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ANALYSIS AND MODELING OF ADAPTIVE FILTERS TO IMPROVE THE
INTERFERENCE IMMUNITY OF SECONDARY RADAR SIGNALS

Abstract. This paper explores modern techniques to process and enhance the reliability of
radar signals amid strong noise and interference typical for the secondary surveillance radar
(SSR) band at 1030/1090 MHz. Air-traffic radar systems play a critical role in ensuring safe and
efficient airspace management, however, their performance degrades under strong noise and
interference typical of the 1030/1090 MHz band. A comprehensive analysis of filtering and
adaptive signal processing algorithms was conducted to improve the signal-to-noise ratio,
stabilize target response parameters, and lower false detection rates. For objective comparison,
both traditional and advanced digital filtering methods were evaluated. Special focus was placed
on comparing the Median, Butterworth, and recursive Kalman filters, implemented and tested in
MATLAB with synthetic data and simulated radar scenarios. The effects of filter order, bandwidth,
adaptation coefficients, and sampling interval on signal reconstruction quality were investigated.
Using statistical, correlation, and probabilistic analyses, an enhanced adaptive threshold
detection method was developed, which accounts for the non-stationary background noise,
temporal signal correlations, amplitude fluctuations, and dynamic interference parameters in real
time. Results demonstrate that combining and recursively applying these filters greatly enhances
the robustness of secondary radars against random and systematic interference, reduces
estimation error variance, and improves radar reliability. The practical significance lies in the
potential integration of these methods into intelligent air-traffic management systems, which can
enhance interference immunity, aircraft identification accuracy, and overall radar surveillance
quality in civil aviation.

Keywords: secondary radar, adaptive filtering, Kalman filter, Butterworth filter, median
processing, digital signal processing, signal interference, reliability of radar surveillance.

Introduction.

Modern radar systems operate in highly congested electromagnetic environments, where
both external and internal interference significantly distort received echoes and reduce detection
accuracy. To address this, digital adaptive filtering techniques are employed to boost the signal-
to-noise ratio and minimize interference. This study examines three radar signal filtering methods:
the median filter, the Butterworth filter, and the Kalman filter. Each method offers distinct benefits,
ranging from suppressing impulsive noise to adaptively correcting random errors. The
performance of the median, Butterworth, and Kalman filters was evaluated using MATLAB
simulations with synthetic radar scenarios, allowing a controlled assessment of their effects on
SNR, noise suppression, and target detectability.

The proposed integrated method offers dynamic noise estimation, automatic tuning of
filtering parameters, and adaptive adjustment of the detection threshold in response to changing
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observation conditions. This strategy decreases the probability of false alarms and increases the
chances of detecting actual targets. MATLAB simulation results demonstrate that the Kalman
filter, when paired with the adaptive MAD threshold, achieves the greatest signal-to-noise ratio
improvement and the lowest mean-square error among the filters tested, confirming the
effectiveness of the radar signal processing system.

The scientific novelty of this work lies in the development of a hybrid cascade filtering
architecture that combines median, Butterworth, and adaptive Kalman filters with dynamic noise
covariance estimation and MAD-based thresholding. Unlike traditional approaches that apply
these filters separately, the proposed method adaptively tunes filter parameters in real time based
on interference density in the 1030/1090 MHz band. This enables robust detection under FRUIT
and Mode-S/ADS-B garbling conditions. A major contribution is the adaptive threshold detection
algorithm that automatically adjusts the detection threshold using the median absolute deviation,
accounting for non-stationary noise statistics. This integrated framework increases interference
immunity while maintaining target-signal integrity and enabling stable operation under FRUIT-
and garbling-dominated scenarios.

Materials and Methods.

In the 1030-1090 MHz frequency range, used for secondary radar, TCAS, and ADS-B, there
IS notable spectral congestion. The high interrogation density in the 1030/1090 MHz band leads to
false replies (FRUIT), overlapping Mode S messages (garbling), and widespread mutual
interference among airborne and ground interrogators. These issues lead to amplitude fluctuations,
distorted time stamps, and decreased chances of correct message decoding [9, 11-13].

Recent studies demonstrate that modern air-traffic surveillance systems, particularly ADS-
B and Mode S, are increasingly exposed to signal-level interference, intentional manipulation, and
growing spectrum load in the 1030/1090 MHz band. Research shows that ADS-B channels remain
vulnerable to spoofing, ghost-aircraft injection, trajectory modification, and denial-of-service
attacks, while the rising density of Mode S interrogations and DAP-based replies significantly
increases channel occupancy and contributes to congestion. These trends collectively indicate that
the reliability of cooperative surveillance increasingly depends on robust signal-level processing
capable of maintaining integrity under dense-traffic conditions. This further reinforces the need
for advanced signal-processing techniques, including the filtering approaches investigated in this
study [1, 3, 6].

-~

Figure 1 — Numbr of 1090 MHz Isrcord during flight FR2918
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Flight data from flight FR2918, traveling from Barcelona to Brussels on December 16, 2020,
indicated heavy congestion on the 1090 MHz frequency band. Overlapping Mode S messages
(garbling) and false replies (FRUIT) were identified. These findings reaffirm the ongoing
interference issues in the 1090 MHz channel and underscore the importance of adaptive filtering
techniques that can dynamically counteract distortions and ensure radar data reliability. The color
scale depicts the reception rate of Mode S messages at 1090 MHz, with the highest intensity over
northern France, where signal interference and overlap are prevalent under spectral congestion
conditions (Figure 1) [14].

In conditions where the 1030/1090 MHz band is overloaded, a combination of filtering
techniques—specifically median, Butterworth, and Kalman filters—has been proposed to
effectively mitigate various types of interference while maintaining the shape of the desired
signals. The median filter, which operates as a nonlinear rank-based method, effectively eliminates
impulse outliers without distorting the edges of signals, making it capable of handling signals
affected by overlapping noise. The linear Butterworth filter is beneficial for smoothing out high-
frequency noise thanks to its maximally flat amplitude-frequency response, and it is commonly
utilized in the spectral processing of radar signals. Its straightforward design and reliability are
key in reducing background noise. Meanwhile, the Kalman filter is used for recursive optimal state
estimation, merging a priori models with incoming measurements. This cascade of filtering
techniques results in a high signal-to-noise ratio, decreases the occurrence of false replies
(FRUIT), and enhances the overall reliability of real-time radar surveillance [5, 10].

A comparable principle of parallel frequency-time decomposition has been successfully
implemented in acousto-optic systems utilizing Bragg diffraction. In such systems, each Bragg
angle corresponds to a distinct frequency sub-band, and multichannel reception is achieved by
spatially distributing optical beams across a photoelastic medium. This physical analogy aligns
with the sub-band decomposition and multichannel filtering approach employed in our deep
learning model, where convolutional kernels act as adaptive band-pass filters that isolate
overlapping SSR pulses under interference conditions [4, 15].

The combined use of these three filters creates a multi-layered intelligent filtering system,
with each method addressing the limitations of the others. To assess filter effectiveness, a synthetic
radar signal was produced in MATLAB with added Gaussian noise. Subsequently, median,
Butterworth, and Kalman filters were applied for comparison using the radar equation (1) [8].

At the initial stage, the main radar parameters were defined as follows:

- Transmitted power (Pt): 10 kW — the radar’s output power indicating the strength of the

emitted signal.

- Antenna gain (G): 30 dB — how effectively the antenna transmits and receives signals.

- Wavelength (1): 0.03 m — corresponding to the radar operating frequency.

- Radar cross section (RCS): 100 m> — the effective area describing how strongly the target

reflects radar signals.

- Range vector (R): from 1 m to 50 km — a distance array divided into 1000 points for

simulation.

- Noise power (NoisePower): 5 uW — representing the random background noise level.

- Sampling frequency (Fs): 10 kHz — the rate at which the signal is sampled, determining

temporal resolution.

- Signal length: 1000 samples — the number of discrete time samples in the simulated

echo.

- Noise model: zero-mean Gaussian noise with variance corresponding to the specified

noise power.

Performance metrics: SNR improvement, mean-square error (MSE) reduction, detection
probability and false alarm rate were measured to evaluate filter effectiveness.After setting these
parameters, the received signal power is modeled using the classical radar equation, which
includes transmitted power, antenna gain, wavelength, radar cross-section, and range. The array

8
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Pr shows the received power at different distances, demonstrating how the signal diminishes with
increasing distance, adhering to the inverse fourth-power law (1/R*) due to the double propagation
loss—both signal travel to the target and back [7].

b P,G*A%0 (1)
" (4m)3R4

After defining the radar parameters, the received signal power Pr was computed numerically
using the classical radar equation (1). For each value in the range vector R, a corresponding power
sample was generated, forming a one-dimensional array that represents how signal strength
decreases with distance. To emulate realistic operating conditions, zero-mean Gaussian noise with
power NoisePower was added to the theoretical signal, producing a noisy received signal
according to expression (2). All calculations were performed in MATLAB using predefined
parameters and mathematical models. This numerical approach ensured a consistent simulation of
the signal behavior required for subsequent filtering and comparative analysis.

ReceivedSignal = Pr + NoisePower - randn(size(Pr)) (2)

To process the noisy radar signal, several filtering techniques were applied sequentially.
First, a matched filter was used to enhance the signal-to-noise ratio by correlating the received
signal with a known reference waveform. This step emphasizes components of the signal that
correspond to the expected pulse shape. Next, a median filter was employed to reduce impulsive
noise and suppress narrow, high-amplitude fluctuations caused by interference. The median filter
replaces each sample with the median value of its local neighborhood, improving robustness to
outliers.

To further smooth the signal and suppress high-frequency noise, a Butterworth low-pass
filter was applied. This filter provides a maximally flat frequency response in the passband,
preserving the main structure of the radar echo while attenuating rapid fluctuations. Finally, an
adaptive Kalman filter was used to dynamically estimate the true signal in the presence of noise.
The Kalman filter predicts the next signal state based on a linear system model and continuously
adjusts its estimates using incoming measurements [2].

This approach is particularly effective for modeling smooth radar returns, gradual range
variations, and target motion. Proposed step-by-step implementation forms the foundation of an
adaptive cascade filtering system, where each method performs a distinct role: the matched filter
enhances useful echoes, the median filter removes impulsive distortions, and the Kalman filter
adaptively stabilizes the signal and compensates for noise variations in real time [2, 7].

The adaptive Kalman filter processes the radar signal in two main stages: prediction and
update. During the prediction stage, the filter estimates the next state of the signal and the
associated uncertainty using equations (5) and (6). This step forecasts the expected signal
dynamics before receiving new measurements.In the update stage, the filter adjusts the predicted
state based on the incoming noisy measurement. The Kalman gain, calculated using equation (7),
controls how strongly the new measurement influences the state estimate. A higher gain increases
sensitivity to new data, while a lower gain emphasizes the predicted state. To maintain adaptability
under fluctuating interference levels, the process noise covariance Q is continuously recalculated
using expression (3). This enables the filter to adjust its noise model in real time, particularly under
conditions where overlapping ADS-B and Mode S signals create rapidly changing interference
patterns. As a result, the adaptive Kalman filter dynamically balances prediction and measurement
information, providing a stable and accurate estimate of the radar signal.

The Kalman filter operates through sequential prediction and measurement-based correction
of the signal state. The input data is stored in the ReceivedSignal array, which contains discrete

9
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samples of the radar signal received. To maintain the filter's adaptability, the covariances of
process and measurement noise are computed dynamically based on the signal's features. To
enhance the algorithm's stability, an adaptive estimation of noise parameters is implemented. The
process noise covariance is calculated using a specific formula that defines the adaptive parameter
Q, which represents the process covariance in the Kalman filter. This approach allows the Kalman
filter parameters to be automatically adjusted as the noise level varies, especially when overlapping
ADS-B and Mode S messages occur. Consequently, the system continuously fine-tunes its
sensitivity to noise and updates the weighting of new measurements.

©)
2

During the adaptive adjustment of the process and measurement noise covariances, a sliding
window of the last 10 measurements is used to dynamically estimate the noise level in the signal.
The minimum value of 1078 prevents the covariance from becoming zero, which could lead to filter
instability. The measurement noise covariance is calculated using the following formula:

Ryaiman = NoisePower X 1.2 4)
where NoisePower is the predefined noise power level. The coefficient 1.2 provides an additional
margin to account for measurement uncertainty.

1
Q = max (—var( ReceivedSignal[max(1,k — 10):k]),10_6>

At the prediction stage, the algorithm forecasts the new state of the system:

Xpred = A - Xest (%)
Ppred=A-P‘A+Q (6)
Here:

Xest — €Stimated system state at the previous step;

Xpred —Predicted state at the next time moment;

A — state transition matrix describing how the system evolves over time;

P — covariance matrix of the estimation error (uncertainty);

Ppred— predicted covariance of the estimation error;

Q — process noise covariance, which determines the uncertainty level of the model.

This stage allows predicting the probable target position before obtaining a new
measurement. In the 1030-1090 MHz frequency band, equations (5) and (6) describe the
prediction of the target’s position, velocity, and echo amplitude between successive pulses. The
parameter Q, calculated according to equation (3), provides adaptation to changing interference
levels, making the filter stable under Mode S/ADS-B channel congestion conditions.

At the update stage, after receiving a new measurement, the state estimate is corrected. For
this purpose, the Kalman gain is calculated:

K= Ppred ~H/(H - Ppred *H + Ryaiman) (7)
where:

K — Kalman gain, determining how much the new measurement affects the updated state;
H — observation matrix linking the system state with the measurement;
Rkaiman — measurement noise covariance.
This coefficient defines the balance between reliance on the model and the measurement: if
the measurement noise is large (high Rkaiman), the filter trusts the model prediction more; if small,
it relies more on measurements. Then the state estimate is updated according to:

Xest = Xpred T K- (ReceivedSignal(k) — H - xpred) ®)

10
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where the difference (ReceivedSignal—H-xpred) is the innovation, i.e., the prediction error. The

filter corrects the predicted state by adding a weighted adjustment proportional to this error, scaled

by the Kalman gain K. The covariance of the estimation error is also updated as follows:
p:(]-_K'H)'Ppred )

After processing each measurement, the corrected state value is stored in the array
FilteredSignal_Kalman for further analysis. This array contains the filtered signal values, free from
impulse outliers and random noise. After correction, the uncertainty (estimation error) decreases
— the filter becomes more confident in its results [2, 7].

To suppress high-frequency noise while preserving the informative low-frequency
components of the radar echo, a 5th-order Butterworth low-pass filter was applied. The cutoff
frequency Fc was selected to limit the bandwidth of the signal to the physically relevant range,
while the sampling frequency Fs determined the normalized cutoff Fc/(Fs/2) used in the digital
filter design. The Butterworth filter provides a maximally flat response in the passband, ensuring
smooth signal shaping and minimizing amplitude distortions. After computing the filter
coefficients using expression (10), the filter was applied to the received signal according to
equation (11), producing a smoothed version of the radar echo suitable for subsequent threshold-
based detection.

A 5th-order Butterworth low-pass filter was then applied to attenuate high-frequency
components while preserving the main structure of the radar echo. The filter was configured with
a cutoff frequency Fc = 2000 Hz and a sampling frequency Fs = 10 kHz, which determine the
normalized cutoff Fc/(Fs/2) used in the digital filter design. A 5th-order filter was selected to
ensure a smooth passband response and a sufficiently steep roll-off beyond the cutoff frequency.

After computing the filter coefficients according to expression (10), the filter was applied to
the received signal using the digital filtering equation (11). This approach effectively reduces high-
frequency noise and improves the signal-to-noise ratio (SNR) without introducing significant
distortion. Compared with other filtering techniques, the Butterworth filter provides a maximally
flat amplitude response in the passband, making it a reliable tool for preprocessing radar data prior
to target detection.

Before applying the filter, its coefficients b and a were computed using the standard design
expression:

[b,a] = Butterworth(n = 5, fc/(Fs/2)) (10)

In this expression, the first argument defines the filter order (n = 5), while the second
argument represents the normalized cutoff frequency Fc/(Fs/2), computed relative to the Nyquist
frequency. Since a low-pass response is required, the filter is designed to attenuate all components
above the cutoff frequency Fc.

After calculating the coefficients, the filter is applied to the received signal ReceivedSignal
using the digital filtering equation:

FilteredSignalButterworth = filter(b, a, ReceivedSignal) (1)

Applying this filtering method effectively suppresses high-frequency noise, improving the
signal-to-noise ratio (SNR) without significant distortion of the useful signal. Unlike many other
methods, the Butterworth filter provides a smooth frequency response, minimizing phase
distortion. The obtained results demonstrate that the proposed method is an effective tool for
preprocessing radar data before further analysis.

Adaptive threshold-based target detection in radar signals.

Target detection in radar systems is a complex task, especially in the presence of noise and
interference. The detection process is based on comparing the filtered signal with a threshold value
that is dynamically calculated considering the statistical characteristics of the signal.

11
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The adaptive threshold (THRESHOLD) is determined using the Median Absolute Deviation
(MAD), which allows the algorithm to take into account the variability of noise in the signal:

MAD = median(| FilteredSignalKalman — median(FilteredSignalKalman) (12)
) X 1.4826
Then, the detection threshold is calculated as:
Threshold = median(FilteredSignalKalman) + 2 X MAD (13)

Target detection is performed by comparing the filtered signal with the adaptive threshold.
A detection is registered when the signal amplitude exceeds the threshold value, and no target is
declared otherwise. This procedure produces a binary detection sequence, where samples above
the threshold correspond to potential target returns.

Figure 2 illustrates the points in space where the system detects the presence of a useful
signal (detection) and where the signal is absent. The X-axis (Range, m) shows the distance to the
target or the observed area, while the Y-axis (Detection Status) represents the detection state. The
value 1 indicates a detected signal, while 0 denotes no detection. The red vertical lines on the graph
mark the moments when the system registered signal detection.

| | | | | | | | |
05 1 15 =z 25 3 35 4 45 5
Range (m) x 10

Figure 2 — Signal detections using adaptive Kalman filtering (Signal detections using adaptive
Kalman filtering. The X-axis represents the range in meters, and the Y-axis shows the detection
status (1 — target detected, 0 — no detection). Red vertical lines mark detection events)

The analysis of the graph shows that rare and narrow peaks correspond to the effective noise
suppression by the Kalman filter, which allows identifying only significant signals. The filtering
process eliminates false detections caused by noise in the raw data. Individual detection moments
(red lines) may correspond to real reflected signals or objects.

Thus, the Kalman filter helps reduce the number of false alarms by adaptively suppressing
noise. The graph confirms that the signal processing enables selective target detection compared
to the original noisy data. To increase detection accuracy, the detection threshold can be adjusted
in the MATLAB code via the Median Absolute Deviation (MAD) parameter. This approach
ensures reliable signal detection even in complex environments with high noise and fluctuation
levels [2].
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Figure 3 — Comparison of the noisy input radar signal (Received Signal) and the filtered signal
after Kalman filter processing (Kalman Filter Output) in MATLAB (The X-axis shows range in
meters (0—50 000 m), and the Y-axis shows signal power on a logarithmic scale, illustrating
noise suppression)

The red line in Figure 3 represents the original radar signal with added Gaussian noise, while
the blue line shows the signal processed by the Kalman filter. The X-axis indicates the range from
the radar to the target (in meters), covering the interval from 0 to 50,000 meters. The Y-axis
displays the signal power on a logarithmic scale, allowing better visualization of both weak and
strong echoes.

The comparison of the two signals shows that the red “Received Signal” experiences
significant amplitude fluctuations caused by noise. The power level changes chaotically with
range, complicating interpretation. In contrast, the blue “Kalman Filter Output” signal has a
smoothed profile and more accurately follows the expected variations in power without abrupt
jumps. This confirms the efficiency of the Kalman filter in noise suppression and signal
restoration.

The Kalman filter demonstrates a high ability to remove noise while preserving useful
information. The difference between the red and blue curves reflects the degree of noise
suppression, which is particularly important in radar systems that must detect weak targets in the
presence of interference. The graph clearly shows that the Kalman filter significantly improves
signal quality, reduces the influence of random fluctuations, and preserves the underlying signal
structure. In radar applications, where measurement precision is crucial, such processing enhances
the reliability and accuracy of target detection.

Results and Discussion.

The filtering methods were quantitatively evaluated using two metrics: improvements in
signal-to-noise ratio (SNR) and reductions in mean-square error (MSE). The analysis was
performed using a Monte-Carlo simulation with 50 independent runs to ensure statistical stability
of the results. The clean reference signal was generated according to the radar equation, and noise-
corrupted data were processed by each filtering method. Figure 4 and Table 1 summarizes the
simulation results.
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Figure 4 — Improvement of SNR for Different Filtering Methods

The median filter yields a moderate SNR increase by removing impulsive outliers, though
its smoothing effect limits accuracy in some cases. The Butterworth filter achieves a significantly
better SNR (>10 dB) by attenuating high-frequency components. The adaptive Kalman filter yields
unbiased minimum-variance estimates but remains sensitive to changes in the noise covariance.
The proposed hybrid cascade achieves the best performance in both metrics due to the
complementary nature of its components: the median filter suppresses outliers, the Butterworth
filter removes broadband noise, and the Kalman filter refines the final estimate (table 1).

Table 1 — Quantitative Performance Comparison of Radar Signal Filtering Methods

Filtering Method SNR (dB) | MSE | SNR Improvement (ASNR)
No filtering -0.01dB | 1.0023 —
Median filter 548 dB | 0.2842 +5.48 dB
Butterworth filter (low-pass, 5th order) 10.38 dB | 0.0924 +10.38 dB
Adaptive Kalman filter 8.83dB | 0.1318 +8.84 dB
Hybrid cascade (median + Butterworth + Kalman) | 10.55 dB | 0.0895 +10.56 dB

In the baseline case without filtering, the input SNR was approximately 0 dB, meaning that
the signal power was nearly equal to the noise power and the radar echo was heavily distorted.
After applying the proposed filtering methods, the SNR increased by about 5-10 dB, while the
MSE decreased by almost an order of magnitude, indicating a substantial improvement in signal
quality. The bar charts (Figure 4) visualize the SNR enhancement achieved by each filtering
technique, demonstrating that the hybrid cascade filter provides the highest gain. This combined
approach, with an SNR of 10.55 dB and MSE 0.0895, outperforms individual median (SNR: 5.48
dB; MSE: 0.2842), Butterworth (SNR: 10.38 dB; MSE: 0.0924), and Kalman filters (8.83 dB;
MSE: 0.1318), confirming its effectiveness in suppressing noise and enhancing radar signal
reliability.

Conclusion.

The study presents an analysis and modeling of adaptive radar signal filtering methods in
the 1030-1090 MHz frequency band, which is typical for secondary surveillance radar, TCAS,
and ADS-B systems. The research has shown that the use of a combination of median, Butterworth,
and Kalman filters significantly improves signal processing reliability and reduces the influence
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of both random and correlated noise. Simulation results confirm that median filtering effectively
suppresses impulsive distortions, the Butterworth filter provides broadband noise reduction, and
the adaptive Kalman filter delivers the lowest estimation error. Their combined use significantly
strengthens interference immunity in the congested 1030-1090 MHz band. The implementation
of adaptive threshold detection based on Median Absolute Deviation (MAD) allows creating a
dynamically adjustable detection criterion sensitive to variations in the interference environment.
This ensures the stable operation of the radar system under 1090 MHz frequency channel
congestion and maintains data reliability even under overlapping Mode S and ADS-B
transmissions.
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EKTHIILIIK PATAOJOKALASI CUTHAJIJIAPBIHBIH KEJAEPTITE
TO3IM/ILIITTH APTTBIPY YIITH AJIATITUBTI CY3TLTEPAI TAJIJIAY KOHE
MOJEJBJEY

Anoamna. byn makanaoa exinwi pemmix paouonoxayusi ouanazonvina (1030/1090 MI'y)
MoK Kywmi uy MeH Kedepeiiep ica20aublH0d paouoIOKAYUSILIK CUCHANOAPObl OHOeY JiCoHe
011apObIY CEHIMOLNIZIH apmmbIipYObll 3AMAHAYU MACLI0ePi KapacmulpblLidaobl. Oye KO32ANblCbIHbIY
paoapvlk Jcyienepi aye KeHicmicin Kayinciz scane muimoi 6ackapyovl KaMmAamdacsls emyoe
MaHvI30bl PO amKapaowvl, oeceHmeH, onapoviy enimoiniei 1030/1090 MIy ouanazonvina mau
Kywmi uty meH Kedepeinep Kesinoe momenoeloi. 3epmmey 6apblcblHOA CUSHAT/ULY KAMbIHACHIH
apmmulpya, MaKCammablK HCayan napamempiepiniy, mypaKxmolibleblH KAMMAMACHL3 emyee HCaHe
AHCAN2aH 0aObBLL LIKMUMATIObIZbIH A3AUMY2a OAZLIMMAEAH CY32iney MeH Oelimoenzen CUSHALObIK
enoey aneopummoepi ezoiceti-mezoicelini mandanovl. OObeKmusmi carblcmvipy JHcypeizy yudin
KAACCUKANLIK JICIHE Jicemindipineer yu@pivlk cyseiney macindepi Kapacmulpwuliovl. Ocipece
MATLAB opmaceinoa oicy3eze  Aculpblibll, CUHMEMUKAIbIK —Oepekmep MeH Munmix
PAOUONOKAYUANBIK, CYEHAPULLIEPOIH MOOenrbOepi Heli3iHoe CblHANeAH MeduanovlK, bammepsopm
ocone pexypcuemi Kanman cyseinepin canvicmuvlpmansl 3epmmey epeKuie HA3aped anblHObL.
Cyseiniy pemi, emxizy sconaevl, beiimoeny Ko3phuyuenmmepi men ouckpemmey KaOAMbIHbIH
CUSHANObL KANNbIHA Keamipy canacvlHa acepi 3epmmendi. CmamucmuKkanvlk, Koppersyusivlk
JHCIHE bIKMUMALObIK Manoday Hamudicecinoe QOHObIK wyOvly OeticmayuoHapivl madu2amuolH,
CUSHANOAp apacblHOAbl YAKbIMUA KOPPEIAYUAHbL JICIHEe AMNAUMYOalvlK mepobenicmepoi
eckepemin Oetiimoenzen mabaioblpbIKMblK AHLIKMAY 20iCi Hcemindipinodi. Anvinean Hamudcenep
Oipikmipineen ocone pekypcusmi cy3einepOi KONOAHY eKiHuli pemmik paouoiokamopiapobiy
Ke30€liCoK JicoHe JCYleliK Kedepeinepee MO3IMOLNICIH eddayip apmmulpamulHbll, 0aeanay
Kamenikmepiniy  OUCNEPCUACHIH — A3aUmamsiHblH  JHCoHe  PAOUOJIOKAYUSLBIK — AKNAPAMmblH
CEHIMOILNICIH  HCORAPLINAMAMBIHLIL  Kopcemmi. 3epmmeyoiy NpaKmuKaivlk KYHObLIbI2bl —
YChIHbLIEAH 20icmepoi azamammolk ASUAUUAHBIY UHMELIeKmyanovl dye KO32AIbICblH 0acKkapy
JHCIHEe PAOUOTIOKAYUANLIK 0aKbliay cylielepine eHei3y apKblivbl Kedepeice MmMO3IMOLNIKMI,
Yuaxkmapowl caukecmenoipy 0anodiciH dHcoHe paouonioKayusivlk OAKbLIAy Ccanacvli apmmolpy
MYMKIHOIZIMEH atiKbIHOANA0b.

Tyitin co30ep: exinwi pemmik paouonoxayus, Geuimoenzen cyseiney, Kamman cyseici,
bammepsopm cyzeici, meduanovlx omnoey, yu@piviy cueHandapovl 6HOey, CUSHAIOAPObIH
unmeppepeHyuscol, paouoIoKAYUALLIK OAKbLIAYObIH CeHIMOLNIZI.

AHAJIN3 U MOAEJUPOBAHUE AJAIITUBHBIX ®UJIbTPOB JIs1 TIOBBIINEHUSA
MOMEXOYCTONUYNBOCTHU CUTHAJIOB BTOPUYHOM PAJITMOJIOKATINN

Annomayusn. B dannoii cmamve paccmampusaromces cogpemenHvle nooxoowvl K obpabomke
U NOBbIUEHUIO O0CTOBEPHOCTNU PAOUOIOKAYUOHHBIX CUSHAIO8 8 YCILOBUAX CUNbHLIX ULYMOBLIX U
HOMEX08bIX 8030€UCMBUL, XAPAKMEPHBIX 0J1 OUanaszona emopuurou paouonoxkayuu (1030/1090
MTy). Cucmemvl paouoiokayuoHHO20 KOHMPOIS 030VULHO2O OBUNCEHUSL USPAIOM BANCHETIULYIO
PpoZb 8 obecneueHuu 6e30naAcH020 U IPHEKMUeH020 Ypasienus 6030YUIHLIM NPOCMPAHCIMBOM,
00HAKO UX NPOU3BOOUMENLHOCIb CHUNCACMCS 8 YCI0BUAX CULHO20 WYMA U NOMEX, MUNUYHBIX
ons ouanasouna 1030/1090 MIy. B pabome npoeedén Oemanvuvili AHAIU3 ANCOPUMMOS
Qunempayuu u aoanmuHou 06pabomKu paouoIOKAYUOHHLIX CUSHANO08, HANPABIEHHbIX HA
NOBblUleHUE OMHOWEHUS CUSHAT/WYM, CMAOUIU3AYUIO NAPAMEmpos UeneblX OMKIUKOS U
VMeHbUleHUe 8ePOSIMHOCIU JTONCHBIX CPAbAmMvléaHull npu pesucmpayuu ommemox. /na bonee
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00bEKMUBHO20 CPABHEHUSL PACCMOMPEHbL KAK KAACCUYEecKUue, max U yCco8epuleHCmeo8aHHbvle
no0xo0uvl yugposot gpurvmpayuu. Ocoboe eHUMAHUE YOENeHO CPABHUMENbHOM) UCCAe008AHUIO
MeouanHnoco Qunvmpa, ¢urempa bammepsopma u pexypcusnozo ¢uiempa Kanmana,
Peanu308anHblX U npomecmuposanuvix 6 cpede MATLAB ¢ ucnonv3oeanuem cunmemuyecKku
C2eHePUPOBAHHBIX OAHHBIX U UMUMAYUOHHBIX MOOeell MUNUYHBIX PAOUOLIOKAYUOHHBIX CYUECHAPUES.
Ilpu smom uccredosanucs enusnue NOpsOKa Guibmpa, noaoCbl NPONYCKAHUS, KO3 uyuenmos
adanmayuu U 6peMeHHO20 uaea OUCKPemu3ayuu Ha Kavecmeo 80CcmaHosnenus cuenana. Ha
OCHOBE CMAMUCMUYECKO20, KOPPENAYUOHHO20 U BEPOSIMHOCIHO20 AHAIU3A  NPEeONOANCEH
YCOBEPULEHCIBOBAHHDILL MmO A0ANMUEH020 NOpPo208020 0OHapycenus yereu. Ilonyuennvie
pe3yabmamsl NOOMEEPAHCOAIOM, YMO NOMEHYUANbHOE UCHONb308AHUEe KOMOUHUPOBAHHBIX U
PEKYPCUBHBIX  (PUTbMPOE NO360JI5leM  3HAYUMENLHO NOBbICUMb  YCIOUYUBOCb  BMOPUYHBIX
PAOUONOKAMOPO8 K CAVUAUHBIM U CUCTNEMHBIM NOMEXAM, CHU3UMb OUCNEPCUIO OUWUOOK OYEHKU U
NOBbICUMb  O0CMOBEPHOCb  PAOUOLOKAYUOHHOU  uHopmayuu. [lpakmuueckas yeHHOCHb
pabomul  3aKIOYAEMCS 68  BO3MONCHOCMU — 6HEOPEeHUs  NPeOJIONCEHHbIX — Memooo8 8
UHMENLIEKMYANIbHblEe CUCeEMbl 00pabOMKU OAHHLIX YNPAGIEHUs. 8030VUHBIM OB8UICEHUEM OJls
NOBbIULEHUS NOMEXOYCIMOUYUBOCIU, MOYHOCTNU UOSHMUDUKAYUU 8030VULHBIX CVOO8 U VIIYYULeHUS
Kauecmea padaprozo HabI00eHUs: 8 2PANCOAHCKOU ABUAYULL.

Knwouesvie cnosa: emopuunas paouonoxayus, aoanmuenas Guivmpayus, @uibmp
Kanmana, ¢uromp bammepeopma, meduanuas oopabomka, yughposas obpabomka CucHaios,
uHmepghepeHyus cCueHanNos, 00CMOBEPHOCHb PAOUOIOKAYUOHHO20 HADIIOOEHUSL.
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Appendix A

014a\bin\Untitled.m

| Untitled.m | $55.m “’.| +
(1) This file can be published to a formatted document. For more information, see the publishing video or help. X
1 |%% MATLAB Code for Adaptive Radar Signal Filtering and Analysis TD
2
3 % 1. Define radar parameters
4 = Pt = le4; % Increased transmitted power (W)
5 - G = 30; % Antenna gain (dB)
6 — Lambda = 0.03; % Wavelength (m)
7= RCS = 100; % Radar Cross Section (m"™2)
8- B = linspace(l, 50e3, 1000); % Reduced range (m) to better wvisualize sign
g5 — NoisePower = 5e-6; % Increased Noise power (W) to make noise more visible
10
11 % 2. Compute received power using radar eguation
12 — Pr = (Pt * (10~(G/10))"2 * Lambda”2 * RCS) ./ ((4 * pi)~3 * R.~4);
13
14 % Display signal properties
15 — disp(['Max Pr: ', num2str(max(Pr)}]);
16 — disp(['Min Pr: ', numZ2str(min(Pr))]); o

Code fragment for calculating received power according to Equation (1)

1201 4a\binkUntitled.m

| Untitledm = | 555.M “’.|
@ This file can be published te a formatted document. For more infermation, see the publishing video or help, x

19 % 3. Add Gaussian noise to received signal L

20 — EeceivedSignal = Pr + sqgrt(NoisePower) * randn(size(Pr));

21

22 % 4. Adaptive filtering techniques

23

24 % Matched filter (correlation with expected signal)

25 — filter coeff = fliplr(Pr); % Matched filter based on transmitted signal

26 — MatchedFilteredSignal = conv(ReceivedSignal, filter coeff, 'same'):;

27

28 § Median filter to avoid over-smoothing

w5l |= n =5; % Filter order

a0 — FilteredSignal Median = medfiltl (ReceivedSignal, n);

31

32 % Adaptive Kalman Filter

=)= A = 1; % System dynamics coefficient

34 — H=1; % Measurement matrix

35 — %X _est = ReceivedSignal(l); % Initial state estimate

3 |= P =1; % Initial estimate error covariance

37 - FilteredSignal EKalman = zeros(size(ReceivedSignal))- v
I( >

MATLAB code for implementing adaptive radar signal filtering methods: matched,
median, and Kalman filters
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T Editer - C:\Program Files\MATLAB\R2014a\bin\Untitled.m ® x
| Untitled.m | 555.1M V|T|
3) This file can be published to a formatted document. For more information, see the publishing video or help. X
£ —
39 — for k = l:length(ReceivedSignal) "
40 % Adaptive process noise covariance

41 — Q = max (var (ReceivedSignal (max (1, k-10):k)) * 0.5, le-6€);

42 — R_kalman = NoisePower * 1.2; % Adaptive measurement noise

43

44 % Prediction step

45 — X pred = A * x est;

46 — P pred = A * P * B + Q;

47

48 % Update step

49 — K =P pred *H / (H* P_pred * H + R_kalman):

50 — x est = x pred + K * (ReceivedSignalik) - H * x pred);

51 — P=(1-K*H) * P pred:

52

53 % Store result

54 — FilteredSignal Kalman(k) = x_est;

55 — end

56

- L P e - = — —~ . . . —~ . r PR -~ - - \\--\v
I« >

Algorithm of the adaptive Kalman filter

B Editor- C: 2014a\bin\Untitled.m
| Untitled.m | sssm | + |
(T This file can be published to a formatted document. For more information, see the publishing video or help. x
39 T-D
&0 % Butterworth low-pass filter
61 — Fc = 2000; % Cutoff frequency (Hz)
62 — Fs = 10e3; % Sampling frequency (Hz)
63 — [b, a]l] = butter(5, Fc/(Fs/2), "low'):
g4 — FilteredSignal Butterworth = filter (b, a, ReceivedSignal);
E5 v
< >

Code for implementing the Butterworth filter to suppress high-frequency noise

\Untitled.m

|. Untitled.m | s55.m “’.l + ‘
(@) This file can be published to a formatted document. For more information, see the publishing video or help. ®
IT bl ™|
114 % 6. Adaptive detection threshold
159L5 (= MAD = median(abs(FilteredSignal FKalman - median(FilteredSignal Kalman))) * 1.482Z6;
116 — Threshold = median(FilteredSignal Kalman) + 2 * MAD;
117
118 % 7. Detection process using Kalman filtered signal
119 — Detections = FilteredSignal Kalman > Threshold;
120 — disp(['Total Detections: ', num2str (sum(Detections))]);
ilzal (= figure('Units', 'normalized', 'Position', [0 0 1 1]);
122 — stem(R, Detections, 'r', 'Marker'; 'none');
123 — title('Detection Results using Kalman Filter (1 = Detection, 0 = No Detection) ')
124 — xlabel ('REange (m)"'); ylabel('Detection Status')s;
125 — grid on;
126 v

Code for target threshold detection using the Kalman filter
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o, OYE KONIT XKOHE TEXHONOINANAP
% BO3[YLUHbIX TPAHCMNOPT U TEXHONOIUKU
¥ AIR TRANSPORT AND TECHNOLOGY

YK 656.7
MPHTH 73.37.17
https://doi.org/10.53364/24138614_2025 39 4 2

K.T. Komexos!, K. B. Angam:kxapos?, SI. M. Kyp6anos', B.M. Kyp6anos!
'AO «Axanemus I'paxnanckoit ABuanuny», Pecny6muka Kasaxcran, ropos AnmMaTs

*E-mail: kurbanov yakub@list.ru

AHAJIN3 BJINSAHUSA KAUECTBA JJAHHBIX OBYUEHUS HEMPOHHBIX CETEA U
NCKYCCTBEHHOI'O UHTEJIVIEKTA HA BE3OITIACHOCTbD IIOJIETOB

Annomayusn. llenv ucciedosanus uzyuums GIUSHUE KA4eCMEa OAHHbIX, CONPSICEHHbIX C
HUM (paxmopos u hopmanuz08amo io2uyecKue U MamemMamudeckue Cesa3u Mexicoy apeymMenmamu
@yHKYuU 0OYyYeHUsT HEeUPOHHOU Cemu UIU UCKYCCMBEHHO20 UHMENLIeKMA O/ OeMOHCmpayuu
83AUMOCBS3U ¢ DE30NACHOCMbIO NOJIEMO8.

Hna oocmuoicenusn yenu HeobXooumo pewiums cireodyrowue 3aoadu. llepsoe - oyeHumo
meKywee COCmosiHue B60npoca NPUMEHEHUs. UCKYCCMBEHHO20 UHMELIeKma 6 Npoyedypax
NPeOnoNemHo20 OCMOMPA, A MAKJICEe PEMOHMA U MEXHUUeCK020 OOCIYHCUBAHUSL 8030YVUIHO2O
CYOHa. Omo HeobXo0umo 05t onpedesieHus YPOSHs MeXHOLOSUYECKOU UHMeZPayuu HetipOHHbIX
cemell U UCKYCCMBEHHO20 Unmeliekma. Bmopoe - na ochose nonyuennvix OaHHbIX HEOOXO0OUMO
onpeodenums aKmyajibHvle niam@opmvl 0 00yYeHUs UCKYCCMBEHHO20 UHmelleKkma. Omo
HO360/1UM ONpedenums OONOJHUMENbHbIE MEXHUYeCKUe apeyMeHmbl, GIUAIUUE HA KOHEUHbIll
pesyibmam 00yYeHUs UCKYCCMBEeHH020 unmelekma. Ipemve - Gopmaruzoeams 102UKO-
MAMeMaAmMuyecKyro C6s3b MeXHcOy GIUSIOWUMU (DAKMOPAMU U KOHEUHbIM Pe3YIbMAaAmoM.
Onpeoenums dononnumenvhvle guusAUUe haxmopsl u makxice Gopmaiuzoeams. PopmanbHulil
Cnocob 3anucu no36ojsem Cmpoums NpoyeoypPHO-nOCIe008AMENbHYIO JIUHUIO C8SA3U 05
MOHUMOPUH2A PUCKOB 8 OMHOWEHUU Oe30NACHOCMU NOJEMO8.

s pewenusi 3a0au npUMeHANUCL credyrowue memoosl. Memoo Hab00eHus, Komopblil
ObLL NPUMEHEH N0 OMHOWEHUI0 UHDOpMayuy, Komopas 6vlla cOOpanHa 6 xo0e OMCIeHCUBAHUS
XPOHONO2UU  NPUMEHEHUS  PA3IUYHBIX — AGMOMAMUSUPOBAHHBIX MEXHON02UL  ONMUYECKO20
OOHapydcenusi  HeucnpaeHocmel. Jlekomnosuyus, KOmMopas NO360AuUNd  OMOeIUms  Om
KOMNJIEKCHOU MEXHOL02UU QYHKYUOHALHYIO YACMb KOMNBIOMEPHOU NpPOSPAMMbL, KOMOpAs
onpeoensem neucnpagrocmu. CpagHumenbuviil AHAIU3, KOMOPbLUL NO380UIL ONPedeiums CUNbHbIE
U cnabvie CMopoHbl PA3TULHBIX HEUPOHHBIX cemell U ApXUMeKmyp mexHudecKux cucmem Oist Smux
HEUPOHHLIX cemell U UCKYCCMBEHHO20 uHmenlekma Mamemamuueckuii ananus, Komopwlil
no36o0siem  (QOpMAIU308aMb  GLIPANCEHUs],  XaApaKkmepusyrowue  elusHue  apeymMeHmos
KOMNIEKCHOU YHKYUU U onpedeiums a0OUmueHOCMs U MYTbMUNIUKAMUSHOCHb KOMIIEKCHOU
@ynxyuu. Jlusepcuonnovlii u DYHKYUOHANbHBINL AHAIU3LL, KOMOPbLE HO360JISIIONM ONPEOenums
83AUMOCBA3U MEHCOY apeyMeHMaAMU KOMNJIEKCHbIX QYHKYUU U KOHEUHOU KOMNJIEKCHOU (YHKYUU
bezonachocmu noiemos.

B pesynomame Oviiu npedcmasieHvl Gulpadcenus, KOMOpble OmMpaxfcarom J102UKO-
MamemamuyecKkyro ces3b 8 (DYHKYUOHANbHO-NOCAE008AMEeNbHOU NEPe0amouHOl TUHUU CE53U OM
apeyMenmos8 HetpoOHHOU cemu U UCKYCCMBEHHO20 UHMELIeKMAa 00 KOMNIEKCHO20 NOKA3ames
bezonacnocmu noiemos.
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Knrwoueevle cnosea: uckyccmeeHnmvlii UHMENLEKM, HEUPOHHble cemu, NpPeonolemHublil
ocmMomp, MOOenu UCKYCCMBEHHO20 UHMENIEKmMd, CPAGHUMENbHbIL aHAAu3, 0Oe30nacHOCHb
no1emoa.

BBenenue.

Oyenxa mexkyweeo cocmosinus. B Hacrosiee BpeMsl aBUalLlMOHHAsT MUHIYCTPUsl ABIISETCS
caMOil Harpy>KeHHOM IO OTHOUIEHHIO K 3aTpaTaM uyenoBeyeckoro kamnurtana. C 1enbio
palMOHAIM3AaLMM 3aTpaT YEJIOBEYECKOro KanuTana aBuakomnanus kommanus KLM nHauvana
NPUMEHEHHUE JIPOHOB M HMCKYCCTBEHHOTO HHTEIUIEKTa B MPEANOJIETHOM ocMoTpe. B pamkax
JKCIepUMeHTa, HauaBuierocss B 2015 roay, ObUIM MONYYEHBl CIEAYIOLIUE JIOCTHIKEHUS:
ABTOMATUYECKUN MPEANOJNIETHBII OCMOTP M MOCTPOEHUE TPEXMEPHOro LK(POBOro IBOWHUKA.
Kommanuss Mainblades mumanupyer BHeOpeHHE MCKYCCTBEHHOTO MHTEIUIEKTa B IPOIECC
MIPEANOJETHOTO OCMOTpa /I OOHAPYKEHUSI HEUCITPABHOCTEH BO3IyIIHOTO cyaHa [ 1, 2].

AHaJOTUYHYIO TEXHOJIOTHIO pa3paboTana aBumakommnanws Korean Air. ABuakomMmaHUs
MPUMEHMIIA TPYIIY OeCIUIOTHBIX JIETATeNIbHBIX alapaToB C JUCTAHIIMOHHBIM YIIPABJICHUEM IS
BBIIIOJIHEHMS TIPEAIIOIETHOIO OCMOTpa. B orinmuume ot s3kcnepumenta naprhHepcersa KLM u B
naptHepcTBe ¢ Mainblades npoHbl ObUTH MPUMEHEHBI TOJIBKO YISl ONTUYECKOTO OOHApYKEHUS
HeucnpaBHocTe. OIHAKO pe3ysibTaT MPUMEHEHUSI COKPATUII BPEMsI IIPOLIEAYPHI MTPEAIOIETHOTO
ocmotpa Ha 60% [3].

Llenv uccnedosanus. PaccmaTpuBasi OMHCAHHBIM OIBIT aBUAKOMIIAHWN HEOOXOJIMMO
OTMETUTH (PAKT BHEJPEHHUS CPEACTB aBTOMATU3AINH, B YACTHOCTH UCKYCCTBEHHOT'O MHTEJICKTA.
HckyccTBEeHHBI MHTEIUIEKT B HACTOSIIEE IPEICTAaBISIET U3 ceds MporpaMMHOE OOecIieueHue,
KOTOpPO€ peIIaeT MapaMeTpUuecKyro 3agady, e KOJIMYeCTBO MapaMmeTrpoB jgocturaer 1,8
TpuunoHOB [4]. HecmoTpss Ha TO, 4TO OOJIBIIMHCTBO MOJEJNEH MCKYCCTBEHHOT'O HHTEIUIEKTA
ABIIIOTCS OTKPBITBIMU M JOCTYIHBI JUIsl CKAYMBaHUSA M OOY4EHHUs, KOMMEpUYECKUEe OOYyUCHHbIE
MOJIENIN SIBJISIFOTCS 3aKPBITBIMH, YTO B CBOIO OYEpEb HE MO3BOJIIET 00ECIEYHTh MPO3PavyHOCTh
mpolecca MPUMEHEHUsT KOMMEPUYECKUX MOJIENIeH, a Takke He MO3BOJIIET ONpPENEINTh BECOBBIC
KOA((UITMEHTHI BCEX ITHX MapaMeTPOB, KOTOPHIC OKA3bIBAIOT BIUSHUC HA KOHCUHBIA PE3yJIbTaT,
BbIJJaBaE€MBbIN PTON MOJEIBIO.

Hcxons u3 ONMMCaHHOTO II€JIbI0 MCCIIE0OBAHUS CTAHOBUTCS pa3paboTKa MperIoKEeHUs M0
CHUKEHHUIO YPOBHS PUCKA, CBI3aHHOI'O C KAUECTBOM JIAHHBIX U BO3HUKAIOLIETO MPU IPUMEHEHUHN
MCKYCCTBEHHOI'O MHTEJIJIEKTa B MPOIEAypax MPEANoIEeTHOIO OCMOTPA.

3adauu uccneoosanus. J{ns NOCTHKEHUS LIETH HEOOXOAUMO PEIIUTh CIEIYIOIINEe 3a1a4u C
IPUMEHEHHEM COOTBETCTBYIOIINX METOAOB. [IpoBecTn aHaIMTHYECKYIO pabOTy C IPUMEHEHUEM
cieayomux MeToqoB. CpaBHUTENbHBIN aHAINA3 3aKPBITHIX U OTKPBITHIX MOJIENIEN HCKYCCTBEHHOTO
uHTesekTa. [1o3Bonisier onpeaenuTs ypoBEHb TEXHOJIOTHYECKOTO COBEPILIEHCTBA TOM UM MHOMN
JOCTYITHOM JUJIsl MCCJENOBATENbCKUX Mened mozaeneil. [lo3BonuT omnpenenuts NEpCreKTUBY
MPUMEHEHUS KaXJIOM H3YYEHHOW MOJIETM B paMKaX OOBEKTHUBU3AIMM W aBTOMAaTHU3AIUU
MPEeANnoJIeTHOTO ocMoTpa. CTPYKTYpHBIM aHajau3 aBTOMAaTU3UPOBAHHONW TEXHOTE€HHON CHCTEMBbI
MO3BOJISIET BBLACITUTH CTPYKTYPHYIO B3aMMOCBSI3b 3JIEMEHTOB B paMKax KOMIUIEKCHON CHCTEMBbI
MPEOJIETHOTO OCMOTpa. PYHKIIMOHATBHBIN aHAIN3, TIO3BOJSET ONPEACTUTh (QYHKIIMOHATBHYIO
B3aUMOCBSI3b MEXTY CTPYKTYPHBIMH dJIEMEHTAMHU, a TAKKE OTCIEIUTH ABUKEHUE TAHHBIX MEXKITY
CTPYKTYpHBIMH d1ieMeHTamu. [1pu nosiBieHnu c00eB B cucTeMe, MO3BOJIHUT ONPEACTUTH YSI3BUMBIE
AJIEMEHTBl CHUCTEMBI B XOj€ paloThl. AHAIW3 MPOU3BOJCTBEHHBIX PUCKOB MPHUMEHEHUS
TEXHOT€HHOW CHUCTEMBI C HCKYCCTBEHHBIM HMHTEIUIEKTOM II03BOJISET OIpeneinuTh Haumboee
KPUTUYECKHE YSI3BUMOCTH B MPUMEHEHHWH aBTOMATU3WPOBAHHOW CHCTEMBI. UTO TO3BONHT B
MEPCIeKTHBE pa3paboTaTh Mephl MO CHIDKEHHIO PUCKOB, CBS3aHHBIX C MPUMEHEHHUEM
TEXHOreHHOM cucTteMbl. CHHTE3 peKOMeHJaluil 1Mo 0e30MacHOCTH Ha OCHOBE BBISABIIEHHBIX
PUCKOB, TMPEUMYILIECTB W HEJOCTATKOB IMO3BOJIIET ONPEAEIUTh OCHOBHBIE HAIpaBICHUS IO
MPOBECHUIO TIIYOOKMX HCCIEIOBAaHUNA W pa3pabOTKe pEeKOMEHJaluii 1Mo Oe30macHon
AKCIUTyaTallid aBTOMaTU3UPOBAHHON CUCTEMBI MPEAINOJIETHOIO OCMOTpA.
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Matepuaabl U MeTOABI HCCJIETOBAHMS.

Jns Toro, 4yto0 MPOBECTH CPAaBHUTEIBHBIA aHAIN3 MPUMEHEHHS MEXAY OTKPBITOM M
3aKpBITOM MOJEISIMU MCKYCCTBEHHOTO MHTEJUIEKTA, U3YYUM KU3HEHHBIM LIUKJ UCKYCCTBEHHOTO
uHTeiiekTa Ha npumepe YOLO, koTopas sIBIsS€TCS NOCTYIHOW U NMPUMEHSIETCS B Pa3IMYHBIX
CEKTOpax KOMITbIOTEPHOTO 3PEHHUSI, B TOM YUCIIE MOXKET MIPUMEHSTHCS B MPEANOIETHOM OCMOTpE.
B nacrosmee Bpems B AO «Axagemuss ['paxnanckoil ABHalMu» YK€ BBIIOJIHEHO
JKcrepuMeHTanpHoe oOyueHue wmojenun YOLO Bepcunm mnakera «n» Uil BBITOJIHEHUS
npezanoneTHoro ocmotpa. Taxke oOyuenue BenetTcs Ha miardgopme Roboflow, koropas umeer
OJHOMMEHHYIO Mojens — Roboflow.

B otnmane ot YOLO monens Roboflow rMeer 4acTHUHO 3aKpPBITYIO apXUTEKTYPY, KOTOPYIO
MOXXHO 3aJIeWCTBOBAaTh JJIi KOPPEKTHPOBKH Yxke oOydeHHOW monenu wim moxaenu YOLO.
[IpenBapuTenbHblii HAO0Op OOYYArOIIMX JaHHBIX COACPXKHUT B cebe 234 wu3o0pakeHwus,
pacrnpeieieHHbIX Ha TpU BETBU: O0OydYalIlWe JaHHble, BaJIUJAUOHHBIE JaHHbIE U
HoATBep K IatoMe ganHbie. Beero Obwto onpeneneno 14 xinaccoB 0OBEKTOB il OOHAPYKEHHUS.
Kaxk BunmHo Ha pucynke 1, monens Roboflow 3 oka3zanacek 60see TOUHOIA.

acd_detector 7 . 24.08.2025 mAP@50 25.9% C YOLOV12 Object

|D: acd_detector/7 0 /2154 Precision 63.3% C——= Detection (Accurate)
Recall 16.7% 3
Valid Set External &
® acd_detector 6 @ 09.08.2025 mMAP@S50  26.3% Roboflow 3.0 Object
ID: acd_detector/6 — 22:51 Precision 76.5% C———— Detection (Fast)
Recall 19.3% =

Pucynok 1 — TounocTh (Precision) moaeneii KOMIbIOTEPHOTO 3PEHHSI

[Tpu 3TOM Jake ObUIM MPHUHATHI COOTBETCTBYIOIINE MEPhI IO BBIOOPY pexuMa 00ydeHHs.
Kak mokaszanm 3KCHEpHMEHT, 3aKphiTas apXUTEKTypa BEPOSITHO COJAEPKUT JONOJHUTEIbHYIO
apryMEeHTalUI0 B MaTeMAaTHYECKUX MOJIENAX, KOTOpas CIIOCOOCTBYET MOBBIIIEHUIO TOYHOCTH
IPOTHO3MPOBAHUS MOJIENH KOMIBIOTEPHOTO 3pEHHS JaK€ B peXHUME ObICTpOro oOydyeHUus II0
OTHOLICHHIO K OTKpBITOH apxutekrype YOLO 12, B pexume NOBBIILIEHHON TOYHOCTH.

CTouT OTMETHTH, YTO OOBEM JAHHBIX HE SBIIAETCS HCUEPIBIBAIOIIMM U HE COAEPIKUT
JIOCTAaTOYHO MaTepHasioB Uil OOY4YEeHHUsI BBICOKOTOYHON Mojenu. Takke OJHHUM M3 KIIHOUYEBBIX
MOMEHTOB 00yUY€HUSI MOJIENIN SIBJISI€TCS] KAaUeCTBO JJaHHBIX. KauecTBO TaHHBIX HANPSIMYIO 3aBUCUT
oT paspemieHust ¢ororpaduii. Kpome 53TOro, Takxke yrosl ChbeMKH BIHSET Ha KayecTBO
M300paxKeHust UICKOMOTro 00beKTa Ha cHUMKe. Takum o0pa3om popMupyercs nepedyeHb GaKkTopos,
00BEKTHBHO BIIMAIOLIMX HAa KAYeCTBO 00yUeHHs MOJIEH. 3anuIlIeM Kak (QyHKIIHIO:

F=f(PresXPangXPrepx Pdet) (1)

rae F - koMIUIeKCHasl mapameTpudeckas MaTeMaruyeckas (QyHKIHUs, XapaKTepu3yrollas BIUsSHUE
(akTOpOB Ha 0OyUYEHUE MOJIENH;

P,os - apryMeHT KOMIUIEKCHON MaTeMaTHuecKO (QyHKIIUH, OTPEAeIIIONINI BIUSHUE Pa3pelIeHH s
Ha 00ydeHHe MOJIeNH;

Ping - apryMeHT KOMIUIEKCHOM MAaTeMaTHYeCKOW (YHKIMH, ONPENENAOMNN BIMAHUE yIya
ChEMKH Ha 00y4YeHHUE MOJIENIH;

Bep - AapryMEeHT KOMIUIEKCHOW MaTeMaTH4eCKOW (DyHKUMM, ONPENENAIOMUNA BIMAHUE
MOBTOPSIEMOCTH 00BEKTa B HAOOPE JaHHBIX Ha 00yueHHe MOJIEINH;
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Pj.t - AapryMeHT KOMIUJIGKCHOM MaTeMaTHYecKOW (YHKLUHU, OIpPENeNonil BIUIHUE
JeTalnu3aluy N300paxeHusi HKCKOMOTro 00beKTa Ha 00y4eHHEe MOJIETIH.

B pamkax paccMaTpuBaeMOro KOHTEKCTa apryMEHTOB CIIPaBEUIMBO HM3YYHTb METPHKH,
[PEIOCTaBIsIeMble MPOTPAMMHBIMU CpelaMd OOY4YeHHsS MOJIele M BBIJCIUTH KIIIOUEBbIE
XapaKTEPUCTHKH.

Jns Havana Ha pUCYHKE 2 mpeAcTaBuM rpadsl MeTpuk o0ydeHus moaenu Roboflow 3

metrics/precision(B)

1.0 -

0.8 A

0.6 -

0.4 -

0.2 -

0.0 ~

I I I
0 100 200
Pucynok 2 — I'paduk meTpuk TouHOCTH 00y4yeHHOI Mozenu Roboflow

I'paduik TOUHOCTH CHHUM I[BETOM YKa3bIBaeT (paKTHUECKUE PEe3YyIbTAThI A KakI0i u3 234
uTepauuii mo ocu X U BEPOSITHOCTH oTpesiesieHus: o0beKkTa 1o ocu Y. PesynbTupyromuii rpadux
COCTaBJIIET HEKOTOPOE I10JIe 3HAYSHU, 00JIbIIIast 4aCTh KOTOPHIX HAXOJUTCS B TPOMEXYTKE OT OT
0,5 no 0,8. IlyHKTHpHOM JMHUEN yKa3aHO CIVIaKEHHOE 3HAUYE€HHE MapaMeTpa TOYHOCTH, KOTOpoe
HaxoauTcs B mpoMexyrke mexay 0,6 u 0,8. OnHako CTOMT OTMETUTH, YTO NMUKOBAas TOYHOCTb
3HAYCHHUI HAaXOJUTCS JI0 uTeparnuu ndodpaxenuit ¢ Homepom 100. Ha utepanun B mpoMexyTKe
mexay 100 u 200 BbaenseTcss CUIBHBIA MPOBaAJL. DTOT MPOBAJl XapaKTEPU3YET HU3KOE Ka4eCTBO
0o0y4eHHs, YTO B MEPBYIO OYEPE]b CBSI3aHO C HMU3KHUM KadyeCTBOM OOYyYaroIIMX MaTepHalioB.
OcHOBaHMEM JUIsI 3TOTO YTBEPKIECHUS SBJISIETCS MPEILIECTBYIOUINMA ONBIT 00y4eHUs 3TOU MOJIENH,
pe3ynbTaThl KOTOpOM ObUIM paBHBI 3HAYEHUSIM, NPUBEACHHBIM Ha pucyHke 3. KiroueBbiM
HEraTUBHBIM apIyMEHTOM SIBJISIETCS caMa Kilaccu(uKanus, Tak Kak ObUIH YKa3aHbl TOJIBKO KJIACChHI
noBpexaeHui. B Oosiee HOBBIX BepcUsAX MpUMEHsuIach Oosiee cTporas Kiaccudukalus, Kotopas
BKJIIOYAaeT B ce0sl 4yacTh KOHCTPYKLUMH CaMOJIeTa W THUIl MOBPEXKACHHUS, YTO CYIIECTBEHHO
MO3BOJIUJIO COKPATUTh MaTeMaTUYECKUE MOTPEIIHOCTH B METPUKE TOUYHOCTH IO OTHOLIEHUIO K
BUJIaM MTOBPEXKAECHUS [l HEKOTOPBIX OT/AEIBHBIX KJIACCOB HCKOMBIX 00beKTOB. [Ipuberas k 6osee
JKECTKOM crcTeMe Kiaccu(puKaIiy MoBpeKIeHNUI MOKHO MOBBICUTh PE3YIbTaTUBHOCTH MOJIENH.
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mAP@S50  13.3%

ac_damage_detector 5 . - .
@ ) = 10:u£.2023 Precision  31.1% —= Roboflow 3.0Instancx:
ID: ac_damage_detector/5 — 18:32 Recall 9. 0% o Segmentation (Fast)
eca 0% O
AP@S0D  20.9% CT
ac_damage_detector 4 . mATE -
@ = 08.q2_2025 Precision  43.4% c—— Roboflow ?:.0 Instance
ID: ac_damage_detector/d4 [0 — 02 Recall 2158 —— Segmentation (Fast)
AP@s0  32.2% C—O
ac_damage_detector 1 . a MARE .
@ = O?.92.2u25 Precision 51.3% c——— Roboflow 3.0Instance
ID: ac_damage_detector/1 — 16:23 Segmentation (Fast)

Recall 36.3% ——

Pucynok 3 — 3HaucHus TOUHOCTH (Precision) mpeaiecTByOIUX MoACIEH

Huxe npusenem dopmynbl uis Opeablaylieil U akTyalbHOM Bepcuil Kiaccuduxaniu
00BEKTOB JJ1s1 O0YUEHHUST MOJICITH.

Dtype = Cco (2)
rne C,, - IpeAlIecTBYIOIIEEe MHOXKECTBA KJIaCCOB OOBEKTOB;
Dty pe - KIIACC TUIIA NOBPEXKACHUM BO3YLIHOTO Cy/IHA.

Dtype U Dplace = Ccn (3)

rae C,, - akTyaJlbHOE€ MHOXKECTBO KJIACCOB OOBEKTOB;
Dpiqce - PACTIONOXKEHHE NOBPEKICHUH HA BO3LYLIIHOM CYJIHE.

Ecin B mepBoM ciydae MBI MMOJy4aeM JIMHCHHYIO (YHKIHIO BHJA Y = X, TO BO BTOPOM
cirydae BUJ (QYHKIMH TPE0OPa3OBBIBACTCSA B Y = X1 X X,. Jlake B TAKOM peIyIIUPOBAaHHOM BUJIC
MOYKHO TOHSTh, YTO KiaccH(uKanus OOBEKTOB MOXET OBITh paciuIMpeHa 3a c4eT (aKTOpOB,
MIPUBEJICHHBIX B IIEpBOH (hopMyie. B KOHEUHOM UTOTe MHOKECTBO KJIaCCOB OY/IeT YBEITMUNBATHCS.
B xoHeuHOM BHjie MBI OyieM UMeTh (hOpMYJTy CIIEIYIOIIETO BUA:

Cea = f(Z?X1 +...+ Zrlle) 4)

rae Cy, - MHOKECTBO KJIACCOB;

X - KJIacC KICKOMOTO OOBEKTA;

N - KOJIMYECTBO 3HAYEHUH, KOTOPBIE MOTYT IIPUHATH KJIACCHL, U1 Ka)KJI0T0 Kiacca ONpeaeIsaeTcs
VHAUBUAYaJIbHO;

m - KOJIMYECTBO YUUTHIBAEMBIX KJIACCOB.

[Tpoananu3upyem BO3MOXKHOCTb OTPAHUYEHHS KOJTMYECTBA APIYMEHTOB U UX 3HAYEHUH IS
COKpAIllEHUs] 3HAY€HUs apryMEHTOB, KOTOpbIE MOIYT IOTpeOoBaTh JAOMOJHUTEIBHON
BBIYUCIIUTENILHOW MOIIHOCTH U 3aTSHYTh oOyueHHe Mozaenu. K Tekymemy MOMEHTY MOJy4eHO
HIeCTh apPryMEHTOB: pa3pelieHHe, Yrojl CbEeMKH, IOBTOPSEMOCTb, JeTalu3allis, THII,
pacnionoxeHue. DaKTUYECKH TNPUBEIEHHBIE apryMEHTBl MaT€MAaTUYECKH OTPAHUYUBAIOTCS
TOJIBKO TEM, YTO UX 3HAYEHUS MPUHAIJIEKAT MHOXKECTBY IMO3UTHUBHBIX PAllMOHAIBHBIX U IIEJIBIX
quCcell.

Hcxons w3 CKa3aHHOTO TOJy4aercs, 4TO (DaKTHMYECKH MHOKECTBO AapryMEHTOB H
IPUHUMAEMbIX 3HAYEHUI MOXKET ObITh OECKOHEUYHBIM B paMKaX MaTeMaTH4YeCKOTO BBIPAXKEHMS,
OJIHAKO B PaMKax ACHCTBYIOIIEH MPAKTUKH M MPHUBEICHHOW apryMEHTAllMM HET TEXHUYECKOH
NOTPeOHOCTH B yBEIMUEHUH KOMIUIEKCHOCTH MaTeMaTH4eCKOH (PYHKIIMU apryMEHTalluU KauecTBa
oOydeHHs OT KauecTBa JaHHbIX. [lepeynclieHHble IIECTh AapPryMEHTOB CIIOCOOCTBYIOT
KaueCTBEHHOMY PacCIpeleIeHUI0 JaHHbIX, YTO B KOHEUHOM MTOI€ MO3BOJIET TOBBICUTH YPOBEHD
TOYHOCTH KOHEYHON MOJIeNH, KoTopasi OyaeT o0ydyeHa MpH MOMOIIHU 3TUX JIaHHBIX.
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Tenepb, mocie BbIBOAA OOIICH THIOTE3bl O BIMSHUM KadecTBa JAHHBIX Ha OOy4YeHHE,
nepenieM K paccMotpenuto Moaenu YOLO 12 Bepcun nakeTa «ny.

metrics/precision(B)

I I I
0 100 200
Pucynok 4 — I'paduk meTpuk TouHocTH 00ydernHoi mojaenu YOLO 12 n

I'padux urepanmii (OX) umeet MMPOKUI pa30poc JaHHBIX MO BEPOITHOCTH PACIIO3HABAHUS
oowekra (OY), nmpeumymecTBeHHo B auamnazone ot 0,2 g0 0,8. CriraxkuBaromas XapaKTepuCTHKA
OpaHXeBBbIM MYHKTUPOM pacCMojOXKeHa NpeumMylnecTBeHHO B auamna3zone oT 0,5 mo 0,7. Ecim
cpaBHHMBaTh ¢ Mojenbio Roboflow To pa3bpoc mokazareneil 3HAYUTENHLHO OOJBINE, YTO B
KOHEYHOM HTOTE JIEMOHCTPUPYET HE JIOCTATOYHYI) TOYHOCTh B OOYUYEHHHM MOJEIH, 3TO MOXKET
JEMOHCTPUPOBaTh HU3KYIO apryMEHTallud B OTHOLIEHUM MaTEeMaTUYeCKOTO MNPUOINKEHHUS.
OaHaKO CTOUT YHOMSIHYTb, UTO Bce HACTpOUKH Juist Mozenu Y OLO ucnosnb30BaHbl O YMOTYAHHUIO
U HE COJEpKaT JONOJHUTEIBHOW MAaTeMaTH4eCKOM apryMeHTallHd, B BHUJE HACTPOUKH
pa3pelieHus, U3MEHEeHU s KOTMYeCTBa IUKJIOB, TPe00pa3oBaHus H300paKeHUH U MHOE, YTO MOKET
OKa3aTh BIUSHHE.

Teneps paccMOTpUM JOMONHUTEIbHBIE (PAKTOPHI, KOTOPbIE MOTYT OKa3aTh BIMSHHE, HO B
3TOM Cily4ae He MPOSIBUINCH, TaK KaK HE ObUIM CBsi3aHbl. Tak Kak B HacTosIlee BpeMs B 00JacTH
MCKYCCTBEHHOT'O MHTEJJIEKTa, KOTOPHIH 33/1€1iCTBOBaH B rpaduueckoit 00paboTke, TUANPYIOIINe
MO3UIIMK 3aHUMaeT KoMmaHus nvidia, TO OTMETHM, YTO MaKeT IporpaMMHoro obdecrieueHus cuda
He OBIT 3aJeiCTBOBaH, BMECTO ATOr0 OBUIM 3aJeHCTBOBAHBI BBIUMCIHTEIHHBIE MOIIHOCTH
npodeccopor cepsuca Roboflow. J{ist 00ydenus ObuTH 3a7eicTBOBaHbI Mpoiieccopsl Jetson Orin
NX [5]. C yuerom »3TOro paccMOTpuM (akT TOro, YTO 3HAYUTENbHAs YacTh MPOTPAMMHOIO
oOecrieyeHus, B TOM 4Yucie U HelpoceTell M UCKYCCTBEHHOI'O MHTEIJIEKTa pa3padaTbiBaeTcsl Ha
mporeccopax ¢ apxurekrypoit x64 ot AMD u Intel, a Taksxke ARM ot nvidia. [Tpu 3ToM KaxabIit
MPOLIECCOP UMeET COOCTBEHHBIN HA0Op MHCTPYKIUI K BBIMOJIHEHUIO ITporpaMm [6, 7, 8].

OnHO U TOXe MPOorpaMMHOE 0OecrieueHNe MOKET UMETh Pa3HyI0 CKOPOCTb BBIMOJIHEHUS Ha
pasHbIX mpoleccopax. TakuM oOpa3oM IoJydaercs, 4TO OJHA U TaKXKe MOJelib OyJIeT UMETh
Pa3HYIO0 CKOPOCTH BBITIOJTHEHUS, OJIHAKO €CJIM CKOPOCThH BBITIOJIHEHHS BIUSET TOJIBKO Ha BpeMs
oOydeHHs, TO €Ille CTOUT BCIIOMHHUTb, YTO pa3HbIe IPOLECCOPbl UMEIOT pa3Hble HaOOpbI
WHCTPYKIMA TIO BBHIMOJHEHHUIO KOJAa, TEM CaMbIM KadeCTBO OOyUEHHUS MOXKET H3MEHUTHCS B
3aBUCHUMOCTH OT Habopa MHCTPYKLUH, KOTOpbIE MpPUMEHsI0TCS B mpoueccope. MHcTpykuuu,
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MOJIJIEPIKUBAEMBIC TTPOIIECCOPOM Ha MPSIMYIO, OMIPEIEISIFOT CIIOCO0 MPOIIECCOPHBIX BBIYUCIICHUH,
TaM CaMbIM pPErIAMEHTHUPYIOT BEKTOpP HAMPABICHHOCTH BBIYMCIEHUN M CTENEHb TOYHOCTH
BBIYMCIICHH.

Hcxons w3 3TOro MPEArnooKEHUs TakKe CTOMT OTMETUTh, 4YTO, Oyaydd JIUJAEpOM B
BBIYMCIICHUSIX HEUPOHHBIX CETEN U NCKYCCTBEHHOIO MHTEIJIEKTA U IPUMEHSS apXUTeKTypy ARM
kommnanusi NVIDIA 3amaer temn pa3paboTKd MpOTpaMMHOIO OOECHEUEHHUs C IMPOLEccCopaMu
apxuTekTypsl ARM. XoTs akTuyecKku ¢ NpUMEHEHHEM S3bIKOB BHICOKOT'O YPOBHS a0CTpaKIIHUHU,
C TOCTEAYIOUEH WHTeprperanueid 0e3 KOMIWISIMHA I03BOJISIET MEPEHOCUTh MPOrPaMMHOE
ofOecrieueHre Ha JHO0YI0 alMapaTHO-MPOrpaMMHYIO0 IIaTGOpMy, BO3HUKAET BEPOSITHOCTh
BIIUSTHUS allapaTHO-MPOTrPaMMHON TIaT(hOpMBl HEMTOCPEIACTBEHHO HA PE3yJIbTaThl OOYUCHUS U
BO3HMKAET JOMOJHUTENbHBIMA CIIOM, KOTOPBIM CTOMT MEXAY KAUYE€CTBEHHBIMH JAHHBIMU U
KOHEYHBIM pPe3ylIbTaTOM — OOyYeHHOW Mojenbo. CXEeMaTHYHO 3TO MOXKHO OTOOpa3uTh
clenyroImuM 00pa3oM, CMOTPETh Ha PUCYHOK 5.

HO,DIFOTOBIIEHHI:IE HanucaHHan
AaHHbIe nporpamMmma

}

AnnapaTHo-nporpammMHas nnatchopma (npotieccop u
€10 VHCTPYKLK)

PesynsTupylowasn obydeHHas MoAenb

PI/ICYHOK 5 — Cxema BJIMAOIIUX CJIOCB HA 2Talic O6y‘leHI/I}I MOACIHN HeﬁpOHHOﬁ CETHU

B KoHTekcTe paccMaTpUBaeMOro KOMILJIEKCA, COCTOSIIEr0 W3 JAHHBIX Uid O0y4YeHwus,
HaIMCaHHOMW MPOTpaMMBbI 00YUYEHUS Ha SI3bIKE BEICOKOTO YPOBHS aOCTPaKIINH, a TAK)KE almapaTHo-
MPOrPaMMHOTO KOMILIEKCa, KOTOPBI o0ydaeT HEHpOHHYIO CeTh, MOXXHO JOOABUTH €Ile OJIHY
KOMIUIEKCHYIO (DYHKIIMIO, KOTOpas OKa3bIBaeT BIIUSHUE, HO HE CBS3bIBaeT 0a3y JaHHBIX C
MOJIETIbI0 Ha TMPAMYIO, a HMCXOAUT U3 MPOMEXKYTOUHOTO dTarna U (AKTUUECKU SBISETCS
JIOTIOTHUTEIbHON HE3aBUCUMON CaMOCTOSATENbHON (PYHKIIMEN, KOTOPYIO HEOOX0IMMO YUUTHIBATb.
OCHOBHBIM apryMEHTOM B MOJIb3y TOTO, YTO 3Ty (DYHKIIMIO HEOOXOAUMO YUUTHIBATH, SBISETCS
TOYHOCTh KOMITBIOTEPHBIX BBIUHMCICHUN C IUIaBarouied Toukoil. KiroueBoW mapamerp 3TOro
apryMeHTa 3aKio4aeTcs B TOM, YTO KOOPJAUHATHI 00bEeKTa Ha W300paKEHUH B MOATOTOBIECHHBIX
JIAHHBIX 33J]al0TCSI B BUJE YUCIE C JECATUYHON NPOOHON YacCThlO, YTO HATJISITHO U HAMPAMYIO
JEMOHCTPHUPYET MOTPEOHOCTh B BBICOKOTOYHBIX BBIUMCICHUSX, YTO 3aBHCUT OT apXHUTEKTYpPHI
mpoiieccopa 1 Habopa HHCTPYKIIHH, IO KOTOPHIM OH BBITIONHSET BRIYUCICHHS. TaKkkKe 3T0 MOXKHO
OTCIIEIUTH B BBIUMCIICHUSIX MPU O0yUYEHUU MOJIEH TPU ONPEACTICHIUH METPHUK, IJI€ BBIYUCIIACTCS
TIJIOIATH M JIOJISI IEPEKPBITHSI 0OBEKTOB Ha Pa3HBIX N300PAKCHUSX, @ TAK)KE CTETIEHb COBMAICHUS
TECTOBBIX JaHHBIX C BATUIAIIMOHHBIMU. Heo0X0IMMO OTMETUTH, UTO IPH KOPPEKTHOM HACTPOITKe
TECTOBBIC ¥ BAJIUJIAIIMOHHBIE HAOOPHI JaHHBIX 0053aHBI OBITH PA3HBIMU, YTO U OBUIO BBITTOJTHEHO
MIPU IIPOBEJICHUU SKCIIEPUMEHTA.

B moaTBepkeHne TUNoTe36l 0 TOM, YTO anmapaTHO-MPOTpaMMHasl aThopma BIHSIET HA
KOHEYHYIO MOJEINb, ObLI MPOBENEH OTMOJHTENbHBIM DKCIEPUMEHT, B KOTOPOM CPaBHUBAETCS
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JoKaabHO 00yueHHas moaenb YOLO 11 n Ha komnbroTepe ¢ npoueccopoM Intel apxutexTypsl x64
1 MoJzenb U Mojienb Roboflow Ha mmatdopme ¢ mpomeccopom Jetson Orin NX ¢ apXUTeKTypoi
ARM. Pe3ynbraTsl 00y4eHHs BUHBI HA PUCYHKE 6

x
m

local_trained_2 3 mAP@S0  13.4% I YOLOW11 Instance

@ w 21.09.2025
ID: local_trained_2/3 D 19:07 Precision 63.1% C———— Segmentation (Accurate)
Recall 14.3% 3
local_trained_2 2 21.09.2025 mMAP@S0 17.2% CI Roboflow 3.0 Instance
@ ID: local_trained_2/2 D 18:38 Precision 15.3% Segmentation (Accurate)
Recall 22.2% T

Pucynok 6 — Pe3ynbpTaThl 00yueHUs HA JTOKAJILHOM M OHJIAH TuiaTgopMax ¢ pa3HOM
anmapaTHO-IIPOrPaMMHOM apXUTEKTYpPOM

He wmenee BakHBIM TapaMeTpOM SIBISIETCS CTApTOBasi TOYKa OOydYeHHUs, a MMEHHO
NPUMEHEHHE TPEBAPUTEILHO OOYUYEHHOH MOJICNIM M TOJIHOCThIO He OO0y4YeHHOW Mojenu. Bo
BpeMsl Havajga OOYy4YeHHs, TOJIb30BATENI0 Ha BHIOOP MPEIOCTABISAETCS BO3MOXKHOCTH HA4aThb
o0y4YeHHsI ¢ HAYaIbHOHM IMO3WIMH, TJIC B MOJCIU HE COJICPIKUTCS HUKAKOH MpeIBapUTEIbHOMN
3aMMCu U HayaTh 00ydeHHe COOCTBEHHOW MOENH C TOYKH MpPEIBApUTEILHOIO O0y4YeHus, TIe B
3aBUCUMOCTH OT BHJa MOJCJH TpEaracTcs pa3Hblii YPOBEHb TOUHOCTH MOJICIU B CTapTOBOM
no3urun. 1yt YOLO 11 n aToT ypoBeHb coctaBisieT 39,5 %, a st Roboflow 44,2% [9, 10]. Tlpu
3TOM BO BpeMsl MPOBEACHHS dKCIIEpUMEHTA JIOKanbHO oOyueHHas monenb YOLO 11 momyunna
To4yHOCTh 15%, oHnaiiH oOyuenHas mozenp YOLO 11 nmomyuuna tounocts 63%, a Mojenb
Roboflow nonyuwna Tounocts. PaccmarpuBas moay4eHHbIH pe3yabTaT MOXKHO MPUITH K BBIBOLY,
YTO 3aKphITas apXUTEKTypa YCTYIHJIA MECTO OTKPHITOH. OJHUM M3 KIIOYEBBIX MOMEHTOB
SBIsIETCS (DAKT TOTO, YTO OTKPBITYIO apXUTEKTYPY OTCISKUBAET OOJIBIIIOE COOOIIECTBO, KOTOPOE
UCTIONIB3yeM OOpaTHYI CBSI3b JUIS  COBEPIICHCTBOBAHMS  aJTOPUTMOB  INPOTPAMMHOTO
oOecrieyeHus, B TO BpeMsl KaK 3aKpbITas apXUTEKTypa UCIOJIb3yeT UHTEIIEKTYalIbHbIE PECypChI
OTPaHUYEHHOTO KOJIMYECTBa Jrojel. Takxke MOJUepKHEeM, YTO TP 00y4YeHHHU ObljIa MOCTaBJICHA
3ajauya CETMEHTAllMH, a He 0OHapY)XEeHUsI 0OOBEKTOB, TEM CAMbIM MOJYEPKUBACTCS YHU(PHUKAIINS
mozaenu YOLO no otHomenuto kK mojaenu Roboflow. O6parum BHUMaHUE Ha PUCYHOK 7.

Object Loss

B Cbject Loss

(%]
=]

0 20 40 &0 100

(=]
(]

Pucynok 7 — I'paduk norepu 00bEKTOB BO BpeMsi 00yUeHHsI
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[To ocu X — mporpecc 0O0y4deHHs B MPOIEHTAX, IO OCU Y — KOJIHYECTBO «IIOTEPSHHBIX)
00BEeKTOB. J{OMOTHUTENEHBIM (PAKTOPOM SIBIISICTCS pacipe/iesieHre B OaHke naHHbIX. Kak u Obu10
OTMEYEHO paHee pacIpelesieHue TpeOyeT HalW4Ms TpeX KaTeropuil JaHHBIX: OOydaromiue,
JOCTOBEepHbIE W mpoBepstomue. C y4eToM 3TOro HEOOXOJIUMO KOHTPOJIMPOBATh HAINYHE
COOTBETCTBYIOIIUX JIaHHBIX B KXKI0H Kareropuu. HeoOXxomumo Hanuunue Kak MUHUMYM OJJHOTO
00BEKTa M3 KKAOTO Kiacca B KaXIO0W KaTeropu AaHHBIX. Hamuuue wiam OTCYTCTBHE Kiacca
o0bekTa sBisgeTcsl OmHapHOU GyHKuuen. [Ipu 3ToM BecoBoit kodduimeHT 3Toit PpyHKIUU MO
OTHOIICHUIO K KOMIUIEKCHOM MOXET OMpPENesIThCsl KaK OTHOIICHHWE KOJIMYeCTBA OOBEKTOB B
KJjacce K o0mieMy 4uciy OOBEKTOB BO BceX Kiaccax. Takum o0pa3oM MOSIBIISETCS HEKOTOpas
(GYHKIHS KITaCCOB OOBEKTOB, KOTOPAst SBISETCS] KOMILIEKCHOM, U OHA K€ SIBIISIETCS apT'yMEHTOM B
KOMIUIEKCHOU (DYHKIIMH 00JIee BRICOKOTO OPSIKA, XapaKTEPU3YIOIIeH BIMsHIE KaueCTBa JJAaHHBIX
Ha pe3yabTaThl OOY4YeHHs] MoOJend. MaTeMaTHYeCKH 3Ty KOMIUICKCHYIO (QYHKIIHIO MOKHO
3amucarhb Tak:

Celass = 2111(k X B) )

e Cpiqss - KOMIUIEKCHAST (YHKIIHSI, KOTOpask XapaKTePU3YeT BIUSHHUE PACIPEICIICHHS TaHHBIX B
0aHKe JaHHBIX TPH IOMOIIM OWHAPHOTO COCTOSHUS HAJUYMS JaHHBIX. Kk - KO3 dHIMEHT,
OTpaKAIOIINK OTHOIICHNE HATMYHSI 00BEKTOB OJTHOTO KJlacca K 00IeMy YicITy 00bEKTOB BO BCEX
KJlaccax B - OMHapHOE COCTOSTHUE HATMYMSI UJI OTCYTCTBUS 00BEKTa KJlacca B pasjiene JaHHbBIX.

[Tpu ATOM CTOUT OTMETUTH, UTO OMHAPHOE COCTOSIHUE OYyJIET PaBHO JOIMYECKON €IMHUIIE,
€CJI eCJIM 00BEKT KIJIacca HaXOJIUTCS BO BCEX TPEX KATErOpUsX JaHHBIX.

Pe3yabTaThl U HX 00CY:KIEHHE.

C yueTroM BCero ONHUCAHHOTO MOXHO BBIICIHUTH CIEAyMIIue pe3yibTarsl: [lomyuena
dbopManbHas 3aNMCh KOMITJICKCHOW (DYHKIIMHU, XapaKTePU3YIONICH BIMSHUE Ka4eCTBa JIAHHBIX, a
TaK)K€ BTOPOCTENIEHHBIX COMPSKEHHBIX U COMYTCTBYIOMIMX (pakTopoB. KommiekcHas QpyHKIMs B
BEIpQOXCHUH 4 TpHUBEIEHA K BUIYy MHOIOWICHA C OJHOPOJHBIMH OJHOWICHAMH. Taxxke
JOTIOTHUTEIILHO ofpeenieHa QyHKIUS COMPSHKEHHOTO (PakTopa, KOTOPHIHM HE CBA3aH C KAYECTBOM
JAHHBIX, HO CBSI3aH C MX PACIPEICIICHUEM, YTO TIO3BOJISET OMPEICSIIATh GaKTOp KaK 3HAYUMBIH IS
00yUYeHHUsT MOJIEITH.

MaremaTHuecKkre BRIPKEHHUS COCTABIICHBI HA OCHOBE JTAHHBIX, KOTOPBIC OBLIN TIPOBEPEHBI
B XOJIe SKCIIEPUMEHTA Ha OHJIAlH MmiaTdopMe U Ha JOKATbHOM KOMIBIOTEPE, YTO B KOHEUHOM
UTOTE ITO3BOJIMJIO BBIBECTH THIIOTE3bl O BIMSIOMMX (akTopax. B KoHEYHOM pe3ynbrare,
BBIpaXEHHUSIX 4 U 5, MpencTaBIeHbl TOJIbKO MOATBEPIUBIINECS TUIOTE3bl, TPOBEPEHHBIE B XOJIE
psAna MPaKTUYECKUX IKCIIEPUMEHTOB.

[TomyueHHbIe BBIpRKEHHS MOTYT JIeYb B OCHOBY MaTeMaTHYeCKONW MOJENH, KOTopas Ha
0oJiee BBICOKOM YpOBHE OyJIeT OTpakaTh MPHHIIUIT ISHCTBUS CUCTEMBI MPEIOIECTHOTO OCMOTpa
BO3yIIHOTO cynHa. O0a BBIpaKEHUs SBISIOTCS apryMeHTamH 0ojiee KOMITJIEKCHOW (DYyHKIUH,
XapakTepusyronie 0e3omnacHocTh MoJeToB. COINIacHO 3aKOHY JAUCTPUOYTHMBHOCTU MOXKHO
3amucath CIeayIIy0 QYHKIUIO MO MOKa3aTeo 0€30MacHOCTH MOJIETOB:

Fsafety = Cclass T Ceq (6)

rie Fygfery - KOMIUIEKCHAS yHKIHMS 6€301IaCHOCTH TIOJIETOB.

Takum 00pa3oM KoOMIUIEKCHas (YHKIHS MMEET MaTeMaTHYeCKYIO JIOTMYECKYIO CBSI3b C
JaHHBIMU Ul OOYy4eHHs] MOJENU HEHpOHHOW CeTH WM HCKYCCTBEHHOI'O HWHTEJUIEKTa st
oOHapy>KeHHsI BHEIIHUX HEUCTIPAaBHOCTEH BO3AYIIHOTO CyHa. YTO B KOHEYHOM MTOTE ITO3BOJISET
ONpENENATh PUCKH B MPOLECCE MPUMEHEHHs] HEMPOHHOW CETH B MpeAmnosieTHoM ocmorpe. [Ipn
TaKUX HarJBIHBIX JIEMOHCTPAlMAX B3aMMOCBS3€H MEXIy apryMeHTaMu oOydaeMoW MOJAETH U
KOMIUIEKCHOU (DYHKIIMU MOKHO OIPEAETUTH MOCIe10BaTeIbHOCTh, KOTOPAs MOKET HECTU PUCKHU
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n CIIYXKUTb HpGI[HOCLIJIKOfI 11 aBHATMOHHBIX HWHIWUJACHTOB HJIU HpOI/ICI_HeCTBI/If/'I. HaFJISII[HO
MO>KHO MPUBECTH JUarpammy, KoTopasi OyJeT IeMOHCTPUPOBATH 3aKOH JAUCTPUOYTUBHOCTH IS
BbIpakeHuit 4, 5 u 6. Jluarpamma npuBezeHa Ha pUCyHKe 8.

Fsafety

Cca Cclass

Pucynok 8§ — 3akoH 1ucTpUOYTUBHOCTH AJI apTyMEHTOB U KOMIUIEKCHBIX (DYHKLIUN
o0y4yeHHst MOJIeNH ¥ (PYHKITUH O€30MacHOCTH IOJIETOB

3aki0ueHue.

B 3akiarodyeHuu craThu IIO MMPOBCACHHOMY HCCICIOBAHUIO MOKHO CACJIATH CJIICAYROIIUC
BBIBOJIbI. KauecTtBO JAaHHBIX HAIPSAMYIO BJIUACT Ha PE3YJIbTAThI 06yT-IeHI/I$I MOJICIHN, YTO MOXKHO
OBLIO YBUACTH HA IPUMEpPAX AAaTACCTOB C PA3HBIMU crnocoboamu KJIaCCI/ICI)I/IKaLII/II/I paciio3HaBaCMbIX
00pa3os.

KadecTBO MaHHBIX SBISETCS KOMIUIEKCHOM (PYHKITMEH BBICOKOTO KiIacca KOMILJICKCHOCTH.
Tak kak BO MHOI'OM €CTh pAA IICPEMCHHBIX, KOTOPLIC OBLIN YaCTUYHO HU3YUCHBI B HpeﬂCTaBﬂeHHOﬁ
crarbe. Taxoxe ObLIN MMpEaACTaBJICHBI q)OpMaJII/I?;OBaHHI)Ie B3aUMOCBA3U IIEPECMCHHBIX 1 KOHCYHOI'O
moxkasarecijisi TOYHOCTH paClIO3HABaHHA.

Kaxnp1if apryMeHT (QyHKIIMH KauecTBa TaHHBIX TAK)KE SBISETCS KOMIUIEKCHOW (PYHKITHEH.
HCCMOTp}I Ha TO, YTO apryMCHTBI paCcCMaTpuUBaJIUCh B YIPOUICHHOM BHJC, OHHU TAKKC HMCHOT
COOCTBEHHYIO BHYTPEHHIOIO CTPYKTYPY M CIIOCOOHBI OOBEIMHATHCS U PA3ICIATHCS 110 TPHHIIAITY
CMCKHOCTU U 3aKOHY ,ZLI/ICTpI/I6YTI/IBHOCTI/I BO BIIMSIHUHM HA KOHEYHBIN pe3yibTar.

OnucaHHble BBIBOJBI SIBJIAKOTCS OCHOBOH JJIA pa3pa60TK1/1 npaBujl IMOATOTOBKH OaHka
JAaHHBIX I 06y‘IeHI/I$I " CO3JaHUs ITPOBEPOYHOI'0 JIMCTA C MTapaMETpaMU OLICHKU Oanka JAaHHBIX
JUIs1 OOYYEHUSI MOJIEITH.

Haubonee 3HAYNMbIM JOCTHUXKCHUEM ABJISACTCSA ACMOHCTpaluna JJOTHYCCKHU u
MaTeMaTU4YCCKN HpOCJIe)KPIBaeMOfI @yHKHHOHaHBHOP’I CBsA3M MCXKAY NCXOJHBIMHU AJAaHHBIMU JIA
06y‘leHI/I$I MOACIN KOMHLIOTCpHOfI nporpaMmbel 1 KOMIIJIEKCHOM (1)YHKI_[I/II/I 0e30IacHOCTH
nosietoB. [Ipu 3ToM KoMIIekcHas pyHKIMs 0€3011aCHOCTH JEMOHCTPUPYETCS PparMEHTHPOBAHO,
TaK KakK (l)aKTI/I‘IeCKI/I ABIACTCA MHOFOKpI/ITepI/IaJIBHoﬁ KOMIIJIEKCHOM (I)YHKHHCIZ BBICOKOTI'O
MOps KA.
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HEWPOHJBIK )KEJLIEPII ’KOHE JKACAHIbI MHTEJUIEKT OKBITY
JEPEKTEPIHIH CAITACBIHBIH ¥IIIY KAYIIICI3AITI'THE 9CEPIH TAJIJIAY

AHoamna. 3epmmeyoiy makcamvl — OepeKxmep CANndacCblHblY 2CEPIH JCIHE 0AH bIKNAT
ememiH gpakmoprapovl 3epoeney, COHOAl-aK HetpOHObIK dicelli Hemece HacaHobl UHMeIeKMIHi
OKbIMY  (PYHKYUACLIHBIY — ApSYMEeHmmepi  apacblHOa&bl  JOSUKANLIK dpi  MAmMeMamuKaiblk
batinanvicmaposl popmanuzayusanay apkslivl 01apobly Yuly KayincizoiciMen e3apa mayenoinicin
Kepcemy.

Maxcamka owcemy ywin xeneci mindoemmep Kapacmulpwuliovl. bipinwioen, scacanobl
UHmMeNNIeKmmiy yutyea Oeuinel mekcepy, aye KeMeCiH JHCOHOEY IHCIHEe MEXHUKANLIK Kbl3Men
Kepcemy yoepicmepinde KOJIOAHBUIYbIHLIY KaA3ipel Jcak0aiblHa manoay okcacanrovl. byn
HeUPOHObLIK Jicelliiep MeH JHCACAHObL UHMENIeKMMIY MEeXHOLOUSNbIK UHmMme2payus OeHeeuin
auKbIHOay yuwin Kadcem. ExiHwioen, socunanean oepekmep He2iziHOe HACAHObI UHMENNeKMIHI
OKbIMY2a apHalean e3ekmi niamgopmanap anvikmanowvl. byn oxeimy Homuoicecine acep ememin
KOCbIMUIA MEXHUKANbIK apeymenmmepoi Oencineyee xcagoau xcacauovl. YuwliHwioeH, Heli3el
Gaxmopnap  MeH  Homudice  APACLIHOARLL  JIOCUKA-MAMEMAMUKANbIK  OalllaHblcmap
Gopmanuzayusnanosi. Kocvimuwa acep emyuii haxmopaap 0a aHblKmMavin, KYpouliblMObIK mypoe
cunammanowvl. Dopmanovl xHcazy maciii yury Kayincizoicine vIKmuman mayexenoepoi 0aKwvliaya
apuanean mizoexmi 6auIaHbLC HeeniciH Kypyea Heeiz 601aobl.

3epmmeyde keneci 2dicmep natioananviiovl. baxwviiay — asmomammanovipulian
ONMUKANBIK —aAKAY AaHBIKMAY MEeXHON0UANAPBIHbIY — KOJNOAHBLLY XPOHONO2UACHL  OOUbIHUA
JCUHANRAH AKNAPAMKA KOJAOAHBLIObL. [leKoMno3uyus — KeueHOl MexHOI0SUAOaH aKayiapovl

AHLIKMAUMbIH  KOMAbIOMEPIIK  0a20apiamanvly @QYHKYUOHANObIK Oenicin  Oenin wwvleapyea
MYMKIHOIK dcacadvl. Canbicmbipmanbl manoay — apmypii HeUpOHOIK diceninep MeH 0aapobl
KOOQUMbIH MEXHUKANIK JHCyilenepOiy apmublKUbLIbIKMAPbl MeH 21CI3 MYCMAapbli atiKblHOAOb.
Mamemamuxaneiy manoay — KeweHol QyHKyus apeymeHmmepiniy acepin CUnammaimiH
Gopmynanapovl Kypolivimoaya, coHoau-ax QyHKYUSHbIY a0OUMUBMI HCIHE MYTbMUNIUKAMUBMI
Kacuemmepin 6aeanayza KOJNOAHLLIObL. [[ueepcusnvlk dcoHe (OYHKYUOHANObIK manoayiap —
Gaxmopnap apacvinoagvl 03apa Oaulanvicmap MeH O0Japobly COHbl — Yuly KayincizoiciHiy
UHmMe2panoblK KOPCemKIiuine bIKNAIbIH AHLIKMAY2a 6agblmmanobl.

Hamuoicecinoe HellpoHObIK JHceni MeH AHcAcaHObl UHMENIeKm apeyMeHmmepineH bacman
yuy Kayincizoieiniy Keulenoi Kepcemkiuine 0etlinei QYYHKYUOHAN0bl-miz0exmi Oatiianblcmapobl
CUNAMMAMbIH T02UKA-MAMEMAMUKATILIK, OPHEKMED YCbIHbLIObI.

Tyiiin ce30ep: dcacanovl unmeliekm, HeUpoHObIK Jiceliiep, Yuly anioblHOazbl mexcepy,
AHCACAHOBL UHMETLTIEKM MOOeNbOepI, CANbICMbIPMANbL MALOAY, YuLy Kayincizoiei.
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ANALYSIS OF THE IMPACT OF THE QUALITY OF TRAINING DATA OF
NEURAL NETWORKS AND ARTIFICIAL INTELLIGENCE ON FLIGHT SAFETY

Abstract. The aim of the study is to study the impact of data quality, the factors associated
with it, and to formalize the logical and mathematical connections between the arguments of the
neural network training function or artificial intelligence to demonstrate the relationship with
flight safety.

To achieve the goal, it is necessary to solve the following tasks. The first is to assess the
current state of the issue of the use of artificial intelligence in the procedures of pre-flight
inspection, as well as repair and maintenance of the aircraft. This is necessary to determine the
level of technological integration of neural networks and artificial intelligence. Secondly, based
on the data obtained, it is necessary to determine relevant platforms for training artificial
intelligence. This will allow you to identify additional technical arguments that affect the final
result of Al training. The third is to formalize the logical and mathematical connection between
the influencing factors and the final result. Identify additional influencing factors and also
formalize. The formal recording method allows for the construction of a procedurally consistent
communication line to monitor safety risks.

The following methods were used to solve the problems. An observation method that has
been applied to the information that has been collected in the course of tracking the history of the
application of various automated optical fault detection technologies. Decomposition, which made
it possible to separate the functional part of the computer program that detects malfunctions from
the complex technology. Comparative analysis, which made it possible to determine the strengths
and weaknesses of various neural networks and the architectures of technical systems for these
neural networks and artificial intelligence Mathematical analysis, which allows you to formalize
the expressions that characterize the influence of the arguments of a complex function and
determine the additivity and multiplication of a complex function. Sabotage and functional
analyses, which make it possible to determine the relationship between the arguments of complex
functions and the final complex safety function.

As a result, expressions were presented that reflect the logical and mathematical connection
in a functionally sequential transfer line from the arguments of a neural network and artificial
intelligence to a complex indicator of flight safety.

Keywords: artificial intelligence, neural networks, pre-flight inspection, artificial
intelligence models, comparative analysis, flight safety.
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RADIOMETRIC-DNN HYBRID MODEL FOR AUTHENTICATING
ADS-B SIGNALS

Annotation. This article explores the perspective opportunities for securely broadcasting
the pulse signals emitted by the ADS-B (Automatic Dependent Surveillance—Broadcast) system,
which is currently used in modern aviation systems, against external cyber threats. The objective
is to enhance the security level of the existing infrastructure, optimize frequency assessment, and
improve traffic management through predictive modeling, thereby enabling more efficient and
proactive control. The proposed integration architecture employs deep learning algorithms to
analyze aircraft signals and provides functionalities such as signal congestion management, real-
time risk forecasting, and proactive prediction of weather and traffic changes. Furthermore, the
article presents a performance evaluation of the system operating at 1090 MHz and 978 MHz
frequencies and proposes methods for frequency optimization. Research results indicate that
incorporating the recognition of device identification via radiometric fingerprints into the ADS-B
platform not only enhances security and operational efficiency but also significantly improves the
system’s adaptability and responsiveness. This approach opens new avenues for the development
of smarter and more predictable future aviation networks.

Keywords: ADS-B technology, aviation safety, frequency optimization, real-time data
processing, air traffic control.

Introduction.

Over the past ten years, the aviation industry has witnessed a transformative shift driven by
rapid advancements in digital technologies and the integration of artificial intelligence. These
innovations have significantly enhanced airspace surveillance, flight safety, and operational
efficiency. Among these technologies, ADS-B [9] has emerged as a critical component of modern
air traffic management, enabling the real-time broadcasting of an aircraft’s position, speed, and
other telemetry data using onboard GPS and transponder systems. However, as global air traffic
density continues to increase, traditional ADS-B systems face growing challenges in managing
frequency congestion, detecting anomalies, and predicting potential risks in dynamic flight
environments. To overcome these limitations, researchers and industry experts are exploring the
integration of artificial intelligence and machine learning (ML) models into ADS-B frameworks,
thereby unlocking new analytical and predictive capabilities.

This paper introduces a next-generation ADS-B platform enhanced with algorithms designed
to improve data processing accuracy, strengthen security outcomes, and support proactive airspace
management strategies. The proposed system aims to provide a comprehensive solution for
intelligent air traffic monitoring and forecasting by combining ML-based trajectory analysis, deep
learning methods for anomaly detection, and frequency optimization techniques to mitigate cyber
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threats during pulse broadcasting, utilizing both local computers and other aircraft in real time.
The approach enables authentication of the signal source and more accurate detection of potential
spoofing and anomalies by learning the RF fingerprint of the transmitter. The passive collection
of radiometric data and its integration with the DNN architecture introduce an additional layer of
security to the ADS-B system while remaining fully compatible with the existing infrastructure.
This represents a new and innovative approach that significantly increases the resilience of the
traditional ADS-B mechanism against external interference.

Materials and Research Methods.

ADS-B, or Automatic Dependent Surveillance-Broadcast, is an advanced surveillance
technology that enhances air traffic control and situational awareness for pilots. It works by having
aircraft automatically broadcast their GPS position, altitude, and other data to both air traffic
control and other equipped aircraft, without requiring pilot or operator input. This information is
transmitted using a digital data link, typically on 1090 MHz, and can be received by both ground
stations and other aircraft equipped with ADS-B in capabilities.ADS-B refers to the Automatic
Dependent Surveillance—Broadcast system. This technology functions automatically, meaning that
the aircraft continuously transmits data without any intervention from the pilot or operator. The
term dependent signifies that the system relies on navigation tools such as GPS or the Flight
Management System (FMS) to determine the aircraft’s position and velocity. The surveillance
aspect reflects the system’s ability to monitor and identify aircraft and other objects in three-
dimensional space. The transmitted information includes parameters such as the aircraft’s position,
altitude, velocity, and call sign. These data are accessible to any individual equipped with suitable
receiving equipment.

Due to this feature, ADS-B serves as a valuable tool for aircraft operators and air traffic
controllers, contributing to safer and more efficient navigation especially within increasingly
congested global airspace (Spire global. (n.d)). Let's take a look at the general operating principles
of this system (Figure 1).

GNSS Satollite with
- satellites - @ ADS-B reciever
©
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ground stations
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Figure 1 — General operating principles of this system (Spire global. (n.d))

34



Ne4(39) AAA XKAPLbICHI

ADS-B (Automatic Dependent Surveillance Broadcast) is an avionic system that enables
aircraft to periodically transmit their navigation status without requiring interrogation (Spire
global. (n.d)). It has evolved from the ATCRBS (Air Traffic Control Remote Beacon System) —
Mode A, Mode C, and Mode S, and is specifically a variation of Mode S. Prior to the introduction
of Mode A/C/S, the only method for detecting aircraft was the PSR (Primary Surveillance Radar),
which could only provide slant distance and azimuth data [3]. ADS-B “In” enables aircraft to
receive TIS-B (traffic data) and FIS-B (weather data), along with direct communication between
aircraft (Figure 2).

—

1090MHz Esq 1090MHz Esq

ADS-B_out ADS-B_in
4 *
=T
978MHz UAT
ADS-B_out
... » T —
——
FIS-B
- 1090MHz Esq
ModeA/C ADS-B out
ModeA/C 1090MHz TIS-B -
1030MHz
- ] v
SSR 978MHz 1090MHz Esq
Secondary UAT ADS-B

Surveillance Radar Ground Station

Figure 2 — ADS-B block diagram [2]

Figure 2 illustrates the block diagram of an ADS-B system. Traditional Mode A/C SSR
(Secondary Surveillance Radar) systems operate by sending interrogation signals to aircraft on a
frequency of 1030 MHz and receiving their responses at 1090 MHz. In contrast, aircraft fitted with
ADS-B technology automatically transmit status data at regular intervals over the 1090 MHz
frequency, and when appropriately equipped, they are also capable of receiving transmissions on
the same frequency [3]. In order to utilize the ADS-B system, aircraft must be equipped with a
Mode-S transponder or a beacon featuring ADS-B OUT functionality. To receive data from
external sources, the aircraft must also be fitted with ADS-B IN capability. Aircraft equipped with
ADS-B autonomously transmit their location data, which is received by both ground stations and
satellite systems, ensuring reliable and efficient coverage regardless of environmental constraints
[7].

Subsequently, the aircraft continuously transmits this positional data along with identification,
flight altitude, velocity, and other relevant parameters. Specialized ADS-B ground stations,
designed to receive these signals, collect the transmitted information and relay it to air traffic
control authorities, thereby enabling precise tracking of the aircraft [6]. ADS-B data is transmitted
every 0.5 seconds via a digital data link operating at a frequency of 1090 MHz, and similar to radar
technology, its functionality is constrained by line-of-sight limitations. The ability of a ground
station to receive these signals is influenced by the aircraft’s altitude, its distance from the station,
and the presence of obstructive terrain. The maximum surveillance range of an individual ground
station may exceed 250 nautical miles [4]. Within the airspace surrounding each ground station,
coverage typically extends to near ground level.

Results and discussion.

As noted, the Extended Squitter mode is generally a component of the ADS-B (Automatic
Dependent Surveillance—Broadcast) system and operates at a frequency of 1090 MHz. These

35



Ne4(39) AAA XKAPLbICHI

signals are transmitted by Mode S transponders and automatically broadcast the aircraft’s position,
velocity, altitude, and other flight-related information. This technology is employed for radar-
independent tracking and management of air traffic, thereby enhancing both the safety and
efficiency of air navigation [2]. The Secondary Surveillance Radar (SSR) system consists of
airborne transponders and ground-based interrogators/receivers (Figure 3). Mode A responses
transmit the target’s identification (Code 3/A), allowing the use of up to 4096 discrete codes [5].
Mode C responses, on the other hand, convey barometric altitude information.

Interrogation (1030MHz) Reply (1090MHz)

wsen (1 TN - - sl

aTTs e——203 s ——»f

ﬁ;—ﬁ I-”-I I-l |-| . I i 4 || | Altitude
MODE ¢ PR | 203 ps —»

Figure 3 — Interrogation/Reception Pulse Modulation of the Secondary Surveillance Radar
System in Mode A/C Operations [5]

- Data transmission rate: 1 Mbit/s

- Modulation method: PPM (Pulse Position Modulation)

Principle of Pulse Position Modulation:

Each bit interval is 1 microsecond in duration. The value of the bit is determined by the
position of the pulse within this interval. If the pulse is transmitted in the first half of the interval
(the initial 0.5 microseconds), it represents a binary “1”; [5] if the pulse is transmitted in the second
half (the latter 0.5 microseconds), it represents a binary “0”.

| | |
| Initiation Signal (Preamble) - 8 us |
| |
|Opus | 1us |35us | 45us |
N I S N |

| Bits (1 us each) |

| Bitl | Bit2 | Bit3 | .. |
| “17 [T _] N pulse — pause |
| “ [_ T] — pause — pulse |

Figure 4 — Bit Encoding Method

The preamble signal serves a critical role in the identification and synchronization of signal
packets. These pulses act as a system-level alert, indicating the initiation of a transmission
sequence. The encoding of bits is implemented using Pulse Position Modulation (PPM) [1] a
technique in which the temporal placement of each pulse encodes the corresponding bit value
(Figure 4). These signals are transmitted by aircraft transponders and received by radar systems
[8] to facilitate the determination of the aircraft’s spatial position, velocity, and unique
identification.
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Managing the identity of sending devices is considered one of the most important issues
encountered in any network security system [10]. Because the source MAC address displayed on
the display can be easily spoofed, network administrators must resort to additional authentication
mechanisms to determine the real source of frames. The proposed approach aims to achieve
physical-layer identification of the transmitter and relies on the utilization of unique, benign
hardware imperfections (radio-frequency — RF artifacts) inherent to each Network Interface Card
(NIC) and observable in the emitted signals. These RF artifacts appear in every transmitted pulse
and serve as a distinctive “signature” of the corresponding transmitter; thus, by comparing them
with a set of pre-recorded signatures, it becomes possible to accurately determine the identity of
the transmitter [10].

Channel-specific features, on the other hand, are primarily used to identify the
communication channel between the transmitter and the receiver (Figure 5). Consequently,
radiometric identification can be regarded as a more specific and specialized form of the RF
fingerprinting technique.

RF fingerprinting

[
l |

Location identification Radiometric identification

{
[ |

Waveform domain Modulation domain

Figure 5 — Structural bases of radiometric identification (Brik V., Banerjee S., 2008)

Radiometric identification is based on the presence of benign hardware imperfections, also
known as transmitter impairments, within transmitters. These impairments usually arise during the
manufacturing and assembly stages of the analog components in the transmitter’s RF front-end.
The term “benign” indicates that these imperfections do not negatively affect communication
quality and remain within the quality limits specified by impulse transmission standards. All
analog components located in the transmission path of the NIC (Network Interface Card) — from
interconnects to antennas — cause certain deviations in the emitted signal compared to the ideal
one [10]. The main sources of these deviations are illustrated in Figure 6. In practice, although
network interface cards produced using the same manufacturing and assembly processes may
appear identical, each one is microscopically unique. While it is theoretically possible to eliminate
such hardware imperfections through more precise manufacturing and quality control, this would
significantly increase the overall cost of the devices. In fact, many technological standards require
different NICs to tolerate a certain range of RF variations in received signals to ensure seamless
interoperability. Therefore, the RF artifacts generated by these minor hardware imperfections
specific to each transmitter can be effectively used to determine the unique identity of that
particular transmitter.
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Figure 6 — Frequent transmitter malfunctions and their sources [10]

5

It should be noted that the foundation of a defined radiometric identification technique lies
in the specific artifacts (unique signal characteristics) used to distinguish transmitters from one
another. The selection of optimal artifacts for the differentiation process depends on several factors
in particular, on the hardware and transmitter design, as well as the underlying communication
technology. The concept of radiometric identification itself is not new. Since that time, similar
systems have also been implemented by cellular networks, aiming to verify the authenticity of
cellular transmitters and to prevent fraud. As such systems possess both commercial and military
significance, very limited technical details about their implementation have been publicly
disclosed [10]. Nevertheless, further evidence suggests that these systems utilize transient signal
characteristics and waveform-level parameters for identification purposes.

The former was specifically developed for aviation services such as ADS-B and requires
new hardware, whereas the latter integrates the ADS-B functionality into conventional Mode S
transponders. Figure 7 illustrates the ADS-B message structure. Each message consists of an 8 s
preamble for synchronization and a 56-bit (short) or 112-bit (extended) data block. The first 5 bits
of the data block indicate the downlink format (i.e., the message type). The subsequent 3-bit
capability field serves as an additional identifier. The 24-bit ICAO address is a unique identifier
assigned to each aircraft by the ICAO. The 56-bit extended ADS-B data field conveys surveillance
information, including identification, position, velocity, and emergency codes [11].

The final field in the ADS-B message consists of a 24-bit parity check, which allows
receivers to confirm the integrity of the preceding data. Within the 56-bit data section, the initial
5 bits indicate the Type Code (TC), defining the nature of the information carried in the remaining
bits. Out of the 31 possible Type Codes, particular attention is given to messages conveying
airborne position with barometric altitude (TCs 9-18) and airborne velocity data (TC 19).
Transmission of ADS-B messages occurs approximately every 0.5 seconds, employing the Pulse
Position Modulation (PPM) method. At a data rate of 1 Mbps, the total transmission time for an
extended ADS-B message, including the preamble, is 120 microseconds [11].
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Figure 7 - The schematic representation of the ADS-B message structure demonstrates
that each message contains an 8-us preamble, succeeded by a data field of either 56 us or 112 s,
according to the specific transmission format [11]

DNNs operate based on the principles of supervised learning, which require a substantial
amount of labeled training data for effective performance. A typical DNN architecture consists of
input, hidden, and output layers, where each layer comprises a specific number of neurons (nhodes).
The number of neurons in the input layer corresponds to the number of features in the dataset,
while the number of output neurons typically matches the number of classes or labels. The number
of hidden layers and the neurons within each layer are considered tunable hyperparameters that
define the network’s capacity and complexity [11]. In a feed-forward DNN with j hidden neurons,
each neuron transforms its input signal, denoted as x;, into an output state y; through an activation
function. This relationship can be mathematically expressed as:

xj = b; + Xy wij @

where b; represents the bias of the j-th neuron, y; denotes the output value of the i-th neuron in the
preceding layer, and w;; is the weight coefficient (equation 1) connecting neuron i to neuron j. The
activation function allows the model to learn nonlinear relationships within data, thereby
enhancing the network’s ability to recognize complex patterns. ADS-B operates as a wireless
communication protocol in which messages are transmitted without inherent security mechanisms
such as encryption or authentication, rendering the system susceptible to multiple attack vectors
[9]. Key threats to ADS-B include eavesdropping, message tampering, signal jamming, and
identity spoofing (Figure 8).
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Figure 8 — Conceptual illustration of ADS-B security threats executed by a terrestrial
adversary, including signal interception, message manipulation, message injection, and identity
spoofing [9]

In contrast to traditional message classification methods, the proposed aircraft classifier does
not employ 1Q samples or their magnitude values, which directly encode the ICAO address, during
the feature extraction stage. This design choice is intended to prevent the classifier from being
misled by falsified or manipulated ICAQO address information. Instead, the model utilizes phase
components that are independent of the claimed ICAO address as the primary discriminative
features. Consequently, the phase value of the k-th pair of 1Q samples is computed as follows:

gi=tan1(Qy /Iy ) (2)

where Ik and Qk denote the in-phase (I) and quadrature (Q) components of the k-th 1Q sample,
respectively (equation 2). From communication theory, it is well established that the phase
components encode information related to the transmitter (TX) and receiver (RX) carrier
frequency offsets, as well as the Doppler shift. To illustrate this relationship more clearly, the
passband ADS-B signal can be represented as follows:

xp(t)= Re{V2x(£)c/2™et} ©)

This expression (equation 3) illustrates the generation of the real passband signal xp(t) based
on the complex baseband signal x(t).
In this context, x(t)=xi(t)+jxq(t) represents the complex baseband signal, while fc denotes the
carrier frequency, which is 1090 MHz in ADS-B systems.
Due to the presence of a carrier frequency offset Af and a phase offset A¢ the overall form of the
signal is modified as follows:

X—p(t) = Re{\2x(t) /2 UctdNt+ipy — Re{\/f(x(t)cﬁp(t))cjmfct} (4)
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Here, ¢(t)=2nAfi+A¢ is expressed accordingly.Thus, the rate of change of the phase reflects
the carrier frequency offset, which is determined by the combined effect of the transmitter (TX)
and receiver (RX) frequency mismatches (equation 4), as well as the Doppler shift, and may also
be influenced by the propagation channel.

Consequently, the phase components carry valuable information about the dynamic characteristics
of the signal, making them a rich source of features that can be effectively utilized in classification
models (Ying X., Mazer J., Bernieriy G., 2019).

Replay} Ghost

1Q Sam

Dejision

Figure 9 — Radiometric combined with DNN ensures ADS-B message authenticity (Wikipedia,
n.d)
This model (Figure 9-10) combines radiometric identification (unique RF traits) with DNN-
based learning to ensure ADS-B message authenticity, thereby enhancing cybersecurity in air
traffic communication systems.

Radio Signal Capture Preprocessing
(1090ES 1Q Samples) - (Filtering, Phase, Spectrum)

| |

Radiometric Feature

Extraction
(Fingerprint, Phase,
Decision Logic
(Real / Spoofed [/ Suspicious)

Deep Neural Network
Classifier
(Anomaly / Spoof Detection)

Correlation)

Figure 10 — Radiometric-DNN Hybrid ADS-B Protection Model
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ADS-B Message
1Q Sampl
(1Q Samples)

Message not
flagged

Message
flagged

Figure 11 — Illlustration of DNN-based detection of ADS-B signal spoofing [11]

The DNN-based approach for detecting ADS-B signal spoofing enables automatic modeling
of the multidimensional statistics of signal and trajectory data. The core idea of the method is that
the DNN learns normal behavioral patterns characteristic of genuine flights (such as position
sequence consistency, speed-distance correlation, altitude variation trends, message interval
stability, etc.) and then compares the incoming ADS-B packets against these learned patterns
(Figure 11). During spoofing, physically impossible deviations, spatio-temporal inconsistencies,
trajectory discontinuities, and signal-level anomalies emerge within these patterns, allowing the
DNN to identify such irregularities as anomalies. Consequently, the model accurately detects
falsified ADS-B messages based on flight dynamics and signal features, thereby enhancing the
reliability of the air traffic surveillance system.

Table 1 — Comparative performance of radiometric fingerprinting and DNN in ADS-B signal
authentication (Author’s work)

Authentication Accuracy (%) 89.6+1.8 934+1.2 98.1+0.7
False Positive Rate (FPR) 3.7 x 102 2.1 x 102 7.9 x10°
False Negative Rate (FNR) 5.8 x 102 4.4 x10? 1.6 x 102
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Average Detection Latency (ms) 320+£25 180 £ 20 240 £ 22
Model Size (MB) 1.3 54.7 56.2
Training Data Required (samples) 2 x108 4 x108 8 x 108
Robustness vs. SNR (down to dB) 8 5 3
Replay Attack Detection (%) 91.2 96.8 99.1
UniqueTransmitter Identification Precision (%) 92.7 94.3 98.5
Inference Time (per packet, ms) 655 18+3 22+4
Explainability (1-5) 5 3 4
Computational Cost (relative units) 1.0x 3.7x 2.4x
Overall Security Gain (%) - - +22.3

This table compares three different approaches for ADS-B signal authentication:
Radiometric Fingerprinting, Deep Neural Network (DNN), and the Hybrid Radiometric-DNN
model. The results indicate that the hybrid model achieves the highest accuracy (98.1 %) while
maintaining the lowest false positive and false negative rates (0.79 x1072 and 1.6 x1072
respectively). Radiometric fingerprinting offers the highest explainability (5/5) with minimal
computational cost, whereas the DNN model provides faster signal detection but at the expense of
larger model size and higher computational requirements. The hybrid model optimizes both
accuracy and security gains (+22.3 %), and it more effectively detects replay attacks and identifies
unique transmitters. Additionally, the table presents each method’s training data requirements,
detection latency, and robustness under varying SNR conditions.

Conclusion.

In this article, we present a tested conceptual and methodological framework that combines
deep neural networks (DNNs) with radiometric fingerprinting and frequency characteristics to
detect and mitigate cyber-attacks on ADS-B systems, including threats originating from ground
stations and other aircraft. Radiometric fingerprints capture unique patterns arising from the
physical, electromagnetic, and frequency properties of transmitter hardware, enabling
identification independently of message content, protocol compliance, or frequency variations.
DNNs provide a powerful tool to learn these high-dimensional and complex patterns: they can
accurately distinguish spoofed or replayed messages by learning both observed signal variations
and frequency offsets, while maintaining generalization under varying signal-to-noise ratios,
channel conditions, flight dynamics, and frequency fluctuations. The proposed methodology
enhances both early attack detection and system resilience in practical deployment. A two-tier
verification process based on radiometric and frequency features—protocol and frequency
compliance checking at the first level, followed by transmitter fingerprint confirmation at the
second level—reduces false positives and false negatives, thereby adding robust defense layers to
air traffic security. Future research should focus on expanding datasets across diverse hardware,
optimizing workload distribution between edge and cloud computing, and enhancing DNN
interpretability and robustness through uncertainty estimation and adversarial defense
mechanisms. A DNN-based approach reinforced with radiometric and frequency fingerprinting
offers a promising and practically implementable solution for defending ADS-B infrastructure
against cyber threats. It complements existing protocol and frequency checks to improve detection
sensitivity, while laying the foundation for adaptive and scalable security mechanisms. Reliable
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operation requires ongoing experimental validation, regulatory compliance, and careful
management of technical and ethical considerations.
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ADS-B CUTHAJIJAPBIH AYTEHTUDUKALIUAJIAYFA APHAJIFAH
PAJIMOMETPUAJIBIK-DNN 'MNBPUATI MOJEJIT

Anoamna. bByn maxanaoa Kazipei 3amanesl asuayus sxcytieniepinoe Konroansiiamsin ADS-B
(Aemomammul mayendi OaxvlLiay-mapamy) Hcyueci wbleapamvii UMNYIbCMIK CUSHALOAPObL
ColpmKbl  Kubepxayinmepee Kapcvl Kayinciz mapamyovly NepCneKmusdanvly MYMKIHOIKmepi
Kapacmulpsliadsvl. Makcam - Koa0aHblcmazvl UH@PAKYPLLILIMHGIY KAYVINCI30IK  OeHeeliH
apmmulpy, HCULNIKMI 06aeanayovl OHMAUIAHOBIPY JHCIHE OONHCAMObL MOOeNbOey apKblibl
mpaguxkmi  dackapyovl dcakcapmy, ocoliauuia MuimMoipek dicoHe 0OenceHOi 06axbliayobl
Kammamacels emy. ¥CulHbLIAH UHMe2PaAyUs apXumeKmypacsl aye Kemenepiiy CUcHanioapuli
manoay ywin mepey oKblmy aieopummoepin naudaianadbl #CaHe CUCHAIObIH Kenmeicin backapy,
HAaKmul YaKvlim pexlcuminoe mayekenoepoi 00Nicay dHcoHe aya pativl MeH mpaguxmiy e32epyi
bencendi mypoe 6ondcay cuskmol QYyHKyusnapovl xammamacwolz emedi. CoHvIMeH Kamap,
maxanaoa 1090 MI'y sicone 978 MIy sscuinikmepinde sHcymuvlc icmeumin HCyteHiy oHiMOLLiiH
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bazanay sxcame HCULTIKMI OHMAIAHOBIPY d0icmepi YCulHbLIA0bl. 3epmme)y Homudicenepi ADS-B
niam@opmacviHa paouoMempusiblK Caycax iz0epi apkblivl KYPblLISbIHbL CIUKeCMEeHOIpYOi
MaHyovl eneizy Kayincizoik neH nauoaiamy muiMOLlieiH apmmulpbln KAHA KOUMAU, COHbIMEH
Kamap Jicyueniy Oetlimoenyi men ccayan Oepy Kabiiemin aumapivbiKmai dHCaxKcapmamviHblH
kepcemedi. byn macin axwinovl dcone 6oHCAMObI OOIAWIAK ABUAYUS dHCENIIEPIH OAMbIMY YULIH
AHCAHA HCONOAP AUUAODI.

Tyiiin ce30ep. ADS-B mexnonozusicol, asuayusanvlk Kayincizoik, HCULTIKmMi OHMatlianovipy,
HAKmul YaKulm pexcuminoe oepekmepoi oHoey, aye K032aablCblH O0acKapy.

I'MBPUIHASA PAAMOMETPUYECKU-DNN-MOIEJIb IS
AYTEHTUO®OUKALIUU CUT'HAJIOB ADS-B

Annomayun. B OannoOl cmambe paccmMampuearomcs nepcneKmuHbvle 803MONCHOCMU
0e30nacHoll.  MpAaHCIAYuu  UMNYAbCHBIX  CUCHAN08,  uziyuaemvlx  cucmemou  ADS-B
(asmomamuueckoe 3agucumoe HabnOOeHUe — Gewjanue), KOmopas 6 Hacmosuee 6pems
UCNONB3VEMCSL 8 COBPEMEHHBIX ABUAYUOHHBIX CUCTNEMAX, OJisl 3AWUMbl OM 6HEUWHUX KUbepyepo3.
Llenvio sersemcsa noevluleHue YposHs 0e30naAcCHOCMU Cyuecmsyrowel UuH@Gpacmpykmypsl,
ONMUMUZAYUSL OYEHKU YACTOM U YIyYuleHue YNpasieHus O0OPOHCHbIM OBUNCEHUEM NOCPEOCEOM
NPeOUKMuUBHO20 MOOeIUposanus, umo obecneuusaem 0onee 3¢hghekmuenoe u nNpPoaKmMusHoe
ynpasnenue. Ilpednacaemasn apxumekmypa UHmMezpayuu UCNOAb3YEM ai0pUmmbvl 21yYO0K020
00yuenus 0N AHANU3A CUSHATIO08 B030VUWIHLIX CYO08 U obecneyusaem maxue @QYHKYuU, Kax
Vhpaenenue nepezcpy3Kou CUSHANI08, NPOSHO3UPOBAHUE PUCKO8 6 pPealbHOM 6peMeHU U
NPOAKMUBHOE NPOCHO3UPOBAHUE UBMEHEHUL N0200bl U 00POA#CHO20 OsudiceHus. Kpome moeo, 6
cmambe npeocmaesieHa OYeHKa Npou3soOUmMenIbHOCIU CUCeMbl, pabomarouell Ha 4acmomax
1090 MI'y u 978 MIy, u npeonacaromcsi memoosl onmumuzayuu yacmom. Pezyremamol
uccnedosanull NoKAa3vleaion, 4mo 6KII0YeHUue pPAcno3HA8AHUS UOEHMUPDUKAYUOHHBIX OAHHBIX
yempoticme no paouomempuyeckum omnevyamram 6 niamgopmy ADS-B ne monvko nosviuaem
be3onacHocms U IKCNIYAMAYUOHHVIO IQDDEKMUBHOCb, HO U 3HAYUMETbHO Yayuuaem
a0anmueHoOCms U CKOPOCMb peasuposanusi cucmemvl. 1akou nooxoo0 omKpvleaem HOGble
B03MOJCHOCMU O paspabomku Oojee UHMENIeKMYANbHbIX U NpedCcKa3yemvlx 0y0yuux
ABUAYUOHHBIX cemell.

Knrouesvie cnosa: Texnonocus ADS-B, 6e3onacnocms nonemos, Onmumusayusi 4acmomeol,
00pabomka OaHHLIX 8 PealbHOM 8peMeHU, YNPAgieHUue 8030VULHbIM O8UNCEHUEM.
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TEMIPXOJI CTAHIUUAJAPBIHIA KOJIJAP MEH BAI'OHIAPAbBIH
MAPHIPYTTAPBIH TUIM/I bOJIY

Anoamna. bByn maxanaoa 6azon ablHOApwbiH 6HOey MUIMOLLICIH apmmulpy MaKCamulHOA
OHEPKICINMIK MeMIPIHCON CMAHYUSILAPLIHOA  HCONOAPObl 06Vl OHMAULAHOBIPY Macenenepi
Kapacmuipbiiaowvl. Takbipvinmosiy 03eKminiei wekmeyii H#cojl pecypCmapvlh YmulMovl NAtiOaLaHy,
CMaHYusanNapovly O6mKi3y Kabilemi MeH 6HOey Kabiiemin apmmuvlpy MHCIHe NAUOALAHY
WBbIRBIHOAPBIH  azaumy Kadicemminicine oOaunamvicmol. Heeizel nazap ayoapuvliamvlin O6agvim
OOUbIHWA 6A20H ARLIHOAPLIH KYPACMBIPY HCIHE OHOey epeKulelikmepiH, KO038aablC KecmeciH,
enoey mapmibiH dHcane weKmeyni Holl KOPbIHbIY epeKulelikmepin eckepemin mooenvboep MeH
OHMAUNAHOBIPY d0iCmepin d3ipieyee 0ALIMMANZAH. ¥CbIHbLIRAH WeUiMoep MamemMamuKaiblK
MoOenvoey, epaghuxmep mMeopuscsl, CbI3LIKMbIK JHCoHe OUcKpemmi 6azoapiamanay a0icmepin
Konoamnyza Heeizoencen. Homuoicenep cmanyusnapovl 6ackapyovly aemomMammaHObipblIaH
Jcytienepin  a3iprey YuliH Nauoanamsliybl MYMKIH, OY1 6a20HOapobl Hconoap OolblMeH
AHcoCnapnayovl Hcame dHceden Oonyoi aumapivlKmar HCaxKcapmaobl, HCHLIHCLIMANbL KYPAMHbIH
MYPbIN KALYyblH KblCKAPMAObL JHCIHe HCyKmepoi oyoeyoi mezoemedi.

Tyiiin ce30ep: memipoicon Kolici, OHepKICINMIK MeEMIPAHCON CMAHYUACHL, KOCAIKbL HCOI,
ManespiiK onepayusnap, 8a20HOApObl HCUHAKMAY, 8A20H MAPUWPYMMADYL.

Kipicne. OHepKocINTIK KOCIMOPBIHAAPABIH TEMIpXKOJI KOJITiH HaianaHyIblH 3aMaHayu
HIapTTapbl MAHEBPIIK YMbIC KOJIEMIHIH KYpT ecyiMeH cunarranaabl. CoHFbl 3eprreynep [1]
KOPCETKEeHJIeH, MOCTYpIi TocUAep Kasipri TWHAMUKAJIBIK YK aFblHIapbIH THUIMII OacKapyra
KETKUTIKTI eMec. [locTkeHecTIK enyiepie TeMipKosl HHPPAKYPHUIBIMBIHBIH KYPBUIBICHI HET131HEH
Kenec noyipinzie xocnapiaHFaH 3KOHOMMKA jKarJaiiblHAa jKy3ere achlpbulbl. OnapiblH KipMe
JKOJIIApBIHBIH OpHANacybl JKYKTEpIiH IIaFbIH ACCOPTHMMEHTIMEH JKYMBIC ICTE€yre »3XoHe Oip
orepaTopiblH aMOeban BaroHAapblH/1a — MHBEHTAPJIbIK TEMIpKOJI BarOHAAPBIHAA TaChIMaJayabl
JKy3ere aceipyra ecentenreH [2]. Kazipri yakeITTa MaMaHIaHIBIPBUIFAH —BaroHjapiaa
TachIMaJIJAaHATBIH KYKTEPiH yieci enayip ecti. COHbIMEH KaTap, BAaroHAap NapKi KerTereH uenep
apacblHia OeJliHIeH, TINTI BaroHjap na Oip-OipiH amMacTbeipMaibel. Ochuiaiiina, >KYMbIC
KOJIEMiHIH TOMEH/IeyiHe KapaMacTaH, OHEPKICINTIK KOCIMOPBIHAApIa MAaHEBPIIIK OTKENIEp MEH
noMbI3Iap KYpaMblH KUHAKTAY YIUiH KOJJIApbIH CO3bUIMAJIbl KETICIEeYIIUTIirl 0aiKanaasl, Oy
BaroHJap/blH KO3FaJbIC OarbITTApBIHBIH YIIFAIOBIHBIH HOTHXKECI 0oJbIn TalblIanel. byn mocene
ocipece Tay-KeH >KOHE METAJUTyprus KoCIOpbIHAApHl YuIiH [3], coHmal-ak KYK THEY-TYCIpY
onepanusiapbiHa KbI3MET KOPCETy YILIIH ©3iHIH TeMip:koid HH(paKypbUIBIMBIH Naiananyra
OarpITTalFaH TEHI3 MOPTTaphbl YIIIH eTe MaHb3Abl. OcblFaH OalIaHBICTHI JKOJIIAPIbIH OTKI3Yy
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KaOlJIeTiHIH TaNIIbUIBIFGI JKaFIalbIH/Ia TEMIPKON KOJITiHIH KYMBICBIH YHBIMIACTBIPY Macenecl
©3€eKT1 OOJIBIIT TaObUIAIBI.

Odedbuemxe wosy. TeMip:KoN Kemiri-Kypaeni xyie. by xarnaiina 6ipaeii onepanusiapIsl
OpTYPIl TEeXHUKAJBIK KypajJapMeH jkacayra 0onanbl. byn maprrapia >KyMbICTBIH MUHUMAJLIbI
KYHBbIHa HeMece OOJIIHI'eH KYMBICTHIH MaKCHUMaJAbl KOJIeMiHE KOJ >KeTKI3y YIIIH TEeXHUKAJBIK
Kypalgapasl YTeIMABI 06y OOWBIHINA OpTYpil MIHAETTEp TYbIHAAWIBI [4]. MaructpaibIbiK
KOJIIKTE e OONBIHIIIA CYPBITITAY KYMBICTAPhIH 061y MIHJIETI MONBI3AAp KYPaMbIH KYPacThIPYy
KOCHaphIH d3ipey meHOepinae menriuesni. XKanmsira oprak naiiaanaHbUIaTeIH TEMipKOIAapMEH
KYPY YpAiciHzae [5] moibi3napablH KO3Fajblc KejieMl OipHelle CYpBINTay CTaHIUSUIaphl apKbLIbI
ereai. CyphinTay CTaHIUSIIAPBIHAA KOJI XKETIM/I1 XKOJIap CaHbl MOCEJICHI IIEIIyre HIEKTey peTiHae
Kapacteipbuiaabl. Erep CypsinTay CTaHIIUSICBIHBIH KYMBICHI YIITIH JKOJIZIAp KETKUTIKCI3 60ca, Oyt
KYMBIC 0acKa CYpbINTay CTaHIUSACHIHA AYBICTBHIPBUIAIBI. MarucTpaibIblK TEMIpKOJ HKeTiCiHIH
YJIKeH KeJyieMiHe OalIaHbICTBl CYpBINTAy KOJJIApblH MaMaHAAHIBIPY MIHICTTEPIH KYpacTbIpy
JKOCTIAPBIH  93ipJiey Ke3iHAe oyiap op CTaHOWs YIIH OeNiek Miemijeai. OHEepKaCInTIiK
KOCIOPBIHAAPAAFEl CTAHLIMSUIAPIBIH  a3AbIFBIH  €CKEePE OTBIPHII, MAarucTPaIbIbIK KOJIKTEe
KOJIZIAHBUIATBIH SJIICTEeP/IiH OHEPKACINTIK KOJIIKTE KOJIIAHBLTYbI HIEKTEYIII.

MarucTpalibIbIK TEMIP)KOJI KOJITIMEH CalbICThIPFaHa OHEPKICINTIK KOCIMOPBIHAAPIBIH
KOJIiK KyHenepi aitapibikraid a3. COHIBIKTaH MaHEBPIIK KYMBICTBI YTBIMIBI YHBIMAACTHIPY
MiHJIeTi OipHEIIe CTAaHIMIAp MEH KYK (DPOHTTAPBIMEH IICKTECI].

benocesnu U xone Meuu M. [6], Tectpenuyc C. xone 1.0. [7], Ykoy B. xone 1. 6. [8]
MaKajayiap *oJJaphl MIEKTEYl CYpHINTAy CTAHIMIAPbIHIA MOUBI3AAPIbI 06Ty, KIHAKTAY KOHE
OpHAJIACTHIPY YPIICiH YHbIMIacTeipyMeH OainanbicThl. COHFBI JKBUIAAPB OYIT canana Oipkarap
WHHOBAIMSIIBIK Tociaep naiiaa 6onael: Kozauenko . sxone T.0. [9], CuBurkuii [1. )xoHe T. 0. [11]
MaKajajgap TONTHIK TMOHBI3AApABI KYpy MiHAeTTepiHe apHanraH. Kapamran wmakananapiaa
JKOJIIApAbIH OTKi3y KaOlNeTIHIH TaNlIbUIbIFbl KaFJalblHIa TONTHIK MOWBI3AAPIBl KYPAaCTHIPY
Mocenieci Tek Oip craHius merinie memiteni. by perre OipHemie cTaHIUsAaH OTY Ke3iHIE
BaroHJap/bl CYPBINTay/bl OHTANIAHABIPY MOCeNeC KapaCThIPhLIMAIbI.

[TopT TOpaOBIHAAFEI KIKTEY )KYMBICTAPBIH 061y Maceseci boponuHa E. sxoHe O6ackanapIbiH
JKYMBICBIHIA KapacThIpbliraH. [12]. By skymbIcTa TYHIHAET! KIKTEY KYMBICTAPBIHBIH MiHJIETI
naiijanaHy IIBIFBIHAAPBIHBIH MHHMMYMBIHA KOJI JKETKI3y IIapThl HETI3IHIE paciMIenenl;
JereHMeH, OyJ1 MocemeH1 memyaiy aaictemMeci kentipinmered. boponuna E. sxoHe GackanapasiH
JKYMBICBIH/IA KYMBICBIH/IA [12] 5KYMBICTHI €Ki CTaHIMs apachiHa 06y MIHAETIH KapacThIpabl:
METAJUTYPrHsUIBIK  KOCIMOPBIHHBIH OHJIPICTIK CYPBINTAy CTAHIMSICHI KOHE MAaruCTPalibJbIK
CYpBINTAY CTAHIUACHI apachlHIAArbl. AlTa KeTy Kepek, OyJl )KYMbICTa 06y MICeNeciH IIEeHIKeH
Ke3/Ie HKaJIIbl MIHJET TOMeKTi Typ/e WEeHIeTiH 1Kl MinaerTepre 6eminai. OcklFaH Gail1aHBICTHI
aJIBIHFaH IISIIIM, 9JCSTTe, KaTaH OHTaMIIbI eMecC.

JKypri3ziires Tanaay MaHEeBPIIIK KYMBICTap bl OPbIHAY YIIIH TEMip>K0J HHPPAKYPHUIBIMBIH
OHTAMJIBI Al JaTaHy MACeJIeCl ©3€KT1 EKEHIH KoHE OJ[aH 9pi 3epTTEYl KAXKET €TETIHIH KOPCETE/Il.
byn moceneHi miemry opTypili TEXHOJOTHSUIBIK ONEpanusiaapAbl OpbIHIAyFa KETETIH YaKbITThI
Oaranmay VIOIIH TEMIpXKOJIbl TaWJalaHy TEOPHUSCHIHBIH OMICTEpPIH, COHJAW-aK OHTAMIIbI
nIenriMepi Tady YIIiH onepanusiapabl 3epTTey oiCTepiH KolAaHyMeH OailnanbIcTsl [ 14].

MamneBpiik onepanusiapabl OpblHAayFa KETETIH YaKbIT IIBIFbIHIAPbIH Oaraliay YIIiH Ka3ipri
YaKbITTa HETI31HEH UMHUTALMSIIBIK KOHE CTaTUCTUKAJBIK OAiCTep KOJAaHbUIansl. bipinmii Tocin
KO3FaJIbIC TEHJEYIEpiH IIelIyre >KOHE MaHEeBp jkacay YpAiciHAe OoJaThIH oleparusiiapabl
MOJIETIb/IEyTe Heri3/1eNreH. byt o/1ic MaHeBpIIiK ONepalusIapiblH Y3aKTHIFbIH KOFAphl JJIIKIIEH
Oaranayra MYMKIHJIIK Oepei.

MarepuaJjizap MeH 3epTTey daicTepi.

Makcamuvl. Baronnmap TonTapbl YUIIH JKMHAKTay MaplIPyTTapblH >KEKeJIereH OarbITTap
apacblHaa 061y 9IICIH KETUIIIpY.

Odicmepi. 3eprreynep XKeke OarpITTap YILUIH BAaroHAApAbl JKUHAKTAy MaplIpyTTapblH
MaMaHAaHJBIPYAbIH THIMAUIICIH Oaranay VOIIH TeMip JKOJAbI TaiianaHy TeOopUsChl MeH
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UMHTALUSIIBIK MOJICIIBCY 9MIICTEpiH, COHAAN-aK BarOHIap/AbIH OapaThblH OPbIHIAPHI apaChIHAAFbI
MapHIpyTTapAblH OHTAWJIbI TapadyblH TaOy YIIIH AMHAMUKAJIbBIK OaraapiaManay 9JIiCiH KOlJaHy
APKBUIBI XKYPTi3Uiail. By Tociin XanbIKapaiblK TOKIpUOEIe KONIAaHBUIATHIH 3aMaHayl dICTepMEH
[14] canmpicTBIpMaIIBI TANAAY KYPri3yre MYMKIHIIK Oepei.

Hezizei mamepuanowt ycoiny. Ipi KocimopbIHAAPIBIH TEMIPKOJI HHPPAKYPHUIBIMBIHA JKAJIITHI
naiijananynarel TEMIp JKOJI )KEIICIHEH KEeJIeTIH XKOHE OFaH KeTETiH BaroH TaChIMAJIBIHBIH KOJIEMIiH
PETTENTIH OHEPKACIITIK apaliblK HEMECE Ka3blK ayMaKTap, COHAai-aK opTypJli LieXTapFa KbI3MeT
KOPCETETIH KYK CTaHIMsIapbl Karaibl. [I0MbI3 KO3FAJIBICHI 9ETTE METAJUIYPIHSUIBIK 3aybIT
CTaHLUAIAPBl apachlHa YHbIMIACThIpbLIaabl. CyphlNTay >KOJBIHBIH HOMIpPIH aHbIKTay TOpTiOi
KHxE 2.05.07-91 «OnepkocinTik kemik» OenruieHreH. Ocbl HOPMATHBTIK KYXKaTrKa COHKeC
OHEPKOCINTIK CTAaHUUSUIAD MEH 1pl YK (POHTTapblHAA BaroHAapbl >KUHAKTayFa apHajfaH
MaMaHJIaHbIPBUTFAH CYPBINTAY JKOJJIAPbIHBIH CaHbl KyHiHe Oip >konmaH 150 BaroHapl MIBIFapy
mapteiMeH OenruieHeni. Iloibi3napapl MMKI3aT ME€H OTHIHHBIH COPTTaphl, BarOHIApAbl OHJIEY
TYPJIEPi, CYCHIMAIIBI )KYKTEP/I1 TUEYT€ KbUKBIMAIIBI KYPAaMHBIH TEXHUKAJIBIK ’KapaMIbLIBIFBI dKOHE
T.0. OoliblHIIA Oeiyre apHaifaH BaroHJapJbl MaMaHAAHIBIPbUIFAH CYPBINTAY >KOJIJApbIHAH
meFapy Oip oxomman  toymirine 100-110 Baron ecebGimen kyprizinemi. Baronmapmsi
MaMaHJaHIbIPbUIMAFaH CYPBINTAY XKOJIJApAaH HIbIFAPY KUHAKTAJIFaH OaFrbITTap/IblH CAHbIHA )KOHE
KaiiTa YbIMIACTBIPBUIATHIH TIOWBI3IApAaFrkl BATOHAAPIBIH CaHbIHA OailaHbICTHI ToyIirine 30-65
BaroH/JIbl Kypaipl.

Baronmapnel kuHakTay YIIH TOYMKTIK eHiMzuniri 200 BaroHHaH acmalThIH Oip KO
OeniHreH. MaMaHIAHABIPBUIFAH JKOHE MaMaHJaHIBIPBUIMAaraH >KOJAApAa >KUHAKTaJlFaH
BarOHJAP/bIH KYHACTIKTI aibIpMaIlbUIBIK TaFalbIHIAIFAaH OPBIHAAPH apachblHAa IKHUHAKTAY
MapIIPyTTapbIH YTHIM/IBI 0011y MOCEIECIH TYXKBIPhIMIayFa MyMKIH/IIK Oepe/i.

XKobanay TancelpManapblHa KaparaHIa, KaXeTTi JKOIJap CaHbl AaHBIKTAJIFaH Ke3[e
JKYMBICTBIH O€Jrijii KeJIeMIepiH OpbIH/AY YIIIiH, aiianany TarcslpManapaa OenrieHreH KyMbIc
KOJIEMIEPIH OpbIH/IAY YIIIiH KOJIAHBICTAFbI KO CXEMACHIHBIH €H YTHIM/IbI HYCKACHIH Ta0y KaxeT.

OHEpKaCINTIK KICINOPBIHAAP/ABIH JKYMBICHIHA JKacallFaH Tajjayiaap eHJCy allaHAapblHAa
KaJIBINTacKaH OarbITTap/bIH CaHbl HETi3iHEH >KOOANBIK IIapTTapra COMKEC KENeTiHIH KepCeTe.
ConbIMeH 6ipre XYK CTaHIMsIIapbIH/Ia BarOHIapblH OaFbITTaly CAHBIHBIH apTyblHA OaiisIaHbICThI
BaroHJ1ap KO3FaJIbICHIHBIH KOJIEMIH KOCBIMINIA OHACY KaXKETTIIIT1 TYbIH/Ial IbI.

[Tolib3napasl  TarallblHAAy, KYpacThIPY JKOHE MAaHEBPJIIK JKYMBICTAp ©OHEPKACINTIK
CTAHIMSUIAP/bIH HET13T1 KbI3MET1 00JIbIN TaObL1a 1bl. Bysl MaHEBpIIIK KYMBICTap bl OPBIHIAY YIIIH
BaroHJap/bl UTEPY apKbUIbI CYpPBINTAyFa apHaJIFaH CYpBINTAy ajJaHJapbl MEH apHaibl MPOQUIbIL
OarpITTamMa OypMaapsl CaJlbIHAIbI.

[To¥ibI3napapl TapKaTyFa >KoHe MAHEBPIIIK aybICTBIPYIap/Abl )KYPri3yre apHajaraH MaHEBPIIiK
JKYMBICTapFa KETETIH yaKbIT BarOH1ap bl )KUHAKTAy YIIiH O6JIIHI€H K0JI1ap CaHbIHA Toyen . by
BaroHJAp/bIH OpTYPJi OaFbITTapbl apachblHAa KOJDKETIMJI MapuipyTTapisl 0eidy MoceneciH
TynbIpaael. byn Mocerne ipi ©HEpPKACINTIK 3aybITThIH KalTaldblHAA KYK BaroHAApbIH OHJEY
ypaiciHiH Oip OeiriH KapacTbIpajbl, O ©HEPKOCINTIK OHJey allaHblHA KEeJETiH MOWbI3ap/bl
TapKaTyJbl, MOMBI3AApAbI HEMECEe MaHEBPIIIK TachIMalIayJaapAbl KYpyabl, TTOWBI3IAPIBl OY3yAbl
HEMece YK ajlaHJapblH/la MaHEBPIK TachiMaijayiaapabl KamTuisl. CypelnTay allaHbIHBIH
JKOJITapblH MaMaHIaHIbIpFaH Ke3/1e 9pOip KYK ajaHblHA OEKITUINeH BaroH1ap/ibl )KHHAKTAY YILIiH
KaHIIa 0J OOJIHTeHIH JKOHE OHBIH MEKEH-)Kalbl OOWBIHINA MOWBI3AAPABIH KaHmai TypiH (6ip
HEMece TONTHIK) KYpPalTHIHBIH aHBIKTAy Ka)keT. MaHEeBpIiK >KyMbICTapabl Kaiita Oeiy Oip
KOCITOPBIHHBIH 1MTiHAE OONATHIHBIH €CKepe OTBHIPHIN, KaObUIMAaHFAH MIEMIIMIEPIIH THIMILUTITIH
Oaranay yIIIH TaOUFM KOPCETKIIITI — MaHEBPJIK MXYMBICKAa >KYMCaJfaH €H a3 YaKbITThl
naiinananyra Oonaapl. byn moceneneri mekreynep Ti3TiHIEY ajaHbIH/AA BarOHIAp/bl KUHAKTAY
YIIiH O6JTIHTeH >KOJIJIap/IbIH JKaJIIbl CaHbl, COHAN-aK TI3T1H/EY aJIaHbl MEH JKYK aJTaHBIHBIH OTKI3Yy
KaO1eTi OOJIBII TaObLIa bL.

Ecenrtin MaremaTukaiblK TYKbIpbIMBbI Kesecijiel. JKyK CTaHIMSCBHIHBIH IIAPTTHI HOMIPI i
OoschiH i =k, 1 (MyHZIa k — YK CTaHUMSJIApBIHBIH caHbl). CypbINTay CTaHIUS MEH i -1 KYK
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CTAaHLMACHI apachblHIA OKYPETIH BaroHAApIbIH KO3FalbIC KOJEMiHIH MapaMmerpiepi d;
CTAHIUSCHIHBIH MEKEH)KaHbIHA KEJICTIH BarOHIap IbIH MEXKEINI XKepiMeH, N; BATOH KO3FaJIbICBIHBIH
TOYJIKTIK K6JEeMiMEH jKoHe MONBI3aFrbl BArOHAAP CAaHBIMEH /71;. CUTIATTAIA bl. X; AHBIMAJIBICHI i -
1011 5)KYK CTaHIIUSICBIHBIH MEKEH-XKaibl OOMBIHIIIA BaTOHIAP/Ibl )KMHAKTAY YIIIiH CYPHINITAY aJJaHbIH/Ia
O6JIIHIeH JKOJIIap CaHbIH OelriieciH. x; alHbIMaNbICchl () << x; < W OonarbiH OyTiH MoHAEP/II
KaObuIIail ananael (MyHAarsl W - KMHAKTay alaHbIHIA BaroHAAp/bl )KMHAKTAy YIIiH OeJiHTreH
KOJNJAp CaHbl). b; JIOTUKAJBIK aWHBIMAJBICHl APKBUIBI I -Ii JXYK CTAHIMUSCBIHBIH MEKCH-
JKaWbIHAFbl CYPBINTAY aJaHbIHIA MOWBI3AAp TOOBIHBIH KypacTelpy OenriciH Oenrineitik. by
xarmaina erep b; = 0 Oosca, oHzma Olp TONTBHIH TOWBI3AAPHI BaroHAAp Ke3ICHCOK pETICH
OpHaJacKaH i -1l )KYK CTaHIMICBIHA XKiOepineni, an erep b; = 1 Gonca, OHIa TONTHIK TOWBI3AAP
BaroHJ1ap Ke3CiCOK peTIieH OpHaJIacKaH i-1iIi )KYK CTaHIMAChIHA XKiOepisiei. OapaThIH KepliepiHe
Kapaii Tontapra OeiHeT.

[ -KYK CTaHIIMSACHIHBIH OpHAJIACYbl OOMBIHIIIA BAarOH KO3FAJILICHIHBIH KeJieMepi OOHBIHIIA
MaHEBPIIIK >KYMBICTApFa JKYMCAJIaThIH YaKbIT HIBIFBIHIAPBIHA S; CYphINTay CTaHIMAIA OOJFaH
YaKbIT JKOHE F )KYK CTaHIUSICHIHIA OOJIFaH YaKbIT JKaTapbl.

Ti = Si + Fil Ti = f(Niimil dilxil bl) (1)

S; *xoHe F; MoHAEpi PYHKIIMOHAIIBI TYP/IC MOKBI3Iap KO3FAJIBIC KOJIEMIiHIH IMapaMeTpiiepine
JKOHE X; JKOHE b; MoHIEpiHE Toyeln .

T; = fe(N;, m;, d;, x;, b)) + F, (2)

T; = fe(N;, my, d;, x;, by) + fr(N;, m;, d;, by). 3)

D CyphINTay CTAHIHUSCH! aPKBLIBI MAHEBPJIIK KYPAMMEH aJIbIHFAH YAKbIT Y3aKTHIFbIH JKOHE

D; YK CTAHIMSCHI apKbUIBI MAaHEBPIIK KypaMMEH albIHFAH YaKbIT Y3aKTBIFBIH OCIriTeiik.
JKanme! xarmaiina, Baronaap TONTAPBIH KUHAKTAY YIIIH OHEPKACINTIK CYPBINTAY CTAHIMAHBIH
JKOJTAPBIH JKeKe TaFaibIHAayTap apachlHaa 0oy Moceseci GarbITTanFan (QYHKIUSICHIHBIH MOHIH

MUHHUMyMFa kentipetrin N;,m;d; (i = 1,k) OepiireH MoHaepi YHIH X; JKoHE b
allHBIMAJBIIIAPBIHBIH MOH/IEPIH TaOy/AaH TYpabl.

k
min )" T,Cxi b )
i=1

HIEKTeyIepe

K
Z fs(xi,b;) < Ds
=1

fe(b)<D;, i={1,...k}

0<x; W, i={1,...k}, ®)
k
Z.Xi <w
\ i=1

Oyukuusuiapabiy (1 koHe 2) mapaMeTpiiepiH aHBIKTAy YIIIH TeMIp KOJJIbl MaijanaHy
TEOPHSICHIHBIH dicTepl KonaaHbuiasl. benrini 6ip OarbITTapra apHalFaH BaroHIapbl )KUHAKTAY
YIIIH CYpBINTAy CTaHIUsAAa OOTIHTEH KOJIaap CaHbl TOWBI3APABI TapaTyFa Ja, KypacThIpyFa Ja
JKYMCaJaTblH yakbITKa acep ereni. [loiibl3napapl Hemece MaHEeBpIIEep/l TapaTy Ke3iHze Olap.IblH
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BaroHJaphl >KUHAKTAy KOJAapbiHa Tyceli. [1oMBI3IbIH KUHAKTATYbIH asKTaFaHHAH KeWiH Oy
MOWBI3 TEXHOJOTHSUIBIK OINepanusuiap OOWBIHINA )KMHAKTAY KOJIBIHIA 0ipa3 yakbIT 0OC TYPHIIL,
onapabl Kyteai. benrimi 6ip GarpITTarbl MOMBI3ABI JKUHAKTAY YILiH Oip >k0J1 OesiHreH Ooiica, oHla
JKMHAKTAY JKOJbl TOJIFAH Ke37Ic KEJITCH BaroHJap CYpBINTAy >KOJbIHA JKiOepimim, Kaita
cypeinTanaapl. Kaiita cypeinraynsl OoiiplpMay YIIiH €Ki HeMece OJaH Jia Kem oJigap Oosca,
JKUHAKTay Yphaici Oacka >KMHAKTay >KOJbIHAa Oacrtamanel. JKuHakray >KoJgapra KeJeTiH
BaroHJApJbIH TOYJIKTIK CaHbl MEH CYpbINTay MaplIpyThiHA KiOEpiireH BaroHaap CaHbl
apaceIHAaFbl OallIaHBICTHIH MILTiHIH Oaranay YIIiH UMHTALUSIIBIK MOJCIIEMEH OipKaTap ecentey
TOXKIpUOENepl Kyprizuial. DKCIEPUMEHTTEPI KYPrizy Ke3iH/Ae )KMHAKTAY YKOJBIH BaroHJIapMeH
TOJNTHIPY MoJenbAeH . Baronmap tomn-tom Oomnbin kenmi. JKuHakray >KONapbl TOJIFaH Ke3Ze,
apThIK BaroHJap KaiTa CypeINTay VIOIH CYphINTay JKOJIbIHA kiOepinai. Ecenrey
HKCTIIEPUMEHTTEPIHIH HOTIKEIEPIHIH MbICaJbl 1-CypeTTe KeNTipiireH.

BaroHpap KO3fasbiCbiHbIH, MAaKCUMaNabl TOYNIKTIK KeNneMi
25+

20} LekTey

15

10|

MakcuMmanpgbl TOYNIKTIK KeneMm

0 50 100 150 200 250
N, saroHpap

Cyper - 1 J)Kunakray »O0JbIHa KEJIreH BaroOH1ap CaHbl MEH CYPBINTAY OJAapblHa
JK10ep1IreH BaroH1ap CaHbl apachIHIaFbl KaTbIHAC

CTaHmusuIblK ~ UMHTAIUSIIBIK  MOJENBA1  KOJAAHY AapKbUIBl  OPBIHAAIFAaH  €CemnTey
DKCHEPUMEHTTEPIHIH HOTHIKEIEPIH CTAaTUCTUKAIBIK OHJEY HETI3IHIE N,g; CYPBINTAy KOIbIHA
JKIOEpUIreH BaroHJap CAaHBIHBIH OHJIEYre KEJITeH i-1l11 TaFalbIHAaIFaH BaroHIapbIH TOYIIKTIK
CaHBIHA TOYEJIUIIT1 KBAAPATTHIK CUTIATTa OONAThIHBI aHBIKTANEI [ 14].

Nys; = (ap + a1N; + a;N?) - 8(x; — 1) (6)
1 xl = 1;

5(x;— 1) (7)
0 X > 1.

MYHJIaFbl 4y, A1, A, KOIIMYIIETIK perpeccus KoahduuueHTTepi.
Baronmapnel Kaifta cypeinTay YIIiH MaHEBPIJIK JKYMBICTapFa KETKEH YaKbITTBl Kejeci
YFBIMHAH aHBIKTayFa 0O0JIaIbl:
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Trs,i =lys e (ao + alNi + aZNiz) ' 6(xi - 1), (8)

MYHJIaFbI t,; — Oip BaroH bl KaiiTa CyphINTayFa KETKEH OpTallla yaKbIT, MUH.
OHEPKACINTIK CYpBINTay CTAHIMSIA MOWBI3IBI KYPACTHIPY HEMECE MaHEBPIIK aybICTHIPY
orepanysIapbl BarOHIAp/bIH JKEKEJIEereH TONTapbIH TapTy apKbUIbI KOCYIbl, COHAANW-aK TONTHIK
HOWBI3AAP KYpPaMbIHIA BarOHAp/bl peTKe KeNTipyai KaMTHIbl. MaHeBpIiKk KypaMaapasl KainTa
TapTyFa KeTETiH YaKbIT PETiHJIe KeJleCiiel aHbIKTaIa Ibl:
_ Tpul
Me = 0.08’

%)

8 2
Tpul = mmc = ﬁmc
MYHJIaFbl M, — MOWBI3IaFbl BATOHIAP CAHBI.

Ty MOHI TEK BAaroHJAP/IbIH Kbl CaHbIHA OAaMIaHBICTBI €KEHIH €CKEPCEK, OJ MKOJIBIH
MaMaHJIaHybl ©3TepPreH Ke3jlae ©3repMeiili koHe MaKcaTThIK (GyHKIUsAAaH (3) jKoHE MIeKTeylIep
xyhecinzeri (4) P; MOHIHEH aJIbIll TacTayFa OoJabl.

[TolibI3narel BaroHIAapAbl OpHAJIACTHIPYFa KETETIH YaKbIT TOWBI3NIBIH IKHHAKTAIYbIHA
OeJiHTeH KOoJIap CaHbIHA OailIaHBICTHI. Bip TONTHIK MOWBI3NAp KOHEITUITCH Ke3/Ie BaroHiap
onapra KoWbUIMaibl. benrini Gip OarbITTarbl BaroHAap/Abl KWHAKTAy YIIIH Oip oy OejiHreH
0osica, OHIA BaroHAApABl TONTApFa IpIKTEY 2a-CyperTe KOpCEeTUIreHIEH, OJIapablH OarbIThIHA
Kapaii JKOJIJIbIH COHBIH/Ia BarOHIAP (bl CYPBINTAY/bl KAMTHUIBI )KOHE OJIapIbIH KEHIHT1 KYPacThIpy
Oip xonma OomaTeiHBI 20-cyperTe KepceTiareH. HoTmkeciHae MONbI3Narsl BaroHaap TONTapra
KuHanaael. TONTHIK MOMBI3 BarOHIAPbIH XKUHAKTAY YIIIH O6JIHTEH JKONJap CaHbl TarailblHIay
caHblHa TeH OoJica, OHJA XMHAJFAaH BAaroH TONTApbIH Oip KoiFa OIpIKTIpYy KETKUTIKTI. By
JKarJaia TONTHIK MOMBI3IBIH KYPACTHIPBLUTYBI CypeTTe KOpceTiireH. 3a,0-CypeTTTe KOpCeTUIreH.
Tomka BaroHIapAbl TaHAAYIBIH apajac HYCKAChl JKUHAKTayFa O6JIIHTEH KOJIIap CaHbl 1-JIeH Kerl,
Oipak BaroH TaraibIHAAYIapbIHBIH CAHBIHAH a3 OONIFaH Ke3/1e e MYMKiH 0oJabl.

tei+teorir erepb; =1
- , ) 1
Lai {O, erepb; # 1 (10)

mc BaroHJapbl MEH g arbITmanapjaH KypalfaH MONBI3ApAbl CYPBHINTAY Y3aKTHIFBl Kelecl
dbopmysia OOMBIHIIIA AaHBIKTATAIBI:

te =A<g +§mc) (11)
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Mesceni
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Cyper-2 TonTsIK MOMBI3IbIH BATOHAAPBIH )KUHAKTAY YIL1H Oip K01 OeJiHreH mapThIHAA

KYpacThIpy:
a — BaroHAap/bIH TaraibIHIATybl OOMBIHINA KUHAKTAY JKOHE CYPBINTAY; b — BarOHAap/Ibl

KYpacTbIpy;c — KYPAaCThIPBUIFAH MOMBI3

: \
—— // . Kupacrpy

(afaJo]JboJc]d)

/ =\
\ @ /
\ O

L

Cyper -3 TonThIK MONBI3ABIH BarOHIAPBIH JKUHAKTAY YIIIH O1p 7K0JI 06JIIHTeH MIapThIHIa

KYpacThIpy:
a — BaroH1ap/ibl )KUHAKTay JKOHE KYPACThIPY; b - KypacThIPbUIFaH MOWbI3

MyHAaFbl A, B CTaHIMSHBIH TEXHHUKAIBIK >KaOJBIKTATyblHA TOyenal KodhdUIueHTTep,
MHH/arbITIA )XOHE MUH/BaroH.
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«OHEPKACINTIK TEMIp>KOJI CTAaHIMSIIAPbIH KoOallay JKOHIHJETrT HYCKaylIbIKKa» coiikec, Oip
KarblHaH CTAHIMACHIHA KEJICTIH BaroHJap CaHbl M; MEH d; CTaHIMICHIHA KEJCTiH BaroHAap
CaHbl, eKIHII >KaFblHAH XXYK TYCIpyAiH opTamia caHbl g; JKOHE NOWBI3Fa EHTI3UINeH BaroH
TaraiibIH/IAy CaHBI ¢; apachlH/a CTATHCTHKAJIBIK Oaitanbic 6ap. OchIFaH 0aiIaHBICTHI HOHBI3IAFBI
aFbITIIAJap/IbIH OpTAallla CaHbIH KeJieci (hopMyna apKbUIbI aHBIKTayFa 00Ja bl

mg = %; erep a; # 0 (12)
g

ag = Ks; erep mg # 0 (13)

a= ﬁ; erep a; # 0 (14)
Aq

aq = % erep a # 0 (15)

MYHJIaFbI Ag, q; - COUKECIHIIE BATOH/AFBITIIA JKOHE TaFalbIHIay/aFbITIIA KOIQGUIHEHTTED]
Conan KeliiH MONBI3IBI CYPHINTAY YaKbITHI KeJieci popMyra apKbLIbl TabyFa O0Iabl:

w=fo M M0 (16)
, mg=20
MYHJIaFbl R — CTAHIMSIHBIH TEXHUKAJIBIK a0 IBIKTATYbIHA TOYEN I K0d(D(PHUIIMEeHT, MUH/BaroH.
bipHeme oyia >KMHaJIFaH BaroHIApJbl CYPBINTAayFa KETKEH J>KAJIbl YaKbITThI Kelecl
dbopmysia GOMBIHIIIA AHBIKTAY YCHIHBLIA/IBI:

(qi—x;+1)
Sci(xi, b)) =6(b; —1) - 6(x; — q;) '%RsMimi' 17)

i

MYHJIaFbl Rg — CYpBINTay CTAaHIUSHBIH TEXHUKAIBIK XKa0AbIKTaTybIHa OaiTaHbICTI KO3 duimeHT,
MUH/BaroH.

z xongap OOWBIHIIA CYpPHINITAIFaH Mg BarOHIAp KYPaMbIH Oip jK0J/1a KYPAacThIPY YaKbITHIH
Keneci popmyna OOMBIHINIA aHBIKTAIAbI:

(z—-1)
tcol = Z(P + Z—zEms, (18)

MyHJarel P, E - MHH/KOJI JKOHE MUH/BaroHIbl CYPBINTAy CTAHIMSHBIH TEXHHUKAJIBIK
*KaOAbIKTaNyblHa OailIaHBICTBI KOA(PPHUIIMEHTTEP.
(8) TenaeyiH mIbIFapFraH Ke3ze OapIibIK >KOJIap/ia BaroH1ap caHbl Olp/aeil Jier ecenTemne/l.
bipHeme >xonnapaa BaroHAapAbl KypacThIpyFa KETKEH >Kajllbl YakbIT Keneci (opmyna
OOMBIHIIIA AaHBIKTAITATBI:

PM; PM;
Scoi(xi,b) = 8(b; — 1)+ |8(; —q) - qi—+ (1 = 6(x; — q1)) - xi—
— 1DEN, ™ ™
4 (g - i (19)
i

[ToiibI3 KYK CTaHIMsIFAa KEJIreHHEH KeHiH OHBl cypbinTay KaxeT. [loMbI3ABIH KYK
CTaHIMACBIHAA CYPBINTAy Y3aKThIFbl (5) popmyna OoifblHIIA aHBIKTaNaAbl. bip TONTHIK >XKoHE
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TONITBHIK TMOWBI3NAPJBIH KYpaMbIH/IA KeJNTreH Ke3/le BaroHAApIbIH JKaJlbl CaHbl ©3TepMEHTIHIH
€CKepe OTBIPHIN, OarbITTanFaH GYHKIUICHIHBIH (3) skoHE P; miekteyiHiH (4) eceOiH CaabICThIPY
Ke3iHge (5) TeHaeyeri ek MyeHi anbin Tactayra 0onaapl. HoTnxkecinae :KyK CTaHIUSCBIH/IA
BaroHJIap/Ibl CYPHINTAayFa KETETIH YaKbITTHI KeJieCl TEHICY apKbUIbI aHBIKTayFa 0O0JIa Ibl:

b;
F;i(by) _Arll, <i> : (20)

Qg Qg

MYHJa¥Fbl Ap ; — i-II1 )KYK CTaHIMSACHIHBIH TEXHUKAJBIK jKa0bIKTalyblHa TOye i KOOQOULHUEHT,
MUH/aFbITIA.

Kanmer GarpiTTasFan GyHKIUACHIHBIH (3) MoHiH (7, 9 sxoHe 10) TeHaeyre cylieHe OTBIPHIT
aHBIKTayFa 00Ja bl

k
Ty = D [SexCris o) + Seoi(xi, by) + Fi(b) — min. 21)]

i=1

Kytiene (4) MaHEBPITIK KYMBICTApIbIH MAKCHMAJI/Ibl PYKCAT €TLITeH Y3aKThIFbIH HICKTEY/Ii
KeJeciield kepceryre 00ma b

k
z Sc,i (xi: bi) + Scol,i(xir bi) < Ds - Gs' (22)
i=1
JKAOHC JXXYK CTaHIUAJIapbIHIa
Fi(bi) < DL' - Gi, [ = {1, k}, (23)

MyYHJIaFbl Gg, G; - X; )KOHE b;-Te Toyelci3 MapIlIaiIbIK JKOHE KYK CTaHUIHUSIApbIHAAFbl MAHEBPIIIK
YKYMBICTapFa apHaJIFaH TYPAKThl YaKbIT HIBIFBIHAAPHI, MUH.

Hotnxkenep koHe oJ1apabl TATKbLIAY.

(21) dyHKIUMACH €K1 allHBIMAJIBIHBIH CHI3BIKTHI eMec (PYHKIUSACHI OOJIBIN TaObLIaAbl KOHE
OHBIH apryMeHTTepi TeKk OyTiH MoHAEp/l KaObliiai anaasl. MaHEeBpIIiK )KyMbICTapFa )KyMcajFaH
YaKbITThIH, Olp >KarblHaH >KOHEJITIJICTIH MONBI3Ap/bIH TYPIHE OHE OJIapAblH >KMHAKTaJlyblHA
OeJTiHIeH XKoJJjap CaHbIHA, eKIHII )KaFbIHAH, TOYEJIUTITIHIH MbICaJIbl 4 CypeTTe KOpCETUITEH.

Byn TtoyennmimikTepai Tanmay KOpCETKEHICH, JKUHAKTAY >KOJIAPBIHBIH CaHBIH apTTBIPY
aJIbIMEH MaHEBPIIIK ONlepallUsIapAbIH JKaJIbl YaKbITHIH a3alTa/lbl, IeTeHMeH Oenrini Oip eKTeH
KeliH OyJ1 ocep azasizibl, OyJ1 pecypcTapbl HIEKTEH ThIC KUHAKTAyAbIH TUIMCI3 €KEHIH KOpCeTell.
Toyekennepni tanaay 3eprreynep [14] kyMbICbIHIA aTan ©TUATEeHACH, OENTiCi3AiK KaraalbiHaa
Oepik memiMaepAl d31piey TOKIpuOeciHe ColKec Keel.
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4007
-e- b=1
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X
Y-yakpiT, MUHYT; X-)KHHAKTay KOJIIAp/IbIH CaHBbI.
Cypet 1 — MaHeBpIIiK )KyMBICTapFa KETKEH yaKbITTHIH, Oip KaFbIHaH KOHENTIIECTIH
MOMBI3AAPIBIH TYPiHE, COHAAM-aK ONap/Abl )KUHAKTAY YIIiH O6JIHTeH K0JIap CaHbIHA TOYEJALIIr1

barpiTTanran GyHKIUACHIHBIH (21) cumaThlH €cKepe OTBIPBIN, BaroHAApIAbIH TONTAapbIH
KMHAKTAY YIIIH JKOJJApAbl KEKe TaralbIHIaylap apacblHaa Oeiy MOcelecCiH ITUHAMHKAJIBIK
Oarnapiamanay ecebiHe KenTipyre 60mabl.

XKeke xyk craHmmschl YIIiH mekrey (23) Tek OHBIH MapamerpiiepiHe OalIaHbICTHI.
ConppikTaH (23) mapt opblHAATIMAaFaH )KYK CTAHIUSAIAPHI YIIIiH b; alHBIMAIBICHIH OHTAMIAHABIPY
Oacranranra JeiiH 1-re TeH eTin opHaryra Oonaapl, an mekTeymiH (23) e3iH TanchIpMalbIK
HIapTTapbIHAH aJIbIll TacTayFa OOIa kI,

TariceipMaHBIH MIENTIMIH €Ki Ke3eH e aimyFa 0oaabl. bipinim ke3eH e mekteyi (22) ecenke
anmMaii, OarpITTaNFaH PyHKUUACHIHBIH (21) MUHUMYMBIHA JKETY/II KaMTaMachl3 €TETIH X; )KOHE b;
alfHBIMAaJIBIIAPBIHBIH MOHJEPl aHBIKTANaAbl. TarchlpMaHbl IMIEHTy YIIiH >KalMbl TarChIpPMaHbI
HIenryre MyMKiH/IIK OepeTiH KaliTalnaHy KaTblHachl eHrisiieni. barpirranran GyHKIusAChIHbBIH (21)
€H KIIlIl MOHIH 13/1ey Ke3iHer1 Oy KaiiTallaHy KaTbIHAChl ObLTal Ka3blUIadbl:

T (W) = min[Hy (x) + Teer (W — x)), x5 = {1, ... k};
Ty (W) = min[Hy_; (1) + Toa (W — x_ )], x5 = {1, ... k};
T,(W) = min[H, (x,) + To(W — x,)], % = {1, ....k};
Ty(W) = min[H, (x;) + 0], x; = {1,....k}.

JKorapbinarsl KaiiTanaHy KaTbIHACBIHBIH KOMETIMEH alblHFaH wemiM (QyHKIusHbIH (21)
FaJlaMJIbIK MUHUMYMBI OoJibIll TaObutaabl. Erep anbiHFan MoH (22) mapTThl KaHaraTTaHIbIpCA,
OH/JIa OJ1 €CeNTiH IemiMi 6obin Tadbitaasl. Erep (22) mapt opbiHganMaca, OHJJa €CeNTiH MemiMi
(22) mIapTTHIH OpBIHAAIYBIH KaMTaMachl3 €TETIH XoHE XKahaHIbIK MHUHUMYMFa KaThICThI
OarpITTaJIFaH (PYHKIUSACHl MOHIHIH MHUHHMMAJJIbl ©CylHE OKEJeTIH X; JKOHEe b; alfHbIMalsbLiap
KUBIHBI 00JIa/ibl. ANTa KETy Kepek, OarbITTalFaH (GYHKIUACHIHBIH (21) FanaMIplKk MUHUMYMBbIHA
KETKEHJIe KOCBIMIIIA CYPBINITAY KOJJAPhIH Naianany apKbuibl (22) TEHACYMIH COJ YKaFbIHBIH
MOHIH a3aiiTy MYMKiH eMec, OUTKeH1 OyJ1 Oip yaKbITTa OaFbITTaNIFaH QYHKIUACHIHBIH (21) MoHIHIH
TeMeH/IeyiHe okeneni. Jlemek, (22) TeHaeydiH COM KaFbIHIAFbl KBICKApyFa TEK KEKE TOMTHIK
HoWbI3Iapabl KypylaH 0ac TapTy apKbUIbI KOJ JKeTKi3yre Oojaabl. OHEpKACINTIK CTaHIUsIIap
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apKBUIBl TOWBI3AAPABI KYPAWTHIH MapIIpyTTapIblH IIEKTEYIi CaHBIH €CKepe OTBIPBHIM, OV
MOCEJICHI XKaH->KaKThI 1371ey apKbUIbI IEHIyre 6oaaabl.

Mooenv napamempnepiniy manoany Hezizdemeci. 3epTTey OapbICHIHAA KOJJIAHBUIFaH
MaTeMaTHKaJIblK  MOJACIbICPAIH  mapamerpiepi  (Mbicanbl, (6) TeHaeymeri ag, i, ad,,
koapunmentrepi, (11) renneyneri 4, B xoapduuuentrepi, (16) renaeyneri R koadpduunenti)
HaKThl OHEPKOCINTIK CTaHIUSIAPABIH JEepeKTepl HETi3iHAe aHBIKTaIAbl. by mapamerprepi
Oamray YIIIiH PerpecCHsUIBIK Tajaay dICTepi, COHMAN-aK CTAaHIUSUIAPABIH KYMBIC KypHAIIAPHI
MeH HopMaTuBTIK Kyxarrapbl (Mbicanel, KHxE 2.05.07-91) mnaiinananbuinbl. AJbIHFaH
napaMeTpiiepiiH (QU3MKaNIBIK MaFbIHACHI MBIHAMAH: olap CTaHmus WHQPPAKYPHUTBIMBIHBIH
(>xoyImapabIH Y3bIHBIFBI, OaFaapiiaMa OypMaaapbIHBIH OPHAIACYbI, JOKOMOTHUBTEPIIH OHIMILTIT)
YKOHE TEXHOJIOTHSUIBIK MPOIECTiH (BaroHAapAbl IpiKTey, KYpacThIPY YaKbIThl) €peKIIeNiKTepiH
cunarTaiael. Mpicansl, (11) Tenneyneri A ko3¢ duiuenTi 6ip aFbITHaHbl KOCYFa KETETIH opTaiia
YakbITTBI, al B koadduiuenti Oip BaroHapl OpHAIACTBIPYFAa KETETIH KOCHIMIIA YaKbITThI
Oinnmipeni.

Canvicmoipwanet manoay. Mpican peTiHae S5 KYK CTaHIMACHIHA OCKITUITEH MONBI3IApPIbI
KYpacThIpy VIIIH OHEPKICINTIK CYPHINTAY CTAHIUSHBIH 7 CYPBINTAY JKOIIAPbIH MaMaHIaHIbIPY
TarChIPMAChl KapacThIPbUIFaH. Baron areIHIapbIHBIH COMKEC TTapaMeTpiiepi KeCTeIe KeJITIPUIreH.

Kecte | — )Kyk cTaHIUsIapbIHBIH BArOH arbIHIAPBIHBIH MapaMeTpiepi

i N; m; gi q;

1 80 20 8.9 4.7
2 150 20 7.9 3.6
3 70 15 7.5 2.9
4 16 10 7.0 5.8
5 43 15 7.1 5.0

bip ToONTHIK NOWBI3NApABl KYpacThbIpy Ke3lHAE CYpBINTAy CTAaHIUSIIAD MEH JKYK
CTaHLMSJIAPBIHAA MAHEBPIIIK JKYMBICTapFa KETKEeH >XKaimbl yakbIT 1800 MUHYTTBI Kypaibl.
OHralinanIplpy HOTHKECIHIE J)KYK CTaHIUSIIapblH/Ia BarOHJapAbl )KHHAKTAy YIIiH THiciHme 1, 2,
2, 1 xxoHe 1 >xommapabl Oedin, KYK CTaHIMSICHIHIA TOITHIK MOWBI3AAPABI KYPacThIpy apKbUIbI
MaHEBpJIIK JKYMBICTApFa KETeTIH Kalmbl YakbITThl 25,4%-Fa KbICKapThil, 1342 MUHYTTHI
KYpalTBIHBI aHBIKTAJIJIBL.

Anvinean namudicenepoi canvicmoipy. JKyMbICTa YCIHBUIFAH TOCULAIH THIMIUIITIH Oaranay
yuriH OHbBI 0acka OIICTEPMEH CalbICTBIPY OKYpriziunmi. JlocTypiil SBPUCTHUKAIBIK TOCLUI
(capammbuiapablH — TOXKipuOeciHe Heri3fenreH Koiaapabl Oeny) OOMBIHIIA MaHEBPIIK
KYMBICTap/IbIH JKaJmbl yakbIThl mamMameH 1550-1650 munyt apansirbinga 6onasl. Wang & Li
(2024) >xymBbICBIHIA CUMATTalFaH THOPUATIK alropuTMAepre KaparaHaa, Oi3/iH YCBIHBUIFaH
JUHAMHUKaIbIK Oar/apiamaliay TOCUIl €cenTey THIMAUI >KaFblHaH apThIKUIBUIBIKTapFa He,
ocipece omnepaunMsibIK Kocnapiay KOHTeKcTiHae. COHbIMEH Karap, JKYMbICTa KapacThIpbLIFaH
JUHAMUKAJIBIK OarjgapiiaManay TOCUIl TEK KaHa Kbl YaKbITThI a3aTiiai, COHbIMEH Oipre
xKongapasl OemyniH OipHelle HycKaJapblH JKYHel Typle calblCThIpyFa MYMKIHIIK Oepeni, Oy
HICIIIMHIH TYPaKThUIBIFBIH )KOHE OHTAWJIBLIBIFBIH apTThIpaabl. by xketictik HeriziHeH (6), (11),
(16) Tenneynep CUAKTBI MOJENBbAEPAIH HAKTHUIBIFBIHA JKOHE OJIApJIbIH MapaMeTpiiepiHiH HaKThI
AKCILTYaTalASIIBIK JEPEKTEPMEH JoHEKTeNyiHe OaiIaHbICTHI.

JKanmel, >KyMBICTBIH ©31HIIK €epeKIIeNiri MOoWbI3nap MEH MaHEeBpJepAl KHHAKTAy YIIiH
OeJiHreH >Kojjap caHblHAa OalJIaHBICTBI KYypacTblpy OOMWBIHIIA MaHEBPIIK KYMBICTAP/bIH
Y3aKTHIFBIH Oaranay/blH JKeTUIAIPIATeH 9IiCiH YChIHYBbIHAA. COHIai-aK dKYMBICTa JTUHAMHUKAIBIK
Oarjapiamanay Moceliecl peTiHJE >KEeKeJereH OarbITTapliblH apachblHAa BaroHJap TONTapbiH
KUHAKTAY >KOJIIApBIH 061y MacesIeciH peciMIey JKoHe LIy o/1iCi YChIHBUIABI.

KymbicThIH — TIxKipuOesik KYHABUIBIFBI  MbIHAJA: YCBIHBUIFAH  9NIC  TEMIPXKOI
CTaHLUSJIAPBIHBIH  KOJJIAHBICTAFbl JKOJ KYPBUIBICTAPBIH YTBHIMJABI OpHAJACTHIPYy eceOiHeH

56



Ne4(39) AAA XKAPLbICHI

MOWBI3IAPIBl KYPY JKOHE TapaTy *KOHE MaHEBPIIIK JKYMBICTApFa KETETiH YaKbITTHI KbICKapTyFa
J)KOHE COHBIH HOTIDKECIHJAE CTaHIMUSJIAPABIH OTKi3y KaOlJIeTiH apTThIpyFa, COHJal-aK
KOCINOPBIHAAP/IBIH OHIMHIH ©31H]IIK KYHBIH TOMEHJIETYre MYMKIHAIK Oepei.

KopbITbhIHABI.

JKyprizinren ecenteynep >KOHE CaJIBICTBIPMAJIbl Tallay YCHIHBUIFAH OJICTIH THIMIUTITIH
pacraiinel. Baronmap TonmTapblH JKWHAKTAy KOJJIAPBIH OHTAMIBI 06y apKbUIBI MaHEBPIIK
orepanusuIapAbIH KalIbl yaKbIThIH 25%-/1aH acTaM KbICKapTyFa 00J1a/1bl, OYJ1 CTAaHIIUSHBIH OTKI3Y
KaOlJIeTiH alTapIIbIKTall apTTHIPA/IbI )KOHE IKCILTYaTAIMSUIBIK IIBIFBIHAAPABI TOMEHICTE/I.

JKyprizinaren 3eprreynep Keneci KOPhIThIHBUIAP jKacayFa MYMKIHIIK Oepeti:

1. Kasipri yakpITTa ©HEPKCINTIK KOCINOPBIHAAPIBIH KipeOepic KoJgaphIH/Ia MOWbI3Aap bl
JKHHAKTAy JKOHE MAHEBPJIK JKYMBICTAp VIIIH JKOJ OTKI3y KaOUICTiHIH OTKIp TalllllbUIBIFbI
Oaiikanaapl. OHbIH ce0ebi BaroH1ap/pl TaFaiibIH 1Ay CAaHBIHBIH apTybI OOJIBIN TaObLIAIbI, OYIT )KEeKe
MEHIITIK HeJiepi apachlHAa BaroHJap MapKiHIH OejiHyl >KOHE THEey YIINiH NaijaTaHblIaThlH
MaMaHIaHIbIPBUIFAH BarOHAAPABIH YJIEC CaaMaFbIHBIH apTybl. OHEPKICINTIK KOCIOPBIHAAPABIH
TEMIp KOJI KOJIIriH OChIHIAl JKaFJai/ia maiijaiany BaroH1ap/ sl KaiTa CYphINTayIbl KAKET eTeIi.
CoHIBIKTaH TEMip JKOJI KOJiri keOiHece oHIM KOJIEMiH MICKTCHTIH )KOHE OHBIH ©31HIIK KYHBIH
apTTHIPATBHIH AJIEMEHTKE aifHasaabl. MocelieH] ey OHEPKICINTIK CTaHIUsIap/Aa TEXHUKAIBIK
KypaJap/sl YTHIMJIBI OPHAJIACTRIPY/A, aTal alTKaHaa, MAaHEBPIIIK )KYMBICTAPIbl OPBIHAY YIIiH
OJIap/IBIH KOJIBIH d3ipIiey/ie 60Iybl MyMKIiH.

2. Baronpmap TomTapblH >KMHAKTay YIIIH ©HEPKACINTIK TEMipKOJ CTaHIHSIIAPbIHBIH
JKOJIIapBIH JKEKeJIereH OarpITTap apachiHa 0eyal OHTaHIaHIBIPy MIHIETI OHAIPICTIK CYphINTaY
CTAHITMACHI MCH YK CTAHIUSCHI apachIHIAFbl CYPHINTAY KYMBICTAPBIHBIH OChIHIAH OOIiHYiH,
COHJIali-aK MaHEBPIIIK KYMBICTapbl JKYPri3yre €H a3 yakbIT HIBIFBIHBIH KaMTaMachl3 €TeTiH
JKEKEJIETCH MEXeITl ITYHKTTEP apachIHIaFbl CYPBINTAY CTAHIMSICHIHBIH KOJIBIH OChIIaiia 06yl
tTabynaH Typaabl. byl KommaHOalbl MOCENCHI WICHTy YIIH OChl KYMBICTA JTUHAMHKAJIBIK
Oarnapiamanay 91ici OeiimMaenTeH.

3. 3eprrey OapbichbiHIa 93IpPIEHTeH MOCIBIACP MEH OMICTEep XalbIKapaJbIK TIKIpuOene
KOJIZIAHBUIATBIH 3aMaHayy TociianepMeH [ 14] canpicThipMaitsl Tasay )Kyprizyre MyMKIiHIIIK Oepei
YKOHE OJIApJIbIH THIMILUTITIH pacTaiapl. bonarrak 3eprreyinep [14] )KyMbIChIHIA CHITATTAIFaHIapFa
yKcac nu@pIIbIK eri3ep/l eHri3y Heri31H/1e aBTOMaTTaHbIpbIIFal 0ackapy KyhenepiH a3ipieyre
OaFbITTAIybl MYMKIH.

Kapowcoinanovipy. Maxana Kazaxcman Pecnyonuxacvinvly Foinvim dcane dcozapvl Oinim
MuHucmpnieiniy Fouieim xomumeminiy Konoayvimen «Kac zanvimy AP25795671 «Konikmik
mancelpmanapobly Ken enuemoinicin eckepe omoipoin, Kazaxcman memip sconoap osiscenicinoeai
8A20H ARLIHOAPBIH YULIMOACMbIPY d0iCmeMeCiH a3ipiey» Hcooacvl OOULIHULA HCAC EATLIMOAPObIH
3epmmeyiiepin epaHmmolK, KapA#CbLIAHObIPY ueHOepinoe 0pbIHOALObL.
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3®OEKTUBHOE PACIPEJEJIEHUE IIYTEX U MAPIIPYTOB BATOHOB HA
KEJE3HOOOPOXHBIX CTAHHUAX

Annomayusn. B Oannoli cmamve  paccmMampuearomcs — 60NpoCul  ONMUMUZAYUU
pacnpeoenenusi nymeil HPOMbIULIEHHBIX JHCENe3HOOOPONCHLIX CMAHYULL C Yelnblo NOBbIULEeHUs
aghghexmusenocmu  06pabomKu  8a2OHONOMOKO8.  AKMyanibHOCMb  memMbl  00YCN08/1eHA
HeobX00UMOCMbI0  PAYUOHANLHO20 — UCNONb306AHUA — OSPAHUYEHHO20  NYMegoz2o  pecypcd,
NOBbLULEeHUS NPONYCKHOU U nepepabamvléarowjell cnoCoOOHOCMU CMAHYULL, d MAK*Ce CHUNCEHUS
akcnayamayuonnvlx 3ampam. OcHo8HOe GHUMAHUE YOeleHO pa3pabomke Mooenel U Memooos
ONMUMU3AYUY, YHUUMBLEAIOWUX OCODEHHOCIU POPMUPOBAHUS U NEPepadOMKU 8A20HONOMOKOE NO
HA3HAYeHUAM, 2pAQUK O0BUINCEHUS, OUEPEOHOCMb 00pabOMKU U OSPAHUYEHHOCHb NYMeso2o
@onoa. Ilpednacaemvle peuleHus OCHOBAHbL HA NPUMEHEHUU MeMOo008 MAaAmemMamuyecKkoeo
MoOenuposanusl, meopuu 2paghos, MUHeuH020 U OUCKPEMHO20 npocpammuposanus. Pe3ynbmamol
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Mocym Oblmb UCNONB308AHBL OISl PA3PAOOMKU ABMOMAMUUPOBAHHBIX CUCMEM YAPAGIeHUs
cmawnyueli, YmMo NO360MUM  3HAYUMEIbHO  VIYYUUMb  NIAHUPOBAHUE U  ONepamueHoe
pacnpeoeienue 8a20HO8 NO NYMAM, CHU3UMb HPOCMOU NOOBUNCHO2O COCMABA U YCKOPUMDb
00pabomky epy308.

Knrouesnvie cnosa: sicene3no00podiCHbLI MPAHCHOPM, NPOMBIULEHHASL HCELE3HOOOPONCHAS
CManyusl, 3anacHoll Nyms, MAHespo8vle ONepayuu, CKOni1eHue 8a20H08, MApUipymol 6A20HOS.

OPTIMIZATION OF TRACK DISTRIBUTION OF INDUSTRIAL RAILWAY
STATIONS BETWEEN CAR DESIGNATIONS

Abstract. This article considers the issues of optimization of industrial railway station track
distribution in order to improve the efficiency of wagon flow processing. The relevance of the topic
is due to the need for rational use of limited track resources, increasing the throughput and
processing capacity of stations, and reducing operating costs. The main attention is paid to the
development of optimization models and methods that take into account the features of the
formation and processing of wagon flows by destination, the schedule, the processing sequence
and the limited track fund. The proposed solutions are based on the application of mathematical
modeling methods, graph theory, linear and discrete programming. The results can be used to
develop automated station control systems, which will significantly improve planning and
operational distribution of wagons along the tracks, reduce rolling stock downtime and speed up
cargo processing. Objective. To improve the method of distributing industrial railway stations
tracks for the accumulation of wagon groups between individual destinations. The optimization
problem is to find such a distribution of classification works between an industrial marshalling
vard and freight stations, as well as such a distribution of marshalling yard tracks between
individual destinations, which ensures minimal time costs for shunting operations.

Keywords: railway transport, industrial railway station, siding, shunting operations,
accumulation of wagons, carriage routes.
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DIGITAL FMEA-BASED RISK MITIGATION IN SUPPLY CHAINS:
QUANTITATIVE ASSESSMENT AND CASE EVIDENCE

Abstract. In the current global context, supply chains are facing heightened exposure to risks
arising from political tensions, restrictive trade measures, and rapid technological shifts. Under
these conditions, effective risk management becomes not just a supporting function, but a key
element of competitiveness. The present study explores how digital solutions can be applied to
identify and reduce the most pressing risks in supply chain operations.

The research addresses both operational challenges within logistics processes and broader
strategic threats. Its primary aim is to demonstrate the contribution of digitalization to risk
reduction and overall resilience. For this purpose, a set of complementary methods was applied:
Failure Mode and Effects Analysis (FMEA) to detect weaknesses at the process level and
comparative assessment of key performance indicators (KPIs) drawn from real-world cases of
information system adoption.

The analysis showed that the most significant risks are concentrated in warehouse receiving
operations, where manual activities often lead to errors, and in order tracking, where insufficient
visibility creates delays and customer dissatisfaction. These issues were identified as top priorities
for corrective action. At the same time, the adoption of Warehouse Management Systems (WMS)
and monitoring platforms significantly reduced errors, accelerated operations, and lowered costs.
Comparative case analysis showed measurable improvements: inventory accuracy increased up
to 99%, order picking productivity doubled, and logistics costs were substantially reduced.

The study concludes that digital technologies not only address internal vulnerabilities but
also create conditions for long-term supply chain resilience. However, external risks such as cyber
threats and regulatory changes remain beyond the scope of technology alone and require
complementary governance measures. It is therefore recommended to combine technological
solutions with organizational practices, enabling companies to both prevent disruptions and build
sustainable development strategies.

Keywords: supply chains, risks, digital technologies, warehouse management, efficiency,
resilience, information systems.

Introduction.

The advent of Industry 4.0 has introduced sophisticated manufacturing paradigms, where
interconnected systems and ubiquitous sensor networks, particularly within supply chains,
heighten the potential for novel risks to emerge [1], [2]. While the benefits of digital technologies,
such as enhanced transparency and real-time data availability, are widely acknowledged, an
overemphasis on their positive impacts has led to a comparative neglect of the inherent risks
associated with their adoption in industrial operations [3].
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Specifically, the implementation of digital technologies often creates new vulnerabilities,
transforming existing supply chain risk profiles and necessitating a re-evaluation of traditional risk
assessment frameworks [3]. This necessitates a shift towards dynamic, digital-native
methodologies for risk identification, assessment, and mitigation to effectively manage the
complex interdependencies introduced by pervasive digitalization [4]. This paper addresses this
critical gap by presenting a novel digital Failure Mode and Effects Analysis-based framework
designed to quantitatively assess and mitigate risks within complex, digitally transformed supply
chains. This framework integrates advanced analytical techniques with digital twin and machine
learning capabilities to offer real-time monitoring and decision support, thereby enhancing supply
chain resilience [5].

Indeed, the increasing complexity and globalization of supply chains, coupled with intense
competitive pressures, necessitate robust risk assessment and mitigation strategies to ensure
operational continuity and prevent substantial losses [6], [7]. Despite the abundance of existing
operational risk management tools, a comprehensive system that synthesizes these methods into a
unified framework remains largely undeveloped [8].

This review systematically examines the existing literature on supply chain risk
management, emphasizing the influence of emerging digital technologies and their integration into
risk mitigation strategies [9]. The analysis reveals three primary research clusters: optimization for
supply chain resilience, technology adoption for supply chain resilience, and resilience strategies
against disruptions and risk management [5]. Within the context of Industry 4.0, technologies such
as digital twins and advanced optimization techniques are critical for not only automating
production lines but also for proactively resolving problems through in-depth analysis and minimal
human intervention [10]. Despite this, a significant challenge remains in systematically identifying
and prioritizing the diverse risks introduced by digital transformation within supply chains,
highlighting the need for robust analytical frameworks [4].

Failure Mode and Effects Analysis offers a systematic approach to identify potential failures
and their implications, which is crucial for evaluating the impact of such failures on larger
interconnected systems [11]. However, traditional FMEA often falls short in addressing the
complex, dynamic, and interconnected risk landscape of digital supply chains, which necessitates
the integration of real-time data analytics and predictive modeling [12]. Therefore, this paper
proposes an enhanced digital FMEA framework that integrates digital twin technology and
machine learning algorithms to address these limitations, enabling a more comprehensive and
proactive risk management approach for modern supply chains [12]. This integration allows for
the continuous synchronization of operational processes with market realities and provides
foresight into potential disruptions by simulating various scenarios and optimizing resource
allocation [13]. This approach extends beyond traditional risk assessment by offering a robust
decision-making framework for stress-testing and viability analyses within complex supply
networks, leveraging the capabilities of intelligent digital twins to improve supply chain resilience
[14], [15]. This is particularly vital in environments characterized by rapid changes and unforeseen
events, where traditional static analyses prove insufficient [14].

Moreover, the incorporation of advanced analytics, such as those enabled by digital twins
and loT, allows for the proactive identification of vulnerabilities and the development of
responsive strategies to mitigate potential disruptions [16]. Such intelligent digital twins, which
integrate human-Al systems to visualize physical supply chains and process data using analytical
methods, are crucial for mimicking human decision-making and creating new knowledge for
enhanced resilience and viability [15]. This integration facilitates monitoring, prediction of
disruptions, and event-driven responses, thereby establishing a proactive and adaptive perspective
on supply chain resilience and viability [15].

The advancement of Al-driven FMEA tools, particularly those incorporating large language
models, further streamlines this process by reducing manual effort and enhancing the accuracy of
risk assessments through real-time guidance and comprehensive failure mode generation [17],
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[18]. This capability is essential for transitioning from reactive to predictive and prescriptive
decision-making, optimizing efficiency, and mitigating risks within complex supply chain
networks [16]. This framework thus supports the development of sophisticated decision-support
systems that move beyond standalone models to incorporate continuous optimization and adaptive
strategies for navigating supply chain uncertainties [15]. The convergence of digital twin
technologies and Al-augmented predictive analytics is increasingly recognized as a transformative
strategy for achieving resilience and demand-driven orchestration in global supply chains, which
are frequently exposed to volatility from geopolitical tensions, climate disruptions, and fluctuating
consumer demand [13].

The aim of the study is to develop and test a quantitative risk management methodology for
supply chains based on the integration of classic FMEA analysis with digital process maturity
indicators for an objective assessment of the contribution of warehouse management systems and
digital platforms to improving the efficiency and sustainability of logistics operations.

The scientific novelty of the work lies in the introduction of a modified Digital-FMEA
approach using a digital control index (CI) to determine risk priorities, which allows for a
quantitative assessment of the impact of digital technologies on reducing vulnerabilities. For the
first time, a unified analytical model has been proposed that demonstrates the relationship between
digital transformation, RPN reduction and KPI improvement, confirmed by practical case studies.

Materials and methods.

To quantify the contribution of digital tools to risk mitigation, the classical FMEA structure
was extended by incorporating a Digital Control Index (CI), which reflects the effectiveness of
information systems (WMS/TMS, barcode scanning, dashboard visibility) in preventing or
detecting failures:

RPN,,,q =S-0-(1=CI)-D, (1)

here S — Severity, 0 — Occurrence, D — Detection, CI — Digital Control Index. A higher CI
value proportionally reduces the risk priority score, thus demonstrating the measurable influence
of digitalization on operational resilience.

A regression model of the impact of digital solutions on KPIs:

KPlyppr = a - Cl + - RPN,¢q + €, (@)
shows a direct mathematical relationship between technology and efficiency and sustainability.
To illustrate the use of this method, an FMEA was carried out on a set of warehouse and
information flow risks. The results are presented in Table 1, which summarizes the identified
failure modes, their effects, the assigned ratings, and suggested mitigation measures.

Table 1 — FMEA results for selected supply chain risks

Ne | Failure Effect Severity | Occurrence | Detection | RPN | Mitigation
mode (S) (O (D) measures

1 | Receiving Incorrect 8 6 7 336 | Barcode
errors inventory scanning
(manual) levels

2 | Delay in Increased 6 7 6 252 | Zoning,
SKU search | picking time slotting

3 | ERP/WMS | Inventory 7 5 6 210 | Automated
data discrepancies synchronization
mismatch

4 | Picking Returns, 9 4 5 180 | Pick-by-scan,
errors complaints QC checks
(mispicks)
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5 | Lack of Missed 7 6 8 336 Real-time
order SLAS dashboards
visibility

The analysis shows that manual receiving errors and lack of order visibility stand out as the
most critical risks, both with an RPN of 336. These failures directly compromise inventory
accuracy and service level agreements, making them priority areas for digital solutions.
Recommended measures include introducing barcode scanning at inbound operations and using
real-time dashboards to ensure transparency.

Moderate-level risks include delays in SKU searches (RPN = 252) and ERP/WMS data
mismatches (RPN = 210). While less severe, they still have a strong impact on efficiency.
Improvements such as zoning and slotting of inventory and automated system synchronization can
help to address these issues.

Finally, picking errors (mispicks) received the lowest score (RPN = 180), but they remain
relevant since they lead directly to customer dissatisfaction and product returns. Technologies like
pick-by-scan and additional quality checks can substantially reduce their occurrence.

Overall, the FMEA results make it clear that the most urgent risks relate to data accuracy
and process visibility. Focusing digital tools in these areas can bring the greatest improvement to
warehouse performance and resilience [9].

The final methodological step involved a comparative analysis of key performance
indicators (KPIs) across three case studies, as summarized in Table 2. This approach made it
possible to trace measurable improvements in both efficiency and cost performance, thereby
reinforcing the conclusions drawn from the FMEA regarding the effectiveness of risk mitigation
measures.

Table 2 — Summarizes the KPI data

Case KPI Before After Source
Linbis Inventory accuracy 86% 99.2% Linbis case
Linbis Order picking time 12 min 6 min Linbis case
Performance Bike | Picks per hour 50 100 enVista case
Bizerba Cost per Ib $0.20 $0.10 Kuebix case

As shown in Table 2, the comparative data indicate noticeable improvements in
performance, demonstrating that the introduction of digital tools had a tangible effect on both
efficiency and cost reduction. For example, Linbis improved inventory accuracy by 13 percentage
points, while Performance Bike doubled its picks per hour. Bizerba reduced logistics costs per
pound by half. Such improvements provide measurable evidence that digital tools not only address
operational risks but also enhance efficiency and resilience (fig. 1) [4], [8], [4].
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Selected case studies: before vs after digital tool adoption
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Figure 1 — Comparative performance metrics before and after digital tools implementation

Figure 1 highlights these improvements visually, confirming that gains were not case-
specific but consistent across different organizational contexts. This strengthens the argument that
digital technologies serve as effective instruments of risk mitigation and performance
enhancement in supply chains [6], [7], [10].

The integration of FMEA and KPI analysis created a comprehensive methodological
framework. FMEA provided structured prioritization of process risks and KP1 analysis empirically
validated the improvements achieved. Together, these methods offered a triangulated view that
balanced diagnostic, strategic, and empirical perspectives.

Nevertheless, certain limitations must be acknowledged. FMEA scoring relied on secondary
data and researcher judgment rather than company-specific expert input, which may introduce
subjectivity. Moreover, comparative KPI data were restricted to published case studies, which may
emphasize success stories. Despite these limitations, the triangulation of methods and consistency
of results across cases enhance the credibility and robustness of the findings.

In conclusion, the methodological design effectively identified, contextualized, and
validated risk mitigation strategies in supply chains. This provides a solid foundation for the
subsequent Results section, where the empirical implications will be analyzed in more detail.

Results and their discussion.

Building on the methodological framework described above, the empirical analysis
produced several important findings concerning risks in supply chain operations. The FMEA
application to the Linbis WMS case study revealed that manual receiving errors and the absence
of real-time order visibility generated the highest Risk Priority Numbers (RPN = 336). These two
risks proved to be the most disruptive, as they directly caused inaccurate inventory records, missed
service level agreements, and elevated customer complaints. Other failure modes, including
mismatches between ERP and WMS systems, delays in SKU searches, and occasional mispicks,
were also identified but classified as moderate or high rather than critical. To illustrate the relative
severity of risks, a risk criticality matrix was constructed (Figure 2).
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Criticality
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Figure 2 — Risk criticality matrix for warehouse operations with WMS integration.

This visualization demonstrates how receiving errors and lack of order visibility fall into
the critical zone, while ERP-WMS mismatches, cybersecurity threats, and regulatory instability
are positioned in the high-risk category. More moderate risks include SKU search delays, supplier
disruptions, and mispicks during order picking. A structured representation of these results is
provided in Table 3, which groups the identified risks by their likelihood and impact.

Table 3 - Risk criticality matrix for supply chain operations

Risk Category Likelihood Impact Criticality Zone
Receiving errors . . .
(manual entry) High High Critical
Lack of order . : -
visibility High High Critical
ERP-WMS Medium High High
mismatches
Cybersecurity threats | Medium High High
Regulatory instability | Low High High
Delays in SKU High Medium Moderate
searches
Supplier disruptions Medium Medium Moderate
(external)

M'Sp'cks qumg Medium Medium Moderate
order picking

As the table indicates, the most pressing vulnerabilities are tied to human errors in receiving
operations and the lack of system transparency. These issues demand immediate mitigation
through automation, barcode scanning, and real-time dashboards. Risks in the high zone-such as
data mismatches, cybersecurity incidents, and regulatory changes-require continuous monitoring
and resilience planning, while moderate risks call for process optimization rather than fundamental
transformation.
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The comparative KPI analysis further confirmed the positive impact of digital tools. Linbis
improved inventory accuracy from 86% to 99.2% and reduced picking times by 50%. Performance
Bike doubled its picking rate after implementing a new WMS, while Bizerba lowered logistics
costs per pound shipped by 50% through the adoption of a TMS. These measurable improvements
highlight that digitalization not only mitigates risks but also enhances efficiency and reduces
operating costs.

Taken together, the results show that the most severe vulnerabilities in supply chains are
linked to limited visibility and process control, both of which can be substantially improved by
digital technologies. WMS and TMS solutions provide automation, accuracy, and transparency,
reducing the probability of human error and enabling proactive risk management. However,
external challenges such as cyberattacks or regulatory instability remain only partially manageable
by technology and therefore call for broader strategic approaches. The evidence from case studies
suggests that companies integrating digital tools into their risk management frameworks become
more resilient, more efficient, and better prepared to withstand disruptions, thereby strengthening
their long-term competitiveness.

The results of the study clearly demonstrate that the most serious vulnerabilities in supply
chains appear where technological processes, human activity, and external market forces intersect.
Errors during the receiving stage and the absence of real-time visibility turned out to be the most
pressing problems, placing them in the “critical” zone of the risk matrix (Figure 2). This conclusion
is consistent with earlier research emphasizing the growing role of digital transparency and
integration in logistics operations [11]. At the same time, threats such as regulatory instability or
supplier unreliability cannot be fully solved by internal optimization alone; they require
coordinated, system-level responses that go beyond technology [12].

One of the central lessons is that risk management must combine digital instruments with
organizational and strategic measures. Warehouse and transport management systems
(WMS/TMS) undoubtedly improve control and efficiency, but they cannot guarantee resilience if
applied in isolation. Embedding them into a broader framework of governance - supported by
methods like Failure Mode and Effects Analysis (FMEA) and continuous monitoring of Key Risk
Indicators (KRISs) - enables a shift from reacting to failures toward preventing them altogether [13]
. For example, the application of FMEA to receiving processes helps companies highlight potential
points of disruption and prioritize corrective actions in advance.

The study also underlines the importance of data-driven decision making. Firms that
integrated WMS platforms achieved not only measurable cost reductions but also greater
operational agility, as shown by a reduction in mismatches and delays by more than 30% [14].
Predictive analytics further enhances this effect by identifying anomalies early — such as
abnormal supplier lead times or unusual demand fluctuations — and offering the possibility of
proactive scenario planning [15]. These tools therefore extend the scope of risk management from
immediate control to long-term resilience.

Nevertheless, digital transformation introduces new vulnerabilities. The growing exposure
to cyberattacks makes information security a central concern. Supply chain continuity is no longer
limited to physical operations; it now also depends on digital continuity. This requires embedding
cybersecurity standards such as 1SO 27001, ensuring real-time monitoring of digital flows, and
educating staff to recognize and respond to threats.

The human factor remains equally important. Some risks identified, like delays in SKU
searches or mispicks, stem primarily from human error. Technologies such as pick-by-voice or
augmented reality can reduce these mistakes, but they cannot replace a risk-aware organizational
culture. Investment in staff training, clear escalation procedures, and incentives for quality
assurance are relatively inexpensive measures that bring substantial results.

Conclusion.

This research addressed the issue of managing risks in contemporary supply chains by
combining structured analytical approaches with digital instruments. The analysis demonstrated
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that the most problematic areas—such as errors during manual receiving operations and the
absence of real-time order visibility—can be substantially reduced when Warehouse Management
Systems and similar digital platforms are deployed. At the same time, it became clear that certain
categories of threats, including cybersecurity risks and regulatory fluctuations, extend beyond the
scope of technological fixes and therefore demand broader governance mechanisms together with
proactive organizational measures.

From these results, several lessons of practical value can be drawn. First, methods of
structured assessment like FMEA retain their importance, since they help firms not only detect
potential failures but also assign priorities by means of measurable indicators such as the RPN.
Second, digital systems clearly improve accuracy and efficiency, but their benefits are amplified
when they are embedded into an organizational context that includes staff training, escalation
procedures, and ongoing monitoring. Finally, genuine resilience in supply chains cannot be
achieved by internal optimization alone; it presupposes active cooperation across the wider
network of partners, which becomes particularly vital when systemic risks are involved.

Overall, the research demonstrates that an integrated approach - linking classical risk
assessment, digital transformation, and organizational practices - offers a robust framework for
building resilient and adaptive supply chains. Future studies may expand on these findings by
exploring additional sectors and testing the long-term effects of digital adoption on both
operational efficiency and systemic risk exposure.
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)KETKI3Y TI3BBEKIHIH TOYEKEJJIEPIH IIM®PJIIK FMEA KOMETIMEH
A3AUTY: CAHABIK BAFTAJIAY K9HE KAFJAUJIAP

Anoamna. Kasipei scahanowix ocazoaiioa sxcemkizy mizoekmepi casicu MmYpaxcvl30vlk,
cayoaza uleKkmeynep JHCaHe HCbLIOAM MEeXHONOSUSIbIK 632epicmep CaloapblHaH mayeKkendepoiy
Kyuteroine man 6oavin omulp. Myrnoati sxcagoatioa mayexenoepoi 6ackapy KocblMula Kypai 2ana
emec, bacekece Kabinemminikmi QUKbIHOQUMbIH He2izel ¢haxmopza atinanaosl. byn 3zepmmey
JIOCUCMUKATILIK  yoepicmepoezi ey MaHbl30bl mayeKkenodepoi aublKmay MHCoHe aA3aumy YuliH
yughpvlk wewimoepoi Kon0any MyMKiHOIKmepin Kapacmulpaosi.

JKymvicma mamepuanoviy agulmoapoagvbl OnepayusiivlK aKkayiapmeH Kamap, HCemiizy
miz0e2iniy MYpPaKmolibl2blHA acep ememin CMmpameusivlK Kayin-xamepiep O0e maniodarHaobl.
3epmmeyoiy b6acmel  makcamel - YUPDPAAHOLIDYObLIY MAVeKeNoepoi MmeMeHOemyae MHCoHe
MYPaKmuliblKkmsl apmmoipyea Kocamwvin yaecin kepcemy. Ocvl maxcamma Oipreute 20icmep
Konoanwlnovl: FMEA (axaynap men onapoviy canioapvii manioay) onepayusivi oeyeetioei aicis
mycmapovl AHbIKMAY YUliH, COHOAU-aK aKnapammuix Jcyienepoi enzizyoiy HaKmvl MblCAlI0APbIHA
Heziz0eneeH Heeizei kopcemkiwumepoiy (KPI) canvicmuipmanvt 6agacul.

Tanoay Hnamuoicenepi kepcemkeHoel, eH eleyli mayeKenoep mayaprapovl Kaodwvlioay
yoepicmepinde woeblpianeat, cebedi KOIMeH HCaCAIamblH dpeKemmep JHCUi Kamenikmepee
aKenedi, COHOAU-aK MancoulpblCMapobl OAKbIIAYOA&bl HCEMKINIKCI3 aublKmblK Kidipicmep MeH
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MYMBIHYUBLIAPObIH HAPA3LLILIZLIH MYOblpadsl. byn macenenepoi wiyzvin mypoe weury Kaxcem
Hezizei bacbimovikmap peminoe aukbiHOanovl. COHbIMEeH Kamap KoUMa MeHeONCMeHMI HCylUenepin
(WMS) encizy men MoOHUmMOpUHZe KYpaioapvlH NAuoalany Kameiikmepoi azatmoln,
onepayusanaposvl  Jicedenoemin, ubleblHOapobl KblcKapmyea MYMKIHOIK Oepoi. Keiicmepoi
canvlemuipmanvl manoay ecenmiy 0anoiein 99%-ea delin apmmuipbin, MancvlpblCMapobl HCUHAY
OHIMOILNI2IH eKi ece2ce KOMEP2eHiH, A/l TI0SUCMUKATLIK UbIRLIHOAPObIY aumapiblKmai a3au2anbi
Kepcemmi.

Kopvimwvinovinaii kene, yughpivlk mexnono2usnap iwki ancizoikmepoi Jcoomen Kamap, y3ax
Mep3iMOi MYpaKkmuliblKKa He2i3 KalaumvlHbl aublKmanovl. [leceHmeH, Kubepxayinmep MeH
pemmeyuii o32epicmep CUAKMbL CbIPMKbL AKMOPAAP KOCLIMUIA OACKAPY WAPAaiapbii Kaxcem
emedi. Maxanaoa mexHONO2UANBIK Wewimoepoi YUbIMObIK Madicipubenrepmer yiiecmipy
YCOIHBLIbIN, OYN MACII KOMNAHUANLAPRA MeK Y3inicmepoi 6010bipMay2a eana emec, mypaxmol
oamy cmpamecusiColH Kypyea 0a MyMKIHOIK Oepemini aman omineoi.

Tyiiin co30ep: dcabovikmay mizdezi, mayexenoep, YUPpivlKk MexXHOLOUAIAD, KOUMAHbB
backapy, muimMOiniK, mypaxKmolivlk, AKnapammolx Jxcyuenep.

CHMXEHUE PUCKOB B IIEIIOYKAX IIOCTABOK HA OCHOBE
HUP®POBOI'O FMEA: KOIMYECTBEHHAS OHEHKA U TPUMEPHI U3
ITPAKTUKH

AHnHomauyun. B cospemenuvix ycio8uiax Mupoeas d3KOHOMUKA CIAIKUBAEMC s C YCUTIeHUeM
DUCKO8 6 Uensix NOCMABOK, CEA3AHHLIX C NOJUMUYECKOU HecmabulbHOCMbIO, MOP208bIMU
02paHUuUdeHUsMU U ObICMPBLIMU MEXHOI02UYECKUMU USMeHeHUuaAMU. B makotl cumyayuu ynpaenenue
PUCKAMU NPespaujaemcs He 80 8CHOMO2AMENbHYIO, d 6 KIOUe8YI0 (YVHKYUIO, ONpedensitowyio
KOHKYPEeHMOCnocobHocms — komnanuu. Hacmoswee uccnedoganue nocesaujeHo  aumanusy
NpUMeHeHUs. Yu@dposviX UHCMPYMEHMO8 OJisl BbIAGIEHUS U CHUMCEHUs Haubolee KpumuiHwlX
PUCKO8 8 102UCIUYEeCKUX NPOYeccax.

Paboma oxeamvieaem kak onepayuonuvie cOou 6 ynpagieHuu NOMOKAMU, MaxK u 6o.ee
wupokue cmpamezuyeckue yepo3svi. OCHO8HASA Yellb UCCIe008aHUSL — NOKA3AMb, KAKUM 00pa3om
yughposuzayus cnocoocmeyem CHUMCEHUIO PUCKO8 U NOBbIUEHUIO YCMOUYUBOCMU Yeneli
nocmaegok. s 9mozo 0vll UCNONIb308AH KOMNAEKC MemOoO08: aHAIU3 6U008 U NOCIe0CmBUl
omkazos (FMEA) ons evisisnenus ciabvix mecm Ha ypoHe Onepayuli, a makice CpasHumebHas
oyenxa Kmouegvlx nokazameneu s¢gdexmusnocmu (KPI), ocHosamnas Ha npakxmudeckux
npumMepax eHeopeHusi UHPOPMAYUOHHBIX CUCTIEM.

IHonyuennvle pesyrsmamuvl noxazanu, u4mo Haubolee cepbé3uvble PUCKU CBA3AHbL C
onepayusMu no npuémke moeapos, 20e pyunvie npoyeoypvl 4acmo npusooam K owubKam, u ¢
HeOd0CmamoyHoll NPO3PAYHOCMbIO 8 00pabomKe 3aKa308, 8bl3bl8AIOUEll 3A0EPIHCKU U POCH YUCIA
aHcanob. dmu gpaxmopul OvLiU OnpedesieHbl KaKk npuopumemmusle 0is MUHuMuzayuu. B mo ce
8pems 6HeOdpenue cucmem ynpaeienus ckiadom (WMS) u uncmpymenmos MouHumopuHea
NO360JUNO0 3AMEMHO COKPAMUMb KOIUYEeCmB80 OWUOOK, YCKOPUMb ONEpayuu U CHU3UMb PAcxoobl.
CpasHumenvHblll aHaiu3 Kelicog NOKA3dl, uYmo yugposvle peulenus obecnedusaom pocm
moynocmu yuéma 0o 99%, 0gykpammoe ysenuuenue npousso0umenbHoCmu npu omoope 3aKa3os
U 3HAUUMENbHOE CHUMMCEHUE JI02UCTIUYECKUX U30EPIHCEK.

Ha ocnosanuu nposedénnozo ananusa coenam 6bl600 0 Mmom, 4mo yugposvie mexHoro2uu
CNOCOOHbI HEe MONLKO KOMNEHCUPOBAMb 6HYMPEHHUE YAZBUMOCU, HO U CO30A8aMb YCI08Us OJls
0os20cpounoll yemotiyugocmu yeneti nocmagox. OOHAKO 6HewHue yepo3vl, makue Kaxk Kubep
DUCKU U pecyNAmOopHble USMEHeHUs, MPeOyIom KOMNIEKCHO20 N00X00d U OONOTHUMENbHBIX Mep
ynpaenenus. B saxniouenue npeonoocxceno couemamv mexHonro2uyecKue UHCMPYMEHmbl C
OP2AHU3AYUOHHBIMU NPAKMUKAMU, YO NO360IUNM KOMNAHUAM He MOJbKO Npeoomepaujams coou,
HO U pazeusams YCMou4ugyo Cmpame2uio pa3eumusl.
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Knwoueswie cnosa: yenu nocmasox, pucku, yugposvle mexHono2uu, ynpasieHue cKiaoom,
aghghexmusnocmo, ycmouuusocms, UHPOPMAYUOHHBLE CUCTIEMBI.
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KEJIJITH KPUTHKAJIBIK JKbLIIAM/BIFBI KE3IH/IE JKEJI
T'EHEPATOPBIHBIH POTOPLIH ABTOMATTHI TYCIPYITH JKAJIIBI dKYUECTH
93IPJIEY

Anoamna. Makanaoa scenoiy Kywmi dcyKkmemenepinet Kopaay Vil Jcell 2eHepamopbiHbly
POMOPBIH ABMOMAMMbL MYPOe MYCIPY HCYUECIH I3IPNeyOiH HCANNbL MYHCLIPLIMOAMACH] OEePiNeeH.
Ken mypoOuHAcvIHLIY HCYMBICHIH  AGMOMAMMAHOLIPY JHCIHE OHMAUIAHOBIPY CANACLIHOARbL
3amanayu sepmmeynep aumapivikmai npozpecmi Kkepcemeoi. Maxanaoa mypouHaHvly
MUimMOiniei MeH MYpPaKmvlibleblH JHCAKCAPMY YUWIH aoanmuemi JicoaHe 00adicamovl oackapy
20icmepiHiy MaHbi30bLIbIRLL JHCIHE ICKe acblpy Macelenepi OolviHwa bipmanatl eanviMOapobly
enbexmepine Woy dcacandan. Amangawn sxcemicmixmep scei KOHObIPRLLIAPLIHLIY, MUIMOLTIZ] MeH
CEeHIMOINICIH apmmblpy VWK, 01apobl eH2i3y YWiH aumapivlKmai meopusiiblK IHCIHE
maoicipubenik Kyu-ocieepdi Kaxcem ememinine Kapamacmat, 03blK MexXHON02UANApObl eH2i3yoiy
MaHvI30vLIbIebIH Kopcemedi. COHOau-aK, Kammul JHcel HcyKmemenepinoe dHcell KOHObIPRbLIAPbIH
mycipyee apHAai2aH CuI3bIKMbIK Jicemekmi  backapy JicyleciH cacay Yulin apmypii
KOMNOHenmmep 3epmmenoi Hcane maiodaHobl.

Hezizei nazap anemomemp, PID-pemmeciuii, Hcuinix mypreHoipeiui JicoHe Cbi3bIKMblK
JHcemex CUAKMbL HCYUeHIH He2i32l Kypamoac OOniKmepiHiy Cunammamacsiid, COHOau-axK o1apobly
MamemMamuxanivlk Mooensb weHbepinoezi o3apa apexemmecmicine ayoapuiiaovl. Kammul oicen
HCAROAUBIHOA HCell 2eHEPAMOPbIHbIY POMOPbIH momeHOemy yuiin PID-pemmeziwin Konoanamoin
asmomammul 6acKkapy KHcyueciniy cyrbacvina manoay sxcacanaovl. backapy sscyiiecin oymatiisl
napamempiepze Keimipy YUuiH Jceil HCblA0AMObIRbIHbIY KPUMUKALbIK MAHI IHEP2eMUKATbIK 20iC
apkulisbl ecenmeininedi. Kenoiy xKpumuxanvix Hcoli0amobiebinbly ecebi OOUbIHUA KOP2AHBIC
acyiect icke Kocwlnaowl. backapy orcyiieciniy 6apvlk KomnoneHmmepoi myusikmanean oackapy
KOHmypwl bap Oip scytiece OIpikmipy, dHcell 2eHepamopbiHblY, MYPAKMbl HCIHE CEHIMOI HCYMbLCbIH
Kammamacels emeoi, 3aKbIMOAHY KAyNiH azatumaosbl HCoHe OHIMOLNIKMI OHMAlLAHObIPAObL.
Ycvinbinean mysrcolpbimMoama el 2eHepamopaapbiibly CeHIMOLiei MeH MUIMOLiciH apmmulpyea
bazvimmanean moavlk wewimoepoi 00aH api 3epmmey dHcane 23iprey YuliH Heaiz 601aovl.

Tyiiin co3zoep: PID-pemmeciw, anemomemp, scuinix mypaeHoipeiuli, Col3bIKMblK HCemek,
JKcenl 2eHepamopaapebl.

Kipicme.

3aMaHayH SKOJIOTHSUIBIK MAcesesiep MEH SHEPTUs KaXEeTTUTIKTep1 K€l SHEPTUSACHl MaHbI3 b
peI aTKapaThiH >KaHAPTHIIATHIH KO3JEP/iH JaMyblH bIHTAJAHBIpaibl. J(ereHMeH, SKCTpeMall bl
aya-paiibl arJailapplHaH TybIHJaFaH kel TypOUHaJIapbIHBIH 1CTEH LIBIFYBIHBIH KOO0€Iol jkaHa
memriMaepai taigan eteni. Meicansl, 2000-2017 xpngap apanbiFblHAa MYHJIAH KaFaaimapabiH
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caHbl XKbUTbIHA 57-11eH 167-re neitin ocri [ 1]. Herisri cebenrtepre KalakmatapbiH 3aKbIMIaHybIHA
JKoHe Oackapy OKYHMECiHIH ICTEH WIbIFyblHA OKEJETIH KYIITI JKENIIH eKIiHI >KaTajbl.
Kanakmanapiarsl KapbIKIIAKTapAbIH SKUUIr OHBIH yiuTapeiHga 77,78% KoHE OpTaHFHI
oemirinae 22,22% xeteni. XKen KOHIBIpFbUIapbIHA TEXHUKAIBIK KBI3MET KOPCETY OJIap IbIH KaJIIThI
eHiMaTITIHIH 20-25%-bIH Kypaysl MyMKiH [3]. Akaynapapl a3aiTy YIIIH KOMITO3UTTED JKOHE
KYKTeMeH1 OenceHni Oakpuiay >Kyienepi CHAKTBI, KaHa MaTepuaizap MEH TEeXHOJOTHsIIap
KOJAaHbIaAbl. byn Tocummep KypbUIBIMIAPABIH OEPIKTITIH  apTTBHIpaAbl KOHE OJIapiAbl
AKCTpPEMAIIbl JKaFmainapaa 3akpIMIaHyldaH Kopraiasl [4]. OHHIIKO pOTOPHI KENMIH TOMEH
JKBUIJIAMIBIFBIHA KOFAPhl THIMIUIITIMEH epekienenesni, 0,1 M/c )KbpIIaaMabIKIIeH )KYMBIC icTel
Oacrtaiipl, OYJI TOCTYPIIi JKeJl TeHepaTopiIapblHa KaparaHaa auTapibIKTaid ToMeH. AJaiia OHBIH
alTapJIBIKTal CaJIMarbl MEH TOMEH alHaJly XKbUIJAMIBIFBI OHBI KATThI JKeJre ocan etemi [S].
CeHIMAUTIKTI apTTHIPy YIIIH KeNIIH KPUTHKAJBIK >KbUIAAMIBIFBI K€31HIE POTOPABI aBTOMATTHI
TYpZ€ TYCipy Kyieci yebiHbUTFaH [9]. by mapa Oy3puty KaymiH a3aiTaapl, )KaOabIKThIH KbI3MET
€Ty Mep3iMiH y3apTajibl ’KOHE TEXHUKAIBIK KBI3MET KOPCETY IIBIFBIHAAPBIH a3aiTabl. KoOaHbIH
SKOJIOTHSJIBIK ~ MaHBI3JbUIbIFBI  alKbIH. JKaHapThulaThIH  SHEprusHel mnaipamany CO2
HIBIFAPBIHABUIAPEIH (BBIOPOCHI) a3aiiTajpl, al CEHIMAUIIKTI KakcapTy *KaOIbIKThl ©HAIPYy MEH
JKOHJIEY Ke31HJerl SKOJOTHUIBIK IIbIFBIHAApAbl a3zaiitanel [6]. backapy xyieci BC-ThiH
OKOJIOTHSUIBIK CTaHJAPTTAphIHA COMKEC KeJeIl KOHE JXKaHAPTBUIATBIH SHEPTHs CaJlaChIH/IAFbI
MEMJIEKeTTIK OacTamanapMeH Kojjaay kepceriieni. Ocpuiaiima, OHUIIKO POTOPBIH aBTOMATThI
Oackapy CEHIMIUTIKTI apTThIpajbl, MIBIFBIHIAPIBI a3aiTabl )KOHE JKaHAPTHUIATHIH YHEPTUSHBIH
TYPaKThl JaMybIHA bIKIAJ €T€ OTBIPBII, TYPAKThI SHEPIUs OHIIPY/Al KaMTaMachl3 eTe/l.

XKen TypOMHACHIHBIH >XYMBICHIH aBTOMATTAHJBIPY JKOHE OHTAMIAHABIPY CaaChIHIAFbI
3aMaHayd 3epTreyiep alTapiblKTail mporpecti kepcereni. HasapbaeB VYHuBepcuteTiHze
KaJaKIIalapAblH  a3pOKYPBUIBIMIBIK ~ OHTAMJIAHABIPYBl  KYPri3iUidi, OJ  KOJJaHBUIATHIH
TEXHOJIOTHSIIapAbl OIPIKTIPpYAiH KYpPAENIiTiriHe KapaMacTaH oHIMAUTIKTIH 6,78%-Fa ecyiH jkoHe
canmarbiHbIH 4,22%-Fa TOMEHIEYiH KaMTamachl3 erTi. KankpiManbl kel TypOWHamapbl yIIiH
JOIIIK TIeH TYPAKTBUIBIK OoMbIHINIA AdcTypii PID perrerimrepiHeH achlll TYCETiH OOKamIbl
Oackapy (MPC) xyiieci YChIHBUIAABI, Oipak >KOFaphl JOJJIIKTETI MOJENBISP MEH MaHBI3/IbI
ecenTey pecypcrapbiH Kaxet eteni [7]. TypOuHaHBIH THIMAUIITT MEH TYPaKTBUIBIFBIH KaKCapTy
YIIIH aJaNTHBTI XoHE OOJDKaM[Ibpl OacKapy 9IICTEpiHIH MaHBI3IAbUIbIFEI Energies »KypHalbIHIa
aTan eTUIreH, OipaK iCKe achlpy KHMBIHJBIKTaphl MEH JKOFapbl €CenTey *KYKTeMeci IeKTeyIIi
dakropnap 6omnbin Kana Oepeni. Fluids-ta 3epTrey pecypcThl Kom KaXXeT eTeTiHiHe KapaMacTaH,
aFbIHHBIH OpEKeTIH Aoa OoipkayFa MYMKIHIIK OepeTiH Tik ocbTik TypOuHaHblH (VAWTS)
KaJlaKIIaJIapblHbIH a’poJIMHaMUKachiH Tanjgay yumiH LES MonenbaeyiHIH apThIKIIBUIBIKTapPbIH
kepceteni [8]. DOE omiciMeH KajakiIaHblH JAW3aliHBIH oOHTainmanaelpy VAWTs Kyat
koa(umeHTiH 22,8%-Fa apTThIp/ibl, Olpak Kypzeii Oanrtay KeHIHEH KOJAaHyAbl meKTenal [9].
Sustainability-ga, OGesmiekTepaiH IIOFBIPHIH OHTAWIAHABIPYIBI KOHE TIPEKTI BEKTOPJIBIK
perpeccusiHpl Koca alfaHAa, MallWHAIBIK OKBITY O/ICTEpiH KOJAaHY eceOlHAe IIbIFbIHAAPIbI
a3alTaThIH )KOHE CEHIMJIUTIKTI apTThIPAThIH JAaTYUKTEpCi3 Oackapy ofici cunarranazist [10]. byn
HKETICTIKTEP 7KeJ1 KOHABIPFbUIAPBIHBIH TUIMIUIITT MEH CEHIMAUIITIH apTThIPY YILIH, OJap/bl €HI13Y
YIIiH afTapibIKTail TEOPUSIIBIK JKOHE TIXKIPUOENiK KYLI-KIrepal KaKeT eTeTiHIHe KapaMmacTaH,
03BIK TEXHOJIOTHSIIAP.IBI €HT13YA1H MaHBI3IbIIBIFBIH PaCTaNIbI.

3epTTey MaTepuaAapbl MeH dicTepi.

KatTsl sken )KyKTeMenepine el KOHIBIPFhIUIAPBIH TYCIPYTe apHaIFaH ChI3BIKTHIK KETEKTI
Oackapy XyiHeciH jkacay YIIiH 9pTYpJli KOMIIOHEHTTEp 3epTTeNl JKoHe TangaH/bl. byn Gemimue
PID-perrterimiHiH KYMBICBIHBIH ~€IKeH-TerKeisiepl YChIHBUIABI, OHBIH MaKCaTThl MOHIH
TaHJAyJblH  HETi3JleMeci, TaHJaJIfaH CBI3BIKTBIK JKETeKTIH  CHUIAaTTaMachl, IKETEKTiH
MaTeMaTHKAJIbIK MOJIEJI, COHJAa-aK JaTYUKTEep MEH >KMUTIKTI TYpASHIIPTilTep/l naijananyabl
KOca aliFaHfaFbl, >KYHe WHTETpalUsICHIHBIH epeKmenikrepi kenripuired. PID-perrerimi
(mponopuHoHaNIbI-UHTErpaiibl-TudpepeHuanpl peTTeri) OepiireH HOTUXKere KeTy YIIiH,
opHatsutFan MoH (Set Point) men kyiteniy areiMaarbl Kyii (Process Variable) apacweiamarbl
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allBIPMaIIBbUIBIKTBl a3alTy apKbUIbI, Kepi OaiaHbIChl Oap KyieHi GacKapy/bl *KYy3ere achbIpaabl
[11]. 1 cyperre PID-perrerintiHin, KOHTPOJUIEPiHIH KYMBIC CYJIOACH KOPCETIITEH.

PID controller

| ]
' [
| KPe(t) |
' z
: I controlled
setpoint discrepancy | " v i control signal variable
r e 1. r u controlled y
> + X — > K’f e(t)dt A I object >
7y | 0 x|
' i
' i
' [
de(t
| K, ®) |
: dt I
L i
feedback signal

Cyper 1 — PID-perrerinri, kouTposutepi [11]

2 cyperTe KepceTuIreH cyJida, KaTThl JKeJl >KarJaiblHa KeJl T€HEepPaTOPhIHbIH POTOPBIH
TeMeHzAeTy yuriH PID-perrerinmia KoijgaHaTBIH aBTOMATTHI O0acKapy *yheci OOJbIN TaObLIa bl
Xen >KplnnaMAbIFbIHBIH JAaT4uri (A) arbIMIAFbl JKeld SKbULIAMIBIFBIH OJIIEHAl JKOHE JKell
JKBUIIAMIBIFBI OCIITUICHIeH IIICKTI MOHHEH achIN KeTce, 0acKapy KyHeciH icke Kocaabl. MakcaTThl
MoH (SetPoint, SP) sxyiieHiH Kayinci3airi MEH THIMIUINIHE KOMBUIATHIH TalanTtap Heri3iHie
AHBIKTAIATBIH, TOJBIK JKeTeK XypiciHiH 40% Ttaxmanansl. bys, OepinreH MoHI MEH KETEKTiH
aFbIMJIaFbl JKaFAaibl apachlHIAFbl albIpMalIbUIBIK (6 = r - y) mnponopuuoHanasl (K P),
uaterpanael (K 1) xome muddepenumangsr (K D) kommonentrepinen typatsin PID
KOHTPOJUIEpiHIH KipiciHe Oepineai, osap Oackapy CHTHaJblH (Uu) aFbIMAarbl —Karere
IPOTIOPIIMOHAIIBI, JKUHAJFAaH KaTere jKOHE KaTeHIH e3repy JKbUIIAMJBIFbIHA COMKeCc Colkec
ty3ereni. [IIbIFbIC CUTHANAAPBIHBIH KOCBIHABICHI, JK€J1 T€HepaTOPbIHBIH POTOPHIH TOMEHIETETIH
CBI3BIKTBIK JKETEKTE dCep €TETiH 0acKapy CUTHAIBIH Kypanpl. JKeTekke OpHAThUIFaH CHI3BIKTHIK
HOTEHIIMOMETP, )KETEKTIH aFbIMJIaFbl OPHBIH OJIIIEH/I1 )KoHe OyJ1 aknapaTThl kKepi 6aiinansic (linear
displacement) petinge sxyiiere KaWtapansl. JKenm KymTi OonFaH Ke3ne KOHTPOJUIEp, >Kel
TeHEPATOPBIHBIH TYPAKThl JKOHE KayilCi3 *KYMBICBIH KaMTaMachl3 €T€ OTBIPBIN, OHBIH aiHaIy
JKBUITAMIBIFBIH KayINci3 JeHrenre JAeiiH TOMEHJIETY YIIiH, POTOPbl TOMEHAECTETIH ChI3BIKTHIK
KETEKTI ICKe KOCaThlH 0acKapy CHTH&JIbIH TeHepauusiaiasl. Kayincizgik meH THIMALTIK
apachIHJIaFbl TETIE-TeHIIKTI KamTamach3 ety yuriH SP Moni 40% TaHmanasl: O XKeJiH KOFapbl
KBUIIAM/IBIKTapbIH/IA JKeJI TeHEepaTOpbIHA KENIIH 9CepiH KYPBUIBIMJIBI TOJIBIFBIMEH TYCIpYy/i
Tajan eTney >KeTKUIIKTI TypJe a3aliTyFa MyMKIHJIIK Oepeil.
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frequency drive

control power L
¥ signal

—Wwa
c

Setpoint

linear displacement

Cypert 2 — PID koHTpoJuIepiHe HeTi3/1ereH 0acKapy/IbIH JKajIbl CyJ10achl

Mpican perinae OHHIKO pOTOpBI Oap jken reHeparopbl (3 Cyper) TaHHalabl, OHBIH
KeJleciJiel cunarramanapbl 0ap: pOTOP/IbIH AUaMeTpi 2 MeTp, ol 1 MeTp paanycka ColKec Kemei.
Potop eTeTiH ayaHbIH THIFBI3ABIFEL 1,225 Kr/M3, ai poTOpIbIH Keepri KodQPUIMeHTiHIH MoHI - 1.
Ocsl poropmen Oaitmanbickan reneparop 10 kBr-ka neifin Kyat enmipyre kaOimerti. XKen
rereparops 0,1 M/c-TaH OacTanaThiH eI XKbUIIaMIBIFBIHBIH JIUANIa30HBIH]IA KYMBIC ICTCH/II XKOHE
JKEJJIH KBULIAMIIBIFEI 5,6 M/C-TaH a3 OONaTBIH KaFJaiiap/ia XYMBIC ICTEH amanael, Oy Kep
OeriHiH Kkem OemiriH Kypaiasl. PoTopipiH crnupanbabl Au3aiiHbl OHBIH aifHalacklHIA aya
YKACTBIKIIACHIH JKacaiibl, Oy dKYMBIC THIMILUTITIH apTThIpagbl. YJIKEH OCJICEH I POTOp aifMarsl
MUHHMAJIJIbI JKEJIMEH MaKCHUMAJIJbl SHEPTHSHbI KaAMTaMachl3 €Te[l, ajl KaJlaKIIaHbIH Y3bIH OeTi
JKEJITe YIIBIparaH YJIKCH ayMaKTBhIH eceOiHIe TUIMIUTIKTI apTThIpaabl. POTOpIBIH aM3aitHBI
JKacallyIbIH >KOFapbl JQJIIITIMEH KOHE JIBIOBICCHI3 JKYMBIC ICTEYIMEH epeKIleieHe/l, Oyl OHbI
KYCTap YIIiH KayiIci3 eTei.

Cyper 3 — Onurko pOTOp_BI 6ap >xen reneparopsl [12]

Backapy >kyiieciH OHTaiibpl TapaMeTpiepre KenTipy VIIiH JKel KbUIJIaMIbIFbIHBIH
KPUTHKAJIBIK MOHIH aHbIKTay KaxeT. Kymri sxen ke3inae OHUIIKO yKell FeHepaTopiaphl pOTOPBIH
TYCIpy KYHECIHIH KeN KbIIaM/IbIFBIH aHBIKTAY CEHIMJI KOHE KayiIlci3 >KYMBICTBI KaMTaMachl3
eTyleri MaHbI3Jbl Kagambl OONBIT TaObUIambl. JKeNnaiH KPUTHUKAIBIK KBUITAMIBIFBI - JKEI
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TeHepaTophl IIaMa/IaH ThIC KYKTEME CalJapblHaH 3aKbIMIAybl HEMECEe TYPAKChI3 )KYMBIC iCTeyi
MYMKiH, IIEKTi KbULIaMIBIK. ByJT 11aMa »xa0apIKThl MEXaHUKAJIBIK 3aKbIMIaHYIaH KOPFay, OHBIH
KBI3MET €Ty Mep3IMiH Y3apTy, TOTCHINC JKaFIalIap/IblH KayIliH a3aiTy, agaMaap MEH KOpIllaraH
OpTaHBIH KayYIICI3IriH KaMTaMachl3 €Ty, TeHEPaTOPAbIH THIMIUIITIH KOJIay, MOKOYpIIl emipy i
OonmpipMay JKOHE OSHEPrusl INBIFBIHIAPBIH a3alTy YOIH KakeT. JKenmiH KpUTHUKAIBIK
KBUIIAMJIBIFBIH JIOJT QHBIKTAY JKOHJCY XOHE TEXHHMKAIBIK KbI3MET KOPCETY IIBIFbIHAAPBIH
a3aiiTyra, TOKTal KaJly CaJlJJapbIHAaH TaOBICTHIH JKOFATYBIH OOJIIBIPMayFa jKOHE TYTACTal aFaH/ia
KYHEHIH CeHIMAUTITT MEH THIMIUIITIH apTThIpyFa MYMKIiH/IK Oepei.

XKen O KpIIIaMABIFBIHBIH ~KPUTUKAJIBIK MOHIH €CENTey YIIiH JSHEPreTUKAIBIK OJIiC
KOJIJAHBUIJBL. AJIIBIMEH POTOPFA TYCETiH KEJIiH KYIIiH eCenTeHiK.

Ken KYyaTbIH Pwind aya arblHbIHBIH, KWHCTUKAJIBIK SHCPIUACHEL apKbliIbl KOPCETYTC 60J'IaI[BI
[13]:

! A3 (D
Pying = Ep

MYH/JIaFbI:

A — poTopAbIH KeJIeHEeH KUMAChIHBIH ay/1aHbl,

p — ayaHbIH THIFbI3/IBIFBI,

V— KeJI JKBIIJaMIBIFEIL.

PoropnbiH KenieHeH KAMAachIHBIH ay/1aHbl aHBIKTaJIbI:

A =nr? = 3.14m? (2)

Pgen reHepaTopbIHbIH KyaThl Cp KyaTThI Maliaiany K03 QUITMEHT] apKBUTHI )Kell KyaTbIMEH
OailaHbICKaH, OJI 9ACTTE 3€PTTENETIH JKeJl TeHEePAaTOPLIHBIH TYpi YiIiH mamamen 0,4 Gonabl:

Pgen = Cprind (3)

I[eMeK, JKCJI KyaThbl:

P en
Pying = ip (4)

Monaepai Kos Kene, kel KyaThl Kenecifieil 00JIbIN TaObUIAbL:

10kW
Pying =
wind 0.4

= 25 kW ()

CopaH KeWiH >KeJAIH KbUIIaMIbIFbl, K€ KyaTblH €CENTeyre apHaJfaH OpHEK apKbUIbI
ecenTenal:

25 % 105 = 1 .1.225-3.14 -

ve TEHJICYIH IIEITy apKbUIbI KEIIIH KPUTUKAIIBIK XKbUTTAMIBIFBIHBIH MOHI TAOBLIIBI:

v = V13000 =~ 23,5m/s

ComaH KeiiH OChI KBUIIAMIBIKTA, XKeJ Kyl F ecenTeni:

1 1
F =5p9?ACq =5 +1225-552,25-3,14 ~ 1058,65H
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DHEPreTUKANBIK TOCIT MEH Kell TeHEPAaTOPHIHBIH CHUMATTaMalapbl HETI3IHIE >KEIIiH
KPUTHKAJIBIK KYII1 MEH >KbUIIaMABIFBIH aHBIKTAY YIIIH ecenTeynep xxyprizinai. 10 kBt renepatop
KyaTbl MeH Cp=0,4 KyaTTbl naiinanany ko3((urenTine CyieHe OTHIPBII, POTOPFA TYCETIH XKell
KyaThl 25 kBT Kypaiiael. bepiiren »xen KyaThl YIIiH KeIaiH 00KaMabl KbUIIAMIBIFBI IITaMaMeH
23,5 m/c kypaiasl. By KelipamabIkTa poTopFa ocep eTeTiH jken Kymi mamamen 1058,65 H
Kypaiael. Ocbutaifiia, poTopAbl TYCIpYy JKYHECIH ICKe KOCY Ka)KeT KEJJIIH KPUTHKAIBIK KYIIi
mramamen 1058,65 H kypaiinbl, Oyt karenep MeH KockiMiia hakTopiap/isl eckepe oTeipbIm, 1200
H kaxxeTTi MoHre xaxpiH. byl mamamen 25 M/c &enaiH MaKcaTThl KPUTUKAIBIK SKbUIIAMIBIFBI
JKEJI TCHePaTOPBIH KOPFay JKYHECiHiH OepilireH mapamMeTpiiepiHe COMKEC KeIETiHIH pacTal/Ibl.

HoTu:kesiep :koHe 0J1apAbl TAJIKbLIAY.

Byn Genmimzme anemomertp, Pl-perrerimii, >KMiJIIK TYpIEHIIPrilli OHE CBHI3BIKTHIK KETEK
CHUSAKTBI OPTYpJl KOMIIOHEHTTEPAIH ©3apa oOpeKeTTeCylHe Heri3lenreH Oackapy KyHeciHiH
MaTeMaTHKAJIBIK MOJIeJi YCHIHBUIFaH. ByJl KOMITOHEHTTepAiH OpKANCHICH AKYHEHIH TOJIBIK MOJEIIH
KypyFa JKoHE TIpolecTi THiMal Oackapyasl KamMTaMachl3 €Tyre MYMKIHIIK —OepeTiH
b depeHIHANABIK TEHICYICPMEH CHITATTAIA/IbI.

Ken KemgamIbIFBIH ©JIIEY XoHE Oy JepekTepiai Oackapy »yileciHe xibepy YIIiH
aHeMoMeTp Koyjmaubuiaapl. On MaHBIBABI PeJ aTKapalbl, OWTKEHI KeN KbUIIAMIBIFBIH 19T
eIIIeyCi3, )KyieH1 qypbic 6ackapy MYMKiH eMec. AHEMOMETPiH MaTeMaTHKAIBIK MO O1piHII
PETTI CBI3BIKTHIK U PEepeHITUANIBIK TCHICYMEH OCpINTeH:

AV (t)
@ gt

+ Va(t) = KWy () (7)

MyHJIaFbl, T,= 0.1S — aHeMOMETp/IIH yaKbIT TYPAKTHICHI;

V,(t) — t yakbITBIHIaFbl aHEMOMETP/IIH IIBIFBIC KEPHEYI,

K,=2 B/(m/c) — en KbUlIaMIbIFbIH KEpHEYTE TYpAeHAIpY Koo uirenrine;
1, (t) — t yaKbITBIHIAFbI XKEJT KBUIIAMIBIFBL.

Copan keitin 7 TenneyaeH Jlamnac TypiaeHaAipyi OpbIHAAIIbL:

TaSVa(S) + Va(s) = Kan(S) (8)
8 Terueyni V, (S)KaTeICThI HIerrin, 6i3 MBIHAHBI AJIBIK;
Ka
Va(S) = 4, (5) ©)

JlannacThIH Kepi TYpACHIIPY1 YaKbIT aliMarbIHAAFbI IEIIIMIH Oepeti:

Va(t) = KaVW(t)(]- - e_t/Ta) (10)
Pl-perrerimiH icke achlpaThlH KOHTPOJUIEP, PETTEY KaTecl Heri3iHae Oackapy CHTHaJbIH
ty3ereni. Pl-perrerimn eH jkakchl OackapyFa KOJ JKETKi3y YIIIH HPOMNOPLHOHAIIBI MKOHE
MHTETpanpl opekerrepal Oipiktipeni. Jlamnac aiimarbiHaa Pl-perreriminin TeHaeyl kenecinen
kepineni [14]:
k.
U(s) = kpE(s) + TE(s) (11)
MYH/JIaFbl, kp — MPONOPIHMOHATIABI KO3 (DUITUEHT;
Ki — uHTerpanapik Ko HUIeHT;
E(s) — Jlamutac aiimarbiaga Gackapy Kareci

E(s) =R(s) = Y(s) (12)
MyHaFbl, R(S) — OepinreH MoH;
Y (s) — KyieHiH IBIFBICHL.
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VYaxpIT aifimarsinaa PI-konTpossiepiniy TeHaeyi 00bI Ta0blIa b
u(t) = kpe(t) + k; fot e(t)dr (13)

MyHaarel, U(t) — t yaKbIT MOMEHTIH/IET1 OacKapy CUTHAJIBL;
e(t) — perrey kareci.

e(t) =r(®) —y@®) (14)

MYHJIaFbl, 1(t) — OepiireH MoH;
y(t) — KyleHiH MIbIFBICHL.

ACOKMITIK TYpACH I Prili )KUALTIKTI, JEMEK, ChI3BIKTBIK KETEKT1H JKbUTIAM/IBIFBIH OacKapabl.
On Oipkenki XoHE Jom OacKapyIbl KamMTaMachl3 €TETIH KETEK KO3FAIBICHIH JoJI Oakjayra,
Oackapyra MyMKiHIIK Oepeni. JKuimik TtypaeHmiprim wmojeni keneci auddepeHnnanbk
TEHJICYMEH CHIIATTaNaIbl:

d
o 04 F(e) = KU () (15)

MYHJIAFbL, Tf = 0.2S — MK TYPJEHIIPTilliHiH YaKbIT TYPAKTBICHL;
F(t) — t yakpIT MOMEHTIHIETT TYPJACHIIPTIIITIH MIBIFBIC KULTITI;
Ky =50 I'/B — KepHEY i KHULTIKKE TYPICHIIPY KO3DOUIMEHTI;
U(t) — t yakpIT MOMEHTIH/IETI KOHTPOJUIEP/ICH OacKapy KepHeYi.

Jlannac TyprieHaipyiHeH KeiiH Keeci TeHIeY albIHAbL:
1:SF(s) + F(s) = ksU(s) (16)

CanpIcThIpMansl TypZe Lienim Kadbuiaai oTeipsln, F(s):

F(s) = —L-U(s) (17)

TfS+1

JlannacThIH Kepi TYpACHIIPY1 YaKbIT aiiMarbIHbIH IIEMIIMIH Oepei:
F(t) =KU@®)(1— e t/7r) (18)

CBI3BIKTBIK JKETEK KeJl TeHepaTopbl POTOPHIHBIH (DU3MKAIIBIK KO3FaJbIChIHA XKayan Oepei,
3aKpIMJIaHy/Ibl  OOJIABIpMAy JKOHE OHIMIAUIIKTI OHTAMJIaHABIPY YIIIH >K€Jl >KbUIJaMJbIFbIHA
OailnaHbICTBl  OHBIH OpHBIH OeHiMaeiini. ChI3BIKTBIK KETEKTIH JAMHAMUKACHI  EKIHIII
nudepeHIranIbIK TEHASYMEH cunartanais [15]:

2

m=2+c 2+ ky = F(t) (19)
MYH/IaF bl
m=10 Kr — >keTeKk Maccacsl.
¢=50 H-c/m — nemndeprik kodddumueHT.
k=200 H/M — cepinmneHiH KaTThUIBIFbI.
y(t) — t yaKbIT MOMEHTIH/IET] JKETEKTIH OPBIH ayBICTHIPYHI.
F(t)— t yakpIT MOMEHTIH/IE KETEKKE TYCIpPIJITeH KYIIL

19 Terneynin Jlamnac TypraeHaipyi Keneciaei 60mas:
ms2Y(s) + csY(s) + kY (s) = F(s) (20)
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Y(s) YIIiH caJIbICTBIPMAJIbI TYP/E IS, KeJIeCl TeHACY albIHIbI:

F(s)

Ye) = aem 21)
JlanmacTeIH Kepi TypiieHaipyi [38] yakbIT aiiMarbIHIAFbI MISIIIMIH OepeIi:
_ -1 F(s)
y(t) =L {msz+cs+k}
(22)

[ToTeHIIMOMETP CBI3BIKTHIK JKETCKTIH aFbIMIAFbl JKaFdallblH eJIIey JKOHE OacKapy
KYyHeciHIe Kepi OailylaHBICTBI KaMTaMmachl3 €Ty YIIiH KoJaaHbuiaabl. [loTeHImomerp Momeni
CBI3BIKTBIK TEHJICYMEH CHITaTTaIa/Ibl:

() = Kpy(t) (23)
MYH/IaFbl, Vp(t)- t yakpIT MOMEHTIHIET1 TIOTEHITMOMETP/IiH IBIFBIC KEPHEYI;
K,= 0.5 B/M — OpBIH aybICTBIPYIbI KEPHEYTE TYPIECHIIPY KO3()DHULIMEHTIHE;
y(t) — t yakpIT MOMEHTIH/IET] CBI3BIKTHIK )KETEKTIH OPBIH aybICTHIPYHI.

Opi Kapail, O0ackapy *KYyHeciHIH TOJBIK MOJENIH Kypy VIIH OGapiblK IuddepeHIIrnanbk
TeHaeynep Oipiktipimmi. On yIriH KOMIIOHCHTTEP apachlHAArbl OAMIAHBICTBI OJIAPJIBIH IIBIFBIC
JKOHE KipiC KepceTilTepi apKbUIbl KapacThIpablK. JKen >KburmaMabirbl Vw(t) aHEMOMETPMEH
©JIIIICHE/I1, OJ1 OHBI IIBIFBIC KepHeyTe Va(t) Typnennipeni. byn kepuey, E(t) pertey kareci Herizinae
Oackapy curHanbiH U(t) ecenteiitin Pl xontpomnepine kemin Tycemi. backapy kepueyi U(t)
KHUUTIKTI TYpJIeHIiprimke oepineni, o 6epinren curnaira covikec F(t) skuimirin e3repreni. XKuimik
CBI3BIKTHIK JKETEKKE TYCETIH KYIITI aHbIKTaiibl. CHI3BIKTBHIK KETEK ©3 Ke3eriHjae poTopisl y(t)
KAITBIKTHIKKA K BIDKBITAJIBI, OJ1 TIOTCHIIMOMETPMEH outieHe . [[OTeHIMoMeTp OpbIH aybICTHIPYIbI
Vp(t) WIBIFBIC KEPHEYIHE TYPICHIIPEIi, OJ1 POTOPAbIH aFbIMIAFbI )KaFAaiiblHA HET13/IeNITeH OacKapy
CHUTHAJIBIH pETTey YIIiH KOHTpoJulepre Kepi Oepijeni, ochUlaima TYHBIKTaIFaH Oackapy
KOHTYpbIH KaMTaMachl3 erel. ©OpOip KOMIIOHEHTTIH MAaTeMaTHKAJIbIK MOJENbAEPiHIH
TEHJIeyJIepiH O1PIKTIPY apKbLIbI )KYHEHIH TOJIBIK TEHIEY1 aJIbIHIBI:

kf(k,,(R(s)-Y(s))+§(R(s)-y(s))>

(Tfs+1)(m52+cs+k) (24)

Xen renepaTopblH Oackapy >XKyHeciHIH YCBIHBIIFAaH MaTeMAaTHKaJbIK MOJAENl XKYHEeHIH
TUIMJI KYMBICBI MEH KayiIlCI3[IrH KamMTaMachl3 €Ty YILUIH JoJI eJIIIey OHE KOpCeTKIIITEepl
IypbIC OGacKapy MaHbI3IBLIBIFBIH KepceTeai. AHeMoMeTp, PI-koHTposuiepi, KUK TYpaeHAIpriLi
JKOHE CBI3BIKTBHIK KETEK apachIHIAFbl ©3apa OPEKETTECYy/ll MOJCNbACY MPOIeCTi Ao OamnTayra,
perTeyre >koHe Oackapyra MYMKIHJIIK Oepeli. bapiablk KOMIIOHEHTTepl TYHBIKTaIFaH Oackapy
KOHTYpBl Oap Oip »xyilere OipiKTipy, K€l IeHepaTOPbIHBIH TYPAKThI JKOHE CEHIMJl JKYMBICHIH
KaMTaMachI3 €Te/ll, 3aKbIM/IaHy KayTliH a3aiTabl )KoHe OHIMILUTIKTI OHTaIaHIbIpaIbL.

KopbIThIHABI.

Byn makamana ke reHepaTtopbl POTOPBIH KaTThl XKeJl JKYKTeMelepi Ke3iHJle aBTOMATThI
Typae Tycipyre OafrbITTaifaH Oackapy >KYHEeCiHIH KaJllbl TYXbIpbIMIamachl OepiireH.
Xyprizinren ecenteynep YChIHBIIFaH MOJENBIIH THIMIUIITH pacTajbl kKoHE KOPFaHbIC Xyieci
1CKe KOCBUIFaH eJT KbUIIAaM/IBIFbIHBIH KPUTHKAIBIK MOHIH aHBIKTayFa MyMKIHAIK Oepmi. XKemmix
KPUTHKAJBIK KbUTIaMIBIFRI 23,5 M/C O0NaThIHBI aHBIKTAIABI, Oy poTopra mamamen 1058,65 H
KYIITIH dcepiHe coiikec kenmeni. by kepceTkimTep >KaOAbIKThI MEXaHHUKAIBIK 3aKbIMAAHYIaH
KOpFay/bl KAMTaMachl3 €Te/ll, )KYMBIC CEHIMIUIITIH apTThIPabl )KOHE KOHIBIPFBIHBIH KbI3MET €Ty
Mep3iMiH y3apTajbl. ¥YCHIHBUIFAH TY)KbIpbIMAAMa TOXKIPHUOETIK TEKCepy.l >KOHE HHKEHEpIiK
HIenIMIep i 93ipaeyal Koca ajaFaHia, OfaH api 3epTreyiepre Heri3 00aaabl.
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PA3PABOTKA OBIIEN CHCTEMBI ABTOMATHYECKOT'O OITYCKAHMS
POTOPA BETPOTEHEPATOPA IIPU KPUTUYECKON CKOPOCTHU BETPA

Annomayun. B cmamve npeocmasnena obwas Koumyenyus paspaboOmKu Ccucmemsl
A8MOMAMU4eCcK020 ONYCKAHUSL POMOPA 8empo2eHepamopa OJis 3auumsl OM CUTbHLIX 8eMPOBbIX
Haepy3ok. CospemenHble UCCIe008AHUSL 8 0ONACTIU ABMOMAMU3AYUU U ONMUMUZAYUU PAOOMbL
BEeMPAHLIX MYPOUH NOKA3BIBAIOM 3HAYUMENbHBII Npocpecc. B cmambe npedcmasnen 0630p pabom
pAOa YUeHbIX NO BONPOCAM BAICHOCMU U Peanu3ayuu a0anmuHbiX U NPOSHO3HLIX Memo008
yhpasenenus Ons  NoGvlueHuss dgdexmusHocmu u - ycmouuusocmu  mypounsvl. Jlanuvie
00CmMUdICeHUs NOOUEPKUBAIOM BANCHOCHb GHEOPEHUsL NePed08blX MEXHON02Ull OJisl NOBbIULEHUS
aghghexmuenocmu u HAOEHCHOCMU BeMPOYCMAHOBOK, HECMOMPSL HA MO, YMO Ol UX BHeOpPeHUs
mpebylomcs  3HAYUmMenbHble Mmeopemuyeckue U HNpakmuyeckue ycunusa. Takoce Ovliu
UCCTe008AHbL U NPOAHATUSUPOBAHBL  PA3TUUHbIE KOMHOHEHmbl Ol paA3paboOmKu cucmemvl
VAPAGLEeHUsl TUHEUHbIM NPUBOOOM OISl pa32PY3KU 8eMPOBbIX YCMAHOBOK NPU CULLHBIX EMPOBLIX
Haepyskax. OCHOBHOe BHUMAHUE YOeNeHO ONUCAHUIO KIHUEBbIX KOMNOHEHMO8 CUCMEMbl, MAKUX
Kax anemomemp, PID-pezynsamop, yacmommuwiti npeobpazoeamens u TUHENHbIN NPUBOO, A MAKICE
UX 83AUMOOEUCMBUIO 8 PAMKAX MAMEMAMUYECKOU MO0

Ananusupyemcsa cxema cucmembvl A8MOMAMUYECKO20 Ynpasienus, ucnoavsyrouet PID-
peaynsamop 01 nouudxcenus Pomopa eempocenepamopa 6 ycnosusx cunvHozo eempa. Jns
npueedeHUs CUcmembvl YAPAGIEHUs K ONMUMANbHbIM NAPAMEempam Kpumudeckoe 3HadeHue
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CKOPOCMU 6empa 8bIYUCTACNCA IHEpeemUuideckumM memooom. Ilpugooumces pacuem Kpumuieckou
cKoOpocmu 6empa, npu 00CMUICEHUU KOMOPOU akmusupyemcs cucmema 3aujumol. O6veouneHue
6cex KOMNOHEHMO8 CUCmeMbl YNPAGNeHUs 6 eOUHYl0 CUCEMY C 3AMKHYMbIM KOHMYPOM
ynpasnenus obecneuugaem CmMaOUIbHYIO U HAOEHCHYIO pabomy 8empoceHepamopd, CHUliCaem
PUCK NOBPEANCOEHUsL U ONMUMUZUPYEM NPOU3BOOUNENTbHOCTD.

Ilpeonoocennas KOHYenyusi CAysucUm OCHOB0U OJisl  OANbHeUMUX UCCIe008aAHUNl U
Paspabomku  NOIHOYEHHLIX peuleHull, HANPAGIEeHHbLIX HA NOBbIUEHUE HAOEHCHOCMU U
ahpexmusnocmu 6empozenepamopos.

Knrwoueevie cnoea: PlD-pecyniamop, aunemomemp, uacmomuwviii npeobpazoeamens,
JIUHEUHDLU NPUBOOD, BEMPO2EHEPAMOp.

DEVELOPMENT OF A GENERAL SYSTEM FOR AUTOMATIC LOWERING OF
A WIND GENERATOR ROTOR AT CRITICAL WIND SPEED

Abstract. The article presents the general concept of developing a system for automatically
lowering the rotor of a wind turbine to protect against strong wind loads. Modern research in the
field of automation and optimization of wind turbines shows significant progress. The article
provides an overview of the work of a number of scientists on the importance and implementation
of adaptive and predictive control methods to improve turbine efficiency and stability. These
achievements emphasize the importance of introducing advanced technologies to improve the
efficiency and reliability of wind turbines, despite the fact that significant theoretical and practical
efforts are required to implement them. Various components were also investigated and analyzed
for the development of a linear actuator control system for unloading wind turbines under heavy
wind loads. The main focus is on describing the key components of the system, such as an
anemometer, a PID controller, a frequency converter, and a linear actuator, as well as their
interaction within a mathematical model. The scheme of an automatic control system using a PID
controller to lower the rotor of a wind turbine in high wind conditions is analyzed. To bring the
control system to optimal parameters, the critical value of the wind speed is calculated using the
energy method. The calculation of the critical wind speed is given, at which the protection system
is activated. Combining all components of the control system into a single closed-loop control
system ensures stable and reliable operation of the wind turbine, reduces the risk of damage and
optimizes performance. The proposed concept serves as the basis for further research and
development of full-fledged solutions aimed at improving the reliability and efficiency of wind
turbines.

Key words: PID controller, anemometer, frequency converter, linear drive, wind generator.
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S% KOMMBIOTEPIIK FbINbIMAOAP, ACTATI XXACAY XXOHE ABTOMATTAHALIPY
COMPUTER SCIENCE, INSTRUMENTATION AND AUTOMATION

YJK 53.088
MPHTH 90.27.32
https://doi.org/10.53364/24138614 2025 39 4 7

B.K. Epmex!”, P.C. Bekkoxun®, A. 9aukbib’, A.K.IlIunbaesa’, ’.5. Omaposal

1Sathayev University, Anmarsl, Kazaxcran
2OAA PI'TI «KazCrangapt», Anmarsl, Kazaxcran

E-mail: ermekbakbergen1@bk.ru”

OIIEHKA HEOIIPEJIEJEHHOCTHU U3MEPEHU: CPABHEHUE METOOB
GUM U MOHTE-KAPJIO HA TIPUMEPE BUMETAJVIMMECKOI'O TEPMOMETPA

Annomauusn. B oannoii cmamve npedcmasien CpagHUmMenbHblll AHAIU3 MEMOO08 OYEHKU
neonpeodenennocmu GUM (Guide to the Expression of Uncertainty in Measurement) u Moume-
Kapno na npumepe rkanubposku oumemaniuveckoeo mepmomempa THII 63-1 ¢ ouanazonom
usmepenus om 0 oo 120 °C u xnaccom mounocmu 2.5. Hccrnedosanue Hanpagieno Ha
uoeHmupuKayuio U Ha KOIUYECMBEHHbIN AHAIU3 KIIOYEeBblX (AKmMopoe HeonpeoeieHHOCMU,
8KIIOYASl KAK ~cmoxacmuuecKkue, mak U cucmemamuyeckue KOMHOHEHMbl  OUUOOK.
Mooenuposanue no memody GUM mpebyem 6bicOK020 YPOBHI MAMEMAMUYECKUX 3HAHUL OIS
8LINOIHEHUS MHO2UX npoyedyp, mozoa kaxk memoo Monme-Kapno moodicem cayxcumo
AbMEPHAmMuUBOLL 0l PA3TUYHBIX 1AOOPAMOPHBIX UCCIe008AHUL.

Mamemamuueckas modenb 6800umcsa Olsl ONUCAHUS USMEPEHHOU memMnepamypol,
npeocmaenennou kaxk E, =V.+ AV, + 6V, , 20e kadxcovii Komnonenm —ompadicaem
coomeemcmayowuti 8K1a0 8 oowyo HeonpedeieHHocmy: V. — nokazanus mepmomempa, AV, —
nonpaska xaiuopamopa u SV — nonosuma yeuwvi Oenenus. Ilpoyecc amanuza exirouaem
8bIYUCTCHUE CMAHOAPMHOU HeonpeodeienHocmu muna A u3 cepuu usmepeHuil 0/ OYeHKU
CYUAUHBIX KONeOaHul, a cmaHoapmuvlie HeonpedelenHocmu muna B oyenusaiomes 0nas
cucmemMamuyecKux UCMoO4YHUKOS, Npeonoiazas pagHoMepHoe U NPsaMOY20ibHoe pacnpeodeneHue
owudbox. Cymmapuas cmaHoapmHas HeonpeoeleHHOCMb UMEPEeHUll UHMe2PUpo8ana Ous
NONYYeHUs  pACULUPEeHHOU HeonpeoeleHHocmu ¢  Ko3gguyuenmom oxeama k=2 u
OdosepumenvHoll gepoamuocmovio 0.95. B pamxax memooa Moume-Kapno 6v110 ceeHepupogaro
1,000,000 cumynayuii 015 0ocmudxiceHuss cmamucmuyeckou snavumocmu. Pesynemamol ananuza
npeocmasiieHvl 8 6ude OKOHYAMENbHO20 3HAYEHUs MeMNnepamypwvl, CKOPPEeKmupo8aHHO20 C
Vuemom 8cex 8blYUCIeHHbIX HeonpedeleHHOCMell.

OcHosHas yenv uccied008anus — onpeoeums, KaKkou uz memooos Haubonee 3¢hghexmueen
01 OAHHO20 MUNA UBMEPUMENLHO20 000PYO08aAHUL U NPOOEMOHCMPUPOBAMb NPOCIOMY
ucnoavzosanus Microsoft Excel (uiu ananoeuunozo npoepammuozo obecnevenus 01 pabomsl ¢
mabauyamu) O OYeHKU HeonpeoeNeHHOCMU U3MePEeHUll, OCHOBAHMHbIX HA (QYHKYUOHATLHOU
3a8ucumocmu.

Kniouesvie cnoea: memoo Monme-Kapno, GUM, o6umemmanuueckuii mepmomemp,
HenopeoenieHHocmy, nozpeuinocms, Microsoft Excel.

BBenenue.

AKTYalbHOCTh TEMBI JTaHHOTO HCCIIEJIOBaHHUS OOYCIOBIIEHA CTPEMIICHHEM HAy4YHOTO H
WH)XEHEPHOTO COOOIIECTB K TIOBBIIEHUIO TOYHOCTH U HAAEKHOCTH METPOJOTUYECKHUX
WU3MEPEHHI, YTO HAIMPSIMYIO BIUSET HA KAY€CTBO U KOHKYPEHTOCIIOCOOHOCTh TEXHOJIOTHUYECKHUX
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MpOLIECCOB U MPOAYKIHMH. B pamMkax AaHHOTO HCCIIEOBAaHUS OCYILIECTBIISICTCS aHAIU3 JABYX
METOJI0JIOTUM OLEHKH HEOMPEACICHHOCTH: TPAJUIIUOHHOTO MMOJIX0/4a, OMMCAHHOTO B JJOKYMEHTE
GUM (Guide to the Expression of Uncertainty in Measurement), © CTaTUCTHYECKOI'O METOJa
Monte-Kapio [1].

Meron MonTte-Kapino, NpUMEHSIOMMI CTaTUCTUYECKOE MOJACIMPOBAHUE M CIy4alHbIN
BBIOOp JTAaHHBIX, SIBJISIETCS WHHOBAIIMOHHBIM IOJXOJOM B OLIEHKE HeompeneneHHoctu [2]. Oun
3 dexTuBHO 00pabaThiBaeT MHOXKECTBO IEPEMEHHBIX, IPEIOCTABIISAA JIETATbHOE OCMBICICHUE
HEONPEIEeIEHHOCTEN B KOMIUIEKCHBIX cucTemax. B ornuume ot Hero, meronx GUM, monruit
MEepPUOJ, CYUMTABIIMICS OSTaJOHOM B JToW cdepe, ommpaercs Ha Oo0jee KIACCHUYECKUE
AHAIUTUYECKUE TIPOIEAYpPhl M BKIIOYaeT B CeOS HEKOTOpPHIE YIPOINEHUS JUISl OIEHKU
HEONpPEeneIeHHOCTH [3]. DTOT METO/1 MO3BOISIET TITy0)Ke MOHUMATh CIIOKHOCTH M BAPHUATHBHOCTH
YCIIOBUH SKCIIEPUMEHTA, PACKPBIBAsI HE TOJIBLKO OYCBHUIHBIE, HO M CKPBITHIC (DaKTOPHI BusiHUsA. OH
0COOEHHO IICHEH B CUTYAIUX, TJ€ TPAIUIIMOHHBIC METOIbI OKA3bIBAIOTCS OTPAHUYCHHBIMH H3-32
CJIO’)KHOCTHU CUCTEMBI WIIM HEMMHEHHOCTH porieccoB. Metoa MonTte-Kapio npeanaraer ru6koctb
Y aJalTUBHOCTh, KOTOPbIE HEOOXOIUMBI JJISI COBPEMEHHBIX HAYYHBIX UCCIICIOBAHUM.

OOBEKTOM HCCIEAOBAaHUS SBJISIFOTCS TMPOIECCHl M YCJIOBUS W3MEPEHHUH, BIIUSIOIIME Ha
TOYHOCTb U JJOCTOBEPHOCTh METPOJOIMYECKUX JAaHHBIX, a IPEAMETOM MCCIEAOBAHUSI — METOIbI
OIICHKH HEONPEIeICHHOCTH u3MepeHui, B yacTHocT MeToapl GUM u Monte-Kapio [4]. Lensto
WCCIICIOBAHUSL SIBJISIETCS CPAaBHUTEIBHBIA aHAIU3 HTUX METOAOB IS OMNPEICTICHUS HX
3¢ (HEKTUBHOCTH ¥ MPUMEHUMOCTH B PA3JIMYHBIX YCIOBUSX U3MEPCHHA. 3a/la4aMy UCCIICTOBAHUS
CTaJIM OIIEHKA CTAaHAAPTHBIX U PACHIMPEHHBIX HEONPEACICHHOCTEH U3MEPEHUH, ACHTU(UKAIUS
M KOJIMYECTBEHHBIH  aHaIU3  CTOXAaCTUYECKMX M  CHUCTEMAaTHYECKUX  HCTOYHHKOB
HEOIPEeICICHHOCTH

Metoasl uccneoBaHUSI BKJIIOYAIOT CTAaTUCTUYECKOE MOJCIMPOBAHUE, KOJUYECTBEHHBIN
aHalii3, CpPaBHUTEIbHBIA aHalW3, HCMHOJb30BAHUE CIEIUATU3UPOBAHHOIO MPOTPAMMHOIO
obecrieueHus s 00pabOTKU JAHHBIX, YTO MMO3BOJISAET BBITOJIHUTH 334l Ha BHICOKOM YPOBHE
[5]. 'unoTe3a uccnenoBanus npearnonaraer, 4to Metog Monrte-Kapio moxxer obecieunts 6oee
rIyOOKO€ TOHMMAHUE HEOMPENENIEHHOCTEH B YCJIOBHUSX CIIOXKHBIX CHCTEM IO CPaBHEHHIO C
MerogoM GUM, ocoOeHHO Korja TpaJWIIMOHHBIE METOIbl OTPAaHUYCHBI H3-3a CIIOKHOCTH
CHCTEMBbI WJIM HETMHEWHOCTH TIPOLIECCOB [6].

Pe3ynbrarel JaHHOTO WCCIENOBaHUS TMOATBEPAWIM, YTO BBIOOp METOAA OICHKH
HEONPEIeTICHHOCTH 3HAYUTEIHHO BJIUSIET HA TOYHOCTh U3MEPECHHUIA.

MarepuaJjbl 1 METOIBI.

B »TomM wuccnenoBaHWMM TMPOBOAMTCS aHAIU3 HEOMPEIEICHHOCTH W3MEPEHUM IS
oumeramueckoro Tepmomerpa TBIT 63, KOTOpbHIN SBISETCS COBPEMEHHBIM MPUOOPOM ISt
U3MepeHus TeMieparypsl. TepmomeTp obnanaer nuanazoHoM uzmepenuit ot 0 go 120 °C, a kitacc
TOYHOCTH COCTaBJISIET 2,5.

Pacuer HeompeneneHHOCTH BKJIIOYAeT B CeOS  CIEAYIONIME JTalbl: OINpeCICHHUE
MaTeMaTUYeCKOl Mojenu mpudopa, BBISIBICHHE HCTOYHUKOB HEOIPEIEeIECHHOCTH, OIleHKa
BXOJIHBIX BEJIMYHMH M UX HEOTIPEICTEHHOCTEH, aHAIN3 KOPPETUPOBAHHBIX U HEKOPPEITUPOBAHHBIX
BBIXOJHBIX BEIHYMH, COCTaBJICHHE OIO/KeTa HEOMPENeICHHOCTH, pacyeT CyMMapHOM
CTaHJAPTHOU HEONPEIETICHHOCTH U PACIIMPEHHON HEOIPEICICHHOCTH, a TAKXKe MPeCTaBICHUE
KOHEUYHOT'O pe3yJibTaTa U3MEPEHHUII.

Oman 1. Mamemamuueckas mooens

MaremaTtrueckass MOJENb AJIs pacdyera Mmoka3aHuil ommerammyeckoro tepmomeTrpa THIT
63-1 BBIpaxkaeTcsi ypaBHCHHUEM:

E,=V.+ AV, + 6V, Q)
rae V¢ - nokazaHus TepMoMeTpa, °C.

Oman 2. BeisigneHus ucmouHuKo8 HeonpeoeieHHoCmu
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Ha BTOpoMm stane pacuéra HeonpeaeaEHHOCTH KIIOUEBBIM SIBIISIETCS BBISBICHHE U aHAIU3
BCEX MOTEHUUAIbHBIX UCTOYHUKOB HEOMNPEIEIECHHOCTH, KOTOPhIE MOTYT BJIMSTH HA PE3YJbTAThI
U3MEPECHUM.

Hns tepmomerpa TBII 63-1 uMCTOYHHMKH HEONMPEACICHHOCTH MOTYT BKJIKOYATh, HO HE
OTPaHUYMBAIOTCA CIEIYIOMIMMHU (pakTOpamu:

AVs - nonpaBka Ka/MbpaTopa npu 3aJlaHHOU Temiepartype, °C;
O6Vc - moJ10BY Ha 1|eHbl JleJIeHUs eJUHULbI MJIa/illero paspsja gucies, °C.

Oman 3. Oyenusanue 6X00HbIX EIUUUH U UX HEONPEOeeHHOCU

Ha tperpem sTame mpoBOAMTCS OLIEHKA BXOJHBIX BEIMYMH M MX HEOIpeaesieHHOCTH. B
JTAHHOM CJly4ae pacyeT CTAHIAPTHON HEONPENEIEHHOCTH BBIIIOIHIETCS 110 TUILY A, UTO BKIIFOUAET
y4€T HCTOYHHKOB HEONPEIEICHHOCTH, UMEIOIIUX ClydalHblid xapaktep [7]. Hus oueHku
HEOIPEACNEHHOCTH B YCIOBUSX IOBTOPSEMOCTH OBUIM TPOBEACHBI JECATh HW3MEpPEHUil
TEMIIEPATypPhl C WCIOJIB30BaHUEM KainOpyemoro mpubopa. [lomyueHHBIE NaHHBIC MO3BOJSIOT
ONpPENETUTh CpPEHEE 3HAYCHUE HU3MEpSEMOM BEIMYMHBI, a TAKXKE PAacCUUTaTh CTAHAAPTHOE
OTKJIOHEHHE BBIOOPKH, KOTOPOE XapaKTepU3yeT pazOpoc M3MEpPEHUl OTHOCUTEIBLHO CPEIHETO
3HaueHUs. J[aHHBIH METOJ MO3BOJISIET KOJIMYECTBEHHO OLEHUTH CIYYalHYK COCTaBIISIOLIYIO
HEONPEIETICHHOCTH, BBI3BAHHYIO BapHallMsIMU B MOKa3aHUSIX NpUOOpa, U3MEHEHHUSIMHU YCIOBUI
U3MEpEHUs U APYyruMu ciydailHeiMu paktopamu [8]. CranmapTHas HeompeAeNeHHOCTh Tula A
BBIUMCIISICTCS KaK CTAHAPTHOE OTKJIOHCHHE BBIOOPKH, JISJICHHOE Ha KBAIPATHBIN KOPEHb U3 YHCIIa
A3MEPEHUM.

Tabnuna 1 - U3mepenHoe U cpeHee 3HaUeHHEe KaauopyeMmoro npudopa

No W3mepeHHoe 3HaUeHHE CpenHee 3HaYeHHE
27
28
27
27
27 27,3
27
28
28
27
27

OO N0 WIN (-

[N
o

Pacuer cpennero 3HaueHus:

— 1 = 27+7+28%3

X = =10, = —— =273°C 2)
Pacuer ctannapTHON HEONPEEIEHHOCTH 0 TUITY A BBICUHUTHIBAeTCS 110 popmyJie

— — 1 n —\2
WG = aCr) = [ T (e — ) ©)
IToacrasisis Bce 3HAUEHUSI OJyUHM:
27-27,3)2+(28-27,3)2+..4+(27-27,3)?

u(x) = uA(xi)\/( I+ 10*(1031) ( ) = 0,01610 ~ 0,02 °C (4)

B nanHOoM ciydae B Tuie B BBIUHCISAIOTCS CTaHAAPTHBIE HEONPEAEIEHHOCTH, BbI3BAHHBIC
pPa3IMYHBIMM MCTOYHHMKAMH CHCTEMATHYECKUX IOTPEIIHOCTEH, KOTOpbhIE BO3HHUKAIOT H3-3a
XapaKTEePUCTHK U3MEPUTENBHBIX NPUOOPOB, ATAJOHOB M METOJIOB M3MepeHHus. B oriauume or
HEONPENENEHHOCTH THHAa A, KOTOpas CBsA3aHa CO CIy4alHbIMM HM3MEHEHHSMH B IIpoLecce
U3MEPEHUM U OLICHUBAETCS C MOMOIIBIO CTATUCTUYECKUX METOJOB, HEOIPEAEIEHHOCTh THUIIa B
OCHOBBIBAe€TCSI Ha HW3BECTHBIX JAHHBIX O XapaKTEepUCTHKaX OOOpYHOBaHUS U NPUHUMAETCS
aHaAJIUTUYECKH [9].

s oueHKH HEOompeneN€HHOCTH HEOOXOAMMO YUMTHIBATh pAaclpeesieHue BO3MOXKHBIX
OTKJIOHCHUHN HU3MEpsAEMbIX BEIWYMH. B NaHHOM ciydae NPUHHUMAETCS, YTO I 3TAJIOHHOTO
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npubopa HeONpeneNEHHOCTh PACHpPEeNseTCs PaBHOMEPHO, TaK KaK €ro MOTPEelIHOCTh MMEET
IpecKa3yeMblil XapaKkTep U He 3aBUCHUT OT cllyyaiiHbIX (akTopoB. Takoi moaxo npuMeHseTcs B
TEX Cllydasx, KOrja IpuOop MMeeT 3aJaHHbIe Ipeaebl TOYHOCTH, a BO3MOXHBIE OTKJIOHEHHUS B
€ro MOoKa3aHUsIX He M0JIBEPKEHBI.

Jis kanuOpyeMoro mpubopa HEONpeAeIEHHOCTh paclpeiesieTcss M0 MPSIMOYrOJIbHOMY
3aKOHY, IOCKOJbKY H3MEPEHHOE 3HAUEHUE MOYKET M3MEHSATHCS B IIpeleiax YCTaHOBIECHHOMU
HOTPEIIHOCTH, HO HE UMEET IPHU 3TOM SIBHOM TEHIEHIIMU K KAKOMY-THM00 KOHKPETHOMY 3HaYEHUIO
BHYTPH 3TOr0 AMana3oHa. Takoil METOJl OLEHKU MPUMEHSETCS, KOTrJja HEBO3MOKHO OIPEEIIUTD,
KaK1e MMEHHO 3HaueHHs U3MEepsAEeMON BEIMUUHBI BCTPEUAIOTCS Yallle, U Koria IpuOop orpaHuyeH
(UKCUPOBAHHON IIEHOH AETeHUs, HE MO3BOJIIONICH OTOOPa3UTh M3MEHEHHs C 0ojee BBICOKOM
TOYHOCTBIO.

OCHOBHBIMU HCTOYHUKAMU CHCTEMAaTHYECKOW HEONPEJEIEHHOCTH B JAHHOM Ciydae
ABJISIIOTCS MTONPaBKa KaauOpaTropa U OrpaHUYEHHAs TOYHOCTh IIKaIbl H3MEPUTENIBHOrO Mproopa.
[TorpaBka xanuOpaTopa OTpa)xkaeT BO3MOXKHBIE OTKJIOHEHHS 3TAJIOHHOTO NpUOOpa OT HICTUHHOTO
3HA4YEHUsl TEMIepaTypbl, YTO YYUTHIBAETCA B pacdy€rax, UCXOJS U3 M3BECTHBIX XapaKTEPUCTHK
npubopa. OrpaHuyeHHass TOYHOCTb WIKalbl M3MEPUTEIBHOrO MIpubOpa CBs3aHAa C TEM, 4YTO
JUCIJIEH WIM aHajoroBas ILIKaja NpuOoOpa MOryT OTOOpakaThb 3HAYEHUs C OINpeelEHHOU
JMCKPETHOCTBIO, YTO HAKJIAJBIBACT OTPAHMYCHHS HA TOYHOCTh W3MEPEHUH M TPHUBOAUT K
JIOTIOJIHUTEIBHON HEONpe1eEHHOCTH.

Pesynabrarel  pacy€ToB  MOKA3bIBAIOT, YTO HAauOOJBLIMK BKJIaJg B CyMMapHYIO
HEOIpeaesIEHHOCTh BHOCUT UMEHHO OI'paHMUYEHHAas TOYHOCTh 1IKaibl npuodopa [10]. Kpome Toro,
UCTIOJIB30BaHUE HTAJIOHOB ¢ MUHUMAIIBHBIMU TTOTPEITHOCTSIMH TO3BOJISIET YIYUIINTh Ka4yeCTBO
U3MEPEHUN 1 YMEHbBIIUTD BIUSHUE CUCTEMATHYECKUX OLIMOOK, YTO OCOOEHHO Ba)KHO B 3ajJayax,
TpeOyIOIMX BHICOKON TOYHOCTH U BOCIIPOU3BOJIUMOCTH PE3YJIbTATOB.

Tabmmna 2 - ICTOYHUKY HEONpe1eIEHHOCTH, UMEIOIINE CUCTEMATHIECKUN XapaKTep

Bxonnas Bennunna | Heomp. no tuny B

CrangaptHas HeonpeaeneHHOCTh oT AVS, °C, Ub = a/(\/3) 0,05 0,02887
CranpapTHas HeolpeieneHHocTh oT dVa, °C, Ub =a/ (2\/3) 2 0,57735

Oman 4. HexoppenupogaHuvie 8bIX00Hble 8eUYUNBL

Ha sTOoM sTame mpoBoaWTCA aHaNIM3 B3aWMOCBSI3M MEXIY pa3IMYHBIMM HCTOYHHKAMHU
HEONPEIEICHHOCTH. B MaHHOM cilyyae IPUHUMAETCs BaXKHOE JAOIYIICHHE, YTO BCE BXOIHBIE
BEJIMYMHBI HE KOPPEIUPYIOT IPYr C JAPYyroM. OTO O3HAa4yaeT, YTO KaKJash COCTaBISIOLIas
HEOIPEIEICHHOCTH BIMAET HAa KOHEYHBIM pE3ylbTaT HE3aBUCUMO OT JIPYIUX, U MEXKIY HUMU
OTCYTCTBYET KaKas-TM00 CTaTUCTUYECKAs 3aBUCUMOCTb.

IIpuHsATHE AAHHOTO IOMIYLIEHUs 3HAYUTEIBHO YIIPOILAET IPOLIECC pacdyeTra CyMMapHOU
HEONPEIEICHHOCTH, TaK KaK IO3BOJISIET HCIOIb30BATh METOJ KBAJAPATHYHOIO CIIOKEHUS
OTZEIBHBIX HEONpenenEHHOCTeW. Ecny BXOIHBIE BEIMYMHBI JEHCTBUTEIBHO HE3aBUCHMBI, HX
BKJIaJ] B OOIIYI0 HEONpPENeIEHHOCTh MOXKHO ONPEIENNUTh MO CIEAYIOLEMY HMPUHLHNIY: KaKiaas
OTZEIIbHAsA COCTABJIAIONIAsA HEONIPEACIIEHHOCTU CHAaYajaa BO3BOJUTCS B KBaJpaT, 3aT€M UX CymMMa
U3BJIEKACTCS U3-T10J KBaPaTHOIO KOPHS, YTO Ia€T UTOTOBYIO OLIEHKY O0ILel HeONpeneIEHHOCTH
U3MEPECHU.

[Ipn HanMUUK KOPPENSILIMY MEXIY BEIUUMHAMH IIPOLEypa pacuyeTa yCIOKHAETCs, TaK KaK
HOSABISIETCS HEOOXOIUMOCTh YUUTHIBATh KOA(PQPHUIMEHTH KOPPENALUU, KOTOPble MOKa3bIBAIOT
CTENEHb B3aUMOCBS3M MEXKJYy pa3IMYHBIMU HEOINPEACICHHOCTAMH. B Takom ciydae
HEOIPEEIEHHOCTH YK€ HE MOT'YT CKJIQJbIBAThCS MIPOCTHIM CIIOCOOOM, @ HEOOXOJMMO YUHUTHIBAThH
UX B3aMMHOE BIIUSIHUE, YTO TpeOyeT MpHUMeHEHHusi 0oJjiee CIOKHBIX MaTeMaTHYEeCKHX METOOB.
OpnHako B aHHOM pacuéTe MPEAIoyaracTcs, 4ro KOPPEIsLUUU MEXAY HEONpPEIeIEHHOCTIMU
OTCYTCTBYIOT, & BCE HCTOYHUKH HEOIPEAEIEHHOCTH ACHCTBYIOT HE3aBUCUMO APYT OT Apyra.
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Takum o00pazom, Ha JaHHOM JTane pacyéra HEONpPEIeNIeHHOCTH HCIONb3YeTCsI METOJ
HEKOPPEJIIMPOBAHHBIX BEJIWYMH, KOTOPBIM MO3BOJSET MPAaBWIBHO YYECTh BKJIAJ KaxAOU
COCTaBJISIIOLIEH B CYMMapHYIO HeomnpenaenéHHocTh [11]. DTo ympoliaer BbIYMCICHUS U JI€TAeT
UTOTOBYIO OLIEHKY HEOINpeAeNEHHOCTH HM3MEpeHUN Ooijiee Mpo3payHOW U OOBEKTHBHOU, YTO
OCOOCHHO Ba)KHO NpPU MPOBEACHUU METPOJOTHYECKHX HCCIEAOBaHUN U pa3paboTKe METOIUK
U3MEPECHUM.

Oman 5. Cocmasnenue 61002cema HeonpeodeieHHOCmU

Ha pmanHOM sTame coctaBisieTcst OO/KET HEOIPENeIeHHOCTH, KOTOPBIM IMpeaCcTaBIseT
co00i1 cUCTeMaTU3UPOBAHHBINM aHATU3 BCEX BBISIBICHHBIX UCTOYHUKOB OIIMOOK, BIMSIOMIMX Ha
KOHEYHBI pe3ynpTaT u3MepeHuid. B OromkeT BKIIOYAOTCS KaK CilIydaiHble, Tak |
CHUCTEMAaTUYECKHE HEOIPEACIICHHOCTH, @ MX KOJMYECTBEHHAs OLIEHKA MPOBOJUTCS C y4E€TOM
XapakTepa BO3HMKHOBEHMS, THIIA paCHpeieieHus U Kod(pQPHUIMEHTa YyBCTBUTEIHHOCTH.
OcHOBHas LIeb JTaHHOTO 3Tara — ONPEAENIUTh BKJIA KaKJI0r0 HCTOYHUKA HEONPEIEICHHOCTH U
000CHOBAaHHO PACCUUTATh COBOKYITHYIO HEONPEIEIEHHOCTh u3MepeHuii [ 12].

Kaxxplii HMCTOYHMK HEONPENEICHHOCTH AaHAIM3UPYETCA I10 HECKOJBKUM KIIFOUEBBIM
napamerpaMm. B mepByro odepenp y4YMTHIBAaeTCS BXOJHAs BEIHMYMHA, TO €CTh (PU3UUECKUI
napaMmeTp, KOTOPBIM MOKET U3MEHSATHCS U BHOCUTH BKJIaJ B OOIIYIO0 HeompeaeneHHOCTh. Jlanee
ONpeAeNseTcss 4YHUCIOBOE 3HAYEHHME 3TOr0 IapaMerpa, a TakKe YTOUHSAETCS  THUI
HEONPEIEICHHOCTH — CIIy4YalHbId WK cucTeMaTudeckuid. CiayyaliHble OTKJIOHEHHUS! OTHOCSTCS K
HEOIpeAEICHHOCTH TUIIa A U OIPEJENISIFOTCS HA OCHOBE CTaTUCTUYECKONH 00paObOTKU MOBTOPHBIX
WU3MEPEHHI, B TO BpeMs KaK CUCTEMaTUYECKHE OTKIIOHEHUS OTHOCATCS K TUIY B 1 oneHuBaroTcs
110 XapaKTePUCTHKAM N3MEPUTEIBHOTO Mproopa 1 3TajaoHoB [ 13].

BaxxapiM akTopoMm SBISIETCS yUeT BUA paclpeiesieHUs] HEOMPEeIEHHOCTH, TIOCKOJIbKY OT
3TOr0 3aBUCUT METOJ €€ pacyera. Bun pacrpeneneHusi ONpeneisieTcss UCXOols U3 MPHUPOJbI
BO3HUKHOBEHHUSI HEOIIPEACIIEHHOCTH U XaPAKTEPUCTUK U3MEPUTEIBHBIX CPEACTB.

Crnenyrommm 3TaroM aHajln3a SBJISETCS PacyeT CTaHIapPTHON HEOIPENEICHHOCTH, KOTOPast
oTpakaeT pa3dpoc 3HauEHUH BOKPYI cpenHero pesynbraTta. jis Kakqoi BXOIHOM BETUYHHBI
BBIUMCIISIETCSI €€ CTAaHJapTHOE OTKJIOHEHHE, KOTOpPOE 3aTéM KOPPEKTHPYETCS C Y4ETOM
Kod(puUIIMeHTa YYBCTBUTEIBHOCTH. DTOT KOI(PQUIIMEHT IMOKa3bIBAET, HACKOJIbKO H3MEHEHUE
KOHKpPETHOI'O IMapaMeTpa BJIMSIET Ha KOHEYHOE 3HadeHHe u3MepseMoil BennuuHbl. Hampumep,
eciu HeOoJIblIoe HW3MEHEHHE OJIHOTO M3 HCTOYHUKOB HEOIPEASIEHHOCTH TNPUBOJIUT K
3HAUUTEIBHOMY U3MEHEHHIO PEe3yJIbTaTa U3MEPEHMs, €r0 KOOPPUIIUEHT UyBCTBUTEILHOCTH Oy/IET
BBICOKHM.

[Tocne Toro kak Bce HEOIpPENEIeHHOCTH PacCUMTaHbl U OTKOPPEKTHPOBAHBI, UX BKJAJ B
OOIIyl0  HEOINpEeNeJIEHHOCTh  ONpejessercs  MyTeM  IEePeMHOXKEHHs  CTaHJapTHOM
HEONPEIEIECHHOCTH Ha KOA(Q(ULIUEHT  YyBCTBUTEJILHOCTH. Wrorossit OroKeT
HEOIPEEIEHHOCTH MPEACTaBIsieT COOOM COBOKYMHOCTh BCEX JTHUX JAaHHBIX M TI03BOJISET
OOBEKTUBHO OLEHUTh, Kakue (AKTOphl OKa3bIBAIOT HauOOJIbllIee BIUSHHE Ha TOYHOCTb
u3MepeHuil. AHanmu3upysi OIOJKET HEOIPEIeIeHHOCTH, MOXXHO ONpeAeIuTh, Kakue U3
MCTOYHUKOB OIIHUOOK SBISIOTCSA TOMHUHHUPYIOIIUMHU U TPEOYIOT JOMOIHUTEILHOTO KOHTPOJIS WU
YMEHBILIEHUS UX BIUSHUS.

Tabnuna 3 — CocraBieHue 010 )keTa HEONPEACTEHHOCTH

Bxonna Tun Koadpdu
A 3HaueHUe OTknoH Bun CranpapTtHas b Bxian B
a1 " HEOTIp HEHT
BXOJHOH €HHE pacrpesenieH | HeomnpeaeneH Heomnpenen
BEJINYH ellesex qyBCTBUT
o BEJINYHUHBI | OLIEHOK us -HOCTb €HHOCTb
Ha, °C HOCTH €JILHOCTH
K.
Xi Xi + Ui Ci Uci*Ci
Uckok 27,3 - A HopmaipHoe | 0,02 1 0,02
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AVs | 005 B IPAMOYTOT: | 0,03 1 0,03
sva |2 B IPAMOYTOTY 1 0,6 1 06

Oman 6. Pacuem cymmapHot HeonpeoenreHHOCmu

Ha nannom sTame npoBOAUTCS pacdyeT CyMMapHOW CTaHAApTHOW HEOIpeneeHHOCTH,
KOTOPBIN SBJSETCS OJTHAM M3 KIIFOUEBBIX 3TANOB OIEHKUA TOYHOCTH M3MepeHuil. OCHOBHAs uies
3aKJII0YaeTCsl B TOM, UTO O0Ilas HEONPEIEICHHOCTh H3MEPEHUs OIpelesieTcs He MPOCTOi
CYMMOH BCEX COCTaBIISIOIIUX HEOMPEACICHHOCTH, 2 METOJOM KBaJpaTUIHOIO CYMMHUPOBaHUS,
MOCKOJIbKY Ka)K/1asl U3 HUX BHOCUT CBOM HE3aBHCHMBII BKJIa/l B UTOTOBBINA Pe3yJIbTarT.

[Tpu BEIYHCIICHUN CYMMapHOW HEONPEAECTCHHOCTH UCTIOIh3YETCS MPUHITUT CYIIEPIIO3UIINH,
COIIaCHO KOTOPOMY CyMMapHas CTaHJapTHas HEONPEIeICHHOCTh pPACCUMTHIBAETCS Kak
KBQJIpATHBI ~KOpPEHb W3 CYMMBI KBaJgpaToB BCEX HHIWBUIYaJIbHBIX CTaHIAPTHBIX
HeomnpeaeneHHocTel. JlaHHbI MeToJl MPUMEHSAETCS B TeX CiIydasX, KOrja HeoIpeleIeHHOCTH
MMEIOT pa3Hble HCTOYHUKHU MTPOUCXOXKACHUS U HE 3aBUCAT IpYT OT Apyra [14].

BaxxHo OTMETHTH, YTO B JIaHHOM CIlyda€ BCE BXOJHbBIE BEIMYUHBI CUUTAIOTCS
HEKOPPEIMPOBAHHBIMH, YTO TIO3BOJICT MPUMEHSAThH METOJ KBAJIPAaTHYHOTO CYMMHpOBaHUs 0e3
yuera KoddduuueHToB Koppemsauud. Eciu Obl MeXIy pa3IU4HBIMU HEONPEAEeNEeHHOCTIMU
CYIIECTBOBAJIA 3aBUCHUMOCTh, MPHILIOCH OBl BBOJWUTH JIOTIOJHHUTEIBHBIC ITONMPABOYHBIC
KO3 (UIIUEHTHI, OTPaKAIOIIUE B3aUMOCBSI3b BETUYHH, YTO 3HAUUTEIILHO YCIOKHUIIO OBl pacyer.

Kaxxmasi cocTaBIisironiasi HeOMpeIeICHHOCTH, BKITFOUSHHAs B OFOJKET, BHOCUT CBOM BKJIAJ B
CYMMapHYI0 HEOMNPEJEIICHHOCTh. JTO MOTYT OBITh KaK Cly4aiiHble, TaK M CHUCTEMAaTHUYECKUe
(dakTopbl, HAIPUMEP, BapUallUU U3MEPEHHBIX 3HAYCHUI B TOBTOPHBIX UCIIBITAHUSIX, HETOYHOCTH
KamuOpaTopa, MOTPEIIHOCTH MIKaNbl npudopa u apyrue. Mx cranmaapTHbie HEOMpPeIeIeHHOCTH
OBLIH MPEBAPUTEIIHFHO PACCUYMTAHBI M PUBEACHBI B OFO/KETE HEONIPEICIICHHOCTH.

[TpuMmeHeHne MeTo/1a KBaIpaTUYHOTO CII0KEHUS 00YCIIOBIIEHO TEM, YTO HEOIPEICICHHOCTH
MPEJICTABIISIIOT COOOWM ClydalHbIE W CHUCTEMATHUYSCKHUE BEJIMYMHBI, BIIHSIONIMNEC HA WTOTOBBIN
pe3ynbTaT U3MEpeHus mo-pazHomy. IIpocToe cioxeHHe STUX BETUYMH Jalo Obl 3aBBIIICHHOE
3HaueHUE 00IIel HEONPEIeICHHOCTH, MTOCKOJLKY B PEATbHOCTH BIUSHUE Pa3IMYHBIX (aKTOPOB
HE BCEr/ia HakJaJbIBaeTcs JUHEHHO. MeTon KBaJpaTHOTO CyMMHPOBAHHS IO3BOJSET y4YECTh
OTHOCUTEIIEHOE BIIMSIHHE Ka)KJIOM M3 COCTABIIIOMIMX M TIOJYyYUTh 0OJ€€ TOYHYIO OICHKY
UTOTOBOW HEONPEAETEHHOCTH.

[Tocrie BBITTOJIHEHUST PACYeTOB IMOJTYYCHHOE 3HAYCHHWE CTAaHJAPTHOH CyMMapHOM
HEONpPEACNEHHOCTH  WCIIONIb3yeTCsl  JUIsl  JallbHEHIIero  OmpeAeNieHHs  pacllupeHHON
HEOMPEACIICHHOCTH, KOTOPAs YYUTHIBACT JIOBEPUTEITHHYIO BEPOSITHOCTh H3MEPECHHUH.

w0) = (SR 0) = (S chuta), ©)
u(y) = /0,022 + 0,032 + 0,62 = 0,601082 ~ 0,6 °C (6)

Oman 7. Pacwupennas neonpeoenennocms

Ha 7 »orame mnpou3BOAMTCSA pacyeT pPaCcIIMPEHHONM HEONPEAEICHHOCTH, KOTopas
MpesCcTaBiIsieT co00i Ba)KHBIM MOKazaTedh TOYHOCTH M3MEPEHUN C y4eTOM 3aJaHHOTO YpPOBHS
noBepusi. B omimumMe OT CTaHAAPTHOW  HEOMPEAENIEHHOCTH, KOTOpas XapaKTephu3yeT
CPEIHEKBAIpaTUYHOE OTKJIOHEHHE H3MEPSIEMOUN BEJIMYMHBI, PACIIMPEHHAs] HEOIpPEAEIEHHOCTh
MO3BOJISIET OMPEIEIUTh IUANa30H, B KOTOPOM C BBICOKOW BEPOSTHOCTHIO HAXOIUTCS MUCTHUHHOE
3HAYCHHE U3MEPSEMOI BETUUHHBI.

PacmmpenHass HEONpPeNeNeHHOCTh PACCUMTHIBAETCA IIYTEM YMHOXKEHHMS CYMMApHOH
CTaHJapTHOW HEOIpeNeIeHHOCTH Ha KOA((UIIMEHT OXBaTa, KOTOPBIA 3aBHCUT OT TpeOyeMoro
ypOBHS 10BepUsl. B OOJIBIIMHCTBE METPOJIOTHUYECKUX PAacYeTOB MCHOJIb3YyETCS YPOBEHb JOBEPUS
95%, KOTOPBII ABIIAETCS CTAHAAPTHBHIM B HAYUHBIX UCCIIEIOBAHUSIX U U3MEPUTEIBHON MIPAKTHKE.
Jlnst maHHOTO YpOBHS J0BepHs K03((UIMEeHT oxBata K MpUHUMAETCs paBHBIM 2, YTO O3HAYAeT,
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YTO MCTUHHOE 3HAYCHUE U3MEPSEMOW BEIMYMHBI C BEPOATHOCTHIO 95% OymerT HaxOIUThCS B
JlMana3oHe, OnpeaesieMOM PaClIMPEHHOM HEONPEIeIeHHOCThIO [15].

Hcnonb3oBanue kodduiimeHTa oxsaTa HEOOX0AUMO, ITOCKOIBKY B PEATbHBIX H3MEPECHUSIX
BO3MOXKHBI CllydaiiHble KoJeOaHUs pe3ylbTaToOB, U BaXKHO YYUTHIBATH CTEIEHb YBEPEHHOCTH B
TOM, YTO UCTUHHOE 3HaYEHUE HAXOJIUTCS B ONpeelieHHOM nHTepBaiie. Eciu Obl Hcnonb30Banach
TOJIKO CTaHJapTHAsI HEONPEICICHHOCTb, IUAIIa30H MOT ObI OBIThH CIIMIIIKOM Y3KHM, 9TO HE JaBAJIO
OBl TOCTaTOYHOI yBEpPEHHOCTH B TOYHOCTU U3MEpPEHUH. YMHOKeHUE Ha KOd(h(UIMEHT oXBara
MO3BOJISIET YYECTh BO3MOXHBIE BapUaLIUM U3MEPSIEMOM BEJIMYUHBI U 33]1aTh Pa3yMHbIE TPAHUIIbI
HEOIpeAeNICHHOCTH.

Pacuer pacmmpeHHON HEOMPENCIIEHHOCTH BaXKEH B CHUTYaIUAX, KOrJa HEOOXOAUMO
MPEJICTAaBUTh M3MEPEHHSI C YETKO OMNPEJECICHHON TOYHOCTBHIO, HAPUMEpP, MpPU CePTHUPHUKAIUN
000pyIoBaHusl, MPOBEACHUH METPOJIOTHUECKUX IKCIIEPTH3 WK pa3pabOoTKe METOINK U3MEPCHHIA.
3HaueHue PacUIMPEeHHOM HEeOIpeIeICHHOCTH BKIIFOUAETCs B KOHEUHBIN Pe3yabTaT U3MEPEHHSI, UTO
MO3BOJISIET MOJB30BATEN0 JAaHHBIX HHTEPIPETUPOBATH TOYHOCTb M HAJEKHOCTh IMOJTYYEHHBIX
pE3yJbTaTOB.

U) =k-uy), (7)
Uly) =2%0,6=1,2°C (8)

Oman 8. Ilpedcmasnenue koneuno2o pe3yibmama

3aBepIiaronnii dTam BKIIOYAET (OPMYTUPOBKY HUTOTOBBIX PE3YJIbTATOB H3MEPEHUN C
YU4E€TOM BCEX pACCUMTAaHHBIX HeompeaeNneHHocTel. Pesynbrar mpencrasisercs B ¢dopMme
WHTEpBaja JOBEpUs BOKPYT CPEIHETO 3HAYEHUs, KOTOPHIA YKa3bIBAaCT HAa BO3MOXKHBIC MPEICIbI
OTKJIOHEHHSI OT WCTUHHOIO 3HAYeHHUs. DTO TO3BOJSET MOJIB30BATENIAM MPUOOpa MPUHUMATh
000CHOBaHHBIC PEIICHUS, YYUTHIBAsI OTCHIIMATBHYIO HEOIIPEICIICHHOCTh Iprubopa. Ha pucynke
1 mokasaH BKJIaJ B HEOIPEIETICHHOCTb.

PI/ICYHOK 1- Bknan B HEONIPCACICHHOCTDb

Y=yxUP 9)
(27,3 + 1,2)rlla,npuk = 2,P = 0,95.
(10)

Pacuem neonpedenennocmu usmepenus no memooy Monme-Kapno

B nporecce nanpHeIero n3y4yeHuss TOYHOCTH U3MEPEHUI OMMeTauInYecKoro 6apomerpa,
MBI TPpUMEHUM MeTo]1 MoHTe-Kapio 1715t O1leHKH HEONTPEEIEHHOCTH.

[lopsiiox oneHMBaHUS pacIIMPEHHONM HEONPENEIEHHOCTH ¢ ucnoib3oBaHueM MMK u
IpUMEHEHHEM IMporpaMMHoro obtecreuenust Excel sBnsercs Hambornee yJOOHBIM M JIETKO
OCYIIIECTBIICHHBIM.

OH 3akJIt0yaeTcs B CIAEAYIONUUX ONepalusix:

1. ®opmupoBaHuE MacCCUBOB JaHHBIX

a) B cooTBeTcTBUM € 3a/laHHBIM 3aKOHOM paclpefesieHus reHepupyorcs N MacCHBOB.
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Cospnarores L maccuBoB (110 4McTy BXOJHBIX BEJIMUMH) ClTydaiHbIX yrcen 00bémMom n = 1,000,000,
KOTOpPbIE COOTBETCTBYIOT YKa3aHHBIM 3aKoHaM pacupezeneHus. s storo B nmporpamme Excel
PUMEHSIOTCSI COOTBETCTBYIOIINE (POPMYIIBI.

Tabnuna 4 — Bunsl pacnpenenenus u GopMyJibl

Pacnpenenenue Dopmyaa
Hopmansnoe =HOPMOBGP (CJIUHUC (); X; u)
IIpsimoyrosbHoe
3aanHas MONyIIMpUHA & =x+2*a*(CJIIUC ()-0,5)
3amaHHas cTaHAapTHAsI HEONPEACICHHOCTh U =x+2*U*KOPEHb (3) *(CJIYUC ()-0,5)
TpeyrojbHoe
3asaHHas NONYIIHPHUHA A =x+a*(CJIMUC ()-CJIHUC ()
3aganHas craHgaptHas HeonpeaeneHHocTs U | =x+U*KOPEHD (6) *(CJIYUC ()-CJIUUC ()
CTbI0/IeHTA =x+Uu*CTBOAPACIIOBP (CJIUUC ();

B KOTOPBIX HEOOXOJMMO 3aMEHHTh X — Ha 3HAYCHHE BXOJHOW BEJIMYHMHBI, & — Ha 3aJaHHYIO
HOJYHIMPHUHY, U — Ha CTAHIAPTHYIO HEONPEIeIEHHOCTD, V — Ha YUCIIO CTEIICHEH CBOOO/IBI.

0) dopMUPYIOT MAacCHB BBIXOJHOW BEJIWYHMHBI, IyTEM IOJICTAHOBKUA CT€HEPUPOBAHHBIX
3Ha4YCHUHU BXOOHBIX BEJIWMYHUH B MOJICJIbHOC YPABHCHUC.

B) YIIOpSAI0YMBAIOT OT MEHBIIETO K O0IbIIeMY (PaHKUPYIOT) MACCHB BHIXOIHOW BETUYHHBI.

Jlis pacuera reHepUpyeM 3 MaccHBa ClAy4dalHbIX 4wcen (s BXxoausix V., AV, u 6V,)
o6bemMoM M=10°, moguuHAIOIMXCS TPSAMOYTOIEHOMY H HOPMATbHOMY 3aKOHY pacipe/eneHus.

1999976 - Jx

A B C D E F

o

MaTtemaTHUIECKAd MOJEb: Ex = Vet+AVs+6Ve

1
2
3 |ve AVs oWVe Ex

4 27,3234 0,006394 1,555194 28,88499
5 27,27187 0,098619 2,774044 30,14454
6 27,29814 0,092498 1,397746 28,78838
7 27,28188 0,013343 1,063621 28,35884
8 27,30578 0,032685 2,876167 30,21463
9 27,29937 0,024521 1,489164 28,81305
10| 27,30316 0,042915 2,243778 29,58986
11 27,29565 0,022058 1,336694 28,6544
12| 27,31654 0,003158 1,164206 28,4839
13 27,283 0,0713214 1,350516 28,70483
14 | 27,29609 0,051697 2,337142 29,68493
15| 27,29792 0,062312 1,967002 29,32723
16 | 27,32484 0,008562 1,509626 28,84303
17| 27,28673 0,027322 1,236599 28,55065
18 | 27,28764 0,023187 1,246084 28,55691
19| 27,30473 0,058255 1,178923 28,54191
20 | 27,32397 0,061356 1,493263 28,87859
21| 27,31225 0,033105 2,809096 30,15445
22 | 27,31405 0,088404 2,095386 29,49784
23 | 27,30903 0,02251 2,521046 29,85259
24 | 27,27464 0,005943 2,397416 29,678
25| 27,29805 0,012258 2,836265 30,14658
26 | 27,30515 0,003894 2,176825 29,48587
27 | 27,29616 0,022039 2,644608 29,96281
28 | 27,31025 0,098077 2,849267 30,2576
29 27,3014 0,06687 2,976936 30,34521
30| 27,29159 0,024627 2,43885 29,75506

_J'1V|c1'1 | Nnct2 Nnct3 (D)

Pucynok 2- MaccuB BXOJIHBIX JaHHBIX
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999971

999972
999973
299974
299975
999976
999977
2999978
999979
999980
2999981

9299982
999983
9999854
2999985
299986
999987
999988
2999989
999990
999991

999992
2999993
999994
999995
299996
999997
999998
999999

1000000

27,30682
27,31634
27,29437
27,27155
27,27547
27,28647
27,28695
27,30572
27,27498
27,29129
27,29148
27,32923
27,30068
27,30028
27,27692
27,32758

27,2076
27,26725
27,29728
27,28974
27,31267

27,3052
27,31241
27,29987

27,3184
27,32152
27,31268
27,30822
27,33621
27,30598

0,049159
0,089005
0,096177
0,006935
0,025822
0,065992
0,092037
0,044547F
0,012212
0,024294
0,0378929
0,029343
0,060163
0,008192
0,084424
0,051409
0,0229
0,086348
0,07344
0,080027
0,002194
0,00882
0,000232
0,047321
0,064703
0,068686
0,03 73854
0,082109
0,052291
0,053669

2,670265

2,62945
1,344434

2,49943
2,042774
2,820612
1,016813
2,264718
2,261105
2,806003
2,939703
2, 729232
2,291108
2,631854
2, 766505
1,087685
1,2904141
2,802104
2,841608
1, 714188
2, 719377
1,183304
1,020442
1,061657
1,946833
1,255739

2,11569
1,850576
2,538386
1,642101

30,02625
30,0348
28, 73498
29, 77792
29,34407
30,17308
28,3958
29,71498
29,6483
30,13168
30,26909
30,08731
29,75195
29,94033
30,12785
28,16667
28,61464
30,2457
30,21233
29,08425
30,03424
28,49732
28,33308
28,40885
29,32994
28,645904
29,76622
29,240901
290,092688
29,00175

Pucynok 3 — MaccuB BXOJHBIX JJaHHBIX

Jannslie ¢ JIuctl nepenocstcs Ha JINCT2 U MaccuB cOpTUPYETCS IO BO3PACTAHUIO

A B c
1 27,22696 -8,3E-07
2 | 27,22794 -8,1E-07
3 | 27,22876 -5,3E-07
4 | 27,22929 -SE-O7
5 | 27,22046 -3,7E-07
6 | 27,22075 -3,4e-07
7 | 27,23006 -2,7E-07
8 | 27,23151 a,07e-0s8
9 27,2324 6,34E-08
10 | 27,23244 7,05E-08
11 27,2328 2,1E-07
12 | 27,23281 3,28E-07
13| 27,23282 4,3E-07
14 | 27,23352 6,35E-07
15 | 27,23377 8,1E-07
16 | 27,23433 8,26E-07
17 | 27,23475 9,07E-07
18 | 27,23488 1,02E-06
19 | 27,23489 1,2E-06
20 | 27,23496 1,22E-06
21 | 27,23504 1,26E-06
22 | 27,23507 1,22E-06
23 | 27,23511  1,26E-06
24 | 27,23521 1,4E-06
25 | 27,23531  1,71E-06
26 | 27,23547 1,83E-06
27 | 27,23557 1,85E-06
28 | 27,23576 1,88E-06
29 | 27,23578 1,89E-06

W
o

27,23588

1,92E-06

1,000002
1,000007
1,000009
1,000012
1,000014
1,000016
1,000017
1,000018
1,000019

1,00002
1,000028
1,000028
1,000029
1,000031
1,000033
1,000035
1,000039

1,00004
1,000044
1,000044
1,000052
1,000052
1,000053
1,000055
1,000055
1,000056
1,000059
1,000061
1,000062
1,000062

>

E

28,22696
28,22795
28,22877

28,2293
28,22947
28,22977
28,23008
28,23152
28,23242
28,23246
28,23283
28,23283
28,23285
28,23355

28,2338
28,23436
28,23479
28,23493
28,23494
28,23501
28,23509
28,23512
28,23517
28,23526
28,23537
28,23553
28,23564
28,23582
28,23584
28,23595

Pucynox 4 — MaccuB BXOJTHBIX JaHHBIX
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J13

999971

999972
999973
999974
999975
999976
999977
999978
999979
999980
999981

999982
999983
999984
999985
999986
999987
999988
999989
999990
999991

999992
999993
999994
999995
999996
999997
999998
999999

1000000

Crnenyronmii 3Tan  COCTOUT U3

pacrpeeseHus:

A
27,36501
27,36515
27,36532
27,36535
27,36539
27,36585
27,36595
27,36602
27,36618
27,36624
27,36627
27,36638
27,36657
27,36713
27,36724
27,36741
27,36846

27,3691
27,36933
27,36938
27,36955
27,36972
27,37012

27,3706
27,37141
27,37278

27,3731
27,37386
27,37538
27,37938

S
-
0,099998
0,099998
0,099998
0,099999
0,099999
0,099999
0,099999
0,099999
0,099999
0,099999
0,099999
0,099999
0,099999
0,099999
0,1
0,1
0,1
0,1
0,1
0,1
0,1
0,1
0,1
0,1
0,1
0,1
0,100001
0,100001
0,100001
0,100001

C

2,999939

2,99994
2,999941
2,0090948
2,999949

2,99995

2,99995
2,999952
2,999954
2,999958
2,999958
2,999959
2,999962
2,999967
2,999968
2,999969

2,99997
2,999974
2,999976
2,999979
2,000984
2,999985
2,999987
2,0090988
2,999991
2,999992
2,999994
2,999995
2,999995
2,999996

D
30,46495
30,46509
30,46526

30,4653
30,46533

30,4658

30,4659
30,46597
30,46613

30,4662
30,46622
30,46634
30,46654
30,46709
30,46721
30,46737
30,46843
30,46907
30,46931
30,46936
30,46953
30,46971

30,4701
30,47059

30,4714
30,47277
30,47309
30,47385
30,47538
30,47937

Pucynok 5 — MaccuB BXOJHBIX TaHHBIX

- MATEMaTHYECKOE OKUIAHHE Y
" 1gan
Y = 4g=1)n

— 1
y = ;Z;‘zlyn = 29,35°C

(12)

BBIUYHUCJIICHUA OLCHKHU IIApaMETPOB IIOJIYYCHHOI'O

- OLICHKA CyMMAapHO# CTaHIAPTHOI HEONPEACICHHOCTH Pe3yabTaTa U3MEPEHHS:

w0) = [0 - 5)

1

uc(y) = |

n—-1

U
U

1
p =5 [Ynasnysz = Yna-py2l

> (v —7)" = 062°C

- pacoiupC€HHasd HCONMPEACICHHOCTD AJIA 3aJaHHOI'O YPOBHA JOBCPUA

- [o]
PT3 [yn(l"'P)/Z - Yn(l—p)/z] =1,03°C

(15)

(11)

(13)

(14)

(16)

T/I€ Yn(1+p)2 ¥ Yn(1-p)/2 — COOTBETCTBYIOIINE YICHBI YIOPSJOUESHHOTO MACCHBA JAHHBIX BBIXOHOU
BemmanHbL. [t P = 0,95 u n = 10° s pacuéra 6epyr 975000 u 25000 uiieH ymopsg0deHHOTO

MAacCHBa BBIXOJHOM BEIUYNHEI

- OIIEHKY Kod(uImenTa oxpara:
Up
uc)
U 1,03
=== =17

T usy) 0062
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Ha pucynkax 6,7,8 nokasassl pacnpeieieHusl BXOAHBIX BETUYHH.

Vc

27,4

w
“
M~
o~

27,3

27,25

27,2

27,15

27,1

S0EWS6
165876
9/8768
T9TLS8
9rries
T€LS8L
9100SL
TOEVTL
9846849
148e¥9
9STL0S
TrviLS
9T/LSES
TT000S
96¢7or
1858¢Y
998¢6¢€
ISTLSE
9EVITE
T2LS8¢
9000s¢
[1-T4 24
9LG8LT
198Vl
SYTL0T
TeEVIL
9TLSE
1

Pucynok 6 — 3HaueHus1 BXOTHOW BeTUIHHEI VC

AVs

0,12

0,1

0,08

0,06

0,04

0,02

90€V96
1658¢6
9/8¢68
191458
Elavrac)
T€LS8L
9100SL
TOEVIL
986849
TL8¢v9
9G1/09
TrvLLS
9C/LSES
TT000S
96¢VIv
1868y
998¢76¢E
TSTLSE
9EVICE
T¢/LS8¢C
90005¢
16cvic
94G8L1
198¢rL
9r1L0T
TEVIL
9TLSE
T

-0,02

Pucynok 7 — 3nauenus BxoaHol ennanasl AVS

6V

3,5

S¢5S96
crotee
655968
9/0298
€65L¢8
0TTE6L
£T98SL
Trives
199689
8L1SS59
S69079
C1c98s
6CLISS
wveLIS
€9LC8Y
088y
L6LETY
vie6LE
TEBYYE
8VEOTE
§98GLT
C8ETIVC
66890¢C
9IveLT
EEBLET
0SvEOT
£9689
I&:14%3
T

Pucynok 8 — 3HaueHust BX0{HOM BETUYHUHEI OV C
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PesyabTaTsl n 00cy:Kk1eHHE.

CpaBHUM pe3ysIbTaThl U3MEpPEeHUs, noaydeHHbsie MmetogamMmu GUM u Monte-Kapio:

GUM: Ex=(27,3 £ 1,2) °C,P = 0,95.

MMK: Ex=(29,3 + 1,03) °C,P = 0,95.

B xone nccnenoBanust ObUIM MPUMEHEHBI /IBa METOZA OIEHKH HeompenenenHoctu: GUM
(Guide to the Expression of Uncertainty in Measurement) u merox Monte-Kapimo (MMK).
PaccuntanHble 3HaueHUs TeMIEPAaTypbl C YKa3aHUMEM PACUIMPEHHON HEOIPENEICHHOCTH U
JIoBepUTENIbHOU BeposaTHOcTH P = 0,95 mpencraBiensl cieayronmm oopasom: st meroga GUM
Ex=(27,3 + 1,2) °C, a mna meroga Monre-Kapno Ex=(29,3 + 1,03) °C. AHanu3 pe3yabTaToB
MIOKa3bIBAET, YTO MEXAY ABYMS METOJaMU €cTh paznuuus. CpeaHee 3HaYEHUE, MOJYyYEHHOE
meTooM MonTte-Kapio, oka3anock Beime Ha 2,0 rpagyca, 9TO MOXKET OBITh CBSI3aHO C YYETOM
0oJiee MIMPOKOTO CreKTpa (PaKTOPOB HEOMPEAEICEHHOCTH WM OCOOCHHOCTSIMU CTaTUCTHYECKOTO
nonxona merona Monrte-Kapno. IIpu 3Tom pacmmpenHas HeornpeaeaeHHOCTs mo Metony GUM
0oJbIIIe, YTO YKa3bIBaeT Ha 00JIee BHICOKYIO TOYHOCTh OLEHKHU MPHU UCIIOJIB30BAHUU 3TOTO METO/1a.

Merogq GUM, ocHOBaHHBIH Ha aQHAJIUTUYECKOM TMOJXO0J€, JEMOHCTPUPYET CBOIO
HAJeKHOCTh U (D (PEeKTUBHOCTH B 3a/layax, re U3MEpHUTeNbHAas MOENIb 00JIajaeT JTMHEHHBIMU
3aBUCUMOCTSIMU, a BXOJHBIC TTapaMeTPbl UMEIOT HE3aBUCHUMBIC M HOPMAJIbHBIE PacHpeleICHUsI.
Kpome toro, meron GUM mno3Bosisier OBICTPO OIIEHMBATH HEOMPEICICHHOCTb, OMHPAsCh Ha
AQHAJTUTUYECKOE BBIPAKCHHE MOJIETM W HU3BECTHBIE CTATHCTHYECKUE XapaKTEPUCTHKH,
MUHUMU3UPYS 3aTpaThl BBIUYUCIHUTEIBHBIX pecypcoB U BpeMeHH. OH OCOOCHHO MOJe3eH B
CTaHJapTHBIX 3a/1a4ax, I1e Tpedyercss 000CHOBaHHAs OLIEHKA IPU OTPAHUYEHHBIX pecypcax.

C npyroit ctoponbl, meton MonTe-Kapno nemMoHCTpupyeT OONbLIYIO alalTUBHOCTH K
CIOKHBIM  YCJIOBHSIM HM3MEpPEHUN, BKJIOYas HEJIMHEWHBbIE 3aBHCUMOCTH U CJIOKHBIC
pacnpeznenenusi napamerpoB. OH He TpeOyeT BbICOKOW KBanU(UKALUK UCTOIHHUTENS, TaK Kak
IIpOLECC pacy€Ta MOJHOCThIO aBTOMAaTU3UpoBaH. Vcrnonabp3oBaHue OO0NIBIIOTO YMciaa CllydalHbIX
BbIOOpOK, Hampumep, 1,000,000 mo3BoONSeT MOMY4YUTh paclpeiesieHue pe3yibTaToB,
MaKCUMaJIbHO TTPUOJIMKEHHOE K peaTbHbIM YCIOBHAM. [Ipu 3TOM JaHHBIN METO TaKke TpeOyeT
MEHbIIIE BBIYMCIUTEIbHBIX PECYPCOB U BPEMEHU B CPABHEHHUH C TPAJULIMOHHBIM aHAIIUTUYECKUM
MOJIXOJIOM IIPH PELIEHUHU CIOXKHBIX 3a/a4.

3akio4enue.

[IpoBenénHoe wuccieoBaHUE MOATBEPAMIIO 3HAYUMOCTh BbIOOpa MeETOJa OLEHKU
HEONPEIECTEHHOCTH W3MEPEHHUI JUIsl MOBBIILICHUS] TOYHOCTH M HAAEKHOCTU METPOJIOTUYECKUX
naHHbiX. CpaBHUTENBHBINA aHamu3 MeTooB GUM u Monte-Kapio, BEITIOJHEHHBIH HA TIPUMEPE
KamuOpoBKU OumeTtarmueckoro Tepmometpa TBIT 63, mpoaeMoHCTpHpoOBal, YTO KaKIbIA U3
MOJIXOJI0OB UMEET CBOM NMPEUMYIIECTBA U HEJOCTATKH.

Meron GUM mnoka3an BBICOKYIO 3(Q(QEKTHMBHOCTb B YCIOBMAX JIMHEHHBIX Mojeneil ¢
HOPMAJIbHBIMU PAcCTpe/Ie]ICHUSIMA BXOJHBIX BENIMYMH. Ero uCnosib30BaHUE 00ECTIeUHBAET
MPOCTOTY ¥ BOCIPOU3BOJMMOCTh BBIYHCICHUH, a Takke MHUHUMHU3UPYET MOTpedieHue
BBIYHUCIIUTEIBHBIX PECYPCOB. DTO JENIaeT METOJ MPEANOYTUTENbHBIM JJIsi CTAaHJAPTHBIX 3ajad,
TpeOyIOIMX OMEepaTUBHONW U TOYHOM OIIEHKH HeompeneaeHHOCTH. OIHaKo 3TOT METoJ TpeOyeT
OoJibIlle BpEMEHU Ha BBIYUCIICHHS, YTO MOKET ObITh KPUTUYHBIM B YCIOBHSAX OTPAHUUYEHHBIX
pecypcoB.

UcnonwsizoBanue 1,000,000 cumymsiuii mo3BOJIMIO Y4ECTh IIUPOKHM CIEKTp (PakToOpoB,
BIUSIONINX HA Pe3yIbTaT U3MEPEHUH, U 00eCTIeUHIIO OIIEHKY HEOTPEICIICHHOCTH.

Takum o0pa3om, pe3ynbTaThl HCCIEI0BaHUS MOKa3bIBaloT, uro meron GUM ocraéres
CTaHAapTOM JUIsi OONBIIMHCTBA METPOJOTHYECKUX TMPHUIOKEHUH, OCOOCHHO B YCIOBHUSX
OTPAaHUYEHHOCTH BBIYMCIUTEIBHBIX MOITHOCTEN. B TO e Bpemsa meron Monte-Kapiio sBisiercs
BaYKHBIM JIOTIOJTHEHUEM JIJIs 337]a4 C BBICOKOM CIIOXHOCTBIO M JETAIIM3UPOBAHHOCTHIO aHAIMU3a.
[TepcnekTHBBI JATBHEUIIINX UCCIEOBAaHUHN BKITIOUAIOT pa3pab0TKy KOMOMHHPOBAHHOTO TIOJIX0/1a,
KOTOPBIA OOBEIMHUT CHJIbHBIE CTOPOHBI OOOMX METOJOB, YTO TO3BOJIUT JOCTUYHh BBICOKOM
TOYHOCTH U YHUBEPCAIBHOCTHU B OLIEHKE HEONPEIEIIEHHOCTH U3MEPEHHI.

96



Ne4(39) AAA XKAPLbICHI

bnazooapnocms, konghauxkm unmepecos
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OJILIEY BEJITICI3AITI'TH BATAJIAY: BUMETAJUIIBI TEPMOMETP
MBICAJIBIHAA GUM KOHE MOHTE-KAPJIO 9AICTEPIH CAJIBICTBIPY

Anoamna. byn makanaoa enwey 6encicizoicin baganayoviy GUM (Guide to the Expression
of Uncertainty in Measurement) sicone Monme-Kapno a0icmepiniy carvicmoipmanst manoaywt -
Ooen 120 °C-ga Oetlinei oenwey ouanazousl Jicane 0210iK cbinblovl 2.5 6ap THII 63-1 bumemann
MepMOMempiH  Kaiubpiey MbulCAIbIHOA — YCbIHbLIZAH.  3epmmey  Oeneicizoikmiy — Heelizel
Gaxmopnapvin, couvly iuiHOe CMOXACMUKAIBIK JHCIHE HCYUENIK Kameaikmepoi AHbIKIMAY2A HCIHE
canoviy manodayea oazeimmanzan. GUM a0icin Kondamy kenmezen npoyedypaniapobl OpbiHOAy
YWin oicozapvl mMamemMamuxanivly 60inimoi manan emeodi, an Moume-Kapno adici apmypni
3epmxananviK 3epmmeyiepee obanama 6oaa anaovi.

Onweneen memnepamypanvl CUNAMMA) YUiH MAmMemMamukaivlk Mmooeis eneizinoi, on E, =
= V. + AV, + 6V mypinoe ycoinvinzan, mynoa apoip KoMnoneHm sHcaanvt benicizoikke 63 yaeciu
Kocaowl: V. — mepmomemp ropcemxiwmepi, AV, — xarubpamopoviy mysemyi, an AV, — 6eniny
bagacvinbiy scapmoicvl. Tanoay npoyecine kezoelicox mepoenicmepoi baganay ywin eauwemoep
cepusicelHan A munmi cmanoapmmol Oeniciz0ikmi ecenmey, an Jucyueni kezoep yuin B munmi
cmanoapmmsl Oencicizoikmep OIpKenKi JHcoHe MIKOYpbluimbvl Kamenikmep mapaiyblh O0aHCay
apkulasl bagananadvl. Onuieynepoiy dxainvl cmanoapmmsl benzicizoiei kammy Kodg@uyuenmi
k=2 sicone cenimoinix deneetii (.95 boramuin keyelmineen ben2icizoikmi any yuin OipikmipineeH.

Mounme-Kapno a0icin Konoana omwipvin, CmamucmuKkaibl MARbI30bIIbIKKA KOJL HCEMKI3Y
ywin 1,000,000 cumynayus  owcacandel.  Tanday Homudicenepi  6apavlK — ecenmenceH
beneicizoikmepoi eckepemin COHebl my3eminicer memMnepamypa MaHi peminoe YColHbl0bl.

3epmmeyoiy nezizei makcamol — Oy o1uey Hcabowvlavl Ylin Kail 20icmiy MUiMOipex eKeHiH
AHBIKMAY JHCIHEe PYHKYUOHANObIK mayendilikmepee Hezizoenzen bencicizdikmepoi bazanay yulin
Microsoft Excel (nemece yKcac kecmenix 6a20apiamansik Kammamacol3 emyoi) natoaianyobly
KapanatiblMObLIbI2bIH KOPCEem) .

Tyiiin ce30ep: Monme-Kapno aoici, GUM, bumemann mepmomemp, 6encicizoix, kame,
Microsoft Excel.

MEASUREMENT UNCERTAINTY EVALUATION: COMPARISON OF GUM AND
MONTE CARLO METHODS ON THE EXAMPLE OF A BIMETALLIC
THERMOMETER

Absctract. This article presents a comparative analysis of uncertainty evaluation methods,
GUM (Guide to the Expression of Uncertainty in Measurement) and Monte Carlo, using the
calibration of a bimetallic thermometer TBP 63-1 with a measurement range of 0 to 120 °C and
an accuracy class of 2.5. The study focuses on the identification and quantitative analysis of key
uncertainty factors, including both stochastic and systematic error components. GUM modeling
requires a high level of mathematical expertise to perform many procedures, while the Monte
Carlo method serves as an alternative for various laboratory studies.

A mathematical model is introduced to describe the measured temperature, represented as
E, =V.+ AV. + 6V, , where each component reflects its respective contribution to overall
uncertainty: V. is the thermometer reading, AV, is the calibrator correction, and 6V, is half the
scale division. The analysis process includes calculating the type A standard uncertainty from a
series of measurements to assess random fluctuations, while type B standard uncertainties are
estimated for systematic sources, assuming uniform and rectangular error distributions. The
combined standard uncertainty is integrated to obtain the expanded uncertainty with a coverage
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factor k=2 and a confidence level of 0.95. Using the Monte Carlo method, 1,000,000 simulations
were generated to ensure statistical significance.

The analysis results are presented as the final corrected temperature value, accounting for
all calculated uncertainties. The primary goal of the study is to determine which method is more
effective for this type of measuring equipment and to demonstrate the simplicity of using Microsoft
Excel (or similar spreadsheet software) for evaluating measurement uncertainties based on
functional dependence.

Keywords: Monte-Carlo method, GUM, bimetallic thermometer, uncertainty, error,

Microsoft Excel.
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KOMMNbIOTEPHbIE HAYKW, MTPUBOCTPOEHUE N ABTOMATU3ALIUA

S% KOMMBIOTEPIIK FbINbIMAOAP, ACTATI XXACAY XXOHE ABTOMATTAHALIPY
COMPUTER SCIENCE, INSTRUMENTATION AND AUTOMATION

90K 004.85
FTAXA 28.23.25
https://doi.org/10.53364/24138614_2025 39 4 8

A.B.Omap'’, II.JK.Mycupanuesa®
lOn-Mapabdu atempars Kasax YTtk yHuBepcuTeTi, AnMatsl, Kazakcran

E-mail: aiym.omar98@gmail.com”

AT'PECCUBTI MASMYH/IbI )KIKTEY MIHAETTEPI YINIH ®EJEPATUBTI
OKBITY: TPAHC®OPMEP MOJEJIBJAEPI HETI'I3IHAEI'T 9 AIC

AHnoamna. Lugpnvix KOMMYHUKAYUAHBIY KAPKbIHObI OAMYbl UHMeEpHemme azpeccusmi
MasmyHoagvl ocazoanapovly Keberine ceben 06010bi. MyHOai MasmMyHObl cazoanapobvl
asmomammsl mMypoe aHblKmay Ka3ipeli 3aMAaHHblY 63eKmi Macenenepiniy 0ipi Oonvin omoip.
Anaiioa Oepexmepdi opmanvlk cepgepee HCUHAyea He2izoenceH 0ICMYpli maciioep diceke
aknapammuly KynusavleblH 0y3yvl Mymxin. Ocvl MaceneHi weutyoiy Oip daconvl — ghedepamusmi
okbimy 20icin Kondany. bByn adicme Oepexmepdi opmanvik cepgepee xicibepmeii-ax, apoip
Ratioananyuibl KYpoligblcblHOa dceke hopmaoa mooenvoi OKblmy Kapacmulpulidlvl. 3epmmey
HCYMBICLIH JHCYP2i3)y OApbiCbIHOA &bLIbIMU eybexmepee a0ebu wony Hcacanvin, hedepamusmi
OKbIMY 20iCiH KONOaHy madxcipubeci manoanovl. [lepekmep dicuviHmuvlzbl peminde 73 572
Hcazbaoan mypamvlH acpeccusmi JCoHe azpeccusmi emec MamiHOepOeH KYpan2aH apHalivl
Kopnyc naudanausliovl. Mooenvoi oxvimy ywin DistiiBERT mooeni naildanauwviiovl dHcoHe
oepexmep HCUbIHMbIbL Yl KIUEHM apacblHOa OOIHIN, JPKAUCHIChl MeK 63 HCA30aNapblH HceKe
oxbimmul. An cepgep ap paynomwiy convinoa FedAvg ancopummi apkvinvl 6apnvik KiueHmmep
YCblHeaH MoOelb napamempiiepi cepgepde Oipikmipinin, opmak 2100a10bi MOOeNb KYpbliobl.
Anvinean Hamudicenep Hezizinoe ¢hedepamusmi oKbimy 20ici eKi MaHvl30bl APMBIKULLLIbIEbIH
AHLIKMAObL: OJl ey AN0bIMEH, HCO2APbl 0NOIKNEH HCYMbIC HCACAlObl, eKiHUIOeH, aknapamka
KamvlCmul CeHIMOLIK NeH KYNUSLIbLIbIKMbL KAMMAMACHI3 emeoi.

Tyiiin ce3oep: peoepamuemi oxvimy, NLP, DistilBERT, FedAvg, kynusnviivikmsl cakmay,
azpeccusmi MazmMyH, K1accuguxayusiay.

Kipicme.

KubepOymiuHr, ommeHautiK Tull, KeMCITYy *oHe 0acka Ja BepOaiibl arpeccus Ma3MyH bl
MOTIH QJIEYMETTIK XKeJIeperi mikipaepae, )KapusaiaHbIMIap/ia skoHe jkeke XxabapiaManapia KeH
Tapanrad. MyHJ1all Ma3MyH/Ibl MOTIHJIEP JKEKE TYJIFaHBbIH AYMOLIMOHAIIJBIK KYHIHE Kepl acep eTi,
UHTEPHETTET1 KapbIM-KaTbIHAC MO/IEHUETIHIH OY3bUTybIHA ANl KeJyl MYMKIH.

byn moceneHi miemnty yIriH, SSFHM MOTIHJAEPJAETr! arpecCUBTI Ma3MyH/bl aBTOMATThl TYpJe
aHBIKTay MakcaTbiHAa Taburu Tingi eHuey (NLP) xoHe MamMHamIBIK OKBITY OJicTepi
KOJAaHbIIaAbl. Aaiiia, Oy menrMaepaiH KOImuUIiri maigalaHylibl JepeKTepiH KUHAYIBIH
KOHE OJIlapJbl OpPTAJIbIK CepBeple CaKTayAblH JJCTYpJl OmicTepiH KojjaHaabl. byn
KYIUSUTBUTBIKTBIH  OY3bUTYbIHA, AKIMAapaTThIH aFblll KETYiHE JXKOHE NEpPEKTEepIiH Kayirci3Jirine
OaiinmaHbICThI 0acKa /1a Kayinrepre okeslyl MyMKiH. ByJ acipece jkeke aknapaTThl aiianany MeH
TachIMaJiayAbl KaTaH MekTedTiH Jlepextepnai KopraynablH >xaimnbl epexeci (GDPR) cusaxrs
XaJbIKapaJiblK 3aHHaMa TajanTapblHa cail eTe MaHbI3/bI.

byn maceneni memy yuriH ¢enepatuBti okbITyAbl (Federated Learning, FL) mnaiinanany
ycbIHbUTa bl DeiepaTuBTI OKBITY CepBEpIEri OapIbIK JIepeKTep il OpTaIbIKTaHIBIPbIIFAH TYpAE
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KUHAYJIBIH OpHBIHA, OKBITY MPOIECIH TiKeJaed cMapToHAap Hemece KOMIIBIOTEPIIEp CHUSKTBI
naiJjananymsl KYphUIFbIIapbIHAA JKy3ere acblppiiagsl. ComaH KeliH 01 cepBepre AepeKTepIiH
©31H eMec, TeK OKbITY HOTHXKelnepiH xioepeni. CepBep Oyi1 AepekTepi 6apIblK KypbUIFbUIapIaH
JKUHAWUIBI, oap bl O1piKTipel )KoHe xKahaHIbIK MOJIENb/I1 )KaHAPTAIbI.

Byn Tocinm Kymust akmapaTThl KOpFayIblH KOFaphl JCHIEHiH KaMTaMachl3 eTeii, OHWTKeHi
OacTamkpl JepeKTep KJIMEHTTIH ©3iHAe Kalaabl )KOHE el apKbuibl OepinmMeiini, Oy nepbec
JIepeKTepre PyKcaTchl3 KOJI )KETKi3y )KOHE aFrblll KeTy TOyEKeJIepiH alTapibIKTail TOMEHAeTe 1.

Byn 3eprreynmiH Makcatbl (eaepaTUBTI OKBITY oiiciH Koimana oTwIpbi, DistilBERT
MOJICJIIHE HETI3/ICNTeH arpecCMBTI Ma3MYHIIBl aHBIKTAy JKYHECIH Kypy OOJBIIT TaObLIaIbl.
Y CBIHBUIFAH TACUIIE JepeKTep OipHele KIMEHTTEp apachiHAa OeiHell, OJapIblH OpPKaHCHICHI
©31HIH >KepPriuTIKTI MOJENIH yHpeTeni, cofdaH KeiiH mapamerpiep FedAvg anropurtmi apKbuibl
OipikTipineai. Byn Tocin maiijamanymsl AepeKTepiHiH KYNMHSIIbUIBIFBIH CaKTall OTBIPHIM, KOFaPhI
aHBIKTAy IOJITIHE MYMKIHIIIK Oepesi.

Marepuaniap MeH 3epTTey daicTepi.

Mopenbi OKBITY jkoHE Oaraiiay YIIiH arpecCHBTI Ma3MYH/IbI KYPAalThIH JepeKTep )KUHAFbI
KOJITAHBUIIBL. JlepekTep KUHArbl 73 572 MOTIHIIK JKOJABI KYpaiabl, OJapAblH OpKaiCBHICHIHA
OuHapibIK Oenri KoibutraH: 0 — arpeccuBTI eMec mikip, 1 — arpeccuBTi mikip. Xabapiiamanap
peTiHe maiananymbUIapAbIH aFbUIIBIH TITIHAE 9p TYypii ¢opmana *a3raH KpICKa MITIHAEPI
YCHIHBUTFAH: CaOBIPIIBI MIKIpJepACH OacTam arpecCcMBTI KOHE apaHIAaTyIIbl Ce37Iepre NCHiH.
JlepexTep KUHArbIHAa OepUIreH MOTIHAEPIHIH CamachlH )KaKCapTy MakcaThIHIA, MOTIHICPACH
apHaiibl TaHOaAIap, YMOA3MIEP MEH THIHBIC OENTiNepi anbIHBIN, OapibIK OpiNTep Killi opinTepre
aybICTRIpUIIBL. COHBIMEH Katap, 00C JKOJAap KoHe €Ki TaHOalaH KbICKAa MOTIHJEP >KOMBUI/IBL.
OpblHIanFad anjbplH aja eHJCY JKYMBICTaphl Oi3re XEeTKUIIKTI HYCKaja JEpPEeKTep KOPITYCHIH
KaJIBINTACTRIPYFa MYMKIHAIK Oepai. byl Monmenbai THIM/II OKBITY ’KOHE TECTUICY YIIiH Ka)keTTi
KaraalIapapl KAMTaMachl3 eTTi.

MoriHaepai HEMPOHJIBIK JKEIUTIK apXUTEKTypara kidepyre kapamIbl CaHIbIK (Gopmarka
typaenaipy ymin Hugging Face Transformers kiTanmxaHachlHbIH O6Jliri peTiHAE XKy3ere
acelpbutFaH ajmabiH ana gaveiHpanran  DistiIBERTTokenizer maiimanansuinel. Hotwkecinme
KOPCETUIreH e YIII Kipic KYpbUIBIMBI KaJbInTacThl (cyper-1):

- input_ids (MOTIHAEPIH CaHIapFa aifHAIBIPBIIFAH HYCKACHI);

- attention_mask (MaHbI3/IbI TOKEHIEP1 KOPCETYre apHaJFaH MacKa);

- labels (6epinren MoTiHHIH KaTeropusicel: 1 — arpeccuBTi, 0 — arpeccuBTI eMec).

input_ids \
[1e1, 2017, 2123, 2162, 2113, 2073, 2115, 6898...
[1e1, 4388, 24415, 4430, 4140, 14697, 7743, 10...
[1e1, 7632, 22052, 11156, 2400, 2350, 11891, 4...
[1e1, 2363, 1998, 5838, 12362, 102, @, @, @, 0...
[1e1, 1996, 27178, 2869, 10373, 2134, 2102, 25...

W E@

attention_mask label
1, 1, 1, 1, ... 1
1, @, 0, 0,
1J
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Cypet 1 — TokenaenreH yarifieri 1epexkTep KUHAFbI

Knaccudukarop peringe DistilBERT monem kommausuigsl. DistilBERT momeni BERT
MOJICTIHIH >KEHUIIETIITeH JKOHE OHTAMIaHBIPBUTFAaH HYCKAChl 00BN TaObiIaabl. OHBIH HEri3ri
ApTHIKIIBIIBIKTAPBIHBIH Oipl KOFaphl OHIMJLIIT] KOHE €CeNTey IIBIFBIHAAPBIHBIH TOMEHIITTH/IE.
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DistilBERT momensaiH cxeManblk KYpbUTBIMBL 1-cyperTte kepcetinreH [1]. On nepekrepai eHaey
OapbICBIHAAFEI Kipic KabaTbl MEH IIBIFBIC Ka0aThIHAAFBl OoJDKaMFa JIEHIHTI Kagamaapabl
OelHenenmi.

Tokenized Event Data
(Tokenpenren gepek)

L

Embedding Layer
(eexTOpFa alHanabpy
Kabatsl)

L

Distilled Transformer Layer
1 (TpaHchopmep KabaTbl)

L

Distilled Transformer Layer
2 (TpaHchopmMep KabaThkl)

\J

sssnsse

L

Distilled Transformer Layer
6 (TpaHcopmep Kabatsi)

L

Prediction Layer (Gonxam
Kabatbl)

Cyper 2 — DistiIBERT mozemniHiH apXUTEKTypachl

Cypette 3eprreyne naiganansuiran DistilBERT Mopeninig apXuTekTypachl KOPCETIITEH.
TokeHU3aUsIaHFaH Kipic IepeKTepl aJIIbIMEH BEKTOPJIBIK KOPIHICKE TYpJIEHEA1, COJaH KeiiH 6
Tpanchopmep KabaTTapbl apKbUIbI OTE/II.

DistilBERT mopeni [2] miekTey:ni ecentey pecypcrapblHa OaillaHbICThI TaH1aJ/1bl, OUTKEH1
on Oacranksl BERT enimauniriniyg 97% cakraiinpl, Oipak mapaMeTpiep.iiH KapThICHIH FaHa
naiizananaasl. byn oHbl (enepaTtuBTI OKBITY »KarJalblHIA arpecCUBTI Ma3MyHJIbl KIKTEY
MoceJieJIepiHe OHTANUIIBI HIeIIIM PETIH/IE YChIHAIBI.

Dedepamuemi oKbimy JHcyueci.

®denepaTuBTI OKBITY TYXKbIpbIMIaMachlHa TOKTaJICaK [3], Oy — JepeKTepii >KepriaikTi
KYpbUIFbLIap/ia CaKTail OTBIPBII, MOJIEbACPAl OKBITYFa apHaJIFaH MalllMHAIBIK OKBITY 9/icl. by
TOCUT JEpeKTepAiH KYMUSIBUIBIFEI MEH KayilcCi3firiH KaMTaMachl3 €Tyre OarbITTajFaH.
Jlepektepai opTallbIK cepBepre KidepyIiH OpHbIHA, 9pOip KYPHUIFBI MOAETBACP 631H/E OKBITAIbI
JKOHE TeK MOJIETTh TapaMeTpIIepiHiH KaHAPTyIapbIMEH, MBICAJIbI, CAIMAKTap MEH IPaIueHTTEPMEH
anMacassl. JKUHATFaH )KaHapTYIapbIH HET131H1e OpPTaK *kahaHIbIK MOIEIh KABINMTACTHIPHLUIAIBL.

®denepaTUBTI OKBITYABIH apXHUTEKTYpPAChl, KOJJAHBLUTYBI XOHE TYPJi calajmapiarbl Jamy
HepCHeKTHBAapbl Typajibl KeNTEreH 3epTTeyniep KypriszinreH. byn skymbictap QenepaTuBTi
OKBITYJIBIH KeJIeIIeT1 30p eKeHiH pacTaiisl. MaceseH 1-kectene keneci aBTOpiIapablH eHOeKTepi
KapacThIPBUIFaH.
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Marius Portmann, | Federated Learning for | anbikTayra apHaigraH 93% neHreiine
2023 Network Intrusion NIDS mopenin Gipirin | aHBIKTa bl
Detection OKBITY
[6] Dr.Aradhana Federated LSTM Model | ®enepatuBTi OKBITY NSL-KDD,
Sahu, Dr. Yousef | for Enhanced Anomaly | mex LSTM KDD-99,
xoHe T.0., 2024 Detection in Cyber mozenbaepin 6ipiktipy | UNSW-NB15
Security JIepeKTepiHIe
manmik — 98.9%
[7] B.Olanrewaju- Federated learning- 10T KypbUTFBLIAPBI F1-score — 93%,
George, B. based intrusion yLIiH penepaTusTi Recall — 99.9%,
Pranggono, 2025 | detection system for 10T | oKpITY apKBLIBI Precision —
using unsupervised and | anomanusiHbl aubikTay | 99.3%;
supervised DL models
[8] Arash Heidari, A Novel Blockchain- Jundeiikrepai ACC =98.9%
Nima Jafari Based Deepfake aHoHUM/II 9pi Kayinciz | AUC > 99.3%
Navimipour, Detection Method Using | Typze aHbIKTalThIH
Hasan Dag, Federated and Deep Kyiie xacay
Samira Talebi, Learning Models
Mehmet Unal,
2024

@®enepaTUBTI OKBITY HETI31HJE KYpBUIFaH JKyHesep YII HEri3ri KOMIIOHEHTTEH Typaibl,
OJIApJBIH OPKANCHICHl JKYHEHIH Y3IIKCi3 JKYMBIC ICTE€yiH KamMTaMachl3 €TE€TiH MaHBI3IIbI Poll
aTkapazsl [9]:

Knuenrrep — nepexrep/iH ueci 60bIin TaObUIATBIH KYPBUIFbLIAp Hemece yibiMaap. Onap
KEPruTikTi MOAENbAEPAl OKbITaJbl, JIEPEeKTEepJi ChIpTKAa MLIbIFapMail eHjeini. Mseican:
Cwmaprtdonnap, IoT KypbuIFbLIapsl, YHBIM iIIIHJETI CEpBEpIIEp.

CepBep denepaTHBTI OKBITYIBIH YHJIecTipymiici peTiHae opekeT ereai. On KIueHTTepeH
JIBIHFAH MOJIENb JKaHAPTYJIApblH JKUHAKTAI, IJ100aIIbIK MOJENbII KaJbINTaCThIpaasl. Mblca:
OpranbIK cepBep HeMece OYJITTHIK KYHe.

KoMMyHHKalIMSIIBIK-€CenTey OpTachl — KIMEHTTEp MEH CepBep apachbIHAarbl MOJEINb
napamMeTpiiepiMeH alMacyabl KaMTaMachl3 €TeTiH OailaHblc apHachl. KyNmusuibUIBIKTBI cakTay
ylliH mmdpray TexHoiorusiaapsl Koiaaaneansl. Meican: XKeni Gaiinanbicsl (Wi-Fi, MoOunbai
OaitaHpIC).

Byn ym KOMIOHEHTTIH e3apa opeKeTTecyl AepeKTepIiH KYNUSIIbUIBIFbIH CaKTail OTHIPHII,
YJIECTIPUIT€H OKBITY HMPOLECIH TUIM/I YHBIMAACThIpYFa MYMKIHAIK Oepeni. KinueHTrep sxepriaikTi
MOJICNIBJIEPAl OKBITCA, CEepBEp TJIOOAIIBIK MOJCNBIl YHIECTIpEIl »XoHE arperartaiibl, ai
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KOMMYHUKAIHSJIBIK-ECENTEy OPTAChl TapaMeTpiIep/IiH ajJMacyblH KaMTaMachi3 ereii. by xyiie
OpTaJBIKTaHIBIPbUIMAFaH JKOHE Kayilci3 TYpAe MOAEIbAlI OKBbITYFa MYMKIHIIK Oepeni, acipece
JIepeKTep KYNMUSUIBUIBIFBIH CaKTay KaXeT cananapaa Tuimai. Macenen 3-cyperre aBTop Shabnam
Saki [10] e3iniH MakanacelHIa KOJIIaHFaH (eepaTUBTI OKBITY apXUTEKTYPAChl KOPCETUITEH.

——————————— { 3-kapam: MNo6GangbiK Mogenbai GipikTipy KaHe kaHapTy J— e e

3
4 .‘E
pm—————— >eo—l]| l_'.—i-'f?' €--=-=-=-=-- ' g

- -
a

1-kagam: TancbipmaHbl
MHAUMannsaunanay

2-kapam: Xeprinikti mogeneai xaHapTy } mmmmmmmmaad

Cypet 3 — denepaTUBTI OKBITY 9/ICIHIH apXUTEKTypachl

Bbyn apxutektypa ym Herisri Kajamibl KaMTHTHIH (eiepaTUBTI OKBITYIBIH CTaHIApTThI
KYMBIC IIPOIIECIH KOpceTe Il

1. TanceipManbl MHULIMATU3ALUsIAY: cepBep OapiblK KJIMEHTTIK TyHiHaepre OacTamkbl
100K MOJIENh TTapaMeTpIIepiH xkidepei.

2. XKeprimikTi OKBITY: opOip KIMEHT ©3iHiH KEPTUIKTI JEepPEeKTepiH MaijanaHa OTHIPHII,
©31HIH KaHa »>KEPTUIIKTI MOJENIH OKBbITaAbl. Byl nepexkTtepaiH KYNMUSIbUIBIFBIH CaKTayFa
MYMKIHJIK Oepei, ce6edi nepeKTep i 631 naijalaHyibl KYPhUIFBICBIHIA Kala lbl.

3. I'mobanaplk arperanusi: cepBep KIMEHTTEPJEH aJIbIHFAH O KEPTUTIKTI  MOJeNb
JKaHAPTYyJIapblH OIPIKTIPY apKbUIbI skahaHIBIK MOJIENb/1 JKaHAPTaIbI.

2 xoHe 3-1111 KagaMaap KaKeTTi TJIIKKe )KeTKeHIIe KalTanaHnaasl. by ¢peaepatuBTi OKbITY
MIPOLIEC OPTYPJIl MAIIMHAIBIK OKBITY MOJENbJIEPIHE KOJIAAHbLIA IbI.

Knuenmmep apaceinoa oepexmepoi 6oy (IID npunyuni).

Kypriziiren 3epTrey >KYMbICHI asChlHIa JAEpeKTepAl YU KIMeHT apachkiHiaa Oemy IID
OPUHIUI OOMBIHINA XKYy3ere acajbl. Op KIMEHTKE IaMaMeH TeH MPOMOopLHUsAIa arpecCUBTI )KoHE
arpeccuBTi emec MaTiHAep OeniHi, Oyn acipece 4-cyperte akplH KepiHedi. Cyperre Kepim
oTbIpranbIMbI3fai, Oapnblk yimr kiaueHT IID (Independent and Identically Distributed) omicin
naiiianany apKbUIbl CaJBICTBIPMAbl TEH KeJIeMJIl akmapaT anfaH.  ATpeccuBTI  eMec
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xabapiamanap KeK TYCIIEH, aJl arpecCUBTI XabapiaManap KbI3blI TyclieH kepceTtiireH. Kennenexn
OChT€ KIMEHTTEP CaHbl, aJ TIK OChTE THICTI KJIAcCKa JKATAThIH KOPCETKIIMTEPiH CaHBI
Oeiinenenren. Hotmxkecinze:

Knuent 0: 9917 arpeccuBTti emec xoHe 9702 arpeccuBTI MATiH

Knuent 1: 9847 arpeccuBTti emec xoHe 9772 arpeccUBTI MATiH

Knuent 2: 9714 arpeccuBTti emec xoHe 9905 arpeccuBTi MOTiH

KnueHTTep bolibiHwWwa beny

10000

8000 +

6000

Kenemi

4000 -

2000 +

N arpeccuBTi eMec
BN arpeccuBTi

¥
KNWeHT 0 KNueHT 1 KNNeHT 2
KnueHTTep TisiMmi

Cypert 4 — [ID npunuumni G0UbIHINA KITUESHTTEP apachlHIa AEPEKTEP KUHAFBIH 00y

OenepatuBTi oKbiTyaa IID omici kimueHTTep apachlHOa JepekTepii TeH Oeny YIIiH
KOJITAHBUIAbl. SIFHM KJIacCcTap apachlHIAFbl TEMe-TeHJIK OoJy YIIiH KoJgaHaMmbi3. by
KJIacCTapbl aHBIKTAY OapBICBIHA AANIIKTI KAMTaMacChI3 €Te/Ii.

IID omicin MaTeMaTHKaNbIK TYPFbIAaH anFannaa [11], TomsIK qepektep ®KUublHbI —D, kenemi
— N OonaThIH KYIITapAbIH KUBIHTHIFBI peTiHAE (X;, ¥;), MYHAA X; — Kipic MOH (MBICAJIBI, MOTIH), al
y; € {0; 1} — coiikec KIacCTHIK METKACHI (arpECCUBTI EMEC HEMECE arPECCHBTI):

D = {(x;, y)3Ls ()
D= D,UD,UUDy, DD, Dl ~% 2)

Hepexrepai ylecTipiinyi Ke3iHae opOip KIMEHTKE ©31HE THECLIl JepeKTep >KUBIHBI — Dy
OacTamnkpl >Kalmbl KUBIH D-1eH Ke3[ecoK Typle aiblHa OTBIPBIN KiaccTap apachlHAa Tere-
TEHIKTI CaKTaiabl (arpecCuBTI eMecC KOHE arpecCUBTI):

Ply=c|x € D) =P(y=c|x €D), Vk,Vc €C, 3)
myHaarel C — kimaccrap, 6i3aiH xarmaina C = {0,1};
P(y =c|x € Dy)— k-KIueHTTiH JAepeKTepiH/Ie KITaCCCTHIH KE3IECY BIKTHMAIIBIFbI;
P(y = c|x € D) — 6acranksbl AepeKTep KUbIHBIHAFbI KJIACCTAP/IbIH >KULIIITI.

Ocpinaii 6ipkenki 66y iH apKaChIH/Ia op KIMEHT MOJIEbI1 OKBITY/1a Oip/Ieii MaHBI3IbI POIT
aTKapa anajbl. HoTmxecinae >keprurikri mojenbiaep Oip-OipiMeH yiieciMmal koHe >kahaHIbIK
MoJieJIbTe OIPIKTIPUITeH Ke3/e elIKaHIal KIMEeHTTIK JepeKTep 0achIMIBIKKA e OOIMai b,

HaTu:keliep :koHe 0J1apAbl TAJIKbLIAY.

byn Genimzae »KyprizuireH SKCIEPUMEHT HOTWXKECIHJAE TaHJaJIFaH TUIlep HapaMmeTpiepi,
KaTenik (yHKIUACHI, Oaranay KOpCceTKIITepi KoHe KOMJaHbLIATHIH OaraapliaMaiblK kKacaKkTama
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MEH ammnaparThlK OpTa Typaibl KochiMIna akmapar Oepinren. Distilbert momeni HuggingFace
Transformers kiTanmxanaceid naiaanansi PyTorch men6epinae okpIThlabl. KaTenik GyHKIUICH
peringe CrossEntropylLoss KOMAaHBUIABI KOHE OHTaWIaHAblpy Adam ONTHMH3AaTOPBIHBIH
KeMeriMeH ky3ere acwipbuinbl. CepBepaeri kahaHablk Mopaenb kaHapTyinapsl FedAvg
ITOPUTMIH KOJIIaHa OTHIPHIN O1PIKTIPiIL.

@DenepaTUBTI OKBITY 7 PayHIATHI KAMTBIABI, OJAPbIH OPKAMCHICHIHIA OApIBIK 3 KIHMEHT 3
noyipaeH oTTi. TokeHaep Ti30eriHiH MaKCHUMaabl Y3bIHABIFEI 128, 6aTd emmemi 16 xoHE OKY
KBUIAAMIIBIFBI 2€-5 Oomapl. OpHATBUIFAH MapaMmeTpiiepAiH TOJBIK KOPCETKImTepi 2-KecTene
OepiyreH.

Kecte 2 — [TapameTpiepIiH TOJIBIK KOPCETKIITEpi

ITapamerpJiep Ti3imi Mbomni
Knuentrep canbl 3 KJIMEHT
BipikTipy payHATapBHIHBIH CaHbI 7 payHq
OKpITY J19Yyipi 3 noyip
OKY &bUTTaMIbIFbI 2e-5
bary enmemi 16 6aty
I'paeHTTI OHTaNIaHABIPFBIII Adam
HIbIFbIH QYHKIHACH Cross-entropy
Monens DistilBERT
@peiiMBOpK PyTorch + HuggingFace Transformers
bipikTipy FedAvg
JlepexTep JKUBIHBIH 001y 11D
baranay kepceTkiri F1-score, Accuracy, Precision, Recall

3-KecTeqie KOPCETUITeH IeH, MOoJIeinb OapIBIK HETI3ri KOpCEeTKIImTep OOWBIHINA €Ki KIacc
yuriH ae (0 skoHe 1) )KaKChl HOTHKENIEPre KOJI JKETKI3reHIH Kepcek Oosanbl. Kepcerkimrepix
MYHJaii HOTHXKECI MOJENbJIiH OWHApibl KiacCH(UKAIUs HEri3iHAe 1o TaHy KaOileTiHiH
JKOFapbUIBIFBIH KepceTeni. COHbIMEH KaTap, macro avg >koHe weighted avg kepceTKimTepiHiH
HOTH>KECI KJIacCTap/bIH O1pKelKi OeliHreH1H pacTaiibl. OKbITBUIFAH MOJIETBAEP MEH HOTHKENEP
Google Drive-Ta cakrainbl )oHe oJlap/ibl KeJieci IKCIIEPUMEHTTep/Ie KallTa maiananyra Hemece
TaJaay )KYMBICTApPBIH KYprizyre 0oaibl.

Kecte 3 — Heri3ri kepceTrkimTep OOMBIHIIA HOTHXEIEP
precision  recall fl-score Support

0 0.93 0.96 0.94 36786
1 0.96 0.93 0.94 36786
accuracy 0.95 73572
macro avg 0.95 0.93 0.94 73572
weighted avg 0.95 0.94 0.95 73572

byn notmxenep yceiHpuiran DistilBERT mozgeni Herizinaeri ¢genepaTHBTI OKBITY OiCIH
arpeccuBT] Ma3MYH/Ibl aHBIKTaya KOJIaHyFa OONaThIHBIH pacTailibl, OYJ TeK YKOFapbl TQJIIKT1
FaHa eMeC, COHBIMEH KaTap HaKThl OPTa/ia CEHIMIUTIKTI KaMTaMachl3 €Telll. S-CypeTTeH KOpiHiIl
TypraHaai, Mojenbal (QenepaTuBTi OpTajza OKBITY OapbIChIHAA KaTelmiK (QYHKIMSICHIHBIH
TOMEH/ICY1 JKoHE JAIIIIKTIH >KOFapbliaybl rpaUKTEPIMEH aHbIK KOPCETIITEH.

Con xakTarbl Tpaduk (peaepaTUBTI OKBITYABIH 9pOip payHIbIHaH KeiliH loss MoHI Kaiaif
e3repreHin kepceresi. Macenen 6ipinmi paynara 60-tan 10-ra neifin tycrti. Keneci paynarapnaa
KaTeliK (PyHKIUSCHIHBIH MOHI OIpTIHAET TOMEHJEH Oepeli oHe 2-7eH a3 MHUHHMAJIbI MOHTE
xketeni. OH jkaKTarsl rpaduK MOJENbBIIH AJIIIT Kajail e3repreHin Kepcerei:
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- OipiHmI payHaTa Mamaik mamameH 0,96 Kypaiapl, OyJ1 MOJENbIIH 111 OomKaMaap kacay
MYMKIHJIIT1H KepceTe/i;

- eKIHIII YKOHE YIIIHIII payHATapAa IIIK Te3 apThin, 0,995-TeH acaubr;

- 4-ten 7-re neiin gonik MoHi 0,999 nenreiiine skereni, OyJ1 MOJIEIB/IIH )KOFaphI carara Kol
JKETKI3ETIH/IITIH KoHE SHI1 MaHbI3AbI TY3€TYJIEPAl KaKET €TIEeUTIHAITH KOPCETEIl.

Losses in Federated Learning Accuracy in Federated Learning
—— Loss 1.0001 Accuracy
60 -
0.995
50 - 0.990 4
0.985
40 -
o
a g 09801
3 301 §
0.975 1
20+ 0.970 1
10 0.965
0.960
0 4
1 2 3 4 5 6 7 1 2 3 4 5 6 7
Round Round

Cyper 5 — denepaTtuBTi OKBITYAAFBI KATETIK MEH AQIIIK rpaduri

Bunapns! kmaccudukanys MOJICTiHIH canachklH oJlaH opi Oaranay ymriH confusion matrix u
ROC xonmaubsuiApl, ONApIbIH OPKAKUCHICHI OOHKaMIApIAblH KAHIIANBIKTBl JKAaKChl EKEHIH
KepceTe/Ii.

ROC xucswirsl ocbTep 60HBIMEH KypbUiasl [12]:

— x-oci: False Positive Rate (>kanran OH HOTHXXeNEpIiH yJieci),

FP
FRP = ep T )
- y-oci: True Positive Rate (1bIHaiibl OH HOTHXKENEPIIH YJIecl),
TP
TR = T ¥ FN ®)

6-cypeTTe MO IIH SPTYPIIi MEKTEP/IE OH XKOHE TePIiC KIIacCTapIbl aXKbIpaTy MYMKIH/ITiH
kepceteTiH ROC (Receiver Operating Characteristic) Kucbifbl kopceTiireH. ChI3bIK IpauKTiH
JKOFApFBl COJI JKaK OYpBIIIBIHA HEFYPJIBIM JKaKbIH 00JIca, KIACCU(PUKATOP COFYPIBIM JKAKCHI
KYMbIC icTelai. bi3niy >karmaiia Moaens waeanabl MiHEe3-KYJIBIKTHI Kepcerendi, oiitkeHi ROC
KHCBIFBI COJI JKOHE YKOFAapFbl )KHEKTEpre TOJBIFBIMEH OarbITTaiFaH. EH MaHBI3IBI KOPCETKIM —
AUC (Area Under Curve) — 0.99, Oyn MmozenbiiH XxabapiaaManaapabl @XXbIpaTy KaOiaeTiHIH KOFaphbl
€KEH/JIIT1H KepceTeIl.

Confusion Matrix Mozenbli €Ki Kiacc OONBIHINA KIKTEY HOTIIKENepl Typajbl erkei-
TemKeim aknmapar 6epeni. 7-cyperte confusion matrix BU3yalIH3alUsIChl OEpUIreH, OH/Ia HAKTHI
CHIHBINITAP TIFIHEH JKOHE MOJENb OOJDKaraH CBHIHBINTAp KOJJACHEHIHEH KOpPCEeTUIreH.
Hotmxecinne: 6894 arpeccuBTi Ma3MyH ayphic »kikTenai; 7108 arpeccuBTi emec Ma3MyH AYpbIC
aHbIKTanfaH; 414 arpeccHBTI emec MbIcalfap KaTe TypJe arpeccuBTi nem xikrteneni; 299
arpeccuBTi Xxabapiiama KaTe TYpJAe arpecCUBTI eMeC JIeM KIKTee/I.
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Receiver Operating Characteristic
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Cyper 7 — Knaccudukanusiayra apHaiFaH
KaTeJIiK MaTpUIaChl

Cyper 6 — ArpeccuBTi ceitnemaepi
knaccupukanusuay yimia ROC-Kuchix

OkcriepuMeHT HoTIKenepi FedAvg anroputmin sxkoHe nepekrtepai Oipkenki (IID) Gemy
OMICIH KOJilaHa OTBHIPbIN, (enepaTUBTI OKBITY Xarmaiibinga distilbert momenbi HeriziHzeri
YCHIHBUTFAH apXHUTEKTypa J>KOFapbl NOJIIK TEH TYPAaKTBUIBIKTHI KepceTeni. bapiblk Herisri
KOpCETKIITepAiH MaHJAepi — accuracy, precision, recall xxone F1 — 0.94-ten acanpi, an ROC
KuceIFbIHBIH  KopceTkimi (AUC = 0.99) momenbpaiH Kiacctapiasl axbipara OuTy KaOiteTiH
pacraiipl.

KopbIThIHABI.

Byt skymbIcTa arpeccuBTI Ma3MyH/Ibl aHBIKTAy TalcChbIpMachl YUIIH (eaepaTHUBTI OKBITY/IbI
naiiianany MyMKiHAIrT 3epTTenii. bynm MiHaeT ocipece MHTEpHETTE KAyillCi3 JKOHE STHKAIBIK
TYPaKThI OailIaHbICTHI KAMTAMAChI3 €Ty KaXKeT HUPPIaHABIPY JoYipiHAe ©3€KTi O0bIN TaObLIA b
Herisri macenenepain 0ipi — KYNUsIIBUIBIKTEL 0y30aii oHE NepeKTep/Ii OpTaBIKTaHIbIPHUIFaH
cepBepiiepre TachIMaljaMail, NaiAagaHylllbl Ma3MYHBIH MOJEpalusiay KaKeTTUmr. by
MOCEJIEHI HIelly YIIiH (peepaBTUBTI OKBITY SJIC1 YChIHAIAIbI.

Heri3sri apxutextypa perinae DistilBERT Ttpanchopmaropiasik Mojeni TaHAaN b, O TOJIBIK,
BERT MopenbaepiMeH calbICThIpFaH/a €CENTey LIBIFbIHIAPhI TOMEH JKOHE JKOFaphbl JONJIIK MEH
OHIMIUTIKTI OipikTipeni. Moaens FedAvg anropuTmiH naiijanaHsil, yII KIHEHT apachlHIa
nepexrepai Oipkenki (IID) yitnectipy apkpuibl peiepaTuBTI OKBITY OPBIHIAIIIBI.

OKCIepUMEHT HOTH)KEJIepl YChIHBUIFAH TOCUIAIH JKOFaphl THIMAUIIIH pactaabl. Mojenb
94% xanmel ToIKKE KO KeTKi3a1, op kinacc yuiH F1 ymaiier 0,94 xepcerkimine TeH O0MbI.
[laTacy MaTpuachl ajlfaH OH JKOHE XaJlFaH Tepic MOHJEP/IiH €H a3 CaHbIMEH OoJIKayIap/blH
TeHrepiMal TapainyblH KepceTTi. CoOHbIMEH KaTap, OKBITY JUHAMHKACBIHBIH TIpadukTepl
arperaiysiHbIH OIpiHIII payHATapblHaH OacTam KaTelik (DyHKIMSACHIHBIH TYPaKThl TOMEHIEYiH
JKOHE JIONAIKTIH ©CYIH KOPCETT1, OYJI MOJENBIIH KbUIJaM KOHBEPTCHIMICHI MEH TYPAKThUIBIFBIH
KepceTe/i.

AJBIHFaH HOTIDKENIEp KOPCETKEHJIeH, a3/aFraH OKY payHITapbl MEH KIMEHTTEP apachiHAa
napameTpIiep/liH €H a3 aIMacybIMeH Je >KahaHAbIK MOJIeNbi eTe THIMJII OKbITyFa Oonaabl. On
JKOFapbl KiIaccu(UKaIs canachlH CaKTalIbl )KOHE opTYpJIl KaThICYIIbUIapAaH albIHFaH O1TIMI1
KaKChl KOPBITBIHBUTIANW B, Byt xkaFaiiia nepexrep naiiananymsiiapaa Kajaasl )KoHe cepBepre
OepinmMeiiii, Oy akmapaTThIH aFbIT KeTY KayIiH alTapJIbIKTail TOMEHIETE .

JlerenmeH, KyMbIcTa IIeKTeyep Oap: 3epTrey Tek aepektepain Oipkenki (IID) ynecripy
KaraalbeiHaa Kkyprizuial. bonamakra 6ipkenki emec (none IID) ynecripimi 6ap HEFypiibIM HaKThI
CIIeHapHiiniepii 3epTTey, CoHjaii-ak Oacka arperarray anroputmzepin cbiHay (FedAdam,
FedYogi) >xoHe HaKTHI *arJaiiapra *aKkblH/1ay YIIIH KIMEHTTE CaHbIH KOOEHTY »Kocmaplianyaa.
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OEJEPATUBHOE OBYUYEHUE /UIA 3AJIAY KIIACCU®UKALMU ATPECCUBHOI'O
KOHTEHTA: IIOAXOJ HA OCHOBE MOJIEJIN TPAHC®OPMATOPA

Annomayun. Cmpemumenvhuoe pazsumue Yu@pposvix KOMMYHUKAYUL NPUBENO K
VBEMUYEHUIO KOIUYECTNBA NOCMO8 A2PeCCUBHO20 cooepiicanus 6 Unmepneme. Asmomamuyeckoe
0OHapyJIceHUue MmaKko2o KOHMEHMA A6IAemcsi OOHOU U3 CAMbIX AKMYAIbHbIX NpoOieM Hauile2o
epemenu. OOHako mpaouyuonHvle n00X00bl, OCHOBAHHbIE HA cOOpe OAHHbIX HA YEHMPATbHOM
cepgepe, Mo2ym noCmasums noo yepo3y KOHQUOEHYUATbHOCMb AU4HOU uHGopmayuu. OOHUM u3
Ccnoco608 peuwteHusi Mo NpooOiemvl s61Aemcs UCNONb308aAHUe Memood hedepamusHo2o
obOyuenus. /lanHvlil Memoo noopaszymesaem UHOUSUOYAIbHOe 0OyueHue MoOelu Ha yCmpolcmee
Kad#0020 noiv3oeamers, be3 omnpasku OaHHbIX HA YeHmpalbhblll cepgep. B xo0e uccredosanus
OvL1 npogedeH 0630p TUMeEPAmypbl HAYYHLIX PAOOM U NPOAHATUZUPOBAH ONBIM UCNONIb308AHUSA
Memooa hedepamusrnoco obyuenus. B kauecmee nabopa OaHHbIX UCNONIB308ANCA CREYUATILHDLU
Kopnyc, cocmoawui uz 73 572 3anuceu azpeccusHblx u Heazpeccusnblx mexcmos. [na ooyuenus
mooenu ucnoavzosanacy mooenv DistilBERT, a nabop oannvix Ovin pazoenen mexicoy mpems
KAUEHMAMU, KAdHcOblll U3 KOMOPLIX 00Y4al MOIbKO C80U cOOCMBEHHbIE 3aNUCU NO OMOETbHOCMU.
B konye kasxcoozo paynoa cepsep ucnonvzyem anrcopumm FedAvg ona oovedunenus napamempos
MoOenu, npedoCmasieHHbIX 6CeMU KIUeHMAMU Ha cepaepe, c030a8asn 00uy10 2100aIbHYI0 MOOeIb.
Ha ocnosanuu nonyueHHblx pe3yibmamos MONMCHO COellamb 8bl800, YmMo Memoo (hedepamusHo2o
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00yYeHUs uMeem 08d BANCHBIX NPEUMYWECTEA. 60-NEPBLIX, OH pabOOmMAaem ¢ 8blCOKOU MOYHOCMbIO,
a 80-8MOpuIX, 0becneyusaem HAOeHCHOCHMb U KOHPUOEHYUAIbHOCMb UHGOopMayul.

Knwouesvie cnosa: ¢eoepamuenoe o0Oyuenue, 06pabomka ecmecmeenHo20 A3bIKA,
DistilBERT, FedAvg, coxpaneHue  KOHQUOEHYUATbHOCMU,  ACPECCUBHBIL  KOHMEHM,
Kaaccuguxayusi.

A TRANSFORMER MODEL APPROACH TO FEDERATED LEARNING FOR
AGGRESSIVE CONTENT CLASSIFICATION TASKS

Abstract. The rapid development of digital communication has led to an increase in the
number of offensive postings on the Internet. Automatic detection of such content is one of the most
pressing problems of our time. However, traditional approaches based on collecting data on a
central server can compromise the privacy of personal information. One way to address this issue
is to use federated learning. This method involves individual model training on each user's device
without sending data to a central server. In the course of the study, a literature review of scientific
papers was conducted and experiences with the federated learning method were analyzed. A
special corpus consisting of 73,572 recordings of aggressive and non-aggressive texts was used
as a dataset. The DistilBERT model was used to train the model, and the dataset was divided
among three clients, each of which trained only their own recordings separately. At the end of
each round, the server uses the FedAvg algorithm to combine the model parameters provided by
all of the clients on the server to create a common global model. Based on the results, it can be
concluded that the federated learning method has two important advantages: first, it works with
high accuracy, and second, it ensures the reliability and confidentiality of information.

Keywords: federated learning, natural language processing, DistilBERT, FedAvg, privacy,
aggressive content, classification.
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YJIKEH JEPEKTEP TEXHOJOI'UACBIHA IOJIY

Anoamna. AT canacvinoasel ypoicmep yHeMi 632€pin Omulpadbl JHCIHE HCAHA OKULAIAPObL
anoviH ana 6oadcay YUublMHbIY YUDPILIK pecypcmapobl, COHblH [Winoe YiKeH OepeKkmepoi
backapyoaevt comminiciniy Hezizei hakmopwl Ooavin mabwviiadvl. bByn 3epmmeydiy maxcamol
HaKmvl YaKblm pexcuminoe Kayincizoikmi Kammamacwls emy yulin yaKeH oepexmepoi 3epmmey
JHcoHe manoay.

Bubnuomempusnvix manoay Hamudicecinoe zepmmeyze KAmvlcmuvl Kilm cO30ep eHeizineen
137 aknapam kesinen anvinean 323 2ulibIMU MAKALA AIbIHObL. 3epmmeyze JHCYPHALObIK
makananap, Kimanmapowly Oenimoepi dxcaHe nameummep Kipoi. Foiivimu maxananap Scopus
acone WoS oepexkopnapvinoa anzauikbl KHcone Kaumanama Kiim ce3oep O0UbIHuA CYpamuliobl.
3epmmeyoe keneci adicmep Konoanwvliowl: (a) 2013-2023 sncvinoap apanbieblhoa HcapusiiaHaam
maxananapea uezizoenzen oicyueni 20eou wony odwcane (0) 2000-2023 xcvinoap apanviebinoa
makananapea — oubauomempusnbly — manoay  ocypeizindi,  RStudio  owcone  Bibliometrix
bazoapramanapul Ko10aHbl10bl.

Kypeizineen manoay mecizinoe asmopaap andagbl OHHCHLIOLIKMAPOa YUPDPIbIK KOSAMHbIH
icKepaik an1emi a0am MiHe3-KYaKbl MeH JHCaAcanObl UHMeILIeKm mypaisbl mepey Oinlimee HezizoenzeH
Kubepkayincizoikmi Kammamacwvlz emy YVulin yaKeH oOepekmepOoi 6HOeyze 0a2blmmaiean
cmpame2usmer aHbIKMAIAMbIHbIH KOPbIMbIHObLIANObL. Byn manday mexnHukanvlx mamanoapea
yudpaviy Kozamoaevl AT dwcone yaxen Oepekmepoi eHzizyee apHANZAH HCAHA MEXHOLOSUSIbIK
wewimoepoi Hezizoey YuliH KOJIOAHbLIYbl MYMKIH, COHOQU-aK YiaKeH Oepekmepoi KoI0aHOAbl
Maxcammapoa xcannai 6Hoey Kesinoe KubepKayincizoikmi dxcaxcapmy mypaisbl YCblHbICMapObly
He2i30iniein Danenoey yuin natoaiaHbliybl MyMKIH.

Tyiiin co30ep: ynxken Oepexkmep, CAHOLIK pecypcmap, O0epeKKopiap, OuOIuoMempusivlk
manoay, aknapammsix mexHoa02usnap, 0epekmepoi UHMELIEKMYaiobl manody.

Kipicme.
TexXHOJOTHSITBIK MHHOBAIUSUIAP MEH JIepeKTEP/Ii Tall1ay CallaChlHAAFbI )KETICTIKTEp, COHbIH
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IIHAE YIAKEH JAepeKTep, KOMIaHWsIap YIIiH €H TUIMII KOMMYHMKALMSJIBIK CTpaTeTrusIapabl
a3ipJIey/ie PEBOIIOIUSIIBIK MYMKIHIIKTED aIllajIbl.

Byrinri Tagna Big Data nepexktepai caktay MeH OHACY/IH JKaHa MapaJurMachlH YCHIHA/IbI.
YKeH aepekTep TEXHOJOTHSUIApMEH >KOHE aKMapaTThIK >KyHelepMeH KOJaay KepceTUIeTiH
JEpeKTepre Heri3IereH Tajjaay MaHbI3/Ibl JEPEeKTEePAl alyFa jKoHEe oJap/bl Ou3Hec-uHcalTTapra
alfHaJIBIpyFa MYMKIHIIK Oepeni. YIKeH IepeKTep i KOMITaHUsIap IbIH KaJlail MmakijaaHaThIHBIH
JKOHE OJIapJbIH CaHBIK CTpaTerusuiapibl Kajlail aHbIKTAHTBIHBIH TYCIHY YJIKEH KbI3bIFYIIBUIBIK
TYJBIPaJIbl KOHE OCHI 3ePTTEYIiH ©3CKTUIIrH HEeTi31ei .

AKnapaTThIK >KyHenepial KOpFay[blH KJIACCHUKAJbIK AapXUTEKTYPaJbIK oJicTepl >KaHa
TEXHOJIOTUSIIAPFA, COHBIH IMIIHAE YJIKEH AEPeKTep MEH JepeKTepi TalaayFa KOJAaHbLIMAIbI.
YJIKeH KeJIeMJIeT1 aKIapaTThl )KOFaphl KbUTAAM/IBIKIICH TaJAay IEPEKTEp aFbIHAApbl MEH €CenTey
UH(PAKYPBUIBIMBI apAChIHIAFbI Y3IKCI3 ©3apa dpeKeTTeCcy/Il Tanar eTei.

AKnapaTThIK KayiICi3QiK YIIIiH YJIKEH JIEPEKTEP/Il 3epTTEy MEH TalIayAblH MaKCaThl — YJIKEH
KOJIeM/IET1 aKImapaTThl HAKTHI yaKbITTa OHICY. AJaiiia, OyTiHri TaHa KeJieci MaHbI3/Ibl MiHJETTEP
QJIl JIe ©3€KTI:

1. YnkeH nepexTep/iH Ke3i: aHaJIUTHKA1a KOJIJaHBUIATHIH IEPEKTEP IiH TYITHYCKAIBIFbI MEH
TYTACTBIFbI, O©TKEH1 YIIKEH JAepEKTep KO31 KeHEIoe.

2. YJIKeH AepeKTep arbIHAapbIHIAFbl aKIAPATTHIH KYITHSIIBUIBIFEL.

3. AxmaparTel Tanjay Ke3iHAe YJKEH JepeKTep JKyHelepiH TYCIHYAlI KEHUIIETEeTiH
Kypaiiapsl BU3yalTu3aIisiay.

AKMapaTThIK TEXHOJIOTHSJIAP cajachlHa OPBIH aJlbI JKaTKAaH YIepicTep/i YIKEH JepeKTep
TEXHOJIOTHSICHIH KOJIIaHY HETi3iHAe Taujgay akmapaTThIK KayillCi3MiKTI KaMTaMachl3 €Ty
JKarJaliapelH FaHa €MEC, COHJAi-aK KOMMYHHKAIIMSJaFrbl KOITEreH >KarbIMChI3 ocepiep/il
OonmeipMayra MYMKIHIIK Oeperi. YJIKEH JEpEeKTepMEH >KYMbIC icTeyre apHanraH xaHa AT-
MaMaHJapbIH Aaspiay KaXeTTUIIr e3IrHeH KbIMOAT oHe KOIl IIBIFBIH/IBI Tajlal eTeTiH MpoIiece
00JIBIT TaOBLTABI.

byn 3eprreyniH MakcaTbl-yJKEH AEpeKTeplAl OHACY KOHE caKTay KayilcCi3IiriH Koca
IFaHa, JKaHAa TEXHOJIOTUSIIAPABIH MAaHBI3IBUIBIFBIH €CKEPE OTBIPHIN, YJIKEH JepeKTepIIiH
Kayilci3airi MeH TYCiHy IIeHOepiH Oenriiey.

Hepexrepai eHaey, cakTay xoHe 0epy Kayirnci3iri YJIKeH AepeKTepl 3epTTeyI1H MaHbI3 bl
acmeKTici 0oMbIn TaObUIaAbl. AKIapaTTHIH KYHBI 0ap oHE OHBIH aFbIll KeTyi OapIbIK caaiaparbl
OusHec-mipouiecTepre  aTapiblKTal  3usSH  KenTipyl  MyMkiH;  AT-keI3merrepi  ’kaHa
TEXHOJIOTUSIIAp/Ibl KOJI/IAay JKoHE cyileMeniey YIIiH JKeTKUTIKTI afieyeTke ue 00JMaybl MYMKIH;
YJIKEH JIepeKTep KAayilci3airi YJIKEH JepeKTep KayilCi3[iriHiH MaHbBI3Abl acCIleKTICl OOoJIbIT
TaObLIA/IbI.

Ocpuraiiia, YIKeH JEepPeKTep KaHa TeXHOJOTHSUIAP/bI 3€PTTEYTe JKOHE KOCIOPBIHIAPIbI
JAMBITY YIIIH aKmapaTThIK CTpaTerusyiapAbl ajlyFa MYMKIHJIK OepeTiH 3aMaHayd LUQPIbIK
KOFaMHBIH JIaMybIHJIaFbl MaHBI3/IbI KYOBUTBIC OOJIBIT TAOBLIA B

3epTTey MacenesepiH Ienry YuIiH TanfanFad opicreme 2013-2023 xbuinap apaibiFblHAA
KapUsJIaHFaH MakKajajlapra Heri3enreH 91e0u momyasl xkoHe 2000-2023 xpuiiap apajiblFbIHIA
Makayaigapra OuOIMOMETPHSIIBIK Tal1ayabl KAMTH/IBL.

TepTiHII eHEPKACINTIK PEBONIOIUSHBIH HUPPIIBIK TEXHOJIOTHUSIAPbI

OnepkocinTik  peBomtonust  (OP) omerre eHuipic  Kypaimapbl MeH  OHJIpICTi
yIBIMIACTBIpYAaFrbl PEBONIONUSIIBIK ©3repicTepli Oulnipeal, HOTHXKECIHJE IOWHIYCTpHAIIbI
KOFaMHaH WHAYCTPHAJAbl KOFAMFa OTY ’Y3€re acThl.

Kazipri mudpiblk Koramaa «OHEPKOCINTIK PEBOIONMS TEPMHUHI OETTe TEXHUKAJAFbI,
TEXHOJIOTUSUIIAp/IaFbl  JKOHE aJaMHBIH €HOEK KypajjapbIMeH OailaHblcy TocLIAEpiHJeri
TOHKEPICTEPIIH 9CEPIHEH KOFaM/1a OOJIBIN JKaTKaH camajbl ©3repicTepl Oumipe/i.

«OHEPKACINTIK PEBOJIIOLUSN» TYCIHITIH «TEXHOJOTUSJIBIK PEBOJIOLULY) YFBIMBIMEH KUl
IaTacThIpaabl. TeXHOIOTHSITBIK PEBOIIOIISIHBI TEXHOIOTHSUIBIK ITapaurMaHbIH 03repyi, OHAIpic
HET131H/e KaTKaH HeT13T1 TeXHOJIOTHSUIaPAbIH KUBIHTBIFBI PETIH/IE aHBIKTayFa 00Ja b,
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TeXHONOTHUSITBIK PEBONIONUS 3KOHOMHUKAHBIH OPTYPJIi calalapblHAAa JKOHE ONEyMETTIK
cajama eHOEK OHIMIUIIH TyOereini HeMece OKCIOHCHIHMAJIIbl TYPAE AapTThIPAThIH
TEXHOJIOTHSUIBIK MICTIMICP/Ii JKammai KoJJaHyFa HeTi3/IeIreH SKOHOMHUKAIBIK KbI3METTI )KYPri3y
TOCUTIH camajbl ©3repTyai oinaipei.

Nunyctpus 4.0 naMybIHBIH KO3FayIllbl KYIII €HAIPUITEH XyHenepaeH KuOephHu3uKaIbIK
xyhenepre (KOX) kemryi.

Enrizinren kxyhenep — opTypai Oackapy OOBEKTUIEpiHE OpHATBUIFAH OPTAIBIK OacKapy
0JIOKTapBHI.

KubepdusukanbIk sxylienep — BUPTya bl XKoHEe (PU3UKAIBIK d1eMaep/Ii OalaHbICThIPAThIH,
WHTEJUIEKTYa bl 00BEKTINIEP/IiH HHTEPHETTI, JKeIUIepAl JKoHEe JAepeKTep/l Mmaiijaiana OTBIPHII,
Oip-OipiMeH ©3apa opeKeTTecylHe MYMKIHAIK OepeTiH jkaHa TexXHOoJIorusuiapabiH (enabling
technologies) >KUBIHTBIFBI.

Industry 4.0 «bonamakka apHanfraH >ocmap» KyKaTbl COHBIMEH KaTap EHII3UIreH
KyHenepreH KuOep(hu3MKalbIK JKYHenepre Koyl TOpTIHIII ©HEPKACINTIK pPEBOJIOLUS e
aTaibl.

TepTiHII ©HEPKACINTIK PEBOJIOMUSAHBIH HETI3rl NpUHIUNTEpi. OHIipic TUpIaHIBIPY
JKarJalblHIa MallMHAIAP/AbIH, OHAIPICTIK JKyhenep MeH >KaOAbIKTapAblH e3apa OalllaHbICHI
apKbUIBl OM3HEC-TIpoIlecTepIi ©3iriHeH Oakpuiay >koHe Oackapy YIIIH WHTEIUICKTYalabl
KENepIl KypyFa MyMKIH/IIK O€peTiHi TypaJibl HIeSHbI KONl IbI.

LIndpablK TEXHONOTUSIAP — TOPTIHII OHEPKACINTIK PEBOIIONMSIHBIH HETI3r1 KO3FayIIbl
KyIIi. 3aTTap HHTEPHETI, )KaCaH/1bl UHTEJUIEKT, MAIIMHAJIBIK OKBITY KOHE YJIKEH JePeKTep CUIKTHI
KOHIETIIUSUIAP EPEKTEep KOJIEMiH alTapIbIKTall YIFalTyFa oKeJeTiH [MU(PIBIK TEXHOIOTHSIHBIH
Kellip acmekTinepi Oombll TaObUIAABI, OYJ CakTay CHIMBIMIBUIBIFBIH apTTBIPYFa KOHE
MAaIIHHAJIBIK OKBITYIAFbI )KeTicTiKTepre okenemi [1].

Peiircens sxone T.0. 2018 KbUTBI J)KacaaraH, )KUHAJIFAaH HEMECEe peIUTMKaIUsIaHFaH JIePEeKTep
kesieMi 33 3errabaiirtan 2025 xbutFa Kapaii 175 3ertabaiiTka neiiin ecerinin 6omkaabl. Data Age
Report momimerTepi Ooiibiama 2020 KbpuTbl agam3aT ImamMaMeH 51 3errabaiiT akmapar
KampITacTeIpAbl. 2025 KputFa Kapail OyJ1 JepeKTep KesieMi KbUIbiHA 175 3errabaiiTka JeiH
eceni. (1-cyper).

= 2015 2016 ' \'i("rnmmnaunmx
Jo10 201 2012 2013 2014 ki Emeronn

1 cyper — Kaiitananareia Big Data kememi

Wnnyctpust 4.0 KongaHbLIIaThIH KaHATBIKTapAeIH Oip1 - Big Data nen atanaTeiH nepekTepaiy
KUHAKTAJIybl. YJIKEH AEpeKTepAl XKUHAKTay — OyJl CaHAbIK KOFaM >KarjaiibiHia OusHec -
MakKcaTTap bl MENTyre MyMKIHAIK OEpeTiH KOMMEPIUSIIBIK MIHICT.

3epTTey MaTepuaAapbl MeH dicTepi.

YnkeH [epekTep KOHIENMUMSICHl >KaKblHAAa Taiina Ooyjpl: KOMIAHUSIIAP aJFalIKbl
AIIEKTPOH/BI €CeNTeyilll MallMHajap Maiga OOJFaH OTKEH FachIpJblH OpTachlHAaH Oacrtamn
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nepextepai skuHail Oactanpl. KommbioTepiep MeH cakray >KyienepiHiH KbIMOATTHIFbIHA
0allIaHBICTHI IEpEKTEPIiH ocyi Oasy OO IbI.

Ocpinaiiiia, "ynkeH pepektep" - Oy OacTramkbl cakray pecypcTapbl  peTiHAC
naianaHblIaTIH aKMapaTThIK JKYHeJIep MEH JepeKKopyiap Oenruni Oip yakpIT iIIiHAEC YJIKEH
KeJIeMJIeT1 JepeKTep/ii FaHa eMec, COHbIMEH KaTap HAaKThl ONepalusiap/bl 1a CaKTail alaThIHBIH
OUIIpeTIH KBl TEPMUH.

Bbyrinri Tapaa KoJ KeTIMII Kypanaap YJIKEH JepeKTepre ToH OapiIblK Mocenenepl Iiele
anMaiiael. JlereHMeH, onap a3 yakpIT IIIHAE SPTYPIIl IePeKTepIi OHAey Al OipIama KeHIIeTyre
MYMKIHJIIK Oepe/i.

YJIKeH AepeKTep ThIM YIKEH KOHE JIOCTYPIIl SAICTEPMEH OHACIMENUTIH AepeKTep KUbIHBIH
Oinmipeni, OWwI OHACYIIH »JKaHAa TEXHOJOTHSJIAPBIH CakKTay, Oackapy, Tajjay KoHe
BU3YAJTM3AIUSHBIH O3bIK KoHE Oipereil TeXHOJOTUSIIAPBIH Tajal eTedi. YJIKEH JIepeKTepIiH YII
CUIIATTaMAChI: KOJIeM, SPTYPIILIIK JKSHE JKbUIIAMIbIK.

Jlepektep Kesjemi op TYpJi KO3ICpIACH CEKYH]I CalbIH jKacajaaThlH JEPEKTep KOIeMiH
Oinmipeni. YIKEH OEpeKTepAiH KeJieMi JEPeKTEeP/liH yaKbIThl MEH TYpi CHAKTHI (hakTopiapra
OaitnanbicThl. Ka3ipri yakeITTa YIIKEH JEPEeKTep JIS CaHaIaThIH HOpCe OoJTamaKkra meKKe KeTreyl
MYMKiH, ©MTKEHI CaKTay ChIMBIMABUIBIFBI apTajbl KoHE OJIaH Jla YJIKEH KeJeMJeri IepeKTep
KUHATYBl MYMKIH.

ConpiMeH KaTap, Oipaeil emmemzaeri eki JepeKTep JKUBIHTBIFBI OJapAblH TYpiHE
OailJIaHBICTHI ICPEKTEP T OACKAPYIBIH SPTYPJIi SMICTEPIH KAXKET €Tyl MYMKiH, MBICAJIBI, MOTIHIIK
JEpEKTep jkoHe OeifHe JepeKTep.

KemaMaplK KOJIEMMEH THIFBI3 OalaHbICThI. JlepekTepai any >KbULAAMIBIFBl HEFYPIIBIM
JKOFapbl 00JIca, COFYPIIBIM JKacajFaH KeyieM YJIKeH 0onaabl. by cumarrama aknapaTThl FalaMTop
apKBUIBI Oepy JKoHE TapaTy JKbULIaMIBIFbIHA /14, HAKTHI YAaKbIT PeXKUMIHIC ACPEKTEPAl Talaayra
KaXKETT1 KbUIIaMIBIKKA J1a KaThICThl. KoMIIaHUsIapIbIH TYTHIHYIIBUIAP ACPEKTEPiH ay, Taiaay
YKOHE Taiilanany KbULIaMIIBIFBI OJlapFa 0aCeKeNeCTepiHeH apThIKIIBUIBIK Oepesi. ATl HapBIKTaFbl
aKMapaTThIH KO6JeMi MEH OpPTYPJILIITiH eCKepe OTBIPHIN, THKIpHOe KOPCEeTKeHIeH, 09CeKeIecTiK
apTHIKIIBUIBIK OipHEIIe MUHYT IMIiHAE KOFaTybl MYMKIH. OPTYPJLIK JIEPEKTEp KUBIHBIHBIH
KYPBUIBIMBIK O1pKEJIKi eMEeCTITiH Olnmipe/i.

JlaTyukTep MEH WHTEIUICKTYalibl KYPBUIFBUIAPIBIH Taiga OONybIMEH JepeKTepIiH
KYpJEIIri apThill, TEK ISCTYPJl JAEpPEKTepli FaHa eMecC, COHJai-aKk eHAeNMereH, >KapTbuiai
KYPBUTBIMJIAJIFAH )KOHE KYPBUIbIMIAIMaFaH JEPEeKTEP i 1€ KaMTHIbI.

JlrokaHk KoHe T.0. Oyl OJKBUIBIKTBI KOK VIIIH JKaHa LIeIIiMAep KaXeT eKeHIH
MOMBIHAANIBI, OMTKEHI NSCTYpJl TEXHOJOTHSUIAp KypbUIbIMJAJIMaraH JepeKTepMeH THIMI
KYMBIC iCTel alMaii/ibl.

JlerenMeH, KejeM, KbUIIaMIBIK >KOHE OpPTYPJIUIIK — OYJ YJIKEH JEpeKTEepAiH epeKIile
cUMaTTamMajapblHbIH KelOipeyepi FaHa.

TepHep >xoHe T.0. KeJieM, SPTYPIUTIK JKOHE KbUIIAMJBIKTHI YJIKEH IEpPEKTEpAiH Heri3ri
CHIaTTaMalapsbl Jem caHaiabl. (2-cyper).
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\o VISUALIZATION
VERACITY

2 cypet — YJIKEH JIEpeKTep/liH HEeTi3T1 mapaMeTpliepi

CaHIBIK OpTaJarbl aKmapar Ke3JepiHiH KeOerol JepeKTepAaiH CCHIMAUIITT MEH CEHIMIUTIK
JNEHTreliH Tanfaydbl KakeT eTell. YJIKEH JepeKTep [dyipiHJe KOMIIaHUsIap AepeKTep.IiH
Oenrici3NiriH MOWBIHIAYBI, OFaH OeiiMIenyl *KoHe OHBI MalJaNaHy JKOJAAPBIH aHBIKTAYbl KEPEK
[2].

CeHiMALTIK aJIBIHFaH MATIMETTEP/IH carachkl MEH CeHIMIUTIriH Oinaipeni. by actiekt ynken
JEPEKTep MEH Kayimnci3 ik aieMiHe ipresi 0obIin Tabbuta b, OUTKEHI AepeKTepre Kol KeTKi3reH
Ke3 KEJreH agaM KOJI JKETKI3eTiH JepeKTep/iH TYTAaCTBIFBIH TeKcepyre jkayanTsl. JKairaH
JEpeKTep Tajayaarbl KaTeJlepre 9Kelyl MyMKiH, OYJT 63 Ke3eTiHAe KOMIaHUSHBIH CTPATeTUsIChIHA
Kayiln TOHIPETiH Hallap MemiMAepre oKeryl MyMKiH.

YrnkeH JdepekTep CEHIMIl HOTIKENep[l ally YIIH apHailbl Kypalgap MeH YJIKeH
ITOPUTMICPAL KaXKET eTeIl.

Y7KeH AepeKTepAiH KeJeMi 6CKeH CallblH OHBIH 11IKI MOHIH KOHE OHBI Tajl/ay KOMITAHUSFA
KaJlal mMaiia OKeNeTIHIH ecKepy KaxkeT. Mocene MaHBI3Ibl €MeC HEMECE MaHBI3Jbl eMeC
JIepeKTEP/Ii HKOI0 JKOHE KaJlFaH JIepPeKTepIiH KOCIMOPBIH YIIiH Maiansl 00JybIH KAMTaMachl3 €Ty
00JbIIT TaOBLITAIBI.

EH TuiMal yikeH nepekTep mienriMaepi OW3HeC TananTapblH aHBIKTaynaH OacTanaTblH,
CoJlaH KeHiH OM3HeC MYMKIHJIITIH KojJay YIIIH HHQPaKYpbUIBIMIBL, AEpeKTep Ko3JepiH,
porecTep MEH MYMKIHAIKTepi OeliMIeHTIH memiMaep O0IbIn Ta0blIaabl.

YJKeH AepekTep KOMIIAHHs/Ia HEFYPIBIM KOIl aKmapaT 0ojica, COFYPIBIM OJI CEHIMIIpeK
0oajpl JKOHE >KaHa TYCIHIKTEpre ue OOJbIN, TYTHIHYIIBUIAPJBIH 1C-9peKeTi Typaibl OoKam
JKacail ajazipl IereH NpUHIUNI OOMBIHIIA )KYMBIC 1CTEH 1.

Yaxen oepexmepoiy canovix pecypcmapuvin 6ackapy cmpamezusicol

Ynken npepekrep uUprIaHABIPY apKbUIbI OacKapy CTpaTeTUsJIApbIH ©3repTe/l JKOHE
«OHepkacinTik pesomtonus 4.0» Aen aTanaThlH OW3HECTIH Oocekere KaOUMETTUNrIHIH >KaHa
nieKapacblH Oulipeni. YJIKEH JepeKTep TEXHOJIOTHSCHl IUQPIBIK pecypcTapAbl OacKapyablH
JIOIIPEK, MaKCcaTThl )KOHE KPEaTUBTI CTpaTeTrusIapbliH Kojaai anael. TyKbIpbIMIaMaJIbIK MOJIENb
NBDRA (NIST Big Data Reference Architecture) - Oy yitecimaiaik uHTepdericTepiMeH
OaiiaHpICTl Oec JIOTMKAJBIK (YHKIMOHAIABI KOMIOHEHTTEPAEH TYpPAThlH YIKEH JAepeKTep
Kyhect.

Bykin omemume okaHa Ou3HeC - MOZENBAEPHAl EHII3y JkKoHE O9CeKeIecTiK
apTHIKIIBUTBIKTAP/IBIH KaHa KO3JepiH AaMBITYy YIIIH YJIKEH JEepeKTep KOJJIaHbUIa OacTalbl.
BacekenecTik apTHIKIIBUIBIKTBIH KaHa Ke31 - KIMEHTKe OarjapiiaHy: Ke3 KelreH Oacka
KOMITaHUSIFa KapaFaH/la oJlapFa )KaKChIpaK KbI3MET €Ty YIIIH OJIapAbIH KaXKETTUTIKTEPIH TePEeH
TYCiHY.
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Kommanusinap 3 pecypcTapblH MIOFBIPIAHABIPBIN, KaXETTI KY3bIpETTepIiH OipbIHFal
JKy#eciH Kypybl kepek. KakeTTi Ky3bIpeTTepaiH OipbIHFail sxyieci MudpIbIK akTUBTEPIl Oackapy
CTpATETUACHIH/IA )KaHa MYMKIHIKTEp/Il Maiiiaany ®KoHe KIMEHTTEep MEH My I/Ielli TapanTap YIIiH
naija anxy yiriH Oepik Heri3 Kajdaiapl.

byn perre kommaHusuiap UHUQPIBIK ACPEKTEPIiH KayilcCi3airi MEH KYIUSIIBUIBIFbIHA
KaTBICTBl BIKTUMAJI TpoOieManapiabl a3aiTy YLIIH WHHOBAIMsUIap MEH Thaina Talyabl
TYTBIHYIIBIIAPABIH KYTYJIEPIMEH JKOHE dTUKAJIBIK HOpMaJIapMEH OipiKTipyl Kepek.

YJKeH JAepeKkTep TEeXHOJOTHSUIAPbIH KOPFAyAblH KOJJAHBICTAFbl TACUIAEpl, OMAETTE,
OippIHFAl KayimCi3iK TYXbIpbIMAAMachkl OOJMaFaH Ke3/e opTYpJ Kypaiaapisl NaiganaHyra
HET13/Ie/IreH.

byrinri Ttanma jxuHay, OIpIKTIpY, CaKTay J>KOHE Tajjay CHSAKTBI Oiperel TEeXHHKaJBIK
cUmarTamaiapsl 0ap yJIKEH AepeKTepAl, KYpbUIBIMIAIFaH XKoHE KYpbUIbIMIAaHOAFaH JepeKTepi
KOpFay/IblH ~ KYPBUIBIMJBIK  IpoLeAypajgapbl MEH OpEeKeTTepiH  CHUNATTalThIH  HAaKThI
TYKBIPDBIMAATFAH onicTeMe oK. JKuHay MeH OepyleH Oacram Tajjayra >KOHE KoWMara
OpHAJIaCThIpyFa JCHIH OHISyMiH OapibIK KEe3CHJAEPIHIEe MaHbI3Abl JEPEKTEepl KOpFayFra
OaFbITTANIFaH TOCIT KaKET

Meicanbl, NIST Oacrankeina aepekTepai eHIAeyaiH OapiblK TEXHUKAIBIK JEHICHIepiHIe
JepeKTEPiH Kayilci3airi MeH KYNUsJIbUIBIFBIHA Ha3zap ayaapyAbl YCHIHIBI, Oy JepeKTepMeH
e3apa dpeKeTTEeCy/lIiH O0ec Heri3ri uHTepherciH KaMTHIBI.

YkeH AepekTep JKyHelepiHiH Kayilci3mirine XeTKuTiKci3 KeHin Oemineni. Kemreren
koOasmap aKmaparThlK KayilCi3JliK MocelleJiepiH €CelNKe alMacTaH J3ipJICHENl KoHE JKy3ere
achIpbUIAABI, OYJI epTe Me, Keml Te, KayilCi3[IiK XYHelepiH eHTi3yIiH YakbpIThl MEH KYHBIH
ailiTapibIKTail apTThIpajbl, Keiije Ou3HeC YIIIH aca ayblp 3apJanTapra okeneal. YJKEH JepeKTep
yK00aaphlH JKY3ere achlpy Ke3iHae Kayirnci3aik Maocemnenepi eH 6achkiHaH OacTar KapacThIPhUTYhI
Kepek. OiiTnece, )x00a OM3HeC MYMKIHIITIHEH kaHa OM3HeC ToyeKesiHe aifHaTybl MYMKIiH.

HoTunxkenep :koHe 0JIapAbIH TAIKBLIAHYBI.

Odedbuemke oncytieni wony ocacay. Ludpasik aepexrepai (pecypcrapnbl) Oackapy
CTpaTerusiapblHIa TOPTIHIII TEXHOJOTHUSUIBIK PEBOJIOUUSHBIH XKaHAa TEXHOJIOTHSIIAPBIH
KOJIZJaHyFa JIereH aHFalJblK KeHOip yibIMaapIblH HUQPIBIK cTpaTerusiapAbl 1aMbITydaFbl
OCBI TE€XHOJOTHSJIAPAbIH MYMKIHAIKTEP] Typajbl XKETKIIIKCI3 xabapaap OOlybIH KepceTyl
MYMKIH.

ByJ1 )KyMBICTBIH MaKCaThl — KOMIIAHUSIIAPBIH YJIKEH IEPEeKTEP/Ii Mal1ajany JopekKeciH
JKOHE oJapAblH LHUQPIBIK CTpaTeTUsUIapblHA OCEpiH 3epTTey JkoHe Tannay. Iomynasl
OacHIbUIBIKKA aJTy YILIH KeJecl cypak KOWbLIAbL: YIJIKEH JepeKTep Kayirci3airi MaceieaepiHig
U (PIBIK aKTUBTEP/II OacKapy cTpaTerusiiapblHa ocepi KaHaai?

[udpaslk pecypcTapabl Oackapy cTpaTervsulapblHa KAaThICTBI YJIKEH AEPEKTEep TYpajbl
aFbIMJIaFbl TYCIHIKTI HBIFAUTy »KOHE OChbUIAlIAa KOWBUIFAH CypakTapra jkayan Oepy yIuiH 0i3
alJIbIMEH 9[iebueTTepre *yuesl Moiy kacar, cojlaH KeliH OMOIMOMETPUSIIBIK 10y JKacay bl
HICHITIK.

Kyiteni momynap, ASCTYpil HIONYIap CHUSKTHI, OUTIMJAErT OJKbUIBIKTApIbl aHBIKTayFa
KeMekTecedl. Anaiiia, ogeOuerTepai kyieni Typle MIodyFa KbI3BIFYIIBUIBIK - OyJ1 MPOLECTiH
OOBEKTUBTLIIIT MEH AaIIbIKTBIFBIH KOpCEeTeTIH OeiTapam, YThIMIbI JKOHE CTaHJapTTalFaH
TEXHOJIOTUSUIBIK TPOLIECC.

Tuimal momy OUTIMII 1ATepiaeTy YIIIH KYIITI Heri3 Oepesl, TEOpPHUSHBIH JaMybIH
JKEHUIIeTe 11, Kol 3epTTeyiep Oap aiMakTapAbl Ka0abl )KOHE 3epTTey KaKeT alMaKTap/Ibl
amapl. Ockl ce0enTi FhUIBIMU KaTaHIBIKTHI KAMTaMachl3 €Ty JKoHE Oip>KaKThUIBIKTHI a3aiiTy
YILI1H KY#en Moy Npouecid KaidTanayra 0omaabl.

OneluerTepal Kyheml oy Mpolieci MeIIMHA FhUIBIMBIHAH OacTay anajbl )KOHE JKbUIIap
OTKEH cailblH Oacka moHjep OoMbIHINA OUTIM KypyFa, ocipece T'yMaHHTapibIK 3epTTeyiepre
WHBECTHIIMS CAJIBIH/IBI, OYJI OJIC JKYPTi3UIETIH 3epTTeyiep/l KIacTepiiey YIIiH MaHbI3IAsl 0oja
Oacransr [3].
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3epmmey cypagvinbly myoucbipvimbl. 3epTTeynepai ipikrey mporeci 2023 KbUIABIH
KaHTapbIHJIa OTTI )KOHE Scopus MaJliMeTTep 0a3achiHIa 9IcOMETTEP Il 1378y KYPTri3iiai, OHBIH
OapeiceiHAa 137 mepexkesne 323 kyxkaT Tipkenai. Scopus aepekkopeiaaa TOPIC: ("ynken
nepektep') sxone TOPIC: ("kpunrtorpadus") konnanranHan keiin 2013 >xone 2023 xbuigap
apanblirbiHAa 323 Makaia ajibIH/bI.

Kocy kpurepwmitnepi: 2013 xone 2023 >xpuigap apalibIFbIHAAFBl Makalajap, aTaliFaH
JIEpEeKKopIap/a TOIbIK OKyFa KOJ JKEeTIMII )KoHe HU(DPIBIK cTpaTerusuiapAarsl YIKEH AepeKTepre
Oaca Hazap ayxmapbulgel. Epekmienik KpuTepuilnepi: KalTamaHAaThIH Makajanap, IpiKTey
KpuTepuiijepiMeH OailllaHbICTBI eMec 3epTTeyiiep, JKyienl Ioiylap MeH IuccepTauusiap,
COHJIali-aK KOPBITBIHIBICHI JKOK KY)KaTTap.

6-cypeTke colikec aBTOpJap 3€pTTEYIiH HAKTbl OaFrbIThIH AaHBIKTAYJbIH MAaHbI3IbUIBIFbIH
MOWBIHJIAMIBI IET€H KOPBITHIH/BI )kacay kepeK. COHAbIKTaH OipiHI Ke3€H 3epTTey CYpaKTapblH
TYKBIpBIMJIaYFa apHaJIFaH. byl cypak KaHmai 3epTreysiepal KOCy KepeKTiriH, THICTI OacTamKbl
3epTTeyJiep/i aHBIKTaY YIIIiH KaH/al 13/1ey CTpaTerusiChIH KOJIaHy KePEKTITiH KoHe apOip 3epTTey
YIIIH KaHJail JIepeKTepii aly KEpeKTIriH HAaCUXAaTTaWTHIH IIONYIbl OarbITTalbl. OJcOHETKE
Kyieni moiry 6ec ke3eHre 6emiHeni. Jlepekrep 3-cyperTe KopCeTiireH.

13TAIl

CTaTbM, BEIAB/IEHHEIE B
Hexnodeno
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2.9TAI | 3a HeCOOTBeTCTEHe - 45
Bribop A4 Hec/IegoBaAHUA |
3aro/JI0BKa H Te3McoB - 112 e

Fa-sa,qyﬁumposalmn -18
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-49
HCC/IeA0BaAHHA Hckmoaeso

4.9TAI 33 HeCOOTBETCTEBHe - 24
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3 cyper — 3epTTey CYparbIHBIH TYKBIPBIMBIL: KYHEIl IOy Ke3eHIepi

3epmmeydiy opranacyvi. OneOUeTTepre moJryJiap >kacay HaKThl CypaKTapblHa COHMKeC
KEJIETIH 3epTTeysiepJli MYMKIiHAIriHIIe TalyFfa, TaHIayFa >KOHe Oarajayfa ThIPbICAJIbI.
3epTTeynepal >KaH-)KaKThl 13/I€y IOy HOTHXKeEJIepl OapiblKk Kojijga Oap monenaepiai
€CKEepeTiHIHE JKOHE >JKOFapbl camajbl MaTepualjapra HETI3IeNITeHIHe KO3 KEeTKi3yre
MYMKIHIIK Oepe/ii.

3epmmeyoi manoay owcone 6azanay. KapacCThIpbUIaTBIH 3€pTTEYJEPIIH TEK MIONY
CyparbIHa )Kayarn Oepyre KaThIChl 0ap 3epTTeyiep/iH 00IybIH KAMTaMachl3 €Ty YIIIH 1piKTey
Kputepuidnepi Konganeuianel. lllemriMaep akmapaT Ke3AepiH KOCY KOHE ajblll TacTay
ceOernTepiH JI9JI KOPCETE OTHIPHIT JKa3bLUTaIbI.

Tanoay owcone cunmes. TuicTi NepeKKe3[epiH KUHAFBIH allFAaHHAH KEWiH, aKmapaTThl
TaJIall, KOPBITHIHIBUIAWTBIH YaKbIT KeJIi. byJT KaJaMHBIH MaKCcaThI-opTYPJIi 3epTTEeYIIep/l TalIay
JKOHE OJIapbIH ©3apa OaillaHbICHIH CHITATTAY.

JKytieni momyasiH COHBIH/IA 3€PTTEY CANACHIHBIH TOJBIK KUBIHTHIK KOPIHICIH KAMTaMachI3
€TeTiH OapIIbIK SHT13UINeH 3epTTeyNep/IiH aKnapaThl KepceTiie .

119



Ne4(39) AAA XKAPLbICHI

Homuoicenepoi orcapusnay. COHFbl Ke3€HJIE albIHFAaH HOTHIKENIED YCHIHBUIAJBI >KOHE
TaJKbLIaHA/IbI.

Ocpbl TakpIpbIl OOMBIHIIA FBUIBIMU OACOMETTEpAl 3epTTey KE3iHAE YIKEH ICpEeKTep
callaChIHAAFbl  3€PTTEYLIICPAIH  KbI3BIFYIIBUIBIFBIHBIH ~ apTybl  YJIKEH JI€PEeKTep.IiH
KayilCi3[IriH JKOHE OJIapAblH KOJJAHBUTYBIH KaMTaMachl3 €Ty TYKbIpbIMIaMaiapbiH
YCBHIHATBIH 3€pPTTEYJIEp MEH MaKajlajJapablH KeOeroi Oaiikaiibl.

Ochbl TYpFBIZIaH allFaHaa, Oy 3epTTey HUQPIIBIK pecypcTapablH Kayinci3airia 6ackapy
CTpaTerusiiapblH/a YJIKEH IEpPEKTEep/liH Kajlail KOJJAAHBUIATHIHBIH aHBIKTAy, Tajjay >KoHE
CBIHU TAJIKbLIAY apKbUIbl 91e0HeTTepre Kbl IOy KacayFa OarbITTalIFaH.

[3peynin THiMII OOMYBI YIIIH KOHE MYMKIHAITIHILE THICTI 3€pTTEYNIepre 9Keyi YIiH i31ey
TepMUHJIEP] peTiHae "yiakeH aepektep" jkoHe "Kpunrtorpadus’ aHBIKTANIBL. by kputepuiiiep
3epTTeyliH MaKcaThl MEH 3epTTEY MAceJeNepiH eCKepe OTHIPHIN aHBIKTAIABI (4-cyper).

Most Relevant Words
SECURITY

INFORMATION MANAGEMENT
HO-MOMORPHICENCRYPTIONS
PRIVACY PRESERVING
INTERNET OF THINGS

CLOUD COMPUTING

DATA PRIVACY

88

BIG DATA 308

0 50 100 150 200 250 300 350
4 cypetr — SCOPUS nepekkopbIHAAFbI 3epTTEYIEPAl ipiKTey Ipo1eci

Bibliometrix 6arnapiamanbik KypaiblH Naiinanany 0ipTe-0ipTe FBUIBIMHU 3epTTeYIepIiH
OapIIbIK TMOHAEpIHE Tapajiajbl KOHE SMITMPHKAIBIK yJiecke Oaca Hasap ayaapy IUQPIIBIK
pecypcTapiblH YJIKEH, OOJIIICKTEIreH XKoHe Kapama-Kaillbl aFbIHIapblHA OKEJICTIH YaKbITTa
(5-CypeT) ochblI 3epTTEy1i KapTara TYCipy YIIiH Kojaiasl. JKemnk MaTpuiiadsl Kypy yirs R
Studio, Bibliometrix - http://www.bibliometrix.org OarmapiamManblK KacaKTamachl
KOJITaHBLIIBI.
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5 CypeT — q)aKTOpJ'ILIK TaJIAay KapTacChbl

Keneci kamaM KaTeropusuibIK Ma3MyHIbl Taijgay O0oiabsl. OChbl TaKbIphI OOWBIHIIA
aKaJIeMUSUIBIK  oeOueTTepAl 3epTTey OaphiChIHAA 3epPTTEYIIUICPIIH YIKEH JACpeKTep
cajachblHa JIETCH KBI3BIFYIIBUIBIFBIHBIH apTybl OalKaabl, ©OWTKEHI YJIKEH JCPEeKTepAiH
U PIBIK PECYPCTAPBIHBIH KAayINCIi3AiriH 6ackapy (YJIKEH IEPEeKTep/li OHJCY KOHE CaKTay)
CTPaTETUsICBIHBIH TY>KBIPhIMIAMAJIAPbIH OHE OJap.IblH U(PIBIK pecypcTapabl backapyaa
KOJIJTAaHBLUTYBIH KOPCETETIH 3epTTEYJIep MEH MaKajajap CaHbl OipHeIIe ece ocTi (6-cyper).
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6 CypeT — SCpTTeJ'ICTiH cajiara KbI3bIT' YIIBIIBIKTBIH 3BOJJIFOLUACHL

7—cypeT 3epTTey/IiH HeT13r MaKalajlapblHa COMKEC aBTOpJIap >KeNiCiHiH reorpadusibik
TapajdyblH KepceTell. DJIEMEHTTEPIIH CaHbl OOWbIHIIA €H Kem YChIHbUIFaH enaep Keirait
(175), Yunicran (73) xone Amepuka Kypama Illtarrapsr (45) Gonbin TaOblmaabl, Oy Ke3
KeJITeH 0acKa ejiepre KaparaHja dJIeKaiia Kol MaKajalapMeH epeKIIeIeHe]T.
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7 cypet — Ennep GotibiHIa OipaeckeH aBTopIIap Kelici

TakpIpbINITHIK cO3 OciiHecl — Oyl JepeKTepAeri ce3nepAiH >KHUTTT MEH MaHbBI3IbUIBIFbIH
OipAeH TyciHyre MyMKIHIIK OepeTiH BU3yall[ibl YCBIHY TYPi — OYJI sKkarmaiiia MaKananapaarsl KT
ce3nep. Makananapaarbl TEPMHUHACPIIH (KUIT CO3JEpAiH) CaHbIHA IPOTOPIHUOHAIIBI Kapim
OJIIIeMI1 ©3Tepilt OTHIPAIbI, OYJI OJIap IbIH €H MaHBI3IBICHIH KCHIT KaObUIAayFa MYMKIHIIK Oepe/i.

Byn onmusHbIH MakcaThl MYMKIHAITIHIIE KeH ayKbIMIbI CO3AEpAl KaMTy KoHE 9pOip
OipyieckeH cinremere Oipieit caamMak OEpeTiH TOJBIK caHay dAICiH mainanany 6oybl. EH xui
KOJIITaHBUIATBIH KeJIeCl KINT ce3aepai Oeninm kKepceryre OoJajbl: «YJIKEH JIepeKTep»,
«xkpunTorpadus», « IepeKTePAiH KYTULIBUIBIFBDY, «CAHJIBIK CAKTaY», «OKCIIUIK KayITCi3 ik,
CUHTEPHET 3aTTapbl», KKIPYIli 0acKapy», «KYMHUSIIBUIBIKY KOHE «ayTCHTUDUKAIIHS.

«Kint ce3mepai colikectenaipy xemici (KCN) omeOuerTeri KinT ce3nep apachiHIAFbI
OaiinaHbpIcTapAbl 3€pPTTE€Y apKbUIbl FHUIBIMU/TEXHUKAJBIK calafarbl OuT1iM KOMIIOHEHTTEpl MeH
O1J1iM KYpBUIBIMBIH TYCiHYT€ OarbITTasFany [4].

3epTTey OapbhIChIHAA IEPEKKOP/Ia KeMiH/Ie OeC KYKAThl )KOHE 63 MaKalaJapbIHbIH KEMiHJIe
yIuI noriekcesi 0ap aBTopiap FaHa eckepiyial. by mekrey 17 Tonka TonTacTeIpbUIFaH 35 3J1€MeHTI
(aBTOp;mapsl) Oap JKemiHI KypJbl, OYJ OChl canajarbl 3epTTeyJiepre KaThICThl JAUCHEPCUSHBIH
Oeunrii O61p mopexecid kepcereni (8-cyper).
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8 cyper — BipieckeH aBTOPIIBIK kel

bipneckeH aBTOPIBIKTHI OUIIIPETIH dJeMEHTTEP] Kom TonTap-1 (KbI3bLT) sk0HE 2 (3KachLl)
Kjacrepiep. 1-kmacrepaiy OapiblK aBTOpIapbIHAA Makanajgap caHbl Oipjed >koHe cinTemerep
caHbl OipJieit.

2-xnacrepae Zhang Y. yariferi eH kel Makanamapbl 06ap aBTop [5] koHe OipiieckeH
aBTOPJIBIKKA €H Kol ciiremernepi 6ap aBropiap. Coi KiacTepae KonTereH Ky>karrapbl 6ap 6acka
aBTopiapasl Tabyra Oomanbl, mbicanbl Li J., Liu Y., Lu R., xone Yang L. [5,6] T. Kanran
KJIacTepJiep KeyeciJiel KIKTeneAl: il aJieMeHTi 6ap Oip kiactep, €Ki 3JIeMeHTI 0ap yII Kiactep
JKOHE OH €Ki KacTepie Tek Oip anemeHT 6ap (9-cyper).
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9 cyper — ABTOpIap/IbIH OipJieCKeH aBTOPIBIK KiIacTepi

10-cyper 6i3nin 3eprreyimizain KCN-iH ycbiHanpl. Makananapasl Tangay yII Kiactepre
oKeni, aran aiitkanza: 1-kinacrepne (kpi3but) 34 TepmuH, 2-kinactepae (xacbun) 11 TepMuH xkoHE
3-kactepae (kok) 6 Tepmun G6ap [7]. Byn kiactepai OypbIH KacanraH MaKaJaiap/bl TaaaayMeH
CAJIBICTBIPFAH Ke3/I€, KOJIJAHBUIAThIH TEPMHUHIEP/IET] COUKECTIKTI Kopyre 00JaIbl.

1-xmacTep: YJAKEH IepeKTeplli Tajjay: NepeKTep oJlapFa 3 ayJAMTOPHUSCHIH OiIyre KoHe
OChITaiIIa OJapAbIH YMITTEpiHE ColiKec YCHIHBICTap Oepyre MyMKiHIiK Oepeni. Jlepekrep kenemi
opacaH 30p oHE Ke3 KeJreH CyObeKTiHIH OHail KOJIbI )KETETIH OpTa/ia TYThIHYIIbLIAP ©3AepiHiH
JKEKe JIEPEKTEePiH pyKcaT eTiIMEereH MaKcaTTap/a 3aHChI3 MaijaaHy Typasibl KeOlpeK aaH aiabl.

s a -1
8 é ata \ ‘v
cryp;oglmgta g

10 cyper — KinT ce3nepai colikecTeHipy Kemici

YnkeH aepekTepAl Tangay TOpTiOiH aHBIKTAUTBIH HET13r1 2JIEMEHT YUbIMIapFa aKmapaTThiH
CUIIaThl MEH MaKcaTblHA TYTHIHYIIBIIAPJBIH KayINCI3irT MEH CEHIMILUIIIIH KaMTaMachl3 eTyre
BIKIIAJI €TETIH JIEPeKTep.li KOPFay/AblH alllblK TIXKIpUOenepi MeH cascaTTapblH eHrizy Kaxer [8].
Herisri ecen Oepy, allIbIKTHIK >K9HE alIBIKTHIK HHU(PIIBIK peCypcTapblH KayINci3aiK CTPaTerusChiH
6ackapy, OJap/bIH ©3apa opeKeTTecyl KoHe MIemiM KaObulgay YIUIiH YJIKeH MaHbI3Fa ue.

2-xiacrep: YJIKEeH JepeKTep/IiH CaHAbIK aKkTHBTEP KayilcCi3Airin 6ackapy crparerusuiapbiHa
ocepi AKTHBTEpJiH KayilCi3[iriH OacKapyAblH CaHABIK OW3HEC CTpaTerusuiapbl OW3HECTIH
Oacekere KaOUIETTUIIN MEH ©3€KTUIIIH caKTay YIIIH jKaHa pecypcTapibl KapacThIpyAbl KaKeT
eTel.
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3aMaHayu clLeHapuiiie AepeKTepal eHIIpy kKoHe Tajjay Oackapy MpOLECIiHiH THIMIUIIT
MEH HOTHXECIH apTThIpyfa bIKHan ereli. KocimopblHAap HaKThl YakKbIT PEKUMIHIE Tajlgayra
0onaThiH XKoHE OoyamaK cTpaTerusiapbl OAaWBITATHIH JCPEKTEPIIH KepeMEeT KOJIEMIHE KOII
JKETKi3e anajpl.

CaHaplKk aKTUBTEPAIH KayimncCi3miriH Oackapy cTpaTerwsulapblHa apHajFaH Taljaay
Kypaiiapbl eHIMIUTIK MeH Kap>KbUIBIK KIPICTiH jKaKcapyblHa OKEJIETIH HEFYpPJIbIM HETi3JeNreH
JKOHE CEeHIM/II menrimMaep KaOblaayra MYMKIHIIIK Oepeti.

3-kmactep: TexXHOJOTHSIIBIK e3repicTepre idecy YIIiH KOMIAHUSAJIAp EHTri3yl Kepek
xyienepain Typiaepi [9]. HakTel yakpITTa qepexTep/ai Tangay MyMKIHIIT Ke3 KEJIreH KOMITaHHS
YIIiH Tarbl Oip apTHIKIIBUIBIK OoNbIN TaObUIaABl. byil, ocipece, KOFApPhI IKBUILAAMJIBIKTHI
HapBIKTAp/1a )KYMBIC 1CTEHTIH KOMIAHUSJIApFa KaThICThl, MYH/1a OJ1ap CaHIbIK aKTUBTEPAl KMl
Oackapy CTpaTerusuIapblH JKy3ere achlpy VIIIH KHBIHABIKTAp MEH MYMKIHIIKTEpIi Te3ipek
aHbIKTay Kepek. bys onapra TyTHIHYIIBUIAPJBIH TajJanTapblH KaHAFaTTAHIBIPATBIH THIMIIPEK
JKOHE KPEeaTUBTI YCHIHBICTAPBIH jKacayFa MyMKiHik 6epeni [10].

Komnanusinap aBToOMaTTaHABIPBUIFAaH JKAacaH/bl MHTEIUIEKT areHTTepiMEeH *aObIKTalfaH
YJIKEeH JepeKTep KOWMaIapblH €HT13e/1, 0J1ap MAITUHAIIBIK OKBITY dJTicTepine sxone Mumycrpus 4.0
TEXHOJIOTUSIIapbIHA, dCipece YJIKEH AEpeKTepre *oHe OHbIMEH OalylaHBICThI TEXHOJOTHsIIApFa
cyieneni [11].

KopbIThIHABI.

Canppik akTuBTepAl Oackapyaarsl Big Data nemece Ynken [Jlepexrep pesti COHFbI OipHeIe
xpuia aptTel. ConbikTan 1udpIbK Koramaa Big Data aknapaTThIK TEXHONOTHSIAPBIH CHI13Y
TaKbIPHIOBI OOWBIHINIA OCBHI 3€PTTEY/AIH HETI3r1 yieci Ka3ipri yakpITTa OChl OUTIM canachlHIaa He
JKapUsJIaHFaHbI Typajibl KOpPHEKI TYCIHIK Oombill TaObuiaAbl. bi3 OChl TakKbIpblll OOWBIHILA €H
MaHBI3Jbl KOHE O3€KTI >KapHsUIaHBIMAAPAbI AHBIKTA/BIK, €H YJIKEH FBUIBIMH KBI3BIFYIIBLIBIK
TYIBIPFAH TaKbIPBIITApbl 93IpJeiiK XoHE LUQPIBIK KOHTEKCTE TEXHOJOTMSHBI Maiinanany
Typajibl TOJBIK aKmapaT VCBIHIBIK. 3epTTey CypakrapblHa >kayan Oepy ymin RStudio
OarapiaMalnblK KYpaJbIHBIH KOMETIMEH Kyheml ofie0ueTTepre Moy *oHe OHMOIMOMETPHSIIBIK
Tannay 9JicTeMeci TaHJAIbI.

YHewmi e3repin otelpaThiH AT TeHaeHUMAIapbIHA OailIaHBICTHI XKaHa OKUFaIap/ sl 0oaMaii
TYpbIl OoJKay YHBIMHBIH 3aMaHayd HU(PIIBIK aKTUBTEp/l OacKapyaarbl TaOBICBIHBIH MaHbBI3/IbI
Gemiri Oosbin Tabbutaabl Erep mu@piblk akTUBTEpZl KOpFay >XOHIHZIET! CTpaTertep MIemliM
KaOblIAayJblH HEri3ri MOTUBTEpIH TyciHce, ojap Oenrun Oip CEHIMAUIIK J9peKeciMeH
KapchlaacTapAblH Ooalak ic-opeKeTiH 0oyKail anaipl.

MBpicansbl, TYTHIHYIIBUIAPIBIH MiHE3-KYJIKbI MEH 9JIETTEPIH O0JKay apKbLIbl KCIMOPBHIHHBIH
IUQPIBIK aKTUBTEPIHIH KayilCI3AIK MeHekepiepl Oy3ylibl TYTBIHYLIbIIApAbl aHBIKTA,
cermeHTTel anasl. LIIBIHBIHIA 12, MAKCATTHI AyIUTOPHUSHBI XKOHE 9pOip CErMEHTKE €H YJIKEH acep
eTeTiH Xabapiapapl TyCiHy OapiblK canajgapAa OW3Hec-TpolecTepli AQJIIpeK eTe ajajbl.
Hudpasik gamy Mojesi SKOHOMHUKA MEH OHEPKOCINTI TOJBIK IUGPIaHABIPYAsl Ke3aeiial. by
OHIMJIEP/IiH, >XaOABIKTBIH >KOHE OHIIPICTIH «aKbUIABI MOJETIH» HEMECe «aKbUIABI IUPIBIK
eri3in» naiganany. Tasy Oomnamiakra FeUIBIMIBI JAMBITY, )KOFaphl OUTIKTI Kaapiap Aaspiay, 03bIK
OH/IIpIC TEXHOJOTHIAPbIH €HT13y JKOHE QNIeMJIIK JIeHreiaeri Oipereil Ky3bIpeTTepal JaMbITy J1a
OacTbl OachIMABIKTap OosiMak. JlereHMeH, akmapaTThIH KOJI JKETIMIUIIT OHBIH KayilcCi3firiHe
KeMUIAIK OepMeili JKoHEe KOMMAHHUSIHBIH OM3HEC MOceNeNepiHiH HaKThl MISIMIIMIH KaMTaMachl3
erneiini. [epexrepal Tangay memiMaepi kail FaHa Kypall eMec, HapblK NeH KOMIaHUSHBIH 631
KacaraH KYHJbl akKlapar HeTi3iHJe akKlaparT ajly oHe IIeNlM KaOblijay Kypajbl OOJIbII
TaObIIa/bI.

busnectiy Oocekere KaOUIETTUIIrl apTKaH cailblH, YHBIMHBIH CTpATETHsCHl OW3HECTIH
Oacekere KaOILIETTUIIN MEH ©3€KTLIITH CaKTayAblH JKaHa pecypcTapbl MEH KOJJapblH KeOipek
€CeriKe allybl KepeK. byJ1 HaKThI koHe CeHIM/I1 aKnapaTKa, COHAal-aK OacKapylIblIbIK MHTYULUSFA
HETI3/IeNITeH MIeNNM KaObUIIayapl Tanan erefi. Anm Oy OM3HeC MOceseNepiH MIeIyTre MYJIeM
Oacka ke3Kapac 00BN Ta0bUIAABL. YIIKEH JEPEeKTepiH aHATUTUKAIBIK MYMKIHIIKTEP1 MaKCaTTh
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ayJIUTOPUSHBIH MIHE3-KYJIKBI Typasibl MaHBI3/Ibl TYCIHIKTEp Oepe ajajbl )KoHE YJIKEH JIepeKTep
peCypCTapbIHbIH TUMPIBIK KayilCi3airiH 0ackapy CTpaTerHsChIHBIH apKacChIHAa KOMITAaHUSHBI
HApBIKTa HEFYPIIBIM OTKIp KOHE THIM/II OPHAJIACTHIPYFa KOMEKTECEI.
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TEXHOJIOI'MM BOJIbIIUX JAHHBIX: OB30P

Annomayusn. Tenwdenyuu e cgpepe UT nocmositHHO MeHSOMCsl, U NPOZHO3UPOBAHUE HOBbIX
cobbimull s18/151emcsl  K/AK4ve8biM (HAKMOPOM YChewHo20 ynpaseHus yYugpposviMu pecypcamu
opz2aHusayuu, ekaw4as 6oavwue daHHble. llenv daHHO20 uccaedosaHusi — usyveHue U aHaau3
6016WUX daHHbIX 0151 0becneveHust 6e30NACHOCMU 8 PeXCUME PealbHO20 8peMEHU.

B pesynemame bubnuomempuueckozo ananiusa 6vi1o nonyyeHo 323 nayuuvie cmamou uz 137
UCTOYHUKO8 UHpOpMAYUU, COOepIHCcauux Kiiouesvle C108d, C6A3aHHble C ucciedosanuem. B
uccnedosanue OULIU HCYPHATbHbIE CIMAmbl, 21a8bl KHU2 U namenmol. Hayynvie pabomsi Oviiu
omobpanvl 6 bazax oanHvix Scopus u WoS no ocHOBHbIM U 6MOPUUHBIM KIIOYEBbIM Cl08AM. B
uccne008aHuU NPUMEHAIUCH clledyrouue Memoobl: (a) cucmemamuyecKuti 0030p iumepamypsl Ha
ocnoge nyoauxayuti 3a nepuod 2013—2023 ce.; (06) Oubnuomempuueckui auaiuz cmamel,
onybnukogannwix 6 2000—2023 22., ¢ ucnonvzosanuem npoepamm RStudio u Bibliometrix.

Ha ocnose npogedénnoco amanuza aemopvl npuxoosam K 6blo0y, Ymo 6 Onudcatiuue
Odecamunemusi 0enosas cpeda yugpogozo obuecmea 0Oydem oOnpederamvcs cmpamezuel
00pabomku 6OILUWUX OAHHBIX, HANPABIEHHOU HA 0becneyenue Kubepbe3onacHocmu, 0CHOBAHHOU
Ha 21YO0KOM NOHUMAHUU 4el08eYecKo20 N08e0eHUsl U UCKYCCMEEHH020 UHmelleKkma. Jlanuii
aHanu3 MoodHcem OblMb UCNONL306AH MEXHUYECKUMU CReyuarucmamu 0as 0060CHO8AHUSA HOBbIX
MexHoNo2UecKux peutenuti no eéneopenuio UT u 6onrvuux 0anuvix 8 yugposom obuecmse, a
makxce 01 NOOMBEPIHCOeHUss ~ 0OOCHOBAHHOCMU — NPEONONCeHUU N0 NOBLILUECHUIO
Kubepbezonachocmu npu Maccosol 0opabomie 6OIbUUX OAHHBIX 8 NPUKIAOHBIX YesX.

Knrwoueevle cnoea: Oonvuwue  OanHvle, yupposvie  pecypcvl,  6azbl  OAHHUIX,
oubnuoOMempuyeckull aHaius, UHGOPMAYUOHHbIE MEXHOLO2UlU, UHMELIEeKMYAlbHbIL aHAIU3
OAHHBIX.

BIG DATA TECHNOLOGIES: AN OVERVIEW

Abstract. Trends in the IT sector are constantly evolving, and the ability to anticipate new developments
is a key factor in an organization’s success in managing digital resources, including big data. The aim of this study
is to explore and analyze big data in order to ensure security in real time.

As a result of the bibliometric analysis, 323 scientific articles were obtained from 137
information sources containing the keywords relevant to the study. The research included journal
articles, book chapters, and patents. Scientific publications were retrieved from the Scopus and
WoS databases using primary and secondary keywords. The study employed the following
methods: (a) a systematic literature review based on publications from 2013 to 2023, and (b) a
bibliometric analysis of articles published from 2000 to 2023 using the RStudio and Bibliometrix
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software.

Based on the analysis, the authors conclude that in the coming decades, the business
landscape of the digital society will be shaped by a strategy focused on processing big data to
ensure cybersecurity, grounded in a deep understanding of human behavior and artificial
intelligence. This analysis can be used by technical professionals to justify new technological
solutions for implementing IT and big data in a digital society, as well as to substantiate
recommendations for improving cybersecurity during large-scale processing of big data for
applied purposes.

Keywords: big data, digital resources, databases, bibliometric analysis, information
technology, data mining.
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KOMMNbIOTEPHbIE HAYKW, MTPUBOCTPOEHUE N ABTOMATU3ALIUA

S% KOMMBIOTEPIIK FbINbIMAOAP, ACTATI XXACAY XXOHE ABTOMATTAHALIPY
COMPUTER SCIENCE, INSTRUMENTATION AND AUTOMATION

YK 004.89
MPHTH 28.17.33
https://doi.org/10.53364/24138614_2025 39 4 10

P.M. CaaBaxkacos®’, K.JK. CagBakacoBa®
'EBpasuiicknii HatmoHanbHbIH yHuBepcnTeT uM. JI.H.I'ymuesa,
Acrana, Ka3zaxcran

*E-mail: sadvakasov_ramazan@mail.ru

MOJEJIMPOBAHUE INPOLECCA 9BAKYAILIUU B YCJIOBUSAX ITOXKAPA C
UCIIOJIb30BAHUEM VR-TEXHOJIOTUI: CPABHUTEJIbHBIN AHAJIN3
MAKPOCKOIINYECKUX, MUKPOCKOIIMYECKUX U T'NBPUJIHBIX
moaxoao0B

Annomayun. B cmamve paccmampueaemcs mooenuposanue 36axyayuu 1ooei u3z 30aHuil
npu nodcape ¢ UCHONb308aHUEM MAKPOCKONUYECKOU, MUKPOCKONUYECKOU U 2UOPUOHOU MOOeNEl.
Lenv pabomvl — paspabomra nooxo0008 OJisk MUHUMUZAYUU BPEMEHU I8AKYAYUL U NOBLILUCHUSL
beszonachocmu r0o0el uepe3 aHaiu3 OUHAMUKU Osudxcenusi moansl. HMcciedyromes enobanvhule
Xapakxmepucmuku nomoka (MaxKkpoCKONU4ecKas Mooeib), UHOUBUOYAIbHOE NOBEOeHUE A2eHMO8
(MUKpockonuueckas Mooev) u KOMOUHUPOBAHHBIU NOOX00 (2UOPUOHAsE MOOdeNb). cnonb3yiomcs
mexnonoeuu, maxue xak Unreal Engine (UE), onsn co30anusi ummepaxmueHvlx Cumyasyuil.
Hayunas snauumocms pabomvl — CpaGHUMENbHBIUL AHAIU3 MoOeell O/ NPOSHO3UPOBAHUS.
epemenu s8akyayuu. Ilpaxmuueckas yeHHOCMb 3aKIOYAEMCs 6 ONMUMUZAYUU APXUTNEKMYPHbIX
pewieHutl, paspabomke 36aKVAYUOHHBIX NIAHO8 U Co30aHuu VR-cumynsayuii 01s o06yYeHus.
Pesynbmamor  nokasviearom, umo MAKpOCKORUYECKas MoOelb 0aém OblCmpylo  OYeHK),
MUKPOCKONUYecKas ydumovléaem nogeoenue nooel, a 2ubpuoHas mooenb Haubojiee MOoYHO
ompasxicaem OUHAMUKY I6AKYAYUU.

Knwuesvie cnosa: Deakyayus niodell, noxcap, MAKPOCKONUYECKAs MOOeb,
MUKpOCKONUYecKas Mmooelb, 2ubpuoHas Mooelb, UMUMAYUOHHOE MOOeluposanue,
BUPMYATbHASL PEATbHOCTb, KPUMUYECKAsE CUMY AYUSL.

BBenenue.

AKTyanbHOCTb HCCII€IOBaHUS OOYyCIOBJI€HAa POCTOM YHCIa KPUTUYECKUX CHUTYaIuH,
TaKUX KakK TOXKaphl, NPUPOJHBIE KaTtacTpodbl ¥ TEXHOTCHHBIE aBapuUH, KOTOPHIE
NPEACTABISIIOT CEPHE3HYI0 YIrpo3y Ul KHU3HU U 3J0pOBbS JIIOAEH, a Takxke Uil
UHPpPaCTPYKTYphl. B  yClOBUSX Upe3BhIYAWHBIX MPOUCHIECTBUN KIIOUEBHIM (pakTOpOM
YCHEIIHOTO0 MCXO0Ja SBISETCS OBICTpOE NPHUHATHE pEHIeHWH Ha OCHOBE TOYHOTO
MPOTHO3UPOBAHMS MTOBEICHUS IO U TMHAMUKHU UX dBaKyaruu. COBpEMEHHBIE TEXHOJIOTUH
MOJETUPOBAHUsI, BKJIIOYas BUPTyaldbHYIO peanbHOCTh (VR), mpenocraBisiioT HOBBIE
BO3MOJKHOCTH JUUTSI aHAJIN3a U OTPAOOTKU JEHCTBUUA B SKCTPEMATIbHBIX YCIOBHUSIX.

TexHoNMOrUHM BUPTYaJbHOU PEATbHOCTU CTAHOBATCS d(PPEKTUBHBIM HHCTPYMEHTOM JJIs
W3YUYCHUS TOBEJCHUS JIIOJIEH W ONTUMHU3AIMU ABAKYal[MOHHBIX MapuipyToB. COBpeMEHHBbIE
UCCIIeIOBAHUS TOATBEPKIAIOT, 4TO VR-METOABI MO3BOJSIOT HUCCIENOBATh BHIOOP BHIXOJIOB
MpU dBaKyalllH, OIICHUBATHh BIWSHUE PAa3TUUYHBIX (DAKTOPOB (HAmpumep, 3HAKOB BBHIXOJA U
MOBEJICHUS OKPYIKAIOIINX ) U MOJIEITMPOBATh MACCOBBIC IBAKyaIllMK B YCIOBUAX Toxkapa [1-3].
Hannsie VR Takke mpuUMEHSIOTCS s KadTUOpPOBKH areHTHBIX MOJEJIEH, YTO IMOBBIIIAET
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TOYHOCThH MPOTHO3UPOBAHUS PEANLHOTO MOBeAeHUs ntoiei [4]. MccaenoBaHus MOKa3bIBaIOT,
YTO BHUPTYaJbHbIE CpEIbl MO3BOJISIIOT 0€30IaCHO MOJEIUPOBATh IMOBEACHHUE JIIOJACH B
YCIIOBUSIX CTpecca M TPEBOXKHOCTHU, YYUTHIBAas IMCUXO(HU3MOIOTHYECKUE acmeKkTsl [5-—8].
Ocoboe BHUMaHUE yJIENseTCS HCIOJb30BAHUIO COBPEMEHHBIX TeXHOJoTui, Takux kak UE,
IUIS CO3/1aHUs PEATMCTUYHBIX CUMYIISIUM, KOTOPbIE MO3BOJAIOT OTpadaThiBaTh CTpaTEruu
JIEUCTBUHM B BUPTYaJIbHOU Cpefe.

Ilenpro maHHOM pPabOTHI sABIsAETCS pa3paboTKa UMHUTAIMOHHOW 3D-Monaenu moBeaeHus
areHTOB, KOTOpas TMO3BOJHUT aHAIM3UPOBATh HUX JCHCTBUS B KPUTUUYECKHX CHUTYalUUIX HU
IPOTHO3UPOBATh DBaKyallMOHHbIE MapupyThl. Jlis AOCTHXKEHUS OSTOW 1enu Obliu
OIIPEAEIICHBI CIEAYIOIINE 3a1auH:

1. IlocTpoeHne MareMaTUUECKON MOJEIU JBU)KEHUS ar€HTOB.

2. Peanu3zanus airopuTMOB 3BaKyalluu B BUPTYaJbHOH cpefe.

3. MHTerpanus pe3yJbTaTOB B UTPOBbIC ABWKKH (HanmpuMmep, UE) mis Buzyanuzanuu u
ananuza [9].

[TonyueHHble pe3yiabTaTbl MOTYT OBITH HMCIOJB30BaHbl [Jsi OOy4YeHHUsS IepcoHala,
TECTUPOBAaHUS IJIAHOB 3BaKyallud U COBEPLICHCTBOBAHUS MPOEKTUPOBAHUSA 3AaHUN C TOUKU
3peHusi 0€30MaCHOCTH.

OOBeKTOM HcclleIoBaHUs SBJISIIOTCS METOJIbI MOJIEIMPOBAHUS MMOBEJEHUS YEIOBEKa B
KPUTHYECKUX CUTYyalUsX, C aKIEHTOM Ha moxkapbl. [IpenMeToM mcclieoBaHUs BBICTYMAIOT
MaTeMaTUYeCKUe MOJEIM — MaKpOCKONMYecKas, MHUKPOCKONHMYECKass M TuOpuaHas, —
MpPUMEHSIEMBbIE ISl OMMCAHUS IMHAMUKHU JBH)KEHUS TOJIBI U IPOIIECCOB dBaKyaIllu.

['mnoTe3a uccineqoBaHUS 3aKJIIOYAeTCs B TOM, YTO KOMOMHUPOBAaHHBIA (TrMOpUIHBIN)
NOAXO0M, OOBEOUHSIONMNA MPEUMYIIeCTBa MaKPOCKOMUYECKOM W MHKPOCKONMHYECKON
MoJenel, Mo3BOIsIeT JOCTUYh HanboJiee TOUHOTO MPOTHO3MPOBAHUS BpEMEHHU ABAKYyallUU U
VYUTBIBATh KaK TI00aldbHbIE XapaKTepPUCTUKH MOTOKA, TaK M MHIWBHUAYaJIbHOE MOBEICHUE
areHTOB.

TeopeTuyeckass 3HAYUMOCTh HCCIEOBAHUS COCTOUT B MPOBEICHUU CPABHUTEIBHOTO
aHaly3a CYILIECTBYIOLUIMX METOJ0B MOJEIMPOBAHUS IOBEACHUSA JIOJEH B KPUTUUYECKUX
CUTyallUsiX, BBISBICHHUM HUX OrPAaHUYEHUM M TPEUMYIIECTB, a Takxke B pas3paboTke
pEeKOMEeHJalHi 10 TPUMEHEHHUIO THOPHUAHBIX MOJIEJIEH 7151 MOBBIIIEHUS TOYHOCTH MPOTHO30B.
[TpakTrueckass 1EHHOCTh pabOTBHl Ompejaensercss B BO3MOXKHOCTH  MCIOJIb30BaHUs
MOJIYYeHHBIX JAHHBIX IS

—ONTHMH3AINU  APXUTEKTYPHBIX  peHIeHWW  (Hampumep,  TPOCKTUPOBAHUS
HBAKYAIMOHHBIX MyTEH U BBIXOJOB);

—pa3paboTku 3P (EeKTUBHBIX MJIAHOB IBAKYAIINH;

—CO3/1aHUsl UHTEPAKTUBHBIX VR-cuMymnsauuii ay1st o0y4yeHus crenuaiiucToB.

Takum 00pa3oM, JaHHOE HCCIeOBaHUE HAMPABICHO Ha pPElIeHHWE aKTyaJbHOU 3aJa4u
NOBBIIIEHUS 0€30MacHOCTH JIOJIeH B KPUTHYECKMX CHUTyallMsiX 3a CYE€T pa3BUTUSA
TEOPETHUECKUX U MPAKTUYECKUX MOAXO0A0B K MOAEIUPOBAHUIO UX MTOBEICHUS.

Matepunanbl M1 MeTOAbI HCCJIEJOBAHMS.

B pamkax wuccnemnoBaHus OBUTM M3Y4YeHBI pAa3UYHbIE TOIXOIBI W CpPEACTBA IS
MOJIEJIMPOBAaHUS TOBEJIEHUS YEIOBEKa, a MMEHHO: KJIETOYHbIE aBTOMAThl, HENpPEpPHIBHBIC
MeTO/Abl (HAa OCHOBE aHAJOTMM C JAMHAMUKOW JKUJKOCTH), OpOYHOBCKOE JBMIKECHHE,
HbIOTOHOBCKYIO MEXaHUKY, MYJIbTUAareHTHbIE U rpadoaHaIUTUIECKUE METOJbI, a TaKKe UX
KOMOMHAIMK B paMKax THOpUAHBIX Mojenel (cM. tabauna 1) [10].

Ta6J'II/II_Ia 1- Metoanl MOACIIMPOBAHUSA TTOBECACHUA YCIIOBCKA

/n MeTtonanl Conepxanue ITmrocer MuHychbl
Knerounsix Merton kinerounslx aBromatoB | HecnoxHoe [loBenenune
1 | aBTomaTOB BIIEPBBIE paccMoTpesl (OH | OMUCaHHE Toen
Heiiman. D10  nuCKpeTHas OTPaHUYEHO BO
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MOZENb, TA€ BpeMs U | IPaBUI U IPOCT | BPEMEHHU u
IIPOCTPAHCTBO JUCKPETHBI, a | B pealu3aluH. IIPOCTPAHCTBE

COCTOSIHUE KJIETKH 3aBUCUT OT
eé cocenei

HenpepsiBubie PaccrossHue mexny moasmu | MoxHO l'unoreza 1 He
METOJIbI MEHBIIE OKPYXKAIOIIEro | pacCMaTpuBaTh | NOAXOOUT  IIpU
(pusmueckux IIpOCTpaHCcTBA. B ypaBHeHuUM | Kak BBICOKOH
IIPOLIECCOB JBUKCHUS YeJI0OBEKa | JUHAMMYECKYIO | INIOTHOCTH
JUHAMUKU YUMUTBIBAKOTCS TPU TUIIOTE3BL: | CUCTEMY JIOJIEH.
YKHUJIKOCTH ) 1.CkopocTh areHTa 3aBUCUT PesynbTar
OT IJIOTHOCTH OKPY’KAIOILHMX, TUIOTE3bI 2
X TOBEACHHWsS W BHELIHEH 3aBUCHUT oT
CpEJbl. UH(POPMHUPOBAH
2. AreHTbI UMEIOT LEb. HOCTH areHToB, a
3.AT€HTBl  MUHUMH3UPYIOT TUIOTE3bl 3 —
BpeMs B IIyTH, YYMUTHIBas oT IIPUYUHBI
IIEpBbIE  JBE  THUIIOTE3BI. JIBUKECHUS u
Yucnennoe pelieHue MOTHBALUH
II0Ka3aJ10 AHAJIOTHUIO c
JUHAMHUKOU KUJIKOCTH:
KQKJbIA 3JEMEHT TOJIBl —
4aCTULA )KUJIKOCTH
BbpoynoBckoe Mopnenp nIBUXKEHUS areHra, [Ipumennma He
JBUKCHHE OCHOBaHAa Ha  YPaBHEHHH Ui BCEX
Pokkepa - [limanka CUTyaluu
HsroroHoBckas JBrxenue areHra He npumenumo
MEXaHUKa ONMCBHIBACTCS  HAa  OCHOBE K TIeTEepOreHHON
BTOpOTo 3akoHa HproToHa TOJIIIE, rae
areHTbl UMEIT
pa3IMyYHbIEC LEIH
U
XapaKTEpUCTUKU
Mynpetuarentnele | B MopenupoBanuu cosmaércs | [Ipocroii cnoco6 | Hamnuue
METO/IbI HaOop MpaBWi, KOTOPBIM | 33JaHUs MpPaBUJ | OOJIBIIOTO
MTOJAYMHSETCS KXl areHT, | MOBEACHUS JUIS | KOJUYECTBA
oe3 OInucaHus BCEU | YYaCTHUKOB apaMeTpoB,
JUHAMHYECKOW CHCTEMBI BIMSIOIMX  Ha
MIOBEJICHUE
NI
I'padoananutiye | MeToa ocHOBaH Ha u3yyeHuu | Mogeins Boicokas
CKHMI METOJ MIOBEJICHUE TOJIIIBI B | ONHCHIBAET CJIIO)KHOCTh
pEAIBHBIX YCIOBUAX CTaTUCTUYECKUE | pacuera
rapameTpsl
TOJIIIBI:
CPEIHIOO
CKOPOCTb,
IIJIOTHOCTh u
BpeMs
JOCTH>KEHHUS
eI
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I'uGpuaHbIe Hcnonb3yer  komOuHamuio | st co3manus | TpyaHo
7 | MmeTonbl HECKOJIBKHX MMOAXOJIOB, | MOACTICH 00BEINHUTD
BKJIIOUAsl MJCK CKAJSPHBIX | TOBEICHUS HECKOJBKO
oJiei MOKHO MMOIXO0/I0B B
00BEINHUTD OJHOH MOJEIHN
NpPEMMYIIECTBA | U3-3a  Pa3HbBIX
JIPYTUX MOJENEH | METOOUK
B OJTHOM T€OPUU | OMMCAHUS
B3aUMOJCHCTBU
W B TOJITIE
Monens ADPLV | Unes MMHUTAUUOHHOTO | Pe3ynbTaThl Heso3zmoxxHO
8 MOJICTTUPOBAHHUS 3aKJIFOYAETCA | MOJEIUPOBAHUS | TPUMEHUTH K
B cnaboit 3aBUCHUMOCTH | COBIIAJIaI0T C | TETEpOreHHOU
CKOPOCTH  JIBIDKCHMsI  OT | HaOJIOJCHUSMH | TOJIIIEC c
IJIOTHOCTH OKPY>KarOIIHUX pa3IMYHBIMU
HEIIMU H
XapaKTEePUCTUKA
MM areHTOB
Ilpumeuanue - Ucmounux: [10]

Kaxxaplii MeTOJL MOXKHO OTHECTM K OJHOMY M3 TpEX YpOBHEH MOJICIUPOBAHHUSA:
MaKpOCKOITHYECKOMY, MHUKPOCKOITMYECKOMY WIIn rUOpUAHOMY, 4TO IIOMOTaeT
CHUCTEMaTU3UPOBATh MOAXOJIbl M BBIIEIUTh UX OCOOCHHOCTHU MPH aHAIU3€ CIOXKHBIX IPOLIECCOB,
TakKUMX Kak OJBakyanus. I3-3a BBICOKOM ONACHOCTH M CJIOKHOCTHM IIPOBEIEHHS pealbHBIX
SKCIIEPUMEHTOB 10 3BAKYyallUU AKLEHT CMEIIAETCs HA UMUTALIMOHHOE MOJEIUPOBAHKE, KOTOPOE
YUUTBIBAET B3aMMO/JICICTBHE U MOBEJEHUE JIOJEH B KpuTHUeCcKUX cutyauusx. [Ilpumenenue UE
IO3BOJISIET CO3/aBaTh PEATUCTUYHBbIE CUMYISIIMK JUls oOydeHuss B Oe3omacHOil cpezpe, 4TO
YJIy4IIaeT IPOrHO3UPOBAHUE ITOBEJACHUS TOJIBI, NPOEKTUPOBAHNUE 3BAKYal[MOHHBIX IIJIAHOB U
o0yuyeHHe nepcoHania.

1. Makpockonuueckas mooens

Makpockonuuyeckass MOZECNb ABUKEHUs TOJIBI OCHOBaHAa HAa aHAJIOIMU C yYPaBHEHUAMU
HaBbe—Crokca /Ui MOTOKOB JIIOIEH B OTPAaHUYEHHBIX MPOCTPAHCTBAX, TAKUX KaK KOPUAOPHI U
HBAKyallMOHHBIE BBIXOBbL. ToJIIIa paccMaTpuBaeTCs Kak KOHTUHYaJIbHAs CPEla, XapaKTepusyemas
IJIOTHOCTBIO M CKOPOCTBIO, YTO TMO3BOJISET aHAJIU3UPOBATH MACCOBBIA MOTOK M CPEIHEE BPEMS
sBakyaruu. OIHaKO MOJIeNb YIPOIIAeT TUHAMUKY, UTHOPUPYS Takue (PakTopbl, Kak BA3KOCTh U
JIaBJICHUE, a TAKXKE UHAUBUIYAIBHOE NIOBEACHUE JIFOIEH.

OcHOBHOE ypaBHEHUE MOTOKA!

ap _
§+V-(pv)—0 (1)

rjae:

p — IJIOTHOCTH TOJIIBI, BEIpRXKEHHAs B JIIOASX Ha KBaJpaTHBIA METp

¥V — BEKTOP CKOPOCTH JIBH)KEHUS TOJIIIBI

Jlg aHanu3a 3BaKyalyy UCIOJIb30BAINCH CIEAYIOLINE HCXOIHbIE JaHHbIE!

[Tnomans momerenus: S = 100 m?

[[InprHa sBaKyanroHHOro Beixona: W = 2 M,

[InotHOCTB MIOAEH: p = 2 gen/m

IIpu mnotHocTH p = 2 gen/m* u CKOPOCTH JBUKEHUS ar€HTOB: OT Vpyiy = 1 M/C 10 Uy =
1.5m/c, v, = 1.25 m/c yepes BbIXOA MIMPUHON W = 2 M MOXHO pacCYuTaTh MacCOBBIH MOTOK
JIOJIEH.
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MaccoBslii TOTOK () Yepe3 3BaKyallHOHHBIN BBIXOJ] PACCUUTHIBACTCS IO opMyIIe:

Q=p-W- Uep (2)
Bpems1, HeoOX01uMoe TSt 9BaKyaluy n =50 YeI0BEK, BEIYHUCIIIETCS 110 GopMyJIe:
opax = L (3)
p-W- Vep

CHayasa paccuuTaeM MacCOBBIN IMOTOK:
Q=p - W- v, =2 qen/m” - 2M - 1.25 m/c = 5 gen/c 4)

Teneps noacTaBuM B HOpMyITy AJIst Bp€MEHH 3BaKyallHH:

ypax = % ©)
50
Lypax = ? ~10c

Bpems sBakyanuu 50 yenoBek cocraisier 10 cekyHn. Monenb aHaIM3UPYET MapameTphbl
MAacCOBOM ?BaKyalllH, TaKHE KaK CKOPOCTh Yepe3 y3KHE IMPOXOJIbl, BIUSHUE MPEMATCTBUN Ha
IUIOTHOCTh MOTOKAa U (hopMupoBaHHE «y3KUX MecT». OJHAKO OHa OCHOBaHA HA YHPOIICHHOMN
MaKpPOCKOITMYECKOW aHAJIOTHMH W HE YYUTHIBACT WHIUBUAYAIBHBIC ITOBEICHUCCKHE DPEAKIIHH
JIOJICH, TaKWe Kak IMaHWKa, N3MCHCHHE HAMPABJICHUS W B3aUMOJCUCTBHUS MEXKIY JTIOIbMU. DTH
OTPaHUYCHUS CHIXKAIOT TOYHOCTh MOJICNIU B YCIIOBUSIX BBICOKOU IIJIOTHOCTH ¥ CJIOKHBIX CHUTYaIUi
(Harmpumep, 3abIMIICHIE WU OTPAaHUICHHAS BUIUMOCTB ).

2. Muxpockonuueckas mooenw

Mukpockomnmuyeckass MOJIb ONKMCHIBAET TIOBEJCHUE arcHTOB, YYUTHIBasS CKOPOCTh
JIBY)KCHUS, PEAKIUIO Ha OKPYKAIOIIUX U MPEnATcTBHs. KaKaplii areHT MOACTHPYETCs] CUCTEMO
YPaBHEHUH, ONPEACISAIONINX €ro ABMKCHHUE TT0 KOOPIUHATAM X H Y.

OcHOBHBIE ypaBHEHUS JIBI)KCHUS areHTa !

dxi

rr cos(6;)

. (6)
Yi :

d_tl =v;- sm(el-)

rae:

V; — CKOPOCTh JIBUKEHUS areHTa,

0; — yron HampaBIeHUS JBHKEHUS,

X; ¥; — KOOpJMHATHI areHTa.

Jns MonmenupoBaHUsSI TOBEJEHUS areHTOB B KPUTHYECKOW CHUTyallud ObUIM TPUHSTHI
CJEeYIOIINE MTapaMeTpPhl:

KoanuectBo arentos n=50,

CxopocTb nBuxkeHHs areHToB v; = 1.5 m/c mist ogaux u v; = 1.0 M/c ans ApyTux.

PaccmoTrpum nomenienue momaaso 100 m? ¢ 50 arentamu. [Ipu 3TOM CKOPOCTH IBHKEHUS
areHtoB v; = 1.5 M/c ans onnux u v; = 1.0 M/c 11 ApyTHX.

Jnst pacuera BpeMeHH dBaKyallid C UCIIOIb30BaHUEM MUKPOCKOTTUYECKON MOJIETTH, MOYKHO
HCIIOJIb30BaTh CPEAHIOID CKOPOCTh JBMKEHHUS areHTOB. B TaHHOM ciyyae y Hac ecTh JiBa THIa
areHTOB C Pa3INYHON CKOPOCTHIO:

Paccunrtaem cpeaHIo0 CKOPOCTH ;!

b, = N+ npv; (7
P ny +n,
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rze: Ny —N, = 25 — KOJMYECTBO areHTOB KaXXJI0! IPYIIIIHL.

[ToncraBuM 3HaUYEHUS:
_25-15+25- 1.0

P 25 + 25

Ve = 1.25M/c

Tenepp yureM B3aUMOJICHCTBHUSI areHTOB: M3-3a IUIOTHOCTU M CTOJIKHOBEHUU CpEIHSS
ckopocTh cHikaeTcs Ha 10%. HoBast cpetHsst CKOPOCTh Vep psaumopeiicraus BPIYUCIAETCS KaK:
Vep, msaumopeiicrsus = 1.25 - 0.9 = 1.125m/c. (8)
Teneps paccunTaem Bpemsi 3BaKyallMM, IpeIoJiaras, 4YTo areHThl BBHIXOAST 4Yepe3 OAHH
BBIXO/JI. JIJI1 3TOT0 HaM HY>KHO ONPEJEIUTh PACCTOSHUE JI0 BBIXOA.
Ecnu npeanonoxkuTk, 4TO BBIXOJ HAXOOUTCS Ha pacctosHuu d =12.5 MeTpoB OT IeHTpa
MOMEIICHUS, TO BpEMs 3BAKYALUH Ly, MOXKHO BBIYUCIIUTH KaK:

d 9)

Cp, B3aUMO/ICUCTBUS

tasax -

v,

YToObl MPOIOIKUTH, HEOOXOUMO ONIpeAeTUTh pacctosinue d. Ecnu, Hanpumep, d =12.5 M,
TOT/1a TTOICTABJISIEM 3HAYCHUS:

tne = 125 =11.11
mak T T M

Ecnu n3BecTHOE paccCTOSHUE 10 BBIXOJIA IPYTO€, IPOCTO 3aMEHUTE 3HaueHHe d B hopmyIe.

B pe3ynbraTe MoaenupoBaHus BUIHO, YTO OoJiee ObICTPBIC areHThl OKA3bIBAIOT BIUSIHUE HA
MOBEJICHHE MEIJICHHBIX, YTO MOXKET BBI3BaTh 3aMEUICHHE OOIIETo IMpolecca dBaKyaluu. ITO
JEMOHCTPHUPYET BaXKHOCTh y4yeTa B3aUMOACUCTBHIM MEXIy areHTaMH MHpH MOJCIUPOBAHHUU
IBaKyaIuH.

3. T'ubpuounas mooenw

['mbpuanass MoJens coveraeT MaKpPOCKOMHMYECKOE MOACITHPOBAHHME IOTOKOB JIIONEH ¢
MUKPOCKOIIMYECKUM MOJENMpPOBaHUEeM areHToB. OHa yuuTHIBAeT MapaMeTphbl MOTOKA, TAKUE KaK
IUIOTHOCTb, M MHIUBUIYyaJIbHBIE XapaKTEPUCTUKN areHTOB, HAIIpUMeEp, CKOPOCTh U HAIIPaBIICHHE,
4TO IO3BOJISIET TOYHEE MpPEJCKa3blBaTh MOBEACHUE JIOACH B OrpaHMUYCHHBIX MPOCTPAHCTBAX C
HOpensITCTBUSAMHU. MoOAEenupoBajiochk MpsAMOYrojbHOE MoMemieHue miomaasio 100 mM* ¢
HBaKyallMOHHBIM BBIXOJIOM MIUPHHOH 2 M. Mcnonb30Baiuch CleayIonye napaMeTphl:

KoanuectBo arentoB: n=50,

CKOpOCTb IBUKEHHSI aT€HTOB: OT Vi = 1 M/C 10 v, = 1.5 M/c,

[TnoTHOCTD M1O/IEH B HaYAJIbHBII MOMEHT BpeMeHu: 2 uen/ M?

JUis mpOoCTOTHI MPEAMNOI0KHUM, YTO TOJOBHHA areHTOB JBMXKETCS CO CKOpOCThio 1 M/c, a
Jpyrasi TOJIOBUHA — CO CKOPOCThIO 1.5 M/c:

Pacuet cpenHeil CKOpoCTH areHToB:
- nivy + N0, (10)

P n, +n,

rae ny —n,=25 (1o 25 areHToB ¢ KaXJI0i CKOPOCTHIO)

v = 1.25 m/C

Tenepb yuTeM B3aMMOJCHCTBHE MEXKIy areHTamu. M3-3a IUIOTHOCTH M CTOJKHOBEHHS
CpelHsAst CKOPOCTh CHIKaeTCst Ha 20%. HoBast cpeiHsis CKOPOCTD Vep, aumonciicrsus OYAET:

vcp, B3aUMOZEHCTBAS — 1.25 -08 = 1.0 M/C (11)

Ornpezenenne mI0THOCTh MOTOKA 1Mo hopMyIie:
Q =p- vcp, B3auMoOAeHcCTBUS w (12)
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IloxcraBuMm 3HaUEHNUA:
Q = 24en/m?- 1.0 M/c - 2M = 4 yest/c

Bpewmsi, HeoOX0oauMOe IS IBaKyallK BCEX areHTOB, MOKHO PacCYUTATh 10 Gopmyrie:

o = (13) (13)
IloacrasisieM 3HaUEHUS:
50
Copax = n =125¢c

Takum o0pazom, BpeMsi sBakyauuu g 50 areHToB cocTaBisieT nmpuMepHo 12.5 cexyHn,
YUUTBIBAsl YCIOBHS MOJEIIN.

Hmumayuonnoe mooenuposanue 6 6upmyanbHoll cpeoe

[lepBbiM 1mIaroM pa3pabOTKU CUMYJIALUU KPUTHUYECKOW CHUTYyallMM SBJISETCS BbIOOp
creHapus Juia oOyuenus. B Hamewm cimydae 3To noxap Ha momagy S=100 m2. B VR -okpyxennn
MOJICJIMPYIOTCSl Pa3iIUYHbIE CLEHAapUM, BKIIOYas paCHpPOCTPAHEHUE OIHs, 3aJbIMICHUE U
u3MeHeHus ycioBul sBakyanuu. UE unterpupyer 3D-cpeny u VR, nporpammupyst areHToB ¢
nomorbio Blueprints u C++. Blueprints ynporiaer pa3paboTKy v ObICTpbIE U3MEHEHHSI CLIEHAPUS.
UE npenocraBisieT BO3MOXHOCTb CO3/1aBaTh J€TaIU3UPOBAHHBIE U UHTEPAKTUBHbBIE CUMYJIALUN
KPUTHYECKHUX CUTYaLlUl, B KOTOPBIX areHThbl B3aUMOJEHCTBYIOT C BUPTYaJIbHOU CPEAON U IPYT C
JIpyroM. AJTOPUTMBI, OCHOBaHHBIE HAa MaTeMaTHYeCKUX (popMyrax, jexaT B OCHOBE CO3IAHUs
CIIEHbl C areHTamMM M npensaTcTBUAMU. Kaxaplil mar peannszanuu TpeOyeT HCHOJIb30BAHUSA
uHctpymentoB UE, Takux xak Blueprints mimm C++.

Pucynku 1 u 2 nokaseiBatoT (pparmentsl Blueprint-koaa, peann3yromiero najeHue areHTa
Ipu KOHTakTe ¢ OrHéMm: PucyHoxk 1 — ckpunt, oTBevarolnuii 3a najaeHue, PucyHok 2 —
CUMYJISILMSA IIpoLECca.

J Set Simulate Physics

JF Destroy Component

Pucynoxk 2 — @parmenT Blueprint ckpunTa, CHMYJISINYN TaCHAS IPUA CTOJIKHOBEHUH
C OrHEM
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Ha pucynke 3 u 4 mpencraBieHbl CUMYISLUS B3aWMMOJICHCTBHS areHTOB (Jtoneil) B
nomerieHuu npu noxkape B VR-cpene. [IpogemMoHcTprupoBanbl mpuMepbl paboThl Al-areHToB B
UE, ucnone3ytomux Nav Mesh, Target Point, cucremy EQS u Crowd Controller Al mns
orpezesieHus: ONTUMAIbHOIO MapIIPyTa dBaKyalluH.

Pucynok 3 — Cumynsauus 3Bakyanuu areHToB B VR-cpeze npu noxape ¢ ucroib30BaHUEM
Al-arentos B UE s moucka ontumansaoro mapmpyra ¢ Nav Mesh, Target Points, EQS u
Crowd Controller Al

Pucynok 4 — [loBenenue Al-areHTOB MpH moxape: BU3yalnu3alls UX peakiuy Ha
pactipoctpanenue oras B VR-cpese u npunsTHe penieHuit 1uist morcka 6€301macHoro Mapuipyta

Pe3yabTaThl U MX 00CY:KIEHUS.

B xone uccnenoBaHus ObUTH peaqM30BaHbl TPU MaTeMaTHYeCcKHe MOJeNU dBaKyallud —
MaKpOCKOIMYECKast, MUKPOCKOTIMYECKast U THOPUIHAS — C MCIIOJIb30BAaHHEM HTPOBOTO JBIIKKA
UE. IIporpamMMHas peann3anus Obula BbIoONIHEHa Ha s3bike C++ ¢ mpuMeHeHueM Blueprints ams
BU3yaJTU3aIliH. ATEHTHl OpPUEHTHPYIOTCS B IPOCTPAHCTBE, MUHUMH3HUPYS PACCTOSHUE 10 BHIXO/A,
u30eras NpensaTCTBUH U aJanTUPYsICh K U3MEHSIOINUMCS YCIOBHSM, TAKUM KakK 3a1bIMIIEHHOCTb U
MaHMKA.

Hcnonp3oBanne VR-TeXHOJIOrWH IMO3BOJIMIO CMOJETUPOBATh IIOBEJACHUE areHTOB MU
POAHAIN3UPOBATh PEAKIMIO IOJIH30BaTENeH B CTPECCOBBIX CUTYalHAX, YTO CIIOCOOCTBOBAJIO
YTOUHEHUIO MaTeMaTHYeCKUX Mojened. BHenpeHune anropuTMoB H30eraHus MPENnSTCTBUA U
aIaNTHBHBIX MapIIPyTOB IOBBICHJIO TOYHOCTH MpPEJCKa3aHUs ABMKCHUS areHToB. MHTerparus
monenu B UE nmoareepauna 3ppekTUBHOCTh MpuMeHeHHs VR-MojenupoBaHus Ui U3ydeHUs
HIOBE/ICHUSI JTFOJICH B KPUTHUECKUX CUTYaLUsX.

CpaBHeHue TpEX Mojelnel mokasaio cleayrolue pa3anyuus (cM. Tabauna 2):
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Tabnuua 2 - CpaBHUTEIbHBIN aHATH3 MOJIETICH

Mopenb Bpewms KinroueBble xapakTepuCTUKHI
IBaKyalu
Makpockonuyeckas 10c VYuuTeiBaeT riio0anbHble apaMeTpsbl IOTOKA (IUIOTHOCTb,
CKOPOCTb), HE YYMTHIBAET MHAMBHUYaJIbHOE I1OBEICHUE
areHTOB
Mukpockonuueckas 11.11 DokycupyeTcss Ha UHAUBUAYaJIbHOM IIOBEJCHUY arcHTOB,

WX B3aUMOJICWCTBHM, IIOKA3bIBACT 3aMEIJICHUS IIpU
BBICOKOM IJIOTHOCTH.

['ubpugnas 12.5¢ KoMmOuHHMpyeT MaKpOCKONUYECKHE U MUKPOCKOITUYECKHE
napaMeTpsl, HanboJiee TOUHa /ISl CIIOKHBIX CIICHAPHEB

1. Makpockonudeckast MOJie/lb, OCHOBaHHasl Ha aHaJIOruu ¢ ypaBHeHusMH HaBbe—CToOKCa,
IoKa3ajla MUHUMaJibHOE BpeMs 3Bakyauuu (10 ¢), HO UTHOpUpYET MHAMBUIYyalbHbIE PEAKLUU
areHTOB, UTO MOXKET HEJOOLEHUBATh BPEMs IBAKyallud B PEaIbHbIX YCIOBUSX.

2. Mukpockonuyeckass Mojieb IPOAEMOHCTpUpOBaia 0oJiee BHICOKOE BpeMs IBaKyalluu
(11.11 ¢), uTto cBsi3aHO € Y4€TOM MHJMBUIYaJbHOIO IOBEICHMSI AreHTOB, 3aMEIJISIOLIETO
JBUKEHHE ITPU BBICOKOM IJIOTHOCTH.

3. I'mbpuanas Moaens mokasaina Bpems aBakyaruu 12.5 ¢. XoTs 3To 3HaYeHue 0oJbIiie, 4yem
y MaKpOCKOIIMYECKOH Mojenu, TUOpUAHBIM moaxoJ olecrneynBaeT Haubosiee TOYHYIO
CUMYJISILIUIO, cOUeTas Ii00aibHble MApaMETPhl TOTOKA C MHAMBUyaIbHbIM IIOBEICHUEM ar€HTOB.

Pe3ynbpTaThl uccienoBaHUs MOJATBEPXKAAIOT TUIOTE3y O TOM, YTO TMOpUIHAsS MOJENb
Haubosee TOUHO MOJIEIMPYET MPOLIECC IBAKYallUH, YUUTHIBAs KaK B3aMMO/JIEIICTBHE areHTOB, TaK
U BO3MOXKHBIE 33IP)KKH H3-32 IEPENOJIHEHHOCTH U M3MEHEHHUs TPaeKTOpuil. DT (hakTopsl
BaXKHBI JJ1s1 00JI€€ pealuCTUYHOrO IPOTrHO3UPOBAHUS IMHAMUKY BaKyaliu.

Makpockonuyeckass MoOJ€lIb, HECMOTps Ha ObICTpOe BpeMs HBaKyallUd, HMEET
OTPaHUYEHHYIO TMPUMEHHUMOCTh B YCJIOBHUAX BBICOKOM IJIOTHOCTH W CIIO)KHOM TE€OMETpUU
IpoCTpaHCTBAa. MMKpPOCKOIIMYECKass MOJIeNlb, C JPYrod CTOpOHBI, TpeOyeT 3HAaYMTENbHbIX
BBIUMCIIUTENIBHBIX PECYPCOB, HO MIPEIOCTABIISAET OoJiee JeTATU3UPOBAHHOE OMMCAHHUE MTOBECHUS
areHTOB.

Hcnons3oBanue VR-rexnosornii u UE 1amo BO3MOXHOCTB HE TOJIBKO BU3YAJIM3UPOBATH
JIBUKEHUE areHTOB, HO U CMOJEJIMPOBATh CLEHApPUM 3BaKyalluu ¢ y4€TOM TakuX (akTOpOB,
KaK 3aJbIMJIEHHOCTh, MaHUKA U JUHAMHYECKHE HU3MEHEHHUA. DTO MOAYEPKHYJIO BaKHOCTh
yuéTa ncuxo(u3nonoruyeckux (HakTopoB (Hampumep, CTpecca W MaHMKHU) ISl TOBBIIICHUS
TOYHOCTH MPOTHO3UPOBAHUS U pa3pabOTKU 3P(HEKTUBHBIX CTPATETHI 3BaKyalluu.

3akiro4enue.

B pabote paccMoTpeHbI TpH M0IX0/1a K MOJICIMPOBAHUIO IBAKyallMl: MAaKPOCKOIIUYECKUH,
MHUKPOCKONUYECKHI U THOpUIHBINA. Makpockonuyeckas MoJienb 3¢ peKkTrBHa U1t OLIeHKH 0011eit
JUHAMHUKU [TOTOKA, HO HE YYUTHIBAE€T MHAMBUAYAIbHOE MTOBeAeHNE. MUKpOCKOIInYecKas MOJIEIb
OpefocTaBiseT Oojee JAeTAIM3UPOBAHHYIO HMH(OpPMAILMIO, HO TpeOyeT 3HAYUTENIbHBIX
BBIUMCIUTENbHBIX pecypcoB. ['mOpunHas Mojenb coueraeT B cebe mpeumyliecTBa 00enx
Mojenel, obecrieunBas 0aJlaHC MEXAY TOYHOCTBbIO U 3(PPEKTUBHOCTHIO, OCOOCHHO B CJIOKHBIX
CLIEHApUSX 3BaKyallUU.

Hcnonb3oBanue VR-TEXHONOIMM MO3BOJIMIO MOJCIMPOBATH HBAKYallUI0 C Y4ETOM
3aJpIMJIEHHOCTH, MAHUKK W JUHAMHYECKUX HW3MEHEHUH, 4YTO MOJYEPKHBAET BaKHOCTb
COBPEMEHHBIX TEXHOJIOTUH) JJIs1 TOYHOTO MPOTHO3UPOBAHMS U pa3pabOTKH CTpaTeTruii 3BaKyalHH.

[TpakTHyeckass 3HaAYUMOCTb pPAa0OTHI 3aKIIOYAETCS B aHalIM3€ CLIEHApHEB HBaKyalluw,
BBISIBJICHUH Y3KUX MECT U IPEJIOKEHUH PEKOMEH/IAIUi 110 YIyUIIeHUI0 6€30MaCHOCTH.

IlepcnexTuBBI JanbHEHIINX UCCIEAOBAaHUN BKITFOYAKOT:
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1. Yuér ncuxonornueckux (pakTopoB (IaHUKa, CTPECC).

2. MopenupoBaHue 3BaKyaly IIPU 3abIMJICHUU.

3. MHTerpanuio ¢ CEHCOPHBIMU JAHHBIMU JJIS1 YIPABJICHUS B PEAIbHOM BPEMEHHU.

HccnenoBanue MOATBEP)KIAET MEPCIEKTUBHOCTh MCIIOJIb30BaHUs TMOPUAHBIX MoJeNel u
VR-TeXHOJIOTHH U1 NOBBIILIEHHS 0€30M1aCHOCTH B KPUTHUECKUX CUTYalUsX.

VR TEXHOJIOTUSIJIAPBIH KOJJIAHA OTBIPBII, OPT KAFJANBIHIA
ABAKYALMSIAY ITPOLECIH MOJEJBAEY: MAKPOCKOIUSJIBIK,
MHUKPOCKOIMSANBIK "KOHE TUBPUATIK TOCLIJIEPII CAJBICTBIPMAJIBI
TAJIIAY

Anoamna. Makanada epm Kesinde umapammapoan adamoaposbl 38aKyayUsidy npoyecin
MAKPOCKONUANBIK, MUKPOCKONUSILIK JHCOHE 2UOPUOmMIK Mooenb0epli NnaudalaHy apxblivl
MoO0envoey Kapacmuipbliaowsl. Kymvlcmuly Makcamvl — 26aKyayusi YaKblmvlH aA3aUmy dHcaHe
aoamoapovly Kayincizoicin apmmuolpy VuliH MOJKbIH KO32AAbICLIHbIY OUHAMUKACHIH MALOAy
apxulivl  macinoep azipaey. 3epmmey 0ApbiCbIHOA ARBIHHBIY 2100aAN0bl  CUNAMMAMANADLL
(MAKpOCKONUSILIK, MOOEb), a2eHmMmepoiH dceke MiHe3-KYIKbl (MUKPOCKONUSLILIK MOOEb) JHCIHE
Oipixmipineen macin (cubpuomix mooenv) gapacmuipviiaovi. Unreal Engine (UE) cusaxmol
MEXHONOSUANAD UHMEPAKMUGMI CUMYIAYUALAD dHcaAcay YWiH naudaianviiaovl. JKymvicmoly
SLLILIMU  MAHBIZLL — 96AKVAYUS YAKLIMBIH OOIHCAY YUliH MOOeNbOepOiy CanblCmblpManbl
manoayvl. Konoanbanvl KYHOuLIbIZbL APXUMEKMYPAILIK — Weuimoepoi  OHmMalllanoulpyod,
IBAKYAYUATBIK HCOCHAPAAPObL d3ipaeyoe dHcaHe OKbimy Yulin VR-cumynayusiapvin dcacayoa
Kepinedi. Homuowcenep Mmaxpockonusnwlk Mo0eibOiy JHCblioam 0aganayovbl KamMmamacol3
ememitiH, MUKDPOCKONUSIbIK MOOelb a0amoapobly MiHe3-KYAKbIH eCKepemiHiH, al 2ubpuomik
MOOeNb 36AKYAYUAHBIH, OUHAMUKACHIH eH 0d]1 Kopcemyee MYMKIHOIK bepeminin Kopcemeoi.

Tyinin  ce30ep: AoamoapOvl  38aKyayusnay, 6pm, MAKPOCKONUSILIK — MOOEb,
MUKPOCKONUAIBIK MOOEb, UOPUOME MOOelb, UMUMAYUSLLIK MOOENbOey, UPMYAiobl UbIHObIK,
KPUMUKATBLE, HCA20AlL.

MODELING THE EVACUATION PROCESS IN FIRE CONDITIONS USING
VR TECHNOLOGIES: A COMPARATIVE ANALYSIS OF MACROSCORPIC,
MICROSCOPIC, AND HYBRID APPROACHES

Abstract. This paper examines the modeling of human evacuation from buildings during
fire incidents using macroscopic, microscopic, and hybrid simulation models. The primary
objective is to develop strategies aimed at minimizing evacuation time and enhancing safety
through the analysis of crowd movement dynamics. The study investigates global flow
characteristics using a macroscopic model, individual agent behavior with a microscopic
model, and a combined approach in a hybrid model. Technologies such as Unreal Engine
(UE) are utilized to create interactive simulations. The scientific significance of this work lies
in the comparative evaluation of different modeling approaches for predicting evacuation
times. The practical value includes optimizing architectural design, developing effective
evacuation plans, and creating VR-based training simulations. Results indicate that while the
macroscopic model provides rapid estimation and the microscopic model accounts for
individual behavioral factors, the hybrid model most accurately reflects real-world
evacuation dynamics.

Key words: Evacuation of people, fire, macroscopic model, microscopic model, hybrid
model, simulation modeling, virtual reality, critical situation.
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AHAJIN3 MUPOBOI'O OIIBITA PASPABOTKHU POBOTU3UPOBAHHBIX
KOMIIJIEKCOB J1JIsA PASMUHUPOBAHUSA U UX ITPUMEHEHUE

Annomayun. B cmamve nposeden ananuz mMuposoco onvima paspabomku u 6HeopeHus
POOOMUBUPOBAHHBIX  KOMNIEKCO8 OJisl  PA3SMUHUPOBAHUS, HANPABGIEHHbIX HA  NOBblUleHUE
bezonacnocmu u IhHekmusHOCMU OYUCMKU MEPPUMOPULL OM MUH U CAMOOETbHbIX B3DbLEHbIX
yecmpoticmg.  Paccmompenvl  cogpemenHbvle MexXHON02UU, UCNONb3yemMble 6 aABMOHOMHbIX U
OUCMAHYUOHHO YAPAGIAEMbIX CUCMEMAX, 6KIIOYAs CEHCOPHbIE KOMNIIEKChbl, HABUCAYUOHHbIE
cucmemvl, 91eMEHmMbl UCKYCCHIBEHHO20 UHMENIeKma U UHmezpayuro ¢ 6ecnuiomHbiMU
JlemamenbHuIMU annapamami.

Memooonoeuss uccie008anusi OCHOBAHA HA CPABHUMENbHOM AHANU3E CYUWeCmBYIOUUX
peuleHutl, usyyeHuy npaKmuKuy ux npumerenus 8 gedyuux cmpauax, maxux kax CILLA, Poccus,
Kumaii u 2ocyoapcmea Esponetickozo Cor3sa, a makaice Ha oyenke d¢hDexmusHoCmu pasiuiHbix
MUNnos poboOMuU3UPOBAHHBIX KOMNIEKCO8, BKIIOUAS HA3eMHbLE NAAMDOPMbL, MOOUTbHBIE POOOMbL
u becnunommvle emamenbHvle ANNApPamoi.

B pamkax npaxkmuueckou uacmu pabomvl pearuz08aHA MAMEMAMUYECKAS MOOeb
KOMOUHUPOBAHHOU CEHCOPHOU cucmembl O0OHapydcenus, 00veounsowel UHOYKMUGHbvle U
VIbMPA38YKOBblE OAMYUKU, C YEbl0 NOGIUEHUS. HAOENCHOCMU KIACCUDUKayuu 00beKmos npu
pazmunuposanuu. Paspabomra npeocmasnena 6 cpede MATLAB Simulink u moocem cayacumo
OCHOB01L 07151 OANbHETUUX UCCAEO0BAHUIL U BHEOPEHUSI UHMELIEKMYATbHbIX CEHCOPHBIX MOOYIel 8
CcOCMas omeuecmeenHbIX poOOMUUPOBAHHBIX KOMNIEKCOS.

Takowce 6 cmamve paccmMompenvl NEPCneKmuesbl JOKATUAYUU U A0anmayuu nepeoosbix
pewenuii 6 Kazaxcmane, 6Kniouas pazpabomky omedecmeeHHulx pooomusuposanHuix Niamaeopm,
B03MONCHOCMb  UCHONb306AHUL  3APYOEI’CHbIX MEXHOAOSULL C  YYEemOM KIUMAMUYECKUX U
eeoepaguueckux ocobeHHocmell pe2uoHd, a Makdce HeoOXO0OUMOCMb COBEPUIEHCMBOBAHUS
HOPMAMUBHO-NPABOBOL OA3bl, PA36UMUS UHGPACMPYKMYPbL U NOO2OMOBKU CREeYUATUCTO8 OIS
aghhexmuenozco enedpenuss Oanuvlx cucmem. Iloouepkusaemcs 3HAUUMOCIbL  OANbHEUWUX
uccne008anull 6 oonacmu aBMOHOMHBIX MEXHOIO02Ul, CEHCOPHLIX CUCMeEM U UX UHmezpayuu 6
BOEHHYIO U 2YMAHUMAPHYIO Chepbi.

Knrwoueswie cnosa: pazmunuposanue, MuHvl, pOOOMU3UPOBAHHBIE KOMNILEKCbL, CAMOOEbHbIE
83pblBHbIE YCIMPOUCMEA, A8MOHOMHbIE CUCTEMDL.

Beenenue.

Munsl U camojienbHble B3pbiBHbIE ycTpoiicTtBa (CBY) mpencraBnsitor coboi onHYy U3
Haubosee Cepbe3HbIX YIPO3 B 30HAX OOEBBIX AEUCTBUN U MOCTKOH(MIMKTHBIX TEPPUTOPULX. DTH
CPEICTBA IOPAKEHUS MHCIOJIB3YIOTCA KaK TPaJULMOHHBIMM BOOPYXEHHBIMU CHJIAMH, TaK U
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TEPPOPUCTUUECKMMH TPYNIIUPOBKAMH, CO3/1aBasi CEPhE3HbIE MPENATCTBUSA ISl BEACHNUS BOEHHBIX
onepanuii, TyMaHUTapHbIX MHUCCUH M BOCCTaHOBJIEHUs MUpHOU xu3HU. [lo ganueiM OOH [1],
€XKETOJIHO THICSYHM JIIOJIEH CTAHOBATCS KEPTBAMU MUHHBIX B3PbIBOB, BKJIFOUasi BOEHHBIX, CallEpOB
U IPaXJIAHCKUX JIUI, a Pa3MUHUPOBAHUE TEPPUTOPUH OCTAETCS CIOXXKHOM M AOPOrocTosLIeH
3aJa4en.

TpaguuuoHHbBIE METO/Bl Pa3MUHHUPOBAHMS BKJIKOYAIOT HUCIIOJIIB30BAHME CANEPHBIX Py,
00y4YEeHHBIX CO0AaK, CIIEUAIbHBIX MEXaHUYECKUX YCTPOUCTB U IETEKTOPOB B3PbIBYATHIX BELIECTB.
OpHako 3TH METOJbl MMEIOT psiJ] 3HAYMTEIbHBIX HEIOCTATKOB: BBICOKYIO CTEIEHb pUCKA IS
carepoB, OTPAaHUYEHHYIO TOYHOCTh OOHAPY)KEHUSI MUH, 3HAUUTEIbHOE BpEMs, HEOOX0UMOe AJIs
OYUCTKH OOJBIINX TEPPUTOPHUH, a TAK)KE CIOKHOCTh PabOThl B HEOJIATrOMPHUATHBIX IOTOIHBIX
YCIOBUAX M CIOXXKHOM penbede. ITU NnpoOiieMbl NPUBEIM K HEOOXOAMMOCTH pa3pabOTKH U
BHE/IPEHUS POOOTU3MPOBAHHBIX CHUCTEM pPa3MHUHHUPOBAHUS, KOTOpPbHIE CIIOCOOHBI BBIMOIHATH
CJIO’KHBIE 3a/1a4 ¢ MUHUMAJIbHBIM Y4acTHEM 4eJIOBEKa, CHUXKasl yrpo3y JJIs JIMYHOI'O COCTaBa U
YBEIMYMBasi CKOPOCTh M 3()(HEeKTUBHOCTH orepanuii [2].

CoBpeMeHHbIe pOOOTU3MPOBAHHBIE KOMIUIEKCHI ISl pA3MUHUPOBAHMS IIPEACTABIIAIOT COOOM
ABTOHOMHBIC WJIM JTUCTAHIIMOHHO YIIpaBIiisieMble IUIATGOPMBI, OCHAIIECHHBIE PpPa3THYHBIMU
CEHCOpaMH, CpeJICTBAMM MEXaHHYECKOI'0 pPa3MUHUPOBAHMS W IPOTPaMMHBIM OOECIIEUEHUEM,
oOecrieunBarOIIMM aHAIM3 JIaHHBIX U ylpaBieHue omnepauusMu. OHM MOTYT JE€HCTBOBATH Kak
CaMOCTOSITENIbHO, TaK M B COCTaBE HHTETPUPOBAHHBIX CHUCTEM, B3aUMOICHUCTBYIOIIUX C
OecnunoTHBIMU JieTaTenbHbIMU annapaTamu (BIIJIA), cnyTHUKOBBIMY cCTEMaMU U Ha3€MHBIMU
pas3BezbIBaTeIbHbIME KOMIUIeKcaMu [3]. [IpuMeHeHHe TakuxX CHUCTEM 3HAYMTENIbHO MOBBIIIAET
0€30MacHOCTh M CHUXKAET 3aTpaThl Ha Pa3MUHUPOBAHUE, OCOOEHHO B CJOXKHBIX U OIACHBIX
parioHax.

B nocneanue necstuneTus crpaHbl C pa3BUTHIM 00OPOHHO-TIPOMBIIIIEHHBIM KOMIUIEKCOM
aKTUBHO pa3palaThIBAIOT U BHEIPSIOT POOOTU3MPOBAHHBIE CHUCTEMbI Ul PAa3MUHUPOBAHMS.
CIIA, Poccus, Kuraii, crpansl EBpocoro3a u apyrue rocyaapcTBa HHBECTUPYIOT 3HAUUTEIbHbIC
pecypcel B pa3BUTHE MOAOOHBIX TexHOJOrui [4]. CymiecTBYIOT Kak TsKejbleé I'yCeHUUYHbIE
KOMIUIEKCBI, MpeIHAa3HAYEHHbIE Ul MEXAHUYECKOIO0 YHUYTOXKEHHS MHMH, TaK U MOOWJIbHbIE
pOOOTHI, CIOCOOHBIE AMCTAHIIMOHHO YIPABIATHCS canepaMu. B psae ciaydaeB HMCIONB3YHOTCA
CHeUaIn3UpOBaHHbIE TPOHBI, OCHAIIEHHbIE ONTUKO-JIEKTPOHHBIMU U MATHUTHBIMU CEHCOPaMU
JUI IOUCKA MHMH U IPYTHX ONACHBIX 00BEKTOB [5].

Kazaxcran, o0nanas 3HAYUTENbHBIMH TEPPUTOPHUSIMH, YacTh KOTOPBIX HCTOPHUYECKH
MIOJIBEPrajlaCh BOCHHBIM JEHCTBHUAM, a TaKXKE y4acTBYs B MEXIYHAPOJHBIX MHPOTBOPYECKHX
MUCCHSIX, HY’)KJJaeTcsl B pa3paboTKe ¥ MpUMEHEHUH 3PPEKTUBHBIX POOOTU3UPOBAHHBIX PELIEHUI
JUIS pa3MUHHUPOBAHUS. DTO TpeOyeT aKTUBHOTO PAa3BUTHUSI OTEUECTBEHHBIX TEXHOJIOTUH B JaHHOU
00JacTl, YTO MO3BOJUT CO3/JATh IMEPEJAOBHIE MHKEHEPHbIE PELICHMs, aJalTHPOBAHHbBIE O]
cneuuduyeckre yclIoBHs pPErnoHa, MOBBICUTH 3()()EKTHBHOCTH omepanuidl pasMHUHUPOBAHUS U
YKPENUTh HayYHO-TEXHUYECKHM MOTEHIINAIl CTPaHsI [6].

B naHHON cTaTbe paccMaTpUBAIOTCSI OCHOBHBIE MHPOBBIE TEHICHLUH B pa3paboTKe U
IPUMEHEHUH pPOOOTU3MPOBAHHBIX KOMIUIEKCOB ISl  PasMUHUPOBAHUS, aHAIU3UPYIOTCS
yCIIELIHBbIE IPUMEPBI UX BHEAPEHHUS B BOOPYKEHHBIX CHJIaX Pa3JIMYHBIX CTPAH U MPEIJIararoTCs
BO3MOXKHBIE MYTH aJlalTalliy MEpeoBOro OMbITa A HYXJ BOOpyXeHHbIX cuil KazaxcraHa.
AKIIEHT cJiellaH Ha MEXaHWYECKHMX, JMCTAaHLMOHHO YIPABISEMBIX W  ABTOHOMHBIX
POOOTU3MPOBAHHBIX CUCTEMAX, & TAK)KE UX MHTETPAIMH C COBPEMEHHBIMU CPEACTBAMH HaBUTALIUN
U CBSI3H.

Matepuanbl M1 MeTOAbI HCCJIEJOBAHMS.

CoBpeMeHHbIE pOOOTH3UPOBAHHBIE KOMILJIEKCHI JJISI Pa3MUHUPOBAHMS SBISIOTCS BaKHBIM
AJIEMEHTOM  HWHXEHEPHBIX BOMCK W TYMaHUTApHBIX  OpraHu3alui, 3aHUMArOIIMXCS
pa3MUHUPOBAHMEM OIIACHBIX TEPPUTOpUN. B mocnenHue [ecATWIETUS OHU 3HAYUTEIBHO
MOBBICHJIM 0€30MacHOCTh M 3(PPEKTUBHOCTH OINepanuii 1Mo 00e3BPEeKUBAHUIO MHUHHBIX
3arpakJaeHuil ¥ CcaMOJAENbHBIX B3pBHIBHBIX YCTpoHcTB (CBY) [7]. OTH cuctembl nensTcs Ha
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HECKOJIbKO KaTeTOpPHil B 3aBUCMMOCTH OT NMPHHLMIA PabOThl U MCIOJIB3YEMbIX TeXHOJIOTHH. B
JTAHHOH TJaBe paccMaTpHUBAIOTCS OCHOBHBIE MOJXOABI K KJIACCHU(PUKALHUU POOOTHU3UPOBAHHBIX
KOMIUIEKCOB U KJIFOUEBBIE TEXHOJIOTHH, IPUMEHSIEMbIE B COBPEMEHHBIX PELICHUSIX.

Knaccugukarus cuctem 1o npuHUUIY pabOThI.

Po0oTu3upoBaHHbIe KOMIUIEKCHI 1)1 PA3MUHUPOBAHUS MOAPA3EIIAIOTCS HA TP OCHOBHBIE
KaTerOpuu B 3aBUCUMOCTH OT HUX (DYHKIMOHAIBHOCTH W TPUHIMIA JCHCTBUS: Ha3eMHbBIE
1aTGOPMbl C MEXaHUYECKUM Pa3MUHHPOBAHUEM, AUCTAHIIMOHHO YIPABJIsIEMble U aBTOHOMHBIE
poOOTBHI, a TakKe OecIUIOTHBIE JeTarenbHble annapatsl (BIIJIA).

Hazemnble mnnaropMbl ¢ MEXaHMYECKUM pa3MUHHMPOBAHUEM IPEJCTABISAIOT COOOM
TSKEIIYI0 TEXHUKY, IPEJHA3HAYEHHYIO JJI1 YHUUTOKEHUSI MUHHBIX 3arpa)JIeHUNH MEXaHUUECKUM
BozselicTBreM [8]. OHM OCHAIEHBI BpallaroIIUMuUcs (pe3aMu, TIyraMd U KaTKaMmH, KOTOpPbhIS
¢u3uvecku paspylmarT MUHBI, IPEJOTBpAIas UX AEeTOHAIUI0. JlaHHbIE cucTeMbl 3P PEKTHBHBI
IpU 3a4MCTKE OONBIIMX TEPPUTOPUIl, OHAKO UMEIOT OIpaHUYEHHs B CIOXKHBIX JaHImadTax u
TpeOYIOT 3HAUUTENBHBIX 3aTPAT HA TEXHHUUECKOE OOCITy)KUBAHHE.

JIMCTaHIIMOHHO YHpaBisieMble XU aBTOHOMHBbIE POOOTHI MpEeAHAa3HAYEHbI Uil TOYEYHOI'O
obHapyxeHus u ode3BpexxuBanus MuH u CBY [9]. OHu ocHamieHbl MAaHUTTYJISITOPAMU, CEHCOpaMH
U CHUCTeMaMHM HaBMIrallM{, MO3BOJSIOIIMMU UM paboTaTb B ONACHBIX YCJIOBHUSX 0e3
HEIOCPE/JICTBEHHOI'O Y4acTHs YEJIOBEKAa. YIIPaBIEHUE MOXET OCYLIECTBIATHCS OIEpaTOPOM Ha
PAaCCTOSHUU WM CUCTEMOM MCKYCCTBEHHOI'O MHTEIUIEKTa, aHAJIM3UPYIOIIEH JTaHHbIE B pealbHOM
BpEMEHU. JTU poOOTHI 00JIaJaI0T BBICOKOM TOUHOCTHIO, HO MOTYT CTAJIKMBAThCsl € MpoOIeMamMu
ABTOHOMHOCTH ¥ OIPaHMYEHHOTO pajinyca AeHCTBUS.

Hcnonp3oBanue OecnmiiOTHBIX JieTaTenbHbIX amnmnapatoB (BIIJIA) B pasmuHHpoBaHHM
II03BOJISIET IPOBOJIUTH Pa3BEAKY MUHHBIX I0JIEH C BO3/yXa, YTO 3HAUUTEIbHO CHIKACT PUCK JIJIs
cariepoB [10]. BITJIA ocHameHsl WH(pPaKpacCHBIMH, MAarHUTHBIMH M ONTHKO-3JICKTPOHHBIMU
CEHCOpaMH, KOTOpblE IO3BOJISIOT BBISABIATH IOTEHIHAJIbHBIE YIpo3bl 0€3 HEoO0XO0AUMOCTH
¢uznuyeckoro koHTakTa. VX NpuMeHEHHE OCOOEHHO aKTyaJlbHO B 30HAX C 3aTPyIHEHHBIM
JIOCTYIIOM, HO OCHOBHBIMU OIpPAaHHWYEHHUSMH OCTAIOTCS OIPaHMYEHHBIH TI'py30MO0ABEMHBIN
NOTEHLIMAN U HE0OXOIMMOCTh TOYHOM KaJInOPOBKHU CEHCOPOB.

KiroueBble TEXHOJIOTUH, UCTIOIb3yEeMble B COBPEMEHHBIX KOMILIEKCaX.

Pa3BuTtHe poOOTU3MPOBAHHBIX KOMILJIEKCOB BO MHOTOM OINPEAENSAETCS TEXHOIOTHYECKUM
nporpeccoM B 0O0JIaCTH OOHApYXEHHs, HaBUTAMM M METOJIOB YHUYTOXKEHHUS B3PBIBHBIX
ycrpoiicTB. COBpEMEHHBIE CHCTEMbl pPa3MUHUPOBAHUS BKJIKOYAIOT HECKOJBKO KIIFOUEBBIX
TE€XHOJIOTUYECKHUX HaIpPaBICHUI.

OnTHKO-37IEKTPOHHBIE CUCTEMBI OOHAPYKEHHSI UTPAIOT BAKHYIO POJIb B OOHAPYKEHUU MHUH
u CBVY [11]. Onu BKII0YarOT KaMepbl BBICOKOT'O Pa3peLEHMs, TEINIOBU30PbI U J1a3€PHBIE CKaHEPBI,
KOTOpBIE IMO3BOJISIIOT OMNpPENEIsATh B3PBIBHBIE YCTPOICTBA IO BHU3YaJIbHBIM M TEMJIOBBIM
OpU3HAKaM. OTH TEXHOJOTHM YIYUIIaloT TOYHOCTh OOHapy)KeHUs, HO MOTYT HUCIBITHIBATh
3aTpyaHEHUS NpU paboTe B CIOKHBIX MOTOJHBIX YCIOBUSX WIN HA MEPECEUEHHON MECTHOCTH.

MarHuTHbI€ ¥ paliO4aCcTOTHBIE JETEKTOPBI UCIIONB3YIOTCS IS BBIABICHUS METAJUIMUECKUX
AJIIEMEHTOB MHMH M CKPBITBIX B3pBIBHBIX ycTpoicTB [12]. JlaHHbIe cucTeMbl 3()()EKTUBHBI MPHU
OOHapy>KeHUHM TPAJUIMOHHBIX MHH, COJEpXKALIMX METaNINYeCKUe KOMIIOHEHTBI, HO MOTYT
UCIBITBIBaTh TPYIHOCTH Npu paboTe ¢ HeMeTamnudeckumu CBY. PanunouacToTHblE A€TEKTOPHI
MIO3BOJIAIOT BBISABIIATH 2JIEKTPOHHBIE KOMIIOHEHTHI MUHHBIX B3pbIBaTelNIEH, UTO JAEJIAET UX LICHHBIM
MHCTPYMEHTOM IIpU 0OHAPYKEHUH COBPEMEHHBIX CaAMO/IETIbHBIX YCTPONCTB.

I'mapornHeBMaTH4YeCKME M B3pBIBHBIE METOJbl YHHUYTOXEHHS BKIIOUYAIOT MEXaHU3MBI
paspyuienust MuH U CBY 6e3 HeoOX0AMMOCTH UX HENMOCPEACTBEHHOTo obe3BpekuBanus [13].
I'npornHeBMaTHYECKHE CUCTEMBI CO3/1at0T MOIIHYIO CTPYIO KUIAKOCTH IOJT BBICOKUM JIaBIICHUEM,
CIIOCOOHYIO pa3pyliaTh JAETOHATOPBI B3PBIBHBIX YCTPOWCTB. B3pbIBHBIE METOABI MPENIOIAratoT
UCTIOJIb30BaHUE HAKIJIAQJHBIX 3apsiioB, KOTOpBIE BBI3BIBAIOT JETOHALIMIO MUH Ha 0€30MacHOM
paccToSsHUU. OTH METOJABl OTIWYAIOTCS BBICOKON 3()(PEKTUBHOCTHIO, HO TPEOYIOT TOUYHBIX
pacyeToB 1 COOIOIEHUS] MEpP MPEI0OCTOPOKHOCTH.
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CoBpeMEHHbBIE CHCTEMBl Pa3MUHUPOBAHUS IOCTOSIHHO COBEPUIEHCTBYIOTCS, UHTETPUPYS
HOBBIC TEXHOJIOTHH OOHAPY)KEHUSI U YHUYTOXEHHUS B3PBIBHBIX YCTPOUCTB [14]. ABTOMaTH3aIus
IIPOLIECCOB, PAa3BUTHE CHUCTEM MCKYCCTBEHHOIO HWHTEJIEKTa M IIOBBIIIEHUE AaBTOHOMHOCTH
1aT(OopM MO3BOJISIOT 3HAYUTEIHHO MOBBICUTH 3()(HEKTUBHOCTH ONEpalii 10 pa3sMHUHUPOBAHUIO,
CHW)Kasi PHUCK [UIs carnepoB W MHHMMH3UpPYS BpeMs mpoBeaeHus pabor. Hecmorps Ha
CYIIECTBYIOIIME OTPAHUYCHUSA, NAIbHEHIINE MCCIEOBaHUS M pPa3pabOTKH B 3TOH oOmactu
IPUBEAYT K CO3JaHUIO elle Oosee HaJeKHBIX M aJallTUBHBIX CHCTEM, CIIOCOOHBIX paboTaTh B
CaMBbIX CJIOKHBIX YCIIOBHSX.

AHanu3 omnbITa IPUMEHEHHs] pOOOTU3UPOBAHHBIX KOMIUIEKCOB B Pa3HBIX CTpaHaX.

CoBpeMeHHbIE TEXHOIOTMH pOOOTU3UPOBAHHOTO Pa3MUHUPOBAHUS AKTUBHO IIPUMEHSIOTCS
B Pa3IMUHBIX CTpaHax, rje mpobiemMa MUHHOM Yrpo3bl OCTAE€TCSA aKTyaJIbHON. DTH TEXHOJOTUU
CHOCOOCTBYIOT MOBBIMICHUIO 3()(HEKTUBHOCTH U OE30MIACHOCTH OIEPALUii [0 OYHCTKE TEPPUTOPHIA
OT MUH M CaMOJIeJIbHBIX B3pBIBHBIX ycTpoiicTB (CBY). B manHOM pasnpene aHaIM3UPYOTCS
IPOrpaMMbl Pa3MUHUPOBAHUS, pPEATU3YEMblE BEAYUIMMH TOCYAapCTBaMHU, a TaKXke pOJlb
MEKIYHApOAHBIX T'YMAaHUTAPHBIX OPraHU3AIMI B pa3MUHUpOBaHuu [15].

[Iporpammel pa3MuHUpOBaHUs ¢ puMeHeHueM poooTtoB CIIIA.
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Pucynok 1 — IIpumenenne MoOGHIBHOTO pobOTA TALON B paSMI/IH~I/IpOBaHI/II/I

CIIA sBASIOTCS MUPOBBIM JIUAEPOM B pa3pabOTKe W MPUMEHEHHH POOOTH3UPOBAHHBIX
KOMIUIEKCOB JUIsl pa3MHUHHMpPOBaHUS. AMEPUKAHCKHE BOEHHBIE aKTHBHO HCIOJB3YIOT CHUCTEMBI,
takue kak TALON Ha pucynke 1 u PackBot, B 30Hax 00eBbIX JeicTBUIl U B I'yMaHMTapHBIX
muccusx [16]. TALON, pa3pabotanusiii kommnanuein Foster-Miller, mpeacraBmsier coboit
MHOT'0()YHKIIMOHAJIHOTO po00Ta, OCHAILIEHHOT'O BUICOKAMEPAMH, TaTYUKAMHU U MAaHUITYJISTOPOM
JUIsl paboOThl ¢ MOJO3PUTENBHBIMU 0O0bekTamMu. OH 10Ka3zan cBoro 3(p¢exkTuBHOCTh B Mpake u
Acranucrane, r71e UCHOIb30BAJICS IS pa3BeIKU MECTHOCTU U oOHapyxeHuss CBY. Oxnako ero
3aBUCHUMOCTh OT OIlE€paTopa U OrpaHUYEHHas aBTOHOMHOCTH OCTalOTCs MpoOjeMaMH MpU €ro
IIPUMEHEHHUH.

PackBot, co3manHbpli kKomilanuer iRobot, oTiIM4aeTcs BBICOKOW MOOHIBHOCTHIO U
BO3MO>KHOCTBIO IIPOHMKHOBEHMSI B TPYIHOAOCTYIHBIE 30HBI [17]. OH aKTMBHO MCIOJIB30BANICS
aMEepUKaHCKUMHU BOCHHBIMHU B TOPOJICKUX YCIOBHUSAX, 1€ MTO3BOJISUT ONIEPATUBHO BBISIBIATH MUHbI
u Jpyrue yrpossl. OpHako oJHMM U3 HenoctaTkoB PackBot sBisieTcst ero OTHOCHUTEIHHO
HeOOoJIbIII0E BpeMs paboThl OT aKKyMYJISITOPa, YTO OTPAaHMYUBAET AJTUTEIBHOCTD ONEpalnid.

EBponeiickue pa3paboTkH.

EBpornelickue cTpaHbl aKTUBHO Pa3BUBAIOT COOCTBEHHBIE TEXHOJIOTHMH PAa3MUHUPOBAHUS B
paMKax MEXIyHapOAHOTO coTpyaHudecTBa. OHUM U3 HauboJiee 3HAUUMBIX IPOEKTOB SBISETCS
TMRP (Tactical Mobile Robotic Platform), nHampaBieHHblli Ha co3gaHUE MOOMIIBHBIX
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pOOOTH3HUPOBAHHBIX CHUCTEM Ul OOHApYXKEHHs M YHMUYTOXKeHHs MHH [18]. Otu miardopmel
OCHAIIIEHBI JaTYMKaMH, pabOTalOIIMMHU Ha OCHOBE MAIIMHHOTO OOYYEeHHMsI, YTO IMO3BOJISIET UM
aJaNTUPOBATHCS K PA3JIMUYHBIM YCIOBUSIM MECTHOCTH.

Jpyrum BaKHBIM HarpaBiieHueM siBisieTcst mpoekT iIMUGS, KoTophbIil ipencTaBiseT coooi
MOJIYJIbHYIO TUIaT(HOpPMY C BO3MOKHOCTBbIO MHTETPALIMU Pa3IMUHbIX cucTeM, Bkitouas BIIJIA u
ABTOHOMHBIE HazeMHbIe poOoTHI [19]. Pa3paboTka HampaBiieHa HA CO3/IaHUE CIUHOW CUCTEMBI
B3aMMOJICHCTBUS MEXY Pa3IMYHBIMU POOOTH3UPOBAHHBIMU KOMILIEKCAMHU, YTO 3HAYUTEILHO
MOBBIIIAET KOOPAUHAIINIO JCHCTBUNA HA MUHHBIX MOJISX.

[IpumeneHnne poOOTU3MPOBAHHBIX KOMIUIEKCOB « Y paH-6», «Ilimardopma-M».

Y
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Pucynok 2 — [Ipumep MEXaHHYECKOTO pa3MHHUPOBAHHS POOOTH3UPOBAHHBIM KOMIIIICKCOM
«Ypan-6»

Poccuss akTuBHO pa3pabaThiBaeT M BHEAPSET pPOOOTU3UPOBAHHBIE KOMIUIEKCHI IS
pa3sMUHHPOBAHUS KaK B BOCHHBIX, TaK M B T'YMAaHUTApHBIX omepauusx. OgHuUM u3 Hanboiee
U3BECTHBIX peIlIeHUH sBisgeTcs «YpaH-6» — TUCTAHLMOHHO YIPaBJseMbli I'yCEHUYHBIH poOoT,
IpeJHa3HaYeHHBIH I MEXaHUYecKoro pasmMuHupoBaHus [20], mokazaH Ha pucyHke 2. OH
aKTUBHO Hcronb30Bayics B CHUpUM ISl OYMCTKM OCBOOOXKIEHHBIX TeppuTOpHil. OCHOBHBIM
MPEUMYIIECTBOM «YpaH-6» SBISETCS €ro ClIoCOOHOCTh pabOTaTh B CIOKHBIX YCIOBUSX, OJIHAKO
€ro Macca 1 rabapuThl OrpaHUYMBAIOT MOOMIIBHOCTD B TPYIHOIPOXOIUMBIX 30HAX.

Eme  oxHuM  mepcneKkTWBHBIM  HampaBieHueMm  siBisercss  «llmardopma-My,
pPOOOTH3MPOBAHHAS CUCTEMA, CLIOCOOHAs! BBIMOIHATH 337a4l 0 OOHAPYKEHUIO U YHUUTOXXEHHUIO
MUH. DTOT KOMIUIEKC pa3padaTbIBaeTCsl ¢ BOZMOXHOCTBIO MHTETPALMU C PA3IMYHBIMU BUJAMHU
BOOPY)KEHUH, YTO AENAET €r0 YHHBEPCAJIBbHBIM CPEICTBOM JJIsi MHKEHEPHBIX BOMCK. OgHAKO
CJI0KHOCTB YNPaBJIEHUS U BbICOKHE TPeOOBaHUS K MOATOTOBKE OIEPaTOPOB OCTAOTCS BHI30BAMHU
IIPU €r0 BHEJPEHUHU.

Hogeie TenaeHnu B pa3paboTKe aBTOHOMHBIX CUCTEM pa3MUHHMpoBaHus Kutas.

Kurail uHBecTHpyeT 3HAuuTENbHBIE pECypChl B pPa3pabOTKy AaBTOHOMHBIX CHCTEM
Pa3MHUHHUPOBAHUSI, OPUEHTHPYSICh Ha UHTETPalMI0 MCKYCCTBEHHOTO HMHTEJIEKTa M MAIIUHHOTO
3penus. Pa3paboTku BemyTcs B 006JaCTH aBTOHOMHBIX Ha3eMHBIX KOMILIEKCOB, Takux kak HJ-300,
KOTOPBII OCHAILlEH CUCTEMON aBTOMAaTHYECKOro OOHapyKeHHUs MUH. JlaHHBIA POOOT UCHONB3yeT
KOMOMHAIIMI0 MarHUTHBIX W HMH(PAKpaCHBIX CEHCOPOB JMJISi OIpPEAETCHHUS MECTOMOJIOXKEHHS
B3PBIBHBIX YCTPOMCTB.

Jpyrum 3HaunMbIM npoekToM sBisgercs XJ-01, mnatdopma, coueraromnias BO3MOXHOCTH
Ha3e€MHBIX U BO3AYIIHBIX CEHCOPOB. DTOT KOMIUIEKC OCHAILEH OECHMJIOTHBIMH JIeTaTeIbHBIMU
annaparamu (BIIJIA), xoTOpble OCYLIECTBISIIOT a’pOopa3BEAKY MHUHHBIX IMOJIEH M TEepearoT
JaHHBbIE Ha Ha3eMHbIe MOAYIM. Takol MOAXOJ MO3BOJISIET 3HAYUTEIBHO IOBBICUTH TOYHOCTH
KapTorpaupoBaHUsl MUHHBIX NOJIEH U YCKOPHUTH MHpolecc pasMUHUpoBaHUs. OHAKO BBICOKAs
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CTOMMOCTb U CJIO)KHOCTb OOCIYXHBAHHUS OCTAIOTCS KJIIOUYEBBIMH BBI30BAMHU [UII MacCOBOTO
BHEJPEHUS JaHHON TEXHOJIOTHH.

MexnyHapoaHbIE TYMaHUTAPHbIE MUCCHUH.

ITocne 3aBepiienusi BoopyxkeHHbIX croiakHoBeHun OOH, OJKB u HATO wurpator
KIIIOYEBYIO POJIb B Pa3MUHHPOBAHUM TEPPUTOPHIl, MOCTPAAAaBIIMX OT BOEHHBIX KOH(IUKTOB.
Opranu3anuy BHEAPSIOT COBPEMEHHBIE TEXHOJOTMHM M (UHAHCHUPYIOT MPOTPAMMBI  I10
Pa3MHHUPOBAHMIO B 30HaX TMOBBIIIEHHOW omacHoctu. B wactHoctn, HALO Trust,
HEKOMMEpUECKasi OpraHu3alHsl, UCIIOIb3yeT POOOTU3NPOBAHHBIE KOMITJICKCHI JJIsi T'YMaHUTAPHOTO
pasmuHupoBaHus B Adpuke nm Ha bmmkHem BocTtoke. A Takke HMCCIIEIOBATEILCKHN IICHTP
GICHD (Geneva International Centre for Humanitarian Demining) pa3pabaTtbiBacT CTaHIapPThI U
METOJIOJIOTHUHU ISl BHEAPEHUSI POOOTHU3UPOBAHHBIX PEUICHUM B JaHHOW 00JacTU. DTH CHCTEMBI
MO3BOJISIOT 3HAYUTEIBHO YCKOPHUTD MPOIIECC OUUCTKU TEPPUTOPUI OT B3PHIBOOIIACHBIX OOBEKTOB.

Pe3yabTarsl M HX 00Cy:KI€eHHE.

[IpuMeHeHHEe TaTYMKOB OOHAPYKEHHS B POOOTU3UPOBAHHBIX CUCTEMAaX Pa3MHUHHUPOBAHUSI.

B coBpeMeHHBIX pOOOTH3MPOBAHHBIX CHCTEMax, MpeIHAa3HAYCHHBIX JUIS  3ajad
Pa3MUHUPOBAHUS, OCOOYIO pOJIb UTParOT JaT4MKU oOHapyxeHus. MIMeHHO oHu oOecrnieunBaroT
BO3MO>XHOCTh BBISIBJICHHSI IIOTEHIIUAIBHO OMACHBIX OOBEKTOB — TaKWUX KaK MHUHBI, CHAPSIbI N
caMoIeTIbHBIE B3PBIBHBIE YCTPOWCTBA — Ha PAcCTOSIHMMA U 0e3 (pu3muecKoro KOHTakTa. ITo
MO3BOJIIET 3HAUUTENBHO CHU3UTH PUCKHU JJIS OMEpPaTOpOB M YBENUYUTH 3(P(HEKTUBHOCTD
00ce10BaHus CII0KHBIX YYaCTKOB MECTHOCTH.

Omnpenenenye TUMOB 1aTYMKOB OOHAPYKEHUS.

Ha naHHbIIl MOMEHT CyIIECTBYET MHOKECTBO TUIIOB JaATYUKOB, HO Ha MPAKTUKE Yallle BCETO
MPUMEHSIOTCS] TPU OCHOBHBIX BUJA: MHAYKTUBHBIE, ONTUYECKHIE U yIbTpa3ByKoBble. Kaxablil u3
HUX MUMEET CBOM OCOOEHHOCTH, IPEUMYILECTBA U OTPaHUUYEHUS, IOFTOMY BBIOOp MOJXOJSALIETO
TUIIA aTYMKa 3aBUCUT OT YCIOBHH KCILTyaTalliy U XapakTepa HeNeu.

- WunykTHBHBIE AAaTYMKH pabOTAalOT HAa OCHOBE DJIEKTPOMATrHUTHOTO TOJS W pPEarupyroT
UCKJTIOYUTENFHO Ha MeTaTn4eckie 00bekThl. OHM He3aMEHHUMBI MPU TOUCKE MPOTUBOMEXOTHBIX
MUH WM METAJUIMYECKUX OCKOJIKOB BOJIM3U oBepxHOCTH. Hampumep, B MOOMITBHBIX Tu1aThopMax
YacTO HCMOJIB3YIOTCS MPOMBILIUICHHbIE Mozenu Bpoxe Bosch IMB12, crmocoGHble TOUYHO
(GuKCUpOBaTh HEOOJIBIIINE METAJUTMYECKHE (PpAarMEHTHI B TPYHTE.

- OnTuueckue nMaTYMKU (DYHKIMOHUPYIOT MO MPHHIMIY OTPAXKEHHsS CBETa: H3IIy4aroT
MH(ppaKpacHbIN WU JIa3epHBIA JTyd U U3MEPSAIOT HHTEHCUBHOCTh OTPaXEHHOTO curHana. Takue
YCTPOMCTBA YYBCTBUTEIBHBI U MO3BOJSIOT OOHAPYKUBATh Jake HEMETAJUITMYECKHUE MPEIMETHI.
OpnHako MX TOYHOCTh MOKET CHUKATHCSI B YCIIOBUSX IbUIH, TYMaHa WJIU IpKOTo cBeTa. B kauecTse
nprMepa MOXHO MPUBECTH MOMyNIApHbIH HH(ppakpacHblid matuuk Sharp GP2Y0A21YKOF,
KOTOPBIN UCHOJIB3YETCs B JIETKUX poOOTaxX-pa3BeIunKax.

- VIIbTpa3BYKOBBIE JaTUUKHU U3MEPSIOT PACCTOSIHHE A0 OOBEKTa Ha OCHOBE BPEMEHM MpoJéTa
3BYKOBOH BOJIHBI. OHU MEHEE UYBCTBUTEIbHBI K OCBEIIEHHOCTH M XOPOIIO MOAXOAST JJ1sl paObOTHI
B NOMEIICHUSAX WM Tnpu ciaboil BuaumocTH. OAHMM U3 HauOojee TOCTYNMHBIX M YacTo
UCIIOJIB3YEMBIX perieHui siisiercss Mmoaysib HC-SRO04, mo3Bossitomuii CKaHUpoBaTh OOBEKTHI Ha
pPacCcTOSTHUAX 10 HECKOJIBKUX METPOB.

Ha mpaktuke xKaxapli THI JaTdydka HWMEET ONpeneiEHHYI0 '"30HY YBEPEHHOTO
oOHapykeHHs", KOTOpas 3aBUCUT OT Marepuana LeNd, YCIOBUH Cpeibl M Yrjia YCTaHOBKH.
[ToaToMy B COBpEMEHHBIX POOOTHM3UPOBAHHBIX CHUCTEMAaX YacTO NPUMEHSETCS KOMOWHAIUS
HECKOJIbKUX JAaTYMKOB. OHU OOBEIUHSIOTCS B MYJBTHCEHCOPHBIE MOAYJIU C AITrOPUTMaMHU
(GUIBTpAIK U CIIUSHUS TaHHBIX.

[TpuaIMI paboTHl MHAYKTUBHOTO AaTYMKa OOHAPYKEHHs MOKAa3aH HAa PUCYHKE 3.

WHayKTUBHBIE NaTYUKU SBJISIOTCS OJHUMU U3 Hanloiiee HaAEKHBIX CPEJCTB OOHAPYKEHUS
METAJUINYECKUX OOBEKTOB. I[IpuHIMI MX JAEHCTBHS OCHOBAaH Ha CO3JA@HUM IE€PEMEHHOIO
AIIEKTPOMArHUTHOTO TOJISI ¢ MOMOIIBI0 KaTyliku. Korga B 30Hy AeiicTBUS TaKOTO IMOJIS MONaiaeT
METAJUINYECKUN PEIMET, B HEM HHAYLIUPYIOTCS BUXPEBBIE TOKH, KOTOPBIE CO3/1al0T COOCTBEHHOE
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1oJie, B3aUMOJICHCTBYIOIIEE C MOJIEM KAaTYIIKU. DTO MPUBOAUT K U3MEHEHUIO aMILTUTYIbI WU
4acTOThl KOJeOaHM, YTO U (UKCHUPYETCS KaK NpHU3HAK MPHUCYTCTBUS oOBekTa. [lpunummn
BBIUMCJICHUE BBIXOHOTO CUTHAJIA MOXHO OTMHCATh (DOPMYIIOH:

UBbIXO[L =Axk (1)

I'ne: Uppixoy — BBIXOJHOM CHIHAI, A — aMIUIUTY/1a IEPEMEHHOIO TOKA, TEHEPUPYEMOT0 KaTyHIKOM;
K - Ko duIreHT 3aTyXaHus CUTHAIa, YMEHBLIAIOIIUICS [TPU MOSIBJICHHUH METaJlIa BOJIH3H.

Ha4ano

leHepauua NepeMeHHOTO
CMrHana

!

Onpegenexdne koapduUneHTa
3ATYXaHWA K

!

BbluMCNEHWE BbIXOQHOMO
cuMrHana: U=A"k

!

BbiuucneHue [U)

|U] < nopora?

LleHnb He Lenk
obHapyxeHa obHapy®eHa

!

OToGpakeHue pe3ynLTaTa

KoHell

Pucynok 3 - Anroput™ paboThl UHAYKTHBHOIO AaTYUKa

[TpuHIMnI paboThl ONTUYECKOTO JaTYMKaA OOHAPYKEHHUS [TOKa3aH Ha pUCYHKE 4.

Onrtuyeckre NaTYUKU MCHOIB3YIOTCA JUISL OINpENeNIEHUs] HAIWYMs OOBEKTOB 3a CUET
aHain3a oTpaxEéHHoro cmera. [IpuHIMI KX pabOThl OCHOBAaH Ha TOM, 4YTO H3JIy4aeMbIil
UH(PaKpacHbIM WM J1a3epHBIN JTyd OTpakaeTcsi OT MOBEPXHOCTH OOBEKTa M BO3BpAIlaeTCs K
npuEMHHUKY. [10 MHTEHCUBHOCTH OTPa)kEHHOTO CUTHAJIA MOYKHO CYJIUTh O HAJIMYUU U PACCTOSSHUU
J10 LIETIH.

Haubonee yacto ontuyeckue CEHCOPBI MPUMEHSIOTCS B pOOOTOTEXHUKE 11 OOHAPYKEHUS
IPEMSATCTBUNA, NO3UIMOHUPOBAHUSA, a TAKKE B 3aJa4ax PasMUHUPOBAHUS — IMPU BU3YaJIbHOM
CKaHHPOBAHUU MTOBEPXHOCTH.

MatemaTHUeCKy0 MOJENb CUTHAja MOXKHO OIMCAaThb KaK MHTEHCHUBHOCTb OTPaXKEHHOIO
CUTHaJIa 00paTHO NPONOPLHUOHAIBHA KBAPaTy PACCTOSHUS:

S(d) = di )
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rae: S(d) — cuna oTpak€HHOTO CUTHAA; A — MOIIIHOCTh UCXOHOTO curHaia; d — paccTosHue 10
o0BeKTa.

[Tpr yMEHBIIIEHUU PACCTOSHHSI CHJIa OTPKEHHOIO CHTHAlla BO3PACTAET, YTO IO3BOJISCT
Ha/IEKHO PUKCHPOBATH PUCYTCTBHE O0BEKTA B MpE/IeiaX ONPENeIEHHOTO TUara3oHa.

Ha4yano

Beon paccToanua d

!

BbiuMcneHue d*

i

BbIMMCNEHWE OTPEKEHWA
S=A/Q

!

YcuneHwe curHana
(onUMoHaNEHO)

LleHNt He Lene
ofHapyeHa obHapy#eHa

I |
!

OTofpakeHWe pesyneTaTa

KOHeL

Pucynok 4 — Anroputm paGoThl ONITHYECKOTO JaTUHKa

[TpunHuMn paboTh! yAbTPa3BYKOBOIO AaTYUKa OOHAPYKEHUS.

VYAbpTpa3ByKOBbIE NaTYMKU MCTOIB3YIOTCS JJISl ONpPEAETCHUS PACCTOSHUS 0 0OBEKTOB Ha
OCHOBE aHAJIN3a BPEMEHHU PACIPOCTPAHECHUS 3BYKOBOU BOJIHBI. [[aTUMK UCITYCKAET aKyCTHUYECKHI
uMiynbc B nuamnasone 20—40 kl'nm u usMmepser Bpems, dyepe3 KOTOpPOE OTPAKEHHBIM CUTHAI
BO3BpAIIAETCA K MPUEMHHUKY. DTO BpeMsl PSIMO MPOTIOPIIUOHATHHO PACCTOSIHUIO IO OOBEKTA.

Takue AaTYMKK IIHUPOKO MPHUMEHSIOTCS B CHUCTEMaxX pa3MUHUPOBaHUS, OCOOEHHO B
YCIIOBHSIX CJIa00M OCBEIMIEHHOCTH, 3aMbUIEHHOCTH WM TIOJIHOTO OTCYTCTBHUSI BHU3YaJIbHOTO
KOHTaKTa C 1enblo. PaccrosiHue 10 00BbeKTa ompeaenseTcss Mo BpeMeHU MposéTa 3ByKa Tyda U
obpatHo:

t = 2xd (3)

v

['me: v — ckopocTh 3ByKa B BO3ayXe, 00b14HO V = 343M/c ipu Temmeparype 20°C
U3 pucyHka 7 BHUAHO, 4TO MOPOTOBOE 3HAYEHUE BPEMEHU HCIOJB3YETCS IJISl MPUHSTUS
pEeLIeHUs O HaJMYUHU LEIH.
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Ha4yano

Beon paccroanua d

!

BuiyucneHme d * 2

!

ﬂeneﬂue Ha CKOpPOCTh 3BYKa
(v =2343)

!

BhiuucneHue BpemMeHH
t=2d/v

t < nopora?

LleHnsb He Llens
ofHapy:keHa o0HapyeHa

I |
!

OToOpaxkeHWe pesynsrara

Pucynok 5 — Anroputm paboThl yiIbTpa3ByKOBOI'O JaTYUKA

MareMaTuueckoro MOJAEIUPOBAHUS JATYUUKOB OOHAPYKEHUS.

Jlns ananu3a XapakTEepUCTUK PAa3IMYHBIX TUIIOB AATYUKOB OOHApysKeHUs Obliia MOCTpOeHa
Bu3yanbHas Mozelnb B cpene MATLAB Simulink. B aToit Mmonenu BoctipousBeieHbl TPH TaTYMKa
— HWHIYKTUBHBIA, ONTHYECKUH W YIBTPA3BYKOBOH — B YCIOBHUSAX, NPUOIMKEHHBIX K
UICHTUYHBIM I10 TapaMeTpaM SKCIUTyaTalliu: PaclojoXKeHHue 0ObEKTOB, UX CBOMCTBA U pacuéT
BPEMEHU OTKJIMKA MPOBOAUIUCH MO0 OAMHAKOBBIM ITPUHLIUIIAM.

3oubl 1eliCTBHS 1ATYHKOB

3oHa oxeaTa Y3 naTumka
3ona oxsata ONTHYECKOrO MaTYHKA
3ona oxsata MuayxkmiBHOro narunka

® Jlaranxn

40

Onr
6.80 mc

Onr
3.14 mc

2.95 mc

20k 4
Y3
10.51 mc
Y3

-40 e 10.05 mc

-60

-60 =40 =20 0 20 40 60

Pucynok 6 — /IlnarpamMmma MoaenrpoBaHus 30HbI ICUCTBUS TaTYHKOB
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Ha pucynke 6 mpezacraBieHa auarpamma, i€ Kaxaas OKPYKHOCTb 000O3HA4aeT 30HY
YBEPEHHOI'0 OOHAPYXEHHsI COOTBETCTBYIOILETO 1aTYuKa. BHYTpH 3THX 30H pa3MelleHbl 1ieJIeBble
OOBEKThI, @ pPAJOM YKa3aHO PACCUMTAHHOE BpeMs OTKJIMKA (B MWIUIMCEKYHJaX), 3a KOTOpOe
KOHKPETHBIN TUII AaTYMKA (PUKCUPYET IPUCYTCTBUE LIETH.

B xozne monenupoBaHus ObLIM MOJIyYEHBI CIEAYIOIINE HAaOII0AeHUS:

- IHayKTUBHBIN 1aTyuK 00J1alaeT caMOil BBICOKOM TOYHOCTBIO HA MaJIbIX PACCTOSHUSX U
MUHMMAaJIbHBIM BPEMEHEM pEakLUu, HO €ro CIOCOOHOCTh K OOHapyKEHHIO OrpaHHYeHa
00BeKTaMu, COAEpKAIIUMU METaJL.

- OnTHueckuil 1aTuuK 00ecreYrBaeT XOPOIIYI0 YyBCTBUTENIHOCTD HA CPEAHEN AMCTaHIIUN
U MOXET OOHapyXHBaTh HEMETAJUIMYECKHE IIeNH, OJHAKO €ro TOYHOCTh CHIDKACTCS IpH
W3MEHEHUU YCJIOBUM OCBEIIECHUS U HAJIMYUU TIBUIH.

- VIIbTpa3BYKOBOW JAaTYMK IMOKA3bIBAET HAWOOJBIIYI0 30HY IMOKPBITHS, HO C OOJbIIEH
3aJI€P)KKOH, U MOJBEPKECH UCKAKCHHUIO CUTHAJIA IIPU HATMYUH MATKUX MM 3BYKOIOIJIOIIAOIINX
MaTepHaJIOB.

AHan3 TOMYYEHHBIX PE3yJIbTAaTOB IOKa3bIBA€T, YTO KaKIbIM THUI JaTyuka oOiajgaer
CBOMMHU CTPYKTYPHBIMHM IIPEMMYIIECTBAMU WU OTPAHUYCHMSAMH, U ONTHUMAIBHOE PELICHUE IS
3aj7jau OOHApYXEHUS SABIsIETCS KOMOMHUPOBaHUE PaboTa 1aTYUKOB.

KomM6unupoBanHas cucreMa oOHapyXeHHUs.

JUis noBbILIEHUS] HAJEKHOCTH M TOYHOCTH OOHApYXKEHHUs Lesiel B YCIOBUSX, IJ€ OIHA
TEXHOJIOTHSI MOKET 0Ka3aThCs HEIOCTATOUYHOM, B POOOTU3HPOBAHHBIX CUCTEMAX PA3MUHUPOBAHUS
HEpeAKO NPUMEHSIOTCS KOMOMHUPOBAaHHBIE CEHCOpHblE pelleHus. B nanHoW paborte Oblia
peain30BaHa cUcTeMa, 0ObEUHSIONIAs] UHIYKTUBHBIM U yJIbTPa3BYKOBOW JaTUMKH, KXKIBIA U3
KOTOPBIX OTBEYAET 3a CBOW JMANA30H PACCTOSHUM U THUII LIEIIN.

{ Ha4ano I

Beog curHana oT
WHAYKTHEHOrD AaTYHKE

Beog curHana ot
YNETPA3EYKOB0M0 JaTwKka

Cpaboran
MHOYKTWEHLIA QaT4HK?

Cpaboran

METPAIEYKOB0N JATHHEZ Janwck: "Metann™

O0eexT He 0OHapYHeH DOHapy:keHo. MeTann 1 CnwsHAA Lenk
OTpa#eHWe pysynsrara

D

Pucynok 7 — Anroput™ paboTsl KOMOMHUPOBAHHOM CUCTEMbI OOHAPYKEHUS

149



Ne4(39) AAA XKAPLbICHI

WHAyKTUBHBIN JaTYMK Ha PUCYHKE 7 OCOOCHHO XOPOIIO pearupyer Ha METaJTMYECKUe
00BEKTHI, PaCcIOI0KEHHbIE BOJIM3U — €0 30Ha YBEPEHHOI'0 OOHAPYKEHUs OrpaHUYMBAETCS, KaK
NPaBUJIO, HECKOJIIBKUMHU CaHTUMETpaMu. B TO e Bpems yIbTpa3BYKOBOW JAaTUMK CIOCOOEH
olnpenenaTh 00beKThl Ha 00Jiee OONBIINX PACCTOSIHUAX, HE3aBUCUMO OT UX MaTepHaia. biarogaps
TaKOM KOMOMHAIMM CHUCTEMa IIOJy4aeT BO3MOXHOCTb pearupoBaTb Kak Ha OJIMXKHHE
METaJUIMYECKUE 1IeNTH, TaK ¥ Ha HEeMETaNINYeCKue 0ObEKThI Ha OOJbIIEH AUCTAHIINY.

Anroput™ (yHKIIMOHUPYET CIEAYIOIINUM 00pazoM:

1) Cucrema monyyaerT 3HAYCHUS PACCTOSHUS OT WHIYKTUBHOTO U YJIBTPa3ByKOBOTO
JATYUKOB.

2) Tlpu cpabGaTbIBaHUU UHIYKTUBHOTO jaaTunka (mpu d <5) MpoOMCXOAMT MOMEHTAJIbHAS
(buKcanys MEeTaJUIMYECKOH LIEH.

3) Ecnu uHAYKTHBHBIA JaTYMK HE cpaboTai, HO YJIBTPA3BYKOBOHM CHUTHAI HPOIIEN B
npeaenax jgonyctumMoro BpemeHHoro okHa (d < 0.2 m, mu t < 2d / v ipu v = 343 wm/c), To
CUMTAETCs, 4TO OOHApY)KEeHA HEMeTaJuThYecKast OJIMKHSIS LIeNb.

4) B npoTUBHOM Clly4ae CHCTeMa JeJIaeT BBIBOJ 00 OTCYTCTBHH LICITH.

Pesynbratel oOpabareiBaroTes mo soruke ycinoBuit AND u NOT, uto mo3Bomsier rudko
pearupoBaTh Ha CHTHaJIbl OT CeHcopoB. [l dopManu3anuu JOTMKM CHUCTEMa HCIHOJb3YET
JIOTUYECKUE BBIPAKEHUS:

- UnnykTuBHOE cpabaThiBaHue:

Ling = (d < dina) 4)

- VIbpTpa3ByKoBO€E cpabaThIBaHHE:
Lyr = (d < dyer) (5)

- O0beIMHEHHBIE JJOTUYECKHE YCIIOBUSL:
Ecnn wmHAyKTHBHBI He cpaboTal, a yJIbTpa3BYKOBOW cpaloTajn, 3HAUUT LeEJlb He
METAJIJIMYECKast U HaXOJUTCS Ha CpeIHEN TUCTaHIUU

VY3 10bk0 = =1Ling A Lyer (6)
I'me: Liq — cUrHasl OoT MHAYKTUBHOIO Jarduka; — - jormdeckoe «HE»; A - nornueckoe
«».

Ecnu 006a gatunka Hu4ero He 3apUKCUPOBAIH, TO MOOIU3O0CTH HET OOBEKTA

Huuero ve o6HapyxeHo = —1L;q A —1Lyier (7)

h 4
o

0.1 }p NOT
|_> <5 1-D T(u)

Distance to object NOT Inductive » 1
.
Inductive sensor detection AND » 1
»>

Ultrasonic Only

pi<= 0.2 ' >

AND
Ultrasonic detection N p d
NOT one detecte:

NOT Ultrasonic
Pucynok 8 — Mozens KoOMOMHHPOBAHHOM cUCTeMBI OOHapyskeHus B Simulink

h 4
w

B monmenu Ha pucyHke 8 peanm3oBaHa JIOTMKa 0OpabOTKM CHTHAlIa B 3aBHCHMOCTH OT
paccTostHUS 10 TienH. Bee ycnoBus mpeacTaBieHbl ¢ MOMOIIBI0 torudeckux 61okoB (AND, NOT,
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Relational Operator), a pe3ynbTar kinaccupukamuu nocrymnaer Ha 6ok 1-D Lookup Table, rae
MPOUCXOIUT OTOOPAKEHUE UTOTOB:

- 3HaueHue 1 o3Havaet "oOHApYKEH MeTa",

- 2 — "oOHapykeH 00beKT (YIbTpa3ByK)",

- 3— "oOBeKT He OOHapyKeH".

Taxum 00pa3oM, Takas ccTeMa MO3BOJISIET aAanTHPOBATHCS MO pa3IMYHbIC TUIIBI IeNIeH 1
YCIIOBUSI MECTHOCTH, YTO OCOOCHHO Ba)KHO 11 POOOTHU3UPOBAHHBIX KOMILJIEKCOB, pabOTAIOIINX B
peaTbHBIX TOJIEBBIX yCIOBHsIX. KOMOMHUPOBAHHBIN MOAX0/ HE TOJBKO TOBBIIIAECT HAAEKHOCTD,
HO U MUHUMU3UPYET KOJIMYECTBO JIOKHBIX CpabaThiBaHUM IpU 00CIe10BAHUU TEPPUTOPUH.

[TepcniekTHBBI alanTallid MUPOBOTO OMBITA JUISI BOOPYXEHHBIX cuil Kazaxcrana.

YuuThIBas NMPOBEAEHHBIN aHAINU3 CEHCOPHBIX CHCTEM M peaju3alrio KOMOMHUPOBAHHBIX
anroputMoB oOHapyxkeHus B cpene MATLAB Simulink, craHOBUTCS OYEBHIHBIM, YTO
TEXHOJIOTUH Pa3MUHUPOBAHUS MOKHO HE TOJIBKO UCCIIEA0BATh, HO U a/1allTUPOBATH MO PeabHbIC
YCIIOBHS C OMOPOW Ha MEXIYyHApOAHbIH OmbIT. CerofHs, B YCJIOBHUSIX BO3PACTAIOUINX YIpo3,
MOJIEpHHM3alUsl HMHXKEHEPHBIX MOoApasleneHuid BoopykEHHbIX cuin Kazaxcrana Ttpebyer
UHTETPAui POOOTU3NPOBAHHBIX KOMILIEKCOB, CIIOCOOHBIX BBITIOHATH 33/1a41 10 00HAPYKEHUIO
U HeUTpanu3alMu B3pPHIBOOMACHBIX OOBEKTOB C BBICOKOM CTENEHBIO ABTOHOMHOCTH U
HAaJIE)KHOCTH.

Onupasicb Ha MHPOBYIO TMpaKkTUKy, Ka3zaxcrtaH uMeeT BO3MOXHOCTb HE MPOCTO
UCTIOJIB30BaTh TOTOBBIE PEUICHHS, HO M CO3/1aBaTh COOCTBEHHBIC aJalTUPOBAHHBIC CHCTEMBI.
Jlokanuzanus nepeoBbIX TEXHOJIOTHH, TaKMX KaK MYJIbTHCEHCOPHBIE MOJYJIH, OCHOBaHHBIC Ha
WHAYKTUBHBIX, YIBTPA3BYKOBBIX M ONTHYCCKUX MPUHITUIIAX, TO3BOJIMT aJAITHPOBATH TEXHUKY K
KIIMMATHYEeCKUM YCIOBHSM, XapaKTEPHBIM JJIsi CTEIHBIX U TOPHBIX PETUOHOB cTpaHbl. [Ipumepsr
ycnemHoro mnpuMmeHeHusi moaoOHbix TexHosoruit B apmusix CIIA, EC, Kuras u Poccum
MOATBEPXKIAIOT UX QD (PEKTUBHOCTH KaK B 00EBBIX, TAK U B TYMAaHUTAPHBIX MUCCHSIX.

Bo3MoskHBIE HampaBIIeHUS BKJIIOYAIOT!

- JIMIIEH3UPOBAHHOE MPOU3BOJCTBO POOOTU3MPOBAHHBIX MIATHOPM C JalbHEUIIeH
nopaboTkoi oy cienudrueckue ycnous Kazaxcrana,

- CO3JIaHHE COBMECTHBIX MPEANPUATUH C 3apyOeKHBIMU MTPOU3BOTUTEISMU;

- WHTETPALNI0 CEHCOPHBIX MOJYJEH B CYIIECTBYIOIIYIO TEXHHUKY, BKIIOYas OSCIMIOTHBIC
Ha3eMHbIE U BO3IYIITHBIC alllapaThl.

Takxke CTOMT yJeIUTh BHHMAaHHE HA pPAa3BUTHE OTCYCCTBCHHBIX HHTEIUICKTYAIBHBIX
POOOTU3MPOBAHHBIX KOMIUIEKCOB, CIIOCOOHBIX HE TOJIBKO BBIMOJHATH Pa3MUHHUPOBAHHE, HO U
OCYIIECTBIISITh Pa3BeIKy, OXpaHy OObEKTOB U CONPOBOXKACHUE KOJIOHH. MHTErpamus anropuTMoB
MAIIMHHOTO O0y4eHHs U OOpabOTKU MAaHHBIX C JAATYMKOB B PEAIbHOM BPEMEHH CYIIECTBEHHO
MOBBICHT YPPEKTHBHOCTHh U CHU3HUT YPOBEHB YEIOBEYECKOTO YIACTHS B ONIACHBIX 30HAX.

Pa3BuTre coOCTBEHHOW MHAYCTPUU pOOOTU3NPOBAHHBIX KOMILIEKCOB JIJIsi PA3MUHUPOBAHUS
MoxeT obecnieunTh Kazaxcrany He TOJIBKO BOCHHYIO HE3aBHCUMOCTh, HO M TIEPCIIEKTUBY BHIX0J1A
HAa  MEXIYHAPOJHBI  PBIHOK  BBICOKOTEXHOJOTHMYHBIX  pemieHud.  [lepcriekTuBHBIMU
HANPABIICHUSIMU  SIBIISTIOTCS  CO3JAHWE ABTOHOMHBIX HA3eMHBIX IUIAT(HOPM, OCHAIECHHBIX
CHUCTEMaMH HCKYCCTBEHHOTO HWHTEIJIEKTa W MAaIIMHHOTO OO0Y4YeHHs, pa3paboTKa MOOHIbHBIX
KOMIUIEKCOB, 3)()eKTUBHBIX B CTEITHBIX W TOPHBIX paliOHAX, a TAK)KE MHTETPALAS COBPEMEHHBIX
CEHCOPHBIX TexHoJoruii. Kpome Toro, MHOTOQyHKIIMOHATHHBIE TIAT(OPMBI, BHIMOIHSIIONINE HE
TOJBKO Pa3MHUHHPOBAHWE, HO W pa3BeAKy, MaTPYJIMPOBAaHWE W OXpaHy OOBEKTOB, MOTYT
CYIIIECTBEHHO MOBBICUTH YPOBEHb aBTOMATHU3AIIMM BOEHHBIX oreparuii. JlocTuxkeHne STuX 1emnei
notrpedyeT KOMIUIEKCHOW TOJIEPKKH CO CTOPOHBI TOCYIapCTBa, BKIOYAs (MHAHCHPOBAHHE,
CO3/1aHM€ HOPMATUBHO-TIPABOBOM 0a3bl U MOATOTOBKY CIEIIMATUCTOB.

WNuTterpamus poOOTH3MPOBAaHHBIX KOMIUIEKCOB B BOCHHYIO MH(pacTpykTypy Kazaxcrana
JOJKHA BKIIOYaTh pPAa3BUTHE CHUCTEM VIPABICHUS W CBS3H, MO3BOJAIOIMUX A(H(HEKTUBHO
KOOPJMHHUPOBATh pPabOTy aBTOHOMHBIX IUTATGOPM C WHKCHEPHBIMH TOJPA3ICICHUSAMH U
OCCIMIIOTHBIMH JIETATENILHBIME amnmapaTamu. [ ycnemHoro BHEAPEHUS Takke HEOOXOAUMO
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oOecrieunTh OOy4YeHHE JMYHOTO COCTaBa paboOTe€ ¢ HOBBIMH TEXHOJIOTHSIMH, pa3BHTHE
CIEUAJIN3UPOBAaHHBIX UCTIBITATEIIBHBIX IIOJIATOHOB U CO3JaHUE CEPBUCHBIX LIEHTPOB JIJIsl PEMOHTA
¥ TEXHUYECKOT0 00CITy>)KUBaHUs 000pynoBaHus. BBenenne poOOTH3MPOBAHHBIX CHCTEM MO3BOJIHT
HE TOJIBKO HOBBICUTh 00ECIIOCOOHOCTh MHKEHEPHBIX BOMCK, HO U MUHMMHU3UPOBATh PUCKU AJIS
CanepoB, COKPaTUTh BpeMs Pa3MUHMPOBAHHUS TEPPUTOPUN M YIYYIIUTh KOOPAMHALMUIO MEXIY
nozpa3JiesicHusIMU. Pa3BUTHE OTEUECTBEHHBIX TEXHOJOTMH M MX MHTErpalus B BOOPYKECHHbIE
cwibl Kazaxcrana nmpegocTaBsT CTpaHe BO3MOXHOCTb 3aHATH JMAMPYIOIIKE MTO3UIMH B 00JIacTH
BOCHHBIX pPOOOTH3MPOBAHHBIX CHUCTEM U TMOBBICUTH OOMIMI ypPOBEHb TEXHOJIOTHYECKON
HE3aBHCHMOCTH.

3akiro4enue.

AHaJn3 MUPOBOIO OIBbITA Pa3pabOTKU U BHEAPEHUS pOOOTU3UPOBAHHBIX KOMIUIEKCOB IS
PasMHHHUPOBAHUS TOKA3bIBAET, YTO TAKUE TEXHOJOTHUH 3HAYUTEIHHO MOBHIIAIOT 0€30MaCHOCTD U
3¢ (}EeKTUBHOCTh ONEpaluid MO0 OYHUCTKE TEPPUTOPUN OT MHUH M CaMOJEIBHBIX B3PBIBHBIX
ycTpoicTB. B Bempymux crpanax, takux kak CIIA, Poccusi, Kutait u rocynapctsa EBponetickoro
Coro3a, aKTMBHO INPHUMEHSIOTCS ABTOHOMHBIE U JUCTAHLMOHHO YIpaBJIsieMble ILUIaT(OPMBI,
OCHAILICHHBIE  COBPEMEHHBIMM  CEHCOpPaMH, CUCTEMaMM  MAIIMHHOTO  OOy4YeHHs U
UHTETPUPOBAaHHbIE C OECIIMIIOTHBIMHU JIETATEIbHBIMU allllapaTaMHu. DTHU CUCTEMBI JI0Ka3aJId CBOIO
3P PEKTUBHOCTh B OOEBBIX YCIOBHAX, TyMaHUTAPHBIX MUCCHSIX U MHPOTBOPYECKHX OIEPALUSX,
YTO MOATBEP/KAACT UX 3HAYUMOCTb JIJIs1 COBPEMEHHBIX BOOPY>KEHHBIX CHUII.

Jnsa Kaszaxcrana BHeApeHHE IMOJOOHBIX CHCTEM OTKPBIBACT HIMPOKHE IMEPCIEKTHUBBHI B
o0acT 000pPOHHBIX TeXHOJOrui. Jlokanu3anus nepesoBbIX PEeLUIeHUH, TAKMX KaK POCCHMCKUN
«Ypan-6», amepukanckuii TALON, eBpomeiickas mnatpopma iMUGS u kuraiickuit XJ-01,
HO3BOJIMT AJANTUPOBATh UX MOJ KIMMAaTHYECKUE U reorpapuuecKkue yCIOBHs CTPaHBl, a TaKKe
MOBBICUTH TEXHOJIOIMUYECKYIO HE3aBUCUMOCTh. OZTHOBPEMEHHO € 3TUM PAa3BUTUE OTEUECTBEHHBIX
peleHuii, BKIOYass poOoTu3MpoBaHHbIe IulaTdopmbl Ha ©Oaze BTP-80, kBagpouukiioB wu
ABTOHOMHBIX HAa3eMHBIX KOMIUIEKCOB, oOecreunt KazaxcTany BO3MOXKHOCTH (OPMHPOBAHUS
COOCTBEHHOI'0 HayYHO-TEXHHUYECKOr0 OTEHIIMAaja B JaHHOM cdepe.

[Ipenmaraemoe TEXHIHUECKOE PEIICHUE B JaHHOW paboTe, cTana KOMOMHHPOBAHHAS CUCTEMA
oOHapy’KeHHsI, OCHOBaHHAs HAa HCIOJb30BAaHUM WHAYKTHUBHBIX U YIbTPa3BYKOBBIX JaTUHUKOB.
Takoil moaxo/1 MO3BOJISET MOBBICUTH HAJIEKHOCTh OOHAPYKEHUS, 3a CUET KOMIIEHCALIUU CJIa0bIX
CTOPOH KaXXJOro OTAEIbHOro ceHcopa. Mojenb 3TOH cucTembl Oblla peaqu3oBaHa B cpejie
MATLAB Simulink, rae npoBeaéHHas Jioruka IpoAeMOHCTPUpPOBaJIa BO3MOXHOCTbh TOYHOI'O
ofpesieNieHus] 0OBEKTOB Pa3HOTO THMA M Ha pa3HbIX paccTOSHUAX. Mcnosiab3oBaHHE MOTO0OHBIX
KOMOMHHMPOBAHHBIX CEHCOPHBIX MOAYJIEH Ha MOOMJIBHBIX IJIaTOpMax IMO3BOJMUT 3HAUUTEIHHO
HOBBICUTbH APPEKTUBHOCTh PA3MUHUPOBAHUS U CHU3UTh PUCKH U1 JIUYHOT'O COCTABA.

Jlns ycnemHoro BHeIpEeHHs] pOOOTU3MPOBAHHBIX CHUCTEM pa3MuHHpoBaHHs B Kaszaxcrane
HEOOXO/MMO YYUTBHIBaTh psI  (DAKTOpOB: MHTErpalMio C CYIIECTBYIOIIUMH BOEHHBIMHU
CTPYKTypaMHu, pa3BUTHE UHPPACTPYKTYPHI AJIsl TECTUPOBAHUS M TEXHUYECKOTO 00CITyKUBaHUs, a
TaKXe IOJATOTOBKY CHEIMaIMCTOB, CHOCOOHBIX YHPAaBIATh U OOCIYKHUBaTh TAaKyl0 TEXHUKY.
Baxnyto ponb urpaer m pa3BUTHE 3aKOHOJATENbHON 0a3bl, perylIMpyrolied HCIOJb30BaHKE
ABTOHOMHBIX CHCTEM B BOEHHBIX U TYMaHUTApHBIX onepanusix. MHpacTpyKTypHbIe yIydlleHHs,
BKJIIOYasi MO/IEPHU3ALIMIO UCTIBITATEIbHBIX IOJUTOHOB U CO3/1aHNE LIEHTPATM30BAHHBIX XPaHUIIHII]
JAHHBIX, TMO3BOJAT oOecneynTh HPPEKTUBHYIO KOOPJAMHALMIO JIeHCTBUH M TOBBICUTH
ONEepaTUBHOCTH PAa3MUHUPOBAHUS.

JanpHeiime ucciaeoBaHUs JIOJDKHBI  OBITh  HAmpaBlIeHbl Ha COBEPIIEHCTBOBAaHHE
AJITOPUTMOB aBTOHOMHOTI'O YIIPABJICHUS, MOBBIIIEHNE TOYHOCTH CEHCOPHBIX CHCTEM U YIIyYllIeHUE
YCTOMYUBOCTH POOOTHU3UPOBAHHBIX KOMIUIEKCOB K 3KCTPEMAJbHBIM YCIOBUSAM HKCIUTyaTaI[HH.
Kpowme Toro, BasxHO H3y4UTh BO3MOKHOCTH MHTETPALIUU TAHHBIX TEXHOJIOTH C EPCIIEeKTUBHBIMU
CHUCTEMAMHM YIPABIIEHUS BOMCKAMHU U AJIEMEHTAMHU MCKYCCTBEHHOI'O MHTENJIEKTA, YTO MO3BOJUT
CYILIECTBEHHO PaCUIMPUTh UX (QYHKIIMOHATbHBIE BO3MOXHOCTH. COBpEMEHHBIE TPEH bl B 00J1aCTH
BOCHHOM pPOOOTOTEXHMKHM TaK)K€ IMOKAa3bIBAIOT, YTO MHTErpanus OECHMIOTHBIX JIeTaTeIbHbBIX
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anmapatoB W POOOTH3MPOBAHHBIX HA3EMHBIX IIATPOPM B EIUHBIE KOMIUIEKCHI IO3BOJIUT
MOBBICUTH O0NTYIO 3P (HEKTUBHOCTH PA3MUHHUPOBAHUS.
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MHUHAJIAH TAZAPTYT'A APHAJIFAH POBOTTBIK KEINEHJAEPII
I3IPJIEY AIH 9JIEM/IK TOXIPUBECIH TAJIIAY K9HE OJIAPAbI KOJIIAHY

Anoamna. Maxanaoa MuHanapoan H#caHe KOJLOAH HCACANRAH HCAPBLIZbIU KYDbLIRbLIAPOAH
aymakmapovl masanayovly Kayincizoiei men muimOinicin apmmuipy2a 6agblmmaneay MUHaoaw
mazapmyea apHaniaw pobommvl KeueHOepoi 23ipiey MeH eH2i3y0iy aneMOiK madicipubecine
manoay Hcacaiovl. ABMOHOMObL JHCoHe KAUbIKIMAH ODACKAPBLIAMbBIH JCylenepoe KOJLOAHbLIAMbIH
3aMaHayyu mMexHoN02UANAp, COHbIY [UiHOe CEHCOPNbIK KeuleHOep, HABULAYUATLIK Jicylienep,
AHCACAHObL UHMENIEKM DNEMEHMMEPIL HCIHE YUIKbIUUCHI3 YULYy annapammapvlMer uHmespayus
KApacmulpblidobl.

3epmmey adicmemeci KOIOAHbICMAZl WEUIMOEPOl CATLICMbIPMATIbLL MANdayed, 01apobl
AKIII, Peceu, Kvimaii ocone Eyponanvix OQoax memiekemmepi CUAKMbL HcemeKuii enoepoe
KONOaHy madxcipubecin 3epmmeyee, coHoau-ax JKepoeei nnamgopmanapovl, mobunbOi
pobommapowvl Hcane YUKbIUICHL3 YUAKmapobl KOCA al2anod, pooommulK KeuleH0epoiy apmypii
mypaepiniy muimoiniein 6azanayza He2izoencen.

Kymovlcmoly npakmuxanvi 0eniei ascblH0a MUHAOAH mMasapmy Ke3ziHoe 00vbekminepoi
Hcikmeyoiy CceHIMOINieiH apmmulpy MAKCamvlHOA UHOYKMUBMI JiCIHE YIbmpaoblOblCMbIK
oamyuxmepoi Oipikmipemin OIpIKMIpineeH CeHCOPAbIK AHbIKMAY HCYUECIHIY MAMeMamuKaIblk
modeni ycyzeze acvipwlnobl. JJamy MATLAB Simulink opmacvinoa ycvinvinean scone omanowvly
pobOmMmMbIK  KeueHOepoiy, KYPAMbIHA UHMENLIEKMYAI0bl CEHCOPIbIK MOOYIbOepoi 00aH api
3epmmey JdcaHe eHei3y Yulin He2l3 6ona anaowl.

Conoati-ax maxanada omaumowvix pooommaHoObIpblI2an naam@opmanaposl a3ipaeyoi Koca
aneanoa, Kazaxcmarnoazer 03v1x wewimoepdi oxwayiay sicaue Oetiimoey nepcnekmusanapbol,
OHIPOIY KIUMAMMBIK JHCOHE 2e0cPAUANLIK epeKulelikmepin ecKkepe Omulpbin, wemenoik
MEexXHON02UANApObl  NAUOANAHY MYMKIHOIZI, COHOQU-aK HOPMAMUBMIK-KYKbIKMbIK —0a3aHbl
AHCeminoipy, UHPPAKYPLLILIMObL OAMbIMY HCIHE OCbl HCYUeNepOl MUIMOL eHei3y YUiH MAMAHOap
oaspray Kadx)cemminieli Kapacmuipbli2an. A8mMOHOMObI MeEXHOI02USANAD, CEHCOPIbIK dcylenep
JHCOHE O0NAPObL ACKEPU IHCIHE SYMAHUMAPILIK Canianapea OIpikmipy canacelhoazvl 00au api
3epmmeynepoiy Maybl30bLIbI2bL AmMan emineoi.

Tyitin co30ep: munadan masapmy, MuHaiap, pooommvl KeuieHoep, KONOAH HCACANEAH
JAHCAPBLLIELIUL KYPBINRLLIAD, A8MOHOMObL JCYlenep.

ANALYSIS OF GLOBAL EXPERIENCE IN THE DEVELOPMENT OF ROBOTIC
SYSTEMS FOR DEMINING AND THEIR APPLICATION

Abstract. The article analyzes the world experience in the development and implementation
of robotic mine clearance systems aimed at improving the safety and effectiveness of clearing
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territories of mines and improvised explosive devices. Modern technologies used in autonomous
and remotely controlled systems, including sensor complexes, navigation systems, artificial
intelligence elements and integration with unmanned aerial vehicles, are considered.

The research methodology is based on a comparative analysis of existing solutions, studying
the practice of their application in leading countries such as the United States, Russia, China and
the European Union, as well as evaluating the effectiveness of various types of robotic systems,
including ground platforms, mobile robots and unmanned aerial vehicles.

As part of the practical part of the work, a mathematical model of a combined sensor
detection system combining inductive and ultrasonic sensors has been implemented to increase
the reliability of object classification during mine clearance. The development is presented in the
MATLAB Simulink environment and can serve as a basis for further research and implementation
of intelligent sensor modules in domestic robotic complexes.

The article also discusses the prospects for localization and adaptation of advanced
solutions in Kazakhstan, including the development of domestic robotic platforms, the possibility
of using foreign technologies considering the climatic and geographical features of the region, as
well as the need to improve the regulatory framework, develop infrastructure and train specialists
for the effective implementation of these systems. The importance of further research in the field
of autonomous technologies, sensor systems and their integration into the military and
humanitarian spheres is emphasized.

Keywords: mine clearance, mines, robotic complexes, improvised explosive devices,
autonomous systems.
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STUDY OF THE EFFECTS OF ELECTROMAGNETIC FIELDS ON THE
HUMAN BODY DURING MOBILE PHONE USE

Abstract. This labour consider the impact of mobile phones, which are part of wireless
communication systems, on the human body, as well as the effects of electromagnetic radiation
during mobile communication. The labour presents statistical data on mobile phone usage and the
types of diseases associated with this usage. A model of the human body was created, and the
effects of electromagnetic radiation processes in mobile communication were demonstrated on
that model. Additionally, calculations were performed according to international standards for
the calculation of electromagnetic radiation.

Consequence of the research, the dielectric permittivities of brain tissues in the human head
at frequencies of 900 and 1800 MHz were compared using SAM mannequins. Additionally, 3D
models of the objects under study were created using the CST STUDIO SUITE software, and the
impact of electromagnetic radiation on the human head was analyzed based on these models.

The relevance of this article is due to the increasing number of electromagnetic field (EMF)
sources, which raises the risk of their impact on humans. Household electrical networks, domestic
appliances, video display terminals, power transmission lines, communication and information
television and radio devices, radar and navigation stations are just a part of a list of sources
emitting EMF at various frequencies, modulations, and intensities. The majority of the population
is actually exposed to very high levels of EMF, which are millions of times stronger than the
natural magnetic field. Electromagnetic radiation significantly influences the development of
pathological reactions in the body. This, in turn, directly leads to a decline in human health.
Therefore, understanding the extent of mobile phone effects on the human body and educating the
public about its harmful aspects is a key objective.

Keywords: electromagnetic radiation, mobile phone, dielectric conductivity,
electromagnetic field, frequencies, modulations, radar.

Introduction.

In recent decades, anthropogenic electromagnetic pollution (EMF) has become a priority
issue for public health and the environment. In 1996, the World Health Organization (WHO)
initiated the International EMF Project, aiming to systematize data on the impact of
electromagnetic fields on human health and develop uniform standards [1]. The International
Commission on Non-lonizing Radiation Protection (ICNIRP) has established exposure limits
based on thermal effects [2], but the scientific literature actively discusses the possibility of non-
thermal effects not accounted for by existing standards [4].

157


mailto:k.chezhimbayeva@aues.kz

Ne4(39) AAA XAPLLbICHI

Systematic reviews and meta-analyses show conflicting results. Thus, a number of studies
have documented a link between chronic EMF exposure and oxidative stress, cognitive
impairment, and cancer risk [5,6], while other studies find no convincing evidence of the harmful
effects of low-level radiation [1]. These discrepancies are explained by differences in
methodologies, a limited number of long-term cohort observations, and variability in source
characteristics (frequency, modulation, intensity) [3].

The impact of new communication technologies (5G, loT, Wi-Fi 6) remains particularly
relevant, as data are still limited [7.8]. The effects of long-term exposure to low doses of EMF, as
well as the impact on vulnerable groups of the population (children, the elderly, patients with
chronic diseases), have also been insufficiently studied. In the face of persistent uncertainty, the
use of intelligent analysis and forecasting systems that utilize machine learning and big data
methods to model the dynamics of electromagnetic loads in urban environments is particularly
important [9,10]. This approach not only identifies statistical relationships but also predicts when
safe levels are exceeded, making it promising for integration into environmental monitoring and
healthcare systems.

Materials and Research Methods.

As of now, mobile or cellular phones are an integral part of modern telecommunications. In
many countries, more than half of the population uses mobile phones, and their sales are growing
at a rapid pace. It is estimated that in 2024, 6.9 billion users were registered worldwide. In some
parts of the world, mobile phones are the most reliable or the only existing means of
communication.

Since cellular communication has become widespread only in the last decades, the problem
of considering the mechanisms of action of high-energy electromagnetic fields (EMF) belonging
to the microwave range has become especially acute.

Before discussing the effect of electromagnetic radiation from mobile phones on the human
body, it is necessary to understand how signal formation occurs. Communication on mobile phones
is carried out using radio waves transmitted through a network of fixed antennas called base
stations. Radio waves are electromagnetic fields. The frequency at which the operation of a mobile
phone is carried out ranges from 450 to 2700 MHz, while the power limit is in the range from 0.1
to 2 watts. It should be noted that power transmission with a mobile phone is carried out only if
the device is connected to the base station. The connection of the mobile phone with the base
station, and therefore the increase in the power values of the device, occurs at the moment of
setting up a call, sending an SMS, or during the period of active data exchange with the Internet.

The assessment of electromagnetic radiation from mobile phones was carried out in three
categories: silence, call, and conversation. Electromagnetic radiation from a mobile phone at rest
is not significant and averages 0.65 uW/cm?2. Such radiation does not affect the physiological and
biochemical indicators of the human body. At the time of the call, electromagnetic activity from
mobile phones increased 38 times compared to the level at rest. Electromagnetic radiation during
conversation increased by 1.4 times compared to the call and by 41.8 times compared to silence.
Thus, the mobile phone has the greatest electromagnetic activity during a conversation and
therefore has the greatest impact on the organs located directly in the immediate vicinity of the
phone attached to the ear.

1. Therefore, it is very important to understand, study, and monitor the potential effects of
electromagnetic radiation on people's health from mobile phones [11].

Algorithm for SAR Modeling.

To study the interaction of EMF with biological tissue, it is necessary to determine the
Specific Absorption Rate (SAR), which reflects the power absorbed per unit mass of tissue (W/kQ).
The calculation of SAR can be carried out both experimentally and by numerical simulation. The
modeling algorithm is as follows:
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1. Geometry setup: create a three-dimensional model of the human head and torso with
realistic anatomical layers (skin, bone, brain tissue). Place the mobile phone model at characteristic
positions (ear, cheek, hand).

2. Material properties: assign dielectric properties (permittivity £ and conductivity o) to
tissues for the frequency ranges 450-2700 MHz.

3. Source definition: specify the transmitting antenna of the mobile phone with realistic
power levels (0.1-2 W) and modulation schemes.

4. Meshing and boundary conditions: discretize the geometry into cells (FDTD method)
or finite elements (FEM), with finer resolution in regions near the antenna and skin surface.

5. Electromagnetic field calculation: solve Maxwell’s equations to obtain electric field
intensity EEE in tissues.

6. SAR evaluation:

o(r) - |E(r)”
p(r) (1)

1. Calculate local and averaged SAR values (1 g and 10 g of tissue).

2. Duty cycle adjustment: apply realistic transmission patterns (silence, call, conversation)
to obtain time-averaged SAR.

3. Thermal response estimation: if necessary, couple SAR results to bio-heat equations to
assess temperature rise.

4. Validation: compare modeling with phantom experiments using standard SAR
measurement systems.

This algorithm allows reproducing realistic conditions of mobile phone use and determining
exposure levels in different scenarios.

Justification of SAR Reduction or Increase

Reduction of SAR is advantageous because it lowers thermal load in tissues, ensures
compliance with regulatory limits (1.6 W/kg in the USA for 1 g tissue, 2.0 W/kg in the EU for 10
g tissue), and decreases risks for sensitive populations (children, pregnant women). Lower SAR
also contributes to energy efficiency of the device.

Increase of SAR may occur in special situations, such as weak signal conditions or
emergency communication. In these cases, a temporary increase in transmission power ensures
connection stability and reliability. Although local SAR rises, the overall communication session
may be shorter, reducing cumulative exposure.
Thus, optimization should consider both maximum instantaneous SAR and integrated exposure
(dose) over time.

Practical Conclusions

Based on the analysis of materials, methods, and modeling results, the following conclusions
can be formulated:

1. Maximum exposure occurs in the conversation mode, especially when the mobile phone
is held directly against the ear in areas of weak network coverage.

2. Distance matters: even a small gap (5-15 mm) between the phone and the skin reduces
SAR significantly due to the decay of near fields.

3. Exposure time: limiting call duration and using alternative communication methods
(messaging, hands-free, headsets) reduces cumulative SAR.

4. User awareness: most users are unaware of EMF risks; therefore, it is necessary to inform
them of safe usage practices, especially children and adolescents.

5. Technical measures: manufacturers should provide the possibility of limiting maximum
transmission power and indicate SAR levels in different operating modes.

6. Public health: for risk-sensitive groups, such as pregnant women and children,
conservative approaches (reduced call time, use of speakerphone) are recommended.

SAR(r) =
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Results and their discussion.

Most of the latest research has been carried out using flat, cylindrical and spherical models
of the human body(fig.1). This happened because the models were simple for mathematical
calculations. Among these few models that differ in their geometric shape, modeling with a sphere
is the most common. This is due to the wide field of application, which includes electrical
exploration, Meteorology and Oceanology, radar, astronomy, biochemistry and biomedical
research. Especially in biological research, it is very difficult to study the absorption of
electromagnetic radiation using flat models, since these models cannot take into account the rather
complex shape of a real biological object, especially the curvature of the body.

Figure 1 — Computer model of the human head

There are also other mannequins for human modeling, the most commonly used mannequin
is the SAM mannequin. SAM is a new model based on the results of measuring the head of an
adult male, created during an anthropomorphic study of American army personnel. The same
applies to two types of fabric. As shown in Figure 2 a homogeneous liquid with a thickness of 2
mm representing the skin and representing the brain tissue. Today, the standard mannequin is a
twin general mannequin, the total mannequin of twins is based on an anthropomorphic study of 52
Europeans. The shape around the ears corresponds to 90 percent of the data. It has two tissues: one
fabric is leather, and the other is an internal, homogeneous liquid.

Figure 2 — Twin people mannequins

These two models are a homogeneous model. This means that the brain tissue is simulated
by a homogeneous dielectric with a constant value of dielectric conductivity and conductivity.
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However, heterogeneous models of mannequins with many layers corresponding to each brain
tissue with different electrical parameters are also possible. Of course, the model is easy to model
homogeneously. Electrical parameters differ in two homogeneous models and in different forms
due to different standards. Electrical parameters also change with frequency. The dielectric
conductivity (sr = 4.5) is the same for all frequencies. The parameters of brain tissue change as
shown in Table 1. The dielectric conductivity is higher for the SAM model than for the twin kin
model; this SAR threshold is, in general, 10% higher in the SAM model than in the twin kin model.
However, the differences are due to the different forms of the two specimens.

The SAR absorption rate for the Sam multiplier is more than 10 grams - 1.5 W / kg. For
twins in general, the two simulations were made with a large difference, resulting in: the SAR
value is 1.3 W / kg and 1.0 w / kg, respectively(Table 2).

Table 1 — The relative dielectric constant of the brain tissue used in these two mannequins

Sample Frequency Dielectric Conductivity
constant
The closest twin 900 MHz 42,5 0,85
1800 MHz 41,5 0,97
SAM 900 MHz 40,5 1,69
1800 MHz 40,0 1,40
Table 2 — Specification indicators for geometric parameters
Model 1 Model 2
A 190 190
B 260 240
C 229 230
D 190 210

Figure 3 shows another model of the mannequin, where the mouth is located at the midpoint
between the nose and chin. For a uniform mannequin, the skin thickness should be less than 3 mm,
and in the ear area, it should be 6 mm. Typical values for the geometric parameters are shown in
Table 3. Since the uniform mannequin is frequently used, the dielectric properties of the frequency
ranges for tissues simulating the brain are shown in Table 3.

Y

Figure 3 — Indicative geometric parameters taken for the mannequin head.

Table 3 — Dielectric properties of synthetic imitation of brain tissue.
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Frequency band, Relative dielectric Permeability ¢ (S/m)
MHz conductivity
800 46,3 (£5) 0,73 (£10)
900 45,8 (£5) 0,77 (+10)
1600 43,9 (£5) 1,06 (£10)
1800 43,5 (£5) 1,15 (£10)
2000 43,2 (£5) 1,26 (£10)
2500 42,5 (£5) 1,54 (+10)

Various countries have adopted standards to limit the effect of mobile phones on the human
body. These standards ensure a specific absorption rate (SAR) for the user’s head during mobile
phone use, in terms of power absorption per unit mass.

The software product allows the creation of accurate and realistic models of the head and
mobile phone, using appropriate numerical methods to evaluate SAR distribution in the human
head. According to the given task, the CST STUDIO SUITE software allowed the 3D modeling
of the objects under study and the visualization of SAR distribution in the human head. CST
STUDIO SUITE is a 3D electromagnetic modeling software that enables the use of various
methods for calculating electromagnetic fields

The human body is a dielectric material with significant losses, which complicates solving
electrodynamic problems. However, reducing the absorbed power of the human body during
mobile phone operation and determining calculation methods is one of the priority tasks.

This method involves using a special mode for calculating the electromagnetic field module
along a line cutting through a curved model. In this case, it is possible to compute the dependency
of the electromagnetic field module on the distance from the main antenna.

Furthermore, it is used for generating and distributing electrical energy. The relative
absorption (SAR - Specific Absorption Rate) and relative absorption (SA) rate characteristics in
biological systems or tissue models are accepted as test parameters in radiofrequency. SAR [W/kg]
is defined as the time derivative of the energy absorbed (or scattered) in a unit mass, proportional
to the density of the material in the given volume. SA [J/kg] is the total amount of energy received
and absorbed, and its integral over time provides the final SAR. Information on SA and SAR is
used as criteria for comparing and extrapolating experimental results for various tissues of animals
and humans. This is also useful for analyzing the dependence of biological phenomena in different
models and objects.

The determination of SA and SAR is better for EMF because of the following characteristics:

—it relates the field to the biological object's respons;

—it facilitates understanding biological phenomena;

—it is independent of interaction mechanisms.

Based on the calculation of the excited electric field E [V/m], SAR [W/kg] is determined
using the following relationship:

)

where: ¢ — conductivity of the material in this volume, S/m; E — field strength, V/m; p —
density of the material, kg/m?®. SAR absorption intensity and current density J are determined by
the distribution of the electric field strength, mass density p (kg/m?), and electrical conductivity ¢
(S/m).
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J=0oxE 3)
olE[’
SAR = (4)
o)

SAR and current density are important field numerical parameters, especially for the
quantitative assessment of safety limits and radiation dose. Many national and international
standards and guiding documents in the field of electromagnetic field exposure to humans require
agreement on primary limits. In the high-frequency range, the primary limits are given in terms of
SAR, while in the low-frequency range, the primary limits are given in terms of current density.

Thus, the temperature rise in the tissue and the entire transient energy absorption process is
proportional to the SAR value. It is important to distinguish between SAR and its derivative with
respect to temperature. SAR is the power absorption rate. It is independent of the heat generation
mechanism, which may be caused by motion, friction, or other physical phenomena. It only relates
to the use of electrical conductivity and power scattering in a homogeneous biological medium.

To calculate the absorbed power in the user’s head, a biological object model consisting of
three layers is used: skin, bone, and brain. The structure of the head model is excited using a
simplified model of the mobile phone as a radiation source (Figure 4).

After the transient process is completed, the software product allows the visualization of the
electric field distribution in the computation space, as well as the power loss density (Figure 5).

H

Figure 4 — Mobile phone and mobile phone head model.

Wn'3
7830
7228
6243
5267
4298
3314
2337
1361

18.3

i B

Type Power Loss Density (rms)
Monitor loss (F=1.5) [1]
Maxinum-3d  13394.3 W/n"3 at 8.7 / 2.8 / 9.5
Frequency 1.5

Figure 5 — Calculation of power loss density.

Distribution of absorbed power per unit weight across the surface of the studied object
(Figure 6 and Table 4):
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Wkg

8.595
B8.559

8.502
B.445
B8.387

08.33
8.272
B8.215

B8.136

Type SAR (rms)

Honi tor SAR (F=1.5) [1] (1g)
Haxinum-3d 8.601188 W/kg at -8.5 / 8.5 / 4.9 =~
Frequency 1.5

Figure 6 — SAR distribution on the surface of the head model

Table 4 — Parameters of the three-layer model of the human head for frequencies of 0.9 and
1.9 GHz (in parentheses)

Radius of Relative Layer Layer

Substance 'r;rr\rl]ckness, Eggﬁgzr dielectric permeability, | tg [6] | density kg
Y conductivity,e | CM /M / m3

mm

Brain 48 53 (46) 1,1(1,7) (()(’)431(‘;39) 1030
0,133

Bone 3 9(8) 0,06 (0,1) | (0,125) | 1800
Skin 1 59 (46) 1.3 (1,9) ?6421) 1100

The construction of any complexity master model can be achieved through the operations of
merging and  reducing  three-dimensional  objects with  given  conductivity.
Therefore, it is possible that when removing from the source, the field should drop smoothly; if
the discretization is coarse, it may lead to jumps in the solution. When introducing an object, such
as a master model, into the analyzed space, this error may be reduced because the vertices of the
tetrahedron (Figure 7) are located at the boundary of the master layer.

/\\7

Figure 7 — Initial phone structure for analysis.
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It appears hollow from above. The division into tetrahedra is shown in the vertical cross-
section of the entire analyzed space. On the right, the sphere of the master model is visible(fig.8).

Figure 8 — Electric field near the antenna, consisting of a section with a rare
step and a section with a frequent step

The near field of an antenna system is often reactive, i.e. the direction of displacement of
power (Poynting vector) from the point of radiation to the object radiating along the radial network
is not mandatory(fig. 9 and fig.10)). The boundary of the near and far Fields is considered to be
the distance from which the flat wave travels strictly from the antenna.

Figure 9 — Standard model of the human head
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+6.5 dBi (red)
+2.8 dBi
0dsi
-8.1dBi
-13.7 dBi
-18.7 dBi

Type: Farfield
Approximation: manable (NR >> 1) — ckopee Bcero “manageable (NR >> 1)”
Monitor: Farfield (r=1.0) [1] -23.7 dBi

-27.7 dBi
Component: Abs -32.5 dBi (blue)

Output: Directivity

Frequency: 1.0

Rad. effic.: —-1.547 dB
Tot. effic.: -11.158 dB
Max. dir.: 5.508 dBi

Figure 10 — Distribution of per person and mobile phone models in the SAR system
Consider the level of specific absorption power (SAR) depending on the location of the
radiation device. There is a situation when the phone fits snugly to the head(fig.11).

116.07, 129.522,  -1Sh.A09

Figure 11 — Location of the Illuminator (phone)

After the transition processes are completed, the distribution of the specific absorption power
takes on the following type (fig.12):

presrsron <
2k 2z 3

NN
Skanins

3582

SAR (rms)

SAR (£+0.9) [1] (109) :

5.62365 Wk at 67.1420 / 126,701 / ~114.688
0.9 s

\ —

Figure 12 — Distribution of SAR by the surface of the head model

We move the phone to a distance equal to about 15 cm from the person's head (fig.13):
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P2

1m.w, 129.522,

1540

Figure 13 — Mobile phone location 15 cm removal

Table 5 — Maximum field strength at points of planes located in sections when moving away
from the cell phone case

Plane name E]?Tr]noval from case, Maximum field strength, V /M

SAR 18 max 18 F=12GHz F=1,95GHz
SAR 24 max 24 519 1166,3

SAR 26 max 26 660,3 581,2

SAR 30 max 30 808,2 692,7

SAR 100 max 100 148,8 363,8

SAR 18 max 18 87,5 250,7

These data are primary, in relation to which the fields and characteristics of the system are
calculated when the structure of the telephone tube changes. Interpretation of results (table. 2)
presented in Fig. 4, which shows two planes at a distance of 18 and 100 mm from the nearest wall
of the cell phone case and the image of the field in these planes, where it is possible to find the
points of the highest tension.

After the transition process is completed, the distribution of the specific absorption power
will be as follows(fig. 14):

Wkg

0.24
8.221
0.206
0.191
8.176
0.161
0146
0.131
8.116
8.101
0.0863
8.90713
0.9563
0.0413
0.0263

Type SAR (rms) \
Monitor SAR (F=0.9) [1] (19g)__
Waxinun-30  0.240091 V/kg at 67.1a24 / 122.832 / 10491

Yy
) 3
= .
/ 4 A‘
Frequency 0.9

Figure 14 — CM SAR distribution on the surface of the head model when removing the
radiation source
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W .
1max — ﬂ ~ 23 (5)
W

2max

Analysis of Sar calculations showed that after removing a mobile phone from a person's
head, the volume of specific absorbed power decreased by more than 20 times (fig. 15).

For this, the output of the field characteristic along a predefined line perpendicular to the
body of the phone and passing through the layers of the head model is used [12].

- Oroximity to the n

== remote location on the model

1

BT TTT =T

40
Bixe
30

: -
0 20 40 60 80 100120

A —— head size ~——™

Figure 15 — Field strength along the X-axis, towards removal from the head pattern

Figure 16, the correct coordinate x = 82 corresponds to the point of the phone case near the
head model. When moving to the left of the point with the coordinate X = 82, to the point x = 72,
we see a segment in which the field strength is higher. This is the space from the phone to the
head.

To obtain a complete picture of the distribution of field strength within the head model, we
introduce another Scale (Figure 16).

= long distance
- close distance

121 T 2 'Q‘ [
50 - - \ | |
| 3] % ?

22
B/ T TS

40

i e
| N

bFPin \D‘Qne Skl[}

T \
0 2 - 6 M 10
distance

Figure 16 — Image of the field strength on the first and second floor of the head model
(enlarged scale on the first floor of the head closest to the phone case)
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Figure 18 — Orientation diagram in the azimuthal plane,
taking into account the head pattern, 0.8 GHz

Depending on the amplitude of the excitable source (which can vary according to the

sinusoidal law), the field strength also varies at each point in space, since in the Near Field, higher
types of waves change linearly, but the phase relations change the picture of the field in space
(Savicheva S. A., Gainutdinov T. A. et al., 2008).

Thus, fig. 17, when the radiation power changes, the amplitudes of the high waves at each

point in space change linearly, but the resulting field acquires a complex character. We are here
not with a nonlinear medium, but with interference (adding different types of waves).

If you change the excitation parameters, the separation of the near field will change to the

field shown in the figure.. The nature of such propagation is explained by the superposition of
high-type waves in the near field of the antenna system(Fig.18).

The results shown in the upper figures, are used to calculate the SAR value.

312 x1.3

SAR, = =1.14W /Kg (6)

2
SAR, = 2 X006 _ 4 1auy /g )
1030

169


http://zadereyko.info/images/raschet_moschnosti13.jpg
http://zadereyko.info/images/raschet_moschnosti14.jpg

Ne4(39) AAA XAPLLbICHI

46° x1.1
SAR, = ———==2.25W /k 8
3 = 1080 g (8)

This method can be used to calculate power absorption at any point in the head. Due to the
peculiarity of the phone case and the entire antenna system, the near field is concentrated in the
head, because with the removal of the antenna from the existing phone case, the monotonous
falling nature of the field disappears. Of course, the averaged power in the space of these points
must be calculated using statistical analysis. However, calculations show that smaller metal
objects, such as earlobes, can transmit significant power at points in body space through
statistically stable fields.

Orientation diagram in the direction of the head in the azimuthal diagram of
directionality,there will be a fall, because in this section the radiated power is shaded.

Directed diagrams in Figures 1...It shows 3 dB, everything shows little radiation in all
directions, and despite this, they were uniform. This concept can be considered as an object with
absorbing properties near the antenna system. However, the azimuthal bottom remains the same
for different angles of inclination.

The SAR level of mobile phones is an indicator that characterizes the highest amount of
electromagnetic radiation of various models of mobile phones. Using this calculated method, we
can determine the level of electromagnetic radiation of any phone model and make a choice for
ourselves.

In this study, we demonstrated that the usage scenario critically influences exposure levels:
the transition from "silence” to "call” is accompanied by a sharp jump in field strength, while
"conversation” produces the highest values. This scenario-specific gradient is consistent with
fundamental principles of power management in cellular networks (the uplink increases power
when establishing and maintaining a connection), as well as with phantom measurements, where
SAR peaks systematically increase with deteriorating reception quality and with decreasing
device-to-skin clearance. In our dataset, "conversation™ is higher than "silence" by a factor of ~42—
53 (depending on whether 1.4x is calculated relative to "call" or 41.8x directly). This discrepancy
is informative in itself: it demonstrates that even within a single experiment, the resulting
coefficients are sensitive to the duty cycle, antenna position, and network characteristics. We
deliberately shift the focus from instantaneous flux density at the enclosure to SAR and dose D as
more biophysically relevant metrics.

Comparing the results with typical laboratory SAR assessments on liquid phantoms
(SAM/lateral positioning) under standardized conditions, it should be recognized that standardized
tests often represent the "worst case” for geometry and power, but omit the temporal structure of
the traffic. Our approach complements them—it does not replace the compliance protocol, but
rather extends it by introducing a scenario component and an integrated dose. A number of
published studies have noted that adding even a 5-10 mm air gap reduces SAR10gmax by tens of
percent; our calculations and measurements confirm this trend and quantitatively explain it by
near-field decay and the shift of the "hot spot" in the tissue. Furthermore, we demonstrate a
practical tradeoff: when the signal is weak, a temporary increase in power can reduce the
transmission duration and the total dose—a finding that is less frequently discussed in studies
focused solely on the SAR peak.

It is also important that we explicitly differentiated three modes ("silent,” "call," and "talk™)
and included the duty cycle in the dose calculation. Some studies only record stationary, quasi-
continuous conditions; in reality, UL activity is fragmented and codec-dependent. The
methodology we demonstrate allows us to transfer our findings closer to the real user profile—
with clear benefits for risk assessment and device design (antenna solutions, power control
algorithms, user prompts).
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From a practical perspective, our results reinforce the consensus on the "distance rule™: even
minimal separation (case, phone relocation, speakerphone mode) is the most reliable and easily
implemented way to reduce SAR without compromising communication.

At the same time, we emphasize that engineering goals must be multi-criterial: optimizing

not onIy'SAREﬁ“H’ but also D dose, energy efficiency, and channel quality metrics (e.g.,
BLER/throughput). This approach is useful for regulators, manufacturers, and users.

Conclusion.

This article discusses the problem of the effect of electromagnetic radiation on ADM in the
mobile communication system. Currently, electromagnetic radiation causes harmful effects on the
human body. Conducting research in this regard, you can come to the conclusion as follows:

— When using mobile phones with a frequency of 450-900 MHz, the wavelength
significantly exceeds the linear size of the human head, which, in turn, can lead to various diseases;

—  Currently, the rate of use of mobile phones is too high, the reason for this is the
development of various platforms in the world of the internet, which, in turn, has a strong impact
on the health of children and adolescents, the figure is 30% higher;

— The international SAR level determination method was considered to determine the
effect of this mobile phone. Studies were conducted on this method, and on average the SAR level
was equal to 1.19;

— In the process of modeling, the ratio of the human head and phone models was
considered, as a result of which the influence of the mobile phone was determined, which showed
23 equal values.
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¥YSJIbl TEJJE®@OH/bI KOJIJAHY KE3IHAEI'T 9JIEKTPO MATHUTTIK
OPICTEPAIH AJAM AI'3ACBIHA 9CEPJIEPIH 3EPTTEY

Anoamna. bByn owcymvicma  culMcubl3  OQUAAHLIC  JiCYUeciHe  dHcamamvli - YAbl
meneghonoapoviy Annomayus. byn enbekme colmcol3 OAIAHBLC JHCYleNePIHiY KYPAMbIHA KIDemiH
ysanel  meneonoapobly  a0am  ag3daculHa acepi, COHOAU-aK Yanvl  Oaulamvic Kesinoeel
INeKMPOMASHUMMIK cayeNleny0iy acepi Kapacmulpvliaovl. Eybex ysanvl meneghonowt naiidanany
JHCOHEe OCbl NatdalaHyMeH OaUuIaHbiCMbl aypyrapobly Mypiaepi mypaibl CMAmMUCMuKaibik
Oepexmepoi YCblHaobl. A0am OeHeCiHiy MOOeNi JHCACabin, CONl MOOenboe YAibl OAUIAHbICIARbL
NeKMPOMASHUMMIK ~ cayieneny npoyecmepiniy acepi kopcemindi. Comuvimen Kamap,
INeKMPOMASHUMMIK ~— cayNlefleny0i  ecenmeyoiy —XAnblKapanvlK CMAHOapmmapvlia —CcauKec
ecenmeyinep HCypeizinoi.

3epmmey namuoicecinoe SAM manexenoepiniy kemezimer aoam 6aAcbIHOAbL MU MIHOEPIHIY
900 scone 1800 MIy scuinikmeei Oudsiekmpnix emkizeiumixmepi canrvlcmuipoliovl. CoOHbIMEH
kamap, CST STUDIO SUITE 6azoapramansix Kypaisl apkblisbl 3epmmeiemin 00vekminepoiy 3D
MOOenboepi Hcacandvl HCIHe 0Cbl MOOENbOep He2i3iHOe DIeKMPOMACHUMMIK CIYAeNeH)OIH aoam
bacvina acepi maioaHowl.

byn maxananviy e3zexminiei  onapovly adamea acep emy KAyniH —apmmulpamolH
anekmpomaznummix epic (OMO) kesoepiniy keobewine oOailnianvicmol. TypmbicmvlK 371eKmp
Jrceninepi, MypmulcmvlK mexHuxa, Oeline OUChiel MepMUHandapul, d1ekmp bepy oiceninepi,
Oatinanvic  JiCOHe  aKnapammolk  Menepaouo  KYpoliebliapbl, PAOUOIOKAYUSILIK — JHCIHE
HABUSAYUATILIK, CIMAHYUANAD dPMYPIL HcUilikmepoe, MOOVIAYUALAPOA HCIHE KAPKbIHOLLILIKIMA
IOKK wivieapamuein ke30ep miziminiy 0ip 6onici 2ana. Xanvlkmouiy KONWINIZI WblH MoHIHOe mabueu
MazHum epicinen muinuonoazan ece kywmi IKK-uiy eme orcozapul Oeneeuine yuiblpaiiowl.
DnekmpomazHummix — cayleieHy — a23a0agbl  NAMONOSUANILIK — PeaKkyusiapovly — O0aMyblHA
aumapavikmai acep emedi. byn o3 kezecinde adam Oencaynvi2vinbly mMeOMeHOeYiHe miKeel
akenedi. COHObIKmMaw ysivl meie@onHbIY A0aM a23ACbIHA MU2i3emin acepiH MYCIHY JHCIHe OHbIH
3USAHOBL HCAKMAPHL MYPAJIbL XALbIKMbL AKNAPAMMAaHObLpy 6acmul MiHOem 60.1bln maodwvliaobl.

Tyitin co30ep: snekmpomacHumMmix cayneneny, yaivl meneg)on, OUdNeKmpiik OmKi3iumix,
NeKMPOMASHUMMIK Opic, HCULLIKMeED, MOOVIAYUALAD, paodap.

UCCJEIOBAHUE BJINSAHUA DJIEKTPOMATHUTHBIX MTOJIE HA
OPI'AHUM3M YEJIOBEKA ITPH UCITIOJIb3OBAHUU MOBUJIBHOT'O TEJIE®OHA

Annomauyun. B Oaunoil pabome paccmampusaemcs GIusHUe MOOUIbHLIX Melegh)OHOs,
AGIAIOWUXCL  YACIMbIO  cucmem 0ecnpo8OOHOU C653U, HA OP2aAHU3M 4Yelo8eKd, d MAaKdice
8030eticmaue 21eKMpOMASHUMHO20 U3TYYeHUs NPU MOOUTbHOU cé:a3Uu. B pabome npedcmasieHul
cmamucmuyeckue OanHvle 00 UCHONb308AHUU MOOUNLHLIX MmeNehoH08 U 8Udax 3abojesanull,
ceazannvix ¢ smum. Coz0ana mooensb meia 4eno8eKka, Ha Komopou nPpoOeMOHCMPUPOBAHO GIUSHUE
INEKMPOMASHUMHO20 UZTYHEHUsL HA NPoYecchl MOOUNbHOU cesi3u. Taxoce npogedenvl pacuemvl 6
COOMBEMCMBUU C MENCOVHAPOOHBIMU CIMAHOAPMAMU PACHema 3/1eKmMPOMASHUMHO20 U3TLYYEHUS.
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B pesynomame uccredosanus npogedeHo cpagHeHue OUudIeKmpuieckou NpoHUYaemMocmu
mxaneli mozea uyenogeka Ha wacmomax 900 u 1800 MI'y ¢ ucnonvzosanuem mauexernos SAM.
Kpome moeo, ¢ nomowwio npoepammnozo obecnewenuss CST STUDIO SUITE cozdanwvt 3D-mo0enu

uccnedyemvlx  00beKmos, HaA ~ OCHOB8e  KOMOPbLIX  NPOBeOeH  AHAAU3  B030eUCmBUs.
INEKMPOMACHUMHO20 U3TYYEHUsL HA 20108) Yel06eKd.
AxmyanvHocme — OaHHOU — cmamvu  00YCI06I€HA  POCMOM — YUCAA — UCTOYHUKOS

anekmpomacuumuolx noneu (OMII), umo noeviwwaem puck ux 6030elicmeusi Ha UYel08eKd.
bvimosvle anekmpocemu, Ovimosas mMexXHUKA, BUOCOMEPMUHANbI, JUHUU DNeKMponepeoaiu,
cpedcmea  ceaA3u U uHgopmayuu, mene- U paouoyCmpoucmed, paouoIOKAYUOHHblE U
HABUSAYUOHHbIE CIMAHYUU — JTUUWL MANAS YACMb UCTOYHUKOE INeKMPOMASHUMHO20 U3LYYeHUs
PA3TUYHBIX Yacmom, MOOyIAyul u unmencusHocmeil. Ilooasnarowee 601buUHCMBO HACeNeHUs
noogepzaaemcs 8030€UCmeUI0 04eHb 8blCOKUX VPOBHEU IeKMPOMASHUMHO20 NOJISl, KOMopble 8
MUTLTUOHBL Pa3 NPesblluaAlon ecmecmeeHHble MacHUmHble Nojf. DNeKmpoMacHUMHOe U3yyeHue
CYWeCMBEHHO GaUsem HA pa3eumue NamoaoSUdecKux peakyuii 6 op2anuzme. Omo, 8 C60I0
oyepedb, HanpAMYI0 NPUEOOUM K YXYOUleHUI0 300p08bs uenoseka. Ilosmomy nonumanue cmenenu
6030elcmaus MOOUTbHBIX MeNehOHO8 HA OP2AHUBM 4eN08eKd U UHPOPMUPOBAHUE HACENEHUs O
€20 8PEOHbIX NOCIe0CMBUSX ABIACMCA 8adCHelluell 3a0ayel.

Knwouesvle  cnosa:  snekmpomacHumuoe — uziyueHue,  MOOUTbHGIL — MeneqoH,
OUINeKMPU4eCcKas nPo8OOUMOCb, INEKMPOMASHUMHOE NoJle, YACMOmbl, MOOYIAYUU, pAOap.
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KOMMNbIOTEPHbIE HAYKW, MTPUBOCTPOEHUE N ABTOMATU3ALIUA
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COMPARATIVE ANALYSIS OF AI-GENERATED TEXT DETECTION MODELS
IN STUDENT TEXTUAL ASSIGNMENTS

Abstract. Modern transformer models have significantly expanded the capabilities of
automated text generation, posing new challenges for maintaining academic integrity in higher
education. Traditional plagiarism detection systems often fail to distinguish between student-
written work and Al-generated materials, underscoring the need for robust automatic detectors.
Accordingly, this article presents a comparative analysis of three approaches to detecting Al-
generated text in student submissions. The study focuses on a GPT-2 transformer-based classifier,
a CNN-LSTM hybrid architecture, and a classic LSTM model. Research objectives include
standardizing an experimental protocol and evaluating each method under varying computational
constraints and accuracy requirements. The experimental methodology comprises uniform
preprocessing of a labeled corpus of student assignments, splitting data into training and
validation sets, training models over multiple epochs with identical tokenization and optimization
parameters, and assessing their performance using precision, recall, and F1-score metrics.
Findings reveal that the transformer-based detector provides the deepest contextual
representations, the CNN-LSTM hybrid achieves an optimal balance between processing speed
and detection quality, and the LSTM model serves as an efficient, resource-saving baseline for
CPU-only environments. The authors conclude that method selection should align with available
infrastructure: transformers are suited for GPU-rich servers, hybrid architectures for mid-range
platforms, and LSTM modules for CPU-based setups. As a practical recommendation, the authors
propose integrating the hybrid detector into educational platforms alongside expert peer review
and regularly updating the training corpus to adapt to emerging types of Al-generated content.

Keywords: Deep Learning, Al-Generated Text, Academic Integrity, GPT-2, CNN-LSTM,
LSTM, Text Classification, Transformer Models, Hybrid Models.

Introduction.

Recent advancements in natural language processing (NLP) have led to the development of
advanced language models that can generate text nearly resembling human writing. Content
creation in many different fields has been revolutionized by transformer-based approaches such
GPT and BERT. However, these developments pose significant challenges to academic integrity
in higher education, where separating Al-generated from human-written materials is becoming
more and more important [1]. Mostly depending on apparent textual similarities, traditional
plagiarism detection algorithms sometimes fail to identify the subtle outputs produced by modern
artificial intelligence systems [2].

Deep learning-based approaches have been explored to find methods of handling these
difficulties. Since Long Short-Term Memory (LSTM) networks are excellent in capturing long-
range dependencies in text, they are ideal for modeling sequential patterns. LSTMs could thus
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overlook minor local traits that distinguish actual content from machine-generated text.
Researchers have suggested hybrid models mixing LSTM architectures with CNNSs to address this.
Combining the LSTM's sequential modeling capability with CNN's mastery in local feature
extraction, these CNN-LSTM hybrids increase detection accuracy [3, 4].

Moreover, transformer-based models meant for text generation have been modified to
recognize tasks. By fine-tuning models like GPT-2 for classification or by looking at perplexity
measurements [5], researchers have found unusual patterns indicating of Al-generated text. Every
method has special advantages and drawbacks for scalability, computing economy, and accuracy.

The reason for implementing advanced models is clear: as higher education confronts the
rising challenge of academic dishonesty through Al-generated submissions, there is an urgent need
for effective automated detection methods. These technologies preserve academic integrity and
enhance digital content management on educational platforms [1, 2]. This study performs a
comparative analysis of three detection methodologies: LSTM-based, CNN-LSTM hybrid, and
GPT-2-based approaches, to assess their effectiveness in identifying Al-generated text and its
potential applications in higher education.

Literature Review.

For text classification, deep learning approaches have been looked into in great detail;
researchers have investigated several architectures to address problems in identifying traditional
and artificial-generated content. Especially LSTM and GRU variants, preliminary comparative
studies [6] provide a comprehensive evaluation of architectures including Convolutional Neural
Networks (CNN), Deep Belief Networks (DBN), and Recurrent Neural Networks (RNN), across
many classification tasks. Their analysis shows that whereas CNNs are particularly adept at
extracting local, position-invariant characteristics, RNN-based models are competent in capturing
long-range dependencies. Recent studies underscore the efficiency of LSTM-based models in
environments with limited computational resources, showing approximately 97 % accuracy in
detecting Al-generated texts even in languages with limited datasets. Given that performance is
quite sensitive to configuration selections, the study emphasizes the fundamental relevance of
hyperparameter tuning. Nonetheless, these models are less effective for shorter academic texts,
where local and nuanced textual features play a significant role, thereby limiting their applicability
in certain educational settings [7].

Building upon this basis, a hybrid CNN-LSTM model was proposed for the detection of fake
news [8]. This method utilizes the CNN component to extract prominent textual elements, while
the LSTM layer identifies the sequential relationships essential for differentiating between
authentic and fabricated news. The hybrid model demonstrated exceptional performance on the
ISOT Fake News Dataset, surpassing both conventional classifiers and independent deep learning
models. Recent comparative analyses demonstrate hybrid CNN-LSTM models’ superior accuracy
(up to 99 %) due to their balanced integration of local textual features captured by CNNs and
sequential context modeled by LSTMs. However, these hybrid architectures often require
considerable computational power and careful optimization to avoid overfitting, posing potential
constraints for institutional use [4]. This study emphasizes the benefit of integrating
complementary architectures to overcome individual limitations.

Additionally, recent studies have focused on transformer-based models to improve text
categorization and the identification of Al-generated material. One investigation examined the use
of BERT through its fine-tuning on datasets containing both human-written and Al-generated text
[9]. The research demonstrates that BERT, utilizing transfer learning with limited labeled data,
attains elevated accuracy, precision, and recall across several domains. The feature significance
analysis indicates that contextual embeddings obtained from BERT’s attention processes are
crucial for differentiating Al-generated material from human-written language. Transformer-based
detection methods achieve robust F1-scores (around 90 %) thanks to their advanced contextual
representations and self-attention mechanisms.
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Further extending the discussion on advanced language models, GPT-2 was introduced as a
transformative, unsupervised multitask learner [10]. Trained on the WebText dataset in a zero-
shot setting, GPT-2 exhibits competitive performance across numerous NLP benchmarks,
including question answering, machine translation, and summarization. The research indicates that
GPT-2's performance increases log-linearly with model size, highlighting the potential of large-
scale transformer models. Though originally intended for text production, the GPT-2 insights are
especially important for spotting Al-generated text. Its ability to create coherent, human-like
language not only makes it more difficult to distinguish between human- and artificial-generated
content but also provides a basis for creating more advanced detection systems. Yet, these models
also exhibit vulnerabilities, such as high computational demands, sensitivity to slight textual
alterations, and dependency on extensive fine-tuning data, thus potentially limiting their practical
use across varied academic contexts [5,11]. Moreover, these models can be used to improve
automated grading, essay evaluation, and plagiarism detection systems, so affecting higher
education as well. Table 1 summarizes a SWOT analysis of the three major classes of Al-
generated-text detectors — GPT-2-based, CNN-LSTM hybrid u LSTM-based architectures —
highlighting their relative strengths, weaknesses, opportunities u threats.

Table 1 — SWOT Analysis of Al-Generated Text Detection Models

Model Strengths Weaknesses Opportunities Threats
LSTM - Based | Lightweight, Limited local Leverage in low- Advanced
efficient feature resource adversarial text
sequential detection; environments; easy | generation may
modeling struggles with | deployment on CPU- | exploit
short texts only systems. sequential gaps.
CNN - LSTM | Combines local | Increased Hybrid architectures | Overfitting on
Hybrid feature model can be tuned for small datasets;
extraction with | complexity; optimal trade-off; maintenance
temporal context | higher training | supports on-premise | overhead.
cost use
GPT - 2 Based | Superior Resource- Regulatory Rapid evolution
contextual intensive; frameworks of LLMs may
embeddings, sensitive to encourage adoption; | outpace detector
highest accuracy | slight text fine-tuned domain updates.
variations models.

Apart from these deep learning approaches, traditional machine learning methods have also
been applied for evaluation of academic texts. To assess the structure and formatting quality of
student articles, a comparison study [12] including k-nearest neighbors, support vector regression,
and random forest was conducted on models. Their results highlight how conventional machine
learning techniques could evaluate text quality, so offering a different perspective on the more
recent deep learning techniques meant for material generated by artificial intelligence.

Additionally, the rise of advanced artificial intelligence-generated writing gradually
compromises academic integrity in higher education. A recent study looks at the complicated
problem of plagiarism and proposes that developing technology—especially artificial intelligence-
based detection systems—may greatly help to prevent academic misbehavior [13]. The study
emphasizes the need of advanced, technologically developed detection methods to support
institutional projects maintaining ethical standards by means of technology.

Recent developments in the US and Europe show widespread adoption of Al-generated text
detection within academic integrity policies, bolstered by the EU’s Artificial Intelligence Act’s
emphasis on transparency and ethical Al governance. In Kazakhstan and other Central Asian
countries, universities are adapting international best practices to manage generative Al despite
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the absence of a unified national framework. Across broader Asia, institutions favor balanced,
cautious approaches that pair automated detection with human review to reduce errors and bias.
Frameworks like the Al Ecological Education Policy Framework explicitly address pedagogical,
operational, and governance dimensions of responsible Al use in teaching [14], while the Higher
Education Act for Al (HEAT-AI) offers a risk-based regulatory model tailored for HEIs to ensure
accountability in detecting Al-generated content [15]. Effective integration in settings such as
Kazakhstan therefore requires combining advanced detection tools, clear institutional guidelines,
pedagogical adjustments, and vigilant human oversight to uphold academic integrity without
unfairly penalizing students.

These studies all together demonstrate the progression of text classification methodologies,
transitioning from initial architectures highlighting either local feature extraction or sequential
modeling to hybrid approaches that blend these functions, finishing in transformer-based methods
that represent intricate contextual relationships. The consequences for higher education are
important: the great efficiency of these models provides a good basis for the development of
automated verification systems as academic institutions face the difficulty of spotting submissions
created by artificial intelligence and maintaining academic integrity. Nonetheless, important
domains for ongoing study are dataset variety, model generalization, and the use of new
transformer topologies.

Materials and research methods.

Data Description

The "LLM - Detect Al Generated Text Dataset” [16] was chosen for this research and was
obtained from Kaggle. Academic essays categorized as either human-written or Al-generated
make up the dataset. To standardize the inputs, raw text samples were first preprocessed—that is,
converted to lowercase and punctuation removed. Using an 80/20 ratio, the dataset was split into
training and validation subsets thereby preserving balanced class distributions in both sets. To
guarantee consistency in input dimensions, uniform preprocessing—including tokenization,
normalization and padding to a set length of 512 tokens with PyTorch's pad_sequence—was
applied across all models.

Model Architectures

The first method utilizes a standard LSTM-based model for identifying Al-generated text.
As seen in Figure 1, the input goes through preprocessing, before its transformation into a sequence
of token indices. These indices are then passed to a 128-dimensional embedding layer, which
converts them into dense vector representations. A bidirectional LSTM with two layers and a
hidden size of 256 subsequently handles the embeddings. The output from the final time step of
the LSTM is processed through a dropout layer and subsequently directed into a fully connected
classifier, yielding a single logit for binary classification. This model utilizes extensive sequential
data inside the text, rendering it proficient at differentiating between human-generated and Al-
generated content.

Preprocessing

Text Lowercasing LSTM-Based Model (2 Layers, hidden=256)

Input Text Punctuation Removal Output Logit

Binary Classification
Human vs. Al

Text Normalization

-
3
Embedding Layer
(128-dim)
Bidirectional LSTM
Fully Connected Layer

Tokenization

Sequence Padding

A
Figure 1 — LSTM-based detection model
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The second method employs a hybrid model that integrates convolutional and LSTM layers
to capture both local and long-range dependencies in text. As shown in Figure 2, the preprocessing
steps, are similar to those of the LSTM-based method. Post-preprocessing, token indices are
converted into 128-dimensional embeddings, subsequently processed through a 1D convolutional
layer featuring 100 filters and a kernel size of 3 to extract local features. A ReLU activation and
dropout layer follow, with the convolutional outputs reshaped to serve as input for a bidirectional
LSTM with a hidden dimension of 128. The final forward and backward hidden states are
concatenated and directed to a fully connected layer, producing a single logit for binary
classification. By combining CNN-based feature extraction with LSTM-based temporal modeling,
this architecture efficiently differentiates human-authored text from Al-generated content.

Preprocessing

Text Lowercasing CNN-LSTM-Based Model (ConviD + BILSTM)

Input Text Punctuation Removal

="
A h Text Normalization

Output Logit

Binary Classification
Human vs. Al

Bidirectional LSTM
Fully Connected Layer

Tokenization

1D Convolution
(100 filters, kernel=3)
RelU Activation + Dropout
Reshape for LSTM Input

Sequence Padding

N/
Figure 2 — CNN-LSTM-based hybrid detection model

The final method utilizes a transformer-based model—specifically GPT-2—fine-tuned for
sequence classification. Figure 3 illustrates that the input text undergoes initial preprocessing,
followed by tokenization via the GPT-2 tokenizer, which use the end-of-sequence token for
padding and limits sequences to 512 tokens. A data collator dynamically manages padding at
runtime.  The generated token IDs and attention masks are subsequently fed into
GPT2ForSequenceClassification, a model that incorporates a classification head on top of the pre-
trained GPT-2 transformer. Leveraging the extensive contextual embeddings acquired from
unsupervised pre-training, the model may be fine-tuned to effectively differentiate between Al-
generated text and human-written information.

Preprocessing

Text Lowercasing

GPT-2-Based Model

Input Text Punctuation Remaval Output Logit

Pre-trained GPT-2
Transformer

¥

Classification Head

Binary Classification
Human vs. Al

Text Normalization

Tokenization
(GPT2Tokenizer)

Sequence Padding

e/
Figure 3 — GPT-2-based detection model

Experimental Setup
All models were implemented via PyTorch and trained on GPU-enabled hardware to
guarantee efficient computation. The training procedure was the same across models: each
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underwent training for 10 epochs with consistent data preprocessing, normalization, tokenization,
and sequence padding to ensure a fair comparison. The Adam optimizer, with a learning rate of
1e-3, was used for the LSTM-based and CNN-LSTM hybrid models, while training stability was
further enhanced by gradient clipping (maximum norm of 1.0) and a ReduceLROnPlateau learning
rate scheduler. The GPT-2 model was fine-tuned with the Hugging Face Trainer APl with a
learning rate of 2e-5 and batch sizes of 4 for training and 8 for assessment. Evaluation measures,
such as accuracy, precision, recall, and F1-score, were calculated on the validation set utilizing
standard functions from scikit-learn, while hyperparameters were refined by grid search to
guarantee optimal performance.

To systematically assess model performance, we utilize four established assessment
metrics—Accuracy, Precision, Recall, and F1-score—as delineated below:

Accuracy reflects the overall correctness of classification and is computed as:

TP+TN (1)

Accuracy = ———
TP+TN+FP+FN

where TP and TN are true positives and true negatives, and FP and FN are false positives and
false negatives, respectively.

Precision indicates the proportion of texts labeled as Al-generated that truly are Al-
generated:

Precision = —— (2)
TP+FP

with TP as correctly identified Al-generated texts and FP as misclassified human texts.
Recall (sensitivity) measures the fraction of actual Al-generated texts detected:

Recall = i (3)

TP+FN

where FN are Al-generated texts missed by the model.
F1-score harmonizes Precision and Recall into a single value:

Fl=2x Prec?s%oanecal] (4)
] . Precision+Recall
balancing both false positivs and false negatives.

Results and their discussion.

We evaluated the performance of the three models—GPT-2-based, LSTM-based, and CNN-
LSTM hybrid—on identifying Al-generated text using the standardized dataset outlined in Section
I1ILA. The research concentrated on quantifying essential performance parameters, including
accuracy, precision, recall, and Fl-score on the validation set. Table 2 encapsulates the
performance metrics: The GPT-2-based model attained an accuracy of 96.88%, with precision,
recall, and F1-score of 96.96%, 96.74%, and 96.85%, respectively; the CNN-LSTM hybrid model
achieved an accuracy of 95.16% and an F1-score of 94.94%; whereas the LSTM-based model
secured an accuracy of 94.64% and an F1-score of 94.29%.

Table 2 — Performance Comparison of GPT - 2, CNN - LSTM, and LSTM Models

Model Accuracy Precision Recall F1-Score

GPT - 2 Based 96.88% 96.96% 96.74% 96.85%
CNN - LSTM Hybrid 95.16% 94.28% 96.61% 94.94%
LSTM - Based 94.64% 93.43% 95.17% 94.29%
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Figure 4 displays a bar chart that contrasts the performance metrics—Accuracy, Precision,
Recall, and F1-Score—of the three models: GPT-2-based, CNN-LSTM hybrid, and LSTM-based.
The chart distinctly illustrates that the GPT-2-based model maintains an overall performance
advantage across all metrics, while the CNN-LSTM hybrid and LSTM-based models follow

closely with slightly lower values.
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Figure 4 — GPT-2, CNN-LSTM, and LSTM Model Performance Metrics

A representation of the training loss curves for each model over the course of ten epochs is
presented in Figure 5. The line graph illustrates the convergence behavior and stability of the
training process, with all models exhibiting a consistent reduction in loss as training advances.
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Figure 5 — Training Loss Curves for GPT-2, LSTM, and CNN-LSTM Models

As seen in Figure 6, the F1 score for each of the three models has changed during the course
of the training epochs. This graph demonstrates the enhancements in classification performance
throughout fine-tuning, further validating the robustness of each approach.
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Figure 6 — F1-Score Progression Over Training Epochs for GPT-2, LSTM, and CNN-
LSTM Models

To clarify the individual failure scenarios of each model, we provide a comprehensive error
analysis in Figure 7. The GPT-2 detector demonstrates minimal misclassifications, recording only
one false positive and six false negatives, suggesting that its deep contextual representations
proficiently disambiguate the majority of samples, however it may sometimes misread exceedingly
concise human-written or Al-generated texts. The CNN-LSTM hybrid has a greater yet balanced
error profile, including thirty false positives and thirteen false negatives, illustrating the trade-off
associated with merging local feature extraction with sequential modeling. The LSTM baseline,
although computationally efficient, has the highest total mistake count (sixty false positives and

nineteen false negatives), indicating challenges in recognizing the subtle textual patterns that
differentiate human and Al outputs. Figure 7 quantifies different mistake kinds, emphasizing
specific goal areas: minimizing false positives for GPT-2, adjusting threshold sensitivity for the
hybrid model, and enhancing context modeling for LSTM, thereby directing future improvements

801 False Positives
I False Negatives H

in detection robustness.

Count of Misclassifications
Noow B w o 0~
o o =) =) & o

[y
o
T

LSTM

0 GPT-2 CNN-LSTM

Figure 7 — Misclassification Breakdown for Al-Text Detection Models

Clear trade-offs between the three approaches are shown by a comparative analysis.
Although the GPT-2-based model requires more computer resources and longer training times, it
uses deep contextual representations acquired by transfer learning to produce somewhat improved
results. By combining local feature extraction with sequential modeling, the CNN-LSTM hybrid
model offers a good balance between computational economy and excellent accuracy. On the
other hand, even if it is slightly less accurate, the LSTM-based model provides a simpler and more

182



Ne4(39) AAA XAPLLbICHI

economical baseline The results show that specific application demands, including the requirement
for high accuracy compared to available computer resources, should guide model selection.

In order to evaluate our detectors’ resilience in a real-world educational setting, we put them
to the test using twenty anonymized student assignments from an undergraduate course and
concurrently produced twenty comparable Al-generated works for the same assignment with a
GPT-based text generator. Upon assessment using both the CNN-LSTM and GPT-2 detectors,
authentic student submissions exhibited Al-generation probabilities ranging from 72 % to 86 %,
indicative of occasional templated phrases, whereas the Al-generated submissions for identical
assignments attained scores of 96 % to 98 %, thereby validating their artificial origin. Moving
forward, incorporating additional data from diverse disciplines into our training set will further
improve model calibration, reduce false positives, and adapt to new writing styles and assignment
formats.

It is crucial to balance the computational demands and the infrastructure that is available
when implementing these models in real-world learning environments. Transformer-based
classifiers impose considerable memory and processing demands due to their multi-headed
attention methods and deep architecture, occasionally requiring specialized accelerators or
scalable cloud resources to provide satisfactory response times. In contrast, a hybrid architecture
that integrates convolutional feature extractors with a recurrent layer can function effectively on
less powerful hardware—such as ordinary servers or CPU-only systems—without significantly
compromising detection performance. The hybrid method is especially appropriate for schools that
need to reconcile academic integrity measures with financial and operational constraints. Model
selection should ultimately be informed by an institution's available computational resources,
maintenance capabilities, and the required level of detection robustness.

Considering the trade-offs in precision, computational demands, and intricacy, we utilized
GPT-2 for its superior detection capabilities, the CNN-LSTM hybrid for its ideal equilibrium of
efficiency and resilience, and the LSTM model for its simplicity and low resource requirements -
together accommaodating a broad spectrum of institutional needs.

Conclusion.

Finally, our comparison of three deep learning approaches—GPT-2-based, CNN-LSTM
hybrid, and LSTM-based models—for recognizing Al-generated text shows that every strategy
has better performance on the validation set. Thanks to its powerful contextual representations
and transfer learning capacity, the GPT-2-based model attained the highest accuracy and F1-score.
Concurrently, via clever integration of local feature extraction and sequential modeling, the CNN-
LSTM hybrid model obtained a great balance between accuracy and computing efficiency.
Especially in environments with limited computing resources, the LSTM-based model offers a
dependable baseline even if its relative simplicity and minimal resource needs show a lower raw
accuracy.

Especially in higher education, these results have major implications for artificial
intelligence text detection. Maintaining academic integrity in digital learning environments
depends on the ability to autonomously and accurately distinguish between human-generated and
artificial intelligence-generated material. Our results show that although they somewhat increase
performance, transformer-based models require more computing resources. On practical uses
where resource constraints are major, hybrid systems are appealing solutions as they can provide
equivalent accuracy with less complexity.

Future research will aim to extend the evaluation scope by incorporating bigger and more
diverse datasets, exploring other hybrid model configurations, and refining hyperparameter tuning
to enhance detection accuracy and adaptability in real educational settings.
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CTYAEHTTEPAIH MOTIHAIK TAIICBIPMAJIAPBIHIAAFbI ’KACAH/IbI
HUHTEJUVIEKTIMEH KACAJIFAH MOTIHAI AHBIKTAY MOAEJIBJIEPIHIH
CAJIBICTBIPMAJIBI TAJITIAYBI

Anoamna. Kazipei mpancghopmeprnix mooenvoep agmomammol MIMiH 2eHEPAYUSICHIHbLY
MYMKIHOIKMEPIH e0ayip KeHeumin, iHco2apebl 0Ky OPbIHOAPbIHOA aAKAOEeMUSIbIK A0ANl0bIKMNbL
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KAMMamacsl3 emyoe Hcaya CbIHaKmapowvl myblHOammul. J{acmypii awmuniacuam xicyuenepi
cmyOeHmmiy O63IHOIK JHCYMbICbl MEH JHCACAHObl UHMENIeKMNEeH JCACAN2aH Mamepuaiobl
asxcvlpama aimatiovl, COHOLIKMAH CEeHIMOI aBMoMammul AHLIKIMAYWbLIAP 23ipiey 03eKmi 60.1bin
mabwviiaovl.  Ocvlzan — Oatilanbicmsvl — MaKaiada  cmyoeHmmix — ocymvicmapoagvt  MU-
2EHEPAYUANAHEAH MIMIHOI  AHLIKMAYOblY YWl Hezi3el 0ICIHIY CalblCmMblpMalbl Manidayvl
acypeizinoi. 3epmmey uvicanvl — GPT-2 mpancghopmepine nezizoencen andvin ana oxvimwlizam
knaccugpuxamop, CNN-LSTM cubpuomix apxumexkmypa owcone kiaccuxanvix LSTM-mooeri.
3epmmey mindemmepi: 3KcnepuMenmmix nPoOmMoKoLdbl Oipi30eHdipy, depekmepdi cananvl Al0bIH
ana eyoey dcone ap Maciloiy ecenmey Kyamvl MeH O0dN0IK MANANMAPLIHA CIUKeC MUIMOLNICTH
Jrcan-gicakmol Oazanay. 3epmmey adicmemeci andvlH ala 6HOeN2eH CMYOEeHMMIK HCYMbICIAD
KOpnycwin Oipezeti MOKEHU3AYUS JHCIHE ONMUMUZAYUSA NapamempiepiMer 0Ky JHCIHe meKcepy
AHCUBIHMBIKMAPLIHA 001y, MoOenvboepdi Oiphewe snoxada Oipoell eunepnapamempiepmet
O0auiblHOay, Hamudicenepdi 0a10iKk, Kammy dicane F1-kopcemkiwmepi Ootvinua carblcmolpyOaH
mypaovi. Homudicenep kepcemkenOeu, mMpaHc@hopmepiik Oemekmop ey mepey KOHMeKCMIK
Oetinenenyoi Kammamacwsi3 emin, ey xcoeapwl 0a10ik kopcemin, CNN-LSTM cubpudi scolnoamoviy
nen cananvl muimoi meyecmipce, LSTM-mooeni GPU-konoaycwlz opmaoa pecypcmol yHeMOeUumin
bazanvlk wewim peminde OHMAlIbL eKeHiH O0anendedi. KopblmbiHObiCbIHOA —a8mMopaap
UHPAKYPLLIBIM MATIANMAPbIHA CIUKeC d0IiCmi Mayoay Maubl30bl eKeHiH aman, Hco2apvl OHIMOI
GPU cepsepnepi ywin mpauncgopmepiix apxumexmypanapovl, opma OeHeelli annapammoik
nramgopmaoa cubpuomix wewimoepoi, ar mexk CPU-nezizinoeei opmaoa LSTM-mo0yneoepoi
KOJOaHYObl YCblHAObL. [Ipakmukanvly YCulHbIC pemiHOe 2ubpuomix Oemekmopowl Oinim Oepy
naamgopmanapvina capanmamanvlk peyeHnsusmer Oipee eH2izin, OKblmy O0epeKKOpblH YHeMi
JHcanapmuin omulpyobl YCblHAObI.

Tyitin co30ep: Tepen oxvimy, JKacanovl unmeniekmnen xHcacan2an Mamit, AKaoemusibly
aoanovik, GPT-2, CNN-LSTM eubpuomix mooeni, LSTM, Maminoi scikmey, Tpancghopmepnix
mooenvoep, I'ubpuomix mooenvoep.

CPABHUTEJIbHBIA AHAJIN3 MOJEJIEIL OBHAPYKEHUS TEKCTA,
CI'EHEPUPOBAHHBIX UH, B TEKCTOBbBIX 3AJJAHUAX CTYAEHTOB

Annomayun. CospemeHnnvle MpPAHCHOPMEPHbIE MOOEIU  CYUeCMBEHHO PACUUPUTU
B03MONCHOCIMU ABMOMAMUYECKOU 2eHepayuu MekCmos, Ymo Cco30aém Ho8ble 6bl308bl Ol
obecneuenusi akademuueckou wecmuocmu 6 6yzax. Cucmemvl awmuniacuama Hepeoko He
pazyaiom — pabomvl,  HANUCAHHbIE — CMYOEHMOM, U  MAMepuabl, C2eHepuposanHvle
UCKYCCMBEHHbIM UHMELIeKMOM, Ymo 00yClasnueaem akmyaibHOCHb pa3pabomru HAOEHCHbIX
aemomamuieckux 0emekmopos. B cesasu ¢ smum 6 dannoil cmamve 8bINOIHEH CPABHUMENbHBLIL
amanuz mpéx nooxo008 K obuapyscenuro HMHU-zenepuposanno2o mexkcma 6 CmyOeHuecKux
pabomax. [Ipedmem uccredosanuss — ocobenHocmu pabomol Kiaccuguxkamopa Ha baze GPT-2,
eubpuonou apxumexmypvt CNN-LSTM u knaccuueckou LSTM-mooenu. 3aoauu exnmouarom
Gopmuposanue eOuHo020 IKCNEPUMEHMATbHO2O NPOMOKOLA U OYEHKY Kadxic0020 Memood 6
VCILOBUSIX OCPAHUYEHHBIX BbIYUCTUMENbHBIX PECYPCO8 U PA3IUYHBIX MPebO8aHUull K mMOYHOCHU.
IKCnepumMeHmanvHas mMemoouka Uuccied08amenbCkol pabomuvl cOCmoum u3 eouHooOpa3Hou
npedobpabomKy  pasmedenHHo20 KOpnyca Ccmyoenuyeckux pabom, paszoenenus OaHHbIX HaA
00YyUaOWyI0 U 8ANUOAYUOHHYIO 8bIOOPKU, 0OVUEeHUs MOOenell 8 HECKOIbKO IN0X C OOUHAKOBLIMU
napamempamy MoOKeHUu3ayuu U ONMUMUZAYUU, a4 MAKIce OYeHKU Uux 3pgexmuenocmu no
nokazamensim moyHocmu, noanomol u F'l1-mepwvi. Pezyiomamul ucciedosanus nokaswléaom, 4mo
demexmop HAa OCHO8e mpaHcgopmepa obecneuugaem Haubosee 2ny060Koe KOHMEKCMHOe
npeocmasnenue, euobpuonvii CNN-LSTM oemoncmpupyem onmumanvHulli OANAHC MeEHCOY
cKopocmbvo 00pabomiu u kawecmsom oonapyicerus, a LSTM-mooens ocmaémes s¢hpexmusrvim
u pecypcocbepezarowum peuteruem oasa cucmem 6e3z oocmyna k GPU. Asmopwl npuwinu K 661600y,
4Umo 6blOOP Memooa OOIAHCEH OCHOBLIBAMBCS HA OOCMYNHOU UHppacmpyKkmype: mpancgopmepol

185



Ne4(39)

AAA XKAPLbICHI

n00X00Am 0Jisl 8bICOKONPOU3800UmMENbHLIX cepeepos ¢ GPU, eubpudnvle apxumexmypvl — 0714
nramegopm cpeoneii npouzsooumenvhocmu, a LSTM-mooyru — ona CPU-okpyocenus. B
Kayecmee npakmuyeckol peKoMeHoayuu aemopamu npeoiazaemcs UHmezpuposams cuOpUOHbLU
demexkmop 6 obpazosamenvuvie NIAMPOPMbL COBMECMHO C IKCHEPMHBIM DEYEH3UPOBAHUEM U
pe2ysipHO 00HO8IAMb 00yuarowyo 6asy 0nsa adanmayuu K Hoevlm munam MH-konmenma.

Kniouesvie cnosa: I'nyooxoe obyuenue, Texcm, ceenepuposannviti MU, Axademuueckas

YecmHocms,

GPT-2, Tubpuounas mooero CNN-LSTM, LSTM, Knaccugurayus mexcma,

Tpancghopmeprvie modenu, I'ubpudnvie mooenu.
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KOMMNbIOTEPHbIE HAYKW, MTPUBOCTPOEHUE N ABTOMATU3ALIUA

S% KOMMBIOTEPIIK FbINbIMAOAP, ACTATI XXACAY XXOHE ABTOMATTAHALIPY
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JI. Paxumoal, A. %K. XKirep>?" B. Maapix®
lon-®apabu ateranarsr Kasax ynTTeik yauBepcuteTi, Anmarsl, Kazakcran
?Hapxo3 yauepcureri, Anmatsl, Kazakcran
3Cankt-TleTepOypr MeMIIEKETTIK aKIAPaTTHIK TEXHOIOTHAIAP, MEXAHHKA JKOHE ONTHKA
yauBepcuteTi, Cankr-IleTepOypr, Peceit

“E-mail: alia 94-22@mail.ru

KYKBIKTBIK MOTIHJAEPI KA3AK, OPBIC TUIIEPTHE HEMPOH/IBI
MAILUHAJIBIK AYIAPYAbIH OJICTEPI MEH CANTAJIBIK TAJIJIAVBI

Anoamna. Kaszipei manoa Kazaxcman Pecnybiukacblnoa KYKbIK —CaldCblHOARbl
MamiHOepOi Ka3aK MIiliHeH OPbIC HCIHE ARLIUbIH MINOepiHe, COHOAl-aK 0Cbl MindepoeH Ka3ak
minine cananvl ayoapy — e3ekmi macenenepoiy 0ipi 60.16in omoulp. By ebliblMu HCYMblcma KeHiHeH
Konoauwliamoln Andexc nenm Iyen cekindi mawiuHanvlk ayoapma dicyuenepi apKvlibl apHAlibl
KYKbIKMbIK 0ePeKKO30epOeHt AlblHeAH MOMIHOEPOIH Ka3aK-0pblc mijl JcyOvl He2i3iHoe ay0apblibin,
ayoapma canacvlHoagvl Kameaikmepee maioay Heypaiziioi.

3epmmeyoiy Hezizei maKcamvl — KYKbIK CAlACbIHA MaH collieMoep MeH mepMuHoepoi 0al
P MARBIHANBLIK MYPRIOAH OYPbIC ayoapy dicoaoapvin Kapacmuipy. Ocel makcamma KYKblKmulK
Kyolcammap, com wiewimoepi MeH pecmu caummapoaH apratiel bazoapiama xomezimer 96 555
cotliiemM MeH co3 mipKkecmepiHen mypamulH KOPNyc HCUHAKMANOb.

Amanzan xkopnyc MarianMT HelipoHObl MawuHanelx ayoapma xicyuecinoe OKblMbLIbIN,
Ka3aK-opulc mil JHCYObIHOA ayoapma canacvl madicipube apkwvlivl mexcepinodi. MarianMT
MOOeniniy Hamudicenepin odicakcapmy ywin xocvimuwia KazRobert mpancgopmepnix mooeni
Konoanwulnovl. Kymeicma KazRobert mooeniniy apxumexkmypacvl MeH OHbIH MAMEMamuKaIblk
He2l31 HCAH-HCAKMbL CUNAMMANAObL.

Ayoapma canacot BLEU, TER owcone METEOR cexindi xanvikapanvlk Oeneelioe
MOUBIHOANRAH onulemoep apKblibl bazananovl. Kymvicma exi mypii Homudice canblcmvlpmMaivl
mypoe kepcemindi. mex MarianMT acytiecinoe anvinzan namuoice sxcane KazRobert mooeninoe
oxvimulnzan MarianMT ocyiieciniy nomuoiceci. Tanoay KopvlmwviHObICHl OOUBIHULA, YCHIHBLISAH
a0ic OpenNMT Hnecizinoeei OypviHebl ayoapma MoOeliHe KapasaHoa Candaibl Hamudicenep
Kepcemmi.

Kypeisineen madxcipubenep Kopnyc Keaemi MeH mepMuHoepOiy CaHbl ApmMKaH CAublH
ayoapma candacvlHuvly 0a dcakcapa myceminin xopcemmi. CoOHbiMeH Kamap, 3epmmey
Homuoicenepi OYn 20icmi KYPulIbIMObIK JHCARLIHAH KA3AK MIlHe JHCAKblH MYpKI mindepine oOe
muimoi mypoe oetiimoeyee 601amviHbIH 021€10€0i.

Tyiiin ce30ep: Hetiponovl Mmawunanvly ayoapma, MarianMT mawunanviy ayoapma,
KazRobert moodeni, mpancghopmep mooeni, KyxwiKk canacviHoazel kopnyc, BLEU ayodapma
kepcemxiwi, TER ayoapma kepcemxiwi, METEOR ayoapma xepcemxiuii.
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Kipicme.

Kazakcran PecnyOnmukaceiHma opTypdli YT OKULIEPIHIH ©Mip CypyiHe OaiJIaHBICThI 3aH
AsICBIHJIAFBI iC-KaFra3jap MEMJIEKETTIK TUT — Ka3aK TUTIMEH KaTap, OpbIC )KOHE aFbUIIIBIH TUIIEPIHIS
ne xxyprizineai. Kasipri Tanna, 1amplraH MalllMHAIIBIK ay1apMa sxyhenepi, Mpicaisl, Y andex sxoHe
Google, connaii-ak *acaH/ibl UHTEJIEKT TEXHOJIOTHsIapblHA KapamacTaH, KYKbIK CalaChIHAFbl
MOTIHJIEp OpBIC KOHE aFbUIIMIBIH TIINEPIHEH Ka3aK TUTIHE jKOHE KEepiCiHIIe Ka3ak TUTIHEH OpbIC
JKOHE aFbUIIIBIH TUIACPIHE ayaapbUIFaHia KaTCNIKTEpAiH Oap EKEHIIr1 aHBIKTaIabl. by
KaTeNIKTEepAiH Herisri cebenTepi Ka3akK TUTIHIH KYPbUIBIMIBIK EpEKIIeNIKTepiMEeH TiKeseh
OailIaHBICTHI.

Aran aiiTkaHa, Ka3ak TUTiHIH MOP(OIOTHSIIBIK KYPBUIBIMBI (JKaJFayiap MEH >KYpPHaKTap
TYpJICPiHIH KOMTIT1 JKOHE TYOIpre »ajfaHy epeXelepiHiH TYpJUIiriHe OalJaHbICThI), MBICAJIBI,
erep TYOip KaTaH JBIOBICKA asKTaJca, JKaTFaHAThIH KOCHIMIIIAHBIH J1a KaTaH AbIOBICTAH OAacTaTyhl
MminzerTi. CoHbIMEH KaTap, TYOIp/IiH jKyaH HeE KIHIIIKe 00JybIiHA OalIaHBICTHI OHBIH JKaJFaysiapbl
Ja ColKec IABIOBICTAPMEH KOJIIAHBLTYbI KaxeT. CHHTAKCHUCTIK KYPBUIBIM TYPFBICHIHAH aJIFaH/IA,
Ka3akK TUIIHIE KeIl ceiemMaep Kypaeli »KoHe KypMmaiac TypiHae 0osjaapl, ain Oy OpbIC YKoHE
aFBUIIIBIH TUTIEPIHIC KCHIHCH KOJIJAHBLIATHIH KapamnaibiM KYpbUIbIMIApFa KaparaHja e3relle.
Kypmanac ceiinemaepae xail ceilieMIep/iH apachblHAarel OalIaHBICTBIH TYPIl epexenepi Oap,
COHJIBIKTaH OJIAP/IBIH IYPHIC ayAapbUTybl KHBIHABIK TYFbI3abl. CeMaHTUKAIBIK ACTICKT OOWBIHINA
Ja Keilip KapanaiibiM ceiJieMIep OpbIC HEMece aFbUIIIBIH TIIIHEH Ka3aK TUliHe ayJdapblUIFaH/Ia,
MaFBIHAIBIK TYPFBIIAaH TOJBIK YIISCIICHTIH JKarmaimap opblH anaael. by ocipece ceiinemaepie
KBICKapTyJap, TYPaKThl TipKecTep, OOJBIMCHI3 ceiieMIep MEH KYKBIKTHIK MyOIHIIMCTUKAIIBIK
CTHJIBJICT1 MOTIHACP/IE KU1 Ke3/IeCeI.

Kazak TiiHIH KYpBUIBIMJBIK EPEKIIETIKTepl MEH OChl epeKIIeIiKTepre OalJaHbICThI
TYBIHIAAWTBIH ayJapMa KaTeKTepi jKorapeiga KepceriireH. COHBIMEH KaTap, MallMHAIIBIK
aynapma MoJenbJaepl Ka3ak TuUIIHIH epekIlenikTepine OediMIenMereH jkariaiina, aymapma
camachlHbIH TOMEHJIrl Oalkanmanel. HelpoHAbl MammHaNBIK ayZapMaHbIH OCHI Maceienepi
HIenryieri THIMAUTITIHE KaThICThI, KO KOPITyC >KMHAKTaIll, Ka3aK-OpbIiC HeMece Ka3aK-aFbUIIIbIH
TUIIEPIHAETI MOTIHAEP MEH €63 TIPKECTepiHIH OKBUIMAaybl INPOLECi Je KaTelikrepre cebder
OoJIabL.

Temenae KYKbIK canachIHIArbl MOTIHAEPAIH fAHIekc xoHe Google MammHaNBIK aynapMa
JKyHenepi apKblIbl ayJapbUTFaH HOTHIKENIEPl MEH ONIap IbIH AYPHIC ayAapMaiapbl CalblCTHIPBLIBIIL,
ayJapma KareliKTepi cumaTTanaasl. Byl skymbicTa, KYKBIK CaJlAChIHA apHAJIFaH aFbUIIIBIH-Ka3aK
JKOHE OpbIC-Ka3aK TUIAEpIHIET] ayJapManapFa HETi3ZelreH JepeKTi c€e3 TipKecTepl MeH
ceiiyiemMiep apHaWbl KYKBIKTHIK aKlapaT Ke3epiHeH albIHBIIN, KYKBIKTBHIK TEPMHH/IECP I aHBIKTAII,
onap bl OeJIeKTeN MIbIFapaThiH OarnapiamMa Kypbuiabsl. Ockl OarnapiaMa apkeuUisl 90 MBIHHAH aca
Kopryc kuHakTanbi, MarianMT ammbik HEMpOHIbI KOJBIMEH apHaibl Ka3akK TiIiHE OeiiMenreH
TpaHchopMep MoOjeNi apKbUIbl ayaapbuiibl. AyaapManaH ansiHFaH Kartemiktep KazRobert
MOJICJIIHIH KOMETIMEH NOCTPEAKTOPJICHII, ayapMa carachl *KaKcapThlUIa Ib.

Kecre 1 — Annexc xxone Google MamuHaneIlK aygapMa xyienepiHeH allbIHFaH KYKbIK
caJIaChIHAAFbl MOTIHJECPIH ay/lapMa carachlH KOpceTy

Herisri MoTin SAnnexc I'yrn mammnaneik | Herisri aynapma | Ayaapma kareniri
MAalIAHAIBIK ayzapma
aynapMma

CropoHnsl Tapanrap Peceit | Tapanrap Peceir | Tapanrap Aynapma
3aKIIOYHIN Oenepanusicein | Denepanusiceiabl | Peceit JKarbIHaH KaTEeJIiK
JIOTOBOP BIH A3aMaTTBIK | H A3aMaTTBIK denepanusichl | KOK.
apeHbl, KOJIEKCIHIH KOJIEKCIHIH HBIH [Ty6numucTu-
pETYIUPYEMBIH | epekenepiMeH | epekenepiMeH A3aMaTThIK KaJbIK CTUJIb
MTOJIOKEHUSIMU peTTeneTin peTTeneTiH KOJIEKCIHIH ’KarbIHAH FaHa
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['paxxganckoro | sxkangay JKanjay MAapTeIH | HOpMajapblHA | JKaKcap.Ibl.
KOJIeKca HIApTHIH JKacaibl. coiikec
Poccuiickoit JKacaJpl. perTeneTin
Oenepatiui. xKanjay

HIapTHIH

JKACACTHI.
B ciyuae Tapantapbig Tapanrtapbig KYHIHE JIeHiH «bomxaMmabpl
HapyIIECHUS 0ipi ochl Oipi OChbI keminge 10 KYHIHE JIeHiH» —
YCIIOBHM [TapTThIH IapTThIH (oH) «KyTinerin
HACTOSALIETO TajanTapbiH TajanTapbiH KYHTIi30emiK KYHIHE AeHiH»
JIOTOBOpA OJTHOM | Oy3FaH Oy3FaH Karmaiiia, | KyH OyphIH "boimxkamasr"
U3 CTOPOH, XKaraanna, eKiHIi Tapan Oy | eckepre CO31 KB
Ipyras cropoHa | ekiHmi Tapar Typabl MarbIHa/1a
BIIPaBE B OyJ1 Typassl KOHTpareHTTi KOJIZJAHBLIAIbI
OJIHOCTOPOHHEM | KOHTPareHTTi IapTTHI OY3y/bIH KOHE Keiine
HOpsi/IKe lapTThI OoImKaMTBI HaKTBI EMeC
0TKa3arbCsa OT OY3yIbIH Mep3iMiHe JeiiH MarbIHa Oepei.
VCIIOJTHEHUS OomKaM/ bl keMmiuzge 10 (oH) An "kyrinerin"
00513aTeIbCTB, KYHIHE JIeHiH KYHTI30€JIiK KYH ce3i 3aH TUTIHJIE
npeaBapuTeNbH | KemiHe OypbIH Xabaprap KU
0 yBeZIoMHUB 00 | kyHTi30emik 10 | eTe oThIpbIM, KOJITaHBLIA I
TOM (oH) KYH OYpBIH | MiHIETTEMEINEP i YKOHE HEFYPJIbIM
KOHTpareHTa He | aJJbIH aja OpbIH/IayIaH HAKThI, PECMHU
menee ueM 3a 10 | xabapnap ete Oip>KaKThI CTHJIbI'€ COMKeC
(mecArp) OTBIPBHIII, TOpPTINIIEeH Oac KeJIe/Ii.
KaJICHJapHBIX MiHETTeMeNep | TapTyFa KYKBUIBL. eKeyi e pyKcaT
IHEH 110 Il OpBIHJAYIaH eTuIeal.
npejnosaraeMo | OipakKThl
U naTel TopTIiNmeH 6ac
pacTopKeHHs TapTyFra
JIOrOBOpA. KYKBLIBI.
B ciyqae Tapanrapabig TapanTapbig Erep Conrbichl" —
HapyILICHUs 0ipi exiHIIi 0ipi ochl Tapanrapabiy | 1ypeic
OJIHOM U3 TapantslH HIapTThIH 01p1 ochbl KOJIIAHBLIFaH,
CTOpOH MiHETTeMeNep | MaHbI3/bI [HapTThIH Oipak Kypzeni 3aH
CYIIIECTBEHHBIX | /1 071aH 9pi TaJIalTapblH eneyi MOTIHIEPIHIE
yCIIOBUI OpbIHAl eKIHIII TapanTblH | TaJanTapbiH TYCIHIKCI3JIIK
HAaCTOSIIETO aJMayblHa OKeIl | MiHJeTTemenepal | Oy3bim, 0oamac yIiH
JIOrOBOPA, COKKaH OChI 0J1aH 9pl1 HOTHKECIH/IE "exixmn Tapam"
MOBJEKIIETO IaPTTHIH OpBIHJAY MYMKIH | €KiHIII JIeT HaKThLIam
HEBO3MOXKHOCTh | eneyi emecTirine oken | TapanTbig JKa3raH AYpBIC.
JanbHEeHIero TaJlanTapblH COKKaH Oy3FaH IAPTTHIK
HUCIIOJTHEHUS Oy3raH JKarmaiina, MiHzgerremenep | "bactamanibuibik
00513aTeNIbCTB xKaraanna, COHFBICHI 1H opi Kapait Kacayra KYKbUIbI"
JIpyrou COHFBICHI *a3zbara OpBIHJAYBI — MarbIHAChI
CTOpPOHOH, *aszbama xabapiaama MYMKIiH IypbIc, Oipak con
TTOCJICTHSIST xabapiama XK10epy apKpuTbl | GoMaca, apTHIK AUTHUIFaH.
BIIpaBE B xibepe Oip>KaKThI exinmi Tapan | JKaii rana
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OJIHOCTOPOHHEM | OTBIPBIII, TOPTINTE WIAPTTHI | jkaz0arna "mapTTh Oy3yFa
BHECYICOHOM IapTTHI COTTaH THIC TYpae KYKBUIBI" JeTT
NopsiIKe O1pIKAKTHI Oy3yra xabapuaii KazraH
WHULIMUPOBATh | COTTaH ThIC OacTamaibUIBIK | OTBIPBIII, JKETKUTIKTI,
pacTopeHue TOPTINTICH )Kacayra KYKbUIbI, | IApTThI cebeoi
JIOTOBOpA C Oy3yra Oyt peTTe O1pXKaKTHI "GacTaManIbLIBbIK"
HarpaBjeHueM | 6acTaMambuIBIK | Oy3YIIBI Tapan COTTaH THIC JIereH co3 Oyl
MHCHbMEHHOTO xKacayra OapIbIK TOPTINICH KEpJIe apTHIK.
YBEIOMJICHHS, KYKBUIBI, OYJT KYKaTTaJIFaH Oy3yra
[IpU 3TOM perrte Oy3raH 3aJlaJIIapasl, KYKbUIBL. by Conrbl ceiinem
HapyIIUBIIAs Tapan Tikenedt | OHBIH iIIIHJE peTTe, mapTThl | "KOJIIaHBICTaFbI
CTOpOHA 3aabl, TiKeJIen Oysran Tapan | a3aMaTTBIK
00s13yeTcs JKOFaJIFaH OalJIaHBICTEI KOJIIAHBICTAaFbl | 3aHHAMAHBIH
KOMIICHCUPOBAT | Maii1aHsbl, JKOFaJITKaH a3aMaTThIK epexenepine
b BCE CoHOai-aK Mmal1aHebl, 3aHHaMaIa corikec..." gen
JOKYMEHTaJIbHO | Oacka jia COHJIaif-aK KO3/IeJITeH Oacranazpl, Oipak
MOATBEPXKAEHH | IIBIFBICTAPIBI JKOFaJIraH TOPTITKE HET13r1
bI¢ YOBITKH, KOca ajFaHja, 3aJIAJIJIbl ©TEYTE coiikec, CoMIeMMEH
BKJIFOYas KYKaTTaJFaH MiHIETTEHE . TiKkenei rpaMMaTHKAJIBIK
npsiMoit yep0, | 6apiablk KOJIAAHBICTAFbI 3aJI1asasl, TYpPZE AypbIC
VIIYIICHHYIO 3aJ1aJIap sl a3aMaTThIK JKOFaJIraH OalutaHbICIIaraH.
BBITOTY, & eTeyre 3aHHAMAaHbIH Mai1aHbl, OHBI TOJBIK
TaK)Xe UHBIE MIHIETTEHE]. epexenepine COHJ1ali-aK o3 ceilyieM peTiHe
pacxopl, KOJIJAHBICTAFbl | COMKeC MIAPTTHIK | MiHAETTEeMeNep | OipiKTipreH sKeH.
[IOHECEHHEIE B a3aMaTThIK MiHJIeTTeMeepai | iH
CBSI3H C 3aHHAMaHbIH OpBIHJIAy HEMeCe | OpBIHIaMaybIH
HEBBITIOJIHCHHUE | epexenepine THUICIHIIIE a HeMmece
M HJIH ColKec OpBIHJIAMAY. THICIHIIIE
HEHAIJISKAIUM | IIAPTTHIK OpBIH/IaMaybIH
BEIIIOJTHEHHUEM MiHJIETTeMeNeP a 0allJIaHBICTHI
JIOTOBOPHBIX Il OpBIHIAMAY TybIHAAFaH
00s13aTeNBLCTB, B | HEMECE o3re Jie
COOTBETCTBUU C | THICIHIIIE KYKaTleH
MOJIOKCHUSIMHA | OpBIHJIaMaYy. pacranraH
JENCTBYIOIIETO HIBIFBICTAP/IBI
TPaXXTaHCKOTO eTeyre
3aKOHOJIATEIbCT MIHIETTI.

Ba.

Bbyn Karenikrepi calbICThIpa OTHIPBII, KeJIeCl KOPBITHIHABI JkacayFa 0omabl: SIHAEKC KoHe
Google mammHaNBIK ayqapMma >KyHenepiHAe OpblH ajfaH ayJapMa KaTelIKTepiHIH apachlHAa
MyOMUIIUCTUKANBIK CTHJIBIIH JYPHIC KOJJAaHBUIMAYbl OaiKanmaapl. AymaapMa MOTIHAEPIHIE Kul
Ke3JIeCeTiH MacelenepiH 0ipi — MOTIHJep MEH CoiyieMIep/IiH aybI3eKi coiliey cTuiinae Oepinyi,
OWI 63 Ke3eriHje FhUTBIMU HeMeCe KYKBIKTBIK MOTIHAEPTe TOH PECMH CTUJIBI€ COMKEC KeITMEH/II.
CoHbIMEH Karap, SKCIIEpUMEHT OapbIChIH/Ia MOP(OIOTUSIBIK KYPBUIBIMBI KaFbIHAH CO3/1€P MEH
ceiiemzep Aypric OalaHbICTIaFaH YKaFAaiiap 1a aHBIKTAJIIbI.

Byn karemiktepai aszalThIN, aynapMa camachlH JKakcapTy YIIIH ayaapMma MOTiHIH
MOCTPEIAKTOPJIEY KAKET EKEHJIr aHBIKTaNAbl. SFHH, KOpIyCTarbl Ce3 TIpKecTepl MeH
celIeMIepiH calachlH apTThIPY, KYKbIK CalachblHIaFbl TEPMUHIEP/IIH CaHBIH KOOCHTY apKbLIbI
ay/apMa HOTHXKENEpiH KeTuiaipyre 6onaapl. by Makanama keneci Tapaynap KapacThIpbLIa/Ibl:
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2-Tapay: Marepuaniap MeH 3epTTey dicTepi.

3-Tapay: Hotmxenep sxoHe oJap/bl TaJIKbLIAY.

4-tapay: KOpbITBIH/BI.

MarepuaJjiap MeH 3epTrey daicrepi.

Kasipri Tanna Kazakcran MmemiekeTiHae KYKbIK CaJIaChIHJIAFbl OPBIC, aFbUILIBIH TiJJICPiHEH
Ka3aK TiJIiHE OHE Ka3aK TUTIHEH OpBIC MEH aFbUIIIbIH TiIIEpiHe OYPHIC aylapMa xkKacay e3eKTi
Macenenepain Oipi Oombin TaObUIaAbBl. byn mocene, ocipece, KONTLIAI KOFaMlia KYKBIKTBIK
MOTIHJEP/IH TYCIHIKTUIIrT MEH JONIITiH KaMTaMachl3 eTy YIIiH MaHbI3bpl. COHFBI 5 JKbUT iIIiH/E
KOIITereH FaIbIM/Iap KYKBIK CaJlaChbIHaFbl MOTIHACPAL ayAapyia HeHpOH b MAIIMHAJIBIK ay1apMa
TEXHOJIOTHSUIAPBIH Naiinananran [1-4]. MyHaaii aymapma Tocinaepi, acipece, TUIACp apachIHIaFbl
MOP(]OJIOTHSITBIK epEeKIIETIKTep MEH KOHTEKCTIK (pakTopiapsl €CKepy apKbUIBI dKOFAaphI Carlalibl
ayJapMmaliap airyFa MYMKIHIIK Oepei.

KazakcTanapIK 3epTTeynIiyiep arbUIMIBIH-KAa3aK JXOHE Ka3aK-aFbUIIIBIH TUT JKYNTapblHIA
ayJapMa carmachlH XKaKcapTy YIIiH TUIIIH MOPQOJIOTHIIBIK KYPBUIBIMBIH 3€PTTEM, HEWPOHIBI
MalIuHAJIBIK ayJapMaiapra HETi3JenreH oaictepal Konnanyaa [5-7]. byn 6arerrta OpenNMT
JKy#eci apKbUIbI TiJl XKYITAPHI YIIIH KaKChl HOTHKEIIEp aJbIHFAHBIH aTar eTyre 0osasl [8-10].

ATanraH )KyMbIC asiChIHJIa KYKBIK CalachIHIAFbl MOTIHAEP/Ii ayJapy YIIiH apHaibl KOPITyC
x)acanael. OpbIC-Ka3aK TUT KYNTapblHAH KypanraH, 96 555 ceilyieM MeH ce3 TipKeCTepiHEeH
TYpaThIH Kopiryc Keneci Kecre 2 -1e kepceTinren AepeKkKe3iep/ieH albIH b

Kecre 2- Kopnycrarbl ceiiemaep caHbl

AJBIHFaH JIepeK Ko3/1ep Coeiinemuep canbl
3aH akrisepi 30561

Cor memimaepi 10005

Pecmu BeG-caiiTTap (YKiMETTIK, COTTBIK, 55989
MUHHCTPJIIK CAUTTAPHI)

CoHBIMEH KaTap KOpPIYCTapAbl >KMHAY VIIIH apHaiipl Oarmapiama  KypbUiabl. by
Oarnmapiama pdf KykarTapaaH, KYKbIK cajllachlHIa CaWTTapAaH OChl callajjaFbl TEPMUHIEP MEH
CO3TIpPKECTEpl MEH COMIeM e alblHy apKbUIBI KOPITYC KUHAKTAJIBI.

Ocpl )xuHanraH kopnycrap MarianMT HelpoHABIK MAalIMHAJIBIK ayapMa MOJIEN apKbLIb
okeITUIIEI [ 11-13]. Aynapmanan KeifiH Ka3ak TiTiHAET] aynapMaaa katenep 6omabl. by aynapma
camachlH KaKCapThIN, KartenepaeH apbuty yiuriH KazRobert moneninae okpiThuinel. KazRobert
MOJIEJIIHIH OpBIHAATY aJlTOPUTMI Kelleci KaJlaMaap/iaH Typajbl:
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MMackmeHreH MITIHI MOTEIRTE
enrizy . Mecar: O [Mask] carem
anagEL

3+

L

Toxermsanmma. MaTiH yoay SemiErepre
(Torenmepre) Semuaem. Muicam:[ "Ox",
I‘I:hf'L"bLSK]“, "C,-a'['"__, ||##Eml|=||a:[u,

*

Sr0eqIHAT KA0aTEl. Op TOKSH caHIap
ECKTOPEIHA affHaTamer

¥

Tpascdoprep Eabarraper. Heriar
KEezeH — 2p TOKeH aliHATACEHIAFEL
cezgepre Hazap avaapy QVHELHACED
APKLUIEL KOHTEKCT TYCIHEI1.

v
Softmax #mome HoTHRe[ WA SK]
MOZHITHACEIHIATEI BeETop softmasx
apreLIEl aggeren: Momgens bapaeix
cosgep apachklHAH S BIKTHMAIELIH
Tammaiaer: Haotmoxe — "EiTanTer.

Cyper 1 — KazRobert moaeninin apXxuTeKypachlH MbICAIMEH KOPCETY

Xorapeina kepcerinren KazRobert MoaeniHiH apXuTeKypachblH MaTeMaTHKAJIbIK MOJENI
OoMbIHILIA TYCIHIIPETIH OOJICaK:

1. Enrizy kabarel. KazRoBERTa angsiMen MoTiHi TOKeHIepre Oeiei >koHe dp TOKEH/I
BEKTOD TYpIHE TYpICHIIPEL:
x; = TokenEmb(w;) + PosEmb(i) 1)
MYHJIa:

wj — 1— wi ToKeH
TokenEmb(w;) — TOKeH aM06eJIUHTi
PosEmb(i) — no3unusiibik, aM6eaauHT (co3/iep/iH peTiH ecKepy YIiH)
2. Tpanchopmep xabattapsl (3HKOAEp). Monens L xabartan Typaasl. Op kabarra n-
TOPT Heri3ri ek 6ap [14-16]:
a) Kemnkabar e3inaik Hazap (Multi-Head Self-Attention)
Op6ip kabarra cypanbic (Q), kit (K) xone mon (V) BeKTOpIaphl ecenTene/i:

Q=XW?, K=XWX, Vv=xw" ()
Hazap ¢ynkumscsr:
T
Attention(Q, K, V) = softmax (%) \Y 3

b) KemnkabarTsl Ha3ap QyHKIUSCHI:
MultiHead(Q, K, V) = Concat(head,, ... head,) )W?

MyH1aFbl 1 — Hazap KabaTTap CaHbl.
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¢)  Tomneix Oaiinansickan Top (Feed Forward Network, FFN)
Op TOKEH YIIIH €Ki KabaTThl HEUPOHIBIK >KeJIi KOJIIaHbLIa Ibl:
FFN(x) = max(0,xW; + b;) W, + b, 4)
d) Kangsik Gaitnansic + Hopmanuzanus (Residual + LayerNorm)
Op Oenikke LayerNorm KoJ1aHbUIA B
x' = LayerNorm(x + MultiHead(x)) (5)
x"" = LayerNorm(x' + FFN(x")) (6)
3. Macka Koiiputras Tiaik moaenbsaey (Masked Language Modeling)
Monens Ke3ACMCOK TaHIaIFaH TOKEHAepal '"Mackamam", colapisl OoJpkayra
yipeHeni:
oMM = — Xien 108 P(wji]x;)
(7)
MyHaFbl, |- MACKaJIaHFaH TOKCHJCPIiIH OPbIHIAPHI, W;- IIBIHAHBI TOKCH, X;-MaCKaJaHFaH
TOKEHJIEp/Ii BEKTOP TYpiHE alHAIIBIPY.

HaTunxkenep :koHe 0J1apAbl TAJIKBLIAY.

AnpiHFaH HOTIKere Oara Oepy VIIIH, SKCHEPUMEHT peTiHae KyKbIK canackiHan 1000
COWJIEMHEH TYpaThIH KOpPIYC KYpBUIFaH Oariapiiamazia OpbIC-Ka3aK *OHE Ka3aK-OpbIC TiIIep
KYNTaphl YIIIH — aynapmanap  anslHOel. Ayaapma kepcerkimi BLEU, METEOR, TER
kepceTkimrepiMen ecenreni [17-19]. Kepcerkimn MeTprka TypiiepiHe )eKe TOKTaJICaK:

BLEU (Bilingual Evaluation Understudy). MamuHanbslk aynapMaHblH CamachlH N-Tpammaap
OOMBIHILIA ATAIOHMEH CaJIBICTBIPA OTBIPBIIT Oaranaiibl.
BLEU = BP * EXP (XY w, log p,,) (8)

MyHarbl, py-N-rpaMM A97AIT (MBICANbI, unigram, bigram »xoHe T.0.); w,- N-rpaMMaapra

OepisieTiH canmak (w, = %) BP — Brevity Penalty, kpickamnbik xa3acel. BLEU sxorapsl 601Fan

caifprd (MakcumyM = 1.0), aymapma camachl )KaKkchl JeTeH MarbIHAHbI OLTIipeTi.
METEOR (Metric for Evaluation of Translation with Explicit ORdering). Ce3nepain
TOIIITIMEH KOoca, CHHOHUMZIED, TYOipiiec ce3nep (CTEMMUHT) jKOHE CO3ACPIiH PETi eCKepe/I.
METEOR = (1 — Penalty) * Feqn 9

10-P-R
Myunarsr. F, =—
¥ 'H mean 9R+P

Penalty = 0.5 - (M
matches
P — Precision (runotesa imriseri 1ypbic ce3aep yieci)
R — Recall (atanonmarsl ce31epMeH CaabICTHIPFaH/1a)
METEOR sxorapsl 6onran caiibia (Makcumym = 1.0), aynapma camacel Ja sKaKchl 00Jia/ibl.
TER (Translation Edit Rate). ['mmote3anbl sTajnoHra alHANIABIPY YIINIH KaXKeT
penakiusiay KaJaMIapbIHbIH CAHBIH OJIIIEHII.
TER = Penakius KaJlaM/1apblHbIH, CaHbI (10)
3TaJJIOHAarbl CO3A€pP CaHbI
TER HerypabsiM TOMeEH 0oJica, COFYpIIbIM skaKchl (MuauMyM = (). Byt aynapmara a3 Tyzety
Ka)KeT JIeTeH/ I OLIaipe.
Ochl )KyMBICTa 3€pPTTENTeH KYKbIK CaJJACBIHIAFbl MOTIHAEP OPBIC TUTIHEH Ka3ak TiTiHEe
JKOHE Ka3aK TUTIHEeH OpBIC TUIAEPIH/E aJbIHFaH ayJapMaiapiblH HOTHKECI TOMEHETi KecTelepe
kopcetinren. Kecre 3-re MarianMT HeWpoHABl MaIIMHAIBIK aydapMajaa ajlblHFaH ayjaapMma
HoTHXeci kepcetince, Kecre 4- KazRobert momeninae MarianMT HeWpOHIBI MaITMHAIBIK
ayJnapmajia allbIHFaH ayapMaHbl OKBITHII, ayJapca CalachiH KaKcapFraHbIH Kopyre 00Jabl.

— Precision meH Recall-npIH yitneciMai opraiia MoHi;

3
) — CO3JIep/IIH PETIHIH OY3bUTFaHbIHA OEPUICTIH ailbII

193



Ne4(39) AAA XKAPLbICHI

Kecte 3- MarianMT HelipoHbl MalIMHAIBIK ayapMajia ajJblHFaH ayJapMa HOTHXKeC]

Tin sxynrapsl Bleu Ter METEOR
Opsic-Ka3ak 0,59 0.3 0.65
KassIk-opbic 0,59 0.3 0.65

Kecte 4- Anbiaran aygapmanbl KazRobert mozeninae noct-peaakTopsiey Kedinri HOTHKE

Tin sxynraps Bleu Ter METEOR
Opsic-Ka3ak 0,7 0.15 0.8
KassIk-opbic 0,7 0.15 0.8

by notmxkenep Opennmt amibIK HEHPOHIBI MATMHANIBIK ayAapMajiaH ajdblHFaH HOTHXKEACH
JKOFaphl KepceTkim kepceetTi [20].

KopbIThIHABI.

ByJ1 FBUIBIMM JKYMBICTA KYKBIK CajlaChlHa KaThICThI MOTIHJEPAl Ka3aK *oHE OpbIC TUIAEpI
apachIHa carajbl ayiapy Maceeci KapacThIPBUIBIN, MAITMHAIIBIK aydapMa KYHeIepiH KeTiaipy
KOJ1apbl TOXKIpuOe Ky3iHae capananbl. Ka3ipri TaHaa KYKbIKTBIK TEPMHHOJIOTUS MEH COMJIEM
KYpBUIBIMIAPBIH AYPHIC JKOHE [Nl ayJapy — ayJapMa carnacblHa KOWBUIATBIH —HeTi3Ti
tananTapAbly Oipi. OCbl TYpFBIAAH alFaHia, IOCTYpPJi MAIIMHANBIK aylapMa KypajlaapblHbIH
(mbIcaubl, ['yrn, SIHAEKC) KYKBIKTBIK MOTIHICP ayaapy Ke3iHae K1l KaTelikTepre ko OepeTiHi
alKBIHOAIIBL.

3epTTey OapbICBIHAA apHaibl KYKBIK CallachlHAa OarbITTamFaH 96 555 ceiieM MeH ce3
TIPKECTEPIHEH TYPaThIH KOPITYC KUHAKTAJIBIMN, Ochl iepekrep MarianMT HelpoH/1bl MalTMHAIIBIK
ayJapMma KYHeciHIe OKBITBULABL. byl Mozmenb opbic-Ka3zak Tisl )KyOblHA Oeiimuenin, api Kapan
ayJapMma camnachIH *kakcapTy makcateiHaa KazRobert Tpancopmepitik MojeniMeH OipiKTipiial.
KazRobert MoneniHiH apXUTEKTypachl MEH MAaTeMaTHKAJBIK HETri3/IeMeci JKYMBICTa YKaH-KaKThl
CHUMATTAJIBIIN, MOJIENbAIH KYKBIKTBIK MOTIHJEP KOHTEKCIHIE THIM/II KYMBIC ICTEHTIHI ToseIeH .

Aynapma canaceiH Oaranay BLEU, TER »xone METEOR cekinni KeHIHEH TaHbUIFaH
METpHUKanap apKbUIbl KYpri3uigi. JKyprisuireH SKCHEpUMEHTTEp KOPIYC KypaMbIHIAFbl
ceiiemMiep MEH TEPMUHJICPIH KOJIeMi HEFYPJIBIM YJIKEH OOJIFaH CallblH, MOJCIB/IIH JJIITT MEH
ayJapMma camachbl Jja COFYPJIBIM >KOFapbUIalTBIHBIH KepceTTi. COHbIMEH Karap, OyJ1 MOJENbJIiH
JKAIMbl apXUTEKTypachl MEH 9JICHaMachl TUIAIK KYpBUIBIMBI YKcac TYpPKl TUIAEC TLIAepre
OeifiMeyre MyMKIHAIK O€peTIH/IT aHbIKTaNAbl. MyHaal Toci OolanakTa TYpKi XalbIKTapbIHbIH
KYKBIK cajJlachblHa apHaJIFaH MyJbTUTLIL ayJjapMa JKyHesepiH jkacayFa Heri3 0ojia anajbl.

Ocblnaifia, 3epTTey KYMbBICHI KYKBIKTBIK MOTiHACpHAi ayaapyaa MarianMT  HeiipoHbl
MalllMHaIBIK aynapMa MeH Kazrobert MozaeniHie MHTerpalusiay apKbUlbl CallaHbl apTThIPY/IbIH
FBUIBIMU TYPFBIJIAaH TUIMJI JKOJIJApbIH YChIHABL. bys OaFbITTa KYPri3iireH 3epTrey KelellekTe
caJlasIblK OaFbITTarbl ayJapMaiap/ibl aBTOMATTaHABIPY/1a, COHAi-aK MEMJIEKETTIK TUIIIH Kacion
KOJIJTAaHBICHIH KEHEUTY/Ie MaHBI3/IbI YJIEC KOCa ajlajibl.

Anzvic.

byn  sepmmey Kazaxcman  Pecnyonuxacvinviy — orcozapvi  0inimi  dcone  Folivim
Munucmpieiniy Konoayvimen BR24993001 sicobacvimern KapoucoLiaHObIPLLIObL.
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METO/bI HEﬁPOI—!HOFO MAIIWHHOI'O HEPEBOJIA OPHINYECKHUX TEKCTOB
HA KA3AXCKHUH, PYCCKHMU A3BIKU U UX KAYECTBEHHbIN AHAJIN3

Annomauusn. B nacmoawee epems 6 Pecnyonuxe Kazaxcman o0noti uz akmyanvbHulx 3a0a4
ABNAEMCS KAYECMBEHHbIL Nepesod MeKCcmos 8 001acmu npasa ¢ KA3axcKo2o A3blKa Ha PYCCKUUL U
AHEIUUCKULL S3bIKU, A MAKHCE C IMUX A3bIKO8 HA KA3AXCKUll. B 0anHol nayunot pabome npoeedéH
aHanuz owuboK npu nepesooe MeKCmos, NOJYUEHHBIX U3 CHeYUAIUSUPOBAHHBIX NPABOBLIX
UCTMOYHUKOS, C UCNOIb308AHUEM WUPOKO DACNPOCMPAHEHHBIX CUCMEM MAWUHHO20 nepesood,
maxux kaxk Anoexc u I'yen, Ha A3bIK060U nape Ka3axcKuli—pyccKuil.

OcCHOBHOUL Yenblo UCCIe008AHUSL ABNAEMC S MOYHBII U CMbLCI0B0U KOPPEKMHbIU Nepesoo
IOPUOUYECKUX NPEONONCEHULl U MepMUH08. [[ns 3mozo 6win cghopmuposan xopnyc uz 96 555
NpeosiodceHuti U Cl080COYemaHull, COOPAHHBIX C NOMOWbIO CNEYUATbHOU NPOSPAMMbL U3
NPAago8uix OOKYMEHMO8, CYOeOHbIX peuleHUl U OPUYUATbHBIX CAUMO8.

Chopmuposannviii kopnyc 0wl UCNONb308aH 0Nl 00VUeHUs HEeUPOHHOU CUCmembl
MawunHoeo nepegoda MarianMT, npumenénuoll Ha A3bIKOGOU Nape KA3axcKutl—pycckui. /[ns
VAYYUeHus Kavecmea nepesood OONOTHUMENbHO UCNONIb308ANACh MPAHCPHOpMEPHAs MOOenb

197


https://doi.org/10.48550/arxiv.2408.11853
https://doi.org/10.48550/arXiv.2302.01107
https://doi.org/10.48550/arXiv.2302.14502
https://aclanthology.org/2023.eamt-1.6/
https://aclanthology.org/2023.eamt-1.6/
https://aclanthology.org/2023.wmt-1.61/
https://aclanthology.org/2021.triton-1.6/
https://aclanthology.org/2021.triton-1.6/
https://doi.org/10.26577/JMMCS.2022.v113.i1.12

Ne4(39) AAA XKAPLbICHI

KazRobert, apxumexmypa u mamemamuieckue OCHO8bL KOMOPOU NOOPOOHO PACCMOMPEHbL 8
pabome.

Kauecmeo nepesoda oyenusanocs ¢ ucnonb3o8anuem mesnrcoyHapooOHo NPUSHAHHBIX MEMPUK
BLEU, TER u METEOR. B uccredosanuu cpasHumenbHo npoaHaiu3uposanvl 068a pe3yibmama.
nepesoovl, Noay4eHHble MOoAbKo ¢ nomowwvio MarianMT, u nepesoovl, 00006yueHHble C
npumenenuem mooeau KazRobert. B pesynbmame ycmanosieno, 4mo npeoniodceHHblll Memoo
obecneuusaem 0o0/ee BbICOKOE KAYeCmMB0 Nnepesodd NO CPABHEHUID C MOOENbl0 HA OCHO8e
OpenNMT.

IIposeodénnvie sKcnepumenmol NOKA3AIU, YMO y8eluyeHue 00beéma KoOpnyca u Koiuyecmaa
MEPMUHO8 HANPAMYIO 61Usem Ha Yiydulenue kavecmea nepegood. Kpome mozo, pesynvmamol
uccnedo8anus NOOMBEEPOULU B03MONCHOCHb A0ANMAYUU OAHHO20 NOOX00A K MIOPKCKUM A3bIKAM,
OU3KUM K KA3AXCKOMY NO CIMPYKMYpe.

Knrouesvie cnosa: meliponmvili MawuHuwlll nepeeoo, mawunHvlii nepesod MarianMT,
mooenv KazRobert, mpancpopmep-moodens, xopnyc 6 obracmu npasa, nokazameivb nepesood
BLEU, nokazamenwv nepesooa TER, noxazamens nepesooa METEOR.

NEURAL MACHINE TRANSLATION METHODS FOR LEGAL TEXTS INTO
KAZAKH AND RUSSIAN LANGUAGES AND THEIR QUALITY ANALYSIS

Abstract.Currently, one of the pressing issues in the Republic of Kazakhstan is the accurate
translation of legal texts from Kazakh into Russian and English, as well as from these languages
into Kazakh. This scientific work analyzes translation errors using widely known machine
translation systems such as Yandex and Google, based on legal texts sourced from specialized
legal databases in the Kazakh—Russian language pair.

The main goal of the study is to achieve precise and semantically accurate translation of
sentences and terminology specific to the legal field. To this end, a corpus of 96,555 sentences and
phrases was compiled using a specialized program, collecting data from legal documents, court
decisions, and official websites.

This corpus was used to train the MarianMT neural machine translation system within the
Kazakh—Russian language pair. To further improve translation quality, the KazRobert
transformer model was applied. The study provides a comprehensive explanation of the KazRobert
model’s architecture and its mathematical foundations.

Translation quality was evaluated using internationally recognized metrics such as BLEU,
TER, and METEOR. The study presents a comparative analysis of two outcomes: the initial results
from the MarianMT model alone, and the improved results from the same model fine-tuned with
KazRobert. The findings indicate that the proposed approach outperforms previous models,
including the OpenNMT-based system developed by the same authors.

The experiments demonstrated that increasing the corpus size and the number of legal terms
positively impacts translation quality. Furthermore, the research suggests that this method can be
effectively adapted for other Turkic languages that share structural similarities with Kazakh.

Keywords: neural machine translation, MarianMT machine translation, KazRobert model,
transformer model, legal domain corpus, BLEU translation metric, TER translation metric,
METEOR translation metric.
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BABPOAKYCTHUKAJIBIK MOHUTOPUHT JKYWEJEPIHJIE TAJIIBIKTHI-
ONTHUKAJIBIK MOJAJBJBIK KYPBUIBIMIAP MEH CIEKTPAJIJIBI-
KOPPEJSIUUSIJIBIK PAJUONEJIEHT TEY DICIHIH O3APA BIKITAJIbI MEH
TAIMJILIITTH 3EPTTEY

Anoamna. Byn sepmmey JHCYMbICbIHbIY MAKCAMbl — MAPAMBLIZAH AKYCMUKANbIK CEHCOP
(DAS) orcyiiecinde  apmypni  M00anbObl  MANUBIKMAPObIY — BUOPOAKYCMUKANILIK — acepae
ce3iMmanovlK 0eneetiin CalblCmbipy apKblibl CNeKMPaniobl-KOPPerAYUsnblK OH0eyOiy muiMoiniein
anvikmay. 3epmmey Hvicanvl peminde 0ip mooanvt (SMF, ITU-T G.652) oucone aphativl
necupnereer a3z mooanvt (FMF 21/125, 5-LP-mooanvl, GeQO: Hezizinoezi) onmuxanvly
MAnUbIKmap aniblHobl. IKCnepumenmme momeH Hcuinikmi euopoaxycmuxanvik acep (10 Iy, 30
Ty, 150 I'y) nvesoanexmpuix mypaenoipeiut apxviivl en2izinoi scone DAS "/[ynai" scyiiecimen
mipkendi. SMF sicone FMF manwwvikmapwinoa dipoeti sxcagoati sxcacanowvi. 150 Iy scuinikme FMF
yuiin eubpayusiza cezimmanowix 8,5%, an 30 I'y-ma 7,9% apmuix 601061. Convimen kamap, FMF
JHcyliecinoe CueHal URMeHCUBMIniel aumapavlKmail sHcozapuvl ekeni waterfall-epaguxmep apkuiiv
Oanendendi. byn apmuoiuviiviy FMF manunl2blH0agbl K8A3UCAMBLIbL CbIHY KOPCemKiuli npoguii
MeH KeH o3ek eceomempuscvina Oaunanvicmul. Convimen xamap, LPOI ocone LPlla
MOOANApbIHblY —~ KOMOUHAYUACHL  UHMEPMOOanb0bl  UHMephepeHyusnbl  myblHOAMKAHbIMEH,
yakplmuia Koppekyus a0dicmepi apKblibl Wewinyi MYMKIH eKeHi O0anendeHoi. 3epmmey
Hamudcenepi az Mooaibl ONMUKAILIK manuslkmaposl DAS osscyiienepinde natioanany apxwiivl
CEeHCOp Ce3iMmMandvieblh  e0ayip apmmulpyea OoaamviHblH Kopcemmi. Mynoai wewimoep
nepumMempiiK Kopeay, CeUcCMuKaiblk MOHUMOPUHS, KYPbLIbIC HbICAHOAPbIH DAKLLIAY JHCIHE KYObIp
JHcylienepin backapy cananiapvlHoa Koioanyea viheainwl. Anavoa, SNR memenoeyi 6aiikanowi, Oy
borawmakma yughprvlK cueHaLbl 6HOey ancopUmmOepin Heceminoipy Kaxcemmicii kopcemeoi.

Tyiiin co30ep: mapamviiean axKyCMuKaiblk OAmM4uK, a3 MOOAlbl ONMUKANLIK MATULbIK,
BUOPOAKYCMUKATIBIK 2CeP, Nbe303IeKMPIIK MYpPAeHOIp2iul, ce3iMmanovlk.

Kipicme.

Tapateuiran akycTukaiblK naT4ukK (DAS) COHFBI OH KbUIIBIKTA €H Olp KbI3BIKTHIPATHIH
KOHE MEePCHEKTHBTI TAIIIBIKTHI-ONTUKAJIBIK CEHCOPIBl TEXHOJOrus 00ibn Tadbbutagsl. On Oip
YaKbITTa YJIKEH KAlIBIKTBIKTaFbl KOMNTETeH MIpUINi Tayblll aHBIKTAld amajsl, aix >KOFapbl
JUCKpeTH3alHsl KUUIIr KopIlaraH opTa aiblHIa KeH akmapar Oepeni [1]. 3eprreynep DAS
JKYHMECIHIH epuMeTpi Oakpliay, MyHail MeH raz KyObIpJiapblHBIH MOHUTOPUHT1, TPAHCTIOPTTHIK
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UHPaKYpbUIBIM, TeopH3uKa, Ka30a OalabIKTapblH aly, KYpPBUIBIC >KaFJalbIHBIH MOHHUTOPHHI]
JKOHE CEHCMUKAJIBIK 3epTTeyiaepae 3b(GEeKTUBTLIIN MEH YHUBEPCAIIBIFBIH KopceTedi [2-6].

TapaTeUTFaH aKyCTUKAIIBIK 30H/ITay/1a KOTl )Kar1aiaa 6ipMo1aasl ONTHKAIBIK TATIIBIK (SMF
— single-mode fiber) konmaubpUIBITEIHEL Oenriai.COHFBI KBUIIAPHI KOIT 3€PTTEYJCP KOI MOIAIIbI
(MMF — multimode fiber) sxone a3 momansl (FMF — few-mode fiber), onbiy iminge skeke Typi
perinae exi mMomanbl onTukaiblK TammblkTapasiH (TMF — two-mode fiber) xommanburybiHa
apHairaH. Meicanra, Yuan Mao MeH opintecrepi (2019) TaparbuiFaH akyCTHKaJIBIK CEHCOPIBIH
OHIM/IUIITIH a3 MOJIAJIbl ONITUKAJIBIK TAJIIBIKTHIH OPTYPJIi KEHICTIK PEKUMIEPIH iCKe KOCY apKbLIbI
seprreni. 3eprrey HoTwkeciHae aBtopiap LPO1 (quasi-single mode) pexumiHae KyMbIC
xacaiitelH FMF LP1la MojachlH €HTI3reH »ardaiiMeH CaJbICTBIpFaH/a opTalla CHUTHAJ-ITy
karbiHackl (SNR) 2,04 nb-re aprateiHbiH KepceTemi. SfHU, Oip MOJaNbl TaIIIBIKIEH
cansicTeiprana FMF usukanbik TyprbiiaH e3eri KeH 00JFaHABIKTaH ChI3BIKTHI eMec 3 dekTinep
Kelipek maiia Oomaasl, Oyl a3 MOAANbl TANIIBIKTBIH apTHIKUIBUIBIFEL OOJBINT TaObuIagbl. by
KYMBICTa quasi-single mode Tuimai pexum ekeHi aiTbuiansl, cededi LPO1 raHa kaObuIIaHBIIL,
KaJIFaH PeXUMIEP CY3ri apKbuibl koubuaTeiHABIKTaH, LPO1 FMF iminnmeri mHTEpMOIaIbI 1Ty
ocepine a3 tam O0onaapl. COHBIMEH KaTtap, Oy 3epTTeyae Oip MOJalibl TalIIbIKKA KaparaHaa a3
MOJ1ajIbl TANIIBIKTa ONTUKAIBIK UMITYJIbC KyaThl KOFapbUIaFaH jKaF/aaiila CUTHAT 9Jli Je >KaKChl
tapanansl, an SMF umnynsc Kyatsl 1,04 BT ke3inme Myiiae sKyMbIc xacaMmaiapl. by sxkymeicta
FMF Heri3inae TapaThlIFaH aKyCTUKAJIBIK CEHCOP JKyHeci 3epTTenei, KOJIAaHbUIaThIH TaIIIbIK 2
MOJIa TapaTa aJaThlH a3 MOJAJIBI ONTHKAIBIK TATIBIKTHIH Xeke Typi TMF ekeninatam eTy Kepek
[7].

Kasipri DAS-xylienepinieri KUbIHABIKTAP 1Ty AEHI€HiHIH dKOFapbl 00TybI dKOHE CUTHAJ-IITY
KaThIHACBIHBIH TOMEH OoutybiHa OainanbIcThl. O 63 Ke3eriHe 9ici3 curHanaapasl Tipkeyne DAS
Peneii mamsipaybIHBIH TOMEHT1 KOA((UITMeHTIHE OalIaHBICThI MIEKTEYIIepre ue 0OIybl CEOenTi.
A3 MoJalbl TanmIbIK manibiparad Peneit skapbIfblH KaObUTIAN Ay IbIH KOFAPFbI KaOiJIeTiHe jKoHe
CBI3BIKTHI eMec () (eKTiIepAiH )KOFapFhl IMIeriHe e. ABTOpiap alThUIFaH MpoOJeMaHa Menry e
a3 MoJiajbl ONTUKAIBIK TAJIIBIKTHI KOJJAAHATHIH yIbTpa-TeMeHri myiasl MIMO-DAS xyiiecin
Kosgananasl. 3eprrey Oapeichinaa 4x4 MIMO ®-OTDR xyiieci KypbUlFaH >KOHE CHUTHAIIBIH
MOJIaJbIK KaObuigaybiH OOJIpIpMAy YILIIH <CKUITIK TaHOanmay» 9Jlici KojiaaHbUiafbl. Makananga
KYpJZiedl apXUTEeKTypa OepuIreHiMeH, Heri3rl FhUIbIMU TYKbIpbIMbl FMF TanmbikTapeiasig DAS
KYHeciHle CEeHIM/I1 JKoHe ce31MTall )Kyile xacayra KaOlIeTTi eKeHAIriH kepcety [8].

Chen >xoHe T.6. 2 MOJaibl TAIIIBIK HETI31HJETT TapaThbUIFaH aKyCTHKAJIBIK JaTYUKKE
TOKTajabl. Makanasa aBTopiap €Ki Typill MOZAaJaH KeJNreH HOTHKEH1 OipIKTipy apKbUIbI LIy
neHreiiniy 2,52 nb xakcapranblH aiitazsl. by skepae LPO1 nipinre a3 cesimTaln pedepeHc curnai
petinae Konjgansuica, LPO1 Mogace! fipiire aca ce3iMTal ce3rill MoJa peTiH/ie KapacTbIpblIa/ibl.
JlereameH, eki MoJia apachIHIa TONTHIK >KbIIAMIBIKTBIH SPTYPIIl eKeH1 OalKaIbl, HOTHXKECIH IE
ojlap KaOBUINAFbINIKA OPTYPJl YaKbITTa JKETill, YaKbITTBIK XbUDKY Oaiikanran. SIFHuH, Oy
WHTEPMOJANIBIbI UHTEPhEPEHIUS AAIITIHE 9cep €Tel, ajaiia OHbl TAIIIBIKTBIH Y3bIHIBIFBIH
IHIEKTeY, KbICKa UMITYJIbC KOJJIaHy, HU(PIIBIK OHACY apKblIbl KOMIIEHcalusiayra 0onaasl [9].

Costa xoHe T.0. 3epTTeyiHA€ €Kl MOJaJIbl ONTHUKAJIBIK TAJIIBIKTAFbl YaKBITTBIK >KbUDKY
KeJlepri peTiHAe eMec, MO3ULUSHbl aHbIKTAUThIH Kypan peTiHae naijnanansiiansl. LPO1 sxone
LPOla mopmamapsl apachlHAaFbl YaKbITTBIK aWbIpMallbLIbIKKA OalaHBICTBl AIPUIAIH HeMece
ocepaiH Kail >keplie OpbIH ajJfaHbIH aHBIKTAWAbl. By jkaHa MHTEpEpeHIMUIBIK o/1iC OOJIBII
TaObUIA Bl )KOHE JATYMKTIH Ce3IMTaNABIFBI apTaasl [10].

Keneci makamanma LPOl wmogmacel OaiinaHbic CHUTHanblHAa Oepiieni koHe OallimaHbIC
apHACBIHBIH XbUTIaMIGIFEI 2,04 ['0ut/c s)xetkeH. LP11a Momackl JaTYUKTIH pOITiH aTKApbl )KOHE
myHaarel SNR>2 1b kepcerti. By Tocin a3 Mojanbl ONTHKAIBIK TAJIIIBIKTBIH €peKIIETiKTepiH
naiiianany apKpUibl O1p TaNMIBIKTHI KOJI/IaHA OTBIPBIN KOI (PYHKUIMSUIBI KYyle Kypy MYMKIHIITTH
kepcerendi [11].

Keneci »xympicTapia Kem MOAANbl TANIIBIKTAPIBIH KOJJIAHBUTYBl TYypasbl aWTHUIAIbI,
MbIcasibl [12] TapaThlIFaH aKyCTUKaIbIK CEHCOpJap >KyHeciHJe CUTHAJJIbIH YaKbITIIA dJICipey
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MOCEJIeCiH LIeIy YIIiH "KeHICTIKTIK MOanapabl KOrepeHTTi opTamia Monzey" (coherent averaging
of spatial modes) omiciH ycbiHanbl. A, [13] 3epTTeyiHae Konm MOAAIbl TAIIBIK apKbUIbI O1p
ME3TUIIe TapaThbUIFAaH aKyCTUKANBIK JkoHe Temneparypaiblk cesy (DAS+DTS) sxysere
acelpbutFal. byn xyiiene Rayleigh skone Raman mamsipay KyObUTBICTapBIHBIH KOMOWHAITHASCHI
KOJIQHBUIBIM, O1p TAIMIBIKIICH €K1 TYPJI (PU3HKAJIBIK ITApaMeTp CEHCOPJIBIK TYP/E OJIICHTEH.

CoHBIMEH >KOFapblAarbl MIONyJaH OalKaWThIHBIMBI3Z DAS xylecinne Kasipri yakbITTa
MMF, FMF, onbIH imminae exi ogayibl onTHKaIbIK TanmbiKKa (TMF) Ke3bIFyIIbLIbIK apTKaH. bi3
o3 sxymbicbiMb3a SMF (ITU-T Rec. G.652) xone FMF-ke mbe30371eKTpIIiK TYpiAeHIiprim
APKBUIBI JKAaCaJIAThIH KEPTUTIKTI Oip XKULIIKTI BHOPOAKYCTHKAJIBIK dCep JKayaOblH CAIBICTHIP/IBIK.
MyHna KOJJIAHBUIATBIH a3 MOJAJIBl ONTUKAIBIK TammblK GeO:-MeH IJIerHpJIeHreH, KYIITI
OypMajaHFaH KBa3WCATBUIBI CBHIHY KOpPCETKimll mpoduiiMeH epekmieneHnerin 21/125 emmemi,
apHaiibl )xacanrad 5-LP-monansr kBapursr FMF.

MarepuaJjap MeH 3epTTey daicTepi.

3epTTey KYMBICHIH/IA dpKaichickl 1 kM Oonateia 2 opam crannapttel SMF (ITU-T Rec.
G.652) xxone FMF 21/125 opxkaiicbicel 0,5 kM 60JaThiH 2 opaMbl KoaaHbluiAs! (1 - cyper). Opoip
ONTUKAIBIK TANIBIKTBIH 2 OpaMbl >KainraHFaH TyctaH 10 M TammblK OeJiriH aJbIHBII,
MBE30RJICKTPIIIK TYpIAEHAIprimke OipyakplTTa Mapaienb TYpAE OpHaJIacThIpbULIbl. MyHna
opamaapsl kanray yiria LC/APC murTeissl ;koHe ONTUKAIBIK JOHEKepiey KomaaHbuiabl. PZT
mipinminig - kuimiri - UNI-T UTG2025A  curHanm  reHepaTopbIMEH  PETTeNil  OTBIPIBL.
Bubpoakyctukansik ocepaeH 6onran SMF/FMF TalbIKThI-ONTHKAIBIK JTMHASHBIH JKayanTapbl
T8 Cencop koMIaHUACHIHBIH «JlyHai» TapaThUIFaH aKyCTHKANIBIK JaTYUTIMEH Tipkendi. «JlyHai»
napaMeTpliepiHe TOKTAJICAK: CE3Till MJIEMEHT Y3bIHJIBIFBI 75 KM, OKAFaHbI aHBIKTAY JIIiri 10 M,
ckanepiey xuiniri 0,5-20 xI'm, cesrimriri 0,14 HecTpeitnre neiiH, AMHAMUKAIBIK Auana3oHsl 30
1b >xoHe TOJIKBIH Y3bIHABIFEI 1550 HM.

DAS “Dunay” UNI-T UTG2025A

Q, 25MHz 2Ch Signature-Series

, '- 43 I Arbitrary Waveform Generator

FMF FMF
(~10 m) (~0.5km)

SM fusion
LC/APC  splice

\ ‘ pigtail SMF-FMF
SM

SMF
(~1.0 km)

SMF

; 3 (~10m) SM LC/APC pigtail
LC/IAPC SM LC/APC SM LC/APC pigtail ° o -
pigtail = o : =
pigtail g @99 fusion fiiston
fusion o SM fusion splice SM SMPC splice
splice LCIAPC splice SMF-SMF LC/APC  LC/A SME.SMF
SMF-SMF fusion adaptor SMF-SMF pigtail ~ adaptor

SMF splice
(~1.0km) SMF-SMF

Cypert 1 — TanmbIKThI-ONTHKAIBIK MOAATIBABIK KYPBIIBIM HET131HET1 BUOPOAKyCTUKAIIBIK
CUTHAJIJapbl Tipkeyre apHainFad DAS yleciHiH SKCIEpUMEHTTIK CyJ10achl

Byn sxxymbicTa «/lyHait» TapaTbulFaH aKyCTUKAJIBIK JATYUT apKbLJIbl KPEMHUIIEH apHaUbI
kacanran S5-LP momanet FMF 21/125 ceiHak HoTHKENEp1 albIHIbI. DTanoHabl cTaHaapTThl SMF
(ITU-T Rec. G.652) nen xepcerinren FMF sxayanTapbiH eprijgikTi Oip peTTik TOMEHT1 KUUTIKTI
BuOpoakyctukansik acep (10, 30, 150 I'm) ke3iHae canbICTHIPALIK. KOWBIIFaH dKCIIEPUMEHTTIH
HET13T1 KepiHicTepi 2 - CypeTTe KOpCeTIIreH.
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Cypert 2 — KoiibutraH 3KCIIEpUMEHTTIH HET13Tr1 KepiHicTepi

byn 2 — cyperre kentipuiren cyperre "DAS Dunay" TapaTbhUIFaH aKyCTHKAJIBIK CEHCOD
xyieci apkbutbl FMF skore SMF TalmibIKTaphl KOJITAaHBUIFAH BUOPOAKYCTUKAIIBIK CUTHAIAAPIBI
Tipkey »yileci kepcerinreH. CurHan kesi peringe 25 MI'm xwuimikti UNI-T UTG2025A
reHepatopsl xkoHe PZT anemenTi naitmanansiiaasl. JKylieae TammbIKTap apachlHIarsl Kalraysap
fusion splice xone LC/APC agantepriep apKblibl kKy3ere acKaH.

OnTUKaIBIK CHTHAIIBIH HWHTEPQEPCHIMSUIBIK (a3alblK BIFBICYBI KeJIeCl OpPHEKIICH
aHBIKTaJIa bl

Ap ==, (1)

MYH/JIaFbl 1 — CBIHY KOPCETKIIIIi, L — TaJIbIK Y3bIHIBIFbI, A — TOJKBIH Y3bIHIBIFbI, € — OOMIIBIK
nedopMarus.

HNurepmonanbapl uHTepdepennms kesinae LPor skone LPnia Momanmapbl apachIHIIAFbI
(azanbIK albIPMAaIIbIIBIK:

2mL -
Ad)m — T (neff‘LP(); neff,LPlla)’ (2)

TYPIHJE ’Ka3blIa/ibl )K9HE OJ1 Ce3IMTaNIIbIKKA TIKEJeH acep eTenl.

Ocbl aifbIpMaIIBUIBIKTBIH a3at0bl )KYHEHIH KUK CE3IMTaJIbIFbIH apTThIPAIbL.

HoTuxkesnep :koHe 0J1apAbl TAJIKBLIAY.

Temenneri 3 - cyperre DAS ixyiieciHiH )KyMBbIC Tepe3eCiHJIer eKi XKaFaalJarbl capKblpaMa
(waterfall) kepcetinren. by sxepae »xacbut Tyc 30 ['i-ke coiikec kence, kok Tyc 150 ['i-ke colikec
keneni. 3 - cypert (0) sxariaiiia apakallbIKTHIK (2) *KaFaalFa KaparaH/ia eKi ece Killli eKeH1 KOpiHiI
Typ. EKl ONTHKAJIBIK TaNIIBIKTBI CapKblpaMa apKbLIbl KapalThiH Ooscak, a3 momansl FMF-te
MHTEHCUBTUIIK KYIITIPEK €KeHl kail ke3re e Oaiikanaabl.
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(2) ~©
Cyper 3 — BuOpo-akycTUKaIbIK dcepre OaillaHbICThl OalijIaHbIC )KayanTapbIHBIH
¢dbparmentrik ynrinepi: (a) SMF; (b) FMF

byn 3 - cyperte BUOpoaKkycTUKABIK acepre xayan peTinae ansiHFan SMF (a) xone FMF
(b) TaymbIKTapRIHEIH cUTHAN (pparMenTTepi kepceriren. FMF curHaiplHbIH aMILUTUTY1aChl MCH
e3repic alKbpIHABUIBIFBI SMF-Ka KaparaHma onjekaiiia skorapbl, Oy FMF-ThIH akyCTHKaJIbIK
acepre JKOFaphl CE3IMTAIABIFBIH JTOICIICHII.

AnpIHFaH HOTHOKETepi 6acka eHOekTepMeH canbicThipy FMF KonmanyabIH epeKIienikrepin
HaKThUIayFa MyMKiHaik 0epeni. bi3ain Toxipudene 6arikanran SNR temenneyi Xiaoxia Che xone
opinrtectepiniy [14] xymbicbiHa colikec keneni, onga FMF-tin Brillouin xwuinik sirsicyst (BES)
SMF-ke kaparanma TOMEH, all CHEKTPIIK CBI3BIKTHIH €HI KeH eKeHIIri kepcerinreH. MyHnai
CHEKTPANIBIK KEHEI0 OJIIeyIepAiH JANIIITH TOMEHAETIN, 013/11H SKCIIEPUMEHTTIK JepeKTepIeri
HIyAbIH apTysiH Tycingipeai. ConsiMeH Katap, Lv sxone 1.6. [15] 3eprreynepinge SMF-FMF-
SMF KypBUTBIMBIHBIH HHTEPMOAAJIbAbI HHTEP(HEPESHIUSIHBI a3aiThII, TYPAKTHl UMITYJIbCTAp allyFa
MYMKIHIIK OepeTiHiH Kepcerce, Oi3miH HoTmxkenepae FMF-teri ¢azansik (uykTyanusiap
KYHEHIH TYpaKTbUIbIFbIHA ocep eTeTiHi Oaiikannel. An Ashry xone opinrtectepi [16] FMF
HET131HAEr CEeHCOpJapblH apThIKIIbUIBIKTaphlHA TOKTAJbBII, OJIAPJbIH KeIapaMeTpill eJlley
MYMKiHJiKTepi MeH SNR neHreitin apTTeipy aneyeTiH kepcerTi. Jlemexk, 613110 HoTkenep FMF-
TiH nactypii SMF-ke kaparaHja »aHa MYMKIHAIKTED YCBHIHATHIHBIH, ajlaiijla WHTEPMOJIAJbIbI
OaiilaHbIC TIEH CIEKTPAABIK KeHEI011 0acKapy KaXeTTIriH JoNeIen .

: : : : 16

: : : — FMF

b ¢ : ; — SMF
R o R T q 14

-
N

C'{ MERRRIRS, LoS—— | o) D—— —— CAp— 1.2
— 1
£08 =
g £08
» 0.6 »

o
D

©

IS
o
E =N

©
N

0.2y

i i i i i i
0 0.2 04 0.6 0.8 1 0 0.2 04 0.6 0.8 1
Distance (a.u.) Distance (a.u.)

(a) (0)
Cypet 4 — Bubpo-akycTukanblk ocepre OaitnanbicTel DAS sxyliecinig ¢a3aabiK
nerektopbiHbIH 2D rpadukrepi: (a) 30 I'n; (b) 150 I'n
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4a - cyperre kenripinret (30 Hz) rpagukre FMF (kek cbI3bIK) skoHe SMF (KbI3BLT CHI3BIK)
ONTHUKAIBIK TAMIBIKTapbIHbIH 30 ['11 skuinikTeri aedopmanus (strain) MOHAEP! CAIBICTBIPBUIFAH.
En ynxen gedopmarus FMF ymrin mamamen 1.25 pe, an SMF ymin 0.55 pe Manpinaa 6aiikanasl.
FMF tanmbIFbIHBIH OYK1JT Y3BIHIBIFBI OOMBIMEH Ce3IMTaIBIKTHIH alKbIH )KOFaphl €KeH1 KOPIHE/I],
acipece 0.4 a.u. apanbiFpiHga MIyFBUT mbIH 0ap. byt FMF KypbUIbIMBIHBIH BUOPOAKYCTHKAIIBIK
CHUTHAJIFa JKOFapbIpaK jkayan OeperiHiH kepcereni. An 40 - cyperrre kentipinren (150 Hz)
rpadukre 150 I'm sxuimikte FMF (kok chI3bIK) MakcuMaliibl aedopMaIusHbl maMaMmen 1.5 pe
neHreinae, an SMF — mamamen 0.45 pe nenreiiane kepcerti. 0.45 a.u. aiiMarbIHIa €Ki TaJIIIBIK
Ta Oipaeit muk kepcerkeHiMeH, FMF GoiibiHIa oaH KeiiHT1 aitMakTap/a ja »KoFapbl TOJIKbIHAAD
Oaiikanmanel. SMF TanIIbIFBIHBIH PEAKIMACHL dJICi3 9pi OIpKaNbINTHI, Oy OHBIH CHTHAJIBI
KaObUIIay CEe3IMTANIBIFBIHBIH TOMEHIIriH Ourmipeni. JKammbel, FMF TammbikTapbl >korapbl
KHLUTIKTE /1€ CeHIM/I 9pi )KOFapbl Ce31MTaNIBIKIICH )KYMBIC ICTEHTIHIH JoNenaei .

AJBIHFaH KCHEPUMEHTTIK TOYEJIIUTIKTEP TATIIBIKTAFbl (a3alblK bIFBICY MEH AepopMarius
apachIHAAFbl CHI3BIKTHI OAWIaHBICTHI pacTabl. TEOPHUSIIBIK TYPAE Ce31IMTANIBIK KO UIHEHTI:

0A¢p _ 4amnlL

=% A 3

Typinae epHekreneni. FMF yImriH neff jkoHe e3eK nuaMeTpiHiH apTysl Oyin ko3dduumeHTT
mamamen 1,4-1,6 ece aprrepagsl, Oyin  ToxipuOene  aHBIKTAIFaH  CE3IMTAIBIK
Al pManIbUIBIFBIMEH (~8%) KaKChl YHIeceTi.

byn 3epTTey *yMbIChl TapaThUIFaH aKycTHKaIbIK cencop (DAS) sxyitecinae 6ip mMoaabl
(SMF) sxone a3 momansl (FMF) onTukanbIk TaqmbIKTapAbIH BHOPOAKYCTUKAJIBIK dCepre xayar
Oepy epeKIIeNiKTepiH CalbICThIpyFa OarbITTaiabl. AnblHFAaH HoTHOKedaep FMF TanmbiFbIHBIH
Ce3IMTAIABIFBI JKOFapbl €KeHiH oHe OHbIH DAS xylienepinaeri KojlaaHyra KOJAMIbl eKeHiH
KepceTTi. MyHIali KOPBITHIHABIFA Kelyre OipHelle HakThl Oakbuiaynap MeH rpaduKrep Heris
Oonmel. Atam aiiTkanma, 4 - cyperre KenTipiireH ¢azanblk aerekrop rpaduxrtepinze FMF
TaJILIBIFBIHBIH AeopManusara peakuuscel SMF-ke kaparanaa aiTapiablKTail )KoFapbl €KeHl aHbIK
Oaiikanel. 30 'y sxuinikre FMF makcumaner nedopmanust moni mamames 1.25 pe 6omnca, SMF
yuin Oyn kepcetkim 0.55 pe 6omapl. 150 I'ii xuinikTe g€ ockl apakaTeiHac caktanasl: FMF —
1.5 pe, SMF — 0.45 pe. byn aitpipmambsuislk FMF TanmeIFeIHBIH KeH 3¢k nuametpine (21/125
MKM), GeO: nerupiieHyiHe *OHE KBa3UCATbUIbl ChIHY KOpCeTKill mnpoduiiHe OaillaHBICTHI.
Conpimven kartap, LPO1 xone LP11la monanapsiHblH HHTEpMOAaibasl HHTEphepeHuusicsl FMF
ce3IMTaAbIFbIHA KOCBIMINIA ocep eTeidl. bysl epekienikrep CUTHaAbIH KEHICTIKTIK TapalyblH
KYIIEHUTIN, aKyCTUKAJIBIK dcepiepal TUIMAI TIpKeyre MyMKiHaik Oepeni. 3 - cyperreri waterfall-
rpadpukrepae e FMF curnanbslHbIH BU3yan bl Typ/ie aiiKbIH )KOHE MHTEHCHUBTI €KeH1 OalKasbl.
byn FMF Tammbirsl apKpUIbl TapajdfaH CUTHAIIBIH SJIeKaia KYIITI )KOHE aHBIK TIPKEICTIHIH
pacraiinbl. by HoTHXKenep anJbIHFBI FBUIBIMH JKYMBICTapMEH Jie coiikec keneai. MoceneH, [7]
seprreyinge FMF LPO1 pexuminge SMF-nien canmsicteipranna SNR kepcetkimi 2.04 nb-re
apTkanbl aiTeuFad. CoHbiMeH Katap, [9] enoeringe FMF Herizinzeri eki MoAaibl CEHCOPABIH
MHTEpPMOAANBAbl HMHTephEepeHlMsFa KapaMacTaH Iy JjeHredin 2.52 nb TeMeHneTkeH1
nonenjeHred.  An  Oi3[iH  JKYMBICBIMBI3[Aa MYHJAl epeKIIeTIKTep HaKThl TIXKIpUOeik
eJeMaepMeH OeKITIIAI.

Amnaiina 3eptreyain 6enriai 6ip mekteynepi 6ap. bipinmiaen, Toxipudenep tex 10—150 I'ig
apaJIbIFbIHIAFBl KUUTIKTEPMEH 1IeKTenreH. by xorapsl xkuinikreri (>1 kI'n) curnangapra FMF
peaknMAChIH Oaranayra MYMKIHIIK Oepmeiini. ExiHmniieH, 3epTTey Tek 3epTXaHalbIK Karnaiiia
KYPTri3Uilll, COHIBIKTAH CBIPTKbBI TEMIEpATypa, BUIFAIIBUIBIK HEMECE MEXaHHKAJBIK Jcepiiep
eckepinmeni. YImiHmIiaeH, Konganbuirah FMF — HakThl reoMeTpusicbl MEH JerupieHyi Oap
HaKThI O1p Typi OONFaHABIKTaH, OYJ1 HOTHXKeNep Il 6acKa a3 MoJlajibl TAIIIBIKTapFa TIKeJel Keipy
MYMKIHZIT1 mekTeyni. CoHbIMEH KaTtap, MHTEPMOAaIbAbl HHTEPPEPEHIINs HOTHKECIHIe CUTHANIIA
yaKbITIIA KbUDKY OaliKanapl, Oy TIpKey JNIIriHe acep eTyl MyMKiH. MyHpaail acepiep/i Koro
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YILIiH MMITYJIBC Y3BIHJABIFBIH KBICKApTy, ONTHKAIBIK (HIBTpPICY KOHE HUMPIBIK KOMIICHCALUS
OMICTEPIH €HTI3y KaXKeT.

3eprreynin kemminiri peringe FMF  opamaapblHBIH —KOPFaHBICCHI3 alllbIK  KYHE
OpHAJIACTHIPBUTYHI cayiapbiHad SNR kepceTkimiiHiH TeMeH 0oJybl atam eTijaeai. bysn MoceneHi
Oojamiakra TaJIIIBIKTBl KOPFAHBIC KOPIYCHIHA OpPHAJACTBIPY >KOHE IPUIEH OKIIAyJaFbIl
MaTepuanaap KoJIgaHy apKbeUIbl mernryre 6onaabl. CoHnai-ak, MU pIbIK OHICY aAITOPUTMACPIHIH
KETIAIPIIMEYi JIe KEMIIUTIK PETiH/IE TaHbUTA bl Byl KeMIIUTIKTI STy YIIiH MallTHHAJIBIK OKBITY
HEMece HEHPOHIBIK JKENiJiep HeTi3iHIe MAEpeKTepAl HMHTEIUICKTYaJ bl OHJEY TocuIaepiH
KoJJlaHyFa Oonajibl. DKCIEPUMEHTTEp CTAaTHUCTUKAJIBIK TYPFBIIAH J1a MIeKTeysi Ooniel: opOip
KUK YIIIH ©JIIIIeM CaHbI a3, OyJI HOTIIKEIEP/iH CeHIMIUTIK AeHreiin ToMenaereai. bonamakra
YJIKEH JIEPEeKTEP HETI31HIC KO MOPTEIIK OJIIIeMIeD KYPri3y KaxerT.

3epTreyaiy OonamakTarsl JaMybl OipHele OarbITTa )KaIFacThIPbUTYbl MyMKiH. bipiHmigeH,
korapbl xkuimikTi curHanmapra (1-10 kI'm) FMF peakmuscein 3eprrey KaxkeT. Exinmmiaes,
UHTEPMOJANBABl  WHTEPPEPEHIMSHBl ~ MaTEeMaTUKAIBIK  MOJEIBACY  apKbUIbl  (ha3asbIK
albIPMAaIIBUTBIKTApIbl TEOPHSUTBIK TYPFbIIaH Oaranay Kepek. YuriHmriaeH, DAS sxylieciH HaKThI
KOJIJIaHy cajayiapbiHaa (KYObIp Kyienepi, KypbUIbIC, CEHCMUKAIBIK OaKplIay) ChIHAKTAH OTKI3Y
apKpUIbl TOXKipuOenik 0a3za keHeurinyi Tuic. Teprinminen, FMF wnerizinge DAS men DTS
(TemmepaTypaiblK CEHCOp) JKyHenepiH OipikTipin, Oip TaNIIBIKTa KON IapaMmeTpili eJey
Kyprizyre Oonaapl. Mynpait xyiie [13] 3epTreyiHae KapacThIpbUIFaH XOHE MPAKTUKAIBIK
KOJIAAHBICKA BIHFAMIIBI.

Jerenmen, Oy OaFbpITTaFrbl JaMyFa J1a ©31HE TOH KUBIHIBIKTap. MbIcalibl, MaTEMaTHUKAIIBIK
TYpFbIIaH — HHTep(EpeHIUsT KYOBUIBICTAPBIH o)l CUMATTAy KHUBIH, TEXHUKAIBIK JKAFbIHAH —
ONTHUKAJIBIK KOMIOHEHTTEP/I1 I TEHILIEY JKOHE TYPAKThI TipKey KyheciH Kypy KaxeT. COHbIMEH
KaTtap, KOFapbl )KUUTIKTI CUTHAIIAPBI CEHIMIII TipKey YIIiH >KbUIIaM dpi JKOFaphl pYKCATTaFrbl
KYPBUIFbLIIAP MEH €CeNTey KyaThl Kepek O0abl.

Kopsiteiaaemaii kemne, 6y 3eprrey FMF onTukansik TammsikrapsiabiH DAS sxyiiecinaeri
KOJIJIaHBUTYBIH TE€PEHIHEH TYCIHYTE JKOHE OHBI HAKTHI TOXKIpUOEIiK Heri3e Oaranayra YIKeH yJiec
KocTbl. HoTmkenep Kasipri 3aMaHFbI CEHCOPJIBIK TEXHOJIOTHSUIIAP/BI JKETUIIIpyre OarbITTaIFaH
JKaHa TOCUIIep MEH LIeIMIep YChIHYFa MYMKIHIIK Oepe/ti.

KopbIThIHABI.

FouibiMu 3epTTey *KYMBICBIH KeJeciiel TyKbIppIMIayFa 60mabl:

1. 3eprrey OaprichiHIa TapaTbUlFaH akycTUKaIbIK ceHcop (DAS) xyilecinae 6ip Moaassl
(SMF) xone a3 momanel (FMF) onTHukanblk TalmIbIKTapIbIH BHOPOAKYCTHUKATBIK ocepre
CE3IMTANIJIBIFBI CANIBICTHIPBULIBI. DKCIIEpUMEHT HoTKeciHe FMF TanmbiFbIHBIH Ce31MTaIbIFbI
30 I'm xwuinmikre 7,9%, an 150 T'n xuimikre 8,5% skorapbuiaranbl aHbIKTanabl. byn FMF
KYPBUIBIMBIHBIH ~CBbIHY KOPCETKIIll Npo(UIIiHIH KBa3HCaTbUIbl TYpAE KYILUTI e3repicke
yIIBIpaybIMEH TYCIHAIpiIeni;

2. Koceivma Gaiikay HoTmkeci peringae FMF kyiieciHe WHTEHCUBTUIIK TpadUKTEpiHIC
curHamabiH kyir SMF-ke kaparanaa aitapibIKTail >korapbl OOJIFaHbI aHBIKTANIBL. byt a3 Moganbl
TAIIIBIKTBIH K€H ©3€K T€OMETPHSICHl MEH WHTEPMOIAIbAbl HHTEP(PEPEHIMSHBI THIMII OHAEyre
MYMKIHIK OepeTiH MOJANbIK KYPBUIBIMBIHBIH apTHIKIIBUTBIFBIH TSNS,

3. Amnaiina, GapiblK apTHIKIIBUIBIKTapFa Kapamactan, SNR (curHan-mry kareiHacel) FMF
KyHeciHe TeMeHipeKk neHreine Tipkenai. byn notmwkeni FMF opamaapbiHbIH amibIK Kyhae
OpHAJIACYhI )KOHE KOPFAHBIC U30JISIUSCHIHBIH O0JIMayhl apKbUIBI TYCiHAIpyTe Ooanbl. bonamrakra
SNR kepceTkiliH kakcapTy YLIH HHQPIBIK CUTHAIAAPIBl OHJEY OMICTEPIH JKETUIIIPY KOHe
KOCBIMIIIA 3KCIIEPUMEHTTIK CepUsiap *KYprizy Kaker.

3eprrey Hotmkenepi FMF  ontukanbsik tammsikrapsiH DAS okyiiecinge mnaiinanany
CEe3IMTaJIBIKThI apTThIpy1a THIM/I1 Kypai 0oja anaTbiHbiH KepceTTi. by FMF-TbIH KypbUTBIMIIBIK
epeKIIeNiKTepl MeH KeHICTIKTIK MoJaiap/asl THIMAI KoJiaHyFa HeriznenreH. Hotumxkenep kasipri
Ke3/eri BHOpOaKyCTHKaJIblK MOHMTOPHUHI >KYHMEJEepiHIH calachblH aHa JeHreiire kerepyre
MYMKIHIIK Oepeni. JKypri3suireH MaTeMaTHKaIbIK HHTeprpeTanus ¢a3anblK BIFBICY MeEH
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MOJIATBABIK TMapaMeTpiepAiH e3apa OalnaHbICBIH aHBIK Kepcerin, FMF KypbUIBIMBIHBIH
Ce31MTaJIbIK apTHIKUIBLIBIFBIH TEOPHUSUIIBIK TYPFBIIAH PACTaIbI.
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W CCJIEJOBAHME B3AMMOJIEMCTBUA U 3®PEKTUBHOCTH BOJIOKOHHO-
ONITUYECKUX MOJAJIBHBIX CTPYKTYP U CIIEKTPAJIBHO-
KOPPEJIALHNMOHHOI'O METOJA PAIUOIIEJIEHI' AT B CUCTEMAX
BUBPOAKYCTHYECKOI'O MOHUTOPHUHT' A

Aunomauusn. Ilenvlo O0anHOU UCCIE008AMENbCKOU pPAbOMbL  AGNIAEMC  OnpedeieHue
aghghexmuenocmu CHEeKMPAabHO-KOPPENAYUOHHOU o0bpabomku nymem CpasHeHs.
YYBCMBUMENbHOCIU PAZHOMOOO0BbIX BONOKOH K UOPOAKYCIMUYECKUM 8030€UCMBUIM 6 CUCTEME
pacnpedenennozo akycmuueckoeo oamuuxa (DAS). B kauecmee obwekma ucciedosanusi Ovliu
g3samul 00Homo0osble (SMF, ITU-T G.652) u cneyuanvho necuposannvle maromooosvie (FMF
21/125, 5-LP-mooosvle, mna ocnose GeQ:) onmuueckue 6010KHaA. B sxcnepumenme
HU3Kouacmomuvle eubpoaxycmuyeckue eozdeticmeus (10 Iy, 30 Iy, 150 I'y) esoourucwy c
HOMOWBIO NbE30IEKMPUYECKO20 NPeodpaz0eames U pecucmpuposaiucy ¢ HOMOWDbIO CUCTEMbL
DAS «/[ynaiin. [na eonokon SMF u FMF co30asanucey oounaxogvie ycrosus. Ha wacmome 150
Ty yyecmeumenvrocms Kk subpayuu ora FMF oxazanace na 8,5% eviwe, a na 30 I'y — na 7,9%.
Kpome moeo, cywecmeenno bonee @vicokas unmeHncugHocms cucnana ¢ cucmeme FMF ovina
nOOmMeepHCOeHa KACKAOHbIMU cpaduKramu. Imo npeumyujecmso 00yciosieno Keasuchepuveckum
npoghunem noxazamesi NPELOMIEHUS U WUPOKOU ceomempueli cepoyesunvl 6onokna FMF. Kpome
moeo, 6vL10 noxazauo, umo komounayus moo LPO1 u LP11a, xoms u évi3viéaem uHmepmooosvle
nomexu, mMoxcem OblMb peuleHa Memooamu epemenHol koppekyuu. Pesynsmamul uccredosanus
NOKA3aNU, 4Mo YY8CMEUMENbHOCMb OAMYUKA MOdcem Oblmb 3HAYUMENbHO NOBbIUUEHA 34 CUem
UCNONIL30BAHUS HUBKOMOOOBbIX OnMuyeckux 6onokon 6 cucmemax DAS. Takue pewenus
nOO0X005im OJisl UCNONb308AHUSL 8 0OIACMAX 3AUWUMbl NEpUMEMPA, CEUCMUYECKO20 MOHUMOPUH2A,
KOHmMpOJs 30anull u ynpaeienus mpyoonpogodamu. OOHako 6bi10 ommeyerno cHudxcenue SNR,
Ymo yKaszviéaem HA HeoOX0OUMOCHb COBEPUICHCTNBOBAHUS Al2OPUMMO8 YUDPOBoU 0dpabomKu
CUcHA08 8 Oyoyuem.

Knrouesnie cnosa: pacnpeoeneHuviii aKkycmuyeckuti 0amuyux, Maiomo0080e onmogoi0KHO,
8Ubpoaxycmudeckutl d¢hghekm, nve3oanekmpuiecKuti npeobpazoeameins, Yy8CmeumeabHOCHb.

STUDY OF THE INTERACTION AND EFFICIENCY OF FIBER-OPTICAL MODAL
STRUCTURES AND SPECTRAL-CORRELATION RADIO DIRECTION FINDING
METHOD IN VIBROACOUSTIC MONITORING SYSTEMS

Abstract. The aim of this research work is to determine the effectiveness of spectral-
correlation processing by comparing the sensitivity of different modal fibers to vibroacoustic
effects in a distributed acoustic sensor (DAS) system. Single-mode (SMF, ITU-T G.652) and
specially doped low-mode (FMF 21/125, 5-LP-modal, GeO:-based) optical fibers were taken as
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the object of research. In the experiment, low-frequency vibroacoustic effects (10 Hz, 30 Hz, 150
Hz) were introduced using a piezoelectric transducer and recorded using the DAS "Dunay"
system. The same conditions were created for SMF and FMF fibers. At a frequency of 150 Hz, the
sensitivity to vibration for FMF was 8.5% higher, and at 30 Hz - 7.9%. In addition, the
significantly higher signal intensity in the FMF system was confirmed by waterfall graphs. This
advantage is due to the quasi-spherical refractive index profile and wide core geometry of the
FMF fiber. In addition, it was shown that the combination of LPO1 and LP11a modes, although it
causes intermodal interference, can be solved by temporal correction methods. The results of the
study showed that the sensor sensitivity can be significantly increased by using low-mode optical
fibers in DAS systems. Such solutions are suitable for use in the fields of perimeter protection,
seismic monitoring, building control and pipeline management. However, a decrease in SNR was
observed, which indicates the need to improve digital signal processing algorithms in the future.

Keywords: distributed acoustic sensor, low-mode optical fiber, vibroacoustic effect,
piezoelectric transducer, sensitivity.
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KOMMNbIOTEPHbIE HAYKW, MTPUBOCTPOEHUE N ABTOMATU3ALIUA

KOMMNBbIOTEPHIK FbINIbIMAAP, ACTAIN XXACAY XXOHE ABTOMATTAHObIPY
COMPUTER SCIENCE, INSTRUMENTATION AND AUTOMATION

UDC 519.6
IRSTI 50.05, 50.41
https://doi.org/10.53364/24138614_2025 39 4 16

A.A. Tugambayeval, A.A. Sakhipov?”
1Kazakh British Technical University, Almaty, Kazakhstan
Astana IT University, Astana, Kazakhstan

“E-mail: aivar.sakhipov@astanait.edu.kz

AUTOMATED GENERATION OF DOMAIN-SPECIFIC LEARNING
ASSIGNMENTS USING GENERATIVE LANGUAGE MODELS FOR CIVIL
AVIATION TRAINING

Abstract. This research presents an intelligent system for automated generation of domain-
specific learning assignments in civil aviation education using fine-tuned T5-small transformer
models. Traditional assignment creation requires significant instructor time and expertise in
aviation regulations, technical specifications, and safety procedures. We propose a transformer-
based solution implementing a five-stage pipeline: corpus preprocessing, parameter-efficient fine-
tuning via LoRA adaptation, assignment generation using beam search decoding, quality filtering,
and pedagogical validation.

The system was trained on 920 aviation-specific context-question pairs covering more than
50 topics including flight operations, aircraft instruments, navigation, and emergency procedures.
Experimental evaluation on a Tesla T4 GPU demonstrates a training time of 35 minutes across 7
epochs, with final training loss of 1.3506 and validation loss of 1.221. Generation quality
assessment on the test set (116 examples) yields Corpus BLEU score of 24.27, ROUGE-L F1 score
of 0.5087, and BERTScore F1 of 0.6017. Aviation terminology coverage analysis shows that
38.8% of generated questions contain at least one aviation-specific keyword, with an average of
9.4% unique aviation terms per question. Additional metrics include a unique bigram ratio of
0.321, which indicates strong lexical diversity without excessive repetition. Manual evaluation of
100 randomly selected questions demonstrated 95% grammatical correctness and 90% contextual
appropriateness based on expert review. Qualitative analysis reveals that generated assignments
are grammatically correct and contextually appropriate despite moderate Corpus BLEU scores,
which reflect valid alternative phrasings rather than quality deficits. Sample generations
demonstrate professional-quality questions such as "What does an altimeter measure?" and "What
happens when a stall occurs?™" The system reduces instructor workload in assignment creation
while maintaining technical accuracy and domain relevance, providing a foundation for Al-
assisted educational content generation in specialized technical domains.

Keywords: automated assignment generation, transformer neural networks, T5 architecture,
domain-specific natural language processing, aviation education technology, parameter-efficient
fine-tuning, learning task generation, beam search decoding.

Introduction.

Artificial intelligence (Al) and natural language processing (NLP) technologies have
accelerated the digital transformation of the worldwide education scene. The ability of large
language models (LLMs) like T5, GPT, and BERT to automate cognitive processes like content
creation, summarization, and assessment design has been impressive [1]. These technologies are
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increasingly being incorporated into digital learning environments in higher education, enabling
adaptive assessment, intelligent feedback, and individualized tutoring. However, their use in
highly specialized technical fields, like civil aviation training, is still in its infancy and poses
particular methodological difficulties that call for quality assurance procedures and domain
adaptation.

A thorough Al integration approach is being implemented by the Academy of Civil Aviation
across several operational vectors. The initiative's four main goals are to develop intelligent library
systems for automated document analysis, integrate LLM systems to help instructors with
information analysis and content creation, create employee onboarding assistants with access to
academy-specific resources, and implement comprehensive analytics platforms for institutional
management. This study, which focuses on automated learning assignment creation for aviation
training programs, is the first part of a larger project.

It takes a lot of time and expertise in aviation regulations (ICAO standards, national aviation
authorities), technical systems (aircraft instruments, navigation equipment), flight procedures
(standard operating procedures, emergency protocols), and safety-critical decision-making to
manually create domain-specific learning assignments for civil aviation training. For every
training module, instructors usually spend 30 to 45 minutes developing extensive assignment sets,
which restricts their capacity to offer individualized learning materials tailored to each student's
performance level.

Despite their strength, current general-purpose language models lack the contextual
awareness and specialized vocabulary needed for aviation training. The precise technical meanings
of terms like "altimeter setting”, "VOR radial”, and "critical angle of attack” must be maintained
in generated assignments. Assignments related to aviation must also be in line with particular
learning goals established by training programs and regulatory bodies.

The potential of large language models for automating educational content generation in
specialized technical domains has been widely acknowledged, yet their application to safety-
critical aviation training remains underexplored. The aim of this research was to gain an
understanding of how parameter-efficient fine-tuning of transformer models can be leveraged for
domain-specific learning assignment generation in civil aviation education. The influence of a
range of factors including training data composition, model architecture selection, generation
strategy, and evaluation methodology was investigated to ascertain whether automated assignment
generation could achieve sufficient quality and domain accuracy to potentially contribute to
practical deployment in resource-constrained educational institutions while reducing instructor
workload.

Neural methods using pre-trained language models have replaced template-based systems in
the automated creation of instructional content. Early research exploited syntactic patterns and
semantic role labeling to generate rule-based questions [2]. More complex content creation with
improved contextual knowledge has been made possible by recent developments in transformer
architecture.

Using keyword-based techniques to regulate content focus, Qu et al. [3] presented multi-
agent systems for automatic question-answer pair production. Their research brought to light the
difficulty of producing excellent distractions for multiple-choice questions as well as the necessity
of post-generation filtering. Ling and Afzaal [4] shown that T5 and GPT-based systems can
provide pedagogically relevant questions when adjusted on course-specific resources by applying
pre-trained language models to higher education contexts.

An end-to-end pipeline utilizing T5 architecture for the construction of multiple-choice
questions, including the creation of question stems and distractions, was given by Rodriguez-
Torrealba et al. [5]. Their system illustrated the significance of post-processing steps to guarantee
logical coherence and grammatical correctness. However, they neglected to address the
preservation of specialist technical terminology in favor of concentrating on general education
subjects.
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Raffel et al. [6] presented the T5 (Text-to-Text Transfer Transformer) architecture, which
combined several NLP tasks into a single text-to-text framework. Because of its encoder-decoder
structure and rigorous pre-training on a variety of text corpora, this architecture has demonstrated
great strength in generation tasks. T5 models allow versatility in computing resource requirements,
ranging from T5-small (60M parameters) to T5-XXL (11B parameters).

To adapt huge models to domains with limited computational resources, parameter-efficient
fine-tuning techniques have become crucial. Hu et al. [7] introduced LoRA (Low-Rank
Adaptation), which allows for effective adaptation by training low-rank decomposition matrices
instead of complete model parameters. This method is useful for academic institutions with limited
resources since it can minimize trainable parameters by up to 99% while retaining performance
comparable to complete fine-tuning.

There are difficulties when using NLP in specialized technological fields. In their
investigation of generative language models in medical education, Karabacak et al. [8] emphasized
the vital significance of factual accuracy and the requirement for expert validation in safety-critical
areas. Their research brought to light moral issues and the need for human control of instructional
content produced by Al.

Amin et al. [9] showed how Al systems may modify content difficulty based on student
performance by developing reinforcement learning techniques for individualized learning path
development. Adaptive content creation can enhance student engagement and learning results, as
demonstrated by Song et al.'s [10] dynamic frameworks for data-driven learning optimization.

Nevertheless, many current systems concentrate on high-resource fields like broad science
and medical or general education. Specialized regulatory language, procedural knowledge
requirements, safety-critical context, and comparatively small training corpora in comparison to
general domains are some of the unique issues that aviation education faces.

Despite their advantages, the current systems do not offer:

1) Complete automation of learning assignment creation created especially for technical
education in civil aviation.

2) Domain-adapted models verified on aviation-specific terms and practices.

3) Full implementation with performance metrics on the aviation corpus.

4) Considerations for practical deployment in academic settings with limited resources.

By offering comprehensive implementation with measured performance on an aviation-
specific corpus using readily available computer resources, our study fills these gaps.

Materials and methods.

Figure 1 shows the five-layer pipeline architecture that the system uses. The first layer
prepares the data by applying text extraction, cleaning, and normalization techniques to technical
manuals and aviation textbook content. Segmentation is used to produce context windows with an
average length of about 61 words, after which training pairs questions are manually created. A
structured JSON training dataset appropriate for fine-tuning the model is produced by this
preparation step.
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Aviation Question Generation System Architecture

Input Layer
Aviation Textbooks & Documents
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Quality Filtering & Validation

Output Layer
= Generated Assessment Questions

Figure 1 — Aviation Assignment Generation System Architecture

The base model is configured in the second layer using a 32,000-token vocabulary and a T5-
small architecture with 60 million parameters. Low-Rank Adaptation (LoRA) with rank 8 and
alpha 16 is used to accomplish parameter-efficient adaptation, yielding 294,000 trainable
parameters. To facilitate effective model training and inference, the implementation framework
integrates Hugging Face Transformers libraries with PyTorch.

With 115 pairings set aside for validation, the third layer fine-tunes 920 context-question
training pairs. Optimization uses a Tesla T4 GPU and the AdamW algorithm with a learning rate
of 0.0003. The parameter-efficient approach's computational efficiency is demonstrated by the
training process, which takes about 35 minutes and involves 7 epochs.

The assignment generation engine, which takes aircraft context text as input and uses T5
tokenization for encoding, is the fourth layer. To guarantee comprehensive, grammatically correct
outputs, question creation uses beam search decoding with four beams and a minimum length
constraint of five tokens. Candidate questions for a later quality evaluation are generated by this
layer.

To guarantee aviation-specific material, the fifth and final layer carries out post-processing
tasks such terminology validation and filtering based on length restrictions. Deduplication
techniques are used to find and eliminate almost identical questions. Validated learning
assignments that are prepared for instructor evaluation and implementation in educational settings
are the pipeline's final output.

The training dataset's 1151 cases provide comprehensive coverage of over 50 distinct
aviation challenges and are organized into seven thematic themes. Flight operations make up the
largest group, accounting for 26% of the corpus. It covers fundamental ideas such V-speed
definitions, aerodynamic forces, stall characteristics, air speed measurement, and preflight
inspection procedures. Aircraft instruments, such as the altimeter, attitude indicator, vertical speed
indicator (VSI), and VOR navigation equipment, comprise 20% of the collection. Weather and
environmental factors, which include significant operational concerns such wake turbulence
hazards, windshear events, and density altitude calculations, account for 14% of the training cases.
Navigation and communication topics, such as radio communication protocols, VOR navigation
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systems, Instrument Landing System (ILS) approaches, and Automatic Terminal Information
Service (ATIS) operations, account for 17% of the corpus. Regulations and safety, such as
Emergency Locator Transmitter (ELT) standards, transponder squawk codes, and classifications
of controlled airspace, account for 11% of the collection. Human factors themes which address
physiological problems that pilots may encounter during flight operations, such as hypoxia and
spatial disorientation, make up six percent of the corpus. The remaining six percent of airplane
performance parameters are fuel management techniques and ground effect phenomena. The
complete dataset was split into 920 training examples (80%), test set (10%) and 115 validation
examples (10%) using stratified sampling to ensure that each topic category was fairly represented
in both groups.

Table 1 — Training Dataset Characteristics

Characteristic Value
Total examples 1151
Training set 920 (80%)
Validation set 115 (10%)
Test set 116 (10%)
Aviation topics >50
Average context length 61.4 words
Average question length 6.8 words
Training format JSON (context-question pairs)

The T5-small architecture, which provides an encoder-decoder transformer configuration
intended for text-to-text creation activities, is used by the system. The encoder component consists
of six transformer layers that handle input context sequences using eight attention heads acting
across 512-dimensional hidden representations. The model may produce output sequences
conditioned on the encoded input representations because the decoder replicates this structure with
an identical arrangement of six layers and eight attention heads. The entire model architecture uses
a SentencePiece vocabulary with 32,000 tokens to represent the input and output text, and it has
60,506,624 parameters. Low-Rank Adaptation (LORA) is a strategy that incorporates trainable
low-rank decomposition matrices into the transformer architecture to achieve parameter-efficient
adaptation. The LoRA configuration uses a dropout rate of 0.1 for regularization during training,
along with a rank of 8 and scaling factor alpha of 16. This method maintains performance
comparable to full fine-tuning while drastically reducing the number of trainable parameters to
294,912, or just 0.49% of the total model parameters. The final optimized model retains a small
memory footprint of 1.2 GB, allowing for deployment on widely accessible GPU hardware and
making the method open to educational institutions with limited resources.

To complement automated metrics, qualitative assessment was conducted on 100 randomly
selected question-context pairs from the test set. Each question was assessed for (1) grammatical
correctness (absence of syntactic, agreement, tense, or major punctuation errors requiring editorial
correction) and (2) contextual appropriateness (answerable solely from the provided context) by
two independent aviation-domain reviewers. For clarity, binary evaluation (correct/incorrect,
appropriate/inappropriate) was employed. Consensus discussion was used to settle disagreements.

Mathematical formalization of the generation process presented below.

One way to formalize the question generating task is as a conditional text generation
problem. The goal is to produce an output question sequence Q = {qu, qz, ..., qm} that is
semantically meaningful to the input context sequence C = {c, C3, ..., Cn}.

The generation process aims to maximize the conditional probability:
P(QIC) = [Ii=1™ P(qil91, 9z, -+, Qi-1, C) 1)
where each token q; is generated conditioned on the context C and all previously generated tokens.
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LoRA (Low-Rank Adaptation) introduces trainable low-rank decomposition matrices:

W = W, + AW = W, + BAT 2
where W, € R4 is the frozen pre-trained weight matrix, B € R®r and A € R>d are trainable low-
rank matrices with rank r=8. This reduces trainable parameters from d? to 2-d-r, resulting in
294,912 trainable parameters.

Cross-entropy loss over generated token sequence:

N T ~
L=—1/N Xi=1Zj=1y,;log (yij) €©)
where N = batch size, T = sequence length, y;; = ground truth token, ¥;; = predicted probability

distribution.
Formula used for optimization is AdamW optimizer with decoupled weight decay:

Orp1 =0 —n(VL(6:) + 20,), 4)
where 1 = learning rate (0.0003), A = weight decay coefficient (0.01), VL = gradient of loss
function.

Table 2 — Training Configuration

Parameter Value
Epochs 7
Batch size 8
Learning rate 0.0003
Optimizer AdamW
Weight decay 0.01
Warmup steps 10
Max input length 512 tokens
Max output length 128 tokens
GPU Tesla T4 (16GB)
Training time 35 minutes

To provide consistent, organized output suitable for question generating tasks, the system
uses beam search decoding. Beam search maintains many hypotheses during generation and
chooses the sequence with the highest overall probability by simultaneously exploring four
candidate sequences (num_beams=4). The output length is limited to a maximum of 80 tokens to
guarantee comprehensive yet succinct queries, and a minimum of 5 tokens to avoid single-word
outputs. In terms of sequence length, a length penalty of 1.0 preserves neutral preference, neither
rewarding nor punishing longer outputs. The decoder forbids repeating any 2-gram
(no_repeat_ngram_size=2) in the created sequence to improve output diversity and avoid repeated
phrasing. Because structured question creation demands factual accuracy and grammatical
coherence rather than inventive variation, this beam search configuration was chosen over
stochastic sampling techniques (temperature-based sampling, top-p nucleus sampling). Sampling
techniques might result in inconsistent or grammatically incorrect outputs when creating structured
instructional content, even while they add useful randomness for creative text production activities
like narrative writing or dialogue. For professional educational settings where accuracy and
consistency are crucial, beam search offers deterministic and dependable generation.

Results and their discussion. Over seven epochs, the Tesla T4 GPU's fine-tuning with
LoRA showed steady and predictable convergence (Figure 2). Using a batch size of 8 and a
learning rate of 0,0003 the model was trained on 920 aviation-domain instances, with 115 samples
set aside for validation. Training loss showed a distinct downward trend over the whole training
schedule of 805 optimization steps, going from 2.6173 in epoch 1 to 1.3506 in epoch 7, showing
good domain adaptation. Because it offers the best trade-off between training performance and
generalization capacity, the checkpoint corresponding to epoch 4 was chosen for downstream
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evaluation based on this behavior. It took about 35 minutes to complete the computationally
efficient fine-tuning process.

Model Training Convergence
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Figure 2 — Model Training Convergence
Table 3 — Training Progress Across Selected Epochs
Epoch Training Loss Validation Loss Duration

1 2.6173 1.6868 5 min
2 1.7525 1.4710 5 min
3 1.5907 1.3608 5 min
4 1.4589 1.2837 5 min
5 1.4089 1.2547 5 min
6 1.3696 1.2333 5 min
7 1.3506 1.2210 5 min

On the 116-example test set, the improved model yielded a Corpus BLEU score of 24.27,
ROUGE-L F1 score of 0.5087, and BERTScore F1 of 0.6017. The Corpus BLEU score of 24.27
appears to be reasonable at first, however it needs to be carefully considered in relation to question
creation activities. Corpus BLEU was initially developed for machine translation evaluation since
each source text often has only one accurate translation. Conversely, question creation is a one-to-
many mapping problem where multiple semantically sound questions can be generated from the
same context, each with a distinct language structure or feature focus. The reasonable Corpus
BLEU score is primarily due to the model's tendency to create semantically sound alternative
phrasings rather than attempting to copy reference questions verbatim, which is good behavior for
an instructional content creation system. Strong semantic equivalency is confirmed by the
BERTScore of 0.6017, while the ROUGE-L score of 0.5087 shows good structural similarity
between generated and reference items. The model's ability to retain technical vocabulary is
demonstrated by the fact that 38.8% of generated questions contain domain-specific aviation
terms, according to an analysis of aviation terminology. Each question has an average aviation
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terminology density of 9.4% unique words. With 57 out of 116 unique questions created, lexical
diversity measures reveal a unique unigram ratio of 0.198 and a unique bigram ratio of 0.321,
showing good variety without excessive repetition.

Table 4 — Comprehensive Evaluation Metrics

Metric Value | Interpretation

Corpus BLEU Score 24.27 | Low lexical overlap (valid alternative phrasings)

ROUGE-L 0.5087 | Moderate overlap in wording and structure with reference
questions

BERTScore 0.6017 | Moderate semantic alignment; core meaning generally
preserved

Aviation Term Coverage | 38.8% | 45 of 116 questions contain domain terms

Term Density 9.4% | Average percentage of aviation-specific words

Unique Bigram Ratio 0.321 | Good lexical diversity, minimal repetition

Grammar Correctness 95% High grammatical quality across samples

Context Appropriateness | 90% Questions answerable from provided context

*Note: Grammatical correctness and contextual appropriateness percentages are based on
manual evaluation of 100 randomly selected questions by two independent reviewers with aviation
domain expertise. The evaluation used binary assessment criteria: grammatically correct (yes/no)
and contextually appropriate (answerable from context: yes/no). Raw inter-rater percent agreement
prior to discussion was 92%. Remaining disagreements were resolved through consensus
discussion, and the final labels are reported below.

Each generated question was assessed for grammatical correctness, defined as the absence
of syntactic errors, agreement or tense inconsistencies, incomplete/fragmented constructions, and
major punctuation issues that would require editorial correction.

The qualitative assessment provided insights beyond automated metrics. Among the 100
evaluated questions, 95 (95%) were grammatically correct and required no syntactic editing.
Ninety questions (90%) were contextually appropriate, meaning they could be answered solely
from the provided context without relying on external knowledge or additional inference. The
remaining 10 questions required limited inference or synthesis across context statements and were
therefore not counted as contextually appropriate under this strict definition; however, all 100
questions (100%) remained answerable from the source material.

These findings confirm that the generated questions retain good practical quality for
educational implementation even with moderate automated metric scores.

As shown in Figure 3, analysis of the produced question types demonstrates a fair
distribution across several cognitive levels and questioning styles. At 28%, definition and
conceptual questions make up the largest category. Examples of these questions include "What is
VOR?" which evaluates basic vocabulary and idea comprehension. Twenty-two percent of outputs
are mechanical "how does it work™ questions that test students' comprehension of fundamental
concepts and system functions. Twenty percent of the questions are causal and temporal "why and
when" questions, which require students to think critically about goals, timing, and situational
situations. Comparative questions that look at connections and distinctions between concepts make
up 12% of the distribution, whilst procedural questions that describe steps and processes make up
18% of the created content.

218



Ne4(39) AAA XKAPLbICHI

Distribution of Generated Question Types
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Figure 3 — Distribution of Generated Question Types

This variety of question types shows that rather than concentrating only on basic factual
memory, the model has learned to produce questions covering several levels of Bloom's taxonomy.
The system successfully adapts to the pedagogical framework inherent in the training corpus by
generating questions that require knowledge (definitions), comprehension (how it works),
application (when to use), analysis (why it matters), and evaluation (comparisons).

Detailed examination of generated questions reveals consistent patterns of grammatical
correctness, contextual appropriateness, and domain relevance as documented in Table 5.
Questions generated for altimeter-related context demonstrate proper technical terminology usage,
asking "What does an altimeter measure?" with correct grammar and clear reference to the domain-
specific instrument. VOR navigation questions appropriately employ aviation acronyms,
generating "What does VOR stand for?" that tests students' familiarity with standard aviation
terminology. Stall-related questions successfully incorporate safety-critical concepts, asking
"What causes a stall?" in grammatically correct form with appropriate technical vocabulary.
Questions addressing the four forces of flight demonstrate the model's ability to generate higher-
level questions requiring synthesis of multiple concepts, asking "What forces must be balanced for
stable flight?" rather than merely listing the forces. Critical angle of attack questions shows
appropriate use of compound technical terms, generating "What is the critical angle of attack?"
that employs precise aviation terminology. Due to practical time constraints for expert review, we
evaluated 100 out of 116 generated test questions using the qualitative protocol described above.
Although this sample size yields statistically significant insights (margin of error £9.8% at 95%
confidence level), the validity of these results would be strengthened by thorough expert review
of the whole test set.
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Table 5 — Sample Generated Questions with Qualitative Assessment

Context | Generated Question Grammar | Relevance | Aviation
Topic Terms

1 "What does an altimeter measure?" v Correct | v High altimeter

2 "What does VOR stand for?" v Correct | v High VOR

3 "What causes a stall?" v Correct | v High stall

4 "What forces must be balanced for stable | + Correct | v High flight

flight?"
5 "V\?hat is the critical angle of attack?" v Correct | v High angle, attack

Table 6 summarizes the substantial practical benefits for deployment in educational
environments that are shown by evaluation of system performance characteristics. On a Tesla T4
GPU, the entire training process took 35 minutes, proving that domain adaptation can be
accomplished in a realistic amount of time with generally available technology. Real-time
generation during interactive instructional sessions was made possible by the average inference
time of 0.8 seconds per question. When compared to manual generation rates of about 120
questions per hour (assuming 30 minutes to develop 30 questions), system throughput reaches
about 4,500 questions per hour, a 37-fold boost. For the optimized model with LoRA parameters,
memory requirements stay low at 1.2 GB, enabling deployment on both high-end consumer
hardware and typical workstation GPUs. A comparison of the time required for manual and Al-
assisted assignment creation shows significant efficiency gains. For a set of 30 questions,
traditional manual creation takes 30 minutes, whereas the Al-assisted workflow reduces this to 5
minutes, including generation and instructor review time, resulting in an 83% reduction in
instructor workload. In contrast to 100% manual labor in typical workflows, about 20% of
generated questions require minor revision for optimal clarity or precision, highlighting the
system's practical benefit for lessening the burden of instructor material preparation.

Table 6 — System Performance and Practical Utility Metrics

Metric Value Comparison

Training time 35 min Single Tesla T4 GPU
Inference time 0.8 sec/question Real-time generation
Throughput ~4,500 questions/hour vs. 120 manual (37x faster)
Memory usage 1.2 GB Modest GPU requirement
Manual creation time 30 min for 30 questions Traditional workflow
Al-assisted time 5 min for 30 questions 83% time reduction
Questions requiring edit | 20% vs. 100% manual creation

The observed Corpus BLEU score of 24.27 is in line with domain-specific question
generation benchmarks and shows a significant improvement over early studies when domain
specificity and dataset size are taken into account. Du et al. (2017) reported Corpus BLEU scores
of 12-15 for creating broad domain questions on larger datasets, but Nema and Khapra (2018)
obtained 15-22 on the SQUAD dataset with over 100,000 training samples. Our score of 24.27
shows competitive performance in spite of three limiting factors: the highly specialized aviation
vocabulary with limited representation in the model's original pre-training corpus; the specialized
training corpus (920 examples versus 100,000+ in general domain work); and the model’s learned
preference for producing semantically equivalent alternative phrasings rather than lexically similar
reproductions.

The results reported in the literature on domain-specific question creation, where scores
normally range from 0.45 to 0.75 depending on training data amount and domain complexity, are
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in good agreement with the ROUGE-L F1 score of 0.5087 and the BERTScore F1 of 0.6017. These
measurements show that generated questions allow for natural linguistic variety while maintaining
semantic coherence, which is ideal behavior for creating instructional content. Although it is still
below the 60-75% range seen in expert-written aviation training materials, the aviation
terminology coverage of 45.48% greatly exceeds the 10-15% predicted from unadapted general-
purpose language models.

When assessing the results, it is important to take into account the various methodological
and practical limitations that the current implementation faces. Although the 920-sample training
corpus (from the original 119-sample proof-of-concept) shows successful scaling, it is still small
in comparison to the most advanced methods for fine-tuning language models. Further expansion
to 5,000-10,000 domain-specific examples may raise Corpus BLEU scores to 30-35 and
terminology coverage to 60—75%, based on scaling patterns in prior research. The T5-small
architecture (60 million parameters) prioritizes computational accessibility and deployment
feasibility over maximal performance, reflecting a purposeful trade-off between resource
requirements and generation quality. Larger model variations, like T5-base (220 million
parameters) or T5-large (770 million parameters), would probably produce better results with more
complex question formulations and better aviation terminology preservation, but at the expense of
longer training times, higher memory needs, and longer inference latency, which might limit
deployment in educational institutions with limited resources. The evaluation system mostly uses
automated measures (Corpus BLEU, ROUGE-L, and BERTScore), with a small amount of
qualitative review of 100 samples. Deeper insights into pedagogical appropriateness, alignment
with learning objectives, and integration with current curricula could be obtained by more
thorough quality evaluation conducted by professional aviation instructors. With minimal capacity
for procedural sequences, troubleshooting scenarios, or multi-step reasoning problems, all
essential components of thorough aviation training assessments, the current system concentrates
on producing factual and conceptual questions.

Conclusion. Using optimized T5-small transformer models, this work shows that automated
learning assignment generation for civil aviation training is feasible. Using an expanded dataset of
920 training examples, the system successfully generates grammatically correct (95% based on
manual review of 100 samples) and contextually appropriate (90% based on expert evaluation)
questions for aviation instruction with moderate computational resources (Tesla T4 GPU, 35
minutes training).

Key Findings:

1) Technical Viability: With just 294,912 trainable parameters (0.49% of the total),
parameter-efficient fine-tuning (LoRA) allows for effective domain adaptation, making the
method accessible to organizations with constrained computational resources.

2) Metric Performance: The system received ROUGE-L F1 of 0.5087, BERTScore F1 of
0.6017, and Corpus BLEU score of 24.27. The model prefers legitimate alternative phrasings over
lexical copying, which is a desirable behavior for educational content generation, even though
Corpus BLEU scores seem moderate in absolute terms.

3) Practical Utility: The system produces up to 4,500 questions each hour as opposed to 120
manually, indicating a 37-fold improvement in throughput. It also shows an 83% reduction in
instructor time for assignment production (from 30 to 5 minutes per set).

4) Domain Adaptation: Although it was still below the 60-75% seen in expert-written
materials, aviation terminology coverage reached 45.48%, well beyond the 10-15% anticipated
from unadapted models. Across several cognitive levels, the technology effectively produces
questions that are in line with aviation training objectives.
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5) Generation Strategy: The best method for creating structured questions was beam search
decoding, which produced predictable and grammatically correct results appropriate for use in
professional education.

The deployment lays the groundwork for Al-assisted instructional content production in
specialized technical fields. Although the results show practical viability, there are obvious ways
to improve them through model scaling, dataset expansion, and thorough evaluation frameworks.
The following should be the main priorities for future work: (1) increasing the training corpus to
5,000-10,000 examples for better domain coverage; (2) putting in place thorough expert
evaluation throughout the entire test set; (3) extending to multiple-choice question generation with
distractor creation; (4) creating procedural and scenario-based question types; and (5) looking into
cross-domain transfer to other technical training fields.

By showing that domain-specific question generation is possible with modest resources and
highlighting the significance of appropriate evaluation metrics and upholding quality standards in
safety-critical educational domains, this study adds to the expanding body of work on Al-assisted
education.
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A3AMATTBIK ABUALINSI OKBITYBIHA APHAJIFAH TEHEPATHBTI TULIIK
MOJEJBIEPII KOJJIAHY APKBLIBI MAMAHJIAHIBIPELIFAH OKY
TATICBIPMAJIAPBIH ABTOMATTBI TYPJIE KYPY

Anoamna. byn 3epmmeyoe azamammylK asuayus CaidcblHa ApHAIRaAH MAMAHOAHObIPbLIEAH
0Ky  MancelpManapvlh — agmomMammuvl — mypoe  2eHepayuanayea  MYMKIHOIK — Oepemin
uHmenekmyanovl Jicyie Ycolnviiaovl. Kyiie fine-tune owcacanzan TS5-small mpancghopmep
MoOenine HezizoenzeH. /[ocmypii mancoulpma Kypacmulpy KON YaxKblmmul Kadxcem emeoi JHcoHe
HYCKAYWbLIApOaH asUayusivlk HOPMANAp, MEeXHUKAIbIK CUNAMMAManap MHcoHe Kayincizoik
pacimoepi  OoublHwa  mepey — Kysvlpemminikmi — maian — emedi. biz  mpancgopmep
apxumexmypacwvlHa Hezizoeleer bec Ke3eHHeH MYpamvit weuimMoi YColHaMbl3: KOPNYCmbl a10bIH
ana enoey, LoRA apkvinvl napamemp-muimoi fine-tuning, beam search xemecimen mancolpma
2eHepayUsACsl, CaAnablK cys2iiey dcaHe neda2o2uKaiblK 8aIU0ayus.

XKyuie 50-0en acmam maxwvipvinmol Kammumvih 920 asuayusivlk «KOHMEKCM—CYPaKy
oHcyOvl  Hezizinoe OKbimblLIObl. Takvlpulnmap KYpamvlHa Yuly ONepayusiapul, asuayusivlk
acnanmap, Hagueayus Hcane memenuie xcagoau pacimoepi kipeoi. Tesla T4 GPU kypwinevicvinoa
Jcypeizineen sxcnepumenmmep 7 3noxa OoubiHWA 35 MUHYmMmMbIK OKY VAKbIMbIH KOpCemmi.
CoHnebl wbl2bln MaHOepi: training loss — 1.3506 swcane validation loss — 1.221. Tecmmik orcubin
(116 mvican) 6otivinua cenepayus canacvinviy Hamuxcenepi: Corpus BLEU — 24.27, ROUGE-L
F1 — 0.5087, BERTScore F1 — 0.6017. Tepmunonocusnvlk Kammy mandayvl ceeHepayusiianaam
cypakmapoviy 38.8%-vin0a keminde 0Oip asuayusnvlk mepmun 6ap ekeHiH kepcemmi, an Oip
cypakmaevl opmawia Oipezeu asuayusanvl mepmunoep camvl — 9.4%. Kocvimwa mempuka
peminde 0.321 Oipeceii Ouepamma Kod@@uyuenmi anviHObl, OY1 MomMiHOel JNeKCUKAIBIK
APMYPIINIKMIY HCOAPbL eKEeHIH HCIHe KAUMALaHyObly momeH ekeHin kopcemeoi. 100 ke30elicok
cypaxka slcacanzan capanmamanvik oazanay 95% epammamukanviy oypvicmuikmol scane 90%
KOHMEKCMIK CaUKeCmiKmi Kopcemmi.

Cananvix manoay Corpus BLEU kepcemkiwi opmawa 6oneamnvina Kapamacmad,
2eHepayUANaHEan mancolpmaiapobly cpamMmamuKaiblk mypablOan OYpulC HCoHe MASMYH2A call
exenin anvikmaowl. Corpus BLEU-0iy memenoeyiniy cebebi — cunonumoix dicone Oaramaivi
OYpblC MYACLIPLIMOAPObIY OONYbl, OYN Oinim Oepy KOHMeHmIH KYpyoa Kalblnmbl HCA20all.
Mboicanvi, «Anmumemp Heui emueridi?» Hemece «Ceanusanue xesiHoe He 001A0bL?» CUAKMbL
Kacibu Oeneelidezi cypakmap 2eHepayusnanaovl. ¥CblHblIan KHcyiie HYCKaAYUbLIapObly HCYMbLC
JAHCYKMeMeCiH a3aumaovl, MexXHUKAIbIK 02J10IKMI KAMMAMACbl3 emeodi HCaHe apHalibl MeXHUKATbIK
basvimmapoa Al-nezizoencen oKy KoHmeHmin Kypyea neeiz 601aobwl.

Tyiiin co30ep: manceipmanapovl agmomammaol mypoe Kypy, mpaHcpopmepiik HeupoHovlK
aceninep, TS apxumexkmypacsi, nanee bazoimmanzan madbueu minioi eyoey, asUuayusivlK Oinim bepy
MEeXHON02UANAPYL, NAPAMEMPIIK MUIMOI KOCHIMUA OKbIMY, OKY MANCHIPMALAPbIH KYpY, Cayie
OotibiHWA 130€e) 0eKOOmaybi.

ABTOMATHU3NPOBAHHAS I'EHEPALIUSA CHELHUAJIN3NPOBAHHBIX
YYEBHbIX 3AI{AHI/I“I\/‘I C HCHIOJIb3OBAHUEM I'EHEPATHBHBIX S3bIKOBBIX
MOJAEJIEA IS OBYYEHUA I'PA’XKJAHCKOU ABUALIMHN

Annomayun. B dannom uccredosanuu npedcmagiena UHMeNLIeKmyaibHas cucmema ous
A8MOMAMU3UPOBAHHOU  2eHepayul  CNeYualusupoSanHulX y4yeOHvIX 3a0anuil 6 cghepe
2PANCOAHCKOU  asuayuu Ha OCHo8e 0000yueHHblx mpancpopmepuvix modeneti  T5-small.
Tpaouyuonnoe cocmagnenue 3a0anuii mpeodyem 3Ha4umenbHblx 6DEMEHHbIX 3ampam co CmopoHbl
UHCMPYKMOPOS, A makxice 2ny00KuxX 3HAHUU ABUAUUOHHBIX HOPMAMUBO8, MEXHUYECKUX
xapakmepucmux u npoyedyp 6be3onacnocmu. Muvl npednacaem pewienue Ha OCHO8e
mpaucgopmepa, peanusyrowee NAMUIMANHBIL KOHGellep. npedgapumenvhas obpabomka
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Kopnyca, napamemp-3¢gpexmugrnoe 00o0yueHue c ucnonvsosanuem aoanmayuu LoRA, cenepayus
3a0anull ¢ nomowvio beam search, punempayus no kawvecmay u neda2ocutecKds 8arudayUs.

Cucmema Ovina obyuena na 920 asuayuoHHO-CREYUATUSUPOBAHHBIX NAPAX «KOHMEKCH—
gonpocy, oxeamvisaowux oonee 50 mem, 6Kn0OYAsL NOAEMHbBLE ONEPAYUU, ABUAYUOHHBIE NPUOOPDI,
Hasueayuro u asaputinvle npoyedypol. Ixcnepumenmovl Ha GPU Tesla T4 nokazanu epems
o00yuenus 35 Munym 3a 7 310X, npu UHATbHBIX 3HAYeHUsAX Gyukyuu nomeps. 1.3506 na ooyuenuu
u 1.221 na sanuoayuu. Oyenxa kawecmaa 2enepayuu Ha mecmogom Haobope (116 npumepos) dana
cnedyiowue pezyiomamsi: Corpus BLEU — 24.27, ROUGE-L F1 — 0.5087, BERTScore F1 —
0.6017. Ananuz mepmunonro2uuecko2o noxkpvimus nokasan, umo 38.8% ceenepuposanmbix
80NPOCOB BKIIOUAIOM MUHUMYM OOUH ABUAYUOHHBIU MEPMUH, A CPeOHee KONUUeCMB0 YHUKALbHbIX
a8UAYUOHHBIX mepMuros cocmasisiem 9.4% na eonpoc. [JononHumenvHvle MEMpPUKY 8KIOUAIOM
Koa(ppuyuenm yrukanvuvix oOuepamm 0.321, umo yKkaszwvieaem HA BbICOKOE JEKCUUeCKoe
pasnoobpasue 6e3 uzdoblmounsvix nosmopenuil. Pyunas sxcnepmusza 100 crayuaiinwvix 6onpocos
npodemoncmpuposana 95% epammamuueckon  koppexkmuocmu u  90% KommekcmHuoUu
YMeCcmHOCmU.

Kauecmeennwviii ananuz noxaszvieaem, umo 2enepupyemvle 3a0AHUSL SPAMMAMUYECKU
npasuiibHvle U KOHMEKCMHO pelleGaHmHuble, HeCMOmMps Ha ymeperHvle 3Havenus BLEU, komopuvie
ompasxcarom aibmepHamueHvle KOppeKmHvle (GOpMYIUPOSKY, a He HeOOCMAamKu Kauecmsad.
Ilpumepvl  cenepayuu OemoHCmMpupylom npogeccuoHatvusili ypogens, Hanpumep: «4mo
usmepsem gvicomomep?» u « Ymo npoucxooum npu ceanusanuu?» Cucmema cCHuMICaem Hazpy3Ky
HA UHCMPYKMOPO8 NpU CO30aHUU 3A0AHUL, COXPAHASL MEXHUYECKYI0 MOYHOCMb U OMPACe8yo
PeNesaHmMHOCMb, U CIYHCUM OCHOBOU 015 8HeOpeHus Al-noddeporcusaemoii eenepayuu yueoHo2o
KOHMeHma 6 CNeyuaIu3upOBAHHbIX MEXHUYECKUX 001acmaXx.

Knwouesvie cnoea: asmomamuzupoannas 2enmepayus 3a0anull, MpaHcopmepHvie
HelpoHHble cemu, apxumekmypa 15, npeomemHo-opuenmupo8anuas 06pabomka ecmecmseeHHo20
AZBIKA, MEXHOI02UU ABUAYUOHHO20 00PA308aHUs, napamempuiecku 3¢pekmuenas 0oodyuenue,
eeHepayus y4eOHbIX 3a0ay, 0eKOOUPOsaHue MemoooM HOUCKA NO JIYYY.

Caenienne 06 apTopax
TyrambaeBa Apyxan | CryneHT MarucTparypsl (akynbTeTa MHPOPMAIMOHHBIX TexHosoruii KazaxcraHcko-
BputaHckoro TeXHU4ECKOro yHuBepcureTa, Anmatsl, Kazaxctan
E-mail: a.tugambayeva@agakaz.kz
Caxwuros Aiieap | PhD, Accucrtent mpodeccop «IlIkoma mporpamMmHoit nekeHepumny, Astana IT University,
AfityapoBuy r. Acrana, Kazaxcran, E-mail: aivar.sakhipov@astanait.edu.kz

ABTOpJIap TypaJbl MdJdiMeT

TyrambaeBa Apyxxan | Kazak bBputan TexHukamelk VYHHBEpPCHTETIHIH AKNApaTTHIK T eXHOJOTHIIAp
dakynbTeTIHIH MaruCTPaHThI, AJMaThI K., KazakcTan

E-mail: a.tugambayeva@agakaz.kz

Caxuros AiiBap | PhD, accucrentr npodeccopsl, «IIporpammanbik uHXeHepus MekteOi», Astana 1T
AlityapoBuy University, Acrana k., Kasakcran, E-mail: aivar.sakhipov@astanait.edu.kz

Information about the authors

Tugambayeva Masters Student, Faculty of Information Technology, Kazakh British Technical
Aruzhan University, Almaty, Kazakhstan, E-mail: a.tugambayeva@agakaz.kz
Sakhipov Aivar PhD, Assistant Professor, School of Software Engineering, Astana IT University, Astana,

Kazakhstan,E-mail: aivar.sakhipov@astanait.edu.kz

224


mailto:a.tugambayeva@agakaz.kz
mailto:aivar.sakhipov@astanait.edu.kz
mailto:a.tugambayeva@agakaz.kz
mailto:aivar.sakhipov@astanait.edu.kz
mailto:a.tugambayeva@agakaz.kz
mailto:aivar.sakhipov@astanait.edu.kz

Ne4(39) AAA XAPLLbICHI

KOMMNbIOTEPHbIE HAYKW, MTPUBOCTPOEHUE N ABTOMATU3ALIUA

KOMMNBbIOTEPHIK FbINIbIMAAP, ACTAIN XXACAY XXOHE ABTOMATTAHObIPY
COMPUTER SCIENCE, INSTRUMENTATION AND AUTOMATION

UDC 004.94
IRSTI 20.01
https://doi.org/10.53364/24138614_2025 39 4 17

A.E. Abdualiyev?*, G.K.Sembina?!, A.Aigerim?!, Y. Suhrab?,
YInternational Information Technology University, Almaty, Kazakhstan
2Kazakh British Technical University, Almaty, Kazakhstan

“E-mail: dellivine@mail.ru

MULTI-OBJECTIVE OPTIMIZATION OF REGIONAL BUDGET ALLOCATION
BASED ON NSGA-I1 WITH FAIRNESS CONSTRAINTS

Abstract. This paper suggests creating a regional budget allocation mechanism that reduces
inter-district inequity while maximizing utilitarian welfare. The optimizer, the NSGA-II
evolutionary multi-objective algorithm, ensures fairness through hard constraints and at the
objective level (by minimizing the Gini index per capita). In order to eliminate inter-district
inequality with little loss of utility, the authors show that their NSGA-I1-based methodology with
fairness constraints creates a solid Pareto front and offers three workable alternatives (efficiency,
equality, and knee).

It is demonstrated that the NSGA-I1-based methodology with fairness restrictions produces
a stable and interpretable Pareto front with three main solution options: an equality-oriented
solution, an efficiency-oriented solution, and a compromise solution (the knee point). With a
negligible loss of aggregate utility, these strategies demonstrate that inter-district inequality can
be considerably reduced. In particular, the incorporation of «hardy» constraints like G(x)<t, a
max/min-ratio, and a per-capita floor guarantees that regulatory thresholds (such t=0.21-0.22)
are fulfilled, avoiding the exclusion of minor districts. Another way to lessen the concentration of
funds is to employ a concave utility function.

According to the sectoral profile of the compromise (knee) solution, the highest shares were
allocated to Digitalization (33.49%), Transportation (31.98%), and Culture (24.08%), while
Healthcare and Ecology received only about 0.19% and 0.13% respectively. In this case, the Gini
index decreases from 0.1586 (efficiency) to 0.0469 (knee), i.e. by 70.44%, whereas total utility
drops by only 4.44%, which quantitatively confirms the efficiency—equality balance.

Key words: NSGA-II, multi-objective optimization, evolutionary algorithms, fairness
constraints, Gini index, regional budget allocation, Pareto front.

Introduction..

Local executive bodies, known as maslikhats, are responsible for allocating the budget to
districts and cities [1], [2]. Members of maslikhats, which are district representative bodies, are
chosen by direct vote from among the people of different administrative-territorial entities and
serve five-year terms. Numerous literary sources pertaining to the promotion of budget funds and
their receipt in the maslikhat were examined because the article's subject is the distribution of
regional funds in the area.

These days, local executive body representatives hardly ever show up for regular maslikhat
meetings. To familiarize themselves with the present situation and review the material obtained
for the next meeting, these delegates visit specific difficulty spots. The opaqueness of the funding
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distribution procedure is another factor undermining public confidence in government agencies
[3], [4]. For cities and districts, where budget funds must be allocated to best meet the needs of
the population in a variety of areas of activity (AA), including education, healthcare,
transportation, infrastructure, technology, culture, and the environment, efficient financial
resource management is especially important.

A multi-objective NSGA-I1 framework for regional budget allocation with built-in fairness
restrictions is presented in this research. By employing urbanization levels, maslikhat strategic
priorities, and citizen votes as indicators of sector-district relevance, the method simultaneously
lowers inter-district inequality and raises aggregate socioeconomic utility. While concave utility
(where necessary) captures diminishing returns and deters over-concentration of money, fairness
is enforced through explicit restrictions on acceptable disparity and per-capita floors that keep
smaller districts from falling behind. Policymakers can see exactly how much inequality is
reduced and the associated utility and computation-time trade-offs thanks to the algorithm's clear
Pareto front and three deployable allocations: an equality-oriented solution, an efficiency-oriented
solution, and a knee-point compromise.

In this paper, the authors propose a unified dual-objective framework of «utility
maximization and Gini per-capital minimization» with built-in regulatory thresholds (per-capital
floor, disparity limit max/min, Gini upper bound) as hard constraints. This not only penalizes
inequality but also ensures that resource allocation is respected.

Materials and research methods.

The objective is to generate a family of workable options for allocating the regional budget,
each of which quantitatively represents a trade-off between fairness (inter-district per capita
equality) and efficiency (aggregated utility). This is accomplished by explicitly integrating
fairness issues into the NSGA-II multi-objective evolutionary optimization algorithm - fairness is
included as a goal (reducing the per-capita distribution's Gini index) as well as a constraint (the
disparity limitation, the per-capita «floor», and the Gini index threshold). The degree of
urbanization, strategic priorities, and normalized citizen votes are the main signals that determine
efficiency.

A Pareto front and three representative points - an equality-oriented solution, an efficiency-
oriented solution, and a compromise (knee-point) solution - are the results of NSGA-II algorithm.

In order to eliminate per-capita disparities across districts, regional budget allocation must
strike a compromise between efficiency - providing the most social-economic value and equity.
Was created a two-objective problem (maximize utility, minimize per-capita Gini) and solve it
using the NSGA-II evolutionary algorithm under fairness restrictions (inequality cap, per-capita
floor, disparity limit) in order to make this trade-off apparent and quantifiable. To help decision-
makers understand the extent of inequity reduction and the associated utility cost, the technique
generates a Pareto front and three deployable options: efficiency, equality, and a knee
(compromise). The process from data preparation to policy selection and reporting is summed up
in the figure 1 below:
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Data preparation
Budget B, district population, citizens’ votes by sector, strategic
priorities, urbanization.

4

Criteria formation

Utility (effectiveness) and equity (per-capita Gini) as the two core
objectives.
2
Faimess rules
Inequality cap (Gini threshold), per-capita floor (no district drops below
a share of the mean), disparity limit (max/min per-capita).

L
Initial solutions
Reasonable seeded allocations plus random feasible candidates.

L 4
Evolutionary search (NSGA-II)
Select the better trade-offs, apply small random changes and
recombinations, keep elite solutions.

L 4
Evaluation & feasibility
Compute utility and Gini; enforce fairness rules: repair to exact budget
total.

+

Pareto front
Set of equally valid trade-off allocations (efficiency < equity).

L J
Policy selection
Choose Efficiency / Knee (compromise) / Equality solution for
implementation.

+

Reporting & visnals
Per-capita charts, heatmaps, sector totals, and the Pareto plot.

Figure 1 - Methodology flow

The process creates an initial set of workable allocations, specifies utility-equity criteria and
fairness rules, prepares inputs (budget, population, votes, priorities, and urbanization), and then
executes NSGA-II to evolve trade-offs. Each contender undergoes exact-budget repair, feasibility
checks, and utility and per-capita Gini evaluations. Following reporting with per-capita, sectoral,
and Pareto visualizations, the resulting Pareto front facilitates policy selection of efficiency-
oriented, equality-oriented, or knee-point (compromise) solutions [5],[6].

Budget equality B guarantees that all available funds are distributed without any surplus or

deficit:
N S
B = z Z Xis M)

=1 s=1
where - i € {1, ... N}-regions; s € {1, ... S} —areas of activity (AA); x; ;- the amount of funds
allocated to region i for sector s.
Normalizing the distribution to a similar scale of «tenge per persony», with equality explicitly
measured by a;, is the function of per-capita indicators:
X;
a; = (2)
pop;
where pop;- the population size of i-th district; X;-total sum by district.
The Gini index for per-capita G(x) is an aggregate measure of inter-district inequality «per
persony»; G in [0,1], where a lower value indicates a more uniform distribution:

N YN |0 —q. 1 <
G(x) = Ziz1 Xl — o ==k Z a; 3)
i=1

2% N?xp N
where x- the entire budget distribution solution, a matrix of amounts x; ; across i —th region
and s sectors; the absolute per-capita difference between regions i and j is given by |a; — aj|,
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where a; and a; are the per-capita allocations for regions i and j, respectively; Z?’leyzl — the
double sum over all ordered pairs of regions i and j; u- the average per-capita across all regions;

the denominator (2 * N2 = u) for normalization, N2 accounts for considering all ordered pairs of
regions, the degree of 2 corrects for the double counting of the absolute differences |al- — aj| and

|aj — al-|, division by u makes the index dimensionless and comparable across different datasets.
The general utility function f; (x) is:

filx) = ii Cis * U (Xi5) 4)

i=1 j=1
where u- the utility function, the district-sector pair's importance coefficients, denoted by c; s in
[0,1], represent normalized signals like voter votes, strategic priorities, and urbanization levels. f;
is used as the «efficiency» measure, and the desired return profile is determined by the curvature
selected for the utility function u.

For normalization and interpretation of objective values, we define the following utopian
points: utopian utility U* corresponds to the maximum achievable welfare under the budget
constraint without fairness restrictions; utopian equality point G* = 0 represents perfect per-capita
equality. For the max/min allocation ratio constraint, the utopian value is set to 1.0 (complete
equality). Though unattainable in practice, these utopian points serve as mathematical references
for evaluating the relative quality and distance of Pareto-optimal solutions. These utopian points
are not used directly in optimization but only for post-hoc normalization when computing the knee-
point distance.

The importance coefficients c; ; for region i and area s are constructed by combining the

following observed signals: urbanization level ul.(””’ ) (a structural factor), strategic priorities p; ¢
(determined by maslikhat or policy), and citizen votes v; ; (reflecting public demand).
Standardizations:

= s PP o 4T i (5)
’ XSV ’ Pmax—Pmin Umax—Umin

For the «district—sector» cell, the coefficient c; ; combines territorial structure, strategic
priorities, and social demand into a single importance scale.

The multi-objective criterion optimization aims are efficiency (maximizing f;(x)) and
fairness (minimizing G (x)).

It is helpful to utilize the vector of goals F(x) to solve optimization problems to a
«minimumy» in order to minimize both components:

FO)=(- f1(x), G(x)) (6)

Limitations of optimization function:

—  the Gini threshold, which prevents solutions with inequality beyond a certain level (for
instance, 7=0.22), establishes fairness limits, whose goal is to ensure equality: @)

G(x) =<1

—  per-capita (floor) - prevents «failure» in per capita financing below share a of the
average (a€[0.1] e.g. 0.70): )
a; = au, foralli

—  the greatest per-capita range among districts is controlled by the disproportion limit
(e.0.

Pmax= 2.0):
max max;a; (9

14 = —
MaxX = min;a;
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We have a vector X with length D = N*S, which we reshape into a matrix x; ; . Then, we
adjust it to fit the exact budget (strict enforcement of ), x = B, while maintaining relative
proportions):

B

Zi,s xi,s

X->X- (10)

Random solutions that fall inside the permitted range [0, B] and are then projected onto the
budget. «Seeding» with reference points: maximum utility without fairness (LP-anchor), target
shares by sectors (political point), and proportionate to population (minimal Gini heuristically).
This speeds up frontal coverage. For each individual making:

- projection onto the budget;
- calculation of objectives: an
F(x)=-fi(x), F&)=G6x)
- the constraint violation vector g(X) is calculated (all must be < 0), in order to convert
fairness requirements into an evolutionary selection standard inequality format:

g1(x) = GX)—1

gz = max(au — a;), (12)
max;a;
g3 = min;a; Pmax

We incorporate Deb's Rules - a simple, effective scheme for satisfying constraints in
evolutionary algorithms without penalty coefficients:

—  any acceptable (g, < 0Vk) better than any unacceptable;

— among the unacceptable ones, the smaller the value of the total violation
Y. max(0, g;) is better.

There are ranks of fronts F2, F1, .., where F! is made up of Pareto non-dominated solutions:
for every other person Y, it is true that Y is not strictly superior than X in both objectives at the
same time.

The crowding distance, a measure of local «sparsity» in the objective space, is computed
inside a single front; bigger crowding distance solutions are favored (to sustain front diversity). In
a binary tournament, the person with the lowest front rank is picked first when two people are
compared,; if ranks are equal, the person with the larger crowding distance is chosen.

As variation operators, Simulated Binary Crossover (SBX) is used for two parents
x®, x@ andn, > 0:

+D)
[)) — (Zu) e us<0.5
1 (i+1) u>0.5 (13)
Gao) ™
2(1—u)

y =5 (A +FxD + (1 - Hx]

where u~U(0,1), the usual distribution index is n . in [10, 20], and the crossover probability
is p, & 0.9, which guarantees a controlled «width» of the search and seamless blending of parental

solutions.
For local stochastic search around the current solution with step size control, polynomial
mutation is used for each coordinate with probability p, =~ 1/D:

(14)
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241
s_) QW1 s
(i+1) u>0.5
1-2(0—-u))m
y =x+ §(x"P — xlow)

wheren, € [15,25], then, projection onto the budget again.

The parents and children are merged, non-dominated sorting is carried out, and the P best
people are chosen (taking crowding distance into account). This is NSGA-II's «elitism» -the front
does not deteriorate.

Based on the number of generations G, the model employs a stopping criterion (e.g., 400).
Parameters that are typical include population size (P = 150), crossover probability (p. = 0.9),
crossover distribution index (n, = 15), mutation probability (p,, = 1/D), and mutation distribution
index (.= 20). Ten to twenty separate runs with various seeds can be carried out for stability,

averaging front quality measures (HV, IGD).

Two complimentary approaches are employed to choose the final solution from the front
F={(-Uk, G)}):

—  knee-point, the point with the smallest Euclidean distance to the utopian point
((min(U), min(G)), or ((max(U), max(G)), should be chosen after normalizing the axes. Goal:
offers a fair «best compromise» that regulators find acceptable.

—  utopia with a political weight, using policy-defined weights to minimize the weighted
distance and optionally normalize the objectives (e.g., 0.4 for equality, 0.6 for efficiency).

The code (knee-point selection function) implements both techniques; equality and
efficiency are interpreted as extreme points depending on U and G.

The following front quality and diagnostic indicators are used to verify that the front is
diversified, stable, and does not deteriorate in response to shifts in fairness thresholds:

—  the area that the front covers in relation to a reference point is known as the
«hypervolume» (HV), and it rises as the front «improvesy.

- lower values indicate a closer approximation to the Pareto ideal. IGD (Inverted
Generational Distance): the average distance to a reference (or merged multi-run) front.

—  spread: the even distribution of points along the front.

In addition to «maintaining a corridor» of acceptable policies, the suggested framework
«pulls» solutions toward equality. Both as a goal (reducing the per-capita Gini) and as a set of
strict limitations (Gini threshold, per-capita floor, disparity limit), fairness is integrated. This
guarantees the removal of blatantly undesired allocations while also improving the trade-off front.
When necessary, concave utility adds a gentle «anti-skew» impact that lessens the motivation to
concentrate resources in a small number of cells without imposing severe penalties.

The full front is robustly explored by NSGA-II: crowding distance maintains diversity,
which is essential for transparent policy selection (allowing several equally appealing alternatives
to be offered), while elitism retains the best solutions [7], [8]. Strict adherence to the whole sum B
is ensured by budget «repair» following each variation, and repeatability is enhanced and
convergence to the front's extreme regions is accelerated by initialization using seed points (pro-
population, max-utility, goal shares). The choice of the «knee-point» provides stakeholders with
an easily comprehensible compromise between equality and efficiency. The model is transformed
into an auditable e-gov tool that expands and extends efficiently using front quality measurements
(HV/IGD) and standard visualizations (Pareto plots, per-capita distributions, heatmaps) (sectoral
norms, stability relative to the previous year, alternative equality indices). All things considered,
this offers a useful approach in which the «efficiency — equality» trade-off is not only adjustable
through parameters but also clearly illustrated by data.
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Results and discussion.
The dataset used was from official sources [9], such as the National Bureau of Statistics of
the Republic of Kazakhstan, regional budgets for a certain period [10].
As an example of the model's operation, data from 4 regions of the Almaty region for 2024
were taken (due to the completeness and availability of the necessary information). The data on
citizens' votes are presented in Table 1, where the rows correspond to the regions and the columns
correspond to the AA:
Table 1 — Voting data

Region/AA | Education | Healthcare | Transport | Infrastructure | Digitalization | Culture | Ecology
Raimbek 1121 3500 4200 2700 6800 1500 5400
Karasali 5000 3200 7100 2800 4500 6300 2200
Talgar 3400 4100 5300 5300 6700 3300 | 4900
Kegen 2800 3700 5900 4300 800 6400 2900

In the model, these values are normalized within each district to shares 7; ; = (9; s\ X5 v;5)

and are included in the utility coefficients c; ; with a weight of 0.2.

Table 2 provides verified demographic and economic data for the four districts analyzed,
encompassing total population, average annual income, and the urbanization coefficient (the ratio
of urban to total population). These data were sourced from the official portal of the Bureau of
National Statistics of Kazakhstan [9]. The urbanization coefficient (CU) served as a weight in the
optimization model, capturing the degree of infrastructural development and the demand for
advanced services.

Table 2 — Demographic data, profitability and quality of regions:

Income
Regions Population  (thousand CU (%)
tenge)
Raimbeksky 55,000 280,000 24.5
Karasaysky 230,000 350,000 65.3
Talgarsky 190,000 310,000 60.8
Kegensky 45,000 260,000 20.1

Per-capita a; and the Gini index are computed using population; shares of urbanization are
normalized to [0,1] and part of c; ; (with a weight of 0.2, uniform across all sectors in a particular
district).

In the present run, the priority matrix p; s is set to a unit matrix (1.0 everywhere) as strategic
priorities. It is included in c; ; with a weight of 0.2 and normalized to [0,1].

c; s Is made up of a variety of normalized signals, including: district urbanization w,=0.2,
strategic priorities w,= 0.2, citizen votes w,, = 0.2.

The chosen weights were determined through expert elicitation and preliminary sensitivity
testing. We evaluated £20% perturbations in weight values and observed that the relative positions
of the three key solutions (efficiency, knee, equality) remained stable, while sectoral allocation
proportions shifted only moderately. This confirms that the model is sensitive to weights but
structurally robust.

A full weight sensitivity analysis will be included in future research.

The model normalizes all of the weights to one. Utility function is linear by default.

The following are the parameters of the fairness constraints that govern how the model
operates [11], [12]:

— the Gini index threshold is set at T = 0.22 (the script allows for 0.21 in «strict mode»).

— for the per-capita floor - a= 0.70.

— constrained disparity - activated p,,, 4= 2.0.

Total budget (B;otq;) Of four regions for 2021 = 42,656,543,000 tenge.
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The optimizer (NSGA-II) has the following technical settings for the present model:

— algorithm: NSGA-I1 (pymoo (Python)) with limitations based on Deb's guidelines;

— the size of the population is 150;

— there are 400 generations (max);

— crossover (SBX) - distribution index (n.= 15), probability (p,= 0.9);

— budget repair: ), x is scaled to precisely B following each variation.

— 42 is the random seed (for reproducibility).

A collection of non-dominated solutions were produced by the NSGA-II evolution in the
coordinates of «utility (higher is better) - Gini (lower is better)». Three representative points-
efficiency, knee, and equality - have been chosen for discussion (figure 2):

Pareto Front: Utility vs Gini
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Figure 2 — The Pareto front (Utility vs. Gini)

The nearly linear shape of the Pareto frontier in Figure 2 is explained by the low
dimensionality of the dataset (only four districts). With such a small number of decision units,
both objectives vary almost proportionally, producing a visually straight frontier. This effect is
consistent with multi-objective optimization literature, where small-cardinality datasets often lead
to low-curvature Pareto fronts.

The following is a summary of the Pareto front results:

—  efficiency: Gini = 0.1586, utility = 18,106,781.5 (moderately unequal while
maximizing benefit).

—  knee: Gini = 0.0469 (-70.44%) compared to efficiency, utility = 17,303,497.2 (-4.44%
compared to efficiency) - a fair balance between equality and utility.

—  equality: Gini = 0.000285 (-99.82% relative to efficiency), utility = 16,096,448.8 (-
11.10%) - puts almost perfect equality first, even if it means less utility.

The fairness thresholds (G< t) are satisfied by all solutions.

To compare the results with the metrics for the mentioned algorithms, we report standard
multi-objective metrics averaged over 20 independent runs under identical computational
conditions. Table 3 summarizes the results:

Table 3 - Quantitative comparison with other algorithms:

Algorithm HV IGD Spread  Convergence

NSGA-II 0.742+  0.021+£0.004 0.312+ 0.018 £0.003
0.018 0.027

SPEA2 0.691+ 0.033+0.006 0.427+ 0.026+0.004
0.024 0.041
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Algorithm HV IGD Spread  Convergence
MOEA/D 0.664+ 0.041£0.008 0.501+ 0.031+0.006
0.031 0.053

These measurements demonstrate that NSGA-II achieves superior hypervolume, faster
convergence, and better distribution of solutions compared to SPEA2 and MOEA/D, supporting

its selection as the baseline optimizer in our model.
Although there is observable per-capita variation across districts, the «Efficiency» method

optimizes utility and provides the highest aggregated benefit while satisfying restrictions (figure
3):
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Figure 3 — Heat map of distribution (efficiency), Per-capita by districts (efficiency), amounts by
AA (efficiency) respectively

The charts demonstrate that the «Efficiency» option has a Gini index of 0.1586 and a
maximum utility of 18.11 million. This is the price of putting utility first. The per-capita range is
49.01 to 97.20 KZT/person, with a max/min ratio of 1.98 (around the permitted ceiling of 2.0). It
clearly skews toward «leading» areas, with Digitalization (31.66%), Transportation (27.64%), and
Culture (22.30%) are nearly zero, followed by Healthcare (0.16%) and Ecology (0.13%).

With a moderate loss of utility, the «knee» approach moves the distribution near equality
and is usually advised for use (figure 4):
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Figure 4 — Heat map of distribution (knee), Per-capita by districts (knee), amounts by AA (knee).

The graphs show that Gini index = 0.0469 (—70.44% to Efficiency) and utility = 17.30
million (—4.44% to Efficiency). From 48.19 to 16.62 tenge/person (—65.52%), the per-capita range
falls, and the maximum/minimum ratio is 1.23 (1.61 times more uniform than in «Efficiency»).
There are no longer any clear «zero» AA (such as Healthcare, which is at about 0.19%), but the
area structure still gives priority to Digitalization (33.49%), Transportation (31.98%), and Culture
(24.08%). In conclusion, knee attains the «golden meany - a significant increase in equality at a
minimal expense in utility.

Near-perfect per capita equality between regions should be achieved by the «Equality»
solution, albeit at the expense of a substantial loss of utility and a drastic change across sectors

(figure 5):
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Figure 5 — Heat map of distribution (equality), Per-capita by districts (equality), amounts by AA
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Ral

Here we see utility = 16.10 million (—=11.10% to «Efficiency») and Gini = 0.000285
(—99.82% to «Efficiency»). By AA, the max/min ratio = 1.001, and the per-capita range of 81.99
to 82.10 tenge/person (-99.77% to the width of the «Efficiency» range) nearly vanishes - deep
rebalancing. We might conclude that ideal uniformity is attained, but at the expense of a larger
utility drop and a substantial redistribution in favor of previously underfunded areas.

For a more detailed analysis of the data of the three methods, a comparative Table 4 has been

implemented:
Table 4 — comparative data:
Solution | Utility (abs.) | AUtility Gini AGini vs Per-capita Range Max/Min
Vs (unitless) | Efficiency | min—-max (max—min), ratio
Efficiency (KZT/person) | KZT/person
Efficiency | 18,106,781.5 — 0.1586 — 49.01-97.20 48.19 1.98
Knee 17,303,497.2 | —4.44% 0.0469 | —70.44% | 71.46-88.08 16.62 1.23
Equality | 16,096,448.8 | —11.10% | 0.000285 | —99.82% | 81.99-82.10 0.11 1.001

Equality is an option for situations where the priority is maximum equality, even at the cost
of utility and significant sectoral rebalancing. Based on the table, it is recommended that «Knee»
be used for practical implementation as the best balance of «efficiency — equality» with minimal
costs and clear political argumentation. In addition, the variation, standard deviation, and Gini
index values quantitatively confirm this balance, demonstrating both reduced inequality and
acceptable efficiency losses [13], [14].

Also in this work we evaluated the quality of the Pareto front using standard multi-objective
metrics over N independent runs per algorithm (same data, constraints, initialization, and
computational budget). For each metric we report mean + SD and 95% confidence intervals across
runs.

We used Hypervolume metrics (HV, higher is better) - the dominated area reference point
strictly worse than all observations; Inverted Generational Distance (IGD, lower is better)-the

235



Ne4(39) AAA XAPLLbICHI

average distance from a reference (union) front to the nearest point on the obtained front.For
practical relevance we also record runtime, number of objective evaluations, and the generation at
which HV stabilizes.

The reference front is formed as the non-dominated union of all solutions produced across
algorithms and runs. The HV reference point is chosen strictly worse than the worst observed
values on both axes (and adjusted if new extremes appear). Objectives are treated as minimization
of (Gini, —Utility).

Authors assess significance with non-parametric tests: Wilcoxon signed-rank for pairwise
comparisons against NSGA-11, and Friedman with Nemenyi post-hoc for multiple algorithms. We
report p-values and briefly note effect direction (e.g., NSGA-I1 shows higher HV and lower IGD
than baselines, p < 0.05).

Across N runs, NSGA-II yields a stable and well-covered Pareto front: HV is consistently
high, IGD is low, and spread indicates uniform coverage. Practical indicators (runtime,
evaluations, HV stabilization) are comparable across methods. Together with the three
representative points (Efficiency/Knee/Equality), these results provide statistically supported
evidence that the proposed approach achieves a favorable efficiency—fairness trade-off under the
stated constraints.

The benchmark approaches considered were: linear scalarization of objectives (specifically,
LP-Weighted-Sum), the SPEA2 and MOEA/D methods. All of them had identical objectives
(utility maximization and Gini per-capita minimization) and regulatory constraints (Gini threshold,
per-capita floor, and max/min disproportion limit); the same «repair» procedure was used to ensure
strict adherence to the overall budget. These algorithms serve as benchmarks for assessing the
completeness and interpretability of the Pareto frontier, while detailed quantitative results are
presented for NSGA-II, the primary research method.

NSGA-II results: a transparent and stable Pareto frontier was obtained with three
representative solutions, each of which strictly adheres to the fairness norms: the Gini threshold,
per-capita floor, and max/min limit. For «Efficiency», Gini = 0.1586 and a maximum total utility
of 18,106,781.5 were recorded, with the per-capita range across districts being 49.01-97.20
tenge/person (max/min = 1.98). This illustrates the «cost» of maximizing utility with an acceptable
level of inequality.

The «Knee» compromise point provides a significant reduction in inequality with a small
loss of utility: Gini = 0.0469 (-70.44% to «Efficiency»), utility = 17,303,497.2 (-4.44%), and the
per-capita range narrows to 71.46-88.08 tenge/person (max/min = 1.23).

The «Equality» solution nearly eliminates inter-district differences: Gini = 0.000285 (-
99.82% to «Efficiency»), utility = 16,096,448.8 (-11.10%), per-capita ~ 81.99-82.10 tenge/person
(max/min =~ 1.001). This is «equality at any cost»: perfect equality is achieved through a significant
drop in utility and profound rebalancing across sectors, which is only feasible if maximum equality
is a political priority.

While LP/Weighted-Sum constructively produces a limited number of points and covers
tradeoffs less representatively, and the classical SPEA2 and MOEA/D algorithms are traditionally
inferior to NSGA-II in terms of ease of setup and frontier stability in problems with clear
constraints, NSGA-I1 generates an interpretable frontier with a transparent fairness price based on
the data presented. The presented results demonstrate that «Knee» provides the greatest reduction
in inequality with minimal loss of utility and is therefore recommended as a baseline scenario for
practical implementation, while «Equality» is appropriate when maximum fairness is a priority.

We studied an objective regional budget allocation problem: distribute a fixed budget to
maximize utility function while controlling inter-district inequality via a per-capita Gini objective
and hard regulatory constraints (Gini cap, per-capita floor, max/min bound). Using NSGA-I1, we
construct an interpretable Pareto front and highlight three deployable choices - Efficiency, Knee,
Equality- quantifying the price of fairness (Utility for a given Gini). The analysis is a static
snapshot, relies on Gini (other equity indices are omitted), uses a limited set of signals, assumes a
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deterministic budget, and reflects a particular set of NSGA-I1 hyperparameters. Future work will
extend to multi-period planning with smoothing constraints, incorporate richer fairness metrics
and group/sector equity, address robustness under stochastic revenues, support policy selection
with MCDA on top of the Pareto front, and include systematic sensitivity and ablation studies.

Conclusion.

A regional budget allocation model based on the multi-objective evolutionary algorithm
NSGA-I11 is presented in this article. The approach guarantees decision-making transparency for
the public audit and the regulator, and it makes the trade-off between equity and efficiency visible
and quantitatively manageable [15]. The creation of a stable Pareto frontier and three workable
candidate solutions constitute the primary empirical finding. With a Gini index of 0.1586 and an inter-
district per-capita range of 49.01-97.20 tenge/person (max/min ratio = 1.98), efficiency attains a maximum
aggregate utility of 18,106,781.5. At a low utility cost of 17,303,497.2 (-4.44% to the maximum), Knee
offers a notable gain in equality. The per-capita range narrows to 71.46-88.08 tenge/person (ratio 1.23),
and the Gini drops to 0.0469 (-70.44% to Efficiency). Inter-district inequality is essentially eliminated by
equality: Between 81.99 and 82.10 tenge/person (ratio 1.001), Gini is 0.000285 (-99.82% to Efficiency),
but Utility falls to 16,096,448.8 (-11.10% to the maximum) at the same time. The knee solution is suggested
as the best base scenario in terms of both political viability and population service quality.

In addition to drastically lowering the inter-district dispersion of per capita (ratio 1.98 -
1.23) and preserving an intuitive structure by areas of activity without "zero" directions, it offers
the largest decrease in inequality with the lowest feasible loss of utility (-4.44%).The equality
solution is appropriate in situations where the goal is complete uniformity of distribution;
conversely, if the maximum return is needed while maintaining reasonable fairness standards, the
efficiency option is warranted, provided that it is publicly justified and backed by compensatory
tools.

Every layout that is produced satisfies the fairness threshold.

Limitations on per-capita disparity, confirming that the inclusion of fairness standards in the
optimization process is appropriate. Within the confines of a single computational circuit, the
concave utility option in the approach permits further «softening» of the concentration of money
without a rigorous tightening of limitations.

Transparency and reproducibility are the approach'’s practical advantages - the model creates
the Pareto border, heat maps, per-capita diagrams, and pivot tables, making stakeholder
communication and management decision-making easier.

The dual-objective setting (Gini, utility) and the lack of required sectoral minimums and
maximums as well as intertemporal stability in the current run are the study's shortcomings.

A clear limitation of this study is the small number of districts (4) used in the demonstration.
While this sample size is sufficient for methodological illustration, it greatly reduces the statistical
significance of inequality indicators such as the Gini index and limits the curvature of the Pareto
frontier.

Thus, the current results should be interpreted as a proof-of-concept rather than a full-scale
policy analysis. Future work will expand the model to more districts and multi-year data to increase
robustness and generalizability.

To sum up, the suggested approach shows that equitable budget optimization may be applied
as a technological procedure with transparent measurements and controllable trade-offs. In
actuality, this refers to the capacity to make choices that promote efficiency and lessen territorial
disparity at the same time, with a verifiable quality and predictable «price», which boosts trust in
distribution processes and reinforces the legitimacy of regional budget policy.
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NSGA-II 9AICIHE HET'T3JAEJIT'EH S AIJIAIK IHAPTTAPBIMEH OHIPJIIK
BIO/KETTI bOJIY AIH KOII MAKCATTbBI OIITUMAJIIAYbBI

Anoamna. Byn makanaoa ayoanapanvlx meHcizoikmi azatma Omoipbin, YmMuiumapivly -
aykammul 6ApbIHWA APMMBIPAMbIH AUMAKMBLK, 0I0024cemmi 061y MexaHu3Min KYpy YCbIHbLIAObL.
Oymaiinanovipevi, NSGA-II 38ont0yusnvi ken makcammol aiecopumm, KAmay uiekmeyiep
apKbLIbL JHCIHe 00beKkmusmi Oeneetioe (Jcan OAcCviHA WAKKaHOazvl J{ocunu uHOeKCiH azatimy
apkulavl) 20i10ikmi Kammamacwls emeoi. I1lauoanvlibiKmoly a3 WbIRLIHLIMEH aAYOAHAPAbIK
meHCi30ikmi J#coto yulin asmopaap a0indik wexkmeynepi oap NSGA-II necizinoezi adicnamacsl

238


https://doi.org/10.16997/jdd.1407
https://doi.org/10.1016/j.swevo.2018.01.004
https://doi.org/10.1016/j.egyr.2023.01.032
https://doi.org/10.3390/w15142561
https://doi.org/10.1016/j.asoc.2022.109469
https://doi.org/10.1016/j.giq.2023.101830
https://doi.org/10.1016/j.ejor.2022.07.016/
https://doi.org/10.1016/j.asoc.2024.111020

Ne4(39) AAA XKAPLbICHI

bepik Ilapemo ppoHmuiH HCACAUMBIHBIH JHCIHE YL HCYMBIC Icmelimin danrama (Mmuimoinix, meyoik
JiCaHe mize) YCbIHAMbIHbIH Kepcemeoi.

90indix wexmeynepi bap NSGA-II nezizinoeci adicnama yur Heei3ei uieiM HYCKACbLMeH
mypakmol dcone mycinoipinemin Ilapemo @ponmoein dcacaiumvlibl KepcemineeH: meHOIKKe
bagvimmanean wiewim, muiMOilikKe 6A2blMmMan2an Wewim HeaHe bIMblpasa Key wewimi (mise
Hykmeci). JKannvel nauoanrbliblKmuly eneyciz Hco2anybiMen 0¥l cmpameusnap ayOaHapaiblk
meHci30ikmi aumapavikmail azaumyaa 6onamviubln Kopcemedi. Aman aumxanoa, G(x)<t, ey
HCORAPBY/MUH-KAMBIHAC HCIHE HCAH OACHIHA WAKKAHOARbL e MOMEH2T OeHeell CUAKMbL «KAmauy
wexmeynepoi ewneizy pemmeywii wekmi Mmauoepoiy (movicanvi, 1=0,21-0,22) opviHOanywin
KamMmamacwls emeoi, Oy Kiwicipim ay0anoapovl anvln macmayaa o bepmetioi. Kapasxcammoiy
UWLOBBIPIAHYbIH A3atimyObll MAagbl OIp JHCObL - OUbIC NAUOANLLILIK PYHKYUACHIH NAUOAIAH)).

Kemwinix (mize) wewiminiy canranvlk npoguiine calikec, eH HcOapbl  yaecmep
yughpnanovipyea (33,49%), xenik mpancnopmeina (31,98%) owcone maoenuemxe (24,08%)
061iHOI, an OeHCayIbIK Cakmay Jdcane IKonocusa catikecinwe wamamer 0,19% scane 0,13% 2ana
bonindi. byn ocazoatioa orcunu unoexci 0,1586-0an (muimoinik) 0,0469-2a (mize) Oetlin, seHu
70,44%-2a memenodeiidi, an xcamnvl naudanrvlivik mex 4,44%-ea momenoeiodi, Oyn muimMoinik-
meHnOiK mene-meHoiciH CaHObIK Mypoe pacmaiiowi.

Tyiiin co30ep: NSGA-II, ken maxcammol OHMAUIAHOBIPY, IBOJIOYUSIBIK ANCOPUMMOED,
20i10iK wekmeynepi, /[oicunu unoexci, eyipnix ordacemmi dony, [lapemo maiioansi.

MHOTI'OLEJIEBAA OIITUMU3ALUA PACITPEJAEJTEHUA PETUOHAJIBHOI'O
BIOVKETA HA OCHOBE NSGA-II C OTPAHUYEHUAMU CITPABEJIJINBOCTH

Aunomauyun. B Oaunoti cmamve npeonrazaemcs co30amb MEXAHUIM PACnpeoeieHust
PeGUOHANbHO20 DI00Cema, KOMOPbIll CHUNCAEN MEeXCPAOHHOE HEPABEHCMBO U MAKCUMUZUDYEm
ymuaumapucmckoe oaazococmosuue. Onmumuzamop, 380MIOYUOHHBIIL MHOCOKPUMEPUATbHBLIL
ancopumm NSGA-II, obecneuusaem cnpasediusocms noCPeOCmEoM HCECMKUX 02PAHUYEHUN U HA
yposHe yeneti (MuHumMusupys unoexc J[owcunu Ha Oyuly Haceneuus). Umobvl ycmpanume
MEdHCPAUOHHOE HEePABEHCME0 C He3HAYUMENbHOU nomepell NoAe3HOCMU, A8Mopbl NOKA3bIBAIOM,
umo ux memooonozust, ochosannas Ha NSGA-II ¢ oepanuuenusimu cnpageonusocmu, cozoaem
npounviti  @poum Ilapemo u npeonacaem mpu pabomMocnocobHvle — albMEPHAMUBHL
(3hpexmusnocmo, paseHcmeo u mouka nepe2udba,).

Tlokazano, umo memooonozus, ochosannas na NSGA-II ¢ oepanuuenusamu cnpagednrugocmu,
co30aem ycmouyueslil u unmepnpemupyemwiii ppoum Ilapemo ¢ mpems OCHOBHbIMU 8APUAHMAMU
pewieHus:  peulenue, OPUEHMUPOBAHHOE HA PABEHCMBO, peuleHlUe, OpPUEHMUPOBAHHOe Hd
aghpexmusHoCmb, U KOMIPOMUCCHOE peulerue (mouka nepeeuba). Ilpu He3HauumenvbHol nomepe
COBOKYNHOU NOJE3HOCMU MU cmpameuu 0eMOHCMPUPYION B803MONCHOCMb 3HAYUMENbHO2O
CHUDICEHUSL MENCPATIOHHO20 HepaseHcmed. B uacmnocmu, exnouenue «cécmruxy oepanuderutl,
makux xax G(x) < 1, coomHOuleHue MAKCUMYMA K MUHUMYMY U HUJMCHUL Npedel HA OVUuLy
HaceneHus, 2apanmupyem coonodeHue HOpMamusHuix nopo2os (nanpumep, t = 0,21-0,22), umo
no3eossem uzbexicamsv UCKIIOUeHUs BMOPOCMENEHHbIX PAtloHo8. [[pyeou cnocod CHU3UMmMb
KOHYEHmpayuio cpeocms — UCnoIb308amb 60CHYMYIO (YYHKYUIO NOJIE3HOCTILL.

Coenacno cekmopHoMy Npo@UI0 KOMIPOMUCCHO20 peulenusi (KoaeHa), Hauboabuue 00au
OvLIU 8blOenenbl Ha yugposuzayuro (33,49%,), mpancnopm (31,98%) u kynemypy (24,08%), ¢ mo
8peMs Kak 30pagooxpanenue u IKoao2us noayuunu auus okono 0,19% u 0,13% coomseemcmeenno.
B smom cayuae unoexc Jorcunu chusxcaemes ¢ 0,1586 (3¢pgpexmusnocms) 0o 0,0469 (xonerno), m.e.
Ha 70,44%, moecoa kax obwas nonesnocmv nadaem ececo Ha 4,44%, umo KoauwecmeenHo
noomeepaicoaem 6ananc 3QHexmueHocmu u paseHCcmaa.

Knwuesvie cnosa: NSGA-II, mnozoyenesas onmumuzayusi, 96010YUOHHbIE AICOPUMMBI,
02PAHUYEHUs. CNpAaseoau8oCcmy, UHOeKkc [[icunu, pacnpeoenenue pecUuoHAIbHO20 6100dcema,
¢poum [lapemo.
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CTATUCTUYECKOE OBOCHOBAHUE U BAJIUJALIIUA
MPOTHOCTUYECKOM MOJEJIM TEXHAYECKOI'O OBCJIY ) KUBAHUS
ABUAIIMOHHBIX CUCTEM HA IPUMEPE BHEIIHEI'O CBETOBOI'O
OBOPYJOBAHUA

Annomayun. Cmamvs noceswena paspabomke u 8aIUOAUUU MemoOuKU NOCMpoeHUsl
NPOCHOCMUYECKOU MOOeNU MEeXHUYECKO20 OOCIVHCUBAHUSL ABUAYUOHHOU MEeXHUKU HA OCHO8e
CMAMUCMUYECKo20 AHANU3A PealbHbIX IKCHIYAMAYUOHHBIX OaHHbIX. B kauecmee moodenvHozo
00vekma 8vlbpana Kame2opus omkazos «Buewnee ceemosoe obopyoosanuey (External Lights),
Xapaxkmepuszyowasicsi 8blCOKOU YACMOmOot COObIMUL U KPUMUYECKUM BIUAHUEM HA Pe2YTISIPHOCHIb
evliemos. Hccneoosanue oOazupyemcss Ha Habope u3 13204 3anuceii o0 mexHuuecKkom
00CIYHCUBAHUU U peMOHme  0eBiAmuU  B8030YUWIHBIX  CYOO8 3d  CeMUIemHUll  Nepuoo.
Memoodonoeuueckass  HosusHa — pabomuvl  3akauaemcss 8 — 000CHOBAHUU — NPoOYedypbl
npeosapumenvhol o0bpabomku oanuvlx. Illpumenena gurompayua no 0,95 keanmunio 0ns
YEeH3YPUPOBAHUS AHOMATLHBIX UHMEPBANO8, C8A3AHHBIX C ONUMENbHBIMU NPOCMOAMU 8030YUHBLX
cyoos. Knwouesvim pezynemamom — Aensemcs  cmamucmuieckoe 000CHO8aHUe  6b160pa
9KCNOHEHYUATIbHO20 pacnpedeienuss OJisk ONUCAHUs NOMoKa omka308. CpasHumenbHblil aHaiu3 ¢
ogyxnapamempuyeckum pacnpeoenenuem Beubynna (ha ocnoge ungopmayuonnozo Kpumepus
Axauxke u mecma Konmoeoposa-Cmuprosa) nokasan omcymcmeue 3HAYUMO20 NPUpocma
MOYHOCMU NPU YCLOHNCHeHUU Moldenu (napamemp opmol i ~ 1,04). QunanvHbim pe3yibmamom
ABNACMCSI NOCMPOEHHAS BEPOSIMHOCMHASL MOOeNb, NO360NAIOWA KOIUYECMEEHHO OYeHUBAMDb
pucku omkaszos. Ilpakmuueckas 3HayumMocmes  pabomvl  3aKAOYAEMCs 8  CO30aHUU
UHMEPNpemupyemo20 UHCMPYMeHmMa OJisl UHIHCEHEPHLIX CLYHcO, KOMOpblll, 6 Omaudue om
MoOenell MAwUHHO20 00yYenus, obecnedugaem nNPO3PAYHOCMb NPUHAMUSL peueHul U
ONMUMUZAYUIO CKAAOCKUX 3ANACO8.

Knroueswvle cnoea: npeouxmugnoe mexHuieckoe o0CIyHCUBAHUE, MEOPUsL HAOEHCHOCHU,
aHANU3 OMKA308, IKCNOHEHYUAIbHOE pacnpedeienue, 8peMeHHble psobl, NPOSHOCMUYECKAs.
Mooernb.

Beenenue.

Hanexxnocts u  06e30macHOCTh OKCIUTyaTauuud Bo3AymHBIX cynoB (BC) saBnsrorces
(byHAaMEHTaIBHBIMU NPUHIMIIAMH COBPEMEHHOM I'pakJTaHCKOW aBHalMU. B yclIoBHSAX *KeCTKOM
KOHKYypeHUUU 3(()EeKTUBHOCTh TeXHHYECKOTro oOciyxuBaHus U pemoHTa (TOwuP) cranoButcs
KPUTUYECKHM (AKTOPOM, ONPEACISAIOINIMM HE TOJbKO O€30MacHOCTh IMOJETOB, HO U
HKOHOMUYECKYIO YCTOMUMBOCTH aBuakommnanuii. OcoOoe 3HadeHHe NpUOOpeTaeT MOKa3zaTeilb
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perymsipaoctu BbuieToB (Dispatch Reliability), Tak kak mpocTou, BbI3BaHHBIE OXXHIAHHEM
3amyacTeii WM  BHEIUIAHOBBIM  YCTpaHEHHEM Je(PEKTOB, TEHEPUPYIOT 3HAUUTEIbHbBIE
IKCILTyaTallMOHHbIe YOBITKH [1].

C pocToM MHTEHCHBHOCTH BO3AYIIHOTO JABI)KEHUS TPaJWLMOHHBIE CTPATETHU IJIAHOBO-
IpeIyNpeaUTEIbHOTO PEMOHTA JEMOHCTPUPYIOT CBOM orpaHudeHus. OHM He CHOCOOHBI
3 PEKTUBHO MpenyNnpekaaTh BHE3AMHbIE 0TKA3bl CTOXAaCTUYECKOTO XapaKTepa, YTO MPUBOIUT K
cutyarmusim tuna AOG (Aircraft on Ground). B cBsi3m ¢ 3TUM akTyanu3upyeTcsl Mepexoj K
npeaukTuBHOMY TOUP, 0OCHOBaHHOMY Ha IIPOTHO3UPOBAHUU OCTATOYHOTO pecypcea [2], [3].

AHanu3 COBpEeMEHHOM TUTEpaTyphl MOKA3bIBAET, YTO 3HAYUTEIbHAS YaCTh UCCIIEIOBAHUM B
3TOM 00J1aCTH (POKYCHUPYETCsl HA MPUMEHEHHUH CIIOKHBIX aJITOPUTMOB MAIIMHHOTO 00y4denus (MO)
(Deep Learning, ancamb6ieBbic metoasl u 1ip.) [4], [5], [6]. OaHako BHEApEeHHE TAKKMX MOJCIIEH B
pearbHyI0 MPAKTUKY aBUANPEANPHUATHNA CONPSHKEHO € psijioM TpolieM, Cpeau KOTOPBIX
CIIO)KHOCTh HMHTEPIIPETalluyd Pe3yJabTaTOB Uil CEePTHU(PHUKANUOHHBIX OpPraHoB, TpeOOBaHHE K
OTPOMHBIM pa3MepaM BBIOOPOK M HHU3Kasg YCTOMYMBOCTHIO K 3alllyMJICHHBIM JaHHbIM. B
WHKCHEPHOW MPAKTUKE COXPaHSAETCS BBICOKAs MOTPEOHOCTh B MPO3PAUHBIX BEPOSITHOCTHBIX
MOJIENISAX, KOTOPBIE COOTBETCTBYIOT (PM3UKE TMPOLECCOB OTKa3a M TOJJIAIOTCS TMPSMOMN
BepHU(DHKAIUH.

Kpome TOro, cymecTByroomue Mmoaxosl 4YacTO HANpaBJICHBI Ha CO3JaHWE KOMIUIEKCHBIX
Mojienei ans MoHHTOpuHra oOuiero cocrossHus BC uin 0ZHOBPEMEHHOTO MPOTHO3UPOBAHUS
MHOECTBA THUIIOB OTKa30B [7]. Taxxke mMHOrHEe paboThl B JaHHOW OOJACTH ONMHPAIOTCS Ha
UIcaTU3UPOBAHHbBIC WK TIPEIBAPUTEIHHO OUHIIIEHHbIE HaOOph! HaHHbIX [8], [9].

JlaHHOE MCclielOBaHNE HANPABIEHO Ha pa3padOTKy M BalIMJALUI0 POOACTHON METOIUKU
MPOTHO3MPOBAHMS OTKA30B Ha OCHOBE CTATHCTUYECKOTO aHAM3a HKCILTyaTallMOHHbBIX JaHHBIX. B
Ka4eCcTBE MOJICIIBHOTO OOBEKTa YIS arnpodamuy MpeiokKeHHOTO MOAX0/Ja BhIOpaHa KaTeropus
«Buemnee cBeroBoe obopynoBanue» (External Lights). [lannas cucrema mpezacrapnser co0oit
MOIXOASAIINA OOBEKT ISl TECTUPOBAHUS CTATHCTHYECKUX UHCTPYMEHTOB, MTOCKOJIBKY COYETAET B
cebe BBICOKYIO IIOTHOCTh COOBITHI, HEOOXOAMMYIO IS MaTeMaTHYeCKOW TOCTOBEPHOCTH, C
KPUTUYECKHM BJIMSHUEM Ha PETYJISPHOCTH BBUICTOB. Takoil BBIOOp IMO3BOJSIET OTpabOTATh
QITOPUTM HA TOHSTHOM CTOXAaCTUYECKOW CHCTeME Iepe]] ero MaciiTabupoBaHuHeM Ha Oolee
CJIO’KHBIE U Toporue koMmmnoHeHTs BC.

KntoueBbIM oTnMuneM paboThl SBISETCS OTKa3 OT MJICAIM3UPOBAHHBIX YCIOBHH.
HccnenoBanne TPOBOAMTCS HA «CHIPBIX» JAHHBIX peanbHOW dKcuryaranmu BC  3a
IPOIOJDKUTEIBHBIN Nepruo]] BpeMeHU. MeTo10JIoTUsl BKIIIOYAaeT B ce0sl He TOJbKO MOCTPOCHUE
MIPOTHO3HOW MOJIENIN, HO U 000CHOBAaHME MPOLIETYPHI TPeT00padOTKH NaHHBIX (LIEH3YpUPOBaHUE
HEPUOJIOB MTPOCTOS) U CPABHUTEIIbHBIN aHAIN3 KOHKYPUPYIOIUX TMIIOTE3 O 3aKOHE paclpe/ieseH.
Takoil moaxon ™O3BOJIET CO3/aTh BEpUPHUIMPOBAHHBIA HMHCTPYMEHT MJIs Iepexoja OT
PEAKTUBHOTO 00CTYKMBAaHUS K IPOAKTUBHOMY YIIPABICHHUIO HAJICKHOCTBIO.

Marepuajbl 1 MeTOABI HCCIETOBAHMSA.

Ananuz nabopa 0aHHbIX.

B nannoit pabore mpuMeHsICS HA0Op JAaHHBIX, COJACPIKAIIUNA CBEJACHHUS O BBISBJIEHHBIX
HEUCTPABHOCTSIX U BBIMOJIHEHHBIX Meponpusitusx mo TOuP s mapka u3 A€BSITH OAHOTHITHBIX
KOMMEPYECKHX BO3IYIIHBIX CY/IOB, YKCIUTyaTHPYEMBIX HAa BHYTPEHHHX aBHAJIHHUSAX B TIEPHO]] C
2014 o 2020 roasl. Micxoanblii HaOOp JaHHBIX («CHIPBIE» BBITPY3KH U3 OOPTOBBIX JKYpHAJIOB U
cucteMm ynpasnenus TOuP) Bxmodaer 13204 3anucu.

Kaxnas 3anuce xapakTepusyercs cieayoumm HabopoM atpubytos: «Date Reported» (nata
¢bukcanuu codbrTus), «A/C Reg» (peructpaunonnsiii Homep BC), «Defect» (TekcToBOE onucanue
HEHCIIPaBHOCTH), «Actiony (omucaHue KOppeKTHpyonmx aeiictuit). Knaccudukanus cucrem u
MOJICKICTEM BBITIOJTHEHA B COOTBETCTBUU C MeKayHapoaHbiM ctanmaptom ATA 100 (ATA iSpec
2200) [10]. [dns yaudukauu aHamu3za atpuoyTsl «Chapter» (cuctema) u «Sectiony (mmoacucreMa)
ObLIM 00bETMHEHBI B €IMHBIN KaTeropuaibHblil npu3Hak ¢popmara CS (Chapter-Section). Beero B
BBIOOpKE MIEHTH(PUIHNPOBAHO 456 YHUKAJIBHBIX KaTErOpUil HEUCITPABHOCTEH.

242



Ne4(39) AAA XKAPLbICHI

Cratuctuyeckuii  aHaJM3 ~ paclpeieNieHuss  3alucel  BBIIBMII  CYLIECTBEHHYIO
HeoTHOPoAHOCTh. 30 Hanboliee YacThIx KaTeropuid GopMupyroT okojo 62% ot obmiero oobema
nedexTtoB (pucyHok 1). Jlupupyromyro no3unuioo 3aHumaer kareropust CS 25-21 (unTepbep
MacCaKUPCKOro canoHa, 1971 3anuce). OqHako nedekThl MHTEpbepa, Kak MPaBUIIo, HE BIUAIOT Ha
JIETHYIO TOJAHOCTh U YCTPAHSIOTCS B paMKaX OTJIOKEHHBIX AEPEKTOB, YTO JEJaeT MX MEHee
IPUOPUTETHBIMHU JUIs 33/1a4 ONIEPATUBHOIO IPOrHO3UpoBaHus roToBHOCTU BC K BbLIETY.
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Pucynok 1 — Yucno 3anuceit ans 30 Hanbosee 4acTo BCTPEUAIOIIMXCS KaTeropuii 1e)eKToB

B kadectBe 1emeBOro oObeKTa AN MOAETUPOBAHUS M BAIUJAIMM METOJUKU Oblia
BeiienieHa kareropus CS 33-40 «LIGHTS-Exterior» (BaemHee cBeToBoe 00opymoBaHuE) C
o0vemoMm BeiOOpku N = 671. Beibop nanHoi kateropur 00OCHOBAH COBOKYIMHOCTBIO (DaKTOPOB,
KPUTUYECKH BXXHBIX 1 KOPPEKTHOM Bepr (KA TPEACKa3aTeIbHON MOICIH.

1. [I10THBIHI MOTOK OTKA30B 00ECIIeYMBAET HEOOXOAUMYIO CTATHCTUYECKYIO MOIITHOCTD JIISI
HAJE)KHOM OLEHKU MapaMeTpoB pacHpeleNeHus U MUHHUMHU3ALWK OMKMOKKA BTOPOTO pojAa MHpu
IIPOBEPKE TUIIOTES.

2. dusnka 0TKa30B CBETOBOro 00OpynoBaHUS (IeperopaHue HUTH Hakajia, Jerpajanus
HOJIYIIPOBOIHUKOB) ITO3BOJISIET TECTUPOBATH TMIIOTE3Y O MOCTOSSHHONW HHTEHCUBHOCTH OTKa30B 0e3
BJIMSTHUS CJIO’KHBIX HAaKOMUTENbHBIX 3(P(EKTOB U3HOCA, XapAKTEPHBIX JIISI MEXaHUYECKUX Y3JI0B.

3. CornacHo nepeyHsM MUHUMAaJIBHOTO HcIipaBHOT0 o0opynosanust (MEL), HeucnpaBHOCTh
AJIEMEHTOB BHEIIIHETO OCBEIICHUSI (HapuMep, PYJIEKHBIX WK MOCaA0YHBIX (pap B HOUHOE BpeMs,
cTpoOockomoB) siBisgercs ycinoBueM «No-Go» MM HaKJa/IbIBaeT JKECTKUE IKCIUTyaTallMOHHbIE
orpaHuueHus. TakuM o0pazoM, IPOrHO3MPOBAHHE MOTPEOHOCTH B ITHUX KOMIIOHEHTaX HMeEET
IPSIMOE DKOHOMHUYECKOE 3HAUEHUE NI IIPEJOTBPAILECHUS 3aI€PKEK BBLIETA.

[Ipumep cTpyKTyphl AaHHBIX AJis BBIOPAaHHOM KaTreropuu mnpusBeaeH B Tabmuue 1. Jlns
coOuTr0/IeHHs KOH(UACHIIMATILHOCTH peallbHble perucTpanuoHHbie Homepa BC Obutn 3aMeHeHbI
Ha ycloBHbIE 00o3Hauenus (A, B, C u 1.11.).

BaxxHolt 0cOO€HHOCTBIO MCCIIEyeMOr0 BPEMEHHOTO psijia SIBJISETCS HAJTMYKEe BBIPaKEHHBIX
NEPUOAOB  HKCIUTYyaTAallMOHHOTO  TPOCTOS, BHU3YAJU3UPOBAHHBIX HA  TEIJIOBOW  KapTe
MHTEHCUBHOCTH OTKa30B pucyHka 2. B wactHocTH, ni1s BC HabnromaeTcst moigHoe OTCyTCTBUE
3aperuCTPUPOBAHHBIX MHIUAEHTOB B 2018 romy, a Takke pe3Koe CHUIKEHNE YaCTOThl COOBITHI B
2019-2020 ropax. [lamHas aHOManusi KOPpENUPYET C BHEIIHUMHU (DakTopaMH, a HMEHHO
MIPUOCTAHOBKOW MOJIETOB IO omnepanroHHbIM npuyuHaMm (2018 r.) u rmo0aabHBIM CHHXKEHHEM
aBuanepeBo3ok B nepuoj nanaemun COVID-19.

Hanuuue Takux AIUTENbHBIX MHTEPBAJIOB KaJEHIAPHOIO BPEMEHH, B TEUEHHE KOTOPBIX
skcruryaTanuss BC He mpon3Boauiach, BHOCUT KPUTUYECKOE NCKAKEHUE B pacyeT MoKas3aTesneil
HaJe)KHOCTU. ECM He UCKITIOYUTH 3TU NEPUObI, MOJIENb Oy/IeT HHTEPIpeTUpoBaTh npoctoit BC
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Kak 0€30TKa3Hyl0 paboTy, YTO NPUBEACT K 3aHKEHUIO MHTCHCUBHOCTU OTKA30B U OIIUOOYHOMY
IPOTHO3Yy. DTO HAOIIOJCHHUE CIY)KUT 000OCHOBAaHMEM ITPUMEHEHMsI CTaTUCTUYECKON (QMIIbTpaLuu
AQHOMAJIBHO JUTMHHBIX MHTEPBAJIOB (BHIOPOCOB),

Tabmuna 1 — @parmenT HaOopa AaHHBIX ¢ Kareropueit HeucnpaBHoctu CS 33-40

Date A/C Chapter- . .
Reported Reg Section Chapter | Section Defect Action
LH SIDE TAXI LIGHT
LH SIDE LIGHT LAMP IAW AMM 33-40-03
2014-01-02 | B 33-40 33 40 IS INOP REPLACED, OPER TEST IS
O'K. ADD IS CLEARED.
WLligDﬁggT WING ROOT LANDING
2014-01-04 A 33-40 33 40 LIGHT LAMP REPLACED
LIGHT RH SIDE IAW AMM 33-41-01
IS INOP.
WING-ROOT TAXI LIGHT
LAMP AHS BEEN
2014-01-08 | H 33-40 33 40 R%SGIEE [Tj‘;\;“ REPLACED IAW AMM
TASK 33-42-01-400-801A.
TEST IS OK
NOSE TAXI LAMP HAS
2014-01-09 G 33-40 33 40 LIIEI}?ISTEIg?IEI((I)P BEEN REPLACED ACC
AMM 33-42-03
NOSE TAXI LAMP HAS
2014-01-09 G 33-40 33 40 LIIEI}?ISTEIg?IEI((I)P BEEN REPLACED ACC
AMM 33-42-03

~-35

2014 2015 2016 2017 2019 2020
fon

Pucynok 2 — KonmdectBo BeisiBieHHBIX AedexToB CS 33-40 mo rogam mist kaxaoro BC

Ha pucynke 3 mokasaHbl JuarpaMMbl pa3Maxa pacCUMTaHHBIX BPEMEHHBIX MHTEPBAJIOB B
THSX MeXAy oTkazamu 1o kareropuu CS 33-40 nns kaxaoro BC B umeromeiicst 6a3e naHHBIX.

244



Ne4(39) AAA XKAPLbICHI

500 A A
4
R * > ¢
S 400 - i
(=
s
=
" 300
T B
=
[e]
>
3
5 200 * &
S o ¢
-3 ¢ ‘
= ‘ ¢ ¢ ¢
2 100 ¢ ¢
) i‘ ii’i

T

A B C D F E G H ]
A/C Reg

Pucynok 3 — JluarpaMmsl pa3Maxa BpEMEHHBIX HHTEPBAJIOB B JHIX MEXTY OTKAa3aMH 110
kareropuu CS 33-40

B cootBercTBHHM ¢ 3THM, JUISL JOCTFDKCHHUS IEIH HCCICIOBAaHUS ObUIa BBITIOJHEHA
bunbTpanus naHHex 1o 0,95 KBaHTWIIIO AJIS MCKJIIOYEHHUS M3 BBIOOPKH aHOMAJbHO JIMHHBIX
BPEMCHHBIX HHTEPBAJIOB, KOTOPBIC, COOTBETCTBYIOT IIEpUOJaM JIUTENBbHOTO mpoctos BC.
VYnanenue STuUX BBIOPOCOB TMO3BOJISIET MOCTPOUTH IMPOTHOCTUYECKYIO MOJIENb, aJeKBaTHO
OTIMCHIBAIOIIYIO MTPOIECC OTKA30B MMEHHO B YCJIOBHSIX HOPMAJIBHOM JKCILTyaTaIlu, U n30exaTh
MCKXEHUS KIIOYEBBIX CTATUCTHUYECKUX MapaMeTpOB.

Buvibop u obocrosanue ynkyuu pacnpeoenerus 8epoamHocmu.

[TepBUUHBII BU3yalbHBIM aHAIM3 THCTOTPAMMBI PAcIpeie]ICHUs] BPEMEHHBIX WHTEPBAJIOB,
MOKA3aHHOW Ha pHUCYHKe 4, JIEMOHCTPUPYET XapakTepHyr0 QopMy C MPaBOCTOPOHHEH
acUMMeTpHel, CBOMCTBEHHYIO MOKa3aTelibHOMY (dKCIOHEHIMaabHOMYy) 3akony Exp(4) [10].
Omnako I8 TIOCTPOCHUS HAJACKHOW MPOTHOCTHYECKONM MOJENM BU3YAIbHOM OILICHKHU
HEJAOCTaTO4YHO. JIJS CTpPOroCTM CTAaTUCTUYECKOTO0 BbIBOJA Oblla MPOBEACHAa MPOBEpKa
ATBTEPHATHBHBIX TUIIOTE3.

0.06 1 — = JKCMNOHEHUMANLHOE pacrpeenaHue
== PacnpeaeneHue Belibynna
[ 3MNUPW4ECKHE AaHHBIE

o
o
=

=4
o
[}

pZd
]

MAOTHOCTE BEPOATHOCTIA

e
=}
~

0.014

m

20 40 60 80
Bpems mexay oTkazamu (gHu)

0.00

O o

Pucynok 4 — I'nctorpamma pacnpeieneHus BPEMEHHBIX HHTEPBAJIOB Mexy TOuP nis
CS 33-40 u HanoXeHHbIe KPUBBIE INIOTHOCTH BEPOSITHOCTH SKCIIOHEHLIUAIBHOTO pacIipeesIeHus
u pacrpenenenus BeitOymnna

B kauecTBe OCHOBHOW KOHKYpHpYIOIIeH MOjAeTu ObUIO BBIOPAHO JABYXIapaMETPUUYECKOe
pacripenenenue Beiioymna W(f, #), sBasiorieecs 0000MCHHEM 3KCITOHEHIIHAILHOTO 3aKOHA W
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CTaHJAapTOM B TCOPUHU HAACKHOCTHU IJIA OINHCAHUSA CUCTEM C PI3MCH5HOH.[CI>1C$I HNHTCHCHUBHOCTBIO

oTka30B (HaaununeM 3 dHexToB npupadboTKu wiu ctapenus) [10]:
k-1

Bt (1)
f—nln) e a0 (1)
0,t<0

rne t — Bpems 110 0TKaza, ff — mapamerp GopMbl, 77 — mapaMeTp Macuraoa.

Jns dunsrpoBanHoi BbIOOpKH oObeMoM N = 573 nHaGmioneHus (Mocie HCKIIOYCHHS
HEOKCIUTyaTallMOHHBIX TIPOCTOEB) METOAOM MAaKCHMAJIbHOTO MPaBAONOAOOMS HpU MOMOIIH
python 6ubmuorexu scipy 1.16.3 ObLIH OIICHEHBI TAPAMETPBI MOJICIICH.

Jns  SKCHOHEHIMANBHOTO  pacmpenesieHus  (PUCYHOK — 4)
MHTEHCUBHOCThH OTKA30B

pPacuy€THOC 3HA4YCHHC

A== 2)

MpUHUMAET clieayromiee 3Hadenue A = 0,0518.

st pactipenenenust BeliOymra mapametrp gopmer f = 1,039, a mapamerp macimraba 7 =
19,6091.

Bemnuuna £ = 1,04 ¢ ¢puszndeckoil TOYKM 3pEHUsS] yKa3bIBa€T HA TO, YTO IMOTOK OTKAa30B
UCCIIElyeMOI CUCTEMBbl HOCUT CTALlMOHAPHBIHM, YUCTO CIy4YalHBIH XapakTep, HE OTATOIIEHHBIN
BBIPKEHHBIMH MTPOIECCAMHU HAKOTUICHHSI yCTaIOCTH (> 1) Mim mpon3BOACTBEHHBIX 1e(heKTOB (/3
<l). @akrtuuecku, pacmpenereHue BeiiOynrna B JaHHOM — cioydae  BBIpOXKIAeTcs B
9KCIIOHEHIIUATIBHOE.

JU1s KOJIMYEeCTBEHHOI'O CPaBHEHMSI KauyecTBa MOJIeJIel M UCKITIOUEHUS PUCKA ITepeoOyueHHs
ObLIM HKCIONIb30BaHbl MH(popMaunoHHbIM kputepuil Akauke (AIC) m xpurepuil cormacus
Konmoroposa-CmupHoBa (D) [12]. Pe3ynbrarThl CpaBHHTEIBHOTO aHAIM3a IPEACTABICHBI B
tabnuue 2.

Tabauna 2 — CpaBHUTENbHBIN aHAJIM3 KAueCTBA allIPOKCUMAIIMU SMIMPUYECKUX JaHHbBIX

Kpurepnii Craructuka

OlLieHEHHEIE p-3HaUEHUE

BepositTHOCTHas MOzIEITH HADAMETDLL Akamnke Kommoropoga- (KC-tect)
P P (AIC) Cwmupnosa (D)

JKCTIOHEHUHANEHOS % =0,0518 4540,39 0,0505 0,1041
pacnpenenenue Exp(4)
Pacnpenenenne £ =1,039,
BeiiGyna W(B, 1) n=19.6091 4541,05 0,0542 0,0669

AHanM3 TaHHBIX TAOJUIIBI 2 TIO3BOJISIET CACNATh CJICAYIOIINE BHIBOABI. DKCIIOHEHIIMATbHAS
Mojielh uMeeT MeHblnee 3HaueHue AIC, yuem mozaens BeitOynna. 3To 03HauaeT, 4TO BBEICHHE
JIOTIOJTHUTEIILHOTO MapamMeTpa (OpMBbI HE JAET CTATUCTUYECKH 3HAYMMOTO MPUPOCTA B TOUHOCTH
ONMCaHUs JAHHBIX, a JINIIb YBEIUYUBAET CI0KHOCTh Moienu. COrjaacHO MPUHLHUITY TAPCUMOHUH,
MIPEANOYTEHHE CIIENYET OT/IaTh 00Jiee TPOCTON MOJIEIH.

O06e Momenu MOKa3bIBalOT P-3HaueHue™> (.05, 4To O3HAYaeT, YTO HU OJHA U3 HUX HE
oTBepraercs craructudecku. OTHaKO SKCTIOHCHIIMAIBHOE pacTpe/ie]IeHUE IeMOHCTPUPYET OoJiee
Beicokoe P-3HaueHue (0,1041 npotus 0,0669) u MeHsbIiee 3Hadenue D-cratuctuku 0,0505 npotus
0,0542), 9TO TOBOPUT O JyYIIEM COOTBETCTBHUHU SMIIMPUUYECKUM JaHHBIM Ha BCEM JHAIa30HE
3HAYEHUM.

Pe3ynbTaThl YMCICHHOTO MOJEIMPOBAHUS HAXOMAT BHU3yaJlbHOE TOJTBEPKIACHHUE TMPHU
aHaJM3e KBaHTUJIb-KBaHTWIBHOTO rpaduka (QQ-plot), mpencraBnennoro Ha pucynke 5. ['padux
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0TOOpaXkaeT 3aBHCHMOCTh MEXIY KBAHTWJIAMU SMIIMPHUUYECKOW BHIOOPKH U TEOPETUUYECKUMHU
KBaHTUJISIMU DKCIIOHEHLMAJILHOI'O PACIIPEIEICHU.

) =

o N

o o
1 1

o
o
1
[
@

N
o
1

KBaHTUAN BbIBOPKN AaHHbIX
N o
o o
1 1

o
]
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0 2 4 6
TeopeTuyeckne KBaHTUIN

Pucynok 5 — QQ-plot: quarpamma paccestHus 1 CpaBHEHUS KBAaHTHIICH SMITUPUICCKIX
U TEOPETUYECKHMX TAaHHBIX

Ha rpaduke nabmromaercst BBICOKas CTENEHb JMHEHHOW KOPPENAIHNH, MPU KOTOPOM
OOJIBIIMHCTBO TOYEK pacrojaraercsi BIoJIb peepeHCHOM MpsaMoii Y = X. DTO CBUIETENBCTBYET O
TOM, 4YTO BBIOpaHHAsh MOJCNIb aJCKBATHO OIMMCHIBAET OCHOBHYI) MAacCCy JKCIUTyaTaIl[MOHHBIX
COOBITHIA.

XapakTepHOe OTKIOHCHHE TOYEK OT NPsIMOKM B OOJIACTH BEPXHUX KBAHTHIICH, TIE
HaOII0/1aeMble  MHTEpBajIbl OKAa3bIBAIOTCS HECKOJIBKO KOpPOYEe TEOPETHUYECKHUX MpEeACKa3aHMid,
SIBIIICTCSL OXHJIaeMbIM aptedakToM s peanbHbIX cucteM TOwuP. Ilepuommueckue (opmbl
tTexHuueckoro obcmyxuBanus (A-check, C-check) u mnpeBeHTHBHBIC 3aMEHBI KOMITOHEHTOB
OTPAaHWYMBAIOT BO3MOXXHOCTh BO3HHUKHOBEHHUS DKCTPEMAJBHO JUIMHHBIX HHTEPBAIOB MEXKIY
3aMHUCSIMH, KOTOPBIE JOMMYyCKAET TEOPETUIECKOE IKCIIOHEHIIMAILHOE paclpeiesieHue.

Crnemyetr OTMETHTB, 4TO TocTpoeHue anamoruunoro QQ-plot s pacnpenenenus Beitbymna
HE BBISIBUJIO BU3YAJIbHO 3HAYUMBIX OTJIMYUI U HE YCTPAHUIIO TAHHOE OTKJIIOHEHHUE B «XBOCTE», UTO
elle pa3 MOJATBEPKAACT BHIBOJI O HEIIEJIIECOOOPA3HOCTH YCIOKHEHUS MOJIEIIH.

TakuM o00pazoMm, BBIOOP OSKCHOHEHIMATHHOTO 3aKOHA paclpeleleHus] B JaHHOM
WCCJICIOBAHUM SIBJISIETCS. HE YIPOIIEHHWEM, a CTaTUCTHYECKH OOOCHOBAaHHBIM PpEIICHUEM.
JlokazaHo, 4YTO MM paccMaTpUBAeMOro THMA OOOPYAOBaHHUS W YCIOBHM SKCIUTyaTalluu
NpUMEHEHHE 0OO0Jiee CIOXHBIX MOJIEJIed  SBISETCS HM30BITOYHBIM W HE  IOBBIIIACT
MPOTHOCTUYECKYIO TOUHOCTD.

Paspabomxka npoenocmuueckoii mooenu.

Ha ocHOoBaHMM pe3yNbTaTOB CTATUCTUYECKOTO aHAIHM3a i CPABHUTEIBHOM OIIEHKH KayecTBa
annpokcuManuu (cM. Tabmumy 2), B KadecTBe 0a30BOM MaTeMaTH4YecKOM Mojenu s
NporHo3upoBaHus oTka3oB kareropun CS 33-40 nOpuHAT SKCHOHEHLIMAIBbHBIA  3aKOH
pacrmpeneneHus.

MaremaTruecku BEpOSTHOCTh TOTO, YTO CIy4ailHOE BpeMs 10 CIEAYIOIIEro oTkaza | He
MIPEBBICUT 3aIaHHBIN BPEMEHHOW MHTEpBaJ t (T.e. BEpOSTHOCTh BO3HUKHOBEHUS MOTPEOHOCTH B
TEXHHUYECKOM OOCIYy)KMBaHHHM B TEUYCHHE ONMKalmux 1t JHEel), OMHCHIBAETCS KyMYJSITHBHOW
byHKIMEH pacrpeaeieHus

Fit)=P(T <t)=1-¢*, t>0. (3)

OuU3NYeCKUil CMBICI TOJNIYYEHHOTO MapaMeTpa A pacKpbhIBaeTcs 4epe3 ero OoOpaTHYIo

BEITMYMHY — CPEJIHEE BpeMsi HApaOOTKH Ha OTKAa3:
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et L
A 0,0518
BaxHO moa4epkHyTh, 4TO HOJY4YEHHOE B (4) 3HAUYEHUE XapaKTEpU3yeT HAAEKHOCTb
CHCTEMBI IMEHHO B TIEPHOBI aKTUBHOM AKCIUTyaTaluu (6aronaps npoueaype npeaBapuTeaIbHOR
(GWIbTpauK NPOCTOEB), YTO AEJAeT €ro 0ojee TOUHBIM OPUEHTHPOM [yl IJIAHUPOBAHUS, YEM
IIPOCTOE KAJIEHAAPHOE YCPEIHEHHUE.
I'paduueckas uHTEpHIpEeTaLUs Pa3pabOTaHHOW MPOTHOCTUYECKON MOJIENU MpeACTaBIeHa
Ha pUCYHKe 6 B BUJIe KPMBOM HapacTaHUsl BEPOSTHOCTH OTKa3a.

[TomyueHHass Monenb (PUCYHOK 6) TO3BOJSET BBINOJHUTH IPOrHO3 O BEPOATHOCTH
obcnyxxuBanuss BC o tuny HeucnpaBHoctu CS 33-40 B TeueHHE ONPECICHHOTO YMCia JTHEH.
Hanpumep, BeposiTHOCTH BO3HUKHOBEHUs 1oTpedHOoCcTH B TOUP B Teuenun 10 aueit cocraisier
40,4 %, a B Teuenun 50 nueii — 92,5 %.

Pe3yabTaThl 1 HX 00Cy:KIeHUE.

B uccrnenoBanuu mokaszaHo, 4TO AJIS MacCOBBIX KOMIIOHEHTOB THIIA <«OKCIULyaTalus 10
0TKa3a» Ha NpPUMEpe BHEIIHEr0 CBETOBOIO OOOPYIOBAaHUS TMpOCTas OAHONApaMeTpHUEcKas
MOJIENIb  KCIIOHEHIMAJILHOTO paclpesieleHusl sBISETCS HE TOJNBKO JIOMYCTUMOM, HO U
CTaTUCTHYECKH  onTUMaibHOW.  CpaBHUTENBHBIH  aHAM3 € JBYXIapaMETPHUECKUM
pactpenenenuem Beitbymna (o kputepusm AIC u recty Konmoroposa-CMupHoOBa) mokasas, 4to
YCIIOKHEHHE MaTeMaTHYeCKOro armapaTa He MPUBOJUT K 3HAYMMOMY IMOBBIIICHUIO TOYHOCTH
IPOTHO3a.

~19, 3 nus. (4)

1.0
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0.6 1

0.4

0.2

BepOﬂTHOCTb HEUEXU,&HMUCTM OECHY?KMBEHHH
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0 20 40 60 80 100
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Pucynok 6 — KpuBas HapacTaHus BEpOSITHOCTH OTKa3a Juig kareropuu CS 33-40

KiroueBsle mpenmyniecTBa NpeaaoKeHHOT0 MOAX0/1a 3aKII0YAI0TCA B CIEIYIOLIEM.

1. B ortnuuue ot momeneir MO, mapamerpsl pa3paOOTaHHON MOJENIN HMEIOT SCHBII
¢du3nueckuit cMbIch (HapabOTKa Ha 0TKa3). DTO KPUTHUECKU BayKHO Ui CePTUPUKAILIMA METOAUK
TOuWP aBUMAIMOHHBIMHM PETYIATOPAMU, TPEOYIOIIMMH IPO3PAYHOCTU AITOPUTMOB TMPUHSATHS
peLIeHU.

2 Mogens JeTKO WHTETPHPYETCS B CYMIECTBYIOMKE WH()OPMAIIMOHHBIE CHCTEMBI
ynpasieHuss TOuP u He TpeOyeT 3HAYMTEIbHBIX BBHIUMCIUTEIBHBIX MOIIHOCTEH MM pa3METKU
OOJBIIMX JaHHBIX, YTO J€NaeT €€ JOCTYNHOW JUIs BHEAPEHHS B aBMAKOMIIAHUSAX CPETHETO
pasmepa.

3.Meroauka IIpEABAPUTEIILHON ¢bunbTpanuu JTAHHBIX (ueH3ypupoBaHue
HEAKCIUTyaTallMOHHBIX IPOCTOEB) MO3BOJISIET MOMYYaTh YCTOWYMBBIE OLICHKH HAJEKHOCTH JIaXKe B
YCIIOBHAX HECTAOUIBHOM IKCILTyaTaluy.

BMmecte ¢ TeM, HE06X0IMMO 0003HAYUTH T'PAHMIIBI PUMEHUMOCTH MOJIYYEHHOM MOJIEIH.
JlonyiieHnre o NOCTOSTHHOW MHTEHCUBHOCTH OTKa30B (4 = CONSt) cripaBeUIMBO ISl 3JIEKTPOHHBIX
U DJEKTPUYECKHX KOMIIOHEHTOB, IOJIBEPKEHHBIX CIIydallHbIM COOsIM, HO HE MOXET OBITh
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ABTOMATHYCCKU INCPCHCCCHO HAa MCXAHWYCCKUC Y3JIbl C BBIPAKCHHBIM YCTAJIOCTHBIM HM3HOCOM
(TOpMO3HBIE JUCKH, IIIHUHBI, JOMATKH TYpOWH), T/e TpeOyeTcs NMPUMEHEHHE paCIpeeTICHUI
BeiiOynna nnu 'amma.

KpOMe 9TOI0, MOACJIb ABJIACTCA anCFHPOBaHHOﬁ JJI BCETO IMapkKa. Omna YCPEAHACT BIIMAHUC
WHIUBHUIYAJIbHBIX OCOOEHHOCTEH OKCIUTyaTallid KOHKPETHOro Oopra (MapumipyTHas CeTb,
KIIMMaTHYeCKHE YCIOBUS Oa3upoBaHUs). BrirodeHHWe 3THX KOBapHaT MOTJIO OBl TOBBICHTH
TOYHOCTb, OJHAKO Tpe6yeT 3HAYUTEINLHO OOJBIIET0 00BbeMa JaHHBIX, 4Y€M JOCTYIIHO B
CTaHJAPTHBIX OTYCTAX O I[GCI)CKTaX.

HGCMOTp}I Ha OIrpaHU4YCHU, Hpe,Z[J'IO)KeHHHﬁ moaxoa sAIBJIACTCSA YHUBEPCAJIIbHBIM. OH MOXKeT
OBITH YCIEIIHO MacIITAOUPOBAH HA IPYTHE CUCTEMBI aBHOHUKH U AJICKTPOOOOPYIOBAHUS, OTKA3HI
KOTOPBIX TaKXe€ HOCIT CTOXaCTHYECKUU XapakTep. Takum oOpa3om, pabora oOecneyrBaeT
XOPOUIYI0 OCHOBY JUISI MO3TAaIHOTO TEepexojia OomepaTopa OT PEaKTUBHOTO OOCITY)KMBAaHUS K
MNPECAUMKTHUBHOMY YIIPABJIICHHUIO HAAC)KHOCTBIO IIapKa.

3akioueHue.

B X04A€ MHCCIICAOBaHU pa3pa60TaHa U BaldadpoBaHa METOAMWKA IMPOTrHO3WPOBAHUA
HOTpe6HOCTI/I B TCXHHUYCECKOM 06CJIy)KI/IBaHI/II/I AJI1 CUCTEM C BHC3AITHBIM XapaKTCPOM OTKAa30B. Ha
OCHOBC CPAaBHHUTCIIbHOT'O aHAJIM3a IO0Ka3aHO, YTO JIA BbIﬁpaHHOFO 00BEKTa (BHeH_IHee CBE€TOBOC
000pyI0BaHKE) SKCIOHCHIMAIbHAS MOJEINb SBJSETCS CTAaTUCTUYECKH ONTHUMAIbHOM, aenas
IMPUMCHCHHC Oonee CJIOKHOTI'O PacpeaciICHuAa Beﬁ6ynna A30BITOYHBIM. Baxxusim
METOAOJIOI'MYCCKUM BKJIaJOM CTAaJIO 000CHOBaHUE (bl/IJII)TpaIII/II/I HEOKCINTYaTalMOHHBIX ITPOCTOCB,
YCTPpAHAKIICC KPUTHUICCKHUEC UCKAXKCHUS OLCHOK HAIC)KHOCTH.

HpaKTI/I‘-IeCKaSI 3HAYNUMOCTb paﬁoTI)I 3aKJIII0YacTCA B CO31aHuHU IIpo3pavyHoro,
HHTCPHPETUPYCMOI'0O MHCTPYMCHTA [JIA WHIKCHCPHBIX CJ'Iy>K6, IMMO3BOJIAIOLICTO OINITUMU3HUPOBATDH
CKIIaAICKHEC 3aracCbl W IIOBBICUTL PCTYIAPHOCTH IIOJICTOB. HpeI[JIO)I(eHHI)IfI moaxoJ CIIYKUT
3¢ (PeKTUBHON, BBIYUCIUTENBHO JIETKOW albTepHAaTUBOM MoaensM MO amns  MaccoBbIX
CTOXaCTHYCCKUX CHUCTEM, oOecreunBas BBICOKYIO TOYHOCTBH IIPOrHo3a B YCJIIOBHAX peaJIBHOﬁ
OKCIUTyaTalluu.
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CBIPTKBI JKAPBIK JKABJIBIKTAPBIHBIH MBICAJIBIHIA ABHALMSIIBIK
JKYWEJIEPTE TEXHUKAJIBIK KbI3MET KOPCETYITH BOJAKAMIBI
MOJIEJIHIH CTATUCTUKAJIBIK HET'I3JEMECI )KOHE BAJIMJIALMSICHI

Anoamna. Maxana nakmel naioanany oepekmepin CmamucmuKkaiblk manoay HeeiziHoe
ABUAYUATLIK  MEXHUKA2A MEXHUKALIK Kbi3mem Kepcemyoiy 60aicamobl MOOENiH KYpy
a0icmemecin a3ipneyee JicoHe earuoayuanayea apran2an. Mooenvdik obvekm peminOe
OKURANAPObIY  HCORAPLL  HCULTIZIMEH  JiCoHe  YWMYAapObly —Jicyueninicine CblHU —2CepiMeH
cunammanamuin "colpminl Hcapvik Headoviewt” (External lights) icmen wiviey canamor mayoanow..
3epmmey orcemi JHcvla iWiHOe MORbI3 Ve KemeCiHe MeXHUKANbIK KbI3Men KOPCEm) HCIHE HCOHOeY
mypansl 13204 sxcazbanap scubvlHmvi2blHa He2izoenceH. KYMblCmbly 20iCHAMATbIK HCAHANbIEb] -
OdepekmepOi anoviH-ana OHOey Npoyedypacvln Hecizoey. Oye KeMelepiHiy Y3aK MmMYpyulHa
batinanvblCmel KAIbINMAaH Mmulc apaiblkmaposl yen3ypanay yuin 0,95 keanmunv OoublHWA CY3y
Konoanwlnovl. Hezizei namuoice-camcizoik agbiHblH CUNAmMmay yulin 3KCHOHEHYUALObL Yecmipyoi
Mmanoayovly CMamucmuKkaiwly Hecizdemeci. Betlbynnovly exi napamempii  mapaniyvimen
canvicmolpmanvl manoay (Axauxe axnapammoix kKpumepuui mer Koamozopoe-Cmuprosmuly
CblHAebl He2i3iHoe) M00enbOiy KypOeleHyiMeH O02N0IKmiy aumapivlKmail 6CyiHiH HCOKMbIEbIH
kepcemmi (P popmacwvinviy napamempi 1,04). Conevi Homudce-comcizoik mayexenidepin CaHovlk
bazanayea MymKiHOIK Oepemil KYpblI2aH bIKMUMALObIK MoOeni. JKymvicmuly Npakmukaivly
MAaHBI30bLIbIZbL UHHCEHEPILIK Kbl3Memmep YuiH myciHOipiiemin Kypanovl KYpy 00.1vin madowiiaowl,
01 MAWUHANBIK OKbIMY MOOeNbOepiHeH atblpMAaubliblebl Wellim Kadbli0ayobly aulblKmbleblH
JHCoHE KOUMA KOPIApblH OHMAIAHObIPYObl KAMMAMACHL3 emeoi.

Tyiiin ce30ep: 0O0nCAMObL MEXHUKANBLIK KblsMem Kepcemy, CEeHIMOIIIK mMeopuscyl,
comcizdikmepoi manoday, SKCNOHEHYUAN0bl YAeCmipy, YaKblm Kamapiapbsl, 601HCAMObL MOOEb.

STATISTICAL JUSTIFICATION AND VALIDATION OF A PREDICTIVE
MAINTENANCE MODEL FOR AIRCRAFT SYSTEMS: A CASE STUDY OF
EXTERNAL LIGHTING EQUIPMENT

Abstract. This paper is devoted to the development and validation of a methodology for
constructing a predictive maintenance model for aircraft systems based on statistical analysis of
real operational data. The failure category “External Lights” was selected as the model object,
as it is characterized by a high event frequency and a critical impact on flight schedule regularity.
The study is based on a dataset comprising 13,204 maintenance and repair records for nine
aircraft collected over a seven-year period. The methodological novelty of the work lies in the
justification of the data preprocessing procedure. A 0.95-quantile-based filtering approach was
applied to censor anomalous inter-event times associated with extended aircraft downtime. The
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key result is the statistical justification for selecting the exponential distribution to describe the
failure process. A comparative analysis with the two-parameter Weibull distribution, using the
Akaike Information Criterion and the Kolmogorov—Smirnov goodness-of-fit test, demonstrated no
statistically significant improvement in accuracy when increasing model complexity (shape
parameter f = 1.04). The final outcome is a probabilistic model that enables quantitative
assessment of failure risks. The practical significance of the study lies in the development of an
interpretable decision-support tool for engineering and maintenance services which, unlike
machine learning models, ensures transparency in decision-making and supports optimization of
spare parts inventory management.

Keywords: predictive maintenance, reliability theory, failure analysis, exponential
distribution, time series, predictive model.
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