYIOIINE
METOAMKH  OTpEeAeNeHHs] TPHOPHUTETE TMperojiaBaTelied B  OpraHH3allusIX
00pa3zoBaHusl pa3HbIX CTpaH. M3ydeH M MpHMEHEH ONBIT MPHUHATHS PELICHUH B
opranm3zanusix oopazoBanusi Pecryonuku Kazaxcran, uro mo3Bonuio pa3padborarh
METOJIUKY OTIpeJIeNICHHsI MAaTPHUIIBI TIPUOPHUTETOB TpernoaBareneil Bceil kadeaps
110 Ka)KlIOﬁ JUCHUIIIINHE. HonyquHasi, COTTIaCHO METOAUKHN M PEKOMEHIYCEMBIX
METOZIOB DKCIEPTHBIX OIEHOK, MAaTpHIla IMPHOPHUTETOB TIIpernoaaBaresneldl Bcel
Kaeapel MO KaKAOW TUCHUIUIMHE TaeT B JalbHEHIIEM BO3MOXKHOCTH PEIINTh
aKTyaJbHYIO 3aJa4y pacipeaeicHus yueOHOM Harpy3KH MEX/1y PeroiaBaTesiMu.

ITo pe3ynpraTaM NpOBENEHHBIX HCCIEIOBAHUI, MOKHO CIEIaTh 3aKJIIOUEHMUS,
YTO METOBI OKCIICPTHBIX OLICHOK )KI/ISHCCHOCOGHBI " JaroT XOpOHH/Iﬁ PE3YIbTAT I
MIPUMEHEHUS B OPTaHM3aNnAX 00pazoBaHus. V3 MHOKECTBA HMEIOIIINXCS METOIOB
OKCIIEPTHOW OIIEHKH Hamboiiee OBICTPHIA pe3yNbTaT Mo 3aTpadyeHHOMY BpPEMEHU
Ha peLICHUE, AaeT METOJ CPESAHUX 3HAYCHUH, Hanboee JOITHH — METO/ MapHbIX
cpaBHeHHH. PexomeHayeTcs AJsl MCIOJNB30BAHUS METOJ TPYHIIOBBIX OLIEHOK M
meron Kemenu.

Pesynbrarel WcceOBaHMN TakXKe TOKa3aind HEOOXOIUMOCTh IPOBEPKU
COTJIAaCOBAaHHOCTH MHEHHH JKCIIEPTOB Ha HAYAIFHOM JTare, 9YTO MPeayCMOTPEHO
pa3pabOoTaHHOW METOAMKON W MPOJEMOHCTPUPOBAHO HAa PEIICHWH 3aJIaHHOTO
npumepa 2. OueHka cCoracoBaHHOCTH MHEHHMH HKCIIEPTOB OCHOBaHA Ha pacyere
koo dunmeHTa KoHkoprauuu U Kodpduuuenra Ilupcona. Hampumep s
3aJJaHHOTO TIpUMeEpa BBIBOA O XOPOIIEH COTNIACOBAHHOCTH MHEHHH 3KCIEPTOB
C/IeTaH ¢ JOBEPHUTEIHHON BEpOsTHOCTHIO I' = 0.99 Ha pe3ynbpraTax pacyera, COTJIacCHO
KOTOpOMy: KoadpuimenT KoHkopaauuu W =071 nacyeTHOE 3HAYCHHE KPUTEPHSI
[upcona ¥zq; = 12.78; TabnuuHoe 3HaUEHUE X(mb x) = 16.81.

[IpoBeneH cpaBHUTENBHBIH aHAIW3 PE3yJIbTATOB BBIYHCICHUN MPHOPHUTETA
npernoaasaTescid MO OAHOW AMCUMIUIMHE AJsl 3aJaHHOTO IpUMeEpa 2 METOIOM
CpeIHUX 3HAYEHHid, METOIOM TIPYIIOBBIX OLIEHOK, METOIOM IapHBIX CpaBHEHUH
n meronoM Kemenu. CpaBHUTENbHBIH aHalW3 Ha rpaduke, MPeNCTaBICHHOM
Ha pHCyHKe 4, MMOKa3bIBACT, UYTO MMEETCS OO0INasi TEHJICHIMS COIIaCOBAaHHOCTU
pacrpeneneHnsl TpUOpUTeTa TPU HCIOIB30BAHUM YKa3aHHBIX MeTofoB. Ho B
MIPAKTHYECKOM IIPUMEHEHNH B OTIEPATUBHBIX YIIPABICHUECKHUX PEIICHUX Hanboee
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YAOOHBI METOJI IPYNIIOBBIX OLleHOK U MeToxl Kemenn. Kaxplit U3 paccMOTpeHHBIX
METOJIOB AKCIIEPTHBIX OLIEHOK MOXKKET MMCIIOJIB30BATHCS U JUIS PELICHUS] JPYTUX
YIpaBJICHUECKUX 3afa4y, HalpuMep, JUIsl ONpeaesieHHs JIy4LIero MperoiaBarelis
WK pedTHHeTra npenonosaTess Kaheapsl U T.J.

Ilpu nanucanuu cmamou ucnonv3oean onvim npumenenuu MU ona nposepku
nepeso0o8 AHHOMAYULl HA KA3AXCULl U AHSIUNUCKULL A3bIKU, O NPOSepKu
akademuueckoeo cmuis @ mexkcme 0030pa aumepamypbvi, Oisi (HOpMUPOBAHUS
epagura cpagHUmMenbHo20 pe3yIbmama ¢ Yeuvlo Ha2IA0H020 NpeocmasieHus
OAHHBIX, A MAKIHCe 8 NOO2OMOBKe Nepeyts Jumepamypsl 6 mpebyemom gopmame
(6 mom yucie u mpaniumepayus).
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Abstract. Modern wireless networks rely on robust security protocols for data
protection and offering secure connectivity. In this paper, we address the weaknesses
and strengths of WPA2 (Wi-Fi Protected Access II) and its successor WPA3 (Wi-
Fi Protected Access III), and examine prospects for their future development.
We summarize authentication mechanisms of the protocols (including the SAE
handshake of WPA3) and examine their resistance to popular attack vectors such as
handshake capture, deauthentication, and the KRACK (Key Reinstallation Attack)
vulnerability. Our results demonstrate that WPA3 eliminates a number of WPA2
weaknesses by neutralizing these common attacks: the improved handshake and
mandatory protections of WPA3 entirely thwart the use of captured handshakes
for offline cracking and significantly reduce exposure to deauthentication and
key reinstallation attacks. There are, however, some open issues requiring further
improvement in the protocols to counter emerging threats. These findings underscore
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the imperative of universal WPA3 adoption and ongoing protocol improvements
to deliver strong, future-resistant wireless network security. This article presents a
comprehensive analysis of modern wireless network security protocols, focusing on
their architecture, functionality, and resistance to contemporary cyber threats. The
study examines widely used standards, including WPA3, TLS-based mechanisms,
and emerging encryption approaches, highlighting their strengths and existing
vulnerabilities.

Keywords: Wireless Networks, WPA3, WPA2, Security Protocols, Cyber Threats
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Annotanus. Kazipri 3amaHfbl CBIMCBHI3 JKENIep IEpeKTepli KOpFay MeH
Kayirci3 OaimaHbICThl KAMTaMachl3 €Ty YIIH CEHIMII Kayilci3IiK XarramaliapblHa
cyiieneni. byn makanana WPA2 (Wi-Fi Protected Access 1I) »one oHbIH Myparepi
WPA3 (Wi-Fi Protected Access III) xarramanapbIHbIH 9JICi3 KOHE KYILTI JKaKTapbl
KapacThIPbUIbIN, OJapiblH OONallaKTarbl JaMy IEPCHEKTUBAJapbl TasdaHabl.
[IpoTtokonnapapiH ayteHTHUKaMS MexaHm3MIepi (coHblH imiage WPA3-teri
SAE xon anbICybl) cHIATTaJbIN, OJapibl Hi Ke3[IECETiH 1alybul TypJepiHe —
KOJl aJbICyAbl ycran Kaiy, Aeayrentudukanus skone KRACK (Key Reinstallation
Attack) ocangpIFeiHa Kapchl Te3IMIALTIN 3eprTeneai. 3eprrey HoTmxenepi WPA3
HyckackHEIH WPA2-zeri Gipkarap ocai TycTap/Ibl JKOUBII, KO aJIBICY/IbI JKaKCapTy
YKOHE MIH/IETTI KOPFAHBIC TETIKTEPi apKbUTBI 0(h(hraitH-Kyisice3/1i Oy3y opeKeTTepiH
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TOJNBIKTal OONIBIPMANTBHIHBIH, COHIANH-aK AeayTeHTH(UKAIUs MEH KUITTI Kaiita
opHary malybUIIapbiHa KapChl dJJieKaiiia THIMII KOpFaHBIC OEpeTiHIH KOpCETTi.
JlerenmMeH, jkaHa KayinTepre Kapchl TYPY YIIIH oI JIe KEeTUIIpydl KakKeT eTeTiH
Mmacenenep 6ap. byn Tyxbipeivaap WPA3 xarramackiH omOe0an eHrizy MeH OHBIH
Y3AIKCI3 KEeTUIIPLTYiHIH 3aMaHayd ChIMCBI3 KeJUIep/IiH Kayirci3IiriH KaMTaMachi3
eTy/le IICeIIylll MaHbI3fa Ue €KeHiH alKpIHAaiapl. Makanaga 3amMaHayd CBIMCBI3
KEIIIep/IiH Kayilci3miK XaTTaManaphl OJlap/IblH apXUTEKTypachl, (DYHKIIMOHAIIBIFBI
KoHE KHOepKayinTepre Te3IMIIUTIr TYPFBICHIHAH KaH-)KaKThl Tanganaael. CoHaii-
ak WPA3, TLS Herizinmeri TeTikTep MeH aHa MIU(pIay oicTepi CeKiIIi
KEHiHEH KOJIAHbUIAThIH CTaHAAPTTap/AblH apPTHIKIIBUIBIKTAPEl MEH Ocall TYCTaphl
kepcerineni. COHBIMEH KaTap, MakajaJa KayilCi3[iK TeXHOJIOTHSIIAPBIHBIH JaMy
ypIicTepi KapacThIPBUIBIN, TOCTKBAHTTHIK KPUNTOTPAQUSHBIH, HOIIIK CEHIM
YIITUTIEpiHiH JKOHE jKacaH/bl MHTEIUICKTKE HETI3AeNTeH MISHTMIIEPIiH pelli arar
kepcerineni. Tangay HOTHXKENEpl CHIMCHI3 JKENIJIEPAiH KayillCi3miriH Ooamnrakra
JAMBITY YILIIH TEXHOJIOTHSJIBIK MHHOBAMSIAPAbl, HOPMAaTHUBTIK IIapasiapAbl >KOHE
OeliiMIenTinn KayinTepre Kapchbl 9peKeT €Ty CTpaTerusuIapbiH OipiKTIpETiH KeeH i
TOCUTII KayKeT eTEeTiHIH KopceTeti.

Tyiiin ce3nep: ceimchz xeminep, WPA3, WPA2, Kayirncizaik xaTramanapsl,
Kubepkayinrep
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AHHoTanusi. CoBpeMeHHbIE OeCIPOBOIHBIE CETH IOJIAararoTCsl Ha HAACKHBIC
MPOTOKOMBI O€30MacHOCTH JUISl 3alMTBl JaHHBIX M obecredeHus: 0e30MmacHOro
MOAKIIOYEeHHUS. B 3TOM cTaTbe MBI pacCMOTPUM cJiadble M CHIIbHBIE CTOPOHBI WPA2
(Wi-Fi Protected Access II) u ero mpeemanka WPA3 (Wi-Fi Protected Access
III), a Takxe paccMOTPUM MEPCIEKTHBBI UX Oyayliero pa3sButus. Mbl cymmupyeM
MEXaHU3MBbI ayTeHTH(UKAIMU MPOTOKOJIOB (BKIodas pykomnoxatne SAE WPA3)
U HCCIIelyeM UX YCTOWYMBOCTB K MOIYJISIPHBIM BEKTOPaM aTak, TAKUM Kak 3axBarT
pykonoxkarusi, aeayreHTudukanus u ys3sumoctb KRACK (araka nepeycraHoBKU
kioua). Hammm pesynbsrarel mokassiBatoT, 4to WPA3 yerpasseT psi ciabbix CTOPOH
WPA2, neiitpanusys 3TH pacpOCTpPaHEHHbIC aTaKU: YIYUIIEHHOE PYKOIOXAaTue U
oOs13atenbHas 3ammTa WPA3 momHOCTBIO IPeceKaloT NCTIONb30BaHNE 3aXBaYCHHBIX
pyKOno)kaTtuil Ui oQaaiiH-B3JIOMa M 3HAYUTENIFHO CHMYKAIOT MOABEPKEHHOCTD
arakaMm JeayTeHTU(HUKALUM M TEePEyCTaHOBKH Kitoua. OIHAKO €CTh HEKOTOpBIE
OTKPBITBIC BOIIPOCHI, TPEOYIOIINE NAJbHEHIIEro YIydLICHHs MPOTOKOJOB ISt
MIPOTUBOEHCTBHUS HOBBIM YTPO3aM. DTH PE3yJIbTaThl IOJUEPKUBAIOT HEOOXOIUMOCTh
BceoOmero npuHsaTHs WPA3 ¥ MOCTOSIHHOTO COBEPILICHCTBOBAHUS MPOTOKOJIA IS
oOecrieyeHnsT HaAeKHOW M YCTOMYMBOM K OyAylIIMM H3MEHEHMSM O€30MacHOCTH
OecnpoBoaHBIX ceTei. Mcenenyrorest IMpPOKO NCTIONb3yeMble CTaHAAPTHI, BKIIIOYAs
WPA3, mexanu3mbl Ha ocHOBe TLS 1 HOBBIE MeTONBI H(POBaHUS, C BBIICICHHEM
UX MPEUMYIIECTB U CYLIECTBYIOMIMX ys3BUMocTei. Ocoboe BHUMaHHE YyIeNnseTcs
npoOiemam obecrieueHus: KOHPUACHIMATbHOCTH, LIETIOCTHOCTH U ay TeHTU(PUKALIMN
B IMHAMHYHBIX OeCIPOBOIHBIX cpenax. Kpome Toro, B crarbe paccMaTpHBaIOTCS
aKTyaJbHbIC TEHACHIMH Pa3BUTUSl TEXHOJOTHH 0€30MacHOCTH, MOJUYEPKHUBACTCS
POJIb IIOCTKBAaHTOBOM KpUIITOTrpad Uy, MOJEIIeH «HYJIEBOTO IOBEPHSD U PELICHHUN Ha
OCHOBE MCKYCCTBEHHOTO HHTEJUIEKTA.

KaroueBbie cioBa: OecrpoBognbie cetu, WPA3, WPA2, mnpoTtokonst
0e30macHOCTH, KHOEPYTPO3BI

Introduction. Wi-Fi is a ubiquitous part of our lives nowadays. Wi-Fi covers
nearly all locations, whether homes, offices, or public hotspots. Wi-Fi's security
aspects have changed and have evolved enormously over 20 years. All this
development came based on various pivotal standards that were introduced to make
Wi-Fi secure and reliable. Initial standards like WEP were proven to have design
flaws, and thus Wi-Fi Protected Access (WPA) and most popularly used WPA2
(IEEE 802.111) were introduced during 2004. The newest, Wi-Fi Alliance, debuted
WPA3 as a successor to WPA2 back in 2018 to make WLANSs' encryption and
validation more secure. All these modern 802.11 security protocols (WPA2, WPA3)
were designed to offer confidentiality, integrity, and access control for wireless
networks, and these are currently available as the default settings for personal
routers and business Wi-Fi deployments (Halbouni, Ong, & Leow, 2023; Lounis
& Zulkernine, 2020).
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Wi-Fi Protected Access II (WPA2) is the dominant WLAN security protocol
for well over a decade, providing strong encryption through AES-CCMP. Several
researches have, nonetheless, unveiled serious flaws in WPA2's design. Among
these, there is the Key Reinstallation Attack (KRACK), which utilizes a flaw in the
four-way handshake to cause a nonce reusal and decrypt traffic without knowing
Wi-Fi's password (Vanhoef & Ronen, 2020). Similarly, an attacker can capture a
WPA2 handshake-derived value (the PMKID) to perform offline dictionary attacks,
bypassing the need to intercept the full 4-way exchange (De Almeida Braga,
Fouque, & Sabt, 2020). These revelations highlight that even strong ciphers can be
undermined by protocol logic errors.

Moreover, WPA2 networks are vulnerable to denial-of-service (DoS) tactics due
to unprotected management frames: malicious deauthentication and disassociation
packets can be injected to knock clients off a network at will (Chatzoglou,
Kambourakis, & Kolias, 2022; Gebresilassie et al., 2023). In practice, weak pre-
shared keys also remain an Achilles’” heel of WPA2, as attackers can readily crack
poorly chosen passwords through offline guessing (Banakh et al., 2024; De Almeida
Braga et al., 2020). The accumulation of such vulnerabilities ultimately motivated
the development of WPA3 to fortify Wi-Fi security against these exploits.

The introduction of WPA3 brought important enhancements intended to
address WPA2’s shortcomings. Notably, WPA3-Personal replaces the pre-shared
key exchange with the Simultaneous Authentication of Equals (SAE) handshake,
a variant of the Dragonfly key exchange, to provide forward secrecy and better
resistance to offline password guessing (Lounis & Zulkernine, 2019). WPA3 also
mandates Protected Management Frames (PMFs) to defend against deauthentication
spoofing and introduces individualized data encryption even on open networks
through Opportunistic Wireless Encryption (OWE) (Halbouni, Ong, & Leow, 2023;
Lounis & Zulkernine, 2020). These improvements raised expectations that WPA3
would resolve the prevalent issues in WPA2.

Yet early analyses of WPA3 have shown that it is not immune to vulnerabilities.
Security researchers discovered design and implementation flaws in WPA3 shortly
after its release. For instance, the Dragonblood study uncovered a suite of attacks
that included handshake downgrades, side-channel leaks, and denial-of-service
exploits (Vanhoef & Ronen, 2020). These findings revealed that an attacker could
undermine WPA3’s SAE handshake—gaining the ability to run offline dictionary
attacks or even overload access points with excessive processing requests—despite
the protocol’s new protections. Additionally, prior cryptanalysis of the Dragonfly
handshake underlying SAE had identified potential weaknesses in certain parameter
choices, hinting at the challenges in balancing usability with cryptographic rigor
(De Almeida Braga et al., 2020; Lounis & Zulkernine, 2019).

Attackers often leverage the above protocol weaknesses through well-known
Wi-Fi attack techniques. One such threat is the Evil Twin attack, wherein a rogue
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access point impersonates a legitimate Wi-Fi network to lure victims into connecting
(Shrivastava, Kumar, & Kataoka, 2020). By duplicating a trusted network’s SSID
and settings, an adversary can perform man-in-the-middle interception once clients
unknowingly join the fake hotspot (Banakh et al., 2024; Chatzoglou et al., 2022).
Evil Twin attacks are frequently coupled with deauthentication floods: the attacker
forcefully disconnects users from the genuine AP, prompting them to reconnect—
often to the stronger malicious signal (Gebresilassie et al., 2023; Shrivastava et al.,
2020).

Deauthentication and related denial-of-service (DoS) attacks exploit the fact
that, under WPA2, management frames are not authenticated, allowing any device
to broadcast spoofed disconnection commands (Gebresilassie et al., 2023; Schepers,
Ranganathan, & Vanhoef, 2022). The result is a simple but effective DoS that can
disrupt service or facilitate further exploits like Evil Twin man-in-the-middle
hijacking. Beyond spoofed frames, adversaries can also launch DoS attacks at the
physical layer (jamming the Wi-Fi spectrum) or via resource exhaustion (flooding
the network), rendering the channel unusable (Marais, Coetzee, & Blauw, 2021).
These attack techniques demonstrate how weaknesses in Wi-Fi’s protocol layers
are actively exploited in practice, emphasizing that improvements in standards
(e.g., WPA3’s PMF to counter deauth) must be complemented by vigilance against
a range of attack vectors.

Research Objectives and Tasks

Despite continuous improvements, current wireless security protocols still
suffer from serious vulnerabilities that expose users and organizations to attacks.
Given these persistent weaknesses and the fast-evolving tactics of attackers, there
is a clear need for ongoing evaluation of wireless security protocols under real-
world conditions.

In this work, we take a practical approach to assess the resilience of modern
Wi-Fi security standards. We have built a dedicated wireless security testbed
that simulates a typical network environment and allows controlled execution of
various attacks (including Evil Twin setups, deauthentication floods, handshake
interception, etc.) against WPA2- and WPA3-protected networks. By performing
our own independent experiments, we can verify the severity of known weaknesses
and observe how effectively the protocols’ defenses hold up outside of theoretical
analysis or vendor claims.

Through this hands-on evaluation, we present a synthesized analysis of the
strengths and weaknesses of WPA2 and WPA3, and we offer insights into their
suitability for different use cases. In particular, this study:

1. Identifies which known vulnerabilities remain applicable (or have been
mitigated) in real deployments of WPA2 vs. WPA3 (Chatzoglou et al., 2022; Gao et
al., 2021).

2. Pinpoints security gaps where further improvements or best practices are needed
(for instance, in handling rogue AP threats or ensuring robust user authentication)
(Gebresilassie et al., 2023; Schepers et al., 2022).
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3. Provides guidance on selecting and configuring Wi-Fi security protocols for
distinct contexts—from end-user home networks to large enterprise infrastructures—
in light of their current security posture (Halbouni et al., 2023; Lounis & Zulkernine,
2019).

By emphasizing the practical significance of new protocol advances, this research
seeks to make both researchers and practitioners of networks aware of state-of-the-
art wireless security and how it is likely to evolve in the future. Ultimately, the
purpose of this study lies in explaining how far advanced Wi-Fi security is and
what there is still to be done to point toward and enable wiser, more robust future
wireless security standards.

Materials and Methods

The testbed used for this research is illustrated in Figure 1. The setup consists of
an off-the-shelf Wi-Fi router supporting both WPA2-PSK and WPA3-SAE (Personal
mode), a victim client device, and an attacker’s laptop running Kali Linux with an
Alfa AWUSO036ACH USB Wi-Fi adapter in monitor mode.

A wired control server was connected to the router's LAN to generate traffic and
log attack impacts. The testbed simulates a small-office/home network, ensuring
realistic conditions while allowing controlled execution of attacks.

Wi-Fi Router
(WPAZWPAZ)

[wi-Fi Connection] | [Wi-Fi (Maniter Made)]

Victim Device

Attacker's Laptop
{Laptop/Phone) (Kali

Linux + Alfa Adapter)

Control Server
(Wired Connection)

Figure 1. Diagram of the testbed setup used for hands-on experiments

Research Procedures & Attack Scenarios

We tested the resilience of WPA2 and WPA3 security protocols under practical
conditions by applying a systematic penetration testing approach with Kali Linux
as the basis for the test bed. We tested for four principal attack vectors for Wi-Fi
exploitation: (1) Deauthentication Attack (Deauth), (2) Continuous Deauthentication
as a Denial-of-Service (DoS), (3) Handshake Capture for Offline Attacks, and (4)
Key Reinstallation Attack (KRACK) solely for WPA2.
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Each of these types of attacks was performed within a controlled laboratory
setting against both WPA2- and WPA3-secured networks sequentially to have a
consistent basis for comparison. A five-step process was employed for all phases
of testing to preserve methodological rigor and reproducibility. In a first step,
baseline measurements of usual network operation were made to define standard
performance benchmarks. Then, the specific attack script was carried out against
the test network. All wireless traffic and protocol-specific packets were collected
during attack instances with Wireshark and tcpdump for later examination. Then,
the impact of each attack was determined based upon principal indicators such
as packet loss, disconnection time, and recovery behavior of the client. Lastly,
WPA2 and WPA3 results were comparatively examined to find differences between
security resilience and robustness of protocol.

We repeated each attack scenario five times under the same conditions to
guarantee statistical accuracy of results. Through this repetition, we could average
the results obtained and look out for consistent trends or deviations between test
runs to validate the experimental results.

Attack Implementation & Algorithms. Deauthentication Attack

A set of hands-on attack implementations were performed to test WPA2 and
WPA3 protections with standardized procedures and tools under the testbed setup.
The first attack involved a deauthentication attack, whereby an attack is performed
by sending spoofed IEEE 802.11 deauthentication frames to disconnect a client
forcefully from the network. As there is no protection for management frames
provided by WPA2, these frames can be injected by any device with range. The
attack process was conducted by putting it into monitor mode for the attack's
wireless adapter, capturing the MAC address of the victim through Wireshark or
airodump-ng, and sending forged deauthentication frames through aireplay-ng.
As predicted, WPA2 clients got automatically disconnected as soon as spoofed
packets were received, while WPA3 clients, which have Protected Management
Frames (PMF) with them, remained unaffected because of the requirement for
authentication for such frames.

The second attack model was a Denial-of-Service (DoS) attack through constant
deauthentication, which extends the simple deauthentication attack by continually
sending deauth frames with high frequency to disallow reassociation of the client.
It was carried out with a loop script sending packets around 0.1 seconds apart. On
WPA2 networks, this attack was found to cause heavy service disruption, with as
high as 95% observed packet loss and almost total disconnection of the client. On
WPA3 networks with activated PMF, there was no perceivable impact, as rogue
management frames were well-filtered and discarded.

The third attack targeted handshake capture and offline cracking of passwords,
with an attack on the WPA2-Personal process of authentication. The reconnection
was forced with a deauth frame, and the resultant EAPOL 4-way handshake was
captured with the help of packet analyzers. The handshake was pulled out with
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aircrack-ng, and an offline dictionary attack was performed to try and retrieve the
pre-shared key (PSK). For WPA2, this attack was successful with all attempts that
had the password as part of the dictionary. For WPA3, based on the Simultaneous
Authentication of Equals (SAE) protocol, offline cracking did not work. While it was
still possible to capture handshake data, it did not contain adequate cryptographic
data to perform offline brute-force attacks, and therefore required real-time access
to the access point. The last test tried out Key Reinstallation Attack (KRACK),
which involves a WPA2-specific weakness attempting to exploit repeated use of
the nonce during the 4-way handshake. The attack assumed a man-in-the-middle
(MITM) stance with tools such as hostapd and wpa_supplicant, intercepted the
third handshake message, and resent it to the client. It compelled the client to
reinstall an already active encryption key, leading to nonce reuse and potential
decryption or injection of packets. On WPA2 networks, the attack worked reliably,
with key reinstallation witnessed and traffic being decrypted halfway. WPA3's
new key management framework, however, made it resistant to KRACK, and key
reinstallation was impossible under any of the tested conditions.

These deployments facilitated an explicit comparison of protocol-level
protections between WPA3 and WPA2 under controlled experimental conditions,
providing insight into how well these protocols will perform under realistic
conditions against common wireless attack methods.

Experimental Work

Each attack scenario was performed under controlled radio frequency (RF)
conditions to promote consistency and eliminate environmental variability. Traffic
during experiments was captured via Wireshark and saved for later analysis as
PCAP. The captured traffic was examined to measure three performance indicators:
the rate of packet loss, client disconnection time (in seconds), and total success rate
of an attack. These measures provided a quantitative basis for measuring different
types of attack's impact against both WPA2 and WPA3 networks. The experimental
results were later visualized to facilitate comparison and are illustrated below as
Figure 2 and Table 1.
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Figure 2(a). Impact of deauthentication DoS on WPA2 vs. WPA3
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Figure 2(b). Handshake capture and KRACK attack results

Data analysis & Interpretation

In order to evaluate and contrast security performance between WPA2 and
WPA3 protocols, a set of quantitative measures, i.e., attack success rate, average
downtime, and packet loss ratio, were calculated, which were based on repeated
experimental tests and are presented in Table 1. The results offer a relative
perspective of how each protocol resists certain attack channels, which show stark
differences in resistance and susceptibility under the same circumstances. WPA2
showed systematically high attack success rates with extensive service disruption
under all cases, whereas WPA3 showed high resistance, especially against
deauthentication and KRACK-based attacks.

Results and discussion

This section presents and analyzes the experimental results, comparing the
performance of WPA2 and WPA3 under different attack scenarios. Results are
structured into four key attack evaluations: deauthentication attack, handshake
capture, KRACK attack, and overall comparative metrics.

This section introduces and interprets the results of the experimental comparison,
showing differences between WPA3 and WPA2 under actual attack conditions.
The results are organized around three major attack vectors—deauthentication,
capturing of handshakes, and KRACK-—and summarized comparison of protocols
for all tested values.

WPA2 was found to be fully susceptible to deauthentication attacks. The client
was successfully deauthenticated during 100% of test iterations through injection
of forged 802.11 management frames, which takes advantage of WPA2-Personal
networks' lack of protection for management frames. On average, disconnection
happened at around 0.5 seconds post-attack, leading to a loss of packets at a rate
almost as high as 90%, and reconnection at a rate of around 3 seconds. These
findings reassert that WPA2 networks, by default, are still quite susceptible to this
type of denial-of-service, as long as it is not running with optional protections like
Protected Management Frames (PMF). Previous research will find that an estimate
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of almost 94% of Wi-Fi networks worldwide still do not have PMF running, leaving
them open to deauthentication-based service disruption.

In contrast, WPA3-Personal was fully proof against the same attack. During all
tested experiments, the assailant was never successful at forcing disconnection of
any client, and there was no recorded loss of packets or communication disruptions.
The success is a direct result of WPA3’s compulsory use of PMF, which validates
management frames and ensures spoofed deauthentication packets don’t reach or
impact the client. The access point in a WPA3 setting simply ignores illegitimate
frames, thus maintaining consistent service. These results strongly justify the
significance of PMF, implemented as 802.11w, as a vital security component of
contemporary wireless networks, and confirm WPA3’s design goal of preventing
legacy protocol vulnerabilities.

As shown by Figure 2(a), WPA2 networks experienced heavy packet loss
through deauthentication attack, while WPA3 networks were fully secure. The
contrast between them highlights the resilience of WPA3's inherent protection,
specifically the compelled utilization of Protected Management Frames (PMF),
which successfully suppresses forged deauthentication frames. While the WPA2
client kept being dislodged and suffered service loss, the WPA3 client had an
uninterrupted and constant connection during all experiments.

Asimilar disparity was evident with regards to exposure via handshake. In WPA2-
Personal networks, the default 4-way handshake is susceptible to interception and
offline brute-force cracking. In tests, the handshake was successfully intercepted
for all five attempts, and offline dictionary attack was successful at 100% with
the target password being included in the pre-determined wordlist. The average
reconnection time for clients was around 1.5 seconds. All these results authenticate
WPA2's PSK-based authentication as being susceptible to offline attack, which does
not involve an additional communication with the access point once a handshake
is captured.

In contrast, WPA3-Personal employs the Simultaneous Authentication of
Equals (SAE) protocol, specifically created to guard against such vulnerabilities.
While SAE handshakes were successfully intercepted under all test runs, they
never yielded the cryptographic material to be used for offline key derivation.
Consequently, all efforts at cracking WPA3 handshakes via dictionary-based attack
were unsuccessful. The reconnection latency was somewhat longer, at an average
of 2.0 seconds, accounting for the increased complexity of the authentication
round-trip. These results verify that WPA3 design successfully thwarts offline
cracking attempts by requiring a live conversation for every password guess, thus
dramatically enhancing the privacy of user credentials.

As evident in Figure 2(b), the experimental results show that WPA2 was fully
compromised during offline attempts at cracking, but WPA3 was still secure
under similar circumstances. The result supports the effectiveness of WPA3’s
Simultaneous Authentication of Equals (SAE) mechanism for thwarting offline
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password retrieval. Given that WPA3 does not reveal adequate cryptographic data
during the process of handshake, it essentially rules out key derivation without live
access point interactivity.

Another crucial test scenario was Key Reinstallation Attack (KRACK), which
hits a certain weakness of WPA2's 4-way handshake. The weakness lets an attacker
manipulate handshake messages in a certain fashion that causes the victim device
to reinstall an already-used encryption key. In all WPA2 test instances, the KRACK
attack was successful. While the client stayed connected and disruption was not
user-observable at first, reinstallation of the encryption keys happened, resulting
in exposure to security risks. About 5% of packets were lost or temporarily stuck
during the attack. More significantly, the attacker could decrypt parts of traversed
traffic, and under certain circumstances, masquerade as the victim client. These
results agree with previous research, which illustrated that WPA2's handshake
design allows for replay-based manipulation of messages and exposes the session
to reinstallation of keys.

By contrast, WPA3-Personal was completely resistant to KRACK in all of
its tests. The attack didn't succeed once, with no packet loss, no alteration of the
handshake, or impact upon network service being witnessed. The reason is that
WPA3's redesigned process for establishing keys does not have specific protocol
logic that KRACK targets. With redesigned key management and non-reuse of
nonces, WPA3 effectively renders this class of attack useless. The results verify that
WPA3 attempts to fix one of the most serious vulnerabilities of its predecessor and
emphasize how crucial it is to have widespread adoption to achieve secure wireless
communication for contemporary network infrastructures.

Overall comparative metrics

All experimental data collected throughout the study are summarized in Table
1 to facilitate direct comparison of WPA2 and WPA3 performance under all attack
conditions. Table 1 shows average values computed for five independent runs
for all attack types, including success rate, disconnect time, packet loss rate, and
reconnection time. The attack success rate (R ) was calculated based on Equation
(1), which defined how many successful runs there were out of total runs and
expressed as a percentage. The quantification provided a normalized estimation of
how susceptible to individual attack vectors each protocol is.

Rj. — Ns;;cass_fui trials % 100%

tratel trinls

Table 1. Comparative outcomes for WPA2 vs. WPA3 under different attack scenarios

Attack Type  Success Rate (WPA2  Avg. Disconnection Packet Loss (%)  Reconnection
vs. WPA3) Time (s) Time (s)
Deauth 100% vs. 0% 0.5s vs. Os 95% vs. 0% 3.0s vs. Os
Attack
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Handshake 100% vs. 100% 0.5s vs. 1.0s 5% vs. 5% 1.5s vs. 2.0s
Capture
KRACK 100% vs. 0% 0s vs. Os 5% vs. 0% Os vs. Os
Attack

The comparative results demonstrate unequivocally that WPA3 far surpasses
WPA2 as far as security resilience is concerned. All of those attacks which remained
consistently successful against WPA2, including deauthentication flooding, offline
cracking based on a single handshake, and KRACK, were unsuccessful against
WPA3. For instance, deauthentication attack meant 95% packet loss and complete
disconnection of the client for WPA2, while there was no disruption for WPA3 with
the enforcement of Protected Management Frames (PMF).

WPA2 was also found to be heavily susceptible to credential compromise.
During all WPA2 handshake capture tests, offline dictionary attack successfully
recovered with a 100% recovery rate where the password was part of the wordlist.
WPA3, nonetheless, was fully resistant to such attacks because, with the SAE
handshake design, there is an active presence with the access point for every guess
of a password, thus making offline cracking impossible.

Significantly, there is no meaningful performance overhead with the improved
protections of WPA3. The average reconnection time difference between WPA2
and WPA3 was negligible—about 0.5 seconds—and there was no perceptible
impact upon latency or throughput during tests. The results reinforce that WPA3
provides an effective upgrade to WPA2 security without compromising usability
or performance efficiency, which again justifies mass adoption of the new protocol.

Conclusion

This study set out to identify the strengths and weaknesses of modern Wi-
Fi security protocols through hands-on testing, and the findings clearly confirm
the expected security gap between WPA2 and WPA3. WPA3-Personal delivered
substantial improvements over WPA2 in real-world attack scenarios. In our
experiments, WPA3’s use of the Simultaneous Authentication of Equals (SAE)
handshake and mandatory Protected Management Frames (PMF) effectively
thwarted attacks that readily compromised WPA2 networks, including offline
passphrase cracking and deauthentication-based disconnects. Notably, WPA3’s
improved handshake process also mitigated the KRACK key reinstallation
vulnerability that severely affected WPA2. By contrast, WPA2-PSK — still the
most widely deployed Wi-Fi security protocol — was consistently breached under
these tests using well-known tools and techniques, highlighting how easily it can be
compromised under real-world conditions. These results reinforce the conclusion
that WPA2’s legacy protections are insufficient against modern attack methods,
whereas WPA3 offers a far more robust defense in practice.

Given these outcomes, we strongly recommend that both personal and enterprise
environments migrate to WPA3 as the baseline security protocol. Home and small-
office networks should be upgraded to WPA3-Personal to immediately benefit
from its resilience against deauthentication attacks, handshake cracking, and
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other common intrusions. In corporate and institutional settings, adopting WPA3-
Enterprise (802.1X authentication, with its 192-bit cryptographic suite) is advised
to protect sensitive data and communications. Overall, phasing out WPA2 in favor
of WPA3 will significantly raise the security bar for wireless networks, reducing
exposure to known exploits. Network administrators and users should treat WPA3
not just as an optional enhancement but as the default standard moving forward.

Finally, this work highlights several avenues for future research to further
strengthen Wi-Fi security. First, comprehensive assessments of WPA3-Enterprise
deployments (e.g., in 802.1X environments) are needed to verify that enterprise
authentication mechanisms hold up against sophisticated attacks, as our study
focused on personal networks. Second, investigation into side-channel and
implementation-layer vulnerabilities in WPA3 devices is warranted — for example,
early analyses uncovered flaws in the WPA3 Dragonfly handshake (the Dragonblood
attacks) via timing side-channels and insecure transition modes, indicating that
even a strong protocol can be undermined by poor implementations or backward-
compatibility features. Third, as cryptographic technology advances, exploring the
integration of post-quantum cryptographic algorithms into Wi-Fi authentication is
an important forward-looking step to ensure long-term resistance against emerging
threats. Addressing these gaps will help solidify the security of next-generation
wireless networks and ensure that Wi-Fi remains secure as new vulnerabilities and
attack techniques evolve.
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Abstract. This article investigates the feasibility of using an Automatic Packet
Reporting System (APRS) payload on a CubeSat platform to function as a digital
digipeater in low Earth orbit. APRS is a packet-based communication protocol
widely used by amateur radio operators for real-time messaging, telemetry, and
position reporting. While APRS is traditionally implemented using terrestrial IGates
and digipeaters, extending its functionality to a satellite platform offers significant
advantages in coverage and accessibility, especially for remote or infrastructure-
deficient regions. Results. The proposed system is designed to receive APRS packets
in the VHF band (typically at 145.825 MHz), perform optional store-and-forward
buffering, and transmit the data either back to APRS-compatible ground users or to
Internet-connected IGate stations. The study includes detailed architectural design
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of the satellite payload, system requirements for communications, power, and
processing, and an overview of mission operations. Scientific novelty. Analytical
calculations confirm the viability of this CubeSat APRS concept, demonstrating the
ability to provide up to 18.6 million km? coverage per pass, handle up to 700 packets
per communication window, and maintain sustainable power consumption within
the constraints of a 1U CubeSat. The system architecture also supports private
or targeted delivery of information to specific stakeholders, such as agricultural
operators monitoring large tracts of farmland. Practical value. This work contributes
to the ongoing effort to bridge terrestrial and space-based IoT and amateur radio
applications, particularly for disaster mitigation, environmental monitoring, and
telemetry services. The paper concludes by identifying system-level trade-offs
and outlines several promising directions for future development, including multi-
satellite constellations, dual-band communication, onboard intelligence for packet
filtering, and practical flight demonstrations.

Key words: APRS; CubeSat; communication; environmental monitoring,
AX.25 protocol
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AHHoTanus: byn makanazga Kimn rapelll anmaparTapblHa, aran aTKaHaa
CubeSat mnarpopmacsiana APRS (Automatic Packet Reporting System) naiinanst
XKYKTeMeciH JKep/iH MaHBIHJAFbl TOMEHT1 opOuTanaa mudpibK KalTa TapaTKbIII
pertinae naiiaanany MYMKIHAIr KapacTeipbuianbl. APRS — Oyn paanosyeckoiinap
apachblH/1a HAKTHI yaKbITTaFbl XabapiaMaiapMeH, TeIEMETPHSIMEH )KOHE ITO3ULMAMEH
aJIMacyfa apHaJIFaH IaKeTKe HeTi3ereH OaillaHbIC IPOTOKOIBI OOJIBIN Ta0bLIAIBI.
APRS poctypni Typae skepaeri IGate xoHe peTpaHCIATOpiap apKbUIbl XKy3ere
aChIPBUIFaHBIMEH, OHBI JKEP CepiriHe eHri3y maFail HeMece HHPPaKYpPBUIBIMBI 9JIC13
aiiMakTap yIIiH OaillaHBICTIEH KAMTY MEH KOJDKETIM/IUTIKTI alTapibIKTall apTThIpy
MYMKIHAITIH amanpl. Homuoicenep. Y CHIHBUIFAH JKYHE aca JKOFapbl JKULTIKTEp
(AXKOK)ayxpivbrana(aaerte 145.825 MIpkuiniringe) APRS makerrepinkaOpuar,
oJapbl yakpiTina Oydepreyre sxone keifin xepueri IGate crannusiapsina Hemece
Oacka maiijanmaHylIblIapFa JKETKi3yre apHajFaH. 3epTTey KEPCEpiKTIK maimaibl
KYKTEMEHIH apXUTEKTypachlH, OaiaHbIC TIeH KyaT TajalTapblH, COHBIMEH KaTap
MUCCHSIHBIH JKaJIbl ONEPalMsIbIK MOACTIH CUNATTaHIbl. FblibiMU JHCAHANLIRHL.
AnanuTHKaNbIK ecenteynep HoTmwkecinae CubeSat ruardopmackl HeriziHzeri
APRS xylieciHiH THIMAUTITI Kellecined MoNeNneH i: Faphlll anmnaparblHbIH Oip
yiiein etyinge 18.6 MUIUTHOH KM? ayMakThl KamTy, 700-Te neiliH makeTTi eHuey
xoHe 1U CubeSat rapsii anmapaTsl mIeHOEPiHAE TYPaKThl KyaTIIeH KYMBIC icTey
MYMKIHITT aHBIKTANIBL. By xylie nepekrepii HaKThl almylibliapra OarbITTayFa
MYMKIHAIK Oepe]ii, MbICalTbl, aybUT IapyallbUIBIFBIMEH afHAIBICATHIH CYObEKTiIep
YuniH. [lpakmukanslk manbl30bliblesl. Byl 3epTTey JKepJeri ’KoHe FaphIIITarbl
IoT TtexHOMOTHsAIApBI MEH OyeCKOW paaHo JKyHenepiH OipiKTipy IKOJBIHIAFbI
MaHBI3/IbI Ka1aM O0JThIN Ta0bLIaabl. KOpBITEIHIEI O6ITiMIIe KyarT, Macca XKoHe OTKi3y
KaOlIeTTLIT IIeKTeyIepi CHSIKTHI )KYHeIiK IeHreiIer] meKTeyIep TaaKbUIaHa b,
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AHHoTamma: B 1gaHHONl  cTatke  paccMaTpuBaeTCs  BO3MOXKHOCTH
HCIOJIb30BaHUs moJie3Hol Harpy3ku APRS (Automatic Packet Reporting System)
B MaJIbIX KOCMHYECKHX allliaparax, B dYacTHOCTH, Ha turatdopme CubeSat
Uit (pyHKIIMOHUPOBAHUS B KauecTBE IMM(PPOBOTO pPETpaHCIATOpa B HHU3KOU
okojio3eMHON opOute. APRS — 3TO mpoTOKON MakeTHOW pPagMOCBsI3H, IIUPOKO
MPUMEHSIEMBbI PaAMOMIOOUTENISIMU JUIE OOMEHa COOOIIEHHUSIMHU, TEIEMETPUH U
repenayn KOOpIWHAT B peallbHOM BpeMeHu. B To Bpems kak APRS Tpagunmonto
peanusyeTcst ¢ MCIHOJb30BaHMEM HazeMHBIX |Gate-cTaHIMII U PeTpaHCISATOPOB,
€r0 pacIIMpeHre Ha CITyTHUKOBYIO IIaT(OpMy OTKPHIBAET HOBBIE BO3MOXKHOCTH
oXBara, 0COOCHHO B YNalN€HHBIX W TPYIHONOCTYIHBIX paioHaX. Pesynvmamei.
[Ipennaraemas cucrema npeaycmarpusaet npuéM APRS-nakeros B VHF-nnanasone
(00b1yHO Ha yacTore 145.825 MI'n), ux Oydepusaluio 1 NOCISAyIOIIYIO Iepeiady
JPYTUM TIOJIb30BaTENsAM MM Ha3eMHbIM [Gate-cTaHIMsIM ¢ BBIXOIOM B MHTEPHET.
HccnenoBanne BKITIOUAST ACTANBHBIA 0030p apXHUTEKTYpPHI IMOJIE3HOW HArpy3KH,
TpeOOBaHMI K CBSI3H, MUTAHHUIO U 00pabOTKe JaHHBIX, a TAKKe OOIIYI0 KOHIICTIIIHIO
muccun. Hayuumas Hosusna. Pacu€Thl TOATBEPKIAIOT IKU3HECIOCOOHOCTH
KOHLEMILMHU: CIIyTHUK crocoOeH obecreunBarh MOKpbITHE 10 18,6 MiH KM? 3a
ofMH TpoiéT, obpabarbiBath M0 700 MakeTOB 3a CEAHC CBS3M M IOJJICPIKUBATH
cTabuibHOE SHepronorpedenue B pamkax miardopmel 1U CubeSat. Apxurekrypa
TaKke JOMyCKaeT BHIOOPOYHYIO JOCTaBKY IAHHBIX KOHKPETHBIM MOJIYyYaTessiM,
YTO OCOOCHHO aKTyajbHO JUIS TIPWIOKEHUH B arpOMOHHUTOPHHTE H JIPYTHX
YYBCTBUTENBHBIX CUeHapusiX. [Ipakmuueckas yenHocms. Pabora BHOCUT BKJIal
B Pa3BHTHE WHTETPAIMUA HA3EMHBIX U CITyTHHKOBBIX [0T M paguonroOuTenbcKux
cucTeM CBs3H. B 3akitoueHne 00CYKIar0TCsi KOMIIPOMHUCCHI CUCTEMHOTO YPOBHS
BKJTIOYAst OTPaHMYEHUS 110 MOIITHOCTH, MAacce M MPOIMyCKHON CTIOCOOHOCTH.

KuaroueBsie ciioBa: APRS; CubeSat; pagnocBsi3ab; MOHUTOPHHT OKPY>Karomieit
cpenbl, npotokona AX.25.
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No. AP27510563).

Introduction. The Automatic Packet Reporting System (APRS) is a global
digital communication protocol used by amateur radio operators to transmit location,
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telemetry, and brief data messages over radio frequencies (Bruninga, 1999). APRS
operates primarily on the 145.825 MHz VHF band and uses the AX.25 protocol to
format and exchange information packets (Beech et al., 2008).

The fundamental components of the APRS terrestrial system include: 1) GPS-
equipped mobile or fixed station — which periodically sends its position and data, 2)
AX.25 modem and radio transceiver — which encode and transmit the packets, 3)
Digipeaters — digital repeaters that receive, store, and retransmit APRS packets over
extended distances, 4) [Gates (Internet Gateways) — ground stations that collect RF
packets and relay them to the APRS Internet System (APRS-IS), 5) APRS-IS and
visualization services — which provide real-time global mapping and data analysis
capabilities (APRS Working Group, 2000).

This setup allows APRS to serve as a lightweight and decentralized system for:

* Real-time location tracking of vehicles, weather balloons, or portable users;

* Environmental and weather monitoring via sensor beacons;

» Short-text emergency messaging in areas lacking cellular service.

Figure 1 illustrates the standard terrestrial APRS communication architecture,
demonstrating the interaction between transmitting stations, digipeaters, IGates,
and internet services. This architecture enables APRS users to visualize moving
objects on maps, receive weather data from remote sensors, and communicate short
text messages over long distances without the need for cellular networks.

(EEeT| ( ) i B A
€ oo | @) | poe | B | -
_L i GPs Dat: A ‘ Packet: | | e i\ Inlt_(-::‘r;aeltl :
GPS @

APRS Device AX 25 Networks )
(Transceiver) | Modem L ) /

Receiver |
USEsaeon )

GPS APRS Device

i igi Internet
Receiver (Transceiver) Digipeaters

Figure 1. Terrestrial APRS communication system architecture

However, this ground-based system is inherently limited by the availability
of infrastructure and internet access. In remote deserts, mountainous terrain, vast
oceans, or agricultural expanses such as those found in Central Asia, traditional
IGates and repeaters are often absent.

To extend APRS coverage beyond terrestrial boundaries, several missions
have experimented with placing digipeaters on satellites in Low Earth Orbit
(LEO) (Patmasari et al., 2018). These space-based systems enable global packet
forwarding independent of ground-based internet or relay networks. This paper
explores the feasibility, design, and deployment of a CubeSat acting as an APRS
digipeater. The goal is to receive APRS packets from ground stations, retransmit
them for extended coverage, and support global amateur radio communication
without dependence on internet-based infrastructure. We focus on the necessary
onboard systems, communication parameters, mission constraints, and operational
strategies that enable this function in the CubeSat platform. Unlike an IGate that
forwards packets to the internet, a digipeater retransmits packets via RF to other
users within line of sight, making it simpler to implement and better suited for
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decentralized environments. This study will serve as a foundational investigation
for developing space-based amateur packet networks and enabling resilient,
infrastructure-independent communication systems.

Review of Existing APRS Satellite Missions. The application of APRS in
satellite communication has evolved significantly since the early 2000s, contributing
to amateur radio innovation and emergency communication infrastructure. This
section reviews the scientific literature, technical reports, and documented satellite
missions that demonstrate the relevance, feasibility, and lessons learned from
space-based APRS systems.

Bruninga (2019), the originator of APRS, documented the foundational concept
of using LEO satellites to support packet radio communication independent of
terrestrial repeaters. This concept was practically realized with PCSAT (NO-44),
the first APRS-enabled satellite, launched in 2001 by the U.S. Naval Academy. Its
success in real-time digipeating and telemetry inspired follow-up experiments such
as PCSAT-2, temporarily deployed on the ISS in 2005, and documented in NASA
technical briefs and Naval Academy mission debriefs.

A noteworthy study by Salces et al. (2020) BIRDS-2 Project, Kyushu Institute
of Technology explores the development and testing of an amateur radio payload
on a 1U CubeSat platform. The payload, operating on 145.825 MHz using AX.25
protocol, was designed to support both digipeater and store-and-forward (S&F)
modes using primarily commercial-off-the-shelf components. Despite partial
mission success — where only beacon reception was confirmed — this study offers
insights into CubeSat constraints such as uplink reliability, power budget, and
spatial limitations. The authors present a detailed failure analysis and recommend
the best practices for future CubeSat APRS designs.

More recently, operational payloads like ARISS APRS on the ISS have
continued to deliver reliable APRS coverage globally (ARISS, n.d.), further
validating the utility of space-based digipeaters. Missions such as GO-32, AO-51,
and Falconsat-3 contributed experience with 9600 baud operations and dual-mode
payloads, offering design alternatives for future systems (Bruninga, 2010).

A recent study by the Indonesian team on Surya Satellite-1, the country's
first undergraduate-developed CubeSat, presents a relevant application of APRS
technology (Prahyang et al., 2018). Designed for disaster mitigation, this satellite
operates on VHF and UHF amateur radio bands and includes an APRS module for
remote communication with ground stations in disaster-prone zones. This mission
demonstrates the versatility of CubeSat-based APRS for region-specific objectives
using low-cost commercial hardware.

Another Indonesian satellite, LAPAN-A2 (LAPAN-ORARI), launched in 2015
by the Satellite Technology Center of Indonesia’s National Institute of Aeronautics
and Space, includes payloads for amateur communication, such as APRS and voice
repeaters. The mission highlighted the usage of APRS not only for emergency
messaging but also for transmission of telemetry, weather updates, and beaconing.
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An innovative aspect of this work is the proposal to replace expensive decoding
hardware with a Raspberry Pi-based solution, enabling broader adoption of APRS
ground stations (Rizal et al., 2021).

In addition, there are other scientific papers on the possibility of using APRS in
the field of satellite and educational technologies (Un et al., 2022; Chopparapu et
al., 2025; Addaim et al., 2005; Addaim, Kherras & Zantou, 2008; Linton, 2016).

Collectively, these sources form a knowledge base that informs the present
work. Our proposed CubeSat APRS digipeater builds on this prior art while
introducing hybrid functionality such as selective packet forwarding to 1Gates and
support for private telemetry applications in remote sectors such as agriculture and
environmental monitoring.

System Requirements and Architecture. The design of a CubeSat-based APRS
digipeater system must meet specific mission objectives while operating within the
constraints of size, weight, power, and communications. This section defines the
key system requirements and presents a high-level architectural breakdown. Table
1 presents the mission-level requirements that guide the definition of operational
objectives and system constraints. These include orbital parameters, communication
standards, and minimum lifetime targets, which are critical for evaluating feasibility
and regulatory compliance.

Table 1 — The main Mission Requirements

Subsystem Components and Functions

Communication Subsystem | VHF transceiver (1200 baud AFSK), deployable antenna, optional
SDR module

Processing Subsystem Onboard computer (AX.25 decoding, packet scheduling), watchdog
timer, error handling

Power Subsystem Solar panels, MPPT charger, Li-lon/LiPo battery pack

Data Handling & Storage | Buffering memory, timestamping, packet prioritization

Ground Segment Interface | [Gate compatibility, selective forwarding, optional API connectivity

Satellite Bus & Structure | 1U/2U CubeSat frame, thermal coating, mechanical deployer interface

Table 2 provides an overview of the key functional subsystems within the
CubeSat. Each subsystem is defined by its primary roles and hardware components,
ensuring a modular and scalable architecture suitable for amateur radio satellite
missions.

The APRS CubeSat digipeater system integrates an RF front-end with onboard
logic for packet processing and conditional storage. During a pass over ground
stations, the satellite listens for APRS packets. Depending on mission configuration,
it may retransmit these immediately (digipeating) or store them and later downlink
to designated IGates or internet-connected ground stations. The architecture
supports future expansion such as dual-band operation, packet authentication, and
integration with [oT gateways.
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Table 2 — The main Functional Subsystems

Subsystem Components and Functions

Communication Subsystem | VHF transceiver (1200 baud AFSK), deployable antenna, optional
SDR module

Processing Subsystem Onboard computer (AX.25 decoding, packet scheduling), watchdog
timer, error handling

Power Subsystem Solar panels, MPPT charger, Li-lon/LiPo battery pack

Data Handling & Storage | Buffering memory, timestamping, packet prioritization

Ground Segment Interface |IGate compatibility, selective forwarding, optional API connectivity

Satellite Bus & Structure | 1U/2U CubeSat frame, thermal coating, mechanical deployer interface

A block diagram illustrating the system’s main components is shown in Figure
2. The diagram illustrates the operational model of an APRS-enabled CubeSat
payload with combined digipeater and store-and-forward (S&F) capabilities.
During orbital passes over the Earth, the CubeSat receives APRS packets from
a variety of ground sources, including APRS transmitters, portable stations, and
environmental sensors. These packets may either be:

- Instantly retransmitted (digipeated) to other users within the satellite’s
footprint,

- or temporarily stored and forwarded to specific IGate ground stations during
future passes.

APRS-DP & S&F Payload

APRS
receiver

APRS - ootorint
sender APRS. el I-Gate f P
station J
J Global APRS
APRS Internet AF'I_ES
receiver System receiver

Figure 2. APRS CubeSat digipeater and store-and-forward operational concept

The received and relayed information can then be uploaded into the Global
APRS Internet System, making it available to downstream services. This dual-
mode approach extends APRS coverage to underserved areas and enables both
public and private data use cases (e.g., SAR coordination, agricultural telemetry, or
environmental monitoring).
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Methods and Tools Used

To evaluate the feasibility and performance of the CubeSat-based APRS
digipeater system, a combination of analytical modeling and software-assisted
visualization techniques were employed.

Analytical Modeling

Coverage Area: The maximum footprint of the satellite’s APRS VHF signal was
calculated using great-circle geometry, assuming a circular area visible from a 550
km low Earth orbit. The angular radius was derived from the formula:

Rg
g = arccos ( )
R+ h

where Rg is the Earth's radius and h is the orbital altitude. This enabled the
estimation of a coverage radius of approximately 2,435 km, corresponding to a
ground area of ~18.6 million km? per pass.

Packet Throughput Estimation: The number of APRS packets processed per
orbital pass was estimated by considering time-over-ground, packet duration, and
channel sharing assumptions.

Visualization and Mapping Tools

To visualize the spatial coverage and support analysis, we used the following
tools:

Python 3.11 as the main programming environment
~ Matplotlib for 2D plotting of coverage geometries
Cartopy for map-based visualization of satellite footprints on actual geographic
backgrounds
NumPy for numerical computations and coordinate transformations

A dedicated example of APRS coverage over Kazakhstan was rendered using
Cartopy with overlaid circular footprints to demonstrate the regional feasibility of
such systems. The corresponding diagram (see Figure 3) reflects both theoretical
visibility and realistic geographic integration.

Results. This section presents the analytical results that demonstrate the
operational feasibility and effectiveness of the CubeSat-based APRS digipeater
mission. Calculations are performed based on standardized orbital parameters and
conservative hardware assumptions. The results are summarized in Tables 3, 4, and
5, which respectively highlight the satellite's coverage capability, communication
throughput, and power system performance. To validate the feasibility and
expected performance of the CubeSat APRS digipeater mission, several analytical
estimations and simulations were performed. The results provide insights into
coverage, communication window duration, packet relay capacity, and power
budget margins under typical low Earth orbit (LEO) conditions. Table 3 provides
a quantitative summary of the CubeSat’s expected ground coverage and access
opportunities for APRS communication. The satellite’s line-of-sight radio coverage
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is derived from its orbital altitude, yielding a large footprint suitable for wide-area
communication. Additionally, the number of daily passes over a specific location
and their durations are estimated to help forecast service availability.

Table 3 — Orbital Coverage Estimates

Parameter Value

Orbital altitude 550 km

Radio footprint radius ~2,435 km
Ground coverage area ~18.6 million km?
Passes per day (per location) 4-6

Typical pass duration 6-10 minutes

For a CubeSat operating in a 550 km sun-synchronous orbit: The satellite’s
radio footprint (line-of-sight radius) covers approximately 2,400-2,600 km,
encompassing a circular area with a ground diameter of ~5,000 km. Each ground
location experiences 4-6 passes per day, depending on latitude. Typical access
duration per pass is 6-10 minutes, depending on elevation angle and antenna gain.

The figure 3 illustrates the ground coverage area of an APRS-enabled CubeSat
in a 550 km low Earth orbit, centered over Kazakhstan. The red circle represents
the satellite’s theoretical radio footprint with a radius of approximately 2,435
km, calculated based on the Earth’s curvature and orbital altitude. The coverage
zone encompasses a vast region, including all of Kazakhstan and parts of
neighboring countries, demonstrating the satellite's capability to support wide-area
communication, particularly in underserved or remote locations.

CubeSat APRS Coverage Area Over Kazakhstan

40°|

30°

20°

| —— Coverage Area

30° 40° 56° 60° 70° 80° 60°
Figure 3. CubeSat APRS coverage area over Kazakhstan

Figure 4 illustrates the relationship between the number of CubeSats in the
constellation and the average latency, defined as the time interval between two
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successive passes over a given ground location during which data packets can be
received. The analysis assumes a circular orbit at an altitude of 550 km with an
orbital period of approximately 95 minutes and an average communication window
of 10 minutes per pass.
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Figure 4. Average packet delivery latency vs. number of CubeSats

As the number of satellites increases, the latency decreases significantly due
to more frequent overpasses. The graph demonstrates a steep drop in latency for
the initial increase in constellation size, followed by a gradual leveling-off trend.
When the number of satellites reaches 8, the average latency drops below 1 minute,
effectively enabling near real-time data acquisition for ground-based users.

This finding highlights an important design trade-off: while increasing the
number of satellites improves system responsiveness, the marginal benefit
diminishes beyond a certain point. A constellation of 8 satellites offers a practical
balance between complexity and performance, ensuring frequent packet reception
while keeping deployment costs and orbital congestion within reasonable limits.

This result supports the feasibility of using a small CubeSat constellation to
provide timely delivery of APRS data from remote users and assets, especially in
scenarios requiring low-latency transmission, such as environmental monitoring or
disaster response.

Table 4 presents a model of communication throughput, considering packet
size, modulation scheme, and estimated channel efficiency. These calculations
provide insight into the number of APRS packets that the CubeSat can reasonably
relay during each orbital pass. The values suggest strong potential for both live
digipeating and temporary message storage without overwhelming the onboard
system.

Table 4 — Communication Load Estimates

Parameter Value
Modulation AFSK 1200 baud
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Packet size 256 bytes
Channel efficiency (est.) ~60%

Average packets per minute ~100 packets/min
Maximum per 7-min pass ~700 packets
Practical digipeat throughput 1-2 packets/sec

Assuming APRS packets are 256 bytes long and AFSK 1200 baud modulation:
Effective channel throughput: ~100 packets per minute (accounting for overhead
and latency). In a 7-minute pass, the satellite can process ~700 packets, with
filtering to discard redundant or malformed frames. Maximum digipeated packet
rate: 1-2 packets per second (with safety margin).

Table 5 summarizes the estimated power consumption and generation capabilities
of a 1U CubeSat. With realistic assumptions about solar panel efficiency, orbital
sunlight duration, and system duty cycles, the energy balance indicates that the
APRS payload can operate effectively during all sunlight periods and remain
partially active during eclipse phases. This ensures mission continuity and reliable
digipeater availability throughout each orbit.

The power generation and consumption for a 1U CubeSat were estimated:

- Power generation (sunlight): ~2.5 W average

Power consumption during RX/TX: 1.8-2.2 W

~ Duty cycle support: >50% active digipeater time per orbit with proper battery

management.

Table 5 — Power Budget Summary

Component Value

Power generation (avg) ~25W

Power consumption (TX/RX) 1.8-22W

Idle power consumption ~0.6 W

Operational duty cycle >50% during sunlight
Battery capacity (1U est.) 10-12 Wh

Figure 5 illustrates how the total daily energy consumption of the CubeSat
increases with the number of communication sessions per day. The energy is
divided into three components:

Total Energy (black line): the sum of all energy usage per day.

Active Energy (blue dashed line): energy consumed during active transmission,
assuming a 10-minute session duration.

Standby Energy (red dashed line): background energy used when the satellite is
in idle mode.

This breakdown allows evaluating mission feasibility in terms of power budget
management.
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Figure 5. Daily Energy Consumption vs Number of Sessions

Figure 6 shows the theoretical relationship between the signal-to-noise ratio
(SNR) and the probability of successfully receiving APRS packets. As expected,
the success rate grows rapidly beyond 0 dB, reaching near certainty above 10 dB.
This curve helps define minimum operational link budget requirements for reliable
uplinks.

These results support the conclusion that the CubeSat can operate reliably
in real-world APRS use cases, including support for multiple users per pass and
storage of data for scheduled downlink to IGates in hybrid missions.
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Figure 6. Packet reception probability vs signal-to-noise ratio (SNR)

Discussion. The results obtained from this study demonstrate the practicality of
deploying a CubeSat-based APRS digipeater system for wide-area amateur radio
communication. The mission design provides meaningful coverage for rural and
remote regions and maintains compatibility with existing APRS protocols and
equipment.
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One of the key takeaways from the analysis is that even a 1U CubeSat,
when placed in a 550 km sun-synchronous orbit, can provide reliable access to
APRS ground transmitters several times per day. The use of store-and-forward
functionality offers increased flexibility, enabling data relay even when no IGate
is directly in range during a pass. This functionality makes it feasible to support
use cases such as environmental monitoring, agricultural telemetry, and emergency
communication in areas with limited terrestrial infrastructure.

The results also highlight important trade-offs, particularly between power
availability and communication duty cycle. While the energy budget suffices for
basic APRS operation, the system would benefit significantly from energy-efficient
components and optimized transmission scheduling.

Furthermore, the selective forwarding of data to designated IGates, as discussed
in the system design, enables a semi-private mode of operation, which is crucial for
use cases involving sensitive or proprietary data (e.g., land monitoring by private
agricultural enterprises).

Conclusion. This paper explored the design and feasibility of deploying an
APRS digipeater payload on a CubeSat platform. By integrating low-power
communication hardware, a modular onboard computer, and standard VHF APRS
protocols, a compact and scalable architecture was proposed.

Through analytical modeling and subsystem-level evaluation, we demonstrated
that such a satellite can:

Support APRS packet reception and retransmission at usable rates,

- Maintain sufficient power levels within a 1U form factor,

Cover wide geographic areas with multiple daily access windows.

These findings confirm that CubeSat-based APRS relays represent a valuable
extension to the terrestrial APRS infrastructure, especially in regions lacking IGate
coverage. Future work may focus on flight testing of prototype payloads, security
extensions, dual-band operation (VHF/UHF), and long-term constellation planning
to enable continuous APRS coverage.
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Abstract. The developed web-based platform for atmospheric air monitoring
is a multicomponent system that sequentially collects, processes, and visualizes
pollution data. Its information sources are automated monitoring stations and
accumulated historical records, which provide real-time access to current
concentrations of PM, ,, PM, , CO, SOz, NO, as well as the Air Quality Index
(AQI). A key feature of the platform is the use of cartographic tools to clearly
display the spread of pollutants and to analyze their spatiotemporal dynamics.
Users can compare current observations with past periods, identify trends, peaks,
and episodes of elevated risk without resorting to cumbersome tables. The system
generates recommendations for vulnerable population groups based on World
Health Organization standards, thereby increasing the practical value of the
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environmental data presented. Combining up-to-date measurements with historical
time series supports forecasting of changes in the environmental situation and helps
to assess potential air-quality deterioration in advance. The resulting assessments,
distribution maps, and time-series plots form a basis for developing effective air-
quality management strategies and for making environmentally sound decisions
at various levels—from the day-to-day actions of individual users to long-term
planning aimed at improving urban and natural environments. In this way, the
platform links observation data with applied analytics, making information delivery,
short-term response, and planning processes more transparent and well-grounded.
The platform focuses on air quality and its dynamics in both time and space.

Keywords: information and analytical platform, geographic information
system, air pollution, health risk assessment, air quality index
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AnHoTauusi. AtmocdepaiblK ayaHbIH JacTaHyblH OakbulayFa apHaJFaH
o3ipJeHreH BeO-HerizgenreH miarpopmMa — Oyl ayaHbIH JIaCTaHybIH
MOHUTOPUHITEYI€ apHalfaH KeINKypaMJabl O>Kyde OOJbIn TaObUIaAbl KOHE
JacTaHy OKOHIHIEri JepeKTepAi peT-peTiMeH JKMHAiIbl, eHaelal  opi
KOPHEKUTeHl. OKOJOTHSUIBIK — JEPEKKO3lep pETiHAe aBTOMaTTaHIbIPbUIFaH
MOHHUTOPUHT CTAHIMSIAPBl MEH JKMHAKTAJIFaH TapuXH >ka3zdajap KoJIAaHbLIabl,
OyJ1 TaiilaaHylIblFa HAaKThl YaKbIT PEKUMIHJIC PM,,, PM,,, CO, SO, NO:
KOHIEHTPALUSUIAPBIHBIH ©3€KTI MOHJEpiHE >KoHE Aya camachblHBIH HHIEKCiHE
(AQI) xomxkeTki3yni Kamramachbi3 ereni. [lmargopMaHbIH Heri3ri epekmieniri —
JacTaylibl 3aTTap/AblH TapalyblH KOPHEKI KOpCEeTy KOHE ONapblH KEeHICTIKTIK-
YaKBITTHIK JUHAMHUKACHIH TalAdy YLIH KapTorpadusiblK Kypangapasl KOJAaHy.
[Maiinananymel aFbIMIarbl OakpLIaylapibl ©TKEH KEe3€HJIEPMEH CalbICTBIPHII,
YpAicTepai, MIBIHIAPABI )KOHE KOFaphl TAyEKeN SIH30ATapbIH KeJIEM/Ii KecTenepre
KYriHOeh-aK aiikpiHaal anaapl. XKyiie JlyHHeKY31TiK JCHCAYBIK CAKTay YIHBIMBIHBIH
CTaHIApTTapblHa CYHEHE OTBHIPBIN, XaJbIKTBIH OcCall TONTapblHA apHaJFaH
YCBIHBIMAAP/BI KaJbINTACTBIPaIbl, Oy YCHIHBUIATBIH 3KOJOTHSIIBIK JIEPEKTepAiH
MPaKTUKAJIBIK MaHBI3bIH apTThIpajabl. O3eKTi eyeMaepai Tapuxu KarapiapMeH
OipiKTipy KOJOTHSIIBIK YKaFAalIbIH ©3repicTepin OomKayIpl KONJai bl JKoHe aya
carachIHBIH BIKTUMaJl HallapJiayblH allfbIH ana Oaraayra KOMeKTeceIl. AJbIHATHIH
Oaranap, Tapaixy KapTajapbl JKoHE YaKbITTBIK IpaUKTEp aya canachlH OacKapyabiH
THIMAI CTpaTerusjapblH o3ipieyre >KOHE OpTYpJi ACHreiyiepae — IKEKelereH
naijanaHymbuUIapplH ~ KYHICNIKTI opeKeTTepiHeH OacTam KalajblK JKOHE
KOpILIaraH OpTaHbl JKaKcapTyFa OarbITTalFaH y3aK Mep3iMAl jKochapiayFa JeiiH
— DKOJIOTHSIJIBIK, HET13/IeIreH MmeliMep Kaobuiayra Heriz 0omaael. Ochuiaiia,
wiatgopMa OGakpUIay JEpEeKTepiH KONJaHOabl aHATUTUKAMEH OallaHBICTBIPHIIL,
aKnaparTaHIbIpy, KbICKa MEp3iMAl 9pPEKeT €Ty JKOHE ic-Imapajiaplbl yKocmapiay
YAEpICTepiH HEFYpJIbIM alllbIK Opi HETi3/l €Teil; O aya carachblHa >KOHE OHBIH
YaKbIT MIeH KEHICTIKTET1 AMHAMHUKACBIHA IIOFBIPIaHAIbI.

Tyiiin  ce3mep: akmaparThIK-TaNgaManblK —Iuargopma, reorpadusIIbIK
aKnmaparThlK JKyie, aya JacTaHybl, JEHCAylblK ToyeKeJaepiH Oaranay, aya
carachlHBIH HHACKCI
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AHHOTALMS. Pazpaborannas BeO-mmarpopma s MOHHUTOPHUHTA
arMoc(epHOro BO3JyXa NPEACTaBISET COOOH MHOTOKOMIIOHEHTHYIO CHCTEMY,
KOTOpasi IOCIe0BaTelIbHO COOMpaeT, 00pabaThiBaeT W BHU3YAIH3UPYET NaHHBIC
0 3arps3HeHuH. lcroyHnkamu WH(OpPMAIUM CITy’)KaT aBTOMAaTH3UPOBAHHBIE
CTaHIIMA MOHUTOPUHTA ¥ HAKOTIECHHBIE NICTOPUYECKHUE 3aITHCH, YTO 00ECIIeunBaeT
JIOCTYINl K aKTyaJlbHBIM 3Ha4eHusAM KoHueHTparuii PM, , PM, , CO, SOz, NOa,
a Takke K WHAEKCy KadecTtBa Bo3ayxa (AQI) B pexume peanbHOTO BPEMEHHU.
KittoueBast 0coOeHHOCTH MIaT(HOPMBI — IPUMEHEHHE KapTorpauuecKux CpesicTB
JUI HAIJISITHOTO OTOOpa)KEHUsSI PACIpPOCTPAHEHHUsS 3arps3HSIONINX BEIIECTB U
aHaJlM3a WX MPOCTPAHCTBEHHO-BPEMEHHON 1uHaMuKH. [lomb3oBareinh MOXET
COTIOCTABJIATh TEKYIIHe HAOMIONEHUS C NPOIUIBIMUA TIEPUOJAMH, BBISBISATH
TEHICHIINH, TIUKH W SITH30/1bI MOBBIIIEHHOTO pUCcKa 0e3 00palleHus: K TPOMO3IKHM
tabnmuam. Crucrema GopMHUPYET pEKOMEHIAIINY JIJIs YA3BUMBIX TPYIIT HACETICHHS,
OPUEHTHPYSCh Ha CTaHIAPTHl BCeMUpHOW oOpraHW3amu 3ApaBOOXPAHEHUS,
YTO TIOBBIIAET NPAKTUYECKYI0 3HAYMMOCTH TPEACTABISEMBIX JKOJIOTHIECKHIX
naHHbIX. OOBeNMHEHNE ONEepPATHBHBIX W3MEPEHHWH C HMCTOPUYECKUMH psiIaMu
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MOAJICPKUBACT TPOTHO3UPOBAHME HW3MEHEHHsI DKOJOIMYECKOM 0OCTaHOBKU
U TIOMOTAeT 3apaHee OLIEHMBAaTb BO3MOYKHBIE YXYALIEHHMsS KadecTBa BO3JyXa.
[lonmy4yaemble OLEHKH, KapThl paclpe/ieieHUs] U BpeMEHHbIE TpadUKh CIyxar
OCHOBOM 151 BBIPAOOTKH (P PEKTUBHBIX CTPATET M YITPABICHHUS KA4€CTBOM BO3/IyXa
U TIPUHATUS 3KOJOTMYECKHM OOOCHOBAHHBIX PEIIEHMH Ha Pa3jInYHBIX YPOBHIX
— OT TIOBCEIHEBHBIX JEHCTBHI OTIENBHBIX IOJIB30BAaTEIed 10 TOJITOCPOYHOIO
IJTAHWPOBAHUS MED M0 YITyUIIEHUIO TOPOJCKOIN U OKpy Karoleil cpenbl. Tem cambIM
raTgopMa CBSI3bIBACT JaHHBIC HAONIONEHHUH C MPUKIAAHOW aHaJIMTUKOH, JIenas
nporecchl HHOOPMHUPOBAHKS, KPATKOCPOUHOTO PEarHpOBaHHs W IIAHWPOBAHUS
MeponpuATHii 0oJiee Mpo3padHbIMA M 000cHOBaHHBIMH. PazpaboTannas muardopma
(oxycupyeTcs Ha Ka4eCTBE BO3/LyXa U €ro AMHAMHUKE BO BPEMEHH U IIPOCTPAHCTBE.

KiroueBsbie cJI0Ba: MH(POPMALMOHHO-aHAIUTHYECKAsT iatdopma,
reonH()OpMallMOHHAsI CHCTEMA, 3arpsi3HEHUE BO3/1yXa, OLICHKA PUCKA JIJIsI 3110POBbS,
MHJIEKC KauecTBa BO3/lyXa

Introduction. In the early 1960s, with the development of technology and
increased attention to environmental issues, large-scale introduction of sensors
for monitoring atmospheric air quality began. The environmental monitoring
system had to quickly detect sudden significant releases of radioactive materials
for operational activities, as well as regularly measure the levels of hazardous
substances. It should detect radiation and radioactivity levels before the surrounding
population is exposed to exposure exceeding established limits.; This means that
the higher the dose, the earlier the detection should be performed. It also implies
the need for prompt notification and appropriate measures to protect the public and
the environment. The research results (Ishihara, 1967) showed that this monitoring
system functioned in the following three ways: (1) centralized continuous automatic
monitoring; (2) regular surveys of radiation levels; and (3) environmental sample
analysis, especially for use as biological indicators. The selection of suitable
biological indicators for monitoring environmental pollution and the development
of methods for measuring changes in low dose levels, for example, 107° rad x hr',
were important before designing an effective environmental monitoring system.
Three different centralized continuous monitoring systems for nuclear installations
were presented in the work.

The paper (Mukaro et al., 1999) describes a battery-powered, microcontroller-
based DAS for remote solar radiation monitoring. It uses an ST62E20
microcontroller and a SolData pyranometer, operating in low-power mode with
10-minute data sampling. Data is stored in EEPROM and transferred via RS232 for
offline analysis. The system prioritizes efficiency and cost-effectiveness, showing
+13 W/m? accuracy in field tests.

A study (Lodwick et al., 1981) at the University of New South Wales has shown
that changes in the environment can be effectively measured using LANDSAT
images. A set of programs has been developed for the CYBER 72/171 system that
process data from MSS tapes provided by NASA. The results were used to monitor
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droughts, predict forest fires, and evaluate crops. Programs written in Fortran used
minimal memory requirements and provided image processing in five hours of
processor time.

The work (Morita et al., 1983) is devoted to monitoring the environment of the
Japanese Tokai and Oarai regions, where there were seventeen enterprises related to
nuclear energy, varying in size and type of activity. Environmental monitoring was
carried out with the cooperation of the Government, local authorities and enterprises
in accordance with plans developed by the prefectural monitoring Committee. The
main monitoring objectives included: 1) assessment of the dose to the public based
on data on environmental radioactivity and emissions of radioactive substances; 2)
determination of the accumulation of radioactive materials over long time intervals.
3) Early detection of abnormal emissions from enterprises.

As can be seen from papers above, the importance of environmental monitoring
and the development of tracking systems was recognized back in the early 1960s.
This time became the starting point for the implementation of systems that made it
possible to monitor the state of the environment and respond promptly to changes
in it. Today, thanks to advances in high technology, environmental monitoring has
become more efficient and accurate. Modern sensors allow for round-the-clock
monitoring without having to worry about data storage. The received data can
be processed using cloud computing and transmitted over long distances without
obstacles.

The study (Lee et al.,, 2024) uses geoinformation system and isochronous
mapping to assess air quality risks for vulnerable populations in Gangseo, Seoul,
South Korea. It identifies underserved areas with limited monitoring, proposing
strategic sites for air quality stations. Findings offer policymakers recommendations
for better environmental protection and monitoring infrastructure.

The article (Chen et al., 2008) highlights the importance of information systems
as a key technological factor capable of contributing to environmental sustainability.
The presented conceptual model and the proposed provisions reveal the potential
roles of IP in sustainable development strategies, providing a scientific basis for
future research in this area.

The article (Ghaemi et al., 2009) presents a web platform for interactive
environmental planning in Southern California’s Green Visions Plan. It helps
municipalities identify project sites for parks, biodiversity, and watershed
improvements. Featuring a site-level park analysis tool, it estimates user
demographics. A client-server model ensures efficient geospatial data processing.

The article (Paynter et al., 1998) examines the process of developing web-based
information systems, including the stages of design, implementation and security.
The study highlights the importance of using modern web technologies to effectively
manage data and improve information exchange processes in various fields.

The article (Giglione et al., 2022) is devoted to the development of an integrated
Geographic Information System-based web platform (GIS) for monitoring the
environmental status associated with industrial emissions. The paper presents
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an approach to the use of modern technologies for the collection, analysis and
visualization of air pollution data related to the activities of industrial enterprises.
The main focus is on the functionality of the platform, which provides users with
access to real-time data and allows them to analyze pollution levels and their
dynamics.

The article (Culshaw et al., 2006) describes a web platform designed to support
decision-making in planning in the UK. It provides access to environmental
information by integrating data from URGENT and ODPM research. The system
covers key planning functions and includes 11 thematic areas such as air quality,
groundwater protection and flood risk. The use of geoinformation technologies and
modular architecture make it possible to take into account new legal requirements
and local data. The study demonstrates the effectiveness of e-governance principles,
offering economic and operational benefits to planners and developers.

In summary, it can be stated that information ecology is a newly emerging field
that has been actively developing in recent years, and research in this area represents
a multidisciplinary subject (Wang et al., 2017). Studies on information ecology
primarily focus on information ecosystems, information ecology in e-commerce,
and information ecology in networks.

The purpose of this research is to develop an information and analytical platform
for monitoring the atmospheric air of industrial cities in Kazakhstan, which receives
and analyzes air condition data from automated monitoring systems (AMS). This
system provides the collection, transmission and processing of information in real
time, which allows you to quickly monitor changes in the level of pollution in the
atmosphere and provide recommendations to the public. Developed website https.//
aipol.kz/1s an integrated platform that combines data on meteorological conditions
and pollutants such as PM, , PM, , NO,, SO, and CO with the calculation of the
Air Quality Index (AQI).

Materials and Methods. Information and analytical systems are an important
tool for monitoring the environment and supporting decision-making. They provide
environmental data analysis to identify trends, anomalies, and forecast changes,
which contributes to a deeper understanding of ecosystem processes and reduces
risks to public health.

2.5 10°

A. Data collection and integration from AMS
B. Data Storage Block
C. Analysis and Modeling <:|
D. Statistics and Visualization Web server

I

Meteorological Dynamic Digital Recommendations | | Industrial Cities
Data and Map for the Population Ranking <:|
Pollutant

Concentration
Data

Figure 1. The structure of the information and analytical platform
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Platforms increase the availability of environmental information by contributing
to information and environmental education for citizens, as well as providing
government agencies with informed data for environmental policy development.

The integration of GIS technologies enables comprehensive visualization and
spatial representation of environmental data, significantly enhancing the ability to
analyze patterns, trends, and anomalies in air pollution distribution. By leveraging
GIS-based spatial analysis, researchers and decision-makers can identify high-
risk areas, assess pollution sources, and evaluate the effectiveness of mitigation
strategies with greater accuracy.

In the context of scientific research, web-based platforms that incorporate GIS
technologies facilitate access to extensive datasets collected from various automated
monitoring systems, remote sensing technologies, and open-source databases
(Figure 1). This integration supports interdisciplinary collaboration by enabling
researchers from different fields - such as environmental science, meteorology,
public health, and urban planning - to utilize shared geospatial data for developing
predictive models, conducting impact assessments, and formulating evidence-
based policies. Furthermore, the ability to integrate real-time and historical data
enhances the capacity for temporal analysis, enabling a deeper understanding of
pollution dynamics and long-term environmental changes.

Data collection and integration. The air pollution data integration module, located
in the database server, includes several key components, each of which performs
important functions to ensure efficient information collection and processing.
Its structure includes an Application Programming Interface (API) client, a data
processing unit, and a storage interface.

The API client is responsible for executing HTTP requests to the pollution data
API from AMS of Ecoservice-S LLP, managing authentication, and configuring
request parameters. It provides reliable and secure data transfer between the
platform and an external information source. The data processing unit accepts the
received responses in JSON format, cleans them of unnecessary information and
converts them into a format suitable for future use. In addition, this component
performs error checking and data validation, which guarantees the accuracy and
integrity of the information.

From a functional point of view, the module periodically sends API requests
to get up-to-date pollution data. It is configured to collect information on key
indicators such as PM, ., NO, concentrations, and AQI values. To ensure the timely
receipt of data, a query planning mechanism is used via cron or special tasks, which
allows you to regularly update information about the state of atmospheric air.

After processing, all data is stored in a database for further analysis and
visualization. The module also includes notification and reporting functions: in
case of missing data from the remote server or other problems, the system sends
notifications. This integration automates the data collection and analysis process,
ensuring real-time monitoring of air quality with minimal delays and maximum
accuracy.
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Data storage block. The created atmospheric pollution database for the
industrial city of Ust-Kamenogorsk is designed to generate long-term historical
records of the state of the atmosphere, identify the most dangerous pollutants and
accumulate metadata from various sources. The system allows you to securely store
and process information on server hosted in the LLP Akademset data center. The
developed geoinformation system provides access to up-to-date and archived data
from mobile and stationary automated sensors installed in the most polluted areas
of cities.

The data repository of the information-analytical platform stores spatiotemporal
analysis of pollution, providing regulatory authorities with tools for informed
decision-making in environmental safety and sustainable development. The data
are available for scientific research on environmental conditions and facilitate
ecological monitoring and natural resource management.

Real-time displayed data. The site is integrated with external APIs that
provide real-time data on weather conditions and air pollution levels. One of
these sources is the Pollution Data API of Ecoservice-S LLP, which aggregates
data from automated air quality monitoring stations operated by the company.
Additionally, data from other organizations’ monitoring stations are collected and
made available via API of the OpenWeatherMap platform. This integration enables
comprehensive environmental monitoring by ensuring access to accurate and up-
to-date atmospheric data.

The website interface provides the following information: on the main page of
the platform, meteorological parameters, concentrations of pollutants (PM, ., PM ,
CO, SO,, NO,) and AQI are presented, which makes it possible to assess the level
of pollution and its impact on human health (Figure 2 (a)-(c)). It also displays
recommendations for the population (Temirbekov et al., 2023, (a)), in accordance
with World Health Organization (WHO) global air quality standards, an AQI
rating of cities, and a frequently asked questions section to improve navigation and
accessibility of information.
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Figure 2. The website interface of the information and analytical system

Figure 2(c) presents recommendations aimed at informing citizens about
possible health risks at different levels of atmospheric air pollution and providing
adapted precautions for different population groups.

The recommendation system for the population, implemented within the
developed platform, is designed in accordance with internationally recognized
air quality standards. It is based on a comprehensive analysis of environmental
parameters and aligns with the global guidelines established by the WHO. This
system ensures the provision of scientifically grounded recommendations aimed at
mitigating the adverse effects of air pollution on public health, thereby enhancing
environmental awareness and promoting informed decision-making among users.

Visualization of pollutant dispersion. The cartographic section is a key tool for
visualizing environmental data in real time, including the location of automated
monitoring stations, their current indicators and dynamic maps of the dispersion of
pollutants in industrial zones of Kazakhstan, which allows for spatial analysis and
assessment of local sources of pollution.

For visualization of spread of harmful substances in city, a model of the transport
of pollutants in the atmospheric air of industrial cities is used with an accurate
determination of the concentration of emissions from manufacturing enterprises, as
in (Temirbekov et al., 2023 (b), Temirbekov et al., 2024 (a), Temirbekov et al., 2023
(c), Temirbekov et al., 2024 (b)).

The transport equation is examined, where the initial urban area is transformed
into a dimensionless region. Within this dimensionless computational domain
0=x=1,0=sy=1,0=t=T:

dg dg dg

ot Y ax TV ay APt P that e (M
@y {x,_‘_l,r’ ﬂ] = @u{xr}a! (pq{l],}r, t] =0, Py {j—r}ﬂ- t] =0, 2)
@, (x%0,t) =0, ¢ (x1,t) =0, 3)
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where %gis the concentration of the impurity, ¥ ¥ are components of wind

. . pp, =2 (Z2) + 2 (Z2)
speed, £ g is the power of the pollution sources, Pa = 532 oz dy \ ay /, In
terms of the concentration of the harmful substance in the impurity, the coefficient
By is the constant of the rate of formation of the substance, @ is the constant of
the rate of decrease.

Additional information for solving this problem is Pq — data on the values of
pollutants of AMS. For this problem, the inverse problem is considered, in which it
is required to determine the source based on the data received from the monitoring
system. The essence of the inverse problem is to minimize the following Lagrange
functional

T
@ de de
L(f,) = fdtf ‘3+ u ‘?+u avq—ﬂng—aqng—ﬁq—fq]qp‘dﬂ
o Iy .
+Z.1=.J-dr f[pq—quq):é'(f:—ﬁjdﬂ,
i=1 o n

where 7j is the radius vector of the location of pollution sources and AMS, &(x)
is the Dirac delta function, 4; — the coefficient of preference.

This model takes into account the inaccuracy of data on the concentration and
volume of emissions, as well as their changes during photochemical reactions. The
proposed approach solves this problem as an inverse problem using the theory of
conjugate equations. This provides a more accurate understanding of the impact of
industrial facilities on air quality and provides a basis for decision-making in the
field of regional environmental policy.

For data visualization, Mapbox and OpenStreetMap maps are used, which
allows to track environmental information in real time (Figure 2(d)).

Results and discussion. The study of atmospheric pollution monitoring has
gained significant attention in recent years due to the increasing anthropogenic
impact on air quality and public health (Okabayashi Miyaji et al., 2021). Numerous
specialized platforms provide real-time data on pollutant concentrations, leveraging
automated monitoring systems to facilitate continuous observation and early
detection of environmental risks. These platforms, including AirKaz.org, 1QAir,
AQI India, AirNow, SmartEco, etc. serve as valuable tools for public access to air
quality indices and pollutant concentrations (PM, ,, PM, , CO, SO,, NO,). However,
they primarily focus on data aggregation and visualization Wlthout advanced spatial
analysis or predictive capabilities.

The developed platform (Air pollution, 2024) introduces a more advanced
analytical approach by integrating automated monitoring data with meteorological
parameters, enabling spatiotemporal modeling of pollutant dispersion. This
methodological framework enhances the ability to identify emission hotspots, track

“4)
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pollution sources, and assess the impact of atmospheric dynamics on pollutant
transport. The visualization module employs dynamic geospatial mapping
techniques to represent real-time pollution levels and historical trends, offering an
in-depth perspective on environmental fluctuations.

The integration of computational algorithms allows for the real-time assessment
of pollution dynamics and the generation of adaptive recommendations for
vulnerable population groups, including individuals with respiratory conditions,
children, and the elderly. By providing health-oriented advisories and exposure
minimization strategies, the platform bridges the gap between environmental
science and public health management.

Conclusion. The development of a platform for monitoring atmospheric
air quality and informing the public represents a significant step in the field of
environmental management and environmental protection. The proposed solutions
are based on modern information technologies that ensure the collection, processing
and analysis of large amounts of data on air pollution. The integration of automated
monitoring stations and the use of historical data allows not only to assess the
current state of the environment, but also to identify long-term trends and predict
environmental changes.

One of the key features of the platform is the accessibility and visibility of
the information provided. Users can monitor the concentrations of pollutants
(PM, ,, PM , CO, SO,, NO,) and the Air quality Index in real time, which helps
to raise environmental awareness. An important component of the platform is a
recommendation system based on WHO international standards, which offers
tailored precautions for various population groups, including children, the elderly,
and people with chronic diseases.

Visualization of data using cartographic tools provides a deeper understanding
of the spatial distribution of pollutants and allows you to quickly identify problem
areas. This is especially important for industrial regions, where the concentration
of emissions from production facilities significantly affects air quality. The ability
to track the spread of pollution and localize sources of emissions supports informed
decision-making to develop measures to reduce anthropogenic impact.

Thus, the developed platform becomes an important tool for air quality
management and making environmentally significant decisions. Its implementation
contributes to improving environmental monitoring, increasing the level of
environmental safety and public health. Further development of the platform is
expected in the future, including expansion of functionality, integration of additional
data sources and improvement of forecasting algorithms, which will increase its
efficiency and accuracy of environmental analysis.
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Abstract. For nations like Kazakhstan, where dry and semi-arid climates
together with human activity put increasing strain on lakes and rivers, monitoring
water resources has become ever more crucial in recent years. Accurate and timely
information on surface water dynamics is essential for effective water management,
environmental protection, and adaptation to climate change. Advances in remote
sensing technologies, particularly the use of indices like NDWI and machine
learning algorithms such as Random Forest, have significantly enhanced the
ability to detect and analyze surface water changes over time. These tools offer
scalable, cost-effective solutions for continuous monitoring, especially in remote
and vast landscapes typical of Central Asia. This work offers a useful method
based on the Normalized Difference Water Index (NDWI) to detect water bodies.
Each of the tools we used — QGIS, Python and Google Earth Engine (GEE) — had
unique benefits for the work. We applied a supervised Random Forest technique
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using several spectral bands and indices to separate water covered from dry areas.
Examining seasonal and long term fluctuations in water levels, our main case study
was on Lake Akkol in the Zhambyl Region. To grasp their influence on local water
dynamics, we also examined information from the Assy and Talas rivers. The
consistent and dependable results across platforms underlined the great spatial and
temporal heterogeneity of water distribution in the area and supported the need for
continuous satellite based monitoring.

Key words: Normalized Difference Water Index, Google Earth Engine, QGIS,
Python, water resources, monitoring
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MaHbI3/1bl 0oJa TycTi. beTki cynapaplH AMHAMHUKACHI Typasibl )1 9pi YaKbIThUIbI
aKmapar — Cy pecypcTapblH THiMAI Oackapy, KOpIIaraH OpTaHbl KOpray >KoHE
KIMMaTThIH e3repyiHe OeiiMaeny ymiH aca KaxkeT. KaIIbIKTBIKTaH 30HATAY
TEXHOJIOTUSJIAPBIHBIH JaMybiMeH, acipece NDWI cusikts! nanekcTep MmeH Random
Forest CHSKTBI MallIMHAJIBIK OKBITY aJITOPUTMICPIHIH KOJIAHBUTYbI, YaKbIT iIIiHAE
0eTKi cyaFbl ©3repicTep/Ii aHbIKTay MEH TaJlIay MYMKIHIIKTEPiH e0yip apTThIPIbL.
Byn kypanmap, ocipece Opranblk Asusfa TOH KEH JKOHE KallIbIK aiMakTapja,
TYpaKThl OaKblIay JKYpri3y YIIiH THIMJII )KOHE YHEMJII MIeNrM/ep YCbiHaabl. by
JKYMBICTa CYy aliIbIHIAPBIH aHBIKTAy YIIiH HOpMajaHfaH cy wHaekcine (NDWI)
HeTi3/IeNreH THIMII 9ic YChiHBUIaAbl. Konnmaneuran op6ip kypamaeiH — QGIS,
Python xane Google Earth Engine (GEE) — e3iHIiK apTHIKIIBUIBIKTapbl OOJIBL.
bi3 cy MeH Kyprak >kepiep/i aKpIpary YIIiH OipHeIle CHeKTpasabl apHaIap MEH
WHAEKCTEpli maiaanana oTeIpein, Random Forest 6akpuTayibl o/1iciH KOMTaHIBIK,.
ManpbI311b1 3epTTey HbICaHbl peTinae KaMObL1 00IBbICHIHAAFBI AKKOJI KOJI1 aJIbIHBIII,
Cy JCHIeHiHIH MayChIMIBIK KOHE y3aK Mep3imii e3repictepi 3eprrenmi. Conmaii-
aK, JKepriTKTI Cy NWHAMUKAChIHA dCEPiH TYCiHYy MakcaTbhlHAa AcChl jkoHe Taac
©3CHJepl JKOHIHIEeri akmapar Ta KapacThIpbULIBL. OpTypii miardopmanapaa
AJNBIHFAaH TYPaKThI opi CEHIMIII HOTIIKENEp OHIPHAET] Cy TapaiybIHBIH KEHICTIKTIK
JKOHE YaKBITTBIK OPKEIKITITiH KOPCETTI KoHE CIYTHUKTIK OaKbLIayJblH Y3IIKCi3
KYPTi3UTy KQXKETTUTITH ToTeIae .

Tyiiin ce3nep: Hopmananran cy nnaekci (NDWI), Google Earth Engine, QGIS,
Python, cy pecypcrapbl, MOHUTOPUHT
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AnHotamus. Jlnsa Takux cTpaH, Kak Kaszaxctan, rne 3acynuiMBBIA U
MOJTy3aCylIJIUBBIA  KJIMMAaT B COYETAaHUH C YEJIOBEUECKOM JIeATENbHOCTHIO
YCUJIMBAIOT HArpy3Ky Ha o03epa M pPEKH, MOHUTOPHHI BOJHBIX pECYpPCOB B
MOCeTHIE TOIbl CTAaHOBUTCS Bce Oojiee BaKHBIM. TouHas M CBOEBpEMEHHAs
uHpOpMAIHI O AWHAMHUKE TIOBEPXHOCTHBIX BOJ HeoOXomuma It S(GPEeKTHBHOTO
yIpaBJIE€HUs BOJHBIMU PECYPCAMHU, OXPaHbl OKPY’KAIOIIEH cpenbl U ajanTalnuu K
M3MEHEHUSAM Kiumara. Pa3BUTHE TEXHOJOTHH AWCTAHIIMOHHOTO 30HAMPOBAHUSA,
0COOEHHO UCTIONB30BaHUE HHACKCOB, TaknxX kak NDWI, i anroputMoB MarmmHHOTo
oOyueHMsI, Hanpumep, cirydaitnoro seca (Random Forest), 3HaunTenbHO TOBBICHIIO
BO3MOXXHOCTH BBISIBIEHMS U aHaliM3a W3MEHEHHH MOBEPXHOCTHBIX BOJ BO
BpEMEHHU. JTH WHCTPYMEHTBI 00€CIICUNBAIOT MACIITaA0UPYyeMble U SKOHOMUYECKU
3¢ PEeKTUBHBIC PELICHUS ATl IOCTOSIHHOTO MOHUTOPUHTA, 0COOCHHO B YIaJIEHHBIX
u oOmupHBIX JNaHamadrax, xapakrepHelx ais LlentpansHoit Asun. B manHoi
pabore mpemnaraercs 3QQEKTUBHBI METOA OOHApy>KeHHsT BOJOEMOB Ha OCHOBE
HOpMaJIn30BaHHOTO BojHOro wHjaekca (NDWI). Kaxaplii w3 uCnoiab30BaHHBIX
Hamu uHCTpyMeHTOB — QGIS, Python m Google Earth Engine (GEE) — umen
CBOM YHHUKaJbHBIE TNpEUMYIIecTBa. MBI NMPUMEHWIM KOHTPOJIHPYEMBIH METOJ
CJIy4aifHOTO Jieca C MCIOJIb30BaHHEM HECKOJIBbKUX CHEKTPajbHBIX KaHAJIOB M
WHJICKCOB JJISl pa3/iesieHus] BOJOEMOB M CYyXHX Y4acTKOB. OCHOBHBIM OOBEKTOM
uccienoBaHusl ctaino o3epo Axkkonb B JKaMObUICKOH 00JacTH, Ha KOTOPOM MBI
W3yyalld CE30HHBIE W JOJITOCPOYHBIE KoieOaHWs YpOBHS BoAbl. Tarke Obun
MIpOaHAIN3UPOBAHbI JaHHbIE MO pekaM Acbkl u Tamac 111 OLEHKM HUX BIMSHUSA
Ha MECTHYIO BOAHYIO AMHaMuKy. IlocrnenoBarenbHble M HaAEKHBIE PE3yJbTATHI,
MOJTy4YeHHBbIE Ha pa3HbIX I1aTGOpMax, MOAYEPKHYIN BEICOKYIO TPOCTPAHCTBEHHYIO
U BPEMEHHYIO HEOJHOPOIHOCTb PACIpPENEICHUsI BOAHBIX PECYPCOB B PETHOHE U
MOATBEPIUIIN HEOOXOIUMOCTh MOCTOSIHHOTO CITyTHUKOBOTO MOHUTOPHHTA.

KiroueBsble ciioBa: HopmaiauzoBanHbli BonHbll nHaekc (NDWI), Google Earth
Engine, QGIS, Python, BomHBIC pecypcbl, MOHUTOPUHT

Introduction. Particularly in dry and semi-arid areas like southern Kazakhstan,
water is among the most vital natural resources for maintaining life, agriculture,
and economic development. But climate change, upstream water diversion, poor
irrigation techniques, and growing population pressure have made water availability
in the region quite erratic. This fluctuation jeopardizes not only ecosystems but also
the livelihoods of those depending on a constant water supply for home consumption
and agriculture (Kozykeyeva, 2020).
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Monitoring surface water dynamics across vast distances and over several times
has proved to depend critically on remote sensing technologies. Among these, the
Normalized Difference Water Index (NDWI) is among the most useful spectral
indices for satellite image based open water body detection. Originally suggested by
McFeeters in 1996 (Straube, 2013), NDWI highlights water features by enhancing
the reflectance difference between the green and near infrared (NIR) bands, hence
suppressing non water features including soil and plant. Sentinel 2 MSI Level 2A
imagery was used in this work to calculate NDWI by means of atmospherically
corrected surface reflectance data. NDWI values were computed espe- cially using
Band 03 (Green, 560 nm) and Band 8A (Narrow NIR, 865 nm). Downloaded with
a spatial resolution of 20 meters from the Copernicus Data Space Ecosystem plat-
form (Gao, 1996), the imagery was focusing on the monitoring of Lake Akkol, a
representative inland water body prone to seasonal and interannual fluctuations in
the Zhambyl Region of Kazakhstan, this study aims. Important tributaries like the
Assy and Talas rivers, which help to sustain water levels in surrounding lakes and
marshes, have hydrologic impact across the area.

Three platforms — QGIS (Messager, 2016 and Breiman, 2001) and Google Earth
Engine (GEE) — were used to compute NDWI and improve water classification
and change detection. Moreover, a Random Forest machine learning model (U.S.
Geological Survey,2024) was trained to use spectral indices and bands to distinguish
non water from water locations. This combined approach offers a strong, flexible
framework for evaluating the strengths and limits of any computational technique
as well as for studying water dynamics.

The main goal of this work is to show how combining remote sensing indices
with machine learning can improve the accuracy and efficiency of surface water
monitoring in areas sensitive to water shortage.

Study Area and Data. The study focuses on Lake Akkol, in the semi arid
continental environment of southern Kazakhstan’s Zhambyl Region, with hot
summers and cold winters. Lake Akkol is a small inland water feature whose water
cover varies greatly both seasonally and yearly. Maintaining rural livelihoods,
biodiversity, and local agriculture as well as helping to support.

The hydrology of the lake is affected by nearby tributary rivers, particularly
the Talas River and Assy River, which are essential seasonal sources of inflow.
Apart from surface runoff, these rivers affect the temporal dynamics of the water
extent of the lake in seasons of snowmelt and spring rains. As its precipitation and
evaporation rates vary as well, the region is a relevant test site for evaluating water
resource changes under climatic stress.

For image processing and analysis, the area of interest (AOI) was selected to be
a buffer zone around the lake and inflow channels.

This work takes use of freely accessible Sentinel 2 MSI Level 2A satellite photos
including surface reflectance data modified for atmospheric impacts, obtained from
the Ecosystem site of Copernicus Data Space (Gao, 1996).

Sentinel 2 offers high resolution multispectral data at 10-20 meter spatial
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resolution, which is well suited for detecting and monitoring surface water features.
Two specific bands were used for water index analysis:

* Band 03 (Green, 560 nm)

» Band 8A (Narrow Near Infrared, 865 nm)

The work focused on just low cloud cover or cloud free models. Long term water
dynamics and interannual comparisons were investigated with photos spanning
many years: 2016-2024.

This work manually acquired Sentinel 2 photos from the Copernicus Data Space
Ecosystem web portal (Gao, 1996). Visual and metadata based filtering was part of
the chosen strategy to guarantee low cloud coverage or cloud free conditions over
the Lake Akkol area. Scenes were selected depending on:

* Cloud Coverage: less than 10% total cloud cover.

 Spatial Resolution: 20 meter products (B03 and BSA bands).

* Temporal Range: July—August for representative seasonal water extent
(2016 and 2024).

* Level: Sentinel 2 MSI Level 2A (surface reflectance, atmospherically
corrected).

Images were previewed directly in the platform’s browser interface using the
quick look rendering option and downloaded as SAFE products. Bands were later
extracted and preprocessed using Python and QGIS tools (Messager, 2016 and
Breiman, 2001) for consistency across platforms.

Nel table — Summary statistics and metadata for Sentinel-2 Bands BSA and B03

Property BSA B03
Minimum Value 975 1038
Maximum Value 10077 11420
Mean Value 3536.03 2456.12
Standard Deviation 649.71 712.08
Projection Method Universal Transverse Mercator (UTM)
CRS EPSG:32642 — WGS 84 / UTM zone 42N

In addition to satellite imagery, the study incorporated vector data from the
HydroLAKES database (European Space Agency, 2024), which provides global
lake boundary polygons. These prevali-dated lake polygons were used to extract
training samples for the Random Forest model, enabling more accurate and
consistent labeling of water bodies across different image sources. Pixels located
within HydroLAKES polygons were labeled as “water,” while pixels outside were
used to represent “nonwater” classes.

Ne2 table — Classification metrics with definitions and formulas

Metric Purpose Formula
Accuracy | Overall correctness of predictions. May be misleading with TP+TN
imbalanced classes. TP +TN +FP +FN
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Precision | How many predicted positives (e.g. wa- ter) are actually P TP+FP
correct.
Important when false positives are

costly.

Recall Measures how many actual positives are correctly TP TP+FN

detected. Crucial when missing water areas is critical.

F1 score |Balances precision and recall. Reliable metric for 2-Precision-Recall

imbalanced datasets. Precision+Recall

Where: TP — true positives, FP — false positives, TN — true negatives, FN — false
negatives

This approach allowed for the creation of a balanced and geographically diverse
training dataset, improving the robustness of the machine learning classification
and supporting generalization across different types of water bodies.

The interpretation scale presented in Table 3 is grounded in widely accepted
practices for evaluating classification models across domains such as remote
sensing, medical diagnostics, and information retrieval. Although there is no
universally standardized threshold, the defined value ranges (e.g., Excellent: 90 to
100%, Good: 75 to 84%) are commonly used in applied machine learning literature
and supported by evidence from prior studies.

Maxwell et al. (2018) highlight that overall accuracy values above 90% are
typically considered high performing in remote sensing classification tasks,
especially when the dataset is well prepared and balanced. Similarly, Sokolova and
Lapalme (2009) emphasize that metrics such as precision and F1 score provide
more nuanced insights in imbalanced classification problems, which are common
in environmental data analysis.

Ne3 table — Qualitative interpretation scale for classification metrics

Interpretation Value Range (%)
Excellent 90 to 100
Very Good 85 to 89
Good 75 to 84
Moderate 60 to 74
Poor Below 60

This qualitative scale helps provide intuitive, interpretable guidance when
assessing model effectiveness, especially in interdisciplinary contexts where
stakeholders may not be familiar with the technical significance of raw metric
values. It also supports communication of results to non specialist audiences and
aligns with performance reporting practices recommended in tools such as scikit
learn (Gillies et al., 2022).

Methods and materials. This study combines remote sensing techniques with
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machine learning to detect and monitor surface water dynamics in the Lake Akkol
region. The workflow consists of three main components: NDWI calculation
using multiple platforms, training data preparation using HydroLAKES polygons
(European Space Agency, 2024), and supervised classification using the Random
Forest algorithm (Breiman, 2001).

The Normalized Difference Water Index (NDWI) (Straube et.al., 2013) was
computed using the following formula:

_ GREEN — NIR

NDWI =
GREEN + NIR

where:

Green is Band 03 (560 nm),

NIR is Band 8A (865 nm) from Sentinel 2 MSI Level 2A imagery.

To evaluate and compare processing flexibility, speed, and visual output quality,
NDWI was calculated using three platforms:

QGIS: NDWI was computed using the Raster Calculator (Messager et.al.,
2016). This approach was useful for localized analysis and manual quality control.

Python: A Python script utilizing rasterio, numpy, and matplotlib was devel-
oped to automate NDWI calculation and integrate with machine learning pipelines
(U.S. Geological Survey, 2024).

Google Earth Engine (GEE): The NDWI was calculated and visualized using
GEE’s JavaScript API. This method allowed efficient processing of large datasets
across multiple years.

To create labeled training data for the classification model, vector polygons
from the HydroLAKES global database were used (European Space Agency, 2024).
These polygons represent the outlines of known lakes and reservoirs.

Pixels within the HydroLAKES polygons were labeled as water.

Pixels from nearby nonwater areas (e.g., bare soil, vegetation) were labeled as
non-water.

The dataset was balanced to reduce bias and ensure model generalization across
vary- ing conditions and landscapes.

This semiautomated labeling method significantly improved the consistency
and scal-ability of training data generation.

A Random Forest model was trained using the scikit learn Python library (Gillies
et al., 2022). The classifier used a combination of spectral features and remote
sensing indices to improve classification accuracy.

The following input features were included:

- NDWI: Highlights open water by contrasting green and NIR reflectance.

- NDVI (Normalized Difference Vegetation Index), computed using:

_ GREEN — NIR

NDWI =
GREEN + NIR
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Where: NIR is Band 8A, and Red is Band 04 (665 nm) (McFeeters, 1996).
NDVI was included to help differentiate water from vegetated areas.
Spectral Bands:
— BO03 (Green)
B04 (Red)
BOSA (Narrow NIR)

— B11 (SWIRI, 1610 nm)

— B12 (SWIR2, 2190 nm)

These bands are particularly effective for distinguishing water from built up or
dry areas, as SWIR reflectance is typically low over water but high over soil and
manmade surfaces.

The model was trained on labeled pixels from the HydroLAKES dataset
(European Space Agency, 2024) and validated using independent regions near Lake
Akkol. Evaluation was based on:

Confusion matrix
Overall classification accuracy
Precision and recall for the water class

The Random Forest algorithm (Breiman, 2001) was chosen due to its ability to
handle nonlinear relationships, resistance to overfitting, and strong performance in
remote sensing applications.

Results and Discussion

NDWI maps generated using QGIS (Messager et al., 2016) provided a detailed
view of water extent in the region. The NDWI raster was visualized using a single
band pseudocolor rendering style, which enhances contrast between water and
nonwater areas. A blue to white color ramp was applied, where darker blue
tones represent higher NDWI values (closer to water), and white indicates drier or
nonwater surfaces.

1- Figure. NDWI map of Lake Akkol generated in QGIS using single band pseudocolor with a
blue to white color ramp
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The computed NDWI values from the Sentinel 2 image in QGIS ranged from:

* Minimum:-0.63236

* Maximum: 0.330626

These values align with expected NDWI ranges (Straube et al., 2013) where
water typically has NDWI and negative values correspond to dry soil, urban
features, or vegetation. The contrast in the image helped clearly delineate Lake
Akkol from surrounding land cover.

The NDWI was also calculated using a custom Python script developed and
executed in the PyCharm environment. Sentinel 2 Level 2A images were processed
using the rasterio library for reading raster bands and numpy for array based
calculation of NDWI values (Breiman, 2001). The resulting raster was visualized
using matplotlib with a single band pseudocolor rendering and a blue to white
color ramp, similar to the one used in QGIS.

In this case, the raw band values were read as 16 bit integers without applying
the standard reflectance scaling factor (typically 0.0001). As a result, the computed
NDWI values were not normalized and fell within the range:

* Minimum: 0

* Maximum: 30.4243

2-Figure. NDWI map of Lake Akkol generated in Python using pseudocolor rendering (blue to
white ramp) Note the unnormalized value range.

Although these values deviate from the expected NDWI range of —1 to +1, the
structural correctness of the formula was preserved. This discrepancy primarily
affects numerical interpretability rather than the visual pattern of water detection.

To obtain physically meaningful NDWI values, raw band values should be
converted to surface reflectance by dividing each pixel value by 10,000. The
normalized NDWI formula becomes:

Ba BeA

: : B3 —BBA
— 10D 10000 —
NDW] =18gee o000
—= B3 +BBA
ipooD  LoDoDoD
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Mathematically, the scale factor cancels out, so the NDWI structure remains
valid; however, normalization is crucial when comparing index thresholds or
combining with other scaled indices like NDVI (McFeeters, 1996).

Despite the unnormalized range, the pseudocolor visualization remained
effective. The blue to white colormap clearly emphasized water features with
relatively higher NDWI values, enabling visual distinction of Lake Akkol from its
surroundings.

This scenario highlights the importance of reflectance normalization when
working with Sentinel 2 data in Python environments. Applying normalization
ensures consistency with outputs from QGIS and Google Earth Engine, which
automatically handle scaled reflectance.

Google Earth Engine (GEE) results: GEE allowed for direct access to atmospher-
ically corrected Sentinel 2 imagery with automated scaling. NDWI was calculated
using the standard formula and visualized using the same blue to white colormap.
The results were clipped to the Akkol region.

3-Figure. NDWI map of Lake Akkol generated in GEE using pseudocolor rendering (blue to
white ramy

The NDWI values in GEE ranged from:

* Minimum: -0.6008

* Maximum: 0.3493

These values closely matched those observed in QGIS, confirming consistency
between platforms that correctly handle reflectance.

Ne4 table — Classification Metrics and Their Formulas

Metric Formula Value
Accuracy TP+TN. ~ 0.937
TP +TN +FP +FN
Precision P ~ (0.854
TP+FP
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Recall TP =~ (0.966
TP+FN
F1 score 2-Precision-Recall ~ 0.906
Precisiont+Recall

Ne5 table — Comparison of NDWI Value Ranges Across Methods

Method Minimum NDWI Maximum NDWI
QGIS —0.63236 0.33063
Python (unnormalized) 0 30.4243
GEE —0.60081 0.34934

Classification Results Using Random Forest

To evaluate surface water change detection in Lake Akkol, a supervised
Random Forest classifier was trained using NDWI, NDVI, and spectral bands
(B04, B11, B12). The model was trained using labeled water polygons from the
HydroLAKES dataset (European Space Agency, 2024) focusing on three classes:

» -1 — water loss

* 0 —no change

* 1 — water gain

1. Multiclass Classification Performance

The confusion matrix in Figure 4 shows the classifier’s performance on the full 3
class dataset. The matrix indicates a high number of correctly predicted stable water

areas (class 0), as well as good performance in detecting both water appearance and
disappearance.

Figure 4. Confusion matrix for 3 class Random Forest classification: -1 (water loss), 0 (stable), 1
(water gain)
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Class -1 (loss): TP = 4,605

Class 1 (gain): TP =762

The matrix confirms that the classifier performs well across all classes, with low
false positives and minimal confusion between gain and loss.

2. Binary Classification — Simplified Tasks

To compare performance under binary conditions, the model was evaluated in
two simplified settings.

OL) Detecting only class 1 (water gain):

Figure 5. Binary classification for class 1 (water gain) vs others
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TP (gain correctly detected): 10,000

FP (false gain): 189

FN (missed gain): 302

B) Detecting only class 1 (gain) with unbalanced dataset:

TP=91,815

FP=15,702

FN = 3,198

The model still maintains high recall, but precision decreases due to the high
imbalance. This phenomenon is consistent with findings by Sokolova and Lapalme
(Sokolova and Lapalme, 2009) who emphasize the importance of balancing
precision and recall when evaluating classifiers under skewed distributions.
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Figure 6: Binary classification with class imbalance (gain vs background)
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3. Visualizing Water Change Classification
In addition to numeric metrics, the classified image was visualized as shown

in Figure 7. Water changes around Lake Akkol are clearly captured, particularly
shoreline expansion and contraction.

Figure 7. Classified water change map 2016-2024: red = water loss,
blue = water gain, grey = stable areas

Conclusion

This paper shows how well NDWI combined with machine learning monitors
water bodies. Using multiple platforms (QGIS, Python, and Google Earth Engine)
offers flexibility, while the Random Forest classifier improves classification
reliability. With their insights on regional water dynamics, Lake Akkol and its
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tributaries provide a valuable test ground for such studies. Future work may include
precipitation integration, time series analysis, and extension to include wetland
categorization and water quality indicators.
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Abstract. This article discusses the development of an intelligent system for
detecting fake news. The widespread adoption of digital technologies has facilitated
the mass dissemination of information, leading to an increase in informational
noise. The spread of fake news causes confusion in society and contributes to social
instability. The broad distribution of such false information poses a significant threat
not only to public stability but also to national information security. Therefore,
we have undertaken the development of this intelligent system. The developed
software application aims to help prevent such issues from arising. Easy access to
the Internet and the popularity of social media in Kazakhstan contribute to the rapid
spread of fake news. Additionally, the grammatical and semantic characteristics
of the Kazakh language make it difficult for international fake news detection
systems to be directly adapted to the local context. We propose a grounded method
for detecting fake news on social media using BERT (Bidirectional Encoder
Representations from Transformers), which not only determines whether a piece of
news is true or false but also provides interpretability of the decision by highlighting
suspicious users and key evidence words. The applied model demonstrated good
performance in detecting fake news in the Kazakh language, while the proposed
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intelligent system contributes to limiting the spread of fake news in the national
information space, strengthening information security, and assisting both experts
and ordinary users in identifying false information.

Keywords: Fake news, real news, intelligent system, NLP (Natural Language
Processing); Semantics; Social media, software application
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AunHoramus. byn wMakanmama oKaiFaH — OKaHQJIBIKTAPIbl  AHBIKTAWTBIH
WHTEJUICKTyalnabl  JKyHeHi o3iprmey  Kapactelppiiran. Ce0ebi, mudpribix
TEXHOJIOTHUSIIAP/BIH KCHIHEH Tapalybl aKMapaTThIH Kallai TapanyblHa Karaan
TYFBI3/IB JKOHE aKMaparThlK NIy JIEHTeHiHIH JKoFapbUiayblHA okesmi. JKamraH
JKAHAJBIKTAP/IBIH Tapaybl KOFAMJIAFbl IIATACYbI, QJICYMETTIK TYPAKCBI3BIKTHI
TyabIpaabl. MyHIal KallFaH aKnaparThiH KEH TapaTybl KOFAMJIBIK TYPAKThITBIKKA
FaHa eMecC, COHBIMEH Oipre YITTHIK aKMaparThIK KayilCi3miKKe /e YIKEH Kayill
teHmaipeni. Cox ce0enTi 0Chl MHTEIIEKTYaIIbI )KYHEeH] 93ipiey/li KoiFa anabik. by
KYpPBUTFaH MPOrPaMMAaJIbIK KOCBIMINA OCHI YKAWTTApAbIH TYBIHIAYBIHBIH AaJJIbIH
alyra MYHKiHIIK Oepeni. HTepHETKe KeH KOJ JKeTIMAUTIK koHe Kazakcranmarb
QJICYMETTIK KEJIEPAiH TaHBIMAJIBIFBI XKATFAH JKAaHATBIKTAP/IBIH TE3 TapadyblHa
MyMKiHAIK Oepemi. CoHbIMEH Karap, KaszakK TUTIHIH TpaMMaTHKaIbIK >KOHE
CEMAaHTHKAJIBIK €PEKINENTIKTEP1 KATFaH XKaHAIBIKTaP bl AHBIKTAYIBIH X TbIKAPAITBIK
KYHeIepiHiH KeprilikTi KOHTEKCTKE TiKelel OediM eIy i KUbIHIaTa kL. bis xxanran
YKAHAJBIKTApAbl SJICYMETTIK JKeJIIep/ie aHbIKTayFa apHaIlFaH HETi3JeNITeH OJIiCTi
— BERT (Bidirectional Encoder Representations from Transformers) ycriHamMBbI3,
MYH/Ia )KaHAJBIKTBIH KaJIFaH HeMeCe IIbIH CKeH/IITH aHbIKTay FAaHa EMEC, COHBIMECH
Karap, MenrMIi TYCIHIipy (MHTepIpeTausiay) apKplIbl KYIIKTI KOJTaHYyIIbIIap
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MEH JIoNIeNl ceslepAl epekmieneyre Oomanel. KonmmaHpurFaH MoOnenb Ka3ak
TITTH/IET] )KaJIFaH KaHAIBIKTapAbl aHBIKTAy 1A KAKCHl HOTHIKE KOPCETTI, YChIHBLUIFaH
WHTEIUICKTYaIIIbI J)KYHe YITTHIK aKnapaTThIK KeHICTIKTE JKaJFaH JKaHAIBIKTap/IbIH
TapallyblH HIEKTEyTe, aKMapaTThIK KayilCi3MiKTi KYIIEHTyre »oHe capariibuiap
MeH KaparaibiM KOJIJJaHyIIbUIapFa )KallFaH aKIapaTThl TaHy/la CETTIriH TUTI3e/Ii.
TyiiiH ce31ep: KanFaH )KaHAJbIK, AKUKAT )KaHAJIBIK, MHTEICKTyasabl xkyiie, NLP
(Tabwuru TinAl eHCY), CEMaHTHKA, SJICYMETTIK JKelli, TIPOTrpaMMalIbiK KOChIMIIA

Anzvic. Byn ocymvic Kazaxcman Pecnyonukacol Folivlm JicoHe #0O2aApbl
Oinim munucmpniei mapanvinan BR24993001 «Kazax mini meH mexHon02usibly
npoepecmi Konoay yuin yikeH mindix mooenin (LLM) xypy» swcobacwvl HeziziHOe
KOnoay manmel.

K. Typsicoex', O.7K. Mambip6aes?, A. Myxammen?, 2025.
'Kazaxckuii HAIIMOHATBHBIA UCCIICIOBATEIBCKUN TEXHUICCKHH YHUBEPCUTET
nmenn K.M. CarnaeBa, Anmarel, Ka3zakcran;

MHCTUTYT MHGOPMAIIMOHHBIX W BBIYUCIHTELHBIX TEXHOJIOTHIA,
Anmatel, Kazakcran;
3Vuausepcuret WkdHwKOY, YWkdHDKOY, XoHaHb, KuTaii.

Email: janibekturysbek@gmail.com

PABPABOTKA UHTEJIJIEKTYAJIbHOW CUCTEMBI OBHAPYKEHUS
®ENKOBBIX HOBOCTEM

Typsoicoek Konidexk — Kazaxckuif HAMOHAIBHBIN HCCIE0BATEIbCKUI TEXHIYECKIIA YHUBEPCUTET
nmenn K .M. Carnaesa, Anmarsel, Kasakcran,

E-mail: janibekturysbek@gmail.com, ORCID ID: https://orcid.org/0009-0004-2311-6249;
MawmpbipbaeB Opken KymaxanoBud — WHCTHTYT HHQPOPMAIIMOHHBIX M BBIYHCIHTEIBHBIX
TexHonornii, Anmarsl, Kasakcras,

E-mail: morkenj@mail.ru, ORCID ID: https://orcid.org/0000-0001-8318-3794;

Myxammen Aoaynna — IlIkoma BBMMCIUTENBHOW TEXHHKM M HCKYCCTBEHHOTO HHTEIJIEKTa,
VYuusepcutet WxaHuKO0y, YxkoHwK0y, XoHaHb, KuTaid,

E-mail: Arifa.javed@gs.zzu.edu.cn. ORCID ID: https://orcid.org/0009-0000-9434-7977.

AHHoTanus. B nannoii cratbe paccmarpuBaeTcs pa3padoTKa HHTEIUIEKTYaJIbHON
CHCTEMBI Ul OOHapykeHns1 PeHKOBBIX HOBOCTEH. [IpHUMHON SABIISIETCS INUPOKOE
pacrpocTpaHeHre HH(QPOBBIX TEXHOIOTUH, KOTOPOE COCOOCTBOBAIO MAaCCOBOMY
pacrpocTpaHeHHI0 HH(POpMALU M yBETHYCHHIO YPOBHS HH()OPMALMOHHOTO IITyMa.
Pacnipoctpanenue (pelKoBBIX HOBOCTEH BBI3BIBAET 3aMEILATEIbCTBO B OOLIECTBE
U MPUBOIUT K cOLMalbHON HecTabunbHOCTH. Lllnpokoe pacrpocTpaHeHne Takon
JIOKHOM MH(OPMALINH IPEACTABIISET CEPHE3HYI0 YTPO3Y HE TOIBKO OOIECTBEHHON
CTaOMIIBHOCTH, HO U HALIMOHAIBbHOW MHPOpPMAMOHHOM Oe3omacHocTH. [losTomy
MBI IPUCTYNIIN K pa3paboTKe JaHHOW MHTEJJICKTyaIbHOH cucTteMbl. Co3ganHOe
MPOrpaMMHOE NPUIOKEHHE TO3BOJISICT IMPEJOTBPAIlaTh BO3HHUKHOBEHHE TaKUX
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npoonem. [Iupokwuii moctyn k MHTEpHETY U MOMYJISIPHOCTh COIUANTBHBIX CeTeil B
Kazaxcrane crocoOCTBYOT OBICTPOMY PaclpOCTPAHCHHIO (PEHKOBBIX HOBOCTEH.
Kpome Toro, rpaMMaruuecKue MU CEMaHTHYECCKHE OCOOCHHOCTH Ka3aXCKOI'O
SI3bIKA 3aTPYIHSIOT HPSIMYHO aJalTallii0 MEKIYHAPOIAHBIX CUCTEM OOHApYKCHHS
(heKOBBIX HOBOCTEH K MECTHOMY KOHTEKCTY. MBI pejTaraeM 0CHOBAHHBIN METOJT
JUIsl OOHApYyKeHUsT PEUKOBBIX HOBOCTEH B COIMATBHBIX CETSIX C HCIOIh30BAHHEM
momenn BERT (Bidirectional Encoder Representations from Transformers),
KOTOPBIN HE TOJILKO OTPEACISET, SIBISETCS JIM HOBOCTh JIOXKHOW WIJIM TIPABIUBOM,
HO W 00€CIeYMBAET MHTEPIPETUPYEMOCTh PEIICHUS, BBIICISIS MOJ03PUTEIBHBIX
MOJIb30BATEICH M KIIFOYEBBbIC JlOKa3aTebHbIC CjioBa. [IpuMeHEHHas MOEIb
[oKa3ajia XOPOIIKe Pe3yJIbTaThl B BBIABICHUN (PEHKOBBIX HOBOCTEH Ha Ka3aXCKOM
SI3bIKE, a MpejyiaraeMasi HHTEIJICKTyalbHas CUCTEMA CIIOCOOCTBYET OrPaHHUCHHIO
pacnpocTpaHeHHs] JOKHON WH(pOpMAIMM B HAIMOHAIHLHOM HH()OPMAIMOHHOM
MPOCTPAHCTBE, YKPCILUICHUIO WH(POPMAIMOHHON O0€30MaCHOCTH U IOMOTaeT
KaK JKCIepTaM, TaK W OOBIYHBIM II0JIb30BATEIIIM B paclio3HaBaHUM (EHKOBBIX
HOBOCTEH.

KiroueBble ciioBa: eiikoBbIe HOBOCTH, PABIUBBIC HOBOCTH, MHTEIJICKTyaIbHAS
cucrema, NLP (00paboTka eCTeCTBEHHOTO S3bIKa); CEMaHTHKA; CONUANILHBIC CETH,
MIPOrPaMMHOE TIPUI0KECHUE

Kipicne. Kazipri Tanma enimizre mudpiablK TEXHOJOTHSIAPIBIH €HYiHE XKOHE
QNIEYMETTIK JKENJepaiH KEHIHCH TapallyblHa OalTaHBICTBI — akKmapaTr TapaTy
YPAICIH KeIeNeTin, KOFamM/la JKallFaH aKMapaTThlH TapalyblH JKOHE QJICYMETTIK
TYPaKTBUIBIKKA Kayilm ToHAipAl. MyHaall KayinTiH aJiblH ally YIIiH Ka3ipri TaHaa
KEHHEH KOJIJITaHbUIA IBITHIH )KaCaH bl HHTEJUIEKT XKYWEeIepiH, COHbIH INIH]Ie TAOUFU
tinmi enneynin (Natural Language Processing, NLP) tuimai omicTepin KoinaHy
oTe MaHBBIBI poi arkapanbl. COHIBIKTaH YIITTHIK EpEKIIeTiKTEepal ecKepe
OTBIPBIN, Ka3ak >KOHE OpPBIC TUIIEpiHe OAaFbITTaIFaH WHTCIUICKTYAJ b KYHenepmi
JIAMBITY ©3eKTi Macesiere aitHanyna. Keneci rameiMaap, aran aitkanga Daniela
Gifu «International Journal of Advanced Computer Science and Applications»
xypHanbiHga “An Intelligent System for Detecting Fake News” arTbl TakbIpbIIIThI
Makanacbigaa kapacteipael (Gifu D. 2023). ConbsiMen karap, Rohit Kumar
Kaliyar, Anurag Goswami. Pratik Narang neren ransiMaap «Multimedia Tools and
Applications» neren reuteivu )xypHanaa "FakeBERT: Oneymertik xeniferi ;kanran
KaHAIBIKTapAbl aHbIKTayra apHasrad BERT HeriziHmeri TepeH OKbITYy Tocimi"
TakpIpbIObIH 3epTTeai (Kaliyar et al., 2021). byn ranamaapnan Oackazna raibiMaap
MmbIcanbl International Research Journal of Engineering and Technology (IRJET)
xypranga Anshu Aditya, B.V.S.S.Vardhan, D.S.Chanakya Varma, P.Kailashnadh
Gupta, Dr Venkat, Ramana M pgeren rampiMmap “Fake News Detection Using
BERT” TakpIpbIObIH/IAa FRUIBIMH 3€pTTEY JKYMBICTapbIH Xypri3mi (Aditya et al.,
2024).

Conrsl xbutapel Google komnanuscel yeeinrad BERT (Bidirectional Encoder
Representations from Transformers) mozaeni TaOury Tl MarblHAIBIK TYPFBIIAH
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Tanjayna eTe THIMAl JKOHE J>KOFapbl HOTIDKENEp KepceTinm kenemi. MoaenbaiH
€H epEeKIIeNiri KOHTEKCTTI eKi OarbITTa CONJaH OHFa JKOHE OHHAH CONIFa Kapail
caparnTar, Ce3/Iep/liH MaFbIHACHIH TYCIHIN YFBIHABIpYFa MYMKiHIIK Oepermi. by
moziesib BERT-Ti xairan skaHaJIBIKTap bl aBTOMATTHI TYPJIE aHBIKTAY XKYHelIepinie
KOJJIJaHyFa MYHKiHJIIK Oepeni. JlereHMeH, Ka3zak TuTiHE apHaJIFaH MOTIHIEPMEH
YKYMBIC iCTey/Ie KONTEeTeH KUBIHBIKTAp TybIHAal b1 Ka3ak Tiji — Mop(hoIoTHsITBIK
Typreinan Oait Tin OonranawikraH, BERT Momemin ka3ak TimiHIEri MoTiHIepre
OetiiMaey ere MaHbBI3ABI OarbITTap Oombim TaObuTambl (Fine-tuning) — >xamraH
YKAHAJBIKTApAbl aHBIKTAYJIBIH THIMI JKOJJIApPBIHBIH Oipi PEeTiHJE KapacThIPBIyFa
Oonanpl (Mamyrbayev et al,, 2025). MeH ochbl FBUIBIMH JKYMBICTa KaJFaH
YKaHAIBIKTapAbl aHBIKTAy Mocenenepin menry yuidn BERT monenin naiinananyast
IYPBICACTT KapacThIpbIM. 3epTTey OapbhIChIHAA MOJENbBIIIH apXUTEKTypachl MEH
YKYMBIC iCTey MPHUHINTEPiH, Ka3aK TUTiHEe OeHiMIey oMicTepiH, COHNIaN-aK HaKThI
MOTIMETTEp HETi31H/Ie KYPri3iireH OaKplay HOTHXKEJIepi CHITaTTalaIbl.

Martepuajagap MeH dicTep. OJICYMETTIK JKeNiJepAeri KaHAIBIKTBIH Tapary
YKOJIBIH MOJIENIBJIEY ©T¢ MaHbBI3bI OYII TapaJbll KaTKaH jKaHATBIKTAP/IbIH JKaJTFaH
SKSH/IITIH aHBIKTayFa YIIKeH OCepiH THTi3edl, MyHJa MaijalaHylIbliap CaHbI,
YaKBbIT, KaiiTamarn kapusiiay Ti30eri MaHbI3IIbI pOIT aTKapaabl OChI OaFbITTa Keyeci
(hopMann3anusHbl YCHIHBIYFa OOJIATbI.

Ocpl 3epTTeyae YChIHBUIFAH YITiHI OYpBIHFBI TOCUIACPMEH CANIBICTBIPY YILIiH
nonnik (D), HakThUIBIK (precision), kaitapeiM (recall) sxome F1 kepcerkimri
KOJIJIaHbLIa bl Bya 3epTTey skanFaH jaHaIbIKTapFa eKkinik kiaccudukanus (binary
classification) TanmayelH KaMTH[IBI, MYHJIa KOPIYC €Ki Typii Oenrire OesiHemi:
JKAJIFaH JKOHE IIbIHAWBL. EH KUl KOJIaHBUIATHIH OHIMAUTIK OJIIEM] — TOIIIK.

3 (NO+ NT)
(NO+JO+ NT +JT)

MyHnarsl

D- Jonnuik

NO (Harp13 oH HOTHXKE) - MOAEIH KaFaH >KaHAJIBIKTHI TYPHIC aHBIKTAIbI.

NT (Harbi3 Tepic HOTHKE) - MOJIENb MIBIHABI )KAHAIBIKThI IYPHIC AaHBIKTATBL.

JO (OKanraH oH HoTHXE) -MoOJIe/b IIBIHANMBI YKAHAJIBIKTHI )KaJIFaH JICI KaTeJICCTI.

JT (Kanran Ttepic HoTMXKE) - MoOjenb KaliFaH JKaHAJIBIKTBI IIBIHAWBL JICT
KaTEJECTI.

MOTIH OMHAPIIBIK KIKTEY eceOiHIH KOHTEKCTIH/Ie NAiKTI P (precision) ecenrey
(hopmyackl, MyH/Ia MOJICIIb JKaHAJIBIKTBIH '>KajFraH " HeMece "IIbIHAWbI" eKeHIH
AHBIKTAYFa THIPBICAIBI.

(M

NO
P=—"7-—7-— (2)
(NO +JO)
MyHparsl:
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P (precision) - byyn momenpAiH XKaiFaH AeN aHBIKTaFraH KaHAJIBIKTApIBIH
KaHIIAChIHBIH IIBIHBIMEH JKaJFaH €KeHIH KOPCETe/Ii.

NO (Harb13 oH HOTHXKE) - MOJIEINb "KallFaH" eIl TYPBIC aHBIKTaFaH KaHAIBIKTaP
CaHbI.

JO (OKanrran oH HOTHIKE)- MOJIENb "KayFaH" JIeT Kare aHbIKTaFaH KaHAIBIKTap
caHbl, Oipak ojap "mIbIHANB" OOMaIbI.

NO
R=—r 3)
(NO+JT)
MyHnarsl:

R (Recall) - MopnenbaiHn OapiiblK JKajdFaH >KaHAJIBIKTAPJbIH KaHIIACHIH
AHBIKTaFaHbIH KOPCETEII

NO (Harp13 oH HOTHXKE) - MOAEIH KalFaH >KaHAJIBIKTHI TYPHIC aHBIKTAIbI.

JT (Kanran rtepic HoTMXKE) - MoOjenb KallFaH JKaHAJIBIKTBI IIBIHAWBL JICT
KaTEJECTI.

Mysgarbl F1 - MOJENbIIH JOJIIITT MEH TOJBIKTBIFBI apachIHAAFbl TCHIEPIM/IL
KOPCETETIH KOPCETKIIl, SIFHU MOJICNIB/IIH JKaJIFaH YKaHAJBIKTap/bl aHBIKTAYIaFbl
TUIMJIUTITIH Oaraliay YIIiH KOJJIaHbLIa bl

Fr=2+ LR
(P+R) @)

F1 wmoni 0-men 1-re neitin esrepeni. EH >kOFapsl MOH €H KYIITI TOJIBIKTBHIK
MeH JoNIiK TeHrepiMin kepceremi. Ocel  Qopmynanap MOICHBIIH JKaJFaH
YKaHAJBIKTapAbl aHBIKTayAaFbl THIMILIITIH OaranayFa opacaH 30p yiec Kocaaaabl.
Ocipece JepeKTep TEHrepiMmci3 OoyFaH >KaFmaiia, MONIIKIEH Karap oMK,
TOJIBIKTHIK oHe F1 kepceTkimTepin Kapacteipy MaHb3abl. (Wan et al., 2024.)

HelipoHOBIK Kemiep MOTIHAI CeMAHTHUKAJBIK, KOHTEKCTIK, YaKbITTBIK
OalimaHpIcTapbIMEH OHJIEYyre MYMKiHAIK OepeTiH 03bIK omictepre RNN, CNN,
tpanchopmepsl (BERT, GPT) osicrepin skaTKpI3yFa Gomajpl.

RNN (Recurrent Neural Networks) - Ti30ekTi (perTik) JepekTepai eHueyre
apHaiipl OeiliMaenreH HEUpPOHABIK ke Typi. RNN ceilleMHiH OachIHIAFbI
ce3lep/ieH ajFfaH MarbIHAIBIK aKIIapaTThl COMIEMHIH COHBI OHIEIIN KaTKaHaa aa
ecemnke aimyra MyMKiHik Oepeni. Ocbl kacueti apkacsiaa RNN cesnepain periH,
celiJieM KYPBUIBIMBIH JKOHE MOTIHHIH KOHTEKCTIH €CKepiIl KYMbIC icTeimi. by
Kal ceimemMuepae JKOFaphl HOTHKE Oepelni, COHIeMHIH TOJBIK MaFbIHACHIH TYPHIC
KapacTBIPBIN HAKThI HOTIKE KOpCceTe ajaipl, anaia Oipmama y3ak ceineMaepae ,
opOip Kagam OipHEH COH Oipi OHICIETIHAIKTEH Mapaljiesib €CENTeYIe KUbIHBIKTAP
oonranabiktad oHbIH LSTM sxone GRU nen atanarbid OapblHINA jKaKCApThUIFaAH
RNN Typrepi xapbIKKa HIBIKTHI.
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LSTM (Long Short-Term Memory) — HelpOHABIK KeJli APXUTEKTYPAacChl,
OJ1 TAOMFH TiJI 6HJeY, coliieyli TaHy, YAKBITTBIK AepeKTepai 00/1Kay CHSKTbHI
Ti30eKTi JIepeKTepMeH OalJIaHbICThI TAalChlpMayiap/ia KEHHEH KOJIIaHbLIa b,
LSTM mnetiponnapsl "Ecte cakray Oaokrapbl' >xoHe Oackapylibl cysrijiep
(xipic, YMBITY, HIBIFBIC) aKMaparT aFblHBIH OacKaparblH KaOabIKTapsl Oap. Ocbl
KYPBUIBIMHBIH, apKachIHAa MOJEJb MAHBI3IbI AKNAPaTThl Y3aK YaKbIT ''ecrte
caKkTan'", MarbIHACBI3 aKIaparThl "'yMBITBIN' OTHIpa aJlaThlH KACHETKE He.

Kanran aknapartel anbikTayia CNN-HiH MaHbI3bI. Convolutional Neural
Network (CNN) koHe OHBIH KaJIFAH aKNAPATThl AHBIKTAYIAarbl MAHBI3bI
eTe 30p, Oy TepeH yipeHy (deep learning) omictepiniy Oipi 0oJbIIT TaOBLIAIBI,
CNN kyppuibiMbl KabatTapaan (convolutional, pooling, fully connected T.6.)
TYpaJbl )KoHE OepiireH MOJIIMETTEH MaHbI3/Ibl cHIIaTTaMajapibl aBTOMATThI TYpAE
yiipene anansl. MaTinaik aepexrepai yiipeny: CNN Oacrankeiga OeliHenep yiiiH
KacaJFaHbIMECH, MOTIH/IIK A€PEKTepre oTe TUIMAI KOJAaHbLIa bl Ocipece, JKallFaH
YKaHAJIBIKTap/a Hi Ke3[JeCETiH TUIAIK epeKIICTIKTepJi aBTOMATThl TYP/E TaHBIII
yipeHei.

/KanraH skaHATBIKTAPABIH CTHIIBIIK epeKueTikTepin Tajggay OapbIcbIHIA
KaJFaH >KaHAIBIKTap KeOiHece CEHCALMSUIBIK TaKbIPBIITAPMEH, epeKIIe Ka3y
ctwiiMmer epekieieHeni. CNN MoTiHJeri OChl €peKIIeTIKTep/i aHbIKTaIl, OHbI
"xkayraH" Hemece "IIbIHANWBL" JeTl KIKTeYTre KOMEKTECEe/I.

Korappl moagiknen sxymsbic icrey mymkingiri: CNN monenbaepi yikeH
KeJIEMJICT1 JIepPEeKTepACH YHpEeHE OTBIPBII, JKajfaH >KOHE IIbIHANBI aKmapaTThIH
YKACBIPBIH YITUIEPiH OKH anazbl. by onapabIH jkajiFaH )KaHAIBIKTapIbl aBTOMATThI
TYpZE, aiaM apajacyblHChI3 THIMJII TYp/€ aHBIKTaybIHA XKOJ amrajsl. by xanran
JKAHAJIBIKTApAbl TaHylda THUIMJI HOTHXKE KOpCETIN, Ka3ipri 3aMaHFbl JKajFaH
aKIaparieH Kypec sKyHeliepiHiH MaHbI3/bl OOJIITIHE aitHAIIbI.

Yaxen Tia moaesnaepi (Large Language Models, LLM) — MoTiHzi Tycinyre
JKOHE MOTIH/I aBTOMATThl TeHepalusiay KaOineTTi Oap >KacaHIbl HHTEIUIEKT
Mozenbaepinin  Oipi. On Taburu Tiggepai emaey (NLP) wingerrepinae
KOJIJIaHBLIAJ(bl JKOHE ajfiaM Tuli TypiHAe OepuUIreH MOJIMETIICH KYMBIC jKacay
epekureniri 6ap (Liu et al., 2024).

LLM wmogeniHiH KeneMiH ym eimeM OOWBIHIIA aHBIKTayFa Ooiajbl oJjap
HeHpPOHIBIK :KeJiHiH mapamerpJiepi, Moaens KaTTBIKKAH JACPEKTep Keyemi,
YKOHE COJI MOJIENBAl YHpeTyre KaxeT ecentey MyMKinaikrepi. LLM Oyn cunarrap
OoiibIHIIa OYPBIHFBI MOACIBICPACH KaparaHabl canaiblK TYPFbIIaH Kol 0achiH/a,
ocblIaiima, OYpbIH KOJ JKeTIereH MYMKIHAIKTEpAl Ky3ere achlpyFa MYMKIHZIIK
Oepin oteip (Jiang et al., 2024).

LLM-6otibIHina Mbicant peringe BERT wMopeniH KapacThIpylbl JKeH
kepaiM. AnneiH ana yiperinren BERT mopenin keifin oprypmi Haktel NLP
TancelpManapeina fine-tuning apkpuisl Oeitimaeyre Oonanel. JKanmeiiama MOAJeh
BERT OonranjakTaH OHBI JKaJIFaH JKaHAJIBIKTI aHBIKTAyFa KalTa YHPETUIyl KepeK
Oyt fine-tuning apkpuTsl Ky3ere acaasl (Jiang et al., 2024).
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Horu:xesiep men Tankeliay. byn GeniMae ycbiHbUTFaH ek skaHATBIKTapIbl
aHBIKTAy JKYHECIHIH KYPBUIBIMBI MEH MOJCNbJAI YHPeTy jkoHe Oaranay YIIiH
KOJIIAHBIIFAH JIEPEKTEp MEH 9JiCTep CHUIaTTaiajabl. DKCIEPUMEHTTEPHI Ky3ere
aceIpy yuriH Python Garmapnamanay Tini sxoHe TensorFlow/Keras kiTanxananapbl
KoyaHbLibl. JKyiie Ka3ak TUTIHJIIErT MOTIHAEp HETi3iHIe KacaliFaH, OyJl OHBIH
nokanuzauusuianrad gummnr (Phishing) sxoHe anaskThIk Xxadapramanapabl THIMI
TaHybIHa MYMKIH/IIK Oepe/i.

Mopuenbai xacay yiiiH MeH eH coHFbl TensorFlow skone Keras kiTanxaHanapbiH
KaHAPTHIM

Ipip install --upgrade tensorflow

Ipip install --upgrade keras .

JepekTep JKHHAFBI. OKCIEPUMEHTTEp YIIiH KOJAAHBUIFAH JEPEKTep
JKUBIHTBIFBI TYPJIl TUNTEri Ka3ak TUTIHJIEr Xabapiamanapian Typanabl. Onapra
(UILIMHT, KaJdFaH akiapaT, KapKbUIBIK allasiKTBIK JKOHE IIbIHAWbl Xabapiamanap
xkarajpl. JKanmel, nepekrep xublHThIFbIHAA 100-1eH acTam MOTIHAIK XabapriaMa
KaMTBUIFaH, OJapblH 9PKANUCHICHI KEJIeCi eKi KaccKa KIKTeI/Ii:

1 — Aunaskreik xabapinama (Fake)

0 — IlIpmnaiipl xabapnama (Real)

Meicansl, “bizne en ap3zan Eypoma typaapel! Kazip Oponpan, 10 000
TeHre dacTankbl *KapHa TeJeHi3!” cekii xabapnamanap detik (Fake) perinme
OenrineHce

“Egov.kz: Kypmerrti asamar! Cisnin KykarbiHbI3 aaiibiH. XKKO
OeJriMieciHeH ajbIN KeTyre Gonaabl.” cekini xabapiamanap mbiHaibl (Real)
peTiHzie aHBIKTaJIFaH.

MorTinai enaey koHe JaiibIHIAY, MITIHIIK JepeKTep aJIbIH aja eHAeJill,
TOKEHM3AIHs JTici apKBLIbI CAHABIK (popMaTKa aybICTHIPBLIALL. By npouece
Tokenizer MoayJii apKbLIBI 5KYy3ere achIPbLIbIIN, 0apJIBLIK Xadapiaamasnap oipaeii
Y3BIHABIKKA Keatipiiai (pad_sequences). Ochbl apKbLIBI MOETb MITiHIEPAiH
KYPBUILIMBIH OHAll Ka0bL1aal anaasl (Sun et al., 2024).

Mopenb apXUTEKTYpachl, kKallFaH KaHAIBIKTAp/bl aHBIKTAy YIIiH KapamaibiM
opi Tnimai LSTM (Long Short-Term Memory) HeHpOHABIK kKeJici naianaHbuibl.
Byn Momenp pertinmikTi (sequence) Taijayjga JKOFapbl HOTHXKEre He, acipece
MoTiHaiK kiaccudukamusia (Farokhian et al., 2024).

Mopuensb keineci Kabarrapad Typajbl:

1) Embedding xabatsr — ce3mepai BEKTOPJIBIK KeHICTIKKE TYPIICHIIPEi.

2) LSTM kabatsl (32 HelipoH) — MOTIHHIH MOHMOTIHIH (KOHTEKCTIH) €CKepiIl,
y3aK OaiyiaHBICTap/Ibl €CTE CAKTAMIBI.

3) Ulsreic kabatsl (Dense + sigmoid) — xabapiamaHsl (eiik HeMece IIbIHAWBI
JIeTI eKi Kiaccka Oemeti.

Mopenbain mbirbickl [0;1] apanbirbsiaaa 0onaasl. Erep Hotmxke > 0.5 Gonca —
(elik gen caHanajbl, Kepi )Karaaiiia — HIbIHANBI Xabapiama.
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l-cypeT. ¥ ChIHBUTFaH MOJICJIb apXUTCKTYPACbIHBIH OJIOK-CXeMachl

Input Layer

Embedding Layer

Sigmoid, [0;1]

HOK

LULFLIC (KnaccudMEaumMa)

OKbITY mapaMeTpJiepi, Moaeabi yiipeTy yuIiH Kejeci runepnapamMerpJiep
KOJIAHBLIIBI:

Ontumusarop: Adam

I birpin pynxuusicsl (Loss): Binary Crossentropy

MeTtpuka: Accuracy

Amnox canbl: 200

Batch estmemi: 2

Kimi batch emmemi aepek KejeMiHiH a3ablFbiHa OaMIaHbICThI TaHAAIABI. By
MO/ICJIB/IIH IEPEKTEepre ce3iMTajl 00JIybIHA KOHE KAKChl YHpPEHYiHE cer OOJIIbl.
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2-cypet. BERT Mopmernin xanraH >kaHAJIBIKTap/Ibl aHBIKTAayFa KalTa peTTey

Byn Aspi emt
Kavepni icik, auaGer, ranep 6. g

{
/ TokeHu3aumus \

Byn [napirepnepneu] [ x(acupunrau]

[pemw.m,..‘] [xmpna J
\ OmBepannrtep
t

KoHTekeT Tangay BERT

Self-Atlention

Feed Forward
Add & Norm

BERT Encoder

|
Fine-tuning results

Pecmu Kazakwa gepeKktepmeH
Aan SanTtay HaTuxeci

HanraH / WeiHaiibl kaHanbIKTbl aHBIKTAY

|

KanraH xaHanbik
Fake News

baramay mopmenbre Typiai TecTTik xabapiamanap €HTI3UTIN, OHBIH IIBIFapy

HOTHIKECI JIOTUKANBIK TYp/Ie HHTEPIIPETAIMSIIAH b
> (0.5 — «AOaiinaHpI3, anasK!»
<= 0.5 — «/lyppIc xayar, ceHiM apTyFa 00Ia IbL.»

Nel kxecre - JKanraH >koHe HIBIHANBI )KaHAJIBIKTAP CAHBI

Kaace Kuinix
XKanran (Fake) 57
[sruaiter (Real) 56
Bapnbirst 113
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Ne2 kecre - Monenb/1iH HoTIKEIEPi

Mogeanb araybl Hoanixk D Recall F1

BERT-base (fine-tuned) 0.92 0.88 0.91
LSTM 0.84 0.81 0.82
TF-IDF + Logistic Regression 0.77 0.73 0.75

Recall - MonenbiH OapIbIK KanFaH )KaHATBIKTAP/IBIH KAaHIIACHIH aHBIKTaFaHbIH
kepceremi. F1 - mMomenmbaiH monmiri MEH TONBIKTHIFBI apachIHAAFBl TEHTEPiMIi
KOpPCeTeTi .

3-cyper. Monenbaep/aiH HOTHIKEIEPiH CAIBICTBIPY

Mofensaepis HaTHHENepid CAnsICTRpY

10

. [angix D

R0 '-'-““"wm ™ o reares ™"
@

Monens aTays

4-cyper. Fake xone True xabapiaMaiapbIHbIH Yieci.

Fake »aHe True xabapnamanapabiH yneci
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Train Size vs Accuracy (BERT Model), OxpITy nepexTepiniH Keaemi MeH K
apacsiHaarbl Oaiinaneictel BERT mozenine apuanran “Train Size vs Accuracy”
rpaduri apKpUIBI 19Jeeyre 0oapl, YUpeTyre OepiireH Aepek KoleMiHiH apTybl
MOJISNB/IIH KJIACCHU(UKAIMS ALJJIIriHe Kalali ocep eTeTiHIH Kepyre Oonaisl
rpadukre Train size (%) — yHpeTy YIIiH alblHFaH JEPEKTEPAiH Kbl IEPEKKEe
NalbI3AbIK KaTbIHACKL. Accuracy — MOZAEJBIIH HAaKThl TECTITIK AepeKTepheri
nypeic Oomxay maitbi3pl. AKacbln cbi3biK: BERT MoneniniH op train size yuriH
KOPCETKEH JIQJIIITI.

Ne3 xecre - Hotmkenepai tangay

Train Size (%) Accuracy
20% 0.44
60% 0.26
80% 0.51

5-cypet."Train Size vs Accuracy (BERT Model)" rpaduri
Train Size vs Accuracy (BERT Model)

10
—8— BERT

0.8

0.6 1

Accuracy

0.4 1

0.2 1

0.0 T T T T T T T
20 30 40 50 60 70 80

Train size (%)

Monenb a3 MONTIMETITCH KATTHIKKAH/Ia OHBIH HAKTHUTAY KaOiJIeTi TOMEH 00J1aIbl
20%-60%-ra neitin: [lepex xememi eckeHIMEH, TANIIK TOMEHIeTeH. by nepexrep
CamachIHBIH OPTYPJUIIriHe, MONENBIIH TOJNBIFBIMEH YHPEHIN yirepMmeyiHe
OaiimanpIcTel O0mysl MYMKiH. 60%-man 80%-ra neitin: [lommik aifrapmbikrait
aptkad (0.26 — 0.51). byn BERT mozmeninig ke0ipex qepekTepMeH THIM/I JKyMBIC
ICTEHTIHIH KOpCETen.

Ne4 kecte - Hotmkenepni tanaay

Train Size (%) Accuracy
40% 0.84
60% 0.87
80% 0.99
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6-cypet. "Train Size vs Accuracy (BERT Model)" rpaduri
Train Size vs Accuracy (BERT Model)

1.0
—8— BERT /

0.8

0.6

Accuracy

0.4 1

0.2 4

0.0 T T T T T T T T T
40 45 50 55 60 65 70 75 80

Train size (%)

Mogens Kerm MOTIMETIIeH JKaTTHIKKaHJa OHBIH HaKThUIay KaOijeri OapbriHIIa
apra Tycei, ochlIaifiia 0i3 JKaTThIFy AepEKTEPiHiH KOJEMiH apTTBIPHIT OapbIHIIA
YKOFapBl HOTHIKETE KOJI JKEeTKi3e ajmambl3, rppuk OoibIHINA Tangay xacacam 40%—
60% apanbIFbIHIA HAaKThIIAy KepceTkimi Oipmama Oasy ecyne mmameH 3% ke
OCKeHIH Oaifkayra Oomanel by OacTamkpl nepek KeJeMiHIH JKeTKUTIKTI €KeHiH,
ajaima apThIK aKapar KOCKaHIa Aa OipAeH YIKeH ociM OOIMaNTBRIHBIH OUTIipeni.
Mopens OyI1 Ke3eH/ e HeTi3Ti YATiep i yipeHin 6oiran 0okl ecenrenesi, 60%-
naH 80%-ra eTy Ke3iHAe HaKTbLIAy KepceTKimi Kyprt ecin 12% ke aprsin,
MaKcuMaJabl AeHreiire ;ketked. Oceian 613 BERT mopeniHiH TONMBIK KyaThIH
KepceTyl YIIiH KeOipek AepeKk KakeT eKeHiH Oaiikaiimbl3. by jxarmail yjiakeH
kosaemaeri aepeknen BERT mopeninin kakcebl HITH:Ke OepeTiHin Oimiyre
Oomampl. JKammel, KeOipek camaimbl IepeKTep OJ1 JKaKChl HOTHIKCHIH KeITili.
BERT wmomeni y/iakeH AepeKmeH KAKChl KYMbIC icTeiimi, Oy OHBIH JKajaFraH
YKaHAJBIKTap bl aHBIKTAY CEKIIl TIITIK MiHJIETTep/Ie OTe KYIITI €KeHIH ToJeN eI

Kopteinasl. Ochbl FBUIBIMH JKYMBICTAa JKaJFaH >KaHAIBIKTAPIbl aHBIKTAyFa
OaFpITTaFaH WMHTEJEKTYaIbl JKYWEHI KapacThIpAbIM, 3epTTey OaphIChIHIA
MOJIENB/IIH apXUTEKTypaChIMEH KYMBIC iCTey PUHIIITEPiH Ka3ak TiliHe OediMey
OiCTEepiH AaHBIKTAABIM, Ka3zaK TUTIHAETI JKallFaH J>KaHAJIBIKTapIbl aHBIKTAayFa
OaFpITTaNFaH WHTEIDICKTYaJIbl JKYHe KYpacTBIPBUIBIN, OHBIH  THIMILUIIT]
ToXiprOenik cerHakTap apKbuTbl qanennenaiM. BERT monenin kazak tinine OeiimMey
apKbUTBl MOJETBIIH IIBIHANBI JKOHE JKallFaH aKMaparThl aKbIpaTydarbl JISJIITi
MEH CEHIMIUTIr JKOFaphl KOpPCeTKImTepre ue OOMabl. DKCIEPUMEHT HOTIKEIEpi
KepceTkeHe, fine-tuning sxicimen Gertimuenred BERT mozmeni nonmix OoiiprHIIa
92%, F1 emmemi 6oiipiamra 91% HoTmKeTe KON KeTKi3mi. by MonenbaiH HaKThI
TUTIIK IepeKTepMEH THIMII JKYMBIC 1CTel aJlaThIHIBIFBIH KOHE OHBIH IMTPAKTHKAIBIK
KOJIJTAHBICKA YKapaMIBUTBIFBIH OIS IEHIi.
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CoHbIMEH KaTap, YCHIHBIIFaH )KYHe TeK OMHAPIIBI KITaCCU(PUKAITUIMEH IISKTe-
MeH, MIemiM/i HHTepIpeTansiiay MyYMKIHITIH e KaMTaMachl3 eTesi. KaHabIK
MOTIHIH/IET1 MaHBI3IBUIBIFEI )KOFAPBI CO3MEP/Il KOHE KYMOH/I MaliJanaHybuiap-
IIbI aWKBIHAAY apKBUIBI MOACIBIIH TYCIHAIPY KaOineTi xorapiaasl. MyHIai Tocin
JKallFaH aKnaparneH Kypecyle TeK aBTOMATTaHABIPYIbl €MeC, COHBIMEH Oipre
CEHIMJIUTIKTI apTTBHIPATHIH Kypajl peTiH/ie MaHbI3Ibl OPBIHFA He.

XKammer, 3eprrey HOTHXKENepi KazaK TUTIHIH MOPQOIOTHSIBIK JKOHE
CEMaHTHKAJIBIK EPEKIICTIKTepiH €CKepeTiH, TaOWFU TUIAI OHJeyre Heri3ienreH
KYWenepai o3ipieymiH ©3eKTUTriH Joneneimai. Anmarbl Ke3eHAe JKYHEHIH
KOMTIJJII HYCKAIapbIH 931pJiey, JePEKTEP KUBIHTHIFBIH KCHEHUTY KOHE HAKTBI YaKbIT
PEXKUMIHJET] PYHKIIMOHATIBIFBIH )KETUIIPY OaFbITTaphl IEPCIIEKTHBAIIBIK 3€PTTEY
OaFpITTapBI PETiHJIE KAPacThIPaMBbIH JKOHE OCHI OaFbIT OOMBIHIIA )KYHEHIH KOIT Tl
MOJICTIIH KYPY aJJIblFa KOHFaH 3epTTey dKYMBICBIMHBIH 0aCThl MAKCATHI.
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Abstract. This project aims to give data illustrating how computer modeling
might boost security and efficiency in industrial facilities. The three primary
considerations are emergency prediction, design optimization, and personnel
training. Software packages like MATLAB Simulink, ANSYS Fluent, and Siemens
NX were used. Utilizing these tools, simulations were conducted for a gas turbine
with a capacity of fifty megawatts, a pipeline with a diameter of five hundred
millimeters, and a chemical reactor with a volume of ten cubic meters. The results
indicated that modifying turbine settings led to a 4% enhancement in efficiency and
a decrease in the duration before turbine overheating from five minutes to seven
minutes. The gas leak damage zone was reduced by 44% (from 320 meters to 180
meters) due to the installation of additional valves in the pipeline, resulting in a
35% drop in design costs. By augmenting the reactor wall thickness by twenty-
five percent, the risk of destruction was completely mitigated. The use of training
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simulators reduced operators' response time by 62.5%, decreasing it from 120
seconds to 45 seconds, and diminished the error rate by 40%, from 25% to 15%.
The reliance on initial data and the need for considerable computer resources are
the two aspects that constrain the strategy. The predicted greater integration of
artificial intelligence and digital twin technologies is expected to enhance analytical
capabilities and improve industrial safety levels.

Keywords: computer modeling, industrial safety, efficiency optimization,
predictive maintenance, digital twins
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AnHoramus. byn 3eprreymiH Makcarel — ©HEPKACINTIK HbICaHAapAa
Kayilci3[ik TeH eHIMJUIIK Ce3IMiH apTThIPy YIIiH KOMITBIOTEPIIK MOJENbIACYI
KaJiail KoJlJaHyFa OONaThIHBIH KOPCETETIH IaNeIepal KaMTaMachi3 eTy. TeTeHie
XKaraannapasl 0oJpKay, IM3aiHIbl OHTAWIAHABIPY JKOHE KbI3METKEpJIEpIi OKBITY -
HazapFa aJbplHAThIH eH MaHbI3ab! yiI mocerne. MATLAB Simulink, ANSYS Fluent
xoHe Siemens NX CHAKTHI OaraapiiaMaiblK KOCBIMIIANap mainananbuiabl. Ockl
Kypaljap Heri3iH/ie KyaTThUIBIFBI €Ty MeTaBaTT OO0JIaThIH ra3 TypOMHACKL, TUaMETPi
0ec )Ky3 MHJUTUMETPITIK KYOBIp KOHE OH METP KBaIPATTHIK XUMHSJIBIK PEAKTOP YILIiH
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MOJIENBJIEY JKYMBICTaphI XKYprizingi. HoTmwkenep TypOuHa mapaMeTplepid perrey
THIMIUTITIH 4%-Fa )KaKcapTyFa )KoHe TypOMHAHBIH KbI3bII KeTYiHE JeHIHT1 YaKbITThI
0ec MUHYTTaH KE€TI MUHYTKa JIeWiH KbICKapTyFa oKenreHiH kepceTTi. KyObipra
KOCBIMIIIA apMaTypa OpHATy HOTHIKECIH/IE Ta3/[bIH IIBIFYBIHBIH 3aKbIMIAHY aiiMaFbl
44%-ra(320metpaeH 180 MeTpre neiiin) KbICKap b, OYI1 12 )KOOATBIK ITBIFBIH AP BIH
35%-ra TemeHeyiHe oKen . PeakTop KaOBIPFachIHBIH KATBIH/IBIFBIH KUBIPMa Oec
naibI3ra YIFalTy apKbUIbl OY3bUTY MYMKIHAIT TONBIFBIMEH OOIIBIPBUIABLL. OKBITY
TpeHaKEepJIapblH KOJJIaHy apKbUIBI OINEpaTOpIApIbIH OPEKeT €Ty YakKbIThl 120
cexyHITaH 45 cexyHKa neiin 62,5%-Fa KbICKapbl, il Karenep Kuiiri 25%-man
15%-¥a neiiin 40%-ra ToMeHze/i. bacTankbl gAepekTepre TOYESNIUTIK XKOHE €CenTey
pEeCYpCTapbIHBIH A TapIIBIKTal KoJIeMiHe JIeTeH KaKETTLTIK TOCUIIH MIETiHe BIKITa
€TETiH eKi paxTop OOJBIN TA0BLIA L. JKacaH Ibl HHTEIIIEKT TeH MUMPIBIK eTi3nepre
HET13/IeITeH TeXHOJIOTHSIIApAbl O/IaH opi MHTErpalusuiay Tauaay MyMKIHIIKTepiH
KEHEHTyTe kKoHEe OHEPKACINTIK KAyilCi3MiK OpekeciH jKaKcapTyFa oKelesl Jer
KYTLTyzE.

Tyiliin ce3mep: KOMIBIOTEPIIIK MOJENBJCY, OHEPKICINTIK KayilCi3mik,
TUIMJIUTIKTI OHTaWIaHIBIPY, TPOPUIAKTUKAIBIK KBI3MET KOPCETY, CAHABIK eri3iep
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AnHoTtanus. llenpro MaHHOTO HCCIEOBaHUSA SIBISETCA TNPEAOCTaBIECHUE
JI0Ka3aTeNbCTB, JEMOHCTPUPYIOUINX, KaK KOMIIBIOTEPHOE MOJIEITMPOBAHNE MOXKET
OBITH HUCIMONB30BAaHO MJISI TOBBIMICHUS OC30MAacCHOCTH M IMPOU3BOAMTEILHOCTH
Ha MPOMBIIUICHHBIX O0BeKTax. I[IporHo3upoBaHMe aBapUHHBIX CHTYaIHd,
ONTUMM3ALMUS TIPOCKTUPOBaHUS W OOyueHHE IIepcoHana — TpU Haubosee
Ba)KHBIX aCIEKTa, KOTOpbIe MPUHUMAIOTCS BO BHUMaHUe. Mcrnonp30Bannuce Takue
nporpamMMmubie npuioxkenus, kak MATLAB Simulink, ANSYS Fluent u Siemens
NX. C noMmouipi0 3TUX MHCTPYMEHTOB OBLIO BBIOJHEHO MOACIMPOBAHHE IS
ra3oBOl TypOMHBI MOIIHOCTBIO MATHAECAT MEraBaTT, TPyOONpOBOAa JHAMETPOM
MSTHCOT MHJUIMMETPOB M XMMHUYECKOTO PEaKTopa 0ObEMOM JECSTh KBaJIpaTHBIX
MeTpoB. Pe3ynbTarsl mokasasm, YTo KOPPEKTHPOBKA [TapaMeTPOB TypOUHBI IPUBEIa
k nosbieHuio KI1J[ Ha 4% u cokpaiieHnio BpeMeHH 10 MeperpeBa TypOUHBI ¢
ISITH JI0 CEMH MHHYT. 30Ha TOBPEXKIEHHUS OT YTCUKH raza Obula yMEHbBIICHA Ha
44% (c 320 metpoB 1o 180 MeTpoB) B pe3yabrare yCTAaHOBKU JAOMOIHUTEIBHBIX
KJIaaHoB Ha TpyOOmpoBOJe, YTO TaKKe MPHUBEIO K CHIKEHHIO 3aTpar Ha
npoekTupoBanue Ha 35%. YBeIMUUB TONIIMHY CTEHKH peakTopa Ha 25%, yaanock
MOJTHOCTBIO UCKJIIOUUTH BO3MOXHOCTB paspylleHus. biarogaps MCrosib30BaHUIO
TpeHaXEPOB BPEeMs pEaKIMK ONEPaTOPOB COKpaTHioch Ha 62,5% — co 120 xo 45
CEeKyHJI, a yacToTa ommook — Ha 40% — ¢ 25% 1o 15%. 3aBUCUMOCTB OT HCXOTHBIX
JaHHBIX M TOTPEOHOCTb B 3HAYMTENBHBIX BBIYMCIMTENIBHBIX pecypcax — JBa
¢daxTopa, OrpaHMYMBAIOLINE BO3MOXKHOCTH JaHHOTO mnoaxona. Oupaercs, 4To
JanbHeWIas MHTerpanrs TEXHOJIOTHH Ha OCHOBE MCKYCCTBEHHOTO MHTEJUICKTa U
UU(PPOBBIX IBOMHUKOB MPHUBEAET K PACHIMPCHUIO aHATUTHYECKUX BO3ZMOXKHOCTEH
1 TIOBBILICHUIO YPOBHSI TPOMBIIICHHON 0€30MacHOCTH.

KuaroueBble ciI0Ba: KOMIBIOTEPHOE MOJEIMPOBAHUE, IMPOMBIIUICHHAS
0e30macHOCTh, ONITUMH3ALUS 3PPEKTUBHOCTH, TPO(PUITAKTHIECKOE 0OCITy)KUBaHNUE,
IUQPOBBIE TBOWHUKH

Kipicme. Kayirci3nik meH THIMAUTIK ©HEPKICINTIK ONepaIusiapablH MaHbI3/IbI
Her1i31 00JTBI TaObLIA b, ©UTKEHI OJIap OIIEPAIIHSIIBIK OMIPIICH TIKKE, IBIFIHIAPIbI
Oackapyra *KoHE COHKECTIKKe TiKeleH acep ereni. OHEpKICINTIK HbICAHJapAaFbl
KayilCi3MiKTI KaMTamachl3 €Ty JKYMbIC KYLIIH JKOHE OHBIH aiHalachIHIAFbl
KaybIMIACTBIKTApbl KOpFall KaHa KOMMalabl, COHBIMEH KaTrap eHIipicTeri
KazaTailbIM OKWFajapiaH TYBIHIANTHIH akayJap MEH 3aHAbl KayalKepIITiKTeH
Kopraiiapl. Col CHSIKTBI, OHIIPICTIK KaFAaiAarbl THIMAUIIK pecypcTap/bl OapbIHILa
nainanany, KalJsIKTapbl a3aiTy *KoHE OHIMAUIIKTI apTThIPY YIIiH 6T€ MaHbI3/IbI,
OyJ1 KoCiOPBIHHBIH YKOHOMUKAJIBIK KOPCETKIIITEPiH apTThipaabl. Kaszipri 6acekere
KaO1J1eTTi HapbIKTa OYJ1 (haKTOpIapIbIH MHTETPALMSCH TYPAKThl KbI3MET IIeH KYIITI
KOpIOpaTHUBTiK Oexenai cakray yuriH ete MaHbp3as! (Johnson & Thompson, 2019).
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Kopmaran opranbl KOpFay MeH KayillCi3[MiKTiH OapFaH caifblH KaTaH epexernepi
camanmapplH Kayilci3mikTi N1e, THIMAUTIKTI JIe apTThIpaThlH TIXKipuOenep MeH
TEXHOJIOTHSIIAPABI HTI3y KOKETTUTITIH OJIaH 9pi aHBIKTaNIbI.

Kayirci3nik meH THIMAUTIKTI YHEMi apTThIpy OHEPKICINTIK CEKTOpIaparbl
WHHOBAIMSIAP/IbI BIHTATAHBIPY/IA 1 MIETTyIi pen atkapaibl. OChl acleKTiiepre
0achIMJIBIK Oepe OTBIPBIN, KOMIAHHSIAP aFbIMAAFbl MPOIECTEPi KAKCAPTHII
KaHa KOWMail, cajanblK CTaHIApTTap/bl KalTa aHBIKTAl anaThlH KaHA OicTep
MEH TEXHOJOTUSIAPJBIH JaMybIlHA OKEJICTIH TEXHOJNOTHSIIBIK JKETICTIKTepIi
bIHTaNaHabIpa amaasl. COHBIMEH Karap, KayilcCi3miK MeH THIMAUTIKTI apTThIpY
Ka3ipri eHOeK HapbIFbIH/A KOFAphl OarallaHaThIH KAMKOPJIBIK TTEH JKayarKepIiaiK
MOJICHHETIH JAaMBITYy apKbUIBI OUTIKTI JKYMBIC KYIIIH TapTyFa XOHE CaKTayFa
keMmekTeceni. COHBIMEH KaTap, jkahaHIBIK Oocekere KaOiNeTTLNIK KaFaaibIHa
OCBHI cayiajap/a >KakChl JKYMBIC ICTEHTIH camanap y3aKk Mep3iMIi TYPaKThUIBIK
MEH Ocy/li KAMTaMachl3 €T¢ OTBIPBIIN, ©3TEPETIH HAPBIK TalanTapbl MEH PETTEYIIi
oprara Oefiimaenyre kebipek mymkinaikrepre ue (Lee & Kim 2021). Cananap
UQPIBIK TpaHCHOPMAIHST apKbIIbl JAMBIN KeJie JKaTKAHIBIKTaH, KOMITBIOTEPIIiK
MOJICTIB/ICY apPKbIIbI O3bIK AHATUTHKA, ABTOMATTAHBIPY KOHE HAKTHI YaKbITTAFbI
MOHHUTOPUHT HHTETPAIUSCHI OapFaH CalbIH KYp/Ieii OHEPKICINTIK OPTaIa OPKEH/ICY
YIIiH KOKETTi Kayilci3miK MeH THIMIUTIKTIH )KOFaphl CTaHIapTTAPbIH CaKTay YIIiH
MaHBI3IBI 0O0JIAIbI.

JocTypai Typae eHepKaCiNTiK oneparysiapAblH Kayinci3airi MeH THIMIUTITH
apTTBIPY HETI31HEH KOJIMEH TeKCEPYTe, aFbIMIaFbl TEXHUKAIBIK KbI3MET KOPCETYTe
JKOHE JKYMBICIIBUIAP/BI OKBITY OariapiamaiapbiHa OalaaHbICThl OONMABL. by
o/icTep BIKTUMAI KayilTep/Ii aHBIKTayFa, )KaOIbIKTHIH ICTeH HIBIFYBIH OOJIBIpMayFa
JKOHE Malanany mporeaypagapblHbIH 97 OPbIHIATYBIH KAMTaMachl3 €Tyre Heri3
Oomanel. Kayincizmik MakcaThIHAA JOCTYPII TOCUIIepre KoOiHece KeKe KOpFaHbIC
kypangapeia (OKKK) maiinanany, kayinci3mik XxarraManapblH CaKTay )KoHe TOTSHIIS
KaFJainapra JalbIHIANY YIIH TYPaKThl Kayilci3mik >karTeiFynapsl kipeai (Patel
& Gupta 2020). OHepkoCiNTIH THIMAUIITIH apTTBIPy YIUiH TapuXH TYPFbIIAH
apbIK OHJIIPiC MPUHIMIITEPIHE, TAyapIIbl-MaTePHATIBIK KYHIBUTBIKTAP/Bl YAKTHLITBI
Oackapyra )oHE KaJIIbIKTap/Ibl a3alTy KOHE TOKTAI KAy YaKbIThIH KbICKAPTY YIIiH
YKYMBIC TIPOIIECTEePiH OHTalmaHabIpyFa cyiierni. COHBIMEH KaTap, caraHbl TeKCEpy
JKOHE CTAHIAPTTHI OMEPAIMSIIBIK MPOLEAYPATAP/Ibl CHTI3Y TYPAKThl HOTHXKEICPIi
KaMTaMachI3 eTyJIC )KOHE KaTesep/ii a3aiTyia MaHbI3/Ibl POl aTKapabl. Anaiiaa, Oy
JOCTYpIIi omicTep Oenrimi Oip Kopeskesie THIMII OOIFaHBIMEH, OJIap 9JIETTE aJaMHBIH
aliTapibIKTall apajacyblH KaXXET eTe/ll JKoHe ajlaM KaTellikTepiHe OeifiM Ooybl
MYMKiH, OYJ1 HEFYPIIbIM JKETIIIPLUITeH KoHEe WHTETPallUsIIaHFaH TEXHOJIOTHUSITBIK
HIemiMACPAIH KOKETTUTITIH KOPCeTe/i.

Canamap namplIll Kelle KaTKaHJBIKTaH, OCHI JOCTYPJi SJICTEep/iH IIeKTeyiepi
OapraH caiibIH alKbIH 00712 0acTa pl. MbIcallbl, KOMIMEH TEKCEPY JKOHE TEXHUKAIBIK
KBI3MET KepceTy Oenrii Oip yakbIT apallbIFbIH[A IISKTEYIl XYMBIC KOJEeMiH
FaHa KaMTybl MYMKiH, Oys keOiHece TybIHJaFaH MoceJeliepre jkayar OepymiH
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Kelleyieyine HeMece MaHBI3[bI aKaylapFa OKeNTeHIEe HEeTi3ri Mocemlenepi
aHbIKTall anmMaybiHa okeneni (Smith & Daniels, 2018). ConbiMeH kartap, agam
JepeKTepiMeH OaKbLUIayIapbIHA TOY SN IUTIK IEPEeK TP IiH IJIIIT1MEH YaK ThITBIF BIHBIH
TYPaKCHI3IBIFBIHA OKeITyl MYMKiH, OYJI KayillCi3[iKKe e, OHIMIUTIKKE /e Kayir
teHaipeai. Ocbl Mocenenep i ey YUIiH canaiap TeXHOJIOTHsIIBIK JKeTiCTIKTepre
keOipek Oer Oypyma. ABTOMAaTTaHIBIPBUIFaH OaKbuIay >KyHenepi, ceHcopiap
JKOHE KETIJIIPUITeH JUarHOCTHKA CHUSKTHI Kypajjap ONIiK TeH CeHIMAUTIKTI
apTTBIPY YIIH AQCTYpii KyHenepre Oipikripineni. byn TexHomorusap HaKThI
YaKBIT peXXUMIHJIE )KaOIBIKTap MEH MPOIeCTePIi Y3/IKCi3 OaKpLIayIbl KaMTaMachl3
eTeli, OYJI BIKTHMAJ aKayJaapbl HeMece KayilCi3miK KaTepliepiH epTe aHbIKTayFa
KOMEKTeCill KaHa KOWMalabl, COHBIMEH Karap ONepalysuIapIsl OHTaIIaHIbIPY
’KOHE KyaT TYTBIHY/IBI a3aliTy YIIiH MaiaigaHyra OONaThlH KONTEreH JIepeKTepi
ycoHaae! (Wang et al., 2019).

ConbiMeH Karap, UU(QpIaHIbIpyFa KeIly, COHBIH IIIIHAE KOCIMOPBIH
pecypcTapsiH xocmapiay xyienepid (ERP) xxoHe eHepkocinTik 3aTTap HHTEPHETIH
(I1oT) maiinanany miemriM KaObUTAy MPOILIECTEPIH OJaH dpi KAKCapTa OTHIPHIIL,
orepanusiapbIH OipTyTac KepiHiciH KamTamachi3 erei. OChl TEeXHOIOTHSITaP/IbI
naianaHa OTBIPBIN, cajajap ©3 KbI3METiH Oakpulay MEH TYCIHYHIH JXOFaphl
NeHreiiHe KON JKeTKi3e amajpl, Oy JKYMBIC Kayilci3miri MeH THIMIITIK
CTaH/IAPTTAPBIHBIH aNTapibIKTall JKaKcapyblHa OKeJeli. By TeXHOIOTHsIbIK
ayBICHIM JIOCTYPII 9iCTEP/Ii TONBIKTHIPBINT KaHA KOHMaid, OIpTiHACI aybICTHIPHIIL,
Kazipri 1oyip/ieri ©HepKaCIITiK OnepanysIapAblH )KaHa CTaHIapTTapbIH OeNT e Ti.

Kommprotepitik Mozenb/ey KoCimopbIHIap/AbIH JKYMBICHIH JKOCTIapiay, OaKpliay
JKOHE OHTAWJIAHIBIPY TOCUIAEpPIH ©3repTe OTHIPHIN, OHIIPICTIK OO0BEKTLIepIi
Oackapyaarsl TpaHC(OpMAIUS KypasibiHa allHAIIbI. ByJ1 TEXHOIOTHS HAKTHI dJIeMIe
JKy3ere achlpbUIMac OypbhIH BUPTYaJ/bl OpTaJa ChIHAyFa >KOHE OHTailNIaHIbIpyFa
00JIaThIH OHIPICTIK MPOIECTEPAIH erKeH-Ter KTl )KOHE 19T KOpiHICTepiH Kacay
YIIIH MaTeMaTUKaJIbIK MOJCIbICp MEH MOJENBbACYl KolgaHaapl. bynm MyMKiHIiK
(M3HMKaNBIK ChIHAKTapFa OaiaHBICTBI TOYEKEIJIep MEH IIBIFBIHAAPCHI3 BIKTHMAI
podieManap MeH THIMIUTIK KeAepTiIepiH aHbIKTayFa MYMKIHIIIK Oepei. Mbicaibl,
ecentey ruaponanHamMukackiHbiH (CFD) Monmenbiepi sxyieHiH imiHaeri CYyHBIKTHIK
aFpIHIAPBIH MOJIENB/ICH anmasl, Oyl MHXKEeHepliepre MakCUMAJIbl THIMALTIK TTeH
KayiIci3IiKKe KO JKeTKi3y YIIH KYOBIpIIap MEH XKeIJeTy JKyHelepiHiH Tu3aliHbIH
OHTaWIaHIBIpyFa MYMKIHAIK Oeperi. Coll CHSIKTBI, COHFBI AJIIEMEHTTEP/I Tayaay
(FEA) opTypmi xkyKTeMenep Ke3iHae KOMIIOHEHTTEP IiH KYPhUTBIMIBIK TYTACTHIFBIH
Oaramayra KeMeKTece/l, OYJI COTCI3IIKTep OPBIH alybl MYMKIH XKepiepi Ooimkay
apKbUIBl KAyINCi3MiKTi adTapiblkraid aprTeipaabl (Anderson & Moore, 2018).
ConbiMeH Kartap, UMQPIBIK eri3aepai nmaiinanany — (U3MKaIBIK HBICAHAAPIBIH
TONBIK BUPTYaJIbl KeUIipMelnepi — MEHEeKepiIepre HaKThl YaKbITTaFbl
onepanusuap/sl OaKpUIayFa jKOHE MPOLECTEri HeMece AM3aiiHaaFsl e3repicTepIiy
HOTIDKENEpiH 00JIKay TalaaybIH KYPrizyre MyMKiHIIK Oepei. bomkaMabuIbIK meH
OaKpUIaybIH OYJI JKOFaphbl JACHIeHi TOKTAN Kaly YaKbITBIH €I9yip KbICKapTaJbl,
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Kayilci3lik XaTTamallapblH JKaKCcapTaJlbl KOHE CTPATETHSIIBIK IIelliM KaObuiaay
MPOLECiH KyIIeWTeai, OyJl e3repicTep/iH onepalusuiapra Kajlail ocep eTeTiHi
TypaJibl HaKTHI TYCiHiK Oepeni. Onepkocintep Mumyctpus 4.0 TeXHOMOTHsIIAPBIH
KeOIpeK eHTI31I KaTKaHbIKTaH, KOMIIBIOTEPIIIK MOAEIBACY OHEPKICIITIK OpTaHBI
OJIaH Ja TePEH TaIay XKoHe erKeh-Ter kel OakplIayasl KaMmTamacki3 ety yuri [oT
KYPBUIFbIAPBIMEH YKOHE KacaH 1bl HHTEIJIEKTIICH OipiKTipiJIreH OpTasIbIK KYpaMaac
Ooxikke alHamagel. Bynm wWHTErpammst arbIMAArbl ONEPAlUSIIBIK  THIMIIUTIKTI
apTTHIPBIIT KaHa KOMMaHAbl, COHBIMEH KaTap ©HEPKOCINTIK omepanusuiapaa
MYMKiH OOJaThlH LIeKapajapAbl KEHEWTy apKbUIbI HbICAHIApABI OacKapyldarbl
WHHOBAIMSIIAP/IBI BIHTAJIAHIBIPAJIBL.

OHEPKIOCINTIK Karmalga KOMIBIOTEPIIK MOETBACY MOAEThACPIIH OipKarap
TYPJIEPiH KaMTUABI, OJapblH 9pKaIChICHl LIeHIiM KaObulgay MPOLECiH XKaKcapTy,
HOTIXeJepaAl OoirKay >KoHE THIMALIIK MEeH KayilCi3miKTi apTTBIpy MakcaTbIHIA
0OBEKTIHIH )KYMBICHIHBIH 9PTYPJIi aCTIEKTUIEpiH MOACbICyTe apHainFad. Mozaenbaey
MOJIETIb/IEPi, MYMKIH, €H KEH TapaJiFaH >KkoHe allrTOpUTMICPIi pTYpJIi JKaraaiinapia
OHEPKICINITIK )KYHCHIH HEMECe TIPOIECTIH OPEKETIH UMHUTAITHSIIAY YIITiH KOJITaHABI
(Brown & Martin, 2020). byst Mmogenbaep keH (MBICAJIBI, OHIIPIC OPHBIHIAFEI OYKLT
YKYMBIC TIPOLIECIH MOJIEIIBCY ) HEMECE HAKThIPAK (MbICAJIbl, XUMHSIJIBIK PEAKTOPIBIH
TEPMOAMHAMHKAJIBIK KaCUETTEPiH MOJebAey) 00mybl MyMKiH. EKiHIINI KarbIHaH,
OoiKaMIBl MoZIeTIbIep OoJamak HOTHXKeIep i OoJrKay YIIiH TApUXH IePEKTEp MEH
MAaIIUHAIBIK OKBITY OJIICTepiH KoJjaHalbsl. by Momenbaep npoQuiIaKTHKAIBIK
KBI3MET KOPCETY VIIiH ©T¢ MaHBI3IbI, OUTKEHI OJlap >KAOMBIKTHIH ICTCH IIBIFY
BIKTUMQJIIBIFBIH  OOJDKaiAbl, Oyl KbIMOAT TOKTall Kajdylap MEH jKa3zaTaibiM
OKUFaJap/bIH aJ/IbIH ajy YIIiH yaKThUIBI Mapajiap KaObuiayFa MyMKIHJIIK Oepe]t.
Tarpl O6ip MaHBI3ABI TYPI-OHIMIIUTIKTI apTTHIPY *OHE IIBIFBIHAAPABI a3alTy YIIiH
pecypcrapibl 0eiy, MpOIECC MapamMeTpiiepl jKOHE JIOTMCTHUKAJIBIK MEXaHU3M/IED
Typalbl €H JKaKChl IICMIIMISPIi AaHBIKTayFa KOMEKTECETiH OHTaIlIaHIbIpy
Monenpaepi. CTOXaCTHKAIBIK MOIEThIACPTe CYPAHBICTHIH O3TeprilliTiri HeMece
KETKI31TiM Ti30eriHiH OY3bUTYyBl CHUSKTHI OlepanusiiapJarbl OeNriCi3aiKTi ecernke
ally YIIIH Ke3[eHCOK JKOHE BIKTUMAJJIBIK JIEMEHTTEepl Kipeni, Oys Toyekenaepai
Oackapy JKoHE KYTIIEreH >Karjaiiappl »Kocmapiay Typajibl TYCiHIK Oepemi.
AKBIpBIH/IA, TUQPIIBIK €Ti3[ep HAKTHI YaKbITTaFbl ACPEKTEpl Talianana OThIPbII
JMHAMUKAIBIK TYPJC JKaHAPTHUIATBIH (DM3UKAIBIK HBICAHHBIH TOJBIK BUPTYAJIbI
AHAJIOTBIH YKACAUTHIH KETICH I MOJIENTBJIEY TACi OOIBIT TaObLIA B

3eprTey dmicTeMeci MeH MaTepHaJIAaphl.

Kommnbrorepiik MoaebIeydiH posiiH Tajjay YIIiH KeJeci THIITIK @HepKACIIITIK
HBICAHAAp TAaHIAIABL: AIIEKTP CTAHIUACHIHAA KOMAaHbUIATHIH Kyatsl 50 MBT ras
TypOunacel. [lapamerprnepi: )KyMbIC KbICBIMBI — 15 0ap, >kaHy KamepachIHIarbl
temmeparypa — 200-350°C, canmkpiHgary xy#eciniy eHimaiumiri — 1000 n/MumH.
Huamerpi 500 mm, y3p1HABIFE 1 KM OonareiH Taburu rasapl 10 Mlla kpiceiMMeH
TachIMal Al ThIH KYObIp. Kememi 10 M? XUMHSITBIK CHHTE3 PeakTopbl, 20 aTM KbICHIM
MmeH 250°C Temneparypasia x’yMbIcC icTeiai. by HplcaHap sHepreTrKa, MyHai-ra3
YKOHE XMMHSI OHEPKACiOl YIIH pernpe3eHTaTHBTI YATUIEp PEeTiHIe TaHIaIl bl
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Keneci Oarmapnamaneik kemennep kommavbuiasl: MATLAB  Simulink —
TypOUHAHBIH KYMBICBIH CUMYJISLIUSIIAY KOHE TIEPCOHAABI OKBITY YILIIH. Simscape
MO JKBITY JKOHE MEXaHHKAJIBIK MPOLIeCTEPAl MOJEIbACY YLIIH Mai1anaHbUIIbL.
ANSYS Fluent — kyObIpaaFsl THAPOAMHAMUKA MEH KbUTY aJIMacy/bl TaJlAay YLIiH,
COHBIH 1MIiHJE Ta3AblH aFybl MEH OYITTBIH TapajlyblH Mozeibaey. Siemens NX
(FEM monyniMeH) — peakTop KOHCTPYKUHMSCBIHAAFBI KEpHEY MEH e(OpMaLUsTHbI
TYpal JXKyKTemelep KesiHjae ecemntey ymriH. bapieik Oarmapiamanap Intel Xeon
nporieccopnapsl (16 simpo, 3.2 I'T'm) men 64 I'b xemen xameickl Gap JKyMbIC
CTaHUMSUTIAPBIH/A 1CKE KOCBIIIBI, Oy KQKETTi ecenTey KyaTblH KAMTaMachl3 €TTi.

TypOuHa yIIIiH camKbIHIATY KYHECiHIH 1CTeH MIBIFYBI MOJIEIBCH TI: CYHBIKTHIK
oepy 10 cexynn immiame 1000-Han 0 J1/MUH-Te NEHiH TOMEHIETUIII, HOTHKECIHIE
temneparypa S MunyT iminae 200°C-raun 350°C-ka aeitin ecti. XKplimy 6agaHChIHBIH
MOJIeNI KOJJIAHBLIBIN, YakbIT apanbirbl 0,1 ¢ Oomapl. KyOwlp ymiiH — muamerpi
50 MM TECIKTEH Tra3fiblH aFybl KOHE 5 M/C >KbUIIAMJIBIKTAFBl JKEJ JKarIaibIHIa
tapaiysl MmonenbaeHal. CFD-monens (k-€ TypOyneHTTiIr) KOMAaHbUIIBI, TOpaa
500 mbIH 3eMeHT Oonabl. PeakTop ymin — temneparypa 300°C sxoHe KbICbIM 25
aTM-Fa JIeiiH KeTepiireH ke3neri kyii FEM onicimen 3eprrenzi. Mogens TopeiHIA
200 mbiH TyHiH Oomapl. TypOwHanma KanaxkmramapblH Kenoey Oypsibr 10-20°
apanbireinga esreprimin, [IOK-Ti aprreipy ke3nmenni. KyOwipna kinamanmapisig
opHanacybl (200400 M apaibIFbl) OHTaMIAHABIPEUIALL. PeakTopma kepHeymi
a3zalTy MaKcaTbIH/1a KaObIpFa KadblHABIFEI 20—30 MM apabIFbIH/IAa ©3TePTiI.

MATLAB =eriziageri cumynstop 20 oreparopabl OKBITY VIIH KOJaa-
HeUIapl. CreHapuil 3 KypHAENiIiK JAEHTeHiHEeH TypAbl: KalbIIThl JKYMBIC, >Kap-
ThUJIAH I1CTEH IUBIFY, TOJNBIK ICTeH wWIbIFY. Peakumst yakpIThl 1 ceKkyHO ao7-
TIKIIEH OJIIeHAl, Karelep OarmapiamalblK — JIOTTap  apKbUIbl  TipKEJIi.
Monenbaey HOTHXKeNepi Keleci TypAe *KUHAKTaJIIbl: TeMIeparypa, KbIChIM KoHE
keprey rpadukrepi (Excel, MATLAB), ra3iprg Tapanybsl MeH AeOpMaIivs BU3yain-
sanusuiapsl (ANSYS, Siemens NX), mepcoHaln peakMsAChIHBIH CTaTHCTHKACHI (OP-
Tallla yakbIT, KaTe maibI3bl). Tanmay craHIapTThl CTATUCTHKAJIBIK 9/1iCTEpMEH (opTa-
I1a MOH, CTAaHAAPTTHI aybITKY ) JKYPTi3iTil, HOTHKEISPAIH CeHIMIUTITT OaFaIaH Ib.
Bapnbik Monenpaepre HaKTbl MaTepranJapAbH (GU3UKAIBIK KACHETTEP] KOJIIaHbLI-
apl (peaktop ymiH — AISI 304 Gonatsl, KyObIp YIIiH — METaH), COHBIMEH KaTrap eH-
TipicTiK *arainap amblK TeXHUKaIbIK ctagaaprrapaad ([OCT, ASME) anbiasr.

3eprTey HOTHIKe/ePi KIHe TajKbLIay. S0 MBT KyarThl ra3 TypOMHACBIHBIH
CAJIKBIHAATYy JKYHECIHIH 1CTEH IIBIFYBIH MOZAETBJACY HOTIKECIHAE JKaHy
KaMepachlHIAFbl TEeMIIepaTypa COpPFbl ICTEH IIbIKKAHHAH KEHiH 5 MHHYT
imiage 350°C-ka sketkeHi aHbikTanasl. MATLAB Simulink turardopmaceiana
xyprizinren tannay 320°C geHreiiinae CbIHH IIEK Oap eKeHiH KopceTTi — OyJ1 Ke3zie
MTOIIIATTHUKTEPIIH BUOpAIUSCH 2 MM/C-TeH 6 MM/c-Ke JieliiH apTkaH. Kamakmanap
OypbimbiH 15°-Tan 18°-Ka oHTalIaHABIPY HOTHKECIHAE JKbUTY KyKTemeci 8%-ra
TOMEH/ICTI, CBIHU TeMIlepaTypara KeTy yaKbIThbl 7 MUHYTKA JICHiH y3ap/abl.

Huamerpi 500 mm OonareiH KyObIpmarbl ra3nblH aryblH ANSYS Fluent
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KOMETIMEH MOJIEIIb/ICY Ke3iHIe 5 M/C KbUIIaMIBIKTAFbI JKEIT JKaFIalbIHIa KayiIlTi
KOHIIEHTpanus aMarbl (5%-1an sxorapbl) 2 MUHYT immiHAe 320 M KallbIKTHIKKA
TapanarblHbl aHbIKTa’dAbl. KoceiMma kmamangapnael op 300 M caiiblH opHary
3aKpIMIaHy aiiMarbiH 180 M-re feiiH KbIcKapTTh. ['a3 mibrbiHbn 12%-Fa a3aiib, 1
muHyTTa 50 M3-TeH 44 m3-ke neitin temenaeni (1-cyper).

Kenemi 10 mM* xumusinbik peaktopasl Siemens NX OargapiaMachlHIa Tayaay
wotmwkecinge 300°C Temmeparypa xoHe 25 aTM KbICHIM JKaFIaliblHIa KaObIpFa
KaneHABIFB 20 MM OonFaHma Makcumanael kepHey 480 Mlla-ra xerkeHi
anbikTanabpl. by AISI 304 GonareiabiH ary merineH (450 Mlla) 6,7%-fa xorapsl.
KaneHIBIKTEI 25 MM-Te eliiH apTThipy KepHeyui 410 Mlla-ra nefiin a3aifTThI.

1 — cyper. TypOHHAHBIH TeMIIEpaTypachl MEH BUOPAIUSCHIHBIH IMHAMUAKACHI
(canmkpIHIaTy OY3BUTFaH jKaFmaiaa)

TemnepaTypa, 6a3ansik Moens
—e— TemnepaTypa, oHTaWnaHAbIPbINFaH Moaesb

350

3001

250

TemnepaTypa (°C)

200

0 1 2 3 4 5
6 Bubpauuns, 6a3ansik Moaens
P —e— BubBpauna, oHTanNnaHAbIpPbIAFaH Moaeb
L e
=
Z
24
=)
©
o
Q2 3t
@
0 pE 2 3 4 5

YakbITbl (MUHYT)

TypOunaHbl OHTalTaHABIPY Kajakmauap OypbIlIbIH e3repTy apkbuibl [TOK-Ti
87%-nan 91%-¥a neitin apTThIP/bl, OVJI OTHIH HIBIFBIHBIH 5%-Fa a3aiTThl (200 Kr/
car-taH 190 kr/car-ka neiiin) (2, 3-cyperrep). KyObip xxyiieciHe Kelcek, MOJCIbICY
)o0alay yakbIThiH 4 alian 1,5 aiira JieiiiH KbICKapTyFa, COHJIali-aK IIbIFbIHIAPIbI
35%-ra azaliTyra MyYMKiHZIK Oepi.
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2 — cyper. KiamannapzslH 3aKbIMIaHy aiiMarbl MEH a3 IIBIFBIMBIHA dcepi
KnananpapabiH 3aKbiMaaHy aiiMafbl MEH a3 LWbIFbIHbIHA 9Cepi

N 3akelMpaHy anmasbsl (M)
BN (a3 WhiFbIHLI (M/MUH)

KnanaHchkI3 KnanaHpaap sp 400 M KnanaHpap ap 300 m

3 — cyper. Peakrop KaObIpragapbIHAaFbl KEPHEYAIH e3repyi
PeakTop KabblpFanapbiHAaFbl KEPHEY iH e3repyi

F—y
v
o

B
B
=}

Makcumanisl kepHey (MMa)

-3
w
o

410

20 21 22 23 24 25
KabblpFa KanbiHAbIFbLI (MM)

AFy weriHeH aybITKy (%)

MATLAB cumynsaTopbsIHAAFb! )KaTThIFyaap 20 onepaTop/AbIH alaTThIK CUTHAIFA
peakuus yakpIThiH 120 cexyHnran 45 cekyHuka neiin (62,5%-Fa) KbICKapTKaHbIH
JKoHe Karenepai 25%-nan 15%-ra neiiin azaiiTkanbiH KepcetTi (4-cyper). Peakuns
YaKbITBIHBIH OpTallla CTaHIAPTThI ayBITKYBI 5 CEKyHITBI KYPaibl, 0YJ1 HOTHKEJIEPAiH
TYPaKTBUIBIFBIH KOPCETEI].

310



ISSN 1991-346X 3.2025

4 — cyper. Peaktop KaObIpFrajapbIHIaFbl KEPHEYIIH 03repyi
OnepaTophapabl OKbITYAbIH TUiMAiniri

120} Peakums yakbiTsl (c)
—=— Katenep (%)
—&— CTaHAapTTbl aybiTKy ()

100

80

60

KepceTKilw mMaHi

40t

20} -\-\_

7

Ok L - L — 1 .
OKyfa neiiq 5 cafaTTaH KeWiH 10 caFaTTaH KeliH

AJNBIHFAaH ~ MOJICNB/ICY  HOTIIKEJepl  KOMIIBIOTEPNIK  TEXHOJOTHsIIapIbIH
OHEPKACINTIK HbICAHJAP/IBIH KayilCi3miri MeH THIMJAUINIH apTThIpydarbl 30p
QJIEYeTiH KepceTesi, ajaija OyJl HOTWXKeNepi TYCIHAIpY Ke3iHIe KOJIAaHbLIFaH
oMlicTep/IiH apTHIKIIBUIBIKTAPBIMEH KaTap, EKTEYIIEPiH Je eCKepy KaxeT. ToMen e
Op aCHEKTKE KEKE TOKTaJalbIK.

50 MBT KkyarThl ra3z TypOWHachl YIIiH KaJakIIalapblH Keyoey OypbIIIbIH
15°-tan 18°-ka OHTaMIAH/ABIPY, CAJKBIHIATY KYHECl iCTEH IIBIKKAH JKarjaijia,
Temreparypanbly 5 wmubyT imiHge 350°C opuabiHa 325°C-ka  JeiiiH FaHa
KeTepiyiHe oKenJi. byJl ChIHM KBI3BIN KETY YaKbITHIHBIH 5 MUHYTTaH 7 MUHYTKa
JIeiiiH y3apybIHa MYMKIHJIIK Oepi. MyHaal KOChIMIIIA YaKbIT Pe3ePBTIiK JKyHeaep i
iCKe KOCYy HeMece oIepaTopiap/iblH KOJIMEH apajacyblH KaMTaMachl3 €Ty YIIIH oTe
MaHbI3/Ibl. BUOpalusHbIH 6 MM/C-TE€H 5 MM/C-Ke JICHiH TOMEHJICYI MEXaHUKAJIBIK
TO3Y/IbIH a3aiifaHblH Kepceteni, Oyn Ivanov & Sidorov (2022) enbexrepinperi
50%-Fa apThIK KBI3BIIT KETY MOAIIUITHUKTEP/IiH TO3YbIH 2,5 ecere apTThIpaibl IereH
TYKBIPDBIMMEH COlKec Kenesi. Anaiaa Oy MOJeNb MaTeprua/IblH Mapiiay dcepin
(fatigue) ecernke anmaiinel, conapikrad Kozlov (2020) ycbiHFaniail, TMHAMHAKAIBIK
MOJICTIbIEP/Il KOJIJaHa OTBIPBII, KOCBIMIIIA 3ePTTEYIep KYPri3y KaKer.

Juamerpi 500 mm OosaTblH KYOBIP/BI MOJIEIIbICY HATHXECIHIE, ap 300 meTp
caliblH KJIallaH OpHATY Tra3jblH arybl Ke3iHAeri 3akpIMaHy aimarbiH 44%-fa
kbicKapThin (320 m-meH 180 m-re jeiiiH), ra3 MILIFBIHBIH 12%-Fa TOMEHCTETIHI
anbIKTanb! (50 M*/MuH-HeH 44 mM3/muH-Te neiiin). byn Petrov (2021) enberingeri
yKcac jkarjainapaa arbin KeTkeH kenemui 10-15%-ra azaiiTy HoTHKenepiMeH
coiikec Kenemi. Auaiiia >KeNmiH KbUIIaMAbIFel 5 M/c-reH 10 m/c-ke apTkaHza
3akpiMaHy aiimarbl 400 M-re neitin yiraiael. byn CFD-Momenbaep/ai ChIpTKbI
napaMmerpiepre cesiMran ekeHiH kepceremi. lllbiHaiibl malijgananymga aya
BUTFAJIJIBIIBIFBI MEH TEMIIEPaTyPachl CUSIKTHI ailHbIMaITbI (hakTopiap 00Iybl MYMKIH,
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onap KaparaiblM MOJIeNb/Ie ecernke anbiHOaraH. Jones & Smith (2022) sxyMbIckl
Jla KOPCETKEeHJeH, MyHIal MOACIbACPAIH IQIIIrT TOPIBIH JeTalln3alUsChIHA
OaitnanbicTbl (OyJ1 3epTTeyne S00 MbIH 3JIeMEHT OOJIIbI), aJl OHBI | MUJTHOHFA JISHIH
apTTBIPY HOTHXKEHI 5—7%-Fa skaKkcapTap eji, Oipak Oy YIIiH ecernTey pecypcrapbl
YIII €cere apTTHIPBUIYHI KaXeT OoJap ei.

Kenemi 10 M GomaThlH XUMUSITBIK PEaKTOPABI Talfady KaOBIpFa KaJIbIHIBIFBIH
20 mMM-zieH 25 mMm-Te aprThipranaa kepHeydid 480 Mlla-nan 410 Mlla-ra netiin
TOMEHACHTIHIH KopceTTi, Oy 450 MIla ary mieriHeH achI KTyl xosiiel. MyHaan
HICUTIM KYPBUIFBIHBIH KAy 1TICI3/IiTiH apTTHIPFaHbIMEH, MaTepPHa IIbIFbIHAAPHIH 1 8%-
ra (500 merHHAH 590 MBIH pyOIBIe ACHiH) KOOCUTE i, COHNBIKTaH YKOHOMHKAIBIK
Tammay KaxkeT. Smirnova & Kuznetsov (2023) 3eprreyiHme KepceTiareHIeH,
MaTepuall MeH KaTalTKbII KaObIpFaiapab! (pedpa )KecTKOCTH) OipiKTipy apKbLIbl
OHTaMJIbl KaJBIHJBIKKA KOJ JKETKi3yre Oonaipl, Oy KapamailbiM KalblHAaTyMEH
cansicTeipranna 10%-ra ap3an. bizniyg xarmaiina 500 MIla ary mreri 6ap AISI 316
0oaTThl KOJZaHy apKbuibl 20 MM KaJIbIHJIBIKTBI CaKTal Kajxyra Oomap efi, Oipak
Oyo1 WBIFBIHIBT 25%-Fa apTTeIpaabl. Tarbl Oip MEeKTey — OYI1 MOJENb KOPPO3HUSHBI
ecernke anMaiapl, an JIu men YeH [6] 3epTTeynepine colikec, KOPPO3HUS XUMISITBIK
opTaa xputbiHa 2—3%-Fa ieliiH OEpiKTIKTI TOMEHIETE .

MATLAB cumynatopelHIaFbl MEPCOHAJIIBl OKBITY peakuus YakbIThiH 120
cekyHATaH 45 cexyHaka aeiin (62,5%) KplcKapThin, Katenepai 25%-nan 15%-
ra azaitTtel. byn Li & Chen (2021) 3eprrey HOTHXKENEpIMEH COMKec Kelei,
OHJIa BUPTYyalAbl TpeHaxepiap amarrapiaa agamu Qaxrtopast 30-50%-ra neitin
TeMeHIeTKeH. HoTmxkenepiH TypaKThUIBIFBIH PEaKIHs YaKbITHIHBIH CTaHIAPTTHI
aybITKYbIHBIH 10 CeKyHATaH 5 CeKyHJIKa JeliH TemeHnaeyi pacraiabl. [lactypai
OKBITYMEH (IopicTep MEH IIbIHAWBI ChIHAKTAP) CaJBICTBIPFAaHIA, CUMYIATOP
OKbITY HIbIFBIHAAPBIH S00 MbiHHAH 200 MbIH pyOJIbIe JeHiH a3alThIIl, Ka0IIKThIH
3aKbIM/IAHY KayIliH XKOWIbl. JlereHMeH, THIMAUIIK CIeHAPUHIePiH ayKbIMBIMECH
IIeKTeNe/Ti: MBICAJBI, TYPOWHAHBIH TOJBIK ICTEH MIBIFYBIH MOJIETBICY OPT CHSIKTHI
CUPEK Ke3JIeCeTiH OKHFaIapIbl KAMTHIMAIbI.

Backa 3eprreynepMeH canbICThIpy KOPCETKEH IEH, O13/1iH HOTIKEIEp KYTUIETiH
nurana3onaa opHanackan. Meicassl, Kozlov (2020) CFD apkbuibsl TypOrHaIapIbiH
[MOK-in 3-6%-ra aprTeipran Oonca, 613 4% (87%-nman 91%-ra) HOTHXKETe KOI
JKETKI3MIK, OYJI OmiCTiH KalTamaHOanmeIFbIH monenaciimi. Amaiima, Iletpos [2]
KYpeni KIamaH >KYHenepiH KOJilaHy apKbpUIbl Ta3 MBIFBIHBIH 20%-Fa aeiiH
TOMEHJIETKeHIH aiiTkaH, Oy Oi3nmiH 12%-maH kxofapbl. by aifblpManibLIbIK
MOJISJIBJIET] TEOMETPUSHBIH KaparaibIM/IbLIbIFbIHA OaHITaHBICTEI 0OTYBl MYMKIH.

AJBIHFAH ~ HOTIDKETICpAIH  MPAaKTUKAIBIK MaHBI3bl  aHKbIH:  MOJIEINBACY
KayinTepi 6oikayra (MbIcaibl, TYPOMHAHBIH KbI3BIT KETYl HEMece T'a3/blH arybl),
KOHCTPYKIMSIIApABl OHTAWIaHIBIpyFa (peakTop KaOBIPFACBIHBIH KaJBIHJBIFE),
YKOHE TOTEHIIEe JKaFJaiiapra MepcoHaNIbl MaiiblHAayFa MYMKIHIIK Oeperi, Oy
IIBIFBIHAAP/IBI a3alTHIN, KayiNCi3miKTi apTThipanbl. JlereameH, mekreynep ae 6ap
— onap/bly imiHge 0acTankel Aepekrepre (MbIcaibl, MaTepHalAapablH (PU3HKAIIBIK
KAaCHUETTEPIHIH JISJIJIIr) )KOHE eCenTey KyaThblHa TOYEIITIK.
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KopbITBIHABI

XKyprizinren 3eprrey ra3 TypOHHaNIAPbI, KYObIpIap ®oHE XUMHSIIBIK PeakTopiiap
CHUSIKTBI ©HEPKICINTIK HBICAHJApAbIH KayillCi3Airi MeH THIMALIITIH apTThIpyna
KOMIBIOTEPIIIK MOACIBACY/IH KyaTThl Kypaj eKeHiH KopceTe/1i. AJIbIHFaH HOTHKEIIep
Oyl TociimiH Toyekenaepai OoJKaylarbl, KYpbUIBIMAAPABl OHTAWIaHIBIPYAaFbl
JKOHE TMEPCOHANBl OKBITYJAFbl KOIKBIPJIbl POJIIH alKbIH JOJCNAeH i, Oy
TEXHUKAJIBIK KaHA eMeC, SKOHOMUKAIIBIK MaHbI3Fa Jla He. ANATTBIK CLCHAPHIAICPIi
MOZIeTIb/ICY KayilCi3miKk OOHBbIHIIA HAKThl >KakcapTyaapabl kepcerti. 50 MBT
ra3 TypOMHACHI YIIiH Kajakiia OypeimbiH 15°-Tan 18°-ka Jeitin oHTalIaHabIpy
KBUTY KYKTeMecCiH §%-Fa TOMEHJICTII, ChIHU KBI3BIIl KETY YaKbIThl 5 MUHYTTaH 7
MUHYTKA JICHIH y3ap/ibl ®oHE BUOpaIusi 6 MM/C-TeH 5 MM/c-ke azaipl. THiMIiIiK
TYPFBICBIHAH, MOJENbACY OHMIIPICTIK MpoHecTepie eieyli KaKcapTylapbl
KepceTTi. byt ajjibiH ana TanaayblH SJKOHOMUKAIBIK THIMAUTITH kepceTei. Ochl
HOTHDKEJICP KOMITBIOTEPIIIK MOJCIBACYIIH TCK MIBIFbIHAAPABI a3alThIl KOHUMAai,
COHBIMEH KaTap jKaHa HIeHIMJIEepAl OHEPKICINKE KbUIAaM EHTi3yre MYMKIHIIK
OepeTiHIH NoNeAeH . AJIBIHFAH HOTHKEJICPIiH MPAKTHKAIIBIK MaHBI3bI — OJIap/Ibl
HaKThl OHEPKAOCINTIK HbICAHAAp/a KOJJaHyFa OOJAThIHIBIFBIHAA. AmarTapibl
Ooipkay oJCi3 TYCTapAbl alJblH ana >KOIFa, KYPbUIBIMIApAbl OHTaMIaHIbIPY
OHJIpIC TIeH MaiiianaHy WIBIFBIHAAPBIH KBICKAPTYFa, ajl MEepPCOHANIBI OKBITY
TOTEHILIE JKaFJaijapra JTalblHABIKTEI apTThIPyFa MYMKIHIIK Oepe/i.
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