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ʇʈɽɼʀʉʃʆɺʀɽ 
 

17ï19 ʥʦʷʙʨʷ 2025 ʛ. ʚ ʨʘʤʢʘʭ ʤʝʞʜʫʥʘʨʦʜʥʦʛʦ ʢʦʥʛʨʝʩʩʘ çʉʫʧʝʨʢʦʤʧʴʶʪʝʨʥʳʝ ʜʥʠ ʚ ʈʦʩ-

ʩʠʠè ʥʘ ʙʘʟʝ ʅʠʞʝʛʦʨʦʜʩʢʦʛʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʠʤ. ʅ.ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ ʧʨʠ ʧʦʜ-

ʜʝʨʞʢʝ ʧʨʦʛʨʘʤʤʳ ʘʢʘʜʝʤʠʯʝʩʢʦʛʦ ʣʠʜʝʨʩʪʚʘ çʇʨʠʦʨʠʪʝʪ 2030è ʠ ʥʘʫʯʥʦ-ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʛʦ 

ʤʘ-ʪʝʤʘʪʠʯʝʩʢʦʛʦ ʮʝʥʪʨʘ çʄʘʪʝʤʘʪʠʢʘ ʪʝʭʥʦʣʦʛʠʡ ʙʫʜʫʱʝʛʦè ʧʨʦʚʝʜʝʥʘ XXV ʄʝʞʜʫʥʘʨʦʜʥʘʷ 

ʢʦʥʬʝʨʝʥʮʠʷ ʠ ʤʦʣʦʜʝʞʥʘʷ ʰʢʦʣʘ çʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʠ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʥʳʝ 

ʪʝʭʥʦʣʦʛʠʠè. 

ʊʝʤʘʪʠʢʘ ʢʦʥʬʝʨʝʥʮʠʠ ʦʭʚʘʪʳʚʘʣʘ ʦʩʥʦʚʥʳʝ ʥʘʧʨʘʚʣʝʥʠʷ ʚ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘ-

ʥʠʷ ʠ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʥʳʭ ʪʝʭʥʦʣʦʛʠʡ: 

¶ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʜʠʥʘʤʠʢʠ ʩʠʩʪʝʤ ʠ ʧʨʦʮʝʩʩʦʚ ʫʧʨʘʚʣʝʥʠʷ; 

¶ ʪʝʦʨʠʷ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʠ ʙʠʬʫʨʢʘʮʠʡ; 

¶ ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʧʨʦʮʝʩʩʳ ʚ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʝʪʷʭ; 

¶ ʤʦʜʝʣʠ ʠ ʤʝʪʦʜʳ ʧʦʜʜʝʨʞʢʠ ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʡ; 

¶ ʤʦʜʝʣʠ ʠ ʤʝʪʦʜʳ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ; 

¶ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠ ʚ ʙʠʦʣʦʛʠʠ ʠ ʤʝʜʠʮʠʥʝ; 

¶ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʠʨʦʜʥʳʭ ʧʨʦʮʝʩʩʦʚ; 

¶ ʘʣʛʝʙʨʘ, ʛʝʦʤʝʪʨʠʷ ʠ ʜʠʩʢʨʝʪʥʘʷ ʤʘʪʝʤʘʪʠʢʘ; 

¶ ʪʝʭʥʦʣʦʛʠʠ ʧʘʨʘʣʣʝʣʴʥʳʭ ʠ ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʚʳʯʠʩʣʝʥʠʡ; 

¶ ʧʨʠʤʝʥʝʥʠʝ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʜʣʷ ʨʝʰʝʥʠʷ ʚʳʯʠʩʣʠʪʝʣʴʥʦ-ʩʣʦʞʥʳʭ 

ʟʘʜʘʯ. 

ʅʘ ʤʦʣʦʜʝʞʥʦʡ ʰʢʦʣʝ ʚ ʬʦʨʤʘʪʝ ʧʣʝʥʘʨʥʳʭ ʜʦʢʣʘʜʦʚ ʙʳʣʦ ʨʘʩʩʢʘʟʘʥʦ ʦ ʪʝʢʫʱʝʤ ʩʦʩʪʦʷ-

ʥʠʠ ʜʝʣ ʚ ʦʙʣʘʩʪʠ ʨʘʟʨʘʙʦʪʢʠ ʠ ʘʜʘʧʪʘʮʠʠ ʩʠʩʪʝʤʥʦʛʦ ʠ ʧʨʠʢʣʘʜʥʦʛʦ ʇʆ ʜʣʷ ʧʨʦʮʝʩʩʦʨʦʚ ʘʨ-

ʭʠʪʝʢʪʫʨʳ RISC-V. ɺ ʨʘʤʢʘʭ ʥʘʫʯʥʦʡ ʩʝʢʮʠʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʦʢʣʘʜʳ ʫʯʘʩʪʥʠʢʦʚ ʰʢʦʣʳ, ʧʨʦ-

ʰʝʜʰʠʝ ʨʝʮʝʥʟʠʨʦʚʘʥʠʝ ʠ ʨʝʢʦʤʝʥʜʦʚʘʥʥʳʝ ʧʨʦʛʨʘʤʤʥʳʤ ʢʦʤʠʪʝʪʦʤ. 

ʆʩʥʦʚʥʳʤʠ ʟʘʜʘʯʘʤʠ ʧʨʦʚʝʜʝʥʠʷ ʤʝʨʦʧʨʠʷʪʠʷ ʷʚʣʷʣʠʩʴ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʘʢʪʫʘʣʴʥʳʭ ʨʝ-

ʟʫʣʴʪʘʪʦʚ ʚ ʦʙʣʘʩʪʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʣʦʞʥʳʭ ʧʨʦʮʝʩʩʦʚ ʠ ʷʚʣʝʥʠʡ, ʦʙʩʫʞʜʝ-

ʥʠʝ ʨʘʟʣʠʯʥʳʭ ʘʩʧʝʢʪʦʚ ʦʨʛʘʥʠʟʘʮʠʠ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʥʳʭ ʚʳʯʠʩʣʝʥʠʡ, ʨʘʩʰʠʨʝʥʠʝ ʢʦʥʪʘʢʪʦʚ 

ʤʝʞʜʫ ʩʧʝʮʠʘʣʠʩʪʘʤʠ ʜʣʷ ʨʝʰʝʥʠʷ ʨʝʩʫʨʩʦʝʤʢʠʭ ʧʨʠʢʣʘʜʥʳʭ ʟʘʜʘʯ, ʦʙʤʝʥ ʦʧʳʪʦʤ ʥʘʫʯʥʦ-

ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ ʧʨʠ ʧʦʜʛʦʪʦʚʢʝ ʩʧʝʮʠʘʣʠʩʪʦʚ ʚ ʦʙʣʘʩʪʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝ-

ʣʠʨʦʚʘʥʠʷ ʠ ʧʘʨʘʣʣʝʣʴʥʳʭ ʚʳʯʠʩʣʝʥʠʡ. 

 

ɺʩʝ ʧʝʨʝʯʠʩʣʝʥʥʳʝ ʪʝʤʳ ʥʘʰʣʠ ʦʪʨʘʞʝʥʠʝ ʚ ʥʘʩʪʦʷʱʝʤ ʩʙʦʨʥʠʢʝ ʪʝʟʠʩʦʚ ʜʦʢʣʘʜʦʚ ʠ ʢʦ-

ʨʦʪʢʠʭ ʩʪʘʪʝʡ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʥʘ ʢʦʥʬʝʨʝʥʮʠʶ (ʧʫʙʣʠʢʫʶʪʩʷ ʯʘʩʪʠʯʥʦ ʚ ʘʚʪʦʨʩʢʦʡ ʨʝʜʘʢ-

ʮʠʠ). 
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THE IMPACT OF NEWS SENTIMENT ON THE QUAL ITY  

OF PREDICTIVE ANALYT ICS USING A LONG-SHORT TERM 

MEMORY (LSTM) MODEL  

E.A. Kubrakova  

Moscow Institute of Physics and Technology 

This study investigates the impact of integrating news sentiment analysis into predictive 

models for stock price forecasting on the Russian market, a domain significantly under-

researched compared to its foreign counterparts. While the influence of investor sentiment 

is well-documented for developed markets, its efficacy in the context of the high-volatility 

Russian environment remains an open question. We address this gap by proposing a hybrid 

modeling approach that augments traditional technical indicators (TA) with aggregated 

news sentiment scores (SA). Our methodology employs advanced neural network architec-

tures, specifically LSTM and a hybrid LSTM/GRU model, to process sequential data and 

capture complex, non-linear relationships. The models were rigorously tested on a portfolio 

of six liquid stocks from the iMOEX index during a period of extreme market turbulence 

(FebruaryïMarch 2022), providing a robust stress-test for predictive accuracy. The empiri-

cal results demonstrate a statistically significant enhancement in forecasting performance 

when sentiment features are included. Across all evaluated metrics (RMSE, MAE, MAPE), 

models utilizing the hybrid TA+SA approach consistently outperformed those based solely 

on technical analysis. For instance, the LSTM model for AFLT showed a 60% reduction in 

RMSE (from 3.90 to 1.56), while the hybrid LSTM/GRU model for  SBER achieved a 

lower error (RMSE 9.10 vs. 10.16). The improvement was most pronounced for stocks sen-

sitive to macroeconomic and public sentiment shifts, such as in the financial and transporta-

tion sectors. The findings compellingly indicate that news sentiment is a critical and eco-

nomically meaningful feature that significantly improves the accuracy of next-day price 

predictions for Russian stocks, with hybrid architectures proving particularly effective in 

synthesizing quantitative and qualitative data. This research confirms the vital role of inves-

tor sentiment in Russian market dynamics and provides a validated framework for its appli-

cation in predictive modeling. 

Keywords: Investor Sentiment, News Sentiment Analysis, Russian Stock Market, Predic-

tive Modeling, Neural Networks, Technical Analysis, Machine Learning in Finance. 

 

1. Introduction 

A significant number of studies demonstrate the substantial impact of investor sentiment on the 

stock market [1-9]. The assessment of investors' emotional behavior is an important aspect of stock 

trading. Investment sentiment influences not only the selection of stock assets but also the dynamics of 

investment decision-making, trading volume, and risk appetite. According to studies, the prevailing 

daily sentiment in financial news affects buying and selling in the stock market [10-13]; thus, it makes 

sense to assess the emotional tone not only of individual news items about issuers but also of an ag-

gregated measure for the day. Several studies have shown that if financial news is collected and ana-

lyzed as part of an investment strategy, it can lead to profits both in the short term and long term [12-

13]. J.G. Vivek et al. [14] demonstrated that stock prices predicted based on historical data and senti-

ment significantly correlate with actual stock prices of specific companies. K. Bozic and D. Seese [15] 

proposed a system for quantitatively assessing textual sentiment based on predictors using neural net-

works and proved a statistically significant relationship between the textual sentiment of published 

news and future daily returns. A high degree of correlation between investor sentiment and stock pric-

es was also demonstrated in a study by V. Sehgal and C. Song [16] as well as in the work of X. Liang 

[17], an aggregated measure (the volume of published news about the stock market) was used, without 

classifying sentiment by issuers, to train a neural network and predict stock price changes, resulting in 

a statistically significant relationship between the indicators. Most studies on the relationship between 
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sentiment and price fluctuations in stock market quotations mentioned above have focused exclusively 

on foreign markets, while such research is practically absent for the Russian market. One of the pio-

neering studies in this area is the work of researchers from HSE [18], which examines the influence of 

investor sentiment in social networks on the stock market characteristics of the Russian market, 

demonstrating nonlinear effects, and proposes an original HYPE sentiment indicator that is compared 

in terms of explanatory power for stock market characteristics with a wide range of proxy variables. 

However, this area of research requires more detailed and comprehensive analysis, both in assessing 

the impact of sentiment on market dynamics as a whole and in the possibility of using news sentiment 

as a feature in training predictive models for the Russian stock market.  

The aim of this report is to provide information on the main indicators of investment sentiment 

under conditions of  extreme financial market volatility and information restriction in order to improve 

forecasts accuracy as for trends and price dynamics in the Russian stock market and to demonstrate the 

advantage of hybrid approach using aggregated news sentiment as one of the significant features.  

The main indicators of financial sentiment in foreign financial markets are:  

¶ Macroeconomic indices (e.g. Consumer Sentiment Index, Business Confidence Index, etc.), 

reflecting confidence in the economic situation and readiness to take investment decisions; 

¶ Trader sentiment indicators (e.g. Fear and Greed Index, Volatility Index (VIX), the Bull-

ish/Bearish sentiment surveys, Bull-Bear ratio, Commitment of Traders (COT), ratios of long 

and short positions, open interest indicators, trading volume etc.; 

¶ Media analysis using data from social media, press releases, and news headlines to assess the 

overall sentiment toward specific assets or markets. 

These indicators are widely recognized factors influencing the financial, and particularly the stock 

market. They help traders and analysts assess the overall market sentiment and make more informed 

investment decisions. However, each of these indicators has its strengths and weaknesses. For exam-

ple, the VIX shows a significant negative correlation with the S&P 500 index, making it a good pre-

dictor of trends in the short term for stocks within this index; however, the degree of influence on oth-

er assets is less obvious. 

The use of technical indicators, such as moving averages or the stochastic oscillator, can be 

adapted to any period and is suitable for both long-term and short-term traders (moving averages help 

in decomposing price charts). On the other hand, these technical indicators are calculated using only 

historical price data. Chart indicators, like any other technical analysis tools, ignore changes in funda-

mental variables that can affect the future value of a security, such as new competitors, increases or 

decreases in demand for goods in the industry, and changes in the company's management structure. 

Moreover, there are no universal rules applicable to all markets, as each asset has its unique price his-

tory and volatility levels that are critical for model training. Finally, moving averages do not necessari-

ly reflect the cyclical nature of stock activity. During periods of high market volatility, moving aver-

ages are unlikely to detect any significant trends. 

2. Methodology  

Preliminary analysis of the mentioned above indicators for parameterization in machine learning 

models reveals several aspects that may affect model effectiveness. 

1. Some indicators (such as the consumer sentiment index, business activity index, fear and greed 

index etc.) are aggregated metrics and require decomposition for use as features in machine learning 

models.  

2. Not all indicators can be directly parameterized in machine learning models, as there is a strong 

correlation between them. E.g., in case of  such features as ñopenò, ñlowò, ñhighò, ñcloseò  strong cor-

relation necessitates dimensionality reduction to eliminate "noise" in the data and enhance model effi-

ciency or  trader sentiment indicators (bullish or bearish), which are assessed based on both open in-

terest and trading volumes, leading to a strong correlation between these features and posing the ques-

tion of whether to prioritize one of the two indicators (see fig.1), especially since there may be a time 

lag between them that affects the model's forecast. 

3. In Russian practice, information is sometimes provided by the exchange and the regulator in a 

form that differs from that accepted abroad. For instance, there is no direct equivalent to the Commit-



 

6 

ment of Traders (COT) report in the Russian market, but a somewhat comparable source can be con-

sidered the data on trader positions published by the Moscow Exchange (MOEX), as well as infor-

mation on margin requirements and analytical reviews/reports from financial companies and brokers, 

which may include data on market sentiment and the positions of large players. 

4. Fundamental indicators of a company and macroeconomic indicators are more significant fea-

tures in long-term investment analysis, while in the short term, they are not statistically significant. 

Hence, this information can be extracted from analystsô and companiesô reports and included in senti-

ment score. 

5. In addition to technical indicators, textual information from press releases, news headlines, so-

cial media, and analytical reviews has a significant emotional impact on investors. The degree of this 

influence depends on the type of sentiment, the industry in question, the type of investor (retail inves-

tors are more susceptible to strong emotional reactions), and the duration of this influence (the cumu-

lative effect or the "snowball" effect). 

We apply filtering methods (correlation assessment, significance assessment), regularization and 

principal component analysis (PCA) to reduce the dimensionality of feature space along with using 

aggregated news sentiment to enhance modelsô forecasting accuracy.  

The dataset is split into training and test sets in a 70/30 ratio. The split boundary was set at Sep-

tember 1, 2021, so that the evaluated metrics (RMSE, MAE, MAPE) would be calculated on the test 

set during the period of highest market turbulence to assess the algorithmôs stability. The closing price 

prediction is made for the portfolio of 6 common stocks from iMOEX index for the next day. The ex-

periment was conducted on LSTM and LSTM with additional GRU layers. 

3. Modelôs architechture 

The architecture of the best model uses recurrent layers to process time series and sequential data. 

It contains: 

1. Input Layerm which accepts three-dimensional data typical for sequences (batches, timesteps, 

features). 

2. Stack of LSTM layers that process the input sequence. These layers are configured to return the 

full sequence of outputs for each timestep to be passed on to the next recurrent layer. 

3. Following the LSTM stack is a GRU (Gated Recurrent Unit) layer. This layer returns the full 

output sequence (`output_shape: (None, 5, 128)`), meaning it produces an output for each of the 5 

timesteps, and has 128 hidden units. Number of trainable parameters: 53,760. 

4. The next GRU layer returns only the output vector from the last timestep (`output_shape: 

(None, 64)`), which contains compressed information from the entire processed sequence. It has 64 

hidden  units. Number of trainable parameters: 37,248. 

5. The resulting vector is fed into a fully-connected (Dense) hidden layer with 32 neurons for fur-

ther  feature transformation. Number of parameters: 2,080. 

The final fully-connected layer has 1 neuron, which is typical for regression tasks (predicting a 

single numerical value). Number of parameters: 33. 

For forecasting the closing price, Sequential-class neural networks without hidden layers were 

used to ensure the model's complete interpretability . The LSTM model consisted of three deep lay-

ers, with the return_sequences parameter set to True. The following hyperparameters were applied: 

LR (Learning Rate) = 0.001 

BATCH_SIZE  = 128 

N_EPOCH (Number of Epochs) = 50 

4. Results 

Table 1 presents the metric results for the main instruments of the iMOEX index based on predic-

tions made during the market crash (FebruaryïMarch 2022) and subsequent recovery. This period 

marks the peak of market volatility in the Russian stock market from 2014 to 2024. 
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Table 1. Comparison of metrics for neural network algorithms LSTM and LSTM/GRU on the test set including 

2022 (next-day prediction) 

Ticker  Algorithm  RMSE on test set MAE  (RUR) on 

test set 

MAPE (%) on 

test set 

SBER LSTM based on ʊA*  14.48 10.28 5.73 

LSTM (TA + SA)**  9.98 5.10 2.39 

LSTM/GRU based on ʊA 10.16 5.36 2.38 

LSTM/GRU (TA + SA) 9.10 4.59 2.19 

LKOH  LSTM based on ʊA 183.89 91.39 1.64 

LSTM (TA + SA) 153.53 76.94 1.36 

LSTM/GRU based on ʊA 202.71 126.69 2.16 

LSTM/GRU (TA + SA) 178.85 105.89 1.83 

MOEX  LSTM based on ʊA 4.89 3.15 2.15 

LSTM (TA + SA) 4.54 2.82 1.90 

LSTM/GRU based on ʊA 3.61 2.37 1.74 

LSTM/GRU (TA + SA) 4.44 2.84 1.97 

GMKN  LSTM based on ʊA 5.02 3.69 2.33 

LSTM (TA + SA) 4.84 3.22 1.98 

LSTM/GRU based on TA 4.42 2.90 1.81 

LSTM/GRU (TA + SA) 4.18 2.83 1.74 

MTSS LSTM based on ʊA 6.89 3.82 1.48 

LSTM (TA + SA) 5.92 2.66 1.03 

LSTM/GRU based on ʊA 8.19 4.68 1.80 

LSTM/GRU (TA + SA) 7.09 3.70 1.42 

AFLT  LSTM based on ʊA 3.90 2.99 8.01 

LSTM (TA + SA) . 1.56 1.00 2.49 

LSTM/GRU based in ʊA 3.66 2.92 7.85 

LSTM/GRU (TA + SA) 1.98 1.03 2.54 

 

*TA stands for prediction based on technical analysis  

**TA + SA stands for predition based on hybrid approach (technical indicators + sentiment analy-

sis) 

As the results show, adding sentiment to features based on technical indicators reduces the mod-

elôs prediction error for the next day, regardless of the architecture (LSTM or GRU) used, particularly 

for instruments with high liquidity and market volumes (SBER).  

The empirical analysis conducted in this study yields statistically significant conclusions regard-

ing the efficacy of integrating sentiment analysis (SA) with technical indicators (TA) for stock price 

forecasting on the Russian market. The key findings are as follows: 

1. The incorporation of news sentiment data consistently resulted in a material improvement in the 

forecasting performance of both LSTM and hybrid LSTM/GRU models across all evaluated error met-

rics (RMSE, MAE, MAPE). For instance, the LSTM model for AFLT  demonstrated a drastic reduc-

tion in error upon the inclusion of SA, with RMSE decreasing from 3.90 to 

1.56 (a 60% improvement) and MAE from 2.99 to 1.00. This pattern is unequivocal for pure LSTM 

architectures and is prevalent in hybrid models, underscoring sentiment as a critical predictive factor. 

2. The magnitude of improvement was observed to be contingent on the specific ticker, suggest-

ing a sector-dependent sensitivity to news sentiment. The most pronounced gains were noted for 

stocks inherently exposed to macroeconomic and public sentiment shifts, such as the financial sector 

(SBER) and transportation (AFLT ). For SBER, the hybrid LSTM/GRU (TA+SA) model achieved an 

RMSE of 9.10, compared to 10.16 for its TA-only counterpart. Conversely, for commodities-driven 

companies (LKOH , GMKN ), while absolute error reduction was substantial (e.g., LSTM for LKOH : 

RMSE improved from 183.89 to 153.53), the percentage gain was more moderate, indicating that sen-

timent acts as a powerful complementary factor rather than the primary driver. 

3. Superior ity of Hybrid Architectures with Sentiment:  The hybrid LSTM/GRU model lever-

aging combined TA+SA features frequently delivered superior or among the best results, minimizing 

error metrics across the board. For example, for GMKN , the LSTM/GRU (TA+SA) model yielded the 

lowest RMSE (4.18) and MAPE (1.74%) of all tested configurations for that asset. This suggests that 
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the architectural synergy of LSTM and GRU is particularly adept at capturing the complex, non-linear 

interactions between quantitative technical data and qualitative sentiment signals. 

4. The reduction in error is consistent across all three metrics, confirming not only a lower abso-

lute deviation (MAE) but also a improved overall error magnitude (RMSE) and relative forecasting 

precision (MAPE). The reduction in MAPE is particularly noteworthy; for the LSTM model on 

SBER, the error fell from 5.73% to 2.39%, effectively halving the average percentage forecast error 

and enhancing the modelôs practical utility for financial decision-making.  

5. Conclusion 

In summary, this research provides compelling evidence that investor sentiment, quantified 

through news headline analysis, is a statistically significant and economically meaningful feature for 

equity price forecasting on the Russian market. The integration of sentiment data with traditional tech-

nical indicators leads to a robust and significant enhancement in model accuracy, with hybrid deep 

learning architectures (LSTM/GRU) processing these combined datasets achieving optimal perfor-

mance. These findings confirm the hypothesis that investor sentiment, translated into market behavior, 

is a critical determinant of stock price dynamics in the Russian context, thereby filling a identified gap 

in the literature. 

In addition to the careful selection of features for the machine learning model based on principal 

component analysis and factor analysis aimed at reducing the dimensionality of the feature matrix, 

lowering degrees of freedom to stabilize the model, and other optimization factors, we use a hybrid 

approach based not only on technical indicators but also on sentiment analysis of news in the Russian 

stock market, including fundamental information about companies, since it is an important factor in 

enhancing the predictive accuracy of the model while maintaining an optimal number of features due 

to the possibility to extract significant financial information from textual data, either explicitly or im-

plicitly, without the need to increase the number of analyzed features.  
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ʆ ɿɸɼɸʏɽ ʈɸʉʇʆɿʅɸɺɸʅʀʗ ɸ-ʌʋʅʂʎʀʀ 

ɺ ʌʋʅʂʎʀʆʅɸʃʔʅʆʁ ʉʀʉʊɽʄɽ ʈɸʎʀʆʅɸʃʔʅʓʍ ʌʋʅʂʎʀʁ 

ʉ ʈɸʎʀʆʅɸʃʔʅʓʄʀ ʂʆʕʌʌʀʎɽʅʊɸʄʀ 

ʅ.ʌ. ɸʣʝʢʩʠʘʜʠʩ1,2 

1ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ, 
2ʅʘʮʠʦʥʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ çʄʕʀè 

ʌʫʥʢʮʠʦʥʘʣʴʥʘʷ ʩʠʩʪʝʤʘ (ʬ.ʩ.) F = (F, O) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʤʥʦʞʝʩʪʚʦ ʬʫʥʢʮʠʡ F 

ʩ ʥʝʢʦʪʦʨʳʤ ʥʘʙʦʨʦʤ ʦʧʝʨʘʮʠʡ O, ʧʨʠʤʝʥʷʝʤʳʭ ʢ ʬʫʥʢʮʠʷʤ F ʠ ʧʨʠʚʦʜʷʱʠʭ ʢ ʧʦ-

ʣʫʯʝʥʠʶ ʜʨʫʛʠʭ ʬʫʥʢʮʠʡ ʠʟ F. ʆʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʧʨʦʙʣʝʤ ʷʚʣʷʝʪʩʷ ʧʨʦʙʣʝʤʘ ʧʦʣ-

ʥʦʪʳ, ʩʦʩʪʦʷʱʘʷ ʚ ʦʧʠʩʘʥʠʠ ʪʘʢʠʭ ʧʦʜʩʠʩʪʝʤ ʬʫʥʢʮʠʡ, ʢʦʪʦʨʳʝ ʷʚʣʷʶʪʩʷ ʧʦʣʥʳʤʠ, 

ʪ.ʝ. ʠʟ ʵʪʠʭ ʬʫʥʢʮʠʡ ʩ ʧʦʤʦʱʴʶ ʦʧʝʨʘʮʠʡ ʠʟ O ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʚʩʝ ʬʫʥʢʮʠʠ ʠʟ F. ʉ 

ʧʨʦʙʣʝʤʦʡ ʧʦʣʥʦʪʳ ʩʚʷʟʘʥʘ ʟʘʜʘʯʘ ʦʙ A-ʬʫʥʢʮʠʷʭ. A-ʬʫʥʢʮʠʷ ʚ ʬ.ʩ. F ï ʵʪʦ ʘʥʘʣʦʛ 

ʬʫʥʢʮʠʠ ʐʝʬʬʝʨʘ ʚ ʜʚʫʟʥʘʯʥʦʡ ʣʦʛʠʢʝ, ʪ.ʝ. ʪʘʢʘʷ ʬʫʥʢʮʠʷ f, ʯʪʦ { f} ʷʚʣʷʝʪʩʷ ʧʦʣʥʦʡ 

ʩʠʩʪʝʤʦʡ ʚ ʬ.ʩ. F. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʩʣʝʜʫʶʱʘʷ ʟʘʜʘʯʘ: ʩʫʱʝʩʪʚʫ-

ʝʪ ʣʠ ʘʣʛʦʨʠʪʤ, ʢʦʪʦʨʳʡ ʜʣʷ ʣʶʙʦʡ ʟʘʜʘʥʥʦʡ ʨʘʮʠʦʥʘʣʴʥʦʡ ʬʫʥʢʮʠʠ ʩ ʨʘʮʠʦʥʘʣʴ-

ʥʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʚʳʷʩʥʷʝʪ, ʷʚʣʷʝʪʩʷ ʣʠ ʦʥʘ A-ʬʫʥʢʮʠʝʡ ʠʣʠ ʥʝʪ; ʜʨʫʛʠʤʠ ʩʣʦ-

ʚʘʤʠ, ʚ ʬ.ʩ. ʨʘʮʠʦʥʘʣʴʥʳʭ ʬʫʥʢʮʠʡ ʩ ʨʘʮʠʦʥʘʣʴʥʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʧʨʦʙʣʝʤʘ 

ʨʘʩʧʦʟʥʘʚʘʥʠʷ A-ʬʫʥʢʮʠʠ ʘʣʛʦʨʠʪʤʠʯʝʩʢʠ ʨʘʟʨʝʰʠʤʘ ʠʣʠ ʥʝʪ? 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʬʫʥʢʮʠʦʥʘʣʴʥʘʷ ʩʠʩʪʝʤʘ, ʧʦʣʥʘʷ ʩʠʩʪʝʤʘ, ʧʨʦʙʣʝʤʘ ʧʦʣʥʦʪʳ, ʙʘʟʠʩ, 

ʬʫʥʢʮʠʷ ʐʝʬʬʝʨʘ, ʘʣʛʦʨʠʪʤʠʯʝʩʢʘʷ ʥʝʨʘʟʨʝʰʠʤʦʩʪʴ, ʨʘʮʠʦʥʘʣʴʥʘʷ ʬʫʥʢʮʠʷ. 

 

1. ɺʚʝʜʝʥʠʝ 

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʤʳ ʠʩʧʦʣʴʟʫʝʤ ʩʪʘʥʜʘʨʪʥʳʝ ʦʙʦʟʥʘʯʝʥʠʷ ʠ ʦʙʱʝʠʟʚʝʩʪʥʳʝ ʧʦʥʷʪʠʷ 

ʜʠʩʢʨʝʪʥʦʡ ʤʘʪʝʤʘʪʠʢʠ (ʚ ʯʘʩʪʥʦʩʪʠ, ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʠʩʪʝʤ), ʩ ʮʝʣʴʶ ʢʦʨʨʝʢʪʥʦʛʦ 

ʧʦʥʠʤʘʥʠʷ ʠʟʣʦʞʝʥʥʦʛʦ, ʚʩʝ-ʪʘʢʠ ʩʣʝʜʫʝʪ ʫʪʦʯʥʠʪʴ ʥʝʢʦʪʦʨʳʝ ʤʦʤʝʥʪʳ. 

ʇʨʠʚʝʜʝʤ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʝ ʩʚʝʜʝʥʠʷ ʠʟ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʠʩʪʝʤ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ 

ʜʘʣʴʥʝʡʰʝʛʦ ʠʟʣʦʞʝʥʠʷ. 

ʇʨʠ ʠʟʣʦʞʝʥʠʠ ʤʘʪʝʨʠʘʣʘ ʚ ʦʩʥʦʚʥʦʤ ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʝʨʤʠʥʦʣʦʛʠʷ ʢʥʠʛ [11,12]. 

ʄʳ ʙʫʜʝʤ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʣʝʜʫʶʱʠʝ ʩʪʘʥʜʘʨʪʥʳʝ ʦʙʦʟʥʘʯʝʥʠʷ: 

N ï ʤʥʦʞʝʩʪʚʦ ʚʩʝʭ ʥʘʪʫʨʘʣʴʥʳʭ ʯʠʩʝʣ (ʚʢʣʶʯʘʷ ʯʠʩʣʦ 0), 

Q ï ʤʥʦʞʝʩʪʚʦ ʚʩʝʭ ʨʘʮʠʦʥʘʣʴʥʳʭ ʯʠʩʝʣ. 

ɼʣʷ ʫʜʦʙʩʪʚʘ ʧʦʣʘʛʘʝʤ, ʯʪʦ 00 = 1. 

ɻʦʚʦʨʷʪ, ʯʪʦ ʬʫʥʢʮʠʷ ὪὼȟỄȟὼ ȟὼȟὼ ȟỄȟὼ  ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʠʪ ʦʪ ʧʝʨʝʤʝʥʥʦʡ  

ὼȟ ʝʩʣʠ ʩʫʱʝʩʪʚʫʶʪ ʪʘʢʠʝ ʜʚʘ ʥʘʙʦʨʘ (ʠʟ ʦʙʣʘʩʪʠ ʦʧʨʝʜʝʣʝʥʠʷ ʵʪʦʡ ʬʫʥʢʮʠʠ) 

ὧȟỄȟὧ ȟὥȟὧ ȟỄȟὧ ʠ ὧȟỄȟὧ ȟὦȟὧ ȟỄȟὧ 

ʟʥʘʯʝʥʠʡ ʧʝʨʝʤʝʥʥʳʭ ὼȟỄȟὼ ȟὼȟὼ ȟỄȟὼȟ ʯʪʦ 
ὪὧȟỄȟὧ ȟὥȟὧ ȟỄȟὧ ὪὧȟỄȟὧ ȟὦȟὧ ȟỄȟὧ Ȣ 

ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʤʳ ʛʦʚʦʨʠʤ, ʯʪʦ ὼ ʷʚʣʷʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʦʡ ʧʝʨʝʤʝʥʥʦʡ ʬʫʥʢʮʠʠ  

ὪὼȟỄȟὼ ȟὼȟὼ ȟỄȟὼ Ȣ 
ɽʩʣʠ ὼ ʥʝ ʷʚʣʷʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʦʡ ʧʝʨʝʤʝʥʥʦʡ ὪὼȟỄȟὼ ȟὼȟὼ ȟỄȟὼ  ʪʦ ʦʥʘ ʥʘʟʳʚʘ-

ʝʪʩʷ ʬʠʢʪʠʚʥʦʡ (ʥʝʩʫʱʝʩʪʚʝʥʥʦʡ) ʧʝʨʝʤʝʥʥʦʡ ʬʫʥʢʮʠʠ ὪὼȟỄȟὼ ȟὼȟὼ ȟỄȟὼ Ȣ  
ʇʫʩʪʴ ὪὼȟỄȟὼ ȟὼȟὼ ȟỄȟὼ  ʠ ὫὼȟỄȟὼ ȟὼ ȟỄȟὼ  ʜʚʝ ʧʨʦʠʟʚʦʣʴʥʳʝ ʟʘʜʘʥʥʳʝ 

ʬʫʥʢʮʠʠ ʠ ʧʫʩʪʴ ὼ ʬʠʢʪʠʚʥʘʷ ʧʝʨʝʤʝʥʥʘʷ ʬʫʥʢʮʠʠ ὪὼȟỄȟὼ ȟὼȟὼ ȟỄȟὼ Ȣ 
ɽʩʣʠ ʜʣʷ ʣʶʙʳʭ ὧȟỄȟὧ ȟὧȟὧ ȟỄȟὧ ʟʥʘʯʝʥʠʡ ʧʝʨʝʤʝʥʥʳʭ ὼȟỄȟὼ ȟὼȟὼ ȟỄȟὼ 

ʠʤʝʝʤ 

ὪὧȟỄȟὧ ȟὧȟὧ ȟỄȟὧ ὫὧȟỄȟὧ ȟὧ ȟỄȟὧ ȟ 
ʪʦ ʛʦʚʦʨʷʪ, ʯʪʦ ʬʫʥʢʮʠʷ ὫὼȟỄȟὼ ȟὼ ȟỄȟὼ  ʧʦʣʫʯʘʝʪʩʷ ʠʟ ʬʫʥʢʮʠʠ 

ὪὼȟỄȟὼ ȟὼȟὼ ȟỄȟὼ  ʫʜʘʣʝʥʠʝʤ (ʠʟʲʷʪʠʝʤ) ʬʠʢʪʠʚʥʦʡ ʧʝʨʝʤʝʥʥʦʡ ὼ ʠ, ʥʘʦʙʦʨʦʪ, 
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ʬʫʥʢʮʠʷ ὪὼȟỄȟὼ ȟὼȟὼ ȟỄȟὼ  ʧʦʣʫʯʝʥʘ ʠʟ ʬʫʥʢʮʠʠ ὫὼȟỄȟὼ ȟὼ ȟỄȟὼ  ʜʦʙʘʚʣʝ-

ʥʠʝʤ ʬʠʢʪʠʚʥʦʡ ʧʝʨʝʤʝʥʥʦʡ ὼȢ 
ɽʩʣʠ ʦʜʥʘ ʬʫʥʢʮʠʷ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʘ ʠʟ ʜʨʫʛʦʡ ʬʫʥʢʮʠʠ ʧʫʪʝʤ ʜʦʙʘʚʣʝʥʠʷ ʠʣʠ ʠʟʲʷ-

ʪʠʷ ʥʝʢʦʪʦʨʳʭ ʬʠʢʪʠʚʥʳʭ ʧʝʨʝʤʝʥʥʳʭ, ʪʦ ʵʪʠ ʜʚʝ ʬʫʥʢʮʠʠ ʷʚʣʷʶʪʩʷ ʨʘʚʥʳʤʠ. 

ɿʘʤʝʯʘʥʠʝ 1. ɺ ʜʘʣʴʥʝʡʰʝʤ ʙʫʜʝʤ ʩʯʠʪʘʪʴ, ʯʪʦ ʚʤʝʩʪʝ ʩ ʬʫʥʢʮʠʝʡ f ʟʘʜʘʥʳ ʠ ʚʩʝ ʨʘʚʥʳʝ 

ʝʡ ʬʫʥʢʮʠʠ, ʪ.ʝ. ʬʫʥʢʮʠʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤ ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ ʬʠʢʪʠʚʥʳʭ ʧʝʨʝʤʝʥʥʳʭ. 

ɿʘʤʝʯʘʥʠʝ 2. ɽʩʣʠ ʜʘʥʘ ʢʦʥʝʯʥʘʷ ʩʠʩʪʝʤʘ ʬʫʥʢʮʠʡ ὪȟỄȟὪ  (ά ρ), ʪʦ ʤʦʞʥʦ ʩʯʠʪʘʪʴ, 
ʯʪʦ ʚʩʝ ʦʥʠ ʟʘʚʠʩʷʪ ʦʪ ʦʜʥʠʭ ʠ ʪʝʭ ʞʝ ʧʝʨʝʤʝʥʥʳʭ ὼȟỄȟὼ, ʪ.ʝ. ʠʤʝʶʪ ʚʠʜ 

ὪὼȟỄȟὼ ȟỄȟὪ ὼȟỄȟὼ . 

ɿʘʤʝʯʘʥʠʝ 3. ɽʩʣʠ ʜʘʥʘ ʬʫʥʢʮʠʷ, ʦʪʣʠʯʥʘʷ ʦʪ ʢʦʥʩʪʘʥʪʳ, ʪʦ ʧʫʪʝʤ ʦʪʦʞʜʝʩʪʚʣʝʥʠʷ ʧʝ-

ʨʝʤʝʥʥʳʭ ʠʟ ʥʝʝ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʨʘʚʥʫʶ ʝʡ ʬʫʥʢʮʠʶ, ʚʩʝ ʧʝʨʝʤʝʥʥʳʝ ʢʦʪʦʨʦʡ ʷʚʣʷʶʪʩʷ ʩʫ-

ʱʝʩʪʚʝʥʥʳʤʠ. 

ʌʫʥʢʮʠʦʥʘʣʴʥʘʷ ʩʠʩʪʝʤʘ (ʬ.ʩ.) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʤʥʦʞʝʩʪʚʦ ʬʫʥʢʮʠʡ ʩ ʥʝʢʦʪʦʨʳʤ 

ʥʘʙʦʨʦʤ ʦʧʝʨʘʮʠʡ, ʧʨʠʤʝʥʷʝʤʳʭ ʢ ʵʪʠʤ ʬʫʥʢʮʠʷʤ ʠ ʧʨʠʚʦʜʷʱʠʭ ʢ ʧʦʣʫʯʝʥʠʶ ʜʨʫʛʠʭ ʬʫʥʢ-

ʮʠʡ ʠʟ ʵʪʦʛʦ ʞʝ ʤʥʦʞʝʩʪʚʘ, ʪ.ʝ. ʬʫʥʢʮʠʦʥʘʣʴʥʘʷ ʩʠʩʪʝʤʘ ï ʵʪʦ ʧʘʨʘ ʚʠʜʘ F = (F, O), ʛʜʝ F ï 

ʤʥʦʞʝʩʪʚʦ ʬʫʥʢʮʠʡ, ʘ O ï ʤʥʦʞʝʩʪʚʦ ʦʧʝʨʘʮʠʡ ʥʘʜ ʵʪʠʤʠ ʬʫʥʢʮʠʷʤʠ, ʧʨʠ ʵʪʦʤ ʢʘʞʜʘʷ ʦʧʝʨʘ-

ʮʠʷ ʠʟ O ʟʘʤʢʥʫʪʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʥʦʞʝʩʪʚʘ F. 

ɼʣʷ ʧʨʦʠʟʚʦʣʴʥʦʛʦ ʧʦʜʤʥʦʞʝʩʪʚʘ A Ṗ F ʦʙʦʟʥʘʯʠʤ ʯʝʨʝʟ [A] ʤʥʦʞʝʩʪʚʦ ʚʩʝʭ ʬʫʥʢʮʠʡ ʠʟ 

F, ʢʦʪʦʨʳʝ ʧʦʣʫʯʘʶʪʩʷ ʠʟ ʬʫʥʢʮʠʡ ʤʥʦʞʝʩʪʚʘ A ʩ ʧʦʤʦʱʴʶ ʢʦʥʝʯʥʦʛʦ ʯʠʩʣʘ ʧʨʠʤʝʥʝʥʠʷ ʦʧʝ-

ʨʘʮʠʡ ʠʟ O. ʄʥʦʞʝʩʪʚʦ [A] ʥʘʟʳʚʘʝʪʩʷ ʟʘʤʳʢʘʥʠʝʤ ʤʥʦʞʝʩʪʚʘ A. 

ʄʥʦʞʝʩʪʚʦ A (A Ṗ F) ʥʘʟʳʚʘʝʪʩʷ ʟʘʤʢʥʫʪʳʤ ʚ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʩʠʩʪʝʤʝ F, ʝʩʣʠ [A] = A. 

ɿʘʤʢʥʫʪʦʝ ʤʥʦʞʝʩʪʚʦ ʧʨʠʥʷʪʦ ʥʘʟʳʚʘʪʴ ʟʘʤʢʥʫʪʳʤ ʢʣʘʩʩʦʤ. 

ʄʥʦʞʝʩʪʚʦ A (A Ṗ F) ʥʘʟʳʚʘʝʪʩʷ ʧʦʣʥʳʤ ʚ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʩʠʩʪʝʤʝ F, ʝʩʣʠ [A] = F. 

ʇʦʣʥʦʝ ʤʥʦʞʝʩʪʚʦ ʧʨʠʥʷʪʦ ʥʘʟʳʚʘʪʴ ʧʦʣʥʦʡ ʩʠʩʪʝʤʦʡ. 

ʉʠʩʪʝʤʘ ʬʫʥʢʮʠʡ A (A Ṗ F) ʥʘʟʳʚʘʝʪʩʷ ʙʘʟʠʩʦʤ ʚ ʬ.ʩ. F, ʝʩʣʠ A ʧʦʣʥʘʷ ʩʠʩʪʝʤʘ ʠ ʥʠʢʘʢʘʷ 

ʝʝ ʩʦʙʩʪʚʝʥʥʘʷ ʧʦʜʩʠʩʪʝʤʘ ʥʝ ʷʚʣʷʝʪʩʷ ʧʦʣʥʦʡ ʚ F. 

ʅʘʰʝʡ ʮʝʣʴʶ ʷʚʣʷʝʪʩʷ ʠʟʫʯʝʥʠʝ ʩʘʤʳʭ ʤʠʥʠʤʘʣʴʥʳʭ ʙʘʟʠʩʦʚ, ʪ.ʝ. ʙʘʟʠʩʦʚ, ʢʦʪʦʨʳʝ ʩʦʩʪʦ-

ʷʪ ʠʟ ʦʜʥʦʡ ʝʜʠʥʩʪʚʝʥʥʦʡ ʬʫʥʢʮʠʠ (ʝʩʣʠ, ʢʦʥʝʯʥʦ, ʪʘʢʠʝ ʩʫʱʝʩʪʚʫʶʪ). 

ɽʩʣʠ ʙʘʟʠʩ ʩʦʩʪʦʠʪ ʠʟ ʦʜʥʦʡ ʝʜʠʥʩʪʚʝʥʥʦʡ ʬʫʥʢʮʠʠ Ὢȟ ʪʦ Ὢ ʥʘʟʳʚʘʝʪʩʷ A-ʬʫʥʢʮʠʝʡ; ʜʨʫʛʠ-

ʤʠ ʩʣʦʚʘʤʠ, Ὢ ʷʚʣʷʝʪʩʷ A-ʬʫʥʢʮʠʝʡ, ʝʩʣʠ ʩʠʩʪʝʤʘ Ὢ ʷʚʣʷʝʪʩʷ ʧʦʣʥʦʡ ʚ ʬ.ʩ. F, ʪ.ʝ. ʠʟ ʦʜʥʦʡ 

ʝʜʠʥʩʪʚʝʥʥʦʡ ʬʫʥʢʮʠʠ Ὢ ʩ ʧʦʤʦʱʴʶ ʦʧʝʨʘʮʠʡ ʠʟ O ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʚʩʝ ʬʫʥʢʮʠʠ ʠʟ F. 

2. ʆʧʨʝʜʝʣʝʥʠʝ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʩʠʩʪʝʤʳ ʨʘʮʠʦʥʘʣʴʥʳʭ ʬʫʥʢʮʠʡ ʩ 

ʨʘʮʠʦʥʘʣʴʥʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ 

ɺʳʨʘʞʝʥʠʝ ʚʠʜʘ ὧὼ Ễὼ ȟ  ʛʜʝ ὲȟὯȟỄȟὯ ᶰὔ, ʘ ὧɴ ὗȟ ʥʘʟʳʚʘʝʪʩʷ ʤʦʥʦʤʦʤ ʩ ʨʘʮʠʦ-

ʥʘʣʴʥʳʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ, ʟʘʚʠʩʷʱʠʤ ʦʪ n ʧʝʨʝʤʝʥʥʳʭ ὼȟỄȟὼ; ʧʨʠ ʵʪʦʤ, ʢʦʛʜʘ n = 0, ʪʦʛʜʘ 

ʟʘʜʘʥʥʳʡ ʤʦʥʦʤ ʷʚʣʷʝʪʩʷ ʧʨʦʩʪʦ ʢʦʥʩʪʘʥʪʦʡ c, ʪ.ʝ. ʤʦʥʦʤʦʤ ʩ ʨʘʮʠʦʥʘʣʴʥʳʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ, 

ʟʘʚʠʩʷʱʠʤ ʦʪ 0-ʛʦ ʯʠʩʣʘ ʧʝʨʝʤʝʥʥʳʭ. 

ʂʦʥʝʯʥʘʷ ʩʫʤʤʘ ʤʦʥʦʤʦʚ ʩ ʨʘʮʠʦʥʘʣʴʥʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʥʘʟʳʚʘʝʪʩʷ ʧʦʣʠʥʦʤʦʤ ʩ ʨʘ-

ʮʠʦʥʘʣʴʥʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ. 

ʌʫʥʢʮʠʷ ʚʠʜʘ  

ὪὼȟỄȟὼ ȡ ὗ Ễ ὗᴼὗȟ 

ʢʦʪʦʨʘʷ ʟʘʜʘʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʧʦʣʠʥʦʤʘ ʩ ʨʘʮʠʦʥʘʣʴʥʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ, ʥʘʟʳʚʘʝʪʩʷ ʧʦʣʠʥʦ-

ʤʠʘʣʴʥʦʡ ʬʫʥʢʮʠʝʡ ʩ ʨʘʮʠʦʥʘʣʴʥʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ. 

ʉʣʝʜʫʝʪ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ ʥʘ ʪʦ, ʯʪʦ ʘʨʛʫʤʝʥʪʳ ʧʦʣʠʥʦʤʠʘʣʴʥʳʭ ʬʫʥʢʮʠʡ ʩ ʨʘʮʠʦʥʘʣʴ-

ʥʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʠ ʩʘʤʠ ʵʪʠ ʬʫʥʢʮʠʠ ʧʨʠʥʠʤʘʶʪ ʪʦʣʴʢʦ ʨʘʮʠʦʥʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ. 

ʌʫʥʢʮʠʷ ʚʠʜʘ 

ὪὼȟỄȟὼ
ὫὼȟỄȟὼ

ὬὼȟỄȟὼ
ȟ 

ʛʜʝ ὫὼȟỄȟὼ  ʠ ὬὼȟỄȟὼ  ï ʧʦʣʠʥʦʤʠʘʣʴʥʳʝ ʬʫʥʢʮʠʠ ʩ ʨʘʮʠʦʥʘʣʴʥʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ, 

ʥʘʟʳʚʘʝʪʩʷ ʨʘʮʠʦʥʘʣʴʥʦʡ ʬʫʥʢʮʠʝʡ ʩ ʨʘʮʠʦʥʘʣʴʥʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ. 
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ʈʘʮʠʦʥʘʣʴʥʳʝ ʬʫʥʢʮʠʠ ʩ ʨʘʮʠʦʥʘʣʴʥʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʙʫʜʝʤ ʥʘʟʳʚʘʪʴ ʝʱʸ ὶή-
ʬʫʥʢʮʠʷʤʠ. 

ʉʣʝʜʫʝʪ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ ʥʘ ʪʦ, ʯʪʦ ʘʨʛʫʤʝʥʪʳ ʨʘʮʠʦʥʘʣʴʥʳʭ ʬʫʥʢʮʠʡ ʩ ʨʘʮʠʦʥʘʣʴʥʳʤʠ 

ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʠ ʩʘʤʠ ʵʪʠ ʬʫʥʢʮʠʠ ʧʨʠʥʠʤʘʶʪ ʪʦʣʴʢʦ ʨʘʮʠʦʥʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ. 

ʆʙʦʟʥʘʯʠʤ ʯʝʨʝʟ Ὂ  ʤʥʦʞʝʩʪʚʦ ʚʩʝʭ ʨʘʮʠʦʥʘʣʴʥʳʭ ʬʫʥʢʮʠʡ ʩ ʨʘʮʠʦʥʘʣʴʥʳʤʠ ʢʦʵʬʬʠʮʠ-

ʝʥʪʘʤʠ. 

ʌʫʥʢʮʠʦʥʘʣʴʥʘʷ ʩʠʩʪʝʤʘ ʨʘʮʠʦʥʘʣʴʥʳʭ ʬʫʥʢʮʠʡ ʩ ʨʘʮʠʦʥʘʣʴʥʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ἐ  ï 

ʵʪʦ ʧʘʨʘ ἐ Ὂ ȟὕȟ   ʛʜʝ Ὂ  ï ʤʥʦʞʝʩʪʚʦ ʚʩʝʭ ʨʘʮʠʦʥʘʣʴʥʳʭ ʬʫʥʢʮʠʡ ʩ ʨʘʮʠʦʥʘʣʴʥʳʤʠ 

ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ, ʘ O ï ʤʥʦʞʝʩʪʚʦ ʦʧʝʨʘʮʠʡ ʩʫʧʝʨʧʦʟʠʮʠʠ ʥʘʜ ʨʘʮʠʦʥʘʣʴʥʳʤʠ ʬʫʥʢʮʠʷʤʠ ʩ 

ʨʘʮʠʦʥʘʣʴʥʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ, ʢʦʪʦʨʦʝ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ:  

1. ʧʝʨʝʩʪʘʥʦʚʢʫ ʧʝʨʝʤʝʥʥʳʭ,  

2. ʧʝʨʝʠʤʝʥʦʚʘʥʠʝ ʧʝʨʝʤʝʥʥʳʭ (ʙʝʟ ʦʪʦʞʜʝʩʪʚʣʝʥʠʷ), 

3. ʦʪʦʞʜʝʩʪʚʣʝʥʠʝ ʧʝʨʝʤʝʥʥʳʭ, 

4. ʚʚʝʜʝʥʠʝ ʬʠʢʪʠʚʥʦʡ ʧʝʨʝʤʝʥʥʦʡ, 

5. ʫʜʘʣʝʥʠʝ ʬʠʢʪʠʚʥʦʡ ʧʝʨʝʤʝʥʥʦʡ, 

6. ʧʦʜʩʪʘʥʦʚʢʫ ʦʜʥʦʡ ʬʫʥʢʮʠʠ ʚ ʜʨʫʛʫʶ. 

ɿʘʤʝʪʠʤ, ʯʪʦ ʦʧʨʝʜʝʣʝʥʠʝ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʩʠʩʪʝʤʳ ἐ Ὂ ȟὕ  ʢʦʨʨʝʢʪʥʦʝ, ʪʘʢ ʢʘʢ 

ʣʶʙʘʷ ʩʫʧʝʨʧʦʟʠʮʠʷ ʬʫʥʢʮʠʡ ʠʟ Ὂ  ʷʚʣʷʝʪʩʷ ʦʧʷʪʴ ʬʫʥʢʮʠʝʡ ʠʟ Ὂ . 

3. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ 

ʆʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʧʨʦʙʣʝʤ ʚ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʠʩʪʝʤ ʷʚʣʷʝʪʩʷ ʧʨʦʙʣʝʤʘ ʧʦʣʥʦ-

ʪ ,r ʩʦʩʪʦʷʱʘʷ ʚ ʦʧʠʩʘʥʠʠ ʚʩʝʭ ʧʦʜʤʥʦʞʝʩʪʚ ʜʘʥʥʦʛʦ ʤʥʦʞʝʩʪʚʘ F, ʢʦʪʦʨʳʝ ʷʚʣʷʶʪʩʷ ʧʦʣ-

ʥʳʤʠ ʚ F = (F, O).  

ʉ ʧʨʦʙʣʝʤʦʡ ʧʦʣʥʦʪʳ ʩʚʷʟʘʥʘ ʠ ʟʘʜʘʯʘ ʦ ʙʘʟʠʩʘʭ, ʪ.ʝ. ʠʟʫʯʝʥʠʝ ʚʦʧʨʦʩʘ ʦ ʤʠʥʠʤʘʣʴʥʳʭ 

ʧʦʣʥʳʭ ʩʠʩʪʝʤʘʭ ʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʠʟʫʯʝʥʠʝ ʙʘʟʠʩʦʚ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʦʜʥʦʡ ʬʫʥʢʮʠʠ (ʝʩʣʠ ʪʘʢʠʝ 

ʙʘʟʠʩʳ ʩʫʱʝʩʪʚʫʶʪ), ʪ.ʝ. ʠʟʫʯʝʥʠʝ ʚʦʧʨʦʩʘ ʦʙ A-ʬʫʥʢʮʠʷʭ. 

ʇʨʠ ʠʟʫʯʝʥʠʠ A-ʬʫʥʢʮʠʡ ʚr ʜʝʣʷʶʪ ʜʚʘ ʧʦʜʭʦʜʘ: ʘʣʛʝʙʨʘʠʯʝʩʢʠʡ ʠ ʘʣʛʦʨʠʪʤʠʯʝʩʢʠʡ.  

ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʩʪʘʚʠʪʩʷ ʚʦʧʨʦʩ ʦ ʧʦʣʫʯʝʥʠʠ ʢʨʠʪʝʨʠʝʚ (ʪ.ʝ. ʥʝʦʙʭʦʜʠʤʳʭ ʠ ʜʦʩʪʘʪʦʯʥʳʭ 

ʫʩʣʦʚʠʡ) ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʜʘʥʥʘʷ ʬʫʥʢʮʠʷ ʷʚʣʷʣʘʩʴ A-ʬʫʥʢʮʠʝʡ. ɺʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ ʟʘʜʘʯʘ ʟʘ-

ʢʣʶʯʘʝʪʩʷ ʚ ʩʫʱʝʩʪʚʦʚʘʥʠʠ ʘʣʛʦʨʠʪʤʘ, ʢʦʪʦʨʳʡ ʨʘʩʧʦʟʥʘʝʪ ʚʩʝ A-ʬʫʥʢʮʠʠ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʙʫʜʝʪ ʨʘʩʩʤʦʪʨʝʥ ʘʣʛʦʨʠʪʤʠʯʝʩʢʠʡ ʚʘʨʠʘʥʪ ʟʘʜʘʯʠ ʦʙ A-ʬʫʥʢʮʠʷʭ ʜʣʷ 

ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʩʠʩʪʝʤʳ ἐ Ὂ ȟὕ, ʢʦʪʦʨʳʡ ʟʚʫʯʠʪ ʪʘʢ:  

ʉʫʱʝʩʪʚʫʝʪ ʣʠ ʘʣʛʦʨʠʪʤ, ʢʦʪʦʨʳʡ ʜʣʷ ʣʶʙʦʡ ʟʘʜʘʥʥʦʡ ὶή-ʬʫʥʢʮʠʠ ʚʳʷʩʥʷʝʪ, ʷʚʣʷʝʪʩʷ ʣʠ 

ʦʥʘ A-ʬʫʥʢʮʠʝʡ ʠʣʠ ʥʝʪ; ʜʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʚ ʬ.ʩ. ἐ  ʧʨʦʙʣʝʤʘ ʨʘʩʧʦʟʥʘʚʘʥʠ ̫A-ʬʫʥʢʮʠʠ ʘʣʛʦ-

ʨʠʪʤʠʯʝʩʢʠ ʨʘʟʨʝʰʠʤʘ ʠʣʠ ʥʝʪ? 

ʉʨʘʟʫ ʦʪʤʝʪʠʤ, ʯʪʦ ʘʥʘʣʦʛʠʯʥʘʷ ʟʘʜʘʯʘ ʙʳʣʘ ʨʝʰʝʥʘ ʘʚʪʦʨʦʤ ʜʣʷ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʩʠʩʪʝ-

ʤʳ ʧʦʣʠʥʦʤʠʘʣʴʥʳʭ ʬʫʥʢʮʠʡ ʩ ʮʝʣʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ, ʦ ʯʝʤ ʙʳʣʦ ʩʦʦʙʱʝʥʦ ʚ [1], ʘ ʘʣʛʝʙ-

ʨʘʠʯʝʩʢʠʡ ʧʦʜʭʦʜ ʟʘʜʘʯʠ ʦʙ A-ʬʫʥʢʮʠʷʭ ʙʳʣ ʨʘʩʩʤʦʪʨʝʥ ʚ ʜʦʢʣʘʜʝ [2] ʠ ʜʘʣʝʝ ʨʘʩʰʠʨʝʥʥʘʷ 

ʚʝʨʩʠʷ ʵʪʦʛʦ ʜʦʢʣʘʜʘ ʙʳʣʘ ʦʧʫʙʣʠʢʦʚʘʥʘ ʚ [3]. 

4. ʈʝhʝʥʠʝ ʟʘʜʘʯʠ ʦ ɸ-ʬʫʥʢʮʠʠ (ʘʣʛʦʨʠʪʤʠʯʝʩʢʠʡ ʧʦʜʭʦʜ) ʜʣʷ 

ʨʘʮʠʦʥʘʣʴʥʳʭ ʬʫʥʢʮʠʡ ʩ ʨʘʮʠʦʥʘʣʴʥʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ 

ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʧʨʦʙʣʝʤʳ ʦʙ A-ʬʫʥʢʮʠʷʭ ʩ ʘʣʛʝʙʨʘʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʜʣʷ ʬʫʥʢʮʠʦ-

ʥʘʣʴʥʦʡ ʩʠʩʪʝʤʳ ʨʘʮʠʦʥʘʣʴʥʳʭ ʬʫʥʢʮʠʡ ʩ ʨʘʮʠʦʥʘʣʴʥʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ἐ  ʘʚʪʦʨʦʤ ʨʘ-

ʥʝʝ ʙʳʣʘ ʫʩʪʘʥʦʚʣʝʥʘ ʩʧʨʘʚʝʜʣʠʚʦʩʪʴ ʩʣʝʜʫʶʱʠʭ ʪʝʦʨʝʤ. 

ʊʝʦʨʝʤʘ 1 [3]. ɺ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʩʠʩʪʝʤʝ ʨʘʮʠʦʥʘʣʴʥʳʭ ʬʫʥʢʮʠʡ ʩ ʨʘʮʠʦʥʘʣʴʥʳʤʠ ʢʦʵʬ-

ʬʠʮʠʝʥʪʘʤʠ ἐ  ʩʫʱʝʩʪʚʫʝʪ A-ʬʫʥʢʮʠʷ, ʘ ʠʤʝʥʥʦ, ʬʫʥʢʮʠʷ 

Ὢὼȟώȟᾀȟὸȟόȟὺ ὸ όϽ
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ʊʝʦʨʝʤʘ 2 [3]. ɺ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʩʠʩʪʝʤʝ ʨʘʮʠʦʥʘʣʴʥʳʭ ʬʫʥʢʮʠʡ ʩ ʨʘʮʠʦʥʘʣʴʥʳʤʠ ʢʦʵʬ-

ʬʠʮʠʝʥʪʘʤʠ ἐ  ʩʫʱʝʩʪʚʫʝʪ ʩʯʝʪʥʦʝ ʯʠʩʣʦ A-ʬʫʥʢʮʠʡ. 

ʇʨʠ ʜʘʣʴʥʝʡʰʝʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʧʨʦʙʣʝʤʳ ʧʦʣʥʦʪʳ ʠ ʟʘʜʘʯʠ ʦ ʙʘʟʠʩʘʭ ʩ ʘʣʛʦʨʠʪʤʠʯʝʩʢʦʡ 

ʪʦʯʢʠ ʟʨʝʥʠʷ ʜʣʷ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʩʠʩʪʝʤʳ ʨʘʮʠʦʥʘʣʴʥʳʭ ʬʫʥʢʮʠʡ ʩ ʨʘʮʠʦʥʘʣʴʥʳʤʠ ʢʦʵʬʬʠ-

ʮʠʝʥʪʘʤʠ ἐ  ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʩʣʝʜʫʶʱʝʝ ʫʪʚʝʨʞʜʝʥʠʝ. 

ʊʝʦʨʝʤʘ 3 [4]. ɺ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʩʠʩʪʝʤʝ ʨʘʮʠʦʥʘʣʴʥʳʭ ʬʫʥʢʮʠʡ ἐ  ʩ ʨʘʮʠʦʥʘʣʴʥʳʤʠ 

ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ἐ  ʧʨʦʙʣʝʤʘ ʧʦʣʥʦʪʳ ʘʣʛʦʨʠʪʤʠʯʝʩʢʠ ʥʝʨʘʟʨʝʰʠʤʘ. 

ʊʝʦʨʝʤʘ 4 [5]. ɺ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʩʠʩʪʝʤʝ ʨʘʮʠʦʥʘʣʴʥʳʭ ʬʫʥʢʮʠʡ ἐ  ʩ ʨʘʮʠʦʥʘʣʴʥʳʤʠ 

ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ἐ  ʟʘʜʘʯʘ ʦ ʙʘʟʠʩʘʭ ʘʣʛʦʨʠʪʤʠʯʝʩʢʠ ʥʝʨʘʟʨʝʰʠʤʘ. 

ɺʦʟʥʠʢʘʝʪ ʠʥʪʝʨʝʩʥʳʡ ʠ ʚʘʞʥʳʡ ʚʦʧʨʦʩ: ʥʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʚ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʩʠʩʪʝʤʝ 

ἐ  ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʧʨʦʙʣʝʤʘ ʧʦʣʥʦʪʳ ʘʣʛʦʨʠʪʤʠʯʝʩʢʠ ʥʝʨʘʟʨʝʰʠʤʘ ʠ ʟʘʜʘʯʘ ʦ ʙʘʟʠʩʘʭ ʪʘʢʞʝ 

ʘʣʛʦʨʠʪʤʠʯʝʩʢʠ ʥʝ ʨʘʟʨʝʰʠʤʘ, ʤʦʞʝʪ ʙʳʪʴ, ʚ ʯʘʩʪʥʦʤ ʩʣʫʯʘʝ ʜʣʷ ʩʠʩʪʝʤ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʦʜʥʦʡ 

ʝʜʠʥʩʪʚʝʥʥʦʡ ʬʫʥʢʮʠʠ, ʧʨʦʙʣʝʤʘ ʧʦʣʥʦʪʳ ʘʣʛʦʨʠʪʤʠʯʝʩʢʠ ʨʘʟʨʝʰʠʤʘ? ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, 

ʧʨʦʙʣʝʤʘ ʨʘʩʧʦʟʥʘʚʘʥʠʷ A-ʬʫʥʢʮʠʠ ʘʣʛʦʨʠʪʤʠʯʝʩʢʠ ʨʘʟʨʝʰʠʤʘ ʠʣʠ ʥʝʪ? 

ʂ ʩʦʞʘʣʝʥʠʶ, ʠ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʦʪʚʝʪ ʦʪʨʠʮʘʪʝʣʝʥ. ʉʧʨʘʚʝʜʣʠʚʘ ʩʣʝʜʫʶʱʘʷ ʪʝʦʨʝʤʘ, ʢʦʪʦ-

ʨʘʷ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ ʨʝʟʫʣʴʪʘʪʦʤ ʜʘʥʥʦʛʦ ʜʦʢʣʘʜʘ. 

ʊʝʦʨʝʤʘ 5. ɺ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʩʠʩʪʝʤʝ ʨʘʮʠʦʥʘʣʴʥʳʭ ʬʫʥʢʮʠʡ ʩ ʨʘʮʠʦʥʘʣʴʥʳʤʠ ʢʦʵʬʬʠ-

ʮʠʝʥʪʘʤʠ ἐ  ʧʨʦʙʣʝʤʘ ʨʘʩʧʦʟʥʘʚʘʥʠʷ A-ʬʫʥʢʮʠʠ ʘʣʛʦʨʠʪʤʠʯʝʩʢʠ ʥʝʨʘʟʨʝʰʠʤʘ.  

5. ɿʘʢʣʶʯʝʥʠʝ 

ʌʫʥʢʮʠʦʥʘʣʴʥʳʝ ʩʠʩʪʝʤʳ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʦʙʲʝʢʪʦʚ ʜʠʩʢʨʝʪʥʦʡ ʤʘʪʝʤʘʪʠʢʠ 

ʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʢʠʙʝʨʥʝʪʠʢʠ ʠ ʦʪʨʘʞʘʶʪ ʩʣʝʜʫʶʱʠʝ ʦʩʥʦʚʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʨʝʘʣʴʥʳʭ ʠ ʘʙ-

ʩʪʨʘʢʪʥʳʭ ʫʧʨʘʚʣʷʶʱʠʭ ʩʠʩʪʝʤ: ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʝ (ʚ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʠʩʪʝʤʘʭ - ʵʪʦ ʬʫʥʢ-

ʮʠʠ), ʧʨʘʚʠʣʘ ʧʦʩʪʨʦʝʥʠʷ ʙʦʣʝʝ ʩʣʦʞʥʳʭ ʫʧʨʘʚʣʷʶʱʠʭ ʩʠʩʪʝʤ ʠʟ ʟʘʜʘʥʥʳʭ ʠ ʦʧʠʩʘʥʠʝ ʬʫʥʢ-

ʮʠʦʥʠʨʦʚʘʥʠʷ ʩʣʦʞʥʳʭ ʩʠʩʪʝʤ ʧʦ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʶ ʠʭ ʢʦʤʧʦʥʝʥʪ (ʧʦʩʣʝʜʥʠʝ ʜʚʘ ʤʦʤʝʥʪʘ 

ʦʪʨʘʞʝʥʳ ʚ ʦʧʝʨʘʮʠʷʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʠʩʪʝʤ). 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʬʫʥʢʮʠʦʥʘʣʴʥʘʷ ʩʠʩʪʝʤʘ ʨʘʮʠʦʥʘʣʴʥʳʭ ʬʫʥʢʮʠʡ ʩ 

ʨʘʮʠʦʥʘʣʴʥʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʠ ʜʣʷ ʵʪʦʡ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʩʠʩʪʝʤʳ ʨʝʰʘʝʪʩʷ ʟʘʜʘʯʘ ʦʙ A-

ʬʫʥʢʮʠʷʭ (ʘʣʛʦʨʠʪʤʠʯʝʩʢʠʡ ʧʦʜʭʦʜ), ʢʦʪʦʨʘʷ ʠʛʨʘʝʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʥʝ ʪʦʣʴʢʦ ʚ ʩʘʤʦʡ ʜʠʩ-

ʢʨʝʪʥʦʡ ʤʘʪʝʤʘʪʠʢʝ ʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʢʠʙʝʨʥʝʪʠʢʝ, ʥʦ ʠ ʚʦ ʤʥʦʛʠʭ ʜʨʫʛʠʭ ʦʙʣʘʩʪʷʭ ʤʘʪʝʤʘʪʠ-

ʢʠ, ʥʘʧʨʠʤʝʨ, ʚ ʪʝʦʨʠʠ ʬʫʥʢʮʠʡ (ʘʧʧʨʦʢʩʠʤʘʮʠʦʥʥʳʝ ʪʝʦʨʝʤʳ ɺʝʡʝʨʰʪʨʘʩʩʘ ʠ ʏʝʙʳʰʝʚʘ), ʚ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʤʘʪʝʤʘʪʠʢʝ ʠ ʪʝʭʥʠʢʝ (ʧʦʩʪʨʦʝʥʠʝ ʠ ʘʥʘʣʠʟ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʯʠʧʦʚ ʠ ʥʝʡʨʦʥ-

ʥʳʭ ʩʝʪʝʡ). ɸʢʪʫʘʣʴʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʪʘʢʞʝ ʩʦʩʪʦʠʪ ʚ ʨʘʟʚʠʪʠʠ ʩʘʤʦʡ ʪʝʦʨʠʠ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʠʩʪʝʤ ʢʘʢ ʚ ʧʣʘʥʝ ʦʭʚʘʪʘ ʥʦʚʳʭ ʤʦʜʝʣʴʥʳʭ ʦʙʲʝʢʪʦʚ ʪʠʧʘ ʨʘʮʠʦʥʘʣʴʥʳʭ 

ʬʫʥʢʮʠʡ, ʪʘʢ ʠ ʚ ʚʳʯʣʝʥʝʥʠʠ ʧʦʟʠʪʠʚʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ, ʠ ʚ ʦʪʩʝʯʝʥʠʠ ʥʝʛʘʪʠʚʥʳʭ ʩʠʪʫʘʮʠʡ ʪʠ-

ʧʘ ʘʣʛʦʨʠʪʤʠʯʝʩʢʦʡ ʥʝʨʘʟʨʝʰʠʤʦʩʪʠ ʟʘʜʘʯʠ ʦʙ A-ʬʫʥʢʮʠʷʭ. 

ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʛʦ ʜʦʢʣʘʜʘ, ʢʘʢ ʫʞʝ ʙʳʣʦ ʩʢʘʟʘʥʦ ʚʳʰʝ, ʙʳʣʦ ʠʟʫʯʝʥʠʝ ʟʘʜʘʯʠ ʦʙ A-

ʬʫʥʢʮʠʷʭ ʩ ʘʣʛʦʨʠʪʤʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʚ ʬ.ʩ. ἐ Ὂ ȟὕ. ʇʦʣʫʯʝʥʥʘʷ ʥʘ ʵʪʦʤ ʧʫʪʠ ʪʝʦ-

ʨʝʤʘ (5) ʦʙ ʘʣʛʦʨʠʪʤʠʯʝʩʢʦʡ ʥʝʨʘʟʨʝʰʠʤʦʩʪʠ ʟʘʜʘʯʠ ʦʙ A-ʬʫʥʢʮʠʷʭ ʚ ʬ.ʩ. ἐ Ὂ ȟὕ  ʷʚʣʷ-

ʝʪʩʷ ʦʩʥʦʚʥʳʤ ʨʝʟʫʣʴʪʘʪʦʤ ʜʘʥʥʦʡ ʨʘʙʦʪʳ.  

ɺ ʟʘʢʣʶʯʝʥʠʠ ʦʪʤʝʪʠʤ, ʯʪʦ ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʚ ʥʘʩʪʦʷʱʝʤ ʜʦʢʣʘʜʝ ʨʝʟʫʣʴʪʘʪ [ʪʝʦʨʝʤʘ (5)] 

ʷʚʣʷʝʪʩʷ ʣʦʛʠʯʝʩʢʠʤ ʧʨʦʜʦʣʞʝʥʠʝʤ ʨʘʥʝʝ ʧʦʣʫʯʝʥʥʳʭ ʘʚʪʦʨʦʤ ʨʝʟʫʣʴʪʘʪʦʚ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʩʠʩʪʝʤʳ ʨʘʮʠʦʥʘʣʴʥʳʭ ʬʫʥʢʮʠʡ ʩ ʨʘʮʠʦʥʘʣʴʥʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ἐ , ʪ.ʝ. 

ʧʨʦʜʦʣʞʝʥʠʝʤ ʮʠʢʣʘ ʨʘʙʦʪ [1-10]. 
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ɻʀɹʈʀɼʅʓʁ ʄɽʊʆɼ ɺʈɽʄɽʅʅʆɻʆ ʉʋʇɽʈʈɸɿʈɽʐɽʅʀʗ 

ʉ ʅɽʁʈʆʉɽʊɽɺʆʁ ʇʆʉʊʆɹʈɸɹʆʊʂʆʁ ʂɸɼʈʆɺ ɺ ʈɽɸʃʔʅʆʄ 

ɺʈɽʄɽʅʀ 

ɸ.ɸ. ɹʝʨʜʶʛʠʥ, ɺ.ɽ. ʊʫʨʣʘʧʦʚ 

ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ 

ʇʨʠ ʩʠʥʪʝʟʝ ʬʦʪʦʨʝʘʣʠʩʪʠʯʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʚʦʟʥʠʢʘʝʪ ʧʨʦ-

ʙʣʝʤʘ ʜʦʩʪʠʞʝʥʠʷ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ ʜʣʷ 3D ʩʮʝʥ ʨʝʘʣʴʥʦʡ ʩʣʦʞʥʦʩʪʠ. ʉʝʛʦʜʥʷ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʨʘʟʤʝʨʦʚ ʵʢʨʘʥʦʚ ʧʨʦʙʣʝʤʘ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ ʩʪʘʥʦʚʠʪʩʷ ʥʝʨʘʟʨʝʰʠ-

ʤʦʡ ʠʟ-ʟʘ ʚʳʩʦʢʦʡ ʪʨʫʜʦʝʤʢʦʩʪʠ ʜʘʞʝ ʛʣʫʙʦʢʦ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʭ ʧʨʦʮʝʜʫʨ ʪʨʘʩʩʠ-

ʨʦʚʢʠ ʣʫʯʝʡ (RT) ʠ ʛʣʦʙʘʣʴʥʦʛʦ ʦʩʚʝʱʝʥʠʷ (GI). ʇʨʠʝʤʣʝʤʳʤ ʦʪʚʝʪʦʤ ʥʘ ʵʪʫ ʧʨʦ-

ʙʣʝʤʫ ʩʪʘʣʦ ʠʩʧʦʣʥʝʥʠʝ ʩʠʥʪʝʟʘ ʠʟʦʙʨʘʞʝʥʠʷ (ʨʝʥʜʝʨʠʥʛʘ) ʚ ʙʦʣʝʝ ʥʠʟʢʦʤ ʨʘʟʨʝʰʝ-

ʥʠʠ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʧʦʚʳʰʝʥʠʝʤ ʨʘʟʨʝʰʝʥʠʷ ʜʦ ʥʘʪʠʚʥʦʛʦ. ʄʳ ʧʨʝʜʣʘʛʘʝʤ ʥʦʚʳʡ 

ʧʦʜʭʦʜ, ʨʘʙʦʪʘʶʱʠʡ ʚ ʩʨʝʜʝ ʦʧʝʨʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ macOS. ʀʜʝʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʨʝʘ-

ʣʠʟʘʮʠʠ ʢʦʤʧʘʢʪʥʦʡ U-Net-ʧʦʜʦʙʥʦʡ ʤʦʜʝʣʠ ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʢʘʯʝʩʪʚʘ ʠʟʦʙʨʘʞʝʥʠʡ ʚ 

ʢʦʤʙʠʥʘʮʠʠ ʩ Unreal temporal super resolution. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʢʦʤʧʴʶʪʝʨʥʘʷ ʛʨʘʬʠʢʘ, ʥʝʡʨʦʥʥʳʝ ʩʝʪʠ, ʛʠʙʨʠʜʥʳʡ ʨʝʥʜʝʨʠʥʛ, 

ʫʣʫʯʰʝʥʠʝ ʢʘʯʝʩʪʚʘ ʠʟʦʙʨʘʞʝʥʠʷ 

 

1. ɺʚʝʜʝʥʠʝ 

ʉʚʝʪ ʚ ʨʝʘʣʴʥʦʤ ʤʠʨʝ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ʦʢʨʫʞʘʶʱʠʤ ʧʨʦʩʪʨʘʥʩʪʚʦʤ ʠ ʧʦʚʝʨʭʥʦʩʪʷʤʠ, 

ʩʦʟʜʘʚʘʷ ʦʪʨʘʞʝʥʠʷ ʠ ʢʘʫʩʪʠʢʠ. ʉʧʨʦʩ ʥʘ ʚʳʩʦʢʦ ʨʝʘʣʠʩʪʠʯʥʳʝ ʩʠʩʪʝʤʳ ʨʝʥʜʝʨʠʥʛʘ ʚ ʨʝʘʣʴ-

ʥʦʤ ʚʨʝʤʝʥʠ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʬʠʟʠʯʝʩʢʠ ʢʦʨʨʝʢʪʥʳʭ ʤʦʜʝʣʷʭ ʦʩʚʝʱʝʥʠʷ, ʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥ, 

ʯʝʤ ʢʦʛʜʘ-ʣʠʙʦ [1], ʦʜʥʘʢʦ ʤʥʦʛʠʝ ʧʨʦʮʝʩʩʳ ʥʘʩʪʦʣʴʢʦ ʚʳʯʠʩʣʠʪʝʣʴʥʦ ʟʘʪʨʘʪʥʳ, ʯʪʦ ʪʨʝʙʫʶʪ 

ʨʘʟʨʘʙʦʪʢʠ ʫʧʨʦʱʸʥʥʳʭ ʤʦʜʝʣʝʡ ʠ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʘʣʛʦʨʠʪʤʦʚ [2]. ɼʣʷ ʨʝʰʝʥʠʷ ʜʘʥʥʦʡ ʧʨʦ-

ʙʣʝʤʳ ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʤʥʦʞʝʩʪʚʦ ʤʝʪʦʜʦʚ: ʘʜʘʧʪʠʚʥʳʡ ʤʝʪʦʜ, ʧʦʟʚʦʣʷʶʱʠʡ ʠʟʤʝʥʷʪʴ ʢʘʯʝ-

ʩʪʚʦ ʛʨʘʬʠʢʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʢʫʱʝʡ ʥʘʛʨʫʟʢʠ ʥʘ ʢʦʤʧʴʶʪʝʨʥʫʶ ʩʠʩʪʝʤʫ [3], ʤʝʪʦʜ ʦʪʨʘʞʝ-

ʥʠʷ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʵʢʨʘʥʘ (SSR), ʠʩʧʦʣʴʟʫʶʱʠʡ ʚ ʦʪʨʘʞʝʥʠʷʭ ʪʦʣʴʢʦ ʪʝ ʦʙʲʝʢʪʳ, ʢʦʪʦʨʳʝ ʚʠ-

ʜʠʪ ʚʠʨʪʫʘʣʴʥʘʷ ʢʘʤʝʨʘ [4], ʛʠʙʨʠʜʥʳʝ ʢʦʥʚʝʡʝʨʳ, ʦʙʲʝʜʠʥʷʶʱʠʝ ʪʨʘʩʩʠʨʦʚʢʫ ʣʫʯʝʡ ʩ ʨʘʩʪʝ-

ʨʠʟʘʮʠʝʡ [5], ʬʦʚʝʘʣʴʥʳʡ ʨʝʥʜʝʨʠʥʛ, ʠʩʧʦʣʴʟʫʶʱʠʡ ʙʦʣʝʝ ʥʠʟʢʦʝ ʨʘʟʨʝʰʝʥʠʝ ʥʘ ʧʝʨʝʬʠʨʠʠ 

ʧʦʣʷ ʟʨʝʥʠʷ ʯʝʣʦʚʝʢʘ. [6]. ʂʣʶʯʝʚʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʷʚʣʷʝʪʩʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʠʟʦʙʨʘʞʝʥʠʷ ʩ 

ʚʳʩʦʢʠʤ ʨʘʟʨʝʰʝʥʠʝʤ ʠʟ ʝʛʦ ʚʝʨʩʠʠ ʩ ʥʠʟʢʠʤ ʨʘʟʨʝʰʝʥʠʝʤ, ʯʪʦ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʚʢʣʶʯʘʝʪ non-

neural temporal upsampling [7-10], ʘ ʪʘʢʞʝ ʥʝʡʨʦʩʝʪʝʚʳʝ ʤʝʪʦʜʳ [11-17], ʚ ʪʦʤ ʯʠʩʣʝ ʠʩʧʦʣʴʟʫ-

ʶʱʠʝ ʨʝʢʦʥʩʪʨʫʢʮʠʶ ʣʫʯʝʡ ʠ ʛʝʥʝʨʘʮʠʶ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʢʘʜʨʦʚ [18]. 

ʍʦʪʷ ʩʫʱʝʩʪʚʫʶʪ ʨʘʟʣʠʯʥʳʝ ʧʦʜʭʦʜʳ, ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʚʰʠʝ ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ 

ʯʘʩʪʦʪʳ ʢʘʜʨʦʚ ʧʨʠ ʫʤʝʨʝʥʥʳʭ ʧʦʪʝʨʷʭ ʢʘʯʝʩʪʚʘ ʠʟʦʙʨʘʞʝʥʠʷ, ʠ ʤʝʪʦʜʳ ʘʧʩʢʝʡʣʠʥʛʘ ʠʟʦʙʨʘ-

ʞʝʥʠʷ ʚ ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʥʝʡʨʦʩʝʪʷʭ, ʥʦ ʚ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʠʭ 

ʰʠʨʦʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʚ ʩʨʝʜʝ ʦʧʝʨʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ macOS.  ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʧʨʝʜʣʦʞʝʥ ʤʝ-

ʪʦʜ, ʩʦʚʤʝʱʘʶʱʠʡ ʚ ʩʝʙʝ ʢʦʤʧʘʢʪʥʫʶ U-Net ʧʦʜʦʙʥʫʶ ʤʦʜʝʣʴ ʩ ʧʨʦʮʝʜʫʨʦʡ ʩ temporal super 

resolution (ʜʘʣʝʝ TSR), ʚʩʪʨʦʝʥʥʦʡ ʚ ʠʛʨʦʚʦʡ ʜʚʠʞʦʢ unreal engine. 

ɺ ʭʦʜʝ ʨʘʟʨʘʙʦʪʢʠ ʤʳ ʦʙʥʘʨʫʞʠʣʠ, ʯʪʦ ʥʠ ʦʜʠʥ ʠʟ ʩʫʱʝʩʪʚʫʶʱʠʭ ʜʘʪʘʩʝʪʦʚ ʥʝ ʫʜʦʚʣʝʪʚʦ-

ʨʷʝʪ ʧʦʪʨʝʙʥʦʩʪʴ ʚ ʨʝʰʝʥʠʠ ʥʘʰʝʡ ʟʘʜʘʯʠ, ʧʦʵʪʦʤʫ ʙʳʣ ʩʦʟʜʘʥ ʥʦʚʳʡ ʜʘʪʘʩʝʪ, ʢʦʪʦʨʳʡ ʧʦʟʚʦ-

ʣʷʝʪ ʦʙʫʯʠʪʴ ʥʝʡʨʦʥʥʫʶ ʩʝʪʴ ʠʩʧʨʘʚʣʷʪʴ ʭʘʨʘʢʪʝʨʥʳʝ ʘʨʪʝʬʘʢʪʳ ʠ ʧʦʪʝʨʠ ʜʝʪʘʣʝʡ ʧʨʠ ʧʨʠʤʝ-

ʥʝʥʠʠ TSR, ʘ ʪʘʢʞʝ ʚʳʧʦʣʥʠʪʴ ʩʨʘʚʥʝʥʠʝ ʠʟʦʙʨʘʞʝʥʠʡ ʜʦ ʝʸ ʧʨʠʤʝʥʝʥʠʷ ʠ ʧʦʩʣʝ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʳ ʧʨʝʜʩʪʘʚʣʷʝʤ: 

ð ʫʥʠʢʘʣʴʥʳʡ ʜʘʪʘʩʝʪ ʜʣʷ ʨʝʰʝʥʠʷ ʧʨʦʙʣʝʤ ʤʝʪʦʜʘ TSR; 

ð ʢʦʤʧʘʢʪʥʫʶ U-Net-ʧʦʜʦʙʥʫʶ ʤʦʜʝʣʴ, ʨʘʙʦʪʘʶʱʫʶ ʚ ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ, ʩʧʝʮʠʘʣʴʥʦ 

ʨʘʟʨʘʙʦʪʘʥʥʫʶ ʜʣʷ ʫʩʪʨʘʥʝʥʠʷ ʥʝʜʦʩʪʘʪʢʦʚ ʠ ʘʨʪʝʬʘʢʪʦʚ TSR; 
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ð ʛʠʙʨʠʜʥʳʡ ʧʦʜʭʦʜ, ʩʦʚʤʝʱʘʶʱʠʡ ʚ ʩʝʙʝ ʢʦʤʧʘʢʪʥʫʶ U-Net ʧʦʜʦʙʥʫʶ ʤʦʜʝʣʴ, ʨʘʙʦ-

ʪʘʶʱʫʶ ʚ ʢʦʤʙʠʥʘʮʠʠ ʩ TSR ʜʣʷ ʨʝʥʜʝʨʠʥʛʘ ʚʠʜʝʦʠʛʨ ʚ ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ ʚ ʩʨʝʜʝ 

ʦʧʝʨʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ macOS. 

2. ʆʧʠʩʘʥʠʝ ʤʝʪʦʜʘ 

2.1. ɸʨʭʠʪʝʢʪʫʨʘ ʤʦʜʝʣʠ 

U-Net ʧʦʜʦʙʥʘʷ ʥʝʡʨʦʩʝʪʝʚʘʷ ʤʦʜʝʣʴ ʩʦʩʪʦʠʪ ʠʟ ʵʥʢʦʜʝʨʘ, bottleneck ʠ ʜʝʢʦʜʝʨʘ, ʩ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʝʤ skip-ʩʚʷʟʝʡ ʜʣʷ ʩʦʭʨʘʥʝʥʠʷ ʜʝʪʘʣʝʡ. ɺʭʦʜʥʳʝ ʜʘʥʥʳʝ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʠʟʦʙʨʘʞʝ-

ʥʠʷ 1920ʭ1080 ʦʪʨʝʥʜʝʨʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʧʨʦʮʝʜʫʨʳ TSR, ʨʘʙʦʪʘʶʱʝʡ ʚ ʨʝʞʠʤʝ 50%, ʪ.ʝ. 

ʠʟʦʙʨʘʞʝʥʠʷ ʨʘʟʤʝʨʦʤ 1920ʭ1080, ʧʦʣʫʯʠʚʰʠʝʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʘʧʩʢʝʡʣʘ ʩ 960ʭ540 ʜʦ 

1920ʭ1080. ɺ ʨʝʞʠʤʝ ʦʙʫʯʝʥʠʷ ʜʣʷ ʫʩʢʦʨʝʥʠʷ ʠ ʦʙʣʝʛʯʝʥʠʷ ʧʨʦʮʝʩʩʘ ʦʙʫʯʝʥʠʷ ʠʟ ʜʘʥʥʳʭ 

ʠʟʦʙʨʘʞʝʥʠʡ ʚʳʨʝʟʘʝʪʩʷ ʫʯʘʩʪʦʢ, ʚʳʙʨʘʥʥʳʡ ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ, ʨʘʟʤʝʨʦʤ 256ʭ256. ɼʣʷ ʚʘ-

ʣʠʜʘʮʠʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʠʟʦʙʨʘʞʝʥʠʝ ʮʝʣʠʢʦʤ. 

ʕʥʢʦʜʝʨ ʩʦʜʝʨʞʠʪ ʪʨʠ ʫʨʦʚʥʷ. ʇʝʨʚʳʡ ʫʨʦʚʝʥʴ ʧʨʠʤʝʥʷʝʪ ʙʣʦʢ ʩʚʸʨʪʦʢ ʩ 3 ʚʭʦʜʥʳʤʠ ʢʘ-

ʥʘʣʘʤʠ (RGB) ʠ 96 ʚʳʭʦʜʥʳʤʠ ʢʘʥʘʣʘʤʠ. ɹʣʦʢ ʩʚʸʨʪʦʢ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ 

ʩʚʸʨʪʦʢ ʩ ʷʜʨʦʤ 3x3, ʜʦʧʦʣʥʝʥʥʳʭ ʘʢʪʠʚʘʮʠʝʡ ReLU, ʢʦʪʦʨʘʷ ʦʙʥʫʣʷʝʪ ʦʪʨʠʮʘʪʝʣʴʥʳʝ ʟʥʘʯʝ-

ʥʠʷ ʜʣʷ ʫʩʠʣʝʥʠʷ ʥʝʣʠʥʝʡʥʦʩʪʠ, ʠ padding=1, ʜʦʙʘʚʣʷʶʱʠʡ ʦʜʠʥ ʧʠʢʩʝʣʴ ʧʦ ʢʨʘʷʤ, ʯʪʦʙʳ ʩʦ-

ʭʨʘʥʠʪʴ ʨʘʟʤʝʨ ʠʟʦʙʨʘʞʝʥʠʷ. ʇʦʩʣʝʜʫʶʱʠʝ ʜʚʘ ʫʨʦʚʥʷ ʠʩʧʦʣʴʟʫʶʪ ʤʦʜʫʣʴ Down, ʢʦʪʦʨʳʡ 

ʫʚʝʣʠʯʠʚʘʝʪ ʢʦʣʠʯʝʩʪʚʦ ʢʘʥʘʣʦʚ, ʠʩʧʦʣʴʟʫʷ ʩʚʸʨʪʢʫ ʜʦ 192 ʠ 384 ʢʘʥʘʣʦʚ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʠ 

ʫʤʝʥʴʰʘʝʪ ʠʟʦʙʨʘʞʝʥʠʝ ʚ 2 ʨʘʟʘ ʧʦ ʰʠʨʠʥʝ ʠ ʜʣʠʥʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʠʩʧʦʣʴʟʫʷ ʫʩʨʝʜʥʷʶʱʠʡ 

ʧʫʣʠʥʛ, ʙʝʨʫʱʠʡ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʧʠʢʩʝʣʝʡ ʚ ʦʢʥʝ 2x2.  

Bottleneck ʧʨʠʤʝʥʷʝʪ ʙʣʦʢ ʩʚʸʨʪʦʢ ʩ 384 ʚʭʦʜʥʳʤʠ ʠ 768 ʚʳʭʦʜʥʳʤʠ ʢʘʥʘʣʘʤʠ, ʦʙʝʩʧʝʯʠ-

ʚʘʷ ʛʣʫʙʦʢʫʶ ʦʙʨʘʙʦʪʢʫ ʧʨʠʟʥʘʢʦʚ.  

ɼʝʢʦʜʝʨ ʩʦʩʪʦʠʪ ʠʟ ʪʨʸʭ ʫʨʦʚʥʝʡ, ʠʩʧʦʣʴʟʫʶʱʠʭ ʤʦʜʫʣʴ Up. ʂʘʞʜʳʡ Up ʚʳʧʦʣʥʷʝʪ ʙʠʣʠ-

ʥʝʡʥʳʡ upsampling, ʫʚʝʣʠʯʠʚʘʶʱʠʡ ʢʘʞʜʳʡ ʣʠʥʝʡʥʳʡ ʨʘʟʤʝʨ ʚ 2 ʨʘʟʘ, ʦʙʲʝʜʠʥʷʝʪ ʜʘʥʥʳʝ ʩ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʫʨʦʚʥʝʤ ʵʥʢʦʜʝʨʘ ʧʦʩʨʝʜʩʪʚʦʤ skip-ʩʚʷʟʝʡ (ʢʦʥʢʘʪʝʥʘʮʠʷ ʢʘʥʘʣʦʚ ʵʥʢʦʜʝʨʘ 

ʠ ʜʝʢʦʜʝʨʘ) ʠ ʧʨʠʤʝʥʷʝʪ ʩʚʸʨʪʢʫ, ʫʤʝʥʴʰʘʷ ʯʠʩʣʦ ʢʘʥʘʣʦʚ (768+384Ÿ384, 384+192Ÿ192, 

192+96Ÿ96). ʌʠʥʘʣʴʥʘʷ ʩʚʸʨʪʢʘ (96Ÿ3) ʬʦʨʤʠʨʫʝʪ "ʜʝʣʴʪʫ", ʢʦʪʦʨʘʷ ʜʦʙʘʚʣʷʝʪʩʷ ʢ ʚʭʦʜʥʦʤʫ 

ʠʟʦʙʨʘʞʝʥʠʶ, ʩ ʦʛʨʘʥʠʯʝʥʠʝʤ ʟʥʘʯʝʥʠʡ ʚ ʜʠʘʧʘʟʦʥʝ [0, 1] ʜʣʷ ʧʦʣʫʯʝʥʠʷ RGB-ʚʳʭʦʜʘ. 

2.2. ʆʙʫʯʝʥʠʝ 

2.2.1 ʌʫʥʢʮʠʷ ʧʦʪʝʨʴ 

ʌʫʥʢʮʠʝʡ ʧʦʪʝʨʴ ʷʚʣʷʝʪʩʷ ʢʦʤʙʠʥʘʮʠʷ L1, MS-SSIM ʠ TV. ɼʘʥʥʳʡ ʚʳʙʦʨ ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ 

ʩʪʘʪʴʝ Zhao ʠ ʜʨ. [19] ʠʩʭʦʜʷ ʠʟ ʢʦʪʦʨʦʡ ʚʠʜʥʦ, ʯʪʦ ʩʦʚʤʝʩʪʥʘʷ ʨʘʙʦʪʘ L1 ʠ MS-SSIM ʧʨʠʚʦʜʠʪ 

ʢ ʥʘʠʙʦʣʴʰʝʤʫ ʨʦʩʪʫ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʚ ʩʪʘʪʴʝ ʤʝʪʨʠʢ, ʚ ʠʭ ʯʠʩʣʝ PSNR, SSIM, ʢʦʪʦʨʳʝ ʷʚ-

ʣʷʶʪʩʷ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʚʩʪʨʝʯʘʶʱʠʤʠʩʷ ʚ ʧʦʜʦʙʥʳʭ ʨʘʙʦʪʘʭ. ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʦʙʫʯʝʥʠʷ ʠ ʫʣʫʯʰʝʥʠʷ ʚʠʟʫʘʣʴʥʦʛʦ ʢʘʯʝʩʪʚʘ ʚʦʩʩʪʘʥʘʚʣʠʚʘʝʤʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʚ ʥʘʰʝʡ ʨʘʙʦʪʝ 

ʤʳ ʠʩʧʦʣʴʟʫʝʤ ʨʝʛʫʣʷʨʠʟʘʮʠʶ ʥʘ ʦʩʥʦʚʝ Total Variation (TV) ʚ ʩʦʩʪʘʚʝ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʡ 

ʬʫʥʢʮʠʠ ʧʦʪʝʨʴ. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ TV ʥʝ ʚʩʝʛʜʘ ʥʘʧʨʷʤʫʶ ʫʣʫʯʰʘʝʪ ʯʠʩʣʝʥʥʳʝ ʤʝʪʨʠʢʠ ʢʘ-

ʯʝʩʪʚʘ, ʝʸ ʦʩʥʦʚʥʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʦʜʘʚʣʝʥʠʠ ʣʦʢʘʣʴʥʳʭ ʰʫʤʦʚ ʠ ʘʨʪʝʬʘʢʪʦʚ, 

ʯʪʦ ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʦʣʫʯʝʥʠʶ ʙʦʣʝʝ ʛʣʘʜʢʠʭ ʠ ʝʩʪʝʩʪʚʝʥʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ. ɸʥʘʣʦʛʠʯʥʳʡ ʧʦʜʭʦʜ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥ ʚ ʨʘʙʦʪʝ Yan ʠ ʜʨ. [20], ʛʜʝ TV ʧʨʠʤʝʥʷʝʪʩʷ ʩʦʚʤʝʩʪʥʦ ʩ L1 ʜʣʷ ʫʣʫʯʰʝʥʠʷ 

ʢʘʯʝʩʪʚʘ ʠʟʦʙʨʘʞʝʥʠʡ ʚ ʟʘʜʘʯʝ ʧʦʚʳʰʝʥʠʷ ʚʠʟʫʘʣʴʥʦʛʦ ʢʘʯʝʩʪʚʘ ʠʟʦʙʨʘʞʝʥʠʡ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʩʦʚʦʢʫʧʥʘʷ ʬʫʥʢʮʠʷ ʧʦʪʝʨʴ ʩʦʯʝʪʘʝʪ ʪʨʠ ʚʟʘʠʤʦʜʦʧʦʣʥʷʶʱʠʭ ʢʨʠʪʝʨʠʷ ï L1 ʜʣʷ ʪʦʯʥʦʩʪʠ ʥʘ 

ʫʨʦʚʥʝ ʧʠʢʩʝʣʝʡ, MS-SSIM ʜʣʷ ʩʦʭʨʘʥʝʥʠʷ ʩʪʨʫʢʪʫʨʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ (ʷʨʢʦʩʪʴ, ʢʦʥʪʨʘʩʪ-

ʥʦʩʪʴ) ʠ Total Variation (TV) ʜʣʷ ʧʦʜʘʚʣʝʥʠʷ ʤʝʣʢʠʭ ʰʫʤʦʚ ʠ ʘʨʪʝʬʘʢʪʦʚ. ʌʦʨʤʫʣʘ ʚʳʛʣʷʜʠʪ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ:  

,totalύL1 ὒzρ ύMS-SSIMz ρ ὓὛ ὛὛὍὓ ύTVz Ὕὠ,                                          (1) 

ʛʜʝ ύL1 = 1,  ύMS-SSIM = 0,5  ύTV = 0,001.  
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2.2.2 ɼʘʪʘʩʝʪ 

ɺ ʩʚʷʟʠ ʩ ʪʝʤ, ʯʪʦ ʥʘ ʪʝʢʫʱʠʡ ʤʦʤʝʥʪ ʦʪʩʫʪʩʪʚʫʶʪ ʜʘʪʘʩʝʪʳ, ʨʘʟʨʘʙʦʪʘʥʥʳʝ ʜʣʷ ʫʩʪʨʘʥʝ-

ʥʠʷ ʘʨʪʝʬʘʢʪʦʚ ʧʨʦʮʝʜʫʨʳ TSR ʚ ʩʨʝʜʝ ʠʛʨʦʚʦʛʦ ʜʚʠʞʢʘ Unreal Engine ʙʳʣ ʩʬʦʨʤʠʨʦʚʘʥ ʫʥʠ-

ʢʘʣʴʥʳʡ ʩʠʥʪʝʪʠʯʝʩʢʠʡ ʜʘʪʘʩʝʪ, ʚʢʣʶʯʘʶʱʠʡ 463 ʧʘʨʳ ʢʘʜʨʦʚ ʨʘʟʨʝʰʝʥʠʝʤ 1080p, ʚʩʝʛʦ 926 

ʢʘʜʨʦʚ. ʂʘʞʜʘʷ ʧʘʨʘ ʩʦʩʪʦʠʪ ʠʟ ʥʘʪʠʚʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ (1080p) ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ TSR-

ʠʟʦʙʨʘʞʝʥʠʷ, ʦʪʨʝʥʜʝʨʝʥʥʦʛʦ ʩ ʨʘʟʨʝʰʝʥʠʝʤ 540p ʘʧʩʢʝʡʣʝʥʥʦʛʦ ʜʦ 1080p. ʂʘʜʨʳ ʧʨʝʜʩʪʘʚ-

ʣʷʶʪ ʩʦʙʦʡ ʠʛʨʦʚʫʶ ʩʮʝʥʫ, ʩʦʜʝʨʞʘʱʠʶ ray-traced ʦʩʚʝʱʝʥʠʝ, ʩʥʷʪʫʶ ʧʦʜ ʨʘʟʥʳʤʠ ʨʘʢʫʨʩʘʤʠ. 

2.2.3 ʇʘʨʘʤʝʪʨʳ ʦʙʫʯʝʥʠʷ 

ɼʣʷ ʦʙʫʯʝʥʠʷ ʠʟ ʠʟʦʙʨʘʞʝʥʠʷ ʥʘ ʢʘʞʜʦʡ ʵʧʦʭʝ ʚʳʨʝʟʘʝʪʩʷ ʩʣʫʯʘʡʥʳʡ ʫʯʘʩʪʦʢ ʠʟ ʢʘʞʜʦʛʦ 

ʠʟʦʙʨʘʞʝʥʠʷ ʪʝʩʪʦʚʦʛʦ ʥʘʙʦʨʘ, ʚʳʙʨʘʥʥʳʡ ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ, ʨʘʟʤʝʨ ʧʘʪʯʘ - 256ʭ256. ɼʣʷ 

ʚʘʣʠʜʘʮʠʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʦʣʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ, ʥʝ ʠʩʧʦʣʴʟʦʚʘʥʥʦʝ ʚ ʦʙʫʯʝʥʠʠ. ʂʘʜʨʳ ʜʝʣʷʪʩʷ ʚ 

ʧʨʦʧʦʨʮʠʠ 80/10/10 (ʦʙʫʯʘʶʱʠʡ/ʚʘʣʠʜʘʮʠʦʥʥʳʡ/ʪʝʩʪʦʚʳʡ ʥʘʙʦʨ). 

ʄʦʜʝʣʴ ʦʙʫʯʘʝʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʧʪʠʤʠʟʘʪʦʨʘ Adam[21], ʢʦʪʦʨʳʡ ʟʘʨʝʢʦʤʝʥʜʦʚʘʣ ʩʝ-

ʙʷ ʚ ʨʘʙʦʪʝ Xiao ʠ ʜʨ.[11], ʩ ʥʘʯʘʣʴʥʦʡ ʩʢʦʨʦʩʪʴʶ ʦʙʫʯʝʥʠʷ 2e-4 ʠ scheduler StepLR, ʫʤʝʥʴʰʘ-

ʶʱʝʛʦ ʩʢʦʨʦʩʪʴ ʦʙʫʯʝʥʠʷ ʚ 2 ʨʘʟʘ ʢʘʞʜʳʝ 20 ʵʧʦʭ ʜʣʷ ʪʦʯʥʦʡ ʩʭʦʜʠʤʦʩʪʠ. ɻʨʘʜʠʝʥʪʳ ʦʛʨʘʥʠ-

ʯʠʚʘʶʪʩʷ ʥʦʨʤʦʡ 1.0 ʜʣʷ ʩʪʘʙʠʣʴʥʦʩʪʠ. ɺʦ ʚʨʝʤʷ ʦʙʫʯʝʥʠʷ ʨʝʟʫʣʴʪʘʪʳ ʦʪʩʣʝʞʠʚʘʶʪʩʷ ʥʘ ʚʘʣʠ-

ʜʘʮʠʦʥʥʦʤ ʥʘʙʦʨʝ, ʜʣʷ ʦʮʝʥʢʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʩʣʝʜʫʶʱʠʝ ʤʝʪʨʢʠ: PSNR, SSIM, NR-IQA[22]. 

ʈʘʟʤʝʨ ʙʘʪʯʘ  ï  6, ʢʦʣʠʯʝʩʪʚʦ ʵʧʦʭ ï 430.  

3. ʈʝʟʫʣʴʪʘʪʳ 

ɼʣʷ ʦʮʝʥʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʤʝʪʦʜʘ ʙʳʣ ʧʨʦʚʝʜʸʥ ʵʢʩʧʝʨʠʤʝʥʪ ʥʘ ʪʝʩʪʦʚʦʤ 

ʥʘʙʦʨʝ, ʩʦʩʪʦʷʱʝʤ ʠʟ 46 ʧʘʨ ʠʟʦʙʨʘʞʝʥʠʡ ʨʘʟʨʝʰʝʥʠʝʤ 1080p, ʚʢʣʶʯʘʶʱʠʭ ʥʘʪʠʚʥʳʝ ʢʘʜʨʳ 

(ground truth) ʠ ʢʘʜʨʳ, ʦʪʨʝʥʜʝʨʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ Unreal Engine Temporal Super-

Resolution (TSR) ʚ ʨʝʞʠʤʝ 50% (540p, ʘʧʩʢʝʡʣʝʥʥʳʝ ʜʦ 1080p). ʆʙʫʯʝʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ Apple 

MacBook Air  M1 (16GB 7-core GPU), ʠʩʧʦʣʴʟʫʷ Metal Performance Shaders (MPS), ʚ ʩʨʝʜʝ ʦʧʝ-

ʨʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ macOS ʠ ʟʘʥʷʣʦ ʦʢʦʣʦ ʜʚʫʭ ʜʥʝʡ. ʂʘʯʝʩʪʚʦ ʠʟʦʙʨʘʞʝʥʠʡ ʦʮʝʥʠʚʘʣʦʩʴ ʩ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʝʤ ʪʨʘʜʠʮʠʦʥʥʳʭ ʤʝʪʨʠʢ PSNR, SSIM, ʦʜʥʘʢʦ ʪʘʢʠʝ ʤʝʪʨʠʢʠ ʥʝ ʚʩʝʛʜʘ ʢʦʨʨʝʣʠʨʫ-

ʶʪ ʩ ʩʫʙʲʝʢʪʠʚʥʳʤ ʢʘʯʝʩʪʚʦʤ, ʚʦʩʧʨʠʥʠʤʘʝʤʳʤ ʯʝʣʦʚʝʢʦʤ, ʧʦʵʪʦʤʫ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʙʳʣʘ ʜʦ-

ʙʘʚʣʝʥʘ ʙʝʟʨʝʬʝʨʝʥʩʥʘʷ ʤʝʪʨʠʢʘ (NR-IQA) ʥʘ ʦʩʥʦʚʝ ʤʦʜʝʣʠ MANIQA, ʦʧʠʩʘʥʥʘʷ ʚ ʨʘʙʦʪʝ 

Yang ʠ ʜʨ. [22]. ʇʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜ ʩʨʘʚʥʠʚʘʣʩʷ ʩ ʙʘʟʦʚʳʤ ʚʘʨʠʘʥʪʦʤ TSR (ʙʝʟ ʥʝʡʨʦʩʝʪʝʚʦʡ 

ʦʙʨʘʙʦʪʢʠ) ʠ ʥʘʪʠʚʥʳʤʠ ʠʟʦʙʨʘʞʝʥʠʷʤʠ (ʵʪʘʣʦʥ ʢʘʯʝʩʪʚʘ). 

ʈʝʟʫʣʴʪʘʪʳ ʪʝʩʪʠʨʦʚʘʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʘʭ 1-2. ʇʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜ ʜʝʤʦʥʩʪʨʠ-

ʨʫʝʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʣʫʯʰʝʥʠʝ ʢʘʯʝʩʪʚʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʙʘʟʦʚʳʤ TSR. ʉʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ PSNR 

ʜʣʷ ʥʘʰʝʛʦ ʤʝʪʦʜʘ ʩʦʩʪʘʚʣʷʝʪ 39.18 ʜɹ, ʯʪʦ ʥʘ 3.18 ʜɹ ʚʳʰʝ, ʯʝʤ ʫ TSR (36.00 ʜɹ). ʕʪʦ ʫʢʘʟʳ-

ʚʘʝʪ ʥʘ ʤʝʥʴʰʫʶ ʧʠʢʩʝʣʴʥʫʶ ʦʰʠʙʢʫ ʠ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʪʦʯʥʦʩʪʴ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ. ʉʨʝʜʥʝʝ ʟʥʘ-

ʯʝʥʠʝ SSIM ʜʦʩʪʠʛʘʝʪ 0.9846, ʯʪʦ ʥʘ 0.0082 ʚʳʰʝ, ʯʝʤ ʫ TSR (0.9764), ʜʝʤʦʥʩʪʨʠʨʫʷ ʫʣʫʯʰʝ-

ʥʠʝ ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʭʦʜʩʪʚʘ, ʚʢʣʶʯʘʷ ʷʨʢʦʩʪʴ, ʢʦʥʪʨʘʩʪ ʠ ʪʝʢʩʪʫʨʳ. ʉʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ NR-IQA 

ʜʣʷ ʩʦʩʪʘʚʣʷʝʪ 0.4705, ʯʪʦ ʥʘ 0.0136 ʚʳʰʝ, ʯʝʤ ʫ TSR (0.4569), ʫʢʘʟʳʚʘʷ ʥʘ ʣʫʯʰʝʝ ʚʦʩʧʨʠʥʠ-

ʤʘʝʤʦʝ ʢʘʯʝʩʪʚʦ ʠʟʦʙʨʘʞʝʥʠʷ ʙʝʟ ʨʝʬʝʨʝʥʩʘ. ʆʜʥʘʢʦ NR-IQA ʜʣʷ ʥʘʪʠʚʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ 

(0.4796) ʥʝʤʥʦʛʦ ʚʳʰʝ, ʯʪʦ ʦʞʠʜʘʝʤʦ, ʪʘʢ ʢʘʢ ʦʥʠ ʷʚʣʷʶʪʩʷ ʵʪʘʣʦʥʦʤ ʢʘʯʝʩʪʚʘ. 

ʊʘʙʣʠʮʘ 1. ʉʨʘʚʥʝʥʠʝ ʤʝʪʦʜʦʚ ʧʦ ʤʝʪʨʠʢʘʤ PSNR, SSIM 

ʄʝʪʦʜ PSNR (ʜɹ) SSIM 

ʅʘʰ ʤʝʪʦʜ 39,18 0,9846 

Unreal TSR (50%) 36,00 0,9764 
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ʊʘʙʣʠʮʘ 2. ʉʨʘʚʥʝʥʠʝ ʤʝʪʦʜʦʚ ʧʦ ʤʝʪʨʠʢʝ NR-IQA 

ʄʝʪʦʜ NR-IQA 

ʅʘʰ ʤʝʪʦʜ 0,4705 

Unreal TSR (50%) 0,4569 

ʅʘʪʠʚʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ 0,4796 

 

ʉʨʝʜʥʝʝ ʚʨʝʤʷ ʠʥʬʝʨʝʥʩʘ ʩʦʩʪʘʚʣʷʝʪ 6,48 ʤʩ ʥʘ ʢʘʜʨ (ʧʨʠʤʝʨʥʦ 154 FPS), ʯʪʦ ʧʦʜʪʚʝʨʞʜʘ-

ʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʤʦʜʝʣʠ ʜʣʷ ʨʘʙʦʪʳ ʚ ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ ʥʘ ʫʩʪʨʦʡʩʪʚʘʭ MacBook 

Air M1. ɺʨʝʤʷ ʠʥʬʝʨʝʥʩʘ ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ 3.64 ʤʩ ʜʦ 13.54 ʤʩ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʣʦʞʥʦʩʪʠ ʩʮʝ-

ʥʳ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʢʦʤʧʘʢʪʥʦʡ ʘʨʭʠʪʝʢʪʫʨʳ ʧʨʠ ʤʠʥʠʤʘʣʴʥʳʭ ʚʳʯʠʩʣʠ-

ʪʝʣʴʥʳʭ ʟʘʪʨʘʪʘʭ. ʇʝʨʚʳʡ ʢʘʜʨ ʧʦʢʘʟʘʣ ʘʥʦʤʘʣʴʥʦ ʚʳʩʦʢʦʝ ʚʨʝʤʷ (401.74 ʤʩ) ʠʟ-ʟʘ ʠʥʠʮʠʘʣʠ-

ʟʘʮʠʠ MPS, ʯʪʦ ʠʩʢʣʶʯʝʥʦ ʠʟ ʨʘʩʯʸʪʘ ʩʨʝʜʥʝʛʦ ʚʨʝʤʝʥʠ. 

ɹʘʟʦʚʳʡ TSR (ʙʝʟ ʥʝʡʨʦʩʝʪʝʚʦʡ ʦʙʨʘʙʦʪʢʠ) ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʟʘʤʝʪʥʳʝ ʘʨʪʝʬʘʢʪʳ, ʯʪʦ ʦʪʨʘ-

ʞʘʝʪʩʷ ʚ ʙʦʣʝʝ ʥʠʟʢʠʭ ʟʥʘʯʝʥʠʷʭ PSNR (36.00 ʜɹ) ʠ SSIM (0.9764). ʇʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜ 

ʫʩʪʨʘʥʷʝʪ ʵʪʠ ʘʨʪʝʬʘʢʪʳ, ʧʨʠʙʣʠʞʘʷ ʢʘʯʝʩʪʚʦ ʢ ʥʘʪʠʚʥʳʤ ʠʟʦʙʨʘʞʝʥʠʷʤ, ʯʪʦ ʠʟʦʙʨʘʞʝʥʦ ʥʘ 

ʨʠʩʫʥʢʝ 1. 

ʈʠʩ. 1. ʉʨʘʚʥʝʥʠʝ ʢʘʯʝʩʪʚʘ ʠʟʦʙʨʘʞʝʥʠʷ 

4. ɿʘʢʣʶʯʝʥʠʝ 

ʇʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜ ʥʝʡʨʦʩʝʪʝʚʦʡ ʧʦʩʪʦʙʨʘʙʦʪʢʠ ʢʘʜʨʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʧʦʤʦʱʴʶ 

Temporal Super-Resolution (TSR) ʚ Unreal Engine, ʦʙʝʩʧʝʯʠʚʘʝʪ ʟʘʤʝʪʥʦʝ ʧʦʚʳʰʝʥʠʝ ʚʠʟʫʘʣʴʥʦ-

ʛʦ ʢʘʯʝʩʪʚʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʙʘʟʦʚʳʤ TSR. ʋʣʫʯʰʝʥʠʷ ʧʦʜʪʚʝʨʞʜʘʶʪʩʷ ʢʘʢ ʦʙʲʝʢʪʠʚʥʳʤʠ ʤʝʪ-

ʨʠʢʘʤʠ (PSNR, SSIM), ʪʘʢ ʠ ʙʝʟʨʝʬʝʨʝʥʩʥʦʡ ʦʮʝʥʢʦʡ ʚʦʩʧʨʠʷʪʠʷ (NR-IQA). ʄʦʜʝʣʴ ʜʝʤʦʥ-

ʩʪʨʠʨʫʝʪ ʚʳʩʦʢʫʶ ʩʢʦʨʦʩʪʴ ʠʥʬʝʨʝʥʩʘ, ʯʪʦ ʜʝʣʘʝʪ ʝʸ ʧʨʠʤʝʥʠʤʦʡ ʚ ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ ʜʘʞʝ ʥʘ 

ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʝʜʣʦʞʝʥʥʳʡ ʧʦʜʭʦʜ ʩʦʯʝʪʘʝʪ ʚʳʩʦʢʦʝ ʢʘ-

ʯʝʩʪʚʦ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʩ ʥʠʟʢʠʤʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤʠ ʟʘʪʨʘʪʘʤʠ ʠ ʤʦʞʝʪ ʙʳʪʴ ʠʥʪʝʛʨʠʨʦʚʘʥ ʚ 

ʩʫʱʝʩʪʚʫʶʱʠʝ ʛʨʘʬʠʯʝʩʢʠʝ ʢʦʥʚʝʡʝʨʳ. 
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ʎʀʂʃʆʇʅʓɽ ʉʆʉʊʆʗʅʀʗ ɺ ʉɽʊʗʍ ʅɽʀɼɽʅʊʀʏʅʓʍ 

ʆʉʎʀʃʃʗʊʆʈʆɺ ʉʆ ʉɺʗɿʔʖ ʇʆ ɺʓʉʐʀʄ ʄʆɼɸʄ1* 

ʄ.ʀ. ɹʦʣʦʪʦʚ1, ʃ.ɸ. ʉʤʠʨʥʦʚ1, ɺ.ʆ. ʄʫʥʷʝʚ1, ɻ.ɺ. ʆʩʠʧʦʚ1, ʀ.ɺ. ɹʝʣʳʭ2 

1ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ, 
2ʋʥʠʚʝʨʩʠʪʝʪ ʰʪʘʪʘ ɼʞʦʨʜʞʠʷ, ʉʐɸ 

ʆʙʳʯʥʦ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʨʘʟʨʫʰʘʝʪ ʩʠʥʭʨʦʥʥʳʝ ʨʝʞʠʤʳ ʚ ʙʦʣʴʰʠʭ ʩʝʪʷʭ ʦʩʮʠʣʣʷ-

ʪʦʨʦʚ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʳ ʧʦʢʘʟʳʚʘʝʤ, ʯʪʦ ʥʝʠʜʝʥʪʠʯʥʦʩʪʴ ʦʩʮʠʣʣʷʪʦʨʦʚ, ʥʘʧʨʦʪʠʚ, 

ʤʦʞʝʪ ʩʪʘʙʠʣʠʟʠʨʦʚʘʪʴ ʩʣʦʞʥʳʝ ʩʪʨʫʢʪʫʨʳ ʩʠʥʭʨʦʥʠʟʘʮʠʠ ï ʮʠʢʣʦʧʥʳʝ ʠ ʢʣʘʩʪʝʨ-

ʥʳʝ ʩʦʩʪʦʷʥʠʷ, ï ʥʝʫʩʪʦʡʯʠʚʳʝ ʚ ʩʠʩʪʝʤʘʭ ʠʜʝʥʪʠʯʥʳʭ ʵʣʝʤʝʥʪʦʚ. ʕʪʦʪ ʵʬʬʝʢʪ ʦʙʲ-

ʷʩʥʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ, ʩʚʷʟʳʚʘʶʱʝʛʦ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʫʶ 

ʥʝʦʜʨʦʜʥʦʩʪʴ ʩʝʪʠ ʩ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʡ ʫʩʪʦʡʯʠʚʦʩʪʴʶ ʩʪʨʫʢʪʫʨ. ʋʥʠʚʝʨʩʘʣʴʥʦʩʪʴ 

ʤʝʭʘʥʠʟʤʘ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʝʛʦ ʨʝʘʣʠʟʘʮʠʝʡ ʚ ʙʠʦʣʦʛʠʯʝʩʢʠ ʠ ʬʠʟʠʯʝʩʢʠ ʨʝʣʝʚʘʥʪ-

ʥʳʭ ʤʦʜʝʣʷʭ ʋʠʥʬʨʠ ʠ ʉʪʶʘʨʪʘïʃʘʥʜʘʫ, ʯʪʦ ʦʪʢʨʳʚʘʝʪ ʧʝʨʩʧʝʢʪʠʚʳ ʫʧʨʘʚʣʝʥʠʷ 

ʩʣʦʞʥʦʡ ʢʦʣʣʝʢʪʠʚʥʦʡ ʜʠʥʘʤʠʢʦʡ ʚ ʥʝʦʜʥʦʨʦʜʥʳʭ ʩʝʪʷʭ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʙʝʩʧʦʨʷʜʦʢ, ʥʝʠʜʝʥʪʠʯʥʳʝ ʵʣʝʤʝʥʪʳ, ʬʘʟʦʚʳʡ ʦʩʮʠʣʣʷʪʦʨ, ʤʦʜʝʣʴ 

ʂʫʨʘʤʦʪʦ, ʩʪʘʨʰʠʝ ʤʦʜʳ, ʮʠʢʣʦʧʥʳʡ ʨʝʞʠʤ, ʢʣʘʩʪʝʨʳ, ʩʪʘʙʠʣʠʟʘʮʠʷ. 

 

1. ɺʚʝʜʝʥʠʝ 

ʄʦʜʝʣʴ ʂʫʨʘʤʦʪʦïʉʘʢʘʛʫʯʠ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʩʦ ʩʚʷʟʴʶ ʧʦ ʩʪʘʨʰʠʤ ʤʦʜʘʤ ʷʚʣʷʝʪʩʷ ʩʪʘʥ-

ʜʘʨʪʥʦʡ ʤʦʜʝʣʴʶ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʣʦʞʥʳʭ ʨʝʞʠʤʦʚ ʩʠʥʭʨʦʥʠʟʘʮʠʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʮʠʢʣʦʧʥʳʭ 

ʩʦʩʪʦʷʥʠʡ. ɼʘʥʥʳʡ ʨʝʞʠʤ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʝ ʜʚʫʭ ʢʦʛʝʨʝʥʪʥʳʭ ʢʣʘʩʪʝʨʦʚ ʠ 

ʦʜʥʦʛʦ ʫʝʜʠʥʝʥʥʦʛʦ ʦʩʮʠʣʣʷʪʦʨʘ [1, 2]. ʍʦʪʷ ʚ ʩʝʪʷʭ ʠʜʝʥʪʠʯʥʳʭ ʦʩʮʠʣʣʷʪʦʨʦʚ ʩʪʘʮʠʦʥʘʨʥʳʝ 

ʚʘʨʠʘʥʪʳ ʮʠʢʣʦʧʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʝʫʩʪʦʡʯʠʚʳ, ʤʳ ʜʝʤʦʥʩʪʨʠʨʫʝʤ, ʯʪʦ ʚʚʝʜʝʥʠʝ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʩʦʙʩʪʚʝʥʥʳʭ ʯʘʩʪʦʪ ʦʙʝʩʧʝʯʠʚʘʝʪ ʠʭ ʥʘʜʸʞʥʫʶ ʩʪʘʙʠʣʠʟʘʮʠʶ. 

2. ʆʧʠʩʘʥʠʝ ʤʦʜʝʣʠ 

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʩʝʪʴ ʠʟ N ʛʣʦʙʘʣʴʥʦ ʩʚʷʟʘʥʥʳʭ ʥʝʠʜʝʥʪʠʯʥʳʭ ʦʩʮʠʣʣʷʪʦʨʦʚ ʂʫʨʘʤʦʪʦï

ʉʘʢʘʛʫʯʠ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ: 

 
ά— — ‫

ρ

ὔ
‐ÓÉÎή— — ‌ ȟ (1) 

ʛʜʝ — ï ʬʘʟʘ, ά ï ʧʘʨʘʤʝʪʨ ʠʥʝʨʮʠʠ, ‫  ï ʩʦʙʩʪʚʝʥʥʘʷ ʯʘʩʪʦʪʘ, ‐ ʠ ‌  ï ʘʤʧʣʠʪʫʜʘ ʠ ʬʘʟʦʚʳʡ 

ʩʜʚʠʛ ή-ʡ ʛʘʨʤʦʥʠʢʠ ʚ ʬʫʥʢʮʠʠ ʩʚʷʟʠ. 

ɺ ʩʣʫʯʘʝ ʠʜʝʥʪʠʯʥʳʭ ʦʩʮʠʣʣʷʪʦʨʦʚ (‫ ḳʢʦʛʜʘ ʠʜʝʘʣʴʥʦ ʩʠʤʤʝʪʨʠʯʥʦʝ ʮʠʢʣʦʧʥʦʝ ,(‫ 

ʩʦʩʪʦʷʥʠʝ ʷʚʣʷʝʪʩʷ ʥʝʫʩʪʦʡʯʠʚʳʤ, ʚʚʝʜʝʥʠʝ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʯʘʩʪʦʪ (ʥʘʧʨʠʤʝʨ, ʨʘʚʥʦʤʝʨʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ‫  ʚ ʠʥʪʝʨʚʘʣʝ ’ȟ’) ʧʨʝʚʨʘʱʘʝʪ ʵʪʦ ʥʝʫʩʪʦʡʯʠʚʦʝ ʩʦʩʪʦʷʥʠʝ ʚ ʫʩʪʦʡʯʠʚʳʡ 
ʘʪʪʨʘʢʪʦʨ. ʄʝʭʘʥʠʟʤ ʩʪʘʙʠʣʠʟʘʮʠʠ ʦʙʫʩʣʦʚʣʝʥ ʤʘʣʳʤʠ ʚʘʨʠʘʮʠʷʤʠ ʬʘʟ ʚʥʫʪʨʠ ʢʣʘʩʪʝʨʦʚ, ʚʳ-

ʟʚʘʥʥʳʤʠ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴʶ. ʕʪʠ ʚʘʨʠʘʮʠʠ ʩʦʟʜʘʶʪ ʢʦʤʧʝʥʩʠʨʫʶʱʠʡ ʵʬʬʝʢʪ, ʢʦʪʦʨʳʡ ʧʦʟʚʦ-

ʣʷʝʪ ʩʨʝʜʥʝʡ ʬʘʟʝ ʢʣʘʩʪʝʨʘ ʫʜʦʚʣʝʪʚʦʨʠʪʴ ʫʩʣʦʚʠʶ ʙʘʣʘʥʩʘ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʠʟʦʣʠʨʦʚʘʥʥʦʤʫ 

ʦʩʮʠʣʣʷʪʦʨʫ. ɺʘʞʥʦ, ʯʪʦ ʜʘʥʥʳʡ ʵʬʬʝʢʪ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ɜ 

ʠ ʥʝ ʪʨʝʙʫʝʪ ʪʦʥʢʦʡ ʥʘʩʪʨʦʡʢʠ ʧʘʨʘʤʝʪʨʦʚ. 

ɼʣʷ ʦʙʲʷʩʥʝʥʠʷ ʵʪʦʛʦ ʷʚʣʝʥʠʷ ʩʪʨʦʠʪʩʷ ʤʝʟʦʩʢʦʧʠʯʝʩʢʘʷ ʤʦʜʝʣʴ. ɺʚʦʜʠʪʩʷ ʣʠʥʝʡʥʳʡ ʘʥ-

ʟʘʮ ʜʣʷ ʬʘʟʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʟʦʣʠʨʦʚʘʥʥʦʛʦ ʦʩʮʠʣʣʷʪʦʨʘ (• — — ): 

                                                      
1* ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ (ʧʨʦʝʢʪ ˉ 24-72-00105). 
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• ὸ ‪ ὸ … ὸῳȟ (2) 

ʜʣʷ ʦʩʮʠʣʣʷʪʦʨʦʚ ʚ ʢʣʘʩʪʝʨʝ ʈ (ʈ  ρȟς), ʛʜʝ ʕ  ï ʩʨʝʜʥʷʷ ʬʘʟʘ ʢʣʘʩʪʝʨʘ ʈ, ʔ ʦʧʠʩʳʚʘʝʪ ʬʘ-

ʟʦʚʳʡ ʜʨʝʡʬ ʚʥʫʪʨʠ ʢʣʘʩʪʝʨʘ, ʘ ɝ ʖ ʖ  ï ʨʘʩʩʪʨʦʡʢʘ ʯʘʩʪʦʪ. 

ʉ ʧʦʤʦʱʴʶ ʧʨʦʝʢʮʠʦʥʥʦʛʦ ʤʝʪʦʜʘ ɻʘʣʸʨʢʠʥʘ ʚʳʩʦʢʦʨʘʟʤʝʨʥʘʷ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʘʷ ʜʠʥʘ-

ʤʠʢʘ ʩʚʦʜʠʪʩʷ ʢ ʚʦʩʴʤʠʤʝʨʥʦʡ ʩʠʩʪʝʤʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʦʣʣʝʢʪʠʚʥʳʭ ʢʦʦʨʜʠʥʘʪ ‪ȟ‪ȟ…ȟ…: 
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(4) 

ʛʜʝ ὑ ï ʨʘʟʤʝʨ ʢʣʘʩʪʝʨʘ; ‏, „ , Ὓ , ʠ ὐ  ï ʵʪʦ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʩʨʝʜʥʷʷ ʧʦ ʢʣʘʩʪʝʨʫ ʨʘʩ-

ʩʪʨʦʡʢʘ ʯʘʩʪʦʪʳ, ʝʸ ʚʪʦʨʦʡ ʤʦʤʝʥʪ, ή-ʡ ʧʘʨʘʤʝʪʨ ʧʦʨʷʜʢʘ ʜʣʷ ʬʘʟʦʚʳʭ ʦʪʢʣʦʥʝʥʠʡ ʠ ή-ʡ ʚʟʚʝ-
ʰʝʥʥʳʡ ʧʦ ʯʘʩʪʦʪʝ ʧʘʨʘʤʝʪʨ ʧʦʨʷʜʢʘ.  

3. ʈʝʟʫʣʴʪʘʪʳ 

ʉʪʘʮʠʦʥʘʨʥʳʝ ʨʝʰʝʥʠʷ ʨʝʜʫʮʠʨʦʚʘʥʥʦʡ ʩʠʩʪʝʤʳ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʧʨʝʜʩʢʘʟʳʚʘʶʪ 

ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʠ ʫʩʪʦʡʯʠʚʦʩʪʴ ʮʠʢʣʦʧʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ ʧʦʣʥʦʡ ʩʝʪʠ (1). ɸʥʘʣʠʟ ʩʦʙʩʪʚʝʥʥʳʭ 

ʟʥʘʯʝʥʠʡ ʨʝʜʫʮʠʨʦʚʘʥʥʦʡ ʩʠʩʪʝʤʳ (3)ï(4) ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʢʦʣʠʯʝʩʪʚʝʥʥʦʝ ʩʦʛʣʘʩʠʝ ʩ ʨʝʟʫʣʴʪʘ-

ʪʘʤʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʩʭʦʜʥʦʡ ʩʠʩʪʝʤʳ (1). 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʳʷʚʣʝʥʥʳʡ ʤʝʭʘʥʠʟʤ ʩʪʘʙʠʣʠʟʘʮʠʠ, ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʥʝʦʜʥʦʨʦʜʥʦ-

ʩʪʴʶ, ʠʤʝʝʪ ʫʥʠʚʝʨʩʘʣʴʥʳʡ ʭʘʨʘʢʪʝʨ ʠ ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʩʝʪʷʭ ʦʩʮʠʣʣʷʪʦʨʦʚ ʋʠʥʬʨʠ ʠ 

ʉʪʶʘʨʪʘ-ʃʘʥʜʘʫ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʳʷʚʣʝʥ ʢʦʥʪʨʠʥʪʫʠʪʠʚʥʳʡ ʤʝʭʘʥʠʟʤ ʩʪʘʙʠʣʠʟʘʮʠʠ, ʧʨʠ ʢʦʪʦʨʦʤ ʥʝʦʜʥʦ-

ʨʦʜʥʦʩʪʴ ʯʘʩʪʦʪ ʠʥʜʫʮʠʨʫʝʪ ʫʩʪʦʡʯʠʚʳʝ ʮʠʢʣʦʧʥʳʝ ʩʦʩʪʦʷʥʠʷ. ʇʦʣʫʯʝʥʥʳʝ ʫʨʘʚʥʝʥʠʷ ʜʣʷ 

ʢʦʣʣʝʢʪʠʚʥʳʭ ʢʦʦʨʜʠʥʘʪ ʦʙʨʘʟʫʶʪ ʵʬʬʝʢʪʠʚʥʳʡ ʤʝʟʦʩʢʦʧʠʯʝʩʢʠʡ ʧʦʜʭʦʜ, ʢʦʪʦʨʳʡ ʧʨʷʤʦ ʩʚʷ-

ʟʳʚʘʝʪ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʫʶ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʧʘʨʘʤʝʪʨʦʚ ʩ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʡ ʫʩʪʦʡʯʠʚʦʩʪʴʶ 

ʩʣʦʞʥʳʭ ʢʣʘʩʪʝʨʥʳʭ ʩʪʨʫʢʪʫʨ ʚ ʩʝʪʷʭ ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ. 

ʃʠʪʝʨʘʪʫʨʘ 

1. Munyayev V.O., Bolotov M.I., Smirnov L.A., Osipov G.V., Belykh I. Cyclops States in 

Repulsive Kuramoto Networks: The Role of Higher-Order Coupling // Physical Review Letters. 

2023. Vol. 130, No. 10. P. 107201. DOI: 10.1103/PhysRevLett.130.107201. 

2. Bolotov M.I., Munyayev V.O., Smirnov L.A., Osipov G.V., Belykh I. Breathing and switching 

cyclops states in Kuramoto networks with higher-mode coupling // Physical Review E. 2024. Vol. 

109, No. 5. P. 054202. DOI: 10.1103/PhysRevE.109.054202. 
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ʆʇʊʀʄʀɿɸʎʀʗ ɸʃɻʆʈʀʊʄʆɺ ʋʄʅʆɾɽʅʀʗ ʈɸɿʈɽɾɽʅʅʆʁ 

ʄɸʊʈʀʎʓ ʅɸ ɺɽʂʊʆʈ ɼʃʗ ʇʈʆʎɽʉʉʆʈʆɺ ɸʈʍʀʊɽʂʊʋʈʓ 

RISC-V1* 

ɸ.ɸ. ɺʦʜʝʥʝʝʚʘ, ɺ.ɼ. ɺʦʣʦʢʠʪʠʥ, ʄ.ɸ. ɿʘʛʨʷʜʩʢʦʚ, ʂ.ʀ. ʂʦʚʘʣʝʚ, ɽ.ɸ. ʂʦʟʠʥʦʚ, ɸ.ʀ. ʂʫʣʠʢ, 

ɼ.ɼ. ʃʠʪʚʷʢʦʚ, ɸ.ʖ. ʇʠʨʦʚʘ, ɸ.ɺ. ʋʩʪʠʥʦʚ, ʀ.ɹ. ʄʝʝʨʦʚ 

1ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʅ.ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ 

ɺ ʩʪʘʪʴʝ ʦʧʠʩʳʚʘʶʪʩʷ ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʟʨʘʙʦʪʢʠ ʙʠʙʣʠʦʪʝʢʠ ʜʣʷ ʚʳ-

ʧʦʣʥʝʥʠʷ ʘʣʛʦʨʠʪʤʘ ʫʤʥʦʞʝʥʠʷ ʨʘʟʨʝʞʝʥʥʦʡ ʤʘʪʨʠʮʳ ʥʘ ʚʝʢʪʦʨ (SpMV), ʦʧʪʠʤʠʟʠ-

ʨʦʚʘʥʥʦʡ ʜʣʷ ʧʨʦʮʝʩʩʦʨʦʚ ʘʨʭʠʪʝʢʪʫʨʳ RISC-V ʠ ʧʦʜʜʝʨʞʠʚʘʶʱʝʡ ʥʝʩʢʦʣʴʢʦ ʬʦʨ-

ʤʘʪʦʚ ʭʨʘʥʝʥʠʷ ʨʘʟʨʝʞʝʥʥʦʡ ʤʘʪʨʠʮʳ. ɸʣʛʦʨʠʪʤ SpMV ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʢʣʶʯʝʚʳʭ 

ʘʣʛʦʨʠʪʤʦʚ ʣʠʥʝʡʥʦʡ ʘʣʛʝʙʨʳ ʠ ʦʩʥʦʚʥʳʤ ʚʳʯʠʩʣʠʪʝʣʴʥʦ ʪʨʫʜʦʝʤʢʠʤ ʷʜʨʦʤ ʠʪʝʨʘ-

ʮʠʦʥʥʳʭ ʨʝʰʘʪʝʣʝʡ ʉʃɸʋ ʩ ʨʘʟʨʝʞʝʥʥʳʤʠ ʤʘʪʨʠʮʘʤʠ, ʢʦʪʦʨʳʝ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, 

ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ ʨʝʰʝʥʠʷ ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʘ ʟʘʜʘʯ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʬʠʟʠʢʠ ʩ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʝʤ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʦʚ. ʇʨʦʛʨʘʤʤʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʚʳʧʦʣʥʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʚʝʢʪʦʨʥʳʭ ʠʥʩʪʨʫʢʮʠʡ RVV 1.0. ʈʝʟʫʣʴʪʘʪʳ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦʢʘ-

ʟʘʣʠ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚʝʢʪʦʨʠʟʘʮʠʠ ʠ ʧʦʜʭʦʜʷʱʝʛʦ ʬʦʨʤʘʪʘ ʭʨʘʥʝʥʠʷ ʧʦʟʚʦʣʷʝʪ 

ʩʦʢʨʘʪʠʪʴ ʚʨʝʤʷ ʚʳʧʦʣʥʝʥʠʷ ʦʧʝʨʘʮʠʠ SpMV ʚ 1.5ï19 ʨʘʟ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʧʦʣʴʟʦ-

ʚʘʥʠʝʤ ʪʨʘʜʠʮʠʦʥʥʦʛʦ ʬʦʨʤʘʪʘ CRS. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʨʘʟʨʝʞʝʥʥʳʝ ʤʘʪʨʠʮʳ, ʨʘʟʨʝʞʝʥʥʘʷ ʘʣʛʝʙʨʘ, RISC-V, SpMV. 

 

1. ɺʚʝʜʝʥʠʝ 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʘʣʛʦʨʠʪʤ ʫʤʥʦʞʝʥʠʷ ʤʘʪʨʠʮʳ ʥʘ ʚʝʢʪʦʨ (SpMV) ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ ʚʳʯʠʩ-

ʣʠʪʝʣʴʥʦ-ʪʨʫʜʦʝʤʢʠʤ ʷʜʨʦʤ ʠʪʝʨʘʮʠʦʥʥʳʭ ʨʝʰʘʪʝʣʝʡ ʩʠʩʪʝʤ ʣʠʥʝʡʥʳʭ ʫʨʘʚʥʝʥʠʡ (ʉʃɸʋ) ʩ 

ʨʘʟʨʝʞʝʥʥʳʤʠ ʤʘʪʨʠʮʘʤʠ, ʢʦʪʦʨʳʝ ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ ʨʝʰʝʥʠʷ ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʘ ʟʘʜʘʯ ʤʘʪʝʤʘ-

ʪʠʯʝʩʢʦʡ ʬʠʟʠʢʠ, ʧʨʠʢʣʘʜʥʦʡ ʤʝʭʘʥʠʢʠ, ʭʠʤʠʠ, ʘ ʪʘʢʞʝ ʜʣʷ ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʭ ʨʝʘʣʠ-

ʟʘʮʠʡ ʘʣʛʦʨʠʪʤʦʚ ʥʘ ʛʨʘʬʘʭ. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʧʨʠ ʢʘʞʫʱʝʡʩʷ ʧʨʦʩʪʦʪʝ ʘʣʛʦʨʠʪʤʘ ʤʘʪʨʠʯ-

ʥʦ-ʚʝʢʪʦʨʥʦʛʦ ʫʤʥʦʞʝʥʠʷ ʜʦ ʩʠʭ ʧʦʨ ʥʝ ʨʝʰʝʥʳ ʧʨʦʙʣʝʤʳ ʩ ʵʬʬʝʢʪʠʚʥʳʤ ʧʨʝʜʩʪʘʚʣʝʥʠʝʤ 

ʨʘʟʨʝʞʝʥʥʳʭ ʤʘʪʨʠʮ, ʢʦʪʦʨʦʝ ʧʦʟʚʦʣʠʣʦ ʙ  rʨʘʩʢʨʳʪʴ ʧʦʪʝʥʮʠʘʣ ʩʦʚʨʝʤʝʥʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴ-

ʥʳʭ ʩʠʩʪʝʤ.  

ɼʣʷ ʪʨʘʜʠʮʠʦʥʥʳʭ ʘʨʭʠʪʝʢʪʫʨ x86-64, ARM ʠ ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʦʚ ʧʨʝʜʣʦʞʝʥʦ ʥʝʤʘ-

ʣʦ ʥʦʚʳʭ ʬʦʨʤʘʪʦʚ, ʧʦʟʚʦʣʷʶʱʠʭ ʫʚʝʣʠʯʠʪʴ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʦʧʝʨʘʮʠʠ SpMV ʟʘ ʩʯʝʪ ʚʝʢ-

ʪʦʨʠʟʘʮʠʠ ʚʳʯʠʩʣʝʥʠʡ ʠ ʫʣʫʯʰʝʥʠʷ ʣʦʢʘʣʴʥʦʩʪʠ ʜʦʩʪʫʧʘ ʢ ʜʘʥʥʳʤ. ʉʨʝʜʠ ʥʦʚʳʭ, ʩʦʚʨʝʤʝʥ-

ʥʳʭ ʬʦʨʤʘʪʦʚ ʦʪʤʝʪʠʤ SELL-C, SELL-C-„ [1, 2], CRS5 [3], CRS2 [4], VNEC [5], ʧʦʢʘʟʳʚʘʶʱʠʝ 

ʚʳʩʦʢʫʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʥʘ ʤʘʪʨʠʮʘʭ ʠʟ ʨʘʟʥʳʭ ʧʨʠʢʣʘʜʥʳʭ ʦʙʣʘʩʪʝʡ, ʘ ʪʘʢʞʝ ʬʦʨʤʘʪʳ 

LAV  [6], CVR [7], VHCC [8], VBFS [9], ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʝ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʥʘ ʤʘʪʨʠʮʳ ʩʧʝ-

ʮʠʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʙʝʟʤʘʩʰʪʘʙʥʳʝ ʛʨʘʬʳ. ɺ ʙʦʣʴʰʦʤ ʯʠʩʣʝ ʨʘʙʦʪ ʠʩʩʣʝʜʦʚʘʥʳ ʙʣʦʯʥʳʝ ʠ 

ʛʠʙʨʠʜʥʳʝ ʚʝʨʩʠʠ ʪʨʘʜʠʮʠʦʥʥʳʭ ʬʦʨʤʘʪʦʚ COO, CRS, ELL. ʇʦʜʨʦʙʥʳʡ ʦʙʟʦʨ ʬʦʨʤʘʪʦʚ ʭʨʘ-

ʥʝʥʠʷ ʨʘʟʨʝʞʝʥʥʳʭ ʤʘʪʨʠʮ ʤʦʞʥʦ ʥʘʡʪʠ, ʥʘʧʨʠʤʝʨ, ʚ [10]. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʝ ʙʠʙʣʠʦʪʝʢʠ ʨʘʟʨʝʞʝʥʥʦʡ ʣʠʥʝʡʥʦʡ ʘʣʛʝʙ-

ʨʳ, ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʝ ʜʣʷ ʧʨʦʮʝʩʩʦʨʦʚ ʘʨʭʠʪʝʢʪʫʨʳ x86 (Intel OneAPI MKL , AOCL-Sparse, 

SuiteSparse, Trilinos ʠ ʜʨ.), ʜʦ ʩʠʭ ʧʦʨ ʥʝ ʠʩʧʦʣʴʟʫʶʪ ʧʝʨʝʯʠʩʣʝʥʥʳʝ ʥʦʚʳʝ ʬʦʨʤʘʪʳ ʭʨʘʥʝʥʠʷ 

ʤʘʪʨʠʮ, ʦʛʨʘʥʠʯʠʚʘʷʩʴ ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʬʦʨʤʘʪʘʤʠ CRS, CSC, COO, DIA, BCRS. ɼʣʷ ʧʨʦʮʝʩʩʦ-

ʨʦʚ ʘʨʭʠʪʝʢʪʫʨʳ RISC-V ʥʝʪ ʦʙʱʝʧʨʠʥʷʪʦʡ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʘʣʛʦʨʠʪʤʦʚ ʨʘʟʨʝ-

ʞʝʥʥʦʡ ʣʠʥʝʡʥʦʡ ʘʣʛʝʙʨʳ, ʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʝʰʝʥʠʡ, ʧʨʝʜʣʦʞʝʥʥʳʭ ʨʘʥʝʝ ʜʣʷ ʧʨʦʮʝʩʩʦʨʦʚ 

x86, ʥʝ ʠʟʫʯʝʥʘ. 

                                                      
1* ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʚ ʨʘʤʢʘʭ ʧʨʦʛʨʘʤʤʳ ʩʪʨʘʪʝʛʠʯʝʩʢʦʛʦ ʘʢʘʜʝʤʠʯʝʩʢʦʛʦ ʣʠʜʝʨʩʪʚʘ çʇʨʠʦʨʠʪʝʪ-

2030è, ʩʦʛʣʘʰʝʥʠʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʈʌ ˉ075-15-2025-217 ʦʪ 04.04.2025. 
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ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʦʧʠʩʳʚʘʶʪʩʷ ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʧʦ ʨʘʟʨʘʙʦʪʢʝ ʙʠʙʣʠʦʪʝ-

ʢʠ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʡ ʜʣʷ ʚʳʧʦʣʥʝʥʠʷ ʘʣʛʦʨʠʪʤʘ ʫʤʥʦʞʝʥʠʷ ʨʘʟʨʝʞʝʥʥʦʡ ʤʘʪʨʠʮʳ ʥʘ ʚʝʢʪʦʨ, 

ʧʦʜʜʝʨʞʠʚʘʶʱʝʡ ʨʘʟʣʠʯʥʳʝ ʬʦʨʤʘʪʳ ʭʨʘʥʝʥʠʷ ʙʦʣʴʰʠʭ ʨʘʟʨʝʞʝʥʥʳʭ ʤʘʪʨʠʮ ʠ ʦʧʪʠʤʠʟʠʨʦ-

ʚʘʥʥʦʡ ʜʣʷ ʧʨʦʮʝʩʩʦʨʦʚ ʘʨʭʠʪʝʢʪʫʨʳ RISC-V. ɼʘʥʥʘʷ ʙʠʙʣʠʦʪʝʢʘ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʝʟʥʘ ʜʣʷ 

ʘʜʘʧʪʘʮʠʠ ʧʦʜ ʧʨʦʮʝʩʩʦʨʳ RISC-V ʠʥʞʝʥʝʨʥʳʭ ʠ ʥʘʫʯʥʳʭ ʧʨʠʣʦʞʝʥʠʡ, ʧʨʠʣʦʞʝʥʠʡ ʜʣʷ ʨʘʙʦ-

ʪʳ ʩ ʛʨʘʬʘʤʠ, ʘ ʪʘʢʞʝ ʤʦʞʝʪ ʚʥʝʩʪʠ ʚʢʣʘʜ ʚ ʠʟʫʯʝʥʠʝ ʚʦʧʨʦʩʘ ʦ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʥʘʙʦʨʘʭ ʢʦʤʘʥʜ 

ʜʣʷ ʚʳʯʠʩʣʝʥʠʡ ʩ ʨʘʟʨʝʞʝʥʥʳʤʠ ʤʘʪʨʠʮʘʤʠ ʚ ʧʨʦʮʝʩʩʦʨʘʭ RISC-V. 

2. ʇʨʦʛʨʘʤʤʥʘʷ ʨʝʘʣʠʟʘʮʠʷ 

2.1. ʄʝʪʦʜʠʢʘ ʚʳʙʦʨʘ ʬʦʨʤʘʪʦʚ ʭʨʘʥʝʥʠʷ ʨʘʟʨʝʞʝʥʥʳʭ ʤʘʪʨʠʮ 

ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʥʦʚʳʭ ʬʦʨʤʘʪʦʚ ʭʨʘʥʝʥʠʷ ʨʘʟʨʝʞʝʥʥʳʭ ʤʘʪʨʠʮ ʠ ʚʳ-

ʙʦʨʘ ʥʘʠʙʦʣʝʝ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʭ ʠʟ ʥʠʭ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʥʘ ʧʨʦʮʝʩʩʦʨʘʭ ʘʨʭʠʪʝʢʪʫʨʳ RISC-V, 

ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʩʝʨʠʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʥʘ ʧʨʦʮʝʩʩʦʨʝ ʘʨʭʠ-

ʪʝʢʪʫʨʳ x86-64. ɺ ʢʘʯʝʩʪʚʝ ʨʝʬʝʨʝʥʩʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʙʳʣ ʚʳʙʨʘʥ ʘʣʛʦʨʠʪʤ SpMV ʜʣʷ ʬʦʨʤʘʪʘ 

CRS. ɼʣʷ ʪʝʩʪʠʨʦʚʘʥʠʷ ʙʳʣʠ ʚʟʷʪʳ ʦʪʢʨʳʪʳʝ ʧʨʦʛʨʘʤʤʥʳʝ ʨʝʘʣʠʟʘʮʠʠ ʘʣʛʦʨʠʪʤʘ SpMV ʜʣʷ 

ʥʝʩʢʦʣʴʢʠʭ ʬʦʨʤʘʪʦʚ ʭʨʘʥʝʥʠʷ ʠ ʧʨʦʚʝʜʝʥʳ ʟʘʤʝʨʳ ʚʨʝʤʝʥʠ ʠʭ ʨʘʙʦʪʳ ʜʣʷ ʦʜʥʦʢʨʘʪʥʦʛʦ ʚʳ-

ʧʦʣʥʝʥʠʷ ʦʧʝʨʘʮʠʠ SpMV. ʀʜʝʷ ʦʩʥʦʚʳʚʘʣʘʩʴ ʥʘ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ ʪʝ ʬʦʨʤʘʪʳ ʭʨʘʥʝʥʠʷ, 

ʢʦʪʦʨʳʝ ʧʦʢʘʞʫʪ ʥʘʠʣʫʯʰʠʝ ʨʝʟʫʣʴʪʘʪʳ ʥʘ ʵʪʦʡ ʘʨʭʠʪʝʢʪʫʨʝ, ʙʫʜʫʪ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳ ʠ 

ʜʣʷ ʘʨʭʠʪʝʢʪʫʨʳ RISC-V. ʇʦ ʠʪʦʛʘʤ ʪʝʩʪʠʨʦʚʘʥʠʷ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʙʳʣʠ ʚʳʙʨʘʥʳ ʩʣʝʜʫʶʱʠʝ 

ʬʦʨʤʘʪʳ ʭʨʘʥʝʥʠʷ ʨʘʟʨʝʞʝʥʥʳʭ ʤʘʪʨʠʮ: SELL-C-„ [2], CSR5 [3], CSR2 [4], VNEC [5] ʠ 

LAV  [6], ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʤ ʘʣʛʦʨʠʪʤʳ ʤʘʪʨʠʯʥʦ-ʚʝʢʪʦʨʥʦʛʦ ʫʤʥʦʞʝʥʠʷ.  

2.2. ʂʨʘʪʢʦʝ ʦʧʠʩʘʥʠʝ ʬʦʨʤʘʪʦʚ ʭʨʘʥʝʥʠʷ ʨʘʟʨʝʞʝʥʥʳʭ ʤʘʪʨʠʮ 

ʇʨʠʚʝʜʝʤ ʢʨʘʪʢʦʝ ʦʧʠʩʘʥʠʝ ʬʦʨʤʘʪʦʚ ʭʨʘʥʝʥʠʷ ʨʘʟʨʝʞʝʥʥʳʭ ʤʘʪʨʠʮ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʚ 

ʧʨʦʛʨʘʤʤʥʦʡ ʨʝʘʣʠʟʘʮʠʠ. ɺʩʝ ʵʪʠ ʬʦʨʤʘʪʳ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʥʘ ʧʨʦʮʝʩʩʦʨʳ, ʧʦʜʜʝʨʞʠʚʘʶʱʠʝ 

ʚʝʢʪʦʨʠʟʘʮʠʶ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ SIMD-ʠʥʩʪʨʫʢʮʠʡ. 

SELL-C-„ [2] ï ʛʠʙʨʠʜ ELL ʠ CSR, ʧʨʝʜʣʦʞʝʥʥʳʡ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʡ ʚʝʢʪʦʨʠʟʘʮʠʠ ʤʘʪʨʠʯ-

ʥʦ-ʚʝʢʪʦʨʥʦʛʦ ʫʤʥʦʞʝʥʠʷ. ʀʜʝʷ ï ʩʦʨʪʠʨʦʚʢʘ ʩʪʨʦʢ ʧʦ ʫʙʳʚʘʥʠʶ ʯʠʩʣʘ ʥʝʥʫʣʝʚʳʭ ʵʣʝʤʝʥʪʦʚ ʚ 

ʧʨʝʜʝʣʘʭ „ ʩʪʨʦʢ (ʣʦʢʘʣʴʥʦʝ ʚʳʨʘʚʥʠʚʘʥʠʝ), ʨʘʟʜʝʣʝʥʠʝ ʤʘʪʨʠʮʳ ʥʘ ʧʦʣʦʩʳ ʧʦ C ʩʪʨʦʢ ʠ ʚʳ-

ʜʝʣʝʥʠʝ ʢʘʞʜʦʡ ʧʦʣʦʩʝ ʧʘʤʷʪʠ ʧʦ ʜʣʠʥʝ ʩʘʤʦʡ ʜʣʠʥʥʦʡ ʩʪʨʦʢʠ ʚ ʵʪʦʡ ʧʦʣʦʩʝ. ʌʦʨʤʘʪ ʨʝʘʣʠʟʫ-

ʝʪ ʦʪʣʠʯʥʫʶ ʚʝʢʪʦʨʠʟʘʮʠʶ ʠ ʢʵʰ-ʣʦʢʘʣʴʥʦʩʪʴ ʠ ʧʦʢʘʟʳʚʘʝʪ ʭʦʨʦʰʫʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʧʨʠ 

ʧʨʘʚʠʣʴʥʦ ʚʳʙʨʘʥʥʦʤ „. 

CSR5 [3] ï ʤʦʜʠʬʠʢʘʮʠʷ ʬʦʨʤʘʪʘ CSR. ʀʜʝʷ ʬʦʨʤʘʪʘ ï ʨʘʟʙʠʪʴ ʤʘʪʨʠʮʫ ʥʘ ʙʣʦʢʠ ʬʠʢʩʠ-

ʨʦʚʘʥʥʦʛʦ ʨʘʟʤʝʨʘ ὅ „, ʛʜʝ „ ï ʩʨʝʜʥʝʝ ʯʠʩʣʦ ʥʝʥʫʣʝʚʳʭ ʵʣʝʤʝʥʪʦʚ ʥʘ ʩʪʨʦʢʫ. CSR5 ʦʙʝʩʧʝ-

ʯʠʚʘʝʪ ʨʝʛʫʣʷʨʥʳʡ ʜʦʩʪʫʧ ʚʥʫʪʨʠ ʙʣʦʢʘ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʜʦʩʪʠʛʘʝʪʩʷ ʣʫʯʰʘʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴ-

ʥʦʩʪʴ, ʯʝʤ ʚ CSR. ɹʘʣʘʥʩʠʨʦʚʢʘ ʥʘʛʨʫʟʢʠ ʤʝʞʜʫ ʧʦʪʦʢʘʤʠ ʨʝʘʣʠʟʫʝʪʩʷ ʘʚʪʦʤʘʪʠʯʝʩʢʠ. ɸʣʛʦ-

ʨʠʪʤ ʤʘʪʨʠʯʥʦ-ʚʝʢʪʦʨʥʦʛʦ ʫʤʥʦʞʝʥʠʷ ʜʣʷ CSR5 ʭʦʨʦʰʦ ʤʘʩʰʪʘʙʠʨʫʝʪʩʷ ʥʘ ʘʨʭʠʪʝʢʪʫʨʝ  

x86-64. 

CSR2 [4] ï ʬʦʨʤʘʪ, ʷʚʣʷʶʱʠʡʩʷ ʤʦʜʠʬʠʢʘʮʠʝʡ CRS. ɺ ʜʘʥʥʦʤ ʬʦʨʤʘʪʝ ʠʥʬʦʨʤʘʮʠʷ ʦ 

ʥʝʥʫʣʝʚʳʭ ʵʣʝʤʝʥʪʘʭ ʤʘʪʨʠʮʳ ʭʨʘʥʠʪʩʷ ʚ ʪʨʝʭ ʤʘʩʩʠʚʘʭ, ʩʦʜʝʨʞʘʱʠʭ ʥʝʥʫʣʝʚʳʝ ʵʣʝʤʝʥʪʳ, 

ʥʦʤʝʨʘ ʩʪʦʣʙʮʦʚ ʵʪʠʭ ʵʣʝʤʝʥʪʦʚ ʠ ʠʥʜʝʢʩʳ ʥʘʯʘʣʘ ʩʪʨʦʢ. ʇʨʠ ʵʪʦʤ ʤʘʩʩʠʚʳ ʥʝʥʫʣʝʚʳʭ ʵʣʝ-

ʤʝʥʪʦʚ ʠ ʥʦʤʝʨʦʚ ʠʭ ʩʪʦʣʙʮʦʚ ʩʛʨʫʧʧʠʨʦʚʘʥʳ ʚ ʙʣʦʢʠ, ʨʘʟʤʝʨ ʢʦʪʦʨʳʭ ʢʨʘʪʝʥ ʜʣʠʥʝ ʚʝʢʪʦʨʥʦ-

ʛʦ ʨʝʛʠʩʪʨʘ. ɼʘʥʥʳʝ, ʧʨʠʥʘʜʣʝʞʘʱʠʝ ʦʜʥʦʤʫ ʙʣʦʢʫ, ʣʝʞʘʪ ʨʷʜʦʤ. ɿʘ ʩʯʝʪ ʵʪʦʛʦ ʚ CSR2 ʨʝʘʣʠ-

ʟʫʝʪʩʷ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʘʷ ʚʝʢʪʦʨʠʟʘʮʠʷ SpMV ʠ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʢʵʰʘ. 

VNEC [5] ï ʘʜʘʧʪʠʚʥʳʡ ʬʦʨʤʘʪ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʡ ʜʣʷ ʥʝʨʘʚʥʦʤʝʨʥʦ ʨʘʟʨʝʞʝʥʥʳʭ ʤʘʪʨʠʮ, 

ʧʣʦʪʥʦʩʪʴ ʢʦʪʦʨʳʭ ʩʠʣʴʥʦ ʚʘʨʴʠʨʫʝʪʩʷ. ʀʜʝʷ VNEC ï ʨʘʟʙʠʪʴ ʤʘʪʨʠʮʫ ʥʘ ʙʣʦʢʠ ʩ ʧʝʨʝʤʝʥʥʳʤ 

ʯʠʩʣʦʤ ʥʝʥʫʣʝʚʳʭ ʵʣʝʤʝʥʪʦʚ, ʠ ʜʣʷ ʢʘʞʜʦʛʦ ʙʣʦʢʘ ʭʨʘʥʠʪʴ ʩʦʙʩʪʚʝʥʥʫʶ ʣʦʢʘʣʴʥʫʶ ʩʪʨʫʢʪʫʨʫ 

(CSR, COO ʠʣʠ ELL). ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʭʨʘʥʷʪʩʷ ʫʢʘʟʘʪʝʣʠ ʥʘ ʥʘʯʘʣʦ ʢʘʞʜʦʛʦ ʙʣʦʢʘ ʠ ʜʘʥʥʳʝ ʦ 

ʪʦʤ, ʢʘʢʦʡ ʬʦʨʤʘʪ ʚ ʥʝʤ ʠʩʧʦʣʴʟʫʝʪʩʷ. VNEC ʘʜʘʧʪʠʨʦʚʘʥ ʢ ʩʠʣʴʥʦ ʥʝʨʘʚʥʦʤʝʨʥʳʤ ʤʘʪʨʠʮʘʤ 

ʠ ʧʦʢʘʟʳʚʘʝʪ ʚʳʩʦʢʫʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʧʨʠ ʩʤʝʰʘʥʥʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʧʣʦʪʥʦʩʪʠ. 

LAV [6] ï ʬʦʨʤʘʪ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʡ ʥʘ ʫʣʫʯʰʝʥʠʝ ʣʦʢʘʣʴʥʦʩʪʠ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʢʦʤ-

ʧʘʢʪʥʦʩʪʠ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʜʘʥʥʳʭ. ʀʜʝʷ ʬʦʨʤʘʪʘ ï ʨʘʟʜʝʣʝʥʠʝ ʚʭʦʜʥʦʡ ʤʘʪʨʠʮʳ ʥʘ ʜʚʝ ʯʘʩʪʠ. 
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ʇʝʨʚʘʷ ʯʘʩʪʴ, ʥʘʟʳʚʘʝʤʘʷ ʧʣʦʪʥʦʡ, ʩʦʜʝʨʞʠʪ ʙʦʣʴʰʠʥʩʪʚʦ ʥʝʥʫʣʝʚʳʭ ʵʣʝʤʝʥʪʦʚ. ɺʪʦʨʘʷ ʯʘʩʪʴ, 

ʥʘʟʳʚʘʝʤʘʷ ʨʘʟʨʝʞʝʥʥʦʡ, ʚʢʣʶʯʘʝʪ ʦʩʪʘʚʰʠʝʩʷ ʥʝʥʫʣʝʚʳʝ ʵʣʝʤʝʥʪʳ. ʆʧʝ-ʨʘʮʠʠ ʥʘʜ ʧʣʦʪʥʦʡ ʠ 

ʨʘʟʨʝʞʝʥʥʦʡ ʯʘʩʪʷʤʠ ʤʘʪʨʠʮʳ ʦʩʫʱʝʩʪʚʣʷʶʪ ʜʦʩʪʫʧ ʢ ʥʝʧʝʨʝʩʝʢʘʶʱʠʤʩʷ ʧʦʜʤʥʦʞʝʩʪʚʘʤ 

ʵʣʝʤʝʥʪʦʚ ʚʭʦʜʥʦʛʦ ʚʝʢʪʦʨʘ. ʇʣʦʪʥʘʷ ʯʘʩʪʴ ʤʘʪʨʠʮʳ ʟʘʚʠʩʠʪ ʦʪ ʜʣʠʥʳ ʚʝʢʪʦʨʥʦʛʦ ʨʝʛʠʩʪʨʘ ʠ 

ʨʘʟʤʝʨʘ ʢʵʰʘ. ʈʘʟʨʝʞʝʥʥʘʷ ʯʘʩʪʴ ʭʨʘʥʠʪʩʷ ʚ ʦʙʳʯʥʦʤ CRS ʬʦʨʤʘʪʝ. 

2.3. ʇʨʦʛʨʘʤʤʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʙʠʙʣʠʦʪʝʢʠ 

ʇʨʦʛʨʘʤʤʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʙʠʙʣʠʦʪʝʢʠ ʚʳʧʦʣʥʝʥʘ ʥʘ ʷʟʳʢʝ ʉ++. ɼʣʷ ʢʘʞʜʦʛʦ ʬʦʨʤʘʪʘ ʭʨʘ-

ʥʝʥʠʷ ʨʘʟʨʝʞʝʥʥʦʡ ʤʘʪʨʠʮʳ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʦʪʜʝʣʴʥʳʡ ʰʘʙʣʦʥʥʳʡ ʢʣʘʩʩ, ʬʫʥʢʮʠʷ ʢʦʥʚʝʨʪʘ-

ʮʠʠ ʤʘʪʨʠʮʳ ʠʟ ʬʦʨʤʘʪʘ CRS ʚ ʜʘʥʥʳʡ ʬʦʨʤʘʪ ʠ ʬʫʥʢʮʠʷ ʫʤʥʦʞʝʥʠʷ ʤʘʪʨʠʮʳ ʥʘ ʚʝʢʪʦʨ ʩ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʝʤ ʚʝʢʪʦʨʥʳʭ ʠʥʩʪʨʫʢʮʠʡ RVV 1.0. ʇʦʜʜʝʨʞʠʚʘʶʪʩʷ ʚʳʯʠʩʣʝʥʠʷ ʚ ʦʜʠʥʘʨʥʦʡ ʠ 

ʜʚʦʡʥʦʡ ʪʦʯʥʦʩʪʠ. ʈʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʭʥʦʣʦʛʠʠ OpenMP. ɼʦ-

ʧʦʣʥʠʪʝʣʴʥʦ ʙʳʣʘ ʨʝʘʣʠʟʦʚʘʥʘ ʪʝʩʪʦʚʘʷ ʩʠʩʪʝʤʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʠʙʣʠʦʪʝʢ Google Test ʠ 

Google Benchmark, ʧʦʟʚʦʣʷʶʱʘʷ ʧʨʦʚʝʨʠʪʴ ʢʦʨʨʝʢʪʥʦʩʪʴ ʚʳʯʠʩʣʝʥʠʡ ʠ ʧʨʦʚʝʩʪʠ ʟʘʤʝʨʳ ʧʨʦ-

ʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʥʘ ʙʦʣʴʰʦʤ ʦʙʲʝʤʝ ʪʝʩʪʦʚʳʭ ʜʘʥʥʳʭ.  

3. ʈʝʟʫʣʴʪʘʪʳ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ɼʣʷ ʘʧʨʦʙʘʮʠʠ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʙʠʙʣʠʦʪʝʢʠ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ 

ʩʨʘʚʥʝʥʠʷ ʚʨʝʤʝʥʠ ʦʜʥʦʢʨʘʪʥʦʛʦ ʚʳʧʦʣʥʝʥʠʷ ʦʧʝʨʘʮʠʠ SpMV ʜʣʷ ʚʩʝʭ ʨʝʘʣʠʟʦʚʘʥʥʳʭ ʬʦʨʤʘ-

ʪʦʚ ʭʨʘʥʝʥʠʷ ʨʘʟʨʝʞʝʥʥʳʭ ʤʘʪʨʠʮ. ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʙʳʣʦ ʚʳʙʨʘʥʦ 54 ʤʘʪʨʠʮ rʠʟ ʢʦʣʣʝʢʮʠʠ 

SuiteSparse [11] ʨʘʟʤʝʨʦʤ ʦʪ 200 ʪʳʩʷʯ ʜʦ 5 ʤʣʥ ʩʪʨʦʢ. 

 

ʈʠʩ. 1. ʋʩʢʦʨʝʥʠʝ ʦʧʝʨʘʮʠʠ SpMV ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʬʦʨʤʘʪʦʚ ʭʨʘʥʝʥʠʷ ʨʘʟʨʝʞʝʥ-ʥʳʭ ʤʘʪʨʠʮ  

ʦʪʥʦʩʠʪʝʣʴʥʦ ʬʦʨʤʘʪʘ CRS ʧʨʠ ʟʘʧʫʩʢʝ ʚ 1 ʧʦʪʦʢ. ʇʦ ʚʝʨʪʠʢʘʣʠ ï ʚʝʣʠʯʠʥʘ ʫʩʢʦʨʝʥʠʷ,  

ʧʦ ʛʦʨʠʟʦʥʪʘʣʠ ï ʥʘʟʚʘʥʠʝ ʪʝʩʪʦʚʦʡ ʤʘʪʨʠʮʳ 

ɺʩʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʪʝʩʪʦʚʦʡ ʩʠʩʪʝʤʝ ʩʦ ʩʣʝʜʫʶʱʠʤʠ ʪʝʭʥʠʯʝʩʢʠʤʠ ʭʘʨʘʢ-

ʪʝʨʠʩʪʠʢʘʤʠ: ʧʣʘʪʘ Banana Pi BPI-F3 ʩ ʧʨʦʮʝʩʩʦʨʦʤ SpacemiT Keystone K1 (8 ʷʜʝʨ SpacemiT 

x60 ʩ ʯʘʩʪʦʪʦʡ 1.6 ɻɻʮ ʠ 8-ʩʪʫʧʝʥʯʘʪʳʤ in-order ʢʦʥʚʝʡʝʨʦʤ, ʧʨʦʬʠʣʝʤ RVA22 ʩ ʧʦʜʜʝʨʞʢʦʡ 
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256-ʙʠʪʥʦʛʦ RVV 1.0), 16 GB ʦʧʝʨʘʪʠʚʥʦʡ ʧʘʤʷʪʠ ʠ ʦʧʝʨʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʦʡ Bianbu 1.0.15. ɿʘ-

ʧʫʩʢʠ ʧʨʦʚʦʜʠʣʠʩʴ ʚ 1, 2, 4 ʠ 8 ʧʦʪʦʢʦʚ, ʚ ʦʜʠʥʘʨʥʦʡ ʠ ʜʚʦʡʥʦʡ ʪʦʯʥʦʩʪʠ. ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʬʦʨ-

ʤʘʪʦʚ ʤʝʞʜʫ ʩʦʙʦʡ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʤʠʥʠʤʘʣʴʥʦʝ ʠʟ ʥʝʩʢʦʣʴʢʠʭ ʟʘʧʫʩʢʦʚ ʚʨʝʤʷ ʚʳʧʦʣʥʝʥʠʷ 

ʦʧʝʨʘʮʠʠ SpMV. 

 

ʈʠʩ. 2. ʋʩʢʦʨʝʥʠʝ ʦʧʝʨʘʮʠʠ SpMV ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʬʦʨʤʘʪʦʚ ʭʨʘʥʝʥʠʷ ʨʘʟʨʝʞʝʥ-ʥʳʭ ʤʘʪʨʠʮ  

ʦʪʥʦʩʠʪʝʣʴʥʦ ʬʦʨʤʘʪʘ CRS ʧʨʠ ʟʘʧʫʩʢʝ ʚ 4 ʧʦʪʦʢʘ. ʇʦ ʚʝʨʪʠʢʘʣʠ ï ʚʝʣʠʯʠʥʘ ʫʩʢʦʨʝʥʠʷ,  

ʧʦ ʛʦʨʠʟʦʥʪʘʣʠ ï ʥʘʟʚʘʥʠʝ ʪʝʩʪʦʚʦʡ ʤʘʪʨʠʮʳ 

ʈʝʟʫʣʴʪʘʪʳ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ ʧʘʨʘʣʣʝʣʴʥʦʡ ʚʝʨʩʠʠ ʜʣʷ 

ʙʦʣʴʰʠʥʩʪʚʘ ʬʦʨʤʘʪʦʚ ʚʨʝʤʷ ʨʘʙʦʪʳ ʦʧʝʨʘʮʠʠ SpMV ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 4 ʧʦʪʦʢʦʚ ʤʝʥʴʰʝ, 

ʯʝʤ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 8 ʧʦʪʦʢʦʚ, ʧʦʵʪʦʤʫ ʜʘʣʝʝ ʧʨʠʚʝʜʝʥʳ ʛʨʘʬʠʢʠ ʚʨʝʤʝʥʠ ʨʘʙʦʪʳ ʪʦʣʴʢʦ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʡ ʚʝʨʩʠʠ ʠ ʧʘʨʘʣʣʝʣʴʥʦʡ ʚʝʨʩʠʠ ʚ 4 ʧʦʪʦʢʘ.  

ʈʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 1 ʠ ʨʠʩ. 2. ʅʘ ʛʨʘʬʠʢʘʭ ʧʨʠʚʝʜʝʥʦ ʚʨʝʤʷ 

ʨʘʙʦʪʳ ʦʧʝʨʘʮʠʠ SpMV ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ ʬʦʨʤʘʪʦʚ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʨʝʤʝʥʠ ʨʘʙʦʪʳ ʵʪʦʡ ʦʧʝʨʘʮʠʠ 

ʜʣʷ ʬʦʨʤʘʪʘ CSR, ʚ ʜʚʦʡʥʦʡ ʪʦʯʥʦʩʪʠ. CRS_best ï ʵʪʦ ʥʘʠʙʦʣʝʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʘʷ ʠʟ ʩʢʘʣʷʨ-

ʥʦʡ ʠ ʚʝʢʪʦʨʥʦʡ ʚʝʨʩʠʠ ʬʦʨʤʘʪʘ CSR ʜʣʷ ʢʘʞʜʦʡ ʤʘʪʨʠʮʳ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʙʳʣʦ ʧʦʣʫʯʝʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʨʝʜʣʦʞʝʥʥʳʭ ʬʦʨ-ʤʘʪʦʚ 

ʧʦʟʚʦʣʠʣʦ ʫʩʢʦʨʠʪʴ ʘʣʛʦʨʠʪʤ ʤʘʪʨʠʯʥʦ-ʚʝʢʪʦʨʥʦʛʦ ʫʤʥʦʞʝʥʠʷ ʥʘ RISC-V ʚ 1.5ï6 ʨʘʟ ʦʪʥʦʩʠ-

ʪʝʣʴʥʦ ʬʦʨʤʘʪʘ CRS. 

ɼʣʷ ʪʠʧʘ ʜʘʥʥʳʭ double ʚʳʠʛʨʳʰ ʥʦʚʳʭ ʬʦʨʤʘʪʦʚ ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʩʭʦʜʥʦʛʦ ʬʦʨʤʘʪʘ CRS 

ʧʨʠ ʚʳʧʦʣʥʝʥʠʠ ʦʧʝʨʘʮʠʠ SpMV ʚʩʪʨʝʯʘʝʪʩʷ ʧʦʯʪʠ ʥʘ ʚʩʝʭ ʤʘʪʨʠʮʘʭ ʚ ʩʣʫʯʘʝ ʨʘʙʦʪʳ ʚ 1 ʧʦʪʦʢ 

ʠ ʥʘ ʙʦʣʴʰʠʥʩʪʚʝ ʤʘʪʨʠʮ ʚ ʩʣʫʯʘʝ ʨʘʙʦʪʳ ʚ 4 ʧʦʪʦʢʘ (ʚ 99% ʠ 77% ʩʣʫʯʘʝʚ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ CRS2, CRS5, Sell-C-ů ʠ VHCC ʧʦʯʪʠ ʚʦ ʚʩʝʭ ʩʣʫʯʘʷʭ ʜʘʝʪ ʫʩʢʦʨʝʥʠʝ ʦʪʥʦʩʠ-

ʪʝʣʴʥʦ CRS ʢʘʢ ʚ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʤ, ʪʘʢ ʠ ʚ ʧʘʨʘʣʣʝʣʴʥʦʤ ʟʘʧʫʩʢʘʭ. ɺ ʧʦʜʘʚʣʷʶʱʝʤ ʙʦʣʴʰʠʥ-

ʩʪʚʝ ʩʣʫʯʘʝʚ ʥʘ ʚʩʝʭ ʤʘʪʨʠʮʘʭ ʜʣʷ ʣʶʙʦʛʦ ʯʠʩʣʘ ʧʦʪʦʢʦʚ ʚʳʠʛʨʳʚʘʝʪ ʬʦʨʤʘʪ SELL-C-Sigma. 

ʊʨʦʡʢʫ ʣʠʜʝʨʦʚ ʩʦʩʪʘʚʣʷʶʪ SELL-C-Sigma, CRS5 ʠ CRS2. ʂʦʣʠʯʝʩʪʚʦ ʤʘʪʨʠʮ, ʥʘ ʢʦʪʦʨʳʭ ʠʭ 

ʫʩʢʦʨʝʥʠʝ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʴʰʠʤ, ʩʦʩʪʘʚʣʷʝʪ 32, 5 ʠ 5 ʥʘ 1 ʧʦʪʦʢʝ, ʠ 24, 7 ʠ 5 ʥʘ 4 ʧʦʪʦʢʘʭ ʩʦʦʪ-

ʚʝʪʩʪʚʝʥʥʦ. ʆʩʪʘʣʴʥʳʝ ʬʦʨʤʘʪʳ ʜʘʶʪ ʧʨʠʨʦʩʪ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʥʘ ʦʧʨʝʜʝʣʝʥʥʳʭ ʪʠʧʘʭ 

ʨʘʟʨʝʞʝʥʥʳʭ ʤʘʪʨʠʮ, ʯʪʦ ʦʞʠʜʘʝʤʦ, ʪʘʢ ʢʘʢ ʢʘʞʜʳʡ ʠʟ ʥʠʭ ʠʟʥʘʯʘʣʴʥʦ ʙʳʣ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥ 

ʧʦʜ ʢʦʥʢʨʝʪʥʳʡ ʚʠʜ ʤʘʪʨʠʮ. 
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4. ɿʘʢʣʶʯʝʥʠʝ 

ɺ ʨʘʙʦʪʝ ʙʳʣʠ ʦʧʠʩʘʥʳ ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʟʨʘʙʦʪʢʠ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʦʡ ʜʣʷ 

ʧʨʦʮʝʩʩʦʨʦʚ ʘʨʭʠʪʝʢʪʫʨʳ RISC-V ʙʠʙʣʠʦʪʝʢʠ ʬʦʨʤʘʪʦʚ ʭʨʘʥʝʥʠʷ ʨʘʟʨʝʞʝʥʥʳʭ ʤʘʪʨʠʮ ʜʣʷ ʘʣ-

ʛʦʨʠʪʤʘ ʫʤʥʦʞʝʥʠʷ ʤʘʪʨʠʮʳ ʥʘ ʚʝʢʪʦʨ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʜʦʩʪʠʛʥʫʪʦʝ 

ʫʩʢʦʨʝʥʠʝ ʥʘ ʦʧʝʨʘʮʠʠ ʤʘʪʨʠʯʥʦ-ʚʝʢʪʦʨʥʦʛʦ ʫʤʥʦʞʝʥʠʷ ʥʘ ʘʨʭʠʪʝʢʪʫʨʝ ʧʨʦʮʝʩʩʦʨʘ RISC-V 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʪʘʥʜʘʨʪʥʦʛʦ ʬʦʨʤʘʪʘ ʭʨʘʥʝʥʠʷ ʨʘʟʨʝʞʝʥʥʳʭ ʤʘʪʨʠʮ CRS ʩʦʩʪʘʚʣʷʝʪ 1.5ï6 ʨʘʟ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʬʦʨʤʘʪʘ ʭʨʘʥʝʥʠʷ. ʅʘ ʜʘʥʥʦʤ ʵʪʘʧʝ ʨʘʙʦʪʳ ʥʘʠʣʫʯʰʝʝ ʫʩʢʦʨʝ-

ʥʠʝ ʙʳʣʦ ʜʦʩʪʠʛʥʫʪʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʬʦʨʤʘʪʦʚ CSR2, CSR5 ʠ SELL-C-Ɑ. 

ɺʝʜʝʪʩʷ ʜʘʣʴʥʝʡʰʘʷ ʨʘʙʦʪʘ ʧʦ ʫʣʫʯʰʝʥʠʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʬʦʨʤʘʪʘ LAV ʠ ʨʝʘʣʠʟʘ-

ʮʠʠ ʝʱʝ ʥʝʩʢʦʣʴʢʠʭ ʬʦʨʤʘʪʦʚ ʭʨʘʥʝʥʠʷ. ʇʨʦʚʦʜʠʪʩʷ ʘʥʘʣʠʟ ʪʠʧʦʚ ʤʘʪʨʠʮ, ʥʘ ʢʦʪʦʨʳʭ ʥʝ-

ʩʢʦʣʴʢʦ ʬʦʨʤʘʪʦʚ ʩʪʘʙʠʣʴʥʦ ʜʘʚʘʣʠ ʟʘʤʝʜʣʝʥʠʝ ʠʣʠ ʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʥʘʠʣʫʯʰʝʝ ʫʩʢʦʨʝʥʠʝ 

ʧʨʠ ʚʳʧʦʣʥʝʥʠʠ ʦʧʝʨʘʮʠʠ SpMV. ɺ ʙʫʜʫʱʝʤ ʟʘʧʣʘʥʠʨʦʚʘʥʘ ʠʥʪʝʛʨʘʮʠʷ ʨʝʘʣʠʟʫʝʤʦʡ ʙʠʙʣʠʦ-

ʪʝʢʠ ʩ ʦʜʥʠʤ ʠʟ ʠʪʝʨʘʮʠʦʥʥʳʭ ʨʝʰʘʪʝʣʝʡ ʩʠʩʪʝʤ ʣʠʥʝʡʥʳʭ ʫʨʘʚʥʝʥʠʡ ʩ ʨʘʟʨʝʞʝʥʥʳʤʠ ʤʘʪʨʠ-

ʮʘʤʠ. 
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ʄʆɼɽʃʀʈʆɺɸʅʀɽ ʇʈʆʀɿɺʆɼʀʊɽʃʔʅʆʉʊʀ ʄɽʊʆɼɸ 

ʂɺɸʅʊʆɺʓʍ ʊʈɸɽʂʊʆʈʀʁ ɼʃʗ ʆʇʊʀʄʀɿɸʎʀʀ ʇɸʈɸʄɽʊʈʆɺ 

ɸʃɻʆʈʀʊʄɸ1* 

ɺ.ɼ. ɺʦʣʦʢʠʪʠʥ 

ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ 

ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʟʘʜʘʯʘ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʤʝʪʦʜʘ ʢʚʘʥʪʦʚʳʭ ʪʨʘ-

ʝʢʪʦʨʠʡ, ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʪʢʨʳʪʳʭ ʢʚʘʥʪʦʚʳʭ ʩʠʩʪʝʤ. ʉʪʦʭʘʩʪʠ-

ʯʝʩʢʠʡ ʭʘʨʘʢʪʝʨ ʤʦʤʝʥʪʦʚ ʢʚʘʥʪʦʚʳʭ ʩʢʘʯʢʦʚ ʚʳʟʳʚʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʩʠʥʭʨʦʥʠʟʘ-

ʮʠʠ ʪʨʘʝʢʪʦʨʠʡ ʠ ʩʥʠʞʘʝʪ ʦʙʱʫʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʚʳʯʠʩʣʝʥʠʡ. ɼʣʷ ʨʝʰʝʥʠʷ 

ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʧʨʝʜʣʦʞʝʥʘ ʤʦʜʝʣʴ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ, ʦʧʠʩʳʚʘʶʱʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʘʣʛʦʨʠʪʤʘ ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʩʠʩʪʝʤʳ ʠ ʩʚʦʡʩʪʚ ʵʬʬʝʢʪʠʚʥʦʛʦ ʛʘʤʠʣʴʪʦ-

ʥʠʘʥʘ. ʅʘ ʦʩʥʦʚʝ ʤʦʜʝʣʠ ʚʳʧʦʣʥʷʝʪʩʷ ʦʮʝʥʢʘ ʯʘʩʪʦʪʳ ʢʚʘʥʪʦʚʳʭ ʩʢʘʯʢʦʚ ʠ ʚʳʙʠʨʘ-

ʝʪʩʷ ʦʧʪʠʤʘʣʴʥʦʝ ʯʠʩʣʦ ʪʨʘʝʢʪʦʨʠʡ ʥʘ ʚʳʯʠʩʣʠʪʝʣʴʥʳʡ ʫʟʝʣ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʙʦʣʝʝ 

ʧʦʣʥʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʨʝʩʫʨʩʦʚ ʠ ʫʤʝʥʴʰʘʝʪ ʜʝʛʨʘʜʘʮʠʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ. ʊʘʢʦʡ 

ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʧʦʚʳʩʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʚʳʯʠʩʣʝʥʠʡ ʙʝʟ ʠʟʤʝʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʘʣ-

ʛʦʨʠʪʤʘ ʠ ʤʦʞʝʪ ʧʨʠʤʝʥʷʪʴʩʷ ʜʣʷ ʘʚʪʦʤʘʪʠʯʝʩʢʦʡ ʥʘʩʪʨʦʡʢʠ ʧʘʨʘʤʝʪʨʦʚ ʚ ʟʘʜʘʯʘʭ 

ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʪʢʨʳʪʳʭ ʢʚʘʥʪʦʚʳʭ ʩʠʩʪʝʤ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʦʜʝʣʴ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ, ʤʝʪʦʜ ʢʚʘʥʪʦʚʳʭ ʪʨʘʝʢʪʦʨʠʡ, ʦʮʝʥʢʘ 

ʧʘʨʘʤʝʪʨʦʚ, ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʝ ʚʳʯʠʩʣʝʥʠʷ, ʘʚʪʦʤʘʪʠʯʝʩʢʘʷ ʥʘʩʪʨʦʡʢʘ ʧʘʨʘ-

ʤʝʪʨʦʚ 

 

1. ɺʚʝʜʝʥʠʝ 

ɺ ʩʦʚʨʝʤʝʥʥʦʤ ʤʠʨʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ 

(ʇʆ) ʩʪʘʣʢʠʚʘʝʪʩʷ ʩ ʪʨʫʜʥʦʩʪʷʤʠ, ʩʚʷʟʘʥʥʳʤʠ ʩ ʝʛʦ ʵʬʬʝʢʪʠʚʥʳʤ ʟʘʧʫʩʢʦʤ ʥʘ ʨʘʟʣʠʯʥʳʭ ʘʧ-

ʧʘʨʘʪʥʳʭ ʘʨʭʠʪʝʢʪʫʨʘʭ. ʈʘʟʨʘʙʦʪʯʠʢʠ ʇʆ ʟʘʯʘʩʪʫʶ ʥʝ ʤʦʛʫʪ ʟʘʨʘʥʝʝ ʧʨʝʜʫʩʤʦʪʨʝʪʴ ʚʩʝ ʩʮʝʥʘ-

ʨʠʠ ʠ ʧʘʨʘʤʝʪʨʳ ʟʘʜʘʯ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʚʦʟʥʠʢʥʫʪʴ ʚ ʧʨʦʮʝʩʩʝ ʵʢʩʧʣʫʘʪʘʮʠʠ ʠʭ ʘʣʛʦʨʠʪʤʦʚ ʠ 

ʧʨʦʛʨʘʤʤ. 

ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʧʦʧʫʣʷʨʥʳʭ ʧʦʜʭʦʜʦʚ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʷʚʣʷʝʪʩʷ ʧʦʩʪʨʦʝʥʠʝ ʤʦʜʝʣʠ 

ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʜʣʷ ʢʘʞʜʦʛʦ ʢʦʥʢʨʝʪʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʚ ʩʦʩʪʘʚʝ ʧʨʦʛʨʘʤʤʳ. ʅʘ ʦʩʥʦʚʝ ʪʘʢʦʡ 

ʤʦʜʝʣʠ ʤʦʞʥʦ ʦʧʝʨʘʪʠʚʥʦ ʧʦʜʙʠʨʘʪʴ ʤʝʪʘʧʘʨʘʤʝʪʨʳ ʘʣʛʦʨʠʪʤʘ ʜʣʷ ʨʝʰʝʥʠʷ ʢʘʞʜʦʡ ʢʦʥʢʨʝʪ-

ʥʦʡ ʟʘʜʘʯʠ, ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʤʘʢʩʠʤʘʣʴʥʦ ʵʬʬʝʢʪʠʚʥʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝ-

ʩʫʨʩʦʚ ʢʦʤʧʴʶʪʝʨʘ. 

ɺ ʨʘʙʦʪʝ [1] ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʧʦʜʭʦʜ ʠʪʝʨʘʪʠʚʥʦʛʦ ʣʦʢʘʣʴʥʦʛʦ ʧʦʠʩʢʘ ʦʧʪʠʤʘʣʴʥʳʭ ʧʘʨʘ-

ʤʝʪʨʦʚ. ɺ ʩʪʘʪʴʝ [2] ʧʨʝʜʣʦʞʝʥ ʤʝʪʦʜ ʧʦʩʪʨʦʝʥʠʷ ʩʫʨʨʦʛʘʪʥʦʡ ʤʦʜʝʣʠ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʠ 

ʧʦʜʙʦʨʘ ʧʘʨʘʤʝʪʨʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. ɺ ʨʘʙʦʪʝ [3] ʧʨʦʜʝʤʦʥ-

ʩʪʨʠʨʦʚʘʥ ʧʦʜʭʦʜ ʥʘ ʦʩʥʦʚʝ ʢʣʘʩʪʝʨʠʟʘʮʠʠ ʟʘʜʘʯ ʠ ʧʨʠʤʝʥʝʥʠʷ ʵʬʬʝʢʪʠʚʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ 

ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ ʢʘʞʜʦʡ ʛʨʫʧʧʳ ʵʢʟʝʤʧʣʷʨʦʚ. ʕʪʦʪ ʤʝʪʦʜ ʧʦʢʘʟʘʣ ʚʳʩʦʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʥʘ 

ʟʘʜʘʯʘʭ ʙʫʣʝʚʦʡ ʚʳʧʦʣʥʠʤʦʩʪʠ (SAT) ʠ ʩʤʝʰʘʥʥʦʛʦ ʮʝʣʦʯʠʩʣʝʥʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ (MIP). 

ɺ ʩʪʘʪʴʷʭ [4, 5] ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʘʚʪʦʤʘʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʦʧʪʠʤʠʟʘʮʠʠ ʛʠʧʝʨʧʘʨʘʤʝʪʨʦʚ, 

ʥʘʧʨʘʚʣʝʥʥʳʝ ʥʘ ʧʦʚʳʰʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʘʣʛʦʨʠʪʤʦʚ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʧʨʦʙʣʝʤʘ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʟʘʧʫʩʢʘ ʤʝʪʦʜʘ 

ʢʚʘʥʪʦʚʳʭ ʪʨʘʝʢʪʦʨʠʡ. ʇʨʝʜʣʘʛʘʝʪʩʷ ʤʦʜʝʣʴ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ ʚʳʙʠʨʘʪʴ 

ʧʘʨʘʤʝʪʨʳ ʘʣʛʦʨʠʪʤʘ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʥʘʠʙʦʣʝʝ ʧʦʣʥʦʝ ʠ ʨʘʮʠʦʥʘʣʴʥʦʝ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʝ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ. 

                                                      
1* ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ, ʧʨʦʝʢʪ 

ˉ FSWR-2023-0034. 
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2. ʄʝʪʦʜ ʢʚʘʥʪʦʚʳʭ ʪʨʘʝʢʪʦʨʠʡ 

ʈʘʥʝʝ ʚ ʨʘʙʦʪʝ [6] ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʤʦʜʠʬʠʢʘʮʠʷ ʤʝʪʦʜʘ ʢʚʘʥʪʦʚʳʭ ʪʨʘʝʢʪʦʨʠʡ, ʧʨʝʜʥʘ-

ʟʥʘʯʝʥʥʘʷ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʪʢʨʳʪʳʭ ʢʚʘʥʪʦʚʳʭ ʩʠʩʪʝʤ ʩ ʢʫʩʦʯʥʦ-ʧʦʩʪʦʷʥʥʳʤʠ ʦʧʝʨʘʪʦʨʘʤʠ. 

ɼʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʧʦʟʚʦʣʷʝʪ ʥʘʭʦʜʠʪʴ ʨʝʰʝʥʠʝ ʤʘʪʨʠʯʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʃʠʥʜʙʣʘʜʘ [7]: 
Ὠ”

Ὠὸ
flὸ” ὭὌὸȟ ” ꜠ὸ”ȟ 

꜠ὸ” ‎ ὃ ὸ”ὃ ὸ
ρ

ς
ὃ ὸὃ ὸȟ”  

ɺʤʝʩʪʦ ʧʨʷʤʦʛʦ ʨʝʰʝʥʠʷ ʤʘʪʨʠʯʥʦʛʦ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʃʠʥʜʙʣʘʜʘ, ʚ ʤʝʪʦʜʝ 

ʢʚʘʥʪʦʚʳʭ ʪʨʘʝʢʪʦʨʠʡ ʠʥʪʝʛʨʠʨʫʝʪʩʷ ʚʝʢʪʦʨʥʦʝ ʫʨʘʚʥʝʥʠʝ ʩ ʵʬʬʝʢʪʠʚʥʳʤ ɻʘʤʠʣʴʪʦʥʠʘʥʦʤ 

Ὄὸ ʠ ʩʣʫʯʘʡʥʳʤ ʧʨʦʮʝʩʩʦʤ ʢʚʘʥʪʦʚʳʭ ʩʢʘʯʢʦʚ: 
Ὠ•

Ὠὸ
ὭὌὸ•ȟ 

Ὄὸ Ὄὸ
Ὥ

ς
‎ὃ ὸὃ ὸ  

”
ρ

ὲ

••ᶻ

ᴁ•ᴁ
 

ɺ ʨʘʙʦʪʝ [8] ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʤʦʜʠʬʠʢʘʮʠʷ ʤʝʪʦʜʘ, ʚ ʢʦʪʦʨʦʡ ʨʘʟʣʠʯʥʳʝ ʪʨʘʝʢʪʦʨʠʠ ʦʙʲ-

ʝʜʠʥʷʣʠʩʴ ʚ ʛʨʫʧʧʳ, ʠ ʜʣʷ ʥʠʭ ʚʳʧʦʣʥʷʣʘʩʴ ʝʜʠʥʘʷ ʦʧʝʨʘʮʠʷ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʛʦ ʦʧʝʨʘʪʦʨʘ. ʇʨʠ ʪʘʢʦʤ ʧʦʜʭʦʜʝ ʢʣʶʯʝʚʳʤ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤ ʷʜʨʦʤ ʘʣʛʦʨʠʪ-

ʤʘ ʩʪʘʥʦʚʠʪʩʷ ʥʝ ʦʧʝʨʘʮʠʷ ʫʤʥʦʞʝʥʠʷ ʤʘʪʨʠʮʳ ʥʘ ʚʝʢʪʦʨ (GEMV), ʢʘʢ ʨʘʥʝʝ, ʘ ʫʤʥʦʞʝʥʠʝ 

ʤʘʪʨʠʮʳ ʥʘ ʤʘʪʨʠʮʫ (GEMM). ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʣʫʯʰʝ ʟʘʜʝʡʩʪʚʦʚʘʪʴ ʜʦʩʪʫʧʥʳʝ ʚʳ-

ʯʠʩʣʠʪʝʣʴʥʳʝ ʨʝʩʫʨʩʳ ʩʦʚʨʝʤʝʥʥʳʭ ʘʨʭʠʪʝʢʪʫʨ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʫʩʢʦʨʝʥʠʝ ʚʳʯʠʩʣʝʥʠʡ ʧʦʯʪʠ ʚ 30 ʨʘʟ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʭʦʜʥʳʤ ʘʣʛʦʨʠʪʤʦʤ. 

ʇʨʝʜʣʦʞʝʥʥʳʡ ʧʦʜʭʦʜ ʦʪʥʦʩʠʪʩʷ ʢ ʩʝʤʝʡʩʪʚʫ ʤʝʪʦʜʦʚ ʄʦʥʪʝ-ʂʘʨʣʦ ʠ ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʠʤ 

ʫʨʦʚʥʝʤ ʧʘʨʘʣʣʝʣʠʟʤʘ. ʆʥ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʧʦʯʪʠ ʠʜʝʘʣʴʥʫʶ ʤʘʩʰʪʘʙʠʨʫʝʤʦʩʪʴ ʥʝ ʪʦʣʴʢʦ ʚ 

ʧʨʝʜʝʣʘʭ ʦʜʥʦʛʦ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʫʟʣʘ, ʥʦ ʠ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʢʨʫʧʥʳʭ ʢʣʘʩʪʝʨʥʳʭ ʩʠʩʪʝʤ. 

ʇʨʠ ʵʪʦʤ ʤʝʪʦʜ ʪʨʝʙʫʝʪ ʚʳʯʠʩʣʝʥʠʷ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʢʚʘʥʪʦʚʳʭ ʪʨʘʝʢʪʦʨʠʡ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʩʪʘ-

ʪʠʩʪʠʯʝʩʢʠ ʜʦʩʪʦʚʝʨʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʧʦʩʣʝʜʫʶʱʠʭ ʠʩ-

ʩʣʝʜʦʚʘʥʠʷʭ. 

3. ʄʦʜʝʣʴ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ 

ʆʩʥʦʚʥʘʷ ʧʨʦʙʣʝʤʘ ʠ ʢʣʶʯʝʚʘʷ ʦʩʦʙʝʥʥʦʩʪʴ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʤʝʪʦʜʘ ʢʚʘʥʪʦʚʳʭ ʪʨʘʝʢʪʦ-

ʨʠʡ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʤʦʤʝʥʪʘ ʩʢʘʯʢʘ ʪʨʘʝʢʪʦʨʠʠ, ʢʦʪʦʨʳʡ ʷʚʣʷʝʪʩʷ ʩʣʫʯʘʡʥʳʤ ʚʦ 

ʚʨʝʤʝʥʠ. ʀʟ-ʟʘ ʵʪʦʡ ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʧʨʠʨʦʜʳ ʧʨʦʮʝʩʩʘ ʜʣʷ ʩʠʥʭʨʦʥʠʟʘʮʠʠ ʚʨʝʤʝʥʠ ʠʥʪʝʛʨʠʨʦ-

ʚʘʥʠʷ ʦʪʜʝʣʴʥʳʭ ʪʨʘʝʢʪʦʨʠʡ ʧʨʠʭʦʜʠʪʩʷ ʚʳʧʦʣʥʷʪʴ ʚʳʯʠʩʣʝʥʠʷ ʥʘ ʥʝʙʦʣʴʰʠʭ ʛʨʫʧʧʘʭ, ʯʪʦ ʚ 

ʦʧʨʝʜʝʣʸʥʥʳʝ ʤʦʤʝʥʪʳ ʨʘʙʦʪʳ ʘʣʛʦʨʠʪʤʘ ʧʨʠʚʦʜʠʪ ʢ ʜʝʛʨʘʜʘʮʠʠ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʜʦ 

ʫʨʦʚʥʷ ʦʙʳʯʥʦʡ ʦʧʝʨʘʮʠʠ GEMV. ɺ ʮʝʣʦʤ, ʥʝʩʤʦʪʨʷ ʥʘ ʚʳʩʦʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʦʧʝʨʘʮʠʠ 

GEMM (ʦʢʦʣʦ 97ï99% ʥʘ ʩʦʚʨʝʤʝʥʥʳʭ ʧʨʦʮʝʩʩʦʨʘʭ), ʩʫʤʤʘʨʥʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʨʝʩʫʨʩʦʚ ʢʦʤʧʴʶʪʝʨʘ ʚ ʨʘʤʢʘʭ ʚʩʝʛʦ ʤʝʪʦʜʘ ʢʚʘʥʪʦʚʳʭ ʪʨʘʝʢʪʦʨʠʡ ʩʦʩʪʘʚʣʷʝʪ ʣʠʰʴ ʦʢʦʣʦ 65%. 

ʅʘ ʵʪʦʪ ʧʦʢʘʟʘʪʝʣʴ ʚʣʠʷʶʪ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʥʝʠʟʙʝʞʥʳʝ ʥʘʢʣʘʜʥʳʝ ʨʘʩʭʦʜʳ, ʥʘ ʢʦʪʦʨʳʝ 

ʪʨʫʜʥʦ ʧʦʚʣʠʷʪʴ ʠʟʤʝʥʝʥʠʝʤ ʤʝʪʘʧʘʨʘʤʝʪʨʦʚ, ʘ ʩ ʜʨʫʛʦʡ ï ʜʝʛʨʘʜʘʮʠʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʧʨʠ 

ʧʝʨʝʭʦʜʝ ʢ ʤʝʥʝʝ ʵʬʬʝʢʪʠʚʥʦʤʫ ʚʳʯʠʩʣʠʪʝʣʴʥʦʤʫ ʷʜʨʫ. ʇʦʩʣʝʜʥʶʶ ʧʨʦʙʣʝʤʫ ʤʦʞʥʦ ʯʘʩʪʠʯ-

ʥʦ ʫʩʪʨʘʥʠʪʴ ʫʚʝʣʠʯʝʥʠʝʤ ʦʙʱʝʛʦ ʯʠʩʣʘ ʢʚʘʥʪʦʚʳʭ ʪʨʘʝʢʪʦʨʠʡ, ʦʙʨʘʙʘʪʳʚʘʝʤʳʭ ʥʘ ʦʜʥʦʤ ʚʳ-

ʯʠʩʣʠʪʝʣʴʥʦʤ ʫʟʣʝ. ʀʤʝʥʥʦ ʵʪʦʪ ʧʘʨʘʤʝʪʨ ʘʣʛʦʨʠʪʤʘ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʤʝʪʘʧʘʨʘʤʝʪʨ, 

ʧʦʜʣʝʞʘʱʠʡ ʦʧʪʠʤʠʟʘʮʠʠ ʜʦ ʟʘʧʫʩʢʘ ʧʨʦʛʨʘʤʤʳ. 
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ʈʠʩ. 1. ʇʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʨʘʟʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʷʜʝʨ ʤʘʪʨʠʯʥʦ-ʚʝʢʪʦʨʥʦʡ ʦʧʝʨʘʮʠʠ (gemv),  

ʤʘʪʨʠʯʥʦ-ʚʝʢʪʦʨʥʦʡ ʦʧʝʨʘʮʠʠ ʩ ʚʥʝʰʥʠʤ ʧʘʨʘʣʣʝʣʠʟʤʦʤ (multi_gemv) ʠ ʤʘʪʨʠʯʥʦ-ʤʘʪʨʠʯʥʦʡ ʦʧʝʨʘʮʠʠ 

(gemm) ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʚʝʢʪʦʨʦʚ ʧʨʘʚʦʛʦ ʦʧʝʨʘʥʜʘ. ɺ ʩʣʫʯʘʝ ʦʙʨʘʱʝʥʠʷ ʚ DRAM,  

ʧʨʠ ʨʘʟʤʝʨʝ ʤʘʪʨʠʮʳ N=16384 

ʅʘ ʨʠʩʫʥʢʘʭ 1 ʠ 2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʨʘʟʣʠʯʥʳʭ 

ʤʘʪʨʠʯʥʳʭ ʦʧʝʨʘʮʠʡ ʚ ʩʣʫʯʘʷʭ, ʢʦʛʜʘ ʜʘʥʥʳʝ ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʚ ʦʧʝʨʘʪʠʚʥʦʡ ʧʘʤʷʪʠ ʠʣʠ ʢʵʰʝ. 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʚʳʧʦʣʥʝʥʳ ʥʘ ʫʟʣʝ (Intel Xeon 4310T, 10 ʷʜʝʨ) ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʘ ʃʦʙʘʯʝʚʩʢʠʡ. 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʛʨʘʬʠʢʦʚ, ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʦʧʝʨʘʮʠʠ GEMM ʧʨʝʚʦʩʭʦʜʠʪ ʨʘʟʣʠʯʥʳʝ 

ʚʘʨʠʘʮʠʠ GEMV ʚ 5ï10 ʨʘʟ, ʜʘʞʝ ʧʨʠ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʤ ʯʠʩʣʝ ʚʝʢʪʦʨʦʚ (ʢʚʘʥʪʦʚʳʭ 

ʪʨʘʝʢʪʦʨʠʡ). ʀʟ ʪʝʭ ʞʝ ʜʘʥʥʳʭ ʩʣʝʜʫʝʪ, ʯʪʦ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ 

ʨʘʟʤʝʨ ʤʘʣʳʭ ʛʨʫʧʧ ʪʨʘʝʢʪʦʨʠʡ ʚ ʘʣʛʦʨʠʪʤʝ ʥʝ ʜʦʣʞʝʥ ʩʪʘʥʦʚʠʪʴʩʷ ʥʠʞʝ ʧʦʨʷʜʢʘ 400 

ʪʨʘʝʢʪʦʨʠʡ. 

 

ʈʠʩ. 2. ʇʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʨʘʟʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʷʜʝʨ ʤʘʪʨʠʯʥʦ-ʚʝʢʪʦʨʥʦʡ ʦʧʝʨʘʮʠʠ (gemv),  

ʤʘʪʨʠʯʥʦ-ʚʝʢʪʦʨʥʦʡ ʦʧʝʨʘʮʠʠ ʩ ʚʥʝʰʥʠʤ ʧʘʨʘʣʣʝʣʠʟʤʦʤ (multi_gemv) ʠ ʤʘʪʨʠʯʥʦ-ʤʘʪʨʠʯʥʦʡ ʦʧʝʨʘʮʠʠ 

(gemm) ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʚʝʢʪʦʨʦʚ ʧʨʘʚʦʛʦ ʦʧʝʨʘʥʜʘ. ɺ ʩʣʫʯʘʝ ʦʙʨʘʱʝʥʠʷ ʚ ʢʵʰ,  

ʧʨʠ ʨʘʟʤʝʨʝ ʤʘʪʨʠʮʳ N=1024 

ʅʘʩʪʦʷʱʠʡ ʜʦʢʣʘʜ ʧʦʩʚʷʱʸʥ ʚʳʙʦʨʫ ʠ ʧʦʩʪʨʦʝʥʠʶ ʤʦʜʝʣʠ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʤʝʪʦʜʘ 

ʢʚʘʥʪʦʚʳʭ ʪʨʘʝʢʪʦʨʠʡ. ʅʘ ʦʩʥʦʚʝ ʩʚʦʡʩʪʚ ʵʬʬʝʢʪʠʚʥʦʛʦ ʛʘʤʠʣʴʪʦʥʠʘʥʘ ʙʫʜʝʪ ʚʳʧʦʣʥʝʥʘ 

ʦʮʝʥʢʘ ʯʘʩʪʦʪʳ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʢʚʘʥʪʦʚʳʭ ʩʢʘʯʢʦʚ ʚ ʘʣʛʦʨʠʪʤʝ. ʊʘʢʘʷ ʦʮʝʥʢʘ ʧʦʟʚʦʣʠʪ 

ʦʧʨʝʜʝʣʠʪʴ ʦʧʪʠʤʘʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʪʨʘʝʢʪʦʨʠʡ, ʦʙʨʘʙʘʪʳʚʘʝʤʳʭ ʥʘ ʦʜʥʦʤ ʚʳʯʠʩʣʠʪʝʣʴʥʦʤ 
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ʫʟʣʝ, ʯʪʦ ʦʙʝʩʧʝʯʠʪ ʥʝ ʪʦʣʴʢʦ ʵʬʬʝʢʪʠʚʥʦʝ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʝ ʚʳʯʠʩʣʝʥʠʡ ʤʝʞʜʫ ʫʟʣʘʤʠ, ʥʦ ʠ 

ʤʘʢʩʠʤʘʣʴʥʫʶ ʟʘʛʨʫʟʢʫ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ ʢʘʞʜʦʛʦ ʠʟ ʥʠʭ.  
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ʄɽʊʆɼ ʂʆʄʇʃɽʂʉʅʆʁ ɺɸʃʀɼɸʎʀʀ ʏʀʉʃɽʅʅʆʁ ʄʆɼɽʃʀ 

ʉʆʋɼɸʈɽʅʀʗ ʂɸʇʃʀ ʉ ʇʆɺɽʈʍʅʆʉʊʔʖ 

ʉ ʀʉʇʆʃʔɿʆɺɸʅʀɽʄ ʂʆʄɹʀʅɸʎʀʀ ɼʀʅɸʄʀʏɽʉʂʆɻʆ ʀ 

ʂʀʅɽʄɸʊʀʏɽʉʂʆɻʆ ʇɸʈɸʄɽʊʈʆɺ ɼɺʀɾɽʅʀʗ 

ɼ. ʉ. ɾʘʨʠʢʦʚ1, ʄ.ɺ. ʇʠʩʢʫʥʦʚ2, ɼ.ʉ. ʂʦʣʦʤʝʥʩʢʠʡ3 

1ʄʦʩʢʦʚʩʢʠʡ ʘʚʠʘʮʠʦʥʥʳʡ ʠʥʩʪʠʪʫʪ, ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ 
2ʊʦʤʩʢʠʡ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʅʘʫʯʥʦ-ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʡ ʮʝʥʪʨ ʀ.ʅ. ɹʫʪʘʢʦʚʘ 

3ʉʢʦʣʢʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪ ʥʘʫʢʠ ʠ ʪʝʭʥʦʣʦʛʠʠ, ʎʝʥʪʨ ʩʠʩʪʝʤʥʦʛʦ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ  

ʇʨʦʚʝʜʝʥʦ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʦʫʜʘʨʝʥʠʷ ʢʘʧʣʠ ʩ ʪʚʸʨʜʦʡ ʧʦʜʣʦʞʢʦʡ ʠʟ ʩʘʧ-

ʬʠʨʦʚʦʛʦ ʩʪʝʢʣʘ ʩ ʧʦʤʦʱʴʶ ʣʘʤʠʥʘʨʥʦʡ ʤʦʜʝʣʠ ʚ ʧʘʢʝʪʝ Ansys Fluent ʩ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʝʤ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʢʦʥʪʘʢʪʥʦʛʦ ʫʛʣʘ ʜʣʷ ʟʥʘʯʝʥʠʡ ʩʢʦʨʦʩʪʠ ʩʦʫʜʘʨʝʥʠʷ ʚ ʜʠʘʧʘ-

ʟʦʥʝ 0.63-2.08 ʤ/c. ɺʘʣʠʜʘʮʠʷ ʤʦʜʝʣʠ ʧʦ ʤʘʢʩʠʤʘʣʴʥʦʤʫ ʜʠʘʤʝʪʨʫ ʨʘʩʪʝʢʘʥʠʷ ʧʦʜ-

ʪʚʝʨʜʠʣʘ ʚʳʩʦʢʫʶ ʪʦʯʥʦʩʪʴ ʧʦʜʭʦʜʘ ʩ ʜʠʥʘʤʠʯʝʩʢʠʤ ʢʦʥʪʘʢʪʥʳʤ ʫʛʣʦʤ ʧʦ ʩʨʘʚʥʝ-

ʥʠʶ ʩʦ ʩʪʘʪʠʯʝʩʢʠʤ. ɼʣʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʚʝʨʠʬʠʢʘʮʠʠ ʤʦʜʝʣʠ ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ 

ʨʘʩʩʯʠʪʘʥʥʳʭ ʧʦʣʝʡ ʩʢʦʨʦʩʪʠ ʚʥʫʪʨʠ ʢʘʧʣʠ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ, ʧʦʣʫ-

ʯʝʥʥʳʤʠ ʤʝʪʦʜʦʤ Particle Image Velocimetry. ʋʩʪʘʥʦʚʣʝʥ ʢʣʶʯʝʚʦʡ ʚʳʚʦʜ: ʚʘʣʠʜʘ-

ʮʠʷ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʧʦ ʢʠʥʝʤʘʪʠʢʝ ʨʘʩʪʝʢʘʥʠʷ ʷʚʣʷʝʪʩʷ ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʜʣʷ ʢʦʤ-

ʧʣʝʢʩʥʦʡ ʦʮʝʥʢʠ ʘʜʝʢʚʘʪʥʦʩʪʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʩʦʫʜʘʨʝʥʠʝ ʢʘʧʣʠ, ʜʠʥʘʤʠʯʝʩʢʠʡ ʢʦʥ-

ʪʘʢʪʥʳʡ ʫʛʦʣ, ʛʠʜʨʦʜʠʥʘʤʠʢʘ, ʢʦʥʪʘʢʪʥʘʷ ʣʠʥʠʷ, ʘʜʘʧʪʠʚʥʘʷ ʩʝʪʢʘ. 

 

1. ɺʚʝʜʝʥʠʝ 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʩʦʫʜʘʨʝʥʠʷ ʢʘʧʣʠ ʩ ʧʦʜʣʦʞʢʦʡ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʜʥʫ ʠʟ ʥʘʠʙʦʣʝʝ 

ʩʣʦʞʥʳʭ ʠ ʘʢʪʫʘʣʴʥʳʭ ʟʘʜʘʯ ʚ ʩʦʚʨʝʤʝʥʥʦʡ ʛʠʜʨʦʜʠʥʘʤʠʢʝ [1]. ʕʪʦʪ ʧʨʦʮʝʩʩ ʠʤʝʝʪ ʰʠʨʦʢʦʝ 

ʧʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ï ʦʪ ʨʘʟʨʘʙʦʪʢʠ ʩʠʩʪʝʤ ʦʭʣʘʞʜʝʥʠʷ ʠ ʥʘʥʝʩʝʥʠʷ ʧʦʢʨʳʪʠʡ ʜʦ ʠʟʫʯʝ-

ʥʠʷ ʤʝʭʘʥʠʟʤʦʚ ʦʙʨʘʟʦʚʘʥʠʷ ʙʨʳʟʛ ʠ ʵʨʦʟʠʠ ʧʦʚʝʨʭʥʦʩʪʝʡ. ʆʜʥʘʢʦ ʝʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʦʩʣʦʞ-

ʥʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʫʯʸʪʘ ʤʥʦʞʝʩʪʚʘ ʬʘʢʪʦʨʦʚ: ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ, ʚʷʟʢʦʩʪʠ ʞʠʜ-

ʢʦʩʪʠ, ʩʚʦʡʩʪʚ ʧʦʜʣʦʞʢʠ, ʘ ʪʘʢʞʝ ʜʠʥʘʤʠʢʠ ʢʦʥʪʘʢʪʥʦʡ ʣʠʥʠʠ [2]. 

ʊʨʘʜʠʮʠʦʥʥʦ ʜʣʷ ʚʘʣʠʜʘʮʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʘʢʩʠʤʘʣʴʥʳʡ 

ʜʠʘʤʝʪʨ ʨʘʩʪʝʢʘʥʠʷ ʢʘʧʣʠ - ʧʘʨʘʤʝʪʨ, ʢʦʪʦʨʳʡ ʣʝʛʢʦ ʠʟʤʝʨʠʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠ ʢʦʪʦʨʳʡ 

ʥʘʧʨʷʤʫʶ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʩʪʝʧʝʥʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢʘʧʣʠ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ. ʆʜʥʘʢʦ ʚ ʙʦʣʴʰʠʥ-

ʩʪʚʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʩʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʪʦʣʴʢʦ ʬʘʟʝ ʨʘʩʪʝʢʘʥʠʷ, ʪʦʛʜʘ ʢʘʢ ʧʦʚʝʜʝʥʠʝ 

ʢʘʧʣʠ ʚʦ ʚʨʝʤʷ ʬʘʟʳ ʩʪʝʢʘʥʠʷ ʦʩʪʘʸʪʩʷ ʥʝʜʦʩʪʘʪʦʯʥʦ ʠʟʫʯʝʥʥʳʤ.  

ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʯʠʩʣʝʥʥʳʝ ʨʘʩʯʸʪʳ ʩʠʤʫʣʷʮʠʠ ʧʘʜʝʥʠʷ 

ʢʘʧʣʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʠʟ ʩʘʧʬʠʨʦʚʦʛʦ ʩʪʝʢʣʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʣʘʤʠʥʘʨʥʦʡ ʤʦʜʝʣʠ ʚ ʧʘʢʝʪʝ 

ANSYS Fluent. ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʠʥʘʤʠʯʝʩʢʠʡ ʢʦʥʪʘʢʪʥʳʡ ʫʛʦʣ. 

ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʝʥʦ ʫʯʸʪʫ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʩʤʘʯʠʚʘʥʠʷ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʙʦʣʝʝ ʪʦʯʥʦ 

ʦʧʠʩʘʪʴ ʧʨʦʮʝʩʩ ʠʟʤʝʥʝʥʠʷ ʬʦʨʤʳ ʢʘʧʣʠ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ. ɼʣʷ ʚʘʣʠʜʘʮʠʠ 

ʤʦʜʝʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʥʝ ʪʦʣʴʢʦ ʜʘʥʥʳʝ ʧʦ ʤʘʢʩʠʤʘʣʴʥʦʤʫ ʜʠʘʤʝʪʨʫ ʨʘʩʪʝʢʘʥʠʷ, ʥʦ ʠ ʵʢʩʧʝʨʠ-

ʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʧʦ ʧʦʣʷʤ ʩʢʦʨʦʩʪʠ ʚʥʫʪʨʠ ʢʘʧʣʠ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ PIV (Particle Image 

Velocimetry) [3]. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʪʴ ʥʝ ʪʦʣʴʢʦ ʚʥʝʰʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʘʩʪʝʢʘʥʠʷ, ʥʦ ʠ 

ʚʥʫʪʨʝʥʥʠʝ ʧʨʦʮʝʩʩʳ, ʧʨʦʠʩʭʦʜʷʱʠʝ ʚʥʫʪʨʠ ʢʘʧʣʠ. 

2. ʆʧʠʩʘʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ɸ. ɸʰʠʭʤʠʥ ʠ ʩʦʘʚʪʦʨʳ [4] ʧʨʦʚʝʣʠ ʩʝʨʠʶ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʩʦʫʜʘʨʝʥʠʶ ʢʘʧʣʠ ʙʝʟ ʧʨʠ-

ʤʝʩʝʡ ʠ ʩ ʧʨʠʤʝʩʷʤʠ ʩ ʧʦʜʣʦʞʢʦʡ. ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʩʢʦʨʦʩʪʝʡ ʚʥʫʪʨʝʥʥʠʭ ʢʦʥʚʝʢʪʠʚʥʳʭ 

ʧʦʪʦʢʦʚ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ PIV (ʘʥʝʤʦʤʝʪʨʠʷ ʧʦ ʠʟʦʙʨʘʞʝʥʠʷʤ ʯʘʩʪʠʮ) ʚ ʧʨʦʜʦʣʴʥʦʤ ʩʝʯʝ-
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ʥʠʠ ʢʘʧʣʠ ʚʦʜʥʦ-ʛʣʠʮʝʨʠʥʦʚʦʛʦ ʨʘʩʪʚʦʨʘ (60% ʛʣʠʮʝʨʠʥʘ, 40% ʚʦʜʳ), ʩʦʜʝʨʞʘʱʝʡ ʯʘʩʪʠʮʳ 

ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ (ʢʦʥʮʝʥʪʨʘʮʠʷ 1 ʛ/ʣ) ʠ ʨʘʩʪʝʢʘʶʱʝʡʩʷ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ, ʧʦʟʚʦʣʠʣʠ ʧʨʦʚʝʩʪʠ 

ʘʥʘʣʠʟ ʫʩʣʦʚʠʡ, ʩʧʦʩʦʙʩʪʚʫʶʱʠʭ ʩʥʠʞʝʥʠʶ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʜʠʘʤʝʪʨʘ ʨʘʩʪʝʢʘʥʠʷ. ʉʚʦʡʩʪʚʘ 

ʞʠʜʢʦʩʪʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 1. 

ʊʘʙʣʠʮʘ 1. ʉʚʦʡʩʪʚʘ ʞʠʜʢʦʩʪʠ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ 

ʊʝʤʧʝʨʘʪʫʨʘ, ʂ ʇʣʦʪʥʦʩʪʴ, ʢʛ/̍  ɼʠʥʘʤʠʯʝʩʢʘʷ ʚʷʟ-

ʢʦʩʪʴ, ʇʘ*ʩ 

ʇʦʚʝʨʭʥʦʩʪʥʦʝ ʥʘʪʷ-

ʞʝʥʠʝ, ʅ/ʤ 

293,15 1154 0.0108 0.06058 

 

ʉʢʦʨʦʩʪʴ ʢʘʧʣʠ ʚ ʤʦʤʝʥʪ ʩʦʫʜʘʨʝʥʠʷ ʩʦʩʪʘʚʣʷʝʪ ʚ ʨʘʟʣʠʯʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʨʠʥʠʤʘʝʪ 

ʟʥʘʯʝʥʠʷ 0.63 ʤ/c, 1.17 ʤ/c, 1.72 ʤ/c ʠ 2.08 ʤ/c, ʩʠʩʪʝʤʘʪʠʯʝʩʢʘʷ ʦʰʠʙʢʘ ʠʟʤʝʨʝʥʠʡ ʩʦʩʪʘʚʣʷʝʪ 

0.1 ʤ/c. ɼʠʘʤʝʪʨ ʢʘʧʣʠ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʚʩʝʛʦ ʚʨʝʤʝʥʥʦʛʦ ʠʥʪʝʨʚʘʣʘ ʦʪ ʤʦʤʝʥʪʘ ʝʸ ʛʝʥʝʨʘʮʠʠ ʜʦ 

ʤʦʤʝʥʪʘ ʩʦʫʜʘʨʝʥʠʷ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʦʩʪʘʚʘʣʩʷ ʧʦʩʪʦʷʥʥʳʤ ʠ ʨʘʚʥʳʤ 2.9 Ñ 0.05 ʤʤ.  

ʕʢʩʧʝʨʠʤʝʥʪʳ ʨʝʛʠʩʪʨʠʨʦʚʘʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʚʠʜʝʦʩʲʝʤʢʠ. ɼʣʷ 

ʠʟʤʝʨʝʥʠʷ ʩʢʦʨʦʩʪʝʡ ʞʠʜʢʦʩʪʠ ʚ ʧʨʦʜʦʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ, ʧʘʨʘʣʣʝʣʴʥʦʤ ʧʣʦʩʢʦʩʪʠ ʧʦʜʣʦʞʢʠ, 

ʧʨʠʤʝʥʷʣʩʷ ʤʝʪʦʜ PIV. ʊʦʣʱʠʥʘ ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ ʩʦʩʪʘʚʣʷʣʘ 200 ʤʢʤ, ʤʠʥʠʤʘʣʴʥʘʷ ʚʳʩʦʪʘ ʣʘ-

ʟʝʨʥʦʛʦ ʣʫʯʘ ʩʦʩʪʘʚʣʷʣʘ 200-300 ʤʢʤ. 

3. ʄʦʜʝʣʠʨʦʚʘʥʠʝ 

3.1. ʂʦʥʬʠʛʫʨʘʮʠʷ ʤʦʜʝʣʠ 

ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʦʫʜʘʨʝʥʠʷ ʢʘʧʣʠ ʩ ʧʦʜʣʦʞʢʦʡ ʚ 2D-ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʡ ʧʦʩʪʘʥʦʚʢʝ ʠʩ-

ʧʦʣʴʟʦʚʘʥ ʧʨʦʛʨʘʤʤʥʳʡ ʧʘʢʝʪ ANSYS Fluent. ɼʣʷ ʦʧʠʩʘʥʠʷ ʪʝʯʝʥʠʷ ʞʠʜʢʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ 

ʣʘʤʠʥʘʨʥʘʷ ʤʦʜʝʣʴ. ɼʣʷ ʨʘʩʯʸʪʘ ʤʥʦʛʦʬʘʟʥʦʛʦ ʧʦʪʦʢʘ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʤʦʜʝʣʴ Volume of Fluid 

(VOF) [5], ʚ ʢʦʪʦʨʦʡ ʦʧʨʝʜʝʣʝʥʳ ʜʚʝ ʬʘʟʳ - ʚʦʟʜʫʭ ʠ ʞʠʜʢʦʩʪʴ. ʇʦʚʝʨʭʥʦʩʪʥʦʝ ʥʘʪʷʞʝʥʠʝ ʟʘ-

ʜʘʥʦ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʘʨʘʤʝʪʨʘʤʠ ʞʠʜʢʦʩʪʠ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʨʘʙʦʪʝ.  

 ʏʪʦʙʳ ʣʦʢʘʣʴʥʦ ʫʪʦʯʥʠʪʴ ʨʝʰʝʥʠʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʘʜʘʧʪʠʚʥʘʷ ʩʝʪʢʘ ʩ 6-ʤ ʫʨʦʚʥʝʤ ʘʜʘʧʪʘ-

ʮʠʠ ʩʦ ʩʛʫʱʝʥʠʝʤ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʬʘʟ. ʋʢʨʫʧʥʝʥʠʝ ʩʝʪʢʠ ʧʨʦʠʩʭʦʜʠʪ ʚ ʪʝʭ ʦʙʣʘʩʪʷʭ, ʛʜʝ 

ʥʘʭʦʜʠʪʩʷ ʛʨʘʥʠʮʘ ʨʘʟʜʝʣʘ ʬʘʟ ʠ ʛʜʝ ʵʪʘ ʛʨʘʥʠʮʘ ʠʤʝʝʪ ʚʳʩʦʢʠʡ ʛʨʘʜʠʝʥʪ. ʉʝʪʢʘ ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʥʘ ʨʠʩʫʥʢʝ 1. 

 

ʈʠʩ. 1. ɺʠʟʫʘʣʠʟʘʮʠʷ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ 

ɼʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʘʣʛʦʨʠʪʤ SIMPLE (Semi-Implicit Method for Pressure 

Linked Equations) [6], ʢʦʪʦʨʳʡ ʩʚʷʟʳʚʘʝʪ ʧʦʣʷ ʜʘʚʣʝʥʠʷ ʠ ʩʢʦʨʦʩʪʠ ʧʨʠ ʨʝʰʝʥʠʠ ʫʨʘʚʥʝʥʠʡ ʅʘ-

ʚʴʝ-ʉʪʦʢʩʘ. ɻʨʘʜʠʝʥʪ ʜʘʚʣʝʥʠʷ ʚʳʯʠʩʣʷʝʪʩʷ ʤʝʪʦʜʦʤ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ, ʘ ʩʘʤʦ ʜʘʚʣʝʥʠʝ 

ʜʠʩʢʨʝʪʠʟʠʨʫʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʘʣʛʦʨʠʪʤʘ PRESTO! [7]. ʋʨʘʚʥʝʥʠʷ ʠʤʧʫʣʴʩʘ ʨʝʰʘʶʪʩʷ ʩʭʝʤʦʡ 

ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ (Upwind). ɼʣʷ ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʧʨʠʤʝʥʷʝʪʩʷ ʩʭʝʤʘ Geo-Reconstruct [11]. 

ɺ ʜʘʥʥʦʡ ʩʠʤʫʣʷʮʠʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʬʠʢʩʠʨʦʚʘʥʥʳʡ ʰʘʛ ʧʦ ʚʨʝʤʝʥʠ υz ρπ, ʚʩʝʛʦ 2500 
ʠʪʝʨʘʮʠʡ ʧʦ ʚʨʝʤʝʥʠ. ʄʘʢʩʠʤʘʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʠʪʝʨʘʮʠʡ ʥʘ ʢʘʞʜʦʤ ʚʨʝʤʝʥʥʦʤ ʰʘʛʝ 40. ʉʪʘ-
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ʪʠʯʝʩʢʠʡ ʢʦʥʪʘʢʪʥʳʡ ʫʛʦʣ ʚ ʜʘʥʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʨʘʚʝʥ 46.5Á. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʢʨʘʝʚʦʛʦ ʫʛʣʘ ʚ ʬʘʟʘʭ ʨʘʩʪʝʢʘʥʠʷ ʠ ʩʪʝʢʘʥʠʷ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʥʘ ʦʩʥʦʚʝ ʬʫʥʢʮʠʠ ʍʦʬʬʤʘʥʘ 

[10] ʠ ʩ ʧʦʤʦʱʴʶ ʦʙʦʙʱʝʥʥʦʛʦ ʟʘʢʦʥʘ ʍʦʬʬʤʘʥʘ-ɺʦʠʥʦʚʘ-ʊʘʥʥʝʨʘ [10]. 

3.2. ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ɺ ʦʙʦʙʱʝʥʥʦʤ ʟʘʢʦʥʝ ʍʦʬʬʤʘʥʘ-ɺʦʠʥʦʚʘ-ʊʘʥʥʝʨʘ ʧʨʠʩʫʪʩʪʚʫʝʪ ʢʦʥʩʪʘʥʪʘ, ʟʥʘʯʝʥʠʷ ʢʦ-

ʪʦʨʦʡ ʙʳʣʠ ʧʦʜʦʙʨʘʥʳ ʵʤʧʠʨʠʯʝʩʢʠ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʚ ʥʘʠʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ ʩʦʦʪʚʝʪʩʪʚʦ-

ʚʘʪʴ ʤʘʢʩʠʤʘʣʴʥʦʤʫ ʜʠʘʤʝʪʨʫ ʨʘʩʪʝʢʘʥʠʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ. ʉʨʘʚʥʝʥʠʝ ʤʦʜʝʣʝʡ ʧʦ ʜʠʘʤʝʪʨʫ 

ʨʘʩʪʝʢʘʥʠʷ ʢʘʧʣʠ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʪʘʙʣʠʮʝ 2. 

ʊʘʙʣʠʮʘ 2. ʉʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦ ʤʘʢʩʠʤʘʣʴʥʦʤʫ ʜʠʘʤʝʪʨʫ ʨʘʩʪʝʢʘʥʠʷ. ʆʪʣʠʯʠʝ ʚ ʧʨʦʮʝʥʪʘʭ ʦʪ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ʄʦʜʝʣʴ ʢʦʥʪʘʢʪʥʦʛʦ ʫʛʣʘ 0.63 

ʤ/c 

1.17 

ʤ/c 

2.08 

ʤ/c 

ʉʪʘʪʠʯʝʩʢʠʡ ʢʦʥʪʘʢʪʥʳʡ ʫʛʦʣ 29.60 16.44 10.02 

ʆʙʦʙʱʝʥʥʳʡ ʟʘʢʦʥ ʍʦʬʬʤʘʥʘ-ɺʦʠʥʦʚʘ-ʊʘʥʥʝʨʘ, const=3 15.81 7.64 9.65 

ʆʙʦʙʱʝʥʥʳʡ ʟʘʢʦʥ ʍʦʬʬʤʘʥʘ-ɺʦʠʥʦʚʘ-ʊʘʥʥʝʨʘ, const=5 12.13 5.09 2.63 

ʆʙʦʙʱʝʥʥʳʡ ʟʘʢʦʥ ʍʦʬʬʤʘʥʘ-ɺʦʠʥʦʚʘ-ʊʘʥʥʝʨʘ, const=8.78 5.70 1.62 0.78 

ʌʫʥʢʮʠʷ ʍʦʬʬʤʘʥʘ 2.88 5.79 3.66 

 

ʃʘʤʠʥʘʨʥʘʷ ʤʦʜʝʣʴ ʩʦ ʩʪʘʪʠʯʝʩʢʠʤ ʢʦʥʪʘʢʪʥʳʤ ʫʛʣʦʤ ʧʦʢʘʟʳʚʘʝʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʨʘʩʭʦʞʜʝ-

ʥʠʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʝʸ ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʬʠʟʠʯʝʩʢʦʡ 

ʘʜʝʢʚʘʪʥʦʩʪʠ ʜʣʷ ʜʘʥʥʦʛʦ ʧʨʦʮʝʩʩʘ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʣʘʤʠʥʘʨʥʦʡ ʤʦʜʝʣʠ ʜʠʥʘ-

ʤʠʯʝʩʢʦʛʦ ʢʦʥʪʘʢʪʥʦʛʦ ʫʛʣʘ ʧʦʟʚʦʣʷʝʪ ʜʦʙʠʪʴʩʷ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʠ: ʦʪʣʠʯʠʝ ʦʪ ʵʢʩʧʝʨʠʤʝʥʪʘ 

ʜʣʷ ʤʦʜʝʣʝʡ, ʠʩʧʦʣʴʟʫʶʱʠʭ ʜʠʥʘʤʠʯʝʩʢʠʡ ʢʦʥʪʘʢʪʥʳʡ ʫʛʦʣ, ʥʝ ʧʨʝʚʳʰʘʝʪ 6%. ʕʪʦ ʫʢʘʟʳʚʘʝʪ 

ʥʘ ʚʘʞʥʦʩʪʴ ʫʯʸʪʘ ʜʠʥʘʤʠʢʠ ʩʤʘʯʠʚʘʥʠʷ ʠ ʠʟʤʝʥʝʥʠʷ ʢʦʥʪʘʢʪʥʦʛʦ ʫʛʣʘ ʚʦ ʚʨʝʤʝʥʠ ʜʣʷ ʢʦʨ-

ʨʝʢʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʘ ʨʘʩʪʝʢʘʥʠʷ. ʆʙʱʝʧʨʠʥʷʪʳʤ ʢʨʠʪʝʨʠʝʤ ʜʣʷ ʚʝʨʠʬʠʢʘʮʠʠ 

ʤʦʜʝʣʝʡ ʩʦʫʜʘʨʝʥʠʷ ʢʘʧʝʣʴ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʷʚʣʷʝʪʩʷ ʤʘʢʩʠʤʘʣʴʥʳʡ ʜʠʘʤʝʪʨ ʨʘʩʪʝʢʘʥʠʷ. ʀʩʭʦ-

ʜʷ ʠʟ ʵʪʦʛʦ ʤʦʜʝʣʴ, ʠʩʧʦʣʴʟʫʶʱʘʷ ʦʙʦʙʱʝʥʥʳʡ ʟʘʢʦʥ ʍʦʬʬʤʘʥʘ-ɺʦʠʥʦʚʘ-ʊʘʥʥʝʨʘ, ʧʦʟʚʦʣʷʝʪ 

ʜʦʙʠʪʴʩʷ ʥʘʠʣʫʯʰʝʛʦ ʨʝʟʫʣʴʪʘʪʘ. 

ɼʣʷ ʚʝʨʠʬʠʢʘʮʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʳʧʦʣʥʝʥʦ ʩʨʘʚʥʝʥʠʝ ʨʘʩʩʯʠ-

ʪʘʥʥʳʭ ʧʦʣʝʡ ʩʢʦʨʦʩʪʠ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʤʝʪʦʜʦʤ PIV. ɼʣʷ ʤʠ-

ʥʠʤʠʟʘʮʠʠ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʡ ʧʦʛʨʝʰʥʦʩʪʠ PIV [8, 9], ʩʚʷʟʘʥʥʦʡ ʩ ʟʘʥʠʞʝʥʠʝʤ ʠʟʤʝʨʝʥʥʳʭ ʟʥʘ-

ʯʝʥʠʡ ʩʢʦʨʦʩʪʠ, ʩ ʤʦʜʝʣʴʥʳʭ ʜʘʥʥʳʭ ʠʩʢʣʶʯʝʥʳ ʷʯʝʡʢʠ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʟʘ ʧʨʝʜʝʣʘʤʠ 0.75 ʨʘ-

ʜʠʫʩʘ ʨʘʩʪʝʢʘʥʠʷ. ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʧʦʜʘʚʣʝʥʠʷ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʰʫʤʘ ʧʨʠʤʝʥʸʥ ʯʘʩʪʦʪʥʳʡ 

ʬʠʣʴʪʨ ʥʘ ʦʩʥʦʚʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝ. ʅʘ ʨʠʩʫʥʢʝ 2 ʧʨʝʜʩʪʘʚʣʝʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩʨʝʜʥʠʭ 

ʟʥʘʯʝʥʠʡ ʢʦʤʧʦʥʝʥʪ ʩʢʦʨʦʩʪʠ, ʧʘʨʘʣʣʝʣʴʥʳʭ ʧʦʚʝʨʭʥʦʩʪʠ, ʚ ʧʦʧʝʨʝʯʥʦʤ ʩʝʯʝʥʠʠ ʢʘʧʣʠ ʜʣʷ 

ʣʘʤʠʥʘʨʥʦʡ ʤʦʜʝʣʠ ʩ ʜʠʥʘʤʠʯʝʩʢʠʤ ʢʦʥʪʘʢʪʥʳʤ ʫʛʣʦʤ, ʨʘʩʩʯʠʪʘʥʥʳʤ ʩ ʧʦʤʦʱʴʶ ʬʫʥʢʮʠʠ 

ʍʦʬʬʤʘʥʘ, ʘ ʥʘ ʨʠʩʫʥʢʝ 3 ʨʘʩʯʝʪ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʙʱʝʥʥʦʛʦ ʟʘʢʦʥʘ ʍʦʬʬʤʘʥʘ-ɺʦʠʥʦʚʘ-

ʊʘʥʥʝʨʘ. 
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ʈʠʩ. 2. ʉʨʘʚʥʝʥʠʝ ʟʥʘʯʝʥʠʡ ʩʨʝʜʥʝʡ ʩʢʦʨʦʩʪʠ ʚʥʫʪʨʠ ʢʘʧʣʠ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ, ʬʫʥʢʮʠʷ 

ʍʦʬʬʤʘʥʘ 

 

ʈʠʩ. 3. ʉʨʘʚʥʝʥʠʝ ʟʥʘʯʝʥʠʡ ʩʨʝʜʥʝʡ ʩʢʦʨʦʩʪʠ ʚʥʫʪʨʠ ʢʘʧʣʠ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ, ʦʙʦʙʱʝʥ-

ʥʳʡ ʟʘʢʦʥ ʍʦʬʬʤʘʥʘ-ɺʦʠʥʦʚʘ-ʊʘʥʥʝʨʘ 

ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʧʨʦʬʠʣʝʡ ʩʢʦʨʦʩʪʠ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʤʦʜʝʣʴ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʦʙʦʙ-

ʱʸʥʥʦʤ ʟʘʢʦʥʝ (ʨʠʩ. 3), ʚ ʬʘʟʝ ʩʪʝʢʘʥʠʷ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʥʝʢʦʨʨʝʢʪʥʦʡ ʩ ʬʠʟʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝ-

ʥʠʷ ʜʠʥʘʤʠʢʦʡ: ʥʘ ʟʘʢʣʶʯʠʪʝʣʴʥʦʤ ʵʪʘʧʝ ʧʨʦʷʚʣʷʝʪʩʷ ʤʦʥʦʪʦʥʥʦʝ ʚʦʟʨʘʩʪʘʥʠʝ ʩʢʦʨʦʩʪʠ, ʯʪʦ 

ʧʨʦʪʠʚʦʨʝʯʠʪ ʨʝʘʣʴʥʦʤʫ ʪʝʯʝʥʠʶ ʧʨʦʮʝʩʩʘ. ʅʘʧʨʦʪʠʚ, ʤʦʜʝʣʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʫʥʢʮʠʠ ʍʦ-

ʬʬʤʘʥʘ (ʨʠʩ. 2) ʦʙʝʩʧʝʯʠʚʘʝʪ ʙʦʣʝʝ ʢʦʨʨʝʢʪʥʦʝ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʝ ʩʪʝʢʘʥʠʷ. ʄʝʜʠʘʥʘ ʘʙʩʦʣʶʪ-

ʥʦʡ ʦʰʠʙʢʠ ʤʝʞʜʫ ʩʠʤʫʣʷʮʠʷʤʠ ʠ ʨʝʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʜʣʷ ʧʨʦʤʝʞʫʪʢʘ ʚʨʝʤʝʥʠ ʧʦʩʣʝ 0.008 ʩ. 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʪʘʙʣʠʮʝ 3. 

ʊʘʙʣʠʮʘ 3. ʄʝʜʠʘʥʘ ʘʙʩʦʣʶʪʥʦʡ ʦʰʠʙʢʠ ʤʝʞʜʫ ʩʠʤʫʣʷʮʠʝʡ ʠ ʨʝʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʧʦʩʣʝ 0.008 ʩʝʢʫʥʜ. 

ʉʢʦʨʦʩʪʴ, ʤ/c ʆʙʦʙʱʝʥʥʳʡ ʟʘʢʦʥ ʍʦʬʬ-

ʤʘʥʘ-ɺʦʠʥʦʚʘ-ʊʘʥʥʝʨʘ, 

const=8.78 

ʌʫʥʢʮʠʷ ʍʦʬʬʤʘʥʘ 

0.63 0.05372 0.13538 

1.17 0.00998 0.06338 

2.08 0.16088 0.02502 

 

ɸʥʘʣʠʟ ʜʠʥʘʤʠʢʠ ʨʘʩʪʝʢʘʥʠʷ ʢʘʧʣʠ ʜʝʤʦʥʩʪʨʠʨʫʝʪ, ʯʪʦ ʜʣʷ ʘʜʝʢʚʘʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʧʨʦʮʝʩʩʘ, ʚʢʣʶʯʘʷ ʢʠʥʝʤʘʪʠʯʝʩʢʫʶ ʬʘʟʫ, ʬʘʟʳ ʘʢʪʠʚʥʦʛʦ ʨʘʩʪʝʢʘʥʠʷ ʠ ʨʝʣʘʢʩʘʮʠʠ (ʠʣʠ ʩʪʝʢʘ-

ʥʠʷ), ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʥʝ ʪʦʣʴʢʦ ʜʠʘʤʝʪʨ ʨʘʩʪʝʢʘʥʠʷ, ʥʦ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩʢʦʨʦʩʪʝʡ 

ʚʥʫʪʨʠ ʢʘʧʣʠ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʜʠʘʤʝʪʨʘ ʨʘʩʪʝʢʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ 

ʢʨʠʪʝʨʠʷ ʚʘʣʠʜʘʮʠʠ ʯʠʩʣʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʢʦʨʨʝʢʪʥʦʩʪʠ ʨʘʙʦʪʳ ʤʦʜʝʣʠ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜʦʣʦ-

ʛʠʯʝʩʢʠ ʥʝʢʦʨʨʝʢʪʥʳʤ ʧʦʜʭʦʜʦʤ. 

ʇʨʠʯʠʥʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʜʘʞʝ ʧʨʠ ʤʠʥʠʤʘʣʴʥʳʭ ʨʘʩʭʦʞʜʝʥʠʷʭ ʧʦ ʤʘʢʩʠʤʘʣʴʥʦʤʫ 

ʜʠʘʤʝʪʨʫ ʨʘʩʪʝʢʘʥʠʷ ʥʘ ʵʪʘʧʝ ʨʝʣʘʢʩʘʮʠʠ (ʠʣʠ ʩʪʝʢʘʥʠʷ) ʤʦʛʫʪ ʥʘʙʣʶʜʘʪʴʩʷ ʟʥʘʯʠʪʝʣʴʥʳʝ ʦʪ-

ʢʣʦʥʝʥʠʷ, ʚʧʣʦʪʴ ʜʦ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʬʠʟʠʢʠ ʧʨʦʮʝʩʩʘ. ɺ ʯʘʩʪʥʦʩʪʠ, ʚʦʟʤʦʞʥʳ ʩʣʫ-

ʯʘʠ, ʢʦʛʜʘ ʩʪʝʢʘʥʠʝ ʦʪʩʫʪʩʪʚʫʝʪ ʚʦʚʩʝ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʧʨʠʥʮʠʧʠʘʣʴʥʳʭ ʨʘʟʣʠʯʠʷʭ ʚ ʧʦ-

ʚʝʜʝʥʠʠ ʩʠʩʪʝʤʳ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʧʦʣʥʦʮʝʥʥʦʡ ʚʘʣʠʜʘʮʠʠ ʤʦʜʝʣʠ ʪʨʝʙʫʝʪʩʷ ʢʦʤʧʣʝʢʩʥʳʡ 



 

35 

ʘʥʘʣʠʟ ʢʘʢ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ (ʥʘʧʨʠʤʝʨ, ʜʠʘʤʝʪʨʘ ʨʘʩʪʝʢʘʥʠʷ), ʪʘʢ ʠ ʜʠʥʘʤʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ (ʥʘʧʨʠʤʝʨ, ʚʥʫʪʨʝʥʥʠʭ ʩʢʦʨʦʩʪʝʡ). 

4. ɿʘʢʣʶʯʝʥʠʝ 

ɺ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʝʜʝʥʦ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʦʫʜʘʨʝʥʠʷ ʢʘʧʣʠ ʩ ʪʚʸʨʜʦʡ 

ʧʦʜʣʦʞʢʦʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʣʘʤʠʥʘʨʥʦʡ ʤʦʜʝʣʠ ʚ ʧʘʢʝʪʝ ANSYS Fluent. ʈʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʣʠ, 

ʯʪʦ ʫʯʸʪ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʢʦʥʪʘʢʪʥʦʛʦ ʫʛʣʘ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʰʘʝʪ ʪʦʯʥʦʩʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦ-

ʮʝʩʩʘ ʨʘʩʪʝʢʘʥʠʷ ʢʘʧʣʠ. ɺʘʣʠʜʘʮʠʷ ʧʦ ʤʘʢʩʠʤʘʣʴʥʦʤʫ ʜʠʘʤʝʪʨʫ ʨʘʩʪʝʢʘʥʠʷ ʧʦʜʪʚʝʨʜʠʣʘ, ʯʪʦ 

ʤʦʜʝʣʠ ʩ ʜʠʥʘʤʠʯʝʩʢʠʤ ʢʦʥʪʘʢʪʥʳʤ ʫʛʣʦʤ ʦʙʝʩʧʝʯʠʚʘʶʪ ʣʫʯʰʝʝ ʩʦʦʪʚʝʪʩʪʚʠʝ ʵʢʩʧʝʨʠʤʝʥ-

ʪʘʣʴʥʳʤ ʜʘʥʥʳʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʦʜʝʣʷʤʠ, ʠʩʧʦʣʴʟʫʶʱʠʤʠ ʩʪʘʪʠʯʝʩʢʠʡ ʢʦʥʪʘʢʪʥʳʡ ʫʛʦʣ. 

ʆʜʥʘʢʦ ʘʥʘʣʠʟ ʧʦʣʝʡ ʩʢʦʨʦʩʪʠ ʚʥʫʪʨʠ ʢʘʧʣʠ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ PIV, ʚʳʷʚʠʣ, ʯʪʦ ʜʘʞʝ 

ʧʨʠ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʠ ʧʦ ʤʘʢʩʠʤʘʣʴʥʦʤʫ ʜʠʘʤʝʪʨʫ ʨʘʩʪʝʢʘʥʠʷ, ʜʠʥʘʤʠʢʘ ʩʪʝʢʘʥʠʷ ʤʦʞʝʪ ʩʫ-

ʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʪʴʩʷ ʦʪ ʨʝʘʣʴʥʦʛʦ ʧʨʦʮʝʩʩʘ. ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʢʦʤʧʣʝʢʩʥʦʛʦ 

ʧʦʜʭʦʜʘ ʢ ʚʘʣʠʜʘʮʠʠ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ, ʚʢʣʶʯʘʶʱʝʛʦ ʥʝ ʪʦʣʴʢʦ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ, 

ʥʦ ʠ ʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʪʘʢʠʝ ʢʘʢ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩʢʦʨʦʩʪʝʡ ʚʥʫʪʨʠ ʢʘʧʣʠ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʧʦʣʥʦʮʝʥʥʦʡ ʦʮʝʥʢʠ ʘʜʝʢʚʘʪʥʦʩʪʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʥʝʦʙʭʦʜʠ-

ʤʦ ʫʯʠʪʳʚʘʪʴ ʢʘʢ ʢʠʥʝʤʘʪʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʨʘʩʪʝʢʘʥʠʷ, ʪʘʢ ʠ ʚʥʫʪʨʝʥʥʠʝ ʜʠʥʘʤʠʯʝʩʢʠʝ ʧʨʦ-

ʮʝʩʩʳ. ʕʪʦ ʧʦʟʚʦʣʠʪ ʙʦʣʝʝ ʪʦʯʥʦ ʦʧʠʩʳʚʘʪʴ ʬʠʟʠʢʫ ʧʨʦʮʝʩʩʘ ʠ ʨʘʟʨʘʙʘʪʳʚʘʪʴ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚ-

ʥʳʝ ʤʦʜʝʣʠ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʠʭ ʧʨʠʣʦʞʝʥʠʡ. 
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ʆɹ ɸʃɻʆʈʀʊʄɽ ʇʆʀʉʂɸ ɻʃʆɹɸʃʔʅʆɻʆ ʄʀʅʀʄʋʄɸ 

ɼʃʗ ʆɼʅʆɻʆ ʂʃɸʉʉɸ ʄʅʆɻʆʄɽʈʅʓʍ 

ʄʅʆɻʆʕʂʉʊʈɽʄɸʃʔʅʓʍ ʌʋʅʂʎʀʁ1* 

ɸ.ʉ. ɿʘʡʮʝʚ, ʂ.ɸ. ɹʘʨʢʘʣʦʚ 

ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ 

ʅʘʫʯʥʦ-ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʡ ʤʘʪʝʤʘʪʠʯʝʩʢʠʡ ʮʝʥʪʨ çʄʘʪʝʤʘʪʠʢʘ ʪʝʭʥʦʣʦʛʠʡ ʙʫʜʫʱʝʛʦè 

ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʟʘʜʘʯʘ ʧʦʠʩʢʘ ʛʣʦʙʘʣʴʥʦʛʦ ʤʠʥʠʤʫʤʘ ʤʥʦʛʦʤʝʨʥʦʡ ʤʥʦʛʦ-

ʵʢʩʪʨʝʤʘʣʴʥʦʡ ʬʫʥʢʮʠʠ, ʧʨʠʥʠʤʘʶʱʝʡ ʥʝʦʪʨʠʮʘʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʠ ʜʦʩʪʠʛʘʶʱʝʡ ʚ 

ʦʙʣʘʩʪʠ ʦʧʨʝʜʝʣʝʥʠʷ ʥʫʣʝʚʦʛʦ ʟʥʘʯʝʥʠʷ. ʇʦ ʩʫʪʠ, ʵʪʘ ʟʘʜʘʯʘ ʷʚʣʷʝʪʩʷ ʟʘʜʘʯʝʡ ʧʦʠʩ-

ʢʦʤ ʥʫʣʷ ʤʥʦʛʦʤʝʨʥʦʡ ʬʫʥʢʮʠʠ. ʇʨʝʜʣʦʞʝʥʘ ʘʜʘʧʪʘʮʠʷ ʘʣʛʦʨʠʪʤʘ ʧʦʠʩʢʘ ʥʫʣʷ ʥʝ-

ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʬʫʥʢʮʠʠ ʜʣʷ ʨʝʰʝʥʠʷ ʤʥʦʛʦʤʝʨʥʳʭ ʟʘʜʘʯ, ʨʝʜʫʮʠʨʦʚʘʥʥʳʭ ʩ ʧʦʤʦ-

ʱʴʶ ʨʘʟʚʸʨʪʢʠ (ʢʨʠʚʦʡ) ʇʝʘʥʦ. ʇʨʦʚʝʜʝʥʳ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ, ʧʦʜ-

ʪʚʝʨʞʜʘʶʱʝʛʦ ʝʛʦ ʵʬʬʝʢʪʠʚʥʦʩʪʴ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʛʣʦʙʘʣʴʥʘʷ ʦʧʪʠʤʠʟʘʮʠʷ, ʧʦʠʩʢ ʥʫʣʷ ʬʫʥʢʮʠʠ, ʧʦʠʩʢ ʢʦʨʥʷ ʬʫʥʢ-

ʮʠʠ, ʪʝʩʪʦʚʳʝ ʟʘʜʘʯʠ. 

 

1. ɺʚʝʜʝʥʠʝ 

ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ, ʷʚʣʷʶʱʘʷʩʷ ʧʨʦʜʦʣʞʝʥʠʝʤ ʨʘʙʦʪʳ [4], ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʘʜʘʧʪʘʮʠʠ ʘʣʛʦ-

ʨʠʪʤʘ ʧʦʠʩʢʘ ʥʫʣʷ ʥʝʦʪʨʠʮʘʪʝʣʴʥʦʡ ʬʫʥʢʮʠʠ (ɸʇʅ) ʜʣʷ ʨʝʰʝʥʠʷ ʤʥʦʛʦʤʝʨʥʳʭ ʟʘʜʘʯ. ʀ ʧʨʠ-

ʚʦʜʷʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʜʣʷ ʜʝʤʦʥʩʪʨʘʮʠʠ ʝʛʦ ʵʬʬʝʢʪʠʚʥʦʩʪʠ. 

2. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ 

ʂʣʘʩʩʠʯʝʩʢʘʷ ʟʘʜʘʯʘ ʧʦʠʩʢʘ ʤʠʥʠʤʫʤʘ ʤʥʦʛʦʤʝʨʥʦʡ ʤʥʦʛʦʵʢʩʪʨʝʤʘʣʴʥʦʡ ʬʫʥʢʮʠʠ •ώ, 

ʛʜʝ ώɴ Ὑ ὲ ρ ʚ N-ʤʝʨʥʦʤ ʛʠʧʝʨʢʫʙʝ Ὀ ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ: 

•ώᶻ  άὭὲ•ώȟώɴ ὈȟὈ ώɴ Ὑȟὥ ώ ὦȟὭ ρȟȣȟὲ (1) 

ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʧʦʪʨʝʙʫʝʤ, ʯʪʦʙʳ ʬʫʥʢʮʠʷ •ὼ ʫʜʦʚʣʝʪʚʦʨʷʣʘ ʩʣʝʜʫʶʱʠʤ ʫʩʣʦʚʠʷʤ: 

1) •ώ  πȟώɴ Ὀ (ʥʝʦʪʨʠʮʘʪʝʣʴʥʦʩʪʴ ʬʫʥʢʮʠʠ); 

2) ʉʫʱʝʩʪʚʫʝʪ ʚʝʢʪʦʨ ώᶻᶰὈ ̓ ́̋̏̊ȟ ̘̓̏ •ώᶻ  π (ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʥʫʣʷ ʬʫʥʢʮʠʠ); 

3) ʌʫʥʢʮʠʷ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʫʩʣʦʚʠ:ʁ 

ȿ•ώ •ώ ȿ ὒȿώ ώȿȟώȟώ ᶰὈȠ π ὒ Њ , 

ʛʜʝ ʟʥʘʯʝʥʠʝ ὒ ï ʥʝ ʟʘʜʘʥʦ (ʣʠʧʰʠʮʝʚʦʩʪʴ ʬʫʥʢʮʠʠ). 

ʌʫʥʢʮʠʶ •ώ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʫʶ ʦʧʠʩʘʥʥʳʤ ʚʳʰʝ ʫʩʣʦʚʠʷʤ, ʙʫʜʝʤ ʦʙʦʟʥʘʯʘʪʴ ‪ώ, ʛʜʝ 
ώɴ Ὑ ὲ ρ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʜʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʬʫʥʢʮʠʠ ‪ώ ώɴ Ὀ  ʟʘʜʘʯʘ ʧʦʠʩʢʘ ʛʣʦ-

ʙʘʣʴʥʦʛʦ ʤʠʥʠʤʫʤʘ ʵʢʚʠʚʘʣʝʥʪʥʘ ʟʘʜʘʯʠ ʧʦʠʩʢʘ ʥʫʣʷ ʬʫʥʢʮʠʠ (ʧʦʠʩʢʘ ʢʦʨʥʷ ʬʫʥʢʮʠʠ). 

ɺʘʞʥʦ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʩ ʨʦʩʪʦʤ ʨʘʟʤʝʨʥʦʩʪʠ ʟʘʜʘʯʠ N ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʟʘʪʨʘʪʳ ʙʫʜʫʪ ʚʦʟ-

ʨʘʩʪʘʪʴ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦ. ʅʦ ʵʪʦʛʦ ʵʬʬʝʢʪʘ ʤʦʞʥʦ ʠʟʙʝʞʘʪʴ ʝʩʣʠ ʨʝʜʫʮʠʨʦʚʘʪʴ ʧʦʩʪʘʚʣʝʥʥʫʶ 

ʤʥʦʛʦʤʝʨʥʫʶ ʟʘʜʘʯʫ ʜʦ ʦʜʥʦʤʝʨʥʦʡ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʜʣʷ ʨʝʜʫʢʮʠʠ ʨʘʟʤʝʨʥʦʩʪʠ ʙʫʜʫʪ ʠʩʧʦʣʴ-

ʟʦʚʘʪʴʩʷ ʨʘʟʚʸʨʪʢʠ (ʢʨʠʚʳʝ) ʇʝʘʥʦ ώὼȟὼɴ πȟρ [1, 2, 3]. ʊ. ʝ. ʦʪʦʙʨʘʞʝʥʠʝ ʦʪʨʝʟʢʘ πȟρ ʚʝ-

ʱʝʩʪʚʝʥʥʦʡ ʦʩʠ ʥʘ ʦʙʣʘʩʪʴ Ὀ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʠʩʭʦʜʥʘʷ ʤʥʦʛʦʤʝʨʥʘʷ ʟʘʜʘʯʘ (1) ʩʚʦʜʠʪʩʷ ʢ ʦʜ-
ʥʦʤʝʨʥʦʡ ʟʘʜʘʯʝ ʩʣʝʜʫʶʱʝʛʦ ʚʠʜʘ: 

‪ώὼᶻ  άὭὲ‪ώὼ ȟὼɴ πȟρ  (2) 

ʌʫʥʢʮʠʷ ‪ώὼ  ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʩʣʝʜʫʶʱʠʤ ʫʩʣʦʚʠʷʤ: 

                                                      
1* ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ (ʧʨʦʝʢʪ ˉ FSWR-2023-0034). 
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1) ‪ώὼ   πȟὼɴ πȟρ (ʥʝʦʪʨʠʮʘʪʝʣʴʥʦʩʪʴ ʬʫʥʢʮʠʠ); 

2) ʉʫʱʝʩʪʚʫʝʪ ʪʦʯʢʘ ὼᶻᶰπȟρ ʪʘʢʘʷ, ʯʪʦ ‪ώὼᶻ π (ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʥʫʣʷ ʬʫʥʢʮʠʠ); 

3) ʌʫʥʢʮʠʷ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʫʩʣʦʚʠʶ: 

ȿ‪ώὼ •ώ ȿ Ὄ ȿὼ ὼȿȟὼȟὼ ᶰπȟρȠ π Ὄ Њ ,  

ʛʜʝ ʟʥʘʯʝʥʠʝ Ὄ ï ʥʝ ʟʘʜʘʥʦ. ʀʟ [2] ʠʟʚʝʩʪʥʦ, ʯʪʦ ʢʦʥʩʪʘʥʪʘ ɻʸʣʴʜʝʨʘ Ὄ ʩʚʷʟʘʥʘ ʩ ʢʦʥʩʪʘʥʪʦʡ 

ʃʠʧʰʠʮʘ ὒ ʩʦʦʪʥʦʰʝʥʠʝʤ Ὄ τὒЍὔ (ʛʸʣʴʜʝʨʦʚʦʩʪʴ ʬʫʥʢʮʠʠ). 

ɼʣʷ ʨʝʰʝʥʠʷ ʨʝʜʫʮʠʨʦʚʘʥʥʦʡ ʟʘʜʘʯʠ ʧʨʠʤʝʥʠʤʳ ʯʠʩʣʝʥʥʳʝ ʤʝʪʦʜʳ ʣʠʧʰʠʮʝʚʦʡ ʦʧʪʠʤʠ-

ʟʘʮʠʠ, ʥʘʧʨʠʤʝʨ, ʤʝʪʦʜ ʉʪʨʦʥʛʠʥʘ [1, 2] ʠ ʝʛʦ ʤʦʜʠʬʠʢʘʮʠʠ, ʥʘʧʨʠʤʝʨ, [3]. ʅʦ ʜʘʥʥʳʝ ʤʝʪʦʜʳ 

ʥʝ ʫʯʠʪʳʚʘʶʪ 1-ʝ ʠ 2-ʝ ʩʚʦʡʩʪʚʦ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʬʫʥʢʮʠʠ.  

ɸʣʛʦʨʠʪʤ ʇʦʠʩʢʘ ʥʫʣʷ (ɸʇʅ) [4], ʫʯʠʪʳʚʘʶʱʠʡ ʥʝʦʪʨʠʮʘʪʝʣʴʥʦʩʪʴ ʬʫʥʢʮʠʠ, ʪʨʝʙʫʝʪ 

ʘʜʘʧʪʘʮʠʠ ʜʣʷ ʨʝʰʝʥʠʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʟʘʜʘʯʠ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʪʘʢʘʷ ʘʜʘʧʪʘ-

ʮʠʷ. 

3. ʆʧʠʩʘʥʠʝ ʘʣʛʦʨʠʪʤʘ 

ɸʣʛʦʨʠʪʤ ʧʦʠʩʢʘ ʥʫʣʷ ʬʫʥʢʮʠʠ ‪ώὼ  ʧʦʨʦʞʜʘʝʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʪʦʯʝʢ {ὼ}. ɺ ʵʪʠʭ 

ʪʦʯʢʘʭ ʚʳʯʠʩʣʷʝʪʩʷ ʟʥʘʯʝʥʠʝ ʬʫʥʢʮʠʠ ᾀ ‪ώὼ ȟὯ  πȟρȟςȟȢȢȢ . ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʧʦ-
ʛʨʝʰʥʦʩʪʴ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʘ. ʇʝʨʚʳʝ ʜʚʘ ʠʩʧʳʪʘʥʠʷ ʦʩʫʱʝʩʪʚʣʷʶʪʩʷ ʚ ʛʨʘʥʠʯʥʳʭ ʪʦʯʢʘʭ, ʪʦ 

ʝʩʪʴ ὼ π ʠ ὼ ρ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɸ ʚʳʙʦʨ ʪʦʯʝʢ ὼ ȟὯ  ρ , ʦʯʝʨʝʜʥʦʛʦ Ὧ ρ-ʛʦ ʠʩʧʳ-

ʪʘʥʠʷ ʦʩʫʱʝʩʪʚʣʷʶʪʩʷ ʧʦ ʩʣʝʜʫʶʱʠʤ ʧʨʘʚʠʣʘʤ: 

1) ʇʝʨʝʥʫʤʝʨʫʝʤ (ʥʠʞʥʝʤ ʠʥʜʝʢʩʦʤ) ʪʦʯʢʠ ὼȟπ  Ὥ  Ὧ, ʚ ʧʦʨʷʜʢʝ ʚʦʟʨʘʩʪʘʥʠʷ ʟʥʘʯʝʥʠʷ 
ʢʦʦʨʜʠʥʘʪʳ:  

π ὼ  ὼ  ȣ ὼ  ρ (3) 

2) ɼʣʷ ʢʘʞʜʦʛʦ ʠʥʪʝʨʚʘʣʘ ὼ ὼ ȟρ  Ὥ  Ὧ, ʚʳʯʠʩʣʠʤ ʚʝʣʠʯʠʥʫ: 

ὑὭ
ᾀ ᾀ

Ў
ȟ (4) 

ʛʜʝ Ў ὼ ὼ , ᾀ ‪ώὼ  , ʥʘʟʳʚʘʝʤʫʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʵʪʦʛʦ ʠʥʪʝʨʚʘʣʘ 

3) ʆʧʨʝʜʝʣʠʤ ʠʥʪʝʨʚʘʣ ὼ ὼ , ʢʦʪʦʨʦʤʫ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʠʥʠʤʘʣʴʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ὑ: 

ὑὸ  άὭὲὑὭȟρ  Ὥ  Ὧ (5) 

ɽʩʣʠ ʤʠʥʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʠʤ ʠʥʪʝʨʚʘʣʘʤ, ʪʦ ʚ ʢʘʯʝʩʪʚʝ ʟʥʘʯʝʥʠʷ 

ὸ ʚʳʙʠʨʘʝʪʩʷ ʥʘʠʤʝʥʴʰʝʝ ʯʠʩʣʦ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʝʝ ʫʩʣʦʚʠʶ (3). 

4) ʆʧʨʝʜʝʣʠʤ ʪʦʯʢʫ ὼ  ʦʯʝʨʝʜʥʦʛʦ ʠʩʧʳʪʘʥʠʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

ὼ  
ὼ ὼ

ς
ȟ (6) 

5) ʇʨʦʚʝʜʸʤ ʦʯʝʨʝʜʥʦʝ ʠʩʧʳʪʘʥʠʝ ʚ ʪʦʯʢʝ ὼ : 

ᾀ ‪ώὼ  (7) 

ʠ ʧʨʠʤʝʤ Ὧ  Ὧ ρ 
6) ʇʨʦʚʝʨʠʤ ʫʩʣʦʚʠʝ ʦʩʪʘʥʦʚʢʠ ʘʣʛʦʨʠʪʤʘ: 

a) ʏʠʩʣʦ ʠʪʝʨʘʮʠʡ Ὧ ʜʦʩʪʠʛʣʦ ʟʥʘʯʝʥʠʷ Ὧ  (ʠʩʯʝʨʧʘʥʠʝ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʨʝʩʫʨʩʘ) 

b) ɹʳʣʦ ʜʦʩʪʠʛʥʫʪʦ ʟʥʘʯʝʥʠʝ 

‪ᶻ άὭὲ ‪ώὼ ȡ π  Ὥ  Ὧ  „ (8) 

ʛʜʝ „ π (ʧʨʝʜʫʩʪʘʥʦʚʣʝʥʥʘʷ ʜʦʧʫʩʪʠʤʘʷ ʧʦʛʨʝʰʥʦʩʪʴ ʚ ʦʮʝʥʢʝ ʥʫʣʝʚʦʛʦ ʟʥʘʯʝʥʠʷ 
ʬʫʥʢʮʠʠ ‪ώὼ  ). 

4. ɺʳʯʠʩʣʠʪʝʣʴʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ 

ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʫʙʝʜʠʪʴʩʷ ʚ ʢʦʨʨʝʢʪʥʦʩʪʠ ʨʘʙʦʪʳ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʠʟʦʙʨʘʟʠʤ 

ʛʨʘʬʠʢʠ ʬʫʥʢʮʠʡ, ʤʠʥʠʤʫʤʳ ʢʦʪʦʨʳʭ ʠʟʚʝʩʪʥʳ, ʠ ʨʘʙʦʪʫ ʘʣʛʦʨʠʪʤʘ, ʪʦ ʝʩʪʴ ʪʦʯʢʠ, ʚ ʢʦʪʦʨʳʭ 

ʤʝʪʦʜ ʧʨʦʚʦʜʠʣ ʠʩʧʳʪʘʥʠʷ ʬʫʥʢʮʠʠ. ɿʥʘʯʝʥʠʝ ʜʦʧʫʩʪʠʤʦʡ ʧʦʛʨʝʰʥʦʩʪʠ „ ʫʩʪʘʥʦʚʠʤ ʨʘʚʥʳʤ 

0.01, ʚʳʯʠʩʣʠʪʝʣʴʥʳʡ ʨʝʩʫʨʩ Ὧ  ʫʩʪʘʥʦʚʠʤ ʨʘʚʥʳʤ 1250. 
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4.1 ɺʳʯʠʩʣʠʪʝʣʴʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ˉ1 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʥʝʢʦʪʦʨʘʷ ʬʫʥʢʮʠʷ ‪ώᶻ π ʧʨʠ ώᶻ πȢστρχσςȟπȢρωχφςπ 

 

ʈʠʩ. 1. ɻʨʘʬʠʢ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ ʠ ʪʦʯʝʢ ʠʩʧʳʪʘʥʠʡ ʧʦʨʦʞʜʸʥʥʳʭ ɸʇʅ 

ɸʇʅ ʥʘʰʸʣ ʪʦʯʢʫ ώᶻ πȢστσφςψȟπȢρωυςρψ ʚ ʢʦʪʦʨʦʡ ʟʥʘʯʝʥʠʝ ʬʫʥʢʮʠʠ ‪ώᶻ

 πȢππφυπωφτ ʟʘ 76 ʠʪʝʨʘʮʠʡ. 

4.2 ɺʳʯʠʩʣʠʪʝʣʴʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ˉ2 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʥʝʢʦʪʦʨʘʷ ʬʫʥʢʮʠʷ ‪ώᶻ π ʧʨʠ ώᶻ πȢψχυψχτȟπȢφυσσσφ 
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ʈʠʩ. 2. ɻʨʘʬʠʢ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ ʠ ʪʦʯʝʢ ʠʩʧʳʪʘʥʠʡ ʧʦʨʦʞʜʸʥʥʳʭ ɸʇʅ 

ɸʇʅ ʥʘʰʸʣ ʪʦʯʢʫ ώᶻ πȢψχτψχψȟπȢφυφσπσ ʚ ʢʦʪʦʨʦʡ ʟʥʘʯʝʥʠʝ ʬʫʥʢʮʠʠ ‪ώᶻ

πȢππψρψφω ʟʘ ʠʪʝʨʘʮʠʡ 56. 

4.3 ɺʳʯʠʩʣʠʪʝʣʴʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ˉ3 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʥʝʢʦʪʦʨʘʷ ʬʫʥʢʮʠʷ ‪ώᶻ π ʧʨʠ ώᶻ πȢσσφτφχȟπȢωπωπυφ 
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ʈʠʩ. 3. ɻʨʘʬʠʢ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ ʠ ʪʦʯʝʢ ʠʩʧʳʪʘʥʠʡ ʧʦʨʦʞʜʸʥʥʳʭ ɸʇʅ 

ɸʇʅ ʥʘʰʸʣ ʪʦʯʢʫ ώᶻ πȢσσχψφχȟπȢωπφρςψ ʚ ʢʦʪʦʨʦʡ ʟʥʘʯʝʥʠʝ ʬʫʥʢʮʠʠ ‪ώᶻ

πȢππφτφςως ʟʘ ʠʪʝʨʘʮʠʡ 52. 

5. ɿʘʢʣʶʯʝʥʠʝ 

ʇʨʝʜʣʦʞʝʥʥʳʡ ʘʣʛʦʨʠʪʤ ʧʦʢʘʟʘʣ ʫʩʧʝʰʥʫʶ ʨʘʙʦʪʫ ʧʨʠ ʨʝʰʝʥʠʠ ʨʷʜʘ ʪʝʩʪʦʚʳʭ ʟʘʜʘʯ ʧʦ-

ʠʩʢʘ ʥʫʣʷ ʥʝʦʪʨʠʮʘʪʝʣʴʥʦʡ ʜʚʫʤʝʨʥʦʡ ʬʫʥʢʮʠʠ. ʇʨʦʚʝʜʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʥʘʛʣʷʜʥʦ ʜʝʤʦʥ-

ʩʪʨʠʨʫʶʪ, ʯʪʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʪʦʯʝʢ ʠʩʧʳʪʘʥʠʡ, ʧʦʨʦʞʜʘʝʤʘʷ ʥʦʚʳʤ ʘʣʛʦʨʠʪʤʦʤ, ʷʚʣʷʝʪʩʷ 

ʧʣʦʪʥʦʡ ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʛʣʦʙʘʣʴʥʦʛʦ ʤʠʥʠʤʫʤʘ.  
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ɸʃɻʆʈʀʊʄʀʏɽʉʂɸʗ ʉʃʆɾʅʆʉʊʔ ɿɸɼɸʏ ʉʆʉʊɸɺʃɽʅʀʗ 

ʈɸʉʇʀʉɸʅʀʁ ɺ ʉʀʉʊɽʄɸʍ ʉ ʋʏɽʊʆʄ ʉʊɸʊʀʏɽʉʂʆʁ ʀ 

ɼʀʅɸʄʀʏɽʉʂʆʁ ʉʆʉʊɸɺʃʗʖʑʀʍ ʈɸʉʍʆɼɸ ʕʅɽʈɻʀʀ1* 

ɸ.ʆ. ɿʘʭʘʨʦʚ, ʖ.ɺ. ɿʘʭʘʨʦʚʘ 

ʆʤʩʢʠʡ ʬʠʣʠʘʣ ʀʥʩʪʠʪʫʪʘ ʤʘʪʝʤʘʪʠʢʠ ʠʤ. ʉ.ʃ. ʉʦʙʦʣʝʚʘ ʉʆ ʈɸʅ 

ʈʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʟʘʜʘʯʠ ʩʦʩʪʘʚʣʝʥʠʷ ʨʘʩʧʠʩʘʥʠʷ ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ 

ʩʢʦʨʦʩʪʠ ʧʨʦʮʝʩʩʦʨʦʚ ʠ ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʷ. ʕʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʝ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ 

ʢʦʤʧʦʥʝʥʪʦʚ: ʩʪʘʪʠʯʝʩʢʦʛʦ ʠ ʜʠʥʘʤʠʯʝʩʢʦʛʦ. ʇʨʝʜʣʦʞʝʥʳ ʧʨʠʙʣʠʞʝʥʥʳʝ ʘʣʛʦʨʠʪʤʳ 

ʩ ʛʘʨʘʥʪʠʨʦʚʘʥʥʦʡ ʢʦʥʩʪʘʥʪʥʦʡ ʦʮʝʥʢʦʡ ʪʦʯʥʦʩʪʠ ʜʣʷ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʝʤʳʭ ʨʘʙʦʪ ʚ 

ʜʚʫʭ ʩʣʫʯʘʷʭ: ʜʣʷ ʥʝʟʘʚʠʩʠʤʳʭ ʨʘʙʦʪ ʠ ʜʣʷ ʨʘʙʦʪ, ʩʚʷʟʘʥʥʳʭ ʦʪʥʦʰʝʥʠʝʤ ʯʘʩʪʠʯʥʦʛʦ 

ʧʦʨʷʜʢʘ. ɸʣʛʦʨʠʪʤʳ ʠʩʧʦʣʴʟʫʶʪ ʚʳʧʫʢʣʳʝ ʤʦʜʝʣʠ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʜʣʠʪʝʣʴʥʦʩʪʝʡ ʠ 

ʤʝʪʦʜ rʩʧʠʩʦʯʥʦʛʦ ʪʠʧʘ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʜʦʧʫʩʪʠʤʳʭ ʨʝʰʝʥʠʡ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʨʘʩʧʠʩʘʥʠʝ, ʵʥʝʨʛʠʷ, ʘʣʛʦʨʠʪʤ, ʩʣʦʞʥʦʩʪʴ. 

 

1. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ 

ʄʥʦʞʝʩʪʚʦ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʝʤʳʭ ʨʘʙʦʪ J={1,é,n} ʥʝʦʙʭʦʜʠʤʦ ʚʳʧʦʣʥʠʪʴ ʥʘ ʤʥʦʞʝʩʪʚʝ 

ʧʨʦʮʝʩʩʦʨʦʚ M={1,é,m}. ʂʘʞʜʘʷ ʨʘʙʦʪʘ j Jɴ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʯʠʩʣʦʤ ʪʨʝʙʫʝʤʳʭ ʧʨʦʮʝʩʩʦʨʦʚ 

sizejÒm ʠ ʦʙʲʝʤʦʤ Wj (ʜʣʠʪʝʣʴʥʦʩʪʴ ʨʘʙʦʪʳ ʥʘ ʢʘʞʜʦʤ ʧʨʦʮʝʩʩʦʨʝ ʧʨʠ ʝʜʠʥʠʯʥʦʡ ʩʢʦʨʦʩʪʠ) 

[2]. ɺ ʢʘʞʜʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʢʘʞʜʳʡ ʧʨʦʮʝʩʩʦʨ ʤʦʞʝʪ ʚʳʧʦʣʥʷʪʴ ʥʝ ʙʦʣʝʝ ʦʜʥʦʡ ʨʘʙʦʪʳ. 

ʊʘʢʞʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʘʨʠʘʥʪ ʟʘʜʘʯʠ, ʢʦʛʜʘ ʟʘʜʘʥʘ ʚʝʨʭʥʷʷ ʛʨʘʥʠʮʘ ʥʘ ʩʪʝʧʝʥʴ ʨʘʩʧʘʨʘʣʣʝʣʠ-

ʚʘʥʠʷ ŭjÒm. ɺ ʧʦʩʣʝʜʥʝʤ ʩʣʫʯʘʝ ʥʝʦʙʭʦʜʠʤʦ ʧʨʠ ʩʦʩʪʘʚʣʝʥʠʠ ʨʘʩʧʠʩʘʥʠʷ ʚʳʙʠʨʘʪʴ ʚ ʪʦʤ ʯʠʩʣʝ 

ʯʠʩʣʦ ʠʩʧʦʣʴʟʫʝʤʳʭ ʧʨʦʮʝʩʩʦʨʦʚ. ʈʘʙʦʪʳ ʤʦʛʫʪ ʙʳʪʴ ʩʚʷʟʘʥʳ ʦʪʥʦʰʝʥʠʝʤ ʧʨʝʜʰʝʩʪʚʦʚʘʥʠʷ. 

ʇʨʦʮʝʩʩʦʨʳ ʤʦʛʫʪ ʨʘʙʦʪʘʪʴ ʩ ʨʘʟʥʦʡ ʩʢʦʨʦʩʪʴʶ. ɽʩʣʠ ʧʨʦʮʝʩʩʦʨ ʧʨʠ ʚʳʧʦʣʥʝʥʠʠ ʨʘʙʦʪ r

j Jɴ ʨʘʙʦʪʘʝʪ ʩʦ ʩʢʦʨʦʩʪʴʶ sj, ʪʦ ʧʦʪʨʝʙʣʝʥʠʝ ʵʥʝʨʛʠʠ ʚ ʝʜʠʥʠʮʫ ʚʨʝʤʝʥʠ (ʤʛʥʦʚʝʥʥʘʷ ʤʦʱ-

ʥʦʩʪʴ) ʨʘʚʥʦ (sj)
Ŭ (Ŭ>1 ï ʢʦʥʩʪʘʥʪʘ), ʯʪʦ ʟʘʜʘʝʪ ʜʠʥʘʤʠʯʝʩʢʫʶ ʩʦʩʪʘʚʣʷʶʱʫʶ ʵʥʝʨʛʦʧʦʪʨʝʙʣʝ-

ʥʠʷ. ɿʘ ʦʙʱʝʝ ʚʨʝʤʷ ʨʘʙʦʪʳ ʩʠʩʪʝʤʳ Cmax (ʜʣʠʥʘ ʨʘʩʧʠʩʘʥʠʷ, makespan) ʬʦʨʤʠʨʫʝʪʩʷ ʩʪʘʪʠʯʝ-

ʩʢʘʷ ʯʘʩʪʴ ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʷ ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ Estat. 

ʊʨʝʙʫʝʪʩʷ ʧʦʩʪʨʦʠʪʴ ʜʦʧʫʩʪʠʤʦʝ ʨʘʩʧʠʩʘʥʠʝ ʚʳʧʦʣʥʝʥʠʷ ʨʘʙʦʪ, ʧʨʠ ʢʦʪʦʨʦʤ ʦʙʱʝʝ ʧʦ-

ʪʨʝʙʣʝʥʠʝ ʵʥʝʨʛʠʠ Etot = ×j Jɴ sizej (sj)
Ŭ-1 Wj + m Cmax Estat ʤʠʥʠʤʠʟʠʨʫʝʪʩʷ. 

2. ɺʳʯʠʩʣʠʪʝʣʴʥʘʷ ʩʣʦʞʥʦʩʪʴ ʠ ʘʣʛʦʨʠʪʤʳ ʨʝʰʝʥʠʷ 

ɼʦʢʘʟʘʥʘ NP-ʪʨʫʜʥʦʩʪʴ ʟʘʜʘʯʠ ʙʝʟ ʯʘʩʪʠʯʥʦʛʦ ʧʦʨʷʜʢʘ ʠ NP-ʪʨʫʜʥʦʩʪʴ ʚ ʩʠʣʴʥʦʤ ʩʤʳʩʣʝ 

ʟʘʜʘʯʠ ʩ ʯʘʩʪʠʯʥʳʤ ʧʦʨʷʜʢʦʤ ʚ ʩʣʫʯʘʝ ʜʚʫʭ ʧʨʦʮʝʩʩʦʨʦʚ ʠ ʦʜʥʦʧʨʦʮʝʩʩʦʨʥʳʭ ʨʘʙʦʪ [6, 8]. 

ʈʘʩʧʘʨʘʣʣʝʣʠʚʘʝʤʦʩʪʴ ʪʘʢʞʝ ʧʨʠʚʦʜʠʪ ʢ NP-ʪʨʫʜʥʦʩʪʠ ʚ ʩʠʣʴʥʦʤ ʩʤʳʩʣʝ ʟʘʜʘʯʠ [2]. 

ʆʧʠʰʝʤ ʤʝʪʦʜ ʧʦʩʪʨʦʝʥʠʷ ɟ-ʧʨʠʙʣʠʞʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʜʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʟʘʜʘʯʠ: 

ʕʪʘʧ 1. ʇʦʩʪʨʦʠʪʴ ʠ ʨʝʰʠʪʴ ʤʦʜʝʣʴ ʚʳʧʫʢʣʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʩ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʝʡ  

×j Jɴ sizej (sj)
Ŭ-1 Wj + m LB Estat, 

ʛʜʝ ʧʝʨʝʤʝʥʥʘʷ LB ʦʪʚʝʯʘʝʪ ʟʘ ʥʠʞʥʶʶ ʛʨʘʥʠʮʫ ʥʘ ʜʣʠʥʫ ʨʘʩʧʠʩʘʥʠʷ ʠ ʦʛʨʘʥʠʯʝʥʠʷ ʟʘʜʘʶʪ 

ʵʪʫ ʛʨʘʥʠʮʫ ʜʣʷ ʢʘʞʜʦʛʦ ʢʦʥʢʨʝʪʥʦʛʦ ʩʣʫʯʘʷ ʟʘʜʘʯʠ ʠʥʜʠʚʠʜʫʘʣʴʥʳʤ ʩʧʦʩʦʙʦʤ, ʘ ʧʝʨʝʤʝʥʥʳʝ 

sj ʦʧʨʝʜʝʣʷʶʪ ʜʣʠʪʝʣʴʥʦʩʪʠ ʨʘʙʦʪ j Jɴ. 

ʕʪʘʧ 2. ɼʣʷ ʜʣʠʪʝʣʴʥʦʩʪʝʡ ʨʘʙʦʪ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʵʪʘʧʝ 1 (pj= Wj/sj, j Jɴ), ʩʪʨʦʠʪʩʷ ɟ -

ʧʨʠʙʣʠʞʝʥʥʦʝ ʨʘʩʧʠʩʘʥʠʝ ʜʣʷ ʢʨʠʪʝʨʠʷ ʤʠʥʠʤʠʟʘʮʠʠ ʜʣʠʥʳ ʨʘʩʧʠʩʘʥʠʷ ʠ ʵʪʦ ʨʘʩʧʠʩʘʥʠʝ ʙʫ-

ʜʝʪ ɟ -ʧʨʠʙʣʠʞʝʥʥʳʤ ʜʣʷ ʢʨʠʪʝʨʠʷ ʤʠʥʠʤʠʟʘʮʠʠ ʨʘʩʭʦʜʘ ʵʥʝʨʛʠʠ.  

ɼʘʥʥʳʡ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʩʣʝʜʫʶʱʠʝ ʨʝʟʫʣʴʪʘʪʳ: 

                                                      
1* ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ˉ 22-71-10015-ʇ. 
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ï ʥʝʟʘʚʠʩʠʤʳʝ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʝʤʳʝ ʨʘʙʦʪʳ ʩ ʬʠʢʩʠʨʦʚʘʥʥʳʤ ʯʠʩʣʦʤ ʠʩʧʦʣʴʟʫʝʤʳʭ ʧʨʦ-

ʮʝʩʩʦʨʦʚ (sizej ʜʣʷ ʨʘʙʦʪʳ j Jɴ) 

ɟ =2 - 1/m, LB=max{1/m ×j Jɴ sizej pj; max j Jɴ pj}  [4]; 

ï ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʝʤʳʝ ʨʘʙʦʪʳ ʩ ʬʠʢʩʠʨʦʚʘʥʥʳʤ ʯʠʩʣʦʤ ʠʩʧʦʣʴʟʫʝʤʳʭ ʧʨʦʮʝʩʩʦʨʦʚ ʠ ʟʘ-

ʜʘʥʥʳʤ ʯʘʩʪʠʯʥʳʤ ʧʦʨʷʜʢʦʤ: 

ɟ =(2 ï q)/(1-q), LB=max{×l Lɴ Pl; 1/m ×j Jɴ sizej pj } [5], 

ʛʜʝ 0<q<1 ʪʘʢʦʝ, ʯʪʦ sizej Ò qm, j Jɴ, Pl ï ʜʣʠʪʝʣʴʥʦʩʪʠ ʮʝʧʦʯʝʢ l Lɴ ʨʘʙʦʪ, ʩʚʷʟʘʥʥʳʭ ʯʘʩʪʠʯʥʳʤ 

ʧʦʨʷʜʢʦʤ; 

ï ʥʝʟʘʚʠʩʠʤʳʝ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʝʤʳʝ ʨʘʙʦʪʳ ʩ ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʝʡ ʥʘ ʩʪʝʧʝʥʴ ʨʘʩʧʘʨʘʣʣʝʣʠ-

ʚʘʥʠʷ (ŭj ʜʣʷ ʨʘʙʦʪʳ j Jɴ): 

ɟ =2 - 2/(m+1), LB=max{1/m ×j Jɴ ŭj pj; max j Jɴ pj}  [1]; 

ï ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʝʤʳʝ ʨʘʙʦʪʳ ʩ ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʝʡ ʥʘ ʩʪʝʧʝʥʴ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʷ ʠ ʟʘʜʘʥ-

ʥʳʤ ʯʘʩʪʠʯʥʳʤ ʧʦʨʷʜʢʦʤ: 

ɟ =2 + ЍυȾς, LB=max{×l Lɴ Pl; 1/m ×j Jɴ ŭj pj } [7]. 
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ʂɸʄɽʈʓ ʀ ʉʊɽʅʂʀ ɺ ʇʈʆʉʊʈɸʅʉʊɺɽ ɺɽʑɽʉʊɺɽʅʅʓʍ 

ɸʃɻɽɹʈɸʀʏɽʉʂʀʍ ʂʈʀɺʓʍ ɹʀʉʊɽʇɽʅʀ (4,3) 

ʅɸ ɻʀʇɽʈɹʆʃʆʀɼɽ1* 

ɺ.ʀ. ɿʚʦʥʠʣʦʚ 

ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ 

ɺ ʨʘʙʦʪʝ ʟʘʚʝʨʰʝʥʦ ʧʝʨʝʯʠʩʣʝʥʠʝ ʢʘʤʝʨ ʠ ʩʪʝʥʦʢ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʚʝʱʝʩʪʚʝʥʥʳʭ ʘʣ-

ʛʝʙʨʘʠʯʝʩʢʠʭ ʢʨʠʚʳʭ ʙʠʩʪʝʧʝʥʠ (4,3) ʥʘ ʛʠʧʝʨʙʦʣʦʠʜʝ ʥʘʯʘʪʦʝ ʨʘʥʝʝ ʘʚʪʦʨʦʤ ʆʩʥʦʚ-

ʥʳʤ ʪʝʭʥʠʯʝʩʢʠʤ ʩʨʝʜʩʪʚʦʤ ʷʚʣʷʶʪʩʷ ʛʨʘʬʳ ʠ ʩʢʝʣʝʪʳ ʚʝʱʝʩʪʚʝʥʥʳʭ ʪʨʠʛʦʥʘʣʴʥʳʭ 

ʢʨʠʚʳʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʷʭ ʍʠʨʮʝʙʨʫʭʘ, ʧʦʣʫʯʘʝʤʳʭ ʠʟ ʢʨʠʚʳʭ ʥʘ ʛʠʧʝʨʙʦʣʦʠʜʝ ʙʠʨʘ-

ʮʠʦʥʘʣʴʥʳʤʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷʤʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʨʦʩʪʨʘʥʩʪʚʘ ʚʝʱʝʩʪʚʝʥʥʳʭ ʘʣʛʝʙʨʘʠʯʝʩʢʠʭ ʢʨʠʚʳʭ, ʢʨʠʚʳʝ ʥʘ ʛʠ-

ʧʝʨʙʦʣʦʠʜʝ, ʪʨʠʛʦʥʘʣʴʥʳʝ ʢʨʠʚʳʝ. 

 

1. ʆʧʨʝʜʝʣʝʥʠʷ 

ʇʫʩʪʴ ὼȡὼ , ώȡώ  ð ʦʜʥʦʨʦʜʥʳʝ ʢʦʦʨʜʠʥʘʪʳ ʥʘ ʛʠʧʝʨʙʦʣʦʠʜʝ ὖ ὖ. ɺʝʱʝʩʪʚʝʥʥʘʷ 

ʘʣʛʝʙʨʘʠʯʝʩʢʘʷ ʢʨʠʚʘʷ ʙʠʩʪʝʧʝʥʠ άȟά  ʥʘ ʛʠʧʝʨʙʦʣʦʠʜʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ 

ὊὼȟὼȠώȟώ π, ʛʜʝ Ὂ ð ʚʝʱʝʩʪʚʝʥʥʳʡ ʦʜʥʦʨʦʜʥʳʡ ʤʥʦʛʦʯʣʝʥ ʩʪʝʧʝʥʝʡ ά  ʠ ά  ʧʦ ὼȟὼ 

ʠ ώȟώ. 

ʆʙʦʟʥʘʯʠʤ ʯʝʨʝʟ  ὅ ȟ ʧʨʦʩʪʨʘʥʩʪʚʦ ʚʝʱʝʩʪʚʝʥʥʳʭ ʘʣʛʝʙʨʘʠʯʝʩʢʠʭ ʢʨʠʚʳʭ ʙʠʩʪʝʧʝʥʠ 

άȟὲ ʥʘ ʛʠʧʝʨʙʦʣʦʠʜʝ.  

ɺʝʱʝʩʪʚʝʥʥʘʷ ʩʭʝʤʘ ʥʝʦʩʦʙʦʡ ʚʝʱʝʩʪʚʝʥʥʦʡ ʘʣʛʝʙʨʘʠʯʝʩʢʦʡ ʢʨʠʚʦʡ !Ṓ0 0 ï  ʵʪʦ 

ʩʭʝʤʘ ʚʟʘʠʤʥʦʛʦ ʨʘʩʧʦʣʦʞʝʥʠʷ ʢʦʤʧʦʥʝʥʪ ʝʸ ʚʝʱʝʩʪʚʝʥʥʦʡ ʯʘʩʪʠ ᴙ!. ʉʪʷʛʠʚʘʝʤʳʝ ʚ ᴙ0
ᴙ0 ʢʦʤʧʦʥʝʥʪʳ ʥʘʟʳʚʘʶʪʩʷ ʦʚʘʣʘʤʠ. ɺʩʝ ʥʝʩʪʷʛʠʚʘʝʤʳʝ ʢʦʤʧʦʥʝʥʪʳ N1, ... , Nh ʨʝʘʣʠʟʫʶʪ 

ʦʜʠʥ ʠ ʪʦʪ ʞʝ ʥʝʥʫʣʝʚʦʡ ʢʣʘʩʩ (c1,c2) ʚ H1 ᴙ0 ᴙ0), ʛʜʝ c1, c2 ʚʟʘʠʤʥʦ ʧʨʦʩʪʳ. ɺʝʱʝʩʪʚʝʥʥʘʷ 

ʩʭʝʤʘ ʢʨʠʚʦʡ  ʢʦʜʠʨʫʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: <(c_1,c_2), scheme1, (c_1,c_2), scheme2, ... , 

(c_1,c_2), schemeh>, ʛʜʝ scheme1, scheme2, ..., schemeh -- ʩʭʝʤʳ ʨʘʩʧʦʣʦʞʝʥʠʷ ʦʚʘʣʦʚ, ʣʝʞʘʱʠʭ ʚ 

ʩʚʷʟʥʳʭ ʢʦʤʧʦʥʝʥʪʘʭ ʧʦʚʝʨʭʥʦʩʪʠ ᴙὖ ᴙὖ͵ὔ᷾ȣ᷾ὔ Ȣ  
ɺʝʱʝʩʪʚʝʥʥʘʷ ʘʣʛʝʙʨʘʠʯʝʩʢʘʷ ʢʨʠʚʘʷ ὃ ʧʨʠʥʘʜʣʝʞʠʪ ʪʠʧʫ Ὅ, ʝʩʣʠ ʤʥʦʞʝʩʪʚʦ ᴇὃ͵ ᴙὃ ʥʝ-

ʩʚʷʟʥʦ, ʛʜʝ ὃ ï ʥʦʨʤʘʣʠʟʘʮʠʷ ʢʨʠʚʦʡ ὃ, ʠ ʪʠʧʫ ὍὍ, ʝʩʣʠ ʦʥʦ ʩʚʷʟʥʦ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʦʜ ʢʦʤ-

ʧʣʝʢʩʥʦʡ ʩʭʝʤʦʡ ʢʨʠʚʦʡ ʧʦʥʠʤʘʝʪʩʷ ʝʸ ʚʝʱʝʩʪʚʝʥʥʘʷ ʩʭʝʤʘ, ʥʘʜʝʣʸʥʥʘʷ ʪʠʧʦʤ ʢʨʠʚʦʡ. ʂʦʤ-

ʧʣʝʢʩʥʳʝ ʩʭʝʤʳ ʩ ʚʝʱʝʩʪʚʝʥʥʦʡ ʩʭʝʤʦʡ <B> ʦʙʦʟʥʘʯʘʶʪʩʷ ʯʝʨʝʟ <B>I ʠ <B>II. 

2. ʇʦʚʝʨʭʥʦʩʪʠ ʍʠʨʮʝʙʨʫʭʘ, ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʅʘʛʘʪʳ, ʪʨʠʛʦʥʘʣʴʥʳʝ 

ʢʨʠʚʳʝ 

ʇʦʚʝʨʭʥʦʩʪʴ ʍʠʨʮʝʙʨʫʭʘ  ȟὯ π, ʷʚʣʷʝʪʩʷ ʧʨʦʩʪʨʘʥʩʪʚʦʤ ʣʠʥʝʡʥʦʛʦ ʨʘʩʩʣʦʝʥʠʷ ήȡ  ᴼ
ὖ, ʪ.ʝ. ʚʝʱʝʩʪʚʝʥʥʦʡ ʨʘʮʠʦʥʘʣʴʥʦʡ ʣʠʥʝʡʯʘʪʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʩ ʠʩʢʣʶʯʠʪʝʣʴʥʳʤ ʚʝʱʝʩʪʚʝʥ-
ʥʳʤ ʩʝʯʝʥʠʝʤ Ὁ, Ὁ Ὧ. ʇʦʚʝʨʭʥʦʩʪʴ   ὖ ὖ  ʷʚʣʷʝʪʩʷ ʛʠʧʝʨʙʦʣʦʠʜʦʤ, ʚ ʢʦʪʦʨʦʤ ʚ 

ʢʘʯʝʩʪʚʝ ʠʩʢʣʶʯʠʪʝʣʴʥʦʛʦ ʩʝʯʝʥʠʷ ʤʦʞʥʦ ʚʟʷʪʴ ʣʶʙʫʶ ʢʨʠʚʫʶ ʙʠʩʪʝʧʝʥʠ πȟρ. ɺ ʧʨʦʩʪʨʘʥ-
ʩʪʚʝ ὅȟ ʧʨʠ ʠʟʫʯʝʥʠʠ ʢʨʠʚʳʭ ʩ ʝʜʠʥʩʪʚʝʥʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʠʩʢʣʶʯʠʪʝʣʴʥʳʤ ʩʝʯʝʥʠʝʤ ʩʯʠ-

ʪʘʝʪʩʷ ʢʨʠʚʘʷ ʙʠʩʪʝʧʝʥʠ πȟρ, ʧʨʦʭʦʜʷʱʘʷ ʯʝʨʝʟ ʦʩʦʙʫʶ ʪʦʯʢʫ ʢʨʠʚʦʡ. 

ʇʦʣʦʞʠʪʝʣʴʥʳʤ (ʦʪʨʠʮʘʪʝʣʴʥʳʤ) ʧʨʝʦʙʨʘʟʦʚʘʥʠʝʤ ʅʘʛʘʪʳ ʥʘʟʳʚʘʝʪʩʷ ʧʦʩʣʦʡʥʦʝ ʙʠʨʘʮʠ-

ʦʥʘʣʴʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ   ᴼ   (ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ,   ᴼ  ), ʩʦʩʪʦʷʱʝʝ ʠʟ ʨʘʟʜʫʪʠʷ ʪʦʯʢʠ 

ὴɴ Ὁ (ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ὴᶱὉ) ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʩʪʷʛʠʚʘʥʠʷ ʚ ʪʦʯʢʫ ʩʦʙʩʪʚʝʥʥʦʛʦ ʧʨʦʦʙʨʘʟʘ 

ʩʣʦʷ ή ὴ. 

                                                      
1* ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ, ʧʨʦʝʢʪ FSWR-2023-0034. 
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ʇʦʣʦʞʠʪʝʣʴʥʦʝ (ʦʪʨʠʮʘʪʝʣʴʥʦʝ) ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʅʘʛʘʪʳ ʧʝʨʝʚʦʜʠʪ Ὁ ʚ Ὁ  (ʩʦʦʪʚʝʪ-

ʩʪʚʝʥʥʦ, ʚ Ὁ ). 

ɸʣʛʝʙʨʘʠʯʝʩʢʘʷ ʢʨʠʚʘʷ ὅṒ  ʥʘʟʳʚʘʝʪʩʷ ʪʨʠʛʦʥʘʣʴʥʦʡ, ʝʩʣʠ ʩʫʞʝʥʠʝ ήȿ ʷʚʣʷʝʪʩʷ ʪʨʸʭ-

ʣʠʩʪʥʳʤ ʨʘʟʚʝʪʚʣʸʥʥʳʤ ʥʘʢʨʳʪʠʝʤ. ʂʨʠʚʘʷ ʥʘʟʳʚʘʝʪʩʷ ʩʦʙʩʪʚʝʥʥʦʡ, ʝʩʣʠ ʦʥʘ ʥʝ ʧʝʨʝʩʝʢʘʝʪʩʷ 

ʩ ʠʩʢʣʶʯʠʪʝʣʴʥʳʤ ʩʝʯʝʥʠʝʤ. 

ʇʦʣʦʞʠʪʝʣʴʥʦʝ ʠ ʦʪʨʠʮʘʪʝʣʴʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʅʘʛʘʪʳ ʫʩʪʘʥʘʚʣʠʚʘʶʪ ʚʟʘʠʤʦʩʚʷʟʴ ʤʝʞ-

ʜʫ (ʪʨʠʛʦʥʘʣʴʥʳʤʠ) ʢʨʠʚʳʤʠ ʙʠʩʪʝʧʝʥʠ άȟσ ʥʘ ʛʠʧʝʨʙʦʣʦʠʜʝ ʠ ʩʦʙʩʪʚʝʥʥʳʤʠ ʪʨʠʛʦʥʘʣʴʥʳ-

ʤʠ ʢʨʠʚʳʤʠ: ʢʨʠʚʦʡ ὅṒ  ʦʪʚʝʯʘʝʪ ʝʸ ʦʙʨʘʟ ὔὅ Ṓ   ʧʨʠ ʧʦʣʦʞʠʪʝʣʴʥʦʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʠ 

ʅʘʛʘʪʳ, ʨʘʟʜʫʚʘʶʱʝʤ ʪʦʯʢʠ ʧʝʨʝʩʝʯʝʥʠʷ ʢʨʠʚʦʡ ὅ ʩ ʢʨʠʚʦʡ Ὁ Ṓ  ὖ ὖ .  

3. ɻʨʘʬ ʪʨʠʛʦʥʘʣʴʥʦʡ ʢʨʠʚʦʡ 

ɺ ʥʝʢʦʪʦʨʦʡ ʘʬʬʠʥʥʦʡ ʢʘʨʪʝ ʥʘ   ʠʩʢʣʶʯʠʪʝʣʴʥʦʝ ʩʝʯʝʥʠʝ Ὁ ʠ ʩʦʙʩʪʚʝʥʥʘʷ ʪʨʠʛʦʥʘʣʴ-

ʥʘʷ ʢʨʠʚʘʷ ὅ ʦʧʨʝʜʝʣʷʶʪʩʷ ʫʨʘʚʥʝʥʠʷʤʠ ώ Њ ʠ ώ ὦὼώ ύὼ πȟ ʛʜʝ ὦ ʠ ύ ð ʩʝʯʝʥʠʷ 

ʨʘʩʩʣʦʝʥʠʷ q, ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʦʜʥʦʨʦʜʥʳʝ ʤʥʦʛʦʯʣʝʥʳ ʩʪʝʧʝʥʝʡ ςὯ ʠ σὯ. 

ʈʘʮʠʦʥʘʣʴʥʘʷ ʬʫʥʢʮʠʷ Ὦ Ὦ ρ  ʥʘʟʳʚʘʝʪʩʷ Ὦ-ʠʥʚʘʨʠʘʥʪʦʤ ʢʨʠʚʦʡ ὅ.  

ʇʫʩʪʴ ʢʨʫʛ  Ὀ ð ʬʘʢʪʦʨ-ʧʨʦʩʪʨʘʥʩʪʚʦ ʧʨʷʤʦʡ  ᴇὖ ʧʦ ʢʦʤʧʣʝʢʩʥʦʤʫ ʩʦʧʨʷʞʝʥʠʶ, ʘ  

ÐÒȡᴇὖ ᴼὈ ð ʧʨʦʝʢʮʠʷ. ɺ ʦʙʨʘʟʝ Ὦ-ʠʥʚʘʨʠʘʥʪʘ  Ὦȡᴇὖ ᴼᴇὖ ᴇ᷾ Њ  ʚʝʱʝʩʪʚʝʥʥʦʡ ʪʨʠ-

ʛʦʥʘʣʴʥʦʡ ʢʨʠʚʦʡ  ὅṒ  ʨʘʩʢʨʘʩʠʤ  ᴙὖ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: π, ρ, ʠ Њ ð ʵʪʦ, ʩʦʦʪʚʝʪʩʪʚʝʥ-

ʥʦ, ʯʸʨʥʘʷ, ʙʝʣʘʷ ʠ ʢʨʝʩʪ-ʚʝʨʰʠʥʘ; Њȟπ, πȟρ ʠ ρȟЊ  ð ʵʪʦ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʩʧʣʦʰʥʦʝ, 

ʞʠʨʥʦʝ ʠ ʧʫʥʢʪʠʨʥʦʝ ʨʝʙʨʦ. ʇʨʦʦʙʨʘʟ ῲ ÐÒὮ ᴙὖ , ʥʘʜʝʣʸʥʥʳʡ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʨʘʩ-

ʢʨʘʩʢʦʡ, ʥʘʟʳʚʘʝʪʩʷ ʛʨʘʬʦʤ ʪʨʠʛʦʥʘʣʴʥʦʡ ʢʨʠʚʦʡ ὅ. 

4. ʉʢʝʣʝʪ ʚʝʱʝʩʪʚʝʥʥʦʡ ʪʨʠʛʦʥʘʣʴʥʦʡ ʢʨʠʚʦʡ 

ʆʙʲʝʜʠʥʝʥʠʝ ʟʘʤʳʢʘʥʠʡ ʥʝʢʦʪʦʨʳʭ ʦʜʠʥʘʢʦʚʦ ʨʘʩʢʨʘʰʝʥʥʳʭ ʚʝʱʝʩʪʚʝʥʥʳʭ ʨʝʙʝʨ ʛʨʘʬʘ 

ῲ ʥʘʟʳʚʘʝʪʩʷ ʩʝʛʤʝʥʪʦʤ, ʝʩʣʠ ʦʥʦ ʛʦʤʝʦʤʦʨʬʥʦ ʦʪʨʝʟʢʫ. ʇʫʥʢʪʠʨʥʳʡ (ʞʠʨʥʳʡ) ʩʝʛʤʝʥʪ 

ʥʘʟʳʚʘʝʪʩʷ ʤʘʢʩʠʤʘʣʴʥʳʤ ʝʩʣʠ ʝʛʦ ʢʦʥʮʘʤʠ ʷʚʣʷʶʪʩʷ ʜʚʝ ʥʝʦʩʦʙʳʝ (ʪ.ʝ. ʦʪʚʝʯʘʶʱʠʝ ʧʨʦʩʪʳʤ 

ʢʦʨʥʷʤ ʜʠʩʢʨʠʤʠʥʘʥʪʘ d) ʢʨʝʩʪ-ʚʝʨʰʠʥʳ (ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʜʚʝ ʯʸʨʥʳʝ ʚʝʨʰʠʥʳ). ʄʘʢʩʠʤʘʣʴ-

ʥʳʡ ʧʫʥʢʪʠʨʥʳʡ ʩʝʛʤʝʥʪ ʛʨʘʬʘ ʥʝʛʠʧʝʨʙʦʣʠʯʝʩʢʦʡ ʢʨʠʚʦʡ, ʩʦʜʝʨʞʘʱʠʡ ʯʝʪʥʦʝ/ʥʝʯʝʪʥʦʝ ʢʦ-

ʣʠʯʝʩʪʚʦ ʙʝʣʳʭ ʚʝʨʰʠʥ, ʥʘʟʳʚʘʝʪʩʷ ʦʚʘʣʦʤ/ʟʠʛʟʘʛʦʤ; ʦʥ ʷʚʣʷʝʪʩʷ ʧʨʦʝʢʮʠʝʡ ʦʚʘʣʘ/ʟʠʛʟʘʛʘ ʩʦ-

ʦʪʚʝʪʩʪʚʫʶʱʝʡ ʪʨʠʛʦʥʘʣʴʥʦʡ ʢʨʠʚʦʡ. ʄʘʢʩʠʤʘʣʴʥʳʡ ʧʫʥʢʪʠʨʥʳʡ/ʞʠʨʥʳʡ ʩʝʛʤʝʥʪ ʩ ʯʝʪ-

ʥʳʤ/ʥʝʯʝʪʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʙʝʣʳʭ ʚʝʨʰʠʥ ʥʘʟʳʚʘʝʪʩʷ ʚʦʣʥʦʡ/ʩʢʘʯʢʦʤ. 

ʂʘʢ ʠ ʚ [1], ʤʦʞʥʦ ʜʦʢʘʟʘʪʴ, ʯʪʦ ʜʣʷ ʪʝʭ ʦʩʦʙʳʭ ʪʨʠʛʦʥʘʣʴʥʳʭ ʢʨʠʚʳʭ ʥʘ  ,   ,  ʢʦʪʦʨʳʝ 

ʠʟʫʯʘʶʪʩʷ ʚ ʨʘʙʦʪʝ, ʤʦʞʥʦ ʩʯʠʪʘʪʴ, ʯʪʦ ʚʩʝ ʦʩʦʙʳʝ ʪʦʯʢʠ ʷʚʣʷʶʪʩʷ ʚʝʱʝʩʪʚʝʥʥʳʤʠ ʠ ʫʝʜʠʥʸʥ-

ʥʳʤʠ. 

ʉʢʝʣʝʪ ʥʝʛʠʧʝʨʙʦʣʠʯʝʩʢʦʡ ʪʨʠʛʦʥʘʣʴʥʦʡ ʢʨʠʚʦʡ, ʜʦʧʫʩʢʘʶʱʝʡ ʣʠʰʴ ʫʝʜʠʥʸʥʥʳʝ ʦʩʦʙʳʝ 

ʪʦʯʢʠ, ʧʦʣʫʯʘʝʪʩʷ ʠʟ ʝʸ ʛʨʘʬʘ ʩʢʣʝʡʢʦʡ ʢʘʞʜʦʛʦ ʦʚʘʣʘ/ʟʠʛʟʘʛʘ ʚ ʚʝʱʝʩʪʚʝʥʥʫʶ ʙʝʣʫʶ ʚʝʨʰʠʥʫ, 

ʚʦʣʥʳ/ʩʢʘʯʢʘ ï ʚ ʚʝʱʝʩʪʚʝʥʥʫʶ ʯʸʨʥʫʶ ʚʝʨʰʠʥʫ ʩʢʝʣʝʪʘ, ʩʦʭʨʘʥʝʥʠʝʤ ʚʩʝʭ ʢʨʝʩʪ-ʚʝʨʰʠʥ ʠ 

ʤʥʠʤʳʭ ʯʸʨʥʳʭ/ʙʝʣʳʭ ʚʝʨʰʠʥ ʠ ʥʘʢʦʥʝʮ, ʫʜʘʣʝʥʠʝʤ ʚʩʝʭ ʨʸʙʝʨ, ʢʨʦʤʝ ʧʫʥʢʪʠʨʥʳʭ. ʅʘ ʨʸʙʨʘʭ 

ʩʢʝʣʝʪʘ, ʥʝ ʷʚʣʷʶʱʠʭʩʷ ʯʘʩʪʷʤʠ ʨʘʟʨʝʟʘ (ʧʦʜʨʦʙʥʝʝ ʩʤ. [1, ʧ. 4.6, ʧ. 5]), ʫʢʘʟʘʥʳ ʦʨʠʝʥʪʘʮʠʠ. 

ʆʩʦʙʳʝ ʢʨʝʩʪ-ʚʝʨʰʠʥʳ ʦʙʦʟʥʘʯʘʶʪʩʷ ʜʚʦʡʥʳʤ ʢʨʝʩʪʦʤ. 

5. ʆʩʥʦʚʥʦʡ ʨʝʟʫʣʴʪʘʪ 

ɺʝʱʝʩʪʚʝʥʥʳʝ ʩʭʝʤʳ ʥʝʦʩʦʙʳʭ ʢʨʠʚʳʭ ʙʠʩʪʝʧʝʥʠ (4,3) ʥʘ ʛʠʧʝʨʙʦʣʦʠʜʝ ʧʝʨʝʯʠʩʣʝʥʳ ʚ 

ʨʘʙʦʪʝ [2]: <(3,Ñm)>, m = 0, 2, 4, <(1,Ñm), l>, 0 Ò l Ò 6, m = 0, 2, ʠ <(1,Ñ4)>. ʏʝʪʳʨʝ ʩʭʝʤʳ 

<(1,Ñm), l>, l = 0, 2 , m = 0, 2, ʤʦʛʫʪ ʠʤʝʪʴ ʢʘʢ ʪʠʧ I, ʪʘʢ ʠ ʪʠʧ II. 

ɺ ʨʘʙʦʪʝ ʘʚʪʦʨʘ [3, ʪʝʦʨʝʤʳ 1, 2] ʫʪʚʝʨʞʜʘʣʦʩʴ, ʯʪʦ ʢʘʤʝʨʘ/ʩʪʝʥʢʘ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ὅȟ 

ʦʜʥʦʟʥʘʯʥʦ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʦʤʧʣʝʢʩʥʦʡ ʩʭʝʤʦʡ ʢʨʠʚʦʡ ʠʟ ʵʪʦʡ ʢʘʤʝʨʳ/ʩʪʝʥʢʠ (ʩʤ. ʨʠʩ.1). ɼʣʷ 

ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʵʪʦʛʦ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʧʦʜʭʦʜ, ʧʨʝʜʣʦʞʝʥʥʳʡ ʚ [4] ʜʣʷ ʧʝʨʝʯʠʩʣʝʥʠʷ ʢʘʤʝʨ ʠ ʩʪʝ-

ʥʦʢ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʧʣʦʩʢʠʭ ʚʝʱʝʩʪʚʝʥʥʳʭ ʢʚʠʥʪʠʢ, ʠ ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʪʝʦʨʝʤʝ 1 ʨʘʙʦʪʳ [3], ʚ 

ʢʦʪʦʨʦʡ ʧʝʨʝʯʠʩʣʷʣʠʩʴ ʚʩʝ ʩʪʝʥʢʠ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ὅȟ. ɼʦʢʘʟʘʪʝʣʴʩʪʚʦ ʪʝʦʨʝʤʳ 1 ʙʳʣʦ ʥʘʯʘʪʦ 
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ʘʚʪʦʨʦʤ ʚ [3]; ʚ [5] ʙʳʣ ʫʢʘʟʘʥ ʧʨʦʙʝʣ ʚ ʵʪʦʤ ʜʦʢʘʟʘʪʝʣʴʩʪʚʝ, ʢʦʪʦʨʳʡ ʙʳʣ ʥʝʜʘʚʥʦ ʫʩʪʨʘʥʸʥ ʚ 

ʨʘʙʦʪʝ [1] ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʨʘʬʦʚ ʠ ʩʢʝʣʝʪʦʚ ʚʝʱʝʩʪʚʝʥʥʳʭ ʪʨʠʛʦʥʘʣʴʥʳʭ ʢʨʠʚʳʭ ʥʘ  , ʧʦ-
ʣʫʯʝʥʥʳʭ ʠʟ ʦʩʦʙʳʭ ʢʨʠʚʳʭ ʙʠʩʪʝʧʝʥʠ (4,3) ʥʘ ʛʠʧʝʨʙʦʣʦʠʜʝ. 

 

 

ʈʠʩ. 1. ʂʘʤʝʨʳ ʠ ʩʪʝʥʢʠ ʧʨʦʩʪʨʘʥʩʪʚʘ ʢʨʠʚʳʭ ʙʠʩʪʝʧʝʥʠ (4,3) ʥʘ ʛʠʧʝʨʙʦʣʦʠʜʝ 

ʇʝʨʝʯʠʩʣʝʥʠʝ ʩʪʝʥʦʢ/ʢʘʤʝʨ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ὅȟ ʜʘʪyʩʷ ʥʘ ʷʟʳʢʝ ʛʨʘʬʦʚ ʠ ʩʢʝʣʝʪʦʚ ʚʝʱʝ-

ʩʪʚʝʥʥʳʭ ʪʨʠʛʦʥʘʣʴʥʳʭ ʢʨʠʚʳʭ ʥʘ  ,   , ʧʦʣʫʯʝʥʥʳʭ ʠʟ ʥʝʦʩʦʙʳʭ ʢʨʠʚʳʭ ʙʠʩʪʝʧʝʥʠ (4,3) ʥʘ 
ʛʠʧʝʨʙʦʣʦʠʜʝ, ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ʇʦʩʣʝ ʪʨʸʭʢʨʘʪʥʦʛʦ/ʯʝʪʳʨʸʭʢʨʘʪʥʦʛʦ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʅʘʛʘʪʳ ʪʘʢʘʷ ʢʨʠʚʘʷ ʜʘʸʪ ʩʦʙʩʪʚʝʥʥʫʶ ʢʨʠʚʫʶ ʥʘ  ,  , ʜʣʷ ʢʦʪʦʨʦʡ ʜʦʢʘʟʳ-

ʚʘʝʪʩʷ, ʯʪʦ ʦʥʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʥʦʥʠʯʝʩʢʠʤ ʛʨʘʬʦʤ ʠʣʠ ʩʢʝʣʝʪʦʤ, ʟʘʜʘʶʱʠʤ ʩʪʝʥʢʫ/ʢʘʤʝʨʫ.  

ʅʘ ʨʠʩ. 2ï4 ʫʢʘʟʘʥʳ ʚʝʱʝʩʪʚʝʥʥʳʝ ʩʭʝʤʳ ʩʪʝʥʦʢ (ʚ ʦʙʦʟʥʘʯʝʥʠʷʭ ʨʘʙʦʪʳ [3]) ʠ ʩʦʦʪʚʝʪ-

ʩʪʚʫʶʱʠʝ ʢʘʥʦʥʠʯʝʩʢʠʝ ʛʨʘʬʳ ʠ ʩʢʝʣʝʪʳ (ʪʦʯʢʘ a -- ʦʙʨʘʟ ʧʨʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʠ ʅʘʛʘʪʳ ʚʝʨʪʠ-

ʢʘʣʴʥʦʛʦ ʩʣʦʷ ʥʘ ʛʠʧʝʨʙʦʣʦʠʜʝ, ʧʨʦʭʦʜʷʱʝʛʦ ʯʝʨʝʟ ʦʩʦʙʫʶ ʪʦʯʢʫ ʢʨʠʚʦʡ ʠʟ ʩʪʝʥʢʠ). 

ɼʣʷ ʢʘʤʝʨ ʢʘʥʦʥʠʯʝʩʢʠʝ ʛʨʘʬʳ ʛʠʧʝʨʙʦʣʠʯʝʩʢʠʭ ʢʨʠʚʳʭ, ʦʪʚʝʯʘʶʱʠʭ ʢʨʠʚʳʤ ʥʘ ʛʠʧʝʨʙʦ-

ʣʦʠʜʝ ʩʦ ʩʭʝʤʘʤʠ <(3,Ñm)>, m = 0, 2, 4, ʫʢʘʟʘʥʳ ʥʘ ʨʠʩ. 5. ʂʘʥʦʥʠʯʝʩʢʠʝ ʩʢʝʣʝʪʳ ʥʝʛʠʧʝʨʙʦʣʠ-

ʯʝʩʢʠʭ ʢʨʠʚʳʭ, ʦʪʚʝʯʘʶʱʠʭ ʢʨʠʚʳʤ ʥʘ ʛʠʧʝʨʙʦʣʦʠʜʝ ʩʦ ʩʭʝʤʘʤʠ <(1,Ñm), l>, 0 Ò l Ò 6, m = 0, 2, 

ʠ <(1,Ñ4)> ʫʢʘʟʘʥʳ ʥʘ ʨʠʩ. 6. 
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ʈʠʩ. 2. ʉʪʝʥʢʠ: ʢʘʥʦʥʠʯʝʩʢʠʝ ʛʨʘʬʳ ʛʠʧʝʨʙʦʣʠʯʝʩʢʠʭ ʢʨʠʚʳʭ  

 

ʈʠʩ. 3. ʉʪʝʥʢʠ: ʢʘʥʦʥʠʯʝʩʢʠʝ ʛʨʘʬʳ ʥʝʛʠʧʝʨʙʦʣʠʯʝʩʢʠʭ ʢʨʠʚʳʭ 

 

ʈʠʩ. 4. ʉʪʝʥʢʠ: ʢʘʥʦʥʠʯʝʩʢʠʝ ʛʨʘʬʳ ʥʝʛʠʧʝʨʙʦʣʠʯʝʩʢʠʭ ʢʨʠʚʳʭ 

 

ʈʠʩ. 5. ʂʘʤʝʨʳ: ʢʘʥʦʥʠʯʝʩʢʠʝ ʛʨʘʬʳ ʛʠʧʝʨʙʦʣʠʯʝʩʢʠʭ ʢʨʠʚʳʭ 
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ʈʠʩ. 6. ʂʘʤʝʨʳ: ʢʘʥʦʥʠʯʝʩʢʠʝ ʩʢʝʣʝʪʳ ʥʝʛʠʧʝʨʙʦʣʠʯʝʩʢʠʭ ʢʨʠʚʳʭ 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ FSWR-2023-0034, ʘ ʪʘʢʞʝ ʧʦ ʧʨʦ-
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ʈɽʐɽʅʀɽ ɿɸɼɸʏʀ ʆ ʅɸɿʅɸʏɽʅʀʗʍ ʌʀʂʉʀʈʆɺɸʅʅʆʁ 

ʈɸɿʄɽʈʅʆʉʊʀ ʇʈʀ ʇʆʄʆʑʀ ʅɽʁʈʆʅʅʓʍ ʉɽʊɽʁ 

ɼ.ʂ. ʂʘʨʤʘʝʚ, ʃ.ɻ. ɸʬʨʘʡʤʦʚʠʯ 

ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʶʪʩʷ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʜʣʷ ʨʝʰʝʥʠʷ 

ʜʚʫʭʠʥʜʝʢʩʥʦʡ ʟʘʜʘʯʠ ʦ ʥʘʟʥʘʯʝʥʠʷʭ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʨʘʟʤʝʨʥʦʩʪʠ. ɼʘʥʦ ʦʧʠʩʘʥʠʝ 

ʨʝʘʣʠʟʦʚʘʥʥʳʭ ʚ ʭʦʜʝ ʨʘʙʦʪʳ ʥʝʡʨʦʩʝʪʝʚʳʭ ʤʦʜʝʣʝʡ, ʚʘʨʠʘʥʪʦʚ ʘʣʛʦʨʠʪʤʦʚ ʦʙʨʘ-

ʙʦʪʢʠ ʚʭʦʜʥʳʭ ʠ ʚʳʭʦʜʥʳʭ ʜʘʥʥʳʭ. ʉʜʝʣʘʥʳ ʦʮʝʥʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʥʝʡʨʦʩʝʪʝʚʳʭ 

ʤʦʜʝʣʝʡ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʞʘʜʥʳʤ ʘʣʛʦʨʠʪʤʦʤ. ʉʜʝʣʘʥʳ ʚʳʚʦʜʳ ʦ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢ-

ʪʠʚʥʳʭ ʧʦʜʭʦʜʘʭ ʢ ʩʦʟʜʘʥʠʶ ʠ ʦʙʫʯʝʥʠʶ ʥʝʡʨʦʩʝʪʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʟʘʜʘʯʠ ʢʦʤʙʠʥʘʪʦʨʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ, ʣʠʥʝʡʥʘʷ ʟʘʜʘʯʘ ʦ ʥʘʟʥʘʯʝʥʠ-

ʷʭ, ʤʘʰʠʥʥʦʝ ʦʙʫʯʝʥʠʝ, ʩʚʸʨʪʦʯʥʳʝ ʥʝʡʨʦʥʥʳʝ ʩʝʪʠ. 

 

1. ɺʚʝʜʝʥʠʝ 

ʄʥʦʛʠʝ ʟʘʜʘʯʠ ʢʦʤʙʠʥʘʪʦʨʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʤ ʠʣʠ ʞʝ 

ʬʘʢʪʦʨʠʘʣʴʥʳʤ ʨʦʩʪʦʤ ʨʘʟʤʝʨʘ ʧʨʦʩʪʨʘʥʩʪʚʘ ʚʦʟʤʦʞʥʳʭ ʨʝʰʝʥʠʡ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʨʘʟʤʝʨʫ 

ʟʘʜʘʯʠ. ʕʪʦ ʜʝʣʘʝʪ ʟʘʪʨʫʜʥʠʪʝʣʴʥʳʤ ʧʨʠʤʝʥʝʥʠʝ ʘʣʛʦʨʠʪʤʦʚ ʧʦʠʩʢʘ ʪʦʯʥʦʛʦ ʨʝʰʝʥʠʷ ʜʣʷ ʩʣʫ-

ʯʘʝʚ ʙʦʣʴʰʦʛʦ ʨʘʟʤʝʨʘ ʟʘʜʘʯʠ, ʢʨʠʪʠʯʥʳʭ ʢ ʚʨʝʤʝʥʥʦʡ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ 

ʩʣʦʞʥʦʩʪʠ.  

ʇʝʨʩʧʝʢʪʠʚʥʳʤ ʧʫʪʸʤ ʨʝʰʝʥʠʷ ʜʘʥʥʦʡ ʧʨʦʙʣʝʤʳ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʘʣʛʦʨʠʪʤʦʚ ʩʦ ʩʨʘʚ-

ʥʠʪʝʣʴʥʦ ʥʠʟʢʦʡ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʩʣʦʞʥʦʩʪʴʶ, ʧʦʟʚʦʣʷʶʱʠʭ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʥʘʡʪʠ 

ʨʝʰʝʥʠʝ, ʙʣʠʟʢʦʝ ʢ ʦʧʪʠʤʘʣʴʥʦʤʫ. ʆʜʥʠʤ ʠʟ ʧʦʜʭʦʜʦʚ, ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʷʚʣʷ-

ʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʣʷ ʧʦʠʩʢʘ ʨʝʰʝʥʠʷ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ. ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʠʩʩʣʝʜʫʝʪʩʷ ʥʘ ʧʨʠ-

ʤʝʨʝ ʜʚʫʭʠʥʜʝʢʩʥʦʡ ʟʘʜʘʯʠ ʦ ʥʘʟʥʘʯʝʥʠʷʭ. 

2. ʆʧʠʩʘʥʠʝ ʟʘʜʘʯʠ ʦ ʥʘʟʥʘʯʝʥʠʷʭ 

ɺ ʭʦʜʝ ʨʘʙʦʪʳ ʙʳʣʦ ʨʘʩʩʤʦʪʨʝʥʘ ʟʘʜʘʯʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ LSAP. ʆʥʘ ʤʦʞʝʪ ʙʳʪʴ ʩʬʦʨʤʫʣʠ-

ʨʦʚʘʥʘ ʢʘʢ ʟʘʜʘʯʘ ʮʝʣʦʯʠʩʣʝʥʥʦʛʦ ʣʠʥʝʡʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ: 

ὧὼ ᴼάὥὼ 

ʩ ʫʩʣʦʚʠʷʤʠ 

ὼ ρȟ     Ὦ ρȟὲ 

ὼ ρȟ     Ὥ ρȟὲ 

ὼ ᶰπȟρȟ     ὭȟὮ ρȟὲ 

ɿʘʜʘʯʘ ʧʨʝʜʧʦʣʘʛʘʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʘʪʨʠʮʳ ὅ ὧ  ʚ ʢʘʯʝʩʪʚʝ ʚʭʦʜʥʳʭ ʠ ʤʘʪʨʠʮʳ  

ὢ ὼ  ʚ ʢʘʯʝʩʪʚʝ ʚʳʭʦʜʥʳʭ ʜʘʥʥʳʭ. 

ɼʣʷ ʧʦʠʩʢʘ ʦʧʪʠʤʘʣʴʥʦʛʦ ʨʝʰʝʥʠʷ ʜʚʫʤʝʨʥʦʡ ʟʘʜʘʯʠ ʦ ʥʘʟʥʘʯʝʥʠʷʭ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ 

ʚʝʥʛʝʨʩʢʠʡ ʘʣʛʦʨʠʪʤ ʧʦʣʠʥʦʤʠʘʣʴʥʦʡ ʩʣʦʞʥʦʩʪʠ [3]. ʅʝʩʤʦʪʨʷ ʥʘ ʵʪʦ, ʧʦʜʭʦʜ, ʦʧʠʩʘʥʥʳʡ ʚ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʧʣʘʥʠʨʫʝʪʩʷ ʦʙʦʙʱʠʪʴ ʜʣʷ ʨʝʰʝʥʠʷ NP-ʪʨʫʜʥʦʡ ʪʨʸʭʠʥʜʝʢʩʥʦʡ ʟʘʜʘʯʠ. 

ʉʫʱʝʩʪʚʦʚʘʥʠʝ ʘʣʛʦʨʠʪʤʦʚ ʧʦʣʠʥʦʤʠʘʣʴʥʦʛʦ ʩʚʝʜʝʥʠʷ NP-ʪʨʫʜʥʳʭ ʟʘʜʘʯ ʢ ʟʘʜʘʯʝ ʦ 

ʥʘʟʥʘʯʝʥʠʷʭ ʧʦʟʚʦʣʷʝʪ ʨʘʩʧʨʦʩʪʨʘʥʠʪʴ ʚʳʚʦʜʳ ʦʙ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʝʰʝʥʠʷ ʪʨʸʭʤʝʨʥʦʡ ʟʘʜʘʯʠ 

ʦ ʥʘʟʥʘʯʝʥʠʷ ʥʘ ʧʨʦʯʠʝ NP-ʪʨʫʜʥʳʝ ʟʘʜʘʯʠ. 
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3. ʅʝʡʨʦʩʝʪʝʚʘʷ ʤʦʜʝʣʴ 

ɺ ʩʪʘʪʴʝ [1] ʧʨʠʚʝʜʝʥʳ ʜʘʥʥʳʝ, ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʩʚʸʨʪʦʯʥʦʡ 

ʘʨʭʠʪʝʢʪʫʨʳ ʥʝʡʨʦʩʝʪʠ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʢʦʤʙʠʥʘʪʦʨʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ. ɺ ʭʦʜʝ ʨʘʙʦʪʳ ʙʳʣʘ 

ʨʝʘʣʠʟʦʚʘʥʘ ʤʦʜʝʣʴ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʧʨʠʤʝʥʝʥʠʠ ʪʘʢʦʛʦ ʪʠʧʘ ʥʝʡʨʦʩʝʪʠ. 

ʋʩʣʦʚʠʝ ʟʘʜʘʯʠ ʟʘʜʘʸʪʩʷ ʢʘʢ ʤʘʪʨʠʮʘ ʨʘʟʤʝʨʘ ὲz ὲ ʩʦ ʟʥʘʯʝʥʠʷʤʠ ʠʟ ʧʨʦʤʝʞʫʪʢʘ πȟρ. ɺ 
ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʟʤʝʨʥʦʩʪʠ ʨʝʰʘʝʤʦʡ ʟʘʜʘʯʠ ʤʝʥʷʝʪʩʷ ʪʦʣʴʢʦ ʨʘʟʤʝʨʥʦʩʪʴ ʚʭʦʜʥʦʛʦ ʠ ʚʳʭʦʜ-

ʥʦʛʦ ʩʣʦʸʚ, ʙʝʟ ʠʟʤʝʥʝʥʠʷ ʚʥʫʪʨʝʥʥʝʡ ʘʨʭʠʪʝʢʪʫʨʳ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʫʚʝʣʠ-

ʯʝʥʠʷ ʨʘʟʤʝʨʥʦʩʪʠ ʟʘʜʘʯʠ ʧʨʠ ʩʭʦʞʝʤ ʯʠʩʣʝ ʧʘʨʘʤʝʪʨʦʚ. 

ʇʨʦʛʨʘʤʤʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʘʣʛʦʨʠʪʤʦʚ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʥʘ ʷʟʳʢʝ Python ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʙʠʙʣʠʦʪʝʢʠ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ThensorFlow ʠ ʙʠʙʣʠʦʪʝʢʠ Keras. 

3.1. ɸʨʭʠʪʝʢʪʫʨʘ ʩʚʸʨʪʦʯʥʦʡ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ 

ɸʨʭʠʪʝʢʪʫʨʘ ʥʝʡʨʦʩʝʪʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʙʣʝʛʯʸʥʥʳʡ ʚʘʨʠʘʥʪ ʩʝʪʠ VGG ʩ 11 ʚʝʩʦʚʳʤʠ 

ʩʣʦʷʤʠ. ʂʦʥʬʠʛʫʨʘʮʠʷ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʩʣʦʸʚ ʫʢʘʟʘʥʘ ʚ ʊʘʙʣʠʮʝ 1. ɺ ʢʘʯʝʩʪʚʝ ʬʫʥʢʮʠʠ ʘʢʪʠʚʘ-

ʮʠʠ ʚʦ ʚʩʝʭ ʩʣʦʷʭ, ʢʨʦʤʝ ʧʦʩʣʝʜʥʝʛʦ, ʠʩʧʦʣʴʟʫʝʪʩʷ relu, ʚ ʧʦʩʣʝʜʥʝʤ ʩʣʦʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʬʫʥʢ-

ʮʠʷ softmax. ʀʩʧʦʣʴʟʫʝʪʩʷ ʬʫʥʢʮʠʷ ʧʦʪʝʨʴ categorical crossentropy ʠ ʨʝʛʫʣʷʨʠʟʘʮʠʷ SGD. 

ʊʘʙʣʠʮʘ 1. ɸʨʭʠʪʝʢʪʫʨʘ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʩʣʦʸʚ 

ʊʠʧ ʩʣʦʷ ʏʠʩʣʦ ʢʘʥʘʣʦʚ ʈʘʟʤʝʨ ʷʜʨʘ ʂʦʣʠʯʝʩʪʚʦ 

Convolution2D 8 3*3 1 

Convolution2D 16 3*3 1 

Convolution2D 32 3*3 2 

Convolution2D 64 3*3 4 

Dense 512 - 1 

Dense 512 - 1 

 

ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʝʡʨʦʩʝʪʴ ʩʦ ʩʨʘʚʥʠʤʳʤ ʯʠʩʣʦʤ ʧʘʨʘʤʝʪʨʦʚ, ʩʦʩʪʦʷʱʘʷ ʪʦʣʴʢʦ ʠʟ 

ʩʚʸʨʪʦʯʥʳʭ ʩʣʦʸʚ, ʥʝ ʜʘʸʪ ʩʢʦʣʴʢʦ-ʥʠʙʫʜʴ ʧʨʠʝʤʣʝʤʦʡ ʪʦʯʥʦʩʪʠ ʨʝʰʝʥʠʷ. ʆʙʷʟʘʪʝʣʴʥʦʩʪʴ ʜʦ-

ʙʘʚʣʝʥʠʷ ʧʦʣʥʦʩʚʷʟʥʳʭ ʩʣʦʸʚ ʦʟʥʘʯʘʝʪ ʥʝʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʝʜʠʥʦʞʜʳ ʦʙʫʯʝʥʥʦʡ 

ʥʝʡʨʦʩʝʪʠ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʨʘʟʤʝʨʥʦʩʪʠ ʙʦʣʴʰʝʡ, ʯʝʤ ʚ ʥʘʙʦʨʝ ʦʙʫʯʘʶʱʠʭ ʜʘʥʥʳʭ. 

3.2. ɸʣʛʦʨʠʪʤ ʠʩʢʣʶʯʝʥʠʷ ʢʦʣʣʠʟʠʡ 

ʈʝʰʝʥʠʷ, ʧʦʣʫʯʘʝʤʳʝ ʧʨʠ ʧʦʤʦʱʠ ʥʝʡʨʦʩʝʪʠ, ʤʦʛʫʪ ʥʝ ʫʜʦʚʣʝʪʚʦʨʷʪʴ ʦʛʨʘʥʠʯʝʥʠʶ  
В ὼ ρȟ     Ὥ ρȟὲ. ɼʣʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʨʝʰʝʥʠʷ ʢ ʢʦʨʨʝʢʪʥʦʤʫ ʠʩʧʦʣʴʟʫʝʪʩʷ ʘʣʛʦʨʠʪʤ 

ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʩʪʦʣʢʥʦʚʝʥʠʡ. ɺʳʭʦʜʥʳʝ ʜʘʥʥʳʝ ʥʝʡʨʦʩʝʪʝʡ ʦʙʨʘʙʘʪʳʚʘʶʪʩʷ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʯʪʦ ʢʘʞʜʦʤʫ ʠʩʧʦʣʥʠʪʝʣʶ ʥʘʟʥʘʯʘʝʪʩʷ ʨʦʚʥʦ ʦʜʥʘ ʨʘʙʦʪʘ. 

ɸʣʛʦʨʠʪʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʚʳʙʠʨʘʝʪ ʤʘʢʩʠʤʘʣʴʥʳʝ ʵʣʝʤʝʥʪʳ ʠʟ ʤʘʪʨʠʮʳ ὲ Ĭ ὲ, ʦʙʨʘʟʦ-
ʚʘʥʥʦʡ ʧʦʵʣʝʤʝʥʪʥʳʤ ʫʤʥʦʞʝʥʠʝʤ ʤʘʪʨʠʮ ʚʭʦʜʥʳʭ ʠ ʚʳʭʦʜʥʳʭ ʟʥʘʯʝʥʠʡ, ʠ ʧʨʠʩʚʘʠʚʘʝʪ 1 

ʵʣʝʤʝʥʪʫ ʤʘʪʨʠʮʳ ʨʝʰʝʥʠʷ ʩ ʪʝʤ ʞʝ ʠʥʜʝʢʩʦʤ. ʉʪʨʦʢʠ ʠ ʩʪʦʣʙʮʳ, ʫʞʝ ʩʦʜʝʨʞʘʱʠʝ ʟʥʘʯʝʥʠʝ 1, 

ʚ ʜʘʣʴʥʝʡʰʝʤ ʥʝ ʠʟʤʝʥʷʶʪʩʷ. 

ʏʝʤ ʙʦʣʴʰʝ ʪʦʯʥʦʩʪʴ ʧʦʣʫʯʘʝʤʳʭ ʨʝʰʝʥʠʡ, ʪʝʤ ʨʝʞʝ ʚʦʟʥʠʢʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚ ʧʨʠʤʝ-

ʥʝʥʠʠ ʘʣʛʦʨʠʪʤʘ ʠʩʢʣʶʯʝʥʠʷ ʢʦʣʣʠʟʠʡ. ɺ ʩʣʫʯʘʝ ʫʨʦʚʥʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʥʝʡʨʦʩʝʪʠ, ʙʣʠʟʢʦʛʦ ʢ 

ʦʧʪʠʤʘʣʴʥʦʤʫ, ʢʦʣʣʠʟʠʡ ʥʝ ʚʦʟʥʠʢʘʝʪ. 

3.3. ʆʙʫʯʝʥʠʝ ʠ ʪʝʩʪʠʨʦʚʘʥʠʝ 

ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʜʣʷ ʦʜʥʦʡ ʟʘʜʘʯʠ ʨʘʟʤʝʨʥʦʩʪʠ ὲ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʤʘʪʨʠʮʫ ὲz ὲ ʩ 
ʵʣʝʤʝʥʪʘʤʠ ʠʟ ʜʠʘʧʘʟʦʥʘ πȟρ. ʇʨʠ ʛʝʥʝʨʘʮʠʠ ʜʘʥʥʳʭ ʦʙʳʯʥʳʤ ʩʧʦʩʦʙʦʤ ʟʥʘʯʝʥʠʷ ʟʘʜʘʶʪʩʷ 
ʩʣʫʯʘʡʥʦ, ʥʘ ʦʩʥʦʚʝ ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ. ʇʨʠ ʛʝʥʝʨʘʮʠʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠʤ ʩʧʦʩʦʙʦʤ ʥʘ 

ʧʣʦʩʢʦʩʪʠ ʛʝʥʝʨʠʨʫʶʪʩʷ ʜʚʘ ʥʘʙʦʨʘ ʧʦ ὲ ʪʦʯʝʢ. ɿʥʘʯʝʥʠʝʤ ʵʣʝʤʝʥʪʘ ʤʘʪʨʠʮʳ ὥ  ʷʚʣʷʝʪʩʷ ʛʝʦ-

ʤʝʪʨʠʯʝʩʢʦʝ ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʪʦʯʢʠ Ὥ ʧʝʨʚʦʛʦ ʥʘʙʦʨʘ ʜʦ ʪʦʯʢʠ Ὦ ʚʪʦʨʦʛʦ ʥʘʙʦʨʘ. 
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ɼʣʷ ʦʙʫʯʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ 50 ʥʘʙʦʨʦʚ ʧʦ 1000 ʧʨʠʤʝʨʦʚ, ʦʙʫʯʝʥʠʝ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʚ 30 

ʵʧʦʭ. 

4. ʆʮʝʥʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʤʦʜʝʣʠ 

ɼʣʷ ʦʮʝʥʢʠ ʪʦʯʥʦʩʪʠ ʨʝʰʝʥʠʷ ʧʦʩʣʝ ʦʙʫʯʝʥʠʷ ʥʘʙʦʨʘ ʥʝʡʨʦʩʝʪʝʡ ʠʩʧʦʣʴʟʫʶʪʩʷ ʩʨʝʜʥʷʷ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ В ᶻ, 

ʛʜʝ: ὲ ï ʢʦʣʠʯʝʩʪʚʦ ʧʨʦʚʝʨʦʯʥʳʭ ʧʨʠʤʝʨʦʚ, ὅὢ В В ὧὼ ï ʟʥʘʯʝʥʠʝ ʮʝʣʝʚʦʡ ʬʫʥʢ-

ʮʠʠ, ὢᶻ ï ʦʧʪʠʤʘʣʴʥʦʝ ʨʝʰʝʥʠʝ, ὢ ï ʥʘʡʜʝʥʥʦʝ ʨʝʰʝʥʠʝ. 

ʊʦʯʥʦʩʪʴ ʨʝʰʝʥʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʝʡʨʦʩʝʪʝʡ, ʩʨʘʚʥʠʚʘʶʪʩʷ ʩ ʪʦʯʥʦʩʪʴʶ 

ʨʝʰʝʥʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʧʦʤʦʱʠ ʞʘʜʥʦʛʦ ʘʣʛʦʨʠʪʤʘ. 

4.1. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ɺ ʊʘʙʣʠʮʝ 2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʧʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʩʨʝʜʥʝʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʦʣʫʯʘʝʤʳʭ ʨʝ-

ʰʝʥʠʡ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʨʘʟʤʝʨʥʦʩʪʝʡ ʟʘʜʘʯʠ. 

ʊʘʙʣʠʮʘ 2. ʉʨʝʜʥʷʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʈʘʟʤʝʨ ʟʘʜʘʯʠ ʄʝʪʦʜ ʨʝʰʝʥʠʷ ʄʝʪʦʜ ʛʝʥʝʨʘʮʠʠ ʜʘʥʥʳʭ 

ʆʙʳʯʥʳʡ ɻʝʦʤʝʪʨʠʯʝʩʢʠʡ 

10 ʅʝʡʨʦʩʝʪʝʚʘʷ ʤʦʜʝʣʴ 0,94 0,97 

ɾʘʜʥʳʡ ʘʣʛʦʨʠʪʤ 0,92 0,94 

16 ʅʝʡʨʦʩʝʪʝʚʘʷ ʤʦʜʝʣʴ 0,95 0,97 

ɾʘʜʥʳʡ ʘʣʛʦʨʠʪʤ 0,93 0,95 

32 ʅʝʡʨʦʩʝʪʝʚʘʷ ʤʦʜʝʣʴ 0,96 0,98 

ɾʘʜʥʳʡ ʘʣʛʦʨʠʪʤ 0,95 0,96 

 

ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʚʳʰʝʥʠʷ ʧʦʨʷʜʢʘ ʟʘʜʘʯʠ ʙʝʟ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʫʚʝʣʠʯʝ-

ʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʧʘʨʘʤʝʪʨʦʚ, ʘ ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ ʯʠʩʣʘ ʦʧʝʨʘʮʠʡ ʚ ʥʝʡʨʦʩʝʪʠ. ʂʦʣʠʯʝʩʪʚʦ ʠʟʤʝ-

ʥʷʝʤʳʭ ʧʘʨʘʤʝʪʨʦʚ ʥʝʡʨʦʩʝʪʠ ʚ ʩʣʫʯʘʝ ʨʘʟʤʝʨʥʦʩʪʠ ʟʘʜʘʯʠ n ʧʨʠʚʝʜʝʥʦ ʚ ʊʘʙʣʠʮʝ 3. 

ʊʘʙʣʠʮʘ 3. ʂʦʣʠʯʝʩʪʚʦ ʠʟʤʝʥʷʝʤʳʭ ʧʘʨʘʤʝʪʨʦʚ 

ʈʘʟʤʝʨʥʦʩʪʴ ʏʠʩʣʦ ʧʘʨʘʤʝʪʨʦʚ 
4 448560 

10 491652 

 

ʄʦʜʝʣʴ ʩʦʭʨʘʥʷʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʜʘʞʝ ʥʘ ʙʦʣʴʰʠʭ ʨʘʟʤʝʨʥʦʩʪʷʭ, ʜʝʤʦʥʩʪʨʠʨʫʷ ʵʬʬʝʢ-

ʪʠʚʥʦʩʪʴ ʨʝʰʝʥʠʷ ʧʨʠʤʝʨʥʦ ʥʘ 1% ʣʫʯʰʫʶ, ʯʝʤ ʫ ʞʘʜʥʦʛʦ ʘʣʛʦʨʠʪʤʘ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʦʙ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʥʝʡʨʦʩʝʪʝʚʦʛʦ ʧʦʜʭʦʜʘ, ʘʣʛʦʨʠʪʤʦʚ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʚʭʦʜʥʳʭ  ʠ ʚʳʭʦʜʥʳʭ ʜʘʥ-

ʥʳʭ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʤʦʜʝʣʝʡ ʩʭʦʞʝʛʦ ʧʨʠʥʮʠʧʘ, ʥʘʧʨʠʤʝʨ, ʜʣʷ ʨʝʰʝʥʠʷ NP-

ʪʨʫʜʥʦʡ ʪʨʸʭʠʥʜʝʢʩʥʦʡ ʟʘʜʘʯʠ ʦ ʥʘʟʥʘʯʝʥʠʷʭ. 
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ʇʈʀʅʗʊʀɽ ʈɽʐɽʅʀʁ ʇʈʀ ʆʇʊʀʄʀɿɸʎʀʀ ʋʇʈɸɺʃɽʅʀʗ 

ʆɹʈɸɿʆɺɸʊɽʃʔʅʓʄ ʇʈʆʎɽʉʉʆʄ ʉ ʀʉʇʆʃʔɿʆɺɸʅʀɽʄ 

ʄʆɼɽʃɽʁ ʊɽʆʈʀʀ ʀɻʈ 

ɽ.ɺ. ʂʦʥʜʨʘʰʦʚʘ 

ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʩʪʨʦʠʪʝʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ (ʅʀʋ ʄɻʉʋ) 

ʆʙʲʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʡ ʧʨʦʮʝʩʩ, ʢʦʪʦʨʳʡ ʨʘʩʩʤʘʪʨʠʚʘʝʪ-

ʩʷ ʩ ʧʦʟʠʮʠʠ ʦʧʪʠʤʠʟʘʮʠʠ ʫʧʨʘʚʣʝʥʠʷ ʧʨʠ ʧʦʤʦʱʠ ʪʝʦʨʝʪʠʢʦ-ʠʛʨʦʚʳʭ ʤʦʜʝʣʝʡ. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʥʝʩʢʦʣʴʢʦ ʤʦʜʝʣʝʡ, ʢʘʢ ʥʘʧʨʠʤʝʨ, ʪʝʦʨʝ-

ʪʠʢʦ-ʠʛʨʦʚʘʷ ʤʦʜʝʣʴ ʜʣʷ ʚʳʙʦʨʘ ʦʧʪʠʤʘʣʴʥʦʡ ʩʪʨʘʪʝʛʠʠ ɺʋɿʘ, ʛʜʝ ʘʜʤʠʥʠʩʪʨʘʮʠʷ, 

ʦʩʥʦʚʳʚʘʷʩʴ ʥʘ ʤʦʪʠʚʘʮʠʠ ʩʦ ʩʪʦʨʦʥʳ ʩʪʫʜʝʥʯʝʩʢʦʛʦ ʩʦʦʙʱʝʩʪʚʘ, ʧʨʠʥʠʤʘʝʪ ʨʝʰʝ-

ʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʙʦʨʘ ʩʠʩʪʝʤʳ ʦʮʝʥʠʚʘʥʠʷ. ʇʦʩʣʝ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʨʘʩʯʝʪʘ ʙʳʣ 

ʨʝʘʣʠʟʦʚʘʥ ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʜ ʜʣʷ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʚʳʯʠʩʣʝʥʠʷ ʦʧʪʠʤʘʣʴʥʦʡ ʩʪʨʘʪʝ-

ʛʠʠ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʧʦʚʳʩʠʪʴ ʪʦʯʥʦʩʪʴ ʠ ʥʘʜʝʞʥʦʩʪʴ ʨʘʩʯʝʪʘ ʠ ʦʙʝʩʧʝʯʠʪʴ ʣʝʛʢʫʶ 

ʘʜʘʧʪʠʨʫʝʤʦʩʪʴ ʧʦʜ ʥʦʚʳʝ ʜʘʥʥʳʝ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʪʝʦʨʝʪʠʢʦ-ʠʛʨʦʚʳʝ ʤʦʜʝʣʠ, ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ, ʫʧʨʘʚʣʝʥʠʝ 

ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʤ ʧʨʦʮʝʩʩʦʤ, ʦʧʪʠʤʘʣʴʥʘʷ ʩʪʨʘʪʝʛʠʷ, ʧʨʠʥʷʪʠʝ ʨʝʰʝʥʠʡ. 

 

1. ɺʚʝʜʝʥʠʝ 

ɺ ʩʦʚʨʝʤʝʥʥʦʤ ʤʠʨʝ ʦʙʨʘʟʦʚʘʥʠʝ ʠʛʨʘʝʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʚ ʨʘʟʚʠʪʠʠ ʦʙʱʝʩʪʚʘ ʠ ʵʢʦʥʦʤʠʢʠ. 

ʆʪ ʪʦʛʦ, ʥʘʩʢʦʣʴʢʦ ʛʨʘʤʦʪʥʦ ʦʨʛʘʥʠʟʦʚʘʥ ʫʯʝʙʥʳʡ ʧʨʦʮʝʩʩ, ʟʘʚʠʩʠʪ ʥʝ ʪʦʣʴʢʦ ʢʘʯʝʩʪʚʦ ʧʦʜʛʦ-

ʪʦʚʢʠ ʙʫʜʫʱʠʭ ʩʧʝʮʠʘʣʠʩʪʦʚ, ʥʦ ʠ ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʩʪʴ ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʭ ʫʯʨʝʞʜʝʥʠʡ. ʉʦ-

ʚʨʝʤʝʥʥʘʷ ʦʙʨʘʟʦʚʘʪʝʣʴʥʘʷ ʩʠʩʪʝʤʘ ʩʪʘʣʢʠʚʘʝʪʩʷ ʩ ʨʷʜʦʤ ʧʨʦʙʣʝʤ, ʪʘʢʠʭ ʢʘʢ ʥʝʵʬʬʝʢʪʠʚʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʨʝʩʫʨʩʦʚ, ʜʝʬʠʮʠʪ ʢʦʤʤʫʥʠʢʘʮʠʠ ʤʝʞʜʫ ʫʯʘʩʪʥʠʢʘʤʠ ʦʙʨʘʟʦ-

ʚʘʪʝʣʴʥʦʛʦ ʧʨʦʮʝʩʩʘ ʠ ʥʠʟʢʘʷ ʘʜʘʧʪʠʚʥʦʩʪʴ ʢ ʥʝʧʨʝʨʳʚʥʦ ʠʟʤʝʥʷʶʱʠʤʩʷ ʩʦʮʠʘʣʴʥʳʤ ʠ ʪʝʭʥʦ-

ʣʦʛʠʯʝʩʢʠʤ ʫʩʣʦʚʠʷʤ [1]. 

ɺ ʫʧʨʘʚʣʝʥʠʠ ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʤ ʧʨʦʮʝʩʩʦʤ ʯʘʩʪʦ ʚʦʟʥʠʢʘʶʪ ʩʠʪʫʘʮʠʠ, ʢʦʛʜʘ ʫʯʘʩʪʥʠʢʠ 

(ʩʪʫʜʝʥʪʳ, ʧʨʝʧʦʜʘʚʘʪʝʣʠ, ʘʜʤʠʥʠʩʪʨʘʮʠʷ) ʠʤʝʶʪ ʨʘʟʣʠʯʥʳʝ ʮʝʣʠ. ʇʨʠ ʧʨʠʥʷʪʠʠ ʫʧʨʘʚʣʝʥʯʝ-

ʩʢʠʭ ʨʝʰʝʥʠʡ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ, ʯʪʦ ʜʝʡʩʪʚʠʷ ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʥʘʧʨʷʤʫʶ ʚʣʠʷʶʪ ʥʘ ʫʩʧʝʭ 

ʠʣʠ ʥʝʫʜʘʯʫ ʜʨʫʛʠʭ [2]. ʀʤʝʥʥʦ ʪʘʢʠʝ ʩʠʪʫʘʮʠʠ ʧʨʠʥʷʪʦ ʥʘʟʳʚʘʪʴ çʢʦʥʬʣʠʢʪʥʳʤʠ ʩʠʪʫʘʮʠʷ-

ʤʠè. ɼʣʷ ʚʳʷʚʣʝʥʠʷ ʦʧʪʠʤʘʣʴʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʫʯʘʩʪʥʠʢʦʚ ʚ ʪʘʢʠʭ ʩʠʪʫʘʮʠʷʭ ʧʨʠ ʧʨʠʥʷʪʠʠ ʨʝ-

ʰʝʥʠʡ ʚʦʟʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʘʧʧʘʨʘʪʘ ʪʝʦʨʠʠ ʠʛʨ [3-5]. ʊʝʦʨʝʪʠʢʦ-ʠʛʨʦʚʳʝ ʧʦʜʭʦʜʳ ʧʦʤʦ-

ʛʘʶʪ ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʫʯʘʩʪʥʠʢʦʚ, ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʠʭ ʧʦʚʝʜʝʥʠʝ ʠ ʧʨʠʭʦʜʠʪʴ ʢ 

ʦʧʪʠʤʘʣʴʥʳʤ ʩʪʨʘʪʝʛʠʷʤ. ʆʜʥʘʢʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʨʝʘʣʴʥʳʭ ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ ʩʪʘʣ-

ʢʠʚʘʝʪʩʷ ʩ ʪʨʫʜʥʦʩʪʷʤʠ, ʩʚʷʟʘʥʥʳʤʠ ʩʦ ʩʣʦʞʥʦʩʪʴʶ ʪʦʯʥʦʛʦ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʦʧʠʩʘʥʠʷ ʧʨʦ-

ʮʝʩʩʦʚ ʠ ʚʣʠʷʥʠʝʤ ʚʥʝʰʥʠʭ ʬʘʢʪʦʨʦʚ. 

ɼʘʣʝʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʨʝʘʣʠʟʘʮʠʷ ʦʜʥʦʡ ʠʟ ʤʦʜʝʣʝʡ ʦʧʪʠʤʠʟʘʮʠʠ ʫʧʨʘʚʣʝʥʠʷ ʦʙʨʘʟʦʚʘ-

ʪʝʣʴʥʳʤ ʧʨʦʮʝʩʩʦʤ. 

2. ʄʦʜʝʣʴ ʚʳʙʦʨʘ ʦʧʪʠʤʘʣʴʥʦʡ ʩʠʩʪʝʤʳ ʦʮʝʥʠʚʘʥʠʷ  

ʄʦʜʝʣʴ ʠʩʧʦʣʴʟʫʝʪ ʧʦʥʷʪʠʝ ʠʛʨʳ ʩ ʧʨʠʨʦʜʦʡ ï ʧʘʨʥʦʡ ʠʛʨʳ ʩ ʦʛʨʘʥʠʯʝʥʥʳʤ ʯʠʩʣʦʤ ʩʪʨʘ-

ʪʝʛʠʡ, ʚ ʢʦʪʦʨʦʡ ʨʝʰʝʥʠʷ ʧʨʠʥʠʤʘʝʪ ʘʜʤʠʥʠʩʪʨʘʮʠʷ ɺʋɿʘ ʜʣʷ ʚʳʙʦʨʘ ʦʧʪʠʤʘʣʴʥʦʡ ʩʠʩʪʝʤʳ 

ʦʮʝʥʠʚʘʥʠʷ. ɺ ʠʛʨʘʭ ʩ ʧʨʠʨʦʜʦʡ ʚʳʙʦʨ ʦʧʪʠʤʘʣʴʥʦʡ ʩʪʨʘʪʝʛʠʠ ʦʩʥʦʚʘʥ ʥʘ ʨʘʟʣʠʯʥʳʭ ʢʨʠʪʝʨʠ-

ʷʭ ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʡ [6]. ʋʯʘʩʪʥʠʢʘʤʠ ʠʛʨʳ ʷʚʣʷʶʪʩʷ ʜʚʘ ʠʛʨʦʢʘ: ʘʜʤʠʥʠʩʪʨʘʮʠʷ ʚʫʟʘ ʨʘʟʨʘ-

ʙʘʪʳʚʘʝʪ ʠ ʧʨʠʥʠʤʘʝʪ ʨʘʟʣʠʯʥʳʝ ʩʠʩʪʝʤʳ ʦʮʝʥʠʚʘʥʠʷ, ʠ ʩʪʫʜʝʥʯʝʩʢʦʝ ʦʙʱʝʩʪʚʦ, ʢʦʪʦʨʦʝ ʤʦ-

ʞʝʪ ʦʢʘʟʘʪʴʩʷ ʚ ʦʜʥʦʤ ʠʟ ʩʚʦʠʭ ʩʦʩʪʦʷʥʠʡ ʢʘʩʘʪʝʣʴʥʦ ʬʦʨʤʳ ʧʦʩʝʱʝʥʠʷ ʠ ʦʪʥʦʰʝʥʠʷ ʢ ʟʘʥʷʪʠ-

ʷʤ. ɺ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʚʦʟʤʦʞʥʳʝ ʩʪʨʘʪʝʛʠʠ ʜʣʷ ʢʘʞʜʦʡ ʠʟ ʩʪʦʨʦʥ. ʊʘʢ, 

ʥʘʧʨʠʤʝʨ, ʘʜʤʠʥʠʩʪʨʘʮʠʷ ʚʳʙʠʨʘʝʪ ʦʜʥʫ ʠʟ ʩʣʝʜʫʶʱʠʭ ʩʠʩʪʝʤ ʦʮʝʥʠʚʘʥʠʷ: ʪʨʘʜʠʮʠʦʥʥʘʷ ʩʠ-
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ʩʪʝʤʘ ʦʮʝʥʠʚʘʥʠʷ, ʛʜʝ ʥʘ ʦʮʝʥʢʫ ʚʣʠʷʝʪ ʪʦʣʴʢʦ ʠʪʦʛʦʚʳʡ ʵʢʟʘʤʝʥ; ʩʠʩʪʝʤʘ ʥʘʢʦʧʣʝʥʥʦʛʦ ʙʘʣʣʘ, 

ʛʜʝ ʚʝʩʦʚʦʡ ʢʦʵʬʬʠʮʠʝʥʪ ʟʘ ʵʢʟʘʤʝʥ ʙʦʣʴʰʝ, ʯʝʤ ʚʝʩʦʚʦʡ ʢʦʵʬʬʠʮʠʝʥʪ ʟʘ ʨʘʙʦʪʫ ʚ ʩʝʤʝʩʪʨʝ ʠ 

ʪ.ʜ. ʉʦʩʪʦʷʥʠʷ ʩʪʫʜʝʥʯʝʩʢʦʛʦ ʩʦʦʙʱʝʩʪʚʘ ʤʦʛʫʪ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥʳ ʢʘʢ: ʠʛʥʦʨʠʨʦʚʘʥʠʝ ʧʦʩʝʱʝ-

ʥʠʷ ʫʯʝʙʥʳʭ ʟʘʥʷʪʠʡ; ʧʦʩʝʱʝʥʠʝ ʪʦʣʴʢʦ ʧʨʘʢʪʠʯʝʩʢʠʭ ʟʘʥʷʪʠʡ ʧʨʠ ʠʛʥʦʨʠʨʦʚʘʥʠʠ ʣʝʢʮʠʦʥʥʳʭ 

ʟʘʥʷʪʠʡ ʠ ʪ.ʜ. ɺʩʝʛʦ ʙʳʣʦ ʩʬʦʨʤʠʨʦʚʘʥʦ ʧʷʪʴ ʩʪʨʘʪʝʛʠʡ (ʩʦʩʪʦʷʥʠʡ) ʩʪʫʜʝʥʯʝʩʢʦʛʦ ʩʦʦʙʱʝʩʪʚʘ 

ʠ ʧʷʪʴ ʩʪʨʘʪʝʛʠʡ ʘʜʤʠʥʠʩʪʨʘʮʠʠ. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʟʥʘʯʝʥʠʡ ʵʣʝʤʝʥʪʦʚ ʤʘʪʨʠʮʳ ʚʳʠʛʨʳʰʝʡ, ʙʳʣ ʧʨʦʚʝʜʝʥ ʦʧʨʦʩ ʩʨʝʜʠ ʩʪʫ-

ʜʝʥʪʦʚ ʨʘʟʣʠʯʥʳʭ ʢʫʨʩʦʚ ʠ ʩʧʝʮʠʘʣʴʥʦʩʪʝʡ ʧʦʜʛʦʪʦʚʢʠ, ʥʘ ʦʩʥʦʚʘʥʠʠ ʢʦʪʦʨʦʛʦ ʙʳʣʠ ʦʮʝʥʝʥʳ 

ʚʳʠʛʨʳʰʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʦʟʤʦʞʥʦʡ ʩʠʪʫʘʮʠʠ. ʄʘʪʨʠʮʘ ʚʳʠʛʨʳʰʝʡ ʩʦʩʪʘʚʣʷʣʘʩʴ ʩ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʝʤ ʜʘʥʥʳʭ ʦʧʨʦʩʘ, ʫʯʠʪʳʚʘʷ, ʯʪʦ ʜʣʷ ʘʜʤʠʥʠʩʪʨʘʮʠʠ ɺʋɿʘ ʚʳʠʛʨʳʰʝʤ ʷʚʣʷʝʪʩʷ ʤʘʢʩʠ-

ʤʘʣʴʥʘʷ ʟʘʠʥʪʝʨʝʩʦʚʘʥʥʦʩʪʴ ʠ ʦʮʝʥʢʘ ʤʦʪʠʚʘʮʠʠ ʩʦ ʩʪʦʨʦʥʳ ʩʪʫʜʝʥʪʦʚ. ʄʦʪʠʚʘʮʠʷ ʦʪʨʘʞʘʣʘ, 

ʥʘʩʢʦʣʴʢʦ ʩʠʩʪʝʤʘ ʦʮʝʥʠʚʘʥʠʷ ʩʪʠʤʫʣʠʨʫʝʪ ʫʯʝʙʥʳʡ ʧʨʦʮʝʩʩ ʠ ʞʝʣʘʥʠʝ ʩʪʫʜʝʥʪʦʚ ʫʯʠʪʴʩʷ, 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ï ʥʘʩʢʦʣʴʢʦ ʢʘʞʜʘʷ ʠʟ ʩʠʩʪʝʤ ʦʮʝʥʠʚʘʥʠʷ ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʦʚʳʰʝʥʠʶ ʢʘʯʝʩʪʚʘ 

ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʧʦʚʳʰʝʥʠʶ ʨʝʟʫʣʴʪʘʪʦʚ ʩʪʫʜʝʥʪʦʚ. ʆʮʝʥʢʘ ʧʨʦʚʦʜʠʣʘʩʴ ʧʦ ʜʝʩʷʪʠʙʘʣʣʴʥʦʡ 

ʰʢʘʣʝ, ʛʜʝ 1 ï ʢʨʘʡʥʝ ʥʝʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ, ʘ 10 ï ʤʘʢʩʠʤʘʣʴʥʦ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ. ɹʳʣʦ ʧʦ-

ʣʫʯʝʥʦ ʜʚʝ ʤʘʪʨʠʮʳ (ʜʣʷ ʤʦʪʠʚʘʮʠʠ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ), ʧʨʠ ʩʦʩʪʘʚʣʝʥʠʠ ʢʦʪʦʨʳʭ ʠʩʧʦʣʴʟʦʚʘ-

ʣʠʩʴ ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠ,̫ ʪʘʢ ʢʘʢ ʙʣʠʟʢʠʝ ʟʥʘʯʝʥʠʷ ʤʝʞʜʫ ʩʨʝʜʥʠʤ, ʤʦʜʦʡ ʠ ʤʝʜʠʘʥʦʡ ʧʨʦʜʝʤʦʥ-

ʩʪʨʠʨʦʚʘʣʠ, ʯʪʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʜʘʥʥʳʭ, ʩʠʤʤʝʪʨʠʯʥʦ, ʠ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʦʪʨʘʞʘʝʪ ʮʝʥʪʨʘʣʴ-

ʥʫʶ ʪʝʥʜʝʥʮʠʶ ʜʘʥʥʳʭ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʳʭ ʨʘʩʯʝʪʦʚ ʧʦ ʨʘʟʣʠʯʥʳʤ ʢʨʠʪʝʨʠʷʤ ʚʳʙʦʨʘ ʦʧʪʠʤʘʣʴʥʦʡ ʩʪʨʘʪʝ-

ʛʠʠ ï ʧʦ ʢʨʠʪʝʨʠʷʤ ɺʘʣʴʜʘ, ʉʵʚʠʜʞʘ, ɻʫʨʚʠʮʘ, ɹʘʡʝʩʘ ʠ ʃʘʧʣʘʩʘ ï ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʢʘʢ 

ʧʦ ʧʦʢʘʟʘʪʝʣʷʤ ʤʦʪʠʚʘʮʠʠ, ʪʘʢ ʠ ʧʦ ʧʦʢʘʟʘʪʝʣʷʤ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʦʙʫʯʝʥʠʷ ʥʘʠʣʫʯʰʠʝ ʨʝʟʫʣʴ-

ʪʘʪʳ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʩʪʨʘʪʝʛʠʷ ï ʚʳʙʦʨ ʩʠʩʪʝʤʳ ʦʮʝʥʠʚʘʥʠʷ ʙʝʟ ʵʢʟʘʤʝʥʘ, ʧʨʠ ʢʦʪʦʨʦʡ ʦʮʝʥʢʘ 

ʬʦʨʤʠʨʫʝʪʩʷ ʪʦʣʴʢʦ ʥʘ ʦʩʥʦʚʝ ʨʘʙʦʪʳ ʚ ʩʝʤʝʩʪʨʝ. 

3. ɿʘʢʣʶʯʝʥʠʝ  

ʇʦʩʣʝ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʨʘʩʯʝʪʘ ʙʳʣ ʨʝʘʣʠʟʦʚʘʥ ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʜ ʜʣʷ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʚʳ-

ʯʠʩʣʝʥʠʷ ʦʧʪʠʤʘʣʴʥʦʡ ʩʪʨʘʪʝʛʠʠ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʧʦʚʳʩʠʪʴ ʪʦʯʥʦʩʪʴ ʠ ʥʘʜʝʞʥʦʩʪʴ ʨʘʩʯʝʪʘ ʠ 

ʦʙʝʩʧʝʯʠʪʴ ʣʝʛʢʫʶ ʘʜʘʧʪʠʨʫʝʤʦʩʪʴ ʧʦʜ ʥʦʚʳʝ ʜʘʥʥʳʝ. ʇʨʠ ʵʪʦʤ ʦʧʪʠʤʘʣʴʥʦʩʪʴ ʩʪʨʘʪʝʛʠʠ ʚ 

ʢʦʥʪʝʢʩʪʝ ʢʘʞʜʦʡ ʟʘʜʘʯʠ ʤʦʞʝʪ ʟʘʚʠʩʝʪʴ ʦʪ ʦʧʨʝʜʝʣʝʥʥʳʭ ʢʨʠʪʝʨʠʝʚ. 

ʊʝʦʨʝʪʠʢʦ-ʠʛʨʦʚʳʝ ʤʦʜʝʣʠ ʧʨʝʜʦʩʪʘʚʣʷʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʬʦʨʤʘʣʠʟʦʚʘʪʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʤʝʞʜʫ ʫʯʘʩʪʥʠʢʘʤʠ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʛʦ ʧʨʦʮʝʩʩʘ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʘʥʘʣʠʟʠʨʦʚʘʪʴ 

ʩʪʨʘʪʝʛʠʠ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʨʘʟʣʠʯʥʳʤʠ ʫʯʘʩʪʥʠʢʘʤʠ. ɺʳʙʦʨ (ʬʦʨʤʫʣʠʨʦʚʢʫ) ʩʪʨʘʪʝʛʠʡ ʠ ʩʦ-

ʩʪʘʚʣʝʥʠʝ ʤʘʪʨʠʮʳ ʚʳʠʛʨʳʰʝʡ ʩʣʝʜʫʝʪ ʜʝʣʘʪʴ, ʠʩʭʦʜʷ ʠʟ ʢʦʥʢʨʝʪʥʦʡ ʩʠʪʫʘʮʠʠ. 

ʃʠʪʝʨʘʪʫʨʘ 

1. Ghic G. Applications of Games Theory in Analyzing Teaching Process / G. Ghic, C.J. Grigorescu 

// Procedia ï Social and Behavioral Sciences. ï 2014. ï ʊ. 116. ï ʉ. 3588ï3592. 

2. ʉʠʛʘʣʦʚʘ ʆ.ʄ. ʊʝʦʨʝʪʠʢʦ-ʠʛʨʦʚʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʵʢʦʥʦʤʠʯʝʩʢʦʛʦ ʧʦʚʝʜʝʥʠʷ ʚ ʫʩʣʦʚʠʷʭ 

ʦʪʩʫʪʩʪʚʠʷ ʦʙʱʝʛʦ ʟʥʘʥʠʷ ʨʘʮʠʦʥʘʣʴʥʦʩʪʠ // ɺʝʩʪʥʠʢ ʵʢʦʥʦʤʠʯʝʩʢʦʛʦ ʬʘʢʫʣʴʪʝʪʘ ʄɻʋ. 

ʅʘʫʯʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʢʦʥʦʤʠʯʝʩʢʦʛʦ ʬʘʢʫʣʴʪʝʪʘ. ʕʣʝʢʪʨʦʥʥʳʡ ʞʫʨʥʘʣ. ï 2012. ï ʊ. 4, 

 ̄2. ï ʉ. 49-71. 

3. Ho E. Game Theory in Defence Applications: A Review / E. Ho, A. Rajagopalan, A. Skvortsov // 

Sensors. ï 2022. ï ʊ. 22, ˉ 3. 

4. ʉʘʯʢʦʚʘ ʅ.ɸ. ʊʝʦʨʠʷ ʠʛʨ ʢʘʢ ʦʙʲʷʩʥʷʶʱʘʷ ʩʭʝʤʘ ʩʦʮʠʘʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ: ʥʘ ʤʘʪʝʨʠʘʣʝ ʧʝ-

ʜʘʛʦʛʠʢʠ // ʆʙʨʘʟʦʚʘʥʠʝ ʠ ʥʘʫʢʘ. ï 2010. ï ˉ 11 (79). ï ISSN 2310-5828. 

5. ʏʝʙʦʪʘʨʸʚʘ ʊ.ɸ., ʈʘʩʩʢʘʟʦʚ ɼ.ɽ. ʇʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʪʝʦʨʠʠ ʠʛʨ ʚ ʩʦʚʨʝʤʝʥʥʦʡ ʵʢʦ-

ʥʦʤʠʢʝ ʠ ʫʧʨʘʚʣʝʥʠʠ // ɺʝʩʪʥʠʢ ʀʥʩʪʠʪʫʪʘ ʤʠʨʦʚʳʭ ʮʠʚʠʣʠʟʘʮʠʡ. ï 2018. ï ʊ. 9, ˉ 1 (18). 

ï ʉ. 65ï69. 

6. Aumann R.J. Lectures of game theory. ï URL: 

https://perso.uclouvain.be/pierre.dehez/Aumann/Aumann-Lectures.pdf (ʜʘʪʘ ʦʙʨʘʱʝʥʠʷ: 

05.08.2025). ï ISBN 0-8133-7578-9. ï 128 ʩ. 

 



 

54 

ʆɹ ʆʇʓʊɽ ʇʈʀʄɽʅɽʅʀʗ ɸʃɻʆʈʀʊʄɸ 

ʄʅʆɻʆʂʈʀʊɽʈʀɸʃʔʅʆʁ ʆʇʊʀʄʀɿɸʎʀʀ ɼʃʗ ʅɸʉʊʈʆʁʂʀ 

ɻʀʇɽʈʇɸʈɸʄɽʊʈʆɺ ʄʆɼɽʃɽʁ ʄɸʐʀʅʅʆɻʆ ʆɹʋʏɽʅʀʗ 

ʉ.ʖ. ʂʦʥʥʦʚ, ɽ.ɸ. ʂʦʟʠʥʦʚ 

ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ 

ɿʘʜʘʯʘ ʥʘʩʪʨʦʡʢʠ ʛʠʧʝʨʧʘʨʘʤʝʪʨʦʚ ʤʦʜʝʣʝʡ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʯʘʩʪʦ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʩʣʦʞʥʳʡ ʧʨʦʮʝʩʩ ʧʝʨʝʙʦʨʘ ʟʥʘʯʝʥʠʡ, ʚʣʠʷʶʱʠʭ ʢʘʢ ʥʘ ʪʦʯʥʦʩʪʴ ʤʦʜʝʣʠ, ʪʘʢ ʠ 

ʥʘ ʩʢʦʨʦʩʪʴ ʝʸ ʨʘʙʦʪʳ. ɼʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʜʘʥʥʳʭ ʢʨʠʪʝʨʠʝʚ ʤʦʛʫʪ ʧʨʠʤʝʥʷʪʴʩʷ ʨʘʟ-

ʣʠʯʥʳʝ ʤʝʪʦʜʳ ʤʥʦʛʦʢʨʠʪʝʨʠʘʣʴʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ. ɺ ʨʘʤʢʘʭ ʩʪʘʪʴʠ ʜʣʷ ʨʝʰʝʥʠʷ ʧʦ-

ʩʪʘʚʣʝʥʥʦʡ ʟʘʜʘʯʠ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʘʚʪʦʨʩʢʠʡ ʘʣʛʦʨʠʪʤ ʧʦʠʩʢʘ ʤʥʦʞʝʩʪʚʘ ʇʘʨʝʪʦ ʥʘ 

ʦʩʥʦʚʝ ʘʣʛʦʨʠʪʤʘ ʉʪʨʦʥʛʠʥʘ. ʄʝʪʦʜ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʨʘʟʣʠʯʥʳʭ ʤʦ-

ʜʝʣʝʡ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʤʥʦʞʝ-

ʩʪʚʘ ʇʘʨʝʪʦ. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʙʦʪ rʘʣʛʦʨʠʪʤʘ ʦʮʝʥʠʚʘʝʪʩʷ ʥʘ ʟʘʜʘʯʝ ʥʘʩʪʨʦʡʢʠ ʛʠ-

ʧʝʨʧʘʨʘʤʝʪʨʦʚ ʤʦʜʝʣʠ XGBoost. ɺ ʩʪʘʪʴʝ ʧʨʠʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʢʘʯʝʩʪʚʘ ʨʘʙʦʪʳ ʘʣ-

ʛʦʨʠʪʤʘ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʤʦʜʝʣʝʡ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʥʘʩʪʨʦʡʢʘ ʛʠʧʝʨʧʘʨʘʤʝʪʨʦʚ, ʟʘʜʘʯʠ ʤʥʦʛʦʢʨʠʪʝʨʠʘʣʴʥʦʡ ʦʧʪʠʤʠʟʘ-

ʮʠʠ, ʘʣʛʦʨʠʪʤʳ ʛʣʦʙʘʣʴʥʦʛʦ ʧʦʠʩʢʘ, ʤʘʰʠʥʥʦʝ ʦʙʫʯʝʥʠʝ, ʤʥʦʞʝʩʪʚʦ ʇʘʨʝʪʦ 

 

1. ɺʚʝʜʝʥʠʝ 

ʇʨʦʮʝʩʩ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʠ ʦʙʫʯʝʥʠʷ ʤʦʜʝʣʝʡ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʥʝʨʘʟʨʳʚʥʦ ʩʚʷʟʘʥ ʩ 

ʥʘʩʪʨʦʡʢʦʡ ʠʟʥʘʯʘʣʴʥʳʭ ʛʠʧʝʨʧʘʨʘʤʝʪʨʦʚ, ʦʪ ʢʦʪʦʨʳʭ ʟʘʚʠʩʠʪ ʢʘʢ ʪʦʯʥʦʩʪʴ, ʪʘʢ ʠ ʵʬʬʝʢʪʠʚ-

ʥʦʩʪʴ ʨʘʙʦʪʳ ʤʦʜʝʣʠ. ʇʦʜʙʦʨ ʦʧʪʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʛʠʧʝʨʧʘʨʘʤʝʪʨʦʚ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʩʣʦʞʥʫʶ ʟʘʜʘʯʫ, ʪʨʝʙʫʶʱʫʶ ʙʘʣʘʥʩʘ ʤʝʞʜʫ ʢʘʯʝʩʪʚʦʤ ʤʦʜʝʣʠ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤʠ ʟʘʪʨʘʪʘʤʠ. 

ʉʫʱʝʩʪʚʫʶʪ ʨʘʟʣʠʯʥʳʝ ʪʨʘʜʠʮʠʦʥʥʳʝ ʧʦʜʭʦʜʳ ʢ ʨʝʰʝʥʠʶ ʜʘʥʥʦʡ ʟʘʜʘʯʠ. ʇʦʠʩʢ ʧʦ ʩʝʪʢʝ 

ʧʨʝʜʣʘʛʘʝʪ ʟʘʬʠʢʩʠʨʦʚʘʪʴ ʥʘʙʦʨʳ ʛʠʧʝʨʧʘʨʘʤʝʪʨʦʚ ʬʠʢʩʠʨʦʚʘʥʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʟʥʘʯʝʥʠʡ. 

ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʠʩʧʳʪʘʥʠʡ ʤʦʜʝʣʴ ʦʙʫʯʘʝʪʩʷ ʠ ʪʝʩʪʠʨʫʝʪʩʷ ʥʘ ʢʘʞʜʦʡ ʢʦʤʙʠʥʘʮʠʠ ʛʠʧʝʨʧʘʨʘ-

ʤʝʪʨʦʚ. ɺ ʤʝʪʦʜʝ ʩʣʫʯʘʡʥʦʛʦ ʧʦʠʩʢʘ ʚʤʝʩʪʦ ʥʘʙʦʨʘ ʬʠʢʩʠʨʦʚʘʥʥʳʭ ʟʥʘʯʝʥʠʡ ʜʣʷ ʢʘʞʜʦʛʦ ʛʠ-

ʧʝʨʧʘʨʘʤʝʪʨʘ ʟʘʜʘʸʪʩʷ ʩʚʦʸ ʩʣʫʯʘʡʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ. ʂʦʤʙʠʥʘʮʠʷ ʛʠʧʝʨʧʘʨʘʤʝʪʨʦʚ ʩʦʩʪʘʚʣʷ-

ʝʪʩʷ ʩʝʤʧʣʠʨʦʚʘʥʠʝʤ ʵʪʠʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ. ɹʦʣʝʝ ʩʣʦʞʥʳʤ ʤʝʪʦʜʦʤ ʷʚʣʷʝʪʩʷ ɹʘʡʝʩʦʚʩʢʘʷ ʦʧ-

ʪʠʤʠʟʘʮʠʷ. ɼʘʥʥʳʡ ʤʝʪʦʜ ʠʩʧʦʣʴʟʫʝʪ ʚʝʨʦʷʪʥʦʩʪʥʫʶ ʤʦʜʝʣʴ ʟʘʚʠʩʠʤʦʩʪʠ ʤʝʞʜʫ ʛʠʧʝʨʧʘʨʘ-

ʤʝʪʨʘʤʠ ʠ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʝʡ. ʅʘ ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ ʘʣʛʦʨʠʪʤ ʚʳʙʠʨʘʝʪ ʥʦʚʳʝ ʪʦʯʢʠ ʚ ʧʨʦʩʪʨʘʥ-

ʩʪʚʝ ʛʠʧʝʨʧʘʨʘʤʝʪʨʦʚ, ʤʘʢʩʠʤʠʟʠʨʫʶʱʠʝ ʦʞʠʜʘʝʤʦʝ ʫʣʫʯʰʝʥʠʝ ʮʝʣʝʚʦʡ ʤʝʪʨʠʢʠ [1,2]. 

ʇʨʦʙʣʝʤʘ ʪʨʘʜʠʮʠʦʥʥʳʭ ʧʦʜʭʦʜʦʚ ʢ ʨʝʰʝʥʠʶ ʟʘʜʘʯʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʦʥʠ ʟʘʯʘʩʪʫʶ 

ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʥʘ ʦʜʥʦʢʨʠʪʝʨʠʘʣʴʥʫʶ ʦʧʪʠʤʠʟʘʮʠʶ. ɼʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʩ ʥʝʩʢʦʣʴʢʠʤʠ ʮʝ-

ʣʷʤʠ, ʫʯʠʪʳʚʘʶʱʝʡ ʢʘʢ ʪʦʯʥʦʩʪʴ, ʪʘʢ ʠ ʩʢʦʨʦʩʪʴ ʨʘʙʦʪʳ ʤʦʜʝʣʠ, ʤʦʛʫʪ ʧʨʠʤʝʥʷʪʴʩʷ ʨʘʟʣʠʯʥʳʝ 

ʘʣʛʦʨʠʪʤʳ ʤʥʦʛʦʢʨʠʪʝʨʠʘʣʴʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ.  

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ ʘʣʛʦʨʠʪʤʘ ʤʥʦʛʦʢʨʠʪʝʨʠʘʣʴʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ, 

ʨʘʥʝʝ ʨʝʘʣʠʟʦʚʘʥʥʦʛʦ ʥʘʤʠ ʚ ʨʘʙʦʪʝ [3], ʜʣʷ ʟʘʜʘʯʠ ʥʘʩʪʨʦʡʢʠ ʛʠʧʝʨʧʘʨʘʤʝʪʨʦʚ ʤʦʜʝʣʠ ʤʘ-

ʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ.  

2. ʄʝʪʦʜ ʨʝʰʝʥʠʷ 

ɺ ʦʙʱʝʤ ʚʠʜʝ ʟʘʜʘʯʘ ʤʥʦʛʦʢʨʠʪʝʨʠʘʣʴʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ ʤʦʞʝʪ ʙʳʪʴ ʩʬʦʨʤʫʣʠʨʦʚʘʥʘ ʩʣʝ-

ʜʫʶʱʠʤ ʦʙʨʘʟʦʤ:  

ɮώ ὪώȟὪώȟȣȟὪώ ᴼάὭὲȟώɴ Ὀȟ (1) 

ʛʜʝ Ὢώ, Ὥɴ ρȟί ï ʢʨʠʪʝʨʠʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ, ώȟὭɴ ρȟὔ  ï ʥʘʙʦʨ ʚʘʨʴʠʨʫʝʤʳʭ ʧʘʨʘʤʝʪʨʦʚ,  

ὔ ï ʨʘʟʤʝʨʥʦʩʪʴ ʨʝʰʘʝʤʦʡ ʟʘʜʘʯʠ, Ó ï ʯʠʩʣʦ ʦʧʪʠʤʠʟʠʨʫʝʤʳʭ ʢʨʠʪʝʨʠʝʚ. ʂʘʞʜʳʡ ʢʨʠʪʝʨʠʡ  
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ʚ ʪʘʢʦʡ ʧʦʩʪʘʥʦʚʢʝ ʟʘʜʘʯʠ ʷʚʣʷʝʪʩʷ ʤʥʦʛʦʵʢʩʪʨʝʤʘʣʴʥʦʡ ʬʫʥʢʮʠʝʡ, ʟʘʜʘʥʥʦʡ ʚ ʚʠʜʝ çʯʝʨʥʦʛʦ 

ʷʱʠʢʘè ʠ ʫʜʦʚʣʝʪʚʦʨʷʶʱʝʡ ʫʩʣʦʚʠʶ ʃʠʧʰʠʮʘ 

ȿὪώ Ὢώ ȿ ὒᴁώ ώᴁȟώȟώ ᶰὈȟὭɴ ρȟίȟ (2) 

ʢʦʥʩʪʘʥʪʳ ʃʠʧʰʠʮʘ ὒȟὭɴ ρȟί ʟʘʨʘʥʝʝ ʥʝʠʟʚʝʩʪʥʳ. 

ɺ ʨʘʙʦʪʝ [3] ʥʘʤʠ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʘʣʛʦʨʠʪʤ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʤʥʦʛʦʢʨʠʪʝʨʠʘʣʴʥʦʡ ʦʧ-

ʪʠʤʠʟʘʮʠʠ. ɽʛʦ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʜʚʝ ʩʦʩʪʘʚʣʷʶʱʠʭ. ʇʝʨʚʘʷ ʦʩʥʦʚʘʥʘ ʥʘ ʘʣʛʦʨʠʪʤʝ ʉʪʨʦʥ-

ʛʠʥʘ [4]. ɿʘʜʘʯʘ ʩ ʥʝʩʢʦʣʴʢʠʤʠ ʢʨʠʪʝʨʠʷʤʠ (1) ʩʢʘʣʷʨʠʟʫʝʪʩʷ ʚ ʩʝʤʝʡʩʪʚʦ ʦʜʥʦʢʨʠʪʝʨʠʘʣʴʥʳʭ 

ʟʘʜʘʯ ʦʪʣʠʯʘʶʱʠʭʩʷ ʥʘʙʦʨʦʤ ʧʘʨʘʤʝʪʨʦʚ ʩʚʝʨʪʢʠ. ʈʘʟʤʝʨʥʦʩʪʴ ʟʘʜʘʯ ʨʝʜʫʮʠʨʫʝʪʩʷ ʩ ʧʦʤʦʱʴʶ 

ʢʨʠʚʳʭ ʇʝʘʥʦ. ɺʦ ʚʨʝʤʷ ʨʘʙʦʪʳ ʘʣʛʦʨʠʪʤʘ ʥʘ ʦʯʝʨʝʜʥʦʡ ʠʪʝʨʘʮʠʠ ʚʳʜʝʣʷʶʪʩʷ ʠʥʪʝʨʚʘʣʳ 

ʤʝʞʜʫ ʧʨʦʚʝʜʝʥʥʳʤʠ ʠʩʧʳʪʘʥʠʷʤʠ ʧʦ ʦʜʥʦʤʝʨʥʳʤ ʢʦʦʨʜʠʥʘʪʘʤ. ɼʣʷ ʢʘʞʜʦʛʦ ʠʥʪʝʨʚʘʣʘ ʧʦʜ-

ʯʠʪʳʚʘʝʪʩʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ, ʥʘ ʦʩʥʦʚʘʥʠʠ ʢʦʪʦʨʦʡ ʧʨʠʥʠʤʘʝʪʩʷ ʨʝʰʝʥʠʝ ʦ ʜʦʙʘʚʣʝʥʠʠ ʩʣʝʜʫ-

ʶʱʝʡ ʪʦʯʢʠ ʧʨʦʚʝʜʝʥʠʷ ʠʩʧʳʪʘʥʠʷ. ɸʣʛʦʨʠʪʤ ʨʘʙʦʪʘʝʪ ʜʦ ʜʦʩʪʠʞʝʥʠʷ ʪʨʝʙʫʝʤʦʡ ʪʦʯʥʦʩʪʠ 

ʠʣʠ ʜʦ ʦʛʨʘʥʠʯʝʥʠʷ ʧʦ ʢʦʣʠʯʝʩʪʚʫ ʠʩʧʳʪʘʥʠʡ.  

ɺʪʦʨʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʦʩʥʦʚʘʥʘ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʝʪʦʜʦʚ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʜʣʷ ʦʮʝʥ-

ʢʠ ʤʥʦʞʝʩʪʚʘ ʇʘʨʝʪʦ. ʅʘ ʵʪʘʧʝ ʚʳʙʦʨʘ ʠʥʪʝʨʚʘʣʘ ʥʦʚʦʛʦ ʠʩʧʳʪʘʥʠ ̫ʢ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ ʜʦʙʘʚ-

ʣʷʝʪʩʷ ʟʥʘʯʝʥʠʝ, ʚʝʣʠʯʠʥʘ ʢʦʪʦʨʦʛʦ ʟʘʚʠʩʠʪ ʦʪ ʩʪʝʧʝʥʠ ʫʚʝʨʝʥʥʦʩʪʠ ʧʨʠʥʘʜʣʝʞʥʦʩʪʠ ʦʙʨʘʟʫ-

ʶʱʠʭ ʠʥʪʝʨʚʘʣ ʪʦʯʝʢ ʢ ʦʙʣʘʩʪʠ ʇʘʨʝʪʦ. ɺʦ ʚʨʝʤʷ ʨʘʙʦʪʳ ʘʣʛʦʨʠʪʤʘ ʚʩʝ ʧʦʣʫʯʝʥʥʳʝ ʪʦʯʢʠ 

ʧʨʦʚʝʜʝʥʠʷ ʠʩʧʳʪʘʥʠʡ ʨʘʟʜʝʣʷʶʪʩʷ ʥʘ ʜʚʘ ʢʣʘʩʩʘ. ʇʝʨʚʳʡ ʢʣʘʩʩ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʪʦʯʢʠ, ʧʨʠ-

ʥʘʜʣʝʞʘʱʠʝ ʤʥʦʞʝʩʪʚʫ ʇʘʨʝʪʦ. ɺʩʝ ʦʩʪʘʣʴʥʳʝ ʪʦʯʢʠ ʦʪʥʦʩʷʪʩʷ ʢʦ ʚʪʦʨʦʤʫ ʢʣʘʩʩʫ. ɼʣʷ ʦʮʝʥʢʠ 

ʜʦʙʘʚʣʷʝʤʳʭ ʟʥʘʯʝʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʧʦʜʭʦʜʳ: 

1. ʇʦʜʭʦʜ ʩ ʧʦʩʪʨʦʝʥʠʝʤ ʨʘʟʜʝʣʷʶʱʝʡ ʛʠʧʝʨʧʣʦʩʢʦʩʪʠ ʤʝʞʜʫ ʚʳʜʝʣʝʥʥʳʤʠ ʢʣʘʩʩʘʤʠ ʠ 

ʧʦʠʩʢʦʤ ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʢʘʞʜʦʡ ʪʦʯʢʠ ʧʨʦʚʝʜʝʥʠʷ ʠʩʧʳʪʘʥʠʷ ʜʦ ʥʘʡʜʝʥʥʦʡ ʛʠʧʝʨʧʣʦʩʢʦʩʪʠ. 

ɼʣʷ ʥʘʭʦʞʜʝʥʠʷ ʛʠʧʝʨʧʣʦʩʢʦʩʪʠ ʚ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʤʦʜʝʣʴ 

SVC ʩ ʣʠʥʝʡʥʳʤ ʷʜʨʦʤ. 

2. ʇʦʜʭʦʜ ʩ ʧʦʠʩʢʦʤ ʚʝʨʦʷʪʥʦʩʪʠ ʧʨʠʥʘʜʣʝʞʥʦʩʪʠ ʢʘʞʜʦʡ ʪʦʯʢʠ ʢ ʦʙʣʘʩʪʠ ʇʘʨʝʪʦ. ɼʣʷ 

ʵʪʦʛʦ ʚʘʨʠʘʥʪʘ ʚ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʤʦʜʝʣʠ SVC ʩ ʨʘʟʥʳʤʠ ʪʠʧʘ-

ʤʠ ʷʜʝʨ (ʣʠʥʝʡʥʦʝ, ʧʦʣʠʥʦʤʠʘʣʴʥʦʝ, RBF) ʠ ʥʝʡʨʦʩʝʪʝʚʘʷ ʧʦʣʥʦʩʚʷʟʥʘʷ ʤʦʜʝʣʴ ʩ ʜʚʫʤʷ ʩʢʨʳ-

ʪʳʤʠ ʩʣʦʷʤʠ ʨʘʟʤʝʨʥʦʩʪʴʶ 128 ʠ 64 ʫʟʣʦʚ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʩʣʝʜʫʶʱʠʡ ʧʦʜʭʦʜ ʧʦ ʩʚʝʜʝʥʠʶ ʟʘʜʘʯʠ ʧʦʜʙʦʨʘ ʛʠʧʝʨ-

ʧʘʨʘʤʝʪʨʦʚ ʢ ʟʘʜʘʯʝ ʤʥʦʛʦʢʨʠʪʝʨʠʘʣʴʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ. ʅʘʙʦʨ ʛʠʧʝʨʧʘʨʘʤʝʪʨʦʚ ʠʥʪʝʨʧʨʝʪʠʨʫ-

ʝʪʩʷ ʢʘʢ ʚʘʨʴʠʨʫʝʤʳʝ ʧʘʨʘʤʝʪʨʳ ʟʘʜʘʯʠ (1). ʂʨʠʪʝʨʠʷʤʠ ʟʘʜʘʯʠ ʷʚʣʷʶʪʩʷ ʩʨʝʜʥʝʝ ʚʨʝʤʷ ʨʘʙʦ-

ʪʳ ʤʦʜʝʣʠ ʠ ʪʦʯʥʦʩʪʴ ʚʳʚʦʜʘ ʥʘ ʚʘʣʠʜʘʮʠʦʥʥʦʡ ʚʳʙʦʨʢʝ. ʅʘ ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ ʘʣʛʦʨʠʪʤʘ ʛʣʦ-

ʙʘʣʴʥʦʛʦ ʧʦʠʩʢʘ ʧʨʦʠʩʭʦʜʠʪ ʦʙʫʯʝʥʠʝ, ʚʘʣʠʜʘʮʠʷ ʠ ʩʙʦʨ ʟʥʘʯʝʥʠʡ ʢʨʠʪʝʨʠʝʚ ʤʦʜʝʣʠ ʩ ʟʘʜʘʥ-

ʥʳʤʠ ʛʠʧʝʨʧʘʨʘʤʝʪʨʘʤʠ. 

3. ʈʝʟʫʣʴʪʘʪʳ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ɼʣʷ ʜʝʤʦʥʩʪʨʘʮʠʠ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʥʘʩʪʨʦʡʢʠ ʛʠʧʝʨʧʘʨʘʤʝʪʨʦʚ ʙʳʣʘ ʚʳʙʨʘʥʘ ʤʦʜʝʣʴ 

XGBoost, ʧʨʠʤʝʥʷʝʤʘʷ ʜʣʷ ʤʥʦʛʦʢʣʘʩʩʦʚʦʡ ʢʣʘʩʩʠʬʠʢʘʮʠʠ. ɺ ʢʘʯʝʩʪʚʝ ʚʭʦʜʥʳʭ ʜʘʥʥʳʭ ʙʳʣ 

ʠʩʧʦʣʴʟʦʚʘʥ ʥʘʙʦʨ ʜʘʥʥʳʭ PASCAL VOC 2007 [5]. ʆʥ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʥʘʙʦʨ ʠʟʦʙʨʘʞʝʥʠʡ ʩ 20 

ʢʘʪʝʛʦʨʠʷʤʠ ʦʙʲʝʢʪʦʚ. ʂʘʞʜʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʤʦʞʝʪ ʚʢʣʶʯʘʪʴ ʚ ʩʝʙʷ ʦʙʲʝʢʪ ʠʟ ʦʜʥʦʡ ʠ ʙʦʣʝʝ 

ʢʘʪʝʛʦʨʠʡ. ɺ ʢʘʯʝʩʪʚʝ ʚʘʨʴʠʨʫʝʤʳʭ ʛʠʧʝʨʧʘʨʘʤʝʪʨʦʚ ʙʳʣʠ ʚʳʙʨʘʥʳ ʢʦʣʠʯʝʩʪʚʦ ʘʨʙʠʪʨʦʚ (ʦʪ 

20 ʜʦ 300) ʠ ʛʣʫʙʠʥʘ ʢʘʞʜʦʛʦ ʜʝʨʝʚʘ (ʦʪ 3 ʜʦ 10). 

ʊʦʯʥʦʩʪʴ ʨʘʙʦʪʳ ʧʦʩʪʨʦʝʥʥʦʡ ʤʦʜʝʣʠ ʥʘ ʚʳʙʨʘʥʥʦʤ ʥʘʙʦʨʝ ʜʘʥʥʳʭ ʦʧʨʝʜʝʣʷʣʘʩʴ ʧʦ ʬʦʨ-

ʤʫʣʝ ʩʨʝʜʥʝʡ ʪʦʯʥʦʩʪʠ (mean average precision, mAP) 

Íὃὖ В ὃὖ,  (3) 

ʛʜʝ ὔ ï ʯʠʩʣʦ ʢʣʘʩʩʦʚ, ὃὖȟὭɴ ρȟὔ  ï ʧʣʦʱʘʜʴ ʧʦʜ ʢʨʠʚʦʡ çʪʦʯʥʦʩʪʴ-ʧʦʣʥʦʪʘè (Precision-

Recall) ʜʣʷ ʢʣʘʩʩʘ Ὥ. 
ɺʳʯʠʩʣʠʪʝʣʴʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʫʟʣʘʭ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʘ çʃʦʙʘʯʝʚʩʢʠʡè 

ʅʠʞʝʛʦʨʦʜʩʢʦʛʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʩ ʜʚʫʤʷ ʧʨʦʮʝʩʩʦʨʘʤʠ Intel Xeon Silver 4310T 

2.3 GHz, 64 GB RAM. ʀʩʧʦʣʴʟʦʚʘʣʠʩʴ ʙʠʙʣʠʦʪʝʢʠ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ SciKit-Learn 0.24.2, 

PyTorch 2.5.1 ʠ XGBoost 2.1.1. ʇʨʝʜʣʦʞʝʥʥʳʡ ʘʣʛʦʨʠʪʤ ʨʝʘʣʠʟʦʚʘʥ ʥʘ ʷʟʳʢʝ Python ʩ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʝʤ ʬʨʝʡʤʚʦʨʢʘ iOpt [6]. 
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ɺ ʠʩʧʳʪʘʥʠʷʭ ʫʯʘʩʪʚʦʚʘʣʠ ʚʘʨʠʘʮʠʠ ʘʣʛʦʨʠʪʤʘ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʝʪʦʜʦʚ ʤʘʰʠʥʥʦʛʦ 

ʦʙʫʯʝʥʠʷ (MGSA) ʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʚʝʨʦʷʪʥʦʩʪʥʳʭ ʤʦʜʝʣʝʡ (MGSA Linear SVC, 

MGSA Poly SVC, MGSA RBF SVC, MGSA NN). ɼʣʷ ʢʘʞʜʦʛʦ ʟʘʧʫʩʢʘ ʙʳʣʦ ʚʳʩʪʘʚʣʝʥʦ ʦʛʨʘʥʠ-

ʯʝʥʠʝ ʚ 400 ʠʩʧʳʪʘʥʠʡ. 

ʅʘ ʨʠʩʫʥʢʝ 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʨʠʚʳʝ ʤʥʦʞʝʩʪʚʘ ʇʘʨʝʪʦ, ʥʘʡʜʝʥʥʳʝ ʧʨʠ ʨʘʙʦʪʝ ʘʣʛʦʨʠʪʤʘ ʩ 

ʨʘʟʣʠʯʥʳʤʠ ʤʦʜʝʣʷʤʠ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. ʂʨʠʚʘʷ, ʨʘʩʧʦʣʦʞʝʥʥʘʷ ʣʝʚʝʝ ʠ ʚʳʰʝ ʩʦʦʪʚʝʪ-

ʩʪʚʫʝʪ ʣʫʯʰʝʡ ʨʘʙʦʪʝ ʘʣʛʦʨʠʪʤʘ. ʈʠʩʫʥʦʢ 2 ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʟʥʘʯʝʥʠʷ ʧʣʦʱʘʜʝʡ ʧʦʜ ʛʨʘʬʠʢʘʤʠ 

ʠʟ ʨʠʩʫʥʢʘ 1, ʦʛʨʘʥʠʯʝʥʥʳʝ ʩʥʠʟʫ ʟʥʘʯʝʥʠʝʤ ʪʦʯʥʦʩʪʠ ʚ 0.74, ʩʧʨʘʚʘ ʟʥʘʯʝʥʠʝʤ ʚʨʝʤʝʥʠ ʚ 

0.075 ʩʝʢ. ʏʝʤ ʙʦʣʴʰʝ ʟʥʘʯʝʥʠʝ ʧʣʦʱʘʜʠ ʧʦʜ ʛʨʘʬʠʢʦʤ, ʪʝʤ ʣʫʯʰʝ. 

  

ʈʠʩ.1. ɿʥʘʯʝʥʠʷ ʤʥʦʞʝʩʪʚ ʇʘʨʝʪʦ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʟʘʧʫʩʢʦʚ ʘʣʛʦʨʠʪʤʘ MGSA  

 

ʈʠʩ.2. ʉʨʘʚʥʝʥʠʝ ʟʥʘʯʝʥʠʡ ʧʣʦʱʘʜʝʡ ʧʦʜ ʛʨʘʬʠʢʘʤʠ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʟʘʧʫʩʢʦʚ ʘʣʛʦʨʠʪʤʘ MGSA 

ɺ ʩʨʝʜʥʝʤ ʧʨʘʢʪʠʯʝʩʢʠ ʥʘ ʚʩʝʡ ʦʙʣʘʩʪʠ ʢʨʠʪʝʨʠʝʚ ʚʘʨʠʘʮʠʠ ʘʣʛʦʨʠʪʤʘ MGSA ʩ ʠʩʧʦʣʴʟʦ-

ʚʘʥʠʝʤ ʤʦʜʝʣʝʡ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʧʨʝʜʣʘʛʘʶʪ ʙʦʣʝʝ ʦʧʪʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʢʨʠʪʝʨʠʝʚ. ʉʦ-



 

57 

ʛʣʘʩʥʦ ʛʨʘʬʠʢʘʤ ʠ ʟʥʘʯʝʥʠʷʤ ʧʣʦʱʘʜʝʡ ʧʦʜ ʥʠʤʠ, ʥʘʠʙʦʣʝʝ ʦʧʪʠʤʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʙʳʣʠ ʧʦ-

ʣʫʯʝʥʳ ʧʨʠ ʨʘʙʦʪʝ ʘʣʛʦʨʠʪʤʘ ʩ ʤʦʜʝʣʴʶ SVC, ʠʩʧʦʣʴʟʫʶʱʝʡ ʷʜʨʦ RBF. ɹʣʠʟʢʠʝ ʨʝʟʫʣʴʪʘʪʳ 

ʪʘʢʞʝ ʧʦʢʘʟʘʣʘ ʤʦʜʝʣʴ SVC ʩ ʷʜʨʦʤ Poly SVC. 

ʉʣʝʜʫʝʪ ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʘʣʛʦʨʠʪʤ MGSA ʧʦʟʚʦʣʷʝʪ ʜʣʷ ʢʘʞʜʦʡ ʪʦʯʢʠ ʠʟ ʤʥʦʞʝʩʪʚʘ 

ʢʨʠʪʝʨʠʝʚ ʧʨʝʜʣʦʞʠʪʴ ʦʧʨʝʜʝʣʸʥʥʳʡ ʥʘʙʦʨ ʛʠʧʝʨʧʘʨʘʤʝʪʨʦʚ, ʧʨʠ ʢʦʪʦʨʳʭ ʜʘʥʥʳʭ ʟʥʘʯʝʥʠʡ 

ʢʨʠʪʝʨʠʝʚ ʤʦʞʥʦ ʙʫʜʝʪ ʜʦʩʪʠʯʴ. ʇʨʠʤʝʨ ʧʦʜʦʙʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ ʘʣʛʦʨʠʪʤʘ MGSA ʩ ʤʦʜʝ-

ʣʴʶ SVC (ʷʜʨʦ RBF) ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʪʘʙʣʠʮʝ 1. 

ʊʘʙʣʠʮʘ. 1. ɿʥʘʯʝʥʠʷ ʛʠʧʝʨʧʘʨʘʤʝʪʨʦʚ ʜʣʷ ʤʦʜʝʣʠ XGBoost ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʤ ʟʥʘʯʝʥʠʷ ʢʨʠʪʝʨʠʝʚ 

ʂʦʣʠʯʝʩʪʚʦ  

ʘʨʙʠʪʨʦʚ 

ɻʣʫʙʠʥʘ ʜʝʨʝʚʴʝʚ ɺʨʝʤʷ ʨʘʙʦʪʳ ʊʦʯʥʦʩʪʴ (mAP) 

20 2 0.043 0.699 

48 4 0.043 0.770 

96 3 0.044 0.783 

101 4 0.046 0.792 

189 3 0.048 0.799 

229 4 0.052 0.800 

245 3 0.056 0.801 

249 5 0.057 0.804 

296 4 0.062 0.805 

278 5 0.074 0.805 

282 6 0.084 0.806 

282 7 0.089 0.807 

 

ʊʘʙʣʠʮʘ ʟʥʘʯʝʥʠʡ ʧʦʜʪʚʝʨʞʜʘʝʪ ʫʪʚʝʨʞʜʝʥʠʝ ʦ ʪʦʤ, ʯʪʦ ʧʨʠ ʚʳʙʨʘʥʥʳʭ ʛʠʧʝʨʧʘʨʘʤʝʪʨʘʭ 

ʚʨʝʤʷ ʨʘʙʦʪʳ ʠ ʪʦʯʥʦʩʪʴ ʷʚʣʷʶʪʩʷ ʢʦʥʬʣʠʢʪʫʶʱʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ: ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʟʥʘʯʝʥʠʡ 

ʧʘʨʘʤʝʪʨʦʚ (ʠ ʫʩʣʦʞʥʝʥʠʠ ʤʦʜʝʣʠ) ʨʘʩʪʫʪ ʢʘʢ ʚʨʝʤʷ ʨʘʙʦʪʳ, ʪʘʢ ʠ ʪʦʯʥʦʩʪʴ. ʄʦʞʥʦ ʜʦʧʦʣʥʠ-

ʪʝʣʴʥʦ ʦʪʤʝʪʠʪʴ ʧʦʨʦʛ ʪʦʯʥʦʩʪʠ ʚ 0.804, ʧʨʠ ʢʦʪʦʨʦʤ ʜʘʣʴʥʝʡʰʝʝ ʫʚʝʣʠʯʝʥʠʝ ʩʣʦʞʥʦʩʪʠ ʤʦʜʝ-

ʣʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʜʘʸʪ ʵʬʬʝʢʪʘ ʧʦ ʪʦʯʥʦʩʪʠ, ʦʜʥʘʢʦ ʩʫʱʝʩʪʚʝʥʥʦ ʫʚʝʣʠʯʠʚʘʝʪ ʚʨʝʤʷ ʝʸ ʨʘʙʦ-

ʪʳ. ɸʥʘʣʦʛʠʯʥʦ, ʫʧʨʦʱʝʥʠʝ ʤʦʜʝʣʠ ʩʦ ʚʨʝʤʝʥʝʤ ʨʘʙʦʪʳ 0.048 ʩʝʢʫʥʜ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦ-

ʤʫ ʩʥʠʞʝʥʠʶ ʪʦʯʥʦʩʪʠ ʧʨʠ ʤʠʥʠʤʘʣʴʥʦʤ ʫʚʝʣʠʯʝʥʠʠ ʩʢʦʨʦʩʪʠ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʟʘʜʘʯʘ ʥʘʩʪʨʦʡʢʠ ʛʠʧʝʨʧʘʨʘʤʝʪʨʦʚ ʤʦʜʝʣʠ ʤʘ-

ʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʫʩʧʝʰʥʦ ʩʚʝʜʝʥʘ ʢ ʟʘʜʘʯʝ ʤʥʦʛʦʢʨʠʪʝʨʠʘʣʴʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ. 

ɸʣʛʦʨʠʪʤ MGSA ʧʦʟʚʦʣʷʝʪ ʥʘʡʪʠ ʨʘʟʣʠʯʥʳʝ ʥʘʙʦʨʳ ʛʠʧʝʨʧʘʨʘʤʝʪʨʦʚ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʪʦ-

ʨʳʭ ʙʫʜʫʪ ʤʝʥʷʪʴʩʷ ʪʦʯʥʦʩʪʴ ʠ ʩʢʦʨʦʩʪʴ ʨʘʙʦʪʳ ʤʦʜʝʣʠ. ʉʣʝʜʫʝʪ ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦʜʭʦʜʳ 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʧʦʟʚʦʣʷʶʪ ʧʦʣʫʯʠʪʴ ʙʦʣʝʝ ʦʧʪʠʤʘʣʴʥʳʝ ʨʝ-

ʟʫʣʴʪʘʪʳ ʚʳʯʠʩʣʝʥʠʡ ʟʘ ʦʜʥʦ ʠ ʪʦ ʞʝ ʢʦʣʠʯʝʩʪʚʦ ʠʪʝʨʘʮʠʡ. ɺ ʜʘʣʴʥʝʡʰʝʤ ʧʣʘʥʠʨʫʝʪʩʷ ʧʨʦ-

ʜʦʣʞʠʪʴ ʨʘʙʦʪʳ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʧʨʠʤʝʥʝʥʠʷ ʘʣʛʦʨʠʪʤʘ MGSA ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʤʦʜʝʣʝʡ ʤʘ-

ʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ, ʘ ʪʘʢʞʝ ʩʨʘʚʥʠʪʴ ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩ ʜʨʫʛʠʤʠ ʘʣʛʦʨʠʪʤʘʤʠ ʤʥʦʛʦ-

ʢʨʠʪʝʨʠʘʣʴʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ (Optuna, NSGAII [7, 8]). 
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ʀʊɽʈɸʊʀɺʅʆɽ ʋʊʆʏʅɽʅʀɽ ʇʈʀɿʅɸʂʆɺ ɺ ʉɺɽʈʊʆʏʅʓʍ 

ʅɽʁʈʆʅʅʓʍ ʉɽʊʗʍ ʉ ʇʆʄʆʑʔʖ ʈɽʂʋʈʈɽʅʊʅʓʍ ɹʃʆʂʆɺ1* 

ʈ.ɸ. ʂʦʥʦʥʦʚ1,2, ʆ.ɺ. ʄʘʩʣʝʥʥʠʢʦʚ1,2, ɺ.ʀ. ʅʝʢʦʨʢʠʥ1,2 

 

1ʀʥʩʪʠʪʫʪ ʧʨʠʢʣʘʜʥʦʡ ʬʠʟʠʢʠ ʠʤ. ɸ.ɺ. ɻʘʧʦʥʦʚʘ-ɻʨʝʭʦʚʘ ʈɸʅ, 
2ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ. ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ 

 ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʝʪʩʷ ʘʨʭʠʪʝʢʪʫʨʘ ʩʚʝʨʪʦʯʥʳʭ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ ʩ ʘʜʘʧʪʠʚʥʦʡ ʚʳ-

ʯʠʩʣʠʪʝʣʴʥʦʡ ʩʣʦʞʥʦʩʪʴʶ ʜʣʷ ʟʘʜʘʯ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʠʟʦʙʨʘʞʝʥʠʡ. ʄʳ ʚʚʦʜʠʤ ʨʝ-

ʢʫʨʨʝʥʪʥʳʡ ʙʣʦʢ, ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ ʠʪʝʨʘʪʠʚʥʦ ʫʪʦʯʥʷʪʴ ʚʥʫʪʨʝʥʥʝʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ 

ʜʘʥʥʳʭ. ʕʪʦ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʜʠʥʘʤʠʯʝʩʢʠ ʫʧʨʘʚʣʷʪʴ ʢʦʤʧʨʦʤʠʩʩʦʤ ʤʝʞʜʫ ʪʦʯʥʦ-

ʩʪʴʶ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤʠ ʟʘʪʨʘʪʘʤʠ, ʚʘʨʴʠʨʫʷ ʯʠʩʣʦ ʠʪʝʨʘʮʠʡ. ʇʨʦ-

ʘʥʘʣʠʟʠʨʦʚʘʥʳ ʜʚʘ ʚʘʨʠʘʥʪʘ ʘʨʭʠʪʝʢʪʫʨʳ: ʨʝʢʫʨʨʝʥʪʥʘʷ ʩʚʝʨʪʢʘ ʚ ʥʘʯʘʣʝ ʩʝʪʠ, ʢʦʪʦ-

ʨʘʷ ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʠʯʴ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʧʨʠʨʦʩʪʘ ʪʦʯʥʦʩʪʠ ʮʝʥʦʡ ʫʚʝʣʠʯʝʥʠʷ ʚʳʯʠʩʣʝ-

ʥʠʡ ʠ ʨʝʢʫʨʨʝʥʪʥʳʡ ʢʣʘʩʩʠʬʠʢʘʪʦʨ, ʢʦʪʦʨʳʡ ʜʝʡʩʪʚʫʝʪ ʢʘʢ ʵʬʬʝʢʪʠʚʥʳʡ ʨʝʛʫʣʷʨʠ-

ʟʘʪʦʨ, ʫʣʫʯʰʘʷ ʪʦʯʥʦʩʪʴ ʙʘʟʦʚʦʡ ʤʦʜʝʣʠ ʧʨʷʤʦʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʜʘʞʝ ʧʨʠ ʚʳʧʦʣ-

ʥʝʥʠʠ ʚʩʝʛʦ ʦʜʥʦʡ ʠʪʝʨʘʮʠʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʚʝʨʪʦʯʥʳʝ ʥʝʡʨʦʥʥʳʝ ʩʝʪʠ, ʘʜʘʧʪʠʚʥʳʝ ʚʳʯʠʩʣʝʥʠʷ, ʨʝʢʫʨʨʝʥʪʥʳʝ 

ʙʣʦʢʠ, ʢʦʤʧʨʦʤʠʩʩ ʪʦʯʥʦʩʪʴ-ʩʢʦʨʦʩʪʴ, ʜʠʥʘʤʠʯʝʩʢʘʷ ʘʨʭʠʪʝʢʪʫʨʘ, ʢʣʘʩʩʠʬʠʢʘʮʠʷ 

ʠʟʦʙʨʘʞʝʥʠʡ, ʨʝʛʫʣʷʨʠʟʘʮʠʷ 

 

1. ɺʚʝʜʝʥʠʝ 

ʉʪʘʥʜʘʨʪʥʳʝ ʩʚʝʨʪʦʯʥʳʝ ʥʝʡʨʦʥʥʳʝ ʩʝʪʠ (CNN) ʦʙʣʘʜʘʶʪ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʚʳʯʠʩʣʠʪʝʣʴ-

ʥʦʡ ʩʣʦʞʥʦʩʪʴʶ: ʜʣʷ ʣʶʙʦʛʦ ʚʭʦʜʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ ʚʳʧʦʣʥʷʝʪʩʷ ʦʜʥʦ ʠ ʪʦ ʞʝ ʢʦʣʠʯʝʩʪʚʦ ʦʧʝ-

ʨʘʮʠʡ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʥʝʵʬʬʝʢʪʠʚʝʥ, ʧʦʩʢʦʣʴʢʫ ʧʨʦʩʪʳʝ ʠ ʦʯʝʚʠʜʥʳʝ ʠʟʦʙʨʘʞʝʥʠʷ ʪʨʝʙʫʶʪ 

ʤʝʥʴʰʝ ʦʙʨʘʙʦʪʢʠ, ʯʝʤ ʩʣʦʞʥʳʝ ʠʣʠ ʟʘʰʫʤʣʝʥʥʳʝ. ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʘʢʪʠʚʥʦ ʨʘʟʚʠʚʘʝʪʩʷ 

ʥʘʧʨʘʚʣʝʥʠʝ ʩʝʪʝʡ ʩ ʘʜʘʧʪʠʚʥʳʤʠ ʚʳʯʠʩʣʝʥʠʷʤʠ, ʩʧʦʩʦʙʥʳʭ ʜʠʥʘʤʠʯʝʩʢʠ ʠʟʤʝʥʷʪʴ ʦʙʲʝʤ ʚʳ-

ʯʠʩʣʝʥʠʡ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʣʦʞʥʦʩʪʠ ʚʭʦʜʥʳʭ ʜʘʥʥʳʭ ʠʣʠ ʪʨʝʙʫʝʤʦʡ ʪʦʯʥʦʩʪʠ [1, 2]. ʆʜʥʠʤ 

ʠʟ ʨʘʥʥʠʭ ʧʦʜʭʦʜʦʚ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʩʪʘʣʠ ʩʝʪʠ ʩ çʨʘʥʥʠʤ ʚʳʭʦʜʦʤè (early exiting), ʢʦʪʦʨʳʝ ʜʦ-

ʙʘʚʣʷʶʪ ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʢʣʘʩʩʠʬʠʢʘʪʦʨʳ ʥʘ ʨʘʟʥʳʭ ʫʨʦʚʥʷʭ ʛʣʫʙʠʥʳ ʩʝʪʠ, ʧʦʟʚʦʣʷʷ ʧʦʣʫʯʠʪʴ 

ʙʳʩʪʨʳʡ ʦʪʚʝʪ ʜʣʷ ʧʨʦʩʪʳʭ ʩʣʫʯʘʝʚ [3]. 

ɹʦʣʝʝ ʵʣʝʛʘʥʪʥʳʤ ʩʧʦʩʦʙʦʤ ʨʝʘʣʠʟʘʮʠʠ ʘʜʘʧʪʠʚʥʳʭ ʚʳʯʠʩʣʝʥʠʡ ʷʚʣʷʝʪʩʷ ʚʚʝʜʝʥʠʝ ʨʝʢʫʨ-

ʨʝʥʪʥʦʩʪʠ ʚ ʘʨʭʠʪʝʢʪʫʨʫ ʧʨʷʤʦʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ. ɺʤʝʩʪʦ ʫʚʝʣʠʯʝʥʠʷ ʛʣʫʙʠʥʳ ʩʝʪʠ ʟʘ ʩʯʝʪ 

ʜʦʙʘʚʣʝʥʠʷ ʥʦʚʳʭ ʩʣʦʝʚ, ʤʦʞʥʦ ʤʥʦʛʦʢʨʘʪʥʦ ʧʨʠʤʝʥʷʪʴ ʦʜʠʥ ʠ ʪʦʪ ʞʝ ʙʣʦʢ, ʠʪʝʨʘʪʠʚʥʦ ʫʪʦʯ-

ʥʷʷ ʢʘʨʪʫ ʧʨʠʟʥʘʢʦʚ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʥʝ ʪʦʣʴʢʦ ʧʦʟʚʦʣʷʝʪ ʵʬʬʝʢʪʠʚʥʦ ʧʝʨʝʠʩʧʦʣʴʟʦʚʘʪʴ ʧʘʨʘ-

ʤʝʪʨʳ, ʥʦ ʠ ʠʤʝʝʪ ʙʠʦʣʦʛʠʯʝʩʢʠʝ ʘʥʘʣʦʛʠ: ʟʨʠʪʝʣʴʥʘʷ ʢʦʨʘ ʛʦʣʦʚʥʦʛʦ ʤʦʟʛʘ ʪʘʢʞʝ ʩʦʜʝʨʞʠʪ 

ʤʥʦʛʦʯʠʩʣʝʥʥʳʝ ʨʝʢʫʨʨʝʥʪʥʳʝ ʩʚʷʟʠ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʚʠʟʫʘʣʴʥʦʡ ʠʥʬʦʨʤʘʮʠʠ [4]. ʀʜʝʠ ʠʪʝʨʘ-

ʪʠʚʥʦʛʦ ʫʪʦʯʥʝʥʠʷ ʩ ʧʦʤʦʱʴʶ ʨʝʢʫʨʨʝʥʪʥʳʭ ʩʚʝʨʪʦʯʥʳʭ ʩʣʦʝʚ ʙʳʣʠ ʫʩʧʝʰʥʦ ʧʨʠʤʝʥʝʥʳ ʜʣʷ 

ʟʘʜʘʯ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʦʙʲʝʢʪʦʚ ʨʘʥʝʝ [5]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʳ ʠʩʩʣʝʜʫʝʤ ʧʨʦʩʪʫʶ, ʥʦ ʵʬʬʝʢʪʠʚʥʫʶ ʨʝʘʣʠʟʘʮʠʶ ʵʪʦʡ ʠʜʝʠ ʥʘ ʦʩʥʦʚʝ 

ʨʝʢʫʨʨʝʥʪʥʦʛʦ ʙʣʦʢʘ ʩ ʦʩʪʘʪʦʯʥʦʡ ʩʚʷʟʴʶ (residual connection). ʄʳ ʨʘʩʩʤʘʪʨʠʚʘʝʤ ʜʚʝ ʘʨʭʠʪʝʢ-

ʪʫʨʳ: ʩ ʨʝʢʫʨʨʝʥʪʥʦʩʪʴʶ ʥʘ ʫʨʦʚʥʝ ʥʠʟʢʦʫʨʦʚʥʝʚʳʭ ʧʨʠʟʥʘʢʦʚ (ʩʚʝʨʪʦʯʥʳʡ ʩʣʦʡ) ʠ ʥʘ ʫʨʦʚʥʝ 

ʚʳʩʦʢʦʫʨʦʚʥʝʚʳʭ ʧʨʠʟʥʘʢʦʚ (ʧʦʣʥʦʩʚʷʟʥʳʡ ʩʣʦʡ ʢʣʘʩʩʠʬʠʢʘʪʦʨʘ). ʅʘʰʘ ʮʝʣʴ ï ʧʨʦʜʝʤʦʥ-

ʩʪʨʠʨʦʚʘʪʴ, ʢʘʢ ʯʠʩʣʦ ʨʝʢʫʨʨʝʥʪʥʳʭ ʠʪʝʨʘʮʠʡ ʥʘʧʨʷʤʫʶ ʚʣʠʷʝʪ ʥʘ ʢʦʤʧʨʦʤʠʩʩ ʤʝʞʜʫ ʪʦʯʥʦ-

ʩʪʴʶ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤʠ ʟʘʪʨʘʪʘʤʠ, ʘ ʪʘʢʞʝ ʠʩʩʣʝʜʦʚʘʪʴ ʨʝʛʫʣʷʨʠʟʫʶʱʠʡ ʵʬʬʝʢʪ, ʢʦʪʦʨʳʡ 

ʪʘʢʦʡ ʤʝʪʦʜ ʦʙʫʯʝʥʠʷ ʦʢʘʟʳʚʘʝʪ ʥʘ ʤʦʜʝʣʴ. 

                                                      
1* ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ˉ 23-72-10088. 
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2. ʄʦʜʝʣʴ 

ɼʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʠʟʦʙʨʘʞʝʥʠʡ ʠʟ ʥʘʙʦʨʘ ʜʘʥʥʳʭ CIFAR-10 ʤʳ ʠʩʧʦʣʴ-

ʟʦʚʘʣʠ ʙʘʟʦʚʫʶ ʩʚʝʨʪʦʯʥʫʶ ʘʨʭʠʪʝʢʪʫʨʫ, ʚ ʢʦʪʦʨʫʶ ʚʥʦʩʠʣʠ ʨʝʢʫʨʨʝʥʪʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ. ʅʠ-

ʞʝ ʦʧʠʩʘʥʳ ʘʨʭʠʪʝʢʪʫʨʘ, ʫʩʪʨʦʡʩʪʚʦ ʨʝʢʫʨʨʝʥʪʥʦʛʦ ʙʣʦʢʘ ʠ ʧʨʦʮʝʜʫʨʘ ʦʙʫʯʝʥʠʷ. 

2.1 ɹʘʟʦʚʘʷ ʘʨʭʠʪʝʢʪʫʨʘ 

ʆʩʥʦʚʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʝʪʴ ʧʨʷʤʦʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ, ʩʦʩʪʦʷʱʫʶ ʠʟ ʩʣʝʜʫʶʱʠʭ ʙʣʦ-

ʢʦʚ (ʩʤ. ʨʠʩ. 1): 

ʉʚʝʨʪʦʯʥʳʡ ʙʣʦʢ 1: ɺʭʦʜʥʘʷ ʩʚʝʨʪʢʘ (3 ʢʘʥʘʣʘ -> 96 ʢʘʥʘʣʦʚ), ReLU. 

ʉʚʝʨʪʦʯʥʳʡ ʙʣʦʢ 2: ʉʚʝʨʪʢʘ (96 ʢʘʥʘʣʦʚ -> 96 ʢʘʥʘʣʦʚ), ReLU. 

ʉʚʝʨʪʦʯʥʳʡ ʙʣʦʢ 3 ʠ 4: ɼʚʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʩʚʝʨʪʦʯʥʳʭ ʩʣʦʷ ʩ ʫʚʝʣʠʯʝʥʥʳʤ ʰʘʛʦʤ 

(stride) ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʨʘʟʤʝʨʥʦʩʪʠ ʢʘʨʪʳ ʧʨʠʟʥʘʢʦʚ. ʇʦʩʣʝ ʢʘʞʜʦʛʦ ʩʣʦʷ 

ʩʣʝʜʫʝʪ ʥʦʨʤʘʣʠʟʘʮʠʷ ʧʦ ʧʘʯʢʝ ʠ ʬʫʥʢʮʠʷ ʘʢʪʠʚʘʮʠʠ ReLU. ʕʪʠ ʩʣʦʠ ʪʘʢʞʝ ʫʤʝʥʴʰʘʶʪ ʯʠʩʣʦ 

ʢʘʨʪ ʧʨʠʟʥʘʢʦʚ ʩ 96 ʜʦ 32. 

ʂʣʘʩʩʠʬʠʢʘʪʦʨ: ʊʨʝʭʩʣʦʡʥʳʡ ʧʦʣʥʦʩʚʷʟʥʳʡ ʧʝʨʮʝʧʪʨʦʥ (MLP), ʧʨʠʥʠʤʘʶʱʠʡ ʥʘ ʚʭʦʜ 

ʩʞʘʪʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʧʨʠʟʥʘʢʦʚ ʠ ʚʳʜʘʶʱʠʡ ʣʦʛʠʪʳ ʜʣʷ 10 ʢʣʘʩʩʦʚ. 

ɺ ʥʘʰʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʤʳ ʧʦʦʯʝʨʝʜʥʦ ʧʨʝʦʙʨʘʟʦʚʳʚʘʣʠ ʚ ʨʝʢʫʨʨʝʥʪʥʳʡ ʣʠʙʦ ʩʚʝʨʪʦʯ-

ʥʳʡ ʙʣʦʢ 2, ʣʠʙʦ ʧʝʨʚʳʡ ʧʦʣʥʦʩʚʷʟʥʳʡ ʩʣʦʡ ʢʣʘʩʩʠʬʠʢʘʪʦʨʘ. ʅʘ ʨʠʩʫʥʢʝ 2 ʵʪʠ ʙʣʦʢʠ ʦʙʦʟʥʘ-

ʯʝʥʳ ʧʫʥʢʪʠʨʥʦʡ ʩʪʨʝʣʢʦʡ. ʊʘʢʞʝ ʜʣʷ ʵʪʠ ʙʣʦʢʠ ʩʥʘʙʞʝʥʳ ʦʙʭʦʜʥʦʡ ʩʚʷʟʴʶ, ʵʪʦ ʥʝʦʙʭʦʜʠʤʦ 

ʜʣʷ ʙʦʣʝʝ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʚ ʨʝʢʫʨʨʝʥʪʥʦʤ ʨʝʞʠʤʝ. 

 

 

ʈʠʩ. 1. ʉʭʝʤʘ ʘʨʭʠʪʝʢʪʫʨʳ, ʢʦʪʦʨʘʷ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚ ʨʘʙʦʪʝ. ʌʠʦʣʝʪʦʚʳʤʠ ʩʪʨʝʣʢʘʤʠ ʦʙʦʟʥʘʯʝʥʦ  

ʧʨʠʤʝʥʝʥʠʝ ʬʫʥʢʮʠʠ ʘʢʪʠʚʘʮʠʠ ReLU 

2.2. ʈʝʢʫʨʨʝʥʪʥʳʡ ʙʣʦʢ 

ʇʨʝʦʙʨʘʟʦʚʘʥʠʝ ʩʪʘʥʜʘʨʪʥʦʛʦ ʙʣʦʢʘ ʚ ʨʝʢʫʨʨʝʥʪʥʳʡ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʝʛʦ ʠʪʝʨʘʪʠʚʥʦʤ ʧʨʠ-

ʤʝʥʝʥʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʩʪʘʪʦʯʥʦʡ ʩʚʷʟʠ. ʇʫʩʪʴ Ὂὼ ï ʵʪʦ ʦʧʝʨʘʮʠʷ, ʚʳʧʦʣʥʷʝʤʘʷ ʙʣʦʢʦʤ 
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(ʥʘʧʨʠʤʝʨ, ʩʚʝʨʪʢʘ + ReLU). ʊʦʛʜʘ ʩʦʩʪʦʷʥʠʝ ώ ʥʘ ʚʨʝʤʝʥʥʦʤ ʰʘʛʝ t+1 ʚʳʯʠʩʣʷʝʪʩʷ ʥʘ ʦʩʥʦʚʝ 
ʩʦʩʪʦʷʥʠʷ ʥʘ ʰʘʛʝ t ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

ώ Ὂώ   ώ 

ʛʜʝ ώ ὼ ï ʵʪʦ ʚʝʢʪʦʨ ʧʨʠʟʥʘʢʦʚ, ʧʦʜʘʥʥʳʡ ʥʘ ʚʭʦʜ ʨʝʢʫʨʨʝʥʪʥʦʛʦ ʙʣʦʢʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʙʣʦʢ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʜʠʩʢʨʝʪʥʫʶ ʜʠʥʘʤʠʯʝʩʢʫʶ ʩʠʩʪʝʤʫ. ʅʘ ʢʘʞʜʦʤ ʰʘʛʝ t ʠʪʝʨʘʮʠʠ ʤʳ 

ʤʦʞʝʤ ʧʦʣʫʯʠʪʴ ʧʨʦʤʝʞʫʪʦʯʥʳʡ ʨʝʟʫʣʴʪʘʪ ώ ʠ ʧʝʨʝʜʘʪʴ ʝʛʦ ʜʘʣʴʰʝ ʧʦ ʩʝʪʠ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʦʪ-

ʚʝʪʘ.  

2.3. ʇʨʦʮʝʜʫʨʘ ʦʙʫʯʝʥʠʷ 

ʆʙʫʯʝʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʧʘʯʢʘʭ ʨʘʟʤʝʨʦʤ 200 ʠʟʦʙʨʘʞʝʥʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʧʪʠʤʠʟʘ-

ʪʦʨʘ RMSProp. ɺ ʧʨʦʮʝʩʩʝ ʦʙʫʯʝʥʠʷ ʨʝʢʫʨʨʝʥʪʥʳʡ ʙʣʦʢ ʨʘʟʚʦʨʘʯʠʚʘʣʩʷ ʥʘ T=13 ʠʪʝʨʘʮʠʡ. ɼʣʷ 

ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ ὸɴ ρȟὝ ʚʳʯʠʩʣʷʣʩʷ ʚʳʭʦʜ ʩʝʪʠ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʝʤʫ ʬʫʥʢʮʠʷ ʧʦʪʝʨʴ 

(ʢʨʦʩʩ-ʵʥʪʨʦʧʠʷ). ʀʪʦʛʦʚʘʷ ʬʫʥʢʮʠʷ ʧʦʪʝʨʴ, ʢʦʪʦʨʘʷ ʤʠʥʠʤʠʟʠʨʦʚʘʣʘʩʴ, ʧʨʝʜʩʪʘʚʣʷʣʘ ʩʦʙʦʡ 

ʩʫʤʤʫ ʣʦʛʘʨʠʬʤʦʚ ʦʪ ʬʫʥʢʮʠʡ ʧʦʪʝʨʴ ʧʦ ʚʩʝʤ ʠʪʝʨʘʮʠʷʤ: 

ὒ  ὰὲὒέίίὕόὸὴόὸώ ȟὝὥὶὫὩὸ 

ʊʘʢʦʡ ʧʦʜʭʦʜ ʩʪʠʤʫʣʠʨʫʝʪ ʩʝʪʴ ʚʳʜʘʚʘʪʴ ʢʦʨʨʝʢʪʥʳʡ ʨʝʟʫʣʴʪʘʪ ʢʘʢ ʤʦʞʥʦ ʨʘʥʴʰʝ, ʥʦ ʧʨʠ 

ʵʪʦʤ ʧʦʟʚʦʣʷʝʪ ʝʡ ʫʪʦʯʥʷʪʴ ʝʛʦ ʥʘ ʧʦʩʣʝʜʫʶʱʠʭ ʠʪʝʨʘʮʠʷʭ. ʆʙʫʯʝʥʠʝ ʦʩʪʘʥʘʚʣʠʚʘʣʦʩʴ ʧʨʠ 

ʥʘʯʘʣʝ ʨʦʩʪʘ ʦʰʠʙʢʠ ʥʘ ʚʘʣʠʜʘʮʠʦʥʥʦʡ ʚʳʙʦʨʢʝ ʜʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʧʝʨʝʦʙʫʯʝʥʠʷ. 

3. ʈʝʟʫʣʴʪʘʪʳ 

ʅʘ ʨʠʩʫʥʢʝ 2 ʧʦʢʘʟʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʦʰʠʙʢʠ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʥʘ ʚʘʣʠʜʘʮʠʦʥʥʦʡ ʚʳʙʦʨʢʝ ʦʪ 

ʯʠʩʣʘ ʦʧʝʨʘʮʠʡ ʩ ʧʣʘʚʘʶʱʝʡ ʟʘʧʷʪʦʡ (FLOPs), ʥʝʦʙʭʦʜʠʤʳʭ ʥʘ ʧʨʦʭʦʜ ʧʦ ʤʦʜʝʣʠ ʜʣʷ: ʙʘʟʦʚʦʡ 

ʩʝʪʠ ʧʨʷʤʦʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ, ʩʝʪʠ ʩ ʨʝʢʫʨʨʝʥʪʥʦʡ ʩʚʝʨʪʢʦʡ ʠ ʩʝʪʠ ʩ ʨʝʢʫʨʨʝʥʪʥʳʤ ʢʣʘʩʩʠ-

ʬʠʢʘʪʦʨʦʤ. ʂʘʞʜʘʷ ʪʦʯʢʘ ʥʘ ʪʨʘʝʢʪʦʨʠʷʭ ʨʝʢʫʨʨʝʥʪʥʳʭ ʤʦʜʝʣʝʡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʜʥʦʡ ʜʦʧʦʣʥʠ-

ʪʝʣʴʥʦʡ ʠʪʝʨʘʮʠʠ ʦʙʨʘʙʦʪʢʠ. ʅʘ ʨʠʩʫʥʢʝ 2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʥʘʯʝʥʠʷ ʬʫʥʢʮʠʠ ʦʰʠʙʢʠ ʜʣʷ ʯʘʩʪ-

ʥʳʭ, ʥʦ ʪʠʧʠʯʥʳʭ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʠʟ ʦʙʫʯʝʥʥʳʭ ʥʘʤʠ ʘʥʩʘʤʙʣʝʡ. 

 

 

ʈʠʩ. 2. ʌʫʥʢʮʠʷ ʦʰʠʙʢʠ ʨʘʩʩʯʠʪʘʥʥʘʷ ʥʘ ʚʘʣʠʜʘʮʠʦʥʥʦʡ ʚʳʙʦʨʢʝ ʫ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʚ ʨʘʙʦʪʝ ʩʝʪʝʡ. ʅʘ 

ʦʩʠ ʘʙʩʮʠʩʩ ʦʪʣʦʞʝʥʦ ʢʦʣ-ʚʦ ʦʧʝʨʘʮʠʡ ʩ ʧʣʘʚʘʶʱʝʡ ʟʘʧʷʪʦʡ ʚ ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʤ ʤʘʩʰʪʘʙʝ 
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3.1. ʉʝʪʴ ʩ ʨʝʢʫʨʨʝʥʪʥʦʡ ʩʚʝʨʪʢʦʡ  

ʕʪʘ ʤʦʜʝʣʴ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʥʘʠʙʦʣʴʰʠʡ ʧʦʪʝʥʮʠʘʣ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ. 
 

ʂʦʤʧʨʦʤʠʩʩ: ʅʘ ʧʝʨʚʦʡ ʠʪʝʨʘʮʠʠ (ʯʪʦ ʵʢʚʠʚʘʣʝʥʪʥʦ ʦʜʥʦʤʫ ʧʨʦʭʦʜʫ) ʝʝ ʪʦʯʥʦʩʪʴ ʫʩʪʫʧʘ-

ʝʪ ʙʘʟʦʚʦʡ ʤʦʜʝʣʠ. ʆʜʥʘʢʦ ʩ ʢʘʞʜʦʡ ʧʦʩʣʝʜʫʶʱʝʡ ʠʪʝʨʘʮʠʝʡ ʦʰʠʙʢʘ ʤʦʥʦʪʦʥʥʦ ʩʥʠʞʘʝʪʩʷ, ʠ 

ʥʘ 3-5 ʠʪʝʨʘʮʠʷʭ ʤʦʜʝʣʴ ʧʨʝʚʦʩʭʦʜʠʪ ʙʘʟʦʚʫʶ, ʚ ʠʪʦʛʝ ʜʦʩʪʠʛʘʷ ʥʘʠʤʝʥʴʰʝʡ ʦʰʠʙʢʠ ʩʨʝʜʠ 

ʚʩʝʭ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʘʨʭʠʪʝʢʪʫʨ. 
 

ɺʳʩʦʢʘʷ ʮʝʥʘ: ʕʪʦʪ ʧʨʠʨʦʩʪ ʪʦʯʥʦʩʪʠ ʪʨʝʙʫʝʪ ʟʥʘʯʠʪʝʣʴʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ. 

ʏʪʦʙʳ ʜʦʩʪʠʯʴ ʪʦʯʥʦʩʪʠ, ʩʦʧʦʩʪʘʚʠʤʦʡ ʩ ʙʘʟʦʚʦʡ ʤʦʜʝʣʴʶ, ʪʨʝʙʫʝʪʩʷ ʧʨʠʤʝʨʥʦ ʚʪʨʦʝ ʙʦʣʴʰʝ 

FLOPs. ʕʪʦ ʜʝʣʘʝʪ ʜʘʥʥʳʡ ʧʦʜʭʦʜ ʵʬʬʝʢʪʠʚʥʳʤ ʚ ʩʮʝʥʘʨʠʷʭ, ʛʜʝ ʤʘʢʩʠʤʘʣʴʥʘʷ ʪʦʯʥʦʩʪʴ ʚʘʞ-

ʥʝʝ ʩʢʦʨʦʩʪʠ. 

3.2. ʉʝʪʴ ʩ ʨʝʢʫʨʨʝʥʪʥʳʤ ʢʣʘʩʩʠʬʠʢʘʪʦʨʦʤ 

ʕʪʘ ʤʦʜʝʣʴ ʧʦʢʘʟʳʚʘʝʪ ʠʥʦʝ ʧʦʚʝʜʝʥʠʝ. 
 

ʕʬʬʝʢʪ ʨʝʛʫʣʷʨʠʟʘʮʠʠ: ʉʘʤʳʡ ʧʨʠʤʝʯʘʪʝʣʴʥʳʡ ʨʝʟʫʣʴʪʘʪ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʥʘ 

ʧʝʨʚʦʡ ʞʝ ʠʪʝʨʘʮʠʠ (t=1) ʦʰʠʙʢʘ ʵʪʦʡ ʤʦʜʝʣʠ ʥʠʞʝ, ʯʝʤ ʫ ʙʘʟʦʚʦʡ ʩʝʪʠ ʧʨʷʤʦʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝ-

ʥʠʷ, ʭʦʪʷ ʢʦʣʠʯʝʩʪʚʦ ʦʧʝʨʘʮʠʡ ʠʜʝʥʪʠʯʥʦ. ʕʪʦ ʧʨʷʤʦʝ ʩʣʝʜʩʪʚʠʝ ʥʘʰʝʡ ʧʨʦʮʝʜʫʨʳ ʦʙʫʯʝʥʠʷ 

(ʩʫʤʤʠʨʦʚʘʥʠʝ ʧʦʪʝʨʴ ʧʦ ʚʩʝʤ ʠʪʝʨʘʮʠʷʤ), ʢʦʪʦʨʘʷ ʜʝʡʩʪʚʫʝʪ ʢʘʢ ʩʠʣʴʥʳʡ ʨʝʛʫʣʷʨʠʟʘʪʦʨ ʠ ʟʘ-

ʩʪʘʚʣʷʝʪ ʩʝʪʴ ʥʘʭʦʜʠʪʴ ʙʦʣʝʝ ʢʘʯʝʩʪʚʝʥʥʦʝ ʨʝʰʝʥʠʝ ʜʣʷ ʦʜʥʦʛʦ ʧʨʷʤʦʛʦ ʧʨʦʭʦʜʘ. 
 

ʉʢʨʦʤʥʦʝ ʫʣʫʯʰʝʥʠʝ: ʇʦʩʣʝʜʫʶʱʠʝ ʠʪʝʨʘʮʠʠ ʧʨʠʥʦʩʷʪ ʣʠʰʴ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʩʥʠʞʝʥʠʝ 

ʦʰʠʙʢʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʝʢʫʨʨʝʥʪʥʦʡ ʩʚʝʨʪʢʦʡ. 
 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʚʘ ʧʦʜʭʦʜʘ ʨʝʰʘʶʪ ʨʘʟʥʳʝ ʟʘʜʘʯʠ. ʈʝʢʫʨʨʝʥʪʥʘʷ ʩʚʝʨʪʢʘ ʷʚʣʷʝʪʩʷ ʠʥ-

ʩʪʨʫʤʝʥʪʦʤ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʡ ʪʦʯʥʦʩʪʠ ʧʨʠ ʥʘʣʠʯʠʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ. ɺ 

ʪʦ ʞʝ ʚʨʝʤʷ ʚʚʝʜʝʥʠʝ ʨʝʢʫʨʨʝʥʪʥʦʛʦ ʙʣʦʢʘ ʚ ʢʣʘʩʩʠʬʠʢʘʪʦʨ ʩ ʧʨʝʜʣʦʞʝʥʥʦʡ ʩʭʝʤʦʡ ʦʙʫʯʝʥʠʷ 

ï ʵʪʦ ʵʬʬʝʢʪʠʚʥʳʡ ʤʝʪʦʜ ʨʝʛʫʣʷʨʠʟʘʮʠʠ, ʧʦʟʚʦʣʷʶʱʠʡ ʫʣʫʯʰʠʪʴ ʢʘʯʝʩʪʚʦ ʙʘʟʦʚʦʡ ʤʦʜʝʣʠ 

ʧʨʷʤʦʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʙʝʟ ʢʘʢʠʭ-ʣʠʙʦ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʟʘʪʨʘʪ ʥʘ ʵʪʘʧʝ ʠʥʬʝʨʝʥʩʘ (ʝʩʣʠ ʠʩ-

ʧʦʣʴʟʫʝʪʩʷ ʪʦʣʴʢʦ ʦʜʥʘ ʠʪʝʨʘʮʠʷ). 

4. ɺʳʚʦʜʳ 

ɺ ʜʘʥʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʙʳʣʘ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʝʢʫʨ-

ʨʝʥʪʥʳʭ ʙʣʦʢʦʚ ʜʣʷ ʩʦʟʜʘʥʠʷ ʩʚʝʨʪʦʯʥʳʭ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ ʩ ʘʜʘʧʪʠʚʥʦʡ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ 

ʩʣʦʞʥʦʩʪʴʶ. ʄʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʪʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʛʠʙʢʦ ʫʧʨʘʚʣʷʪʴ ʢʦʤʧʨʦʤʠʩʩʦʤ ʤʝʞʜʫ 

ʪʦʯʥʦʩʪʴʶ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʠ ʟʘʪʨʘʯʝʥʥʳʤʠ ʨʝʩʫʨʩʘʤʠ. 

ʂʣʶʯʝʚʳʝ ʚʳʚʦʜʳ ʨʘʙʦʪʳ: 

¶ ʈʝʢʫʨʨʝʥʪʥʦʩʪʴ ʥʘ ʫʨʦʚʥʝ ʩʚʝʨʪʦʢ ʧʦʟʚʦʣʷʝʪ ʠʪʝʨʘʪʠʚʥʦ ʫʣʫʯʰʘʪʴ ʢʘʯʝʩʪʚʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ 

ʧʨʠʟʥʘʢʦʚ ʠ ʜʦʩʪʠʛʘʪʴ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʠʪʦʛʦʚʦʡ ʪʦʯʥʦʩʪʠ, ʯʝʤ ʫ ʙʘʟʦʚʦʡ ʩʝʪʠ. 

ʆʜʥʘʢʦ ʵʪʦʪ ʧʨʠʨʦʩʪ ʪʨʝʙʫʝʪ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʫʚʝʣʠʯʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʚʳʯʠʩʣʝʥʠʡ. 

¶ ʈʝʢʫʨʨʝʥʪʥʦʩʪʴ ʥʘ ʫʨʦʚʥʝ ʢʣʘʩʩʠʬʠʢʘʪʦʨʘ, ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʧʨʝʜʣʦʞʝʥʥʦʡ ʧʨʦʮʝʜʫʨʦʡ ʦʙʫ-

ʯʝʥʠʷ, ʚʳʩʪʫʧʘʝʪ ʚ ʨʦʣʠ ʤʦʱʥʦʛʦ ʨʝʛʫʣʷʨʠʟʘʪʦʨʘ. ɻʣʘʚʥʳʤ ʨʝʟʫʣʴʪʘʪʦʤ ʵʪʦʛʦ ʧʦʜʭʦʜʘ ʷʚ-

ʣʷʝʪʩʷ ʫʣʫʯʰʝʥʠʝ ʢʘʯʝʩʪʚʘ ʙʘʟʦʚʦʡ ʤʦʜʝʣʠ ʜʘʞʝ ʧʨʠ ʦʜʥʦʢʨʘʪʥʦʤ ʧʨʷʤʦʤ ʧʨʦʭʦʜʝ (ʥʘ 

ʧʝʨʚʦʡ ʠʪʝʨʘʮʠʠ), ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʙʦʣʝʝ ʪʦʯʥʫʶ ʠ ʵʬʬʝʢʪʠʚʥʫʶ ʘʨʭʠʪʝʢʪʫʨʫ ʙʝʟ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʟʘʪʨʘʪ ʥʘ ʵʪʘʧʝ ʠʥʬʝʨʝʥʩʘ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʚʝʜʝʥʠʝ ʨʝʢʫʨʨʝʥʪʥʦʩʪʠ ʷʚʣʷʝʪʩʷ ʛʠʙʢʠʤ ʠʥʩʪʨʫʤʝʥʪʦʤ: ʝʛʦ ʤʦʞʥʦ ʠʩ-

ʧʦʣʴʟʦʚʘʪʴ ʣʠʙʦ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʡ ʪʦʯʥʦʩʪʠ ʚ ʟʘʜʘʯʘʭ, ʥʝ ʢʨʠʪʠʯʥʳʭ ʢʦ ʚʨʝʤʝʥʠ 

ʦʪʚʝʪʘ, ʣʠʙʦ ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʢʘʯʝʩʪʚʘ ʠ ʦʙʦʙʱʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ ʩʪʘʥʜʘʨʪʥʳʭ ʤʦʜʝʣʝʡ ʧʨʷʤʦ-

ʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ. 
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ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ 

ɺ ʜʦʢʣʘʜʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʜʝʡʩʪʚʠʝ ʦʨʪʦʛʦʥʘʣʴʥʦʡ ʘʣʛʝʙʨʳ ʃʠ o(V) ʥʘ ʚʥʝʰʥʠʭ 

ʩʪʝʧʝʥʷʭ ʚʝʢʪʦʨʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ V ʨʘʟʤʝʨʥʦʩʪʠ n ʩ ʟʘʜʘʥʥʦʡ ʥʝʚʳʨʦʞʜʝʥʥʦʡ ʦʨʪʦ-

ʛʦʥʘʣʴʥʦʡ ʬʦʨʤʦʡ. ʅʘʡʜʝʥʳ ʜʚʝ ʠʩʢʣʶʯʠʪʝʣʴʥʳʝ ʧʨʦʩʪʳʝ ʧʦʜʘʣʛʝʙʨʳ ʃʠ P1(6), 

P2(6) ʚ P(6), ʨʘʟʤʝʨʥʦʩʪʠ 25-1 ʠ 26-1, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʩʦʜʝʨʞʘʱʠʝ ʠʥʚʘʨʠʘʥʪʥʦʝ ʧʦʜ-

ʧʨʦʩʪʨʘʥʩʪʚʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ȿ3V, ʢʦʪʦʨʳʝ ʩʫʱʝʩʪʚʫʶʪ ʪʦʣʴʢʦ ʚ ʩʣʫʯʘʝ 6 ʥʝʠʟʚʝʩʪʥʳʭ. 

ʆʩʥʦʚʥʦʝ ʧʦʣʝ ï ʩʦʚʝʨʰʝʥʥʦʝ ʧʦʣʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʜʚʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʦʚʝʨʰʝʥʥʦʝ ʧʦʣʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʚʘ, ʥʝʘʣʴʪʝʨʥʠʨʫʶʱʠʝ ʛʘʤʠʣʴ-

ʪʦʥʦʚʳ ʘʣʛʝʙʨʳ ʃʠ, ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ. 

 

ʇʫʩʪʴ V ï n-ʤʝʨʥʦʝ ʚʝʢʪʦʨʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʥʘʜ ʩʦʚʝʨʰʝʥʥʳʤ ʧʦʣʝʤ K ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 2,  

{  , } ï ʥʝʚʳʨʦʞʜʝʥʥʘʷ ʩʠʤʤʝʪʨʠʯʝʩʢʘʷ ʥʝʘʣʴʪʝʨʥʠʨʫʶʱʘʷ ʙʠʣʠʥʝʡʥʘʷ ʬʦʨʤʘ ʥʘ V, ʢʦʪʦʨʫʶ 

ʙʫʜʝʤ ʥʘʟʳʚʘʪʴ ʦʨʪʦʛʦʥʘʣʴʥʦʡ. ʆʨʪʦʛʦʥʘʣʴʥʘʷ ʘʣʛʝʙʨʘ ʃʠ o(V) ʩʦʩʪʦʠʪ ʠʟ ʚʩʝʭ ʣʠʥʝʡʥʳʭ ʦʧʝ-

ʨʘʪʦʨʦʚ A ʥʘ V ʪʘʢʠʭ, ʯʪʦ ὃὼȟώ  ὼȟὃώ  π ʜʣʷ ʣʶʙʳʭ ὼȟώɴ  ὠ. 

ɼʣʷ ʥʘʰʠʭ ʮʝʣʝʡ ʫʜʦʙʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʤʦʜʝʣʴ ʧʘʨʳ (V, o(V)) ʢʘʢ ʥʝʧʦʣʦʞʠʪʝʣʴʥʫʶ ʯʘʩʪʴ 

ʥʝʘʣʴʪʝʨʥʠʨʫʶʱʝʡ ʛʘʤʠʣʴʪʦʥʦʚʦʡ ʘʣʛʝʙʨʳ ʃʠ P(n) = L = L-1 + L0 + L1 + é, ʛʜʝ P(n) ï ʧʨʦ-

ʩʪʨʘʥʩʪʚʦ ʤʥʦʛʦʯʣʝʥʦʚ O(n) ʚ ʨʘʟʜʝʣʝʥʥʳʭ ʩʪʝʧʝʥʷʭ ʦʪ ʧʝʨʝʤʝʥʥʳʭ x1, é, xn ʙʝʟ ʩʚʦʙʦʜʥʦʛʦ 

ʯʣʝʥʘ ʩʦ ʩʢʦʙʢʦʡ ʇʫʘʩʩʦʥʘ  

ὪȟὫ  ‬Ὢ‬Ὣ 

ʊ.ʝ. L-1 = V = <x1,é, xn>  ʠ L0 =  o(V)= < xixj, xi
(2), i,j = 1,é,n>, ʛʜʝ {x1,é, xn} ï ʦʨʪʦʥʦʨʤʠʨʦ-

ʚʘʥʥʳʡ ʙʘʟʠʩ ʦʪʥʦʩʠʪʝʣʴʥʦ ʬʦʨʤʳ {x, y}, ὼȟώɴ  ὠ. ɿʜʝʩʴ ὼȟώᶰὑ. ʆʙʦʟʥʘʯʠʤ L0ô =  oô(V)= 

<xixj, i,j = 1,é,n>. 

ʉʪʨʦʝʥʠʝ ʘʣʛʝʙʨʳ ʃʠ o(V) ʥʘʜ ʩʦʚʝʨʰʝʥʥʳʤ ʧʦʣʝʤ K ʦʧʠʩʘʥʦ ʚ [1]. ʆʧʨʝʜʝʣʝʥʠʝ ʠ ʩʚʦʡ-

ʩʪʚʘ ʥʝʘʣʴʪʝʨʥʠʨʫʶʱʠʭ ʛʘʤʠʣʴʪʦʥʦʚʳʭ ʘʣʛʝʙʨ ʃʠ ʧʨʠʚʝʜʝʥʳ ʚ [1]-[4]. ʅʝʢʦʪʦʨʳʝ ʩʚʦʡʩʪʚʘ L0-

ʤʦʜʫʣʝʡ Lk ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʚ [5]. 

ɺ ʜʦʢʣʘʜʝ ʚʥʝʰʥʠʝ ʩʪʝʧʝʥʠ ʩʪʘʥʜʘʨʪʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʘʣʛʝʙʨʳ ʃʠ o(V) ʥʘʟʳʚʘʶʪʩʷ ʬʫʥ-

ʜʘʤʝʥʪʘʣʴʥʳʤʠ ʧʦ ʘʥʘʣʦʛʠʠ ʩ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʤʠ ʧʨʝʜʩʪʘʚʣʝʥʠʷʤʠ ʘʣʛʝʙʨʳ ʃʠ sl(V). 

 

ʊʝʦʨʝʤʘ 1. ʇʫʩʪʴ K ï ʩʦʚʝʨʰʝʥʥʦʝ ʧʦʣʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʚʘ, V ï n-ʤʝʨʥʦʝ ʚʝʢʪʦʨʥʦʝ ʧʨʦ-

ʩʪʨʘʥʩʪʚʦ ʥʘʜ K, { , } ï ʥʝʚʳʨʦʞʜʝʥʥʘʷ ʩʠʤʤʝʪʨʠʯʝʩʢʘʷ ʥʝʘʣʴʪʝʨʥʠʨʫʶʱʘʷ ʙʠʣʠʥʝʡʥʘʷ ʬʦʨ-

ʤʘ ʥʘ V, o(V) ï ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʦʨʪʦʛʦʥʘʣʴʥʘʷ ʘʣʛʝʙʨʘ ʃʠ. ʊʦʛʜʘ 

1. Ώὠ ï ʥʝʧʨʠʚʦʜʠʤʳʡ o(V)-ʤʦʜʫʣʴ ʜʣʷ r= 1,é, n-1. 

2. ɽʩʣʠ n= 2t, ʪʦ ʧʨʠ r Í t, ɤ6 ï ʥʝʧʨʠʚʦʜʠʤʳʡ so(V)-ʤʦʜʫʣʴ. ʇʨʠ r= t, Ώὠ ʩʦʜʝʨʞʠʪ 

ʝʜʠʥʩʪʚʝʥʥʳʡ ʥʝʪʨʠʚʠʘʣʴʥʳʡ so(V)-ʧʦʜʤʦʜʫʣʴ M, ὨὭά ὓ  
ὲ
ὸ
Ȣ 

3. ɽʩʣʠ n= 2t+1, ʪʦ Ώὠ ï ʥʝʧʨʠʚʦʜʠʤʳʡ so(V)-ʤʦʜʫʣʴ ʜʣʷ r= 1,é, n-1. 

4. ʉ ʪʦʯʥʦʩʪʴʶ ʜʦ ʠʟʦʤʦʨʬʠʟʤʘ, ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʤʠ ʤʦʜʫʣʷʤʠ ʥʘʜ so(V) ʷʚʣʷʶʪʩʷ ʤʦʜʫ-

ʣʠ Ώὠ, ὶ ρȟȣȟ . ʅʘ Ώὠ ʩʫʱʝʩʪʚʫʝʪ ʠʥʚʘʨʠʘʥʪʥʘʷ ʦʪʥʦʩʠʪʝʣʴʥʦ so(V) ʦʨʪʦʛʦʥʘʣʴ-

ʥʘʷ ʬʦʨʤʘ. 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʩʪʳʭ ʢʦʥʝʯʥʦʤʝʨʥʳʭ 1-ʛʨʘʜʫʠʨʦʚʘʥʥʳʭ ʘʣʛʝʙʨ ʃʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥ-

ʪʝʨʝʩ ʦʧʠʩʘʥʠʝ ʦʜʥʦʨʦʜʥʳʭ ʢʦʥʝʯʥʦʤʝʨʥʳʭ ʧʨʦʩʪʳʭ ʧʦʜʘʣʛʝʙʨ ʃʠ G = G-1 + G0 + G1 +é ʥʝ-

ʘʣʴʪʝʨʥʠʨʫʶʱʝʡ ʛʘʤʠʣʴʪʦʥʦʚʦʡ ʘʣʛʝʙʨʳ ʃʠ P(n) = L-1 + L0 + L1 +é, ʪʘʢʠʭ, ʯʪʦ G-1 = L-1,   

                                                      
1* ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ ʈʌ, ʧʨʦʝʢʪ FSWR-

2023-0034, ʠ ʥʘʫʯʥʦ-ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʛʦ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʮʝʥʪʨʘ çʄʘʪʝʤʘʪʠʢʘ ʪʝʭʥʦʣʦʛʠʡ ʙʫʜʫʱʝʛʦè. 
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L0ô Ṗ  G0 Ṗ L0, G1 Ṓ L1. ɼʣʷ ʵʪʦʛʦ ʥʫʞʥʘ ʠʥʬʦʨʤʘʮʠʷ ʦ ʩʪʨʫʢʪʫʨʝ so(L-1)-ʧʦʜʤʦʜʫʣʝʡ ʧʨʦ-

ʩʪʨʘʥʩʪʚʘ L1. ʄʳ ʦʛʨʘʥʠʯʠʚʘʝʤʩʷ ʟʜʝʩʴ ʧʦʩʪʨʦʝʥʠʝʤ ʜʚʫʭ ʠʩʢʣʶʯʠʪʝʣʴʥʳʭ ʧʨʦʩʪʳʭ ʧʦʜʘʣʛʝʙʨ, 

ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʢʦʪʦʨʳʭ ʩʣʝʜʫʝʪ ʠʟ ʪʝʦʨʝʤʳ 1. ʉʦʛʣʘʩʥʦ ʵʪʦʡ ʪʝʦʨʝʤʝ ʪʦʣʴʢʦ ʧʨʠ n=6 ʧʨʦ-

ʩʪʨʘʥʩʪʚʦ L1 ʩʦʜʝʨʞʠʪ ʧʦʜʤʦʜʫʣʴ M = ộὼὼὼ ὼὼὼỚ. ʆʙʦʟʥʘʯʠʤ ʯʝʨʝʟ P1(6) ʧʦʜʘʣʛʝʙʨʫ 

ʘʣʛʝʙʨʳ ʃʠ P(6), ʧʦʨʦʞʜʝʥʥʫʶ ʣʦʢʘʣʴʥʦʡ ʯʘʩʪʴʶ G-1 + G0 + G1, ʛʜʝ 

 

Ὃ ộὼȟȣ ὼỚ 
Ὃ ộὼὼ    ὭȟὮ ρȟȣȟφỚ 

Ὃ ὓ 
 

ɸʣʛʝʙʨʘ P1(6) = G-1 + G0 + G1 ʷʚʣʷʝʪʩʷ ʧʨʦʩʪʦʡ ʘʣʛʝʙʨʦʡ ʃʠ, dimP1(6) =  6+15+10 = 25-1. 

ʇʨʦʩʪʨʘʥʩʪʚʦ L1 ʩʦʜʝʨʞʠʪ L0ô-ʧʦʜʤʦʜʫʣʴ ộᾀὼȟȣ ᾀὼỚ, ʛʜʝ ᾀ ὼ Ễ  ὼ . ʉʪʨʦʠʤ 

ʧʦʜʘʣʛʝʙʨʫ P2(6), ʧʦʨʦʞʜʝʥʥʫʶ ʣʦʢʘʣʴʥʦʡ ʯʘʩʪʴʶ G-1 + G0 + G1, ʛʜʝ 

 

Ὃ ộὼȟȣ ὼỚ 
Ὃ ộὼὼ    ὭȟὮ ρȟȣȟφỚ ộᾀỚ 

Ὃ ὓ ộᾀὼȟȣ ᾀὼỚ 
 

ɸʣʛʝʙʨʘ P2(6) = G-1 + G0 + G1 ʷʚʣʷʝʪʩʷ ʧʨʦʩʪʦʡ ʘʣʛʝʙʨʦʡ ʃʠ, dimP2(6) = 6+16 +16 + 15+10 

= 26-1. 

ɸʣʛʝʙʨʳ ʃʠ P1(6) ʠ P2(6) ʥʝ ʠʤʝʶʪ ʘʥʘʣʦʛʦʚ ʧʨʠ n Í 6. 
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ɺʓʏʀʉʃɽʅʀɽ ʃʆʂɸʃʔʅʓʍ ɼɽʌʆʈʄɸʎʀʁ ʈɸʉʐʀʈɽʅʀʁ 

ʇʈʆʉʊʓʍ ɸʃɻɽɹʈ ʃʀ ʊʀʇɸ A ʉ ʇʆʄʆʑʔʖ ɺʅɽʐʅɽɻʆ 

ɼʀʌʌɽʈɽʅʎʀʈʆɺɸʅʀʗ ʅɸɼ ʇʆʃɽʄ ʍɸʈɸʂʊɽʈʀʉʊʀʂʀ 21* 

ʄ.ʀ. ʂʫʟʥʝʮʦʚ, ʄ.ʄ. ʈʘʙʠʘ  

ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ 

ɺ ʜʦʢʣʘʜʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʧʦʣʫʧʨʦʩʪʳʝ ʘʣʛʝʙʨʳ ʃʠ L ʩ ʧʨʦʩʪʳʤ ʷʜʨʦʤ, ʧʦʣʫʯʘʶ-

ʱʠʝʩʷ ʜʦʙʘʚʣʝʥʠʝʤ ʚʥʝʰʥʝʛʦ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʷ ʢ ʧʨʦʩʪʦʡ ʘʣʛʝʙʨʝ ʃʠ ʪʠʧʘ A. 

ʇʨʠʚʦʜʷʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʚʳʯʠcʣʝʥʠʷ  ʚʪʦʨʦʡ ʛʨʫʧʧʳ ʢʦʛʦʤʦʣʦʛʠʡ ʘʣʛʝʙʨ ʃʠ L ʩ ʢʦ-

ʵʬʬʠʮʠʝʥʪʘʤʠ ʚ ʧʨʠʩʦʝʜʠʥʝʥʥʦʤ ʤʦʜʫʣʝ ʥʘʜ ʩʦʚʝʨʰʝʥʥʳʤ ʧʦʣʝʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʜʚʘ 

ʂʣʯʁʝʚʳʝ ʩʣʦʚʘ: ʩʦʚʝʨʰʝʥʥʦʝ ʧʦʣʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʚʘ, ʧʦʣʫʧʨʦʩʪʳʝ ʘʣʛʝʙʨʳ ʃʠ, 

ʢʦʛʦʤʦʣʦʛʠʠ, ʣʦʢʘʣʴʥʳʝ ʜʝʬʦʨʤʘʮʠʠ 

 

ɺ ʩʚʷʟʠ ʩ ʢʣʘʩʩʠʬʠʢʘʮʠʝʡ ʧʨʦʩʪʳʭ ʘʣʛʝʙʨ ʃʠ ʥʘʜ ʧʦʣʷʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 2 ʠ 3 ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʠʥʪʝʨʝʩ ʦʧʠʩʘʥʠʝ ʧʨʦʩʪʳʭ ʘʣʛʝʙʨ ʃʠ ʤʘʣʦʡ ʨʘʟʤʝʨʥʦʩʪʠ, ʢʦʪʦʨʳʝ ʦʙʳʯʥʦ ʠʩʢʣʶʯʘʶʪʩʷ ʠʟ ʨʘʩ-

ʩʤʦʪʨʝʥʠʷ ʧʨʠ ʜʦʢʘʟʘʪʝʣʴʩʪʚʝ ʦʙʱʠʭ ʫʪʚʝʨʞʜʝʥʠʡ (ʩʤ, ʥʘʧʨʠʤʝʨ, [1]). ʈʝʟʫʣʴʪʘʪʳ ʢʦʤʧʴʶʪʝʨ-

ʥʦʛʦ ʧʦʠʩʢʘ ʪʘʢʠʭ ʘʣʛʝʙʨ ʥʘʜ ʧʦʣʝʤ  ᴚ  ʧʨʠʚʝʜʝʥʳ ʚ ʨʘʙʦʪʘʭ [2] ï [4]. ɺ [5] 14-ʤʝʨʥʳʝ ʘʣʛʝʙʨʳ 

ʃʠ ʠʟ ʧʦʣʫʯʝʥʥʦʛʦ ʩʧʠʩʢʘ ʩʦʧʦʩʪʘʚʣʷʶʪʩʷ ʩ ʜʝʬʦʨʤʘʮʠʷʤʠ ʠʟʚʝʩʪʥʳʭ ʧʨʦʩʪʳʭ ʘʣʛʝʙʨ ʃʠ. 

ɼʝʬʦʨʤʘʮʠʠ ʧʨʦʩʪʳʭ ʢʣʘʩʩʠʯʝʩʢʠʭ ʘʣʛʝʙʨ ʃʠ ʠʩʩʣʝʜʫʶʪʩʷ ʚ ʨʘʙʦʪʘʭ [6] ï [10]. ɺ ʜʦʢʣʘʜʝ 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʘʣʛʝʙʨʳ ʃʠ ὒ ὒ Ὀ ȟ  ʛʜʝ ὒ  ʧʨʦʩʪʘʷ ʢʣʘʩʩʠʯʝʩʢʘʷ ʘʣʛʝʙʨʘ ʃʠ ʪʠʧʘ ὃ, 

ʪ.ʝ. ὒᴂ ὴίὰὲȟ Ὀ   ʚʥʝʰʥʝʝ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʝ ʘʣʛʝʙʨʳ ὒȢ  ɺʩʝ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʷ ʢʣʘʩ-
ʩʠʯʝʩʢʠʭ ʘʣʛʝʙʨ ʃʠ ʚ ʭʘʨʘʢʪʝʨʠʩʪʠʢʝ 2 ʥʘʡʜʝʥʳ ʚ ʨʘʙʦʪʝ [11].  ɺ ʯʘʩʪʥʦʩʪʠ, ʜʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝ-

ʤʦʛʦ ʩʣʫʯʘʷ  ὲ ʯʝʪʥʦ ʠ ʜʣʷ ὲ τ ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ ʠʟʦʤʦʨʬʠʟʤʘ ʩʫʱʝʩʪʚʫʝʪ ʪʦʣʴʢʦ ʦʜʥʘ ʘʣʛʝʙʨʘ 
ʃʠ  ὒ ὴὫὰὲ.  ʄʦʞʥʦ ʜʦʢʘʟʘʪʴ, ʯʪʦ ʝʩʣʠ ὲ τ, ʪʦ ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ ʠʟʦʤʦʨʬʠʟʤʘ ʩʫʱʝʩʪʚʫʶʪ 
ʜʚʝ ʥʝʠʟʦʤʦʨʬʥʳʝ ʘʣʛʝʙʨʳ ʃʠ ὒ ï ὴὫὰτ ʠ ʘʣʛʝʙʨʘ,  ʩ ʥʠʣʴʧʦʪʝʥʪʥʳʤ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʝʤ 

Ὀ.  

ɺ ʜʦʢʣʘʜʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʣʝʜʫʶʱʠʝ ʨʝʟʫʣʴʪʘʪʳ: 

1) ʝʩʣʠ ὲ ʯʝʪʥʦ, ὲ ςȟὒ ὴὫὰὲȟ ʪʦ Ὄ ὒȟὒ πȟ ʪ.ʝ. ʘʣʛʝʙʨʘ ʃʠ ὴὫὰὲ ʷʚʣʷʝʪʩʷ ʞʝʩʪ-

ʢʦʡ; 

2) ʝʩʣʠ ὒ ὒ Ὀ ȟὒ ὴίὰτȟὈ  ʥʠʣʴʧʦʪʝʥʪʥʦʝ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʝ ʘʣʛʝʙʨʳ ὒᴂ, ʪʦ 
Ὄ ὒȟὒ Í 0. ʅʘʡʜʝʥʳ ʚʩʝ ʚʝʩʦʚʳʝ ʧʦʜʧʨʦʩʪʨʘʥʩʪʚʘ ʚʪʦʨʦʡ ʛʨʫʧʧʳ ʢʦʛʦʤʦʣʦʛʠʡ. 
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ʄʆɼɽʃʀʈʆɺɸʅʀɽ ʊʆʅʂʀʍ ʂʆʄʇʆɿʀʊʅʓʍ ʇʃɸʉʊʀʅ 

ʇʆɼ ɺʀɹʈɸʎʀʆʅʅʆʁ ʅɸɻʈʋɿʂʆʁ ʉ ʋʊʆʏʅɽʅʀɽʄ 

ʇɸʈɸʄɽʊʈʆɺ ʄɸʊɽʈʀɸʃɸ 

ʉ.ɸ. ʃʘʚʨʝʥʢʦʚ, ɸ.ɺ. ɺʘʩʶʢʦʚ 

ʄʦʩʢʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ (ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ) 

ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʧʨʦʙʣʝʤʝ ʦʧʨʝʜʝʣʝʥʠʷ ʘʤʧʣʠʪʫʜʥʦ-ʯʘʩʪʦʪʥʦʡ ʭʘʨʘʢʪʝʨʠ-

ʩʪʠʢʠ (ɸʏʍ) ʢʦʣʝʙʘʥʠʡ ʧʣʘʩʪʠʥʳ ʠʟ ʢʦʤʧʦʟʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʇʨʷʤʘʷ ʟʘʜʘʯʘ ʧʦʠʩʢʘ 

ɸʏʍ ʧʦ ʟʘʜʘʥʥʳʤ ʧʘʨʘʤʝʪʨʘʤ ʤʘʪʝʨʠʘʣʘ ʩʬʦʨʤʫʣʠʨʦʚʘʥʘ ʢʘʢ ʩʝʨʠʷ ʢʨʘʝʚʳʭ ʟʘʜʘʯ 

ʜʣʷ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʜʚʠʞʝʥʠʷ ʪʦʥʢʦʛʦ ʦʙʨʘʟʮʘ ʚ ʚʠʙʨʘʮʠʦʥʥʦʤ ʩʪʝʥʜʝ, ʨʝʰʘʝ-

ʤʳʭ ʤʝʪʦʜʦʤ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ. ʋʧʨʫʛʠʝ ʧʘʨʘʤʝʪʨʳ ʤʘʪʝʨʠʘʣʘ ʦʧʨʝʜʝʣʷʶʪʩʷ ʩ 

ʧʦʤʦʱʴʶ ʨʝʰʝʥʠʷ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ, ʩʬʦʨʤʫʣʠʨʦʚʘʥʥʦʡ ʚ ʪʝʨʤʠʥʘʭ ʤʠʥʠʤʠʟʘʮʠʠ 

ʬʫʥʢʮʠʦʥʘʣʘ ʦʰʠʙʢʠ ʤʝʞʜʫ ʯʠʩʣʝʥʥʦʡ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʣʫʯʝʥʥʦʡ ɸʏʍ ʢʦʣʝ-

ʙʘʥʠʡ ʜʣʷ ʪʝʩʪʦʚʦʛʦ ʦʙʨʘʟʮʘ. ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʣʷ 

ʥʝʩʢʦʣʴʢʠʭ ʧʣʘʩʪʠʥ, ʩ ʢʦʪʦʨʳʤʠ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʳ ʥʘ ʚʠʙʨʘʮʠʦʥʥʦʤ 

ʩʪʝʥʜʝ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʚʠʙʨʘʮʠʦʥʥʳʝ ʠʩʧʳʪʘʥʠʷ, ʢʦʤʧʦʟʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʦʙʨʘʪʥʘʷ ʟʘʜʘ-

ʯʘ, ʘʚʪʦʤʘʪʠʯʝʩʢʦʝ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʝ. 

 

1. ɺʚʝʜʝʥʠʝ 

ʂʦʤʧʦʟʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ ʯʘʩʪʦ ʧʨʠʤʝʥʷʶʪʩʷ ʚʦ ʤʥʦʛʠʭ ʦʪʨʘʩʣʷʭ ʤʘʰʠʥʦʩʪʨʦʝʥʠʷ, ʚ ʪʦʤ 

ʯʠʩʣʝ, ʚ ʘʵʨʦʢʦʩʤʠʯʝʩʢʦʡ. ʉʧʝʮʠʬʠʢʘ ʵʪʦʡ ʦʙʣʘʩʪʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʦʩʦʙʦʤ ʚʥʠʤʘʥʠʠ ʢ ʩʧʦʩʦʙ-

ʥʦʩʪʠ ʩʪʨʫʢʪʫʨʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚʳʜʝʨʞʠʚʘʪʴ ʚʠʙʨʘʮʠʦʥʥʳʝ ʥʘʛʨʫʟʢʠ, ʚʦʟʥʠʢʘʶʱʠʝ ʧʨʠ ʚʳʚʦʜʝ 

ʢʦʩʤʠʯʝʩʢʦʛʦ ʢʦʨʘʙʣʷ ʥʘ ʦʨʙʠʪʫ, ʘ ʪʘʢʞʝ ʚ ʧʨʠʤʝʥʝʥʠʠ ʫʥʠʢʘʣʴʥʳʭ ʠ ʜʦʨʦʛʦʩʪʦʷʱʠʭ ʤʘʪʝʨʠʘ-

ʣʦʚ ʜʣʷ ʤʘʢʩʠʤʘʣʴʥʦ ʚʦʟʤʦʞʥʦʛʦ ʩʥʠʞʝʥʠʷ ʤʘʩʩʳ ʢʦʥʩʪʨʫʢʮʠʡ ʙʝʟ ʧʦʪʝʨʠ ʚ ʞʸʩʪʢʦʩʪʠ. ʕʪʠ 

ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʠʚʦʜʷʪ ʢ ʪʦʤʫ, ʯʪʦ ʧʨʦʚʝʜʝʥʠʝ ʥʘʟʝʤʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʤʠ 

ʵʣʝʤʝʥʪʘʤʠ ʩʪʘʥʦʚʠʪʩʷ ʵʢʦʥʦʤʠʯʝʩʢʠ ʥʝʮʝʣʝʩʦʦʙʨʘʟʥʳʤ, ʠ ʚʦʟʥʠʢʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚ ʯʠʩ-

ʣʝʥʥʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʥʘ ʵʪʘʧʝ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ. ʆʜʥʘʢʦ, ʚ ʩʠʣʫ ʤʝʣʢʦʩʝʨʠʡʥʦʩʪʠ ʧʨʦʠʟʚʦʜ-

ʩʪʚʘ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʢʦʤʧʦʟʠʪʦʚ, ʢʣʘʩʩʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʦʧʨʝʜʝʣʝʥʠʷ ʫʧʨʫʛʠʭ ʧʘʨʘʤʝʪʨʦʚ 

ʤʘʪʝʨʠʘʣʘ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʪʘʢʞʝ ʷʚʣʷʶʪʩʷ ʜʦʨʦʛʦʩʪʦʷʱʠʤʠ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʤʝʪʦʜ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʦʥʢʠʭ ʢʦʤʧʦʟʠʪʥʳʭ ʩʪʨʫʢʪʫʨ ʧʦʜ 

ʚʠʙʨʘʮʠʦʥʥʳʤʠ ʥʘʛʨʫʟʢʘʤʠ, ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʷʪʴ ʯʘʩʪʦʪʥʳʡ ʦʪʢʣʠʢ ʜʣʷ ʤʘʪʝʨʠʘʣʦʚ 

ʩ ʥʝʠʟʚʝʩʪʥʳʤʠ ʫʧʨʫʛʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʥʝʜʦʩʪʘʶʱʠʭ ʜʘʥʥʳʭ ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʝ-

ʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘ ʥʘ ʚʠʙʨʘʮʠʦʥʥʦʤ ʩʪʝʥʜʝ ʩ ʧʣʘʩʪʠʥʦʡ, ʠʟʛʦʪʦʚʣʝʥʥʦʡ ʠʟ ʥʝʙʦʣʴʰʦʛʦ ʢʦ-

ʣʠʯʝʩʪʚʘ ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʫʤʝʥʴʰʠʪʴ ʢʦʣʠʯʝʩʪʚʦ ʤʘʪʝʨʠʘʣʘ, 

ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʠ ʦʙʝʩʧʝʯʠʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝ-

ʨʠʤʝʥʪʦʚ ʚ ʨʘʟʣʠʯʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʷʭ, ʪʘʢ ʢʘʢ ʠʩʧʳʪʘʥʠʷ ʥʝ ʨʘʟʨʫʰʘʶʪ ʦʙʨʘʟʝʮ. 

ʉʫʱʝʩʪʚʫʶʪ ʥʝʩʢʦʣʴʢʦ ʨʘʙʦʪ, ʚ ʢʦʪʦʨʳʭ ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʦʭʦʞʠʝ ʧʦʜʭʦʜʳ ʢ ʨʝʰʝʥʠʶ ʦʙ-

ʨʘʪʥʳʭ ʟʘʜʘʯ, ʩʚʷʟʘʥʥʳʭ ʩ ʧʣʘʩʪʠʥʘʤʠ ʠ ʥʝʠʟʚʝʩʪʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʤʘʪʝʨʠʘʣʘ. ʈʘʙʦʪʘ [1] ʬʦ-

ʢʫʩʠʨʫʝʪʩʷ ʥʘ ʥʝʣʠʥʝʡʥʦʩʪʠ ʢʦʣʝʙʘʥʠʡ ʢʦʤʧʦʟʠʪʥʳʭ ʧʣʘʩʪʠʥ ʧʨʠ ʩʭʦʞʝʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ 

ʧʦʩʪʘʥʦʚʢʝ; ʦʜʥʘʢʦ ʚ ʥʝʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʙʦʣʝʝ ʜʦʨʦʛʦʝ ʠ ʩʣʦʞʥʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʯʘʩʪʦʪʥʦʛʦ ʦʪʢʣʠʢʘ. ɺ ʨʘʙʦʪʝ [2] ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʪʝʦʨʠʷ ʜʣʷ ʨʝʰʝʥʠʷ ʦʙʨʘʪ-

ʥʦʡ ʟʘʜʘʯʠ ʜʣʷ ʧʣʘʩʪʠʥʳ ʩ ʥʝʩʢʦʣʴʢʠʤʠ ʩʣʦʷʤʠ ʩ ʨʘʟʣʠʯʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ɺ [3] ʠʩʩʣʝ-

ʜʫʝʪʩʷ ʚʣʠʷʥʠʝ ʘʪʤʦʩʬʝʨʳ ʥʘ ʟʘʪʫʭʘʥʠʝ ʢʦʣʝʙʘʥʠʡ ʧʣʘʩʪʠʥ. 

ʀʩʧʦʣʴʟʫʝʤʳʡ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʤʝʪʦʜ ʙʳʣ ʚʧʝʨʚʳʝ ʧʨʝʜʣʦʞʝʥ ʚ ʩʪʘʪʴʝ [4]. ɼʘʥʥʘʷ ʨʘ-

ʙʦʪʘ ʨʘʩʰʠʨʷʝʪ ʦʙʣʘʩʪʴ ʧʨʠʤʝʥʠʤʦʩʪʠ ʤʝʪʦʜʘ, ʘ ʪʘʢʞʝ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʝʛʦ ʧʨʠʤʝʥʠʤʦʩʪʴ ʢ ʨʝ-

ʘʣʴʥʳʤ ʜʘʥʥʳʤ. 
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2. ʄʝʪʦʜʦʣʦʛʠʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʧʨʷʤʘʷ ʠ ʦʙʨʘʪʥʘʷ ʟʘʜʘʯʠ ʢʦʣʝ-

ʙʘʥʠʡ ʧʣʘʩʪʠʥʳ ʥʘ ʚʠʙʨʘʮʠʦʥʥʦʤ ʩʪʝʥʜʝ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ, ʧʦʟʚʦʣʷʶʱʘʷ ʧʦʣʫ-

ʯʠʪʴ ʘʤʧʣʠʪʫʜʥʦ-ʯʘʩʪʦʪʥʫʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢʫ ʢʦʣʝʙʘʥʠʡ, ʩʦʩʪʦʠʪ ʠʟ ʚʠʙʨʦʩʪʝʥʜʘ (ʛʝʥʝʨʘʪʦʨʘ 

ʩʠʥʫʩʦʠʜʘʣʴʥʳʭ ʢʦʣʝʙʘʥʠʡ ʩ ʠʟʤʝʥʷʶʱʝʡʩʷ ʯʘʩʪʦʪʦʡ), ʧʣʘʩʪʠʥʳ ʠʟ ʢʦʤʧʦʟʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠ 

ʜʚʫʭ ʩʠʥʭʨʦʥʠʟʠʨʦʚʘʥʥʳʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʘʢʩʝʣʝʨʦʤʝʪʨʦʚ, ʦʜʠʥ ʠʟ ʢʦʪʦʨʳʭ ʟʘʢʨʝʧʣʸʥ ʥʘ ʧʣʘ-

ʩʪʠʥʝ. ʊʦʛʜʘ, ʧʨʷʤʘʷ ʟʘʜʘʯʘ ʬʦʨʤʫʣʠʨʫʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: ʧʨʠ ʟʘʜʘʥʥʳʭ ʧʘʨʘʤʝʪʨʘʭ 

ʛʝʦʤʝʪʨʠʠ ʧʣʘʩʪʠʥʳ, ʝʸ ʧʣʦʪʥʦʩʪʠ, ʫʧʨʫʛʠʭ ʤʦʜʫʣʷʭ, ʧʘʨʘʤʝʪʨʘʭ ʘʢʩʝʣʝʨʦʤʝʪʨʘ (ʨʘʟʤʝʨʳ ʠ 

ʤʘʩʩʘ) ʧʦʣʫʯʠʪʴ ʥʘ ʟʘʜʘʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʟʥʘʯʝʥʠʷ ʯʘʩʪʦʪʥʦʛʦ ʦʪʢʣʠʢʘ. ʆʙʨʘʪʥʘʷ ʟʘʜʘʯʘ: 

ʧʦ ʟʘʜʘʥʥʳʤ ʛʝʦʤʝʪʨʠʠ ʧʣʘʩʪʠʥʳ, ʝʸ ʧʣʦʪʥʦʩʪʠ, ʧʘʨʘʤʝʪʨʘʤ ʘʢʩʝʣʝʨʦʤʝʪʨʘ, ʘ ʪʘʢʞʝ ʯʘʩʪʦʪʥʦ-

ʤʫ ʦʪʢʣʠʢʫ ʢʦʣʝʙʘʥʠʡ (ʠʟʤʝʨʝʥʥʦʤʫ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ) ʚ ʥʝʢʦʪʦʨʦʤ ʜʠʘʧʘʟʦʥʝ ʥʘʡʪʠ ʪʘʢʠʝ 

ʫʧʨʫʛʠʝ ʧʘʨʘʤʝʪʨʳ ʤʘʪʝʨʠʘʣʘ, ʧʨʠ ʢʦʪʦʨʳʭ ʨʝʟʫʣʴʪʘʪ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʯʘʩʪʦʪʥʦʛʦ ʦʪʢʣʠʢʘ ʩʦʚ-

ʧʘʜʘʝʪ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ. 

2.1. ʇʨʷʤʘʷ ʟʘʜʘʯʘ 

ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʜʠʥʘʤʠʢʠ ʪʦʥʢʦʡ ʢʦʤʧʦʟʠʪʥʦʡ ʧʣʘʩʪʠʥʳ ʩʪʨʦʠʪʩʷ ʚ ʨʘʤʢʘʭ ʛʠʧʦ-

ʪʝʟ ʂʠʨʭʛʦʬʘ-ʃʷʚʘ ʠ ʢʣʘʩʩʠʯʝʩʢʦʡ ʪʝʦʨʠʠ ʣʘʤʠʥʘʪʦʚ. ʊʨʸʭʤʝʨʥʘʷ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʫʧʨʫʛʦ-

ʩʪʠ ʩʚʦʜʠʪʩʷ ʢ ʩʠʩʪʝʤʝ ʪʨʸʭ ʫʨʘʚʥʝʥʠʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʦʤʧʦʥʝʥʪ ʚʝʢʪʦʨʘ ʧʝʨʝʤʝʱʝʥʠʡ ʜʚʫʤʝʨ-

ʥʦʡ ʩʨʝʜʠʥʥʦʡ ʧʣʦʩʢʦʩʪʠ [5]. 

ɼʣʷ ʘʥʘʣʠʟʘ ʫʩʪʘʥʦʚʠʚʰʠʭʩʷ ʢʦʣʝʙʘʥʠʡ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʝʨʝʭʦʜ ʚ ʯʘʩʪʦʪʥʫʶ ʦʙʣʘʩʪʴ, ʯʪʦ 

ʧʦʟʚʦʣʷʝʪ ʠʩʢʣʶʯʠʪʴ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʚʨʝʤʝʥʠ ʠ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʟʘʜʘʯʫ ʩ ʧʘʨʘʤʝʪʨʦʤ ð ʯʘʩʪʦ-

ʪʦʡ ʢʦʣʝʙʘʥʠʡ. ʂʨʘʝʚʘʷ ʟʘʜʘʯʘ ʜʦʧʦʣʥʷʝʪʩʷ ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ, ʘʜʝʢʚʘʪʥʦ ʦʧʠʩʳʚʘʶʱʠʤʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʟʘʢʨʝʧʣʝʥʠʝ ʦʙʨʘʟʮʘ ʚ ʚʠʙʨʦʩʪʝʥʜʝ: ʥʘ ʟʘʞʘʪʦʤ ʢʦʥʮʝ ʟʘʜʘʶʪʩʷ ʫʩʣʦʚʠʷ 

ɼʠʨʠʭʣʝ, ʥʘ ʦʩʪʘʣʴʥʦʡ ʛʨʘʥʠʮʝ ð ʫʩʣʦʚʠʷ ʅʝʡʤʘʥʘ. ʈʝʰʝʥʠʝ ʩʝʨʠʠ ʪʘʢʠʭ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ 

ʢʨʘʝʚʳʭ ʟʘʜʘʯ ʧʦʟʚʦʣʷʝʪ ʧʦʩʪʨʦʠʪʴ ʯʘʩʪʦʪʥʳʡ ʦʪʢʣʠʢ ʩʠʩʪʝʤʳ, ʪʦ ʝʩʪʴ ʨʝʰʠʪʴ ʧʨʷʤʫʶ ʟʘʜʘʯʫ. 

ʉʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʜʠʩʢʨʝʪʠʟʫʶʪʩʷ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʟʘʪʝʤ ʧʦʣʫ-

ʯʝʥʥʳʝ ʩʠʩʪʝʤʳ ʣʠʥʝʡʥʳʭ ʫʨʘʚʥʝʥʠʡ ʨʝʰʘʶʪʩʷ ʩʦʣʚʝʨʦʤ ʜʣʷ ʨʘʟʨʝʞʝʥʥʳʭ ʤʘʪʨʠʮ 

UMFPACK. ʊʘʢʞʝ ʜʣʷ ʫʩʢʦʨʝʥʠʷ ʚʳʯʠʩʣʝʥʠʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʝ ʧʦ ʯʘʩʪʦʪʝ ʢʦ-

ʣʝʙʘʥʠʡ ʩ ʧʦʤʦʱʴʶ OpenMP, ʚ ʩʠʣʫ ʥʝʟʘʚʠʩʠʤʦʩʪʠ ʢʨʘʝʚʳʭ ʟʘʜʘʯ ʚʥʫʪʨʠ ʦʜʥʦʡ ʩʝʨʠʠ. ɸʣʛʦ-

ʨʠʪʤ ʨʝʰʝʥʠʷ ʧʨʷʤʦʡ ʟʘʜʘʯʠ ʨʝʘʣʠʟʦʚʘʥ ʩ ʧʦʤʦʱʴʶ ʙʠʙʣʠʦʪʝʢʠ jax ʜʣʷ ʷʟʳʢʘ Python, ʧʦʟʚʦ-

ʣʷʶʱʝʡ ʠʩʧʦʣʴʟʦʚʘʪʴ ʘʚʪʦʤʘʪʠʯʝʩʢʦʝ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʝ ʩʦʣʚʝʨʘ ʧʨʷʤʦʡ ʟʘʜʘʯʠ. 

2.2. ʆʙʨʘʪʥʘʷ ʟʘʜʘʯʘ 

ʆʙʨʘʪʥʘʷ ʟʘʜʘʯʘ ʬʦʨʤʫʣʠʨʫʝʪʩʷ ʢʘʢ ʟʘʜʘʯʘ ʧʦʠʩʢʘ ʤʠʥʠʤʫʤʘ ʬʫʥʢʮʠʦʥʘʣʘ ʦʰʠʙʢʠ ʤʝʞʜʫ 

ʯʠʩʣʝʥʥʳʤ ʨʝʰʝʥʠʝʤ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʯʘʩʪʦʪʥʳʤ ʦʪʢʣʠʢʦʤ: 

ÍÉÎὒ— ÍÉÎ
ρ

ὔ
ÌÏÇȿὊ‫ȟ—ȿ ÌÏÇὊ ‫  

ʛʜʝ ɗ ð ʚʝʢʪʦʨ ʥʝʠʟʚʝʩʪʥʳʭ ʫʧʨʫʛʠʭ ʤʦʜʫʣʝʡ, Ὂ  ð ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʣʫʯʝʥʥʳʡ ʯʘʩʪʦʪ-

ʥʳʡ ʦʪʢʣʠʢ, Ὂ  ð ʯʠʩʣʝʥʥʦʝ ʨʝʰʝʥʠʝ, ‫  ð ʜʠʩʢʨʝʪʥʳʡ ʥʘʙʦʨ ʯʘʩʪʦʪ. 

ʄʠʥʠʤʠʟʘʮʠʷ ʬʫʥʢʮʠʦʥʘʣʘ ʧʨʦʠʟʚʦʜʠʪʩʷ ʯʠʩʣʝʥʥʦ, ʘʣʛʦʨʠʪʤʦʤ Simplicial Homology 

Global Optimisation (SHGO) [6] ʜʣʷ ʛʣʦʙʘʣʴʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ ʠ Sequential Least Squares Pro-

gramming (SLSQP) ʤʝʪʦʜʦʤ ʜʣʷ ʣʦʢʘʣʴʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ, ʧʦʟʚʦʣʷʶʱʠʤ ʥʘʢʣʘʜʳʚʘʪʴ ʬʠʟʠʯʝʩʢʠ 

ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʟʥʘʯʝʥʠʷ ʫʧʨʫʛʠʭ ʤʦʜʫʣʝʡ. ʇʨʠ ʵʪʦʤ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʛʨʘʜʠʝʥ-

ʪʦʚ ʠʩʧʦʣʴʟʫʝʪʩʷ ʘʚʪʦʤʘʪʠʯʝʩʢʦʝ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʷ ʩʦʣʚʝʨʘ ʧʨʷʤʦʡ ʟʘʜʘʯʠ. 

3. ʈʝʟʫʣʴʪʘʪʳ 

ʇʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜ ʙʳʣ ʧʨʠʤʝʥʸʥ ʢ ʨʝʟʫʣʴʪʘʪʘʤ ʩʝʨʠʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩ ʧʨʷʤʦʫʛʦʣʴʥʳ-

ʤʠ ʧʣʘʩʪʠʥʘʤʠ ʠʟ ʪʨʸʭ ʫʛʣʝʨʦʜ-ʵʧʦʢʩʠʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ.  
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ɼʣʷ ʜʚʫʭ ʨʘʟʣʠʯʥʳʭ ʦʙʨʘʟʮʦʚ, ʚʳʨʝʟʘʥʥʳʭ ʧʦʜ ʦʜʥʠʤ ʫʛʣʦʤ ʢ ʫʛʣʝʨʦʜʥʳʤ ʥʠʪʷʤ, ʠʟ ʪʨʸʭ-

ʩʣʦʡʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʩ ʦʨʠʝʥʪʘʮʠʝʡ ʘʨʤʠʨʫʶʱʠʭ ʚʦʣʦʢʦʥ (-45Á, 45Á, -45Á) ʙʳʣʠ ʧʦʣʫʯʝʥʳ ɸʏʍ 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʚʫʭ ʘʢʩʝʣʝʨʦʤʝʪʨʦʚ ʨʘʟʥʦʡ ʤʘʩʩʳ. ɼʣʷ ʦʜʥʦʡ ʠʟ ʧʣʘʩʪʠʥ ʙʳʣʘ ʨʝʰʝʥ ʦʙʨʘʪ-

ʥʘʷ ʟʘʜʘʯʘ, ʠ ʧʦʣʫʯʝʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʤʘʪʝʨʠʘʣʘ ʙʳʣʠ ʧʨʠʤʝʥʝʥʳ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʵʢʩʧʝʨʠ-

ʤʝʥʪʘ ʩ ʜʨʫʛʦʡ ʧʣʘʩʪʠʥʦʡ. ʇʨʠ ʪʘʢʦʤ ʧʦʜʭʦʜʝ ʙʳʣʦ ʚʳʷʚʣʝʥʦ, ʯʪʦ ʧʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜ ʧʦʟʚʦ-

ʣʷʝʪ ʭʦʨʦʰʦ ʧʨʠʙʣʠʞʘʪʴ ʨʝʘʣʴʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ʧʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ ʘʢʩʝʣʝʨʦʤʝʪʨ, ʟʘʢʨʝʧʣʸʥʥʳʡ 

ʥʘ ʧʣʘʩʪʠʥʝ, ʜʦʩʪʘʪʦʯʥʦ ʣʸʛʢʠʡ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʙʦʣʝʝ ʪʷʞʸʣʦʛʦ ʜʘʪʯʠʢʘ ʯʠʩʣʝʥʥʘʷ ʤʦʜʝʣʴ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʵʢʩʧʝʨʠʤʝʥʪʫ ʣʠʰʴ ʚ ʜʠʘʧʘʟʦʥʝ ʥʠʟʢʠʭ ʯʘʩʪʦʪ, ʠ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʯʘʩʪʦʪʳ ʪʦʯ-

ʥʦʩʪʴ ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʘʝʪʩʷ. 

ɸʥʘʣʦʛʠʯʥʳʝ ʚʳʯʠʩʣʝʥʠʷ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʜʣʷ ʜʚʫʭ ʜʨʫʛʠʭ ʧʣʘʩʪʠʥ ʩ ʤʘʪʝʨʠʘʣʦʤ ʩ ʫʢʣʘʜ-

ʢʦʡ ʥʠʪʝʡ ʧʦʜ (0Á, 30Á, 60Á).  

 

ʈʠʩ. 1. ʇʨʠʤʝʨ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ɸʏʍ ʜʣʷ ʤʥʦʛʦʩʣʦʡʥʦʡ ʢʦʤʧʦʟʠʪʥʦʡ ʧʣʘʩʪʠʥʳ ʠ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝ-

ʥʠʷ ʩ ʧʘʨʘʤʝʪʨʘʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʧʦʩʣʝ ʨʝʰʝʥʠʷ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ 

ʊʘʢʞʝ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʨʘʩʯʸʪʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʜʚʫʤ ʵʢʩʧʝʨʠʤʝʥʪʘʤ ʩ ʧʝʨʬʦʨʠʨʦʚʘʥ-

ʥʦʡ ʢʨʫʛʣʳʤʠ ʦʪʚʝʨʩʪʠʷʤʠ ʧʣʘʩʪʠʥʦʡ ʠʟ ʤʘʪʝʨʠʘʣʘ ʩ 26 ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʫʣʦʞʝʥʥʳʤʠ ʩʣʦʷ-

ʤʠ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʩʯʸʪʘ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʯʠʩʣʝʥʥʳʡ ʤʝʪʦʜ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʤʝʥʸʥ ʠ ʢ 

ʧʣʘʩʪʠʥʘʤ ʩʦ ʩʣʦʞʥʦʡ ʛʝʦʤʝʪʨʠʝʡ. 
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ʈɸʉʐʀʈɽʅʀʗ ʎɽʅʊʈɸʃʔʅʆ ʉʋʑɽʉʊɺɽʅʅʓʍ ʂʆʃɽʎ1* 

ʆ.ɺ. ʃʶʙʠʤʮʝʚ1, ɸ.ɸ. ʊʫʛʘʥʙʘʝʚ2 

1ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ, 
2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʕʀè 

ʂʦʣʴʮʦ R ʩ ʥʝʥʫʣʝʚʦʡ ʝʜʠʥʠʮʝʡ ʥʘʟʳʚʘʝʪʩʷ ʮʝʥʪʨʘʣʴʥʦ ʩʫʱʝʩʪʚʝʥʥʳʤ, ʝʩʣʠ ʜʣʷ ʣʶ-

ʙʦʛʦ ʝʛʦ ʥʝʥʫʣʝʚʦʛʦ ʵʣʝʤʝʥʪʘ a ʩʫʱʝʩʪʚʫʶʪ ʪʘʢʠʝ ʥʝʥʫʣʝʚʳʝ ʮʝʥʪʨʘʣʴʥʳʝ ʵʣʝʤʝʥʪʳ 

x ʠ y, ʯʪʦ ax = y. ɺ ʨʘʙʦʪʝ ʦʧʠʩʘʥʳ ʧʦʯʪʠ ʚʧʦʣʥʝ ʧʝʨʚʠʯʥʳʝ ʮʝʥʪʨʘʣʴʥʦ ʩʫʱʝʩʪʚʝʥ-

ʥʳʝ ʢʦʣʴʮʘ ʚ ʪʝʨʤʠʥʘʭ ʠʜʝʘʣʴʥʳʭ ʨʘʩʰʠʨʝʥʠʡ, ʮʝʥʪʨʘʣʴʥʦ ʩʫʱʝʩʪʚʝʥʥʳʝ ʨʘʩʰʠʨʝ-

ʥʠʷ ɼʦʨʦ ʠ ʪʨʠʚʠʘʣʴʥʳʝ ʨʘʩʰʠʨʝʥʠʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʮʝʥʪʨʘʣʴʥʦ ʩʫʱʝʩʪʚʝʥʥʦʝ ʢʦʣʴʮʦ, ʧʦʯʪʠ ʚʧʦʣʥʝ ʧʝʨʚʠʯʥʦʝ ʢʦʣʴʮʦ, 

ʨʘʩʰʠʨʝʥʠʝ ɼʦʨʦ, ʪʨʠʚʠʘʣʴʥʦʝ ʨʘʩʰʠʨʝʥʠʝ. 

 

1. ɺʚʝʜʝʥʠʝ 

ɺʩʝ ʢʦʣʴʮʘ, ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʝ ʚ ʨʘʙʦʪʝ, ʷʚʣʷʶʪʩʷ ʘʩʩʦʮʠʘʪʠʚʥʳʤʠ ʩ ʥʝʥʫʣʝʚʦʡ ʝʜʠʥʠʮʝʡ. 

ʂʦʣʴʮʦ R ʥʘʟʳʚʘʝʪʩʷ ʮʝʥʪʨʘʣʴʥʦ ʩʫʱʝʩʪʚʝʥʥʳʤ, ʝʩʣʠ ʜʣʷ ʣʶʙʦʛʦ ʝʛʦ ʥʝʥʫʣʝʚʦʛʦ ʵʣʝʤʝʥʪʘ a 

ʩʫʱʝʩʪʚʫʶʪ ʪʘʢʠʝ ʥʝʥʫʣʝʚʳʝ ʮʝʥʪʨʘʣʴʥʳʝ ʵʣʝʤʝʥʪʳ x ʠ y, ʯʪʦ ax = y. ʗʩʥʦ, ʯʪʦ ʢʦʣʴʮʦ R ʩ 

ʮʝʥʪʨʦʤ Z(R) = Z ʷʚʣʷʝʪʩʷ ʮʝʥʪʨʘʣʴʥʦ ʩʫʱʝʩʪʚʝʥʥʳʤ ʚ ʪʦʯʥʦʩʪʠ ʪʦʛʜʘ, ʢʦʛʜʘ ʤʦʜʫʣʴ RZ ī ʩʫ-

ʱʝʩʪʚʝʥʥʦʝ ʨʘʩʰʠʨʝʥʠʝ ʤʦʜʫʣʷ ZZ. ʂʣʘʩʩ ʮʝʥʪʨʘʣʴʥʦ ʩʫʱʝʩʪʚʝʥʥʳʭ ʢʦʣʝʮ ʷʚʣʷʝʪʩʷ ʩʪʨʦʛʠʤ 

ʨʘʩʰʠʨʝʥʠʝʤ ʢʣʘʩʩʘ ʢʦʤʤʫʪʘʪʠʚʥʳʭ ʢʦʣʝʮ. ʎʝʥʪʨʘʣʴʥʦ ʩʫʱʝʩʪʚʝʥʥʳʝ ʢʦʣʴʮʘ ʠʟʫʯʘʣʠʩʴ ʚ ʨʘ-

ʙʦʪʘʭ [1], [2], [3] ʠ ʜʨʫʛʠʭ. ɺ ʨʘʙʦʪʝ [1, Proposition 2.8] ʜʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʣʫʧʝʨʚʠʯʥʳʝ ʮʝʥʪʨʘʣʴ-

ʥʦ ʩʫʱʝʩʪʚʝʥʥʳʝ ʢʦʣʴʮʘ ʢʦʤʤʫʪʘʪʠʚʥʳ. 

ʀʜʝʘʣʴʥʦʝ ʨʘʩʰʠʨʝʥʠʝ ʢʦʣʴʮʘ I ʯʝʨʝʟ ʢʦʣʴʮʦ Q ʝʩʪʴ ʢʦʣʴʮʦ R, ʢʦʪʦʨʦʝ ʩʦʜʝʨʞʠʪ ʠʜʝʘʣ J, 

ʠʟʦʤʦʨʬʥʳʡ I (ʢʘʢ ʢʦʣʴʮʦ), ʠ RùJ ḙ Q. ʀʜʝʘʣʴʥʳʝ ʨʘʩʰʠʨʝʥʠʷ ʠʟʫʯʘʣʠʩʴ, ʥʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ 

[4]. ʂʦʣʴʮʦ ʥʘʟʳʚʘʝʪʩʷ ʚʧʦʣʥʝ ʧʝʨʚʠʯʥʳʤ, ʝʩʣʠ ʚʩʷʢʠʡ ʝʛʦ ʠʜʝʘʣ ʧʝʨʚʠʯʝʥ ʠ ʧʦʯʪʠ ʚʧʦʣʥʝ ʧʝʨ-

ʚʠʯʥʳʤ, ʝʩʣʠ ʚʩʷʢʠʡ ʝʛʦ ʥʝʥʫʣʝʚʦʡ ʩʦʙʩʪʚʝʥʥʳʡ ʠʜʝʘʣ ʧʝʨʚʠʯʝʥ; ʩʤ. [5], [6]. ʇʨʠʚʝʜʝʤ ʧʨʠʤʝʨ 

ʥʝʢʦʤʤʫʪʘʪʠʚʥʦʛʦ ʧʦʯʪʠ ʚʧʦʣʥʝ ʧʝʨʚʠʯʥʦʛʦ ʮʝʥʪʨʘʣʴʥʦ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʢʦʣʴʮʘ S, ʢʦʪʦʨʦʝ ʷʚ-

ʣʷʝʪʩʷ ʨʘʩʰʠʨʝʥʠʝʤ ʩʚʦʝʛʦ ʮʝʥʪʨʘʣʴʥʦʛʦ ʠʜʝʘʣʘ I ʯʝʨʝʟ ʧʦʣʝ F. ʅʘʧʦʤʥʠʤ, ʯʪʦ ʧʨʦʠʟʚʦʜʥʦʡ ʠʟ 

ʢʦʣʴʮʘ R ʚ (R, R)-ʙʠʤʦʜʫʣʴ M ʥʘʟʳʚʘʝʪʩʷ ʦʪʦʙʨʘʞʝʥʠʝ d: R Ÿ M, ʫʜʦʚʣʝʪʚʦʨʷʶʱʝʝ ʫʩʣʦʚʠʷʤ  

d(x) + d(y) = d(x + y) ʠ d(xy) = xd(y) + d(x)y ʜʣʷ ʚʩʝʭ x, y  ɸR. 

ɽʩʣʠ M ī (R, R)-ʙʠʤʦʜʫʣʴ, ʪʦ ʧʨʦʠʟʚʦʜʥʳʝ d1, d2: R Ÿ M ʥʘʟʳʚʘʶʪʩʷ ʥʝʩʨʘʚʥʠʤʳʤʠ, ʝʩʣʠ 

ʠʭ ʷʜʨʘ ʥʝʩʨʘʚʥʠʤʳ ʧʦ ʚʢʣʶʯʝʥʠʶ, ʪ.ʝ., ʝʩʣʠ ʩʫʱʝʩʪʚʫʶʪ ʪʘʢʠʝ ʵʣʝʤʝʥʪʳ x1, x2  ɸR, ʯʪʦ d1(x1) Í 

0, d1(x2) = 0, d2(x1) = 0, d2(x2) Í 0; ʩʤ. [4]. 

ʇʨʠʤʝʨ 1. ʇʫʩʪʴ R ī ʢʦʣʴʮʦ, F ī ʧʦʜʢʦʣʴʮʦ ʚ R, ʷʚʣʷʶʱʝʝʩʷ ʧʦʣʝʤ. ʈʘʩʩʤʦʪʨʠʤ ʜʚʝ ʥʝ-

ʩʨʘʚʥʠʤʳʝ ʧʨʦʠʟʚʦʜʥʳʝ d1, d2: F Ÿ R, ʧʨʠʯʝʤ d1(a)d2(b) Í 0, ʝʩʣʠ d1(a), d2(b) Í 0. ʆʧʨʝʜʝʣʠʤ 

ʢʦʣʴʮʦ ʤʘʪʨʠʮ 

Ὓ  

Ὢ Ὠ Ὢ Ὣ
π Ὢ Ὠ Ὢ
π π Ὢ

ȟʛʜʝ  Ὢɴ ὊȟὫᶰὙ . 

ʊʦʛʜʘ ʢʦʣʴʮʦ S ʥʝʢʦʤʤʫʪʘʪʠʚʥʦ ʠ ʷʚʣʷʝʪʩʷ ʨʘʩʰʠʨʝʥʠʝʤ ʮʝʥʪʨʘʣʴʥʦʛʦ ʠʜʝʘʣʘ  

Ὅ  
π π Ὣ
π π π
π π π

ȟʛʜʝ  Ὢɴ ὊȟὫᶰὙ. 

ʯʝʨʝʟ ʧʦʣʝ F; ʩʤ. [4, Proposition 7 and Corollary 8]. ʂʨʦʤʝ ʪʦʛʦ, R ī ʧʦʯʪʠ ʚʧʦʣʥʝ ʧʝʨʚʠʯʥʦʝ ʮʝʥ-

ʪʨʘʣʴʥʦ ʩʫʱʝʩʪʚʝʥʥʦʝ ʢʦʣʴʮʦ (ʩʤ. ʊʝʦʨʝʤʫ 2 ʥʠʞʝ). 

                                                      
1* ʈʘʙʦʪʘ ʆ.ɺ. ʃʶʙʠʤʮʝʚʘ ʧʦʜʜʝʨʞʘʥʘ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ, ʧʨʦʝʢʪ FSWR-2023-0034, ʠ ʥʘʫʯʥʦ-

ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʛʦ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʮʝʥʪʨʘ çʄʘʪʝʤʘʪʠʢʘ ʪʝʭʥʦʣʦʛʠʡ ʙʫʜʫʱʝʛʦè. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ɸ.ɸ. ʊʫʛʘʥʙʘʝʚʘ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ˉ 22-11-00052, 

https://rscf.ru/project/22-11-00052. 
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ʇʫʩʪʴ R ʠ S ī ʜʚʘ ʢʦʣʴʮʘ. ʇʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ S ï ʪʘʢʦʡ (R, R)-ʙʠʤʦʜʫʣʴ, ʯʪʦ ʜʝʡʩʪʚʠʝ R ʥʘ S 

ʩʦʛʣʘʩʦʚʘʥʦ ʩ ʫʤʥʦʞʝʥʠʝʤ ʚ S, ʪ.ʝ. r(xy) = (rx)y, (xr)y = x(ry), (xy)r = x(yr) ʜʣʷ ʚʩʝʭ r  ɴR ʠ  

x, y  ɴS. ʊʦʛʜʘ D(R, S) = R ṥ S ī ʢʦʣʴʮʦ ʩ ʫʤʥʦʞʝʥʠʝʤ 

(r1, m1) (r2, m2) = (r1r2, r1m2 + m1r2 + m1m2), 

ʛʜʝ r1, r2  ɴR, m1, m2  ɴS, ʥʘʟʳʚʘʝʤʦʝ ʨʘʩʰʠʨʝʥʠʝʤ ɼʦʨʦ D(R, S) R ʯʝʨʝʟ S. ɽʩʣʠ S = M ʪʦʣʴʢʦ  

(R, R)-ʙʠʤʦʜʫʣʴ, ʪʦ ʧʦʣʘʛʘʷ m1m2 = 0 ʜʣʷ ʚʩʝʭ m1, m2  ɴM, ʧʦʣʫʯʠʤ ʪʨʠʚʠʘʣʴʥʦʝ ʨʘʩʰʠʨʝʥʠʝ 

T(R, M) R ʯʝʨʝʟ M ʩ ʫʤʥʦʞʝʥʠʝʤ: (r1, m1) (r2, m2) = (r1r2, r1m2 + m1r2). ʊʦʛʜʘ  

ὝὙȟὓ ḙ
ὶ ά
π ὶ

ȡὶɴ Ὑȟάᶰὓ, ʠ T(R, R) ḙ R[x] Ⱦ (x2), ʛʜʝ (x2) ī ʠʜʝʘʣ, ʧʦʨʦʞʜʝʥʥʳʡ x2. 

ʆʙʦʟʥʘʯʠʤ  

CM (R) = r  ɴR | mr = rm  ᶅ m  ɴM  

ʠ 

CR(M) = m  ɴM | mr = rm  ᶅ r  ɴR . 

ʅʝʪʨʫʜʥʦ ʚʠʜʝʪʴ, ʯʪʦ CM(R) ʠ CR(M) ī ʧʦʜʢʦʣʴʮʦ ʠ ʧʦʜʤʦʜʫʣʴ ʚ R ʠ M, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʆʧʨʝʜʝʣʠʤ ʪʘʢʞʝ ʧʦʜʤʥʦʞʝʩʪʚʘ T ʠ N ʚ R ʠ M:  

T = r  ɴR |  ɱ  c  ɴCM(R) ž Z(R): 0 Í rc  ɴCM(R) ž Z(R) , 

N = m  ɴM |  ɱ  c  ɴCM(R) ž Z(R): 0 Í mc  ɴCR(M) . 

2. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʊʝʦʨʝʤʘ 2. 

ʇʫʩʪʴ R ī ʥʝʢʦʤʤʫʪʘʪʠʚʥʦʝ ʧʦʯʪʠ ʚʧʦʣʥʝ ʧʝʨʚʠʯʥʦʝ ʢʦʣʴʮʦ. ʉʣʝʜʫʶʱʠʝ ʫʩʣʦʚʠʷ ʵʢʚʠʚʘ-

ʣʝʥʪʥʳ: 

1) R ī ʮʝʥʪʨʘʣʴʥʦ ʩʫʱʝʩʪʚʝʥʥʦʝ ʢʦʣʴʮʦ; 

2) R ʷʚʣʷʝʪʩʷ ʢʦʣʴʮʦʤ ʩ ʝʜʠʥʩʪʚʝʥʥʳʤ ʥʝʥʫʣʝʚʳʤ ʩʦʙʩʪʚʝʥʥʳʤ (ʣʝʚʳʤ, ʧʨʘʚʳʤ) ʠʜʝʘʣʦʤ 

P, ʢʦʪʦʨʳʡ ʣʝʞʠʪ ʚ ʮʝʥʪʨʝ ʢʦʣʴʮʘ, ʠ ʬʘʢʪʦʨʢʦʣʴʮʦ R/P ī ʧʦʣʝ; 

3) R ī ʨʘʩʰʠʨʝʥʠʝ ʮʝʥʪʨʘʣʴʥʦʛʦ ʠʜʝʘʣʘ I ʯʝʨʝʟ ʧʦʣʝ F; 

4) R ī ʨʘʩʰʠʨʝʥʠʝ ʮʝʥʪʨʘʣʴʥʦʛʦ ʠʜʝʘʣʘ I ʯʝʨʝʟ ʧʦʣʝ F, ʢʦʪʦʨʦʝ ʠʤʝʝʪ ʜʚʝ ʥʝʩʨʘʚʥʠʤʳʝ 

ʧʨʦʠʟʚʦʜʥʳʝ ʠʟ F ʚ ʥʝʢʦʪʦʨʦʝ ʧʦʣʝ ʨʘʩʰʠʨʝʥʠʷ F. 

ɿʘʤʝʯʘʥʠʝ 3. ɽʩʣʠ ʚ ʦʙʦʟʥʘʯʝʥʠʷʭ ʪʝʦʨʝʤʳ 2(3, 4) ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʦʣʷ F ʨʘʚʥʘ ʥʫʣʶ, ʪʦ ʚ 

ʬʦʨʤʫʣʠʨʦʚʢʫ ʪʝʦʨʝʤʳ ʤʦʞʥʦ ʜʦʙʘʚʠʪʴ ʵʢʚʠʚʘʣʝʥʪʥʦʝ ʫʩʣʦʚʠʝ (ʩʤ. [4, Theorem 2]):  

5) ʉʪʝʧʝʥʴ ʪʨʘʥʩʮʝʥʜʝʥʪʥʦʩʪʠ ʧʦʣʷ F ʥʘʜ ʩʚʦʠʤ ʧʨʦʩʪʳʤ ʧʦʜʧʦʣʝʤ ʙʦʣʴʰʝ 1. 

ʇʨʝʜʣʦʞʝʥʠʝ 4. ʇʫʩʪʴ R ī ʧʦʯʪʠ ʚʧʦʣʥʝ ʧʝʨʚʠʯʥʦʝ ʮʝʥʪʨʘʣʴʥʦ ʩʫʱʝʩʪʚʝʥʥʦʝ ʢʦʣʴʮʦ. ʊʦ-

ʛʜʘ ʘʜʜʠʪʠʚʥʘʷ ʛʨʫʧʧʘ R+ ʢʦʣʴʮʘ R ʠʟʦʤʦʨʬʥʘ ṥŬ Q ʠʣʠ ṥŬ Zp ʜʣʷ ʥʝʢʦʪʦʨʦʛʦ ʧʨʦʩʪʦʛʦ p, ʛʜʝ 

Ŭ ī ʧʨʦʠʟʚʦʣʴʥʳʡ ʢʘʨʜʠʥʘʣ. 

ʊʝʦʨʝʤʘ 5. 

1) ʇʫʩʪʴ R ī ʢʦʤʤʫʪʘʪʠʚʥʦʝ ʢʦʣʴʮʦ, S ī (R, R)-ʙʠʤʦʜʫʣʴ, RS = SR ʠ D(R, S) ī ʨʘʩʰʠʨʝʥʠʝ 

ɼʦʨʦ R ʯʝʨʝʟ S. ʂʦʣʴʮʦ S ʷʚʣʷʝʪʩʷ ʮʝʥʪʨʘʣʴʥʦ ʩʫʱʝʩʪʚʝʥʥʳʤ ʢʦʣʴʮʦʤ ʚ ʪʦʯʥʦʩʪʠ ʪʦʛʜʘ, ʢʦʛʜʘ 

D(R, S) ī ʮʝʥʪʨʘʣʴʥʦ ʩʫʱʝʩʪʚʝʥʥʦʝ ʢʦʣʴʮʦ. 

2) ʊʨʠʚʠʘʣʴʥʦʝ ʨʘʩʰʠʨʝʥʠʝ T(R, M) ʮʝʥʪʨʘʣʴʥʦ ʩʫʱʝʩʪʚʝʥʥʦ ʚ ʪʦʯʥʦʩʪʠ ʪʦʛʜʘ, ʢʦʛʜʘ  

N = M ʠ T = R. 

ʉʣʝʜʩʪʚʠʝ 6. ʂʦʣʴʮʦ R ʷʚʣʷʝʪʩʷ ʮʝʥʪʨʘʣʴʥʦ ʩʫʱʝʩʪʚʝʥʥʳʤ ʚ ʪʦʯʥʦʩʪʠ ʪʦʛʜʘ, ʢʦʛʜʘ ʮʝʥ-

ʪʨʘʣʴʥʦ ʩʫʱʝʩʪʚʝʥʥʦ ʢʦʣʴʮʦ D( , R). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʣʶʙʦʝ ʮʝʥʪʨʘʣʴʥʦ ʩʫʱʝʩʪʚʝʥʥʦʝ ʢʦʣʴʮʦ 

ʚʢʣʘʜʳʚʘʝʪʩʷ ʚ ʮʝʥʪʨʘʣʴʥʦ ʩʫʱʝʩʪʚʝʥʥʦʝ ʢʦʣʴʮʦ ʩ 1. 

ʉʣʝʜʩʪʚʠʝ 7. ɽʩʣʠ T(R, M) ʮʝʥʪʨʘʣʴʥʦ ʩʫʱʝʩʪʚʝʥʥʦʝ ʢʦʣʴʮʦ, ʪʦ ʢʦʣʴʮʦ R ʮʝʥʪʨʘʣʴʥʦ ʩʫ-

ʱʝʩʪʚʝʥʥʦ. 

ʉʣʝʜʩʪʚʠʝ 8. ʇʫʩʪʴ I ī ʠʜʝʘʣ ʚ ʢʦʣʴʮʝ R. ʂʦʣʴʮʦ T(R, I) ʮʝʥʪʨʘʣʴʥʦ ʩʫʱʝʩʪʚʝʥʥʦ ʚ ʪʦʯʥʦ-

ʩʪʠ ʪʦʛʜʘ, ʢʦʛʜʘ ʮʝʥʪʨʘʣʴʥʦ ʩʫʱʝʩʪʚʝʥʥʦ ʢʦʣʴʮʦ R. 

3. ɿʘʤʝʯʘʥʠʷ ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʧʨʠʤʝʨʳ 

ɿʘʤʝʯʘʥʠʝ 9. ʉʫʱʝʩʪʚʫʶʪ ʧʦʯʪʠ ʚʧʦʣʥʝ ʧʝʨʚʠʯʥʳʝ ʢʦʣʴʮʘ, ʠʤʝʶʱʠʝ ʨʘʟʣʠʯʥʳʝ ʥʝʥʫʣʝ-

ʚʳʝ ʩʦʙʩʪʚʝʥʥʳʝ ʠʜʝʘʣʳ; ʩʤ. [6, Example 2.4]. ɹʦʣʝʝ ʪʦʛʦ, ʩʫʱʝʩʪʚʫʶʪ ʚʧʦʣʥʝ ʧʝʨʚʠʯʥʳʝ ʥʝ-

ʢʦʤʤʫʪʘʪʠʚʥʳʝ ʢʦʣʴʮʘ, ʠʤʝʶʱʠʝ ʙʝʩʢʦʥʝʯʥʦ ʤʥʦʛʦ ʠʜʝʘʣʦʚ; ʩʤ. [5]. 
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ɿʘʤʝʯʘʥʠʝ 10. ʇʫʩʪʴ D ī ʤʥʦʞʝʩʪʚʦ ʚʩʝʭ ʜʝʣʠʪʝʣʝʡ ʥʫʣʷ ʢʦʣʴʮʘ R. ʀʟ ʦʧʨʝʜʝʣʝʥʠʷ ʮʝʥ-

ʪʨʘʣʴʥʦ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʢʦʣʴʮʘ ʩʣʝʜʫʝʪ, ʯʪʦ ʝʩʣʠ {0} Í D  Z(R), ʪʦ ʢʦʣʴʮʦ R ʮʝʥʪʨʘʣʴʥʦ ʩʫʱʝ-

ʩʪʚʝʥʥʦ. ʀʟ [7, Example 1.1] ʩʣʝʜʫʝʪ, ʯʪʦ ʩʫʱʝʩʪʚʫʶʪ ʥʝʢʦʤʤʫʪʘʪʠʚʥʳʝ ʮʝʥʪʨʘʣʴʥʦ ʩʫʱʝ-

ʩʪʚʝʥʥʳʝ ʢʦʣʴʮʘ, ʫ ʢʦʪʦʨʳʭ ʚʩʝ ʜʝʣʠʪʝʣʠ ʥʫʣʷ ʣʝʞʘʪ ʚ ʮʝʥʪʨʝ ʢʦʣʴʮʘ. 

ʇʨʠʤʝʨ 11. ʇʫʩʪʴ  ī ʢʦʣʴʮʦ ʮʝʣʳʭ ʯʠʩʝʣ,  ī ʧʦʣʝ ʨʘʮʠʦʥʘʣʴʥʳʭ ʯʠʩʝʣ, [i] ī ʧʦʣʝ 

ʯʘʩʪʥʳʭ ʢʦʣʴʮʘ ʮʝʣʳʭ ʛʘʫʩʩʦʚʳʭ ʯʠʩʝʣ [i]. ʆʙʦʟʥʘʯʠʤ ʯʝʨʝʟ ű: q1 + q2i Ÿ q1 ï q2i ī ʘʚʪʦʤʦʨ-

ʬʠʟʤ ʧʦʣʷ [i]. ʇʫʩʪʴ RX ʠ RY ī ʣʦʢʘʣʠʟʘʮʠʠ [i] ʧʦ ʧʨʦʩʪʳʤ ʠʜʝʘʣʘʤ X = (2 + i) ʠ Y = (2 ī i), 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʦʣʦʞʠʤ R = RX ž RY. ʂʦʣʴʮʦ R ʩʦʚʧʘʜʘʝʪ ʩ ʤʥʦʞʝʩʪʚʦʤ ʚʩʝʭ ʥʝʩʦʢʨʘʪʠʤʳʭ 

ʨʘʮʠʦʥʘʣʴʥʳʭ ʛʘʫʩʩʦʚʳʭ ʜʨʦʙʝʡ, ʟʥʘʤʝʥʘʪʝʣʠ ʢʦʪʦʨʳʭ ʥʝ ʜʝʣʷʪʩʷ ʥʘ 2 + i ʠ ʥʘ 2 ī i. ʆʙʦʟʥʘʯʠʤ 

ʯʝʨʝʟ M ʧʨʘʚʳʡ R-ʤʦʜʫʣʴ [i] Ⱦ RX. ʄʳ ʪʘʢʞʝ ʧʨʝʚʨʘʪʠʤ M ʚ ʣʝʚʳʡ R-ʤʦʜʫʣʴ ʧʦ ʧʨʘʚʠʣʫ rm = 

mű(r) ʜʣʷ ʚʩʝʭ ʵʣʝʤʝʥʪʦʚ r  ɴR ʠ m ɴ  M. ʅʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʨʦʚʝʨʷʝʪʩʷ, ʯʪʦ M ʷʚʣʷʝʪʩʷ (R, R)-

ʙʠʤʦʜʫʣʝʤ. ʈʘʩʩʤʦʪʨʠʤ ʪʨʠʚʠʘʣʴʥʦʝ ʨʘʩʰʠʨʝʥʠʝ S = T(R, M) ʢʦʣʴʮʘ R ʯʝʨʝʟ ʤʦʜʫʣʴ M. ʊʦʛʜʘ 

CM(R) = . ɽʩʣʠ 0 Í z = q1 + q2i, ʛʜʝ q2 Í 0, ʪʦ z ʥʝ ʣʝʞʠʪ ʚ T. ʇʦ ʪʝʦʨʝʤʝ 5(2) S ʥʝ ʷʚʣʷʝʪʩʷ ʮʝʥ-

ʪʨʘʣʴʥʦ ʩʫʱʝʩʪʚʝʥʥʳʤ ʢʦʣʴʮʦʤ. 

ʇʨʠʚʝʜʝʤ ʧʨʠʤʝʨ ʮʝʥʪʨʘʣʴʥʦ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʪʨʠʚʠʘʣʴʥʦʛʦ ʨʘʩʰʠʨʝʥʠʷ S = T(R, M), ʛʜʝ 

RM Í MR. 

ʇʨʠʤʝʨ 12.   ɹʫʜʝʤ ʩʪʨʦʠʪʴ ʠʩʢʦʤʦʝ ʨʘʩʰʠʨʝʥʠʝ ʥʘ ʙʘʟʝ ʧʨʠʤʝʨʘ 1.1 ʠʟ ʨʘʙʦʪʳ [7]. ʇʫʩʪʴ 

 [x, y] ī ʢʦʣʴʮʦ ʤʥʦʛʦʯʣʝʥʦʚ ʦʪ ʜʚʫʭ ʧʝʨʝʤʝʥʥʳʭ x ʠ y ʥʘʜ , K = [x, y] Ⱦ (y2) ʠ R = K[t, ů] ī 

ʢʦʣʴʮʦ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʤʥʦʛʦʯʣʝʥʦʚ ×ti ai, ai  ɴ K ʩ ʧʨʦʠʟʚʦʜʥʦʡ ů, ʦʧʨʝʜʝʣʷʝʤʦʡ ʢʘʢ  

ů(x) = y ʠ ů(y) = 0. ʊʘʢ ʢʘʢ y2 = 0, ʪʦ ʠʤʝʝʤ (f(x) + g(x)y) t = t(f(x) + g(x)y) + f ó(x)y. ʈʘʩʩʤʦʪʨʠʤ 

ʢʦʣʴʮʦ 

Ὓ  
Ὢὼȟώ Ὣὸ
π Ὢὼȟώ

ȟʛʜʝ  ὪὼȟώᶰὑȟὫὸᶰὙ. 

ʊʘʢ ʢʘʢ 
ὼ π
π ὼ

π ὸ
π π

 
π ὼὸ
π π

 
π ὸὼ
π π

 
π ὸ
π π

ὼ π
π ὼ

, 

ʪʦ ʢʦʣʴʮʦ S ʥʝʢʦʤʤʫʪʘʪʠʚʥʦ. ʂʨʦʤʝ ʪʦʛʦ, S ʷʚʣʷʝʪʩʷ ʮʝʥʪʨʘʣʴʥʦ ʩʫʱʝʩʪʚʝʥʥʳʤ ʢʦʣʴʮʦʤ. ɼʝʡ-

ʩʪʚʠʪʝʣʴʥʦ, ʧʫʩʪʴ ʥʝʥʫʣʝʚʘʷ ʤʘʪʨʠʮʘ 
Ὧ Ὢὸ
π Ὧ

 ʥʝ ʧʨʠʥʘʜʣʝʞʠʪ ʮʝʥʪʨʫ Z(S) ʢʦʣʴʮʘ S,  

k = f(x) + g(x)y. ɽʩʣʠ f(x) = 0, ʪʦ g(x)y  ɴCM(R). ɽʩʣʠ f(x) Í 0, ʪʦ 0 Í ky  ɴCM(R), y  ɴCM(R). ɿʥʘʯʠʪ, 

T = R.  ɼʘʣʝʝ, ʝʩʣʠ f(t) ʥʝ ʧʨʠʥʘʜʣʝʞʠʪ CR(M), ʪʦ f(t) ʩʦʜʝʨʞʠʪ ʤʦʥʦʤ ʩ ʥʝʥʫʣʝʚʳʤ ʢʦʵʬʬʠʮʠ-

ʝʥʪʦʤ h(x) ʠ 0 Í f(t)y  ɴCR(M). ʉʣʝʜʦʚʘʪʝʣʴʥʦ, N = M ʠ S ʷʚʣʷʝʪʩʷ ʮʝʥʪʨʘʣʴʥʦ ʩʫʱʝʩʪʚʝʥʥʳʤ 

ʢʦʣʴʮʦʤ ʧʦ ʪʝʦʨʝʤʝ 5(2). 
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ɹʀʌʋʈʂɸʎʀʀ ʇʈɽɼɽʃʔʅʓʍ ʎʀʂʃʆɺ ʀ ʊʆʈʆɺ ɺ ʉʀʉʊɽʄɽ 

ɺɿɸʀʄʆʉɺʗɿɸʅʅʓʍ ʆʉʎʀʃʃʗʊʆʈʆɺ ɹɸʋʊʀʅɸ1* 

ɸ.ɸ. ʄʘʨʢʝʣʦʚ1,2, ɸ.ʉ. ɼʤʠʪʨʠʯʝʚ2, ɺ.ʀ. ʅʝʢʦʨʢʠʥ1,2 

1 ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ. ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ, 
2 ʀʥʩʪʠʪʫʪ ʧʨʠʢʣʘʜʥʦʡ ʬʠʟʠʢʠ ʠʤ. ɸ.ɺ. ɻʘʧʦʥʦʚʘ-ɻʨʝʭʦʚʘ ʈɸʅ 

ʇʨʠʚʦʜʷʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʠʥʘʤʠʢʠ ʘʥʩʘʤʙʣʷ ʜʚʫʭ ʚʟʘʠʤʦʩʚʷʟʘʥʥʳʭ ʦʩ-

ʮʠʣʣʷʪʦʨʦʚ ɹʘʫʪʠʥʘ. ʇʨʝʜʩʪʘʚʣʝʥʳ ʜʚʫʭʧʘʨʘʤʝʪʨʠʯʝʩʢʠʝ ʙʠʬʫʨʢʘʮʠʦʥʥʳʝ ʜʠʘʛʨʘʤ-

ʤʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʰʠʝ ʦʜʥʦʨʦʜʥʳʤ ʠ ʥʝʦʜʥʦʨʦʜʥʳʤ ʨʝʰʝʥʠʷʤ, ʜʣʷ ʢʦʪʦʨʳʭ ʘʤʧʣʠ-

ʪʫʜʳ ʢʦʣʝʙʘʥʠʡ ʩʦʚʧʘʜʘʶʪ ʠʣʠ ʨʘʟʣʠʯʘʶʪʩʷ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɹʠʬʫʨʢʘʮʠʦʥʥʘʷ ʜʠʘ-

ʛʨʘʤʤʘ ʜʣʷ ʦʜʥʦʨʦʜʥʳʭ ʨʝʰʝʥʠʡ ʚʢʣʶʯʘʝʪ ʢʨʠʚʳʝ ʩʝʜʣʦ-ʫʟʣʦʚʳʭ ʙʠʬʫʨʢʘʮʠʡ ʮʠʢ-

ʣʦʚ ʠ ʪʦʨʦʚ, ʙʠʬʫʨʢʘʮʠʡ ɸʥʜʨʦʥʦʚʘ-ʍʦʧʬʘ (ʩʫʙ- ʠ ʩʫʧʝʨʢʨʠʪʠʯʝʩʢʦʡ), ʙʠʬʫʨʢʘʮʠʠ 

ʍʦʧʬ-ʍʦʧʬ ʠ ʩʣʠʷʥʠʷ ʪʦʨʦʚ. ɹʠʬʫʨʢʘʮʠʦʥʥʳʝ ʜʠʘʛʨʘʤʤʳ ʜʣʷ ʥʝʦʜʥʦʨʦʜʥʳʭ ʨʝʰʝ-

ʥʠʡ ʚʢʣʶʯʘʶʪ ʢʨʠʚʳʝ ʙʠʬʫʨʢʘʮʠʡ ʪʠʧʘ çʚʠʣʢʘè, ʩʝʜʣʦ-ʫʟʣʦʚʳʭ ʙʠʬʫʨʢʘʮʠʡ ʮʠʢʣʦʚ, 

ʘ ʪʘʢʞʝ ʙʠʬʫʨʢʘʮʠʡ ʅʝʡʤʘʨʢʘ-ʉʘʢʝʨʘ ʠ ʩʣʠʷʥʠʷ ʪʦʨʦʚ, ʢʦʪʦʨʳʝ ʢʨʦʤʝ ʪʦʛʦ ʜʝʤʦʥ-

ʩʪʨʠʨʫʶʪ ʫʜʚʦʝʥʠʝ ʧʝʨʠʦʜʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʦʩʮʠʣʣʷʪʦʨ ɹʘʫʪʠʥʘ, ʤʘʣʳʡ ʘʥʩʘʤʙʣʴ, ʜʠʬʬʫʟʠʦʥʥʘʷ ʩʚʷʟʴ, ʙʠʬʫʨ-

ʢʘʮʠʠ. 

 

1. ɺʚʝʜʝʥʠʝ 

ʆʩʮʠʣʣʷʪʦʨ ɹʘʫʪʠʥʘ ʷʚʣʷʝʪʩʷ ʥʦʨʤʘʣʴʥʦʡ ʬʦʨʤʦʡ ʙʠʬʫʨʢʘʮʠʠ ɹʘʫʪʠʥʘ, ʢʦʪʦʨʘʷ ʧʨʝʜʩʪʘʚ-

ʣʷʝʪ ʩʦʙʦʡ ʦʙʦʙʱʝʥʠʝ ʙʠʬʫʨʢʘʮʠʠ ɸʥʜʨʦʥʦʚʘ-ʍʦʧʬʘ ʥʘ ʩʣʫʯʘʡ, ʢʦʛʜʘ ʧʝʨʚʘʷ ʣʷʧʫʥʦʚʩʢʘʷ ʚʝ-

ʣʠʯʠʥʘ ʦʙʨʘʱʘʝʪʩʷ ʚ ʥʦʣʴ, ʘ ʚʪʦʨʘʷ ï ʥʝ ʨʘʚʥʘ ʥʫʣʶ [1]. ʉʚʷʟʘʥʥʳʝ ʦʩʮʠʣʣʷʪʦʨʳ ɹʘʫʪʠʥʘ ʩʣʫ-

ʞʘʪ ʵʬʬʝʢʪʠʚʥʦʡ ʤʦʜʝʣʴʶ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʥʝʣʠʥʝʡʥʳʭ ʜʠʥʘʤʠʯʝʩʢʠʭ ʵʬʬʝʢ-

ʪʦʚ, ʥʘʧʨʠʤʝʨ, ʩʠʥʭʨʦʥʠʟʘʮʠʠ ʠ ʧʦʜʘʚʣʝʥʠʷ ʢʦʣʝʙʘʥʠʡ, ʥʘʙʣʶʜʘʝʤʳʭ ʚ ʨʘʟʣʠʯʥʳʭ ʩʝʪʝʚʳʭ ʩʠ-

ʩʪʝʤʘʭ [2,3].  

ɿʜʝʩʴ ʤʳ ʧʨʝʜʩʪʘʚʣʷʝʤ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʚʝʜʝʥʠʷ ʘʥʩʘʤʙʣʷ ʠʟ ʜʚʫʭ ʩʚʷʟʘʥʥʳʭ 

ʦʩʮʠʣʣʷʪʦʨʦʚ ɹʘʫʪʠʥʘ, ʜʠʥʘʤʠʢʘ ʢʦʪʦʨʦʛʦ ʦʧʠʩʳʚʘʝʪʩʷ ʩʣʝʜʫʶʱʝʡ ʩʠʩʪʝʤʦʡ: 

ᾀ ‌ Ὥ‫ ᾀ ‍ᾀȿᾀȿ ᾀȿᾀȿ ὧᾀ ᾀ ȟ

ᾀ ‌ Ὥ‫ ᾀ ‍ᾀȿᾀȿ ᾀȿᾀȿ ὧᾀ ᾀ ȟ
                            (1) 

ʛʜʝ ÚÔ ØÔ ÉÙÔȟÉ ρȟς ʭʘʨʘʢʪʝʨʠʟʫʶʪ ʩʦʩʪʦʷʥʠʝ É-ʛʦ ʦʩʮʠʣʣʷʪʦʨʘ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ Ô; ɻ 
ʠ ɼ ï ʜʝʡʩʪʚʠʪʝʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʩʠʩʪʝʤʳ ʟʘʜʘʶʱʠʝ ʝʛʦ ʜʠʥʘʤʠʢʫ, ʖ ï ʩʦʙʩʪʚʝʥʥʘʷ ʯʘʩʪʦʪʘ 

ʦʩʮʠʣʣʷʪʦʨʘ, Ã π ï ʧʘʨʘʤʝʪʨ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʩʠʣʫ ʩʚʷʟʠ ʤʝʞʜʫ ʦʩʮʠʣʣʷʪʦʨʘʤʠ. 

ʉʠʩʪʝʤʘ (1) ʧʨʠ ʣʶʙʳʭ ʟʥʘʯʝʥʠʷʭ ʧʘʨʘʤʝʪʨʦʚ ʚ ᴙ  ʠʤʝʝʪ ʝʜʠʥʩʪʚʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʨʘʚʥʦʚʝ-

ʩʠʷ ʚ ʥʘʯʘʣʝ ʢʦʦʨʜʠʥʘʪ /, ʢʦʪʦʨʦʝ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʤʦʞʝʪ ʙʳʪʴ ʫʩʪʦʡʯʠ-
ʚʳʤ ʠʣʠ ʥʝʫʩʪʦʡʯʠʚʳʤ ʬʦʢʫʩʦʤ, ʘ ʪʘʢʞʝ ʩʝʜʣʦ-ʬʦʢʫʩʦʤ. 

2. ʆʜʥʦʨʦʜʥʳʝ ʨʝʰʝʥʠʷ 

ʈʝʰʝʥʠʷ ʚʠʜʘ ᾀὸ ὶὸÅØÐὭ• ὸ ȟὭ ρȟς ʙʫʜʝʤ ʥʘʟʳʚʘʪʴ ʦʜʥʦʨʦʜʥʳʤʠ. ɿʘʬʠʢʩʠʨʫʝʤ 
ʧʘʨʘʤʝʪʨʳ Ŭ ʠ ɓ, ʘ ʧʘʨʘʤʝʪʨʳ ὧ ʠ ɝ  ʖ   ʖ  ʙʫʜʝʤ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʢʦʥʪʨʦʣʴʥʳʝ. ʅʘ 

ʨʠʩ.1 ʧʨʝʜʩʪʘʚʣʝʥʦ ʨʘʟʙʠʝʥʠʝ ʧʣʦʩʢʦʩʪʠ ʧʘʨʘʤʝʪʨʦʚ ὧȟɝ ʥʘ ʦʙʣʘʩʪʠ ʩ ʨʘʟʣʠʯʥʳʤ ʯʠʩʣʦʤ 

ʧʨʝʜʝʣʴʥʳʭ ʮʠʢʣʦʚ ʠ ʪʦʨʦʚ (ɼ πȢωȟɻ πȢρ), ʢʦʪʦʨʦʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤʠ ʙʠʬʫʨʢʘ-
ʮʠʦʥʥʳʤʠ ʢʨʠʚʳʤʠ: 

ὛὔὍὅȡῳ ςὧȟπ ὧ ‌ ï ʩʝʜʣʦ-ʫʟʣʦʚʦʡ ʙʠʬʫʨʢʘʮʠʝʡ ʧʨʝʜʝʣʴʥʳʭ ʮʠʢʣʦʚ ὒ ʠ ὒ,  

                                                      
1* ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʦʤ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʈʌ ʚ ʨʘʤʢʘʭ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀʇʌ ʈɸʅ, ʧʨʦʝʢʪ FFUF-2024-0011. 
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ʈʠʩ.1. ɹʠʬʫʨʢʘʮʠʦʥʥʘʷ ʜʠʘʛʨʘʤʤʘ ʦʜʥʦʨʦʜʥʳʭ ʨʝʰʝʥʠʡ ʩʠʩʪʝʤʳ (1). ɿʜʝʩʴ: ὒ ï ʫʩʪʦʡʯʠʚʳʡ ʧʨʝʜʝʣʴ-

ʥʳʡ ʮʠʢʣ, ὒȟ ï ʩʝʜʣʦʚʳʝ ʧʨʝʜʝʣʴʥʳʝ ʮʠʢʣʳ, ὒ ï ʥʝʫʩʪʦʡʯʠʚʳʡ ʧʨʝʜʝʣʴʥʳʡ ʮʠʢʣ, ὝȟὝï ʫʩʪʦʡʯʠʚʳʡ 

ʠ ʥʝʫʩʪʦʡʯʠʚʳʡ ʜʚʫʤʝʨʥʳʝ ʠʥʚʘʨʠʘʥʪʥʳʝ ʪʦʨr 

ὃȡῳ ςЍς‌ὧ‌ȟ ὧ ‌ ï ʩʫʙʢʨʠʪʠʯʝʩʢʦʡ ʙʠʬʫʨʢʘʮʠʝʡ ɸʥʜʨʦʥʦʚʘ-ʍʦʧʬʘ ʮʠʢʣʘ ὒ,  

ὌὌȡὧ ‌ȟῳ ςὧ ï ʍʦʧʬ-ʍʦʧʬ ʙʠʬʫʨʢʘʮʠʝʡ ʠʥʚʘʨʠʘʥʪʥʦʛʦ ʪʦʨʘ Ὕ ,  

ὃȡῳ ςЍς‌ὧ‌ȟὧ ‌ ï ʩʫʙʢʨʠʪʠʯʝʩʢʦʡ ʙʠʬʫʨʢʘʮʠʝʡ ɸʥʜʨʦʥʦʚʘ-ʍʦʧʬʘ ʮʠʢʣʘ ὒ,  

ὛὔὍὅ ȟ ᷾Ὓὔ ȟ ȡῳ ςὧȟ‌ ὧ ‌ ï ʩʝʜʣʦ-ʫʟʣʦʚʳʤʠ ʙʠʬʫʨʢʘʮʠʷʤʠ ʧʨʝʜʝʣʴʥʳʭ 

ʮʠʢʣʦʚ  ὒ; ὒ ʠ ὒ; ὒ,  

ὑȡ ῳ ȟ ‌ ὧ ‌ ï ʩʝʜʣʦ-ʫʟʣʦʚʦʡ ʙʠʬʫʨʢʘʮʠʝʡ ʧʨʝʜʝʣʴʥʳʭ 

ʮʠʢʣʦʚ ὒ ʠ ὒ,  

ὑȡ ῳ ȟὧ ‌ ï ʩʝʜʣʦ-ʫʟʣʦʚʦʡ ʙʠʬʫʨʢʘʮʠʝʡ ʧʨʝʜʝʣʴʥʳʭ ʮʠʢʣʦʚ ὒ ʠ 

ὒ,  

ː  ï ʙʠʬʫʨʢʘʮʠʝʡ ʦʙʨʘʟʦʚʘʥʥʦʡ ʤʥʦʛʦʦʙʨʘʟʠʷʤʠ ʩʝʜʣʦʚʳʭ ʧʨʝʜʝʣʴʥʳʭ ʮʠʢʣʦʚ ὒ ʠ ὒ,  

Ὕ ï ʙʠʬʫʨʢʘʮʠʝʡ ʩʣʠʷʥʠʷ ʪʦʨʦʚ Ὕ ʠ Ὕ . 

3. ʅʝʦʜʥʦʨʦʜʥʳʝ ʨʝʰʝʥʠʷ 

ɺ ʦʪʣʠʯʠʝ ʦʪ ʦʜʥʦʨʦʜʥʳʭ, ʥʝʦʜʥʦʨʦʜʥʳʝ ʨʝʰʝʥʠʷ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʨʘʟʣʠʯʥʳʤʠ ʘʤʧʣʠʪʫ-

ʜʘʤʠ ʢʦʣʝʙʘʥʠʡ ÒÔ ÒÔ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʠʤʝʶʪʩʷ ʜʚʘ ʪʠʧʘ ʥʝʦʜʥʦʨʦʜʥʳʭ ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ (ʦʙʦʟʥʘʯʠʤ ʠʭ ), 

)), ʚʦʟʥʠʢʘʶʱʠʭ ʧʘʨʘʤʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʙʠʬʫʨʢʘʮʠʡ ʪʠʧʘ çʚʠʣʢʘè (pitchfork). ʀʭ ʚʦʟʥʠʢʥʦʚʝʥʠʝ 

ʩʚʷʟʘʥʦ ʩ ʠʟʤʝʥʝʥʠʝʤ ʫʩʪʦʡʯʠʚʦʩʪʠ ʤʥʦʛʦʦʙʨʘʟʠʡ ʦʜʥʦʨʦʜʥʳʭ ʩʝʜʣʦʚʳʭ ʮʠʢʣʦʚ ὒ ʠ ὒ. ɼʘʥ-

ʥʳʝ ʨʝʰʝʥʠʷ ʧʦʷʚʣʷʶʪʩʷ ʧʨʠ ʧʝʨʝʩʝʯʝʥʠʠ ʢʨʠʚʳʭ ɝ(ʨʠʩ. 2ʘ) ʠ ɝ,  ɝ (ʨʠʩ. 2ʙ). ɺʳʜʝʣʝʥʘ ʦʙ-

ʣʘʩʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʢʘʞʜʦʡ ʧʘʨʳ ʥʝʦʜʥʦʨʦʜʥʳʭ ʮʠʢʣʦʚ ʠ ʧʨʦʚʝʜʸʥ ʘʥʘʣʠʟ ʠʭ ʫʩʪʦʡʯʠʚʦʩʪʠ. 

ʆʙʣʘʩʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʧʘʨʳ ʥʝʦʜʥʦʨʦʜʥʳʭ ʮʠʢʣʦʚ )  (ʨʠʩ. 2ʘ), ʢʨʦʤʝ ʢʨʠʚʦʡ ɝ, ʦʛʨʘʥʠʯʝʥʘ 
ʣʠʥʠʝʡ 0& ʠ ʢʨʠʚʦʡ 3& . ʇʨʠ ʧʝʨʝʩʝʯʝʥʠʠ ʣʠʥʠʠ 0&, ʧʨʦʠʩʭʦʜʠʪ ʨʦʞʜʝʥʠʝ ʥʝʫʩʪʦʡʯʠʚʦʛʦ 

ʦʜʥʦʨʦʜʥʦʛʦ ʠʥʚʘʨʠʘʥʪʥʦʛʦ ʪʦʨʘ 4  ʠ ʜʚʫʭ ʥʝʦʜʥʦʨʦʜʥʳʭ ʩʝʜʣʦʚʳʭ ʮʠʢʣʦʚ ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʟʤʝ-

ʥʝʥʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ ʩʦʩʪʦʷʥʠʷ ʨʘʚʥʦʚʝʩʠʷ ʚ ʥʘʯʘʣʝ ʢʦʦʨʜʠʥʘʪ. ʂʨʠʚʘʷ   3&  ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, 

ʦʪʚʝʯʘʝʪ ʩʝʜʣʦ-ʫʟʣʦʚʦʡ ʙʠʬʫʨʢʘʮʠʠ ʤʝʞʜʫ ʦʙʝʠʤʠ ʧʘʨʘʤʠ ʥʝʦʜʥʦʨʦʜʥʳʭ ʮʠʢʣʦʚ. ʋʩʪʘʥʦʚʣʝ-

ʥʦ, ʯʪʦ ʧʘʨʘ ) ʥʝ ʤʝʥʷʝʪ ʫʩʪʦʡʯʠʚʦʩʪʴ ʚʦ ʚʩʝʡ ʦʙʣʘʩʪʠ ʩʫʱʝʩʪʚʦʚʘʥʠʷ, ʦʩʪʘʚʘʷʩʴ ʩʝʜʣʦʚʦʡ. 
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ʆʙʣʘʩʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʧʘʨʳ ʥʝʦʜʥʦʨʦʜʥʳʭ ʮʠʢʣʦʚ ) (ʨʠʩ. 2)   ʢʨʦʤʝ ʢʨʠʚʳʭ  ɝ,  ɝ ʦʛʨʘʥʠ-

ʯʝʥʘ ʪʦʣʴʢʦ ʢʨʠʚʦʡ 3& . ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʘʥʥʘʷ ʧʘʨʘ ʤʝʥʷʝʪ ʩʚʦʶ ʫʩʪʦʡʯʠʚʦʩʪʴ ʥʘ ʢʨʠʚʦʡ 

.3, ʥʘ ʢʦʪʦʨʦʡ ʧʘʨʘ ʢʦʤʧʣʝʢʩʥʦ-ʩʦʧʨʷʞʝʥʥʳʭ ʤʫʣʴʪʠʧʣʠʢʘʪʦʨʦʚ ʧʦʧʘʜʘʝʪ ʥʘ ʝʜʠʥʠʯʥʫ  ʁ

ʦʢʨʫʞʥʦʩʪʴ, ʪ. ʝ ʧʨʦʠʩʭʦʜʠʪ ʙʠʬʫʨʢʘʮʠʷ ʅʝʡʤʘʨʢʘ-ʉʘʢʝʨʘ. ɺʳʰʝ ʵʪʦʡ ʢʨʠʚʦʡ ʧʘʨʘ )  ʷʚʣʷʝʪʩʷ 

ʫʩʪʦʡʯʠʚʦʡ, ʘ ʥʠʞʝ ï  ʩʝʜʣʦʚʦʡ. 

   
 

 

 
 

 

(a)                                                                                    (ʙ) 

ʈʠʩ. 2. ʆʙʣʘʩʪʠ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʧʘʨ ʥʝʦʜʥʦʨʦʜʥʳʭ ʧʨʝʜʝʣʴʥʳʭ ʮʠʢʣʦʚ,ʨʦʞʜʘʶʱʠʭʩʷ  

ʥʘ ʢʨʠʚʳʭ  ῳ(ʘ) ʠ ῳ,  ῳ(ʙ) 

ʇʦʤʠʤʦ ʧʨʝʜʝʣʴʥʳʭ ʮʠʢʣʦʚ, ʚ ʩʠʩʪʝʤʝ ʥʘʙʣʶʜʘʶʪʩʷ ʜʚʫʤʝʨʥʳʝ ʠʥʚʘʨʠʘʥʪʥʳʝ ʪʦʨʳ, ʪʘʢ-

ʞʝ ʨʦʞʜʘʶʱʠʝʩʷ ʧʘʨʘʤʠ. ʆʙʣʘʩʪʠ ʠʭ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ. 3. ʆʜʥʘ ʠʟ ʧʘʨ ʠʥʚʘʨʠ-

ʘʥʪʥʳʭ ʪʦʨʦʚ ʚʦʟʥʠʢʘʝʪ ʚ ʨʝʟʫʣʴʪʘʪʝ ʙʠʬʫʨʢʘʮʠʠ ʅʝʡʤʘʨʢʘ-ʉʘʢʝʨʘ, ʧʨʦʠʩʭʦʜʷʱʝʡ ʧʨʠ ʧʝʨʝʩʝ-

ʯʝʥʠʠ ʢʨʠʚʦʡ .3 .3 ᷾.3  (ʨʠʩ. 2ʙ ʠ 3). ʇʨʠ ʵʪʦʤ ʧʨʠ ʧʝʨʝʩʝʯʝʥʠʠ ʢʨʠʚʦʡ .3  ʠʤʝʝʪ ʤʝ-

ʩʪʦ ʩʫʧʝʨʢʨʠʪʠʯʝʩʢʘʷ ʙʠʬʫʨʢʘʮʠʷ, ʠ ʚ ʩʪʦʨʦʥʫ ʫʤʝʥʴʰʝʥʠʷ ʧʘʨʘʤʝʪʨʘ ɝ, ʨʦʞʜʘʶʪʩʷ ʫʩʪʦʡʯʠ-

ʚʳʝ ʪʦʨʳ, ʩʫʱʝʩʪʚʫʶʱʠʝ ʚ ʦʙʣʘʩʪʠ 1. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʨʠ ʧʝʨʝʩʝʯʝʥʠʠ ʢʨʠʚʦʡ .3  ʠʤʝʝʪ ʤʝ-

ʩʪʦ ʩʫʙʢʨʠʪʠʯʝʩʢʘʷ ʙʠʬʫʨʢʘʮʠʷ ʠ, ʚ ʩʪʦʨʦʥʫ ʫʚʝʣʠʯʝʥʠʷ ʧʘʨʘʤʝʪʨʘ ɝ, ʨʦʞʜʘʶʪʩʷ ʥʝʫʩʪʦʡʯʠ-

ʚʳʝ ʪʦʨʳ, ʩʫʱʝʩʪʚʫʶʱʠʝ ʚ ʦʙʣʘʩʪʠ 2. ɽʱʸ ʦʜʥʘ ʧʘʨʘ ʫʩʪʦʡʯʠʚʳʭ ʥʝʦʜʥʦʨʦʜʥʳʭ ʠʥʚʘʨʠʘʥʪʥʳʭ 

ʪʦʨʦʚ ʬʦʨʤʠʨʫʝʪʩʷ ʧʨʠ ʧʝʨʝʩʝʯʝʥʠʠ ʢʨʠʚʦʡ Ὕ ʚ ʩʪʦʨʦʥʫ ʫʚʝʣʠʯʝʥʠʷ ʧʘʨʘʤʝʪʨʘ Ã, ʩʦʦʪʚʝʪʩʪʚʫ-
ʶʱʝʡ ʩʣʠʷʥʠʶ ʫʩʪʦʡʯʠʚʦʛʦ ʠ ʥʝʫʩʪʦʡʯʠʚʦʛʦ ʦʜʥʦʨʦʜʥʳʭ ʪʦʨʦʚ. ɼʘʥʥʘʷ ʧʘʨʘ ʨʝʰʝʥʠʡ ʩʫʱʝ-

ʩʪʚʫʝʪ ʚ ʦʙʣʘʩʪʷʭ 1 ʠ 2. ʅʘ ʢʨʠʚʦʡ ' ʧʨʦʠʩʭʦʜʠʪ ʨʘʟʨʫʰʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʪʦʨʦʚ ʚ ʨʝ-

ʟʫʣʴʪʘʪʝ ʢʘʩʢʘʜʦʚ ʙʠʬʫʨʢʘʮʠʡ ʫʜʚʦʝʥʠʷ ʧʝʨʠʦʜʘ ʠ ʧʦʩʣʝʜʫʶʱʝʡ ʠʭ ʭʘʦʪʠʟʘʮʠʠ. ʂʨʠʚʘʷ ' ʩʦ-

ʦʪʚʝʪʩʪʚʫʝʪ ʩʣʠʷʥʠʶ ʪʦʨʦʚ ʦʙʨʘʟʦʚʘʥʥʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʩʫʙʢʨʠʪʠʯʝʩʢʦʡ ʙʠʬʫʨʢʘʮʠʠ ʅʝʡʤʘʨʢʘ-

ʉʘʢʝʨʘ ʠ ʫʩʪʦʡʯʠʚʳʭ ʪʦʨʦʚ ʦʙʨʘʟʦʚʘʥʥʳʭ ʧʨʠ ʧʝʨʝʩʝʯʝʥʠʠ ʢʨʠʚʦʡ 4.  

 

ʈʠʩ. 3. ʆʙʣʘʩʪʠ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʥʝʦʜʥʦʨʦʜʥʳʭ ʠʥʚʘʨʠʘʥʪʥʳʭ ʪʦʨʦʚ 
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ɿʘʢʣʶʯʝʥʠʝ 

ʇʦʩʪʨʦʝʥʦ ʨʘʟʙʠʝʥʠʝ ʧʣʦʩʢʦʩʪʠ ʧʘʨʘʤʝʪʨʦʚ òʩʠʣʘ ʩʚʷʟʠ - ʨʘʩʩʪʨʦʡʢʘ ʯʘʩʪʦʪò ʥʘ ʦʙʣʘʩʪʠ ʩ 

ʨʘʟʣʠʯʥʳʤ ʜʠʥʘʤʠʯʝʩʢʠʤ ʧʦʚʝʜʝʥʠʝʤ ʦʩʮʠʣʣʷʪʦʨʦʚ. ʀʩʩʣʝʜʦʚʘʥʳ ʙʠʬʫʨʢʘʮʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶ-

ʱʠʝ ʨʦʞʜʝʥʠʶ/ʠʩʯʝʟʥʦʚʝʥʠʶ ʢʘʢ ʦʜʥʦʨʦʜʥʳʭ, ʪʘʢ ʠ ʥʝʦʜʥʦʨʦʜʥʳʭ ʨʝʰʝʥʠʡ ʨʘʟʣʠʯʥʦʛʦ ʪʠʧʘ. 

ʀʟʫʯʝʥʘ ʦʙʣʘʩʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʠ ʫʩʪʦʡʯʠʚʦʩʪʴ ʪʘʢʠʭ ʨʝʰʝʥʠʡ. 
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ʆɹ ʆʇʓʊɽ ʈɸɿʈɸɹʆʊʂʀ ʇɽʈɽʅʆʉʀʄʓʍ ʇʈʆɻʈɸʄʄ 

ɼʃʗ ʅɸʋʏʅʓʍ ɺʓʏʀʉʃɽʅʀʁ1* 

ʀ.ɹ. ʄʝʝʨʦʚ, ʉ.ɸ. ɹʦʨʠʩʦʚ, ɺ.ɼ. ɺʦʣʦʢʠʪʠʥ, ɸ.ɺ. ɻʦʨʰʢʦʚ, ʄ.ɸ. ʂʦʟʣʦʚ, ɽ.ɸ. ʇʘʥʦʚʘ, 

ɸ.ʖ. ʇʠʨʦʚʘ, ɸ.ɺ. ʃʠʥʝʚ 

ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ 

ʇʨʦʙʣʝʤʘ ʧʝʨʝʥʦʩʠʤʦʩʪʠ ʢʦʜʘ ʤʝʞʜʫ ʨʘʟʣʠʯʥʳʤʠ ʘʧʧʘʨʘʪʥʳʤʠ ʧʣʘʪʬʦʨʤʘʤʠ ʚʦʟ-

ʥʠʢʘʝʪ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʧʨʦʛʨʘʤʤʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʜʣʷ ʥʘʫʯʥʦʛʦ ʠ ʠʥʞʝʥʝʨʥʦʛʦ ʤʦʜʝ-

ʣʠʨʦʚʘʥʠʷ. ʄʥʦʛʠʝ ʟʘʜʘʯʠ, ʨʝʰʘʝʤʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʘʢʠʭ ʧʨʦʛʨʘʤʤʥʳʭ ʢʦʤ-

ʧʣʝʢʩʦʚ, ʷʚʣʷʶʪʩʷ ʚʳʯʠʩʣʠʪʝʣʴʥʦ-ʪʨʫʜʦʝʤʢʠʤʠ ʠ ʥʝʨʝʜʢʦ ʪʨʝʙʫʶʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʟʥʘʯʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʥʳʭ ʩʠʩʪʝʤ. ʉʦʚʨʝʤʝʥʥʳʝ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʳ 

ʤʦʛʫʪ ʙʳʪʴ ʧʦʩʪʨʦʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʮʝʥʪʨʘʣʴʥʳʭ ʠ ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʦʚ 

ʨʘʟʣʠʯʥʦʡ ʘʨʭʠʪʝʢʪʫʨʳ. ʉʫʱʝʩʪʚʝʥʥʳʝ ʨʘʟʣʠʯʠʷ ʤʝʞʜʫ ʘʨʭʠʪʝʢʪʫʨʘʤʠ ʷʚʣʷʶʪʩʷ 

ʧʨʠʯʠʥʦʡ ʧʨʦʙʣʝʤ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʧʝʨʝʥʦʩʠʤʳʭ ʢʦʜʦʚ, ʢ ʢʦʪʦʨʳʤ ʧʨʝʜʲʷʚʣʷʶʪʩʷ 

ʪʨʝʙʦʚʘʥʠʷ ʚʳʩʦʢʦʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʳʯʠʩʣʠ-

ʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ. ɺ ʜʦʢʣʘʜʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚʦʟʤʦʞʥʦʩʪʠ ʨʘʟʨʘʙʦʪʢʠ ʧʝʨʝʥʦʩʠ-

ʤʳʭ ʧʨʦʛʨʘʤʤ ʜʣʷ ʛʝʪʝʨʦʛʝʥʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʩʠʩʪʝʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯ-

ʥʳʭ ʷʟʳʢʦʚ ʠ ʙʠʙʣʠʦʪʝʢ ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ (SYCL/DPC++, Kokkos, 

Co-Array Fortran), ʦʙʩʫʞʜʘʶʪʩʷ ʦʩʦʙʝʥʥʦʩʪʠ, ʜʦʩʪʦʠʥʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʢʠ ʫʢʘʟʘʥʥʳʭ 

ʧʦʜʭʦʜʦʚ. ʀʟʣʦʞʝʥʠʝ ʧʨʦʚʦʜʠʪʩʷ ʥʘ ʧʨʠʤʝʨʝ ʜʚʫʭ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʶʱʠʭʩʷ ʜʨʫʛ 

ʦʪ ʜʨʫʛʘ ʟʘʜʘʯ ʙʠʦʠʥʬʦʨʤʘʪʠʢʠ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʬʠʟʠʢʠ. ʌʦʨʤʫʣʠʨʫʶʪʩʷ ʚʳʚʦʜʳ 

ʠ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʨʘʟʨʘʙʦʪʢʝ ʧʝʨʝʥʦʩʠʤʳʭ ʧʨʦʛʨʘʤʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʢʘʟʘʥʥʳʭ 

ʧʦʜʭʦʜʦʚ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʝ ʚʳʯʠʩʣʝʥʠʷ, ʥʘʫʯʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʧʝ-

ʨʝʥʦʩʠʤʦʩʪʴ ʧʨʦʛʨʘʤʤ, ʘʥʘʣʠʟ ʠ ʦʧʪʠʤʠʟʘʮʠʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ, ʧʝʨʝʥʦʩʠʤʦʩʪʴ 

ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ, ʛʝʪʝʨʦʛʝʥʥʳʝ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʩʠʩʪʝʤʳ, SYCL, DPC++, Co-

Array Fortran, Kokkos. 

 

ɸʨʭʠʪʝʢʪʫʨʳ ʩʦʚʨʝʤʝʥʥʳʭ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʥʳʭ ʩʠʩʪʝʤ ʧʦʩʪʦʷʥʥʦ ʨʘʟʚʠʚʘʶʪʩʷ ʠ ʫʩʣʦʞ-

ʥʷʶʪʩʷ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʧʠʢʦʚʦʡ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʙʳʪʴ ʚʳ-

ʯʠʩʣʝʥʘ ʘʥʘʣʠʪʠʯʝʩʢʠ. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʩʫʱʝʩʪʚʝʥʥʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʠʤʝʝʪ ʨʝʘʣʴʥʘʷ (ʜʦʩʪʠʞʠʤʘʷ) ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʙʳʪʴ ʦʮʝʥʝʥʘ ʵʢʩʧʝʨʠʤʝʥ-

ʪʘʣʴʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʰʠʨʦʢʦ ʠʟʚʝʩʪʥʳʭ ʪʝʩʪʦʚ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʚʳʜʝ-

ʣʷʶʪʩʷ ʙʝʥʯʤʘʨʢʠ LINPACK [1], HPCG [2], Graph500 [3] ʠ ʜʨʫʛʠʝ.  

ʄʥʦʛʦʣʝʪʥʷʷ ʠʩʪʦʨʠʷ ʟʘʤʝʨʦʚ ʚ ʧʝʨʝʯʥʝ 500 ʥʘʠʙʦʣʝʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʭ ʩʠʩʪʝʤ ʤʠʨʘ ʧʦ-

ʢʘʟʳʚʘʝʪ, ʯʪʦ ʥʝʩʤʦʪʨʷ ʥʘ ʧʦʩʪʦʷʥʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʘʙʩʦʣʶʪʥʳʭ ʟʥʘʯʝʥʠʡ ʜʦʩʪʠʛʥʫʪʦʡ ʧʨʦʠʟʚʦ-

ʜʠʪʝʣʴʥʦʩʪʠ, ʩʦʭʨʘʥʷʝʪʩʷ ʦʛʨʦʤʥʘʷ ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʨʝʟʫʣʴʪʘʪʘʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʥʘ ʨʘʟʥʳʭ ʟʘ-

ʜʘʯʘʭ. ɼʣʷ ʤʥʦʛʠʭ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʦʚ ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʨʝʟʫʣʴʪʘʪʘʤʠ ʥʘ ʪʝʩʪʘʭ LINPACK ʠ 

HPCG ʩʦʩʪʘʚʣʷʝʪ ʜʚʘ ʧʦʨʷʜʢʘ [4]. ʕʪʦʪ ʬʘʢʪ ʫʙʝʜʠʪʝʣʴʥʦ ʜʝʤʦʥʩʪʨʠʨʫʝʪ, ʯʪʦ ʧʨʠ ʚʩʝʭ ʥʝʩʦ-

ʤʥʝʥʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʜʦʩʪʠʞʝʥʠʷʭ ʩʦʚʨʝʤʝʥʥʳʝ ʘʨʭʠʪʝʢʪʫʨʳ ʧʣʦʭʦ ʧʦʜʭʦʜʷʪ ʜʣʷ ʨʝʰʝ-

ʥʠʷ ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʘ ʟʘʜʘʯ ʩ ʥʠʟʢʦʡ ʘʨʠʬʤʝʪʠʯʝʩʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʠ ʥʝʨʝʛʫʣʷʨʥʳʤ ʜʦʩʪʫ-

ʧʦʤ ʢ ʧʘʤʷʪʠ. ʊʦʤʫ ʝʩʪʴ ʥʝʩʢʦʣʴʢʦ ʧʨʠʯʠʥ. ɺʦ-ʧʝʨʚʳʭ, ʥʝʣʴʟʷ ʠʛʥʦʨʠʨʦʚʘʪʴ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʥʘ 

ʧʨʦʪʷʞʝʥʠʠ ʤʥʦʛʠʭ ʜʝʩʷʪʠʣʝʪʠʡ ʪʝʩʪ LINPACK (ʧʨʷʤʦʝ ʨʝʰʝʥʠʝ ʩʠʩʪʝʤ ʣʠʥʝʡʥʳʭ ʫʨʘʚʥʝʥʠʡ 

ʩ ʧʣʦʪʥʳʤʠ ʤʘʪʨʠʮʘʤʠ) ʜʦʤʠʥʠʨʦʚʘʣ ʢʘʢ ʦʩʥʦʚʥʦʡ ʠʥʩʪʨʫʤʝʥʪ ʩʨʘʚʥʝʥʠʷ ʠ ʘʥʘʣʠʟʘ, ʯʪʦ ʥʝ-

ʩʢʦʣʴʢʦ ʩʤʝʩʪʠʣʦ ʬʦʢʫʩ ʚ ʨʘʟʚʠʪʠʠ ʦʙʦʨʫʜʦʚʘʥʠʷ ʚ ʩʪʦʨʦʥʫ ʧʨʠʣʦʞʝʥʠʡ, ʚ ʢʦʪʦʨʳʭ ʚʳʯʠʩʣʝ-

ʥʠʷ ʧʨʝʦʙʣʘʜʘʶʪ ʥʘʜ ʨʘʙʦʪʦʡ ʩ ʧʘʤʷʪʴʶ. ʇʦ ʵʪʦʡ ʠ ʜʨʫʛʠʤ ʧʨʠʯʠʥʘʤ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʚʦʟ-

ʤʦʞʥʦʩʪʠ ʧʨʦʮʝʩʩʦʨʦʚ ʫʣʫʯʰʘʣʠʩʴ ʟʥʘʯʠʪʝʣʴʥʦ ʙʳʩʪʨʝʝ, ʯʝʤ ʘʥʘʣʦʛʠʯʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʧʦʜʩʠʩʪʝʤʳ ʧʘʤʷʪʠ, ʯʪʦ ʫʩʠʣʠʚʘʣʦ ʠ ʧʨʦʜʦʣʞʘʝʪ ʫʩʠʣʠʚʘʪʴ ʜʘʥʥʳʡ ʵʬʬʝʢʪ. ɺʦ-ʚʪʦʨʳʭ, ʥʘ 

ʧʨʦʪʷʞʝʥʠʠ ʤʥʦʛʠʭ ʣʝʪ ʩʦʦʙʱʝʩʪʚʦ ʨʘʟʨʘʙʦʪʯʠʢʦʚ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʥʝ ʫʜʝʣʷʣʦ ʜʦ-

ʩʪʘʪʦʯʥʦʛʦ ʚʥʠʤʘʥʠʷ ʚʦʧʨʦʩʘʤ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ, ʧʦʣʘ-

                                                      
1* ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ, 

ʧʨʦʝʢʪ ˉ FSWR-2023-0034. 
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ʛʘʷʩʴ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʥʘ ʧʦʩʪʦʷʥʥʳʡ ʨʦʩʪ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʦʚ. ɺ ʵʪʦʡ ʩʚʷʟʠ 

ʦʪʤʝʪʠʤ ʚʘʞʥʫʶ ʜʠʩʢʫʩʩʠʶ ʚ ʨʘʙʦʪʝ [5], ʧʦʜʯʝʨʢʠʚʘʶʱʫʶ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦ 

ʜʘʣʴʥʝʡʰʝʤʫ ʚʟʨʳʚʥʦʤʫ ʨʦʩʪʫ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʚʦ ʤʥʦʛʦʤ ʠʩʯʝʨʧʘʥʳ, ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʥʘʩʪʘʣʦ ʚʨʝʤʷ ʧʦʟʘʙʦʪʠʪʴʩʷ ʦʙ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʠʤʝʶʱʠʭʩʷ ʨʝʩʫʨʩʦʚ ʧʨʦʛʨʘʤʤ-

ʥʳʤʠ ʧʨʠʣʦʞʝʥʠʷʤʠ. 

ɼʘʥʥʳʡ ʚʦʧʨʦʩ ʦʩʦʙʝʥʥʦ ʚʘʞʝʥ ʜʣʷ ʧʨʠʢʣʘʜʥʳʭ ʢʦʜʦʚ, ʨʝʰʘʶʱʠʭ ʟʘʜʘʯʠ ʠʟ ʨʘʟʥʳʭ ʧʨʝʜ-

ʤʝʪʥʳʭ ʦʙʣʘʩʪʝʡ ʤʝʪʦʜʘʤʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʘ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʘʭ. ʊʘʢʠʝ ʢʦʜʳ, ʢʘʢ 

ʧʨʘʚʠʣʦ, ʨʘʟʨʘʙʘʪʳʚʘʶʪʩʷ ʙʦʣʴʰʠʤʠ ʤʝʞʜʠʩʮʠʧʣʠʥʘʨʥʳʤʠ ʢʦʣʣʝʢʪʠʚʘʤʠ, ʦʙʲʝʜʠʥʷʶʱʠʤʠ 

ʩʧʝʮʠʘʣʠʩʪʦʚ ʠʟ ʨʘʟʥʳʭ ʧʨʝʜʤʝʪʥʳʭ ʦʙʣʘʩʪʝʡ. ʀʟ ʥʘʰʝʛʦ ʦʧʳʪʘ ʨʘʟʨʘʙʦʪʢʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 

ʧʨʦʛʨʘʤʤʥʳʭ ʢʦʤʧʣʝʢʩʦʚ, ʘ ʪʘʢʞʝ ʠʟ ʦʧʳʪʘ ʦʙʩʫʞʜʝʥʠʷ ʜʘʥʥʦʡ ʧʨʦʙʣʝʤʘʪʠʢʠ ʥʘ ʢʦʥʬʝʨʝʥʮʠ-

ʷʭ, ʩʝʤʠʥʘʨʘʭ ʠ ʚ ʥʘʫʯʥʦʡ ʧʝʨʠʦʜʠʢʝ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʥʘ ʧʫʪʠ ʢ ʩʦʟʜʘʥʠʶ ʨʘʙʦʪʘʶʱʝʛʦ ʇʆ, ʢʦʪʦ-

ʨʦʝ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ, ʧʨʠʭʦʜʠʪʩʷ ʧʨʝʦʜʦʣʝʚʘʪʴ ʥʝʤʘʣʦ ʪʨʫʜʥʦʩʪʝʡ. 

ɺʦ-ʧʝʨʚʳʭ, ʩʫʱʝʩʪʚʫʝʪ ʧʨʦʙʣʝʤʘ ʚ ʢʦʤʤʫʥʠʢʘʮʠʷʭ ʤʝʞʜʫ ʩʧʝʮʠʘʣʠʩʪʘʤʠ ʠʟ ʨʘʟʥʳʭ ʧʨʝʜʤʝʪ-

ʥʳʭ ʦʙʣʘʩʪʝʡ, ʥʝʨʝʜʢʦ ʧʨʠʚʦʜʷʱʘʷ ʢ ʥʝʧʦʥʠʤʘʥʠʶ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʥʝʢʦʨʨʝʢʪʥʦʡ ʨʝʘʣʠʟʘ-

ʮʠʠ, ʢʦʪʦʨʫʶ ʜʦʩʪʘʪʦʯʥʦ ʪʨʫʜʥʦ ʧʨʦʪʝʩʪʠʨʦʚʘʪʴ ʠ ʦʪʣʘʜʠʪʴ. ɺʦ-ʚʪʦʨʳʭ, ʩʘʤ ʧʦ ʩʝʙʝ ʧʨʦʮʝʩʩ 

ʜʠʘʛʥʦʩʪʠʢʠ ʪʘʢʠʭ ʢʦʜʦʚ ʜʦʩʪʘʪʦʯʥʦ ʩʣʦʞʝʥ: ʨʝʰʝʥʠʝ ʤʦʜʝʣʴʥʳʭ ʟʘʜʘʯ ʩ ʠʟʚʝʩʪʥʳʤ ʦʪʚʝʪʦʤ 

ʜʘʣʝʢʦ ʥʝ ʚʩʝʛʜʘ ʜʘʝʪ ʧʦʣʥʫʶ ʢʘʨʪʠʥʫ ʠ ʫʚʝʨʝʥʥʦʩʪʴ ʚ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʇʆ. ɺ-ʪʨʝʪʴʠʭ, ʧʨʦ-

ʝʢʪʠʨʦʚʘʥʠʝ ʪʘʢʠʭ ʧʨʦʛʨʘʤʤʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʥʝʪʨʠʚʠʘʣʴʥʦʡ ʟʘʜʘʯʝʡ. ʇʨʠ ʧʨʦ-

ʝʢʪʠʨʦʚʘʥʠʠ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʧʝʨʩʧʝʢʪʠʚʳ ʜʘʣʴʥʝʡʰʝʛʦ ʨʘʟʚʠʪʠʷ ʇʆ, ʧʦʩʢʦʣʴʢʫ ʧʨʦ-

ʮʝʩʩ ʥʘʫʯʥʦʛʦ ʧʦʠʩʢʘ ʥʝʨʝʜʢʦ ʪʨʝʙʫʝʪ ʨʝʘʣʠʟʘʮʠʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʤʦʜʫʣʝʡ, 

ʫʯʠʪʳʚʘʶʱʠʭ ʨʘʟʣʠʯʥʳʝ ʵʬʬʝʢʪʳ ʠ ʩʫʱʝʩʪʚʝʥʥʦ ʨʘʩʰʠʨʷʶʱʠʭ ʚʦʟʤʦʞʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ. 

ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʢʨʘʡʥʝ ʞʝʣʘʪʝʣʴʥʦ ʠʤʝʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʨʝʘʣʠʟʘʮʠʠ ʪʘʢʠʭ ʨʘʩʰʠʨʝʥʠʡ ʩʠ-

ʣʘʤʠ ʩʧʝʮʠʘʣʠʩʪʦʚ ʠʟ ʧʨʠʢʣʘʜʥʦʡ ʦʙʣʘʩʪʠ, ʥʝ ʚ ʧʦʣʥʦʡ ʤʝʨʝ ʚʣʘʜʝʶʱʠʤʠ ʥʘʚʳʢʘʤʠ ʩʠʩʪʝʤʥʦ-

ʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʠ ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʭ ʚʳʯʠʩʣʝʥʠʡ. ʆʜʥʠʤ ʠʟ ʧʨʠʤʝʨʦʚ ʜʦʩʪʘʪʦʯʥʦ 

ʫʜʘʯʥʦʛʦ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʦʧʳʪ ʨʘʟʨʘʙʦʪʢʠ ʚ ʅʅɻʋ ʠ ʀʇʌ ʈɸʅ ʢʦʜʘ PICADOR ʜʣʷ 

ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʣʘʟʝʨʥʦʡ ʧʣʘʟʤʳ [6], ʩʦʯʝʪʘʶʱʝʛʦ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʦʝ ʚʳʯʠʩʣʠ-

ʪʝʣʴʥʦʝ ʷʜʨʦ ʩ ʛʠʙʢʠʤ ʠʥʪʝʨʬʝʡʩʦʤ, ʧʦʟʚʦʣʷʶʱʠʤ ʜʦʧʠʩʳʚʘʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʤʦʜʫʣʠ, ʧʦʯʪʠ 

ʥʝ ʚʥʠʢʘʷ ʚ ʥʠʟʢʦʫʨʦʚʥʝʚʳʝ ʜʝʪʘʣʠ ʦʨʛʘʥʠʟʘʮʠʠ ʧʘʨʘʣʣʝʣʠʟʤʘ.  

ɺ ʩʠʪʫʘʮʠʠ, ʢʦʛʜʘ ʫʜʘʝʪʩʷ ʨʝʰʠʪʴ ʫʢʘʟʘʥʥʳʝ ʚʳʰʝ ʧʨʦʙʣʝʤʳ, ʥʘ ʧʝʨʚʳʡ ʧʣʘʥ ʚʳʭʦʜʠʪ 

ʩʣʝʜʫʶʱʠʡ ʚʦʧʨʦʩ: ʢʘʢ ʜʦʙʠʪʴʩʷ ʚʦʟʤʦʞʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʛʝʪʝʨʦʛʝʥʥʳʭ ʩʫʧʝʨʢʦʤʧʴʶʪʝ-

ʨʦʚ, ʧʦʩʪʨʦʝʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʩʪʨʦʡʩʪʚ ʩ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʶʱʝʡʩʷ ʘʨʭʠʪʝʢʪʫʨʦʡ? ʅʘ 

ʧʝʨʚʳʡ ʚʟʛʣʷʜ ʤʦʞʝʪ ʧʦʢʘʟʘʪʴʩʷ, ʯʪʦ ʜʘʥʥʘʷ ʧʨʦʙʣʝʤʘ ʩʚʦʜʠʪʩʷ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʢ ʧʝʨʝʥʦʩʠʤʦ-

ʩʪʠ ʢʦʜʘ (portability) ʠ ʤʦʞʝʪ ʙʳʪʴ ʣʝʛʢʦ ʨʝʰʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʜʥʦʛʦ ʠʟ ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ 

ʷʟʳʢʦʚ (ʠʣʠ ʙʠʙʣʠʦʪʝʢ) ʜʣʷ ʛʝʪʝʨʦʛʝʥʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʚʳʜʝʣʠʤ OpenCL 

[7], OpenACC [8], SYCL (DPC++) [9], Kokkos [10] ʠ ʜʨʫʛʠʝ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʚ ʮʝʣʦʤ ʧʨʦʙʣʝʤʘ 

ʧʝʨʝʥʦʩʠʤʦʩʪʠ ʢʦʜʘ ʤʝʞʜʫ ʨʘʟʥʳʤʠ ʧʨʦʛʨʘʤʤʥʦ-ʘʧʧʘʨʘʪʥʳʤʠ ʧʣʘʪʬʦʨʤʘʤʠ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴ-

ʥʦ ʨʝʰʘʝʪʩʷ, ʯʪʦ ʧʦʪʝʥʮʠʘʣʴʥʦ ʤʦʞʝʪ ʧʦʟʚʦʣʠʪʴ ʨʝʘʣʠʟʦʚʳʚʘʪʴ ʢʦʜʳ ʜʣʷ ʥʘʫʯʥʦʛʦ ʤʦʜʝʣʠʨʦ-

ʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʷʟʳʢʦʚ/ʙʠʙʣʠʦʪʝʢ, ʘ ʜʘʣʝʝ ʩʦʙʠʨʘʪʴ ʠ ʟʘʧʫʩʢʘʪʴ ʠʭ 

ʥʘ ʨʘʟʥʳʭ ʧʣʘʪʬʦʨʤʘʭ. ʆʜʥʘʢʦ ʧʨʠ ʵʪʦʤ ʚʩʪʘʝʪ ʚʦʧʨʦʩ ʦ ʧʝʨʝʥʦʩʠʤʦʩʪʠ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ 

ʧʦʜʦʙʥʳʭ ʨʝʘʣʠʟʘʮʠʡ (performance portability) ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʳʯʠʩʣʠʪʝʣʴ-

ʥʳʭ ʨʝʩʫʨʩʦʚ. ʅʘʰ ʦʧʳʪ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʢʦʜ, ʠʟʥʘʯʘʣʴʥʦ ʥʘʧʠʩʘʥʥʳʡ ʚ ʣʦʛʠʢʝ ʩʠʩʪʝʤ, ʧʦʩʪʨʦ-

ʝʥʥʳʭ ʥʘ ʤʥʦʛʦʷʜʝʨʥʳʭ ʮʝʥʪʨʘʣʴʥʳʭ ʧʨʦʮʝʩʩʦʨʘʭ ʘʨʭʠʪʝʢʪʫʨ x86 ʠʣʠ ARM, ʥʝ ʦʯʝʥʴ ʭʦʨʦʰʦ 

ʧʝʨʝʥʦʩʠʪʩʷ ʥʘ GPU-ʘʨʭʠʪʝʢʪʫʨʳ, ʠ ʥʘʦʙʦʨʦʪ. ɽʱʝ ʩʣʦʞʥʝʝ ʜʦʙʠʪʴʩʷ ʧʨʠʝʤʣʝʤʦʡ ʧʨʦʠʟʚʦʜʠ-

ʪʝʣʴʥʦʩʪʠ ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚʩʝʭ ʫʩʪʨʦʡʩʪʚ ʜʘʞʝ ʚ ʩʣʫʯʘʝ ʨʝʘʣʠʟʘʮʠʠ ʵʬʬʝʢ-

ʪʠʚʥʦʡ ʩʭʝʤʳ ʙʘʣʘʥʩʠʨʦʚʢʠ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʥʘʛʨʫʟʢʠ. ʇʨʦʙʣʝʤʘ ʯʘʱʝ ʚʩʝʛʦ ʩʚʷʟʘʥʘ ʩ ʥʘʢʣʘʜ-

ʥʳʤʠ ʨʘʩʭʦʜʘʤʠ ʥʘ ʧʝʨʝʜʘʯʫ ʜʘʥʥʳʭ ʤʝʞʜʫ ʨʘʟʥʳʤʠ ʫʩʪʨʦʡʩʪʚʘʤʠ. ʇʦ ʥʘʰʝʤʫ ʤʥʝʥʠʶ, ʧʨʦ-

ʙʣʝʤʘ ʧʝʨʝʥʦʩʠʤʦʩʪʠ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʥʝ ʨʝʰʝʥʘ. 

ɼʦʢʣʘʜ ʧʦʩʚʷʱʝʥ ʦʙʩʫʞʜʝʥʠʶ ʵʪʠʭ ʚʦʧʨʦʩʦʚ ʚ ʢʦʥʪʝʢʩʪʝ ʥʘʢʦʧʣʝʥʥʦʛʦ ʚ ʢʦʣʣʝʢʪʠʚʝ ʦʧʳ-

ʪʘ ʧʦ ʨʘʟʨʘʙʦʪʢʝ ʧʝʨʝʥʦʩʠʤʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʢʦʜʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʥʳʭ ʩʨʝʜʩʪʚ ʜʣʷ ʛʝ-

ʪʝʨʦʛʝʥʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ [11-14]. ɺ ʯʘʩʪʥʦʩʪʠ, ʤʳ ʠʟʫʯʘʝʤ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ 

C++, DPC++, Kokkos ʧʨʠ ʨʝʰʝʥʠʠ ʜʚʫʭ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʶʱʠʭʩʷ ʟʘʜʘʯ. ʇʝʨʚʘʷ ʟʘʜʘʯʘ ʠʟ 

ʦʙʣʘʩʪʠ ʙʠʦʠʥʬʦʨʤʘʪʠʢʠ [14] ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʦʠʩʢʝ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʚʩʪʨʝʯʘʶʱʠʭʩʷ ʧʦʩʣʝʜʦʚʘ-

ʪʝʣʴʥʦʩʪʝʡ ɼʅʂ ʠ ʩʚʦʜʠʪʩʷ ʢ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʧʘʨʘʣʣʝʣʴʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʥʘ ʩʪʨʦʢʘʭ. ɺʪʦʨʘʷ ʟʘ-

ʜʘʯʘ ʦʪʥʦʩʠʪʩʷ ʢ ʦʙʣʘʩʪʠ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʬʠʟʠʢʠ ʠ ʧʦʩʚʷʱʝʥʘ ʨʝʘʣʠʟʘʮʠʠ ʤʝʪʦʜʘ ʢʦʥʝʯʥʳʭ 

ʨʘʟʥʦʩʪʝʡ ʚʦ ʚʨʝʤʝʥʥʦʡ ʦʙʣʘʩʪʠ (Finite-Difference Time-Domain) ʜʣʷ ʯʠʩʣʝʥʥʦʛʦ ʠʥʪʝʛʨʠʨʦʚʘ-
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ʥʠʷ ʫʨʘʚʥʝʥʠʡ ʄʘʢʩʚʝʣʣʘ [15]. ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʚ ʨʘʩʩʤʦʪʨʝʥʠʝ ʚʢʣʶʯʝʥ Co-Array Fortran, ʦʜʠʥ 

ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʠʥʩʪʨʫʤʝʥʪʦʚ, ʷʚʣʷʶʱʠʭʩʷ ʘʙʩʪʨʘʢʮʠʝʡ ʥʘʜ ʥʠʟʢʦʫʨʦʚʥʝʚʳʤʠ ʩʧʦʩʦʙʘʤʠ 

ʨʝʘʣʠʟʘʮʠʠ ʧʘʨʘʣʣʝʣʠʟʤʘ ʚ ʩʠʩʪʝʤʘʭ ʩ ʦʙʱʝʡ ʠ ʨʘʩʧʨʝʜʝʣʝʥʥʦʡ ʧʘʤʷʪʴʶ. Co-Array Fortran ʧʦʢʘ 

ʥʝ ʨʝʰʘʝʪ ʟʘʜʘʯʫ ʧʝʨʝʥʦʩʠʤʦʩʪʠ ʢʦʜʘ ʥʘ ʘʨʭʠʪʝʢʪʫʨʳ GPU, ʦʜʥʘʢʦ ʷʚʣʷʝʪʩʷ ʚʘʞʥʳʤ ʠʥʩʪʨʫ-

ʤʝʥʪʦʤ ʜʣʷ ʯʘʩʪʠ ʩʦʦʙʱʝʩʪʚʘ, ʧʨʦʛʨʘʤʤʠʨʫʶʱʝʡ ʥʘ Fortran. 

ʅʘ ʨʠʩʫʥʢʝ 1 ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚ ʟʘʜʘʯʝ ʦʙ ʠʥʪʝʛʨʠʨʦʚʘʥʠʠ ʫʨʘʚʥʝʥʠʡ 

ʄʘʢʩʚʝʣʣʘ. ʈʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʥʳʭ ʷʟʳʢʦʚ ʠ ʙʠʙʣʠʦʪʝʢ ʜʣʷ ʧʘ-

ʨʘʣʣʝʣʴʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʚʦʟʤʦʞʥʦ ʜʦʙʠʪʴʩʷ ʧʨʠʝʤʣʝʤʦʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ, ʩʨʘʚʥʠ-

ʤʦʡ ʩ ʜʦʩʪʘʪʦʯʥʦ ʥʠʟʢʦʫʨʦʚʥʝʚʦʡ ʧʣʘʪʬʦʨʤʝʥʥʦ-ʟʘʚʠʩʠʤʦʡ ʨʝʘʣʠʟʘʮʠʝʡ ʥʘ ʉ++. ɺ ʜʦʢʣʘʜʝ 

ʙʫʜʝʪ ʨʘʩʩʢʘʟʘʥʦ ʦʙ ʦʩʦʙʝʥʥʦʩʪʷʭ ʠʩʧʦʣʴʟʦʚʘʥʠʷ DPC++, Kokkos ʠ Co-Array Fortran, ʧʨʠʚʝʜʝ-

ʥʳ ʤʝʪʦʜʠʯʝʩʢʠʝ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʨʘʟʨʘʙʦʪʢʝ ʢʦʜʦʚ ʜʣʷ ʥʘʫʯʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦ-

ʚʘʥʠʝʤ ʵʪʠʭ ʷʟʳʢʦʚ ʠ ʙʠʙʣʠʦʪʝʢ, ʘ ʪʘʢʞʝ ʧʦʜʨʦʙʥʦ ʠʟʣʦʞʝʥʳ ʦʩʥʦʚʥʳʝ ʚʳʚʦʜʳ ʧʦ ʧʨʦʜʝʣʘʥ-

ʥʦʡ ʨʘʙʦʪʝ. 

 

ʈʠʩ. 1. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʨʘʟʥʳʭ ʷʟʳʢʦʚ ʠ ʙʠʙʣʠʦʪʝʢ ʜʣʷ ʧʘʨʘʣʣʝʣʴʥʳʭ ʚʳʯʠʩʣʝʥʠʡ  

ʚ ʟʘʜʘʯʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʫʨʘʚʥʝʥʠʡ ʄʘʢʩʚʝʣʣʘ ʤʝʪʦʜʦʤ FDTD. ʈʘʟʨʘʙʦʪʘʥʳ ʚʝʨʩʠʠ ʢʦʜʘ ʥʘ OpenMP, 

Kokkos ʠ Co-Array Fortran. ʈʝʟʫʣʴʪʘʪʳ ʧʨʠʚʝʜʝʥʳ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʨʝʘʣʠʟʘʮʠʝʡ ʠʟ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ 

Hi-Chi (ʨʝʘʣʠʟʘʮʠʷ ʥʘ DPC++). ʅʘ ʛʨʘʬʠʢʘʭ ʧʨʠʚʝʜʝʥʦ ʚʨʝʤʷ ʨʘʙʦʪʳ ʩ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʯʠʩʣʘ ʠʩʧʦʣʴʟʫʝ-

ʤʳʭ ʧʦʪʦʢʦʚ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʚʳʧʦʣʥʝʥʳ ʥʘ ʜʚʫʭʧʨʦʮʝʩʩʦʨʥʦʤ ʫʟʣʝ (20 ʷʜʝʨ, 40 ʧʦʪʦʢʦʚ)  

ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʘ ʃʦʙʘʯʝʚʩʢʠʡ 
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ɻʀɹʈʀɼʅʓʁ ʕɺʆʃʖʎʀʆʅʅʓʁ ɸʃɻʆʈʀʊʄ ɼʃʗ ɿɸɼɸʏʀ 

2-CORRELATION  CLUSTERING 1* 

ʄʦʨʰʠʥʠʥ ɸ.ɺ. 

ʀʥʩʪʠʪʫʪ ʤʘʪʝʤʘʪʠʢʠ ʠʤ. ʉ.ʃ. ʉʦʙʦʣʝʚʘ ʉʆ ʈɸʅ 

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʘʨʠʘʥʪ ʟʘʜʘʯʠ CORRELATION CLUSTERING, ʠʟʚʝʩʪʥʦʡ ʪʘʢʞʝ ʢʘʢ 

ɿɸɼɸʏɸ ʂʃɸʉʊɽʈʀɿɸʎʀʀ ɺɽʈʐʀʅ ɻʈɸʌɸ, ʚ ʢʦʪʦʨʦʡ ʯʠʩʣʦ ʢʣʘʩʪʝʨʦʚ ʥʝ ʧʨʝ-

ʚʦʩʭʦʜʠʪ 2. ʕʪʘ ʟʘʜʘʯʘ ʷʚʣʷʝʪʩʷ NP-ʪʨʫʜʥʦʡ. ʇʨʠʚʝʜʝʥ ʦʙʟʦʨ ʠʟʚʝʩʪʥʳʭ ʘʣʛʦʨʠʪʤʦʚ 

ʝʸ ʧʨʠʙʣʠʞʸʥʥʦʛʦ ʨʝʰʝʥʠʷ, ʘ ʪʘʢʞʝ ʧʨʝʜʣʦʞʝʥ ʥʦʚʳʡ ʘʣʛʦʨʠʪʤ, ʦʧʠʨʘʶʱʠʡʩʷ ʥʘ 

ʵʚʦʣʶʮʠʦʥʥʳʝ ʚʳʯʠʩʣʝʥʠʷ. ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥ-

ʪʘ, ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʥʘ ʩʨʘʚʥʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠʟʫʯʘʝʤʳʭ ʘʣʛʦʨʠʪʤʦʚ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʢʣʘʩʪʝʨʥʳʡ ʛʨʘʬ, NP-ʪʨʫʜʥʘʷ ʟʘʜʘʯʘ, ʧʨʠʙʣʠʞʝʥʥʳʡ ʘʣʛʦʨʠʪʤ, ʛʠ-

ʙʨʠʜʥʳʡ ʵʚʦʣʶʮʠʦʥʥʳʡ ʘʣʛʦʨʠʪʤ. 

 

1. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ 

ɺ ʟʘʜʘʯʝ ʢʣʘʩʪʝʨʠʟʘʮʠʠ ʪʨʝʙʫʝʪʩʷ ʨʘʟʙʠʪʴ ʟʘʜʘʥʥʦʝ ʤʥʦʞʝʩʪʚʦ ʦʙʲʝʢʪʦʚ ʥʘ ʧʦʜʤʥʦʞʝʩʪʚʘ 

(ʢʣʘʩʪʝʨʳ) ʦʧʠʨʘʷʩʴ ʥʘ ʩʭʦʜʩʪʚʦ ʦʙʲʝʢʪʦʚ ʜʨʫʛ ʩ ʜʨʫʛʦʤ. ɿʘʜʘʯʘ CORRELATION CLUSTERING 

[1, 2] ʷʚʣʷʝʪʩʷ ʥʘʛʣʷʜʥʦʡ ʬʦʨʤʘʣʠʟʘʮʠʝʡ ʵʪʦʡ ʟʘʜʘʯʠ: ʧʦʭʦʞʠʤ ʦʙʲʝʢʪʘʤ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʨʝʙʨʘ 

ʛʨʘʬʘ, ʘ ʚʝʨʰʠʥʳ ʚʟʘʠʤʥʦ ʦʜʥʦʟʥʘʯʥʦ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʦʙʲʝʢʪʘʤ.  

ɹʫʜʝʤ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʪʦʣʴʢʦ ʦʙʳʢʥʦʚʝʥʥʳʝ ʛʨʘʬʳ, ʪʦ ʝʩʪʴ ʛʨʘʬʳ ʙʝʟ ʧʝʪʝʣʴ ʠ ʢʨʘʪʥʳʭ ʨʝ-

ʙʝʨ. ʆʙʳʢʥʦʚʝʥʥʳʡ ʛʨʘʬ ʥʘʟʳʚʘʝʪʩʷ ʢʣʘʩʪʝʨʥʳʤ, ʝʩʣʠ ʢʘʞʜʘʷ ʝʛʦ ʢʦʤʧʦʥʝʥʪʘ ʩʚʷʟʥʦʩʪʠ ʷʚʣʷ-

ʝʪʩʷ ʧʦʣʥʳʤ ʛʨʘʬʦʤ. ʈʘʩʩʪʦʷʥʠʝʤ d(G1, G2) ʤʝʞʜʫ ʜʚʫʤʷ ʧʦʤʝʯʝʥʥʳʤʠ ʛʨʘʬʘʤʠ G1 = (V, E1) ʠ 

G2 = (V, E2) ʷʚʣʷʝʪʩʷ ʤʦʱʥʦʩʪʴ ʩʠʤʤʝʪʨʠʯʝʩʢʦʡ ʨʘʟʥʦʩʪʠ E1ȹE2. ʆʢʨʝʩʪʥʦʩʪʴʶ NG(v) ʚʝʨʰʠʥʳ 

v ʚ ʛʨʘʬʝ G ʥʘʟʳʚʘʝʪʩʷ ʤʥʦʞʝʩʪʚʦ ʚʝʨʰʠʥ ʵʪʦʛʦ ʛʨʘʬʘ, ʩʤʝʞʥʳʭ ʩ v. ʆʙʦʟʥʘʯʠʤ ʯʝʨʝʟ 

CGSÒ2(V) ʤʥʦʞʝʩʪʚʦ ʚʩʝʭ ʢʣʘʩʪʝʨʥʳʭ ʛʨʘʬʦʚ ʥʘ ʤʥʦʞʝʩʪʚʝ ʚʝʨʰʠʥ V, ʠʤʝʶʱʠʭ ʥʝ ʙʦʣʝʝ ʜʚʫʭ 

ʢʣʘʩʪʝʨʦʚ. C = C(X, Y) ï ʢʣʘʩʪʝʨʥʳʡ ʛʨʘʬ ʩ ʥʝ ʙʦʣʝʝ ʯʝʤ 2 ʢʣʘʩʪʝʨʘʤʠ (ʚʦʟʤʦʞʥʦ Y =  )ɲ. 

ʉʉÒ2. ɼʣʷ ʧʨʦʠʟʚʦʣʴʥʦʛʦ ʛʨʘʬʘ G = (V, E) ʥʘʡʪʠ ʙʣʠʞʘʡʰʠʡ ʢ G ʢʣʘʩʪʝʨʥʳʡ ʛʨʘʬ C*  ɴ

CGSÒ2(V), ʪʦ ʝʩʪʴ ʛʨʘʬ, ʜʣʷ ʢʦʪʦʨʦʛʦ ʚʝʣʠʯʠʥʘ d(G, C*) ʤʠʥʠʤʘʣʴʥʘ ʩʨʝʜʠ ʚʩʝʭ ʛʨʘʬʦʚ ʠʟ 

CGSÒ2(V). 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʵʪʘ ʟʘʜʘʯʘ ʷʚʣʷʝʪʩʷ NP-ʪʨʫʜʥʦʡ [1, 2]. ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥ ʥʦʚʳʡ ʛʠʙʨʠʜʥʳʡ 

ʵʚʦʣʶʮʠʦʥʥʳʡ ʘʣʛʦʨʠʪʤ, ʘ ʪʘʢʞʝ ʧʨʦʚʝʜʝʥ ʚʳʯʠʩʣʠʪʝʣʴʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ, ʥʘʧʨʘʚʣʝʥʥʳʡ ʥʘ 

ʩʨʘʚʥʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠʟʫʯʘʝʤʳʭ ʘʣʛʦʨʠʪʤʦʚ. 

2. ɸʣʛʦʨʠʪʤʳ ʨʝʰʝʥʠʷ 

2.1. ʀʟʚʝʩʪʥʳʝ ʘʣʛʦʨʠʪʤʳ 

ɺ 2004 ʛ. ɹʘʥʩʘʣ, ɹʣʶʤ ʠ ʏʘʫʣʘ [1] ʧʨʝʜʣʦʞʠʣʠ 3-ʧʨʠʙʣʠʞʝʥʥʳʡ ʘʣʛʦʨʠʪʤ ʜʣʷ ʟʘʜʘʯʠ 

ʉʉÒ2. 
ɺʭʦʜ: ʛʨʘʬ G = ( V, E).  

ɺʳʭʦʜ: ʢʣʘʩʪʝʨʥʳʡ ʛʨʘʬ CN  ɴ CGSÒ2( V).  

ʐʘʛ 0. ʇʦʣʦʞʠʪʴ F = .ɲ  

ʐʘʛ 1. ɼʣʷ ʢʘʞʜʦʡ ʚʝʨʰʠʥʳ v   ɴ V ʦʧʨʝʜʝʣʠʪʴ ʢʣʘʩʪʝʨʥʳʡ ʛʨʘʬ Cv = C( X, Y), 

ʛʜʝ X = { v }  ᷾ NG( v ), Y = V \  X. ʇʦʣʦʞʠʪʴ F = F  ᷾ { Cv}.  

ʐʘʛ 2. ʉʨʝʜʠ ʚʩʝʭ ʛʨʘʬʦʚ ʠʟ ʤʥʦʞʝʩʪʚʘ F ʚʳʙʨʘʪʴ ʙʣʠʞʘʡʰʠʡ ʢ G ʢʣʘʩʪʝʨʥʳʡ 

ʛʨʘʬ CN.  

ʈʠʩ. 1. ɸʣʛʦʨʠʪʤ N (Neighborhood) 

                                                      
1* ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ˉ 22-71-10015-ʇ. 
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ʅʝʪʨʫʜʥʦ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʪʨʫʜʦʝʤʢʦʩʪʴ ʘʣʛʦʨʠʪʤʘ N ï O(|V|2). 

ɺ 2008 ʛ. ʂʦʣʤʘʥ, ʉʘʫʥʜʝʨʩʦʥ ʠ ɺʠʨʪ [3] ʧʨʝʜʣʦʞʠʣʠ ʩʣʝʜʫʶʱʫʶ ʧʨʦʮʝʜʫʨʫ ʣʦʢʘʣʴʥʦʛʦ 

ʧʦʠʩʢʘ. 
ʀʪʝʨʘʮʠʷ k .  

1. ɼʣʷ ʢʘʞʜʦʡ ʚʝʨʰʠʥʳ ʚʳʯʠʩʣʠʪʴ ʚʝʣʠʯʠʥʫ ʫʤʝʥʴʰʝʥʠʷ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ ʧʨʠ 

ʝʸ ʧʝʨʝʥʦʩʝ ʚ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʡ ʢʣʘʩʪʝʨ. 

2. ɽʩʣʠ ʜʣʷ ʚʩʝʭ ʚʝʨʰʠʥ ʚʳʯʠʩʣʝʥʥʘʷ ʚʝʣʠʯʠʥʘ ʥʝʧʦʣʦʞʠʪʝʣʴʥʘ (ȹ Ò 0), ʟʘ-

ʚʝʨʰʠʪʴ ʘʣʛʦʨʠʪʤ ʠ ʚʝʨʥʫʪʴ ʪʝʢʫʱʝʝ ʨʝʰʝʥʠʝ. 

3. ʀʥʘʯʝ ʧʝʨʝʥʝʩʪʠ ʚʝʨʰʠʥʫ ʩ ʤʘʢʩʠʤʘʣʴʥʳʤ ʧʦʣʦʞʠʪʝʣʴʥʳʤ ʫʤʝʥʴʰʝʥʠʝʤ ʚ 

ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʡ ʢʣʘʩʪʝʨ ʠ ʧʝʨʝʡʪʠ ʢ ʠʪʝʨʘʮʠʠ k  + 1 .  

ʈʠʩ. 2. ʇʨʦʮʝʜʫʨʘ LS (Local Search) 

ʆʥʠ ʪʘʢʞʝ ʧʨʝʜʣʦʞʠʣʠ 2-ʧʨʠʙʣʠʞʝʥʥʳʡ ʘʣʛʦʨʠʪʤ ʜʣʷ ʟʘʜʘʯʠ ʉʉÒ2. 
ɺʭʦʜ: ʛʨʘʬ G = ( V, E).  

ɺʳʭʦʜ: ʢʣʘʩʪʝʨʥʳʡ ʛʨʘʬ CNmLS  ɴ CGSÒ2( V).  

ʐʘʛ 1. ʇʫʩʪʴ F ï ʤʥʦʞʝʩʪʚʦ ʚʩʝʭ ʢʣʘʩʪʝʨʥʳʭ ʛʨʘʬʦʚ, ʧʦʩʪʨʦʝʥʥʳʭ ʘʣʛʦʨʠʪʤʦʤ 

N ʥʘ ʰʘʛʝ 1. ʇʨʠʤʝʥʠʪʴ ʧʨʦʮʝʜʫʨʫ LS ʢ ʢʘʞʜʦʤʫ ʛʨʘʬʫ ʠʟ F.  

ʐʘʛ 2. ʉʨʝʜʠ ʚʩʝʭ ʣʦʢʘʣʴʥʳʭ ʦʧʪʠʤʫʤʦʚ ʚʳʙʨʘʪʴ ʙʣʠʞʘʡʰʠʡ ʢ G ʢʣʘʩʪʝʨʥʳʡ 

ʛʨʘʬ CNmLS.  

ʈʠʩ. 3. ɸʣʛʦʨʠʪʤ N+mLS (Neighborhood + multiple Local Search) 

ɿʘʤʝʪʠʤ, ʯʪʦ ʪʨʫʜʦʝʤʢʦʩʪʴ ʧʨʦʮʝʜʫʨʳ LS ï O(|V|3), ʘ ʘʣʛʦʨʠʪʤʘ N+mLS ï O(|V|4). 

ɼʦʩʪʘʪʦʯʥʦ ʣʝʛʢʦ ʧʦʣʫʯʠʪʴ ʝʱʝ ʦʜʠʥ 3-ʧʨʠʙʣʠʞʝʥʥʳʡ ʘʣʛʦʨʠʪʤ, ʠʩʧʦʣʴʟʫʶʱʠʡ ʧʨʦʮʝʜʫ-

ʨʫ LS ʦʜʥʦʢʨʘʪʥʦ.  
ɺʭʦʜ: ʛʨʘʬ G = ( V, E).  

ɺʳʭʦʜ: ʢʣʘʩʪʝʨʥʳʡ ʛʨʘʬ CN1LS  ɴ CGSÒ2( V).  

ʐʘʛ 1. ʇʫʩʪʴ F ï ʤʥʦʞʝʩʪʚʦ ʚʩʝʭ ʢʣʘʩʪʝʨʥʳʭ ʛʨʘʬʦʚ, ʧʦʩʪʨʦʝʥʥʳʭ ʘʣʛʦʨʠʪʤʦʤ 

N ʥʘ ʰʘʛʝ 1. ʇʨʠʤʝʥʠʪʴ ʧʨʦʮʝʜʫʨʫ LS ʢ ʙʣʠʞʘʡʰʝʤʫ ʢ G ʢʣʘʩʪʝʨʥʦʤʫ ʛʨʘʬʫ ʠʟ 

F. ʆʙʦʟʥʘʯʠʪʴ ʵʪʦʪ ʛʨʘʬ ʯʝʨʝʟ CN1LS.  

ʈʠʩ. 4. ɸʣʛʦʨʠʪʤ N+1LS (Neighborhood + single Local Search) 

ʊʨʫʜʦʝʤʢʦʩʪʴ ʵʪʦʛʦ ʘʣʛʦʨʠʪʤʘ ï O(|V|3). 

2.2. ʕʚʦʣʶʮʠʦʥʥʳʡ ʘʣʛʦʨʠʪʤ 

ɸʣʛʦʨʠʪʤ N+mLS ʦʙʣʘʜʘʝʪ ʭʦʨʦʰʝʡ ʦʮʝʥʢʦʡ ʪʦʯʥʦʩʪʠ, ʥʦ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʚʳʩʦʢʦʡ ʪʨʫ-

ʜʦʸʤʢʦʩʪʴʶ. ʇʝʨʩʧʝʢʪʠʚʥʦʡ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʠʜʝʷ ʩʦʭʨʘʥʠʪʴ ʧʨʝʠʤʫʱʝʩʪʚʘ ʧʨʦʮʝʜʫʨʳ LS, 

ʧʨʠʤʝʥʷʷ ʝʸ ʢ ʦʛʨʘʥʠʯʝʥʥʦʤʫ, ʥʝ ʟʘʚʠʩʷʱʝʤʫ ʦʪ ʨʘʟʤʝʨʘ ʛʨʘʬʘ ʤʥʦʞʝʩʪʚʫ ʜʦʧʫʩʪʠʤʳʭ ʨʝʰʝ-

ʥʠʡ. ɼʘʥʥʘʷ ʠʜʝʷ ʨʝʘʣʠʟʦʚʘʥʘ ʚ ʩʣʝʜʫʶʱʝʤ ʛʠʙʨʠʜʥʦʤ ʵʚʦʣʶʮʠʦʥʥʦʤ ʘʣʛʦʨʠʪʤʝ [4], ʦʙʱʘʷ 

ʩʭʝʤʘ ʢʦʪʦʨʦʛʦ ʦʧʠʩʘʥʘ ʥʠʞʝ. 
ɺʭʦʜ: ʛʨʘʬ G = ( V, E).  

ɺʳʭʦʜ: ʢʣʘʩʪʝʨʥʳʡ ʛʨʘʬ CE  ɴ CGSÒ2( V).  

ʐʘʛ 0. ʇʦʣʦʞʠʪʴ ʥʘʯʘʣʴʥʫʶ ʧʦʧʫʣʷʮʠʶ ʇ0 ʨʘʚʥʦʡ ʤʥʦʞʝʩʪʚʫ ʚʩʝʭ ʢʣʘʩʪʝʨʥʳʭ 

ʛʨʘʬʦʚ, ʧʦʩʪʨʦʝʥʥʳʭ ʘʣʛʦʨʠʪʤʦʤ N ʥʘ ʰʘʛʝ 1. ʇʦʣʦʞʠʪʴ CE = CN1LS, ʛʜʝ CN1LS ï 

ʨʝʰʝʥʠʝ, ʧʦʩʪʨʦʝʥʥʦʝ ʘʣʛʦʨʠʪʤʦʤ N+1LS.  

ʐʘʛ 1. ʇʦʢʘ ʥʝ ʚʳʧʦʣʥʝʥ ʢʨʠʪʝʨʠʡ ʦʩʪʘʥʦʚʢʠ, ʧʦʚʪʦʨʷʪʴ ʩʣʝʜʫʶʱʝʝ: 

ʀʪʝʨʘʮʠʷ k. ʇʦʣʦʞʠʪʴ ʇk = .ɲ ʇʦʢʘ ʚ ʧʦʧʫʣʷʮʠʠ ʥʝ M ʦʩʦʙʝʡ, ʧʦʚʪʦʨʷʪʴ: 

1. ɺʳʙʨʘʪʴ p1, p2 ʠʟ ʇ( k - 1)  ʦʧʝʨʘʪʦʨʦʤ ʩʝʣʝʢʮʠʠ. 

2. ʇʨʠʤʝʥʠʪʴ ʢ p1, p2 ʦʧʝʨʘʪʦʨ ʢʨʦʩʩʠʥʛʦʚʝʨʘ, ʧʦʣʫʯʠʪʴ c .  

3. ʇʨʠʤʝʥʠʪʴ ʦʧʝʨʘʪʦʨ ʤʫʪʘʮʠʠ ʢ c, ʧʦʣʫʯʠʪʴ cô.  

4. ɼʦʙʘʚʠʪʴ cô ʚ ʧʦʧʫʣʷʮʠʶ ʇk.  

ɽʩʣʠ ʚ ʧʦʧʫʣʷʮʠʠ ʝʩʪʴ ʦʩʦʙʴ ʉ, ʣʫʯʰʘʷ, ʯʝʤ CE, ʪʦ ʧʦʣʦʞʠʪʴ CE = C. ɽʩʣʠ 

ʚʳʧʦʣʥʝʥ ʢʨʠʪʝʨʠʡ ʚʩʪʨʷʩʢʠ, ʚʳʧʦʣʥʠʪʴ ʚʩʪʨʷʩʢʫ ʧʦʧʫʣʷʮʠʠ. 

ʈʠʩ. 5. ɸʣʛʦʨʠʪʤ E (Evolution) 
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ʆʧʠʰʝʤ ʦʩʥʦʚʥʳʝ ʧʘʨʘʤʝʪʨʳ ʘʣʛʦʨʠʪʤʘ E. 

ʂʦʜʠʨʦʚʘʥʠʝ ʨʝʰʝʥʠʡ. ʈʘʟʙʠʝʥʠʝ ʤʥʦʞʝʩʪʚʘ ʚʝʨʰʠʥ ʛʨʘʬʘ G = (V, E) ʥʘ ʜʚʘ ʢʣʘʩʪʝʨʘ ʢʦ-

ʜʠʨʫʝʪʩʷ ʙʠʥʘʨʥʳʤ ʚʝʢʪʦʨʦʤ ʜʣʠʥʳ |V|. ʇʨʠ ʵʪʦʤ ʟʥʘʯʝʥʠʝ i-ʡ ʢʦʦʨʜʠʥʘʪʳ ʚʝʢʪʦʨʘ ʦʧʨʝʜʝʣʷʝʪ 

ʧʨʠʥʘʜʣʝʞʥʦʩʪʴ ʚʝʨʰʠʥʳ vi: ʝʩʣʠ ʦʥʦ ʨʘʚʥʦ 0, ʚʝʨʰʠʥʘ ʦʪʥʦʩʠʪʩʷ ʢ ʢʣʘʩʪʝʨʫ X, ʠʥʘʯʝ ï ʢ ʢʣʘ-

ʩʪʝʨʫ Y. ɹʝʟ ʧʦʪʝʨʠ ʦʙʱʥʦʩʪʠ ʤʦʞʥʦ ʩʯʠʪʘʪʴ, ʯʪʦ ʚʝʨʰʠʥʘ v1 ʚʩʝʛʜʘ ʧʨʠʥʘʜʣʝʞʠʪ ʢʣʘʩʪʝʨʫ X. 

ʈʘʟʤʝʨ ʧʦʧʫʣʷʮʠʠ. ʈʘʟʤʝʨ ʧʦʧʫʣʷʮʠʠ M ʨʘʚʝʥ 128, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʥʫʣʝʚʦʡ ʧʦʧʫʣʷʮʠʠ, 

ʢʦʪʦʨʘʷ ʬʦʨʤʠʨʫʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʘʣʛʦʨʠʪʤʘ N. 

ʂʨʠʪʝʨʠʡ ʦʩʪʘʥʦʚʢʠ. ʉʫʱʝʩʪʚʫʶʪ ʨʘʟʣʠʯʥʳʝ ʢʨʠʪʝʨʠʠ ʦʩʪʘʥʦʚʢʠ ʚʳʯʠʩʣʝʥʠʡ: ʧʦ ʠʩʪʝʯʝ-

ʥʠʠ ʚʨʝʤʝʥʠ, ʧʦ ʜʦʩʪʠʞʝʥʠʠ ʟʘʜʘʥʥʦʛʦ ʯʠʩʣʘ ʠʪʝʨʘʮʠʡ ʠ ʜʨʫʛʠʝ. ɺ ʘʣʛʦʨʠʪʤʝ E ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʩʣʝʜʫʶʱʠʡ ʢʨʠʪʝʨʠʡ: ʝʩʣʠ ʚ ʪʝʯʝʥʠʝ ʧʦʩʣʝʜʥʠʭ 6 ʠʪʝʨʘʮʠʡ ʥʝ ʧʨʦʠʩʭʦʜʠʣʦ ʦʙʥʦʚʣʝʥʠʝ ʨʝʢʦʨ-

ʜʘ, ʚʳʯʠʩʣʝʥʠʷ ʦʩʪʘʥʘʚʣʠʚʘʶʪʩʷ. 

ʆʧʝʨʘʪʦʨ ʩʝʣʝʢʮʠʠ. ʀʩʧʦʣʴʟʫʝʪʩʷ ʪʫʨʥʠʨʥʘʷ ʩʝʣʝʢʮʠʷ ʩ ʨʘʟʤʝʨʦʤ ʪʫʨʥʠʨʘ 10. ɺ ʢʘʯʝʩʪʚʝ 

ʬʫʥʢʮʠʠ ʧʨʠʩʧʦʩʦʙʣʝʥʥʦʩʪʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʮʝʣʝʚʘʷ ʬʫʥʢʮʠʷ ʟʘʜʘʯʠ. 

ʆʧʝʨʘʪʦʨ ʢʨʦʩʩʠʥʛʦʚʝʨʘ. ɼʣʷ ʧʦʜʜʝʨʞʘʥʠʷ ʨʘʟʥʦʦʙʨʘʟʠʷ ʧʦʧʫʣʷʮʠʠ ʤʝʞʜʫ ʠʪʝʨʘʮʠʷʤʠ 

ʧʨʠʤʝʥʷʝʪʩʷ ʩʣʝʜʫʶʱʘʷ ʧʨʦʮʝʜʫʨʘ ʩʢʨʝʱʠʚʘʥʠʷ. ʉʥʘʯʘʣʘ ʬʦʨʤʠʨʫʶʪʩʷ ʢʣʘʩʪʝʨʳ, ʚʢʣʶʯʘʶ-

ʱʠʝ ʚʝʨʰʠʥʳ, ʧʨʠʥʘʜʣʝʞʘʱʠʝ ʦʜʥʦʤʫ ʢʣʘʩʪʝʨʫ ʫ ʦʙʦʠʭ ʨʦʜʠʪʝʣʝʡ. ʅʘ ʵʪʦʤ ʵʪʘʧʝ ʤʦʞʝʪ ʦʙʨʘ-

ʟʦʚʘʪʴʩʷ ʜʦ 4 ʢʣʘʩʪʝʨʦʚ. ɿʘʪʝʤ, ʧʦʢʘ ʢʦʣʠʯʝʩʪʚʦ ʢʣʘʩʪʝʨʦʚ ʧʨʝʚʳʰʘʝʪ 2, ʥʘ ʢʘʞʜʦʤ ʰʘʛʝ ʦʙʲ-

ʝʜʠʥʷʶʪʩʷ ʜʚʘ ʢʣʘʩʪʝʨʘ, ʯʴʝ ʩʣʠʷʥʠʝ ʤʠʥʠʤʘʣʴʥʦ ʫʚʝʣʠʯʠʚʘʝʪ ʮʝʣʝʚʫʶ ʬʫʥʢʮʠʶ. ʂʦʛʜʘ ʦʩʪʘ-

ʝʪʩʷ 2 ʢʣʘʩʪʝʨʘ, ʚʳʧʦʣʥʷʝʪʩʷ ʧʨʦʚʝʨʢʘ: ʝʩʣʠ ʠʭ ʦʙʲʝʜʠʥʝʥʠʝ ʫʤʝʥʴʰʘʝʪ ʮʝʣʝʚʫʶ ʬʫʥʢʮʠʶ, 

ʢʣʘʩʪʝʨʳ ʩʣʠʚʘʶʪʩʷ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʦʣʫʯʘʝʪʩʷ ʜʦʧʫʩʪʠʤʦʝ ʨʝʰʝʥʠʝ, ʩʦʜʝʨʞʘʱʝʝ ʥʝ ʙʦʣʝʝ ʜʚʫʭ 

ʢʣʘʩʪʝʨʦʚ. 

ʆʧʝʨʘʪʦʨ ʤʫʪʘʮʠʠ ʩʦʚʧʘʜʘʝʪ ʩ ʧʨʦʮʝʜʫʨʦʡ LS. 

ɺʩʪʨʷʩʢʘ ʠ ʢʨʠʪʝʨʠʡ ʚʩʪʨʷʩʢʠ. ɺ ʧʨʦʮʝʩʩʝ ʵʚʦʣʶʮʠʠ ʧʦʧʫʣʷʮʠʷ ʩʪʨʝʤʠʪʩʷ ʢ ʟʘʧʦʣʥʝʥʠʶ 

ʣʦʢʘʣʴʥʳʤʠ ʦʧʪʠʤʫʤʘʤʠ. ɼʣʷ ʚʳʭʦʜʘ ʠʟ ʥʠʭ ʧʨʠʤʝʥʷʝʪʩʷ ʧʨʦʮʝʜʫʨʘ ʚʩʪʨʷʩʢʠ [5], ʢʦʪʦʨʘʷ ʘʢ-

ʪʠʚʠʨʫʝʪʩʷ ʢʘʞʜʫʶ ʧʷʪʫʶ ʠʪʝʨʘʮʠʶ. ʇʨʦʮʝʜʫʨʘ ʚʳʧʦʣʥʷʝʪʩʷ 5 ʨʘʟ ʜʣʷ ʢʘʞʜʦʡ ʦʩʦʙʠ: ʥʘ ʢʘʞ-

ʜʦʤ ʰʘʛʝ ʢʘʞʜʘʷ ʚʝʨʰʠʥʘ ʩ ʚʝʨʦʷʪʥʦʩʪʴʶ 0.1 ʧʝʨʝʥʦʩʠʪʩʷ ʚ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʡ ʢʣʘʩʪʝʨ ʥʝʟʘʚʠ-

ʩʠʤʦ ʦʪ ʠʟʤʝʥʝʥʠʷ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ. 

ʃʝʛʢʦ ʚʠʜʝʪʴ, ʯʪʦ ʘʣʛʦʨʠʪʤ E ʷʚʣʷʝʪʩʷ 3-ʧʨʠʙʣʠʞʝʥʥʳʤ ʘʣʛʦʨʠʪʤʦʤ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʉʉÒ2 

ʟʘ ʩʯʝʪ ʥʘʯʘʣʴʥʦʛʦ ʨʝʢʦʨʜʘ, ʟʘʜʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʦʤ N+1LS, ʘ ʝʛʦ ʪʨʫʜʦʝʤʢʦʩʪʴ ï O(|V|3). 

3. ɺʳʯʠʩʣʠʪʝʣʴʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ 

ɼʣʷ ʦʮʝʥʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʙʳʣ ʧʨʦʚʝʜʝʥ ʚʳʯʠʩʣʠʪʝʣʴʥʳʡ 

ʵʢʩʧʝʨʠʤʝʥʪ. ɿʘʤʝʪʠʤ, ʯʪʦ ʜʣʷ ʣʶʙʦʛʦ ʛʨʘʬʘ ʟʥʘʯʝʥʠʝ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ ʨʝʰʝʥʠʡ, ʧʦʣʫʯʝʥʥʳʭ 

ʘʣʛʦʨʠʪʤʘʤʠ N+mLS, N+1LS ʠ E, ʥʝ ʧʨʝʚʳʰʘʝʪ ʟʥʘʯʝʥʠʷ ʜʣʷ ʘʣʛʦʨʠʪʤʘ N, ʧʦʩʣʝʜʥʠʡ ʙʳʣ ʚʳ-

ʙʨʘʥ ʚ ʢʘʯʝʩʪʚʝ ʙʝʡʩʣʘʡʥʘ. ɹʳʣʦ ʚʳʯʠʩʣʝʥʦ ʩʨʝʜʥʝʝ ʧʨʦʮʝʥʪʥʦʝ ʫʣʫʯʰʝʥʠʝ (ʫʤʝʥʴʰʝʥʠʝ) ʮʝ-

ʣʝʚʦʡ ʬʫʥʢʮʠʠ ʦʩʪʘʣʴʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʦʪʥʦʩʠʪʝʣʴʥʦ ʵʪʦʛʦ ʙʝʡʩʣʘʡʥʘ. 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʥʘʙʦʨʝ ʜʘʥʥʳʭ ʚʦʧʨʦʩʦʚ ʠ ʦʪʚʝʪʦʚ ʩ ʩʘʡʪʘ Stack Overflow 

(https://www.kaggle.com/datasets/stackoverflow/stacksample). ʂʘʞʜʳʡ ʦʙʲʝʢʪ ʚ ʥʘʙʦʨʝ ʜʘʥʥʳʭ 

ʧʦʤʝʯʝʥ ʪʝʛʘʤʠ (Java, JavaScript, ML ʠ ʜʨ.). ɼʣʷ ʘʜʘʧʪʘʮʠʠ ʜʘʥʥʳʭ ʢ ʟʘʜʘʯʝ ʢʣʘʩʪʝʨʠʟʘʮʠʠ ʙʳ-

ʣʘ ʚʚʝʜʝʥʘ ʤʝʨʘ ʩʭʦʞʝʩʪʠ: ʜʣʷ ʧʘʨʳ ʦʙʲʝʢʪʦʚ ʚʳʯʠʩʣʷʝʪʩʷ ʢʦʵʬʬʠʮʠʝʥʪ ɾʘʢʢʘʨʘ [6] ʤʝʞʜʫ 

ʤʥʦʞʝʩʪʚʘʤʠ ʠʭ ʪʝʛʦʚ. ʆʙʲʝʢʪʳ ʩʯʠʪʘʶʪʩʷ ʩʭʦʞʠʤʠ, ʝʩʣʠ ʵʪʦʪ ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʝʚʳʰʘʝʪ 0.5. 

ɼʣʷ ʫʧʨʦʱʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʙʳʣʠ ʦʪʦʙʨʘʥʳ ʪʦʣʴʢʦ ʚʦʧʨʦʩʳ ʩ ʪʝʛʘʤʠ ʠʟ ʪʦʧ-10 ʧʦ ʧʦʧʫʣʷʨʥʦ-

ʩʪʠ ʥʘ Stack Overflow. 

ʀʩʩʣʝʜʦʚʘʣʠʩʴ ʛʨʘʬʳ ʨʘʟʤʝʨʦʤ 1000, 2000, 3000, 4000 ʠ 5000 ʚʝʨʰʠʥ. ɼʣʷ ʛʝʥʝʨʘʮʠʠ ʛʨʘʬʘ 

ʟʘʜʘʥʥʦʛʦ ʨʘʟʤʝʨʘ ʠʟ ʥʘʙʦʨʘ ʜʘʥʥʳʭ ʨʘʚʥʦʤʝʨʥʦ ʩʣʫʯʘʡʥʦ ʚʳʙʠʨʘʣʦʩʴ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʢʦʣʠ-

ʯʝʩʪʚʦ ʦʙʲʝʢʪʦʚ, ʧʦʩʣʝ ʯʝʛʦ ʨʝʙʨʘ ʬʦʨʤʠʨʦʚʘʣʠʩʴ ʩʦʛʣʘʩʥʦ ʦʧʠʩʘʥʥʦʡ ʤʝʨʝ ʩʭʦʞʝʩʪʠ. ɼʣʷ 

ʢʘʞʜʦʛʦ ʨʘʟʤʝʨʘ ʛʨʘʬʘ ʙʳʣʦ ʨʝʰʝʥʦ ʧʦ 20 ʪʝʩʪʦʚʳʭ ʟʘʜʘʯ. 

ɺʩʝ ʘʣʛʦʨʠʪʤʳ ʙʳʣʠ ʨʝʘʣʠʟʦʚʘʥʳ ʥʘ ʷʟʳʢʝ C++20 ʚ ʩʨʝʜʝ ʨʘʟʨʘʙʦʪʢʠ JetBrains CLion 

2025.2. ɺʳʯʠʩʣʝʥʠʷ ʚʳʧʦʣʥʷʣʠʩʴ ʥʘ ʧʝʨʩʦʥʘʣʴʥʦʤ ʢʦʤʧʴʶʪʝʨʝ ʩ ʧʨʦʮʝʩʩʦʨʦʤ Intel Core i7-

9700 (ʪʘʢʪʦʚʘʷ ʯʘʩʪʦʪʘ 3.0 ɻɻʮ) ʠ ʦʙʲʸʤʦʤ ʦʧʝʨʘʪʠʚʥʦʡ ʧʘʤʷʪʠ 32 ɻɹ. 
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ʊʘʙʣʠʮʘ 1. ʉʨʝʜʥʝʝ ʩʥʠʞʝʥʠʝ ʟʥʘʯʝʥʠʷ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʙʝʡʩʣʘʡʥʘ, % 

 N+1LS N+mLS E 

1000 21.23 23.44 23.74 

2000 20.31 23.15 23.32 

3000 20.10 22.99 23.17 

4000 20.56 23.70 23.84 

5000 20.97 23.67 23.73 

 

ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʪʘʙʣʠʮʳ 1, ʥʘʠʣʫʯʰʠʝ ʨʝʟʫʣʴʪʘʪʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʙʝʡʩʣʘʡʥʘ ʧʦʢʘʟʳʚʘʝʪ 

ʘʣʛʦʨʠʪʤ E. ʅʘ ʚʪʦʨʦʤ ʤʝʩʪʝ ʥʘʭʦʜʠʪʩʷ ʘʣʛʦʨʠʪʤ N+mLS, ʪʦʛʜʘ ʢʘʢ ʘʣʛʦʨʠʪʤ N+1LS ʜʝʤʦʥ-

ʩʪʨʠʨʫʝʪ ʥʘʠʭʫʜʰʠʝ ʨʝʟʫʣʴʪʘʪʳ. ʆʪʤʝʪʠʤ, ʯʪʦ ʚʦ ʚʩʝʭ ʪʝʩʪʦʚʳʭ ʧʨʠʤʝʨʘʭ ʘʣʛʦʨʠʪʤ E ʥʘʭʦʜʠʣ 

ʥʘʠʣʫʯʰʝʝ ʨʝʰʝʥʠʝ ʩʨʝʜʠ ʚʩʝ ʠʩʩʣʝʜʫʝʤʳʭ ʘʣʛʦʨʠʪʤʦʚ. 

ʊʘʙʣʠʮʘ 2. ʉʨʝʜʥʝʝ ʚʨʝʤʷ ʨʘʙʦʪʳ ʘʣʛʦʨʠʪʤʦʚ, ʩʝʢ 

 N N+1LS N+mLS E 

1000 0 0 1 3.25 

2000 2.2 2.2 12 14.25 

3000 9.4 9.45 46.5 41.1 

4000 21.2 21.4 103.45 72.3 

5000 39.75 40 191.95 113.75 

 

ʀʟ ʪʘʙʣʠʮʳ 2 ʚʠʜʥʦ, ʯʪʦ ʩ ʨʦʩʪʦʤ ʯʠʩʣʘ ʚʝʨʰʠʥ ʘʣʛʦʨʠʪʤ E ʩʪʘʥʦʚʠʪʩʷ ʙʳʩʪʨʝʝ ʘʣʛʦʨʠʪʤʘ 

N+mLS. ɺʨʝʤʷ ʨʘʙʦʪʳ ʘʣʛʦʨʠʪʤʦʚ N ʠ N+1LS ʨʘʩʪʝʪ ʤʝʜʣʝʥʥʝʝ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʘʣʛʦʨʠʪʤ E ʷʚʣʷʝʪʩʷ ʦʧʪʠʤʘʣʴʥʳʤ ʚʳʙʦʨʦʤ ʧʨʠ ʨʝʰʝʥʠʠ ʟʘʜʘʯʠ ʉʉÒ2. ʂʘ-

ʯʝʩʪʚʦ ʝʛʦ ʨʝʰʝʥʠʡ ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʰʝ, ʯʝʤ ʫ ʘʣʛʦʨʠʪʤʦʚ N ʠ N+1LS, ʭʦʪʷ ʠ ʥʝʟʥʘʯʠʪʝʣʴʥʦ 

ʚʳʰʝ, ʯʝʤ ʫ ʘʣʛʦʨʠʪʤʘ N+mLS. ʆʜʥʘʢʦ ʚʨʝʤʷ ʝʛʦ ʨʘʙʦʪʳ ʥʘ ʙʦʣʴʰʠʭ ʛʨʘʬʘʭ ʤʝʥʴʰʝ, ʯʝʤ ʫ ʘʣ-

ʛʦʨʠʪʤʘ N+mLS ʠ ʨʘʟʨʳʚ ʨʘʩʪʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʯʠʩʣʘ ʚʝʨʰʠʥ. 
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ʆ ʊʈɽʍ ʆʇʆʈʅʓʍ ɿɸɼɸʏɸʍ ʉʋʇɽʈʂʆʄʇʔʖʊɽʈʅʆɻʆ 

ʂʆɼʀɿɸʁʅɸ1* 

ɼ.ɸ. ʅʠʢʠʪʝʥʢʦ 

ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ 

ɺʤʝʩʪʝ ʩ ʨʘʟʚʠʪʠʝʤ ʘʨʭʠʪʝʢʪʫʨ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʤʝʪʦʜʦʚ, ʚʦʧʨʦʩ ʩʦʚʤʝʩʪʥʦʛʦ ʚʳ-

ʙʦʨʘ ʵʬʬʝʢʪʠʚʥʳʭ ʩʦʯʝʪʘʥʠʡ ʘʧʧʘʨʘʪʫʨʳ, ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʤʝʪʦʜʦʚ ʠ ʩʧʦʩʦʙʦʚ ʠʭ 

ʨʝʘʣʠʟʘʮʠʠ ʩʪʘʥʦʚʠʣʩʷ ʚʩʝ ʦʩʪʨʝʝ. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʜʦʩʪʫʧʝʥ ʰʠʨʦʯʘʡʰʠʡ ʩʧʝʢʪʨ 

ʘʨʭʠʪʝʢʪʫʨ ʠ ʦʛʨʦʤʥʳʡ ʙʘʛʘʞ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʤʝʪʦʜʦʚ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʥʠʭ ʘʣʛʦ-

ʨʠʪʤʦʚ, ʘ ʪʘʢʞʝ ʤʥʦʞʝʩʪʚʦ ʨʘʥʝʝ ʘʧʨʦʙʠʨʦʚʘʥʥʳʭ ʩʦʙʩʪʚʝʥʥʳʭ ʠ ʩʪʦʨʦʥʥʠʭ ʧʨʦ-

ʛʨʘʤʤʥʳʭ ʨʝʘʣʠʟʘʮʠʡ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʫʜʫʪ  ʦʧʠʩʘʥʳ ʪʨʠ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʚʩʪʨʝʯʘ-

ʶʱʠʭʩʷ, ʦʧʦʨʥʳʭ ʧʦʩʪʘʥʦʚʦʢ ʟʘʜʘʯ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʥʦʛʦ ʢʦʜʠʟʘʡʥʘ ʠ ʙʫʜʫʪ ʧʨʝʜʣʦ-

ʞʝʥʳ ʩʭʝʤʳ ʨʝʰʝʥʠʷ ʵʪʠʭ ʟʘʜʘʯ ʥʘ ʦʧʳʪʝ ʨʘʟʨʘʙʦʪʯʠʢʦʚ ʦʪʢʨʳʪʦʡ ʵʥʮʠʢʣʦʧʝʜʠʠ ʘʣ-

ʛʦʨʠʪʤʦʚ AlgoWiki ʠ ʩʦʧʨʷʞʝʥʥʦʛʦ ʩ ʥʝʡ ʩʝʨʚʠʩʘ ʩʦʩʪʘʚʣʝʥʠʷ ʨʝʡʪʠʥʛʦʚ ʵʬʬʝʢʪʠʚ-

ʥʳʭ ʨʝʘʣʠʟʘʮʠʡ ʘʣʛʦʨʠʪʤʦʚ Algo500. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʢʦʜʠʟʘʡʥ, ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʝ ʚʳʯʠʩʣʝʥʠʷ, ʧʘʨʘʣʣʝʣʴʥʳʝ ʚʳ-

ʯʠʩʣʝʥʠʷ, ʧʘʨʘʣʣʝʣʴʥʳʝ ʧʨʦʛʨʘʤʤʳ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʝʘʣʠʟʘʮʠʡ ʘʣʛʦʨʠʪʤʦʚ, ʵʬʬʝʢ-

ʪʠʚʥʦʩʪʴ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʘʨʭʠʪʝʢʪʫʨ, ʩʦʚʤʝʩʪʥʳʡ ʘʥʘʣʠʟ ʩʚʦʡʩʪʚ ʘʣʛʦʨʠʪʤʦʚ ʠ ʘʨ-

ʭʠʪʝʢʪʫʨ. 

 

1. ɺʚʝʜʝʥʠʝ 

ʉʫʧʝʨʢʦʤʧʴʶʪʝʨʥʳʡ ʢʦʜʠʟʘʡʥ [1ï7], ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʜʘʚʥʦ ʚʳʜʝʣʝʥʥʳʡ ʢʘʢ ʦʪʜʝʣʴʥʦʝ 

ʥʘʧʨʘʚʣʝʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʦʙʣʘʩʪʠ ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʭ ʚʳʯʠʩʣʝʥʠʡ, ʩʫʱʝʩʪʚʫʝʪ, ʢʦ-

ʥʝʯʥʦ ʞʝ, ʯʫʪʴ ʣʠ ʥʝ ʩ ʩʘʤʦʛʦ ʧʦʷʚʣʝʥʠʷ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʩʠʩʪʝʤ. ɺʤʝʩʪʝ ʩ ʨʘʟʚʠʪʠʝʤ ʘʨʭʠʪʝʢ-

ʪʫʨ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʤʘʪʝʤʘʪʠʢʠ, ʚʦʧʨʦʩ ʚʳʙʦʨʘ ʵʬʬʝʢʪʠʚʥʳʭ ʩʦʯʝʪʘʥʠʡ ʘʧʧʘʨʘʪʫʨʳ, ʚʳʯʠʩ-

ʣʠʪʝʣʴʥʳʭ ʤʝʪʦʜʦʚ ʠ ʩʧʦʩʦʙʦʚ ʠʭ ʨʝʘʣʠʟʘʮʠʠ ʝʩʪʝʩʪʚʝʥʥʳʤ ʦʙʨʘʟʦʤ ʩʪʘʥʦʚʠʣʩʷ ʚʩʝ ʦʩʪʨʝʝ. ʅʘ 

ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤ ʠ ʧʦʣʴʟʦʚʘʪʝʣʷʤ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʩʠʩʪʝʤ ʜʦʩʪʫʧʝʥ ʰʠʨʦʯʘʡ-

ʰʠʡ ʩʧʝʢʪʨ ʘʨʭʠʪʝʢʪʫʨ ʠ ʦʛʨʦʤʥʳʡ ʥʘʢʦʧʣʝʥʥʳʡ ʙʘʛʘʞ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʤʝʪʦʜʦʚ, ʦʩʥʦʚʘʥʥʳʭ 

ʥʘ ʥʠʭ ʘʣʛʦʨʠʪʤʦʚ, ʘ ʪʘʢʞʝ ʤʥʦʞʝʩʪʚʦ ʨʘʥʝʝ ʘʧʨʦʙʠʨʦʚʘʥʥʳʭ ʩʦʙʩʪʚʝʥʥʳʭ ʠ ʩʪʦʨʦʥʥʠʭ ʧʨʦ-

ʛʨʘʤʤʥʳʭ ʨʝʘʣʠʟʘʮʠʡ. 

 

ʈʠʩ. 1. ʂʣʘʩʩʠʯʝʩʢʘʷ ʮʝʧʦʯʢʘ ʨʝʰʝʥʠʷ ʧʨʠʢʣʘʜʥʦʡ ʟʘʜʘʯʠ 

ʇʦʜ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʥʳʤ ʢʦʜʠʟʘʡʥʦʤ ʧʦʥʠʤʘʶʪ ʨʝʰʝʥʠʝ ʨʘʟʥʦʛʦ ʨʦʜʘ ʟʘʜʘʯ ï ʦʪ ʩʦʟʜʘʥʠʷ 

ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʨʠʣʦʞʝʥʠʷ ʜʦ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʫʟʢʦʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʩʠ-

ʩʪʝʤ, ʥʘʮʝʣʝʥʥʳʭ ʥʘ ʦʧʨʝʜʝʣʝʥʥʳʡ ʢʣʘʩʩ ʧʨʠʣʦʞʝʥʠʡ, ʠʣʠ ʜʘʞʝ ʦʜʥʦ ʢʦʥʢʨʝʪʥʦʝ. ʆʙʱʝʝ ʚ 

ʵʪʠʭ ʟʘʜʘʯʘʭ ʦʜʥʦ ï ʜʣʷ ʫʩʧʝʰʥʦʛʦ ʠʭ ʨʝʰʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʦʚʤʝʩʪʥʳʡ ʘʥʘʣʠʟ 

                                                      
1* ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ˉ 25ï11ï00181, 

https://rscf.ru/project/25-11-00181/. ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʨʫʜʦʚʘʥʠʷ ʎʝʥʪʨʘ ʢʦʣʣʝʢʪʠʚ-

ʥʦʛʦ ʧʦʣʴʟʦʚʘʥʠʷ ʩʚʝʨʭʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʤʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤʠ ʨʝʩʫʨʩʘʤʠ ʄɻʋ ʠʤʝʥʠ ʄ.ɺ. ʃʦ-

ʤʦʥʦʩʦʚʘ [33]. 



 

88 

ʩʚʦʡʩʪʚ ʚʩʝʛʦ ʤʥʦʞʝʩʪʚʘ ʟʘʜʝʡʩʪʚʦʚʘʥʥʳʭ ʢʦʤʧʦʥʝʥʪ - ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʤʝʪʦʜʦʚ, ʨʝʘʣʠʟʫʶ-

ʱʠʭ ʠʭ ʘʣʛʦʨʠʪʤʦʚ, ʪʝʭʥʦʣʦʛʠʡ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ, ʧʨʦʛʨʘʤʤʥʳʭ ʨʝʘʣʠʟʘʮʠʡ, ʠ, ʟʘʚʝʨʰʘʷ, ʮʝ-

ʣʝʚʳʭ ʘʧʧʘʨʘʪʥʳʭ ʧʣʘʪʬʦʨʤ. ʅʘ ʨʠʩʫʥʢʝ 1 ʧʨʝʜʩʪʘʚʣʝʥʘ ʢʣʘʩʩʠʯʝʩʢʘʷ ʮʝʧʦʯʢʘ ʨʝʰʝʥʠʷ ʧʨʠ-

ʢʣʘʜʥʳʭ ʟʘʜʘʯ. ʪʝʭʥʦʣʦʛʠʠ ʢʦʜʠʟʘʡʥʘ ʧʨʠʚʥʦʩʷʪ ʚ ʵʪʫ ʮʝʧʦʯʢʫ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʩʚʷʟʠ ʤʝʞʜʫ 

ʵʪʘʧʘʤʠ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʛʦ ʢʘʢʠʝ ʦʥʠ ʚʥʦʩʷʪ ʦʛʨʘʥʠʯʝʥʠʷ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʮʝʣʝʚʘʷ SMP ʩʠ-

ʩʪʝʤʘ ʧʦʯʪʠ ʦʜʥʦʟʥʘʯʥʦ ʦʧʨʝʜʝʣʠʪ ʚʳʙʦʨ ʪʝʭʥʦʣʦʛʠʠ ʤʝʞʧʨʦʮʝʩʩʥʦʡ ʢʦʤʤʫʥʠʢʘʮʠʠ ʚ ʧʦʣʴʟʫ 

OpenMP, ʥʝʞʝʣʠ MPI ʠ ʪ.ʜ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʫʜʝʪ ʧʨʠʚʝʜʝʥ ʘʥʘʣʠʟ ʪʨʝʭ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʚʩʪʨʝʯʘʶʱʠʭʩʷ, ʦʧʦʨʥʳʭ ʧʦ-

ʩʪʘʥʦʚʦʢ ʟʘʜʘʯ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʥʦʛʦ ʢʦʜʠʟʘʡʥʘ ʠ ʙʫʜʫʪ ʧʨʝʜʣʦʞʝʥʳ ʩʭʝʤʳ ʨʝʰʝʥʠʷ ʵʪʠʭ ʟʘʜʘʯ 

ʥʘ ʦʧʳʪʝ ʨʘʟʨʘʙʦʪʯʠʢʦʚ ʦʪʢʨʳʪʦʡ ʵʥʮʠʢʣʦʧʝʜʠʠ ʘʣʛʦʨʠʪʤʦʚ AlgoWiki [8] ʠ ʩʦʧʨʷʞʝʥʥʦʛʦ ʩ 

ʥʝʡ ʩʝʨʚʠʩʘ ʩʦʩʪʘʚʣʝʥʠʷ ʨʝʡʪʠʥʛʦʚ ʵʬʬʝʢʪʠʚʥʳʭ ʨʝʘʣʠʟʘʮʠʡ Algo500 [9, 10]. 

ʂ ʫʢʘʟʘʥʥʳʤ ʟʘʜʘʯʘʤ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʩʣʝʜʫʶʱʠʝ: 

- ʚr ʙʦʨ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʤʝʪʦʜʘ ʠ ʘʣʛʦʨʠʪʤʘ;  

- ʚr ʙʦʨ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʧʣʘʪʬʦʨʤʳ; 

- ʩʦʟʜʘʥʠʝ/ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʧʨʠʣʦʞʝʥʠ ̫ʩ ʫʯʝʪʦʤ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʤʝʪʦʜʘ ʠ ʝʣʝʚʦʡ ʘʨʭʠ-

ʪʝʢʪʫʨʳ. 

ʇʦʯʝʤʫ ʵʪʠ ʪʨʠ ʟʘʜʘʯʠ ʚʦʟʥʠʢʘʶʪ ʯʘʱʝ ʜʨʫʛʠʭ, ʧʦʯʝʤʫ ʠʭ ʤʦʞʥʦ ʥʘʟʚʘʪʴ ʦʧʦʨʥʳʤʠ ï ʦʙ 

ʵʪʦʤ ʧʦʡʜʝʪ ʨʝʯʴ ʚ ʪʨʝʪʴʝʡ ʛʣʘʚʝ. 

ʉʪʘʪʴʷ ʠʤʝʝʪ ʩʣʝʜʫʶʱʫʶ ʩʪʨʫʢʪʫʨʫ. ɺʦ ʚʪʦʨʦʤ ʨʘʟʜʝʣʝ ʦʧʠʩʘʥʳ ʥʘʠʙʦʣʝʝ ʨʘʟʚʠʪʳʝ ʩʨʝʜ-

ʩʪʚʘ ʦʧʠʩʘʥʠʷ ʘʣʛʦʨʠʪʤʠʯʝʩʢʦʡ ʦʩʥʦʚʳ ʠ ʩʨʝʜʩʪʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʨʝʡʪʠʥʛʦʚ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʝ-

ʘʣʠʟʘʮʠʡ. ɺ ʪʨʝʪʴʝʤ ʨʘʟʜʝʣʝ ʨʘʩʩʤʦʪʨʝʥʳ ʪʨʠ ʦʧʦʨʥʳʝ ʟʘʜʘʯʠ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʥʦʛʦ ʢʦʜʠʟʘʡʥʘ 

ʩ ʦʧʠʩʘʥʠʝʤ ʚʦʟʤʦʞʥʳʭ ʧʦʜʭʦʜʦʚ ʢ ʠʭ ʨʝʰʝʥʠʶ, ʚ ʟʘʢʣʶʯʝʥʠʠ ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʦʩʥʦʚʥʳʝ ʚʳ-

ʚʦʜʳ. 

2. ʆ ʬʦʨʤʘʣʠʟʘʮʠʠ ʦʧʠʩʘʥʠʡ ʩʚʦʡʩʪʚ ʘʣʛʦʨʠʪʤʦʚ ʠ ʵʬʬʝʢʪʠʚʥʳʭ 

ʨʝʘʣʠʟʘʮʠʡ ï AlgoWiki  ʠ Algo500 

2.1. ʆʪʢʨʳʪʘʷ ʵʥʮʠʢʣʦʧʝʜʠʷ ʘʣʛʦʨʠʪʤʦʚ AlgoWiki   

ʆʪʢʨʳʪʘʷ ʵʥʮʠʢʣʦʧʝʜʠʷ ʘʣʛʦʨʠʪʤʦʚ AlgoWiki  (http://algowiki-project.org) ï ʥʘʠʙʦʣʝʝ ʨʘʟʚʠ-

ʪʳʡ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʧʨʦʝʢʪ, ʩʠʩʪʝʤʘʪʠʟʠʨʫʶʱʠʡ ʦʧʠʩʘʥʠʷ ʘʣʛʦʨʠʪʤʦʚ ʩ ʮʝʣʴʶ ʵʬʬʝʢʪʠʚʥʦ-

ʛʦ ʠʭ ʧʨʠʤʝʥʝʥʠʷ ʧʨʠ ʥʘʧʠʩʘʥʠʠ ʧʘʨʘʣʣʝʣʴʥʳʭ ʧʨʦʛʨʘʤʤ [21ï26]. ʅʘ ʚʝʨʭʥʝʤ ʫʨʦʚʥʝ ʩʪʨʫʢʪʫ-

ʨʘ ʦʧʠʩʘʥʠʷ ʘʣʛʦʨʠʪʤʦʚ ʠ ʠʭ ʨʝʘʣʠʟʘʮʠʡ ʦʧʠʨʘʝʪʩʷ ʥʘ ʠʝʨʘʨʭʠʶ ï ʮʝʧʦʯʢʫ ɿʘʜʘʯʘ(ɿ)-

ʄʝʪʦʜ(ʄ)-ɸʣʛʦʨʠʪʤ(ɸ)-ʈʝʘʣʠʟʘʮʠʷ(ʈ) [27, 28], ʜʦʧʫʩʪʠʤʳʝ ʩʚʷʟʠ ʤʝʞʜʫ ʝʝ ʵʣʝʤʝʥʪʘʤʠ ʧʨʝʜ-

ʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 2. 

 

ʈʠʩ. 2. ɼʦʧʫʩʪʠʤʳʝ ʩʚʷʟʠ ʚ ʠʝʨʘʨʭʠʯʝʩʢʦʤ ʦʧʠʩʘʥʠʠ ʮʝʧʦʯʢʠ ɿʘʜʘʯʘ(ɿ) ï ʄʝʪʦʜ(ʄ) ï ɸʣʛʦʨʠʪʤ(ɸ) ï  

ʈʝʘʣʠʟʘʮʠʷ(ʈ) ʚ ʵʥʮʠʢʣʦʧʝʜʠʠ AlgoWiki  

ɿʘʜʘʯʘ ï ʣʶʙʘʷ ʧʨʠʢʣʘʜʥʘʷ ʟʘʜʘʯʘ, ʥʘʧʨʠʤʝʨ çʨʘʟʣʦʞʝʥʠʝ ʤʘʪʨʠʮè. 

ʄʝʪʦʜ ï ʤʘʪʝʤʘʪʠʯʝʩʢʠʡ ʤʝʪʦʜ ʠʣʠ ʛʨʫʧʧʘ ʤʝʪʦʜʦʚ, ʠʩʧʦʣʴʟʫʝʤʳʡ ʜʣʷ ʨʝʰʝʥʠʷ ʧʨʠʢʣʘʜ-

ʥʳʭ ʟʘʜʘʯ, ʥʘʧʨʠʤʝʨ çʤʝʪʦʜ ɻʘʫʩʩʘè ʜʣʷ ʪʨʝʫʛʦʣʴʥʦʛʦ ʨʘʟʣʦʞʝʥʠʷ ʤʘʪʨʠʮ. 

ɸʣʛʦʨʠʪʤ ï ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʘʣʛʦʨʠʪʤ ʠʣʠ ʛʨʫʧʧʘ ʘʣʛʦʨʠʪʤʦʚ, ʨʝʘʣʠʟʫʶʱʠʭ ʫʢʘʟʘʥʥʳʡ 

ʤʝʪʦʜ, ʥʘʧʨʠʤʝʨ çLU-ʨʘʟʣʦʞʝʥʠʝ ʤʝʪʦʜʦʤ ɻʘʫʩʩʘè. ɼʘʥʥʳʡ ʫʨʦʚʝʥʴ ʦʧʠʩʘʥʠʷ ʷʚʣʷʝʪʩʷ ʙʘʟʦ-

ʚʳʤ ʜʣʷ AlgoWiki . 

ʈʝʘʣʠʟʘʮʠʷ ï ʧʨʦʛʨʘʤʤʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʢʦʥʢʨʝʪʥʦʛʦ ʘʣʛʦʨʠʪʤʘ. 

ʄʘʢʩʠʤʘʣʴʥʳʡ ʫʨʦʚʝʥʴ ʜʝʪʘʣʠʟʘʮʠʠ ʦʧʠʩʘʥʠʷ ʧʨʠʭʦʜʠʪʩʷ ʥʘ ʫʨʦʚʝʥʴ ɸʣʛʦʨʠʪʤʦʚ, ʩʪʨʫʢ-

ʪʫʨʘ ʦʧʠʩʘʥʠʷ ʘʣʛʦʨʠʪʤʘ ʩʦʜʝʨʞʠʪ ʦʙʱʝʝ ʦʧʠʩʘʥʠʝ ʘʣʛʦʨʠʪʤʘ, ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʦʧʠʩʘʥʠʝ ʘʣʛʦ-

ʨʠʪʤʘ, ʦʧʠʩʘʥʠʝ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʷʜʨʘ ʘʣʛʦʨʠʪʤʘ, ʤʘʢʨʦʩʪʨʫʢʪʫʨʫ ʘʣʛʦʨʠʪʤʘ, ʩʭʝʤʫ ʨʝʘʣʠʟʘ-
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ʮʠʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʡ ʚʝʨʩʠʠ ʘʣʛʦʨʠʪʤʘ, ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʫʶ ʩʣʦʞʥʦʩʪʴ ʘʣʛʦʨʠʪʤʘ, ʠʥʬʦʨʤʘʮʠ-

ʦʥʥʳʡ ʛʨʘʬ, ʦʮʝʥʢʫ ʨʝʩʫʨʩʘ ʧʘʨʘʣʣʝʣʠʟʤʘ, ʦʧʠʩʘʥʠʝ ʚʭʦʜʥʳʭ ʠ ʚʳʭʦʜʥʳʭ ʜʘʥʥʳʭ, ʩʚʦʡʩʪʚʘ 

ʘʣʛʦʨʠʪʤʘ. 

ʅʘ ʨʠʩʫʥʢʝ 3 ʧʨʝʜʩʪʘʚʣʝʥ ʬʨʘʛʤʝʥʪ ʨʝʘʣʴʥʦʡ ʮʝʧʦʯʢʠ ɿʘʜʘʯʘ-ʄʝʪʦʜ-ɸʣʛʦʨʠʪʤ-ʈʝʘʣʠʟʘʮʠʷ 

ʩ ʩʘʡʪʘ ʧʨʦʝʢʪʘ. 

 

ʈʠʩ. 3. ʇʨʠʤʝʨ ʠʝʨʘʨʭʠʯʝʩʢʦʛʦ ʦʧʠʩʘʥʠʷ ʮʝʧʦʯʢʠ ɿʘʜʘʯʘ(ɿ) ï ʄʝʪʦʜ(ʄ) ï ɸʣʛʦʨʠʪʤ(ɸ) ï ʈʝʘʣʠʟʘʮʠʷ(ʈ) 

ʚ ʵʥʮʠʢʣʦʧʝʜʠʠ AlgoWiki  

ɺʘʞʥʦ, ʯʪʦ ʧʨʠ ʚʩʝʡ ʙʦʛʘʪʝʡʰʝʡ ʥʘʧʦʣʥʝʥʥʦʩʪʠ, ʧʨʦʝʢʪ ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʧʨʝʜʦʩʪʘʚʣʝʥʠʝʤ 

ʜʘʥʥʳʭ ʜʣʷ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ, ʥʦ ʥʝ ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʩʝʨʚʠʩʦʚ ʜʣʷ ʩʨʘʚʥʝʥʠʷ ʪʝʭ ʠʣʠ ʵʣʝʤʝʥʪʦʚ ʮʝ-

ʧʦʯʢʠ. 

2.2. ʇʣʘʪʬʦʨʤʘ ʜʣʷ ʩʦʩʪʘʚʣʝʥʠʷ ʨʝʡʪʠʥʛʦʚ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ Algo500 

ɺʦʩʧʦʣʥʝʥʠʝ ʧʨʦʙʝʣʘ, ʫʢʘʟʘʥʥʦʛʦ ʚ ʧʨʝʜʳʜʫʱʝʤ ʧʘʨʘʛʨʘʬʝ, ʷʚʣʷʝʪʩʷ ʮʝʣʴʶ ʧʨʦʝʢʪʘ 

Algo500 [29ï31]. ʀʜʝʷ ʜʦʩʪʘʪʦʯʥʦ ʧʨʦʩʪʘ ï ʩʚʷʟʘʪʴ ʠʤʝʶʱʠʝʩʷ ʬʦʨʤʘʣʴʥʳʝ ʦʧʠʩʘʥʠʷ ʘʣʛʦʨʠʪ-

ʤʦʚ ʠ ʤʝʪʦʜʦʚ ʚ AlgoWiki  ʠʣʠ ʧʦʜʦʙʥʳʝ ʩ ʜʘʥʥʳʤʠ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʧʨʦʛʨʘʤʤʥʳʭ ʨʝʘʣʠ-

ʟʘʮʠʡ ʥʘ ʢʦʥʢʨʝʪʥʳʭ ʧʣʘʪʬʦʨʤʘʭ, ʯʪʦ ʚʣʝʯʝʪ ʟʘ ʩʦʙʦʡ ʠ ʦʧʠʩʘʥʠʝ ʵʪʠʭ ʧʨʦʛʨʘʤʤʥʦ-ʘʧʧʘʨʘʪʥʳʭ 

ʧʣʘʪʬʦʨʤ ʠ ʫʩʣʦʚʠʡ ʟʘʧʫʩʢʦʚ, ʠ ʥʘ ʤʥʦʞʝʩʪʚʝ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʩʪʨʦʠʪʴ çʩʨʝʟʳè ï ʨʝʡʪʠʥʛʠ 

ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʪʝʭ ʠʣʠ ʠʥʳʭ ʤʝʪʦʜʦʚ ʠʣʠ ʘʣʛʦʨʠʪʤʦʚ, ʣʠʙʦ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʪʦʡ ʠʣʠ 
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ʠʥʦʡ ʧʣʘʪʬʦʨʤʳ ʥʘ ʤʥʦʞʝʩʪʚʝ ʚʳʙʨʘʥʥʳʭ ʤʝʪʦʜʦʚ ʠʣʠ ʘʣʛʦʨʠʪʤʦʚ. ʕʪʦ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ 

ʢʘʢ ʨʘʩʰʠʨʝʥʠʝ ʥʘʙʦʨʘ ʠʟʚʝʩʪʥʳʭ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʥʳʭ ʨʝʡʪʠʥʛʦʚ (Top500, Graph500 ʠ ʪ.ʜ. 

[29, 30]) ʥʘ ʧʨʦʠʟʚʦʣʴʥʦʝ ʤʥʦʞʝʩʪʚʦ ʨʝʘʣʠʟʘʮʠʡ ʘʣʛʦʨʠʪʤʦʚ ʠʟ ʵʥʮʠʢʣʦʧʝʜʠʠ AlgoWiki [32]. 

ʂʘʢ ʩʣʝʜʩʪʚʠʝ, ʚ ʚʳʰʝʫʧʦʤʷʥʫʪʦʡ ʮʝʧʦʯʢʝ ʧʦʷʚʣʷʝʪʩʷ ʝʱʝ ʦʜʠʥ ʢʦʤʧʦʥʝʥʪ ï ʦʧʠʩʘʥʠʝ 

ʢʦʤʧʴʶʪʝʨʥʦʡ ʩʠʩʪʝʤʳ (ʨʠʩʫʥʦʢ 4), ʥʘ ʢʦʪʦʨʦʡ ʙʳʣ ʚʳʧʦʣʥʝʥ ʟʘʧʫʩʢ ʢʦʥʢʨʝʪʥʦʡ ʧʨʦʛʨʘʤʤʥʦʡ 

ʨʝʘʣʠʟʘʮʠʠ, ʜʣʷ ʢʦʪʦʨʦʛʦ ʧʦʣʫʯʝʥʳ ʪʝ ʠʣʠ ʠʥʳʝ ʧʦʢʘʟʘʪʝʣʠ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ. 

 

ʈʠʩ. 4. ɼʦʧʫʩʪʠʤʳʝ ʩʚʷʟʠ ʚ ʠʝʨʘʨʭʠʯʝʩʢʦʤ ʦʧʠʩʘʥʠʠ ʮʝʧʦʯʢʠ ɿʘʜʘʯʘ(ɿ)-ʄʝʪʦʜ(ʄ)-ɸʣʛʦʨʠʪʤ(ɸ)-

ʈʝʘʣʠʟʘʮʠʷ(ʈ)- ʂʦʤʧʴʶʪʝʨ(ʂ) ʚ Algo500 

ɺʘʞʥʦ, ʯʪʦ ʧʨʠ ʵʪʦʤ ʚʦʟʥʠʢʘʝʪ ʚʦʧʨʦʩ ʥʝ ʪʦʣʴʢʦ ʜʝʪʘʣʠʟʘʮʠʠ ʦʧʠʩʘʥʠʷ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ 

ʩʠʩʪʝʤ, ʥʦ ʠ ʦʧʠʩʘʥʠʷ ʢʦʥʢʨʝʪʥʦʛʦ ʧʦʜʤʥʦʞʝʩʪʚʘ ʩʠʩʪʝʤʳ, ʠʩʧʦʣʴʟʦʚʘʥʥʦʛʦ ʜʣʷ ʟʘʧʫʩʢʘ ʢʦʥ-

ʢʨʝʪʥʦʡ ʨʝʘʣʠʟʘʮʠʠ. ʅʘ ʨʠʩʫʥʢʝ 5 ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʭʝʤʘ ʦʜʥʦʡ ʠʟ ʚʝʨʩʠʡ ʦʧʠʩʘʥʠʷ ʩʠʩʪʝʤ ʚ ʨʘʤ-

ʢʘʭ ʧʨʦʝʢʪʘ Algo500. 

 

ʈʠʩ. 5. ʇʨʠʤʝʨ ʩʭʝʤʳ ʦʧʠʩʘʥʠʷ ʟʥʘʯʠʤʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʳ ʚ ʧʨʦʝʢʪʝ Algo500 

ɺ ʨʘʤʢʘʭ ʘʧʨʦʙʘʮʠʠ ʚ ʙʘʟʳ ʜʘʥʥʳʭ Algo500 ʟʘʥʦʩʠʣʠʩʴ ʜʘʥʥʳʝ ʠʟ ʠʟʚʝʩʪʥʳʭ ʨʝʡʪʠʥʛʦʚ 

Top500, Graph500, ʊʦʧ50. ʂʨʦʤʝ ʪʦʛʦ, ʟʘʥʦʩʠʣʠʩʴ ʜʘʥʥʳʝ ʤʥʦʞʝʩʪʚʝʥʥʳʭ ʟʘʧʫʩʢʦʚ ʥʘ ʦʪʜʝʣʴ-

ʥʳʭ ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʩʠʩʪʝʤʘʭ ʄɻʋ, ʪʘʢʠʭ ʢʘʢ ʃʦʤʦʥʦʩʦʚ-2, ʃʦʤʦ-

ʥʦʩʦʚ, ʈʝʛʘʪʘ. 

ɺ ʮʝʣʦʤ ʧʨʦʝʢʪ ʩʪʘʨʪʦʚʘʣ ʚ ʪʦʤ ʚʠʜʝ, ʚ ʢʦʪʦʨʦʤ ʝʛʦ ʧʨʦʝʢʪʠʨʦʚʘʣʠ, ʥʦ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʝʛʦ 

ʨʘʟʨʘʙʦʪʢʝ ʦʙʥʘʞʠʣʦʩʴ ʤʥʦʞʝʩʪʚʦ ʧʨʦʙʣʝʤ ʢʘʢ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ, ʪʘʢ ʠ ʠʜʝʡʥʦʛʦ ʭʘʨʘʢʪʝʨʘ, 

ʢʦʪʦʨʳʝ ʧʨʠʚʝʣʠ ʢ ʩʪʘʨʪʫ ʥʦʚʦʛʦ ʧʨʦʝʢʪʘ, ʦʙʦʙʱʘʶʱʝʛʦ ʟʘʜʝʣʳ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʩʦʟʜʘʥʠʠ, 

ʥʘʧʦʣʥʝʥʠʠ ʠ ʧʦʜʜʝʨʞʢʝ ʢʘʢ ʦʪʢʨʳʪʦʡ ʵʥʮʠʢʣʦʧʝʜʠʠ AlgoWiki, ʪʘʢ ʠ ʧʨʦʝʢʪʘ Algo500. ʆʙ ʦʩ-

ʥʦʚʥʳʭ ʮʝʣʷʭ ʠ ʟʘʜʘʯʘʭ, ʩʪʦʷʱʠʭ ʧʝʨʝʜ ʥʦʚʳʤ ʧʨʦʝʢʪʦʤ, ʧʦʡʜʝʪ ʨʝʯʴ ʚ ʩʣʝʜʫʶʱʝʡ ʛʣʘʚʝ 

ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ. 
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3. ʊʨʠ ʦʧʦʨʥʳʝ ʟʘʜʘʯʠ ʢʦʜʠʟʘʡʥʘ ʠ ʚʦʟʤʦʞʥʳʝ ʩʧʦʩʦʙ rʠʭ ʨʝʰʝʥʠʷ 

ʋ ʩʦʚʤʝʩʪʥʦʛʦ ʘʥʘʣʠʟʘ ʩʚʦʡʩʪʚ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʤʝʪʦʜʦʚ, ʘʣʛʦʨʠʪʤʦʚ, ʧʨʦʛʨʘʤʤʥʦ-

ʘʧʧʘʨʘʪʥʳʭ ʧʣʘʪʬʦʨʤ ʤʦʞʝʪ ʙʳʪʴ ʤʥʦʞʝʩʪʚʦ ʧʦʩʪʘʥʦʚʦʢ ʟʘʜʘʯ. ʇʨʘʢʪʠʢʘ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ 

ʙʦʣʴʰʠʥʩʪʚʦ ʵʪʠʭ ʟʘʜʘʯ ʩʚʦʜʠʪʩʷ ʢ ʩʣʝʜʫʶʱʠʤ ʪʨʝʤ ʧʦʩʪʘʥʦʚʢʘ, ʯʪʦ ʦʙʲʷʩʥʷʝʪ ʯʘʩʪʦʪʫ ʠʭ ʦʙ-

ʩʫʞʜʝʥʠʷ. 

3.1. ɺʳʙʦʨ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʧʣʘʪʬʦʨʤʳ 

ɺʦ-ʧʝʨʚʳʭ, ʵʪʦ ʚʳʙʦʨ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʧʣʘʪʬʦʨʤʳ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʤʝʪʦʜʝ ʠ/ʠʣʠ ʘʣʛʦ-

ʨʠʪʤʝ (ʨʠʩʫʥʦʢ 6). ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʧʨʠ ʥʘʣʠʯʠʠ ʧʨʠʦʨʠʪʝʪʥʦʛʦ ʤʝʪʦʜʘ ʠʣʠ ʘʣʛʦʨʠʪʤʘ (ʥʘʧʨʠ-

ʤʝʨ, ʤʥʦʛʦʣʝʪʥʷʷ ʩʦʙʩʪʚʝʥʥʘʷ ʨʘʟʨʘʙʦʪʢʘ, ʠʤʝʶʱʘʷʩʷ ʣʠʮʝʥʟʠʷ ʥʘ ʧʨʦʛʨʘʤʤʥʳʡ ʧʘʢʝʪ ʠ ʪ.ʧ.) 

ʧʨʠ ʤʥʦʛʦʦʙʨʘʟʠʠ ʜʦʩʪʫʧʥʳʭ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʘʨʭʠʪʝʢʪʫʨ (SMP, ʢʣʘʩʪʝʨʥʳʝ ʩʠʩʪʝʤʳ ʨʘʟ-

ʣʠʯʥʳʭ ʪʦʧʦʣʦʛʠʡ, GPU ʫʩʢʦʨʠʪʝʣʠ, ʚʝʢʪʦʨʥʳʝ ʩʠʩʪʝʤʳ ʠ ʪ.ʜ.) ʚʳʙʦʨ ʮʝʣʝʚʦʡ ʧʣʘʪʬʦʨʤʳ ʚʦʟ-

ʥʠʢʘʝʪ ʯʘʩʪʦ. ʋ ʧʦʣʴʟʦʚʘʪʝʣʝʡ ʧʦʤʠʤʦ ʚʦʟʤʦʞʥʳʭ ʩʦʙʩʪʚʝʥʥʳʭ ʩʠʩʪʝʤ ʨʘʟʣʠʯʥʦʡ ʘʨʭʠʪʝʢʪʫʨʳ 

ʝʩʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʘʨʝʥʜʦʚʘʪʴ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʨʝʩʫʨʩʳ ʧʨʘʢʪʠʯʝʩʢʠ ʣʶʙʦʛʦ ʚʠʜʘ. 

 

ʈʠʩ. 6. ɺʳʙʦʨ ʚʳʯʠʩʣʠʪʝʣʴʥʦ ʧʣʘʪʬʦʨʤʳ ʜʣʷ ʠʤʝʶʱʝʡʩʷ ʟʘʜʘʯʠ/ʤʝʪʦʜʘ/ʘʣʛʦʨʠʪʤʘ 

ʅʝʢʦʪʦʨʳʝ ʠʟ ʦʛʨʘʥʠʯʝʥʠʡ ʧʨʠ ʪʘʢʦʤ ʚʳʙʦʨʝ ʚʳʪʝʢʘʶʪ ʠʟ ʩʚʦʡʩʪʚ ʘʣʛʦʨʠʪʤʘ, ʥʦ ʚʩʝ ʞʝ 

ʵʪʦ ʧʦʤʦʛʘʝʪ ʦʧʨʝʜʝʣʠʪʴ ʣʠʰʴ ʢʣʘʩʩʳ ʩʠʩʪʝʤ, ʥʘ ʢʦʪʦʨʳʭ ʤʦʞʝʪ ʙʳʪʴ ʵʬʬʝʢʪʠʚʥʦ ʨʝʰʝʥʘ ʜʘʥ-

ʥʘʷ ʟʘʜʘʯʘ. ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʤʝʞʜʫ ʩʦʙʦʡ ʙʣʠʟʢʠʭ ʧʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ ʩʠʩʪʝʤ ʫʞʝ ʥʝʦʙʭʦʜʠʤʳ 

ʜʘʥʥʳʝ ʧʨʘʢʪʠʯʝʩʢʠʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʘ ʦʥʠ, ʙʝʟʫʩʣʦʚʥʦ, ʟʘʚʠʩʷʪ ʦʪ ʢʘʯʝʩʪʚʘ ʧʨʦʛʨʘʤʤʥʳʭ ʨʝʘ-

ʣʠʟʘʮʠʡ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʝʩʣʠ ʚʝʩʪʠ ʨʝʯʴ ʦʙ ʵʥʮʠʢʣʦʧʝʜʠʠ ʘʣʛʦʨʠʪʤʦʚ, ʪʦ ʦʩʦʙʝʥʥʦ ʜʣʷ ʥʘʠʙʦʣʝʝ 

ʧʦʧʫʣʷʨʥʳʭ ʤʝʪʦʜʦʚ ʠ ʘʣʛʦʨʠʪʤʦʚ, ʝʩʪʴ ʥʘʜʝʞʜʘ ʠʤʝʪʴ ʜʦʩʪʘʪʦʯʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʟʣʠʯʥʳʭ 

ʧʨʦʛʨʘʤʤʥʳʭ ʨʝʘʣʠʟʘʮʠʡ ʥʘ ʨʘʟʥʳʭ ʧʣʘʪʬʦʨʤʘʭ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʬʦʨʤʘʣʴʥʦ ʜʣʷ ʧʦʜʙʦʨʘ ʧʣʘʪʬʦʨʤʳ ʥʝʦʙʭʦʜʠʤʦ 1) ʚʳʙʨʘʪʴ ʧʦʜʭʦʜʷʱʠʝ 

ʢʣʘʩʩʳ ʩʠʩʪʝʤ ʠʩʭʦʜʷ ʠʟ ʩʚʦʡʩʪʚ ʘʣʛʦʨʠʪʤʘ ʠ 2) ʜʣʷ ʚʳʙʨʘʥʥʳʭ ʢʣʘʩʩʦʚ ʧʦʩʪʨʦʠʪʴ ʩʨʘʚʥʠʪʝʣʴ-

ʥʳʡ ʨʝʡʪʠʥʛ ʠʟʚʝʩʪʥʳʭ ʨʝʬʝʨʝʥʩʥʳʭ ʨʝʘʣʠʟʘʮʠʡ. 

ɺʳʜʝʣʝʥʠʝ ʚʳʩʦʢʦʫʨʦʚʥʝʚʳʭ ʩʚʦʡʩʪʚ ʘʧʧʘʨʘʪʥʳʭ ʧʣʘʪʬʦʨʤ, ʷʚʣʷʶʱʠʭʩʷ ʢʣʶʯʝʚʳʤʠ ʜʣʷ 

ʫʩʧʝʰʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʘʣʛʦʨʠʪʤʦʚ, ʧʦʟʚʦʣʠʣʦ ʙʳ ʯʘʩʪʠʯʥʦ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʪʴ ʜʘʥʥʫʶ ʧʦʩʣʝʜʦ-

ʚʘʪʝʣʴʥʦʩʪʴ ʜʝʡʩʪʚʠʡ. 

ʅʘʠʙʦʣʝʝ ʟʘʤʝʪʥʳʤ ʧʨʠʤʝʨʦʤ ʨʝʰʝʥʠʷ ʪʘʢʦʡ ʟʘʜʘʯʠ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥ-

ʥʳʭ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʦʚ ʩʝʤʝʡʩʪʚʘ Anton [31, 32]. 

3.2. ɺʳʙʦʨ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʤʝʪʦʜʘ ʠ ʘʣʛʦʨʠʪʤʘ  

ɼʨʫʛʘʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʘʷ ʟʘʜʘʯʘ ï ʦʮʝʥʢʘ, ʢʘʢʠʤʠ ʧʨʠʣʦʞʝʥʠʷʤʠ, ʥʘʧʨʠʤʝʨ, ʧʨʠʣʦʞʝʥʠʷ-

ʤʠ ʠʟ ʢʘʢʦʡ ʦʙʣʘʩʪʠ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʟʘʛʨʫʞʘʪʴ ʦʧʨʝʜʝʣʝʥʥʫʶ ʘʨʭʠʪʝʢʪʫʨʫ (ʨʠʩʫ-

ʥʦʢ 7).  

 

ʈʠʩ. 7. ɺʳʙʦʨ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʤʝʪʦʜʘ ʠ ʘʣʛʦʨʠʪʤʘ 
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ɺ ʪʦʤ ʯʠʩʣʝ, ʥʘʧʨʠʤʝʨ, ʝʩʣʠ ʫ ʧʦʣʴʟʦʚʘʪʝʣʝʡ ʚ ʦʨʛʘʥʠʟʘʮʠʠ ʠʤʝʝʪʩʷ ʚʳʯʠʩʣʠʪʝʣʴʥʘʷ ʩʠ-

ʩʪʝʤʘ ʦʧʨʝʜʝʣʝʥʥʦʡ ʘʨʭʠʪʝʢʪʫʨʳ, ʪʦ ʧʦʥʠʤʘʥʠʝ ʝʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʤʦʞʝʪ ʧʦʜʩʢʘʟʘʪʴ ʧʨʘʚʠʣʴʥʳʡ 

ʚʳʙʦʨ ʤʝʪʦʜʦʚ ʠʣ ʘʣʛʦʨʠʪʤʦʚ ʧʨʠ ʨʝʰʝʥʠʠ ʢʦʥʢʨʝʪʥʦʡ ʧʨʠʢʣʘʜʥʦʡ ʟʘʜʘʯʠ. 

ɼʣʷ ʨʝʰʝʥʠʷ ʜʘʥʥʦʡ ʟʘʜʘʯʠ ʤʦʞʥʦ ʧʦʩʪʨʦʠʪʴ ʨʝʡʪʠʥʛ ʨʝʘʣʠʟʘʮʠʡ ʚʩʝʭ ʤʝʪʦʜʦʚ ʠ ʘʣʛʦʨʠʪ-

ʤʦʚ, ʠʤʝʶʱʠʭ ʦʪʥʦʰʝʥʠʝ ʣʠʙʦ ʢ ʠʥʪʝʨʝʩʫʶʱʝʡ ʟʘʜʘʯʝ, ʣʠʙʦ ʚʦʦʙʱʝ ʚʩʝʭ, ʦʛʨʘʥʠʯʠʚ ʚʳʙʦʨʢʫ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʩʠʩʪʝʤ ʥʘ ʠʥʪʝʨʝʩʫʶʱʝʤ ʫʨʦʚʥʝ ʘʙʩʪʨʘʢʮʠʠ. ʕʪʦ ʤʦʞʝʪ 

ʙʳʪʴ ʧʨʦʧʫʩʢʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʧʘʤʷʪʠ, ʯʠʩʣʦ ʷʜʝʨ ʚ SMP ʫʟʣʝ, ʢʣʘʩʩ ʩʠʩʪʝʤ (ʢʣʘʩʪʝʨʥʘʷ, ʛʠ-

ʙʨʠʜʥʘʷ ʩ GPU) ʠ ʪ.ʜ. 

ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʜʘʥʥʦʛʦ ʩʮʝʥʘʨʠʷ ʚ ʩʝʨʚʠʩʝ Algo500 ʥʝ ʙʳʣʦ ʦʧʠʩʘʥʠʷ ʧʦʜʤʥʦʞʝʩʪʚʘ ʩʠ-

ʩʪʝʤʳ, ʥʘ ʢʦʪʦʨʦʡ ʙʳʣ ʦʩʫʱʝʩʪʚʣʝʥ ʟʘʧʫʩʢ, ʘ ʪʘʢʞʝ ʥʝ ʙʳʣʠ ʨʝʘʣʠʟʦʚʘʥʳ ʢʣʘʩʩʳ ʠ ʢʘʪʝʛʦʨʠʠ ʚ 

ʦʧʠʩʘʥʠʠ ʩʠʩʪʝʤ. 

3.4. ʉʦʟʜʘʪʴ/ʧʨʝʦʙʨʘʟʦʚʘʪʴ ʧʨʠʣʦʞʝʥʠʝ ʩ ʫʯʝʪʦʤ ʤʝʪʦʜʘ ʠ ʘʨʭʠʪʝʢʪʫʨʳ  

ʊʨʝʪʴʷ ʧʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʢʘʩʘʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʢʘʞʜʦʛʦ ʧʦʣʴʟʦʚʘʪʝʣʷ. ʀʤʝʷ ʥʝ ʪʦʣʴʢʦ 

ʧʨʠʦʨʠʪʝʪʥʳʡ ʤʝʪʦʜ ʠʣʠ ʘʣʛʦʨʠʪʤ ʠʟ ʧʝʨʚʦʡ ʟʘʜʘʯʠ, ʥʦ ʠ ʨʘʙʦʪʘʶʱʫʶ ʨʝʘʣʠʟʘʮʠʶ ʜʣʷ ʦʧʨʝ-

ʜʝʣʝʥʥʦʡ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʳ (ʨʠʩʫʥʦʢ 8), ʚʦʟʤʦʞʥʦ, ʩʦʟʜʘʥʥʫʶ ʩ ʦʛʨʦʤʥʳʤ ʪʨʫʜʦʤ, 

ʠʥʦʛʜʘ ʚʩʪʘʝʪ ʚʦʧʨʦʩ ï ʘ ʥʘʩʢʦʣʴʢʦ ʵʬʬʝʢʪʠʚʥʘ ʵʪʘ ʨʝʘʣʠʟʘʮʠʷ? 

 

ʈʠʩ. 8. ʉʦʟʜʘʥʠʝ ʠʣʠ ʤʦʜʠʬʠʢʘʮʠʷ ʧʨʠʣʦʞʝʥʠʷ 

ɼʣʷ ʦʮʝʥʢʠ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʩʦʙʩʪʚʝʥʥʦʡ ʨʝʘʣʠʟʘʮʠʠ, ʘ ʧʨʠ ʥʘʭʦʞʜʝʥʠʠ ʙʦʣʝʝ ʫʜʘʯ-

ʥʦʡ ï ʠʟʫʯʝʥʠʝ ʝʝ ʦʩʦʙʝʥʥʦʩʪʝʡ, ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʙʳʣʦ ʙʳ ʩʪʨʦʠʪʴ ʚʳʙʦʨʢʫ ʦʜʥʦʚʨʝʤʝʥʥʦ ʧʦ 

ʫʧʦʤʷʥʫʪʳʤ ʚ ʧʝʨʚʦʡ ʠ ʚʪʦʨʦʡ ʟʘʜʘʯʝ ʢʨʠʪʝʨʠʷʤ. 

ʇʨʠ ʵʪʦʤ ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʠʥʪʝʨʝʩʥʦ ʧʨʷʤʦʝ ʧʝʨʝʩʝʯʝʥʠʝ ï ʥʘ ʥʘʭʦʞʜʝʥʠʝ ʠʤʝʥʥʦ ʪʘʢʠʭ 

ʨʝʘʣʠʟʘʮʠʡ ʜʣʷ ʪʘʢʠʭ ʧʣʘʪʬʦʨʤ ʠ ʤʝʪʦʜʦʚ/ʘʣʛʦʨʠʪʤʦʚ. ʉ ʜʨʫʛʦʡ ï ʠʥʪʝʨʝʩʥʦ ʦʪʜʝʣʴʥʦ ʦʮʝʥʠʪʴ 

ʫʜʘʯʥʦʩʪʴ ʩʚʦʝʡ ʨʝʘʣʠʟʘʮʠʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʤʝʪʦʜʘ ʠʣʠ ʚʳʙʨʘʥʥʦʡ ʮʝʣʝʚʦʡ 

ʧʣʘʪʬʦʨʤʳ. ʂʘʢ ʩʣʝʜʩʪʚʠʝ, ʧʨʠʥʷʪʴ ʨʝʰʝʥʠʝ, ʙʳʪʴ ʤʦʞʝʪ, ʩʪʦʠʪ ʦʜʠʥ ʠʟ ʵʪʠʭ ʢʨʠʪʝʨʠʝʚ ʩʜʝ-

ʣʘʪʴ ʥʝ ʩʪʦʣʴ ʞʝʩʪʢʠʤ ʠ ʨʘʩʩʤʦʪʨʝʪʴ ʨʘʟʚʠʪʠʝ ʩʚʦʝʛʦ ʧʨʠʣʦʞʝʥʠʷ ʚ ʩʪʦʨʦʥʫ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʦ-

ʚʳʭ ʤʝʪʦʜʦʚ ʠʣʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʦʩʦʙʝʥʥʦʩʪʝʡ ʜʨʫʛʠʭ ʘʨʭʠʪʝʢʪʫʨ. 

ʂʘʢ ʙʳ ʪʘʤ ʥʠ ʙʳʣʦ, ʥʘʡʜʷ ʥʝʢʦʪʦʨʳʝ ʨʝʘʣʠʟʘʮʠʠ ʩ ʙʦʣʝʝ ʧʨʠʚʣʝʢʘʪʝʣʴʥʦʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴ-

ʥʦʩʪʴʶ/ ʬɻʬʝʢʪʠʚʥʦʩʪʴʶ, ʧʦʣʴʟʦʚʘʪʝʣʶ ʥʝʦʙʭʦʜʠʤʦ ʧʦʥʷʪʴ, ʯʪʦ ʞʝ ʦʥ ʤʦʞʝʪ ʠʟʤʝʥʠʪʴ ʚ ʩʚʦʝʡ 

ʧʨʦʛʨʘʤʤʝ, ʘ ʜʣʷ ʵʪʦʛʦ ʙʳʣʦ ʙʳ ʢʨʘʡʥʝ ʧʦʣʝʟʥʦ ʧʦʩʤʦʪʨʝʪʴ ʜʝʪʘʣʠ ʟʘʠʥʪʝʨʝʩʦʚʘʚʰʝʡ ʨʝʬʝ-

ʨʝʥʩʥʦʡ ʨʝʘʣʠʟʘʮʠʠ. 

ʊʘʢʫʶ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʝʜʦʩʪʘʚʠʣ ʙʳ ʨʝʧʦʟʠʪʦʨʠʡ ʨʝʬʝʨʝʥʩʥʳʭ ʨʝʘʣʠʟʘʮʠʡ ʚ ʜʦʧʦʣʥʝʥʠʝ ʢ 

ʨʘʟʚʠʪʦʡ ʩʠʩʪʝʤʝ ʧʦʩʪʨʦʝʥʠʷ ʚʳʙʦʨʦʢ ʠʟ ʧʝʨʚʳʭ ʜʚʫʭ ʟʘʜʘʯ. 

4. ɿʘʢʣʶʯʝʥʠʝ 

ʉʫʧʝʨʢʦʤʧʴʶʪʝʨʥʳʡ ʢʦʜʠʟʘʡʥ ï ʥʝ ʧʨʦʩʪʦ ʘʙʩʪʨʘʢʪʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʦʙʣʘ-

ʩʪʠ ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʭ ʚʳʯʠʩʣʝʥʠʡ, ʘ ʢʘʞʜʦʜʥʝʚʥʘʷ ʨʝʘʣʴʥʦʩʪʴ ʙʦʣʴʰʠʥʩʪʚʘ ʨʘʟʨʘʙʦʪ-

ʯʠʢʦʚ ʧʘʨʘʣʣʝʣʴʥʳʭ ʧʨʠʣʦʞʝʥʠʡ ʠ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʥʳʭ ʩʠʩʪʝʤ. 

ʂ ʚʳʜʝʣʝʥʥʳʤ ʪʨʝʤ ʟʘʜʘʯʠ ʢʦʜʠʟʘʡʥʘ (ʧʦʜʙʦʨ ʤʝʪʦʜʘ/ʘʣʛʦʨʠʪʤʘ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʮʝʣʝ-

ʚʦʡ ʘʨʭʠʪʝʢʪʫʨʝ, ʧʦʜʙʦʨ ʘʨʭʠʪʝʢʪʫʨʳ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʤʝʪʦʜʝ ʠʣʠ ʘʣʛʦʨʠʪʤʝ, ʧʦʠʩʢ ʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʦʡ ʨʝʘʣʠʟʘʮʠʠ, ʠʩʧʦʣʴʟʫʶʱʝʡ ʪʦʪ ʠʣʠ ʠʥʦʡ ʘʣʛʦʨʠʪʤ ʠ ʪʫ ʠʣʠ ʠʥʫʶ ʧʨʦʛʨʘʤʤʥʦ-

ʘʧʧʘʨʘʪʥʫʶ ʧʣʘʪʬʦʨʤʫ) ʤʦʞʝʪ ʙʳʪʴ ʩʚʝʜʝʥʦ ʘʙʩʦʣʶʪʥʦʝ ʙʦʣʴʰʠʥʩʪʚʦ ʟʘʜʘʯ ʩʦʚʤʝʩʪʥʦʛʦ ʘʥʘ-

ʣʠʟʘ ʩʚʦʡʩʪʚ ʘʣʛʦʨʠʪʤʦʚ, ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʤʝʪʦʜʦʚ ʠ ʘʨʭʠʪʝʢʪʫʨ. ʆʪ ʨʘʟʨʘʙʦʪʢʠ ʧʨʠʣʦʞʝʥʠʡ 

ʤʘʢʩʠʤʘʣʴʥʦ ʫʯʠʪʳʚʘʶʱʠʭ, ʥʘʧʨʠʤʝʨ, ʩʪʨʫʢʪʫʨʫ ʦʧʝʨʘʪʠʚʥʦʡ ʧʘʤʷʪʠ, ʜʦ ʨʘʟʨʘʙʦʪʢʠ ʩʧʝʮʠʘ-

ʣʠʟʠʨʦʚʘʥʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʩʠʩʪʝʤ ʜʣʷ ʨʝʰʝʥʠʷ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʢʣʘʩʩʘ ʟʘʜʘʯ. 
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ɺʳʜʝʣʝʥʥʳʝ ʪʨʠ ʦʧʦʨʥʳʝ ʟʘʜʘʯʠ ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʤʦʛʫʪ ʙʳʪʴ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʨʝʰʝʥʳ ʥʘ 

ʙʘʟʝ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʦʪʢʨʳʪʦʡ ʵʥʮʠʢʣʦʧʝʜʠʠ ʘʣʛʦʨʠʪʤʦʚ AlgoWiki  ʠ ʩʠʩʪʝʤʳ ʧʦʩʪʨʦʝʥʠʷ ʨʝʡ-

ʪʠʥʛʦʚ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʧʨʦʛʨʘʤʤʥʳʭ ʨʝʘʣʠʟʘʮʠʡ (ʘ ʟʥʘʯʠʪ, ʠ ʩʪʦʷʱʠʭ ʟʘ ʥʠʤʠ ʘʣʛʦʨʠʪʤʦʚ 

ʠ ʤʝʪʦʜʦʚ), ʦʜʥʘʢʦ ʫʞʝ ʧʝʨʚʠʯʥʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʥʝʦʙʭʦʜʠʤ ʨʷʜ ʤʦʜʠʬʠʢʘʮʠʡ. ɺ 

ʯʘʩʪʥʦʩʪʠ, ʵʪʦ ʚʳʜʝʣʝʥʠʝ ʵʢʩʧʝʨʪʥʳʭ ʦʮʝʥʦʢ ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʳʭ ʩʚʦʡʩʪʚ ʮʝʣʝʚʦʡ ʘʨʭʠʪʝʢʪʫʨʳ 

ʜʣʷ ʘʣʛʦʨʠʪʤʦʚ, ʬʦʨʤʘʣʴʥʦʝ ʦʧʠʩʘʥʠʝ ʢʣʘʩʩʦʚ ʠ ʨʘʟʤʝʪʢʘ ʩʫʱʝʩʪʚʫʶʱʠʭ ʦʧʠʩʘʥʠʡ ʩʠʩʪʝʤ 

(ʥʘʧʨʠʤʝʨ, SMP, ʩʠʩʪʝʤʳ ʩ GPU, ʩʠʩʪʝʤʳ ʩ ʟʥʘʯʠʪʝʣʴʥʳʤ ʦʙʲʝʤʦʤ ʦʧʝʨʘʪʠʚʥʦʡ ʧʘʤʷʪʠ ʥʘ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʝ ʷʜʨʦ, ʩʠʩʪʝʤʳ ʩ ʧʘʨʘʣʣʝʣʴʥʦʡ ʬʘʡʣʦʚʦʡ ʩʠʩʪʝʤʦʡ ʠ ʪ.ʧ.), ʨʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʦʚ 

ʦʧʠʩʘʥʠʷ ʧʦʜʤʥʦʞʝʩʪʚʘ ʩʠʩʪʝʤ, ʥʘ ʢʦʪʦʨʳʭ ʟʘʧʫʩʢʘʣʠʩʴ ʧʨʦʛʨʘʤʤʥʳʝ ʨʝʘʣʠʟʘʮʠʠ ʠ ʦʧʠʩʘʥʠʝ 

ʪʘʢʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʟʘʧʫʩʢʦʚ ʚ ʮʝʣʦʤ. 

ʈʝʰʝʥʠʝ ʧʦʩʪʘʚʣʝʥʥʳʭ ʟʘʜʘʯ ʧʦʟʚʦʣʠʪ ʧʦʣʫʯʠʪʴ ʢʘʯʝʩʪʚʝʥʥʦ ʥʦʚʳʝ ʠʥʩʪʨʫʤʝʥʪʳ ʘʥʘʣʠʟʘ, 

ʜʦʩʪʫʧʥʳʝ ʢʘʢ ʚʳʩʦʢʦʢʚʘʣʠʬʠʮʠʨʦʚʘʥʥʳʤ ʩʧʝʮʠʘʣʠʩʪʘʤ ʚ ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ, ʪʘʢ ʠ ʨʷʜʦʚʳʤ 

ʧʦʣʴʟʦʚʘʪʝʣʷʤ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʥʳʭ ʩʠʩʪʝʤ, ʯʪʦ ʜʦʣʞʥʦ ʚʳʣʠʪʴʩʷ ʠ ʚ ʧʦʚʳʰʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦ-

ʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʫʱʝʩʪʚʫʶʱʠʭ ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʩʠʩʪʝʤ ʠ ʧʨʦ-

ʛʨʘʤʤʥʳʭ ʢʦʤʧʣʝʢʩʦʚ, ʠ ʧʦʚʳʰʝʥʠʝ ʢʘʯʝʩʪʚʘ ʚʥʦʚʴ ʩʦʟʜʘʚʘʝʤʳʭ. 
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ʆʉʆɹɽʅʅʆʉʊʀ ʉʆʉʊʗɿɸʊɽʃʔʅʓʍ ɸʊɸʂ 

ʉ ʆɻʈɸʅʀʏɽʅʀʗʄʀ ʇʈʆʊʀɺ ʉʀʉʊɽʄ ʆɹʅɸʈʋɾɽʅʀʗ 

ɺʊʆʈɾɽʅʀʁ, ʆʉʅʆɺɸʅʅʓʍ ʅɸ ʇʈʀʄɽʅɽʅʀʀ ʄɽʊʆɼʆɺ 

ʄɸʐʀʅʅʆɻʆ ʆɹʋʏɽʅʀʗ 

ɸ.ɻ. ʅʠʢʦʣʴʩʢʘʷ, ɼ.ɸ. ʈʳʙʦʣʦʚʣʝʚ 

ʀʥʩʪʠʪʫʪ ʩʠʩʪʝʤʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʠʤ. ɺ.ʇ. ʀʚʘʥʥʠʢʦʚʘ ʈɸʅ 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥ ʘʥʘʣʠʟ ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʦʩʪʷʟʘʪʝʣʴʥʳʭ ʘʪʘʢ ʧʨʦʪʠʚ ʤʦʜʝʣʝʡ ʤʘ-

ʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʚ ʜʦʤʝʥʘʭ ʩ ʦʛʨʘʥʠʯʝʥʠʷʤʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʚ ʦʙʣʘʩʪʠ ʦʙʥʘʨʫʞʝʥʠʷ 

ʚʪʦʨʞʝʥʠʡ. ʀʩʩʣʝʜʦʚʘʥʳ ʜʦʤʝʥʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ, ʢʦʪʦʨʳʤ ʜʦʣʞʥʳ ʦʪʚʝʯʘʪʴ ʵʬʬʝʢ-

ʪʠʚʥʳʝ ʩʦʩʪʷʟʘʪʝʣʴʥʳʝ ʧʨʠʤʝʨʳ ʧʨʦʪʠʚ ʩʝʪʝʚʳʭ ʩʠʩʪʝʤ ʦʙʥʘʨʫʞʝʥʠʷ ʚʪʦʨʞʝʥʠʡ. 

ʈʘʩʩʤʦʪʨʝʥʳ ʧʨʦʩʪʨʘʥʩʪʚʘ ʚʳʧʦʣʥʝʥʠʷ ʩʦʩʪʷʟʘʪʝʣʴʥʦʡ ʘʪʘʢʠ ʩ ʦʛʨʘʥʠʯʝʥʠʷʤʠ. 

ʆʧʨʝʜʝʣʝʥʳ ʥʘʧʨʘʚʣʝʥʠʷ ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʠʩʪʝʤʘ ʦʙʥʘʨʫʞʝʥʠʷ ʚʪʦʨʞʝʥʠʡ; ʩʦʩʪʷʟʘʪʝʣʴʥʘʷ ʘʪʘʢʘ; ʤʘʰʠʥʥʦʝ 

ʦʙʫʯʝʥʠʝ; ʩʝʪʝʚʦʡ ʪʨʘʬʠʢ. 

 

1. ɺʚʝʜʝʥʠʝ 

ʅʘʨʘʩʪʘʶʱʘʷ ʧʦʧʫʣʷʨʥʦʩʪʴ ʤʦʜʝʣʝʡ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʚ ʨʘʟʣʠʯʥʳʭ ʩʬʝʨʘʭ ʧʨʠʤʝʥʝ-

ʥʠʷ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʩʠʩʪʝʤʘʭ ʦʙʥʘʨʫʞʝʥʠʷ ʚʪʦʨʞʝʥʠʡ (ʉʆɺ, IDS), ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ ʚʳʷʚ-

ʣʝʥʠʷ ʢʦʤʧʴʶʪʝʨʥʳʭ ʘʪʘʢ ʚ ʩʝʪʝʚʦʤ ʪʨʘʬʠʢʝ, ʧʨʠʚʦʜʠʪ ʢ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʟʘʱʠʪʳ ʪʘʢʠʭ ʤʦʜʝ-

ʣʝʡ ʦʪ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʫʛʨʦʟ, ʦʜʥʦʡ ʠʟ ʢʦʪʦʨʳʭ ʷʚʣʷʶʪʩʷ ʩʦʩʪʷʟʘʪʝʣʴʥʳʝ ʘʪʘʢʠ (adversarial 

attacks). ʎʝʣʴʶ ʪʘʢʦʡ ʨʘʟʥʦʚʠʜʥʦʩʪʠ ʩʦʩʪʷʟʘʪʝʣʴʥʳʭ ʘʪʘʢ, ʢʘʢ ʘʪʘʢʘ çʫʢʣʦʥʝʥʠʷè (evasion 

attack), ʷʚʣʷʝʪʩʷ ʥʘʨʫʰʝʥʠʝ ʥʦʨʤʘʣʴʥʦʛʦ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʤʦʜʝʣʠ: ʧʫʪʸʤ ʜʦʙʘʚʣʝʥʠʷ ʚ ʢʣʘʩ-

ʩʠʬʠʮʠʨʫʝʤʳʡ ʦʙʲʝʢʪ ʤʘʣʦʟʘʤʝʪʥʳʭ ʚʦʟʤʫʱʝʥʠʡ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʥʝʢʦʨʨʝʢʪʥʳʡ ʦʪʚʝʪ ML-

ʤʦʜʝʣʠ ʧʦʩʣʝ ʦʙʨʘʙʦʪʢʠ ʧʦʣʫʯʠʚʰʝʛʦʩʷ ʩʦʩʪʷʟʘʪʝʣʴʥʦʛʦ ʧʨʠʤʝʨʘ (adversarial example/sample), 

ʥʘʧʨʠʤʝʨ, ʥʝʧʨʘʚʠʣʴʥʘʷ ʢʣʘʩʩʠʬʠʢʘʮʠʷ ʪʘʢʦʛʦ ʧʨʠʤʝʨʘ. ʇʦʜʦʙʥʳʝ ʘʪʘʢʠ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ, 

ʚ ʯʘʩʪʥʦʩʪʠ, ʜʣʷ ʦʙʭʦʜʘ IDS ʧʫʪʸʤ ʤʘʩʢʠʨʦʚʘʥʠʷ ʢʦʤʧʴʶʪʝʨʥʳʭ ʘʪʘʢ ʚ ʩʝʪʝʚʦʤ ʪʨʘʬʠʢʝ. ʋʷʟ-

ʚʠʤʦʩʪʴ ML-ʤʦʜʝʣʝʡ ʢ ʘʪʘʢʘʤ ʫʢʣʦʥʝʥʠʷ ʷʚʣʷʝʪʩʷ ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʦʡ, ʧʦʩʢʦʣʴʢʫ ʪʘʢʠʝ ʘʪʘʢʠ 

ʤʦʛʫʪ ʙʳʪʴ ʦʩʫʱʝʩʪʚʣʝʥʳ ʜʘʞʝ ʩ ʤʠʥʠʤʘʣʴʥʳʤʠ ʟʥʘʥʠʷʤʠ ʦʙ ʘʪʘʢʫʝʤʦʡ ʤʦʜʝʣʠ. 

ʉʦʩʪʷʟʘʪʝʣʴʥʳʝ ʘʪʘʢʠ ʚʦʟʥʠʢʣʠ ʚ ʢʦʥʪʝʢʩʪʝ ʧʨʝʜʤʝʪʥʦʡ ʦʙʣʘʩʪʠ (ʜʦʤʝʥʘ) ʢʦʤʧʴʶʪʝʨʥʦʛʦ 

ʟʨʝʥʠʷ [1] ʠ ʠʟʥʘʯʘʣʴʥʦ ʙʳʣʠ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʥʘ ʨʘʙʦʪʫ ʩ ʧʠʢʩʝʣʴʥʳʤʠ ʠʟʦʙʨʘʞʝʥʠʷʤʠ. ʆʜʥʘ-

ʢʦ ʚ ʥʝʢʦʪʦʨʳʭ ʧʨʝʜʤʝʪʥʳʭ ʦʙʣʘʩʪʷʭ ʭʘʨʘʢʪʝʨ ʦʙʨʘʙʘʪʳʚʘʝʤʳʭ ʜʘʥʥʳʭ (ʥʘʧʨʠʤʝʨ, ʠʭ ʥʝʦʜʥʦ-

ʨʦʜʥʦʩʪʴ ʠʣʠ ʥʘʣʠʯʠʝ ʥʝʢʦʪʦʨʦʡ ʩʪʨʫʢʪʫʨʳ) ʥʘʢʣʘʜʳʚʘʝʪ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʚʥʦʩʠʤʳʝ ʚʦʟʤʫʱʝ-

ʥʠʷ. ɺ ʪʘʢʠʭ ʜʦʤʝʥʘʭ ʚʥʝʩʝʥʠʝ ʧʨʦʠʟʚʦʣʴʥʳʭ ʠ ʥʝʟʘʚʠʩʠʤʳʭ ʚʦʟʤʫʱʝʥʠʡ ʚ ʜʘʥʥʳʝ ʧʨʠ ʧʦʤʦ-

ʱʠ ʩʫʱʝʩʪʚʫʶʱʠʭ ʤʝʪʦʜʦʚ ʩʦʩʪʷʟʘʪʝʣʴʥʳʭ ʘʪʘʢ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʩʦʟʜʘʥʠʶ ʥʝʬʫʥʢʮʠʦʥʘʣʴ-

ʥʳʭ, ʥʝʨʝʘʣʠʩʪʠʯʥʳʭ ʩʦʩʪʷʟʘʪʝʣʴʥʳʭ ʧʨʠʤʝʨʦʚ, ʥʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʨʝʘʣʴʥʳʤ ʦʙʲʝʢʪʘʤ 

ʧʨʝʜʤʝʪʥʦʡ ʦʙʣʘʩʪʠ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʚʩʪʨʝʪʠʪʴ ʥʘ ʧʨʘʢʪʠʢʝ. ʕʪʦ ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʪʘʢʠʝ ʘʪʘʢʠ, ʢʦʪʦʨʳʝ ʫʯʠʪʳʚʘʶʪ ʫʢʘʟʘʥʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ, ʪʦ ʝʩʪʴ ʩʦʩʪʷʟʘʪʝʣʴʥʳʝ 

ʘʪʘʢʠ ʩ ʦʛʨʘʥʠʯʝʥʠʷʤʠ. 

ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʦʩʪʷʟʘʪʝʣʴʥʳʭ ʘʪʘʢ ʙʝʟ ʫʯʸʪʘ ʦʛʨʘʥʠʯʝʥʠʡ ʦʙʨʘʙʘʪʳʚʘʝʤʳʝ IDS 

ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʧʘʢʝʪʳ ʩʝʪʝʚʦʛʦ ʪʨʘʬʠʢʘ ʤʦʛʫʪ ʧʦʪʝʨʷʪʴ ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʴ ʠʟ-ʟʘ ʥʘʨʫʰʝ-

ʥʠʷ ʣʝʞʘʱʝʛʦ ʚ ʦʩʥʦʚʝ ʩʝʪʝʚʦʛʦ ʧʨʦʪʦʢʦʣʘ. ʅʘʧʨʠʤʝʨ, ʜʘʞʝ ʝʩʣʠ ʘʪʘʢʘ ʧʨʝʜʣʦʞʠʪ ʩʦʩʪʷʟʘʪʝʣʴ-

ʥʳʡ ʧʨʠʤʝʨ, ʚ ʢʦʪʦʨʦʤ ʟʥʘʯʝʥʠʝ ʧʨʠʟʥʘʢʘ çʩʨʝʜʥʷʷ ʜʣʠʥʘ ʧʘʢʝʪʘè ʨʘʚʥʦ -1 (ʪʦ ʝʩʪʴ ʥʝ ʧʦʧʘʜʘʝʪ 

ʚ ʦʙʣʘʩʪʴ ʜʦʧʫʩʪʠʤʳʭ ʟʥʘʯʝʥʠʡ) ʠʣʠ ʮʝʣʦʯʠʩʣʝʥʥʳʡ ʧʨʠʟʥʘʢ çʤʘʢʩʠʤʘʣʴʥʘʷ ʜʣʠʥʘ ʧʘʢʝʪʘè 

ʧʨʠʥʠʤʘʝʪ ʚʝʱʝʩʪʚʝʥʥʦʝ ʟʥʘʯʝʥʠʝ, ʙʫʜʝʪ ʥʝʚʦʟʤʦʞʥʦ ʜʦʙʠʪʴʩʷ ʪʘʢʠʭ ʟʥʘʯʝʥʠʡ ʥʘ ʧʨʘʢʪʠʢʝ. 

ʊʘʢʦʡ ʩʦʩʪʷʟʘʪʝʣʴʥʳʡ ʧʨʠʤʝʨ ʥʝʨʝʘʣʠʩʪʠʯʝʥ, ʧʦʩʢʦʣʴʢʫ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʝʤʫ ʩʝʪʝʚʦʡ ʪʨʘʬʠʢ 

ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʚʦʩʧʨʦʠʟʚʝʜʸʥ ʚ ʨʝʘʣʴʥʦʡ ʩʝʪʠ. ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʣʷ ʦʙʭʦʜʘ IDS ʥʘ ʦʩʥʦʚʝ 

ML ʥʝʜʦʩʪʘʪʦʯʥʦ ʩʦʟʜʘʪʴ ʧʨʠʤʝʨ, ʦʪʚʝʯʘʶʱʠʡ ʜʦʤʝʥʥʳʤ ʦʛʨʘʥʠʯʝʥʠʷʤ (ʪʨʝʙʦʚʘʥʠʷʤ, ʫʩʣʦʚʠ-

ʷʤ), ʪʦ ʝʩʪʴ ʦʛʨʘʥʠʯʝʥʠʷʤ, ʩʧʦʩʦʙʩʪʚʫʶʱʠʤ ʩʦʭʨʘʥʝʥʠʶ ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʠ ʧʨʠʤʝʨʘ. ɸʪʘʢʫ-
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ʶʱʠʡ ʜʦʣʞʝʥ ʩʦʟʜʘʚʘʪʴ ʩʦʩʪʷʟʘʪʝʣʴʥʳʝ ʧʨʠʤʝʨʳ, ʩʦʭʨʘʥʷʶʱʠʝ ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʴ ʢʘʢ ʩʝʪʝʚʦ-

ʛʦ ʧʨʦʪʦʢʦʣʘ, ʪʘʢ ʠ ʦʨʠʛʠʥʘʣʴʥʦʡ ʢʦʤʧʴʶʪʝʨʥʦʡ ʘʪʘʢʠ, ʢʦʪʦʨʫʶ ʦʥ ʧʳʪʘʝʪʩʷ ʟʘʤʘʩʢʠʨʦʚʘʪʴ ʚ 

ʵʪʦʤ ʩʝʪʝʚʦʤ ʪʨʘʬʠʢʝ ʧʨʠ ʧʦʤʦʱʠ ʩʦʩʪʷʟʘʪʝʣʴʥʦʡ ʘʪʘʢʠ [2], ʪʦ ʝʩʪʴ ʵʬʬʝʢʪʠʚʥʳʝ ʩʦʩʪʷʟʘʪʝʣʴ-

ʥʳʝ ʧʨʠʤʝʨʳ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʘʞʥʳʤʠ ʟʘʜʘʯʘʤʠ ʧʨʠ ʛʝʥʝʨʘʮʠʠ ʩʦʩʪʷʟʘʪʝʣʴʥʳʭ ʧʨʠʤʝʨʦʚ ʚ 

ʦʙʣʘʩʪʠ ʦʙʥʘʨʫʞʝʥʠʷ ʚʪʦʨʞʝʥʠʡ ʚ ʩʝʪʝʚʦʤ ʪʨʘʬʠʢʝ ʷʚʣʷʶʪʩʷ ʧʨʦʚʝʨʢʠ ʬʠʟʠʯʝʩʢʦʡ ʨʝʘʣʠʟʫʝ-

ʤʦʩʪʠ ʥʘʡʜʝʥʥʦʛʦ ʚʦʟʤʫʱʝʥʠʷ ʠ ʩʦʭʨʘʥʝʥʠʷ ʜʝʡʩʪʚʠʷ ʘʪʘʢʠ, ʧʨʠʯʸʤ ʧʦʩʣʝʜʥʷʷ ʧʨʦʚʝʨʢʘ ʚ ʠʩ-

ʩʣʝʜʦʚʘʥʠʷʭ ʦʙʳʯʥʦ ʥʝ ʧʨʦʚʦʜʠʪʩʷ. 

ʆʮʝʥʢʘ ʫʩʪʦʡʯʠʚʦʩʪʠ ML-ʤʦʜʝʣʠ ʢ ʩʦʩʪʷʟʘʪʝʣʴʥʳʤ ʘʪʘʢʘʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʝ ʦʪʚʝʯʘʶ-

ʱʠʭ ʜʦʤʝʥʥʳʤ ʪʨʝʙʦʚʘʥʠʷʤ ʩʦʩʪʷʟʘʪʝʣʴʥʳʭ ʧʨʠʤʝʨʦʚ ʤʦʞʝʪ ʥʝ ʦʪʨʘʞʘʪʴ ʨʝʘʣʴʥʫʶ ʫʩʪʦʡʯʠ-

ʚʦʩʪʴ ʤʦʜʝʣʠ [3]. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʪʘʢʘʷ ʥʝʢʦʨʨʝʢʪʥʘʷ ʦʮʝʥʢʘ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʟʘʚʳʰʝʥʥʦʤʫ 

ʚʳʜʝʣʝʥʠʶ ʨʝʩʫʨʩʦʚ ʥʘ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ ʟʘʱʠʪʳ [4]. ɺ ʩʣʫʯʘʝ ʧʨʝʜʤʝʪʥʦʡ ʦʙʣʘʩʪʠ ʦʙʨʘʙʦʪʢʠ 

ʩʝʪʝʚʦʛʦ ʪʨʘʬʠʢʘ ʪʘʢʞʝ ʥʝʦʙʭʦʜʠʤʦ ʫʯʝʩʪʴ ʪʨʘʪʳ ʨʝʩʫʨʩʦʚ ʥʘ ʧʨʦʚʝʨʢʫ ʩʛʝʥʝʨʠʨʦʚʘʥʥʳʭ ʧʨʠ-

ʤʝʨʦʚ: ʥʝʦʙʭʦʜʠʤʦ ʥʝ ʪʦʣʴʢʦ ʩʛʝʥʝʨʠʨʦʚʘʪʴ ʩʝʪʝʚʦʡ ʪʨʘʬʠʢ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʥʘʡʜʝʥʥʳʤ ʩʦ-

ʩʪʷʟʘʪʝʣʴʥʳʤ ʚʦʟʤʫʱʝʥʠʷʤ, ʥʦ ʠ ʧʨʦʚʝʨʠʪʴ ʝʛʦ ʚ ʨʝʘʣʴʥʦʡ ʩʝʪʠ ʩ ʩʦʧʫʪʩʪʚʫʶʱʠʤʠ ʚʨʝʤʝʥʥʳ-

ʤʠ ʟʘʪʨʘʪʘʤʠ. ʆʙʨʘʙʦʪʢʘ ʥʝʨʝʘʣʠʩʪʠʯʥʳʭ ʩʦʩʪʷʟʘʪʝʣʴʥʳʭ ʧʨʠʤʝʨʦʚ ʧʨʠʚʝʜʸʪ ʢ ʣʠʰʥʠʤ ʪʨʘʪʘʤ 

ʚʨʝʤʝʥʠ ʠ ʜʨʫʛʠʭ ʨʝʩʫʨʩʦʚ. ʊʘʢʞʝ ʦʪʢʨʳʪʳʤ ʦʩʪʘʸʪʩʷ ʚʦʧʨʦʩ ʦʙ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ 

ʨʝʘʣʠʩʪʠʯʥʳʭ ʩʦʩʪʷʟʘʪʝʣʴʥʳʭ ʧʨʠʤʝʨʦʚ ʚ ʤʝʪʦʜʘʭ ʟʘʱʠʪʳ ML-ʤʦʜʝʣʝʡ ʦʪ ʩʦʩʪʷʟʘʪʝʣʴʥʳʭ 

ʘʪʘʢ, ʥʘʧʨʠʤʝʨ, ʚ ʪʘʢʦʤ ʧʦʧʫʣʷʨʥʦʤ ʤʝʪʦʜʝ ʟʘʱʠʪʳ, ʢʘʢ ʩʦʩʪʷʟʘʪʝʣʴʥʦʝ ʦʙʫʯʝʥʠʝ (adversarial 

training), ʪʦ ʝʩʪʴ ʦʙʫʯʝʥʠʝ ʤʦʜʝʣʠ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʢʦʨʨʝʢʪʥʦ ʨʘʟʤʝʯʝʥʥʳʭ ʩʦʩʪʷʟʘʪʝʣʴʥʳʭ ʧʨʠ-

ʤʝʨʦʚ.  

ʇʝʨʝʯʠʩʣʝʥʥʳʝ ʧʨʦʙʣʝʤʳ ʦʙʫʩʣʘʚʣʠʚʘʶʪ ʘʢʪʫʘʣʴʥʦʩʪʴ ʠʟʫʯʝʥʠʷ ʩʦʩʪʷʟʘʪʝʣʴʥʳʭ ʘʪʘʢ ʩ 

ʦʛʨʘʥʠʯʝʥʠʷʤʠ ʧʨʦʪʠʚ ʤʦʜʝʣʝʡ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʜʣʷ ʦʙʥʘʨʫʞʝʥʠʷ ʢʦʤʧʴʶʪʝʨʥʳʭ ʘʪʘʢ ʚ 

ʩʝʪʝʚʦʤ ʪʨʘʬʠʢʝ. 

2. ʉʦʩʪʷʟʘʪʝʣʴʥʳʝ ʘʪʘʢʠ ʠ ʜʦʤʝʥʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ ʚ ʟʘʜʘʯʝ 

ʦʙʥʘʨʫʞʝʥʠʷ ʩʝʪʝʚʳʭ ʚʪʦʨʞʝʥʠʡ 

ɹʦʣʴʰʠʥʩʪʚʦ IDS ʧʨʦʚʦʜʷʪ ʢʣʘʩʩʠʬʠʢʘʮʠʶ ʩʝʪʝʚʦʛʦ ʪʨʘʬʠʢʘ ʥʘ ʦʩʥʦʚʝ ʪʘʙʣʠʯʥʳʭ ʜʘʥʥʳʭ, 

ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ ʩʦʙʦʡ ʧʨʠʟʥʘʢʠ, ʠʟʚʣʝʯʸʥʥʳʝ ʠʟ ʩʝʪʝʚʳʭ ʧʘʢʝʪʦʚ ʠ/ʠʣʠ ʧʦʪʦʢʦʚ ʧʨʠ ʧʦʤʦʱʠ 

ʩʧʝʮʠʘʣʴʥʳʭ ʠʥʩʪʨʫʤʝʥʪʦʚ [5]. ʕʪʠ ʧʨʠʟʥʘʢʠ ʠʤʝʶʪ ʨʘʟʣʠʯʥʳʝ ʤʥʦʞʝʩʪʚʘ ʜʦʧʫʩʪʠʤʳʭ ʟʥʘʯʝ-

ʥʠʡ ʠ ʪʠʧʳ, ʥʘʧʨʠʤʝʨ, ʙʠʥʘʨʥʳʝ (ʬʣʘʛʠ çSYNè, çACKè ʠ ʜʨ.), ʢʘʪʝʛʦʨʠʘʣʴʥʳʝ (ʧʨʦʪʦʢʦʣʳ 

çUDPè, çTCPè ʠ ʜʨ.), ʚʝʱʝʩʪʚʝʥʥʳʝ (ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʜʘʥʥʳʭ çFlow Bytes/sè ʠ ʜʨ.) ʠ ʮʝʣʦʯʠʩ-

ʣʝʥʥʳʝ ʟʥʘʯʝʥʠʷ (ʤʘʢʩʠʤʘʣʴʥʘʷ ʜʣʠʥʘ ʧʘʢʝʪʘ çMax Packet Lengthè ʠ ʜʨ.). ʀʟʚʣʝʯʸʥʥʳʝ ʧʨʠʟʥʘ-

ʢʠ ʯʘʩʪʦ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʥʝʢʦʪʦʨʳʝ ʩʪʘʪʠʩʪʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʠ ʤʦʛʫʪ ʟʘʚʠʩʝʪʴ ʜʨʫʛ ʦʪ ʜʨʫʛʘ: 

ʥʘʧʨʠʤʝʨ, ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʧʨʠʟʥʘʢʘ çFlow Bytes/sè ʤʦʞʝʪ ʤʝʥʷʪʴʩʷ ʧʨʠʟʥʘʢ çAverage Packet 

Sizeè (ʩʨʝʜʥʷʷ ʜʣʠʥʘ ʧʦʣʷ ʜʘʥʥʳʭ ʧʘʢʝʪʘ TCP/IP). 

ɺ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʦʪʩʫʪʩʪʚʫʝʪ ʦʙʱʝʧʨʠʥʷʪʘʷ ʢʣʘʩʩʠʬʠʢʘʮʠʷ ʜʦʤʝʥʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ. ɺ 

ʥʝʢʦʪʦʨʳʭ ʨʘʙʦʪʘʭ [6, 7] ʧʨʝʜʣʦʞʝʥʦ ʨʘʟʜʝʣʠʪʴ ʜʦʤʝʥʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʩʠʥʪʘʢʩʠʯʝʩʢʠʝ 

(ʜʠʘʧʘʟʦʥʳ ʟʥʘʯʝʥʠʡ, ʪʠʧ ʧʨʠʟʥʘʢʘ ʠ ʪ.ʧ.) ʠ ʩʝʤʘʥʪʠʯʝʩʢʠʝ, ʦʧʨʝʜʝʣʷʶʱʠʝ ʩʚʷʟʠ ʤʝʞʜʫ ʧʨʠ-

ʟʥʘʢʘʤʠ. ʉʦʛʣʘʩʥʦ [6, 8], ʩʝʤʘʥʪʠʯʝʩʢʠʝ ʦʛʨʘʥʠʯʝʥʠʷ ʜʝʣʷʪ ʧʨʠʟʥʘʢʠ ʥʘ ʥʝʠʟʤʝʥʷʝʤʳʝ (IP-

ʘʜʨʝʩ çIP addressè, ʥʦʤʝʨ ʧʨʦʪʦʢʦʣʘ çProtocol Numberè ʠ ʪ.ʧ.), ʠʟʤʝʥʷʝʤʳʝ (ʜʣʠʪʝʣʴʥʦʩʪʴ ʩʝʩ-

ʩʠʠ çFlow Durationè ʠ ʪ.ʧ.) ʠ ʟʘʚʠʩʠʤʳʝ ʦʪ ʥʠʭ ʧʨʠʟʥʘʢʠ (çAverage Packet Sizeè ʠ ʪ.ʧ.). ʅʝʜʦ-

ʩʪʘʪʦʯʥʦ ʫʩʪʘʥʦʚʠʪʴ ʬʘʢʪ ʟʘʚʠʩʠʤʦʩʪʠ ʤʝʞʜʫ ʧʨʠʟʥʘʢʘʤʠ, ʪʘʢ ʢʘʢ ʟʘʚʠʩʠʤʦʩʪʠ ʤʦʛʫʪ ʙʳʪʴ 

ʧʨʷʤʳʤʠ, ʦʙʨʘʪʥʳʤʠ, ʥʝʣʠʥʝʡʥʳʤʠ [9]. ʅʘʧʨʠʤʝʨ, ʫʚʝʣʠʯʝʥʠʝ ʩʢʦʨʦʩʪʠ ʧʝʨʝʜʘʯʠ (çFlow 

Bytes/sè) ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʫʤʝʥʴʰʝʥʠʶ ʜʣʠʪʝʣʴʥʦʩʪʠ ʩʝʩʩʠʠ (çFlow Durationè), ʠ ʝʩʣʠ 

ʥʘʡʜʝʥʥʳʡ ʩʦʩʪʷʟʘʪʝʣʴʥʦʡ ʘʪʘʢʦʡ ʧʨʠʤʝʨ ʫʚʝʣʠʯʠʚʘʝʪ ʦʙʘ ʧʨʠʟʥʘʢʘ, ʪʦ ʪʘʢʦʡ ʧʨʠʤʝʨ ʥʝ ʷʚʣʷ-

ʝʪʩʷ ʦʩʫʱʝʩʪʚʠʤʳʤ ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʨʝʘʣʴʥʳʭ ʩʣʫʯʘʝʚ. ʇʨʠ ʵʪʦʤ ʧʦʣʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʦʛʨʘʥʠ-

ʯʝʥʠʡ, ʦʩʦʙʝʥʥʦ ʦʪʥʦʰʝʥʠʡ ʤʝʞʜʫ ʧʨʠʟʥʘʢʘʤʠ, ʷʚʣʷʝʪʩʷ ʥʝʪʨʠʚʠʘʣʴʥʦʡ ʟʘʜʘʯʝʡ. 

ɺ ʮʝʣʦʤ, ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʜʚʘ ʧʦʜʭʦʜʘ ʢ ʦʙʝʩʧʝʯʝʥʠʶ ʩʦʙʣʶʜʝʥʠʷ ʜʦʤʝʥʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ: 

ʫʯʸʪ ʦʛʨʘʥʠʯʝʥʠʡ ʚ ʧʨʦʮʝʩʩʝ ʛʝʥʝʨʘʮʠʠ ʩʦʩʪʷʟʘʪʝʣʴʥʳʭ ʧʨʠʤʝʨʦʚ ʠʣʠ ʧʦʩʣʝ ʛʝʥʝʨʘʮʠʠ. ʇʝʨ-

ʚʳʡ ʧʦʜʭʦʜ ʤʦʞʥʦ ʨʝʘʣʠʟʦʚʘʪʴ ʨʘʟʣʠʯʥʳʤʠ ʩʧʦʩʦʙʘʤʠ. ʅʘʧʨʠʤʝʨ, ʚ ʩʪʘʪʴʝ [10] ʧʨʝʜʣʘʛʘʶʪ 

ʘʪʘʢʠ ʩʦ ʰʪʨʘʬʘʤʠ ʟʘ ʥʘʨʫʰʝʥʠʝ ʜʦʤʝʥʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ, ʠʩʧʦʣʴʟʫʝʤʳʤʠ ʚ ʬʫʥʢʮʠʠ ʧʦʪʝʨʴ ʚ 

ʛʨʘʜʠʝʥʪʥʦʤ ʤʝʪʦʜʝ C-PGD ʠʣʠ ʚ ʮʝʣʝʚʳʭ ʬʫʥʢʮʠʷʭ ʚ ʛʝʥʝʪʠʯʝʩʢʦʤ ʤʥʦʛʦʮʝʣʝʚʦʤ ʘʣʛʦʨʠʪʤʝ 

MoEvA2. ɼʨʫʛʠʤ ʧʨʠʤʝʨʦʤ ʷʚʣʷʝʪʩʷ ʦʛʨʘʥʠʯʝʥʠʝ ʧʨʠʟʥʘʢʦʚʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ, ʢʦʛʜʘ ʩʦʩʪʷʟʘ-
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ʪʝʣʴʥʳʝ ʚʦʟʤʫʱʝʥʠʷ ʚʥʦʩʷʪʩʷ ʪʦʣʴʢʦ ʚ ʦʧʨʝʜʝʣʸʥʥʳʝ ʧʨʠʟʥʘʢʠ; ʪʘʢ, ʚ ʬʨʝʡʤʚʦʨʢʝ Tiki-Taka 

[11] ʠʩʧʦʣʴʟʫʶʪʩʷ ʪʦʣʴʢʦ ʪʝ ʧʨʠʟʥʘʢʠ, ʢʦʪʦʨʳʝ ʥʝ ʤʦʛʫʪ ʠʟʤʝʥʠʪʴ ʩʝʤʘʥʪʠʢʫ ʧʦʪʦʢʘ ʪʨʘʬʠʢʘ. 

ʈʝʘʣʠʟʦʚʘʪʴ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʜʠʘʧʘʟʦʥʳ ʟʥʘʯʝʥʠʡ ʤʦʞʥʦ ʧʨʠ ʧʦʤʦʱʠ çʦʙʨʝʟʢʠè ʟʥʘʯʝʥʠʡ 

(clipping) ʧʨʠʟʥʘʢʦʚ ʥʘ ʠʭ ʚʝʨʭʥʝʡ ʠ ʥʠʞʥʝʡ ʛʨʘʥʠʮʘʭ [9, 10, 12]. ɺʪʦʨʦʡ ʧʦʜʭʦʜ ʧʦʜʨʘʟʫʤʝʚʘʝʪ 

ʫʜʘʣʝʥʠʝ ʥʝ ʦʪʚʝʯʘʶʱʠʭ ʜʦʤʝʥʥʳʤ ʦʛʨʘʥʠʯʝʥʠʷʤ ʩʛʝʥʝʨʠʨʦʚʘʥʥʳʭ ʧʨʠʤʝʨʦʚ, ʥʘʧʨʠʤʝʨ, ʧʨʠ 

ʧʦʤʦʱʠ ʬʠʣʴʪʨʘʮʠʠ ʧʦ ʧʨʘʚʠʣʘʤ [9] ʠʣʠ ʧʨʦʚʝʨʢʠ ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʠ ʧʘʢʝʪʘ ʩʝʪʝʚʦʛʦ ʪʨʘʬʠʢʘ, 

ʩʛʝʥʝʨʠʨʦʚʘʥʥʦʛʦ ʠʟ ʧʦʣʫʯʝʥʥʦʛʦ ʩʦʩʪʷʟʘʪʝʣʴʥʦʛʦ ʧʨʠʤʝʨʘ [12]. 

3. ʆʩʦʙʝʥʥʦʩʪʠ ʨʝʘʣʠʟʘʮʠʠ ʩʦʩʪʷʟʘʪʝʣʴʥʳʭ ʘʪʘʢ ʩ ʦʛʨʘʥʠʯʝʥʠʷʤʠ 

ɼʣʷ ʟʘʜʘʯʠ ʧʦʠʩʢʘ ʩʦʩʪʷʟʘʪʝʣʴʥʳʭ ʧʨʠʤʝʨʦʚ ʩ ʫʯʸʪʦʤ ʜʦʤʝʥʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ ʚʘʞʥʳʤ ʘʩ-

ʧʝʢʪʦʤ ʷʚʣʷʶʪʩʷ ʥʝ ʪʦʣʴʢʦ ʦʙʨʘʙʘʪʳʚʘʝʤʳʝ ʜʘʥʥʳʝ, ʥʦ ʠ ʠʩʧʦʣʴʟʫʝʤʳʝ ʤʦʜʝʣʠ. ɺ ʩʠʣʫ ʪʦʛʦ, 

ʯʪʦ IDS ʨʘʙʦʪʘʶʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʩ ʥʝʦʜʥʦʨʦʜʥʳʤʠ ʪʘʙʣʠʯʥʳʤʠ ʜʘʥʥʳʤʠ, ʚ ʥʠʭ ʤʦʛʫʪ ʠʩ-

ʧʦʣʴʟʦʚʘʪʴʩʷ ʢʣʘʩʩʠʯʝʩʢʠʝ ML-ʘʣʛʦʨʠʪʤʳ, ʚ ʯʘʩʪʥʦʩʪʠ, ʤʦʜʝʣʠ ʪʠʧʘ çʩʣʫʯʘʡʥʳʡ ʣʝʩè (Random 

Forest, RF), ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʝ ʢʘʯʝʩʪʚʦ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʥʝ ʭʫʞʝ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ. ʆʜʥʘʢʦ ʤʥʦ-

ʛʠʝ ʩʦʩʪʷʟʘʪʝʣʴʥʳʝ ʘʪʘʢʠ ʷʚʣʷʶʪʩʷ ʛʨʘʜʠʝʥʪʥʳʤʠ ʤʝʪʦʜʘʤʠ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʤʠ ʥʘ ʧʨʠʤʝʥʝ-

ʥʠʝ ʧʨʦʪʠʚ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ, ʥʘʧʨʠʤʝʨ, ʤʝʪʦʜ IFGSM (BIM)  [13] ʠʣʠ ʝʛʦ ʤʦʜʠʬʠʢʘʮʠʠ 

CIFGSM [12] ʠ C-IFGSM [9], ʫʯʠʪʳʚʘʶʱʠʝ ʜʦʤʝʥʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ. ʊʘʢʠʝ ʘʪʘʢʠ ʷʚʣʷʶʪʩʷ ʘʪʘ-

ʢʘʤʠ çʙʝʣʦʛʦ ʷʱʠʢʘè, ʧʦʩʢʦʣʴʢʫ ʧʨʝʜʧʦʣʘʛʘʶʪ ʥʘʣʠʯʠʝ ʟʥʘʥʠʡ ʦʙ ʘʪʘʢʫʝʤʦʡ ʤʦʜʝʣʠ, ʜʦʩʪʘ-

ʪʦʯʥʳʭ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʛʨʘʜʠʝʥʪʘ ʬʫʥʢʮʠʠ ʧʦʪʝʨʴ, ʠ ʥʝʧʨʠʤʝʥʠʤʳ ʥʘʧʨʷʤʫʶ ʢ ʘʥʩʘʤʙʣʷʤ ʨʝ-

ʰʘʶʱʠʭ ʜʝʨʝʚʴʝʚ. ɼʣʷ ʘʪʘʢʠ ʧʦʜʦʙʥʳʭ ʤʦʜʝʣʝʡ ʪʨʝʙʫʶʪʩʷ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʝ ʤʝʪʦʜʳ ʠʣʠ 

ʘʪʘʢʠ çʯʸʨʥʦʛʦ ʷʱʠʢʘè, ʥʝ ʧʨʝʜʧʦʣʘʛʘʶʱʠʝ ʥʘʣʠʯʠʷ ʟʥʘʥʠʡ ʦʙ ʘʪʘʢʫʝʤʦʡ ʤʦʜʝʣʠ. 

ɺ ʩʦʩʪʷʟʘʪʝʣʴʥʳʭ ʘʪʘʢʘʭ çʯʸʨʥʦʛʦ ʷʱʠʢʘè ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʩʚʦʡʩʪʚʦ ʧʝʨʝʥʦʩʠʤʦʩʪʠ 

ʩʦʩʪʷʟʘʪʝʣʴʥʳʭ ʧʨʠʤʝʨʦʚ (adversarial sample transferability) ï ʩʧʦʩʦʙʥʦʩʪʴ ʩʦʩʪʷʟʘʪʝʣʴʥʳʭ ʧʨʠ-

ʤʝʨʦʚ ʩʦʭʨʘʥʷʪʴ ʩʚʦʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʜʣʷ ʜʨʫʛʠʭ ʤʦʜʝʣʝʡ, ʧʦʤʠʤʦ ʪʝʭ, ʜʣʷ ʢʦʪʦʨʳʭ ʦʥʠ ʙʳʣʠ 

ʩʦʟʜʘʥʳ [14]. ʇʨʠ ʵʪʦʤ ʜʘʥʥʦʝ ʩʚʦʡʩʪʚʦ ʥʝ ʛʘʨʘʥʪʠʨʫʝʪ ʪʦʛʦ, ʯʪʦ ʥʘʡʜʝʥʥʳʡ ʧʨʠʤʝʨ ʧʨʠʚʝʜʸʪ ʢ 

ʦʰʠʙʦʯʥʦʤʫ ʨʝʰʝʥʠʶ ʮʝʣʝʚʦʡ ʘʪʘʢʫʝʤʦʡ ʤʦʜʝʣʠ. ʅʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ [15] ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʫʩʧʝʰʥʦʩʪʴ ʧʝʨʝʥʦʩʘ ʧʨʠʤʝʨʦʚ ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ 20% ʜʦ 100% ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʚ ʟʘʚʠʩʠʤʦ-

ʩʪʠ ʦʪ ʤʝʪʦʜʘ ʘʪʘʢʠ, ʘʨʭʠʪʝʢʪʫʨ ʘʪʘʢʫʝʤʦʡ ʤʦʜʝʣʠ ʠ ʤʦʜʝʣʠ, ʜʣʷ ʢʦʪʦʨʦʡ ʙʳʣʠ ʩʛʝʥʝʨʠʨʦʚʘʥʳ 

ʧʨʠʤʝʨʳ (ʪ.ʥ. ʤʦʜʝʣʠ ʟʘʤʝʥʳ ʠʣʠ substitute model), ʜʦʩʪʠʛʘʷ ʤʘʢʩʠʤʫʤʘ ʧʨʠ ʫʩʣʦʚʠʠ ʩʦʚʧʘʜʝ-

ʥʠʷ ʘʨʭʠʪʝʢʪʫʨ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʧʝʮʠʘʣʴʥʦʡ ʩʪʨʘʪʝʛʠʠ ʨʘʥʞʠʨʦʚʘʥʠʷ ʩʦʩʪʷʟʘʪʝʣʴʥʳʭ ʧʨʠʤʝ-

ʨʦʚ. ʇʨʠ ʵʪʦʤ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʦʜʝʣʠ ʟʘʤʝʥʳ ʜʣʷ ʩʦʟʜʘʥʠʷ ʦʪʚʝʯʘʶʱʠʭ ʜʦʤʝʥʥʳʤ ʦʛʨʘʥʠʯʝʥʠ-

ʷʤ ʩʦʩʪʷʟʘʪʝʣʴʥʳʭ ʧʨʠʤʝʨʦʚ ʤʦʞʝʪ ʠʤʝʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ. ʊʘʢ, ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ 

[4] ʤʥʦʛʦʩʣʦʡʥʳʡ ʧʝʨʮʝʧʪʨʦʥ (MLP) ʚ ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʠ ʟʘʤʝʥʳ ʧʦʟʚʦʣʠʣ ʩʛʝʥʝʨʠʨʦʚʘʪʴ ʙʦʣʴ-

ʰʝ ʩʦʩʪʷʟʘʪʝʣʴʥʳʭ ʧʨʠʤʝʨʦʚ, ʦʪʚʝʯʘʶʱʠʭ ʦʛʨʘʥʠʯʝʥʠʷʤ ʧʨʝʜʤʝʪʥʦʡ ʦʙʣʘʩʪʠ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʤʦʜʝʣʷʤʠ ʟʘʤʝʥʳ ʙʦʣʝʝ ʩʣʦʞʥʦʡ ʘʨʭʠʪʝʢʪʫʨʳ, ʪʘʢʠʤʠ ʢʘʢ ʩʚʸʨʪʦʯʥʘʷ ʥʝʡʨʦʥʥʘʷ ʩʝʪʴ (CNN) ʠ 

CNN-BiLSTM. ɹʦʣʝʝ ʩʣʦʞʥʳʝ ʛʨʘʥʠʮʳ ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʡ ʚ ʩʣʦʞʥʳʭ ʤʦʜʝʣʷʭ ʚ ʮʝʣʦʤ ʙʦʣʝʝ 

ʫʩʪʦʡʯʠʚʳ ʢ ʩʦʩʪʷʟʘʪʝʣʴʥʳʤ ʘʪʘʢʘʤ ʩ ʫʯʸʪʦʤ ʦʛʨʘʥʠʯʝʥʠʡ, ʦʜʥʘʢʦ ʥʝʢʦʪʦʨʳʝ ʤʝʪʦʜʳ ʘʪʘʢ ʦʪ-

ʢʣʦʥʷʶʪʩʷ ʦʪ ʵʪʦʡ ʪʝʥʜʝʥʮʠʠ [4]. 

ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʨʦʩʪʨʘʥʩʪʚʘ ʦʩʫʱʝʩʪʚʣʝʥʠʷ, ʘʪʘʢʠ ʩ ʦʛʨʘʥʠʯʝʥʠʷʤʠ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ 

ʘʪʘʢʠ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʧʨʠʟʥʘʢʦʚ (feature space), ʢʦʛʜʘ ʩʦʩʪʷʟʘʪʝʣʴʥʳʝ ʚʦʟʤʫʱʝʥʠʷ ʚʥʦʩʷʪʩʷ ʚ 

ʠʟʚʣʝʯʸʥʥʳʝ ʠʟ ʦʙʨʘʙʘʪʳʚʘʝʤʳʭ ʦʙʲʝʢʪʦʚ ʧʨʠʟʥʘʢʠ, ʠ ʘʪʘʢʠ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʟʘʜʘʯʠ (problem 

space) [2], ʢʦʛʜʘ ʩʦʩʪʷʟʘʪʝʣʴʥʳʝ ʚʦʟʤʫʱʝʥʠʷ ʚʥʦʩʷʪʩʷ ʚ ʩʘʤʠ ʦʙʨʘʙʘʪʳʚʘʝʤʳʝ ʦʙʲʝʢʪʳ. ɼʣʷ ʟʘ-

ʜʘʯʠ ʘʥʘʣʠʟʘ ʩʝʪʝʚʦʛʦ ʪʨʘʬʠʢʘ ʧʨʦʩʪʨʘʥʩʪʚʦ ʟʘʜʘʯʠ ʪʘʢʞʝ ʥʘʟʳʚʘʝʪʩʷ ʧʨʦʩʪʨʘʥʩʪʚʦʤ ʪʨʘʬʠʢʘ 

(traffic space) [12], ʧʦʩʢʦʣʴʢʫ ʩʦʩʪʷʟʘʪʝʣʴʥʳʝ ʚʦʟʤʫʱʝʥʠʷ ʚʥʦʩʷʪʩʷ ʚ ʧʘʢʝʪʳ ʩʝʪʝʚʦʛʦ ʪʨʘʬʠʢʘ. 

ʉʫʱʝʩʪʚʦʚʘʥʠʝ ʘʪʘʢ, ʚ ʢʦʪʦʨʳʭ ʜʣʷ ʛʝʥʝʨʘʮʠʠ ʩʦʩʪʷʟʘʪʝʣʴʥʳʭ ʧʨʠʤʝʨʦʚ ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʘʢ 

ʧʨʦʩʪʨʘʥʩʪʚʦ ʧʨʠʟʥʘʢʦʚ, ʪʘʢ ʠ ʧʨʦʩʪʨʘʥʩʪʚʦ ʟʘʜʘʯʠ, ʧʦʟʚʦʣʷʝʪ ʪʘʢʞʝ ʚʳʜʝʣʠʪʴ ʘʪʘʢʠ, ʢʦʪʦʨʳʝ 

ʤʦʞʥʦ ʥʘʟʚʘʪʴ ʛʠʙʨʠʜʥʳʤʠ. ʅʘʧʨʠʤʝʨ, ʚ ʛʠʙʨʠʜʥʳʭ ʘʪʘʢʘʭ CIFGSM [12] ʠ FENCE [16] ʧʘʢʝʪʳ 

ʩʝʪʝʚʦʛʦ ʪʨʘʬʠʢʘ ʠʟʤʝʥʷʶʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩʦ ʟʥʘʯʝʥʠʷʤʠ ʩʦʩʪʷʟʘʪʝʣʴʥʳʭ ʚʦʟʤʫʱʝʥʠʡ, ʧʦ-

ʣʫʯʝʥʥʳʭ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʧʨʠʟʥʘʢʦʚ. ɺ ʘʪʘʢʘʭ ʞʝ ʧʨʦʩʪʨʘʥʩʪʚʘ ʪʨʘʬʠʢʘ Deep PackGen [17] ʠ 

TANTRA [18] ʠʟʤʝʥʷʝʪʩʷ ʩʘʤ ʩʝʪʝʚʦʡ ʪʨʘʬʠʢ, ʧʨʠ ʧʦʤʦʱʠ ʛʣʫʙʦʢʦʛʦ ʦʙʫʯʝʥʠʷ ʩ ʧʦʜʢʨʝʧʣʝʥʠ-

ʝʤ (DRL) ʚ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʠ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ, ʠʟʤʝʥʷʶʱʝʡ ʤʝʞʧʘʢʝʪʥʳʝ ʟʘʜʝʨʞʢʠ ʪʨʘʬʠʢʘ, ʚʦ 

ʚʪʦʨʦʤ. ʇʦʜʦʙʥʳʝ ʘʪʘʢʠ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʪʨʘʬʠʢʘ ʠʩʧʦʣʴʟʫʶʪ ʪʦʣʴʢʦ ʜʦʧʫʩʪʠʤʳʝ ʠʟʤʝʥʝʥʠʷ 

ʧʘʢʝʪʦʚ, ʩ ʫʯʸʪʦʤ ʠʣʠ ʙʝʟ ʫʯʸʪʘ ʧʦʣʝʟʥʦʡ ʥʘʛʨʫʟʢʠ. 
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ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʪʨʘʜʠʮʠʦʥʥʳʝ ʪʝʭʥʠʢʠ ʦʙʨʘʪʥʦʛʦ ʦʪʦʙʨʘʞʝʥʠʷ ʥʝʵʬʬʝʢʪʠʚʥʳ ʚ ʩʣʫ-

ʯʘʝ ʦʪʦʙʨʘʞʝʥʠʷ ʠʟʚʣʝʯʸʥʥʳʭ ʧʨʠʟʥʘʢʦʚ ʚ ʧʘʢʝʪʳ ʩʝʪʝʚʦʛʦ ʪʨʘʬʠʢʘ, ʪʘʢ ʢʘʢ ʦʪʦʙʨʘʞʝʥʠʝ ʥʝ 

ʷʚʣʷʝʪʩʷ ʥʠ ʦʙʨʘʪʠʤʳʤ, ʥʠ ʜʠʬʬʝʨʝʥʮʠʨʫʝʤʳʤ [2]. ʇʦʵʪʦʤʫ ʧʦʣʫʯʝʥʠʝ ʬʫʥʢʮʠʦʥʘʣʴʥʦʛʦ ʦʙʲ-

ʝʢʪʘ ʧʨʝʜʤʝʪʥʦʡ ʦʙʣʘʩʪʠ, ʢʦʪʦʨʦʤʫ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʦʩʪʷʟʘʪʝʣʴʥʳʡ ʧʨʠʤʝʨ, ʩʛʝʥʝʨʠʨʦʚʘʥʥʳʡ 

ʘʪʘʢʦʡ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʧʨʠʟʥʘʢʦʚ, ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʷʚʣʷʝʪʩʷ ʥʝʪʨʠʚʠʘʣʴʥʦʡ ʟʘʜʘʯʝʡ. 

ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʨʘʟʣʠʯʥʳʭ ʨʘʙʦʪʘʭ ʧʨʝʜʧʨʠʥʷʪʳ ʧʦʧʳʪʢʠ ʬʦʨʤʘʣʠʟʦʚʘʪʴ ʟʘ-

ʜʘʯʫ ʩʦʩʪʷʟʘʪʝʣʴʥʦʡ ʘʪʘʢʠ ʩ ʦʛʨʘʥʠʯʝʥʠʷʤʠ, ʦʜʥʘʢʦ ʝʜʠʥʘʷ ʤʝʪʦʜʦʣʦʛʠʷ ʚ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ 

ʥʝ ʚʳʨʘʙʦʪʘʥʘ, ʢʘʢ ʠ ʝʜʠʥʳʝ ʧʦʜʭʦʜʳ ʢ ʦʮʝʥʢʝ ʫʩʧʝʰʥʦʩʪʠ ʪʘʢʠʭ ʘʪʘʢ. 

4. ɿʘʢʣʶʯʝʥʠʝ 

ʉʫʱʝʩʪʚʫʶʱʠʝ ʤʝʪʦʜʳ ʛʝʥʝʨʘʮʠʠ ʩʦʩʪʷʟʘʪʝʣʴʥʳʭ ʧʨʠʤʝʨʦʚ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʚʦʸʤ ʙʳʣʠ 

ʧʨʝʜʣʦʞʝʥʳ ʜʣʷ ʧʨʝʜʤʝʪʥʦʡ ʦʙʣʘʩʪʠ ʦʙʨʘʙʦʪʢʠ ʠʟʦʙʨʘʞʝʥʠʡ ʠ ʥʝ ʫʯʠʪʳʚʘʶʪ ʦʛʨʘʥʠʯʝʥʠʷ 

ʧʨʝʜʤʝʪʥʦʡ ʦʙʣʘʩʪʠ ʦʙʨʘʙʦʪʢʠ ʪʨʘʬʠʢʘ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʛʝʥʝʨʘʮʠʠ ʥʝʵʬʬʝʢʪʠʚʥʳʭ ʩʦʩʪʷʟʘ-

ʪʝʣʴʥʳʭ ʧʨʠʤʝʨʦʚ, ʢʦʪʦʨʳʝ ʥʝʚʦʟʤʦʞʥʦ ʨʝʘʣʠʟʦʚʘʪʴ ʥʘ ʧʨʘʢʪʠʢʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʟʫʯʝʥʠʝ ʩʦ-

ʩʪʷʟʘʪʝʣʴʥʳʭ ʘʪʘʢ ʩ ʦʛʨʘʥʠʯʝʥʠʷʤʠ ʧʨʦʪʠʚ ʤʦʜʝʣʝʡ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʜʣʷ ʦʙʥʘʨʫʞʝʥʠʷ 

ʢʦʤʧʴʶʪʝʨʥʳʭ ʘʪʘʢ ʚ ʩʝʪʝʚʦʤ ʪʨʘʬʠʢʝ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ. 

ɺ ʢʘʯʝʩʪʚʝ ʦʜʥʦʛʦ ʠʟ ʦʩʥʦʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʣʝʜʫʝʪ ʚʳʜʝʣʠʪʴ 

ʨʘʟʚʠʪʠʝ ʤʝʪʦʜʦʚ ʩʦʩʪʷʟʘʪʝʣʴʥʳʭ ʘʪʘʢ ʩ ʦʛʨʘʥʠʯʝʥʠʷʤʠ ʩ ʮʝʣʴʶ ʧʦʚʳʰʝʥʠʷ ʜʦʣʠ ʵʬʬʝʢʪʠʚʥʳʭ 

ʩʦʩʪʷʟʘʪʝʣʴʥʳʭ ʧʨʠʤʝʨʦʚ ʩʨʝʜʠ ʚʩʝʭ ʩʛʝʥʝʨʠʨʦʚʘʥʥʳʭ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʠʣʠ ʫʤʝʥʴʰʝʥʠʠ ʩʨʝʜ-

ʥʝʛʦ ʚʨʝʤʝʥʠ ʛʝʥʝʨʘʮʠʠ ʦʜʥʦʛʦ ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʨʠʤʝʨʘ. 

ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʩʦʩʪʷʟʘʪʝʣʴʥʳʭ ʧʨʠʤʝʨʦʚ, ʦʪʚʝʯʘʶʱʠʭ ʜʦʤʝʥʥʳʤ ʪʨʝʙʦʚʘʥʠ-

ʷʤ, ʚ ʨʘʟʣʠʯʥʳʭ ʤʝʪʦʜʘʭ ʟʘʱʠʪʳ ML-ʤʦʜʝʣʝʡ ʦʪ ʩʦʩʪʷʟʘʪʝʣʴʥʳʭ ʘʪʘʢ ʪʘʢʞʝ ʪʨʝʙʫʝʪ ʦʪʜʝʣʴʥʦ-

ʛʦ ʠʟʫʯʝʥʠʷ. ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ ʢ ʩʦʩʪʷʟʘʪʝʣʴʥʳʤ ʘʪʘʢʘʤ ʩ ʦʛʨʘʥʠʯʝʥʠʷʤʠ ʮʝʣʝʩʦ-

ʦʙʨʘʟʥʦ ʩʦʩʨʝʜʦʪʦʯʠʪʴ ʫʩʠʣʠʷ ʥʘ ʨʘʟʨʘʙʦʪʢʝ ʥʦʚʳʭ ʩʧʝʮʠʬʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʟʘʱʠʪʳ ʦʪ ʪʘʢʠʭ 

ʘʪʘʢ ʠʣʠ ʘʜʘʧʪʘʮʠʠ ʩʫʱʝʩʪʚʫʶʱʠʭ ʤʝʭʘʥʠʟʤʦʚ ʟʘʱʠʪʳ. 

ʃʠʪʝʨʘʪʫʨʘ 

1. Szegedy, C., Zaremba, W., Sutskever, I., Bruna, J., Erhan, D., Goodfellow, I.J., & Fergus, R. 

(2013). Intriguing properties of neural networks. CoRR, abs/1312.6199. 

2. Wang N., Chen Y., Xiao Y., Hu Y., Lou W. and Hou Y. T. MANDA: On Adversarial Example 

Detection for Network Intrusion Detection System. In IEEE Transactions on Dependable and 

Secure Computing, vol. 20, no. 2, pp. 1139-1153, 1 March-April 2023. DOI: 

10.1109/TDSC.2022.3148990. 

3. Hamid Bostani, Zhengyu Zhao, Zhuoran Liu, and Veelasha Moonsamy. 2025. Level Up with ML 

Vulnerability Identification: Leveraging Domain Constraints in Feature Space for Robust Android 

Malware Detection. ACM Trans. Priv. Secur. 28, 2, Article 17 (May 2025), 32 pages. 

https://doi.org/10.1145/3711899. 

4. Grini, Anass & Taheri, Oumaima & Khamlichi, Btissam & Fallah-Seghrouchni, Amal. (2025). 

Constrained Network Adversarial Attacks: Validity, Robustness, and Transferability. 

10.48550/arXiv.2505.01328. 

5. ɻʝʪʴʤʘʥ ɸ.ʀ., ɻʦʨʶʥʦʚ ʄ.ʅ., ʄʘʮʢʝʚʠʯ ɸ.ɻ., ʈʳʙʦʣʦʚʣʝʚ ɼ.ɸ. ʄʝʪʦʜʠʢʘ ʩʙʦʨʘ ʦʙʫʯʘʶʱʝ-

ʛʦ ʥʘʙʦʨʘ ʜʘʥʥʳʭ ʜʣʷ ʤʦʜʝʣʠ ʦʙʥʘʨʫʞʝʥʠʷ ʢʦʤʧʴʶʪʝʨʥʳʭ ʘʪʘʢ. ʊʨʫʜʳ ʀʥʩʪʠʪʫʪʘ ʩʠʩʪʝʤ-

ʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʈɸʅ. 2021;33(5):83-104  https://doi.org/10.15514/ISPRAS-2021-

33(5)-5 / Getman A.I., Goryunov M.N., Matskevich A.G., Rybolovlev D.A. A Comparison of a 

Machine Learning-Based Intrusion Detection System and Signature-Based Systems. Proceedings 

of the Institute for System Programming of the RAS (Proceedings of ISP RAS). 2022;34(5):111-

126. (In Russ.) https://doi.org/10.15514/ISPRAS-2022-34(5)-7. 

6. Adeke J.M., Liu G., Zhao J., Wu N., Bashir H.M. Securing Network Traffic Classification Models 

against Adversarial Examples Using Derived Variables. Future Internet, vol. 15, no. 12: 405, 

2023, p. 21. DOI: 10.3390/fi15120405. 

7. Debicha I., Cochez B., Kenaza T., Debatty T., Dricot J.M., Mees W. Adv-Bot: Realistic 

Adversarial Botnet Attacks against Network Intrusion Detection Systems. Computers & Security, 

vol. 129, 103176, 2023. DOI: 10.1016/j.cose.2023.103176. 



 

99 

8. Teuffenbach M., Piatkowska E., Smith P. Subverting network intrusion detection: Crafting 

adversarial examples accounting for domain-specific constraints. In Proceedings of the Machine 

Learning and Knowledge Extraction: 4th IFIP TC 5, TC 12, WG 8.4, WG 8.9, WG 12.9 

International Cross-Domain Conference, CD-MAKE 2020, Dublin, Ireland, 25ï28 August 2020; 

Proceedings 4; Springer: Berlin/Heidelberg, Germany, 2020; pp. 301ï320. 

9. Tian Y., Wang Y., Tong E., Niu W., Chang L., Chen Q.A., Li G., & Liu J. Exploring Data 

Correlation between Feature Pairs for Generating Constraint-based Adversarial Examples. 2020 

IEEE 26th International Conference on Parallel and Distributed Systems (ICPADS), 2020, pp. 

430-437. DOI: 10.1109/ICPADS51040.2020.00064. 

10. Simonetto T., Dyrmishi S., Ghamizi S., Cordy M., & Traon Y. L. A Unified Framework for 

Adversarial Attack and Defense in Constrained Feature Space. Proceedings of the Thirty-First 

International Joint Conference on Artificial Intelligence, {IJCAI-22}, 2022, pp. 1313-1319. DOI: 

10.24963/ijcai.2022/183. 

11. C. Zhang, X. Costa-P®rez and P. Patras, "Adversarial Attacks Against Deep Learning-Based 

Network Intrusion Detection Systems and Defense Mechanisms," in IEEE/ACM Transactions on 

Networking, vol. 30, no. 3, pp. 1294-1311, June 2022, doi: 10.1109/TNET.2021.3137084. 

12. Maria Simidģioski. Adversarial Traffic Modifications for the Network Intrusion Detection 

Domain. A Practical Adversarial Network Traffic Crafting Approach. Master thesis. Delft 

University of Technology, 2021, 87 p. 

13. Kurakin A., Goodfellow I. J., Bengio S. Adversarial examples in the physical world. In Artificial 

intelligence safety and security, 2018, pp. 99-112. 

14. Papernot N., McDaniel P., & Goodfellow I. Transferability in machine learning: from phenomena 

to black-box attacks using adversarial samples. 2016, 13 p. ArXiv, abs/1605.07277. 

15. Moshe Levy, Guy Amit, Yuval Elovici, and Yisroel Mirsky. 2024. Ranking the Transferability of 

Adversarial Examples. ACM Trans. Intell. Syst. Technol. 15, 5, Article 100 (October 2024), 21 

pages. https://doi.org/10.1145/3670409. 

16. Alesia Chernikova and Alina Oprea. 2022. FENCE: Feasible Evasion Attacks on Neural 

Networks in Constrained Environments. ACM Trans. Priv. Secur. 25, 4, Article 34 (November 

2022), 34 pages. https://doi.org/10.1145/3544746.  

17. Soumyadeep Hore, Jalal Ghadermazi, Diwas Paudel, Ankit Shah, Tapas Das, and Nathaniel 

Bastian. 2025. Deep PackGen: A Deep Reinforcement Learning Framework for Adversarial 

Network Packet Generation. ACM Trans. Priv. Secur. 28, 2, Article 15 (May 2025), 33 pages. 

https://doi.org/10.1145/3712307. 

18. Y. Sharon, D. Berend, Y. Liu, A. Shabtai and Y. Elovici, "TANTRA: Timing-Based Adversarial 

Network Traffic Reshaping Attack," in IEEE Transactions on Information Forensics and Security, 

vol. 17, pp. 3225-3237, 2022, doi: 10.1109/TIFS.2022.3201377. 

 



 

100 

ʀʅʊɽɻʈɸʎʀʗ ɼʆɺɽʈɽʅʅʆɻʆ ʀʉʂʋʉʉʊɺɽʅʅʆɻʆ 

ʀʅʊɽʃʃɽʂʊɸ ɺ ʀʅʌʈɸʉʊʈʋʂʊʋʈʋ ɿɼʈɸɺʆʆʍʈɸʅɽʅʀʗ1* 

ɺ.ʇ. ʅʦʩʦʚ1,2, ɸ.ɸ. ʐʝʩʪʦʚʘ1, ɺ.ɽ. ʊʫʨʣʘʧʦʚ1 

1ʀʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ ʚ ʦʙʣʘʩʪʠ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ ʠʥʩʪʠʪʫʪʘ ʀʊʄʄ  

ʅʠʞʝʛʦʨʦʜʩʢʦʛʦ ʛʦʩʫʥʠʚʝʨʩʠʪʝʪʘ ʠʤ.ʅ.ʀ.ʃʦʙʘʯʝʚʩʢʦʛʦ 
2ʇʨʠʚʦʣʞʩʢʠʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʤʝʜʠʮʠʥʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ (ʇʀʄʋ) 

ʇʨʝʜʤʝʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʨʘʟʚʠʪʠʝ ʧʨʠʤʝʥʝʥʠʷ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ 

(ʀʀ) ʚ ʨʝʘʣʠʟʘʮʠʠ ʧʨʠʤʝʥʝʥʠʷ ʢʣʠʥʠʯʝʩʢʠʭ ʨʝʢʦʤʝʥʜʘʮʠʡ (ʂʈ), ʥʝʩʫʱʠʭ ʦʧʳʪ ʜʦʢʘ-

ʟʘʪʝʣʴʥʦʡ ʤʝʜʠʮʠʥʳ ʚ ʢʣʠʥʠʯʝʩʢʫʶ ʧʨʘʢʪʠʢʫ ʤʝʜʠʮʠʥʳ ʠ ʷʚʣʷʶʱʠʭʩʷ ʦʩʥʦʚʥʳʤ 

ʠʥʩʪʨʫʤʝʥʪʦʤ ʧʦʚʳʰʝʥʠʷ ʢʘʯʝʩʪʚʘ ʤʝʜʠʮʠʥʩʢʦʡ ʧʦʤʦʱʠ. ʇʦʢʘʟʘʥʳ ʥʝʨʝʰʝʥʥʳʝ 

ʧʨʦʙʣʝʤʳ ʧʨʠʤʝʥʝʥʠʷ ʀʀ: a) ʠʥʪʝʛʨʘʮʠʷ ʀʀ ʚ ʠʥʬʨʘʩʪʨʫʢʪʫʨʫ ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʷ;  

b) ʦʙʝʩʧʝʯʝʥʠʝ ʥʝʧʨʝʨʳʚʥʦʛʦ ʦʙʫʯʝʥʠʷ ʩʠʩʪʝʤʳ ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʷ; c)ʩʦʭʨʘʥʝʥʠʝ ʥʠʟ-

ʢʦʡ ʧʨʠʤʝʥʷʝʤʦʩʪʠ ʂʈ. ʇʨʝʜʣʦʞʝʥʦ ʥʦʚʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʜʦʚʝʨʝʥʥʦʛʦ ʀʀ ʠ ʨʝʰʝʥʠʝ 

ʧʨʦʙʣʝʤ ʥʘ ʦʩʥʦʚʝ ʨʝʘʣʠʟʘʮʠʠ ʂʈ ʥʝ ʢʘʢ ʪʨʘʜʠʮʠʦʥʥʦ ʩʧʨʘʚʦʯʥʦʛʦ ʜʦʢʫʤʝʥʪʘ, ʘ ʢʘʢ 

ʛʣʘʚʥʦʛʦ ʫʧʨʘʚʣʷʶʱʝʛʦ ʜʝʨʝʚʘ ʨʝʰʝʥʠʡ ʀʀ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʛʦ ʜʦʚʝʨʝʥʥʦʩʪʴ ʠ 100-

ʧʨʦʮʝʥʪʥʫʶ ʧʨʠʤʝʥʷʝʤʦʩʪʴ ʂʈ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʜʦʚʝʨʝʥʥʳʡ ʠʩʢʫʩʪʚʝʥʥʳʡ ʠʥʪʝʣʣʝʢʪ, ʢʣʠʥʠʯʝʩʢʠʝ ʨʝʢʦʤʝʥʜʘʮʠʠ, 

ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʝ, ʜʝʨʝʚʦ ʨʝʰʝʥʠʡ, ʦʙʥʦʚʣʝʥʠʝ ʜʝʨʝʚʘ ʨʝʰʝʥʠʡ, ʩʢʚʦʟʥʘʷ ʮʠʬʨʦʚʘʷ 

ʪʝʭʥʦʣʦʛʠʷ, ʉʎʊ, ʉʎʊ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ 

 

1. ɺʚʝʜʝʥʠʝ 

ʂʣʠʥʠʯʝʩʢʠʝ ʨʝʢʦʤʝʥʜʘʮʠʠ (ʂʈ) ï ʚʝʨʰʠʥʘ ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ ʚ ʤʝʜʠʮʠʥʝ, ʝʝ 

ʧʨʦʜʫʢʪ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʢʦʥʮʝʧʮʠʠ ʜʦʢʘʟʘʪʝʣʴʥʦʡ ʤʝʜʠʮʠʥʳ ʠ ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʡ ʜʣʷ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʷ ʚʦ ʚʨʘʯʝʙʥʦʡ ʧʨʘʢʪʠʢʝ ʠ ʦʙʨʘʟʦʚʘʥʠʠ. ʂʈ (ʘʥʛʣ. guideline, guidelines, clinical guidelines, 

clinical practice guidelines) ʦʭʚʘʪʳʚʘʶʪ ʚʦʧʨʦʩʳ ʧʨʦʬʠʣʘʢʪʠʢʠ, ʩʢʨʠʥʠʥʛʘ, ʜʠʘʛʥʦʩʪʠʢʠ, ʣʝʯʝ-

ʥʠʷ, ʢʦʥʪʨʦʣ ̫ʩʦʩʪʦʷʥʠʷ ʠ ʨʝʘʙʠʣʠʪʘʮʠʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʟʘʙʦʣʝʚʘʥʠʡ, ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʥʳʤ ʠʥ-

ʩʪʨʫʤʝʥʪʦʤ ʧʦʚʳʰʝʥʠʷ ʢʘʯʝʩʪʚʘ ʤʝʜʠʮʠʥʩʢʦʡ ʧʦʤʦʱʠ [1]. ɺʥʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʥʦʟʦʣʦʛʠʯʝ-

ʩʢʠʭ ʬʦʨʤ, ʂʈ ʜʦʣʞʥʳ ʙʳʪʴ ʧʨʦʟʨʘʯʥʳʤʠ (ʦʙʲʷʩʥʠʤʳʤʠ), ʥʘʜʝʞʥʳʤʠ ʠ ʧʝʨʠʦʜʠʯʝʩʢʠ ʦʙʥʦʚ-

ʣʷʪʴʩʷ (ʧʝʨʝʩʤʘʪʨʠʚʘʪʴʩʷ) ʜʣʷ ʨʘʟʚʠʪʠʷ ʠ ʩʦʭʨʘʥʝʥʠʷ ʘʢʪʫʘʣʴʥʦʩʪʠ. 

ʇʨʘʢʪʠʯʝʩʢʠ ʩ ʩʘʤʦʛʦ ʧʦʷʚʣʝʥʠʷ ʂʈ ʤʝʜʠʮʠʥʘ ʧʦʩʪʘʚʠʣʘ ʧʝʨʝʜ ʩʦʙʦʡ ʟʘʜʘʯʫ ʫʥʠʬʠʢʘʮʠʠ, 

ʩʪʘʥʜʘʨʪʠʟʘʮʠʠ ʠ ʦʙʥʦʚʣʝʥʠʷ ʠʭ ʩʪʨʫʢʪʫʨʳ ʠ ʩʦʜʝʨʞʘʥʠʷ ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʥʦʟʦʣʦʛʠʠ. ʀʪʦʛʦʤ 

ʩʪʘʣʦ ʩʦʟʜʘʥʠʝ ʢʦʣʣʘʙʦʨʘʮʠʠ AGREE ʜʣʷ ʨʝʰʝʥʠʷ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʠ ʚʳʧʫʩʢ ʚ 2001 ʛʦʜʫ ʧʝʨʚʦʡ 

ʚʝʨʩʠʠ ʦʜʥʦʠʤʝʥʥʳʭ ʨʝʢʦʤʝʥʜʘʮʠʡ. ɺ 2009 ʚʳʰʣʘ ʚʪʦʨʘʷ ʚʝʨʩʠʷ AGREE II, ʦʪʨʘʞʘʶʱʘʷ ʩʝʨʴ-

ʝʟʥʫʶ ʨʦʣʴ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ (ʀʀ) ʚ ʤʝʜʠʮʠʥʝ, ʢʦʪʦʨʘʷ ʙʳʣʘ ʦʙʥʦʚʣʝʥʘ ʚ 2013 [2] ʠʟ-

ʟʘ ʥʘʨʘʩʪʘʥʠʷ ʨʦʣʠ ʀʀ. ʕʪʘ ʦʮʝʥʢʘ ʤʝʪʦʜʦʣʦʛʠʯʝʩʢʦʛʦ ʢʘʯʝʩʪʚʘ ʂʈ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʪʘʥ-

ʜʘʨʪʥʦʛʦ ʚʦʧʨʦʩʥʠʢʘ çAppraisal of Guidelines for Research and Evaluation IIè (AGREE II ), ʩʦʩʪʦ-

ʷʱʝʛʦ ʠʟ 23 ʚʦʧʨʦʩʦʚ ʚ 6 ʘʩʧʝʢʪʘʭ/ʜʦʤʝʥʘʭ (ʧʨʦʮʝʩʩ ʨʘʟʨʘʙʦʪʢʠ ʂʈ; ʢʘʯʝʩʪʚʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ 

ʨʝʢʦʤʝʥʜʘʮʠʡ; ʧʦʣʥʦʪʘ ʦʧʠʩʘʥʠʷ; ʢʣʠʥʠʯʝʩʢʘʷ ʚʘʣʠʜʥʦʩʪʴ ʠ ʪ.ʜ.) [2, 3] ʠʣʠ ʝʛʦ ʩʦʢʨʘʱʝʥʥʦʡ 

ʚʝʨʩʠʠ AGREE Global Rating Scale (AGREE GRS) [4] ʩʪʘʣʘ ʧʨʘʚʠʣʦʤ ʧʨʠ ʚʩʝʭ ʪʠʧʘʭ ʨʘʟʨʘʙʦʪʢʠ 

ʂʈ: ʨʘʟʨʘʙʦʪʢʝ ʂʈ de novo; ʧʨʠʥʷʪʠʠ ʂʈ (ʧʨʦʩʪʝʡʰʠʡ); ʘʜʘʧʪʘʮʠʠ ʂʈ. 

ɺ 2002 ʛʦʜʫ, ʩ ʮʝʣʴʶ ʩʦʢʨʘʪʠʪʴ ʜʫʙʣʠʨʦʚʘʥʠʝ ʫʩʠʣʠʡ, ʪʘʢʞʝ ʙʳʣʘ ʩʦʟʜʘʥʘ ʄʝʞʜʫʥʘʨʦʜʥʘʷ 

ʩʝʪʴ ʂʈ (GIN), ʢʦʪʦʨʘʷ ʩʝʛʦʜʥʷ ʷʚʣʷʝʪʩʷ ʨʝʘʣʴʥʳʤ ʩʚʷʟʫʶʱʠʤ ʟʚʝʥʦʤ ʠ ʥʘʩʯʠʪʳʚʘʝʪ 119 ʦʨʛʘ-

ʥʠʟʘʮʠʡ ʠ 139 ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʯʣʝʥʦʚ ʠʟ 56 ʩʪʨʘʥ (ʧʦ ʩʦʩʪʦʷʥʠʶ ʥʘ 1 ʘʧʨʝʣʷ 2025 ʛʦʜʘ) [5]. 

ʆʥʘ ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʜʦʩʪʫʧ ʢ ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʙʠʙʣʠʦʪʝʢʝ ʂʈ ʠ ʜʨʫʛʠʤ ʨʝʩʫʨʩʘʤ, ʘ ʪʘʢʞʝ ʰʘʙ-

ʣʦʥ ʜʣʷ ʩʦʟʜʘʥʠʷ ʂʈ. ɸ ʢ 2010 ʛʦʜʫ ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʛʨʫʧʧʦʡ ʵʢʩʧʝʨʪʦʚ ADAPTE ʙʳʣ ʨʘʟʨʘʙʦ-

                                                      
1* ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʵʢʦʥʦʤʠʯʝʩʢʦʛʦ ʨʘʟʚʠʪʠʷ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ 

(ʩʦʛʣʘʰʝʥʠʝ ˉ 139-15-2025-004 ʦʪ 17 ʘʧʨʝʣʷ 2025 ʛ., ʀɻʂ 000000ʎ313925P3X0002). 
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ʪʘʥ ʇʦʨʷʜʦʢ ʘʜʘʧʪʘʮʠʠ ʂʈ. ɽʛʦ ʜʝʪʘʣʴʥʘʷ ʧʨʦʮʝʜʫʨʘ ʪʘʢʞʝ ʩʚʦʙʦʜʥʦ ʜʦʩʪʫʧʥʘ ʥʘ ʩʘʡʪʝ GIN 

[6]. 

ɹʣʘʛʦʜʘʨʷ ʮʝʥʥʦʩʪʠ ʩʦʜʝʨʞʘʥʠʷ ʂʈ, ʧʦʯʪʠ ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ ʠʭ ʧʦʷʚʣʝʥʠʝʤ ʜʝʣʘʶʪʩʷ ʧʦ-

ʧʳʪʢʠ ʩʜʝʣʘʪʴ ʂʈ ʢʦʤʧʴʶʪʝʨʦ-ʯʠʪʘʝʤʳʤʠ ʧʫʪʝʤ ʧʦʚʳʰʝʥʠʷ ʬʦʨʤʘʣʠʟʘʮʠʠ ʂʈ ʠ ʧʨʠʚʣʝʯʝʥʠʷ 

ʩʧʝʮʠʘʣʴʥʳʭ ʘʣʛʦʨʠʪʤʠʯʝʩʢʠʭ ʷʟʳʢʦʚ. ʇʝʨʚʳʤ ʥʘ ʵʪʦʤ ʧʫʪʠ ʧʦʷʚʣʷʝʪʩʷ ʧʦʜʭʦʜ GLIF 

(GuideLine Interchange Format) [7], ʢʦʪʦʨʳʡ ʙʳʣ ʚʩʢʦʨʝ ʩʤʝʥʝʥ ʧʦʜʭʦʜʦʤ (computer-interpretable 

guidelines) [8], ʢʦʪʦʨʳʡ ʫʯʠʪʳʚʘʣ ʚʦʟʤʦʞʥʦʩʪʠ ʀʀ ʜʣʷ ʤʝʜʠʮʠʥʳ ʠ ʧʨʝʜʣʘʛʘʣ ʠʟʚʣʝʢʘʪʴ ʟʥʘʥʠʷ 

ʠʟ ʂʈ. ʕʪʦʪ ʧʦʜʭʦʜ ʥʝʩʢʦʣʴʢʦ ʦʙʦʛʥʘʣ ʚʨʝʤʷ ʠ ʧʨʠʚʣʝʢʘʣ ʚʥʠʤʘʥʠʝ ʩʦ ʩʪʦʨʦʥʳ ʀʀ ʠ ʯʝʨʝʟ ʧʦ-

ʯʪʠ ʜʝʩʷʪʠʣʝʪʠʝ [9,10], ʭʦʪʷ ʜʦʣʛʦʝ ʚʨʝʤʷ ʜʘʚʘʣ ʪʦʣʴʢʦ ʯʘʩʪʥʳʝ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʠʟ-ʟʘ ʥʝʜʦʩʪʘ-

ʪʦʯʥʦʩʪʠ ʫʨʦʚʥʷ ʨʘʟʚʠʪʠʷ ʢʘʢ ʪʝʭʥʠʢʠ, ʪʘʢ ʠ ʀʀ, ʦʩʦʙʝʥʥʦ ʚ ʦʙʣʘʩʪʠ ʙʦʣʴʰʠʭ ʣʠʥʛʚʠʩʪʠʯʝ-

ʩʢʠʭ ʤʦʜʝʣʝʡ (LLM ). 

ɺ ʩʚʷʟʠ ʩ ʪʝʤ, ʯʪʦ ʚ ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʠ ʥʝ ʦʢʘʟʘʣʦʩʴ ʥʘ ʪʦʪ ʤʦʤʝʥʪ ʦʙʱʝʧʨʠʟʥʘʥʥʳʭ ʨʝʢʦ-

ʤʝʥʜʘʮʠʡ ʠʣʠ ʩʪʘʥʜʘʨʪʦʚ ʜʣʷ ʦʪʯʝʪʥʦʩʪʠ ʧʦ ʨʝʰʝʥʠʷʤ, ʧʨʠʥʠʤʘʝʤʳʤ ʀʀ, ʚ 2014 ʛʦʜʫ ʜʣʷ ʨʝ-

ʰʝʥʠʷ ʜʘʥʥʦʡ ʧʨʦʙʣʝʤʳ ʙʳʣʘ ʩʦʟʜʘʥʘ ʤʝʞʜʫʥʘʨʦʜʥʘʷ ʨʘʙʦʯʘʷ ʛʨʫʧʧʘ RIGHT [11] ʠ ʚ 2017 ʛʦ-

ʜʫ ʪʘʢʦʝ ʨʝʰʝʥʠʝ ʙʳʣʦ ʦʧʫʙʣʠʢʦʚʘʥʦ [12]. ʆʥʦ ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʢʦʥʪʨʦʣʴʥʳʡ ʩʧʠʩʦʢ ʠʟ 22 ʧʫʥʢ-

ʪʦʚ ʩʦʙʨʘʥʥʳʤ ʚ 7 ʛʨʫʧʧ, ʜʘʶʱʠʡ ʠʩʯʝʨʧʳʚʘʶʱʝʝ ʦʙʲʷʩʥʝʥʠʝ ʠ ʜʦʢʘʟʘʪʝʣʴʥʦʝ ʦʙʦʩʥʦʚʘʥʠʝ 

ʪʦʛʦ, ʯʪʦ ʜʦʣʞʥʦ ʙʳʪʴ, ʢʘʢ ʚ ʢʣʠʥʠʯʝʩʢʦʤ ʨʫʢʦʚʦʜʩʪʚʝ, ʪʘʢ ʠ ʚ ʦʪʯʝʪʝ ʧʦ ʝʛʦ ʠʩʧʦʣʥʝʥʠʶ, ʘ 

ʪʘʢʞʝ ʧʨʠʤʝʨʳ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʠʟʣʦʞʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʧʦ ʢʘʞʜʦʤʫ ʧʫʥʢʪʫ ʢʦʥʪʨʦʣʴʥʦʛʦ ʩʧʠʩ-

ʢʘ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʚ ʦʩʥʦʚʥʦʤ ʩʣʦʞʠʣʦʩʴ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ ʩʦʜʝʨʞʘʥʠʠ ʂʈ ʠ ʩʧʦʩʦʙʘʭ, ʧʦʨʷʜʢʝ 

ʠ ʠʥʩʪʨʫʤʝʥʪʘʭ ʧʦʜʛʦʪʦʚʢʠ ʠ ʦʙʥʦʚʣʝʥʠʷ ʂʈ ʜʣʷ ʤʠʨʦʚʦʡ ʧʨʘʢʪʠʢʠ. ʇʨʠʤʝʨʦʤ ʷʚʣʷʝʪʩʷ ʨʦʩ-

ʩʠʡʩʢʘʷ ʧʫʙʣʠʢʘʮʠʷ 2019 ʛʦʜʘ, ʧʨʝʜʩʪʘʚʠʚʰʘʷ ʜʝʪʘʣʴʥʦʝ ʨʫʢʦʚʦʜʩʪʚʦ, ʥʘʧʨʠʤʝʨ, ʦ ʪʨʝʭ ʩʧʦʩʦ-

ʙʘʭ ʧʦʜʛʦʪʦʚʢʠ ʂʈ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʥʩʪʨʫʤʝʥʪʦʚ ADAPTE, AGREE GRS ʠ ʜʨʫʛʠʭ [13]. ʇʫʙ-

ʣʠʢʘʮʠʷ ʩʪʠʤʫʣʠʨʦʚʘʥʘ ʪʝʤ, ʯʪʦ ʚ 2012 ʛʦʜʫ ʄʠʥʟʜʨʘʚ ʈʌ ʥʘʯʘʣ ʨʘʟʨʘʙʦʪʢʫ ʢʣʠʥʠʯʝʩʢʠʭ ʨʝ-

ʢʦʤʝʥʜʘʮʠʡ. ɺ 2019 ʛʦʜʫ, ʚʩʪʫʧʠʣ ʚ ʩʠʣʫ ʌʝʜʝʨʘʣʴʥʦʛʦ ʟʘʢʦʥʘ (ʌɿ) ˉ 489-ʌɿ, ʟʘʢʨʝʧʠʚʰʠʡ ʠʭ 

ʦʙʷʟʘʪʝʣʴʥʦʩʪʴ ʩ ʧʦʵʪʘʧʥʳʤ ʧʝʨʝʭʦʜʦʤ ʥʘ ʥʠʭ ʜʣʷ ʚʩʝʭ ʤʝʜʠʮʠʥʩʢʠʭ ʦʨʛʘʥʠʟʘʮʠʡ. ʉʦʛʣʘʩʥʦ 

ʇʦʩʪʘʥʦʚʣʝʥʠʶ ʇʨʘʚʠʪʝʣʴʩʪʚʘ ˉ 1968, ʩ 1 ʷʥʚʘʨʷ 2022 ʛʦʜʘ ʥʘʯʘʣʩʷ ʵʪʦʪ ʧʦʵʪʘʧʥʳʡ ʧʝʨʝʭʦʜ, 

ʟʘʚʝʨʰʠʚʰʠʡʩʷ ʢ 1 ʷʥʚʘʨʷ 2025. 

ɺ ʠʪʦʛʝ ʢ 2022 ʛʦʜʫ ʫʨʦʚʝʥʴ ʨʘʟʚʠʪʠʷ ʀʀ ʠ ʝʛʦ ʧʨʦʜʚʠʞʝʥʠʷ ʚ ʤʝʜʠʮʠʥʫ ʟʥʘʯʠʪʝʣʴʥʦ ʠʟ-

ʤʝʥʠʣʠʩʴ. ɺʳʨʦʩʣʦ ʧʦʥʠʤʘʥʠʝ ʚʘʞʥʦʩʪʠ ʠ ʧʨʠʦʨʠʪʝʪ ʧʨʠʤʝʥʝʥʠʷ ʚ ʤʝʜʠʮʠʥʝ ʦʙʲʷʩʥʠʤʦʛʦ ʀʀ 

(eXplainable Artificial  Intelligence, XAI ). ʇʝʨʝʭʦʜ ʥʘ ʦʯʝʨʝʜʥʦʡ ʫʨʦʚʝʥʴ ʨʘʟʚʠʪʠʷ ʦʙʦʟʥʘʯʠʣ ʦʙ-

ʟʦʨ-ʧʨʦʛʥʦʟ ʥʘʮʠʦʥʘʣʴʥʦʡ ʘʢʘʜʝʤʠʠ ʤʝʜʠʮʠʥʳ ʉʐɸ (NAM) [14] ʧʦ ʩʦʩʪʦʷʥʠʶ, ʧʝʨʩʧʝʢʪʠʚʘʤ 

ʠ ʦʧʘʩʥʦʩʪʷʤ ʧʨʠʤʝʥʝʥʠʷ ʀʀ ʚ ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʠ. ɺ ʨʘʟʜʝʣʘʭ 1-5 ʧʦʩʪʨʦʝʥ ʢʨʘʪʢʠʡ ʦʙʟʦʨ ʦʩʥʦʚ 

ʀʀ ʠ ʝʛʦ ʩʦʚʨʝʤʝʥʥʳʭ ʚʦʟʤʦʞʥʦʩʪʝʡ ʚ ʤʝʜʠʮʠʥʝ. ʅʘʯʠʥʘʷ ʩ ʨʘʟʜʝʣʘ 6, ʧʦʜʨʦʙʥʦ ʨʘʩʩʤʦʪʨʝʥʦ 

ʚʥʝʜʨʝʥʠʝ ʀʀ ʚ ʨʝʘʣʴʥʳʭ ʢʣʠʥʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ, ʜʘʥʳ ʧʦʜʙʦʨʢʠ ʧʫʙʣʠʢʘʮʠʡ ʧʦ ʨʘʟʜʝʣʘʤ. ʆʩ-

ʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ ʚ ʧʝʨʩʧʝʢʪʠʚʘʭ ʫʜʝʣʝʥʦ ʦʨʛʘʥʠʟʘʮʠʦʥʥʳʤ ʧʨʦʙʣʝʤʘʤ ʠ ʠʭ ʨʝʰʝʥʠʷʤ ʥʘ ʦʩ-

ʥʦʚʝ ʀʀ, ʚ ʪʦʤ ʯʠʩʣʝ: 

- ʀʥʪʝʛʨʘʮʠʷ ʀʀ ʚ ʠʥʬʨʘʩʪʨʫʢʪʫʨʫ ʧʨʝʜʦʩʪʘʚʣʝʥʠʷ ʤʝʜʠʮʠʥʩʢʠʭ ʫʩʣʫʛ, ʜʦʩʪʫʧʥʦʩʪʴ 

ʧʦʣʫʯʘʝʤr ʭ ʜʘʥʥʳʭ, ʢʘʢ ʜʣʷ ʦʮʝʥʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʘʤʠʭ ʧʨʠʣʦʞʝʥʠʡ ʀʀ, ʪʘʢ ʠ ʜʣʷ 

ʧʦʥʠʤʘʥʠʷ ʢʘʢ ʬʫʥʢʮʠʦʥʠʨʫʶʪ ʩʠʩʪʝʤʳ ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʷ ʠ ʢʘʢʦʚʦ ʪʝʢʫʱʝʝ ʩʦʩʪʦʷʥʠʝ 

ʧʘʮʠʝʥʪʦʚ. 

- ʆʙʝʩʧʝʯʝʥʠʝ ʰʠʨʦʢʦʛʦ ʣʠʜʝʨʩʪʚʘ, ʨʘʩʰʠʨʷ ̫ʧʨʠʚʝʨʞʝʥʥʦʩʪʴ ʮʝʣʷʤ ʥʝʧʨʝʨʳʚʥʦ ʦʙʫ-

ʯʘʶʱʝʡʩʷ ʩʠʩʪʝʤʳ ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʷ ʠ ʩʦʜʝʡʩʪʚʫ ̫ʰʠʨʦʢʦʤʫ ʚʦʚʣʝʯʝʥʠʶ ʢʣʶʯʝʚʳʭ 

ʟʘʠʥʪʝʨʝʩʦʚʘʥʥʳʭ ʩʪʦʨʦʥ (ʚʨʘʯʝʡ, ʀʊ-ʩʧʝʮʠʘʣʠʩʪʦʚ, ʨʫʢʦʚʦʜʩʪʚʘ) ʠ ʠʭ ʦʪʚʝʪʩʪʚʝʥʥʦ-

ʩʪʠ ʚ ʫʧʨʘʚʣʝʥʠʠ ʩʠʩʪʝʤʘʤʠ ʀʀ ʚ ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʠ. 

- ʆʙʝʩʧʝʯʝʥʠʝ ʩʦʚʤʝʩʪʠʤʦʩʪʠ ʤʝʞʜʫ ʥʘʮʠʦʥʘʣʴʥʳʤʠ ʠ ʤʝʩʪʥʳʤʠ ʩʪʘʥʜʘʨʪʘʤʠ ʜʘʥʥʳʭ ʚ 
ʠʭ ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʠ ʜʠʥʘʤʠʯʝʩʢʦʤ ʩʦʩʪʦʷʥʠʠ.  

- ʆʧʨʝʜʝʣʝʥʠʝ ʪʦʛʦ ʯʪʦ ʜʦʣʞʥʦ ʢʚʘʣʠʬʠʮʠʨʦʚʘʪʴʩʷ ʢʘʢ ʤʝʜʠʮʠʥʩʢʦʝ ʫʩʪʨʦʡʩʪʚʦ, ʘ ʯʪʦ 
ʥʝʪ. 

ɼʨʫʛʠʤ ʟʥʘʯʠʤʳʤ ʨʝʟʫʣʴʪʘʪʦʤ ʷʚʠʣʘʩʴ ʧʫʙʣʠʢʘʮʠʷ [15], ʪʘʢʞʝ 2022 ʛʦʜʘ ʚ Nature 

Medicine. ɸʚʪʦʨʳ ʫʢʘʟʳʚʘʣʠ ʥʘ ʪʦ, ʯʪʦ ʚʩʸ ʙʦʣʴʰʝ ʩʠʩʪʝʤ ʧʦʜʜʝʨʞʢʠ ʧʨʠʥʷʪʠʷ ʢʣʠʥʠʯʝʩʢʠʭ 

ʨʝʰʝʥʠʡ ʥʘ ʦʩʥʦʚʝ ʀʀ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʤʥʦʛʦʦʙʝʱʘʶʱʠʝ ʨʝʟʫʣʴʪʘʪʳ ʚ ʜʦʢʣʠʥʠʯʝʩʢʠʭ ʠʩʩʣʝ-

ʜʦʚʘʥʠʷʭ, ʥʦ ʣʠʰʴ ʥʝʤʥʦʛʠʝ ʠʟ ʥʠʭ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʟʘʪʝʤ ʨʝʘʣʴʥʫʶ ʧʦʣʴʟʫ ʜʣʷ ʣʝʯʝʥʠʷ ʧʘʮʠ-

ʝʥʪʦʚ. ʇʨʦʙʣʝʤʘ ʩʚʷʟʘʥʘ ʩ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʨʘʥʥʝʡ ʢʣʠʥʠʯʝʩʢʦʡ ʦʮʝʥʢʠ ʬʘʢʪʠʯʝʩʢʦʡ ʢʣʠʥʠʯʝ-

ʩʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʠʩʪʝʤʳ ʀʀ (ʚ ʪʦʤ ʯʠʩʣʝ, ʦʮʝʥʢʠ ʙʝʟʦʧʘʩʥʦʩʪʠ, ʯʝʣʦʚʝʯʝʩʢʦʛʦ ʬʘʢʪʦʨʘ, 
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ʛʦʪʦʚʥʦʩʪʠ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ). ʇʨʝʜʣʦʞʝʥʦ ʨʫʢʦʚʦʜʩʪʚʦ ʧʦ ʩʦʩʪʘʚʣʝʥʠʶ ʦʪ-

ʯʸʪʥʦʩʪʠ ʦ ʨʘʥʥʝʡ ʢʣʠʥʠʯʝʩʢʦʡ ʦʮʝʥʢʝ ʩʠʩʪʝʤ ʀʀ (DECIDE-AI). ʇʨʦʚʝʜʝʥʘ ʵʢʩʧʝʨʪʥʘʷ ʦʮʝʥʢʘ 

ʨʫʢʦʚʦʜʩʪʚʘ ʵʢʩʧʝʨʪʘʤʠ ʠʟ 20 ʟʘʠʥʪʝʨʝʩʦʚʘʥʥʳʭ ʩʪʦʨʦʥ. ɺ ʧʝʨʚʦʤ ʨʘʫʥʜʝ ʦʮʝʥʢʠ ʧʨʠʥʷʣʠ ʫʯʘ-

ʩʪʠʝ 123 ʵʢʩʧʝʨʪʘ, ʚʦ ʚʪʦʨʦʤ ï 138, ʚ ʩʦʚʝʱʘʥʠʠ ʧʦ ʜʦʩʪʠʞʝʥʠʶ ʢʦʥʩʝʥʩʫʩʘ ï 16, ʚ ʢʘʯʝʩʪʚʝʥ-

ʥʦʡ ʦʮʝʥʢʝ ï 16. ʈʫʢʦʚʦʜʩʪʚʦ DECIDE-AI ʜʦʨʘʙʦʪʘʥʦ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʦʮʝʥʢʠ ʠ ʚʢʣʶʯʘʝʪ 17 

ʧʫʥʢʪʦʚ ʦʪʯʝʪʥʦʩʪʠ, ʧʦʩʚʷʱʝʥʥʳʭ ʀʀ (ʩʦʩʪʦʷʱʠʭ ʠʟ 28 ʧʦʜʧʫʥʢʪʦʚ), ʠ ʜʝʩʷʪʴ ʦʙʱʠʭ ʧʫʥʢʪʦʚ 

ʦʪʯʝʪʥʦʩʪʠ, ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ ʢʦʪʦʨʳʭ ʧʨʝʜʫʩʤʦʪʨʝʥ ʨʘʟʜʝʣ çʈʘʟʨʘʙʦʪʢʘ ʠ ʦʮʝʥʢʘè.   

ɺ 2024 ʛʦʜʫ ʧʦʷʚʠʣʘʩʴ ʧʫʙʣʠʢʘʮʠʷ [16], ʜʦʧʦʣʥʷʶʱʘʷ ʨʫʢʦʚʦʜʩʪʚʦ TRIPOD (Transparent 

Reporting of a multivariable prediction model for Individual Prognosis Or Diagnosis) ʦʪ 2015 ʛʦʜʘ, 

ʨʝʘʣʴʥʦʡ ʚʢʣʶʯʝʥʥʦʩʪʴʶ ʀʀ (+AI) ʚ ʧʨʠʥʷʪʠʝ ʨʝʰʝʥʠʷ ʧʦ ʧʨʦʛʥʦʟʫ. ʎʝʣʴ TRIPOD+AI ï ʩʦ-

ʜʝʡʩʪʚʦʚʘʪʴ ʧʦʣʥʦʡ, ʪʦʯʥʦʡ ʠ ʧʨʦʟʨʘʯʥʦʡ ʦʪʯʝʪʥʦʩʪʠ ʦʙ ʠʩʩʣʝʜʦʚʘʥʠʷʭ, ʨʘʟʨʘʙʘʪʳʚʘʶʱʠʭ ʤʦ-

ʜʝʣʴ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʠʣʠ ʦʮʝʥʠʚʘʶʱʠʭ ʝʝ ʵʬʬʝʢʪʠʚʥʦʩʪʴ. 

ʀʥʪʝʨʝʩʥʦ ʚʳʛʣʷʜʷʪ ʜʚʝ ʚʟʘʠʤʥʦ ʜʦʧʦʣʥʷʶʱʠʝ ʦʪʝʯʝʩʪʚʝʥʥʳʝ ʧʫʙʣʠʢʘʮʠʠ. ʇʫʙʣʠʢʘʮʠʷ 

[17] 2025 ʛʦʜʘ ʧʦʩʚʷʱʝʥʘ ʠʥʪʝʛʨʘʮʠʷ ʂʈ ʚ ʠʥʩʪʨʫʤʝʥʪʳ ʮʠʬʨʦʚʦʛʦ ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʷ, ʠʩʧʦʣʴ-

ʟʫʷ ʤʝʪʦʜ ʦʥʪʦʣʦʛʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʢʦʪʦʨʳʡ ʨʝʰʘʝʪ ʟʘʜʘʯʫ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʪʝʢʩʪʦʚʳʭ 

ʂʈ ʚ ʤʘʰʠʥʦʧʦʥʠʤʘʝʤʳʝ ʢʣʠʥʠʯʝʩʢʠʝ ʨʝʢʦʤʝʥʜʘʮʠʠ (ʄʂʈ). ʂʣʶʯʝʚʘʷ ʠʜʝʷ ʩʦʩʪʦʠʪ ʚ ʜʚʫʭ-

ʫʨʦʚʥʝʚʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʂʈ: ʫʨʦʚʝʥʴ ʚʨʘʯʝʡ ï ʵʪʦ ʠʝʨʘʨʭʠʯʝʩʢʠ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʡ ʪʝʢʩʪ, 

ʠʩʧʦʣʴʟʫʶʱʠʡ çʢʦʥʪʝʡʥʝʨʳ ʜʘʥʥʳʭè, ʢʦʪʦʨʳʝ ʯʝʪʢʦ ʦʧʠʩʳʚʘʶʪ ʥʘʙʣʶʜʝʥʠʷ, ʚʤʝʰʘʪʝʣʴʩʪʚʘ, 

ʫʩʣʦʚʠʷ ʠʭ ʧʨʠʤʝʥʝʥʠʷ; ʫʨʦʚʝʥʴ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʭ ʩʠʩʪʝʤ ï ʵʪʦ ʬʦʨʤʘʣʠʟʦʚʘʥʥʳʡ ʛʨʘʬ ʟʥʘ-

ʥʠʡ, ʩ ʧʨʠʚʷʟʢʦʡ çʢʦʥʪʝʡʥʝʨʦʚè, ʮʠʬʨʦʚʦʡ ʤʝʜʠʮʠʥʩʢʦʡ ʢʘʨʪʳ ʧʘʮʠʝʥʪʘ ʠ ʧʨʘʚʠʣ ʦʙʨʘʙʦʪʢʠ. 

ʇʫʙʣʠʢʘʮʠʷ [18] 2024 ʛʦʜʘ ʧʦʩʚʷʱʝʥʘ ʚʦʧʨʦʩʘʤ ʦʨʛʘʥʠʟʘʮʠʠ ʦʙʣʘʯʥʦʛʦ ʩʝʨʚʠʩʘ ʜʠʬʬʝ-

ʨʝʥʮʠʘʣʴʥʦʡ ʜʠʘʛʥʦʩʪʠʢʠ ʠ ʥʘʟʥʘʯʝʥʠʷ ʧʝʨʩʦʥʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʣʝʯʝʥʠʷ ʟʘʙʦʣʝʚʘʥʠʡ ʩʝʨʜʮʘ. 

ɼʠʬʬʝʨʝʥʮʠʘʣʴʥʘ ̫ʜʠʘʛʥʦʩʪʠʢʘ ʧʦʩʪʨʦʝʥʘ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʄʂʈ ʠ ʦʛʨʘʥʠʯʝʥʘ ʚʦʩʧʘʣʠʪʝʣʴ-

ʥʤrʠ ʟʘʙʦʣʝʚʘʥʠʷʤʠ. ʉʝʨʚʠʩ ʧʦʜʜʝʨʞʢʠ ʧʨʠʥʷʪʠʷ ʜʠʘʛʥʦʩʪʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ ʩʦ ʩʚʦʡʩʪʚʘʤʠ 

ʦʙʲʷʩʥʠʤʦʛʦ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ ʚ ʢʘʨʜʠʦʣʦʛʠʠ ʨʝʘʣʠʟʦʚʘʥ ʥʘ ʤʝʜʠʮʠʥʩʢʦʤ ʧʦʨʪʘʣʝ 

ʦʙʣʘʯʥʦʡ ʧʣʘʪʬʦʨʤʳ, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ ʤʘʩʰʪʘʙʠʨʦʚʘʪʴ ʧʨʝʜʣʦʞʝʥʥʦʝ ʨʝʰʝʥʠʝ ʠ ʦʙʝʩʧʝʯʠ-

ʚʘʝʪ ʜʦʩʪʫʧ ʧʨʘʢʪʠʢʫʶʱʠʭ ʚʨʘʯʝʡ ʩʦ ʩʚʦʙʦʜʥʦʡ ʨʝʛʠʩʪʨʘʮʠʝʡ. 

ɺ 2025 ʧʫʙʣʠʢʦʚʘʥ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʡ ʦʙʟʦʨ [19], ʢʦʪʦʨʳʡ ʩʨʘʚʥʠʣ ʢʘʯʝʩʪʚʦ ʂʈ, ʨʫʢʦʚʦʜʩʪʚ 

ʠ ʩʪʘʥʜʘʨʪʦʚ, ʧʦʜʛʦʪʦʚʣʝʥʥʳʭ ʨʘʟʥʳʤʠ ʢʦʣʣʝʢʪʠʚʘʤʠ. ʀʟ ʧʦʯʪʠ 5 ʪʳʩʷʯ ʧʫʙʣʠʢʘʮʠʡ ʙʳʣʦ ʦʪʦ-

ʙʨʘʥʦ 11 ʥʘʠʙʦʣʝʝ ʧʨʝʜʩʪʘʚʠʪʝʣʴʥʳʭ. ʆʮʝʥʢʘ ʚʳʧʦʣʥʝʥʘ ʧʦ 6 ʧʘʨʘʤʝʪʨʘʤ (ʩʬʝʨʘ ʧʨʠʤʝʥʝʥʠʷ ʠ 

ʮʝʣʴ, ʫʯʘʩʪʠʝ ʟʘʠʥʪʝʨʝʩʦʚʘʥʥʳʭ ʩʪʦʨʦʥ, ʪʱʘʪʝʣʴʥʦʩʪʴ ʨʘʟʨʘʙʦʪʢʠ, ʷʩʥʦʩʪʴ ʠʟʣʦʞʝʥʠʷ, ʧʨʠʤʝ-

ʥʠʤʦʩʪʴ, ʨʝʜʘʢʮʠʦʥʥʘʷ ʥʝʟʘʚʠʩʠʤʦʩʪʴ) ʠʥʩʪʨʫʤʝʥʪʦʤ AGREE II . ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ, ʭʦʪʷ ʂʈ ʚ 

ʮʝʣʦʤ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʮʝʣʠ, ʥʦ ʩʫʱʝʩʪʚʫʶʪ ʟʥʘʯʠʪʝʣʴʥʳʝ ʨʘʟʣʠʯʠʷ ʢʘʢ ʚ ʧʨʠʤʝʥʠʤʦʩʪʠ ʠ ʩʪʨʦ-

ʛʦʩʪʠ ʨʘʟʨʘʙʦʪʢʠ, ʪʘʢ ʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʚʦʚʣʝʯʝʥʠʷ ʩʪʦʨʦʥ ʤʝʜʠʮʠʥʳ ʠ ʀʀ. ʇʦ ʢʘʯʝʩʪʚʫ ʠʩʧʦʣ-

ʥʝʥʠʷ ʂʈ ʠ ʧʨʦʛʥʦʩʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʀʀ ʭʦʨʦʰʦ ʟʘʨʝʢʦʤʝʥʜʦʚʘʣʠ ʩʝʙʷ ʩʣʝʜʫʶʱʠʝ ʨʫʢʦʚʦʜ-

ʩʪʚʘ-ʪʨʝʙʦʚʘʥʠʷ ʢ ʦʪʯʝʪʫ ʂʈ ʠ ʤʦʜʝʣʠ: TRIPOD+AI, DECIDE-AI, SPIRIT-AI (ʇʨʦʪʦʢʦʣʳ ʢʣʠ-

ʥʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʦʮʝʥʠʚʘʶʱʠʭ ʚʤʝʰʘʪʝʣʴʩʪʚʦ ʩ ʫʯʘʩʪʠʝʤ ʀʀ) ʠ CONSORT-AI (ʆʪʯʸʪʳ 

ʦ ʢʣʠʥʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ, ʦʮʝʥʠʚʘʶʱʠʭ ʚʤʝʰʘʪʝʣʴʩʪʚʦ ʩ ʫʯʘʩʪʠʝʤ ʀʀ). ʊʝʤ ʥʝ ʤʝʥʝʝ, 

ʧʨʠʤʝʥʷʝʤʦʩʪʴ ʦʩʪʘʝʪʩʷ ʦʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʧʨʦʙʣʝʤ ʜʣʷ ʂʈ.  

ɺ ʠʪʦʛʝ ʦʙʟʦʨʘ, ʦʪʥʦʰʝʥʠʷ ʂʈ ʠ ʀʀ, ʠ ʠʭ ʧʝʨʩʧʝʢʪʠʚʳ, ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʝʜʩʪʘʚʣʷʶʪʩʷ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

1) ʂʣʠʥʠʯʝʩʢʠʝ ʨʝʢʦʤʝʥʜʘʮʠʠ (ʂʈ) ʧʨʠʟʥʘʥʳ ʚʦ ʚʨʘʯʝʙʥʳʭ ʩʦʦʙʱʝʩʪʚʘʭ ʤʠʨʘ ʢʘʢ ʦʩʥʦʚʥʦʡ 

ʠʩʪʦʯʥʠʢ, ʥʦʩʠʪʝʣʴ ʠ ʠʥʪʝʛʨʘʪʦʨ ʦʧʳʪʘ ʜʦʢʘʟʘʪʝʣʴʥʦʡ ʤʝʜʠʮʠʥʳ; ʦʥʠ ʜʦʩʪʫʧʥʳ ʚʨʘʯʫ ʚʦ 

ʤʥʦʛʠʭ ʤʝʜʠʮʠʥʩʢʠʭ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʩʠʩʪʝʤʘʭ (ʄʀʉ) ʜʣʷ ʧʦʜʜʝʨʞʢʠ ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʡ. 

2) ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ (ʀʀ) ʧʦʯʪʠ ʧʦʚʩʝʤʝʩʪʥʦ ʩʪʘʣʦ ʧʝʨʝʜʦʚʦʡ ʢʣʠ-

ʥʠʯʝʩʢʦʡ ʧʨʘʢʪʠʢʦʡ ʠ ʧʦʣʫʯʠʣʦ ʧʦʜʜʝʨʞʢʫ ʚ ʩʧʝʮʠʘʣʴʥʳʭ ʢʣʠʥʠʯʝʩʢʠʭ ʨʝʢʦʤʝʥʜʘʮʠʷʭ 

ʤʥʦʛʠʭ ʛʨʫʧʧ ʵʢʩʧʝʨʪʦʚ ʤʝʜʠʮʠʥʳ, ʧʦʜʜʝʨʞʘʥʥʳʭ ʵʢʩʧʝʨʪʘʤʠ ʚ ʦʙʣʘʩʪʠ ʀʀ. 

3) ʆʙʲʷʩʥʠʤʦʩʪʴ ʠ ʜʦʚʝʨʝʥʥʦʩʪʴ ʜʝʡʩʪʚʠʡ ʀʀ ʧʨʠʥʠʤʘʝʪʩʷ ʧʨʘʢʪʠʢʦʡ ʤʝʜʠʮʠʥʳ ʢʘʢ ʦʙʷʟʘ-

ʪʝʣʴʥʦʝ ʩʚʦʡʩʪʚʦ ʀʀ, ʧʨʠʤʝʥʷʝʤʦʛʦ ʤʝʜʠʮʠʥʦʡ. 

4) ʇʨʠʤʝʥʷʝʤʦʩʪʴ ʦʩʪʘʝʪʩʷ ʦʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʧʨʦʙʣʝʤ ʜʣʷ ʂʈ [14]. 

5) ɹʫʜʫʱʝʝ ʂʈ ʚʠʜʠʪʩʷ ʵʢʩʧʝʨʪʘʤ [14] ʢʘʢ: a) ʠʥʪʝʛʨʘʮʠʷ ʀʀ ʚ ʠʥʬʨʘʩʪʨʫʢʪʫʨʫ ʧʨʝʜʦʩʪʘʚʣʝ-

ʥʠʷ ʤʝʜʠʮʠʥʩʢʠʭ ʫʩʣʫʛ; b) ʦʙʝʩʧʝʯʝʥʠʝ ʥʝʧʨʝʨʳʚʥʦ ʦʙʫʯʝʥʠʷ ʩʠʩʪʝʤʳ ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʷ; c) 

ʜʦʩʪʫʧʥʦʩʪʴ ʠ ʦʙʦʙʱʝʥʠʝ ʧʦʣʫʯʘʝʤʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʙʦʪʳ ʩʠʩʪʝʤʳ ʚʩʝʤ ʫʨʦʚʥʷʤ ʟʜʨʘʚʦ-

ʦʭʨʘʥʝʥʠʷ, ʚʢʣʶʯʘʷ ʢʘʢ ʦʮʝʥʢʫ ʟʜʦʨʦʚʴʷ ʧʘʮʠʝʥʪʦʚ ʥʘ ʫʨʦʚʥʝ ʦʪ ʢʣʠʥʠʢʠ ʜʦ ʛʦʩʫʜʘʨʩʪʚʘ, 

ʪʘʢ ʠ ʦʮʝʥʢʫ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʘʤʠʭ ʧʨʠʣʦʞʝʥʠʡ ʀʀ ʚ ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʠ. 
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2. ʉʠʩʪʝʤʥʦʝ ʨʝʰʝʥʠʝ ʠʥʪʝʛʨʘʮʠʠ ʜʦʚʝʨʝʥʥʦʛʦ ʀʀ ʚ ʠʥʬʨʘʩʪʨʫʢʪʫʨʫ 

ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʷ 

ɺ ʢʘʯʝʩʪʚʝ ʩʠʩʪʝʤʥʦʛʦ ʨʝʰʝʥʠʷ ʠʥʪʝʛʨʘʮʠʠ ʜʦʚʝʨʝʥʥʦʛʦ ʀʀ ʚ ʠʥʬʨʘʩʪʨʫʢʪʫʨʫ ʟʜʨʘʚʦ-

ʦʭʨʘʥʝʥʠʷ ʧʨʝʜʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʂʈ ʢʘʢ ʫʧʨʘʚʣʷʶʱʝʛʦ ʄʀʉ ʜʝʨʝʚʘ ʨʝʰʝʥʠʡ ʜʦʚʝʨʝʥʥʦ-

ʛʦ ʀʀ ʚ ʦʨʛʘʥʠʟʘʮʠʠ ʢʣʠʥʠʯʝʩʢʦʡ ʧʨʘʢʪʠʢʠ ʧʦ ʢʘʞʜʦʡ ʩʦʮʠʘʣʴʥʦ ʟʥʘʯʠʤʦʡ ʥʦʟʦʣʦʛʠʠ.  

ɼʣʷ ʧʦʣʥʦʮʝʥʥʦʛʦ ʧʦʥʠʤʘʥʠʷ ʜʦʚʝʨʝʥʥʦʩʪʠ ʪʘʢʦʛʦ ʨʝʰʝʥʠʷ ʤʳ ʧʨʝʜʣʘʛʘʝʤ ʥʦʚʦʝ ʦʧʨʝʜʝ-

ʣʝʥʠʝ ɼʦʚʝʨʝʥʥʦʛʦ ʀʀ, ʦʙʦʙʱʘʶʱʝʝ ʝʛʦ ʩʫʱʝʩʪʚʫʶʱʠʝ ʩʪʘʥʜʘʨʪʳ, ʥʘʧʨʠʤʝʨ [20].  

ʆʧʨʝʜʝʣʝʥʠʝ: ɼʦʚʝʨʝʥʥʳʡ ʀʀ, ʵʪʦ ʠʩʢʫʩʩʪʚʝʥʥʳʡ ʠʥʪʝʣʣʝʢʪ, ʦʙʣʘʜʘʶʱʠʡ ʪʨʝʤʷ ʩʚʦʡ-

ʩʪʚʘʤʠ, ʚʳʨʘʞʝʥʥʳʤʠ ʚ ʢʘʪʝʛʦʨʠʷʭ: 1) ʧʦʜʢʦʥʪʨʦʣʴʥʦʩʪʴ ʯʝʣʦʚʝʢʫ; 2) ʙʝʟʦʧʘʩʥʦʩʪʴ; 3) ʦʙʲʷʩ-

ʥʠʤʦʩʪʴ. 

ʉʧʝʮʠʬʠʢʘ ʀʀ ʚ ʤʝʜʠʮʠʥʝ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʜʣʷ ʨʝʘʣʴʥʦʡ ʜʦʚʝʨʝʥʥʦʩʪʠ ʦʪʥʦʰʝʥʠʡ ʟʜʝʩʴ 

ʥʝʦʙʭʦʜʠʤʘ ʜʦʚʝʨʝʥʥʦʩʪʴ ʜʣʷ ʚʩʝʭ ʪʨʝʭ ʢʘʪʝʛʦʨʠʡ ʩʫʙʲʝʢʪʦʚ, ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʧʨʦʮʝʩʩʝ. ʕʪʦ ʪʨʠ 

ʩʫʙʲʝʢʪʘ: ʧʘʮʠʝʥʪ, ʚʨʘʯ ʠ ʀʀ. ʂʘʞʜʳʡ ʠʟ ʥʠʭ ʚʩʪʫʧʘʝʪ ʩʝʛʦʜʥʷ ʚ ʦʪʥʦʰʝʥʠʷ ʩ ʜʚʫʤʷ ʜʨʫʛʠʤʠ, 

ʦʙʨʘʟʫʷ ʪʨʝʫʛʦʣʴʥʠʢ çʚʨʘʯ-ʧʘʮʠʝʥʪ-ʀʀè. ʅʘ ʥʘʰ ʚʟʛʣʷʜ ʥʘʣʠʯʠʝ ʚ ʪʨʦʡʢʝ ʀʀ, ʢʘʢ ʩʫʙʲʝʢʪʘ 

ʦʪʥʦʰʝʥʠʡ, ʥʝ ʜʦʣʞʥʦ ʚʩʪʨʝʪʠʪʴ ʦʪʪʦʨʞʝʥʠʷ ʢʘʢ ʬʘʢʪ ʨʝʘʣʴʥʦʡ ʧʨʘʢʪʠʢʠ ʚ ʩʦʚʨʝʤʝʥʥʦʤ ʦʙ-

ʱʝʩʪʚʝ. 

ʇʨʠʤʝʨ ʨʘʩʢʨʳʪʠʷ ʢʘʪʝʛʦʨʠʡ ʚ ʦʙʣʘʩʪʠ ʤʝʜʠʮʠʥʳ ʠ ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʷ: 

ʏʝʣʦʚʝʢ: ʧʝʨʩʦʥʘ, ʛʨʘʞʜʘʥʠʥ, ʧʘʮʠʝʥʪ, ʚʨʘʯ; ʩʝʤʴʷ, ʢʦʣʣʝʢʪʠʚ; ʥʘʩʝʣʝʥʠʝ ʧʦʩʝʣʝʥʠʷ, ʛʦʨʦ-

ʜʘ, ʛʦʩʫʜʘʨʩʪʚʘ; ʦʨʛʘʥʳ ʫʧʨʘʚʣʝʥʠʷ; ʠʟʜʘʚʘʝʤʳʝ ʩʪʨʫʢʪʫʨʥʳʤʠ ʝʜʠʥʠʮʘʤʠ ʦʙʱʝʩʪʚʘ ʨʝʛʣʘʤʝʥ-

ʪʳ, ʧʨʠʢʘʟʳ, ʧʦʩʪʘʥʦʚʣʝʥʠʷ, ʟʘʢʦʥʳ ʛʦʩʫʜʘʨʩʪʚʘ; ʛʨʫʧʧʳ ʵʢʩʧʝʨʪʦʚ, ʧʨʠʚʣʝʢʘʝʤʳʝ ʜʣʷ ʨʝʰʝ-

ʥʠʷ ʧʨʦʙʣʝʤ ʜʠʘʛʥʦʩʪʠʢʠ, ʟʜʦʨʦʚʴʷ ʠ ʫʧʨʘʚʣʝʥʠʷ; ʵʪʠʢʘ, ʢʫʣʴʪʫʨʘ. 

ɺʨʘʯ: ʧʝʨʩʦʥʘ, ʙʨʠʛʘʜʘ ʩʢʦʨʦʡ ʧʦʤʦʱʠ (ɹʉʇ), ʦʪʜʝʣʝʥʠʝ, ʢʣʠʥʠʢʘ, ʬʫʥʢʮʠʦʥʘʣʴʥʘʷ ʝʜʠ-

ʥʠʮʘ ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʷ, ʄʠʥʠʩʪʝʨʩʪʚʦ ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʷ; ʧʨʠʢʘʟʳ, ʨʝʢʦʤʝʥʜʘʮʠʠ ʠ ʜʨʫʛʠʝ ʨʝ-

ʛʣʘʤʝʥʪʳ ʩʠʩʪʝʤʳ ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʷ; ʵʢʩʧʝʨʪ ʠʣʠ ʛʨʫʧʧʘ ʵʢʩʧʝʨʪʦʚ. 

ʇʘʮʠʝʥʪ: ʧʝʨʩʦʥʘ; ʩʝʤʴʷ; ʢʦʣʣʝʢʪʠʚ; ʥʘʩʝʣʝʥʠʝ ʪʝʨʨʠʪʦʨʠʠ: ʨʘʡʦʥʘ, ʛʦʨʦʜʘ, ʦʙʣʘʩʪʠ; 

ʛʨʘʞʜʘʥʝ ʛʦʩʫʜʘʨʩʪʚʘ. 

ʀʀ (ʚ ʤʝʜʠʮʠʥʝ): ʩʠʩʪʝʤʘ ʤʦʜʝʣʝʡ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ, ʤʦʜʝʣʠʨʫʶʱʘʷ ʚ ʤʝʜʠʮʠʥʝ 

ʢʘʪʝʛʦʨʠʶ ɺʨʘʯ ʢʘʢ ʜʦʚʝʨʝʥʥʫʶ. 

ɹʝʟʦʧʘʩʥʦʩʪʴ: ʟʘʱʠʪʘ ʦʪ ʥʝʧʨʘʚʠʣʴʥʦʡ ʜʠʘʛʥʦʩʪʠʢʠ, ʥʝʧʨʘʚʠʣʴʥʦʛʦ ʣʝʯʝʥʠʷ, ʥʝʧʨʘʚʠʣʴ-

ʥʦʡ ʨʝʘʙʠʣʠʪʘʮʠʠ; ʨʦʣʝʚʦʡ ʜʦʩʪʫʧ; ʥʘʜʝʞʥʦʩʪ ɹʭʨʘʥʝʥʠʷ ʜʘʥʥʳʭ; ʟʘʱʠʪʘ ʦʪ ʚʥʝʰʥʝʛʦ ʚʨʝʜʦ-

ʥʦʩʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ. 

ʀʟ ʜʘʥʥʦʛʦ ʚʳʰʝ ʦʧʨʝʜʝʣʝʥʠʷ ʠ ʨʘʩʢʨʳʪʠʷ ʢʘʪʝʛʦʨʠʡ ʦʯʝʚʠʜʥʦ, ʯʪʦ ʦʙʷʟʘʪʝʣʴʥʘʷ ʜʣʷ ʜʦ-

ʚʝʨʝʥʥʦʛʦ ʀʀ ʧʦʜʢʦʥʪʨʦʣʴʥʦʩʪʴ ʯʝʣʦʚʝʢʫ, ʦʟʥʘʯʘʝʪ ʧʦʜʢʦʥʪʨʦʣʴʥʦʩʪʴ ʥʝ ʦʜʥʦʤʫ ʯʝʣʦʚʝʢʫ, ʘ 

ʚʩʝʤ ʦʙʲʝʢʪʘʤ, ʨʘʩʢʨʳʚʘʶʱʠʤ ʢʘʪʝʛʦʨʠʶ ʏʝʣʦʚʝʢ. ʇʨʠ ʵʪʦʤ ʢʘʞʜʦʤʫ ʦʙʲʝʢʪʫ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ 

ʨʦʣʝʚʦʡ ʜʦʩʪʫʧ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʝʛʦ ʨʦʣʠ, ʠ ʙʝʟʦʧʘʩʥʦʩʪʴ ʭʨʘʥʝʥʠʷ ʜʘʥʥʳʭ. ʅʘʧʨʠʤʝʨ, ɺʨʘʯ 

ʠ ʀʀ ʜʝʡʩʪʚʫʶʪ ʢʘʢ ʘʚʪʦʥʦʤʥʳʝ ʦʙʲʝʢʪʳ, ʢʘʞʜʳʡ ʠʟ ʢʦʪʦʨʳʭ ʧʨʦʜʫʮʠʨʫʝʪ ʩʚʦʝ ʜʦʢʫʤʝʥʪʠʨʦ-

ʚʘʥʥʦʝ ʨʝʰʝʥʠʝ, ʜʦʩʪʫʧʥʦʝ ʜʨʫʛʦʤʫ ʪʦʣʴʢʦ ʚ ʨʝʞʠʤʝ ʯʪʝʥʠʷ. ʇʝʨʚʳʤ ʛʝʥʝʨʠʨʫʝʪ ʨʝʰʝʥʠʝ ʀʀ, 

ʥʘ ʦʩʥʦʚʝ ʢʣʠʥʠʯʝʩʢʠʭ ʨʝʢʦʤʝʥʜʘʮʠʡ, ʧʦʩʣʝ ʯʝʛʦ ʚʨʘʯ ʟʥʘʢʦʤʠʪʩʷ ʩ ʜʦʢʫʤʝʥʪʦʤ ʀʀ ʠ ʤʦʞʝʪ 

ʧʨʠʥʷʪʴ ʝʛʦ ʠʣʠ ʚʥʝʩʪʠ ʩʚʦʠ ʧʨʘʚʢʠ ʠʣʠ ʟʘʤʝʯʘʥʠʷ. ɸ ʀʀ ʟʘʪʝʤ ʠʤʝʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʯʠʪʘʪʴ 

ʜʦʢʫʤʝʥʪ ʚʨʘʯʘ, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʝʛʦ ʜʣʷ ʩʪʘʪʠʩʪʠʢʠ ʦʮʝʥʢʠ ʨʝʟʫʣʴʪʘʪʘ ʠ, ʚʦʟʤʦʞʥʦ, ʜʣʷ ʜʦ-

ʦʙʫʯʝʥʠʷ. 

ʀʟ ʦʧʨʝʜʝʣʝʥʠʷ ʜʦʚʝʨʝʥʥʦʛʦ ʀʀ ʪʘʢʞʝ ʩʣʝʜʫʝʪ, ʯʪʦ ʠʤʝʥʥʦ ʂʈ, ʚ ʚʠʜʝ ʜʝʨʝʚʘ ʦʙʲʷʩʥʠʤʳʭ 

ʠ ʥʘʜʝʞʥʳʭ ʨʝʰʝʥʠʡ ʚ ʢʣʠʥʠʯʝʩʢʦʡ ʧʨʘʢʪʠʢʝ, ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳ ʚ ʢʘʯʝʩʪʚʝ ʫʧʨʘʚʣʷʶʱʝʛʦ 

ʜʝʨʝʚʘ ʚʩʝ ʨʝʰʝʥʠʷ ʢʦʪʦʨʦʛʦ ʫʞʝ ʦʜʦʙʨʝʥʳ ʧʨʦʬʠʣʴʥʳʤʠ ʵʢʩʧʝʨʪʘʤʠ ʥʦʟʦʣʦʛʠʠ ʠ ʧʨʠʢʘʟʦʤ 

ʄʠʥʟʜʨʘʚʘ. ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ ʩʨʘʟʫ ʨʝʰʘʝʪʩʷ ʠ ʦʙʝʩʧʝʯʝʥʠʝ ʜʦʚʝʨʝʥʥʦʩʪʠ (ʧʦʜʢʦʥʪʨʦʣʴʥʦʩʪʠ ʀʀ 

ʯʝʣʦʚʝʢʫ) ʠ ʜʦ ʩʠʭ ʧʦʨ ʥʝʨʝʰʝʥʥʘʷ ʧʨʦʙʣʝʤʘ 100%-ʥʦʡ ʧʨʠʤʝʥʷʝʤʦʩʪʠ ʢʣʠʥʠʯʝʩʢʠʭ ʨʝʢʦʤʝʥ-

ʜʘʮʠʡ ʚ ʢʣʠʥʠʯʝʩʢʦʡ ʧʨʘʢʪʠʢʝ. ʅʘ ʧʣʝʯʠ ʀʀ ʧʨʠ ʵʪʦʤ ʣʦʞʠʪʩʷ ʠ ʢʦʥʪʨʦʣʴ ʟʘ ʠʩʧʦʣʥʝʥʠʝʤ ʂʈ 

ʧʝʨʩʦʥʘʣʦʤ ʢʣʠʥʠʢʠ, ʘ ʪʘʢʞʝ ʟʘ ʧʦʣʥʦʪʦʡ ʩʚʝʜʝʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʚʩʝʭ ʢʣʠʥʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘ-

ʥʠʡ ʧʦ ʢʦʥʢʨʝʪʥʦʤʫ ʧʘʮʠʝʥʪʫ ʩ ʫʯʝʪʦʤ ʝʛʦ ʧʦʣʘ, ʚʦʟʨʘʩʪʘ, ʨʦʩʪʘ ʚʝʩʘ, ʩʦʧʫʪʩʪʚʫʶʱʠʭ ʟʘʙʦʣʝ-

ʚʘʥʠʡ ʠ ʚʨʝʜʥʳʭ ʧʨʠʚʳʯʝʢ. ʀʤʝʥʥʦ ʧʦʵʪʦʤʫ ʚ ʢʘʪʝʛʦʨʠʠ ɹʝʟʦʧʘʩʥʦʩʪʴ ʠʟ 6-ʠ ʥʘʟʚʘʥʥʳʭ ʩʦ-

ʩʪʘʚʣʷʶʱʠʭ, ʧʝʨʚʳʝ 4 ʤʳ ʩʯʠʪʘʝʤ ʦʙʝʩʧʝʯʝʥʥʳʤʠ ʜʦʚʝʨʝʥʥʦʩʪʴʶ ʀʀ. ʅʘʜʝʞʥʦʩʪʴ ʭʨʘʥʝʥʠʷ 

ʨʝʰʘʝʤ ʥʘ ʘʧʧʘʨʘʪʥʦʤ ʫʨʦʚʥʝ (ʣʦʛʠʨʦʚʘʥʠʝ ʠ ʤʦʥʠʪʦʨʠʥʛ ʙʝʟʦʧʘʩʥʦʩʪʠ: ʨʝʟʝʨʚʥʦʝ ʢʦʧʠʨʦʚʘ-
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ʥʠʝ, ʠʟʙʳʪʦʯʥʦʩʪʴ ʭʨʘʥʝʥʠʷ, ʟʘʱʠʪʘ ʦʪ ʩʙʦʝʚ). ɸ ʟʘʱʠʪʫ ʦʪ ʚʥʝʰʥʝʛʦ ʚʨʝʜʦʥʦʩʥʦʛʦ ʚʦʟʜʝʡ-

ʩʪʚʠʷ ʚʦʟʣʘʛʘʝʤ ʥʘ ʩʝʨʚʠʩ ʙʝʟʦʧʘʩʥʦʩʪʠ ʠʥʬʨʘʩʪʨʫʢʪʫʨʥʦʛʦ ʩʣʦʷ ʩʝʨʚʝʨʘ ʩʠʩʪʝʤʳ. 

ɸʣʛʦʨʠʪʤʠʟʘʮʠʷ ʠ ʧʨʦʛʨʘʤʤʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʜʝʡʩʪʚʫʶʱʠʭ ʂʣʠʥʠʯʝʩʢʠʭ ʨʝʢʦʤʝʥʜʘʮʠʡ ʜʣʷ 

ʢʘʞʜʦʡ ʩʦʮʠʘʣʴʥʦ ʟʥʘʯʠʤʦʡ ʥʦʟʦʣʦʛʠʠ, ʢʘʢ ʤʦʜʝʣʴ ʧʨʠʥʷʪʠʷ ʠ ʠʩʧʦʣʥʝʥʠʷ ʨʝʰʝʥʠʡ ʚ ʩʠʩʪʝʤʝ 

ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʷ, ʩʧʦʩʦʙʥʳ ʢʦʨʝʥʥʳʤ ʦʙʨʘʟʦʤ ʠʟʤʝʥʠʪʴ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʠ ʢʘʯʝʩʪʚʦ ʤʝʜʠ-

ʮʠʥʩʢʠʭ ʫʩʣʫʛ ʥʘʩʝʣʝʥʠʶ ʧʨʝʞʜʝ ʚʩʝʛʦ ʚ ʦʙʣʘʩʪʠ ʜʠʘʛʥʦʩʪʠʢʠ ʠ ʣʝʯʝʥʠʷ. 

3. ɸʣʛʦʨʠʪʤʠʟʘʮʠʷ ʢʣʠʥʠʯʝʩʢʠʭ ʨʝʢʦʤʝʥʜʘʮʠʡ ʜʣʷ ʵʪʘʧʘ ʜʠʘʛʥʦʩʪʠʢʠ 

ʥʘ ʧʨʠʤʝʨʝ ʦʙʦʙʱʝʥʥʦʡ ʥʦʟʦʣʦʛʠʠ ʀʰʝʤʠʯʝʩʢʘʷ ʙʦʣʝʟʥʴ ʩʝʨʜʮʘ / 

ʆʩʪʨʳʡ ʢʦʨʦʥʘʨʥʳʡ ʩʠʥʜʨʦʤ 

ɸʣʛʦʨʠʪʤ ʨʝʘʣʠʟʘʮʠʠ ʢʣʠʥʠʯʝʩʢʠʭ ʨʝʢʦʤʝʥʜʘʮʠʡ ʜʦʣʞʝʥ ʦʙʣʘʜʘʪʴ ʩʚʦʡʩʪʚʘʤʠ ʜʦʚʝʨʝʥʥʦ-

ʩʪʠ ʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʢʣʶʯʘʪʴ ʚ ʩʝʙʷ ʜʦʚʝʨʝʥʥʳʝ ʜʝʡʩʪʚʠʷ ʠ ʦʪʥʦʰʝʥʠʷ ʢʘʞʜʦʛʦ ʩʫʙʲʝʢʪʘ 

ʪʨʝʫʛʦʣʴʥʠʢʘ çʚʨʘʯ-ʧʘʮʠʝʥʪ-ʀʀè. ʇʨʠʤʝʨ ʪʘʢʦʛʦ ʘʣʛʦʨʠʪʤʘ ʧʦʢʘʟʘʥ ʥʘ ʨʠʩ.1. 

 

ʈʠʩ. 1. ʉʭʝʤʘ ʘʣʛʦʨʠʪʤʘ ʨʝʘʣʠʟʘʮʠʠ ʢʣʠʥʠʯʝʩʢʠʭ ʨʝʢʦʤʝʥʜʘʮʠʡ ʥʦʟʦʣʦʛʠʠ ʀʰʝʤʠʯʝʩʢʘʷ 

ʙʦʣʝʟʥʴ ʩʝʨʜʮʘ/ʦʩʪʨʳʡ ʢʦʨʦʥʘʨʥʳʡ ʩʠʥʜʨʦʤ (ʀɹʉ-ʆʂʉ) ʜʣʷ ʪʨʦʡʢʠ çʚʨʘʯ-ʧʘʮʠʝʥʪ-ʀʀè ʥʘ 

ʧʨʠʤʝʨʝ ʵʪʘʧʘ ʜʠʘʛʥʦʩʪʠʢʠ 

ɺ ʨʦʣʠ ɺʨʘʯʘ ʟʜʝʩʴ ʚʳʩʪʫʧʘʶʪ ʙʨʠʛʘʜʘ ʩʢʦʨʦʡ ʧʦʤʦʱʠ (ɹʉʇ), ʧʨʠʝʤʥʳʡ ʧʦʢʦʡ ʣʝʯʝʙʥʦʛʦ 

ʫʯʨʝʞʜʝʥʠʷ/ʢʣʠʥʠʢʠ (ʃʋ); ʧʝʨʩʦʥʘʣ ʦʪʜʝʣʝʥʠʷ ʃʋ, ʧʨʠʥʠʤʘʶʱʝʛʦ ʧʘʮʠʝʥʪʘ ʠʟ ʧʨʠʝʤʥʦʛʦ ʧʦ-

ʢʦʷ ʃʋ. ɹʣʦʢʠ ʩʭʝʤʳ ʚ ʣʝʚʦʡ ʢʦʣʦʥʢʝ ʧʦʢʘʟʳʚʘʶʪ ʨʘʟʚʠʪʠʝ ʩʦʙʳʪʠʡ ʠ ʫʯʘʩʪʥʠʢʦʚ ʩʦʙʳʪʠʡ (ʥʘ 

ʩʝʨʦʤ ʬʦʥʝ). ɹʣʦʢʠ ʩʧʨʘʚʘ ʚ ʢʘʞʜʦʡ ʛʦʨʠʟʦʥʪʘʣʠ ʧʦʢʘʟʳʚʘʶʪ ʚʦʟʤʦʞʥʳʝ ʠʩʭʦʜʳ ʩʦʙʳʪʠʡ. ʇʘ-

ʮʠʝʥʪ ʧʦʢʘʟʘʥ ʪʦʣʴʢʦ ʥʘ ʧʝʨʚʦʡ ʛʦʨʠʟʦʥʪʘʣʠ, ʯʪʦʙʳ ʥʝ ʧʝʨʝʛʨʫʞʘʪʴ ʩʭʝʤʫ: ʜʘʣʝʝ ʧʘʮʠʝʥʪ ʪʘʢ-

ʞʝ ʷʚʣʷʝʪʩʷ ʢʘʯʝʩʪʚʝʥʥʦ ʠʥʬʦʨʤʠʨʫʝʤʦʡ ʩʪʦʨʦʥʦʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠ ʠʩʪʦʯʥʠʢʦʤ ʩʫʙʲʝʢʪʠʚ-

ʥʦʡ ʦʮʝʥʢʠ ʩʚʦʝʛʦ ʩʦʩʪʦʷʥʠʷ. ʀʀ ʟʘʜʝʡʩʪʚʦʚʘʥ ʩ ʤʦʤʝʥʪʘ ʨʝʛʠʩʪʨʘʮʠʠ ʕʂɻ ʚ ʧʝʨʚʳʝ 10 ʤʠʥ 

ʢʦʥʪʘʢʪʘ ʩ ɹʉʇ. ʉ ʤʦʤʝʥʪʘ ʧʝʨʝʜʘʯʠ ʧʘʮʠʝʥʪʘ ʚ ʢʣʠʥʠʢʫ, ʀʀ ʙʝʨʝʪ ʥʘ ʩʝʙʷ ʢʦʥʪʨʦʣʴ ʟʘ ʠʩʧʦʣ-

ʥʝʥʠʝʤ ʧʨʦʪʦʢʦʣʘ ʚʝʜʝʥʠʷ ʧʘʮʠʝʥʪʘ ʚ ʃʋ (ʢʦʥʪʨʦʣʴ ʚʳʩʦʢʦʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʩʝʨʜʝʯʥʦʛʦ ʪʨʦʧʦ-

ʥʠʥʘ), ʘ ʟʘʪʝʤ ʦʢʦʥʯʘʪʝʣʴʥʦʛʦ ʜʠʘʛʥʦʟʘ, ʣʝʯʝʥʠʷ, ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʣʘʙʦʨʘʪʦʨʥʳʭ ʦʮʝʥʦʢ ʠ ʠʥ-

ʩʪʨʫʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. ʂʘʞʜʳʡ ʙʣʦʢ ʧʨʝʜʫʩʤʘʪʨʠʚʘʝʪ ʩʚʦʡ ʢʦʤʧʣʝʢʩ ʤʝʨʦʧʨʠʷʪʠʡ ʣʝ-

ʯʝʥʠʷ, ʧʝʨʝʜʘʚʘʝʤʳʡ ʥʘ ʠʩʧʦʣʥʝʥʠʝ ʤʝʜʧʝʨʩʦʥʘʣʫ (ʧʦʢʘʟʘʥʳ ʩʥʦʩʢʘʤʠ ʢʘʢ ʩʨʦʯʥʳʝ-ʢʨʘʩʥʳʝ ʠ 

ʨʝʛʫʣʷʨʥʳʝ-ʯʝʨʥʳʝ). 
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ɸʣʛʦʨʠʪʤ ʨʝʘʣʠʟʘʮʠʠ ʵʪʘʧʘ ʃʝʯʝʥʠʝ ʚʳʛʣʷʜʠʪ ʧʦʜʦʙʥʳʤ ʦʙʨʘʟʦʤ ʢʘʢ ʜʝʨʝʚʦ ʨʝʰʝʥʠʡ ʠ 

ʧʦʣʥʦʩʪʴʶ ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ ʠʩʢʫʩʩʪʚʝʥʥʳʤ ʠʥʪʝʣʣʝʢʪʦʤ, ʨʝʘʣʠʟʫʶʱʠʤ ʥʝʦʙʭʦʜʠʤʳʡ ʪʝʢʫʱʠʡ 

ʤʦʥʠʪʦʨʠʥʛ ʩʦʩʪʦʷʥʠʷ ʧʘʮʠʝʥʪʘ ʠ ʧʫʙʣʠʢʫʶʱʠʤ ʝʞʝʜʥʝʚʥʳʡ ʦʪʯʝʪ ʦ ʝʛʦ ʩʦʩʪʦʷʥʠʠ. 

4. ʅʝʧʨʝʨʳʚʥʦʝ ʦʙʫʯʝʥʠʝ ʩʠʩʪʝʤʳ ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʷ ʠ ʩʢʚʦʟʥʘʷ 

ʮʠʬʨʦʚʘʷ ʪʝʭʥʦʣʦʛʠʷ ʜʣʷ ʥʝʝ 

ʆʜʥʘʢʦ, ʩʠʩʪʝʤʥʦʝ ʨʝʰʝʥʠʝ ʠʥʪʝʛʨʘʮʠʠ ʜʦʚʝʨʝʥʥʦʛʦ ʀʀ ʚ ʠʥʬʨʘʩʪʨʫʢʪʫʨʫ ʟʜʨʘʚʦʦʭʨʘʥʝ-

ʥʠʷ ʦʢʘʞʝʪʩʷ ʥʝʧʦʣʥʳʤ ʙʝʟ ʨʝʰʝʥʠʷ ʧʨʦʙʣʝʤʳ ʥʝʧʨʝʨʳʚʥʦʛʦ ʦʙʫʯʝʥʠʷ ʩʠʩʪʝʤʳ ʟʜʨʘʚʦʦʭʨʘʥʝ-

ʥʠ.̫ ʕʪʦ ʦʜʥʦʚʨʝʤʝʥʥʦ ʦʟʥʘʯʘʝʪ ʠ ʛʦʪʦʚʥʦʩʪʴ ʢ ʥʝʧʨʝʨʳʚʥʦʤʫ ʦʙʥʦʚʣʝʥʠʶ ʂʈ ʧʦ ʤʝʨʝ ʥʘʢʦʧ-

ʣʝʥʠʷ ʩʪʘʪʠʩʪʠʢʠ ʧʨʠʤʝʥʝʥʠʷ ʪʝʢʫʱʠʭ ʂʈ ʠ ʫʩʧʝʰʥʳʭ/ʥʝʫʩʧʝʰʥʳʭ ʧʨʝʮʝʜʝʥʪʦʚ ʩʣʦʞʥʳʭ 

ʢʣʠʥʠʯʝʩʢʠʭ ʩʠʪʫʘʮʠʡ. ʕʪʦ ʨʝʰʝʥʠʝ ʪʨʝʙʫʝʪ ʰʠʨʦʢʦʡ ʤʝʞʢʣʠʥʠʯʝʩʢʦʡ ʠʥʪʝʛʨʘʮʠʠ ʨʝʟʫʣʴʪʘ-

ʪʦʚ ʜʠʘʛʥʦʩʪʠʢʠ, ʣʝʯʝʥʠʷ ʠ ʨʝʘʙʠʣʠʪʘʮʠʠ, ʘ ʪʘʢʞʝ ʧʦʜʜʝʨʞʢʠ ʧʨʦʮʝʜʫʨʳ ʦʙʥʦʚʣʝʥʠʷ ʂʈ ʠ ʟʘ-

ʤʢʥʫʪʦʩʪʠ ʚʩʝʛʦ ʞʠʟʥʝʥʥʦʛʦ ʮʠʢʣʘ ʂʈ ʩʦ ʩʪʦʨʦʥʳ ʜʦʚʝʨʝʥʥʦʛʦ ʀʀ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʥʘʰʘ ʄʀʉ 

ʤʦʞʝʪ ʧʦʣʫʯʠʪʴ ʩʪʘʪʫʩ ʩʢʚʦʟʥʦʡ ʮʠʬʨʦʚʦʡ ʪʝʭʥʦʣʦʛʠʠ (ʉʎʊ) ʚ ʦʙʣʘʩʪʠ ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʷ, ʪʠ-

ʨʘʞʠʨʫʝʤʦʡ ʥʘ ʧʨʦʠʟʚʦʣʴʥʳʝ ʥʦʟʦʣʦʛʠʠ.  

ʌʦʨʤʳ ʠ ʩʦʜʝʨʞʘʥʠʝ ʩʦʚʨʝʤʝʥʥʦʡ ʧʨʦʮʝʜʫʨʳ ʦʙʥʦʚʣʝʥʠʷ ʂʈ ʜʦʩʪʘʪʦʯʥʦ ʧʦʣʥʦ ʦʧʠʩʘʥʳ ʚ 

ʧʫʙʣʠʢʘʮʠʠ [13]. ʇʦʨʷʜʦʢ ʠ ʩʨʦʢʠ ʦʙʥʦʚʣʝʥʠʷ ʨʝʛʣʘʤʝʥʪʠʨʦʚʘʥʳ ʩʝʛʦʜʥʷ ʧʨʠʢʘʟʦʤ ʄɿ ʈʌ ʦʪ 

28.02.2019 ʛʦʜʘ ˉ104ʥ ʩ ʠʟʤʝʥʝʥʠʷʤʠ ʠ ʜʦʧʦʣʥʝʥʠʷʤʠ ʦʪ 28.09.2023 ʛʦʜʘ ˉ 507ʥ, ʚʚʝʜʝʥʳ ʚ 

ʜʝʡʩʪʚʠʝ ʧʦʨʷʜʦʢ ʠ ʩʨʦʢʠ ʦʜʦʙʨʝʥʠʷ ʠ ʫʪʚʝʨʞʜʝʥʠʷ ʂʈ ʥʘʫʯʥʦ-ʧʨʘʢʪʠʯʝʩʢʠʤ ʩʦʚʝʪʦʤ ʄɿ ʈʌ ʠ 

ʤʝʜʠʮʠʥʩʢʠʤʠ ʧʨʦʬʝʩʩʠʦʥʘʣʴʥʳʤʠ ʥʝʢʦʤʤʝʨʯʝʩʢʠʤʠ ʦʨʛʘʥʠʟʘʮʠʷʤʠ. 

ʇʨʦʝʢʪ ʂʈ ʨʘʟʨʘʙʘʪʳʚʘʝʪʩʷ ʦʜʥʦʡ ʠʣʠ ʥʝʩʢʦʣʴʢʠʤʠ ʫʧʦʣʥʦʤʦʯʝʥʥʳʤʠ ʤʝʜʠʮʠʥʩʢʠʤʠ 

ʧʨʦʬʝʩʩʠʦʥʘʣʴʥʳʤʠ ʥʝʢʦʤʤʝʨʯʝʩʢʠʤʠ ʘʩʩʦʮʠʘʮʠʷʤʠ ʠ ʦʨʛʘʥʠʟʘʮʠʷʤʠ, ʦʧʠʨʘʷʩʴ ʥʘ ʜʦʢʘʟʘ-

ʪʝʣʴʥʫʶ ʤʝʜʠʮʠʥʫ ʠ ʫʯʠʪʳʚʘʷ ʢʨʠʪʝʨʠʠ ʚʘʣʠʜʥʦʩʪʠ, ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʦʩʪʠ ʠ ʧʨʠʤʝʥʠʤʦʩʪʠ ʚ 

ʢʣʠʥʠʢʝ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʝʜʝʨʘʣʴʥʦʛʦ ʨʝʝʩʪʨʘ ʥʦʨʤʘʪʠʚʥʦ-ʩʧʨʘʚʦʯʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʠʟ 

ʝʜʠʥʦʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʠʥʬʦʨʤʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʷ (ɽɻʀʉɿ), ʠ ʥʘʧʨʘʚʣʷʝʪʩʷ 

ʚ ʄɿ ʈʌ. 

ʆʪʚʝʪʩʪʚʝʥʥʳʤ ʟʘ ʨʘʩʩʤʦʪʨʝʥʠʝ ʧʨʦʝʢʪʘ ʂʈ ʥʘʫʯʥʦ-ʧʨʘʢʪʠʯʝʩʢʠʤ ʩʦʚʝʪʦʤ ʷʚʣʷʝʪʩʷ ʧʨʦ-

ʬʠʣʴʥʳʡ ʜʝʧʘʨʪʘʤʝʥʪ ʄʠʥʠʩʪʝʨʩʪʚʘ ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʷ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ, ʢʦʪʦʨʳʡ ʚ ʩʣʫ-

ʯʘʝ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʨʝʰʝʥʠʷ ʥʘʧʨʘʚʣʷʝʪ ʂʈ ʚ ʵʢʩʧʝʨʪʥʫʶ ʦʨʛʘʥʠʟʘʮʠʶ (ʬʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨ-

ʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʫʯʨʝʞʜʝʥʠʝ, ʥʘʭʦʜʷʱʝʝʩʷ ʚ ʚʝʜʝʥʠʠ ʄɿ ʈʌ), ʜʣʷ ʧʦʜʛʦʪʦʚʢʠ ʵʢʩʧʝʨʪʥʦʛʦ 

ʟʘʢʣʶʯʝʥʠʷ ʧʦ ʂʈ. 

ʕʢʩʧʝʨʪʥʦʝ ʟʘʢʣʶʯʝʥʠʝ ʩʦʜʝʨʞʠʪ ʥʘʫʯʥʦ ʦʙʦʩʥʦʚʘʥʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦʙ ʵʧʠʜʝʤʠʦʣʦʛʠʠ, 

ʵʪʠʦʣʦʛʠʠ, ʧʘʪʦʛʝʥʝʟʝ, ʩʦʚʨʝʤʝʥʥʦʡ ʢʣʘʩʩʠʬʠʢʘʮʠʠ, ʢʣʠʥʠʯʝʩʢʦʡ ʢʘʨʪʠʥʝ, ʣʘʙʦʨʘʪʦʨʥʦ-

ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʦʡ ʜʠʘʛʥʦʩʪʠʢʝ ʠ ʪʝʨʘʧʠʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʥʦʟʦʣʦʛʠʯʝʩʢʦʡ ʬʦʨʤʳ. ʇʨʠ ʵʪʦʤ 

ʤʝʜʠʮʠʥʩʢʠʝ ʫʩʣʫʛʠ ʜʦʣʞʥʳ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʥʦʤʝʥʢʣʘʪʫʨʝ ʤʝʜʠʮʠʥʩʢʠʭ ʫʩʣʫʛ, ʣʝʢʘʨʩʪʚʝʥʥʳʝ 

ʧʨʝʧʘʨʘʪʳ ʜʣʷ ʤʝʜʠʮʠʥʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ, ʤʝʜʠʮʠʥʩʢʠʝ ʠʟʜʝʣʠʷ ʜʦʣʞʥʳ ʠʤʝʪʴ ʛʦʩʫʜʘʨʩʪʚʝʥ-

ʥʫʶ ʨʝʛʠʩʪʨʘʮʠʶ, ʥʘʟʚʘʥʠʷ ʬʘʨʤʘʢʦʪʝʨʘʧʝʚʪʠʯʝʩʢʠʭ ʛʨʫʧʧ ʣʝʢʘʨʩʪʚʝʥʥʳʭ ʧʨʝʧʘʨʘʪʦʚ - ʩʦ-

ʦʪʚʝʪʩʪʚʦʚʘʪʴ ʘʥʘʪʦʤʦ-ʪʝʨʘʧʝʚʪʠʯʝʩʢʦ-ʭʠʤʠʯʝʩʢʦʡ ʢʣʘʩʩʠʬʠʢʘʮʠʠ, ʨʝʢʦʤʝʥʜʦʚʘʥʥʦʡ ɺʆɿ, 

ʘ ʧʦʢʘʟʘʥʠʷ ʢ ʧʨʠʤʝʥʝʥʠʶ ʠ ʧʨʦʪʠʚʦʧʦʢʘʟʘʥʠʷ, ʩʧʦʩʦʙʳ ʧʨʠʤʝʥʝʥʠʷ ʠ ʜʦʟʳ ʣʝʢʘʨʩʪʚʝʥʥʳʭ 

ʧʨʝʧʘʨʘʪʦʚ, ʜʦʣʞʥʳ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʠʥʩʪʨʫʢʮʠʠ ʧʦ ʧʨʠʤʝʥʝʥʠʶ.  

ɺ ʩʣʫʯʘʝ ʨʝʘʣʠʟʘʮʠʠ ʥʝʧʨʝʨʳʚʥʦʛʦ ʦʙʫʯʝʥʠʷ ʠ ʦʙʥʦʚʣʝʥʠʷ ʩʠʩʪʝʤʳ ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʷ ʥʝ-

ʧʨʝʨʳʚʥʦʝ (ʝʞʝʤʝʩʷʯʥʦʝ, ʝʞʝʥʝʜʝʣʴʥʦʝ, ʝʞʝʩʫʪʦʯʥʦʝ, ʧʦ ʢʨʠʪʝʨʠʷʤ ʚʳʨʘʙʦʪʘʥʥʳʤ ʩʦʦʙʱʝ-

ʩʪʚʦʤ ʠ ʫʪʚʝʨʞʜʝʥʥʳʤ ʄɿ ʈʌ) ʧʝʨʚʠʯʥʦʝ ʦʙʥʦʚʣʝʥʠʝ ʚʝʨʩʠʠ ʢʣʠʥʠʯʝʩʢʠʭ ʨʝʢʦʤʝʥʜʘʮʠʡ 

ʜʦʣʞʥʦ ʙʳʪʴ ʧʝʨʝʣʦʞʝʥʦ ʥʘ ʀʀ. ɺʝʨʩʠʷ ʂʈ ʛʦʪʦʚʠʪʩʷ ʀʀ ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ ʧʨʦʝʢʪʦʤ ʕʢʩʧʝʨʪ-

ʥʦʛʦ ʟʘʢʣʶʯʝʥʠʷ ʧʦ ʥʝʡ. ʇʦʜʜʝʨʞʢʘ ʘʢʪʫʘʣʴʥʦʩʪʠ ʚʩʝʭ ʩʧʨʘʚʦʯʥʳʭ ʜʘʥʥʳʭ ʠʟ ɽɻʀʉɿ, ʥʝʦʙʭʦ-

ʜʠʤʳʭ ʜʣʷ ʦʜʦʙʨʝʥʠʷ ʧʨʦʝʢʪʘ ʂʈ ʠ ʩʦʧʨʦʚʦʞʜʝʥʠʷ ʂʈ ʧʦʩʣʝ ʦʜʦʙʨʝʥʠʷ, ʤʦʞʝʪ ʙʳʪʴ ʦʙʝʩʧʝʯʝ-

ʥʘ ʧʦʜʢʣʶʯʝʥʠʝʤ, ʢ ʫʟʣʘʤ ʠ ʣʠʩʪʘʤ ʜʝʨʝʚʘ ʨʝʰʝʥʠʡ ʂʈ, ʩʠʩʪʝʤʳ RAG (Retrieval Augmented 

Generation), ʦʙʥʦʚʣʷʶʱʝʡ ʘʢʪʫʘʣʴʥʳʝ ʪʦʯʥʳʝ ʜʘʥʥʳʝ ʥʘ ʢʘʞʜʳʡ ʪʝʢʫʱʠʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ. ʊʝ-

ʢʫʱʝʝ ʧʝʨʚʠʯʥʦʝ ʦʙʥʦʚʣʝʥʠʝ ʂʈ ʤʦʞʝʪ ʙʳʪʴ ʜʦʩʪʫʧʥʦ ʦʨʛʘʥʠʟʘʮʠʷʤ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʦʜ 

ʦʪʚʝʪʩʪʚʝʥʥʦʩʪʴ ʦʨʛʘʥʠʟʘʮʠʠ. ʋʪʚʝʨʞʜʝʥʠʝ ʧʨʦʝʢʪʘ ʕʢʩʧʝʨʪʥʦʛʦ ʟʘʢʣʶʯʝʥʠʷ ʤʦʞʝʪ ʦʩʫʱʝʩʪʚ-

ʣʷʪʴʩʷ ʧʦ ʤʝʨʝ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʪʘʢʞʝ ʧʦ ʫʪʚʝʨʞʜʝʥʥʳʤ ʢʨʠʪʝʨʠʷʤ. 
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ɺ ʩʪʘʪʴʝ ʜʘʥ ʘʥʘʣʠʟ ʢʣʶʯʝʚʳʭ ʤʦʤʝʥʪʦʚ ʨʘʟʚʠʪʠʷ ʂʣʠʥʠʯʝʩʢʠʭ ʨʝʢʦʤʝʥʜʘʮʠʠ (ʂʈ) ʚ ʧʨʘʢ-

ʪʠʢʝ ʤʝʜʠʮʠʥʳ ʠ ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʷ, ʢʘʢ ʦʩʥʦʚʥʦʛʦ ʜʦʢʫʤʝʥʪʘ ï ʠʥʪʝʛʨʘʪʦʨʘ ʦʧʳʪʘ ʜʦʢʘʟʘʪʝʣʴ-

ʥʦʡ ʤʝʜʠʮʠʥʳ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʛʦ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʦ ʚʨʘʯʝʙʥʦʡ ʧʨʘʢʪʠʢʝ ʠ ʦʙʨʘʟʦʚʘʥʠʠ, 

ʦʭʚʘʪʳʚʘʶʱʝʛʦ ʚʦʧʨʦʩʳ ʧʨʦʬʠʣʘʢʪʠʢʠ, ʩʢʨʠʥʠʥʛʘ, ʜʠʘʛʥʦʩʪʠʢʠ, ʣʝʯʝʥʠʷ, ʢʦʥʪʨʦʣ ̫ʩʦʩʪʦʷʥʠʷ 

ʠ ʨʝʘʙʠʣʠʪʘʮʠʠ ʟʘʙʦʣʝʚʘʥʠʡ, ʦʩʥʦʚʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʧʦʚʳʰʝʥʠʷ ʢʘʯʝʩʪʚʘ ʤʝʜʠʮʠʥʩʢʦʡ ʧʦʤʦ-

ʱʠ. ɼʘʥ ʘʥʘʣʠʟ ʨʘʟʚʠʪʠʷ ʨʦʣʠ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ ʢʘʢ ʦʧʨʝʜʝʣʷʶʱʝʡ ʜʣʷ ʨʘʟʚʠʪʠʷ 

ʧʨʠʤʝʥʝʥʠʷ ʢʣʠʥʠʯʝʩʢʠʭ ʨʝʢʦʤʝʥʜʘʮʠʡ. ʇʦʢʘʟʘʥʳ ʧʨʦʙʣʝʤʳ ʨʘʟʚʠʪʠʷ ʀʀ, ʦʩʪʘʶʱʠʝʩʷ ʥʝʨʝ-

ʰʝʥʥʳʤʠ, ʘ ʠʤʝʥʥʦ: a) ʠʥʪʝʛʨʘʮʠʷ ʀʀ ʚ ʠʥʬʨʘʩʪʨʫʢʪʫʨʫ ʧʨʝʜʦʩʪʘʚʣʝʥʠʷ ʤʝʜʠʮʠʥʩʢʠʭ ʫʩʣʫʛ; 

b) ʦʙʝʩʧʝʯʝʥʠʝ ʥʝʧʨʝʨʳʚʥʦʛʦ ʦʙʫʯʝʥʠʷ ʩʠʩʪʝʤʳ ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʷ; c) ʩʦʭʨʘʥʝʥʠʝ ʥʠʟʢʦʡ ʧʨʠ-

ʤʝʥʷʝʤʦʩʪʠ ʂʈ ʚ ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʠ. ʇʨʝʜʣʦʞʝʥʦ ʥʦʚʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʜʦʚʝʨʝʥʥʦʛʦ ʀʀ ʠ ʨʝʰʝʥʠʝ 

ʫʢʘʟʘʥʥʳʭ ʧʨʦʙʣʝʤ ʥʘ ʦʩʥʦʚʝ ʨʝʘʣʠʟʘʮʠʠ ʂʈ ʥʝ ʢʘʢ ʪʨʘʜʠʮʠʦʥʥʦ ʩʧʨʘʚʦʯʥʦʛʦ ʜʦʢʫʤʝʥʪʘ ʩʠ-

ʩʪʝʤʳ, ʘ ʢʘʢ ʛʣʘʚʥʦʛʦ ʫʧʨʘʚʣʷʶʱʝʛʦ ʜʝʨʝʚʘ ʨʝʰʝʥʠʡ ʀʀ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʛʦ ʜʦʚʝʨʝʥʥʦʩʪʴ ʠ 

100-ʧʨʦʮʝʥʪʥʫʶ ʧʨʠʤʝʥʷʝʤʦʩʪʴ ʂʈ ʢʘʢ ʫʧʨʘʚʣʷʶʱʝʡ ʤʦʜʝʣʠ ʀʀ. ɺ ʧʣʘʥʝ ʜʘʣʴʥʝʡʰʝʡ ʨʘʙʦʪʳ 

ʘʣʛʦʨʠʪʤʠʟʘʮʠʷ ʥʝʧʨʝʨʳʚʥʦʛʦ ʦʙʫʯʝʥʠʷ ʩʠʩʪʝʤʳ ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʷ. 
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ʆɹʈɸɹʆʊʂɸ ʀ ɸʅɸʃʀɿ ɼɸʅʅʓʍ ʇʆɻʃʆʑɽʅʀʗ ɸʊʄʆʉʌɽʈʓ 

ʅɸ ʇʆʃʀɻʆʅɽ çʂɸʈɸ-ɼɸɻè1*  

ɽ.ɸ. ʇʘʥʢʨʘʪʦʚʘ1, ʀ.ʊ. ɹʫʙʫʢʠʥ1, ʀ.ɺ. ʈʘʢʫʪʴ1,2, ʄ.ʀ. ɸʛʘʬʦʥʦʚ1,2, ɸ.ɸ. ʗʙʣʦʢʦʚ2,3,  

ɺ.ʀ. ɹʫʙʫʢʠʥ1, ɸ.ʃ. ʇʘʥʢʨʘʪʦʚ2,3 

1ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ. ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ, 
2ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʈ. ɽ. ɸʣʝʢʩʝʝʚʘ, 

3ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨ ʈɸʅ. 

ʇʨʦʚʝʜʝʥʳ ʦʙʨʘʙʦʪʢʘ ʠ ʘʥʘʣʠʟ ʜʘʥʥʳʭ ʧʦʛʣʦʱʝʥʠʷ ʘʪʤʦʩʬʝʨʳ, ʧʦʣʫʯʝʥʥʳʭ ʨʘʜʠʦ-

ʤʝʪʨʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ ʥʘ ʧʦʣʠʛʦʥʝ ʫ ʧʦʜʥʦʞʠʷ ʛʦʨʳ ɹʘʣʘʣʳ-ʂʘʷ ʚ ʖʛʦ-ɺʦʩʪʦʯʥʦʤ 

ʂʨʳʤʫ. ʅʘʧʠʩʘʥʘ ʧʨʦʛʨʘʤʤʘ ʥʘ ʷʟʳʢʝ Python, ʧʦʟʚʦʣʷʶʱʘʷ ʧʦʩʪʨʦʠʪʴ ʛʠʩʪʦʛʨʘʤʤʳ 

ʠ ʧʨʦʚʝʩʪʠ ʘʥʘʣʠʟ ʟʥʘʯʝʥʠʡ ʧʦʛʣʦʱʝʥʠʷ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʛʣʦʱʝʥʠʝ ʥʘ ʧʦʣʠʛʦʥʝ 

çʂʘʨʘ-ɼʘʛè ʠʤʝʝʪ ʥʠʟʢʠʡ ʫʨʦʚʝʥʴ, ʥʝʩʤʦʪʨʷ ʥʘ ʤʘʣʫʶ ʚʳʩʦʪʫ ʤʝʩʪʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʦʣʠʛʦʥ çʂʘʨʘ-ɼʘʛè, ʘʩʪʨʦʢʣʠʤʘʪ, ʧʦʛʣʦʱʝʥʠʝ ʘʪʤʦʩʬʝʨʳ, ʨʘʜʠʦ-

ʤʝʪʨʠʯʝʩʢʠʝ ʤʝʪʦʜʳ. 

 

1. ɺʚʝʜʝʥʠʝ 

ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʥʘ ʪʝʨʨʠʪʦʨʠʠ ʈʦʩʩʠʠ ʥʝʪ ʢʨʫʧʥʳʭ ʤʠʣʣʠʤʝʪʨʦʚʳʭ ʠ ʩʫʙʤʠʣʣʠʤʝʪʨʦ-

ʚʳʭ ʪʝʣʝʩʢʦʧʦʚ, ʢʦʪʦʨʳʝ ʥʝʦʙʭʦʜʠʤʳ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʘʢʠʭ ʘʢʪʫʘʣʴʥʳʭ ʥʘʫʯʥʳʭ ʟʘʜʘʯ, ʢʘʢ 

ʧʦʠʩʢ ʥʦʚʳʭ ʭʠʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʢʦʩʤʦʩʝ (ʚ ʪʦʤ ʯʠʩʣʝ ʦʨʛʘʥʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣ), ʠʟʫʯʝʥʠʝ 

ʟʚʝʟʜʦʦʙʨʘʟʦʚʘʥʠʷ ʚʦ ɺʩʝʣʝʥʥʦʡ, ʠʩʩʣʝʜʦʚʘʥʠʝ ʵʬʬʝʢʪʘ ʉʶʥʷʝʚʘ ï ɿʝʣʴʜʦʚʠʯʘ ʚ ʩʢʦʧʣʝʥʠʷʭ 

ʛʘʣʘʢʪʠʢ. ʋʩʪʘʥʦʚʢʘ ʪʘʢʠʭ ʪʝʣʝʩʢʦʧʦʚ ʚʦʟʤʦʞʥʘ ʥʘ ʚʳʩʦʢʦʛʦʨʥʳʭ ʧʦʣʠʛʦʥʘʭ ʩ ʭʦʨʦʰʠʤ ʘʩʪʨʦ-

ʢʣʠʤʘʪʦʤ: ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʙʝʟʦʙʣʘʯʥʳʭ ʜʥʝʡ ʠ ʥʦʯʝʡ ʚ ʪʝʯʝʥʠʝ ʛʦʜʘ ʠ ʥʠʟʢʠʤ ʩʦʜʝʨʞʘ-

ʥʠʝʤ ʚʦʜʷʥʳʭ ʧʘʨʦʚ ʚ ʘʪʤʦʩʬʝʨʝ, ʢʦʪʦʨʦʝ ʦʧʨʝʜʝʣʷʝʪ ʫʨʦʚʝʥʴ ʧʦʛʣʦʱʝʥʠʷ ʘʪʤʦʩʬʝʨʳ [1]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʳ ʦʙʨʘʙʦʪʢʘ ʠ ʘʥʘʣʠʟ ʜʘʥʥʳʭ ʧʦʛʣʦʱʝʥʠʷ ʘʪʤʦʩʬʝʨʳ ʟʘ ʜʥʝʚʥʦʡ 

ʠ ʥʦʯʥʦʡ ʧʝʨʠʦʜ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʧʦʣʠʛʦʥʝ çʂʘʨʘ-ɼʘʛè ʫ ʧʦʜʥʦʞʠʷ ʛʦʨʳ ɹʘʣʘʣʳ-ʂʘʷ ʚ ʖʛʦ-

ɺʦʩʪʦʯʥʦʤ ʂʨʳʤʫ ʟʘ ʘʚʛʫʩʪ, ʩʝʥʪʷʙʨʴ ʠ ʥʦʷʙʨʴ 2019 ʛʦʜʘ. 

2. ʆʙʨʘʙʦʪʢʘ ʜʘʥʥʳʭ 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʜʘʥʥʳʭ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʨʘʜʠʦʤʝʪʨʠʯʝʩʢʠʡ ʢʦʤʧʣʝʢʩ, ʚʢʣʶʯʘʶʱʠʡ ʨʘʜʠʦ-

ʤʝʪʨ ʥʘ ʜʣʠʥʝ ʚʦʣʥ r3 ʤʤ. ɺ ʨʘʤʢʘʭ ʥʘʙʣʶʜʝʥʠʡ ʧʨʠʤʝʥʷʣʠʩʴ ʤʝʪʦʜʳ ʘʪʤʦʩʬʝʨʥʳʭ ʨʘʟʨʝʟʦʚ 

çʜʚʫʭ ʫʛʣʦʚè ʠ çʜʝʩʷʪʠ ʫʛʣʦʚè [2,3].  

ɼʣʷ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʙʳʣʘ ʥʘʧʠʩʘʥʘ ʧʨʦʛʨʘʤʤʘ ʥʘ ʷʟʳʢʝ Python, ʧʦʟʚʦʣʷʶʱʘʷ ʧʦʩʪʨʦʠʪʴ 

ʛʠʩʪʦʛʨʘʤʤʳ, ʥʘʛʣʷʜʥʦ ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʝ ʧʨʦʮʝʥʪʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʛʣʦʱʝʥʠʷ ʘʪʤʦʩʬʝʨʳ 

ʜʣʷ ʜʣʠʥ rʚʦʣʥ r3 ʤʤ ʚ ʪʝʯʝʥʠʝ ʚʳʙʨʘʥʥʦʛʦ ʤʝʩʷʮʘ. 

3. ɸʥʘʣʠʟ 

ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʛʠʩʪʦʛʨʘʤʤʳ ʟʘ ʘʚʛʫʩʪ 2019 ʛʦʜʘ ʜʣʷ ʤʝʪʦʜʦʚ çʜʚʫʭ ʫʛʣʦʚè ʠ çʜʝ-

ʩʷʪʠ ʫʛʣʦʚè. ʅʘ ʥʠʭ ʤʦʞʥʦ ʫʚʠʜʝʪʴ 2 ʷʨʢʦ ʚʳʨʘʞʝʥʥʳʭ ʧʠʢʘ ʥʘ ʟʥʘʯʝʥʠʷʭ 0.19 ʠ 0.3 ʅʧ. ɺʠʜ-

ʥʦ, ʯʪʦ ʟʥʘʯʝʥʠʷ ʧʦʛʣʦʱʝʥʠʷ ʧʨʠ ʤʝʪʦʜʝ çʜʚʫʭ ʫʛʣʦʚè ʥʝʤʥʦʛʦ ʤʝʥʴʰʝ, ʯʝʤ ʧʨʠ ʤʝʪʦʜʝ çʜʝʩʷ-

ʪʠ ʫʛʣʦʚè, ʵʪʦ ʨʘʟʣʠʯʠʝ ʥʝʩʫʱʝʩʪʚʝʥʥʦ ʠ ʟʘʚʠʩʠʪ ʦʪ ʚʳʙʦʨʘ ʫʛʣʦʚ. 

                                                      
1* ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʅʌ, ʛʨʘʥʪ ˉ 25-79-20019. 
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ʈʠʩ. 1. ʈʠʩ. 2 

ʅʘ ʨʠʩ. 2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʛʠʩʪʦʛʨʘʤʤʳ ʟʘ ʥʦʷʙʨʴ ʜʣʷ ʤʝʪʦʜʦʚ çʜʚʫʭ ʫʛʣʦʚè ʠ çʜʝʩʷʪʠ ʫʛʣʦʚè. 

ʅʘ ʥʠʭ ʤʦʞʥʦ ʫʚʠʜʝʪʴ 3 ʚr ʨʘʞʝʥʥʳʭ ʧʠʢʘ ʥʘ ʟʥʘʯʝʥʠʷʭ 0.13, 0.18 ʠ 0.28 ʅʧ. ɿʥʘʯʝʥʠʝ ʩʘʤʦʛʦ 

ʣʝʚʦʛʦ ʧʠʢʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʚʣʘʞʥʦʩʪʠ ʧʦʨʷʜʢʘ 10% ʠ ʷʚʣʷʝʪʩʷ ʢʨʘʡʥʝ ʭʦʨʦʰʠʤ 

ʨʝʟʫʣʴʪʘʪʦʤ.  

3.1. ʉʨʘʚʥʝʥʠʝ ʧʦʛʣʦʱʝʥʠʷ ʟʘ ʧʝʨʠʦʜʳ ʜʥʷ ʠ ʥʦʯʠ 

ɺ ʜʥʝʚʥʦʡ ʠ ʥʦʯʥʦʡ ʧʝʨʠʦʜ ʥʘ ʪʝʨʨʠʪʦʨʠʠ ʧʦʣʠʛʦʥʘ çʂʘʨʘ-ɼʘʛè ʧʨʝʦʙʣʘʜʘʶʪ ʨʘʟʣʠʯʥʳʝ 

ʛʦʩʧʦʜʩʪʚʫʶʱʠʝ ʚʝʪʨʘ: ʜʥʸʤ ʧʨʝʦʙʣʘʜʘʝʪ ʚʝʪʝʨ ʩʦ ʩʪʦʨʦʥʳ ʤʦʨʷ, ʢʦʪʦʨʳʡ ʧʨʠʥʦʩʠʪ ʚʣʘʛʫ ʩ 

ʚʦʟʜʫʰʥʳʤʠ ʤʘʩʩʘʤʠ, ʘ ʥʦʯʴʶ - ʩʫʭʦʡ ʚʝʪʝʨ ʩ ʧʦʣʫʦʩʪʨʦʚʘ. ɿʘ ʩʯʝʪ ʵʪʦʛʦ ʚʦʟʥʠʢʘʝʪ ʨʘʟʣʠʯʠʝ 

ʧʦʛʣʦʱʝʥʠʷ ʘʪʤʦʩʬʝʨʳ ʟʘ ʨʘʟʥʳʝ ʧʝʨʠʦʜʳ ʩʫʪʦʢ. 

  

ʈʠʩ. 3 ʈʠʩ. 4 

ʍʦʨʦʰʦ ʟʘʤʝʪʥʦ, ʯʪʦ ʚ ʘʚʛʫʩʪʝ (ʨʠʩ. 3) ʟʥʘʯʝʥʠʷ ʧʦʛʣʦʱʝʥʠʷ ʠʤʝʶʪ ʚʳʨʘʞʝʥʥʫʶ ʟʘʚʠʩʠ-

ʤʦʩʪʴ ʦʪ ʧʝʨʠʦʜʘ ʜʥʷ ʠ ʥʦʯʠ. ʅʦʯʴʶ ʟʥʘʯʝʥʠʷ ʧʠʢʦʚ ʥʠʞʝ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʤʝʥʴʰʝʤ ʧʦ-

ʛʣʦʱʝʥʠʠ ʘʪʤʦʩʬʝʨʳ. ʅʘʧʨʠʤʝʨ, ʩʘʤʳʡ ʣʝʚʳʡ ʰʠʨʦʢʠʡ ʧʠʢ ʥʘʭʦʜʠʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 0.15 ʜʦ 

0.22 ʅʧ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʚʣʘʞʥʦʩʪʠ ʧʦʨʷʜʢʘ 15-20%. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʧʝʨʠʦ-

ʜʳ ʦʧʪʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʧʦʛʣʦʱʝʥʠʷ ʠ ʨʘʙʦʪʳ ʨʘʜʠʦʪʝʣʝʩʢʦʧʦʚ ʩʦʚʧʘʜʘʶʪ, ʯʪʦ ʜʝʣʘʝʪ ʧʦʣʠ-

ʛʦʥ çʂʘʨʘ-ɼʘʛè ʭʦʨʦʰʝʡ ʧʣʦʱʘʜʢʦʡ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʨʘʜʠʦʘʩʪʨʦʥʦʤʠʯʝʩʢʠʭ ʟʘʜʘʯ. 

ʅʘ ʨʠʩ. 4, ʛʜʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʘʥʥʳʝ ʟʘ ʥʦʷʙʨʴ, ʣʝʚʳʝ ʧʠʢʠ ʜʣʷ ʧʝʨʠʦʜʦʚ ʜʥʷ ʠ ʥʦʯʠ ʩʦʚʧʘ-

ʜʘʶʪ ʠ ʠʤʝʶʪ ʤʘʣʳʝ ʟʥʘʯʝʥʠʷ, ʯʪʦ ʦʟʥʘʯʘʝʪ ʥʝʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʚʣʘʛʠ, ʧʨʠʥʦʩʠʤʦʝ ʟʘ ʜʥʝʚ-

ʥʦʝ ʚʨʝʤʷ ʩʦ ʩʪʦʨʦʥʳ ʤʦʨʷ. 
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4. ɺʳʚʦʜʳ 

ʇʦʛʣʦʱʝʥʠʝ ʘʪʤʦʩʬʝʨʳ ʥʘ ʧʦʣʠʛʦʥʝ çʂʘʨʘ-ɼʘʛè ʫ ʧʦʜʥʦʞʠʷ ʛʦʨʳ ɹʘʣʘʣʳ-ʂʘʷ ʚ ʖʛʦ-

ɺʦʩʪʦʯʥʦʤ ʂʨʳʤʫ ʠʤʝʝʪ ʥʠʟʢʠʡ ʫʨʦʚʝʥʴ. ɺ ʩʠʣʫ ʨʘʟʣʠʯʠʷ ʥʘʧʨʘʚʣʝʥʠʷ ʛʦʩʧʦʜʩʪʚʫʶʱʠʭ ʚʝʪ-

ʨʦʚ ʚ ʜʥʝʚʥʦʡ ʠ ʥʦʯʥʦʡ ʧʝʨʠʦʜʳ ʟʥʘʯʝʥʠʝ ʧʦʛʣʦʱʝʥʠʷ ʚ ʵʪʠ ʧʝʨʠʦʜʳ ʦʪʣʠʯʘʝʪʩʷ. ɺ ʥʦʯʥʦʡ ʧʝ-

ʨʠʦʜ ʟʥʘʯʝʥʠʷ ʧʦʛʣʦʱʝʥʠʷ ʥʠʞʝ, ʯʪʦ ʚʘʞʥʦ ʜʣʷ ʨʘʜʠʦʘʩʪʨʦʥʦʤʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ. 

ɼʘʥʥʳʡ ʧʦʣʠʛʦʥ ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʦʡ ʧʣʦʱʘʜʢʦʡ ʜʣʷ ʨʘʟʤʝʱʝʥʠʷ ʩʫʙʤʠʣʣʠʤʝʪʨʦʚʳʭ 

ʪʝʣʝʩʢʦʧʦʚ, ʥʦ ʪʨʝʙʫʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʥʘʙʦʨ ʩʪʘʪʠʩʪʠʢʠ ʧʨʠ ʜʦʣʛʦʚʨʝʤʝʥʥʳʭ ʠʟʤʝʨʝʥʠʷʭ ʚ 

ʜʨʫʛʠʝ ʩʝʟʦʥʳ. 
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ʇʆʉʊʈʆɽʅʀɽ ʇʈʆɻʅʆʉʊʀʏɽʉʂʆʁ ʄʆɼɽʃʀ ɺʓɹʆʈɸ 

ʉʇɽʎʀɸʃʀɿɸʎʀʀ ʉʊʋɼɽʅʊɸʄʀ ɹɸʂɸʃɸɺʈʀɸʊɸ 

ʀʅʉʊʀʊʋʊɸ ʀʊʄʄ ʅɸ ʇʈʀʄɽʈɽ ʈɽɸʃʔʅʓʍ ɼɸʅʅʓʍ 

ɽ.ɺ. ʇʨʦʡʜʘʢʦʚʘ, ɸ.ʉ. ɹʘʙʘʥʦʚʘ 

ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ 

ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʟʘʜʘʯʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦʩʪʨʦʝʥʠʷ ʧʨʦʛʥʦʩʪʠ-

ʯʝʩʢʦʡ ʤʦʜʝʣʠ ʚʳʙʦʨʘ ʩʧʝʮʠʘʣʠʟʘʮʠʠ ʩʪʫʜʝʥʪʘʤʠ ʙʘʢʘʣʘʚʨʠʘʪʘ, ʢʦʪʦʨʫʶ ʤʦʞʥʦ ʚ 

ʧʝʨʩʧʝʢʪʠʚʝ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʢʦʤʧʦʥʝʥʪ ʩʠʩʪʝʤʳ ʧʦʜʜʝʨʞʢʠ ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʡ ʚ 

ʫʧʨʘʚʣʝʥʠʠ ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʤ ʧʨʦʮʝʩʩʦʤ. ʊʝʩʪʠʨʦʚʘʣʠʩʴ ʨʘʟʣʠʯʥʳʝ ʧʨʦʛʥʦʩʪʠʯʝʩʢʠʝ 

ʤʦʜʝʣʠ ʥʘ ʨʝʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʚʳʛʨʫʞʝʥʥʳʭ ʠʟ ʝʜʠʥʦʡ ʠʥʬʦʨʤʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ 

ʅʅɻʋ. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʜʪʚʝʨʞʜʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʝʪʦʜʦʚ 

ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʜʣʷ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʚʳʙʦʨʘ ʩʧʝʮʠʘʣʠʟʘʮʠʠ ʩʪʫʜʝʥʪʦʚ ʠ ʦʧʪʠ-

ʤʠʟʘʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦ ʢʘʬʝʜʨʘʤ. ʇʨʝʜʣʦʞʝʥʥʘʷ ʩʭʝʤʘ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʘ ʫʜʦ-

ʚʣʝʪʚʦʨʠʪʝʣʴʥʦʝ ʢʘʯʝʩʪʚʦ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʠ ʫʩʪʦʡʯʠʚʦʩʪʴ ʤʦʜʝʣʠ ʧʨʠ ʦʛʨʘʥʠʯʝʥʥʦʤ 

ʦʙʲʝʤʝ ʜʘʥʥʳʭ. ʆʙʩʫʞʜʘʶʪʩʷ ʚʘʨʠʘʥʪʳ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʤʦʜʝʣʠ ʜʣʷ ʧʦʚʳʰʝʥʠʷ 

ʢʘʯʝʩʪʚʘ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʧʝʮʠʘʣʠʟʘʮʠʷ ʩʪʫʜʝʥʪʦʚ ʙʘʢʘʣʘʚʨʠʘʪʘ, ʤʝʪʦʜʳ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝ-

ʥʠʷ, ʢʦʨʨʝʣʷʮʠʦʥʥʳʡ ʘʥʘʣʠʟ, ʨʝʛʨʝʩʩʠʦʥʥʘʷ ʤʦʜʝʣʴ, ʧʦʜʜʝʨʞʢʘ ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʡ 

 

1. ɺʚʝʜʝʥʠʝ 

ɺʳʙʦʨ ʩʧʝʮʠʘʣʠʟʘʮʠʠ ʷʚʣʷʝʪʩʷ ʟʥʘʯʠʤʳʤ ʰʘʛʦʤ ʧʨʠ ʧʨʦʬʝʩʩʠʦʥʘʣʴʥʦʤ ʩʘʤʦʦʧʨʝʜʝʣʝʥʠʠ 

ʩʪʫʜʝʥʪʦʚ ʠ ʥʝʪʨʠʚʠʘʣʴʥʦʡ ʟʘʜʘʯʝʡ ʜʣʷ ɺʋɿʘ. ɸʜʝʢʚʘʪʥʳʡ ʧʨʦʛʥʦʟ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʪʫʜʝʥʪʦʚ 

ʧʦ ʢʘʬʝʜʨʘʤ ʧʦʟʚʦʣʠʪ ʟʘʙʣʘʛʦʚʨʝʤʝʥʥʦ ʧʣʘʥʠʨʦʚʘʪʴ ʥʘʛʨʫʟʢʫ ʧʨʝʧʦʜʘʚʘʪʝʣʝʡ ʠ ʧʝʨʝʨʘʩʧʨʝʜʝ-

ʣʷʪʴ ʨʝʩʫʨʩʳ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʝʜʩʢʘʟʘʥʠʝ ʚʳʙʦʨʘ ʩʪʫʜʝʥʪʦʤ ʢʘʬʝʜʨʳ ʧʨʠ ʨʘʩʧʨʝʜʝʣʝʥʠʠ 

ʥʘ 3 ʢʫʨʩʝ ʙʘʢʘʣʘʚʨʠʘʪʘ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʥʝ ʢʘʢ ʠʟʦʣʠʨʦʚʘʥʥʘʷ ʟʘʜʘʯʘ ʢʣʘʩʩʠʬʠʢʘʮʠʠ, ʘ ʢʘʢ ʧʦ-

ʪʝʥʮʠʘʣʴʥʳʡ ʢʦʤʧʦʥʝʥʪ ʩʠʩʪʝʤʳ ʧʦʜʜʝʨʞʢʠ ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʡ ʚ ʫʧʨʘʚʣʝʥʠʠ ʧʨʦʮʝʩʩʘʤʠ 

ʚʥʫʪʨʠ ʩʪʨʫʢʪʫʨʥʳʭ ʧʦʜʨʘʟʜʝʣʝʥʠʡ ʅʅɻʋ, ʚ ʯʘʩʪʥʦʩʪʠ ʠʥʩʪʠʪʫʪʘ ʀʊʄʄ.  

2. ʉʙʦʨ ʠ ʧʦʜʛʦʪʦʚʢʘ ʜʘʥʥʳʭ 

ɺʳʙʦʨʢʘ, ʥʘ ʢʦʪʦʨʦʡ ʧʨʦʚʦʜʠʣʦʩʴ ʠʩʩʣʝʜʦʚʘʥʠʝ, ʩʦʜʝʨʞʠʪ ʜʘʥʥʳʝ, ʚʳʛʨʫʞʝʥʥʳʝ ʠʟ ʠʥ-

ʬʦʨʤʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ çɻʘʣʘʢʪʠʢʘè ʠ ʩʚʝʜʝʥʠʷ ʦ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʩʪʫʜʝʥʪʦʚ ʧʦ ʢʘʬʝʜʨʘʤ ʚ 

2022 ʛʦʜʫ. ʊʝʭʥʦʣʦʛʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʪʫʜʝʥʪʦʚ ʧʦ ʢʘʬʝʜʨʘʤ, ʜʝʡʩʪʚʫʶʱʘʷ ʥʘ ʙʘʟʝ ʠʥʩʪʠʪʫʪʘ 

ʀʊʄʄ ʩʣʝʜʫʶʱʘʷ. ʇʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʪʨʝʭ ʩʝʤʝʩʪʨʦʚ ʧʨʦʚʦʜʠʪʩʷ ʘʥʢʝʪʠʨʦʚʘʥʠʝ, ʚ ʭʦʜʝ ʢʦʪʦ-

ʨʦʛʦ ʩʪʫʜʝʥʪʳ ʨʘʥʞʠʨʫʶʪ ʢʘʬʝʜʨʳ ʧʦ ʧʨʠʦʨʠʪʝʪʘʤ. ɺʳʩʦʢʠʡ ʧʨʠʦʨʠʪʝʪ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʢʘʬʝʜ-

ʨʝ, ʧʦʩʪʘʚʣʝʥʥʦʡ ʩʪʫʜʝʥʪʦʤ ʥʘ ʧʝʨʚʦʝ ʤʝʩʪʦ (ʥʘʠʙʦʣʝʝ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʘʷ), ʘ ʩʘʤʳʡ ʥʠʟʢʠʡ 

ʧʨʠʦʨʠʪʝʪ - ʥʘ ʧʦʩʣʝʜʥʝʝ (ʥʘʠʤʝʥʝʝ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʘʷ). 

ɼʣʷ ʟʘʱʠʪʳ ʧʝʨʩʦʥʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʨʠʤʝʥʷʣʦʩʴ ʦʙʝʟʣʠʯʠʚʘʥʠʝ: ʢʘʞʜʦʤʫ ʩʪʫʜʝʥʪʫ ʠ ʧʨʝ-

ʧʦʜʘʚʘʪʝʣʶ ʧʨʠʩʚʦʝʥ ʫʥʠʢʘʣʴʥʳʡ ʠʜʝʥʪʠʬʠʢʘʪʦʨ. ʇʝʨʚʦʥʘʯʘʣʴʥʳʡ ʥʘʙʦʨ ʜʘʥʥʳʭ ʚʢʣʶʯʘʣ 413 

ʟʘʧʠʩʝʡ ʠ 183 ʧʨʠʟʥʘʢʘ. ʂʘʞʜʘʷ ʟʘʧʠʩʴ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʜʥʦʤʫ ʩʪʫʜʝʥʪʫ. ʀʩʢʣʶʯʘʣʠʩʴ ʪʦʣʴʢʦ ʪʝ 

ʥʘʙʣʶʜʝʥʠʷ, ʚ ʢʦʪʦʨʳʭ ʦʪʩʫʪʩʪʚʦʚʘʣʠ ʟʥʘʯʝʥʠʷ ʮʝʣʝʚʦʡ ʧʝʨʝʤʝʥʥʦʡ - ʧʨʠʦʨʠʪʝʪʘ ʢʘʬʝʜʨʳ. 

ʉʦʭʨʘʥʝʥʠʝ ʪʘʢʠʭ ʟʘʧʠʩʝʡ ʥʝʮʝʣʝʩʦʦʙʨʘʟʥʦ, ʧʦʩʢʦʣʴʢʫ ʜʣʷ ʥʠʭ ʥʝʚʦʟʤʦʞʥʦ ʧʨʦʚʝʨʠʪʴ ʢʦʨ-

ʨʝʢʪʥʦʩʪʴ ʧʨʝʜʩʢʘʟʘʥʠʷ ʤʦʜʝʣʠ ʠ ʨʘʩʩʯʠʪʘʪʴ ʤʝʪʨʠʢʠ ʢʘʯʝʩʪʚʘ ʢʣʘʩʩʠʬʠʢʘʮʠʠ.  

ʇʨʠʟʥʘʢʠ ʨʘʟʜʝʣʠʣʠʩʴ ʥʘ ʜʚʘ ʪʠʧʘ: 

ï ʢʘʯʝʩʪʚʝʥʥʳʝ (95 ʧʨʠʟʥʘʢʦʚ): ʠʜʝʥʪʠʬʠʢʘʪʦʨʳ ʧʨʝʧʦʜʘʚʘʪʝʣʝʡ ʣʝʢʮʠʠ ʠ (ʠʣʠ) ʧʨʘʢʪʠʢʠ 

ʧʦ ʜʠʩʮʠʧʣʠʥʘʤ ʧʝʨʚʳʭ ʪʨʝʭ ʩʝʤʝʩʪʨʦʚ ʦʙʫʯʝʥʠʷ, ʠʜʝʥʪʠʬʠʢʘʪʦʨ ʩʪʫʜʝʥʪʘ, ʧʦʣ, ʥʘʧʨʘʚʣʝʥʠʝ 

ʧʦʜʛʦʪʦʚʢʠ, ʩʪʘʪʫʩ (ʚ ʘʢʘʜʝʤʠʯʝʩʢʦʤ ʦʪʧʫʩʢʝ/ ʫʯʠʪʩʷ), ʧʨʠʟʥʘʢ, ʫʢʘʟʳʚʘʶʱʠʡ ʛʨʘʞʜʘʥʩʪʚʦ ( 0 - 

ʠʥʦʩʪʨʘʥʥʳʡ ʩʪʫʜʝʥʪ, 1 - ʛʨʘʞʜʘʥʠʥ ʈʌ), ʧʨʠʦʨʠʪʝʪʳ ʚʳʙʦʨʘ ʢʘʬʝʜʨ; 
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ï ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ (88 ʧʨʠʟʥʘʢʦʚ):  ʩʨʝʜʥʠʡ ʙʘʣʣ ʩʪʫʜʝʥʪʘ ʟʘ ʪʨʠ ʩʝʩʩʠʠ, ʠʪʦʛʦʚʳʡ ʙʘʣʣ 

ɽɻʕ (ɽʜʠʥʳʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʵʢʟʘʤʝʥ) ʙʝʟ ʫʯʸʪʘ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʜʦʩʪʠʞʝʥʠʡ, ʩʫʤʤʘʨʥʳʡ 

ʙʘʣʣ ʧʦʩʪʫʧʣʝʥʠʷ (ʚʢʣʶʯʘʷ ʨʝʟʫʣʴʪʘʪʳ ɽɻʕ, ʚʥʫʪʨʝʥʥʠʝ ʠʩʧʳʪʘʥʠʷ ʠ ʠʥʜʠʚʠʜʫʘʣʴʥʳʝ ʜʦʩʪʠ-

ʞʝʥʠʷ), ʩʫʤʤʘ ʙʘʣʣʦʚ ʟʘ ʠʥʜʠʚʠʜʫʘʣʴʥʳʝ ʜʦʩʪʠʞʝʥʠʷ, ʙʘʣʣʳ ɽɻʕ ʟʘ ʢʦʥʢʨʝʪʥʳʡ ʧʨʝʜʤʝʪ, 

ʦʮʝʥʢʠ ʟʘ ʵʢʟʘʤʝʥʳ ʠ ʟʘʯʝʪʳ ʧʦ ʜʠʩʮʠʧʣʠʥʘʤ ʟʘ ʧʝʨʚʳʝ ʪʨʠ ʩʝʤʝʩʪʨʘ ʦʙʫʯʝʥʠʷ. 

ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʩʦʧʦʩʪʘʚʠʤʦʩʪʠ ʩʪʫʜʝʥʪʦʚ ʩ ʨʘʟʥʳʤʠ ʪʠʧʘʤʠ ʚʩʪʫʧʠʪʝʣʴʥʳʭ ʠʩʧʳʪʘʥʠʡ 

ʙʳʣ ʩʦʟʜʘʥ ʥʦʚʳʡ ʧʦʢʘʟʘʪʝʣʴ - ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʩʨʝʜʥʝʛʦ ʙʘʣʣʘ ʧʦʩʪʫʧʣʝʥʠʷ ʦʪ ʩʨʝʜ-

ʥʝʛʦ ʧʦ ʛʨʫʧʧʝ ʘʙʠʪʫʨʠʝʥʪʦʚ (ʚ ʧʨʦʮʝʥʪʘʭ). ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʠʣ ʥʠʚʝʣʠʨʦʚʘʪʴ ʨʘʟʣʠʯʠʷ 

ʤʝʞʜʫ ʩʪʫʜʝʥʪʘʤʠ, ʧʦʩʪʫʧʠʚʰʠʤʠ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ɽɻʕ, ʠ ʠʥʦʩʪʨʘʥʥʳʤʠ ʩʪʫʜʝʥʪʘʤʠ, ʦʮʝʥʢʘ 

ʢʦʪʦʨʳʭ ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʦ ʠʥʦʡ ʰʢʘʣʝ. 

ʂʨʦʤʝ ʪʦʛʦ, ʚʤʝʩʪʦ ʤʥʦʞʝʩʪʚʘ ʦʪʜʝʣʴʥʳʭ ʧʨʝʜʤʝʪʥʳʭ ʦʮʝʥʦʢ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʘʛʨʝʛʠʨʦ-

ʚʘʥʥʳʝ ʧʦʢʘʟʘʪʝʣʠ ʧʦ ʢʘʬʝʜʨʘʤ. ɼʣʷ ʢʘʞʜʦʡ ʢʘʬʝʜʨʳ ʚʳʯʠʩʣʷʣʠʩʴ ʜʚʘ ʧʨʠʟʥʘʢʘ - ʩʨʝʜʥʠʡ ʵʢ-

ʟʘʤʝʥʘʮʠʦʥʥʳʡ ʙʘʣʣ ʠ ʩʨʝʜʥʠʡ ʟʘʯʸʪʥʳʡ ʙʘʣʣ ʧʦ ʢʘʬʝʜʨʘʣʴʥʳʤ ʜʠʩʮʠʧʣʠʥʘʤ. ʊʘʢʦʡ ʧʦʜʭʦʜ 

ʧʦʟʚʦʣʠʣ ʫʤʝʥʴʰʠʪʴ ʨʘʟʤʝʨʥʦʩʪʴ ʜʘʥʥʳʭ, ʩʦʢʨʘʪʠʪʴ ʢʦʣʠʯʝʩʪʚʦ ʧʨʦʧʫʩʢʦʚ ʠ ʧʦʚʳʩʠʪʴ ʠʥʬʦʨ-

ʤʘʪʠʚʥʦʩʪʴ ʧʨʠʟʥʘʢʦʚ ʦʪʥʦʩʠʪʝʣʴʥʦ ʘʢʘʜʝʤʠʯʝʩʢʦʡ ʫʩʧʝʚʘʝʤʦʩʪʠ ʧʦ ʥʘʧʨʘʚʣʝʥʠʷʤ ʧʦʜʛʦʪʦʚ-

ʢʠ. ʀʟ ʥʘʙʦʨʘ ʧʨʠʟʥʘʢʦʚ ʙʳʣʠ ʠʩʢʣʶʯʝʥʳ ʜʘʥʥʳʝ ʦ ʧʨʝʧʦʜʘʚʘʪʝʣʷʭ, ʘ ʪʘʢʞʝ ʧʝʨʝʤʝʥʥʳʝ ʩ ʚʳ-

ʩʦʢʦʡ ʚʟʘʠʤʥʦʡ ʢʦʨʨʝʣʷʮʠʝʡ, ʚʢʣʶʯʘʷ ʦʪʜʝʣʴʥʳʝ ʙʘʣʣʳ ɽɻʕ, ʧʦʢʘʟʘʪʝʣʠ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʜʦ-

ʩʪʠʞʝʥʠʡ ʠ ʩʭʦʞʠʝ ʜʫʙʣʠʨʫʶʱʠʝ ʧʘʨʘʤʝʪʨʳ. 

ʇʦʩʣʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʦʯʠʩʪʢʠ ʜʘʥʥʳʭ ʠ ʫʜʘʣʝʥʠʷ ʟʘʧʠʩʝʡ ʩ ʧʨʦʧʫʱʝʥʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ 

ʚ ʮʝʣʝʚʦʡ ʧʝʨʝʤʝʥʥʦʡ ʙʳʣʘ ʩʬʦʨʤʠʨʦʚʘʥʘ ʠʪʦʛʦʚʘʷ ʚʳʙʦʨʢʘ, ʚʢʣʶʯʘʶʱʘʷ 300 ʥʘʙʣʶʜʝʥʠʡ ʠ 

28 ʧʨʠʟʥʘʢʦʚ. 

ɼʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʪʫʜʝʥʪʦʚ, 8 ʢʘʬʝʜʨ ʙʳʣʠ ʨʘʟ-

ʙʠʪʳ ʥʘ ʪʨʠ ʢʣʘʩʩʘ ʧʦ ʩʦʜʝʨʞʘʪʝʣʴʥʦʡ ʥʘʧʨʘʚʣʝʥʥʦʩʪʠ ʫʯʝʙʥʳʭ ʧʣʘʥʦʚ:  

ʂʣʘʩʩ 1 ï ʧʨʝʦʙʣʘʜʘʶʪ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʜʠʩʮʠʧʣʠʥʳ (ʢʘʬʝʜʨʘ ɸʣʛʝʙʨʳ, ʛʝʦʤʝʪʨʠʠ ʠ ʜʠʩ-

ʢʨʝʪʥʦʡ ʤʘʪʝʤʘʪʠʢʠ, ʢʘʬʝʜʨʘ ɼʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ, ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʠ ʯʠʩʣʝʥʥʦʛʦ 

ʘʥʘʣʠʟʘ, ʢʘʬʝʜʨʘ ʊʝʦʨʠʠ ʚʝʨʦʷʪʥʦʩʪʝʡ ʠ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ); 

ʂʣʘʩʩ 2 ï ʧʨʝʦʙʣʘʜʘʶʪ ʧʨʦʛʨʘʤʤʠʩʪʩʢʠʝ ʜʠʩʮʠʧʣʠʥʳ (ʢʘʬʝʜʨʘ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʦʙʝʩʧʝʯʝ-

ʥʠʷ ʠ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʥʳʭ ʪʝʭʥʦʣʦʛʠʡ); 

ʂʣʘʩʩ 3 ï ʨʘʚʥʳʝ ʜʦʣʠ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʠ ʧʨʦʛʨʘʤʤʠʩʪʩʢʠʭ ʜʠʩʮʠʧʣʠʥ (ʢʘʬʝʜʨʘ ʀʥʬʦʨʤʘ-

ʪʠʢʠ ʠ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʥʘʫʯʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʢʘʬʝʜʨʘ ʇʨʠʢʣʘʜʥʦʡ ʤʘʪʝʤʘʪʠʢʠ, ʢʘʬʝʜʨʘ ʊʝʦ-

ʨʝʪʠʯʝʩʢʦʡ, ʢʦʤʧʴʶʪʝʨʥʦʡ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʤʝʭʘʥʠʢʠ, ʢʘʬʝʜʨʘ ʊʝʦʨʠʠ ʫʧʨʘʚʣʝʥʠʷ ʠ ʜʠ-

ʥʘʤʠʢʠ ʩʠʩʪʝʤ). 

ɺ ʨʘʙʦʪʝ ʬʘʢʪʠʯʝʩʢʠ ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʜʚʝ ʟʘʜʘʯʠ: ʧʨʝʜʩʢʘʟʘʥʠʝ ʢʘʬʝʜʨʳ ʩ ʚʳʩʦʢʠʤ ʧʨʠʦ-

ʨʠʪʝʪʦʤ ʠ ʧʨʝʜʩʢʘʟʘʥʠʝ ʢʘʬʝʜʨʳ ʩ ʥʠʟʢʠʤ ʧʨʠʦʨʠʪʝʪʦʤ. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʚʳʙʦʨʢʠ ʜʣʷ ʵʪʠʭ ʟʘʜʘʯ ʠʤʝʶʪ ʨʘʟʥʳʡ ʦʙʲʸʤ: ʧʦ ʚʳʩʦʢʦʤʫ ʧʨʠʦʨʠʪʝʪʫ - 300 

ʥʘʙʣʶʜʝʥʠʡ (ʠʟ ʥʠʭ 210 ʚ ʦʙʫʯʘʶʱʝʡ ʚʳʙʦʨʢʝ ʠ 90 ʚ ʪʝʩʪʦʚʦʡ), ʧʦ ʥʠʟʢʦʤʫ ʧʨʠʦʨʠʪʝʪʫ - 249 

ʥʘʙʣʶʜʝʥʠʡ (ʠʟ ʥʠʭ 174 ʚ ʦʙʫʯʘʶʱʝʡ ʚʳʙʦʨʢʝ ʠ 75 ʚ ʪʝʩʪʦʚʦʡ). 

ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʦʨʛʘʥʠʟʘʮʠʠ ʫʯʝʙʥʦʛʦ ʧʨʦʮʝʩʩʘ ʚ ʠʥʩʪʠʪʫʪʝ ʀʊʄʄ. ʉʪʫʜʝʥ-

ʪʘʤ, ʦʙʫʯʘʶʱʠʤʩʷ ʧʦ ʥʝʢʦʪʦʨʳʤ ʥʘʧʨʘʚʣʝʥʠʷʤ (ʥʘʧʨʠʤʝʨ, 09.03.03 ʇʨʠʢʣʘʜʥʘʷ ʠʥʬʦʨʤʘʪʠʢʘ), 

ʜʦʩʪʫʧʥʘ ʜʣʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʦʣʴʢʦ ʢʘʬʝʜʨʘ  ʀʥʬʦʨʤʘʪʠʢʠ ʠ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʥʘʫʯʥʳʭ ʠʩʩʣʝʜʦ-

ʚʘʥʠʡ, ʧʦʵʪʦʤʫ ʠʭ ʚʳʙʦʨ ʬʠʢʩʠʨʦʚʘʥ ʠ ʚʩʝʛʜʘ ʦʪʥʦʩʠʪʩʷ ʢ ʚʳʩʦʢʦʤʫ ʧʨʠʦʨʠʪʝʪʫ, ʘ ʚʳʙʦʨ ʥʠʟ-

ʢʦʛʦ ʧʨʠʦʨʠʪʝʪʘ ʥʝʚʦʟʤʦʞʝʥ.  

3. ʆʪʙʦʨ ʧʨʠʟʥʘʢʦʚ 

ʂʦʨʨʝʣʷʮʠʦʥʥʳʡ ʘʥʘʣʠʟ ʧʦʟʚʦʣʠʣ ʚʳʷʚʠʪʴ ʧʨʠʟʥʘʢʠ, ʜʫʙʣʠʨʫʶʱʠʝ ʠʥʬʦʨʤʘʮʠʶ, ʠ ʠʩ-

ʢʣʶʯʠʪʴ ʠʟʙʳʪʦʯʥʳʝ ʧʝʨʝʤʝʥʥʳʝ. ʀʟ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʤʘʪʨʠʮʳ (ʩʤ. ʨʠʩ. 1) ʚʠʜʥʦ, ʯʪʦ ʧʦʢʘʟʘ-

ʪʝʣʠ çʆʙʱʠʡ ʙʘʣʣè ʠ çɹʘʣʣ ʙʝʟ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʜʦʩʪʠʞʝʥʠʡè ʠʤʝʶʪ ʧʦʯʪʠ ʬʫʥʢʮʠʦʥʘʣʴʥʫʶ 

ʣʠʥʝʡʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ, ʪʘʢʞʝ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʢʦʨʨʝʣʷʮʠʠ, ʙʣʠʟʢʠʝ ʢ 1,  ʥʘʙʣʶʜʘʶʪʩʷ 

ʤʝʞʜʫ ʦʪʜʝʣʴʥʳʤʠ ʧʨʝʜʤʝʪʥʳʤʠ ʙʘʣʣʘʤʠ ɽɻʕ ʠ ʠʭ ʩʫʤʤʘʨʥʳʤ ʟʥʘʯʝʥʠʝʤ. 

ʊʘʢʠʝ ʧʨʠʟʥʘʢʠ ʥʝ ʜʦʙʘʚʣʷʶʪ ʥʦʚʦʡ ʠʥʬʦʨʤʘʮʠʠ ʠ ʣʠʰʴ ʫʚʝʣʠʯʠʚʘʶʪ ʨʘʟʤʝʨʥʦʩʪʴ ʜʘʥ-

ʥʳʭ. ʇʦʵʪʦʤʫ ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ ʘʥʘʣʠʟʝ ʙʳʣʠ ʩʦʭʨʘʥʝʥʳ ʪʦʣʴʢʦ ʘʛʨʝʛʠʨʦʚʘʥʥʳʝ ʧʦʢʘʟʘʪʝʣʠ 

(ʥʘʧʨʠʤʝʨ, ʩʫʤʤʘʨʥʳʡ ʙʘʣʣ ɽɻʕ ʠ ʩʨʝʜʥʠʡ ʙʘʣʣ ʟʘ ʩʝʩʩʠʠ), ʪʦʛʜʘ ʢʘʢ ʯʘʩʪʥʳʝ ʧʨʝʜʤʝʪʥʳʝ ʠ 

ʜʫʙʣʠʨʫʶʱʠʝ ʟʥʘʯʝʥʠʷ ʙʳʣʠ ʠʩʢʣʶʯʝʥʳ. 
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ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʝʰʝʥʠʝ ʦʙ ʠʩʢʣʶʯʝʥʠʠ ʧʨʠʟʥʘʢʦʚ ʧʨʠʥʠʤʘʣʦʩʴ ʠʩʭʦʜʷ ʠʟ ʠʭ ʠʥʬʦʨ-

ʤʘʪʠʚʥʦʩʪʠ ʠ ʚʟʘʠʤʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ, ʘ ʥʝ ʪʦʣʴʢʦ ʩʪʨʦʛʦ ʧʦ ʧʦʨʦʛʫ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʢʦʨʨʝʣʷʮʠʠ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʠʣ ʩʦʢʨʘʪʠʪʴ ʠʟʙʳʪʦʯʥʦʩʪʴ ʠ ʩʥʠʟʠʪʴ ʨʠʩʢ ʧʝʨʝʦʙʫʯʝʥʠʷ ʙʝʟ 

ʧʦʪʝʨʠ ʟʥʘʯʠʤʦʡ ʠʥʬʦʨʤʘʮʠʠ. 

 

ʈʠʩ. 1. ʂʦʨʨʝʣʷʮʠʦʥʥʘʷ ʤʘʪʨʠʮʘ ʧʨʠʟʥʘʢʦʚ: ʧʦ ʦʩʷʤ - ʥʘʠʤʝʥʦʚʘʥʠʷ ʧʨʠʟʥʘʢʦʚ; ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʟʘʣʠʚʢʠ 

ʷʯʝʝʢ ʦʪʨʘʞʘʝʪ ʚʝʣʠʯʠʥʫ ʢʦʵʬʬʠʮʠʝʥʪʘ ʢʦʨʨʝʣʷʮʠʠ 

4. ʄʝʪʦʜʦʣʦʛʠʷ 

ʇʨʠ ʜʘʣʴʥʝʡʰʝʤ ʘʥʘʣʠʟʝ ʧʨʦʚʝʨʷʣʠʩʴ ʪʨʠ ʤʦʜʝʣʠ: ʣʦʛʠʩʪʠʯʝʩʢʘʷ ʨʝʛʨʝʩʩʠʷ (One-vs-Rest, ʩ 

ʙʘʣʘʥʩʠʨʦʚʢʦʡ ʢʣʘʩʩʦʚ), Random Forest (ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʘʥʩʘʤʙʣʝʚʳʡ ʤʝʪʦʜ, ʦʩʥʦʚʘʥʥʳʡ 

ʥʘ ʧʦʩʪʨʦʝʥʠʠ ʤʥʦʞʝʩʪʚʘ ʜʝʨʝʚʴʝʚ ʨʝʰʝʥʠʡ[3]) ʠ CatBoost (ʘʣʛʦʨʠʪʤ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ, 

ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʢʦʤʧʘʥʠʝʡ ʗʥʜʝʢʩ). ʆʥ ʧʨʝʜʥʘʟʥʘʯʝʥ ʜʣʷ ʨʘʙʦʪʳ ʩ ʪʘʙʣʠʯʥʳʤʠ ʜʘʥʥʳʤʠ ʠ ʦʩʦ-

ʙʝʥʥʦ ʵʬʬʝʢʪʠʚʝʥ ʚ ʟʘʜʘʯʘʭ, ʛʜʝ ʚʘʞʥʫʶ ʨʦʣʴ ʠʛʨʘʶʪ ʢʘʪʝʛʦʨʠʘʣʴʥʳʝ ʧʨʠʟʥʘʢʠ [2]. ʆʙʫʯʝʥʠʝ 

ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʬʫʥʢʮʠʝʡ ʧʦʪʝʨʴ MultiClass. ɼʣʷ ʦʮʝʥʢʠ ʢʘʯʝʩʪʚʘ ʤʦʜʝʣʝʡ ʠ ʩʨʘʚʥʝʥʠʷ ʨʘʟʣʠʯ-

ʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʠʩʧʦʣʴʟʫʶʪʩʷ ʤʝʪʨʠʢʠ: Accuracy (ʜʦʣʷ ʧʨʘʚʠʣʴʥʳʭ ʦʪʚʝʪʦʚ), Precision (ʚʝʣʠ-

ʯʠʥʘ ʧʦʢʘʟʳʚʘʝʪ ʜʦʣʶ ʦʙʲʝʢʪʦʚ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʥʳ ʢʘʢ ʧʦʣʦʞʠʪʝʣʴʥʳʝ ʠ ʧʨʠ 

ʵʪʦʤ ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʷʚʣʷʶʱʠʭʩʷ ʧʦʣʦʞʠʪʝʣʴʥʳʤʠ), Recall (ʧʦʣʥʦʪʘ), F1(ʛʘʨʤʦʥʠʯʝʩʢʦʝ ʩʨʝʜ-

ʥʝʝ Precision ʠ Recall) ʠ Macro F1 (ʫʩʨʝʜʥʝʥʠʝ F1 ʧʦ ʚʩʝʤ ʢʣʘʩʩʘʤ)[1]. ʅʠʞʝ ʧʨʠʚʝʜʝʥʳ ʠʩʧʦʣʴ-

ʟʫʝʤʳʝ ʩʦʦʪʥʦʰʝʥʠʷ: 

ὃὧὧόὶὥὧώ ,    ὖὶὩὧὭίὭέὲ ȟ  ὙὩὧὥὰὰ  , 

Ὂ ςẗ
ẗ

ẗ
        ,        ὓὥὧὶέ Ὂ В ςẗὊ ,  

 

ʟʜʝʩʴ Ὕὖ-ʦʙʲʝʢʪʳ, ʢʦʪʦʨʳʝ ʤʦʜʝʣʴ ʧʨʘʚʠʣʴʥʦ ʦʪʥʝʩʣʘ ʢ ʥʫʞʥʦʤʫ ʢʣʘʩʩʫ, Ὕὔ-ʦʙʲʝʢʪʳ, ʧʨʘ-
ʚʠʣʴʥʦ ʦʧʨʝʜʝʣʝʥʥʳʝ ʢʘʢ ʥʝ ʧʨʠʥʘʜʣʝʞʘʱʠʝ ʜʘʥʥʦʤʫ ʢʣʘʩʩʫ,  Ὂὖ-ʦʙʲʝʢʪʳ, ʢʦʪʦʨʳʝ ʤʦʜʝʣʴ 
ʦʰʠʙʦʯʥʦ ʦʪʥʝʩʣʘ ʢ ʵʪʦʤʫ ʢʣʘʩʩʫ, ʭʦʪʷ ʥʘ ʩʘʤʦʤ ʜʝʣʝ ʦʥʠ ʦʪʥʦʩʷʪʩʷ ʢ ʜʨʫʛʦʤʫ, Ὂὔ-ʦʙʲʝʢʪʳ, 
ʢʦʪʦʨʳʝ ʤʦʜʝʣʴ ʥʝ ʨʘʩʧʦʟʥʘʣʘ ʢʘʢ ʧʨʠʥʘʜʣʝʞʘʱʠʝ ʢ ʜʘʥʥʦʤʫ ʢʣʘʩʩʫ, K- ʢʦʣʠʯʝʩʪʚʦ ʢʣʘʩʩʦʚ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʡ ʨʘʟʤʝʨ ʚʳʙʦʨʢʠ (300 ʟʘʧʠʩʝʡ), ʜʘʥʥʳʝ ʙʳʣʠ ʨʘʟʜʝʣʝʥʳ 

ʥʘ ʦʙʫʯʘʶʱʫʶ ʠ ʪʝʩʪʦʚʫʶ ʚ ʩʦʦʪʥʦʰʝʥʠʠ 80% ʢ 20% ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  ʇʨʠ ʩʣʫʯʘʡʥʦʤ ʜʝʣʝʥʠʠ 

ʤʘʣʳʝ ʢʣʘʩʩʳ ʤʦʛʫʪ ʦʪʩʫʪʩʪʚʦʚʘʪʴ ʚ ʦʜʥʦʡ ʠʟ ʯʘʩʪʝʡ, ʯʪʦ ʚʝʜʝʪ ʢ ʩʤʝʱʝʥʠʶ ʦʮʝʥʢʠ ʢʘʯʝʩʪʚʘ. 

ɼʣʷ ʫʩʪʨʘʥʝʥʠʷ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʠʩʧʦʣʴʟʦʚʘʥʦ ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʦʝ ʨʘʟʜʝʣʝʥʠʝ, ʩʦʭʨʘʥʷʶʱʝʝ 

ʧʨʦʧʦʨʮʠʠ ʢʣʘʩʩʦʚ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʦʙʝʩʧʝʯʠʚʘʝʪ ʢʦʨʨʝʢʪʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʜʘʞʝ ʤʘʣʳʭ ʛʨʫʧʧ ʠ 



 

114 

ʙʦʣʝʝ ʥʘʜʸʞʥʳʝ ʤʝʪʨʠʢʠ, ʦʩʦʙʝʥʥʦ Macro F1, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʢʦʨʨʝʢʪʥʦ ʫʯʠʪʳʚʘʪʴ ʥʝʩʙʘʣʘʥʩʠ-

ʨʦʚʘʥʥʳʝ ʢʣʘʩʩʳ (ʩʤ. ʪʘʙʣ. 1). 

ʊʘʙʣʠʮʘ 1. ʂʘʯʝʩʪʚʦ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʙʝʟ ʩʪʨʘʪʠʬʠʢʘʮʠʠ ʠ ʩʦ ʩʪʨʘʪʠʬʠʢʘʮʠʝʡ 

ɿʘʜʘʯʘ ʉʪʨʘʪʠʬʠʢʘʮʠʷ Accuracy MacroF1 

ɺʳʩʦʢʠʡ ʧʨʠʦʨʠʪʝʪ ʅʝʪ 0.71 0.65 

ɺʳʩʦʢʠʡ ʧʨʠʦʨʠʪʝʪ ɽʩʪʴ 0.80 0.75 

ʅʠʟʢʠʡ ʧʨʠʦʨʠʪʝʪ ʅʝʪ 0.71 0.44 

ʅʠʟʢʠʡ ʧʨʠʦʨʠʪʝʪ ɽʩʪʴ 0.76 0.47 

5. ʉʨʘʚʥʝʥʠʝ ʤʦʜʝʣʝʡ 

ʈʝʟʫʣʴʪʘʪʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʪʘʙʣʠʮʝ 2 ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ CatBoost ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʘʠʣʫʯ-

ʰʝʝ ʢʘʯʝʩʪʚʦ ʢʣʘʩʩʠʬʠʢʘʮʠʠ: Accuracy = 0.80, Macro F1 = 0.75 (ʜʣʷ ʟʘʜʘʯʠ ʚʳʩʦʢʦʛʦ ʧʨʠʦʨʠʪʝ-

ʪʘ). ʃʦʛʠʩʪʠʯʝʩʢʘʷ ʨʝʛʨʝʩʩʠʷ ʧʦʢʘʟʘʣʘ ʥʘʠʤʝʥʴʰʫʶ ʪʦʯʥʦʩʪʴ (Macro F1 å 0.52), Random Forest - 

ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʨʝʟʫʣʴʪʘʪʳ. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʚʳʩʦʢʠʡ ʧʨʠʦʨʠʪʝʪ ʚʳʙʦʨʘ ʢʘʬʝʜʨʳ ʧʨʝʜʩʢʘʟʳʚʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦ ʣʫʯʰʝ, 

ʯʝʤ ʥʠʟʢʠʡ. ʅʘʠʙʦʣʝʝ ʪʦʯʥʦ ʢʣʘʩʩʠʬʠʮʠʨʫʝʪʩʷ ʧʨʦʛʨʘʤʤʠʩʪʩʢʠʡ ʢʣʘʩʩ (F1 å 0.87), ʭʫʞʝ - ʤʘ-

ʪʝʤʘʪʠʯʝʩʢʠʡ (F1 å 0.72) ʠʟ-ʟʘ ʤʘʣʦʛʦ ʯʠʩʣʘ ʥʘʙʣʶʜʝʥʠʡ. 

ʊʘʙʣʠʮʘ 2. ʉʨʘʚʥʝʥʠʝ ʤʦʜʝʣʝʡ(ʚʳʩʦʢʠʡ ʧʨʠʦʨʠʪʝʪ) 

ʄʦʜʝʣ ɹ Accuracy MacroF1 

Logistic Regression 0.61 0.52 

Random Forest 0.73 0.65 

CatBoost 0.80 0.75 

ʆʪʜʝʣʴʥʦ ʦʪʤʝʪʠʤ, ʯʪʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʠʤʝʝʪ ʨʷʜ ʦʛʨʘʥʠʯʝʥʠʡ: ʤʘʣʳʡ ʨʘʟʤʝʨ ʚʳʙʦʨʢʠ, ʦʩʦ-

ʙʝʥʥʦ ʜʣʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʢʣʘʩʩʘ, ʯʪʦ ʩʥʠʞʘʝʪ ʩʪʘʪʠʩʪʠʯʝʩʢʫʶ ʫʩʪʦʡʯʠʚʦʩʪʴ ʚʳʚʦʜʦʚ; ʩʠʣʴ-

ʥʳʡ ʜʠʩʙʘʣʘʥʩ ʢʣʘʩʩʦʚ, ʫʩʣʦʞʥʷʶʱʠʡ ʦʙʫʯʝʥʠʝ ʤʦʜʝʣʝʡ; ʦʛʨʘʥʠʯʝʥʥʳʡ ʥʘʙʦʨ ʧʨʠʟʥʘʢʦʚ - ʦʪ-

ʩʫʪʩʪʚʫʶʪ ʜʘʥʥʳʝ ʦ ʧʦʩʝʱʘʝʤʦʩʪʠ ʠ ʧʝʨʝʩʜʘʯʘʭ. 

6. ɿʘʢʣʶʯʝʥʠʝ 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʠʯʝʩʢʘʷ ʩʭʝʤʘ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʚʳʙʦʨʘ ʩʧʝʮʠʘʣʠʟʘʮʠʠ ʩʪʫʜʝʥ-

ʪʦʚ ʧʨʠ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʧʦ ʢʘʬʝʜʨʘʤ ʥʘ 3 ʢʫʨʩʝ ʙʘʢʘʣʘʚʨʠʘʪʘ. 

ɺʳʷʚʣʝʥʦ, ʯʪʦ ʤʝʪʦʜ CatBoost ʚʳʜʝʣʷʝʪʩʷ ʩʨʝʜʠ ʧʨʦʪʝʩʪʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʦʚ ʠʟ-ʟʘ ʩʧʦʩʦʙ-

ʥʦʩʪʠ ʵʬʬʝʢʪʠʚʥʦ ʨʘʙʦʪʘʪʴ ʩ ʢʘʪʝʛʦʨʠʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʠ ʧʨʝʜʦʩʪʘʚʣʷʪʴ ʪʦʯʥʳʝ ʧʨʝʜʩʢʘʟʘʥʠʷ, 

ʤʠʥʠʤʠʟʠʨʫʷ ʨʠʩʢ ʧʝʨʝʦʙʫʯʝʥʠʷ ʠ ʦʙʝʩʧʝʯʠʚʘʷ ʚʳʩʦʢʫʶ ʩʢʦʨʦʩʪʴ ʦʙʫʯʝʥʠʷ[2]. 

ʅʘʧʨʘʚʣʝʥʠʷ ʨʘʟʚʠʪʠʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʢʘʯʝʩʪʚʘ ʤʦʜʝʣʠ ʚʢʣʶʯʘʶʪ ʨʘʩʰʠʨʝ-

ʥʠʝ ʚʳʙʦʨʢʠ, ʚʚʝʜʝʥʠʝ ʥʦʚʳʭ ʧʨʠʟʥʘʢʦʚ, ʧʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʦʚ ʙʘʣʘʥʩʠʨʦʚʢʠ (SMOTE, cost-

sensitive learning).  

ʄʦʜʝʣʴ ʚ ʧʝʨʩʧʝʢʪʠʚʝ ʤʦʞʝʪ ʙʳʪʴ ʚʩʪʨʦʝʥʘ ʚ ʠʥʬʦʨʤʘʮʠʦʥʥʫʶ ʩʠʩʪʝʤʫ ʠʥʩʪʠʪʫʪʘ ʀʊʄʄ 

ʠ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʪʫʜʝʥʪʦʚ ʧʦ ʥʘʧʨʘʚʣʝʥʠʷʤ, ʧʣʘʥʠʨʦʚʘ-

ʥʠʷ ʥʘʛʨʫʟʢʠ ʧʨʝʧʦʜʘʚʘʪʝʣʝʡ, ʘ ʪʘʢʞʝ ʜʣʷ ʚʳʷʚʣʝʥʠʷ ʥʘʧʨʘʚʣʝʥʠʡ ʩ ʧʝʨʝʠʟʙʳʪʢʦʤ ʠʣʠ ʜʝʬʠ-

ʮʠʪʦʤ ʩʧʨʦʩʘ. ʕʪʦ ʧʦʟʚʦʣʠʪ ʧʦʚʳʩʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʫʧʨʘʚʣʝʥʠʷ ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʤ ʧʨʦʮʝʩʩʦʤ. 
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ʏʀʉʃɽʅʅʆɽ ʄʆɼɽʃʀʈʆɺɸʅʀɽ ɹʀʆʌɸɹʈʀʂɸʎʀʀ 

ʈɸɿɺɽʊɺʃɽʅʅʓʍ ʂʈʆɺɽʅʆʉʅʓʍ ʉʆʉʋɼʆɺ ɸʂʋʉʊʀʏɽʉʂʆʁ 

ʃɽɺʀʊɸʎʀʀ 

ɽ.ɺ. ʇʳʨʷʝʚ, ʂ.ɸ. ɹʝʢʣʝʤʳʰʝʚʘ 

ʄʦʩʢʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ 

ʈʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚʦʧʨʦʩʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʷʚʣʝʥʠʷ ʘʢʫʩʪʠʯʝʩʢʦʡ ʣʝʚʠʪʘʮʠʠ ʧʨʠʤʝ-

ʥʠʪʝʣʴʥʦ ʢ ʩʦʟʜʘʥʠʶ ʙʠʦʧʝʯʘʪʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ. ʀʤʠʪʘʮʠʦʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ 

ʚʢʣʶʯʘʶʪ ʚ ʩʝʙʷ ʨʝʰʝʥʠʝ ʩʠʩʪʝʤʳ ʘʢʫʩʪʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ ʚ ʞʠʜʢʦʡ ʩʨʝʜʝ ʥʘ ʪʨʸʭ-

ʤʝʨʥʦʡ ʨʘʚʥʦʤʝʨʥʦʡ ʩʝʪʢʝ. ʇʨʦʚʦʜʷʪʩʷ ʜʚʘ ʨʘʟʣʠʯʥʳʭ ʯʠʩʣʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘ ʜʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʜʭʦʜʘ ʢ ʩʦʟʜʘʥʠʶ ʘʢʫʩʪʠʯʝʩʢʠʭ ʧʦʣʝʡ ʜʣʷ ʩʣʦʞʥʳʭ ʪʨʫʙʯʘʪʳʭ ʪʢʘ-

ʥʝʚʳʭ ʢʦʥʩʪʨʫʢʮʠʡ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʩ ʧʣʦʩʢʠʤʠ ʠʟʣʫʯʘʪʝʣʠ ʩ ʦʪʨʘʞʘʪʝʣʷʤʠ ʧʘʨʘʙʦ-

ʣʠʯʝʩʢʦʡ ʬʦʨʤʳ ʦʪʨʘʞʘʶʪ ʜʠʟʘʡʥ ʠʥʞʝʥʝʨʥʦ ʤʘʩʰʪʘʙʠʨʫʝʤʦʛʦ ʠ ʧʝʨʩʧʝʢʪʠʚʥʦʛʦ 

ʨʝʰʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʟʘʜʘʯʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʙʠʦʬʘʙʨʠʢʘʮʠʷ, ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʘʢʫʩʪʠʯʝʩʢʘʷ ʣʝʚʠʪʘʮʠʷ, 

ʧʦʪʝʥʮʠʘʣ ɻʦʨʴʢʦʚʘ, ʪʢʘʥʝʚʘʷ ʠʥʞʝʥʝʨʠʷ 

 

1. ɺʚʝʜʝʥʠʝ 

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʪʝʭʥʦʣʦʛʠʠ ʩʦʟʜʘʥʠʷ 2D- ʠ 3D-ʢʦʥʩʪʨʫʢʮʠʡ ʠʟ ʙʠʦʤʘʪʝʨʠʘʣʦʚ ʨʘʟʜʝ-

ʣʷʶʪʩʷ ʥʘ ʜʚʝ ʢʘʪʝʛʦʨʠʠ: ʙʠʦʧʝʯʘʪʴ ʠ ʙʠʦʬʘʙʨʠʢʘʮʠʷ. ʄʝʪʦʜʳ ʙʠʦʧʝʯʘʪʠ ʩʭʦʞʠ ʧʦ ʧʨʠʥʮʠʧʫ ʩ 

ʤʝʪʦʜʦʤ ʧʦʩʣʦʡʥʦʛʦ ʥʘʧʣʘʚʣʝʥʠʷ (FDM): ʙʠʦʢʦʥʩʪʨʫʢʪ ʩʦʟʜʘʸʪʩʷ ʩʣʦʡ ʟʘ ʩʣʦʝʤ, ʢʘʞʜʳʡ ʩʣʝ-

ʜʫʶʱʠʡ ʥʘʢʣʘʜʳʚʘʝʪʩʷ ʧʦʚʝʨʭ ʧʨʝʜʳʜʫʱʝʛʦ. ɹʠʦʬʘʙʨʠʢʘʮʠʷ ʞʝ ʧʦʣʘʛʘʝʪʩʷ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʚʩʝʡ ʢʦʥʩʪʨʫʢʮʠʠ ʠʟ ʢʣʝʪʦʯʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʟʘ ʦʜʠʥ ʰʘʛ. ʆʙʳʯʥʦ ʵʪʦ ʧʨʝʜʧʦʣʘʛʘʝʪ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʝ ʦʧʨʝʜʝʣʸʥʥʳʭ ʬʠʟʠʯʝʩʢʠʭ ʧʦʣʝʡ ï ʘʢʫʩʪʠʯʝʩʢʠʭ ʠʣʠ ʤʘʛʥʠʪʥʳʭ, ï ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ ʛʨʘʥʫʣ 

ʙʠʦʤʘʪʝʨʠʘʣʘ ʚ ʤʘʩʩʠʚ ʪʨʝʙʫʝʤʦʡ ʬʦʨʤʳ, ʩʦʭʨʘʥʷʝʤʦʡ ʧʦʩʣʝ ʩʨʘʱʠʚʘʥʠʷ ʢʣʝʪʦʢ ʤʝʞʜʫ ʩʦʙʦʡ. 

ʕʪʘ ʛʨʫʧʧʘ ʤʝʪʦʜʦʚ ʩʯʠʪʘʝʪʩʷ ʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʦʡ, ʧʦʩʢʦʣʴʢʫ ʠʤʝʝʪ ʰʘʥʩ ʧʨʝʦʜʦʣʝʪʴ ʦʛʨʘʥʠ-

ʯʝʥʠʷ ʙʠʦʧʝʯʘʪʠ ʠ ʥʘ ʧʫʪʠ ʢ ʩʦʟʜʘʥʠʶ ʙʦʣʝʝ ʩʦʚʝʨʰʝʥʥʳʭ ʤʝʜʠʮʠʥʩʢʠʭ ʠʟʜʝʣʠʡ. 

ʆʜʥʘʢʦ ʵʪʠ ʧʝʨʩʧʝʢʪʠʚʳ ʦʛʨʘʥʠʯʝʥʳ ʢʦʤʧʣʝʢʩʦʤ ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʙʣʝʤ, ʣʝʞʘʱʠʭ ʚ ʦʩʥʦʚʝ 

ʤʝʭʘʥʠʟʤʦʚ ʪʦʯʥʦʡ ʤʘʥʠʧʫʣʷʮʠʠ ʬʠʟʠʯʝʩʢʠʤʠ ʧʦʣʷʤʠ. ʂʦʥʪʨʦʣʴ ʥʘʜ ʠʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʝʧʨʦʩʪʫʶ ʟʘʜʘʯʫ, ʧʦʩʢʦʣʴʢʫ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ ʜʣʷ 

ʧʨʦʠʟʚʦʣʴʥʳʭ ʩʠʩʪʝʤ ʫʨʘʚʥʝʥʠʡ ʄʘʢʩʚʝʣʣʘ ʠʣʠ ʅʘʚʴʝ-ʉʪʦʢʩʘ (ʜʘʞʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʢʫʩʪʠ-

ʯʝʩʢʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ ʚ ʧʦʩʣʝʜʥʝʤ) ʥʝ ʩʫʱʝʩʪʚʫʝʪ. ʆʜʥʘʢʦ ʩʫʱʝʩʪʚʫʶʪ ʦʧʨʝʜʝʣʝʥʥʳʝ ʧʦʜʭʦʜʳ 

ʢ ʧʨʝʦʜʦʣʝʥʠʶ ʵʪʦʛʦ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʧʨʦʙʝʣʘ, ʘ ʩʚʦʡʩʪʚʘ ʟʘʜʘʯʠ ʯʘʩʪʦ ʜʘʶʪ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ 

ʧʦʠʩʢʝ ʧʦʜʭʦʜʷʱʝʛʦ ʨʝʰʝʥʠʷ. 

ʅʘʰʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʙʠʦʬʘʙʨʠʯʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ ʚ ʩʬʝʨʝ 

ʩʦʩʫʜʠʩʪʦʡ ʭʠʨʫʨʛʠʠ. ʊʝʭʥʦʣʦʛʠʠ ʰʫʥʪʠʨʦʚʘʥʠʷ ʠ ʩʪʝʥʪʠʨʦʚʘʥʠʷ, ʥʝʩʤʦʪʨʷ ʥʘ ʩʚʦʶ ʥʘʜʝʞ-

ʥʦʩʪʴ ʠ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʜʣʷ ʣʝʯʝʥʠʷ ʩʦʩʫʜʠʩʪʳʭ ʟʘʙʦʣʝʚʘʥʠʡ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ, ʧʦ-

ʧʨʝʞʥʝʤʫ ʩʯʠʪʘʶʪʩʷ ʥʝʦʧʪʠʤʘʣʴʥʳʤʠ ʠʟ-ʟʘ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʢʟʦʛʝʥʥʳʭ ʜʝʪʘʣʝʡ ʠʟ ʤʝʪʘʣʣʘ. ʕʪʠ 

ʫʩʪʨʦʡʩʪʚʘ ʤʦʛʫʪ ʙʳʪʴ ʟʘʤʝʥʝʥʳ ʙʠʦʢʦʥʩʪʨʫʢʪʠʨʦʚʘʥʥʳʤʠ ʬʨʘʛʤʝʥʪʘʤʠ ʢʨʦʚʝʥʦʩʥʳʭ ʩʦʩʫʜʦʚ, 

ʧʦʩʢʦʣʴʢʫ ʠʭ ʤʦʞʥʦ ʠʤʧʣʘʥʪʠʨʦʚʘʪʴ ʜʣʷ ʟʘʤʝʱʝʥʠʷ ʧʨʦʙʣʝʤʥʳʭ ʪʢʘʥʝʡ. 

ʊʨʘʜʠʮʠʦʥʥʳʝ ʤʝʪʦʜʳ ʙʠʦʢʦʥʩʪʨʫʢʮʠʠ ʚʢʣʶʯʘʶʪ ʪʘʢ ʥʘʟʳʚʘʝʤʳʡ ʩʢʘʬʬʦʣʜʠʥʛ: ʙʠʦʢʦʥ-

ʩʪʨʫʢʪ ʩʦʟʜʘʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʢʘʨʢʘʩʘ ʠʟ ʯʫʞʝʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʢʦʪʦʨʳʡ ʩʣʫʞʠʪ ʩʢʝʣʝʪʦʤ ʜʣʷ 

ʨʦʩʪʘ ʪʢʘʥʝʚʳʭ ʩʬʝʨʦʠʜʦʚ. ʍʦʪʷ ʵʪʦʪ ʧʦʜʭʦʜ ʧʦʢʘʟʘʣ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʢʦʥ-

ʩʪʨʫʢʮʠʠ, ʩʦʟʜʘʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʢʘʬʬʦʣʜʦʚ, ʦʙʣʘʜʘʶʪ ʥʝʩʪʘʙʠʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʠʟ-

ʟʘ ʥʝʜʦʩʪʘʪʢʦʚ ʧʨʦʮʝʩʩʘ ʙʠʦʬʘʙʨʠʢʘʮʠʠ. ʕʪʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʠʭ ʟʘʧʘʩ ʧʨʦʯʥʦʩʪʠ ʠ ʩʥʠʞʘʝʪ 

ʥʘʜʸʞʥʦʩʪʴ. ʍʦʪʷ ʪʝʭʥʦʣʦʛʠʷ ʩʢʘʬʬʦʣʜʦʚ ʠʩʧʦʣʴʟʫʝʪʩʷ ʠ ʧʦ ʩʝʡ ʜʝʥʴ, ʧʦʠʩʢ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ 

ʤʝʪʦʜʦʚ ʙʝʟ ʥʠʭ ʧʨʦʜʦʣʞʘʝʪʩʷ. 

ʆʩʫʱʝʩʪʚʣʝʥʠʝ ʢʦʥʪʨʦʣʷ ʥʘʜ ʧʨʦʮʝʩʩʦʤ ʙʠʦʬʘʙʨʠʢʘʮʠʠ ʙʝʟ ʤʘʪʝʨʠʘʣʴʥʳʭ ʩʢʘʬʬʦʣʜʦʚ ï 

ʩʣʦʞʥʘʷ ʟʘʜʘʯʘ, ʜʣʷ ʢʦʪʦʨʦʡ ʧʦʢʘ ʥʝ ʥʘʡʜʝʥʦ ʫʥʠʚʝʨʩʘʣʴʥʦʛʦ ʨʝʰʝʥʠʷ. ʆʜʥʘʢʦ ʥʝʢʦʪʦʨʳʝ ʬʠ-

ʟʠʯʝʩʢʠʝ ʧʨʠʥʮʠʧʳ ʧʦʟʚʦʣʷʶʪ ʤʘʥʠʧʫʣʠʨʦʚʘʪʴ ʪʢʘʥʝʚʳʤ ʤʘʪʝʨʠʘʣʦʤ. ʅʘʧʨʠʤʝʨ, ʩʦʚʤʝʩʪʥʦʝ 
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ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʘʛʥʠʪʥʳʭ ʠ ʘʢʫʩʪʠʯʝʩʢʠʭ ʧʦʣʝʡ ʧʦʟʚʦʣʷʝʪ ʩʦʙʨʘʪʴ ʪʨʫʙʯʘʪʳʡ ʙʠʦʢʦʥʩʪʨʫʢʪ ʠʟ 

ʩʬʝʨʦʠʜʦʚ ʪʢʘʥʠ ʤʦʯʝʚʦʛʦ ʧʫʟʳʨʷ ʯʝʣʦʚʝʢʘ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʩʯʠʪʘʝʪʩʷ ʪʦʯʥʳʤ, ʪʝʭʥʠʯʝʩʢʠ ʦʩʫ-

ʱʝʩʪʚʠʤʳʤ ʠ ʘʜʘʧʪʠʚʥʳʤ ʜʣʷ ʢʘʞʜʦʛʦ ʢʦʥʢʨʝʪʥʦʛʦ ʩʣʫʯʘʷ. 

ʍʦʪʷ ʩʫʱʝʩʪʚʫʶʪ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʧʦʩʚʷʱʝʥʥʳʝ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʚ ʙʠʦʬʘʙ-

ʨʠʢʘʮʠʠ, ʚ ʥʘʰʝʡ ʨʘʙʦʪʝ ʤʳ ʦʙʩʫʜʠʤ ʢʦʥʮʝʧʮʠʶ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʘʢʫʩʪʠʯʝʩʢʠʭ ʧʦʣʝʡ ʠʤʝʥʥʦ 

ʜʣʷ ʩʦʟʜʘʥʠʷ ʪʢʘʥʝʚʳʭ ʢʦʥʩʪʨʫʢʮʠʡ. ʉʣʝʜʫʝʪ ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʤʳ ʢʦʥʮʝʥʪʨʠʨʫʝʤ ʥʘʰʠ 

ʫʩʠʣʠʷ, ʧʨʝʞʜʝ ʚʩʝʛʦ, ʥʘ ʪʨʫʙʯʘʪʳʭ ʙʠʦʢʦʥʩʪʨʫʢʮʠʷʭ, ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʠʤʝʶʪ ʦʯʝʚʠʜʥʦʝ ʢʣʠʥʠ-

ʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʠ ʚʦʩʪʨʝʙʦʚʘʥʳ ʚ ʤʝʜʠʮʠʥʩʢʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʥʝʦʙʭʦ-

ʜʠʤʦʡ ʪʦʯʥʦʩʪʠ ʫʧʨʘʚʣʝʥʠʷ ʘʢʫʩʪʠʯʝʩʢʠʤ ʧʦʣʝʤ ʪʨʝʙʫʝʪʩʷ ʪʱʘʪʝʣʴʥʦʝ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘ-

ʥʠʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʟʚʫʢʘ. ʄʳ ʠʩʧʦʣʴʟʫʝʤ ʩʝʪʦʯʥʦ-ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʡ ʯʠʩʣʝʥʥʳʡ ʤʝʪʦʜ ʜʣʷ 

ʨʝʰʝʥʠʷ ʘʢʫʩʪʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ. ʕʪʦʪ ʨʝʰʘʪʝʣʴ ʙʳʣ ʨʘʥʝʝ ʧʨʦʚʝʨʝʥ ʥʘ ʙʘʟʦʚʦʡ ʟʘʜʘʯʝ ʘʢʫ-

ʩʪʠʯʝʩʢʦʡ ʣʝʚʠʪʘʮʠʠ [3]. 

2. ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ 

2.1. ʎʠʣʠʥʜʨʠʯʝʩʢʠʡ ʧʴʝʟʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʠʟʣʫʯʘʪʝʣʴ 

ɼʘʣʴʥʝʡʰʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʘʩʰʠʨʠʣʠ ʧʨʠʤʝʥʝʥʠʝ ʘʢʫʩʪʠʯʝʩʢʦʡ ʣʝʚʠʪʘʮʠʠ ʚ ʙʦʣʝʝ ʨʝʣʝ-

ʚʘʥʪʥʳʭ ʩʣʫʯʘʷʭ. ɺ [1] ʠʩʩʣʝʜʦʚʘʪʝʣʠ ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʴʝʟʦʢʝʨʘʤʠʯʝʩʢʠʝ ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ ʠ 

ʢʦʣʴʮʝʚʳʝ ʫʣʴʪʨʘʟʚʫʢʦʚʳʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʠ. ʕʪʦʪ ʪʠʧ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʩʦʙʠʨʘʣ ʪʢʘʥʝʚʳʝ 

ʩʬʝʨʦʠʜʳ ʚ ʪʨʫʙʯʘʪʳʝ ʪʢʘʥʝʚʳʝ ʢʦʥʩʪʨʫʢʮʠʠ, ʛʝʥʝʨʠʨʫʷ ʩʪʦʷʯʠʝ ʘʢʫʩʪʠʯʝʩʢʠʝ ʚʦʣʥʳ. ʄʳ ʧʨʦ-

ʚʝʣʠ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʜʦʙʥʦʡ ʘʢʫʩʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʜʣʷ ʜʘʣʴʥʝʡʰʝʡ ʧʨʦʚʝʨʢʠ 

ʢʦʥʚʝʡʝʨʘ ʨʝʰʝʥʠʡ. ɺ ʩʚʷʟʠ ʩ ʘʚʪʦʤʦʜʝʣʴʥʦʩʪʴʶ ʟʘʜʘʯ ʘʢʫʩʪʠʯʝʩʢʦʡ ʣʝʚʠʪʘʮʠʠ ʧʦ ʛʝʦʤʝʪʨʠʯʝ-

ʩʢʠʤ ʨʘʟʤʝʨʘʤ ʜʠʘʤʝʪʨ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʙʳʣ ʚʳʙʨʘʥ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʚʥʫʪʨʠ ʤʦʛʣʠ ʧʦ-

ʤʝʩʪʠʪʴʩʷ ʪʨʠ ʧʦʣʫʚʦʣʥʳ. ʇʦʣʫʯʝʥʥʳʝ ʚ ʭʦʜʝ ʨʘʩʯʸʪʦʚ ʨʝʟʫʣʴʪʘʪʳ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʘʥʘ-

ʣʠʪʠʯʝʩʢʦʡ ʦʮʝʥʢʦʡ ʨʝʰʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ɹʝʩʩʝʣʷ. 

2.2. ɸʥʩʘʤʙʣʴ ʠʟ ʪʨʸʭ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʠʟʣʫʯʘʪʝʣʝʡ 

ʂʝʡʩ ʩ ʦʜʠʥʦʯʥʦʡ ʪʨʫʙʯʘʪʦʡ ʢʦʥʩʪʨʫʢʮʠʝʡ ʣʝʛʣʠ ʚ ʦʩʥʦʚʫ ʥʝʦʙʳʯʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʇʦ-

ʩʢʦʣʴʢʫ ʮʝʣʴʶ ʥʘʰʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʥʠʷ ʪʨʫʙʯʘʪʳʭ ʢʦʥʩʪʨʫʢʮʠʡ ʩ 

ʧʨʦʠʟʚʦʣʴʥʳʤ ʯʠʩʣʦʤ ʚʝʪʚʝʡ ʠ ʫʧʨʘʚʣʝʥʠʷ ʠʭ ʛʝʦʤʝʪʨʠʝʡ, ʙʳʣʘ ʚʳʜʚʠʥʫʪʘ ʧʨʦʩʪʘʷ ʛʠʧʦʪʝʟʘ: 

ʪʨʠ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʧʴʝʟʦʢʝʨʘʤʠʯʝʩʢʠʭ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʥʝʦʙʭʦʜʠʤʦ ʩʣʦʞʠʪʴ 

ʚʤʝʩʪʝ ʚ Y-ʦʙʨʘʟʥʫʶ ʬʦʨʤʫ ʪʘʢ, ʯʪʦʙʳ ʠʭ ʠʟʣʫʯʝʥʠʝ ʚ ʩʫʧʝʨʧʦʟʠʮʠʠ ʩʦʟʜʘʚʘʣʦ ʧʦʪʝʥʮʠʘʣ, ʩʦ-

ʦʪʚʝʪʩʪʚʫʶʱʠʡ ʞʝʣʘʝʤʦʡ ʬʦʨʤʳ ʚʝʪʚʣʝʥʠʷ. 

ɻʠʧʦʪʝʟʘ ʙʳʣʘ ʧʨʦʚʝʨʝʥʘ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ. ɺʥʫʪʨʠ ʟʦʥʳ ʠʟʣʫʯʝʥʠʷ ʦʙʨʘʟʦʚʘʣʘʩʴ ʛʣʘʜʢʘʷ 

ʧʦʪʝʥʮʠʘʣʴʥʘʷ ʷʤʘ, ʨʘʩʧʨʝʜʝʣʝʥʥʘʷ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʧʦ ʬʦʨʤʝ ʨʘʟʚʝʪʚʣʷʶʱʝʛʦʩʷ ʩʦʩʫʜʘ. ʗʤʘ 

ʠʤʝʝʪ ʦʩʦʙʝʥʥʦʩʪʴ ʚ ʚʠʜʝ ʩʪʝʥʢʠ ʚʦʣʥʦʦʙʨʘʟʥʦʡ ʬʦʨʤʘ ʩʪʝʥʢʠ: ʵʪʦ ʩʚʷʟʘʥʦ ʩ ʠʥʪʝʨʬʝʨʝʥʮʠʝʡ 

ʧʴʝʟʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʠʟʣʫʯʘʪʝʣʝʡ. 

2.3. ʇʣʦʩʢʠʡ ʠʟʣʫʯʘʪʝʣʴ ʠ ʧʘʨʘʙʦʣʠʯʝʩʢʠʡ ʦʪʨʘʞʘʪʝʣʴ 

ɼʠʟʘʡʥ ʧʨʝʜʳʜʫʱʝʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʇʣʦʩʢʠʡ ʠʟʣʫʯʘʪʝʣʴ ʠʤʝʝʪ ʩʫʱʝʩʪʚʝʥʥʳʡ ʥʝʜʦʩʪʘʪʦʢ: 

ʤʝʪʦʜ ʨʘʟʚʝʪʚʣʝʥʠʷ ʥʝʩʢʦʣʴʢʠʭ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʥʝ ʤʦʞʝʪ 

ʙʳʪʴ ʠʥʞʝʥʝʨʥʦ ʤʘʩʰʪʘʙʠʨʦʚʘʥ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʪʢʘʥʝʚʳʭ ʢʦʥʩʪʨʫʢʮʠʡ ʩ ʙʦʣʝʝ ʩʣʦʞʥʦʡ ʩʪʨʫʢ-

ʪʫʨʦʡ. ʕʪʦ ʧʦʪʨʝʙʦʚʘʣʦ ʙʳ ʠʟʛʦʪʦʚʣʝʥʠʷ ʧʨʦʠʟʚʦʣʴʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʧʴʝʟʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʠʟ-

ʣʫʯʘʪʝʣʝʡ, ʢʘʞʜʳʡ ʠʟ ʢʦʪʦʨʳʭ ʠʤʝʝʪ ʩʚʦʡ ʨʘʟʤʝʨ ʠ ʬʦʨʤʫ, ʯʪʦ ʵʢʦʥʦʤʠʯʝʩʢʠ ʥʝʚʳʛʦʜʥʦ ʠ ʛʨʦ-

ʤʦʟʜʢʦ. ɹʳʣ ʧʦʩʪʘʚʣʝʥ ʘʣʴʪʝʨʥʘʪʠʚʥʳʡ ʯʠʩʣʝʥʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ʩ ʮʝʣʴʶ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦ-

ʮʝʩʩʘ ʩʦʟʜʘʥʠʷ ʪʨʫʙʯʘʪʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ. ɺ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʥʘʰ ʘʨʩʝʥʘʣ ʠʟʣʫʯʘʪʝʣʝʡ ʦʛʨʘʥʠʯʝʥ ʣʠʰʴ ʧʣʦʩʢʠʤʠ ʫʩʪʨʦʡ-

ʩʪʚʘʤʠ, ʧʦʜʦʙʥʦʝ ʤʦʞʝʪ ʙʳʪʴ ʚʦʟʤʦʞʥʦ ʪʦʣʴʢʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʦʪʨʘʞʘʪʝʣʝʡ ʩʧʝʮʠʘʣʴʥʦʛʦ 

ʪʠʧʘ, ʢʦʪʦʨʳʝ ʤʦʛʣʠ ʙʳ ʩʦʟʜʘʚʘʪʴ ʘʢʫʩʪʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʬʦʨʤʳ ʚ ʢʦʤʙʠʥʘ-

ʮʠʠ ʩ ʧʣʦʩʢʠʤʠ ʠʟʣʫʯʘʪʝʣʷʤʠ. 

ɹʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʧʨʦʚʝʩʪʠ ʯʠʩʣʝʥʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ʩ ʧʣʦʩʢʠʤ ʠʟʣʫʯʘʪʝʣʝʤ ʠ ʧʨʦʪʠʚʦʣʝ-

ʞʘʱʠʤ ʝʤʫ ʦʪʨʘʞʘʪʝʣʝʤ. ʆʪʣʠʯʠʪʝʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʦʪʨʘʞʘʪʝʣʷ ʷʚʣʷʝʪʩʷ ʧʘʨʘʙʦʣʠʯʝʩʢʠʡ 



 

118 

ʚʳʨʝʟ, ʚʳʧʦʣʥʝʥʥʳʡ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʧʘʜʘʶʱʠʝ ʚʦʣʥʳ ʧʦʩʣʝ ʦʪʨʘʞʝʥʠʷ ʩʦʙʠʨʘʣʠʩʴ ʚ 

ʬʦʢʫʩʝ ʧʘʨʘʙʦʣʳ. ʀʜʝʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʟʘʢʣʶʯʘʣʘʩʴ ʚ ʘʥʘʣʠʟʝ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʡ ʢʘʨʪʠʥʳ ʠʟ-

ʣʫʯʘʝʤʳʭ ʠ ʦʪʨʘʞʝʥʥʳʭ ʚʦʣʥ, ʫʜʝʣʷʷ ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʩʠʪʫʘʮʠʠ ʚ ʬʦʢʫʩʝ ʧʘʨʘʙʦʣʳ. 

ʂʘʢ ʠ ʩʣʝʜʦʚʘʣʦ ʦʞʠʜʘʪʴ, ʧʠʢ ʘʤʧʣʠʪʫʜʳ ʠʟʣʫʯʝʥʠʷ ʬʦʨʤʠʨʦʚʘʣʩʷ ʚ ʬʦʢʫʩʝ ʧʘʨʘʙʦʣʳ. ɺʦ-

ʢʨʫʛ ʥʝʛʦ ʦʙʨʘʟʦʚʘʣʘʩʴ ʧʦʪʝʥʮʠʘʣʴʥʘʷ ʷʤʘ, ʧʨʠʥʷʚʰʘʷ ʬʦʨʤʫ ʰʝʩʪʠʫʛʦʣʴʥʦʡ ʧʨʠʟʤʳ. ʊʘʢʫʶ 

ʧʨʠʟʤʫ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʙʣʠʟʢʦʡ ʢ ʮʠʣʠʥʜʨʫ ʠʟ-ʟʘ ʛʣʘʜʢʦʩʪʠ ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʧʦʣʷ. ʉʣʝʜʫʝʪ ʪʘʢ-

ʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʤʠʥʠʤʘʣʴʥʘʷ ʷʤʘ ʧʨʦʩʘʯʠʚʘʝʪʩʷ ʟʘ ʧʨʝʜʝʣʳ ʮʠʣʠʥʜʨʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʧʘʨʘʙʦ-

ʣʳ. ʕʪʦ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʨʦʙʣʝʤʫ, ʧʦʩʢʦʣʴʢʫ ʤʦʞʝʪ ʥʘʨʫʰʠʪʴ ʞʝʣʘʝʤʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʪʢʘʥʝʚʳʭ ʩʬʝʨʦʠʜʦʚ. ʅʘʰʠ ʙʫʜʫʱʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʫʜʫʪ ʧʦʩʚʷʱʝʥʳ ʵʪʦʤʫ ʚʦʧʨʦʩʫ. ʅʘʰʘ ʪʝ-

ʢʫʱʘʷ ʛʠʧʦʪʝʟʘ ʧʨʝʜʧʦʣʘʛʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʝ ʦʜʥʦʛʦ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʘʪʝ-

ʣʷ, ʘ ʤʘʩʩʠʚʘ ʤʘʣʦʛʘʙʘʨʠʪʥʳʭ ʧʨʦʛʨʘʤʤʠʨʫʝʤʳʭ ʠʟʣʫʯʘʪʝʣʝʡ ï ʘʥʪʝʥʥʦʡ ʨʝʰʝʪʢʠ. ʊʘʢʠʤ ʦʙʨʘ-

ʟʦʤ, ʜʘʣʴʥʝʡʰʝʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩ ʪʘʢʠʤʠ ʨʝʬʣʝʢʪʦʨʘʤʠ ʧʝʨʩʧʝʢʪʠʚʥʦ, ʧʦʩʢʦʣʴʢʫ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʨʝʰʝʥʠʝ, ʤʘʩʰʪʘʙʠʨʫʝʤʦʝ ʜʣʷ ʰʠʨʦʢʦʛʦ ʢʣʘʩʩʘ ʪʨʫʙʯʘʪʳʭ ʪʢʘʥʝʚʳʭ ʢʦʥʩʪʨʫʢʮʠʡ ʩ ʨʘʟʣʠʯʥʳʤ 

ʢʦʣʠʯʝʩʪʚʦʤ ʚʝʪʚʝʡ. 
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ʀʉʇʆʃʔɿʆɺɸʅʀɽ ʎʀʂʃʀʏɽʉʂʆɻʆ ɹʋʌɽʈɸ  

ɼʃʗ ʇʆɺʓʐɽʅʀʗ ʊʆʏʅʆʉʊʀ ɺʆʉʉʊɸʅʆɺʃɽʅʀʗ 

ʀʉʂɸɾɽʅʀʁ ɺʆʃʅʆɺʆɻʆ ʌʈʆʅʊɸ ɺ ʆʇʊʀʏɽʉʂʀʍ 

ʉʀʉʊɽʄɸʍ 

ʖ.ɸ. ʈʦʜʠʤʢʦʚ 

ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ 

ʈʘʟʚʠʪʠʝ ʪʝʭʥʦʣʦʛʠʡ ʦʧʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʧʦʟʚʦʣʠʣʦ ʜʦʩʪʠʯʴ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʠʥʪʝʥ-

ʩʠʚʥʦʩʪʝʡ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʣʘʟʝʨʥʦʡ ʬʠʟʠʢʝ. ʆʜʥʘʢʦ ʘʚʪʦʤʘʪʠʟʘʮʠʷ ʪʘʢʠʭ ʫʩʪʘʥʦ-

ʚʦʢ ʦʩʪʘʸʪʩʷ ʩʣʦʞʥʦʡ ʟʘʜʘʯʝʡ. ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʘʢʪʠʚʥʦ ʨʘʟʚʠʚʘʝʪʩʷ ʨʷʜ ʧʦʜʭʦʜʦʚ, 

ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʤʝʪʦʜʘʭ ʛʣʫʙʦʢʦʛʦ ʦʙʫʯʝʥʠʷ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʚʦʩʩʪʘʥʘʚʣʠʚʘʪʴ ʠʩ-

ʢʘʞʝʥʠʷ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʧʦʜʭʦʜ ʢ ʚʦʩʩʪʘʥʦʚʣʝʥʠʶ 

ʠʩʢʘʞʝʥʠʡ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʮʠʢʣʠʯʝʩʢʦʛʦ ʙʫʬʝʨʘ 

ʜʘʥʥʳʭ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʪʨʘʜʠʮʠʦʥʥʳʭ ʤʝʪʦʜʦʚ, ʛʜʝ ʦʙʫʯʘʶʱʘʷ ʚʳʙʦʨʢʘ ʬʠʢʩʠʨʫʝʪʩʷ 

ʟʘʨʘʥʝʝ, ʧʨʝʜʣʦʞʝʥʥʳʡ ʧʦʜʭʦʜ ʧʨʝʜʫʩʤʘʪʨʠʚʘʝʪ ʜʠʥʘʤʠʯʝʩʢʦʝ ʦʙʥʦʚʣʝʥʠʝ ʜʘʥʥʳʭ ʚ 

ʧʨʦʮʝʩʩʝ ʦʙʫʯʝʥʠʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʥʝʡʨʦʥʥʳʝ ʩʝʪʠ, ʛʣʫʙʦʢʦʝ ʦʙʫʯʝʥʠʝ, ʩʠʥʪʝʪʠʯʝʩʢʠʝ ʜʘʥʥʳʝ, ʧʝʨʝ-

ʦʙʫʯʝʥʠʝ, ʣʘʟʝʨʥʘʷ ʬʠʟʠʢʘ, ʦʧʪʠʯʝʩʢʠʝ ʩʠʩʪʝʤʳ, ʠʩʢʘʞʝʥʠʷ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ, ʢʘ-

ʣʠʙʨʦʚʢʘ ʣʘʟʝʨʥʦʡ ʫʩʪʘʥʦʚʢʠ. 

 

1. ɺʚʝʜʝʥʠʝ 

ʜʦʩʪʠʞʝʥʠʷ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʚ ʬʦʢʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ ʣʘʟʝʨʥʳʭ ʫʩʪʘʥʦʚʦʢ, 

ʚʢʣʶʯʘʷ ʩʦʚʨʝʤʝʥʥʳʝ ʧʝʪʘʚʘʪʪʥʳʝ ʩʠʩʪʝʤʳ [1, 2], ʪʨʝʙʫʝʪʩʷ ʚʳʩʦʢʘʷ ʪʦʯʥʦʩʪʴ ʢʘʣʠʙʨʦʚʢʠ ʦʧ-

ʪʠʯʝʩʢʦʛʦ ʪʨʘʢʪʘ, ʚ ʯʘʩʪʥʦʩʪʠ ï ʫʩʪʨʘʥʝʥʠʝ ʠʩʢʘʞʝʥʠʡ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ. ʇʦʜʦʙʥʳʝ ʠʩʢʘʞʝʥʠʷ 

ʚʦʟʥʠʢʘʶʪ ʚʩʣʝʜʩʪʚʠʝ ʦʧʪʠʯʝʩʢʠʭ ʘʙʝʨʨʘʮʠʡ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʥʝʩʦʚʝʨʰʝʥʩʪʚ ʵʣʝʤʝʥʪʦʚ ʩʠ-

ʩʪʝʤʳ, ʪʘʢʠʭ ʢʘʢ ʣʠʥʟʳ ʠ ʟʝʨʢʘʣʘ. ɼʣʷ ʫʩʪʨʘʥʝʥʠʷ ʪʘʢʠʭ ʠʩʢʘʞʝʥʠʡ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʘʜʘʧ-

ʪʠʚʥʫʶ ʦʧʪʠʯʝʩʢʫʶ ʩʠʩʪʝʤʫ, ʜʣʷ ʢʦʨʨʝʢʪʥʦʡ ʨʘʙʦʪʳ ʢʦʪʦʨʦʡ ʦʙʳʯʥʦ ʪʨʝʙʫʝʪʩʷ ʝʸ ʢʘʣʠʙʨʦʚʢʘ. 

ʉʫʱʝʩʪʚʫʶʪ ʨʘʟʣʠʯʥʳʝ ʤʝʪʦʜʳ ʢʘʣʠʙʨʦʚʢʠ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʠʩʧʦʣʴʟʫʶʱʠʝ ʠʥʬʦʨʤʘʮʠʶ ʦʙ 

ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʵʥʝʨʛʠʠ ʚ ʬʦʢʫʩʝ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʞʘʜʥʦʤ ʧʦʠʩʢʝ [3], ʛʝʥʝʪʠʯʝʩʢʠʭ ʘʣʛʦʨʠʪʤʘʭ 

[4], ʩʪʦʭʘʩʪʠʯʝʩʢʦʤ ʛʨʘʜʠʝʥʪʥʦʤ ʩʧʫʩʢʝ [5, 6], ʘ ʪʘʢʞʝ ʘʣʛʦʨʠʪʤʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʪʞʠʛʘ [7, 8]. 

ʆʜʥʘʢʦ ʢ ʥʝʜʦʩʪʘʪʢʘʤ ʵʪʠʭ ʤʝʪʦʜʦʚ ʦʪʥʦʩʠʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʙʦʣʴʰʦʝ ʚʨʝʤʷ ʨʘʙʦʪʳ ʠ ʨʠʩʢ ʟʘ-

ʩʪʨʝʚʘʥʠʷ ʚ ʣʦʢʘʣʴʥʳʭ ʤʠʥʠʤʫʤʘʭ. ʇʦʵʪʦʤʫ ʚ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʥʘʙʠʨʘʝʪ ʧʦʧʫʣʷʨʥʦʩʪʴ ʧʨʠʤʝ-

ʥʝʥʠʝ ʤʝʪʦʜʦʚ ʛʣʫʙʦʢʦʛʦ ʦʙʫʯʝʥʠʷ [9, 10]. 

ʆʜʥʦʡ ʠʟ ʢʣʶʯʝʚʳʭ ʧʨʦʙʣʝʤ ʤʝʪʦʜʦʚ ʛʣʫʙʦʢʦʛʦ ʦʙʫʯʝʥʠʷ ʷʚʣʷʝʪʩʷ ʧʝʨʝʦʙʫʯʝʥʠʝ. ɺ ʜʘʥ-

ʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʤʝʪʦʜ ʦʙʫʯʝʥʠʷ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ, ʚ ʢʦʪʦʨʦʤ ʠʩʧʦʣʴʟʫʝʪʩʷ ʮʠʢʣʠʯʝʩʢʠʡ 

ʙʫʬʝʨ ʩ ʛʝʥʝʨʘʮʠʝʡ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʜʘʥʥʳʭ ʚ ʨʝʞʠʤʝ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ ʩ ʮʝʣʴʶ ʧʨʝʜʦʪʚʨʘʱʝ-

ʥʠʷ ʧʝʨʝʦʙʫʯʝʥʠʷ ʠ ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʠʩʢʘʞʝʥʠʡ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʪʨʘʜʠʮʠʦʥʥʳʤ ʧʦʜʭʦʜʦʤ, ʦʩʥʦʚʘʥʥʳʤ ʥʘ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʚʳʙʦʨʢʝ. 

2. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ 

ʇʨʠʥʮʠʧ ʨʘʙʦʪʳ ʘʜʘʧʪʠʚʥʦʡ ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʚʢʣʶʯʘʝʪ ʩʣʝʜʫʶʱʠʝ ʵʪʘʧʳ. ɺʦʣʥʦʚʦʡ 

ʬʨʦʥʪ ʩ ʠʩʢʘʞʝʥʠʷʤʠ ὴ ʧʦʩʪʫʧʘʝʪ ʥʘ ʜʝʬʦʨʤʠʨʫʝʤʦʝ ʟʝʨʢʘʣʦ, ʧʦʩʣʝ ʯʝʛʦ ʩʠʛʥʘʣ ʥʘʧʨʘʚʣʷʝʪʩʷ 

ʥʘ ʧʦʣʫʧʨʦʟʨʘʯʥʦʝ ʟʝʨʢʘʣʦ. ʏʘʩʪʴ ʠʟʣʫʯʝʥʠʷ ʧʨʦʭʦʜʠʪ ʜʘʣʝʝ ʜʣʷ ʬʦʢʫʩʠʨʦʚʢʠ, ʘ ʜʨʫʛʘʷ ʯʘʩʪʴ 

ʧʦʩʪʫʧʘʝʪ ʥʘ ʜʘʪʯʠʢ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ, ʢʦʪʦʨʳʡ ʦʙʳʯʥʦ ʩʦʩʪʦʠʪ ʠʟ ʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ. 

ɼʘʪʯʠʢ ʩʧʦʩʦʙʝʥ ʠʟʤʝʨʷʪʴ ʠʩʢʘʞʝʥʠʷ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ ʩ ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʴʶ ʠ ʪʦʯʥʦʩʪʴʶ.  

ʆʜʥʘʢʦ ʫ ʦʧʠʩʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʝʩʪʴ ʩʫʱʝʩʪʚʝʥʥʳʝ ʥʝʜʦʩʪʘʪʢʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʥʝ ʫʯʠʪʳʚʘʝʪʩʷ 

ʚʣʠʷʥʠʝ ʠʩʢʘʞʝʥʠʡ, ʚʥʦʩʠʤʳʭ ʬʦʢʫʩʠʨʫʶʱʠʤ ʪʨʘʢʪʦʤ ὴ. ʊʘʢʞʝ ʠʩʢʘʞʝʥʠʷ, ʚʦʟʥʠʢʘʶʱʠʝ ʚ 

ʩʘʤʦʤ ʜʘʪʯʠʢʝ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ, ʥʝ ʚʣʠʷʶʪ ʥʘ ʦʙʣʘʩʪʴ ʚ ʬʦʢʫʩʝ, ʥʦ ʫʯʠʪʳʚʘʶʪʩʷ ʜʘʪʯʠʢʦʤ.  
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ʅʝʦʙʭʦʜʠʤʦ ʚʦʩʩʪʘʥʦʚʠʪʴ ʠʩʢʘʞʝʥʠʷ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ ὴ ὴ ὴ ʩ ʧʦʤʦʱʴʶ ʥʝʡʨʦʥʥʦʡ 

ʩʝʪʠ ὔὔȡὪὪȟὪὪ ᴼὴ, ʠʩʧʦʣʴʟʫʷ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʥʝʨʛʠʠ ʚ ʬʦʢʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ ὪὪ ʠ ʝʸ 

ʦʢʨʝʩʪʥʦʩʪʠ ὪὪ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʠʥʬʦʨʤʘʮʠʠ ʠʟ ʦʢʨʝʩʪʥʦʩʪʠ ʬʦʢʫʩʘ ὪὪ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ 

ʫʩʪʨʘʥʝʥʠʷ ʥʝʦʧʨʝʜʝʣʸʥʥʦʩʪʠ. ɺ ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ ʦʜʥʦʤʫ ʠ ʪʦʤʫ ʞʝ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʵʥʝʨʛʠʠ ʚ 

ʬʦʢʫʩʝ ʤʦʞʝʪ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʨʘʟʥʳʝ ʠʩʢʘʞʝʥʠʷ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ. 

3. ʉʙʦʨ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʜʘʥʥʳʭ  

ʆʜʥʠʤ ʠʟ ʩʧʦʩʦʙʦʚ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ ʠʩʢʘʞʝʥʠʡ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ ὴ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʝ ʧʦʣʠʥʦʤʦʚ ʎʝʨʥʠʢʝ. ʃʘʟʝʨʥʳʡ ʠʤʧʫʣʴʩ ʩ ʠʩʢʘʞʸʥʥʳʤ ʚʦʣʥʦʚʳʤ ʬʨʦʥʪʦʤ ʬʦʨʤʠʨʦʚʘʣʩʷ 

ʢʘʢ ʩʫʤʤʘ ʩʪʘ ʧʦʣʠʥʦʤʦʚ ʎʝʨʥʠʢʝ ʩ ʩʣʫʯʘʡʥʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ὥ . ɼʣʷ ʵʪʦʛʦ ʟʘʜʘʚʘʣʘʩʴ 

ʠʩʢʘʞʝʥʠʷ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ:  

 ὡ ὴȟ•  ὥ  ὤ ὴȟ•  

ὤ ὴȟ• Ὑ ὴÃÏÓ ά• ʠ ὤ ὴȟ• Ὑ ὴÓÉÎ ά•, Ὑ  ï ʨʘʜʠʘʣʴʥʳʝ ʤʥʦʛʦʯʣʝʥʳ, 

ά ʠ ὲ ï ʥʝʦʪʨʠʮʘʪʝʣʴʥʳʝ ʮʝʣʳʝ ʯʠʩʣʘ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʝ ʫʩʣʦʚʠʶ ὲ ά, • ï ʘʟʠʤʫʪʘʣʴʥʳʡ 

ʫʛʦʣ, ὴ ï ʨʘʜʠʘʣʴʥʦʝ ʨʘʩʩʪʦʷʥʠʝ, π ὴ  ρ. 
ɸʤʧʣʠʪʫʜʘ ʧʦʣʷ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

Ὁὴȟ• Ὡ
ȟ

ȟ 
ʛʜʝ ‗ ï ʜʣʠʥʘ ʚʦʣʥʳ, ʨʘʚʥʘʷ ρπ. ɼʘʣʝʝ ʩ ʧʦʤʦʱʴʶ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝ ʧʦʣʝ ʨʘʩʧʨʦʩʪʨʘʥʷ-
ʝʪʩʷ ʚ ʜʘʣʴʥʶʶ ʟʦʥʫ, ʛʜʝ ʨʘʩʩʯʠʪʳʚʘʣʘʩʴ ʝʛʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ. ɼʣʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚ ʬʦʢʫʩʝ ὤ
π. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʵʥʝʨʛʠʠ ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʬʦʢʫʩʘ ʨʘʩʩʯʠʪʳʚʘʣʦʩʴ ʘʥʘʣʦʛʠʯʥʦ, ʧʨʠ ʵʪʦʤ ὤ
πȢυ. ʇʦʣʠʥʦʤʳ ὤ  ʠ ὤ ʙʳʣʠ ʨʘʚʥʳ ʥʫʣʶ ʚʩʝʛʜʘ. 

ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʩʠʣʳ ʠʩʢʘʞʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʥʝʨʛʠʠ ʚ ʬʦʢʫʩʝ ʩʪʘʥʦʚʠʪʩʷ ʚʩʸ ʙʦʣʝʝ ʭʘʦ-

ʪʠʯʥʳʤ, ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ. ʇʨʠ 

ʦʙʫʯʝʥʠʠ ʠʟʦʙʨʘʞʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʵʥʝʨʛʠʠ ʚ ʬʦʢʫʩʝ ʠ ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʥʦʨʤʠʨʦʚʘʣʠʩʴ ʥʘ 

ʤʘʢʩʠʤʫʤ ʦʪʜʝʣʴʥʦ ʜʣʷ ʢʘʞʜʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ. ʀʩʢʘʞʝʥʠʷ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ ʥʦʨʤʠʨʦʚʘʣʠʩʴ ʥʘ 

ʪʨʦʡʥʫʶ ʜʣʠʥʫ ʚʦʣʥʳ. 

4. ʄʝʪʦʜʦʣʦʛʠʷ 

ʇʨʦʮʝʩʩ ʦʙʫʯʝʥʠʷ ʠ ʦʙʥʦʚʣʝʥʠ ̫ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʜʘʥʥʳʭ ʚ ʮʠʢʣʠʯʝʩʢʦʤ ʙʫʬʝʨʝ ʧʨʦʠʩʭʦʜʠʪ 

ʘʩʠʥʭʨʦʥʥʦ. ʆʙʫʯʝʥʠʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʣʘʩʩʠʯʝʩʢʫʶ ʧʨʦʮʝʜʫʨʫ, ʚʳʧʦʣʥʷʝʤʫʶ ʥʘ ʧʨʦʮʝʩʩʝ 

ʤʘʩʪʝʨʝ. ɺ ʧʘʢʝʪʥʦʤ ʨʝʞʠʤʝ ʦʙʫʯʘʶʱʠʝ ʧʨʠʤʝʨʳ ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ, ʙʝʟ ʧʦʚʪʦʨʝʥʠʡ, ʚʳʙʠ-

ʨʘʶʪʩʷ ʠʟ ʥʘʙʦʨʘ ʜʘʥʥʳʭ. ʕʪʘ ʯʘʩʪʴ ʚʳʧʦʣʥʷʝʪʩʷ ʚ ʢʨʠʪʠʯʝʩʢʦʡ ʩʝʢʮʠʠ. ɼʘʣʝʝ ʧʨʦʠʩʭʦʜʠʪ 

ʧʨʷʤʦʡ ʠ ʦʙʨʘʪʥʳʡ ʧʨʦʭʦʜ rʧʦ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ. 

ɹʫʬʝʨ ʚ ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ ʭʨʘʥʠʪ ʟʘʨʘʥʝʝ ʩʦʙʨʘʥʥʫʶ ʚʳʙʦʨʢʫ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʥʘʧʨʘʚʣʝʥ 

ʥʘ ʙʦʨʴʙʫ ʩ ʵʬʬʝʢʪʦʤ ʭʦʣʦʜʥʦʛʦ ʩʪʘʨʪʘ, ʧʨʠ ʢʦʪʦʨʦʤ ʤʦʜʝʣʴ ʤʦʞʝʪ ʧʝʨʝʦʙʫʯʘʪʴʩʷ ʥʘ ʥʝʙʦʣʴ-

ʰʦʡ ʚʳʙʦʨʢʝ ʥʘ ʧʝʨʚʳʭ ʵʧʦʭʘʭ ʦʙʫʯʝʥʠʷ, ʯʪʦ ʟʘʤʝʜʣʷʝʪ ʩʭʦʜʠʤʦʩʪʴ. 

ʇʦʩʣʝ ʥʘʯʘʣʘ ʦʙʫʯʝʥʠʷ ʟʘʧʫʩʢʘʝʪʩʷ ʤʥʦʞʝʩʪʚʦ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ. ɺ ʢʘʞʜʦʤ ʠʟ 

ʥʠʭ ʧʨʦʠʟʚʦʜʠʪʩʷ ʛʝʥʝʨʘʮʠʷ ʩʣʫʯʘʡʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʦʣʠʥʦʤʦʚ ʎʝʨʥʠʢʝ, ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ 

ʠʩʢʘʞʝʥʠʝ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ, ʘ ʟʘʪʝʤ ʚʳʧʦʣʥʷʝʪʩʷ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ.  

ɼʣʷ ʫʤʝʥʴʰʝʥʠʷ ʥʘʢʣʘʜʥʳʭ ʨʘʩʭʦʜʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʩʠʥʭʨʦʥʠʟʘʮʠʝʡ, ʚ ʢʘʞʜʦʤ ʧʨʦʮʝʩʩʝ 

ʩʥʘʯʘʣʘ ʩʦʙʠʨʘʝʪʩʷ 100 ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʧʨʠʤʝʨʦʚ. ʂʘʢ ʪʦʣʴʢʦ ʧʘʯʢʘ ʜʘʥʥʳʭ ʙʫʜʝʪ ʩʛʝʥʝʨʠʨʦʚʘ-

ʥʘ, ʧʨʦʮʝʩʩʳ ʚʩʪʘʶʪ ʚ ʦʯʝʨʝʜʴ ʩ ʧʨʦʮʝʩʩʦʤ ʤʘʩʪʝʨʦʤ. ʇʦʩʣʝ ʵʪʦʛʦ ʜʘʥʥʳʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʜʦ-

ʙʘʚʣʷʶʪʩʷ ʚ ʤʘʩʩʠʚʳ ʜʣʷ ʜʘʣʴʥʝʡʰʝʡ ʦʙʨʘʙʦʪʢʠ. ʏʘʩʪʴ, ʩʚʷʟʘʥʥʘʷ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʥʦʚʳʭ ʧʨʠ-

ʤʝʨʦʚ, ʪʘʢʞʝ ʥʘʭʦʜʠʪʩʷ ʚ ʢʨʠʪʠʯʝʩʢʦʡ ʩʝʢʮʠʠ. 

5. ʈʝʟʫʣʴʪʘʪʳ 

ɼʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʠʩʢʘʞʝʥʠʡ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʘʨʭʠʪʝʢ-

ʪʫʨʘ U-Net [11]. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʵʥʝʨʛʠʠ ʚ ʬʦʢʫʩʝ ʠ ʚ ʝʛʦ ʦʢʨʝʩʪʥʦʩʪʠ ʦʙʲʝʜʠʥʷʣʦʩʴ ʚ ʜʚʫʭʢʘ-

ʥʘʣʴʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ. ɼʣʷ ʩʨʘʚʥʠʪʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʪʨʠ ʚʳʙʦʨʢʠ, ʨʘʟʤʝʨʳ ʢʦʪʦ-
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ʨʳʭ ʩʦʩʪʘʚʣʷʣʠ 100 000, 200 000 ʠ 400 000 ʧʨʠʤʝʨʦʚ. ʆʙʫʯʝʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʙʫʬʝʨʘ, ʨʘʟʤʝʨ ʢʦʪʦʨʦʛʦ ʙʳʣ ʨʘʚʝʥ 100 000 ʧʨʠʤʝʨʦʚ. ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʦʡ ʚʳʙʦʨʢʠ ʜʣʷ ʠʥʠ-

ʮʠʘʣʠʟʘʮʠʠ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʚʳʙʦʨʢʘ ʨʘʟʤʝʨʦʤ 100 000 ʧʨʠʤʝʨʦʚ. ʂʘʞʜʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ʦʙʫʯʘ-

ʣʘʩʴ ʚ ʪʝʯʝʥʠʝ 40 000 ʠʪʝʨʘʮʠʡ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʝʜʠʥʦʦʙʨʘʟʠʷ. ɼʣʷ ʚʘʣʠʜʘʮʠʠ ʠ ʪʝʩʪʠʨʦʚʘʥʠʷ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʦʪʜʝʣʴʥʳʝ ʚʳʙʦʨʢʠ, ʩʦʜʝʨʞʘʱʠʝ 5 000 ʠ 2 000 ʧʨʠʤʝʨʦʚ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʅʘ ʪʨʝʥʠʨʦʚʦʯʥʳʭ ʜʘʥʥʳʭ ʥʘʠʣʫʯʰʘʷ ʪʦʯʥʦʩʪʴ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʠʩʢʘʞʝʥʠʡ ʚʦʣʥʦʚʦʛʦ 

ʬʨʦʥʪʘ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʥʘʠʤʝʥʴʰʝʡ ʧʦ ʨʘʟʤʝʨʫ ʚʳʙʦʨʢʠ. ʉʨʝʜʠ ʚʳʙʦʨʦʢ ʬʠʢ-

ʩʠʨʦʚʘʥʥʦʛʦ ʨʘʟʤʝʨʘ ʥʘʠʣʫʯʰʠʡ ʨʝʟʫʣʴʪʘʪ, ʢʘʢ ʠ ʦʞʠʜʘʣʦʩʴ, ʙʳʣ ʜʦʩʪʠʛʥʫʪ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʩʘʤʦʡ ʙʦʣʴʰʦʡ ʚʳʙʦʨʢʠ, ʚʢʣʶʯʘʶʱʝʡ 400 000 ʧʨʠʤʝʨʦʚ. ʅʘ ʪʝʩʪʦʚʳʭ ʜʘʥʥʳʭ ʣʫʯhʘʷ ʪʦʯ-

ʥʦʩʪʴ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʥʝʡʨʦʥʥʘʷ ʩʝʪʴ, ʦʙʫʯʝʥʥʘʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʮʠʢʣʠʯʝʩʢʦʛʦ ʙʫʬʝʨʘ. ʕʪʦ 

ʧʦʜʪʚʝʨʞʜʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʮʠʢʣʠʯʝʩʢʦʛʦ ʙʫʬʝʨʘ ʧʨʠ ʨʘʙʦʪʝ ʩ ʩʠʥʪʝʪʠʯʝʩʢʠ-

ʤʠ ʜʘʥʥʳʤʠ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʩ ʧʦʤʦʱʴʶ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʚʳʙʦʨʢʦʡ ʘʥʘʣʦʛʠʯʥʦʛʦ ʨʘʟʤʝʨʘ ʪʦʯʥʦʩʪʴ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʠʩʢʘʞʝʥʠʡ ʩ ʧʦʤʦʱʴʶ ʩʚʝʨʪʦʯʥʦʡ 

ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ ʚʦʟʨʦʩʣʘ ʚ ʜʚʘ ʨʘʟʘ. ʂʨʦʤʝ ʪʦʛʦ, ʪʦʯʥʦʩʪʴ ʤʝʪʦʜʘ ʫʣʫʯʰʠʣʘʩʴ ʧʨʠʤʝʨʥʦ ʥʘ 30% 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʚʳʙʦʨʢʦʡ, ʨʘʟʤʝʨ ʢʦʪʦʨʦʡ ʚ ʯʝʪʳʨʝ ʨʘʟʘ ʧʨʝʚʳʰʘʣ ʨʘʟʤʝʨ ʮʠʢʣʠʯʝʩʢʦʛʦ ʙʫʬʝ-

ʨʘ. ʇʦʜʨʦʙʥʦʝ ʦʧʠʩʘʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʙʫʜʝʪ ʧʨʠʚʝʜʝʥʦ ʚ ʜʦʢʣʘʜʝ. 

ʃʠʪʝʨʘʪʫʨʘ 

1. Danson C.N. et al. Petawatt and exawatt class lasers worldwide // High Power Laser Science and 

Engineering. ï 2019. ï ʊ. 7. ï ʉ. 54. 

2. ʉʦʣʦʚʴʝʚ ɸ.ɸ. ʠ ʜʨ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʚ ʦʙʣʘʩʪʠ ʬʠʟʠʢʠ ʧʣʘʟʤʳ ʠ ʫʩʢʦʨʝʥʠʷ ʯʘʩʪʠʮ ʥʘ ʧʝʪʘ-

ʚʘʪʪʥʦʤ ʣʘʟʝʨʝ PEARL // ʋʩʧʝʭʠ ʬʠʟʠʯʝʩʢʠʭ ʥʘʫʢ. ï 2024. ï ʊ. 194. ï ˉ 3. ï ʉ. 313ï335. 

3. Yang P. et al. 19-element sensorless adaptive optical system based on modified hill-climbing and 

genetic algorithms //3rd International Symposium on Advanced Optical Manufacturing and 

Testing Technologies: Optical Test and Measurement Technology and Equipment. ï SPIE, 2007. 

ï ʊ. 6723. ï ʉ. 36-42. 

4. Poland S.P., Wright A.J., Girkin J.M. Evaluation of fitness parameters used in an iterative 

approach to aberration correction in optical sectioning microscopy //Applied optics. ï 2008. ï ʊ. 

47. ï ˉ. 6. ï ʉ. 731-736. 

5. Piatrou P., Roggemann M. Beaconless stochastic parallel gradient descent laser beam control: 

numerical experiments //Applied optics. ï 2007. ï ʊ. 46. ï ˉ. 27. ï ʉ. 6831-6842. 

6. ʂʦʪʦʚ ɸ.ɺ. ʠ ʜʨ. ɸʜʘʧʪʠʚʥʘʷ ʩʠʩʪʝʤʘ ʢʦʨʨʝʢʮʠʠ ʦʧʪʠʯʝʩʢʠʭ ʘʙʝʨʨʘʮʠʡ ʠʟʣʫʯʝʥʠʷ ʤʦʱʥʳʭ 

ʣʘʟʝʨʦʚ ʩ ʜʠʥʘʤʠʯʝʩʢʠʤ ʦʧʨʝʜʝʣʝʥʠʝʤ ʵʪʘʣʦʥʥʦʡ ʬʦʨʤʳ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ //ʂʚʘʥʪʦʚʘʷ 

ʵʣʝʢʪʨʦʥʠʢʘ. ï 2021. ï ʊ. 51. ï ˉ. 7. ï ʉ. 593-596. 

7. Zommer S. et al. Simulated annealing in ocular adaptive optics //Optics letters. ï 2006. ï ʊ. 31. ï 

ˉ. 7. ï ʉ. 939-941. 

8. El-Agmy R. et al. Adaptive beam profile control using a simulated annealing algorithm //Optics 

Express. ï 2005. ï ʊ. 13. ï ˉ. 16. ï ʉ. 6085-6091. 

9. ʂʦʪʦʚ ɸ.ɺ. ʠ ʜʨ. ɺʦʩʩʪʘʥʦʚʣʝʥʠʝ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ ʣʘʟʝʨʥʦʛʦ ʧʫʯʢʘ ʥʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʨʘʩ-

ʧʨʝʜʝʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʬʦʢʫʩʝ ʠ ʚʥʝ ʬʦʢʫʩʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʚʸʨʪʦʯʥʦʡ ʥʝʡʨʦʥʥʦʡ 

ʩʝʪʠ //ʀɿɺɽʉʊʀʗ ɺʋɿʆɺ. ʈɸɼʀʆʌʀɿʀʂɸ. ï 2024. ï ʊ. 67. ï ˉ. 11-12. ï ʉ. 1013-1019. 

10. He Y. et al. Deep learning wavefront sensing method for Shack-Hartmann sensors with sparse 

sub-apertures //Optics Express. ï 2021. ï ʊ. 29. ï ˉ. 11. ï ʉ. 17669-17682. 

11. Ronneberger O., Fischer P., Brox T. U-net: Convolutional networks for biomedical image 

segmentation //International Conference on Medical image computing and computer-assisted 

intervention. ï Cham : Springer international publishing, 2015. ï ʉ. 234-241. 

 



 

122 

ʀʄʀʊɸʎʀʆʅʅɸʗ ʄʆɼɽʃʔ ɻʆʈʀɿʆʅʊɸʃʔʅʆ 

ʈɸʉʇʆʃʆɾɽʅʅʆɻʆ ʎʀʃʀʅɼʈʀʏɽʉʂʆɻʆ ʈɽɿɽʈɺʋɸʈɸ 

ɼʃʗ ʆʎɽʅʂʀ ʇʆɻʈɽʐʅʆʉʊʀ ɻʈɸɼʋʀʈʆɺʆʏʅʆʁ 

ʇʈʆʎɽɼʋʈʓ ʆɹʒɪʄʅʆɻʆ ʄɽʊʆɼɸ 

ʉ.ɺ. ʈʫʩʘʢʦʚ1, ɺ.ɸ. ʉʪʘʨʦʩʪʠʥ2, ʀ.ʀ. ʍʝʡʬʝʮ1 

1ʇʝʨʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, 
2ʆʙʱʝʩʪʚʦ ʩ ʦʛʨʘʥʠʯʝʥʥʦʡ ʦʪʚʝʪʩʪʚʝʥʥʦʩʪʴʶ çɺʀʉʊɽʈʀʗè 

ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʦʮʝʥʢʝ ʧʦʛʨʝʰʥʦʩʪʠ ʩʫʱʝʩʪʚʫʶʱʠʭ ʤʝʪʦʜʦʚ ʛʨʘʜʫʠ-

ʨʦʚʢʠ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʪʦʧʣʠʚʥʳʭ ʨʝʟʝʨʚʫʘʨʦʚ. ɺ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʮʠʬʨʦʚʘʷ ʤʦʜʝʣʴ ʪʘʢʦʛʦ ʨʝʟʝʨʚʫʘʨʘ, ʧʦʩʣʝ ʯʝʛʦ ʩ ʝʸ ʧʦʤʦʱʴʶ ʙʳʣ 

ʧʨʦʚʝʜʸʥ ʠʤʠʪʘʮʠʦʥʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ʧʦ ʦʮʝʥʢʝ ʧʦʛʨʝʰʥʦʩʪʝʡ ʤʝʪʦʜʦʚ ʛʨʘʜʫʠʨʦʚʢʠ. 

ʕʢʩʧʝʨʠʤʝʥʪ ʚʳʷʚʠʣ ʩʫʱʝʩʪʚʝʥʥʳʝ ʧʦʛʨʝʰʥʦʩʪʠ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʤʝʪʦʜʘʤʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʛʨʘʜʫʠʨʦʚʢʘ ʸʤʢʦʩʪʝʡ, ʧʦʛʨʝʰʥʦʩʪʴ ʤʝʪʦʜʘ, ʠʤʠʪʘʮʠʦʥʥʦʝ ʤʦʜʝʣʠ-

ʨʦʚʘʥʠʝ. 

 

1. ɺʚʝʜʝʥʠʝ 

ɺ ʭʦʜʝ ʵʢʩʧʣʫʘʪʘʮʠʠ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʸʤʢʦʩʪʝʡ ʥʘ ʨʘʟʣʠʯʥʳʭ ʧʨʝʜʧʨʠʷʪʠʷʭ ʪʦʧʣʠʚʥʦ-

ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ, ʧʨʠʩʫʪʩʪʚʫʝʪ ʟʘʜʘʯʘ ʫʯʸʪʘ ʭʨʘʥʠʤʦʛʦ ʪʦʧʣʠʚʘ. ɼʣʷ ʚʳʧʦʣʥʝʥʠʷ 

ʵʪʦʡ ʟʘʜʘʯʠ ʥʝʦʙʭʦʜʠʤʘ ʧʝʨʠʦʜʠʯʝʩʢʘʷ ʛʨʘʜʫʠʨʦʚʢʘ ʸʤʢʦʩʪʝʡ. ʅʘ ʪʝʢʫʱʠʡ ʤʦʤʝʥʪ, ʦʙʱʝʧʨʠ-

ʥʷʪʳʤ ʩʪʘʥʜʘʨʪʦʤ ʚ ʦʙʣʘʩʪʠ ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʛʨʘʜʫʠʨʦʚʦʢ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʨʝʟʝʨʚʫʘʨʦʚ ʷʚʣʷʝʪʩʷ 

ɻʆʉʊ 8.346-2000 [1]. ʅʘʠʙʦʣʝʝ ʪʦʯʥʳʝ ʤʝʪʦʜʳ ʛʨʘʜʫʠʨʦʚʢʠ ʚ ʨʘʤʢʘʭ ʵʪʦʛʦ ʩʪʘʥʜʘʨʪʘ, ʦʙʲʸʤ-

ʥʳʝ ʤʝʪʦʜʳ, ʠʤʝʶʪ ʩʫʱʝʩʪʚʝʥʥʳʝ ʥʝʜʦʩʪʘʪʢʠ [2ï5]: ʚ ʯʘʩʪʥʦʩʪʠ ï ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚ ʚʳʚʝʜʝʥʠʠ 

ʨʝʟʝʨʚʫʘʨʘ ʠʟ ʵʢʩʧʣʫʘʪʘʮʠʠ ʠ ʥʝʜʦʩʪʘʪʦʯʥʫʶ ʪʦʯʥʦʩʪʴ. ʊʘʢʞʝ, ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʠ ʥʝʛʘʪʠʚʥʦʝ 

ʚʣʠʷʥʠʝ ʯʝʣʦʚʝʯʝʩʢʦʛʦ ʬʘʢʪʦʨʘ [2, 3] ʥʘ ʢʘʯʝʩʪʚʦ ʛʨʘʜʫʠʨʦʚʢʠ. ʎʝʣʴ ʥʘʩʪʦʷʱʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ï ʦʮʝʥʠʪʴ ʧʦʛʨʝʰʥʦʩʪʴ ʧʨʦʮʝʜʫʨʳ ʛʨʘʜʫʠʨʦʚʢʠ ʸʤʢʦʩʪʠ ʧʦ [1] ʜʣʷ ʜʘʣʴʥʝʡʰʝʡ ʨʘʟʨʘʙʦʪʢʠ ʩʪʘ-

ʪʠʩʪʠʯʝʩʢʦʛʦ ʤʝʪʦʜʘ ʛʨʘʜʫʠʨʦʚʢʠ. ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʜʘʥʥʦʡ ʮʝʣʠ ʙʳʣʠ ʧʦʩʪʘʚʣʝʥʳ ʟʘʜʘʯʠ: ʨʘʟ-

ʨʘʙʦʪʢʘ ʠʤʠʪʘʮʠʦʥʥʦʡ ʤʦʜʝʣʠ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʮʠʣʠʥʜʨʠʯʝʩʢʦʛʦ ʨʝʟʝʨʚʫʘʨʘ, ʘ ʪʘʢʞʝ ʦʮʝʥʢʘ 

ʚʣʠʷʥʠʷ ʧʦʛʨʝʰʥʦʩʪʠ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʧʨʠʙʦʨʦʚ ʥʘ ʨʝʟʫʣʴʪʘʪʳ ʛʨʘʜʫʠʨʦʚʦʢ. ɸʢʪʫʘʣʴʥʦʩʪʴ ʜʘʥ-

ʥʦʡ ʨʘʙʦʪʳ ʩʦʩʪʦʠʪ ʚ ʧʦʣʫʯʝʥʠʠ ʥʦʚʦʛʦ ʛʨʘʜʫʠʨʦʚʦʯʥʦʛʦ ʤʝʪʦʜʘ, ʣʠʰʸʥʥʦʛʦ ʚʳʰʝʦʧʠʩʘʥʥʳʭ 

ʥʝʜʦʩʪʘʪʢʦʚ, ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʚ ʩʥʠʞʝʥʠʠ ʠʟʜʝʨʞʝʢ ʧʨʠ ʭʨʘʥʝʥʠʠ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʛʦʨʶʯʝ-

ʩʤʘʟʦʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʧʨʝʜʧʨʠʷʪʠʷʭ ʪʦʧʣʠʚʥʦ-ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ. 

2. ʄʝʪʦʜʦʣʦʛʠʷ 

ɺ ʨʘʤʢʘʭ ʥʘʩʪʦʷʱʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʘʥʘʣʠʟʠʨʫʶʪʩʷ ʦʙʲʸʤʥʳʝ ʤʝʪʦʜʳ ʩʪʘʥʜʘʨʪʘ [1]. ʉʫʱʝ-

ʩʪʚʫʝʪ ʦʙʲʸʤʥʳʡ ʩʪʘʪʠʯʝʩʢʠʡ ʠ ʦʙʲʸʤʥʳʡ ʜʠʥʘʤʠʯʝʩʢʠʡ ʤʝʪʦʜʳ. ʉʪʘʪʠʯʝʩʢʠʡ ʤʝʪʦʜ ʟʘʢʣʶʯʘ-

ʝʪʩʷ ʚ ʧʦʨʮʠʦʥʥʦʤ ʥʘʧʦʣʥʝʥʠʠ ʨʝʟʝʨʚʫʘʨʘ ʜʦʟʘʤʠ ʧʦʚʝʨʦʯʥʦʡ ʞʠʜʢʦʩʪʠ ʩ ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʠʟ-

ʤʝʨʝʥʠʝʤ ʫʨʦʚʥʷ ʠ ʦʙʲʸʤʘ ʧʨʠ ʢʘʞʜʦʤ ʠʟʤʝʥʝʥʠʠ ʫʨʦʚʥʷ ʥʘ ʥʝʢʫʶ ʚʝʣʠʯʠʥʫ. ɼʠʥʘʤʠʯʝʩʢʠʡ 

ʤʝʪʦʜ ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʥʝʧʨʝʨʳʚʥʦʝ ʥʘʧʦʣʥʝʥʠʝ ʩ ʦʜʥʦʚʨʝʤʝʥʥʦʡ ʬʠʢʩʘʮʠʝʡ ʫʨʦʚʥʷ ʠ ʦʙʲʸʤʘ 

ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʫʨʦʚʥʷ. 

ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʪʝʢʫʱʝʛʦ ʢʦʥʪʨʦʣʷ ʦʙʲʝʤʘ ʨʝʟʝʨʚʫʘʨʦʚ, ʭʨʘʥʷʱʠʭ ʥʝʬʪʝʧʨʦʜʫʢʪʳ ʠʩ-

ʧʦʣʴʟʫʶʪʩʷ ʜʚʘ ʥʘʙʦʨʘ ʜʘʥʥʳʭ: ʦʙʲʸʤ ʦʪʧʫʱʝʥʥʦʛʦ ʛʦʨʶʯʝʛʦ ʠ ʝʛʦ ʫʨʦʚʝʥʴ ʚ ʨʝʟʝʨʚʫʘʨʝ. ʇʨʠ 

ʵʪʦʤ, ʵʪʘʣʦʥʦʤ ʷʚʣʷʶʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʨʝʛʫʣʷʨʥʦ ʧʨʦʚʦʜʠʤʦʡ ʧʨʦʮʝʜʫʨʳ ʛʨʘʜʫʠʨʦʚʢʠ. ɺ ʩʦʦʪ-

ʚʝʪʩʪʚʠʠ ʩ [1] ʟʘʧʦʣʥʝʥʠʝ ʨʝʟʝʨʚʫʘʨʘ ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʫʨʦʚʥʝʡ 

Hi = (1 ʩʤ)Āi, i = 0, 1, é , N, ʛʜʝ N - ʮʝʣʘʷ ʯʘʩʪʴ ʦʪ ʚʳʨʘʞʝʥʠʷ 2R/(1 ʩʤ), ʘ R ï ʨʘʜʠʫʩ ʨʝʟʝʨʚʫʘʨʘ. 

ʇʨʠ ʵʪʦʤ ʥʘ ʢʘʞʜʦʤ ʪʘʢʦʤ ʰʘʛʝ ʬʠʢʩʠʨʫʝʪʩʷ (ʠʟʤʝʨʷʝʪʩʷ) çʥʘʢʦʧʣʝʥʥʳʡ ʦʙʲʝʤè:  

 ὨὠὌ ὠὌ ὠὌ , (1) 
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ʛʜʝ V(Hi) ï ʦʙʲʸʤ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʫʨʦʚʥʶ Hi, ʥʘ ʦʩʥʦʚʝ ʢʦʪʦʨʦʛʦ ʚʳʯʠʩʣʷʝʪʩʷ ʢʦʵʬʬʠʮʠʝʥʪ 

ʚʤʝʩʪʠʤʦʩʪʠ ï ʚʤʝʩʪʠʤʦʩʪʴ ʦʜʥʦʛʦ ʤʠʣʣʠʤʝʪʨʘ ʚʳʩʦʪʳ ʥʘʧʦʣʥʝʥʠʷ: 

—
ὠὌ ὠὌ

ρπ
Ȣ 

(2) 

ɺʳʧʦʣʥʠʤ ʦʮʝʥʢʫ ʧʦʛʨʝʰʥʦʩʪʠ ʜʘʥʥʳʭ ʛʨʘʜʫʠʨʦʚʦʯʥʦʡ ʪʘʙʣʠʮʳ.  

ʆʙʦʟʥʘʯʠʤ Ὄ Ὄ ɝὌ- ʨʝʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʚʝʣʠʯʠʥʳ Hi, ʢʦʪʦʨʦʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩ ʪʦʯʥʦ-

ʩʪʴʶ ʜʦ 1 ʤʤ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ ȿȹὌȿ ȿȹὌȿ πȢπυʤʤ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʣʠʥʝʡʥʦʡ ʪʝʦʨʠʝʡ ʧʦ-
ʛʨʝʰʥʦʩʪʠ [6] ʩʧʨʘʚʝʜʣʠʚʦ ʩʦʦʪʥʦʰʝʥʠʝ: 

ὠὌ ὠὌ ȹὌ
ὨὠὌ

ὨὌ
ȟ Ὥ ρȟȢȢȢȟὲȟ ὠὌ πȢ 

(3) 

ʇʦ ʤʝʨʝ ʟʘʧʦʣʥʝʥʠʷ ʨʝʟʝʨʚʫʘʨʘ ʥʘ ʢʘʞʜʦʤ ʩʘʥʪʠʤʝʪʨʦʚʦʤ ʰʘʛʝ ʬʠʢʩʠʨʫʝʪʩʷ ʟʥʘʯʝʥʠʝ 

çʥʘʢʦʧʣʝʥʥʦʛʦ ʦʙʲʝʤʘè, ʩʦʜʝʨʞʘʱʝʝ ʜʦʧʫʩʪʠʤʫʶ ʦʪʥʦʩʠʪʝʣʴʥʫʶ ʦʰʠʙʢʫ ʨʘʩʭʦʜʦʤʝʪʨʘ 

|ŭVi|ÒŭV=0.15%. ɺ ʵʪʦʤ ʩʣʫʯʘʝ 

ὨὠὌ ὠὌ ὠὌ ὨὠὌ ρ ὠȟ Ὥ‏ ρȟȢȢȢȟὲȟ ὠὌ πȢ (4) 

ʆʮʝʥʠʤ ʧʦʛʨʝʰʥʦʩʪʴ ʚʳʯʠʩʣʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚʤʝʩʪʠʤʦʩʪʠ. ʀʩʧʦʣʴʟʫʷ ʩʦʦʪʥʦʰʝʥʠʝ (3) 

ʧʦʣʫʯʘʝʤ: 

ὨὠὌ ὠὌ ὠὌ

ὠὌ ὠὌ ȹὌ
ὨὠὌ

ὨὌ
ȹȼ

ὨὠὌ

ὨὌ
ȟὭ ρȟȢȢȢȟὲȢ 

(5) 

ʊʦʛʜʘ, ʠʟ ʚʳʨʘʞʝʥʠʡ (4)-(5), ʧʦʣʫʯʘʝʤ: 

ὨὠὌ

ὨὠὌ

ὠὌ ὠὌ

ὠὌ ὠὌ
ρ ὠ‏

ȹὌ ȹȼ

ὠὌ ὠὌ
ȟὭ ρȟȢȢȢȟὲȢ 

 

(6) 

ʉʧʨʘʚʝʜʣʠʚʳ ʩʦʦʪʥʦʰʝʥʠʷ  
ὨὠὌ

ὨὌ

ὠὌ ὠὌ

Ὄ Ὄ
ȟ 

ὨὠὌ

ὨὌ

ὠὌ ὠὌ

Ὄ Ὄ
ȟ 

ʧʦʩʢʦʣʴʢʫ ʠʭ ʧʨʘʚʳʝ ʯʘʩʪʠ ʷʚʣʷʶʪʩʷ ʢʦʥʝʯʥʳʤʠ ʨʘʟʥʦʩʪʷʤʠ çʥʘʟʘʜè ʠ çʚʧʝʨʝʜè ʩʦʦʪʚʝʪʩʪʚʝʥ-

ʥʦ. ʊʦʛʜʘ  

ȹὌ Ὄ Ὄ

ὠὌ ὠὌ Ὄ Ὄ

ȹὌ

Ὄ Ὄ
ȟ  

ȹὌ Ὄ Ὄ

ὠὌ ὠὌ Ὄ Ὄ

ȹὌ

Ὄ Ὄ
Ȣ 

 

 

 

(7) 

ʆʢʦʥʯʘʪʝʣʴʥʦ ʠʟ ʩʦʦʪʥʦʰʝʥʠʡ (6)-(7) ʧʦʣʫʯʘʝʤ ʦʮʝʥʢʫ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʛʨʝʰʥʦʩʪʠ ʦʧʨʝ-

ʜʝʣʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚʤʝʩʪʠʤʦʩʪʠ: 

ὠὌ ὠὌ

ὠὌ ὠὌ
ρ ȿ‏ὠȿ

ȿȹὌȿ

Ὄ Ὄ

ȿȹὌ ȿ

Ὄ Ὄ
ὠ‏ ς

ȹὌ

Ὄ Ὄ

πȢρυẗρπ πȢρȢ 

 

(8) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩ ʫʯʸʪʦʤ ʜʦʧʫʩʪʠʤʳʭ ʧʦʛʨʝʰʥʦʩʪʝʡ ʬʠʢʩʘʮʠʠ ʚʝʣʠʯʠʥ Hi ʠ dV(Hi), ʧʦʣʫ-

ʯʘʝʤ, ʯʪʦ ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʧʦʛʨʝʰʥʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚʤʝʩʪʠʤʦʩʪʠ ʤʦʞʝʪ ʩʦʩʪʘʚʣʷʪʴ ʜʦ 10% ʠ 

ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʥʝʸ ʚʥʦʩʠʪ ʠʤʝʥʥʦ ʧʦʛʨʝʰʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʫʨʦʚʥʷ ʞʠʜʢʦʩʪʠ ʚ ʨʝʟʝʨʚʫʘʨʝ. 

2.2. ʀʤʠʪʘʮʠʦʥʥʘʷ ʤʦʜʝʣʴ 

ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʦʮʝʥʢʠ (8) ʚʦʩʧʦʣʴʟʫʝʤʩʷ ʮʠʬʨʦʚʦʡ ʤʦʜʝʣʴʶ ʛʦ-

ʨʠʟʦʥʪʘʣʴʥʦ ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʮʠʣʠʥʜʨʠʯʝʩʢʦʛʦ ʨʝʟʝʨʚʫʘʨʘ, ʢʦʪʦʨʘʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʠʜʝ-

ʘʣʴʥʳʡ ʮʠʣʠʥʜʨ ʨʘʜʠʫʩʦʤ R ʠ ʜʣʠʥʦʡ L, ʣʝʞʘʱʠʡ ʥʘ ʙʦʢʦʚʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʛʦʨʠʟʦʥʪʘʣʴʥʦ. 

ʋʨʦʚʝʥʴ ʪʦʧʣʠʚʘ H ʠʟʤʝʥʷʝʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ʦʪ 0 ʜʦ 2R. ʆʙʱʘʷ ʩʭʝʤʘ ʤʦʜʝʣʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠ-

ʩʫʥʢʝ 1. 
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ʈʠʩ.1. ʆʙʱʘʷ ʩʭʝʤʘ ʮʠʬʨʦʚʦʡ ʤʦʜʝʣʠ 

ʅʝʪʨʫʜʥʦ ʧʦʢʘʟʘʪʴ, ʯʪʦ ʟʘʚʠʩʠʤʦʩʪʴ ʦʙʲʸʤʘ ʨʝʟʝʨʚʫʘʨʘ ʦʪ ʫʨʦʚʥʷ ï ʬʫʥʢʮʠʷ V(H), ʠʤʝʝʪ 

ʚʠʜ: 

ὠὌ

ρ

ς
ὒὙ ‌ ίὭὲ‌ȟ   ‌ ςẗὥὶὧὧέίρ Ὤȟ Ὤ ρȟ

ρ

ς
ὒὙ ς“ ‍ ίὭὲ‍ȟ ‍ ςẗὥὶὧὧέίὬ ρȟ Ὤ ρȟ

 

 

(9) 

ʛʜʝ Ὤ    - ʙʝʟʨʘʟʤʝʨʥʳʡ ʦʪʥʦʩʠʪʝʣʴʥʳʡ ʫʨʦʚʝʥʴ. ʂʨʦʤʝ ʪʦʛʦ,  

ὨὠὌ

ὨὌ
ςὒὙρ ρ Ὤ Ȣ 

(10) 

 

3. ʈʝʟʫʣʴʪʘʪʳ 

ʉ ʧʦʤʦʱʴʶ ʦʧʠʩʘʥʥʦʡ ʠʤʠʪʘʮʠʦʥʥʦʡ ʤʦʜʝʣʠ, ʧʨʦʘʥʘʣʠʟʠʨʫʝʤ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʛʨʝʰʥʦʩʪʴ 

ʚʳʯʠʩʣʝʥʠʷ ʬʫʥʢʮʠʡ V(H) ʠ dV(H), ʧʦʣʫʯʘʝʤʳʭ ʧʨʠ ʧʦʩʪʨʦʝʥʠʠ ʛʨʘʜʫʠʨʦʚʦʯʥʦʡ ʪʘʙʣʠʮʳ ʦʙʲ-

ʸʤʥʳʤ ʤʝʪʦʜʦʤ. 

ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʙʫʜʝʤ ʚʥʦʩʠʪʴ ʩʣʫʯʘʡʥʝr ʚʦʟʤʫʱʝʥʠʷ ʚ 

ʦʧʨʝʜʝʣʝʥʠʠ ʚʝʣʠʯʠʥ  ȹHi ʠ  ŭVi ʧʦ ʩʣʝʜʫʶʱʝʡ ʩʭʝʤʝ: ȹὌ ὼȹὌȟ ‏ὠ Ø‏ὠ, ʛʜʝ x ï ʩʣʫʯʘʡ-

ʥʘʷ ʚʝʣʠʯʠʥʘ, ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʥʘʷ ʥʘ ʦʪʨʝʟʢʝ [-1,1]. ʅʘ ʨʠʩʫʥʢʝ 2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʥʘʯʝ-

ʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚʤʝʩʪʠʤʦʩʪʠ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʤʠʪʘʮʠʦʥʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʜʣʷ 

ʩʣʫʯʘʷ R=200 ʩʤ,  L=500 ʩʤ. ʇʨʠ ʵʪʦʤ ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʘʢ ʥʘʟʳʚʘʝʤʳʡ ʨʘʙʦʯʠʡ ʜʠʘʧʘʟʦʥ ʫʨʦʚʥʝʡ 

50 ʩʤ ÒHiÒ150 ʩʤ ʠ ʨʘʩʩʤʦʪʨʝʥʳ 3 ʚʘʨʠʘʥʪʘ: 

—
ὨὠὌ

ρπ
ȟ —

ὨὠὌ

ρπ
ȟ —

ὨὠὌ

ρπὌ Ὄ
Ȣ 

 ɺʘʨʠʘʥʪ ç0è ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʵʪʘʣʦʥʥʦʤʫ ʪʦʯʥʦʤʫ ʟʥʘʯʝʥʠʶ, ʚ ʚʘʨʠʘʥʪʝ ç1è ʠ ʫʨʦʚʝʥʴ ʠ 

ʦʙʲʸʤ ʚʟʷʪʳ ʩ ʫʯʝʪʦʤ ʧʦʛʨʝʰʥʦʩʪʠ ʠʟʤʝʨʝʥʠʷ, ʚ ʚʘʨʠʘʥʪʝ ç2è ʫʯʠʪʳʚʘʝʪʩʷ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʚ ʨʝ-

ʘʣʴʥʦʩʪʠ ʨʘʟʥʠʮʘ ʚ ʫʨʦʚʥʷʭ ʥʘ ʢʘʞʜʦʤ ʰʘʛʝ ʥʝ ʨʘʚʥʘ 1 ʩʤ, ʘ ʠʟʚʝʩʪʥʘ ʩ ʪʦʯʥʦʩʪʴ ʜʦ 1 ʤʤ.  

ʀʟ ʨʠʩʫʥʢʘ 2 ʚʠʜʥʦ, ʯʪʦ ç0è ʠ ç2è ʚʘʨʠʘʥʪʳ ʟʨʠʪʝʣʴʥʦ ʥʝ ʨʘʟʣʠʯʠʤʳ, ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʚʘʨʠ-

ʘʥʪ ç1è, ʠʤʠʪʠʨʫʶʱʠʡ ʨʝʘʣʴʥʳʝ ʠʟʤʝʨʝʥʠʷ, ʜʘʸʪ ʩʫʱʝʩʪʚʝʥʥʫʶ ʧʦʛʨʝʰʥʦʩʪʴ. ʊʘʢ ʚ ʩʣʫʯʘʝ 

ʧʨʠʙʣʠʞʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʨʝʛʨʝʩʩʠʦʥʥʳʤ ʫʨʘʚʥʝʥʠʝʤ ʚ ʚʠʜʝ ʧʦʣʠʥʦʤʘ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʧʦʣʫ-

ʯʘʝʤ: 

— πȟψφυτυȟσφςẗρπ Ὄ υπ υȟσπψẗρπ Ὄ υπȟ 

— πȟψφυπυȟσωφẗρπ Ὄ υπ υȟσυρẗρπ Ὄ υπȟ 

— πȟψφυτυȟσφπẗρπ Ὄ υπ υȟσπχẗρπ Ὄ υπȢ 

 

(11) 

ʆʪʢʫʜʘ ʚʠʜʥʦ, ʯʪʦ ʦʪʣʠʯʠʝ ʚʘʨʠʘʥʪʘ ç2è ʦʪ ʚʘʨʠʘʥʪʘ ç0è ʧʨʦʷʚʣʷʝʪʩʷ ʪʦʣʴʢʦ ʚ ʯʝʪʚʝʨʪʦʡ 

ʟʥʘʯʘʱʝʡ ʮʠʬʨʝ. ʆʙʨʘʙʦʪʢʘ ʩʝʨʠʠ 10-ʪʠ ʩʪʘʪʠʩʪʠʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʡ ʧʦʢʘʟʘʣʘ, ʯʪʦ ʩʨʝʜʥʝʝ ʟʥʘ-

ʯʝʥʠʝ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʧʦ ʤʦʜʫʣʶ ʦʪʢʣʦʥʝʥʠʷ ʚʘʨʠʘʥʪʘ ç1è ʦʪ ʵʪʘʣʦʥʥʦʛʦ ʩʦʩʪʘʚʣʷʝʪ 9.16% ʧʨʠ 

ʜʠʩʧʝʨʩʠʠ 0.569. ʏʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʧʦʣʫʯʝʥʥʳʝ ʨʘʥʝʝ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʦʮʝʥʢʠ. ɺ ʪʦʞʝ ʚʨʝʤʷ ʜʣʷ 

ʚʘʨʠʘʥʪʘ ç2è ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʦʪʢʣʦʥʝʥʠʷ ʥʝ ʧʨʝʚʳʰʘʝʪ 0.3%. 
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ʈʠʩ.2. ɿʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚʤʝʩʪʠʤʦʩʪʠ 

ʆʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʩʧʦʩʦʙʦʚ ʫʤʝʥʴʰʝʥʠʷ çʩʣʫʯʘʡʥʦʡè ʧʦʛʨʝʰʥʦʩʪʠ ʷʚʣʷʝʪʩʷ ʤʥʦʛʦʢʨʘʪ-

ʥʦʝ ʧʦʚʪʦʨʝʥʠʝ ʠʩʧʳʪʘʥʠʡ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʝʩʣʠ ʧʨʦʚʝʩʪʠ ʠʟʤʝʨʝʥʠʷ ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʧʦʩʪʨʦ-

ʝʥʠʷ ʛʨʘʜʫʠʨʦʚʦʯʥʦʡ ʪʘʙʣʠʮʳ ʤʥʦʛʦʢʨʘʪʥʦ (Nz>1 ʨʘʟ), ʪʦ ʤʦʞʥʦ ʧʝʨʝʩʯʠʪʘʪʴ ʟʥʘʯʝʥʠʷ ʩʦʦʪ-

ʚʝʪʩʪʚʫʶʱʠʭ ʦʙʲʸʤʦʚ: 

ὠ
ᶻ ρ

ὔ
ὠὌȟ ὠὌ ȹὌ

ᶻЋὠὌ

ЋὌ
ȟ Ὥ ὭȟȢȢȢȟὭȢ 

(12) 

ʇʨʠ ʵʪʦʤ ʦʰʠʙʢʘ, ʩʚʷʟʘʥʥʘʷ ʩ ʠʟʤʝʨʝʥʠʝʤ ʫʨʦʚʥʝʡ H ʯʘʩʪʠʯʥʦ ʥʠʚʝʣʠʨʫʝʪʩʷ, ʪʘʢ ʢʘʢ ʝʸ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʦʞʠʜʘʥʠʝ ʨʘʚʥʦ 0: 

ȹὌ
ᶻ ρ

ὔ
ȹὌȟ ȟ ȹὌ

ᶻ

 ÐO 
ựựựựựự πȟ Ὥ ὭȟȢȢȢȟὭȢ 

(13) 

ʇʦʤʠʤʦ ʫʩʨʝʜʥʝʥʠʷ ʤʦʞʥʦ ʧʨʠʤʝʥʷʪʴ ʩʛʣʘʞʠʚʘʥʠʝ, ʧʨʠ ʵʪʦʤ ʚʦʩʧʦʣʴʟʫʝʤʩʷ ʧʨʦʮʝʜʫʨʦʡ, 

ʪʘʢ ʥʘʟʳʚʘʝʤʦʛʦ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʩʛʣʘʞʠʚʘʥʠʷ. ɺʚʝʜʝʤ ʦʙʦʟʥʘʯʝʥʠʝ ὠ ὠὌ ȟ Ὥ

ὭȟȢȢȢȟὭȢ ʊʦʛʜʘ ʧʨʦʮʝʜʫʨʘ ʩʛʣʘʞʠʚʘʥʠʷ ʚʳʛʣʷʜʠʪ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

ὠ ὠ Ὠὠ ςὠ ὠ ȟ Ὥ Ὥ ὭȟȢȢȢȟὭ Ὥȟ ά πȟρȟȢȢȢ (14) 

ʀʪʝʨʘʮʠʦʥʥʘʷ ʧʨʦʮʝʜʫʨʘ (14) ʷʚʣʷʝʪʩʷ ʘʥʘʣʦʛʦʤ ʷʚʥʦʡ ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʦʡ ʩʭʝʤʳ ʜʣʷ 

ʫʨʘʚʥʝʥʠʷ ʜʠʬʬʫʟʠʠ, ʫʩʣʦʚʠʝ ʫʩʪʦʡʯʠʚʦʩʪʠ ʢʦʪʦʨʦʡ d <1/2. ɼʦʧʦʣʥʠʪʝʣʴʥʳʝ ʫʟʣʳ ik ʧʦʟʚʦʣʷ-

ʶʪ ʯʘʩʪʠʯʥʦ ʥʠʚʝʣʠʨʦʚʘʪʴ ʚʣʠʷʥʠʷ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ ʜʣʷ ʨʘʟʥʦʩʪʥʦʛʦ ʫʨʘʚʥʝʥʠʷ (13). ʈʘʩʯʸ-

ʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʩʦ ʟʥʘʯʝʥʠʝʤ ik=10. ʀʪʝʨʘʮʠʦʥʥʳʡ ʧʨʦʮʝʩʩ (14) ʧʨʦʜʦʣʞʘʝʪʩʷ ʧʨʠ ʚʳʧʦʣʥʝ-

ʥʠʠ ʫʩʣʦʚʠʷ 

άὥὼ
ȟȢȢȢȟ

ὠ ὠὌ

ὠὌ
ς‏ὠȟ 

ʧʦʩʣʝ ʥʘʨʫʰʝʥʠʠ ʢʦʪʦʨʦʛʦ ʚʳʯʠʩʣʝʥʠʷ ʟʘʚʝʨʰʘʶʪʩʷ. 

ʈʝʟʫʣʴʪʘʪʳ ʠʤʠʪʘʮʠʦʥʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʧʨʦʚʝʜʸʥʥʦʛʦ ʧʦ ʦʧʠʩʘʥʥʦʡ ʚʳʰʝ ʩʭʝʤʝ, ʧʨʝʜ-

ʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 1, ʛʜʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʩʣʝʜʫʶʱʠʝ ʦʙʦʟʥʘʯʝʥʠʷ: 
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(15) 

ʊʘʤ ʞʝ ʧʦʜ ʦʙʦʟʥʘʯʝʥʠʝʤ 1* ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʧʦʩʣʝ ʩʛʣʘʞʠʚʘʥʠʷ. 
  

0,80

0,85

0,90

0,95

1,00

1,05

1,10

40 60 80 100 120 140 160

ɺʘʨʠʘʥʪ - 0 ɺʘʨʠʘʥʪ - 1 ɺʘʨʠʘʥʪ - 2



 

126 

ʊʘʙʣʠʮʘ 1. ʈʝʟʫʣʴʪʘʪʳ ʠʤʠʪʘʮʠʦʥʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ 

Nz ȹH(*)(Nz) ʩʤ ŭV(*)(Nz)% M(Nz)% 

1 0,0496 / 0,0004 0,1259 / 0,0115 9,16 / 0,569 

1* 0,0496 / 0,0004 0,2349 / 0,0342 0,365 / 0,046 

3 0,0407 / 0,0039 0,0751 / 0,0162 6,48 / 0,303 

10 0,0252 / 0,0046 0,0444 / 0,0101 3,35 / 0,440 

20 0,0170 / 0,0027 0,0305 / 0,0088 2,41 / 0,390 

50 0,0113 / 0,0020 0,0153 / 0,0022 1,69 / 0,402 

100 0,0073 / 0,0012 0,0130 / 0,0046 1,13 / 0,183 

 

ʆʪʤʝʪʠʤ, ʯʪʦ ʚ ʪʘʙʣʠʮʝ 1, ʧʦʤʠʤʦ ʦʩʥʦʚʥʦʛʦ ʩʨʝʜʥʝʛʦ ʟʥʘʯʝʥʠʷ ʯʝʨʝʟ ʟʥʘʢ ç/è ʫʢʘʟʘʥʦ 

ʩʪʘʥʜʘʨʪʥʦʝ ʦʪʢʣʦʥʝʥʠʝ.  

4. ɿʘʢʣʶʯʝʥʠʝ 

ɺ ʭʦʜʝ ʥʘʩʪʦʷʱʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ ʤʝʪʦʜʦʚ ʛʨʘʜʫʠʨʦʚʢʠ ʧʦ ɻʆʉʊ 

8.346-2000 [1] ʩ ʧʦʤʦʱʴʶ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʠʤʠʪʘʮʠʦʥʥʦʡ ʤʦʜʝʣʠ. ʄʦʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʤʥʦʛʦ-

ʢʨʘʪʥʦʝ ʧʦʚʪʦʨʝʥʠʝ ʧʨʦʮʝʜʫʨʳ ʛʨʘʜʫʠʨʦʚʢʠ ʫʤʝʥʴʰʘʝʪ ʟʥʘʯʝʥʠʝ ʧʦʛʨʝʰʥʦʩʪʠ, ʥʦ ʥʝʟʥʘʯʠ-

ʪʝʣʴʥʦ. ʊʘʢ ʧʨʠ 100 ʠʩʧʳʪʘʥʠʡ, ʧʦʛʨʝʰʥʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚʤʝʩʪʠʤʦʩʪʠ ʫʤʝʥʴʰʘʝʪʩʷ ʩ 9% ʜʦ 

1%. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʧʨʦʮʝʜʫʨʘ ʩʛʣʘʞʠʚʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʨʠ ʦʜʥʦʢʨʘʪʥʳʭ ʠʟʤʝ-

ʨʝʥʠʷʭ, çʫʭʫʜʰʘʷè ʧʦʛʨʝʰʥʦʩʪʴ ʚʳʯʠʩʣʝʥʠʷ ʬʫʥʢʮʠʠ V(H) ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝ-

ʥʠʶ ʧʦʛʨʝʰʥʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚʤʝʩʪʠʤʦʩʪʠ ʜʦ ʧʨʠʝʤʣʝʤʳʭ ʫʨʦʚʥʝʡ. ʅʠʞʝ ʧʨʠʚʝʜʝʥʦ ʨʝ-

ʛʨʝʩʩʠʦʥʥʦʝ ʫʨʘʚʥʝʥʠʝ ʜʣʷ ʩʛʣʘʞʝʥʥʳʭ ʜʘʥʥʳʭ 

— πȟψφσρυȟσψωẗρπ Ὄ υπ υȟσςτẗρπ Ὄ υπȢ 
ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʮʝʜʫʨʘ ʧʦʩʪʨʦʝʥʠʷ ʛʨʘʜʫʠʨʦʚʦʯʥʦʡ ʪʘʙʣʠʮʳ ʦʙʲʸʤʥʳʤ ʤʝʪʦʜʦʤ, ʜʘʸʪ 

ʟʥʘʯʠʪʝʣʴʥʳʝ ʧʦʛʨʝʰʥʦʩʪʠ ʧʨʠ ʚʳʯʠʩʣʝʥʠʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚʤʝʩʪʠʤʦʩʪʠ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʯʘ-

ʩʪʠʯʥʦ ʥʠʚʝʣʠʨʦʚʘʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʛʣʘʞʠʚʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ. 
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ɿʆʅʓ ʀʄʄʋʅʀʊɽʊɸ ʄɸʃʆɻʆ ɹʀɿʅɽʉɸ 

ɺ ʋʉʃʆɺʀʗʍ ɺʅɽʐʅʀʍ ɺʆɿɼɽʁʉʊɺʀʁ 

ɺ.ʇ. ʉʘʚʝʣʴʝʚ, ʅ.ʀ. ʉʫʪʷʛʠʥʘ 
 

ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʠʥʞʝʥʝʨʥʦ-ʵʢʦʥʦʤʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ ʤʦʜʝʣʠ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʧʨʝʜʧʨʠʷʪʠʡ ʤʘʣʦʛʦ ʙʠʟʥʝʩʘ ʧʦ 

ʧʨʝʜʦʩʪʘʚʣʝʥʠʶ ʪʦʚʘʨʦʚ ʠ ʫʩʣʫʛ ʥʘʩʝʣʝʥʠʶ ʨʝʛʠʦʥʘ ʧʨʠ ʥʘʣʠʯʠʠ ʚ ʨʝʛʠʦʥʝ ʢʨʫʧʥʳʭ 

ʧʨʝʜʧʨʠʷʪʠʡ, ʧʨʦʜʫʢʮʠʷ ʠ ʫʩʣʫʛʠ ʢʦʪʦʨʳʭ ʨʝʘʣʠʟʫʶʪʩʷ, ʚ ʦʩʥʦʚʥʦʤ, ʟʘ ʧʨʝʜʝʣʘʤʠ 

ʜʘʥʥʦʛʦ ʨʝʛʠʦʥʘ.  ʀʩʩʣʝʜʦʚʘʥʦ ʧʦʚʝʜʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʚ 

ʫʩʣʦʚʠʷʭ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ. ɺ ʬʘʟʦʚʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʧʦʩʪʨʦʝʥʳ çʟʦʥʳ ʠʤʤʫʥʠ-

ʪʝʪʘè, ʠʟ ʢʦʪʦʨʳʭ ʪʨʘʝʢʪʦʨʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʚʳʡʪʠ ʥʝ ʤʦ-

ʛʫʪ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʜʠʥʘʤʠʯʝʩʢʘʷ ʩʠʩʪʝʤʘ, ʟʦʥʘ ʠʤʤʫʥʠʪʝʪʘ, ʦʙʣʘʩʪʴ ʜʦʩʪʠʞʠʤʦʩʪʠ, 

ʧʦʣʦʞʠʪʝʣʴʥʘʷ ʧʦʣʫʪʨʘʝʢʪʦʨʠʷ, ʧʨʝʜʧʨʠʷʪʠʷ ʤʘʣʦʛʦ ʙʠʟʥʝʩʘ, ʩʦʩʪʦʷʥʠʝ ʨʘʚʥʦʚʝʩʠʷ, 

ʬʘʟʦʚʳʡ ʧʦʨʪʨʝʪ. 

 

1. ɺʚʝʜʝʥʠʝ 

ʈʘʥʝʝ ʧʦʩʪʨʦʝʥʳ ʤʦʜʝʣʠ, ʧʦʢʘʟʳʚʘʶʱʠʝ, ʯʪʦ ʧʦʷʚʣʝʥʠʝ ʚ ʩʝʣʴʩʢʦʤ ʨʝʛʠʦʥʝ ʧʨʝʜʧʨʠʷʪʠʡ, 

ʧʨʦʜʫʢʮʠʷ (ʫʩʣʫʛʠ) ʢʦʪʦʨʳʭ ʚʦʩʪʨʝʙʦʚʘʥʳ ʟʘ ʧʨʝʜʝʣʘʤʠ ʨʝʛʠʦʥʘ, ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʫʩʪʦʡʯʠ-

ʚʦʤʫ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʶ ʧʨʝʜʧʨʠʷʪʠʡ ʤʘʣʦʛʦ ʙʠʟʥʝʩʘ, ʦʢʘʟʳʚʘʶʱʠʭ ʫʩʣʫʛʠ ʞʠʪʝʣʷʤ ʨʝʛʠʦ-

ʥʘ [1].  

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʝʪʩʷ ʚʦʧʨʦʩ ʦ ʪʦʤ, ʢʘʢ ʤʦʛʫʪ ʧʦʚʣʠʷʪʴ ʥʘ ʜʠʥʘʤʠʢʫ ʤʘʣʦʛʦ 

ʙʠʟʥʝʩʘ ʨʘʟʣʠʯʥʳʝ ʥʝʧʨʝʜʚʠʜʝʥʥʳʝ ʚʥʝʰʥʠʝ ʚʦʟʜʝʡʩʪʚʠʷ.   ɺ ʬʘʟʦʚʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʧʦʩʪʨʦʝʥʳ 

ʪʘʢʠʝ ʦʙʣʘʩʪʠ, çʟʦʥʳ ʠʤʤʫʥʠʪʝʪʘè, ʢʦʪʦʨʳʝ ʜʠʥʘʤʠʯʝʩʢʘʷ ʩʠʩʪʝʤʘ ʥʝ ʧʦʢʠʜʘʝʪ, ʥʝʩʤʦʪʨʷ ʥʘ 

ʚʥʝʰʥʠʝ ʚʦʟʜʝʡʩʪʚʠʷ. ʇʦʥʷʪʠʝ ʟʦʥʳ ʠʤʤʫʥʠʪʝʪʘ ʙʳʣʦ ʠʩʧʦʣʴʟʦʚʘʥʦ ʚ ʨʘʙʦʪʝ ʧʨʠ ʠʩʩʣʝʜʦʚʘ-

ʥʠʠ ʚʣʠʷʥʠʷ ʧʨʠʝʤʘ ʣʝʢʘʨʩʪʚ ʥʘ ʪʝʯʝʥʠʝ ʙʦʣʝʟʥʠ [2]. 

2. ʃʠʥʝʡʥʘʷ ʤʦʜʝʣʴ  

ɹʫʜʝʤ ʩʯʠʪʘʪʴ, ʯʪʦ ʪʨʫʜʦʩʧʦʩʦʙʥʦʝ ʥʘʩʝʣʝʥʠʝ ʩʝʣʴʩʢʦʛʦ ʨʝʛʠʦʥʘ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʯʘʩʪʝʡ. 

ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʦʜ ʩʦʩʪʦʷʥʠʝʤ ʩʠʩʪʝʤʳ ʙʫʜʝʤ ʧʦʥʠʤʘʪʴ ʜʚʫʤʝʨʥʫʶ ʬʫʥʢʮʠʶ ʚʨʝʤʝʥʠ 

ὼὸȟώὸȟ ʛʜʝ ὼὸ  ʦʙʲʝʤ ʧʨʝʜʦʩʪʘʚʣʷʝʤʳʭ ʫʩʣʫʛ (ʚ ʜʝʥʝʞʥʦʤ ʚʳʨʘʞʝʥʠʠ) ʧʨʝʜʧʨʠʷʪʠʷʤʠ 

ʪʠʧʘ ὢȟ (ʤʘʣʳʡ ʙʠʟʥʝʩ) ʘ ώὸ  ʦʙʲʝʤ ʧʨʦʠʟʚʝʜʝʥʥʳʭ ʪʦʚʘʨʦʚ ʠ ʧʨʝʜʦʩʪʘʚʣʝʥʥʳʭ ʫʩʣʫʛ ʧʨʝʜ-

ʧʨʠʷʪʠʷʤʠ ʪʠʧʘ ὣȟ  ʧʨʦʜʫʢʮʠʷ ʠ ʫʩʣʫʛʠ ʢʦʪʦʨʳʭ ʨʝʘʣʠʟʫʶʪʩʷ, ʚ ʦʩʥʦʚʥʦʤ, ʟʘ ʧʨʝʜʝʣʘʤʠ ʜʘʥʥʦ-
ʛʦ ʨʝʛʠʦʥʘ. 

ʉʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʩʠʩʪʝʤʘ ʣʠʥʝʡʥʳʭ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ, ʧʦʟʚʦʣʷʶʱʘʷ ʘʥʘʣʠ-

ʟʠʨʦʚʘʪʴ ʩʬʝʨʫ ʫʩʣʫʛ ʞʠʪʝʣʷʤ ʩʝʣʴʩʢʦʛʦ ʨʝʛʠʦʥʘ, ʠʤʝʝʪ ʚʠʜ  
ὼ ὥὼὦώȟ
ώ Ὑ Ὠὼ ὧώȟ

                                                                                                                        (1) 

ʛʜʝ ὥὼ ʦʧʣʘʪʘ  ʪʨʫʜʘ ʨʘʙʦʪʥʠʢʦʚ ʚʥʫʪʨʝʥʥʝʛʦ ʩʝʨʚʠʩʘ ʟʘ ʚʳʯʝʪʦʤ ʠʭ ʟʘʪʨʘʪ ʥʘ ʩʚʦʠ ʫʩʣʫʛʠ, 

ὦώ ʜʦʭʦʜ ʩʠʩʪʝʤʳ ʚʥʫʪʨʝʥʥʝʛʦ ʩʝʨʚʠʩʘ ʦʪ ʨʘʙʦʪʥʠʢʦʚ ʧʨʝʜʧʨʠʷʪʠʡ ʪʠʧʘ ὣ, Ὠὼ  ʜʦʭʦʜ ʧʨʝʜ-

ʧʨʠʷʪʠʡ ʪʠʧʘ ὣ ʦʪ ʨʘʙʦʪʥʠʢʦʚ ʚʥʫʪʨʝʥʥʝʛʦ ʩʝʨʚʠʩʘ,  ὧώ ʦʧʣʘʪʘ  ʪʨʫʜʘ ʨʘʙʦʪʥʠʢʦʚ ʧʨʝʜʧʨʠʷ-

ʪʠʡ ʪʠʧʘ ὣ ʟʘ ʚʳʯʝʪʦʤ ʠʭ ʟʘʪʨʘʪ ʥʘ ʩʚʦʡ ʧʨʦʜʫʢʪ, Ὑ  ʜʦʭʦʜ ʧʨʝʜʧʨʠʷʪʠʡ ʪʠʧʘ ὣȢ 

ʇʨʠ ʝʩʪʝʩʪʚʝʥʥʦʤ ʧʨʝʜʧʦʣʦʞʝʥʠʠ  ὥὧὦὨ π ʩʦʩʪʦʷʥʠʝ ʨʘʚʥʦʚʝʩʠʷ ὓ ȟ  ʩʠ-

ʩʪʝʤʳ (1) ʷʚʣʷʝʪʩʷ ʫʩʪʦʡʯʠʚʳʤ ʫʟʣʦʤ.  

ɿʘʤʝʪʠʤ, ʯʪʦ ʩʦʩʪʦʷʥʠʝ ʨʘʚʥʦʚʝʩʠʷ ὼᶻȟώᶻ ʨʘʩʧʦʣʦʞʝʥʦ ʥʘ ʧʨʷʤʦʡ ώ ὼȢ ʌʘʟʦʚʳʡ ʧʦʨʪ-

ʨʝʪ ʩʠʩʪʝʤʳ (1) ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 1. 
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ʈʠʩ. 1. ʌʘʟʦʚʳʡ ʧʦʨʪʨʝʪ ʣʠʥʝʡʥʦʡ ʩʠʩʪʝʤʳ (1) 

ʇʦʚʝʜʝʥʠʝ ʬʘʟʦʚʳʭ ʪʨʘʝʢʪʦʨʠʡ ʥʘ ʧʨʷʤʦʡ ώ ὼ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʝʢʪʦʨʦʤ ὼȟώ

πȟὙ ὼ Ȣ   ʕʪʦ ʟʥʘʯʠʪ, ʯʪʦ ʬʘʟʦʚʳʝ ʪʨʘʝʢʪʦʨʠʠ ʩʠʩʪʝʤʳ ʧʝʨʝʩʝʢʘʶʪ ʧʨʷʤʫʶ  ώ ὼ  

ʩʚʝʨʭʫ ʚʥʠʟ  ʧʨʠ  ὼ ὼᶻȟ  ʠ ʩʥʠʟʫ ʚʚʝʨʭ  ʧʨʠ ὼ ὼᶻȢ   
ʊʝʧʝʨʴ ʧʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ ʜʠʥʘʤʠʢʘ ʤʘʣʦʛʦ ʙʠʟʥʝʩʘ ʫʩʣʦʞʥʷʝʪʩʷ ʚʩʣʝʜʩʪʚʠʝ ʚʥʝʰʥʠʭ ʥʝ-

ʧʨʝʜʩʢʘʟʫʝʤʳʭ ʚʦʟʜʝʡʩʪʚʠʡ, ʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʵʪʦʛʦ ʦʧʠʩʳʚʘʝʪʩʷ ʥʝʘʚʪʦʥʦʤʥʦʡ ʩʠʩʪʝʤʦʡ ʫʨʘʚʥʝ-

ʥʠʡ 
ὼ ὥὼὦώȟ

ώ όὸ Ὠὼ ὧώȟ
                                                                                                                     (2) 

ʛʜʝ όὸᶰπȟὙȢ                                                  

ɿʘʤʝʪʠʤ, ʯʪʦ ʧʨʠ όὸḳπ  ʥʘʯʘʣʦ ʢʦʦʨʜʠʥʘʪ  ʙʫʜʝʪ ʫʩʪʦʡʯʠʚʳʤ ʫʟʣʦʤ ʩʠʩʪʝʤʳ  
ὼ ὥὼὦώȟ
ώ Ὠὼ ὧώȟ

                                                                                                                              (3) 

ʌʘʟʦʚʳʡ ʧʦʨʪʨʝʪ ʩʠʩʪʝʤʳ (3) ʪʘʢʦʚ ʞʝ, ʢʘʢ ʬʘʟʦʚʳʡ ʧʦʨʪʨʝʪ ʩʠʩʪʝʤʳ (1), ʧʨʠ ʵʪʦʤ ʬʘʟʦ-

ʚʳʝ ʪʨʘʝʢʪʦʨʠʠ ʩʠʩʪʝʤʳ (3) ʧʝʨʝʩʝʢʘʶʪ ʧʨʷʤʫʶ  ώ ὼ  ʩʚʝʨʭʫ ʚʥʠʟ  ʧʨʠ  ὼ πȟ  ʠ ʩʥʠʟʫ 

ʚʚʝʨʭ  ʧʨʠ ὼ πȢ   
ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʠʟ ʥʘʯʘʣʘ ʢʦʦʨʜʠʥʘʪ ʚʳʭʦʜʠʪ ʧʦʣʦʞʠʪʝʣʴʥʘʷ ʧʦʣʫʪʨʘʝʢʪʦʨʠʷ ῲ ὕ  ʩʠ-

ʩʪʝʤʳ (1), ʧʝʨʝʩʝʢʘʶʱʘʷ ʧʨʷʤʫʶ ώ ὼ ʩʥʠʟʫ ʚʚʝʨʭ, ʠ ʠʤʝʶʱʘʷ ʧʨʝʜʝʣʴʥʳʤ ʤʥʦʞʝʩʪʚʦʤ 

ʪʦʯʢʫ ὓ ȟ . 

ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʠʟ ʪʦʯʢʠ  ὓ ȟ  ʚʳʭʦʜʠʪ ʧʦʣʦʞʠʪʝʣʴʥʘʷ ʧʦʣʫʪʨʘʝʢʪʦʨʠʷ ῲ ὓ  

ʩʠʩʪʝʤʳ (3), ʧʝʨʝʩʝʢʘʶʱʘʷ ʧʨʷʤʫʶ ώ ὼ ʩʚʝʨʭʫ ʚʥʠʟ, ʠ ʠʤʝʶʱʘʷ ʧʨʝʜʝʣʴʥʳʤ ʤʥʦʞʝʩʪʚʦʤ 

ʥʘʯʘʣʦ ʢʦʦʨʜʠʥʘʪ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʦʣʫʯʝʥʘ ʦʙʣʘʩʪʴ Ὃȟ ʦʛʨʘʥʠʯʝʥʥʘʷ ʧʦʣʦʞʠʪʝʣʴʥʳʤʠ ʧʦʣʫʪʨʘ-
ʝʢʪʦʨʠʷʤʠ ῲ ὓ  ʠ ῲ ὕȢ   
ɽʩʣʠ ʪʝʧʝʨʴ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʩʠʩʪʝʤʫ (2), ʢʘʢ ʫʧʨʘʚʣʷʝʤʫʶ ʜʠʥʘʤʠʯʝʩʢʫʶ ʩʠʩʪʝʤʫ [2] ʩ 

ʦʛʨʘʥʠʯʝʥʥʳʤ ʫʧʨʘʚʣʝʥʠʝʤ π όὸ Ὑȟ ʪʦ  ʦʙʣʘʩʪʴ Ὃ ʝʩʪʴ ʥʝ ʯʪʦ ʠʥʦʝ, ʢʘʢ ʦʙʣʘʩʪʴ ʜʦʩʪʠ-

ʞʠʤʦʩʪʠ ʩʠʩʪʝʤʳ (2) ʠʟ ʥʘʯʘʣʘ ʢʦʦʨʜʠʥʘʪ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʣʶʙʘʷ ʜʦʧʫʩʪʠʤʘʷ ʪʨʘʝʢʪʦʨʠʷ ʩʠ-

ʩʪʝʤʳ (2) ʤʦʞʝʪ ʣʠʰʴ ʚʦʡʪʠ ʚ ʦʙʣʘʩʪʴ Ὃ, ʥʦ ʥʝ ʤʦʞʝʪ ʠʟ ʥʝʝ ʚʳʡʪʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʠʢʘʢʠʝ 
ʚʥʝʰʥʠʝ ʚʦʟʜʝʡʩʪʚʠʷ (ʧʨʠ ʫʩʣʦʚʠʠ π όὸ Ὑ ʥʝ ʩʤʦʛʫʪ ʚʳʚʝʩʪʠ ʩʠʩʪʝʤʫ ʠʟ ʦʙʣʘʩʪʠ Ὃȟ ʯʪʦ 
ʧʦʟʚʦʣʷʝʪ ʪʨʘʢʪʦʚʘʪʴ ʵʪʫ ʦʙʣʘʩʪʴ, ʢʘʢ ʦʙʣʘʩʪʴ ʠʤʤʫʥʠʪʝʪʘ  ʤʘʣʦʛʦ ʙʠʟʥʝʩʘ ʢ ʚʥʝʰʥʠʤ ʚʦʟʜʝʡ-

ʩʪʚʠʷʤ. 
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ʈʠʩ. 2. ʆʙʣʘʩʪʴ ʜʦʩʪʠʞʠʤʦʩʪʠ ʩʠʩʪʝʤʳ (2) ʠʟ ʥʘʯʘʣʘ ʢʦʦʨʜʠʥʘʪ 

3. ʅʝʣʠʥʝʡʥʘʷ ʤʦʜʝʣʴ 

ʅʝʣʠʥʝʡʥʘʷ ʤʦʜʝʣʴ ʨʝʛʠʦʥʘʣʴʥʦʛʦ ʙʠʟʥʝʩʘ [1] ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʠʩʪʝʤʫ ʥʝʣʠʥʝʡʥʳʭ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ 
ὼ ὥὼὦὼώȟ

ώ Ὑ Ὠὼ ὧώὦὼώȟ
                                                                                                              (4) 

ʛʜʝ ὥὼ ʦʧʣʘʪʘ  ʪʨʫʜʘ ʨʘʙʦʪʥʠʢʦʚ ʚʥʫʪʨʝʥʥʝʛʦ ʩʝʨʚʠʩʘ ʟʘ ʚʳʯʝʪʦʤ ʠʭ ʟʘʪʨʘʪ ʥʘ ʩʚʦʡ ʧʨʦʜʫʢʪ,  

ὦὼώ ʜʦʭʦʜ ʩʠʩʪʝʤʳ ʧʨʝʜʧʨʠʷʪʠʡ ʪʠʧʘ ὢ ʦʪ ʨʘʙʦʪʥʠʢʦʚ ʧʨʝʜʧʨʠʷʪʠʡ ʪʠʧʘ ὣ, R ï  ʜʦʭʦʜ  

ʧʨʝʜʧʨʠʷʪʠʡ ʪʠʧʘ ὣ, Ὠὼ  ʜʦʭʦʜ ʧʨʝʜʧʨʠʷʪʠʡ ʪʠʧʘ ὣ ʦʪ ʨʘʙʦʪʥʠʢʦʚ ʧʨʝʜʧʨʠʷʪʠʡ ʪʠʧʘ ὢ,  ὧώ 

ʦʧʣʘʪʘ  ʪʨʫʜʘ ʨʘʙʦʪʥʠʢʦʚ ʧʨʝʜʧʨʠʷʪʠʡ ʪʠʧʘ ὣ ʟʘ ʚʳʯʝʪʦʤ ʠʭ ʟʘʪʨʘʪ ʥʘ ʩʚʦʡ ʧʨʦʜʫʢʪ ʠ ʟʘʪʨʘʪ ʥʘ 

ʚʥʫʪʨʝʥʥʠʡ ʩʝʨʚʠʩ. ɼʠʥʘʤʠʯʝʩʢʘʷ ʩʠʩʪʝʤʘ (4) ʠʤʝʝʪ ʜʚʘ ʩʦʩʪʦʷʥʠʷ ʨʘʚʥʦʚʝʩʠʷ:  ὖπȟ) ʠ  

ὗ ȟ Ȣ 

 

ʈʠʩ. 3. ʌʘʟʦʚʳʡ ʧʦʨʪʨʝʪ ʩʠʩʪʝʤʳ (4) ʩ ʫʩʪʦʡʯʠʚʳʤ ʫʟʣʦʤ 
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ɺ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ  Ὑὦ ὥὧ πȟ ʩʦʩʪʦʷʥʠʝ ʨʘʚʥʦʚʝʩʠʷ ὖπȟ) ʷʚʣʷʝʪʩʷ ʩʝʜʣʦʤ, ʘ ʩʦ-

ʩʪʦʷʥʠʝ ʨʘʚʥʦʚʝʩʠʷ ὗ ȟ   ʷʚʣʷʝʪʩʷ  ʫʩʪʦʡʯʠʚʳʤ ʫʟʣʦʤ ʠʣʠ ʫʩʪʦʡʯʠʚʳʤ ʬʦʢʫʩʦʤ. ʉʦʦʪ-

ʚʝʪʩʪʚʫʶʱʠʡ ʫʩʪʦʡʯʠʚʦʤʫ ʫʟʣʫ ʬʘʟʦʚʳʡ ʧʦʨʪʨʝʪ ʩʠʩʪʝʤʳ (4) ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 3. 

ʊʝʧʝʨʴ ʧʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ ʜʠʥʘʤʠʢʘ ʤʘʣʦʛʦ ʙʠʟʥʝʩʘ ʫʩʣʦʞʥʷʝʪʩʷ ʚʩʣʝʜʩʪʚʠʝ ʚʥʝʰʥʠʭ ʥʝ-

ʧʨʝʜʩʢʘʟʫʝʤʳʭ ʚʦʟʜʝʡʩʪʚʠʡ, ʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʵʪʦʛʦ ʦʧʠʩʳʚʘʝʪʩʷ ʥʝʘʚʪʦʥʦʤʥʦʡ ʩʠʩʪʝʤʦʡ ʫʨʘʚʥʝ-

ʥʠʡ 
ὼ ὥὼὦὼώȟ

ώ όὸ Ὠὼ ὧώὦὼώȟ
                                                                                                          (5) 

ʛʜʝ όὸᶰπȟὙȢ                                                  

ɿʘʤʝʪʠʤ, ʯʪʦ ʧʨʠ όὸḳπ  ʥʘʯʘʣʦ ʢʦʦʨʜʠʥʘʪ ʙʫʜʝʪ ʫʩʪʦʡʯʠʚʳʤ ʫʟʣʦʤ ʩʠʩʪʝʤʳ  
ὼ ὥὼ ὦὼώȟ
ώ Ὠὼ ὧώὦὼώȟ

                                                                                                                      (6) 

ʘ ʩʦʩʪʦʷʥʠʝ ʨʘʚʥʦʚʝʩʠʷ  ὓ ȟ   ʙʫʜʝʪ ʩʝʜʣʦʤ.  

ʌʘʟʦʚʳʡ ʧʦʨʪʨʝʪ ʩʠʩʪʝʤʳ (6) ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 4. 

 

ʈʠʩ. 4. ʌʘʟʦʚʳʡ ʧʦʨʪʨʝʪ ʩʠʩʪʝʤʳ (6) 

ʇʦʚʝʜʝʥʠʝ ʪʨʘʝʢʪʦʨʠʡ ʥʘ ʦʩʠ  ὕὼ ʦʧʨʝʜʝʣʷʝʪʩʷ  ʚʝʢʪʦʨʦʤ ὼȟώ ὥὼȟὨὼȢ ʕʪʦ ʟʥʘʯʠʪ, 
ʯʪʦ ʪʨʘʝʢʪʦʨʠʠ ʧʝʨʝʩʝʢʘʶʪ ʦʩʴ  ὕὼ  ʩʥʠʟʫ ʚʚʝʨʭ ʧʨʠ  ὼ π  ʠ ʩʚʝʨʭʫ ʚʥʠʟ ʧʨʠ ὼ πȢ   

ɿʘʤʝʪʠʤ, ʯʪʦ ʠʟ ʪʦʯʢʠ ὗ ȟ  ʚʳʭʦʜʠʪ ʧʦʣʦʞʠʪʝʣʴʥʘʷ ʪʨʘʝʢʪʦʨʠʷ ː ὗ  ʩʠʩʪʝʤʳ (6), 

ʠʤʝʶʱʘʷ ʧʨʝʜʝʣʴʥʳʤ ʤʥʦʞʝʩʪʚʦʤ ʥʘʯʘʣʦ ʢʦʦʨʜʠʥʘʪ. ɽʩʣʠ ʠʟ ʥʘʯʘʣʘ ʢʦʦʨʜʠʥʘʪ ʚʳʧʫʩʪʠʪʴ ʧʦ-

ʣʦʞʠʪʝʣʴʥʫʶ ʪʨʘʝʢʪʦʨʠʶ ː ὕ  ʩʠʩʪʝʤʳ (4), ʪʦ ʝʝ ʧʨʝʜʝʣʴʥʳʤ ʤʥʦʞʝʩʪʚʦʤ ʙʫʜʝʪ ʩʝʜʣʦʚʘʷ 

ʪʦʯʢʘ ὖπȟ), ʠʟ ʢʦʪʦʨʦʡ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ,  ʚʳʭʦʜʠʪ Ŭ-ʩʝʧʘʨʘʪʨʠʩʘ ː, ʚʝʜʫʱʘʷ ʚ ʫʩʪʦʡʯʠʚʳʡ 

ʫʟʝʣ  ὗ ȟ  ʩʠʩʪʝʤʳ (4). 

ɽʩʣʠ ʪʝʧʝʨʴ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʩʠʩʪʝʤʫ (5), ʢʘʢ ʫʧʨʘʚʣʷʝʤʫʶ ʜʠʥʘʤʠʯʝʩʢʫʶ ʩʠʩʪʝʤʫ  ʩ ʦʛʨʘ-

ʥʠʯʝʥʥʳʤ ʫʧʨʘʚʣʝʥʠʝʤ π όὸ Ὑȟ ʪʦ  ʦʙʣʘʩʪʴ Ὀ ʝʩʪʴ ʥʝ ʯʪʦ ʠʥʦʝ, ʢʘʢ ʦʙʣʘʩʪʴ ʜʦʩʪʠʞʠʤʦ-

ʩʪʠ ʩʠʩʪʝʤʳ (5) ʠʟ ʥʘʯʘʣʘ ʢʦʦʨʜʠʥʘʪ.  

ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʣʶʙʘʷ ʜʦʧʫʩʪʠʤʘʷ ʪʨʘʝʢʪʦʨʠʷ ʩʠʩʪʝʤʳ (5) ʤʦʞʝʪ ʣʠʰʴ ʚʦʡʪʠ ʚ ʦʙʣʘʩʪʴ 

Ὃ, ʥʦ ʥʝ ʤʦʞʝʪ ʠʟ ʥʝʝ ʚʳʡʪʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʠʢʘʢʠʝ ʚʥʝʰʥʠʝ ʚʦʟʜʝʡʩʪʚʠʷ (ʧʨʠ ʫʩʣʦʚʠʠ π
όὸ Ὑ ʥʝ ʩʤʦʛʫʪ ʚʳʚʝʩʪʠ ʩʠʩʪʝʤʫ ʠʟ ʦʙʣʘʩʪʠ Ὀȟ ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʪʨʘʢʪʦʚʘʪʴ ʵʪʫ ʦʙʣʘʩʪʴ, ʢʘʢ 
ʦʙʣʘʩʪʴ ʠʤʤʫʥʠʪʝʪʘ ʤʘʣʦʛʦ ʙʠʟʥʝʩʘ ʢ ʚʥʝʰʥʠʤ ʚʦʟʜʝʡʩʪʚʠʷʤ.  
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ʈʠʩ. 5. ɿʦʥʘ ʠʤʤʫʥʠʪʝʪʘ ʩʠʩʪʝʤʳ (4) 

ʃʠʪʝʨʘʪʫʨʘ 

1. ʉʘʚʝʣʴʝʚ ɺ.ʇ., ʉʫʪʷʛʠʥʘ ʅ.ʀ. çʇʨʦʩʪʳʝ ʤʦʜʝʣʠ ʜʠʥʘʤʠʢʠ ʤʘʣʦʛʦ ʙʠʟʥʝʩʘè, ʊʨʫʜʳ XX 

ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʠ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʥʳʝ 

ʪʝʭʥʦʣʦʛʠʠè, ʛ. ʅ. ʅʦʚʛʦʨʦʜ, ʥʦʷʙʨʴ 2020 ʛ., ʉ.329 ï 332. 

2. ɹʫʪʝʥʠʥʘ ʅ.ʅ., ʉʪʘʨʦʜʫʙʨʦʚʩʢʘʷ ʅ.ʉ. ʆʙʣʘʩʪʠ ʫʧʨʘʚʣʷʝʤʦʩʪʠ ʠ ʟʦʥʳ ʠʤʤʫʥʠʪʝʪʘ ʚ ʤʘʪʝ-

ʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʩʘʭʘʨʥʦʛʦ ʜʠʘʙʝʪʘ //VI ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʄʘʪʝ-ʤʘʪʠʢʘ. 

ʂʦʤʧʴʶʪʝʨ. ʆʙʨʘʟʦʚʘʥʠʝè. ʊʝʟʠʩʳ ʜʦʢʣʘʜʦʚ. ʇʫʱʠʥʦ. 1999. ʉ.48. 

 

ὼ 

ώ 

ὕ 

ὗ έ 

ὖ 

Ὀ 

ː  

ː ὗ   

ː ὕ  



 

132 

ʅɽʂʆʊʆʈʓɽ ʕʅɼʆʄʆʈʌʀɿʄʓ ɸɹɽʃɽɺʓʍ ɻʈʋʇʇ 

ɸ. ʉʘʨʚʘʨʠ 

ʄʦʩʢʦʚʩʢʠʡ ʧʝʜʘʛʦʛʠʯʝʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ 

ʈʘʥʝʝ ʥʘʤʠ ʦʧʠʩʘʥʳ ʢʦʥʝʯʥʦ ʧʦʨʦʞʜʝʥʥʳʝ ʘʙʝʣʝʚʳ ʛʨʫʧʧʳ, ʜʦʧʫʩʢʘʶʱʠʝ ʵʥʜʦʤʦʨ-

ʬʠʟʤ, ʦʙʨʘʟ ʢʦʪʦʨʦʛʦ ʩʦʚʧʘʜʘʝʪ ʩ ʝʛʦ ʷʜʨʦʤ [1]. ɿʜʝʩʴ ʨʝʰʘʝʪʩʷ ʘʥʘʣʦʛʠʯʥʘʷ ʟʘʜʘʯʘ ʚ 

ʢʣʘʩʩʘʭ ʢʦʮʠʢʣʠʯʝʩʢʠʭ, ʜʝʣʠʤʳʭ (ʠʥʲʝʢʪʠʚʥʳʭ) ʠ ʢʦʧʝʨʠʦʜʠʯʝʩʢʠʭ ʘʙʝʣʝʚʳʭ ʛʨʫʧʧ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʘʙʝʣʝʚʘ ʛʨʫʧʧʘ, ̫ ʜʨʦ ʵʥʜʦʤʦʨʬʠʟʤʘ, ʦʙʨʘʟ ʵʥʜʦʤʦʨʬʠʟʤʘ. 

 

1. ɺʚʝʜʝʥʠʝ 

ʇʦʜ çʛʨʫʧʧʦʡè ʚ ʨʘʙʦʪʝ ʚʩʝʛʜʘ ʧʦʜʨʘʟʫʤʝʚʘʝʪʩʷ ʘʙʝʣʝʚʘ ʛʨʫʧʧʘ, ʟʘʧʠʩʘʥʥʘʷ ʘʜʜʠʪʠʚʥʦ. ɺʩʝ 

ʦʩʥʦʚʥʳʝ ʦʙʦʟʥʘʯʝʥʠʷ ʠ ʦʧʨʝʜʝʣʝʥʠʷ ʩʪʘʥʜʘʨʪʥʳ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʢʥʠʛʝ ʃ. ʌʫʢʩʘ [2]. 

ʀʟʫʯʝʥʠʝ ʵʥʜʦʤʦʨʬʠʟʤʦʚ ʘʙʝʣʝʚʳʭ ʛʨʫʧʧ ʧʨʝʜʩʪʘʚʣʷʝʪ ʜʣʷ ʥʘʩ ʠʥʪʝʨʝʩ, ʧʨʝʞʜʝ ʚʩʝʛʦ, ʚ 

ʩʚʷʟʠ ʩ ʪʝʤ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʩʘʤʠʭ ʘʙʝʣʝʚʳʭ ʛʨʫʧʧʘʭ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʟʫʯʘʶʪʩʷ ʘʙʝʣʝʚʳ ʛʨʫʧʧʳ, ʩʦʜʝʨʞʘʱʠʝ ʭʦʪʷ ʙʳ ʦʜʠʥ ʵʥʜʦʤʦʨʬʠʟʤ, ʷʜʨʦ ʢʦ-

ʪʦʨʦʛʦ ʩʦʚʧʘʜʘʝʪ ʩ ʝʛʦ ʦʙʨʘʟʦʤ. ɻʣʘʚʥʦʡ ʟʘʜʘʯʝʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʦʧʠʩʘʥʠʝ ʘʙʝʣʝʚʳʭ ʛʨʫʧʧ ὃ, 

ʩʦʜʝʨʞʘʱʠʭ ʵʥʜʦʤʦʨʬʠʟʤ •ȡ ὃ O  ὃ, ʪʘʢʦʡ ʯʪʦ ËÅÒ •  )Í •, ʚ ʢʣʘʩʩʘʭ ʢʦʮʠʢʣʠʯʝʩʢʠʭ, ʜʝ-

ʣʠʤʳʭ ʠ ʢʦʧʝʨʠʦʜʠʯʝʩʢʠʭ ʛʨʫʧʧ. 

2. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʊʝʦʨʝʤʘ 1. ʇʫʩʪʴ ὃ ï ʘʙʝʣʝʚʘ ʛʨʫʧʧʘ, ʪʦʛʜʘ ʵʥʜʦʤʦʨʬʠʟʤ •Ḋ ὃ O  ὃ, ʪʘʢʦʡ ʯʪʦ ËÅÒ•
)Í• ʩʫʱʝʩʪʚʫʝʪ ʪʦʛʜʘ ʠ ʪʦʣʴʢʦ ʪʦʛʜʘ, ʢʦʛʜʘ ʚ ʛʨʫʧʧʝ ὃ ʥʘʡʜʝʪʩʷ ʧʦʜʛʨʫʧʧʘ ὄ, ʪʘʢʘʷ ʯʪʦ ὃȾὄḙ
ὄ. 

ɼʦʢʘʟʘʪʝʣʴʩʪʚʦ. ʇʫʩʪʴ ʩʫʱʝʩʪʚʫʝʪ ʵʥʜʦʤʦʨʬʠʟʤ • ʛʨʫʧʧʳ ὃ, ʪʘʢʦʡ ʯʪʦ ËÅÒ• )Í•. ʊʦ-

ʛʜʘ ʧʦ ʦʩʥʦʚʥʦʡ ʪʝʦʨʝʤʝ ʦ ʛʦʤʦʤʦʨʬʠʟʤʝ ʜʣʷ ʧʦʜʛʨʫʧʧʳ ὄ  ËÅÒ • ʛʨʫʧʧʳ ὃ ʠʤʝʝʪ ʤʝʩʪʦ 

ʠʟʦʤʦʨʬʠʟʤ ὃȾὄḙὄ. 

ʆʙʨʘʪʥʦ, ʧʫʩʪʴ ὃȾὄḙὄ ʜʣʷ ʥʝʢʦʪʦʨʦʡ ʧʦʜʛʨʫʧʧʳ ʛʨʫʧʧʳ ὃ. ʊʦʛʜʘ ʧʦʩʪʨʦʠʤ ʮʝʧʦʯʢʫ ʛʦ-

ʤʦʤʦʨʬʠʟʤʦʚ: 

ὃᴼ ὃȾὄ O  ὄ O  ὃ, 

ʛʜʝ ‌ ï ʝʩʪʝʩʪʚʝʥʥʳʡ ʵʧʠʤʦʨʬʠʟʤ, ‍ ï ʠʟʦʤʦʨʬʠʟʤ ʠ ‎ ï ʚʣʦʞʝʥʠʝ. ʆʪʩʶʜʘ, ʝʩʣʠ • ‌ ʐ ‍ ʐ
 ‎, ʪʦ 

ËÅÒ •  ὄ  )Í •. 

ʉʣʝʜʩʪʚʠʝ 1. ɽʩʣʠ ὃ ḙ ὄ ṥ ὄ, ʪʦ ʩʫʱʝʩʪʚʫʝʪ ʵʥʜʦʤʦʨʬʠʟʤ • ʛʨʫʧʧʳ ὃ, ʪʘʢʦʡ ʯʪʦ 
ËÅÒ• )Í•. 

ʉʣʝʜʩʪʚʠʝ 2. ʇʫʩʪʴ ὃ ï ʢʦʥʝʯʥʘʷ ʛʨʫʧʧʘ ʠ •ȡ ὃ O ὃ ʵʥʜʦʤʦʨʬʠʟʤ, ʪʘʢʦʡ ʯʪʦ ËÅÒ• )Í•, 

ʪʦʛʜʘ ʧʦʨʷʜʦʢ ʛʨʫʧʧʳ ὃ ʷʚʣʷʝʪʩʷ ʧʦʣʥʳʤ ʢʚʘʜʨʘʪʦʤ. 

ʅʘʧʦʤʥʠʤ, ʯʪʦ ʛʨʫʧʧʘ ὃ ʥʘʟʳʚʘʝʪʩʷ ʢʦʮʠʢʣʠʯʝʩʢʦʡ, ʝʩʣʠ ʩʫʱʝʩʪʚʫʝʪ ʵʣʝʤʝʥʪ ὥ ɴ  ὃ, ʪʘʢʦʡ 
ʯʪʦ ʚʩʷʢʠʡ ʛʦʤʦʤʦʨʬʠʟʤ •Ḋ ὄ O  ὃ, ʛʜʝ ὥ ɴ  )Í •, ʷʚʣʷʝʪʩʷ ʵʧʠʤʦʨʬʠʟʤʦʤ. ʍʦʨʦʰʦ ʠʟʚʝʩʪ-
ʥʦ (ʩʤ, ʥʘʧʨʠʤʝʨ, [2]), ʯʪʦ ʛʨʫʧʧʘ ὃ ʷʚʣʷʝʪʩʷ ʢʦʮʠʢʣʠʯʝʩʢʦʡ ʪʦʛʜʘ ʠ ʪʦʣʴʢʦ ʪʦʛʜʘ, ʢʦʛʜʘ ὃ ḙ
 ᴚ  ʠʣʠ ὃ ḙ ᴚ .  

ʊʝʦʨʝʤʘ 2. ʂʦʮʠʢʣʠʯʝʩʢʘʷ ʛʨʫʧʧʘ ὃ ʩʦʜʝʨʞʠʪ ʵʥʜʥʦʤʦʨʬʠʟʤ •Ḋ ὃ O ὃ, ʪʘʢʦʡ ʯʪʦ 

ËÅÒ• )Í•, ʪʦʛʜʘ ʠ ʪʦʣʴʢʦ ʪʦʛʜʘ, ʢʦʛʜʘ ὃ ï ʮʠʢʣʠʯʝʩʢʘʷ ʛʨʫʧʧʘ, ʧʦʨʷʜʦʢ ʢʦʪʦʨʦʡ ʷʚʣʷʝʪʩʷ 

ʯʝʪʥʦʡ ʩʪʝʧʝʥʠ ʥʝʢʦʪʦʨʦʛʦ ʧʨʦʩʪʦʛʦ ʯʠʩʣʘ, ʪʦ ʝʩʪʴ ὃḙᴚ . 

ɼʦʢʘʟʘʪʝʣʴʩʪʚʦ. ɽʩʣʠ ὃ ộὥỚ ï ʮʠʢʣʠʯʝʩʢʘʷ ʛʨʫʧʧʘ, ʪʦ ʧʦ ʩʣʝʜʩʪʚʠʶ 2 ʦʥʘ ʠʤʝʝʪ ʧʦʨʷʜʦʢ 

ὴ , ʪʦ ʝʩʪʴ ὃḙᴚ . ʆʙʨʘʪʥʦ, ʝʩʣʠ ȿὃȿ ὴ , ʪʦ ʜʣʷ ʧʦʜʛʨʫʧʧʳ ὄ ộὴὥỚ ʠʤʝʝʤ:  

ὃȾὄ ḙ ᴚ ḙὄȟ 

ʘ ʟʥʘʯʠʪ, ʧʦ ʪʝʦʨʝʤʝ 1 ʥʘʡʜʝʪʩʷ ʵʥʜʦʤʦʨʬʠʟʤ •ȡ ὃ O  ὃ, ʪʘʢʦʡ ʯʪʦ ËÅÒ• )Í•. 
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ɽʩʣʠ ʞʝ ὃ ḙ ᴚ , ʪʦ ὃ ʥʝ ʩʦʜʝʨʞʠʪ ʧʦʜʛʨʫʧʧʳ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʝʡ ʫʩʣʦʚʠʷʤ ʪʝʦʨʝʤʳ 1. 

ʊʘʢ ʢʘʢ ʜʣʷ ʘʙʝʣʝʚʳʭ ʛʨʫʧʧ ʦʧʨʝʜʝʣʝʥʦ ʫʤʥʦʞʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʥʘ ʥʘʪʫʨʘʣʴʥʳʝ ʯʠʩʣʘ, ʪʦ 

ʣʦʛʠʯʥʦ ʙʳʣʦ ʙʳ ʦʧʨʝʜʝʣʠʪʴ ʜʝʣʠʤʦʩʪʴ ʵʣʝʤʝʥʪʦʚ ʘʙʝʣʝʚʳʭ ʛʨʫʧʧ ʥʘ ʥʘʪʫʨʘʣʴʥʳʝ ʯʠʩʣʘ. 

ɻʨʫʧʧʘ Ὀ ʥʘʟʳʚʘʝʪʩʷ ʜʝʣʠʤʦʡ, ʝʩʣʠ ʣʶʙʦʡ ʝʝ ʵʣʝʤʝʥʪ ʜʝʣʠʪʩʷ ʥʘ ʣʶʙʦʝ ʥʘʪʫʨʘʣʴʥʦʝ ʯʠʩʣʦ. 

ʊʝʦʨʝʤʘ 3. ʇʫʩʪʴ ὃ ï ʜʝʣʠʤʘʷ ʛʨʫʧʧʘ, ʪʦʛʜʘ ʵʥʜʦʤʦʨʬʠʟʤ •Ḋ ὃ O  ὃ, ʪʘʢʦʡ ʯʪʦ ËÅÒ•
)Í• ʩʫʱʝʩʪʚʫʝʪ ʚ ʪʦʤ ʠ ʪʦʣʴʢʦ ʚ ʪʦʤ ʩʣʫʯʘʝ, ʢʦʛʜʘ ὃ ḙ ὄ ṥ ὄ ʜʣʷ ʥʝʢʦʪʦʨʦʡ ʧʦʜʛʨʫʧʧʳ 

ὄ Ṗ ὃ. 

ɼʦʢʘʟʘʪʝʣʴʩʪʚʦ. ɺ ʩʠʣʫ ʨʘʩʩʤʦʪʨʝʥʥʦʛʦ ʚʳʰʝ ʧʨʠʤʝʨʘ ʥʘʤ ʜʦʩʪʘʪʦʯʥʦ ʜʦʢʘʟʘʪʴ ʪʦʣʴʢʦ 

ʧʨʷʤʦʝ ʫʪʚʝʨʞʜʝʥʠʝ. ʇʫʩʪʴ • ï ʵʥʜʦʤʦʨʬʠʟʤ ʛʨʫʧʧʳ ὃ, ʪʘʢʦʡ ʯʪʦ ËÅÒ• )Í•. ʊʦʛʜʘ ʧʦ ʪʝʦ-

ʨʝʤʝ 1 ʥʘʡʜʝʪʩʷ ʧʦʜʛʨʫʧʧʘ ὄ Ṓ ὃ, ʪʘʢʘʷ ʯʪʦ ὃȾὄ ḙ ὄ. 

ʇʦʩʢʦʣʴʢʫ ʬʘʢʪʦʨʛʨʫʧʧʘ ʜʝʣʠʤʦʡ ʛʨʫʧʧʳ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʜʝʣʠʤʦʡ ʛʨʫʧʧʦʡ, ʪʦ ʠ ὄ ï

ʜʝʣʠʤʘʷ ʛʨʫʧʧʘ. ɸ ʪʦʛʜʘ ʧʦ ʦʩʥʦʚʥʦʤʫ ʩʚʦʡʩʪʚʫ ʜʝʣʠʤʳʭ ʛʨʫʧʧ ὄ ʚʳʜʝʣʷʝʪʩʷ ʧʨʷʤʳʤ ʩʣʘʛʘʝ-

ʤʳʤ ʚ ʛʨʫʧʧʝ ὃ, ʪʦ ʝʩʪʴ 

ὃ ḙ ὄ ṥ ὃȾὄ ḙ ὄ ṥ ὄ. 

ʍʦʨʦʰʦ ʠʟʚʝʩʪʥʦ ʩʪʨʦʝʥʠʝ ʜʝʣʠʤʳʭ ʘʙʝʣʝʚʳʭ ʛʨʫʧʧ. 

ʊʝʦʨʝʤʘ 4 [2]. ɽʩʣʠ D ï ʜʝʣʠʤʘʷ ʛʨʫʧʧʘ, ʪʦ 

ὃ ḙ
ṥ
ά
 ᴗṥ

ṥ
ὴɴ ὖ

ṥ
ά ᴚ ȟ 

ʛʜʝ ᴗ ï ʛʨʫʧʧʘ ʨʘʮʠʦʥʘʣʴʥʳʭ ʯʠʩʝʣ, ᴚ  ï ʛʨʫʧʧʘ ʇʨʶʬʝʨʘ; ʢʘʨʜʠʥʘʣʴʥʳʝ ʯʠʩʣʘ ά ʠ ά  ʷʚ-

ʣʷʶʪʩʷ ʠʥʚʘʨʠʘʥʪʘʤʠ ʛʨʫʧʧʳ D. 

ʉʣʝʜʩʪʚʠʝ 3. ɼʣʷ ʜʝʣʠʤʦʡ ʛʨʫʧʧʳ ὃ ʩʫʱʝʩʪʚʫʝʪ ʵʥʜʦʤʦʨʬʠʟʤ •Ḋ ὃ O  ὃ, ʪʘʢʦʡ ʯʪʦ 

ËÅÒ• )Í• ʪʦʛʜʘ ʠ ʪʦʣʴʢʦ ʪʦʛʜʘ, ʢʦʛʜʘ 

ὃ ḙ
ṥ
ά
 ᴗṥ

ṥ
ὴɴ ὖ

ṥ
ά ᴚ ȟ 

ʛʜʝ ʢʘʨʜʠʥʘʣʴʥʳʝ ʯʠʩʣʘ ά ʠ ά  ὴ ɴ  ὖ  ʣʠʙʦ ʙʝʩʢʦʥʝʯʥʳʝ, ʣʠʙʦ ʯʝʪʥʳʝ. 

ɸʙʝʣʝʚʘ ʛʨʫʧʧʘ ʥʘʟʳʚʘʝʪʩʷ ʢʦʧʝʨʠʦʜʠʯʝʩʢʦʡ, ʝʩʣʠ ʚʩʷʢʦʝ ʝʝ ʨʘʩʰʠʨʝʥʠʝ ʧʨʠ ʧʦʤʦʱʠ 

ʛʨʫʧʧʳ ʙʝʟ ʢʨʫʯʝʥʠʷ ʨʘʩʰʝʧʣʷʝʪʩʷ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʢʦʧʝʨʠʦʜʠʯʝʩʢʘʷ ʛʨʫʧʧʘ ʚʳʜʝʣʷʝʪʩʷ 

ʧʨʷʤʳʤ ʩʣʘʛʘʝʤʳʤ ʠʟ ʚʩʷʢʦʡ ʛʨʫʧʧʳ, ʩʦʜʝʨʞʘʰʝʡ ʝʝ ʚ ʢʘʯʝʩʪʚʝ ʧʦʜʛʨʫʧʧʳ, ʬʘʢʪʦʨʛʨʫʧʧʘ ʧʦ 

ʢʦʪʦʨʦʡ ʷʚʣʷʝʪʩʷ ʛʨʫʧʧʦʡ ʙʝʟ ʢʨʫʯʝʥʠʷ.  

ʍʦʨʦʰʦ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʧʨʦʠʟʚʦʣʴʥʘʷ ʢʦʧʝʨʠʦʜʠʯʝʩʢʘʷ ʛʨʫʧʧʘ ὃ ʦʜʥʦʟʥʘʯʥʦ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ 

ʚ ʚʠʜʝ 

ὃ ὃȟ 

ʛʜʝ ὃ  ï ʨʝʜʫʮʠʨʦʚʘʥʥʘʷ ʢʦʧʝʨʠʦʜʠʯʝʩʢʘʷ ʛʨʫʧʧʘ, ʷʚʣʷʶʱʘʷʩʷ ὴ-ʘʜʠʯʝʩʢʠʤ ʤʦʜʫʣʝʤ, ʪʦ ʝʩʪʴ 

ʤʦʜʫʣʝʤ ʥʘʜ ʢʦʣʴʮʦʤ ʮʝʣʳʭ ὴ-ʘʜʠʯʝʩʢʠʭ ʯʠʩʝʣ ᴚ .  

ʈʘʩʩʤʦʪʨʠʤ ʩʣʫʯʘʡ, ʢʦʛʜʘ ὃ  ï ʮʠʢʣʠʯʝʩʢʠʡ ὴ-ʘʜʠʯʝʩʢʠʡ ʤʦʜʫʣʴ, ʪʦ ʝʩʪʴ Ὃ ᴚ  ʠʣʠ 

Ὃ ᴚ . ɺʚʝʜʝʤ ʩʣʝʜʫʶʱʝʝ ʦʙʦʟʥʘʯʝʥʠʝ: ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ … Ὧ  ʥʘʟʳʚʘʝʪʩʷ ʧʨʦʠʟʚʦʣʴʥʘʷ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʮʝʣʳʭ ʥʝʦʪʨʠʮʘʪʝʣʴʥʳʭ ʯʠʩʝʣ ʠ ʩʠʤʚʦʣʦʚ ¤, ʟʘʥʫʤʝʨʦʚʘʥʥʳʭ ʧʨʦʩʪʳʤʠ 

ʠʥʜʝʢʩʘʤʠ. ʇʦʩʪʨʦʠʤ ʛʨʫʧʧʫ ᴚ Б ὑᶰ , ʛʜʝ ὑ ᴚȾὴ ᴚ ʧʨʠ Ὧ Њ ʠ ὑ ᴚ  ʧʨʠ Ὧ

Њ. ʆʪʤʝʪʠʤ, ʯʪʦ ʛʨʫʧʧʘ ᴚ  ʷʚʣʷʝʪʩʷ ʮʠʢʣʠʯʝʩʢʦʤ ʤʦʜʫʣʝʤ ʥʘʜ ʢʦʣʴʮʦʤ ʮʝʣʳʭ ʧʦʣʠʘʜʠʯʝʩʢʠʭ 

ʯʠʩʝʣ ᴚ Б ᴚᶰ . 

ʍʘʨʘʢʪʝʨʠʩʪʠʢʘ … ʥʘʟʳʚʘʝʪʩʷ ʢʦʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʢʦʧʝʨʠʦʜʠʯʝʩʢʦʡ ʛʨʫʧʧʳ ᴚ .  

ʊʝʦʨʝʤʘ 5. ɻʨʫʧʧʘ ὃ ᴚ  ʩʦʜʝʨʞʠʪ ʵʥʜʦʤʦʨʬʠʟʤ •Ḋ ὃ O  ὃ, ʪʘʢʦʡ ʯʪʦ ËÅÒ• )Í• ʪʦ-

ʛʜʘ ʠ ʪʦʣʴʢʦ ʪʦʛʜʘ, ʢʦʛʜʘ ʝʝ ʢʦʭʘʨʘʢʪʝʨʠʩʪʠʢʘ … ʥʝ ʩʦʜʝʨʞʠʪ ʙʝʩʢʦʥʝʯʥʳʭ ʠ ʥʝʯʝʪʥʳʭ ʩʠʤʚʦ-
ʣʦʚ.  

ɼʦʢʘʟʘʪʝʣʴʩʪʚʦ. ʇʫʩʪʴ ὃ ᴚ Б ὑᶰ  ʠ •Ḋ ὃ O  ὃ ï ʪʘʢʦʡ ʵʥʜʦʤʦʨʬʠʟʤ, ʯʪʦ ËÅÒ•

)Í•. ɼʣʷ ʢʘʞʜʦʛʦ ʧʨʦʩʪʦʛʦ ὴ ʨʘʩʩʤʦʪʨʠʤ ʦʛʨʘʥʠʯʝʥʠʝ • •ȿ  ɻʥʜʦʤʦʨʬʠʟʤʘ • ʥʘ ὴ-

ʘʜʠʯʝʩʢʫʶ ʢʦʤʧʦʥʝʥʪʫ ὑ  ʛʨʫʧʧʳ ὃ. ʊʘʢ ʢʘʢ ʛʨʫʧʧʳ ὑ  ʦʙʨʘʟʫʶʪ ʞʝʩʪʢʫʶ ʩʠʩʪʝʤʫ (ʪʦ ʝʩʪʴ 

Homὑȟὑ π ʧʨʠ ὴ ή), ʪʦ ʠʤʝʶʪ ʤʝʩʪʦ ʨʘʚʝʥʩʪʚʘ  

)Í• Б )Í•ᶰ   ʠ  ËÅÒ• Б ËÅÒ•ᶰ , 

ʯʪʦ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʪʝʦʨʝʤʦʡ 1 ʠ ʚʣʝʯʝʪ ʩʧʨʘʚʝʜʣʠʚʦʩʪʴ ʜʘʥʥʦʡ ʪʝʦʨʝʤʳ. 
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ɸʃɻʆʈʀʊʄ ʉʇʀʉʆʏʅʆɻʆ ʊʀʇɸ ɼʃʗ ʈɸɿʄɽʑɽʅʀʗ 

ɺʀʈʊʋɸʃʔʅʓʍ ʄɸʐʀʅ ʅɸ ʉɽʈɺɽʈɸ ʉ ʋʏɽʊʆʄ  

NUMA -ɸʈʍʀʊɽʂʊʋʈʓ1* 

ʄ.ʖ. ʉʘʭʥʦ 

ʀʥʩʪʠʪʫʪ ʤʘʪʝʤʘʪʠʢʠ ʠʤ. ʉ.ʃ. ʉʦʙʦʣʝʚʘ ʉʆ ʈɸʅ, ʆʤʩʢʠʡ ʬʠʣʠʘʣ 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʘʣʛʦʨʠʪʤ ʩʧʠʩʦʯʥʦʛʦ ʪʠʧʘ ʜʣʷ ʨʘʟʤʝʱʝʥʠʷ ʨʘʙʦʪ (ʚʠʨʪʫʘʣʴ-

ʥʳʭ ʤʘʰʠʥ) ʥʘ ʤʘʰʠʥʘʭ (ʩʝʨʚʝʨʘʭ) ʩ NUMA-ʘʨʭʠʪʝʢʪʫʨʦʡ. ɸʣʛʦʨʠʪʤ ʦʩʥʦʚʘʥ ʥʘ 

ʙʳʩʪʨʳʭ ʦʥʣʘʡʥ-ʩʪʨʘʪʝʛʠʷʭ ʪʠʧʘ çFitè. ʈʘʩʩʤʦʪʨʝʥʳ ʨʘʟʣʠʯʥʳʝ ʩʪʨʘʪʝʛʠʠ ʫʧʦʨʷʜʦ-

ʯʝʥʠʷ ʨʘʙʦʪ ʠ ʚʳʙʦʨʘ ʤʘʰʠʥʳ (First Fit, Random Fit ʠ ʜʨ.) ʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʘ ʠʭ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʥʘ ʦʩʥʦʚʝ ʨʝʘʣʴʥʦʛʦ ʥʘʙʦʨʘ ʜʘʥʥʳʭ, ʧʨʝʜʦʩʪʘʚʣʝʥʥʦʛʦ ʢʦʤʧʘʥʠʝʡ 

ʍʫʘʚʝʡ. ʈʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʩʪʨʘʪʝʛʠʷ First Fit ʩʪʘʙʠʣʴʥʦ 

ʧʨʝʚʦʩʭʦʜʠʪ ʜʨʫʛʠʝ ʧʦ ʢʘʯʝʩʪʚʫ ʨʝʰʝʥʠʡ ʠ ʚʨʝʤʝʥʠ ʚʳʧʦʣʥʝʥʠʷ. ʊʘʢʞʝ ʨʝʟʫʣʴʪʘʪʳ 

ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʚʢʣʶʯʝʥʠʝ NUMA-ʦʛʨʘʥʠʯʝʥʠʡ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʧʨʦʮʝʩʩ ʨʘʟʤʝ-

ʱʝʥʠʷ ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʚʳʰʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʨʝʩʫʨʩʦʚ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʦʩʪʨʦʝʥʠʝ ʨʘʩʧʠʩʘʥʠʡ, NUMA-ʘʨʭʠʪʝʢʪʫʨʘ, ʩʧʠʩʦʯʥʳʝ ʘʣʛʦʨʠʪ-

ʤʳ, ʚʳʜʝʣʝʥʠʝ ʨʝʩʫʨʩʦʚ 

 

1. ɺʚʝʜʝʥʠʝ ʠ ʧʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ 

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʟʘʜʘʯʘ ʥʘʟʥʘʯʝʥʠʷ ʨʘʙʦʪ ʥʘ ʤʘʰʠʥʳ ʩ NUMA-ʘʨʭʠʪʝʢʪʫʨʦʡ (ʘʥʛʣ. Non-

Uniform Memory Access [1]) ʧʨʠ ʥʘʣʠʯʠʠ ʥʝʩʢʦʣʴʢʠʭ ʨʝʩʫʨʩʦʚ ʚʦʟʦʙʥʦʚʠʤʦʛʦ ʪʠʧʘ. ʊʘʢʘʷ ʟʘʜʘ-

ʯʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʟʘʜʘʯʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʠʨʪʫʘʣʴʥʳʭ ʤʘʰʠʥ ʤʝʞʜʫ ʩʝʨʚʝʨʘʤʠ ʩ NUMA-

ʘʨʭʠʪʝʢʪʫʨʦʡ. ʈʝʩʫʨʩʳ, ʢʦʪʦʨʳʤʠ ʨʘʩʧʦʣʘʛʘʶʪ ʩʝʨʚʝʨʘ, ʧʨʝʜʩʪʘʚʣʝʥʳ, ʢʘʢ ʧʨʘʚʠʣʦ, ʷʜʨʘʤʠ 

ʧʨʦʮʝʩʩʦʨʘ ʠ ʦʙʲʝʤʦʤ ʦʧʝʨʘʪʠʚʥʦʡ ʧʘʤʷʪʠ [2, 3]. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʘʣʛʦʨʠʪʤʦʚ ʨʘʟʤʝʱʝʥʠʷ ʚʠʨ-

ʪʫʘʣʴʥʳʭ ʤʘʰʠʥ ʥʘʧʨʷʤʫʶ ʦʧʨʝʜʝʣʷʝʪ ʨʘʩʭʦʜʳ ʥʘ ʧʨʠʦʙʨʝʪʝʥʠʝ ʠ ʵʢʩʧʣʫʘʪʘʮʠʶ ʩʝʨʚʝʨʦʚ, ʧʦ-

ʵʪʦʤʫ ʢʣʶʯʝʚʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʩʦʢʨʘʱʝʥʠʝ ʯʠʩʣʘ ʩʝʨʚʝʨʦʚ, ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʘʢʪʠʚʥʦʤ ʩʦʩʪʦʷ-

ʥʠʠ (ʪʦ ʝʩʪʴ ʨʘʟʤʝʱʘʶʱʠʭ ʭʦʪʷ ʙʳ ʦʜʥʫ ʚʠʨʪʫʘʣʴʥʫʶ ʤʘʰʠʥʫ). 

ɿʘʜʘʯʘ ʥʘʟʥʘʯʝʥʠʷ ʨʘʙʦʪ ʥʘ ʤʘʰʠʥʳ ʩ NUMA-ʘʨʭʠʪʝʢʪʫʨʦʡ ʧʨʠ ʥʘʣʠʯʠʠ ʥʝʩʢʦʣʴʢʠʭ ʨʝ-

ʩʫʨʩʦʚ ʚʦʟʦʙʥʦʚʠʤʦʛʦ ʪʠʧʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʙʦʙʱʝʥʠʝ ʪʝʤʧʦʨʘʣʴʥʦʡ ʚʝʢʪʦʨʥʦʡ ʟʘʜʘʯʠ ʦʙ 

ʫʧʘʢʦʚʢʝ ʚ ʢʦʥʪʝʡʥʝʨʳ (ʘʥʛʣ. temporal vector bin packing) [4, 5]. ɼʣʷ ʩʣʫʯʘʷ ʩ ʜʚʫʤʷ ʪʠʧʘʤʠ ʨʝ-

ʩʫʨʩʦʚ ʙʳʣʠ ʧʨʝʜʣʦʞʝʥʳ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʝ ʨʝʰʝʥʠʷ, ʪʘʢʠʝ ʢʘʢ ʤʝʪʦʜ ʛʝʥʝʨʘʮʠʠ ʩʪʦʣʙʮʦʚ 

[6] ʠ ʛʝʥʝʪʠʯʝʩʢʠʡ ʘʣʛʦʨʠʪʤ [7], ʧʦʢʘʟʘʚʰʠʝ ʚʳʩʦʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʥʘ ʧʨʘʢʪʠʯʝʩʢʠʭ ʜʘʥʥʳʭ. 

ʈʘʩʩʤʦʪʨʠʤ ʧʦʩʪʘʥʦʚʢʫ ʟʘʜʘʯʠ. ʀʤʝʝʪʩʷ ʤʥʦʞʝʩʪʚʦ ʨʘʙʦʪ J, m ʤʘʰʠʥ ʩ NUMA-

ʘʨʭʠʪʝʢʪʫʨʦʡ ʠ R ʨʝʩʫʨʩʦʚ ʚʦʟʦʙʥʦʚʠʤʦʛʦ ʪʠʧʘ. ɼʣʷ ʢʘʞʜʦʡ ʨʘʙʦʪʳ j ʠʟʚʝʩʪʥʳ ʤʦʤʝʥʪʳ ʝʸ 

ʥʘʯʘʣʘ sj ʠ ʦʢʦʥʯʘʥʠʷ fj, ʘ ʪʘʢʞʝ ʧʦʪʨʝʙʥʦʩʪʴ ajr ʚ ʨʝʩʫʨʩʝ ʪʠʧʘ r. ʂʘʞʜʘʷ ʤʘʰʠʥʘ ʩʦʩʪʦʠʪ ʠʟ N 

NUMA-ʫʟʣʦʚ, ʧʨʠ ʵʪʦʤ ʥʘ ʢʘʞʜʦʤ ʫʟʣʝ ʜʦʩʪʫʧʝʥ ʦʙʲʸʤ cr ʨʝʩʫʨʩʘ ʪʠʧʘ r. ʈʘʙʦʪʳ ʨʘʟʤʝʱʘʶʪʩʷ 

ʥʘ ʤʘʰʠʥʘʭ, ʧʨʝʨʳʚʘʥʠʷ ʥʝʜʦʧʫʩʪʠʤʳ. ɿʘʧʫʩʢ ʨʘʙʦʪʳ ʪʨʝʙʫʝʪ ʚʳʜʝʣʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ 

ʥʘʙʦʨʘ ʨʝʩʫʨʩʦʚ ʤʘʰʠʥʳ, ʧʨʠʯʸʤ ʩʫʤʤʘʨʥʳʡ ʦʙʲʸʤ ʧʦʪʨʝʙʥʦʩʪʝʡ ʚʩʝʭ ʨʘʙʦʪ, ʚʳʧʦʣʥʷʶʱʠʭʩʷ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʥʘ ʦʜʥʦʡ ʤʘʰʠʥʝ, ʥʝ ʜʦʣʞʝʥ ʧʨʝʚʳʰʘʪʴ ʝʸ ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ. ʄʘʰʠʥʘ, 

ʥʘ ʢʦʪʦʨʦʡ ʚʳʧʦʣʥʷʝʪʩʷ ʭʦʪʷ ʙʳ ʦʜʥʘ ʨʘʙʦʪʘ, ʜʘʣʝʝ ʥʘʟʳʚʘʝʪʩʷ ʘʢʪʠʚʥʦʡ. 

ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʦʪʨʝʙʥʦʩʪʝʡ ʚ ʨʝʩʫʨʩʘʭ ʪʠʧʳ ʨʘʙʦʪ ʢʣʘʩʩʠʬʠʮʠʨʫʶʪʩʷ ʢʘʢ ʤʘʣʝʥʴʢʠʝ 

ʠʣʠ ʙʦʣʴʰʠʝ. ʈʘʙʦʪʳ ʤʘʣʝʥʴʢʠʭ ʪʠʧʦʚ ʨʘʟʤʝʱʘʶʪʩʷ ʥʘ ʦʜʥʦʤ ʠʟ NUMA-ʫʟʣʦʚ ʤʘʰʠʥʳ, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʙʦʣʴʰʠʝ ʨʘʟʤʝʱʘʶʪʩʷ ʥʘ ʥʝʩʢʦʣʴʢʠʭ NUMA-ʫʟʣʘʭ, ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʷʷ ʧʦʪʨʝʙ-

ʥʦʩʪʠ ʤʝʞʜʫ ʚʩʝʤʠ NUMA-ʫʟʣʘʤʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʟʘʜʘʯʘ ʧʣʘʥʠʨʦʚʘʥʠʷ ʚʳʧʦʣʥʝʥʠʷ ʨʘʙʦʪ ʥʘ 

ʤʘʰʠʥʘʭ ʩ NUMA-ʘʨʭʠʪʝʢʪʫʨʦʡ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʦʧʪʠʤʠʟʘʮʠʠ ʥʘʟʥʘʯʝʥʠʷ ʨʘʙʦʪ ʤʘʰʠʥʘʤ ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʤʘʢʩʠʤʘʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʤʘʰʠʥ, ʢʦʪʦʨʳʝ ʦʜʥʦʚʨʝʤʝʥʥʦ ʟʘʜʝʡʩʪʚʦʚʘʥʳ ʚ ʪʝ-

ʯʝʥʠʝ ʧʝʨʠʦʜʘ ʧʣʘʥʠʨʦʚʘʥʠʷ, ʙʳʣʦ ʩʚʝʜʝʥʦ ʢ ʤʠʥʠʤʫʤʫ. 

                                                      
1* ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ˉ 22-71-10015-ʇ, 

https://rscf.ru/project/22-71-10015-ʇ/. 
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2. ɸʣʛʦʨʠʪʤ ʩʧʠʩʦʯʥʦʛʦ ʪʠʧʘ LTfit ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥ ʘʣʛʦʨʠʪʤ ʩʧʠʩʦʯʥʦʛʦ ʪʠʧʘ LTfit, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʙʳʩʪʨʳʭ ʦʥʣʘʡʥ-

ʘʣʛʦʨʠʪʤʘʭ ʩʝʤʝʡʩʪʚʘ çFitè. ɺ ʘʣʛʦʨʠʪʤʝ LTfit  ʧʦʦʯʝʨʝʜʥʦ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʨʘʙʦʪʳ ʚ ʚʳʙʨʘʥ-

ʥʦʤ ʧʦʨʷʜʢʝ ʠ ʢʘʞʜʘʷ ʠʟ ʥʠʭ ʨʘʟʤʝʱʘʝʪʩʷ ʥʘ ʧʦʜʭʦʜʷʱʫʶ ʤʘʰʠʥʫ, ʦʙʣʘʜʘʶʱʫʶ ʜʦʩʪʘʪʦʯʥʳʤ 

ʦʙʲʸʤʦʤ ʨʝʩʫʨʩʦʚ ʥʘ ʚʩʸʤ ʠʥʪʝʨʚʘʣʝ ʝʸ ʘʢʪʠʚʥʦʩʪʠ. ɽʩʣʠ ʧʦʜʭʦʜʷʱʘʷ ʤʘʰʠʥʘ ʦʪʩʫʪʩʪʚʫʝʪ, ʜʦ-

ʙʘʚʣʷʝʪʩʷ ʥʦʚʘʷ ʤʘʰʠʥʘ. ʇʦʨʷʜʦʢ ʨʘʙʦʪ ʠ ʩʪʨʘʪʝʛʠʷ ʚʳʙʦʨʘ ʤʘʰʠʥʳ ʦʧʨʝʜʝʣʷʶʪ ʢʦʥʢʨʝʪʥʫʶ 

ʤʦʜʠʬʠʢʘʮʠʶ ʘʣʛʦʨʠʪʤʘ. ʈʘʙʦʪʳ ʤʦʛʫʪ ʫʧʦʨʷʜʦʯʠʚʘʪʴʩʷ ʧʦ ʚʨʝʤʝʥʠ ʥʘʯʘʣʘ (ʦʥʣʘʡʥ-ʨʝʞʠʤ) 

ʠʣʠ ʧʦ ʫʙʳʚʘʥʠʶ ʚʝʩʘ. ɹʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʨʘʟʣʠʯʥʳʝ ʩʪʨʘʪʝʛʠʠ ʚʳʙʦʨʘ ʤʘʰʠʥʳ: First Fit, Next 

Fit, Random Fit ʠ Best Fit.  ɸʜʘʧʪʘʮʠʷ ʘʣʛʦʨʠʪʤʘ ʢ NUMA-ʘʨʭʠʪʝʢʪʫʨʝ ʤʦʞʝʪ ʚʳʧʦʣʥʷʪʴʩʷ ʢʘʢ 

ʚʦ ʚʨʝʤʷ ʝʛʦ ʨʘʙʦʪʳ, ʪʘʢ ʠ ʦʪʜʝʣʴʥʳʤ ʵʪʘʧʦʤ ʧʦʩʣʝ ʦʩʥʦʚʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ.  
ɺʳʯʠʩʣʠʪʝʣʴʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ʧʨʦʚʦʜʠʣʩʷ ʥʘ ʦʪʢʨʳʪʦʤ ʥʘʙʦʨʝ ʜʘʥʥʳʭ, ʧʨʝʜʦʩʪʘʚʣʝʥʥʦʤ 

ʢʦʤʧʘʥʠʝʡ ʍʫʘʚʝʡ1. ʅʠʞʥʷʷ ʦʮʝʥʢʘ, ʧʦʣʫʯʝʥʥʘʷ ʥʘ ʦʩʥʦʚʝ ʢʣʘʩʩʠʯʝʩʢʦʡ ʥʠʞʥʝʡ ʛʨʘʥʠʮʳ ʄʘʨ-

ʪʝʣʣʦ ʠ ʊʦʪʘ ʜʣʷ ʟʘʜʘʯʠ ʫʧʘʢʦʚʢʠ ʚ ʢʦʥʪʝʡʥʝʨʳ [8], ʜʣʷ ʵʪʦʛʦ ʧʨʠʤʝʨʘ ʨʘʚʥʘ 885 ʩʝʨʚʝʨʘʤ. 

ʃʫʯʰʠʡ ʨʝʟʫʣʴʪʘʪ (908 ʩʝʨʚʝʨʦʚ) ʧʦʣʫʯʝʥ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʘʣʛʦʨʠʪʤʘ LTfit  ʩʦ ʩʪʨʘʪʝʛʠʝʡ 

First Fit, ʧʨʠ ʵʪʦʤ ʚʝʩ ʚʠʨʪʫʘʣʴʥʦʡ ʤʘʰʠʥʳ j ʦʧʨʝʜʝʣʷʣʩʷ ʢʘʢ wj = ὥȟ  ὥȟ  ʠ ʨʘʩʧʨʝʜʝʣʝ-

ʥʠʝ ʧʦ NUMA-ʫʟʣʘʤ ʚʳʧʦʣʥʷʣʦʩʴ ʚ ʧʨʦʮʝʩʩʝ ʨʘʟʤʝʱʝʥʠʷ.  
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1 https://vmagent.readthedocs.io/en/latest/simulator/dataset.html 
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ʆ ʂʆʃʀʏɽʉʊɺɽ ɹɸɿʀʉʆɺ ɺ ʂʃɸʉʉɽ ɹʋʃɽɺʓʍ ʌʋʅʂʎʀʁ 

ʉ.ɺ. ʉʠʜʦʨʦʚ, ʊ.ɻ. ʉʤʠʨʥʦʚʘ 

ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ. ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ 

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʦʧʨʦʩ ʦ ʢʦʣʠʯʝʩʪʚʝ ʙʘʟʠʩʦʚ, ʩʦʩʪʦʷʱʠʭ ʠʟ Ὧ ʣʦʛʠʯʝʩʢʠʭ ʬʫʥʢʮʠʡ 
(Ὧ ρȟςȟσȟτ) ʦʪ ὲ ʧʝʨʝʤʝʥʥʳʭ, ʚ ʢʣʘʩʩʝ ʚʩʝʭ ʙʫʣʝʚʳʭ ʬʫʥʢʮʠʡ ὖ. ɼʣʷ Ὧ ρ ʵʪʦ ʠʟ-
ʚʝʩʪʥʳʡ ʨʝʟʫʣʴʪʘʪ ʦ ʯʠʩʣʝ ʐʝʬʬʝʨʦʚʳʭ ὲ-ʤʝʩʪʥʳʭ ʬʫʥʢʮʠʡ. ʇʦʣʫʯʝʥʳ ʬʦʨʤʫʣʳ 
ʜʣʷ ʯʠʩʣʘ ʙʘʟʠʩʦʚ ʤʦʱʥʦʩʪʝʡ ςȟσȟτ, ʦʧʠʩʘʥʳ ʚʩʝ ʪʘʙʣʠʮʳ ʇʦʩʪʘ ʵʪʠʭ ʙʘʟʠʩʦʚ ʠ 
ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʣʷ Ὧ ςȟσȟτ ʩʫʱʝʩʪʚʫʝʪ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ρχȟςςȟς ʪʠʧʦʚ ʪʘʙʣʠʮ 
ʇʦʩʪʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʣʦʛʠʯʝʩʢʘʷ ʬʫʥʢʮʠʷ, ʙʫʣʝʚʘ ʬʫʥʢʮʠʷ, ʧʦʣʥʘʷ ʩʠʩʪʝʤʘ, ʙʘʟʠʩ, ʢʨʠʪʝ-

ʨʠʡ ʧʦʣʥʦʪʳ, ʐʝʬʬʝʨʦʚʘ ʬʫʥʢʮʠʷ, ʟʘʤʢʥʫʪʳʡ ʢʣʘʩʩ. 

 

1. ɺʚʝʜʝʥʠʝ 

ʇʨʠʚʝʜʸʤ ʦʧʨʝʜʝʣʝʥʠʷ ʦʩʥʦʚʥʳʭ ʧʦʥʷʪʠʡ ʠ ʦʙʦʟʥʘʯʝʥʠʡ ʪʝʦʨʠʠ ʣʦʛʠʯʝʩʢʠʭ ʬʫʥʢʮʠʡ (ʩʤ., 

ʥʘʧʨʠʤʝʨ, [1ï4]), ʢʦʪʦʨʳʝ ʙʫʜʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ. 

ʌʫʥʢʮʠʷ Ὢὼȟὼȟȣȟὼ , ʫ ʢʦʪʦʨʦʡ ʢʘʞʜʘʷ ʧʝʨʝʤʝʥʥʘʷ ʧʨʠʥʠʤʘʝʪ ʟʥʘʯʝʥʠʷ ʠʟ ʤʥʦʞʝʩʪʚʘ 
πȟρ ʠ ʩʘʤʘ ʬʫʥʢʮʠʷ ʧʨʠʥʠʤʘʝʪ ʟʥʘʯʝʥʠʷ ʚ ʵʪʦʤ ʤʥʦʞʝʩʪʚʝ, ʥʘʟʳʚʘʝʪʩʷ ʣʦʛʠʯʝʩʢʦʡ ʬʫʥʢʮʠʝʡ 

(ʠʣʠ ʙʫʣʝʚʦʡ ʬʫʥʢʮʠʝʡ, ʠʣʠ ʬʫʥʢʮʠʝʡ ʘʣʛʝʙʨʳ ʣʦʛʠʢʠ). ʆʙʣʘʩʪʴʶ ʦʧʨʝʜʝʣʝʥʠʷ ʪʘʢʦʡ ʬʫʥʢʮʠʠ 

ʷʚʣʷʝʪʩʷ ʤʥʦʞʝʩʪʚʦ πȟρ  ʜʚʦʠʯʥʳʭ ʥʘʙʦʨʦʚ ʜʣʠʥʳ ὲȟ ʘ ʦʙʣʘʩʪʴʶ ʟʥʘʯʝʥʠʡ ï ʤʥʦʞʝʩʪʚʦ 

πȟρ, ʪ. ʝ. Ὢȡπȟρ ᴼ πȟρ. 

ʄʥʦʞʝʩʪʚʦ ʚʩʝʭ ʣʦʛʠʯʝʩʢʠʭ ʬʫʥʢʮʠʡ Ὢὼȟὼȟȣȟὼ , ʟʘʚʠʩʷʱʠʭ ʦʪ ὲ ʧʝʨʝʤʝʥʥʳʭ, ʦʙʦʟʥʘ-

ʯʠʤ ʯʝʨʝʟ ὖ ὲ. ʗʩʥʦ, ʯʪʦ ȿὖ ὲȿ ς Ȣ ɿʘʤʝʪʠʤ, ʯʪʦ ʚ ʵʪʦ ʯʠʩʣʦ ʚʢʣʶʯʝʥʳ ʠ ʬʫʥʢʮʠʠ, ʟʘʚʠ-
ʩʷʱʠʝ ʦʪ ʥʝʢʦʪʦʨʳʭ ʠʟ ʧʝʨʝʤʝʥʥʳʭ ὼȟὼȟȣȟὼ ʬʠʢʪʠʚʥʦ1, ʪ.ʝ. ʬʫʥʢʮʠʠ, ʬʘʢʪʠʯʝʩʢʠ ʟʘʚʠʩʷ-

ʱʠʝ ʦʪ ʤʝʥʴʰʝʛʦ ʯʠʩʣʘ ʧʝʨʝʤʝʥʥʳʭ. 

ʉʠʩʪʝʤʘ ʣʦʛʠʯʝʩʢʠʭ ʬʫʥʢʮʠʡ ʥʘʟʳʚʘʝʪʩʷ ʧʦʣʥʦʡ, ʝʩʣʠ ʩ ʧʦʤʦʱʴʶ ʩʫʧʝʨʧʦʟʠʮʠʡ2 ʬʫʥʢʮʠʡ 

ʵʪʦʡ ʩʠʩʪʝʤʳ ʤʦʞʝʪ ʙʳʪʴ ʚʳʨʘʞʝʥʘ ʣʶʙʘʷ ʣʦʛʠʯʝʩʢʘʷ ʬʫʥʢʮʠʷ. 

ʇʫʩʪʴ Ὂ ï ʥʝʢʦʪʦʨʦʝ ʤʥʦʞʝʩʪʚʦ ʣʦʛʠʯʝʩʢʠʭ ʬʫʥʢʮʠʡ, ʪʦʛʜʘ ʯʝʨʝʟ Ὂ ʦʙʦʟʥʘʯʘʝʪʩʷ ʟʘʤʳ-

ʢʘʥʠʝ ʩʠʩʪʝʤʳ Ὂ, ʪ. ʝ. ʤʥʦʞʝʩʪʚʦ ʚʩʝʭ ʩʫʧʝʨʧʦʟʠʮʠʡ ʬʫʥʢʮʠʡ ʠʟ Ὂ. ɽʩʣʠ Ὂ Ὂ, ʪʦ Ὂ ʥʘʟʳʚʘ-

ʝʪʩʷ ʟʘʤʢʥʫʪʳʤ ʢʣʘʩʩʦʤ. 

ʇʝʨʝʯʠʩʣʠʤ ʟʘʤʢʥʫʪʳʝ ʢʣʘʩʩʳ, ʢʦʪʦʨʳʝ ʠʛʨʘʶʪ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʪʝʦʨʠʠ ʣʦʛʠʯʝʩʢʠʭ ʬʫʥʢ-

ʮʠʡ. 

Ὕ ï ʢʣʘʩʩ ʬʫʥʢʮʠʡ, ʩʦʭʨʘʥʷʶʱʠʭ ʢʦʥʩʪʘʥʪʫ π, ʪ.ʝ. ʪʘʢʠʭ, ʯʪʦ Ὢπȟπȟȣȟπ π. 
Ὕ ï ʢʣʘʩʩ ʬʫʥʢʮʠʡ, ʩʦʭʨʘʥʷʶʱʠʭ ʢʦʥʩʪʘʥʪʫ ρ, ʪ.ʝ. ʪʘʢʠʭ, ʯʪʦ Ὢρȟρȟȣȟρ ρ. 

Ὓ ï ʢʣʘʩʩ ʩʘʤʦʜʚʦʡʩʪʚʝʥʥʳʭ ʬʫʥʢʮʠʡ, ʪ.ʝ. ʪʘʢʠʭ, ʯʪʦ Ὢὼȟὼȟȣȟὼ Ὢὼȟὼȟȣȟὼ Ȣ ʉʘ-
ʤʦʜʚʦʡʩʪʚʝʥʥʘʷ ʬʫʥʢʮʠʷ ʥʘ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʭ ʥʘʙʦʨʘʭ ʧʨʠʥʠʤʘʝʪ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʝ ʟʥʘʯʝ-

ʥʠʷ. 

ὓ ï ʢʣʘʩʩ ʤʦʥʦʪʦʥʥʳʭ ʬʫʥʢʮʠʡ, ʪ.ʝ. ʪʘʢʠʭ, ʯʪʦ Ὢ‌ȟ‌ȟȣȟ‌ Ὢ‍ȟ‍ȟȣȟ‍  ʜʣʷ ʣʶ-

ʙʳʭ ʥʘʙʦʨʦʚ ‌ȟ‌ȟȣȟ‌  ʠ ‍ȟ‍ȟȣȟ‍ , ʜʣʷ ʢʦʪʦʨʳʭ ‌ ‍ ʜʣʷ ʚʩʝʭ Ὥ ρȟςȟȣȟὲ. 
ὒ ï ʢʣʘʩʩ ʣʠʥʝʡʥʳʭ ʬʫʥʢʮʠʡ, ʪ.ʝ. ʪʘʢʠʭ, ʫ ʢʦʪʦʨʳʭ ʧʦʣʠʥʦʤ ɾʝʛʘʣʢʠʥʘ ʥʝ ʩʦʜʝʨʞʠʪ ʧʨʦ-

ʠʟʚʝʜʝʥʠʡ ʧʝʨʝʤʝʥʥʳʭ. 

ʂʘʢ ʠʟʚʝʩʪʥʦ [1ï6], ʢʨʠʪʝʨʠʡ ʧʦʣʥʦʪʳ ʩʠʩʪʝʤʳ ʬʫʥʢʮʠʡ ʜʘʸʪ ʩʣʝʜʫʶʱʘʷ 

                                                      
1 ʌʫʥʢʮʠʷ ʟʘʚʠʩʠʪ ʦʪ ʧʝʨʝʤʝʥʥʦʡ ὼ ʬʠʢʪʠʚʥʦ, ʝʩʣʠ ʥʘ ʚʩʝʭ ʧʘʨʘʭ ʥʘʙʦʨʦʚ, ʨʘʟʣʠʯʘʶʱʠʭʩʷ ʣʠʰʴ ʚ Ὥ-ʡ 
ʧʦʟʠʮʠʠ, ʦʥʘ ʧʨʠʥʠʤʘʝʪ ʨʘʚʥʳʝ ʟʥʘʯʝʥʠʷ. 
2 ʉʫʧʝʨʧʦʟʠʮʠʝʡ ʬʫʥʢʮʠʡ ὪȟȢȢȢȟὪ ʥʘʟʳʚʘʝʪʩʷ ʬʫʥʢʮʠʷ Ὢ, ʧʦʣʫʯʝʥʥʘʷ ʩ ʧʦʤʦʱʴʶ ʧʦʜʩʪʘʥʦʚʦʢ ʵʪʠʭ 
ʬʫʥʢʮʠʡ ʜʨʫʛ ʚ ʜʨʫʛʘ ʠ ʧʝʨʝʠʤʝʥʦʚʘʥʠʷ ʧʝʨʝʤʝʥʥʳʭ. 
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ʊʝʦʨʝʤʘ 1. (ʂʨʠʪʝʨʠʡ ʇʦʩʪʘ) ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʩʠʩʪʝʤʘ ʣʦʛʠʯʝʩʢʠʭ ʬʫʥʢʮʠʡ ʙʳʣʘ ʧʦʣʥʦʡ, 

ʥʝʦʙʭʦʜʠʤʦ ʠ ʜʦʩʪʘʪʦʯʥʦ, ʯʪʦʙʳ ʦʥʘ ʮʝʣʠʢʦʤ ʥʝ ʩʦʜʝʨʞʘʣʘʩʴ ʥʠ ʚ ʦʜʥʦʤ ʠʟ ʧʷʪʠ ʟʘʤʢʥʫʪʳʭ 

ʢʣʘʩʩʦʚ Ὕ, Ὕ, Ὓ, ὓ ʠ ὒ. 
ʇʦʣʥʘʷ ʩʠʩʪʝʤʘ ʥʘʟʳʚʘʝʪʩʷ ʙʘʟʠʩʦʤ, ʝʩʣʠ ʥʠʢʘʢʘʷ ʝʸ ʧʦʜʩʠʩʪʝʤʘ ʥʝ ʷʚʣʷʝʪʩʷ ʧʦʣʥʦʡ ʩʠ-

ʩʪʝʤʦʡ. 

ʃʦʛʠʯʝʩʢʘʷ ʬʫʥʢʮʠʷ, ʥʝ ʧʨʠʥʘʜʣʝʞʘʱʘʷ ʥʠ ʦʜʥʦʤʫ ʠʟ ʧʷʪʠ ʟʘʤʢʥʫʪʳʭ ʢʣʘʩʩʦʚ Ὕ, Ὕ, Ὓ, ὓ 

ʠ ὒ, ʥʘʟʳʚʘʝʪʩʷ ʐʝʬʬʝʨʦʚʦʡ. ʃʶʙʘʷ ʐʝʬʬʝʨʦʚʘ ʬʫʥʢʮʠʷ ʧʦ ʊʝʦʨʝʤʝ 1 ʦʙʨʘʟʫʝʪ ʙʘʟʠʩ ʤʦʱ-

ʥʦʩʪʠ ρȢ 
ʊʝʦʨʝʤʘ 2.  ʄʘʢʩʠʤʘʣʴʥʦʝ ʯʠʩʣʦ ʬʫʥʢʮʠʡ ʚ ʙʘʟʠʩʝ ʨʘʚʥʦ ʯʝʪʳʨʸʤ. 

ɺ ʩʚʷʟʠ ʩ ʧʦʥʷʪʠʝʤ ʙʘʟʠʩʘ ʚʦʟʥʠʢʘʶʪ ʚʦʧʨʦʩʳ ʦ ʯʠʩʣʝ ʨʘʟʣʠʯʥʳʭ ʙʘʟʠʩʦʚ ʚ ὖ ʜʘʥʥʦʡ 

ʤʦʱʥʦʩʪʠ Ὧ ρȟςȟσȟτȢ ʏʝʨʝʟ ὔ ὲ ʙʫʜʝʤ ʦʙʦʟʥʘʯʘʪʴ ʯʠʩʣʦ ʙʘʟʠʩʦʚ ʤʦʱʥʦʩʪʠ Ὧȟ ʩʦʜʝʨʞʘʱʠʭ 
ʬʫʥʢʮʠʠ ʦʪ ὲ ʧʝʨʝʤʝʥʥʳʭ. ʊʦʛʜʘ ὔ ὲ ï ʯʠʩʣʦ ʐʝʬʬʝʨʦʚʳʭ ʬʫʥʢʮʠʡ ʦʪ ὲ ʧʝʨʝʤʝʥʥʳʭ. ʀʟ-

ʚʝʩʪʥʦ [6], ʯʪʦ ὔ ὲ ς ς Ȣ  

2. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʨʠʥʘʜʣʝʞʥʦʩʪʠ ʬʫʥʢʮʠʠ ʟʘʤʢʥʫʪʳʤ ʢʣʘʩʩʘʤ Ὕ, Ὕ, Ὓ, ὓ ʠ ὒ, ʤʥʦʞʝʩʪʚʦ  
ʙʫʣʝʚʳʭ ʬʫʥʢʮʠʡ ʨʘʟʙʠʚʘʝʪʩʷ ʥʘ ς σς ʢʣʘʩʩʘ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ, ʧʨʠʯʸʤ 17 ʠʟ ʥʠʭ ʦʢʘʟʳʚʘ-
ʶʪʩʷ ʧʫʩʪʳʤʠ. ɼʣʷ ʚʳʯʠʩʣʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʙʘʟʠʩʦʚ ὔ ὲ ʤʦʱʥʦʩʪʠ Ὧ ʥʘʡʜʸʤ ʤʦʱʥʦʩʪʴ ʢʘʞ-
ʜʦʛʦ ʥʝʧʫʩʪʦʛʦ ʢʣʘʩʩʘ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠȟ ʩʦʩʪʦʷʱʝʛʦ ʠʟ ʬʫʥʢʮʠʡ ʦʪ ὲ ʧʝʨʝʤʝʥʥʳʭ, ʠ ʩʚʝʜʸʤ ʧʦ-

ʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʚ ʪʘʙʣʠʮʫ 1. 

ɼʣʷ ʢʣʘʩʩʦʚ ὝὝὛὓὒ ʠ ὝὝὛὓὒ ʦʧʨʝʜʝʣʠʪʴ ʪʦʯʥʦʝ ʟʥʘʯʝʥʠʝ ʯʠʩʣʘ ʣʦʛʠʯʝʩʢʠʭ ʬʫʥʢʮʠʡ 
ʦʪ ὲ ʧʝʨʝʤʝʥʥʳʭ, ʠʤ ʧʨʠʥʘʜʣʝʞʘʱʠʤ, ʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ ʚ ʩʠʣʫ ʪʦʛʦ, ʯʪʦ ʚ ʥʘʩʪʦ-

ʷʱʝʝ ʚʨʝʤʷ ʪʦʯʥʦʝ ʯʠʩʣʦ ʤʦʥʦʪʦʥʥʳʭ ʬʫʥʢʮʠʡ ʠʟʚʝʩʪʥʦ ʪʦʣʴʢʦ ʜʣʷ π ὲ ω  [8], ʧʦʵʪʦʤʫ 

ʙʫʜʝʤ ʩʯʠʪʘʪʴ, ʯʪʦ ȿὝὝὛὓὒȿ ὥȟ ȿὝὝὛὓὒȿ ὦȢ 

ʊʘʙʣʠʮʘ 1. ʄʦʱʥʦʩʪʠ ʥʝʧʫʩʪʳʭ ʢʣʘʩʩʦʚ ʚ ὖ ὲ ʦʪʥʦʩʠʪʝʣʴʥʦ ʟʘʤʢʥʫʪʳʭ ʢʣʘʩʩʦʚ  Ὕ, Ὕ, Ὓ, ὓ ʠ ὒ  

 ̄ ʂʣʘʩʩ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʄʦʱʥʦʩʪʴ ʢʣʘʩʩʘ 

ρ ὝὝὛױὓױὒ ς ς  

ς ὝὝὛױὓױὒ ς ς  

σ ὝὝὛױὓױὒ ς  

τ ὝὝὛױὓױὒ ς ς  

υ ὝὝὛױὓױὒ ς ρ 

φ ὝὝὛױὓױὒ ρ 

χ ὝὝὛױὓױὒ ς ς  

ψ ὝὝὛױὓױὒ ς ρ 

ω ὝὝὛױὓױὒ ρ 

ρπ ὝὝὛױὓױὒ ς ς ὦ 
ρρ ὝὝὛױὓױὒ ὦ 

ρς ὝὝὛױὓױὒ ς ς ὥ 
ρσ ὝὝὛױὓױὒ ς ὲ 

ρτ ὝὝὛױὓױὒ ὥ 

ρυ ὝὝὛױὓױὒ ὲ 
 

ɿʘʤʝʪʠʤ, ʯʪʦ ʢʣʘʩʩ ὝὝὛױὓױὒ (ʧʝʨʚʘʷ ʩʪʨʦʢʘ ʪʘʙʣʠʮʳ 1) ï ʵʪʦ, ʚ ʪʦʯʥʦʩʪʠ, ʢʣʘʩʩ ʐʝʬʬʝ-

ʨʦʚʳʭ ʬʫʥʢʮʠʡȢ ʅʝʪʨʫʜʥʦ ʧʦʥʷʪʴ, ʯʪʦ ʦʪʥʦʰʝʥʠʝ ɝ ὲ
ȿ ȿ

 ʢʦʣʠʯʝʩʪʚʘ ʐʝʬʬʝʨʦʚʳʭ 

ʬʫʥʢʮʠʡ ʦʪ ὲ ʧʝʨʝʤʝʥʥʳʭ ʢ ʯʠʩʣʫ ȿὖ ὲȿ ς  ʚʩʝʭ ʬʫʥʢʮʠʡ ʦʪ ὲ ʧʝʨʝʤʝʥʥʳʭ ʩʪʨʝʤʠʪʩʷ ʢ    

ʧʨʠ ὲᴼЊȢ 
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ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʧʦʣʥʦʪʳ ʩʠʩʪʝʤ ʬʫʥʢʮʠʡ ʫʜʦʙʥʦ ʧʦʣʴʟʦʚʘʪʴʩʷ ʪʘʙʣʠʮʝʡ, ʢʦʪʦʨʘʷ ʥʘʟʳ-

ʚʘʝʪʩʷ ʢʨʠʪʝʨʠʘʣʴʥʦʡ ʠʣʠ ʪʘʙʣʠʮʝʡ ʇʦʩʪʘ. ʂʘʞʜʳʡ ʠʟ ʧʷʪʠ ʩʪʦʣʙʮʦʚ ʪʘʙʣʠʮʳ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʦʜʥʦʤʫ ʠʟ ʟʘʤʢʥʫʪʳʭ ʢʣʘʩʩʦʚ Ὕ, Ὕ, Ὓ, ὓ ʠ ὒ, ʘ ʩʪʨʦʢʠ ʪʘʙʣʠʮʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʬʫʥʢʮʠʷʤ ʠʩ-
ʩʣʝʜʫʝʤʦʡ ʩʠʩʪʝʤʳ. ʅʘ ʧʝʨʝʩʝʯʝʥʠʠ ʩʪʨʦʢʠ ʪʘʙʣʠʮʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʬʫʥʢʮʠʠ Ὢ, ʠ ʩʪʦʣʙʮʘ, 
ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʢʣʘʩʩʫ ὑ, ʩʪʘʚʠʪʩʷ ʟʥʘʢ ʧʣʶʩ, ʝʩʣʠ Ὢᶰὑ, ʠ ʤʠʥʫʩ, ʝʩʣʠ Ὢᶱὑ. ʉʠʩʪʝʤʘ 
ʬʫʥʢʮʠʡ ʧʦʣʥʘ ʪʦʛʜʘ ʠ ʪʦʣʴʢʦ ʪʦʛʜʘ, ʢʦʛʜʘ ʚ ʢʘʞʜʦʤ ʩʪʦʣʙʮʝ ʩʦʜʝʨʞʠʪʩʷ ʭʦʪʷ ʙʳ ʦʜʠʥ ʟʥʘʢ 

ʤʠʥʫʩ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʣʷ ʙʘʟʠʩʦʚ ʤʦʱʥʦʩʪʝʡ ςȟσȟτ ʩʫʱʝʩʪʚʫʝʪ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ρχȟςςȟς ʪʠʧʦʚ 
ʪʘʙʣʠʮ ʇʦʩʪʘ [5,7]. 

ʊʝʦʨʝʤʘ 3. ʏʠʩʣʦ ʙʘʟʠʩʦʚ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʜʚʫʭ ʬʫʥʢʮʠʡ ʦʪ ὲ ʧʝʨʝʤʝʥʥʳʭ, ʨʘʚʥʦ 

ὔ ὲ ς σẗς ς σẗτ Ȣ 

ʇʨʠ ὲ ρȟςȟσȟτ ʧʦʣʫʯʘʝʤ ʩʣʝʜʫʶʱʠʝ ʟʥʘʯʝʥʠʷ ὔ ὲ: 

ὔ ρ πȟ ὔ ς ςτȟ ὔ σ υױυςπȟ ὔ τ ςχτױχρπױσσφȢ 

ʉʣʝʜʩʪʚʠʝ 1. ɼʣʷ ʯʠʩʣʘ ʙʘʟʠʩʦʚ ʚ ὖ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʜʚʫʭ ʬʫʥʢʮʠʡ ʦʪ ὲ ʧʝʨʝʤʝʥʥʳʭ, ʚʝʨʥʘ 

ʩʣʝʜʫʶʱʘʷ ʘʩʠʤʧʪʦʪʠʢʘ: 

ὔ ὲḐς Ȣ 

ʉʣʝʜʩʪʚʠʝ 2. ʇʫʩʪʴ 

ῳ ὲ
ὔ ὲ
ȿ ȿ

 

 ï ʦʪʥʦʰʝʥʠʝ ʯʠʩʣʘ ʙʘʟʠʩʦʚ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʜʚʫʭ ʬʫʥʢʮʠʡ ʦʪ ὲ ʧʝʨʝʤʝʥʥʳʭ, ʢ ʯʠʩʣʫ ʚʩʝʭ ʥʝʫʧʦ-

ʨʷʜʦʯʝʥʥʳʭ ʧʘʨ  ὲ-ʤʝʩʪʥʳʭ ʙʫʣʝʚʳʭ ʬʫʥʢʮʠʡ. ʊʦʛʜʘ 

ÌÉÍ
ᴼ
ɝ ὲ

ρ

ψ
Ȣ 

ʊʝʦʨʝʤʘ 4. ʏʠʩʣʦ ʙʘʟʠʩʦʚ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʪʨʝʭ ʬʫʥʢʮʠʡ ʦʪ ὲ ʧʝʨʝʤʝʥʥʳʭ, ʨʘʚʥʦ 

ὔ ὲ ς ς σẗψ ὲ ς ȿὓȿȟ    

ʛʜʝ ȿὓȿ ï ʯʠʩʣʦ ʤʦʥʦʪʦʥʥʳʭ ʬʫʥʢʮʠʡ ʦʪ ὲ ʧʝʨʝʤʝʥʥʳʭ.  

ʇʨʠ ὲ ρȟςȟσȟτ ʧʦʣʫʯʘʝʤ ʩʣʝʜʫʶʱʠʝ ʟʥʘʯʝʥʠʷ ὔ ὲ: 

ὔ ρ πȟ ὔ ς φȟ ὔ σ ρױπχσȟ ὔ τ ρױπφσױςφςȢ 

ʉʣʝʜʩʪʚʠʝ 3. ɼʣʷ ʯʠʩʣʘ ʙʘʟʠʩʦʚ ʚ ὖ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʪʨʭy ʬʫʥʢʮʠʡ ʦʪ ὲ ʧʝʨʝʤʝʥʥʳʭ, ʚʝʨʥʘ 

ʩʣʝʜʫʶʱʘʷ ʘʩʠʤʧʪʦʪʠʢʘ: 

ὔ ὲḐς Ȣ 

ʉʣʝʜʩʪʚʠʝ 4. ʇʫʩʪʴ 

ɝ ὲ
ὔ ὲ
ȿ ȿ

 

ï ʦʪʥʦʰʝʥʠʝ ʯʠʩʣʘ ʙʘʟʠʩʦʚ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʪʨʭy ʬʫʥʢʮʠʡ ʦʪ ὲ ʧʝʨʝʤʝʥʥʳʭ, ʢ ʯʠʩʣʫ ʚʩʝʭ ʥʝʫʧʦ-

ʨʷʜʦʯʝʥʥʳʭ ʪʨʦʝʢ ὲ-ʤʝʩʪʥʳʭ ʙʫʣʝʚʳʭ ʬʫʥʢʮʠʡ. ʊʦʛʜʘ 

ÌÉÍ
ᴼ
ɝ ὲ πȢ 

ʊʝʦʨʝʤʘ 5. ʏʠʩʣʦ ʙʘʟʠʩʦʚ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʯʝʪʳʨʝʭ ʬʫʥʢʮʠʡ ʦʪ ὲ ʧʝʨʝʤʝʥʥʳʭ, ʨʘʚʥʦ 

ὔ ὲ ς ὲẗȿὓȿ ὲ ςȟ 

ʛʜʝ ȿὓȿ ï ʯʠʩʣʦ ʤʦʥʦʪʦʥʥʳʭ ʬʫʥʢʮʠʡ ʦʪ ὲ ʧʝʨʝʤʝʥʥʳʭ.  

ʇʨʠ ὲ ρȟςȟσȟτ ʧʦʣʫʯʘʝʤ ʩʣʝʜʫʶʱʠʝ ʟʥʘʯʝʥʠʷ ὔ ὲ: 

ὔ ρ πȟ ὔ ς πȟ ὔ σ ρυȟ ὔ τ φτψȢ 
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ʉʣʝʜʩʪʚʠʝ 5. ʇʫʩʪʴ 

ɝ ὲ
ὔ ὲ
ȿ ȿ

 

ï ʦʪʥʦʰʝʥʠʝ ʯʠʩʣʘ ʙʘʟʠʩʦʚ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʯʝʪʳʨʸʭ ʬʫʥʢʮʠʡ ʦʪ ὲ ʧʝʨʝʤʝʥʥʳʭ, ʢ ʯʠʩʣʫ ʚʩʝʭ 

ʥʝʫʧʦʨʷʜʦʯʝʥʥʳʭ ʯʝʪʚʸʨʦʢ ὲ-ʤʝʩʪʥʳʭ ʙʫʣʝʚʳʭ ʬʫʥʢʮʠʡ. ʊʦʛʜʘ  

ÌÉÍ
ᴼ
ɝ ὲ πȢ 
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ʂʃɸʉʉʓ ʇʆɼʆɹʀʗ ʎɽʃʆʏʀʉʃɽʅʅʓʍ ʅʀʃʔʇʆʊɽʅʊʅʓʍ 

ʄɸʊʈʀʎ 4-ɻʆ ʇʆʈʗɼʂɸ ʉ ʄʀʅʀʄɸʃʔʅʓʄ ʄʅʆɻʆʏʃɽʅʆʄ 

ʉʊɽʇɽʅʀ ʅɽ ɺʓʐɽ 31* 

ʉ.ɺ. ʉʠʜʦʨʦʚ, ɻ.ɺ. ʋʪʢʠʥ 

ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ 

ɺ ʨʘʙʦʪʝ ʧʦʣʫʯʝʥʦ ʦʧʠʩʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʢʣʘʩʩʦʚ ʧʦʜʦʙʠʷ ʥʘʜ ʢʦʣʴʮʦʤ ʮʝʣʳʭ ʯʠʩʝʣ 

ʜʣʷ ʮʝʣʦʯʠʩʣʝʥʥʳʭ ʥʠʣʴʧʦʪʝʥʪʥʳʭ ʤʘʪʨʠʮ 4 ʧʦʨʷʜʢʘ ʩ ʤʠʥʠʤʘʣʴʥʳʤ ʤʥʦʛʦʯʣʝʥʦʤ 

ʩʪʝʧʝʥʠ ʥʝ ʚʳʰʝ 3. ʊʘʢʞʝ ʧʦʣʫʯʝʥʦ ʦʧʠʩʘʥʠʝ ʢʘʥʦʥʠʯʝʩʢʠʭ ʤʘʪʨʠʮ ʢʣʘʩʩʦʚ ʧʦʜʦʙʠʷ. 

ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʪʘʢʠʭ ʤʘʪʨʠʮ ʧʦʣʫʯʝʥ ʢʨʠʪʝʨʠʡ ʧʦʜʦʙʠʷ ʞʦʨʜʘʥʦʚʦʡ ʬʦʨʤʝ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʦʜʦʙʠʝ ʤʘʪʨʠʮ, ʞʦʨʜʘʥʦʚʘ ʬʦʨʤʘ, ʢʦʣʴʮʦ ʮʝʣʳʭ ʯʠʩʝʣ. 

 

1. ɺʚʝʜʝʥʠʝ 

ʆʧʨʝʜʝʣʝʥʠʝ 1. ɹʫʜʝʤ ʛʦʚʦʨʠʪʴ, ʯʪʦ ʤʘʪʨʠʮʘ ὃᶰᴚ  ʧʦʜʦʙʥʘ ʤʘʪʨʠʮʝ ὄᶰᴚ  ʥʘʜ 

ʢʦʣʴʮʦʤ ʮʝʣʳʭ ʯʠʩʝʣ ᴚ, ʝʩʣʠ ʩʫʱʝʩʪʚʫʝʪ ʪʘʢʘʷ ʫʥʠʤʦʜʫʣʷʨʥʘʷ ʤʘʪʨʠʮʘ ὢᶰὋὒὲȟᴚȟ ʯʪʦ 
ὃὢ ὢὄȢ ʇʨʠ ʵʪʦʤ ʤʘʪʨʠʮʫ ὢ ʥʘʟʳʚʘʶʪ ʪʨʘʥʩʬʦʨʤʠʨʫʶʱʝʡ. ʌʘʢʪ ʧʦʜʦʙʠʷ ʤʘʪʨʠʮ ὃ ʠ ὄ 

ʥʘʜ ʢʦʣʴʮʦʤ ʮʝʣʳʭ ʯʠʩʝʣ ᴚ ʙʫʜʝʤ ʦʙʦʟʥʘʯʘʪʴ ὃḐὄȢ 
 

ʆʯʝʚʠʜʥʦ, ʯʪʦ ʝʩʣʠ ὃ ʧʦʜʦʙʥʘ ὄ ʥʘʜ ʢʦʣʴʮʦʤ ᴚȟ ʪʦ ʦʥʠ ʧʦʜʦʙʥʳ ʠ ʥʘʜ ʧʦʣʝʤ ᴗȢ ʆʙʨʘʪʥʦʝ 
ʥʝʚʝʨʥʦ (ʩʤ. ʧʨʠʤʝʨʳ ʚ [1, 2, 3] ʠ ʥʠʞʝ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ). ʉʫʱʝʩʪʚʫʶʪ ʠ ʙʦʣʝʝ ʩʦʜʝʨʞʘ-

ʪʝʣʴʥʳʝ ʥʝʦʙʭʦʜʠʤʳʝ ʫʩʣʦʚʠʷ ʧʦʜʦʙʠʷ ʥʘʜ ᴚ. ɺ ʯʘʩʪʥʦʩʪʠ, ʝʩʣʠ ὃḐὄȟ ʪʦ ɝ ὃ  ɝ ὄȟ 
Ὧ ρȟȣȟὲȟ ʛʜʝ ɝ ὃ ï ʅʆɼ ʤʠʥʦʨʦʚ Ὧ-ʛʦ ʧʦʨʷʜʢʘ ʤʘʪʨʠʮʳ ὃ (ʩʤ. [1]). ʂ ʩʦʞʘʣʝʥʠʶ, ʦʥʠ ʪʦ-

ʞʝ ʥʝ ʷʚʣʷʶʪʩʷ ʜʦʩʪʘʪʦʯʥʳʤʠ.  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʟʫʯʘʶʪʩʷ ʩʝʤʝʡʩʪʚʦ ʮʝʣʦʯʠʩʣʝʥʥʳʭ ʥʠʣʴʧʦʪʝʥʪʥʳʭ ʤʘʪʨʠʮ ʩ ʤʠʥʠʤʘʣʴ-

ʥʳʤ ʤʥʦʛʦʯʣʝʥʦʤ ʩʪʝʧʝʥʠ ʥʝ ʚʳʰʝ 3 ʠ ʢʣʘʩʩʳ ʧʦʜʦʙʠʷ ʥʘʜ ᴚ.  

2. ʆʧʠʩʘʥʠʝ ʢʘʥʦʥʠʯʝʩʢʠʭ ʤʘʪʨʠʮ 

ʇʨʷʤʦʡ ʩʫʤʤʦʡ ʢʚʘʜʨʘʪʥʳʭ ʤʘʪʨʠʮ ὢȟὢȟȣȟὢ  ʙʫʜʝʤ ʥʘʟʳʚʘʪʴ ʙʣʦʯʥʦ-ʜʠʘʛʦʥʘʣʴʥʫʶ 

ʤʘʪʨʠʮʫ: 

ὢṥȣṥὢ  
ὢ Ễ ὕ
ể Ệ ể
ὕ Ễ ὢ

. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʥʘʜ ʧʦʣʝʤ ᴗ ʣʶʙʘʷ ʮʝʣʦʯʠʩʣʝʥʥʘʷ ʤʘʪʨʠʮʘ, ʫ ʢʦʪʦʨʦʡ ʚʩʝ ʩʦʙʩʪʚʝʥʥʳʝ ʯʠʩ-

ʣʘ ʮʝʣʳʝ, ʧʦʜʦʙʥʘ ʞʦʨʜʘʥʦʚʦʡ ʬʦʨʤʝ, ʪ.ʝ. ʧʨʷʤʦʡ ʩʫʤʤʝ ʞʦʨʜʘʥʦʚʳʭ ʢʣʝʪʦʢ. ɺ ʯʘʩʪʥʦʩʪʠ, ʣʶ-

ʙʘʷ ʥʠʣʴʧʦʪʝʥʪʥʘʷ ʤʘʪʨʠʮʘ ʧʦʨʷʜʢʘ τ ʧʦʜʦʙʥʘ ʥʘʜ ᴗ ʦʜʥʦʡ ʠʟ ʩʣʝʜʫʶʱʠʭ ʞʦʨʜʘʥʦʚʳʭ ʤʘʪʨʠʮ: 

 

ὐ

π ρ π π
π π ρ π
π π π ρ
π π π π

ȟ  ὐṥὐ

π π π π
π π ρ π
π π π ρ
π π π π

ȟ   ὐṥὐ  

π ρ π π
π π π π
π π π ρ
π π π π

ȟ 

 

 ὐṥὐṥὐ

π π π π
π π π π
π π π ρ
π π π π

ȟ   ὐṥὐṥὐṥὐ

π π π π
π π π π
π π π π
π π π π

Ȣ  

                                                      
1* ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʥʘʫʯʥʦ-ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʛʦ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʮʝʥʪʨʘ çʄʘ-

ʪʝʤʘʪʠʢʘ ʪʝʭʥʦʣʦʛʠʡ ʙʫʜʫʱʝʛʦè. 
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ɺ ʨʘʙʦʪʝ [2] ʙʳʣʠ ʦʧʠʩʘʥʳ ʢʣʘʩʩʳ ʧʦʜʦʙʠʷ ʮʝʣʦʯʠʩʣʝʥʥʳʭ ʤʘʪʨʠʮ ʧʦʨʷʜʢʘ ὲ ʩ ʤʠʥʠʤʘʣʴ-
ʥʳʤ ʤʥʦʛʦʯʣʝʥʦʤ ‗ ‗ Ȣ ʏʘʩʪʥʳʤ ʩʣʫʯʘʝʤ ʵʪʦʛʦ ʨʝʟʫʣʴʪʘʪʘ ʜʣʷ ʥʠʣʴʧʦʪʝʥʪʥʳʭ ʤʘʪʨʠʮ ʧʦ-
ʨʷʜʢʘ τ ʩ ʤʠʥʠʤʘʣʴʥʳʤ ʤʥʦʛʦʯʣʝʥʦʤ ‗ ʷʚʣʷʝʪʩʷ ʩʣʝʜʫʶʱʘʷ ʪʝʦʨʝʤʘ. 

 

ʊʝʦʨʝʤʘ 1. (ʩʤ. [2]). ʇʫʩʪʴ ʤʠʥʠʤʘʣʴʥʳʡ ʤʥʦʛʦʯʣʝʥ ʤʘʪʨʠʮʳ ὃ  ɴᴚ  ʨʘʚʝʥ ‗. ʊʦʛʜʘ 

1) ɽʩʣʠ ὶὥὲὯὃ ρ, ʪʦ ʤʘʪʨʠʮʘ ὃ ʧʦʜʦʙʥʘ ʥʘʜ ᴚ ʝʜʠʥʩʪʚʝʥʥʦʡ ʤʘʪʨʠʮʝ ʚʠʜʘ 

 
π π π π
π π π π
π π π Ὠ
π π π π

ȟ 

ʛʜʝ Ὠ ρȟ ʧʨʠʯʸʤ Ὠ ῳ ὃȠ 
2) ɽʩʣʠ ὶὥὲὯὃ ς, ʪʦ ʤʘʪʨʠʮʘ ὃ ʧʦʜʦʙʥʘ ʥʘʜ ᴚ ʝʜʠʥʩʪʚʝʥʥʦʡ ʤʘʪʨʠʮʝ ʚʠʜʘ 

 
π Ὠ π π
π π π π
π π π Ὠ
π π π π

ȟ 

 

ʛʜʝ ὨȟὨ ρȟ ʧʨʠʯʸʤ Ὠȿ ὨȟὨ  ɝ ὃȟὨ Ȣ 

ʉʣʝʜʩʪʚʠʝ 1. (ʩʤ. [2]). ʇʫʩʪʴ ʤʠʥʠʤʘʣʴʥʳʡ ʤʥʦʛʦʯʣʝʥ ʤʘʪʨʠʮʳ ὃ  ɴᴚ  ʨʘʚʝʥ ‗. ʊʦʛʜʘ  

1) ὃḐὐṥὐṥὐ  ÒÁÎË! ρȟɝ ὃ  ρȠ 
2) ὃḐὐṥὐ ÒÁÎË! ςȟ   ɝ ! ρȢ 
 

ʆʩʥʦʚʥʳʤ ʨʝʟʫʣʴʪʘʪʦʤ ʥʘʩʪʦʷʱʝʡ ʟʘʤʝʪʢʠ ʷʚʣʷʝʪʩʷ ʩʣʝʜʫʶʱʝʝ ʦʧʠʩʘʥʠʝ ʢʣʘʩʩʦʚ ʧʦʜʦʙʠʷ 

ʥʠʣʴʧʦʪʝʥʪʥʳʭ ʤʘʪʨʠʮ ʧʦʨʷʜʢʘ τ, ʫ ʢʦʪʦʨʳʭ ʤʠʥʠʤʘʣʴʥʳʡ ʤʥʦʛʦʯʣʝʥ ʨʘʚʝʥ ‗. 

 

ʊʝʦʨʝʤʘ 2. ʇʫʩʪʴ ʤʠʥʠʤʘʣʴʥʳʡ ʤʥʦʛʦʯʣʝʥ ʤʘʪʨʠʮʳ ὃ  ɴᴚ  ʨʘʚʝʥ ‗. ʊʦʛʜʘ ὶὥὲὯὃ
ς ʠ ʤʘʪʨʠʮʘ ὃ ʧʦʜʦʙʥʘ ʥʘʜ ᴚ ʝʜʠʥʩʪʚʝʥʥʦʡ ʤʘʪʨʠʮʝ ʚʠʜʘ 

 

Ὑ

π π π ί
π π ὥ ὶ
π π π ὥ
π π π π

ȟ  

 

ʛʜʝ ὥȟὥ ρȟπ ί ȟπ ὶ ˚˛ ὥˑȟὥȟίȢ  

 

ʉʣʝʜʩʪʚʠʝ 2. ʇʫʩʪʴ ʤʠʥʠʤʘʣʴʥʳʡ ʤʥʦʛʦʯʣʝʥ ʤʘʪʨʠʮʳ ὃ  ɴᴚ  ʨʘʚʝʥ ‗. ʊʦʛʜʘ  

 

ὃḐὐṥὐ  ɝ ὃ ρȢ 

ʃʠʪʝʨʘʪʫʨʘ 

1. ʐʝʚʯʝʥʢʦ ɺ.ʅ., ʉʠʜʦʨʦʚ ʉ.ɺ. ʆ ʧʦʜʦʙʠʠ ʤʘʪʨʠʮ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʥʘʜ ʢʦʣʴʮʦʤ ʮʝʣʳʭ ʯʠʩʝʣ 
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ʏʀʉʃɽʅʅʆɽ ʄʆɼɽʃʀʈʆɺɸʅʀɽ ɺʆɿɼɽʁʉʊɺʀʗ 

ɼʀʅɸʄʀʏɽʉʂʆʁ ʅɸɻʈʋɿʂʀ ʅɸ ʂʆʅʉʊʈʋʂʎʀʀ 

ʀɿ ʂʆʄʇʆɿʀʎʀʆʅʅʓʍ ʄɸʊɽʈʀɸʃʆɺ 

ʀ.ɽ. ʉʤʠʨʥʦʚ, ɸ.ɺ. ɺʘʩʶʢʦʚ 

ʄʦʩʢʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʤʝʪʦʜ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʩʧʨʦ-

ʩʪʨʘʥʝʥʠʷ ʚʦʣʥʦʚʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʢʦʥʩʪʨʫʢʮʠʷʭ. ɼʣʷ ʘʧʧʨʦʢʩʠʤʘ-

ʮʠʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ ʧʨʠʤʝʥʷʪʩʷ ʄʂʕ, ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʧʦ ʚʨʝʤʝʥʠ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʤʝʪʦʜʦʤ ʅʴʶʤʘʨʢʘ. ʄʦʜʝʣʴ ʠ ʤʝʪʦʜʳ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʤʦʜʝʣʠʨʦ-

ʚʘʥʠʷ ʫʜʘʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʵʣʝʤʝʥʪʳ ʢʦʥʩʪʨʫʢʮʠʠ ʧʣʘʥʝʨʘ ʛʨʘʞʜʘʥʩʢʦʛʦ ʩʘʤʦʣʸ-

ʪʘ. ʇʦʣʫʯʝʥʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʘʷ ʢʘʨʪʠʥʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʦʟʤʫʱʝʥʠʡ ʚ 

ʦʙʨʘʟʮʘʭ ʧʦʩʣʝ ʫʜʘʨʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʜʠʥʘʤʠʯʝʩʢʘʷ ʟʘʜʘʯʘ, ʤʝʭʘʥʠʢʘ ʜʝʬʦʨʤʠʨʫʝʤʦʛʦ ʪʚʝʨʜʦʛʦ ʪʝʣʘ, ʤʝ-

ʪʦʜ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ. 

 

1. ɺʚʝʜʝʥʠʝ 

ʇʨʦʙʣʝʤʘ ʫʜʘʨʥʳʭ ʧʦʚʨʝʞʜʝʥʠʡ ʢʦʥʩʪʨʫʢʮʠʷ ʠʟ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚʦʟʥʠʢʘʝʪ ʚ 

ʙʦʣʴʰʦʤ ʢʦʣʠʯʝʩʪʚʝ ʦʙʣʘʩʪʝʡ, ʛʜʝ ʪʘʢʠʝ ʤʘʪʝʨʠʘʣʳ ʠʩʧʦʣʴʟʫʶʪʩʷ. ʆʜʥʠʤ ʠʟ ʷʨʢʠʭ ʧʨʠʤʝʨʦʚ 

ʷʚʣʷʝʪʩʷ ʘʵʨʦʢʦʩʤʠʯʝʩʢʘʷ ʦʪʨʘʩʣʴ. ɺʦ ʚʨʝʤʷ ʵʢʩʧʣʫʘʪʘʮʠʠ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ ʚʦʟʤʦʞʥʳ 

ʫʜʘʨʳ ʨʘʟʣʠʯʥʦʡ ʵʥʝʨʛʠʠ ʠ ʩʢʦʨʦʩʪʠ ʚʦʟʜʝʡʩʪʚʫʶʱʠʭ ʠʥʦʨʦʜʥʳʭ ʪʝʣ. ʇʨʠ ʵʪʦʤ ʥʘʠʙʦʣʴʰʠʡ 

ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʶʪ ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ʙʘʣʣʠʩʪʠʯʝʩʢʠʝ ʫʜʘʨʳ ʩ ʵʥʝʨʛʠʝʡ ʦʪ 10 ɼʞ ʜʦ 20 ʢɼʞ 

[3], ʪʘʢ ʢʘʢ ʪʘʢʠʝ ʧʦʚʨʝʞʜʝʥʠʷ ʯʘʱʝ ʚʩʝʛʦ ʚʦʟʥʠʢʘʶʪ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʧʨʦʮʝʩʩʝ ʧʦʣʸʪʘ. ɺ 

ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʥʠʟʢʦʩʢʦʨʦʩʪʥʳʝ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʫʜʘʨʳ, ʢʦʪʦʨʳʝ 

ʥʝʠʟʙʝʞʥʳ ʧʨʠ ʰʪʘʪʥʦʡ ʵʢʩʧʣʫʘʪʘʮʠʠ (ʛʨʘʜ, ʤʝʣʢʠʡ ʤʫʩʦʨ, ʥʝʘʢʢʫʨʘʪʥʦʝ ʦʙʨʘʱʝʥʠʝ ʧʨʠ ʪʝʭ-

ʥʠʯʝʩʢʦʤ ʦʙʩʣʫʞʠʚʘʥʠʠ). ʆʩʥʦʚʥʳʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʧʦʚʨʝʞʜʝʥʠʡ ʧʨʠ ʪʘʢʠʭ ʫʜʘʨʘʭ ʷʚʣʷʝʪʩʷ 

ʦʪʩʫʪʩʪʚʠʝ ʷʚʥʳʭ ʚʠʟʫʘʣʴʥʳʭ ʧʨʠʟʥʘʢʦʚ ʠ ʩʣʦʞʥʦʩʪʴ ʦʙʥʘʨʫʞʝʥʠʷ ʩʢʨʳʪʳʭ ʜʝʬʝʢʪʦʚ, ʘ ʪʘʢʞʝ 

ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʞʝʥʠʝ ʧʨʦʯʥʦʩʪʠ ʢʦʥʩʪʨʫʢʮʠʠ ʠʟ-ʟʘ ʨʠʩʢʘ ʧʦʚʨʝʞʜʝʥʠʷ ʚʦʣʦʢʦʥ ʠ ʨʘʩʩʣʦʝʥʠʷ 

ʢʦʤʧʦʟʠʪʦʚ. 

ɺʘʞʥʳʤ ʬʘʢʪʦʨʦʤ ʫʜʘʨʘ ʧʦʤʠʤʦ ʵʥʝʨʛʠʠ ʷʚʣʷʝʪʩʷ ʩʢʦʨʦʩʪʴ ʚʦʟʜʝʡʩʪʚʫʶʱʝʛʦ ʪʝʣʘ. ʊʝʣʘ 

ʙʦʣʴʰʝʡ ʤʘʩʩʳ, ʥʦ ʤʝʥʴʰʝʡ ʩʢʦʨʦʩʪʠ ʤʦʛʫʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʩʭʦʞʝʝ ʵʥʝʨʛʝʪʠʯʝʩʢʦʝ ʚʦʟʜʝʡʩʪʚʠʝ 

ʩ ʙʦʣʝʝ ʣʝʛʢʠʤʠ, ʥʦ ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʠ ʙʦʣʝʝ ʙʳʩʪʨʳʤʠ ʪʝʣʘʤʠ. ʇʨʠ ʵʪʦʤ ʭʘʨʘʢʪʝʨ ʨʘʩʧʨʦʩʪʨʘʥʝ-

ʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ʚ ʢʦʤʧʦʟʠʮʠʦʥʥʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ʠ ʢʘʢ ʩʣʝʜʩʪʚʠʝ ʚʠʜ ʨʘʟʨʫʰʝʥʠʷ ʩʫʱʝʩʪʚʝʥʥʦ 

ʨʘʟʣʠʯʘʝʪʩʷ [2]. 

ʇʨʝʜʣʘʛʘʝʤʳʡ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʯʠʩʣʝʥʥʳʡ ʤʝʪʦʜ, ʦʧʠʩʳʚʘʶʱʠʡ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚʦʣʥ ʚ 

ʪʚʸʨʜʳʭ ʠʟʦʪʨʦʧʥʳʭ ʩʨʝʜʘʭ, ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʧʦʚʨʝʞʜʝʥʠʡ ʠ ʧʨʦʝʢ-

ʪʠʨʦʚʘʥʠʷ ʫʩʪʦʡʯʠʚʳʭ ʢ ʫʜʘʨʘʤ ʘʵʨʦʢʦʩʤʠʯʝʩʢʠʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ. 

2. ʏʠʩʣʝʥʥʳʡ ʤʝʪʦʜ 

ʆʧʠʩʘʥʠʝ ʚʦʣʥʦʚʳʭ ʧʨʦʮʝʩʩʦʚ ʧʨʠ ʤʘʣʳʭ ʫʧʨʫʛʠʭ ʜʝʬʦʨʤʘʮʠʷʭ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʣʠʥʝʡʥʦʡ 

ʫʧʨʫʛʦʩʪʠ ʤʘʪʝʨʠʘʣʘ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʩʠʩʪʝʤʦʡ ʫʨʘʚʥʝʥʠʡ ʨʘʚʥʦʚʝʩʠʷ ʠ ʨʝʦʣʦʛʠʯʝʩʢʠʤ ʩʦʦʪʥʦ-

ʰʝʥʠʝʤ [1, 7, 9]: 

ʍẗό ᶯẗʎ Ὢȟ 

ʎ ὅȟ ẗᶯό ᶯό  

ɿʜʝʩʴ ʍ ï ʧʣʦʪʥʦʩʪʴ ʩʧʣʦʰʥʦʡ ʩʨʝʜʳ, ό ï ʢʦʤʧʦʥʝʥʪʳ ʜʝʬʦʨʤʘʮʠʡ, ʎ  ï ʢʦʤʧʦʥʝʥʪʳ ʪʝʥ-

ʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ, ὅȟ  ï ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʤʘʣʳʭ ʜʝʬʦʨʤʘʮʠʡ, Ὢ ï ʢʦʤʧʦʥʝʥʪʳ ʤʘʩʩʦʚʳʭ 

ʩʠʣ ʥʘ ʝʜʠʥʠʮʫ ʦʙʲʸʤʘ. 
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ʇʨʝʜʩʪʘʚʣʝʥʥʘʷ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʩ ʚʝʢʪʦʨʦʤ ʠʩʢʦʤʳʭ ʧʝʨʝʤʝʥʥʳʭ ό όȟόȟό  ʨʘʩ-

ʩʤʘʪʨʠʚʘʝʪʩʷ ʚ ʥʝʢʦʪʦʨʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʦʙʣʘʩʪʠ ЏᶰὙ  ʩ ʥʝʦʙʭʦʜʠʤʳʤʠ ʛʨʘʥʠʯʥʳʤʠ 

ʫʩʣʦʚʠʷʤʠ ʠ ʚʦ ʚʨʝʤʝʥʥʦʡ ʦʙʣʘʩʪʠ πȟὝ ʩ ʥʝʢʦʪʦʨʳʤʠ ʥʘʯʘʣʴʥʳʤʠ ʫʩʣʦʚʠʷʤʠ. ɼʣʷ ʝʸ ʨʝʰʝ-

ʥʠʷ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʝʪʦʜ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ [10] ʜʣʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ 

ʧʨʦʠʟʚʦʜʥʳʭ ʠ ʤʝʪʦʜ ʅʴʶʤʘʨʢʘ [6, 8] ʜʣʷ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʧʦ ʚʨʝʤʝʥʠ.  

ʆʩʥʦʚʥʘʷ ʠʜʝʷ ʨʝʰʝʥʠʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʨʘʟʙʠʝʥʠʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʦʙʣʘʩʪʠ ʥʘ ʵʣʝʤʝʥʪʳ ʠ 

ʧʦʩʪʨʦʝʥʠʠ ʢʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʙʘʟʠʩʥʳʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʬʫʥʢʮʠʡ ʠʟʚʝʩʪ-

ʥʦʛʦ ʚʠʜʘ. ʂʘʞʜʘʷ ʠʩʢʦʤʘʷ ʧʝʨʝʤʝʥʥʘʷ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʣʠʥʝʡʥʦʡ ʢʦʤʙʠʥʘʮʠʝʡ ʙʘʟʠʩʥʳʭ ʬʫʥʢ-

ʮʠʡ ό ὸȟὼȟώȟᾀ ίὸȟẗ• ὼȟώȟᾀ. ʇʨʦʮʝʩʩ ʦʪʳʩʢʘʥʠʷ ʨʝʰʝʥʠʷ ʠʩʭʦʜʥʦʡ ʩʚʦʜʠʪʩʷ ʢ 

ʥʘʭʦʞʜʝʥʠʶ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʨʘʟʣʦʞʝʥʠʷ ίὸȟ ʧʦ ʙʘʟʠʩʥʳʤ ʬʫʥʢʮʠʷʤ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʦʚʳʡ 

ʚʝʢʪʦʨ ʠʩʢʦʤʳʭ ʚʝʣʠʯʠʥ ʧʨʠʥʠʤʘʝʪ ʚʠʜ ί ίὮȟίὮȟίὮ, ʠ ʠʤʝʝʪ ʨʘʟʤʝʨʥʦʩʪʴ σ ẗὐ, ʛʜʝ ὐ ï ʢʦ-
ʣʠʯʝʩʪʚʦ ʙʘʟʠʩʥʳʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʬʫʥʢʮʠʡ. ʈʘʟʙʠʝʥʠʝ ʥʘ ʢʦʥʝʯʥʳʝ ʵʣʝʤʝʥʪʳ ï ʪʝʪʨʘʵʜʨʳ 

ʤʦʞʝʪ ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʨʠ ʧʦʤʦʱʠ ʩʧʝʮʠʘʣʴʥʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʤʦʜʫʣʷ ʧʦʩʪʨʦʝʥʠʷ ʩʝʪʦʢ [4].  

ɼʣʷ ʨʝʰʝʥʠʷ ʤʝʪʦʜʦʤ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʥʝʦʙʭʦʜʠʤʦ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʩʣʘʙʫʶ ʧʦʩʪʘ-

ʥʦʚʢʫ ʟʘʜʘʯʠ. ʊʘʢʘʷ ʧʦʩʪʘʥʦʚʢʘ ʜʣʷ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʠʩʭʦʜʥʦʡ ʟʘʜʘʯʠ ʠʤʝʝʪ ʚʠʜ : 

” ό ẗὺ ‐ὺ ȡὅȡ ‐ό „ẗὺ Ὢẗὺ

 

Џ

 

 Џ

 

Џ

 

Џ 

 

ɿʜʝʩʴ ‐ό ᶯό ᶯό  - ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʜʝʬʦʨʤʘʮʠʡ, ὺ ïʪʝʩʪʦʚʘʷ ʬʫʥʢʮʠʷ ʠʟ 

ʧʦʩʪʨʦʝʥʥʦʛʦ ʢʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ. ʇʨʠʚʝʜʸʥʥʦʝ ʫʨʘʚʥʝʥʠʝ ʜʦʣʞʥʦ ʚʳʧʦʣʥʷʪʴ-

ʩʷ ʜʣʷ ʣʶʙʦʡ ʪʝʩʪʦʚʦʡ ʬʫʥʢʮʠʠ. Ὢ - ʨʘʟʣʦʞʝʥʠʝ ʚʥʝʰʥʠʭ ʩʠʣ ʧʦ ʙʘʟʠʩʥʳʤ ʬʫʥʢʮʠʷʤ. ʊʘʢ ʢʘʢ 

ʬʫʥʢʮʠʠ όȟὺ ʩʦʩʪʦʷʪ ʠʟ ʣʠʥʝʡʥʦʡ ʢʦʤʙʠʥʘʮʠʠ ʠʟʚʝʩʪʥʳʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʙʘʟʠʩʥʳʭ ʬʫʥʢ-

ʮʠʡ, ʦʙʦʟʥʘʯʝʥʥʳʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ ʠʥʪʝʛʨʘʣʳ ʤʦʞʥʦ ʥʘʡʪʠ [5] ʠ ʧʝʨʝʡʪʠ ʢ ʩʠʩʪʝʤʝ ʆɼʋ ʧʦ 

ʚʨʝʤʝʥʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʩʢʦʤʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ί : 
ὓẗί ὑẗί ὦ 

ʇʦʣʫʯʝʥʥʫʶ ʩʠʩʪʝʤʫ ʆɼʋ ʧʦ ʚʨʝʤʝʥʠ ʤʦʞʥʦ ʨʝʰʘʪʴ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʅʴʶʤʘʨʢʘ [6, 8]: 

ί ί
τ

† 
ὓ ὑ ẗὦ ὦ

τ

†
ὓẗί ςὓẗί  

ί ί
ς

†
ί ί ςί 

ί  ὓ  ẗὦ ὑẗί  

3. ʈʝʟʫʣʴʪʘʪʳ 

ʆʧʠʩʘʥʥʳʝ ʤʦʜʝʣʴ ʠ ʤʝʪʦʜ ʙʳʣʠ ʧʨʠʤʝʥʝʥʳ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʫʜʘʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ 

ʵʣʝʤʝʥʪʳ ʢʦʥʩʪʨʫʢʮʠʠ ʧʣʘʥʝʨʘ ʛʨʘʞʜʘʥʩʢʦʛʦ ʩʘʤʦʣʸʪʘ. ɹʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʧʘʥʝʣʴ ʢʨʳʣʘ ʠ ʦʙ-

ʨʘʟʝʮ ʧʘʥʝʣʠ ʩ ʯʘʩʪʴʶ ʩʪʨʠʥʛʝʨʘ. ɹʳʣʘ ʧʦʣʫʯʝʥʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʘʷ ʢʘʨʪʠʥʘ ʨʘʩʧʨʦ-

ʩʪʨʘʥʝʥʠʷ ʚʦʟʤʫʱʝʥʠʡ ʚ ʦʙʨʘʟʮʘʭ ʧʦʩʣʝ ʫʜʘʨʘ. 
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ʈɽɼʋʂʎʀʗ ɺʓʉʐɽɻʆ ʇʆʈʗɼʂɸ ʄʆɼɽʃʀ ʂʋʈɸʄʆʊʆ 

ʉ ɿɸɼɽʈɾʂʆʁ ʇʆ ɺʈɽʄɽʅʀ1* 

ʃ.ɸ. ʉʤʠʨʥʦʚ1, ɺ.ʆ. ʄʫʥʷʝʚ1, ʄ.ʀ. ɹʦʣʦʪʦʚ1, ʀ.ɺ. ɹʝʣʳʭ2 

1ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ, 
2ʋʥʠʚʝʨʩʠʪʝʪ ʰʪʘʪʘ ɼʞʦʨʜʞʠʷ, ʉʐɸ 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥ ʥʦʚʳʡ ʤʝʪʦʜ ʨʝʜʫʢʮʠʠ, ʧʨʝʦʙʨʘʟʫʶʱʠʡ ʩʝʪʠ ʦʩʮʠʣʣʷ-

ʪʦʨʦʚ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʩ ʟʘʜʝʨʞʢʦʡ ʧʦ ʚʨʝʤʝʥʠ ʚ ʩʠʩʪʝʤʳ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʙʝʟ ʟʘ-

ʜʝʨʞʢʠ, ʛʜʝ ʧʘʨʘʤʝʪʨ ʟʘʜʝʨʞʢʠ ʧʨʦʷʚʣʷʝʪʩʷ ʢʘʢ ʵʬʬʝʢʪʠʚʥʘʷ ʠʥʝʨʮʠʷ. ʇʦʣʫʯʝʥʥʘʷ 

ʤʦʜʝʣʴ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʦʪʣʠʯʥʦʝ ʩʦʦʪʚʝʪʩʪʚʠʝ ʩ ʠʩʭʦʜʥʦʡ ʩʠʩʪʝʤʦʡ, 

ʪʦʯʥʦ ʚʦʩʧʨʦʠʟʚʦʜʷ ʩʪʘʪʠʩʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʨʝʰʝʥʠʡ, ʛʨʘʥʠʮʳ ʫʩʪʦʡʯʠʚʦʩʪʠ ʠ 

ʩʣʦʞʥʫʶ ʜʠʥʘʤʠʢʫ, ʪʘʢʫʶ ʢʘʢ ʢʣʘʩʪʝʨʥʳʝ ʮʠʢʣʦʧʥʳʝ ʩʦʩʪʦʷʥʠʷ. ɼʘʥʥʳʡ ʧʦʜʭʦʜ 

ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʤʦʱʥʳʡ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʦ ʵʬʬʝʢʪʠʚʥʳʡ ʠʥʩʪʨʫʤʝʥʪ ʜʣʷ ʘʥʘʣʠʟʘ 

ʩʣʦʞʥʦʡ ʜʠʥʘʤʠʢʠ ʩʝʪʝʡ ʩ ʟʘʧʘʟʜʳʚʘʶʱʠʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʟʘʜʝʨʞʢʘ ʧʦ ʚʨʝʤʝʥʠ; ʬʘʟʦʚʳʡ ʦʩʮʠʣʣʷʪʦʨ; ʤʦʜʝʣʴ ʂʫʨʘʤʦʪʦ; 

ʠʥʝʨʮʠʷ; ʨʝʜʫʢʮʠʷ. 

 

1. ɺʚʝʜʝʥʠʝ 

ɸʥʘʣʠʟ ʩʝʪʝʡ ʦʩʮʠʣʣʷʪʦʨʦʚ ʩ ʟʘʜʝʨʞʢʘʤʠ ʧʦ ʚʨʝʤʝʥʠ ʢʨʘʡʥʝ ʚʘʞʝʥ ʜʣʷ ʧʦʥʠʤʘʥʠʷ ʧʦʚʝʜʝ-

ʥʠʷ ʨʝʘʣʴʥʳʭ ʩʠʩʪʝʤ ʚ ʙʠʦʣʦʛʠʠ, ʥʝʡʨʦʥʘʫʢʘʭ ʠ ʪʝʭʥʠʢʝ. ʆʜʥʘʢʦ ʙʝʩʢʦʥʝʯʥʦʤʝʨʥʘʷ ʧʨʠʨʦʜʘ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʩ ʟʘʧʘʟʜʳʚʘʥʠʝʤ ʜʝʣʘʝʪ ʠʭ ʠʩʩʣʝʜʦʚʘʥʠʝ ʘʥʘʣʠʪʠʯʝʩʢʠ ʩʣʦʞ-

ʥʳʤ. ʄʳ ʧʨʝʜʩʪʘʚʣʷʝʤ ʥʦʚʳʡ ʤʝʪʦʜ ʨʝʜʫʢʮʠʠ, ʢʦʪʦʨʳʡ ʧʨʝʦʙʨʘʟʫʝʪ ʩʠʩʪʝʤʫ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ 

ʩ ʚʨʝʤʝʥʥʦʡ ʟʘʜʝʨʞʢʦʡ ʚ ʤʦʜʝʣʴ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʙʝʟ ʟʘʜʝʨʞʢʠ, ʛʜʝ ʧʘʨʘʤʝʪʨ ʟʘʜʝʨʞʢʠ ʧʨʦʷʚ-

ʣʷʝʪʩʷ ʢʘʢ ʵʬʬʝʢʪʠʚʥʘʷ ʠʥʝʨʮʠʷ. 

2. ʆʧʠʩʘʥʠʝ ʤʦʜʝʣʠ 

ʄʳ ʨʘʩʩʤʘʪʨʠʚʘʝʤ ʘʥʩʘʤʙʣʴ ʠʟ ὔ ʩʚʷʟʘʥʥʳʭ ʬʘʟʦʚʳʭ ʦʩʮʠʣʣʷʪʦʨʦʚ ʩ ʥʝʦʜʥʦʨʦʜʥʳʤʠ ʚʟʘ-

ʠʤʦʜʝʡʩʪʚʠʷʤʠ ʠ ʝʜʠʥʦʡ ʟʘʜʝʨʞʢʦʡ ʧʦ ʚʨʝʤʝʥʠ †: 

 
Ᵽ▒ ꜜ Ɫ▒◄

ꜙ

╝
╕▒▓Ᵽ▓◄ Ⱳ Ᵽ▒◄ȟ

╝

▓

 (1) 

ʛʜʝ —ὸ ï ʬʘʟʘ ʦʩʮʠʣʣʷʪʦʨʘ Ὦ, ″ ï ʩʨʝʜʥʷʷ ʩʦʙʩʪʚʝʥʥʘʷ ʯʘʩʪʦʪʘ, – ὸ ‐‫ ‐‒ὸ ʚʢʣʶ-

ʯʘʝʪ ʤʘʣʳʝ ʦʪʢʣʦʥʝʥʠʷ ʯʘʩʪʦʪʳ ‐ʠ ʚʥʝʰʥʝʝ ʚʦʟʜʝʡʩʪʚʠʝ ‐‒ὸ, ‐ ï ʤʘʣʳʡ ʧʘʨʘʤʝʪʨ,   ï ‫ 

ʛʣʦʙʘʣʴʥʘʷ ʩʠʣʘ ʩʚʷʟʠ, ʘ Ὂ ẗ ï ς“-ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʬʫʥʢʮʠʠ ʩʚʷʟʠ [1]. 

ʇʨʠʤʝʥʷʷ ʩʪʨʦʛʠʡ ʘʩʠʤʧʪʦʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʚ ʧʨʝʜʝʣʝ ʩʣʘʙʦʡ ʩʚʷʟʠ ʠ ʩʣʘʙʦʡ ʥʝʦʜʥʦʨʦʜʥʦ-

ʩʪʠ, ʤʳ ʚʳʚʦʜʠʤ ʨʝʜʫʮʠʨʦʚʘʥʥʫʶ ʤʦʜʝʣʴ ʜʣʷ ʜʠʥʘʤʠʢʠ ʤʝʜʣʝʥʥʦʡ ʬʘʟʳ ‰. ʈʝʜʫʢʮʠʷ ʧʦʢʘʟʳ-

ʚʘʝʪ, ʯʪʦ ʟʘʜʝʨʞʢʘ † ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʦʨʦʞʜʘʝʪ ʠʥʝʨʮʠʦʥʥʳʡ ʯʣʝʥ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ: 

 
Ⱳꜚ ▒ ▒ꜚ Ɫ▒◄

ꜙ

╝
╕▒▓ꜚ ▓ ▒ꜚ ꜜⱲ

╝

▓

Ⱳꜙ

╝
╕▒▓ꜚ ▓ ▒ꜚ ꜜⱲ

ⱲⱢ▒ȟ 

(2) 

ʛʜʝ –Ӷὸ ‐‫ ‐‒Ӷὸ, ‒Ӷὸ ï ʫʩʨʝʜʥʝʥʠʝ ‒ὸ ʧʦ ʧʝʨʠʦʜʫ ʙʳʩʪʨʳʭ ʢʦʣʝʙʘʥʠʡ. ʋʨʘʚʥʝ-

ʥʠʝ (2) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʠʩʪʝʤʫ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʙʝʟ ʟʘʜʝʨʞʢʠ. ʏʣʝʥ †‰ ʜʦʙʘʚʣʷʝʪ ʚʣʠʷʥʠʝ 

ʠʥʝʨʮʠʠ, ʯʪʦ ʢʦʨʝʥʥʳʤ ʦʙʨʘʟʦʤ ʠʟʤʝʥʷʝʪ ʜʠʥʘʤʠʢʫ ʨʝʜʫʮʠʨʦʚʘʥʥʦʡ ʩʠʩʪʝʤʳ ʚ ʦʪʣʠʯʠʝ ʦʪ ʧʝ-

ʨʝʜʝʤʧʬʠʨʦʚʘʥʥʦʛʦ ʩʣʫʯʘʷ ʨʝʜʫʢʮʠʠ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ. 

                                                      
1* ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ (ʧʨʦʝʢʪ  ̄22-12-00348-ʇ). 
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3. ʈʝʟʫʣʴʪʘʪʳ 

ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʜʝʤʦʥʩʪʨʠʨʫʝʪ, ʯʪʦ ʨʝʜʫʢʮʠʷ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ (2) ʪʦʯʥʦ ʚʦʩʧʨʦ-

ʠʟʚʦʜʠʪ ʩʣʦʞʥʫʶ ʜʠʥʘʤʠʢʫ ʠʩʭʦʜʥʦʡ ʩʠʩʪʝʤʳ ʩ ʟʘʜʝʨʞʢʦʡ (1), ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʦʩʭʦʜʷ ʧʨʝʜ-

ʩʢʘʟʘʪʝʣʴʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʨʝʜʫʢʮʠʠ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ. ɼʣʷ ʩʝʪʝʡ ʠʜʝʥʪʠʯʥʳʭ ʦʩʮʠʣʣʷʪʦʨʦʚ 

–Ὦὸ π ʨʝʜʫʮʠʨʦʚʘʥʥʘʷ ʤʦʜʝʣʴ ʚʝʨʥʦ ʚʦʩʧʨʦʠʟʚʦʜʠʪ ʩʪʘʪʠʩʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʨʝʰʝʥʠʡ. 

ʆʥʘ ʪʦʯʥʦ ʧʨʝʜʩʢʘʟʳʚʘʝʪ ʚʝʨʦʷʪʥʦʩʪʠ ʨʝʘʣʠʟʘʮʠʠ ʛʣʦʙʘʣʴʥʦʡ ʧʦʣʥʦʡ ʩʠʥʭʨʦʥʠʟʘʮʠʠ ʠ ʨʘʩʧʨʝ-

ʜʝʣʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ (ʛʜʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʬʘʟ ʨʘʚʥʦʤʝʨʥʦ) ʠʟ ʩʣʫʯʘʡʥʳʭ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʡ. 

ʈʝʜʫʢʮʠʷ ʦʙʝʩʧʝʯʠʚʘʝʪ ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʪʦʯʥʫʶ ʘʧʧʨʦʢʩʠʤʘʮʠʶ ʦʙʣʘʩʪʝʡ ʫʩʪʦʡʯʠʚʦʩʪʠ ʢʘʢ ʜʣʷ 

ʩʠʥʭʨʦʥʥʳʭ, ʪʘʢ ʠ ʜʣʷ ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʧʘʨʘʤʝʪʨʦʚ. ɸʥʘʣʠʪʠʯʝʩʢʠ 

ʧʦʣʫʯʝʥʥʳʝ ʛʨʘʥʠʮʳ ʫʩʪʦʡʯʠʚʦʩʪʠ ʠʟ ʨʝʜʫʮʠʨʦʚʘʥʥʦʡ ʤʦʜʝʣʠ ʪʦʯʥʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʪʘʢʦʚʳʤʠ 

ʜʣʷ ʠʩʭʦʜʥʦʡ ʩʠʩʪʝʤʳ (1). ʕʢʚʠʚʘʣʝʥʪʥʦʩʪʴ ʧʦʚʝʜʝʥʠʷ ʪʘʢʞʝ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʥʘ ʩʣʦʞʥʳʝ ʜʠ-

ʥʘʤʠʯʝʩʢʠʝ ʨʝʞʠʤʳ, ʨʝʘʣʠʟʫʶʱʠʝʩʷ ʧʨʠ ʥʘʣʠʯʠʠ ʚʳʩʰʠʭ ʛʘʨʤʦʥʠʢ ʚ ʬʫʥʢʮʠʠ ʩʚʷʟʠ. ʈʝʜʫʮʠ-

ʨʦʚʘʥʥʘʷ ʤʦʜʝʣʴ ʜʦʩʪʦʚʝʨʥʦ ʚʦʩʧʨʦʠʟʚʦʜʠʪ ʚʨʝʤʝʥʥʫʶ ʵʚʦʣʶʮʠʶ ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʷʜʢʘ ʜʣʷ 

ʩʪʘʮʠʦʥʘʨʥʳʭ, ʙʨʠʟʝʨʥʳʭ ʠ ʧʝʨʝʢʣʶʯʘʶʱʠʭʩʷ ʮʠʢʣʦʧʥʳʭ ʩʦʩʪʦʷʥʠʡ ï ʩʣʦʞʥʳʭ ʢʣʘʩʪʝʨʥʳʭ 

ʩʪʨʫʢʪʫʨ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ ʩʦʙʦʡ ʜʚʘ ʢʦʛʝʨʝʥʪʥʳʭ ʢʣʘʩʪʝʨʘ ʠ ʦʜʠʥ ʫʝʜʠʥʝʥʥʳʡ ʦʩʮʠʣʣʷʪʦʨ [2]. 

ʇʨʠʤʝʥʠʤʦʩʪʴ ʨʝʜʫʢʮʠʠ ʥʝ ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʛʣʦʙʘʣʴʥʦʡ ʪʦʧʦʣʦʛʠʝʡ ʩʚʷʟʠ. ɼʣʷ ʩʣʫʯʘʡʥʦʡ ʩʝʪʝ-

ʚʦʡ ʪʦʧʦʣʦʛʠʠ çʤʘʣʳʡ ʤʠʨè [3] ʤʦʜʝʣʴ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʫʩʧʝʰʥʦ ʧʨʝʜʩʢʘʟʳʚʘʝʪ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʚʝʨʦʷʪʥʦʩʪʝʡ ʨʝʘʣʠʟʘʮʠʠ ʨʘʟʣʠʯʥʳʭ ʜʠʥʘʤʠʯʝʩʢʠʭ ʨʝʞʠʤʦʚ, ʯʪʦ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʝʝ ʥʘʜʝʞʥʦʩʪʴ 

ʠ ʦʙʱʫʶ ʧʨʠʤʝʥʠʤʦʩʪʴ. 

ʄʳ ʨʘʟʨʘʙʦʪʘʣʠ ʩʪʨʦʛʠʡ ʠ ʤʦʱʥʳʡ ʧʦʜʭʦʜ ʢ ʨʝʜʫʢʮʠʠ, ʢʦʪʦʨʳʡ ʫʩʧʝʰʥʦ ʦʪʦʙʨʘʞʘʝʪ ʙʝʩ-

ʢʦʥʝʯʥʦʤʝʨʥʫʶ ʜʠʥʘʤʠʢʫ ʩʝʪʝʡ ʦʩʮʠʣʣʷʪʦʨʦʚ ʩ ʚʨʝʤʝʥʥʦʡ ʟʘʜʝʨʞʢʦʡ ʥʘ ʢʦʥʝʯʥʦʤʝʨʥʫʶ 

ʠʥʝʨʮʠʦʥʥʫʶ ʩʠʩʪʝʤʫ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ. ʆʪʣʠʯʥʦʝ ʩʦʦʪʚʝʪʩʪʚʠʝ ʧʦ ʩʪʘʪʠʩʪʠʯʝʩʢʠʤ ʤʝʪʨʠʢʘʤ, 

ʦʙʣʘʩʪʷʤ ʫʩʪʦʡʯʠʚʦʩʪʠ ʠ ʩʣʦʞʥʦʡ ʧʝʨʝʭʦʜʥʦʡ ʜʠʥʘʤʠʢʝ ʧʦʜʪʚʝʨʞʜʘʝʪ, ʯʪʦ ʤʦʜʝʣʴ ʚʪʦʨʦʛʦ ʧʦ-

ʨʷʜʢʘ ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʦʪʦʯʥʳʤ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʦ ʵʬʬʝʢʪʠʚʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ ʘʥʘʣʠʟʘ ʠ ʤʦ-

ʜʝʣʠʨʦʚʘʥʠʷ ʩʝʪʝʡ ʩ ʟʘʧʘʟʜʳʚʘʶʱʠʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ. 
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ʇʈʀʄɽʅɽʅʀɽ ʅɽʁʈʆʅʅʓʍ ʉɽʊɽʁ ɼʃʗ ɸʅɸʃʀɿɸ 

ʃʆʂɸʃʔʅʓʍ ʈʓʅʂʆɺ ʅɽɼɺʀɾʀʄʆʉʊʀ 

ʀ.ʉ. ʉʦʟʦʥʦʚ1, ʊ.ʉ. ɹʦʨʦʜʠʥʘ1, ɸ.ɸ. ɸʢʦʙʷʥ2, ʃ.ɸ. ʃʝʡʬʝʨ2 

1ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ, 
2ʇʨʠʚʦʣʞʩʢʠʡ ʮʝʥʪʨ ʤʝʪʦʜʠʯʝʩʢʦʛʦ ʠ ʠʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʦʮʝʥʢʠ  

ʆʆʆ çʀʥʬʦʨʤ-ʦʮʝʥʢʘè 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʧʦʜʭʦʜʳ ʢ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʦʪʯʝʪʦʚ 

ʚ ʩʬʝʨʝ ʥʝʜʚʠʞʠʤʦʩʪʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, 

ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ ʠ ʷʟʳʢʦʚʳʭ ʤʦʜʝʣʝʡ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ. ʈʝʘʣʠʟʦʚʘʥʦ ʚʝʙ-

ʧʨʠʣʦʞʝʥʠʝ, ʬʦʨʤʠʨʫʶʱʝʝ ʦʪʯʸʪʳ ʧʦ ʦʙʲʝʢʪʘʤ ʥʝʜʚʠʞʠʤʦʩʪʠ ʚ ʬʦʨʤʘʪʝ DOCX ʥʘ 

ʦʩʥʦʚʝ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ JSON-ʜʘʥʥʳʭ. ɺ ʢʘʯʝʩʪʚʝ ʛʝʥʝʨʘʪʦʨʘ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʪʝʢ-

ʩʪʘ ʧʨʠʤʝʥʝʥʘ ʷʟʳʢʦʚʘʷ ʤʦʜʝʣʴ Gemini (Google Generative AI). ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʩʠʩʪʝ-

ʤʘ ʦʙʲʝʜʠʥʷʝʪ ʤʝʪʦʜʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʳ ʜʦʢʫʤʝʥʪʘ, ʦʙʨʘʙʦʪʢʫ ʠʟʦʙʨʘʞʝ-

ʥʠʡ, ʘʩʠʥʭʨʦʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ API ʠ ʘʚʪʦʤʘʪʠʟʘʮʠʶ ʦʬʦʨʤʣʝʥʠʷ ʠʪʦʛʦʚʦʛʦ ʦʪ-

ʯʸʪʘ. ʈʘʙʦʪʘ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʠʥʪʝʛʨʘʮʠʠ ʥʝʡʨʦʩʝʪʝʚʳʭ ʪʝʭʥʦʣʦʛʠʡ ʠ ʩʫ-

ʧʝʨʢʦʤʧʴʶʪʝʨʥʳʭ ʚʳʯʠʩʣʝʥʠʡ ʚ ʧʨʦʮʝʩʩʘʭ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ ʠ 

ʮʠʬʨʦʚʠʟʘʮʠʠ ʵʢʦʥʦʤʠʢʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʠʩʢʫʩʩʪʚʝʥʥʳʡ ʠʥʪʝʣʣʝʢʪ, ʛʝʥʝʨʘ-

ʪʠʚʥʳʝ ʤʦʜʝʣʠ, FastAPI, Python, ʘʚʪʦʤʘʪʠʟʘʮʠʷ ʦʪʯʝʪʥʦʩʪʠ, ʨʳʥʦʢ ʥʝʜʚʠʞʠʤʦʩʪʠ, 

ʥʝʡʨʦʥʥʳʝ ʩʝʪʠ. 

 

1. ɺʚʝʜʝʥʠʝ 

ʉʦʚʨʝʤʝʥʥʳʝ ʪʝʥʜʝʥʮʠʠ ʮʠʬʨʦʚʠʟʘʮʠʠ ʠ ʨʦʩʪ ʦʙʲʸʤʦʚ ʜʘʥʥʳʭ ʬʦʨʤʠʨʫʶʪ ʩʧʨʦʩ ʥʘ ʠʥ-

ʪʝʣʣʝʢʪʫʘʣʴʥʳʝ ʩʠʩʪʝʤʳ [1, 5, 9ï11], ʩʧʦʩʦʙʥʳʝ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʩʦʙʠʨʘʪʴ, ʘʥʘʣʠʟʠʨʦ-ʚʘʪʴ ʠ 

ʧʨʝʜʩʪʘʚʣʷʪʴ ʠʥʬʦʨʤʘʮʠʶ ʚ ʫʜʦʙʥʦʡ ʬʦʨʤʝ [2, 8]. ɺ ʵʢʦʥʦʤʠʢʝ ʠ ʛʨʘʜʦʩʪʨʦʠʪʝʣʴ-ʩʪʚʝ ʦʩʦʙʦʝ 

ʟʥʘʯʝʥʠʝ ʧʨʠʦʙʨʝʪʘʶʪ ʩʠʩʪʝʤʳ ʧʦʜʜʝʨʞʢʠ ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʡ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʤʦʜʝʣʠʨʦʚʘʥʠʠ 

ʠ ʦʙʨʘʙʦʪʢʝ ʙʦʣʴʰʠʭ ʜʘʥʥʳʭ [2, 7]. 

ʆʜʥʦʡ ʠʟ ʥʘʠʙʦʣʝʝ ʪʨʫʜʦʸʤʢʠʭ ʟʘʜʘʯ ʷʚʣʷʝʪʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʦʪʯʸʪʦʚ ʧʦ 

ʦʙʲʝʢʪʘʤ ʥʝʜʚʠʞʠʤʦʩʪʠ [6], ʚʢʣʶʯʘʶʱʠʭ ʜʘʥʥʳʝ ʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʟʜʘʥʠʷ, ʤʝʩʪʦʧʦ-ʣʦʞʝʥʠʠ, 

ʨʳʥʦʯʥʳʭ ʘʥʘʣʦʛʘʭ, ʜʠʥʘʤʠʢʝ ʮʝʥ ʠ ʘʨʝʥʜʥʳʭ ʩʪʘʚʦʢ [2, 6]. 

ʎʝʣʴ ʨʘʙʦʪʳ ï ʨʘʟʨʘʙʦʪʢʘ ʚʝʙ-ʧʨʠʣʦʞʝʥʠʷ, ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʛʝʥʝʨʠʨʫʶʱʝʛʦ ʩʪʨʫʢʪʫʨʠ-

ʨʦʚʘʥʥʳʝ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʦʪʯʸʪʳ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʠ ʤʦʜʝʣʝʡ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ [1, 5, 

8]. ʆʩʥʦʚʥʘʷ ʠʜʝʷ ï ʩʬʦʨʤʠʨʦʚʘʪʴ ʤʘʪʝʤʘʪʠʯʝʩʢʫʶ ʤʦʜʝʣʴ [2, 7], ʦʧʠʩʳʚʘʶʱʫʶ ʧʨʦʮʝʩʩ ʛʝʥʝ-

ʨʘʮʠʠ ʦʪʯʸʪʘ, ʛʜʝ ʚʭʦʜʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʷʚʣʷʶʪʩʷ ʜʘʥʥʳʝ ʦʙ ʦʙʲʝʢʪʝ, ʘ ʚʳ-ʭʦʜʦʤ ï ʠʪʦʛʦʚʳʡ 

ʜʦʢʫʤʝʥʪ. 

2. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʠ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ 

ɿʘʜʘʯʘ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʦʪʯʝʪʘ ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥʘ ʢʘʢ ʦʧʝʨʘʪʦʨʥʦʝ ʧʨʝʦʙʨʘ-

ʟʦʚʘʥʠʝ: 

Ὑ ὊὈȟὛȟὓȟ 
ʛʜʝ Ὀ ï ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʜʘʥʥʳʝ ʦʙ ʦʙʲʝʢʪʝ ʥʝʜʚʠʞʠʤʦʩʪʠ (ʚ ʬʦʨʤʘʪʝ JSON), Ὓ ï ʦʧʠʩʘʥʠʝ 
ʩʪʨʫʢʪʫʨʳ ʦʪʯʝʪʘ (ʠʝʨʘʨʭʠʷ ʨʘʟʜʝʣʦʚ, ʰʘʙʣʦʥʳ ʧʨʦʤʧʪʦʚ, ʧʫʪʠ ʢ ʜʘʥʥʳʤ), ὓ ï ʷʟʳʢʦʚʘʷ ʤʦ-

ʜʝʣʴ (ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ï Gemini), R ï ʨʝʟʫʣʴʪʠʨʫʶʱʠʡ ʜʦʢʫʤʝʥʪ ʚ ʬʦʨʤʘʪʝ DOCX. 

ʂʘʞʜʳʡ ʨʘʟʜʝʣ Ὥ ʛʝʥʝʨʠʨʫʝʪʩʷ ʚ ʚʠʜʝ ʬʫʥʢʮʠʠ:  

Ὕ ὓὖȟὈ ȟ 
ʛʜʝ ὖ ï ʰʘʙʣʦʥ ʧʨʦʤʧʪʘ, Ὀ ï ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʜʘʥʥʳʝ ʠʟ ʚʭʦʜʥʦʛʦ ʬʘʡʣʘ. 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʪʦʛʦʚʳʡ ʜʦʢʫʤʝʥʪ ʷʚʣʷʝʪʩʷ ʢʦʤʧʦʟʠʮʠʝʡ ʥʝʡʨʦʩʝʪʝʚʳʭ ʬʫʥʢʮʠʡ ʦʪ 

ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʚʭʦʜʦʚ, ʘ ʩʘʤ ʧʨʦʮʝʩʩ ï ʧʨʠʤʝʨʦʤ ʠʝʨʘʨʭʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʝʢʩʪʘ 

ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ [7, 9]. 

ɼʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ API ʚʚʝʜʸʥ ʘʩʠʥʭʨʦʥʥʳʡ ʩʝʤʘʬʦʨ [3ï4, 8], ʦʙʝʩʧʝʯʠ-

ʚʘʶʱʠʡ ʦʛʨʘʥʠʯʝʥʠʝ ʯʠʩʣʘ ʚʳʟʦʚʦʚ ʤʦʜʝʣʠ ʚ ʝʜʠʥʠʮʫ ʚʨʝʤʝʥʠ: 

ὸ ὸ
ρ

ὒ
ȟ 

ʛʜʝ ὒ ï ʣʠʤʠʪ ʟʘʧʨʦʩʦʚ ʚ ʤʠʥʫʪʫ (ʥʘʧʨʠʤʝʨ, 60). 

3. ɸʨʭʠʪʝʢʪʫʨʘ ʠ ʘʣʛʦʨʠʪʤ ʨʘʙʦʪʳ ʩʠʩʪʝʤʳ 

3.1. ʆʙʱʘʷ ʘʨʭʠʪʝʢʪʫʨʘ 

ʈʘʟʨʘʙʦʪʘʥʥʦʝ ʚʝʙ-ʧʨʠʣʦʞʝʥʠʝ ʨʝʘʣʠʟʦʚʘʥʦ ʧʦ ʤʦʜʝʣʠ çʢʣʠʝʥʪïʩʝʨʚʝʨè [8] ʠ ʚʢʣʶʯʘʝʪ ʜʚʘ 

ʦʩʥʦʚʥʳʭ ʢʦʤʧʦʥʝʥʪʘ: 

¶ ʉʝʨʚʝʨʥʘʷ ʯʘʩʪʴ (Backend) ï ʥʘ Python ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ FastAPI . ʆʪʚʝʯʘʝʪ ʟʘ ʦʙʨʘ-

ʙʦʪʢʫ JSON-ʜʘʥʥʳʭ, ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʤʦʜʝʣʴʶ Gemini, ʛʝʥʝʨʘʮʠʶ ʪʝʢʩʪʘ, ʬʦʨʤʘʪʠʨʦ-

ʚʘʥʠʝ ʠ ʦʬʦʨʤʣʝʥʠʝ ʦʪʯʝʪʘ ʚ ʬʦʨʤʘʪʝ DOCX/DOCM [3ï4, 8]. 

¶ ʂʣʠʝʥʪʩʢʘʷ ʯʘʩʪʴ (Frontend) ï HTML/CSS/JavaScript-ʠʥʪʝʨʬʝʡʩ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʟʘ-

ʧʫʩʢ ʧʨʦʮʝʩʩʘ ʛʝʥʝʨʘʮʠʠ ʠ ʘʚʪʦʤʘʪʠʯʝʩʢʦʝ ʩʢʘʯʠʚʘʥʠʝ ʛʦʪʦʚʦʛʦ ʦʪʯʝʪʘ [8]. 

ʊʘʢʦʝ ʨʘʟʜʝʣʝʥʠʝ ʦʙʝʩʧʝʯʠʚʘʝʪ ʤʘʩʰʪʘʙʠʨʫʝʤʦʩʪʴ, ʛʠʙʢʦʩʪʴ ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʜʘʣʴʥʝʡʰʝʛʦ 

ʨʘʟʚʠʪʠʷ ʩʠʩʪʝʤʳ [3ï4, 8]. 

3.2. ʕʪʘʧʳ ʨʘʙʦʪʳ ʘʣʛʦʨʠʪʤʘ 

1. ɿʘʛʨʫʟʢʘ ʜʘʥʥʳʭ: ʧʦʣʴʟʦʚʘʪʝʣʴ ʟʘʛʨʫʞʘʝʪ ʬʘʡʣ input.json , ʩʦʜʝʨʞʘʱʠʡ ʦʧʠʩʘʥʠʝ 

ʦʙʲʝʢʪʘ ʥʝʜʚʠʞʠʤʦʩʪʠ. 

2. ʆʙʨʘʙʦʪʢʘ ʚʭʦʜʥʦʡ ʩʪʨʫʢʪʫʨʳ: ʩʝʨʚʝʨ ʠʟʚʣʝʢʘʝʪ ʜʘʥʥʳʝ ʠʟ ʚʣʦʞʝʥʥʳʭ ʢʣʶʯʝʡ ʠ ʩʦ-

ʧʦʩʪʘʚʣʷʝʪ ʠʭ ʩ ʰʘʙʣʦʥʘʤʠ ʨʘʟʜʝʣʦʚ ʚ ʬʘʡʣʝ report_structure.json . 

3. ɻʝʥʝʨʘʮʠʷ ʪʝʢʩʪʘ: ʜʣʷ ʢʘʞʜʦʛʦ ʨʘʟʜʝʣʘ ʬʦʨʤʠʨʫʝʪʩʷ ʧʨʦʤʧʪ, ʚ ʢʦʪʦʨʳʡ ʧʦʜʩʪʘʚʣʷ-

ʶʪʩʷ ʜʘʥʥʳʝ ʠ ʜʠʥʘʤʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ (ʛʦʨʦʜ, ʜʘʪʘ, ʛʦʜ ʠ ʪ. ʜ.). ʇʨʦʤʧʪ ʦʪʧʨʘʚʣʷʝʪʩʷ 

ʚ ʤʦʜʝʣʴ Gemini, ʨʝʟʫʣʴʪʘʪ ʚʩʪʘʚʣʷʝʪʩʷ ʚ ʜʦʢʫʤʝʥʪ. 

4. ɺʩʪʘʚʢʘ ʠʣʣʶʩʪʨʘʮʠʡ: ʝʩʣʠ ʚʦ ʚʭʦʜʥʳʭ ʜʘʥʥʳʭ ʧʨʠʩʫʪʩʪʚʫʶʪ ʠʟʦʙʨʘʞʝʥʠʷ ʚ ʬʦʨʤʘ-

ʪʝ base64, ʦʥʠ ʜʝʢʦʜʠʨʫʶʪʩʷ ʠ ʚʩʪʨʘʠʚʘʶʪʩʷ ʚ ʜʦʢʫʤʝʥʪ ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʧʨʦʧʦʨʮʠʡ. 

5. ʌʦʨʤʘʪʠʨʦʚʘʥʠʝ ʠ ʦʬʦʨʤʣʝʥʠʝ: ʜʦʢʫʤʝʥʪ ʜʦʧʦʣʥʷʝʪʩʷ ʪʠʪʫʣʴʥʳʤ ʣʠʩʪʦʤ, ʦʛʣʘʚʣʝ-

ʥʠʝʤ, ʥʫʤʝʨʘʮʠʝʡ ʩʪʨʘʥʠʮ ʠ ʤʘʢʨʦʩʦʤ VBA ʜʣʷ ʦʙʥʦʚʣʝʥʠʷ ʩʦʜʝʨʞʘʥʠʷ ʧʨʠ ʦʪʢʨʳ-

ʪʠʠ. 

6. ɸʚʪʦʤʘʪʠʯʝʩʢʘʷ ʟʘʛʨʫʟʢʘ: ʢʣʠʝʥʪʩʢʘʷ ʯʘʩʪʴ ʠʥʠʮʠʠʨʫʝʪ ʩʢʘʯʠʚʘʥʠʝ ʛʦʪʦʚʦʛʦ ʬʘʡʣʘ 

DOCM ʙʝʟ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʜʝʡʩʪʚʠʡ ʧʦʣʴʟʦʚʘʪʝʣʷ. 

4. ʈʝʘʣʠʟʘʮʠʷ ʩʝʨʚʝʨʥʦʡ ʯʘʩʪʠ 

4.1. ʊʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʩʪʝʢ 

¶ Python 3.12 ï ʦʩʥʦʚʥʦʡ ʷʟʳʢ ʨʘʟʨʘʙʦʪʢʠ. 

¶ FastAPI ï ʬʨʝʡʤʚʦʨʢ ʜʣʷ ʩʦʟʜʘʥʠʷ ʘʩʠʥʭʨʦʥʥʳʭ ʚʝʙ-ʧʨʠʣʦʞʝʥʠʡ. 

¶ python-docx ï ʙʠʙʣʠʦʪʝʢʘ ʜʣʷ ʩʦʟʜʘʥʠʷ ʠ ʬʦʨʤʘʪʠʨʦʚʘʥʠʷ ʜʦʢʫʤʝʥʪʦʚ Word. 

¶ Pillow ï ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʠ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ ʠʟʦʙʨʘʞʝʥʠʡ. 

¶ win32com.client ï ʘʚʪʦʤʘʪʠʟʘʮʠʷ Word ʠ ʚʥʝʜʨʝʥʠʝ VBA-ʤʘʢʨʦʩʦʚ. 

¶ google-generativeai ï ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʤʦʜʝʣʴʶ Gemini. 

¶ asyncio, base64, os, tempfile ï ʩʠʩʪʝʤʥʳʝ ʤʦʜʫʣʠ ʜʣʷ ʘʩʠʥʭʨʦʥʥʦʩʪʠ ʠ ʨʘʙʦʪʳ ʩ ʬʘʡʣʘ-

ʤʠ. 
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4.2. ɻʝʥʝʨʘʮʠʷ ʠ ʦʬʦʨʤʣʝʥʠʝ ʜʦʢʫʤʝʥʪʘ 

ɹʠʙʣʠʦʪʝʢʘ python - docx  ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʚʩʪʘʚʢʠ ʟʘʛʦʣʦʚʢʦʚ (ʫʨʦʚʥʠ 1 ʠ 2), ʪʝʢʩʪʘ ʠ 

ʠʟʦʙʨʘʞʝʥʠʡ. ɼʣʷ ʢʘʞʜʦʛʦ ʨʘʟʜʝʣʘ ʧʨʠʤʝʥʷʝʪʩʷ ʬʫʥʢʮʠʷ ʬʦʨʤʘʪʠʨʦʚʘʥʠʷ format_text() , 

ʦʙʝʩʧʝʯʠʚʘʶʱʘʷ ʚʳʨʘʚʥʠʚʘʥʠʝ ʧʦ ʰʠʨʠʥʝ, ʤʝʞʩʪʨʦʯʥʳʡ ʠʥʪʝʨʚʘʣ 1,5 ʠ ʩʪʠʣʴ Times New 

Roman 12 pt.  

ɺ ʢʦʥʮʝ ʜʦʢʫʤʝʥʪʘ ʜʦʙʘʚʣʷʝʪʩʷ VBA-ʤʘʢʨʦʩ ʩ ʬʫʥʢʮʠʝʡ AutoOpen() , ʢʦʪʦʨʳʡ ʧʨʠ ʧʝʨ-

ʚʦʤ ʦʪʢʨʳʪʠʠ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʦʙʥʦʚʣʷʝʪ ʦʛʣʘʚʣʝʥʠʝ, ʫʩʪʘʥʘʚʣʠʚʘʝʪ ʦʙʪʝʢʘʥʠʝ ʪʝʢʩʪʘ ʚʦʢʨʫʛ 

ʠʟʦʙʨʘʞʝʥʠʡ ʠ ʢʦʨʨʝʢʪʠʨʫʝʪ ʧʦʣʷ. 

5. ʈʘʟʨʘʙʦʪʢʘ ʢʣʠʝʥʪʩʢʦʡ ʯʘʩʪʠ 

ʂʣʠʝʥʪʩʢʘʷ ʯʘʩʪʴ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʤʠʥʠʤʘʣʠʩʪʠʯʥʳʡ ʠʥʪʝʨʬʝʡʩ ʠʟ ʜʚʫʭ ʢʥʦʧʦʢ: 

çʉʬʦʨʤʠʨʦʚʘʪʴ ʦʪʯʸʪè ʠ çʉʢʘʯʘʪʴ ʦʪʯʸʪè. ʇʦʩʣʝ ʟʘʛʨʫʟʢʠ ʬʘʡʣʘ JSON ʜʘʥʥʳʝ ʩʦʭʨʘʥʷʶʪʩʷ ʚ 

Session Storage , ʘ ʧʨʠ ʥʘʞʘʪʠʠ ʥʘ ʢʥʦʧʢʫ ʦʪʧʨʘʚʣʷʶʪʩʷ ʥʘ ʩʝʨʚʝʨ ʚ ʪʝʣʝ POST-ʟʘʧʨʦʩʘ. 

JavaScript ʦʙʨʘʙʘʪʳʚʘʝʪ ʦʪʚʝʪ ʠ ʠʥʠʮʠʠʨʫʝʪ ʩʢʘʯʠʚʘʥʠʝ ʛʦʪʦʚʦʛʦ ʬʘʡʣʘ, ʦʙʝʩʧʝʯʠʚʘʷ ʧʣʘʚʥʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʙʝʟ ʧʝʨʝʟʘʛʨʫʟʢʠ ʩʪʨʘʥʠʮʳ. 

ʀʥʪʝʨʬʝʡʩ ʦʨʠʝʥʪʠʨʦʚʘʥ ʥʘ ʧʦʣʴʟʦʚʘʪʝʣʝʡ ʙʝʟ ʧʨʦʛʨʘʤʤʥʳʭ ʥʘʚʳʢʦʚ, ʯʪʦ ʜʝʣʘʝʪ ʩʠʩʪʝʤʫ 

ʫʜʦʙʥʦʡ ʜʣʷ ʘʥʘʣʠʪʠʢʦʚ, ʦʮʝʥʱʠʢʦʚ ʠ ʨʠʝʣʪʦʨʦʚ [4, 8]. 

6. ʆʧʪʠʤʠʟʘʮʠʷ ʠ ʫʩʪʦʡʯʠʚʦʩʪʴ ʩʠʩʪʝʤʳ 

ʅʘ ʵʪʘʧʝ ʦʧʪʠʤʠʟʘʮʠʠ ʨʝʘʣʠʟʦʚʘʥʳ ʩʣʝʜʫʶʱʠʝ ʤʝʭʘʥʠʟʤʳ: 

¶ ʂʦʥʪʨʦʣʴ ʩʢʦʨʦʩʪʠ ʟʘʧʨʦʩʦʚ: ʩʝʤʘʬʦʨ ʦʛʨʘʥʠʯʠʚʘʝʪ ʯʘʩʪʦʪʫ ʦʙʨʘʱʝʥʠʡ ʢ Gemini 

API, ʧʨʝʜʦʪʚʨʘʱʘʷ ʦʰʠʙʢʠ 429 (Too Many Requests ). 

¶ ʆʙʨʘʙʦʪʢʘ ʦʰʠʙʦʢ: ʚʩʝ ʦʧʝʨʘʮʠʠ ʚʩʪʘʚʢʠ ʪʝʢʩʪʘ ʠ ʠʟʦʙʨʘʞʝʥʠʡ ʚʳʧʦʣʥʷʶʪʩʷ ʚ ʙʣʦ-

ʢʘʭ try - except , ʯʪʦ ʧʦʚʳʰʘʝʪ ʥʘʜʝʞʥʦʩʪʴ ʨʘʙʦʪʳ. 

¶ ʌʠʣʴʪʨʘʮʠʷ ʧʫʩʪʳʭ ʧʘʨʘʛʨʘʬʦʚ: ʠʩʢʣʶʯʝʥʦ ʜʫʙʣʠʨʦʚʘʥʠʝ ʧʫʩʪʳʭ ʩʪʨʦʢ ʠ ʧʦʚʪʦʨ-

ʥʘʷ ʛʝʥʝʨʘʮʠʷ ʚ ʧʦʜʨʘʟʜʝʣʘʭ. 

¶ ʄʘʩʰʪʘʙʠʨʦʚʘʥʠʝ ʠʟʦʙʨʘʞʝʥʠʡ: ʩʦʭʨʘʥʝʥʠʝ ʧʨʦʧʦʨʮʠʡ ʠ ʦʛʨʘʥʠʯʝʥʠʝ ʰʠʨʠʥʳ ʜʦ 

80% ʩʪʨʘʥʠʮʳ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʜʦʢʫʤʝʥʪ ʬʦʨʤʠʨʫʝʪʩʷ ʚ ʩʪʨʦʛʦ ʫʩʪʘʥʦʚʣʝʥʥʦʤ ʩʪʠʣʝ (ʰʨʠʬʪ Times New 

Roman, ʤʝʞʩʪʨʦʯʥʳʡ ʠʥʪʝʨʚʘʣ 1,5, ʦʪʩʪʫʧ ʧʝʨʚʦʡ ʩʪʨʦʢʠ 1,25 ʩʤ) ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ɻʆʉʊ ʠ 

ʌʉʆ [6], ʘ ʢʘʯʝʩʪʚʦ ʠ ʫʩʪʦʡʯʠʚʦʩʪʴ ʛʝʥʝʨʘʮʠʠ ʜʦʩʪʠʛʘʶʪ ʫʨʦʚʥʷ ʧʨʠʢʣʘʜʥʳʭ ʧʨʦʛʨʘʤʤʥʳʭ ʩʠ-

ʩʪʝʤ. 

7. ʊʝʩʪʠʨʦʚʘʥʠʝ ʠ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ʇʨʦʚʝʜʝʥʦ ʤʥʦʛʦʵʪʘʧʥʦʝ ʪʝʩʪʠʨʦʚʘʥʠʝ: 

¶ ʄʦʜʫʣʴʥʦʝ ʪʝʩʪʠʨʦʚʘʥʠʝ: ʧʨʦʚʝʨʝʥʳ ʬʫʥʢʮʠʠ ʛʝʥʝʨʘʮʠʠ ʪʝʢʩʪʘ, ʠʟʚʣʝʯʝʥʠʷ ʜʘʥʥʳʭ, 

ʦʙʨʘʙʦʪʢʠ ʠʟʦʙʨʘʞʝʥʠʡ. 

¶ ʌʫʥʢʮʠʦʥʘʣʴʥʦʝ ʪʝʩʪʠʨʦʚʘʥʠʝ: ʪʝʩʪʠʨʦʚʘʣʠʩʴ ʚʩʝ ʵʪʘʧʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʦʣʴʟʦʚʘ-

ʪʝʣʷ ʩ ʠʥʪʝʨʬʝʡʩʦʤ. 

¶ ʉʪʨʝʩʩ-ʪʝʩʪʠʨʦʚʘʥʠʝ: ʧʨʦʚʝʨʝʥʘ ʨʘʙʦʪʘ ʧʨʠ ʤʘʩʩʦʚʦʡ ʛʝʥʝʨʘʮʠʠ ʦʪʯʝʪʦʚ (ʜʦ 30 ʨʘʟ-

ʜʝʣʦʚ). 

ʉʨʝʜʥʝʝ ʚʨʝʤʷ ʧʦʣʥʦʛʦ ʬʦʨʤʠʨʦʚʘʥʠʷ ʦʪʯʝʪʘ ï ʦʢʦʣʦ 3 ʤʠʥʫʪ. ʈʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʣʠ ʩʦ-

ʢʨʘʱʝʥʠʝ ʪʨʫʜʦʟʘʪʨʘʪ ʘʥʘʣʠʪʠʢʘ ʥʘ 70 - 80 % ʠ ʧʦʚʳʰʝʥʠʝ ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʠ ʦʬʦʨʤʣʝʥʠʷ ʥʘ 90 

% [2, 8]. 

8. ʇʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʠ ʧʝʨʩʧʝʢʪʠʚʳ ʨʘʟʚʠʪʠʷ 

ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʩʠʩʪʝʤʘ ʫʞʝ ʧʨʠʤʝʥʷʝʪʩʷ ʚ ʦʮʝʥʦʯʥʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ ʜʣʷ ʧʦʜʛʦʪʦʚʢʠ ʘʥʘʣʠ-

ʪʠʯʝʩʢʠʭ ʦʪʯʝʪʦʚ ʧʦ ʣʦʢʘʣʴʥʳʤ ʨʳʥʢʘʤ ʥʝʜʚʠʞʠʤʦʩʪʠ ʥʘ ʦʬʠʮʠʘʣʴʥʦʤ ʩʘʡʪʝ ʧʨʠʚʦʣʞʩʢʦʛʦ 
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ʮʝʥʪʨʘ ʤʝʪʦʜʠʯʝʩʢʦʛʦ ʠ ʠʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʦʮʝʥʢʠ ʆʆʆ çʀʥʬʦʨʤ-ʦʮʝʥʢʘè. ʄʦ-

ʜʝʣʴ ʤʦʞʝʪ ʙʳʪʴ ʘʜʘʧʪʠʨʦʚʘʥʘ ʜʣʷ ʜʨʫʛʠʭ ʦʙʣʘʩʪʝʡ: ʬʠʥʘʥʩʦʚʦʛʦ ʘʥʘʣʠʟʘ, ʤʦʥʠʪʦʨʠʥʛʘ ʨʳʥ-

ʢʦʚ, ʙʠʟʥʝʩ-ʦʪʯʝʪʥʦʩʪʠ, ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʡ ʘʥʘʣʠʪʠʢʠ [2, 5, 7]. 

ʇʝʨʩʧʝʢʪʠʚʳ ʨʘʟʚʠʪʠʷ: 

¶ ʀʥʪʝʛʨʘʮʠʷ ʢʣʘʩʪʝʨʥʳʭ ʠ ʧʘʨʘʣʣʝʣʴʥʳʭ ʚʳʯʠʩʣʝʥʠʡ ʜʣʷ ʤʘʩʩʦʚʦʡ ʛʝʥʝʨʘʮʠʠ ʜʦʢʫʤʝʥ-

ʪʦʚ. 

¶ ʈʘʩʰʠʨʝʥʠʝ ʘʨʭʠʪʝʢʪʫʨʳ ʜʣʷ ʧʦʜʜʝʨʞʢʠ ʥʝʩʢʦʣʴʢʠʭ ʷʟʳʢʦʚʳʭ ʤʦʜʝʣʝʡ (ʥʘʧʨʠʤʝʨ, 

Gemini ʠ Claude). 

¶ ʇʨʠʤʝʥʝʥʠʝ ʘʣʛʦʨʠʪʤʦʚ ʦʮʝʥʢʠ ʢʘʯʝʩʪʚʘ ʪʝʢʩʪʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʨʠʢ ROUGE ʠ 

BERTScore. 

¶ ʈʘʟʨʘʙʦʪʢʘ ʠʥʪʝʨʬʝʡʩʘ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʜʣʷ ʵʢʩʧʝʨʪʦʚ ʧʦ ʢʦʨʨʝʢʪʠʨʦʚʢʝ ʨʝʟʫʣʴʪʘʪʦʚ 

ʛʝʥʝʨʘʮʠʠ. 

9. ɿʘʢʣʶʯʝʥʠʝ 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʘʙʦʪʳ ʩʦʟʜʘʥʘ ʬʫʥʢʮʠʦʥʘʣʴʥʘʷ ʩʠʩʪʝʤʘ, ʦʙʲʝʜʠʥʷʶʱʘʷ ʤʝʪʦʜʳ ʤʘʪʝʤʘʪʠʯʝ-

ʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʛʝʥʝʨʘʪʠʚʥʦʛʦ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ ʜʣʷ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʘʥʘʣʠʪʠ-

ʯʝʩʢʠʭ ʦʪʯʝʪʦʚ. ʉʦʯʝʪʘʥʠʝ ʤʦʜʫʣʴʥʦʡ ʘʨʭʠʪʝʢʪʫʨʳ, ʘʩʠʥʭʨʦʥʥʦʡ ʦʙʨʘʙʦʪʢʠ ʠ VBA-

ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʜʝʣʘʝʪ ʧʨʠʣʦʞʝʥʠʝ ʛʠʙʢʠʤ ʠ ʤʘʩʰʪʘʙʠʨʫʝʤʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ ʮʠʬʨʦʚʠʟʘ-

ʮʠʠ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ. 

ʇʨʝʜʩʪʘʚʣʝʥʥʳʡ ʧʦʜʭʦʜ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʥʪʝʛʨʘʮʠʠ ʥʝʡʨʦʩʝʪʝʚʳʭ ʪʝʭʥʦʣʦ-

ʛʠʡ ʚ ʦʙʣʘʩʪʴ ʠʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʜʦʢʫʤʝʥʪʦʦʙʦʨʦʪʘ, ʘ ʪʘʢʞʝ 

ʦʪʢʨʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʥʳʭ ʨʝʩʫʨʩʦʚ ʚ ʤʘʩʰʪʘʙʥʳʭ ʩʮʝ-

ʥʘʨʠʷʭ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ. 
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ʂʆʃʃɽʂʊʀɺʅɸʗ ʈɸɿʈɸɹʆʊʂɸ ɹʀɹʃʀʆʊɽʂʀ ɼʃʗ ɺʓɺʆɼɸ 

ʈɽɿʋʃʔʊɸʊʆɺ ʉɺɽʈʊʆʏʅʓʍ ʅɽʁʈʆʅʅʓʍ ʉɽʊɽʁ 

A.A. ʉʦʨʦʢʠʥ, ʉ.ʄ. ʊʠʪʦʚ, ɸ.ʖ. ʅʝʩʪʝʨʦʚ, ɸ.ɸ. ʆʙʦʣʝʥʩʢʠʡ 

ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ 

ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʦʤʘʥʜʥʘʷ ʨʘʟʨʘʙʦʪʢʘ ʙʠʙʣʠʦʪʝʢʠ ʜʣʷ ʠʥʬʝʨʝʥʩʘ ʩʚʝʨʪʦʯ-

ʥʳʭ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ (CNN) ʥʘ ʧʨʠʤʝʨʝ ʘʨʭʠʪʝʢʪʫʨʳ AlexNet. ɸʢʮʝʥʪ ʩʜʝʣʘʥ ʥʘ 

ʩʣʘʞʝʥʥʫʶ ʨʘʙʦʪʫ ʜʣʷ ʩʦʟʜʘʥʠʷ ʛʠʙʢʦʡ ʠ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʳ, ʩʧʦʩʦʙʥʦʡ ʦʙ-

ʨʘʙʘʪʳʚʘʪʴ ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʠʝ ʜʘʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʝʜʦʙʫʯʝʥʥʳʭ ʤʦʜʝʣʝʡ. ɼʣʷ 

ʦʙʨʘʙʦʪʢʠ ʠʟʦʙʨʘʞʝʥʠʡ ʠʥʪʝʛʨʠʨʦʚʘʥʘ ʙʠʙʣʠʦʪʝʢʘ OpenCV, ʘ ʧʘʨʘʣʣʝʣʴʥʳʝ ʚʳʯʠʩ-

ʣʝʥʠʷ ʦʧʪʠʤʠʟʠʨʦʚʘʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ TBB. ʈʝʟʫʣʴʪʘʪʳ ʧʨʦʝʢʪʘ ʜʝʤʦʥʩʪʨʠʨʫʶʪ 

ʚʳʩʦʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ: ʪʦʯʥʦʩʪʴ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʥʘ ʪʝʩʪʦʚʦʡ ʚʳʙʦʨʢʝ MNIST ʜʦ-

ʩʪʠʛʣʘ 98.01%, ʘ ʚʨʝʤʷ ʠʥʬʝʨʝʥʩʘ ʥʘ CPU ʩʦʩʪʘʚʠʣʦ 8 ʤʩ ʥʘ ʦʜʥʦ ʠʟʦʙʨʘʞʝʥʠʝ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʢʦʤʘʥʜʥʘʷ ʨʘʟʨʘʙʦʪʢʘ, ʩʚʝʨʪʦʯʥʳʝ ʥʝʡʨʦʥʥʳʝ ʩʝʪʠ, AlexNet, ʠʥʬʝ-

ʨʝʥʩ, ʥʘʧʨʘʚʣʝʥʥʳʡ ʘʮʠʢʣʠʯʝʩʢʠʡ ʛʨʘʬ, ʧʘʨʘʣʣʝʣʴʥʳʝ ʚʳʯʠʩʣʝʥʠʷ, ʢʣʘʩʩʠʬʠʢʘʮʠʷ 

ʠʟʦʙʨʘʞʝʥʠʡ. 

 

1. ɺʚʝʜʝʥʠʝ 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʨʘʟʨʘʙʦʪʢʘ ʤʥʦʛʦʩʣʦʡʥʳʭ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ ʷʚʣʷʝʪʩʷ ʦʯʝʥʴ ʧʦʧʫʣʷʨʥʳʤ 

ʥʘʧʨʘʚʣʝʥʠʝʤ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ. ɸʢʪʫʘʣʴʥʦʩʪʴ ʵʪʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʙʳʩʪʨʦ 

ʨʘʩʪʸʪ. ʆʜʥʠʤ ʠʟ ʩʘʤʳʭ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʭ, ʚʦʩʪʨʝʙʦʚʘʥʥʳʭ ʠ ʵʬʬʝʢʪʠʚʥʳʭ ʪʠʧʦʚ ʤʥʦʛʦʩʣʦʡ-

ʥʳʭ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ ʷʚʣʷʶʪʩʷ ʩʚʝʨʪʦʯʥʳʝ ʥʝʡʨʦʥʥʳʝ ʩʝʪʠ (CNN) [1], ʢʦʪʦʨʳʝ ʟʘʯʘʩʪʫʶ ʠʩ-

ʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʠ ʢʣʘʩʩʠʬʠʢʘʮʠʠ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʦʙʫʯʝʥʥʘʷ 

ʩʚʝʨʪʦʯʥʘʷ ʥʝʡʨʦʥʥʘʷ ʩʝʪʴ ʜʦʣʞʥʘ ʫʤʝʪʴ ʧʨʠʥʠʤʘʪʴ ʚʭʦʜʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʠ ʩʦʧʦʩʪʘʚʣʷʪʴ ʝʤʫ 

ʠʟ ʟʘʨʘʥʝʝ ʟʘʜʘʥʥʦʛʦ ʥʘʙʦʨʘ ʢʣʘʩʩʦʚ ʪʦʪ ʢʣʘʩʩ, ʢʦʪʦʨʳʡ ʣʫʯʰʝ ʦʩʪʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʵʪʦ 

ʠʟʦʙʨʘʞʝʥʠʝ. ʇʦʜʦʙʥʦʝ ʧʦʚʝʜʝʥʠʝ ʩʝʪʠ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴʶ ʩʣʦʸʚ ʨʘʟʥʳʭ ʪʠ-

ʧʦʚ: ʦʜʥʠ ʠʟ ʥʠʭ ʚʳʜʝʣʷʶʪ ʧʨʠʟʥʘʢʠ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʢʣʘʩʩʠʬʠʢʘʮʠʠ, ʘ ʜʨʫʛʠʝ ʦʙʨʘʙʘʪʳʚʘʶʪ 

ʠʭ ʠ ʦʧʨʝʜʝʣʷʶʪ ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʳʡ ʢʣʘʩʩ. ʇʨʦʮʝʩʩ ʨʘʟʨʘʙʦʪʢʠ ʪʘʢʦʛʦ ʧʨʦʜʫʢʪʘ, ʢʘʢ ʩʚʝʨʪʦʯ-

ʥʘʷ ʥʝʡʨʦʥʥʘʷ ʩʝʪʴ, ʩʣʦʞʝʥ ʠ ʧʦʵʪʦʤʫ ʪʨʝʙʫʝʪ ʩʦʟʜʘʥʠʷ ʯʸʪʢʦʛʦ ʧʣʘʥʘ ʜʝʡʩʪʚʠʡ ʢʦʤʘʥʜʳ ʨʘʟ-

ʨʘʙʦʪʯʠʢʦʚ, ʦʩʥʦʚʘʥʥʦʛʦ ʥʘ ʢʣʶʯʝʚʳʭ ʮʝʣʷʭ ʠ ʟʘʜʘʯʘʭ ʨʝʘʣʠʟʫʝʤʦʛʦ ʧʨʦʝʢʪʘ. 

ɺ ʨʘʤʢʘʭ ʥʘʰʝʛʦ ʧʨʦʝʢʪʘ, ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʥʘ ʩʦʟʜʘʥʠʝ ʙʠʙʣʠʦʪʝʢʠ ʜʣʷ ʨʘʙʦʪʳ ʩʦ ʩʚʝʨʪʦʯ-

ʥʳʤʠ ʥʝʡʨʦʥʥʳʤʠ ʩʝʪʷʤʠ, ʤʳ ʩʪʨʝʤʠʤʩʷ ʦʨʛʘʥʠʟʦʚʘʪʴ ʧʨʦʮʝʩʩ ʨʘʟʨʘʙʦʪʢʠ ʪʘʢ, ʯʪʦʙʳ ʦʥ ʩʦʦʪ-

ʚʝʪʩʪʚʦʚʘʣ ʧʨʦʤʳʰʣʝʥʥʳʤ ʩʪʘʥʜʘʨʪʘʤ ʠ ʙʳʣ ʦʨʠʝʥʪʠʨʦʚʘʥ ʥʘ ʢʦʤʘʥʜʥʫʶ ʨʘʙʦʪʫ. ʅʘʰʘ ʢʦ-

ʤʘʥʜʘ ʩʪʘʚʠʪ ʧʝʨʝʜ ʩʦʙʦʡ ʟʘʜʘʯʫ ʥʝ ʪʦʣʴʢʦ ʩʦʟʜʘʪʴ ʚʳʩʦʢʦʢʘʯʝʩʪʚʝʥʥʦʝ ʧʨʦʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝ-

ʯʝʥʠʝ, ʥʦ ʠ ʦʙʝʩʧʝʯʠʪʴ ʝʛʦ ʫʜʦʙʩʪʚʦ ʠ ʜʦʩʪʫʧʥʦʩʪʴ ʜʣʷ ʢʦʥʝʯʥʳʭ ʧʦʣʴʟʦʚʘʪʝʣʝʡ. ʆʩʥʦʚʥʦʡ ʟʘ-

ʜʘʯʝʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʟʘʧʫʩʢʘ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʨʝʜʦʙʫʯʝʥʥʳʭ 

ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ ʩ ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʠʤʠ ʜʘʥʥʳʤʠ. 

ɺ ʧʨʦʮʝʩʩʝ ʨʘʟʨʘʙʦʪʢʠ ʘʨʭʠʪʝʢʪʫʨʳ ʥʘʰʝʡ ʙʠʙʣʠʦʪʝʢʠ ʤʳ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʣʠ ʨʝʘʣʠʟʘʮʠʶ 

ʠʥʬʝʨʝʥʩʘ (ʚʳʚʦʜʘ) ʚ ʧʨʦʤʳʰʣʝʥʥʳʭ ʬʨʝʡʤʚʦʨʢʘʭ, ʪʘʢʠʭ ʢʘʢ TensorFlow Lite [2], ONNX 

Runtime [3], PyTorch [4] ʠ OpenCV DNN [5]. ʕʪʦʪ ʘʥʘʣʠʟ ʧʦʟʚʦʣʠʣ ʥʘʤ ʟʘʠʤʩʪʚʦʚʘʪʴ ʢʣʶʯʝʚʳʝ 

ʘʨʭʠʪʝʢʪʫʨʥʳʝ ʨʝʰʝʥʠʷ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʦʩʦʙʝʥʥʦ ʚʘʞʝʥ ʜʣʷ ʫʯʝʙʥʦʛʦ ʧʨʦʝʢʪʘ, ʨʘʟʨʘʙʘʪʳʚʘʝʤʦ-

ʛʦ ʢʦʤʘʥʜʦʡ ʩʪʫʜʝʥʪʦʚ, ʧʦʩʢʦʣʴʢʫ ʧʦʟʚʦʣʠʣ ʥʘʡʪʠ ʙʘʣʘʥʩ ʤʝʞʜʫ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴʶ, ʫʜʦʙ-

ʩʪʚʦʤ ʨʘʟʨʘʙʦʪʢʠ ʠ ʧʨʦʩʪʦʪʦʡ ʨʝʘʣʠʟʘʮʠʠ ʚ ʨʘʤʢʘʭ ʧʦʩʪʘʚʣʝʥʥʳʭ ʟʘʜʘʯ. ɺ ʥʘʰʝʤ ʧʨʦʝʢʪʝ ʤʳ 

ʪʘʢʞʝ ʘʢʪʠʚʥʦ ʠʩʧʦʣʴʟʦʚʘʣʠ ʩʪʦʨʦʥʥʠʝ ʙʠʙʣʠʦʪʝʢʠ ʠ ʬʨʝʡʤʚʦʨʢʠ, ʥʘʧʨʠʤʝʨ: OpenCV ï ʜʣʷ 

ʨʘʙʦʪʳ ʩ ʠʟʦʙʨʘʞʝʥʠʷʤʠ, JSON [6] ï ʜʣʷ ʩʝʨʠʘʣʠʟʘʮʠʠ ʤʦʜʝʣʝʡ, TBB [7] ï ʜʣʷ ʧʘʨʘʣʣʝʣʴʥʳʭ 

ʚʳʯʠʩʣʝʥʠʡ ʥʘ CPU ʠ GTest [8] ï ʜʣʷ ʤʦʜʫʣʴʥʦʛʦ ʪʝʩʪʠʨʦʚʘʥʠʷ. 
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2. ʇʨʦʮʝʩʩ ʨʘʟʨʘʙʦʪʢʠ ʧʨʦʝʢʪʘ 

 

 

ʈʠʩ. 1 ʉʭʝʤʘ ʨʘʟʨʘʙʦʪʢʠ ʙʠʙʣʠʦʪʝʢʠ 

ʅʘ ʨʠʩʫʥʢʝ 1 ʦʪʦʙʨʘʞʝʥʳ ʧʨʦʮʝʩʩʳ ʨʘʟʨʘʙʦʪʢʠ ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢʦʤʘʥʜʳ ʥʘ ʵʪʘʧʘʭ ʩʦ-

ʟʜʘʥʠʷ ʙʠʙʣʠʦʪʝʢʠ ʜʣʷ ʠʥʬʝʨʝʥʩʘ [19]. ɼʘʣʝʝ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦ ʦʧʠʩʳʚʘʶʪʩʷ ʰʘʛʠ, ʧʨʝʜʩʪʘʚʣʝʥ-

ʥʳʝ ʥʘ ʨʠʩʫʥʢʝ, ʘ ʪʘʢʞʝ ʧʨʦʙʣʝʤʘʪʠʢʘ ʢʦʤʘʥʜʥʦʡ ʨʘʙʦʪʳ. 

ɺ ʩʘʤʦʤ ʥʘʯʘʣʝ ʧʝʨʝʜ ʥʘʰʝʡ ʢʦʤʘʥʜʦʡ ʩʪʦʷʣʘ ʟʘʜʘʯʘ ʩʦʟʜʘʥʠʷ ʙʠʙʣʠʦʪʝʢʠ, ʩʧʦʩʦʙʥʦʡ 

ʦʩʫʱʝʩʪʚʣʷʪʴ ʠʥʬʝʨʝʥʩ ʧʨʝʜʦʙʫʯʝʥʥʳʭ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ. ʇʝʨʚʳʤ ʜʝʣʦʤ ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ 

ʠʟʫʯʠʪʴ ʵʪʦʪ ʚʦʧʨʦʩ ʚ ʪʝʦʨʠʠ ʠ ʨʘʟʜʝʣʠʪʴ ʧʨʝʜʩʪʦʷʱʫʶ ʨʘʙʦʪʫ ʥʘ ʯʘʩʪʠ ʜʣʷ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʡ 

ʨʘʙʦʪʳ ʚ ʢʦʤʘʥʜʝ. ɺ ʢʘʯʝʩʪʚʝ ʦʟʥʘʢʦʤʣʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʠʥʬʦʨʤʘʮʠʷ ʦ ʨʘʙʦʪʝ ʩ ʩʠʩʪʝʤʦʡ 

ʩʙʦʨʢʠ CMake [9], ʩ GitHub [10], ʦʧʝʨʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʦʡ Linux [11], ʘ ʪʘʢʞʝ ʦʙ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʩʫʙʤʦʜʫʣʝʡ ʚ ʙʫʜʫʱʝʤ ʧʨʦʝʢʪʝ, ʧʨʝʜʦʩʪʘʚʣʝʥʥʘʷ ʥʘʩʪʘʚʥʠʢʘʤʠ. ʂʘʞʜʳʡ ʠʟʫʯʘʣ ʨʘʟʣʠʯʥʳʝ 

ʥʝʡʨʦʩʝʪʝʚʳʝ ʤʦʜʝʣʠ, ʠʩʧʦʣʴʟʫʷ ʪʘʢʦʡ ʠʥʩʪʨʫʤʝʥʪ, ʢʘʢ Netron [12], ʯʪʦʙʳ ʧʦʥʷʪʴ ʩʪʨʫʢʪʫʨʫ 

ʦʙʫʯʝʥʥʦʡ CNN. ɺ ʠʪʦʛʝ ʙʳʣʦ ʚʳʜʝʣʝʥʦ ʯʝʪʳʨʝ ʦʩʥʦʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷ ʨʘʟʨʘʙʦʪʢʠ. 

1. ʉʦʟʜʘʥʠʝ ʛʨʘʬʘ ʢʘʢ ʩʪʨʫʢʪʫʨʳ ʜʣʷ ʦʙʤʝʥʘ ʜʘʥʥʳʤʠ ʤʝʞʜʫ ʫʟʣʘʤʠ. 

2. ʇʦʜʢʣʶʯʝʥʠʝ ʥʝʦʙʭʦʜʠʤʳʭ ʚʥʝʰʥʠʭ ʙʠʙʣʠʦʪʝʢ ʠ ʧʨʦʚʝʨʢʘ ʠʭ ʬʫʥʢʮʠʦʥʘʣʘ. 

3. ʇʨʝʦʙʨʘʟʦʚʘʥʠʝ ʧʨʝʜʦʙʫʯʝʥʥʦʡ ʤʦʜʝʣʠ ʚ ʧʦʜʭʦʜʷʱʠʡ ʥʘʤ ʬʦʨʤʘʪ ʭʨʘʥʝʥʠʷ. 

4. ʈʘʟʨʘʙʦʪʢʘ ʥʝʦʙʭʦʜʠʤʳʭ ʩʣʦʸʚ ʜʣʷ ʨʘʙʦʪʳ ʩ ʦʙʫʯʝʥʥʳʤʠ ʜʘʥʥʳʤʠ. 

ɹʳʣ ʩʦʟʜʘʥ ʦʙʱʠʡ ʨʝʧʦʟʠʪʦʨʠʡ ʥʘ GitHub, ʛʜʝ ʧʦ ʤʝʨʝ ʧʨʦʜʚʠʞʝʥʠʷ ʩʦʟʜʘʚʘʣʠʩʴ ʠ ʦʙʩʫʞ-

ʜʘʣʠʩʴ ʥʦʚʳʝ ʟʘʜʘʯʠ ʠ ʠʭ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʝʞʜʫ ʫʯʘʩʪʥʠʢʘʤʠ. ʊʘʢʞʝ ʩʨʘʟʫ ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ 
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ʩʪʨʫʢʪʫʨʘ ʧʨʦʝʢʪʘ ʠ ʦʨʛʘʥʠʟʦʚʘʥʘ ʝʛʦ ʩʙʦʨʢʘ ʯʝʨʝʟ CMake. ʂʦʜ ʜʦʣʞʝʥ ʙʳʣ ʙʳʪʴ ʚ ʝʜʠʥʦʤ ʩʪʠ-

ʣʝ ï ʜʣʷ ʵʪʦʛʦ ʙʳʣʠ ʚʚʝʜʝʥʳ ʧʨʦʚʝʨʢʠ ʩʪʠʣʷ ʢʦʜʘ, ʘ ʪʘʢʞʝ ʤʥʦʞʝʩʪʚʝʥʥʳʝ ʧʨʦʚʝʨʢʠ ʚʦʟʤʦʞ-

ʥʳʭ ʦʰʠʙʦʢ ʩ ʧʦʤʦʱʴʶ GitHub Actions. ʂʘʞʜʳʡ ʯʣʝʥ ʢʦʤʘʥʜʳ ʩʦʧʨʦʚʦʞʜʘʣ ʩʚʦʡ ʢʦʜ ʪʝʩʪʘʤʠ; 

ʜʣʷ ʵʪʦʛʦ ʙʳʣʘ ʧʦʜʢʣʶʯʝʥʘ ʙʠʙʣʠʦʪʝʢʘ gtest ʠ ʩʝʨʚʠʩ Codecov. ʕʪʠ ʜʝʪʘʣʠ ʢʦʤʘʥʜʥʦʡ ʨʘʟʨʘ-

ʙʦʪʢʠ ʦʯʝʥʴ ʚʘʞʥʳ, ʪʘʢ ʢʘʢ ʦʥʠ ʦʙʝʩʧʝʯʠʚʘʶʪ ʩʪʘʙʠʣʴʥʦʩʪʴ, ʢʘʯʝʩʪʚʦ ʠ ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʴ ʢʦʜʘ, 

ʘ ʪʘʢʞʝ ʫʧʨʦʱʘʶʪ ʩʦʚʤʝʩʪʥʫʶ ʨʘʙʦʪʫ ʠ ʜʘʣʴʥʝʡʰʫʶ ʧʦʜʜʝʨʞʢʫ ʧʨʦʝʢʪʘ. 

ɺʘʞʥʦ, ʯʪʦ ʥʘ ʩʦʙʨʘʥʠʷʭ, ʢʦʪʦʨʳʝ ʧʨʦʚʦʜʠʣʠʩʴ ʢʘʞʜʫʶ ʥʝʜʝʣʶ, ʤʳ ʜʝʣʠʣʠʩʴ ʧʦʣʫʯʝʥʥʳʤ 

ʦʧʳʪʦʤ ʠ ʩʦʚʝʪʦʚʘʣʠʩʴ ʧʨʠ ʧʨʠʥʷʪʠʠ ʙʦʣʴʰʠʥʩʪʚʘ ʨʝʰʝʥʠʡ. ʍʦʪʷ ʨʘʙʦʪʘ ʠ ʚʝʣʘʩʴ ʚ ʥʝʩʢʦʣʴ-

ʢʠʭ ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʘʟʣʠʯʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʦ ʥʝʦʙʭʦʜʠʤʦ ʚʩʸ ʩʦʙʨʘʪʴ ʚʦʝʜʠ-

ʥʦ. 

ʅʘ ʥʘʯʘʣʴʥʳʭ ʵʪʘʧʘʭ ʙʳʣʦ ʚʘʞʥʦ, ʯʪʦʙʳ ʛʨʘʬ ʤʦʛ ʧʝʨʝʜʘʚʘʪʴ ʜʘʥʥʳʝ ʦʪ ʩʣʦʷ ʢ ʩʣʦʶ, ʘ 

ʧʦʜʢʣʶʯʝʥʥʳʝ ʙʠʙʣʠʦʪʝʢʠ ʦʙʝʩʧʝʯʠʚʘʣʠ ʧʦʣʥʳʡ ʥʝʦʙʭʦʜʠʤʳʡ ʬʫʥʢʮʠʦʥʘʣ. ʇʝʨʚʳʤʠ ʨʝʟʫʣʴ-

ʪʘʪʘʤʠ ʩʪʘʣʠ ʠʥʪʝʛʨʘʮʠʷ ʚ ʧʨʦʝʢʪ ʙʠʙʣʠʦʪʝʢʠ OpenCV ʜʣʷ ʯʪʝʥʠʷ ʠʟʦʙʨʘʞʝʥʠʡ ʠ ʥʘʧʠʩʘʥʠʝ 

ʦʩʥʦʚʦʧʦʣʘʛʘʶʱʠʭ ʢʣʘʩʩʦʚ, ʪʘʢʠʭ ʢʘʢ: 

¶ Graph ï ʦʩʥʦʚʘ ʙʠʙʣʠʦʪʝʢʠ, ʩʪʨʫʢʪʫʨʘ ʭʨʘʥʝʥʠʷ ʩʣʦʸʚ, 

¶ Layer ï ʰʘʙʣʦʥʥʳʡ ʢʣʘʩʩ, ʦʩʥʦʚʘ ʚʩʝʭ ʙʫʜʫʱʠʭ ʩʣʦʸʚ, 

¶ Tensor ï ʰʘʙʣʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʭʨʘʥʝʥʠʷ ʜʘʥʥʳʭ, ʢʦʪʦʨʘʷ ʧʝʨʝʜʘʸʪʩʷ ʦʪ ʩʣʦʷ ʢ ʩʣʦʶ. 

ɼʘʣʝʝ ʦʩʥʦʚʥʘʷ ʯʘʩʪʴ ʢʦʤʘʥʜʳ ʧʝʨʝʰʣʘ ʥʘ ʨʘʟʨʘʙʦʪʢʫ ʢʦʥʢʨʝʪʥʳʭ ʩʣʦʸʚ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ 

ʩʚʝʨʪʦʯʥʳʭ ʥʝʡʨʦʥʥʳʭ ʩʝʪʷʭ. ʆʜʥʘʢʦ ʢʦʛʜʘ ʧʦʯʪʠ ʚʩʝ ʩʣʦʠ ʙʳʣʠ ʥʘʧʠʩʘʥʳ, ʚʦʟʥʠʢʣʘ ʧʨʦʙʣʝ-

ʤʘ: ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ ʩʦʝʜʠʥʠʪʴ ʙʘʟʦʚʳʝ ʢʣʘʩʩʳ Layer ʠ Graph, ʯʪʦʙʳ ʚʧʝʨʚʳʝ ʟʘʧʫʩʪʠʪʴ ʠʥʬʝ-

ʨʝʥʩ ʩ ʥʝʩʢʦʣʴʢʠʤʠ ʥʘʧʠʩʘʥʥʳʤʠ ʩʣʦʷʤʠ. ʅʦ Layer ʙʳʣ ʰʘʙʣʦʥʥʳʤ ʠ ʪʨʝʙʦʚʘʣ ʵʪʦʛʦ ʞʝ ʦʪ 

ʢʣʘʩʩʘ Graph. ʀʟ ʵʪʦʛʦ ʩʣʝʜʦʚʘʣʦ, ʯʪʦ ʚ ʛʨʘʬʝ ʚʩʝ ʩʣʦʠ ʤʦʛʫʪ ʙʳʪʴ ʪʦʣʴʢʦ ʩ ʦʜʥʠʤ ʪʠʧʦʤ ʜʘʥ-

ʥʳʭ, ʯʪʦ ʚʳʟʳʚʘʣʦ ʧʨʦʪʠʚʦʨʝʯʠʝ, ʪʘʢ ʢʘʢ ʩʣʦʠ ʚʳʧʦʣʥʷʶʪ ʩʚʦʠ ʬʫʥʢʮʠʠ ʥʘ ʨʘʟʥʳʭ ʫʨʦʚʥʷʭ. 

ʇʦʩʣʝ ʘʥʘʣʠʟʘ ʜʘʥʥʦʡ ʧʨʦʙʣʝʤʳ ʙʳʣʦ ʨʝʰʝʥʦ ʧʝʨʝʧʠʩʘʪʴ Tensor ʢʘʢ ʢʣʘʩʩ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʰʘʙʣʦʥʦʚ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʠ ʩʣʦʠ, ʠ ʛʨʘʬ ʙʣʘʛʦʜʘʨʷ ʵʪʦʤʫ ʣʠʰʘʣʠʩʴ ʰʘʙʣʦʥʥʦʩʪʠ. 

ʇʦʩʣʝ ʠʩʧʨʘʚʣʝʥʠʷ ʚʩʝʭ ʥʝʜʦʯʸʪʦʚ ʚʧʝʨʚʳʝ ʫʜʘʣʦʩʴ ʟʘʧʫʩʪʠʪʴ ʠʥʬʝʨʝʥʩ, ʥʦ ʪʦʣʴʢʦ ʚ ʚʠʜʝ 

end-to-end ʪʝʩʪʘ, ʠʣʠ, ʜʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʧʨʦʭʦʞʜʝʥʠʷ ʪʝʥʟʦʨʘ ʧʦ ʛʨʘʬʫ ʯʝʨʝʟ ʚʩʝ ʩʣʦʠ. ʇʨʝʦʜʦ-

ʣʝʥʠʝ ʵʪʦʛʦ ʚʘʞʥʦʛʦ ʨʫʙʝʞʘ ʧʦʟʚʦʣʠʣʦ ʙʨʘʪʴ ʪʝʩʪʦʚʳʝ ʜʘʥʥʳʝ ʠ ʧʨʦʚʝʨʷʪʴ ʚʝʨʥʦʩʪʴ ʨʘʙʦʪʳ ʯʘ-

ʩʪʠʯʥʦʛʦ ʠʥʬʝʨʝʥʩʘ. 

ʇʘʨʘʣʣʝʣʴʥʦ ʰʣʘ ʨʘʙʦʪʘ ʥʘʜ ʠʥʪʝʛʨʘʮʠʝʡ ʬʨʝʡʤʚʦʨʢʘ TensorFlow ʜʣʷ ʨʘʙʦʪʳ ʩ ʤʦʜʝʣʴʶ 

Alexnet_frozen.pb ï ʦʙʫʯʝʥʥʦʡ ʤʦʜʝʣʴʶ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʠʟʦʙʨʘʞʝʥʠʡ . ʆʜʥʘʢʦ ʠʟ-ʟʘ ʚʦʟʥʠʢʰʠʭ 

ʩʣʦʞʥʦʩʪʝʡ ʥʘʩʪʨʦʡʢʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʉ++ ʠ TensorFlow ʙʳʣʘ ʧʨʦʠʟʚʝʜʝʥʘ ʟʘʤʝʥʘ ʤʦʜʝʣʠ ʥʘ 

Alexnet_model.h5, ʦʙʫʯʝʥʥʫʶ ʨʘʩʧʦʟʥʘʚʘʪʴ ʮʠʬʨʳ ʥʘ ʜʘʪʘʩʝʪʝ MNIST [13]. ɼʣʷ ʩʯʠʪʳʚʘʥʠʷ 

ʩʪʨʫʢʪʫʨʳ ʵʪʦʡ ʤʦʜʝʣʠ ʠ ʝʸ ʚʝʩʦʚ ʚ ʥʘʰ ʬʦʨʤʘʪ ʪʝʥʟʦʨʦʚ ʙʳʣ ʥʘʧʠʩʘʥ ʢʦʥʚʝʨʪʝʨ ʩ ʧʦʤʦʱʴʶ 

Python ʠ ʬʦʨʤʘʪʘ-ʧʦʩʨʝʜʥʠʢʘ JSON. ʀʩʭʦʜʷ ʠʟ ʩʪʨʫʢʪʫʨʳ ʥʦʚʦʡ ʤʦʜʝʣʠ, ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ ʜʦ-

ʧʠʩʘʪʴ ʨʝʘʣʠʟʘʮʠʶ ʝʱʸ ʥʝʩʢʦʣʴʢʠʭ ʩʣʦʸʚ; ʪʘʢʞʝ ʙʳʣʠ ʜʦʙʘʚʣʝʥʳ ʬʫʥʢʮʠʠ, ʩʦʙʠʨʘʶʱʠʝ ʩʪʘʪʠ-

ʩʪʠʢʫ ʧʦ ʢʘʞʜʦʤʫ ʩʣʦʶ ʚ ʧʨʦʮʝʩʩʝ ʠʥʬʝʨʝʥʩʘ. 

ɺʧʦʩʣʝʜʩʪʚʠʠ ʥʘʤ ʫʜʘʣʦʩʴ ʫʩʧʝʰʥʦ ʟʘʧʫʩʪʠʪʴ ʧʨʦʭʦʜ ʧʦ ʛʨʘʬʫ ʜʣʷ ʧʨʝʜʩʢʘʟʘʥʠʷ ʦʪʜʝʣʴ-

ʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ, ʥʦ ʦʪʚʝʪʳ ʥʝʡʨʦʩʝʪʠ ʧʦʣʫʯʘʣʠʩʴ ʥʝʢʦʨʨʝʢʪʥʳʤʠ. ʇʦʩʣʝ ʠʩʧʨʘʚʣʝʥʠʷ ʦʰʠ-

ʙʦʢ, ʚʢʣʶʯʘʷ ʥʝʜʦʩʪʘʪʦʯʥʫʶ ʪʦʯʥʦʩʪʴ ʢʦʥʚʝʨʪʝʨʘ ʤʦʜʝʣʠ ʚ ʪʝʥʟʦʨ, ʥʝʢʦʨʨʝʢʪʥʫʶ ʦʙʨʘʙʦʪʢʫ 

ʠʟʦʙʨʘʞʝʥʠʡ ʧʝʨʝʜ ʚʭʦʜʥʳʤ ʩʣʦʝʤ, ʥʝʙʦʣʴʰʠʝ ʥʝʪʦʯʥʦʩʪʠ ʚ ʬʫʥʢʮʠʷʭ softmax ʠ topk ʜʣʷ ʦʙ-

ʨʘʙʦʪʢʠ ʦʪʚʝʪʦʚ ʤʦʜʝʣʠ, ʘ ʪʘʢʞʝ ʥʝʢʦʪʦʨʳʭ ʜʨʫʛʠʭ ʧʨʦʙʣʝʤ, ʤʳ ʜʦʩʪʠʛʣʠ ʪʦʯʥʦʩʪʠ ʯʫʪʴ ʙʦʣʝʝ 

98% ʥʘ 10 ʪʳʩʷʯʘʭ ʠʟʦʙʨʘʞʝʥʠʡ, ʦʜʥʘʢʦ ʧʨʦʚʝʨʢʘ ʪʘʢʦʛʦ ʦʙʲʸʤʘ ʜʘʥʥʳʭ ʟʘʥʠʤʘʣʘ ʦʢʦʣʦ 20 

ʤʠʥʫʪ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʜʦʣʴʰʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʨʝʘʣʠʟʘʮʠʷʤʠ ʘʥʘʣʦʛʠʯʥʳʭ ʟʘʜʘʯ. 

ʉʣʝʜʫʶʱʝʡ ʟʘʜʘʯʝʡ ʩʪʘʣʦ ʫʩʢʦʨʝʥʠʝ ʚʨʝʤʝʥʠ ʚʳʧʦʣʥʝʥʠʷ ʧʨʦʩʪʳʤʠ ʤʦʜʠʬʠʢʘʮʠʷʤʠ ʢʦʜʘ. 

ɸʥʘʣʠʟʠʨʫʷ ʧʨʦʙʣʝʤʫ, ʩʪʘʣʦ ʧʦʥʷʪʥʦ, ʯʪʦ 10 ʪʳʩ. ʠʟʦʙʨʘʞʝʥʠʡ ʩʯʠʪʳʚʘʣʠʩʴ ʧʦ ʦʜʥʦʤʫ ʚʦ 

ʚʭʦʜʥʦʡ ʩʣʦʡ, ʠ ʜʣʷ ʢʘʞʜʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ ʟʘʥʦʚʦ ʩʪʨʦʠʣʩʷ ʚʝʩʴ ʛʨʘʬ. ʅʝʢʦʪʦʨʳʝ ʩʣʦʠ ʥʝ ʧʦʜ-

ʜʝʨʞʠʚʘʣʠ ʬʦʨʤʘʪ ʭʨʘʥʝʥʠʷ NCHW [14], ʠʟ-ʟʘ ʯʝʛʦ ʙʳʣʦ ʥʝʚʦʟʤʦʞʥʦ ʧʦʜʘʪʴ ʚ ʩʝʪʴ ʩʨʘʟʫ ʥʝ-

ʩʢʦʣʴʢʦ ʠʟʦʙʨʘʞʝʥʠʡ. ʇʦʩʣʝ ʚʥʝʩʝʥʠʷ ʚʩʝʭ ʥʝʦʙʭʦʜʠʤʳʭ ʠʩʧʨʘʚʣʝʥʠʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ 

ʧʨʦʛʨʘʤʤʳ ʟʥʘʯʠʪʝʣʴʥʦ ʚʦʟʨʦʩʣʘ. ʊʘʢʞʝ ʙʳʣ ʤʦʜʠʬʠʮʠʨʦʚʘʥ ʩʚʝʨʪʦʯʥʳʡ ʩʣʦʡ ï ʚ ʥʸʤ ʧʦʷʚʠ-

ʣʦʩʴ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʝ ʤʘʪʨʠʯʥʳʭ ʦʧʝʨʘʮʠʡ, ʯʪʦ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʫʩʢʦʨʠʣʦ ʧʨʦʮʝʩʩ ʠʥʬʝʨʝʥʩʘ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʪʦʯʥʦʩʪʴ ʧʨʝʜʩʢʘʟʘʥʠʡ ʤʦʜʝʣʠ ʥʘ 10 ʪʳʩ. ʠʟʦʙʨʘʞʝʥʠʡ ʩʦʩʪʘʚʠʣʘ 98,01%, ʘ ʚʨʝʤʷ 

ʧʨʦʚʝʨʢʠ ï 79 ʩʝʢʫʥʜ. 

ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʚʩʝʡ ʨʘʟʨʘʙʦʪʢʠ ʧʨʠ ʜʦʩʪʠʞʝʥʠʠ ʚʘʞʥʳʭ ʵʪʘʧʦʚ ʦʙ-

ʥʦʚʣʷʣʘʩʴ ʜʦʢʫʤʝʥʪʘʮʠʷ. ʊʘʢʞʝ ʚ ʢʦʥʮʝ ʙʳʣʦ ʜʦʙʘʚʣʝʥʦ ʘʚʪʦʤʘʪʠʯʝʩʢʦʝ ʠʟʤʝʨʝʥʠʝ ʧʨʦʠʟʚʦʜʠ-
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ʪʝʣʴʥʦʩʪʠ ʜʣʷ ʢʘʞʜʦʛʦ ʠʟʤʝʥʝʥʠʷ ʚ ʘʢʪʫʘʣʴʥʦʡ ʚʝʪʢʝ ʙʠʙʣʠʦʪʝʢʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ReadMe 

ʚʩʝʛʜʘ ʤʦʞʥʦ ʫʚʠʜʝʪʴ ʘʢʪʫʘʣʴʥʫʶ ʪʦʯʥʦʩʪʴ ʚʳʧʦʣʥʝʥʥʦʡ ʥʘʤʠ ʨʘʙʦʪʳ. 

3. ɸʨʭʠʪʝʢʪʫʨʘ ʙʠʙʣʠʦʪʝʢʠ 

ʆʩʥʦʚʦʧʦʣʘʛʘʶʱʠʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ ʙʠʙʣʠʦʪʝʢʠ ʷʚʣʷʶʪʩʷ ʢʣʘʩʩʳ Graph, Shape ʠ Tensor. 

Graph ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʨʝʘʣʠʟʘʮʠʶ ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʘʮʠʢʣʠʯʝʩʢʦʛʦ ʛʨʘʬʘ (Directed Acyclic 

Graph, DAG) [15]. ɺ ʥʘʰʝʤ ʧʨʦʝʢʪʝ ʛʨʘʬ ʦʨʛʘʥʠʟʦʚʘʥ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

¶ ʋʟʣʳ ʛʨʘʬʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʦʙʲʝʢʪʘʤʠ ʢʣʘʩʩʘ Layer, ʢʦʪʦʨʳʝ ʩʦʜʝʨʞʘʪ ʦʧʝʨʘʮʠʠ ʥʘʜ 
ʜʘʥʥʳʤʠ. 

¶ ʈʸʙʨʘ ʟʘʜʘʶʪʩʷ ʤʝʪʦʜʦʤ makeConnection, ʢʦʪʦʨʳʡ ʩʦʝʜʠʥʷʝʪ ʩʣʦʠ ʩʝʪʠ. 

¶ ɼʣʷ ʚʳʧʦʣʥʝʥʠʷ ʧʨʷʤʦʛʦ ʧʨʦʭʦʜʘ ʧʦ ʛʨʘʬʫ ʠ ʚʳʧʦʣʥʝʥʠʷ ʠʥʬʝʨʝʥʩʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝ-

ʪʦʜ inference. 

¶ ɼʣʷ ʦʙʭʦʜʘ ʩʣʦʸʚ ʚ ʧʨʘʚʠʣʴʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʙʳʣ ʨʝʘʣʠʟʦʚʘʥ ʘʣʛʦʨʠʪʤ, ʥʘʧʦʤʠ-
ʥʘʶʱʠʡ ʧʦʠʩʢ ʚ ʰʠʨʠʥʫ ʜʣʷ ʛʝʥʝʨʘʮʠʠ ʤʘʨʰʨʫʪʘ. 

ʂʣʘʩʩ Tensor ʷʚʣʷʝʪʩʷ ʫʥʠʚʝʨʩʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʢʦʪʦʨʘʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʭʨʘʥʝʥʠʷ ʜʘʥ-

ʥʳʭ ʚʥʫʪʨʠ ʩʣʦʷ ʠ ʜʣʷ ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ ʤʝʞʜʫ ʥʠʤʠ. ɺ ʥʘʰʝʡ ʙʠʙʣʠʦʪʝʢʝ ʪʝʥʟʦʨ ï ʵʪʦ N-

ʤʝʨʥʘʷ ʤʘʪʨʠʮʘ, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ ʭʨʘʥʠʪʴ ʵʣʝʤʝʥʪʳ ʨʘʟʥʳʭ ʪʠʧʦʚ ʜʘʥʥʳʭ ʚ ʦʜʥʦʤʝʨʥʦʤ ʜʠ-

ʥʘʤʠʯʝʩʢʦʤ ʤʘʩʩʠʚʝ ʙʘʡʪ. 

ʂʣʘʩʩ Shape ʧʦʟʚʦʣʷʝʪ ʷʚʥʦ ʦʧʨʝʜʝʣʠʪʴ ʨʘʟʤʝʨʥʦʩʪʴ ʪʝʥʟʦʨʘ. 

ʊʘʢʞʝ ʚ ʙʠʙʣʠʦʪʝʢʝ ʨʝʘʣʠʟʦʚʘʥʳ ʩʣʝʜʫʶʱʠʝ ʩʣʦʠ: 

¶ Input Layer: ʧʦʜʜʝʨʞʠʚʘʝʪ ʬʦʨʤʘʪʳ NCHW/NHWC ʯʝʨʝʟ ʥʦʨʤʘʣʠʟʘʮʠʶ ʠ ʧʝʨʝʩʪʘʥʦʚʢʫ 
ʜʘʥʥʳʭ, ʦʙʝʩʧʝʯʠʚʘʷ ʛʠʙʢʦʩʪʴ ʜʣʷ ʨʘʟʥʳʭ ʩʝʪʝʡ. 

¶ Convolutional Layer: ʠʩʧʦʣʴʟʫʝʪ padding, dilations ʠ ʤʘʪʨʠʯʥʳʝ ʦʧʝʨʘʮʠʠ ʩ ʧʦʜʜʝʨʞʢʦʡ 

NCHW, ʢʦʨʨʝʢʪʠʨʫʷ ʨʘʟʤʝʨ ʪʝʥʟʦʨʘ. 

¶ Fully Connected Layer: ʨʝʘʣʠʟʫʝʪ ʫʤʥʦʞʝʥʠʝ ʤʘʪʨʠʮʳ ʥʘ ʚʝʢʪʦʨ ʩʦ ʩʤʝʱʝʥʠʝʤ, ʦʙʨʘʙʘ-
ʪʳʚʘʷ ʪʝʥʟʦʨʳ ʠ ʠʩʢʣʶʯʠʪʝʣʴʥʳʝ ʩʣʫʯʘʠ. 

¶ Elementwise Layer: ʧʨʠʤʝʥʷʝʪ ʘʢʪʠʚʘʮʠʦʥʥʳʝ ʬʫʥʢʮʠʠ (tanh, ReLU ʠ ʜʨ.) ʩ ʧʘʨʘʤʝʪʨʘ-
ʤʠ alpha/beta ʜʣʷ ʣʠʥʝʡʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ [18]. 

¶ Pooling Layer: ʚʳʧʦʣʥʷʝʪ max/average pooling ʩ ʨʘʩʯʸʪʦʤ ʚʳʭʦʜʥʦʛʦ ʨʘʟʤʝʨʘ ʠ ʧʨʦʚʝʨ-
ʢʦʡ ʛʨʘʥʠʮ ʪʝʥʟʦʨʘ. 

¶ Normalization Layer: ʩʪʘʥʜʘʨʪʠʟʠʨʫʝʪ ʜʘʥʥʳʝ ʚ ʟʘʜʘʥʥʳʡ ʜʠʘʧʘʟʦʥ ʜʣʷ ʩʪʘʙʠʣʴʥʦʩʪʠ 
ʚʳʯʠʩʣʝʥʠʡ. 

¶ Flatten Layer: ʧʨʝʦʙʨʘʟʫʝʪ ʤʥʦʛʦʤʝʨʥʳʡ ʪʝʥʟʦʨ ʚ ʦʜʥʦʤʝʨʥʳʡ ʚʝʢʪʦʨ, ʯʪʦ ʥʝʦʙʭʦʜʠʤʦ 

ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʧʦʣʥʦʩʚʷʟʥʳʤʠ ʩʣʦʷʤʠ. 

¶ Output Layer: ʯʘʩʪʠʯʥʦ ʩʦʨʪʠʨʫʝʪ ʨʝʟʫʣʴʪʘʪʳ ʩ ʧʦʤʦʱʴʶ std::partial_sort ʜʣʷ ʚʳʚʦʜʘ 
ʠʪʦʛʦʚʳʭ ʧʨʝʜʩʢʘʟʘʥʠʡ. 

ɺ ʧʨʦʝʢʪʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʠʩʪʝʤʘ ʩʙʦʨʢʠ CMake ʜʣʷ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ ʢʦʤʧʠʣʷʮʠʠ ʠ 

ʩʙʦʨʢʠ ʧʨʦʝʢʪʘ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʦʙʝʩʧʝʯʠʪʴ ʧʝʨʝʥʦʩʠʤʦʩʪʴ ʧʨʦʝʢʪʘ ʥʘ ʨʘʟʣʠʯʥʳʝ ʦʧʝʨʘʮʠʦʥʥʳʝ 

ʩʠʩʪʝʤʳ, ʪʘʢʠʝ ʢʘʢ Windows, Linux ʠ macOS, ʠ ʘʨʭʠʪʝʢʪʫʨʳ x64 ʠ x86. 

4. ʈʝʟʫʣʴʪʘʪʳ 

ɺ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ ʧʦ ʩʦʟʜʘʥʠʶ ʙʠʙʣʠʦʪʝʢʠ ʜʣʷ ʠʥʬʝʨʝʥʩʘ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ AlexNet ʢʦʤʘʥʜʘ 

ʜʦʩʪʠʛʣʘ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʙʣʘʛʦʜʘʨʷ ʩʣʘʞʝʥʥʦʡ ʨʘʙʦʪʝ ʠ ʵʬʬʝʢʪʠʚʥʦʡ ʦʨʛʘʥʠʟʘʮʠʠ ʨʘʟʨʘ-

ʙʦʪʢʠ. ʇʨʦʝʢʪ ʚʳʧʦʣʥʝʥ ʥʘ ʚʳʩʦʢʦʤ ʫʨʦʚʥʝ, ʯʪʦ ʩʪʘʣʦ ʚʦʟʤʦʞʥʳʤ ʙʣʘʛʦʜʘʨʷ ʯʸʪʢʦʤʫ ʨʘʩʧʨʝ-

ʜʝʣʝʥʠʶ ʟʘʜʘʯ, ʨʝʛʫʣʷʨʥʦʤʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ ʚʥʫʪʨʠ ʢʦʤʘʥʜʳ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʩʦʚʨʝʤʝʥʥʳʭ 

ʠʥʩʪʨʫʤʝʥʪʦʚ ʠ ʪʝʭʥʦʣʦʛʠʡ. 

ʂʣʶʯʝʚʳʝ ʨʝʟʫʣʴʪʘʪʳ ʙʠʙʣʠʦʪʝʢʠ: 

1. ʇʦʜʪʚʝʨʞʜʝʥʘ ʪʦʯʥʦʩʪʴ 98,01% ʥʘ ʪʝʩʪʦʚʦʤ ʥʘʙʦʨʝ MNIST [13, 19] 

2. ʇʦʩʣʦʡʥʳʡ ʟʘʤʝʨ ʩʢʦʨʦʩʪʠ ʦʙʨʘʙʦʪʢʠ ʥʘʙʦʨʘ ʠʟ 10 000 ʠʟʦʙʨʘʞʝʥʠʡ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ 

ʪʘʙʣʠʮʝ 1. 
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ʊʘʙʣʠʮʘ 1. ʉʢʦʨʦʩʪʴ ʨʘʙʦʪʳ ʙʠʙʣʠʦʪʝʢʠ 

 ɺʨʝʤʷ ʨʘʙʦʪʳ ʩʣʦʷ ʥʘ ʤʘʰʠʥʝ, ʤʩ 

ʉʣʦʡ ʄʘʰʠʥʘ 1 ʄʘʰʠʥʘ 2 ʄʘʰʠʥʘ 3 

Input 18 30 18 

Convolution 1 4365 6147 4795 

Pooling 1 7136 7209 3597 

Convolution 2 23801 30100 24834 

Pooling 2 4008 4033 1950 

Convolution 3 14587 18453 14389 

Convolution 4 14504 18992 14360 

Convolution 5 14440 19086 14375 

Pooling 3 1001 1123 514 

Flatten 171 203 104 

Dense 1 309 295 333 

Dense 2 194 207 198 

Dropout 22 28 15 

Dense 3 19 18 19 

ʆʙʱʝʝ ʚʨʝʤʷ 84575 105924 79501 

 

ɼʘʥʥʳʝ ʦ ʤʘʰʠʥʘʭ ʠʟ ʪʘʙʣʠʮʳ 1: 

ʄʘʰʠʥʘ 1 ï Windows 10, ʧʨʦʮʝʩʩʦʨ: Intel Core i7-11710 OEM, 32 ɻɹ RAM 

ʄʘʰʠʥʘ 2 ï Windows 11, ʧʨʦʮʝʩʩʦʨ: AMD Ryzen 7 5800H with Radeon Graphics, 16 ɻɹ RAM 

ʄʘʰʠʥʘ 3 ï GitHub Ubuntu 24.04, ʧʨʦʮʝʩʩʦʨ: AMD EPYC 7763 2 Cores, 15 ɻɹ RAM 

ɺʦ ʚʨʝʤʷ ʨʘʟʨʘʙʦʪʢʠ ʙʳʣ ʧʦʣʫʯʝʥ ʟʥʘʯʠʪʝʣʴʥʳʡ ʧʨʠʨʦʩʪ ʩʢʦʨʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʯʘʣʴ-

ʥʳʭ ʵʪʘʧʦʚ. ʆʜʥʘʢʦ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʩʫʱʝʩʪʚʫʶʪ ʙʠʙʣʠʦʪʝʢʠ, ʨʘʙʦʪʘʶʱʠʝ ʥʘʤʥʦʛʦ ʙʳʩʪʨʝʝ 

[16, 17]. ʅʘʧʨʠʤʝʨ, ʙʠʙʣʠʦʪʝʢʠ, ʠʩʧʦʣʴʟʫʶʱʠʝ ʬʨʝʡʤʚʦʨʢʠ TensorFlow/Keras ʩ ʠʥʪʝʨʬʝʡʩʦʤ 

ʥʘ ʷʟʳʢʝ Python, ʥʦ ʷʜʨʦʤ ʥʘ C/C++, ʠʤʝʶʪ ʚʨʝʤʷ ʦʙʨʘʙʦʪʢʠ ʪʦʛʦ ʞʝ ʢʦʣʠʯʝʩʪʚʘ ʠʟʦʙʨʘʞʝʥʠʡ 

0,6255ʩ. ʩ ʪʦʯʥʦʩʪʴʶ 98,32%. 

ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʘʟʨʘʙʦʪʘʥʥʘʷ ʙʠʙʣʠʦʪʝʢʘ ʩʦʟʜʘʚʘʣʘʩʴ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʢʘʢ ʫʯʝʙʥʳʡ 

ʧʨʦʝʢʪ, ʥʘʧʨʘʚʣʝʥʥʳʡ ʥʘ ʛʣʫʙʦʢʦʝ ʧʦʥʠʤʘʥʠʝ ʘʨʭʠʪʝʢʪʫʨʳ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ ʠ ʧʨʦʮʝʩʩʦʚ ʠʥ-

ʬʝʨʝʥʩʘ. ʂʦʜ ʙʳʣ ʨʝʘʣʠʟʦʚʘʥ ʢʦʤʘʥʜʦʡ ʠʟ ʪʨʸʭ ʨʘʟʨʘʙʦʪʯʠʢʦʚ ʧʦʜ ʨʫʢʦʚʦʜʩʪʚʦʤ ʵʢʩʧʝʨʪʦʚ, 

ʧʨʠ ʵʪʦʤ ʦʩʥʦʚʥʦʡ ʟʘʜʘʯʝʡ ʙʳʣʘ ʢʦʨʨʝʢʪʥʘʷ ʨʘʙʦʪʘ ʘʣʛʦʨʠʪʤʦʚ, ʘ ʥʝ ʤʘʢʩʠʤʘʣʴʥʘʷ ʦʧʪʠʤʠʟʘ-

ʮʠʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ. ʂʘʞʜʳʡ ʠʟ ʥʘʩ ʧʦʣʫʯʠʣ ʦʛʨʦʤʥʳʡ ʦʧʳʪ ʚ ʢʦʤʘʥʜʥʦʡ ʨʘʟʨʘʙʦʪʢʝ, ʯʪʦ 

ʟʥʘʯʠʪʝʣʴʥʦ ʫʧʨʦʩʪʠʪ ʘʜʘʧʪʘʮʠʶ ʧʨʠ ʜʘʣʴʥʝʡʰʝʡ ʨʘʙʦʪʝ. 

ɺ ʜʘʣʴʥʝʡʰʝʤ ʧʣʘʥʠʨʫʝʪʩʷ ʨʘʟʚʠʪʴ ʠ ʫʩʢʦʨʠʪʴ ʨʘʙʦʪʫ ʥʘʰʝʡ ʙʠʙʣʠʦʪʝʢʠ, ʠʩʧʦʣʴʟʫʷ ʙʦʣʝʝ 

ʩʣʦʞʥʳʝ ʘʣʛʦʨʠʪʤʳ ʦʧʪʠʤʠʟʘʮʠʠ ʛʨʘʬʘ ʠ ʨʘʟʣʠʯʥʳʝ ʚʠʜʳ ʧʘʨʘʣʣʝʣʠʟʤʘ ʜʣʷ ʢʦʥʢʨʝʪʥʳʭ ʩʣʦ-

ʸʚ. ʊʘʢʞʝ ʜʘʥʥʘʷ ʙʠʙʣʠʦʪʝʢʘ ʙʫʜʝʪ ʧʦʜʜʝʨʞʠʚʘʪʴ ʙʦʣʝʝ ʩʣʦʞʥʳʝ ʩʝʪʠ, ʥʘʧʨʠʤʝʨ ʩʝʤʝʡʩʪʚʘ 

ONNX ʠ YOLO, ʜʣʷ ʯʝʛʦ ʙʫʜʫʪ ʨʘʩʰʠʨʝʥʳ ʚʦʟʤʦʞʥʦʩʪʠ ʛʨʘʬʘ ʠ ʥʘʧʠʩʘʥʳ ʥʦʚʳʝ ʩʣʦʠ. 
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ʇʆʉʊʈʆɽʅʀɽ ʆɹʆɹʑɽʅʅʆɻʆ ╗  ʋʇʈɸɺʃɽʅʀʗ 

ɼʃʗ ʉʀʉʊɽʄʓ ʄɸʊʔɽ ʅɸ ʂʆʅɽʏʅʆʄ ʀʅʊɽʈɺɸʃɽ 

ʇʆ ɸʇʈʀʆʈʅʓʄ ʀ ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅʓʄ ɼɸʅʅʓʄ1*  

ɸ.ɺ. ʉʪʝʧʘʥʦʚ 

ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʘʨʭʠʪʝʢʪʫʨʥʦ-ʩʪʨʦʠʪʝʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, 

ʅʘʫʯʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ çʉʠʨʠʫʩè 

ɺ ʩʪʘʪʴʝ ʨʘʩʩʤʦʪʨʝʥ ʧʦʜʭʦʜ ʧʦʩʪʨʦʝʥʠʷ ʨʦʙʘʩʪʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʥʘ ʢʦʥʝʯʥʦʤ ʠʥʪʝʨ-

ʚʘʣʝ ʜʣʷ ʣʠʥʝʡʥʳʭ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʩʠʩʪʝʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʧʨʠʦʨʥʦʡ ʠʥʬʦʨʤʘ-

ʮʠʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʪʨʘʜʠʮʠʦʥʥʳʭ ʧʦʜʭʦʜʦʚ, ʤʝʪʦʜ ʥʝ 

ʪʨʝʙʫʝʪ ʚʳʧʦʣʥʝʥʠʷ ʫʩʣʦʚʠʷ ʧʦʩʪʦʷʥʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ ʠʣʠ ʠʜʝʥʪʠʬʠʮʠʨʫʝʤʦʩʪʠ ʩʠ-

ʩʪʝʤʳ. ʇʨʝʜʣʦʞʝʥʥʘʷ ʩʭʝʤʘ ʦʙʲʝʜʠʥʷʝʪ ʧʨʝʠʤʫʱʝʩʪʚʘ ʤʦʜʝʣʝʡ, ʧʦʩʪʨʦʝʥʥʳʭ ʥʘ ʦʩ-

ʥʦʚʝ ʜʘʥʥʳʭ, ʠ ʨʦʙʘʩʪʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ, ʦʩʥʦʚʘʥʥʦʛʦ ʥʘ ʘʧʨʠʦʨʥʳʭ ʟʥʘʥʠʷʭ, ʦʙʝʩʧʝ-

ʯʠʚʘʷ ʫʣʫʯʰʝʥʥʳʝ ʛʘʨʘʥʪʠʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʠ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ. ʕʬʬʝʢʪʠʚʥʦʩʪʴ 

ʧʦʜʭʦʜʘ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʥʘ ʯʠʩʣʝʥʥʦʤ ʧʨʠʤʝʨʝ, ʦʩʥʦʚʘʥʥʦʤ ʥʘ ʜʠʩʢʨʝʪʥʦʡ ʤʦ-

ʜʝʣʠ ʫʨʘʚʥʝʥʠʷ ʄʘʪʴʝ, ʦʧʠʩʳʚʘʶʱʝʛʦ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʝ ʢʦʣʝʙʘʥʠʷ ʣʠʥʝʡʥʦʛʦ ʦʩʮʠʣ-

ʣʷʪʦʨʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʦʙʦʙʱʝʥʥʘʷ ╗ -ʥʦʨʤʘ, ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʴ, ʨʦʙʘʩʪʥʦʝ ʫʧʨʘʚʣʝʥʠʝ, 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ, ʣʠʥʝʡʥʳʝ ʤʘʪʨʠʯʥʳʝ ʥʝʨʘʚʝʥʩʪʚʘ. 

 

1. ɺʚʝʜʝʥʠʝ 

ʉʦʚʨʝʤʝʥʥʳʝ ʤʝʪʦʜʳ ʩʠʥʪʝʟʘ ʨʦʙʘʩʪʥʳʭ ʟʘʢʦʥʦʚ ʫʧʨʘʚʣʝʥʠʷ ʘʢʪʠʚʥʦ ʨʘʟʚʠʚʘʶʪʩʷ ʚ 

ʥʘʧʨʘʚʣʝʥʠʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʧʨʦʮʝʩʩʝ ʠʩʩʣʝʜʦʚʘʥʠʡ 

[3,4,5]. ʊʨʘʜʠʮʠʦʥʥʳʝ ʧʦʜʭʦʜʳ ʚ ʦʩʥʦʚʥʦʤ ʦʧʠʨʘʶʪʩʷ ʥʘ ʘʧʨʠʦʨʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʩʠʩʪʝʤʝ. 

ʆʜʥʘʢʦ, ʧʨʠʤʝʥʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʩʦʚʤʝʩʪʥʦ ʩ ʘʧʨʠʦʨʥʦʡ ʠʥʬʦʨʤʘʮʠʝʡ ʚ ʠʪʦʛʝ 

ʫʣʫʯʰʘʝʪ ʢʘʯʝʩʪʚʦ ʫʧʨʘʚʣʝʥʠʷ [9,10]. ʆʩʦʙʝʥʥʦ ʵʪʦ ʘʢʪʫʘʣʴʥʦ ʜʣʷ ʩʠʩʪʝʤ ʩ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ 

ʥʝʦʧʨʝʜʝʣʸʥʥʦʩʪʴʶ. ʊʘʢʠʝ ʤʝʪʦʜʳ ʧʨʝʜʧʦʣʘʛʘʶʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʦʜʝʣʠ ʣʠʥʝʡʥʦʡ ʜʨʦʙʥʦ-

ʯʘʩʪʠʯʥʦʡ ʪʨʘʥʩʬʦʨʤʘʮʠʠ (LFT), ʛʜʝ ʩʠʩʪʝʤʘ ʨʘʟʙʠʚʘʝʪʩʷ ʥʘ ʜʚʝ ʧʦʜʩʠʩʪʝʤʳ: ʠʟʚʝʩʪʥʫʶ ʠ ʩʦ-

ʜʝʨʞʘʱʫʶ ʥʝʦʧʨʝʜʝʣʸʥʥʳʝ ʧʘʨʘʤʝʪʨʳ. 

ʇʨʠ ʩʠʥʪʝʟʝ ʨʦʙʘʩʪʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, 

ʯʪʦ ʚʦʟʤʫʱʝʥʠʷ ʠ ʦʰʠʙʢʠ ʠʟʤʝʨʝʥʠʡ ʠʤʝʶʪ ʦʛʨʘʥʠʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʢʦʨʨʝʢʪʥʦ 

ʦʧʨʝʜʝʣʠʪʴ ʦʙʣʘʩʪʴ ʥʝʦʧʨʝʜʝʣʸʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʯʝʨʝʟ ʢʚʘʜʨʘʪʠʯʥʳʝ ʥʝʨʘʚʝʥʩʪʚʘ. ʆʜʥʘʢʦ ʧʨʷ-

ʤʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʜʣʷ ʩʠʥʪʝʟʘ ʨʦʙʘʩʪʥʳʭ ʟʘʢʦʥʦʚ ʫʧʨʘʚʣʝʥʠʷ ʚʳ-

ʟʳʚʘʝʪ ʩʣʦʞʥʦʩʪʠ, ʩʚʷʟʘʥʥʳʝ ʩ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʚʳʧʦʣʥʝʥʠʷ ʨʘʥʛʦʚʳʭ ʫʩʣʦʚʠʡ, ʦʙʝʩʧʝʯʠʚʘʶ-

ʱʠʭ ʠʜʝʥʪʠʬʠʮʠʨʫʝʤʦʩʪʴ ʧʘʨʘʤʝʪʨʦʚ.  

ɺ ʨʘʙʦʪʘʭ [3,4,5,7] ʙʳʣʠ ʧʨʝʜʣʦʞʝʥʳ ʥʦʚʳʝ ʧʦʜʭʦʜʳ, ʧʦʟʚʦʣʷʶʱʠʝ ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʟʘʢʦʥʳ 

ʫʧʨʘʚʣʝʥʠʷ ʧʦ ʘʧʨʠʦʨʥʳʤ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ ʙʝʟ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʚʳʧʦʣʥʝʥʠʷ ʫʩʣʦ-

ʚʠʡ ʧʦʩʪʦʷʥʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ. ɺ ʯʘʩʪʥʦʩʪʠ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʦʙʦʙʱʸʥʥʦʡ Ὄ  -ʥʦʨʤʳ, ʚʳʨʘʞʝʥ-

ʥʦʡ ʯʝʨʝʟ ʢʚʘʜʨʘʪʠʯʥʳʝ ʬʫʥʢʮʠʠ ʃʷʧʫʥʦʚʘ ʜʣʷ ʜʚʦʡʩʪʚʝʥʥʳʭ ʩʠʩʪʝʤ, ʧʦʟʚʦʣʠʣʦ ʧʨʝʦʜʦʣʝʪʴ 

ʵʪʠ ʦʛʨʘʥʠʯʝʥʠʷ [9,10]. ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʦʧʠʩʘʥ ʧʦʜʭʦʜ ʢ ʧʦʩʪʨʦʝʥʠʶ ʨʦʙʘʩʪʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ 

ʜʣʷ ʧʦʣʥʦʩʪʴʶ ʥʝʦʧʨʝʜʝʣʸʥʥʳʭ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʩʠʩʪʝʤ ʥʘ ʢʦʥʝʯʥʦʤ ʠʥʪʝʨʚʘʣʝ ʚʨʝʤʝʥʠ, ʠʩ-

ʧʦʣʴʟʫʷ ʢʘʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ, ʪʘʢ ʠ ʘʧʨʠʦʨʥʳʝ ʟʥʘʥʠʷ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʵʪʦʤ ʥʝ 

ʪʨʝʙʫʝʪʩʷ ʚʳʧʦʣʥʝʥʠʝ ʫʩʣʦʚʠʡ ʠʜʝʥʪʠʬʠʮʠʨʫʝʤʦʩʪʠ, ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʞʘʝʪ ʦʙʲʝʤ ʪʨʝʙʫʝ-

ʤʳʭ ʜʘʥʥʳʭ. 

                                                      
1* ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʅʌ (ʧʨʦʝʢʪ ˉ 24-11-20023). 
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2. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ 

2.1. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ 

ʈʘʩʩʤʦʪʨʠʤ ʣʠʥʝʡʥʫʶ ʥʝʩʪʘʮʠʦʥʘʨʥʫʶ ʩʠʩʪʝʤʫ ʩ ʥʝʦʧʨʝʜʝʣʸʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ: 

 

x(t+1) = ὃx(t) + ὄu(t) + w(t),        x (0) = ὼ (2.1) 

z(t) = ὅx(t) + Ὀu(t), t = 0, é. N-1 

 

ʛʜʝ ὼὸ Ὑɸ  - ʚʝʢʪʦʨ ʩʦʩʪʦʷʥʠʷ ʩʠʩʪʝʤʳ, όὸ Ὑɸ  - ʫʧʨʘʚʣʷʶʱʝʝ ʚʦʟʜʝʡʩʪʚʠʝ, ύὸᶲ
Ὑ   ʚʥʝʰʥʠʝ ʚʦʟʤʫʱʝʥʠʷ, ʘ ᾀὸ Ὑɸ  - ʮʝʣʝʚʦʡ ʚʳʭʦʜ. ʄʘʪʨʠʮʳ ὃ, ὄ, ὅ ʠ Ὀ ʥʝʠʟʚʝʩʪʥʳ 

ʠ ʧʨʠʥʘʜʣʝʞʘʪ ʤʥʦʞʝʩʪʚʫ ʥʝʦʧʨʝʜʝʣʸʥʥʦʩʪʝʡ ɝ, ʟʘʜʘʚʘʝʤʦʤʫ ʥʘ ʦʩʥʦʚʝ ʢʘʢ ʘʧʨʠʦʨʥʦʡ ʠʥ-
ʬʦʨʤʘʮʠʠ, ʪʘʢ ʠ ʜʘʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. 

ɺ ʦʙʱʝʤ ʧʣʘʥʝ ʪʨʝʙʫʝʪʩʷ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʠ ʘʧʨʠʦʨʥʦʡ 

ʠʥʬʦʨʤʘʮʠʠ ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʣʠʥʝʡʥʳʝ ʦʙʨʘʪʥʳʝ ʩʚʷʟʠ ʧʦ ʩʦʩʪʦʷʥʠʶ, ʢʦʪʦʨʳʝ ʦʧʪʠʤʠʟʠʨʫʶʪ 

ʫʨʦʚʝʥʴ ʛʘʰʝʥʠʷ ʥʘʯʘʣʴʥʳʭ ʠ/ʠʣʠ ʚʥʝʰʥʠʭ ʚʦʟʤʫʱʝʥʠʡ ʥʘ ʢʦʥʝʯʥʦʤ ʛʦʨʠʟʦʥʪʝ. 

ʀʥʬʦʨʤʘʮʠʷ ʦ ʥʝʠʟʚʝʩʪʥʳʭ ʤʘʪʨʠʮʘʭ ʩʠʩʪʝʤʳ (2.1) ʠʟʚʣʝʢʘʝʪʩʷ ʠʟ ʢʦʥʝʯʥʦʛʦ ʥʘʙʦʨʘ ʠʟʤʝ-

ʨʝʥʠʡ ʝʝ ʪʨʘʝʢʪʦʨʠʠ ʜʣʠʥʦʡ N ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʠʷ L Ó 1 ʵʢʩʧʝʨʠʤʝʥʪʦʚ. ʇʨʝʜʧʦʣʦʞʠʤ, 

ʯʪʦ ʚ l-ʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʦʣʫʯʝʥʳ ʠʟʤʝʨʝʥʠʷ ʩʦʩʪʦʷʥʠʷ ʩʠʩʪʝʤʳ ὼȟȟὼȟȟȣȟὼȟ ʠ ʮʝʣʝʚʦʛʦ ʚʳ-
ʭʦʜʘ ᾀȟȟᾀȟȟȣȟᾀ ȟ ʧʨʠ ʚʳʙʨʘʥʥʳʭ ʫʧʨʘʚʣʝʥʠʷʭ όȟȟόȟȟȣȟό ȟ ʠ ʥʝʢʦʪʦʨʳʭ ʥʝʠʟʚʝʩʪʥʳʭ 
ʚʦʟʤʫʱʝʥʠʷʭ ύȟȟύȟȟȣȟύ ȟ. ɼʣʷ ʢʘʞʜʦʛʦ t = 0, é. , N-1 ʩʦʩʪʘʚʠʤ ʤʘʪʨʠʮʳ 

 

ɮ ὼȟỄὼȟ ȟὟ όȟỄόȟ ȟ ὡ ύȟỄύȟ ȟ ὤ ᾀȟỄᾀȟ  (2.2) 

 
ʜʣʷ ʢʦʪʦʨʳʭ ʚ ʩʠʣʫ ʫʨʘʚʥʝʥʠʷ ʦʙʲʝʢʪʘ (2.1) ʚʳʧʦʣʥʷʝʪʩʷ 

 

ɮ ὃ ɮ ὄ Ὗ ὡ                                           ςȢσ 

ὤ ὅ ɮ Ὀ Ὗ, 

 

ʛʜʝ ὃ ȟὄ , ὅ , Ὀ  ï ʨʝʘʣʴʥʳʝ ʥʝʠʟʚʝʩʪʥʳʝ ʤʘʪʨʠʮʳ ʫʨʘʚʥʝʥʠʡ ʩʠʩʪʝʤʳ.  

ʆʙʦʟʥʘʯʠʤ 

 

ɝ   
ὃ ὄ

ὅ Ὀ
,  ɮ  

ɮ
Ὗ

, ɮ   
ɮ
ὤ

, 7   
7
π

 

 

ʠ ʟʘʧʠʰʝʤ ʫʨʘʚʥʝʥʠʷ (2.3) ʚ ʚʠʜʝ ʣʠʥʝʡʥʦʡ ʤʘʪʨʠʯʥʦʡ ʨʝʛʨʝʩʩʠʠ 

 

ɮ  ɝ ɮ ὡ    

t = 0, é., N-1 (2.4) 

 

ɼʦʧʫʩʪʠʤ, ʯʪʦ ʚʦʟʤʫʱʝʥʠʝ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʫʩʣʦʚʠʶ В  ύȟ ύȟ
ὡὡT ɱ, ʪ.ʝ.  

ὡὡ  
  ẘ
π π

 =   (2.5) 

ɺ ʯʘʩʪʥʦʩʪʠ, ʝʩʣʠ В  ύȟ ‌ ȟ̓  ̏  ‌Ὅ. ɽʩʣʠ ʜʣʷ ʚʩʝʭ t ʚʦʟʤʫʱʝʥʠʝ ʫʜʦʚʣʝʪʚʦʨʷ-

ʝʪ ʦʛʨʘʥʠʯʝʥʠʶ ȿύὸȿ  Ò Ὠ ʜʣʷ ʥʝʢʦʪʦʨʦʛʦ ʟʘʜʘʥʥʦʛʦ Ὠ, ʢʦʪʦʨʦʝ ʙʫʜʝʤ ʥʘʟʳʚʘʪʴ ʫʨʦʚʥʝʤ 

ʚʦʟʤʫʱʝʥʠʷ, ʪʦ    Ὠὲὒὄȟὄȟ. 
ɼʘʣʝʝ, ʠʟ (2.5) ʩʣʝʜʫʝʪ, ʯʪʦ ʤʘʪʨʠʮʳ ɝ ʧʦʨʷʜʢʘ (ὲ ὲ) x (ὲ ὲ), ʢʦʪʦʨʳʝ ʤʦʛʣʠ ʙʳ 

ʛʝʥʝʨʠʨʦʚʘʪʴ ʧʦʣʫʯʝʥʥʳʝ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʤʘʪʨʠʮʳ ɮ  ʠ ὤ ʧʨʠ ʚʳʙʨʘʥʥʳʭ ʫʧʨʘʚʣʝʥʠʷʭ Ὗ ʠ 

ʥʝʢʦʪʦʨʳʭ ʤʘʪʨʠʮʘʭ  ὡ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʭ ʦʛʨʘʥʠʯʝʥʠʶ (2.5), ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʥʝʨʘʚʝʥʩʪʚʘ-
ʤʠ 
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ɮ ɝɮ  ɮ ɝɮ
4
ɱ,  t = 0, é., N-1 (2.6) 

 

ʇʨʝʜʩʪʘʚʠʤ ʵʪʠ ʥʝʨʘʚʝʥʩʪʚʘ ʚ ʚʠʜʝ 

 

ɝ Ὅ ɰ ὸɝ Ὅ
T
πȟὸ  πȟȢȢȢȟὔ ρ (2.7) 

 

ɻʜʝ ʩʠʤʤʝʪʨʠʯʝʩʢʠʝ ʤʘʪʨʠʮʳ ɰ ὸ ʧʦʨʷʜʢʘ (ςὲ ὲ  + ὲ) Ĭ (ςὲ ὲ  + ὲ) ʨʘʟʙʠʚʘ-

ʶʪʩʷ ʥʘ ʙʣʦʢʠ ɰ ὸ, i,j = 1,é.4 ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʧʦʨʷʜʢʘ ʠ ʚʳʯʠʩʣʷʶʪʩʷ ʢʘʢ 

 

 (2.8) 

 

ʆʙʦʟʥʘʯʠʤ  ʤʥʦʞʝʩʪʚʦ ʤʘʪʨʠʮ ɝ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʭ ʜʣʷ ʜʘʥʥʦʛʦ t ʥʝʨʘʚʝʥʩʪʚʫ (2.7), 

ʜʣʷ ʜʘʥʥʦʛʦ t. 

2.2. ɸʧʨʠʦʨʥʘʷ ʠʥʬʦʨʤʘʮʠʷ 

ʇʫʩʪʴ ʠʤʝʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʦ ʪʦʤ, ʯʪʦ ʥʝʠʟʚʝʩʪʥʘʷ ʤʘʪʨʠʮʘ ɝ  ,  

t = 0,é, N-1 ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʦʛʨʘʥʠʯʝʥʠʷʤ 

ɝ ɝᶻ ɝ ɝᶻT ʍὍ, ɝᶻ
ὃᶻ ὄᶻ

ὅᶻ Ὀᶻ
  

ɝȟ
ᶻ

ɝȟ
ᶻ   (2.9) 

ʚ ʢʦʪʦʨʳʭ ɝᶻ ʠ ʍ - ʟʘʜʘʥʥʳʝ ʤʘʪʨʠʮʳ ʠ ʩʢʘʣʷʨʳ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʮʝʥʪʨʳ ʠ ʨʘʟʤʝʨʳ ʦʙʣʘʩʪʝʡ 

ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʠ. ɿʘʧʠʰʝʤ ʵʪʦ ʥʝʨʘʚʝʥʩʪʚʦ ʚ ʚʠʜʝ 

 

ɝ Ὅ ɰ ὸɝ Ὅ π,  (2.10) 

 

ʛʜʝ ʤʘʪʨʠʮʘ ɰ (t) ʩʦʩʪʦʠʪ ʠʟ ʙʣʦʢʦʚ ɰȟ ὸ, i,j = 1,..., 4 ʠ ʠʤʝʝʪ ʚʠʜ 

  (2.11) 

ʆʙʦʟʥʘʯʠʤ  ʤʥʦʞʝʩʪʚʦ ʤʘʪʨʠʮ ɝ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʭ ʜʣʷ ʜʘʥʥʦʛʦ t ʥʝʨʘʚʝʥʩʪʚʫ (2.10), 

ʢʦʪʦʨʦʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ñʤʘʪʨʠʯʥʫʶ ʩʬʝʨʫò. ʂʨʦʤʝ ʪʦʛʦ, ʦʙʦʟʥʘʯʠʤ ɝ =  =   ᷊

  ʤʥʦʞʝʩʪʚʦ ʤʘʪʨʠʮ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʭ ʥʝʨʘʚʝʥʩʪʚʘʤ (2.7) ʠ (2.10). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ◄ - ʵʪʦ 

ʤʥʦʞʝʩʪʚʦ ʚʩʝʭ ʤʘʪʨʠʮ ɝ, ʩʦʛʣʘʩʦʚʘʥʥʳʭ ʧʨʠ ʜʘʥʥʦʤ t ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʠ ʘʧʨʠʦʨʥʳʤʠ 

ʜʘʥʥʳʤʠ. ʆʯʝʚʠʜʥʦ, ʯʪʦ  ᶰ ◄. ʅʘ ʨʠʩʫʥʢʝ 1 ʩʭʝʤʘʪʠʯʥʦ ʠʟʦʙʨʘʞʝʥʳ ʤʥʦʞʝʩʪʚʘ  

 ʠ ʠʭ ʧʝʨʝʩʝʯʝʥʠʝ ◄.  
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ʈʠʩ.1. ʄʥʦʞʝʩʪʚʘ ȟ ȟ ◄ ʤʘʪʨʠʮ, ʩʦʛʣʘʩʦʚʘʥʥʳʭ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ, ʘʧʨʠʦʨʥʳʤʠ ʜʘʥʥʳʤʠ ʠ 
ʠʭ ʧʝʨʝʩʝʯʝʥʠʝʤ 

ʆʙʦʟʥʘʯʠʤ ʥʘʙʦʨ ʤʘʪʨʠʮ ɝ ȟ ɝȟȢȢȢȟɝ ), ʩʦʛʣʘʩʦʚʘʥʥʳʭ ʪʦʣʴʢʦ ʩ ʵʢʩʧʝʨʠʤʝʥ-

ʪʘʣʴʥʳʤʠ, ʪʦʣʴʢʦ ʩ ʘʧʨʠʦʨʥʳʤʠ, ʘ ʪʘʢʞʝ ʩ ʪʝʤʠ ʠ ʜʨʫʛʠʤʠ ʜʘʥʥʳʤʠ ʜʣʷ ʚʩʝʭ t = 0, é. , N-1 ʩʦ-

ʦʪʚʝʪʩʪʚʝʥʥʦ ʯʝʨʝʟ ȟ  = ( ,é., ), ȟ  = ( ,é., ) ʠ Ȣ╝  = 

( ȟȣȢȟ╝  = ȟ  ᷊ ȟ . 

2.3. ɿʘʜʘʯʘ ʫʧʨʘʚʣʝʥʠʷ 

ʂʘʯʝʩʪʚʦ ʥʝʦʧʨʝʜʝʣʝʥʥʦʡ ʩʠʩʪʝʤʳ (2.1), ʟʘʤʢʥʫʪʦʡ ʫʧʨʘʚʣʝʥʠʝʤ ʚʠʜʘ ʣʠʥʝʡʥʦʡ ʥʝʩʪʘʮʠʦ-

ʥʘʨʥʦʡ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʧʦ ʩʦʩʪʦʷʥʠʶ u(t) = ˿x(t), ʙʫʜʝʤ ʦʮʝʥʠʚʘʪʴ ʤʘʢʩʠʤʘʣʴʥʦ ʚʦʟʤʦʞʥʳʤ 
ʫʨʦʚʥʝʤ ʛʘʰʝʥʠʷ ʥʘʯʘʣʴʥʦʛʦ ʠ ʚʥʝʰʥʝʛʦ ʚʦʟʤʫʱʝʥʠʡ, ʪ.ʝ. ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʝʡ ʦʙʦʙʱʝʥʥʦʡ ˚ -

ʥʦʨʤʳ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʧʨʠ ʚʩʝʭ ʤʘʪʨʠʮʘʭ ʩʠʩʪʝʤʳ, ʩʦʛʣʘʩʦʚʘʥʥʳʭ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ 

ʠ ʘʧʨʠʦʨʥʳʤʠ ʜʘʥʥʳʤʠ: 

 (2.12) 

ʛʜʝ R = Ὑ> 0 ʠ S = Ὓ> 0 - ʚʝʩʦʚʳʝ ʤʘʪʨʠʮʳ ʥʘʯʘʣʴʥʦʛʦ ʠ ʪʝʨʤʠʥʘʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʡ ʩʦʦʪʚʝʪ-

ʩʪʚʝʥʥʦ ᴁ‚ᴁȟ = В ȿ‚Ὥȿ. ʉʤʳʩʣ ʵʪʦʛʦ ʢʨʠʪʝʨʠʷ ʤʦʞʥʦ ʧʦʷʩʥʠʪʴ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ʉʦ-

ʩʪʦʷʥʠʝ ʩʠʩʪʝʤʳ ʚ ʪʝʢʫʱʠʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʟʘʚʠʩʠʪ ʣʠʥʝʡʥʦ ʦʪ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʠ ʚʦʟʤʫ-

ʱʝʥʠʡ ʠ ʠʭ ʫʚʝʣʠʯʝʥʠʝ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʧʝʨʝʤʝʥʥʳʭ ʩʦʩʪʦʷʥʠʷ. ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʭʘʨʘʢ-

ʪʝʨʠʟʦʚʘʪʴ ʧʦʚʝʜʝʥʠʝ ʩʠʩʪʝʤʳ ʧʨʠ ʥʝʦʧʨʝʜʝʣʝʥʥʳʭ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʠ ʚʦʟʤʫʱʝʥʠʷʭ, ʥʦʨ-

ʤʘʣʠʟʫʝʤ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʬʫʥʢʮʠʦʥʘʣ ʚʝʣʠʯʠʥʦʡ, ʨʘʚʥʦʡ ʫʢʘʟʘʥʥʦʡ ʚ ʟʥʘʤʝʥʘʪʝʣʝ ʩʫʤʤʝ, 

ʠʣʠ, ʯʪʦ ʪʦ ʞʝ ʩʘʤʦʝ ʜʣʷ ʣʠʥʝʡʥʦʡ ʩʠʩʪʝʤʳ, ʦʛʨʘʥʠʯʠʤ ʵʪʫ ʩʫʤʤʫ ʝʜʠʥʠʮʝʡ. 

ʂʦʛʜʘ ʥʘʯʘʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ ʥʫʣʝʚʦʝ, ʦʙʦʙʱʝʥʥʘʷ ˚ - ʥʦʨʤʘ ʧʨʝʚʨʘʱʘʝʪʩʷ ʚ ʩʪʘʥʜʘʨʪʥʫʶ 

˚ -ʥʦʨʤʫ 

 (2.13) 

ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ R Ÿ 0 ʚ ʦʙʦʙʱʝʥʥʦʡ ˚ -ʥʦʨʤʝ (2.11). ʇʨʠ ʦʪʩʫʪʩʪʚʠʠ ʚʥʝʰʥʝʛʦ ʚʦʟʤʫʱʝ-

ʥʠʷ, ʪ.ʝ. ʧʨʠ w(t) ſ 0, ʢʨʠʪʝʨʠʡ (2.11) ʧʨʠʥʠʤʘʝʪ ʚʠʜ ʪʘʢ ʥʘʟʳʚʘʝʤʦʡ ‎- ʥʦʨʤʳ 

 (2.14) 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʡ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʢʚʘʜʨʘʪʠʯʥʦʛʦ ʬʫʥʢʮʠʦʥʘʣʘ ʥʘ ʪʨʘʝʢʪʦʨʠʷʭ ʩʠʩʪʝʤʳ 

ʧʨʠ ʥʘʯʘʣʴʥʳʭ ʩʦʩʪʦʷʥʠʷʭ, ʧʨʠʥʘʜʣʝʞʘʱʠʭ ʵʣʣʠʧʩʦʠʜʫ ὼὙ ὼ <=1. ɽʩʣʠ ʚ ʫʨʘʚʥʝʥʠʠ (2.1) 
ʠʤʝʝʤ ὅ ſ 0 ʠ Ὀ ſ 0, ʪʦ ʧʦʣʫʯʠʤ ʚʝʨʭʥʶʶ ʛʨʘʥʠʮʫ ʪʘʢ ʥʘʟʳʚʘʝʤʦʛʦ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʫʢʣʦʥʝʥʠʷ 

ʪʝʨʤʠʥʘʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʟʘʤʢʥʫʪʦʡ ʥʝʦʧʨʝʜʝʣʝʥʥʦʡ ʩʠʩʪʝʤʳ 
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 (2.15) 

ɿʘʜʘʯʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦʙʳ, ʥʝ ʠʤʝʷ ʠ ʥʝ ʩʪʨʦʷ ʤʘʪʝʤʘʪʠʯʝʩʢʫʶ ʤʦʜʝʣʴ ʩʠʩʪʝʤʳ, 

ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʫʧʨʘʚʣʝʥʠʝ, ʧʨʠ ʢʦʪʦʨʦʤ ʦʜʠʥ ʠʟ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʚʳʰʝ ʢʨʠʪʝʨʠʝʚ ʦʛʨʘʥʠʯʝʥ ʟʘ-

ʜʘʥʥʦʡ ʢʦʥʩʪʘʥʪʦʡ, ʪ.ʝ. ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ‎ ˿ ȟ  Ò ‎. 

ʎʝʣʴ ʩʦʩʪʦʠʪ ʚ ʩʠʥʪʝʟʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʤʘʪʨʠʮ ʫʧʨʘʚʣʝʥʠʷ ˿, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʤʠ-
ʥʠʤʠʟʘʮʠʶ ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʳ Ὄ -ʥʦʨʤʳ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʩ ʫʯʸʪʦʤ ʧʝʨʝʭʦʜʥʳʭ ʧʨʦʮʝʩʩʦʚ 

ʜʣʷ ʚʩʝʭ ◄. 

3. ʆʙʦʙʱʝʥʥʦʝ ˚ - ʫʧʨʘʚʣʝʥʠʝ ʥʘ ʢʦʥʝʯʥʦʤ ʠʥʪʝʨʚʘʣʝ 

ʇʨʠʚʝʜʝʤ ʦʩʥʦʚʥʳʝ ʰʘʛʠ ʧʦʣʫʯʝʥʠʷ ʧʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʠ ʘʧʨʠʦʨʥʳʤ ʜʘʥʥʳʤ ʚʝʨʭʥʝʡ 

ʛʨʘʥʠʮʳ ʦʙʦʙʱʝʥʥʦʡ Ὄ -ʥʦʨʤʳ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʤʘʪʨʠʮ ʧʘʨʘʤʝʪʨʦʚ ɡ ʟʘʢʦʥʦʚ ʫʧʨʘʚʣʝʥʠʷ 

ʜʣʷ ʥʝʦʧʨʝʜʝʣʝʥʥʦʡ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ 

ὼὸ ρ ὃ ὄɡ ὼὸ ύὸȟ (3.1) 

ᾀὸ ὅ Ὀɡ ὼὸ 

ʇʨʝʜʧʦʣʘʛʘʷ, ʯʪʦ ʧʘʨʘʤʝʪʨʳ ɡ ʚʳʙʨʘʥʳ ʪʘʢ, ʯʪʦ ʟʘʤʢʥʫʪʘʷ ʩʠʩʪʝʤʘ ʫʩʪʦʡʯʠʚʘ, ʠ ʫʯʠʪʳʚʘʷ 

ʚʚʝʜʝʥʥʳʝ ʦʙʦʟʥʘʯʝʥʠʷ, ʧʨʝʜʩʪʘʚʠʤ ʵʪʠ ʫʨʘʚʥʝʥʠʷ ʚ ʚʠʜʝ 

 (3.2) 

ʛʜʝ ɝ ï ʥʝʠʟʚʝʩʪʥʘʷ ὲ ὲ ὲ ὲ -ʤʘʪʨʠʮʘ, ɡ - ὲ ὲ   - ʤʘʪʨʠʮʘ ʧʘʨʘʤʝʪʨʦʚ ʨʝʛʫ-
ʣʷʪʦʨʘ. ʋʨʘʚʥʝʥʠʷ ʜʚʦʡʩʪʚʝʥʥʦʡ ʩʠʩʪʝʤʳ ʠʤʝʶʪ ʚʠʜ 

 (3.3) 

ʈʘʩʩʤʦʪʨʠʤ ʨʘʩʰʠʨʝʥʥʫʶ ʩʠʩʪʝʤʫ ʩ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤʠ ʠʩʢʫʩʩʪʚʝʥʥʳʤʠ ʚʭʦʜʦʤ ύ ὸ  ɴ

Ὑ  ʠ ʚʳʭʦʜʦʤ ᾀ ὸᶰὙ , ʦʧʨʝʜʝʣʷʝʤʫʶ ʫʨʘʚʥʝʥʠʷʤʠ 

 (3.4) 

ʚ ʢʦʪʦʨʳʭ ὼ ὸᶰὙ  - ʩʦʩʪʦʷʥʠʝ, ύ ὸᶰὙ  - ʚʦʟʤʫʱʝʥʠʝ, ᾀ ὸ ᶰὙ - ʮʝʣʝʚʦʡ ʚʳʭʦʜ. ɼʦ-

ʧʫʩʪʠʤ, ʯʪʦ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʚʭʦʜʥʦʡ ʠ ʚʳʭʦʜʥʦʡ ʩʠʛʥʘʣʳ ʚ ʩʠʩʪʝʤʝ (3.4) ʧʨʠ ʚʩʝʭ ὸ π ʫʜʦ-
ʚʣʝʪʚʦʨʷʶʪ ʥʝʨʘʚʝʥʩʪʚʫ 

 (3.5) 

ʛʜʝ ʤʘʪʨʠʮʳ ɰ ὸ ʟʘʜʘʥʳ ʚ (2.8) ʠ (2.11). ʄʥʦʞʝʩʪʚʦ ʩʠʛʥʘʣʦʚ ύ ὸ ʦʙʦʟʥʘʯʠʤ ʢʘʢ ╦ .  

ʆʧʨʝʜʝʣʠʤ ʫʨʦʚʝʥʴ ʛʘʰʝʥʠʷ ʚʦʟʤʫʱʝʥʠʡ ʩ ʚʝʩʦʚʳʤʠ ʤʘʪʨʠʮʘʤʠ S > 0, R > 0 ʩʠʩʪʝʤʳ (3.4), 

(3.5) ʢʘʢ: 

 (3.6) 

ɿʘʤʝʪʠʤ, ʯʪʦ ύ ὸ ɝTᾀ ὸᶰ╦  ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʩʠʩʪʝʤʘ (3.3) ʧʨʠ ʚʩʝʭ ◕ ȟ ᶰ ◕ 

ñʧʦʛʨʫʞʝʥʘò ʚ ʨʘʩʰʠʨʝʥʥʫʶ ʩʠʩʪʝʤʫ (3.4), (3.5), ʘ ʦʙʦʙʱʸʥʥʘʷ Ὄ -ʥʦʨʤʘ ʩ ʚʝʩʦʚʳʤʠ ʤʘʪʨʠʮʘ-

ʤʠ S > 0 ʠ R > 0 ʜʚʦʡʩʪʚʝʥʥʦʡ ʩʠʩʪʝʤʳ (3.3) ʥʝ ʧʨʝʚʳʰʘʝʪ ʫʨʦʚʝʥʴ ʛʘʰʝʥʠʷ ʚʦʟʤʫʱʝʥʠʡ. ʉ 
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ʫʯʝʪʦʤ ʣʝʤʤʳ 3.1.[10] ʵʪʦ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʚʝʨʭʥʶʶ ʛʨʘʥʠʮʫ ʦʙʦʙʱʝʥʥʦʡ Ὄ -ʥʦʨʤr ʥʝ-

ʦʧʨʝʜʝʣʝʥʥʦʡ ʩʠʩʪʝʤʳ, ʠʩʧʦʣʴʟʫʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʩʚʦʡʩʪʚʦ ʨʘʩʰʠʨʝʥʥʦʡ ʩʠʩʪʝʤʳ. 

ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ ʊʝʦʨʝʤʝ 4.1. [10] ʚʝʨʭʥʷʷ ʛʨʘʥʠʮʘ ʦʙʦʙʱʝʥʥʦʡ Ὄ -ʥʦʨʤʳ ʥʝʦʧʨʝʜʝʣʝʥʥʦʡ 

ʩʠʩʪʝʤʳ (2.1) ʧʨʠ ʟʘʢʦʥʝ ʫʧʨʘʚʣʝʥʠʷ όὸ ɡὼὸ, ʛʜʝ ɡ ὗ ὖ , t = 0,éN-1, ʫʜʦ-

ʚʣʝʪʚʦʨʷʝʪ ʥʝʨʘʚʝʥʩʪʚʫ ɾ ˿ ȟ ȠὙȟὛ  ɾ, ʝʩʣʠ ʩʣʝʜʫʶʱʠʝ ʣʠʥʝʡʥʳʝ ʤʘʪʨʠʯʥʳʝ ʥʝʨʘ-

ʚʝʥʩʪʚʘ ʨʘʟʨʝʰʠʤʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ὖ ὖT π, ὗ, ʈ π k =1,2 

(3.7) 

ɺ ʢʦʪʦʨʳʭ ɰ   ɰ (N-1-t), i, j = 1,é,4 ʦʙʦʟʥʘʯʘʶʪ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʙʣʦʢʠ ʤʘʪʨʠʮ 

ɰ  (N-1-t), ʘ ʤʘʪʨʠʮʳ ɰ ὸ ʟʘʜʘʥʳ ʚ (2.8) ʠ (2.11). 

ʆʙʦʟʥʘʯʠʤ ʯʝʨʝʟ ‎ᶻ , ‎ , ‎  ʤʥʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ‎, ʜʣʷ ʢʦʪʦʨʳʭ ʥʝʨʘʚʝʥʩʪʚʘ (3.7) 

ʨʘʟʨʝʰʠʤʳ ʧʨʠ ‘  Ó 0, k = 1,2, ʧʨʠ ‘ 1ſ 0, ‘ Ó 0 ʠ ʧʨʠ ‘  Ó 0 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɼʨʫʛʠʤʠ 

ʩʣʦʚʘʤʠ, ʵʪʦ ʛʘʨʘʥʪʠʨʦʚʘʥʥʳʝ ʟʥʘʯʝʥʠʷ ʦʙʦʙʱʝʥʥʦʡ Ὄ ʥʦʨʤʳ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ, ʢʦʪʦʨʳʝ 

ʤʦʛʫʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʳ ʧʨʠ ʟʘʢʦʥʘʭ ʫʧʨʘʚʣʝʥʠʷ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʠ 

ʘʧʨʠʦʨʥʳʤ ʜʘʥʥʳʤ, ʪʦʣʴʢʦ ʧʦ ʘʧʨʠʦʨʥʳʤ ʠ ʪʦʣʴʢʦ ʧʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ ʩʦʦʪʚʝʪ-

ʩʪʚʝʥʥʦ. ʀʟ ʪʝʦʨʝʤʳ 4.1.[10] ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩʣʝʜʫʝʪ ʥʝʨʘʚʝʥʩʪʚʦ  

‎ᶻ  Ò min {‎ , ‎ },  

ʢʦʪʦʨʦʝ ʦʙʲʷʩʥʷʝʪ ʧʨʝʠʤʫʱʝʩʪʚʦ ʨʦʙʘʩʪʥʳʭ ʟʘʢʦʥʦʚ ʫʧʨʘʚʣʝʥʠʷ, ʧʦʩʪʨʦʝʥʥʳʭ ʧʦ ʘʧʨʠʦʨʥʳʤ ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ, ʥʘʜ ʨʦʙʘʩʪʥʳʤʠ ʟʘʢʦʥʘʤʠ ʫʧʨʘʚʣʝʥʠʷ, ʧʦʩʪʨʦʝʥʥʳʤʠ ʪʦʣʴʢʦ ʧʦ 

ʘʧʨʠʦʨʥʳʤ ʠʣʠ ʪʦʣʴʢʦ ʧʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ. ɸ ʠʤʝʥʥʦ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʢʦʛʜʘ 

ʘʧʨʠʦʨʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʜʦʩʪʘʪʦʯʥʦ ʛʨʫʙʘʷ, ʪ.ʝ. ʨʘʜʠʫʩʳ ὴ ʤʘʪʨʠʯʥʳʭ ʩʬʝʨ ʚ (2.9) ʜʦʩʪʘʪʦʯʥʦ 

ʚʝʣʠʢʠ ʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ‎  ʧʨʠʥʠʤʘʝʪ ʙʦʣʴʰʦʝ ʟʥʘʯʝʥʠʝ, ʪʦ ‎ᶻ  ʤʦʞʝʪ ʦʢʘʟʘʪʴʩʷ ʤʘʣʦʡ, ʝʩ-

ʣʠ ʧʦʤʝʭʠ ʚ ʠʟʤʝʨʝʥʠʷʭ ʥʝ ʦʯʝʥʴ ʙʦʣʴʰʠʝ, ʪ. ʝ. ʥʝʙʦʣʴʰʠʤʠ ʷʚʣʷʶʪʩʷ ʤʘʪʨʠʯʥʳʝ ʵʣʣʠʧʩʦʠʜʳ 

ɝ . ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʝʩʣʠ ʧʦʤʝʭʠ ʚ ʠʟʤʝʨʝʥʠʷʭ ʦʢʘʟʳʚʘʶʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʠʤʠ ʠ ʩʦʦʪ-

ʚʝʪʩʪʚʝʥʥʦ ʙʦʣʴʰʦʡ ʷʚʣʷʝʪʩʷ ‎  ʠʣʠ, ʙʦʣʝʝ ʪʦʛʦ, ʝʩʣʠ ʥʝ ʚʳʧʦʣʥʷʝʪʩʷ ʨʘʥʛʦʚʦʝ ʫʩʣʦʚʠʝ, ʠ 

ʠʥʬʦʨʤʘʮʠʦʥʥʘʷ ʤʘʪʨʠʮʘ ʷʚʣʷʝʪʩʷ ʚʳʨʦʞʜʝʥʥʦʡ, ʘ ʤʘʪʨʠʯʥʳʝ ʵʣʣʠʧʩʦʠʜʳ ɝ
(a)

 ʦʢʘʟʳʚʘʶʪʩʷ 

ʥʝʦʛʨʘʥʠʯʝʥʥʳʤʠ, ʪʦ ‎  ʤʦʞʝʪ, ʪʝʤ ʥʝ ʤʝʥʝʝ, ʩʪʘʪʴ ʤʘʣʦʡ ʟʘ ʩʯʝʪ ʤʘʣʦʩʪʠ ʨʘʜʠʫʩʦʚ ʤʘʪʨʠʯ-

ʥʳʭ ʩʬʝʨ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʘʧʨʠʦʨʥʦʡ ʠʥʬʦʨʤʘʮʠʠ. 

4. ʀʣʣʶʩʪʨʘʪʠʚʥʳʡ ʧʨʠʤʝʨ 

ɼʣʷ ʜʝʤʦʥʩʪʨʘʮʠʠ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʤʝʪʦʜʘ ʨʘʩʩʤʦʪʨʠʤ ʜʠʩʢʨʝʪʥʫʶ ʤʦʜʝʣʴ ʫʨʘʚʥʝʥʠʷ 

ʄʘʪʴʝ, ʦʧʠʩʳʚʘʶʱʝʛʦ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʝ ʢʦʣʝʙʘʥʠʷ ʣʠʥʝʡʥʦʛʦ ʦʩʮʠʣʣʷʪʦʨʘ: 

Äʒ

Ὠ †
‫ ρ ‐ÓÉÎʒ†‫  Õ  Öȟ 

ɼʘʥʥʳʝ ʛʝʥʝʨʠʨʫʶʪʩʷ ʩʣʝʜʫʶʱʠʤʠ ʫʨʘʚʥʝʥʠʷʤʠ: 
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ὼὸ ρ  
ρ Ὤ

‫ ρ ‐ÓÉÎ‫ὸὬ Ὤ ρ
ὼὸ  όὸ ὺ

ᾀὸ
ρ π
π π

ὼὸ  όὸȟ                        ὸ πȟȣȢȟὔ ρ
 

 

ʛʜʝ ὼὸ ὧέὰʒÔÈȟʒÔÈ , ȿʉÔÈȿ Ò d, ‫ ʌ , ‫ ςʌ, ‐ πȢπρ, h = 0.2, R = 0.1I, 

S=0.05I 

ɺ ʢʘʞʜʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʩʫʱʝʩʪʚʫʝʪ 12 ʥʝʠʟʚʝʩʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʯʪʦ ʚ ʩʫʤʤʝ ʜʘʝʪ 120 

ʧʘʨʘʤʝʪʨʦʚ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʢʦʥʝʯʥʦʤ ʠʥʪʝʨʚʘʣ ὔ ρπ. ɺ ʢʘʯʝʩʪʚʝ ʮʝʥʪʨʘ ʤʘʪʨʠʯʥʦʡ ʩʬʝ-

ʨʳ Ў  ʚ ʘʧʨʠʦʨʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʦʧʨʝʜʝʣʠʤ ʤʘʪʨʠʮʫ Ўᶻ, ʩʚʷʟʘʥʥʫʶ ʩ ʦʩʮʠʣʣʷʪʦʨʦʤ ʧʨʠ ‐ = 0. 

ɺʦʟʤʫʱʝʥʠʷ, ʥʘʯʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʠ ʫʧʨʘʚʣʷʶʱʠʝ ʚʦʟʜʝʡʩʪʚʠʷ ʚʳʙʠʨʘʶʪʩʷ ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ 

ʠʟ ʠʥʪʝʨʚʘʣʦʚ: [-d, d], [-1, 1] ʠ [-1, 1] ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

 

 

ʈʠʩ.2. ɻʘʨʘʥʪʠʨʦʚʘʥʥʳʝ ʦʙʦʙʱʝʥʥʳʝ Ὄ -ʥʦʨʤʳ ʩ ʫʯʝʪʦʤ ʧʝʨʝʭʦʜʥʳʭ ʧʨʦʮʝʩʩʦʚ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʨʘʟʣʠʯʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʨʦʚʥʷ ʚʦʟʤʫʱʝʥʠʷ d 

ʈʠʩ. 2 ʠʟʦʙʨʘʞʘʝʪ ʢʚʘʜʨʘʪʳ ʛʘʨʘʥʪʠʨʦʚʘʥʥʳʭ Ὄ -ʥʦʨʤ ʩ ʫʯʝʪʦʤ ʧʝʨʝʭʦʜʥʳʭ ʧʨʦʮʝʩʩʦʚ 

ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʧʨʠ ʪʨʝʭ ʩʮʝʥʘʨʠʷʭ: ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʦʣʴʢʦ ʘʧʨʠʦʨʥʦʡ ʠʥʬʦʨʤʘʮʠʠ (ʧʫʥʢ-

ʪʠʨʥʘʷ ʣʠʥʠʷ ɾ =0.37 ʧʨʠ ὴ = 0.02, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʦʣʴʢʦ ʜʘʥʥʳʭ ʠʟ ὒ σ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

(ʰʪʨʠʭ-ʧʫʥʢʪʠʨʥʘʷ ʢʨʠʚʘʷ ɾ ) ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʢʘʢ ʘʧʨʠʦʨʥʦʡ ʠʥʬʦʨʤʘʮʠʠ, ʪʘʢ ʠ ʜʘʥʥʳʭ 

(ʩʧʣʦʰʥʘʷ ʢʨʠʚʘʷ ɾᶻ ).  

ɿʥʘʯʝʥʠʷ ɾ  ʠ ɾ ʜʣʷ ʢʘʞʜʦʛʦ ʫʨʦʚʥʷ ʚʦʟʤʫʱʝʥʠʷ ʚʳʯʠʩʣʷʣʠʩʴ ʩ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʘʧʨʠʦʨʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʠ ʜʘʥʥʳʭ ʜʣʷ ʫʩʨʝʜʥʝʥʥʳʭ ʟʥʘʯʝʥʠʡ 20 ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪ ʫʨʦʚʥʷ ʚʦʟʤʫʱʝʥʠʷ Ὠ. ʂʦʛʜʘ ʫʨʦʚʝʥʴ ʚʦʟʤʫʱʝʥʠʷ Ὠ ʧʨʠʙʣʠʞʘʝʪʩʷ ʢ ʥʫʣʶ, ʜʘʥʥʳʝ ʜʘʶʪ 

ʪʦʯʥʦʝ ʦʧʠʩʘʥʠʝ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʠ, ʠ ɾᶻ  ʩʦʚʧʘʜʘʝʪ ʩ Ὄ - ʥʦʨʤʦʡ ʩ ʫʯʝʪʦʤ ʧʝʨʝʭʦʜʥʳʭ ʧʨʦ-

ʮʝʩʩʦʚ ʜʣʷ ʟʘʜʘʯʠ, ʦʩʥʦʚʘʥʥʦʡ ʥʘ ʤʦʜʝʣʠ, ʨʘʚʥʦʡ ‎=0.202. 

ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʫʨʦʚʥʷ ʚʦʟʤʫʱʝʥʠʷ d ʤʘʪʨʠʯʥʳʡ ʵʣʣʠʧʩʦʠʜ  ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ɾ ʩʫ-

ʱʝʩʪʚʝʥʥʦ ʨʘʩʪʫʪ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʦʯʝʥʴ ʤʘʣʦʛʦ ʫʨʦʚʥʷ ʚʦʟʤʫʱʝʥʠʷ, ɾᶻ  ʟʥʘʯʠ-

ʪʝʣʴʥʦ ʥʠʞʝ, ʯʝʤ ɾ , ʠ ʧʦʩʪʦʷʥʥʦ ʦʩʪʘʝʪʩʷ ʥʠʞʝ ɾ . 
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ʈʠʩ. 3. ɻʘʨʘʥʪʠʨʦʚʘʥʥʳʝ ʦʙʦʙʱʝʥʥʳʝ Ὄ -ʥʦʨʤʳ ʢʘʢ ʬʫʥʢʮʠʠ ʫʨʦʚʥʷ ʚʦʟʤʫʱʝʥʠʷ ʜʣʷ ʨʘʟʣʠʯʥʦʛʦ ʯʠʩʣʘ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ʅʘ ʨʠʩʫʥʢʝ 3 ʧʦʢʘʟʘʥʘ ʜʠʥʘʤʠʢʘ ‎ᶻ  ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʘʧʨʠʦʨʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʠ ʜʘʥʥʳʭ 

ʜʣʷ ʫʩʨʝʜʥʝʥʥʳʭ ʟʥʘʯʝʥʠʡ 20 ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʨʦʚʥʷ ʚʦʟʤʫʱʝʥʠʷ Ὠ: 

ʰʪʨʠʭʧʫʥʢʪʠʨʥʘʷ ʢʨʠʚʘʷ ʜʣʷ ὒ ρ, ʩʧʣʦʰʥʘʷ ʢʨʠʚʘʷ ʜʣʷ ὒ σ ʠ ʧʫʥʢʪʠʨʥʘʷ ʢʨʠʚʘʷ ʜʣʷ ὒ

ρπ. ʇʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ɾ =0.37. ʀʟ ʈʠʩ. 3 ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ, ʯʪʦ, ʚʦ-ʧʝʨʚʳʭ, 

ʜʘʞʝ ʢʦʛʜʘ ὒ ρ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʫʩʣʦʚʠʝ ʨʘʥʛʘ ʦʧʨʝʜʝʣʝʥʥʦ ʥʘʨʫʰʝʥʦ (ʪ.ʝ. ʩʠʩʪʝʤʘ ʥʝʠʜʝʥ-

ʪʠʬʠʮʠʨʫʝʤʘ), ‎ᶻ  ʤʝʥʴʰʝ, ʯʝʤ ɾ . ɺʦ-ʚʪʦʨʳʭ, ʜʣʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʘʣʳʭ ʫʨʦʚʥʝʡ ʚʦʟʤʫʱʝ-

ʥʠʷ, ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʯʠʩʣʘ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ‎ᶻ  ʫʤʝʥʴʰʘʝʪʩʷ. ɺ-ʪʨʝʪʴʠʭ, ʝʩʣʠ ʫʨʦʚʝʥʴ ʚʦʟʤʫʱʝ-

ʥʠʷ Ὠ ʜʦʚʦʣʴʥʦ ʚʝʣʠʢ, ʪʦ ‎ᶻ  ʩʣʘʙʦ ʟʘʚʠʩʠʪ ʦʪ ʯʠʩʣʘ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʨʘʚʝʥ 

ɾ . ʅʘ ʨʠʩʫʥʢʝ 4 ʧʦʢʘʟʘʥʦ ‎ᶻ  ʧʨʠ L=3 ʠ ʨʘʟʣʠʯʥʦʤ ʨʘʜʠʫʩʝ ʤʘʪʨʠʯʥʦʡ ʩʬʝʨʳ ʘʧʨʠʦʨʥʳʭ 

ʜʘʥʥʳʭ; ʧʦʢʘʟʘʥʦ ʚʣʠʷʥʠʝ ʘʧʨʠʦʨʥʳʭ ʟʥʘʥʠʡ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʘʣʛʦʨʠʪʤʘ. 

 

ʈʠʩ.4. ɻʘʨʘʥʪʠʨʦʚʘʥʥʳʝ ʦʙʦʙʱʝʥʥʳʝ Ὄ -ʥʦʨʤʳ ʢʘʢ ʬʫʥʢʮʠʠ ʫʨʦʚʥʷ ʚʦʟʤʫʱʝʥʠʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʨʘʜʠʫ-

ʩʘʭ ʤʘʪʨʠʯʥʳʭ ʩʬʝʨ ʚ ʘʧʨʠʦʨʥʦʡ ʠʥʬʦʨʤʘʮʠʠ 

5. ɿʘʢʣʶʯʝʥʠʝ 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥ ʤʝʪʦʜ ʩʠʥʪʝʟʘ ʦʧʪʠʤʘʣʴʥʳʭ ʟʘʢʦʥʦʚ ʫʧʨʘʚʣʝʥʠʷ ʜʣʷ ʣʠʥʝʡʥʳʭ ʥʝʩʪʘ-

ʮʠʦʥʘʨʥʳʭ ʩʠʩʪʝʤ ʥʘ ʢʦʥʝʯʥʦʤ ʠʥʪʝʨʚʘʣʝ ʚʨʝʤʝʥʠ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʩʦʚʤʝʩʪʥʦʤ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʘʧʨʠʦʨʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ. ʄʝʪʦʜ ʦʙʝʩʧʝʯʠʚʘʝʪ ʤʠʥʠʤʠʟʘʮʠʶ 

ʦʙʦʙʱʸʥʥʦʡ Ὄ -ʥʦʨʤʳ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʠ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʦʜʘʚʣʝʥʠʷ ʚʥʝʰ-
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ʥʠʭ ʠ ʥʘʯʘʣʴʥʳʭ ʚʦʟʤʫʱʝʥʠʡ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʝʜʣʦʞʝʥʥʳʡ ʧʦʜʭʦʜ ʩʦʭʨʘʥʷʝʪ ʫʩʪʦʡʯʠʚʦʩʪʴ ʠ 

ʢʘʯʝʩʪʚʦ ʫʧʨʘʚʣʝʥʠʷ ʜʘʞʝ ʧʨʠ ʦʛʨʘʥʠʯʝʥʥʦʤ ʦʙʲʸʤʝ ʜʘʥʥʳʭ ʠ ʦʪʩʫʪʩʪʚʠʠ ʫʩʣʦʚʠʡ ʠʜʝʥʪʠʬʠ-

ʮʠʨʫʝʤʦʩʪʠ ʩʠʩʪʝʤʳ. 
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ɻʈɸʌʀʏɽʉʂʀʁ ʋʉʂʆʈʀʊɽʃʔ GEFORCE 3090 ʀ ʄɽʊʆɼ 

ʄʆʅʊɽ-ʂɸʈʃʆ ʂɸʂ ʋʅʀɺɽʈʉɸʃʔʅʆɽ ʈɽʐɽʅʀɽ 

ʆɼʅʆʁ ʂʃɸʉʉʀʏɽʉʂʆʁ ʆɹʈɸʊʅʆʁ ɿɸɼɸʏʀ 

ɸ.ɸ. ʊʠʤʦʬʝʝʚ, ʄ.ɸ. ʂʨʠʚʦʚ 

ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ 

ɺʳʯʠʩʣʠʪʝʣʴʥʘʷ ʤʦʱʥʦʩʪʴ ʚʩʝʛʦ ʦʜʥʦʛʦ ʩʦʚʨʝʤʝʥʥʦʛʦ ʛʨʘʬʠʯʝʩʢʦʛʦ ʫʩʢʦʨʠʪʝʣʷ ʦʢʘ-

ʟʳʚʘʝʪʩʷ ʚʧʦʣʥʝ ʜʦʩʪʘʪʦʯʥʦʡ, ʯʪʦʙʳ ʤʝʪʦʜʦʤ ʥʝʥʘʧʨʘʚʣʝʥʥʦʛʦ ʧʦʠʩʢʘ ʨʝʰʠʪʴ ʢʣʘʩ-

ʩʠʯʝʩʢʫʶ ʟʘʜʘʯʫ ʘʩʪʨʦʥʦʤʠʠ, ʢʦʪʦʨʘʷ ʝʱʸ 30 ʣʝʪ ʥʘʟʘʜ ʩʯʠʪʘʣʘʩʴ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʨʝ-

ʰʘʝʤʦʡ ʠ ʪʨʝʙʦʚʘʣʘ ʧʨʦʚʝʜʝʥʠʷ ʩʝʨʠʠ ʫʧʨʦʱʝʥʠʡ ʠ ʧʝʨʝʭʦʜʘ ʢ ʘʚʪʦʤʦʜʝʣʴʥʦʤʫ ʨʝ-

ʰʝʥʠʶ. ʇʨʠ ʜʚʠʞʝʥʠʠ ʚ ʘʪʤʦʩʬʝʨʝ ɿʝʤʣʠ ʤʝʪʝʦʨʠʪʳ ʩʚʝʪʷʪʩʷ ʤʝʥʝʝ 10 ʩʝʢʫʥʜ, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʜʦʩʪʦʚʝʨʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʦ ʬʠʥʘʣʴʥʦʡ ʯʘʩʪʠ ʠʭ ʪʨʘʝʢʪʦʨʠʡ ʦʙʳʯʥʦ ʦʪʩʫʪ-

ʩʪʚʫʝʪ, ʯʪʦ ʟʘʪʨʫʜʥʷʝʪ ʧʦʠʩʢ ʫʧʘʚʰʠʭ ʬʨʘʛʤʝʥʪʦʚ. ʂ ʩʯʘʩʪʴʶ, ʤʝʩʪʦ ʠʭ ʧʘʜʝʥʠʷ 

ʤʦʞʥʦ ʦʮʝʥʠʪʴ, ʟʘʜʝʡʩʪʚʦʚʘʚ ʧʦʧʫʣʷʨʥʫʶ ʩʠʩʪʝʤʫ ʆɼʋ, ʢʦʪʦʨʘʷ ʚʝʩʴʤʘ ʪʦʯʥʦ ʦʧʠ-

ʩʳʚʘʝʪ ʜʚʠʞʝʥʠʝ ʧʨʦʠʟʚʦʣʴʥʦʛʦ ʦʙʲʝʢʪʘ ʚ ʘʪʤʦʩʬʝʨʝ ɿʝʤʣʠ. ʂ ʥʝʩʯʘʩʪʴʶ, ʚʥʝʟʝʤʥʘʷ 

ʤʘʩʩʘ, ʬʦʨʤʘ ʠ ʩʦʩʪʘʚ ʤʝʪʝʦʨʠʪʦʚ ʥʝʠʟʚʝʩʪʥʳ, ʧʦʵʪʦʤʫ ʥʝ ʠʤʝʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʠ ʢʦʨ-

ʨʝʢʪʥʦ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʟʘʜʘʯʫ ʂʦʰʠ ʜʣʷ ʵʪʦʡ ʩʠʩʪʝʤʳ ʆɼʋ. ɺ ʧʨʝʜʣʘʛʘʝʤʦʤ ʧʦʜʭʦ-

ʜʝ ʤʳ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʄʦʥʪʝ-ʂʘʨʣʦ ʧʝʨʝʙʠʨʘʝʤ ʚʩʝ ʥʝʠʟʚʝʩʪʥʳʝ ʧʘʨʘʤʝʪʨʳ, ʧʦ-

ʩʣʝ ʯʝʛʦ ʪʨʘʝʢʪʦʨʠʠ ʧʦʜʦʙʥʳʭ ʚʠʨʪʫʘʣʴʥʳʭ ʤʝʪʝʦʨʠʪʦʚ ʩʦʧʦʩʪʘʚʣʷʝʤ ʩ ʥʝʙʦʣʴʰʦʡ 

ʯʘʩʪʴʶ ʨʝʘʣʴʥʦ ʥʘʙʣʶʜʘʝʤʦʡ. ʆʪʦʙʨʘʚ ʠ ʫʩʨʝʜʥʠʚ ʦʢʦʣʦ 1000 ʥʘʠʙʦʣʝʝ ʪʦʯʥʳʭ ʩʦʚ-

ʧʘʜʝʥʠʡ, ʥʘʤ ʫʜʘʸʪʩʷ ʥʝ ʪʦʣʴʢʦ ʧʨʝʜʩʢʘʟʘʪʴ ʤʝʩʪʦ ʧʘʜʝʥʠʷ, ʥʦ ʠ ʦʮʝʥʠʪʴ ʧʣʦʪʥʦʩʪʴ, 

ʤʘʩʩʫ ʠ ʬʦʨʤʫ ʤʝʪʝʦʨʠʪʘ. ɸ ʙʣʘʛʦʜʘʨʷ ʛʨʘʬʠʯʝʩʢʦʤʫ ʫʩʢʦʨʠʪʝʣʶ GeForce 3090, ʚʝʩʴ 

ʵʪʦʪ ʧʨʦʮʝʩʩ ʟʘʥʠʤʘʝʪ ʧʦʨʷʜʢʘ ʥʝʩʢʦʣʴʢʠʭ ʤʠʥʫʪ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʝʪʝʦʨʠʪʳ, ʆɼʋ, ʤʝʪʦʜ ɸʜʘʤʩʘ, ʤʝʪʦʜ ʄʦʥʪʝ-ʂʘʨʣʦ, GPGPU, 

CUDA, ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʝ ʚʳʯʠʩʣʝʥʠʷ 

 

1. ɺʚʝʜʝʥʠʝ 

ɺ 1960-ʳʝ ʛʦʜʳ ʩʪʘʣʠ ʧʦʷʚʣʷʪʴʩʷ ʩʝʪʠ ʘʩʪʨʦʥʦʤʠʯʝʩʢʠʭ ʩʪʘʥʮʠʡ ʧʦ ʪʠʧʫ European Fireball 

Network, ʢʦʪʦʨʳʝ ʩ ʥʝʢʦʪʦʨʦʡ ʧʝʨʠʦʜʠʯʥʦʩʪʴʶ ʬʦʪʦʛʨʘʬʠʨʫʶʪ ʥʦʯʥʦʝ ʥʝʙʦ. ʂʘʞʜʳʡ ʟʘʧʝʯʘʪ-

ʣʸʥʥʳʡ ʠʤʠ ʤʝʪʝʦʨ ʠʣʠ ʤʝʪʝʦʨʠʪ ʦʙʳʯʥʦ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʚʠʜʝ ʥʘʙʦʨʘ ʬʦʪʦʛʨʘʬʠʡ ʩ ʨʘʟʥʳʭ ʨʘ-

ʢʫʨʩʦʚ ʩ 5-10 ʩʚʝʪʷʱʠʤʠʩʷ ʪʦʯʢʘʤʠ. ʊʘʢ ʢʘʢ ʤʝʩʪʦʧʦʣʦʞʝʥʠʝ ʩʪʘʥʮʠʡ ʠʟʚʝʩʪʥʦ, ʧʦ ʪʘʢʠʤ ʬʦ-

ʪʦʛʨʘʬʠʷʤ ʤʦʞʥʦ ʜʦʩʪʦʚʝʨʥʦ ʦʮʝʥʠʪʴ ʚʳʩʦʪʫ ʠ ʩʢʦʨʦʩʪʴ ʜʚʠʞʝʥʠʷ ʥʝʙʝʩʥʳʭ ʪʝʣ ʚ ʩʦʦʪʚʝʪ-

ʩʪʚʫʶʱʠʝ ʵʪʠʤ ʪʦʯʢʘʤ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ. ʇʦʩʣʝ ʘʥʘʣʠʟʘ ʵʪʘ ʠʥʬʦʨʤʘʮʠʷ ʩʠʩʪʝʤʘʪʠʟʠʨʫʝʪʩʷ ʧʦ 

ʛʦʜʘʤ, ʧʨʝʦʙʨʘʟʫʝʪʩʷ ʚ ʪʘʙʣʠʮʳ ʠ ʨʝʛʫʣʷʨʥʦ ʧʫʙʣʠʢʫʝʪʩʷ ʚ ʪʝʤʘʪʠʯʝʩʢʠʭ ʞʫʨʥʘʣʘʭ [1], ʭʦʪʷ 

ʜʣʷ ʧʦʣʫʯʠʚʰʠʭ ʠʟʚʝʩʪʥʦʩʪʴ ʤʝʪʝʦʨʠʪʦʚ ʪʘʢʞʝ ʧʦʷʚʣʷʶʪʩʷ ʦʪʜʝʣʴʥʳʝ ʨʘʩʰʠʨʝʥʥʳʝ ʦʪʯʸ-

ʪ r[2]. 

ʇʨʠ ʦʨʛʘʥʠʟʘʮʠʠ ʵʢʩʧʝʜʠʮʠʡ ʜʣʷ ʧʦʠʩʢʘ ʬʨʘʛʤʝʥʪʦʚ ʤʝʪʝʦʨʠʪʘ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʶʪ ʚʩʝ-

ʛʦ ʜʚʘ ʚʦʧʨʦʩʘ: çʢʫʜʘ ʧʨʠʤʝʨʥʦ ʦʥ ʫʧʘʣ?è ʠ çʢʘʢʘʷ ʫ ʥʝʛʦ ʦʩʪʘʪʦʯʥʘʷ ʤʘʩʩʘ?è. ʇʦʩʣʝ ʧʨʝʢʨʘ-

ʱʝʥʠʷ ʩʚʝʯʝʥʠʷ ʤʝʪʝʦʨʠʪ ʧʨʦʜʦʣʞʘʝʪ ʜʚʠʞʝʥʠʝ ʚ ʘʪʤʦʩʬʝʨʝ ɿʝʤʣʠ ʝʱʸ ʜʝʩʷʪʢʠ ʩʝʢʫʥʜ, ʧʦ-

ʵʪʦʤʫ ʜʣʷ ʵʢʩʪʨʘʧʦʣʷʮʠʠ ʜʘʥʥʳʭ ʦʪ ʘʩʪʨʦʥʦʤʠʯʝʩʢʠʭ ʩʪʘʥʮʠʡ ʙʳʣʠ ʧʨʝʜʣʦʞʝʥʳ ʨʘʟʥʳʝ ʤʘʪʝ-

ʤʘʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ. ʅʘʧʨʠʤʝʨ, ʚ ʦʜʥʦʡ ʠʟ ʧʝʨʚʳʭ ʤʦʜʝʣʝʡ ʦʮʝʥʠʚʘʣʘʩʴ ʷʨʢʦʩʪʴ ʩʚʝʯʝʥʠʷ, ʯʪʦ 

ʢʦʩʚʝʥʥʦ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʛʦʨʝʥʠʷ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʧʣʦʪʥʦʩʪʴ ʤʝʪʝʦʨʠʪʘ ʠ ʠʟʤʝ-

ʥʝʥʠʝ ʝʛʦ ʤʘʩʩʳ. ɼʨʫʛʘʷ ʤʦʜʝʣʴ ʨʘʩʩʤʘʪʨʠʚʘʣʘ ʪʦʣʴʢʦ ʪʦʨʤʦʞʝʥʠʝ, ʪʘʢ ʢʘʢ, ʟʥʘʷ ʩʢʦʨʦʩʪʴ ʠ 

ʫʩʢʦʨʝʥʠʝ, ʤʦʞʥʦ ʚʳʯʠʩʣʠʪʴ ʤʘʩʩʫ ʪʝʣʘ. 

ɹʦʣʝʝ ʩʦʚʨʝʤʝʥʥʳʝ ʧʦʜʭʦʜʳ [3, 4] ʦʩʥʦʚʘʥʳ ʥʘ ʨʝʰʝʥʠʠ ʫʥʠʚʝʨʩʘʣʴʥʦʡ ʩʠʩʪʝʤʳ ʆɼʋ, 

ʦʧʠʩʳʚʘʶʱʝʡ ʜʚʠʞʝʥʠʝ ʧʨʦʠʟʚʦʣʴʥʦʛʦ ʦʙʲʝʢʪʘ ʚ ʘʪʤʦʩʬʝʨʝ ʥʝʢʦʪʦʨʦʡ ʧʣʘʥʝʪʳ, ʩʦʧʨʦʚʦʞʜʘ-

ʶʱʠʝʩʷ ʝʛʦ ʛʦʨʝʥʠʝʤ. ʊʘʢʞʝ ʚʩʪʨʝʯʘʶʪʩʷ ʨʘʙʦʪʳ ʩ ʤʦʜʠʬʠʢʘʮʠʷʤʠ ʵʪʦʡ ʩʠʩʪʝʤʳ ʆɼʋ [5]. ʇʝ-

ʨʝʤʝʥʥʳʤʠ ʚʝʣʠʯʠʥʘʤʠ ʷʚʣʷʶʪʩʷ ʚʳʩʦʪʘ ʥʘʜ ʫʨʦʚʥʝʤ ʤʦʨʷ Ὤὸ, ʤʘʩʩʘ άὸ, ʩʢʦʨʦʩʪʴ ὠὸ ʠ 

ʫʛʦʣ ʝʸ ʚʝʢʪʦʨʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʛʦʨʠʟʦʥʪʘ ‎ὸ. ʆ ʧʣʘʥʝʪʝ ʥʝʦʙʭʦʜʠʤʦ ʟʥʘʪʴ ʨʘʜʠʫʩ Ὑ, ʧʣʦʪʥʦʩʪʴ 
ʘʪʤʦʩʬʝʨʳ ”ÁÔÍὬ ʠ ʫʩʢʦʨʝʥʠʝ ʩʚʦʙʦʜʥʦʛʦ ʧʘʜʝʥʠʷ Ὣ. ɺ ʢʘʯʝʩʪʚʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʘʤʦʛʦ ʦʙʲʝʢ-
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ʪʘ ʚʳʩʪʫʧʘʶʪ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ὧ ʠ ὧ, ʵʬʬʝʢʪʠʚʥʘʷ ʵʥʪʘʣʴʧʠʷ ʨʘʟʨʫʰʝʥʠʷ Ὄ 

ʠ ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʦʙʤʝʥʘ ʩ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʦʡ ὧ. ʀʥʬʦʨʤʘʮʠʷ ʦ ʬʦʨʤʝ ʦʙʲʝʢʪʘ ʠ ʝʛʦ 
ʧʣʦʪʥʦʩʪʠ ” ʪʘʢʞʝ ʥʝʦʙʭʦʜʠʤʘ, ʥʦ ʪʦʣʴʢʦ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʣʦʱʘʜʠ ʤʠʜʝʣʝʚʘ ʩʝʯʝʥʠʷ Ὓὸ. ɺ 
ʠʪʦʛʝ ʩʘʤʘ ʩʠʩʪʝʤʘ ʆɼʋ ʧʨʠʥʠʤʘʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

 ά ὧ”ὠὛ άẗὫẗίὭὲ‎ 

 άὠ άẗὫẗὧέί‎ ὧέί‎ὧ”ὠὛ 

 ὠẗίὭὲ‎ 

 Ὄ ὧ” ὠὛ 

ʂʘʢ ʫʞʝ ʦʪʤʝʯʘʣʦʩʴ, ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʜʣʷ ʥʝʸ ʟʘʜʘʯʫ ʂʦʰʠ ʥʝʚʦʟʤʦʞʥʦ, 

ʪʘʢ ʢʘʢ ʦʪʩʫʪʩʪʚʫʝʪ ʠʥʬʦʨʤʘʮʠʷ ʦ άπ , ʘ ʜʣʷ ‎π ʠʤʝʝʪʩʷ ʪʦʣʴʢʦ ʛʨʫʙʘʷ ʦʮʝʥʢʘ. ɹʦʣʝʝ ʪʦʛʦ, 

ʧʦʢʘ ʥʝ ʥʘʡʜʝʥʳ ʬʨʘʛʤʝʥʪʳ ʤʝʪʝʦʨʠʪʘ, ʥʝʠʟʚʝʩʪʥʳʤʠ ʦʩʪʘʶʪʩʷ ʚʝʣʠʯʠʥʳ Ὄ ʠ ”, ʘ ʧʦʩʪʦʷʥʥʳʝ 

ʠ ʪʘʢʞʝ ʥʝʠʟʚʝʩʪʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ὧ, ὧ ʠ ὧ ʷʚʣʷʶʪʩʷ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʤʦʜʝʣʠ ʠ ʥʝ ʠʤʝʶʪ 

ʬʠʟʠʯʝʩʢʠ ʦʙʦʩʥʦʚʘʥʥʳʭ ʟʥʘʯʝʥʠʡ. ɺ [3, 5] ɻ ʪʠ ʥʝʠʟʚʝʩʪʥʳʝ ʯʘʩʪʠʯʥʦ ʟʘʤʝʥʷʣʠ ʥʘ çʨʘʟʫʤʥʳʝè 

ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʘʚʪʦʨʦʚ ʟʥʘʯʝʥʠʷ. ɺ [3, 4] ʧʨʦʚʦʜʠʣʠ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʠ ʩʚʦʜʠʣʠ 

ʯʠʩʣʦ ʥʝʠʟʚʝʩʪʥʳʭ ʜʦ ʜʚʫʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ‌ ʠ ‍, ʢʦʪʦʨʳʝ ʟʘʪʝʤ ʧʦʜʙʠʨʘʣʠʩʴ ʥʘ ʦʩʥʦʚʝ ʪʘʙ-
ʣʠʯʥʳʭ ʜʘʥʥʳʭ ʚʳʩʦʪʳ ʠ ʩʢʦʨʦʩʪʠ. 

2. ʇʨʝʜʣʦʞʝʥʥʳʡ ʧʦʜʭʦʜ 

ɺ ʥʘʰʝʡ ʧʨʝʜʳʜʫʱʝʡ ʨʘʙʦʪʝ [6] ʙʳʣ ʦʧʠʩʘʥ ʩʪʦʭʘʩʪʠʯʝʩʢʠʭ ʤʝʪʦʜ ʜʣʷ ʨʝʰʝʥʠʷ ʨʘʩʩʤʦʪ-

ʨʝʥʥʦʡ ʩʠʩʪʝʤʳ ʆɼʋ. ɺʦ-ʧʝʨʚʳʭ, ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʘʥʘʣʠʟʘ ʣʠʪʝʨʘʪʫʨʳ ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʬʠʟʠ-

ʯʝʩʢʠ ʦʙʦʩʥʦʚʘʥʥʘʷ ʥʠʞʥʷʷ ʠ ʚʝʨʭʥʷʷ ʦʮʝʥʢʘ ὼ ᴆ ὼᴆ ὼ ᴆ ʜʣʷ ʚʝʢʪʦʨʘ ʥʝʠʟʚʝʩʪʥʳʭ ʧʘʨʘ-
ʤʝʪʨʦʚ ὼᴆ ά ȟ”ȟ‎ȟὧȟὧȟὧȟὌ. ɺʳʙʠʨʘʷ ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ ὼᴆ ʠʟ ʵʪʦʛʦ ʜʠʘʧʘʟʦʥʘ, ʤʳ ʢʦʨ-
ʨʝʢʪʥʦ ʬʦʨʤʫʣʠʨʫʝʤ ʟʘʜʘʯʫ ʂʦʰʠ, ʨʝʰʝʥʠʝ ʢʦʪʦʨʦʡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʣʸʪʫ ʥʝʢʦʪʦʨʦʛʦ ʚʠʨʪʫ-

ʘʣʴʥʦʛʦ ʤʝʪʝʦʨʠʪʘ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʤʦʜʝʣʴʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ‌ ʠ ‍ ʠʟ ʨʘʙʦʪ [3, 4], ʦʧʨʝʜʝʣʸʥ-

ʥʳʝ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʚʠʨʪʫʘʣʴʥʳʝ ʤʝʪʝʦʨʠʪʳ ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʤʦʛʣʠ ʙʳ ʩʫʱʝʩʪʚʦʚʘʪʴ. 

ɺʦ-ʚʪʦʨʳʭ, ʤʳ ʠʩʧʦʣʴʟʫʝʤ ʷʚʥʳʡ ʤʥʦʛʦʰʘʛʦʚʳʡ ʤʝʪʦʜ ɸʜʘʤʩʘ ʜʣʷ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ 

ʩʠʩʪʝʤʳ ʆɼʋ, ʧʝʨʝʧʠʩʘʥʥʦʡ ʚ ʚʝʢʪʦʨʥʦʤ ʚʠʜʝ 
ᴆ
Ὢὸȟώᴆ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʝʨʝʤʝʥʥʦʡ ώᴆὸ

άὸȟὠὸȟ‎ὸȟὬὸȟὰὸ  ʩ ʥʘʯʘʣʴʥʤr ʫʩʣʦʚʠʝʤ ώᴆπ ὼȟὠȟὼȟὬȟπ. ɼʦʧʦʣʥʠʪʝʣʴʥʘʷ 

ʚʩʧʦʤʦʛʘʪʝʣʴʥʘʷ ʚʝʣʠʯʠʥʘ ὰὸ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʝʢʫʱʝʤʫ ʨʘʩʩʪʦʷʥʠʶ ʦʪ ʥʘʯʘʣʘ ʩʚʝʯʝʥʠʷ ʤʝʪʝʦ-

ʨʠʪʘ ʠ ʥʝʦʙʭʦʜʠʤʘ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʨʝʜʧʦʣʘʛʘʝʤʦʛʦ ʤʝʩʪʘ ʝʛʦ ʧʘʜʝʥʠʷ ʩ ʫʯʸʪʦʤ ʢʨʠʚʠʟʥʳ 

ɿʝʤʣʠ. ʅʘʧʨʠʤʝʨ, ʬʦʨʤʫʣʘ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʜʣʷ ʜʚʫʭʰʘʛʦʚʦʛʦ ʚʘʨʠʘʥʪʘ ʤʝʪʦʜʘ ʧʨʠʥʠʤʘʝʪ ʩʣʝ-

ʜʫʶʱʠʡ ʚʠʜ: 

ώᴆ ώᴆ
σ

ς
Ὢὸ ȟώᴆ

ρ

ς
Ὢὸ ȟώᴆ ẗῳὸ 

ɺ-ʪʨʝʪʴʠʭ, ʜʣʷ ʦʮʝʥʢʠ ʪʦʯʥʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʠʷ ʚʠʨʪʫʘʣʴʥʦʛʦ ʤʝʪʝʦʨʠʪʘ ʨʝʘʣʴʥʦʤʫ ʤʳ ʩʨʘʚ-

ʥʠʚʘʝʤ ʠʤʝʶʱʠʝʩʷ ʪʘʙʣʠʯʥʳʝ ʜʘʥʥʳʝ ʩʢʦʨʦʩʪʠ ὠ  ʠ ʚʳʩʦʪʳ Ὤ  ʩ ʥʘʡʜʝʥʥʳʤ ʯʠʩʣʝʥʥʳʤ 

ʨʝʰʝʥʠʝʤ. ʌʫʥʢʮʠʦʥʘʣ ʩʦʦʪʚʝʪʩʪʚʠʷ ʤʦʞʝʪ ʙʳʪʴ ʩʘʤʳʤ ʨʘʟʥʳʤ, ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʘ ʠʩʧʦʣʴ-

ʟʦʚʘʥʘ ʝʛʦ ʩʣʝʜʫʶʱʘʷ ʬʦʨʤʘ, ʛʜʝ ʠʥʜʝʢʩʳ Ὦ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʤʦʤʝʥʪʘʤ ʚʨʝʤʝʥʠ, ʜʣʷ ʢʦʪʦʨʳʭ ʚ 
ʪʘʙʣʠʮʝ ὠ /Ὤ  ʠʤʝʝʪʩʷ ʥʫʞʥʘʷ ʟʘʧʠʩʴ: 

Ὂώᴆ

В ẗ В ẗ

Ѝὔ ρ
 

ɺ ʠʪʦʛʝ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʡ ʧʦʜʭʦʜ ʩʚʦʜʠʪʩʷ ʢ ʧʝʨʝʙʦʨʫ ʦʯʝʥʴ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʚʠʨʪʫ-

ʘʣʴʥʳʭ ʤʝʪʝʦʨʠʪʦʚ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʦʪʙʠʨʘʶʪʩʷ ʩʣʫʯʘʠ ʩ ʥʘʠʤʝʥʴʰʠʤ ʟʥʘʯʝʥʠʝʤ ʬʫʥʢʮʠʦʥʘʣʘ 

Ὂώᴆ. ɼʘʣʝʝ ʦʥʠ ʝʱʸ ʨʘʟ ʧʝʨʝʩʯʠʪʳʚʘʶʪʩʷ, ʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʦʣʝʝ ʪʦʯʥʦʛʦ ʪʨʸʭʰʘʛʦʚʦʛʦ 

ʤʝʪʦʜʘ ɸʜʘʤʩʘ, ʧʦʩʣʝ ʯʝʛʦ ʫʩʨʝʜʥʷʶʪʩʷ ʧʦ ʢʘʞʜʦʤʫ ʦʮʝʥʠʚʘʝʤʦʤʫ ʧʘʨʘʤʝʪʨʫ ʠʟ ʚʝʢʪʦʨʘ ὼᴆ. 
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3. ʇʨʦʛʨʘʤʤʥʘʷ ʨʝʘʣʠʟʘʮʠʷ 

ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʚʳʯʠʩʣʝʥʠʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʨʘʩʩʤʦʪʨʝʥʥʦʛʦ ʘʣʛʦ-

ʨʠʪʤʘ ʦʢʘʟʳʚʘʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʧʨʦʩʪʦʡ (ʨʠʩ. 1). ʅʘ ʚʭʦʜ ʝʤʫ ʧʦʜʘʶʪʩʷ ʧʦʜʛʦʪʦʚʣʝʥʥʳʝ ʪʘʙʣʠʯ-

ʥʳʝ ʜʘʥʥʳʝ ʠʟ ʩʪʘʪʝʡ, ʧʦʜʦʙʥʳʭ [1, 2], ʧʦʩʣʝ ʯʝʛʦ ʦʪ ʥʝʛʦ ʪʨʝʙʫʝʪʩʷ ʧʝʨʝʙʨʘʪʴ ʤʠʣʣʠʦʥʳ ʚʠʨ-

ʪʫʘʣʴʥʳʭ ʤʝʪʝʦʨʠʪʦʚ (ʩʪʨʦʢʘ 4) ʠ ʩʦʧʦʩʪʘʚʠʪʴ ʥʘʡʜʝʥʥʳʝ ʪʨʘʝʢʪʦʨʠʠ ʩ ʬʨʘʛʤʝʥʪʦʤ ʨʝʘʣʴʥʦʡ 

(ʩʪʨʦʢʘ 17), ʦʩʪʘʚʠʚ ʧʨʠ ʵʪʦ ʪʦʣʴʢʦ ʦʢʦʣʦ ʪʳʩʷʯʠ ʥʘʠʣʫʯʰʠʭ ʢʘʥʜʠʜʘʪʦʚ (ʩʪʨʦʢʘ 18). ʂʘʢ ʠ ʜʣʷ 

ʚʩʝʭ ʤʝʪʦʜʦʚ ʄʦʥʪʝ-ʂʘʨʣʦ, ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʤ ʘʩʧʝʢʪʦʤ ʷʚʣʷʝʪʩʷ ʚʳʙʦʨ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʛʝʥʝʨʘ-

ʪʦʨʘ ʩʣʫʯʘʡʥʳʭ ʯʠʩʝʣ (ʩʪʨʦʢʠ 1 ʠ 5), ʚ ʨʦʣʠ ʢʦʪʦʨʦʛʦ ʫ ʥʘʩ ʚʳʩʪʫʧʘʝʪ ʘʣʛʦʨʠʪʤ ʚʠʭʨʷ ʄʝʨʩʝʥ-

ʥʘ std::mt19937 ʠʟ ʩʪʘʥʜʘʨʪʥʦʡ ʙʠʙʣʠʦʪʝʢʠ C++17. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʦʪʜʝʣʴʥʦ ʚʟʷʪʦʛʦ ʚʠʨʪʫʘʣʴ-

ʥʦʛʦ ʤʝʪʝʦʨʠʪʘ ʤʦʞʝʪ ʟʘʚʝʨʰʠʪʴʩʷ ʢʘʢ ʧʨʠ ʝʛʦ ʧʦʣʥʦʤ ʩʛʦʨʘʥʠʠ ʠʣʠ ʩʦʫʜʘʨʝʥʠʠ ʩ ɿʝʤʣʸʡ 

(ʩʪʨʦʢʘ 13), ʪʘʢ ʠ ʚ ʩʣʫʯʘʷʭ, ʢʦʛʜʘ ʚʨʝʤʷ ʧʨʝʚʳʰʘʝʪ ʥʝʢʦʪʦʨʳʡ ʨʘʟʫʤʥʳʡ ʧʦʨʦʛ (ʩʪʨʦʢʘ 16). 
 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

int  seed Ŷ GenerateRngSeed ();  

tuple_int _real [] best_seeds;  

real [] t_tab, V_tab, h_tab Ŷ ReadTrajectory (ñInnisfree.txtò); 

for  ( int  i : [0, N])  

    real [7] x Ŷ GenerateVirtualMeteorite (seed);  

    real [5] y Ŷ { x[0] , V_tab[0], x[2], h_tab[0], 0 };  

    real  t Ŷ 0; 

    real []  V_virt , h_virt ;  

    do  

        if  ( Contains (t_tab, t))  

            V_virt += y[1];  

            h_virt += y[4];  

        if  (y[0] < 0.01 or  y[3] < = 0.0) break ;  

        y Ŷ OneStep Adams( y,  x, dt);  

        t Ŷ t + dt; 

    while  (t < t_end);  

    real  f Ŷ Compute L2( V_virt, V_tab, h_virt, h_tab );  

    InsertSortAndTruncate (best_seeds, seed, f);  
 

ʈʠʩ. 1. ʉʭʝʤʘ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʥʘ ʧʨʠʤʝʨʝ ʦʜʥʦʰʘʛʦʚʦʛʦ ʤʝʪʦʜʘ ɸʜʘʤʩʘ. ɺʩʝ ʠʩʭʦʜ-

ʥʳʝ ʢʦʜʳ ʜʦʩʪʫʧʥʳ ʚ ʨʝʧʦʟʠʪʦʨʠʠ ʧʨʦʝʢʪʘ (https://github.com/m-krivov/MeteoriteSimulator) 

ɼʣʷ ʘʜʘʧʪʘʮʠʠ ʵʪʦʛʦ ʘʣʛʦʨʠʪʤʘ ʧʦʜ GPU ʜʦʩʪʘʪʦʯʥʦ ʧʝʨʝʧʠʩʘʪʴ ʦʩʥʦʚʥʦʡ ʮʠʢʣ (ʩʪʨʦʢʘ 4) ʚ 

ʚʠʜʝ CUDA-ʷʜʨʘ ʩ ʘʥʘʣʦʛʠʯʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʥʠʪʝʡ, ʘ ʛʝʥʝʨʘʪʦʨ ʩʣʫʯʘʡʥʳʭ ʯʠʩʝʣ ʟʘʤʝʥʠʪʴ ʥʘ 

ʚʳʟʦʚʳ ʙʠʙʣʠʦʪʝʢʠ cuRAND, ʦʜʥʘʢʦ ʧʨʠ ʵʪʦʤ ʚʦʟʥʠʢʘʝʪ ʥʝʩʢʦʣʴʢʦ ʩʫʱʝʩʪʚʝʥʥʳʭ ʧʨʦʙʣʝʤ. 

ʅʘʧʨʠʤʝʨ, ʜʣʷ ʦʪʙʦʨʘ ʥʘʠʣʫʯʰʠʭ ʚʠʨʪʫʘʣʴʥʳʭ ʤʝʪʝʦʨʠʪʦʚ ʪʨʝʙʫʝʪʩʷ ʧʦʜʜʝʨʞʠʚʘʪʴ ʚ ʦʪʩʦʨʪʠ-

ʨʦʚʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʤʘʩʩʠʚ ʩ ʠʭ ʟʸʨʥʘʤʠ (ʩʪʨʦʢʘ 18), ʜʣʷ ʯʝʛʦ ʥʝʦʙʭʦʜʠʤʳ ʜʦʩʪʘʪʦʯʥʦ ʤʝʜ-

ʣʝʥʥʳʝ ʘʪʦʤʘʨʥʳʝ ʦʧʝʨʘʮʠʠ. ʏʪʦʙʳ ʵʪʦʛʦ ʠʟʙʝʞʘʪʴ, ʤʳ ʧʝʨʝʰʣʠ ʢ ʜʚʫʭʫʨʦʚʥʝʚʦʡ ʩʪʨʫʢʪʫʨʝ 

ʘʣʛʦʨʠʪʤʘ, ʟʘʤʝʥʠʚ ʦʩʥʦʚʥʦʡ ʮʠʢʣ (ʩʪʨʦʢʘ 4) ʥʘ ʜʚʘ. ɺ ʧʝʨʚʦʤ ʠʟ ʥʠʭ, ʠʪʝʨʘʮʠʠ ʢʦʪʦʨʦʛʦ ʩʦʦʪ-

ʚʝʪʩʪʚʫʶʪ CUDA-ʥʠʪʷʤ, ʩʦʟʜʘʶʪʩʷ ʩʚʦʠ ʣʦʢʘʣʴʥʳʝ ʤʘʩʩʠʚʳ ʩ ʯʝʪʳʨʴʤʷ ʥʘʠʣʫʯʰʠʤʠ ʢʘʥʜʠʜʘ-

ʪʘʤʠ, ʢʦʪʦʨʳʝ ʚ ʜʘʣʴʥʝʡʰʝʤ ʚʳʛʨʫʞʘʶʪʩʷ ʚ ʛʣʦʙʘʣʴʥʫʶ ʧʘʤʷʪʴ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʛʦ ʩʣʠʷʥʠʷ. 

ɺʦ ʚʪʦʨʦʤ (ʚʣʦʞʝʥʥʦʤ) ʮʠʢʣʝ ʢʘʞʜʘʷ ʥʠʪʴ ʧʝʨʝʙʠʨʘʝʪ ʥʝʩʢʦʣʴʢʦ ʪʳʩʷʯ ʜʦʩʪʘʚʰʠʭʩʷ ʝʡ ʚʠʨʪʫ-

ʘʣʴʥʳʭ ʤʝʪʝʦʨʠʪʦʚ, ʦʪʙʠʨʘʷ ʵʪʠ ʯʝʪʳʨʝ ʢʘʥʜʠʜʘʪʘ. 

ɼʨʫʛʦʡ ʧʨʦʙʣʝʤʦʡ ʦʢʘʟʘʣʦʩʴ ʨʘʩʭʦʞʜʝʥʠʝ ʥʠʪʝʡ ʚʥʫʪʨʠ ʚʘʨʧʘ, ʪʘʢ ʢʘʢ ʥʝʢʦʪʦʨʳʝ ʚʠʨʪʫ-

ʘʣʴʥʳʝ ʤʝʪʝʦʨʠʪʳ ʤʦʛʫʪ ʜʦʩʨʦʯʥʦ ʩʛʦʨʝʪʴ ʠʣʠ ʩʪʦʣʢʥʫʪʴʩʷ ʩ ɿʝʤʣʸʡ. ʀʟ-ʟʘ ʦʩʦʙʝʥʥʦʩʪʝʡ ʘʨʭʠ-

ʪʝʢʪʫʨʳ SIMT ʪʘʢʠʝ ʥʠʪʠ ʥʝ ʩʤʦʛʫʪ ʧʝʨʝʡʪʠ ʢ ʦʯʝʨʝʜʥʦʤʫ ʤʝʪʝʦʨʠʪʫ ʠ ʙʫʜʫʪ ʧʨʦʩʪʘʠʚʘʪʴ, 

ʦʞʠʜʘʷ ʩʚʦʠʭ ʩʦʩʝʜʝʡ ʧʦ ʚʘʨʧʫ. ɺ ʢʘʯʝʩʪʚʝ ʚʦʟʤʦʞʥʦʛʦ ʨʝʰʝʥʠʷ ʤʳ ʩʜʝʣʘʣʠ ʘʣʴʪʝʨʥʘʪʠʚʥʳʡ 

ʚʘʨʠʘʥʪ ʚʣʦʞʝʥʥʦʛʦ ʮʠʢʣʘ, ʚ ʢʦʪʦʨʦʤ ʦʙʭʦʜ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʥʝ ʧʦ ʦʪʜʝʣʴʥʳʤ ʤʝʪʝʦʨʠʪʘʤ, ʘ 

ʩʨʘʟʫ ʧʦ ʚʩʝʤ ʰʘʛʘʤ ʤʝʪʦʜʘ ɸʜʘʤʩʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʝʨʚʘʷ ʥʠʪʴ ʤʦʞʝʪ ʪʦʣʴʢʦ ʟʘʚʝʨʰʘʪʴ ʤʦ-

ʜʝʣʠʨʦʚʘʥʠʝ ʩʚʦʝʛʦ ʧʝʨʚʦʛʦ ʤʝʪʝʦʨʠʪʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚʪʦʨʘʷ ʫʞʝ ʫʩʧʝʝʪ ʦʙʨʘʙʦʪʘʪʴ ʪʨʠ ʠʣʠ 

ʯʝʪʳʨʝ ʩʣʫʯʘʷ. ʆʜʥʘʢʦ ʚ ʧʦʜʦʙʥʦʡ ʩʭʝʤʝ ʚʦʟʥʠʢʘʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʠʭ ʨʘʩʭʦʞʜʝʥʠʝ ʧʨʠ ʛʝʥʝ-

ʨʘʮʠʠ ʚʝʢʪʦʨʦʚ ὼᴆ ʠ ώᴆπ (ʩʪʨʦʢʠ 5 ʠ 6), ʧʦʵʪʦʤʫ ʜʘʥʥʘʷ ʦʧʪʠʤʠʟʘʮʠʷ ʥʝ ʷʚʣʷʝʪʩʷ ʫʥʠʚʝʨʩʘʣʴ-

ʥʳʤ ʨʝʰʝʥʠʝʤ. 
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4. ʇʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ 

ʄʘʩʰʪʘʙ ʨʘʩʯʸʪʦʚ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʘʥʘʣʠʟʘ ʧʦʣʸʪʘ ʦʜʥʦʛʦ ʤʝʪʝʦʨʠʪʘ ʩ ʧʦʤʦʱʴʶ ʧʨʝʜ-

ʣʦʞʝʥʥʦʛʦ ʧʦʜʭʦʜʘ, ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʧʦ ʟʘʤʝʨʘʤ ʠʟ ʊʘʙʣ. 1. ɼʦʨʘʙʦʪʢʠ ʠ ʫʣʫʯʰʝʥʠʷ ʤʘʪʝʤʘʪʠ-

ʯʝʩʢʦʡ ʤʦʜʝʣʠ ʦʙʳʯʥʦ ʦʩʫʱʝʩʪʚʣʷʶʪʩʷ ʥʘ ʙʘʟʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʡ ʚʝʨʩʠʠ, ʢʦʪʦʨʘʷ ʟʘ ʪʨʠ ʮʝʣʝ-

ʚʝr ʤʠʥʫʪʳ ʩʧʦʩʦʙʥʘ ʧʝʨʝʙʨʘʪʴ ʚʩʝʛʦ 1 ʤʣʥ. ʚʠʨʪʫʘʣʴʥʘʷ ʤʝʪʝʦʨʠʪʦʚ. ɼʣʷ ʦʪʣʘʜʢʠ CUDA-ʷʜʝʨ 

ʩʫʱʝʩʪʚʫʝʪ ʦʪʜʝʣʴʥʘʷ ʚʝʨʩʠʷ, ʢʦʪʦʨʘʷ ʠʩʧʦʣʴʟʫʝʪ ʪʦʪ ʞʝ ʛʝʥʝʨʘʪʦʨ ʩʣʫʯʘʡʥʳʭ ʯʠʩʝʣ ʥʘ ʦʩʥʦʚʝ 

ʚʠʭʨʷ ʄʝʨʩʝʥʥʘ ʠ ʪʦ ʞʝ ʟʝʨʥʦ, ʯʪʦ ʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʘʷ ʨʝʘʣʠʟʘʮʠʷ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʥʝʦʙʭʦʜʠ-

ʤʦʩʪʠ ʯʘʩʪʳʭ ʧʝʨʝʩʳʣʦʢ ʜʘʥʥʳʭ ʤʝʞʜʫ ʧʘʤʷʪʴʶ CPU ʠ GPU, ʧʦʵʪʦʤʫ ʠʪʦʛʦʚʦʝ ʫʩʢʦʨʝʥʠʝ ʦʢʘ-

ʟʳʚʘʝʪʩʷ ʚʝʩʴʤʘ ʩʢʨʦʤʥʳʤ ï ʧʦʨʷʜʢʘ 3 ʨʘʟ. 

ʊʘʙʣʠʮʘ 1. ʉʨʘʚʥʝʥʠʝ ʚʨʝʤʝʥʠ ʨʘʩʯʸʪʦʚ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʣʸʪʘ ʤʝʪʝʦʨʠʪʘ ʀʥʥʠʩʬʨʠ [2]  

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʥʳʭ ʨʝʘʣʠʟʘʮʠʡ ʘʣʛʦʨʠʪʤʘ. ʊʘʢ ʢʘʢ ʧʨʦʝʢʪ ʠʟʥʘʯʘʣʴʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥ ʥʘ GPU,  

ʧʝʨʚʳʝ ʜʚʘ ʩʪʦʣʙʮʘ ʧʨʠʚʝʜʝʥʳ ʚ ʢʘʯʝʩʪʚʝ ʠʣʣʶʩʪʨʘʮʠʠ. ɺʩʝ ʚʨʝʤʝʥʘ ʫʢʘʟʘʥʳ ʚ ʩʝʢʫʥʜʘʭ 

ʇʝʨʝʙʠʨʘʝʤʳʝ 

ʚʠʨʪʫʘʣʴʥʳʝ 

ʤʝʪʝʦʨʠʪʳ 

ʈʝʘʣʠʟʘʮʠʷ ʜʣʷ CPU, 

AMD Ryzen 9 5950X, 

ʦʜʥʦ ʷʜʨʦ 

ʈʝʘʣʠʟʘʮʠʷ ʜʣʷ GPU, 

ʛʝʥʝʨʘʪʦʨ ʩʣʫʯʘʡʥʳʭ ʯʠʩʝʣ 

std::mt19937 (ʉ++17) 

ʈʝʘʣʠʟʘʮʠʷ ʜʣʷ GPU, 

ʛʝʥʝʨʘʪʦʨ ʩʣʫʯʘʡʥʳʭ ʯʠʩʝʣ 

cuRAND 

100 ʪʳʩ. 12.8 6.7 - 

1 ʤʣʥ. 172.2 63.5 - 

10 ʤʣʥ. 1270.6 631.8 - 

344 ʤʣʥ. - - 53.5 

688 ʤʣʥ. - - 131.6 

1 032 ʤʣʥ. - - 199.9 

 

ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʨʝʘʣʠʟʘʮʠʷ, ʠʟʥʘʯʘʣʴʥʦ ʨʘʟʨʘʙʦʪʘʥʥʘʷ ʧʦʜ ʘʨʭʠʪʝʢʪʫʨʫ GPU ʩ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʝʤ ʙʠʙʣʠʦʪʝʢʠ cuRAND, ʟʘ ʪʨʠ ʤʠʥʫʪʳ ʩʧʦʩʦʙʥʘ ʧʝʨʝʙʨʘʪʴ ʯʫʪʴ ʤʝʥʝʝ 1 ʤʣʨʜ. ʩʣʫʯʘʝʚ. 

ʋʩʢʦʨʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʜʥʦʛʦ ʷʜʨʘ CPU ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 900 ʨʘʟ, ʠ ʧʦʜʦʙʥʫʶ ʧʨʦʠʟʚʦʜʠ-

ʪʝʣʴʥʦʩʪʴ ʙʳʣʦ ʙʳ ʩʣʦʞʥʦ ʜʦʩʪʠʯʴ, ʜʘʞʝ ʧʨʦʚʝʜʷ ʠʜʝʘʣʴʥʦʝ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʝ ʧʦ ʚʩʝʤ ʷʜʨʘʤ 

(x16) ʠ ʠʭ ʚʝʢʪʦʨʥʳʤ ʨʘʩʰʠʨʝʥʠʷʤ AVX2 (x8). ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʝ ʷʚʣʷʶʪʩʷ ʠʜʝʥ-

ʪʠʯʥʳʤʠ, ʪʘʢ ʢʘʢ ʥʘ GPU ʢʘʞʜʳʡ ʙʣʦʢ ʥʠʪʝʡ ʥʝʟʘʚʠʩʠʤʦ ʦʙʨʘʙʘʪʳʚʘʝʪ ʧʦ 512 Ŀ 1024 ʩʣʫʯʘʝʚ, 

ʦʪʙʠʨʘʷ ʠʟ ʥʠʭ ʨʦʚʥʦ 256 ʢʘʥʜʠʜʘʪʦʚ. ʊʝʦʨʝʪʠʯʝʩʢʠ, ʵʪʦ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʧʦʪʝʨʝ ʥʝʢʦʪʦʨʳʭ 

ʚʠʨʪʫʘʣʴʥʳʭ ʤʝʪʝʦʨʠʪʦʚ, ʠʜʝʘʣʴʥʦ ʩʦʚʧʘʜʘʶʱʠʭ ʩ ʠʟʫʯʘʝʤʳʤ. ʆʜʥʘʢʦ ʧʦʜʦʙʥʘʷ ʩʪʨʫʢʪʫʨʘ ʘʣ-

ʛʦʨʠʪʤʘ ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʨʘʩʯʸʪʳ ʧʦʣʥʦʩʪʴʶ ʚʥʫʪʨʠ ʧʦʪʦʢʦʚʦʛʦ ʤʫʣʴʪʠʧʨʦʮʝʩʩʦʨʘ, ʪʘʢ 

ʢʘʢ ʢʘʞʜʳʡ ʙʣʦʢ ʥʠʪʝʡ ʚʩʝʛʦ ʦʜʠʥ ʨʘʟ ʯʠʪʘʝʪ ʠʟ ʛʣʦʙʘʣʴʥʦʡ ʧʘʤʷʪʠ ʟʸʨʥʘ ʛʝʥʝʨʘʪʦʨʘ ʩʣʫʯʘʡ-

ʥʳʭ ʯʠʩʝʣ ʠ ʪʘʙʣʠʯʥʳʝ ʜʘʥʥʳʝ ʚʳʩʦʪʳ/ʩʢʦʨʦʩʪʠ (1.1 ʢʠʣʦʙʘʡʪʘ), ʠ ʪʘʢʞʝ ʦʜʠʥ ʨʘʟ ʩʦʭʨʘʥʷʝʪ 

çʭʦʨʦʰʠʝè ʚʠʨʪʫʘʣʴʥʳʝ ʤʝʪʝʦʨʠʪʳ (256 ʟʥʘʯʝʥʠʡ ʪʠʧʘ curandState, ʚ ʩʫʤʤʝ ʦʢʦʣʦ 10 ʢʠʣʦ-

ʙʘʡʪ). ʂʘʢ ʩʣʝʜʩʪʚʠʝ, ʚʩʝ ʨʘʩʯʸʪʳ ʧʨʦʭʦʜʷʪ ʙʝʟ ʢʘʢʠʭ-ʣʠʙʦ ʙʘʨʴʝʨʥʳʭ ʩʠʥʭʨʦʥʠʟʘʮʠʡ, ʯʪʦ ʜʣʷ 

GPU ̫ ʚʣʷʝʪʩʷ ʦʧʪʠʤʘʣʴʥʳʤ ʩʮʝʥʘʨʠʝʤ. 

ʆʪʜʝʣʴʥʳʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʵʬʬʝʢʪ ʦʪ ʠʟʤʝʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʮʠʢʣʘ ʚʥʫʪʨʠ ʥʠʪʠ. ɺ 

ʪʘʙʣ. 1 ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʚʝʨʩʠʷ ʘʣʛʦʨʠʪʤʘ, ʢʦʛʜʘ ʢʘʞʜʘʷ ʥʠʪʴ ʦʩʫʱʝʩʪʚʣʷʝʪ ʦʙʭʦʜ ʚʩʝʭ ʜʦ-

ʩʪʘʚʰʠʭʩʷ ʝʡ ʤʝʪʝʦʨʠʪʦʚ, ʘ ʧʦʪʦʤ ʚʳʛʨʫʞʘʝʪ ʨʝʟʫʣʴʪʘʪʳ ʚ ʛʣʦʙʘʣʴʥʫʶ ʧʘʤʷʪʴ (ʜʘʣʝʝ çʮʠʢʣ ʧʦ 

ʤʝʪʝʦʨʠʪʘʤè). ɸʣʴʪʝʨʥʘʪʠʚʦʡ ʝʡ ʷʚʣʷʝʪʩʷ ʧʝʨʝʤʝʰʠʚʘʥʠʝ ʚʩʝʭ ʤʝʪʝʦʨʠʪʦʚ ʠ ʧʝʨʝʭʦʜ ʢ ʝʜʠʥʦ-

ʤʫ çʮʠʢʣʫ ʧʦ ʰʘʛʘʤ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷè. ʂʘʢ ʦʪʤʝʯʘʣʦʩʴ ʨʘʥʝʝ, ʵʪʦ ʦʜʥʦʚʨʝʤʝʥʥʦ ʠ ʫʤʝʥʴʰʘʝʪ, ʠ 

ʫʚʝʣʠʯʠʚʘʝʪ ʨʘʩʭʦʞʜʝʥʠʝ ʥʠʪʝʡ ʚʥʫʪʨʠ ʚʘʨʧʘ, ʧʦʵʪʦʤʫ ʚʳʙʦʨ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦʡ ʨʝʘʣʠʟʘʮʠʠ 

ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʪʦʣʴʢʦ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʪʝʩʪʦʚ. 

ʅʘ ʨʠʩ. 2 ʧʨʠʚʝʜʝʥʳ ʧʦʜʦʙʥʳʝ ʟʘʤʝʨʳ ʜʣʷ ʩʣʫʯʘʝʚ, ʢʦʛʜʘ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʩ 

ʨʘʟʥʳʤ ʧʨʝʜʝʣʦʤ ʚʨʝʤʝʥʠ ʧʦʣʸʪʘ ʤʝʪʝʦʨʠʪʘ. ʇʨʦʮʝʩʩ ʠʭ ʩʚʝʯʝʥʠʷ ʚ ʩʨʝʜʥʝʤ ʜʣʠʪʩʷ ʣʠʰʴ ʥʝ-

ʩʢʦʣʴʢʦ ʩʝʢʫʥʜ [1], ʘ ʫ ʢʨʫʧʥʳʭ ʤʝʪʝʦʨʦʠʜʦʚ, ʦʙʳʯʥʦ ʧʦʧʘʜʘʶʱʠʭ ʚ ʟʘʤʝʪʢʠ ʥʦʚʦʩʪʥʳʭ ʠʟʜʘ-

ʥʠʡ, ʦʥ ʨʝʜʢʦ ʧʨʝʚʳʰʘʝʪ 10 ʩʝʢʫʥʜ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʥʘʰʝʛʦ ʤʝʪʦʜʘ ʠʤʝʶʪʩʷ ʵʪʘʣʦʥʥʳʝ 

ʪʘʙʣʠʯʥʳʝ ʜʘʥʥʳʝ ʚʩʝʛʦ ʜʣʷ 3-10 ʩʝʢʫʥʜ, ʠ ʚ ʵʪʦʤ ʜʠʘʧʘʟʦʥʝ ʦʧʪʠʤʠʟʘʮʠʷ ʩ ʧʝʨʝʤʝʰʠʚʘʥʠʝʤ 

ʰʘʛʦʚ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʦʢʘʟʳʚʘʝʪʩʷ ʤʘʣʦʧʦʣʝʟʥʦʡ (ʨʠʩ. 2a). ɿʘ ʩʪʦʣʴ ʥʝʙʦʣʴʰʦʡ ʧʝʨʠʦʜ ʣʠʰʴ 

ʥʝʤʥʦʛʠʝ ʚʠʨʪʫʘʣʴʥʳʝ ʤʝʪʝʦʨʠʪʳ ʩʛʦʨʘʶʪ ʧʦʣʥʦʩʪʴʶ, ʧʦʵʪʦʤʫ ʨʘʩʭʦʞʜʝʥʠʝ ʥʠʪʝʡ ʚʥʫʪʨʠ 

ʚʘʨʧʘ ʢʘʢ ʪʘʢʦʚʦʝ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʝʨʝʢʣʶʯʝʥʠʷ ʤʝʞʜʫ ʤʝʪʝʦʨʠʪʘʤʠ ʚ ʩʣʫʯʘʝ 

çʮʠʢʣ ʧʦ ʰʘʛʘʤ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷè ʣʠʰʴ ʚʥʦʩʷʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʠʟʜʝʨʞʢʠ. 
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ʈʠʩ. 2. ʉʨʘʚʥʝʥʠʝ ʜʚʫʭ ʨʝʘʣʠʟʘʮʠʡ ʘʣʛʦʨʠʪʤʘ ʧʨʠ ʚʘʨʴʠʨʦʚʘʥʠʠ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʚʨʝʤʝʥʠ ʧʦʣʸʪʘ 

ʚʠʨʪʫʘʣʴʥʳʭ ʤʝʪʝʦʨʠʪʦʚ ʠ ʠʭ ʦʙʱʝʛʦ ʯʠʩʣʘ. ɺ ʢʘʯʝʩʪʚʝ ʠʣʣʶʩʪʨʘʮʠʠ ʥʘ ʧʝʨʚʦʤ ʛʨʘʬʠʢʝ ʧʨʠʚʝʜʝʥʳ  

ʤʦʤʝʥʪʳ, ʢʦʛʜʘ ʥʝʢʦʪʦʨʳʝ ʨʝʘʣʴʥʳʝ ʤʝʪʝʦʨʠʪʳ ʧʨʝʢʨʘʱʘʣʠ ʩʚʝʪʠʪʴʩʷ, ʠʟ-ʟʘ ʯʝʛʦ ʜʦʩʪʦʚʝʨʥʘʷ  

ʠʥʬʦʨʤʘʮʠʷ ʦʙ ʠʭ ʜʘʣʴʥʝʡʰʝʡ ʪʨʘʝʢʪʦʨʠʠ ʦʪʩʫʪʩʪʚʫʝʪ 

 

 
 

ʈʠʩ. 3. ʉʦʦʪʥʦʰʝʥʠʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʜʚʫʭ ʨʝʘʣʠʟʘʮʠʡ ʘʣʛʦʨʠʪʤʘ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʨʘʟʥʳʭ 

ʥʘʩʪʨʘʠʚʘʝʤʳʭ ʦʧʮʠʡ. ɺʘʨʠʘʥʪ çʇʦ ʫʤʦʣʯʘʥʠʶè ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʣʫʯʘʶ çʆʜʠʥʘʨʥʘʷ ʪʦʯʥʦʩʪʴ,  

ɼʚʫʭʰʘʛʦʚʳʡ ʤʝʪʦʜ ɸʜʘʤʩʘ, ʐʘʛ ʧʦ ʚʨʝʤʝʥʠ 10-3è 

 

ɽʩʣʠ ʞʝ ʨʘʩʰʠʨʠʪʴ ʧʨʝʜʝʣ ʚʨʝʤʝʥʠ ʩ 10 ʜʦ 80 ʩʝʢʫʥʜ (ʈʠʩ. 2b), ʪʦ ʩʠʪʫʘʮʠʷ ʦʞʠʜʘʝʤʦ ʤʝ-

ʥʷʝʪʩʷ. ʅʝʢʦʪʦʨʳʝ ʚʠʨʪʫʘʣʴʥʳʝ ʤʝʪʝʦʨʠʪʳ ʟʘ ʵʪʦ ʚʨʝʤʷ ʩʛʦʨʘʶʪ, ʜʨʫʛʠʝ ʩʦʫʜʘʨʷʶʪʩʷ ʩ ʧʦ-

ʚʝʨʭʥʦʩʪʴʶ ɿʝʤʣʠ, ʘ ʢʘʞʜʳʡ ʚʘʨʧ ʚʳʥʫʞʜʝʥ ʚʳʧʦʣʥʷʪʴʩʷ ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʧʦʩʣʝʜʥʠʡ ʠʟ ʝʛʦ 

ʤʝʪʝʦʨʠʪʦʚ ʥʝ ʟʘʢʦʥʯʠʪ ʩʚʦʡ ʧʦʣʸʪ (ʠʣʠ ʥʝ ʙʫʜʝʪ ʧʨʝʚʳʰʝʥʦ ʧʦʨʦʛʦʚʦʝ ʚʨʝʤʷ). ʂʘʢ ʩʣʝʜʩʪʚʠʝ, 

ʩ ʥʝʢʦʪʦʨʦʛʦ ʤʦʤʝʥʪʘ ʧʦʣʴʟʘ ʦʪ ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʰʘʛʦʚ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʥʘʯʠʥʘʝʪ 

ʧʨʝʚʳʰʘʪʴ ʚʥʦʩʠʤʳʝ ʥʘʢʣʘʜʥʳʝ ʨʘʩʭʦʜʳ, ʯʪʦ ʜʝʣʘʝʪ ʚʪʦʨʫʶ ʨʝʘʣʠʟʘʮʠʶ ʙʦʣʝʝ ʧʨʦʠʟʚʦʜʠ-

ʪʝʣʴʥʦʡ. ʉ ʧʨʘʢʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʦʜʦʙʥʦʝ ʠʩʢʫʩʩʪʚʝʥʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʧʦʨʦʛʘ ʚʨʝʤʝʥʠ ʧʦ-

ʣʝʪʘ ʠʤʝʝʪ ʤʘʣʦ ʩʤʳʩʣʘ. ʆʜʥʘʢʦ, ʪʝʦʨʝʪʠʯʝʩʢʠ, ʦʥʦ ʤʦʞʝʪ ʧʦʪʨʝʙʦʚʘʪʴʩʷ ʜʣʷ ʦʪʩʝʯʝʥʠʷ ʥʝʤʥʦ-

ʛʦʯʠʩʣʝʥʥʳʭ ʩʣʫʯʘʝʚ, ʢʦʛʜʘ ʤʝʪʝʦʨʠʪʳ, ʧʦʜʦʙʥʦ ʩʘʤʦʣʸʪʘʤ, ʥʘʯʠʥʘʶʪ ʥʘʙʠʨʘʪʴ ʚʳʩʦʪʫ ʠ ʫʣʝ-

ʪʘʶʪ ʦʙʨʘʪʥʦ ʚ ʢʦʩʤʦʩ, ʪʘʢ ʢʘʢ ʚ ʠʩʭʦʜʥʦʡ ʩʠʩʪʝʤʝ ʆɼʋ ʫʯʠʪʳʚʘʝʪʩʷ ʧʦʜʲʸʤʥʘʷ ʩʠʣʘ. 

ʇʨʝʜʝʣ ʜʣʷ ʚʨʝʤʝʥʠ, ʧʨʠ ʢʦʪʦʨʦʤ ʠʤʝʝʪ ʩʤʳʩʣ ʧʝʨʝʭʦʜʠʪʴ ʦʪ çʮʠʢʣʘ ʧʦ ʤʝʪʝʦʨʠʪʘʤè ʢ 

çʮʠʢʣʫ ʧʦ ʰʘʛʘʤ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷè ʟʘʚʠʩʠʪ ʢʘʢ ʦʪ ʦʙʱʝʛʦ ʯʠʩʣʘ ʚʠʨʪʫʘʣʴʥʳʭ ʤʝʪʝʦʨʠʪʦʚ, ʪʘʢ ʠ 

ʦʧʮʠʡ ʘʣʛʦʨʠʪʤʘ, ʧʦʵʪʦʤʫ ʥʘ ʈʠʩ. 3 ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʨʠʚʝʜʝʥʦ ʩʦʦʪʥʦʰʝʥʠʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦ-

ʩʪʠ ʵʪʠʭ ʜʚʫʭ ʨʝʘʣʠʟʘʮʠʡ. ʄʦʞʥʦ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʥʘʠʙʦʣʴʰʠʡ ʵʬʬʝʢʪ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʚʳʙʦʨʝ 

ʜʚʦʡʥʦʡ ʪʦʯʥʦʩʪʠ ʠ, ʥʝʟʘʚʠʩʠʤʦ, ʦʜʥʦʰʘʛʦʚʦʛʦ ʤʝʪʦʜʘ ɸʜʘʤʩʘ. 
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5. ɿʘʢʣʶʯʝʥʠʝ 

ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʷʚʣʷʶʪʩʷ ʧʨʦʤʝʞʫʪʦʯʥʳʤ, ʥʦ ʜʦʩʪʘʪʦʯʥʦ ʚʘʞʥʳʤ ʰʘʛʦʤ ʜʣʷ 

ʨʘʟʚʠʪʠʷ ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʛʦ ʘʚʪʦʨʘʤʠ ʦʪʢʨʳʪʦʛʦ ʧʘʢʝʪʘ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʝʪʝʦʨʠʪʦʚ. ʉʪʦʠʪ 

ʧʨʠʟʥʘʪʴ, ʯʪʦ ʩʭʦʞʠʝ ʦʮʝʥʢʠ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ, ʟʘʤʝʥʠʚ ʤʝʪʦʜ ʄʦʥʪʝ-ʂʘʨʣʦ ʥʘ ʣʶʙʦʡ ʧʦʜʭʦ-

ʜʷʱʠʡ ʤʝʪʦʜ ʤʥʦʛʦʤʝʨʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ [3], ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʧʦʪʨʝʙʥʦʩʪʴ ʚ ʨʘʩʩʤʦʪʨʝʥʥʳʭ 

ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʭ ʚʳʯʠʩʣʝʥʠʷʭ ʧʦʣʥʦʩʪʴʶ ʧʨʦʧʘʜʸʪ. ʆʜʥʘʢʦ ʚ ʪʘʢʦʤ ʩʣʫʯʘʝ ʦʪʚʝʪʦʤ 

ʩʪʘʥʦʚʠʪʩʷ ʝʜʠʥʩʪʚʝʥʥʦʝ ʟʥʘʯʝʥʠʝ, ʥʘʧʨʠʤʝʨ, ʯʪʦ ʫʛʦʣ ʥʘʯʘʣʘ ʪʨʘʝʢʪʦʨʠʠ ʩʪʨʦʛʦ ʨʘʚʝʥ 

64.01Ü [3], ʢʦʪʦʨʦʝ ʠʟ-ʟʘ ʦʛʨʘʥʠʯʝʥʠʡ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʥʝ ʦʙʷʟʘʪʝʣʴʥʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʝ-

ʘʣʴʥʳʤ 67Ü. ʅʘʰ ʞʝ ʩʪʦʭʘʩʪʠʯʝʩʢʠʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʪʴ ʨʘʟʙʨʦʩ ʟʥʘʯʝʥʠʡ ʠ ʧʦʩʯʠʪʘʪʴ 

ʩʨʝʜʥʝ-ʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ, ʯʪʦ ʢʦʩʚʝʥʥʦ ʫʢʘʞʝʪ ʥʘ ʚʦʟʤʦʞʥʳʝ ʥʝʪʦʯʥʦʩʪʠ ʚ ʨʝʟʫʣʴʪʘʪʘʭ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʠʣʠ, ʥʘʦʙʦʨʦʪ, ʧʦʜʪʚʝʨʜʠʪ ʜʦʩʪʦʚʝʨʥʦʩʪʴ ʨʘʩʯʸʪʦʚ. 

ɼʨʫʛʦʡ ʧʦʪʝʥʮʠʘʣʴʥʦ ʜʠʩʢʫʩʩʠʦʥʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʧʝʨʝʙʦʨ ʧʦ-

ʨʷʜʢʘ ρπ ʚʠʨʪʫʘʣʴʥʳʭ ʤʝʪʝʦʨʠʪʦʚ, ʭʦʪʷ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʩʝʤʠ ʠʩʢʦʤʳʭ ʧʘʨʘʤʝʪʨʦʚ ʜʦʩʪʘʪʦʯ-
ʥʦ ʨʘʩʩʤʦʪʨʝʪʴ ʚʩʝʛʦ ρπ ï ρπ ʩʣʫʯʘʝʚ. ɼʘʥʥʳʡ ʧʦʨʦʛ ʦʙʫʩʣʦʚʣʝʥ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʜʘʣʴʥʝʡ-
ʰʝʛʦ ʨʘʟʚʠʪʠʷ ʤʦʜʝʣʠ ʟʘ ʩʯʸʪ ʜʦʙʘʚʣʝʥʠʷ ʚʨʘʱʝʥʠʷ (ʦʩʴ ʠ ʫʛʣʦʚʘʷ ʩʢʦʨʦʩʪʴ, ʯʝʪʳʨʝ ʧʘʨʘʤʝʪ-

ʨʘ), ʬʦʨʤʳ (ʵʣʣʠʧʩʦʠʜ, ʜʚʘ ʧʘʨʘʤʝʪʨʘ) ʠ ʬʨʘʛʤʝʥʪʘʮʠʠ ʤʝʪʝʦʨʠʪʘ [7] (ʧʨʦʧʦʨʮʠʷ, ʦʜʠʥ ʧʘʨʘ-

ʤʝʪʨ ʥʘ ʢʘʞʜʳʡ ʩʣʫʯʘʡ ʜʨʦʙʣʝʥʠʷ). ʇʦʩʣʝʜʥʠʡ ʘʩʧʝʢʪ ʧʨʝʜʩʪʘʚʣʷʝʪ ʥʘʠʙʦʣʴʰʠʡ ʠʥʪʝʨʝʩ, ʪʘʢ 

ʢʘʢ ʚ ʩʦʚʨʝʤʝʥʥʳʭ ʨʘʙʦʪʘʭ [4] ʬʠʢʩʠʨʫʶʪ ʪʘʙʣʠʯʥʳʝ ʜʘʥʥʳʝ ʚʳʩʦʪʳ ʠ ʩʢʦʨʦʩʪʠ ʢʘʢ ʩʘʤʦʛʦ 

ʤʝʪʝʦʨʠʪʘ, ʪʘʢ ʠ ʦʪʜʝʣʷʶʱʠʭʩʷ ʦʪ ʥʝʛʦ ʙʦʣʝʝ ʤʝʣʢʠʭ ʬʨʘʛʤʝʥʪʦʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʩʣʝ ʦʙ-

ʥʦʚʣʝʥʠʷ ʥʘʰʝʡ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʢʦʣʠʯʝʩʪʚʦ ʚʘʨʴʠʨʫʝʤʳʭ ʧʘʨʘʤʝʪʨʦʚ ʚʦʟʨʘʩʪʸʪ ʤʠʥʠ-

ʤʫʤ ʜʦ ʪʨʠʥʘʜʮʘʪʠ, ʧʦʵʪʦʤʫ ʠʟʥʘʯʘʣʴʥʦ ʟʘʣʦʞʝʥʥʳʡ ʧʦʨʦʛ ʚ ʤʠʣʣʠʘʨʜʳ ʚʠʨʪʫʘʣʴʥʳʭ ʤʝʪʝʦ-

ʨʠʪʦʚ ʷʚʣʷʝʪʩʷ ʚʧʦʣʥʝ ʦʙʦʩʥʦʚʘʥʥʳʤ. 
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ʉʊʈʋʂʊʋʈɸ ʃɽɺʆɻʆ ʅʋʃʔ-ʇʈʆʉʊʈɸʅʉʊɺɸ ʄɸʊʈʀʎʓ 

ʆɻʈɸʅʀʏɽʅʀʁ ʏɽʊʓʈɪʍʀʅɼɽʂʉʅʆʁ ʇʃɸʅɸʈʅʆʁ 

ʊʈɸʅʉʇʆʈʊʅʆʁ ɿɸɼɸʏʀ 

ɽ.ɹ. ʊʠʪʦʚʘ, ʀ.ʅ. ɸʣʧʫʪʦʚ, ʆ.ɸ. ʇʝʪʨʦʚ, ʈ.ɼ. ʄʘʭʥʸʚ 

ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ 

ɼʣʷ ʤʘʪʨʠʮʳ ʦʛʨʘʥʠʯʝʥʠʡ ʯʝʪʳʨʸʭʠʥʜʝʢʩʥʦʡ ʧʣʘʥʘʨʥʦʡ ʪʨʘʥʩʧʦʨʪʥʦʡ ʟʘʜʘʯʠ ʨʘʩ-

ʩʤʦʪʨʝʥʘ ʩʪʨʫʢʪʫʨʘ ʣʝʚʦʛʦ ʥʫʣʴ-ʧʨʦʩʪʨʘʥʩʪʚʘ, ʧʦʩʪʨʦʝʥ ʙʘʟʠʩ ὒ ʜʘʥʥʦʛʦ ʧʨʦʩʪʨʘʥ-
ʩʪʚʘ, ʧʦʣʫʯʝʥ ʩʧʝʢʪʨ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ ʜʣʷ ʤʘʪʨʠʮʳ ὒϽὒ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʯʝʪʳʨʸʭʠʥʜʝʢʩʥʘʷ ʧʣʘʥʘʨʥʘʷ ʪʨʘʥʩʧʦʨʪʥʘʷ ʟʘʜʘʯʘ, ʣʝʚʦʝ ʥʫʣʴ-

ʧʨʦʩʪʨʘʥʩʪʚʦ, ʩʦʙʩʪʚʝʥʥʳʝ ʯʠʩʣʘ. 

 

1. ɺʚʝʜʝʥʠʝ 

ʇʫʩʪʴ ᴗ  ʧʦʣʝ ʨʘʮʠʦʥʘʣʴʥʳʭ ʯʠʩʝʣ, ᴗ  ʣʠʥʝʡʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʩʪʦʣʙʮʦʚ ʩ ʢʦʤʧʦʥʝʥ-
ʪʘʤʠ ʠʟ ᴗ, ʘ ᴚ  ʩʪʦʣʙʮʳ ʠʟ ᴗ  ʩ ʮʝʣʦʯʠʩʣʝʥʥʳʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ. ɼʣʷ ά ὲ-ʤʘʪʨʠʮʳ ὃ ʩ 

ʵʣʝʤʝʥʪʘʤʠ ʠʟ ᴗ ʦʙʦʟʥʘʯʠʤ ʯʝʨʝʟ ὒ όᶰᴗ ȿόὃ π ʣʝʚʦʝ ʥʫʣʴ-ʧʨʦʩʪʨʘʥʩʪʚʦ ʤʘʪʨʠʮʳ ὃ, 

ʘ ʯʝʨʝʟ ὒ   ʢʘʢʦʡ-ʥʠʙʫʜʴ ʝʛʦ ʙʘʟʠʩ. ʄʦʞʥʦ ʩʯʠʪʘʪʴ, ʯʪʦ ὒ  ʮʝʣʦʯʠʩʣʝʥʥʘʷ ά ὶ ά -

ʤʘʪʨʠʮʘ, ʛʜʝ ὶ  ʨʘʥʛ ʤʘʪʨʠʮʳ ὃ. ʄʥʦʞʝʩʪʚʦ ὒ ὒ᷊ᴚ  ʥʘʟʦʚʝʤ ʣʝʚʳʤ ʤʦʜʫʣʝʤ ʤʘʪʨʠʮʳ 

ὃ. ʄʥʦʞʝʩʪʚʦ ʮʝʣʦʯʠʩʣʝʥʥʳʭ ʣʠʥʝʡʥʳʭ ʢʦʤʙʠʥʘʮʠʡ ʩʪʨʦʢ ʤʘʪʨʠʮʳ ὒ ʩʦʜʝʨʞʠʪʩʷ ʚ ὒ, ʦʜʥʘʢʦ 

ʟʘʯʘʩʪʫʶ ʩ ʥʠʤ ʥʝ ʩʦʚʧʘʜʘʝʪ. ʆʥʠ ʩʦʚʧʘʜʫʪ ʪʦʛʜʘ ʠ ʪʦʣʴʢʦ ʪʦʛʜʘ, ʢʦʛʜʘ ʤʘʪʨʠʮʘ ὒ ʙʫʜʝʪ ʫʥʠʤʦ-

ʜʫʣʷʨʥʘʷ (ʪ.ʝ. ʅʆɼ ʙʘʟʠʩʥʳʭ ʤʠʥʦʨʦʚ ʨʘʚʝʥ 1). ɺ ʵʪʦʤ ʩʣʫʯʘʝ ὒ ʙʫʜʝʤ ʥʘʟʳʚʘʪʴ ʙʘʟʠʩʦʤ ʣʝʚʦʛʦ 
ʤʦʜʫʣʷ ʤʘʪʨʠʮʳ ὃ.  

ʆʙʦʟʥʘʯʠʤ ʯʝʨʝʟ ὓὃȟὦ ʤʥʦʞʝʩʪʚʦ ʨʘʮʠʦʥʘʣʴʥʳʭ ʨʝʰʝʥʠʡ ʩʠʩʪʝʤʳ ὃὼ ὦ. ɹʘʟʠʩ ὒ ʣʝ-
ʚʦʛʦ ʥʫʣʴ-ʧʨʦʩʪʨʘʥʩʪʚʘ ὒ ʧʦʟʚʦʣʷʝʪ ʦʧʠʩʘʪʴ ʤʥʦʞʝʩʪʚʦ ʚʩʝʭ ʚʝʢʪʦʨʦʚ ὦɴ ᴗ , ʧʨʠ ʢʦʪʦʨʳʭ 
ὓὃȟὦ Ȣɲ ʇʦ ʪʝʦʨʝʤʝ ʌʨʝʜʛʦʣʴʤʘ [1] ʦʥʦ ʩʦʚʧʘʜʘʝʪ ʩ ʤʥʦʞʝʩʪʚʦʤ ὦɴ ᴗ ȿὒὦ π. ɸʥʘʣʦ-
ʛʠʯʥʳʡ ʚʦʧʨʦʩ ʥʘʜ ʢʦʣʴʮʦʤ ʮʝʣʳʭ ʯʠʩʝʣ ᴚ ʨʝʰʘʝʪʩʷ ʩʣʦʞʥʝʝ, ʦʜʥʘʢʦ ʠʤʝʝʪ ʤʝʩʪʦ ʩʣʝʜʫʶʱʠʡ 

ʨʝʟʫʣʴʪʘʪ: ʝʩʣʠ ὦɴ ᴚ , ὃ  ʫʥʠʤʦʜʫʣʷʨʥʘ ʠ ὒ  ʧʦʣʥʘʷ ʩʠʩʪʝʤʘ ʚʝʢʪʦʨʦʚ ʚ ὒ, ʪʦ ὓὃȟὦ᷊
 ᴚ  ɲʪʦʛʜʘ ʠ ʪʦʣʴʢʦ ʪʦʛʜʘ, ʢʦʛʜʘ ὒὦ π. 
ʀʟʚʝʩʪʥʦ, ʯʪʦ ʝʩʣʠ ʤʘʪʨʠʮʘ ὃ ʩʦʜʝʨʞʠʪ ʙʘʟʠʩʥʫʶ ʩʠʩʪʝʤʫ ʩʪʦʣʙʮʦʚ ὃꜞ ȿꜞȿ ὶ, ʩʦʜʝʨ-

ʞʘʱʫʶ ʙʘʟʠʩʥʳʡ ʤʠʥʦʨ, ʨʘʚʥʳʡ 1, ʪʦ (ʩʤ., ʥʘʧʨʠʤʝʨ, [1]) ȿÄÅÔὃꜞꞌȿ ȿÄÅÔὒ ꞌӶȿ, ʛʜʝ ꞌӶ 

ʤʥʦʞʝʩʪʚʦ, ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʢ ꞌȢ ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʢʦʣʠʯʝʩʪʚʝʥʥʳʡ ʘʥʘʣʠʟ ʙʘʟʠʩʥʳʭ ʤʠʥʦʨʦʚ 
ʤʘʪʨʠʮ ὃꜞ ʠ ὒ, ʨʘʚʥʦʩʠʣʝʥ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʜʣʷ ʣʝʚʦʛʦ ʥʫʣʴ-ʧʨʦʩʪʨʘʥʩʪʚʘ ὒ ʯʝʪʳʨʸʭʠʥʜʝʢʩʥʦʡ ʧʣʘʥʘʨʥʦʡ ʪʨʘʥʩ-

ʧʦʨʪʥʦʡ ʟʘʜʘʯʠ ʧʦʣʫʯʝʥ ʩʧʝʢʪʨ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ ʜʣʷ ʤʘʪʨʠʮʳ ὒϽὒ ʠ ʧʦʩʪʨʦʝʥ ʙʘʟʠʩ ὒꜞ . 

2. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ 

ʈʘʩʩʤʦʪʨʠʤ ʦʛʨʘʥʠʯʝʥʠʷ-ʨʘʚʝʥʩʪʚʘ ʧʣʘʥʘʨʥʦʡ ʯʝʪʳʨyʭʠʥʜʝʢʩʥʦʡ ʪʨʘʥʩʧʦʨʪʥʦʡ ʟʘʜʘʯʠ 

(ʩʤ., ʥʘʧʨʠʤʝʨ, [2]) ʩ ʥʝʠʟʚʝʩʪʥʳʤʠ ὼ π Ὦ ρȟȣȟὲ ʧʨʠ Ὥ ρȟςȟσȟτ: 

ὼ  ὦ ȟ 

ὼ  ὦ ȟ                                                                    

ὼ  ὦ ȟ 
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ὼ  ὦ  

ʠ ʦʙʦʟʥʘʯʠʤ ʯʝʨʝʟ Ὕὲȟὲȟὲȟὲ  ʝʝ ʤʘʪʨʠʮʫ.  

ʀʟ [3] ʩʣʝʜʫʝʪ, ʯʪʦ ʤʘʪʨʠʮʫ Ὕὲȟὲȟὲȟὲ  ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ ʩʪʨʦʯʝʯʥʳʭ ʙʣʦʢʦʚ: 

Ὕὲȟὲȟὲȟὲ

ở

Ở
ờ

Ὅ Ὁ Ὁ Ὁ

Ὁ Ὅ Ὁ Ὁ

Ὁ Ὁ Ὅ Ὁ

Ὁ Ὁ Ὁ Ὅ
Ợ

ỡ
Ỡ
ȟ 

ʛʜʝ ὃ ὄ  ʢʨʦʥʝʢʝʨʦʚʦ ʧʨʦʠʟʚʝʜʝʥʠʝ ʤʘʪʨʠʮ ὃ ʠ ὄ (ʦʧʨʝʜʝʣʝʥʠʝ ʠ ʩʚʦʡʩʪʚʘ ʩʤ., ʥʘʧʨʠʤʝʨ, ʚ 

[4]), Ὁ  ʝʜʠʥʠʯʥʘʷ ʤʘʪʨʠʮʘ ὲ-ʛʦ ʧʦʨʷʜʢʘ, Ὅ ρȟȣȟρ  ὲ-ʤʝʨʥʘʷ ʩʪʨʦʢʘ, ʚʩʝ ʢʦʤʧʦʥʝʥʪʳ 
ʢʦʪʦʨʦʡ ʨʘʚʥʳ 1.  

ʄʘʪʨʠʮʘ Ὕὲȟὲȟὲȟὲ  ʠʤʝʝʪ ʯʠʩʣʦ ʩʪʦʣʙʮʦʚ ὔ ὲὲὲὲȟ ʯʠʩʣʦ ʩʪʨʦʢ ὓ
ὲὲὲ ὲὲὲ ὲὲὲ ὲὲὲ ʠ ʨʘʥʛ ὶ ὲὲὲ ὲὲὲ ὲὲὲ ὲὲὲ
ὲὲ ὲὲ ὲὲ ὲὲ ὲὲ ὲὲ ὲ ὲ ὲ ὲ ρ. ʄʘʪʨʠʮʘ Ὕὲȟὲȟὲȟὲ  

ʩʦʜʝʨʞʠʪ ʙʘʟʠʩʥʫʶ ʩʠʩʪʝʤʫ ʩʪʦʣʙʮʦʚ Ὕꜞ ȿꜞȿ ὶ, ʠʤʝʶʱʫʶ ʤʠʥʦʨ ʧʦʨʷʜʢʘ ὶ, ʨʘʚʥʳʡ 1.  

3. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʈʘʩʩʤʦʪʨʠʤ ʣʝʚʦʝ ʥʫʣʴ-ʧʨʦʩʪʨʘʥʩʪʚʘ ʤʘʪʨʠʮʳ Ὕὲȟὲȟὲȟὲ Ȣ  
ɺ [1] ʜʘʥʦ ʦʧʠʩʘʥʠʝ ʧʦʩʪʨʦʝʥʠʷ ʣʝʚʦʛʦ ʥʫʣʴ-ʧʨʦʩʪʨʘʥʩʪʚʘ. ʉʣʝʜʫʷ ʝʤʫ, ʤʘʪʨʠʮʫ 

ὒὲȟὲȟὲȟὲ  ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʙʣʦʯʥʦʤ ʚʠʜʝ: 

 

ὒὲȟὲȟὲȟὲ

ở

Ở
Ở
Ở
ờ

Ὅ Ὅ Ὁ Ὁ Ὅ Ὅ Ὁ Ὁ π π

Ὅ Ὁ Ὅ Ὁ π Ὅ Ὁ Ὅ Ὁ π

π Ὁ Ὅ Ὅ Ὁ Ὁ Ὅ Ὅ Ὁ π

Ὅ Ὁ Ὁ Ὅ π π Ὅ Ὁ Ὁ Ὅ

π Ὁ Ὅ Ὁ Ὅ π Ὁ Ὅ Ὁ Ὅ

π π Ὁ Ὁ Ὅ Ὅ Ὁ Ὁ Ὅ ὍỢ

ỡ
ỡ
ỡ
Ỡ

ȟ 

 

ʛʜʝ π  ʥʫʣʝʚʘʷ ά ὲ-ʤʘʪʨʠʮʘ, Ὅρ  ʯʠʩʣʦ 1. 

ʅʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʝʨʝʤʥʦʞʘʷ ʤʘʪʨʠʮʳ, ʧʦʣʫʯʘʝʤ, ʯʪʦ 

ὒὲȟὲȟὲȟὲ ϽὝὲȟὲȟὲȟὲ πȢ 
ʄʘʪʨʠʮʘ ὒὲȟὲȟὲȟὲ  ʠʤʝʝʪ ʯʠʩʣʦ ʩʪʨʦʢ ὓ ὲὲ ὲὲ ὲὲ ὲὲ ὲὲ

ὲὲ, ʯʠʩʣʦ ʩʪʦʣʙʮʦʚ ὔ ὲὲὲ ὲὲὲ ὲὲὲ ὲὲὲ ʠ ʠʤʝʝʪ ʨʘʟʤʝʨʥʦʩʪʴ 

Ὠ ὲȟὲȟὲ ὓ ὶ ὲὲ ὲὲ ὲὲ ὲὲ ὲὲ ὲὲ ὲ ὲ ὲ ὲ ρȢ 
 

ʋʪʚʝʨʞʜʝʥʠʝ 1. ʉʦʙʩʪʚʝʥʥʳʝ ʯʠʩʣʘ ʤʘʪʨʠʮʳ ὒὲȟὲȟὲȟὲ  Ͻὒ ὲȟὲȟὲȟὲ  ʠʤʝʶʪ 

ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

‗ ὲ ὲ ὲ ὲ ʢʨʘʪʥʦʩʪʠ 3, 

‗ ὲ ὲ ὲ ʢʨʘʪʥʦʩʪʠ ςὲ ρ, ‗ ὲ ὲ ὲ ʢʨʘʪʥʦʩʪʠ ςὲ ρ, 

‗ ὲ ὲ ὲ ʢʨʘʪʥʦʩʪʠ ςὲ ρ, ‗ ὲ ὲ ὲ ʢʨʘʪʥʦʩʪʠ ςὲ ρ, 

‗ ὲ ὲ ʢʨʘʪʥʦʩʪʠ ὲ ρ ὲ ρȟ ‗ ὲ ὲ ʢʨʘʪʥʦʩʪʠ ὲ ρ ὲ ρȟ 
‗ ὲ ὲ ʢʨʘʪʥʦʩʪʠ ὲ ρ ὲ ρȟ ‗ ὲ ὲ ʢʨʘʪʥʦʩʪʠ ὲ ρ ὲ ρȟ 
‗ ὲ ὲ ʢʨʘʪʥʦʩʪʠ ὲ ρ ὲ ρȟ ‗ ὲ ὲ ʢʨʘʪʥʦʩʪʠ ὲ ρ ὲ ρ 

ʠ ‗ π ʢʨʘʪʥʦʩʪʠ ὲ ὲ ὲ ὲ ρ. 
 

ɺʳʜʝʣʠʤ ʚ ʤʘʪʨʠʮʝ Ὕὲȟὲȟὲȟὲ  ʙʘʟʠʩʥʫʶ ʩʠʩʪʝʤʫ ʩʪʦʣʙʮʦʚ Ὕꜞ ȿꜞȿ ὶ, ʘ ʚ ʤʘʪʨʠʮʝ 
ὒὲȟὲȟὲȟὲ  ʙʘʟʠʩʥʫʶ ʩʠʩʪʝʤʫ ʩʪʨʦʢ ὒꜞ . 

ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʙʘʟʠʩʘ ὒꜞ  ʜʦʩʪʘʪʦʯʥʦ ʫʜʘʣʠʪʴ ʠʟ ʤʘʪʨʠʮʳ ὒὲȟὲȟὲȟὲ   ʚ ʙʣʦʢʝ III  ʧʦ-

ʩʣʝʜʥʠʝ ὲ ʩʪʨʦʢʠ, ʚ ʙʣʦʢʝ V - ʧʦʩʣʝʜʥʠʝ ὲ ̒̓̑̏̋̉ȟ̋ ̟́̇̅̔ ὲ ʩʪʨʦʢʫ ʠʟ ʙʣʦʢʘ VI ʠ ʧʦʩʣʝʜ-
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ʥʠʝ ὲ ʩʪʨʦʢʠ ʠʟ ʙʣʦʢʘ VI (ʪ. ʦ., ʩʘʤʘʷ ʧʦʩʣʝʜʥʷʷ ʩʪʨʦʢʘ ʫʜʘʣʷʝʪʩʷ ʜʚʘʞʜʳ). ʇʦʩʣʝ ʫʜʘʣʝʥʠʷ 

ʣʠʥʝʡʥʦ ʟʘʚʠʩʠʤʳʭ ʩʪʨʦʢ ʧʦʣʫʯʠʤ ʤʘʪʨʠʮʫ ὒꜞ . 

 

ʋʪʚʝʨʞʜʝʥʠʝ 2. ʆʧʨʝʜʝʣʠʪʝʣʴ ɻʨʘʤʘ ʤʘʪʨʠʮʳ ὒꜞ  ʨʘʚʝʥ 

ÄÅÔὒꜞ Ͻὒꜞ ὲ ὲ Ͻὲ ὲ Ͻ

Ͻὲ ὲ Ͻὲ ὲ Ͻὲ ὲ Ͻ

Ͻὲ ὲ Ͻὲ ὲ ὲ Ͻὲ ὲ ὲ Ͻ

Ͻὲ ὲ ὲ Ͻὲ ὲ ὲ Ͻὲ ὲ ὲ ὲ Ȣ 
 

ʈʘʥʝʝ [5] ʊʠʪʦʚʦʡ ɽ.ɹ. ʨʘʩʩʤʦʪʨʝʥʦ ʣʝʚʦʝ ʥʫʣʴ-ʧʨʦʩʪʨʘʥʩʪʚʦ ʪʨʸʭʠʥʜʝʢʩʥʦʡ ʧʣʘʥʘʨʥʦʡ 

ʪʨʘʥʩʧʦʨʪʥʦʡ ʟʘʜʘʯʠ, ʧʦʣʫʯʝʥ ʙʘʟʠʩ ʤʦʜʫʣʷ ʵʪʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ, ʜʣʷ ʢʦʪʦʨʦʛʦ ʚʳʯʠʩʣʝʥ ʦʧʨʝ-

ʜʝʣʠʪʝʣʴ ʤʘʪʨʠʮʳ ɻʨʘʤʘ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʵʪʠʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʨʦʩʪʘ ʩʨʝʜʥʝʛʦ 

ʟʥʘʯʝʥʠʷ ʩʫʤʤʳ ʢʚʘʜʨʘʪʦʚ ʤʠʥʦʨʦʚ ʨʘʥʛʦʚʦʛʦ ʧʦʨʷʜʢʘ ʙʘʟʠʩʥʦʡ ʩʠʩʪʝʤʳ ʩʪʨʦʢ ʠ ʙʘʟʠʩʥʦʡ ʩʠ-

ʩʪʝʤʳ ʩʪʦʣʙʮʦʚ ʤʘʪʨʠʮʳ ʦʛʨʘʥʠʯʝʥʠʡ ʪʨʸʭʠʥʜʝʢʩʥʦʡ ʧʣʘʥʘʨʥʦʡ ʪʨʘʥʩʧʦʨʪʥʦʡ ʟʘʜʘʯʠ.  
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ʇʈʗʄʆʁ ʕʂʉʊʈɽʄɸʃʔʅʓʁ ʇʆɼʍʆɼ ɼʃʗ ʀɼɽʅʊʀʌʀʂɸʎʀʀ 

ʇɸʈɸʄɽʊʈʆɺ ɺ ɺʀɼɽ ɺɽʂʊʆʈɸ ʌʋʅʂʎʀʁ  

ɺ ɼʀʌʌʋɿʀʆʅʅʆʁ ʄʆɼɽʃʀ 

ʄ.ɸ. ʊʦʣʩʪʳʭ 

ɼʦʥʝʮʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ 

ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʟʘʜʘʯʘ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʚʝʢʪʦʨʘ ʬʫʥʢʮʠʡ 

ʚ ʜʠʬʬʫʟʠʦʥʥʦʡ ʤʦʜʝʣʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʚ ʩʦʮʠʘʣʴʥʳʭ ʩʝʪʷʭ. ʇʨʝʜʣʦ-

ʞʝʥʘ ʤʦʜʠʬʠʢʘʮʠʷ ʤʝʪʦʜʘ ʩ ʨʝʛʫʣʠʨʫʝʤʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʩʧʫʩʢʘ (ʄʈʅʉ) ʜʣʷ ʦʜʥʦ-

ʚʨʝʤʝʥʥʦʡ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʩʢʘʣʷʨʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ. 

ʄʦʜʠʬʠʢʘʮʠʷ ʚʢʣʶʯʘʝʪ ʚʚʝʜʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʥʘʧʨʘʚʣʝʥʠʷ ʩʧʫʩʢʘ ʜʣʷ 

ʢʘʞʜʦʡ ʢʦʤʧʦʥʝʥʪʳ ʚʝʢʪʦʨʘ ʫʧʨʘʚʣʝʥʠʷ. ʏʠʩʣʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ 

ʧʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜ ʦʙʝʩʧʝʯʠʚʘʝʪ ʦʜʥʦʚʨʝʤʝʥʥʫʶ ʨʘʚʥʦʤʝʨʥʫʶ ʩʭʦʜʠʤʦʩʪʴ ʚʩʝʭ 

ʢʦʤʧʦʥʝʥʪ ʫʧʨʘʚʣʝʥʠʷ ʢ ʦʧʪʠʤʘʣʴʥʳʤ ʟʥʘʯʝʥʠʷʤ ʟʘ 177 ʠʪʝʨʘʮʠʡ. ɼʦʩʪʠʛʥʫʪʦ ʩʫʱʝ-

ʩʪʚʝʥʥʦʝ ʫʣʫʯʰʝʥʠʝ ʩʭʦʜʠʤʦʩʪʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʛʨʘʜʠʝʥʪʥʳʤʠ ʤʝ-

ʪʦʜʘʤʠ, ʢʦʪʦʨʳʝ ʥʝ ʦʙʝʩʧʝʯʠʚʘʶʪ ʨʘʚʥʦʤʝʨʥʦʡ ʩʭʦʜʠʤʦʩʪʠ ʧʨʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʠ ʚʝʢ-

ʪʦʨ-ʬʫʥʢʮʠʡ ʠʟ-ʟʘ ʨʘʟʥʦʤʘʩʰʪʘʙʥʦʩʪʠ ʢʦʤʧʦʥʝʥʪ ʛʨʘʜʠʝʥʪʘ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʠʜʝʥʪʠʬʠʢʘʮʠʷ ʧʘʨʘʤʝʪʨʦʚ, ʤʝʪʦʜ ʩ ʨʝʛʫʣʠʨʫʝʤʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ 

ʩʧʫʩʢʘ, ʜʠʬʬʫʟʠʦʥʥʘʷ ʤʦʜʝʣʴ, ʩʦʮʠʘʣʴʥʳʝ ʩʝʪʠ, ʙʝʩʢʦʥʝʯʥʦʤʝʨʥʘʷ ʦʧʪʠʤʠʟʘʮʠʷ. 

 

1. ɺʚʝʜʝʥʠʝ 

ʉʦʚʨʝʤʝʥʥʳʝ ʟʘʜʘʯʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʦʮʠʘʣʴʥʳʭ ʩʝʪʝʡ ʪʨʝʙʫʶʪ ʨʝʰʝʥʠʷ 

ʦʙʨʘʪʥʳʭ ʟʘʜʘʯ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʥʝ ʪʦʣʴʢʦ ʜʣʷ ʩʢʘʣʷʨʥʳʭ ʚʝʣʠʯʠʥ, ʥʦ ʠ ʜʣʷ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ. ʇʨʠ ʧʨʷʤʦʡ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʢʣʘʩʩʠʯʝʩʢʠʝ ʛʨʘʜʠʝʥʪʥʳʝ ʘʣʛʦ-

ʨʠʪʤʳ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʥʝʜʦʩʪʘʪʦʯʥʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʚ ʙʝʩʢʦʥʝʯʥʦʤʝʨʥʳʭ ʧʨʦʩʪʨʘʥʩʪʚʘʭ, 

ʧʨʦʷʚʣʷʷ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʴ ʩʭʦʜʠʤʦʩʪʠ [1]. ɺ ʥʘʩʪʦʷʱʝʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʧʨʝʜʣʘʛʘʝʪʩʷ ʫʩʦʚʝʨ-

ʰʝʥʩʪʚʦʚʘʥʥʘʷ ʚʝʨʩʠʷ ʤʝʪʦʜʘ ʩ ʨʝʛʫʣʠʨʫʝʤʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʩʧʫʩʢʘ (ʄʈʅʉ) [2], ʫʩʪʨʘʥʷʶʱʘʷ 

ʫʢʘʟʘʥʥʳʡ ʥʝʜʦʩʪʘʪʦʢ ʟʘ ʩʯʸʪ ʚʚʝʜʝʥʠʷ ʩʧʝʮʠʘʣʴʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʨʝʛʫʣʠʨʦʚʘʥʠʷ. 

2. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʠʜʝʥʪʠʬʠʢʘʮʠʠ 

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʟʘʜʘʯʘ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʧʘʨʘʤʝʪʨʘ ό  ὴȟὬὼȟὶὸ  ʚ ʨʘʤʢʘʭ ʥʝʣʠʥʝʡ-

ʥʦʡ ʜʠʬʬʫʟʠʦʥʥʦʡ ʤʦʜʝʣʠ, ʦʧʠʩʳʚʘʶʱʝʡ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʧʦʪʦʢʦʚ ʚ ʩʦʮʠ-

ʘʣʴʥʳʭ ʩʝʪʷʭ [3]: 

‬ὺ

‬ὸ
 ὴ

‬ὺ

‬ὼ
  ὶὬ—ὺ ‐ πȟ ̎ ́̏̂̌́̒̓̉ ɱ ὼȟὼ   ὸȟὸȢ 

ɺ ʧʨʠʚʝʜʸʥʥʦʤ ʫʨʘʚʥʝʥʠʠ: ὸ ï ʚʨʝʤ;̫ ὼ ï ʤʝʪʨʠʢʘ ʨʘʩʩʪʦʷʥʠʷ ʚ ʛʨʘʬʝ ʩʦʮʠʘʣʴʥʦʡ ʩʝʪʠ, ʭʘ-
ʨʘʢʪʝʨʠʟʫʶʱʘʷ ʛʣʫʙʠʥʫ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʠʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʢʦʥʪʝʥʪʘ (ʥʘʧʨʠʤʝʨ, ʥʦʚʦʩʪʠ); 

ὺὼȟὸ ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʠʥʬʦʨʤʘʮʠʠ (ʯʠʩʣʦ ʨʝʧʦʩʪʦʚ); ὴ ï ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ, ʦʧʨʝʜʝʣʷʶ-

ʱʠʡ ʩʢʦʨʦʩʪʴ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʥʦʚʦʩʪʠ ʚ ʫʜʘʣʸʥʥʳʝ ʫʟʣʳ ʩʝʪʠ; ὶὸ ï ʬʫʥʢʮʠʷ, ʦʧʠʩʳʚʘʶʱʘʷ 

ʜʠʥʘʤʠʢʫ ʘʢʪʠʚʥʦʩʪʠ ʧʦʣʴʟʦʚʘʪʝʣʝʡ; Ὤὼ ï ʧʨʦʧʫʩʢʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʢʣʘʩʪʝʨʘ ʩʝʪʠ; — ï ʬʫʥʢ-
ʮʠʷ ʍʝʚʠʩʘʡʜʘ, ʦʙʝʩʧʝʯʠʚʘʶʱʘʷ ʧʦʨʦʛʦʚʳʡ ʵʬʬʝʢʪ ‐  π ʜʣʷ ʠʩʢʣʶʯʝʥʠʷ ʩʘʤʦʧʨʦʠʟʚʦʣʴ-

ʥʦʛʦ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ. 

ʂʨʘʝʚʳʝ ʠ ʥʘʯʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʬʦʨʤʫʣʠʨʫʶʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: ὺ  ρ ʧʨʠ ὼ

ὼȟ π ʧʨʠ ὼ  ὼȟὺ  π ʚ ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ ὸ. 

ʆʧʪʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʢʦʤʧʦʥʝʥʪ ʚʝʢʪʦʨʘ ό  ὴȟὬὼȟὶὸ  ʦʧʨʝʜʝʣʷʶʪʩʷ ʧʫʪʸʤ ʨʝʰʝ-

ʥʠʷ ʚʘʨʠʘʮʠʦʥʥʦʡ ʟʘʜʘʯʠ ʤʠʥʠʤʠʟʘʮʠʠ ʮʝʣʝʚʦʛʦ ʬʫʥʢʮʠʦʥʘʣʘ: 
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ὐό ὺ ὺ ὼ‏ ὼὨὼὨὸOÍÉÎȟ 

ʛʜʝ ὺ ï ʵʤʧʠʨʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʦ ʩʦʩʪʦʷʥʠʠ ʠʥʬʦʨʤʘʮʠʠ ʚ ʫʟʣʘʭ ʛʨʘʬʘ, ‏ ï ʜʝʣʴʪʘ-ʬʫʥʢʮʠʷ ɼʠ-

ʨʘʢʘ. 

ɼʣʷ ʜʘʥʥʦʡ ʟʘʜʘʯʠ ʤʝʪʦʜ ʩ ʨʝʛʫʣʠʨʫʝʤʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʩʧʫʩʢʘ ʙʫʜʝʪ ʚʳʛʣʷʜʝʪʴ ʩʣʝʜʫʶ-

ʱʠʤ ʦʙʨʘʟʦʤ: 

ὴ  ὴ  ὦ‍‌​ὐȟ

Ὤ ὼ  Ὤ ὼ  ὦ‍‌ ὼ​ὐὬȠὼȟ

ὶ ὸ  ὶ ὸ  ὦ‍‌ ὸ​ὐὶȠὸȢ

 

ɿʜʝʩʴ ‍ȟ‍ȟ‍  ï ʥʘʙʦʨ ʚʝʩʦʚʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ; ‌  ρȟ‌ ὼȟ‌ ὸ  ï ʧʘʨʘʤʝʪʨʳ ʨʝ-

ʛʫʣʠʨʦʚʘʥʠʷ ʥʘʧʨʘʚʣʝʥʠʷ ʩʧʫʩʢʘ. 

ʇʘʨʘʤʝʪʨʳ ʘʜʘʧʪʘʮʠʠ ‌ ὼ ʠ ‌ ὸ ʦʧʨʝʜʝʣʷʶʪʩʷ ʩʦʦʪʥʦʰʝʥʠʷʤʠ: 

‌ ὼ  πȢς 
Ὤ ὼ

ȿ​ὐὬȠ ὼȿ
ȟ 

‌ ὸ  πȢς 
ὶ ὸ

ȿ​ὐὶȠ ὸȿ
Ȣ 

ɺʝʩʦʚʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ‍ȟὭ ὴȟὬȟὶ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʥʘ ʥʘʯʘʣʴʥʦʡ ʠʪʝʨʘʮʠʠ: 

‍  πȢρ 
ό

ᴁ‌  ​ὐᴁ
Ȣ 

3. ʏʠʩʣʝʥʥʦʝ ʨʝʰʝʥʠʝ 

ɿʘʜʘʯʘ ʨʝʰʘʣʘʩʴ ʧʦ ʥʝʷʚʥʦʡ ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʦʡ ʩʭʝʤʝ ʂʨʘʥʢʘ-ʅʠʢʦʣʩʦʥʘ ʩ ʯʝʪʳʨʝʭʪʦʯʝʯ-

ʥʳʤ ʰʘʙʣʦʥʦʤ ʤʝʪʦʜʦʤ ʧʨʦʛʦʥʢʠ. ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʘʷ ʩʝʪʢʘ ʟʘʜʘʚʘʣʘʩʴ ʟʥʘʯʝʥʠʷʤʠ 

ὲ υπȟά υππ. ʕʪʦ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʦ ʨʘʩʩʪʦʷʥʠʶ ʚ ʧʷʪʴ ʨʸʙʝʨ ʛʨʘʬʘ ʩʝʪʠ ʥʘ ʢʦʪʦʨʦʝ ʨʘʩʧʨʦ-
ʩʪʨʘʥʠʣʘʩʴ ʥʦʚʦʩʪʴ ʦʪ ʠʩʪʦʯʥʠʢʘ, ʠ ʚʨʝʤʝʥʠ ὸ ὸ χς ʯʘʩʘ, ὸ υ ʯʘʩʦʚ.  

ʈʝʰʝʥʠʝ ʥʘʭʦʜʠʣʦʩʴ ʬʦʨʤʘʣʴʥʦ ʦʙʦʙʱʝʥʥʳʤ ʥʘ ʙʝʩʢʦʥʝʯʥʦʤʝʨʥʳʝ ʧʨʦʩʪʨʘʥʩʪʚʘ ʤʝʪʦʜʦʤ 

ʥʘʠʩʢʦʨʝʡʰʝʛʦ ʩʧʫʩʢʘ (ʄʅʉ) ʠ ʄʈʅʉ. ʄʅʉ ʧʦʢʘʟʘʣ ʣʠʰʴ ʠʥʪʝʛʨʘʣʴʥʫʶ ʩʭʦʜʠʤʦʩʪʴ ʟʘ 225 

ʠʪʝʨʘʮʠʡ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʄʈʅʉ ʧʦʢʘʟʘʣ ʨʘʚʥʦʤʝʨʥʫʶ ʩʭʦʜʠʤʦʩʪʴ ʟʘ 177 ʠʪʝʨʘʮʠʡ. 

4. ɺʳʚʦʜʳ 

ʇʨʝʜʣʦʞʝʥʥʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʄʈʅʉ ʦʙʝʩʧʝʯʠʣʘ ʦʜʥʦʚʨʝʤʝʥʥʫʶ ʠ ʨʘʚʥʦʤʝʨʥʫʶ ʩʭʦʜʠ-

ʤʦʩʪʴ ʚʩʝʭ ʢʦʤʧʦʥʝʥʪ ʚʝʢʪʦʨʘ ʫʧʨʘʚʣʝʥʠʷ ʢ ʦʧʪʠʤʘʣʴʥʳʤ ʟʥʘʯʝʥʠʷʤ. ʊʨʘʜʠʮʠʦʥʥʳʝ ʛʨʘʜʠʝʥʪ-

ʥʳʝ ʤʝʪʦʜʳ ʥʝ ʧʦʟʚʦʣʷʶʪ ʜʦʩʪʠʯʴ ʩʦʧʦʩʪʘʚʠʤʦʡ ʨʘʚʥʦʤʝʨʥʦʩʪʠ ʧʨʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʠ ʚʝʢʪʦʨ-

ʬʫʥʢʮʠʡ ʚʩʣʝʜʩʪʚʠʝ ʨʘʟʥʦʤʘʩʰʪʘʙʥʦʩʪʠ ʢʦʤʧʦʥʝʥʪ ʛʨʘʜʠʝʥʪʘ 
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ʈʆʊʆɹʈʀɿɽʈʅʓɽ ʎʀʂʃʆʇʅʓɽ ʉʆʉʊʆʗʅʀʗ ɺ ɸʅʉɸʄɹʃɽ 

ʌɸɿʆɺʓʍ ʆʉʎʀʃʃʗʊʆʈʆɺ ʉʆ ʉɺʗɿʔʖ 

ʇʆ ɺʓʉʐʀʄ ʄʆɼɸʄ1* 

ʄ.ʄ. ʍʘʤʢʦʚ, ʃ.ɸ. ʉʤʠʨʥʦʚ, ʄ.ʀ. ɹʦʣʦʪʦʚ 

ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ 

ʂʦʣʣʝʢʪʠʚʥʘʷ ʜʠʥʘʤʠʢʘ ʘʥʩʘʤʙʣʝʡ ʬʘʟʦʚʳʭ ʦʩʮʠʣʣʷʪʦʨʦʚ ʩ ʠʥʝʨʮʠʝʡ ʠ ʙʠʛʘʨʤʦʥʠ-

ʯʝʩʢʦʡ ʩʚʷʟʴʶ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʩʣʦʞʥʳʝ ʚʘʨʠʘʥʪʳ ʩʠʥʭʨʦʥʥʦʛʦ ʧʦʚʝʜʝʥʠʷ. ɺ ʨʘʙʦʪʝ 

ʠʩʩʣʝʜʫʝʪʩʷ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʠ ʫʩʪʦʡʯʠʚʦʩʪʴ ʨʦʪʦʙʨʠʟʝʨʥʳʭ ʮʠʢʣʦʧʥʳʭ ʩʦʩʪʦʷʥʠʡ. ʅʘ 

ʦʩʥʦʚʝ ʤʦʜʝʣʠ ʂʫʨʘʤʦʪʦ-ʉʘʢʘʛʫʯʠ ʩ ʚʳʩʰʠʤʠ ʤʦʜʘʤʠ ʩʚʷʟʠ ʧʦʣʫʯʝʥʳ ʘʥʘʣʠʪʠʯʝ-

ʩʢʠʝ ʫʩʣʦʚʠʷ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʜʘʥʥʦʛʦ ʨʝʞʠʤʘ. ʄʝʪʦʜʘʤʠ ʯʠʩʣʝʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʩʪʨʦʝʥʳ ʜʠʘʛʨʘʤʤʳ ʫʩʪʦʡʯʠʚʦʩʪʠ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʧʘʨʘʤʝʪʨʦʚ ʩʚʷ-

ʟʠ. ʈʝʟʫʣʴʪʘʪʳ ʠʤʝʶʪ ʟʥʘʯʝʥʠʝ ʜʣʷ ʧʦʥʠʤʘʥʠʷ ʩʣʦʞʥʦʡ ʩʠʥʭʨʦʥʥʦʡ ʜʠʥʘʤʠʢʠ ʚ ʩʝ-

ʪʷʭ ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʮʠʢʣʦʧʥʳʡ ʨʝʞʠʤ, ʨʦʪʦʙʨʠʟʝʨʥʳʡ ʨʝʞʠʤ, ʦʩʮʠʣʣʷʪʦʨ, ʂʫʨʘʤʦʪʦ-

ʉʘʢʘʛʫʯʠ, ʢʣʘʩʪʝʨ, ʫʝʜʠʥʸʥʥʳʡ ʵʣʝʤʝʥʪ. 

 

1. ɺʚʝʜʝʥʠʝ 

ɸʥʩʘʤʙʣʠ ʬʘʟʦʚʳʭ ʦʩʮʠʣʣʷʪʦʨʦʚ ʷʚʣʷʶʪʩʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʤʦʜʝʣʴʶ ʜʣʷ ʦʧʠʩʘʥʠʷ ʢʦʣ-

ʣʝʢʪʠʚʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʚ ʩʠʩʪʝʤʘʭ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʵʣʝʤʝʥʪʦʚ, ï ʦʪ ʥʝʡʨʦʥʥʳʭ ʜʦ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʩʝʪʝʡ. ʄʦʜʝʣʴ ʂʫʨʘʤʦʪʦïʉʘʢʘʛʫʯʠ ʩ ʠʥʝʨʮʠʝʡ ʤʦʞʝʪ ʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ ʩʣʦʞ-

ʥʳʝ ʚʘʨʠʘʥʪʳ ʩʠʥʭʨʦʥʥʦʛʦ ʧʦʚʝʜʝʥʠʷ, ʚʢʣʶʯʘʷ ʮʠʢʣʦʧʥʳʝ ʩʦʩʪʦʷʥʠʷ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝʩʷ ʩʦ-

ʩʫʱʝʩʪʚʦʚʘʥʠʝʤ ʜʚʫʭ ʢʦʛʝʨʝʥʪʥʳʭ ʢʣʘʩʪʝʨʦʚ ʠ ʫʝʜʠʥʸʥʥʦʛʦ ʦʩʮʠʣʣʷʪʦʨʘ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩ-

ʩʣʝʜʫʝʪʩʷ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʠ ʫʩʪʦʡʯʠʚʦʩʪʴ ʨʦʪʦʙʨʠʟʝʨʥʳʭ ʮʠʢʣʦʧʥʳʭ ʨʝʞʠʤʦʚ, ʧʨʠ ʢʦʪʦʨʳʭ ʜʚʘ 

ʢʣʘʩʪʝʨʘ ʩʦʚʝʨʰʘʶʪ ʚʨʘʱʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʫʝʜʠʥʸʥʥʦʛʦ ʵʣʝʤʝʥʪʘ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʩʚʷʟʠ, 

ʩʦʜʝʨʞʘʱʝʡ ʩʪʘʨʰʠʝ ʛʘʨʤʦʥʠʢʠ [1]. 

2. ʄʦʜʝʣʴ 

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʘʥʩʘʤʙʣʴ ʠʟ N ʛʣʦʙʘʣʴʥʦ ʩʚʷʟʘʥʥʳʭ ʬʘʟʦʚʳʭ ʦʩʮʠʣʣʷʪʦʨʦʚ ʩ ʠʥʝʨʮʠʝʡ ‘ ʠ 
ʙʠʛʘʨʤʦʥʠʯʝʩʢʦʡ ʬʫʥʢʮʠʝʡ ʩʚʷʟʠ: 

 

ⱧⱣ▓ Ᵽ▓ ⱷ
╝
В В Ⱡ▲Ἳἱἶ▲Ᵽ▪ Ᵽ▓ ♪▲▲ ȟ╝
▪   (1) 

ʛʜʝ  — ï ʬʘʟʘ k-ʛʦ ʦʩʮʠʣʣʷʪʦʨʘ (k = 1, 2, é, N), ‘ ï ʠʥʝʨʮʠʷ (ʤʘʩʩʘ), ,ï ʩʦʙʩʪʚʝʥʥʘʷ ʯʘʩʪʦʪʘ ‫ 

‌  ï ʬʘʟʦʚʳʡ ʩʜʚʠʛ q-ʡ ʛʘʨʤʦʥʠʢʠ ʩʚʷʟʠ, ‐ ï ʘʤʧʣʠʪʫʜʘ q-ʡ ʛʘʨʤʦʥʠʢʠ. ʉʪʝʧʝʥʴ ʩʠʥʭʨʦʥʠʟʘ-

ʮʠʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʧʘʨʘʤʝʪʨʘʤʠ ʧʦʨʷʜʢʘ Ὑ, ʦʧʨʝʜʝʣʷʝʤʳʤʠ ʢʘʢ: 

 ╡▲ ╝
В ▄░▲Ᵽ□ ►▲▄

░ⱶ▲Ȣ╝
□   (2) 

ɼʣʷ ʦʪʪʘʣʢʠʚʘʶʱʝʡ ʧʝʨʚʦʡ ʛʘʨʤʦʥʠʢʠ ʠ ʥʝʯʸʪʥʦʛʦ N ʚ ʩʠʩʪʝʤʝ ʬʦʨʤʠʨʫʝʪʩʷ ʫʩʪʦʡʯʠʚʳʡ 

ʨʦʪʦʙʨʠʟʝʨʥʳʡ ʮʠʢʣʦʧʥʳʡ ʨʝʞʠʤ [2]. ɼʣʷ ʨʦʪʦʙʨʠʟʝʨʥʦʛʦ ʨʝʞʠʤʘ ʤʝʞʢʣʘʩʪʝʨʥʳʝ ʬʘʟʦʚʳʝ ʦʪ-

ʩʪʨʦʡʢʠ ὼὸ ʠ ώὸ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʥʝʦʛʨʘʥʠʯʝʥʥʳʡ ʨʦʩʪ (ʫʙʳʚʘʥʠʝ), ʪʦ ʝʩʪʴ ʬʘʟʳ ʜʚʫʭ ʢʣʘ-

ʩʪʝʨʦʚ ʚʨʘʱʘʶʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʜʠʥʦʯʥʦʛʦ ʦʩʮʠʣʣʷʪʦʨʘ (ʨʠʩ. 1). 

                                                      
1* ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ (ʧʨʦʝʢʪ ˉ 24-72-00105). 
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ʈʠʩ. 1. ʈʦʪʦʙʨʠʟʝʨʥʳʡ ʮʠʢʣʦʧʥʳʡ ʨʝʞʠʤ ʚ ʘʥʩʘʤʙʣʝ ʠʟ N = 11 ʦʩʮʠʣʣʷʪʦʨʦʚ. ɺʨʝʤʝʥʥʘʷ ʵʚʦʣʶʮʠʷ  

ʬʘʟʦʚʳʭ ʨʘʟʣʠʯʠʡ ὼὸ ʠ yὸ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʫʩʪʦʡʯʠʚʫʶ ʚʨʘʱʘʪʝʣʴʥʫʶ ʜʠʥʘʤʠʢʫ ʤʝʞʜʫ ʜʚʫʤʷ  

ʢʦʛʝʨʝʥʪʥʳʤʠ ʢʣʘʩʪʝʨʘʤʠ ʠ ʦʜʠʥʦʯʥʳʤ ʦʩʮʠʣʣʷʪʦʨʦʤ (ʬʠʢʩʠʨʦʚʘʥʥʳʤ  

ʧʨʠ  — π ʜʣʷ ʥʘʛʣʷʜʥʦʩʪʠ) 

ɼʠʥʘʤʠʢʘ ʨʘʟʥʦʩʪʝʡ ʬʘʟ ὼὸ ʠ ώὸ ʦʧʠʩʳʚʘʝʪʩʷ ʩʠʩʪʝʤʦʡ: 

‘ὼ ὼ
‐

ὔ
ÓÉÎ‌ ÓÉÎήὼ‌  

ὔ ρ

ς
ÓÉÎήὼ‌ ÓÉÎήώ‌ ÓÉÎ‌  ÓÉÎήὼ ώ ‌ ȟ 

‘ώ ώ
‐

ὔ
ÓÉÎ‌ ÓÉÎήώ‌

ὔ ρ

ς
ÓÉÎήὼ‌ ÓÉÎήώ ‌ ÓÉÎ‌ ÓÉÎήώ ὼ ‌ Ȣ 

2. ʈʝʟʫʣʴʪʘʪʳ 

ʆʩʥʦʚʥʳʤ ʨʝʟʫʣʴʪʘʪʦʤ ʷʚʣʷʝʪʩʷ ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʠ ʯʠʩʣʝʥʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʦʙʣʘʩʪʝʡ ʧʘʨʘ-

ʤʝʪʨʦʚ, ʧʨʠ ʢʦʪʦʨʳʭ ʩʫʱʝʩʪʚʫʶʪ ʨʦʪʦʙʨʠʟʝʨʥʳʝ ʮʠʢʣʦʧʥʳʝ ʩʦʩʪʦʷʥʠʷ (ʨʠʩ. 2). ʕʪʦʪ ʨʝʞʠʤ 

ʧʨʦʷʚʣʷʝʪ ʫʩʪʦʡʯʠʚʦʩʪʴ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ, ʢʦʪʦ-

ʨʳʡ ʩʫʱʝʩʪʚʝʥʥʦ ʧʨʝʚʦʩʭʦʜʠʪ ʦʙʣʘʩʪʴ ʫʩʪʦʡʯʠʚʦʩʪʠ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʚʘʨʠʘʥʪʘ ʮʠʢʣʦʧʥʦʛʦ ʨʝ-

ʞʠʤʘ. 

 

ʈʠʩ. 2. ɼʠʘʛʨʘʤʤʘ ʫʩʪʦʡʯʠʚʦʩʪʠ ʨʦʪʦʙʨʠʟʝʨʥʦʛʦ ʮʠʢʣʦʧʥʦʛʦ ʩʦʩʪʦʷʥʠʷ.  

ʏʸʨʥʘʷ ʠ ʩʝʨʘʷ ʦʙʣʘʩʪʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʫʩʪʦʡʯʠʚʳʤ ʠ ʥʝʫʩʪʦʡʯʠʚʳʤ ʨʝʞʠʤʘʤ. 

ʇʘʨʘʤʝʪʨʳ: N = 11, ‘ = 1.0, ‐ = 1.0, ‌ = 1.7 
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ʉɽɻʄɽʅʊɸʎʀʗ ʉɽʈɼʎɸ ʄɽʊʆɼɸʄʀ ɻʃʋɹʆʂʆɻʆ ʆɹʋʏɽʅʀʗ: 

ʆɹɿʆʈ ʇʋɹʃʀʂɸʎʀʁ1* 

ɸ.ʀ. ʍʦʤʝʥʢʦ, ɺ.ɽ. ʊʫʨʣʘʧʦʚ 

ʀʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ ʚ ʦʙʣʘʩʪʠ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ  

ʅʠʞʝʛʦʨʦʜʩʢʦʛʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʠʤ. ʅ.ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ 

ʉʝʛʤʝʥʪʘʮʠʷ ʩʪʨʫʢʪʫʨ ʩʝʨʜʮʘ ʥʘ ʤʝʜʠʮʠʥʩʢʠʭ ʠʟʦʙʨʘʞʝʥʠʷʭ ʷʚʣʷʝʪʩʷ ʢʣʶʯʝʚʦʡ ʟʘ-

ʜʘʯʝʡ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʠ ʢʣʠʥʠʯʝʩʢʦʡ ʜʠʘʛʥʦʩʪʠʢʠ. ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥ 

ʦʙʟʦʨ ʤʝʪʦʜʦʚ ʩʝʛʤʝʥʪʘʮʠʠ ʩʝʨʜʮʘ, ʦʪʨʘʞʘʶʱʠʡ ʵʚʦʣʶʮʠʶ ʦʪ ʢʣʘʩʩʠʯʝʩʢʠʭ ʧʦʜʭʦ-

ʜʦʚ ï ʘʢʪʠʚʥʳʭ ʢʦʥʪʫʨʦʚ, ʤʦʜʝʣʝʡ ʫʨʦʚʥʷ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʤʫʣʴʪʠʘʪʣʘʩʥʳʭ ʤʝʪʦʜʦʚ ï 

ʢ ʩʦʚʨʝʤʝʥʥʳʤ ʘʨʭʠʪʝʢʪʫʨʘʤ ʥʘ ʦʩʥʦʚʝ ʩʚʝʨʪʦʯʥʳʭ ʠ ʪʨʘʥʩʬʦʨʤʝʨʥʳʭ ʥʝʡʨʦʥʥʳʭ 

ʩʝʪʝʡ, ʘ ʪʘʢʞʝ ʢ foundation-ʤʦʜʝʣʷʤ. ʉʠʩʪʝʤʘʪʠʟʠʨʦʚʘʥʳ ʦʪʢʨʳʪʳʝ ʜʘʪʘʩʝʪʳ, ʦʩʥʦʚ-

ʥʳʝ ʤʝʪʨʠʢʠ ʢʘʯʝʩʪʚʘ ʠ ʢʣʠʥʠʯʝʩʢʠʝ ʧʦʢʘʟʘʪʝʣʠ. ʆʙʩʫʞʜʘʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʝ 

ʥʘʧʨʘʚʣʝʥʠʷ ʨʘʟʚʠʪʠʷ: ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʙʦʣʴʰʠʭ ʧʨʝʜʦʙʫʯʝʥʥʳʭ ʤʦʜʝʣʝʡ, ʩʦʧʨʷʞʝʥʠʝ 

ʩʝʛʤʝʥʪʘʮʠʠ ʩ ʢʣʠʥʠʯʝʩʢʠʤʠ ʤʝʪʨʠʢʘʤʠ ʠ ʘʚʪʦʤʘʪʠʟʘʮʠʷ ʨʘʙʦʯʠʭ ʧʨʦʮʝʩʩʦʚ ʚ ʤʝʜʠ-

ʮʠʥʝ. ʄʘʪʝʨʠʘʣ ʦʙʟʦʨʘ ʬʦʨʤʠʨʫʝʪ ʮʝʣʦʩʪʥʫʶ ʢʘʨʪʠʥʫ ʦʙʣʘʩʪʠ, ʩʦʦʪʥʦʩʷ ʤʝʪʦʜʦʣʦ-

ʛʠʯʝʩʢʠʝ ʨʝʰʝʥʠʷ ʩ ʪʨʝʙʦʚʘʥʠʷʤʠ ʢʣʠʥʠʯʝʩʢʦʡ ʧʨʘʢʪʠʢʠ ʠ ʥʘʤʝʯʘʷ ʪʨʘʝʢʪʦʨʠʠ ʜʣʷ 

ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʚʥʝʜʨʝʥʠʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʝʛʤʝʥʪʘʮʠʷ ʩʝʨʜʮʘ, ʤʝʜʠʮʠʥʩʢʠʝ ʠʟʦʙʨʘʞʝʥʠʷ, ʛʣʫʙʦʢʦʝ ʦʙʫʯʝʥʠʝ; 

U-Net/nnU-Net, ʪʨʘʥʩʬʦʨʤʝʨʳ, SAM/MedSAM, Dice, HD95 

 

1. ɺʚʝʜʝʥʠʝ 

ʉʝʛʤʝʥʪʘʮʠʷ ʩʪʨʫʢʪʫʨ ʩʝʨʜʮʘ (ʨʠʩ.1) ʥʘ ʤʝʜʠʮʠʥʩʢʠʭ ʠʟʦʙʨʘʞʝʥʠʷʭ ʷʚʣʷʝʪʩʷ ʢʣʶʯʝʚʳʤ 

ʠʥʩʪʨʫʤʝʥʪʦʤ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʠ ʬʫʥʢʮʠʠ ʤʠʦʢʘʨʜʘ ʠ ʦʙʦʩʥʦʚʘʥʠʷ ʢʣʠʥʠʯʝʩʢʠʭ ʨʝʰʝ-

ʥʠʡ. ʆʪ ʝʸ ʪʦʯʥʦʩʪʠ ʟʘʚʠʩʷʪ ʦʙʲʸʤ ʧʦʣʦʩʪʝʡ, ʤʘʩʩʘ ʤʠʦʢʘʨʜʘ, ʪʦʣʱʠʥʘ ʩʪʝʥʦʢ, ʫʜʘʨʥʳʡ ʦʙʲʸʤ 

ʠ ʬʨʘʢʮʠʷ ʚʳʙʨʦʩʘ [1]. ʌʨʘʢʮʠʷ ʚʳʙʨʦʩʘ ʣʝʚʦʛʦ ʞʝʣʫʜʦʯʢʘ ʩʣʫʞʠʪ ʠʥʪʝʛʨʘʣʴʥʳʤ ʧʦʢʘʟʘʪʝʣʝʤ 

ʩʦʢʨʘʪʠʤʦʩʪʠ ʠ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʜʠʘʛʥʦʩʪʠʢʠ ʩʝʨʜʝʯʥʦʡ ʥʝʜʦʩʪʘʪʦʯʥʦʩʪʠ ʠ ʩʪʨʘʪʠʬʠ-

ʢʘʮʠʠ ʨʠʩʢʘ. ɸʚʪʦʤʘʪʠʯʝʩʢʦʝ ʚʳʜʝʣʝʥʠʝ ʛʨʘʥʠʮ ʢʘʤʝʨ ʥʘ ʜʘʥʥʳʭ ʤʘʛʥʠʪʦ-ʨʝʟʦʥʘʥʩʥʦʡ ʪʦʤʦ-

ʛʨʘʬʠʠ ʠ ʵʭʦʢʘʨʜʠʦʛʨʘʬʠʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʦʩʧʨʦʠʟʚʦʜʠʤʳʡ ʨʘʩʯʸʪ ʢʦʥʝʯʥʦ-ʜʠʘʩʪʦʣʠʯʝʩʢʦʛʦ ʠ 

ʢʦʥʝʯʥʦ-ʩʠʩʪʦʣʠʯʝʩʢʦʛʦ ʦʙʲʸʤʘ, ʘ ʪʘʢʞʝ ʬʨʘʢʮʠʠ ʚʳʙʨʦʩʘ ʙʝʟ ʨʫʯʥʦʡ ʨʘʟʤʝʪʢʠ [2]. 

 

ʈʠʩ. 1. ʂʣʶʯʝʚʳʝ ʨʝʛʠʦʥʳ ʠʥʪʝʨʝʩʘ ʧʨʠ ʩʝʛʤʝʥʪʘʮʠʠ ʩʝʨʜʮʘ. Aʦʨʪʘ (AO); ʃʉ (PA) ï ʣʝʛʦʯʥʳʡ ʩʪʚʦʣ;  

ʇʇ (RA) ï ʧʨʘʚʦʝ ʧʨʝʜʩʝʨʜʠʝ; ʃʇ (LA) - ʣʝʚʦʝ ʧʨʝʜʩʝʨʜʠʝ; ʇɾ (RV) ï ʧʨʘʚʳʡ ʞʝʣʫʜʦʯʝʢ;  

ʃɾ (LV) ï ʣʝʚʳʡ ʞʝʣʫʜʦʯʝʢ; ʄʀʆ (MYO) ï ʤʠʦʢʘʨʜ 

(ʠʩʪʦʯʥʠʢ: Wapcaplet, Wikimedia Commons, CC BY-SA 3.0) 

                                                      
1* ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʵʢʦʥʦʤʠʯʝʩʢʦʛʦ ʨʘʟʚʠʪʠʷ ʈʌ (ʩʦʛʣʘʰʝʥʠʝ ʦ ʧʨʝʜʦ-

ʩʪʘʚʣʝʥʠʠ ʛʨʘʥʪʘ ˉ 139-15-2025-004 ʦʪ 17 ʘʧʨʝʣʷ 2025 ʛ., ʀɻʂ 000000ʎ313925P3X0002). 
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ʈʝʟʫʣʴʪʘʪʳ ʩʝʛʤʝʥʪʘʮʠʠ ʚʦʩʪʨʝʙʦʚʘʥʳ ʥʝ ʪʦʣʴʢʦ ʚ ʜʠʘʛʥʦʩʪʠʢʝ ʠ ʤʦʥʠʪʦʨʠʥʛʝ, ʥʦ ʠ ʧʨʠ 

ʧʣʘʥʠʨʦʚʘʥʠʠ ʣʝʯʝʥʠʷ. ʆʮʝʥʢʘ ʦʙʲʸʤʘ ʠ ʬʦʨʤʳ ʢʘʤʝʨ ʩʝʨʜʮʘ ʠ ʧʘʪʦʣʦʛʠʯʝʩʢʠʭ ʦʙʨʘʟʦʚʘʥʠʡ 

ʧʦʜʜʝʨʞʠʚʘʝʪ ʚʳʙʦʨ ʩʪʨʘʪʝʛʠʠ ʚʤʝʰʘʪʝʣʴʩʪʚʘ, ʧʦʜʙʦʨ ʫʩʪʨʦʡʩʪʚ ʠ ʧʨʝʜʦʧʝʨʘʮʠʦʥʥʦʝ ʤʦʜʝʣʠ-

ʨʦʚʘʥʠʝ, ʚʢʣʶʯʘʷ ʪʨʸʭʤʝʨʥʫʶ ʧʝʯʘʪʴ ʘʥʘʪʦʤʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ [3]. ʉʝʛʤʝʥʪʘʮʠʷ ʣʝʞʠʪ ʚ ʦʩʥʦʚʝ 

ʢʦʥʮʝʧʮʠʠ ʮʠʬʨʦʚʦʛʦ ʜʚʦʡʥʠʢʘ ï ʧʝʨʩʦʥʘʣʠʟʦʚʘʥʥʦʡ ʢʦʤʧʴʶʪʝʨʥʦʡ ʤʦʜʝʣʠ ʩʝʨʜʮʘ, ʠʤʠʪʠʨʫ-

ʶʱʝʡ ʨʘʙʦʪʫ ʦʨʛʘʥʘ ʠ ʧʨʦʛʥʦʟʠʨʫʶʱʝʡ ʠʩʭʦʜʳ ʪʝʨʘʧʠʠ. ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʪʘʢʦʡ ʤʦʜʝʣʠ ʪʨʝʙʫ-

ʝʪʩʷ ʪʦʯʥʘʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʘʷ ʨʘʟʤʝʪʢʘ ʠ ʨʝʛʫʣʷʨʥʦʝ ʦʙʥʦʚʣʝʥʠʝ ʧʦ ʤʝʨʝ ʧʦʩʪʫʧʣʝʥʠʷ ʥʦʚʳʭ 

ʜʘʥʥʳʭ ʚʠʟʫʘʣʠʟʘʮʠʠ [4]. 

ʈʫʯʥʘʷ ʨʘʟʤʝʪʢʘ ʠʟʦʙʨʘʞʝʥʠʡ ʪʨʫʜʦʸʤʢʘ ʠ ʧʦʜʚʝʨʞʝʥʘ ʩʫʙʲʝʢʪʠʚʥʳʤ ʢʦʣʝʙʘʥʠʷʤ. ʄʝʪʦʜʳ 

ʛʣʫʙʦʢʦʛʦ ʦʙʫʯʝʥʠʷ ʧʦʟʚʦʣʷʶʪ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʪʴ ʩʝʛʤʝʥʪʘʮʠʶ, ʧʦʚʳʰʘʷ ʦʙʲʝʢʪʠʚʥʦʩʪʴ ʠ ʧʦ-

ʚʪʦʨʷʝʤʦʩʪʴ ʠʟʤʝʨʝʥʠʡ, ʫʩʢʦʨʷʷ ʧʦʣʫʯʝʥʠʝ ʜʠʘʛʥʦʩʪʠʯʝʩʢʠʭ ʧʦʢʘʟʘʪʝʣʝʡ ʠ ʦʙʝʩʧʝʯʠʚʘʷ ʘʥʘʣʠʟ 

ʢʨʫʧʥʳʭ ʤʫʣʴʪʠʮʝʥʪʨʦʚʳʭ ʢʦʣʣʝʢʮʠʡ. ʕʪʦ ʠʤʝʝʪ ʧʨʠʥʮʠʧʠʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʥʘ ʬʦʥʝ ʚʳʩʦʢʦʡ 

ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʩʪʠ ʩʝʨʜʝʯʥʦ-ʩʦʩʫʜʠʩʪʳʭ ʟʘʙʦʣʝʚʘʥʠʡ. 

2. ɼʘʪʘʩʝʪʳ 

ʆʪʢʨʳʪʳʝ ʥʘʙʦʨʳ ʜʘʥʥʳʭ ʩ ʚʝʨʠʬʠʮʠʨʦʚʘʥʥʦʡ ʨʘʟʤʝʪʢʦʡ ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʦʡ ʜʣʷ ʨʘʟʚʠʪʠʷ 

ʠ ʦʙʲʝʢʪʠʚʥʦʛʦ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʘʣʛʦʨʠʪʤʦʚ ʩʝʛʤʝʥʪʘʮʠʠ. ɺ ʥʘʩʪʦʷʱʝʤ ʨʘʟʜʝʣʝ ʜʘʥʦ ʢʨʘʪʢʦʝ 

ʦʧʠʩʘʥʠʝ ʢʣʶʯʝʚʳʭ ʜʘʪʘʩʝʪʦʚ. ʈʘʟʚʸʨʥʫʪʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 1. 

ACDC. ʂʠʥʝʤʘʪʦʛʨʘʬʠʯʝʩʢʘʷ ʄʈʊ ʢʦʨʦʪʢʦʡ ʦʩʠ. ʂʦʣʣʝʢʮʠʷ ʦʭʚʘʪʳʚʘʝʪ ʥʝʩʢʦʣʴʢʦ ʢʣʠʥʠ-

ʯʝʩʢʠʭ ʛʨʫʧʧ ʠ ʩʦʜʝʨʞʠʪ ʨʘʟʤʝʪʢʫ ʵʥʜʦʢʘʨʜʘ ʠ ʵʧʠʢʘʨʜʘ ʣʝʚʦʛʦ ʞʝʣʫʜʦʯʢʘ, ʘ ʪʘʢʞʝ ʵʥʜʦʢʘʨʜʘ 

ʧʨʘʚʦʛʦ ʞʝʣʫʜʦʯʢʘ ʚ ʢʦʥʮʝ ʜʠʘʩʪʦʣʳ ʠ ʚ ʢʦʥʮʝ ʩʠʩʪʦʣʳ. ʅʘʙʦʨ ʩʪʘʣ ʩʪʘʥʜʘʨʪʦʤ ʜʣʷ ʚʘʣʠʜʘʮʠʠ 

ʘʣʛʦʨʠʪʤʦʚ ʠ ʚʳʯʠʩʣʝʥʠʷ ʦʙʲʸʤʦʚ ʢʘʤʝʨ ʠ ʬʨʘʢʮʠʠ ʚʳʙʨʦʩʘ. 

M& Ms. ʄʫʣʴʪʠʮʝʥʪʨʦʚʘʷ ʠ ʤʫʣʴʪʠʚʝʥʜʦʨʥʘʷ ʢʦʣʣʝʢʮʠʷ ʢʠʥʝʤʘʪʦʛʨʘʬʠʯʝʩʢʦʡ ʄʈʊ. 

ʅʘʙʦʨ ʧʨʝʜʥʘʟʥʘʯʝʥ ʜʣʷ ʦʮʝʥʢʠ ʧʝʨʝʥʦʩʠʤʦʩʪʠ ʤʦʜʝʣʝʡ ʤʝʞʜʫ ʮʝʥʪʨʘʤʠ ʠ ʪʠʧʘʤʠ ʦʙʦʨʫʜʦʚʘ-

ʥʠʷ. ʅʘ ʥʸʤ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠ ʠʩʩʣʝʜʫʝʪʩʷ ʚʣʠʷʥʠʝ ʩʤʝʱʝʥʠʷ ʜʦʤʝʥʘ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʤʝʪʦʜʦʚ 

ʘʜʘʧʪʘʮʠʠ. 

MM -WHS 2017. ʉʦʚʤʝʱʸʥʥʘʷ ʢʦʣʣʝʢʮʠʷ ʂʊ ʠ ʪʨʸʭʤʝʨʥʦʡ ʄʈʊ ʜʣʷ ʩʝʛʤʝʥʪʘʮʠʠ ʚʩʝʛʦ 

ʩʝʨʜʮʘ. ɺ ʨʘʟʤʝʪʢʫ ʚʢʣʶʯʝʥʳ ʧʦʣʦʩʪʠ ʠ ʤʠʦʢʘʨʜ ʞʝʣʫʜʦʯʢʦʚ ʠ ʧʨʝʜʩʝʨʜʠʡ, ʘ ʪʘʢʞʝ ʢʨʫʧʥʳʝ 

ʩʦʩʫʜʳ. ʅʘʙʦʨ ʩʪʠʤʫʣʠʨʦʚʘʣ ʨʘʟʨʘʙʦʪʢʫ ʪʨʸʭʤʝʨʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʠ ʧʦʟʚʦʣʷʝʪ ʩʦʧʦʩʪʘʚʣʷʪʴ ʢʘ-

ʯʝʩʪʚʦ ʥʘ ʨʘʟʥʳʭ ʤʦʜʘʣʴʥʦʩʪʷʭ. 

LASC 2013/2018. ʂʦʥʪʨʘʩʪʥʳʝ ʄʈʊ ʩ ʦʪʩʨʦʯʝʥʥʳʤ ʫʩʠʣʝʥʠʝʤ ʜʣʷ ʩʝʛʤʝʥʪʘʮʠʠ ʣʝʚʦʛʦ 

ʧʨʝʜʩʝʨʜʠʷ. ʇʦ ʠʪʦʛʘʤ ʩʦʨʝʚʥʦʚʘʥʠʷ 2018 ʛʦʜʘ ʣʫʯʰʠʡ ʘʣʛʦʨʠʪʤ ʦʙʝʩʧʝʯʠʣ ʧʦʢʘʟʘʪʝʣʴ Dice 

ʦʢʦʣʦ 0,93 ʠ ʩʨʝʜʥʶʶ ʧʦʚʝʨʭʥʦʩʪʥʫʶ ʦʰʠʙʢʫ ʦʢʦʣʦ 0,7 ʤʤ [5]. ʅʘʙʦʨ ʷʚʣʷʝʪʩʷ ʨʝʧʝʨʥʦʡ ʪʦʯ-

ʢʦʡ ʜʣʷ ʟʘʜʘʯ ʧʨʝʜʩʝʨʜʠʡ ʠ ʚʤʝʰʘʪʝʣʴʩʪʚ ʧʨʠ ʬʠʙʨʠʣʣʷʮʠʠ. 

CAMUS ʠ EchoNet-Dynamic. ʂʨʫʧʥʳʝ ʢʦʣʣʝʢʮʠʠ ʵʭʦʢʘʨʜʠʦʛʨʘʬʠʠ ʩ ʚʠʜʝʦʧʝʪʣʷʤʠ ʩʪʘʥ-

ʜʘʨʪʥʳʭ ʧʨʦʝʢʮʠʡ. ɼʘʪʘʩʝʪʳ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʦʙʫʯʝʥʠʷ ʠ ʧʨʦʚʝʨʢʠ ʩʝʛʤʝʥʪʘʮʠʠ ʥʘ ʫʣʴʪʨʘ-

ʟʚʫʢʝ ʠ ʜʣʷ ʘʚʪʦʤʘʪʠʯʝʩʢʦʡ ʦʮʝʥʢʠ ʦʙʲʸʤʦʚ ʠ ʬʨʘʢʮʠʠ ʚʳʙʨʦʩʘ ʥʘ ʫʨʦʚʥʝ ʨʝʘʣʴʥʦʡ ʢʣʠʥʠʯʝ-

ʩʢʦʡ ʧʨʘʢʪʠʢʠ. 

HVSMR 2.0. ʇʫʙʣʠʯʥʘʷ ʢʦʣʣʝʢʮʠʷ ʪʨʸʭʤʝʨʥʦʡ ʄʈʊ ʧʨʠ ʚʨʦʞʜʸʥʥʳʭ ʧʦʨʦʢʘʭ ʩʝʨʜʮʘ. 

ɺʢʣʶʯʝʥʳ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʝ ʨʘʟʤʝʪʢʠ ʢʘʤʝʨ ʠ ʢʨʫʧʥʳʭ ʩʦʩʫʜʦʚ. ʅʘʙʦʨ ʧʨʝʜʥʘʟʥʘʯʝʥ ʜʣʷ 

ʧʨʦʚʝʨʢʠ ʘʣʛʦʨʠʪʤʦʚ ʥʘ ʥʝʪʠʧʠʯʥʦʡ ʘʥʘʪʦʤʠʠ ʠ ʩʣʦʞʥʳʭ ʢʣʠʥʠʯʝʩʢʠʭ ʩʮʝʥʘʨʠʷʭ [6]. 

ʅʘʨʷʜʫ ʩ ʧʝʨʝʯʠʩʣʝʥʥʳʤʠ ʥʘʙʦʨʘʤʠ ʘʢʪʠʚʥʦ ʧʨʠʤʝʥʷʶʪʩʷ ʢʦʣʣʝʢʮʠʠ ʜʣʷ ʨʫʙʮʘ ʠ ʦʪʸʢʘ 

ʤʠʦʢʘʨʜʘ, ʜʣʷ ʢʦʨʦʥʘʨʥʳʭ ʘʨʪʝʨʠʡ ʥʘ ʂʊ-ʘʥʛʠʦʛʨʘʬʠʠ ʠ ʜʣʷ ʟʘʜʘʯ ʮʝʣʦʛʦ ʩʝʨʜʮʘ. ʐʠʨʦʢʘʷ ʜʦ-

ʩʪʫʧʥʦʩʪʴ ʜʘʥʥʳʭ ʧʦ ʨʘʟʥʳʤ ʤʦʜʘʣʴʥʦʩʪʷʤ ʠ ʢʣʠʥʠʯʝʩʢʠʤ ʩʮʝʥʘʨʠʷʤ ʫʩʢʦʨʠʣʘ ʧʨʦʛʨʝʩʩ ʚ ʦʙ-

ʣʘʩʪʠ ʠ ʧʦʟʚʦʣʠʣʘ ʩʠʩʪʝʤʥʦ ʠʟʫʯʘʪʴ ʦʙʦʙʱʘʝʤʦʩʪʴ ʤʦʜʝʣʝʡ ʥʘ ʤʫʣʴʪʠʮʝʥʪʨʦʚʳʭ ʠʩʧʳʪʘʥʠʷʭ. 

ʊʘʙʣʠʮʘ 1. ʂʣʶʯʝʚʳʝ ʦʪʢʨʳʪʳʝ ʜʘʪʘʩʝʪʳ ʜʣʷ ʟʘʜʘʯʠ ʩʝʛʤʝʥʪʘʮʠʠ ʩʝʨʜʮʘ 

ɼʘʪʘʩʝʪ (ʛʦʜ) ʄʦʜʘʣʴʥʦʩʪʴ ʈʘʟʤʝʨ ʎʝʣʝʚʳʝ ʩʪʨʫʢʪʫʨʳ 

Sunnybrook (2009) [7] ʄʈʊ (SA cine) 45 ʧʘʮʠʝʥʪʦʚ ʃʝʚʳʡ ʞʝʣʫʜʦʯʝʢ (ʵʥʜʦʢʘʨʜ, 

ʵʧʠʢʘʨʜ) 

LVSC (2011) [8] ʄʈʊ (SA + LA SSFP) 200 ʠʩʩʣʝʜʦʚʘʥʠʡ (100 

train + 100 test) 

ʄʠʦʢʘʨʜ ʣʝʚʦʛʦ ʞʝʣʫʜʦʯʢʘ 

(ʵʥʜʦʢʘʨʜ + ʵʧʠʢʘʨʜ) 

RVSC (2012) [9] ʄʈʊ (SA) 48 ʧʘʮʠʝʥʪʦʚ ʇʨʘʚʳʡ ʞʝʣʫʜʦʯʝʢ  
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(ʵʥʜʦʢʘʨʜ Ñ ʵʧʠʢʘʨʜ) 

LASC (2013) [10] ʄʈʊ / ʂʊ (3D) 60 ʠʩʩʣʝʜʦʚʘʥʠʡ (30 

ʄʈʊ + 30 ʂʊ) 

ʃʝʚʦʝ ʧʨʝʜʩʝʨʜʠʝ 

ACDC (2017) [11] ʄʈʊ (SA cine 2D + 3D) 150 ʧʘʮʠʝʥʪʦʚ, 5 ʢʣʘʩ-

ʩʦʚ ʧʘʪʦʣʦʛʠʡ 

ʃɾ (ʵʥʜʦ, ʵʧʠ) ʠ ʇɾ (ʵʥʜʦ) 

MM-WHS (2017) [12] ʄʈʊ + ʂʊ (3D) 120 ʪʦʤʦʚ (60 ʂʊ + 60 

ʄʈʊ) 

ʏʝʪʳʨʝ ʢʘʤʝʨʳ ʩʝʨʜʮʘ, ʤʠʦ-

ʢʘʨʜ, ʩʦʩʫʜʳ 

AtriaSeg / LA 2018 

[13] 

ʄʈʊ LGE (3D) 154 ʧʘʮʠʝʥʪʘ (100 train 

+ 54 test) 

ʃʝʚʦʝ ʧʨʝʜʩʝʨʜʠʝ (Ñ ʨʫʙʮʳ) 

CAMUS (2019) [14] ʕʭʦ 2D ʚʠʜʝʦ 

(A2C/A4C) 

500 ʧʘʮʠʝʥʪʦʚ ʃɾ (ʵʥʜʦ, ʵʧʠ), ʃʇ (ED/ES) 

MS-CMRSeg (2019) 

[15] 

ʄʈʊ 

(LGE, T2, bSSFP SA) 

45 ʧʘʮʠʝʥʪʦʚ ʃɾ, ʇɾ, ʤʠʦʢʘʨʜ 

CHD CT / CHD68 

(2019) [16] 

ʂʊ (3D) 68 ʧʘʮʠʝʥʪʦʚ ʃɾ, ʇɾ, ʃʇ, ʇʇ, ʤʠʦʢʘʨʜ, 

ʘʦʨʪʘ, ʣʸʛʦʯʥʘʷ ʘʨʪʝʨʠʷ 

M&Ms (2020) [17] ʄʈʊ (SA cine) å 375 ʧʘʮʠʝʥʪʦʚ (6 

ʮʝʥʪʨʦʚ) 

ʃɾ, ʇɾ, ʤʠʦʢʘʨʜ 

EchoNet-Dynamic 

(2020) [18] 

ʕʭʦ 2D ʚʠʜʝʦ (A4C) 10 030 ʚʠʜʝʦ / ʧʘʮʠʝʥ-

ʪʦʚ 

LVEF, EDV/ESV, ʢʦʥʪʫʨʳ 

ʃɾ (ED/ES) 

CMRxMotion (2022) 

[19] 

ʄʈʊ cine ʩ ʘʨʪʝʬʘʢʪʘ-

ʤʠ ʜʳʭʘʥʠʷ 

40 ʜʦʙʨʦʚʦʣʴʮʝʚ (~320 

ʩʝʨʠʡ) 

ʃɾ, ʇɾ, ʤʠʦʢʘʨʜ; ʦʮʝʥʢʘ 

ʢʘʯʝʩʪʚʘ ʠ ʩʝʛʤʝʥʪʘʮʠʷ 

3. ʉʨʘʚʥʝʥʠʝ ʤʦʜʝʣʝʡ ʠ ʨʝʟʫʣʴʪʘʪʦʚ ʩʝʛʤʝʥʪʘʮʠʠ 

ʕʚʦʣʶʮʠʷ ʤʝʪʦʜʦʚ. ɼʦ ʧʦʷʚʣʝʥʠʷ ʛʣʫʙʦʢʦʛʦ ʦʙʫʯʝʥʠʷ ʩ 2000 ʧʦ 2015 ʛʦʜʳ ʧʨʠʤʝʥʷʣʠʩʴ 

ʘʢʪʠʚʥʳʝ ʢʦʥʪʫʨʳ [20], ʩʪʘʪʠʩʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʬʦʨʤʳ ʠ ʚʥʝʰʥʝʛʦ ʚʠʜʘ [21ï23], ʫʨʦʚʥʝʚʳʝ ʤʝ-

ʪʦʜʳ ʜʣʷ ʚʳʜʝʣʝʥʠʷ ʛʨʘʥʠʮ [21ï23], ʛʨʘʬʦʚʳʝ ʦʧʪʠʤʠʟʘʮʠʠ ʨʘʟʤʝʪʢʠ [24] ʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ 

ʤʝʪʦʢ [25]. ʉʫʱʝʩʪʚʝʥʥʳʡ ʚʢʣʘʜ ʚʥʝʩʣʠ ʤʫʣʴʪʠʘʪʣʘʩʥʳʝ ʩʭʝʤʳ ʩ ʦʙʲʝʜʠʥʝʥʠʝʤ ʨʝʟʫʣʴʪʘʪʦʚ ʠ 

ʛʦʣʦʩʦʚʘʥʠʝʤ ʤʝʪʦʢ [26ï30]. ʕʪʠ ʧʦʜʭʦʜʳ ʩʬʦʨʤʠʨʦʚʘʣʠ ʦʩʥʦʚʫ ʘʚʪʦʤʘʪʠʯʝʩʢʦʡ ʩʝʛʤʝʥʪʘʮʠʠ 

ʩʝʨʜʮʘ, ʦʜʥʘʢʦ ʠʭ ʪʦʯʥʦʩʪʴ ʠ ʧʝʨʝʥʦʩʠʤʦʩʪʴ ʦʛʨʘʥʠʯʠʚʘʣʠʩʴ ʚʘʨʠʘʪʠʚʥʦʩʪʴʶ ʜʘʥʥʳʭ ʠ ʟʘʚʠ-

ʩʠʤʦʩʪʴʶ ʦʪ ʨʫʯʥʦʡ ʥʘʩʪʨʦʡʢʠ. 

ʇʨʦʨʳʚ ʦʙʝʩʧʝʯʠʣʠ ʧʦʣʥʦʩʚʸʨʪʦʯʥʳʝ ʩʝʪʠ U-ʦʙʨʘʟʥʦʛʦ ʪʠʧʘ. ɸʨʭʠʪʝʢʪʫʨʘ U-Net ʨʘʜʠ-

ʢʘʣʴʥʦ ʫʣʫʯʰʠʣʘ ʢʘʯʝʩʪʚʦ ʩʝʛʤʝʥʪʘʮʠʠ ʙʠʦʤʝʜʠʮʠʥʩʢʠʭ ʠʟʦʙʨʘʞʝʥʠʡ [31], ʘ 3D U-Net ʠ ʨʦʜ-

ʩʪʚʝʥʥʳʝ CNN ʟʘʢʨʝʧʠʣʠ ʜʦʤʠʥʠʨʦʚʘʥʠʝ ʛʣʫʙʦʢʦʛʦ ʦʙʫʯʝʥʠʷ [32]. ʂʦʥʢʫʨʩ ACDC ʟʘʜʘʣ ʵʪʘ-

ʣʦʥʥʳʝ ʜʘʥʥʳʝ ʠ ʧʨʦʪʦʢʦʣ ʦʮʝʥʢʠ [11]. ɸʥʩʘʤʙʣʴ ʦʪ Isensee et al. [33] ʧʨʝʜʚʦʩʭʠʪʠʣ ʩʘʤʦʢʦʥ-

ʬʠʛʫʨʠʨʫʝʤʳʝ ʨʝʰʝʥʠʷ, ʨʝʘʣʠʟʦʚʘʥʥʳʝ ʚ nnU-Net [34], ʯʪʦ ʚʳʚʝʣʦ ʢʘʯʝʩʪʚʦ ʢ ʫʨʦʚʥʶ ʵʢʩʧʝʨʪ-

ʥʦʡ ʨʘʟʤʝʪʢʠ ʥʘ ʪʠʧʦʚʳʭ ʟʘʜʘʯʘʭ. ɼʘʣʝʝ ʧʦʷʚʠʣʠʩʴ ʛʠʙʨʠʜʳ ʩ ʪʨʘʥʩʬʦʨʤʝʨʘʤʠ, ʚʢʣʶʯʘʷ 

TransUNet ʠ UNETR, ʢʦʪʦʨʳʝ ʫʩʠʣʠʣʠ ʫʯʸʪ ʛʣʦʙʘʣʴʥʦʛʦ ʢʦʥʪʝʢʩʪʘ [35, 36]. ʇʫʙʣʠʢʘʮʠʷ 

Segment Anything ʩʪʠʤʫʣʠʨʦʚʘʣʘ ʤʝʜʠʮʠʥʩʢʠʝ ʘʜʘʧʪʘʮʠʠ, ʚ ʪʦʤ ʯʠʩʣʝ MedSAM ʠ ʧʨʷʤʦʝ ʧʨʠ-

ʤʝʥʝʥʠʝ SAM ʢ ʢʘʨʜʠʦʩʝʛʤʝʥʪʘʮʠʠ [37ï39]. ʇʘʨʘʣʣʝʣʴʥʦ ʨʘʟʚʠʚʘʶʪʩʷ ʤʦʜʝʣʠ ʩʦʩʪʦʷʥʠʡ ʩ 

ʧʨʦʜʦʣʴʥʦʡ ʧʘʤʷʪʴʶ, ʪʘʢʠʝ ʢʘʢ Mamba-UNet ʠ VM-UNet [40, 41], ʘ ʪʘʢʞʝ ʵʬʬʝʢʪʠʚʥʳʝ ʩʚʸʨ-

ʪʦʯʥʳʝ ʵʥʢʦʜʝʨʳ ʩʝʤʝʡʩʪʚʘ ConvNeXt, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ SCANeXt [42]. 
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ʈʠʩ. 2. ʍʨʦʥʦʣʦʛʠʷ ʢʣʶʯʝʚʳʭ ʤʝʪʦʜʦʚ ʠ ʵʪʘʧʦʚ ʚ ʩʝʛʤʝʥʪʘʮʠʠ ʩʝʨʜʮʘ (2001ï2024) 

ʈʝʟʫʣʴʪʘʪʳ ʩʝʛʤʝʥʪʘʮʠʠ ʥʘ ʜʘʪʘʩʝʪʝ ACDC. ʇʦ ʠʪʦʛʘʤ ʩʦʨʝʚʥʦʚʘʥʠʷ ACDC - ʣʫʯʰʘʷ 

ʧʣʘʥʢʘ ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʡ Dice ʧʦ ʪʨʸʤ ʩʪʨʫʢʪʫʨʘʤ ʩʦʩʪʘʚʠʣʘ ʦʢʦʣʦ 0.927 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʝ-

ʰʝʥʠʡ ʢʣʘʩʩʘ nnU-Net [11]. ɺ ʧʦʩʣʝʜʫʶʱʠʝ ʛʦʜʳ ʩʦʦʙʱʘʣʠʩʴ ʨʝʟʫʣʴʪʘʪʳ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 0.91 

ʜʦ 0.92, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʜʦʩʪʠʞʝʥʠʝ ʫʩʪʦʡʯʠʚʦʛʦ ʫʨʦʚʥʷ ʢʘʯʝʩʪʚʘ. ʆʪʜʝʣʴʥʳʝ ʨʘʙʦʪʳ ʟʘʷʚʣʷ-

ʣʠ ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʧʨʠ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʧʨʦʪʦʢʦʣʘʭ ʦʙʫʯʝʥʠʷ ʠ ʦʮʝʥʢʠ, ʦʜʥʘʢʦ ʥʘ ʟʘ-

ʢʨʳʪʦʤ ʪʝʩʪʝ ʨʦʩʪ ʦʩʪʘʚʘʣʩʷ ʦʛʨʘʥʠʯʝʥʥʳʤ. ʅʦʚʳʝ ʤʦʜʝʣʠ ʫʜʝʣʷʶʪ ʙʦʣʴʰʝ ʚʥʠʤʘʥʠʷ ʪʦʯʥʦʩʪʠ 

ʛʨʘʥʠʮ. ʇʨʠʤʝʨʦʤ ʩʣʫʞʠʪ SAMba-UNet ʩ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʤ ʧʨʠʤʝʥʝʥʠʝʤ ʛʣʦʙʘʣʴʥʦʛʦ ʩʝʛ-

ʤʝʥʪʘʪʦʨʘ ʠ ʤʦʜʫʣʝʡ ʩʦʩʪʦʷʥʠʷ, ʦʙʝʩʧʝʯʠʚʰʠʡ ʩʨʝʜʥʠʡ Dice ʦʢʦʣʦ 0.91 ʠ ʨʝʢʦʨʜʥʦ ʤʘʣʦʝ ʟʥʘ-

ʯʝʥʠʝ HD95 ʧʦʨʷʜʢʘ 1.1 ʤʤ ʥʘ ACDC [43]. ɼʘʣʴʥʝʡʰʠʡ ʧʨʦʛʨʝʩʩ ʩʚʷʟʳʚʘʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʩ ʧʦ-

ʚʳʰʝʥʠʝʤ Dice, ʥʦ ʠ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʧʦʛʨʘʥʠʯʥʳʭ ʦʰʠʙʦʢ. 

ʆʙʦʙʱʘʝʤʦʩʪʴ ʠ ʧʝʨʝʥʦʩ ʜʦʤʝʥʘ. ʆʙʦʙʱʘʝʤʦʩʪʴ ʠ ʧʝʨʝʥʦʩ ʜʦʤʝʥʘ. ɺʳʩʦʢʠʝ ʧʦʢʘʟʘʪʝʣʠ 

ʥʘ ʦʪʜʝʣʴʥʳʭ ʥʘʙʦʨʘʭ ʥʝ ʛʘʨʘʥʪʠʨʫʶʪ ʫʩʪʦʡʯʠʚʦʩʪʠ ʥʘ ʚʥʝʰʥʠʭ ʜʘʥʥʳʭ. ʇʨʠ ʩʤʝʥʝ ʮʝʥʪʨʘ, 

ʧʨʦʠʟʚʦʜʠʪʝʣʷ ʦʙʦʨʫʜʦʚʘʥʠʷ ʠʣʠ ʧʨʦʪʦʢʦʣʘ ʚʦʟʥʠʢʘʝʪ ʜʦʤʝʥʥʳʡ ʩʜʚʠʛ, ʢʦʪʦʨʳʡ ʩʥʠʞʘʝʪ ʤʝʪ-

ʨʠʢʠ ʧʝʨʝʢʨʳʪʠʷ ʠ ʧʦʚʳʰʘʝʪ ʧʦʛʨʘʥʠʯʥʳʝ ʦʰʠʙʢʠ. ʆʮʝʥʢʘ ʘʣʛʦʨʠʪʤʦʚ ʜʦʣʞʥʘ ʚʢʣʶʯʘʪʴ ʧʨʦ-

ʚʝʨʢʫ ʥʘ ʥʝʟʘʚʠʩʠʤʳʭ ʮʝʥʪʨʘʭ ʠ ʘʥʘʣʠʟ ʥʝ ʪʦʣʴʢʦ Dice, ʥʦ ʠ ʤʝʪʨʠʢ ʛʨʘʥʠʮʳ. 

ʅʘ ʨʠʩ. 3 ʧʦʢʘʟʘʥʘ ʜʠʥʘʤʠʢʘ Dice ʧʨʠ ʧʝʨʝʥʦʩʝ ʤʝʞʜʫ ʚʝʥʜʦʨʘʤʠ ʠ ʥʘʙʦʨʘʤʠ. ʅʘ M&Ms 

ʙʝʟ ʘʜʘʧʪʘʮʠʠ ʧʦʪʝʨʠ ʩʦʩʪʘʚʣʷʶʪ 1-3 ʧʨʦʮʝʥʪʥʳʭ ʧʫʥʢʪʘ, ʯʪʦ ʦʪʨʘʞʘʝʪ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ 

ʦʙʦʨʫʜʦʚʘʥʠʶ ʠ ʧʘʨʘʤʝʪʨʘʤ ʩʲʸʤʢʠ. ʉʦʚʤʝʩʪʥʦʝ ʦʙʫʯʝʥʠʝ ʥʘ ACDC ʠ MS-CMR ʩ ʧʦʩʣʝʜʫʶ-

ʱʠʤ ʪʝʩʪʠʨʦʚʘʥʠʝʤ ʥʘ M&Ms ʦʙʝʩʧʝʯʠʚʘʝʪ ʦʪʩʪʘʚʘʥʠʝ ʤʝʥʝʝ 0,5 ʧʨʦʮʝʥʪʥʦʛʦ ʧʫʥʢʪʘ ʧʦ ʤʠʦ-

ʢʘʨʜʫ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʦʜʝʣʴʶ, ʦʙʫʯʝʥʥʦʡ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ ʮʝʣʝʚʦʤ ʥʘʙʦʨʝ [44]. 

 

ʈʠʩ. 3. ʀʟʤʝʥʝʥʠʝ ʤʝʪʨʠʢʠ Dice ʧʨʠ ʧʝʨʝʥʦʩʝ ʤʦʜʝʣʝʡ ʤʝʞʜʫ ʜʦʤʝʥʘʤʠ 

ʄʥʦʛʦʮʝʥʪʨʦʚʦʝ ʦʙʫʯʝʥʠʝ, ʛʘʨʤʦʥʠʟʘʮʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʠ ʜʦʤʝʥʥʘʷ ʘʜʘʧʪʘʮʠʷ ʫʤʝʥʴʰʘ-

ʶʪ ʧʨʦʩʘʜʢʫ ʠ ʚʳʚʦʜʷʪ ʢʘʯʝʩʪʚʦ ʢ ʫʨʦʚʥʶ ʮʝʣʝʚʦʛʦ ʜʦʤʝʥʘ. ʇʨʠ ʢʦʨʨʝʢʪʥʦʡ ʩʪʨʘʪʝʛʠʠ ʧʝʨʝʥʦ-

ʩʘ ʩʥʠʞʝʥʠʝ ʥʝ ʧʨʝʚʳʰʘʝʪ ʦʜʥʦʛʦ ʧʨʦʮʝʥʪʥʦʛʦ ʧʫʥʢʪʘ [45]. ɹʝʟ ʘʜʘʧʪʘʮʠʠ ʧʘʜʝʥʠʝ ʜʦʩʪʠʛʘʝʪ 


