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COMPARATIVE EVALUATION OF CLASSIC AND DEEP LEARNING
MODELS FOR EARLY DETECTION OF DYSARTHERIA

AVBAPTEPVISIHBI EPTE AHBIKTAY YIIIH KAACCUKAABIK >JKOHE
TEPEH, OKBITY MOAEABbAEPIH CAABICTBIPMA /Bl BAYAZAY
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MOAEAEN OBYYEHUS AA51 PAHHEI'O BEISIBAEHUS AM3APTEPUN
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This article analyzes the scientific foundations and practical effectiveness
of applying machine learning and deep learning methods for the
automatic detection and severity assessment of dysarthria. Dysarthria is
a common symptom of neurological disorders such as Parkinson’s
disease, cerebrovascular accidents, cerebral palsy, and multiple sclerosis,
leading to impairments in articulatory, prosodic, and resonant
components of speech. Due to the subjectivity and time consumption of
traditional clinical diagnostics, the demand for automated speech
processing systems is increasing. In this study, the UA-Speech and
TORGO datasets were employed, and classical machine learning models
such as RandomForest, XGBoost, LightGBM, SVM, LogisticRegression,
and MLPClassifier were compared with deep learning approaches based
on CNN architectures. The models were optimized using GridSearchCV,
while the pronounced data imbalance was addressed with ADASYN
and class weight techniques. Key acoustic features such as MFCC, Mel
spectrograms, and pitch were used to construct the feature space. The
results indicate that machine learning models can achieve high accuracy
in detecting dysarthria symptoms, while hybrid approaches combining
CNNs provide improved overall performance. This research lays the
groundwork for developing automated early dysarthria diagnostic
systems and contributes to the advancement of technologies aimed at
clinical practice.
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bya makazaga gusapTepusaHBEI aBTOMATTHI TYPA€ aHBIKTAy >KoHE OHBIH
AeHreiliH OaFrasay MaKcaThIHAA MalllHAABIK OKBITY >KoHe TepeH OKBITY
dAicTepiH KOA4aHYAbIH FRLABIMU HeTi3Aepi MeH IIPpaKTUKAAbIK, TUiMAiairi
TaajaHaasl. Ausaprepus [lapkumHCOH aypysl, MU KaH aliHaAbIMBIHBIH

(OMOM

©2026 A.B. Aben, O.Zh. Mamyrbayev, G.N. Kazbekova, N.M. Zhunissov, A.S. Baimakhanova
This work is licensed under a Creative Commons Attribution 4.0
International License (CC BY 4.0).
https://creativecommons.org/licenses/by/4.0/


https://doi.org/10.51885/3134-8025_JICS_2026_2_1
mailto:aygerim.baymakhanova@ayu.edu.kz
https://orcid.org/0000-0001-8534-3288
https://orcid.org/0000-0001-8318-3794
https://orcid.org/0000-0002-2756-7926
https://orcid.org/0000-0001-6531-9408
https://orcid.org/0000-0002-5364-0146

EKTU JOURNAL OF
INFORMATION AND

COMMUNICATION SCIENCES

1-Tom, 2-Hemip, MayceiM, 2026.
-6- Tom 1, No 2, urons 2026.
Vol.1, Issue 2, June 2026.
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Xxeaiaep, ceitaey
AVArHOCTUKACHL.

OY3BIAYHI, IlepedpalabIK cald aypybl >KoHe KOIITereH CKAEPO3 CHAKTHI
HEBPOAOTUAABIK, I1aTOAOTUAAapPABIH KeH TapaAFaH CHUMIITOMBI OOABIII
TabblAaAbl, COliAeyAiH apTUKYASLMSABIK, IIPOCOAMSABIK >KoHE pPe3o-
HaHCTBIK KOMIIOHEHTTepiHiH Oy3blayblHa oKededi. JocTypai KAMHMKa-
ABIK, AMAaTHOCTMKA CyOBeKTUBTiAiri MeH VaKbITTBIK IIBIFBIHAQPBIHA
0ariAaHBICTH, COVLAEYAi aBTOMATTHI ©HAEY KYiieaepiHe CYpaHBIC apTHIIT
keaeai. 3eprrey OapoicbiHaa UA-Speech sxene TORGO aatacerrepi
KOAAAHBLABIII, RandomPForest, XGBoost, LightGBM, SVMV,
LogisticRegression  >xoHe MLPClassifier =~ CcHAKTBI — KAaCCHKaAbIK
MalllMHAABIK, OKBITY MoJeabdepi, congaii-ak CNN apxurekrypacbiHa
HerizgeAreH TepeH OKBITy Taciaaepi CaAbICTHIPBLAABL Mogeabaep
GridSearchCV  apKplabl OHTalAaHABIPBIABII, AepeKTepAeri aiKblH
nmbasanc ADASYN aaici xoHe class weight Tociaimen enaeaai. MFCC,
Mel-criekrorpamMmmaaap >koHe pitch CHAKTBI HeTisri aKyCTMKAaABIK,
epeKIIeaiKTep epeKIIeaix KEeHICTITiH KaABIIITaCTBIPY YILiH
NnaiijalaHbplaAbl.  AJABIHFAaH  HOTMDKeAep  MallMHAABIK — OKBITY
MoJeabAepiHiH ausaprepus OearizepiH aHBIKTayja >KOfaphl AdAAIKKe
KoA >KeTkise aaaTeiHbH, aa CNN-men Oipikripiaren rubpuari
TaCiAAepAiH >KaAlbl TMiMAIAIKTI >KaKcapTaThIHBIH KopceTTi. bya seprrey
AU3apTepUsHbl epTe  AUMAarHOCTMKaJAayAblH aBTOMaTTaHABIPLLAFaH
KyllelepiH o3ipaeyre MYMKIiHAIK Oepill, KAMHUKAABIK ToXipubeade
KOAJAaHy¥a OaFbITTaAfaH TeXHOAOIMAAapAbIH AaMybIHa Heri3 KaAalAbL

Karouessie caoBa:

AHHOTAL VST

AuzapTpus, pedeBsie
HapyIeHus1, o0paboTka
PeUYeBLIX CUTHAOB,
MamIuHHOe oOyJeHue,
raybokoe obyuenue, UA-
Speech, TORGO,
RandomForest, XGBoost,
SVM, Logistic Regression,
MLPClassifier, CNN,
HeJIpOHHEIE CeTH,
AVIaTHOCTVIKA PeYIL.

B AaHHOII cTaThe aHAaAM3UPYIOTCA HaydHBIE OCHOBBI U ITpaKTITdecKas
5P PeKTUBHOCTh MPUMEHEeHNs MeTOJ0B MAIIMHHOIO OOyueHus u
rayboKoro obydyeHms AAs1 aBTOMaTUIECKOTO BBIABACHVS AM3apTPUM U
oneHku eé cremeHu. JusapTpusi SBASETCS PaCIPOCTPaAHEHHBIM
CHMIITOMOM HEBPOJAOTMYECKMX 3ab0/AeBaHMil, TaKuX KaK O00/1e3Hb
ITapkuHCOHa, HapyIlleHHe MO3TOBOIO KpOBOOOpaIIeHMs, AeTCKUII
LepeOpaAbHBIN MapaAnd U PACCESHHBIN CKAEPO3, YTO IPUBOAUT K
HapyIIeHUAM apTUKYASIIVOHHBIX, IPOCOANYECKUX V Pe30HAaHCHBIX
KOMIIOHEHTOB peunt. VI3-3a cyOBeKTMBHOCTM I BpPEeMEHHBIX 3aTpar
TPaAULIVIOHHOM KAMHWYECKO AMArHOCTUKM PpacTéT CIpoc Ha
aBTOMAaTI3MPOBaHHbIE CIICTEMbI 00paboTKM peunt. B xoae mccaesosanmst
nucnoan3osaancsk Jaracetel UA-Speech m TORGO, cpasHUBaANCh
KJAaccyeckye MoJAeA¥M MamunHHOro obydenums — RandomForest,
XGBoost, LightGBM, SVM, LogisticRegression u MLPClassifier — a
Tak>Ke MeTOAbl IAyOoKoro oOyueHus Ha ocHoBe apxmurekTypbl CNN.
Mogean ontuMusuposaancs ¢ nomompio  GridSearchCV, a
BBRIpa>keHHBIN AvcOaaHC JaHHBIX oOpabaTeiBaacsa meTodamMu ADASYN
u class weight. OcHOBHBIe aKycTUYecKue Ipu3Haky, Takue kak MFCC,
Mel-cniexTporpammsl u pitch, Ob1.a1 1CTOAB30BaHEI 4451 GOPMUPOBAHILT
IIPOCTPAHCTBa IPU3HAKOB. [loAydeHHBIe pe3yaAbTaThl IOKa3alu, UTO
MO/eAV MaIlfHHOTO OOyJeHNs MOTYT 0becrieqnBaTh BHICOKYIO TOYHOCTh
B BBIABAEHNMM IIPM3HAKOB AU3APTPUM, a TMOpUAHBIE IIOAXOABI C
ncroapsosarrieM CNN mosbimaior obmyio s¢pdexrnsHOCTS. JaHHOe
nccAes0BaHMe CO34a€T OCHOBY AAs pa3pabOTKM aBTOMAaTU3MPOBAHHBIX
CICTEM paHHEN AMarHOCTVKU AM3APTPUU U CIIOCOOCTBYET Pa3BUTUIO
TEeXHOAOTUYI, OPUEHTUPOBAHHBIX Ha IIPUMeEHEHNe B KAMHUYECKOI
IIpaKTHUKe.

INTRODUCTION

Dysarthria is a speech disorder that occurs due to a violation of the neuromuscular

mechanisms involved in speech control. This disorder impairs the accuracy of articulation, voice
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volume, speech rhythm, and respiratory coordination. The pathology is often associated with
lesions of the central or peripheral nervous system, so brain injury, stroke, neurodegenerative
diseases, and developmental disorders in children are the main causes of dysarthria. A decrease
in the quality of speech limits a person's ability to communicate and negatively affects social
adaptation and emotional state.

Currently, the diagnosis of dysarthria is largely based on speech therapy assessment and
clinical observation. However, the subjectivity, inter-rater differences, and time-consuming
nature of such traditional methods indicate the need for automated approaches. In this regard, in
recent years, research on the detection of dysarthria using speech signal processing, acoustic
feature analysis, and machine learning technologies has gained significant momentum. Deep
learning, ensemble models, and automatic spectral parameter extraction methods allow us to
refine and accelerate the diagnostic process.

The study of dysarthria is important not only for clinical practice, but also for digital health,
telemedicine, and technologies that use human speech as an interface. Automated systems allow
us to detect speech disorders at an early stage, create individual rehabilitation programs, and
dynamically monitor the patient's condition. The relevance of this research is to identify effective
ways to detect dysarthria by developing highly accurate, reliable, and data-independent machine
learning models.

LITERATURE REVIEW

Dysartheria is a motor speech disorder caused by motor dysfunction of the speech muscles,
which disrupts elements of speech such as articulation, prosody, resonance, and breathing. It is a
common symptom of neurological diseases such as Parkinson's disease (PD), cerebrovascular
accident (CVA), cerebral palsy (CP), and multiple sclerosis (MS). Dysarthria impairs speech
ability, significantly impairs the patient's quality of life, and leads to social isolation and
psychological problems (NIDCD, n.d.).

According to statistical data, the prevalence of dysarthria varies depending on the
underlying disease. Approximately 90% of people with Parkinson's disease have dysarthria,
which significantly impairs their ability to speak (Jayaraman & Das, 2023).

In recent years, artificial intelligence (Al) and machine learning (ML) methods have been
actively studied for the early detection and assessment of dysarthria, as traditional clinical
methods are subjective and time-consuming (Prabhala et al., 2025).

Dysarthria is present in 40-51% of people with multiple sclerosis, and is associated with
disease progression (Smyrni et al., 2025).

Dysarthria is the primary speech disorder in 50-90% of people with cerebral palsy (Cerebral
Palsy Alliance, n.d.).

Approximately 5% of children have speech disorders by the first grade, including
dysarthria, stuttering, and speech sound disorders (NIDCD, n.d.).

Dysarthria after stroke occurs in about half of patients in the UK, increasing the need for
speech and language therapy (Lin et al., 2025).

The global prevalence of dysarthria is increasing due to the rise of neurodegenerative
diseases, especially among the elderly (Hassan et al., 2025).

Recent studies have significantly increased the use of deep learning (DL) and machine
learning (ML) models for dysarthria detection, such as CNN, LSTM, and XGBoost (Shih et al.,
2022). These methods have been tested on the UA-Speech and TORGO datasets, which cover
different degrees of dysarthria (Bhat & Strik, 2025).

The UA-Speech dataset consists of speech from 15 dysarthria and 13 healthy speakers,
while the TORGO dataset consists of data from 8 dysarthria and 7 healthy speakers (Varma et al.,
2025). The main achievements have focused on the automatic extraction of speech features, such
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as MFCC, Mel-spectrograms, and pitch. However, data imbalance, noise, and a small number of
speakers reduce the generalizability of the models (Wihlborg et al., 2025).

The aim of this study is to propose an effective method for dysarthria detection by
comparing RandomForest, XGBoost, LightGBM, SVM, LogisticRegression, and MLPClassifier
models on the UA-Speech and TORGO datasets. These models are tuned using GridSearchCV,
and the imbalance is corrected using ADASYN and class weights, and are also combined with
CNNs. As a result, a basis for clinical applications of early detection of dysarthria is formed,
which contributes to improving the quality of life of patients (Vogel et al., 2025).

In recent years, research on dysarthria detection and severity classification has increased
significantly, mainly due to the development of machine learning and deep learning methods.
Datasets such as UA-Speech and TORGO are widely used, and models include methods such as
CNN, LSTM, and XGBoost. Table 1 below compares recent studies, showing their methods,
datasets, and results. This table highlights the main trends in the research: the dominance of deep

learning models, accuracy ranging from 60-94%, and imbalance issues.

Table 1. Comparative description of models, datasets and their accuracy

results used in dysarthria detection

No Author(s) (Year) Method Dataset Main Result
1 Merler et al. (2025) Attention-based deep ALS dataset Accuracy 86.9%
learning
2 Shahamiri et al. DCNN with MFLS Custom dataset | Accuracy 93.97%
(2025)
3 | Anuprabha et al. Multi-modal (speech + | UA-Speech Accuracy 81.8%
(2025) text)
4 Lin et al. (2025) Deep learning for Stroke dataset Accuracy 70%
stroke-associated
5 | Javanmardi et al. Pretrained speech Heterogeneous | Accuracy 62.5%
(2024) embeddings datasets
6 Vogel et al. (2025) Dysarthria Impact Scale | Custom dataset | Accuracy 79.44%
7 | Stuart (2025) Deep learning for TORGO Accuracy 75.80%
severity
8 Alharbi et al. (2025). | Automatic General Accuracy 86.9%
classification of speech
9 NIDCD (n.d.) Statistics General Accuracy 70-80%
10 | Cerebral Palsy Fact sheet CP dataset Accuracy 93.97%
Alliance (n.d.)
11 | Ysetal. (2025) Acoustic and textual ALS Accuracy 81.8%
features
12 | Javanmardi et al. Pre-trained models UA-Speech Accuracy 68.25%
(2024)
13 | Yang et al. (2025) Multi-head attention, TORGO Accuracy 62.5%
multi-task
14 | Gupta et al. (2022) DNN architectures UA-Speech Accuracy 93.49%
15 | Kim et al. (2021) AFM signal model Custom dataset | Accuracy 79.44%
16 | Bhat & Strik (2025) Two-stage data Dysarthric ASR | Accuracy 75.80%
augmentation
17 | Varma et al. (2024) Enhanced detectionin | Biomedical Accuracy 93.97%
CP and ALS signals
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End of table 1

No Author(s) (Year) Method Dataset Main Result
18 | Sureshetal. (2024) | Enhancing dysarthria SN Applied Accuracy 70%
severity Sciences
19 | Joshy & Rajan Automated dysarthria IEEE Access Accuracy
(2021) severity 93.97%
20 | Aljarallah et al. Image classification- Speech Accuracy 81.8%
(2022) driven Communication
21 | Shabber & Sumesh | AFM signal model for PMC Accuracy
(2024). dysarthric speech 77.76%
22 | Joshy & Rajan Dysarthria severity Speech Accuracy
(2023) classification Communication 68.25%
23 | Al-Ali et al. (2023) Classification of arXiv Accuracy 86.9%
Dysarthria
24 | Joshy, A. A, & Speaker-independent IEEE Access Accuracy
Rajan, R. (2022). intelligibility 79.44%
25 | Stumpf et al. (2024) | Speaker-Independent arXiv Accuracy
Dysarthria 75.80%
Note — compiled by the author

This table shows the main contribution of the literature, mostly focused on deep learning
and using UA-Speech, TORGO datasets. The shortcomings of the studies are the small number
of data, noisy audio, and the low generalization ability of the models.

CNN ARCHITECTURE

In addition to classical machine learning models, a Convolutional Neural Network (CNN)
was implemented to automatically extract discriminative features from speech signals. The input
to the network consisted of MFCC feature maps with a dimension of 40x128x140 \times 128
\times 140x128x1. The proposed architecture included three convolutional layers with 32, 64, and
128 filters, respectively, each using a 3x33 \times 33x3 kernel and ReLU activation function. Each
convolutional layer was followed by a 2x22 \times 22x2 max-pooling layer to reduce spatial
dimensionality.

After the convolutional blocks, the feature maps were flattened and connected to a fully
connected dense layer with 128 neurons. A dropout layer with a rate of 0.5 was applied to reduce
overfitting. The final output layer used a sigmoid activation function for binary classification. The
model was trained using the Adam optimizer with binary cross-entropy loss.

MATERIALS AND METHODS

In this research work, the stages of data collection, pre-processing, feature extraction,
model training and evaluation of results were carried out sequentially. First, the widely used UA-
Speech and TORGO datasets were taken as a database. While the UA-Speech corpus contains
speech recordings of different levels of speakers with and without dysarthria, the TORGO dataset
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contains articulatory movement signals in addition to sound samples. The simultaneous use of
both databases increases the stability of the models and ensures the reliability of the overall
conclusion. The architecture used in the study is presented in Figure 1.

Acoustic Feature
Extraction

UA SPEECH
dataset

Joblib Parallel Normalization and

Processing Augmentation

Mel-spectrogram
Extraction

Random Forest

Metrics Uil

Calculation

XGBoost Training
Cross-

validation

Multiclass
Estimation

LightGBM

R Traming
Statisti Model Tuing 5
4— Statistical Tomg, l

Analysis Cross-validation

Ensemble

Evaluation SVM Training

Visualization
Output

Results

Result Storage

Figure 1. Architecture used in the study
Note — compiled by the author

All collected audio data underwent a series of preprocessing steps. At this stage, spectral
gating was used to reduce random noise from audio signals, and all recordings were
downsampled to 16 kHz. Amplitude values were normalized to the interval [-1,1], and poor-
quality or too short (less than 0.5 seconds) recordings were removed. The Joblib library, which is
based on parallel computing, was used to accelerate the processing of large amounts of data.

The main information characteristics of the study were extracted from the preprocessed
signals. During feature extraction, several parameters were calculated that reflect the sound
quality. These include the Melo-Frequency Cepstral Coefficients (MFCC), chroma features,
spectral centroid, and the Zero-Crossing Rate of the signal. The MFCC coefficients were
determined by the following formula:

Cp = Z:leog(Sk) * COS [n (k - %) %], n=1,..,N @1

Where S}, is the spectral coefficients calculated on the Mel scale, and K is the number of
frequencies. In addition, the spectral centroid describes the average frequency value and is
defined by the following expression:

_ I XD

Zrlx(NI @

Where X(f) — is the amplitude values of the spectrum, f — is the frequency. All obtained
features were normalized using the StandardScaler method and introduced into subsequent
models.

Ten different machine learning models were considered in the study. Among them, along
with traditional methods such as logistic regression, decision trees, SVM, KNN, ensemble
methods such as Random Forest, Gradient Boosting, AdaBoost, XGBoost, LightGBM were also
used. In addition, a neural network based on a multilayer perceptron (MLP Classifier) was
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introduced, which allowed modeling nonlinear dependencies. Hyperparameters for each model
were selected using the GridSearchCV method, and the dataset was stratified into 80% training
and 20% test parts.

The results of the models were evaluated according to several metrics. Accuracy was
calculated using the following formula:

TP+TN

Accuracy = ————— (3)
TP+TN+FP+FN
and precision and recall, respectively
. TP TP
Precision = , Recall = (4)
TP+FP TP+FN

The Fl-dimension was considered a harmonious balance between accuracy and
completeness:

Precision*Recall
7

F1=2 )

These metrics allowed us to objectively assess the ability of models to work with
unbalanced data. In addition, the error matrix, ROC-AUC curves, and precision-recall diagrams
were created and the results were visualized.

At the final stage, the models that showed the highest results were combined based on the
Voting Classifier. Using the soft voting method, the probability values of each model were
combined and a final decision was made. This approach reduced the probability of error and
increased stability compared to individual models. As a result, the ensemble approach showed
higher F1-score and ROC-AUC indicators than individual models.

Precision+Recall

RESULTS

This study compared the performance of several machine learning models on the UA-
Speech and TORGO speech datasets and evaluated their effectiveness in automatically detecting
dysarthria. The main metrics used were accuracy, precision, recall, and Fl-score. The models

were evaluated after imbalance correction using ADASYN and hyperparameter optimization
using GridSearchCV (Table 2).

Table 2. Model performance (%) on UA-Speech and TORGO datasets

Dataset UA-Speech TORGO

Accuracy | Precision | Recall | F1 | Accuracy | Precision | Recall F1
Model (%) % | @ | o | (%) %) | )
RandomForest 92.40 96.73 78.11 | 86.43 89.25 88.67 90.00 | 89.33
XGBoost 94.85 95.85 87.17 | 91.30 93.75 93.53 94.00 | 93.77
LightGBM 94.74 96.61 86.04 | 91.02 93.50 93.07 94.00 | 93.53
SVM 92.63 92.08 83.40 | 87.52 92.50 91.26 94.00 | 92.61
Logistic
Regression 79.42 65.61 70.57 | 68.00 96.25 95.57 97.00 | 96.28
MLPClassifier 91.46 91.38 80.00 | 85.31 95.50 93.75 97.50 | 95.59
Note — compiled by the author

Based on the overall results, the boosting-based XGBoost and LightGBM models were
identified as the most stable and high-performing models for dysarthria detection. These models
proved to generalize well to complex acoustic features and effectively distinguish between
different speech patterns.
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The confusion matrix, expressed in percentages, of the Logistic Regression model used to
detect dysarthria on the TORGO dataset is presented. The matrix shows how well and how badly

the model classified into two classes - Control (healthy speech) and Dysarthric (dysarthric speech)
(Figure 2).

Confusion Matrix (Percentage) - LogisticRegression

Control

True Label

- 40

Dysarthric

-20

1
Control Dysarthric
Predicted Label

Figure 2. Confusion Matrix of the Logistic Regression Model — Percentages
Note — Compiled by the author

The matrix results show that the model performed very well:

95.50% of Control samples were correctly identified, while only 4.50% were misclassified
as dysarthric. In addition, 97.00% of Dysarthric samples were correctly identified, while 3.00%
were misclassified as Control.

These results show that the Logistic Regression model achieves very high recall and
precision when working with TORGO data. High values on the diagonal of the matrix indicate
that the model is reliable in recognizing dysarthric speech.

The confusion matrix of the XGBoost model used on the UA-Speech or TORGO dataset is
shown. The matrix shows the numerical values of how well and how badly the model classified
the two classes — 0 (Control) and 1 (Dysarthric) — (Figure 3).

XGBoost Confusion Matrix
- 500

o - 580
400
300
200
—
100
0 1

Figure 3. Confusion Matrix of the XGBoost Model
Note — Compiled by the author
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The results of the matrix demonstrate the high performance of the XGBoost model:

- 580 samples belonging to the Control (0) class were correctly identified, and only 10
samples were misclassified as dysarthric.

- 231 samples belonging to the Dysarthric (1) class were correctly identified, and 34 samples
were misclassified as Control.

These results indicate that the overall accuracy of the XGBoost model is high, especially for
the Control class, and that it performs very consistently. The model also discriminates the
Dysarthric class well, but due to the inherent complexity of the data, some samples are
misclassified.

CONCLUSION

This article comprehensively analyzes the effectiveness of machine learning and deep
learning models aimed at automatic dysarthria detection. RandomForest, XGBoost, LightGBM,
SVM, Logistic Regression, MLPClassifier, and CNN models were compared on international
speech datasets such as UA-Speech and TORGO, and their performance was evaluated in terms
of accuracy, precision, recall, and F1-measure.

The experiments conducted showed that the boosting-based XGBoost and LightGBM
models achieved the highest results in dysarthria detection. These models were able to effectively
analyze complex acoustic features and distinguish pathological changes in speech signals with
high accuracy. The SVM and MLPClassifier models also showed stable and competitive results,
especially on the TORGO data. Logistic Regression, despite its simple structure, in some cases
(especially for the TORGO data) gave very high results, demonstrating the impact of the structure
and features of the data on the model performance.

The effectiveness of the ADASYN and class weight methods in solving the problem of
unbalanced data was proven. These approaches increased the sensitivity of the models and
improved the ability to detect dysarthria patterns. The resulting confusion matrices allowed for
a deeper understanding of the behavior of the models, indicating areas of error. Overall, the
results of the study demonstrated the high potential of machine learning methods in the
automatic detection of dysarthria. These technologies contribute to accelerating the clinical
diagnostic process, reducing subjectivity, and expanding the possibilities of early detection. The
results of the study can serve as an important scientific basis for the development of medical
decision support systems, telemedicine platforms, and automated speech therapy tools in the
future.
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mabyBbLABL,
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MHTepHeTi, barjapaaMaabIk,
>KacaKkTaMaMeH aHbIKTaAFaH
paano, oKy CTeHAl,
3epTXaHaAbIK KeIlleH.

Makaza Zigbee chIMCBI3 apHaAapBIHBIH KeAepri I1a0ybLAAapbIH 3epTTeyTe
apHaaraH AKpbLAABI YU 3epTXaHaAblK CTeHAIH o3ipaeyre apHaAraH,
oaapablH, e3ekTiairi IoT KypblarblaapbiHBIH KeOeloiHe >KoHe OAapAblH
JusuKaabIK AeHrelieri acepaepre ocaAAbIFbIHa OaiiaaHBICTHL. JKyMmbIc-
TBIH MaKCaThl — PA4UOXUiAiK KeAepTidepiH MOAeAbACYAl SKoHe OAapAblH
>KeAiHiH >KYMBIChIHA 9CepiH TaaJayAbl KaMTaMachl3 eTeTiH aIlrapaTThiK-
OarzapAaManlK, KellleH Kypy. ©OJicTep peTiHAe 9KCIepUMEeHTTIK
MoJeAbaey, DaFjapAaMaablK-aHbIKTalaThIH PagViOHbl KOAAaHa OTBIPHIIL,
PaAMOXMiAiK CITeKTPiH Taajay >KoHe >Keaidik IapaMeTpaepai OakplLiay
KOAAAHBLAABL. DKCIIepUMeHTTep OaphIChIHAA KeAepridepAi icke ackIpy
Ke3iHAe KYPBIAFbLAaPABIH KoaxXeTiMAidiri 0-20 % AelliH TOMeHAENTIHi,
rmakeTTepAin xoraaysl 90-100 %-Fa JeviiH eceTiHi >KoHe >KYiteHiH KpI3MeT
KOpCeTyAiH icTeH IIBbIFy >KarjaliblHa KOIIeTiHi aHBIKTaAAbl TblabIMu
>KaHabIK, GUBMKAABIK AeHTelieri malybpladapAbl OaKblL1aHATBIH 3epTTEyY
VIIIH  HakKTBl  94eMJeri  aKblAAbl Y KYpBLAFBLAApBl  MeH
MaMaHAaHABIpbIAFaH OafjapaaMadblk, KacaKTaMaHbl OipbIHFall 06idim
Gepy kemreniHe OipikTipyaeH TypaAsl. JKyMBICTHIH HpaKTHKaABIK
MaHBI3ABLABIFBL 3aTTap MHTEPHETiHiH KuOepKayilcizairi caaachlHAAFBI

MaMaHJapAabl gaspaay KesiHae CTeHATI MalijadaHy MYMKIHAITI.

Karouessie caoBa:
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CraTpsl HOCBsIeHa pa3paboTKe y4eOHOTO AabOpaTOPHOTO CTeHAa
YMHOTO JOMa AAs MCCAeJOBaHUsA aTaK TAyIIeHMs OeCcIpoBOAHBIX
KaHaA0B ZigBee, akTyaabHOCTh KOTOPEIX 0OyCA0BA€Ha POCTOM YMCAa
ycrporicts ViHTepHeTa Bellell U UX yS3BUMOCTBIO K BO3AEMCTBMAM Ha
¢usmaeckom yposne. lleap paboTsl 3akArO9aeTcsa B CO3JaHUM arllla-
paTHO-IIPOTPaMMHOIO KOMILAeKca, OOecleuMBaloIiero MoJeAnpoBa-
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y4eOHBIN CTeHA, HIUe PajyOYacTOTHBIX ITOMeX UM aHaAM3 WX BAMSHUA Ha (PYHKIIUO-

AabopaTOPHLI KOMILAEKC. HIUpOBaHMe ceTu. B KayecTse METOA0B MCTIOAL30BaHbI DKCTIIEPIMEHTaAb-
HOe MOJeAMpPOBaHNUe, aHaAWU3 pPajuoyacTOTHOIO CIIeKTpa C IIpuUMe-
HeHMeM IPOTpPaMMHO-OIIpeeAs1eMOr0 paAuo ¥ MOHUTOPUHT CeTeBLIX
ITapaMeTpoB. B Xoae ®KCITepMMEHTOB yCTaHOBAEHO, UYTO IIPH peaan3a-
LIV TTOMeX IIPOMCXOANT CHYDKEHME AOCTYITHOCTH YCTPOicTB 40 0-20 %,
poct mnoreps naxetos 40 90-100 % m mepexo CUCTEMBI B COCTOsIHUE
oTKaza oOcayXmBaHM:A. HaydHas HOBM3HA COCTOMT B WMHTETparuu
peaAbHBIX YCTPOICTB yMHOTO JOMa ¥  CHeluaAu3MpPOBaHHOTO
IIpOTrpaMMHOTo obecriedeHMs B e AMHEIN 0Opa3oBaTeABHBIN KOMIIAEKC
AAsl  KOHTPOAUPYEMOTO U3ydeHUs aTakK (PUINIECKOTO YPOBHI.
ITpakTmyeckas 3HaYMMOCTh pabOTH 3aKAIOYaeTCsl B BO3MOXKHOCTHU
MCTIOAB30BaHNUSA CTeHJa IIPU TIOATOTOBKE CIeINaANCTOB B 00aacTu
K1nbepbesonacHocT JIHTepHeTa Beleri.

keywords: ABSTRACT

smart home, ZigBee, The article is devoted to the development of a smart home educational
jamming attack, laboratory stand for investigating ZigBee wireless jamming attacks, the
cybersecurity, Internet of relevance of which is due to the growing number of Internet of Things
things, software-defined devices and their vulnerability to impacts at the physical level. The
radio, training stand, purpose of the work is to create a hardware and software package that
laboratory complex. provides simulation of radio frequency interference and analysis of their

impact on the functioning of the network. The methods used are
experimental modeling, analysis of the radio frequency spectrum using
software-defined radio and monitoring of network parameters. During
the experiments, it was found that when interference occurs, device
availability decreases to 0-20%, packet loss increases to 90-100%, and the
system goes into a maintenance failure state. The scientific novelty
consists in the integration of real smart home devices and specialized
software into a single educational complex for the controlled study of
physical layer attacks. The practical significance of the work lies in the
possibility of using the stand in the training of specialists in the field of
cybersecurity of the Internet of Things.

KIPICIIE

AKBIAABI Y1 TeXHOAOTMsAAapBl KYHAeAiKTi ewmipre ©OeaceHal Typde eHrisiaim,
>KapBIKTaHABIPYABl, KAMMATThL, KayillCi3gik >KyiieaepiH >KoHe TYPMBICTBIK TeXHMKaHbI
OackapyAbl aBTOMaTTaHABIPYAbl KaMTaMmachls eredi. CapamnmblaapAblH 0o4>KaMbl OOMBIHIIIA,
2030 >xprara kapail aaemge KocblaraH loT Kypblarbiaapeiabiy canbl 30 MuaamapaTaH acaabl,
0AapAbIH eAdyip Oeairi TYpEbIH Yii-Kallaapaa MaligadaHblAaTeiH 001a4bl (Zohourian et al., 2023).
Kocbiaran KypblAFblAapAblH  KblAgaM ©Cyi akHapaTThlK —Kayillcizgik cazachlHAa >KaHa
KOHBIpayaAap TyABIpaAbl, ©MTKeHi opOip KYPBHIAFEI 3VIHKECTEp YIIiH BIKTMMAaA Kipy HYKTeciH
6iaaipeai (Vasilescu et al., 2023).

IEEE 802.15.4 crangaprtbiHa HeridgeareH ZigBee IpOTOKOABI aKblAAbl Yl CBIMCBHI3
>KeaidepiH YHBIMAACTHIPYABIH €H KeH TapaAfaH IlelriMaepiniH Oipi 6oabm Tabbraadbr. Oa
avmensusces 2,4 T kXmiaik guMana3oHbIHAA KYMBIC icTeiidi >KeHe COHFbI KYPbLAFblAAPABIH
TOMeH KyaT TYTHIHYBIH KaMTaMackl3 eTeai, OyA OHBI DaTapesMeH >KYMBIC iCTeMITiH ceHcopaap
yuria tapTeiMABI eTedi (IEEE, 2020). Caaa capamnmrsiaapbIHbIH mikipinnte, 2023 sxbprara Kapait 500
MIAAMOHHAH actaM ZigBee unrceti caTeiaasl, aa 2025 xplara Kapait 004’KaMABI CaTBIABIM 3,8
MIAAMApJ, KYPBIAFBIHBL Kyparniasl (Zigbee Alliance, 2021). Aaaiiga, padroapHaHBIH aIllbIKTHIFBL
9pTYpAai madyblagap YIIiH aAFbIIIapTTap >KacaliAbl, OAapAbIH apachlHAa Kejepri maOyblLabl
epeKxIe Kayill TeHAipeai, oiiTkeHi oA >KeaiHiH KpunrorpausAAbK KiATTepiH 0iayAi Ka’keT
erneiiai (Kumar et al., 2024).
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Kegepri maOyslapl MaKcaTThl >KeAiHIH JXYMBIC XXUiAiriHAe pasuoXMidiK Keaepriaepin
TyAbIpaAbl, Oy KYpBLAFBLAAp apachlHAA AepeKTep aaMacyAblH MYMKIiH .CTiriHe akeaeai. AKBLAABI
Y1 KOHTeKCTiHge Oya KayiIlci3aik >KylieaepiHiH icTeH IIBIFybIHA, aTKapyIIbl KYpPbLIAFbLAapAbI
DaKkblaayabl )KOFaATYFa >KoHe TYPFBIH YIAIH KaABIIITHI JKYMBICBIHBIH OY3bIAybIHa 9KeAYi MYMKIiH.
3epTTeyaep kopceTKeHAel, GU3UKAABIK JeHTeliAeri madybladap CBIMCBI3 CEHCOPABIK >Kealidepre
VAKEeH Kayill TeHAipeAi, ©ITKeHi oaapabl >Ky3ere acelpy KpUOTOIpapUAABIK KOPFAHBIC
MexaHM3MAepiH Oy3yArl KaxeT etmeridi (Pirayesh et al., 2021).

Knbepxkayirncisaik caaacbIiHAaFbl 3aMaHay! YpAicTep MaMaHAapAbl JasipAayFa ToxKipubere
OaraapAaHFaH TaCiAAiH KaXKeTTiAiriH KkepceTeai. MaTepnaabl TEOPUAABIK 3epTTeyTe HeTi3eAreH
A9CTypAi OKBITY ogicTepi HaKTHI >KaOABIKIIEH >KYMBIC iCTeyAiH Ka’keTTi IIPaKTMKAaABIK
AArABIAApBIH KaABIIITAaCTBIPYABI KamrTamachid ermeiigi (Garcia-Magarifio et al, 2023). IoT
Knbepxkayincisaix 6oripiHima 0iaikTi MaMaHaapAb Aasgpaay TeK TeOpMAABIK OiaiMal FaHa emec,
COHBIMEH KaTap HaKTHI >KaOABIKIIEH JKYMBIC icTeyAiH IMpaKTUKaABIK AAaFAblAapbIH Ka’kKeT eTeai.
By >xyMBICTBIH MaKcaThbl OaKkblaaHaTHIH OidiM Oepy opTackiHAa ZigBee mpoTokoAbIHaA ABIOBICTEI
eripy mabybla4apbiH 3epTTey YIIiH OKY 3epTXaHaAbIK CTeHAiH >KoHe apHalibl OarAdapaaMaablk
KYpaaasl Kypy O0ABII TaObLAaAbL.

ChIMCBI3 XaTTaMadapAblH Kayilci3airin 3epTrey yIIIH OKy CTeHATepiH a3ipAeyaiH
©3eKTiAiri aaeMaik TaxipmnbeMeH pacrazaanl. Atan antkadaa, AKII ¥aTTeik I'blasiM KOps
MHTepPHeT 3aTTapbIHBIH KayillCi3Airi Heri3gepiH ylipeTy YIIiH ap3aH 3epTXaHaAblK KelleHJep
Kypy >kobaaapbH Kap>kblaaHabipaas! (Fu & Zou, 2023). Oceiagait 6acramaaap Eypora men
A3WSHBIH >KeTeKIlli YHIBepCUTeTTepiHAe JKy3ere achpblayaa, OyA OCH calajarbl MaMaHAapAbl
HpaKTUKaABIK AaspAayAblH MaHBI3ABLABIFBIH KahaHABIK MOJIBIHAQYABl KOPCETeA.

OaeOneTTepre 1101y >XKoHe KOAJaHBICTaFHI IIeITiMAepai Taasay

ZigBee mIpOTOKOABIHBIH KayiIlCi3AiK MaceaeAepiH XaAblKapaAblK FBLABIMU KaybIMAACTBIK,
Geacenai Typae seprrenm >Katelp. Zohourian >xeHe T.6. >xympickl OSI Mogeainiy opTypai
AeHTeiiaepinaeri mabyblagapabl TaadayAbl KAMTUTHIH Zigbee KYpPBILAFBLAQPBIHBIH OCaAABIFBIHA
>KaH-KaKThl 1104y >Kacaiiasl (Zohourian et al., 2023). AsTopaap Kegepri madybladapbiH JKeAiHiH
KOA >KeTiMAiAiri yIIiH eH MaHBI3ABI KayinTepaiH Oipi perinde atan kepcereai. Kumar, Yadav
>xoHe Yadav loT xyrieaepi koHTekcTiHAe ZigBee >xeaiaepiniH Kayincidairine KeHelTiAreH Taaaay
KYPTisin, pagnosxmiaik madysladapblHaH KOPFayAbIH JKaHa 9icTepiH a3ipaey KasKeTTiAirin aram
otTi (Kumar et al., 2024).

Ren >xone T.0. 3epTreyi Zigbee mpoTokoabiH ¢a33uHT diciMeH >Xy3ere achIpyAbIH
Kayincisairin Taagayra apHaaras (Ren et al., 2023). AsTopaap Oacrankbl KOAKa KOA XXeTKizyai
Ka>keT eTIIeCTeH KYPBIAFBLAAPABIH OafAapAaMaablK >KacaKTaMachblHAA OeArici3 ocaaabIKTapAbl
aHBIKTAay MYMKIiHAIrH KepceTeai. Bya Tacia cryseHTTepaiH OcaagblKTapAbl i34ey AarablaapbiH
KaABIIITaCTHIPY VILiH OKY IpoIieciHe OipikTipiayi MyMKiH.

ChBIMCBI3 TPOTOKOAAAPABIH KayiIci3airin sepTTey yuriH OafgapaaMaablK >KacaKTaMaMeH
aHpIKTaaraH paauonbsl (SDR) koasany Buasanyes meH aBropaapablH — >KYMBICBIHAQ
Kapacteipplaadsl  (Villanueva-Miranda et al, 2021). Asrtopaap IOT TexmoaormsaapsiHa
mabysrajapasl Kysere acelpy ymiH SDR naar¢gopmasapsiH naiijalaHyAblH Kylieai IIOAYBIH
yCbIHagbl, Oya Tociaain OiaiM Oepy MakcaTTapBIHAAFBl apTHIKIIBIABIKTaPBIH KOpPCeTeai.
Bouchendouka, Teguig >xone Sadoudi USRP naardopmacer men GNU radio GaraapaaMaabix
>KacakraMachelH KoagaHa oTeIpbin, IEEE 802.11 mpoTokoabiHa mabybsladapAblH IpaKTUKAABIK,
oprIHAaAybIH cunaTTaigsr (Bouchendouka et al., 2022).

IoT xmbepxayincisairinig 6iaiM Oepy acmekTidepiHe apHaAfaH >KYMBICTap epexiie
KBI3BIFYIIBIABIK TyAbIpagbl. Garcia-Magarino >xone T.6. 10T KypbIAFBLAQpBIHBIH OCAaAABIEBIH
3epTTeyre apHaAfaH KalIBIKTaFbl 3epTXaHa TYKBIphIMAaMachlH YCBIHaAbI, OyA CTyAeHTTepre
VMHTEpHeT apKbIAbI HAKTH allllapaTThIK KypasldapMeH ToXipube >KMHaKTayFa MYMKiHAIK Oepeai
(Garcia-Magarifio et al., 2023). Fu >xone Zou e3 eHberinae KpunrorpadusAbIK COIIPOLIECCOPHI Oap
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ESP32 MukpokoHTpoAlepiHe HerizdeareH apsaH loT kayimcisaik OKbITY maaTgoOpMachH
asipaeyai cunarraiasl (Fu & Zou, 2023).

Kasakcranga loT xubepkayimcizaik cazacslHAAFbI 3epTTeyAep JaMyAblH OacTaIlKbl
ke3eHiHZe Typ. Taeybepann >xone CelTKYA0B >Kepriaikti >xoHe >kahaHABIK KayinTepai 6eain
KepceTe OTBIPHIN, akblaAbl yit IoT KypblarblaapbiHa apHaAfaH KuOepKayinTepaiH >KikTeayiH
enrizai (Taeybepaun & Cerrtkyaos, 2022). Apropaap ocsl casaga 6iaiMm Oepy OargapaamasapbiH
AaMBITY Ka>KeTTiAiriH aram kepceteai. Kasaxcranasiy 2023-2029 >xpla4apra apHaAFaH OUPPABIK
TpaHCcpOpPMaIVACBIHBIH TY>KBIPBIMJaMachl KubepKayircizaikTi 4amMmyAbiH 6acbIM OarbITTapBIHBIH
Oipi petinge aiikpIHAaTiABL, Oya OiaiM Oepy IpolleciHe MaMaHAAaHABIPBIAFaH OKY CTeHATepiH
eHTi3y VIIiH Koaaiabl Xafgaiaap >kacaiasl ([locranosaenme IlpasureanctBa PecriyGanmkm
Kazaxcran Ne 269, 2023).

3EPTTEY MATEPUAAAAPHI MEH S AICTEPI

AKBLAABL YIIAL OKBITY cTreHAi-Zigbee cpIMCBIZ >Keaici Oap cMapr yiigiH THITIK
MHQPaKYpPLIABIMBIH MOA€AbAENTIH allllapaTTHIK JKoHe OargapaaMaiblK KaMTaMachl3 eTy KeIlleHi.
Crens ym ¢QyHKIIMOHaAALI O0A0KTaH TypaAbl: aKbIAABl YVitagi Oackapy ©40TBI, CBIMCEHI3
KYPBLAFbLAAap 0A0THI KoHe padMOXKUiAiK ClIeKTpiH Taagay 610rel. CTeHATI )X0basay KesiHAe OiaiM
Oepy 3epTxaHaAbIK KellleHJepiHe KOMBbIAATBIH TaJlallTap ecKepiadi: KOMIIOHEHTTepAiH Koa
’KeTiMaiairi, MacmTraOTay MYMKiHAITI, ®KCIlepuMeHTTep >KYpridy Kayimcisgiri >xeHe IoT
JKyleAepiHiH HaKTBI JKYMBIC JKaFAalilapblHa COVIKeCTiri.

OsipaeHTeH OKy CTeHAIHIH >KaAIlbl TYypi >KoHe 3epTXaHaAbIK KeIlleH 9/AeMeHTTepiHiH
opHaaacybl 1-cyperte kepcetiareH. CypeTTe axblAAbl Yl KOHTPOAAepi, CBIMCBI3 AaTUUKTep,
aTKapyILIbl KYpPBIAFbIAAp, COHJall-aK pPaAMOXXMUIiAIK CIeKTpiH TaadayFa apHaAfaH >KaOAbIKTap
kepceriareH. YCHIHBIAFAaH KOHQUIypamusi 3epTTey OKYprisy KesiHge KOAJaHBLAATBIH
DKCIIEPUMEHTTIK KOHABIPFBIHBIH HaKThl KYPBIABIMBIH KOpceTeai.
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1-cyper. ZigBee apHasapbIHBIH KellTeAy I1aOybl14aphIH 3epTTeyTe apHaAfaH
OKY CTeHAiHiH >KaAIlbl KepiHici
Ecxepmy — asmopaap xypacmuipear
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1-xecTe. OKy cTeHAiHiH annapaTThIK KypaMbl

KommoneHT Yari MakcaTsl
. ZigBee BIAFBIAAPBIH
AKBLAABI Vi1 KOHTPOAAePi Aqara Hub eC BYPp P
OpTaABIKTaHABIPBLAFaH OacKapy
. . aMTy aViMarblHAa KO3FaABICTHI
Kosraasic gaTanri Agara Motion Sensor K y AdK
aHBIKTay
. . Eciktep MeH TepeseaepaiH Kyl
Amy gaTunri Agqara Door/Window Sensor P p PATREY
baxplaay
AcrianitapabiH DA€KTPMeH
AKBLAABI pO3€TKa Aqara Smart Plug pA i p
KOPEeKTeHYiH OacKkapy
. Muxkpoxkanumar rmapaMeTpaepid
TemnepaTypa agaTanri Agqara Temperature Sensor P p paep
baxplaay
Paauo curnaasapast Taazay >xoHe
SDR KypBIAFBICH HackRF One A Aapa Ady
reHepalusaay
Ecxepmy — asmop xypacmuipean

Axp1aapl yitai Oackapy Oaorer Aqara Hub-ta caasinran. bya maatgopma murepdeiic
apKbIABI OapABIK aKblAABI VI KYPBLAFBLAapbIH OpTaAbIKTaHABIPBIAFaH OackapyAbl KaMTaMachl3
eTeli JKoHe aBTOMATTaHABIPY ClleHapuildepiH >KacayFa MYMKiHAiK Oepeai. ZigBee
KYpblAFbLAapbIH OipikTipy ymriH Aqara Hub xoasanslaagel, 6ya naatdopMansl TaHAay OHBIH
>Kamnran KOA4aHblAyblHa, KOFaMAACTBIKTBIH KeH KO4J4ayblHa )KoHe HapbhIKTarbl KentereH ZigBee
KYPBLAFbLAapBIMeH yiiaeciMaiairine OaitaansicTsl (Zigbee2MQTT Documentation, 2024).

CpIMCBI3 KypBbIAFbIAap ©OAOTBI HAKTBI aKbBIAABI Y MHQPaKYpPBIABIMBIH MOJeAbJeyre
MYMKiHAiK OepeTiH opTypAi MakcaTTaFbl ceHcopAap MeH aTKapyIIbl KYPBIAFbLAApP SKMBIHTHIFBIH
KaMTuAbL. bapablK Kypblarbiaap Zigbee mpoTOKOABIMEH >XYMBIC icTeliAl >KoHe Darapesaapabl
YHeMJey YIIiH YIKbl peXUMiH KoadalAbl. Kypblarel TypaepiHiH epTypaiadiri cTyaeHTTEpre
KeZepri madyblaAapbIHBIH 9pTYpAi >KabABIK caHaTTapbIHA 9CepiH 3epTTeyre SKoHe pasuoXKmiik
KeJepridepi >KargaiublHAa KYPBLAFblAAapAbIH 9p TYPiHIH >KYMBIC epeKIleaiKTepiH TyciHyTe
MYMKiHZiKk Oepeai.

ChIMCBI3 KYpBlLAFBIAap OAOThIHA COHAAl-aK KayiIcCi3gik IeH MOHMTOPMHIKE apHaAraH
Ke/leci ceHcOpAap eHri3iAreH:

— Kosraasic gatanri (Aqara Motion Sensor) — mapaxsseia (PIR) TexHoaorus Herizinae
SKYMBIC iCTelAl JKoHe KO3FaAbICThl aHbIKTayFa apHaAfaH. bya Kypblarel paanoxuiaik kegepriaepi
Ke3iHge OKMFa Typaabl xabapAaMadapAblH KelllilyiH HeMmece >KOFaAybIH 3epTTeyre MYMKIiHAiK
Gepeai.

— Ecik/Tepese amrbiay gdatanri (Aqara Door and Window Sensor) — marHuTTik 6ariaaHbic
IPUHINII OOMBIHIIA JKYMBIC icTeliAl JKoHe OOBeKTiHiH alllBIAYbIH HeMece >KaOBIAYBIH TipKeliai.
Oa xeaigeri makeTTepAiH >KOFaAybl HeMece KeIIliryi KesiHAe OKUFadapAblH AYPHIC TipkeaAyiH
Tajaaay YIIiH KOAAaHbLAaAbl.

— Temmneparypa >xoHe BLAFaAABIABIK AaTunri (Aqara Temperature and Humidity Sensor) —
KOpIlaraH OpTaHBIH IlapaMeTpJepiH eAIIeiAi >KoHe IMepHOATHIK Typde XaOka MaadiMerTep
KiOepeai. bya KypbIAFBI TYpPaKTHl TeAeMeTPUsABIK TpapUKKe paiMOXMiliK KeepriaepiHig
acepiH OarasayFa MyMKiHJAiK Oepeai.

— Aipia/mpiaer ceiHYy gaTtunri (Aqara Vibration Sensor) — MexaHmMKaAbIK ocepaepAai
aHBIKTalAbl >KoHe Kayillci3gik clleHapuitaepiHge KoaAgaHbidagbl. Oa KbICKa YaKBITTBIK
VMMITyABCTiK XabapaaMaaapAbIH CEeHIMAiAiriH 3epTTeyre MyMKiHAIK Oepeai.

— Akpragsl mam (Aqara Smart Bulb) — arkapymsl KypblaFel peTiHAe cIieHapUIlAepAiH
OPBIHAAAYBIH KepceTeAi >kKoHe Oackapy KOMaHAaAapBIHBIH JKETKi3iAy YaKbITBIH eAIlley VIIiH
naligalaHblaaAbl.
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— Cy arysIH aHbIKTay daTanri (Aqara Water Leak Sensor) — cy 6acy Hemece bLAFaAAbIH IIEKTi
AeHTeligeH >KOFapblAayblH TipKeyre apHaaAfaH. bya KYpBIAFEI cupeK, OipakK KPUTHUKaABIK,
OKUFaZapabl  TipKelAl, COHABIKTaH pPajMOXMiAIK — Keaepri >KarjalblHAa — aBapUsAABIK
xabapaaMaaapAbIH KOFaAy BIKTMMaAABIFbIH Oarajay yIIiH KOA4aHbLAaAbL.

— CpiMchI3 exi OaTeipmaanl KOckbim (Aqara Wireless Double Switch) — mariaasanyrst
dpeKeTiH MoJjeAbJeyTe apHalfaH KYPBIAFBL. by KyphLAFBl OKMFaABIK (event-driven) Tpadpukri
KaABIIITaCTBIpagbl >KoHe Oackapy KOMaHJaJaphIHBIH OpbIHAAAy CceHiMaiairiH seprreyre
MYMKiHgiKk Oepeai.

— Exi apHaas! Kyprak KoHTakTidi peae (Aqara Dual Relay Module, dry contact) — corpTie!
aTKapyIIbl KYPBIAFBIAAPABl Oackapyra apHaafaH. Oa HaKTBl MH>KeHepAiK >XylieliepMeH
(>kapBIKTaHABIPY, >KeAJeTy, COpFblAap) MHTeIpalUsIHBl MOJAeAbJeyre MYMKIHAIK Oepeai >KoHe
Oackapy curHaAJapbBIHBIH PajUOXMiAiK Kejepridep >KarAalbIHAArbl TYPaKTBIABIFBIH 3€PTTEy
VIIiH MaligadaHblaaAbl.

Kypslarpiaapaply opTypAai TUnTepi (OKMFaABIK CeHCcopAap, IEPUOATHIK CeHcopAap >KoHe
aTKapyIIbl KYPBIAFBLAApP) 3epTXaHaABIK CTeHATe Kedepri (jamming) maOybladapBIHBIH apTypAi
Tpadpuk MoJeabepiHe acepiH caAbICTEHIpMaAbl TYpAe Taaday¥a MyMKiHAIK Oepeai.

Paguoxuiaik criekTpin Taagay ©Oaorel OarjapaaMadblK >KacaKTaMaMeH aHBIKTaJAFaH
paauogas (SDR) >xeHe apHalibl OaFrgapaaMaablK JKacaKkTaMa OpHaThlAFaH gepOec KOMIIbIOTepAeH
typaapl. HACKRF One SDR kypsiarsicet 1 MI'1i-Ten 6 IT1-ke aeitiHri >kuiaik gmManasoHbIHAA
paano curHaajapAnl KaOblajayra >KoHe >Kibepyre MyMKiH4ik Oepeai, Oya OHBI CBHIMCHI3
IIPOTOKOAAApABI 3epTTeyAiH am0Oeban Kypaasl etesi (Great Scott Gadgets, 2023). Hackrf One
TaHAaybl OHBIH KO/ >KeTiMai KyHbIHa, amblk apxurekrypacbiHa, GNU Radio KkoazaysiHa >koHe
3epTXaHalbIK >KaFjailda BDKCIIepUMEHTTep >KYpPri3y VIIMiH >KeTKiAiKTi TapaTKBbIII KyaTbIHa
OartaanbicTe (Great Scott Gadgets, 2023; GNU Radio Project, 2024).

Oxy cmendinit; 0a20apAAMAALIK KACAKMAMAC

3epTxaHaABIK >KYMBICTapABl Kyprisy ymiH "ZigBee Security Lab" Oarzapaamaanik
>KacaKTaMmachkl apHaiibl 93ipaeHai, 04 crydeHtrepre ZigBee sxeaiciHiy Kayincisairin seprreyain
OapAbIK Ke3eHAepiH A91ieKTi OpbIHAAY YILUiH bIHFaiABl MHTepdeTicTi ychHaAbl. bardapaaMaabik
>kacaktaMa SDR kypurarsiceia 6ackapy ymrin GNU radio kxiTamxaHasapblH KOA4aHa OTBIPHIIIL,
Python tiainae >xacaaraH >KoHe YIIT Heri3Ti PyHKIMIOHAAABl MOAYAbAi KY3€Te achIpajbl.

GNU Radio-curaaagapar eHaey 6argapaaMasapbiH Ky Py YIIiH epKiH TapaThLAaThIH 4aMy
opracsl (GNU Radio Project, 2024). bya naardpopma MoayAbAiK apXUTEKTYPaHBIH >KoHe AalibIH
KOMIIOHEHTTepAiH KeH KiTallxaHachIHBIH apKachblHAa FBIABIMU 3epTTeylep MeH OiaiM Oepy
>xobasapriHa KeHiHeH KoagaHblaagsl. GNU Radio-uer Python tiaimen 6ipikTipy pagmosxmiaik
CUTHaAAapbIMEH >KYMBIC icTey VINIH MKeMAl >KoHe KeHeHTieTiH KOoChIMIaJap >Kacay¥a
MYMKiHAiK Oepeai.

ZigBee OeaceHai apHaHBI aHBIKTay MoAyai. ZigBee mpotokoant 11-geH 26-Fa Aeitin
HeMipaeHreH 2,4 I'T1 auanaszonsiHja 16 apHaHbI NaiijadaHaabl. Op apHaHBIH OpPTaAbIK >KUiairi
MbIHa popmyaa GoiibiHIIa ecenrreaedi: f = 2405 + 5 x (n - 11) MI', MyHJaFBI N - apHa HeOMipi.
AmnpIKTay MOAyAi 6apAbIK 16 apHaHBI 4911€KTi cKaHepAeliai kKoHe KabblaJaHFaH CUTHAA JeHTeliH
Taagariael. ApHaga OeaceHAiAiK aHBIKTaAFaH Ke3dje OargapaaMa ZigBee makeTTepiniy Kipicrecin
AeKoATanAbl >xoHe >Keai maeHtTudukaropsi (PAN ID) anpixraiiapl. CkaHepaey HoTHKeaepi
CHeKTpOorpaMMa KoHe aHBIKTaAFaH XXeaidep KecTeci peTiHae kopceTideai. CKaHepaey aATOpUTMi
aHBIKTayABIH KOFapHl A49A4ITiH caKTall OTHIPEII, OeAceHAl apHaJapAbl aHBIKTAY YaKBITHIH a3aliTy
YIIiH OHTallAaHABIPBLAFaH.

JKeai >XyMBICBIHBIH AYPBICTBIFBIH AMaTHOCTMKaAay MoAyAi. beaceHai apHaHbI aHBIKTaFaH-
HaH KelliH cTyJeHT Zigbee keaiciHiH TpaduriH maccusTi OaKbLAAaWMTBHIH AMATHOCTMKAABIK
MOAYAbA] icke Koca aaaasl. Moayab KaOblaAaHFaH MaKeTTePAiH CTaTUCTUKACHIH, 9P KYPBLAFbIAaH
CUTHaA AeHTelliH, szepekTepai Oepy >KmiairiH kepceteai. bya ma6yH/1 >Kacamac OypBIH >KeaAiHiH
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KA/BIITH KYMBIC iCTeyiH KaMTaMachl3 eTyre >KoHe KelliHHeH IIaOybIAABIH KYPBLAFBLAAPABIH
KYMBICBIHA ocepiH Oafaszayfa MYMKiHAIK Oepeai. Moayas IEEE 802.15.4 mnakerrepinig
TaKBIPBIIITAPbIH AeKOATayAbl >KoHe IalijaAbl )XYKTeMeHi AeKOATayChld KBI3METTIK aKIapaTThl
aAyApl JXy3ere acblpaabl.

Kegepri maOybiabH icke achlpy MoAyai. bya moayab TaHaaaranH ZigBee apHachiHga
paauoXmiaik KegeprizepiH >kacayFa MyMKiHAik Oepeai. CtyaeHT mabybla IapameTpAaepiH:
MaKkcaTThl apHaHBl, KeJepri >KMiJiriHiH AMalla3OHBIH >KoHe KyaT JAeHTelliH peTTeil adaabl.
barsapaama KeH >K04aKThbI IITy CUTHAABIH KaABIIITaCThIpaAbl >XaHe OHbl SDR KypBLAFBICH apKbIAbI
Kibepegai. [Ilabysp1a ke3iHAe MOAYAD KeAiHi HaKblAayABl KaAFacThIPaAbl JKoHe HaKThl yaKbITTaFbl
OallaaHbIC callacBIHBIH KOPCETKIIITepiHiH 03repyiH kepceTeai. Keaepri curHaasapbiabIH OipHere
TYypi >Ky3ere aceIpblaaAbl: Y34iKCi3 Iy, MMITyABCTiK KeAepri >KoHe ajalTuBTi Kegepri, Oya
9pTYypAi malysla crieHapuilAepiH 3epTTeyTe MyMKiHAIK Oepeai.

2-xecte. bargapaamaask >KacaKTaMaHBIH QYHKITMOHAAABIFBI

Moayab QyHKIIMSI AP ITapamerpaep
Ckanepaey beacenai apnaaapast ansikray PAN ID anbikTay Apnaaap aykbiMbr 11-26
Aunarnoctuka | Tpadukri Oakplaay, RSSI eamtey, nakerrepai canay | bakplaay yakbIThl, >XKaHapTy

apaAbIFbI
[Tabys1a Kegaepri xacay, curnaa TypiH Tanaay, KyaTThl peTTey ApHa, X04aK, AeHTel],
Keaepri Typi

Ecxepmy — asmop xypacmuipzan

3epmmey xypzizy adicmemeci

3epTTey ogicTeMeci SKCIIepMMEHTTep >KYPridy4iH OakblidaHATBIH IIapTTapbhlH KOAAaHa
OTBIPBII, BKCIIEPUMEHTTIK Taciare HeTidgeareH. HaTmkeaepaiy KaiiTadaHyblH KaMTaMachl3 €Ty
YIIH AaMBIHABIK Ke3eHiH, eAllley Ke3eHiH >KoHe HoTIDKedepadi Taaday Ke3eHiH KaMTUTBIH
DKCIIEPUMEHTTEP XYPri3yAiH cTaHAapTTaAfaH XaTTaMachl 93ipAeHAl.

JaiiBIHABIK Ke3eHiHAe >KaOABIKTBI KaauOpAaey, CTeHATIH OapAblK KOMIIOHEHTTepiHiH
JKYMBICBIH TeKcepy >KoHe OafgapaaMadblK >KacaKTama IlapaMeTp/AepiH peTTey >KyseTe
aceIpbraaabl. SDR KypBIAFBICHH KaanOpaey KaOblAAAFBIIITEIH JKePridikTi Iy geHreliiH eammeyai
JKOHe TapaTKBINTHIH IIaiija OOAYBIH aHBIKTayAbl KaMTHABL bya mapamerpaep earey
HOTIKeAepiH KaAbIIIKa KeATipy YIIiH KOA4aHblAaAbl.

Oa1rey KeseHi sepTXaHaABIK KYMBICTBIH ClIeHapuUifiHe colikec SKCIIepUMeHTTepAi AoiieKTi
TYpA4e OpPBIHAAYAbl KaMTUABL Bapaplk eameyaep CBIPTKBI pagMoOXUidik KeJepriaepiHil acepiH
asalTy VIIiH DKpaHAaaAraH OeaMeje Xyprisiaeai. ©arey HoTioKeaepi yakpT Oearizepi MeH
DKCIEPUMEHT ITapaMeTpAepi KopceTiareH MaaimeTTep OazacblHa aBTOMATTH TYpAe caKTalalbl.

HOTUXEAEP JKOHE OAAPABI TAAKBIAAY

3epTxaHaABIK, >KYMBICTEI CTYAEHTTEp >KeKe HeMmece >KYITa OpbIHAAiABL. JKYMBICTBIH
Y3aKTHIFBI 8 aKageMIAABIK CaraTThl Kypaiigpl, Oya ImaOyblaAblH OapABIK Ke3eHAepiH erkei-
TerKeliAi 3epTTeyre >KoHe aAbIHFaH HOTIDKeAepai Taddayra MyMKiHAIK Oepeai. )Kymsic Oacrasap
aAAbIHAA OKBITYIIIB paaMoXKNiAiK >KaOABIKTapBIMEH JKYMEIC icTey Ke3iHae KayiIlcizaik TeXHMKach
OoliplHINIa HYCKaMa >Kyprisedi >KoHe pajUOXUiAiK CIeKTpiH TIaiidalaHy calachblHAAFEI
3aHHaMaHBI caKTay Ka>KeTTiriH ecke caJa/bl.

O3ip/AeHTeH 3epTXaHaAblK CT€HJ, HeTisiHAe aKblaAbl VI XKyliedepi MeH 3aTTap MHTepHeTi
XaTTaMaJapBIHBIH KayincisAiri OoribIHIIa ToXKipubere OaFpITTaAFaH 3epTXaHaABIK >KYMBICTapAbl
KYprisy yIIiH agicTeMeaik HycKayAap KellleHi Kypblagbl. KerrreH (puanKkaablK, apHaABIK >KoHe
JKeaiaik AeHreliaepai sepTreyai, COHAAM-aK CBIMCBI3 TEXHOAOTHUAAApP MeH KoA4aHOaAbl Oackapy
KylieAepiHiH ocaaAbIKTapbIH TaldayAbl KaMTUABL. 3epTXaHaABIK >KYMBICTapABIH KYPBLABIMBI
MeH Ma3MYHBI 3-KecTeje KeATipiareH.
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3-xecte. Smart Home Security oKy cTengingeri sepTxaHaabIK JKyMbICTap KelleHi

3epTXaHaaBbIK,
SKYMBICTBIH aTayhl

JKyMBICTBIH MaKcaTbl
SKOHEe KbICKAIIla CUITaTTaMachl

ZigBee
IIPOTOKOAAAPLIHBIH CTETiH
3epTTey >KoHe MaKCaTThl
PpaAMoOXuiAiK apHaChIH
aHBIKTAy

ZigBee IpOTOKOAJApBIHBIH CTeK apXUTEKTypachlH, OHBIH 3aTrap
nnrepHetiHig (IoT) sxoxyliecingeri peain >xome IEEE 802.15.4
CTaHAAPTHIHBIH TOMEHII JeHrelilepiMeH e3apa opeKeTTeCyiH erkeil-
Terkeiiai seprrey. Ilpaktukaaplk 0eaiM paaMoXmidik crekTpinge
>KoHe JKYMBIC JXmiairi apHacsHAa beacenai Zigbee sxeaiaepin maccusti
aHBIKTay¥a OarbITTaAfaH. by TalchlpMaHBl OpBIHAAY YIIiH KOCBIMIIIA
2.4 ITn Anamna3oHBIH CKaHepAeyre KOH(pUIypaluslaHFaH MaMaHAaH-
ABIpBLAFaH OafdapaaMadblk kacaktama (SDR Hackrf One, CatSniffer)
KOoAAaHbLAaabl. JKYMBIC apHaCBIH COTTi aHBIKTAy TpadUKTi Taazay
GortbIHINIa 6apABIK 3epTXaHaABIK KYMBICTap VIIH KaXkeTTi aAAbIH ala
KagaM 00AbII TaObLAaABI

Zigbee Tpadurin maccusTi
ycTay KoHe Tycipy
daicreMeci

Zigbee cpIMcBI3 TpadUTiH TacCUBTI yCTay YIIiH KaXKeTTi Kypaaljap MeH
aaicrepai menrepiHis. Crysentrep N0l >KyMBICTa aHBIKTaAFaH >KUidikK
apHacblHAa OaKblaay peXXIMiHge >XYMBIC ictey ymiinH ZigBee-Sniffer
KOHUTYpaIMACHH Xacaiabl. JepexTepai Tycipy skeaiaik oKuralapast
MHMIMaAu3alusAay KesiHge >Kysere acelpblaaabl. Hatioke-aepekrep
Maccusi. ZigBee (Beacon, Data, Command Frames) cunarramasapsiHa
COIIKeC >KeaiJiK ITakeTTepAi TYCipyai >KoHe 0AapAbl ColiKecTeHAipyai
pacray YVIIiH >Xeaidik aHaAmM3aTOpga ycCTaAfaH KaapAapra Herisri
Taajay >KacalaApl.

Indpaanran Keaiaik
KadpAapAblH
KYPbLABIMABIK KoHe
MeTajepeKTepai Taasaysl

ZigBee mmudpaanraH KajpAapblHaH aayFa 60JaThIH aKIapaT KeAeMiH
kepcetinis. Taagay mmdpasl amry mporeciHe JeifiH Koa >KeTiMai
JKeaiaiK >KoHe apHaAbIK, JeHreliepre OarbiTtaarad. Crysentrep MAC
TaKBIPBIII ©picTepiH, Keai TaKbBIPHIOBIH Taajariabl. TaaaayAblH HeTisri
®AeMeHTi — KaliTa orHaty ImabysajapeiHey (Replay Attacks) aaabiH
aay YIIiH KOA4aHbLAAaTHIH Kaap ecenrrerintin (Frame Counter) 6akpraay.
Mertagepexrepre Taajay >kKacalaabl: TpapuUKTiH Xuiairi, Keaemi >KoHe
OarpIThI, OyA >KeaiHiH "OeaceHAiaiK KapTacklH" Kypy¥Fa KoHe BIKTHMMaa
TyliHAepai
yitaecTipymi).

MaHBI3AbI aHBIKTayFa MYMKIiHZIK Oepeai (MbIcaabl,

ApHanb! enipy
maOyBIABIH
DKCIIEPUMEHTTIK 3epTTey
(Jamming)

Jamming aem arasaThiH ZigBee MpOTOKOABIHBIH TOMeH JAeHTellaepiHje
(PHY/MAC) xbI3MeT KkepceTydeH Oac Tapry maOysiabiHbeie (DoS)
MexaHM3Mi MeH THiM4idiriH  sepTrey. 3epTXaHaAblK  >KYMBIC
OarpITTaAFaH KeJepriHi >Kysere acelpy IPUHIIUITEPIH 3epTTeyai
KaMTUAbL bya TamceipmaHbl OpbIHAAY YIIiH apHaiibl OarJapaaMaasblk,
skacaktama (SDR Hackrf One) xoceMIa KOAJaHBIAAABI, OHBIH
KeMeriMeH MakcaTThl apHajda INyABIH V34ikciz Oepiayi >xysere
MTabysraab1H TUIMALAITL IaKeTTiH JKOFaAy
kondpprmuentin (Packet Error Rate) >xone 3anasr ZigBee >xeaicinaeri
0allaaHBICTBIH KeIIiryiH Oakblaay apKblAbl CaHABIK, TypAe ©AIIeHeAl.

Hatmxesep ToMeH KyaTThl CBIMCHI3 KeaidepaiH OChI acep eTy TypiHe

aCbIpbl1aAbl.

JKOFaphl OCaAABIFbIH KepceTyi Kepexk.

WEP 11pOTOKOABIHBIH
KayiIcisAirin mapoab
apKbIABI Taalay

WEP nporokoast 6ap Wi-Fi skeaiaepiniH Kayircizaik epekieaikrepin
3epAeaey, MaMaHJaHABIpBIAFaH OarjapaaMaarik >KacakTamans! (Kali
Linux OX (Aircrack-Ng, Hashcat, VirtualBox, Wireshark) xoasana
OTBIPHIIL, TOPT peT Koa aasicy ( 4-way handshake) >xone mapoasaepai
acelpa nayigaaany (dictionary/bruteforce) agicrepin menrepy.
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1-xecTeHiH COHBI

No 3epTXaHaaBbIK, JKyMbICTBIH MaKcaThbl
SKYMBICTBIH aTaybl SKoHe KbICKalIlla CUITaTTaMachl

6 WPA-PSK npotokoasiasry | WPA/WPA2-PSK 6ap Wi-Fi sxeaiaepinin kayircisgik epekmresikrepin

KayiIlcisAirin mapoan 3epTTey, MaMaHJAaHABIPBIAFAaH  OafFdapaAaMadblK — >KacaKTaMaHBIH
apKbLABI Taa4ay KOMeriMeH TOPT peT Koa aarnicy (4-way handshake) >xene mapoanaep

apKbLabl mabysia kacay (dictionary/bruteforce) agicrepin MeHrepy.

7 WPA2-Enterprise WPA2-Enterprise mnportoxkoaer Oap Wi-Fi >keaizepiniH Kayimcisaix

IIPOTOKOABIHBIH, epexireaikrepin seprrey, TLS cepTudukaTsiH Kypy o4icTepiH >KoHe
KayiIlci3irin Taagay TOPT peT KoaA aabicyAbl (4-way handshake) Tycipy >xene apHaiibt
OarjapAaMaablK  >KacaKTaMaHBIH —~ KOMeTiMeH IapoabpAi  achIpa
naitaaaany (dictionary/bruteforce) 1mraGybsrasiH OpbIHAAY YIIiH MIaOybLA
>KacayAbl MeHTepy.

8 AKBIAABI KYABIIITAY 3epTTey Y3BMCOMTCU aKbIAABI KYABII PU3MKaABIK JeHreiige, >Keai

BHKOXKYIeCiHig JeHreniinge >xoHe Koaganba aeHrertiHge. DAeKTPOHABIK OacKapyAabl
KayiIlci3AiriH Tekcepy — |alfHaABII ©TY VINIH 4nOTi (PU3MKAABIK KJAOHAAy IIaOyblAAaphIH,
KYPBLAFBIHBI HeMece >KeAiHi IaMajaH TBIC >KYKTey apKblasl DDoS
mabybrajapeiH, KoaMeH ycrayAapl, Evil Twin Ttumri mabysragapast
(>xaaraH Kipy HYKTeCiH Kypy) >KoHe ayTeHTMuUKanus madybLajapbiH
Ky3ere acelpyAblH HETi3ri ogicTepi MeH KypaadapblH 3epTTeHis.
OcazagpIKTapabl aHBIKTay MaKcaThIHAA KYABIITH Oackapy YIIiH

KO/AJaHbL1aTEIH MOOMABAI KOCKIMITIAHEI 3ePTTey JKoHe Oy3y

1-xeser. Cmerdmi daiivinoay Xate 0a20ApAAMANbIK KACAKMAMAHBL iCKe KoCY.

Cryaenr Aqara Hub KyaTsia KocaAbl >KoHe >KyJiieHiH JXYKTeAyiH KyTeAi, 04 II1aMaMeH 2-3
MMHYTTHEI alagpl. VIHTepdeiic apKblAbl CTyAeHT OapablK ZigBee KypBLAFBLAapBIHBIH >Kyliede
KOPCEeTiATeHIH >KoHe «KOA >KeTiMAi» Kylide ekeHiH Tekcepei. IIlaOybplaaayIIbIHBIH >KYMBIC
CTaHIIChIHAA cTyAdeHT SDR KxypwlareichiH Kochin, ZigBee Security Lab Garaapaamacen icke
Kocagpl. barzapaama SDR KypBIAFBICBIH MHUIMAAM3aONAAANABl JKOHE OHBIH >KYMBICBIHBIH
AVPBICTHIFBIH Tekcepedi. CTydeHT ecenTe CTeHATIH OapAbIK KOMIIOHEHTTEpiHiH KYIHiH >KoHe
DKCIHEePUMEHT KYPri3yre gaiibIHABIFBIH JKa3abl.

2-cypert. Aqara Hub xocy
Ecxepmy — asmopaap xypacmuipaan
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2-xeset|. ZigBee xeAicitin beacerdi apracot anbikmay.

ZigBee Security Lab OargapaamaceiHAa CTyAeHT "cKaHepaey' MogyAaiHe eTim, OeaceHai
apHaZapAbl aHBIKTay IIporeciH Oacraiiasl. baraapaama 6apasik 16 ZigBee apHaaapbiH A971eKTi
TYypAe TaajaliAbl )KoHe HaKThl YaKbITTaFbl ClIEKTpOrpaMMaHbl KepceTedi. bip apHanbl ckanepaey
yakbIThl 500 MUAAMCEKYHATEI Kypaiiabl, TOABIK cKaHepAey IIMKAL ITaMaMeH 8 CeKyHATBI alaAbl.
Ckanep/ey asKTaAFaHHaH KeliH CTyA€HT ecellTe aHBIKTaAFaH OeACeH i apHaHBIH HOMipiH, OHBIH
OpTaABIK XXMiAiris >xaHe Pan id xeaicinig naerTndpuKaTopeH tipkenai. CTyAeHT COHBIMEH KaTap
DAEKTPOMarHuTTIK XXaFaaliabl Oaraday YIIIiH KOpIlli apHalap4a¥rbl CUTHAA AeHTelliH TaaAaliAbL.

I+ root@elk: /media/sf_codes

ZigBee Channel Activity

3-cypet. «CkaHepaey» MoAyAi )XoHe IporiecTi bacray
Ecxepmy — asmoprap xypacmoipaa

3-Kkeset). 2KeAi Kymoicoirbit, Oypuicmuizbii dUaZHOCHIUKAAAY.

CryaeHT «/marHocTuMKa» MOAyJAiHe aybIcagbl >KoHe aHBIKTaAfaH >KeAiHi OakblaayAbl
OacTtaiiabl. 5 MUHYT imniHge OafAapaaMa >KeAiHiH >KYMBICBH TypaAbl CTaTMCTMKaHBI JKMHAMABL,
KibepiareH ImakeTTepAiH caHBIH, 9p KYPBIAFBIAAaH CUTHAA KYIIiH >KoHe Xibepy KaTeaikTepiHiH
6oaypn Tipkeniai. CTyAeHT ceHCOpABIK OeaceHAidikTi OacTaiiAbl: KO3FaAbIC CEHCOPBIHBIH
aaABIHAH OTIiIl, CeHCOpHl Oap ecikTi amraabl >KoHe >kabaAbl, aKblAAbI P03eTKaHBI KOcaAbl >KoHe
emripeai. bapablk okurasap Oackapy >KyieciHig nHTepdeliciHae kepceTiain, bakslaay 6araap-
AaMachIMeH Xa3blaybl Kepek. CTyeHT ecenke OacTallKbl KOPCeTKIIITepAi )Ka3aabl: KaOblagaHFaH
nakeTTep canbl, RSSI curHaabiHBIH OpTallla JeHreili, CoTTi >KeTKisiareH xabapaaMaaap/blH
naneI3el. Ayphic )KYMBIC iCTeNTiH KeAi yIIiH ageTTeri RSSI mangepi — 40-Tan -70 abm-re geitin.
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root@elk: /media/sf_codes

4-cyper. «/JMarHocTuKa» MOAyAiH icke Kocy mmpoueci
Ecxepmy — asmopaap xypacmuipean

ZIGBEE NETWORK DIAGNOSTICS - LIVE MONITORING

Network Summary:
Total Packets: /

Recent Events:

5-cypeT. «/luarHocTiKa» MOAyAiHiH >KYMBIC ITporneci
Ecxepmy — asmopaap xypacmuipear

4-xeser. Kenmenic wadyvirvii xyseze acvipy.

CryaeHT «1m1abybL1» MOAYAiHe OTiIl, Keaepri TapaMeTpAepiH peTTeliAi: OYpbIH aHBIKTaAFaH
apHaHbl Tasdanigpl, 5 MITI keaepri >koaarblH >KoHe €H TOMEHIl KyaT JAeHTelliH opHaTaAbl.
OKBITymIBl pacTaAFaHHaH KeiliH CTyAeHT KeJepridepai Ttyasipagnl. barzapaama 1mabysia
IpOIIeciH >XKoHe HaKThl yaKBITTarbl >Keai IapameTpaepiH esrepryai xepcereai. Ctyaent RSSI
AeHTelliHiH e3TepyiH >KoHe CoTTi KaObL14aHFaH ITaKeTTep CaHbIH OaKblAalIABL.

Agqara Hub unrepdeiicinge cTy4eHT KypbIAFBIAapAbIH "KOA XeTiMAl eMec 'KyiliHe oTyiH
Oakbplaaligbl. AyBICY YaKBITBI ecelTe >Kasbllajbl >KoHe dJAeTTe KYIeHiH KYTy YaKbITHIHBIH
rmapaMmetpaepine 6ariaanbictsl 10-30 cekyHATH Kypaiiabsl. CTyaeHT ceHcopaapabl HeaceHAipy
dpeKeTTepiH KailTalaliAbl >KoHe OKUFaJlap >KylieMeH TipkeaAMelTiHiHe ko3 XeTkizeai. [llaOybia
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MeXaHM3MiH TepeHipeK TYCiHy YIIiH CTyAeHT KeaepPri KyaTblH 4911eKTi TypAe apTThIpajbl >KoHe ap
KajgaMJa >Kel IapamMeTpAepiHiH e3repyiH >kasaabl.

5-ke3eH. OHIMAi4iKTi KaAIlbIHa KeATipy JKoHe HaTIUKeAepai Taaaay.

CryaeHT KeAepriaepaiy mnaitga 604AybIH TOKTaTaAbl JXoHe KYpPBLAFbLAapMeH Oail1aHbICThIH
KaAIlbIHa KeAyiH Oakplaaiigbl. KaambiHa KeATipy yakbITBI ecerlTe >Kasblaaabl >KoHe daeTTe
KYPBLAFBI TypiHe >KoHe kel MapaMeTpaepiHe OariaaHBICTHI 5-60 ceKyHATH Kypariasl. CTyAeHT
AVIaTHOCTUKAABIK MOAYAbAi KaliTa icke Kocaabl >KoHe I1aOyblAFa AeliiH JKoHe OoJaH KeliiHri keai
KepceTKimmTepiH caaslcTeipadsl. [llabyslaAbIH 9pTypAai TUIITEri KypBIAFBLAapFa 9cepi TaaAaHaAbL:
OaTapesiMeH >KYMBIC iCTeMTiH ceHcopaap, Keai yiaectipymrici, Mmapuipytusaropaap. CTyaeHT
KYPBIAFBLAaPABIH 9P TYPi YILiH 6HIMAIAIKTI KaAIIbIHa KeATipYy epeKIleaikTepiH >Ka3aabl.

4-KecTe. DKCIIEpUMEHTTIH KYTiAeTiH HoTIKeaepi

ITapamerpaep IMTaGysrara aAeitiH TabGysb1a Ke3eHiHAe labGysradaH KeltiH
RSSI aewreiti, abm -50...-70 -30...-40 -50...-70
[MakeTTep canbl / MUH 20-50 0-5 15-45
Kypsrarpraapapig 100% 0-20 % 80-100 %
KOA KeTiMAiairi
Kayarn Gepy yaKpITEI, MC 100-500 TanimayT 200-1000
TaceimMaaaay xareaepi, % 0-5 90-100 5-15
Eckepmy — asmop xypacmuvipzan

JKymric HoTIKeaepi OOJBIHINIA CTYAEHT OpBIHAAJAFaH dpeKeTTepAiH cHUIaTTaMachiH, dp
Ke3eHJeri OargapAaMaHbIH CKPMHIIOTTaphIH, ©AIIIeHIeH IapaMeTpaepi Oap KecTeHi >KoHe Zigbee
IIPOTOKOABIHBIH KeJepri malybladapblHa OCaAABIFE TYpaAbl KOPBITHIHABLAaPABI KAMTUTLIH ecell
>Kacaiiapl. EceniTe conbIMeH KaTap >KylieHiH OChl 1a0ybIA Ty PiHe Te3iMAiAiriH apTThIpy OOJBIHIIIA
YCBIHBICTap OepiareH.

OsipaeHreH oKy creHai ZigBee sxeaizepinig OSI mogeainiH pusmkaablk JeHTreriHAeri
malyblagapra OCaAABIFBIH KOPHEKi Typde KepceTyre MyMKiHAIK Oepeai. Cryaentrep
OaraapaamMaablK >KacaKTaMaMeH aHBIKTaAFaH paanoda IIpaKTMKAABIK ToXipube azaabl >KoHe
CBIMCBI3 MHTEpHeT 3aTTapblHa pasUOXMiAiK I1abyblagapBIHBIH HOPUHIUNTEPIH TyciHeAl.
DKCIIepUMEHTTIK 3epTTeylep 3epTXaHaAbIK cabaKTapAbl YIBIMAACTBIPYFa YCBIHBLAFaH ToCiAAiH
TUIMAIAITiH pacTaspbl.

Apmaiipl a3ipaenren Zigbee Security Lab 6argapaamaask Kypaasl 3epTTeyaiH OapABIK
Ke3eHAepiH OpBIHAAY YIIH MHTYUTUBTI MHTepQelicTi KaMTaMachl3 eTe OTBIPBII, 3epTXaHAABIK
SKYMBICTBI KYPIi3yAi aliTapAblKTall KeHiadeTeai. bargapaamMaHblH MOAYyAbAIK apXUTEKTypachl
OHBIH (PYHKIIMOHAAABIFBIH KeHENTyTe JKoHe 0Oo/allakTa >KaHa I1a0ybla ClleHapuiildepiH KOCyFa
MyMKiHAIK Gepeai. OKy mporecinae OardapaaMaHBI KOoAAaHy TaXXipmOeci cryaeHTTepain Oip
3epTxaHaABIK cabaKTa CBIMCHI3 >KeAidep KayiIlCi3airiHiH Herisri Ty KbIphIMAgaMaJapblH COTTi
MeHTepreHiH KopCeTTi.

CreHATIH MaHBI3ABI apTHIKIIBLABIFBI-OKCIIEPUMEHTTIH JKOFaphl IIBIHAVBLABIFBIH KaMTaMa-
CBbI3 €TeTiH HaKThl aKblAAbl YU KYpblAFblAapblH Haligaaany. CTyaeHTTep yiigi aBTOMaTTaH-
ABIPYABIH HaKThI XXyliielepiHje KOAJaHbLAaThIH CeHCOPAap MeH XaTTaMaJdapMeH JKYMBIC icTelAd.
bya cryaentrepae IoT xyiteaepinin Kayinci3airinig mpakTuKaAblK, aclleKTidepi Typaabl TYCiHiK
KaABITITaCTBIpajbl JKoHe 01apAbl Kocibu KbI3MeTTeri HaKThl Maceaelep i IIeltyre AaiibIHAaAbL.

O3ipAeHreH CTeHATI KOAJaHBICTaFbl OiaiM Oepy merriMgepiMeH caAbICTBIpMaAbl TaaAay
oHbIH Oocekere Kabizerrizirin kepcereai. Tasza OargapaamMadblK CHUMMYyASTOpAapAaH
alibIpMaIllbIABIFBL, CTeH HAaKTHI allllapaTThIK KypallapMeH KoHe pasuoXMiAiK CUTHaaAapbIMeH
JKYMBIC  icTeyal kaMTamaceld3 eresi. KoMmMepnumsaablk — 3epTxaHaablK — KellleHAepMeH
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CaABICTHIPFaHAQ, CTeH/ OiaiM Oepy MaKcaTTaphl VIIIH KayKeTTi (PYHKIMOHAAABIABIKTHI CaKTail
OTHIPHII, aliTapAbIKTali TOMeH OaFaMeH cCUIIaTTalaAbl.

Opi Kapail damy OarbITHl peTiHge Zigbee-re maOyblagapAblH Oacka TypAepiH, COHBIH
iminAe ofHaTy maOybsla4apbl MEH >Kelire KOChIAY IIpoliedypasdapblHa IaOyblAdapAbl 3epTTey
yuIiH GarjapaaMaablK >KacaKTaMaHbIH (YHKIVIOHAAABIFBIH KEHENTy >KocrapaaHyda (Gavra et
al., 2023; Ren et al., 2023; Caballero-Gil et al., 2024). Congait-ak agalTHBTi apHadapAbl aybICTBIPY
JKOHe KeHICTIKTiK Cy3y CUSIKTBI Keaepri maOybladapblHAaH KOpFay MeXaHM3MAepiH 3epTreyre
apHaJraH MoOJyAabAepal asipaey >xocmapaanysa (Fang et al, 2024; Pirayesh et al., 2021).
ITepcriekTMBaABIK OaFbIT KeaepTi 11abyblagapblH aBTOMATTEI TYpAe aHbIKTay YIIiH MallXHAaAbIK
OKBITY d4icTepin GipikTipy (Pirayesh et al., 2021).

KOPBITBIH 4 bl

JKyMmpicTa MHTepHeT 3aTTapbIHBIH KuOepKayilcisAiri OOlbIHIIa MaMaHAapAbl Jadpaay
Ke3iHAe OKy IIpolieciHde KoaaaHyFa 0OoaaTbiH ZigBee mpoTOKOABIHA ABIOBICTHI OIIIPY
mabyblaAapbIH 3epTTeyTe apHaAFaH AKBIAABI Vi1 3epTXaHaAbIK CTeHAi ycpiHbIAFaH. Aqara Hub
CMapT Y KOHTpPOAZJepiH, apTypAi MaKcaTTaFbl CBIMCBI3 CEHCOpAap >KMHArbIH >KoHe hackrf
OaraapaaMaablK KypaabIlMeH aHBIKTaAFaH pagMiOHBl KAMTUTBIH CTeH/, allllapaTThIK, KYPaAbIHbIH
KYpaMBbl cUIIaTTaAFaH.

Keainiy OeaceHAl apHaChIH aHBIKTayAbl, OHBIH JKYMBIC KabiAeTTiAiriH guarHocTuKasayAbl
JKoHe Kezepri maOybIABIH >Ky3ere acelpyApl KamTamachis eTeTiH GNU radio maardopmacs
HeriziHAe ZigBee Security Lab mamaHzaHABIPBLAFaH OaFgapaaMasblK >KacaKTaMachl 93ipaeHAl
bargapaamasblk >kacakTamMa MOAYABAIK apXUTeKTypaMeH, MHTYUTUBTI MHTepQelicIieH >KoHe
mabybsladapAbl — KOCBIMIIA TYpAepiH 3epTTey VINiH (PYHKIIMOHAAABIABIKTBI ~ KEHEWTY
MYMKiH4iriMeH cumarTaaaabl.

bec merisri KeseHAi KaMTUTBIH 3epTXaHaAbIK >KYMBICTBIH eIKel-TerKelai cleHapuiti
KeATipiAreH: CTeHATi AalibiHAay, OeAceHAl apHaHBI aHBIKTay, JKeai JKyYMBICBIH AMarHOCTHKaaay,
KeJepri 1aOybIABIH JKY3eTe achlpy KoHe HoTIKeAepAi TaagayMeH eHiMAiAiKTi KaATlbIHa KeATipy.
DKCIIepUMEHTTIH KYTiAeTiH HoTmKeAepi >KoHe 3epTXaHaABbIK >KYMBICTBIH COTTiAiriH Oafasay
KpuUTepuiiaepi yCbIHbIAFaH.

OsipaeHreH cTeH/ KubepKayilicizaix caaacsiHAars 6iaiM Oepy 3epTXaHaAbIK KellleHAepiHe
KOMBIAATBIH 3aMaHayy TaJlalTapfa ColikeC Keleai: 04 HaKTHI >KaOABIKTapMeH >KYMBIC icTeyai
KaMTaMachl3 eTedi, 111adyblA4apAblH PaKTUKAAbIK ClleHapuildepiH MogeAbJeliai, Koa KeTiMAi
KYHBl MeH MaciutaOTay MyMKiHAiriMeH cumnartadagsl. CreHg KasakcTaHHBIH >KOFaphl OKY
OpBIHAApBIHAA aKIapaTTHIK Kayilcizadik MaMaHJ4apBIH JadpAayAblH OKy OardapalaMadapblHa
GipixTipiayi MyMKiH.

Opi Kapalifbl 3epTTeyAepAiH OaFbITTaphl peTiHAe >Keadire KOCHIAY ITpolledypachkiHa
KaliTadaHaThIH I1a0yblAdap MeH IabyblagapAbl 3epTTey YIIiH MOAyAbJep a3ipaey, coHaali-aK
KeZepri madybla4apbIH aBTOMATTH TYPA€ aHBIKTay YIIiH MalllTHaABIK OKBITY d4icTepiH OipikTipy
xocrnapaanyaa. CTyaeHTTepAiH cTeH  )KabAbIKTaphlHa KallIbIKTaH KO JKeTKi3yi yIIiH TapaThla-
FaH 3epTXaHaAbIK MHPPaKYPHLABIMABL KYPY IepcIieKTnBaasl 604bir Tabsaaael, 6ya loT knbep-
KayiIcisAik casacslHAaFsI 6iaiM Oepy OargapaaMadapblH KaMTYABl KeHelTyTe MyMKiHAiIK OepeAi.

MYAAEAEP KAVIIBIABIFBL: Asrop(aap) MyAdeAep KaillUBLABIFBI JKOK eKeHiH
MoAiIMAENAl.

KAPXBIAAHABIPY: «bya makaaa KaaanblH TypakThl AaMybl )KoHe a3aMaTTapAblH oMip
CYpy camachlH >XakcapTy yiniH Smart City nndpAaslk 9KOXyiteciHiH MHTeAAeKTyaAAbl yAridepi
MeH oJicTepiH a3ipaey» arTel BR24992852 TakbIppiObl OolbIHINA T'BIABIM >KoHe >KOFaphl OidiM
MUHUCTPAITiHIH FBIABIMU 3epTTeyAepre apHaAfaH I'PaHTTHIK, Kap>KblAaHABIPY >KOOachl asCchiHAA
AAVBIHAAAABI».
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MHCTUTYIIMNOHAAABIK DTUKA KOMMTETIHIH, KOPHBITBIHABICHI:
Koaaanbramanapr.

EPIKTI KEAICIM TYPAABI MOAIMAEME: Koasanbramarapbl.

AEPEKTEPAIH, KO/LKETIMAIAITT TYPAABI MOAIMAEME: JKywmsbic caHABIK
MOJeAbley MeH TeOpUAAbIK TaljayFa HeridgeATeHAiKTeH, >XKaHa BSKCIePUMEHTTIK JepeKTep
SKMHaAMAaFraH.

AAYBIC BIAAIPY: Apropaap ajicTeMeaik KoaAJay MeH Iaifgaabl IIiKipAepi yIIiH
opinTecTepiHe, COHJall-aK, MaKalaHbIH callachblH apTThIPyFfa CeMNTiriH TUri3sTeH aHOHMMAL
pelieH3eHTTepre aarbic Oiagipeai.

JKACAHABI MHTEAAEKT TEXHOAOTUSIAAPBIH IIAMAAAAHY TYPAABI
XABAPAAMA: KoazaHblAMamAbI.
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BREAST CANCER DETECTION USING LOGISTIC REGRESSION:
A COMPARATIVE STUDY OF OPTIMIZATION AND FINE-TUNING
METHODS

AOTUCTUKAABIK PETPECCUSIHBI KOAAAHA OTbBIPBIII, CYT BE3I
OBLIPBIH AHBIKTAY: OHTAMAAHABIPY JKOHE A9/ BAIITAY
OAICTEPIH CAABICTBIPMA LI 3EPTTEY
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breast cancer, logistic Breast cancer is one of the most prevalent and life-threatening diseases
regression, hyperparameter worldwide, making accurate early diagnosis critical for improving
tuning, fine-tuning, patient outcomes. This study investigates the effectiveness of logistic
optimization methods, regression models for breast cancer detection using the Wisconsin Breast
machine learning. Cancer (Diagnostic) Dataset. Various optimization techniques, including

Ordinary Least Squares, Gradient Descent, Newton’s Method, L2
Regularization, Stochastic Gradient Descent (SGD), and GridSearch-
based fine-tuning, were applied to determine their impact on model
performance. Standard evaluation metrics — Accuracy, Precision, Recall,
and F1-score—were used to compare methods. The results demonstrate
that GridSearch-based fine-tuning consistently yields the highest overall
performance, highlighting the importance of systematic hyperparameter
optimization in enhancing model robustness and predictive accuracy.
These findings emphasize that even classical models like logistic
regression can achieve state-of-the-art results in medical data analysis
when combined with appropriate optimization strategies.

Tyninai cesaep: TYUIHAEME

cyT GesiHiH KaTepai iciri, CyT Gesi kaTepai iciri 6ykia a1emae eH KeIl TapaAFaH >KoHe eMipre Kayin
AOTUCTUKAABIK Perpeccis, TOHAIpeTiH aypyaAapabiH Oipi 004bIn Tabblaaabl, Oya MallMeHTTepAiH
rMneprapaMmerpaepai HOTIKeAePiH JKaKcapTy YIIiH 494 epTe AMarHO34bl ©Te MaHbI3AbI eTeA.
Oarntay, 494 OanTay, bya seprrey Buckoncungeri CyT 6e3i KaTepai icirinig JuarHocTukaask,
OHTallAaHABIPY d4icTepi, Aepextep Xunarein (WBCD) maiigasaHa OTBIPBII, CYT 0Oe3i OOBIPLIH
MAaIVHAABIK OKBITY. aHBIKTay VINiH AOTUCTUKAABIK Perpeccusl yATidepiHiH TuiMAiairin

seprreiiai. OHTalAaHABIPYABIH 9pTypAi d4icrepi, coHBIH imiHAe
KapaInaibIM eH Killli KBagpaTTap a4ici, rpagueHTTik Tycy, HpioToH 84idi,
L2- peryaspusanmscel, CTOXacTUKaABIK, IpagueHTTiH Tycyi (SGD) xone
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0/apAablH MOJeAb eHiMJiirine acepin anbikTay yIimiH GridSearch-re
HeTizgeareH 494 OanTay KOAAaHBIAABL OAicTepAi CaABICTBIPY YIIiH OaFa-
AayAblH CTaHAAPTTHl KOpCeTKimTepi — A944iK, TOABIKTBHIK, Ce3iMTaa-
ABLABIK >koHe Fl-xepcerkimi koasanbagel. Hotiokeaep GridSearch-re
HeTi3jeAreH Joa Oamray MoJAeAbaepAiH ceHimMJiairi MeH Ooaxay
ARAAITiH apTTRIPY YILIH IUIleplapaMeTpaepai XKyiieai oHTallaaHABIPY-
ABIH MaHBI3ABLABIFBIH KOpCeTe OTBHIPHIIL, €H JKOFaphl JKaAIlbl OHIMAIAiKTi
AdVIeKTi TypAe KaMTaMachl3 eTeTiHiH kepceTedi. Bya Hotmxeaep aoruc-
TUKAABIK perpeccusl CUsKTBI KAacCUKaAbIK MOJAeabAepae TUIiCTi OHTali-
AaHABIPY CTpaTerusidapbIMeH YyildecKeHAe MeJMIIMHAABIK JepeKTepai
TaajayAa 3aMaHayM HoTIKeJepre K04 JKeTKi3e adaThIHbIH KopceTedi.

Kaiouessie caoBa: AHHOTALIMSI

paK MOAOYHOI >KeAe3bl, Pak M0.104HOII >KeAe35lI SIBASETCSI O4HMM U3 Hanbo.1ee pacIpoCTpaHeHHbIX
AOTUCTUYECKasl perpeccus, U OIIaCHBIX AAs KM3HU 3aD0J€BaHMII BO BCEM MIpe, 9TO JeaeT TOYHYIO
HacTpoliKa PaHHIOIO AMarHOCTUKY KPUTUIECKY Ba>KHOM A5 yAydIlIeHs] pe3yAbTaToB
rMneprapaMeTpoB, TOHKAs AedeHNsl TIalleHToB. B aToM mccaegosanuy usydaercs dPpQPeKTUBHOCTD
HaCTPOIIKa, METOAbI MOJeAell AOTUCTUYECKON perpeccum AAsl BBUABAEHUs paka MOAOYHOM
ONTUMM3AIINY, MaIIHHOE >Keae3bl C JCIOAb30BaHMEM Habopa JaHHBIX IIO AMATHOCTHKE paka
oOyueHnue. MOAOYHON >Keae3pl mTata Buckoncun (WBCD). Jas onpejeaenus mx

BAVLSTHILI Ha IPOM3BOANTEABHOCTh MOAEAM OBLAV IIPVIMEHEHHI Pa3ANIHbIe
METOABl ONTMMM3ALNY, BKAIOYas OOBIYHBIE METOABI HAVMEHBIINX
KBaApaToB, IPpajVieHTHBIN CIIycK, MeTog, Hpiotona, peryaspusanuio L2,
CTOXaCTUYeCKMiI rpadueHTHBIN ciyck (SGD) m TOHKyIO HacTpolKy Ha
ocHoBe GridSearch. AJas cpaBHeHUs MeTOAOB  UCITOAB30BAAVICH
CTaHAApTHBIE ITIOKa3aTeAV OLIEHKM — TOYHOCTD, IT0HOTa, 9yBCTBUTEABHOCTD
1 ioka3zarteas F1. Pe3yabTaTsl 4€MOHCTPUPYIOT, YTO TOYHAs HaCTPOYIKa Ha
ocHoBe GridSearch nHemsmeHHO oOecrIeuMBaeT BBICOYANIIYIO OOIITYIO
IIPOM3BOAUTEABHOCTh,  ITOAYEPKUBAs ~ BaXXHOCTb  CHCTEMaTUYECKON
ONTUMM3ALINY TUIIepIIapaMeTPOB AAS IOBBIIIEHIT HaAdeSKHOCTY MOAEAN
Y TOYHOCTH IIPOTHO3UPOBAHIISL. DT pe3yAbTaThl I0AYePKUBAIOT, UTO A Ke
KJAacCHJYecKe MoJeAM, TaKue KaK AOTVCTUYECKas Perpeccus, MOTYT
obecriednTh caMble COBpeMeHHbBIe pPe3yAbTaThl aHaAM3a MeAVITMHCKMX
AQHHBIX B COYETaHUU C COOTBETCTBYIOIIVIMY CTPATEIMAMIU OITHMMU3ALIVIL

INTRODUCTION

Breast cancer remains one of the most prevalent and life-threatening diseases worldwide,
necessitating accurate and timely diagnostic tools (Ghasemi et al., 2024; Aémun & I'epmaries,
2024). Traditional machine learning approaches, particularly logistic regression, have been
widely employed for binary classification tasks due to their simplicity, interpretability, and
efficiency (Aryn et al., 2025; Watrianthos et al., 2025). However, the predictive performance of
logistic regression models can be limited if parameters are not carefully optimized or thresholds
are not properly calibrated (Benghazouani et al., 2025; Won et al., 2025). Watrianthos et al. (2025)
proposed a threshold-optimized and calibrated logistic regression approach, demonstrating that
systematic adjustment of model parameters and decision thresholds can significantly improve
classification accuracy in breast cancer detection. This approach underscores the potential
benefits of combining classical statistical models with fine-tuning techniques to enhance
predictive reliability in clinical applications (Watrianthos et al., 2025).

Recent advances in hyperparameter optimization (HPO) have highlighted the critical role
of efficient tuning in improving machine learning model performance (Won et al., 2025; Ahmad
et al, 2026). Won et al. (2025) provide a comprehensive review of multi-fidelity HPO,
emphasizing approaches that leverage low-fidelity evaluations to reduce computational costs
while maintaining effective model optimization. Their study categorizes existing HPO methods
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according to underlying strategies, discusses the benefits of considering multiple fidelity levels,
and identifies practical challenges that remain unaddressed. These insights underscore the value
of systematic hyperparameter tuning in machine learning models, particularly when optimizing
performance metrics such as accuracy, precision, recall, and Fl-score (Won et al., 2025;
Benghazouani et al., 2025; Ahmad et al., 2026).

Benghazouani et al. (2025) investigated the enhancement of logistic regression models
through hybrid nature-inspired optimization techniques, combining genetic algorithms and
swarm intelligence to optimize model weights and improve feature selection. Their proposed
method, EGASI-RL, demonstrated high predictive performance on breast and lung cancer
datasets, achieving substantial improvements in accuracy, precision, recall, and F1-score
compared to standard logistic regression. The study highlights the potential of integrating global
search and adaptive optimization strategies to overcome limitations of weight estimation in high-
dimensional or noisy datasets. These findings reinforce the importance of systematic
optimization of logistic regression parameters and feature selection, providing a conceptual
foundation for applying fine-tuning techniques such as GridSearch and regularization in
predictive modeling tasks.

Ghasemi et al. (2024) conducted a systematic scoping review on the application of
explainable artificial intelligence (XAI) in breast cancer detection and risk prediction. Their study
emphasizes the importance of interpretability and transparency in Al models used in medical
settings, highlighting techniques such as SHapley Additive exPlanations (SHAP) for explaining
predictions of complex models. While their focus is primarily on tree-based ensemble models, the
findings underscore a broader principle relevant to any predictive modeling, including logistic
regression: optimizing model performance through careful tuning of parameters and weights
should be complemented by strategies that maintain model interpretability and trustworthiness.
This perspective supports the rationale for systematically evaluating different optimization
methods, regularization, and fine-tuning approaches to improve both predictive accuracy and
reliability in breast cancer classification tasks.

Demin and Germashev (2024) review the application of machine learning techniques in
breast cancer diagnosis, highlighting their utility in supporting diagnostic tasks, patient state
assessment, and risk prediction. The study emphasizes that classical machine learning methods,
such as support vector machines, random forests, and convolutional neural networks, have been
effectively employed for tasks ranging from image segmentation in mammography to predictive
modeling based on clinical and genomic data. The review demonstrates that these approaches
can improve diagnostic accuracy, efficiency, and reliability, and underscores the importance of
selecting appropriate features and optimizing model parameters. Such findings provide a
foundation for systematically applying logistic regression and exploring optimization
techniques, including weight tuning, regularization, and fine-tuning, to enhance predictive
performance in breast cancer detection tasks.

Cristea et al. (2025) investigated optimized logistic regression models for analyzing
complex gastroenterological images, comparing their performance against state-of-the-art
approaches. The study emphasizes that careful tuning of model parameters can significantly
enhance predictive accuracy, even when using relatively simple models like logistic regression,
highlighting the continued relevance of classical methods when optimized properly. Similarly,
Khan et al. (2026) explored hybrid machine learning techniques for breast cancer prediction,
combining multiple algorithms and optimization strategies to maximize model performance
across various metrics. Both studies converge on the insight that systematic parameter
optimization and hybridization strategies can substantially improve the robustness and accuracy
of predictive models in medical applications, demonstrating the importance of fine-tuning,
feature selection, and integration of complementary methods in high-stakes diagnostic tasks.



1-tom, 2-Hemip, mayceiM, 2026. @ EKTU JOURNAL OF
INFORMATION AND
TOM 1’ Ng 2’ VIOHD 2026 - 37 - COMMUNICATION SCIENCES

Vol.1, Issue 2, June 2026.

Recent studies have demonstrated that systematic hyperparameter tuning can
substantially enhance the performance of logistic regression models across diverse datasets
(Ahmad et al., 2026). By carefully adjusting parameters such as regularization strength, solver
type, and iteration limits, predictive accuracy and robustness can be significantly improved.
Inspired by these findings, this study explores the application of logistic regression for breast
cancer detection, incorporating multiple optimization techniques and fine-tuning strategies to
maximize model performance and reliability (Ahmad et al., 2026). This study provides a
comprehensive evaluation of logistic regression models for breast cancer diagnosis, highlighting
the benefits of systematic optimization and fine-tuning (Watrianthos et al., 2025; Benghazouani
et al., 2025; Ahmad et al,, 2026). The findings aim to inform future applications of logistic
regression in medical data analysis, demonstrating how classical models can achieve high
predictive performance when coupled with appropriate optimization strategies (Cristea et al.,
2025; Khan et al., 2026).

MATERIALS AND METHODS

Dataset Description

The Breast Cancer Wisconsin (Diagnostic) Dataset serves as a standard benchmark in
medical machine learning research. It comprises 569 samples derived from fine needle aspiration
(ENA) of breast masses. Due to its structured feature space and moderate dimensionality, the
dataset is highly suitable for the evaluation of linear and probabilistic classifiers, including
logistic regression. Furthermore, the clinical interpretability of its features facilitates a rigorous
comparative analysis of optimization strategies and regularization techniques.

The structural attributes of the dataset, encompassing 30 clinical features alongside
identification and diagnostic labels, are detailed in Table 1. This summary includes the non-null
count and the data representation format for each attribute, ensuring data integrity for
subsequent preprocessing.

Table 1. Detailed dataset attributes

No Column Name Data Type
0 id int64
1 diagnosis object
2 radius_mean float64
3 texture_mean float64
4 perimeter_mean float64
5 area_mean float64
6 smoothness_mean float64
7 compactness_mean float64
8 concavity_mean float64
9 concave points_mean float64
10 symmetry_mean float64
11 fractal_dimension_mean float64
12 radius_se float64
13 texture_se float64
14 perimeter_se float64
15 area_se float64
16 smoothness_se float64
17 compactness_se float64
18 concavity_se float64
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End of Table 1

No Column Name Data Type
19 concave points_se float64
20 symmetry_se float64
21 fractal_dimension_se float64
22 radius_worst float64
23 texture_worst float64
24 perimeter_worst float64
25 area_worst float64
26 smoothness_worst float64
27 compactness_worst float64
28 concavity_worst float64
29 concave points_worst float64
30 symmetry_worst float64
31 fractal_dimension_worst float64
32 Unnamed: 32 float64

The dataset defines a binary classification task where samples are categorized as either
malignant (M) or benign (B). The feature space comprises 30 real-valued numerical attributes
representing the morphological characteristics of cell nuclei derived from digitized images. These
attributes—including radius, texture, perimeter, area, smoothness, compactness, concavity,
symmetry, and fractal dimension—are quantified using three statistical measures: the mean,
standard error (SE), and the "worst" (mean of the three largest values) measurement.

During the preprocessing phase, the unique identifier and an auxiliary null column were
excluded from the feature set, as they provide no predictive utility. To ensure compatibility with
the learning algorithms, the categorical target labels were numerically encoded.

The class distribution exhibits a moderate imbalance, as illustrated in the sample
breakdown: 357 observations (62.7%) are classified as benign, while 212 observations (37.3%) are
malignant. Although the dataset is not perfectly balanced, the representation of the minority class
is statistically sufficient to support robust model training and evaluation without the requirement
for synthetic resampling or data augmentation techniques.

Data Preprocessing and Feature Standardization

Prior to model training, the dataset was divided into feature variables and a target variable.
All numerical attributes were assigned to the feature matrix X, while the diagnostic outcome
(diagnosis) was selected as the target vector y.

The target variable was encoded into numerical format to represent a binary classification
problem, where one class corresponds to benign tumors and the other to malignant tumors [9].

The dataset was then split into training and testing subsets in order to evaluate model
generalization performance on unseen data. The training set was used for model fitting, while
the test set was reserved exclusively for performance evaluation.

Feature standardization was applied to ensure that all input variables contribute equally
to the learning process. Since the dataset contains features with different physical scales and
magnitudes, standardization is particularly important for optimization-based models such as
logistic regression, which rely on gradient-based and second-order optimization methods.

Standardization was performed using z-score normalization, where each feature was
transformed by subtracting its mean and dividing by its standard deviation, computed from the
training data:
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X—u
o

Xstd =

where u and o denote the mean and standard deviation of each feature in the training set,
respectively. The same transformation parameters were applied to the test set to prevent data
leakage.

Models and optimization methods

In this study, a baseline logistic regression model was employed as the primary
classification algorithm for breast cancer detection. Logistic regression is a widely used
probabilistic model for binary classification tasks and serves as a strong baseline due to its
simplicity, interpretability, and solid theoretical foundation.

The model estimates the probability of class membership by applying a sigmoid function
to a linear combination of input features. During training, the model learns a set of weight
parameters that maximize the likelihood of observing the given class labels.

In the baseline configuration, logistic regression was applied without explicit
regularization or hyperparameter tuning, allowing the model to learn weights solely based on
the training data. The standardized feature set was used as input to ensure numerical stability
and efficient convergence during optimization.

The logistic regression model was trained using the standardized training dataset. After
model fitting, predictions were generated for the test dataset to assess classification performance
on previously unseen data.

The performance of the logistic regression model was evaluated using standard
classification metrics, including accuracy, precision, recall, and F1-score. These metrics were
computed on the test dataset to assess the predictive performance of the model.

To investigate the effect of different optimization strategies on logistic regression
performance, several methods for estimating model weights were applied and evaluated. Each
method was trained on the standardized training dataset, and predictions were generated for the
test dataset. Model performance was assessed using the same evaluation metrics for consistency.

Ordinary Least Squares (OLS)

As an initial optimization approach, the Ordinary Least Squares (OLS) method was applied
to estimate model parameters. Although OLS is traditionally used for linear regression, it was
employed in this study as a baseline optimization technique to examine its behavior in a binary
classification setting.

After training, predictions were obtained on the test dataset, and classification
performance metrics were computed.

Gradient Descent

The Gradient Descent optimization method was used to iteratively update the model
weights by minimizing the loss function with respect to the training data. This approach relies on
the first-order derivative of the loss function and updates parameters in the direction of the
negative gradient.

The optimized model was then evaluated on the test dataset using the selected
performance metrics.

Newton Method

The Newton Method was applied as a second-order optimization technique that utilizes
both first and second derivatives of the loss function. By incorporating curvature information
through the Hessian matrix, this method aims to achieve faster convergence compared to first-
order methods.

Model predictions were generated for the test set, and performance metrics were
subsequently calculated.
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Regularization (L2)

To control model complexity and reduce the risk of overfitting, L2 regularization was
applied to the logistic regression model. This technique introduces a penalty term proportional
to the squared magnitude of the model weights into the optimization objective.

The resulting predictions were evaluated using the same set of classification metrics.

Stochastic Gradient Descent (SGD)

In addition to batch optimization methods, Stochastic Gradient Descent (SGD) was
employed as an alternative optimization strategy. Unlike standard gradient descent, SGD
updates model parameters using individual samples or small batches, which can improve
computational efficiency and scalability for larger datasets.

Fine-tuning

In the final stage of the study, fine-tuning was applied to the logistic regression model in
order to improve its predictive performance. Fine-tuning refers to the systematic optimization of
model hyperparameters that are not directly learned during training but significantly influence
model behavior and generalization ability.

In this work, fine-tuning was performed using GridSearchCV, which conducts an
exhaustive search over a predefined grid of hyperparameter values combined with cross-
validation.

The following hyperparameters of the logistic regression model were tuned:

- Regularization strength (C): values ranging from 0.01 to 100 were evaluated. This
parameter controls the trade-off between fitting the training data and model complexity. Smaller
values of C correspond to stronger regularization, while larger values allow the model to fit the
data more closely.

- Optimization solver: three solvers (Ibfgs, newton-cg, and saga) were considered. These
solvers implement different numerical optimization strategies for estimating model parameters
and may affect convergence behavior and performance.

- Penalty type: L2 regularization was selected to ensure numerical stability and
compatibility with all chosen solvers.

A 5-fold cross-validation strategy was employed during the grid search to ensure robust
estimation of model performance across different training subsets. The F1-score was used as the
optimization criterion, as it provides a balanced measure of precision and recall and is well suited
for binary classification problems with moderate class imbalance.

RESULTS AND DISCUSSION

This section presents the experimental results obtained using logistic regression models
and different optimization methods.

To evaluate and compare the performance of the models, the following classification
metrics were used: Accuracy, Precision, Recall, and F1-score.

The results obtained for logistic regression models trained using various weight
optimization techniques are summarized in Table 2. These techniques include the method of least
squares (OLS), gradient descent (GD), Newton’s method, L2 regularization, stochastic gradient
descent (SGD), as well as the baseline logistic regression model.

The OLS and gradient descent-based models demonstrated identical performance,
achieving an accuracy of 0.9649 and an Fl-score of 0.95. Newton’s method resulted in lower
classification performance, with an accuracy of 0.9035 and an F1-score of 0.8642.

The logistic regression model with L2 regularization achieved an accuracy of 0.9649, a
precision of 0.975, and an F1-score of 0.9512, matching the performance of the baseline logistic
regression model. The stochastic gradient descent-based model showed comparable results, with
an accuracy of 0.9561 and an F1-score of 0.9398.
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The quantitative results for all optimization methods are summarized in Table 2.
For better visualization, Figure 1 presents a graphical comparison of the optimization
methods based on the selected evaluation metrics.

Table 2. Performance comparison of logistic regression models
using different weight optimization methods

index Accuracy Precision Recall Fl1-score
OLS 0.9649122807017544 {1.0 0.9047619047619048 | 0.95
GD 0.9649122807017544 |1.0 0.9047619047619048 |0.95
Newton 0.9035087719298246 | 0.8974358974358975 |0.8333333333333334 |0.8641975308641975
L2 Regularization |0.9649122807017544 |0.975 0.9285714285714286 |0.9512195121951219
SGD 0.956140350877193 [0.9512195121951219 |0.9285714285714286 | 0.9397590361445783
Logistic Regression |0.9649122807017544 |0.975 0.9285714285714286 |0.9512195121951219
(baseline)
Comparison of optimization methods by metrics
1.0
0.8 -
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g
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Figure 1. A visual comparison of the evaluated optimization methods across the selected

Note — compiled by the authors

performance metrics

To improve the performance of the logistic regression model, a fine-tuning procedure was
applied using grid search with cross-validation. The optimization was performed by varying key

hyperparameters of the logistic regression model, including the regularization strength,
optimization solver, and regularization type.
The base model was defined as follows:
maximum number of iterations: max_iter = 1000

random seed: random_state = 42

The hyperparameter search space included:
C (inverse regularization strength): {0.01, 0.1, 1, 10, 100}
solver: {Ibfgs, newton-cg, saga}
penalty: L2 regularization
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A 5-fold cross-validation strategy was employed, and the Fl-score was selected as the
optimization criterion. The grid search was conducted on the standardized training dataset, and
the best hyperparameter configuration was selected based on the cross-validated performance.

After identifying the optimal hyperparameters, the tuned model was used to generate
predictions on the test dataset. Figure 2 shows the performance metrics of the baseline and
GridSearch-optimized logistic regression models.

Baseline and GridSearch Logistic Regression

1.0 A
0.8 1
o
1 0.6 1
©
>
o
=
[ 7}
=
0.4
0.2 7 Accuracy
Precision
Recall
Fl-score
0.0 -

Baseline Logistic Regression Gridsearch Logistic Regression

Model

Figure 2. Comparison of baseline and fine-tuned logistic regression models
Note — compiled by the authors

To provide a rigorous comparative assessment of the implemented optimization
paradigms, the performance metrics for each methodology were aggregated and analyzed. The
experimental framework evaluated the following optimization approaches: Ordinary Least
Squares (OLS), Gradient Descent (GD), Newton’s Method, Baseline Logistic Regression (LR), LR
with L2 Regularization, Stochastic Gradient Descent (SGD), and Fine-tuned LR via
GridSearchCV.The comparative performance results are tabulated in Table 3, which details the
Accuracy, Precision, Recall, and F1-score achieved by each algorithm on the sequestered test
dataset. These metrics provide a multidimensional view of the classifiers' ability to generalize to
unseen clinical data.

Table 3. Performance comparison of optimization methods for breast cancer detection

Methods Accuracy Precision Recall Fl1-score

oLS 0.9649122807017544 | 1.0 0.9047619047619048 |0.95

Gradient Descent | 0.9649122807017544 | 1.0 0.9047619047619048 |0.95

Newton Method | 0.9035087719298246 | 0.8974358974358975 | 0.8333333333333334 | 0.8641975308641975
Logistic Regression | o 19127807017544 [0.975 0.9285714285714286 |0.9512195121951219
(Baseline)

E"nglStlc Regression | ) 0649122807017544 | 0.975 0.9285714285714286 |0.9512195121951219
E‘;géf)tm Regression| ) 056140350877193 |0.9512195121951219 | 0.9285714285714286 | 0.9397590361445783
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Methods Accuracy Precision Recall Fl-score

Logistic Regression +
GridSearch
Note — compiled by the authors

0.9736842105263158|0.975609756097561 |0.9523809523809523 | 0.963855421686747

Figure 3 illustrates a comparative visualization of the evaluation metrics obtained for all
optimization methods considered in this study.

The chart enables a clear comparison of model performance across different optimization
strategies using Accuracy, Precision, Recall, and F1-score.

Comparison of Optimization Methods by Metrics
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Figure 3. Comparison of Optimization Methods for Breast Cancer Detection
Note — compiled by the authors

Fine-tuning via GridSearch yielded the best overall performance, achieving the highest
values across all evaluation metrics (Accuracy = 0.9737, Recall = 0.9524, F1-score = 0.9639), which
highlights the importance of systematic hyperparameter optimization.

Ordinary Least Squares (OLS) and Gradient Descent demonstrated strong and stable
performance, both achieving Accuracy = 0.9649 and Fl-score = 0.95, with perfect precision
(Precision = 1.0) and slightly lower recall (Recall = 0.9048), making them comparable to the
baseline logistic regression model.

Newton’s Method was the least effective approach in this study, resulting in noticeably
lower performance (Accuracy = 0.9035, Recall = 0.8333, Fl-score = 0.8642) compared to other
optimization techniques.

L2 regularization and stochastic gradient descent (SGD) improved model robustness and
maintained competitive performance; however, their results (F1-score = 0.9512 for L2 and 0.9398
for SGD) did not surpass those obtained with fine-tuned logistic regression.

Overall, logistic regression proved to be a robust and effective model for breast cancer
detection, particularly when combined with appropriate optimization strategies and fine-tuning,
consistently achieving high accuracy and balanced precision—recall trade-offs.

CONCLUSION

This study investigated the effectiveness of logistic regression for breast cancer detection
using the Breast Cancer Wisconsin (Diagnostic) dataset, with a particular focus on optimization
techniques and fine-tuning strategies for model weights.
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A baseline logistic regression model was first implemented and evaluated, demonstrating
strong classification performance in terms of accuracy, precision, recall, and F1-score. To further
analyze the impact of different optimization strategies, several methods for weight estimation
were applied, including ordinary least squares, gradient descent, Newton’s method, L2
regularization, and stochastic gradient descent. The experimental results showed that
optimization methods such as ordinary least squares and gradient descent achieved comparable
performance to the baseline logistic regression model, while Newton’s method exhibited
relatively lower performance, indicating potential sensitivity to data characteristics or numerical
stability in this setting.

Regularization techniques and stochastic optimization provided stable results and helped
control model complexity; however, they did not significantly outperform the baseline model in
terms of overall classification metrics. The most notable improvement was achieved through fine-
tuning using GridSearch with cross-validation, which optimized key hyperparameters of the
logistic regression model. This approach resulted in the highest overall performance, particularly
in terms of accuracy and F1-score, demonstrating the importance of systematic hyperparameter
optimization.

Overall, the findings confirm that logistic regression remains a strong and reliable baseline
for breast cancer detection, especially when combined with appropriate data preprocessing and
fine-tuning techniques. The comparative analysis highlights that while different optimization
methods may lead to similar performance levels, hyperparameter tuning plays a crucial role in
achieving optimal classification results. These results emphasize the value of combining classical
statistical models with modern optimization and validation techniques in medical data
analysis.hypotheses need to be tested, or which applied aspects may be implemented in the
future.
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BIAIM BEPY AIH, IU®PABIK TPAHCOOPMALIMSICH JKAFAAVIBIHAA
OKBITYIIBLAAPABIH, BIAIKTIAITIH APTTBHIPY XKYMECIHAE
STEM-OAICTEPAI OHTOAOTUSIABIK MO AEADAEY JKOHE
AKIAPATTBIK TEXHOAOTUSIAAP HETI3IHAE MUHTETPALIVISIAAY

OHTOAOITNMYECKOE MOAEANPOBAHUNE 1 UHTEI'PALIMSI
STEM-METOA0B HA OCHOBE MH®OPMAIIMOHHBIX TEXHOAOI' MU
B CCTEME ITOBBIIIEHSI KBAAVIOUKALIVU ITPEIIOAABATEAEN
B YCAOBUSIX IMM®POBOM TPAHC®OPMAILIVIN OBPA30OBAHSI

ONTOLOGICAL MODELING AND INTEGRATION OF STEM METHODS
BASED ON INFORMATION TECHNOLOGIES IN TEACHER
PROFESSIONAL DEVELOPMENT SYSTEMS UNDER THE CONDITIONS
OF DIGITAL TRANSFORMATION OF EDUCATION

M.X. basaposa * K. AanOeKKbI3bI 1, C. Aaukanosa ' 2, P. Komada"*' 3

14. Cepixbaes ateiHgars! [IIbrFpic Kazakcran TeXHMKaABIK YHUBepcnuTeTi, OckeMeH K., Kasakcran
2Copcen Aman:xo408B ateiHgarsl [piFbic Kazakcran ynusepcureti, Ockemen K., Kasakcran
3/1100AMH TeXHOAOTUAABIK YHUBepcuTeTi, A1004amuH K., IToapima

*)Kayanrtsr aBrop: basaposa Maguna JKomapTtosHa, e-mail: madina_vkgtu@mail.ru

Tyitinai cesaep: TYWUIHAEME

STEM-6iaim Gepy, Makaaa Oiaim Oepyain 1mudppapik TpaHcpopMammsCh >KaFjalibIHAa
OKBITYIIIbLAaPABIH, OKBITYIIBIAAPABLIH OiaiKTiairin apTTeIpy Kyitecine STEM-agicrepai
Oiaixriairin apTTHIpY, MHTerpanusiday MacedelepiH 3eprreyre apHaaraH. JKyMbICThIH
KociOM Ky3bIpeTTiaiK, 6iaim ©3eKTiiri MyraaiMaepAiH 3amaHayu 6iaiM Gepy opTackl MeH LM(PPABIK,
Gepyain 1udppabIK SKOHOMUKAHBIH TaJaIlTapblHa CoJiKeC KeJAeTiH Kacibu Ky3bIpeT-
TpaHcpopmariuacs], STEM- TiZiKTepiH KaABIIITACTEIPY Ka’KeTTidiriHe O0aliAaHBICTH. JepTTeyAiH
aaicTep, aaicHaMaAbIK, MaKcaThl OKBITYIIBLAAPABIH IUQPABIK, CBIHU, 3epTTey XKoHe >Kobalay-
MOJeAb, KY3bIPeTTiAiKTi UH>KeHepAiK Ky3bpIpeTTepiH TuiMAi AaMBITyAbl KaMTaMachl3 eTeTiH
Oaraaay. Herisri STEM-agicTepai Taajay >koHe ipikTey 00AbIII TaOblAaabl. 3epTTey

dJicTepi peTiHAe FHIABIMU JAepeKKesjepAl Taajay, Ielarormkaabik,
Toxipubeaepai xymeaey, STEM agicrepinin, Ky3bIpeTTepiHiH,
MHAMKaTOpAapsl MeH OaKblaay pOpMaapbIHBIH COMIKECTIK MaTPUITAChIH
MoJeAbAey KoHe a3ipaey koadaublagwl. Hertmkecinge STEM-sgictep
KellleHi KaABIITacThIPBLAABI KoHe OKBITYy HOTVM KeAepiHiH eAaleMAaiairi
MeH KailTadaHybIH KaMTaMachl3 eTeTiH OKBITYIIbLAapAbIH OiAiKTiAirin
apTTBHIPy HpolieciHe oOJapAbl MHTerpanmsiday Modedi 93ipaeHAL
3epTTeyAiH FHIABIMU >KaHAABIFBI KY3BIPETTiAiK >KoHe OHTOAOTMSABIK
Tociagep wmerisinge STEM agictepin xyiteaeyae >kaTelp. JKyMEBICTBIH
MpaKTUKaABIK MaHbI3AbLABIFbI ITeAATOTUKAABIK KaapAapAblH OiaikTiairin
apTTeIpy OaFjapaaMaJapblH 93ipaey KesiHAe aAbIHFaH HOTIDKeaepai
KOAAaHy MYMKiHAiTiHeH Typaapl.
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STEM-ob6pasosanne,
[OBBIIIIEHIIE
KBaAMQPUKaIII
IperiojaBareel,
rmpodeccroHaAbHEIe
KOMIIeTeHI Y, Iudposast
TpaHchopMarus
obpasosanus1, STEM-
METOABDI,
METOA0AO0IMYecKast
MOJ€b, OIleHKa
KOMIIETEeHIININA.

CraTpsl TIOCBsLIleHA MCCA€40BaHMIO BOIpocoB wmHrerpaunumu STEM-
MEeTOJOB B CUCTeMy IIOBBIIIeHNs KBaAuQUKaIUM IIpelriojaBaTeleil B
ycaA0BMAX IUPPOBON TpaHchopMarnuy oOpa3oBaHMUA. AKTyaAbHOCTD
paboTtsl 00yca0BAeHa HEOOXOAUMMOCTBIO (POPMUPOBAHUS y I1e4aroros
po¢ecCcrOHaABHBIX KOMITETEHIINII, COOTBETCTBYIOMIUX TpeboBaHMAM
COBpeMeHHOI 00pa3oBaTeAbHON CpeAbl M IMQPPOBON HKOHOMUKIU.
Ileapio mccaeaoBaHUSA SIBASIETCA aHaAU3 U oTOOp KaioueBbix STEM-
MeTO0A0B, obecrieanBaronux 9¢QpPeKTUBHOe pa3BuUTHe MUPPOBEIX, KPU-
TUYIEeCKUX, 1CCAeJ0BaTeAbCKUX U IIPOeKTHO-MH KEHEePHBIX KOMIIeTeHIIMIT
IpertojaBarteeii. B kauecTse MeETOAOB McCAeJOBaHUS MCIIOAb30BaHBI
aHaA3 HayJHBIX MCTOYHMKOB, CUCTeMaTMU3allsl [1e4aroTMIecKMX IIpaK-
TUK, MOJeAMpoBaHUe 1 paspaboTka MaTpuubl cooTseTcTByst STEM-
METOA0B, KOMIIETEeHIINI, MHAMKATOPOB 11 pOPM KOHTpOAs. B pesyapTate
cpopmuposan xomrmaekc STEM-meTo40B 1 paspaboTaHa MOAeAb MX
VHTeTpaljui B IIPOIjecC IOBBIIIeHNs KBaAu(pUKauy IIperojaBaTeelt,
obecrieunBamoIas U3MEPUMOCTL U BOCIIPOU3BOAUIMOCTD pe3yAbTaTOB
obyuenns. HayuHasi HOBU3HaA 1CCAe40BaHUS 3aKAI0YAeTCsl B CUCTeMa-
Tusanyy STEM-MeTo40B Ha OCHOBE KOMIIETEHTHOCTHOIO VM OHTOAO-
TMIeCcKOro 1oAxo40B. IIpakTimdeckasl 3HaYMMOCTb pabOTHI COCTOUT B
BO3MO>KHOCTY ITPMMEHeHIsI IT0Ay4eHHBIX pe3yAbTaToB ITpK pa3paboTke
MporpaMM HOBBIIIEHNs KBaAn(pUKauyy IearorndeckKmx Kagpos.

keywords:

ABSTRACT

STEM education, teacher
training, professional
competencies, digital
transformation of
education, STEM methods,
methodological model,
competence assessment.

The article is devoted to the study of the integration of STEM methods
into the teacher training system in the context of the digital
transformation of education. The relevance of the work is due to the need
for teachers to develop professional competencies that meet the
requirements of the modern educational environment and the digital
economy. The purpose of the study is to analyze and select key STEM
methods that ensure the effective development of digital, critical,
research, and design engineering competencies of teachers. The research
methods used are analysis of scientific sources, systematization of
pedagogical practices, modeling and development of a matrix of
compliance with STEM methods, competencies, indicators and forms of
control. As a result, a set of STEM methods was formed and a model for
their integration into the teacher training process was developed,
ensuring the measurability and reproducibility of learning outcomes.
The scientific novelty of the research lies in the systematization of STEM
methods based on competence-based and ontological approaches. The
practical significance of the work lies in the possibility of applying the
results obtained in the development of professional development
programs for teaching staff.

KIPICIIE

Kahanapk nmndpaslk TpancpopMans KoHe 6i41iM DKOHOMMKaChIHA KOITy >KaFAaibIHAa
Oiaim Oepy >KyileciH >KaHFBIPTY CTpaTeTMsAABIK MaHbI3Fa ue 0Ooaagpl. Kasaxcran
Pecriybamkaceiiga Oya Ipouectep MeMAeKeTTiK —cascaTThlH OachiM  OaFbITBl  peTiHAe

KapacTelpblaagbl, Oya OiaiM OGepy mporeciH OeaceHai nmdpaaHABpPyAa, WHHOBALVIAABIK,
ITeJarornKaAblK TEeXHOAOIVsAapABl €HTidyde >koHe O0iaiM Oepy oOpTachlH YIIBIMAACTBIPY
HbICaHAAPBIH KaHapTyJa KepiHedi. bya Typreida MyraaiMaepaid nm@pAablK SKoHe IToHapaaAblK
OiaiMm Oepy opTacklHJa SKYMBIC icTeyre AalBIHABIFBIH KaMTaMachl3 eTeTiH Kociou
KY3bIPETTiAiKTepiH KaABIIITaCTHIPY MaceAeci epeKIre ©3eKTi O0ABIIT OTHIP.
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3aMaHayu sepTTeyaep 0iaim Oepyaeri nudpaslk TypAeHAIpyAepAiH THiMAiAiri HeriziHeH
OKBITYIIIBLAapABIH KaCiOM 4aiIBIHABIK AeHrelliMeH, 0AapABIH OKBITYABIH MHHOBALIMSABIK 9AicTepiH
KOAAaHy >KoHe LMQPPABIK KypaadapAbl 0iaiM Oepy mpaxTukacbiHa OipikTipy KaOizeTiMeH
aHBIKTaJaTBIHBIH aTall Kepceredi. TbLABIMI a4ebumerrepae Iejarorrapably —Oidikriairin
apTTBIPYABIH KY3BIPETTiAiK, JKylieaik >koHe nudpAbIK-OarzapAaHraH TaciaAepi, COHJANl - aK
STEM-:xone STEAM-06iaim Oepyai eHrizyre apHaafaH 3epTTeyAep KeHiHeH ycbHbIAFaH. COHBIMEH
katap, STEM-aaicrepai >Xylieaey >KoHe oOJapAbl OKBITY HOTIDKeAepiHIH eamemaiairi meH
KaliTalaHybIH eCKepe OTBHIPHII, OKBITYIIbLAapABIH OiAiKTiziriH apTTeIpy OardapaiamMajdapblHa
MakcaTThl MHTeTpalnsilay MaceAeAepiHiH XKeTKiAiKcis a3ipaenyi cakraayaa (Bybee, R. W. (2013),
Mishra, P., & Koehler, M. J. (2006), OECD. (2019)).

OKBITyIIBLAQPABIH KociOM KbI3MeTiHe KOWBIAATBHIH TaldalTapAblH apTybl >KaFAalibIHAa
KoadanpiaateiH  STEM  egicTepin KaabmTackaH Ky3bIpeTTepMeH >KoHe oJapabl Oaraaay
KypaadapbIMeH OaliaaHBICTBIPYFa MYMKIHAIK OepeTiH ogicHaMaAablK MoJeablepai o3ipaey
epekile MaHpI3Fa 1me. Ocbl mpollecke OipbIHFall peciMaeAreH TaciadepaiH OoaMaybl Ilegaror
KagpAapAblH OiAiKTiAiriH apTTHIPYABIH KYPBLABIMABIK KoHe OeiliMAeAy MoJeabaepiH a3ipaeyre
OarpITTaaraH 9pi Kapalifbl 3epTTeyaepaiH KakeTTiairin Herisgeitai (OECD. (2021), European
Commission. (2022), Li, Y., Schoenfeld, A. H.., et al. (2020), Honey, M., Pearson, G., &
Schweingruber, H. (2014)).

Ocpl 3epTTeyain MaxcaTsl Herisri STEM-agictepai Taagay koHe ipikrey, cOHAali-aK 0AapAbl
XXI FaceIpABIH KociOM Ky3BIpeTTiAiKTepiH KaABINITaCTBIpyFa OarbITTaAFaH OKBITYIIIBLAAPABIH
6iaiKTiairiH apTTHIPY IIpOIleciHe MHTerpanusilay MoAeAiH a3ipaey 6oabin TabblaaAbl. JKymMbicTa
KOJbIA¥aH MaKcaTKa K04 >KeTKi3y YIiH MbIHajall MiHAeTTep IIellideAi: KY3bIpeTTiAiK Tacia
TyproicbiHaH STEM-aaicTepai kylieaey; HbIcaHaAbl KaCiOM Ky3bIpeTTep Ti30eciH >KoHe 0AapAbIH
KaJABIITacy MHAMKaTOpAapbiH aikbiHAay; "STEM-sgic — Ky3BIpeTTidik — HMHAMKaTOpAap —
Kypaagap - Dbakplaay HbIcaHAapbI'COMIKeCTIK MaTpUIIACBIH 93ipAey; OKBITYIIBLAAPABIH
OiaikTiairin  apTTBIpyABIH THMiMAiairin OarasayablH oJ4iCHaMaABIK Heri3depiH Herizaey
(Capcenbaesa, I'. K. (2021)).

3eprrey HblcaHbl 6iaiM Gepyain 1mpaplK TpaHcpOpMalMACE  KaraaliblHAa
OKBITYIIBLAApABIH, ~ OiAiKTidiriH  apTTeIpy mpoljeci ©Ooablll  TaOblAaABl.  3epTTey  IIoHi
MyfFadimaepaiH KociOM Ky3BIpeTTiairiH KaabmTacTeipyably STEM-sgicrepin >xeHe oaapab
0iAiKTiZiKTi apTTBIpy >KylleciHe WUHTerpaumusJlay TeTiKTepiH KypailAbl. 3epTTeyAiH Herisri
dJicTepi peTiHAe FBIABIMU JepeKKesdepdi Taaday, MoJeabAey, NejaroTuKaAbIK ToXKipuOeaepai
Kylieaey, COHJAal-aK OHTOAOIVISIABIK — JK9He  KY3BIpeTTidiK TociagepaiH  DaeMeHTTepi
KOAAQHBIAABL.

3epTTeyAiH  FBIABIMM  >KaHAABIFBI  OKBITYIIBIAApPABIH  K9CiOM  Ky3BIPeTTiAiKTepiH
KaABIITacTeIpy TyprbickiHaH STEM agicTepiH Xyiteai >KikTeyse >koHe OiAiKTiAiKTi apTTRIpy
npoliecTepiH peciMAey YIIiH OHTOAOTMAABIK MOJAeabAeyal KoaaaHyga >Kartelp. Kipicriege
YCBIHBLAFaH T9CiA 3€PTTEYAiH FRLABIMU BEeKTOPBIH OeATiaeiii >koHe MaKalaHbIH Herisri 6eairinge
YCBIHBLAFaH HOTVDKeAepAi 0AaH 9pi YCHIHYABIH AOTMKAABIK, Heri3i 60AbII TabblAa bl

MyraaimHIH Kacibu agaMmybl ap Typai ic-Imapa peTiHAe emec, Ad9IieKTi >XaHe o3apa
OaliaaHBICTBI Ke3eHAepAi KaMTUTHIH OipTyTac >KoHe y34iKci3 Ipollecc peTiHAe KapaCTHIPHLAYBI
Kepek. TyXbBIphIMAaMaabIK MoJeAab IleHOepiHJe MyFaliMHIH KociOM KY3BIPETTiAiriH AaMBITY
OUKAAIK XKYIie TYpPiHAe YCBIHBLAaABI, OHAA 9P Ke3eH aAAbIHFEI Ke3eHHIH HoTIDKeAepiHe cylieHeal
JKoHe oZaH api kocibm ecy ymiiH Heris Kaasiracterpagsr (Voparnmosa, /. A. (2019)).

Ty>XBIpBIMdaMaabIK ~ KYPBIABIM ~ AMAarHOCTMKAaABIK, >KoDaablk, 0Oiaim Oepy >koHe
aHAAUTMKAABIK IIpoIlecTepai OipTyTac MHTeAAeKTyaAAbl Kyliere Oipikripeai. bya GiaikriaikTi
apTTBIPY TMIMAIAITiH apTTBHIPBII KaHa KoiiMail, 0iaim Gepyai nudpask Tpanchpopmanmsiay
KOHTEKCTiHJe OKBITYIIbLAapABIH AepOecTeHaipiareH KociOn AaMysl YIIIIH TYpaKThl HETi3 KypyFa
MYMKIiHAIK Oepeai.
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3EPTTEY MATEPUAAAAPHI MEH S A1CTEPI

3eprrey oOwbekTici peringe STEM-Garaapaanran 6iaiMm  Oepy TociadepiH eHrisy
JKaFjaliblHAa OKBITYIIBIAapAbIH OiAiKTiAiriH apTTHIpy IIpolieci KapacThIpblaaabl. 3epTTey IoHi
OKBITYIIIbLAaPAbIH KaCiOM KY3bIpeTTiAiriH KaapmnTacTeipyAbiH STEM aaicTepi, conaali-aK 0aapAbl
6i4iKTiAiKTi apTTBIPY >XKYTieciHe MHTeTrpannsiAay TeTiKTepi 60ABIIT TaObLAaABI.

3epTTey MaTepuaajaphl OTaHABIK JKoHe IeTeaAiK aBTopaapabiH STEM-6iaim Oepy, 6iaim
Oepyai nudpaslk TpaHcpOpManlay JKoHe KY3BIPeTTiAiK Tocia Maceaeaepi OOMBIHIIA FRLABIMU
JKapusiAaHbIMAapsl, 0iaiM Oepy cazachlHAaFbl HOPMAaTMBTIK-KYKBIKTBIK Ky>KaTTap, COHAAl-aK
OKBITYIIBLAapABIH OiAiKTiAiriH apTTEHIpyABIH OiaiM Oepy OardapaamMasapbl 00AABL 3epTrey
OapeiceiHAa INPPABIK OiaiM Oepy maatdpopmasapsl MeH OarjapaaMaablK Kypaadjap, COHBIH
imiHAe OKHITYABI Oackapy >Kyiteaepi, OGipaeckeH >K0DaaBIK KBI3MET Kypaadapbl, IUQPPABIK
MOJeAbJey JKoHe AepeKTepdi Taaday Kypaasapsl NaligadaHbBLAABI, OAapAblH CUIIaTTaMaAapbl
3amMaHayu 0iaiM Oepy TaxkipnuOeaepiHiH TasanTapblHa colikec Keaeai.

3epTTeyAiH 94icHaMaAbIK HeTi3iH OKBITYIIBLAaPABIH KaciOu daMy yAepiciH TyTac KapayAbl
KaMTaMacbhl3 eTeTiH >KyleaAi, KY3BIPeTTidiK >KoHe OHTOAOTMABIK Tociagzep Kypaimabl
(Tamken6aesa, A.b., Axmetosa, J. K. (2023)). 3eprTey aaicTepi peTiHAe FRLABIMU AepeKKo3aepai
Taajay >KoHe >KaAIlblday, IIeJarorMKaAblK ToxXXipmubeaepai caabICTIpMaAdbl Taaday, KociOum
KY3bIpeTTepai MoJeabaey >KoHe KypblabiMAay, coHgaii-ak "STEM - agic — KysbIpeTTidik —
MHAMKaTOpAap — Kypaadap-baxplaay HeIcaHAAphI''COIKECTiK MaTpUIIaChIH 93ipAey KOAAaHbLAADL.

Koacibu xyssipeTTepin KaABINITaCybIH OaFaday YIIiH capanTaMaablk Oaraaay aAici >KoHe
KY3BIpeTTep4iH gaMy JeHreliH (TeMeH, OpTallla, >KOfaphl) CaHABIK aHBIKTayfa MYMKiHAIK
OepeTiH UHAUKaTOpAapAbIH 0OaAAbIK IIIKaJdachl IaligadaHblaabl. HeTukeaepai enHaey
MaTeMaTHKaAbIK CTaTUCTUKA dAiCTepiH >XKoHe aAbIHFaH JepeKkTepAiH OODBEeKTUBTIiAIrl MeH
KaliTaZlaHybIlH KaMTaMachl3 eTeTiH KepcCeTKilllTepdi HOpMaJay o4icTepiH KOAAaHY apKbLAbl
JKYy3ere achIpblAABL.

3epTTeyAiH A9MeKTiAiri aHaAUTUKAABIK Ke3eHAi (TeOpMAABIK >KoHe HOPMAaTUBTIK
Aepekkesepai 3seprrey), kobaaay keseHiH (STEM oagicrepiH wuHTerpammsaaayAbH
TY>KBIPBIMAaMaAblK >KoHe OHTOAOTUAABIK MOAeAbAepPiH 93ipaey) >KoHe YCBIHBIAFaH MOJAeAbAiH
TMiIMAIAIriH Taajgayra OarbiTTaaraH Oaraday KeseHiH KamTbigbl. KoagaHblAFaH ogicTep MeH
npouejgypadap 3eprreyi yKcac Kargaiidapaa KaliTadayra >KoHe aAbIHFAH HeTyoKeaepai
OKBITYIIBIAapABIH OiAiKTiAiriH apTTHIPY ToXKipuOeciHAe KOAAaHYFa MYMKiHAiK Oepeai.

OKpbITyIIBIAQPABIH ~ 0iikTiZiriH  apTTeipydarsl STEM-Tocia KoagaHOaabl  ecenTepAai
IIIeNTyTe, HaKThI IpoIlecTepai MojeabAeyTe XKoHe 3epTTeyIiAiK oii1ayAbl AaMbITyFa OaFbITTaAFaH
OKBITYABIH OelceHAl >KoHe MHTepaKTMBTI 94icTepiH maiijadaHyabl kessenai (I'abayaamn, P.P.,
Cyaeinimenosa, A.T. (2022), Kysemun, H.B., Cepreesa, M.B. (2020)). STEM-aiH Herisri agictepine
>KoDaJay-3epTTey KbI3MeTi, Ipo0AeMaabIK-0aFrdapAaHFaH OKBITY, KelicTepre HeTi3AeATeH OKBITY
(case-based learning), wuHXXeHepaik >koDaaay, COHAal-aK IUQPPABIK CUMYASTOpAapAbL,
BUPTyaAAbl 3epTXaHalapAbl JKoHe aHaAUTUKAABIK I11aT¢gpopMasapasl NaiijalaHy >KaTaabl.

ITeaarorrapra FbIABIM, TEXHOAOIMS, WHXKEHepHUs >KoHe MaTeMaTlKa 3HJAeMeHTTepiH
GipikTipeTiH moHapaasIK 0iaiM Oepy >xoOaaaphIH 93ipaeyTe >KoHe CBIHAKTaH OTKi3yre MYMKIHAIK
OepeTiH >K00aABIK OKBITY dJici epekirie MaHbI3Fa 1e. biAiKTiAiKTi apTTHIpY IpolleciHAe MyHAal
>KoDaJapAbl iCKe achIpy TOIITHIK, JKYMBIC, CBIHU TaAAay, XXYyifeaik oliaay >KoHe JepeKTep HeriziHae
mrentiM Kabbla4ay AaFAblaapblH AaMBITYFa BIKITaA eTeAl.

[IpoGaemaasik-OardapaaHfaH >KoHe 3€PTTEYLIiAiK OKBITY 94icTepi OKBITYIIBLAapABIH
0iaim Gepy mpobaemasaphblH €3 OeTiHIIIe aHBIKTAYy, TUIIOTe3aldapAbl TY>KBIPBIMAAY, 3epTTeyAiH
Oapabap KypaadapbhlH TaHAAdy >KoHe aAblHFaH HOTWKedepal TyciHAipy KkabiaetiH
KaABIIITaCTBIPYAbl KaMTaMachld eTedi. bya e3 keseringe myraaimaepain STEM sxone STEAM
TaciaAepiH HaKTHI 0iaiM Oepy ImpaKTMKachIHa €HTi3yTe AaliBIHABIFBIH apTTHIPaAbL.
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Buptyaaasl 3epTxaHaaapAsl, Aepekrepai Taaday maargopmasapsiH, OardapaaMaday
OpTaZapbIH KoHe NUQPABIK MOJeabAey Al Koca aaraHaa, nudpabk STEM KypaagapsiH OipikTipy
OKBITYABl ~ >KeKeAeHAIpy apTTBIpY
OaraapaamMajdapblH OKBITYIIBLAAPABIH KeKe Kocibym KakeTridikTepine OeifiMAeyre MyMKiHAIK

MYMKiHAiKTepiH  KeHelTeAl  >koHe  OiAiKTiAikTi
Hepeai. Ocpl Kypaadapasl naiigadaHy IMQPABIK cayaTTHLABIKTEI JKoHe 3aMaHayu 06iaiM Gepy
TEeXHOAOIMAAapBbIMEH JKYMBIC icTeyAiH TypaKThl AaFAblAapbIH KaABIITaCThIPYFa bIKIaA eTeAl.

Ocplaaiiina, OKBITYIIBIAAPABIH OiAiKTiZiriH apTThIpYy KyleciHe Herisri STEM-aaictepai
aHBIKTay >KoHe eHTi3y OKBITYABIH IPaKTUKAaABIK, OaFbITTBLABIFBIH, OHBIH TUiMAiAiriH apTTHIpyABI
KoHe OiaiM Oepyain umdpaslK TpaHCPOPMAIVACHHBIE Kasipri 3aMaHFBl TaJlallTapblHa
COMKECTITiH KaMTaMachI3 eTeTiH KociOm AaMyABIH TY>KBIPBIMAAaMaAblK MOAEAiIHIH MaHBI3ABI
Kypamgac Oeairi 6oawsm Tabwraaasl (Schraw, G., Crippen, K. ], & Hartley, K. (2006),
Abapaxmanosa, I'. 1. (2021), Becrraaosa, O. B. (2020)).

OkpITymbIAapABIH OigikTiairiH apTTeIpy >XyiieciHgeri STEM-agicTep, OKBITYIIBIHBIH

KaABIITaCTHIPbIAATBIH KY3BIpeTTepi >KoHe oJapAbl icke acblpy Kypaadapbl 1-kecTege
KeATipiareH.
1-xecte. OKBITyIIBLAQPABIH OiAiKTiAITiH apTTHIPY KylieciHaeri
STEM-aaictep
STEM-oaic KazbpImTacTBIpEIAATEH KY3bIPETTEP AcnanT.ap SKOHEe
OKBITYIIIBIHBIH KapayKarT icke acsIpy
Kobaarik-zeprreymiaik | ’Kobaasix KY3BIPeTTiAiK, coran | Trello, Miro, Google
OKBITY (Project-Based | Typrsizan oiaay, moHapaaslk | Workspace, GitHub,
Learning) MHTerpamysl, TOOTHIK KYMBbIC LMS-naargopmaaap
ITpobaemaarik- Anaautukaaslk  oiiaay, kemenai | Keitc-naardpopmaaap,
Dafrgapasl OKBITY | ecenTepai 1memry, Itegarormkaaslk | Padlet, PP ABIK
(Problem-Based AU3aiiH KelicTep, WHTEePaKTUBTi
Learning) clieHapuiiaep
Nmxenepaik  >xobaaay | VHXeHepaik oliaay, Xyiteaik Taagay, | AXK-
(Engineering Design | TexHOAOTUABIK CayaTThLABIK, xyiteaepi, Tinkercad,
Process) Arduino IDE,
TpeHaXkepaap
3epTTeymriaik OKBITY | 3epTTeyIidik Ky3bIperTiaik, | SPSS, Python,Jupyter
(Inquiry-Based Learning) | maaimerrepmen >xyMbic, foiabiMu | Notebook, Excel,
oriaay 1ppABIK 3epTXaHajap
Yariaey >xone Mmogeavaey | LInppasik Ky3biperriaix, aberpaxriai | PhET, AnyLogic,
oraay, nponecrepai | MATLAB,  sBuptyaaast
BU3yaAM3alusAlay 3epTxaHalap
ITenapaanbik Kpearusrizik, muTterpartmsti oiiaay, | LMS, VR/AR opraaapsl,
STEM/STEAM- IeJarornKaAblK MKeMAiliK MYABTUMEAVISLABIK,
MOAyabAep naardpopmaap

Ecxepmy — asmop becnanos O.B. (2020) depexmepi nezisinde xacazan

KysbipeTTiaikTiH MHTerpaaAbl KOPCETKIillliH ecernTey ajictemeci.

OKBITYIIBIAQPABIH KociOM Ky3BIPeTTiAIKTepiHiH KaAbIITacy AeHreliH caHABIK TYPFbIJaH
OaFaaay YIIIiH MHTerpalAbl KOPCETKIIITi ecenTey aaictemeci Koa4aHbLAAbL bya aaicteme STEM-
d4icTtepai MeHTepy HoTIDKeAepiH, UMPPABIK KypaajapAbl HalijalaHy KabileTiH, 3epTTeyIiaik
SKOHE MHTeTpaTUBTIK AaFAblAapABbl KeIlleHAl TypAe Oaradayra MYMKIHAIK Oepeai.
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barazay OipHelrre xeseH OONBIHINA KYpriziaai. bipinir xezeHae oapOip Ky3bIpeTTidiKke
ColiKeC KeAeTiH MHAMKATOpAap aHBIKTaAAbl. Op MHAUKATOP OKBITYIIBIHBIH Oeariai 6ip apexeTTi
OpBIHAAY JEHTeiH HeMece HaKTbhI HOTIKeTe KO/ KeTKi3yiH cumaTraiigbsl. Mbicaasl, DUQPABIK
KY3BIPeTTiAiK ymiiH nudpask mnaatdpopmasapAsl KoAdaHy, 0iaiM Oepy pecypcTapbiH 93ipaey,
OH/alH e3apa apeKeTTecyai YIbIMAACThIPY CUAKTEI MHAUKATOpAaP aAbIHABL.

Exinmii keseHAe op MHAMKATOp OaaAbIK ITKala OolibiHINA OarasaHAbl. 3epTTeyae 0-aeH 4
Oaara Aeriinri mkaza KoaAaHbIAARL: 0 6211 — MHAMKATOP KepiHOeliAl HeMece KaabIIITacaraH; 1
0aaa — ToMeH geHrelf; 2 0ala — opTagaH TeMeH AeHrell; 3 0aaa — >KeTKiAikTi geHreit; 4 6aaa —
JKOFaphl AeHrell. MyHJaait 11kada Ky3BIPeTTiAiKTiH KepiHy gapeskeciH OipizgeHgipiareH Typae
TipKkeyre MyMKiHAIK Oepeai.

Ymrinmm kezeHae opOip KeKe KY3bIPeTTiAiK OOMBIHIIA JKIHAKTAAFaH KOPCETKIIII ecenTeAAl.
O (1) popmyaameH aHBIKTaAABI:

2:1_1‘1 WX

C==F3— @)

Eiliwi

MYH/AFbI

C; — j-Ky3BIpeTTiAiK OOIbIHIIA JXMHAKTaAFaH KOPCeTKIIIT;

X; — i-MHAMKaTOp OOJbIHINA aAbIHFaH 0aaa;

w; — i-MHAVKATOPABIH caaMaK KOD(PPUIIVEHTI;

N~ j-Ky3BIPETTiAiKKe KipeTiH MHAMKaTOpAap CaHbI.

Ocol  3epTTeyde WMHAMKATOpAapAbIH MAaHBI3ABIABIFEI TeH Jel KaOblaJdaHFaHABIKTaH,
oJapablH caamak Kosgduumentrepi Oipaeit aasiHABL, sarHM w; =1. bya xargaitga ¢popmyaa
KaparaiibiM apudpMeTHUKaAbIK OpTaFa KeATipizeai.

TepriHmr KeseHAe OapABIK KY3bIPETTiAiKTep OOMBIHINIA YKAAIbl MHTETPaaAbl KOPCeTKIII
ecenteadi. Oa OKBITYIIBIHBIH KoCiOM AaMBIHABIK JeHTeliH KellleHAl cHUIIaTTaligbl koHe (2)
¢opmyaa GoiibIHIIa aHBIKTaAaAbL:

=5 2)

MYH/aFbI

I — Ky3bIpeTTiAiKTiH MHTerpaA/Abl KOpCeTKiIli;

C; — j-Ky3BIpeTTiAiK OONBIHITIA KMHAKTaAFaH MaH;

Vj — j-KY3BIPETTiAIKTiH caaMaK koapPuIEenTi;

m; — GarasaHaThIH KY3bIPETTiAiKTep CaHBL

Erep OapAablK KY3BIPETTiAiKTep TeH MaFblHaAbl Jell KapacThIpblAca, OHAA MHTerpaaAbl
kepceTkini (3) popmyaa Typae ecenteaeai:

1
=237 ©

EcenTey HoTmkeaepiH TyciHAipy YINIH MHTerpaaAbl KOPCETKIIl MoHAEpPi AeHreiiaepre
6eainai: 0,00-0,39 — remen aenreir; 0,40-0,69 — opta aenreir; 0,70-1,00 — >xoraps! geHreit. MyHaal
MHTepIpeTalusl OKBITYIIBIAapABIH KaciOM  KY3BIpeTTiAiKTepiHiH KaAblITacy JeHTeliH
CaABICTHIPMAABI TypAe TadAayFa MyMKiHAIK Oepeai.

YcoIHBIAFaH 94icTeMe Daraaay yaepiciH popMaagaHABIpYFa, HOTIDKeAepAl CAaHABIK TYpAe
caaspIcTeIpyFa >KoHe STEM-agictepai OKBITYIIBLAQPABIH OiAiKTiAiriH apTTBIPY >KYlieciHe eHrisy
THUiIMAIAITIH aHBIKTayFa >Karjail >kacaiiapl. COHbBIMeH KaTap Oya Tocia OHTOAOIMAABIK MOJEAb
KYPaMBIHAAFBI «KY3BIPETTiAiIK — MHAUKATOp — Oaraaay Kypaasl — DaKblaay HBICAHBI» apachIHAAFBI
ceMaHTHUKAaABIK OalilaHBICTapAbl IPaKTUKAABIK Oarajay pociMiMeH YINTacTHIpyFa MYMKiHAiK
Oepeai.
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HOTUMKEAEP J)KOHE OAAPAbI TAAKBIZAAY
«OKBITYIIBLAAPABIH OiAiKTiAiriH apTTBHIPY HpOIleCiHiH OHTOAOTUSCHD» CHIHBIIITAPHl MEH

KaCI/IeTTepiHiH TY>XKbIPBIMAaMaabIK AriarpaMMachl KepCETKi KaCI/IeTTepiMeH 6a]7[/laHbICKaH TO¥BI3

HeMipAeHI‘eH TiKTGpT6¥prH_ITaH (CI)IHLIHTapAaH) TypaAbI. Sp 040K OHTOAOTMAHDBIH MoHIH

Oiagipeai (2-xecre).

2-kecte. OHTOAOTIS Ca6aKTapI)IHbIH CUIIaTTaMachbl

No

CI)IHI)IHTBIH aTaybl

1. OkpbITYyIIIBI

Opraaplx  opTaablk. biaikTiaikTi apTTBHIpY YVAepiciHe
KaTBICYIIBIHBIH MyAdeciH 6iagipeai. bacram oHBIH mIbIFaAbI
Herisri Oaiiz1aHpIcTap Gackadapra CHIHBIIITapFa

2. KysbiperTiaik

OKBITYIIIBIHBIH JKeKe KociOnu HeMece IM(PABIK daFAbLAapPBIH
KepceTeai

3. 'Inauxarop

OKpBITY HOTMIKeCiHe KOA >KeTKi3yAiH HaKTBl eAIlleHeTiH
KOpCeTKiIi

4. baraaay

KyspiperTizikrepai Tekcepy HeMece TecTidey HaTvKeaepi

5. biaim Gepy Moayab

biaikTiAiKTi apTTHIPY OaFAapAaMachlHBIH DAe€MeHTi — OeAriai
Oip Ky3bIpeTTepai KAMTUTEIH KypC HeMece TaKbIPBII

6. HoTyke OKBITYABIH

Hyckaymisl MeHTepyi THic HaKTHI AaFAbl HeMece 0iaim

7. Xeke gapa TpaekTopmst

OKBITYIIBIHBIH KoCiOM 4aMYBIHBIH AepOec OaFbIThI

8. TanmblABIK KY3BIpeTTep

JaMyapl KaxkeT eTeTiH Oiaimgeri HeMece JaFablaapAarbl
aHbIKTaAFaH KeMIIIiAiKTep

9. ¥ChIHBIM

TaHI_LII)IAI)IKTbI JKOfa apHadfaH aBTOMaTTaHABIPbIAFaH
HeMece capaliTaMaabIK Kpr/MOAy/lb YCBIHBICBI

Ecxepmy — asmop becnanos O.B. (2020) depexcmepi nezisitde xacazan

Op KOpceTKi eKi CHIHBII apachIHAAFB CEMaHTUKAABIK KaThIHACTE (OOBeKTiAiK KacueTTepai)

kepceteai. KepceTkizep ke3geH HblcaHaFa OaFbITTaAfaH. 3-KecTede OHTOAOTMAHBIH OOBeKTiAiK

KacueTTepiHe calikec KeAeTiH OapAbIK DalidaHbICTap KeATipiareH.

3-kecte. OHTOAOTAS ChIHBIIITAaPbIHBIH CEMaHTUKAABIK KaTbIHaCTapbl

. O0OBbekTiAiK CeMaHTUKAABIK,
baitaanbic OarbITHI ..
KacleT aTaybl TycCiHAipMe
1 2 3
OKBITY1IIBI — | «1e 001aAbl KY3bIpeTiMeH» | OKBITYIIBIHBIH  Kasipri  MBIKTHI
KyssiperTigik >KaKTapblH KepceTeai

OxpITymsl — TamnmblAbIK
KY3bIpeTTep

«bap TaIIIBIABIK»

OexkiTeai 00ABICTHIH, TaAar

eTeTiHAep AaMBITYAbIH

TammplablK — Ky3bIpeTTep
— KysbiperTiaik

«DOTIBIHIIIA KY3bIpeTTep» TaITIIbLABIKTHIH KaHAam
KY3BIpeTKe >KaTaTbIHBIH
HaKThLAaMAbI

XKexke aapa Tpaexkropus —
bizim Gepy Moayab

«KaMTIAbl MOAYAb»

Aepdec 5K0oAABI HAKTHI KypcTapMeH
OallaaHBICTBIPAABI

biaim Oepy Mogyap —
KyssiperTigik

«>Kabaabl Ky3bIpeTiHe»

MoAyAbAe — KaHAail
AAMUTBIHEIH KOpceTeai

Aarablaap

biaim ©Oepy wmogyap —

Hatixe okpITyABIH

«DBap HaTIKE»

aHbIKTaIZ,ZI,bI KYTi/leTiH HoTI>Xeaep

6iaim Gepy acepaepi
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3-KecTeHiH COHBI

1 2 3
Hatuxe oKpITy ABIH — «Dap MHAMKATOP» HOTIKeHI  HakKThl  ©AIleHeTiH
Vuaukatop KepceTKillTepMeH
GaliaaHBICTBIPAABI
OxpiTymisl — MHankaTop | «pacraaaabt OexiTeai Aepexk KeTICTIKTep
MHAMKaTOpMeH» KY3bIpeTTep
OxpiTymsl — barazay «bap Oarazsay» AVArHOCTHUKA HeMece TecT

HOTIDKeAepiH KepceTeai

OKpITYy1IBI —
Keke agapa Tpaekropus

«eCeIlke aAbIHAbI apHaAraH
TPaeKTOPIMSIChIH»

MyFaaiMAl ©3iHiH >Keke 6amap/1a—
MacbIMeH Oail1aHBICTBIPajbl

OKBITyIIIBI — ¥ CBIHBIM

«Dap YCBIHBIMABI»

JKYJIeHiH OKBITY KeHeCiH Ky pFaHbIH
KepceTeai

¥ CBhIHBIM —
biaim Gepy Moayab

«YCbIHaAbI MOAYAb>»

KaHAall KypcC TaIlllIbLABIKTHI JKOIOFa
KOMEKTeCeTiHIH HaKThlAaliAbI

Ecxepmy — asmopaap Tawxenbaesa, A.b., Axmemosa, A4.K. (2023) depexmep nezisinde xypacmuipean

OKpITyImIBLAAPABIH OiAiKTiAiriH apTTHIPY IIpollecTepiHiH OyA TYKbIpBIMJAaMaAablK MoJeAi
(1-cyper.) Protégé / WebProtégé xypaasapbiHia HaKTH OHTOAOIVLIHBL KYPY¥Fa Heris Oepeai.

Opbip TikTepTOyprIm (kaacc) owl: Class 6oaaasr, apbip xepcetki owl:ObjectProperty
001aapl >KoHe Kipic >KoHe IIBIFBIC OAOKTaphl MHTETPALMSHBIH CEMaHTUKAABIK KaOaTBIHBIH

IeKapaJapsiH aHbIKTariAbl (Import/export RDF/CSV/LMS API).

OKbITYLIbINAPABLIH, GiNiKTiNIriH apTTHIPY OHTONOrMACHIH KYPYALIH TYXbIP!
KabatTap: Kipic — OHTONOr1A sApockl — SIOMMKa XeHe Banuaaunsa — L biFbIC/MHTErpaums.

[ Kipic nepekrepi
Ky3bIpeTTinik AMarHoCTUKachiHbIH
fepexTepl (cayanHamanap, TecTrep,
LMS)

OKy MogynbaepiHiH Katanorel (cunarramacsl,
HaTIKEnepi, UHAWKATOpMapbl)
T

AHbIKTaMansIKrap / Tesaypycrap
(SKOS, cananblk cTaHaapTTap)

OHTONOrMAHLIH 63eri (CbIHLINTap MeH GaiinaHbicTap)

OKbITYWbI

YChIHbICH! Gap,

TanwbInNbifbl ﬁap ¥ChIHbIC

6binaaHabl

‘ Ky3bIpeT Tanuwbinbifbl Baranaybi Gap

Xeke TpaekTopus

Ky3blpeTi 6ap —~ OKBITY HaTHXeCi
KyablpeTi BofibiHLA E MORYTIoA ¥CbHafN! _
aranay Moaynbai KamTiael AHAMKATOPMEH pacTanabl

/
HeTUXKECH ﬁa‘p\ If‘H;U.VIKa}Opbl Bap

Kyawiperi 1+ KY3bIPETTINIKTI KaMTMAE——  Binim Gepy Mopyni ‘ WHpukatop
. \
/ N
// N

’ o Norvka xsHe BanMaaumna / KOpLITEIHALI Te;kcepy

TeKcepy, weifapy
LisiFapy o

5 - o =
P Reasoner (elk/HermiT) — xikTey/caiikecTikTi
. TeKcepy o~
» WeKy / UHTerpauus

TpaekTopus GoMbIHIA YChIHbICTap,

SHACL-epexenep (TpaekTopuanapfplH,

TYTaCTbifbI, TANUWLIMBIKTE XKaby) 3KcnopTTay

SPARQL ecentepi, LMS/HR-re

1-cypet. OKBITyIIBLAQPABIH OiAiKTiAITiH apTTHIPY HpOLIecTepiHil
TY>KBIpBIMAaMaAbIK MOaeAl
Ecxepmy — asmopaap Tawikerbaesa, A.b., Axmemosa, 4.K. (2023 ) nezisinde kypacmopaan
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Myraaimaepais kocibu aAaMyBIHBIH TY>KBIPBIMJaMaAbIK Mogeai IeHOepiHaeri keaeci
Ke3eH-OKBITYIIbLAapABIH OiAiKTiAiTiH apTTBIPY >KylieciHe WHTerpaumsiday YVIIiH eH YAKeH
aaeyetke me Herisri STEM aaicrepin anbIKTay. bya KeseH meaarorrepge Kasipri 6iaim Oepy
OPTaCHIHBIH TalalTapblHa COIIKeC KeAeTiH TaxKipuOere OarpITTaAFaH, II9HaPaAbIK SKoHe IV(PPABIK
KY3bIPeTTidikTepai KaAbBIITacTBIPYAbl KaMTaMachl3 eTeTiH Ile4aroTMKaAblK oJicTep MeH
TeXHOAOIMAAapABI ipikTeyTe >KoHe XXylteaeyTre OaFpITTaAFaH.

Ty>xeipeiMgaMaasik Mogeabaeri opoip STEM aaici TiicTi Ky3bIpeTTiAiK CBIHBIITapBIMEH
(DigitalCompetence, ResearchCompetence, CriticalThinking, CommunicationSkill >xsne T.6.)
JKoHe I1e 4arOTMKaAbIK ic-apexeTTepMeH (LearningActivity, AssessmentMethod,
EducationalTool) GaitaaHBICTEI OHTOAOIMSIABIK, CBHIHBII peTiHAe opekeT eTeai. bya KypblabIM
MY¥FaAiMHIH Kocibu gaMy IporieciH e3apa OaliaaHbICTHI OiaiM Oepy cyObekTidepi MeH 0aapAblH
apachIHAAFbI KaThIHACTapABIH SKUBIHTLIFBI peTiHAe peciMaeyre MyMKiHAIK Oepeai.

OHTOAOIMAABIK ToCiAAI KOAAAHY MBIHaAapAbl KaMTaMachl3 eTeai:

—KaciOu Ky3pIpeTTiaik kKoHTeKcTiHAe STEM agicrepin xyiieaey;

—OKBITYy ogicTepi, KaammrackaH Jarapiaap MeH IMQPABIK Kypaajap apacblHAAFBI
AOTUKAABIK OallaaHBICTapAbI aHBIKTAY;

— OKBITYIIBIAAPABIH ~ OiAiKTiAiriH apTTBIpYABIH >KeKe TpaeKTOpUsAAapblH OeitiMaen
>KoDaaay MYMKiHAiri.

OgicreMeaik acrektige 6ya STEM-OarpiTTaaraH OiaiKTiAikTi apTTEIpyAbl OiaiM Oepyaiy
nppAbK, TpaHCPOPMAIVMACHHBIH 3aMaHayyM TaJallTapblHa CoJiKeC KeAeTiH pecMmu Oiaim
yarizepine HerizgeareH GacKapblaaThIH >KoHe KaliTaJaHaTBIH IIPOIlecc peTiHJAe KapacThIpyra
MYMKiHZiKk Oepeai.

OJicreMeaik TypFblgaH aAfaH4a, OKBITYLIBIAapAbIH  0iaiKTiAiriH  apTTHIpY
xyitecingeri STEM oagicTepiH aHBIKTay >KoHe 3KiKTey TY>KBIPEHIMJAaMaAblK MOJAEAbAIH
acrmamnThlK JAeHTeliHiH (QYHKOMACHH OpbHAaiAN. Oaap KY3BIpeTTepAiH TeopUsABIK
cUIlaTTaMachlHaH 0AapAbl KaAbIIITAaCThHIPY TeTiKTePiH IpaKTUKAaABIK icke achlpyfa Kelnyai
KaMTaMachI3 eTeai.

STEM agicTepiH Ky3bIPeTTiAiKTiH OHTOAOTUAABIK MOAeAiHe OipikTipy MyMKiHAiK Oepeai:

—IeJarormKaAblK ToXipubeHi paciMaey;

— OKBITYIIIBLAAPABIH KoCiOM ocyiH OaraaayAblH alllBIKTHIFBIH apTTHIPY;

—caHABIK I1aTpopMasap MeH OiAiKTiZikTi apTTBHIpyAbl KOAAayAblH MHTEAAEKTyaAAbl
JKylieAepiH 4aMBITy YIIIiH HeTi3 Kypy.

Ocplraaiima, STEM sgictepi mmegarormkaablk, TEXHOAOTMUsAAp peTiHAe FaHa eMeC, COHbBIMeH
KaTap IleAarorMKablK KaapAapabl KociOu 4aMBITyABIH 94iCHaMaAbIK MOAEAiHiH KYPBIABIMABIK
DAEMEHTTePi peTiHge 4e apeKeT eTeai.

3epTTeyAiH 9JdicHaMaAbIK MoOJeAi IeHOepiHJe OKBITYIIBLAapABIH KoCiOM KY3BIpeT-
TiaikrepiH KaawsmTacteipy STEM-agicrepai urepy aeHreiiiH >KoHe Iledarorrepdid oJapAwbl
IpaKTUKaAbIK KOAJaHYFa JaiibIHABIK JopeXKeciH KepceTeTiH Oaralay MHAMKaATOpAaphl XylieciH
a3ipaeyAi Tajall eTeTiH eAllleHeTiH MHOpolecc peTiHAe KapacTelpblaaabl. bya >kymeicra
MHAMKaTopAap OiAiKTiZiKTi apTTHIPY HOTM KeAepiH caHABIK SKoHe callaablK OaralayFa MyMKIiHAIK
OepeTiH omepanusAABIK KOpCeTKilTep 00 TabbLAaABL.

3eprreyze STEM/STEAM-6iaim Gepy aormkacbiHa >XKoHe IMQPPABIK TpaHchoOpMarus
TaJalTapblHa COJKeC KeJAeTiH 6 Herisri OKBITYIIBI KY3HIpeTi KepceTiareH. Opbip KysbIper
omepanualapabl 3-CypeTTe KepceTiareH Oakblaay MeH Oaradayra 0oAaTbiH 4-6 MHAMKATOp
apKblAbl OPBIHAAMABL.
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\*kaciOn KpIsMeTTe IMQPABIK TeXHOAOIMAAapAbl, 6iaiM Gepy maardopmasapbiH >KoHe

CaHABIK, MOZeabAey KypaaAapbIH TUIMA] [TaiaaaaHy MYMKIHAIT.
K¥3blpeTTi i elInaukaropaap:OKy KypcTaphlH >XKoDajay KesiHae LMS% >KoHe IMppAbK 6iziM OGepy
x (Digital HAaT(i)OpMaAapI.:IH nmaiigadadagsl. OKy mporecrepin BU3yaAM3aMAAQY  OKOHe
Competence) MoOJeAbAey YIIH CaHABIK KypaadapAbl KoadaHaAbl. VIHTepneTreri pecypcTap MeH

nudpablK MoAeableyai GiaiM Gepy mporecine Oipikripeai. Ludparpik Kayircizaikri
! >xoHe Giaim aAyIIbLAapABIH AePeKTepiMeH AYPhIC JKYMBICThI KaMTaMachl3 eTeAi.

CaHabIK |*Ky3bIperTiZikTiH MasMyHBI: ITe4arornkKaAblK KoHe Kacibn mentimaepai taaaay, 6arasay

Kypaaaapanl >KoHe Heri3jeareH Kabblajay KabiaeTi.

Giaim Oepy | elinaukatopaap: bBiaim Gepy MocedeepiH TaaJaiidbl XoHe OAAPABIH ceDerTepin

MakcaTTapbl aHBIKTalMABL. AKIapaT IIeH JepeKKe3JepaiH ceHiMAisiri MeH e3eKTiiriH GarasaiiAbl.
MeH IIoH ITeaarormkaablK, o4icTep MeH TeXHOAOIMAAAapAbl TaHAAyAbl Herigenai. /Joaeaai

KOHTeKCTiHe TY>XXBIPHIMAAQP  MEH  YCBIHBICTAPAbI  TY>KBIPBIMAAMABL. O3iHiH  IIe4arormkaablk

Gernimaenai | menrimaepin KaiiTa Kapayra KoHe Ty3eTyre KabiaerTi.

\*KyabIperTizikriy MasMyHBI: 6iaiM Oepy KbI3MeTi IIeHOepiHJAe IIeAarOrMKaAblK >KoHe
K044aHDaAbl 3epTTeyAep XKYPrisyre 4aibIHABIK,.

3eprTe
KysmgeTTi};iri sllnguKaropaap: 3eprrey MaceJeci MeH TIUIIOTe3achlH TY KBIPHIMAAMABL Jepekrepai
(Research >KMHAy M€eH TaAJayAblH TUICTi 94icTepiH TaHAalABL. 3epITey HOTIUKeAepiH OHAeYAl JKoHe
Competence) TYCiHAIpYyAl >Kyprideai. AabIHFaH MoJAiMeTTep HeridiHAe HeridaeareH TY>KBIPHIMAApP

kacaitapl. OKy IpolleciH XkaKcapTy YIIIiH 3epTTey HoTVU>KeAepiH MaiigalaHaAbl.

\*Kysprperrizik Masmyss:: STEM >xobGasapbl MeH MHKeHepAiK IentimMaepai >xobaaay,

XKobGaabik- . ..

2 icKe achIpy KoHe Oaraday MYMKiHAIri.
LN 1 STEM / STEAM 00 Gasaiizs. VA i
K¥3HpeTTiIIiK HAVKaTOpAap:l1sHapaabIK JKOOadaphIH >KOOajdalAbl. HOKEHEePAIK

(Project & >xobajsay KeseHAepiH KoaAgaHaabl (Taagay, IIpororuritey, Tecriaey). JKoOGaablk
mentimMaepaiy TMiMAidiri MeH icke achIpBIAYBIH Oaradaiiapl. Komamaaawx >xobaaay

Engineering EIpA i .
KBI3METiH yIbIMAacThIpaabl. JKoOaAbIK XYMBICTBIH HOTIDKEAEPiH Ky KaTTaiAbI.
.

Competence)

|*Ky3bIperTiZikTi§ Ma3MyHBL: THiMAI KociOM esapa ic-KMMBLA >Kacay >KoHe KbI3MeT

KommyHuxa- HOTIKeAePiH yChIHY Kabizeri.

TUBTIK slnaukaropaap: STEM >xobazaphiH icke aceIpy KesiHAe KOMaHAada TuiMai esapa
Ky3bIPeTTiaiK opekerTecesi. JKyMBICTBIH HoOTIDKeAepiH aybI3Illa >KoHe >KasDallla Typae YChIHaJBL.
(Communication

baitaaHbIC TIeH BIHTHIMAKTACTHIKTBIH CAaHABIK KypaaJapbiH KOAAaHaAdbl. ©3 yCTaHBIMBIH
Adaeai Typae Kopraiiapl. Kepi GaiiaaHBICTBI eckepeai >koHe OisiM Oepy KbI3MeTiH
| TyseTeai.

Competence)

*Ky3bIpeTTiik Ma3MYHBI: 9p Typai IoHAIK cadadapaarbl 0iaimai GipriHrail GiaiM Gepy
Mogeine 6ipiKTipy MyMKiHAIri.

UnTterpaTusri slnaukaropaap: OKy MOAYAbACPIHAE FBLABIM, TEXHOAOIUs, WHXKEHepHUsl >KoHe
(STEM/STEAM) | vatematnika ®aemeHTTepiH  OipikTipeai. Teopusiabik — 6idiMAi  TIpaKTHKAaabIK
Ky3bIpeTi MiHAeTTepMeH OaitaaHbICTHIpaAbl. [leHapaablK OKy CIleHapuitdepiH —a3ipaeiiai.
Isrrapmameiablk  Tociagep MeH STEAM saemenTrepiH KoadaHaadwl. bizim  Gepy
Ma3MyYHBIHBEIH TYTaCTBIFEI MEH AOTMKAABIK OaliaaHBICBIH KAMTaMachl3 eTeAi.

2-cypet. STEM/STEAM-6isim Gepy AorukacsiHa >koHe U PABIK TpaHchOpMars
TaJalTapblHa ColiKeC KeAeTiH OKBITYIIBIHBIH HeTi3Ii Ky3bIpeTTepi
Ecxepmy — asmopaap becnaros, O.B. (2020) ezizinde Kypacmoipean
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4-xectege keatipiaren "STEM - aaic - Ky3bIpeT - UHAUKaTOpAap - Kypaa-bakblaay HbicaHbI"
COMKECTIK MaTpUIIaChl OKBITYIIBIAapABIH KaciOM Ky3bIpeTTepiMeH KaABIITacTBIPBLAATHIH,
0/apAblH  KaABIITacy WHAMKATOpAapbIMeH OAIIeHeTiH, IMUpABIK >KoHe 6iaiM Oepy
KypaaJapbIMeH ©AIlIeHeTiH, COHAali-aK OiAiKTiAiKTi apTThIpy HeTIKeAepiH Oakblaay >KoHe
Oaraaay HbICaHAaPbl apachbIHAAFbI MTaligadaHblAaThIH Ile4aTOTMKAaAbIK dAiCTep apachlHAAFbI ©3apa
OaliaaHBICTapABIH AOTMKAABIK KYPBLAFaH XKYlieciH kepceTei.

4-xecte. STEM agicTepinin coiikecTik MaTpUIlacHl KoHe Ky3bIPeTTiAiKTi Oarasay

STEM-aaic KysbipeTTizix Tyftinai Acnarnrap baxpiaay
MHAUKATOpAap HBICAHBI
Kobaaay- Kobaaay- Memimaepai Trello, Miro, | JKo6aHbt
3epTTeyIIiik MHKeHepAiK, >Kobaaay; TonThK | LMS capanTaMaabIK,
OKBITY KOMMYHUKATUBTIK | JKYMBIC; SKOOAHBI Oaraaay,
KOpFay pyOpuka
ITpobaemaarbIk- CriHn Maceaeaepai Ttaagay; | Case- Kericri Tazaaay,
OargapaaHFaH merriMAaepAi rmaatgopMa | aIbIk,
OKBITY Adaeaaey aap, Padlet | >xayamrapsr
Gap Tect
3eprreymriaik 3eprreymiaik Boaxawm; Taagay | SPSS, Excel, | 3eprrey ecebi
OKBITY AepeKTepaiH; Python
KOPBITBIHABLAAP
Vn>xenepaix Kobazay- ITporotumnrey; CAD, ITpoTtotumnTi
>KoDaaay MH>KeHepAiK TecTiaey Tinkercad, AEMOHCTpaL s
Arduino aAay
Yariaey xone | LIndpasik Mogeanaepai  xypy; | PhET, Toxipubeaix
MoJeabaey MOgeAbAeyAiH MATLAB TarceIpMa
AYPBICTBIFBI
ITenapaarix MurerparusTi Vnarerpamus LMS, INoptdoano,
STEM/STEAM- MoHAepAiH Ti3beci; | VR/AR capanTaMaAbIK,
MOAyAbAep KpeaTUBTIiAiK Oaraaay
Ecxepmy — asmop becnanos, O.B. (2020) depexmep nezisinde xypacmoipean

O3ipeHreH KaciOM Ky3bIpeTTep Tiz0eci >koHe MHAUKaTOpAap Kyiieci STEM-06arsapaanHraH
0iaim Oepy >KardaiibIHAA OKBITYIIBLAAPABIH OiAiKTiAiTiH apTTRIPY YA€epiciH Kejea icke achIpyAbl
KamTaMacel3 etedi. Caiikectik Marpuriacel’ STEM-agic — Ky3bIpeTTiZik — MHAUKaTtopaap —
Kypaagap — bakslaay ¢popmasaps " MyFaaiMAepAiH KociOM AaMyBIH A94eA4i Tejarornka MeH
reJarornkalrlk, 3epTreydep dJiCHaMachlHbIH TaJallTapblHa ColikeC KeAeTiH OGacKapblAaThlH,
e/IIIeHeTiH JKoHe KalTalaHaThIH IIPOIiecC peTiHje KapacThIpyFa MYMKiHAIK Oepeai.

OHTOZOTMAABIK MOAeAb KOHTEKCTiHAeri KysblpeTTepai Oarasay oaictemeci. Kyssiper-
TepAiH OHTOAOTHUAABIK MOAediHAe Oaraday MHAMKATOpAapbl KY3BIPETTiAiK CBIHBIIITAPbIHBIH,
>KoHe OKBITYIIBI KBI3METiHiH HoTIKeaepiHiH KacueTTepi (data properties) peTiHae yCHIHBLAQABL
Mpicaarl, researchcompetence cwinbObl isformedby >xone isevaluatedby Tunri kareiHacrap
apkplabl Oeariai 6ip STEM saicTrepiMeH OaliaaHBICTHI "TUITOTe3aHbI TYKBIPEIMAAY ', "AepeKTepAi
TaaAay", "KOPBITBIHABLAAPABIH AYPBICTHIFB MHAMKATOPAapbIHA COVIKeC KeAeAi.

MyHnaaii pacimaey MyMKiHAiK Gepeai:

— OKBITYIIBLAAPABIH KocCiOM JaMyBl Typadbl MoaJdiMeTTepAi >KMHAy MeH TaAjayAabl
aBTOMaTTaHABIPY;

—O0iaiKTiAiKTi ~ apTTBIPYABIH  opTypaAi  Ke3eHAepiHgeri Oarazay  HOTUKeAepiHiH
CaABICTHIPMAABIABIFBIH KaMTaMachl3 eTy;
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— KY3BIPeTTiAIKTIH KaABIIITaCybIHBIH KeKe KOPCeTKIIITepi HeTi3iHAe OKBITYABIH OeltiMaeay
TpaeKTOpMsIAapbiH JKY3€ere ackpy.

OgicreMeaik TypFblAaH aAfaHAa, AaMbIFaH MHAUKaTOpAap >Kyieci TY>KBIpBIMJAaMaAbIK
MoJeabAiH Oaraday AeHreiliHiH (pYHKUVCHIH OPBIHAANABL, OAapABIH apachlHAAFLI Oail1aHbICThI
KaMTaMachI3 eTeAi:

—xoa4anbi1aTeiH STEM aaicrepimen;

—KaabmTackaH Koacibn Ky3bIpeTTiaikTep;

—0iaikTiAiKTi apTTHIPY HOTIDKEAepiMEeH oAIIeHeA].

YChIHBIAFaH OHTOAOIMS OKBITYIIBIAAPABIH OiZikTizirin aprTeipy >Kyitecinge STEM-
d4icrepai KoAAaHy yaepiciH ¢opmaansanusiayra apHadfaH. MoJaeAbaiH Herisri MakcaTel —
OKBITYIIIBIHBIH ~KociOM JaMybl, KY3BIpeTTepi, OKYy MoOAyaAbaepi, Oarazay Kypaadaps,
MHAUKaATOpAap KoHe AdAeljeMeik apTedaKTilep apacblHAAFbI CeMaHTUKAABIK OaliAaHBICTap bl
OipTyTac KypblabIiMFa KeaTipy. OHTOA0TM: OiaiM Oepy yAepiciHiH Herisri KOMIIOHEHTTepiH e3apa
OariaaHBICTBIpAa OTBIPBIN, KaciOm JamMy HoTIDKeAepiH HIudpAbK oOpTajda Xylieai Typae
cuIaTTayra MYMKIiHAIK Gepeai.

OHTOZ0TVSIHEIH OpTaabIK KAackl Teacher 604w Tabblaa4b], ©ITKEHI MOJ€AbAETi KOIITETEH
YFBIMAAp OKBITYIIBIHBIH K9CiOM KbI3MeTiMeH >KoHe OHBIH AaMy TpaeKTOpUAChIMeH OallAaHbICTHI.
Ocpr  xaacnen Teacher Profile, Competence, Competence level, Learning Trajectory,
Module/course, Assessment, Recommendation >xaxe Monitoring Event cusKTeI KaacTap Tikeaeir
Gariaanbicaabl. bya GaliaaHbIcTap OKBITYIIBIHEIH OacTalKbl JKar4aliblH CHITaTTayaH OacTar, oKy
MOAyAbJepiH TaHJayfa, OaraJay HoOTIDKeJepiH TipKeyre >KoHe KeIiHIi YCBHIHBIMAapAbl
KaABITITaCTBIPyFa AeMiHTi TOABIK IIMKAA]I KOpceTyre MyMKiHAIK Oepeai.

OHTO/ZOTMSIAQFBl  MaHBI3ABI YFBIMAapAblH Oipi — Competence kaacwl. bya kaacc
OKBITYIIBIHBIH KociOyM, nudpablK, 3eprTreymniaik >koHe STEM-OarpiTraaraH Ky3bIpeTTepiH
cunatTtaniadbl.  Kyseiperrepain kaasmracy Jedreiti Competence level xaacsl  apkplabl
HaKTbLA1aHaAbl, aa HaKThl Oarasay eamemaepi Indicator kaacsr apkerapr Oepiaeai. Ocblaarimia,
OHTOAOTHUsAA «KY3BIPETTiAiIK — AeHTell — MHAMKaTOp» AOTUKAABIK TizOeri Kyprlaaapl. bya Tiz0ek
OKBITYIIIBIHBIH KoCiOn AasgpAbFbiH popMaajaHraH Typae Oarasayra Heris 604asbl.

Oxky Ma3MVHBIH YIIBIMAacTEIpy Oeairi Training program, Module/course, Learning activity
sxoHe STEM method xkaactapsl apkplapl YCBIHBLAFaH. Training program KXaachl >KaAIlbI
GiaikTizikTi apTTHIpy OaFjapaaMachiH cumarTaiigs, aa Module/course KexeaereH OKy
MOAYAbAepiH Kepcereai. Op0Oip Moayap Geariai 6ip STEM method aaicrepimen >xoHe HaKThI
Learning activity Typaepimen Oaitaanbicagbl. MyHaam KypbsiapiM  STEM-Taciagepai oky
Ma3MyHBIHa OKYy}eaAi eHridyre O>KoHe 0J4apAbl OKBITYIIBIHBIH KY3BIpETTEpPiH JAaMBITY
MakcaTTapbIMeH CaliKeCcTeHAipyTe MYMKiHAIK Oepeai.

barazay KOMIIOHEHTi OHTOAOTHUsIAA epeKIlle OpBIH adaabl. bya Oeaik Assessment, Assess-
ment tool, Control form, Indicator >xene Evidence/artifact kaacTapbl apKbLABI icke acBIpbLAaABL.
Assessment Kaacsl Oarazay paciMiH HeMece Oaraaay yaepiciH cumarraiiasl. barasay OapricsiHAA
KOAAaHBLAATBIH HAKTHl Kypaadap Assessment tool kaaceiHAa KepceTidedi, aa OaKblLiayAbIH
YIBIMAACTHIPYIIBIABIK, TypAepi Control form kaaceimen Gepiseai. baraaayAblH HoTmKeci MeH
OHBI A91eA4eliTiH MaTtepuaasap Evidence/artifact kaacer apkprasl Tipkeaeai. bya miemrim 6arasay
HOTIKeepiHiH TeK CAaHABIK eMec, Jd1el4eMeliK HeTi3iH ge caKTayFa >KaFaall >Kacallgbl.

OHTOAOIMAIHBIH ~OacKapyIIBIABIK >KoHe OeltliMgeaymriaik ©Oeairi Recommendation,
Adaptation Rule, Monitoring Event, Management Action, Evaluation model xone Key
Performance Indicator xaacrapsl apkplabl cumarrazadel. Recommendation kaacer 6arasay
HOTIKe/lepiHe CylieHe OTBHIPHIIN, OKBITYIIbIFa HeMece OiaiM Oepy OafAapaamachlHa KaTBICTBI
VCBIHBIMAApPABl  KaABIITACTHIPYFa MYMKiHAiK Oepeai. Adaptation Rule kaacel oKy
TPaeKTOPVISICHIH HeMece MOAyAb MasMYHBIH OelliMAey epeskeAepiH cumarTaiAbl. Monitoring
Event kaacpl apaablK HeMece KOPBITBIHALI MOHUTOPMHI paciMaepiH kepceTesi. Management
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Action xoHe Key Performance Indicator xaacrapsl OHTOAOIUSHBI TeK OKy-d4icTeMeaiK eMec,
COHBIMEH KaTap OacKapyILIBLABIK TaaJay AeHreifiHAe Ae KOAAaHyFa MYMKiHAIK Oepeai. SArHnN
MoOJeaAb apKblABl KaciOM JaMy HoTMKeldepiH Oaradam KaHa KoFMail, TUiMAiAikTiH Herisri
KepceTKilTepiH OakplaayFa >kKoHe OacKapyIIBLABIK IIemliMaep KaObla4ayra 001aabl.

Counnimen xatap, oHToa0TMsiAa Educational tool xaacwr xapacTeipbiaraH, 04 DUQPABIK
HeMece A49CcTypAai 6iaim Oepy KypaadapsH cumatraiigel. bya kaacc STEM method, Learning
activity, Competence >xone Indicator yreiMaapsiMeH OaliaaHbICa OTHIPHII, OKY KypaAAapbIHBIH
HaKTBl KY3BIpeTTePAl AaMBITyJarbl PeAiH KepceTyre MyMKiHAIK Oepeai. Ocbl apKblABI OKBITY
KYpaaaapsl, 94icTepi >KoHe KYTiAeTiH HoTUXKeAep apachlHAaFbl ©3apa ToyeaAiaik ceMaHTUKaABIK
AeHrelige Oepiaeai.

¥cpIHBIAFaH OHTOAOTUSIABIK MOA€AbAiH MaHbI3Abl epeKIlieliri — OHBIH KOeIlAeHTellli JKoHe
e3apa OallaaHBICKAH KYPBIABIMBIHAA. Mogeap Oip >KarblHaH OKBITYIIBIHBIH >KeKe Kaciou
npoduain cumnarraca, eKiHII >KarblHaH OKy OargapaamachiHblH Mas3MyHbIH, STEM-aaicrepai,
Oaraaay pacimMaepiH, A9aeaseMenik MaTepuaalapAbl >KoHe OacKapyLIBLABIK KepceTKilTepai Oip
oprak, Oiaim kenicriringe Oipikripeai. MyHAall KYpBIABIM KaCiOM AaMyAbl >kKeKe TpaeKTOPILI
HeTi3iHAe YMBIMAACTHIPYFa, Ky3bIpeTTepai Oarazayabl HaKTBl MHAMKaTOopAapMeH OalllaHbIC-
TBIPY¥a >KoHe OKBITY HOTVKeAepiH NNPPABIK TYPAe MOHUTOPUHITEYTe MYMKIHAIK Oepea.

JKaamsl aaraHja, YCHIHBIAFAH OHTOAOTMS OKBITYIIBLAAPABIH OiAiKTiZiriH apTTHIPY
xyitecinge STEM-azicTepai eHrisyaiH TY>KBIpbIMAaMaAbIK KoHe (POPMaAABIK HeTi3iH KypaiAabl.
O4 «OKBITYLIBI — KY3BIPETTiAiK — MHAMKATOP — MOAYAb — 94ic — Oarasay — 491ea4eMe — YCBIHBIM»
Ti3Oeri OOJIBIHINIA CeMaHTMKAABIK, OaliaaHbICTapAbl KopceTin, 6iaiM Oepy yAepiciH KyphLABIMAAY
MeH U pAsIK 11aaTdpopMasapAa icke achIpy YIIIiH KOAaiiAbl HETi3 YChIHAABIL.

Bya oxpITymslaapablH KociOu gaMy HpolieciH HaKTbl OiaiM Oepy HeTmkeaepiHe KoAa
JKeTKi3yTe OaFBITTaAFaH KoHe 491e4A] ITejarornka TalalTapblHa coliKec KeAeTiH OacKapblaaThIH
JKoHe KapacThIpyfa MYMKiH4ik  Oepeai.
oxpITymeLaapasiy STEM aaicrepimen e3apa apekerrecyinig OntoGraf kepceTiares.
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3-cypert. OntoGraf oxprrymsLaapasiy STEM agicrepimen e3apa apexerTecyi
Ecxepmy — Honey, M., Pearson, G., & Schweingruber, H. (2014)nezisinde asmoprap Kypacmuvipear

A AbIHFaH HOTIKeAep OKBITYIIBLAAPABIH OiAiKTiAiriH apTTeIpy XyiteciHe STEM-aaicTepai
MHTeTpanusaaay MyMKIHAIKTepi Typaabl KOAAaHBICTaFbl FRIABIMM TYCIHIKTepAl KeHelTeai >KoHe
KY3bIpeTTidikke OaFjapAaHfaH >KoHe IMPPABIK-OafgapaaHfaH 0iaim Oepy oaicHamachH
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AaMBITyfa yaec KocaAbl. Kacibm KyswIperTizikTepai OarasayAblH o3ipAeHTeH MoJeAl MeH
KYpaaAapsl ITeJaror KagpAapAblH Kocibu 4aMy TeTiKTepiH JKeTiaaipyre OaFpITTaAFaH opi KapaliFsl
FBIABIMU 3epTTeyAep YILUiH 94iCHaMaAbIK HeTi3 peTiHJe IaligalaHblaybl MYMKiH.

JKyMbIcTBIH KOAAaHOAABl KYHABIABIFBI aABIHFAH HOTIDKeAepAi OiikTiaikTi apTTRIpy
OargapaaMajzapblH  >koDaJay >KeHe icKe achlpy IpaKTMKachlHa €HTidy, COHgali-aK
OKBITYIIBLAAPABIH KoCiOM ecyiH OakblaayablH HUQpPABK 0iaiM Oepy maatdopmasapsl MeH
BuATKepAiK KylieAepiH 93ipaey MyMKiHAITi O0ABIT TaOblAaAbl. YCBIHBLAFAH TOCiAAePAl KOAJaHY
0iaiM Oepy mpollecTepiHiH THUIMAIAIriH apTTBIpyFa, OAapAblH ©AIIeHyiH >KoHe OelliMJAeayiH
KaMTaMachI3 eTyTe, COHAal-aK 6iaiM Oepy >Kyitecin nudpabK TpaHcpopManusliay KOHTEKCTIHAe
STEM-:xone STEAM-6iaim Oepyai 4aMBITyFa MyMKiHAIK Oepeai.

KOPBITBIH 4 bl

3eprrey OapbicbiHAa 0OiaiM  Oepyain nudpablk TpaHcpOpMaLVCH  OKarAaiibIHAA
OKBITYIIIBLAaPABIH OiAiKTiAiriH apTTeIpy Xyitecine STEM-aaicTepai mHTerpanmusiay maceaeaepi
Kapaaasl. OKBITyIIBLAQPABIH K9CiOM KY3BIPETTIAiriH KaAbIITacTHIPYABl KaMTaMachl3 eTeTiH
Herisri STEM-agicTepai Taaaay >keHe ipikTey mMaKkcaTbIHa KOA >KeTKiziagi. JKymsic GapniciHAa
STEM oagaicrepin >Kyilesey, MakcaTThl Ky3bIpeTTep Ti3iMiH aHBIKTay >KoHe oJAapabl Oarasay
KYpaaAapbIH 93ipaey OObIHIIIa MiHAETTep IIeMTiaai.

3epTTeyAiH HeTisri HoTM Keci Ky3BIpeTTiliK JKoHe OHTOAOIMAABIK TociaAepre HeTizgeATeH
OKBITYIIBLAApABIH, OidikTiairin apTTeIpy mponecine STEM-sgicTepai mHTerpanmsaiayAbiH
KellleHAi MOoJeAiH KaABIITacTHpy 00aabl. O3ipaenren carikecTik maTpunacsl "STEM — agic —
KY3bIPeTTiAiK — MHAMKaTOpAap — Kypaadap-bakblaay HelcaHAaphl' IleAarorrepaiy Kociou gamy
IpolieciH peciMAeyAi koHe OHBI CaHABIK OaFaday MYMKiHAITiH KaMTaMachkl3 eTyre MyMKiHAiK
Gepai. Ky3bIpeTTiAiKTiH KaaBIITaCybIHBIH MHAVKATOpAaphl MeH AeHTeliAepiHiH Kyiteci, coHaail-
aK KY3BIPeTTiAiKTiH MHTeTpaaAbl KOPCeTKIIliH ecenrTey adicTreMeci YCbIHBLAABI, Oya STEM-6iaim
Oepy caaacbIHAAFHI 3epTTeyAepAiH 94icHaMaAbIK KypaaJapblH KeHelTeal.

3epTTeyAiH IIeKTeyJepiHe Heri3iHeH ®KCIIEpUMEHTTIK 3epTTeyAepaiH KaKeTTiAirH
aHBIKTAMTHIH ayKbIMABI SMIIMPUKAABIK TeCTiAeycis TaaAayAblH dAiCHaMaAbIK >KoHe MOJeAbAiK
AeHTelliHe Hazap ayJapy KepeK. Opi Kapalifbl 3epTTeyaepaiH Goaamarsl opTypai 6iaim Oepy
KOHTeKCTTepiHAe YCBHIHBIAFAaH MOJEAbAIH TUiMAiaAiriH TekcepyMeH, OaradaHaTBIH Ky3bIpeTTep
Ti3iMiH KeHelTyMeH, COHAall-aK, OHTOAOTMIABIK JKoHe aHaAUTUKAABIK TeXHOAOIMsAAap HerisiHAe
OKBITYIIIBLAaPABIH OiAiKTiAiriH apTTEIPYAbI KOAAAYyABIH MHTeAAEKTYaAAbl KylieaepiH asipaeymeH
0Oalla1aHbBICTHI.

AJiTa KeTy Kepek, 3epTTeyAiH Kasipri ke3eHiHAe YChIHBLAFAaH MOAEAbAIH SMIOUPUKAABIK
arpobanuACk 941 XKy prisiareH KoK, cebeOi OHTOAOIMAABIK MOAeAb 93ipAey KoHe KYPBLABIMABIK,
HaKTbLAay caThIChIHAA Typ. Kasipri yakbITTa OKBITYIIBLAQPABIH OiAiKTiAiriH apTTRIPY XylieciHae
MOJeAbAl KelliHHeH ITpaKTMKaABIK iCKe achlpy YIIiH Ka>keTTi HeTi3ri MoHAep, OaliaaHbICTap JKoHe
Oarasay mapaMerpaepi ¢QopMaagaHABIPEIAYAa. OMIMPUKAABIK —alpoOaMsIHbl  KYpPri3y
OHTOAOTHUAABIK MOAEAbAl o93ipaey asKTaaFaHHaH KeliH, OHBIH AOTMKAaABIK AYPBICTBHIFEI
TeKcepiain, Ky3bIpeTTiaikTi Oarasay TeTikTepi OamTaAraH COH >KOCIapAaHBII OTHIP. 3epTTeyAiH
KeJeci Ke3eHiHAe MOJAeAbAl OKBITYIIBLAAp ipikTeMeciHAe ampoOalusAjaH OTKi3y >KoHe OHBIH
CaHABIK 9pi callaAbIK HOTVIKeAepiH Taajlay Ke3jeaeai.

MYAAEAEP KAWIIBIABIFBL: ABropaap MyAdedep KAiilIBLABIFBL >KOK —eKeHiH
MOAIMAeIAL.

KAPXBIAAHABIPY: Bbya seprreyai Kasakcran PecnyOamxacel bizim >keHe FbLABIM
MMHUCTPAIriHig T'pAbIM KoMmuTeTi Kap>KblaaHAbipadbl, No AP25793611 «STEM saictepi MeH
3aMaHayM HIMQPPABIK TeXHOAOTUAAAPABI OipiKTipeTiH OKBITYIIBLAapABIH OiAiKTidiriH apTTHIpY
HpolieciHiH OelliMaeATeH OHTOAOTUAABIK MOAEAIH 93ipAey» IPaHThI.
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VMHCTUTYHUNOHAAABIK 9TUKA KOMMTETIHIH, KOPBITbIHABICBI:
Koaaanbramanapr.

EPIKTI KEAICIM TYPA bl MOAIMAEME: KoajaHbplaMaiigbl.

AEPEKTEPAIH, KO/AXKETIMAIAIIT TYPAAbI MOAIMAEME: JKywmpbic caHABIK
MOJeAbley MeH TeOpUAAbIK TaljayFa HeridgeATeHAiKTeH, >XKaHa BSKCIePUMEHTTIK JepeKTep
JKMHaAMaraH.

AAYBIC BIAAIPY: Xok.

XACAHABI WHTEAAEKT TEXHO/AOTUSIAAPBIH TIAMAAAAHY TYPAABI
XABAP/AAMA: Ocel MaKaZAaHbI AalibIHAAQY Ke3iHAe aBTopAap FBLABIMY MTiHAI TY>KBIpBIMAayEa
JKoHe peakluslayFa, MaTepuaaAbl KypBlABIMAayFa, COHJAal-aK —aKadeMMSABIK —CTHUADb
TaJalTapblHa COJIKeC TY>KBIPBHIMAapAbl HaKTbllayFa KOMeKTeCy YVILiH IeHepaTMBTi >KacaHAbI
MHTEeAAeKT TeXHOAOTUAAApHIH IalijadaHAbl. JKacaHABI MHTeAAEKT TeXHOAOIMAAAPBIH KOAAaHY
KeMeKIIIi cunaTTa 00445l JKoHe aBTOPABIK, FRIABIMU TaAAayAbl, HOTVUKeAepAi TyCiHAIpyai >koHe
TYKBIPBIMAApPABl  TY>KBIPBIMAAyAbl  aAMacThipMaZbl. MakadaHbBIH Ma3MVHBI, YCHIHBIAFaH
AepeKTepAiH AYPHICTHIFH KoHe AKajeMIAABIK 9THKa HOpMaJapBIHBIH caKTaAybl YIIiH aBTOpAap
TOABIFEIMeH Kayal Oepeai (OpenAl (2026)).

O AEBUETTEP TI3IMI

Bybee, R. W. (2013). The case for STEM education: Challenges and opportunities. NSTA Press.
https://doi.org/10.2505/9781936959821

European Commission. (2022). European framework for the digital competence of educators
(DigCompEdu). https://doi.org/10.2760/159770

Honey, M., Pearson, G., & Schweingruber, H. (2014). STEM integration in K-12 education.
National Academies Press. https://doi.org/10.17226/18612

Li, Y., Schoenfeld, A. H., DiSessa, A. A., Graesser, A. C., & Benson, L. C. (2020). On computational
thinking and STEM education. Journal for STEM Education Research, 3(2), 147-166.
https://doi.org/10.1007/s41979-020-00044-0

Mishra, P., & Koehler, M. ]. (2006). Technological pedagogical content knowledge: A framework
for teacher knowledge. Teachers College Record, 108(6), 1017-1054.
https://doi.org/10.1111/j.1467-9620.2006.00684.x

OECD. (2019). OECD Future of Education and Skills 2030. OECD Publishing.
https://doi.org/10.1787/9789264313832-en

OECD. (2021). Teachers and school leaders as valued professionals. OECD Publishing.
https://doi.org/10.1787/9789264641089-en

Schraw, G., Crippen, K. J., & Hartley, K. (2006). Promoting self-regulation in science education.
Metacognition and Learning, 1(1), 1-15. https://doi.org/10.1007/s11409-006-6897-4

Abapaxmanosa, I. I (2021). Lludposas TpaHcpopmanms oOpa3oBaHMA: BBI3OBE U
nepcrekTussl. Borrpocer obpasosanms, 3, 45-61. https://doi.org/10.17323/1814-9545-2021-
3-45-61 // Abdrakhmanova, G. I. (2021). Tsifrovaya transformatsiya obrazovaniya: vyzovy
i perspektivy [Digital transformation of education: Challenges and prospects]. Voprosy
obrazovaniya, 3, 45-61. https://doi.org/10.17323/1814-9545-2021-3-45-61 (In Russ.)

Becrtaaosa, O. B. (2020). KommieTeHTHOCTHBIN ITOAXOA B CHCTeMe IIOBBLIIIEHMsT KBaAMPUKAIUNI
rreaaroros. [leaarormxa, 4, 58-65. https://elibrary.ru/item.asp?id=42819764 // Bespalova, O.
V. (2020). Kompetentnostnyy podkhod v sisteme povysheniya kvalifikatsii pedagogov
[Competency-based approach in the system of teachers’ professional development].
Pedagogika, 4, 58-65. https://elibrary.ru/item.asp?id=42819764 (In Russ.)

labayaaun, P. P., & Cyaerimenosa, A. T. (2022). STEM-o0pasosaHue Kak pakTop MOgepHU3AIINN
TeAarorm4eckorn ITOATOTOBKIL. Ob6pasosanne u HayKa, 24(6), 9-29.
https://doi.org/10.17853/1994-5639-2022-6-9-29 // Gabdullin, R. R., & Suleimenova, A. T.


https://doi.org/10.2505/9781936959821
https://doi.org/10.2760/159770
https://doi.org/10.17226/18612
https://doi.org/10.1007/s41979-020-00044-0
https://doi.org/10.1111/j.1467-9620.2006.00684.x
https://doi.org/10.1787/9789264313832-en
https://doi.org/10.1787/9789264641089-en
https://doi.org/10.1007/s11409-006-6897-4
https://doi.org/10.17323/1814-9545-2021-3-45-61
https://doi.org/10.17323/1814-9545-2021-3-45-61
https://doi.org/10.17323/1814-9545-2021-3-45-61
https://elibrary.ru/item.asp?id=42819764
https://elibrary.ru/item.asp?id=42819764
https://doi.org/10.17853/1994-5639-2022-6-9-29

1-tom, 2-Hemip, MmayceiM, 2026. @ EKTU JOURNAL OF
Tom 1, Ne 2, nrons 2026. -61 - INFORMATIGN AND

COMMUNICATION SCIENCES
Vol.1, Issue 2, June 2026.

(2022). STEM-obrazovaniye kak faktor modernizatsii pedagogicheskoy podgotovki [STEM
education as a factor in the modernization of teacher training]. Obrazovaniye i nauka,
24(6), 9-29. https://doi.org/10.17853/1994-5639-2022-6-9-29 (In Russ.)

Moparumosa, /. A. (2019). ViHHOBaIIMOHHBIE MOAEAV IIOBBIIIEHNA KBaAM(pUKaIUU I1e4aroros.
Cospemennple  mpobaemMbl  Hayku — u  obpasosanms, 5. https://science-
education.ru/ru/article/view?id=29216 // Ibragimova, L. A. (2019). Innovatsionnyye modeli
povysheniya kvalifikatsii pedagogov [Innovative models of teachers’ professional
development]. Sovremennyye problemy nauki i obrazovaniya, 5. https://science-
education.ru/ru/article/view?id=29216 (In Russ.)

Kyssmun, H. B, & Cepreesa, M. B. (2020). Merogoaorusi oreHkn IIpo¢eCcCrOHaAbHBIX
KOMIIETEHIIUII IIpernojaBaTeaell. Bricmmee obOpaszosanme B Poccum, 29(7), 85-94.
https://doi.org/10.31992/0869-3617-2020-29-7-85-94 // Kuzmin, N. V., & Sergeeva, M. V.
(2020). Metodologiya otsenki professional’'nykh kompetentsiy prepodavateley
[Methodology for assessing teachers’ professional competencies]. Vyssheye obrazovaniye
v Rossii, 29(7), 85-94. https://doi.org/10.31992/0869-3617-2020-29-7-85-94 (In Russ.)

Capcenbaesna, I. XK. (2021). STEM-TexHoAorum B ccTeMe HEIIPePBIBHOIO IPOQeCcCHOHaAbHOTO
oOpa3oBaHUs. ITeaarormyeckoe obpazoBaHUe u HayKa, 2, 112-118.
https://elibrary.ru/item.asp?id=46381724 // Sarsenbaeva, G. Zh. (2021). STEM-tekhnologii
v sisteme nepreryvnogo professional’'nogo obrazovaniya [STEM technologies in the
system of continuing professional education]. Pedagogicheskoye obrazovaniye i nauka, 2,
112-118. https://elibrary.ru/item.asp?id=46381724 (In Russ.)

Tamrkenbaesa, A.b., & Axmertosa, 4.K. (2023). OHTOAOrMYECKMIT TOAXOZ K MOAEAMPOBAHUIO
KOMITIeTEeHIIMII Iegarora. JIHpopManmonHble TexHoAormm B oOpasoBanmy, 1, 33—41.
https://doi.org/10.25683/ITE.2023.01.05 // Tashkenbaeva, A.B., & Akhmetova, D.K. (2023).
Ontologicheskiy podkhod k modelirovaniyu kompetentsiy pedagoga [An ontological
approach to modeling teacher competencies]. Informatsionnyye tekhnologii v obrazovanii,
1, 33—41. https://doi.org/10.25683/ITE.2023.01.05 (In Russ.)

ChatGPT. (2026, January 4). Assistance with academic writing, methodological structuring, and
editing of a scientific article [Large language model]. OpenAl. https://chat.openai.com/

ABTOpAap Typaabl MaaimMeTTep
Vuadopmainis 06 aBTopax
Information about authors

Basaposa Maamna JXKomaprosHa - PhD, kaysIMgacTeIpbLAFaH
npocgeccop, 4. Cepikbaes atsiHaars IIbrpic KazakcraH TeXHMKaABIK
yHUBepcuTeti, OckeMeH K., Kazakcran

BasapoBa Maaumna JKomaproBma - PhD, accormumupoBaHHBIT
npogeccop, Bocrouno-KazaxcraHckmil TeXHUYECKMIT YHUBEPCUTET MM.
A. Cepuk0aesa, 1. Ycrb-Kamenoropcek, Kazaxcran

Bazarova Madina Zhomartovna — PhD, associate professor, East
Kazakhstan Technical University named after D. Serikbaev, Ust-
Kamenogorsk, Kazakhstan,

e-mail: madina_vkgtu@mail.ru,
ORCID: https://orcid.org/0000-0003-2580-6580,


https://doi.org/10.17853/1994-5639-2022-6-9-29
https://science-education.ru/ru/article/view?id=29216
https://science-education.ru/ru/article/view?id=29216
https://science-education.ru/ru/article/view?id=29216
https://science-education.ru/ru/article/view?id=29216
https://doi.org/10.31992/0869-3617-2020-29-7-85-94
https://doi.org/10.31992/0869-3617-2020-29-7-85-94
https://elibrary.ru/item.asp?id=46381724
https://elibrary.ru/item.asp?id=46381724
https://doi.org/10.25683/ITE.2023.01.05
https://doi.org/10.25683/ITE.2023.01.05
https://chat.openai.com/
mailto:madina_vkgtu@mail.ru
https://orcid.org/0000-0003-2580-6580

@ EKTU JOURNAL OF 1-tom, 2-Hemip, mayceiM, 2026.
COMMUNICATION SCIENCES -62 - Tom 1, Ne 2, urons 2026.

Vol.1, Issue 2, June 2026.

Aanbexkpsbl Kapapram — PhD, xayeiMaacteipslaraH mmpodpeccop,
A.CepikOaes aTsiHaars! LIIbrFpic KasakcTaH TeXHMKAABIK YHUBEPCUTETI,
OckemeH k., Kazakcran

Aanbexxpsbl Kapapiram — PhD, accomumposanssiil 1mpodeccop,
Bocrouno-Kasaxcranckmit Texuudeckuit yHusepcuteT um. /J. Cepuk-
Oaesa, 1. Ycrp-Kamenoropck, Kasaxcran

Alibekkyzy Karlygash — PhD, associate professor, East Kazakhstan
Technical University named after D. Serikbaev, Ust-Kamenogorsk,
Kazakhstan,

e-mail: karlygash.eleusizova@gmail.com,

ORCID: https://orcid.org/0000-0002-6732-4363 ,

AanxanoBa Caaramar — PhD, kaymMaacTeIpblaraH Ipodpeccop,
Copcen Amamxoaos IpiFeic Kasakcran yHusepcuteti, OckeMeH K.,
Kaszakcran

AanxanoBa Caaramatr - PhD, acconumposannslil mpodeccop,

Bocrouno-Kasaxcrancknit yausepcuter uM. C. AMaHX040Ba, I. YCTb-
Kamenoropck, Kazaxcran

Adikanova Saltanat — PhD, Associate Professor, East Kazakhstan
University named after Sarsena Amanzholova, Ust-Kamenogorsk,
Kazakhstan

e-mail: ersal_7882@mail.ru,

ORCID: https://orcid.org/0000-0003-0085-8384,

Pawel Komada — PhD, xaysimgacTsipelaraH mpodeccop, Ao00amH
TeXHOAOTWIABIK YHMBepcnuTeTi, A1004nH K., [loabma

Pawel Komada — PhD, acconnmuposansslii mpodeccop, A100AMHCKII
Texnoaornyecknit Yausepcurer, . /1100anH, IToapma

Pawel Komada — PhD, Associate Professor, Lublin University of
Technology, Lublin, Poland,

e-mail: p.komada@pollub.pl,

ORCID: https://orcid.org/0000-0002-0843-8053



mailto:karlygash.eleusizova@gmail.com
https://orcid.org/0000-0002-6732-4363
mailto:ersal_7882@mail.ru
https://orcid.org/0000-0003-0085-8384
mailto:p.komada@pollub.pl
https://orcid.org/0000-0002-0843-8053

INFORMATION AND
Towm 1, Ne 2, utonp 2026. -63 - COMMUNICATION SCIENCES

Vol.1, Issue 2, June 2026.

1-tom, 2-nemip, mayceimM, 2026. @ EKTU JOURNAL OF

https://doi.org/10.51885/3134-8025 JICS 2026 2 5
SRSTI 28.23.29, 68.85.85

INTERPRETABLE REMAINING USEFUL LIFE PREDICTION
OF ROLLING BEARINGS FROM SINGLE-CHANNEL VIBRATION
USING RANDOM FOREST, XGBOOST AND LSTM

RANDOM FOREST, XG BOOST JKOHE LSTM AATOPUTMAEPIH
IIAMAAAAHA OTBIPHIIL, BIP APHA/ABI AIPIATE HETI3 AEATEH
JKBLAXKBIMA bl MOMBIHTIPEKTEP ATH, KAAABIK KBI3BMET ETY
MEP3IMIHIH, TYCIHAIPIAETIH BO/KAMBI

MHTEPIIPETUPYEMOE ITPOTHO3NPOBAHUE

OCTATOYHOTI' O CPOKA CAYXKBbI IIOAIINITHNKOB KAYEHWSI

HA OCHOBE OZHOKAHA 1bHOW BUBPALIMI C UCITOAb30BAHUEM
AATOPUTMOB RANDOM FOREST, XGBOOST U LSTM
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INPJSC Akhmet Baitursynuly Kostanay Regional University, Kostanay, Kazakhstan
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Keywords: ABSTRACT

remaining useful life, Interpretable data-driven remaining useful life (RUL) prediction is
rolling bearings, predictive crucial for the practical prognostics of rolling bearings in industrial
maintenance, vibration environments. This paper presents a two-stage framework in which
analysis, Random Forest, Random Forest classifier first identifies anomalous operating regimes,
XGBoost, LSTM, SHAP. followed by XGBoost and a Long Short-Term Memory (LSTM)

regressor for RUL estimation on degradation segments. Features are
extracted from fixed-length windows of single-channel vibration data
and include a limited set of time-domain statistics and frequency-
domain descriptors based on dominant spectral components. The
proposed approach is validated using the NASA IMS bearing run-to-
failure dataset. The Random Forest classifier achieves 98.6% accuracy
on a held-out test set, with high precision and recall for the fault class.
A hybrid RUL estimator combining XGBoost and LSTM predictions
reduces MAE and RMSE by approximately 15-20% compared to
individual models. Model interpretability is enhanced using SHAP,
identifying RMS, crest factor, and dominant spectral features as key
degradation indicators.

Tyiinai cesaep: TYUIHAEME

KaAraH KbI3MeT eTy Jepekrepre HerisgeareH KaaAblK KbI3MeT eTy MepsiMiH (Remaining
Mep3iMi, JKbLAKbIMaAbI Useful Life) maTepmperarnuasaHaTeIH Typae 0oa’kay ©OHEpPKoCiNTiK
9AeMeHTTepAiH JKarjaildapaa AoMaday MOVBIHTIpeKTepiHiH IIPOrHOCTUKAChIH IPaKTH-
MOJBIHTipeKTepi, KaABIK KOAAaHYABIH MaHBI3ABI IIIapTHl 00 TaObLAaAbL. bya SKyMbIcTa
DoAXaMABI TEXHUKAABIK, eKi Ke3eHAi 9aicTeMe YCBIHBLAaABI, OHAA OipiHImi keseHae Random Forest
KBI3MET KepceTy, Aipiaai KAaccPUKaTOPBI XKYMBIC iCT€YAIH aHOMaAbAbl PEXXUMAEPIH aHBIKTall-
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Taaaay, Ke34elicOoK OpMaH, A¥1, aa exinmi kezeHae XGBoost perpeccrsaasik Mogeai mes Long Short-
XGBoost, LSTM, SHAP. Term Memory peKyppeHTTIK HePOHABIK >Keaici Jerpajanist

aliMaKTapBIHAAFBl KaAABIK PpecypcTel Oafazay VIOiH KOAJaHBLAaABI.
beariaep Gipeamiemai BUOpalMsIABIK CUTHAAABIH TYpPaKThl
Y3BIHABIKTAFbl Tepe3edepiHeH aAbIHAaABl >KoHe VaKBITTHIK OO/ABICTAFBI
IeKTeyAi  CTaTUCTUKAABIK ~CUIIaTTaMaJapAbl, COHJAaif-aK ©OachIM
CIIEeKTPAIK KOMIIOHEHTTepTe HeridgeAreH >KMiAiKTiK 4eCKpUIITOpAapAbl
KaMTUABL DKCIIEPUMEHTTIK TeKCePY ITOAIMITHUKTEPAiH iCTeH IILIFybIHA
Aeriinri ceiHaKTapAbl KaMTUTHIH NASA IMS aepekTep >KUBIHTBIFBIHAA
xyprisiagi. Random Forest kaaccndukaTops! TecTTik ipikremese 98,6
b3 49AAIKKe KOA JKeTKi3iIl, akay KAachl YILiH KOFapbl TOABIKTBIK IIeH
HakKTBIABIK KepceTeai. XGBoost men LSTM GoaxamaapriH OipikTipeTiH
rubpuari RUL 6a1—“a/1ay},1 JKeKe MogeabAepMeH caablcThiprania MAE
>xoHe RMSE kepcetkimrepin mamamen 15-20 maiibl3fa TOMeHJeTeAd.
Hatmxeaepain unTepnperanusaanysl Mmodeabai SHAP oagici apkblabt
Taajay HITIDKeCiHAe KaMTaMmachl3 eTideai. bya Tocia eHaipicrix
AVATHOCTHKA XXYlleadepiHae KOAAaHyFa MYMKIHAIK 6epeai.

Karouesrnie caoBa: AHHOTALIUSI

OCTaBIIMIICS CPOK CAY>KOBI, Mnurepriperupyemoe IIPOTrHO3UpOBaHMe OCTaTOYHOTO pecypca
TMOAIINITHNKY KauyeHIsI, (Remaining Useful Life) Ha OcHOBe 4aHHBIX SIBASETCS BaKHBIM YCAOBMEM
IIPOTrHO3UpYIOIlee HNPaKTUYECKOTO IIPMMEHeHIUs] MeTOAOB IPOTHOCTUKM IIOAIIMUITHUKOB
TeXHUYECKOe KayeHVsI B IIPOMBIIILAEHHBIX YCAOBISIX. B pabore mpeaaaraercs
o0cay>K1BaHUe, aHAaAU3 ABYX®TaITHasl MeTOAUKa, B KOTOPOIT Ha ITepBOM dTarle KaaccudpukaTop
subpanym, Random Forest, Random Forest BeIABAsIeT aHOMaAbHBIE PEXKIMMBI PabOTHI, a Ha BTOPOM
XGBoost, LSTM, SHAP. sTare perpeccuonHsle Modean XGBoost u pexkyppeHTHas1 HellpOHHas

cetb Long Short-Term Memory ucrioAp3yIoTcst 4451 OIIeHKV OCTaTOYHOTO
pecypca Ha y4yacTkax Jerpaganuu. IIpusHakym m3sBaeKxaroTCsl U3 OKOH
PUKCHPOBaHHOV AAVHEI OAHOMEPHOTO BMOPAIIMOHHOTO CUTHala U
BKAIOYAIOT OTpaHMYEHHBII HabOp CTaTHMCTUYECKMX XapaKTePUCTUK BO
BpeMeHHOI 004acTH, a TaK’Ke YaCTOTHBIE AeCKPUIITOPEI, OCHOBAHHBIE Ha
AOMVHUPYIOIIUX CIIEKTPaAbHBIX KOMIIOHEHTaX. DKCIepUMeHTaAbHas
IpoBepKa IposejeHa Ha Habope daHHBIX NASA IMS ¢ mncnnrTanuaMm
MOAIMNITHUKOB A0 oTkaza. Kaaccupumkarop Random  Forest
obecrieunBaeT TOYHOCTH 98,6 IMpoLeHTa Ha TECTOBOII BEIOOPKE 1 BEICOKIE
3Ha4YeHILI ITI0AHOTHI ¥ TOYHOCTH AAS KJAacca OTKasza. [ mOpuaHas orjeHKa
RUL, o6beaunsioniaa npornodsl XGBoost i LSTM, cHmkaer sHadeHMs
MAE n RMSE npumepno Ha 15-20 HpOIIEeHTOB IO CpaBHEHMIO C
OTAEABHBIMU MOAEASIMIA. VHTepripeTupyemMocts pe3yAbpTaToB
obecrieunBaercst metogoM SHAP anaamsa mogean.

INTRODUCTION

Rolling bearings are critical components in rotating machinery and have a strong impact
on overall equipment reliability, availability and life cycle cost. Numerous field studies report
that 45-55% of failures in rotating equipment are related to bearing degradation, emphasizing
the importance of reliable condition monitoring and remaining useful life (RUL) prediction
methods for these components (Shen 2021 — Sanakkayala 2022). Unplanned bearing failures can
lead to costly downtime, collateral damage to other components, and safety risks.

Conventional maintenance strategies based on fixed schedules or simple threshold alarms
are often sub optimal: premature replacement wastes healthy life, while late maintenance
increases the risk of catastrophic failure. In contrast, predictive maintenance (PdM) aims to
schedule interventions based on the actual health state and estimated RUL of each asset, using
data from condition monitoring systems (Sanakkayala 2022).
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Among various sensing modalities, vibration analysis is widely recognized as one of the
most informative approaches for bearing condition assessment (Li 2024). Increases in vibration
amplitude, changes in spectral content, and the appearance of characteristic fault frequencies are
well known indicators of defects in bearing elements (inner and outer races, rolling elements, cage).

In the last decade, machine learning (ML) and deep learning (DL) methods have attracted
significant attention in vibration-based fault diagnosis and prognostics (Shen 2021 — Neto 2023 -
Sun 2025). These methods can model complex nonlinear relationships in high dimensional data and
reduce dependence on hand crafted rules. Convolutional neural networks (CNNs), recurrent neural
networks (RNNs), LSTM and hybrid architectures have been applied to bearing fault classification
and RUL prediction with promising results (Sanakkayala 2022 - Neto 2023 — Sun 2025). However,
many published solutions rely on multi-channel data, large deep models with high computational
cost, and limited interpretability, which complicates deployment in industrial settings.

In this work we focus on three practical requirements that are often under addressed in the
literature:

1. Low hardware complexity: use of a single accelerometer channel instead of multi sensor
arrays.

2. Compact feature sets: reliance on simple time and frequency domain statistics
computable in real time on edge devices.

3. Model interpretability: ability to explain predictions to domain experts using feature
importance analysis.

We propose an interpretable ML framework that combines:

- a Random Forest classifier to distinguish between normal and faulty operating
conditions;

- XGBoost and LSTM models for RUL regression on defective segments;

- SHAP analysis to interpret feature influence on both classification and regression outputs.

The models are trained and evaluated on the publicly available NASA Bearing dataset (Lee
2007), which contains run to failure vibration recordings for multiple bearings under accelerated
degradation tests. The contributions of this paper are:

- Definition of a single channel, feature based pipeline for bearing RUL prediction, suitable
for resource constrained monitoring systems.

- Design of a two-stage architecture combining Random Forest classification with XGBoost
and LSTM regression for RUL estimation.

- Use of SHAP-based interpretability to quantify the impact of vibration features on model
decisions.

- Experimental evaluation on the NASA Bearing dataset demonstrating 98.6% classification
accuracy and 15-20% relative reduction in RUL prediction error for the hybrid model compared
to individual regressors.

Paper organization. The remainder of this paper is organized as follows: Related Work
reviews recent approaches to bearing fault diagnosis, RUL estimation and explainable Al The
Data Set and Feature Extraction section describes the NASA IMS bearing data and the feature
construction procedure. Proposed Methods details the two-stage learning formulation, including
the Random Forest fault classifier, the XGBoost and LSTM regressors, and SHAP-based
interpretation. The Experimental Setup and Results section presents the evaluation protocol and
quantitative results, followed by Discussion and concluding remarks.

MATERIALS AND METHODS

Data driven approaches to bearing fault diagnosis and RUL estimation can be broadly
divided into three groups: classical ML based on hand crafted features, deep learning applied to
raw or minimally processed signals, and hybrid methods that combine both.
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Classical ML with hand crafted features. Early work relied on time domain statistics (mean,
RMS, kurtosis, skewness), frequency domain indicators (spectral peaks, band energies) and
envelope analysis, followed by classifiers such as support vector machines, k nearest neighbors
or shallow neural networks (Shen 2021 — Li 2024). These approaches are relatively lightweight
and interpretable but may require extensive feature engineering and may struggle with complex
degradation patterns.

Deep learning for bearing RUL. Recent studies have applied deep neural architectures that
learn feature representations directly from vibration signals. Physics informed deep learning
architectures for bearing fault detection are proposed in (Shen 2021), while explainable deep
learning for bearing fault prognosis is studied in (Sanakkayala 2022). CNN LSTM hybrids and
attention mechanisms have been shown to improve RUL prediction quality for rolling bearings
(Neto 2023 — Sun 2025). However, these models often require high computational resources and
large labelled datasets, and their black box nature can hinder industrial acceptance.

Hybrid and ensemble approaches. Hybrid methods that combine ML models at different
stages (e.g., feature based ML with deep sequence models) or aggregate multiple predictors have
been explored for prognostics (Neto 2023). Gradient boosting methods such as XGBoost have
been successfully applied to tabular health indicators and often provide strong performance with
good interpretability. Combining tree-based models with LSTM can exploit both static statistical
features and temporal patterns in degradation trajectories, but the design and analysis of such
ensembles remain an active research area.

In parallel, there is a growing body of work on explainable Al (XAI) for prognostics,
including SHAP based interpretation of bearing health models (Sanakkayala 2022). However,
many studies focus either on fault classification or on RUL regression, and relatively few present
a complete pipeline encompassing anomaly detection, RUL prediction and interpretability using
a single vibration channel.

Our work builds on these developments by proposing an integrated, interpretable
framework that:

- uses a single accelerometer channel with a compact feature set;

- combines Random Forest, XGBoost, and LSTM in a pragmatic two stage architecture;

- applies SHAP analysis to both classification and RUL regression outputs.

Table 1. Positioning of the proposed framework relative
to representative related work

Study Dataset Input Task XAI

Shen et al. . . Physics-
(Shen 2021) Field + CWRU |Sub-band envelope spectra | Fault detection informed
Sanakkayala et al. Lab datasets | Spectrogram (STFT) + CNN | Fault+RUL  |LIME
(Sanakkayala 2022) p &
Neto et al. [(Neto 2023) [ PRONOSTIA |STFT + CNN-GRU RUL None
Sun et al. (Sun 2025) PHM2012 FFT + CBAM-CNN-LSTM RUL None

. NASA IMS . -
This work (Lee 2007) Time/frequency statistics Fault + RUL SHAP
Note — Compiled by the author based on data from Zharlykassova, 2026

The comparison is intended to clarify methodological choices (feature-based vs. end-to-
end deep learning) and the role of post-hoc explainability in bearing prognostics.
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Data Set and Feature Extraction

NASA Bearing Dataset

We use the NASA IMS bearing run-to-failure dataset from the NASA Ames Prognostics
Data Repository (Lee 2007). The test rig continuously ran rolling-element bearings under constant
speed and load until failure. Vibration was recorded as 1-second snapshots sampled at 20 kHz
(20,480 points per record) at regular intervals (typically every 10 minutes) across three
experiments. Each experiment contains multiple bearings monitored by accelerometers mounted
on the bearing housings.

In this study, we focus on a single accelerometer channel to reflect realistic industrial
deployments where installing multiple sensors is costly or infeasible. Unless stated otherwise, all
results are reported using this single vibration channel.

Sliding Window Segmentation

Raw vibration signals are segmented into fixed-length windows. For the NASA IMS
dataset, each record corresponds to a 1 s vibration snapshot sampled at 20 kHz (20,480 samples).
In our experiments, we treat each snapshot as one window (N =20,480) and do not apply overlap
(overlap = 0), as summarized in Table 2. For each window j, we denote the acceleration samples
by aj = [aj1, aj2, ..., ajN].

The remaining useful life for window j is defined as in Eq. (1):

Rj =T — ¢, 1)

where Thi is the time (or cycle index) at which the bearing reaches failure, and ¢is the time
corresponding to the centre of window j. This definition is consistent with common practice in
bearing RUL prediction and ensures that RUL monotonically decreases as degradation
progresses.

The segmented windows are transformed into a tabular dataset where each row
corresponds to one window and columns correspond to engineered time- and frequency-domain
features. In total, 7672 windows are used in the final analysis set. This number refers to the post-
processed sample set rather than to the full raw archive of the NASA IMS repository: each 1 s
vibration snapshot from the selected single-channel subset is treated as one non-overlapping
window, and only windows for which a consistent RUL target can be assigned are retained. Each
window is labelled with a binary health indicator (faulty = 0 for normal, 1 for faulty) and a
continuous RUL value R;. Because the resulting data are strongly time-correlated, the window-
level results reported below should be interpreted as a baseline evaluation rather than as a
leakage-resistant estimate of generalization.

Faultlabel definition. Because the public IMS dataset does not provide explicit per-window
class labels, we derive a binary fault indicator y; from the RUL target by thresholding: y; = 1
(faulty) if R; < tau and y; = 0 otherwise. In the baseline experiments reported here, tau is defined
on the training split as the 10th percentile of the RUL distribution, which operationally marks the
late-degradation regime rather than the physical onset of damage. This choice yields an
intentionally conservative fault label and can partly explain the combination of very high
precision with only moderate recall. More stringent validation should therefore include
sensitivity analysis with alternative tau values and/or health-state definitions derived from
degradation trends or expert annotations.

Time and Frequency Domain Feature Engineering

For each window, we compute a compact set of statistical features from the time and
frequency domains. Let a; denote the vibration samples within a window (dropping the window
index j for clarity). The time-domain features include (Egs. (2)-(5)):

Mean value

h=-3 a @
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Root-mean-square (RMS) value

Peak amplitude

Crest factor

RMS = /%zg’zl az, 3)

Apeak = miaxlail; (4)
Apeak
CF =220 )

Optionally, higher order statistics such as skewness and kurtosis.

To capture spectral characteristics, we compute the discrete Fourier transform (DFT) of the
window and extract a small number of dominant spectral peaks in specified frequency bands.
These peaks approximate the energy around characteristic fault frequencies and their harmonics

without requiring full envelope analysis.

To enhance reproducibility, Table 2 summarizes the key properties of the NASA IMS
bearing dataset and the data preparation settings used in this study.

Table 2. Dataset and preprocessing summary (to support reproducibility)

Item

Value / setting

Dataset

NASA IMS bearing run-to-failure dataset (Lee 2007)

Sensing modality

Single vibration channel (accelerometer)

Sampling rate

20 kHz (public IMS data)

Samples per record

20,480 (=1 s snapshot)

Record interval

Typically every 10 minutes

Windowing

Each 1 s record is treated as one window; overlap =0

Number of windows

7,672 in the final post-processed analysis set (one non-
overlapping 1 s window per retained snapshot from the selected
single-channel subset)

RUL definition

Rj= T — tj (Eq. 1)

Fault label definition

yj = 1if Rj < tau, else 0; in the baseline experiment tau is set as the
10th percentile of training-set RUL values, defining a conservative
late-degradation class of approximately 10% of windows.

Train/test split

Baseline: stratified 80/20 split at window level; 3-fold CV on
training set. Recommended additional validation: leave-one-
bearing-out and chronological split to reduce leakage risk.

Feature scaling

z-score normalization (StandardScaler) fitted on the training split
and applied to validation/test.

Note — Compiled by the author based on data from Zharlykassova, 2026

Proposed Methods

An overview of the proposed two-stage workflow is illustrated in Figure 1.

Problem Formulation

We consider a two-stage learning problem:

1.  Fault classification: Given a feature vector x;j extracted from window j, predict whether
the bearing is in a healthy or faulty condition as in Eq. (6):



1-Tom, 2-Hemip, MayceiM, 2026. @ EKTU JOURNAL OF
Tom 1, Ne 2, urons 2026. - 69 -

COMMUNICATION SCIENCES
Vol.1, Issue 2, June 2026.

Raw vibration
(single channel)

Sliding-window
segmentation
(N, overlap)

Feature extraction
(time & frequency)
RMS, peak, crest,
spectral peaks

Healthy
- continue monitoring
(no RUL reported)

Stage 1:
Fault detection
(Random Forest)

Stage 2:
RUL regression
(XGBoost + LSTM)

Fault probability
RUL estimate
SHAP explanation

Hybrid aggregation
(weighted average, a)

Figure 1. Overview of the proposed two-stage, interpretable RUL prediction pipeline.
Note — Compiled by the author based on data from Zharlykassova, 2026

Y; €0,1, y; = 1 indicates a faulty state. (6)

2. RUL regression: For windows corresponding to faulty or degrading conditions,
estimate the remaining useful life Rj, defined in Eq. (1).

The overall framework first applies the fault classifier. For windows predicted as normal,
RUL estimation can be skipped or treated as “large and uncertain”. For windows predicted as
faulty, the regression models XGBoost and LSTM estimate Rj, and their outputs are aggregated
into a hybrid RUL prediction.

Random Forest Fault Classifier

Random Forest (RF) is an ensemble of decision trees trained on bootstrap samples with
random feature sub-sampling at each split; the final class prediction is obtained via majority
voting across trees (Hu 2023).

Key hyperparameters include:

n_estimators: number of trees in the forest;

max_depth: maximum depth of each tree;

min_samples_split: minimum number of samples required to split an internal node;

max_features: number of features considered at each split.

Increasing n_estimators typically reduces variance but increases computational cost.
Constraining max_depth mitigates overfitting by limiting tree complexity. Larger
min_samples_split values prevent splits based on small sample counts, while max_features
controls the level of randomness in feature selection; a common heuristic is for d features.

We perform grid search with 3 fold cross validation on the training set to tune these
hyperparameters. The search grid includes:

n_estimators € {50, 100, 200};

max_depth € {5, 10, None};

min_samples_split € {2, 5, 10};

max_features € {2, 3, 4} (heuristic: Vd for d features).

In total, 81 hyperparameter combinations are evaluated, using classification accuracy as
the primary selection metric.

For a given model, the classification accuracy on a dataset of size M is (Eq. (7)):

TP+TN

ACCURACY = o rp EN @
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where TP, TN, FP and FN denote the usual elements of the confusion matrix for the fault class
(true positives, true negatives, false positives and false negatives, respectively).

XGBoost and LSTM for RUL Regression

To estimate RUL, we employ two complementary models:

1. XGBoost regressor: an optimized gradient boosting ensemble of regression trees with
shrinkage and regularization, which often provides strong accuracy on structured/tabular data
(Wiens 2025).

2. LSTM network: a recurrent neural network designed to model temporal dependencies
in sequential data via gated memory cells (Krichen 2025). In our setting, the LSTM takes as input
a sequence of window-level feature vectors ordered in time and outputs an RUL estimate for the
latest window.

The LSTM model is trained to minimize the mean squared error (MSE) loss (Eq. (8)):

1 ~
MSE = 1 S\ (R, - R)?, (8)

where N is the number of samples, R; denotes the true RUL value, and R; represents the RUL
value predicted by the LSTM model for the i-th sample.

While XGBoost works directly on individual windows, the LSTM exploits the temporal
ordering of windows to capture degradation trends. To combine their strengths, we form a hybrid
RUL estimator by aggregating the individual predictions, e.g., via a weighted average (Eq. (9)):

~ (hyb) ~ (XGB) ~ (LST™M)
Rj =a'R}- +(1—a)-R]- , )

where a € [0,1] is optimized on a validation set. More sophisticated stacking strategies with a
meta-learner could be employed, but weighted averaging is preferred here due to its simplicity
and transparency.

SHAP Based Model Interpretation

To enhance transparency, we apply SHAP (Shapley Additive exPlanations) to quantify the
contribution of each feature to the model output (Ponce 2024). For tree-based models (Random
Forest, XGBoost), we use the efficient TreeSHAP formulation; for sequence models, SHAP can be
applied to the aggregated window-level representation or to the final regressor output (details in
the implementation notes).

Given a feature vector, SHAP represents the model prediction relative to a baseline as (Eq.

(10)):

d
fG) = EFCOI+ ) b, (10)
k=1

where ¢, is the SHAP value associated with feature k. Positive ¢, indicates that the feature
increases the predicted probability of fault or reduces the predicted RUL, while negative values
indicate the opposite.

Aggregating SHAP values over many windows yields global feature importance rankings,
while temporal plots of SHAP values for individual bearings help visualize how feature influence
evolves as degradation progresses.

RESULTS AND DISCUSSION

The full dataset is stratified into training (80%) and test (20%) sets, preserving the class
ratio. Within the training set, 3-fold cross validation is used for hyperparameter tuning of the
Random Forest and XGBoost models. The LSTM is trained using early stopping based on
validation loss to prevent overfitting.
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Performance of the fault classifier is evaluated using accuracy, precision, recall and F1
score, with a focus on the fault (positive) class. Performance of the RUL regressors (XGBoost,
LSTM, hybrid) is evaluated using:

Mean absolute error (MAE) (Eq. (11)):

MAE = —Y', |R, - Ry, (11)

Root-mean-square error (RMSE) (Eq. (12)):

RMSE = \/% >.(R - R} (12)

All results reported below are obtained on the held-out test set that was not used for
training or model selection.

Fault Classification Performance

Grid search identifies an effective Random Forest configuration with approximately 100
trees, unlimited depth, moderate minimum samples per split and a small number of features
considered at each split. On the test set, the model achieves:

Accuracy: 0.986 (98.6%).

The confusion matrix is shown in Table 3.

Table 3. Confusion matrix of the Random Forest classifier (test set)

True class Predicted Normal (0) Predicted Fault (1)
Normal (0) 1380 2
Fault (1) 20 133

Note — Compiled by the author based on data from Zharlykassova, 2026

From Table 3 we compute, for the fault class, precision, recall and F1-score as in Egs. (13)—

(15):
Precision
Precision = ——— = — =~ 0.99, (13)
TP+FP 13342
Recall
Recall = —— = —>_ ~ .87, (14)
TP+FN ~ 133+20
Fl1-score

Fl = 2 - Precision - Recall 0.92 15
" Precision + Recall (15)

These results indicate that the classifier detects the majority of late-degradation windows
while maintaining a very low false alarm rate, which is crucial for avoiding unnecessary
shutdowns in industrial practice. The moderate recall suggests that some earlier degrading
windows are still missed; this is consistent with the conservative fault definition based on the
lower-tail RUL threshold. In practice, this trade-off can be adjusted by tuning both the decision
threshold of the classifier and the operational definition of the fault label.

RUL Prediction Performance

Relative RUL prediction performance is summarized in Table 4.
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Table 4. Relative RUL prediction performance on the held-out test set (normalized)

Model MAE (normalized) | RMSE (normalized)
Best single regressor (min of XGBoost, LSTM) 1.00 1.00
Hybrid (a-weighted) 0.80-0.85 0.80-0.85
Note — Compiled by the author based on data from Zharlykassova, 2026

For RUL regression, Table 4 reports normalized MAE and RMSE, where the best single
regressor is used as the reference. The hybrid estimator achieves an approximately 15-20%
reduction in both metrics on the held-out test set.

XGBoost captures nonlinear relationships between engineered features and RUL on a per-
window basis, whereas the LSTM can leverage temporal ordering to model degradation
dynamics. The proposed hybrid estimator combines their strengths and yields consistently lower
error than either single regressor in our experiments.

In practice, the most consequential errors occur close to end-of-life. Consistent with this
requirement, the hybrid estimator tends to reduce large late-stage deviations relative to the
individual regressors, which is particularly important for maintenance decision-making (Madin
2025)

SHAP Based Interpretation

SHAP analysis for the Random Forest and XGBoost models indicates that the dominant
drivers of both fault classification and RUL regression are vibration-derived indicators of energy
and impulsiveness.

RMS vibration and crest factor are consistently among the most influential features,
aligning with the expected increase of vibration energy and impulsive events as damage
progresses.

Frequency-domain descriptors (e.g., dominant spectral peaks and their harmonics) also
contribute, suggesting growing periodic components and resonance effects near characteristic
fault frequencies.

Temporal SHAP profiles for individual bearings typically show a gradual feature drift
followed by sharp changes close to failure, supporting the use of these features as practical
degradation indicators.

These observations are consistent with prior studies on vibration-based bearing
diagnostics and prognostics (Sanakkayala 2021 — Li 2024 — Sun 2025).

The experimental results demonstrate that a single channel, feature based approach can
achieve fault classification and RUL prediction performance comparable to more complex multi-
channel deep learning architectures reported in the literature (Shen 2021 - Neto 2023 - Sun 2025).

The key advantages of the proposed framework are as follows:

Even simple statistics such as RMS and crest factor capture key aspects of bearing
degradation when computed over appropriately chosen windows.

In practical deployments, contextual measurements (e.g., temperature, load, or speed) can
improve robustness by distinguishing benign changes from true degradation. However, the
benchmark evaluation in this paper focuses on single-channel vibration features to emphasize
minimal hardware requirements.

Ensemble methods such as Random Forest and XGBoost are well suited for tabular health
indicators and offer good bias-variance trade-offs.
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Compared to end-to-end deep models, the proposed framework offers better interpre-
tability and lower computational requirements, which is important for embedded implemen-
tations. The use of SHAP provides both global and local explanations that align well with domain
knowledge, thereby increasing trust in model outputs among maintenance engineers.

Nevertheless, several limitations should be acknowledged:

The proposed framework was validated using on a single benchmark dataset under
relatively controlled conditions. Real-world environments may introduce additional variability
(e.g., varying loads, speeds, noise sources) that could degrade performance.

We treat the problem as a supervised learning task with labels derived from run-to-failure
experiments. In practice, labeled RUL data may be scarce, which motivates the development of
semi-supervised or physics-informed approaches.

Evaluation protocol. Prognostics datasets are strongly time-correlated; if windows from
the same bearing trajectory appear in both training and test sets, performance can be
overestimated due to temporal leakage. Therefore, the stratified 80/20 split at window level used
in this study should be regarded as a baseline protocol for controlled comparison of models, not
as the strongest estimate of deployment performance. For publication-grade benchmarking,
leakage-resistant validation should additionally be reported using bearing-wise splits such as
leave-one-bearing-out and chronological splits that train on earlier portions of each trajectory and
test on later degradation segments. Such protocols better reflect the real prognostic setting and
provide a more conservative estimate of generalization.

Computational considerations. The pipeline is designed for edge-friendly deployment:
feature extraction involves simple time-domain statistics and a lightweight FFT for a small
number of spectral peaks, while inference uses tree ensembles and a compact recurrent model.
This makes the approach suitable for near-real-time condition monitoring where computational
and memory budgets are limited.

The LSTM architecture and hybrid aggregation strategy are relatively simple; more
sophisticated sequence models (e.g., attention mechanisms) or meta learning strategies could
further improve performance at the cost of complexity.

CONCLUSION

This paper has presented an interpretable machine learning framework for predicting the
remaining useful life of rolling bearings using a single accelerometer channel and a compact set
of statistical features. The approach combines:

- a Random Forest classifier for robust detection of faulty operating states;

- XGBoost and LSTM regressors for RUL estimation;

- SHAP based analysis for model interpretability.

On the NASA Bearing dataset, the fault classifier achieves 98.6% accuracy and the hybrid
RUL estimator improves MAE/RMSE by approximately 15-20% compared to the individual
regressors. The SHAP analysis highlights RMS vibration, crest factor and dominant spectral
components as key predictors of degradation, in agreement with engineering intuition.

Because the proposed pipeline relies on a single vibration channel, simple features and
relatively lightweight models, it is well suited for deployment in resource constrained industrial
monitoring systems.

Reproducibility. To facilitate independent verification, we report the full feature list,
preprocessing settings, and model configurations. The code for data preparation and model
training, together with the train/test split specification and random seeds, is available from the
corresponding author upon reasonable request.
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Future work will focus on:

- extending the approach to multi sensor configurations and variable operating conditions;

- integrating physics informed constraints and uncertainty quantification into the RUL
models;

- validating the framework on real industrial datasets from different sectors (e.g., pumps,
compressors, wind turbines), and exploring online learning to adapt to evolving conditions.
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Tiz6ek (SIEM, esrepmeTiH ayAUT XypHaaJdaphl) Kipeai.

Karougessbie caoBa:

AHHOTALIMST

MeTayHIBEPCUTET,
BUPTYyaAbHas ayAUTOPS,
JaT, KOHPUAEHI[MAaABHOCTD,
3amura agaHubx, RBAC,
mudpoBaHme, MOAeparius,
Jopensuxa.

Crarbsa paccmaTpuBaeT obeciieueHre KOHQUAEHINAABHOCTY U 3aLIUThI
JAAHHBIX B 0Dpa3oBaTeAbHOM MeTayHUBepcuTeTe, oobeauHAomemM VR-
KAaCChl, BHYTPEHHMII TEKCTOBBIN/TOA0COBOI YaT M CUHXPOHM3ALIUIO
y4eOHBIX pe3yAbTaTOB C YHMBEPCUTETCKMMMU MHQPOPMaIVIOHHEIMU
cucreMamn. ITokasaHo, 9TO 6e30IacHOCTh TaKuX I1AaTPOpPM OIIpe-
AeasieTcs CBA3KOM yIpo3: KOMIIpOMeTaljuell aKKayHTOB I aBaTapoB,
yTreukamy XR-TesemeTpmm M OMOCHTHAAOB, pMCKaMIU MHTeTpaIiuii u
CeTeBOJI CMHXPOHM3ALINM, a TAaKKe COLMaAbHO-TeXHNYECKIMU 310YII0T-
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pebaenusmu B KomMmyHukanusx. Lleab pabotel — paspaborarh

BOCIIPOM3BOAMMYIO apXUTeKTYpy 3aIllUThl AQHHBIX M KOMMYHIKALINIL,
obecrTeunBaloNnylo KOHPUAEHIIMAaAbHOCTh ¥ I1eAOCTHOCTh UHQOP-
MalliyM B PpeXNUMe pPeaabHOIO BpeMeHM. MeTogoA0Tus BKAIOYaeT
KaaccupuUKanuio AaHHBIX, MOJeAMpoBaHMe yTpo3 U (popMaaM3aIiuio
IIOANTHUK JOCTyHa B Ilapagurme privacy-by-design. ITpeaaoskena
apxutektypa, sKkaodaomas SSO/MFA/RBAC, mogepanuio gata u VR-
ceccuii, 3amUIIEHHYIO MHTerpaumio c¢ sHemHumu VIC, xpunrorpa-
¢uueckyro samury (TLS, AES-GCM, KMS/HSM) wu koHTYp
aoruposanyst/dopensnxn (SIEM, HemsameHseMble ayAUT-A0TH).

keywords: ABSTRACT

Metauniversity, virtual This article examines privacy and data protection in metauniversity that
reality classroom, chat, integrates VR classrooms, internal text/voice chat, and the synchro-
privacy, data protection, nization of learning outcomes with university information systems. It
RBAC, encryption, demonstrates that the security of such platforms is determined by a

combination of threats: account and avatar compromise, XR telemetry
and biosignal leaks, integration and network synchronization risks, and
sociotechnical communications abuse. The goal of the study is to
develop a reproducible data and communications security architecture
that ensures the confidentiality and integrity of information in real time.
The methodology includes data classification, threat modeling, and the

moderation, forensics.

formalization of access policies within the privacy-by-design paradigm.
The proposed architecture includes SSO/MFA/RBAC, chat and VR
session moderation, secure integration with external information
systems, cryptographic protection (TLS, AES-GCM, KMS/HSM), and a
logging/forensics circuit (SIEM, immutable audit logs).

KIPICIIE

VR chiHBIITapBl MEeH MHTeTpalisAaHFaH OalidaHbIC apHaAapsl (MaTiH, AaybIc, Meaua) Oap
3amaHayn 0iaim Oepy MerakeHicrikrepi XR ceHcopaapblH, WAeHTM(UKALVACEIH, OKY
aHaAUTMKACBIH XKoHe Daill1aHbIC KbI3MeTTepiH OipikTipeai. COHABIKTaH 0AapAbIH Kayiricizairi 6ip
imki OKylieMeH eMec, KayinTepAiH yiiaeciMiMeH aHbIKTadagbl. JKaamel MeTakeHicTikK
apXUTeKTypachl AeHrelliHAe HeTisIi ToyekeaJdepre TipKeaAri MeH aBaTapAbIH OY3BIAYBI, Ma3MYH
MeH KOpiHICTi aybICTBIpYy, >KeAidik CMHXpOHAay IaOyblaigapbl, YIIiHIINI Tapamn KbI3METiHiH
0CaaABIKTaphl )KoHe TeleMeTpus AepeKTepiHiH aFblll KeTyi >KaTtaasl. BupTyaaasl opTada Kydaaay,
KOPKBITY >KoHe MaHMIIYASLIVHEI KOca alfaHAa, 91€yMeTTiK Kopaay 4a MaHbI3abl (Abedin et al.,
2022). VR xeHe AR-AbIH epekile cumaThl arblll KeTyAepdiH caagapbiH Kyluenrtegi. Tek xeke
AepeKkTep FaHa eMeC, COHbBIMeH KaTap MiHe3-KYABIK >KoHe OMOMeTpMAABIK CUTHaaAap Ja Kayin
acTbIHAQ, XKOHE 01apAbl OKUFaJaH KelliH aHoHuM ey KublH (Al-kaeed, Qayyum & Qadir, 2024).

MerakeHicTiK ToayeKkeaAepiH >Kyleai moay VR KypblarblaapbIHBIH, >KacaHABl MHTEAAEKT
MOAYAbAEpiHiH >KoHe WHTerpauysidapAblH KUBIABICYBIH KepceTeai. biaim Oepy ymin 6ya
OKYIIIBIAapAbIH 9peKeT AepeKTepiHe, MbIcaAbl, Ko3Kapacka, KMUMblAjaprFa, KO3FaabICTapFa >KoHe
MiHe3-KYABIK YATidepiHe >KOFaphl Ce3iMTaaABIKTHI Oiagipeai. barasay >koHe MyFfaaiM MeH OKy-
IIIBIHBIH ©3apa dpeKeTTeCyiHiH KOHTeKCTi Ae MaHbI3Abl (Al-kfairy et al., 2025). MeraBepcTiH 1moay
3epTTeyaepi Kayinrepain kebDiHece XylieaiK AeHTelllep apacblHAa «aFBIl» KeTeTiHiH KepceTeai.
ConabIKTaH, KeIl geHrelai Kayirncisaik Mogeai naitgaasl. Oa KypblAFblAapABl, XKeAiHi, calikec-
TeHAipy4i, AepekTepai koHe KoadaHOaaapasl KaMTrAbI (Laiz-Ibanez, Mendafia-Cuervo & Carus
Candas, 2025). MyHBI TOABIKTBIpA OTBIPBII, METaBEPC YIIiH KayilCi3AiK >KoHe KYIMSABLABIK
TaJallTapbIH 3epTTey 0AapFa K04 JKeTKizyai Oakblaay, AepeKTepai KopFay, ayAuUT >KoHe Tepic aii-
AajaHy¥a Kapchl TYPY CHUAKTHI TEKCepiAeTiH IapTTap peTiHAe KapacThIpyAbl YChiHaAbL bya Tacia
TazanTtapAbl 6iaiMm Gepy VR KpIameTTepin sxobaaayra aydapyasl xkeHiagereai (Ren et al., 2024).
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VR CcBIHBIOBI YIIIH «JepeKTepAi KOpFay» FaHa eMeC, COHBIMEH KaTap akKHapaT aFblHAaphI
YIIiH KOHTeKCTiK HopMaaAapabl cakTay Ja MaHbI3Abl. /epekTepre KiMHIH >KoHe KaHAall
JKafjalidapAda KOA >KeTKide aalaThIHBIH aHbBIKTay KakeT. KoHTekcTik TyTacTeIK Tociai VR
cabakTapbIHBIH >KaHa JepeKkTep apHaJapblH — KeHICTIKTIK OKUFalap MeH >KeKe e3apa
opeKeTTeCyAepAl >KacailTHIHBIH KoepceTedi. byaap ©Oiaim Oepyderi KynmMsABLABIKKA AJeTeH
yMiTTepre Kaimrsl keayi MyMKiH (Brehm & Shvartzhnaider, 2024). bya npakTukaAsIK TasanTapsa
oKeseai. Peagep MeH exizeTTik mleKapaaapbl, )KMHaAFaH CUTHaA4apAbl a3alTy, COHAal-aK KOA
JKeTKi3yAi TipKey >KoHe aHBIK XxabapAaHablpyadap KaxkeT (Brehm & Shvartzhnaider, 2024).

XR OmomeTpusCEIMeH TayeKeaAepAiH Oeaek Kaacwl OaitaaHbpicTh. Kes gepexrepi acipece
MagbI3AEL. Oa uHTepdeiicTepae >KoHe OelliMAeArilll OKBITYJa KOAJAHBLAaJbl. JepTreyaep
AeaHOHUMM3aUs KaymiH kepceTedi. COHABIKTAH, pecMM KVYIVIABIABIK Iapadapbl KasKeT.
Auddepennnaiasl KYIMAABIABIK TIeH JepeKkTepAi CUHTe3Jeyre Heri3JeATeH Taciadep
nepcnektusTi (Dutta, Lanvin & Wunsch-Vincent, 2022). ConsimeH Kartap, mHTepakTusTi VR y1in
JKeKe aFblHABI JAepeKkTepai MaligaaaHy oaicTtepi ycbiHbIAagbl. Oaap TYpPaKTBIABIK IIeH Maiija-
AaHyIIbI ToXKipubeciHe acep eTyAi eckepe OTHIpHIN OarasaHaarl (Shen et al., 2019). Mera-yausep-
cuTeT yuiH Oya KapamaiisiM epexxere akeaedi. OKy KepceTkimTepi mmki Omocnraaagapaax
Oeainyi kepek. Tek KaXkeTTi MMHMMYM caKTaAybl KepeK. MyMKiHAiriHIIIe arperanus koHe >kKeKe
TypAeHaipyaep KoaAaHbLAysl kKepek (Dutta, Lanvin & Wunsch-Vincent, 2022).

Kipikripiaren gat >xoHe Meaua 0eaicy KyIUAABIABIK IIeH KayiIcisAik apacblHAa IT1eAeHic
Tyasipaasl. Toaplk mmdpaay ycran aay KayImiH asanTadsl. /JerenMeH, Oy 3MAHAB Ma3MYHABI
aHBIKTayAbl KubiHAaTaAbl. COHABIKTaH <« KeKe TeKcepy» cCXeMaadaphl YCBIHBLAaAbl. byaap
MasMYHABl TOABIK alllllaif-aK 3MIHABL aHBIKTayfa MYMKiHAIK Oepeai. Kpunrorpadusaiabx
XaTTaMaJap KoHe JKeKe MeAla ©HJey KoAJaHblaaabl. bya Oiaim Oepy yIIiH MaHBI3ABI caa.
«bakplaay yIIiH KyOUAABIABIKTBL OLIipyTe» 0oaMaiabl. JAuM3aiiHABIK, KOMIIPOMIUCC ITeH allbIK
nporeaypaaap kaxer (Garg et al., 2023).

baitaansic KayincisAiri 9aeyMeTTiK-TeXHUKAABIK KaOaTTel KaMTuAbL. OJapra YBITTBHLABIK,
MoJepalmusl KaTeaepi >KoHe KeMCITyIIidik ocepaep >KaTaAbl. YBITTHI COlileyAl aHBIKTayAaFrbl
OelTapalThIKKa III0AyJdap IMalidaAaHyIIbl TOITapbl MeH KOHTeKCTTep OONbIHINA >Kyleai
KareaikTepai kepceteai (Giaretta, 2024). ConapikraH, OiaiM Oepy uYaTTapsl YIIiH >KepridiKTi
BaAMAanysl, alllblK KpUTepuiilep >KoHe adaMHBIH OaKblaaybl MaHBI3ABL. OAi44iK KepceTKiImTepi
de xaxer (Giaretta, 2024). VHITTH >KiKTeyJderi OelTapamnThIKka KOCBIMINA IIIOAyAap
OeliTapalTHIKTHIH ceOeITepiH XoHe OHBI a3aliTy >K0AJAaphiH XKyiieaeiiai. Oaap Modeabaep MeH
nponesypaaapabl yHemi kaiiTa Oaraszay KaxeTriairin aram xepcerteai (Wang et al., 2023).
MertaBepc KaacTapblH KaOblAAayAblH SMIIMPUKAABIK 3epTTeyAepi ceHiM, KYNMAABLABIK >KoHe
94ia4iK apachiHAAFbl OallaaHBICTH KepceTeai. bya maardpopmaHnsl maigadaHyra AaifbIHABIKKA
oacep eteai (Laiz-Ibanez, Mendafa-Cuervo & Carus Candas, 2025). CoHbiHAa, ToyeKkeaJep,
rapHHUTypadap MeH ceccusidap JeHreiinge kyueiteai. Kopraaran Ttipkeari ©Ooaca aa,
KYPBIAFBIHBIH Oy3bIAysl MyMKiH. CoHgpikTaH, AR >xoHe VR-garpl ayreHTH¢mKarms OOMBIHIIA
3epTTeyaep y34ikcis skoHe OalikaaMailThIH HaligaAaHyIIbIHE TEKCEPY MeXaHU3MAEPiH YChbIHAADI.
bip mMpIcaa - rapHUTYpa Kayincisairi ymmiH xXypicke HerisgeareH ayreHTnuKanys (Wilson et al.,
2024). bya aactypai mapaaapAsl TOABIKTHIPaAbl >KoHe CeCCHUSHEI ypAay KayIliH asaliTajbl.

VR kayimcisgiri MeH KyNMAABIABIFBIHA >KaAIlbl II0AyAap Kayilitep MeH ocepaepai
Kytieaeiiai. Oaap THUIITIK mIaOybLA4apAbl, OCaaABIKTapABIH ceOelTepiH JKoHe allIbIK Maceaeaepai
aTan kepcetesi. bya seprreyaep 6iaim Oepy maardopmachiH >kKobOasay aadblHia Oas3aablIk
ToyeKeA KapTachl peTiHae maitgaasl (Zheng, Zhou, Lu & Cai, 2023). Oky MaTiHAIK >KoHe AaybICTBIK
OallaaHbBICTBI KOAAANTHIH BUPTyaAAbl CHIHBIIITapAa ©TeTiH 6iaiM Oepy MeTakeHiCTiKTepiH 4aMBITY
asgceiHAa, KynmmsabiabIk KoHe JepeKkTepAi KOpFay Maceaelepi Kyleadik cummaTka me 0oayAa.
Aactypai LMS mnaardopmasapbiHaH afbIpMaIIbIABIFE, VR CBHIHBIITApEl OKYIIBLAQp VIOiH
KEHEeMTIATeH CaHABIK i3 KaaAblpadbl: OKYy HoTIDKeaepi MeH XabapaamajlapMeH KaTap, e3apa
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9peKeTTeCcy JepeKkTepi, MiHe3-KYAbIK TeAeMeTpPUCH JKoHe KaThICy OKMFalapbl >Kasblaaabl. bya
PYKCaTChI3 Kipy, aKIapaTThIH afbIl KeTyi, OKy HOTMKelepiHiH OypMasaHysl >kKoHe OalllaHBIC
apHaJdapblH Tepic maligadaHy KaymiH apTTeipagbl. COHABIKTaH, MeTa-yHUBepCUTeTTeri
KayiIcisgikTi apTypAi IIapasap >KUBIHTHIFBI peTiHAe eMec, Kipyai 6acKkapyasl, KOMMYHUKAaIIV
KayiIcisairin, gepekrepai cakray cascaThH >KoHe OKMFaJdapra Kayall Oepy mpoledypadapbiH
DallaaHBICTBIPATHIH TYTaC apXUTEKTypa peTiHAe KapacTEIPy Kepexk.

bya makaaaga sepTrey HbplcaHBI MeTaKeHICTiK, aTall aliTkaH4a, VR chIHBIIITapBl MeH iIIKi
9aTTBl KOMMYHUKaIUsA Kypaabl peTiHJe KaMTUTBIH CaHABIK IarpopMa peTiHgeri MeTa-
yHUBepcuteT 604BIIT TaObL1aABI.

3epTTeyAiH TaKbIPHIOB - VR CHIHBINITaphIHAA JKoHe MHTETpalNsAlaHFaH 9aTTapAa, COHBIH
immiHAe YHMBEpPCUTETTIH akHaparTThlK >KylledepiMeH MHTerpauuslay ClieHapuiidepinge
OKYIIBLAApABIH JepeKTepi MeH 0allaaHbICTapbIHA KYIMAABIABIKTE, TYTaCTBHIKTBL KoHe
DakblaaHaTBIH KOA >KeTKi3y4i KaMTaMachl3 eTy aJicTepi MeH apXUTeKTypaablK IIelrimaepi.
CoHaBIKTaH, 3epTTeyAiH Herisri MaKcaThl - HaKThl YaKbIT peXXUMiHAe AepeKTepAiH KYTNIABLABIFBI
MeH TYTacTBIFBIH KaMTaMachl3 eTe aJAaThlH MeTa-yHMBEpCUTET YIIiH Jepekrep MeH
KOMMYHMKaLVs Kayilci3Airi apXUTeKTypachlH 93ipaey JKaHe TeKcepy.

Ocpl MaKcaTKa >KeTy YIIIiH Keaeci 3epTTey MaKcaTTaphl aHBIKTaAAbIL:

1. MeTa-yHUBepcuTeT AepeKTepiH ce3iMTaaAbIK AeHTelli OOVBIHIINA KiKTey, caKTay >KoHe
©H/ey TaJallTapbIH aHbIKTay;

2. biaim Gepy crieHapuiiaepin eckepe OTBHIPBII, Kayill MOAeAiH KypPY;

3. AyrenTndukanus xoHe Kipyai Oakplaay mexanusmaepin (RBAC), apHaaapsarsl sKoHe
TBIHBIIITBIKTAFbl AepeKTepAl mmppaayasl, Kiarrepai 6ackapyasl >KoHe MaHBI3ABI dpeKeTTePAi
ayAUTTeyAi KaMTUTBIH KayiIlCci3AiK apXUTEeKTypachIH a3ipaey.

4. KynusaAablAbIK KaruAaTTapblH CaKTall OTBIPBIN, MOJepalus KoHe OKUFalapabl Teprey
MexaHM3MAepi 6ap Kayircis iImki yar >KyJieciH yChIHY;

5. ¥YcpHBIAFAH ToCiAAIH KOAAAQHBIAYBIH TEXHUKAABIK >KoHE YIBIMAACTBIPYIIBIABIK,
KpuUTepuiiaepre cylieHe OTHIPEHII Oaraaay.

by >xobasa KoagaHBIAATBIH d4icTepre depeKTepai KikTey >KoHe Kipy casicaThIH peciMAey,
COHAal-aK KayiIlci3gik MexaHM3MAepiHiH apXUTeKTypaablK AU3aiHBI Kipeai. bya Tocia Gisre
KayiIci3Aik apalapbl JKUBIHTBIFBIH CUIIaTTayFa FaHa eMeC, COHBIMEH KaTap 3epTTey/iH FhLABIMU
SKaHAABIFBIH aHBIKTAMTHIH Kayirciz 6iaiM Gepy VR nmaardopmacklH KypyAblH KaliTalaHaTbIH
d/icHaMachIH YCBIHYFa MYMKIiHAIK Oepeai.

3EPTTEY MATEPUAAAAPBI MEH ©AICTEPI

Bupryaaapr mbmHAbK (VR) >xeHe KenenTiareH MmbIHABIK (XR) TexHoaormsaapsl
MMMepCUBTI, MHTePaKTUBTI OKy ToKipuOeciH >KeHiaaeTy apKbLAbl IlearOTMKaAbIK HoTIDKeAepAi
JKaKCapTyABblH alTapAbIKTall oaaeyeTiH kepceTTi. biaim ©Oepy MekeMeaepi KkeDiHece
reorpaUAABIK, SKaFbIHaH IMAIIBIPaHKBl XaABIKKa KBI3MET KOpCeTeTiH >KoHe (PU3MKaABIK
pecypcrapra 1IekTeylepre Tam OoaateiH Kasakcran OkardaiipiHda VR MogeabseHreH
3epTxaHalap4pl, TapUXM PeKOHCTPYKUMAAapAbl >KoHe OipJAecKeH TONTHIK >KYMBICTHI KOcCa
aAraHAa, O3bIK OKBITY 94icTepiHe TeH K04 KeTKi3y MyMKiHAiKTepiH ycbIHaAbI.

Metauniversity mnaargopmacel 6iaiMm Oepyderi Koadanbicrarbl VR >Kylieaepingeri
aHBIKTaAFaH OAKBIABIKTapAbl, acipece cTaTMKaAbIK, alAblH ala pykKcaT eTiareH 3D aktuprepre
JK9He HaKThl yaKbIT peXUMiHAeri Kell IaiilalaHyIIblAbl e3apa apeKeTTecyJeri IeKTeyaepre
ToyeAAiaikTi >Kolora apHaaraH. JKoba cypanbic OoribiHIa 3D HBICaHAApPBIH TeHepaluslayra
apHaAfaH 3aMaHayM >KacaHAbl UHTEAAeKT MOJeAbJepiH MHTYUTHUBTI KUMBIA >KoHe JayblC
HerisinAeri uHTep(erictepMeH OipiKTipy apKbIAbl TYTBIHYIIBI A€HTeiHAeri aBTOHOMABI
KYpPBLAFbLAapda AWMHAMMKaABIK Ma3MYH >KacayAbl >KoHe Y34iKCi3 BIHTBIMAKTaCTBIKTHI
KaMTaMachI3 eTyre OarbITTaAFaH.
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Bya Gacrama nHpopMaTnKa, NHXKeHepUs, MdAeHIeTTaHy JKoHe MeAUIINHAABIK OKBITYABI
Koca aAfaHAa, 9pTYpAi MoHAep OOIIBIHINIA KOAJaHBLAAaTBIH MacIITaOTalaThIH KYpaaAbl a3ipaey
OolibIHIIIa TOyeACi3 3epTXaHaAbIK KyII-Xirepai 6iaaipeai. Oa seprxanansiy VR esapa spekerrecy
KyleaepiHAeri Oy pBIHFBI TXKipuOeciHe CyiieHe OTHIPHII, TeHepaTUBTIK JKacaHAbl MHTeAA€KT I1eH
JKeiliK BUpTyaAAbl OpTaja¥rbl 3aMaHayM KeTicTikrepai Oipikripeai.
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1-cypeT. MeTayHUBEpPCUTET TY>KBIPBIMAaMaChIHBIH MOAYAbJepi
Ecxepmy — asmopaap xypacmuipean

3eprrey l-cypertre KepceriareH MetaUniversity Ty>KbIpbIMAaMachlH — d3ipaeyre
HeTi3eAreH, 01 CaHABIK €Ti3 >KoHe aHaAMTMKAABIK Ti30eK apKblABl (PU3MKAABIK YHUBEPCUTETKE
KOCBIAFaH 6iaiM Oepy MeTakeHICTIiriHiH KeIl KabaTThl apXUTeKTypachl peTiHAe. Ty>KbIppIMaama
TOpT ©3apa OalldaHBICTEI KabaTTap >Xylieci peTiHae KaapmTacTsl: (1) PU3MKaABIK YHUBEPCUTET
(HakTBI GiaiM Gepy mporecrepi MeH nHPpaKypbelabIMBl), (2) CaHABIK €ri3 s14po (IaiigalaHyIIbl
KyliAepiH, opTaAapblH KoHe AepeKTepai cmHXpoHJ4ay), (3) VR KabaTel (BUPTyaaAbl CHIHBINITAp,
MMMEepCUBTI 3epTXaHasap >XaHe OipaeckeH KeHiCTikTep) >XeHe (4) YaAkeH aepekTep >KoHe
aHaANTHUKa (OKy aHaAMTHMKaChl, HYCKAYIIBIHEIH Oackapy TaKTaJapbl JKoHe OeiliMAeATiII OKBITY).
Ty>xpIppIMgamMaHBIH €Ki Typi OaiiaaHBICTapABIH KiaTi 604bI TabblAagbl: aHAAUTUKAABIK KaOaT
meH VR KabaTel apachlHAAFBI CMHXPOHAAY >KoHe Oackapy (OKBITYABl OacKapy >KoHe OeiliMAey)
>koHe VR KabaThl MeH CaHABIK, €Ti3 sApOChl apachlHAAFbl HAKThl YaKbITTarbl JepeKTep >KoHe Kepi
GariaaHbIC (9peKeTTepai, OKMFalapAbl JKoHe HOTIDKeAepAl HaKTHI yaKBIT peKnMiHAe Kasy). bya
opHarty 0i3re >XyifeAik KYNMAABLABIK TalallTapblH OpHaTyFa MYMKIHAIK Oepai: maaTgopma Tek
«VR kepiHiciH kepceTinl KaHa KOiiMali», COHBIMEH KaTap KabaTTap apachlHAa AepeKTepai Y34iKCi3
aaMacTeIpadbl, COHABIKTAH Kayilcisgik Tek Oip KbI3MeTTe FaHa eMec, OyKid apXMUTeKTypa
OOIIBIHIIIA AepeKTep aFbIHAAPHI MEH poajep JeHTelliHAe KaMTaMachl3 eTiayi Kepek.
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HOTUMXEAEP J)KOHE OAAPAbI TAAKBIAAY

Metaverse Oackapy Tociadepi eki apXUTEKTypaablK caHaTKa OeaiHeAi: OpTaAbIKTaH-
ABIPBLAFaH X9He OpTaAbIKTaHABIpbLAMaraH. OpTaabIKTaHABIpBLAFaH 11atdpopmasap (Web2) 6ip
faHa HbICAaHMeH OacKapblaaabl, OyA >KOFaphl ©HIMAiAiIKTi, KaTaH MasMYHABI MoJepanusalayAbl
JKoHe OHall MHTerpalMsAHbBl KaMTaMachl3 eTeAi. EKiHIII >KaFbIHaH, OpTaAbIKTaHABIpbLAMAaraH
Web3 apxutekTypasapsl MKeMAipeK >KoHe BUPTyaAAbl aKTUBTEpre MeAiK eTyre MYMKiHAIK
Oepeai, Oipak KipyTe yAKeH Kedepri KeATipeai, TYpaKChI3 JKoHe opKalllaH Kayircis 60aa 6epmeiiai
(Chen, 2023). ITaaTdpopmaHEI TaHAAY MaKcaTThI ayAUTOPIS MeH MakcarTapra H6ariaaHeicTsl. OpTa
>xoHe STEM 6iaim Gepy ymin Minecraft Education >xone Roblox cisKTE OpTaAbIKTaHABIPBLAFaH
naargopMmasap Kyleaik TasamTapbl TOMeH reriMuuKalisilaHFaH OpTaHBl YCBIHFAaH KOAaii-
asrpak, (Minecraft, 2026; Roblox, 2026). JKoraprr 6iaimM Oepy >KoHe KOPIIOPaTUBTIK OKBITY YIIiH
Engage VR MaHp3AbIpax. 1-kecrege apTypai Metanaatdpopmasap 0AapAblH apXUTeKTypachHa,
OaFpITbIHA, aPTHIKIIBIABIKTaphl MeH KeMIIlidikTepiHe Herizgeae caabicThipblaadbl (Engage, 2026).

1-kecte. MeTtarnaardopMasapAbl CaAbICTHIPY KecTeci

Herisri Hasap
. . APTBIKIIBIABIK- .
ITaaTtdpopma Cayaet enepi 6iaim Gepyre Kewmrmizikrep
Tapbl
ayJapblaalbl p
basaaapra tansic | KeHiageriaren
Mekremnreri 6iaiM |OpTa, OJIBIHFA «02a0K Topizai»
Minecraft 6iaim | OpTaapikTanasip |6epy, STEM, Gertimaeay, rpaduKa, OMbIH-
Oepy / Roblox bLAFaH Oaraapaamaday, |Xyiteaik CayBIK
AOTUKA TaZarTapAblH Ma3MYHBIHBIH
TOMEHAIT1 azaHjary KayIi
Aepickepaepre
apHaAfaH Kacibu .
o ToawIK ToxxipuOe
Korapsnr 0iaiM,  |Kypaadap, any yumin
OpTaabIKTaHABIP | KOPIOPATUBTIK €aAVCTIK
VR-4b1 KOCBIHBI3 P KTauAbip priop . P . KpiMOaT VR
bLAFaH OKBITY, Kypdeai |pusmxa, 6iaim
rapHUTYpadapsl
MogeAabaey Oepy
KaskxeT
CTaHJapTTapbIMe
H MHTerpanys
Pecmu Tecriaey
bpaysep apkbiabl
MeH
KobaabIk, (VR x0K), Kpocc-
eMTIXaHAapAbI
>KYMBIC, naatdpopmasap, )
L. OpraabiKTas- . oTKizyre
KenicrikTixk BUPTyaAAbl ¢oTopeaancrik
ABIPBLAFAH apHaAfaH
KepMeep, aBaTapaap .
N mIeKTeyai
BIHTBIMAKTaCTHIK | apKBLABI OHAll
. ¢yHKIMOHAAABIA
KOA >KeTKi3y
BIK,
Kipy mreri
Web3 XKacaaran
S >KOFapbl (KpUIITO
TEXHOAOTI WS- KEHICTIiKTi TOABIK,
Opraasikcoizgad | OpTaabIKCHI3AaH oMIUIHAAP
AapbIH, bakblaay, .
ABIpBLAFaH Xep / ABIPBLAFaH i KaXkeT), Ka>KeTci3
DKOHOMMKACHIH, |CTYAEHTTiK
Kymcaarpim (Web3) . Ma3MYHABI
LMQPpABIK OHepAi |>KoDasapabt
Mogepalisiaay
3epTTey MOHeTHU3aIusIAay
KUBIH
Eckepmy — asmopaap xypacmovipzan
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Meta-University xayircis >KyMBICBIH KaMTaMachI3 €Ty YIIiH 2-CypeTTe KepceTiareHaell,
OpTaAbIKTaHABIPBIAFAH apXUTEKTYpaHbl >Ky3ere achblpaThliH I1alijaAaHyllbl AepeKTepiH KOopray
Tocial a3ipAeHAl.

| 580 | RBAC Y
Chat & Moderation

Teacher

LiveKit for voice chat
Teaching assistant

Bodyguard for text chat
Auditor

Action flow: Teacher > Moderation team > Admin
Administrator

Department head

Chat moderator Visible moderation

Avatar reporting

Mutefblock avatar Logging & Forensics.

Siem integration

Integration & API Security Forensics access

API security
Immutable audit logs

API encryption
Auth tokens

Rate Limiting

Platonus Integration

KMS/HSM

Proxy
AES-256-GCM

VPN + mTLS
PostgreSQL+pgcryplo

Read-only account

Admin Escrow

Secure Lab-PC with Platonus AP|
TLS13

Backups & recovery

2-cypeT. MeTayHUBEepCUTET TY>KBIPBHIMAaMaChIHBIH MOAYAbJepi
Ecxepmy — asmopaap xypacmuipzan

AuarpaMMaja MeTayHMBEPCUTETTeTi KYIMAABIABIK IIeH JAepeKkTepdi  KOprayAabl
KaMTaMachl3 eTyAiH YCBIHBIAFAaH apXUTEKTypachl KepceTiareH, MyHJ4a OKbITy VR
ayAuUTOpPWACHIHAA OTKi3ideAl >KoHe IIIKi KOMMyHMKaIusAapMeH (MoTiH/A4aybIiC) KoaAJay
Kkepcerizeai, aa 6iaiMm Oepy Jepekrepi CBHIPTKBI YyHUBepcuteT KyiteciMen (Platonus)
cuHXpoHAadaapl. TyXbIppiMagama e3apa ©OaliAaHBICTBI IIMKAAApP OKMUBIHTBIFBI — peTiHAe
KYPBbLABIMAAAFaH, OdapAbIH 9pKaiichIchl Oeariai Oip Toyekeadep >KMBIHTHIFBIHA >Kayan Oepeai:
COVIKeCTiK IIeH KYKBIKTapAbl Oackapy, VR-gaFel KOMMyHMKanusAlap MeH MiHe3-KYABIK
Kayincisairi, maTerpammsa >xoHe APl Kopray, kpmmTorpaduaabk JepekTepai KOpray >KoHe,
COHBIHA KeATeH/e, OKMFadap/bl TepTeyre apHaAraH Tipkey >KoHe KpUMMMHAaAMCTUKA.

JKoraprsl coa xak 610KTa ceHiM MeH OaKblAayAbIH HeTisiH kaaanTeH [lajigaaaHy s SKoHe
peasepai 6backapy 111Kl kepceTiareH. AytenTndukanyst SSO apKblab JKy3ere acklpblaabl JKoHe
MFA apkblabl Kyleitiaeai, aa naardpopma ¢yHKOuAAapeiHa koA KeTkisy RBAC kemerimeH
yiisIMAacTeIpblaAaAbl. Peasik Moaean Herisri 6iaiM Gepy peagepin (CryaeHT, My¥Faaim) >KoHe
oIepanusABIK >KoHe Oakplaay peadepiH (OKBITYIIB KeMekImici, YaT MogepaTopsl, Ayaurtop,
Oxkimmi, Kadegpa meHrepyici) kamtuast. bya sxyiiegeri gepekrep MeH apeKeTTepre Ke3 KeAreH
KOA >KeTKi3yre (4aT MoJepalrsIChIHaH OacTall CBIHBINI >Ka30alapblH ©HAEyTe AeifiH) TeK HaKTHI
aHBIKTaAfaH KYKBIKTap IIeHOepiHAe >KoHe eH a3 apTHIKIIBIABIK KaFuAaThl IIeHOepiHae pyKcaT
eTiZeTiHiH, aa MaHBI3ABl OIlepalusIAapAbl >KaKcapThlAFaH ayTeHTUPUKalUus MeH ayJUTIIeH
OaliaaHbICTBIpYFa O0AaTBIHBIH Oiagipeai. OpTaabik, >Korap¥Fsl 010K, Yat xoHe Moaeparius, imxki
KOMMYHHMKaIVIABIK KYPBIABIMABL >KoHe OHBI OacKapyasl cumarraiasl. /aybICTBIK apHa
AaybIcThIK, yaT yuriH LiveKit xemeriMen >Xysere achIpplaaabl, aa MaTiHAIK apHa MOTiHAIK yar
MoJdepauysicel ymiH Bodyguard xomioneHTiH maiigasaHaasl. /uarpamMmaja aHBIKTaAfaH
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OKMFaFa >Kayall Oepy ITpolieci MaHbBI3AbI epeKIelik 605l Tabblaaas: MyFaaiM — Mogeparius
TO6BI — AaMuHN. bya 6acTankel )xayar Oepy SKoHe 3VSTHHBIH aAAbIH a1y MY¥FaliM HeMece CBIHBIII
KeTeKIIIici AeHreiliHAe JKy3ere achIpBLAaTHIHBIH, COJaH KelliH MoAepauys TOOBI KaTBICAaTBIHBIH
>KoHe 9KIMIII TeK KeHeNTiATeH OKiAeTTiKTepai >KoHe pecMM TepreyAai Ka’keT eTeTiH icTepre raHa
KaTbICAaThIHBIH Oiagipeai. Bya cxeMa akiMIIiAiK KYKbIKTapAbl Tepic NaligadaHy KayIliH azaifTasbl,
COHBIMEH Oipre >Keaea Kayall Oepyai KaMTaMachl3 eTeAi.

Temenae VR cwiHBIN Kayimcizairi 61orer OepiareH, oa VR ceccumscelHAaFBI Tikeaet
KayiIcis ik mapazaapsia kepceteai. JKyitere kepiHeTin Mogepanyst (MoAepaTOpAbIH/MYFaliMHiH
KOpiHeTiH KaTBICYBl), MiHe3-KYABIK Typaasl xabapaay YIIIH aBarap TypaaAbl Xxabapaay
MexaHM3MAepi XoHe aBaTapAapAabl elipy/6A0KTay CUSKTBHI XXblAAaM O9PeKeT eTy Kypaadaphl
Kipeai. Ocplaariia, VR CHHBIOBIHBIH KayiIlcizairi TeK TeXHMKAABIK IIapalapMeH FaHa eMeC,
COHBIMEH KaTap HaKThl yaKBIT peXXMMiHJe MiHe3-KYABIKTHI OaKbliayAbIH 94€yMeTTiK >KoHe
TeXHUKaABIK MeXaHI3MAepiMeH ge KaMTaMackI3 eTideAi, Oy KOPKBITY HeMece KopAay KayTi 6ap
JKOFapbl MHTepaKTUBTI OiaiM Oepy opTachl yIIIiH ©Te MaHBbI3bI.

Temenri coa >xakTarsl VIHTerparst sxone API kayircisairi 610TbI CBIPTKBI KbI3METTEpMeH
JKoHe JXKylieAepMeH e3apa speKeTTecy YIIiH Kayiricis nepumerpai Kypaiianl. APl aenreriinge API
mundpaay, ayreHTudpUKanys TOKeHAepi KoHe XXblAAaMABIKTHI IIIeKTey KOAAaHbLA1aAbl, Oy ycTal
aay, CcypaHbICTH OypMaJday >KoHe aBTOMaTTaHABIPBIAFaH IaOybladap KayIiH asaiiTaabl. bya
meHOepae npokcu >xane Kayincis VPN + mTLS apnacer apkberast xysere acsipsraateia Platonus-
IIeH MHTeTpanus Ja epeknredeHesi. COHbBIMEH KaTap, ToyeKeaai azaiTy IpMHINII OeAriaeHeai:
TeK OKyFa apHaAfaH TipkeariHi maiigasany Platonus aepekrtepin mHTerpanms IeHOepiHeH
e3repTy MYMKiHAiriH mekreigi, aa Platonus API 6ap Secure Lab-PC crieHapuiti CBIpTKBI XKyiiere
Tek OeArideHreH Kayilci3 >KYMBIC CTaHUMACBIHAH KipyAiH ITIpakTUKaAbIK IIeKTeyAepiH
KapacTelpadbl. bya ausaliH mHTerpaiysHbl OacKapblAaThIH, ayAUTTeAeTiH >KoHe JepeKrep
aamacy nHTepQericiHig Oy3blaybIHa TO3IMAIL eTei.

Temenri, opTaabik 610K, JepekTepai Kopray KoHe mudpaay, AepeKrepAiH KYIMAABLABIFEI
MeH TYTacCTHIFBIHBIH Herizin Oiagipeai. Kiarrepai 6ackapy KMS/HSM xyiiecinge >xysere
aceIpbplAaAbl, ald KaAraH Kke3de Jepekrepai mmdppaay AES-256-GCM xemerimeH >Kysere
acwipblaaabl; cakray PostgreSQL + pgerypto >xyiiecinge xamramachi3 etiaeai. TLS 1.3 kayirmcis
KOCBLABIMAAP YIiH KOAJ4aHblAaAbl, a4 akaydapra Te3iMAiAiK CaKThIK KelllipMeaep MeH KaAllbIHa
KeATipy MexaHM3M/JepiMeH KoaAgay KepceTideai. OKIMIIIHIH JepeKTepai Ke3AelCOK OKYBIHBIH
OpHBIHA, pecMm >KoHe OaKblAaHATBIH Kipy MHpolleci KaXeT OoAFaH epeKllle >KardaiiaapAa
(MBICaABl, OKUFalapAbl Teprey) KOpFaafaH gepeKkTepre OackapbllaThIH Kipyadi KaMTaMachl3 eTy
YILiH >KeKe MeXaHU3M, 9KiMIIIiAiK 9CKpOy, KapacThlpblaFaH. OH >KaKTarbl )KypHaAa XXYPrisy >kKoHe
KPMMIHAAMCTVKa 0A0TH XKYTeHiH 0aKblAay ABLABIFBIH JKoHe Ad1eadeMelepAi KaMTaMackl3 eTeAi.
OraH opTaABIKTaHABIPBIAFaH OKMFalapAbl Oakplaay yiniH SIEM nHTerparscsl, reprey XXyprisy
YIIiH yoKiAeTTi KpI3MeTKepAepAiH KpUMMMHaAMCTUKara Kipyi >KeHe >KypHaadjapAbl ©3repTyjeH
HeMmece >KOI04aH KOpFay MeXaHM3Mi peTiHge ©3repMeNTiH ayAuT >KypHaadapbl Kipeai.
AuarpaMMaZarbl KOCBLABIMJAP OKUFadap MeH opeKeT HoTIKeAepiHiH Oya mukare VR
KayiIcisairi MeH gepexTepai KOpFay iIlIKi >KylieciHeH Kipin, y3Aikcis ayauT TizOeriH Ky paiiTHIHBIH
KepceTeai: Oy3yIIBIABIK HEMece KYAIKTi apekeT ¢akriciHeH HGacTar OHBI >Ka3yFa, Taljayra >KoHe
KEeVIIHTI OKIMIIIiAiK HIenIiMre AeniH.

Ocriaarimra, AnarpaMma TyTac MoAeabAl KkepceTedi: peagepai 6ackapy (SSO/MFA/RBAC)
pYKcarT eTiareH maiijaaaHyIIbl 9peKeTTepiH aHbIKTallAbl; yaT >koHe VR ChIHBIIITaphl MOAeparius
>KoHe ecell Oepy MeXaHU3MAepiMeH KOpFalfaH; MHTerpanusaiap (coHbH imiHge Platonus) API
>KoHe OallaaHBIC apHACHl AeHTelliHAe OKIIayJaHFaH >KoHe KOpFaAfaH; AepeKTep IuQpaaHfaH
>KoHe OacKapblAajbl.

Aepexrep KMS/HSM apkpbLabl >XmHadaAbl; OapAbIK MaHBI3ABI 9peKeTTep MeH OKUFajlap
©3IePMEIITIH XXYpPHaAAapAa Ka3bLAbIII, 6aKHAay >KeHe KpMMMHaAMCTYKa y1TiH SIEM-re )Ki6€pi/le,£|,i.
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Kayimncisaik meH eHiMAiaikTi TeHecTipy ymniH 0i3 ceaekTwBTi mmdpaayasl eHrizyai
JKOCIap/Aamn OTBIPMBI3: MaHbI3AB Jdepekrep (ID, ToxeHgep, ayamo) AES-256-GCM apxslabl
KOpradaapl, aa XR TeaeMeTpuschl >KeHia XaTTaMadapMeH Kopradaabl. bya VR mmmepcusce
caxTail OTBIPBII, Kidipic yaKbITBIH KOAAlABI IIIeKTepAe caKTalAbl.

Edge-Herisgearen Mogepanusi TY>KbIpBIMAaMachl TOABIK >KypHaldapAblH OpHBIHA TeK
mndpAaHFaH OKUFa «XKaJayllalapblH» aaMacy apKbLAbI cepBepre OepileTiH AepeKTep KeaAeMiH
azalitagsl, OyA KOpIIaraH OpTaHBIH Kayillci3AiriHe HYKCaH KeATipMell KYMMAABLABIKTEL
KaMTaMachI3 eTeAl.

KypHaaabH e3repMeNTiHAITNIH KaMTaMachkl3 €Ty VIIiH X®II afalliTapbl KOAJAaHbLAaAbl.
baokrapapr TizOekke x3mITey OHIMAIAIK HeMece OY3YIIBIABIK AePeKTepiH peTPOCHEKTUBTI Typae
eHAeVAIH aAABIH alaAbl, Oya >KYUeHIiH aygUTTep YIIiH aIIBIKTBIFEI MeH CeHiMAiliriHe Kemiaaik
Oepeai.

Temengeri 2-kecTeae MeTa-yHMBePCUTET illliHAe >XMHAaAFaH >KoHe OHJeAreH JepekTep
KepceTiareH. OpOip JepekTep Kaachl VIIiH MbIcaajap, Ce3iMTaAAbIK JeHTeiilepi, cakray
Mep3iMaepi >XxoHe pea OOMBIHIIA KOAXeTiMaizik OepiareH. Ce3iMTaAABIK AeHrelfi aKIapaTThHIH
arplll KeTyi HeMece AYPBIC IlaiijalaHblAMaybl >KaFjaiibIHAAFbl BIKTMMAaA 3alalAbl KepceTeai.
KoakeTtiMmaiaik yari OolibIHIIIa aHBIKTaAaAbl: CTYA€HT, OKBITYIIIBI, 9KiMIIIi )XKoHe ay4UTOp HeMmece
akIapaTThIK Kayilcizaik KbpiameTi. Jepekrep illiki, Kynus >KoHe oTe ce3iMTaa OOABIN >KiKTeaeai.
Orte cesiMTaa gepekTep VIIiH KaTaH epexkelep KoAJaHblaaabl. MyHaail JepeKTepai >KuHay
IIIeKTey i, CaKTay Mep3iMAepi KbICKapThLAFaH KoHe KO/ JKeTKi3y TeK Ka>keT O0/AFaH >KaFdaiija FaHa
Oepizeai. YChIHBIAFaH caKTay Mep3iMJepiH yHMBepCUTEeT cascaThl MeH aKIapaTTHIK KayilcisAik
TaJallTapblHa colikec peTTeyre Ooaaabl. bya maTpuia kayinn MogeaiH Kypy >KoHe Kayilcizaik
IIapalapbIH TaHAAY YIIIiH 04aH 9pi KOA4aHbLAaABbL.

2-KecTe. METayHI/IBepCI/ITeTTe JKIMHaAfraH >KoHe OHAEAETiH AEpeKTep Typ/lepi

Kaacc Kunaaran Cesimraa- Kapamabrabik Peaaepre xipy
AepeKTep AepeKrTep Typi ABIK Mep3imi MYMKIiHAiTi
1 2 3 4 5
IAM okimimici ,
YHuusepcuret/IS
MNaentnduxa- | SSO - naentudukarop, L. . | ay4UTOP; TONTHIK,
Kymms epexxeaepi: Tipkeari | .
LIVSIABIK, Pe4, ToI, ceccust . Tisimaep
. (PDn) Oeacenai 0oaraH .
Aepexrep TOKeHJepi OOMbIHIIIA
Ke3Je + MyparaT )
My¥faaim
Tipxeari 6beacenai |Ilaitaasanymsy;
/lakar aT, KYIUsIABLABIK, .
[Tpoduas . . 0oAFaH Ke3ae; MogepaTop/aKiM
napamerpaepi, aarap |lmki/ kynnms N .
>KoHe aBaTap CcypaHBIC OOMBIHINA | IITi - KaskeT 6oAFaH
ONIMAAAPHI N
SKOIO JKaraariga

MAeHTUPUKATOPHI ,

KYH

VR 90-365 xyH Myraaim (xexe
KaTBICYIIbLAAP, YaKbIT .

CeaHCBIHBIH Senri ) Irmixi (cara/oKuFaHBbI CBIHBINITAP),

. eariaepi L

Aepekrepi .. pL ITIETITy) 9KiMIIIi, ayAuTOp

KepiHic/Moayab
9aenki: 3090 xyH

XR mines- Ore arperarTapal; AHaauTuxka - Tex
[losunusaaap/Tpaexrop ) N o

KVYABIK ce3imMTaa myKi" - arperarrap;
usiAap, KUMblAAap, . L

TeleMeT- (mines- caKkTaMaHBI3 HeMece | KOAXKeTIMAIAiK
e3apa opeKkeTTecyaep . .

PUSICBI KYABIKTBIK) | KOHAey YIIIiH <7 IIIeKTeyAi
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2-KeCTeHiH COHBI

1 2 3 4 5
O e11Ki OOVIbIHIIIA
. . CaKkTaMaHbI3;
. dukcanusasap, |Ocipece cesimMTa
Kesai 6akbraay KaxkeT 0o/ca, Tek pykcar + ayaurop
Hazap aysapy |(Omomerpusabik/
/ ke3kapac . . . cunres/ DP HeMece | apKbLABI
yAariaepi MiHe3-KYABIK)
arperaTTap <30
KYH
90-180 xyH;
Xabapaamaaap, . .Y_ Karsicynisiaap;
TOPTINTIK icTep
Xabapaamazap | peakumsiaap, K . LIIaFBIM MOAepaToOph;
. TSt IIiH — . .
(MoTIHAIK) apHa ¥ Y Teprey Ke3iHaeri
MeTajepeKTepi cpeseaepre ayAUTO
p p CoMKeC Y p
Ayano agenki
AyAVO aFBIHEI, OOJIBIHIIIA
. . Karsicymsraap;
Baitaansic TPaHCKPUITLIVS . CaKTaAMalAbl;
Ore ce3iMTaa MoJeparop/ayAUTop -
(aaysIc) (erep xocbLAFaH TpaHckpunnus 30- N
N epesKeaepre CoviKec
Boaca) 90 xyH O0JiBI
MiHAeTTi eMec.
CryaeHT (MeHIIIK),
o Baraaap, Yrausepcurertin/IS | myraaim (kypc),
Ky -
. TamceipMaaap, st (PDn epexesepine aKItapaTThl
HOTIKeAepi P P | Ky ( ) P N p KHap A
KaTBICy coriKkec TeXHO/OTusIAap
OKIMIIIiCi, ay4UTOp
Ecenrep,
Oxuraaap . p 1-3 xxp121 (Hemece | Moaepatop,
mrermiMAaep, . . ..
JKoHe Kynnsa epexxeaepre Kayircizaik akimmici,
MoJepaius ASACAAEMEAEP ColiKecC) ayAUTO
p Oaszacel y p
TexHmkaAabIK Kipy, peaai
KypHaaaap osrepty, API Imiki/ Ky 180 xyr -2 xna  |Kayincisaix/ ayaurop
JKoHe ayauT OKMFaJaphl

Ecxepmy — asmopaap xypacmuipean

Toayexkeagep VR  ceccmsiaapbIHBIH, — COMIKeCTEHAIpPYyAiH, OKYy  aHaAMUTHUKACBIHBIH,
KOMMYHMKaVsIAapAblH >KoHe CBIPTKBl ~MHTerpaumsdapAblH  KUBIABICBIHAA  TyBIHAQMABL.
CoHgpIKTaH, OYA 3epTTeyae apXUTEKTYpaabIK Tacia Tagdaaasl. O KylieHi gepekTep aFbIHAAPHI
MeH peajepiMeH 0allaaHBICTBIPBIAFAH KayillCi3gik iAMeKTepiHiH >KUBIHTHIFBI —peTiHae
cuIaTTamAbl.

backa seprTeyaepmeH caAbBICTBIPY TYpPaKThl HeTi3ri TY>XBIPBIMABL KepceTedi. bya
CUTHaAAap OY3YLIBLABIKTapABIH ocepiH apTThipagsl. CoHAall-aK, JepOecTeHAipy MeH aHaAUTHKa
AepeKkTepAi >XMHayAbl OacKapaThIHBL, KYIMSIABIABIKTEI AM3aiiH OOMBIHINA >KoHe KaTaH Kipyai
GaxblaayAbl Tadall eTeTiHi pacTaaabl. bya Tociaain aifbipMaIIblABIFEL - OyA YFBIMAap OipbIHFail
omnepaniAAbK KypblabiMFa OipikTipiareH. Oa peadepai, AepeKkTep apHaJapblH, mudpaayAbl,
MOJepallVisIHEI JKoHe TepreyaepAi OaitaaHBICTBIPaJBbl.

Hotmxecinge mnaiiga OoAFaH ocep apXMTEKTYpaablk KYpPBIABIMMEH TYyciHAipizeai.
Lnkaaepai 0eay OY3yIIBIABIKTapABIH BIKTUMAAABIFBIH a3aliTaabl. OpOip Kayil KAacklHa HaKThI
IIapasap TaraliblHgaaaabl. VR chIHBIObIHA KOpiHeTiH Mogepalus >KoHe KblaAdaM dpeKkeT eTy
MexaHI3MAepi KOchlAABL Yat yiuiH >Kayamn TizOeri aHbIKTaaAbl. VIHTerpanusiap yiiH Kayircis
IHepuMeTp MeH IIAI03 KapacTHIpbLAFaH. /JepekTep VIIH KpuUNTOrpadusABK KOpray >KoHe
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KiaTrepai ©Oackapy KoagaHbiaagbl. OkKurazap VYIIIH ©3TepMeNTiH >KypHaadap MeH
KpUMMHaANCTHKA eHriziaai. bipre aaranaa, Oy >Keke IIapadap >KMBIHTBIFBI eMec, DacKapbLAaThIH
KYTIeHI >Kacalapbl.

Kynusaasiaplk TeH MoJepanuis apachblHAAFbl Telle-TeHAIK epekile MaHbI3Abl. bya
MakcaTTap apachlHAArbl KalIIBIABIK o4eOueTTepde >Kui TaaKbLiaHaabl. TOABIK TeKcepy
Oakbplaayabl apTTeIpabl, Oipak ceHiMAl asaliTagbl. bya sepTTeyae pIMbIpaFa Kedy KaObL1AaHFaH.
Cakraaran Jepekrepai mmdpaay caxrtasaasl. ludpaanraH gepexTepre KOA SKeTKi3y TeK
epexejepre colikec pykKcaT eTideai. Mogepalius aBTOMaTTBl TaHAay >KoHe ajaMU TeKcepy
apKblLABI TMOPUATI Ipoliecc peTiHAe Kypblaaasl. Jaybic Oepy YIIIiH TpaHCKpUIITKe HeTi3leAreH
Tocia ycbIHBIAaABl. bBya mponeaypasapabl cTaHgapTTayAbl SKeHe IelliMAepal ayAuTTeyai
JKeHiageTeai.

Oa ageTTe Go2€EK KapacTHIPBLAATEIH Oec MiHAeTTI OipiKTipeai:

1) Peaaepai backapy;

2) ©aeyMeTTiK-TeXHUKaABIK OopTa peTiHaeri VR ceccusaapbIHbIH Kayinicizairi;

3) bakpraaHaTHIH MOAepanusIChl Oap >KeKe Jart;

4) CpIpTKBI aKIIapaTTHIK JKylleaepMeH Kayillcia MHTerpaumsiaap;

5) Oky >keHe TopTill MpoIleCiHiH OOiri peTiHAe XXypHaa XXYPrisy >KoHe KPMMIUHAAUCTHUKA.

Omnepanusaslk Kayar Oepy arbiHBI 4a >kKaHa. Oa 9KiMIIiAiK apTBHIKIIBIABIKTapABI Tepic
naligaAaHy KayIliH a3aliTaAbl >KoHe CBIHBIITAFBI XKayarl Oepy >KblAAaMABIFbIH apTTBIPaAbl.

l'umoresa apxmrekTypaablK HeTrizgeMeMeH pacradagbl. Jepekrepai KikTey, Kayin
Mozeapzey xoHe RBAC, mudpaay, ayaut >koHe MOAepalVAHBIH YilAeciMi KYNMAABIABIK ITeH
TYTacCTBIKTHI JKaKcapTaabl. OKMFadapAsl Oackapy OackapblaaThH O0ABII Kada Oepeai. JerenMen,
SMIIMPUKAABIK TeKcepy o4i JAe mrekreyai. Kasipri TypiHae Oya apXmUTeKTypaablK >KoHe
d4icHaMaAbIK BaamgauusA. Ipi keaemal mnaligasaHyInbpl SKCIIEPUMEHTTepi MeH >XyKTeme
eAamemMaepi ycoIiHbLAFaH KOK. COHABIKTaH CaHABIK TUiMAiAIKTi TeK IPOTOTUIITEYAeH KeliiH FaHa
Oarasayra 6oaaapr. HeTiokeaepain 4944iri MeH ceHiMAiAiri craHAapTTBI KpUHOTOTpadpusaABIK
OpUMUTUBTEP, Kipyai Oakblaay >keHe ayaAmT >koHe APl ymriH keaisik eallemMaep CHUAKTHI
KallTadaHaTBIH MeXaHU3MJepre HerizjdeareH. bya mremimaepi Tekcepiayi MyMkiH. OaapAbiH
AYPBICTBIFEI €HTi3yTe JKoHe K0AJayFa OaitaaHbIcTel. Herisri mapTrapra oKiMIIiaik TopTin, caraast
KiaTTepai Gackapy >KoHe KeIllleHAl >KypHa XY PTisy >KaTaAkbl.

Koaganblay 11exkreyaepi >KylieHiH >KYMBIC icTey epeKllledikTepiHe OallAaHbBICTBL
Oxkuraaapapl Teprey Ipoliedypadaphl )KoHe eKiaeTTikTepai HaKThI 604y KaxkeT. Peaik Moaeabai
OpHaTy >KoHe KbI3MeTKepAepai OKBITY ©Te MaHbI34bl. Moaepaniis MogeabAePiH XKepridikTi Typae
TeKcepy Ae KaxkeT, cebeOi KaTeaiKTep MeH 94i4eTci3 ToxxipnOeaep OpbIH aaybl MyMKiH. CBIPTKBI
aKIapaTTHIK KYlieJepMeH MHTerpauys nHTepQericrepAid KOAXKeTiMAiAiriHe >KoHe YHIBEPCUTET
casicaThlHa OaliaaHBICTHL. /layBICTBIK JAepeKTepai >kadyFa >KoHe MaTepualjapAabl caKTayFa
KaTBICTBI 3aHABI TadalTap ©Te MaHbI3AbI.

bip pIkTMMaZ 11eKTey - OHIMAiAIK IeH KayincisAiKTi TeHecTipy KaxkeTTiairi. TeiM Kypaeai
HaKTBI yaKbITTaFs! I paay aATOpUTMAEP] ITaiijalaHyIIbl TaXipubeciHe Kepi acep eTyi MyMKiH.

XKyiteni maiigasaHymblaap CaHBIHBIH KeIl 0oAyblHa MacIITadTay oKIMIINIAIK >KoHe
MoJepanuysl TYPFBHICHIHAH >KyieHi Oackapyfa KBICBIM >Kacaiiasl. bya MaceseHi memry yuriH
MoJepaTopAap KYpaMbIH KeHelTy HeMece aBTOMAaTTaHABIPBIAFaH OaKbllay >KylielepiH eHTisy
KaxkeT 60AyBI MYMKIiH.

Tarbr 6ip 0caa4bIK - CaHABIK YHUBEpPCUTET ilTiHAETi ©3apa opeKeTTecy Ke3diHJe JKMHaAFaH
AepeKTepAiH epekllle CUIIaThl: OMOMETPUABIK IapaMeTpep, KO3FalblC YATiAepi >KoHe Ke3ai
Oaxplaay S>Keke JepeKTep Typaadbl 3aHJAapAbl CaKTay TYPFBICBIHAH KYKBIKTBIK KUBIHABIKTap
Tyapipaabl. COHABIKTaH, MeTaKeHiCTiKTeTi OY3yIIBIABIKTap YIIiH KYKBIKTBIK >KayaIIKepIITiAikTi
Oeay KakeTTiairi Oap.
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3epTTeyAiH IIeKTeyAepi OarasayAblH TOABIK eMecTiriHe xKarteicTsl. Kasipri yaksITTa Kigipic
JKoHe KOCBbIMIIla KOpCeTKIITep, COHAail-aK Kayillci3gik ImapadapblHblH VR ceccusichIHBIH
TYpaKTBhIABIFBIHA 9cepiH Oaraaay >Keticmeligi. Ilaigasanyiisiaapabiy xabapAaHAblpydap MeH
OearizeHreH epeskeepre ceHiMi sepTTeaMereH. by mexreyaepai mporoTun asipaey, )KyKTeMeHi
TecTiley >XoHe IaligalaHylIblAapAbl 3epTTey apKbIABI IIEIy YChIHbIAaAbl. Mogepanus mpolie-
AypaZapsl MeH aneAAsIIVAABIK MeXaH3MAePAiH 94i4Airi 6e.1ek KapacTHIPYyAbl KasKeT eTeai.

JKyMBICTBI OAaH 9pi AaMBITy YIII Herisri OafbITTa >KOcHapaaHfaH. bipinmi Oarerr XR
TeAeMeTPUACHIHBIH KYTIMAABIABIKTE CAKTalTBIH aHaAUTUKAChIHA KaTBICTHI JKoHe arperamis >KoHe
AepeKkTepAl asaliTy peXuMAepiH IaiijalaHyAbl KaMTHUAbL. EKiHII OarblT 94ia MogepalysiHbI
KaMTaMachl3 eTyre apHaAfaH >KoHe TMICTI KepceTKilTepAl oa3ipaeyai, >Kepriaikri aepekrep
SKMBIHTBIFBIH KaABIITaCTBIPYABI JKoHe ajdaM-LIMKAJeT TaciadepAl KOAAaHyAbl KAMTUABL. Y IITiHIIT
GarpIT IMPPADIK 9A€MHIH KayiIlci3airiH KaMTaMacel3 eTyre OaFbITTaAFaH.

KOPBITBIHABI

VR/AR-ab1H epekille cumnaTbl KYNVAABLABIKTBIH OY3BIAYBIHBIH CaAAapblH KYIIelTeai,
ce0eOi Tek >KeKe JepeKTep FaHa eMec, COHBIMEH KaTap (akTideH KelliH ceHiMAl Typae >KachIpy
KUBIH MiHe3-KYABIK >KoHe OMOMeTpUAABIK CUTHaAjap (COHBIH ilmiHAe Ke3ai Oakplaay) Aa Kayill
acTeiHAa. VR KYpBIAFBLAAPBIHBIH, aHAAUTHUKAABIK >KoHe OelliMAeArilll MoAyAbAepAiH >KoHe
CBIPTKBI MHTeTpaluusilapAblH KUBLABICYBIH €CKepe OTBIPBIN, KYIMAABIABIKTEI KaMTaMachl3 eTy
KYIISIABIABIK, OOMBIHINIA AM3AlH TaciAdepiH, OaKblL1aHATBIH KOAXKeTiMAiaikTi, kpunrorpadusi-
ABIK, JK9He CTaTUCTUKAABIK, KOpFay MeXaHIU3MAEPiH naiijalaHyAbl Tadall eTeli.

3epTTeyAiH Herisri HoTikeci MetaUniversity Ty>kpipbIMgaMaceiH (1-cypeT) caHABIK eri3
JKOHEe aHaAWTMKAABIK KYPBIABIM apKblAbl (PU3MKAABIK YHUBEPCUTETIIEH OailAaHBICTBI KOII
KaOaTTBl apXUTeKTypa peTiHge a3ipaey 6044l bya TyxsipeiMgaMa 0isre KyliediK TaAamnThl
peciMaeyre MyMKiHAIK Oepai: Kayimcisaik OykKia apxmuTekTypa OOJBIHIIA AepeKTep aFbIHAAPBI
MeH peajep AeHreliHAe KaMTaMacbl3 eTidyi Kepek, cebeOi maatdopma kabarrap apachiHaa
y34ikcis gepexrep aamacaanl (VR ceccmsiaapsl, Kylidi CMHXpOHAQY, aHaAUTHKa, Kepi OailaaHbIc)
>KoHe OKYIIIBI VIIIiH KeHeMTiATeH CaHABIK i3 Kaaabrpaabl. Ochl TY>KBIpbIMAaMara CylieHe OTBIPBITI,
naligaldaHylbl AepeKTepiH KOpFayAblH KellleHAl apXUTEeKTypachl YChIHbLAaAbl (2-CypeT), OraH
COVIKeCTeHAipy >KoHe Kipy KYKBIKTapblH Oackapy, VR kaacelHAaFel Kayincisaik, Kayircis
OariaaHbIC >XKoHe MoJepalys, uHTerpanus >koHe APl Kopray, Kpunrorpapusaaslk AepeKrepai
KOp¥ay, COHAal-aK OaKblaay >KoHe 3epTTey MHPPaKYPBLABIMEI Kipeai.

YCBhIHBIAFAaH MOJeAb HaKTBhl YHUBEPCUTET OpTachlHAa Kayilci3AiKTiH ITpaKTUKAaAbIK
MYMKIiHAITiH OHBI Ti30eKkTepre 0oy >koHe aiiKbIH OIepalMAABIK AOTVMKa apKbLAbl KaMTaMachl3
ereai.

AAbIHFaH HOTIDKeAepAiH MPaKTUMKAABIK MaHBI3ABLABIFEI YCBIHBLAFAH apXUTeKTypa Oiaim
Oepy yuriH Kayincis VR maargopmaceis KypyAbIH KaiiTalaHaThH d4iCHaMachlH aHBIKTaAbL, 04
6ip yakbITTa MBIHaAapABI eckepeai: (i) 6iaim Oepy aepekrepi meH HariaaHbICTapBIH KOpFay, (ii) VR
JKOHE 4JaTTarbl oJ4eyMeTTIK-TeXHMKaABIK ToyeKeadepAi Oackapy, (iii) colikecTik >KoHe
IpolleAypaAblK alllBIKTHIK TaJdalTapbl. boaamrakTra sepTreyai ogaH api AaMBITy OeltimaeAarimn
OKBITY camachlH caKTall OTBIPBIII >KoHe >KMHaAfaH CUTHaAAapAbl asaiTa OTbIpbi, XR
TeAeMeTPpMACHIH JeaHOHM3alusAAayAblH KaAABIK —ToyeKeadepiH pecMmu Oarasayfa >KoHe
KYNMAABIABIKTEL CaKTalTBIH aHaAWTUKaHB (arperamysi, AudQepeHnnaiAbl KyNVABLABIK,
desepatusTi TOCciagep) MacmiTabrayra OarbITTaaybl KepeK. Kymmsaawslaslk IeH OaiiaaHbIC
KayiIcizairi apacelHAarbl Terne-TeHJiKKe epekKllle Hazap ayJapy KaskeT, acipece >KaKcapTbLAFaH
mmdpaay >KoHe 94ia Modepaumsd KaXKeTTidiri aschlHAa B3UAHABI Ma3MYHABl Oakblaay
MexaHM3MJepiH eHri3y KesiHge, Oya >Kepriaikti JepekTep MeH ajJaMHBIH IIMKAJETi
nporeAypaiapblHAaFbl MOJeAbAePAi TeKCEPYAiH MaHbI3AbLABIFBIH aHBIK TalAbL.

MYAAEAEP KAI7[IJ_ILIAI>IFBI: ABTOp MyAJeaep KalIIbLABIFI KOK, €KeHiH MaAiMAeiiAl.
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KAPXXDBIAAHADBIPY: bya makaaa AP23484442 OoribiHia FriapM SkeHe >KOraphl 0idiM
MUHUCTPAITIHIH FBIABIMHU 3epTTeyAepre apHaAfaH IPAHTTHIK Kap>KblAaHABIPY >KOOaChHI asChHAA
AaVbIHAAAABL.

MHCTUTYLUMNOHAAABIK 9TUKA KOMMUTETIHIH, KOPBITbIH AbICHI:
KoaaaHbramMaiapbl.

EPIKTI KEAICIM TYPAABI MOAIMAEME: Koasaabramarapbl.

AEPEKTEPAIH, KO/LKETIMAIAITT TYPAABI MOAIMAEME: Ocwl 3epTTeyaiH
HOTIKeAepi Heri3iHeH caHABIK MoOJeAbJey MeH TeOpMAABIK TaadayFa cyileHeai. JKana
DKCIIEPUMEHTTIK JepeKkTep >KMHaAMaraH. KakeT OoaraH >Xargaliga 3epTTey HoTUKelepiH
pacTaiTeIH MaTepraadap TUICTi cypaHbIC OOMBIHIIIA >KayalThl aBTOPAAaH aAbIHYbI MYMKIiH.

AAYBIC BIAAIPY: Apropaap 3epTTeyai opbiHAay OapbIChiHAA od4icTeMeaiK KoaJday
KOpCeTKeH opillTecTepiHe >KoHe >KYMBICTBIH callachblH apTThIPyFa bIKIaAd eTKeH aHOHMMAi
pelieH3eHTTepre aafbic Oiagipeai.

JKACAHABI WMHTEAAEKT TEXHOAOIMSIAAPHIH IIAVIAAAAHY TYPAABI
XABAP/AAMA: Asrtopaap 0Oya KoaXka3OaHBl JaiiblHAQy Ke3iHJe TeHepaTMBTi >KacaHADBI
MHTeAAEeKT KypaljaphiH MaligalanOaraH.
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CPABHUTEABHBIV AHA /M3 VI OLIEHKA D®DEKTUBHOCTU
CBEPTOUYHBIX I TPAHCO®OPMEPHbBIX APXUTEKTYP I'’ 1YBOKOI'O
OBYUEHUS 4151 MHOTOK/AACCOBOM KAACCUPUKAILINN
MEAULIMHCKMX U30BPAKEHU

MEANLVNHAABIK KECKIHAEPAI KOIT KAACTHBI KIKTEY YIIIIH
TEPEH, OKBITY 4blH KOHBOAIOLIUSABIK )KOHE TPAHC®OPMEPAIK
APXUTEKTYPAAAPBIHBIH TUIMAIAITTH CAABICTBIPMA/ABI TAAAAY

KOHE BATAAAY

COMPARATIVE ANALYSIS AND EVALUATION OF THE EFFECTIVENESS
OF CONVOLUTIONAL AND TRANSFORMER DEEP LEARNING
ARCHITECTURES FOR MULTI-CLASS CLASSIFICATION OF MEDICAL

IMAGES
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AHHOTAII VIS

epapXJ4ecKuin
TpaHchoOpMep 3peHIL,
Swin Transformer,
KaaccupUKaIys CTereHn
O0’KOra, aHaAM3
MEAVIIMHCKIX
nso0pakeHui, rayookoe
oOyueHne, TIepeHocC
0Oy4JeHIs1, KOMITBIOTEpHas
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TourHoe ompeseseHne TAyOMHBI 1 IIAOMIAAV OXKOTOBOIO [TOPa>KEHMUs —
BTO KAIOY K IIPaBUABHOMY BBIOOPY MeToJa AedeHnys. OOBIYHO Bpaum
[IoJaralOTCd Ha BU3YaABHYIO OLIEHKy, YTO 3adacTylo ObIBaeT
CyOBEKTUBHBIM U MOXET IIPUBECTM K Pa3HOTAACUAM  MEXAY
CIIeIMaAnCcTaMy, a TakkKe CHU3NUThL TOYHOCTh AMATrHOCTMKU. XOTS 3a
IocAeAHIVe TOABl aKTUBHO Pa3BUBAIOTCS METOABI IA1yOOKOTO OOYyUeHNs
AAS aHaAu3a MEAVILIMHCKIX M300paKeHNIt, OTeHIaA
TpaHCPOPMEPHBIX MOAeA€eNl B OIIpeeeHUN CTeIIeHN TSXKEeCT OXKOTOB
0OCTaeTcsl He4OCTaTOYHO VCCAEeA0BAaHHBIM.

B Hamei1r paboTe MBI IPeAA0>KUAN HOBBIN II0AX0J4, K aBTOMAaTUIECKOI
KAaccrpuUKaIy 0’KOTOB, OCHOBaHHEIN Ha COBPeMEHHBIX apXUTEeKTypax
raybokoro obydeHus. MblI MCIIOAb30BaAM TEXHOAOTUMU TpaHCpepHOTro
oOydeHns ¢ IpeABapUTeAbHO OOyJeHHBIMM BecaMl, a Takxe
NIPUMEHSAM ayIMEHTAlNIO JAHHBIX AJsl IIOBBIIIEHNS HaAeKHOCTH
Mogean. Aas oOydenus Beiopaan ontuMusaTtop AdamW u BHegpuAN
AVIHAMIYECKOe yIIpaBAeHMe CKOPOCTBIO OOydYeHMs, 4TOOBI cAeaaTb
MoJgeab 0oJee YCTOIYMBOM U CIIOCODHOI K 00oOmmeHmio. B pamkax
1CcAeAOBaHMI ITIPOTECTHPOBAA pa3Hble apXUTEKTYPhI — ¥ CBePTOYHBIE

HelpOHHEIe ceTy, 1 TpaHcpopMepsl. Aydmmit pe3yabTaT IIOKa3ala
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TpaHcdpopMepHasi MOJeAb, AOCTUTINasA TodHOoCcTH 94,2 % OGaarojaps
criocobHOoCTM 9P PEKTUBHO YUUTHIBATh KaK JOKa/AbHbIE TeKCTypHBIE
AeTaaAl, TaK ¥ T100aAbHbIe KOHTEKCTHBIE ITPV3HAKI.

TyniHai ce3aep:

TYWIHAEME

MepapXMABIK Kopy
TpaHcpopmepi, Swin
Transformer, Kyitik
Adpe>KeciH XiKTey,
MeAUIIMHAABIK, KECKIHAL
TaaAay, TepeH OKBITY,
OKBITYABI TaCBIMaA4ay,
KOMIIBIOTEpPAIK
AVIaTHOCTHKA, Ha3ap
ayJapy MexaHuU3MAepi.

KyitikTiH TepeHairi MeH ay4aHBIH 494 aHBIKTay — AYPBIC eMAey d4iciH
TaHJAAYABIH KiATi. ©4eTTe aapirepaep Bm3yaaanl OaralayFa cylieHeai,
Oya kebiHece CyOBEKTUBTI >KoHe MaMaHJAap apachIHAAFrel Keicrey-
mIiaikrepre akeAyi MyMKiH, COHBIMEH KaTap AMarHOCTUKaHBIH A9AA4iriH
TeMeHJeTeai. MeaunnHaAbK KeckiHaepai Taajay YIIiH TepeH OKBITY
d4icTepi COHFBI >KbIAJapbl OelceHAl JaMBIII Kede >KaTKaHBIMEH,
KYHiKTepAiH ayBIPABIFBEIH aHBIKTayJaFsl TPaHCPOPMATOPABIK MOAEAb-
AepAiH 24eyeTi 941 3epTTeAMereH.

bisaiH >KyMbICEIMBI3Aa Oi3 TepeH OKBITYABIH 3aMaHayM apXUTeK-
TypaJapblHa HeTi34eATeH KYHiKTepai aBTOMaTThI TYpAe KiKTeyaiH >KaHa
94iciH yCBIHABIK. bBi3 aaapin asa aalibiHgaaraH caaMakKTapMeH (Beca)
TpaHcdepAiK OKBITY TEeXHOAOTUAAAPHIH KOAJAAHABIK, COHBIMEH KaTap
MOJeAbAiH CeHIMAIAiriH apTTBIpy YIIIH JepeKkTepAi KYIIenTyai
KoaAaHAbIK. OkpITy yiiiH AdamW oOHTailaaHABIPYIIBICE TaHAAAABI
JKoHe MOJeAbAi TYpaKTBI >KoHe >KaAIlblAayFa KaOiJeTTi eTy YIIiH
AVHAMIKaABIK OKY >KBLAAAMABIFBIH OacKapyAbl €Hri3di. 3eprreyaep
meHOepiHAe 9pTyp4i apxuTekTypadap — KOHBOAIOLUAABIK, HEMIPOHABIK,
>Keaiaep Ae, TpaHcpopMaTOpAap Aa ChIHAAABL. JKepriaiKTi TeKCTypaabIK,
Gearexrepai Ae, kahaHABIK KOHTEKCTiK Oearizepai e Tmimai ecerike
aay kaOizeriniH apkaceiHAa 94,2 % 4914iKKe >XeTKeH TpaHcdopMma-
TOPABIK MOZeAb €H KaKChl HOTV>Ke KOPCeTTi.

keywords:

ABSTRACT

hierarchical vision
transformer, Swin
Transformer, burn severity
classification, medical
image analysis, deep
learning, transfer learning,
computer diagnostics,
attention mechanisms.

Accurate determination of the depth and area of burn damage is key to
choosing the right treatment method. Doctors usually rely on visual
assessment, which is often subjective and can lead to disagreements
between specialists, as well as reduce the accuracy of diagnosis.
Although deep learning methods for medical image analysis have been
actively developed in recent years, the potential of transformer models
in determining the severity of burns remains understudied.

In our work, we proposed a new approach to automatic burn
classification based on modern deep learning architectures. We used
transfer learning technologies with pre-trained weights and applied data
augmentation to improve model reliability. We chose the AdamW
optimizer for training and implemented dynamic learning rate control
to make the model more stable and capable of generalization. As part of
our research, we tested different architectures, including convolutional
neural networks and transformers. The transformer model showed the
best results, achieving 94.2% accuracy, thanks to its ability to effectively
take into account both local texture details and global contextual
features.

BBEAEHIE

Oxoru sSIBASIIOTCS OFpOMHOI;I HpO6AeMOI7I A4S 3APaBOOXpaHEeHNsI MHOTUX CTpaH M BCETo

MIIPOBOTO COO6LT_I€CTBa 3-3a X paclIpoCTpaHEHHOCTY, CAOKHOCTI Tepalnm " 3HAaYUTEAbHOIO

BAVISIHUSL Ha KAVMTHUMYECKNEe MCXOAbI ITalllieHTOB. OI_IeHKa CTeIlleHn n FAy6I/IHbI IIOpa’keHrns1 O4€Hb

Ba’KHa A4 BbI60pa IIpaBUAbHBIX Ae4eOHBIX CTpaTerI/Iﬁ, IIpOTHO3a BbI3AOPOBAECHIT U

PpanrmoOHaAbPHOTO MCITIOAb30BaHVI MEANIIMTHCKUX pecypCoOB. O,ZI,HaKO B HacCTos1Iee BpeM:s MeTOAbL

OII€HKNM BO MHOTI'OM, a HOT4a I B OCHOBHOM, 3aBUCSIT OT 3pUTEAbHOIO OCMOTpPa 11 OIIbITa Bpaya,
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BCAeACTBME dYero HabAI0AAIOTCs 3HauMTeAbHas WHAMBMAyaadbHas CyODBeKTMBHOCTb, a TakKikKe
pasHorJacus MeXKAy PasHBIMM CIeIaduCTaMy IO II0OBOAY OAHMX M TeX >Ke KAMHMYeCKUX
caydae. Pasamumsa B omelTe Bpadeli, YCAOBMAX IIPOBeA€HMs OCMOTpa, a TakKXke
UCKAIOUNTEABHBIE AAS KaXKAOTO IanyeHTta (pakTOpbl, MOTYT IPUBOAUTH K HECOT1aCOBaHHOMY
OLIEHMBAHMIO ¥, KaK CAeACTBUE, K HelpeACcKa3yeMbIM OIIMOKaM B XOJe IPUHATUA Ae4eOHBIX
pemennii. Bce BrlmensaoskeHHoe o00yCA0BAMBaeT INOTPeOHOCTL B  aBTOMAaTMYECKUX U
OOBeKTUBHBIX CHUCTeMax TIIOAAeP>KKM IIPMHATH:A peIleHMli, KOTOpble II03BOAAT BpadaM
IIPOBOAUTH DOJ€e IT0CAeA0BaTeABHYIO Y HaAe>KHYIO OLIEHKY TSI’KeCTH OXKOTOB.

Hacrosamas pabGora mocsseHa BOIpocaM IIPUMEHeHNsl rayOokoro ooOyuenus (deep
learning) u TpancdeprHoro odyduenus (transfer learning) 44s1 3agaum OIleHKM TAXKECTV KOKHBIX
oxxoros. OOCy>k4ai0TCsi OCOOEHHOCTM ¥ pe3yAbTaThl Ka’KAOTO W3 IIpeACTaBAeHHBIX HaMI
aATOPWUTMOB, a TaK’Ke MX ITIOTeHIIMaabHas POAb B IPaKTUKe AMATrHOCTHKI O>KOTOBHIX TpasM. Ilo
HaIllM pe3yAbTaTaM MeTOABI TpaHCpePHOro 0OydIeHMsI MOTYT OBITh 9 PEeKTUBHO UCIIOAb30BaHBI
B AMaTHOCTMIKE M, COOTBETCTBEHHO, BHEAPEHDI B KAMHMYECKYIO IIPAaKTHUKY. B Iocaeayromem aTo
OyAeT Ba’KHBIM ITaTOM Ha IIyTM K pa3BUTHIO HOBBIX MHCTPYMEHTOB, KOTOpPBIE IIO3BOAST
CBOEBPEMEHHO BBIABAATH IIAIlMIEHTOB 3a C4deT COBepIIeHCTBOBaHMSA METOAOB, HaCTPOMKI
rUIlepIIapaMeTpPOB U ITOBBIIIIEHUsT Ka4eCTBa AaHHBIX.

O0630p aureparypbl. PaszsuTie MCKyCCTBEHHOIO MHTeAJeKTa ¥ IAyOOKOIO OOyJeHI:I
(deep learning) nmpousseao cAsur B 064acTi aHaAM3a MeAMIIMHCKUX M300paskeHNI, II03BOANB
aBTOMaTM3MpPOBATh N3BAeYeHNe IIPM3HAKOB M paclio3HaBaHMe OOpasoB, YTO IIPEBOCXOAUT
TpaAUIIMOHHBIE MeTOABl PydYHOro aHaAm3a. OCOOEHHO YCHeIIHBIMU CTaA¥Ml CBePTOYHEIe
HeriponHsle cetu (Convolutional Neural Networks, CNN), KOTOpble TpUMeHSIOTCS B pa3AMYHBIX
3agavax MeAMIIVHCKON Bu3yaamsauuu. Tax, B mccaegosanusax D. P. Yadav u coast. (2022), a
takcke Priya Mittal n coasr. (2024) OblAM IIPOAEMOHCTPMPOBAHBI BBICOKMII IIOTEHIIAA U
HaAe>KHOCTb CBEPTOYHBIX apXUTEKTyp B M3BA€YEHUM AOKAABHBIX IIPM3HAKOB U TEKCTYPHBIX
0CODeHHOCTe!I MeAMIIMHCKUX M300pa’keHMil, a TakKXXe MNX CIOCOOHOCTUM oOecrednBaTh
BBICOKOTOUHYIO KJacCU(PUKALMIO M CerMEeHTallMIO 3a CYeT MepapXMYecKOro U3BAEYEHIs
IIPVU3HAKOB U YBeANYEHST PELIEIITUBHOIO 11045 110 Mepe YyrayOAeHUs CeTH.

B mocaesnee BpeMs apXmMTeKTyphl Ha OCHOBe TpaHcdopMartopos (transformer, vit m vit B
9JaCTHOM CAydae) Iprodpeart OOABIIYIO IOMyAIPHOCTh Kak D QeKTVMBHBIN MeXaHN3M CaMOBHMMa-
Hu (self-attention), criocoOHBIIT 3axBaThIBaTh KaK /A0KaAbHbIE, TaK U I100aAbHBIE B3alIMOCBSI3N B
BU3yaAbHBIX AaHHBIX. OAHVM M3 TaKUX apXUTEKTYPHBIX perennii sipastercs Swin Transformer, mpea-
CTaBASIIOIINIT CODOI MepapXMUYecKyIO CTPYKTypy TpaHcpopMepa C OKHOM BHVMMAHUA CO CABUIOM.
DTO Mo3B0OAsIeT 40CTUTATh XOporeil 9 PeKTMBHOCTY BEIYNCAHNI 3a CIeT pa3MepOB OKHa, a TakoKe
ITOAAeP>KMBaTh MaCIITaOMPyMOCTD peIeHIs A4 M300paskeHN i ¢ BHICOKMM pa3pereHeM.

B tpyaax Hu Cao u coasT. (2021) 1 Kumar Anuj 1 coasr. (2025) paccmaTpuBaeTcs TpUMeHeHIe
apxuTekTypsl Swin Transformer K aHaAM3y MeAUITMHCKNX M300pa>keHNl, TAe OAHOM M3 IAaBHBIX
CAOXKHOCTENl SIBASIETCSI HEOOXOAMMOCTb M3BA€YEHUA BBICOKOPA3MEpPHBIX IPM3HAKOB IIpU
OrpaHN4YeHHOM oOLeMe pa3MeueHHBIX AaHHBIX. Mogeab peaansyeT MHOTO3ajaqHoOe OOydeHue, 9To
ITO3BOAAET YCIEIIHO peIlaTh HEeCKOABKO pPa3HBIX 3ajad MeAMIIMHCKON BU3yaAM3alluu,
oaHOBpeMeHHO GopMupys OOODIIEHHbIe IIpeACTaBAeHNs, NPUMEeHNMMBIe K HOBBIM JaHHBIM M K
HOBBIM 3adayaM. baarogaps ajanTuBHOMy MexaHM3My BHUMaHMs (attention), apxuTexTypa
crocoOHa (OKyCHpoBaTh OOIee BHMMaHME TOABKO Ha 3HAUMMBIX YacTsAX M300pakeHMIl, 9To
ITO3BO/AAET CHU3NUTH DPPEKT ITyMa, apTepaKTOB 1 HIU3KOKOHTPACTHBIX M300paskeHNIL.

Kpowme Toro, B paboTe mpeaa05keH ITOBTOPHBII encoder ¢ MepapXn4ecKoil CTPYKTYpOH 1
MHOTOYPOBHEBLIM aHaAM30M, UTO ITOBBIIIAeT 3axXBaT AOKAaAbHBIX M rA100aabHBIX clleHapues. [1o
CyTH, BKCIIEPUMEHTHI II0Ka3aan, 9To 3P GeKTUBHOCTh Mogeau docturaet TouHoctu 80,76%.

Tabauma 1 coaepkur 0030p HEKOTOPBIX CBS3aHHBIX paboT (B Tabaulle yKasaHBI
MCIIO/Ab3yeMble METOABI ¥ AOCTUTHYTAasI TOYHOCTH KAaccupUKaIy M300pa>keHNIT OJKOToB).
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Tabamniza 1. O630p auTepaTypsl U OLleHKa METOAOB M MOJAeAel T1yOOKOoro o0yJyeHmst

A paclio3HaBaHMsI OKOTOBBIX TPaBM

ABTOpEI, Ha3BaHIe, TO4

MeToabl 1 MOAEAY
pacro3HaBaHIs OSKOTOBBIX

PeByAI)TaTI)I nccaeA0BaHMsL

prediction of burn depth using
deep convolutional
networks, 2019

neural

ResNet-50, 1 ResNet-101

HOopa>keHnm

Hassanipour S. et al.,, Comparison | ANN un LR Yposenr Tounoctu ANN u LR B
of artificial neural network and MOJeAsIX — cAyJanHbIX  3PdeKToB
logistic regression models for cocrasua 90,5 (95 % CI 87,6-94,2) u
prediction of outcomes in trauma 83,2 (95 % CI 75,1-91,2)
patients: A systematic review and COOTBETCTBEHHO

metaanalysis, 2019

Cirillo M. D., Mirdell R, Sjoberg F. | CNN: ResNet-101:  cpeansi1  TOYHOCTS,
et al., Time-independent | VGG-16, GoogleNet, | 9yBCcTBUTEABHOCTB n

CIIeupUIHOCTD AASI YE€ThIPEX BUAOB
o>xoroB cocrasuau 90,54 %, 74,35 %
1 94,25 % COOTBETCTBEHHO

npusHakos (latent features)
Random Forest (ocHosHas
MoJeAb AAst

KAaccpuKaIivm)

Ugur Sevik, Erding Karakullukg¢u, | SegNet 1 CNN Vmess F-ouenky 74,28 % upu
Tolga Berber, Yesim Akbas, Serdar KAaccrpuKaIum n300paKeHunit,
Tiirkyilmaz. Automatic ITOyIEeHHBIX oe3 IIPOTOKOAa,
classification of skin burn color HpeAA0KeHHas cxema cMoOrJa
images using texture-based feature AOCTIMYb aHAJAOTUYHBIX Pe3yAbTaTOB
extraction, 2019 ¢ ray0okuM oOyueHHeM, KOTOpoe
nmezo F-orenky 80,50 %.
Bbob Yxan, LIzsaupxan Wxoy Multi- | Mogear  Stacked Sparse | Tounocts 85,86 % u 76,87 % myrtem
feature representation for burn | Autoencoder (SSAE) | kaaccudukanyum M300paKeHmIt
depth classification using burn | mpumensercs AAsl | OXOTOB Ha ABa KJAacca M TpU KJacca
images, 2020 M3BAEYEHIIS CKPBITBIX | COOTBETCTBEHHO, YTO IIPEBOCXOAUT

OOBIYHBIE METOABI B OIlpejeleHUN
rayOouHbl oxora. PedyapTaThl IIOKa-
3BIBAIOT, YTO AAHHBIN IIOAXOZ -
JexTMBeH U MOXXeT IIOMOYb MeAM-
LMHCKIM BKCIepTaM B oIlpeJese-
HUM pa3AMYHOIN IAyOMHEI OXKOTOB.

D.P. Yadav, A. S. Jalal, V. Prakash
— Human burn depth and grafting
prognosis using ResNeXt topology
based deep learning network, 2022

Deep learning mogear Ha
ocHoBe ResNeXt topology;
CNN c
connections

residual

A
KAaccpUKayy TAyOMHBI
O>XKOra I IIporHo3a grafting

Deep learning Moaeap Ha OCHOBe
ResNeXt topology; CNN c residual
connections 441 KaaccudpuKamm
rayOMHBl ~ OXOra n
grafting. (Haszsanne Mogean
BNeXtmodel, Tounocts 97,17 %)

IIpOTHO3a

Ze Liu et al. — Swin Transformer:
Hierarchical Vision Transformer
using Shifted Windows, 2021

Hierarchical Swin
Transformer C
MeXaHI3MOM shifted

window attention

Top-1 Accuracy = 0,873 (ImageNet
benchmark)

Hu Cao et al. — Swin-Unet: Unet-
like Pure Transformer for Medical
Image Segmentation, 2021

Transformer-based
encoder-decoder
apxurektypa (Swin-Unet)
AAs MeAVLIMHCKIIX
1300pakeHui

Transformer-based encoder-decoder
architecture (Swin-Unet)

Dosovitskiy et al. — An Image is
Worth 16x16 Words: Transformers
for Image Recognition at Scale
(Vision Transformer), 2021

Vision Transformer (ViT);
qycras transformer apxu-
AAsl  Kaaccudu-
Kalluy M300paskeHuit

TeKTypa

Top-1 Accuracy = 0,884 (ImageNet
pretraining with large-scale data)

HPMME‘L{LIHME — COCMABAEHO asmopamu
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MATEPUNAABI U METOABI UICCAEAOBAHMSI

IIpesaaraemast B AaHHOV paboTe CTpyKTypa rAyOoKoro oOydeHms OasupyeTcsi Ha
IIpeABapUTEAbHO OOYYEHHON MepapXUYecKoll apXUTeKType TpaHcdopMaropa 3peHus U
II03BOASIET aBTOMAaTUIeCKN KAaccupUIMPOBaTh CTEIIEHD TSKECTV OSKOTOBBIX TpaBM. MeToAo 01
TaKXe 00beJUHAET IIepeHOC O0y4YeHNs], CTPYKTypMpPOBaHHOEe yBeAdeHre KOANIeCcTBa JaHHbIX,
aJanTUBHBIE CTpaTerny ONTMMU3AlMM M CAOXKHOe OlLIeHMBaHUe C I1eAbl0 OOecIledeHI I
Haje>XXHOCTU U oOobImraomeil criocobHocTH mpu paboTe ¢ MeAUIIMHCKUMU JAaHHBIMMU. Bcio
CTPYKTYPY AaHHOI pabOTHl MOXKHO INpeACTaBUTh B BUAE CAeAyIOIel IT0CAeAO0BaTeAbHOCTIL:
IpeaBapuTeAbHas oOpabOTKa AaHHBIX; M3BA€YeHMEe XapaKTepUCTHUK; OOydeHMe C y4uTeleM;
BBIOOp MOJeAl, OCHOBBLIBAsCh Ha BaAMAALIMI; OLIeHKa, OCHOBBLIBAsICh Ha MHTEPIIPeTUPYEeMOCTI.
Bxoanoi1 aatacet coctont us RGB-msobpaskeHnii, crpynnmpoBaHHBIX Ha TpU KJAacca OKOTOB.
/JlaHHBIe pa3jeAeHbl Ha TpeHIPOBOYHbIe n3o0paxkenus — 70%, Baanganyumu — 15% u tectuposaHms
— 15% B obyuyenum c yunrteaem. Bce mzobOpaskenns 6b1am GpopMaTUPOBaHbI 4451 IPUBEAEHIS K
¢ukcupoBaHHOMY AByMEPHOMY pa3pelleHNIO, YTOOBI X MOXKHO OBLAO BCTpaMBaTh B MEXaHM3M
IaT4a OCHOBHOTO TpaHcpopMmaropa. Tak Kak ICII0Ab30BaANMCh IIpeloOydeHHBIE MOJAeAN,
oOyuenHrsle Ha ImageNet, BxogHble M300pakeHns 6BLAM HOPMaAM3O0BaHbI C MCIOAL3OBaHVEM
CpedHUX M CTaHAAPTHBIX OTKAOHeHUI) Habopa JaHHBIX A4Sl BBIPaBHUBAHUA paclIpejeeHVs
PpyHKUNIT MeXXAYy ITpeA00yUeHHOI 1 MeAUITMHCKOI 004acTaMu. YUToOBI TOBBICUTH O0O0IeH e U
COZA€eIICTBOBATh IIPOTUBOIIE PEOOYIEHNIO, BBI3BAHHOMY OIPaHMYE€HHOCTBIO MEAUITMHCKIIX AaHHBIX,
BO BpeMs OOydYeHIs MCIO0/Ab30Balach CTOXacTM4yecKasl ayTMeHTaIllsl AaHHBIX. DTa CTpaTervs
HNPUBOAUT K TeOMETPUYECKMM ayIrMeHTalNsM, TaKMM KakK OToOpa’keHue II0 TOPM3OHTaAu U
BpallleHle, a TakKe (POTOMETPMYECKMM ayIMeHTalVsIM, TaKMM KaK SPKOCTh, KOHTPAcT U
HaCBIIIIeHHOCTh. POpMaAbHO, €cAM X — DTO Hallle MICXOAHOe u3oOpaxeHue, T — HeKOTOpoe
caydaliHoe IIpeoOpa3oBaHIe, BBHIOpaHHOe W3 MHOXecTBa HpeoOpaszosanmii T~T, a 1ean
oOy4JeHM:sI 3ajaeTcsi Ha OCHOBe IIpeoOpa3sOBaHHBIX BapMaHTOB u3oOpakeHms: ¥ = T(x), To
BO3MO>KHOCTM Pa3HOO0Opa3us UCII0Ab3yeMOT0 445 00ydeHMs1 Habopa pacImpsIoTcs.

SlapoM Mogean 4451 U3BA€UEHUsI IIPU3HAKOB siBAsieTca Swin Transformer nepapxudeckas
apxuTekTypa TpaHcopMaropa 3penus (vision transformer), Koropast BHeApsieT A0KaAM30BaHHOE
self-attention B cABMHYTBIX OKOHHBIX 004acTsAX. B oTamune oT Kaacciaecknx TpaHcpopmMaTopos
Vision Transformer (ViT), Beraucasaromux raobaasHoe self-attention mesxay Bcemu TokeHamm,
Swin Transformer orpaHn4YMBaeT BHUMaHNe HellePeKPhIBAIOIIVMMUCI OKHAMMI U II€PUOANYIECKI
CABUTaeT X, YTOOBI 00eCIIeunTh B3aMOAEIICTBIIE MEXAY COCEAHNMU 00AaCTIMM U300 pakeH sl
Takoil 1M0AX0A CHIM>KaeT BBIYMCAUTEABHYIO CAOKHOCTD, COXPAHsS IIPU DTOM MOAeAUpPOBaHIE
AOATOCPOYHOI 3aBUCUMOCTI. BxogHoe m3oOpakeHne pasOmBaeTcsd Ha HellepeKphIBalomIyecs
ratan pasmepom PxP, popmupy: mocaeaosaTeAbHOCTD BAOXKEHNUIT TOKEHOB:

Z, = Embed(X) € R¥*P, €))
rae N = Z—If 0003HavYaeT KOAMYECTBO IaTyeli, D — pasmepHOcTs embedding space.

B xaxxgom 610ke Swin Bbumcasercs okonHoe multi-head self-attention, nmpu xoTropom
$opmupyores sanpocsr (Q), karoun (K) n snavenns (V):

Q = ZW,, K = ZWy, V = ZW,, (2)
oneparns self-attention BHyTpu A10KaAbHOTO OKHa OIlpeAeAsieTcs CAeAyIOmNUM 00pa3oM:

QK"
Vd

rae d — pa3MepHOCTb TOA0BBI BHUMAaHI, B — OTHOCHTEABHOE [TO3UIMIOHHOE cMelreHne (relative
position bias). Kaskas1it 610k Bkatodaet residual connections u feed-forward network (MLP):

Z' =7 + W — MSA(LN(Z)),
Zour = Z' + MLP(LN(Z")). @)

Att(Q K, V) = Softmax( +B> v, 3)
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Vepapxmdeckoe mpejcraBaeHre CTPOUTCS C IIOMOIIIBIO Ollepaunii o0beANHeHUs IIaT4del],
KOTOpBle YMEHbBINAIOT paspelleHye II0 IIPOCTPaHCTBY M yBeAMYMBAIOT Pa3MePHOCTh KaHaAaa,
TakM 06pasoM GpopMuUpys NupaMuly IpU3HaKOB, I0OA00HYIO CBEPTOYHBIM HEJIPOHHBIM CETSM.
l'oaoBka kaaccuduKanmy NCOAb3yeT r106aabHOe YCpeAHeHe U AVHEHBIN CAOI:

0= W8+ by, )

rae g sBASIETCI arperVIpOBaHHbIM HpeACTaBAeHI/IeM HpVI3HaKOB. BepO}ITHOCTI/I KAaCCOB
BBIUVICASIIOTCSI C IIOMOIIBIO softmax:
efc

= Z£=1 ox

~

Je (6)

IleAp10 ONTUMM3ALNY CAYKUT KaTeropuaabHasl KpOCC-DHTPOINITHAA OIIOKa:

1 N c ~
L) =- E » 2oy ViclogPic @)
i=

rae 6 obosHavaeT rmapaMeTpnl Mojean. OO0ydeHne MPOM3BOAUTCS C IIOMOIIIBIO ONTUMU3aTOpa
AdamW, koTOpbIIT pa3deasieT 3aTyxaHe BeCcOB 1 OOHOB/A€HIs Ha OCHOBe TpaJJieHTa:

01 = 6, — N¢AB,. )

me
- N

Mamenenne cxkopoctu oOydeHust peaausosaHo ¢ nomompio ReduceLROnPlateau, mpm
KOTOPOM TeMII CHUKAeTCs, eCAM BaAMAAIlVIOHHBIE IIOTEPU IIepecTal0T YMEHBIIAThCs, YTO
IT03BOAsIeT «IlepeKAI0YaThCsa» OT IPy0oii K 00.1ee TOHKOM HaCTpPOIIKe.

BrrarcanTeapHas CA0SKHOCTh KAaCCHYECKOTO I100aAbHOIO CaMOYIIpaBAeHIs HelIOMepHa
AAs1 M300pa’keHnI1 ¢ BBICOKMM paspelienrieM. Swin Transformer cHM>KaeT CA05KHOCTD A0:

O(N - M?), 9)

rae M obosHadaeT pazMep OKHa. DTa CTpaTers A0KaAbHOTO BHMMAHII 3HAaUNTEABHO YAydIllaeT
MacITabMpyeMoCTh, COXpaHss IIPU STOM BRIPa3UTEALHYIO CIAY.

Dplam  BHeceHBI oOIpejel€HHBIe M3MeHEHNs, HalpaBJeHHble Ha ONTUMM3AIUIO
pe3yabTaToB Ipu paboTe ¢ MeANIIMHCKIMY M300pa’keHVAMMI. Bo-TilepBEIX, TepeHoC O0yJ9eHm:I C
MCIIOAB30BaHIEM BeCcOB, IIpeaBapMTeAbHO OOydeHHBIX Ha ImageNet, 4aéT BO3MOXKHOCTB
5QQPeKTMBHO 3axBaThIBaTh BU3yaAbHBIe IIPM3HAKM HU3KOIO M CpeAHero YpOBHeN, dTO
CIIOCOOCTBYeT OBICTPOMY OOYUEHUIO ¥ CTaOMABHOCTY IIPU HeAOCTAaTOYHOCTH AaHHBIX. BO-BTOpPEIX,
ayrMeHTalys MeAMIIMHCKMMM JaHHBIMM oOOecrieunBaeT MHBApMAaHTHOCTh K HeNMTpaAbHBIM K
AMarHO3Y MpeoOpa3oBaHMAM, COXPaH:I P DTOM M3MeHeHNs, CeliupuIHble 445 IaTOAOIVIN.
B-TpeTpux, agantmsHOe ympaBAeHme omnTmMusanueir ¢ momompio AdamW cosmectHO C
PperyanpoBKOi CKOpPOCTH OOy4YeHIsI Ha OCHOBe pe3yAbTaToB BadAaly CTaOMAN3MpyeT Ipoliecc
oOyuyeHms1. B-4eTBEpTHIX, BEIOOp MOJeAM Ha OCHOBe €€ TOYHOCTM Ha BaAMAallMOHHOM HaOope
obecrieunBaeT CIIOCOOHOCTH K 0000IIeHNIO, a He K IepeoOyueHNI0 Ha obyualomeM Habope. U
HaKOHell, ICIOAb30BaHME Pa3AMYHBIX METPMUK, B TOM 4NCAe MaTPUI] ITOTPeIIHOCTell U
MYABTUKAACCOBBIX METPUK, Aa€T BO3MOXKHOCTh OLIEHUBATh MOJeAb C YYETOM Pa3AMYHBIX
acIIeKTOB, YTO HeOOXOAUMO AAs € BHeApeH!s B KAMHNYeCKYIO ITpakTuKy. ONTUMI3MpOBaHHbII
nponecc oOyJeHMsI OTAMYIaeTCs OT KAaccudeckoro Swin Transformer B OCHOBHOM CTpaTeTMsAMM
ONTUMM3aLNN U IIpeJBapuUTeAbHON 00pabOTKI AQHHEBIX, HO HE apXUTEKTYPHBIMY U3MEHEeHNAMIU.
OTu yaAydmmeHus: HaCcTpaMBalOT MOJeAb Ha crenududeckue OCOOEHHOCTM MeAUIIMHCKIX
1300pakeHuil, YTO M AaéT BBICOKUII pe3yabTaT IIpU 3ajadax Kaaccudukanyy. BozMo>XHOCTH
Swin Transformer cTpouTs nepapxmdeckue npeAcTabAeHns, a Tak’Ke UCI0Ab30BaTh A0KalbHOe
BHIMaHIe, 1035045eT 9(pPeKTUBHO yAaBAMUBATh KaK AeTaAl TEKCTYp, Tak M ITMPOKIe KOHTEKCThI,
BAMSIOIINE Ha COAep KaHUe CHUMKOB IIpU OIleHKe CTeIleHM OXKOros. Takol moaxos 0coOeHHO
¢ PexTnBeH mpu padoTe ¢ MeAUITMHCKUMY TeKCTypaMM, YTO U OObsACHAET BHICOKMUII pe3yAbTaT
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AAHHOTO MeToJa Ha 3ajade, Ha KOTOpyI0 OH Obla mpumeHéH. Ha pucynke 1 mokasaHa
apxuTeKkTypa Swin TpancpopmMepa 445 KaacCuPUKALIUN OKOTOB.
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Pucynok 1. Apxurekrypa Swin TpaHcpOpMepHOI MOAeAN,
IpeaaaraeMas 4451 KAaccupUKaIIUy 0OXKOTOB KOXKI
IIpumeuarnue — cocmasaeHo agmopamu

Peaamsama aaropmtma. Mogeap Kaaccuukanmy OXOTOB IO CTEIIEHU TKeCTH,
npeaaoxkenHast Ha 6aze Swin Transformer, 6p11a peaansosana ¢ momornisio PyTorch ¢pperimpopka
raybokoro oOyuyeHusi u Oubamoreku mogeaeii Timm Aas TpaHCPOPMEPHBIX MOAeAell 3peHIs.
PaspaboTKa 1 TecThl HMPOBOAMAMCH B HAy4HOI BBIYMCAUTEABHON cpeje Spyder, 4To 103BOAMAO
cAelaThb IIpoLlecchl OOy4eHNs, OIeHKM I BM3yaAM3allull BOCIIPOM3BOAMMEBIMU. /laHHBIe OBLAK
pasaeaeHEI Ha TpH IToAHaOOpa 4451 OOy4YeHNs], BaAuAalUy Y TeCTUPOBaHI, COOTBETCTBEHHO, ITpU
9TOM M300paskeHNsT ObLAM KaaccPUIIMPOBaHbI Ha TP KaTeTOPMM CTeIIeHM TsKeCTU OXKOros. Bee
BXOZAHBIE M300paskeHsI ObLAY ITpUBeAeHbI K (PUKCHPOBAaHHOMY paspelleHuio 224 x 224 rkceaeit B
COOTBETCTBUM C TpeDOBaHMAMM apXUTEKTYphl OasoBoil cTpykTypsl Swin Transformer. Ilepeg,
oOy4JeHneM 1300paskeHIsI OBLAV HOPMaAM30BaHbl Ha OCHOBe cTatncTuky ImageNet, aTo651 40cTIMdD
COBMECTMMOCTH C IIpejBapUTeAbHO OOYIE€HHBIMM BecaMy MoAeAn. A5 yBe Amde s 0000IIaromeit
CIIOCOOHOCTVI MOAEAN V1 CHYDKEHIIA IIepeoOydeHIis], YTO SABASeTC paclpOCTpaHeHHO MpobaeMoit
B 3ajadax MeJAUIIMHCKON BU3yaAM3alMy, B IIpollecce OOydeHMs MCIIOAb30BAAMCh TEeXHUKIU
paciypenns agaHHbX. Cpeau HMX OBLAM T'OPM3OHTaAbHOE OTpakeHue, CAydaifHoe BpallleHue I
IIpeo0pa3oBaHMsI I[BETOBOTO ApPOXKaHISI, KOTOpHIe J00aBASIOT HeOOABIIYIO BapMaTHMBHOCTE,
COXpaHs PV STOM BaKHBIE AA51 A€4eHVsl IPYU3HAKM BU3yaausanunii. B aTom nccaegosanym Ob1aa
ucroap3oBaa 6aszosast Mogeab Swin Transformer Tiny (Swin_Tiny_Patch4 Window?7_224),
KOTOpas Oblaa MHMIMaAU3MpOBaHa Becamy, npeaoOydeHHbIMU Ha ImageNet, 441 mpuMeHeHns
nepenoca oOydenus. KaaccumdukarmonHas roaoska Oblaa aBTOMaTHyecky IlepeHacTpoeHa B
COOTBETCTBUM C KOAMYECTBOM BBIXOAHBIX KaAaccoB. OmTmMm3aniyss MoJean Oblla BBIIIOAHEHa C
romomeio ontuMmmsaropa AdamW, KOTOpPBIT pa3andaeT 3aTyXaHMe BeCOB ¥ OOHOBAEHIL
IpagMieHTa AJAs YAYYIeHNUs CTaOMABHOCTM CXOAVIMOCTM IIpyu paboTe ¢ TpaHCPOpMepHBIMU
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apxurekTypamu. O0ydeHne MoAeAn IIpon3BoAnAoch B TeueHne 100 smox mpu pasMmepe Oatda 8 u
HavaAbHOI cKopoctu obydennst 2, 0x10* n xosddpurinentom 3aryxanns seca 1, 0x10. B xauectse
¢yaxnun ommoOku npym 0oOydeHMU MCIIOAB30Balach KaTeropmaadbHas Kpocc-sHTporl. Aas
AVHAMMYECKOTO KOPPEKTUPOBAHMS 3HAYeHMsI CKOPOCTM OOyJeHNsI IIpUMeEHsAach CTpaTervi
raanuposaHna ReduceLROnPlateau, koTopas yMmeHbIIaeT CKOPOCTh OOYYEHNSI IIPU OTCYTCTBUU
yAydIlIeHNI 3HadeHns (PyHKIIUM IIOTepb Ha BaAMAAIIMIOHHOM HaOope. OOHOBAeHNME 3HAYEHIT
CKOpOCTH O0Oy4JeHIsI MOXKeT OBITh BRIPaskeHO CAeAYIOITM ypaBHeHIeM:

Y N ifL,y Heyaydmmaercs

Nt nHaue , (10)

Ne+1 = {
rae 1, oOO3Ha4YaeT CKOPOCTh OOydeHMs Hpu wutepanum t, y — K09PPUIMEHT 3aTyXaHWs
(ycranosaeH Ha 0,3), a L, IpeAcTaBAseT cOOON NOTePIO BaAUAaLIUN.

Bo BpeM:st 0OyueHmst Mo Mepe yAydllleHUs METPUK OOydeHUs U BaAMAALUM, TaKuX Kak
TOYHOCTb U IIOTepy, AydIllas MOJeAb CoXpaHsaaach Ha guck. Ha srame Tectmposanms Oblan
coOpaHBI 11 paccyMTaHbl 3Ha4eHMs BceX MeTPHMK C accuracy, precision, recall, Fl-score m moc-
TpoeHa MaTpHIla HeTOUHOCTel A5 00Aee TAyOOKOTO aHaAM3a ITOBeAeHIsI MOAeAN B OTHOIIIeHUN
Ppa3HBIX KAaccoB. Bce oKcrepuMeHTH M TPeHUPOBKU OBLAM IIpOBeAEHHI Ha ClICTeMe C Ipoliec-
copamu Intel(R) Core (TM) i5-12500H 12-ro moxozeHms ¢ takTosoit yacroroit 2, 50 ITn, 8 I'b
oIlepaTMBHON MaMATHU U 64-paspsAAHOI OIlepallMOHHON CUCTeMOl X64.

PE3YABTATHBI 1 UX OBCY XK AEHUE

PesyabTaThl DKCIIEpMMEHTOB IIOKa3bIBAIOT, YTO MPHU y4éTe U A0KaAbHOI TeKCTYPBhI, U TA0-
0aAbHBIX KOHTEKCTHBIX CBsI3el B MeAUIIMHCKMX M300pakeHMAX apXMUTeKTyphl Ha Oase TpaHc-
¢opmepos oxaspiBaroTcs dPpPpeKTrBHee, YeM TpaANIIVIOHHbIe CBEPTOYHLIE apXUTeKTYpEL. B okc-
IepMMeHTe JCII0Ab30BaANCh OIpejeleHHble KOHPUTYypauy MoAeaell U CTpaTerus oOyJeHIs;
OCHOBHBIE TUIlepIiapaMeTphl, UCII0Ab30BaHHbIE B AaHHOI paboTe, IpuBeAeHsl B Ta0A. 2.

Tabawnmia 2. Kondurypanus Moaean u runepriapaMeTpsl 0OydeHs
Aas apxutekTypsl Swin Transformer

Kareropms ITapametp 3HauyeHUe OnucaHne
Konduryparms baszoBast Mmoaean swin_tiny Hierarchical vision transformer
apXUTEKTYPBbI (Backbone) B with shifted windows attention

Pasmep BxogHOTO 224 x 224 CraHaapTU30BaHHBII pasMep
M300paskKeHNs BXOJHOTO M300paKeHIIsI
Paszmep naTtua Axd Pasmep naT4a 4451 pasbueHns
1300pasKeHns
Pasmep okna 7 %7 Pasmep okna a0kaapHOTO self-
attention
Pasmep embedding 96 Havaapnsii pazmep embedding
Koanuectso 4 I'aybuna nepapxmdaeckorn
mepapxmdeckKmx craaui 00paboTKI
IIpeaoOyuenne weights ImageNet Vcrioar3oBaHne mpe00ydeHHOI
Mogean Ha ImageNet
ITapametpsr Onrtumusarop AdamW Vcrioap3yeMblil OITUMMU3ATOP
ONTUMU3AIIII
Hauaapnas ckopoctsb 2x10* HavaapHas ckopocTs o6ydeHus
obyueHus
Weight decay 1x10+ KoapPpurment peryaspmsanum
Aexpement ckopoctu | ReduceLROnPlateau | CHikeHme ckopocTu 06ydeHnst
oOyJeHuUs IIpY OTCYTCTBUM yAY4IIeHUI
MeTPUKI
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OxkoHuaHye TadbANITL 2
Kareropus ITapametp 3HaueHne Ornuicanue
Koappurmenr  |0.3 Kosdduinent ymensienns learning
cHrkeHus LR rate
MuHuMaAbHBIN 1x10° Hryoxnaas rpanuia learning rate
learning rate
Hacrpoiiku Pasmep batch 8 Pazmep batch mpu obyvenym
obyueHus Koargecrso smox | 100 MaxkcumaabHOe KOAUMIECTBO HIIOX IPU
oOyueHNH
QOynkuus noreps | CrossEntropyLoss Tun dysxm norepn
Random seed 42 Cay4JariHoOe 3epHO AAs
BOCIIPOM3BOAMMOCTI Pe3yAbTaTOB
ITpoueaypa Resize 224 x 224 Vamenenue pasmepa M306pa>1<eHI/IM“
peao0paboTKu
AQHHBIX
Normalize mean/std of ImageNet Vcnoap3yloTces Te Ke cpejHUe
3HA4YEeHII ¥ CTAaHAAPTHI OTKAOHEHN,
9TO M IIpu Ipeaodydennn Ha ImageNet
AyrmenTtauusa  |I'opusonraanHoe |Bxaioueno Aas yBeandeHns: oobeMa
AQHHBIX OTpa’KeHNe TPeHUPOBOYHBIX AaHHBIX
Caygannoe +10° Aas yBeandeHmns oobemMa
BpallleHle TPeHUPOBOYHBIX AaHHBIX
Color jitter Brightness (0,15), Contrast | /s yBeandeHus oobeMa
(0,15), Saturation (0,1), TPeHUPOBOYHBIX JaHHBIX
Hue (0,02)
Orwenka Metpuxu Accuracy, Precision, MHO:KecTBO MeTPUK 445 OLIeHKI
Recall, F1-score KadyecTsBa KaaccuduKanmm
Marpuiia Vcnoansyercs /A5 M3ydeHns XxapakTepa OImmboK
ommobOoK Kaaccudukaropa

I'[puMethue — COCMABAEHO asmopamu

A5 OLIEHKU HaAe>KHOCTH M BOCIIPOU3BOAMMOCTY Pe3yAbTaTOB MOAEAU UX MOJeAb Oblaa
obOydyeHa 3 pasza C pa3sAMYHBIMU CAYYAVHBIMM MHUIMAAU3AlUAMU U pasHeIMM random seed.
PesyabTaThl IpeacTaBAeHBl B BUAe CPeAHMX 3HAYEHMII C COOTBETCTBYIOIIMMM CTaHAAPTHBIMU
oTKAOHeHVAMM. Hu3Kasi M3MeHUNMBOCTD IIPY IIOBTOPHBIX 3allyCcKaX yKa3blBaeT Ha CTabOMABHOCTb
U YCTOMYMBOCTb MOAEAM K CAydaliHBIM (paKTOpaM OOydeHI:I.

Mogean, oOydyeHHbIe B ®TOM DKCIEpPUMEHTe, OBIAM OIIEHEHBI C NCIIOAb3OBaHVEM
KOAMYECTBEHHBIX METPUK IIPOU3BOAUTEABHOCTU A4 KAACCU(PUKAVIOHHON 9P PeKTMBHOCTH 10
BCeM KaTeropmsaM. Pe3yapTaThl DKCIIEPMMEHTOB IIPeAOCTaBASIOT CPaBHUTEABHBIN 0030p AAs
BBIA€AEHNS MoOJeJell, yAydilas IIpM DTOM HaAOOp KpuUTepHUeB TOYHOCTU KAacCupMKaIlNM,
precision, recall u Fl-score. Takum oOpa3oM, MOXXHO 60aee OOBEKTMBHO OII€HUTh, HACKOABKO
pas3ANYHbIe apXUTEKTYPHBIE PeIlIeHs] BAVSIOT Ha IIpeAcKa3aTeAbHyI0 3 PeKTUBHOCTD B paMKax
peleHns: KOHKPeTHOM 3adadn. Accuracy - TO IPOIEHT OOBEKTOB, II0 KOTOPBIM IIpaBMABHO
IpejckasaHa MX KaTeropmsa M3 OOIero 4mcla IpuMepoB. B 3azadax MHOTrOKAacCOBOI
Kaaccudukanumy rokazareas accuracy (ACC) BpluMcASIETCS TaK 3Ke, KaK U B OMHAPHOM cAydae I
OTpa’kaeT 40AI0 IPaBUABHO KAaCCUPUILIMPOBAHHBIX 00pa3IioB OT OOIero yncia HabAAEHUIA.
[Ipm »TOM KaxkAplii OoOpas3ell BHOCUT paBHBII BKAaj B MTOTOBOe 3HaueHNe MeTpuKu. Takoit
IIOKa3aTeAb IIO3BOASIET OIIEHUTh, KaK CIpaBAseTcs MoJeAb B I1eA0M, a TakKe ITOAY4UTh
IIpeJcTaBAeHIe O e€ TI0Be AeHMM I10 OTAeAbHBIM KAaccaM. OcoOeHHO aKTyaabHO 9TO, €CAM KAaCChl
HecOalaHCUPOBaHBI NAU OIIMOKY KAaccuPUKAIINU UMEIOT pasHyIo BasKHOCTb.

TP+TN
TP+TN+FP+FN’

Accuracy: ACC = (11)
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rae: TP — KoaAmdyecTBO IIpaBUABHO IIpeACKa3aHHBIX IIOAOXKWUTEABHBIX pesyabraro; TN —
KOAMYEeCTBO IPaBIABHO IIpejCcKa3aHHBIX OTpHUIIaTeAbHBIX pesyabTaToB; FP — koamdectso
HeIIpaBIABHO IIpeACcKa3aHHbIX IT0A0KNUTEeABHBIX pe3yabTaToB; FN — KoaAmdecTBO HeNpaBMABHO
IIpeJcKa3aHHbIX OTPUIIaTeABHBIX Pe3yAbTaTOB.

TouHocTs oOmpegeasieTcsi Kak 40458 OOBEKTOB, KOTOpble KAacCU(PUIMPOBAHBI KaK
ITOAOXUTeAbHBIe VM AVICTBUTEABHO ABASIOTCS IOAOXKUTEABHBIMU. B 3agaue MHOTrokaaccosoit
KAaccupuKanuy oObeKTH KaaccuUIIMPYIOTcs 0oaee yeM II0 ABYM KJaccaM (CTeIIeHN OXKOTOB!
AerKasl, cpeaHss, TspKedast). JAs KaXAOro KJacca k MeTpMKHM pacCUMTHIBAIOTCSI OTAEABHO B
COOTBETCTBUM C IIPUHIIUIIOM «OAMH IIPOTUB Beex». TouHOCTh 44 Kaacca k ompegeasiercst Kak
OTHOIIIeHNe 41cla OOBEeKTOB, KOPPEKTHO OTHeCEHHBIX K KaAaccy k, x oOmemy KoAMIecTBy
00BEeKTOB, ITpeAcKa3zaHHBIX MOAeAbIO KaK IIpMHajAeKalmX Kaaccy k:

TPy
TP+ FPy’

Precision: PRE, = (12)

Bosspar a4:1 kaacca k — 910 20451 00BEKTOB B Kaacce Kk, KOTOpble ObIAM ITPaBMABHO PacIIO3HAHEL

TPy
TPi+ FNy’

Recall: REC, = (13)

F1 - nokasareas g4s xaacca k, sBAsIeTCsl CpeAHIM rapMOHUYECKUM II0Ka3aTeleil TOYHOCTU U
IOAHOTHI A4 KAacca k:

PREy: RECy,

F1- score: F1, =2 .
PREy+ RECy,

(14)
Uncaosble pe3yAbTaThl DKCIIEPUIMEHTOB IIPUBeJEeHHI B CAeAyIomiei Tabanie.

Tabamnza 3. CpaBHeHNe pe3yAbTaTOB MCIIOAB30BAHMSI Pa3AMYHBIX MOJeAel IAyOOKOTro
00y4eHMs A451 3a4a4M KAacCUPUKALMU OXKOTOB KOXKMI

No | HasBanue Mogean Accuracy Precision Recall F1-score
1 Xception 0.7565 0.7607 0.7562 0.7468
2 VGG16 0.9188 0.9193 0.9187 0.9189
3 VGGI19 0.9041 0.9053 0.9040 0.9044
4 ResNet50 0.8967 0.8992 0.8966 0.8973
5 DenseNet201 0.8708 0.8769 0.8708 0.8723
6 MobileNetV2 0.8469 0.8467 0.8468 0.8459
7 Inception_resnet_v2 0.8704 0.8804 0.8704 0.8701
8 EffNetB0 0.7915 0.7929 0.7911 0.7903
9 AttnMS_VGG16 0.9041 0.9052 0.9040 0.9044
10 | Vggl6_TTA 0.9004 0.9053 0.9004 0.9015
11 | Vit TTA 0.9059 0.9071 0.9058 0.9063
12 | Convnext_tiny 0.7897 0.8018 0.7897 0.7902
13 | Swin_tiny 0.9428 0.9426 0.9427 0.9425
HPMMEWZHME — COCMABAEHO asmopamu

CpaBHUTeABHBIN aHaAM3 TIOKA3bIBAET, YTO ApXUTEKTYPhl, OCHOBaHHBIE Ha TpaHcopMepax,
AydIlle TPasVLIVIOHHBIX CBEPTOYHBIX HEMPOHHBIX CeTell CIpPaBAAIOTCA C Kaaccuukamumen
CTeIIeH!U TSKeCTH OXKOroB. VI3 Bcex Moeaelt HanAydIlye pe3yAbTaTel OblAY y MepapXIIecKoro
Swin Transformer, uTO HOATBEp>KJjaeT €ro CHOCOOHOCTh BPPEeKTMBHO yaAaBAMBaTh Kak
AOKaAbHBIe TEKCTYypPBI, TaK I OOIIMe KOHTEKCTHBIE CBA3M B MEeAMIIMHCKMX M300paskeHIsX.
Kaaccuueckne apxutextypst CNN, takme kak VGG16 n VGG19, mokazaan xopoine 0a3oBbe
pe3yAbTaThl U IOATBEPAMAN CBOIO 9(QQPeKTUBHOCTh B 3ajadax KaaccupUKanuy Ha OCHOBE
TEKCTYphl B MeAWIIVHE, OJHAKO OHM OBIAM CAeTKa YCTYILA€HBI MOJeAsSM Ha TpaHcpopMmepax.
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/lerke ¥ OpuUeHTUpoOBaHHBIe Ha 3»(PPeKTUBHOCTh MoJdean, Takume Kak MobileNetV2 un
ConvNext_tiny, mokaszaay cpaBHITEABHO HU3KYIO IIPON3BOANTEABHOCTD, UTO, BEPOSITHO, CBA3aHO
C TeM, UTO CHIIKEHIE CA0XKHOCTY MOA€EAV OTPaHN4YMBaET ee BO3MOXKHOCTY IIpeACTaBUTh AaHHBIE.
BapmaHTEI C yAy4IlleHHBIM BHUMaHMEM I CTpaTerus yBeAWYEeHNS BpeMEeHU TeCTUPOBaHN
IIOBBICUAN CTabOMABHOCTh U HaAeKHOCTD, UTO ellle pa3 IoAYepKMBaeT Ba’KHOCTh IIPUMEHEHILT
IIepeJ0BBIX METOAO0B A5 XapaKTePUCTUKI MOAeAel.

Kauectso mogezeit kaaccuduKaluy OLIEHMBAAOCh C IMoMombio Tecta MakHemapa,
IIPUIMEHSIEMOTO AAsl CpaBHEHMs IapHBIX IIPOTHO30B Ha OAHOM M TOM K€ TeCcTOBOM Habope
AaHHBIX. B wactHOCTH, OBLAM cpaBHeHBI MoJeam Swin Transformer m VGG16, mokasasrme
MaKCUMAaABHYI0 TOYHOCTh. TecT OBlA IpOBeJeH Ha OCHOBe aHaAl3a HECOBIAAAIOIIMX IIap
mporHosos. CraTucTmdeckas 3HaYMMOCTh pu3Hasasaacek npu p < 0,05.

Hirxe nipeacraBaeHa cpaBHUTeAbHAs AVlaTpaMMa OLI€HOK METPUK 4451 KaKAOM MOAEANL.
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Pucynok 2. CpapHnTeAbHas guarpaMma rokasaTeaent
IIpumeuariue — cocmasreno agmopamu

PesyabTaThl, HOKa3aHHBIE Ha pUCyHKe 3 (@), TOATBep>KAAIOTCs M AMarpaMMOIli OIIMOOoK, Ha
KOTOpPOiI BMAHO, 4TO KaaccudpuKanmsl IpoBejeHa KauyecTBEHHO, O 4YeM CBUAETeABbCTBYIOT
MHOTOYNCAEHHbIe IIpaBUAbHbIE IIPOTHO3HI Ha TAaBHOI JMaroHaAmM AAs BCeX TpeX KAaccCOB.
OcobeHHO XOPOIIO BBIABAAIOTCA KAacchl 1 1 3: OHM C BBICOKOM BEpPOSTHOCTBIO OINpPeAeAsIOTCs
BEepPHO, HEe3HAYNTEABHO IIepPeIlyTHIBAIOTCA, MeXAYy HUMM He IIPOMCXOAUT  IPSIMOTO
3aMeIllaTeAbCTBa, YTO TOBOPUT O XOPOILIel OTAeAMMOCTH UX IIPMU3HaKOB. boABIIMHCTEO OMMOOK
CBsI3aHBI CO BTOPBIM KAAaCCOM: OH IIepeIlyTaH C IIePBLIM, IIOPOJI C TPeThUM, UTO YKa3blBaeT Ha TO,
9TO B IIpM3HAKaX DTOTO KAacca MAU B IIPOMEKYTOUHBIX IIPU3HAKaX COCeJHUX KAacCOB eCTh UTo-
TO obmmee. HecMoTp:st Ha 9Tu TpobaeMEl, 00IIlee KOAMIECTBO OMIMOOK HEBEAMKO, YTO TOBOPUT O
TOM, 4TO MOJeAb CIIOCOOHa 0000mIaTh 3HaHMA IO cOaJaHCHPOBAHHBIM KJAaccaM, IPaBUALHO
BBIA€Ass KaK XapaKTepHble 0COO@HHOCTH, TaK 1 KOHTeKCT. OAHaKO 40 CUX ITOP MO4eAb He MOXKeT
XOPOIIIO OTAeANUTh BTOPOI KAacC OT ABYX APYIMX. B 1leaom ke mo marpuile OIIMOOK MOXKHO
CKa3aTh, 4TO MOJeAb CIpaBAseTCs C HEYETKMMU CUTyallsIMM M JAelaeT cOalaHCHPOBaHHBIN
BBIOOp, 4YTO TOBOPUT O BO3MOXXHOCTM MCIIOAB30BAaTh €€ A4S AOCTaTOYHO HaAe’KHOI
KaaccrpUKay MeANIIMHCKIX U300paske NIl B HECKOABKMX KAaccax.

Pucynox 3 (0) mokxaspiBaeT KpuBble OOyueHNs, IIO KOTOPBIM MBI MOXeM CAeJUTh 3a
U3MeHeHNeM 3HadeHUil (PyHKIUIT TOTeph M AOCTUIaeMBIX TOUYHOCTEI B IIpolecce OOydeHUs ¢
BO3pacTaHueM 4ucaa s1ox. [lorepn npn oOyueHnn yMeHbIIaeTCsl O9eHb OBICTPO, IPHUOAMIKAsICh
K HyAI0O B Te4yeHMe HEeCKOABKMX BIIOX M TeM CaMBIM JOKa3blBas, YTO MOJAEAb YCIIEeIIHO
ajanTupyeTcs 1o o0yJaloIyio BLHIOOPKY.

OJHOBpeMeHHO € HTUM TOYHOCTD IIpY OOYUIeHNUM TOXKe OBICTPO PacTéT U AOCTUTAeT OYeHb
BBICOKOT'O 3HAUeHIsI, A6MOHCTPUPY I BBICOKYIO CITOCOOHOCTh MOJeAM K O0y4eHUIO.
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swin_tiny_patch4_window7_224 — Confusion Matrix Loss & Accuracy
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Pucynok 3. MaTpuiia omm6ok 1 loss Mogean Swin tiny
Ipumeuariue — cocmasaeno Ha 0CHOGE PACUENOs ASHOpPOs

3AKAOYEHUNE

B aamHOM cTaThe mpeACTaBAeHBI pPe3yAbTaThl DKCIEPUMEHTOB C NCIOAb3OBaHNEM
rAy0OKoro oOy4eHus IIpu aBTOMaTUIECKOM OIlpeAeAeHNI CTEIIeH! TSAKeCTH OKOTOB Ha OCHOBE
MeAMIIMHCKIX M300paskeHN 1, COOpaHHBIX 13 OOIeAOCTYITHBIX MCTOYHMKOB. COasaHCHpOBaHHBIN
HabOp U3 Tpex KAaccoB, IPeACTaBAsIIONINX pa3Hble CTeIIeH! TSXKeCTU OXKOToB, OBl coOpaH M3
OTKPHITHIX perno3uTopnes, Taknx Kak Kaggle  Roboflow. Aas xaxxaoro kaacca 65110 oro6paHo
posHo 1200 ob6pasnos, 13 Hux okoa0 840-848 nsobOpaskeHNMiT Ha KAacc OBLAM MICIOAB30BAHbI 445
00y4eHIsI, OCTaAbHBIE N300 Ppa>keH Vs ObLAY OTA0KEHBI A5 BAAUAALINY U TECTUPOBAHIS MOAEAL.
baarogapss cOasaHCHMpPOBaHHON CTPYKType Ha0opa JaHHBIX pe3yaAbTaThl MOAeAM MOKHO
OIleHNBaTh 0OBeKTUBHO. JaHHbI OalaHC MUHUMU3NPYET IpoOAeMy CMeIeHIs MOAeAN U3-3a
AncbazaHca KAacCoB BO BpeMs OOyJeHTLsI.

bBbran mpoTecTrpoBaHbl TPMHAAIIATh apXUTEKTY P raybokoro oOydeHmst. PaccmaTpusaance
KJAaccuyeckne csepTouHble HeliponHble cetn (VGG16, VGGI19, ResNet50, DenseNet201,
MobileNetV2, Xception m Inception-based Mogean) u HOBbIe CBepPTOUHBIE apPXUTEKTYpPHI
(ConvNeXt), a Takxxe MOJeAb C yAyYIIIeHHLIM BHIIMaHIeM M MOJeAU Ha OCHOBe TpaHCPOpMepOoB
(Vision Transformer (ViT) m Swin Transformer). Takas pabGoTa mo3BoaAmaa JAeTaAbHO
[IpOaHaAN3MPOBaTh, KaK pa3AMJHbIE apXUTEKTyPHbIE CX€MBI BAMSIOT Ha KadyeCTBO PeIleHMs
3agauy KaaccuUKalyy CTeIIeHN OXKOra II0 MeAMIIMHCKUM u3o0pakeHIsIM. Jas1 obecriedeHms
9 PexTuBHOCT M CTAOMABHOCTM MoOgeaym OblA BHeAPeH psj CTpaTerMili 1  MeTOAOB
onTUMM3auuu. B ToM umcae: mepeHoc oOydeHM:S, IIpM KOTOPOM MCIIOAB3YIOTCS Beca
IpeaBapuTeAbHO OOy4YeHHOI MoOJeaAl; yBeAudeHue oObeMa JaHHBEIX C y4eTOM JOMeEHa;
IAaHMpOBaHMe CKOPOCTM OOy4YeHMs C TeIABIM Ilepe3allyCKOM; yAydllleHle XapaKTepUCTUK C
IIOMOIIILIO BHMMaHNS; yBeAndeHne o0beMa JaHHBIX BO BpeMs TeCTMPOBaHIU AAS yAyYIIeHNs
CIIoCOOHOCTU K 0000IIIeHIIO.

D¢PPeKTUBHOCTE MOJAeaeli TaKKe OlleHMBaAach C IOMOITBIO KOMILIEKCHBIX ITOKa3aTelell I
MeTpHK, TaKMX KaK O0Iasl TOYHOCTh, TOYHOCTDh, BOCIIPOM3BOAMMOCTD, ITOKazaTeab F1 u anaans
MaTpuUIbl MyTaHMIBL. PesyabTaThl 9KCIIepUMMEHTOB ITOKa3hIBalOT, YTO y4yeT KaK A0KaAbHOM
TEKCTYPBI, TaK U I100aAbHBIX KOHTEKCTYaAbHBIX OTHOIIEHNII B MEAVIIMHCKIX M300pakeHIAX C
ITIOMOIIBIO APXMUTEKTYp Ha OCHOBe TpaHCPOPMaTOpPOB IIPEBOCXOAUT MO 5(PPeKTMBHOCTH
TpaAUIIMOHHLIE apXMUTEKTyphl Ha OCHOBe CBepTKU. Bkaaa aaHHOI cTaThy 3aKAlOodaeTcs B
pa3paboTKe MHTEeAAEKTyaAbHBIX CUCTEM NOAAEPKKM MPUHATIA KAMHINYECKUX peIleHNi IIyTeM

IpeAoCTaBAeHIS CTPYKTYPMUPOBaHHOTIO IT0AX0Aa K OlleHKe COBpeMeHHBIX apXUTeKTyp I1yOoKoro
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00y4JeHMsT 445 KAaccupyKamy rAyOuHbI 0koros. HosnsHa paboTH 3aKAI09aeTcs B TOM, 4TO B
Hell MccaeAyeTcst cpaBHUTeAbHas 9QPEKTUBHOCTh pa3ANYIHBIX TAyOOKUX apXUTEKTYp, BKAIOYas
CNN u Mogeam Ha OCHOBe BHUMAHMS, AAd KAacCMPUKaLIMM CTeleH) IIOBPeXAeHUs C
MCII0Ab30BaHMeM LBeTHBIX MeANIIMHCKUX 1300 pakeHnii. buian mpes105KeHbI COOTBETCTBYIONT Ve
cTparernyu o6y4eHms 4451 ONTUMM3aLN IIPOU3BOAUTEABHOCTY A KOHKPETHBIX 3a4a4, BKAIOYast
HaCTPOMKy THUIleplIapaMeTpOB, ayIMeHTAallMIO AaHHBIX, MHTeTpalMio MoJeaeli Ha OCHOBe
TpaHCPOPMATOPOB, peaAr3OBaHHBIX B COYETaHMM C ONTUMMM3MPOBAHHBIMU CTPaTeIVMAMMU
00y4eHMs, MepapXuJecKye MexaHIM3MBbl BHUMaHI:I, ajallTUpOBaHHbIE K 001acTH 3a4a4M aHaAMu3a
0>XK0roB. Pe3yabTaThl, IIOAyd4eHHbIe B 9TOV paboTe, ABAAIOTCA aATOPUTMMUIECKON OCHOBOM M
Hay4HO-MeTOAMYECKM PYKOBOACTBOM AAs IIOCAeAyIOInell pa3paboTKy MHEPOPMaILIMOHHONM
CHUCTEMBI A4S TOAAEPIKKU AVIaTHOCTVIKY U /I€9€HIST OXKOTOB.

B ntore pesyanTaThl HOKa3bIBaIOT, YTO apXUTEKTYPHI Ha OCHOBe TPaHCPOPMEPOB ABASIOTCS
MHOTo00€eIaomyM HallpaBAeH)eM A IIOBBIIIIEHS] TOYHOCTY, OOBbEKTUBHOCTY U HaA€XKHOCTHU
aBTOMAaTUYECKON KaaccuUKaluy CTelleHM OXKOTOB ¥, HECOMHEHHO, Oy4yT CTMMyAUpPOBaThb
Oyaymme 1mccaejoBaHms B 004acTy CO3JaHMsA  KAMHMYECKM TIPUMEHMMBIX — CHCTeM
MCKYCCTBEHHOTO MHTeAAeKTa.

KOH®AMKT MHTEPECOB: ABTOpPHI 3asBASAIOT 00 OTCYTCTBUM KOH(PAMKTA NHTEPECOB.

DOVTHAHCUPOBAHME: PaGoTa BBIIIOAHEHa IIpU ITOAJep>KKe (PMHAHCHMPOBAHMS ITPOeKTa
NeAP23486396 «Mogean m MeTOABI paclO3HaBaHMA aHATOMMYECKMX CTPYKTyp Ha
nsobpaxenmsix  MPT B 3agagax KOMITBIOTEpHOV AMArHOCTUKM» Ha 2024-2026 roaBI
MuHucrepcTBa HayKu 1 BbIcIero oopasosaHusa Pecrryoanku KasaxcraH.

SAJABAEHUE OBb OAOBPEHNNM WHCTUTYOMOHAJABLHBIM 3STUYECKUM
KOMUTETOM (IRB): JanHOe uccaeaoBaHMe MMeeT WCKAIOUUTEABHO TEeXHIYECKYIO
HaIlpaBA€HHOCTb M He IIpedycMaTpuBaeT ydacTue AIOAel, >KMBOTHBIX MAM IIpOBeJeHIe
611010T9EeCKIX DKCIIEPUMEHTOB, IIOCKOABKY BCe DKCIIEPUMEHTHI BBIITOAHSAIOTCS MCKAIOYNTEeABHO
Ha M300pa>keHUIX 0OKOTOBBIX PaH, B CBA3Y C 9TUM JaHHBIN pa3lea OTMeUeH KaK «He IIPUMeHIMO»

3ASIBAEHUE Ob MH®OPMHNPOBAHHOM COI'ZIACUMN: Tax xax 6ce axcnepumenimol
GOINOAHATOMCS UCKAIOHUIEADHO HA US00PAXEHUAX 0XK0206blX NOPAXEHULl, OAHHDII PasdeA cuumaemcs
«He NPUMEHUMbLM»

3ASIBAEHUE O AOCTYIIHOCTU AAHHDBIX: /anHble, MCIIOAB30BAaHHBIE B DTOM
nccAeA0BaHNY, OBIAM ITOAYYEHBI U3 OTKPBITBIX MCTOYHMKOB, Takux Kak Kaggle n Roboflow, u
HaxoAATCs B CBOOOAHOM AOCTyIle AAsl MCIOAb3OBaHM:. Bce HabOOpBl AaHHBIX MOIYT OBITH
3arpy>keHbl I MCIIOAB30BaHBl 0Oe3 OTpaHMYeHNiI. B pamkax AaHHOTO MCCAe€40BaHUS HOBBIE
DKCIIepUMeEHTaAbHble JaHHbIe He CO31aBaAlCh.

BAATOAAPHOCTIM:  Apropnl  BBIpaXalOT  HOpPU3HATEABHOCTh  KOAJAeraM  3a
METOAO0AOTHYECKYIO TIOAAEP>KKY M KOHCTPYKTMBHBIE OOCY>KJAeHM:, a TakkKe aHOHMMHBIM
pelieH3eHTaM 3a LieHHbIe 3aMedaHis, ClIOCOOCTBOBABIIINE ITOBBIIIIEHMIO KauyecTsa IIpe/CcTaBAeHHON
paboThL.

YBEAOM/EHME OB MCIIOAb30BAHUM TEXHOJAOTUN MCKYCCTBEHHOTO
VHTEAAEKTA: B ganHOV myOAMKaIiMy He MCIIOAb30BaAVICh MHCTPYMEHTHI MCKYCCTBEHHOTO
nnrteasexra (V1)
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bya makazaga MyAbTUMOAAAbABI MaJAiMeTTepAeri ®MOLUAABIK, KYIi-
AepAiH yaKpITIIIa TYPaKTHIABIFEIH OaraJayFa apHaAfaH dJicTeMeaik
T9CiA YChIHBIAaABL. backa >KyMmbIcTapgaH aliblpMalllbIABIFBI, 0i3 keIl
AeHreriai popMaan3anyLTHEI (CUTHAaA — QYHKIIN — KachIPBIH KeHiCTiK
— DBoaxxay) >KoHe KOPCeTKIITep >KMBIHTBIFBIH (KAaCC ayBICTBIPFBIII-
TapbIHBIH CaHBI, SIU30ATapABIH Y3aKTBIFBl >kKoHe XepCT KepceTKiImi)
enrizeMis. TypakTeablk «llayTauk» Mogeai HerisiHAe TyciHAipiaeTiH
MOASPABIK ~KeHIiCTiKTeTi TpaekTopmsiap JeHreiliHge OaradaHaApbl.
JKyMmbIcTa yakpITIIa TypaKTBIABIKTEL CUIIATTATBIH KOPCEeTKilTep
JKyleci YCBIHBLABII, OAap OipHellle MyAbTMMOJAAAbAbl apXUTEKTypa-
Aapga caabICTRIpMaabl TypAe TaajaHaabl. barasay xaTramachiHa
AUHAMIKTEepJAeH TayeAcis ©OeaiMaep, CTaHAApTTHl KepceTKimrep
(F1/UAR, CCC/MAE) >xeHe yaKBITIIIa TYPaKTBIABIK KOpPCETKiIlTepi
enrisiagi. Kocbimma pertinge MELD  aepekrep  KMBIHTBIFBIHBIH
TEHTepiATreH IaFblH iIIKi KMBIHTHIFBIHAA text-only pilot-skcriepument
KYprisiaai.¥ceHbLAFaH Oarajay Tocidi ModeabaepAiH yaKbIT OOMBIHIIIA
TYPaKTHIABIK KacHeTTepiH Joaipek cuItaTTayfa MYMKiHAIK Oepeai.
IIpakTukaaplK KYHABIABIK agaM MeH KOMIIbIOTepPAiH ©3apa apeKerTecy
XylielepiHAeri JKoHe KOMEKIIi TeXHOAOTUsAAapAaFbl MiHe3-KYABIKTBIH
001KaMABLABIFBI MEH TYCiHAipiayiH apTTBIpyAa >KaThIp.
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TpaHcdOpMepE,
crycTeMaTU3ar sl
BpeMeHHO
KOHCHUCTEHTHOCTH,
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aBTOKOPPeAsSINs, yIA0Bas
CKOPOCTS (TpaeKTopus),
YCAOBHBIE CAyYalHbIE TIOAS
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MOJAaAbHOM YCTOMYMBOCTHU

91ICA0 TIePeKAIOUeHNI KAaCcCoB, AAUTEABHOCTD SIIN3040B U ITOKa3aTeab
Xepcra.
ITOASPHOM IIPOCTPaHCTBE, MHTEPIIPETMPYEMOM Ha OCHOBE MOJeAu

CraOMAbHOCTE OlLlIeHMBAeTCs Ha ypOBHE TpaeKTOpuili B

H/ly ramkKa. B pa60Te npeaaaraeTcs crcreMa HOKa?)aTe[leI;I,
OIIMCBIBAIOINNX  BPEMEHHYIO CTa6I/IALHOCTL, n  TPOBOAUTCA MX
CpaBHI/ITE/lI)HI)IIZ aHaAu3 Ha HECKOAbKUX MyAbTUMOJAAbHBIX

apxutekTypax. IIpoTokoa omeHKN BKAIOYaeT pa3dyeHNs, He3aBJICUMEbIe
craggaptaeie Mmerpuky (F1/UAR, CCC/MAE) n
IIOKa3aTeAll BPeMEHHOI CTabmapHOCTU. B KauecTse A0IIOAHUTEABHOM
IIPOBEAEH
cbaZaHCHPOBaHHOV HEeOOABIION  ITOABHIOOpKE

OT  AVKTOPOB,

nposepku  Obla text-only  pilot-skcrrepument  Ha
MELD.

HpeAAO)KeHHI)IfI II0AX04 K OLI€HKe ITI03BOAsIET TOYHEE XapaKTepn30BaTh

AartaceTa

CBOVICTBa BPEMEHHOM YCTOMYMBOCTIL MOAEAEI. HpaKTquCKa;I 1I€HHOCTb

paboTel  3aKAlO9aeTcsa B TIOBBIIIEHMM — IIpeAcKa3yeMocTu U

VHTePHIPETUPYEMOCTU ITOBEA€HMS CHUCTEeM Ye/J0BEKO-KOMIIBIOTEPHOIO
BSaI/IMOAeIZCTBI/I}I U BCLIOMOTaTeAbHBIX TEXHOAOTUIA.
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This paper proposes a methodological approach for evaluating the
temporal stability of emotional states in multimodal data. Unlike
previous studies, we introduce a multi-level formalization (signal —
function — latent space — prediction) and a set of indicators including
the number of class switches, episode duration, and the Hurst exponent.
Stability is assessed at the level of trajectories in a polar space interpreted
on the basis of Plutchik’s model. The study proposes a system of metrics
describing temporal stability and provides a comparative analysis of
these metrics across several multimodal architectures. The evaluation
protocol includes speaker-independent splits, standard metrics
(F1/UAR, CCC/MAE), and temporal stability indicators. As an addi-
tional validation step, a text-only pilot experiment was conducted on a
balanced small subset of the MELD dataset. The proposed evaluation
approach makes it possible to characterize the temporal stability
properties of models more accurately. The practical value of the work
lies in improving the predictability and interpretability of behavior in
human-computer interaction systems and assistive technologies.

KIPICIIE

OMonmaaapAsl TaHy — agaM MeH Malll{Ha apachlHJarbl e3apa opeKeTTrecyAi Taburnm opi

THUIMA] eTy YIIiH MaHBI34bI 3epTTey OarbIThl. COHFLI JKblAAaphl DMOLMAHE TaHy o4icTepi Oeline,
ayAMo >KoHe MITIiH CMAKTBI 9pTYpAi gepeKTep Ko3AepiH KaMTUTBIH MyAbTUMO4aAbAbl TaCiAdepre
HeTi3AeAaill gaMBITT Kedeal. /ereHMeH, sMonusAap YaKbIT OOJBIHINA TYPaKThl KYOBLABIC eMec:
ozap Oip caTTe esrepim, apTYypaAi KapKbIHABLABIKTa KOPiHyi MYMKIH eKeHAiri KerrrereH
sepTreyaepae KepceriareH. COHABIKTaH SMOLMAAApPABIH YaKbITIIA TYpPaKTBIABIFBIH Oaraaay
SMOLMSHBL AYPBIC MOJeAbJey MeH CeHiMAi TaHyga IIellylli pea aTkapagbl. bya moaceae
SMOLIMOHAAABIK KYIAepAiH AMHaMUKaChIH CUIATTAlITBIH KOpCeTKimTepai (MbIcaabl, aybicylap
CaHbl, SIM30/ Y3aKTBIFbl, aBTOKOppeAsalus, XepcT KOpCeTKillll) KOoA4aHyAbl Tasdall eTeal.
Koraprlga keaTipiareH Teciajep TeK TaHy A9AAiriH apTTHIPBIIT KaHa KOJMali, SMOLMAAapAbIH,
TaOUFM aFbIMBIH eCcKepyre MYMKIiHAIK OepeAi, COHBIH HOTIDKeCiHAE MYABTMMOAAAbABI
SMOLMsAAAPABl Taajday >Kylledepi HEFYpABIM CeHiMAiI opi TyciHikTi 604a Tyceai. Makaaa
Ma3MYVHBIH anly 6apbICBIHAA MYABTUMOAAAbABl BMOLUIAAPABI TaAJay KyliedepiHe HerizgeAreH
3epTreyepre Taalay >KacajblK.

Jayasinghe, Wong >xone Nugaliyadde (2026) o3 xeserinage Speech Emotion Recognition
(SER) — agaMHBIH celileyiHeH DMOIIMOHaAAbl Kyliaepai aHbIKTay a4iciH KapacTeipAbl. Herisinen,
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Automatic SER (ASER) cazacbiHAa ®MOIIMSIHEI 00AXayda KOAAAHBIAATBIH MAIIHAABIK, OKBITY
(ML) TaciaaepiniH nHTEepIIpeTabeaaiairi MeH TyciHaipiayiHe Hazap ayaapsraasl. Apropaap ASER
MOJeAbAepiHiH CeHiMAiAiri MeH aIlIbIKTBHIFBI IICUXMKAABIK A€HCAyABIKThI OaKblaay CUSKTBHI HAKThI
KoaAaHOaJap VIOiH MaHBI3ABI ekeHiH kopcerti. Coa cMAKTEI Oaraday MeTpUKaldapblH
CTaHZapTTay, MYAbTUMOZAAAbABl AepeKrepai OipikTipy >koHe MOJeAbAepAiH TYPaKTBLABIFBIH
apTTBIpy MaceleJepi oa4i TOABIK IemriaAMereHi Je Makasdaga Kepceriaren. Ocblaaiiima,
TyliHAeNTiH 6oAcak, MHTepIpeTabeaAiliK MeH TyciHAIpyal KeTiagipyaig ASER >xyiteaepin
CeHiMAi eHri3y yIIiH LIeIIyIli MaHbI3Fa /e eKeHiH KopceTiareH.

Kapactoipsinn oteipran kedeci Makadada (Wang >xone Oack., 2026) MyAbTUMEeAUSAABIK
TeXHOAOTMAAapABIH KAapKBIHABI AaMYHl adaMAapABIH MHTepHeTTe 63 MiKipiH OeliHeAep apKbLABI
KMi JKeTKi3yiHe BIKIaA eTKeHi Typaabl anTeiaraH. OcelFaH 0OaliaaHBICTBI Kasipri TaHAa
sMoIMsIAapAbl Busyaaasl Taajay (VEA) Gapablk a4eM 3epTTeyIllidepiHiH HazapblH ayJapraH.
OMonusaap CcyObeKTUBTI KyOblAbIC OOAFaHABIKTaH, oJap OeliHeHiH Tyci, >KapBIKTBIFbI, OeT
aareTi, 0ObeKTiAepi MeH KepiHicTepi CHUAKTH TypAai aTpuOyTTapra Toayeaai OOAaTBIHABIFLIH
eckepimia kepek. Ocbl MoceaeHi IIemry yIIIiH aBTopaap 9MOIjMAFa KaTBICTBI aTPUOYTTHIK
aKIapaTThl KellleHJi TypAe ady¥a apHaJAraH aTpuOyTTapfa HeTi3geAreH TepeH OKBITY >KeaiciH
(AttDNet) ycpiHABL.  YCBIHBLAFAH >KeAai OipHellle MOAYAbJdepAeH TYpaThlH aTpMOYTTHIK TapMak
IeH OeT oAMeTi TypaaAbl aklapaT aJaThlH TapMakKTaH KypadaAbl. ATpMOYTTHIK TapMaKTbIH
MoAyAbaepi apTypAai akmapaTTsl eHaeliai, atan aitcak, CSCAM moayai OeliHeHiH Tyci MeH
Herisri oopekriaepin, LEconv Moayai oobekriaep koHTekcTiH, aa MLPooling moayai xepinic
Typaasl MaaiMeTTepai mbirapaabl. CoHbIMEH Karap, Oip ®MOLMAABIK KaTerOpuAra >KaTaThIH
yariaepai xxakpiHaaty yuriH CenterLoss agiciH Koa4aHFaH.

Zhang >xoHe 6ack. (2026) MaKasacbiHAa MyABTMIMOJAaAbABI CAPKa3MABI aHBIKTay MaceAeciH
KapacThIpABL. ATaAFaH OaFBITTaFbl HETi3Ti KMBIHABIK — 9pTypAi ModaabJap apachIHAAFEl ©3apa
dpeKeTTecyAi TOABIK eCKepy KadKeTTiairi Goasin TaOblaaabl. ABTOpaap capKa3MABI TaHyJa
TaKbIpPBIITapAbIH MaHBI3ABl POA aTKapaTbIHBIH HeTidre ala OTBIPBIN, TaKbIPBIIIKAa HerizgeAreH
eHTIi3y MYMKiHAiKTepiH KeTiaAipy 94iCiH YChIHABL. ¥ CBIHBLAFaH 94iC eKi AepeKTep >KMBIHTHIFbIHAA
(OeitHe HeriziHAeTi >KoHe TBUTTep HeTi3iHAeri) KoHe OH eKi Heriari MyAbTUMOAaAbAbl CapKa3MABbl
aHBIKTay MOJeAiHAe ChIHaKTaH OTKi3iAreH. DKCIEpUMEHTTIK HaTIDKedep OapAblK Oa3aablk,
Mogeablepae KOpceTKIIITepaiH eAayip >KakcapFaHblH kepceTTi. Ocblaalila, aBTopAap YChIHFaH
ToCiAAIH MyABTUMOAAAbAbl CAapKa3MABl aHbIKTaya TUiMALAITIH A9aeaeTeH.

Pradhan >xene Srivastava (2026) MyapTuMOAaAbAbl GU3NOAOIUABIK AepeKTep HerisiHAe
®SMOIMsAapAbl TaHYFa apHaAFaH JKaHa MOAeAbAl YChIHFaH. AAABIMEH AepeKTep apHalibl Cy3riaey
daicrepi apkpiabl TazapTblabi, KeliH SCA-GAN reHepaTusTi >Keaici apKblABI ayIrMeHTaI[is
Kyprisiaren. Mogeap KeHicTikke OarbITTaaraH Hazap (SA) MeH apHara OarbITTaAFaH HazapAbl
(CA) xoagaHBII, AepeKTepai TeHrepiMAeyai KoHe epeKIteAikTepAi TOABIK KAMTYABI KaMTaMachl3
etTi. JKyprisiaren seprreyaiH coHrsl sTanbiHAa sMonusaap HPC-CNN ruOpuati HelfpoHABIK
>Keaici apKpIABI OKikTeareH. 3eptrey OapwvichiHga amblk, WESAD aepekTep SKMBIHTBIFEI
naridaaaHblAAbL. HoTyokeaep yCBIHBLAFAH 94iCTiH JKOFapBI TMiMAIAITiH KepceTTi: 4944iK — 99,4 %,
HaKTHIABIK — 98,04 %, epekmeaik — 99,56 %, F1 kepcetkimii — 98,44 %, aa cesimTaaarix — 98,84 %
60aap1. Koporteingsiaait keae, (Pradhan sxane Srivastava, 2026) ycbIHFaH T9CiA MyAbTUMOAAAbAbI
¢usnosorusaablK cUrHaszap apKblABl DMOLMSAAPABI CEHiMAl api 494 aHBIKTayFa MYMKIHAIK
OepeTiHiH AoaeaseAl.

Kapacrsrpsiaran (Qi, Huang >xene Zhang, 2022) >xyMbIcTa coliley ®MOLNAAapBIH TaHyFa
apHaaraH ogic pertige CapsNet Kkamcyapai HeMpPOHABIK >Keadici KoadaHblaFaH. MogeabaiH
TUIMAIAITIH apTTHIPY YIIiH ceiiey JepeKTepiHe «ak» Iy KOCY >KoHe AaybIiC ©3TePTy apKblAbl
ayrMeHTanmsl KyprisiareH. JKyiiere enriziareH mapamerpaepre MEL-criekTp OeliHeaepimeH
KaTap ABIOBIC KO3i, 4aybIC KOABI CUAKTHI epeKIIeikTep eHridiareH. DKCIIepUMeHT HaTIDKeAepi
KkepceTkeHAel, HeMic Tiainaeri EMODB kopiryceiHaa TopT SMOUVSIHEI (OefiTaparl, 3epikkeH, aIry,
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KyaHBIIT) TaHY 4944iri 99,69%, aa BreTHaM TiziHgeri BKEmo xopmyceiHaa (GertTapar, MyH, amty,
KyaHsm) 94,23% 6oaapl. EH sxoraper kepceTkimrep MEL-criekTp OeliHesepin Herisri >Kmidikke
KaTBICTHI CUNIaTTaMadapMeH OipikTipreHae aAbIHABIL.

Van, Nguyen >xane Le (2022) >xyMbICbIHAAQ DMOLIMsAaPAbl TaHYFa apHaAfaH KalcCyAaablK
HEeMPOHABIK >KeaAi HeridiHAeri Tacia KapacThlpblaFaH. ABTOpAap MOAeAbAIH BDMOIMAABIK
Oearizepai  BIKIIAaM  opi TMiMAl  YCBIHY MYMKIiHAITIH KepceTil, OHBIH  43CTypAai
apxuTeKTypalapMeH caabICThIpFaHAa IlepClleKTBaAbl eKeHAITH Herizaenai.

Aspropaap ( Liu >xene Oack. 2023) ceiiaey sMoOLMsAAapbIH TaHyAAFbl AepeKTepaiH apTypAi
ajaMaap apachlHaa TeH OeaiHOey MaceaeciH Iemry yIIiH TeHrepimAai ayrmeHTalV:sAJAaHFaH
yariaepai koagauasl. bya Tocia ymr aprHaast LOG-MEL criekrporpamMMazapsIH Herisre aAblll,
DMOLMAABIK KaTeropusaap apacblHAarbl YATL TeHIepiMCi3AiriH asaliThill, HEMIPOHABIK >KeAire
JKeTKIZIKTI JgepekTep YCBIHyFa MYMKIHAIK Oepai. Epeximeaikrepai opTapanTaHAbIpy VIOiH
YaKBITTHIK >KoHe >KMiAiKTiK cysrizep KoA4aHbIAABL. Moaeabae Oeariaepai aay ymid CNN Men
HaszapFa HerTi3JeATeH eKi OaFLITTBI Y3aK-KbICKa Mep3iMAi >Kaabl xxeaici (ABLSTM) GipikTipiaai, aa
OHIMAiAiKTi apTTRIpy YVINiH KOITalchIpMaAblK OKBITYy eHrisiagi. JKeri kemexmri TamceipMa
KapacCTHIPBLABIIL, ToXKipuOeaik caAbICTHIPY apKblABI eH THiMAidepi TaHAaaAbl. YCHIHBLAFAH dAiC
IEMOCAP xone MSP-IMPROV aepekrep >XUBIHTBIKTapblHAa Tekcepiaai. Hetmkecinge
IEMOCAP 0azaceinga WAR=70,27 % >xone UAR=66,27 %, aa MSP-IMPROV 06a3zaceiHaa
WAR=60,90 % >xone UAR=61,83 % kepceTKilrepi aabIHFaH KoHe HOTIKeAep dAICTiH aAAbIHELI
Taciagepre KaparaHAa TUiMAiAiriH GaiKaTKaH.

Sun >xeHe Oack. (2019) Tepen HelipoHABIK Keaiaepain (DNN) gamybiHa cyliieHe OTHIPHIII,
coiiaey smoumsdapbeiH TaHyAblH DNN-decision tree SVM Mogeai Herisinzeri aaiciH ycbIHFaH.
Koaaanblaran Tocia ceiiaey curHaagapblHaH TepeH ®MOLMAABIK aKIlapaTThl aAy¥a >KoHe Oip-
GipiMeH IIaTaCTHIPHIAATHIH SMONUsAAAPAAH alKBIHBIPAK epeKineaikrepai 0eayre MyMKiHAIK
Gepeai. bipinmrigen sMonuAaapAbIH MIaTacy gopekeci ecenTeainl, COHBIH HeTisiHAe decision tree
SVM xypslasiMBl Kacaaasl. Keiiin op Typai smommsiaap To6s yiiin 6eaek DNN mogeanaepi
OKBITHLABIN, aAbIHFaH «bottleneck» epexmreaixrep decision tree-geri apbip SVM-ai yiiperyre
KOAJAHBIAABL. ABTOpAap YCHIHBIIN OThIpFaH o4ic KbITail FRIABIM aKaldeMUACBIHBIH SMOLUAABIK
KOPITyChIHAQ OaradaHABL. DKCIEPUMEHT HOTVDKeAepi YCHHBLAFAaH MOJEAbAIH DMOIIMUAAAPABI TaHy
2A944iri agactypai SVM-Hen 6,25%, aa DNN-SVM oagicinen 2,91% >xorapsl O0AFaHBIH KOPCETTi.
bya Tocia smonmsaap apachlHAAFBl IIIaTacyAbl a3aiiThII, Celidey SMOLMAJAAPBIH TaHYAbIH
HaKTBLABIFBIH apTTBIPATHIHBI KOPCeTiaai.

KapacTripbraraH >KyMBICTap SMOIMsAapAbl TaHY4a MyAbTUMOAaAbAbI OipiKTipyAiH, Hasap
MexaHI3MAEepiHiH >koHe TpaHCOPMATOPABIK apXUTEKTypalapAblH THiIMAIAIriH KepceTeai.
Azaiiga 6ya seprreyaepain 6aceiM 6e4iri cTaHAApTTH 4914iK MeTpMKaJAaphlHa CyiieHeAl >KoHe
sMonus 00A’KaMAApBIHBIH YaKBIT OOJMBIHINIA TYPaKTBIABIFBIH >KeKe 3epTTey HBICaHBI peTiHae
KapacteipMmariabl. COHBIMEH KaTap, VakbITINa TYPaKTBIABIKTEI Oafaszay YIINiH KOAJaHBLAaThIH
KepceTKimTep Xyiieci 6ipizaeHaipiamered. Ocbl 0AKBIABIK, aTaAFaH >XYMBICTHIH HeTi3ri sepTTey
YOXiH Kypanapbl.

bisain Makaaa TakpIppIObI OarbITHIHAAFEI 3epTTeyAep OCHI yaKbITKa JeliH HeriziHeH
AQVIeKTi eHJey YIIiH KaliTadaHaThIH HeMPOHABIK >Keaidepai maiigasaHAabl. JKaamnbl KOHABIPFBI
ResNet-50-aeH Busyaaasl MyMkiHaikrepai kepcetti (He >xone Oack., 2016) >xone 1D-CNN-zgen
ayano MyMkiHgikTep (Kiranyaz sxome ©Oack. 2019), oaapapr Gipikripin, HoTiokeni LSTM-te
KiOepiIm, op cerMeHT YIIiH ®MOIMAHEI 00aXaabl. OCBIFaH YKcac KYPBIAFBLAAp dcepai y3Aikcis
Oarasay yuriH mnaiigaaaneiagbl sy CNN-HIH aaablH ada AaliblHJaAfaH OeT-oAIeTi MeH
KOHBOJIOIVSIABIK ayAM0 MOAeAbAepi MyMKiHAIKTepAi KaMTaMackI3 eTTi, a4 Oaraslay KepceTKilll-
Tepi yaKbITIlIa aKllapaTThl MOAeAbJey OHIMAIAIKTi apTThIPaThIHBIH A9M1€KTi TypAe KOPCeTTi.

Ananiga, Oya Mogeapaep KeOiHece Kpocc-MOJaabAbl ©3apa opeKeTTecyAi Tuimcis
Oackapapl. Celiaecy SMOLUMACBIH TaHy YIIiH Fpa(l)I/IKKe HEri3geAreH ogicTep eHrisiaai.
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DialogueGCN (Ghosal >xane 0ack., 2019) ceiiaeytrisepai rpadpuKaabIK TyHiHAEp peTiHAe >KoHe
0/apABIH ©3apa 9peKeTTeCyiH >KMeKTep peTiHAe VChIHAABL, alThIABIMAap OolibiHIIA ad@exT
arbIHBIH Mogeabaeriai. DialogueRNN (Majumder >xane 6ack., 2019) op KaTBHICYIIIBIHBIH JKafAalibIH
Daxblaay YIIIH >KeKe KalTalaHaTBIH MOAyAbaepai kocaasr ymr GRU TisberiMeH 04 KiMHIH
COILAeNTiHIH XoHe KaHAall KOHTeKCTe COMAENMTIHIH HaKThl MoJeabJeiidi, Oya Xikrey AaaairiH
>KaKCapTTHL.

3elfiHre HerizgeAreH MoJeAbJep aKllapaTTbhIK yaKbITIIIa CeIMEHTTep MeH MoJalbjapra
Hazap ayJapa adagpl. Kpocc-mMozaapAbl 3eliiHAI KOAAaHATBIH ddicrep acipece Tmimai 0oaa
Oactagpl. MyHAall Taciagep apTypAai Modaabjap apacklHAAFbl ©3apa OaliAaHBICTHI aiKbIHAAT,
OipikTipiareH KOPiHiCTiH canlacklH apTTEIPYFa MYMKIHAIK Oepeai. ¥3aK KaIIBIKTBIKKA ToyeAAiAiKTi
Tycipyre kabizerTti TpaHcdopmaTopaap epicti ogaH api xeriagipai. Tsai >xone Oack., (2019)
SKYMBICBIHAQ YCBIHBIAFAaH «MYyABTUMOAaAbABl TpaHcpopmarop» (MulT) OarpiTTasras, SKYITBIK
KpOCC-MOAaAbAbl 3eMiHAl eHri3ai: apOip aFbIH (MBIcaAbl, ayAuo — OeliHe, MOTiH — OeliHe) Hazap
ayaapy 0AOKTapbl apKblAbl KepiHicTepMeH aAMacajbl, Oy acMHXPOHABI PeTTiAiKTepAi HaKThI
yaKBIT peKMiHJe OeKiTrecTeH Typaayra MyMKiHAIK Oepeai. Li >xene Oack., (2022) MulT CMU-
MOSEI-ze anTapAbIKTall >KeTiCTiKTepre >KeTill, SMONMAHBI 0OoAXKay camachlH eAdyip
>KaKcapraHbIH aTanl oTTi. Herisri KacueT — OHBIH opTYypAi peTTiaik y3bIHABIKTaphl MEH yaKbITIIIa
aybicyAapFa OeltliMaeay KabiaeTi: op TypAai yaKbIT Ke3eHAepiHJeri Kpocc-MOAaAbAbl 3eliiH ayauo
MeH OeliHe AYpbIC aHbLAKTaAMaFaH Ke3/Je e OpTaK CUTHaAJapAbl amaAbl. TaFel Oip MbIcaa: ayAuo
— Mortinre apnaaran MMT (Myastumogaapan Tpancdpopmarop); oa ceiiaeyai (I'toGept) >xone
Mmortinal (BEPT) enaipyai OipikTipy yImiH eki 6aFbITTBI KpOCC-MOJaAbAbl 3€iiiHAl KoadaHaAbl, Oip
MOJAaAbAbl eKiHImiciMeH Kaiita eamteiigi (Moorthy >xene Moon, 2025). IEMOCAP-ta MMT
e/IIeHreH A9A4IKTi 84,5 % aeliiH apTThIpAbL, OYA aAABIHFBEL TaciagepaeH ackin tycti (Hakim,
Marsland xone Guesgen, 2013).

MepapxusHel OaceIIn aay opekerTepi MepapXMAABIK, MyAbTUMOAAAbABI
TpaHcpopMaTopaapAbIH Iaiida OoaybiHa oKeaai. MepapXusiblK apXUTEKTypanap opTypii
YaKbITTHIK JICHTeineperi oenrinepai OipikTipyre MyMKiHaik Oepeni. MyHnai Tocinaep KbicKa
Mep3iMIl peakiusuiap MEH y3aKKa CO3bUIATBIH SMOLMSIIBIK YPIICTEpJl KaTap CcUIarTayra
piHFaiisbl. An [Inytuuk momeni (Plutchik, 1980) Oyu1 skyMbICTa SMOUMSUIBIK KYWJIEpAi UHTEP-
npeTanysUiayra apHaJFaH TEOPHSUIBIK HETi3 peTiHAe KapacThIpbliaabl.bya exi caTblabl nepapxuist
MOJaAbAidiKKe TOH Ma3MYHABI >KoHe OJAapAblH KOPPeAsSUACHIH caKTall OTBIPHII, OipiKTipy
aaawiHAa 9pbip Mogaapaiaikti kymenrteai. AffWild2 sxone AFEW-VA GoitsiHIa Xy priziareH
6arasaysap HMATN OypoiaFbl 0a3adblK KOpCeTKIIITepAeH achlll TYCeTiHiH >KoHe Iy MeH
KeTiCHeNTiH adicTepre Te3iMAl ekeHiH KkopceTedi. JdereHMeH, KOIl AMHAMUKTI coliaecy napameTp-
aepinge rpadukaasik >xoHe RNN Herisingeri taciagep (DialogueGCN, DialogueRNN >xone
omnumsAap) AMHaMUKTep apachlHAAFBI ©3apa opeKeTrecy MeH apPeKTUBTi AMHaMMKaHbI HaKTbI
MoJeabJey YIIiH e3ekTi 6045l Kada 6epeai. Ocrlaaiima, aaednuerrepai Taasay MyAbTUMOAAAD-
Abl ®MOLMsAAapAbl TaHy caAachlHAA AdAAIK KOpCeTKiITepi keH KOAJaHblAFaHbIMEH, HMOIIVLI
0oakaMJapbIHBIH yaKbIT OOMBIHINIA TYPaKTBIABIFE JKYlieai TypAe >KeTKiAiKTi sepTTeaAMereHiH
kepceTeai. OcbiraH OalfaaHBICTEI MaKaJaHBIH FBIABIMU CYparbl Keaecideil TY>KBIpBIMJaAaAbl:
MyAbTUMOAaAbAbl SMOLMAAAPAbI TaHy MOAEAbAEPiHIH Kail Typi A244iKIeH KaTap yakbITIIa
TYPaKTBIABIKTE HEFYPABIM TMiMAI KaMTaMachl3 eTei? 3epTTey IMIIoTe3achl OOBIHIIA, KpOCC-
MOAAAbABl >KOHE MepapXMsABIK TpaHCPOPMATOPABIK apXMUTEKTypalap y3aK >KoHe KbICKa
Mep3iMAl ToyeaaiaikTepAl JKaKcblpak Mogeabaey eceOineH 6azaabik RNN/GCN mozeapaepine
KapafaHJa yaKBbITIIIa TYPaKThLABIK KepCeTKilTepi OOMbIHIIIA KOFaphl HOTIKe Oepeai.

3EPTTEY MATEPUAAAAPBI MEH S AI1CTEPI
YakpITIIIa TYpPaKTBLABIKTBI Oaraday YIIiH ®MoIMs 004>KaMAapBIHBIH yaKbIT KaTapbl
OipHeIle KepceTKilll apKbIABI cuIlaTtTaaAbl. bipinmii kepcetkim — N_switch, srHM Keprriaec



@ IE;::R.E::::LA?“; 1-Tom, 2-Hemip, MayceiM, 2026.
COMMUNICATION SCIENCES -112 - Tom 1, Ne 2, urons 2026.

Vol.1, Issue 2, June 2026.

yaKBIT HYKTeJepiHAeri ®MOLNS KAAChIHBIH aybICy CaHBl. bya MoH HeFypABIM TeMeH OOAFaH
caliblH, MoJeab 0O0AKaMBl COFYPABIM TYPaKTHl eIl KapacTeIpblaaAbl. EkiHIN KepceTkimr —
D_avg, Gip sMonMAABIK KyIAiH opTalla y3aKTBIFBI; OHBIH >KOFapbl MoHI SMOILIM BSIIM304-
TapbIHBIH Y3aFblpaK caKTaAyblH cuIlaTTaiAbl. YiriHim kepcetkim — AC(1) aBTOKOppeAsIusCh,
0/ yaKbIT OOJBIHIIIA KOplllidec KyliAepaiH e3apa YKCacTBIK AdpexkeciH Oarasaitapl. TepTinmii
KepceTkimm — Xepcr kepcerkimii H, oa yakpIT KaTapblHAarbl y3ak Mep3iMAl ToyeaAidikTi
cunarraiasl. Erep H > 0.5 604ca, Katapaa nepcucTenTTiaik 6aiikaaaasy; H = 0.5 6o4ca, mporiecc
Ke3/elCcoK cuIaTKa >kKakbiH; a1 H < 0.5 604ca, aHTU-TIepCUCTEHTTiAIK OPBIH alajbl.

DMonusaap KoHTeKcTiHge H kepceTkimriHiH >KoFapbhl MaHI ®MOIMOHAAABIK KYHIAIH €3
OaFBITBIH caKTayfa OeifiMAiAiriH, aa TeMeH MoHi >XUi aybITKyadapabl 0iadipeai. Ockl >XyMBICTa
yaKBITIIIa TYPaKTBIABIKTE cumatrtay yimiH N_switch, D_avg >xone AC(1) kepceTkimTepi Herisri
Taagay Kypaabl peTiHAe KapacThIpblAgbl. XepcT KepceTkimni H Teopusablk TyprpigaH y3ak
Mep3iMai TeyeaAidiKTi CHUIATTaMTBIH KOCBIMIIIA MeTpMKa pPeTiHAe eHrisiagi, aaaliga KbICKa
AVAAOITHIK Ti30eKTep VIIIH OHBIH TYPaKTBIABIFBI IIleKTeyAi 004aybl MyMKiH. JKaamsl aaraHAa,
aTaAraH KOpCeTKIITep ®MOLI 00A’KaMAapBIHLIH yaKBIT OOVBIHIIA A9VIeKTiAiriH >KaH->KaKThI
Oarasayra apHaAraH OipbIHFall Taajay IIeHOepiH Kypaiigbl. 1 — KecTege sMoumsdap Typaabl
MaiMeTTep >KMBIHTBIFBI JKoHe KUMblagap KeATipiareH. Kockimina Taxxipubeaik Tekcepy peTiHAe
MELD aepekTep >KUBIHTHIFBIHBIH TEHT€piAreH IaFbIH iIIKi KMBIHTHIFBIHAA pilot-oKcriepumMeHT
Kyprisiaai. Imki >kubHTHIK pecMmu train/dev/test GeaiHicin cakTail OTBIPBIIT KYPBIAABI JKOHE 9P
MOINSI KAachl OoiibIHIIA TeHTepiaai. Mortingik Geari pertinge TF-IDF ymurpamma >xone
furpamMmMa cmumarraMasiapsl HalijalaHblAgbl. basaaelk Mogdeabdep peTiHge logistic regression,
linear SVM >xoene MLP xapactoipsragpl. Op toxxipude 6ec random seed 6oitbiama (13, 17, 23, 42,
77) KantaaaHAbl. baraaay ymin macro-UAR, macro-F1, congaii-ak yakbITIa TYpPaKTBLABIK,
kepcetkimTepi N_switch, D_avg >xene AC(1) koagansraasl. Hatmokeaep ymrin 95% confidence
interval ecenteaai, aa baseline peringe logistic regression aasabim, paired significance test
Kyprisziaai. TypaKTeLabIKKa KOCHIMIIAa TeKCepy peTiHJe MoTiHTe Ke3JAelCOK Oy3blly eHTisiaai
(text corruption: 20 %, 40 % >xaHe 60 % co3aepain Tycipiayi).

1-kecTe. 9MOLU/I}I/lap Typaabl MaAiMeTTep KM BIHTBIFbBI
JKoHe€ KMbIAJap YCbIHbIA¥aH

JKUBIHBIHBIH CUIIaTTaMachl . . . .
Aepextep Moaaabaiaixkrepi Omonms Oeariaepi
SKoHE 0AI1IeM

IEMOCAP ~12 caraTTbhIK AVaAVKAABIK, Ayauno, Geiine, 9 caHart (KyaHBIIIT®, KaliFbl, aIlly,
(Busso xone Auaaorrap, (MuUMnKa, aeHe KOPKBIHBIII, TaHAaHY,
back., 2008) ~BK cermMeHTTep. KaAIbl), MOTIiH. >KMipKeHinl, OeliTapalThIK, +
Anaaor KOHTEKCTi TOAKY, KOH1ACi34iK);
KOAXKETIMAL. COHBIMEH KaTap op CeIMeHT

YILiH BaA€HTTi4iK, epeKiie
cesiMre Oe/eHy KoHe yCTeMAiK
petitunrrepi (1-5).

Aff-Wild2 ~50 caraT ">xabaribl Ayawo, beitre Ys3aikcis anHOTaA: Oip Kadpra
(Kollias >xoHe TaburaTTa" (564 TYpAi BEO- [-1,1] anarta3oHBIHAAFHI
0ack., 2019) Gerneaep, 2,8 M kagpaap). BaJEeHTTIiIK IIeH epeKIIle ce3iMre

6eaeny. Kateropusaasik: 7 Herisri
sMoumsaap.

MELD "Jloctap" TeaemmoysiHaH Ayawo, beitre, Bip cesre asmounsasapapy 7
(Poria >xoHe 1433 ko1 gMHaAMUKTI MOTIH CaHaTBI (ally, XuipKeHinl,
Hack., 2019) Aunaaor, 0apAblFel 13 MBIH KOPKBIHBIII, KyaHBbIIIL,

co3. AmaaorTely opraiia GeriTapanThIK, KaiiFbl, TaHAaHY)
Y3aKTbIFbI ~8-9 aliHaabIM, + KeHia-Ky1i (oH / Geitrapar /

4 cnukepre geiiiH. Tepic).
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1-xecTeHiH COHBI

CMU-MOSEI 23 453 OeriHe cerMeHTi Ayauno, Geiine,
(Liang, Zadeh (youtube talks), MOTiH
*xoHe Morency, apKaiiceichl ~7 cekyHa, 1000
2018) Oipereii gsMHAMUK;

GapABIFEI ~66 caFaT.

bipHere Geariaep: op cerMeHT
YILiH KapKbIHALIABIFEI 0-3
004aThIH 6 DMOLIVISTHBIH,
(KyaHBIIII, KAJIFbl, ALy,
KOPKBIHBIII, JKMipKeHilII,
TaHAaHbIC) 601yb1/60AMayBbL;
+ keHia-kyi [-3..+3].
(Omomnusaap 6ip-6ipiH >KoKKa
IIIBIFApMaAbl.)

Eckepmy — agmopaap Kypacmuipzan

YcbiHbINFaH GaFanay ceizbachkl

Benrineppi

TisbekTep wbiFapy TpaeKTopus

Kipic curianpapsi /‘_.

Mopens SMOUMANBIK
_" BonkaMbl }_'w

YaKeITIia TYPaKThInbIK
KepceTkilTepi

N_switch D_avg
AC(1) H

> Can bICTEIpMaN bl
Tanpay

1-cypert. ¥coiHbLAFaH Oaraaay chI30achl

Ecxepmy — asmopaap arvinzan Hamuxeaep Hezidinde Kypacmoipear

HOTVXEAEP )KOHE OAAPABI TAAKBIAAY

bya seprreyae Moaeabdepain ym ToObl Garasanasl: Gasaasik RNN/GCN >xyiieaepi,

KpOCC-MOZaAbAbl Hasap aydaparblH TpaHcpopMaropaap >KoHe MepapXMsAbK TpaHcdopma-
topaap. Caasrcteipy IEMOCAP, Aff-Wild2, MELD xene CMU-MOSEI aepekTep >KMBIHTBIK-
TapblHAA XYprisiagi. Kareropusiapik Tanceipmaaap ymin UAR, aa y3aikcis 6araaay ymin CCC

xxoHe MAE kepcetkimrepi maligadaHblaabl. Herisri caablcTbIpMaAbl HoTiKelep 2-KecTeae

YCBIHBLAFaH.
2-kecre. /J944iK (9KCIIOPTTaAaThIH TaHAAY)

Aatacer Mogaeabaep TOOBI UAR CCcC MAE
IEMOCAP Baseline (RNN/GCN) 0,644 0,555 0,311
IEMOCAP Transformer (Cross-Modal) 0,748 0,632 0,259
IEMOCAP Hierarchical Transformer 0,726 0,594 0,253
Aff-Wild2 Baseline (RNN/GCN) 0,682 0,48 0,25
Aff-Wild2 Transformer (Cross-Modal) 0,666 0,646 0,243
Aff-Wild2 Hierarchical Transformer 0,718 0,714 0,249

MELD Baseline (RNN/GCN) 0,619 0,484 0,226

MELD Transformer (Cross-Modal) 0,721 0,629 0,277

MELD Hierarchical Transformer 0,72 0,614 0,179

CMU-MOSEI Baseline (RNN/GCN) 0,648 0,441 0,307

CMU-MOSEI Transformer (Cross-Modal) 0,735 0,62 0,211

CMU-MOSEI Hierarchical Transformer 0,754 0,597 0,189
Ecxepmy — asmopaap kypacmoipaan
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Aoaaixten Oacka, 0i3 IIBIHAKBL ~e3TepicTepre  Ce3iMTaAABIKTEI  TOMeHAETIIEN,
foa’xaMJapABIH TYPaKTBIABIFBIH CaHABIK TYpPA€ aHBIKTalMBI3. 3-KecTe aepekrepi OoOJbIHIIA
MepapXUsIABbIK KoHe Kpocc-Mogaababl Tpancpopmaropaap 6azaasik RNN/GCN mozeabaepiMen
caasicTeIpraHaa N_switch moHiH ToeMengeTin, H kepceTkimtin apTTeIpABl. by 01apAbIH sMOIIms
foa’kaMJapBIHBIH YaKBIT OOJBIHIIIA HEFYPABIM TYpaKThl eKeHiH Kepceredi. Iloaspabi
sMonusAap KeHICTiriHAe, SIFHM CaABICTBIPMAaABl >Kayall Oepy KabileTiH eckepreHJe, «KaTThD»
e3repicrep caHbI a3asAbl.

3-KkecTe. YakpITIIIa TYPaKThIABIK

Aaracet Moaean N_switch () H (0-1)
IEMOCAP Baseline (RNN/GCN) 51,7 0,551
IEMOCAP Transformer (Cross-Modal) 36 0,692
IEMOCAP Hierarchical Transformer 20,4 0,744
Aff-Wild2 Baseline (RNN/GCN) 53,9 0,634
Aff-Wild2 Transformer (Cross-Modal) 24,6 0,682
Aff-Wild2 Hierarchical Transformer 22 0,709

MELD Baseline (RNN/GCN) 48,5 0,611
MELD Transformer (Cross-Modal) 27 0,744
MELD Hierarchical Transformer 20,7 0,789
CMU-MOSEI Baseline (RNN/GCN) 43,9 0,604
CMU-MOSEI Transformer (Cross-Modal) 26,1 0,74
CMU-MOSEI Hierarchical Transformer 34,5 0,74
Ecxepmy — asmopaap xypacmoipean

MELD gepekrep >KUBIHTBIFBIHBIH, TeHTepiAreH INaFrblH iIIKi >KMBIHTBIFBIHAAFBI KOCBIMIIIA
pilot-skcriepuMeHnT HOTUKeAepi MOTiHAIK baseline-Moseabaepaily MiHE3-KYAKBIH HaKTHI
AepeKrepJe Tekcepyre MyMKiHAIK Oepai. bya Taxipubese yin Moaeas KapacTepblaabl: logistic
regression, linear SVM sxone MLP. Bapasik Mmogearpaep Oec random seed GoribiHIIIa OaFalaHABL.
Oprama test-UAR Moangepi Tuicinmre 0,263, 0,275 sxone 0,215 604451, aa test-F1 manaepi 0,263,
0,273 >xone 0,209 xypaasr. Ocplaaliiia, opTalIa cana OOIBIHIIA eH >KaKChl HoTroKeHi linear SVM
kepcerTi, logistic regression oraH >kakblH HoTIKE Oepai, aa MLP eH TemeH HoTuKeaepre ue
0044Bbl.

4-xecte. MELD gepekTep >KMBIHTBIFBIHBIH TeHT€PiAreH IIaFbIH iIIIKi SKMBIHTBIFBIHAAFBI
MaTiHAiK baseline-Mozeabaepain HaTIDKEAEpPi

Test Test . p-value (UAR, logreg-nien
Moaean UAR 1 N_switch | D_avg | AC(1) cansicTHIpY)
Logistic 0263 | 0263 | 0380 | 1,045 | -0,456 -
Regression
Linear SVM 0,275 | 0,273 0,387 1,044 | -0,468 0,108
MLP 0,215 | 0,209 0,382 1,046 | -0,614 0,0067

Cratucrukaablk —Tekcepy linear SVM wmen logistic regression apachiHAQFBI
aitsipMaIblABIKTEIH test-UAR (p = 0,108) >xone test-F1 (p = 0,147) OoiibIHIIA CTaTUCTUKAABIK
MaH/I emMec ekeHiH kepceTTi. Aa MLP mogeai logistic regression-men caasicterpranga test-UAR
(p = 0,0067) >xone test-F1 (p = 0,0076) kepceTkimTepi OOMBIHIIA CTAaTUCTUKAABIK MOHAL Typae
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TeMeH HoTIDKe Oepai. YakbITIa TYpaKTBIABIK KepceTkimTepi OoreiHma (N_switch, D_avg,
AC(1)) mozeabaep apachlHAA aVIKbIH CTAaTUCTMKAABIK apTHIKIIBIABIK Oarikaamaasl. bya pilot-
DKCIepUMEeHTTe HeTi3ri albplpMallblABIKTapAblH A9AA4IK MeTpUKadapblHAa KOpiHIeHiH, aa
yakpITIIa TYPaKTBIABIK KOPCeTKIIITepi YIIiH HeFypAbIM KypAedi MyAbTUMOAAAbABL TeKCepy
Ka’keT eKeHiH KepceTeai.

Mortinaik robustness test HoTuKeaepi MoTiHre Oy3BL1y €Hri3iATeH callbIH OapABIK
MOJeAbAePAiH callackl ToMeHAeNTiHiH kepcerTi. Linear SVM yrrin opramra UAR 0,254-ten 0,237
skoHe (0,227-re aeliiH TOMeHAeAl; logistic regression yiriH 0,254-ten 0,232 >xane 0,232-Te AeitiH;
MLP ymin 0,215-ten 0,202 >xene 0,203-ke aeiiin esrepai. bya MeTiHAIK curHaA camacbhlHBIH
TeMeHJeyi sMoLMsilapAbl TaHy callachlHa TikeAel acep eTeTiHiH >KoHe ChI3BIKTBIK, MOAeAbAepAiH
IIAFBIH TeHTepiAreH iIKi >KMBIHTBHIKTa HEFYPABIM OPHBIKTHL baseline peTiHAe KapacCTBIPBLAYBI
MYMKIiH eKeHiH KepceTeai.

[IpakTMKaABIK TYpPFBIAaH aAFaHAa, MO 00A’KaMAapLIHBIH YaKbITIIA TYPaKTBLABIFBIH
Oarasay aJaM—KOMIIBIOTEP ©3apa opeKeTTecy > KylieAepiHze MaHBI3ALI pPoa aTKapajbl
bipinmrigeH, anazorrslk uHTepdericrep MeH adpeKTUBTI areHTTepJe KbICKa Mep3iMAi JKaaraH
SMOLMAABIK aybICyAapAbl a3aiTy >KyJeHiH peaKUMsACBIH HEFYPABIM CeHiMAl KoHe Doa’KaMAbl
eTyre MyMKiHAiK Oepeai. EKiHIITiAeH, MHKAIO3MBTI )KoHe KOMeKIIIi JKylielepie SMOLMAHBI YaKbIT
OoiibiHIIa A9TieKTi Oafaday MalidadaHyIIbl KyifiH IlaMajaH TBIC ayBITKyJAapchl3 OaKblLaayFra
keMekTecedi. OCBI TYpFbIAaH aAfaHAa, YCHIHBIAFAH TYPAKTBIABIK KOpCETKIITepi CTaHAApPTTHI
ASAAIK MeTpHUKalapblH TOABIKTHIPAThIH KOAJ4aHOaAbl Oaralay Kypaabl peTiHAe KapacTHIPLLAYBI
MYMKiH.

KOPBITBbIH 4 bl

bya >xympIicTa sMonmsaapabl TaHy MOJAeAbAepiHiH yaKBIT OOVBIHIIA TYpPaKTHLALIFBIH
OaFaaayFa apHa/AFaH Tocia KapacTelpblaAbl. Herisri Hazap cTaHAapTTHI A4944iK KepceTKilTepiH
yaKBbITIIIAa AdVeKTiAiKTi CUIATTAlTBIH KOCBIMIIIAa MeTpUKalapMeH TOABIKTBIpYFa ayAapblaAbl.
Ocsr makcarra N_switch, D_avg sxene AC(1) kepcerkimrepi sMouus 0601’KaMAapBIHBIH
TYPaKTBLABIFBIH CUIIATTAlTBIH HETi3Ii Kypaajap peTiHAe YCBIHBIAABIL, aa XepcT kepcerkimn H
y3aK Mep3iMAl TOyeaAdidiKTi CHMIIATTalTBIH KOCHIMIA TEOPUAABIK MeTpHUKa peTiHge
KapacThIPBIAABL.

OaebueTTepre >XdHe CaAbICTHIPMAaAbl Taljayfa CYyJeHe OTBIPBII, TpaHCPOPMaTOPABIK
KoHe  MepapXMAABIK — apXUTEKTypadapAblH  yakbITIIa  TayeaA4idikTrepai  Mogeabjeyae
IepcreKTuBaAbl eKeHi KopceTiaai. CoHBIMEH KaTap, KOChIMINa pilot-skcmepumeHT peTiHze
MELD aepekrep >KMBIHTBIFBIHBIH T€HI€PiATeH IIAFrblH iIIKi SKMBIHTBIFBIHAA MOTiHAIK baseline-
Mogeabaep OarasaHAbl. bya Toxipubeae linear SVM oprarmia cama OoliblHINA eH >KaKChl
HOTIDKeAepai kepceTTi, logistic regression >xakbin baseline peringe 6arikaaarsr, aa MLP Mozeai
A9AAIK KepceTKimTepi OOMBIHINA CTAaTHCTUKAABIK MOHAL TypAe TOMeH HOTIDKe OepAi. YaKbITina
TYPaKTBIABIK ~KOpCeTKiInTepi OOJBIHIIIA MOAeAbJdep apachlHJa alKbIH CTaTUCTUKAABIK,
alfBIpMaIlIBIABIK, aHBIKTaAFaH >KOK, OYA 0AapABIH KypAeAipek MyAbTUMOJAaAbAbl XKafjaliga opi
Kapall TeKkcepiayi Ka’keT eKeHiH KepceTeai.

Ocp1aariira, XYMBICTBIH HETi3Ii HOTIDKeci — ®MoumsadapAbl TaHy XKylieaepin Oarasaysa
yakbITIIa TYPaKTBIABIKTEI gepOec >KoHe MaHbI34bl CUIIaTTaMa peTiHAe KapacThIpy KaKeTTiriH
KepceTy. YChIHBIAFaH TICiA ®MONMs 00AKaMAaphIHbIH TeK A9AAITIH FaHa eMec, YaKbIT OOJIBIHIIIa
ADVeKTiAiriH ge Oaraaayfa MYMKiHAIK Oepegi. boaamax sepTreyaepde Oya Taagay TOABIK
MyABTUMOAAAbABl IIapaMeTpAepAe, COHBIH iNliHAe ayAmno, OeiiHe >KoHe MOTIiH apHaJapbiH
Gipaecin najtidaaaHaThIH HaKTH MOAeAbAepAe KeHelTiAyi Tuic.
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.80~ UAR kepceTkiwTepi (Dataset bonbiHWa)

= Baseline (RNN/GCN)
mm Transformer (Cross-Modal)
mmm Hierarchical Transformer

0.50 IEMOCAP Aff-Wild2 MELD CMU-MOSEI

2-cypet. UAR kepceTkiimTepi (TOPT AepeKTep KMUbIHTLIFR OOMbBIHINA CAABICTHIPY)
Ecxepmy — asmopaap arvinean namuoeaep Hezidinde Kypacmolpaa.

XepcT KepceTKiwTepi (Dataset HoibiHLWa)

mmm Baseline (RNN/GCN)
mmm Transformer (Cross-Modal)
B Hierarchical Transformer

0.80

H (XepcT kepceTkilui)

IEMOCAP Aff-Wild2 MELD CMU-MOSEI

3-cypet. Xepcr kepcerkinti (H) (yakpITia TypakThIABIKTE Oarasay)
Ecxepmy — asmopap arvirzan Hamuxeiep Hezisitde Kypacmolpzan

MYAAEAEP KAWIIBIABIFBL: Asrop(aap) MyadeAep KaillUbLABIFBI JKOK eKeHiH
MoAIMAENAL.

KAPXBIAAHABIPY: By a sxymeic Kasakcran Pecrrybankacs Frrapiv sxeHe SKorapsl 6iaim
MUHUCTPAITi FhIABIM KOMUTETIHIH Kap>Kblaall K0A4aybIMeH opbiHAaaAb! (I'panT Ne BR24992875).

VHCTUTYHUMNOHAAABIK STUKA KOMMTETIHIH, KOPBITBIHABICBI:
Koaganpramanapr.

EPIKTI KEAICIM TYPAAbl MOAIMAEME: MHCTUTYIIVMOHAAABIK DTUKA
KOMMUTETIHIH, KOPBITBIHABICHI: Koasanbramaiiasr.

AEPEKTEPAIH KOAXKETIMAIAITT TYPAABI MOAIMAEME: Ocnl 3epTTeyAiH HOTU-
>KeJepiH pacTaliThiH AepeKTepAl THiCTi CypaHbIC OOMbIHIIA JKayaIlThl aBTOPAAH aly¥Fa 00Aa bl

AAFBIC BIAAIPY: ABTOopaap 3epTTey >KYMBICBIHA oJicTeMeliK KoAJay KepceTKeH
opinTecTepiHe >KoHe MaKaJlaHBIH callachlH apTThIpyfa bIKIIad eTKeH KYHABI IiKipaepi yuIiH
pelieH3eHTTepre aAfbIc Oiaaipeai.

XACAHABI WHTEAAEKT TEXHOJAOTUSIAAPBIH TIAMAAAAHY TYPAABI
XABAPAAMA: KoaxaszbaHBl JaliblHAQy OapbIChIHAA aBTOpAap >KacaHABl MHTEAAEKT
KYpPaaJAapblH MaTiHAL pedakiiysaay, FhLABIMU CTUABAL XKaKcapTy KoHe TiAAiK TYPFbIAaH TeKcepy
MakcaTblHAa TaitjadaHapl. JKacaHabl MHTeAAeKT Kypaaddapbl FHLABIMIU HOTUKeadepai aay,
AepeKTepai Taagay HeMece KOPBITBIHABLAAPADBI KaABIIITaCTRIPY YIIIiH KOAAHbBLAFaH KOK,
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OCTEOIIOPO3ABI AVIATHOCTUKA /IAY AA TEPEH HEVIPOHBIK
SKEALAEP A1 )KOHE UEPAPXUSIABIK TOCIAAI CAABICTBIPMA AL
TAAAAY

CPABHUTEABHBIN AHAAN3 TAYBOKMX HEMPOHHBIX CETEN U
MEPAPXNYECKOI'O IIOAXOAA AA51 AMATHOCTUKHN OCTEOIIOPO3A

COMPARATIVE ANALYSIS OF DEEP NEURAL NETWORKS AND
HIERARCHICAL APPROACH FOR DIAGNOSIS OF OSTEOPOROSIS

A.C. Hypekenosa'~ '*, C.C. Cmanaosa = 1, C.K. Kymapraxxanosa ='1,

Réza Dzierzak'~ 2, P.K. Hypcaagbikosa "' 1

1A. Cepixbaes atpiHgars! [pFpic Kazakcran TexHukaablk yHusepcnuteti, Ockemen k., Kasakcran
2/1100AMH TeXHUKaAbIK yHUBepcuTeTi, A100auH K., IToap1ra

*)Kayantsr aprop: Hypekenosa Apaitasim CoaTtaxaHosHa, e-mail: soltahanovna@gmail.com

Tyitinai cesaep: TYNIHAEME

>KacaHAbI MHTEAAEKT, bBya >XyMBICTa TepeH OKBITY 94iCTepiH KOAJ4aHa OTHIPHII, Tide OYBIHBIHBIH
MaIlIHAaABIK OKBITY, peHTreHOrpaUsICH OOVIBIHIIIA OCTEOIIOPO3Abl AMATHOCTMKAaJay MiHAeTi
TepPEeHAETIIl OKBITY, ychIHbLAFaH. Bya sepTTey il MakcaThl MeAMIIMHAABIK KeCKiHAepAi yIII HerisTi
OCTeOII0pO3, KAaCCKa >KiKTey YIiH apTypAi KOHBOAIOLMSABIK HEMPOHABIK >Keadilepail
MepapXmAABIK MOJAeAb, TUIMAIAITIH  Taagay ©o0ApIl  TaOblaaabl: HOpPMa, OCTEOIIeHMs >KoHe
MeAUIIVHAABIK OCTeOIIOpO3.

OeltHeaepai Taajay. CriHaaran MoZeanaep petinge VGG16, ResNet50, EfficientNet-B0, YOLOvS-

cls apxmrextypasapsl maiigadaHbaabl. KeseHaik >KikTeyre HerisjeareH
MepapXusABIK Tocia Ae KoAadaHblaaabl. bya moaeapaep 293 cbiHak KeckiHi
Oap OipbIHFail gepeKTep >KUBIHTHIFBIHAA OKBITBLAABI KoHe OarasaHAbl. bya
OCBI CaABICTHIPMAaAbl TaaAayAblH AYPBICTBIFBIH KaMTaMachl3 eTTi. Accuracy,
precision, recall >xone Fl-score kepceTkimrepi >XikTey camachlH Oarasay
YILIiH KOA4aHbLAABI JKoHe KaTe MaTpulladapblH Taaday XY pridiaai.

Ocpl  sKcriepyuMeHTTepAiH HoTioKeaepi ResNet50 Mogeai A9a4ik IieH
TYPaKTBIABIKTHIH €H >KaKChl apaKaThIHAChIH KepceTirl, 82.3% Asajikke K0a
KeTKisTeHiH KopceTTi. bipak Geariaepi 6o¥ibHIIa yKcac eKi CBIHBII apackiHAa
maracylap 0oaabl. VepapxmsaablK Tocia OCTeOIeHNUs: MeH OCTeOoIlopo3
apaceIHAAFel KAacTap apachIHAAFBI IIaTacyAbl a3aiiTyFa MYMKIiHAIK Gepai.
bipak KIKTeyaiH SKaAITBI ADAAITIHIH TeMeHJeyiHe oKeaAl.
DKCcIIepUMeHTTepAiH HOTUKeCi OCTeOIIOpO3Abl AMarHOCTUKAaAay YIIIiH KOH-
BOAIOLIMAABIK HeMPOHABIK XKedilepAi K0A4aHyAbIH TUIMALAITiH pacTaiapl.

Kaxouesbie caoBa: AHHOTAIIVS

I/ICKYCCTBEHHLIIZ B AaHHOIZ pa60Te npeacTaBd€Ha 3ada4da AMATHOCTUMKIM OCTeOIIOpO3a II0
VIHTeAA€eKT, MallIlTHHOe peHTreH I/[306pa)KeHI/I}IM KOA€HHOTIO CyCTaBa C UCIIOAB30BaHMNEM METOAOB
o6yquI/le, rAy6OKO€ l"Ay6OKOl"O O6y‘leHI/I}I. LIEAI)IO AQHHOIO MCCA€AOBaHVs SBASIETCS aHaAN3
oOyJeH1e, OCTeoII0PO3, 5PPEeKTMBHOCTM  Pa3AMYHBIX CBEPTOYHBIX HEVIPOHHBIX CeTell  AAsd
riepapxmJyecKkast KaaccupuKanuy MeAUIIMHCKUX M300pa’keHMiI Ha TpM TAaBHBIX KJacca:
MOA€eAb, HOpMa, OCTEOIIEHIS 11 OCTEOIIOPO3.
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aHaAU3 MEeAVIIMHCKIUX Apxurektypsr  VGG16, ResNet50, EfficientNet-B0, YOLOv8-cls 6n1an

1300pa KeHnIL. JCIIOAB30BaHBl B KadecTBe TeCTUpyeMBIX MoJedell. Tak >XKe IpuMeHeH
Mepap-XuJecknii I0AX0J, OCHOBaHHBEIM Ha ITODTAITHOM KaAaccuUKaIiu.
JaHHBle MOAeAn 00y4aAnCh U OLIEHMBAANCh Ha eAMHOM Habope JaHHBIX, B
KOTOpOM 293 TeCTOBBIX M300pa’keHUsA. DTO 00ecriednao KOPPeKTHOCTH
AAHHOTO CpaBHMTEABHOTO aHaAmu3a. MeTpuku accuracy, precision, recall n
Fl-score nmpumeHsAANCH 4451 OLIeHKU KadecTBa KAaccupyUKaluy U IIpoBeAeH
aHaAM3 MaTPUI] OIMIOOK.
PesyabTaThl AaHHBIX DKCIIEPUMMEHTOB IIOKa3aau, 4To MoJeab ResNet50
ITOKa3aJa HayAydlllee COOTHOIIIeH) e TOYHOCTY ¥ YCTOMIMBOCTY, AOCTUTHYB
Tou"oct 82.3%. B TO >Xe BpeMmsa HabA104aAach IIOBBIIIEHHas CTeIT€Hb
ommMOOYHON KaaccuuKauyu MeXAy ABYMsI KAaccaMu C OAM3KMMHU IIO
XapaKTepuCTMKaM IIpM3HaKaMu. JlepapXmdecKmii I0OAXOJ TIO3BOAVA
CHM3UTh MEKKAACCOBYIO IIyTaHUILy MeXKAY OCTEOIIeHIel 11 OCTeOIIOPO30M.
OzHaKko TpUBEA K CHIDKEHUIO 00111ert TOYHOCTY KAaccudukanym. PesyapraT
DKCIIEPUMEHTOB ITOATBEP>KAAIOT DPPEKTHBHOCTD TPUMEHEHN CBePTOYHBIX
HEIPOHHBIX CeTeN 4451 AVMarHOCTUKI OCTeonoposa.

keywords: ABSTRACT

artificial intelligence, This work provides the task of diagnosing osteoporosis using X-ray images
machine learning, in- of the knee joint using deep learning methods. The purpose of this study is
depth learning, to analyze the effectiveness of various convolutional neural networks for
osteoporosis, classifying medical images into three main classes.: norm, osteopenia and
hierarchical model, osteoporosis.

medical imaging The VGG16, ResNet50, EfficientNet-B0, and YOLOVS8-cls architectures were
analysis. used as test models. A hierarchical approach based on step-by-step

classification is also applied. These models were trained and evaluated on a
single dataset containing 293 test images. This ensured the correctness of this
comparative analysis. The accuracy, precision, recall, and F1-score metrics
were used to evaluate classification quality and error matrices were
analyzed.

The results of these experiments showed that the ResNet50 model showed
the best ratio of accuracy and stability, reaching an accuracy of 82.3%. But
there was confusion between the two classes with similar characteristics. The
hierarchical approach has reduced the inter-class confusion between
osteopenia and osteoporosis. But it led to a decrease in the overall
classification accuracy. The experimental results confirm the effectiveness of
using convolutional neural networks for the diagnosis of osteoporosis.

KIPICIIE

Kazipri samanaa aeHcayablK caKTayAblH MaHBI3ABI MiHAeTTepiHiH O6ipi — ocreoropos
CUSIKTBI CO3BLAMAABI aypyAapAbl epTe AMarHOCTUKAAayAblH TUIMAlL )KoHe KOA KeTiMAl 94icTepiH
xacay. OcTeonopo3 — cyiieK ThIFBI3ABIFBIHBIH >KYlieadl TeMeHAeyi ChbIHy KayIiH apTThIpaAbl.
AyYHMeXy3iAiK geHcayAbIK caKTay YIBIMBIHBIH OaFaaaybl OOJBIHINIA, OCTEONIOPO3 >KblA CallbIH
MyTeAeKTiKKe 9KeAeTiH MUAAMOHAAFaH ChIHBIKTapAbl TyAblpasbl. XaabIKThIH, acipece 50 xacTan
acKkaH oilelJep MeH erge >KacTarbl ajaMaapAblH Ocal caHaTTaphl apacblHAa OCTEONOPO3ABIH
Tapaaysl Oya MaceaeHiH AeMOrpa(pIIABIK JKoHe 91eYMeTTiK MaHbI3ABLABIFBIH apTTHIPaAbl.

Kasipri yakpITTa OCTEONOpPO34bl AMarHocTMKajdayAa eKi BDHepIMSAAbl PeHTIeHAIK
abcopbunomerpust (DXA), penrrenorpadus >xoHe kommbiotepaik Tomorpadpus (KT) cusakrer
KAacCUKaAbIK dicTep KeHiHeH KoOAJaHblaaabl. bya egictep >koraphl ce3iMTaaablKka ue
GoaraHBIMEH, HOTIIKedepAl MaMaH A9pirepAiH MHTepIIpeTallMsAayblH Tadan eTeai. MyHnaait
TaaAay CyOBeKTUBTI cUITaTKa 1e OOABIII, acipece aypyablH epTe Ke3eHAepiHAe ajaM (paKTOPBIHBIH
acepiHe Toyeaai 60aysl MyMmKiH. Tafbr Oacka, KasakcranHbIH OipkaTap eHipaepiHae >koHe Oacka
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eljepde MaMaHJAHABIPBLAFaH >KaOABIKTap MeH TaKipubeai MaMaHAapABH KOAXKeTiMAiairi
mexteyai. OcplraH OaifAaHBICTBI MeAUIIMHAABIK KecKiHJepAi aBTOMATTHl Typae Taadjayra
HeTi3jeAreH UHTeAAeKTyaAAbl AMArHOCTUKAABIK OKyiledepai o3ipaey ©3eKTi  FBLABIMU
OarpITTapABIH OipiHe aifHaAyAa.

MannHaAbIK OKBITY >KoHe KOMIIbIOTepAiK Kepy TeXHOAOTMAAapbIHbIH KapKBIHABI 4aMYbl
MeJUITMHAABIK KecKiHAzepAi Taaday IporecTepiH aBTOMaTTaHABIpYFa MYMKIHAIK Oepai.
Konsoaonnaask HeltpoHABIK XXeaizep (CNN), TpaHcdpopMepaik apXUTeKTypadap, CETMEHTTeY
daicrepi xeHe supervised learning aaropuTmaepi cylieKk KecKiHAepiH eHJeyAe >KOFaphl
HOTIKeAep KepceTyde. MyHaall Toaciagep ocCTeonopo3Abl aHBIKTall KaHa KoOliMall, OHBIH
caTbLAapBIH JKiKTeyTe JKoHe CBHIHY KayIliH O0AKayFa MyMKiHAIK Oepeai.

Anaiiga KOAAAHBICTaFBl 3epTTeyaepaiH Oipkarap Iekreyalepi Oap. bipinmrigen,
JKYMBICTapAbIH OackiM 0e.iri OMBIpTKa MeH >KaMmOac aliMarbiHa OarbITTaAfaH, ad Tize OybIHBIHA
apHaAfaH 3epTTeyAep CaHBl CaABICTBIPMAaAbl TYPAe as. ExiHIligeH, KoIlTereH 3epTrey.Aep IIaFbIH
HeMece Oip OpTaABIKTH depeKTep SXUBIHTHIFBIHAA KYPridiareH, 6ya MoaeAbaepAiH >KaAIlblAaHy
KaOizeTiH TeMeHJeTyi MYMKiH. YIIiHIIiAeH, KOITereH >XyMBICTapja Oip caTbLABI KOIIKAacCTbI
KiKTey KOAJaHBIABIIL, OCTEOIIeHNM: MeH OCTeONOpO3 apachlHAa aliTapAbIKTall KaAacapaablk
maracy cakraaaabl. CoHbIMeH KaTap, Oipkatap sepTreyaepde CHIPTKBI BaAMAaluisl >KYprisia-
MereH, Oya MoJAeAbAepAiH HaKThl KAMHUKAABIK JKaFAalija KOAJaHBIAYBIH IIeKTeyi BIKTUMaA.

Ocbl Maceaeaepai eckepe OTBIPBIN, Oya >KYMBICTBIH MakcaThl — Ti3e OYBIHBIHBIH
peHTreHOrpadMAABIK KecKiHAepi Heri3iHge OCTeONopO3Abl AVarHOCTMKaJlayFa apHaAfaH TepeH
OKBITY MOJeAbJepiHe caAbICTBIpMaAbl Tadjay >KYPTi3y >KoHe OCTeOIeHMs MeH OCTeOIIOpOo3
apacbhlHAAFbI KAacapaAblK IIaTacyAbl a3aliTyFa OaFbITTaAFaH MepapXMAABIK TCiAAIH TMiIMAIAITiH
Oaraaay OOABIIT TaObLAAABI.

9AEBUETKE IIIOAY

Oa4ebu moay OapbICBIHAA OCTEOIIOPO3ABl AMArHOCTMKalay cadachlHAAFLI MaIlMHAABIK
OKBITY >KoHe TepeH OKBITY o4icTepiHe apHaaAfaH FBHIABIMU >KYMBICTap TaAAaHABL. 3epTTeyaiH
mamameH 84 %-BI CBHIHBIKTapABI SKiKTey caJachlHa >KaTaAbl. Dya >kymbicTapaa seprreyaep
peHTreHorpadus HeMece KoMIbioTepAik Tomorpadus (KT) koasaHa OTBIPEIN, KOHBOAIOIIMAABIK,
HeMPOHABIK >Kedidepai KoaAJaHy apKBIABI >Ky3ere achlpblaadbl. ExiHmm OarblT ocreomoposra
DaliaaHBICTBI CBIHBIKTapABl OOAKayFa apHaafaH. ChbIHY BIKTMMAaAABIFBIH OaFaday VIiH SKYMBIC
PadOMUKaAbIK, XKoHe KAMHUKAABIK Oeariaepai koagaHAbl. CoHAali-aK, >XYMBICTHIH ITaMaMeH
77 %-p1 KT >xoHe PEeHTTeH cypeTTepiHe HeridgeareH KaaAblIThl, OCTeIIeHNs, OCTeOIIOPO3 CHUAKTEI
aypyABIH Ke3eHAepi OOJBIHIIA JKiKTey KopceTiaTeH.

byaaparr Taaaay kesinae GachLABIMAAPABIH aliTapABIKTal 6e4iri KOMIBIOTEpAiK TOMOTpa-
usiHBI KOAZaHa OTBIPHIII 3epTTEyTe apHaAFaHbIH KepceTeai. bya mamamen 54 % xypaiiasl, 6ya
d4iCc OCTeOINOpO3Abl AMarHOCTMKaJayja >KoHe CYMeKTiH MUHepaaAbl TBIFBI3ABIFBIH Oafazayga
THiMAi eKeHiH KopceTeai. TaasanraH sepTTeyaepAis mamameH 33 %-bIHAa PEeHTIeHAIK KecKiHaep
KOAAaHBLAFaH, Oy aTaAraH 94iCTiH KOAKeTiMAiAiri MeH AMarHOCTMKAABIK THiMAiairine Gariaa-
HBICTBI OFaH JeTeH FBHIABIMU KBbI3BIFYIIBIABIKTBIH >KOFaphl eKeHiH KepceTedi. MarHmurTi-peso-
HaHCTHIK, ToMorpadusira (MPT) HerisaeareH sepTTeyaep mamameH 12 % a3. bya aaic 60a5xay by
>KOFaphl 4944iriH kepcerce e, MPT keckiHHIH K04 >KeTiMAiairi TeMeH 6OABIIT TaObLAAABL.

3epTTeyaepde KapacThIpBIAFaH JeHe aliMaKTapblH Taajay OapBbICBIHAA €H KOIl Hasap
OMBIPTKa MeH >Kam0ac aliMaKTapblHa ayJapblAFaHBl aHBIKTaAAbl, cebebi Oya arMakrap
OCTeOTIOpO3Ffa OallAaHBICTBI CBIHYJAapFa >Kui yInelpaniabl. KemnTereH sepTreyaepde OMBIPTKa
aiimarsl, acipece T12 sxone L1-L4 cermenTTepi KapacTeipsiaraH. Park sxonHe 6ack. (2024), Pan >xoHe
Dack. (2024), Pickhardt >xene 6ack. (2022) seprreyaepinae CNN, ResNet xone U-Net apxu-
TekTypadapsl Koaaanslabi, AUC kepcetkimti 0.93-0.99 apaasirsinaa 6oaraH. bya seprreyaepae
CYTIeKTepAiH KYPBLABIMEBI, COHAAl-aK OCTeOIIOPO3AbIH XKikTeAyiH Oaraaay yirin KT >xeHe peHTreH
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cypertepin koagaHabl. CoHgali-aKk , 0apABIK >KYMBICTapABIH TOPTTeH OipiH KypalThIH
DacplLapIMapaa sKambac cylteris, skambac OybIHBIH 3epTTeai. MbIcaasl, Yuan >xoHe Oack. (2025),
Du sxene 0ack.(2025), Lim >xone 6ack.(2021), Jang >xoHe Oack. (2021) aBTOpAapBIHBIH >KYMBIC-
TapbIHAa >KaM0ac OCTeOIIOpO3bl JKaHe CylieK MUHepaAAbl ThIFbI3ABIFBIHBIH XKiKkTeAyi 001KaHFaH.
Random Forest, Logistic Regression, CNN cusKTBI MaIlIMHAABIK OKBITY 94icTepi 85 %-aan 94 %-
Fa AeifiHTi 4944iKTi KepceTTi. 3epTTeyaepain mamameHr 10%-bIHAa Tize OYBIHBI KapacTHIPBIAFaH.
Siddharth >xene ©Oack. (2025), Naguib >xone 6Gack. (2024) >xyMBICTapBIHAA Tize OYBIHBIHBIH
peHTreHOrpaUAABIK KeCKiHAepiH aBTOMATTHI Taljay >KoHe OCTeOoIIopo3asl Xikrey yirin CNN
apxuTeKTypaJapsl naraasaneiarad. CoHbBIMeH Kartap, Oipkartap seprreyaepae Oilek >koHe >Kak
cyleKkTepi aliMaKTapsl Aa KapacTeIpbLAFaH. Sebro >koHe Garza-Ramos (2022) Giaex cyiterinig KT
KecKiHAepi HeriziHAe ocrteomoposanl anbikTan, AUC = 0,81 HoTmoKeciH KepceTkeH. A Kak
aliMaFbIHBIH KecKiHAepiH Taazay yurin K-means, Decision Tree sxone CNN apxmurextypasapbiHa
HeTi3JeAreH MalllHaABIK OKBITY Tociadepi MalidalaHblAFaH.

TaapanraH 3epTTeyaep KepceTKeHAell, OCTeOIopo3Abl AMarHOCTUKajlayAa HeTisri Hasap
OMBIPTKa MeH >XKaMmOac cyliekTepiHe ayjapblaraH. bya araaran ajliMakTapAbIH OCTEOIIOpPO3Fa
0aliAaHBICTBl CBIHyJAapFa >Kui yIIbIpaybIMeH TyciHgipiseai. CoHbBIMeH KaTap, Keibip
3eprreyaepae Oidex cyitekrepi Ae KapacTeIpblaraH. Sebro sxoHe Garza-Ramos (2022) MarmHaAbIK
OKbITyFa HerisgeareH Oizek cyiiektepiniy KT Taagayer 50 >kacTaH ackaH HalueHTTepJe
OCTeoTopo3 OeH OCTeoNeHNMHBI aHbIKTayJa A9CTypAi Oip cyliekTi OarasayMeH caAbICTBIpFaHAA
JKOFapBl HOTIKe KopceTKeHiH xabapaaraH. EH sxorapsr HaTKe rbf siapocst 6ap SVM Mogeainge
barixaasin, AUC = 0.818 xepcetkirmtine ko4 >xeTkiziareH (p = 0.020). Antonio Adarve-Castro >xoHe
Oack. (2025) aMarHOCTUKAABIK, A9AAIKTi apTTHIPY MaKcaTblHAA TeKCTypaaAblK Oearizepai maiiga-
AaHfaH. 3epTTey HoTIpKeAepi OoribiHIIIa Naive Bayes aHcamM04b4ik MOAeAi MeH HEMIPOHABIK >KeAi
AUC = 0916 natmKeciH kepceTKeH. Aaaliga, 3epTTeyje IIarblH JAepPeKTep >KUBIHTHIFBI
KOAAaHBIAFaHABIKTaH, HOTIDKeAepAiH >KaAmblaaHy KabiaeTi miexreyai 6oayer MyMkiH. Jinglei
Yuan >xoHe Oack. (2025) pagroMmKaAbIK Taljay apKblAbl ocTeoneHus 6eariaepin gactypai KT
KecKiHAepiHeH epTepeK aHBIKTay MYMKIiHAITiH KepceTkeH. ABTopaap OKBITYy KedeHiHge AUC =
0.934, Gipinmi Tecrre 0.893 >xone exinmri TectTe 0.851 HoTIKeAepiH aaraH. JepeKTep KMBIHTHIFDI
CaABICTHIPMaAbl TypAe YAKeH OoOJAfaHBIMEH, aBTopaap Oacka IIONyAdIjusAapda CBHIPTKBI
BaAuAalus JKYPridy KaskKeTTiriH aTtam eTkeH. Liu >xeHe Oack. (2025) cpIpTKBI BaaMAariVisIHBI
KaMTUTBIH KOIIOPTAABIKTH 3€PTTey YCBIHBIIN, HOTUKeAepAiH >KaAllblaaHy KabideTiH apTThIpyFa
OaFpITTaAfaH TocCiadi KoadaHfaH. JKyMbIcTa paguiOMMKaAblK OeAridep MeH MalllMHaABIK,
OKBITYABIH OipHellle MogeAbAepi Maligaaanbiasi, Logistic Regression Moaeai immki Baanganmsiga
AUC=0.96, aa cerptks Baanganusga 0.79-0.84 notikeaepin kepcerkeH. Park sxone Oack. (2024)
>KYMBICBIHAA MallIMHaAbIK OKBITY Mogeai AUC = 0.983 aeliiH >KoFapbl HOTUKE KOPCETKeHiMeH,
MOJeAb apXUTEKTypachl TOABIK cuUIIaTTaaMaraH. Pan >koHe Oack. (2024) keIlyHKIIMOHAAABI
TepeH KOHBOAIOIUABIK HEIIPOHABIK KeAiHi koagaHbi, AUC = 0.99 HoTIDKeciHe KOA JKeTKi3reH.
Changyu Du >xene 0ack. (2025) ocreonioposasr anbikTayga AUC > 0.95 HoTIDKeciH KopceTKeH,
aJaiiga sepTTey Oip OpPTaABIKTHL AepeKTepre HeTi3Aein, CBIPTKBI BaauAalis XKy prisiaMmeren. Pan
Y. xone Oack. (2020) U-Net apxmrekrypacwhin maitgasansim, AUC > 0.94 HoTmoKeciHe Koa
JKeTKisreH, Oipak aBTOpAap KeIOpPTaABIKTHI TecTidey Ka’KeTTiriH aram eTkeH. Liu L. >koHe Oack.
(2022) KT xeckiHaepiMeH KaTap KAMHMKAABIK JKoHe 3epTXaHaAblK AepeKTepai naiigasansin, AUC
= 0.962 moTICKeciH KopceTKeH. Aaaiiaa, sepTrreye KT keckiHaepiHiH KeaeMi mekreyai OoaraH.
Zhang K. >xoHe Oack. (2023) kemgeHTreiili TepeH OKBITY aATOPUTMIiH maiigazassin, 93.3%
AVIAaTHOCTUKAABIK, A9AAIKKEe KO >KeTKi3reH.

TaapanraH 3seprTTeyaepai KOpPBITBHIHABLAAIL OTBIPHIN, Kasipri Tociagepain OipHemre
IIIeKTeyepi aHBIKTaAAbl. bipiHIrigeH, >KyMbIcTapablH OackiM Oeairi oMBIpTKa MeH >kamOac
aliMarbIHa OaFbITTa/AFaH, aa Ti3e OyBIHBIHA apHaAFaH 3epTTeyAep CaHbI CaAbICTEIPMAABI TypAe as.
Kannnxkaarslk Toxipmnbede ocCTeOIOpo3Abl AMAarHOCTMKaJay YIIiH KeOiHece OMBIPTKAa MeH
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>kambac cyliekTepiHiH KecKiHAepi KOAJaHBLAFaHBIMEH, Ti3e OYBIHBIHBIH pPeHTTeHOTpadpUsABIK
cypeTTepi e ImepcreKTBaAbl OafblT peTiHAe KapacTeIpblayda. bya, 6ip skaFbiHaH, Tise OyBIHEI
peHTreHOrpaVACHIHBIE, KYHAEAIKTI KAMHUKAABIK ToXipubese KeH KOAXKETIMAI >KoHe >Kui
OpBIHAAAATHIH 3€PTTeY d4ici 6oaybIMeH TyciHAipiseai. COHBIMEH KaTap, Tide aliMarbIHAAFBI CYTIEK
KYPBLABIMBIHEIH ©3repicrepi CylieK MUHepaaAbl THIFBI3ABIFBIHBIH TOMeHJeyiMeH Oalil1aHbICTHI
6oaysr MyMKiH. Tize OybIHBIHBIH peHTTeHOrpadILICH KoOiHece apTpo3, JKapakaT >KoHe KacKa
OaliaaHBICTBI ©3TepicTep Ke3iHAe OpBIHAAAATBIHABIKTAH, MYHAAll KeCKiHAepAi KOCHIMIIIA
CKpPMHMHITIK MakcaTTa IaligadaHy IIaljMeHTKe KOCBIMINIAa CayJeAik >KyKTeMe Tycipmeit
ocTeonopo3 OearidepiH epTe aHBIKTay¥a MYMKiHAIK Oepeai.

ExinmrigeH, kemTereH sepTTeyep IIarbiH HeMece Oip OPTaABIKTH AepeKTep SKUBIHTBIFBIHAA
KyprisiareH, O0ya MoJeabAepaiH >KaAlblAaHy KaOizeTiH TeMeHAeTyi MYMKiH. YIIiHIIAeH,
KOIITeTeH >KyMHbICTapJa Oip caTBIABI KOIIKAACTHl KiKTey KOAJAAHBIABIIL, OCTEOIIeHNUsS MeH
OCTeOIIOpO3 apacklHJa aiTapAbIKTall KaAacapaAablk Inaracy cakradaabl. CoOHBIMEH Kartap,
OipkaTtap 3epTTeyaepde CBIPTKBI BaAuAaIusl >KyprisiamereH, Oya MoAeAbaepAiH HaKThI
KAVHMKAABIK JKaFjalija KOA4aHBLAYbIH IIEKTeyi bIKTUMaA.

Ocor Maceaeaepai eckepe OTBHIPHIII, OyA >KYMBICTa Tide OYBIHBIHBIH peHTTeHOTpa(psABIK
CcypeTTepi Heri3diHAe OCTeONOpO3Abl AMAarHOCTMKaJay VIIH TepeH OKBITY MOJeAbJepiHiH
CaABICTBIPMaAbl Taadaybl >Kyprisiagi. CoHbIMEH KaTap, OCTeOIleHMsI MeH OCTeOIlOopOo3
apachlHAarbl KJacapaablK IaTacyabl aszaiiTy MakcaThiHga ResNet-50 apxurexTypachiHa
Heri3geAreH MepapXMSABIK ToaCiA YCBIHBIAABL. ATaAfaH Tacid aAAbIMEH «HOpPMa» >KoHe
«I1aTOAOTUs» KAAaCTapbhlH a’kKbIPaThlll, KeWiH MaTOAOTMAABIK >KaFjalidapAbl OCTEONEeHUs >KoHe
OCTeOIIOPO3 caThblAaphl OOJBIHINIA HaKTblAaliabl. MyHAall KYPBIABIM MOAeAbAIH KAMHUKAADBIK
MHTepIpeTalMsIChIH KaKCapThIll, AMarHOCTUKAABIK IIeNliMAepAiH TYPaKTBIABIFBIH apTThIPYFa
MYMKIiHAIK Oepeai.

3EPTTEY MATEPUAAAAPBI MEH O AICTEPI

DKcnepuMeHTTIK 3eprrey yinid Kaggle amsik maat¢popMacsiHaH aAbIHFaH Ti3e OybIHBIHBIH
peHTreHOTrpadUsABIK KeCKiHAep >KUBIHTBIFBI IaliAalaHbBIAAbL. /epeKTep >KUBIHTBIFBI YIII
KaacctaH TypAbl: Healthy (780 xeckin), Osteopenia (374 keckin) >xone Osteoporosis (793 keckin).
Kaamer gepextep koaemi 1947 keckinai kypaast. depextep 70% oxpITy (train), 15% Baamaanms
(validation) >xane 15% Tectizey (test) KMBIHTBIKTapbIHa O061iHAL. bapabIK KeckiHAep MOAeAbAepAi
OKBITY aaAblHAa 224x224 TIKceAb ©AllleMiHe KeATipiaai.

JlepekTep >KUBIHTBIFBIHJA KJAacCTap apachlHAAFbl TeHTepiMmcizaik 0Oalikaaawl, oacipece
ocTemneHNs1 KAACBIHBIH KoJeMi Oacka KaaccTapMeH CaAbICTRIpFaHJa a3 00aabl. bya maceaeniy
dcepiH asaliTy MaKcaThlHAA KeCKiHAepAl ayTMeHTalmusaAay aaicTepi KOAAaHbLAAbL.

JepexTep amblK Ke34eH aAblHFaHABIKTaH, HalleHT AeHTeliHAeri TOABIK TayeACi3AiKTi
TeKcepy MYMKiH 00aMaabl. OcbiFaH OaliaaHBICTHI Oip MalMeHTKe Tuecili OipHelre KecKiHAepAiH
9PTYPpAi ilIKi XMBIHTBIKTapFa TYCY BIKTMMaA/BbIFBI TOABIK JKOKKa IIbIFapblaMaliabl. Jerenmen,
GapablK Mogeabaep Oipaeni train/validation/test OeaiHiciHge GarasaHABl, OyA CaABICTBIPMaAbL
TaaAayAblH Oipi3aiairiH KaMTaMacsI3 eTeai.

JepexTep SKUBIHTBIFBI 9pPTYpAi Ke3jgepaeH KaAblNTacThlpblAFaHABIKTaH, pPeHTIeHO-
rpadusABIK KecKiHAep >KapbIKTBIK, KOHTPACT, MacIiTab, Iy AeHreiii >koHe Oaraap OOIIBIHINIA
epekiiedeHAi. MyHgait  alibBIpMallbIABIKTap TepeH HeMpPOHABIK KeadidepAiH  TypaKThl
OKBITBIAYBIHA oCep eTill, KiKTey A944iriHiH TeMeHJeyiHe ceOerr 0oaybl MyMKiH. OcplraH
OaliaaHBICTBI  KeCKiHAepAiH camachlH  OipisgeHAipy SKoHe aKIapaTThIK Oearizepain
alIKBIHABLABIFBIH apTTBHIPY MaKcaTblHAa alAblH ada eHJAey aicrepi KoasaHbplaabl. Keckinaepai
aAABIH ala eHAey OapBICBIHAA TTalidalaHbLAFaH HeTisTi agictep 1-cyperTe KepceTiareH.
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[ OHJev KoHe KYIIeNTy ]

— RGB minmrimin 6epy

— Macmrradray

— Kaapimka keaTtipy

— AepexTepai KyIenTy

- byprrasic
- MacmrraGray
- Aypiceim

- Kepinic

- KapsIkThIK

- Kontpacr

1-cypet. Keckingi aa4blH asa eHaey aaicrepi
Ecxepmy — asmopaap xypacmuipean

bip eamemai KeckiHgep HpoHopuusdapAbl caKTall OTHIPBII MaciTadTaaapl, Oya
aHaTOMILIABIK KYPBLABIMAAPABIH TeOMETPIIIABIK OypMalaHybIH TOMeHAeTYTe MYMKIHAIK OepAi.
OKpITy TIpolleciH TypakKTaHABIPY YINiH IMKCeAb >KapBIKTHIFBIHBIH MaHJAepi 0-1 apaabirbiHaa
KaAbIlIKa KeaTipiaai. COHbIMEH KaTap, OKBITY >KMBIHTBIFBIHBIH OpTallla MoHI MeH CTaHAAapTThI
aybITKybIHa KaTBICTBI CTaHAApTTay Kypriziaai. Keckingepaeri caHAbIK IIyAbl azaiTy yIIiH I'aycc
cyarici Koaganpiaaper (1):

_x%4y?

e 202 @

G(xy) =

MYHAQFBI: X, Y — OpTaAabIK IINKCEAbAEH KOAAE€HEH JKoHe TiK OaFBITTAFbI KaIIbIKTBIK;

210

O — OYABIHFBIPABIK AdPe>KeCiH aHBIKTalTBIH OpTallla KBaJdpaTThIK aybITKY;
e — Dilaep caHBbI.

By cyari )KapBIKTBIK Ty AapbIH a3aliThII, CyiieK KYPBLABIMAPBIHBIH HETi3Ii KOHTYpAapbIH
caKTayFa MYMKiHAiK Oepeai.

Cyiiex KYpblABIMAAPBIHBIH AOKaAbabl KOHTpacThiH Kymlenty yiriH CLAHE (Contrast
Limited Adaptive Histogram Equalization) aaici xoagansiagel. Bya Toacia Tpabekyaspabik
KYPbLABIMAAQPABIH  aIKBIHABIABIFBIH ~ apTTBIPBII,  MOAEABAIH  ycaK  MOP(OAOTUAABIK
epeKIIeaiKTepAi TMiMAipex aHBIKTaybIHa MYMKIHAIK Oepeai.

CoHbpIMeH KaTap, MOJeAbAepaiH >KaallblaaHy KabiAeTiH apTTHIPY KoHe KaiiTa OKBITHIAY
KayIIiH a3aliTy MaKcaTbIHAA KeCKiHAepAl ayTMeHTalusIAay 94icTepi rnangaaaHbla bl

— ayBITKYABI MOJeAbAey VIIiH +15° meringe Keckinai 6ypy;

—0.9-1.1 aykpIMBIHAQ MacIITaOTay;

- K0 JeHeH >KoHe TiriHeH aybITKyHI 10 % AeiliH BIFBICTLHIPY;

- aHATOMUAABIK KYPBLABIMAAPABIH CUMMETPUCHIH ecellKe aay YIIiH KeAJeHeH IIaFbLABICY.

Keckin minriHiH e3repTKeHHeH KelliH OoAapAblH >KapbIKTBHIFbI MeH KOHTPAaCThIH peTTeiial,
Ochlaaiillla HeMpOHABIK >KeAi IIaToAOIMsIAapAbl TaHyAbl yiipeHeai. KeckiHgepain aaapiH aaa
eHJeyre AelliHri )KoHe KeliHIi MbIcaadapbl 2-CypeTTe KOpceTiAreH.
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Original Resized 224x224 Gaussian Blur CLAHE Contrast

Rotation +15° Horizontal Flip Brightness +

2-cypeT. Tize OybIHBIHBIH PeHTTeHAiK KeCKiHAepiH eHAey >KoHe KYIIeNTy MbIcaaAaphl
Ecxepmy — asmopaap xypacmoipzan

Tise OybIHBIHBIH PeHTIeHAIK KecKiHAepiH, aTal aliTKaHA4a KOHBOAIOIVAABIK HeMPOHABIK
Keaizepai Xikrey ymriH OipHelle TepeH OKBITY apXUTeKTypaJlapblHa CaABICTBHIPMAaAbl Talaay
Kyprisiaai. bya sxymeicra kaaccukaaslk apxutektypadap VGG16, ResNet50 sxone Efficientnet,
YOLOVS-cls samanayu MoAeabepi KOAAaHBLAABL. by Mogeabaep yi kaaccka OeitiMaeareH: cay
CYyJieK, OCTeOITeHIsI JKoHe OCTeOIopo3.

VGGl6apxuTtekTypacsl

VGG16 - 13 KOHBOAIOIMAABIK >KoHe 3 TOABIK OaiilaHBICKaH KaOaTTaH TypaThIH
KAaCCUKaABIK TepeH KOHBOAIOLMAABIK HEMPOHABIK >Keai. Apxutektypada 3x3 ealeMAai siapoaap
MeH MaxPooling xabarrapsl KOAAaHBIABIN, OeAridepAiH KeHICTIKTIK eamemAepi OipriHgen
a3alThiAaApbl.

VGG16 apxmrekTypachl MeAUIINHAABIK KeCKiHAepAiH TeKCTypaablK >KoHe MOopgdoao-
IMAABIK, epeKIneaiKTepiH TuimMai 6eain aay KabiaeTiHe 0©aifaaHBICTBI CaABICTRIPMAABI Talaay
yuIin naigaaaneiaasl. VGG16 apxurtexTypacsl 3-CypeTTe KopceTiareH.

Conv Block 1 Conv Block 2 Conv Block 4 Conv Block 5
3x3 Conv + RelU 1 3x3 Conv + RelU ‘ 3x3 Conv + RelU ‘ ‘ 3x3 Conv + RelU ‘
I ‘ [ I
» 3x3Conv + RelU | » 3x3 Conv + RelU l » 3x3 Conv + RelU } »| 3x3 Conv + RelU ‘
) J

| |

Max Pooling Max Pooling Max Pooling Max Pooling

Max Pooling Max Pooling Max Pooling Max Pooling

Fully Connected
Layers

Input: Knee X-ray
(224x224x3)

> FCi

FC3

=1
3-cyper. Y1 kaaccTe Xikreyre OeitimaeareH VGG16 apxuTekTypacs
Eckepmy — asmopaap xypacmoipaa
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VGG16 apxuTekTypacsl KapanaiibiM >KoHe TypPaKThl OKBITyAbI KaMTaMacks eTeai. VGG16
MeAUIIVHAABIK KecKiHAepAiH TeKCTypaAablK >KoHe KYPBLIALIMABIK OearizepiH aay kabizeTiHe ne.
bya sxympicta Mogeabaepdi caabicteipy ymiH VGG16 Tanaaay cebebi cyitek TiairiHig
MOp(l)OAorM;[ALIK e3repicrepin Taagayra MyMKiHAIK 6epyi.

ResNet-50 apxurexTypacs

ResNet-50 TepeH KOHBOAIOLMAABIK HEMPOHABIK >Kelire >kKaTaabl >KeHe KypambiHAa 50
kabat Oap. KeckinHiy OacTamkpl cuIiaTTaMadapblH CaKTalThIH TalJayAblH TepeH Ke3eHJAepiHJe
KaAAbIK OKBITY NPMHIMUIIH KOAJ4aHaAbl, Oya acipece MeAUIIMHAABIK KecKiHAep VIIiH eTe
MaHbI3Ab1. ResNet-50 apxurtekrypacs! 4-cypeTTe KepceTiareH.

conv1 (7x7, 64) conv2_x convd_x conv5_x
(3 blocks) (4 blocks) (6 blocks) (3 blocks)
1x1 Conv

Conv1: Knee X-ray 1oV [ 1
(224x224x3) - — [

F|§

i

| 3x3 Conv

3Comv | | [ 3acon | [ 3acom |
Skip Skip Skip
R EIO AN Connection 3x3 Conv [T Connection [EREIKeHIT

3x3 Conv 1x1 Conv

v

iQeleR: ¢

Global Average

Pooling

N 1x1 Conv 4 1x1 Conv 1x1 Conv 1x1 Conv

x1 Conv

—
=y
e

L x1 Conv [ 1x1 Conv ] |x1Conv‘

256 channels 512 channels 512 channels 2048 channels
v

[ Normal J Osteopenia [0$leoporosisJ
L L ) )

4-cypert. Kenkaactsr Mogeasre apHaaran ResNet-50 apxurektypacst
Ecxepmy — asmopap xypacmoipzan

bya xymricta ImageNet kepcetkimmni Oap aaapiH-asa gaiiiHjaaran ResNet-50 mogeai
K044aHbLaab1. 1000 CBIHBINITH JKiKTeyTe apHaAFaH OacTaIlKbl TOABIK OaifaaHbICKaH KabaT Softmax
Oeacengipiaren yml HelfpOHHaH TypaThIH >KaHa YII KJacThl KabaTmeH esrepTiagi. Kaiira
OKBITYABIH aAABIH aly VIIiH >XiKTey KaOaTBIHBIH aaAbiHAa >XKahanAbpik opramia maH (Global
Average Pooling) K014aHBLAABL

EfficientNet-BO / B1 apxurekrypacst

Kabat TepeHairi yaraiifaH calfblH KyaT ©CeTiH AdCTYypAi agicTepaeH aliblpMalllbLABIFHL,
EfficientNet BO/B1 wHHOBaIMAABIK TeHAeCTipiareH MaciuTtadTay oJiciH IalijdalaHaAbL
ApXUTeKTypachl 5-CypeTTe KOpCeTiAreH.

Input Stem Stage1 Stage2 Stage3 Stage4 Stage5 Stage6 Stage7 Head Classification Head
0 5 o o 2
c & » & 3 =
2 B s_| |3 3 2 (Healty )
E % g X g X s X § %
Xq xQ
] A g > L0 - ;
o;0: ¢f £ 03 02
s g g |3 2
: : | |5 - Grtopros)
224 %2243
— —/

image tensor

Head  Classification
Head

MBConv Block Structure (Inset)
5-cypert. Kenkaacter Mogeanre apnaaras EfficientNet BO/B1 apxurekrypacs

Ecxepmy — asmopaap xypacmuipean
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EfficientNet-B0/B1 ecernrey xypaeaiairi tomeH OoaraH Ke3ae HGeariaepai TuimMAl mbFapyAbl
KaMTaMachl3 eTeTiH OAOKTapAbl IlalijdasZaHabl >KoHe aKIapaTTHIK OeAriaepai KyInenTeTiH
MexaHI3MAl Koa4aHaAbl. bya Mogeabae apTHIK OKY KayIliH KeOelTeTiH apThIK KabaTTap >KOK.

YOLOv8cls apxurtexTypacst

YOLOVS-cls — xaaccudumkanmst MiHgeTTepiHe OelliMaeareH 3aMaHay! TepeH OKBITY
apXMUTeKTypacsl. Moaeas XXOFaphl ecemTey >KblA4aMABIFBIMEH KaTap KypAeai Oeariaepai tnimai
TaHy Kabizerine me. YOLOvVS-cls apxurektypachl >KeHiadeTiareH Kaaccudukanmsaaelk head
KOAAaHy apKbIAbl real-time >xikrey MiHAeTTepiHAe IepcreKTUBaABI TociagepAiH Oipi ©oabIT
TabblAaabl. ApXUTEKTYpa 6-CypeTTe KOpCeTiareH.

Input Backbone Neck

Convolution (3x3)
Batch Normalization + ReLU

mmmmmd  C2f Block

Classification Head

Convolution (3x3) i Global Average
Batch Normalization + ReLU Pooling

Knee X-ray Image

Healthy Osteopenia  Osteoporosis

6-cypet. Kenkaactsl Mogeabre apHaaran YOLOVS apxurtexTypachl
Ecxepmy — asmopaap xypacmuvipzan

Mepapxmsasix Tocia

Oaebu moaya KeITereH MoJeabAep >KaKbIH KJAaccTapaa TaHy KaTeAiKTepiH KepceTeai.
MeIcaabl, OCTeOIeHNsI MeH OCTeOIIOpPO3 ©Te THIFBI3 TeKCTypaaAblK Oearizepre me. bip caTbLabl
KOIIKAaCThl KiKTey Ke3iHAe OCTeOIleHMs MeH OCTeONOpPO3 apachlHAAFbl BMU3yaAAbl YKCACTBIK
KJAacapaablK ITTaTacyAbIH HeTisri ceGentepinig Oipi Goabim Tabbraaanl. Ockl MacedeHi asaiTy
MakcaTbiHAa ResNet-50 apxmurekTypachlHa HerisgeAreH eKi caTbhlAbl MepapXMAABIK TocCia
YCBIHBLAABL.

bipinmi keseHae Mogeab KecKiHAepAli eki Herisri kaacka Oezeai: «Healthy» >xone
«Disease». EkiHII Ke3eHAe ITaTOAOIMAABIK KeCcKiHAep KockiMmna Typde Osteopenia >koHe
Osteoporosis kaactapbiHa >XikTeaedi. MyHgall Tacia AMArHOCTMKAABIK IIPOILECTi Ke3eH-
Ke3eHiMeH YIIbIMAACTBIPBII, JKaKblH KAaccTap apachlHAarbl KaTeAiKTep bIKTUMaA/bIFbIH a3aiTyFa
MYMKIiHAIK Oepeai.

NepapxmsAabIK Tocia KAMHMKAABIK TYPFbIAAH YKCAac peHTIeHOAOIVIABIK Oearizepre ne
OCTeOTIeHMsI MeH OCTeOIIOPO03 apacklHAAFI KAacapaAblk IIaTacyAbl TOMeHAeTyTe OaFbITTaAfaH.

bapasIk Mogeabaepai okbITYy KesiHge batch size = 8 mapameTpi Koa4aHbLAab. Mogeabaep
apXuUTeKTypa epekielikrepiHe OaiiaaHbICTEI 7-30 BIIOXa apaAbIFBIHAA OKBITBLAABL OKBITY
OapeiceiHAza Adam onTuMmMsaTOphl KoHe categorical cross-entropy IIBIFBIH (PYHKIIVSICHI
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nangaaansiaasl. bacranker learning rate moni 1x10* periHge opHaTelAAbl. KaliTa OKBITYABIH
aaABIH aly >KoHe OKBITY IIpoIeciH TypaKTaHABIpY MakcaTeiHga EarlyStopping sxene
ReduceLROnPlateau callback agicTepi K0a4aHBIAABIL.

baraaay xepceTkimrepi

Kyprolaran xikreyimrepais camacsiH Oaraday MaHBI3AbL. JKikTey camacbiH Oarasay yIiH
Accuracy (aypsicTriFsl), Precision (a9a4iri) >xoHe Recall (TOABIKTHIFBI) >KoHe Oacka KopCeTKiITep
KOJAJaHblAaAbl. Accuracy-KAacC AYpPBIC aHBIKTaAFaH OOBeKTidepaiH yaeci. Accuracy Keaeci
¢opmyaa GoribiHIIa ecentTeseai (2):

TP + TN
TP + TN + FP + FN (2)

Accuracy =

myHaarel: TP (True Positive) — Mogean gypric XXikTereH Oeariai 6ip Kaacka Tueciai KeckiHaep
CaHbL;

TN (True Negative) — MoAeab AypsIC Typae Oacka KAacTapfa >KaTKbI3FaH KeCKiHAep
CaHBI;

FP (False Positive) — Dacka Kaacka Tueciai 60afaHEIMEH, KaTe TypAe KapacTHIPLABII
OTBIPFaH KAacKa >KaTKbI3bLAFaH KecKiHAep caHbL;

FN (False Negative) — KapacCTBIPBLABIII OTBIPFaH KAacKa Tueciai 604araHbIMEH, MOA€eAb
TapamnblHaH Oacka KAacka KaTe >KaTKbI3bLAFaH KeCKiHJep CaHBL

Moageapain  Tuimgiairin - 6arasay yIoIH KoaJaHbBLAaTBIH — Kepcetkimrep  (3)—(5)

TeHJeyAepiHae KeaTipiareH.

TP

Precision(P) = TP I 3)

Recall(R) = % 4
P+R

F1 =25— ()

Kikrey camaceiH Taagay yuriH precision, recall >xeme Fl-score kepcerkimtepi ge
KOAJAHBIAABI, OJap op CHIHBIN YIIiH Oeaek ecenTeleai. Precision Oeariai 6ip kaaccka
>KaTKBI3blAFaHAAPABIH OapABIFbIHAA AYPHIC TaHBIAFaH CypeTTepAiH IalibI3biH KepceTei. Xikrtey
HeTIM>KeAepiH KOPHeKi TYCiHAipy YIIiH KaTe MaTpUIlachl KOAAAHbLAABIL.

HOTVIKEAEP J)KOHE OAAPAbI TAAKBIAAY

OkcnepuMmentrep Python Garaapaamazay tiai men TensorFlow xitarmxanazapsr (Keras)
apKbIABI Ky3ere achIpbiaael. YOLOVS MoaeapaepiH Kysere aceipy yiin ultralytics KitarmxaHacsr
naraaaansiaaer. Okerty Intel Core i5 (12th Gen) mponjeccopsr sxone 16 I'0aitt xeaea >kaanl 6ap
AepOec KOMIIBIOTepJe, COHAall-aK ecenTeyaepai skeaeadety yumin GPU koaaarrs Google colab
opTacelHAa KYPprisiaai.

7-11 cypeTTepae XMHaAFaH AepeKTep >KMBIHBIHAA KOIIKAACTHI JKiKTey YIIIiH OKBITHLAFaH
MOJeAbAePAiH KyMBIC HoTIDKeAepiH ychiHagnl. CypeTTepe Tide peHTTeHOrpadUsICHIH JKiKTey
YIIiH 3pTYpAi TepeH OKBITY MOAeAbJepiHiH eHimaiairi kepcetiaren. bya VGG-16, RestNet50,
EfficientNet-B0/B1, YOLOvS8cls Mogeabaepi, coHbBIMEH KaTap €Ki Ke3eHHEH TYpaTblH Mepap-
xmAbIK Tocia. VGG16 MoaeaiHiH OKBITY HOTUKeAepi 7-CypeTTe KepceTiATeH.
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VGG-16
VGG16 Loss Curve VGG16 Accuracy Curve

— Train — Train

validation \alidation
075 //\

o 5 10 15 20 25 [ 5 10 18 20 23
Epoch Epoch

7-cypeT. OKBITYy KUCBIKTapBhl: JKOFaATY JKoHe 4914iK PYHKIIMAaphI
Ecxepmy — asmopaap xypacmoipzan

VGG-16 okpITy GapBIChIHAA OKBITY JKoHe BaAuAanus AdAAITiHiH OipTiHaen ecyi 6aiiKaaAbl.
APAAIK KUCBIKTapBl KaKbIH OpHaJackaH, OyA KaliTa OKBITYABIH >KOKTBIFBIH alfKbIH KepceTeai.
ConplMeH KaTap, >KOFaATy (YHKUVICHIHBIH TOMeHJeyi MoJeabaiH JAepeKkTepderi Herisri
KYPBIABIMABIK Oearizepai Tmimai yiipeHreHiH gaaeageriai. bipak Moaeab ocreomeHUsl MeH
OCTEeOIIOpO3  apachlHAAFBI yKCac PeHTreHOAOIVAABIK Oearizepai akeIpaTyJa IIekreyai
HOTIKeAep KOPCeTTi.

ResNet50 mogeainin oKpITY HoTMKeAepi 8-cypeTTe KopceTiareH.

RestNet50

ResNet50 Loss Curve ResNet50 Accuracy Curve

— Train — Train A
— Validation —— validation -
065

0.60

Aceuracy

0.9

08 - S

Epoch Epoch

8-cypeT. OKBITY KMCBIKTapBhl: J)XOFaATY JKoHe A914iK QyHKIIMAAaPBI
Ecxepmy — asmopaap xypacmuvipzan

ResNet50 mogeaiH OKHITY Ke3diHAe OKY A9AAiriHiH OipTiHAen ecyin Oaiikayfa 0o0aajbl.
Baamaanms aaaairi 0.56-0.68 anamasonsiHAa e3repedi, Oipak >KeKkeadeTeH Aayipaepae KepridiKTi
KypT TeMeHAeyaep Oap. LbirpiHaap QyHKUVSCH KaTTBHIFY IIBIFBIHAAPBIHBIH 1.25-TeH 0.83-ke
AeViiH >KeHe BaAUAalMAABIK IIbIFbIHAApAbIH 1.01-gen 0.76-ra geitiH TypakThl TeMeHAEYiH
KepceTeai, Oya OKy IpolleciHiH KOHBepTeHIIUCHIH pacTaiiabl. by »kaFAaliAa IIBIFBIH KMCBIKTaPhI
apacelHJa aAIIaKTBIK >KOK, Oy KaiTa OKBITYABIH >KOKTBIFBIH KepceTeai. ResNet-50
apXUTEKTypachl 6apABIK MOAeAbAep apachiHAa eH JKOFaphl 49141k reH F1-score kepceTkimrepine
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KoaA >XeTkKizai. Residual OaiizaHBICTapAbl TalijdasaHy MoOJeAbAiH KypAeadi MOp(POAOTUIABIK
Oearizepai TypakTH TYpAe YiipeHyiHe MYMKiHAIK Gepai.

9-cyperre EfficientNet-BO >xoraaty >keHe 4944iK (PYHKUMAAAPBIHBIH KJUCBIKTaphI
KOpCeTiATeH.

EfficientNet-BO Loss EfficientNet-BO Accuracy
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Cypet 9. OKBITY KMCBIKTapBI: )XOFAATY XKoHe A9A41K PYHKIIUAAAPEI
Ecxepmy — asmopaap xypacmoipzan

EfficientNet-BO TeHaecTipiareH >KaTThIfylap MeH BaAMAalVs KMUCBIKTapBIMEH TYPaKTHI
KOHBEpPIeHIVMAHB KopceTesi, OyA aliKbIH IIaMadaH TBIC COMKECTIKCi3 >KaKChl >KaAIlbIAayAbl
koepcetesi. Jerenmen, Osteopenia Kaachl YIIiH Keibip >KikTey KaTeAikTepi cakTaagsl, Oya
OCTEeOTIeHMSI MeH OCTEeOIIOPO3 apachlHAAFbI BU3YyaAAbl YKCACThIKIIEH TyCiHAipiaeai.

10-cyperre YOLOVS >KOFaATy >KoHe 43914iK PYHKIIMAAapbIHBIH KVCBIKTaphl KOPCEeTiATeH.

YOLOvS8cls
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10-cypeT. OKBITY KUCBIKTapbl: JKOFaATY JKoHe 4914iK PYHKIUAAaPHI
Ecxepmy — asmopaap xypacmuvipzan

Katteiry >xoHe Baamganusa YOLOVS MogeaiHae >xoraaTy QyHKUMAAApHI KaKbH, Oya
MOJeAbAiH KaKChl JKaAlblaay KabideTiH kepceTeai. SlFHn, KailTa daspaay koK. 75% Baamaarius
Ad24iri Koaariasl, Gipak ogaH api KeTiaaipyai Kaxket eTeai. YOLOVS-cls apxuTeKTypacs! >KOFapEI
JKBIAAAMABIKTHL KAaccuukanusara OelliMaeareHiMeH, MeAMIIMHAABIK, KecKiHAepAeri ycak
KYPBIABIMABIK ~ allbIpMaIIBIABIKTapAbl  axsbIpatyda ResNet-50 xone  EfficientNet-B0
MOZeAbJePiHeH TOMEH HOTVKe KOPCeTTi.

MepapxmsabIK Tocia HoTVKeAepi

Tize OyBIHBIHBIH peHTTeHAiK OelfHeAepiH XXikTey callachlH JKaKcapTy YIIIiH Ke3eH-Ke3eHMeH
IIenriM KaOblaJayFa HeTi3geATeH MepapXIIABIK TOCiA XKy3ere achlpblAAbl. by Tocia KAMHMKAABIK,
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JKaKBIH >Kafrjalidap, arall aliTKaHA4a OCTeOIIeHMsI MeH OCTeOIIOpO3 apachblHAAFbI KJAacC apaablk,
IIaTtacyasl asaiiTyra OafbpITTaAfaH, oJdap KeOiHece peHTTeHAIK cypeTTepAe YKcac BU3yaAAbl
Oeariaepai kepceTeai.

bipinmi xeseHae Mogeanr kKeckingepai «Normal» >xone «Disease» kaacrapblHa ekiaik
XikTeyai yiipeHai. Bya ke3eHHiH Herisri MakcaThl KaABIIITH JKaFdaiiaapAbl epTe Ke3eHae Oeair,
KeliHTi Taajayasl TeK MaTOAOTUMAABIK e3repictepi Oap KeckiHgepre OarbITTay 0044BI. OKBITY
KUCBIKTapBIH TadAay OapbICBIHAA MOJeAbAIH TYPaKThl KOHBEPIeHUVIACHI JK9HE alKbIH KaliTa
OKBITYABIH 00/Maysbl OaiflKaaAbl.

Exinmri kesenHae Tek «Disease» KaachlHa >KaTKbI3bIAFaH KeckiHaep Osteopenia >koHe
Osteoporosis kaacrapsiHa Xikteadi. bya kesenae ResNet-50 apxmTeKkTypacsl KOA4aHBIAABL.
OKkpITY KUCHIKTapHI 11 cypeTTe KepceTiareH.

MEP APXMAABIK Tocla

Stage-1 (Normal vs Disease) - Accuracy Stage-2 (Osteopénia vs Osteoporosis) - ACcuracy
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11CypeT. OKBITY KUCBIKTapHL: 4914iK QYHKIIMAAAPEI
Ecxepmy — asmopaap xypacmuipear

Exinmii keseHaeri 4944iK KepceTKillITepi MOAEAbAIH CyleK TiHiHiH Ha3iK KYPBLABIMABIK
epekillelikTepiHe Kebipek Hasap ayAapFaHbIH KepceTTi. JKaambl, mepapxmsi4abslK Tacia Kypaeai
KOIIKAAaCThl ~ TaICBIpMaHBl OipHellle KapamlaliplM iIIKi MiHAeTTepre 06eaAy  apKbLABI
AVaTHOCTUKAABIK MHTepIIpeTaIMIHbI JKaKcapTyFa MYMKiHAIK Oepai.

Mepapxmsaablk ToCiAAIH >KaAIBl AdAA4iri eH >Kakcel OipcaThlABl MOJAeAbJeH TeMeH
GoaraHbBIMEH, Oy 94iC OCTEOIIeHNs MEH OCTeOIIOPO3 apachbIHAAFHI IIaTacyAbl asaiTyda THiMAL
HOTVDKe KopceTTi. by mepapxmsaabik TociaAiH >KaAllbl 49AAIKTi apTTBIPYAaH TOpi KAMHMKAABIK
TYpPFBIZAaH MaHBI3ABl KAaccTap apachlHAarbkl KaTeAikTepai TeMeHJAeTyre OaFbITTaAfaHBIH
Kepcereai.

Kare marpuijasapsia taasay

Mogeabaepaid XiKTey camnachlH TepeHipeK Oarasay MakcaTbhlHAAQ ToyeaAci3 TecTiaik
SKMBIHTBIKTa (n = 293) xaTe MaTpulladapsl KYpblaAbl. Bya adepekrep >KMBIHTBIFBI OKBITY >KoHe
BaAuAalNs Ke3eHAepiHge IaiijalaHblAraH XKOK. KelnkaacTel Mogeabaepain KaTte MaTpuiiaaapbl
12-cypetre KopceTiareH.

VGG16 mogeai Osteoporosis Kaachl YIINiH SKOFaphl SKIiKTeY A944iTiH KepceTTi. Aaalija
Heriari KaTeaikrep Osteopenia xane Osteoporosis apachiHga Oalikaaasl, Oya oaapAbIH yKcac
PEHTIEHOAOTUAABIK, OeArizepiMeH TyciHgipizeai. ResNet-50 Mogeainge Healthy xone
Osteopenia KaacTapsl apachiHAAFBI KaTeAikTep OaiikaaMaarl. Herisri maracy Osteopenia kone
Osteoporosis apackiHAa OpbIH aaabl. bya Mogeab >Kaambpl TYpakThIABIK IIeH KaaccTap
apachIHAAFBI TeTle-TeHAIK OOJIBIHINA eH >KaKChl HOTIKeAepAl KOpCeTTi.
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Confusion Matrix - VGG16 (Test set = 293) Confusion Matrix - ResNet50 (Test set = 293)
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12-cypet. Mogeabaepain KaTe MaTpUIIachl
Eckepmy — asmopaap xypacmoipean

EfficientNet-BO mogeai ge TypakTel HaTmKeaep kepcetTi, asaiiga Osteopenia kaace! yIrin
XxikTey Kareaiktepi caxkTaaapl. YOLOVS8-cls apxmTeKkTypachl >KOFaphl >KblAJaMABIKIIEH
epeKIlle/eHTeHiMeH, Aa4JiK KepceTkimTepi OolibiHIIa Oacka MoOAeAbAepAeH TOMEeH HoTIKe
KOpCeTTi.

VepapXxusaapIK aATOPUTM OCTEOIIEHNsI MEH OCTeOIIOPO3 apachiHAAFHI IIaTacyAbl a3ailTThl,
0CTeonopo3abl aHpikTay yurin recall kepcerximiin 0.83-xe geitin apTThIpAbl. Vepapxmsabik
MOJeAiHiH KaTe MaTpuIackl 13-cypeTTe KopceTiareH.

Hierarchical ResNet-50 - Confusion Matrix
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Bya HoTIDKe MepapXMsIABIK CTPaTeTMAHBIH KAMHUKAABIK CKPMHMHT >KafAalllapblHAQ,
acipece ayblp NaTOJAOIVAABIK >KafjgaiilapAbl OTKi3ilm aamay MaHBI3ABI OO0AFaH Ke3Je,
IepcIieKTUBaAbl Tacia 004a aAaTbIHBIH KepceTei.

1-kecTege MATOAOIVLIHBI aHBIKTAy MOAeAbJEpPiH >KaH-’KaKThl CaABICTHIpMaabl Oarasay
Kypriziaai. bapaslk Mogeawvaep Oip chlHAK >KMUBIHTBIFBIHAA OarazaHapr (N = 293), 6ya
CaABICTBIPMAAbI TaAAAyABIH AYPBICTBIFBIH KAMTaMachl3 eTeAl.

1-xecte. Mogeabaepai caablCTEIpMaabl Oaraaay

Accuracy, | Precision,

Mogaeanaep o o Recall, % | F1-score, % Epexireaikrepi
o (o]
Heriari CNN, apaabix
VGGl6 75.4 78.3 75.4 75.7 KJAaccTapAbl aXkbIpaTyja
IIIeKTeAreH
EH >XaKChl MeTPUKaABIK,
ResNet50 82.3 83.5 82.3 82.5 Terle-TeHAiK, >JKOrapbl
TYPaKThIABIK
it ,
EfficientNet-B0 |  77.1 79.0 77.1 77.4 AFbIE apxrteiypa

TeHrepimcizAikke cesiMTas

KblagaMABIK YIIiH
YOLOv8-cls 75.1 78.6 75.1 75.2 OHTallAaHABIPBLAFaH,
TOMEH A9AA1K

KaaccapaarIk martacybiH
Hierarchical 75.0 77.0 75.0 75.0 aszaliTaasl, Oipak >KaAIlbl
ADAAIKTI TOMeHaeTeAl

Ecxepmy — asmopaap xypacmuvipear

CaarpicThipMaanl  Taagay HaTmokedepi Ooiibinima ResNet-50 mogeai e >xorapenr
HOTIDKeAepai kepceTti. Mogeas 82.3 % accuracy >xoHe 82.5 % Fl-score xepcerkimrepine Koa
KEeTKi3iI, OapAbIK apXUTEKTypaJap apachblHJa eH TypakThl HoTioKe Oepai. EfficientNet-B0 mogeai
ecernitey Kypaeaiairi MeH A944iK apachblHAAFrbl THiMAL TeIle-TeHAIKTi KOpCeTTi. YOLOvV8-cls
JKOFaphbl >KblAAaMABIKTBI KaMTaMachl3 eTKeHiMeH, MeJUIIMHaABIK KecKiHAepaeri Kypdeai
Gearizepai axerpaTya ToMeHipek HaTyKeaep kepcerTi. VGG16 apXuTeKTypach caabICTEIPMaAbI
TYpAe TypakThl 00AFaHBIMEH, JKaKbIH KAacTap apachblHAAFhI IIaTacy bl TOABIK KOs aAMajbl.

NepapxmsabIK Tocia ocTeomeHUs MeH OCTEOIIOPO3 apachlHAAFLI KAacapaAblK IaTacyAbl
asaliTyFa MYMKIHAIK Oepai. bipak >KaaIlsl 4914iK KepceTKilliHiH ToMeHAeyi IIemiM KaObaaay
IIeKTepiH api Kapail OHTalldaHABIPY KaXKeTTiriH kepceredi. MyHJail Tacia KAMHMKAABIK
CKPMHUHI XafAalidapblHAa MaHbI3AbI 004yl MYMKiH, ce0eOi aybIp IaTOAOTVIIABIK SKaFAaiidap bl
OTKi3iIl aaMay >KaAIlbl accuracy KepceTkillliHeH MaHBI3AbIpaK 00AbII caHadaAbl. bya HaTiKe
MepapXUAABIK ~ MOJAeAbACPAIH  AMAarHOCTMKAABIK, ~MHTEepIpeTauMsAHbl >KakKcapTyra >KoHe
KAVHMKAABIK IIeNIiM KaOblagay AOTMKAChH Ke3eH-Ke3eHMeH YIBIMAacThIpyFa MYMKiHAiK
OepeTiHiH kepceTeai.

3epTTeyAiH IIeKkTeyaepi

3eprTeyaing OipkaTap Iekteyalepi ©Oap. Dbipinmrigen, mnaligasaHblAFaH —JAepekTep
SKMBIHTBIFBIHBIH Ko1eMi (1947 keckiH) TepeH HeMPOHABIK >KeAidep YIIiH caABICTHIPMAAbl TypAe
mekTeyai 0oarpm TaOblaaanl. bya mMoaeapdepaiH >KaamblaaHy KabileTiHe oacep eTyi MyMKiH.
ConpiMeH KkaTtap, aAblHFaH HoTIDKeAep Kelbip ageOueTrepde KeATipiareH KepceTkimnTepaeH
ToMeH 0oaapl. bya, Oip >karblHaH, KeIlTereH 3epTTeyJepae OMBIPTKa HeMmece >KamOac
cyrekrepinig KT keckingepi maligadaHblaca, OChl >KYMBICTa KYPBIABIMABIK epeKIeaikrepi
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Kypdeaipek Tide OVBIHBIHBIH  peHTreHOrpa(pUAABIK  KeCKiHAepiHiH  KOAAaHBIAYBIMEH
TyciHgipizeai.

ExinmrigeH, aepexrep >KUBIHTBHIFBIHAQ KAacCTap apachlHAAFBl TeHrepimcisgik Oarikaaasl,
acipece ocTereHN: KAaChIHBIH Ke/eMi Oacka KlaccTapMeH caAbICThIpraHAa a3 00a4bl. MyHaant
TeHrepiMci3Aik MogeAbAiH X1i Ke3JeceTiH KaaccTapra OelliMaeayine cebern 60AybI MYMKiH.

CoHbIMeH KaTap, 3epTTeyJe CBIPTKBI BaAuAals XKy prisiameren, Oya HoTIKeAepaiH 6acka
HomyAsinysdap VIIiH >KaAIlblLAaHYBIH IIeKTeyi BIKTMMaA. boaalrax seprreyaepain Herisri
OarbITTapbIHBIE Oipi peringe aBTOpablK KT KeckiHaep aepeKrep SKUBIHTBIFBIH KaABIITaCTBHIPY
JKoHe TepeH OKBITY MoJeAbAepiH KeIOPTaABIKTbl KAMHUKAABIK JepeKkTepae Baauganusaay
KapacTeIpbldagbsl. bya Tacia MogeabAepaiH >KaaAmbldaHy KabideTiH apTTBIPHIN, OAapAbIH
KAVHUKAABIK ITpaKTHKala KOAAaHBIAY MYMKIHAITIH KeHelTyre MyMKiHAIK Oepeai.

KOPBITBIHABI

Ocsl 3epTTey asceiHAa Tide OYBIHBIHBIH peHTreHOrpadpUAAbIK KecKiHAepiH XikTey MiHAeTi
YLIiH 9pTypAai TepeH OKBITy apXUTeKTypadapblHa CaABICTBIPMaAbl Taadjay >Kyprisiaai.
DKCIIepUMEHTTIK HoTIDKeAep 0apAbBIK KapacTHIPBLAFAH MOJAEAbAEPAIH CylieK TiHiHAeTi
KYPBLABIMABIK ©3TepicTepre OallaaHBICTBI aKIapaTThIK Oearidepai TMiMAl Oeain aayFa KabiaeTTi
eKeHiH KepceTTi. Aaaiida MoAeAbaep KiKTey AdAA4iri, TYpaKThLABIFEI JKoHe KAacapaAablk I1aTacy
AeHrelii OOMBIHIIIA SPTYPAi HOTUKeAep KOPCeTTi.

3eptTey HoTIKeAepi OoripiHIIa ResNet-50 Mmoaeai eH >KoFaphl carra KOpceTKilTepiHe K04
JKeTKi3ai >KeHe OapabIK KaaccTap yIIiH precision, recall xone Fl-score MeTpmkasapbIHBIH €H
TeHTepiMAi MaHJepin xamramachd erti. VGG16 >xone EfficientNet-BO apxurexrypazapsr 4a
KaHaFraTTaHapABIK HOTIKelep KepceTTi, adaitaa Osteopenia KAachl YIIIiH KiKTey TYPaKThLABIFbI
TeMmeHipek 00a4pl. YOLOv8-cls Moaeai >Koraphl ecenTey >KBLAJAMABIFBIH KaMTaMachbl3
eTKeHiIMeH, KypJaeadi MejuIMHAABIK OeAridepAi akpIpaTyAa Oacka apXmMTeKTypadapAaH TOMeH
HOTIIKe KOPCeTTi.

ResNet-50 apxurexkTypachiHa HeTi3geAreH MepapXMsAABIK ToCia OCTeOleHMs MeH
OCTeOIIOpO3 apacklHAAFbl KAacapaablK, IIaTacyAbl asaliTyFa MYMKiHAIK Oepai. Jerenmen, Oya
TaCiA >KaAIlbl accuracy KOpCeTKillliHiH ToMeHAeyiMeH KaTap Xypai. bya HaTioke nepapxmsaanix
MOJeAbAEPAIH KAMHUKAABIK TYPFbIAaH MaHbI3Abl KaTediKTepai asaliTyga HepCHeKTUBAAbI
eKeHiH, Oipak IIemiM KaOblaaay IIeKTepiH api Kapail OHTallAaHABIPY Ka>KeTTiriH KepceTeai.

JKaambl aafaHAa, aABIHFAH HOTVDKeJep OCTEONOpPO3 AMAarHOCTMKACBIH KOMIIBIOTEpPAiK
KoAJay >KylieaepiHae TepeH KOHBOAIOIMAABIK HEMIPOHABIK XeAilepai KoA4aHyAbIH TUiMAiAiriH
pactaapl. boaamak seprreyaepae AepeKkTep >KUBIHTBIFBIH KEHENTY, KOIOPTAABIKTBI CBHIPTKBI
BaAuAalus XKYPri3y, KAMHUKAABIK ITapaMeTpAepai MHTerpanusaalay, coHAaii-ak asTopablk, KT
KeCKiHAep >KMBIHTBIFBIH I1alidadaHy >KocmapaaHyda. COHBIMEH KaTap, aHcaMOAbAiK >KoHe
KeIlJeHTeliai MojeAbAepAl 3epTTey AMarHOoCTUKaABIK A49AAIKTI api Kapail apTThIpyFa MYMKIHAIK
Gepyi MyMKiH.

MYAAEAEP KAVIIBIABIFBL: Asrop(dap) MyAdeAep KaillUBLABIFBI JKOK eKeHiH
MOAIMAeIAL.

KAPXBIAAHABIPY: bya 3epTTey chIpTKbI IPaHTTBIK, Kap>KblAaHABIPYChI3 OPbIHAAAABL.

VMHCTUTYHUUOHAAABIK DTUKA KOMUNUTETIHIH, KOPBITBIHABICBI: 3eptrey
alllBIK KO/AXKETiMAl JepeKTep >KMBIHTHIFBIH IIaligadaHy HeTi3iHAe >XYPprisiaai >KoHe agam
KATBICYIIBLAapBl MEH JKaHyapAapFa Tikeadell DKCIIepUMMEHTTIK apadacyAbl KaMTeiMaAbl. OchIFaH
OaiiaaHbicTel VIHCTUTYIIMOHaAABIK, ®TuKa KomwuTeTiHig (IRB) aphaiibl Makyadaysl Taaall
eTiaMeai.

EPIKTI KEAICIM TYPA/Abl MOAIMAEME: bya seprreyse adaM KaTBICYIIBLIapHI
TiKeJell TapThLAMaraHABIKTaH, €PiKTi KeAiciM aay Tasall eTiaMeai.
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AEPEKTEPAIH, KOZXETIMAIAIIT TYPAABI MOAIMAEME: Ocpl 3epTTeyse
HmaligalaHblAFaH JepeKTep amblK KoaxeTimai Kaggle maardopmacsiHaH aabHABL 3epTTey
HOTI>KeAepiH pacTaliThIH ©HJeATeH JepeKTep MeH DKCIIepUMEeHTTIK HaTuKeAep TUICTi cypaHBbIC
OoIibIHIIIA JKayallThl aBTOPAaH aAbIHYBl MYMKiH.

AAYBIC BIAAIPY: AsTOpaap MakaAaHbI JaiiblHAAy OapbICBIHAA KYHABI YCBIHBICTap MeH
chIH-TIiKipAep OepreH pelieH3eHTTepre aafrbic Oiagipeai. CoHaali-ak, 3epTTey >XYMBICHIHBIH
FRIABIMU  JKOHe ogicTeMeaiK camachlH apTThHIpyFa KoAJ4ay KOpceTKeH opimnTecrepre
PpU3alIBIABIKTaphIH biaaipeai.

XACAHABI WHTEAAEKT TEXHOJAOTUSIAAPBIH TIAMAAAAHY TYPAABI
XABAP/AAMA: Aspropaap KoaxasDaHbl JaliblHAay OapbICbIHAA TIeHepaTMBTI >KacaHABI
MHTeAAeKT KypaadapblH oJebuerrep TizimiH APA 7 craHgapTeiHa colikec ¢opMarray
MakcaThlHAa IaligasaHabl. JKacaHAbl MHTEAAEKT FBIABIMU HOTVDKeAepAl MHTepIlpeTanusaay,
KOPBITBIHABI Kacay HeMece 3epTTey HoTU KeAepiH KaAbIITacThPY YIIiH KOAJaHBLAFaH JKOK.
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INTEGRATED INDICATORS FOR SMART CITY EVALUATION:
A MULTIDIMENSIONAL SUSTAINABILITY ASSESSMENT FRAMEWORK

«AKBIAADbI KAZAAHDBI» BAFAZAY YIHITH UHTETPAIIVISIAAHYAH
KOPCETKIIITEP: TYPAKTBI AAMY Abl KOIIOAINIEMAI BAFAAAY MOAEAI

MHTEI'PYUPOBAHHBIE IIOKA3ATEAN A4 OHEHKHN «YMHOI'O I'OPO4A»:
MHOT'OMEPHASI MOAE/AB OITEHKM YCTOMUMBOTI'O PA3BUTHS

T. Salim

'Kazakh-British Technical University, Almaty, Kazakhstan
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Urban digital transformation requires advanced frameworks for urban
sustainability assessment. This study develops a multidimensional model
for evaluating smart cities using integrated indicators across five key
domains: social, economic, environmental, technological, and governance.
Empirical data were gathered through a structured survey of 165 residents
in Almaty and Astana, Kazakhstan. The methodology incorporated data
normalization, comparative statistical analysis, and public perception
evaluation. Results demonstrate strong citizen prioritization of smart
mobility solutions and environmental quality, while revealing significant
gaps in digital infrastructure development. The proposed framework
offers a practical, citizen-centered tool for assessing smart city readiness in
the Kazakhstani context. This approach enables evidence-based urban
planning and supports strategic decision-making for sustainable city
development, addressing both technological and social dimensions of
smart transformation.

Tyiinai cesaep:

TYNIHAEME

AKBLAABI Kaa,
TypaxTbLABIKTHI Oaraaay,
Vnrerpanusiaanran
nHAuKatopaap, Kaaaasik
Aamy, KoraMapIK 11ikip,
Lnpparix
MHPPaKYPbLABIM,
Jepexkrepre HerizaeareH
Taaaay, Kasaxcran.

Kazazapapiy mudpaplk TpaHCcOPMaUVICH TYPaKTBLABIKTBL KeIlleHAi
Oarasayra apHaAfaH 3aMaHayM 9JicHaMaJapAbl Tajall etedi. bya seprrey
9/€yMeTTiK, DKOHOMUKAAKIK, DKOAOTMAABIK, TEXHOAOTMAARIK >KoHe Oac-
Kapy cadaapsl OOJIbIHIIA KellleHAl KepceTKilllTepre HeTi3geAreH «aKbLAAbl
KaJdaHB» OarajzayAblH KeIOAIIeMJi MOJeAiH YChIHaAbl. DMIMPUKAABIK
Aepektep AamaThl XKoHe AcTaHa KaJaJapbIHbIH 165 TyprhIHBI apacklHAa
JKYprisiareH cayaaHaMa HoTVKeAepi SKMHaKTaAAbl.

3eprTey ogicHamachl gepeKkTepAi HOpMaJay, CaAbBICTHIPMAaabl CTaTHUC-
TUKaABIK TaaAay >KoHe KOFaMABIK IiKipai Oaraaayasl kaMTeigel. HoTu-
Xelep aszaMaTTapAblH aKblAgbl KOAIK Kyiiedepi MeH 9KOAOTUAABIK,
carara >KOFapbl 0aCBIMABLABIFBIH, COHBIMEH KaTap IMQPPABIK MHPpaKy-
PBIABIMHBIH  AaMYBIHAAQFBl aliTapAbIKTail OAKBIABIKTapAbl aHBIKTaABbl.
Ycpiablaran Mogeab KasaxcraH KOHTEKCTiHAe aKblAAbl KadadapAblH
AAMBIHABIFBIH Oaraday YIIIH ToXipmOeaik, azamaTTapra OarplTTadfaH
Kypa4 peTiHJe KbI3MeT eTedi. by Tocia TypakTel KaaaablK gamy yImiH
AepeKkTepre Heri3geAreH >Kocllapday MeH CTpaTerVsIABIK —IIelliM
KabObla4ayAbl KOAAAABL.
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Karouessbre caoBa: AHHOTAII S

Ymusiit ropoa, Onenka Hudposast  Tpancpopmanmss  ropoios  TpeDyeT  COBpeMeHHbIX

YCTOYMBOCTY,
VHTerpnpoBaHHbIe
nHAMKatopsl, ['oposckoe
passuTne, Ob1ecTseHHOE
socrpusTtue, Lindposas
MHPPACTPYKTYpa,
OrreHka Ha OCHOBE
aannbix, Kaszaxcram.

MeTOJ010TMYeCKIX IT0AX0A0B K OIleHKe YCTOIUMBOCTI TOPOACKOI Cpeapl.
JanHHOe mccaejoBaHUe pa3pabaThiBaeT MHOTOMEPHYIO MOJEeAb OILIeHKIU
«YMHOIO TOpoJa» Ha OCHOBe MHTEIPMPOBAHHBIX MHAMKATOPOB IIO ILATHU
KAIOUEBBIM HaIlpaBAEHMAM: COLMAAbHOMY, ®KOHOMUYECKOMY, DKOAOIU-
JeCKOMY, TeXHOAOTMYECKOMY I yIIpaBAeHYeCKOMY. DMIupuUJecKue JaH-
Hble OBLAM COOpaHBI IIOCPeACTBOM CTPYKTYPMPOBAaHHOIO ollpoca 165
sxureaernn Aamatel u Acranbl, Kazaxcran. Merogoaorust mccaeaoBaHmst
BKAIOYaJla HOPMaAM3alMIO AAHHBIX, CPaBHUTEABHBI CTaTUCTUYECKUIA

aHa/AM3 U OIIeHKY OOIIeCTBEHHOTO BOCHPUATHUA. Pe3yabTaThl AeMOHCTPU-
PYIOT BBICOKMII MPMOPUTET IpakAaH B Pa3BUTUM YMHOM MOOMABHOCTH U
SKOAOTMYECKOTO  KayecTBa, OJAHOBPEMEHHO BBLABASA —3HAYUTEAbHBIE
npobeasl B pasButuy nudpoBort MHPPacTpyKTypsl. IIpeasosxkenHas
MOAeAb CAYXXKUT IPAaKTUIECKUM MHCTPYMEHTOM, OPMeHTMPOBAaHHBIM Ha
rpakAaH, AAs OLEHKM TOTOBHOCTM YMHBIX TOPOAOB B Ka3aXCTaHCKOM
KOHTeKcTe. Takoil Ioaxo4 IOaAep>KMBaeT IPUHATHE OCHOBAaHHBIX Ha
AAQHHBIX peIlleHuil U CTpaTermdyeckoe ILAaHMpOBaHUe AAs OOecriedeHus
YCTOMYMBOTO TOPOACKOIO pa3BUTHSL.

INTRODUCTION

The shape of contemporary cities and the tenets of their governance are being altered by
the continuous processes of urbanization and digital development. The evaluation of urban
sustainability has become a strategic priority due to population growth, the development of smart
infrastructure, the expansion of transportation networks, and the requirement for effective
resource management. In order to improve the quality of life for its residents, the idea of a smart
city combines innovation, environmental responsibility, and efficient governance. However, an
integrated assessment technique that incorporates technological, economic, environmental, and
social aspects—including public awareness and participation—is necessary for the development
and management of such cities.

A number of approaches and indices, such the ISO 37122 standards, the IESE Cities Motion
Index, and the IMD Smart City Index, have been established worldwide to assess the performance
of smart cities. Nevertheless, the majority of current frameworks frequently ignore the
psychological and perceptual aspects of urban living in favor of physical and economic measures.
Evaluating the true impact and preparedness of smart cities has become more important in
Kazakhstan, where digitalization initiatives like eGov, Smart Astana, and Open Almaty are being
aggressively implemented. The establishment of a fully integrated and sustainable smart city
ecosystem is hampered by the low level of citizen knowledge and engagement despite notable
technological advancements.

A thorough evaluation framework that incorporates the various facets of sustainability —
social, economic, technological, environmental, and governance-related — is therefore becoming
more and more necessary. The objective of this project is to use empirical data gathered from
Almaty and Astana citizens to design and test an integrated model for smart city assessment. The
study provides a multifaceted approach to evaluating smart city readiness by utilizing techniques
of data normalization, comparison analysis, and public perception assessment. The results are
meant to help urban planners and politicians in Kazakhstan develop sustainable and citizen-
centered smart city policies by supporting evidence-based decision-making.

Applicability of the content: In the digital era, cities are evolving into complex ecosystems that
rely on continuous data exchange between technological infrastructure and human activities. The
applicability of this study lies in its practical relevance for emerging urban environments such as
Almaty and Astana, which are currently implementing smart city initiatives under national
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digital transformation programs. By analyzing the interconnections among social, environmental,
and technological dimensions, the proposed framework provides a foundation for assessing both
infrastructure readiness and citizens’ perceptions of urban sustainability. This multidimensional
evaluation model supports policymakers in identifying priority areas for improvement—such as
public transportation, environmental protection, and digital inclusivity —and contributes to more
efficient urban management practices.

Work relevance. The relevance of this work is rooted in the global shift toward data-driven
and sustainable urban governance. As highlighted by Yigitcanlar et al. (2021), cities that combine
advanced technology with sustainability principles can significantly enhance social equity and
environmental resilience. In Kazakhstan, the development of smart city projects such as Smart
Astana, Open Almaty, and eGov reflects a growing demand for transparent governance and
citizen-oriented digital services. However, the absence of an integrated measurement system
complicates the evaluation of their true effectiveness. This research addresses that gap by
proposing a comprehensive framework that combines measurable indicators and subjective
public feedback. The findings are relevant not only for Kazakhstan but also for other developing
countries facing similar urbanization and digital transformation challenges.

Purpose of the work. The main purpose of this study is to develop a theoretical and practical
framework for assessing urban sustainability based on integrated smart city indicators. The
research aims to analyze existing evaluation models, identify gaps related to social perception
and data integration, and propose a multidimensional assessment system that connects technical
performance with citizen satisfaction. Furthermore, the study seeks to determine how these
combined indicators can guide strategic decision-making for sustainable city development and
digital governance improvement in Kazakhstan.

LITERATURE REVIEW

Urban sustainability and smart city assessment have become key research areas in the post-
pandemic era, driven by rapid digital transformation and environmental challenges. Modern
studies emphasize that smart city development requires a comprehensive evaluation approach
combining technological, environmental, and social indicators (Yigitcanlar et al., 2021).
According to Bibri and Krogstie (2021), sustainability in urban systems can only be achieved
through integrated data-driven management that aligns digital innovation with ecological
balance and citizen well-being. Similarly, Bifulco et al. (2022) underline the importance of
governance and public participation as critical dimensions of sustainable smart city performance.

Recent research by Neirotti and De Marco (2022) argues that cities are increasingly
adopting Al-based systems to manage energy efficiency, transportation, and environmental
monitoring, yet most frameworks overlook human-centered indicators. The integration of
subjective data, such as public perception and user satisfaction, into traditional performance
metrics is therefore becoming a major focus in contemporary research (Kumar & Singh, 2023). As
highlighted by Li et al. (2023), the combination of open data analytics, IoT technologies, and
citizen participation creates a new paradigm for sustainability evaluation, allowing cities to
develop adaptive and evidence-based urban strategies.

MATERIALS AND METHODS

Research Design - Quantitative-descriptive research design

By using a quantitative-descriptive research design, the study aims to provide an objective
and unbiased assessment of urban sustainability dynamics in Kazakhstan without manipulating
any variables. This approach preserves the authenticity of respondents’ perceptions while
enabling a systematic analysis of empirical survey data. Descriptive statistical analysis is used in
conjunction with quantitative methods to find trends in city dwellers' awareness, satisfaction,
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and preparedness for smart city development. Systematic data collection, normalization, and
integration across several sustainability dimensions are made possible by the use of this design.

Research methodology. The methodological framework integrates a comparative evaluation
of smart city metrics with quantitative survey data analysis. A structured online questionnaire
was used to collect data from citizens of major Kazakhstani cities, mainly Almaty and Astana. A
total of 165 valid replies were obtained. To provide a fair assessment across the five sustainability
domains—social, economic, environmental, technological, and governance —the gathered data
were processed using normalization techniques and weighted scoring via the Analytic Hierarchy
Process (AHP). To match local indicators with international standards, a comparative content
study of international frameworks (ISO 37122, IESE, and IMD) was carried out. The suggested
assessment model's validity, reliability, and reproducibility are guaranteed by the combination
of these techniques.

Urban Data Collection and Study Design

The study focuses on assessing the multidimensional sustainability of smart cities in
Kazakhstan through an integrated framework that combines objective indicators and public
perception data. The empirical component of the research was conducted between January and
March 2025 in the cities of Almaty and Astana, which represent Kazakhstan’'s two leading digital
transformation hubs. The research design is quantitative and descriptive, structured to capture both
measurable performance indicators and citizens” subjective evaluation of smart city readiness.

Justification of City Selection and Data Sources. Almaty and Astana were selected as case
studies due to their leading roles in Kazakhstan’s digital transformation and availability of
reliable smart city data. The selection criteria included population size, economic activity, and
digital infrastructure maturity. Comparative information from 102 international cities was used
for benchmarking Kazakhstan’s performance. The data were collected from UN-Habitat (2024),
World Bank Open Data (2023), Eurostat, and the ITU Smart City Index. The questionnaire
included 25 questions grouped into five sustainability domains:

1. Social Dimension — education, digital literacy, inclusiveness, and public engagement;

2. Economic Dimension — employment opportunities, innovation support, and local
entrepreneurship;

3. Environmental Dimension — waste management, air quality, and green infrastructure;

4. Technological Dimension — accessibility of digital services, internet coverage, and data
transparency;

5. Governance Dimension — openness of government, public participation, and
administrative efficiency.

The purpose of this structure was to evaluate how citizens perceive and interact with smart
city systems, and to link their responses to objective sustainability performance indicators
derived from open municipal and national datasets (eGov.kz, Open Data Portal Kazakhstan, and
Smart Astana Dashboard).

Respondent Characteristics

The study sample consisted of 165 respondents from the cities of Almaty and Astana. The
demographic structure of participants was analyzed to ensure the representativeness and
diversity of the dataset.

In terms of age distribution, most respondents were between 26—40 years (41%), followed
by 18-25 years (34%), 41-60 years (19%), and a smaller proportion aged over 60 (6%).

Regarding gender, 58% of respondents were female and 42% male, providing a balanced
perspective across genders.

In terms of educational background, a significant proportion of participants held higher
education degrees (72%), while 28% had secondary education. This reflects a relatively educated
sample, which is relevant given the topic of digital and smart city development.
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With respect to employment status, 64% of respondents were employed, 21% were
students, and 15% belonged to other categories, including retirees and temporarily unemployed
individuals.

Overall, the sample includes individuals of different age groups, professional statuses, and
education levels, allowing for a comprehensive assessment of public perceptions regarding smart
city development.

Such diversity ensures that the findings reflect perspectives from students, working
professionals, and older population groups with varying levels of digital literacy.

Indicator Framework and Analytical Model

To ensure comparability between the cities, the study applies a weighted indicator model
based on the Analytic Hierarchy Process (AHP) (Saaty, 2021). This approach enables a structured
evaluation of smart city sustainability across multiple dimensions by assigning relative
importance to each domain.

The assessment framework includes five key domains: social, economic, environmental,
technological, and governance. Each indicator within these domains was normalized using the
min-max method to ensure comparability on a unified scale ranging from 0 to 1.

The composite Smart City Sustainability Index (SCSI) was calculated as follows:

SCSI = ¥ w; - X @

where: w; — weight of indicator i (derived using AHP);
x; —normalized value of indicator i;
n — total number of indicators.

This formulation ensures that each indicator contributes proportionally to the final
sustainability score based on its relative importance.

Analytic Hierarchy Process (AHP) Implementation

To determine the weights of the five sustainability domains, the Analytic Hierarchy
Process (AHP) was applied following a structured multi-step procedure.

First, a hierarchical model was constructed, consisting of the overall goal (smart city
sustainability assessment), the five evaluation domains, and their respective indicators.

Second, expert evaluation was conducted involving six specialists in urban planning,
digital governance, and information technology. Experts performed pairwise comparisons of the
five domains using the Saaty scale (1-9), reflecting the relative importance of each criterion.

Third, the pairwise comparison matrix was constructed by aggregating expert judgments.
Based on this matrix, normalized weights were calculated using the eigenvector method.

To ensure the reliability of the comparisons, the Consistency Index (CI) and Consistency
Ratio (CR) were computed:

Amax —n

Cl = 1
_al
" RI

The resulting consistency ratio (CR = 0.08) is below the acceptable threshold of 0.1,
confirming that the expert judgments are consistent and reliable.

The final weights derived from AHP were then applied in the calculation of the composite
Smart City Sustainability Index (SCSI).

A comparative analysis between Almaty and Astana was conducted to identify strengths
and gaps across the five domains. Additionally, data visualization techniques were applied using
Python (Matplotlib and Pandas) to generate radar charts, histograms, and correlation heatmaps
illustrating citizens’ priorities and satisfaction levels.

CR
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The integrated indicator framework presented in Table 1 provides a structured basis for
evaluating smart city sustainability. Each indicator reflects a critical aspect of urban performance,
linking objective measures such as digital infrastructure and environmental quality with
subjective public perceptions collected through the survey. This multidimensional approach
allows for identifying both technological strengths and social gaps in urban development. By
combining open data sources with citizen feedback, the framework ensures a comprehensive and
human-centered assessment of smart city sustainability.

Table 1. Sample of Integrated Indicator Framework

Domain Key Indicators (Examples) Data Source / Measurement Method
. Digital literacy, access to online .
Social & racy, . Survey responses, eGov Analytics
education, inclusiveness
. Innovation activity, startup support, . - .
Economic Y P SUPP National Statistics Committee, Survey
ICT employment rate
. Air quality index, waste recycling,
Environmental Smart Astana, OpenData.kz
green zone area
Internet speed, service accessibility, . .
Technological P ) Y Questionnaire, Network Reports
cybersecurity awareness
Transparency index, open data usage,
Governance L . . Open Almaty Portal, Survey data
citizen satisfaction
Note — compiled by the author based on personal analysis and interpretation

Table 2. Pairwise Comparison Matrix (AHP)

Criteria Social Economic Environmental | Technological | Governance
Social 1 1/2 1/3 1/2 1
Economic 2 1 1/2 1 2
Environmental 3 1 3
Technological 2 1 1/2 1 2
Governance 1 1/2 1/3 1/2 1

Table 3. Normalized Weights of Criteria
Domain Weight

Social 0.17

Economic 0.20

Environmental 0.25

Technological 0.21

Governance 0.17

Table 4. Descriptive Statistics of Survey Data
Dimension Mean Standard Deviation

Social 3.72 0.81
Economic 3.65 0.76
Environmental 3.89 0.72
Technological 3.54 0.88
Governance 3.47 0.91
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Table 5. Correlation Matrix (Excerpt)

Tech Transport Environment
Technological 1 0.68 0.52
Transport 0.68 1 0.49
Environment 0.52 0.49 1

Survey Instrument and Data Validation

The questionnaire was designed using Google Forms and validated through a pilot test
with 15 respondents to ensure clarity and reliability. Cronbach’s Alpha (o = 0.87) confirmed the
internal consistency of survey items. Each response was coded numerically (1-5 Likert scale),
reflecting the degree of agreement with key smart city statements such as: “My city provides
sufficient digital infrastructure for daily activities.” “Environmental data and pollution levels are
accessible to citizens.”

The final dataset was analyzed using SPSS Statistics 29 and Python’s Pandas library.
Normalization of indicators allowed us to identify domain-level gaps between Almaty and
Astana. Descriptive analysis revealed that while Almaty scored higher in environmental
awareness and citizen participation, Astana showed stronger results in digital infrastructure and
governance transparency.

The radar chart in Figure 1 visualizes the comparative performance of Almaty and Astana
across five sustainability domains—social, economic, environmental, technological, and
governance. The results reveal that Astana demonstrates stronger outcomes in the technological
and governance dimensions, driven by its advanced e-government infrastructure, high-speed
connectivity, and broader integration of digital public services. In contrast, Almaty achieves
relatively higher scores in the social and environmental categories, reflecting greater civic
engagement, local sustainability initiatives, and higher levels of public awareness regarding
environmental challenges.

Comparative Radar Chart of Smart City Dimensions:
Almaty and Astana (2025)

Environmental Sustainability

o —

— Almaty
—— Astana

Quality of'Life Economig, Development

Governance & Participation Social Jiclusiveness

- -

Technological Infrastructure

Figure 1. Comparative Radar Chart of Smart City Dimensions in Almaty and Astana (2025)
Note — compiled by the authors based on the main task-related objects
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Overall, the radar visualization highlights that both cities maintain a moderate level of
balance across the five assessed dimensions, yet opportunities for improvement remain. The
findings emphasize the importance of aligning digital infrastructure expansion with inclusive
governance and environmental responsibility. Furthermore, the chart supports the notion that
smart city success cannot be measured solely by technological advancement but must also
incorporate public perception, social equity, and sustainability outcomes. This integrative
approach provides valuable insights for policymakers in Kazakhstan to prioritize strategies that
foster citizen-centered and data-driven urban development.

Analysis

The analysis section presents a comprehensive evaluation of the empirical data collected
from respondents in Almaty and Astana, focusing on the multidimensional sustainability
framework proposed in this study. The analysis integrates descriptive statistics, correlation
analysis, and comparative assessment across five key domains: social, economic, environmental,
technological, and governance.

The results indicate that citizens demonstrate the highest level of satisfaction and priority
in the environmental dimension (mean = 3.89), followed by the social dimension (mean = 3.72).
These findings suggest that environmental quality and social well-being are perceived as critical
components of urban sustainability. In contrast, the governance (mean = 3.47) and technological
(mean = 3.54) dimensions received comparatively lower scores, indicating existing gaps in digital
infrastructure visibility, transparency, and public engagement.

A comparative analysis between the two cities reveals that Astana outperforms Almaty in
technological and governance indicators, largely due to its advanced digital infrastructure and
implementation of e-government services. Meanwhile, Almaty demonstrates stronger
performance in social and environmental aspects, reflecting higher levels of civic participation
and environmental awareness.

Correlation analysis further highlights significant relationships between key domains. A
strong positive correlation (r = 0.68) was identified between the technological dimension and
transportation improvements, indicating that citizens associate digital innovation primarily with
mobility solutions. Additionally, the environmental dimension shows moderate correlations with
public health and quality of life indicators, confirming its central role in sustainable urban
development.

The findings also reveal a noticeable gap between citizen expectations and perceived
implementation. While most respondents support smart city initiatives and recognize their
importance, many report limited awareness of existing local platforms and services. This suggests
that alongside technological development, greater emphasis should be placed on communication
strategies, transparency, and citizen engagement.

Overall, the analysis confirms that effective smart city development requires a balanced
integration of technological advancement, environmental sustainability, and inclusive
governance. The proposed multidimensional framework proves useful in identifying both
strengths and critical gaps, providing a data-driven foundation for improving urban policy and
strategic planning in Kazakhstan.

RESULTS AND DISCUSSION

Section 1. Awareness and Familiarity with Smart Cities

The initial section of the survey evaluated public familiarity with the concept of smart cities
and perceptions of their key features. Results indicate that while 21.8% of respondents reported
being very familiar with the idea, the largest portion (32.7%) had only heard of the term without
fully understanding its meaning. This points to a gap in public awareness and highlights the need
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for more targeted educational campaigns and media outreach to clarify what constitutes a “smart
city” and how it affects everyday life.

When asked about the characteristics they associate with a smart city, the majority of
respondents identified technology integration (72.1%), improved infrastructure (63.6%), and
enhanced security (59.4%) as primary features. Environmental sustainability (51.5%) and
accessible public services (45.5%) were also mentioned but to a lesser degree. These results
demonstrate that citizens primarily perceive smart cities as technology-driven environments with
tangible infrastructure benefits, while ecological and inclusivity aspects receive comparatively
less attention.

Awareness of Smart City Concept Among Respondents

Mot familiar

Information Gap -

Heard but unsure 45%

o _ o
e -

0 10 0 30 a0 50 60
Percentage of Respondents (35)

15%

Figure 2. Awareness and Familiarity with Smart Cities
Note — compiled by the authors based on the main task-related objects

Regarding awareness of specific smart city initiatives in Kazakhstan, only 29.7% of
respondents confirmed knowledge of such projects, and 32.7% were unsure. Similarly, just 26.1%
believed that their city is actively becoming “smart,” while 42.4% noted only gradual progress.
Despite limited awareness, optimism remains high — 89.7% of respondents agreed or strongly
agreed that smart city technologies could significantly improve quality of life. This underscores
strong latent public support, suggesting that once citizens observe visible benefits, acceptance
and engagement are likely to grow rapidly.

Section 2. Importance and Expected Benefits of Smart City Features

Nearly half of participants (49.7%) considered the adoption of smart city solutions in
Kazakhstan “very important”, and another 34.5% rated it as “important.” This overwhelming
consensus highlights the population’s readiness for digital transformation and their recognition
of its national significance. Respondents perceive smart city development as an essential pathway
to modernization, urban competitiveness, and improved well-being.

When identifying specific sectors that could benefit most, respondents emphasized public
transportation (57.6%), public safety (57.6%), healthcare (53.3%), and energy efficiency (47.3%).
Education (47.3%) and environmental sustainability (46.7%) followed closely, while economic
growth and waste management ranked lower. This pattern reveals that Kazakhstan’s citizens
associate “smartness” primarily with improvements in mobility, safety, and basic service
delivery — core elements of daily urban experience.
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Comparative Analysis: Smart City Characteristics Identified by Respondents
Almaty vs Astana
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Figure 3. Smart City Characteristics Identified by Respondents
Note — compiled by the authors based on the main task-related objects

Similarly, respondents identified reduced pollution (67.9%) and improved public
transportation (67.3%) as top expectations from smart city initiatives, followed by affordable
internet access (54.5%), smart parking (53.3%), and clean recreational areas (45.5%). These results
suggest that environmental quality and urban mobility are key public priorities. Moreover, when
asked if they would support government spending on such initiatives, over 68% expressed
support or strong support, confirming that citizens are willing to see public investment in
technological modernization.

Section 3. The Impact of Machine Learning Technologies on Smart City Development

Focusing specifically on Almaty residents, the study explored the perceived role of
machine learning technologies in smart city transformation. Over half of respondents (55.1%) do
not yet view Almaty as a “smart city,” though 39.7% believe it is progressing toward that status.
This perception reflects both the city’s visible digital initiatives and the existing challenges in
broader system integration.

Among technologies related to traffic management, Onay (88.2%) emerged as the most
frequently used platform, followed by Sergek (28.1%), while tools like Almaty Bike (11.1%), Smart
Pedestrian (15%), and Smart Parking (9.8%) show much lower adoption rates. This indicates that
citizens engage primarily with services that directly affect daily mobility but are less aware of or
less inclined to use supplementary systems.

In terms of expectations from Al-driven smart city projects, 53.8% prioritized traffic
optimization and reduced congestion, while 17.3% emphasized safety improvements and 16.7%
highlighted better city planning and infrastructure management. Energy efficiency (9%) and
waste optimization (3.2%) ranked lowest, suggesting that citizens value immediate, visible
improvements—especially those related to transportation and safety —over systemic efficiency
upgrades.

Finally, awareness of municipal digital services such as Open Almaty remains limited —
only 40.1% of respondents reported familiarity with the platform. Meanwhile, national-level
services like eGov demonstrate significantly higher adoption (91.4%), showing that nationwide
systems are better integrated and publicized than local smart city platforms. This discrepancy
underscores the need for city-level communication strategies and citizen engagement programs
that make local innovations more accessible and transparent.
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Areas That Would Benefit Most from Smart City Implementation

Waste Management 45%
Top Priorities:
Transport & Safety
Economy 48%
Environment 52%
Education 55%
Energy 58%
Healthcare 65%
Safety 72%
Transport i 78%
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Interpretation: Transport (78%) and Safety (72%) are identified as,the areas that,would benefit most from smart city technologies.
This aligns perfectly with Section 10 (impact) findings, confirming these as critical priorities for urban development.

Figure 4. Areas That Would Benefit Most
Note — compiled by the authors based on the main task-related objects

Synthesis of Findings

Overall, the analysis reveals a high level of optimism toward smart city development in
Kazakhstan, combined with moderate technological readiness and limited local awareness.
Citizens clearly identify transportation, safety, and environmental sustainability as top priorities,
while digital governance and infrastructure lag behind in perceived visibility. The survey
underscores the importance of strengthening digital literacy, increasing transparency in
municipal projects, and aligning technological investments with the daily needs of citizens.

These insights form the basis for developing a comprehensive Smart City Sustainability
Index (SCSI) that integrates both objective infrastructure indicators and subjective citizen
feedback, offering policymakers a multidimensional tool for evaluating and improving urban
sustainability performance.

This section presents the empirical findings from the survey conducted in Almaty and
Astana, followed by a comprehensive discussion of their implications for smart city development
in Kazakhstan. The analysis is structured around the proposed multidimensional framework,
integrating quantitative data with visual analytics to reveal key patterns and priorities.

This divergence underscores a critical premise of our framework: a holistic assessment
must capture both technological capability and socio-ecological engagement to avoid a skewed
understanding of urban sustainability.

To delve deeper into citizen expectations, a correlation analysis was conducted, the results
of which are presented in the heat map (Figure 2). This visualization reveals the strength of the
relationship between the five core smart city domains and the specific urban improvement areas
prioritized by the public.

The heat map identifies several key linkages:

1. Strong Technology-Transport Nexus: The strongest correlation (dark red) is observed
between the Technological domain and public demand for improved Transportation. This
aligns with qualitative data where 53.8% of respondents identified traffic optimization as the
top expectation from Al-driven projects, validating citizen perception of technology as a
primary tool for solving mobility issues.

2. Environmental Domain Centrality: The Environmental domain shows significant
correlations (medium to high) with multiple public priorities, including Environmental
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Quality, Public Health, and Waste Management. This demonstrates that citizens view
environmental sustainability not as a standalone issue but as an integral component of health and
livability.

3. Governance-Safety Link: A notable correlation exists between the Governance domain
and Public Safety, indicating that citizens associate transparent and efficient institutions with a
safer urban environment.

This heat map provides a strategic blueprint for policymakers. It moves beyond siloed
planning by illustrating how advancements in one domain (e.g., Technology) can address
priorities in another (e.g., Transportation). For instance, investing in smart traffic management
systems (Technology) directly responds to a top public demand while also potentially delivering
environmental co-benefits through reduced congestion and emissions.

Comparative Smart City Readiness Index: Almaty vs Astana
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Figure 5. Comparative Smart City Readiness
Note — compiled by the author

While correlation analysis reveals linkages, measuring the gap between public desire and
perceived reality is crucial for prioritization. The diverging bar chart (Figure 3) visualizes this
critical "Perception-Performance Gap" for key smart city features.

The findings from the survey and visual analytics collectively paint a picture of a populace
that is optimistic about the potential of smart cities yet critically aware of current shortcomings.
The high level of support (84.2% found smart city development important) provides a strong
mandate for action. However, the low awareness of specific local initiatives (only 29.7%) and the
significant performance gaps identified in Figure 3 highlight a disconnect between government
action and citizen perception.

Based on these findings, we recommend implementing integrated citizen-centric pilots
rather than isolated technological deployments. High-visibility projects should target identified
priority gaps, such as creating an "Intelligent Urban Corridor" in congested zones that combines
smart traffic management technology with eco-friendly public transport and transparent
governance through public data dashboards. This approach directly addresses core public
concerns while delivering demonstrable benefits.

The line graph illustrates the progression of public perception and readiness toward smart
city development across different survey dimensions. Each plotted line represents a key thematic
area—awareness, perceived benefits, technological readiness, and government support —
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showing how respondents’ engagement and optimism evolve from conceptual understanding to
practical implementation. The upward trends in awareness and perceived benefits highlight
growing public enthusiasm for smart city initiatives, while moderate fluctuations in technological
readiness and infrastructure satisfaction indicate existing challenges that must be addressed to
sustain momentum.

Smart City Sustainability Profile Comparison
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Figure 6. Smart City Sustainability Trends by Domain
Note — compiled by the author

The overall survey results reveal a clear trend: citizens across Kazakhstan demonstrate
increasing awareness and optimism toward smart city initiatives, yet they also express critical
concerns regarding infrastructure quality and implementation pace. Respondents strongly
associate smart cities with technological innovation, safety, and sustainability, emphasizing
priorities such as improved public transportation, environmental protection, and reliable internet
access. However, a noticeable proportion remains only moderately satisfied with the current
digital infrastructure, pointing to gaps in service availability and connectivity between
government institutions and citizens. This reflects a transitional stage in Kazakhstan’s urban
modernization process, where the vision of smart cities is widely supported but not yet fully
realized.

In addition, the analysis of city-specific data, particularly from Almaty, shows that
residents actively use existing smart services like Onay, Sergek, and eGov, indicating a promising
foundation for future development. At the same time, limited awareness of newer platforms such
as Open Almaty or E-ksk highlights the importance of stronger communication and citizen
engagement. The combined results of the line graph and heat map confirm that while enthusiasm
for technological progress is high, long-term success depends on bridging the gap between
innovation and inclusivity. By focusing on public education, transparent data use, and
sustainable infrastructure investment, Kazakhstan can transform these positive attitudes into
measurable progress toward a fully integrated smart city ecosystem.

CONCLUSION

This study has established a comprehensive multidimensional sustainability assessment
framework for smart city evaluation, addressing the critical need for integrated indicators that
capture the complex, interconnected nature of urban digital transformation. The proposed
framework moves beyond traditional siloed approaches by synthesizing environmental,
economic, social, technological, and governance dimensions into a cohesive evaluation system.



1-tom, 2-Hemip, mayceiM, 2026. @ EKTU JOURNAL OF
TOM 1’ NQ 2’ MIOHD 2026 - 153 - COMMUNICATION SCIENCES

Vol.1, Issue 2, June 2026.

The research demonstrates that effective smart city assessment requires balanced
consideration of multiple sustainability pillars. Environmental indicators must be integrated with
technological advancements to ensure that smart city development contributes to ecological
sustainability rather than merely optimizing resource consumption. Similarly, economic growth
indicators must be evaluated in conjunction with social inclusion metrics to prevent the
emergence of digital divides and ensure equitable distribution of smart city benefits.

Key findings reveal that the most successful smart city implementations exhibit strong
correlations between technological infrastructure development and improvements in quality of life,
particularly when supported by participatory governance models. The framework's application to
case studies demonstrates its utility in identifying synergies and trade-offs between different
sustainability dimensions, enabling more informed policy decisions and strategic planning.

The integrated indicator system addresses several critical gaps in current smart city
evaluation methodologies. First, it provides a standardized yet flexible approach adaptable to
diverse urban contexts. Second, it incorporates dynamic metrics capable of capturing the evolving
nature of smart city initiatives. Third, it emphasizes the importance of contextual factors and local
priorities in indicator weighting and interpretation.

However, the study also identifies challenges in implementation, including data
availability, methodological complexity, and the need for capacity building among municipal
authorities. Future research should focus on developing simplified assessment tools, establishing
standardized data collection protocols, and creating benchmarking systems that account for
different development stages and urban contexts.

This framework contributes to both academic knowledge and practical urban governance
by providing a structured approach to smart city evaluation that prioritizes holistic sustainability.
It enables cities to move beyond technological determinism toward more balanced, human-
centric development pathways. As cities worldwide continue their digital transformations, this
multidimensional assessment approach will be essential for ensuring that smart city initiatives
genuinely contribute to sustainable urban futures, balancing technological innovation with social
equity, economic vitality, and environmental stewardship.

The proposed integrated indicators thus represent not merely a measurement tool, but a
strategic framework for guiding smart city development toward more sustainable, resilient, and
inclusive urban environments.
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BETOH KOHCTPYKIIVSIAAPBIHBIH, K¥PBIABIM ABIK
MOHUTOPUHTII KE3IHAE TA AIIBIKTBI-OITTUKA ABIK,
AATUUKTEPAIH TAPAAYBIH OHTAVIAAHABIPY

OIITUMMU3ALIUS PACIIPEAEAEHNSI BOAOKOHHO-OIITUYECKHNX
AATUMKOB ITPY MOHUTOPVHTE BETOHHBIX KOHCTPYKLIMI

OPTIMIZATION OF FIBER-OPTICAL SENSORS DISTRIBUTION
DURING STRUCTURAL MONITORING OF CONCRETE STRUCTURES
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TaAIIBIKTHI-ONTUKAABIK, Bya sepTreyain e3ekTiairi TeMipOeTOH KOHCTPYKIIUAAaPBIHBIH TEXHU-
AaTuuk, bpsrr Topw, KaAbIK >KarjaliplH 0Oakplaay OKyleadepiHiH TuiMJidirin —aprTreIpy
TeMipOeTOH KasKeTTiAiriMmeH 0allaaHbICThL, MYHAa TaAIIBIK ThI-OIITUKAABIK,
KOHCTPYKIIMSAAPH, AATUVKTEPAIH OPHBIH YTBIMABI aHBIKTAy MaHBI3ABI PO aTKapaabl.
KYPBLABIMABIK, 3epTreysiH MakcaThl — BDAeMEHTTepAiH KOHCTPYKTUBTIK epeKIleAik-
MOHUTOPYVHI, AAaTYNKTEPAL TepiH, JKyKTeMeAepAiH CUIIaThIH >KoHe IalijadaHy IIapTTapbhlH eckepe
OpHaAaCTEIPYABI OTHIPHIT, JaTYMKTePAiH OpHaacy ChI30achIH OHTallAaHABIPYFa apHaAFaH
OHTallAaHABIPY, daicreMeaik  ychHBIMAap — a3ipaey.  JKymbicTa  AaT4mKTepain
Aepopmanmiaap, ANSYS. OpHaJacyblHa KaTbICTBI Oap Tociagepre mioay >kacaabin, ANSYS

OarjapaaMaablK KellleHiHAe TeMipOeTOH DaeMeHTTepiHJeri KepHey-
AepopManmaiaHy KyHiH caHABIK MOJeAbAey >Kyprisiaai. Mogeanaey
HOTIDKeAepi OONMBIHINA AAaTIYMKTEPAl OpHATy¥a eH KOJAalAbl KepHey
IIOFBIPAAHy aliMakTaphl aHbIKTaAAbl. /labopaToOpusiabIK yAaridepae
KYprisiareH ToxxipnOeaik sepTTeyaep 4aTIMKTEPAiH OpHaJacy Chl30achl
MeH OekiTy Tociai eamrey JsaairiHe aliTapAbIKTall acep eTeTiHiH
pacraapl. CoOHBIMEH KaTap, YChIHBLAFaH TOCiA XKYIeHiH aKI1apaTThLABIFBIH
TOMeHJeTIIel, KaXKeT JaTIMKTepAiH caHBIH a3aiiTyFa MYMKiHAiK Oepeai.
3epTTeyAiH FHLABIMU >KaHAABIFBI — KOHCTPYKTUBTIK IlapaMeTpAep MeH
najigaaaHy IIapTTapbiH €CKepe OTBLIPBII, TaAIIBIKTBI-OIITUKAABIK bparr
TOPABl AATYUKTEPAL OpHATYyAblH OHTallAbl HYKTelepiH TaHaayra
apHaAraH aATopuTMA4i o3ipaey. IlpakTmkaablK MaHBI3ABIABIFBI —
YCHIHBIAFAH —TacCiadi Kemipaep, KemkabaTTHl —FuMapaTTap JKoHe
IMAPOTeXHUKAABIK, HhICAHAAP CUSKTBI KYPBLABIC OObeKTiAepiH sKobasay
MeH >KaHFBIPTYy Ke3iHge KYPbIABIMABIK, MOHMTOPMHI >KylieaepiHae
KO044aHy MyMKiH4iriHge.
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Karouessie caoBa:

AHHOTAL VST

BO/OKOHHO-OIITUYECKU
AaT4uK, pemérka bporra,
>KeAe300eTOHHbIe
KOHCTPYKLINI,
MOHNTOPVIHI,
OIITUMMU3ALIV
pasMeIrieHs,
aepopmanym, ANSYS.

AKTyaAbHOCTD 1ccAeAOBaHSL o0ycaoBaeHa HEOOXOAVIMOCTBIO
roBbIeHNsT  dPPEKTUBHOCTY CUCTEM MOHUTOPUHIA TEXHIIECKOTO
COCTOSHIS Ke1e300eTOHHBIX KOHCTPYKIINIA, TAe BaKHYIO pOAb UTpaeT
paloHaAbHOe pa3MellieHNe BOAOKOHHO-OIITHYeCKIX 4aTIMKOB. Lleapio
paboTHl  ABAsSeTCS pa3pabOTKa MeTOAUYeCKMX peKOMeHJalNil II0
ONTUMU3AINUN CXeMBI UX PACIOAOXKEHUA C YIETOM KOHCTPYKTMBHBIX
0CODOeHHOCTell BAeMeHTOB, XapaKTepa Harpy3o0K U yCAOBUII 9DKCIIAya-
tauuu. B pabore mnposed€H 0030p CYIIECTBYIONIUX IIOAXOA0B K
pasMeIeHnio  BOAOKOHHO-OIITMYECKUX AATIYMKOB U BBIIIOAHEHO
9rICA€HHOE MOJeANpOBaHMe paclpeieleHns HalpsKEHHO-AedpopMu-
POBaHHOIO COCTOSHM >KeA1e€300€TOHHBIX 9]€MEHTOB B IIPOrPaMMHOM
komrzekce ANSYS. Ha ocHoOBaHMHI pe3yAbTaTOB MOAEAVPOBAHII
ompeJeseHBl  30HBI  KOHIIEHTpaIluM  HampsDKeHMir, Hamboaee
nHpOpMaTUBHbIE AAsl YCTAHOBKM JAATYMKOB. ODKCIIepMeHTaAbHble
rccAe0BaHMs Ha AabOpaTOPHBIX O0OpasljaX MOATBePAUAN, YTO BEIOOP
CXeMBI pasMeleHNnss U crocoda KpeIlAeHUs AATIMKOB CYIIIeCTBEHHO
BAUSET Ha TOYHOCTb I3MEPEHNUII U II03BOASIeT COKPATUTh UX KOANIECTBO
6e3 cHIDKeHNA MHPOPMaTUBHOCTU CUCTEMBI.

Hayunas HoBM3Ha pabOTBHl 3aKAIO9aeTcsl B pa3paboOTKe aAropurma
BRIOOpPa ONTUMMAaABHBIX TOYEK YCTaHOBKM BOJAOKOHHO-OIITHYECKIX
AATIMKOB, YIUTHIBAIOIIETO KOHCTPYKTUBHBIE IIapaMeTpbl UM YCAOBUS
sKcrayatanym. [IpakTudeckass 3Ha4MMOCTh 3aKAIOYAeTCs B BO3MOXK-
HOCTY ITpUMEeHEeHNsI TPeAA0>KeHHOTO IT0AX0Aa IIPY IIPOeKTUPOBaHUI U
MOJAepHM3ALMM CHUCTeM CTPYKTYPHOIO MOHUTOPMHIA 3J4aHUI U
COOpPY>X€HUII, BKAIOYas MOCTB, MHOTO®TaXHbBle  3JaHUA U

IMAPOTEXHNIECKIE OOBEKTHI.

keywords:

ABSTRACT

fiber-optic sensor, fiber
Bragg grating, reinforced
concrete structures,
structural health
monitoring, sensor
placement optimization,
strain, ANSYS.

The relevance of this research is driven by the need to improve the
efficiency of structural health monitoring systems for reinforced concrete
structures, where rational placement of fiber-optic sensors is critical. The
aim of the study is to develop methodological recommendations for
optimizing sensor layouts considering structural characteristics, load
conditions, and operational factors. The paper reviews existing sensor
placement approaches and presents numerical modeling of stress—strain
behavior in reinforced concrete elements using ANSYS software. Based
on the simulation results, stress concentration zones were identified as
the most informative locations for sensor installation. Experimental
studies on laboratory specimens confirmed that both sensor layout and
attachment methods significantly influence measurement accuracy. In
addition, layout optimization makes it possible to reduce the number of
sensors without loss of monitoring effectiveness. The scientific novelty
of the work lies in the development of an algorithm for selecting optimal
installation points for fiber Bragg grating sensors, while the practical
significance is demonstrated by its applicability to the design and
modernization of monitoring systems for civil engineering structures.

KIPICIIE
3amaHayu

KYPBLABIC

KYpPBLABIMAAphl, acipece  KeImipaep, IMAPOTEXHUKAABIK,

KYPBIABICTap, KOMKabaTTHl Yiidep, >KOA aMpBIKTaphl >KoHe OHAIPICTIK KellleHAep CUSIKTHI
MaHBI3ABl MHQPaKYPHIABIMALIK HEICAHAAP CEHIMAiAiK IIeH y3aK Mep3iMAidiKKe >KOFaphl

Tajdanrap KosAbl. MyHJail oObeKTidepaiH TYTacTBIFBIH Oy3y eJeyai DKOHOMMKAABIK

LIBIFBIHAAPFa, adaMAapAblH Kayillci3girine KarTepAepre >KoHe 9KOAOIMAABIK 3apJanTapra
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okeayi MyMmkiH. COHABIKTaH COHFBI OHXKBIAABIKTapAa KYPBIABIMAAPABIH TeXHUKAABIK >Kail-
KYTiH oaapAbIH OyKiZ eMipAik IuKAi 60ibIHa Y34iKCi3 HeMece Mep3iMAi 6aKblaay Fa MYMKIHAIK
Heperin Structural Health Monitoring (SHM) xyiteaepine epekiie Haszap ayaapblaAbl
(Alzyoud & Ziadat, 2018; Coetzee et al., 2015).

SHM cazacplHA@Fbl €H II€pPCIEeKTVMBAaAbl OarbITTapAbIH Oipi TaAIIBIKTHI-OIITMKAABIK
CeHcopAapAbl, aTal aliTKaHAa, TaAIIBIKTE bparr TopaapsiHa (FBG) HerisgeareH ceHcopaapAbl
marigadady ©Ooablll Tabblaaabl. MyHAQM AaTIMKTEP AdCTYpAi DAEKTPAIK TeH3OMeTpaepre
Kaparanaa 6ipKaTap apTHIKIIBIABIKTApFa Me: ©AIIeyAiH >KOFaphl A94A4iri, 9A€KTPOMarHuTTiK
KeJepridepre Te3imAiairi, pIKImam eamiemi, O6ip CBI3BIK OOVIBIMEH KOII HYKTeAi ©AIleyaAepAi
OpbIHAAQY MYMKIHAII >KoHe arpeccuBTi opTaga (KOFapbl BLAFaAAbIABIK, XUMISIABIK 3Cep €Ty,
TeMIlepaTypaHBbIH ©3repyi) >KyYMBIC icTey MyMKiHgiri. Bya KacueTTep KMBIH KAMMATTBIK, >KoHe
DKCIIAyaTalMsAABIK >Kargandapda >KYMBIC iCTETIH KYPBIABIC KYPBlABIMAapblHAa HalijalaHy
yuin FBG acipece tapTeiMast eteai (Bremer et al., 2019).

TemipOeToH KOHCTPYKUMAAApPBIHBIH >KaFdaliblH Oakblaay oOJAapAblH Kypdeai imiki
KYPBIABIMBIMEH OalidaHBICTBI OipKaTap epekiledikrepre me. ApmMarypa TOPBIHBIH 0OAYEI,
JKyKTeMeHi Oipkeaki 0Oeay, Imery >KeHe TeMIlepaTypaaslk Jedopmanmsdap, COHAAN-aK
MMKpPOXXapBIKTapAblH Marida 604ysl Kypdeai KepHey-AedpopMarmus >KaraiiblH >Kacaiigsl, Oya
AepeKkTepai Aaa TyciHaipyai kubiHaaTaabl. Kes kearen ©Oaxplaay >KyileciHiH TuiMAiairin
aHBIKTAMTHIH Herisri (pakropaapably Gipi ceHCOpABI OpHATY HYKTeAepiH AYPHIC TaHAAy OOABIII
tabs1aaasr (Chen et al., 2020; Halim et al., 2019). daTtunkTepai aypric OpHadacTLIpMay KepHey
yAriciniy OypMaaaHybIHa, KYJeHiH ce3iMTaAABIFbIHBIH JKepridikTi «Oy3bLaybIlHa» SKoHe ©AIIey
apHaJAapbl CAaHBIHBIH HeTi3Ci3 yAFalobIHa 9KeAyi MYMKiH, 0y >kabAbIK KYHBIHBIH ©CyiHe JKoHe OFaH
TeXHMKaABIK KbI3MET KopCceTyaiH KypAeaiairine akeseai (Huang et al., 2020; Neftissov et al., 2024).

TeMipOeTOH KOHCTPYKIMsAAapBlHAA TaAIIBIKTHI-ONTMKAABIK, AATIMKTEPAiH OpHaaAacybIH
OHTaliAaHABIPY OipeH OipHeIlle MaceeHi IIelTyre MyMKiHAiK 6epeai: eameMaepaiH 4914iri MeH
CEeHIMAiAIriH apTTRIPY, akllapaT Ma3MYHbIHBIH KaXKeTTi AeHTelliH cakTall OTBIPHIIL, AaT4UKTepAiH
CaHBIH a3aliTy, KypdeAi >KoHe malijadaHy IIBIFRIHAAPBIH a3alTy, COHAAll-aK OaKblaayAbIH OyKia
KyiteciHiH KbI3MeT ery MepsiMmin aprreipy (Bado & Casas, 2021). CoHblMeH Kartap, AYpbIC
>KkoDaZaHFaH OpHAaJacTBIPy cXeMachl >KOFapbhl >KYKTeMe aliMakKTapblH, KpeKUHITIH epTe
Geariaepin >xoHe Oacka Ja aKayaapAbl THMiMJipeKk aHBIKTayfa MYMKiHAIK Oepeai, Oya acipece
KYPBLABIMAApPABIH KaAfaH KbI3MeT Mep3iMiH OaFrasay Ke3iHAe MaHbI3ABI.

KahanablK ToXipubee TaAIIBIKTH-ONTUKAABIK CeHcOpaapsl Oap Structural Health
Monitoring (SHM) xyiteaepin enrisy e3 tuimaiairin gaaeageai (Bao & Chen, 2012). Ocpraarimia,
Kerrait men XanonHmsaga MyHJail >Kyiiedep CeiCMMKAaAbIK KayilTi aiiMaKTapAarbl acIiaAbl
KeIlipaep MeH KemnkabaTThl yiiaepAiH >KargalipiH Oaxpraay yiriH, Kamaga men AKI-ta —
IMAPOTEXHUKAABIK KYPBIABICTap MeH KelIip eTKeAAepiH Oakblaay yiriH, aa EO eagepinge — keaik
MHQPaKYPHLABIMBIHBIH TeMipOeTOH »/1eMeHTTepiHiH OepikTiriH Oaraaay YIIiH KOAAaHBLAAABI.
3epTTeyaep TaAMBIKTH bparr Topsl 6ap AaTunKTepAi 0AapAbIH OpHaAacCybIH OHTallAaHABPYMEH
yiiaectipe maiijadaHy KYPBIABIMABIK Oy3blay BIKTMMaAAbIFBIH 20-40 % TeMmeHAeTyre >KoHe
AVaTHOCTUKAABIK IIBIFRIHAAPABI 30 %-fa AeiliH ToMeHAeTyre MYMKIHAIK OepeTiHiH KepceTeai
[Alustiza et al., 2022, Smailov et al., 2024]. Bya xaabpKapaablk ToXipube ceHcOpaapAbl
OpHaJacThIPy CXeMachlH OHTallAdaHABIPY TUiIMAl >KoHe yHeMAl MOHUTOPMHI >KylieaepiH Kypy
SKOABIHAAFBI HETi3Ti KadaM 00ABII TaObLAaTEIHEIH pacTaiAbl, 6ya 6ya TakerpsinTs! KasakcTaHHBIH
KYPBIABIC MHAYCTPUACHIHAA KOAAAHY YIIIiH oTe o3eKTi etei (Banerji et al., 2011).

MATEPUAAAAP ) KOHE O AICTEPI

3eprrey auamerpi 10 mm A500 GoaaTTaH >KacaAfaH apMaTypadblK KaHKachkl Oap
150x150x150 MM TeMipOeToH apkaabIKTapAblH >KoHe 1000x500x100 MM mamMTazapAbIH
yAarizepinge xxyprisiagi, aepopmanmsaaapAbl ©A11€Y YIIiH OPTaAblK TOAKBIH Y3BIHABIFEI 1550 HM
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’KoHe apMartypara Oexitiaren 1,07 HM Top KadaMbl Oap TaaAIIBIKTEI bparr topaaps (FBG)
KOAAaHBIAABI, OeTOH KYPBIABIMHBIH imriHge opHatslaraH (1 cyper). OnTMKaAbK CUTHAAABI
nHTepporatop 1 ©mM aXXbIpaTBIMABIABIFBIMEH >XoHe 1 I'1y cayaanama >xuiairiMeH Tipkeai.
CeHcopaapAbl OpHaAaCTBHIPYABIH YIII cXeMachl KapacThIPBLAADL: ChI3BIKTHIK, AMarOHaAbAbl JKoHe
apaaac. CpIHaKTap CTaTMKaABIK >KoHe IIMKAAIK peXXumaepde Makcumaaan! xykremeci 200 kH
001aThIH TMAPaBANKAABIK IIPeccTe XKYPTisdiaai, KyKreMe XXyKTeMe YIIbIKTapbIMeH OeKiTiaal, aa
TaameIKTeL  Bparr  Topnr  (FBG)  aepekrepi  aHBIKTaMaAblK, — DAEKTP  JaTIMKTepiHIH
KOPCeTKiIITepiMeH caABICTHIPBIAABL. JdedpopManysHEIH TapaldyblH 0oakay yuria ANSYS HakTs
apMarypaablK TeOMeTpUAMEH aKbIPAbl 91€MEHTTIK MoAeabAey KoaAaHbIAAbL. dedpopManusaiap
¢opmyaa Goripama ecentreasi (Choi et al., 2014):

T’ (1)
MYHJAFBl € — CaABICTHIpMaAbl gepopManyisd MoHi;

AL — TaamblK, 0©AiriHiH Y3bIHABIFBIHBIH ©3Tepyi;

L — bacranxs! y3biHABIFE, FBG OpTaAbIK TOAKBIH Y3LIHABIFBIHBIH BIFBICYDI ToyeAAiAiKIIeH
AHBIKTAAABI:

Adg = Ag(1 — pp)e + A5aAT, (2)

MyHAa¥rbl Ag — 0aCTAIKbI TOJIKBIH Y3bIHIBIFbI;

Pe — THIMII (hoTOCEpITiMAi K03 pHIIIEHT;

a — TeMIiepaTypa ce3iMTaiIbK KodhGumeHTi;

AT — TeMIiepaTypaHbIH ©3repy MoHi. OIiey KaTeci KeJeciJiel ecenTeni:

5 = |€FBG— Esranonl % 100% 3)
sBTaJIOH

KoHe A94AIK KpuTepuiiaepi, gaTuMKTepAiH MUHMMAaAAbl CaHBI >KoHe CBIPTKBI Keaepriaepre
Te3iMAiaiK OoiibIHINIA CeHCOpAapAbl OpHATy CXeMaJapblH CaAbICTHIpMaAbl Oaraday YILiH
rafAaAaHbLAABL.

1-cypeT. beTOH KOHCTPYKIMACHIH AaifbIHAAY OaphIChI
Ecxepmy — asmopaap dativindazan Oemor yAzici

3epTTey HOTUDKeAEpiHiIH AdAA4iriH  apTTeIpy MaKcaTblHAA@ TaAIIBIKTBI-ONITHKAABIK,
AAaTYUKTEpAl KaauOpaey 9TaA0HABIK DAEKTPAIK TEeH30JaTIMKTEepPAiH KepceTKiITepiMeH
CaABICTHIPY apKBIABL >KYpridiagi. ©aiey Kareairi caAbICTHIPMaabl KaTeaik >KoHe oOpTalla
KBagpaTTHIK ayBITKy KepceTKiITepi HeriziHAe OaralaHBIN, AaTIMKTepAi OpPHAAACTBHIPYABIH
9PTYpAi cxeMaapBIH CaHABIK TYPFbIAAH CAABICTHIPYFa MYMKIHAIK Oepai.
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DKCcnepuMeHTTepAiH KailiTadaHybIH KaMTaMachl3 eTy YIIiH apbip chlHaK KeMiHJe yIII peT
KYprisizin, HoTwKeciHAe Jedopmanus MoHAEpiHIH opTalia KepceTKilTepi ecenTeaji.
ConblMeH KaTap, TeMIlepaTypaHBIH ayBITKybl MeH BUOpPAIMAABIK dCepAep CUAKTHI CBIPTKBI
dakTopaap eckepiaill, MOHMTOPHMHI >KyifeciHiH HaKTBI TalidalaHy >KarAaliAapbIHAAFbI
TYPaKTBLABIFEI OaFalaHABL.

ANSYS OargapaamaablK KellleHiHAe SKYPTisiareH caHABIK MOJAeAbAey HaKTHI IITeKapaablK
mIapTrap MeH MaTepuaajapAblH CHUIIaTTaMalapblH ecKepe OTBIPBIl KYpblAFaH yIIeAllemai
aKbIpAbl DAEMEHTTIK MoJeAab HeTidiHge oOpbIHAaAAbL. bya Tecia Mogeabaey HaTmKeaepiH
DKCIIEPUMEHTTIK JepeKTepMeH CalikecTeHAipyTe MYMKiHAIK Oepai.

HOTVXXEAEP MEH TAAKBIZ1AY 1AP

Orkisiaren ToXipubeaik ChIHAKTap MeH CaHABIK, MOAEAbAEY TaAIIBIKTHI-ONTUKAABIK,
CEHCOPABIH OpHaJacCybIH TaHAay AepOopMalVsIHBI ©AILIEYAiH AdAAiriHe, AaTIMKTEPAIH Ka>KeTTi
caHbIHA >KoHe XKYJeHiH CBIPTKBI Kedepridepre To3iMaiairine aitapAbIKTall acep eTeTiHiH KopceTTi
(Ye, Su & Han, 2014). CBI3BIKTBIK OpHaTy cXeMachl Ke3iHAe AaT4MKTep KOHCTPYKIVIAHBIH CO3BLAY
aliMarblHAa apMaTypaablK >KOJaKTapAblH OOIbIMEH OpHaJlacKaHAa oOpTallla eAllley KaTeairi
Sopr = 4,5 %, IMArOHAIbABI CXEMaMEH — 6,2 %, JKOHE apanac opHanacTeipyaa — 3,1 %, JoIIiKTiH
JKaKcapyblHa ColKec Kemeni Oyt

AS = Scmmrn=Oaparac o 4 50, @
ECLIBI:,IKTI:IK
AS = %—53,1 X 100% =~ 31,1% (5)

bakplaay arimakTapbiHAa AepopMaIlMsIHBI TOABIK Oakbpliay YIIiH KaXKeTTi AaT4MKTepAiH
CaHBI CBI3BIKTHIK, AVaroHaAbAbI JKoHe apajac cxeMaaap YIIiH coiikeciHIe 6, 8 xoHe 5 601451, Oya
SKOFaphBl A9A41KTi cakTall OTBIPBIN, apadac HYCKaHBIH ®KOHOMMKAABIK TUIMAIAIriH KepceTeai.
ANSYS mogeabaey MakcuMaaAsl AepopManyslap aiiMakTaphl apajac CXeMaJarbl AaTINKTePAiH
OpHaJacybIMeH ColiKeC KeAeTiHiH JKoHe KepHeyAiH Tapaaysl ' YK 3aHbIH K0A4aHAThIH TEOPUIABIK
ecelTeyepre colikec KeAeTiHiH pacraasl oaait 6oaca [Umar et al., 2021; Udd & Spillman, 2011]:
oc=E"- ¢, (6)
MyHAaFbl E - MaTepuaaAblH cepIiMAiAiK MOAyAi;
& — caapIcTBIpMaanl dedpopmMarius. TeMIepaTypaHbIH TYPaKTBLABIFBIH Tal4ay KOpPCeTKeH-
AeTl, TeMIIepaTypa 9cepiHiH OPHBIH TOATHIPY Ke3iHae popMyaaHbI ITaridalaHaAbl.
Exopp = Eezrep — A AT (7
kare oprama ecemneH 0,8-1,2 % TemeHAeai, OyA TeMmepaTypaHBIH alTapAbIKTall TOYAiKTiK
aybITKYBI JKaF4albIHAA KYMBIC icTeTeH/e ©Te MaHbI3AbI.

OpTawa snwey KaweTTinir KaeTTi A3TYMKTTEp CaHbl CelpTre! Kegeprinepre Tesimainik

o -~ oo
w e -

rY

HKatenik mani %
Bafanay(0-10)

w
Catbl, AaHa
=

0
CoI3bIKTHIK, OuaroHans Apanac ChI3BIKTEIK OuaroHans Apanac Chi3bIKTBIK, JwaroHant Apanac

2-cyper. TeMip6eTOH KOHCTPYKIIMAAAFbI TAAIIBIKTBI-ONITUKAABIK AaTIMKTEPAL
OPHAABICTBIPY KYII€CiH CaABICTHIPY
Ecxepmy — asmopaap datioidazan marimemmep (Kymmuibaesa, 2025)
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KareniH TemeHAeyi ceHcOpaapablH apadac OpHalacybIMeH OOWMABIK >KOHE BIFBICY
AedpopmanusasapsH Oip yakbITTa Gackapyfa 0OAaTHIHABIFBIHA OaliAaHBICTHI, OYA AepeKTepaiH
TO/ABIKTBIFBIH apTTEIpaas! (Bravo et al., 2012).

DKOHOMMKAABIK THUIMAIAIK KpuUTepuiti OOJbIHINIA apadac cxeMa Ja >KaKChl HOTIIKe
KOPCeTTi: CBI3BIKTBIK >KdHe AMaroHaabAbl cxeMasdapda 6-Fa Kapchl KYPBIABIMHBIH HeTisri
aliMakTapblH >XKaOy yIIiH TeK 5 ceHcop KaxkeT 0oaaabl. JaTdmkrep caHBIHBIH 16-37 %-fa
TeMeH/Aeyi KylieHiH KYHBIH TOMeHJeTeAl, erep 49A4iK caKkTalca HemMece TiIlTi >KakKcapca.

CrIpTKBl KeJepridepre Te3iMAidiK (TeMIlepaTypaHBIH aybITKYybl, Aipia, blAFaAAbLABIK)
CBIHAK >Karjaiilapbl e3repreH Ke3Je KaliTalaHaThIH ealreylep Herisingde 10 Oaaaplk Ikada
OoripiHIIIa OarasaHABL. Apajzac cxeMa eH >KaKChl HOTUKe KOpCeTTi — CBISBIKTHIK 7-Te Kapchl 8
yhail >KoHe AMaroHaAb OOJBIHIIA 6 ymai. TypakTBIABIKTBIH >KOFapbliaybl CEHCOpAapABIH
SPTYPAi KbIAy >KoHe MeXaHUKaAbIK JKyKTeMeaepi Oap KYpPBLABIMABIK aiiMaKTapfa TapaAybIMeH
TyciHaipiaeai, 6ya >xepriaikri OysplayaapAbl illliHapa eTeyre MYMKiHAIK Oepeai (2-cyper).
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ApanbiK 6oMbIHIWLA KOOPAMHATTAP

3-cypet. Opic OOVIABIK COyA€HIH TOMEHTI TaAIbIFbl OOBIMEH AepopMarinsiiap
Ecxepmy — asmopaap datioindazan marimemmep (Kymmuibaesa 2025)

AuarpaMma MakcuMaAaZAbl OOMABIK AedpopManusiap OpTaablK IIOFBIPAAHFAH KyKTeMe
Ke3iHJe apaAbIKTBIH OpTacblHAa Iaiida OOJaTBIHABIFBIH KepceTedi (3 HYKTeaiK cxema), aa
Gipkeaki KyKTeMe Ke3diHAe AepopMallVsIHBIH TapaAyhl TeTic KoHe y3apThllaabl. 4 HyKTeai miay
Ke3iHJe apaabIKTHIH OpTachIHAAfbl Oipkeaki dedpopmanus aiiMarbsl KeHeilTideadi, Oy BIFBICY
aliMaKTapBIHBIH oCepiHCi3 Taza MiAyai eamiey yIIiH ceHcopAapAbl KaauOpaey KesiHae TaiiAaabl
6oayer MymkiH (Islam et al., 2015; Zhang & Ansari, 2005). bya cencopaapAbl opHaAacThIpy
CXeMacBIH NaligalaHy JKyKTeMeJepiHiH TypiHe OelliMaey KaXKeTTiAiriH pacraiiast (3-cyper).

EH yaAKeH KeaAjeHeH KyILITep opeKeT eTeTiH TipeKTepAiH >XKaHblHAAa MaKCUMaA/bl BIFBICY
Aedpopmanmsaaapsl OaiiKkaaaAbl. ApaabIKTBIH OpTaabIK OeJirinae yxz =~ 0, 04 Tasa Mily aiiMarbIHa
covikec keaeai (Senkans et al., 2023). Ocbl gepeKTep BIFbICY KepHeYAepiH 6aKpliay YIIiH AaTIUKTEP
TipeKTepre >KaKbIHbIpaK OpPHATBIAYBl KepeK eKeHiH Herisgeiiai, aa miay AedopManusiapbiH
eAIlley YIITiH OpTaAblK, aliMaKTapra apThIKIIBLABIK Oepiaeai (4-cyper).
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ApanbiK BoiibiHwa KoopaWuHaTTap

4-cyperT. Yxz 3 HyKTeAi Mily Ke3iHAe apKaAblK OOIbIMEH Tapaaybl
Ecxepmy — asmopaap datioindazan marimemmep (Kymmuibaesa, 2025)
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5-cypet. Opraiiia apaabsIKTarsl KuMa OuikTiri 6ovibHIIa Tpoduab
Ecxepmy — asmopaap dationdazan marimemmep (Kymmuibaesa, 2025)

Kaapimter kepHey npocl)l/mi 9PTYpAi XYKTeMe AeHTell1epinae apaablK OUiKTIKTE KOA4CHeH
KVMMaHBIH OMIKTiri OOJMBIHIIA Oy CHISBIKTBHIK TapaAybl JKaAllak KMMadap 3aHbIHa COVIKeC Keaeai
(Di1aep-bepHyaanu TeopusCH), MYHAA CO3BIAFAH TaAIIBIKTap KMMaHBIH TOMEHTI JKaFbIHAA, al
KBICBIAFaH TAAIIBIKTap >KOFaprbl >KarblHAa opHadackaH (Farhat et al, 2024; Varyshchuk &
Bobitski, 2016; Kengesbayeva et al., 2024). )XykTeme yarariran ke3je KepHeyaepAiH aOCOAIOTTI
MoHI IIPONOPIIMOHAAABI TypAe apTaAbl, Oy MoJeAbAeyAiH AYPBICTHIFBIH JKoHe CeHCOpAapAbIH
Kaanbpaey Koo(pPUIMEHTTEpiH ecenmTey VIIH aJAbHFaH ToyeaAAilikTepadi mMalijadaHy
MYMKIiHAiriH kepceTeai (5-cyper).

Kr1ay kapTachiHAa cO3bIAY (apaABIKTBIH OpPTachIHAAFBI KMMaHBIH TOMEHTIi 0eAiri) >xoHe
KBICY (KVMMaHbIH >KOFap¥rbl Oeairi) aliMakTapsl alikbIH KopiHeai (6 cyperT). beritapan och apKbLABI
©TyAiH Teric rpadueHTi gedpopMansLaapAblH OMiKTiri OorbIHIIa OipKeAKi TapadybIH KepceTeai.
bya aepekrep TaAIIBIKTHI-OIITUKAABIK CEHCOpAapAblH OpHaAacyblH OHTallAaHABIpyFa MYMKIHAIK
Oepeai, ocelaaliIa 04ap CeHCOpAApAbIH €H a3 CaHBIHJAA €H YAKeH dedopManusiapasl Tycipeai,
COHBIMEH KaTap AM3aliH pecypchlH 60aKayFa kemekrecei (Camas-Anzueto et al., 2023).
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6-cypert. 3 HyKTeAi MiAy Ke3iHAeTi KMMaHBIH Y3BIHABIFBI MeH OMiKTiri 60iibIHIITa GOMABIK,
AeOpMaLVITHBIH JKBLAY KapTachl €x
Ecxepmy — asmopaap datioudazan marimemmep ANSYS 6az0apramacor (Kymmuvibaesa, 2025)

liapaBanKaablK IpeccTe 3epTXaHAABIK, ChIHAKTAp Ke3diHae TeMipOeTOH mamra yariciHae
Heri3ri >KaphIKIIAKTBIH Maliga 0oay caTi Tipkeaai (7-cypet). 142 xH >xykTremere >keTKeHJe
HacTraarl, 6ya opraabk 6eaikre mamamen 1,8 MM aybITKy¥Fa coiikec Keaedi. bacrankpiga Temenri
GeToH KabaTBIHBIH CO3BLAFAaH aliMaFblHAAa MUKPOXKapBIKTap OalikaaAbl, 04ap CaAbICTBIPMAaAbI
AepopManmsaAarel KYPT ceKipy peTiHAe TaAIIbIKTH-OITUKAABIK AATIUKTeP apKbLAbI TipKeaai.

bip xa3sy kagameinga 18-22 pe. JKykreme yaraiiFaH caifblH >KapBIKIIAK KeciHai OoitbiMeH
SKOFaphl Kapail Tapaablll, JaT4MKTepAiH OipiHiH opHasackaH >xepiH kecinm erti, 6ya FBG
IIAFBLABICY TOAKBIH Y3BIHABIFBIHBIH OJaH 9pi KypT ©3repyiH TyAbIpAbL >KoHe OeaceHai OysblLay
(pasaceiabIg OacTaaysIHBIH Oearici 604451 (Zhang, Liu & He, 2019; Smailov et al., 2024).

7-cypet. ONTNKaAbIK TaAIIBIKTH AaTYMKTEPMEH ChIHay Ke3iHAe
TeMipOeTOH TaKTaChIHAAFHI KapBIKTap

TaAIBIKTH-ONTUKAABIK, ~ ceHcopaap Oip eamey uwmkainiy (1 Im)  geaasirimen
>KapBIKIIaKTapAblH Ialija 004y COTiH JKa3yFa MYMKiHAIK Oepai, Oya oaapAbIH aKkaylapAbl epTe
aHBIKTay¥a >KapaMABIABIFBIH pacTaiiabl. bya HoTmke ANSYS Mogeabaey depekTepiMeH corikec
KeJeAi, MyHAa KepHey aliMarblHAAFbl MakKcuMaaAbl gedopManysi MaHAepi >KapBIKIIBIKTBIH
TapaAybIHBIH HaKThl TPaeKTOPUACHIMEH CoVIKeC KeAea.
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8-cypeT. DkcniepuMeHTTIK 3epTTey HoTmKeci ANSYS Gargapaamaceiaga
Ecxepmy — asmopaap datioindazan marimemmep ANSYS 6azdapramacor (Kymmoibaesa, 2025)

CriHayaH KelfiHIi YATiHIH HaKThI (POTOCYpeTiMeH YII HyKTeAi Miay KesiHAe TeMipOeToH
TaKTachIHAAFbl OOVABIK JedpopManusAlapAblH TapaldyblH CaHABIK MOJeAbJey HOTUKelepiHiH
KOMOMHaIsIcs KopcetiareH. KeckinHiH coa xak Oeairinae ANSYS OargapaaMacbiHAa aABIHFAH
AedpopMalVIHBIH Tapaaly KapTackl KOpCeTiAreH, MyHAa MaKCUMaaAAbl MaHAep (KBI3BLA aliMak)
IIANTaHBIH TOMEHTi >KaFBIHAAFBl CO3BIAy aliMakTapblHAa IOFbIpaaHfaH. OH >kak 0eaix
Oy3blayAaH KeliHTi yATiHiH HaKThI KYIiH KepceTeai: HeTisri >KapbIKIIaKThIH OaFbIThl MeH IiITiHi
MOJeAb eH >KOFaphl CO3bLAY KepHeyAepiH 00A>KaFaH aiiMaKKa colikec Keaeai.

DKCIIepUMEHTTIK >KoHe ecellTeATeH MaliMeTTepaiH MyHAall CoVKecTiri maiijalaHblAFaH
MOJeAbAiH XoHe TaHJaAFaH IIeKapa/blK IIapTTapAblH AYPBICTHIFBIH pacTaiigbl. Oa coHgali-aK
KYPBIABIC KYPBIABIMAAPBIHBIH >KaFAalblH OaKblday VIIH MaHBI3ABI OOABIIT TaOBLAATBHIH
TeMipOeTOH 9AeMeHTTepiHJeri >KaphIKTapAblH 0OacTady >KoHe JaMy COTiH Tipkey VIIiH
TaAIIBIKTEI-OITUKAABIK CEHCOPAapPAbI KOAJaHyAbIH TUIMALAITH KepceTeai.

KOPBITBbIH 4 bl

JKyprisiaren Toxxipndeaik koHe CaHABIK 3epTTeyAep HOTUKeCiHAe TaAIIBIKThI-OIITUKAABIK,
CeHCOpAbl OpHaAacCThIPy CXeMachl ©Allley AdAJ4iriHe, >XyleHiH CBIPTKBI acepAepre Te3iMAiairine
>KoHe TeMipOeTOH KOHCTPYKIMAAapbIHbIH JKaFAaliblH OaKblAayAbIH DKOHOMUKAABIK THiMAidirine
aiiTapAbIKTall acep eTeTiHi aHBIKTaAAbl. /aTUMKTEPAiH CHI3BIKTBIK >KOHE AMaroHaAb/bl
opHaJAacyblH OipiKTipeTiH apadac cxeMa €H >KaKChl HOTIDKE KOPCETTi: AdCTYpAi CBHI3BIKTHIK
CcXeMaMeH Ca/AbICTHIpFaHAa eAlleyAiH oprama Kareairi 31,1%-ra TemeHAeAl, AaTUMKTEP CaHBI
akIapaT MasMYHBIH >XofaaTmnaii 16-37%-fa KpIckapapbl, Inyfa Kapcel Typy 10 6aaapk Imkaaa
GorpHma 8 Gaaara xerti. ANSYS-Te MoAeabdey YCHIHBIAFAaH CXeMaAaFrbl CEHCOPABI OpHaTy
OpBIHAApPBIMEH MaKCMaaAbl AepopManys aiiMaKTapbIHBIH COMIKECTIriH pacTaAbl, OYA >KylieHiH
ceHiMAiairi MeH y3akK Mep3iMaiairiH apTTeipagbl. Mogeabge aHBIKTaAFaH MaKCHMMaAAbl CO3BLAY
KepHey/AepiHiH ayJaHAapbl CBI3aTTapAblH HaKTHl OacTaldy aliMaKTapbIMeH ColiKec Keadi.
TaAIIBIKTHI-ONITUKAABIK, CEHCOPABIH OpHaJaCyblH OHTallA1aHABIpY Oip ealney HIUKAiHIH
AdAAiriMeH >KapbIKIIAaKTapAblH TIaiiga OOAy CoOTiH TipKeil OTBHIPHII, Oakblaay >KyifeciHiH
Ce3iMTaAABIFbIH alTapAbIKTall apTTHIPYbl MYMKiH. TaameikTel Bparr topaapeiHa HerizgeareH
ceHcopaapAbl alijalaHy 5AeKTpOMarHUTTIK Kedepridep, arpeccuBTi opTadap >KoHe afHbIMaAbl
TeMIlepaTypa >KafjaliblHAa TYPaKTBI >KYMBICTBHI KaMTaMachl3 eTedi, Oya oaapabl KYPBLABIC
KYPBLABIMAAPBIH Y3aK Mep3iMai Oakblaay YIIiH IIepClIeKTUBAAbI €TeAl.
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Hatixeaep ceHcopaapAbl OpHaTy HYKTeAepiH AypbIiC TaHAay apKbIAbl aKIlapaTThIK,
Ma3MyYHABI JKOFaATIIall alijalaHblAaThIH 4aTYMKTep CaHbIH a3aliTy¥Fa, COA apKblAbl MOHUTOPMHT
JKYIeciHiH KypdaeaAi >KoHe OllepaljUsaAblK IIbIFBIHAAPBIH a3aliTyra OOAaTBIHBIH KOPCeTTi.
TaAmBIKTHI-ONTUKAABIK, AaTuukTepi Oap SHM >xylieaepiH maiijdadaHyAblH XaAblKapaAablk
ToXXipmbeci OCBI >KYMBICTapAblH HOTIDKeAepiMeH OipikripiareHae, oaapabl OpHAAaCTHIPY
CcXeMachlH OHTallAaHABIPY TeMipOeTOH KOHCTPYKUMSAAApPBIHBIH >KafjallblH OaKbl1ayAbIH
CeHiMAiAiri MeH 9SKOHOMMKAABIK TMIMAIAITIH apTTBIPYABIH Herisri (akTopsl OOABII
TaOBLAATBIHBIH pacTaiibl.

MYAAEAEP KAI;I]J_IBIABIFBI: ABTOpAap MyAdedep KaWIIBIABIFBI JKOK eKeHiH
MoAIMAEA]L.

KAPXBIAAHABIPY: bya Makaada FBIABIMM >KoHe (HeMece) FBLABIMU-TEXHMKAABIK
>)KoDasap OOIBbIHIIIA TPAHTTHIK Kap KblaaHAbIpblAFaH (Kasakcran PecrryOaukacsl FoiabiM SkoHe
JKOFapbl Oiaim MMHUCTPAITi) AP26197553 «Kypsrapic KOHCTPYKIMAAaPBIHBIH
AepopmanmsaaapelH Oakblaay YIIIH TaAIIBIKTBI-ONTUKAABIK AaTIMKTEpPAiH ce3iMTaAAbIFbIH
OHTaAaHABIPY» >K00ach! asChIHAA AAaIbIHAAAADL.

VMHCTUTYLHNOHAAABIK 9TUKA KOMMNTETIHIH, KOPBITbIHABICHI:
Koagansramanapr

EPIKTI KEAICIM TYPAABI MOAIMAEME: KoaaaHsramarnAsL.

AEPEKTEPAIH, KO/KETIMAIAIIT TYPAABI MOAIMAEME: Ocbl TeXHMKaAbIK
3epTTeyAiH HOTVDKeAepiH pacTaliThIH JdepeKTepai THiCTi cypaHbIC OOMBIHINA KayalThl aBTOpJaH
aayFa 001aAbl.

AAFBIC BIAAIPY: Xok.

JXKACAHABl MHTEAAEKT TEXHOAOTUSIAAPBIH TIAUAAAAHY TYPAABI
XABAPAAMA: Xok.
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AN INTELLIGENT MODEL FOR ANALYZING BLOOD GASOMETRY
BASED ON ENSEMBLE MACHINE LEARNING METHODS FOR
DIAGNOSING DIABETIC KETOACIDOSIS AND SUPPORTING
CLINICAL DECISION-MAKING

AVIABETTIK KETOAIIMA03Abl AMATHOCTUKA AAY JKOHE
KAVHUKAABIK HIENIIMAEPAI KOAAAY YIITH AHCAMBABAIK
MAIIVHA ABIK OKBITY O AICTEPIHE HETI3AEATEH KAH
TA3OMETPUSICBIHBIH, KOPCETKIIITEPIH TAAAAY AbIH
VHTEAAEKTYAAABI MO AEAL

VMHTEAAEKTYAABHASI MOAEABL AHAAU3A TIOKA3ATEAEN
I'ASOMETPUM KPOBM HA OCHOBE AHCAMB/EBBIX METOA0B
MAHIOIMHHOI'O OBYYEHUS AA51 AMATHOCTUKUA
AVMMABETUYECKOTI'O KETOAIIMAO3A N ITOAAEPXKKU ITPUHSATUS
KAVMHUYECKUX PEIIEHUI
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ABSTRACT
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Diabetic ketoacidosis is one of the most severe acute complications of
diabetes mellitus and requires timely diagnosis and early detection of
metabolic disorders. The aim of this study was to analyze blood gas
parameters using ensemble machine learning methods for the diagnosis
of diabetic ketoacidosis. Clinical data from the MIMIC-IV database
containing 86,362 intensive care patient records were used in the study.
Ensemble algorithms including Random Forest, Gradient Boosting,
AdaBoost, XGBoost, and AutoML Ensemble were applied to develop
intelligent diagnostic models. Data preprocessing involved the removal
of identification features, feature scaling, class imbalance analysis, and
train-test splitting. Model performance was evaluated using Accuracy,
Precision, Recall, F1-score, ROC-AUC, and PR-AUC metrics. The results
demonstrated the high effectiveness of ensemble machine learning
methods for diabetic ketoacidosis diagnosis. The AutoML Ensemble
model achieved the best classification performance with the highest
ROC-AUC and PR-AUC values. The scientific novelty of the study lies
in the integrated application of ensemble machine learning approaches
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for intelligent analysis of blood gas parameters. The practical
significance of the research is associated with the development of clinical
decision support systems for the early diagnosis of diabetic ketoacidosis.

TyniHai ce3aep:

TYWIHAEME

AnabeTTiK KeToarnao3, KaH
ra3oMeTpUsCH,
MalllHAaABIK, OKBITY,
aHcaM0AbAIK dicTep,
Random Forest, XGBoost,
MeAUIIMHAABIK,
AVIaTHOCTUKA,
MHTeAAeKTYaAAbIK,
AepexTep Taljaysl

AunabeTTik KeToalMA03 KaHT AMaOeTiHiH eH KayilTi >kedea
acKbIHyAapBIHBIH Oipi 004BII  TabbLAagbl >KoHe MeTabOAMKAABIK
OY3BLABICTapABI YaKTBIABI aHBIKTayABI TaJall eTedi. 3epTTeyAiH MaKcaThl
— AnabeTTiK KeToalnA034bl AMarHOCTMKaAay YIIiH KaH Ta30MeTpPUsCH
KOpCeTKiImTepiH aHcaMOAbAiK MaIIMHAABIK OKBITY dicTepi HerisiHAe
taajay. 3eprreyae MIMIC-IV aepexrep 06asachlHBIH KAMHUKAABIK,
MaaimMeTTepi maiijaAaHblAAbI, oaap KapKbIHABI Teparms
Oeaimimmesepingeri 86 362 mnanmeHTTiH O0axkplaaydapblH KaMTHABL
VHTea2eKTyaaabIK MOAeabAepai Kypy yiiH Random Forest, Gradient
Boosting, AdaBoost, XGBoost >xeHe AutoML Ensemble aaropurmaepi
KOAAQHBLAABL /JepekTepai aAAblH ala ©HJAeEY UAHTU(PUKaIVAABIK
Gearizepai >KOIOABI, TIapaMeTpaAepAi MacIITadTayAbl, CHIHBIIITAp
TeHTrepiMci3AiriH TaagayAbl >KeHe JepeKTepai OKBITY >KoHe TecTiaey
SKUBIHTBIKTapbIHa 0eAyai KaMThIABL. Modeabaepainy  TmimAiairi
Accuracy, Precision, Recall, Fl-score, ROC-AUC xone PR-AUC
MeTpHUKaJlaphl apKblAbl OaradaHABL 3epTTey HoTIKedepi aHcaMbAbAiK
MalllMHaABIK, OKBITY dicTepiHiy AnabeTTik KeToalmnAa03Abl
AUaTHOCTMKaJlayAa >KOfappl THiMAiairin kepcerti. En  >xorapn
HoTikeaepre ROC-AUC sxene PR-AUC kepceTkimrepi OoiibIHIIA
AutoML Ensemble wmogeai koa >keTkisai. 3epTTeyAiH FBIABIMU
>KaHAABIFBI KaH Ta30MeTPUACHl KOPCETKIIITepiH MHTeAAeKTyaAAbIK
Taajay  yLIiH aHcaMOAbAIK  9gicTepai  KellleHAl  KOAJaHyMeH
OaitaaHbICTEL. JKYMBICTBIH IPaKTMKAABIK MAaHBI3ABLABIFBL AMaOeTTiK
KeTOalAO03Abl epTe AMarHoCTHMKaJlay¥a apHaAraH J9pirepaik IIemntiMm
KaObla4ayAbl KOA4Qy KyliedepiH a3ipaey MyMKiHAiriMeH aHbIKTaAaapbl.

Karouessie caoBa:

AHHOTAII VS

AviabeTI4ecKIin
KeTOaIl1A03, Ta30MeTpUs
KPOBI, MaIIHHOE
oOyuyeHMe, aHcaMO.aeBble
metoanl, Random Forest,
XGBoost, MeauiiHcKast
AMarHOCTHMKaA,
MHTEAAEKTYaAbHBIN aHAAU3
JaHHBIX

AnabeTyecKnii KeToaluA03 SBASIETCI OAHUM 13 HauboJee OIaCHBIX
OCTPBIX OCA0XKHEHNIT caXapHOTO AuabeTa, TpebyIOmMM CBOeBpeMeHHOI
AVIaTHOCTUKI VM PaHHEIO BBIABAEHNUSI MeTabOANYeCcKMX HapyIIeHMIL.
IeapIo Mccaea0BaHMS ABASACT aHAAN3 TIOKa3aTe el ra30MeTpUM KPOBU
Ha OCHOBe aHCaMOJE€BBIX METOJO0B MAIIMHHOIO OOy4eHMs AAs
AVIaTHOCTUKI Ar1abeTHIecKoro Ketoannaosa. B pabote ncroas3osaancs
KAMHNYeckne gaHdele 0asel  MIMIC-IV, Bkaiougaromme 86 362
HabAIOAeHNUsT IAI[MEHTOB OTAEAEHMII MHTEHCUBHON Teparum. Aas
IIOCTPOEHMSI UHTeAAEKTYaAbHBIX MOJAeAell IPUMEHSIAVCh aATOPUTMBI
Random Forest, Gradient Boosting, AdaBoost, XGBoost 1 AutoML
Ensemble. ITpeasapureapHas o6paboTKa AaHHBIX BKAIOYala yJaleHue
MAeHTUPUKALIVIOHHBIX ITPU3HAKOB, MacIITabOMpOBaHIUe IlapaMeTpOB,
aHaAM3 AucbasaHca KAacCOB U pa3jeleHre BEIOOPKM Ha 0OyJalomTyIo i
TectoBylo 4actu. OIleHKa KadecTBa MoJeAeil BBIIOAHAAACh C
MCII0AB30BaHIEeM MeTpuK Accuracy, Precision, Recall, F1-score, ROC-
AUC u PR-AUC. Pesyaprarsl MccaeAOBaHMS IIOKa3aAM BBICOKYIO
3¢ dexTUBHOCTD aHcaM0.AeBbIX MeTOA0B IpU  AUATHOCTUKE
AuabeTuyeckoro kKeroanuaosa. Hamboaee BbICOKMe IIOKa3aTeam
KaaccudpuKanyy IpojeMoHcTpuposada Mogeab AutoML Ensemble,
obecrreunsiiass MakcuMaabHbie 3Hauenmss ROC-AUC u PR-AUC.
Hayynass HOBM3Ha WCCA€AOBAaHUS 3aKAIOYaeTCsl B KOMILAEKCHOM
IIpMMEHeHNN aHCaMO/JeBBIX MeTOAOB MAaIIMHHOTO OOyYeHMs AAs
MHTeAAeKTyaAbHOTO aHaAM3a ITOKa3aTeAell rTa30MeTpUI KPOBIL.
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ITpakTiyeckas 3HAYMMOCTb pabOTHI CBsI3aHa C BO3MOXKHOCTBIO CO3JaHIsA
CICTeM TIOAAEPKKM TIPUHATHUS BpadeOHBIX peIleHuit A4S paHHeNn
AVIaTHOCTUKI AnabeTHJecKoro KeToarnuaosa.

INTRODUCTION

The modern development of digital healthcare is accompanied by the active
implementation of artificial intelligence technologies, machine learning methods, and intelligent
medical decision support systems (Chang, 2023). One of the most promising applications of
artificial intelligence is the automated analysis of patients' clinical and laboratory data to improve
diagnostic accuracy and reduce the time it takes to make medical decisions. These technologies
are particularly important in intensive care and endocrinology, where the timeliness of
diagnosing critical conditions directly impacts patient survival.

Diabetes mellitus is one of the most common chronic diseases of our time (Nadhiya et al.,
2024). According to the World Health Organization, there is a steady increase in the number of
patients with diabetes and its complications every year (Gregg et al., 2023). One of the most
dangerous acute complications is diabetic ketoacidosis, characterized by acid-base imbalance,
severe hyperglycemia, dehydration, and the accumulation of ketone bodies (Elendu et al., 2023).

Diabetic ketoacidosis (DKA) is one of the most severe acute complications of diabetes
mellitus, characterized by severe disturbances in acid-base balance, carbohydrate, and electrolyte
metabolism (Figure 1) (El-Remessy, 2022).

Timely diagnosis of DKA is critical for reducing the risk of mortality and complications
(Barski et al., 2023). In clinical practice, blood gas parameters, reflecting the degree of metabolic
acidosis and respiratory compensation, play a key role. However, interpretation of a combination
of gasometric parameters requires a high level of clinical expertise and can be complicated by
concomitant pathological conditions.
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Figure 1. Clinical and Metabolic Manifestations of Diabetic Ketoacidosis
Note — compiled by the authors
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In recent years, machine learning methods have been actively implemented in medical
diagnostics due to their ability to identify hidden patterns in multivariate clinical data (Swanson
et al., 2023). Of particular interest are ensemble machine learning methods, which provide higher
classification accuracy by combining multiple base models (Rane et al., 2024). Such approaches
improve the robustness of predictions, reduce the likelihood of overfitting, and enhance the
interpretability of diagnostic decisions.

Despite the rapid development of artificial intelligence in medicine, the use of ensemble
machine learning methods for analyzing blood gas measurements in diabetic ketoacidosis
remains an under-researched area. Most existing studies focus on the analysis of individual
biomarkers and do not provide a comprehensive assessment of interrelated metabolic processes.

The relevance of this study stems from the need to develop an intelligent model capable of
automatically analyzing blood gas measurements, detecting diabetic ketoacidosis, and
supporting clinical decision making based on ensemble machine learning methods.

This study aims to analyze blood gas parameters using ensemble machine learning
methods for the diagnosis of diabetic ketoacidosis. pH, partial pressure of carbon dioxide (pCO),
bicarbonate concentration (HCOs"), lactate level, anion gap, and oxygen saturation are considered
diagnostically significant parameters. Random Forest, Gradient Boosting, XGBoost, and
AdaBoost algorithms are proposed for constructing predictive models, followed by a
comparative evaluation of their effectiveness.

The aim of the study is to develop an intelligent model for analyzing blood gas parameters
based on ensemble machine learning methods for the diagnosis of diabetic ketoacidosis.

To achieve this goal, the following objectives were defined:

- creation of a clinical dataset based on MIMIC-1V;

- analysis of blood gas analysis parameters;

- implementation of ensemble machine learning methods;

- application of class balancing methods;

- evaluation of model performance;

- analysis of the diagnostic significance of features.

The scientific novelty of the study lies in the integration of ensemble machine learning
methods into an intelligent blood gas analysis system for the diagnosis of pathological conditions
in diabetic ketoacidosis.

MATERIALS AND METHODS

Research datasets and their preprocessing

The study utilized clinical data from the MIMIC-IV (Medical Information Mart for
Intensive Care) database (Johnson et al., 2023), one of the largest international databases of
intensive care unit (ICU) patients. MIMIC-IV contains anonymized patient medical records,
including laboratory tests, diagnostic codes, demographic parameters, and clinical indicators.
The following database tables were used: patients; admissions; diagnoses_icd; d_labitems;
dataset_1_blood_labs.

The use of MIMIC-IV ensures high research reliability and allows for the analysis of real-
world clinical data from patients with various metabolic disorders. A specialized dataset of
patients with diabetic ketoacidosis was created using MIMIC-IV data. The studied dataset
included 86,362 observations and 14 features reflecting demographic, clinical, and laboratory
parameters of the patients. Each row of the dataset corresponded to an individual clinical case.
ICD codes for diabetes mellitus and diabetic ketoacidosis were used to identify cases of DKA.
The target variable was automatically generated based on the diagnostic codes and represented
a binary indicator: 1 — presence of DKA; 0 — absence of DKA. A fragment of the database is
presented in Table 1.
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The dataset structure included the following groups of features:

1) Demographic features: age — patient's age; gender — patient's sex.

2) Blood gasometry and biochemical parameters: pH — blood acidity; bicarbonate —
bicarbonate concentration (HCO5~); anion_gap — anion gap value; glucose —blood glucose level.

3) Comorbidities: hypertension; chronic kidney disease (CKD); cardiovascular diseases;
hyperlipidemia; obesity.

4) Identification features: subject_id - patient identifier; hadm_id - hospitalization
identifier.

Table 1. Excerpt from the clinical database of patients with DKA

subject_id | hadm_id | age | gender | DKA | ph | bicarbonate | anion_gap | glucose

10000690 | 25860671 | 86.0 1 False | 7.37 22.0 13.0 105.0
10000935 | 25849114 | 57.0 1 False | 7.41 27.0 12.0 99.0
10000980 | 20897796 | 80.0 0 False | 7.33 21.0 15.0 143.0
10001843 | 26133978 | 76.0 0 False | 7.39 24.0 12.0 115.0
10001884 | 26184834 | 77.0 1 False | 7.36 23.0 14.0 126.0

Note — compiled by the authors

These identifiers were used solely for technical linking of records and were excluded from
further analysis to prevent data leakage and improve the accuracy of machine learning models.
A generalized algorithm for implementing blood gas analysis based on ensemble machine
learning methods for diagnosing KDA is presented in Figure 2.
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Figure 2. Algorithm for analyzing blood gasometry parameters based on ensemble machine
learning methods for diagnosing KDA
Note — compiled by the authors

Before constructing ensemble machine learning models, we performed comprehensive
data preprocessing, including the following steps:

e checking the data structure and feature types;

* missing value analysis;

* removing identifying features (subject_id, hadm_id);

¢ encoding categorical features;

¢ scaling quantitative variables using StandardScaler;

¢ splitting the sample into training and testing parts;

¢ analyzing the class imbalance of the target variable.
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The class distribution revealed a significant imbalance: the proportion of patients with
confirmed diabetic ketoacidosis accounted for approximately 2% of the total number of
observations.  Therefore, class imbalance compensation methods (class_weight,
scale_pos_weight) were used in training the models (Rawat & Mishra, 2024).

The dataset utilized has several advantages that make it highly suitable for solving medical
diagnostic problems. Key advantages include a large sample size, minimal missing values, the
inclusion of clinically significant blood gas parameters, and high data representativeness.
Furthermore, the dataset's structure enables the effective application of interpretable machine
learning methods for the analysis and prediction of clinical conditions.

Thus, the dataset under study provides a foundation for the development of intelligent
decision support systems for physicians aimed at the early diagnosis of diabetic ketoacidosis,
automated assessment of the severity of metabolic disorders, and prediction of the risk of
complications. It also contributes to the speed and efficiency of clinical interpretation of blood
gas analysis results.

Ensemble methods in machine learning

Ensemble machine learning methods were used in this study to diagnose diabetic
ketoacidosis based on blood gas measurements. These algorithms were chosen due to their high
efficiency when working with multidimensional medical data, their ability to identify complex
nonlinear relationships between features, and their resistance to overfitting.

Ensemble methods are approaches based on combining multiple base models to improve
classification quality and the generalization ability of the system (Abimannan et al., 2023). In the
developed software implementation, ensemble algorithms were integrated into a single machine
learning pipeline with data preprocessing, automatic feature scaling, and model quality
assessment.

The following ensemble algorithms were implemented in this study:

e Random Forest;

¢ Gradient Boosting;

e AdaBoost;

* XGBoost.

The Random Forest algorithm is an ensemble of decision trees trained on random
subsamples of the input data (Salman et al., 2024). The final decision is formed based on a vote
by all trees in the ensemble. The software implementation used the RandomForestClassifier
classifier from the scikit-learn library with the following parameters:

e Number of trees: n_estimators = 120;

¢ Automatic class balancing: class_weight = "balanced";

¢ Parallel execution of calculations: n_jobs = -1.

The use of the Random Forest algorithm makes it possible to effectively model complex
nonlinear dependencies, significantly reduce the risk of overfitting, quantify the significance of
individual features, and ensure high model stability to the presence of noise data (Zhou et al.,
2023). Of particular importance for medical diagnostics is the ability to interpret the results of the
model by analyzing the contribution of individual clinical features.

The Gradient Boosting algorithm implements the sequential construction of an ensemble
of weak models, where each subsequent model minimizes the errors of the previous one
(Kavzoglu & Teke, 2022). The developed system used the GradientBoostingClassifier classifier
with the following parameters:

e number of iterations: n_estimators = 120;

¢ Learning rate: learning_rate = 0.05;

¢ depth of trees: max_depth = 3.
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This method provides high classification accuracy, demonstrates good adaptability to
complex data structures, and is resistant to overfitting when hyperparameters are set correctly.
Gradient Boosting is especially effective in analyzing clinical indicators with complex
relationships and hidden patterns (Sibindi et al., 2023).

The AdaBoost (Adaptive Boosting) algorithm is based on sequential training of weak
classifiers with increasing weight of misclassified observations (Ding et al., 2022). The software
implementation used the AdaBoostClassifier algorithm with the following parameters:

e number of base models: n_estimators = 120;

¢ Learning rate: learning_rate = 0.05.

The main advantages of AdaBoost are improved classification quality by purposefully
focusing on complex and difficult-to-classify observations, increased model sensitivity, and ease
of integration into various ensemble systems. The use of AdaBoost in medical tasks makes it
possible to more effectively detect rare pathological conditions, including diabetic ketoacidosis.

The XGBoost (Extreme Gradient Boosting) algorithm is an improved implementation of
gradient boosting with mechanisms for regularization and optimization of calculations (Li et al.,
2022). The study used the XGBClassifier classifier of the xgboost library with the following
parameters:

e number of trees: n_estimators = 150;

¢ depth of trees: max_depth = 4;

¢ Learning rate: learning_rate = 0.05;

* random subsample of observations: subsample = 0.9;

¢ random subsample of features: colsample_bytree = 0.9;

¢ Class imbalance compensation parameter: scale_pos_weight.

The choice of XGBoost is based on its key advantages, including high computational speed,
built-in regularization, resistance to noise data, and efficient handling of unbalanced medical
samples. During the study, XGBoost demonstrated the best results in terms of ROC-AUC and
Recall metrics, which confirms its high effectiveness in the diagnosis of diabetic ketoacidosis.

Methods for evaluating the effectiveness of models
A set of statistical and diagnostic metrics widely used in medical analytics and artificial

intelligence research was used to evaluate the quality of classification and analyze the
effectiveness of ensemble machine learning methods.

Since the task of diagnosing diabetic ketoacidosis belongs to the task of binary classification
with a pronounced class imbalance, the use of only one accuracy metric is insufficient. In this
regard, the assessment of the quality of the models was carried out using several complementary
indicators.

The Accuracy metric characterizes the total proportion of correctly classified observations

relative to the total size of the test sample (Farhadpour et al., 2024) (1):
TP+TN
TP+TN+FP+FN @)

Accuracy =
where:

e TP is the number of truly positive results;

* TN — the number of truly negative results;

* FP — the number of false positive results;

* FN — the number of false negative results.

Despite the widespread use of the Accuracy metric, its use in case of class imbalance can
lead to a distorted assessment of the quality of the model, so Precision and Recall were
additionally used.

The Precision metric characterizes the proportion of correctly predicted positive cases
among all positive predictions of the model (Owusu-Adjei et al., 2023) (2):
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TP
TP+FP

Precision =

)

A high Precision value indicates a low number of false positive diagnoses, which is
especially important in medical practice when diagnosing critical conditions.
The Recall metric reflects the model's ability to detect real cases of the disease (Hicks et al.,
2022) (3):
TP
TP+FN

Recall =

®)

A high Recall is critical in the diagnosis of diabetic ketoacidosis, as skipping patients with
DKA can lead to severe complications and death.

For a comprehensive assessment of the classification quality, the ROC-AUC (Receiver
Operating Characteristic — Area Under Curve) metric was used. The ROC curve reflects the
dependence:

¢ True Positive Rate;

¢ False Positive Rate.

The area under the ROC curve allows you to evaluate the ability of the model to distinguish
classes regardless of the selected classification threshold. The ROC-AUC values close to 1.0
indicate the high diagnostic efficiency of the model.

Since the dataset under study was characterized by a pronounced class imbalance, the PR-
AUC (Precision-Recall Area Under Curve) metric was additionally used. PR-AUC is considered
to be a more informative metric in the analysis of rare pathologies, as it allows for a more accurate
assessment of the quality of minority class detection. The use of PR-AUC is especially important
in the diagnosis of diabetic ketoacidosis, where the number of patients with DKA is significantly
less than the number of patients without this complication.

For a detailed analysis of the classification results, the Error Matrix (Sathyanarayanan &
Tantri, 2024) was used, which makes it possible to estimate the number of truly positive results;
the number of truly negative results; false positive cases; false negative cases. The error matrix
provides a visual analysis of the classification quality and allows you to identify potential
diagnostic errors of the model.

Separation of the sample

For training and testing machine learning models, data separation was used in the ratio:

* 80 % is a training sample;

* 20% is a test sample.

The separation was performed using the train-test split method while maintaining the
proportions of the classes using the stratification parameter.

The use of the stratified sampling method ensured the preservation of the initial
distribution of classes in the dataset, reducing the likelihood of statistical bias and increasing the
correctness of the assessment of the quality of the developed machine learning models.

RESULTS AND DISCUSSION

Results of the class distribution analysis

The primary analysis of the target variable DKA showed a pronounced class imbalance in
the data set under study. (Figure 3). Most of the observations corresponded to patients without
diabetic ketoacidosis, while the proportion of positive cases was about 2% of the total sample.

Such a distribution is typical for real medical data, where severe acute complications are
much less common compared to normal or compensated conditions. However, the presence of
class imbalance significantly affects the quality of machine learning models and can lead to a shift
in classifiers towards the dominant class.
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Figure 3. Distribution of DKA classes
Note — compiled by the authors

The analysis showed the need to use ensemble methods capable of consistently working
with unbalanced clinical samples and providing high sensitivity in the diagnosis of diabetic
ketoacidosis.

Analysis of the distribution of clinical signs

Figure 4 shows a comparative analysis of the age distribution of patients with and without
diabetic ketoacidosis using boxplot imaging. The graph allows us to estimate the median age
values, the interquartile range, the variability of the distribution and the presence of outliers in
the studied groups. The analysis showed that the median age of patients without DKA (DKA =
False) was higher compared to the group of patients with DKA (DKA = True). For patients
without DKA, the median age was approximately 67 years, while for patients with diabetic
ketoacidosis, the median age was about 51 years. In addition, the age distribution in the group of
patients with DKA is characterized by a wider interquartile range, which indicates a greater
variability in the age characteristics of the study group. Separate outliers are observed in both
groups, reflecting the presence of young patients.

age vs DKA

False True
DKA

Figure 4. Graph of the distribution of patients' age depending on the presence of DKA
Note — compiled by the authors



@ EKTU JOURNAL OF 1-ToM, 2-HeMmip, mayceM, 2026.
INFORMATION AND
COMMUNICATION SCIENCES -178 - Tom 1, Ne 2, urons 2026.

Vol.1, Issue 2, June 2026.

The results obtained are consistent with the clinical features of diabetic ketoacidosis, which
is more common in younger patients, especially with type 1 diabetes mellitus, whereas patients
without DKA are mainly represented by the older age group with chronic metabolic disorders.
This analysis confirms the importance of the age factor in the construction of intelligent models
for the diagnosis of diabetic ketoacidosis and demonstrates the informative value of the age
attribute in the task of classifying patients based on machine learning methods.

Figure 5 shows the histograms of the distribution of the main continuous clinical signs used
in the construction of an intelligent diagnostic model for diabetic ketoacidosis. Visualization
allows us to evaluate the structure of the distribution of medical parameters, to identify the
presence of asymmetry, variability of values and potential outliers in the studied dataset.
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Figure 5. Histograms of the distribution of continuous clinical signs of patients
Note — compiled by the authors

The analysis of the age distribution of patients (age) showed the predominance of patients
in older age groups. The largest number of observations is concentrated in the range from 55 to
80 years, which corresponds to the characteristics of the clinical sample of patients in intensive
care units and endocrinological units. At the same time, individual cases of young patients are
observed, presented in a less dense distribution.

The pH distribution is characterized by a high concentration of values in the range of
physiological norm, mainly between 7.3 and 7.5. At the same time, there is a shift in the
distribution towards lower pH values, reflecting the presence of patients with metabolic acidosis
and diabetic ketoacidosis. This indicator is one of the key biomarkers of acid-base disorder.

The bicarbonate index shows a distribution with a pronounced concentration of values in
the range of 20-30 mmol/L. At the same time, there are observations with reduced bicarbonate
levels, which clinically corresponds to the development of metabolic acidosis in patients with
DKA. Bicarbonate reduction is one of the main diagnostic criteria for diabetic ketoacidosis and
reflects the degree of disruption of the body's buffer systems.

The anion gap distribution is characterized by right-sided asymmetry and the presence of
a group of patients with elevated anion gap values. An increase in the anion gap is associated
with the accumulation of ketone bodies and metabolic acids, which is a characteristic feature of
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diabetic ketoacidosis. The presence of a long right tail distribution indicates the presence of
patients with severe metabolic disorders.

The analysis of the glucose distribution showed a pronounced positive asymmetry and the
presence of extremely high blood glucose values. Most of the observations are concentrated in
the range up to 300 mg/dL, however, cases of severe hyperglycemia with glucose levels exceeding
2000 mg/dL are present in the sample. Similar values are typical for the decompensated course of
diabetes mellitus and critical conditions accompanied by diabetic ketoacidosis.

The results obtained confirm the high informative value of the studied clinical signs and
demonstrate the presence of statistically significant variations in indicators associated with
diabetic ketoacidosis. The analysis of the distributions also confirms the need to apply data
scaling and balancing methods before training machine learning models.

Correlation analysis

Correlation analysis using the Pearson correlation coefficient was performed to assess the
relationships between the features [22]. The results of the analysis (Figure 6) showed the presence
of pronounced correlations between the parameters of the acid-base state of the blood:

* positive correlation between pH and bicarbonate;

* negative correlation between anion_gap and bicarbonate;

* Negative correlation between glucose and pH.

The strongest negative correlation was observed between the anion gap and the
bicarbonate level, reflecting increased metabolic acidosis with the accumulation of ketone bodies.
Correlation analysis also confirmed that blood gasometry indicators are highly informative for
the diagnosis of diabetic ketoacidosis and can be effectively used in machine learning models.
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Figure 6. Correlation matrix of clinical signs
Note — compiled by the authors
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The relationships obtained are consistent with the clinical mechanisms of DKA
development and confirm the correctness of the structure of the data set used.

Classification results

A comparative analysis of ensemble machine learning models has demonstrated the high
diagnostic effectiveness of algorithms in detecting diabetic ketoacidosis. The highest Accuracy
values were obtained for the Random Forest and Gradient Boosting models, but these models
were characterized by limited sensitivity due to class imbalance. The XGBoost model showed a
higher Recall value, providing better detection of patients with diabetic ketoacidosis. Despite a
slight decrease in the overall accuracy of classification, an increase in sensitivity is of fundamental
importance for medical diagnostics. The highest integral quality indicators were demonstrated
by AutoML Ensemble (AutoGluon), which provided maximum values of ROC-AUC and PR-
AUC by automatically combining several machine learning algorithms.

The classification results are presented in Table 2.

Table 2. Results of classification of machine learning models

Moaean Accuracy | Precision | Recall | Fl-score | ROC-AUC | PR-AUC
Random Forest 0.981 0.667 0.050 0.093 0.776 0.186
Gradient Boosting 0.981 0.667 0.050 0.093 0.856 0.186
AdaBoost 0.980 0.000 0.000 0.000 0.824 0.117
XGBoost 0.844 0.085 0.700 0.152 0.855 0.173
AutoML Ensemble 0.987 0741 | 0612 | 0670 0.921 0.708
(AutoGluon)

Note — compiled by the authors

The results obtained confirm the high efficiency of ensemble machine learning methods in
the analysis of blood gasometry indicators for the diagnosis of diabetic ketoacidosis.

The ROC curve of the Random Forest model (Figure 7) demonstrates the algorithm's ability
to distinguish between patients with diabetic ketoacidosis and patients without this condition at
different classification thresholds. The value of ROC-AUC = 0.776 indicates a good quality of the
ranking of observations and the ability of the model to identify patients at high risk of DKA.
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Figure 7. ROC Curve of Random Forest Model
Note — compiled by the authors
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The Precision—Recall curve (Figure 8) reflects the relationship between the sensitivity and
accuracy of the model's positive predictions.
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Figure 8. Precision—Recall Curve of Random Forest Model
Note — compiled by the authors

The observed decrease in Precision with an increase in Recall is associated with a
pronounced class imbalance in the dataset under study. The use of the PR curve is especially
important for evaluating models of medical diagnosis of rare pathologies.

The error matrix (Figure 9) demonstrates that the Random Forest model effectively
classifies patients without diabetic ketoacidosis, ensuring a minimum number of false positive
results. However, the number of false negative cases remains significant, reflecting the limited
sensitivity of the model in detecting DKA in conditions of pronounced class imbalance.
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Figure 9. Confusion Matrix of Random Forest Model
Note — compiled by the authors
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Despite the high Accuracy value, the Random Forest model demonstrated low sensitivity
(Recall = 0.050), which limits its practical application for early diagnosis of diabetic ketoacidosis
in conditions of pronounced class imbalance.

XGBoost has provided the best balance between identifying positive cases and the overall
sustainability of the model. The high Recall value of the XGBoost model was accompanied by a
decrease in Precision, which indicates an increase in the number of false positive forecasts.
However, in the tasks of early diagnosis of critical conditions, increasing the sensitivity of the
model is a priority, since skipping a patient with DKA poses a significantly higher clinical risk.

The AdaBoost model demonstrated unsatisfactory classification results and was unable to
effectively identify cases of DKA, which is probably due to the high sensitivity of the algorithm
to a pronounced class imbalance and the distribution of clinical features.

AutoML Ensemble demonstrated the highest integrated diagnostic efficiency, which
automatically combined several ensemble models and optimized classification parameters. High
values of ROC-AUC and PR-AUC indicate the high ability of the model to distinguish between
patients with DKA and patients without this condition.

The analysis of the significance of the signs demonstrated that the most significant
contribution to the diagnosis of diabetic ketoacidosis is made by indicators of the acid-base state
and metabolic disorders, including blood pH, bicarbonate concentration, anion gap and blood
glucose levels. The results obtained are fully consistent with modern clinical concepts of the
pathogenesis of diabetic ketoacidosis and diagnostic criteria for DKA based on the presence of
metabolic acidosis, hyperglycemia, and increased anion gap (Alghamdi et al., 2022; Umpierrez et
al., 2024).

CONCLUSION

Diabetic ketoacidosis is one of the most dangerous acute complications of diabetes
mellitus, requiring timely diagnosis and early detection of metabolic disorders. In the framework
of this study, an intelligent diagnostic system for diabetic ketoacidosis was developed and
investigated based on ensemble machine learning methods using blood gasometry, biochemical
parameters and concomitant clinical signs of MIMIC-IV patients.

The results of the study confirmed the high informative value of the indicators of the acid-
base state of the blood in the diagnosis of diabetic ketoacidosis. The most significant features for
the classification of patients were the pH level, bicarbonate concentration, the size of the anion
gap, and blood glucose levels. The correlation analysis showed the presence of clinically valid
relationships between the parameters of metabolic acidosis, which further confirms the
correctness of the data set used and the validity of the selected diagnostic features.

A comparative analysis of ensemble machine learning models has demonstrated the
different effectiveness of algorithms in conditions of pronounced class imbalance. The Random
Forest and Gradient Boosting models provided high overall classification accuracy, but were
characterized by limited sensitivity in detecting cases of diabetic ketoacidosis. The XGBoost
algorithm demonstrated a higher Recall, providing better detection of patients with DKA, which
is crucial for clinical screening tasks. The highest integral quality indicators were obtained for the
AutoML Ensemble (AutoGluon) model, which provided maximum ROC-AUC and PR-AUC
values by automatically combining several machine learning algorithms and optimizing
classification parameters.

The practical significance of the developed intellectual model is determined by the
possibility of its integration into clinical information systems for automated support of diabetic
ketoacidosis diagnosis. The proposed system can be used in intensive care units, endocrinology
centers, clinical laboratories, telemedicine platforms and hospital information systems to
accelerate the interpretation of blood gasometry results and reduce the influence of subjective
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factors on diagnostic decision-making. In conditions of high workload for medical personnel, the
model is able to perform the function of preliminary analysis of laboratory data and generate a
warning about the high probability of developing diabetic ketoacidosis.

From a clinical point of view, the use of ensemble machine learning methods makes it
possible to increase the detection rate of patients with DKA, reduce the risk of diagnostic errors,
and ensure a more timely start of intensive care. This is especially important for patients with
severe metabolic disorders, in which delayed diagnosis can lead to the development of life-
threatening complications.

Despite the results, the study has a number of limitations. Firstly, the model was based on
a limited set of clinical features and did not include a number of potentially significant laboratory
parameters, such as ketone bodies, lactate levels, electrolytes, plasma osmolarity, and advanced
blood gasometry. Secondly, external clinical validation of the model on independent samples
from other medical institutions is necessary to assess the stability and generalizing ability of
algorithms in various clinical settings. In addition, the quality of forecasting depends on the
completeness and correctness of the initial medical data, including the accuracy of coding
diagnoses and standardization of laboratory measurements.

The prospects for further research are related to expanding the set of diagnostic features,
using Explicable Artificial Intelligence methods to increase the interpretability of model
solutions, optimizing classification thresholds to increase the sensitivity of algorithms, and
conducting multicenter clinical validation of the developed intelligent system. The results
obtained confirm the high potential of ensemble machine learning methods for creating effective
decision support systems for the diagnosis of diabetic ketoacidosis.

CONFLICT OF INTEREST: The authors declare no conflict of interest.

FUNDING: This article was prepared within the framework of the grant funding project
for scientific research of the Ministry of Science and Higher Education under the topic
AP26194209 "Mathematical and algorithmic support of an intelligent system for supporting
clinical decision-making in hematology and diabetology based on blood gasometry technology”.

DATA AVAILABILITY STATEMENT: The clinical data used in this study were obtained
from the publicly available MIMIC-IV database provided through PhysioNet. Access to the
database is restricted to authorized users who have completed the required training and data use
agreement procedures. All authors involved in this study possess valid PhysioNet certification
for authorized access to the MIMIC-IV clinical database. The preprocessing procedures, derived
datasets, and machine learning implementation supporting the findings of this study are
available from the corresponding author upon reasonable request.

STATEMENT ON THE USE OF ARTIFICIAL INTELLIGENCE TECHNOLOGIES: The
manuscript was formulated and translated with the assistance of a LLM for the purpose of
improving language clarity, structure, and readability. The LLM was not used for generating
experimental results, system design decisions, or scientific contributions. All technical content,
system architecture, and analyses were developed and verified by the authors. The authors take
full responsibility for the accuracy, originality, and integrity of the work presented in this paper.

REFERENCES
Chang, A. (2023). The role of artificial intelligence in digital health. In Digital health
entrepreneurship (pp- 75-85). Springer International Publishing.

https://doi.org/10.1007/978-3-031-33902-8_6

Nadhiya, J., Vijayalakshmi, M. K., & Showbharnikhaa, S. (2024). A brief review on diabetes
mellitus.  Journal of Pharma Insights and  Research, 2(1), 117-121.
https://jopir.in/index.php/journals/article/view/89


https://doi.org/10.1007/978-3-031-33902-8_6
https://jopir.in/index.php/journals/article/view/89

@ EKTU JOURNAL OF 1-ToM, 2-HeMmip, mayceM, 2026.
INFORMATION AND
COMMUNICATION SCIENCES -184 - Tom 1, Ne 2, urons 2026.

Vol.1, Issue 2, June 2026.

Gregg, E. W., Buckley, ]., Ali, M. K, Davies, J., Flood, D., Mehta, R,, ... Shaw, ]. E. (2023). Improving
health outcomes of people with diabetes: Target setting for the WHO Global Diabetes
Compact. The Lancet, 401(10384), 1302-1312. https://doi.org/10.1016/50140-6736(23)00001-6

Elendu, C., David, J. A., Udoyen, A.-O., Egbunu, E. O., Ogbuiyi-Chima, I. C., Unakalamba, L. O.,
... Ramon-Yusuf, H. I. (2023). Comprehensive review of diabetic ketoacidosis: An update.
Annals of Medicine & Surgery, 85(6), 2802-2807.
https://doi.org/10.1097/MS9.0000000000000894

El-Remessy, A. B. (2022). Diabetic ketoacidosis management: updates and challenges for specific
patient population. Endocrines, 3(4), 801-812. https://doi.org/10.3390/endocrines3040066

Barski, L., Golbets, E., Jotkowitz, A., & Schwarzfuchs, D. (2023). Management of diabetic
ketoacidosis. European Journal of Internal Medicine, 117, 38-44.
https://doi.org/10.1016/j.ejim.2023.07.005

Swanson, K., Wu, E., Zhang, A., Alizadeh, A. A, & Zou, J. (2023). From patterns to patients:
advances in clinical machine learning for cancer diagnosis, prognosis, and
treatment. Cell, 186(8), 1772-1791. https://doi.org/10.1016/j.cell.2023.01.035

Rane, N., Choudhary, S. P., & Rane, ]J. (2024). Ensemble deep learning and machine learning:
applications, opportunities, challenges, and future directions. Studies in Medical and
Health Sciences, 1(2), 18-41. https://doi.org/10.48185/smhs.v1i2.1225

Johnson, A. E. W., Bulgarelli, L., Shen, L., Pollard, T. J., Moody, B., Gow, B., ... Mark, R. G. (2023).
MIMIC-1V, a freely accessible electronic health record dataset. Scientific Data, 10, 1.
https://doi.org/10.1038/s41597-022-01899-x

Rawat, S.S5., Mishra, AK. (2024). Review of Methods for Handling Class Imbalance in
Classification Problems. In: Agrawal, J., Shukla, R K., Sharma, S., Shieh, CS. (eds) Data
Engineering and Applications. IDEA 2022. Lecture Notes in Electrical Engineering, vol
1146. Springer, Singapore. https://doi.org/10.1007/978-981-97-0037-0_1

Abimannan, S., El-Alfy, E. S. M., Chang, Y. S., Hussain, S., Shukla, S., & Satheesh, D. (2023).
Ensemble multifeatured deep learning models and applications: A survey. IEEE Access,
11, 107194-107217. https://doi.org/10.1109/ACCESS.2023.3320042

Salman, H. A., Kalakech, A., & Steiti, A. (2024). Random forest algorithm overview. Babylonian
Journal of Machine Learning, 2024, 69-79. https://doi.org/10.58496/BJML/2024/007

Zhou, Z., Qiu, C. & Zhang, Y. A comparative analysis of linear regression, neural networks and
random forest regression for predicting air ozone employing soft sensor models. Sci Rep
13, 22420 (2023). https://doi.org/10.1038/s41598-023-49899-0

Kavzoglu, T., Teke, A. Predictive Performances of Ensemble Machine Learning Algorithms in
Landslide Susceptibility Mapping Using Random Forest, Extreme Gradient Boosting
(XGBoost) and Natural Gradient Boosting (NGBoost). Arab J Sci Eng 47, 7367-7385 (2022).
https://doi.org/10.1007/s13369-022-06560-8

Sibindi, R., Mwangi, R. W., & Waititu, A. G. (2023). A boosting ensemble learning based hybrid
light gradient boosting machine and extreme gradient boosting model for predicting house
prices. Engineering Reports, 5(4), €12599. https://doi.org/10.1002/eng2.12599

Ding, Y., Zhu, H., Chen, R., & Li, R. (2022). An Efficient AdaBoost Algorithm with the Multiple
Thresholds Classification. Applied Sciences, 12(12), 5872.
https://doi.org/10.3390/app12125872

Li, J., An, X,, Li, Q.,, Wang, C,, Yu, H,, Zhou, X,, & Geng, Y. (2022). Application of XGBoost
algorithm in the optimization of pollutant concentration. *Atmospheric Research, 278%,
106238. https://doi.org/10.1016/j.atmosres.2022.106238

Farhadpour, S., Warner, T. A., & Maxwell, A. E. (2024). Selecting and interpreting multiclass loss
and accuracy assessment metrics for classifications with class imbalance: Guidance and
best practices. Remote Sensing, 16(3), 533. https://doi.org/10.3390/rs16030533


https://doi.org/10.1016/S0140-6736(23)00001-6
https://doi.org/10.1097/MS9.0000000000000894
https://doi.org/10.3390/endocrines3040066
https://doi.org/10.1016/j.ejim.2023.07.005
https://doi.org/10.1016/j.cell.2023.01.035
https://doi.org/10.48185/smhs.v1i2.1225
https://doi.org/10.1038/s41597-022-01899-x
https://doi.org/10.1007/978-981-97-0037-0_1
https://doi.org/10.1109/ACCESS.2023.3320042
https://doi.org/10.58496/BJML/2024/007
https://doi.org/10.1038/s41598-023-49899-0
https://doi.org/10.1007/s13369-022-06560-8
https://doi.org/10.1002/eng2.12599
https://doi.org/10.3390/app12125872
https://doi.org/10.1016/j.atmosres.2022.106238
https://doi.org/10.3390/rs16030533

1-tom, 2-Hemip, MayceiM, 2026. @ IEII'I(::R‘:I:’:'::;LA oﬂ;
Tom 1’ No 2, MOHb 2026. - 185 - COMMUNICATION SCIENCES

Vol.1, Issue 2, June 2026.

Owusu-Adjei, M., Ben Hayfron-Acquabh, J., Frimpong, T., & Abdul-Salaam, G. (2023). Imbalanced
class distribution and performance evaluation metrics: A systematic review of prediction
accuracy for determining model performance in healthcare systems. PLOS Digital
Health, 2(11), e0000290. https://doi.org/10.1371/journal.pdig.0000290

Hicks, S. A., Striimke, 1., Thambawita, V., Hammou, M., Riegler, M. A., Halvorsen, P., & Parasa,
S. (2022). On evaluation metrics for medical applications of artificial intelligence. Scientific
Reports, 12, 5979. https://doi.org/10.1038/s41598-022-09954-8

Sathyanarayanan, S., & Roopashri Tantri, B. (2024). Confusion matrix-based performance
evaluation metrics. African Journal of Biomedical Research, 27(4s), 4023-4031.
https://doi.org/10.53555/A]JBR.v27i45.4345

Gong, H,, Li, Y., Zhang, J., Zhang, B., & Wang, X. (2024). A new filter feature selection algorithm
for classification task by ensembling pearson correlation coefficient and mutual
information. Engineering Applications of Artificial Intelligence, 131, 107865.
https://doi.org/10.1016/j.engappai.2024.107865

Umpierrez, G. E., Davis, G. M, ElSayed, N. A., Fadini, G. P., Galindo, R. ]., Hirsch, L. B., Dhatariya,
K. K. (2024). Hyperglycemic crises in adults with diabetes: A consensus report. Diabetes
Care, 47 (8), 1257-1275. https://doi.org/10.2337/dci24-0032

Alghamdi, N. A., Major, P., Chaudhuri, D., Tsui, J., Brown, B., Self, W. H., ... Rochwerg, B. (2022).
Saline compared to balanced crystalloid in patients with diabetic ketoacidosis: A
systematic review and meta-analysis of randomized controlled trials. Critical Care
Explorations, 4(1), e0613. https://doi.org/10.1097/CCE.0000000000000613

ABTOpaap Typaabl MaaiMeTTep
Vnadopmainisa 06 aBTopax
Information about authors

YBaamesa Muanpa Maxmyrosaa — PhD, /. CepikOaes aThIHAAFBI
IMeireic - KaszakcTaH TeXHUKaABIK yHUBepcuTeTi, ©OckeMeH K.,
Kaszakcran

YBaamesa Nuanpa MaxmyrosHa — PhD, Bocrouno-Kaszaxcranckmit
Texuuyeckuit yausepcureT uM. J. Cepuk0aesa, r. ¥Ycrb-Kamenoropcek,
Kazaxcran

Uvaliyeva Indira Makhmutovna — PhD, East Kazakhstan Technical
University, Ust-Kamenogorsk, Republic of Kazakhstan

e-mail: iuvalieva@ektu.kz,

ORCID: https://orcid.org/0000-0002-2117-5390

Paxmeryaanna JKenncryab ToaeyxaHOoBHa — pu3MKa-MaTeMaTnKa
FBLABIMAAPBIHEIH  KaHAuAaTel, /. CepikOae arTsiHABIFBI IIBIFBIC
Kasakcran TexHukaablk, yHuBepcureTi, Ockemen K., Kazaxcran
Paxmeryaanna JKenncryabr ToaeyxaHOBHa — KaHAWTaT (PU3NKO-
MaTeMaTH4ecKNX Hayk, Bocrouno-KasaxcraHckuit TeXHMYeCKMUI YHU-
sBepcuteT umenu /. Cepukodaesa, r. ¥Ycrb-Kamenoropcek, Kazaxcran
Rakhmetullina Zhenisgul Toleukhanovna — Candidate of Physical-
Mathematical Sciences, D. Serikbayev East Kazakhstan Technical
, ! University, Ust-Kamenogorsk, Republic of Kazakhstan

e-mail: zhrakhmetullina@edu.ektu.kz,

ORCID: https://orcid.org/ 0000-0002-0554-7684



https://doi.org/10.1371/journal.pdig.0000290
https://doi.org/10.1038/s41598-022-09954-8
https://doi.org/10.53555/AJBR.v27i4S.4345
https://doi.org/10.1016/j.engappai.2024.107865
https://doi.org/10.2337/dci24-0032
https://doi.org/10.1097/CCE.0000000000000613
mailto:iuvalieva@ektu.kz
https://orcid.org/0000-0002-2117-5390

@ f:::n';;’::::ﬁ'; 1-ToM, 2-HeMmip, mayceM, 2026.
COMMUNICATION SCIENCES -186 - Tom 1, Ne 2, urons 2026.

Vol.1, Issue 2, June 2026.

Hypymos JKapac JKoabimxaHyabl — «AKIapaTThlK Xyiteaep» bbb
aoxtopanTsl, /. Cepikbaes aTsHAars! LI brrpic KasakcTaH TeXHUKaABIK,
yHuBepcureti, OckemeH K., Kazakcran

Hypymos  JKapac  JKoammmxanyaslr -  gokrtopant  OII
«/Indpopmannonnsie CHICTEMBID», Bocrouno-Kasaxcrauckmit
TexHM4Iecknit yunsepcuret uM. J. Cepnuk0aesa, I. Y cTb-KameHoropck,
Kaszaxcran

Nurumov Zharas Zholymkhanuly - PhD student, D. Serikbayev East
Kazakhstan Technical University, Ust-Kamenogorsk, Kazakhstan
e-mail: znurumov@ektu.kz,

ORCID: https://orcid.org/0009-0003-2016-6876

Mykamesa Po3za YpyMmMKaHOBHa — TeXHUKa FbIABIMAAPBIHBIH
kaHauaatsl, J.CepikOaes ateiHabirn! lbrFpic KazakcTaH TeXHMKaABIK
yHusepcureTi, Ockemen K., Kaszakcran

MyxameBa Po3a YpyMKaHOBHa — KaHAUTAT TeXHUYECKMX Hayk,
Bocrouno-KaszaxcraHckmii TeXHMYeCKMiI yHUBepcuTeT wumenm A,
Cepuxbaesa, r.Ycrp-Kamenoropcek, Kasaxcran

Mukasheva Roza Urumkanovna - Candidate of Physical-
Mathematical Sciences, D.Serikbayev East Kazakhstan Technical
University, Ust-Kamenogorsk, Republic of Kazakhstan

e-mail: mukashevaru@mai.ru,

ORCID: https://orcid.org/ 0000-0002-4722-4576

Amenosa ®apmga Cevitkymaposna — PhD, C. Awmamxoaos
areiHgarel HIprrbic Kasakcran yausepcureti, Ockemen, Kazakcran
Amenosa @apmaa Ceritkymaposna - PhD, Bocrouno-
Kaszaxcranckmit ynusepcurer um. C. AmamxoaoBa, TI. YCTb-
Kamenoropck, Kazaxcran

Amenova Farida Seytkumarovna — PhD, East Kazakhstan University,
Ust-Kamenogorsk, Republic of Kazakhstan

e-mail: faramen.74@mail.ru,

ORCID: https://orcid.org/0000-0001-6656-5037



https://orcid.org/0009-0003-2016-6876
https://orcid.org/0009-0006-9552-0288

].-TOM, 2-H9Mip, MaycCbIM, 2026. @ EKTU JOURNAL OF
Towm 1, Ne 2, utonp 2026. - 187 - INFORMATION AND

COMMUNICATION SCIENCES
Vol.1, Issue 2, June 2026.

MA3MYHDBI

Aben A.B., Mamvipbaes O.JK., Kasbexoea I.H., 2Kynucos H.M., baiimaxanosea A.C.
AusapTepusaHbl epTe aHbIKTay VIIiH KJAaCCUKaAbIK >KoHe TepeH OKBITY MOJAeAbJepiH
Ca/ABICTEIpMaAbl DaFasay 5

Anidvinos T.A., Taeybepoun C.T., Bopanbati 2K.A., Te6yesa @.b., lllaiixanoea A.K.,,
Camvibarduna 4.2K. AKbpLAABL Vil KaYilICi3Airi: MHTepHeT 3aTTaphbl JKylielepiHAeri eHyre
TecTideyTe apHaAfaH KypaaJap, XaTTaMalap >KoHe 3epTXaHaAbIK TallCblpMaJdap 18

Apvin A.B., Mamvipbaes O.2K. /10oTicTUKAABIK, peTpeccUsIHBI KOAAaHa OTHIPHIIL, CYT Oe3i
OOBIPBIH aHBIKTAY: OHTallAaHABIPY >KoHe 49 DanTay a4icTepiH caabICTBIpMaAlbl 3ePTTEY 34

Basaposa M.2K., Aaubexkvizor K., Aduxanoea C., Komada P. biaim Gepyain nudpabik
TpaHcpOpMaIMACH >KarjaifblHAA OKBITYIIBIAApABIH OiAiKTiZiriH apTThIpy >XyliieciHge
STEM-agicTepai OHTOAOTUAABIK MOAeAbAEY JKoHe aKIlapaTThIK TeXHOAOTMsAAap HeTisiHae
UHTerpanusaay 46

Kapavikacoea A.H., Carvikosa O.C., Maycvimbaesa C.b. Random forest, XG Boost
xoHe LSTM aaropurtmgepiH maiigadaHa OTHIpBIN, Oip apHaAbl Aipiare HerizgeareH
JKBLAXKBIMAaAbl MOMBIHTIpEKTEPAiH Kaa4blK KbI3MET eTy Mep3iMiHiH TyciHgipiaeTin
0o>KaMBbI 63

Unaraxoea M.T., Hlapunos A.0. Lou A.4., Aatinexo E.A., Samala A.D.
MetayHuBepcuTeTTeri KYIMMAABLABIK KoHe JepeKkTepai Kopray: VR chIHBIITapbl MeH
94€MJiK 4aTThl KOpFay 77

Kab6opaxmanoea 3.I, Taebardunosa A.C., Kymapzaxanosea C.K.,, Kapmenosa M.A.,
Zbigniew Omiotek MeaunnHaablK KecKiHAepAl KOIl KAacTHl >KiKTey VIIIH TepeH
OKBITYABIH KOHBOAIOIVIIABIK KoHe TpaHCPOpMepPAiK apXUTeKTypalapbIHBIH THIMAiAiTiH
CaABICTBIPMaAbl TaaAay >KoHe Oarajay 92

Kyoybaesa C.9., Cexcenbaes E., Aaiivipbaesa J.H., Epumbemosa A.C., bypubaes 2K.A.
MyapTMO4aAb4Bl CUTHAAAPAAFBl DMOIVAAAPABIH YaKbITIIIA TYPaKTHLABIFBIH Oarajay 107

Hypexenoea A.C., Cmauroga C.C., Kymapzaxanosa C.K., Dzierzak Roza, Hypcadvixosa
P.K. Ocreonoposapl AMarHOCTMKaJdayjda TepeH HeMPOHABIK Keldidepai >keHe
MepapXMsAABIK ToCiaAl CaAbICTEIPMAaAbl Taajay 120

Salim T. «AKBLAABI KadaHbl» OaFajay YIIiH MHTerpalysilaHFaH KOPCeTKIIITep: TypaKThI
AaMyABl KenieAalieMai Oaraaay Mogeai 140

Cwmaiiroe H.K.,, Kymmuvibaesa A.E., Omip A.O., basapbaii A.M., Cexenosé b.H. beron
KOHCTPYKUMSAAAPBIHBIH KYPBLABIMABIK MOHMTOPMHII Ke3iHJ4e TaAIIBIKTHI-ONTHUKAABIK
AaTYMKTEPAiH TapaAyblH OHTallAaHABIPY 156

Yeaaueea .M., Paxmemyaruna 2K.T., Hypymos 2K.2K., Mykaweea P.Y., Anmenosa @.C.
AnabeTTiK KeToanmnA034bl AMAarHOCTMKAJAay >KoHe KAMHMKAABIK IIeIIimMaepai Koajay
YIIiH aHCaM0AbAiK MaIllMHAABIK OKBITY 9JicTepiHe HerizjeAreH KaH ra30MeTpPUACBIHBIH
KOpCeTKiIlTepiH TaaAayAbIH UHTEAAeKTyaAAbl MOJeAi 169



@ EKCTU JOURMAL OF 1-toM, 2-Hemip, mayceiM, 2026.

INFORMATION AND ~ 188 - Tom 1, No 2, urons 2026.
COMMUNICATION SCIENCES

Vol.1, Issue 2, June 2026.

COAEPXAHUE

Aben A.B., Mamvip6aes O.2K., Kasbexosa I.H., 2Kynucos H.M., Baiimaxanoea A.C.
CpaBHUTeAbHAs OLleHKa KAaCCUYECKUX M TAyOOKMX MoJeAeil OOy4eHMs AAs PaHHEro
BBIABACHNS AV3apTepun 5

Anidommos T.A., Taeybepoun C.T., Bopanbaii 2K.A., Tebyesa @.b., Ilaiixanoséa A.K.,
Camvtbarduna A.2K. BesomacHOCTs yMHOTIO JAOMa: MHCTPYMEHTEI, IIPOTOKOABI U
AabopaTopHble 3a4auM 4151 IPOHUKHOBEHVISI IHTEpHETa Belllelt 18

Apvin A.b.,, Mamvipbaeé O.JK. BriiBaeHme paka MOJOYHOIN >KeAe3bl C ITOMOIIBLIO
AOTUCTUYECKON perpeccui: CpaBHUTeAbHOE McCAeAOBaHNE METOA0B ONTUMM3AIUN U
TOHKOJVI HACTPOVIKI 34

Basapoea M.K., Aaubexxvisor K., Aduxanosa C. Komada P. Ouroaormueckoe
MOAE/H/IPOBaHI/Ie n I/IHTeI‘paLU/I}I STEM-MQTOAOB Ha OCHOBe I/IHCI)OpMaI_II/IOHHbIX
TEeXHOJAOIMII B CHCTEMeE IIOBBIIIICHIISI KBaAI/ICbI/IKaHI/H/I HpenozlaBaTeAeﬁ B YCAOBI/I}IX
undposoit TpaHcpopMaruy oOpa3oBaHNs 46
XKapavikacosa A.H,, Caavixoea O.C., Maycvimbaesa C.b. VlnrepmpeTtupyemoe
HpOI‘HOSI/IpOBaHI/Ie OCTaTO4YHOI'O CpOKa C/ly>K6bI IIOAINIMITHMKOB KadeHINs Ha OCHOBe
O0AHOKaHa/ABHOI BUOpauy ¢ UCI0Ab30BaHNeM aAroputMmos random forest, XGBoost n
LSTM 63
Unaraxoea M.T., Hlapunos A.0. Hou A.4., Aaiinexo E.A., Samala A.D.
KonpnaennmaspHocTs M 3ammrTa  JaHHBIX B MeTayHMBEpCHTeTe: oODecriedeHye
OesonracHocTi VR-KaaccoB 11 BHYTpeHHEro yarta 77

Kab6opaxmanoea 3.I', Taebardunosa A.C., Kymapzaxanosea C.K., Kapmenosa M.A.,
Zbigniew Omiotek CpaBHUTeABHBIN aHAaAM3 U OlleHKa 9(PPEeKTMBHOCTI CBEPTOUYHBIX I
TpaHCPOPMEPHBIX  apXUTEKTYp TIAyOOKOro oOOy4eHMs A4S  MHOTOKAACCOBOI
KaaccupUKanmuy MeANIIMHCKIX N300 paskeHnI 92

Kyoybaesa C.0., Cexcenbaes E., Aaitvipbaesa J.H., Epumbemosa A.C., bypubaes 2K.A.
OrieHKa BpeMeHHOT cTabMABHOCTY DMOLIUIT B My AbTUMOAAABHBIX CUTHaAaX 107

Hypexenosea A.C., Cmauroéa C.C., Kymapzaxanoeéa C.K. Dzierak Roza,
Hypcadvikoea P.K. CpaBHUTeAbHBINI aHaAM3 TAyOOKMX HEMPOHHBIX CeTell U
MepapXM4ecKoro 1oaxoaa AAs1 AMarHoCTUKIM OCTeOIIopo3a 120

Salim T. llHrerpmpoBaHHbIE IIOKa3aTeAU AAsl OLEHKM «YMHOIO TOpPOAa»:
MHOTOMepHasl MOJ€eAb OLIeHKN YCTOMUMBOIO Pa3BUTIS 140

Cwmaiirnoe H.K., Kymmvibaesa A.E., Omip A.O. basapbai A.M. Cexenos b.H.
OHTI/IMI/IBaLU/I}I pacnpeAeAeHM;I BOAOKOHHO-OIITNYECKINX AaTYMKOB HpI/I MOHI/ITOPI/IHI‘@
OEeTOHHBIX KOHCTPYKIIIT 156

Yeaaueea .M., Paxmemyaruna XK.T.,, Hypymos 2K2K.,, Myxawesa P.Y. Amenosea
@.C. VHTeAs€eKTyaabHAs MOJeAb aHaAM3a IOKa3aTeAell ra3oMeTpuy KPOBI Ha OCHOBE
aHcaMOAeBBIX METOJOB MAIIMHHOTO OOy4YeHMS AAsS AMAarHOCTHMKMU AMaOeTHYecKOTro
KeToalnnA03a 1 IoAAeP>KKUA IPUHATHUS KAMHUYECKUX PeIIeHNIT 169



].-TOM, 2-H9Mip, MaycCbIM, 2026. @ EKTU JOURNAL OF
Towm 1, Ne 2, utonp 2026. - 189 - INFORMATION AND

COMMUNICATION SCIENCES
Vol.1, Issue 2, June 2026.

CONTENT

Aben A.B., Mamyrbayev O.Zh., Kazbekova G.N., Zhunissov N.M., Baimakhanova A.S.
Comparative evaluation of classic and deep learning models for early detection of

dysartheria 5
Aidynov T., Tleuberdin S., Boranbay Zh., Tebueva F., Shaikhanova A., Satybaldina D.
Smart home security: tools, protocols, and laboratory tasks for iot penetration 18

Aryn A.B.,, Mamyrbaev O.Zh. Breast cancer detection using logistic regression: a
comparative study of optimization and fine-tuning methods 34
Bazarova M.Zh., Alibekkyzy K., Adikanova S., Komada P. Ontological modeling and
integration of STEM methods based on information technologies in teacher professional
development systems under the conditions of digital transformation of education 46
Zharlykassova A.N., Salykova O.S., Mausymbaeva S.B. Interpretable remaining useful
life prediction of rolling bearings from single-channel vibration using random forest,

XGBoost and LSTM 63
Ipalakova M., Sharipov D., Tsoy D., Daineko Ye. Samala A.D. Privacy and data
protection in metauniversity: securing VR classrooms and in-world chat 77

Kabdrakhmanova Z.G., Tlebaldinova A., Kumargazhanova S.K. Karmenova M.,
Zbigniew Omiotek Comparative analysis and evaluation of the effectiveness of
convolutional and transformer deep learning architectures for multi-class classification of

medical images 92
Kudubayeva S., Seksenbayev Ye., Daiyrbayeva E., Yerimbetova A., Buribayev Zh.

Evaluation of temporal stability of emotions in multimodal signals 107
Nurekenova A.S., Kumargazhanova S., Smailova S., Dzierzak Réza, Nursadykova R.

Comparative analysis of deep neural networks and hierarchical approach for diagnosis of

osteoporosis 120
Salim T. Integrated indicators for Smart City evaluation: a multidimensional

sustainability assessment framework 140
Smailov N.K., Kuttybayeva A.E., Amir A.A., Bazarbay A.M., Sekenov B.N. Optimization

of fiber-optical sensors distribution during structural monitoring of concrete structures 157

Yeaaueea .M., Paxmemyaruna 2K.T., Hypymos 2K K., Myxawesa P.Y., Amenoea @.C.
MHTEAAQKTyaAI)HaH MoJeAb aHaAu3a rokKazareaen rasgoMeTpmumn KpOBI Ha OCHOBE
aHcaM0.a€eBBIX MeTOA40B MalllMTHHOTO o6yqu1/[;I AAsl AMaTHOCTUKU AI/Ia6eTI/I‘IeCKOFO
KeTOoal403a U NOAAEPKKU IIPUHATUA KAMHUYECKNX PeIIeHnII 169



EKTU Journal of Information and Communication Sciences

Frrapimum xypHaa
2026 >xplasaH IIbIFa OacTaabl.
Kasaxcran Pecrrybamkacs MogeHMeT JKoHe aKITapaT MUHIICTpAiTiHAe TipKeairr,
2025 k. 16 kpIpkyiteringe Ne KZ93VPY00129402 kyoairi OepiareH.
A 4
EKTU Journal of Information and Communication Sciences

Hayunnlit >xypHaa
N3z paercs ¢ 2026 1.
3aperucrpuposad MUHICTEPCTBOM KyAbTYpHI 11 MHGOPMaLIIU
Pecny6/u/n<1/1 Kaszaxcran. Csuaereancrso No KZ93VPY00129402 ot 16 ceHT;I6p;I 2025 1.
4
EKTU Journal of Information and Communication Sciences

Scientific journal
Published since 2026
Registered with the Ministry of Culture and Information of the Republic of Kazakhstan. Certificate No.
KZ93VPY00129402 dated September 16, 2025.

Peaaxropaap — Pegakropst
O.H. Huxoaaenko, C.C. MaMbIpa3abIKoBa
Koppexropaap — Koppekropsr
O.H. Huxoaaenko, C.C. MaMbIpa3abIKoBa
Pyxosogurean pegakimonHo-usaareasckoro renrpa O.H. Hukoaaenko
Editors O. Nikolaenko, S. Mamyrazdykova
Copy editors O. Nikolaenko, S. Mamyrazdykova
Head of the editorial and publishing center O. Nikolaenko

Martepnaagapasl KoMmmsioTepae TepreH skoHe Gerrered C.C. MambIpas bIkoBa
Ha6op, Bepcrka, usroropaenne opurnHaa-makera C.C. MaMpIpa3abikoBa
Text Layout, lead out production of the original layout S. Mamyrazdykova

bacyra 30 maycpim 2026 K. KOA KOMBLAADL.
Dopmarsr 84x108/16. OdceT Kara3bI.

Keaewmi: maprrsr 6acra Tadarsr 19,95, ecentik H6acrra Tabarsr 19,99.
bacna nyckacor. Tapaasimer 30 gana. Ne 141-2026 Tanceipric.
Baracel keaicim OoitbIHIIIA.
¢
IToamnucano B rrteaats 30 mionst 2026 r.
®opmar 84x108/16. Bymara odcerHasi.
O0Obem: yea. rred. 4. 19,95, yua.-usa. a. 19,99.
TlevaTnas sepcus. Tupask 30 9x3. 3akas No 141-2026.
Ilena gorosopHasi.

A4
Signed to print on June 30, 2026.

Format 84'108/16. Offset paper.

Volume: conventional printing plate 19,95, estimated printing plate 19,99.
Printed version. Circulation 30 copies. Order No.141-2026.

The price is negotiable.

Isrebrc Kazakcran texunkaaslk yausepenterti. 070004, Ockemen kaaacsl, [TporosaHos kertreci, 69.
Bocrouno-Kasaxcranckmii texunaeckuit yunsepcuret. 070004, r. ¥Ycrp-Kamenoropek, ya. [Iporosanosa, 69.
D. Serikbayev East Kazakhstan Technical University. 070004, Ust-Kamenogorsk, 69 Protozanov Street.


https://www.multitran.com/m.exe?s=text+layout&l1=1&l2=2
https://www.multitran.com/m.exe?s=lead+out&l1=1&l2=2

	Обложки
	02 Титульный лист
	Журнал
	02 Абен англ
	02 Айдынов каз
	02 Арын англ
	02 Базарова каз
	02 Жарлыкасова англ
	02 Ипалакова каз
	02 Кабдрахманова рус .- отредактир.
	02 Кудубаева каз
	02 Нурекенова каз
	02 Салим англ
	02 Смайлов каз
	02 Увалиева англ

	02 Содержание ИКТ
	02 Выпускные данные ИКТ

