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USE OF ARTIFICIAL INTELLIGENCE IN AUTOMATED SYSTEMS  
 

The rapid development of artificial intelligence and its integration with production automation have initiated changes in the 
commercial activities of enterprises. Companies and commercial enterprises are focusing on the application of artificial intelligence along 
with advancing production automation to achieve new heights of mastery and perfection. This article provides a characterization of the 
application of artificial intelligence and automation to demonstrate how artificial intelligence and automation are interrelated and how 
they can be more efficient when they work as a whole, and what competitive advantages they can offer. The combination of artificial 
intelligence and automation has transformed the way enterprises operate. With the integration of these technologies, companies can 
optimize their operations, enhance their products and services, and improve their overall efficiency. One of the main advantages of using 
artificial intelligence and automation is that it allows businesses to process and analyze large amounts of data quickly and accurately. This is 
particularly important in sectors such as finance, where decisions must be made quickly based on real-time data. Another advantage of using 
artificial intelligence and automation is that it enables companies to reduce their labor costs while increasing productivity. Automation can 
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take care of repetitive and mundane tasks, freeing up employees to focus on more important tasks that require a human touch. Artificial 
intelligence can also assist in decision-making by analyzing data and providing insights that humans may miss. Overall, the combination of 
artificial intelligence and automation presents significant opportunities for businesses to enhance their operations and gain a competitive 
advantage. However, it is important for companies to carefully consider the potential risks and challenges associated with these technologies 
and to develop strategies to mitigate them. 

Keywords: machine learning, automation industry, artificial neural network, autonomous computing, algorithms. 

 

ʇʦʩʪʘʥʦʚʢʘ ʧʨʦʙʣʝʤʠ 

ʐʪʫʯʥʠʡ ʽʥʪʝʣʝʢʪ (ʐɯ) ʟʦʩʝʨʝʜʞʫʻʪʴʩʷ ʥʘ ʪʦʤʫ, ʱʦʙ ʟʤʫʩʠʪʠ ʤʘʰʠʥʠ ʟʜʽʡʩʥʶʚʘʪʠ ʜʽʾ, ʷʢʽ 

ʧʦʪʨʝʙʫʶʪʴ ʽʥʪʝʣʝʢʪʫʘʣʴʥʦʾ ʧʦʚʝʜʽʥʢʠ. ʇʨʠʢʣʘʜʠ ʚʢʣʶʯʘʶʪʴ ʟʽʨ, ʥʘʚʯʘʥʥʷ, ʚʠʢʦʨʠʩʪʘʥʥʷ ʘʧʘʨʘʪʽʚ, 

ʨʦʟʫʤʽʥʥʷ ʣʶʜʩʴʢʦʾ ʤʦʚʠ, ʽʥʪʝʣʝʢʪʫʘʣʴʥʽ ʧʨʠʧʫʱʝʥʥʷ, ʽʛʨʠ ʪʘ ʚʝʨʙʘʣʽʟʘʮʽʶ ʧʣʘʥʽʚ ʽ ʮʽʣʝʡ.  

ʊʝʨʤʽʥ "ʘʚʪʦʤʘʪʠʟʘʮʽʷ" ʙʫʣʦ ʚʠʥʘʡʜʝʥʦ ʚ ʘʚʪʦʤʦʙʽʣʴʥʽʡ ʧʨʦʤʠʩʣʦʚʦʩʪʽ ʧʨʠʙʣʠʟʥʦ ʚ 1946 ʨʦʮʽ ʜʣʷ 

ʦʧʠʩʫ ʨʦʟʰʠʨʝʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʘʚʪʦʤʘʪʠʯʥʠʭ ʧʨʠʩʪʨʦʾʚ ʽ ʟʘʩʦʙʽʚ ʫʧʨʘʚʣʽʥʥʷ ʚ ʤʝʭʘʥʽʯʥʠʭ ʚʠʨʦʙʥʠʯʠʭ 

ʣʽʥʽʷʭ. ʇʦʭʦʜʞʝʥʥʷ ʮʴʦʛʦ ʩʣʦʚʘ ʧʨʠʧʠʩʫʶʪʴ ɼ.ʉ. ʊʘʬʬʝʨʫ, ʽʥʞʝʥʝʨʥʦʤʫ ʤʝʥʝʜʞʝʨʫ ʢʦʤʧʘʥʽʾ çPassage 

Motor Companyè. ɿ ʯʘʩʦʤ ʟ'ʷʚʠʣʘʩʷ ʧʦʪʨʝʙʘ ʚ ʘʚʪʦʤʘʪʠʟʦʚʘʥʠʭ ʪʝʭʥʦʣʦʛʽʷʭ. ɺʦʥʘ ʧʦʯʠʥʘʻʪʴʩʷ ʤʘʡʞʝ ʚ 

ʢʦʞʥʽʡ ʯʘʩʪʠʥʽ ʥʘʰʦʛʦ ʞʠʪʪʷ, ʚʽʜ ʘʚʪʦʤʘʪʠʯʥʠʭ ʜʚʝʨʝʡ ʜʦ ʨʦʙʦʪʽʚ ʥʘ ʚʠʨʦʙʥʠʯʠʭ ʣʽʥʽʷʭ ʽ ʘʚʪʦʤʘʪʠʟʘʮʽʾ 

ʨʠʥʢʦʚʠʭ ʧʨʦʮʝʩʽʚ. 

ɸʥʘʣʽʟ ʦʩʪʘʥʥʽʭ ʜʞʝʨʝʣ 

ʅʘ ʩʴʦʛʦʜʥʽʰʥʽʡ ʜʝʥʴ ʽʩʥʫʻ ʙʘʛʘʪʦ ʜʞʝʨʝʣ, ʷʢʽ ʧʨʠʩʚʷʯʝʥʽ ʪʝʤʽ ʚʠʢʦʨʠʩʪʘʥʥʷ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ ʚ 

ʘʚʪʦʤʘʪʠʟʦʚʘʥʠʭ ʩʠʩʪʝʤʘʭ. ʆʩʪʘʥʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʪʘ ʩʪʘʪʪʽ ʜʘʶʪʴ ʟʘʛʘʣʴʥʫ ʢʘʨʪʠʥʫ ʪʦʛʦ, ʷʢ ʰʪʫʯʥʠʡ ʽʥʪʝʣʝʢʪ 

ʜʦʧʦʤʘʛʘʻ ʚʠʨʽʰʫʚʘʪʠ ʨʽʟʥʽ ʧʨʦʙʣʝʤʠ ʚ ʧʨʦʤʠʩʣʦʚʦʩʪʽ ʪʘ ʽʥʰʠʭ ʩʬʝʨʘʭ [1, 2]. 

ɿʥʘʯʥʠʡ ʚʥʝʩʦʢ ʫ ʚʠʨʽʰʝʥʥʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʧʠʪʘʥʴ  ʫ ʩʬʝʨʽ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ ʚ 

ʘʚʪʦʤʘʪʠʟʦʚʘʥʠʭ ʩʠʩʪʝʤʘʭ  ʻ ʜʦʩʣʽʜʞʝʥʥʷ ʚʽʪʯʠʟʥʷʥʠʭ ʪʘ ʟʘʨʫʙʽʞʥʠʭ ʚʯʝʥʠʭ, ʪʘʢʠʭ ʷʢ ʫʢʨʘʾʥʩʴʢʠʡ 

ʜʦʩʣʽʜʥʠʢ ɺ. ɻʦʨʙʝʥʢʦ, ʷʢʠʡ ʚ ʩʚʦʾʭ ʥʘʫʢʦʚʠʭ ʧʨʘʮʷʭ ʜʦʩʣʽʜʞʫʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ ʚ 

ʘʚʪʦʤʘʪʠʟʦʚʘʥʠʭ ʩʠʩʪʝʤʘʭ. ʊʘʢʦʞ ʚʘʨʪʦ ʟʘʟʥʘʯʠʪʠ ʚʥʝʩʦʢ ʫ ʮʶ ʛʘʣʫʟʴ ʚʯʝʥʠʭ ʟ ʽʥʰʠʭ ʢʨʘʾʥ, ʟʦʢʨʝʤʘ, ɼ. 

ʍʽʥʪʦʥ ʪʘ ʡʦʛʦ ʢʦʣʝʛ ʟ ʋʥʽʚʝʨʩʠʪʝʪʫ ʊʦʨʦʥʪʦ, ʉ. ʈʘʩʩʝʣʘ ʟ ɹʝʨʢʣʽ ʪʘ ʄ. ʁʦʨʜʘʥʽʜʽʩʘ ʟ ʄʘʩʩʘʯʫʩʝʪʩʴʢʦʛʦ 

ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʽʥʩʪʠʪʫʪʫ. ɰʭʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʩʪʦʩʫʶʪʴʩʷ ʨʦʟʨʦʙʢʠ ʥʦʚʠʭ ʘʣʛʦʨʠʪʤʽʚ ʪʘ ʤʦʜʝʣʝʡ ʰʪʫʯʥʦʛʦ 

ʽʥʪʝʣʝʢʪʫ ʜʣʷ ʘʚʪʦʤʘʪʠʟʦʚʘʥʠʭ ʩʠʩʪʝʤ ʨʽʟʥʠʭ ʩʬʝʨ, ʪʘʢʠʭ ʷʢ ʪʨʘʥʩʧʦʨʪ, ʤʝʜʠʮʠʥʘ, ʬʽʥʘʥʩʠ ʪʦʱʦ [3ï22]. 

ʉʝʨʝʜ ʫʢʨʘʾʥʩʴʢʠʭ ʚʯʝʥʠʭ ʪʘʢʦʞ ʚʽʜʟʥʘʯʠʤʦ: ɯ. ɻʫʩʘʢʘ, ʧʨʦʬʝʩʦʨʘ ʢʘʬʝʜʨʠ ʽʥʬʦʨʤʘʮʽʡʥʠʭ 

ʪʝʭʥʦʣʦʛʽʡ ʪʘ ʩʠʩʪʝʤ ʅʘʮʽʦʥʘʣʴʥʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ "ʃʴʚʽʚʩʴʢʘ ʧʦʣʽʪʝʭʥʽʢʘ", ʷʢʠʡ ʧʨʘʮʶʻ ʥʘʜ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʥʝʡʨʦʤʝʨʝʞ ʜʣʷ ʨʦʟʚ'ʷʟʘʥʥʷ ʟʘʜʘʯ ʫʧʨʘʚʣʽʥʥʷ ʚʠʨʦʙʥʠʯʠʤʠ ʧʨʦʮʝʩʘʤʠ; ʄ. ʇʘʟʶʨʫ, ʜʦʮʝʥʪʘ ʢʘʬʝʜʨʠ 

ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ ʅʘʮʽʦʥʘʣʴʥʦʛʦ ʪʝʭʥʽʯʥʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ ʋʢʨʘʾʥʠ "ʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ", 

ʷʢʠʡ ʚʠʚʯʘʻ ʤʦʞʣʠʚʦʩʪʽ ʟʘʩʪʦʩʫʚʘʥʥʷ ʛʣʠʙʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ ʜʣʷ ʦʙʨʦʙʢʠ ʧʨʠʨʦʜʥʠʭ ʤʦʚ; ʄ. ɹʘʙʝʥʢʘ, 

ʧʨʦʬʝʩʦʨʘ ʢʘʬʝʜʨʠ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ ʪʘ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʍʘʨʢʽʚʩʴʢʦʾ ʥʘʮʽʦʥʘʣʴʥʦʾ 

ʘʢʘʜʝʤʽʾ ʤʽʩʴʢʦʛʦ ʛʦʩʧʦʜʘʨʩʪʚʘ ʽʤʝʥʽ ʆ. ʄ. ɹʝʢʝʪʦʚʘ, ʷʢʠʡ ʧʨʘʮʶʻ ʥʘʜ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʝʪʦʜʽʚ ʤʘʰʠʥʥʦʛʦ 

ʥʘʚʯʘʥʥʷ ʜʣʷ ʧʦʢʨʘʱʝʥʥʷ ʨʦʟʧʽʟʥʘʚʘʥʥʷ ʦʙʣʠʯʴ ʫ ʩʠʩʪʝʤʘʭ ʚʽʜʝʦʩʧʦʩʪʝʨʝʞʝʥʥʷ. ʎʽ ʚʯʝʥʽ ʪʘ ʽʥʰʽ ʫʢʨʘʾʥʩʴʢʽ 

ʬʘʭʽʚʮʽ ʚ ʛʘʣʫʟʽ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ ʘʢʪʠʚʥʦ ʜʦʩʣʽʜʞʫʶʪʴ ʪʘ ʨʦʟʨʦʙʣʷʶʪʴ ʥʦʚʽ ʤʝʪʦʜʠ ʪʘ ʘʣʛʦʨʠʪʤʠ, ʷʢʽ 

ʟʥʘʡʦʤʣʷʪʴ ʣʶʜʩʪʚʦ ʟ ʥʦʚʠʤʠ ʤʦʞʣʠʚʦʩʪʷʤʠ ʪʘ ʜʦʧʦʤʘʛʘʶʪʴ ʧʽʜʧʨʠʻʤʩʪʚʘʤ ʪʘ ʦʨʛʘʥʽʟʘʮʽʷʤ ʧʦʢʨʘʱʫʚʘʪʠ 

ʩʚʦʶ ʝʬʝʢʪʠʚʥʽʩʪʴ ʪʘ ʝʢʦʥʦʤʽʯʥʫ ʩʪʽʡʢʽʩʪʴ. 

ʄʝʪʦʶ ʩʪʘʪʪʽ ʻ ʚʠʟʥʘʯʝʥʥʷ ʦʩʦʙʣʠʚʦʩʪʝʡ ʚʠʢʦʨʠʩʪʘʥʥʷ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ ʚ ʘʚʪʦʤʘʪʠʟʦʚʘʥʠʭ 

ʩʠʩʪʝʤʘʭ ʪʘ ʘʥʘʣʽʟ ʡʦʛʦ ʧʝʨʝʚʘʛ. 

ʇʨʝʜʤʝʪ ʩʪʘʪʪʽ: ʰʪʫʯʥʠʡ ʽʥʪʝʣʝʢʪ ʪʘ ʘʚʪʦʤʘʪʠʟʦʚʘʥʽ ʩʠʩʪʝʤʠ. 

ʆʙ'ʻʢʪʦʤ ʩʪʘʪʪʽ ʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ ʚ ʨʽʟʥʠʭ ʛʘʣʫʟʷʭ ʧʨʦʤʠʩʣʦʚʦʩʪʽ ʪʘ ʩʬʝʨʘʭ 

ʜʽʷʣʴʥʦʩʪʽ. 

ɺʠʢʣʘʜ ʦʩʥʦʚʥʦʛʦ ʤʘʪʝʨʽʘʣʫ 

ɿʚʘʞʘʶʯʠ ʥʘ ʚʝʣʠʯʝʟʥʽ ʦʙʩʷʛʠ ʜʘʥʠʭ ʽ ʨʦʟʚʠʪʦʢ ʥʘʚʠʯʦʢ ʘʚʪʦʤʘʪʠʟʘʮʽʾ, ʢʝʨʽʚʥʠʢʠ  ʧʽʜʧʨʠʻʤʩʪʚ 

ʰʫʢʘʶʪʴ ʰʣʷʭʠ ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʙʽʟʥʝʩ-ʧʨʦʮʝʩʽʚ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʧʨʘʮʽ. ɺʦʥʠ, ʡʤʦʚʽʨʥʦ, 

ʚʠʷʚʣʷʪʴ ʝʬʝʢʪʠʚʥʫ ʨʦʙʦʪʫ ʤʘʰʠʥ, ʜʦʢʠ ʚ ʥʠʭ ʥʝ ʧʦʪʨʘʧʣʷʶʪʴ ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʽ ʜʘʥʽ. ʋ ʮʝʡ ʤʦʤʝʥʪ ʧʨʦʮʝʩ 

ʟʫʧʠʥʷʻʪʴʩʷ ʘʙʦ ʥʘʚʽʪʴ ʟʘʚʤʠʨʘʻ ʥʘ ʩʚʦʻʤʫ ʰʣʷʭʫ (Nau, 2009). ʎʝ ʧʨʦʙʣʝʤʘ ʩʪʦʩʫʻʪʴʩʷ  ʧʽʜʧʨʠʻʤʩʪʚ, ʷʢʽ 

ʭʦʯʫʪʴ ʧʦʚʥʦʶ ʤʽʨʦʶ ʩʢʦʨʠʩʪʘʪʠʩʷ ʧʝʨʝʚʘʛʘʤʠ ʨʦʙʦʪʠʟʦʚʘʥʦʾ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʧʨʦʮʝʩʽʚ (RPA), ʚ ʪʦʤʫ ʯʠʩʣʽ 

ʙʽʣʴʰʦʶ ʝʬʝʢʪʠʚʥʽʩʪʶ ʽ ʥʠʞʯʦʶ ʩʫʢʫʧʥʦʶ ʚʘʨʪʽʩʪʶ ʚʦʣʦʜʽʥʥʷ (TCO) ʜʣʷ ʾʭʥʽʭ ʘʚʪʦʤʘʪʠʟʦʚʘʥʠʭ ʪʚʦʨʯʠʭ 

ʨʦʟʨʦʙʦʢ [4]. 

ɼʦʢʫʤʝʥʪʠ ʪʘ ʽʥʰʽ ʘʤʦʨʬʥʽ ʜʘʥʽ, ʪʘʢʽ ʷʢ PDF, ʚʽʜʝʦ, ʬʦʪʦʛʨʘʬʽʾ, ʢʦʤʫʥʽʢʘʮʽʾ ʪʘ ʚʝʙ-ʩʘʡʪʠ, 

ʫʩʢʣʘʜʥʶʶʪʴ ʧʦʚʥʫ ʥʘʩʢʨʽʟʥʫ ʘʚʪʦʤʘʪʠʟʘʮʽʶ ʢʦʤʝʨʮʽʡʥʠʭ ʦʧʝʨʘʮʽʡ, ʦʩʢʽʣʴʢʠ ʚʠʤʘʛʘʶʪʴ ʚʽʜ ʣʶʜʠʥʠ 

ʜʦʩʣʽʜʞʝʥʥʷ, ʨʦʟʫʤʽʥʥʷ ʪʘ ʚʠʩʥʦʚʢʫ ʥʘ ʦʩʥʦʚʽ ʧʝʨʝʚʽʨʝʥʦʾ ʽʥʬʦʨʤʘʮʽʾ ʚ ʢʦʞʥʦʤʫ ʟ ʥʠʭ. ʎʝ ʩʪʚʦʨʶʻ 

ʧʝʨʝʰʢʦʜʠ ʪʘ ʟʥʘʯʥʦ ʩʧʦʚʽʣʴʥʶʻ ʨʦʙʦʯʠʡ ʧʨʦʮʝʩ ʟʦʚʩʽʤ  ʥʘ ʧʨʦʪʠʚʘʛʫ ʪʦʤʫ, ʯʦʛʦ ʭʦʯʫʪʴ ʜʦʩʷʛʪʠ 

ʧʽʜʧʨʠʻʤʩʪʚʘ, ʚʧʨʦʚʘʜʞʫʶʯʠ ʘʚʪʦʤʘʪʠʟʘʮʽʶ.  

ʊʘʢʘ ʩʠʪʫʘʮʽʷ ʥʝ ʻ ʨʽʜʢʽʩʥʦʶ, ʱʦ ʨʦʙʠʪʴ ʾʾ ʟʥʘʯʥʠʤ ʨʠʟʠʢʦʤ ʜʣʷ ʘʤʙʽʮʽʡ ʢʦʤʧʘʥʽʡ ʱʦʜʦ 

ʘʚʪʦʤʘʪʠʟʘʮʽʾ. ɼʦ 60 ʚʽʜʩʦʪʢʽʚ ʙʽʟʥʝʩ-ʧʨʦʮʝʩʽʚ ʤʽʩʪʷʪʴ ʪʽ ʯʠ ʽʥʰʽ ʙʝʟʬʦʨʤʥʽ ʜʘʥʽ. ʎʝ ʦʟʥʘʯʘʻ, ʱʦ ʚ 60 

ʚʽʜʩʦʪʢʘʭ ʚʠʧʘʜʢʽʚ ʨʦʙʦʪʘʤ ʜʦʚʦʜʠʪʴʩʷ ʟʫʧʠʥʷʪʠ ʩʚʦʶ ʨʦʙʦʪʫ ʜʦʪʠ, ʜʦʢʠ ʣʶʜʠʥʘ ʥʝ ʩʪʘʥʝ ʧʦʩʝʨʝʜʥʠʢʦʤ.  

ʅʘʧʨʠʢʣʘʜ, ʫ ʩʚʽʪʽ ʦʙʨʦʙʢʠ ʜʘʥʠʭ ʧʨʦ ʩʦʮʽʘʣʴʥʽ ʚʠʧʣʘʪʠ ʤʘʡʞʝ ʢʦʞʥʘ ʬʫʥʢʮʽʷ ʧʨʦʮʝʩʫ ʟʘʣʠʰʘʻʪʴʩʷ 

ʧʘʧʝʨʦʚʦʶ. ʃʶʜʠ ʥʘʜʩʠʣʘʶʪʴ ʧʦʰʪʦʶ ʘʙʦ ʝʣʝʢʪʨʦʥʥʦʶ ʧʦʰʪʦʶ ʬʽʟʠʯʥʽ ʘʙʦ ʚʽʜʩʢʘʥʦʚʘʥʽ ʜʦʢʫʤʝʥʪʠ ʜʦ 

ʩʠʩʪʝʤʠ, ʜʝ ʣʶʜʠ ʧʦʚʠʥʥʽ ʧʝʨʝʛʣʷʥʫʪʠ ʽ ʚʧʦʨʷʜʢʫʚʘʪʠ ʾʭ ʚʨʫʯʥʫ. ʎʝ ʪʘʢʦʞ ʤʦʞʝ ʧʦʷʩʥʠʪʠ, ʯʦʤʫ, 

ʥʝʟʚʘʞʘʶʯʠ ʥʘ ʜʚʘ ʧʝʨʽʦʜʠ ʟʘʩʪʦʩʫʚʘʥʥʷ ʩʠʩʪʝʤ ʫʧʨʘʚʣʽʥʥʷ ʙʽʟʥʝʩ-ʧʨʦʮʝʩʘʤʠ (BPM), ʧʦʚʥʘ ʘʚʪʦʤʘʪʠʟʘʮʽʷ 
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ʧʨʦʮʝʩʽʚ ʚʩʝ ʱʝ ʟʘʣʠʰʘʻʪʴʩʷ ʚʠʥʷʪʢʦʤ. ɿʛʽʜʥʦ ʟʽ ʟʚʽʪʦʤ AIIM ʧʨʦ ʨʠʥʦʢ ʥʦʚʠʭ ʪʝʭʥʦʣʦʛʽʡ ʟʘ 2019 ʨʽʢ, "ʜʚʽ 

ʪʨʝʪʠʥʠ ʦʨʛʘʥʽʟʘʮʽʡ ʩʪʚʝʨʜʞʫʶʪʴ, ʱʦ ʢʦʥʢʨʝʪʥʽ ʦʩʥʦʚʥʽ ʚʥʫʪʨʽʰʥʽ ʧʨʦʮʝʩʠ ʤʝʥʰ ʥʽʞ ʥʘ 50% ʻ 

ʤʝʭʘʥʽʯʥʠʤʠ" [5].  

ɯ ʭʦʯʘ ʜʝʷʢʽ ʪʨʝʡʜʝʨʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ RPA ʜʣʷ ʫʧʨʘʚʣʽʥʥʷ ʜʦʢʫʤʝʥʪʘʮʽʻʶ, ʢʦʤʫʥʽʢʘʮʽʾ ʟ ʢʣʽʻʥʪʘʤʠ, 

ʦʙʨʦʙʢʠ ʯʝʢʽʚ ʪʘ ʽʥʰʠʭ ʧʨʦʮʝʩʽʚ, ʱʦ ʚʠʤʘʛʘʶʪʴ ʧʘʧʝʨʦʚʦʛʦ ʜʦʢʫʤʝʥʪʦʦʙʽʛʫ, ʤʝʥʰ ʥʽʞ ʦʜʥʘ ʟ ʧ'ʷʪʠ 

ʦʨʛʘʥʽʟʘʮʽʡ ʧʦʚʥʽʩʪʶ ʘʚʪʦʤʘʪʠʟʫʚʘʣʘ ʩʚʦʾ ʮʝʥʪʨʘʣʴʥʽ ʩʝʨʚʝʨʥʽ ʧʨʦʮʝʩʠ, ʟʘ ʜʘʥʠʤʠ AIIM. 

ɿʘ ʮʝʡ ʯʘʩ ʧʨʦʙʣʝʤʘ, ʩʧʨʠʯʠʥʝʥʘ ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʠʤʠ ʜʘʥʠʤʠ, ʣʠʰʝ ʧʦʛʽʨʰʠʪʴʩʷ. ʇʦʣʦʚʠʥʘ 

ʨʝʩʧʦʥʜʝʥʪʽʚ ʜʦʩʣʽʜʞʝʥʥʷ AIIM ʩʪʚʝʨʜʞʫʶʪʴ, ʱʦ 70% ʜʘʥʠʭ ʚ ʾʭʥʽʭ ʦʨʛʘʥʽʟʘʮʽʷʭ ʥʝ ʤʘʶʪʴ ʬʦʨʤʠ. ʋ ʪʦʡ ʞʝ 

ʯʘʩ, ʦʨʛʘʥʽʟʘʮʽʾ ʥʝ ʚʩʪʠʛʘʶʪʴ ʟʘ ʩʪʨʽʤʢʠʤ ʟʨʦʩʪʘʥʥʷʤ ʦʙʩʷʛʽʚ ʜʘʥʠʭ. ɿʛʽʜʥʦ ʟ ʦʧʠʪʫʚʘʥʥʷʤ, 35% ʦʯʽʢʫʶʪʴ, 

ʱʦ ʦʙʩʷʛ ʜʘʥʠʭ ʟʙʽʣʴʰʠʪʴʩʷ ʚ ʧ'ʷʪʴ ʨʘʟʽʚ ʧʨʦʪʷʛʦʤ ʥʘʩʪʫʧʥʠʭ ʜʚʦʭ ʨʦʢʽʚ. ʅʝ ʜʠʚʥʦ, ʱʦ 70% ʦʨʛʘʥʽʟʘʮʽʡ, 

ʦʧʠʪʘʥʠʭ AIIM, ʟʘʟʥʘʯʘʶʪʴ, ʱʦ ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʘ ʽʥʬʦʨʤʘʮʽʷ ʻ "ɸʭʽʣʣʝʩʦʚʦʶ ʧ'ʷʪʦʶ" ʜʣʷ ʙʘʛʘʪʴʦʭ 

ʟʘʩʪʦʩʫʚʘʥʴ RPA [7].  

ʑʦʙ ʜʦʩʷʛʪʠ ʩʪʘʙʽʣʴʥʦʛʦ ʨʽʚʥʷ ʘʚʪʦʤʘʪʠʟʘʮʽʾ, ʢʦʤʧʘʥʽʷʤ ʧʦʪʨʽʙʥʦ ʙʫʜʝ ʧʦʚ'ʷʟʘʪʠ RPA ʟʽ ʰʪʫʯʥʠʤ 

ʽʥʪʝʣʝʢʪʦʤ ï ʦʩʥʦʚʥʦʶ ʟʜʘʪʥʽʩʪʶ ʝʪʘʧʫ ʽʥʪʝʣʝʢʪʫʘʣʴʥʦʾ ʘʚʪʦʤʘʪʠʟʘʮʽʾ. ɿʘʚʜʷʢʠ ʚʜʦʩʢʦʥʘʣʝʥʽʡ ʣʦʛʽʮʽ 

ʟʘʪʨʠʤʘʥʥʷ ʪʘ ʚʠʜʘʣʝʥʥʷ ʦʙ'ʻʢʪʽʚ, ʚʠʚʯʝʥʥʷ ʪʘ ʽʥʪʝʨʧʨʝʪʘʮʽʷ ʙʝʟʬʦʨʤʥʠʭ ʜʘʥʠʭ ʧʝʨʝʪʚʦʨʶʻʪʴʩʷ ʥʘ 

ʧʝʨʝʚʽʨʢʫ ʘʚʪʝʥʪʠʯʥʦʩʪʽ. ɯʥʪʝʣʝʢʪʫʘʣʴʥʘ ʘʚʪʦʤʘʪʠʟʘʮʽʷ ʜʦʟʚʦʣʷʻ ʫʩʪʘʥʦʚʘʤ ʟʤʽʥʶʚʘʪʠ ʙʽʟʥʝʩ-ʧʨʦʮʝʜʫʨʠ, 

ʦʩʥʦʚʘʥʽ ʥʘ ʟʥʘʥʥʷʭ, ʫ ʮʠʬʨʦʚʠʡ ʩʧʦʩʽʙ, ʧʝʨʝʪʚʦʨʶʶʯʠ ʾʭʥʽ ʤʨʽʾ ʥʘ ʨʝʘʣʴʥʽʩʪʴ.  

ʇʣʘʪʬʦʨʤʘ ʽʥʪʝʣʝʢʪʫʘʣʴʥʦʾ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʤʦʞʝ ʢʝʨʫʚʘʪʠ ʨʦʟʜʽʣʝʥʥʷʤ, ʦʨʛʘʥʽʟʘʮʽʻʶ ʪʘ ʚʝʜʝʥʥʷʤ 

ʦʧʝʨʘʮʽʡ, ʧʽʜʚʠʱʫʶʯʠ ʰʚʠʜʢʽʩʪʴ ʦʙʨʦʙʢʠ ʪʘ ʪʦʯʥʽʩʪʴ, ʟʤʝʥʰʫʶʯʠ ʧʨʠ ʮʴʦʤʫ ʧʦʪʨʝʙʫ ʚ ʫʯʘʩʪʽ ʣʶʜʠʥʠ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʨʫʪʠʥʥʽ ʟʘʚʜʘʥʥʷ, ʟ ʷʢʠʤʠ ʨʘʥʽʰʝ ʥʝ ʩʧʨʘʚʣʷʚʩʷ ʨʦʙʦʪ, ʚʠʨʽʰʫʶʪʴʩʷ ʙʽʣʴʰ ʢʚʘʣʽʬʽʢʦʚʘʥʦ.  

ɸʣʝ ʧʣʘʪʬʦʨʤʘ ʽʥʪʝʣʝʢʪʫʘʣʴʥʦʾ ʘʚʪʦʤʘʪʠʟʘʮʽʾ (AI) ʥʝ ʪʽʣʴʢʠ ʮʝ. ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʽʥʪʝʣʝʢʪʫʘʣʴʥʫ 

ʘʚʪʦʤʘʪʠʟʘʮʽʶ ʜʦʢʫʤʝʥʪʽʚ (CDA), ʧʣʘʪʬʦʨʤʘ ʟʯʠʪʫʻ ʽʥʬʦʨʤʘʮʽʶ ʽ ʨʦʟʫʤʽʻ ʾʾ. ʆʩʢʽʣʴʢʠ CDA ʤʦʞʝ ʟʯʠʪʫʚʘʪʠ 

ʜʘʥʽ ʫ ʨʽʟʥʠʭ ʬʦʨʤʘʪʘʭ, ʚʦʥʘ ʤʦʞʝ ʧʝʨʝʪʚʦʨʠʪʠ ʟʯʠʪʘʥʽ ʜʘʥʽ  ʥʘ ʢʦʨʠʩʥʫ ʽʥʬʦʨʤʘʮʽʶ. ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ 

ʤʘʰʠʥʥʝ ʥʘʚʯʘʥʥʷ ʽ ʧʨʠʨʦʜʥʫ ʤʦʚʫ, ʧʣʘʪʬʦʨʤʘ Intelligent Automation ʨʦʟʫʤʽʻ ʜʘʥʽ ʽ ʢʦʥʪʨʦʣʶʻ ʪʝ, ʱʦ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʜʘʣʽ [12].  

ʇʣʘʪʬʦʨʤʘ Intelligent Automation ʚʠʢʦʥʫʻ ʮʶ ʨʦʙʦʪʫ ʙʽʣʴʰ ʫʩʧʽʰʥʦ ʽ ʟʘ ʤʝʥʰʫ ʧʣʘʪʫ, ʥʽʞ "ʛʦʪʦʚʝ" 

ʨʽʰʝʥʥʷ. ʎʝ ʜʦʟʚʦʣʷʻ ʢʦʤʧʘʥʽʷʤ ʧʽʜʚʠʱʠʪʠ ʨʽʚʝʥʴ ʢʦʤʧʝʪʝʥʮʽʡ, ʟʥʠʟʠʪʠ ʟʘʛʘʣʴʥʫ ʚʘʨʪʽʩʪʴ ʚʦʣʦʜʽʥʥʷ ʪʘ 

ʧʦʚʥʽʩʪʶ ʘʚʪʦʤʘʪʠʟʫʚʘʪʠ ʩʚʦʾ ʙʽʟʥʝʩ-ʧʨʦʮʝʩʠ ʚ ʢʽʥʮʝʚʦʤʫ ʧʽʜʩʫʤʢʫ.  

ɼʣʷ ʦʨʛʘʥʽʟʘʮʽʡ, ʷʢʽ ʧʨʘʛʥʫʪʴ ʜʦʩʷʛʪʠ ʙʽʣʴʰ ʚʠʩʦʢʦʛʦ ʨʽʚʥʷ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʯʝʨʝʟ ʦʙʤʝʞʝʥʥʷ ʜʘʥʠʭ, 

ʱʦ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʙʣʦʢʫʚʘʥʥʷ ʪʘ ʫʧʦʚʽʣʴʥʝʥʥʷ ʨʦʙʦʪʠ, ʢʣʶʯʦʚʦʶ ʜʫʤʢʦʶ ʤʘʻ ʩʪʘʪʠ ʟʘʩʪʦʩʫʚʘʥʥʷ ʨʽʰʝʥʥʷ, 

ʷʢʝ ʽʥʪʝʛʨʫʻ RPA ʟʽ ʰʪʫʯʥʠʤ ʽʥʪʝʣʝʢʪʦʤ. ʆʨʛʘʥʽʟʘʮʽʾ ʤʦʞʫʪʴ ʧʨʦʩʫʚʘʪʠ ʽʥʽʮʽʘʪʠʚʠ ʟ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʚʽʜ 

ʥʫʜʥʠʭ ʪʨʘʥʟʘʢʮʽʡʥʠʭ ʩʮʝʥʘʨʽʾʚ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʦ ʙʽʣʴʰ ʙʘʛʘʪʦʛʨʘʥʥʠʭ ʙʽʟʥʝʩ-ʧʨʦʮʝʩʽʚ, ʦʩʥʦʚʘʥʠʭ ʥʘ 

ʟʥʘʥʥʷʭ, ʱʦ ʟʘʙʝʟʧʝʯʫʶʪʴ ʯʫʜʦʚʠʡ ʢʣʽʻʥʪʩʴʢʠʡ ʜʦʩʚʽʜ ʽ ʦʧʝʨʘʮʽʡʥʫ ʜʦʩʢʦʥʘʣʽʩʪʴ. ɿʘʚʜʷʢʠ ʧʦʻʜʥʘʥʥʶ 

ʥʘʚʠʯʦʢ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ ʪʘ ʽʥʪʝʣʝʢʪʫʘʣʴʥʦʾ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʢʦʤʘʥʜʠ ʤʦʞʫʪʴ ʧʦʯʘʪʠ ʧʨʘʮʶʚʘʪʠ ʽ ʜʦʩʷʛʪʠ 

ʙʽʣʴʰʠʭ ʫʩʧʽʭʽʚ ʚ ʘʚʪʦʤʘʪʠʟʘʮʽʾ [13]. 

ʇʨʦʛʨʘʤʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ Robotic Process Automation (RPA) ʯʫʜʦʚʦ ʧʽʜʭʦʜʠʪʴ ʜʣʷ ʚʠʢʦʥʘʥʥʷ ʧʨʦʩʪʠʭ 

ʽ ʥʫʜʥʠʭ ʟʘʚʜʘʥʴ, ʷʢʽ ʚʠʢʦʥʫʶʪʴʩʷ ʟʘ ʽʥʩʪʨʫʢʮʽʷʤʠ ʘʙʦ ʩʠʩʪʝʤʘʤʠ, ʚʩʪʘʥʦʚʣʝʥʠʤʠ ʦʨʛʘʥʽʟʘʮʽʷʤʠ. RPA ʤʘʻ 

ʟʜʘʪʥʽʩʪʴ ʚʠʢʦʥʫʚʘʪʠ ʨʽʟʥʽ ʟʘʚʜʘʥʥʷ ʟ ʙʽʣʴʰʦʶ ʪʦʯʥʽʩʪʶ, ʥʽʞ ʣʶʜʠʥʘ, ʱʦ ʥʝ ʤʦʞʝ ʟʨʦʙʠʪʠ ʮʝ ʥʘʣʝʞʥʠʤ 

ʯʠʥʦʤ. ɺʽʥ ʥʘʡʢʨʘʱʝ ʧʽʜʭʦʜʠʪʴ ʜʣʷ ʯʘʩʪʦ ʧʦʚʪʦʨʶʚʘʥʠʭ ʪʘ ʧʝʨʝʜʙʘʯʫʚʘʥʠʭ ʟʘʚʜʘʥʴ. ɸʚʪʦʤʘʪʠʟʦʚʘʥʽ 

ʽʥʩʪʨʫʤʝʥʪʠ ʧʦʪʨʝʙʫʶʪʴ ʢʝʨʽʚʥʠʮʪʚʘ ʪʘ ʣʶʜʩʴʢʦʛʦ ʫʧʨʘʚʣʽʥʥʷ ʜʣʷ ʝʬʝʢʪʠʚʥʦʛʦ ʧʨʦʚʝʜʝʥʥʷ ʢʘʤʧʘʥʽʡ. 

ʆʩʦʙʣʠʚʽʩʪʴ RPA ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ ʣʶʜʠ ʧʦʚʠʥʥʽ ʟʘʟʜʘʣʝʛʽʜʴ ʧʝʨʝʜʙʘʯʠʪʠ ʢʦʞʥʫ ʚʘʨʽʘʮʽʶ, ʱʦʙ ʤʘʰʠʥʘ 

ʘʚʪʦʤʘʪʠʯʥʦ ʧʦʚʦʜʠʣʘʩʷ ʥʘʣʝʞʥʠʤ ʯʠʥʦʤ ʱʦʨʘʟʫ (Hankiewicz, 2018). ʆʩʴ ʯʦʤʫ ʧʦʪʨʽʙʥʘ ʧʦʩʪʽʡʥʘ 

ʫʚʘʞʥʽʩʪʴ. ʗʢʱʦ ʩʝʨʝʜʦʚʠʱʝ ʟʤʽʥʶʻʪʴʩʷ, ʤʘʨʢʝʪʦʣʦʛʠ ʧʦʚʠʥʥʽ ʚʨʫʯʥʫ ʚʪʨʫʪʠʪʠʩʷ ʽ ʚʥʝʩʪʠ ʥʝʦʙʭʽʜʥʽ ʟʤʽʥʠ 

[14]. 

ʐɯ ʜʝʤʦʥʩʪʨʫʻ, ʷʢ ʢʦʤʧ'ʶʪʝʨʥʽ ʩʠʩʪʝʤʠ ʤʦʞʫʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʚʝʣʠʯʝʟʥʽ ʦʙʩʷʛʠ ʜʘʥʠʭ, ʱʦʙ 

ʜʫʙʣʶʚʘʪʠ ʣʶʜʩʴʢʠʡ ʽʥʪʝʣʝʢʪ ʽ ʤʠʩʣʝʥʥʷ, ʫʟʛʦʜʞʫʶʯʠʩʴ ʽʟ ʩʠʩʪʝʤʦʶ, ʱʦʙ ʥʘʚʯʘʪʠʩʷ, ʧʨʦʛʥʦʟʫʚʘʪʠ ʽ 

ʨʝʢʦʤʝʥʜʫʚʘʪʠ, ʱʦ ʨʦʙʠʪʠ ʜʘʣʽ. ʐʪʫʯʥʠʡ ʽʥʪʝʣʝʢʪ, ʟʜʘʪʥʠʡ ʩʧʨʠʡʤʘʪʠ ʤʘʨʢʝʪʠʥʛʦʚʽ ʢʣʶʯʦʚʽ ʧʦʢʘʟʥʠʢʠ 

ʝʬʝʢʪʠʚʥʦʩʪʽ, ʤʦʞʝ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʨʽʟʥʽ ʘʣʛʦʨʠʪʤʠ, ʷʢʽ ʜʽʶʪʴ ʫ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ, ʱʦʙ ʟʥʘʭʦʜʠʪʠ ʩʠʛʥʘʣ ʫ 

ʰʫʤʽ ʜʘʥʠʭ ʽ ʟʥʘʭʦʜʠʪʠ ʰʣʷʭʠ ʜʦ ʨʽʰʝʥʴ, ʷʢʠʭ ʥʝ ʜʦʩʷʛʣʘ ʙ ʞʦʜʥʘ ʣʶʜʠʥʘ. ɹʽʣʴʰʽʩʪʴ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ 

ʩʴʦʛʦʜʥʽ ʧʨʘʮʶʻ ʷʢ ʜʦʧʦʤʽʞʥʠʡ ʟʘʩʽʙ, ʷʢʱʦ ʥʘʩʪʫʧʥʘ ʥʘʡʢʨʘʱʘ ʜʽʷ ʧʦʩʠʣʘʻʪʴʩʷ ʥʘ ʣʶʜʝʡ, ʷʢʽ ʧʦʪʽʤ 

ʚʠʨʽʰʫʶʪʴ, ʜʦʚʽʨʷʪʠ ʾʤ ʯʠ ʥʽ, ʘ ʧʦʪʽʤ ʬʽʟʠʯʥʦ ʚʥʦʩʷʪʴ ʟʤʽʥʠ.  

ʂʦʣʠ ʨʦʙʦʪʠʟʦʚʘʥʘ ʘʚʪʦʤʘʪʠʟʘʮʽʷ ʧʨʦʮʝʩʽʚ ʧʦʻʜʥʫʻʪʴʩʷ ʟ ʝʣʝʤʝʥʪʘʤʠ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ, ʪʘʢʠʤʠ 

ʷʢ ʤʘʰʠʥʥʝ ʥʘʚʯʘʥʥʷ, ʨʝʟʫʣʴʪʘʪ ʥʘʟʠʚʘʻʪʴʩʷ ʽʥʪʝʣʝʢʪʫʘʣʴʥʦʶ ʘʚʪʦʤʘʪʠʟʘʮʽʻʶ ʧʨʦʮʝʩʽʚ (IPA). ɯʥʩʪʨʫʤʝʥʪ 

IPA ʻ ʧʦʪʫʞʥʠʤ, ʦʩʢʽʣʴʢʠ ʚʽʥ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ ʚʠʛʦʜʫ ʚʽʜ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ï ʧʽʜʚʠʱʝʥʫ ʰʚʠʜʢʽʩʪʴ, 

ʝʬʝʢʪʠʚʥʽʩʪʴ, ʝʢʦʥʦʤʽʶ ʯʘʩʫ ʪʘ ʤʦʞʣʠʚʽʩʪʴ ʚʠʤʽʨʶʚʘʪʠ ï ʟʘʚʜʷʢʠ ʙʘʯʝʥʥʶ, ʛʥʫʯʢʦʩʪʽ ʪʘ ʦʙʯʠʩʣʶʚʘʣʴʥʽʡ 

ʧʦʪʫʞʥʦʩʪʽ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ.  

ʇʽʜʧʨʠʻʤʮʽ, ʷʢʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ɯʈɸ, ʤʦʞʫʪʴ ʨʦʟʰʠʨʠʪʠ ʩʚʦʾ ʥʘʚʠʯʢʠ, ʚʦʜʥʦʯʘʩ ʧʝʨʝʢʣʘʚʰʠ ʥʘ 

ʤʘʰʠʥʫ ʥʫʜʥʽ ʟʘʚʜʘʥʥʷ ʦʧʝʨʘʮʽʡʥʦʛʦ ʫʧʨʘʚʣʽʥʥʷ. ʎʝ ʚʽʜʨʽʟʥʷʻʪʴʩʷ ʚʽʜ ʯʠʩʪʦʾ ʨʦʙʦʪʠʟʦʚʘʥʦʾ ʘʚʪʦʤʘʪʠʟʘʮʽʾ 

ʪʠʤ, ʱʦ ʐɯ ʤʦʞʝ ʧʦʯʠʥʘʪʠ, ʟʫʧʠʥʷʪʠ ʘʙʦ ʥʘʚʽʪʴ ʟʤʽʥʶʚʘʪʠ ʪʝ, ʱʦ ʚʽʥ ʨʦʙʠʪʴ, ʟʘʣʝʞʥʦ ʚʽʜ ʘʪʤʦʩʬʝʨʠ, ʚ ʷʢʽʡ 

ʚʽʥ ʧʨʘʮʶʻ (Anurag, 2020). ɹʽʣʴʰʝ ʪʦʛʦ, ʦʩʢʽʣʴʢʠ ʥʘʡʢʨʘʱʽ ʩʠʩʪʝʤʠ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ ʜʦʟʚʦʣʷʶʪʴ 

ʧʨʦʜʘʚʮʷʤ ʚʩʪʘʥʦʚʣʶʚʘʪʠ ʧʨʘʚʠʣʘ, ʥʝʤʘʻ ʞʦʜʥʦʛʦ ʰʘʥʩʫ, ʱʦ ʥʝʧʝʨʝʜʙʘʯʫʚʘʥʽ ʧʦʜʽʾ ʧʨʠʟʚʝʜʫʪʴ ʜʦ ʥʘʜʪʦ 

ʭʠʙʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ [15ï17].  
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ʊʘʙʣʠʮʷ 1 

ɺʽʜʤʽʥʥʦʩʪʽ ʤʽʞ ʰʪʫʯʥʠʤ ʽʥʪʝʣʝʢʪʦʤ ʽ ʘʚʪʦʤʘʪʠʟʘʮʽʻʶ 

ˉ ʐʪʫʯʥʠʡ ʽʥʪʝʣʝʢʪ ɸʚʪʦʤʘʪʠʟʘʮʽʷ 

1 AI ʧʨʠʡʤʘʻ ʨʽʰʝʥʥʷ ʥʘ ʦʩʥʦʚʽ 

ʚʠʚʯʝʥʥʷ ʤʠʥʫʣʦʛʦ ʜʦʩʚʽʜʫ ʪʘ 

ʽʥʬʦʨʤʘʮʽʶ, ʷʢʫ ʚʽʥ ʦʪʨʠʤʫʻ. 

ɸʚʪʦʤʘʪʠʟʘʮʽʷ ï ʮʝ  ʟʘʟʜʘʣʝʛʽʜʴ ʥʘʣʘʰʪʦʚʘʥʠʡ ʽ 

ʩʘʤʦʩʪʽʡʥʠʡ ʟʘʧʫʩʢ ʜʣʷ ʚʠʢʦʥʘʥʥʷ ʧʝʚʥʠʭ ʟʘʚʜʘʥʴ. 

2 ʐɯ ï ʮʝ ʩʠʩʪʝʤʘ, ʷʢʘ ʜʦʧʦʤʘʛʘʻ ʝʢʩʧʝʨʪʘʤ 

ʘʥʘʣʽʟʫʚʘʪʠ ʩʠʪʫʘʮʽʾ ʽ ʧʨʠʡʪʠ ʜʦ 

ʧʝʚʥʦʛʦ ʚʠʩʥʦʚʢʫ 

ɸʚʪʦʤʘʪʠʟʘʮʽʷ ï ʮʝ ʩʚʦʛʦ ʨʦʜʫ ʤʘʰʠʥʘ, 

ʟʘʧʨʦʛʨʘʤʦʚʘʥʘ ʥʘ ʚʠʢʦʥʘʥʥʷ ʨʫʪʠʥʥʦʾ ʨʦʙʦʪʠ. 

3 ʐɯ ʧʨʠʟʥʘʯʝʥʠʡ ʜʣʷ ʥʝʧʦʚʪʦʨʶʚʘʥʠʭ 

ʟʘʚʜʘʥʴ. 

ʊʦʜʽ ̫ʢ ʘʚʪʦʤʘʪʠʟʘʮʽʷ ʧʨʠʟʥʘʯʝʥʘ ʜʣʷ 

ʧʦʚʪʦʨʶʚʘʥʠʭ ʟʘʚʜʘʥʴ ʥʘ ʦʩʥʦʚʽ ʢʦʤʘʥʜ ʽ ʧʨʘʚʠʣ 

4 ʐɯ ʚʟʘʻʤʦʜʽʻ ʟ ʣʶʜʴʤʠ ʪʘ 

ʥʘʚʯʘʻʪʴʩʷ ʥʘ ʤʠʥʫʣʦʤʫ ʜʦʩʚʽʜʽ ʱʦʙ 

ʧʦʨʽʚʥʷʪʠ ʩʠʪʫʘʮʽʾ, ʘ ʧʦʪʽʤ 

ʧʨʘʮʶʚʘʪʠ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʥʴʦʛʦ. 

ʋ ʪʦʡ ʯʘʩ ʷʢ ʘʚʪʦʤʘʪʠʟʘʮʽʷ ʥʝ ʚʟʘʻʤʦʜʽʻ ʟ ʣʶʜʠʥʦʶ 

ʽ ʧʨʘʮʶʻ ʟʘ ʽʥʩʪʨʫʢʮʽʻʶ. 

 

ɼʣʷ ʧʽʜʧʨʠʻʤʮʽʚ ʮʝ ʦʟʥʘʯʘʻ ʙʽʣʴʰ ʰʚʠʜʢʝ, ʙʽʣʴʰ ʤʦʜʠʬʽʢʦʚʘʥʝ ʚʧʨʦʚʘʜʞʝʥʥʷ ʪʘ ʧʨʦʮʝʩʠ, ʙʽʣʴʰ 

ʰʠʨʦʢʝ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʘ ʢʦʨʝʢʪʥʽʩʪʴ ʜʘʥʠʭ, ʘ ʪʘʢʦʞ ʧʦʢʨʘʱʝʥʥʷ ʟʘʛʘʣʴʥʦʛʦ ʢʣʽʻʥʪʩʴʢʦʛʦ ʜʦʩʚʽʜʫ.  

ɿʘʚʜʷʢʠ ʮʠʤ ʦʯʝʚʠʜʥʠʤ ʚʠʛʦʜʘʤ Forrester ʦʯʽʢʫʻ, ʱʦ ʜʦ 2024 ʨʦʢʫ 25% ʢʦʤʧʘʥʽʡ ʟʽ ʩʧʠʩʢʫ Fortune 

510 ʧʦʚʽʜʦʤʣʷʪʴ ʧʨʦ ʩʦʪʥʽ ʧʨʠʢʣʘʜʽʚ ʚʠʢʦʨʠʩʪʘʥʥʷ IPA. ʄʦʞʣʠʚʦ, ʜʦ 2050 ʨʦʢʫ ʤʠ ʧʦʚʥʽʩʪʶ ʟʘʣʝʞʘʪʠʤʝʤʦ 

ʚʽʜ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʪʘ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ, ʘʜʞʝ ʚʦʥʠ ʨʦʙʣʷʪʴ ʞʠʪʪʷ ʧʨʦʩʪʽʰʠʤ ʽ ʪʦʯʥʽʰʠʤ. 

ʊʝʭʥʦʣʦʛʽʾ IPA ʥʝ ʣʠʰʝ ʩʪʚʦʨʶʶʪʴ ʟʦʚʥʽʰʥʻ ʙʘʯʝʥʥʷ ʜʣʷ ʤʘʨʢʝʪʦʣʦʛʽʚ, ʘʣʝ ʡ ʜʽʡʩʥʦ ʧʝʨʝʪʚʦʨʶʶʪʴ 

ʙʘʯʝʥʥʷ ʥʘ ʜʽʶ. ʅʘʧʨʠʢʣʘʜ, Albert ʤʦʞʝ ʩʪʚʦʨʶʚʘʪʠ ʽʩʪʦʨʠʯʥʽ ʮʠʬʨʦʚʽ ʦʧʝʨʘʮʽʡʥʽ ʜʘʥʽ ʧʦ ʚʩʽʭ ʢʘʥʘʣʘʭ, 

ʨʦʟʨʦʙʣʷʪʠ ʧʦʣʽʪʠʢʫ ʜʣʷ ʚʧʨʦʚʘʜʞʝʥʥʷ ʪʘ ʜʦʩʣʽʜʞʫʚʘʪʠ ʨʽʟʥʽ ʛʨʫʧʠ ʧʦʚʽʜʦʤʣʝʥʴ, ʢʨʝʘʪʠʚʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʽ 

ʚʠʧʘʜʢʽʚ ʩʝʨʝʜ ʨʽʟʥʠʭ ʘʫʜʠʪʦʨʽʡ (Anurag, 2020). ɸʚʪʦʥʦʤʥʽ ʢʦʤʧʝʪʝʥʮʽʾ ʽʥʪʝʣʝʢʪʫʘʣʴʥʦʾ ʤʘʰʠʥʠ, ʱʦ 

ʥʝʚʧʠʥʥʦ ʨʦʟʚʠʚʘʶʪʴʩʷ ʟ ʯʘʩʦʤ, ʜʦʟʚʦʣʷʶʪʴ ʾʡ ʬʘʢʪʠʯʥʦ ʧʝʨʝʨʦʟʧʦʜʽʣʷʪʠ ʬʽʥʘʥʩʠ, ʢʦʨʠʛʫʚʘʪʠ ʧʨʦʧʦʟʠʮʽʾ, 

ʘʫʜʠʪʦʨʽʾ ʪʘ ʦʧʪʠʤʽʟʫʚʘʪʠ ʦʧʝʨʘʮʽʾ ʚ ʨʝʞʠʤʽ 24Ĭ8 ʫ ʥʘʧʦʣʝʛʣʠʚʦʤʫ ʧʦʰʫʢʫ ʢʣʶʯʦʚʠʭ ʧʦʢʘʟʥʠʢʽʚ 

ʝʬʝʢʪʠʚʥʦʩʪʽ, ʚʩʪʘʥʦʚʣʝʥʠʭ ʤʘʨʢʝʪʦʣʦʛʦʤ [18].  

ʎʝ ʥʘʜʟʚʠʯʘʡʥʦ ʚʘʞʣʠʚʦ, ʦʩʢʽʣʴʢʠ ʢʣʽʻʥʪʠ ʧʨʦʜʦʚʞʫʶʪʴ ʚʠʤʘʛʘʪʠ ʙʽʣʴʰʦʛʦ ʚʽʜ ʧʨʦʜʫʢʪʽʚ; 5-ʡ 

ʱʦʨʽʯʥʠʡ ʟʚʽʪ Salesforce ʧʨʦ ʩʪʘʥ ʤʘʨʢʝʪʠʥʛʫ ʧʦʢʘʟʘʚ, ʱʦ 55% ʢʣʽʻʥʪʽʚ ʟʘʨʘʟ ʦʯʽʢʫʶʪʴ ʤʦʜʠʬʽʢʦʚʘʥʠʭ 

ʧʨʦʧʦʟʠʮʽʡ, ʘ 62% ʦʯʽʢʫʶʪʴ, ʱʦ ʙʽʟʥʝʩ ʙʫʜʝ ʚʠʧʝʨʝʜʞʘʪʠ ʾʭʥʽ ʚʠʤʦʛʠ. ʊʝʭʥʦʣʦʛʽʾ IPA ʩʪʘʶʪʴ ʻʜʠʥʠʤ 

ʩʧʦʩʦʙʦʤ ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʤʦʜʠʬʽʢʦʚʘʥʠʭ ʪʦʯʦʢ ʚʽʜʩʪʝʞʝʥʥʷ ʜʣʷ ʦʧʪʠʤʘʣʴʥʦʛʦ ʢʣʽʻʥʪʩʴʢʦʛʦ ʜʦʩʚʽʜʫ ʚ 

ʧʣʘʪʥʠʭ ʮʠʬʨʦʚʠʭ ʢʘʥʘʣʘʭ. ʎʷ ʜʠʩʢʫʩʽʷ ʧʦʢʘʟʫʻ, ʱʦ ʥʘʜʤʽʨʥʝ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʘ ʧʦʧʠʪ ʥʘ ʘʚʪʦʤʘʪʠʟʘʮʽʶ ʪʘ 

ʰʪʫʯʥʠʡ ʽʥʪʝʣʝʢʪ ʟʨʦʩʪʘʻ ʟ ʢʦʞʥʠʤ ʜʥʝʤ. ʄʦʞʣʠʚʦ, ʜʦ 2050 ʨʦʢʫ ʩʫʩʧʽʣʴʩʪʚʦ ʙʫʜʝ ʧʦʚʥʽʩʪʶ ʟʘʣʝʞʘʪʠ ʚʽʜ 

ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʪʘ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ, ʘʜʞʝ ʮʝ ʨʦʙʠʪʴ ʞʠʪʪʷ ʧʨʦʩʪʽʰʠʤ ʽ ʪʦʯʥʽʰʠʤ [19].  
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ʁʤʦʚʽʨʥʽʩʪʴ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʚ ʨʽʟʥʠʭ ʩʬʝʨʘʭ 

ʁʤʦʚʽʨʥʽʩʪʴ 

 ʘʚʪʦʤʘʪʠʟʘʮʽʾ 

ʉʬʝʨʠ ʪʨʫʜʦʚʦʾ ʜʽʷʣʴʥʦʩʪʽ 

97% ʈʦʙʦʪʘ ʩʝʢʨʝʪʘʨʷ (ʟʘʛʘʣʴʥʘ) 

97% ɹʘʥʢʽʚʩʴʢʽ ʢʦʥʩʫʣʴʪʘʥʪʠ ʪʘ ʽʥʰʠʡ ʧʝʨʩʦʥʘʣ 

96% ʊʝʣʝʬʦʥʥʽ ʦʧʝʨʘʪʦʨʠ 

90% ʂʘʩʠʨ 

85% ɸʫʜʠʪʦʨʠ ʧʦʰʪʦʚʦʾ ʜʠʩʪʨʠʙʫʮʽʾ 

82% ʇʨʠʥʪʝʨʠ 

72% ʇʨʘʮʽʚʥʠʢʠ ʩʽʣʴʩʴʢʦʛʦ ʛʦʩʧʦʜʘʨʩʪʚ 

 

ɯʥʪʝʣʝʢʪʫʘʣʴʥʘ ʩʠʩʪʝʤʘ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʚʠʢʦʨʠʩʪʦʚʫʻ ʮʽ ʪʨʠ ʤʝʭʘʥʽʟʤʠ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ. ɿʘʣʝʞʥʦ 

ʚʽʜ ʧʦʪʨʝʙʠ, ʚʦʥʠ ʤʦʞʫʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʩʧʽʣʴʥʦ ʘʙʦ ʦʢʨʝʤʦ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʧʦʚʥʽʩʪʶ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ 

ʨʽʰʝʥʥʷ: 

ʄʘʰʠʥʥʠʡ ʟʽʨ ï ʮʝ ʟʜʘʪʥʽʩʪʴ ʧʨʦʛʨʘʤʠ ʨʦʟʧʽʟʥʘʚʘʪʠ ʬʦʪʦʛʨʘʬʽʯʥʽ ʜʘʥʽ. ʄʘʰʠʥʘ ʚʠʢʦʨʠʩʪʦʚʫʻ ʜʘʥʽ 

ʟʡʦʤʢʠ (ʟʦʙʨʘʞʝʥʥʷ) ʷʢ ʦʩʥʦʚʫ ʜʣʷ ʦʨʛʘʥʽʟʘʮʽʾ ʘʙʦ ʤʝʭʘʥʽʟʤʫ ʜʦʢʫʤʝʥʪʫʚʘʥʥʷ. ʇʨʠʢʣʘʜʦʤ ʤʘʰʠʥʥʦʛʦ ʟʦʨʫ 

ʻ ʨʦʟʧʽʟʥʘʚʘʥʥʷ ʦʙʣʠʯ ʚ iPhone. ʈʦʟʧʽʟʥʘʚʘʥʥʷ ʦʙʣʠʯ ï ʮʝ ʥʘʡʢʨʘʱʝ ʩʫʯʘʩʥʝ ʤʘʡʙʫʪʥʻ, ʷʢʝ ʟʥʘʭʦʜʠʪʴʩʷ ʚ 

ʘʡʬʦʥʘʭ. ɹʘʟʘ ʜʘʥʠʭ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ Facebook Investigate Database ʪʘʢʦʞ ʻ ʭʦʨʦʰʠʤ ʧʨʠʢʣʘʜʦʤ, 

ʦʩʢʽʣʴʢʠ ʚʦʥʘ ʜʦʩʣʽʜʞʫʻ ʟʦʙʨʘʞʝʥʥʷ, ʢʣʘʩʠʬʽʢʫʻ ʷʢʦʩʪʽ, ʘ ʧʦʪʽʤ ʦʨʛʘʥʽʟʦʚʫʻ ʽ ʧʦʷʩʥʶʻ ʥʦʚʽ ʽʣʶʩʪʨʘʮʽʾ 

ʢʦʨʠʩʪʫʚʘʯʝʚʽ. 

ʆʙʨʦʙʢʘ ʧʨʠʨʦʜʥʦʾ ʤʦʚʠ: ʪʘʤ, ʜʝ ʤʘʰʠʥʥʠʡ ʟʽʨ ʧʨʘʮʶʻ ʟ ʽʣʶʩʪʨʘʮʽʷʤʠ, ʦʙʨʦʙʢʘ ʧʨʠʨʦʜʥʦʾ ʤʦʚʠ 

(NLP) ʨʦʙʠʪʴ ʪʝ ʩʘʤʝ ʜʣʷ ʨʦʟʧʽʟʥʘʚʘʥʥʷ ʣʶʜʩʴʢʦʛʦ ʛʦʣʦʩʫ ʽ ʪʝʢʩʪʦʚʠʭ ʜʘʥʠʭ. ʄʠ ʧʨʦʡʰʣʠ ʜʦʚʛʠʡ ʰʣʷʭ ʫ 

ʩʪʚʦʨʝʥʥʽ ʜʦʙʨʝ ʦʨʛʘʥʽʟʦʚʘʥʦʛʦ NLP. ʊʝʧʝʨ ʤʘʰʠʥʠ ʤʦʞʫʪʴ ʨʦʟʧʽʟʥʘʚʘʪʠ ʢʦʥʪʝʢʩʪ, ʱʦ ʩʪʦʾʪʴ ʟʘ 

ʦʛʦʣʦʰʝʥʥʷʤ, ʽ ʚʞʠʚʘʪʠ ʟʘʭʦʜʽʚ ʥʘ ʦʩʥʦʚʽ ʟʘʟʜʘʣʝʛʽʜʴ ʩʪʚʦʨʝʥʠʭ ʜʘʥʠʭ ʽ ʬʦʥʦʚʦʾ ʟʤʽʥʥʦʾ "ʟʽʨʢʘ". Siri ʚʽʜ 

Apple, Amazon Alexa ʪʘ Google Assistant ʧʦʢʣʘʜʘʶʪʴʩʷ ʥʘ ʅʃʇ, ʱʦʙ ʧʨʠʥʦʩʠʪʠ ʢʦʨʠʩʪʴ ʨʦʙʦʪʦʜʘʚʮʷʤ. 
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ʄʘʰʠʥʥʝ ʥʘʚʯʘʥʥʷ: ʄʘh ʠʥʥʝ ʥʘʚʯʘʥʥʷ ï ʮʝ ʟʜʘʪʥʽʩʪʴ ʤʘʰʠʥʠ ʥʘʚʯʘʪʠʩʷ ʥʘ ʦʩʥʦʚʽ ʧʦʜʘʥʠʭ ʜʘʥʠʭ, 

ʨʝʟʫʣʴʪʘʪʽʚ ʚʠʩʥʦʚʢʽʚ ʽ ʟʤʽʥʥʠʭ ʘʪʤʦʩʬʝʨʠ, ʱʦʙ ʫʜʦʩʢʦʥʘʣʶʚʘʪʠʩʷ. ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʤʘʰʠʥʥʝ ʥʘʚʯʘʥʥʷ, ʤʠ 

ʤʦʞʝʤʦ ʧʽʜʚʠʱʠʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʦʪʦʯʥʠʭ ʨʽʰʝʥʴ. ʅʘʧʨʠʢʣʘʜ, ʷʢʱʦ ʚ ʽʥʪʝʣʝʢʪʫʘʣʴʥʽʡ ʩʠʩʪʝʤʽ 

ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʚʠʥʠʢʘʻ ʧʨʦʙʣʝʤʘ ʽ ʜʣʷ ʾʾ ʚʠʨʽʰʝʥʥʷ ʟʘʣʫʯʘʻʪʴʩʷ ʣʶʜʠʥʘ, ʥʘʩʪʫʧʥʦʛʦ ʨʘʟʫ ʩʠʩʪʝʤʘ ʤʝʭʘʥʽʯʥʦ 

ʚʠʢʦʥʘʻ ʧʨʦʮʝʜʫʨʫ, ʷʢʫ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʘ ʣʶʜʠʥʘ. ʊʘʢʠʤ ʯʠʥʦʤ, ʟ ʯʘʩʦʤ ʢʦʤʧʝʪʝʥʪʥʽʩʪʴ ʩʠʩʪʝʤʠ 

ʟʨʦʩʪʘʪʠʤʝ, ʘ ʣʶʜʩʴʢʽ ʟʫʩʠʣʣʷ ʟʤʝʥʰʫʚʘʪʠʤʫʪʴʩʷ.  

ɺʠʢʦʨʠʩʪʘʥʥʷ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ (ʐɯ) ʚ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʟʥʘʯʥʦ ʧʦʣʝʛʰʫʻ ʧʽʜʧʨʠʻʤʩʪʚʘʤ ʚʠʢʦʥʘʥʥʷ 

ʨʫʪʠʥʥʠʭ ʦʧʝʨʘʮʽʡ ʽ ʙʝʟʨʦʟʩʫʜʥʝ ʤʘʩʰʪʘʙʫʚʘʥʥʷ. ʅʠʞʯʝ ʥʘʚʝʜʝʥʦ ʦʩʥʦʚʥʽ ʧʝʨʝʚʘʛʠ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʽʥʪʝʣʝʢʪʫʘʣʴʥʦʾ ʘʚʪʦʤʘʪʠʟʘʮʽʾ: 

- ɿʥʠʞʝʥʥʷ ʚʘʨʪʦʩʪʽ: ʚʠʪʨʘʪʠ ʥʘ ʥʘʚʯʘʥʥʷ ʣʶʜʠʥʠ ʨʫʪʠʥʥʠʤ ʟʘʚʜʘʥʥʷʤ ʥʦʩʷʪʴ ʧʝʨʽʦʜʠʯʥʠʡ 

ʭʘʨʘʢʪʝʨ. ɺʘʤ ʧʦʪʨʽʙʥʦ ʙʫʜʝ ʤʘʪʠ ʩʧʨʘʚʫ ʟ ʜʦʭʦʜʘʤʠ ʨʦʙʽʪʥʠʢʽʚ, ʜʘʚʘʪʠ ʯʘʩ ʜʣʷ ʨʦʟʰʠʨʝʥʥʷ ʥʘʚʠʯʦʢ ʽ 

ʚʽʜʯʫʚʘʪʠ ʧʨʦʬʝʩʽʡʥʽ ʚʠʪʨʘʪʠ. ɿ ʽʥʰʦʛʦ ʙʦʢʫ, ʤʘʰʠʥʘ, ʷʢʘ ʚʞʝ ʤʘʻ ʧʝʚʥʽ ʥʘʚʠʯʢʠ, ʟ ʯʘʩʦʤ ʣʠʰʝ ʚʽʜʥʦʚʣʶʻ ʾʭ 

ʽ ʥʝ ʧʦʪʨʝʙʫʻ ʩʢʣʘʜʥʠʭ ʚʠʪʨʘʪ ʥʘ ʧʦʚʪʦʨʥʝ ʥʘʚʯʘʥʥʷ;  

- ʇ̔ ʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ: ʥʝʟʘʣʝʞʥʦ ʚʽʜ ʪʦʛʦ, ʥʘʩʢʽʣʴʢʠ ʜʦʙʨʝ ʦʨʛʘʥʽʟʦʚʘʥʽ ʣʶʜʠ, ʚʦʥʠ ʟʘʚʞʜʠ 

ʙʫʜʫʪʴ ʨʦʙʠʪʠ ʧʦʤʠʣʢʠ. ʈʽʰʝʥʥʷ ʜʣʷ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʥʘʙʘʛʘʪʦ ʙʝʟʧʦʤʠʣʢʦʚʽʰʝ ʽ ʟʘʣʠʰʘʻ ʤʘʣʦ (ʘʙʦ ʚʟʘʛʘʣʽ ʥʝ 

ʟʘʣʠʰʘʻ) ʧʦʤʠʣʦʢ. ɿ ʯʘʩʦʤ ʚʦʥʦ ʚʙʠʨʘʻ ʚ ʩʝʙʝ ʨʝʟʫʣʴʪʘʪʠ, ʘ ʦʪʞʝ, ʪʘʢʦʞ ʧʽʜʚʠʱʫʻ ʩʚʦʶ ʝʬʝʢʪʠʚʥʽʩʪʴ.  

- ʅʦʚʽ ʣʶʜʩʴʢʽ ʨʦʣʽ: ʧʦʜʽʙʥʦ ʜʦ ʪʦʛʦ, ʷʢ ʢʦʤʧ'ʶʪʝʨʠ ʩʪʚʦʨʠʣʠ ʘʙʩʦʣʶʪʥʦ ʥʦʚʠʡ ʪʠʧ ʨʦʙʦʪʠ, ʪʘʢ ʩʘʤʦ 

ʙʫʜʝ ʽ ʟʽ ʰʪʫʯʥʠʤ ʽʥʪʝʣʝʢʪʦʤ. ʃʶʜʠ ʟ ʥʘʜʟʚʠʯʘʡʥʠʤʠ ʥʘʚʠʯʢʘʤʠ ʙʫʜʫʪʴ ʥʘʚʯʘʪʠ ʥʠʟʴʢʦʨʽʚʥʝʚʽ ʩʭʝʤʠ 

ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʚʠʢʦʥʫʚʘʪʠ ʙʽʣʴʰʫ ʯʘʩʪʠʥʫ ʩʚʦʻʾ ʨʦʙʦʪʠ. 

ɼʣʷ ʜʝʷʢʠʭ ʘʜʤʽʥʽʩʪʨʘʮʽʡ ʧʝʨʰʦʶ ʧʨʦʙʣʝʤʦʶ ʻ ʪʝ, ʟ ʯʦʛʦ ʧʦʯʘʪʠ ʚʧʨʦʚʘʜʞʝʥʥʷ ɯʈɸ. ʅʝʟʚʘʞʘʶʯʠ ʥʘ 

ʪʝ, ʱʦ ɯʈɸ ʧʨʦʧʦʥʫʻ ʯʠʩʣʝʥʥʽ ʧʝʨʝʚʘʛʠ, ʙʘʛʘʪʦ ʢʦʤʧʘʥʽʡ ʪʘ ʾʭʥʽ ʧʨʘʮʽʚʥʠʢʠ ʟʚʠʢʣʠ ʜʦ ʩʪʘʥʜʘʨʪʥʠʭ ʨʦʟʨʦʙʦʢ 

ʽ ʩʠʩʪʝʤ (Kuykendall, 1999). ʂʨʽʤ ʪʦʛʦ, ʧʦʩʪʽʡʥʽ ʟʤʽʥʠ ʚ ʙʽʢ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʤʦʞʫʪʴ ʚʠʷʚʠʪʠʩʷ ʷʢ ʨʫʡʥʽʚʥʠʤʠ, 

ʪʘʢ ʽ ʟʘʪʨʘʪʥʠʤʠ ʜʣʷ ʧʝʨʩʦʥʘʣʫ ʪʘ ʘʩʦʮʽʘʮʽʾ [20].  

ʅʘʧʨʠʢʣʘʜ, ʷʢʱʦ ʪʨʫʜʦʤʽʩʪʢʠʡ ʧʨʦʮʝʩ ʦʙʭʦʜʠʪʴʩʷ ʦʨʛʘʥʽʟʘʮʽʾ ʜʝʰʝʚʰʝ, ʥʽʞ ʡʦʛʦ ʘʚʪʦʤʘʪʠʟʘʮʽʷ, 

ʘʩʦʮʽʘʮʽʷ ʥʝ ʚʠʪʨʘʯʘʪʠʤʝʪʴʩʷ ʥʘ ʘʚʪʦʤʘʪʠʟʘʮʽʶ ʮʴʦʛʦ ʧʨʦʮʝʩʫ, ʦʩʢʽʣʴʢʠ ʮʝ ʦʟʥʘʯʘʪʠʤʝ ʟʥʘʯʥʫ ʝʢʦʥʦʤʽʶ 

ʢʦʰʪʽʚ, ʷʢʘ ʥʝ ʧʨʠʥʝʩʝ ʟʘʜʦʚʽʣʴʥʦʾ ʚʽʜʜʘʯʽ. ʊʘʢʠʤ ʯʠʥʦʤ, ʚʠʙʽʨ ʧʨʘʚʠʣʴʥʦʛʦ ʯʘʩʫ ʽ ʧʨʘʚʠʣʴʥʦʛʦ ʧʨʦʮʝʩʫ ʜʣʷ 

ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʽʥʩʪʨʫʤʝʥʪʽʚ ʻ ʦʜʥʠʤ ʽʟ ʚʠʢʣʠʢʽʚ ʜʣʷ ʨʦʟʚʠʪʢʫ ʨʠʥʢʫ.  

ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʦ ʛʨʘʬʽʢ, ʷʢʠʡ ʧʦʢʘʟʫʻ ʨʦʟʤʽʨ ʽʥʪʝʣʝʢʪʫʘʣʴʥʦʾ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʧʨʦʮʝʩʽʚ ʟ 2016 

ʧʦ 2023 ʨʽʢ. 

 

 
ʈʠʩ. 1. ʈʦʟʤʽʨ ʨʠʥʢʫ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʽʥʪʝʣʝʢʪʫʘʣʴʥʠʭ ʟʘʩʦʙʽʚ ʫ 2016ï2023 ʨʦʢʘʭ 

 

ʏʦʪʠʨʠ ʤʝʪʦʜʦʣʦʛʽʾ, ʨʦʟʛʣʷʥʫʪʽ ʚ ʮʽʡ ʩʪʘʪʪʽ, ʻ ʜʦʩʠʪʴ ʛʘʨʤʦʥʽʡʥʠʤʠ. ɺʦʥʠ ʤʘʶʪʴ ʩʧʽʣʴʥʽ ʨʠʩʠ, ʘʣʝ 

ʚʠʤʘʛʘʶʪʴ ʨʽʟʥʠʭ ʥʘʚʠʯʦʢ. ɺʩʽ ʚʦʥʠ ʧʦʚʠʥʥʽ ʙʫʪʠ ʯʘʩʪʠʥʦʶ ʟʘʛʘʣʴʥʠʭ ʤʝʪʘ-ʧʦʚʪʦʨʝʥʴ ʚ ʨʘʤʢʘʭ 

ʽʥʪʝʥʩʠʚʥʦʛʦ ʮʠʬʨʦʚʦʛʦ ʦʥʦʚʣʝʥʥʷ.  

ʏʦʪʠʨʠ ʤʝʪʦʜʦʣʦʛʽʾ:  

- ʄʝʪʦʜʦʣʦʛʽʷ ʜʠʟʘʡʥ-ʤʠʩʣʝʥʥʷ;  

- ʄʝʪʦʜʦʣʦʛʽʷ ʛʥʫʯʢʦʾ ʜʦʩʪʘʚʢʠ;  

- ʄʝʪʦʜʦʣʦʛʽʷ DevOps; 

- ʄʝʪʦʜʦʣʦʛʽʷ ʙʝʟʧʝʨʝʨʚʥʦʛʦ ʚʜʦʩʢʦʥʘʣʝʥʥʷ. 

ʂʦʞʥʘ ʟ ʮʠʭ ʤʝʪʦʜʦʣʦʛʽʡ DX IA ʟʘʪʚʝʨʜʞʫʻʪʴʩʷ ʥʘ ʧʝʚʥʠʭ ʝʪʘʧʘʭ ʽ ʧʦʚʪʦʨʝʥʥʷʭ ʙʝʟʧʝʨʝʨʚʥʦʾ 

ʨʝʚʦʣʶʮʽʾ. ɺʦʥʠ ʻ ʘʣʽʪʝʨʘʮʽʡʥʠʤʠ ʪʘ ʙʝʟʧʝʨʝʨʚʥʠʤʠ ʚ ʩʚʦʾʡ ʦʩʥʦʚʽ. ʈʽʟʥʽ ʽʥʩʪʨʫʤʝʥʪʠ ʪʘ ʤʦʞʣʠʚʦʩʪʽ 

ʮʠʬʨʦʚʠʭ ʪʝʭʥʦʣʦʛʽʡ ʚʩʪʫʧʘʶʪʴ ʫ ʛʨʫ ʧʽʜ ʯʘʩ ʟʘʩʪʦʩʫʚʘʥʥʷ ʮʠʭ ʤʝʪʦʜʦʣʦʛʽʡ. ʆʜʥʘʢ ʚ ʦʩʥʦʚʽ ɯɸ ʣʝʞʠʪʴ 

ʘʚʪʦʤʘʪʠʟʘʮʽʷ ʮʠʬʨʦʚʠʭ ʧʨʦʮʝʩʽʚ (Donepudi, 2017). ʅʝʟʘʣʝʞʥʦ ʚʽʜ ʪʦʛʦ, ʯʠ ʤʠ ʙʫʜʫʻʤʦ, ʯʠ ʚʚʦʜʠʤʦ ʚ ʜʽʶ, 

ʯʠ ʚʜʦʩʢʦʥʘʣʶʻʤʦ ʧʦʜʘʥʥʷ ʽʥʽʮʽʘʪʠʚ, ʚ ʢʽʥʮʝʚʦʤʫ ʧʽʜʩʫʤʢʫ ʨʦʙʦʪʘ ʘʚʪʦʤʘʪʠʟʫʻʪʴʩʷ, ʘ ʨʦʙʦʪʘ ʟʘʚʞʜʠ 

ʧʦʚ'ʷʟʘʥʘ ʟ ʧʨʦʮʝʩʦʤ [21].  

ʅʠʞʯʝ ʥʘʚʝʜʝʥʦ ʧʨʠʢʣʘʜʠ ʨʦʟʚʠʪʢʫ ɯɸ ʥʘ ʦʩʥʦʚʽ ʪʨʘʜʠʮʽʡʥʠʭ ʟʘʧʠʪʽʚ, ʘʜʤʽʥʽʩʪʨʘʮʽʡ ʽ ʩʪʨʫʢʪʫʨ. 

ʎʠʬʨʦʚʽ ʪʝʭʥʦʣʦʛʽʾ, ʪʘʢʽ ʷʢ ʩʦʮʽʘʣʴʥʽ, ʤʦʙʽʣʴʥʽ, ʭʤʘʨʥʽ ʪʝʭʥʦʣʦʛʽʾ, ʽʥʪʝʨʥʝʪ ʨʝʯʝʡ, ʙʣʦʢʯʝʡʥ, ʽʤʽʪʘʮʽʡʥʝ 

ʤʦʜʝʣʶʚʘʥʥʷ ʟʜʽʙʥʦʩʪʝʡ ʽ ʨʦʙʦʪʠʟʦʚʘʥʘ ʘʚʪʦʤʘʪʠʟʘʮʽʷ ʧʨʦʮʝʩʽʚ, ʚʥʝʩʣʠ ʩʚʦʶ ʯʘʩʪʢʫ ʥʘʪʭʥʝʥʥʷ ʚ ʨʦʟʨʦʙʢʫ 
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ʥʘʜʽʡʥʠʭ ʨʽʰʝʥʴ DX, ʦʩʦʙʣʠʚʦ ʪʠʭ, ʷʢʽ ʙʫʣʠ ʟʘʪʚʝʨʜʞʝʥʽ ʥʘ ʝʪʘʧʘʭ ʨʦʟʨʦʙʢʠ ʽʥʪʝʣʝʢʪʫʘʣʴʥʦʾ ʘʚʪʦʤʘʪʠʟʘʮʽʾ 

DPA. 

 

 
ʈʠʩ. 2. ʈʦʙʦʪʠʟʦʚʘʥʘ ʪʘ ʮʠʬʨʦʚʘ ʘʚʪʦʤʘʪʠʟʘʮʽʷ 

 

ʅʦʚʽ ʧʣʘʪʬʦʨʤʠ ʢʦʤʝʨʮʽʡʥʠʭ ʧʨʦʮʝʩʽʚ ʮʠʬʨʦʚʦʾ ʝʨʠ ʪʝʧʝʨ ʚʢʣʶʯʘʶʪʴ ʚ ʩʝʙʝ ʢʦʤʧʝʪʝʥʮʽʾ Low 

Code/No Code ʜʣʷ ʧʽʜʪʨʠʤʢʠ Citizen Designers. ʇʝʨʝʪʚʦʨʝʥʥʷ ʪʝʧʝʨ ʨʦʟʫʤʽʻʪʴʩʷ ʯʝʨʝʟ ʰʚʠʜʢʽʩʪʴ 

ʦʮʠʬʨʫʚʘʥʥʷ ʪʘ ʨʦʙʦʪʠʟʘʮʽʶ ʥʘʩʢʨʽʟʥʠʭ ʧʦʪʦʢʽʚ ʩʪʚʦʨʝʥʥʷ ʚʘʨʪʦʩʪʽ ʯʝʨʝʟ DPA [22].  

ʇʣʽʜʥʽʩʪʴ ʮʠʬʨʦʚʠʭ ʥʘʚʠʯʦʢ ʪʘ ʘʚʪʦʨʠʟʘʮʽʾ, ʱʦ ʧʦʭʦʜʷʪʴ ʚʽʜ ʨʦʟʨʦʙʢʠ Low Code/No Code, 

ʧʽʜʢʨʝʩʣʶʻ ʚʘʞʣʠʚʽʩʪʴ ʤʝʪʦʜʦʣʦʛʽʡ ʪʘ ʥʘʡʢʨʘʱʠʭ ʨʝʟʫʣʴʪʘʪʽʚ.  

ʏʦʪʠʨʠ ʤʝʪʦʜʦʣʦʛʽʾ, ʦʧʠʩʘʥʽ ʪʫʪ, ʥʝ ʻ ʧʨʷʤʦʢʫʪʥʠʤʠ. ɺʦʥʠ ʟʘʣʝʞʘʪʴ ʚʽʜ ʙʝʟʧʝʨʝʨʚʥʦʛʦ ʟʚʦʨʦʪʥʦʛʦ 

ʟʚ'ʷʟʢʫ. ɺʦʥʠ ʧʦʚʠʥʥʽ ʙʫʪʠ ʦʙ'ʻʜʥʘʥʽ ʚ ʥʘʜʽʡʥʽ ʥʘʩʢʨʽʟʥʽ ʙʝʟʧʝʨʝʨʚʥʽ ʨʝʚʦʣʶʮʽʡʥʽ ʽʥʽʮʽʘʪʠʚʠ, ʷʢʽ ʨʝʘʣʽʟʫʶʪʴ 

ʧʦʪʝʥʮʽʘʣ ʘʚʪʦʥʦʤʥʠʭ ʽʥʽʮʽʘʪʠʚ ʚ ʨʫʩʽ. 

ɯʥʪʝʣʝʢʪʫʘʣʴʥʠʡ ʜʠʟʘʡʥ ʥʝ ʻ ʫʥʽʚʝʨʩʘʣʴʥʦʶ ʤʝʪʦʜʦʣʦʛʽʻʶ. ɯʥʦʜʽ ʘʜʤʽʥʽʩʪʨʘʮʽʾ ʧʨʦʚʦʜʷʪʴ ʩʝʤʽʥʘʨʠ ʟ 

ʜʠʟʘʡʥ-ʤʠʩʣʝʥʥʷ, ʽ ʥʘ ʮʴʦʤʫ ʚʩʝ ʟʘʢʽʥʯʫʻʪʴʩʷ. ʄʝʪʦʜ, ʧʨʠʡʥʷʪʠʡ ʪʫʪ, ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦʙ ʟʨʦʙʠʪʠ ʜʠʟʘʡʥ-

ʤʠʩʣʝʥʥʷ, ʦʩʦʙʣʠʚʦ ʽʜʝʶ ʜʣʷ ʚʠʥʘʭʦʜʫ, ʘ ʧʦʪʽʤ ʨʘʥʞʫʚʘʥʥʷ ʙʝʟʧʝʨʝʨʚʥʠʤ. 

 

 
ʈʠʩ. 3. ʆʮʽʥʢʘ ʚ ʛʘʣʫʟʽ ʘʚʪʦʤʘʪʠʟʘʮʽʾ 

 

ʈʝʟʫʣʴʪʘʪʦʤ ʧʨʦʮʝʩʽʚ ɼʠʟʘʡʥ-ʤʠʩʣʝʥʥʷ ʻ ʥʘʢʦʧʠʯʝʥʥʷ "ʰʚʠʜʢʠʭ ʧʝʨʝʤʦʛ" ʘʙʦ "ʥʠʟʴʢʠʭ ʧʣʦʜʽʚ" 

DX-ʧʨʦʝʢʪʽʚ, ʷʢʽ ʧʽʜʭʦʜʷʪʴ ʜʦ ʤʝʪʦʜʦʣʦʛʽʾ Sprightly ʜʣʷ ʨʦʟʰʠʨʝʥʥʷ ʪʘ ʨʝʘʣʽʟʘʮʽʾ. ʈʝʡʪʠʥʛ ʙʘʣʘʥʩʫʻ ʤʽʞ 

ʢʦʤʬʦʨʪʦʤ ʧʨʘʮʝʚʣʘʰʪʫʚʘʥʥʷ ʪʘ ʮʽʥʥʽʩʪʶ ʜʣʷ ʙʽʟʥʝʩʫ. 

ɹʽʟʥʝʩ-ʮʽʥʥʽʩʪʴ: ʜʝʷʢʽ KPI (ʢʣʶʯʦʚʽ ʧʦʢʘʟʥʠʢʠ ʝʬʝʢʪʠʚʥʦʩʪʽ) ʚʢʣʶʯʘʶʪʴ ʟʙʽʣʴʰʝʥʥʷ ʜʦʭʦʜʫ, 

ʦʧʝʨʘʮʽʡʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʜʣʷ ʩʢʦʨʦʯʝʥʥʷ ʚʠʪʨʘʪ, ʫʢʣʘʜʝʥʥʷ ʫʛʦʜʠ ʪʘ ʦʧʪʠʤʽʟʘʮʽʶ ʢʣʽʻʥʪʩʴʢʦʛʦ ʜʦʩʚʽʜʫ.  

ʇʨʦʩʪʦʪʘ ʪʘ ʩʢʣʘʜʥʽʩʪʴ: ʢʦʞʝʥ ʟʘʷʚʥʠʢ ʽʥʥʦʚʘʮʽʡʥʦʛʦ ʧʨʦʝʢʪʫ DPA ʧʦʪʨʝʙʫʚʘʪʠʤʝ ʜʦʧʦʚʥʝʥʥʷ 

ʩʠʩʪʝʤʘʤʠ ʥʘʡʩʫʯʘʩʥʽʰʠʭ ʘʙʦ ʽʥʰʠʭ ʪʝʭʥʦʣʦʛʽʡ, ʱʦ ʨʦʟʚʠʚʘʶʪʴʩʷ, ʪʘʢʠʭ ʷʢ IoT ʘʙʦ Blockchain. ʊʘʢʦʞ 

ʥʝʦʙʭʽʜʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʽʥʰʽ ʬʘʢʪʦʨʠ, ʪʘʢʽ ʷʢ ʤʘʩʰʪʘʙʦʚʘʥʽʩʪʴ, ʜʠʟʘʡʥ ʽʥʪʝʨʬʝʡʩʫ ʢʦʨʠʩʪʫʚʘʯʘ, ʙʝʟʧʝʢʘ ʪʘ 

ʢʦʥʬʽʜʝʥʮʽʡʥʽʩʪʴ. ʂʦʞʝʥ ʟ ʮʠʭ ʬʘʢʪʦʨʽʚ ʚʧʣʠʚʘʻ ʥʘ ʟʘʛʘʣʴʥʫ ʩʢʣʘʜʥʽʩʪʴ ʧʨʦʛʨʘʤʠ. 
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ʈʠʩ. 4. ɻʨʘʬʽʢ ʟʘʣʝʞʥʦʩʪʽ ʤʽʞ ʽʥʥʦʚʘʮʽʡʥʦʶ ʚʘʨʪʽʩʪʶ ʙʽʟʥʝʩʫ ʪʘ ʜʦʩʪʫʧʥʽʩʪʶ 

 

ɼʨʫʛʝ ʧʦʚʪʦʨʝʥʥʷ, ʧʝʚʥʠʤ ʯʠʥʦʤ, ʻ ʦʩʥʦʚʥʦʶ ʧʝʨʝʜʦʚʦʶ ʤʝʪʦʜʦʣʦʛʽʻʶ ʨʦʟʰʠʨʝʥʥʷ ʧʨʦʛʨʘʤʠ ʘʙʦ 

ʜʦʩʪʘʚʢʠ. ɺ ʽʜʝʘʣʽ, ʙʽʟʥʝʩ, ɯʊ ʪʘ ʦʧʝʨʘʮʽʡʥʽ ʽʥʚʝʩʪʦʨʠ ʩʧʽʚʧʨʘʮʶʶʪʴ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʯʠʩʣʝʥʥʽ ʢʦʤʧʝʪʝʥʮʽʾ 

ʧʣʘʪʬʦʨʤʠ DPA ʽ ʙʝʟʧʝʨʝʨʚʥʦ ʧʦʚʪʦʨʶʶʯʠʩʴ ʜʣʷ ʜʝʢʽʣʴʢʦʭ ʨʝʣʽʟʽʚ. ɿʘʚʜʷʢʠ ʪʘʢʽʡ ʤʝʪʦʜʦʣʦʛʽʾ, ʷʢ 

Scrimmage, ʽʥʚʝʩʪʦʨʠ ʤʦʞʫʪʴ ʥʘʜʘʚʘʪʠ ʟʚʦʨʦʪʥʠʡ ʟʚ'ʷʟʦʢ ʽ, ʬʘʢʪʠʯʥʦ, ʚ ʜʝʷʢʠʭ ʚʠʧʘʜʢʘʭ ʥʘʚʽʪʴ ʚʠʨʽʰʫʚʘʪʠ 

ʧʠʪʘʥʥʷ ʧʨʦ ʚʠʧʫʩʢ ʧʦʪʦʯʥʦʾ ʚʝʨʩʽʾ, ʽʥʦʜʽ ʥʘʚʽʪʴ ʨʘʥʽʰʝ ʟʘʧʣʘʥʦʚʘʥʦʛʦ ʪʝʨʤʽʥʫ, ʦʩʢʽʣʴʢʠ ʚʦʥʠ ʤʦʞʫʪʴ 

ʚʚʘʞʘʪʠ ʾʾ ʜʦʩʪʘʪʥʴʦ ʭʦʨʦʰʦʶ ʜʣʷ ʚʠʨʦʙʥʠʮʪʚʘ. 

 

 
ʈʠʩ. 5. ʂʦʥʮʝʧʮʽʷ ʧʣʘʥʫʚʘʥʥʷ ʪʘ ʨʝʘʣʽʟʘʮʽʾ 

 

ʇʣʘʪʬʦʨʤʘ DPA ʧʽʜʪʨʠʤʫʻ ʧʦʚʪʦʨʝʥʥʷ ʧʽʜ ʯʘʩ ʩʪʚʦʨʝʥʥʷ ʨʽʰʝʥʥʷ DPA. ʂʦʞʥʝ ʟ ʮʠʭ ʧʦʚʪʦʨʝʥʴ 

ʚʽʜʦʙʨʘʞʘʻʪʴʩʷ ʥʘ ʦʩʥʦʚʠ DPA, ʪʘʢʽ ʷʢ ʙʽʟʥʝʩ-ʧʨʘʚʠʣʘ ʜʣʷ ʨʠʟʠʢʽʚ, ʚʠʧʘʜʢʠ ʟʘʪʚʝʨʜʞʝʥʥʷ, ʜʦʧʦʚʥʝʥʥʷ, 

ʢʦʨʠʩʪʫʚʘʣʴʥʠʮʴʢʠʡ ʽʥʪʝʨʬʝʡʩ ʪʘ ʽʥʰʽ ʨʝʩʫʨʩʠ ʧʨʦʛʨʘʤʠ. ɺ ʽʜʝʘʣʽ, ʢʦʤʘʥʜʘ Scrum ʩʢʣʘʜʘʻʪʴʩʷ ʟ 

ʧʨʝʜʩʪʘʚʥʠʢʽʚ ʙʽʟʥʝʩʫ, ɯʊ ʪʘ ʦʧʝʨʘʮʽʡʥʦʛʦ ʚʽʜʜʽʣʫ. ɿʘʚʜʷʢʠ ʰʚʠʜʢʠʤ ʧʦʚʪʦʨʝʥʥʷʤ ʫ ʢʦʞʥʦʤʫ ʩʧʨʠʥʪʽ ʘʙʦ 

ʥʘʚʽʪʴ ʱʦʜʝʥʥʦʤʫ Scrum, ʽʥʚʝʩʪʦʨʠ (ʦʩʦʙʣʠʚʦ ʙʽʟʥʝʩ) ʤʘʶʪʴ ʧʨʷʤʫ ʚʠʜʠʤʽʩʪʴ ʽ ʜʦʩʪʫʧ ʜʦ ʨʽʰʝʥʥʷ, ʷʢʝ 

ʩʪʚʦʨʶʻʪʴʩʷ. 

"DevOps" ʨʦʟʰʠʬʨʦʚʫʻʪʴʩʷ ʷʢ "ʨʦʟʨʦʙʢʘ ʪʘ ʦʧʝʨʘʮʽʾ" (Development and Operations). ʆʩʥʦʚʥʦʶ 

ʙʽʟʥʝʩ-ʮʽʣʣʶ ʤʝʪʦʜʦʣʦʛʽʾ DevOps ʻ ʰʚʠʜʢʝ, ʷʢʽʩʥʝ ʪʘ ʙʝʟʧʝʨʝʨʚʥʝ ʧʦʚʪʦʨʝʥʥʷ ʥʘ ʰʣʷʭʫ ʜʦ ʜʦʤʦʚʣʝʥʦʩʪʽ. 

ʈʝʟʫʣʴʪʘʪ ʤʝʪʦʜʦʣʦʛʽʾ Agile Scrum (ʨʦʟʨʦʙʢʘ) ʤʘʻ ʙʫʪʠ "ʪʚʝʨʜʠʤ" ʜʣʷ ʚʠʨʦʙʥʠʮʪʚʘ ʪʘ ʦʨʛʘʥʽʟʘʮʽʾ ʜʣʷ 

ʢʣʽʻʥʪʽʚ ʟ ʚʠʩʦʢʦʶ ʷʢʽʩʪʶ ʫ ʚʩʽʭ ʩʬʝʨʘʭ, ʚʢʣʶʯʘʶʯʠ ʙʝʟʧʝʢʫ, ʫʟʛʦʜʞʝʥʽʩʪʴ ʪʘ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ. ʇʨʠ 

ʢʦʥʩʝʨʚʘʪʠʚʥʠʭ ʽ ʨʫʯʥʠʭ ʤʝʪʦʜʘʭ "ʟʘʛʘʨʪʦʚʫʚʘʥʥʷ" ʤʦʞʝ ʟʘʡʥʷʪʠ ʪʠʞʥʽ ʘʙʦ ʥʘʚʽʪʴ ʤʽʩʷʮʽ, ʪʘʢʠʤ ʯʠʥʦʤ 

ʟʤʝʥʰʫʶʯʠ ʚʧʣʠʚ ʚʠʥʘʭʦʜʫ ʥʘ ʢʽʥʮʝʚʦʛʦ ʢʣʽʻʥʪʘ. ʎʝ ʥʘʦʯʥʦ ʽʣʶʩʪʨʫʻ ʚʘʞʣʠʚʽʩʪʴ ʪʦʛʦ, ʱʦ ʚʩʽ ʝʪʘʧʠ 

ʤʝʪʦʜʦʣʦʛʽʡ ʧʦʚʠʥʥʽ ʙʫʪʠ ʧʦʚ'ʷʟʘʥʽ ʟʽ ʰʚʠʜʢʽʩʪʶ ʽ ʢʦʤʧʝʪʝʥʮʽʷʤʠ.  

ʄʝʪʦʜʠ ʪʘ ʤʝʪʦʜʦʣʦʛʽʾ DevOps ʧʽʜʚʠʱʫʶʪʴ ʯʘʩʪʦʪʫ ʚʧʨʦʚʘʜʞʝʥʥʷ ʨʽʰʝʥʴ ʘʙʦ ʦʙ'ʻʢʪʽʚ. DevOps ï ʮʝ 

ʬʘʢʪʠʯʥʦ ʚʽʜʪʝʨʤʽʥʫʚʘʥʥʷ ʤʝʪʦʜʦʣʦʛʽʾ Agile, ʱʦ ʟʙʽʣʴʰʫʻ ʢʦʤʘʥʜʥʫ ʨʦʙʦʪʫ ʤʽʞ ʢʦʤʘʥʜʘʤʠ ʨʦʟʨʦʙʥʠʢʽʚ ʪʘ 

ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʢʽʚ. ʋ DevOps ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʯʠʩʣʝʥʥʽ ʽʥʩʪʨʫʤʝʥʪʠ, ʪʘʢʽ ʷʢ Jenkins ʜʣʷ ʙʝʟʧʝʨʝʨʚʥʦʾ 

ʽʥʪʝʛʨʘʮʽʾ ʪʘ ʙʝʟʧʝʨʝʨʚʥʦʾ ʜʦʩʪʘʚʢʠ. "ɯʥʪʝʛʨʘʮʽʷ" ʪʫʪ ʧʦʚ'ʷʟʘʥʘ ʟ ʽʥʢʨʝʤʝʥʪʥʠʤ ʢʦʜʦʤ ʘʙʦ ʚʽʜʭʠʣʝʥʥʷʤʠ ʚʽʜ 

ʨʽʰʝʥʥʷ, ʷʢʽ ʽʥʪʝʛʨʦʚʘʥʽ ʚ ʟʘʛʘʣʴʥʠʡ ʬʦʥʪʘʥ. ɺʦʥʠ ʧʦʚʠʥʥʽ ʧʨʦʡʪʠ ʯʝʨʝʟ ʯʠʩʣʝʥʥʽ ʚʠʜʠ ʪʝʩʪʫʚʘʥʥʷ, 

ʦʩʦʙʣʠʚʦ ʤʦʜʫʣʴʥʝ ʪʝʩʪʫʚʘʥʥʷ. ʅʘ ʝʪʘʧʽ "ʜʦʩʪʘʚʢʠ" ʚʽʜʦʢʨʝʤʣʝʥʝ ʟʘʚʜʘʥʥʷ ʧʦʣʷʛʘʻ ʫ ʧʨʠʩʢʦʨʝʥʦʤʫ 

ʧʝʨʝʤʽʱʝʥʥʽ ʪʘ ʚʠʨʦʙʥʠʮʪʚʽ ʜʦʜʘʪʢʫ ʘʙʦ ʨʦʟʰʠʨʝʥʥʽ ʟʤʽʥ ʜʣʷ ʚʠʨʦʙʥʠʯʦʛʦ ʨʦʟʛʦʨʪʘʥʥʷ, ʥʝ ʞʝʨʪʚʫʶʯʠ ʧʨʠ 

ʮʴʦʤʫ ʮʽʥʥʽʩʪʶ. ɯʥʩʪʨʫʤʝʥʪʘʨʽʡ DevOps ʚʢʣʶʯʘʻ ʚ ʩʝʙʝ ʘʚʪʦʤʘʪʠʟʘʮʽʶ ʟʘʛʘʣʴʥʦʛʦ ʧʨʦʮʝʩʫ ʟʙʽʨʢʠ ʽ ʧʝʨʝʜʘʯʽ, 

ʷʢ ʧʦʢʘʟʘʥʦ ʥʘ ʧʨʠʢʣʘʜʽ ʥʘ ʨʠʩ. 6. 
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ʈʠʩ. 6. ɿʘʛʘʣʴʥʠʡ ʧʨʦʮʝʩ ʧʦʙʫʜʦʚʠ ʪʘ ʧʝʨʝʜʘʯʽ ʚ ʘʚʪʦʤʘʪʠʟʘʮʽʾ 

 

ʇʽʩʣʷ ʪʨʘʥʩʧʦʨʪʫʚʘʥʥʷ ʪʘ ʨʦʟʛʦʨʪʘʥʥʷ ʧʨʦʜʫʢʪʫ ʟʘ ʜʦʧʦʤʦʛʦʶ Nimble ʪʘ DevOps ï ʮʝ ʱʝ ʥʝ ʢʽʥʝʮʴ 

ʰʣʷʭʫ ʮʠʬʨʦʚʦʾ ʤʦʜʠʬʽʢʘʮʽʾ ʮʴʦʛʦ ʪʚʦʨʽʥʥʷ. ʉʠʩʪʝʤʘ Design Intelligent ʢʣʘʩʠʬʽʢʫʻ ʚʽʜʩʪʘʚʘʥʥʷ ʚʽʜ Quick 

Wins. ʅʘʡʚʘʞʣʠʚʽʰʠʤ ʧʦʢʘʟʥʠʢʦʤ ʧʨʠ ʢʣʘʩʠʬʽʢʘʮʽʾ Quick Wins ʻ ʙʽʟʥʝʩ-ʮʽʥʥʽʩʪʴ. ɼʝʷʢʽ ʧʨʦʮʝʜʫʨʠ, ʷʢ 

ʧʨʘʚʠʣʦ, ʚʽʜʦʙʨʘʞʘʶʪʴʩʷ ʚ ʢʣʶʯʦʚʠʭ ʧʦʢʘʟʥʠʢʘʭ ʝʬʝʢʪʠʚʥʦʩʪʽ (KPI), ʷʢʽ ʥʝʦʙʭʽʜʥʦ ʧʝʨʝʚʽʨʠʪʠ, ʱʦʙ 

ʧʝʨʝʢʦʥʘʪʠʩʷ, ʱʦ ʮʽʣʽ ʨʦʟʨʦʙʢʠ ʙʫʣʠ ʜʦʩʷʛʥʫʪʽ.  

ʅʘ ʜʦʜʘʪʦʢ ʜʦ ʙʝʟʧʝʨʝʨʚʥʦʾ ʽʥʪʝʛʨʘʮʽʾ ʪʘ ʙʝʟʧʝʨʝʨʚʥʦʾ ʜʦʩʪʘʚʢʠ, ʥʝʦʙʭʽʜʥʦ ʟʘʙʝʟʧʝʯʠʪʠ ʙʝʟʧʝʨʝʨʚʥʝ 

ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʜʣʷ ʙʽʟʥʝʩ-ʦʙ'ʻʢʪʽʚ, ʷʢʽ ʤʦʞʥʘ ʚʠʤʽʨʷʪʠ.  

ʉʘʤʝ ʪʫʪ ʽ ʟ'ʷʚʣʷʻʪʴʩʷ ʄʝʪʦʜʦʣʦʛʽʷ ʦʧʝʨʘʮʽʡʥʦʾ ʧʝʨʝʚʘʛʠ.. ʋ ʧʝʚʥʦʤʫ ʩʝʥʩʽ, ʚʦʥʘ ʻ ʥʘʡʙʽʣʴʰ 

ʟʥʘʯʫʱʦʶ. ʇʦʩʪʽʡʥʝ ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʧʝʨʝʜʙʘʯʘʻ:  

- ɽʬʝʢʪʠʚʥʽʩʪʴ ʧʨʦʮʝʩʫ ʨʦʟʨʦʙʢʠ ʪʘ ʦʨʛʘʥʽʟʘʮʽʾ ʽʥʥʦʚʘʮʽʡ: Plan  

- ɽʬʝʢʪʠʚʥʽʩʪʴ ʧʨʦʮʝʩʫ ʚ ʘʚʪʦʤʘʪʠʯʥʦʤʫ ʚʧʨʦʚʘʜʞʝʥʥʽ: Do  

- ɽʬʝʢʪʠʚʥʽʩʪʴ ʧʨʦʮʝʩʫ ʚ ʜʦʛʣʷʜʽ ʟʘ ʧʨʦʮʝʩʦʤ ʪʘ ʡʦʛʦ ʚʜʦʩʢʦʥʘʣʝʥʥʽ: Check  

- ʅʘʣʘʰʪʫʚʘʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʧʨʦʮʝʩʫ ʰʣʷʭʦʤ ʧʦʚʪʦʨʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʘ ʢʦʥʮʝʥʪʨʘʮʽʾ: Act 

ʆʪʞʝ ʯʦʪʠʨʠ ʽʪʝʨʘʪʠʚʥʽ ʪʘ ʙʝʟʧʝʨʝʨʚʥʽ ʤʝʪʦʜʦʣʦʛʽʾ ʩʝʛʤʝʥʪʫʶʪʴ ʩʧʽʣʴʥʫ ʤʝʪʫ: ʮʠʬʨʦʚʫ 

ʪʨʘʥʩʬʦʨʤʘʮʽʶ. ɺʟʘʻʤʦʜʽʷ, ʧʝʨʝʭʦʜʠ ʪʘ ʤʝʪʘ-ʧʦʚʪʦʨʝʥʥʷ ʤʽʞ ʮʠʤʠ ʯʦʪʠʨʤʘ ʤʝʪʦʜʦʣʦʛʽʷʤʠ ʻ 

ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʤʠ. ɯʛʥʦʨʫʚʘʥʥʷ ʙʫʜʴ-ʷʢʦʛʦ ʘʩʧʝʢʪʫ ʮʠʭ ʤʝʪʦʜʦʣʦʛʽʡ ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʚʘʻ ʥʘ ʮʠʬʨʦʚʝ 

ʧʝʨʝʪʚʦʨʝʥʥʷ. ɺ ʪʘʙʣʠʮʽ 3 ʥʘʚʝʜʝʥʦ ʽʥʩʪʨʫʤʝʥʪʠ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ, ʾʭʥʽ ʬʫʥʢʮʽʾ, ʦʩʦʙʣʠʚʦʩʪʽ ʪʘ ʚʘʨʪʽʩʪʴ. 

 

ʊʘʙʣʠʮʷ 3 

ɯʥʩʪʨʫʤʝʥʪʠ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ, ʾʭʥʽ ʬʫʥʢʮʽʾ, ʦʩʦʙʣʠʚʦʩʪʽ ʪʘ ʚʘʨʪʽʩʪʴ 

ɯʥʩʪʨʫʤʝʥʪʠ 

ʰʪʫʯʥʦʛʦ 

ʽʥʪʝʣʝʢʪʫ 

ʌʫʥʢʮʽʦʥʘʣʴʥʽʩʪʴ 
ʇʽʜʪʨʠʤʫʚʘʥʽ ʦʧʝʨʘʮʽʡʥʽ 

ʩʠʩʪʝʤʠ/ʄʦʚʠ 
ʆʩʥʦʚʥʘ ʬʫʥʢʮʽʷ 

Content DNA 

Platform 

ʄʘʰʠʥʥʝ ʥʘʚʯʘʥʥʷ 

/ ʂʦʤʧôʶʪʝʨ 

ɺʩʪʘʥʦʚʣʶʻ ʷʢ ʭʤʘʨʥʽ, ʪʘʢ ʽ 

ʣʦʢʘʣʴʥʽ ʤʦʜʝʣʽ ʦʨʛʘʥʽʟʘʮʽʾ 

ʄʘʰʠʥʥʝ ʥʘʚʯʘʥʥʷ, 

ʥʘʚʯʘʥʥʷ ʥʘ ʜʘʥʠʭ ʢʦʨʠʩʪʫʚʘʯʘ 

Google Cloud 

Machine 

Learning 

Engine 

ʄʘʰʠʥʥʝ ʥʘʚʯʘʥʥʷ ʂʦʥʩʦʣʴ GCP 

ʄʦʜʝʣʽ ʥʘʚʯʘʶʪʴʩʷ ʥʘ ʦʩʥʦʚʽ 

ʜʘʥʠʭ ʢʦʨʠʩʪʫʚʘʯʘ. 

ʨʦʟʛʦʨʥʫʚʰʠ ʾʭ, ʢʦʨʠʩʪʫʚʘʯ 

ʤʦʞʝ ʢʝʨʫʚʘʪʠ ʥʠʤʠ 

Azure Machine 

Learning Studio 
ʄʘʰʠʥʥʝ ʥʘʚʯʘʥʥʷ ʅʘ ʦʩʥʦʚʽ ʙʨʘʫʟʝʨʘ 

ʄʦʜʝʣʴ ʙʫʜʝ ʨʦʟʛʦʨʥʫʪʘ ʷʢ 

ʚʝʙ-ʩʝʨʚʽʩ. 

Tensor Flow ʄʘʰʠʥʥʝ ʥʘʚʯʘʥʥʷ 

ʈʦʙʦʯʽ ʩʪʦʣʠ, ʢʣʘʩʪʝʨʠ, 

ʄʦʙʽʣʴʥʠʡ, Edge  

ʧʨʠʩʪʨʦʾ, ʧʨʦʮʝʩʦʨʠ, 

ɻʨʘʬʽʯʥʽ ʧʨʦʮʝʩʦʨʠ ʪʘ TPU. 

ɼʣʷ ʚʩʽʭ 

ʚʽʜ ʧʦʯʘʪʢʽʚʮʽʚ ʜʦ 

ʝʢʩʧʝʨʪʽʚ. 

H2O AI ʄʘʰʠʥʥʝ ʥʘʚʯʘʥʥʷ 
Distributed inmemory 

Programming Languages 

ɿʘʜʽʷʥʦ Auto ML 

ʬʫʥʢʮʽʦʥʘʣʴʥʽʩʪʴ 

Cortana 
ɺʽʨʪʫʘʣʴʥʠʡ 

ʘʩʠʩʪʝʥʪ 

Windows, iOS, 

Android, and Xbox OS. 

ɺʽʥ ʤʦʞʝ ʚʠʢʦʥʫʚʘʪʠ ʜʫʞʝ 

ʙʘʛʘʪʦ ʟʘʚʜʘʥʴ ʚʽʜ 

ʚʩʪʘʥʦʚʣʝʥʥʷ ʥʘʛʘʜʫʚʘʥʴ ʜʦ 

ʚʚʤ̔ʢʥʝʥʥʷ ʩʚʽʪʣʘ. 

 

ɺʠʩʥʦʚʢʠ 

ɸʚʪʦʤʘʪʠʟʘʮʽʷ ʪʘ ʰʪʫʯʥʠʡ ʽʥʪʝʣʝʢʪ ï ʮʝ ʪʝʭʥʦʣʦʛʽʾ, ʷʢʽ ʥʘʨʦʜʠʣʠʩʷ ʟ ʨʝʟʫʣʴʪʘʪʽʚ ʥʘʫʢʦʚʠʭ 

ʜʦʩʣʽʜʞʝʥʴ. ʎʽ ʢʦʥʮʝʧʪʠ ʚʠʚʯʘʣʠʩʷ ʧʨʦʪʷʛʦʤ ʪʠʩʷʯ ʨʦʢʽʚ, ʧʦʯʠʥʘʶʯʠ ʟ ʜʘʚʥʽʭ ʬʽʣʦʩʦʬʩʴʢʠʭ ʨʦʟʜʫʤʽʚ ʧʨʦ 

ʪʝ, ʯʠ ʤʦʞʫʪʴ ʤʘʰʠʥʠ ʜʫʤʘʪʠ ʪʘʢ ʩʘʤʦ, ʢ̫ ʣʶʜʠ. ʇʨʦʪʝ, ʩʘʤʝ ʟ ʨʦʟʚʠʪʢʦʤ ʢʦʤʧ'ʶʪʝʨʥʦʾ ʪʝʭʥʦʣʦʛʽʾ ʪʘ 
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ʚʽʜʢʨʠʪʪʷ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ, ʮʽ ʢʦʥʮʝʧʪʠ ʧʦʯʘʣʠ ʰʚʠʜʢʦ ʨʦʟʚʠʚʘʪʠʩʷ ʪʘ ʟʥʘʭʦʜʠʪʠ ʧʨʘʢʪʠʯʥʝ 

ʚʠʢʦʨʠʩʪʘʥʥʷ. 

ʉʠʩʪʝʤʠ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ ʪʘ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʙʘʟʫʶʪʴʩʷ ʥʘ ʚʠʢʦʨʠʩʪʘʥʥʽ ʘʣʛʦʨʠʪʤʽʚ ʪʘ 

ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ, ʷʢʽ ʜʦʟʚʦʣʷʶʪʴ ʢʦʤʧ'ʶʪʝʨʘʤ ʚʠʢʦʥʫʚʘʪʠ ʩʢʣʘʜʥʽ ʟʘʚʜʘʥʥʷ, ʱʦ ʨʘʥʽʰʝ 

ʚʠʢʦʥʫʚʘʣʠʩʷ ʚʠʢʣʶʯʥʦ ʣʶʜʴʤʠ. ʎʽ ʩʠʩʪʝʤʠ ʤʦʞʫʪʴ ʥʘʚʽʪʴ ʚʠʢʦʥʫʚʘʪʠ ʟʘʚʜʘʥʥʷ ʟ ʙʽʣʴʰʦʶ ʪʦʯʥʽʩʪʶ ʪʘ 

ʰʚʠʜʢʽʩʪʶ, ʥʽʞ ʣʶʜʠ. ɸʚʪʦʤʘʪʠʟʘʮʽʷ ʜʦʟʚʦʣʷʻ ʚʠʢʦʥʫʚʘʪʠ ʤʦʥʦʪʦʥʥʽ ʘʙʦ ʧʦʚʪʦʨʶʚʘʥʽ ʟʘʚʜʘʥʥʷ, ʱʦ 

ʟʤʝʥʰʫʻ ʡʤʦʚʽʨʥʽʩʪʴ ʧʦʤʠʣʦʢ ʪʘ ʧʽʜʚʠʱʫʻ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʨʦʙʦʪʠ. ɿʘʚʜʷʢʠ ʮʠʤ ʪʝʭʥʦʣʦʛʽʷʤ ʣʶʜʠʥʘ ʤʦʞʝ 

ʟʦʩʝʨʝʜʠʪʠʩʷ ʥʘ ʙʽʣʴʰ ʩʢʣʘʜʥʠʭ ʪʘ ʢʨʝʘʪʠʚʥʠʭ ʟʘʚʜʘʥʥʷʭ. 
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̒̋̌́̅̎̉̍̉ ̨̗̠̒̆̎́̑̍̉ ̓́ ̙̍̆̎ ̙̐̏̉̑̆̎̉̍̉ $3,Ȣ ˣ̨ ̃̉̒̎̏̃̋̉ȟ ̖̘̏ ̨ ̨̨̗̠̟̘̂́̄́̓̏̏̂ȟ ̨̟̟̝̐̅̋̑̆̒̌̓ ̨̨̖̝̎̆̏̂̅̎̒̓ 
̝̙̖̐̏̅́̌̉ ̨̝̅̏̒̌̅̇̆̎ ̠̅̌ ̨̠̐̅̃̉̆̎̎̚ ̨̨̎́̅̊̎̏̒̓ ̓́ ̨̨̝̔̎̃̆̑̒́̌̎̏̒̓ ̖̓́̋̉ ̍̏̅̆̌̆̊ȟ ̏̒̏̂̌̉̃̏ ̃ ̨̒̆̑̕ ̖̒̋̌́̅̎̉ 
̝̈́̃̅́̎ ̑̏̈̑̏̂̋̉ ̐̑̏̄̑́̍̎̏̄̏ ̘̠̈́̂̆̈̐̆̆̎̎Ȣ ˚̨́̒̌̅̋̉ ̗̖̉ ̨̝̑̆̈̔̌̓́̓̃ ̙̟̟̝̠̐̏̉̑̓̒ ̎́ ̨̄́̌̔̈ ̩̐̑̏̄̑́̍̎̏ 
̨̨̩̎̇̆̎̆̑ȟ ̩́̃̓̏̍́̓̉̈̏̃́̎̏ ̨̗̩̄̆̎̆̑́ ̋̏̅̔ ̓́ ̙̘̓̔̎̏̄̏ ̨̎̓̆̌̆̋̓̔ȟ ̨̗̐̏̓̆̎̊̎̏ ̨̨̟̗̟̘̑̆̃̏̌̏̎̈̔̉ ̘̐̏̓̏̎̔ 
̐́̑́̅̉̄̍̔ ̑̏̈̑̏̂̋̉ ̐̑̏̄̑́̍̎̏̄̏ ̘̠̈́̂̆̈̐̆̆̎̎ ̓́ ̨̟̘̃̅̋̑̉̃́̉ ̙̠̖̌ ̠̅̌ ̖̎̏̃̉ ̐̑̏̄̑́̍Ȣ 

˗̨̟̘̌̏̃ ̒̌̏̃́ȡ ̃̆ ̨̌̉̋ ̨̍̏̃̎ ̨̍̏̅̆̌ȟ ̨̗̠̄̆̎̆̑́ ̐̑̏̄̑́̍̎̏̄̏ ̋̏̅̔ȟ ̐̑̆̅̍̆̓̎̏-̨̨̤̏̑̎̓̏̃́̎ ̍̏̃̉ȟ '04-4, 
̙̘̓̔̎̉̊ ̨̎̓̆̌̆̋̓ȟ ̏̂̑̏̂̋́ ̩̐̑̉̑̏̅̎̏ ̍̏̃̉ȟ ̙̍́̉̎̎̆ ̘̠̎́̃́̎̎. 
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UTILIZING LARGE LANGUAGE MO DELS FOR SOFTWARE  

GENERATION BASED ON DOMAIN -SPECIFIC LANGUAGES  
 

In this study, we explore the potential of large language models (LLMs), specifically the GPT-4 model, in generating software 
based on domain-specific languages (DSLs). We evaluate the performance of these LLMs and discuss the implications of our findings for 
software engineering, automated code generation, and artificial intelligence. 

The rapid proliferation of artificial intelligence (AI) technologies and techniques is leading to transformative changes across 
multiple domains. One significant area of interest is the potential use of large language models (LLMs) in automating software code 
generation, especially leveraging domain-specific languages (DSLs). This paper presents an in-depth investigation of the capabilities of a 
GPT-4 model for interpreting and generating DSL software code. We first describe the process of training the model on a vast corpus of 
software code developed in various DSLs. We then evaluate its performance using a series of comprehensive tests designed to assess its ability 
to generate accurate, efficient, and maintainable code from DSL-specific prompts.  

The evaluation metrics include accuracy of code generation, runtime efficiency, and maintainability of the generated code. 
Preliminary results indicate that the model can produce code with a comparable degree of accuracy and efficiency to human programmers, 
and even surpasses human-written code in maintainability due to consistent coding style. However, the model exhibits limitations when faced 
with complex scenarios and less prevalent DSLs. These findings, though promising, highlight the necessity for further research to improve the 
robustness and versatility of such models, particularly in the realm of complex software development tasks. The implications of these results 
extend to the fields of software engineering, automated code generation, and AI, potentially revolutionizing the current software 
development paradigm and paving the way for novel applications. 

Keywords: Large Language Models, Software Code Generation, Domain-Specific Languages, GPT-4, Artificial Intelligence, Natural 
Language Processing, Machine Learning 

 

ʇʦʩʪʘʥʦʚʢʘ ʧʨʦʙʣʝʤʠ ʫ ʟʘʛʘʣʴʥʦʤʫ ʚʠʛʣʷʜʽ ʪʘ ʾʾ ʟʚôʷʟʦʢ  

ʽʟ ʚʘʞʣʠʚʠʤʠ ʥʘʫʢʦʚʠʤʠ ʯʠ ʧʨʘʢʪʠʯʥʠʤʠ ʟʘʚʜʘʥʥʷʤʠ 

ɻʝʥʝʨʘʮʽʷ ʧʨʦʛʨʘʤʥʦʛʦ ʢʦʜʫ ʻ ʩʢʣʘʜʥʠʤ, ʪʨʫʜʦʤʽʩʪʢʠʤ ʽ ʨʝʩʫʨʩʦʻʤʥʠʤ ʧʨʦʮʝʩʦʤ, ʷʢʠʡ ʚʠʤʘʛʘʻ 

ʩʧʝʮʽʘʣʴʥʠʭ ʟʥʘʥʴ ʽ ʥʘʚʠʯʦʢ. ʎʷ ʩʢʣʘʜʥʽʩʪʴ ʱʝ ʙʽʣʴʰʝ ʧʦʩʠʣʶʻʪʴʩʷ ʧʨʠ ʨʦʙʦʪʽ ʟ ʧʨʝʜʤʝʪʥʦ-ʦʨʽʻʥʪʦʚʘʥʠʤʠ 

ʤʦʚʘʤʠ (DSL), ʷʢʽ ʩʧʝʮʽʘʣʽʟʫʶʪʴʩʷ ʥʘ ʧʝʚʥʽʡ ʦʙʣʘʩʪʽ ʟʘʩʪʦʩʫʚʘʥʥʷ. ʊʨʘʜʠʮʽʡʥʠʡ ʧʽʜʭʽʜ ʜʦ ʨʦʟʨʦʙʢʠ 

ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ, ʧʝʨʝʚʘʞʥʦ ʚʨʫʯʥʫ ʪʘ ʢʝʨʦʚʘʥʠʡ ʣʶʜʠʥʦʶ, ʧʨʝʜʩʪʘʚʣʷʻ ʟʥʘʯʥʽ ʧʨʦʙʣʝʤʠ ʟ ʪʦʯʢʠ 

ʟʦʨʫ ʤʘʩʰʪʘʙʦʚʘʥʦʩʪʽ, ʫʟʛʦʜʞʝʥʦʩʪʽ ʪʘ ʜʦʩʪʫʧʥʦʩʪʽ. ʋ ʩʚʽʪʣʽ ʮʠʭ ʧʨʦʙʣʝʤ ʽʩʥʫʻ ʥʘʛʘʣʴʥʘ ʧʦʪʨʝʙʘ ʚ 

ʘʚʪʦʤʘʪʠʟʦʚʘʥʠʭ ʨʽʰʝʥʥʷʭ, ʷʢʽ ʤʦʞʫʪʴ ʧʦʣʝʛʰʠʪʠ ʧʨʦʮʝʩ ʛʝʥʝʨʘʮʽʾ ʧʨʦʛʨʘʤʥʦʛʦ ʢʦʜʫ, ʦʩʦʙʣʠʚʦ ʚ ʢʦʥʪʝʢʩʪʽ 

DSL. 
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ɿʚ'ʷʟʦʢ ʟ ʚʘʞʣʠʚʠʤʠ ʥʘʫʢʦʚʠʤʠ ʘʙʦ ʧʨʘʢʪʠʯʥʠʤʠ ʟʘʚʜʘʥʥʷʤʠ: 

 

ʇʨʦʙʣʝʤʘ ʪʽʩʥʦ ʧʦʚ'ʷʟʘʥʘ ʟʽ ʩʬʝʨʦʶ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ, ʟʦʢʨʝʤʘ, ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʚʝʣʠʢʠʭ ʤʦʚʥʠʭ 

ʤʦʜʝʣʝʡ (LLM) ʜʣʷ ʟʘʚʜʘʥʴ ʛʝʥʝʨʘʮʽʾ ʪʝʢʩʪʫ. ʗʢʙʠ LLM ʤʦʞʥʘ ʙʫʣʦ ʝʬʝʢʪʠʚʥʦ ʥʘʚʯʠʪʠ ʛʝʥʝʨʫʚʘʪʠ 

ʧʨʦʛʨʘʤʥʠʡ ʢʦʜ ʽʟ DSL, ʮʝ ʤʘʣʦ ʙ ʛʣʠʙʦʢʽ ʥʘʩʣʽʜʢʠ ʷʢ ʜʣʷ ʥʘʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʴ, ʪʘʢ ʽ ʜʣʷ ʧʨʘʢʪʠʯʥʠʭ 

ʟʘʩʪʦʩʫʚʘʥʴ. 

ɿ ʥʘʫʢʦʚʦʾ ʪʦʯʢʠ ʟʦʨʫ ʮʝʡ ʚʠʢʣʠʢ ʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʨʦʟʰʠʨʠʪʠ ʥʘʰʝ ʨʦʟʫʤʽʥʥʷ ʤʦʞʣʠʚʦʩʪʝʡ ʽ 

ʦʙʤʝʞʝʥʴ LLM. ɺʽʥ ʟʘʧʨʦʰʫʻ ʜʦ ʚʠʚʯʝʥʥʷ ʥʦʚʠʭ ʤʝʪʦʜʦʣʦʛʽʡ ʥʘʚʯʘʥʥʷ, ʧʦʢʘʟʥʠʢʽʚ ʦʮʽʥʢʠ ʝʬʝʢʪʠʚʥʦʩʪʽ ʪʘ 

ʘʨʭʽʪʝʢʪʫʨʠ ʤʦʜʝʣʝʡ, ʨʦʟʰʠʨʶʶʯʠ ʪʘʢʠʤ ʯʠʥʦʤ ʤʝʞʽ ʧʦʪʦʯʥʦʛʦ ʩʪʘʥʫ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ ʪʘ ʦʙʨʦʙʢʠ 

ʧʨʠʨʦʜʥʦʾ ʤʦʚʠ. 

ɿ ʧʨʘʢʪʠʯʥʦʾ ʪʦʯʢʠ ʟʦʨʫ, ʫʩʧʽʰʥʝ ʚʠʨʽʰʝʥʥʷ ʮʽʻʾ ʧʨʦʙʣʝʤʠ ʤʦʛʣʦ ʙ ʨʝʚʦʣʶʮʽʦʥʽʟʫʚʘʪʠ ʩʬʝʨʫ 

ʨʦʟʨʦʙʢʠ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ. ʎʝ ʤʦʞʝ ʩʫʪʪʻʚʦ ʩʢʦʨʦʪʠʪʠ ʯʘʩ ʽ ʨʝʩʫʨʩʠ, ʥʝʦʙʭʽʜʥʽ ʜʣʷ ʥʘʧʠʩʘʥʥʷ 

ʧʨʦʛʨʘʤʥʦʛʦ ʢʦʜʫ, ʦʩʦʙʣʠʚʦ ʜʣʷ DSL, ʽ ʧʦʢʨʘʱʠʪʠ ʫʟʛʦʜʞʝʥʽʩʪʴ ʩʪʚʦʨʝʥʦʛʦ ʢʦʜʫ ʰʣʷʭʦʤ ʫʩʫʥʝʥʥʷ 

ʣʶʜʩʴʢʠʭ ʧʦʤʠʣʦʢ. ʂʨʽʤ ʪʦʛʦ, ʮʝ ʤʦʞʝ ʜʝʤʦʢʨʘʪʠʟʫʚʘʪʠ ʨʦʟʨʦʙʢʫ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ, ʜʦʟʚʦʣʷʶʯʠ 

ʥʝʬʘʭʽʚʮʷʤ ʛʝʥʝʨʫʚʘʪʠ ʢʦʜ, ʪʠʤ ʩʘʤʠʤ ʨʦʟʰʠʨʶʶʯʠ ʧʫʣ ʦʩʽʙ, ʷʢʽ ʤʦʞʫʪʴ ʟʨʦʙʠʪʠ ʚʥʝʩʦʢ ʫ ʩʪʚʦʨʝʥʥʷ 

ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ ʪʘ ʽʥʥʦʚʘʮʽʾ. 

 

ɸʥʘʣʽʟ ʦʩʪʘʥʥʽʭ ʜʦʩʣʽʜʞʝʥʴ ʽ ʧʫʙʣʽʢʘʮʽʡ 

ʆʩʪʘʥʥʽʤʠ ʨʦʢʘʤʠ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʩʧʣʝʩʢ ʜʦʩʣʽʜʞʝʥʴ ʱʦʜʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ ʚ 

ʨʦʟʨʦʙʮʽ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ, ʟʦʢʨʝʤʘ ʫ ʩʪʚʦʨʝʥʥʽ ʢʦʜʫ. ʆʜʥʽʻʶ ʟ ʥʘʡʙʽʣʴʰ ʟʥʘʯʫʱʠʭ ʧʦʜʽʡ ʩʪʘʣʘ 

ʧʦʷʚʘ ʚʝʣʠʢʠʭ ʤʦʚʥʠʭ ʤʦʜʝʣʝʡ (LLM), ʷʢʽ ʧʨʦʜʝʤʦʥʩʪʨʫʚʘʣʠ ʙʝʟʧʨʝʮʝʜʝʥʪʥʽ ʤʦʞʣʠʚʦʩʪʽ ʚ ʨʦʟʫʤʽʥʥʽ ʪʘ 

ʩʪʚʦʨʝʥʥʽ ʣʶʜʩʴʢʦʛʦ ʪʝʢʩʪʫ. 

ɼʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʚʝʣʠʢʠʭ ʤʦʚʥʠʭ ʤʦʜʝʣʝʡ, ʟʘʩʪʦʩʦʚʘʥʠʭ ʜʦ ʛʝʥʝʨʘʮʽʾ ʢʦʜʫ:  

ǒ Radford, A., Wu, J., Child, R., Luan, D., Amodei, D., & Sutskever, I. (2019). Language Models are 

Unsupervised Multitask Learners. OpenAI Blog, 1(8).  

ǒ Allamanis, M., Brockschmidt, M., & Khademi, M. (2018). Learning to Represent Programs with Graphs. 

In Proceedings of the 6th International Conference on Learning Representations (ICLR 2018).  

ǒ Raychev, V., Bielik, P., & Vechev, M. (2016). Probabilistic Model for Code with Decision Trees. In 

Proceedings of the 2016 ACM SIGPLAN International Conference on Object-Oriented Programming, 

Systems, Languages, and Applications (OOPSLA 2016).  

 ʇʝʨʝʪʠʥ DSL ʽ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ:  

ǒ Mernik, M., Heering, J., & Sloane, A. M. (2005). When and how to develop domain-specific languages. 

ACM Computing Surveys (CSUR), 37(4), 316-344. 

ɺʠʜʽʣʝʥʥʷ ʥʝʚʠʨʽʰʝʥʠʭ ʨʘʥʽʰʝ ʯʘʩʪʠʥ ʟʘʛʘʣʴʥʦʾ ʧʨʦʙʣʝʤʠ, ʢʦʪʨʠʤ ʧʨʠʩʚʷʯʫʻʪʴʩʷ ʩʪʘʪʪʷ. 

ʈʦʟʫʤʽʥʥʷ ʩʠʥʪʘʢʩʠʩʫ ʪʘ ʩʝʤʘʥʪʠʢʠ DSL ʟʘ ʜʦʧʦʤʦʛʦʶ LLM: ʍʦʯʘ ʙʫʣʦ ʜʦʩʷʛʥʫʪʦ ʟʥʘʯʥʦʛʦ 

ʧʨʦʛʨʝʩʫ ʫ ʚʠʢʦʨʠʩʪʘʥʥʽ ʚʝʣʠʢʠʭ ʤʦʚʥʠʭ ʤʦʜʝʣʝʡ (LLM) ʜʣʷ ʤʦʚ ʧʨʦʛʨʘʤʫʚʘʥʥʷ ʟʘʛʘʣʴʥʦʛʦ ʧʨʠʟʥʘʯʝʥʥʷ, 

ʨʦʟʫʤʽʥʥʷ ʜʦʤʝʥʥʦ-ʩʧʝʮʠʬʽʯʥʠʭ ʤʦʚ (DSL) ʮʠʤʠ ʤʦʜʝʣʷʤʠ ʟʘʣʠʰʘʻʪʴʩʷ ʤʝʥʰ ʚʠʚʯʝʥʠʤ. ʎʽ ʤʦʚʠ, ʷʢʽ 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʩʧʝʮʠʬʽʯʥʠʤʠ ʢʦʥʪʝʢʩʪʘʤʠ ʟʘʩʪʦʩʫʚʘʥʥʷ, ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʫʥʽʢʘʣʴʥʽ ʧʨʦʙʣʝʤʠ ʟ ʪʦʯʢʠ ʟʦʨʫ 

ʨʽʟʥʦʤʘʥʽʪʥʦʛʦ ʩʠʥʪʘʢʩʠʩʫ ʪʘ ʩʝʤʘʥʪʠʢʠ. 

ɺʢʣʶʯʝʥʥʷ ʤʝʥʰ ʧʦʰʠʨʝʥʠʭ DSL: ʟʥʘʯʥʘ ʯʘʩʪʠʥʘ ʜʦʩʣʽʜʞʝʥʴ ʙʫʣʘ ʟʦʩʝʨʝʜʞʝʥʘ ʥʘ ʰʠʨʦʢʦ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʥʠʭ ʤʦʚʘʭ ʷʢ ʟʘʛʘʣʴʥʦʛʦ ʧʨʠʟʥʘʯʝʥʥʷ, ʪʘʢ ʽ ʧʨʝʜʤʝʪʥʦ-ʩʧʝʮʽʘʣʴʥʠʭ. ɺʠʢʦʨʠʩʪʘʥʥʷ LLM ʜʣʷ 

ʩʪʚʦʨʝʥʥʷ ʢʦʜʫ ʚ ʤʝʥʰ ʧʦʰʠʨʝʥʠʭ DSL ʙʫʣʦ ʥʝʜʦʩʪʘʪʥʴʦ ʚʠʚʯʝʥʠʤ, ʱʦ ʧʨʠʟʚʝʣʦ ʜʦ ʧʨʦʛʘʣʠʥʠ ʚ ʥʘʰʦʤʫ 

ʨʦʟʫʤʽʥʥʽ ʾʭʥʴʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ ʚ ʫʩʽʭ DSL. 

ʎʷ ʩʪʘʪʪʷ ʤʘʻ ʥʘ ʤʝʪʽ ʨʦʟʛʣʷʥʫʪʠ ʮʽ ʨʘʥʽʰʝ ʥʝʚʠʨʽʰʝʥʽ ʯʘʩʪʠʥʠ ʧʨʦʙʣʝʤʠ ʰʣʷʭʦʤ ʜʦʩʣʽʜʞʝʥʥʷ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʦʜʝʣʽ GPT-4 ʜʣʷ ʛʝʥʝʨʘʮʽʾ ʧʨʦʛʨʘʤʥʦʛʦ ʢʦʜʫ ʚ ʨʽʟʥʠʭ DSL, ʟʦʩʝʨʝʜʠʚʰʠʩʴ ʥʘ ʦʮʽʥʮʽ ʷʢʦʩʪʽ 

ʟʛʝʥʝʨʦʚʘʥʦʛʦ ʢʦʜʫ ʪʘ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʤʦʜʝʣʽ ʚ ʜʽʘʧʘʟʦʥʽ ʨʽʟʥʠʭ ʽ ʤʝʥʰ ʧʦʰʠʨʝʥʽ DSL. 

 

ʌʦʨʤʫʣʶʚʘʥʥʷ ʮʽʣʝʡ ʩʪʘʪʪʽ 

ʆʩʥʦʚʥʠʤʠ ʮʽʣʷʤʠ ʮʽʻʾ ʩʪʘʪʪʽ ʻ ʦʮʽʥʢʘ ʚʝʣʠʢʠʭ ʤʦʚʥʠʭ ʤʦʜʝʣʝʡ (LLM) ʫ ʨʦʟʫʤʽʥʥʽ ʪʘ ʩʪʚʦʨʝʥʥʽ ʢʦʜʫ 

DSL: ʜʦʩʣʽʜʞʝʥʥʷ ʩʧʨʷʤʦʚʘʥʝ ʥʘ ʥʘʚʯʘʥʥʷ ʤʦʜʝʣʽ GPT-4 ʥʘ ʨʽʟʥʦʤʘʥʽʪʥʦʤʫ ʢʦʨʧʫʩʽ ʧʨʦʛʨʘʤʥʦʛʦ ʢʦʜʫ, 

ʥʘʧʠʩʘʥʦʛʦ ʨʽʟʥʠʤʠ ʧʨʝʜʤʝʪʥʦ-ʦʨ̔ʻʥʪʦʚʘʥʠʤʠ ʤʦʚʘʤʠ (DSL) ʽ ʦʮʽʥʠʪʠ ʟʜʘʪʥʽʩʪʴ ʛʝʥʝʨʫʚʘʪʠ ʪʦʯʥʠʡ ʽ 

ʝʬʝʢʪʠʚʥʠʡ ʢʦʜ ʥʘ ʦʩʥʦʚʽ ʧʽʜʢʘʟʦʢ DSL. 

ɺʠʢʣʘʜ ʦʩʥʦʚʥʦʛʦ ʤʘʪʝʨʽʘʣʫ 

ɺʝʣʠʢʽ ʤʦʚʥʽ ʤʦʜʝʣʽ ʪʘ ʛʝʥʝʨʘʮʽʷ ʢʦʜʫ: ʦʩʥʦʚʥʠʡ ʤʘʪʝʨʽʘʣ ʮʽʻʾ ʩʪʘʪʪʽ ʩʪʦʩʫʻʪʴʩʷ ʚʝʣʠʢʠʭ ʤʦʚʥʠʭ 

ʤʦʜʝʣʝʡ (LLM) ʪʘ ʾʭ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʛʝʥʝʨʘʮʽʾ ʢʦʜʫ, ʟʦʢʨʝʤʘ ʚ ʢʦʥʪʝʢʩʪʽ ʜʦʤʝʥʥʦ-ʦʨʽʻʥʪʦʚʘʥʠʭ ʤʦʚ (DSL). 

LLMs, ʪʘʢʽ ʷʢ GPT-4, ʧʨʦʜʝʤʦʥʩʪʨʫʚʘʣʠ ʚʠʥʷʪʢʦʚʫ ʟʜʘʪʥʽʩʪʴ ʨʦʟʫʤʽʪʠ ʪʘ ʛʝʥʝʨʫʚʘʪʠ ʣʶʜʩʴʢʠʡ ʪʝʢʩʪ ʥʘ 

ʦʩʥʦʚʽ ʟʘʜʘʥʠʭ ʧʽʜʢʘʟʦʢ. 

ʂʦʤʧʝʪʝʥʪʥʽʩʪʴ ʮʠʭ ʤʦʜʝʣʝʡ ʙʫʣʘ ʚʠʢʦʨʠʩʪʘʥʘ ʚ ʢʽʣʴʢʦʭ ʩʬʝʨʘʭ, ʚʢʣʶʯʘʶʯʠ ʨʦʟʫʤʽʥʥʷ ʧʨʠʨʦʜʥʦʾ 

ʤʦʚʠ, ʛʝʥʝʨʘʮʽʶ ʪʝʢʩʪʫ ʪʘ ʥʘʚʽʪʴ ʛʝʥʝʨʘʮʽʶ ʢʦʜʫ ʤʦʚʠ ʧʨʦʛʨʘʤʫʚʘʥʥʷ ʟʘʛʘʣʴʥʦʛʦ ʧʨʠʟʥʘʯʝʥʥʷ. ʎʷ 

ʤʦʞʣʠʚʽʩʪʴ ʚʠʧʣʠʚʘʻ ʟ ʾʭ ʪʨʘʥʩʬʦʨʤʘʪʦʨʥʦʾ ʘʨʭʽʪʝʢʪʫʨʠ ʪʘ ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʝʢʦʥʪʨʦʣʴʦʚʘʥʦʛʦ ʥʘʚʯʘʥʥʷ ʥʘ 

ʝʪʘʧʽ ʥʘʚʯʘʥʥʷ, ʢʦʣʠ ʚʦʥʠ ʚʠʚʯʘʶʪʴ ʰʘʙʣʦʥʠ, ʩʠʥʪʘʢʩʠʩ, ʩʝʤʘʥʪʠʢʫ ʪʘ ʢʦʥʪʝʢʩʪ ʽʟ ʚʝʣʠʢʠʭ ʦʙʩʷʛʽʚ 

ʪʝʢʩʪʦʚʠʭ ʜʘʥʠʭ. 

ɿʘʩʪʦʩʫʚʘʥʥʷ ʜʦ ʜʦʤʝʥʥʠʭ ʤʦʚ: 
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DSL, ʩʧʝʮʽʘʣʽʟʦʚʘʥʽ ʥʘ ʧʝʚʥʽʡ ʦʙʣʘʩʪʽ ʟʘʩʪʦʩʫʚʘʥʥʷ, ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʫʥʽʢʘʣʴʥʫ ʧʨʦʙʣʝʤʫ ʜʣʷ LLM 

ʯʝʨʝʟ ʾʭ ʨʽʟʥʦʤʘʥʽʪʥʠʡ ʩʠʥʪʘʢʩʠʩ ʽ ʩʝʤʘʥʪʠʢʫ. ɼʦʩʣʽʜʞʝʥʥʷ ʟʦʩʝʨʝʜʞʝʥʦ ʥʘ ʥʘʚʯʘʥʥʽ ʤʦʜʝʣʽ GPT-4 ʥʘ 

ʚʝʣʠʯʝʟʥʦʤʫ ʢʦʨʧʫʩʽ ʧʨʦʛʨʘʤʥʦʛʦ ʢʦʜʫ, ʥʘʧʠʩʘʥʦʛʦ ʥʘ ʨʽʟʥʠʭ DSL. 

ʄʝʪʘ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦʙ ʦʮʽʥʠʪʠ ʟʜʘʪʥʽʩʪʴ ʤʦʜʝʣʽ ʛʝʥʝʨʫʚʘʪʠ ʪʦʯʥʠʡ, ʝʬʝʢʪʠʚʥʠʡ ʽ ʧʽʜʪʨʠʤʫʚʘʥʠʡ 

ʢʦʜ ʥʘ ʦʩʥʦʚʽ ʧʽʜʢʘʟʦʢ DSL. ʄʠ ʦʮʽʥʶʻʤʦ ʷʢʽʩʪʴ ʟʛʝʥʝʨʦʚʘʥʦʛʦ ʢʦʜʫ ʟʘ ʜʦʧʦʤʦʛʦʶ ʪʘʢʠʭ ʧʦʢʘʟʥʠʢʽʚ, ʷʢ 

ʪʦʯʥʽʩʪʴ, ʝʬʝʢʪʠʚʥʽʩʪʴ ʚʠʢʦʥʘʥʥʷ ʪʘ ʟʨʫʯʥʽʩʪʴ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ. 

ʈʝʟʫʣʴʪʘʪʠ ʪʘ ʩʧʦʩʪʝʨʝʞʝʥʥʷ. ʅʘʰʽ ʨʝʟʫʣʴʪʘʪʠ ʚʢʘʟʫʶʪʴ ʥʘ ʪʝ, ʱʦ ʤʦʜʝʣʴ GPT-4 ʜʝʤʦʥʩʪʨʫʻ 

ʙʘʛʘʪʦʦʙʽʮʷʶʯʫ ʟʜʘʪʥʽʩʪʴ ʛʝʥʝʨʫʚʘʪʠ ʪʦʯʥʠʡ ʽ ʝʬʝʢʪʠʚʥʠʡ ʢʦʜ ʜʣʷ DSL. ʋ ʢʽʣʴʢʦʭ ʚʠʧʘʜʢʘʭ ʢʦʜ, 

ʟʛʝʥʝʨʦʚʘʥʠʡ ʤʦʜʝʣʣʶ, ʤʦʞʥʘ ʧʦʨʽʚʥʷʪʠ ʟʘ ʝʬʝʢʪʠʚʥʽʩʪʶ ʚʠʢʦʥʘʥʥʷ ʟ ʢʦʜʦʤ, ʩʪʚʦʨʝʥʠʤ ʣʶʜʠʥʦʶ, ʽ ʥʘʚʽʪʴ 

ʧʝʨʝʚʝʨʰʫʻ ʡʦʛʦ ʟʘ ʧʨʠʜʘʪʥʽʩʪʶ ʜʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʟʘʚʜʷʢʠ ʩʚʦʻʤʫ ʧʦʩʣʽʜʦʚʥʦʤʫ ʩʪʠʣʶ ʢʦʜʫʚʘʥʥʷ. 

ʆʜʥʘʢ ʜʦʩʣʽʜʞʝʥʥʷ ʪʘʢʦʞ ʚʠʷʚʠʣʦ ʦʙʤʝʞʝʥʥʷ. ʄʦʜʝʣʽ ʚʘʞʢʦ ʩʪʚʦʨʠʪʠ ʢʦʜ ʜʣʷ ʩʢʣʘʜʥʠʭ ʩʮʝʥʘʨʽʾʚ 

ʘʙʦ ʤʝʥʰ ʧʦʰʠʨʝʥʠʭ DSL, ʱʦ ʚʢʘʟʫʻ ʥʘ ʧʦʪʨʝʙʫ ʚ ʩʧʝʮʽʘʣʽʟʦʚʘʥʦʤʫ ʥʘʚʯʘʥʥʽ ʘʙʦ ʙʽʣʴʰ ʪʦʥʢʦʤʫ ʨʦʟʫʤʽʥʥʽ 

ʮʠʭ ʤʦʚ. 

 

ɺʠʩʥʦʚʢʠ ʟ ʜʘʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʽ ʧʝʨʩʧʝʢʪʠʚʠ ʧʦʜʘʣʴʰʠʭ ʨʦʟʚʽʜʦʢ ʫ ʜʘʥʦʤʫ ʥʘʧʨʷʤʽ 

ʍʦʯʘ ʮʝ ʜʦʩʣʽʜʞʝʥʥʷ ʜʘʻ ʙʘʛʘʪʦʦʙʽʮʷʶʯʽ ʨʝʟʫʣʴʪʘʪʠ, ʚʦʥʦ ʧʽʜʢʨʝʩʣʶʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʧʨʦʜʦʚʞʝʥʥʷ 

ʜʦʩʣʽʜʞʝʥʴ ʫ ʮʽʡ ʛʘʣʫʟʽ. ʉʧʦʩʪʝʨʝʞʫʚʘʥʽ ʦʙʤʝʞʝʥʥʷ ʚʠʤʘʛʘʶʪʴ ʨʦʟʨʦʙʢʠ ʨʦʟʰʠʨʝʥʠʭ ʤʝʪʦʜʦʣʦʛʽʡ ʥʘʚʯʘʥʥʷ 

ʪʘ ʙʽʣʴʰ ʩʢʣʘʜʥʦʾ ʩʠʩʪʝʤʠ ʦʮʽʥʶʚʘʥʥʷ, ʷʢʘ ʚʨʘʭʦʚʫʻ ʫʥʽʢʘʣʴʥʽ ʚʠʢʣʠʢʠ, ʧʦʚôʷʟʘʥʽ ʟ ʨʽʟʥʠʤʠ DSL. 

ɹʽʣʴʰʝ ʪʦʛʦ, ʚʽʥ ʧʽʜʢʨʝʩʣʶʻ ʧʦʪʝʥʮʽʘʣ LLM ʫ ʨʝʚʦʣʶʮʽʾ ʨʦʟʨʦʙʢʠ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ, 

ʟʦʢʨʝʤʘ ʜʣʷ DSL, ʽ ʧʨʝʜʩʪʘʚʣʷʻ ʚʘʛʦʤʽ ʘʨʛʫʤʝʥʪʠ ʥʘ ʢʦʨʠʩʪʴ ʽʥʪʝʛʨʘʮʽʾ ʐɯ ʚ ʮʽʡ ʛʘʣʫʟʽ. ɺʠʩʥʦʚʢʠ 

ʧʨʦʧʦʥʫʶʪʴ ʮʽʥʥʫ ʽʥʬʦʨʤʘʮʽʶ ʜʣʷ ʜʦʩʣʽʜʥʠʢʽʚ, ʨʦʟʨʦʙʥʠʢʽʚ ʽ ʧʨʘʢʪʠʢʽʚ ʫ ʩʬʝʨʘʭ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ ʪʘ 

ʨʦʟʨʦʙʢʠ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ. 

ʋ ʤʘʡʙʫʪʥʴʦʤʫ ʙʫʣʦ ʙ ʜʦʮʽʣʴʥʦ ʚʠʚʯʠʪʠ ʤʦʞʣʠʚʦʩʪʽ LLM ʫ ʩʪʚʦʨʝʥʥʽ ʢʦʜʫ ʜʣʷ ʩʢʣʘʜʥʠʭ ʩʮʝʥʘʨʽʾʚ ʽ 

ʤʝʥʰ ʧʦʰʠʨʝʥʠʭ DSL. ʈʦʣʴ ʜʘʥʠʭ ʧʨʦ ʩʧʝʮʽʘʣʽʟʦʚʘʥʝ ʥʘʚʯʘʥʥʷ ʪʘ ʨʦʟʨʦʙʢʘ ʙʽʣʴʰ ʩʢʣʘʜʥʠʭ ʧʦʢʘʟʥʠʢʽʚ 

ʦʮʽʥʢʠ ʪʘʢʦʞ ʻ ʦʙʣʘʩʪʷʤʠ, ʷʢʽ ʟʘʩʣʫʛʦʚʫʶʪʴ ʥʘ ʧʦʜʘʣʴʰʝ ʜʦʩʣʽʜʞʝʥʥʷ. 
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ˏ ̨̑̏̂̏̓ ̎́̃̆̅̆̎̏ ̝̑̆̈̔̌̓́̓̉ ̨̝̅̏̒̌̅̇̆̎ ̓́ ̨̠̠̐̏̑̃̎̎̎ ̨̝̑̆̈̔̌̓́̓̃ ̨̖̈́̑̔̂̇̎̉ ̨ ̨̘̠̖̃̓̉̈̎̎̉ ̗̝̐̑́ȟ 

̨̠̋ ̐̏̋́̈́̌̉ ̃̉̒̏̋̔ ̨̝̆̆̋̓̉̃̎̒̓̕ ̨̍̏̅̆̌ #!24 ̔ ̨̐̑̏̄̎̏̈̔̃́̎̎ ̨̆̆̋̓̉̃̎̏̒̓̕ ̖̑̆̋̌́̍̎̉ ̨̋́̍̐́̎̊ȟ ̏̚ ̨̤̝̠̈̂̄́̓̒ ̈ 
̃̉̒̎̏̃̋́̍̉ ̨̙̖̎̉ ̨̨̅̏̒̌̅̎̉̋̃Ȣ ˚́̃̆̅̆̎̆ ̨̠̠̐̏̑̃̎̎̎ȟ ̏̚ ̠̤̅̏̈̃̏̌ ̨̐̅̓̃̆̑̅̉̓̉ ̐̆̑̆̃́̄̉ ̨ ̨̨̝̝̒̓́̂̌̎̒̓ ́̌̄̏̑̉̓̍̔ 
̔ ̨̋̏̎̓̆̋̒̓ ̨̗̏̎̋̉ ̖̑̆̋̌́̍̎̉ ̨̋́̍̐́̎̊Ȣ ˚́̃̆̅̆̎̏ ́̌̄̏̑̉̓̍ ̈̂̏̑̔ȟ ̏̂̑̏̂̋̉ ̓́ ̨́̎́̌̈̔ ̖̅́̎̉ ̠̅̌ ̠̈́̒̓̏̒̔̃́̎̎ 
̍̆̓̏̅̔ #!24Ȣ ˝̠̏̈̄̌̎̔̓̏ ̗̐̑̏̆̒ ̨̠̅̌̆̎̎ ̨̃̔̈̌̃ȟ ̠̋̉̊ ̨̟̤̝̠̈̅̊̒̎̓̒ ̅̏ ̠̠̅̏̒̄̎̆̎̎ ̩̈́̅́̎̏ ̨̨̝̋̌̋̏̒̓ ̨̃̔̈̌̃ ́̂̏ ̅̏ 
̠̠̅̏̒̄̎̆̎̎ ̐̆̃̎̏̄̏ ̨̠̑̃̎ ̄̌̉̂̉̎̉ ̅̆̑̆̃́Ȣ ˚́̃̆̅̆̎́ ̨̗̘̏̎̏̎́ ̨̗̠̔̎̋̕ȟ ̏̚ ̤̝̠̃̉̋̏̑̉̒̓̏̃̔̓̒ ̠̅̌ ̨̠̅̌̆̎̎ ̨̃̔̈̌̃ ̓́ 
̤̝̠̂́̈̔̓̒ ̎́ 'ÉÎÉ-̨̨̎̅̆̋̒ȟ ̠̋̉̊ ̨̗̟̤̏̎ ̘̎̆̉̒̓̏̓̔ ̔ ̨̃̔̈̌Ȣ ˤ̉̍ ̙̍̆̎̆ ̘̎̆̉̒̓̏̓́ ̃̔̈̌́ȟ ̓̉̍ ̨̝̙̂̌̆ ̤̝̠̃̃́̇́̓̒ 
̊̏̄̏ ̃́̄̏̍̉̍ ̠̅̌ ̝̙̐̏̅́̌̏̄̏ ̨̠̅̌̆̎̎Ȣ ˝̏̈̑̏̂̌̆̎̏ ̝̍̏̅̆̌ ̨̗̏̎̋̉ ̨̆̆̋̓̉̃̎̏̒̓̕ ̖̑̆̋̌́̍̎̉ ̨̋́̍̐́̎̊ 
̟̘̃̉̋̏̑̉̒̓̏̃̔̉ ́̌̄̏̑̉̓̍ #!24Ȣ ˚̝̠́̃̏̅̉̓̒ ̍̆̓̏̅̉̋́ ̨̐̆̑̆̃̑̋̉ ̨̘̓̏̎̏̒̓ ̩̑̏̈̑̏̂̌̆̎̏ ̨̍̏̅̆̌Ȣ ˜̨̟̟̝̠̏̑̃̎̓̒ 
̝̑̆̈̔̌̓́̓̉ ̑̏̂̏̓̉ ̨̍̏̅̆̌ ̈ ̝̑̆́̌̎̉̍̉ ̅́̎̉̍̉Ȣ ˚̟̏̃̉̈̎̏ ̨̠̅̏̒̌̅̇̆̎̎ ̤ ̠̃̉̋̏̑̉̒̓́̎̎ ́̌̄̏̑̉̓̍̔ #!24 ̠̅̌ 
̨̗̏̎̋̉ ̨̆̆̋̓̉̃̎̏̒̓̕ ̖̑̆̋̌́̍̎̉ ̨̋́̍̐́̎̊Ȣ ˍ̨̤̝̠̎́̌̈̔̓̒ ̍̆̓̏̅ȟ ̠̋̉̊ ̠̤̅̏̈̃̏̌ ̙̃̉̅̋̏ ̓́ ̘̓̏̎̏ ̨́̎́̌̈̔̃́̓̉ 
̨̃̆̌̉̋ ̠̏̂̒̄̉ ̖̅́̎̉ ̓́ ̘̃̉̈̎́́̓̉ ̨̨̙̎́̊̃́̇̌̉̃ ̘̉̎̎̉̋̉ȟ ̨̠̋ ̟̝̃̐̌̉̃́̓ ̎́ ̨̝̆̆̋̓̉̃̎̒̓̕ ̖̑̆̋̌́̍̎̉ ̨̋́̍̐́̎̊Ȣ 
˛̢̤̝̠̂̑̔̎̓̏̃̔̓̒ ̘̐̑́̋̓̉̎̆ ̘̠̈̎́̆̎̎ ̨̠̅̏̒̌̅̇̆̎̎ȟ ̠̋̆ ̠̤̐̏̌̄́ ̃ ̓̏̍̔ȟ ̏̚ ̑̏̈̑̏̂̌̆̎̉̊ ́̌̄̏̑̉̓̍ ̠̤̅̏̈̃̏̌ 
̨̗̝̑́̏̎́̌̎̏ ̃̉̋̏̑̉̒̓̏̃̔̃́̓̉ ̟̂̅̇̆̓ ̎́ ̨̍́̑̋̆̓̉̎̄̏̃ ̖̈́̏̅̉ ̓́ ̨̏̐̓̉̍̈̔̃́̓̉ ̨̑̆̋̌́̍̎ ̨̩̋́̍̐́̎ ̈ ̟̍̆̓̏ 
̠̠̅̏̒̄̎̆̎̎ ̖̎́̊̋̑́̉̚ ̨̝̑̆̈̔̌̓́̓̃Ȣ 
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Area Under the Curve. 
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EVALUATION OF THE EFFICIENCY OF THE RECURSIVE DATA SET  

DISTRIBUTION PROCESS USING THE CART ALGORITHM  
 

The paper presents the results of research and a comparison of the results of foreign and domestic works, which showed the high 
efficiency of the CART model in predicting the effectiveness of advertising campaigns, which coincides with the conclusions of other 
researchers. The given comparison allows to confirm the advantages and stability of the algorithm in the context of evaluating advertising 
campaigns. The algorithm of data collection, processing and analysis for the application of the CART method is given. The process of dividing 
nodes, which is carried out before reaching a given number of nodes or until reaching a certain level of tree depth, is considered. The 
evaluation function used for node division and based on the Gini-index, which estimates the impurity in the node, is given. The lower the 
impurity of the node, the more it is considered important for further division. A model for evaluating the effectiveness of advertising 
campaigns using the CART algorithm has been developed. The method of checking the accuracy of the developed model is given. The results 
of the model are compared with real data. The use of GridSearchCV to perform searches in the depth range from 1 to 10 is analyzed. The F1 
score is given as an evaluation metric. The cv parameter in question specifies the number of convolutions to use in the cross-validation 
process. The novelty of the study is the use of the CART algorithm to evaluate the effectiveness of advertising campaigns. A method is 
analyzed that allows you to quickly and accurately analyze large volumes of data and determine the most important factors that affect the 
effectiveness of advertising campaigns. The practical value of the research is substantiated, which is that the developed algorithm allows 
rat ional use of the budget for marketing activities and optimization of advertising campaigns in order to achieve the best results. 

Keywords algorithm, Classification and Regression Tree, Gini index, Receiver Operating Characteristic, Area Under the Curve. 

 

ʇʦʩʪʘʥʦʚʢʘ ʧʨʦʙʣʝʤʠ 

ʈʝʢʣʘʤʘ ʩʪʘʣʘ ʥʝʚʽʜôʻʤʥʦʶ ʯʘʩʪʠʥʦʶ ʧʦʚʩʷʢʜʝʥʥʦʛʦ ʞʠʪʪʷ ʙʫʜʴ-ʷʢʦʛʦ ʧʝʨʝʩʽʯʥʦʛʦ ʛʨʦʤʘʜʷʥʠʥʘ. 

ɺʦʥʘ ʦʪʦʯʫʻ ʥʘʩ ʩʢʨʽʟʴ, ʚʽʜ ʤʘʛʘʟʠʥʽʚ ʽ ʪʨʘʥʩʧʦʨʪʫ ʜʦ ɯʥʪʝʨʥʝʪʫ ʪʘ ʪʝʣʝʙʘʯʝʥʥʷ, ʾʾ ʥʘʩʪʽʣʴʢʠ ʙʘʛʘʪʦ, ʱʦ ʯʘʩʪʦ 

ʾʾ ʥʘʚʽʪʴ ʥʝ ʫʩʚʽʜʦʤʣʶʶʪʴ, ʘʣʝ ʥʘʚʽʪʴ ʪʦʜʽ ʚʦʥʘ ʤʘʻ ʟʥʘʯʥʠʡ ʚʧʣʠʚ ʥʘ ʥʘʩ. ʋ ʯʘʩʠ ʛʣʦʙʘʣʴʥʦʾ ʢʦʥʢʫʨʝʥʮʽʾ 

ʧʽʜʧʨʠʻʤʩʪʚʘ ʥʘʤʘʛʘʶʪʴʩʷ ʟʘʮʽʢʘʚʠʪʠ ʧʦʪʝʥʮʽʡʥʠʭ ʩʧʦʞʠʚʘʯʽʚ ʙʫʜʴ-ʷʢʠʤʠ ʟʘʩʦʙʘʤʠ ʽ ʥʝ ʟʘʚʞʜʠ ʚʜʘʣʠʤʠ. 

ɯʥʦʜʽ ʤʠ ʟʘʭʦʧʣʶʻʤʦʩʷ ʚʠʥʘʭʽʜʣʠʚʽʩʪʶ, ʥʝʚʠʤʫʰʝʥʽʩʪʶ ʪʘ ʷʢʽʩʪʶ ʧʦʜʘʥʥʷ ʨʝʢʣʘʤʠ ʜʦ ʘʫʜʠʪʦʨʽʾ, ʘ ʽʥʦʜʽ 

ʚʽʜʯʫʚʘʻʤʦ ʥʝʛʘʪʠʚʥʽ ʝʤʦʮʽʾ ʚʽʜ ʧʝʚʥʦʾ ʨʝʢʣʘʤʠ ʽ ʘʚʪʦʤʘʪʠʯʥʦ ʧʦʛʘʥʽ ʘʩʦʮʽʘʮʽʾ ʟ ʧʨʦʜʫʢʪʦʤ. ʊʦʤʫ ʨʝʢʣʘʤʘ ʻ 

ʢʣʶʯʦʚʠʤ ʽʥʩʪʨʫʤʝʥʪʦʤ ʤʘʨʢʝʪʠʥʛʫ [1, 10]. ɼʦʩʣʽʜʞʝʥʥʷ ʥʘ ʦʩʥʦʚʽ ʤʝʪʦʜʽʚ ʦʧʠʪʫʚʘʥʥʷ, ʝʢʩʧʝʨʪʥʦʾ ʦʮʽʥʢʠ 

ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʜʘʶʪʴ ʤʦʞʣʠʚʽʩʪʴ ʦʮʽʥʠʪʠ ʾʾ ʝʬʝʢʪʠʚʥʽʩʪʴ ʪʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʮʽ ʜʘʥʽ ʜʣʷ ʧʦʢʨʘʱʝʥʥʷ 

ʨʝʢʣʘʤʥʦʾ ʜʽʷʣʴʥʦʩʪʽ. ɽʬʝʢʪʠʚʥʽʩʪʴ ʨʝʢʣʘʤʠ ʧʦʚôʷʟʘʥʘ ʟ ʚʠʪʨʘʪʘʤʠ, ʘ ʧʦʪʽʤ ʟ ʧʨʠʙʫʪʢʘʤʠ, ʪʦʤʫ 

ʧʽʜʧʨʠʻʤʩʪʚʘ ʙʘʞʘʶʪʴ ʦʪʨʠʤʫʚʘʪʠ ʪʦʯʥʽ ʚʠʤʽʨʶʚʘʥʥʷ ʾʾ ʚʧʣʠʚʫ ʥʘ ʩʧʦʞʠʚʘʯʽʚ. ɼʦʩʣʽʜʞʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ 

ʨʝʢʣʘʤʠ ʧʦʚʠʥʥʦ ʙʫʪʠ ʩʧʨʷʤʦʚʘʥʝ ʥʘ ʦʪʨʠʤʘʥʥʷ ʩʧʝʮʽʘʣʴʥʠʭ ʜʘʥʠʭ ʧʨʦ ʪʝ, ʷʢʽ ʯʠʥʥʠʢʠ ʩʧʨʠʷʶʪʴ 

ʜʦʩʷʛʥʝʥʥʶ ʤʝʪʠ ʨʝʢʣʘʤʠ ʟ ʥʘʡʤʝʥʰʠʤʠ ʚʠʪʨʘʪʘʤʠ ʪʘ ʤʘʢʩʠʤʘʣʴʥʦʶ ʚʽʜʜʘʯʝʶ. ʎʝ ʜʦʧʦʤʦʞʝ ʫʥʠʢʥʫʪʠ 
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ʥʝʧʦʪʨʽʙʥʦʾ ʨʝʢʣʘʤʠ ʪʘ ʚʠʟʥʘʯʠʪʠ ʫʤʦʚʠ ʜʣʷ ʾʾ ʦʧʪʠʤʘʣʴʥʦʛʦ ʚʧʣʠʚʫ. ʊʘʢʠʤ ʯʠʥʦʤ, ʦʮʽʥʢʘ ʝʬʝʢʪʠʚʥʦʩʪʽ 

ʨʝʢʣʘʤʠ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʘʣʛʦʨʠʪʤʫ CART (Classification and Regression Trees), ʤʝʪʦʜʽʚ ʚʠʤʽʨʶʚʘʥʥʷ ʾʾ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʪʘ ʚʧʣʠʚʫ ʥʘ ʩʧʦʞʠʚʘʯʽʚ ʻ ʦʩʥʦʚʦʶ ʜʘʥʦʾ ʢʫʨʩʦʚʦʾ ʨʦʙʦʪʠ. 

ʅʘ ʜʘʥʠʡ ʤʦʤʝʥʪ ʽʩʥʫʻ ʟʥʘʯʥʘ ʢʽʣʴʢʽʩʪʴ ʥʘʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʴ, ʱʦ ʧʨʠʩʚʷʯʝʥʽ ʟʘʩʪʦʩʫʚʘʥʥʶ 

ʘʣʛʦʨʠʪʤʫ CART ʫ ʤʘʨʢʝʪʠʥʛʫ ʽ ʨʝʢʣʘʤʽ. ɺʽʜʦʤʽ ʧʽʜʭʦʜʠ ɼʝʚʽʜʘ ʌʣʦʡʜʘ [2, 6] ʪʘ ɼʞʝʡʤʩʘ ʂʝʥʥʝʜʽ [3, 8] ʜʦ 

ʚʠʨʽʰʝʥʥʷ ʜʘʥʦʾ ʧʨʦʙʣʝʤʠ. ʇʝʨʰʠʡ ʧʽʜʭʽʜ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʚʠʟʥʘʯʝʥʥʷʤ ʝʬʝʢʪʠʚʥʦʩʪʽ ʪʝʣʝʨʝʢʣʘʤʠ ʥʘ 

ʦʩʥʦʚʽ ʚʽʜʛʫʢʽʚ ʩʧʦʞʠʚʘʯʽʚ, ʪʦʜʽ ʷʢ ʂʝʥʥʝʜʽ ʚʠʢʦʨʠʩʪʦʚʫʚʘʚ ʘʣʛʦʨʠʪʤ CART ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʚʧʣʠʚʫ 

ʨʝʢʣʘʤʥʠʭ ʦʛʦʣʦʰʝʥʴ ʥʘ ʧʦʚʝʜʽʥʢʫ ʩʧʦʞʠʚʘʯʽʚ ʚ ʦʥʣʘʡʥ-ʩʝʨʝʜʦʚʠʱʽ. ʅʘʫʢʦʚʽ ʨʦʟʨʦʙʢʠ ʘʚʪʦʨʽʚ, ʱʦ ʙʫʣʠ 

ʨʦʟʛʣʷʥʫʪʽ, ʜʝʤʦʥʩʪʨʫʶʪʴ ʤʦʞʣʠʚʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʝʪʦʜʽʚ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ ʪʘ ʘʣʛʦʨʠʪʤʫ CART ʜʣʷ 

ʦʮʽʥʢʠ ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ. ʆʜʥʘʢ, ʙʘʛʘʪʦ ʘʩʧʝʢʪʽʚ ʟʘʣʠʰʘʶʪʴʩʷ ʥʝʚʠʚʯʝʥʠʤʠ ʽ ʧʦʪʨʝʙʫʶʪʴ 

ʧʦʜʘʣʴʰʦʾ ʨʦʟʨʦʙʢʠ. ʅʘʧʨʠʢʣʘʜ, ʚʘʞʣʠʚʠʤ ʘʩʧʝʢʪʦʤ ʻ ʚʠʟʥʘʯʝʥʥʷ ʥʘʡʙʽʣʴʰ ʝʬʝʢʪʠʚʥʠʭ ʢʘʥʘʣʽʚ 

ʤʘʨʢʝʪʠʥʛʦʚʦʾ ʜʽʷʣʴʥʦʩʪʽ ʜʣʷ ʢʦʥʢʨʝʪʥʦʾ ʘʫʜʠʪʦʨʽʾ ʪʘ ʧʨʦʜʫʢʪʫ. ʊʘʢʦʞ, ʜʦʮʽʣʴʥʠʤ ʻ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ 

ʨʽʟʥʠʭ ʬʦʨʤʘʪʽʚ ʨʝʢʣʘʤʠ ʥʘ ʧʦʚʝʜʽʥʢʫ ʩʧʦʞʠʚʘʯʽʚ, ʘ ʪʘʢʦʞ ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ ʥʘ ʨʽʟʥʠʭ 

ʝʪʘʧʘʭ ʞʠʪʪʻʚʦʛʦ ʮʠʢʣʫ ʧʨʦʜʫʢʪʫ. 

ʇʽʜʧʨʠʻʤʩʪʚʘ ʧʨʘʛʥʫʪʴ ʨʝʢʣʘʤʫʚʘʪʠ ʩʚʦʾ ʧʨʦʜʫʢʪʠ ʩʝʨʝʜ ʷʢʦʤʦʛʘ ʙʽʣʴʰʦʾ ʘʫʜʠʪʦʨʽʾ ʽ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʜʣʷ ʮʴʦʛʦ ʚʩʽ ʤʦʞʣʠʚʽ ʟʘʩʦʙʠ, ʯʘʩʪʦ ʮʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʚʠʪʨʘʪ ʥʘ ʨʝʢʣʘʤʫ ʙʝʟ 

ʦʯʽʢʫʚʘʥʦʛʦ ʝʬʝʢʪʫ ʚʽʜ ʥʝʾ. ʊʦʤʫ ʜʫʞʝ ʚʘʞʣʠʚʦ ʨʘʮʽʦʥʘʣʴʥʦ ʨʦʟʧʦʨʷʜʞʘʪʠʩʷ ʢʦʰʪʘʤʠ, ʚʢʣʘʜʝʥʠʤʠ ʫ 

ʤʘʨʢʝʪʠʥʛʦʚʽ ʟʘʭʦʜʠ. ɼʣʷ ʦʮʽʥʢʠ ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʝʢʣʘʤʠ ʧʦʪʨʽʙʥʘ ʜʝʪʘʣʴʥʘ ʽʥʬʦʨʤʘʮʽʷ ʱʦʜʦ ʾʾ ʚʧʣʠʚʫ ʥʘ 

ʮʽʣʴʦʚʫ ʘʫʜʠʪʦʨʽʶ. ɼʣʷ ʘʥʘʣʽʟʫ ʪʘʢʠʭ ʜʘʥʠʭ ʥʝʦʙʭʽʜʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʩʧʝʮʽʘʣʽʟʦʚʘʥʝ ʧʨʦʛʨʘʤʥʝ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʪʘ ʤʝʪʦʜʠ ʘʥʘʣʽʟʫ ʚʝʣʠʢʠʭ ʜʘʥʠʭ. 

ɼʣʷ ʘʥʘʣʽʟʫ ʜʘʥʠʭ ʪʘ ʧʦʙʫʜʦʚʠ ʜʝʨʝʚʘ ʨʽʰʝʥʴ, ʷʢʝ ʤʦʞʝ ʜʦʧʦʤʦʛʪʠ ʚʠʷʚʠʪʠ ʟʚ'ʷʟʢʠ ʤʽʞ ʨʽʟʥʠʤʠ 

ʬʘʢʪʦʨʘʤʠ ʪʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʝʢʣʘʤʥʦʾ ʢʘʤʧʘʥʽʾ, ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʠʡ ʘʣʛʦʨʠʪʤ CART. ɿʘ ʜʦʧʦʤʦʛʦʶ 

ʮʴʦʛʦ ʘʣʛʦʨʠʪʤʫ ʤʦʞʥʘ ʚʽʜʙʠʨʘʪʠ ʥʘʡʙʽʣʴʰ ʚʘʞʣʠʚʽ ʬʘʢʪʦʨʠ, ʱʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʨʝʢʣʘʤʥʦʾ 

ʢʘʤʧʘʥʽʾ, ʪʘ ʚʨʘʭʦʚʫʚʘʪʠ ʾʭ ʧʨʠ ʧʣʘʥʫʚʘʥʥʽ ʤʘʡʙʫʪʥʽʭ ʢʘʤʧʘʥʽʡ [4, 7]. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʜʦʩʣʽʜʞʝʥʥʷ ʟ ʦʮʽʥʢʠ ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʘʣʛʦʨʠʪʤʫ 

CART ʤʦʞʝ ʙʫʪʠ ʘʢʪʫʘʣʴʥʠʤ ʪʘ ʢʦʨʠʩʥʠʤ ʜʣʷ ʢʦʤʧʘʥʽʡ, ʱʦ ʟʘʡʤʘʶʪʴʩʷ ʤʘʨʢʝʪʠʥʛʦʤ ʪʘ ʨʝʢʣʘʤʦʶ, ʪʘ ʤʦʞʝ 

ʜʦʧʦʤʦʛʪʠ ʾʤ ʟʙʽʣʴʰʠʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʩʚʦʾʭ ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ ʪʘ ʦʪʨʠʤʘʪʠ ʙʽʣʴʰʝ ʧʨʠʙʫʪʢʫ. ʂʨʽʤ ʪʦʛʦ, 

ʜʘʥʘ ʨʦʙʦʪʘ ʤʦʞʝ ʩʪʘʪʠ ʦʩʥʦʚʦʶ ʜʣʷ ʨʦʟʨʦʙʢʠ ʥʦʚʠʭ ʩʪʨʘʪʝʛʽʡ ʤʘʨʢʝʪʠʥʛʫ ʪʘ ʨʝʢʣʘʤʠ. 

ɸʥʘʣʽʟ ʦʩʪʘʥʥʽʭ ʜʞʝʨʝʣ 

ɿʘ ʦʩʪʘʥʥʽ ʨʦʢʠ ʙʫʣʦ ʦʧʫʙʣʽʢʦʚʘʥʦ ʙʘʛʘʪʦ ʜʦʩʣʽʜʞʝʥʴ, ʧʨʠʩʚʷʯʝʥʠʭ ʦʮʽʥʮʽ ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʝʢʣʘʤʥʠʭ 

ʢʘʤʧʘʥʽʡ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʘʣʛʦʨʠʪʤʫ CART. ʄʦʞʥʘ ʚʠʜʽʣʠʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʝʜʝʥʝ ɻʫ ʍʫʥ ʽ ɺʝʡ ʎʟʽʥʴ [5, 

9], ʚ ʷʢʦʤʫ ʟʘʩʪʦʩʦʚʫʚʘʚʩʷ ʘʣʛʦʨʠʪʤ CART ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʚʧʣʠʚʫ ʝʣʝʤʝʥʪʽʚ ʨʝʢʣʘʤʥʦʛʦ ʧʦʚʽʜʦʤʣʝʥʥʷ ʥʘ 

ʡʦʛʦ ʝʬʝʢʪʠʚʥʽʩʪʴ. ɼʣʷ ʧʨʦʚʝʜʝʥʥʷ ʜʦʩʣʽʜʞʝʥʥʷ ʘʚʪʦʨʠ ʟʽʙʨʘʣʠ ʜʘʥʽ ʧʨʦ 12 ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ ʚ ʽʥʪʝʨʥʝʪ- 

ʤʘʛʘʟʠʥʘʭ, ʷʢʽ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʨʽʟʥʽ ʝʣʝʤʝʥʪʠ ʨʝʢʣʘʤʥʦʛʦ ʧʦʚʽʜʦʤʣʝʥʥʷ (ʥʘʧʨʠʢʣʘʜ, ʟʥʠʞʢʠ, ʙʝʟʢʦʰʪʦʚʥʘ 

ʜʦʩʪʘʚʢʘ ʪʦʱʦ). ɸʣʛʦʨʠʪʤ CART ʙʫʚ ʚʠʢʦʨʠʩʪʘʥʠʡ ʜʣʷ ʨʦʟʙʠʪʪʷ ʜʘʥʠʭ ʥʘ ʛʨʫʧʠ ʟʘʣʝʞʥʦ ʚʽʜ ʨʽʟʥʠʭ 

ʝʣʝʤʝʥʪʽʚ ʨʝʢʣʘʤʥʦʛʦ ʧʦʚʽʜʦʤʣʝʥʥʷ ʪʘ ʚʠʟʥʘʯʝʥʥʷ ʾʭ ʚʧʣʠʚʫ ʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʢʘʤʧʘʥʽʾ. ʋ ʨʝʟʫʣʴʪʘʪʽ 

ʜʦʩʣʽʜʞʝʥʥʷ ʘʚʪʦʨʠ ʟʨʦʙʠʣʠ ʚʠʩʥʦʚʦʢ, ʱʦ ʧʝʚʥʽ ʝʣʝʤʝʥʪʠ ʨʝʢʣʘʤʥʦʛʦ ʧʦʚʽʜʦʤʣʝʥʥʷ ʤʘʶʪʴ ʟʥʘʯʥʠʡ ʚʧʣʠʚ 

ʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʨʝʢʣʘʤʥʦʾ ʢʘʤʧʘʥʽʾ. ɿʦʢʨʝʤʘ, ʟʥʠʞʢʠ, ʙʝʟʢʦʰʪʦʚʥʘ ʜʦʩʪʘʚʢʘ ʪʘ ʧʦʜʘʨʫʥʢʠ ʟʙʽʣʴʰʫʶʪʴ 

ʡʤʦʚʽʨʥʽʩʪʴ ʫʩʧʽʰʥʦʛʦ ʟʘʚʝʨʰʝʥʥʷ ʪʨʘʥʟʘʢʮʽʾ. 

ɸʚʪʦʨʠ ʏʝʥ ʎʟʶʥʴ ʽ ʍʫʘʥ ʎʟʽʬʘʥ ʚ ʩʪʘʪʪʽ [6, 11] ʦʙʛʦʚʦʨʶʚʘʣʠ ʚʠʟʥʘʯʝʥʥʷ ʚʧʣʠʚʫ ʬʘʢʪʦʨʽʚ 

ʨʝʢʣʘʤʥʦʾ ʢʘʤʧʘʥʽʾ ʥʘ ʾʾ ʝʬʝʢʪʠʚʥʽʩʪʴ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʘʣʛʦʨʠʪʤʫ CART ʪʘ ʽʥʰʠʭ ʤʝʪʦʜʽʚ ʤʘʰʠʥʥʦʛʦ 

ʥʘʚʯʘʥʥʷ. ɼʣʷ ʧʨʦʚʝʜʝʥʥʷ ʜʦʩʣʽʜʞʝʥʥʷ ʘʚʪʦʨʠ ʟʽʙʨʘʣʠ ʜʘʥʽ ʧʨʦ 1000 ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ ʚ ʽʥʪʝʨʥʝʪ-

ʤʘʛʘʟʠʥʘʭ ʪʘ ʚʠʢʦʨʠʩʪʘʣʠ ʘʣʛʦʨʠʪʤ CART ʪʘ ʽʥʰʽ ʤʝʪʦʜʠ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ ʜʣʷ ʘʥʘʣʽʟʫ ʜʘʥʠʭ. ʋ 

ʨʝʟʫʣʴʪʘʪʽ ʜʦʩʣʽʜʞʝʥʥʷ ʘʚʪʦʨʠ ʟʨʦʙʠʣʠ ʚʠʩʥʦʚʦʢ, ʱʦ ʦʩʥʦʚʥʠʤʠ ʬʘʢʪʦʨʘʤʠ, ʷʢʽ ʚʧʣʠʚʘʶʪʴ ʥʘ ʧʨʦʜʘʞʽ, ʻ 

ʪʠʧ ʨʝʢʣʘʤʠ ʪʘ ʾʾ ʬʦʨʤʘʪ. ɿʦʢʨʝʤʘ, ʚʠʷʚʣʝʥʦ, ʱʦ ʨʝʢʣʘʤʘ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʚʽʜʝʦ ʪʘ ʽʥʪʝʨʘʢʪʠʚʥʽ ʬʦʨʤʘʪʠ 

ʤʘʶʪʴ ʙʽʣʴʰʠʡ ʚʧʣʠʚ ʥʘ ʧʨʦʜʘʞʽ, ʥʽʞ ʨʝʢʣʘʤʘ ʫ ʩʪʘʪʠʯʥʠʭ ʬʦʨʤʘʪʘʭ. ʂʨʽʤ ʪʦʛʦ, ʘʚʪʦʨʠ ʜʦʩʣʽʜʞʝʥʥʷ 

ʧʦʢʘʟʘʣʠ, ʱʦ ʢʽʣʴʢʽʩʪʴ ʨʝʢʣʘʤʥʠʭ ʧʦʢʘʟʽʚ ʪʘ ʯʘʩʪʦʪʘ ʧʦʢʘʟʫ ʨʝʢʣʘʤʠ ʪʘʢʦʞ ʤʘʶʪʴ ʚʧʣʠʚ ʥʘ ʧʨʦʜʘʞʽ ʚ 

ʽʥʪʝʨʥʝʪ-ʤʘʛʘʟʠʥʘʭ. ɿʦʢʨʝʤʘ, ʙʫʣʦ ʚʠʷʚʣʝʥʦ, ʱʦ ʧʽʜʚʠʱʝʥʥʷ ʯʘʩʪʦʪʠ ʧʦʢʘʟʽʚ ʨʝʢʣʘʤʠ ʤʦʞʝ ʧʦʟʠʪʠʚʥʦ 

ʚʧʣʠʥʫʪʠ ʥʘ ʧʨʦʜʘʞʽ, ʘʣʝ ʪʽʣʴʢʠ ʜʦ ʧʝʚʥʦʛʦ ʨʽʚʥʷ. 

ʉʪʘʪʪʷ [1] ʘʚʪʦʨʽʚ ɺ. ɼʦʫʩʦʥʘ ʪʘ ɼ. ʍʘʜʩʦʥʘ, ʟʦʩʝʨʝʜʞʫʻ ʫʚʘʛʫ ʥʘ ʟʘʩʪʦʩʫʚʘʥʥʽ ʘʣʛʦʨʠʪʤʫ CART ʜʣʷ 

ʚʠʟʥʘʯʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʝʢʣʘʤʥʦʾ ʢʘʤʧʘʥʽʾ ʚ ʨʘʤʢʘʭ ʦʧʠʪʫʚʘʥʥʷ ʩʧʦʞʠʚʘʯʽʚ. ʈʝʟʫʣʴʪʘʪʠ ʪʘʢʦʞ ʧʦʢʘʟʘʣʠ, 

ʱʦ ʘʣʛʦʨʠʪʤ CART ʤʦʞʝ ʙʫʪʠ ʝʬʝʢʪʠʚʥʠʤ ʽʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ, ʷʢʽ ʨʝʢʣʘʤʥʽ ʦʛʦʣʦʰʝʥʥʷ ʤʘʶʪʴ 

ʥʘʡʚʠʱʫ ʝʬʝʢʪʠʚʥʽʩʪʴ, ʽ ʷʢʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʧʦʞʠʚʘʯʽʚ ʤʦʞʫʪʴ ʙʫʪʠ ʧʦʚ'ʷʟʘʥʽ ʟ ʚʽʜʛʫʢʘʤʠ ʥʘ ʨʝʢʣʘʤʥʽ 

ʦʛʦʣʦʰʝʥʥʷ. 

ʋ ʜʦʩʣʽʜʞʝʥʥʽ [2] ʘʚʪʦʨʽʚ ʃ. ʃʽ ʪʘ ɯ. ʏʞʘʥʘ, ʧʦʢʘʟʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʟʘʩʪʦʩʫʚʘʥʥʷ ʘʣʛʦʨʠʪʤʫ CART, 

ʷʢʠʡ ʟʜʘʪʥʠʡ ʚʠʷʚʣʷʪʠ ʩʢʣʘʜʥʽ ʟʚ'ʷʟʢʠ ʤʽʞ ʬʘʢʪʦʨʘʤʠ ʪʘ ʝʬʝʢʪʠʚʥʽʩʪʶ ʨʝʢʣʘʤʠ. ʂʨʽʤ ʪʦʛʦ, ʚʦʥʠ 

ʧʽʜʢʨʝʩʣʶʶʪʴ, ʱʦ ʨʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʤʦʞʫʪʴ ʜʦʧʦʤʦʛʪʠ ʤʘʨʢʝʪʦʣʦʛʘʤ ʪʘ ʨʝʢʣʘʤʥʠʤ ʘʛʝʥʪʩʪʚʘʤ 

ʧʦʢʨʘʱʠʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ ʚ ɯʥʪʝʨʥʝʪʽ.. 

ʋ ʩʪʘʪʪʽ [9] ʘʚʪʦʨʽʚ ʆ.ɺ. ɻʦʣʦʚʘʯʘ ʪʘ ʃ.ɺ. ɻʦʣʦʚʘʯ ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʘʥʘʣʽʟ ʚʟʘʻʤʦʟʚ'ʷʟʢʫ ʤʽʞ 

ʨʝʢʣʘʤʥʠʤʠ ʢʘʤʧʘʥʽʷʤʠ, ʢʦʥʚʝʨʩʽʻʶ ʪʘ ʪʨʘʬʽʢʦʤ ʥʘ ʩʘʡʪʽ. ɼʦʩʣʽʜʞʝʥʥʷ ʚʢʣʶʯʘʣʦ ʚ ʩʝʙʝ ʚʽʜʙʽʨ ʨʝʢʣʘʤʥʠʭ 

ʢʘʤʧʘʥʽʡ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʘʣʛʦʨʠʪʤʫ CART, ʱʦ ʜʦʟʚʦʣʠʣʦ ʚʠʜʽʣʠʪʠ ʥʘʡʙʽʣʴʰ ʝʬʝʢʪʠʚʥʽ ʢʘʤʧʘʥʽʾ, ʘ ʪʘʢʦʞ 

ʦʮʽʥʢʫ ʢʦʥʚʝʨʩʽʾ ʪʘ ʪʨʘʬʽʢʫ ʥʘ ʩʘʡʪʽ. ʆʩʥʦʚʥʠʤʠ ʚʠʩʥʦʚʢʘʤʠ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʪʝ, ʱʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʘʣʛʦʨʠʪʤʫ 

CART ʜʘʻ ʟʤʦʛʫ ʟʜʽʡʩʥʶʚʘʪʠ ʝʬʝʢʪʠʚʥʫ ʦʮʽʥʢʫ ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ ʚ ʽʥʪʝʨʥʝʪ-ʤʘʨʢʝʪʠʥʛʫ. ɸʚʪʦʨʠ ʪʘʢʦʞ 
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ʚʢʘʟʫʶʪʴ ʥʘ ʥʝʦʙʭʽʜʥʽʩʪʴ ʟʙʦʨʫ ʷʢʽʩʥʦʾ ʪʘ ʧʦʚʥʦʾ ʽʥʬʦʨʤʘʮʽʾ ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ ʥʘʡʙʽʣʴʰ ʪʦʯʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. 

ʆʪʦʞ, ʤʝʪʦʶ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʨʦʟʨʦʙʢʘ ʤʝʪʦʜʠʢʠ ʦʮʽʥʢʠ ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʘʣʛʦʨʠʪʤʫ CART. 

ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʧʦʩʪʘʚʣʝʥʦʾ ʤʝʪʠ, ʧʦʪʨʽʙʥʦ ʚʠʨʽʰʠʪʠ ʥʠʟʢʫ ʟʘʚʜʘʥʴ, ʩʝʨʝʜ ʷʢʠʭ: 

- ʟʽʙʨʘʪʠ ʪʘ ʦʧʨʘʮʶʚʘʪʠ ʜʘʥʽ ʧʨʦ ʨʝʢʣʘʤʥʽ ʢʘʤʧʘʥʽʾ ʧʝʚʥʦʾ ʢʦʤʧʘʥʽʾ ʘʙʦ ʛʨʫʧʠ ʢʦʤʧʘʥʽʡ; 

- ʨʦʟʨʦʙʠʪʠ ʤʦʜʝʣʴ ʦʮʽʥʢʠ ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʘʣʛʦʨʠʪʤ CART; 

- ʧʝʨʝʚʽʨʠʪʠ ʪʦʯʥʽʩʪʴ ʨʦʟʨʦʙʣʝʥʦʾ ʤʦʜʝʣʽ, ʧʦʨʽʚʥʷʚʰʠ ʾʾ ʨʝʟʫʣʴʪʘʪʠ ʟ ʨʝʘʣʴʥʠʤʠ ʜʘʥʠʤʠ; 

ʅʦʚʠʟʥʘ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʣʷʛʘʻ ʫ ʚʠʢʦʨʠʩʪʘʥʥʽ ʘʣʛʦʨʠʪʤʫ CART ʜʣʷ ʦʮʽʥʢʠ ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʝʢʣʘʤʥʠʭ 

ʢʘʤʧʘʥʽʡ. ʎʝʡ ʤʝʪʦʜ ʜʦʟʚʦʣʷʻ ʰʚʠʜʢʦ ʪʘ ʪʦʯʥʦ ʘʥʘʣʽʟʫʚʘʪʠ ʚʝʣʠʢʽ ʦʙʩʷʛʠ ʜʘʥʠʭ ʪʘ ʚʠʟʥʘʯʘʪʠ ʥʘʡʚʘʞʣʠʚʽʰʽ 

ʯʠʥʥʠʢʠ, ʷʢʽ ʚʧʣʠʚʘʶʪʴ ʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ. 

ʇʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ ʨʦʟʨʦʙʣʝʥʠʡ ʘʣʛʦʨʠʪʤ ʜʦʟʚʦʣʷʻ ʨʘʮʽʦʥʘʣʴʥʦ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʙʶʜʞʝʪ ʥʘ ʤʘʨʢʝʪʠʥʛʦʚʽ ʟʘʭʦʜʠ ʪʘ ʦʧʪʠʤʽʟʫʚʘʪʠ ʨʝʢʣʘʤʥʽ ʢʘʤʧʘʥʽʾ ʟ ʤʝʪʦʶ ʜʦʩʷʛʥʝʥʥʷ 

ʥʘʡʢʨʘʱʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. 

ɺʠʢʣʘʜ ʦʩʥʦʚʥʦʛʦ ʤʘʪʝʨʽʘʣʫ 

ɸʣʛʦʨʠʪʤ CART (Classification and Regression Tree) ï ʮʝ ʜʝʨʝʚʦʚʠʜʥʘ ʤʦʜʝʣʴ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ 

ʜʣʷ ʨʦʟʚ'ʷʟʘʥʥʷ ʟʘʜʘʯ ʢʣʘʩʠʬʽʢʘʮʽʾ ʪʘ ʨʝʛʨʝʩʽʾ [10, 12]. ʆʩʥʦʚʥʘ ʽʜʝʷ ʘʣʛʦʨʠʪʤʫ ʧʦʣʷʛʘʻ ʚ ʧʦʙʫʜʦʚʽ ʜʝʨʝʚʘ, 

ʷʢʝ ʤʽʩʪʠʪʴ ʧʨʘʚʠʣʘ ʧʨʠʡʥʷʪʪʷ ʨʽʰʝʥʴ, ʱʦ ʜʦʧʦʤʘʛʘʻ ʢʣʘʩʠʬʽʢʫʚʘʪʠ ʘʙʦ ʧʨʦʛʥʦʟʫʚʘʪʠ ʟʥʘʯʝʥʥʷ ʚʠʭʽʜʥʦʾ 

ʟʤʽʥʥʦʾ. 

ʆʩʥʦʚʥʽ ʝʪʘʧʠ ʨʦʙʦʪʠ ʘʣʛʦʨʠʪʤʫ CART [11]: 

- ʨʦʟʜʽʣʝʥʥʷ ʥʘʙʦʨʫ ʜʘʥʠʭ ʥʘ ʜʚʽ ʯʘʩʪʠʥʠ. ʋ ʧʨʦʮʝʩʽ ʨʦʟʜʽʣʝʥʥʷ ʘʣʛʦʨʠʪʤ ʨʦʟʛʣʷʜʘʻ ʨʽʟʥʽ ʟʤʽʥʥʽ 

ʪʘ ʟʥʘʯʝʥʥʷ, ʱʦ ʜʦʟʚʦʣʷʶʪʴ ʟʨʦʙʠʪʠ ʨʦʟʜʽʣʝʥʥʷ, ʱʦ ʤʘʢʩʠʤʘʣʴʥʦ ʧʦʢʨʘʱʫʻ ʷʢʽʩʪʴ ʤʦʜʝʣʽ. 

- ʧʦʙʫʜʦʚʘ ʜʝʨʝʚʘ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʨʦʟʜʽʣʝʥʠʭ ʥʘʙʦʨʽʚ ʜʘʥʠʭ. ɸʣʛʦʨʠʪʤ ʧʦʚʪʦʨʶʻ ʧʨʦʮʝʩ 

ʨʦʟʜʽʣʝʥʥʷ ʪʘ ʧʦʙʫʜʦʚʠ ʜʝʨʝʚʘ ʜʣʷ ʢʦʞʥʦʾ ʟ ʥʦʚʠʭ ʯʘʩʪʠʥ. 

- ʦʙʨʽʟʘʥʥʷ ʜʝʨʝʚʘ. ɼʣʷ ʫʥʠʢʥʝʥʥʷ ʧʝʨʝʥʘʚʯʘʥʥʷ ʪʘ ʟʤʝʥʰʝʥʥʷ ʩʢʣʘʜʥʦʩʪʽ ʤʦʜʝʣʽ ʤʦʞʥʘ 

ʧʨʦʚʝʩʪʠ ʦʙʨʽʟʘʥʥʷ ʜʝʨʝʚʘ. 

ʆʜʠʥ ʟ ʦʩʥʦʚʥʠʭ ʝʪʘʧʽʚ ʨʦʙʦʪʠ ʘʣʛʦʨʠʪʤʫ CART ï ʧʦʙʫʜʦʚʘ ʜʝʨʝʚʘ ʨʽʰʝʥʴ (ʨʠʩ. 1). ʅʘ ʚʭʦʜʽ 

ʧʨʠʡʤʘʻʪʴʩʷ ʜʝʷʢʠʡ ʥʘʙʽʨ ʜʘʥʠʭ D, ʧʝʨʝʚʽʨʷʻʤʦ, ʯʠ ʻ ʚ D ʦʜʥʘʢʦʚʽ ʟʥʘʯʝʥʥʷ ʮʽʣʴʦʚʦʾ ʟʤʽʥʥʦʾ. ʗʢʱʦ ʪʘʢ, 

ʩʪʚʦʨʶʻʤʦ ʣʠʩʪʦʚʠʡ ʚʫʟʦʣ ʟ ʧʨʦʛʥʦʟʥʠʤ ʟʥʘʯʝʥʥʷʤ ʮʽʣʴʦʚʦʾ ʟʤʽʥʥʦʾ, ʽʥʘʢʰʝ ʨʦʟʙʠʚʘʻʤʦ ʜʘʥʽ ʥʘ ʜʚʽ 

ʧʽʜʤʥʦʞʠʥʠ ʟʘ ʚʠʙʨʘʥʦʶ ʟʤʽʥʥʦʶ ʪʘ ʧʦʨʦʛʦʤ (ʚ ʜʘʥʦʤʫ ʚʠʧʘʜʢʫ ʮʝ Gini-index). ɼʘʣʽ ʨʝʢʫʨʩʠʚʥʦ 

ʟʘʩʪʦʩʦʚʫʻʤʦ ʘʣʛʦʨʠʪʤ ʜʣʷ ʢʦʞʥʦʾ ʧʽʜʤʥʦʞʠʥʠ, ʩʪʚʦʨʶʶʯʠ ʥʦʚʽ ʚʫʟʣʠ ʪʘ ʨʦʟʙʠʚʘʶʯʠ ʜʘʥʽ. 

 

 
ʈʠʩ. 1. ɸʣʛʦʨʠʪʤ ʧʦʙʫʜʦʚʠ ʜʝʨʝʚʘ ʤʝʪʦʜʦʤ CART 

 

ʇʦʯʠʥʘʶʯʠ ʟ ʢʦʨʝʥʝʚʦʛʦ ʚʫʟʣʘ, ʘʣʛʦʨʠʪʤ ʨʝʢʫʨʩʠʚʥʦ ʜʽʣʠʪʴ ʥʘʚʯʘʣʴʥʠʡ ʥʘʙʽʨ ʥʘ ʜʚʽ ʧʽʜʤʥʦʞʠʥʠ ʥʘ 

ʦʩʥʦʚʽ ʚʠʙʨʘʥʦʾ ʦʮʽʥʦʯʥʦʾ ʬʫʥʢʮʽʾ. ʎʝ ʜʦʟʚʦʣʷʻ ʩʪʚʦʨʠʪʠ ʥʦʚʠʡ ʚʥʫʪʨʽʰʥʽʡ ʚʫʟʦʣ ʪʘ ʜʚʘ ʜʦʯʽʨʥʽʭ ʚʫʟʣʠ, ʷʢʽ 

ʙʫʜʫʪʴ ʤʽʩʪʠʪʠ ʦʢʨʝʤʽ ʧʽʜʤʥʦʞʠʥʠ ʥʘʚʯʘʣʴʥʠʭ ʜʘʥʠʭ [13]. 

ʇʨʦʮʝʩ ʜʽʣʝʥʥʷ ʚʫʟʣʽʚ ʟʜʽʡʩʥʶʻʪʴʩʷ ʜʦ ʜʦʩʷʛʥʝʥʥʷ ʟʘʜʘʥʦʾ ʢʽʣʴʢʦʩʪʽ ʚʫʟʣʽʚ ʘʙʦ ʜʦ ʜʦʩʷʛʥʝʥʥʷ 

ʧʝʚʥʦʛʦ ʨʽʚʥʷ ʛʣʠʙʠʥʠ ʜʝʨʝʚʘ. ʆʮʽʥʦʯʥʘ ʬʫʥʢʮʽʷ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʜʽʣʝʥʥʷ ʚʫʟʣʽʚ, ʙʘʟʫʻʪʴʩʷ ʥʘ 

Gini-ʽʥʜʝʢʩʽ, ʷʢʽ ʦʮʽʥʶʶʪʴ ʥʝʯʠʩʪʦʪʫ ʫ ʚʫʟʣʽ. ʏʠʤ ʤʝʥʰʝ ʥʝʯʠʩʪʦʪʘ ʚʫʟʣʘ, ʪʠʤ ʙʽʣʴʰʝ ʚʚʘʞʘʻʪʴʩʷ ʡʦʛʦ 

ʚʘʛʦʤʠʤ ʜʣʷ ʧʦʜʘʣʴʰʦʛʦ ʜʽʣʝʥʥʷ. 

Gini-ʽʥʜʝʢʩ ʚʠʤʽʨʶʻ ʥʝʚʧʝʚʥʝʥʽʩʪʴ (ʧʦʤʠʣʢʦʚʽʩʪʴ) ʨʦʟʧʦʜʽʣʫ ʢʣʘʩʽʚ ʫ ʚʫʟʣʽ. ɺʠʟʥʘʯʘʻʪʴʩʷ ʬʦʨʤʫʣʦʶ 
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(1) 

ʜʝ  n - ʢʽʣʴʢʽʩʪʴ ʢʣʘʩʽʚ ʘʙʦ ʢʘʪʝʛʦʨʽʡ ʫ ʥʘʙʦʨʽ ʜʘʥʠʭ, pi - ʡʤʦʚʽʨʥʽʩʪʴ ʥʘʣʝʞʥʦʩʪʽ ʜʦ ʢʣʘʩʫ i. 

ɼʝʨʝʚʦ ʨʽʰʝʥʴ ʥʘʚʯʘʻʪʴʩʷ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʝʪʦʜʫ ʥʘʚʯʘʥʥʷ ʟ ʫʯʠʪʝʣʝʤ, ʱʦ ʧʝʨʝʜʙʘʯʘʻ ʥʘʷʚʥʽʩʪʴ 

ʢʣʘʩʠʬʽʢʦʚʘʥʦʛʦ ʥʘʙʦʨʫ ʧʨʠʢʣʘʜʽʚ ʫ ʥʘʚʯʘʣʴʥʽʡ ʪʘ ʪʝʩʪʦʚʽʡ ʚʠʙʽʨʢʘʭ. ɸʣʛʦʨʠʪʤ CART ʚʠʢʦʨʠʩʪʦʚʫʻ 

ʦʮʽʥʦʯʥʫ ʬʫʥʢʮʽʶ, ʷʢʘ ʙʘʟʫʻʪʴʩʷ ʥʘ ʽʥʪʫʾʪʠʚʥʽʡ ʽʜʝʾ ʧʨʦ ʟʤʝʥʰʝʥʥʷ ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ ʫ ʚʫʟʣʽ. 

ɸʣʛʦʨʠʪʤ CART ʙʘʟʫʻʪʴʩʷ ʥʘ ʨʝʢʫʨʩʠʚʥʦʤʫ ʧʨʦʮʝʩʽ ʨʦʟʜʽʣʝʥʥʷ ʥʘʙʦʨʫ ʜʘʥʠʭ ʥʘ ʜʚʽ ʯʘʩʪʠʥʠ 

ʚʽʜʥʦʩʥʦ ʦʜʥʽʻʾ ʟʤʽʥʥʦʾ, ʱʦ ʤʘʢʩʠʤʘʣʴʥʦ ʧʦʢʨʘʱʫʻ ʷʢʽʩʪʴ ʤʦʜʝʣʽ. ʇʦʪʽʤ ʮʝʡ ʧʨʦʮʝʩ ʧʦʚʪʦʨʶʻʪʴʩʷ ʜʣʷ 

ʢʦʞʥʦʾ ʟ ʥʦʚʠʭ ʯʘʩʪʠʥ ʜʦ ʪʦʛʦ ʤʦʤʝʥʪʫ, ʧʦʢʠ ʥʝ ʙʫʜʫʪʴ ʜʦʩʷʛʥʫʪʽ ʢʨʠʪʝʨʽʾ ʟʫʧʠʥʢʠ. ʋ ʚʠʧʘʜʢʫ ʟʘʜʘʯʽ 

ʢʣʘʩʠʬʽʢʘʮʽʾ, CART ʙʫʜʫʻ ʜʝʨʝʚʦ, ʱʦ ʤʽʩʪʠʪʴ ʧʨʘʚʠʣʘ ʜʣʷ ʧʨʠʡʥʷʪʪʷ ʨʽʰʝʥʴ, ʷʢʽ ʜʦʧʦʤʘʛʘʶʪʴ 

ʢʣʘʩʠʬʽʢʫʚʘʪʠ ʦʙ'ʻʢʪʠ. ʋ ʚʠʧʘʜʢʫ ʟʘʜʘʯʽ ʨʝʛʨʝʩʽʾ, CART ʙʫʜʫʻ ʜʝʨʝʚʦ, ʱʦ ʤʽʩʪʠʪʴ ʧʨʘʚʠʣʘ ʜʣʷ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʟʥʘʯʝʥʥʷ ʮʽʣʴʦʚʦʾ ʟʤʽʥʥʦʾ [12, 14]. 

ʆʩʥʦʚʥʦʶ ʧʝʨʝʚʘʛʦʶ ʘʣʛʦʨʠʪʤʫ CART ʻ ʡʦʛʦ ʧʨʦʩʪʦʪʘ ʪʘ ʟʨʦʟʫʤʽʣʽʩʪʴ. ʇʦʙʫʜʦʚʘʥʝ ʜʝʨʝʚʦ ʤʽʩʪʠʪʴ 

ʧʨʘʚʠʣʘ, ʷʢʽ ʻ ʽʥʪʝʨʧʨʝʪʦʚʘʥʠʤʠ ʪʘ ʟʨʦʟʫʤʽʣʠʤʠ ʜʣʷ ʣʶʜʝʡ, ʱʦ ʜʦʟʚʦʣʷʻ ʣʝʛʢʦ ʧʦʷʩʥʠʪʠ ʨʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʽ. 

ʂʨʽʤ ʪʦʛʦ, CART ʤʦʞʝ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʜʣʷ ʨʦʟʚ'ʷʟʘʥʥʷ ʟʘʜʘʯ ʢʣʘʩʠʬʽʢʘʮʽʾ ʪʘ ʨʝʛʨʝʩʽʾ, ʱʦ ʨʦʙʠʪʴ ʡʦʛʦ 

ʫʥʽʚʝʨʩʘʣʴʥʠʤ ʽʥʩʪʨʫʤʝʥʪʦʤ. ʊʘʢʦʞ, CART ʤʦʞʝ ʙʫʪʠ ʝʬʝʢʪʠʚʥʠʤ ʜʣʷ ʥʘʙʦʨʽʚ ʜʘʥʠʭ ʟ ʙʘʛʘʪʴʤʘ ʟʤʽʥʥʠʤʠ, 

ʦʩʢʽʣʴʢʠ ʚʽʥ ʚʠʢʦʨʠʩʪʦʚʫʻ ʨʝʢʫʨʩʠʚʥʠʡ ʧʨʦʮʝʩ ʨʦʟʜʽʣʝʥʥʷ, ʱʦ ʜʦʟʚʦʣʷʻ ʧʽʜʽʙʨʘʪʠ ʦʧʪʠʤʘʣʴʥʽ ʟʤʽʥʥʽ ʪʘ ʾʭ 

ʟʥʘʯʝʥʥʷ ʜʣʷ ʨʦʟʜʽʣʝʥʥʷ. ʆʜʥʽʻʶ ʟ ʧʝʨʝʚʘʛ ʘʣʛʦʨʠʪʤʫ CART ʻ ʪʝ, ʱʦ ʚʽʥ ʥʝ ʻ ʩʪʘʪʠʩʪʠʯʥʠʤ, ʪʦʤʫ ʥʝ 

ʧʦʪʨʝʙʫʻ ʦʙʯʠʩʣʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʽʤʦʚʽʨʥʽʩʥʠʭ ʨʦʟʧʦʜʽʣʽʚ. ʎʝ ʜʦʟʚʦʣʷʻ ʫʥʠʢʥʫʪʠ ʙʘʛʘʪʴʦʭ ʧʨʦʙʣʝʤ, 

ʧʦʚ'ʷʟʘʥʠʭ ʟʽ ʩʪʘʪʠʩʪʠʯʥʦʶ ʤʦʜʝʣʣʶ, ʥʘʧʨʠʢʣʘʜ, ʥʝʦʙʭʽʜʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ ʜʘʥʠʭ ʜʣʷ 

ʦʪʨʠʤʘʥʥʷ ʪʦʯʥʠʭ ʦʮʽʥʦʢ ʧʘʨʘʤʝʪʨʽʚ. ʑʝ ʦʜʥʽʻʶ ʧʝʨʝʚʘʛʦʶ ʘʣʛʦʨʠʪʤʫ ʻ ʪʝ, ʱʦ ʘʪʨʠʙʫʪʠ ʨʦʟʙʠʪʪʷ 

ʚʠʙʠʨʘʶʪʴʩʷ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚ ʧʨʦʮʝʩʽ ʧʦʙʫʜʦʚʠ ʜʝʨʝʚʘ, ʪʦʤʫ ʥʝ ʧʦʪʨʽʙʥʦ ʧʨʦʚʦʜʠʪʠ ʧʨʦʮʝʜʫʨʫ ʚʽʜʙʦʨʫ 

ʟʤʽʥʥʠʭ ʜʣʷ ʤʦʜʝʣʽ. ʎʝ ʜʦʟʚʦʣʷʻ ʟʤʝʥʰʠʪʠ ʯʘʩ ʪʘ ʟʫʩʠʣʣʷ, ʥʝʦʙʭʽʜʥʽ ʜʣʷ ʧʦʙʫʜʦʚʠ ʤʦʜʝʣʽ, ʽ ʟʥʠʟʠʪʠ ʨʠʟʠʢ 

ʧʝʨʝʥʘʚʯʘʥʥʷ. ɺʘʞʣʠʚʦʶ ʧʝʨʝʚʘʛʦʶ ʻ ʪʝ, ʱʦ CART ʻ ʩʪʽʡʢʠʤ ʜʦ ʚʠʢʠʜʽʚ ʪʘ ʘʥʦʤʘʣʴʥʠʭ ʟʥʘʯʝʥʴ. ʎʝ 

ʜʦʟʚʦʣʷʻ ʚʨʘʭʦʚʫʚʘʪʠ ʚʠʢʠʜʠ ʪʘ ʘʥʦʤʘʣʽʾ, ʱʦ ʯʘʩʪʦ ʟʫʩʪʨʽʯʘʶʪʴʩʷ ʚ ʨʝʘʣʴʥʠʭ ʜʘʥʠʭ, ʙʝʟ ʚʪʨʘʪʠ ʪʦʯʥʦʩʪʽ 

ʤʦʜʝʣʽ. ʊʘʢʦʞ ʜʦ ʦʩʥʦʚʥʠʭ ʧʝʨʝʚʘʛ ʥʘʣʝʞʠʪʴ ʚʠʩʦʢʘ ʰʚʠʜʢʽʩʪʴ ʨʦʙʦʪʠ ʘʣʛʦʨʠʪʤʫ CART [13, 15]. 

ʅʝʜʦʣʽʢʘʤʠ ʘʣʛʦʨʠʪʤʫ CART ʻ ʪʝ, ʱʦ ʚʽʥ ʤʦʞʝ ʙʫʪʠ ʥʝʝʬʝʢʪʠʚʥʠʤ ʜʣʷ ʚʝʣʠʢʠʭ ʥʘʙʦʨʽʚ ʜʘʥʠʭ, 

ʦʩʢʽʣʴʢʠ ʧʨʦʮʝʩ ʧʦʙʫʜʦʚʠ ʜʝʨʝʚʘ ʤʦʞʝ ʩʪʘʪʠ ʜʫʞʝ ʩʢʣʘʜʥʠʤ ʪʘ ʪʨʠʚʘʣʠʤ. ʂʨʽʤ ʪʦʛʦ, ʷʢʱʦ ʚʭʽʜʥʽ ʜʘʥʽ 

ʤʽʩʪʷʪʴ ʧʦʤʠʣʢʠ ʯʠ ʥʝʪʦʯʥʦʩʪʽ, ʮʝ ʤʦʞʝ ʧʨʠʟʚʝʩʪʠ ʜʦ ʥʝʧʨʘʚʠʣʴʥʦʾ ʧʦʙʫʜʦʚʠ ʜʝʨʝʚʘ. 

ɼʣʷ ʥʘʚʯʘʥʥʷ ʤʦʜʝʣʽ ʙʫʚ ʦʙʨʘʥʠʡ ʥʘʙʽʨ ʜʘʥʠʭ Facebook Ads Conversion Prediction [14]. ɺʽʥ ʤʽʩʪʠʪʴ 

ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʢʽʣʴʢʽʩʪʴ ʢʣʽʢʽʚ, ʚʽʜʛʫʢʽʚ, ʚʠʪʨʘʪ ʥʘ ʨʝʢʣʘʤʫ, ʪʠʧʠ ʨʝʢʣʘʤʥʠʭ ʦʛʦʣʦʰʝʥʴ ʪʘ ʽʥʰʽ ʬʘʢʪʦʨʠ, 

ʷʢʽ ʤʦʞʫʪʴ ʚʧʣʠʚʘʪʠ ʥʘ ʢʦʥʚʝʨʩʽʶ (ʧʝʨʝʪʚʦʨʝʥʥʷ ʢʣʽʢʽʚ ʚ ʧʦʢʫʧʢʠ ʘʙʦ ʨʝʻʩʪʨʘʮʽʾ) ʨʝʢʣʘʤʥʦʾ ʢʘʤʧʘʥʽʾ. ʷʢʽ 

ʙʫʣʠ ʟʘʧʫʱʝʥʽ ʥʘ Facebook. ʅʘʙʽʨ ʜʘʥʠʭ ʩʢʣʘʜʘʻʪʴʩʷ ʟ 1143 ʟʘʧʠʩʽʚ ʪʘ 11 ʘʪʨʠʙʫʪʽʚ. 

ɼʞʝʨʝʣʦʤ ʜʘʥʠʭ ʻ ʧʣʘʪʬʦʨʤʘ Kaggle, ʷʢʘ ʥʘʜʘʻ ʜʦʩʪʫʧ ʜʦ ʨʽʟʥʦʤʘʥʽʪʥʠʭ ʥʘʙʦʨʽʚ ʜʘʥʠʭ ʜʣʷ ʘʥʘʣʽʟʫ 

ʪʘ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ. ʅʘʙʽʨ ʜʘʥʠʭ ʙʫʚ ʟʽʙʨʘʥʠʡ ʰʣʷʭʦʤ ʤʦʥʽʪʦʨʠʥʛʫ ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ ʥʘ Facebook ʪʘ 

ʾʭ ʨʝʟʫʣʴʪʘʪʠʚʥʦʩʪʽ ʟʘ ʧʝʨʽʦʜ ʟ ʙʝʨʝʟʥʷ 2017 ʨʦʢʫ ʧʦ ʣʠʧʝʥʴ 2017 ʨʦʢʫ. ɼʘʥʽ ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʟ ʨʽʟʥʠʭ ʜʞʝʨʝʣ, 

ʪʘʢʠʭ ʷʢ ʨʝʢʣʘʤʥʽ ʟʚʽʪʠ, ʩʪʦʨʽʥʢʠ ʥʘ Facebook ʪʘ ʽʥʰʽ. 

ʊʠʧ ʜʘʥʠʭ ʫ ʥʘʙʦʨʽ ʚ ʦʩʥʦʚʥʦʤʫ ʻ ʯʠʩʣʦʚʠʤ, ʦʢʨʽʤ ʧʦʣʽʚ age, gender ʪʘ interest, ʷʢʽ ʻ 

ʢʘʪʝʛʦʨʽʘʣʴʥʠʤʠ. ʆʙʩʷʛ ʥʘʙʦʨʫ ʜʘʥʠʭ ʩʢʣʘʜʘʻ 1143 ʟʘʧʠʩʠ, ʱʦ ʜʦʟʚʦʣʷʻ ʧʨʦʚʝʩʪʠ ʜʦʩʪʘʪʥʴʦ ʜʦʩʣʽʜʞʝʥʴ ʪʘ 

ʨʝʘʣʽʟʫʚʘʪʠ ʘʣʛʦʨʠʪʤ CART. 

ʅʝʭʘʡ ʤʘʻʤʦ ʥʘʙʽʨ ʜʘʥʠʭ, ʷʢʠʡ ʩʢʣʘʜʘʻʪʴʩʷ ʟ N ʩʧʦʩʪʝʨʝʞʝʥʴ (ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ). ʂʦʞʥʝ 

ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚʝʢʪʦʨʦʤ ʦʟʥʘʢ (ʟʤʽʥʥʠʭ), ʷʢʠʡ ʤʽʩʪʠʪʴ ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʨʝʢʣʘʤʥʫ ʢʘʤʧʘʥʽʶ. 

ʅʝʭʘʡ ʢʦʞʥʝ ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʤʘʻ ʪʘʢʦʞ ʘʩʦʮʽʡʦʚʘʥʝ ʟʥʘʯʝʥʥʷ ʮʽʣʴʦʚʦʾ ʟʤʽʥʥʦʾ, ʱʦ ʚʽʜʦʙʨʘʞʘʻ ʝʬʝʢʪʠʚʥʽʩʪʴ 

ʢʘʤʧʘʥʽʾ (ʥʘʧʨʠʢʣʘʜ, ʢʽʣʴʢʽʩʪʴ ʧʨʦʜʘʞʽʚ ʘʙʦ ʢʣʽʢʽʚ ʥʘ ʨʝʢʣʘʤʫ). 

ʇʦʪʨʽʙʥʦ ʧʦʙʫʜʫʚʘʪʠ ʤʦʜʝʣʴ CART ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʮʽʣʴʦʚʦʾ ʟʤʽʥʥʦʾ ʥʘ ʦʩʥʦʚʽ ʚʭʽʜʥʠʭ ʦʟʥʘʢ 

ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ. ɼʝʨʝʚʦ ʨʽʰʝʥʴ ʙʫʜʝ ʧʦʙʫʜʦʚʘʥʝ ʰʣʷʭʦʤ ʨʝʢʫʨʩʠʚʥʦʛʦ ʨʦʟʙʠʪʪʷ ʥʘʙʦʨʫ ʜʘʥʠʭ ʥʘ ʤʝʥʰʽ 

ʧʽʜʤʥʦʞʠʥʠ, ʟʘʩʥʦʚʘʥʽ ʥʘ ʨʽʟʥʠʭ ʘʪʨʠʙʫʪʘʭ (ʦʟʥʘʢʘʭ) ʽ ʾʭ ʟʥʘʯʝʥʥʷʭ 

ʂʨʠʪʝʨʽʷ ʨʦʟʙʠʪʪʷ (ʽʥʜʝʢʩ ɼʞʠʥʽ) ʙʫʜʝ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʷʢʦʩʪʽ ʨʦʟʙʠʪʪʷ ʥʘ 

ʢʦʞʥʦʤʫ ʢʨʦʮʽ. ʎʷ ʢʨʠʪʝʨʽʷ ʚʠʤʽʨʶʻ ʩʪʫʧʽʥʴ ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ ʮʽʣʴʦʚʦʾ ʟʤʽʥʥʦʾ ʫ ʧʽʜʤʥʦʞʠʥʘʭ ʜʘʥʠʭ ʧʽʩʣʷ 

ʨʦʟʙʠʪʪʷ. 

ʇʽʩʣʷ ʧʦʙʫʜʦʚʠ ʜʝʨʝʚʘ ʨʽʰʝʥʴ ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʡʦʛʦ ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʮʽʣʴʦʚʦʾ ʟʤʽʥʥʦʾ ʜʣʷ 

ʥʦʚʠʭ ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ, ʚʚʦʜʷʯʠ ʾʭ ʟʥʘʯʝʥʥʷ ʦʟʥʘʢ ʫ ʜʝʨʝʚʦ. ʆʪʨʠʤʘʥʝ ʧʨʦʛʥʦʟʦʚʘʥʝ ʟʥʘʯʝʥʥʷ ʤʦʞʝ ʙʫʪʠ 

ʚʠʢʦʨʠʩʪʘʥʝ ʜʣʷ ʦʮʽʥʢʠ ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ. 

ʇʝʨʝʜ ʧʦʯʘʪʢʦʤ ʨʦʙʦʪʠ, ʥʝʦʙʭʽʜʥʦ ʧʽʜʛʦʪʫʚʘʪʠ ʜʘʥʽ ʪʘ ʦʯʠʩʪʠʪʠ ʚʽʜ ʥʝʧʦʪʨʽʙʥʦʾ ʽʥʬʦʨʤʘʮʽʾ ʪʘ 

ʥʝʜʦʩʪʦʚʽʨʥʠʭ ʟʘʧʠʩʽʚ [15]. ɼʣʷ ʮʴʦʛʦ ʙʫʜʫʪʴ ʚʠʢʦʨʠʩʪʘʥʽ ʥʘʩʪʫʧʥʽ ʤʝʪʦʜʠ ʦʙʨʦʙʢʠ ʜʘʥʠʭ: 

- ʚʠʜʘʣʝʥʥʷ ʜʫʙʣʽʢʘʪʽʚ: ʧʝʨʝʚʽʨʢʘ ʥʘ ʥʘʷʚʥʽʩʪʴ ʧʦʚʪʦʨʶʚʘʥʠʭ ʟʘʧʠʩʽʚ ʪʘ ʚʠʜʘʣʝʥʥʷ ʾʭ. 

- ʦʙʨʽʟʢʘ ʥʘʜʣʠʰʢʦʚʦʾ ʽʥʬʦʨʤʘʮʽʾ: ʚʠʜʘʣʝʥʥʷ ʟʘʡʚʠʭ ʢʦʣʦʥʦʢ, ʷʢʽ ʥʝ ʥʝʩʫʪʴ ʢʦʨʠʩʥʦʾ ʽʥʬʦʨʤʘʮʽʾ 

ʜʣʷ ʘʥʘʣʽʟʫ. 

- ʦʙʨʦʙʢʘ ʧʨʦʧʫʱʝʥʠʭ ʟʥʘʯʝʥʴ: ʘʥʘʣʽʟ ʧʨʦʧʫʱʝʥʠʭ ʟʥʘʯʝʥʴ ʪʘ ʾʭ ʟʘʤʽʥʘ, ʷʢʱʦ ʮʝ ʥʝʦʙʭʽʜʥʦ. 

- ʢʦʜʫʚʘʥʥʷ ʢʘʪʝʛʦʨʽʘʣʴʥʠʭ ʦʟʥʘʢ: ʢʦʥʚʝʨʪʘʮʽʷ ʪʝʢʩʪʦʚʠʭ ʜʘʥʠʭ ʚ ʯʠʩʣʦʚʽ, ʷʢʱʦ ʮʝ ʧʦʪʨʽʙʥʦ ʜʣʷ 

ʧʦʜʘʣʴʰʦʛʦ ʘʥʘʣʽʟʫ. 

- ɺʠʜʘʣʝʥʥʷ ʘʥʦʤʘʣʴʥʠʭ ʟʥʘʯʝʥʴ: ʘʥʘʣʽʟ ʚʠʢʠʜʽʚ ʪʘ ʚʠʜʘʣʝʥʥʷ ʘʥʦʤʘʣʴʥʠʭ ʟʥʘʯʝʥʴ, ʷʢʽ ʤʦʞʫʪʴ 
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ʩʧʦʪʚʦʨʶʚʘʪʠ ʨʝʟʫʣʴʪʘʪʠ ʘʥʘʣʽʟʫ. 

- ʜʦʜʘʚʘʥʥʷ ʥʦʚʠʭ ʦʟʥʘʢ: ʜʦʜʘʚʘʥʥʷ ʥʦʚʠʭ ʦʟʥʘʢ ʜʦ ʜʘʥʠʭ, ʱʦʙ ʧʦʢʨʘʱʠʪʠ ʾʭʥʽʡ ʘʥʘʣʽʟ. 

- ʨʦʟʜʽʣʝʥʥʷ ʜʘʥʠʭ ʥʘ ʪʨʝʥʫʚʘʣʴʥʠʡ ʪʘ ʪʝʩʪʦʚʠʡ ʥʘʙʦʨʠ: ʧʦʜʽʣ ʜʘʥʠʭ ʥʘ ʜʚʽ ʯʘʩʪʠʥʠ ʜʣʷ 

ʪʨʝʥʫʚʘʥʥʷ ʪʘ ʧʝʨʝʚʽʨʢʠ ʤʦʜʝʣʽ ʥʘ ʥʦʚʠʭ ʜʘʥʠʭ. 

ʇʽʩʣʷ ʦʙʨʦʙʢʠ ʜʘʥʠʭ ʤʦʞʥʘ ʙʫʜʝ ʧʝʨʝʭʦʜʠʪʠ ʜʦ ʝʪʘʧʫ ʤʦʜʝʣʶʚʘʥʥʷ ʪʘ ʘʥʘʣʽʟʫ. 

ɼʣʷ ʧʨʦʚʝʜʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʽʚ, ʙʫʜʝ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʴ ʩʝʨʝʜʦʚʠʱʝ ʚʠʢʦʥʘʥʥʷ Google Colaboratory 

ʽ ʤʦʚʘ ʧʨʦʛʨʘʤʫʚʘʥʥʷ Python. 

ʇʝʨʰ ʟʘ ʚʩʝ, ʧʦʪʨʽʙʥʦ ʟʘʚʘʥʪʘʞʠʪʠ ʥʘʙʽʨ ʜʘʥʠʭ. ɼʣʷ ʮʴʦʛʦ ʚʠʢʦʨʠʩʪʘʻʤʦ ʙʽʙʣʽʦʪʝʢʫ pandas [17]. 

ʇʝʨʝʚʽʨʠʤʦ ʥʘʷʚʥʽʩʪʴ ʧʦʚʪʦʨʶʚʘʥʠʭ ʟʘʧʠʩʽʚ ʪʘ ʚʠʜʘʣʠʤʦ, ʷʢʱʦ ʪʘʢʽ ʽʩʥʫʶʪʴ (ʨʠʩ. 2). 

 

 
ʈʠʩ. 2. ʂʽʣʴʢʽʩʪʴ ʫʥʽʢʘʣʴʥʠʭ ʟʘʧʠʩʽʚ ʫ ʥʘʙʦʨʽ ʜʘʥʠʭ 

 

ɹʘʯʠʤʦ ʟ ʨʠʩʫʥʢʘ 2 , ʱʦ ʚʠʢʦʨʠʩʪʘʣʠ ʤʝʪʦʜ nunique ʜʣʷ ʟʥʘʭʦʜʞʝʥʥʷ ʢʽʣʴʢʽʩʪʴ ʫʥʽʢʘʣʴʥʠʭ ʟʘʧʠʩʽʚ, 

ʚʦʥʘ ʜʦʨʽʚʥʶʻ ʢʽʣʴʢʦʩʪʽ ʚʩʽʭ ʟʘʧʠʩʽʚ, ʘ ʦʪʞʝ, ʥʝʤʘ ʧʦʚʪʦʨʶʚʘʥʠʭ ʜʘʥʠʭ. 

ɼʘʣʽ ʧʝʨʝʚʽʨʠʤʦ ʥʘʷʚʥʽʩʪʴ ʧʨʦʧʫʱʝʥʠʭ ʟʥʘʯʝʥʴ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʝʪʦʜʫ isnull (ʨʠʩ. 3ʘ): 

 

  
ʘ) ʙ) 

ʈʠʩ. 3. ʘ) ʂʽʣʴʢʽʩʪʴ ʧʨʦʧʫʱʝʥʠʭ ʟʥʘʯʝʥʴ ʜʣʷ ʢʦʞʥʦʛʦ ʩʪʦʚʧʮʷ; ʙ) ʉʧʠʩʦʢ ʢʦʣʦʥʦʢ ʽ ʾʭ ʪʠʧʽʚ ʜʘʥʠʭ 

 

ɯʟ ʚʠʚʦʜʫ ʥʘ ʨʠʩʫʥʢʫ 3ʘ ʚʠʜʥʦ, ʱʦ ʧʨʦʧʫʱʝʥʠʭ ʟʥʘʯʝʥʴ ʥʝʤʘʻ, ʪʦʤʫ ʝʪʘʧ ʘʥʘʣʽʟʫ ʧʨʦʧʫʱʝʥʠʭ 

ʟʥʘʯʝʥʴ ʪʘ ʾʭ ʟʘʤʽʥʫ ʤʦʞʥʘ ʧʨʦʧʫʩʪʠʪʠ. 

ʅʘʩʪʫʧʥʠʭ ʢʨʦʢʦʤ ʙʫʜʝ ʧʝʨʝʚʽʨʢʘ ʪʠʧʽʚ ʜʘʥʠʭ ʪʘ ʧʝʨʝʪʚʦʨʝʥʥʷ ʾʭ ʫ ʥʝʦʙʭʽʜʥʠʡ ʬʦʨʤʘʪ, ʟʘʩʪʦʩʫʻʤʦ 

ʤʝʪʦʜ info ʜʣʷ ʚʽʜʦʙʨʘʞʝʥʥʷ ʟʘʛʘʣʴʥʦʾ ʽʥʬʦʨʤʘʮʽʾ (ʨʠʩ. 3ʙ). ɹʘʯʠʤʦ ʟ ʨʠʩʫʥʢʘ 3ʙ, ʱʦ ʪʽʣʴʢʠ age ʽ gender 

ʢʦʣʦʥʢʠ ʤʘʶʪʴ ʪʠʧ object, ʢʦʣʦʥʢʘ spent ï float ʽ ʨʝʰʪʘ ï int. 

ʉʪʚʦʨʠʤʦ ʥʦʚʫ ʟʤʽʥʥʫ ʜʣʷ ʧʦʟʥʘʯʝʥʥʷ ʫʩʧʽʰʥʦʩʪʽ ʨʝʢʣʘʤʥʦʾ ʢʘʤʧʘʥʽʾ ʥʘ ʦʩʥʦʚʽ ʢʽʣʴʢʦʩʪʽ ʧʦʢʫʧʦʢ. 

 

 
 

ʈʠʩ. 4. ɸʥʦʤʘʣʽʾ ʚ ʜʘʥʠʭ 

 

ʇʽʩʣʷ ʮʴʦʛʦ ʚʠʚʯʠʤʦ ʘʥʦʤʘʣʽʾ. ɸʥʦʤʘʣʽʾ ʚ ʜʘʥʠʭ ʻ ʟʥʘʯʝʥʥʷʤʠ, ʷʢʽ ʩʫʪʪʻʚʦ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʚʽʜ 

ʦʯʽʢʫʚʘʥʦʛʦ ʰʘʙʣʦʥʫ ʘʙʦ ʥʦʨʤʠ. ɺʦʥʠ ʤʦʞʫʪʴ ʙʫʪʠ ʩʧʨʠʯʠʥʝʥʽ ʧʦʤʠʣʢʘʤʠ ʚʚʦʜʫ, ʚʠʧʘʜʢʦʚʠʤʠ ʚʘʨʽʘʮʽʷʤʠ 

ʘʙʦ ʚʢʘʟʫʚʘʪʠ ʥʘ ʧʨʦʙʣʝʤʠ ʚ ʜʘʥʠʭ ʘʙʦ ʩʘʤʦʤʫ ʧʨʦʮʝʩʽ ʟʙʦʨʫ ʜʘʥʠʭ. ɸʥʦʤʘʣʽʾ ʤʦʞʫʪʴ ʤʘʪʠ ʚʘʞʣʠʚʠʡ ʚʧʣʠʚ 

ʥʘ ʘʥʘʣʽʟ ʪʘ ʤʦʜʝʣʶʚʘʥʥʷ ʜʘʥʠʭ, ʪʦʤʫ ʾʭ ʚʠʷʚʣʝʥʥʷ ʪʘ ʦʙʨʦʙʢʘ ʻ ʚʘʞʣʠʚʠʤʠ ʢʨʦʢʘʤʠ ʫ ʨʦʙʦʪʽ ʟ ʜʘʥʠʤʠ. 

ʇʦʙʫʜʦʚʘ ʷʱʠʢʘ ʟ ʚʫʩʘʤʠ (ʢʦʨʦʙʢʦʚʠʡ ʛʨʘʬʽʢ) ʤʦʞʝ ʙʫʪʠ ʢʦʨʠʩʥʠʤ ʽʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ ʚʠʷʚʣʝʥʥʷ 

ʧʦʪʝʥʮʽʡʥʠʭ ʘʥʦʤʘʣʽʡ ʫ ʜʘʥʠʭ. ɺʽʥ ʥʘʜʘʻ ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʨʦʟʧʦʜʽʣ ʟʥʘʯʝʥʴ ʫ ʩʪʦʚʧʮʽ ʜʘʥʠʭ, ʚʢʣʶʯʘʶʯʠ 

ʤʝʜʽʘʥʫ, ʢʚʘʨʪʠʣʽ, ʤʝʞʽ ʚʫʩʽʚ ʪʘ ʧʦʪʝʥʮʽʡʥʽ ʚʠʢʠʜʠ. ʅʠʞʥʷ ʤʝʞʘ ʷʱʠʢʘ ʚʽʜʧʦʚʽʜʘʻ 25-ʤʫ ʢʚʘʨʪʠʣʶ (Q1), 

ʚʝʨʭʥʷ ʤʝʞʘ 75-ʤʫ ʢʚʘʨʪʠʣʶ (Q3), ʘ ʣʽʥʽʷ ʚ ʩʝʨʝʜʠʥʽ ʷʱʠʢʘ - ʤʝʜʽʘʥʽ. ɺʫʩʠ ʷʱʠʢʘ ʤʦʞʫʪʴ ʚʢʘʟʫʚʘʪʠ ʥʘ 

ʨʦʟʢʠʜ ʟʥʘʯʝʥʴ ʫ ʜʘʥʠʭ, ʘ ʪʘʢʦʞ ʧʦʢʘʟʫʚʘʪʠ ʤʦʞʣʠʚʽ ʚʠʢʠʜʠ, ʱʦ ʚʠʭʦʜʷʪʴ ʟʘ ʤʝʞʽ ʨʦʟʧʦʜʽʣʫ. ɸʥʦʤʘʣʽʾ 
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ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʷʚʣʝʥʽ ʷʢ ʦʢʨʝʤʽ ʟʥʘʯʝʥʥʷ, ʱʦ ʚʠʭʦʜʷʪʴ ʟʘ ʤʝʞʽ ʚʫʩʽʚ (ʚʠʢʠʜʠ), ʘʙʦ ʷʢ ʟʥʘʯʝʥʥʷ, ʷʢʽ 

ʟʥʘʭʦʜʷʪʴʩʷ ʜʘʣʝʢʦ ʚʽʜ ʷʱʠʢʘ ʪʘ ʚʫʩʽʚ. 

ʗʢ ʚʠʜʥʦ ʟ ʨʠʩʫʥʢʫ 4, ʧʨʠʩʫʪʥʽ ʘʥʦʤʘʣʴʥʽ ʟʥʘʯʝʥʥʷ ʫ Impressions ʽ Spent (ʟʥʘʭʦʜʷʪʴʩʷ ʜʘʣʝʢʦ ʚʽʜ 

ʷʱʠʢʘ ʪʘ ʚʫʩʽʚ). ʇʦʟʙʘʚʠʤʦ ʜʘʥʽ ʚʽʜ ʘʥʦʤʘʣʽʡ. ɺʽʜʩʽʢʘʥʥʷ ʩʪʘʥʦʚʠʪʴ > 2 000 000 ʜʣʷ Impressions ʽ > 500 ʜʣʷ 

Spent (ʚ ʨʝʟʫʣʴʪʘʪʽ 5 ʨʷʜʢʽʚ ʙʫʣʦ ʚʠʜʘʣʝʥʦ). 

ʇʨʦʘʥʘʣʽʟʫʻʤʦ ʚʟʘʻʤʦʟʚôʷʟʢʠ ʤʽʞ ʜʘʥʠʤʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʘʪʨʠʮʽ ʢʦʨʝʣʷʮʽʡ. ʂʦʝʬʽʮʽʻʥʪ ʢʦʨʝʣʷʮʽʾ 

ʚʠʤʽʨʶʻ ʩʪʫʧʽʥʴ ʣʽʥʽʡʥʦʾ ʟʘʣʝʞʥʦʩʪʽ ʤʽʞ ʜʚʦʤʘ ʟʤʽʥʥʠʤʠ ʽ ʧʨʠʡʤʘʻ ʟʥʘʯʝʥʥʷ ʚ ʜʽʘʧʘʟʦʥʽ ʚʽʜ -1 ʜʦ 1. 

ʄʘʪʨʠʮʷ ʢʦʨʝʣʷʮʽʾ ʦʙʯʠʩʣʶʻʪʴʩʷ ʪʘʢʠʤ ʯʠʥʦʤ [16] (ʌʦʨʤʫʣʘ 2): 

 

 

 

(2) 

ʜʝ  r♯  - ʢʦʝʬʽʮʽʻʥʪ ʢʦʨʝʣʷʮʽʾ ʤʽʞ ʟʤʽʥʥʠʤʠ X♯ ʽ X,  

cov(X♯, X ) - ʢʦʚʘʨʽʘʮʽʷ ʤʽʞ X♯ ʽ X, 

ů♯ - ʩʪʘʥʜʘʨʪʥʝ ʚʽʜʭʠʣʝʥʥʷ ʟʤʽʥʥʦʾ X♯, ů  - ʩʪʘʥʜʘʨʪʥʝ ʚʽʜʭʠʣʝʥʥʷ ʟʤʽʥʥʦʾ X  Xe - ʩʝʨʝʜʥʻ ʟʥʘʯʝʥʥʷ 

ʟʤʽʥʥʦʾ X, 

X♯ - ʟʥʘʯʝʥʥʷ ʟʤʽʥʥʦʾ X, 

n - ʢʽʣʴʢʽʩʪʴ ʩʧʦʩʪʝʨʝʞʝʥʴ. 

ʆʙʯʠʩʣʠʤʦ ʤʘʪʨʠʮʶ ʢʦʨʝʣʷʮʽʡ (ʨʠʩ. 5) ʤʽʞ ʟʤʽʥʥʠʤʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʬʫʥʢʮʽʾ corr ʟ ʙʽʙʣʽʦʪʝʢʠ pandas 

ʽ ʟʦʙʨʘʟʠʤʦ ʫ ʚʠʛʣʷʜʽ ʪʝʧʣʦʚʦʾ ʢʘʨʪʠ. 

 

 
ʈʠʩ. 5. ʄʘʪʨʠʮʷ ʢʦʨʝʣʷʮʽʡ ʤʽʞ ʟʤʽʥʥʠʤʠ 

 

ʅʘ ʨʠʩʫʥʢʫ 5 ʥʘʡʙʽʣʴʰ ʩʠʣʴʥʘ ʢʦʨʝʣʷʮʽʷ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʤʽʞ ʟʤʽʥʥʠʤʠ "Clicks" ʪʘ "Spent" (0.99), ʱʦ 

ʩʚʽʜʯʠʪʴ ʧʨʦ ʪʝ, ʱʦ ʨʝʢʣʘʤʥʽ ʢʘʤʧʘʥʽʾ, ʷʢʽ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʚʝʣʠʢʠʭ ʚʠʪʨʘʪ, ʟʘʟʚʠʯʘʡ ʯʘʩʪʽʰʝ ʟʘʮʽʢʘʚʣʶʶʪʴ 

ʢʦʨʠʩʪʫʚʘʯʽʚ. 

ɺʽʟʫʘʣʽʟʫʻʤʦ ʟʚ'ʷʟʦʢ ʤʽʞ ʟʤʽʥʥʠʤʠ ʟ ʚʠʩʦʢʦʶ ʢʦʨʝʣʷʮʽʻʶ, ʘ ʩʘʤʝ ʨʦʟʩʽʶʚʘʥʥʷ ʜʣʷ ʪʨʴʦʭ ʟʤʽʥʥʠʭ 

ñClicksò, ñSpentò ʽ ñTotal_Conversionò ʚʽʜʥʦʩʥʦ ʟʤʽʥʥʦʾ ñImpressionsò (ʨʠʩ. 6). 

 

 
ʈʠʩ. 6. ɿʚ'ʷʟʦʢ ʤʽʞ ʟʤʽʥʥʠʤʠ ʟ ʚʠʩʦʢʦʶ ʢʦʨʝʣʷʮʽʻʶ: ʘ) ʟʚôʷʟʦʢ ʤʽʞ "Impression" i "Clicks"; ʙ) ʟʚôʷʟʦʢ ʤʽʞ "Impression" i 

"Spent";  ʚ) ʟʚôʷʟʦʢ ʤʽʞ "Impression" i " Total_Conversion" 

 

ʅʘ ʨʠʩʫʥʢʘʭ 6 ʚʠʜʥʦ, ʱʦ ʘ) ʽ ʙ) ʤʘʶʪʴ ʩʠʣʴʥʠʡ ʧʦʟʠʪʠʚʥʠʡ ʣʽʥʽʡʥʠʡ ʟʚôʷʟʦʢ, ʦʩʢʽʣʴʢʠ ʣʽʥʽʷ 

ʟʥʘʭʦʜʠʪʴʩʷ ʤʘʡʞʝ ʧʽʜ 45 ʛʨʘʜʫʩʽʚ ʽ ʪʦʯʢʠ ʥʝ ʥʘʜʪʦ ʨʦʟʩʽʷʥʽ. ʅʘ ʨʠʩʫʥʢʫ ʚ) ʧʨʠʩʫʪʥʽʡ ʪʘʢʦʞ ʧʦʟʠʪʠʚʥʠʡ 
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ʟʚôʷʟʦʢ, ʘʣʝ ʩʣʘʙʰʠʡ. 

ʇʝʨʝʚʽʨʠʤʦ, ʯʠ ʫʩʧʽʰʥʽʩʪʴ ʨʝʢʣʘʤʥʦʾ ʢʘʤʧʘʥʽʾ ʟʘʣʝʞʠʪʴ ʚʽʜ ʩʪʘʪʽ ʧʦʢʫʧʮʽʚ ʨʠʩ. 7ʘ: 

 

  
ʘ) ʙ) 

ʈʠʩ. 7. ʘ) ʟʚ'ʷʟʦʢ ʤʽʞ ʩʪʘʪʪʶ ʧʦʢʫʧʮʷ ʽ ʢʫʧʽʚʣʝʶ ʧʨʦʜʫʢʪʫ; ʙ) ʟʚ'ʷʟʦʢ ʤʽʞ ʚʽʢʦʤ ʧʦʢʫʧʮʷ ʽ ʢʫʧʽʚʣʝʶ ʧʨʦʜʫʢʪʫ 

 

ʗʢ ʚʠʜʥʦ ʟ ʨʠʩ. 7ʘ, ʯʦʣʦʚʽʢʠ ʟʜʽʡʩʥʠʣʘ ʙʽʣʴʰʝ ʫʩʧʽʰʥʠʭ ʧʦʢʫʧʦʢ, ʪʦʤʫ ʭʦʯʘ ʽ ʥʝ ʥʘʙʘʛʘʪʦ, ʘʣʝ 

ʯʦʣʦʚʽʢʠ ʙʽʣʴʰ ʩʭʠʣʴʥʽ ʜʦ ʧʦʢʫʧʦʢ ʧʽʜ ʚʧʣʠʚʦʤ ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ. ʇʝʨʝʚʽʨʠʤʦ, ʯʠ ʫʩʧʽʰʥʽʩʪʴ ʨʝʢʣʘʤʥʦʾ 

ʢʘʤʧʘʥʽʾ ʟʘʣʝʞʠʪʴ ʚʽʜ ʚʽʢʫ ʧʦʢʫʧʮʽʚ (ʨʠʩ. 7ʙ). ɿ ʨʝʟʫʣʴʪʘʪʫ, ʧʨʝʜʩʪʘʚʣʝʥʦʛʦ ʥʘ ʨʠʩ. 7ʙ, ʚʠʜʥʦ, ʱʦ ʨʝʢʣʘʤʘ 

ʙʽʣʴʰʝ ʚʧʣʠʚʘʻ ʥʘ ʤʦʣʦʜʴ, ʪʦʤʫ ʱʦ ʙʽʣʴʰʽʩʪʴ ʫʩʧʽʰʥʠʭ ʧʦʢʫʧʦʢ ʟʨʦʙʣʝʥʦ ʧʦʢʫʧʮʷʤʠ ʚʽʢʦʤ 30-39. 

ɼʦʜʘʡʤʦ ʥʦʚʽ ʦʟʥʘʢʠ, ʱʦʙ ʧʦʢʨʘʱʠʪʠ ʾʭʥʽʡ ʘʥʘʣʽʟ. ɿʘʤʽʥʠʤʦ ʟʥʘʯʝʥʥʷ ʩʪʦʚʧʮʷ xyz_campaign_id 

ʽʤʝʥʘʤʠ ʨʷʜʢʽʚ (x, y, z). 

ʈʦʟʜʽʣʠʤʦ ʢʽʣʴʢʽʩʪʴ ʧʦʢʫʧʦʢ ʟ ʨʝʢʣʘʤʠ ʥʘ 5 ʢʘʪʝʛʦʨʽʡ ('Amount_Purchased_0','Amount_Purchased_1-

5','Amount_Purchased_5-10', 'Amount_Purchased_10-20', 'Amount_Purchased_20-50') ʪʘ ʢʽʣʴʢʽʩʪʴ ʢʣʽʢʽʚ ʥʘ 5 

ʢʘʪʝʛʦʨʽʡ ('Amount_Clicked_0','Amount_Clicked_1-20', 'Amount_Clicked_20-100', 'Amount_Clicked_100-200', 

'Amount_Clicked_200-400', 'Amount_Clicked_400-600'). ɸ ʪʘʢʦʞ ʧʝʨʝʪʚʦʨʠʤʦ ʢʦʣʦʥʢʫ ñinterestò ʥʘ 

ʢʘʪʝʛʦʨʽʘʣʴʥʫ (ʈʠʩ. 8). 

 

 
ʈʠʩ. 8. ʇʨʠʢʣʘʜ ʜʦʜʘʚʘʥʥʷ ʥʦʚʠʭ ʦʟʥʘʢ "Amount_Purchased" ʽ "'Amount_Clicked" 

 

ʗʢ ʙʘʯʠʤʦ ʥʘ ʨʠʩ. 8, ʜʦʜʘʚʘʥʥʷ ʥʦʚʠʭ ʦʟʥʘʢ ʧʨʦʡʰʣʦ ʫʩʧʽʰʥʦ ʽ ʚʩʽ ʜʘʥʽ ʚʠʚʦʜʷʪʴʩʷ ʢʦʨʝʢʪʥʦ. ʇʝʨʝʜ 

ʩʪʚʦʨʝʥʥʷʤ ʤʦʜʝʣʽ ʟʘ ʜʦʧʦʤʦʛʦʶ sklearn ʙʽʙʣʽʦʪʝʢʠ [18] ʨʦʟʜʽʣʠʤʦ ʜʘʥʽ ʥʘ ʪʨʝʥʫʚʘʣʴʥʠʡ ʪʘ ʪʝʩʪʦʚʠʡ ʥʘʙʦʨʠ, 

ʟ ʷʢʠʭ 80% ʪʨʝʥʫʚʘʣʴʥʠʭ ʜʘʥʠʭ ʽ 20% ʪʝʩʪʦʚʠʭ. 

ɼʘʣʽ ʧʦʪʨʽʙʥʦ ʦʙʨʘʪʠ ʦʧʪʠʤʘʣʴʥʫ ʛʣʠʙʠʥʫ ʜʣʷ ʥʘʚʯʘʥʥʷ ʤʦʜʝʣʽ. ɺʠʙʽʨ 

ʦʧʪʠʤʘʣʴʥʦʾ ʛʣʠʙʠʥʠ ʜʝʨʝʚʘ ʨʽʰʝʥʴ ʻ ʚʠʨʽʰʘʣʴʥʠʤ ʢʨʦʢʦʤ ʫ ʩʪʚʦʨʝʥʥʽ ʪʦʯʥʦʾ ʪʘ 

ʥʘʜʽʡʥʦʾ ʤʦʜʝʣʽ CART. ɿʘʥʘʜʪʦ ʜʨʽʙʥʝ ʜʝʨʝʚʦ ʤʦʞʝ ʥʝʜʦʩʪʘʪʥʴʦ ʚʽʜʧʦʚʽʜʘʪʠ 

ʜʘʥʠʤ, ʪʦʜʽ ʷʢ ʟʘʥʘʜʪʦ ʛʣʠʙʦʢʝ ʜʝʨʝʚʦ ʤʦʞʝ ʧʝʨʝʧʦʚʥʶʚʘʪʠ ʜʘʥʽ. ʆʜʥʠʤ ʽʟ 

ʩʧʦʩʦʙʽʚ ʚʠʟʥʘʯʝʥʥʷ ʦʧʪʠʤʘʣʴʥʦʾ ʛʣʠʙʠʥʠ ʜʝʨʝʚʘ ʨʽʰʝʥʴ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʧʝʨʝʭʨʝʩʥʦʾ ʧʝʨʝʚʽʨʢʠ. ɯʜʝʷ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦʙ ʢʽʣʴʢʘ ʨʘʟʽʚ ʨʦʟʜʽʣʠʪʠ ʜʘʥʽ ʥʘ 

ʥʘʙʦʨʠ ʜʣʷ ʥʘʚʯʘʥʥʷ ʪʘ ʧʝʨʝʚʽʨʢʠ, ʘ ʧʦʪʽʤ ʦʮʽʥʠʪʠ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʤʦʜʝʣʽ ʥʘ 

ʨʽʟʥʠʭ ʨʽʚʥʷʭ ʜʣʷ ʢʦʞʥʦʛʦ ʥʘʙʦʨʫ ʧʝʨʝʚʽʨʢʠ. ʎʝ ʜʦʟʚʦʣʷʻ ʥʘʤ ʦʪʨʠʤʘʪʠ ʦʮʽʥʢʫ 

ʪʦʛʦ, ʥʘʩʢʽʣʴʢʠ ʜʦʙʨʝ ʤʦʜʝʣʴ ʧʨʘʮʶʚʘʪʠʤʝ ʥʘ ʥʝʚʠʜʠʤʠʭ ʜʘʥʠʭ. 

ʅʘ ʨʠʩ. 9 ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʘʣʛʦʨʠʪʤ, ʷʢʠʡ ʜʝʤʦʥʩʪʨʫʻ, ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʧʝʨʝʭʨʝʩʥʦʾ ʧʝʨʝʚʽʨʢʠ ʜʣʷ ʚʠʙʦʨʫ ʦʧʪʠʤʘʣʴʥʦʾ ʛʣʠʙʠʥʠ ʜʝʨʝʚʘ ʨʽʰʝʥʴ: 

ʋ ʥʘʰʦʤʫ ʚʠʧʘʜʢʫ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ GridSearchCV ʜʣʷ ʚʠʢʦʥʘʥʥʷ ʧʦʰʫʢʫ 

ʚ ʜʽʘʧʘʟʦʥʽ ʛʣʠʙʠʥ ʚʽʜ 1 ʜʦ 10. ʆʮʽʥʢʘ F1 ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʷʢ ʤʝʪʨʠʢʘ ʦʮʽʥʢʠ. 

ʇʘʨʘʤʝʪʨ cv ʚʠʟʥʘʯʘʻ ʢʽʣʴʢʽʩʪʴ ʟʛʦʨʪʦʢ ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ ʧʨʦʮʝʩʽ ʧʝʨʝʭʨʝʩʥʦʾ 

ʧʝʨʝʚʽʨʢʠ. ʅʘʡʢʨʘʱʽ ʛʽʧʝʨʧʘʨʘʤʝʪʨʠ ʪʘ ʦʮʽʥʢʘ ʜʨʫʢʫʶʪʴʩʷ ʚ ʢʽʥʮʽ ʢʦʜʫ. 

ʅʘʡʦʧʪʠʤʘʣʴʥʽʰʦʶ ʛʣʠʙʠʥʦʶ ʚʠʷʚʠʣʘʩʴ ʛʣʠʙʠʥʘ 3. ʊʦʤʫ ʩʪʚʦʨʠʤʦ 

ʝʢʟʝʤʧʣʷʨ ʤʦʜʝʣʽ ʘʣʛʦʨʠʪʤʫ CART ʟ ʤʘʢʩʠʤʘʣʴʥʦʶ ʛʣʠʙʠʥʦʶ 3 ʪʘ ʧʨʠʩʪʦʩʫʻʤʦ ʾʾ 

ʜʦ ʥʘʚʯʘʣʴʥʠʭ ʜʘʥʠʭ. ɼʣʷ ʮʴʦʛʦ ʧʦʪʨʽʙʥʦ: 

- ʩʪʚʦʨʠʪʠ ʤʦʜʝʣʴ CART ʽʟ ʤʘʢʩʠʤʘʣʴʥʦʶ ʛʣʠʙʠʥʦʶ 3; 

- ʧʨʠʩʪʦʩʫʚʘʪʠ ʤʦʜʝʣʴ ʜʦ ʥʘʚʯʘʣʴʥʠʭ ʜʘʥʠʭ; 

- ʟʨʦʙʠʪʠ ʧʨʦʛʥʦʟʠ ʥʘ ʦʩʥʦʚʽ ʪʝʩʪʦʚʠʭ ʜʘʥʠʭ. 

ʇʽʩʣʷ ʩʪʚʦʨʝʥʥʷ ʤʦʜʝʣʽ, ʦʙʨʘʭʫʻʤʦ ʾʾ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ. 

ɼʣʷ ʦʮʽʥʢʠ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʤʦʜʝʣʽ ʚʠʢʦʨʠʩʪʘʻʤʦ ʪʘʢʽ ʤʝʪʨʠʢʠ ʷʢ ʪʦʯʥʽʩʪʴ (accuracy), ʚʣʫʯʥʽʩʪʴ 

 
ʈʠʩ. 9. ɸʣʛʦʨʠʪʤ, 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʝʨʝʭʨʝʩʥʦʾ 

ʧʝʨʝʚʽʨʢʠ ʜʣʷ ʚʠʙʦʨʫ 

ʦʧʪʠʤʘʣʴʥʦʾ ʛʣʠʙʠʥʠ 

ʜʝʨʝʚʘ ʨʽʰʝʥʴ 
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(precision), ʧʦʚʥʦʪʫ (recall) ʪʘ F1-ʦʮʽʥʢʫ (F1 score) (ʌʦʨʤʫʣʘ 3). 

accuracy = (TP + TN) / (TP + TN + FP + FN) 

precision = TP / (TP + FP) 

recall = TP / (TP + FN) 

f1_score = 2 * (precision * recall) / (precision + recall) 

(3) 

ʜʝ  TP - ʢʽʣʴʢʽʩʪʴ ʧʨʘʚʠʣʴʥʦ ʧʦʟʠʪʠʚʥʦ ʢʣʘʩʠʬʽʢʦʚʘʥʠʭ ʧʨʠʢʣʘʜʽʚ, TN - ʢʽʣʴʢʽʩʪʴ ʧʨʘʚʠʣʴʥʦ ʥʝʛʘʪʠʚʥʦ 

ʢʣʘʩʠʬʽʢʦʚʘʥʠʭ ʧʨʠʢʣʘʜʽʚ, FP - ʢʽʣʴʢʽʩʪʴ ʥʝʧʨʘʚʠʣʴʥʦ ʧʦʟʠʪʠʚʥʦ ʢʣʘʩʠʬʽʢʦʚʘʥʠʭ ʧʨʠʢʣʘʜʽʚ, FN - ʢʽʣʴʢʽʩʪʴ 

ʥʝʧʨʘʚʠʣʴʥʦ ʥʝʛʘʪʠʚʥʦ ʢʣʘʩʠʬʽʢʦʚʘʥʠʭ ʧʨʠʢʣʘʜʽʚ. 

 

 
ʈʠʩ. 10. ʄʝʪʨʠʢʠ ʪʦʯʥʦʩʪʽ ʤʦʜʝʣʽ 

 

ɿʥʘʯʝʥʥʷ ʤʝʪʨʠʢ accuracy, precision, recall ʪʘ f1_score ʜʦʩʠʪʴ ʚʠʩʦʢʽ, ʱʦ ʦʟʥʘʯʘʻ, ʱʦ ʤʦʜʝʣʴ ʜʫʞʝ 

ʜʦʙʨʝ ʧʝʨʝʜʙʘʯʘʻ ʫʩʧʽʰʥʽʩʪʴ ʨʝʢʣʘʤʥʦʾ ʢʘʤʧʘʥʽʾ. ʇʨʦʪʝ, ʤʦʞʝ ʙʫʪʠ ʧʽʜʦʟʨʘ ʥʘ ʧʝʨʝʥʘʚʯʘʥʥʷ ʤʦʜʝʣʽ, ʪʦʤʫ 

ʧʦʪʨʽʙʥʦ ʧʨʦʚʝʩʪʠ ʢʨʦʩ-ʚʘʣʽʜʘʮʽʶ ʜʣʷ ʧʝʨʝʚʽʨʢʠ ʩʪʽʡʢʦʩʪʽ ʤʦʜʝʣʽ ʥʘ ʥʦʚʠʭ ʜʘʥʠʭ. 

ɼʣʷ ʧʨʦʚʝʜʝʥʥʷ ʢʨʦʩ-ʚʘʣʽʜʘʮʽʾ ʤʠ ʤʦʞʝʤʦ ʚʠʢʦʨʠʩʪʘʪʠ ʬʫʥʢʮʽʶ cross_val_score() ʟ ʤʦʜʫʣʷ 

sklearn.model_selection. ʎʷ ʬʫʥʢʮʽʷ ʜʦʟʚʦʣʷʻ ʨʦʟʜʽʣʠʪʠ ʥʘʙʽʨ ʜʘʥʠʭ ʥʘ ʢʽʣʴʢʘ ʯʘʩʪʠʥ, ʥʘʚʯʘʪʠ ʤʦʜʝʣʴ ʥʘ 

ʦʜʥʽʡ ʯʘʩʪʠʥʽ ʪʘ ʪʝʩʪʫʚʘʪʠ ʥʘ ʽʥʰʽʡ, ʧʦʚʪʦʨʶʶʯʠ ʮʝʡ ʧʨʦʮʝʩ ʢʽʣʴʢʘ ʨʘʟʽʚ. 

 

 
ʈʠʩ. 11. ʉʝʨʝʜʥʽʡ ʙʘʣ ʪʦʯʥʦʩʪʽ ʤʦʜʝʣʽ 

 

ʉʝʨʝʜʥʷ ʪʦʯʥʽʩʪʴ ʤʦʜʝʣʽ ʥʘ ʈʠʩ. 11 ʧʽʜ ʯʘʩ ʢʨʦʩ-ʚʘʣʽʜʘʮʽʾ ʜʦʩʠʪʴ ʚʠʩʦʢʘ ʽ ʜʦʨʽʚʥʶʻ 0.9991, ʱʦ 

ʩʚʽʜʯʠʪʴ ʧʨʦ ʩʪʽʡʢʽʩʪʴ ʤʦʜʝʣʽ ʥʘ ʥʦʚʠʭ ʜʘʥʠʭ. 

ʆʮʽʥʠʤʦ ʪʦʯʥʽʩʪʴ ʤʦʜʝʣʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʽʥʰʠʭ ʤʝʪʨʠʢ. ʇʦʙʫʜʫʻʤʦ ʤʘʪʨʠʮʶ ʧʦʤʠʣʦʢ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʬʫʥʢʮʽʾ confusion_matrix [19] ʟ ʙʽʙʣʽʦʪʝʢʠ sklearn. ʄʘʪʨʠʮʷ ʧʦʤʠʣʦʢ ï ʮʝ ʪʘʙʣʠʮʷ, ʷʢʘ ʧʦʢʘʟʫʻ ʢʽʣʴʢʽʩʪʴ 

ʧʦʤʠʣʦʢ, ʟʨʦʙʣʝʥʠʭ ʤʦʜʝʣʣʶ, ʧʦʨʽʚʥʷʥʦ ʟ ʬʘʢʪʠʯʥʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʫ ʪʝʩʪʦʚʦʤʫ ʥʘʙʦʨʽ ʜʘʥʠʭ. ʋ ʤʘʪʨʠʮʽ 

ʧʦʤʠʣʦʢ ʻ ʯʦʪʠʨʠ ʧʦʢʘʟʥʠʢʠ: true positives (TP), false positives (FP), false negatives (FN) ʪʘ true negatives (TN) 

(ʨʠʩ. 12). 

 

 
ʈʠʩ. 12. ʄʘʪʨʠʮʷ ʧʦʤʠʣʦʢ 

 

ʗʢ ʙʘʯʠʤʦ ʥʘ ʨʠʩ. 12, ʙʽʣʴʰʽʩʪʴ ʪʝʩʪʦʚʠʭ ʚʠʧʘʜʢʽʚ ʧʝʨʝʜʙʘʯʘʣʠʩʴ ʧʨʘʚʠʣʴʥʦ. 

ʇʦʙʫʜʫʻʤʦ ROC (Receiver Operating Characteristic)-ʢʨʠʚʫ ʪʘ ʨʦʟʨʘʭʫʻʤʦ AUC (Area Under the Curve) 

[20] ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʬʫʥʢʮʽʶ roc_auc_score ʫ ʙʽʙʣʽʦʪʝʮʽ scikit- learn. ɼʣʷ ʦʙʯʠʩʣʝʥʥʷ ʧʦʪʨʽʙʥʦ ʚʠʢʦʥʘʪʠ 

ʥʘʩʪʫʧʥʽ ʢʨʦʢʠ: 

1) ʆʙʯʠʩʣʝʥʥʷ ʟʥʘʯʝʥʴ True Positive Rate (TPR) ʽ False Positive Rate (FPR) ʜʣʷ ʨʽʟʥʠʭ ʟʥʘʯʝʥʴ ʧʦʨʦʛʫ 
ʨʽʰʝʥʥʷ: 

- ɿʘʜʘʪʠ ʜʝʷʢʠʡ ʜʽʘʧʘʟʦʥ ʧʦʨʦʛʦʚʠʭ ʟʥʘʯʝʥʴ. 

- ɼʣʷ ʢʦʞʥʦʛʦ ʧʦʨʦʛʦʚʦʛʦ ʟʥʘʯʝʥʥʷ, ʚʠʢʦʨʠʩʪʘʪʠ ʬʘʢʪʠʯʥʽ ʤʽʪʢʠ ʢʣʘʩʽʚ ʽ ʦʮʽʥʢʠ ʡʤʦʚʽʨʥʦʩʪʽ ʜʣʷ 

ʨʦʟʨʘʭʫʥʢʫ TPR ʽ FPR. 

- TPR ʦʙʯʠʩʣʶʻʪʴʩʷ ʷʢ TP / (TP + FN). 

- FPR ʦʙʯʠʩʣʶʻʪʴʩʷ ʷʢ FP / (FP + TN). 

2) ʇʦʙʫʜʦʚʘ ROC-ʢʨʠʚʦʾ: 

- ʅʘʥʝʩʪʠ ʟʥʘʯʝʥʥʷ FPR ʥʘ ʚʽʩʴ x ʪʘ ʟʥʘʯʝʥʥʷ TPR ʥʘ ʚʽʩʴ y. 

- ɿ'ʻʜʥʘʪʠ ʦʪʨʠʤʘʥʽ ʪʦʯʢʠ ʚʽʜʨʽʟʢʘʤʠ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ROC-ʢʨʠʚʦʾ. 

3) ʆʙʯʠʩʣʝʥʥʷ AUC. ʆʙʯʠʩʣʠʪʠ ʧʣʦʱʫ ʧʽʜ ROC-ʢʨʠʚʦʶ (AUC) ʟʘ ʜʦʧʦʤʦʛʦʶ ʯʠʩʣʦʚʦʾ ʽʥʪʝʛʨʘʮʽʾ. 

ʆʪʨʠʤʘʥʥʷ ROC-ʢʨʠʚʦʾ ʪʘ AUC ʜʦʟʚʦʣʷʻ ʦʮʽʥʠʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʤʦʜʝʣʽ ʽ ʾʾ ʟʜʘʪʥʽʩʪʴ ʚʽʜʨʽʟʥʷʪʠ ʤʽʞ 

ʧʦʟʠʪʠʚʥʠʤʠ ʪʘ ʥʝʛʘʪʠʚʥʠʤʠ ʧʨʠʢʣʘʜʘʤʠ (ʨʠʩ. 13). ʏʠʤ ʙʽʣʴʰʝ ʟʥʘʯʝʥʥʷ AUC (ʧʣʦʱʘ ʧʽʜ ROC-ʢʨʠʚʦʶ), 
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ʪʠʤ ʢʨʘʱʝ ʚʚʘʞʘʻʪʴʩʷ ʤʦʜʝʣʴ. 

 

 
ʈʠʩ. 13. ROC-ʢʨʠʚʘ 

 

ɿʥʘʯʝʥʥʷ AUC ʜʦʨʽʚʥʶʻ 0.9872 ʚ ʜʘʥʦʤʫ ʚʠʧʘʜʢʫ, ʱʦ ʩʚʽʜʯʠʪʴ ʧʨʦ ʜʫʞʝ ʚʠʩʦʢʫ ʷʢʽʩʪʴ ʤʦʜʝʣʽ ʪʘ ʾʾ 

ʪʦʯʥʽʩʪʴ ʫ ʧʨʦʛʥʦʟʫʚʘʥʥʽ ʨʝʟʫʣʴʪʘʪʽʚ. 

ɼʣʷ ʦʪʨʠʤʘʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʤʦʜʝʣʽ ʜʝʨʝʚʘ ʨʽʰʝʥʴ CART ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʜʘʪʘʩʝʪʫ Facebook Ads 

Conversion Prediction ʙʫʣʠ ʚʠʢʦʥʘʥʽ ʥʘʩʪʫʧʥʽ ʢʨʦʢʠ: 

- ʇʽʜʛʦʪʦʚʢʘ ʜʘʥʠʭ: ʜʘʪʘʩʝʪ ʙʫʚ ʧʽʜʛʦʪʦʚʣʝʥʠʡ ʰʣʷʭʦʤ ʦʯʠʱʝʥʥʷ, ʥʦʨʤʘʣʽʟʘʮʽʾ ʪʘ ʨʦʟʙʠʪʪʷ ʥʘ 

ʪʨʝʥʫʚʘʣʴʥʠʡ ʽ ʪʝʩʪʦʚʠʡ ʥʘʙʦʨʠ. 

- ʇʦʙʫʜʦʚʘ ʤʦʜʝʣʽ: ʥʘ ʪʨʝʥʫʚʘʣʴʥʦʤʫ ʥʘʙʦʨʽ ʜʘʥʠʭ ʙʫʣʦ ʧʦʙʫʜʦʚʘʥʦ ʤʦʜʝʣʴ ʜʝʨʝʚʘ ʨʽʰʝʥʴ 

CART. ʄʦʜʝʣʴ ʥʘʚʯʘʣʘʩʴ ʥʘ ʦʩʥʦʚʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ ʽ ʾʭ ʨʝʟʫʣʴʪʘʪʽʚ ʢʦʥʚʝʨʩʽʾ. 

- ʆʮʽʥʢʘ ʨʝʟʫʣʴʪʘʪʽʚ: ʟʘ ʜʦʧʦʤʦʛʦʶ ʪʝʩʪʦʚʦʛʦ ʥʘʙʦʨʫ ʜʘʥʠʭ ʙʫʣʘ ʧʨʦʚʝʜʝʥʘ ʦʮʽʥʢʘ ʨʝʟʫʣʴʪʘʪʽʚ 

ʤʦʜʝʣʽ. ɹʫʣʠ ʨʦʟʨʘʭʦʚʘʥʽ ʤʝʪʨʠʢʠ ROC AUC, ʪʦʯʥʽʩʪʴ (Accuracy), ʪʦʯʥʽʩʪʴ (Precision), ʯʫʪʣʠʚʽʩʪʴ (Recall) ʪʘ 

F1- ʧʦʢʘʟʥʠʢ (F1-score). 

ʆʪʨʠʤʘʥʽ ʤʝʪʨʠʢʠ ʧʦʢʘʟʫʶʪʴ ʜʦʩʠʪʴ ʚʠʩʦʢʽ ʨʝʟʫʣʴʪʘʪʠ: 

Accuracy (ʊʦʯʥʽʩʪʴ): 0.9868. ʎʷ ʤʝʪʨʠʢʘ ʚʢʘʟʫʻ ʥʘ ʟʘʛʘʣʴʥʫ ʪʦʯʥʽʩʪʴ ʤʦʜʝʣʽ ʫ ʢʣʘʩʠʬʽʢʘʮʽʾ. ɿʥʘʯʝʥʥʷ 

ʙʣʠʟʴʢʝ ʜʦ 1 ʦʟʥʘʯʘʻ, ʱʦ ʤʦʜʝʣʴ ʧʨʘʚʠʣʴʥʦ ʢʣʘʩʠʬʽʢʫʻ ʙʽʣʴʰʽʩʪʴ ʧʨʠʢʣʘʜʽʚ ʫ ʜʘʪʘʩʝʪʽ. 

Precision (ʊʦʯʥʽʩʪʴ): 1.0. ʎʷ ʤʝʪʨʠʢʘ ʚʢʘʟʫʻ ʥʘ ʯʘʩʪʢʫ ʧʨʘʚʠʣʴʥʦ ʢʣʘʩʠʬʽʢʦʚʘʥʠʭ ʧʦʟʠʪʠʚʥʠʭ 

ʧʨʦʛʥʦʟʽʚ ʩʝʨʝʜ ʫʩʽʭ ʧʦʟʠʪʠʚʥʠʭ ʧʨʦʛʥʦʟʽʚ. ɿʥʘʯʝʥʥʷ 1.0 ʦʟʥʘʯʘʻ, ʱʦ ʤʦʜʝʣʴ ʥʝ ʨʦʙʠʪʴ ʞʦʜʥʦʾ ʧʦʤʠʣʢʠ, 

ʢʦʣʠ ʚʦʥʘ ʧʝʨʝʜʙʘʯʘʻ ʧʦʟʠʪʠʚʥʠʡ ʢʣʘʩ. 

Recall (ʇʦʚʥʦʪʘ): 0.9744. ʎʷ ʤʝʪʨʠʢʘ ʚʢʘʟʫʻ ʥʘ ʯʘʩʪʢʫ ʧʨʘʚʠʣʴʥʦ ʢʣʘʩʠʬʽʢʦʚʘʥʠʭ ʧʦʟʠʪʠʚʥʠʭ 

ʧʨʦʛʥʦʟʽʚ ʩʝʨʝʜ ʫʩʽʭ ʬʘʢʪʠʯʥʦ ʧʦʟʠʪʠʚʥʠʭ ʝʢʟʝʤʧʣʷʨʽʚ. ɿʥʘʯʝʥʥʷ ʥʘʚʢʦʣʦ 0.9744 ʦʟʥʘʯʘʻ, ʱʦ ʤʦʜʝʣʴ ʜʦʩʠʪʴ 

ʜʦʙʨʝ ʚʧʽʟʥʘʻ ʧʦʟʠʪʠʚʥʽ ʢʣʘʩʠ. 

F1 Score: 0.9870. F1-ʤʽʨʘ ʻ ʛʘʨʤʦʥʽʯʥʠʤ ʩʝʨʝʜʥʽʤ ʤʽʞ ʪʦʯʥʽʩʪʶ ʽ ʧʦʚʥʦʪʦʶ. 

ɿʥʘʯʝʥʥʷ 0.9870 ʩʚʽʜʯʠʪʴ ʧʨʦ ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ ʽ ʧʦʚʥʦʪʫ ʤʦʜʝʣʽ. 

ROC AUC ʜʦʨʽʚʥʶʻ 0.9872, ʱʦ ʩʚʽʜʯʠʪʴ ʧʨʦ ʚʠʩʦʢʫ ʟʜʘʪʥʽʩʪʴ ʤʦʜʝʣʽ ʚʽʜʨʽʟʥʷʪʠ ʤʽʞ ʢʣʘʩʘʤʠ ʽ 

ʟʨʦʙʠʪʠ ʧʨʘʚʠʣʴʥʠʡ ʧʨʦʛʥʦʟ. ʏʠʤ ʙʣʠʞʯʝ ʟʥʘʯʝʥʥʷ ROC AUC ʜʦ 1, ʪʠʤ ʢʨʘʱʝ. 

ʄʘʪʨʠʮʷ ʧʦʤʠʣʦʢ ʧʦʢʘʟʫʻ ʨʝʟʫʣʴʪʘʪʠ ʢʣʘʩʠʬʽʢʘʮʽʾ ʤʦʜʝʣʽ. ɺ ʜʘʥʦʤʫ ʚʠʧʘʜʢʫ, ʤʘʪʨʠʮʷ ʧʦʤʠʣʦʢ ʙʝʟ 

ʥʦʨʤʘʣʽʟʘʮʽʾ ʧʦʢʘʟʫʻ, ʱʦ ʤʦʜʝʣʴ ʤʘʻ 111 ʧʨʘʚʠʣʴʥʦ ʢʣʘʩʠʬʽʢʦʚʘʥʠʭ ʥʝʛʘʪʠʚʥʠʭ ʧʨʠʢʣʘʜʽʚ (TN), 114 

ʧʨʘʚʠʣʴʥʦ ʢʣʘʩʠʬʽʢʦʚʘʥʠʭ ʧʦʟʠʪʠʚʥʠʭ ʧʨʠʢʣʘʜʽʚ (TP), 3 ʥʝʧʨʘʚʠʣʴʥʦ ʢʣʘʩʠʬʽʢʦʚʘʥʠʭ ʥʝʛʘʪʠʚʥʠʭ ʧʨʠʢʣʘʜʠ 

(FN) ʽ 0 ʥʝʧʨʘʚʠʣʴʥʦ ʢʣʘʩʠʬʽʢʦʚʘʥʠʭ ʧʦʟʠʪʠʚʥʠʭ ʧʨʠʢʣʘʜʽʚ (FP). 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʩʚʽʜʯʘʪʴ ʧʨʦ ʚʠʩʦʢʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʤʦʜʝʣʽ ʫ ʢʣʘʩʠʬʽʢʘʮʽʾ ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ ʽ 

ʾʾ ʟʜʘʪʥʽʩʪʴ ʧʨʘʚʠʣʴʥʦ ʨʦʟʧʽʟʥʘʚʘʪʠ ʧʦʟʠʪʠʚʥʽ ʪʘ ʥʝʛʘʪʠʚʥʽ ʢʣʘʩʠ. ʄʦʜʝʣʴ ʤʘʻ ʥʝʟʥʘʯʥʫ ʢʽʣʴʢʽʩʪʴ 

ʥʝʧʨʘʚʠʣʴʥʦ ʢʣʘʩʠʬʽʢʦʚʘʥʠʭ ʧʨʠʢʣʘʜʽʚ, ʱʦ ʧʽʜʪʚʝʨʜʞʫʻ ʾʾ ʧʦʪʝʥʮʽʡʥʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʫ ʧʨʘʢʪʠʯʥʠʭ ʩʠʪʫʘʮʽʷʭ. 

ʍʦʯʘ ʥʘʰʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʘʣʠ ʚʠʩʦʢʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʘʣʛʦʨʠʪʤʫ CART ʫ ʦʮʽʥʮʽ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ, ʽʩʥʫʻ ʧʦʪʨʝʙʘ ʫ ʜʦʜʘʪʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʥʷʭ ʟ ʪʘʢʦʾ ʧʨʦʙʣʝʤʠ ʟ ʢʽʣʴʢʦʭ 

ʧʨʠʯʠʥ. 

ʇʦ-ʧʝʨʰʝ, ʨʠʥʦʢ ʨʝʢʣʘʤʠ ʧʦʩʪʽʡʥʦ ʟʤʽʥʶʻʪʴʩʷ, ʘ ʨʘʟʦʤ ʟ ʥʠʤ ʟʤʽʥʶʶʪʴʩʷ ʡ ʩʧʦʩʦʙʠ, ʷʢʠʤʠ 

ʩʧʦʞʠʚʘʯʽ ʚʟʘʻʤʦʜʽʶʪʴ ʟ ʨʝʢʣʘʤʦʶ. ʇʦʷʚʘ ʥʦʚʠʭ ʤʝʜʽʘ-ʧʣʘʪʬʦʨʤ, ʩʦʮʽʘʣʴʥʠʭ ʤʝʨʝʞ, ʪʝʭʥʦʣʦʛʽʡ ʪʘʨʛʝʪʠʥʛʫ 

ʪʘ ʘʥʘʣʽʪʠʯʥʠʭ ʽʥʩʪʨʫʤʝʥʪʽʚ ʚʠʤʘʛʘʻ ʦʥʦʚʣʝʥʥʷ ʪʘ ʘʜʘʧʪʘʮʽʾ ʘʣʛʦʨʠʪʤʽʚ ʦʮʽʥʢʠ ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʝʢʣʘʤʥʠʭ 

ʢʘʤʧʘʥʽʡ. ɼʦʜʘʪʢʦʚʽ ʜʦʩʣʽʜʞʝʥʥʷ ʤʦʞʫʪʴ ʩʧʨʠʷʪʠ ʚʜʦʩʢʦʥʘʣʝʥʥʶ ʽ ʨʦʟʰʠʨʝʥʥʶ ʥʘʰʠʭ ʟʥʘʥʴ ʧʨʦ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʘʣʛʦʨʠʪʤʫ CART ʚ ʢʦʥʪʝʢʩʪʽ ʥʦʚʠʭ ʨʝʢʣʘʤʥʠʭ ʧʣʘʪʬʦʨʤ ʽ ʩʪʨʘʪʝʛʽʡ. 

ʇʦ-ʜʨʫʛʝ, ʥʘʰʽ ʜʦʩʣʽʜʞʝʥʥʷ ʤʦʛʣʠ ʤʘʪʠ ʧʝʚʥʽ ʦʙʤʝʞʝʥʥʷ, ʪʘʢʽ ʷʢ ʚʠʢʦʨʠʩʪʘʥʥʷ ʢʦʥʢʨʝʪʥʦʛʦ 

ʜʘʪʘʩʝʪʫ ʘʙʦ ʦʙʤʝʞʝʥʫ ʚʠʙʽʨʢʫ ʩʧʦʞʠʚʘʯʽʚ. ɼʦʜʘʪʢʦʚʽ ʜʦʩʣʽʜʞʝʥʥʷ ʤʦʞʫʪʴ ʨʦʟʰʠʨʠʪʠ ʦʙʩʷʛ ʥʘʰʦʾ ʨʦʙʦʪʠ, 

ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʙʽʣʴʰ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʽ ʜʘʥʽ ʪʘ ʨʦʟʛʣʷʜʘʶʯʠ ʨʽʟʥʽ ʛʨʫʧʠ ʩʧʦʞʠʚʘʯʽʚ. 

ʇʦ-ʪʨʝʪʻ, ʫ ʩʬʝʨʽ ʤʘʨʢʝʪʠʥʛʫ ʽ ʨʝʢʣʘʤʠ ʽʩʥʫʻ ʙʘʛʘʪʦ ʽʥʰʠʭ ʤʝʪʦʜʽʚ ʪʘ ʘʣʛʦʨʠʪʤʽʚ, ʷʢʽ ʤʦʞʫʪʴ ʙʫʪʠ 

ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʦʮʽʥʢʠ ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ. ʇʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʨʽʟʥʠʭ ʧʽʜʭʦʜʽʚ ʪʘ 

ʘʣʛʦʨʠʪʤʽʚ ʤʦʞʝ ʜʦʧʦʤʦʛʪʠ ʚʠʟʥʘʯʠʪʠ ʥʘʡʙʽʣʴʰ ʝʬʝʢʪʠʚʥʽ ʤʝʪʦʜʠ ʜʣʷ ʚʠʨʽʰʝʥʥʷ ʮʽʻʾ ʧʨʦʙʣʝʤʠ. 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʤʘʶʪʴ ʧʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʚ ʛʘʣʫʟʽ ʤʘʨʢʝʪʠʥʛʫ ʪʘ ʨʝʢʣʘʤʠ. ɼʝʷʢʽ ʟ ʤʦʞʣʠʚʠʭ 

ʧʨʘʢʪʠʯʥʠʭ ʟʘʩʪʦʩʫʚʘʥʴ ʚʢʣʶʯʘʶʪʴ: 
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- ʆʧʪʠʤʽʟʘʮʽʷ ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ: ʜʦʧʦʤʦʛʘ ʤʘʨʢʝʪʦʣʦʛʘʤ ʽ ʨʝʢʣʘʤʥʠʤ ʘʛʝʥʪʩʪʚʘʤ ʫ ʚʠʟʥʘʯʝʥʥʽ, 

ʷʢʽ ʨʝʢʣʘʤʥʽ ʢʘʤʧʘʥʽʾ ʻ ʥʘʡʙʽʣʴʰ ʝʬʝʢʪʠʚʥʠʤʠ ʽ ʷʢʽ ʯʠʥʥʠʢʠ ʚʧʣʠʚʘʶʪʴ ʥʘ ʾʭ ʫʩʧʽʰʥʽʩʪʴ. ʎʝ ʜʘʻ ʟʤʦʛʫ 

ʟʦʩʝʨʝʜʠʪʠ ʟʫʩʠʣʣʷ ʥʘ ʥʘʡʝʬʝʢʪʠʚʥʽʰʠʭ ʩʪʨʘʪʝʛʽʷʭ ʨʝʢʣʘʤʠ ʪʘ ʦʧʪʠʤʽʟʫʚʘʪʠ ʨʦʟʧʦʜʽʣ ʙʶʜʞʝʪʫ. 

- ʇʣʘʥʫʚʘʥʥʷ ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ: ʜʦʧʦʤʦʛʘ ʫ ʧʨʦʛʥʦʟʫʚʘʥʥʽ ʝʬʝʢʪʠʚʥʦʩʪʽ ʤʘʡʙʫʪʥʽʭ ʨʝʢʣʘʤʥʠʭ 

ʢʘʤʧʘʥʽʡ. ʎʝ ʜʦʟʚʦʣʷʻ ʤʘʨʢʝʪʦʣʦʛʘʤ ʟʘʟʜʘʣʝʛʽʜʴ ʨʦʟʨʘʭʫʚʘʪʠ ʧʦʪʝʥʮʽʡʥʽ ʨʝʟʫʣʴʪʘʪʠ ʽ ʚʠʨʦʙʣʷʪʠ ʩʪʨʘʪʝʛʽʾ ʟ 

ʫʨʘʭʫʚʘʥʥʷʤ ʦʯʽʢʫʚʘʥʠʭ ʚʧʣʠʚʽʚ. 

- ʉʝʛʤʝʥʪʘʮʽʷ ʘʫʜʠʪʦʨʽʾ: ʚʠʷʚʣʝʥʥʷ ʢʣʶʯʦʚʠʭ ʬʘʢʪʦʨʽʚ, ʱʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʨʝʢʣʘʤʥʦʾ 

ʢʘʤʧʘʥʽʾ ʜʣʷ ʧʝʚʥʠʭ ʩʝʛʤʝʥʪʽʚ ʘʫʜʠʪʦʨʽʾ. ʎʝ ʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʧʨʦʚʦʜʠʪʠ ʙʽʣʴʰ ʮʽʣʝʩʧʨʷʤʦʚʘʥʫ ʪʘʨʛʝʪʠʥʛʦʚʫ 

ʨʝʢʣʘʤʫ ʪʘ ʧʽʜʚʠʱʠʪʠ ʢʦʥʚʝʨʩʽʶ. 

- ʄʦʥʽʪʦʨʠʥʛ ʪʘ ʘʥʘʣʽʟ ʨʝʟʫʣʴʪʘʪʽʚ: ʧʨʦʚʝʜʝʥʥʷ ʧʦʩʪʽʡʥʦʛʦ ʤʦʥʽʪʦʨʠʥʛʫ ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʝʢʣʘʤʥʠʭ 

ʢʘʤʧʘʥʽʡ. ɿʙʠʨʘʥʥʷ ʜʘʥʠʭ ʧʨʦ ʩʧʦʞʠʚʘʯʽʚ ʪʘ ʾʭ ʨʝʘʢʮʽʶ ʥʘ ʨʝʢʣʘʤʥʽ ʧʦʚʽʜʦʤʣʝʥʥʷ ʜʦʧʦʤʘʛʘʻ ʘʥʘʣʽʟʫʚʘʪʠ 

ʨʝʟʫʣʴʪʘʪʠ ʽ ʚʥʦʩʠʪʠ ʥʝʦʙʭʽʜʥʽ ʢʦʨʝʢʪʠʚʠ ʫ ʩʪʨʘʪʝʛʽʶ ʨʝʢʣʘʤʠ. 

- ʄʘʢʩʠʤʽʟʘʮʽʷ ʧʨʠʙʫʪʢʫ: ʚʠʦʢʨʝʤʣʝʥʥʷ ʥʘʡʙʽʣʴʰ ʝʬʝʢʪʠʚʥʠʭ ʨʝʢʣʘʤʥʠʭ ʩʪʨʘʪʝʛʽʡ ʷʢʽ ʩʧʨʠʷʶʪʴ 

ʟʙʽʣʴʰʝʥʥʶ ʧʨʠʙʫʪʢʫ. ʎʝ ʜʦʧʦʤʘʛʘʻ ʧʽʜʚʠʱʠʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʚʠʪʨʘʪ ʥʘ ʨʝʢʣʘʤʫ ʪʘ ʟʘʙʝʟʧʝʯʠʪʠ 

ʤʘʢʩʠʤʘʣʴʥʠʡ ʧʦʚʝʨʥʝʥʠʡ ʟ ʽʥʚʝʩʪʠʮʽʡ ʚ ʨʝʢʣʘʤʫ. 

- ʈʦʟʫʤʽʥʥʷ ʩʧʦʞʠʚʘʯʽʚ: ʦʪʨʠʤʘʥʥʷ ʛʣʠʙʰʦʛʦ ʨʦʟʫʤʽʥʥʷ ʩʧʦʞʠʚʘʯʽʚ ʪʘ ʾʭʥʽʭ ʧʦʪʨʝʙ. ɸʥʘʣʽʟ 

ʬʘʢʪʦʨʽʚ, ʱʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʨʝʢʣʘʤʠ, ʜʦʟʚʦʣʷʻ ʨʦʟʢʨʠʪʠ ʧʝʚʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʘ 

ʧʦʧʝʨʝʜʞʫʚʘʣʴʥʽ ʦʟʥʘʢʠ ʫʩʧʽʰʥʦʩʪʽ ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ. ʎʝ ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʦ ʜʣʷ ʫʜʦʩʢʦʥʘʣʝʥʥʷ 

ʧʨʦʜʫʢʪʫ ʘʙʦ ʧʦʩʣʫʛʠ, ʧʝʨʩʦʥʘʣʽʟʘʮʽʾ ʢʦʤʫʥʽʢʘʮʽʾ ʟʽ ʩʧʦʞʠʚʘʯʘʤʠ ʪʘ ʧʽʜʚʠʱʝʥʥʷ ʟʘʛʘʣʴʥʦʛʦ ʟʘʜʦʚʦʣʝʥʥʷ 

ʢʣʽʻʥʪʽʚ. 

ɿʘʛʘʣʦʤ, ʚʠʢʦʨʠʩʪʘʥʥʷ ʘʣʛʦʨʠʪʤʫ CART ʜʣʷ ʦʮʽʥʢʠ ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ ʤʘʻ ʟʥʘʯʥʠʡ 

ʧʨʘʢʪʠʯʥʠʡ ʧʦʪʝʥʮʽʘʣ. ʎʽ ʨʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʴ ʤʦʞʫʪʴ ʜʦʧʦʤʦʛʪʠ ʤʘʨʢʝʪʦʣʦʛʘʤ ʪʘ ʨʝʢʣʘʤʥʠʤ ʘʛʝʥʪʩʪʚʘʤ 

ʧʨʠʡʤʘʪʠ ʢʨʘʱʽ ʨʽʰʝʥʥʷ ʱʦʜʦ ʧʣʘʥʫʚʘʥʥʷ, ʦʧʪʠʤʽʟʘʮʽʾ ʪʘ ʤʦʥʽʪʦʨʠʥʛʫ ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ, ʱʦ ʩʧʨʠʷʻ 

ʧʦʢʨʘʱʝʥʥʶ ʾʭʥʴʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ ʪʘ ʜʦʩʷʛʥʝʥʥʶ ʙʽʣʴʰʠʭ ʧʨʠʙʫʪʢʽʚ. 

ɺʠʩʥʦʚʢʠ 

ʋ ʧʽʜʩʫʤʢʫ, ʨʦʙʦʪʘ ʙʫʣʘ ʩʧʨʷʤʦʚʘʥʘ ʥʘ ʦʮʽʥʢʫ ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʘʣʛʦʨʠʪʤʫ CART. ɹʫʚ ʧʨʦʚʝʜʝʥʠʡ ʘʥʘʣʽʟ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʞʝʨʝʣ, ʱʦ ʜʦʩʣʽʜʞʫʶʪʴ ʮʶ ʧʨʦʙʣʝʤʫ, ʽ ʥʘʚʝʜʝʥʥʷ ʾʭ 

ʚʠʩʥʦʚʢʽʚ. 

ɼʣʷ ʧʨʦʚʝʜʝʥʥʷ ʥʘʰʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʤʠ ʩʪʚʦʨʠʣʠ ʤʦʜʝʣʴ ʜʝʨʝʚʘ ʨʽʰʝʥʴ CART ʪʘ ʚʠʢʦʨʠʩʪʘʣʠ 

Facebook Ads Conversion Prediction ʜʘʪʘʩʝʪ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ. ʅʘʰʽ ʨʝʟʫʣʴʪʘʪʠ ʧʦʢʘʟʘʣʠ ʚʠʩʦʢʫ 

ʪʦʯʥʽʩʪʴ ʪʘ ʥʘʜʽʡʥʽʩʪʴ ʤʦʜʝʣʽ, ʟ ROC AUC ʟʥʘʯʝʥʥʷʤ 0.9871794871794872 ʪʘ ʧʦʢʘʟʥʠʢʦʤ Accuracy 

0.9868421052631579. 

ʇʦʨʽʚʥʶʶʯʠ ʥʘʰʽ ʨʝʟʫʣʴʪʘʪʠ ʟ ʨʝʟʫʣʴʪʘʪʘʤʠ ʽʥʰʠʭ ʩʪʘʪʝʡ, ʤʠ ʙʘʯʠʤʦ, ʱʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʘʣʛʦʨʠʪʤʫ 

CART ʜʦʟʚʦʣʷʻ ʜʦʩʷʛʘʪʠ ʩʭʦʞʠʭ ʚʠʩʦʢʠʭ ʧʦʢʘʟʥʠʢʽʚ ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ. ʎʝ ʩʚʽʜʯʠʪʴ ʧʨʦ 

ʧʦʪʫʞʥʽʩʪʴ ʪʘ ʟʘʩʪʦʩʦʚʥʽʩʪʴ ʮʴʦʛʦ ʘʣʛʦʨʠʪʤʫ ʫ ʨʝʢʣʘʤʥʦʤʫ ʩʝʛʤʝʥʪʽ. 

ʅʘʰʽ ʜʦʩʣʽʜʞʝʥʥʷ ʤʘʶʪʴ ʧʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʜʣʷ ʨʝʢʣʘʤʥʠʭ ʧʨʘʢʪʠʢʽʚ, ʦʩʢʽʣʴʢʠ ʚʦʥʠ ʜʦʧʦʤʘʛʘʶʪʴ 

ʟʨʦʟʫʤʽʪʠ, ʷʢʽ ʬʘʢʪʦʨʠ ʤʘʶʪʴ ʥʘʡʙʽʣʴʰʠʡ ʚʧʣʠʚ ʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʨʝʢʣʘʤʠ. ʎʝ ʜʘʻ ʟʤʦʛʫ ʨʝʢʣʘʤʦʜʘʚʮʷʤ 

ʧʨʠʡʤʘʪʠ ʦʙˇʨʫʥʪʦʚʘʥʽ ʨʽʰʝʥʥʷ ʱʦʜʦ ʨʦʟʧʦʜʽʣʫ ʨʝʢʣʘʤʥʦʛʦ ʙʶʜʞʝʪʫ ʪʘ ʧʣʘʥʫʚʘʥʥʷ ʩʪʨʘʪʝʛʽʡ ʧʨʦʩʫʚʘʥʥʷ. 

ɿ ʥʘʫʢʦʚʦʾ ʪʦʯʢʠ ʟʦʨʫ, ʥʘʰʽ ʨʝʟʫʣʴʪʘʪʠ ʜʦʧʦʚʥʶʶʪʴ ʽʩʥʫʶʯʽ ʜʦʩʣʽʜʞʝʥʥʷ ʚ ʛʘʣʫʟʽ ʦʮʽʥʢʠ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ. ʄʠ ʧʨʦʚʝʣʠ ʘʥʘʣʽʟ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʞʝʨʝʣ ʽ ʥʘʜʘʣʠ ʦʛʣʷʜ ʧʦʧʝʨʝʜʥʽʭ ʨʦʙʽʪ, 

ʘ ʪʘʢʦʞ ʟʘʩʪʦʩʫʚʘʣʠ ʘʣʛʦʨʠʪʤ ʥʘ ʧʨʘʢʪʠʮʽ. ʎʝ ʨʦʟʰʠʨʶʻ ʥʘʰʝ ʨʦʟʫʤʽʥʥʷ ʪʘ ʟʥʘʥʥʷ ʧʨʦ ʮʶ ʧʨʦʙʣʝʤʫ ʽ 

ʜʦʧʦʤʘʛʘʻ ʚʠʷʚʠʪʠ ʥʦʚʽ ʧʽʜʭʦʜʠ ʪʘ ʤʝʪʦʜʠ ʚ ʦʮʽʥʮʽ ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ. 

ɿ ʩʦʮʽʘʣʴʥʦʾ ʪʦʯʢʠ ʟʦʨʫ, ʥʘʰʘ ʨʦʙʦʪʘ ʩʧʨʠʷʻ ʧʦʢʨʘʱʝʥʥʶ ʨʝʢʣʘʤʥʠʭ ʩʪʨʘʪʝʛʽʡ, ʱʦ ʤʦʞʝ ʤʘʪʠ 

ʧʦʟʠʪʠʚʥʠʡ ʚʧʣʠʚ ʥʘ ʙʽʟʥʝʩ-ʩʝʨʝʜʦʚʠʱʝ ʪʘ ʩʧʦʞʠʚʘʯʽʚ. ɽʬʝʢʪʠʚʥʘ ʨʝʢʣʘʤʘ ʩʧʨʠʷʻ ʩʪʚʦʨʝʥʥʶ ʩʚʽʜʦʤʠʭ 

ʚʠʙʦʨʽʚ ʫ ʩʧʦʞʠʚʘʯʽʚ, ʜʦʧʦʤʘʛʘʻ ʧʽʜʪʨʠʤʫʚʘʪʠ ʙʽʟʥʝʩʠ ʪʘ ʩʪʠʤʫʣʶʻ ʝʢʦʥʦʤʽʯʥʝ ʟʨʦʩʪʘʥʥʷ. 

ʇʨʦʪʝ, ʻ ʧʦʪʨʝʙʘ ʫ ʧʦʜʘʣʴʰʠʭ ʜʦʩʣʽʜʞʝʥʥʷʭ ʫ ʮʽʡ ʛʘʣʫʟʽ. ɼʦʜʘʪʢʦʚʽ ʜʦʩʣʽʜʞʝʥʥʷ ʤʦʞʫʪʴ 

ʩʧʨʷʤʦʚʫʚʘʪʠʩʴ ʥʘ ʨʦʟʰʠʨʝʥʥʷ ʤʦʜʝʣʽ CART ʰʣʷʭʦʤ ʚʨʘʭʫʚʘʥʥʷ ʜʦʜʘʪʢʦʚʠʭ ʬʘʢʪʦʨʽʚ ʪʘ ʢʦʥʪʝʢʩʪʫʘʣʴʥʠʭ 

ʦʟʥʘʢ, ʷʢʽ ʤʦʞʫʪʴ ʚʧʣʠʚʘʪʠ ʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ. ʎʝ ʜʦʟʚʦʣʠʪʴ ʱʝ ʪʦʯʥʽʰʝ ʪʘ ʝʬʝʢʪʠʚʥʽʰʝ 

ʚʠʟʥʘʯʘʪʠ ʚʧʣʠʚ ʨʝʢʣʘʤʥʠʭ ʬʘʢʪʦʨʽʚ ʪʘ ʨʦʟʨʦʙʣʷʪʠ ʦʧʪʠʤʘʣʴʥʽ ʨʝʢʣʘʤʥʽ ʩʪʨʘʪʝʛʽʾ. 

ʋʟʘʛʘʣʴʥʶʶʯʠ, ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʘʣʠ ʧʦʪʝʥʮʽʘʣ ʘʣʛʦʨʠʪʤʫ CART ʜʣʷ ʦʮʽʥʢʠ ʝʬʝʢʪʠʚʥʦʩʪʽ 

ʨʝʢʣʘʤʥʠʭ ʢʘʤʧʘʥʽʡ. ɺʨʘʭʦʚʫʶʯʠ ʡʦʛʦ ʧʝʨʝʚʘʛʠ, ʪʘʢʽ ʷʢ ʧʨʦʩʪʦʪʘ ʚʠʢʦʨʠʩʪʘʥʥʷ, ʽʥʪʝʨʧʨʝʪʦʚʘʥʽʩʪʴ 

ʨʝʟʫʣʴʪʘʪʽʚ ʽ ʚʠʩʦʢʘ ʪʦʯʥʽʩʪʴ, ʤʦʞʥʘ ʩʪʚʝʨʜʞʫʚʘʪʠ, ʱʦ ʚʽʥ ʤʦʞʝ ʙʫʪʠ ʮʽʥʥʠʤ ʽʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ 

ʤʘʨʢʝʪʦʣʦʛʽʚ ʪʘ ʨʝʢʣʘʤʦʜʘʚʮʽʚ. 
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ʇʆʊɽʅʎɯɸʃ ʉʆʅʗʏʅʆɰ ɽʅɽʈɻɽʊʀʂʀ ɺ ʋʄʆɺɸʍ  

ʇʈʆʄʀʉʃʆɺʀʍ ɸɻʃʆʄɽʈɸʎɯʁ ʋʂʈɸɰʅʀ 
 
ˏ ˠ̨̩̋̑́̎ ̨̝̙̟̎́̊̂̌̏ ̨̗̤̟́̄̌̏̍̆̑́ ̑̏̈̑̏̂̏̋ ̖̋̏̑̉̒̎̉ ̋̏̐́̌̉̎ ̤̝̠̃̃́̇́̓̒ ˗̨̝̑̉̃̏̑̈̋̉̊ ̨̈́̌̈̏̑̔̅̎̉̊ 

̂́̒̆̊̎ȟ ̠̋́ ̟̘̤̃̋̌́ ̃ ̒̆̂̆ ̃̆̌̉̋̔ ̨̨̝̝̋̌̋̒̓ ̨̘̖̄̑̎̉̉ ̨̤̐̅̐̑̉̍̒̓̃Ȣ ˙̨̇ ̓̉̍ȟ ̨̙̋̅̌̉̃̉̊ ̃̐̌̉̃ ̎́ ̙̤̎́̃̋̏̌̉̎ 
̨̘̖̄̑̎̉̉ ̨̤̐̅̐̑̉̍̒̓̃ ̅̔̇̆ ̘̈̎́̎̉̊ ̓́ ̘̟̤̒̐̑̉̉̎ ̎́̒́̍̐̆̑̆̅ ̙̠̐̏̑̔̆̎̎ ̖̐̑̉̅́̓̎̉ ̅̏ ̠̃̉̋̏̑̉̒̓́̎̎ ̔ 
̨̝̝̒̌̒̋̏̍̔ ̨̄̏̒̐̏̅́̑̒̓̃ ̟̘̖̑̏̅̉ ̝̈̆̍̆̌Ȣ ˞̨̌̅ ̘̈́̈̎́̉̓̉ȟ ̏̚ ̨̨̘̄̑̎̉ ̨̤̐̅̐̑̉̍̒̓̃́ ̤ ̃́̄̏̍̉̍̉ ̘̒̐̏̇̉̃́́̍̉ 
̘̩̆̌̆̋̓̑̉̎̏ ̨̩̆̎̆̑̄ȟ ̠̋́ ̎́ ̨̨̝̙̒̏̄̏̅̎̎̊ ̝̅̆̎ ̤̍́ ̨̐̆̃̎ ̠̏̂̍̆̇̆̎̎ ̔ ̩̩ ̨̒̐̏̇̉̃́̎̎ ̓́ ̟̘̈̃́̇́̉ ̎́ ̘́̋̓̉̎̆̕ 
̠̒̐̏̇̉̃́̎̎ ̓́ ̨̎́̅́̎ ̨̨̌̍̓̉ ̝̍́̋̒̉̍́̌̎̏̄̏ ̠̆̎̆̑̄̏̒̐̏̇̉̃́̎̎ ̎́ ̨̨̝̙̒̏̄̏̅̎̎̊ ̝̅̆̎ ̔ ̨̨̗̅̆̉̓̕ ̠̋ ̔ 
ˑ̨̨̝̎̐̑̏̐̆̓̑̏̃̒̋̊ ̨̏̂̌́̒̓ȟ ̓́̋ ̨ ̃ ˠ̨̩̋̑́̎Ȣ ˛̨̒̓́̎̎̍̉ ̑̏̋́̍̉ ̃ ˠ̨̩̋̑́̎ ́̋̓̉̃̎̏ ̤̝̠̑̏̈̃̉̃́̓̒ ̠̘̒̏̎̎́ 
̆̎̆̑̄̆̓̉̋́Ȣ ˜̠̉̓́̎̎ ̠̃̐̑̏̃́̅̇̆̎̎ ̠̘̖̒̏̎̎̉ ̨̗̆̌̆̋̓̑̏̒̓́̎̊ ̃ ̖̔̍̏̃́ ̖̐̑̏̍̉̒̌̏̃̉ ̨̗́̄̌̏̍̆̑́̊ ̎́ ̖̓̆̑̆̎́ 
ˠ̩̋̑́̎̉ ̤ ̝́̋̓̔́̌̎̉̍̉ ̎̆ ̨̝̓̌̋̉ ̒̆̑̆̅ ̩̎́̔̋̏̃̏ ̨̝̒̐̌̎̏̓̉ȟ ́ ̊ ̒̆̑̆̅ ̖̐̑̏̍̉̒̌̏̃̉ ̨̤̐̅̐̑̉̍̒̓̃Ȣ ˑ̠̌ ̐̑̏̂̌̆̍̉ȟ ̏̚ 
̨̤̝̠̅̏̒̌̅̇̔̓̒ȟ ̨̘̌̏̄̎̉̍ ̓́ ̨̗̝̅̏̌̎̉̍̉ ̤ ̗̟̠̏̐̑́̃́̎̎ ̓́ ̨́̎́̌̈ ̨̨̖̃̅̐̏̃̅̎̉ ̨̐̏̋́̈̎̉̋̃ ̖̐̏̄̏̅̎̉ ̔̍̏̃Ȣ ˟́̋̉̍ 
̘̉̎̏̍ȟ ̨̏̓̑̉̍́̎ ̨̨̘́̎́̌̓̉̎ ̓́ ̨̨̨̝̋̌̋̒̎ ̨̐̑̏̄̎̏̈̎ ̘̠̈̎́̆̎̎ ̨̨̎̅̆̋̒̃ ̨̒̆̈̏̎̎̏̒̓ ̓́ ̨̖̐̋̏̃̉ ̄̏̅̉̎ ̠̘̩̒̏̎̎̏ 
̨̨̠̗̩̎̒̏̌Ȣ ˔̠́̒̓̏̒̔̃́̎̎ ̖̏̓̑̉̍́̎̉ ̨̖̑̏̈̑́̔̎̋̃ ̠̤̅̏̈̃̏̌ ̘̃̉̈̎́̉̓̉ ̐̑̏̂̌̆̍̔ ̨̝̏̐̓̉̍́̌̎̏̒̓ ̠̈́̒̓̏̒̔̃́̎̎ 
̖̐̑̏̐̏̎̏̃́̎̉ ̩̐̑̉̒̓̑̏̃ ̠̘̖̒̏̎̎̉ ̨̗̆̌̆̋̓̑̏̒̓́̎̊ȟ ̠̅̌ ̠̏̓̑̉̍́̎̎ ̝̍́̋̒̉̍́̌̎̏-̍̏̇̌̉̃̏̄̏ ̘̠̈̎́̆̎̎ ̩̄̆̎̆̑̏̃́̎̏ 
̨̐̏̓̔̇̎̏̒̓ ̠̅̌ ̖̅́̎̉ ̔̍̏̃Ȣ ˜̏̈̉̓̉̃̎̉̍ ̨̙̤̑̔̍ ̔ ̗̝̏̍̔ ̠̎́̐̑̍̋̔ ̤ ̓́̋̏̇ ́̋̓̕ ̠̃̉̋̏̑̉̒̓́̎̎ ̨̐̑̏̒̓̏̑̃ 
̨̓̆̑̉̓̏̑̊ ̖̃̉̃̆̅̆̎̉ ̈ ̨̗̩̆̋̒̐̌̔́̓́ ̓́ ̨̟̘̖̅̉ ̖̐̑̏̍̉̒̌̏̃̉ ̨̗́̄̌̏̍̆̑́̊ ̠̅̌ ̗̃̉̑̏̂̎̉̓̃̏ ̨̩̆̎̆̑̄ ̃ ̨̘̆̋̏̌̏̄̎̏ 
̘̂̆̈̐̆̎̉̊ ̨̒̐̏̒̂Ȣ 
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THE POTENTIAL OF SOLAR ENERGY IN THE CONDITIONS  INDUSTRIAL AGGLOMERATIONS OF UKRAINE  
 

In Ukraine, the largest agglomeration of mineral development is the Kryvyi Rih iron ore basin, which includes a large number of 
mining enterprises. Meanwhile, the harmful impact on the environment of mining enterprises is very significant and primarily causes the 
disturbance of fertile lands suitable for use in agriculture. It should be noted that mining enterprises are significant consumers of electricity, 
which currently has certain limitations in its consumption and, taking into account the actual consumption and the given limits of maximum 
energy consumption, it is currently in deficit both in the Dnipropetrovsk region and in Ukraine. In recent years, solar energy has been actively 
developing in Ukraine. The issue of the introduction of solar power plants in the conditions of industrial agglomerations on the territory of 
Ukraine is relevant not only among the scientific community, but also among industrial enterprises. For the problem under investigation, it is 
logical and expedient to study and analyze the relevant indicators of weather conditions. Thus, analytical and quantitative predictive values 
of seasonality indices and peak hours of solar irradiation were obtained. The application of the obtained calculations allows determining the 
optimality of the application of the proposed devices of solar power plants to obtain the maximum possible value of the generated power for 
the given conditions. A positive driver in this direction is also the fact of using the spaces of decommissioned territories and active industrial 
agglomerations for energy production in an environmentally safe way. 

Keywords: solar energy, forecast, industrial agglomeration. 

 

ʇʦʩʪʘʥʦʚʢʘ ʧʨʦʙʣʝʤʠ ʫ ʟʘʛʘʣʴʥʦʤʫ ʚʠʛʣʷʜʽ  

ʪʘ ʾʾ ʟʚô̫ ʟʦʢ ʽʟ ʚʘʞʣʠʚʠʤʠ ʥʘʫʢʦʚʠʤʠ ʯʠ ʧʨʘʢʪʠʯʥʠʤʠ ʟʘʚʜʘʥʥʷʤʠ 

ɼʦ ʚʝʣʠʢʠʭ ʧʨʦʤʠʩʣʦʚʠʭ ʘʛʣʦʤʝʨʘʮʽʡ ʩʚʽʪʫ ʚʽʜʥʦʩʷʪʴʩʷ ʫ ʪʦʤʫ ʯʠʩʣʽ, ʨʦʟʨʦʙʢʠ ʢʦʨʠʩʥʠʭ ʢʦʧʘʣʠʥ, 

ʱʦ ʦʭʦʧʣʶʶʪʴ ʪʠʩʷʯʽ ʛʝʢʪʘʨʽʚ ʟʝʤʣʽ ʪʘ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʰʪʫʯʥʦʾ ʟʤʽʥʠ ʬʦʨʤʠ ʨʝʣʴʻʬʫ, ʰʣʷʭʦʤ ʧʝʨʝʨʦʟʧʦʜʽʣʫ 

ʥʘ ʧʦʚʝʨʭʥʽ ʟʝʤʣʽ ʚʝʣʠʢʠʭ ʤʘʩ ʧʦʨʽʜ. 

ɺ ʋʢʨʘʾʥʽ ʥʘʡʙʽʣʴʰʦʶ ʘʛʣʦʤʝʨʘʮʽʻʶ ʨʦʟʨʦʙʦʢ ʢʦʨʠʩʥʠʭ ʢʦʧʘʣʠʥ ʚʚʘʞʘʻʪʴʩʷ ʂʨʠʚʦʨʽʟʴʢʠʡ 
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ʟʘʣʽʟʦʨʫʜʥʠʡ ʙʘʩʝʡʥ, ʷʢʘ ʚʢʣʶʯʘʻ ʚ ʩʝʙʝ ʚʝʣʠʢʫ ʢʽʣʴʢʽʩʪʴ ʛʽʨʥʠʯʠʭ ʧʽʜʧʨʠʻʤʩʪʚ. ʄʽʞ ʪʠʤ, ʰʢʽʜʣʠʚʠʡ ʚʧʣʠʚ 

ʥʘ ʥʘʚʢʦʣʠʰʥʻ ʛʽʨʥʠʯʠʭ ʧʽʜʧʨʠʻʤʩʪʚ ʜʫʞʝ ʟʥʘʯʥʠʡ ʪʘ ʩʧʨʠʯʠʥʶʻ ʥʘʩʘʤʧʝʨʝʜ ʧʦʨʫʰʝʥʥʷ ʧʨʠʜʘʪʥʠʭ ʜʦ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʫ ʩʽʣʴʩʴʢʦʤʫ ʛʦʩʧʦʜʘʨʩʪʚʽ ʨʦʜʶʯʠʭ ʟʝʤʝʣʴ [1].  

ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʛʽʨʥʠʯʽ ʧʽʜʧʨʠʻʤʩʪʚʘ ʻ ʚʘʛʦʤʠʤʠ ʩʧʦʞʠʚʘʯʘʤʠ ʝʣʝʢʪʨʠʯʥʦʾ ʝʥʝʨʛʽʾ, ʷʢʘ ʥʘ 

ʩʴʦʛʦʜʥʽʰʥʽʡ ʜʝʥʴ ʤʘʻ ʧʝʚʥʽ ʦʙʤʝʞʝʥʥʷ ʫ ʾʾ ʩʧʦʞʠʚʘʥʥʽ ʪʘ ʟʚʘʞʘʶʯʠ ʥʘ ʬʘʢʪʠʯʥʝ ʩʧʦʞʠʚʘʥʥʷ ʪʘ ʥʘʜʘʥʽ 

ʣʽʤʽʪʠ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ ʥʘ ʩʴʦʛʦʜʥʽʰʥʽʡ ʜʝʥʴ ʫ ʜʝʬʽʮʠʪʽ ʷʢ ʫ ɼʥʽʧʨʦʧʝʪʨʦʚʩʴʢʽʡ ʦʙʣʘʩʪʽ, 

ʪʘʢ ʽ ʚ ʋʢʨʘʾʥʽ. 

ɺʽʪʨʦʚʽ ʪʘ ʩʦʥʷʯʥʽ ʝʣʝʢʪʨʦʩʪʘʥʮʽʾ ʻ ʣʽʜʝʨʘʤʠ ʟ ʨʦʟʙʫʜʦʚʠ ʚʽʜʥʦʚʣʶʚʘʣʴʥʦʾ ʝʥʝʨʛʝʪʠʢʠ ʋʢʨʘʾʥʠ. ʄʽʞ 

ʪʠʤ, ʟʘ ʦʩʪʘʥʥʽ ʧôʷʪʴ ʨʦʢʽʚ ʥʘʡʙʽʣʴʰ ʩʫʪʪʻʚʦʛʦ ʧʨʠʨʦʩʪʫ ʧʦʪʫʞʥʦʩʪʽ ʚ ʋʢʨʘʾʥʽ ʥʘʙʫʣʠ ʩʦʥʷʯʥʽ 

ʝʣʝʢʪʨʦʩʪʘʥʮʽʾ [2]. 

 

ɸʥʘʣʽʟ ʦʩʪʘʥʥʽʭ ʜʦʩʣʽʜʞʝʥʴ ʽ ʧʫʙʣʽʢʘʮʽʡ 

ʋ ʨʷʜʽ ʧʦʧʝʨʝʜʥʽʭ ʜʦʩʣʽʜʞʝʥʴ, ʘʚʪʦʨʠ ʨʦʟʛʣʷʜʘʶʪʴ ʤʦʞʣʠʚʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʝʨʠʪʦʨʽʾ ʛʽʨʥʠʯʠʭ 

ʧʽʜʧʨʠʻʤʩʪʚ ʜʣʷ ʚʧʨʦʚʘʜʞʝʥʥʷ ʚʽʜʥʦʚʣʶʚʘʣʴʥʠʭ ʜʞʝʨʝʣ ʝʥʝʨʛʽʾ. ʇʨʽʦʨʠʪʝʪʥʠʤ ʥʘʧʨʷʤʢʦʤ ʚʚʘʞʘʻʪʴʩʷ 

ʚʽʪʨʦʚʘ ʝʥʝʨʛʝʪʠʢʘ, ʟʘ ʢʨʠʪʝʨʽʻʤ ʧʦʯʘʪʢʦʚʠʭ ʢʘʧʽʪʘʣʦʚʢʣʘʜʝʥʴ ʫ ʨʝʘʣʽʟʘʮʽʶ ʧʨʦʝʢʪʫ. ʄʽʞ ʪʠʤ, ʫ ʨʷʜʽ 

ʜʦʩʣʽʜʞʝʥʴ ʧʨʠʜʽʣʷʻʪʴʩʷ ʫʚʘʛʘ ʧʨʦʚʘʜʞʝʥʴ ʝʣʝʤʝʥʪʽʚ ʩʦʥʷʯʥʦʾ ʝʥʝʨʛʝʪʠʢʠ ʚ ʫʤʦʚʘʭ ʧʨʦʤʠʩʣʦʚʠʭ 

ʧʽʜʧʨʠʻʤʩʪʚ [1-5]. 

ʊʘʢ, ʚ ʘʥʘʣʽʪʠʯʥʦʤʫ ʟʚʽʪʽ ɸʤʝʨʠʢʘʥʩʴʢʦʛʦ ʌʦʥʜʫ çʏʠʩʪʝ ʥʝʙʦè ʚʢʘʟʫʻʪʴʩʷ ʥʘ ʥʝʦʙʭʽʜʥʽʩʪʴ 

ʧʝʨʝʦʩʥʘʱʝʥʥʷ ʟʘʩʪʘʨʽʣʠʭ ʪʝʧʣʦʚʠʭ ʝʣʝʢʪʨʦʩʪʘʥʮʽʡ ʟ ʧʝʨʝʭʦʜʦʤ ʥʘ ʽʥʰʽ ʜʞʝʨʝʣʘ ʧʘʣʠʚʘ, ʩʝʨʝʜ ʷʢʠʭ 

ʚʽʜʟʥʘʯʝʥʦ ʚ ʪʦʤʫ ʯʠʩʣʽ ʽ ʚʧʨʦʚʘʜʞʝʥʥʷ ʚʽʜʥʦʚʣʶʚʘʥʠʭ ʜʞʝʨʝʣ ʝʥʝʨʛʽʾ [6-8]. 

 

ʌʦʨʤʫʣʶʚʘʥʥʷ ʮʽʣʝʡ ʩʪʘʪʪʽ 

ʄʝʪʦʶ ʩʪʘʪʪʽ ʻ ʘʥʘʣʽʟ ʧʦʢʘʟʥʠʢʽʚ ʧʦʪʝʥʮʽʘʣʫ ʩʦʥʷʯʥʦʾ ʝʥʝʨʛʝʪʠʢʠ ʚ ʫʤʦʚʘʭ ʧʨʦʤʠʩʣʦʚʠʭ 

ʘʛʣʦʤʝʨʘʮʽʡ ʋʢʨʘʾʥʠ ʥʘ ʧʨʠʢʣʘʜʽ ʂʨʠʚʦʨʽʟʴʢʦʛʦ ʟʘʣʽʟʦʨʫʜʥʦʛʦ ʙʘʩʝʡʥʫ. 

ɺʠʢʣʘʜ ʦʩʥʦʚʥʦʛʦ ʤʘʪʝʨʽʘʣʫ 

ʄʦʚʘ ʡʜʝ ʧʨʦ ʪʠʩʷʯʽ ʛʝʢʪʘʨʽʚ. ʊʘʢ, ʟʘʛʘʣʴʥʘ ʧʣʦʱʘ ʟʝʤʝʣʴʥʦʛʦ ʚʽʜʚʦʜʫ ʛʽʨʥʠʯʦʜʦʙʫʚʥʠʭ 

ʧʽʜʧʨʠʻʤʩʪʚ ʂʨʠʚʦʨʽʟʴʢʦʛʦ ʟʘʣʽʟʦʨʫʜʥʦʛʦ ʙʘʩʝʡʥʫ ʩʪʘʥʦʚʠʪʴ ʙʣʠʟʴʢʦ 32 000 ʛʘ, ʟʥʘʯʥʘ ʯʘʩʪʠʥʘ ʷʢʦʛʦ 

ʟʥʘʭʦʜʠʪʴʩʷ ʚ ʤʝʞʘʭ ʤʽʩʪʘ. ɿ ʧʦʤʽʞ ʽʥʰʦʛʦ, ʪʽʣʴʢʠ ʚʽʜʚʘʣʘʤʠ ʛʽʨʥʠʯʦ-ʟʙʘʛʘʯʫʚʘʣʴʥʠʭ ʢʦʤʙʽʥʘʪʽʚ ʟʘʡʥʷʪʦ 

4595 ʛʘ, ʢʘʨôʻʨʘʤʠ ï 3102 ʛʘ, ʰʣʘʤʦʩʭʦʚʠʱʘʤʠ ï 5485 ʛʘ. ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʥʘ ʙʘʣʘʥʩʽ ʤʽʩʮʝʚʦʾ ʛʨʦʤʘʜʠ 

ʟʥʘʭʦʜʠʪʴʩʷ ʟʥʘʯʥʘ ʢʽʣʴʢʽʩʪʴ ʽʥʬʨʘʩʪʨʫʢʪʫʨʥʠʭ ʽʥʞʝʥʝʨʥʦ-ʪʝʭʥʽʯʥʠʭ ʤʝʨʝʞ ʪʘʢʠʭ ʷʢ ʜʦʨʦʛʠ, ʝʣʝʢʪʨʦ-, 

ʪʝʧʣʦ-, ʛʘʟʦʢʦʤʫʥʽʢʘʮʽʾ, ʱʦ ʧʦʢʠ ʱʦ ʦʙʩʣʫʛʦʚʫʶʪʴʩʷ ʛʽʨʥʠʯʦʜʦʙʫʚʥʠʤʠ ʧʽʜʧʨʠʻʤʩʪʚʘʤʠ [3].  

ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʦʙôʻʢʪʠ ʛʽʨʥʠʯʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ ʪʝʭʥʦʛʝʥʥʦʛʦ ʧʦʭʦʜʞʝʥʥʷ ʥʝ ʧʽʜʣʷʛʘʶʪʴ 

ʰʚʠʜʢʦʤʫ ʚʽʜʥʦʚʣʝʥʥʶ ʽ ʬʫʥʢʮʽʦʥʫʶʪʴ ʤʽʥʽʤʫʤ ʜʦ ʢʽʥʮʷ ʽʩʥʫʚʘʥʥʷ ʧʽʜʧʨʠʻʤʩʪʚʘ. 

ɺ ʪʦʡ ʞʝ ʯʘʩ ʚ ʋʢʨʘʾʥʽ ʙʣʠʟʴʢʦ 300 ʚʠʚʝʜʝʥʠʭ ʟ ʝʢʩʧʣʫʘʪʘʮʽʾ ʽ ʥʝʨʝʢʫʣʴʪʠʚʦʚʘʥʠʭ ʢʘʨôʻʨʽʚ, ʘ ʪʘʢʦʞ 

ʤʽʣʴʡʦʥʠ ʛʝʢʪʘʨ ʧʣʦʱ ʰʣʘʤʦʩʭʦʚʠʱ, ʧʨʦʩʪʦʨʠ ʷʢʠʭ ʤʦʞʣʠʚʦ ʚʠʢʦʨʠʩʪʘʪʠ ʜʣʷ ʚʠʨʦʙʥʠʮʪʚʘ ʝʥʝʨʛʽʾ [4]. 

ʆʩʪʘʥʥʽʤʠ ʨʦʢʘʤʠ ʚ ʋʢʨʘʾʥʽ ʘʢʪʠʚʥʦ ʨʦʟʚʠʚʘʻʪʴʩʷ ʩʦʥʷʯʥʘ ʝʥʝʨʛʝʪʠʢʘ. ʊʘʢ, ʫ 2019 ʨ. ʙʫʣʘ ʚʚʝʜʝʥʘ ʚ 

ʝʢʩʧʣʫʘʪʘʮʽʶ ʥʘʡʙʽʣʴʰʘ ʩʦʥʷʯʥʘ ʝʣʝʢʪʨʦʩʪʘʥʮʽʷ ʚ ʋʢʨʘʾʥʽ, ʷʢʘ ʨʦʟʪʘʰʦʚʫʻʪʴʩʷ ʥʘ ʜʽʣʷʥʮʽ ʢʦʣʠʰʥʴʦʛʦ 

ʨʫʜʥʦʛʦ ʢʘʨôʻʨʫ ʙʽʣʷ ʩ. ʉʪʘʨʦʟʘʚʦʜʩʴʢʝ ʅʽʢʦʧʦʣʴʩʴʢʦʛʦ ʨʘʡʦʥʫ ɼʥʽʧʨʦʧʝʪʨʦʚʩʴʢʦʾ ʦʙʣʘʩʪʽ ʧʦʪʫʞʥʽʩʪʶ 246 

ʄɺʪ, ʧʣʦʱʝʶ 400 ʛʘ [1, 3].  

ɿʘ ʜʘʥʠʤʠ ɼʝʨʞʘʚʥʦʛʦ ʘʛʝʥʪʩʪʚʘ ʟ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ ʪʘ ʝʥʝʨʛʦʟʙʝʨʝʞʝʥʥʷ, ʛʽʨʥʠʯʦʨʫʜʥʘ ʢʦʤʧʘʥʽʷ 

Ferrexpo ʚʩʪʘʥʦʚʠʣʘ ʩʦʥʷʯʥʫ ʝʣʝʢʪʨʦʩʪʘʥʮʽʶ ʧʦʪʫʞʥʽʩʪʶ 5 ʄɺʪ ʥʘ ʧʨʦʤʠʩʣʦʚʦʤʫ ʤʘʡʜʘʥʯʠʢʫ 

ʇʦʣʪʘʚʩʴʢʦʛʦ ʛʽʨʥʠʯʦ-ʟʙʘʛʘʯʫʚʘʣʴʥʦʛʦ ʢʦʤʙʽʥʘʪʫ, ʱʦ ʙʫʜʝ ʧʦʜʘʚʘʪʠ ʝʣʝʢʪʨʦʝʥʝʨʛʽʶ ʜʣʷ ʩʧʦʞʠʚʘʥʥʷ 

ʧʽʜʧʨʠʻʤʩʪʚʘʤʠ ʛʨʫʧʠ ʥʘ ʜʽʶʯʦʤʫ ʧʨʦʤʠʩʣʦʚʦʤʫ ʤʘʡʜʘʥʯʠʢʫ. ʉʦʥʷʯʥʽ ʧʘʥʝʣʽ ʚʩʪʘʥʦʚʣʝʥʽ ʥʘ ʚʽʜʚʘʣʘʭ 

ʢʘʨ'ʻʨʽʚ ʟ ʤʝʪʦʶ ʨʘʮʽʦʥʘʣʴʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʣʦʱ [1, 4].  

ʊʦʞ, ʧʠʪʘʥʥʷ ʚʧʨʦʚʘʜʞʝʥʥʷ ʩʦʥʷʯʥʠʭ ʝʣʝʢʪʨʦʩʪʘʥʮʽʡ ʚ ʫʤʦʚʘʭ ʧʨʦʤʠʩʣʦʚʠʭ ʘʛʣʦʤʝʨʘʮʽʡ ʥʘ 

ʪʝʨʝʥʘʭ ʋʢʨʘʾʥʠ ʻ ʘʢʪʫʘʣʴʥʠʤʠ ʥʝ ʪʽʣʴʢʠ ʩʝʨʝʜ ʥʘʫʢʦʚʦʾ ʩʧʽʣʴʥʦʪʠ, ʘ ʡ ʩʝʨʝʜ ʧʨʦʤʠʩʣʦʚʠʭ ʧʽʜʧʨʠʻʤʩʪʚ. 

ɼʣʷ ʧʨʦʙʣʝʤʠ, ʱʦ ʜʦʩʣʽʜʞʫʻʪʴʩʷ, ʣʦʛʽʯʥʠʤ ʪʘ ʜʦʮʽʣʴʥʠʤʠ ʻ ʦʧʨʘʮʶʚʘʥʥʷ ʪʘ ʘʥʘʣʽʟ ʚʽʜʧʦʚʽʜʥʠʭ 

ʧʦʢʘʟʥʠʢʽʚ ʧʦʛʦʜʥʠʭ ʫʤʦʚ. ʊʘʢʽ ʧʦʢʘʟʥʠʢʠ ʧʦʚʠʥʥʽ ʚʽʜʧʦʚʽʜʘʪʠ ʚʠʤʦʛʘʤ ʱʦʜʦ ʨʦʙʦʪʠ ʧʨʠʩʪʨʦʾʚ. ʊʘʢʠʤ 

ʯʠʥʦʤ, ʧʦʩʪʘʻ ʟʘʜʘʯʘ ʚʠʟʥʘʯʝʥʥʷ ʪʘ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʧʦʛʦʜʥʠʭ ʫʤʦʚ ʟʘ ʷʢʠʭ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʨʦʙʦʪʘ 

ʧʨʦʧʦʥʦʚʘʥʠʭ ʫʩʪʘʥʦʚʦʢ. ɿ ʤʝʪʦʶ ʧʨʝʚʝʥʪʠʚʥʦʾ ʦʮʽʥʢʠ ʧʦʪʝʥʮʽʘʣʫ ʩʦʥʷʯʥʦʾ ʝʥʝʨʛʽʾ ʚ ʂʨʠʚʦʨʽʟʴʢʽʡ 

ʧʨʦʤʠʩʣʦʚʽʡ ʘʛʣʦʤʝʨʘʮʽʾ ʙʫʣʦ ʚʟʷʪʦ ʜʚʘ ʧʦʢʘʟʥʠʢʠ, ʱʦ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴ ʩʦʥʷʯʥʫ ʘʢʪʠʚʥʽʩʪʴ ʪʘ ʾʭ ʩʪʘʪʠʩʪʠʯʥʽ 

ʜʘʥʽ ʧʨʠʩʫʪʥʽ ʫ ʩʧʝʮʽʘʣʽʟʦʚʘʥʠʭ ʙʘʟʘʭ NASA, ʘ ʩʘʤʝ ʧʦʤʽʩʷʯʥʠʡ ʫʩʝʨʝʜʥʝʥʠʡ ʧʽʜʨʘʭʫʥʦʢ ʩʦʥʷʯʥʠʭ ʜʥʽʚ ʪʘ 

ʧʦʤʽʩʷʯʥʠʡ ʫʩʝʨʝʜʥʝʥʠʡ ʨʽʚʝʥʴ ʽʥʩʦʣʷʮʽʾ. ʉʣʽʜ ʟʘʫʚʘʞʠʪʠ, ʱʦ ʪʘʢʠʡ ʘʥʘʣʽʟ ʻ ʧʨʝʚʝʥʪʠʚʥʠʤ ʪʘ ʧʨʠ ʫʤʦʚʽ 

ʦʪʨʠʤʘʥʥʷ ʨʽʚʥʷ ʧʦʢʘʟʥʠʢʽʚ, ʱʦ ʧʽʜʪʚʝʨʜʞʫʶʪʴ ʘʢʪʫʘʣʴʥʽʩʪʴ ʚʧʨʦʚʘʜʞʝʥʥʷ ʦʯʥʦʾ ʝʥʝʨʛʝʪʠʢʠ, ʧʦʪʨʝʙʫʻ 

ʧʦʜʘʣʴʰʦʛʦ ˇʨʫʥʪʦʚʥʦʛʦ ʚʠʚʯʝʥʥʷ. 

ʆʧʨʘʮʴʦʚʘʥʠʡ ʩʪʘʪʠʩʪʠʯʥʠʡ ʤʘʪʝʨʽʘʣ ʱʦʜʦ ʧʦʛʦʜʥʠʭ ʫʤʦʚ ʚ ʤ. ʂʨʠʚʠʡ ʈʽʛ ʜʦʟʚʦʣʠʚ ʦʪʨʠʤʘʪʠ 

ʚʽʜʧʦʚʽʜʥʽ ʜʘʥʽ ʟʘʜʣʷ ʧʦʜʘʣʴʰʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ (ʨʠʩ. 1) [1-5].  

ɺʽʟʫʘʣʴʥʠʡ ʘʥʘʣʽʟ ʜʦʟʚʦʣʷʻ ʜʽʡʪʠ ʚʠʩʥʦʚʢʫ, ʱʦ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʧʝʨʽʦʜʦʤ ʚʠʢʦʨʠʩʪʘʥʥʷ ʉɽʉ ʻ 

ʢʚʽʪʝʥʴ ï ʞʦʚʪʝʥʴ. ɺʽʜʦʤʦ, ʱʦ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ˇʨʫʥʪʫʻʪʴʩʷ ʥʘ ʚʠʟʥʘʯʝʥʥʽ ʦʩʥʦʚʥʦʾ ʪʝʥʜʝʥʮʽʾ [9].  

ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʚ ʝʥʝʨʛʝʪʠʯʥʽʡ ʛʘʣʫʟʽ ʻ ʧʝʨʝʜʙʘʯʝʥʥʷʤ ʩʪʘʥʫ ʘʙʦ ʦʧʠʩʫ 

ʤʦʞʣʠʚʠʭ ʘʩʧʝʢʪʽʚ, ʩʪʘʥʽʚ, ʧʘʨʘʤʝʪʨʽʚ, ʧʨʦʙʣʝʤ ʤʘʡʙʫʪʥʴʦʛʦ ʝʥʝʨʛʝʪʠʯʥʠʭ ʩʠʩʪʝʤ.  

ʇʨʦʛʥʦʟʫʚʘʥʥʷ ʚ ʝʥʝʨʛʝʪʠʮʽ ʻ ʦʜʥʠʤ ʽʟ ʦʩʥʦʚʥʠʭ ʟʘʚʜʘʥʴ. ʋ ʟʚôʷʟʢʫ ʟ ʮʠʤ ʦʩʦʙʣʠʚʦʾ ʘʢʪʫʘʣʴʥʦʩʪʽ 

ʥʘʙʫʚʘʻ ʟʘʚʜʘʥʥʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʨʦʟʚʠʪʢʫ ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʢʦʤʧʣʝʢʩʫ, ʥʝ ʪʽʣʴʢʠ ʚ ʢʦʥʪʝʢʩʪʽ ʧʦʪʫʞʥʠʭ 



 Technical sciences ISSN 2307-5732 
 

Herald of Khmelnytskyi national university, Issue 4, 2023 (323) 38 

ʧʨʦʤʠʩʣʦʚʠʭ ʧʽʜʧʨʠʻʤʩʪʚ, ʘ ʡ ʫ ʨʝʛʽʦʥʘʣʴʥʦʤʫ ʘʩʧʝʢʪʽ. ʅʘ ʩʴʦʛʦʜʥʽʰʥʽʡ ʜʝʥʴ ʽʩʥʫʻ ʙʽʣʴʰʝ 200 ʤʝʪʦʜʽʚ ʪʘ 

ʤʦʜʝʣʝʡ ʧʨʦʛʥʦʟʫʚʘʥʥʷ, ʘʣʝ ʥʘʡʯʘʩʪʽʰʝ ʥʘ ʧʨʘʢʪʠʮʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʥʝ ʙʽʣʴʰʝ 10. ʄʽʞ ʪʠʤ, ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʦʢʨʝʤʠʭ ʤʝʪʦʜʽʚ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʥʝ ʧʨʠʚʦʜʠʪʴ ʜʦ ʦʧʪʠʤʘʣʴʥʦʛʦ ʽ ʜʦʩʠʪʴ ʪʦʯʥʦʛʦ ʨʝʟʫʣʴʪʘʪʫ, ʦʩʢʽʣʴʢʠ 

ʧʨʦʛʥʦʟʠ ʤʦʞʫʪʴ 

ʚʨʘʭʦʚʫʚʘʪʠ ʥʝ ʪʽʣʴʢʠ 

ʬʘʢʪʦʨʠ, ʱʦ ʨʦʙʠʪʴ ʚʧʣʠʚ 

ʥʘ ʧʨʝʜʤʝʪ ʧʨʦʛʥʦʟʫʚʘʥʥʷ, 

ʘ ʡ ʨʽʟʥʽ ʩʢʣʘʜʦʚʽ ʧʨʦʛʥʦʟʫ, 

ʪʘʢʽ ʷʢ ʡʦʛʦ ʦʩʥʦʚʥʘ 

ʪʝʥʜʝʥʮʽʷ ʨʦʟʚʠʪʢʫ, 

ʩʝʟʦʥʥʘ ʽ ʮʠʢʣʽʯʥʽ ʩʢʣʘʜʦʚʽ, 

ʚʠʧʘʜʢʦʚʘ ʢʦʤʧʦʥʝʥʪʘ [13].  

ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ 

ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʥʘʷʚʥʠʭ 

ʜʘʥʠʭ, ʤʝʪʦʜʠ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʧʦʜʽʣʷʶʪʴ 

ʥʘ ʬʘʢʪʦʛʨʘʬʽʯʥʽ, 

ʝʢʩʧʝʨʪʥʽ ʪʘ ʢʦʤʙʽʥʦʚʘʥʽ. 

ʊʘʢ, ʬʘʢʪʦʛʨʘʬʽʯʥʽ ʤʝʪʦʜʠ 

ˇʨʫʥʪʫʶʪʴʩʷ ʥʘ ʜʦʩʪʘʪʥʽʡ 

ʨʝʪʨʦʩʧʝʢʪʠʚʥʽʡ 

ʽʥʬʦʨʤʘʮʽʾ ʱʦʜʦ ʦʙôʻʢʪʫ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʪʘ ʚ ʩʚʦʶ ʯʝʨʛʫ ʧʦʜʽʣʷʶʪʴʩʷ ʥʘ ʤʝʪʦʜʠ ʧʨʝʜʤʝʪʥʦʾ ʛʘʣʫʟʽ ʪʘ ʤʝʪʦʜʠ ʤʦʜʝʣʶʚʘʥʥʷ ʯʘʩʦʚʠʭ 

ʨʷʜʽʚ. ɽʢʩʧʝʨʪʥʽ ʤʝʪʦʜʠ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʧʨʠ ʥʝʜʦʩʪʘʪʥʴʦʤʫ ʦʙʩʷʛʫ ʜʘʥʠʭ ʧʨʦ ʦʙôʻʢʪ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʪʘ 

ʙʫʜʫʶʪʴʩʷ ʥʘ ʽʥʬʦʨʤʘʮʽʾ, ʦʪʨʠʤʘʥʦʾ ʟ ʝʢʩʧʝʨʪʥʠʭ ʦʮʽʥʦʢ. ɺ ʩʚʦʶ ʯʝʨʛʫ ʢʦʤʙʽʥʦʚʘʥʽ ʤʝʪʦʜʠ ʧʨʦʛʥʦʟʫʚʘʥʥʷ 

ʦʙôʻʜʥʫʶʪʴ ʝʢʩʧʝʨʪʥʽ ʪʘ ʬʘʢʪʦʛʨʘʬʽʯʥʽ ʤʝʪʦʜʠ. ʗʢ ʧʨʠʢʣʘʜ ʜʦ ʢʦʤʙʽʥʦʚʘʥʠʭ ʤʝʪʦʜʽʚ ʚʽʜʥʦʩʷʪʴ ʤʦʜʝʣʽ ʥʘ ʙʘʟʽ 

ʥʝʯʽʪʢʦʾ ʣʦʛʽʢʠ. ɿ ʧʦʤʽʞ ʨʦʟʛʣʷʥʫʪʠʭ ʤʝʪʦʜʽʚ  ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʚ ʝʥʝʨʛʝʪʠʯʥʠʭ ʩʠʩʪʝʤʘʭ ʥʘʡʙʽʣʴʰ 

ʧʨʠʜʘʪʥʦʶ ʚʚʘʞʘʶʪʴʩʷ ʛʨʫʧʘ ʤʦʜʝʣʝʡ ʯʘʩʦʚʠʭ ʨʷʜʽʚ, ʱʦ ʚ ʩʚʦʶ ʯʝʨʛʫ ʧʦʜʽʣʷʻʪʴʩʷ ʥʘ ʩʪʘʪʠʩʪʠʯʥʽ ʪʘ 

ʩʪʨʫʢʪʫʨʥʽ. ɼʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʝʣʝʢʪʨʦʩʧʦʞʠʚʘʥʥʷ ʚʽʜ ʘʣʴʪʝʨʥʘʪʠʚʥʠʭ ʜʞʝʨʝʣ ʝʥʝʨʛʽʾ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʘʥʽ 

ʧʨʦ ʧʦʛʦʜʫ ʪʘ ʛʨʘʬʽʢʠ ʜʘʥʠʭ ʱʦʜʦ ʝʣʝʢʪʨʦʩʧʦʞʠʚʘʥʥʷ. ʊʦʞ, ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʝʛʨʝʩʽʡʥʠʭ ʤʦʜʝʣʝʡ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʨʝʟʫʣʴʪʘʪ ʙʫʜʝ ʦʪʨʠʤʘʥʦ ʰʚʠʜʰʝ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʽʥʰʠʭ ʤʦʜʝʣʝʡ. 

ɸʚʪʦʨʝʛʨʝʩʠʚʥʽ ʤʦʜʝʣʽ ʻ ʥʘʡʙʽʣʴʰ ʧʦʧʫʣʷʨʥʽ ʩʝʨʝʜ ʩʪʘʪʠʩʪʠʯʥʠʭ ʤʦʜʝʣʝʡ, ʤʽʞ ʪʠʤ ʫ ʥʠʭ ʻ ʚʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ 

ʚʽʣʴʥʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʽʜʝʥʪʠʬʽʢʘʮʽʷ ʷʢʠʭ ʻ ʥʝʦʜʥʦʟʥʘʯʥʦʶ ʪʘ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʚʝʣʠʢʦʶ ʪʨʫʜʦʤʽʩʪʢʽʩʪʶ. ɻʨʫʧʘ 

ʩʪʨʫʢʪʫʨʥʠʭ ʤʦʜʝʣʝʡ ʤʘʻ ʫ ʩʚʦʻʤʫ ʩʢʣʘʜʽ ʥʝʡʨʦʤʝʨʝʞʝʚʽ ʤʦʜʝʣʽ, ʥʘ ʙʘʟʽ ʣʘʥʮʶʛʽʚ ʄʘʨʢʦʚʘ ʪʘ ʥʘ ʙʘʟʽ 

ʢʣʘʩʠʬʽʢʘʮʽʡʥʠʭ ʨʝʛʨʝʩʠʚʥʠʭ ʜʝʨʝʚ. ʊʦʞ ʘʥʘʣʽʟ ʽʩʥʫʶʯʠʭ ʤʝʪʦʜʽʚ ʪʘ ʤʦʜʝʣʝʡ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʚ ʝʥʝʨʛʝʪʠʮʽ 

ʧʦʢʘʟʘʚ, ʱʦ ʜʣʷ ʚʠʨʽʰʝʥʥʷ ʚʢʘʟʘʥʦʛʦ ʟʘʚʜʘʥʥʷ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʧʨʦʩʪʽ ʤʦʜʝʣʽ ʫʩʝʨʝʜʥʝʥʥʷ, ʩʪʘʪʠʩʪʠʯʥʽ 

ʤʦʜʝʣʽ ʪʘ ʤʦʜʝʣʽ ʰʪʫʯʥʠʭ ʥʝʡʨʦʥʥʠʭ ʤʝʨʝʞ. ʆʩʪʘʪʦʯʥʠʡ ʚʠʙʽʨ ʪʘ ʧʨʘʢʪʠʯʥʝ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʦʛʦ ʯʠ ʽʥʰʦʛʦ 

ʤʝʪʦʜʫ ʯʠ ʤʦʜʝʣʽ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʚ ʝʥʝʨʛʝʪʠʮʽ ˇʨʫʥʪʫʻʪʴʩʷ ʤʘʻ ˇʨʫʥʪʫʚʘʪʠʩʷ ʥʘ ʫʤʦʚʘʭ ʢʦʥʢʨʝʪʥʠʭ ʟʘʜʘʯ [14]. 

ʄʝʪʦʶ ʞ ʥʘʰʦʛʦ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʻ ʚʠʷʚʣʝʥʥʷ ʟʘʛʘʣʴʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʦʥʷʯʥʦʾ ʘʢʪʠʚʥʦʩʪʽ 

ʂʨʠʚʦʨʽʟʴʢʦʾ ʘʛʣʦʤʝʨʘʮʽʾ ʟ ʤʝʪʦʶ ʧʝʨʝʚʽʨʢʠ ʛʽʧʦʪʝʟʠ ʘʚʪʦʨʽʚ ʧʨʦ ʜʦʮʽʣʴʥʽʩʪʴ ʨʦʟʚʠʪʢʫ ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ 

ʥʘʧʨʷʤʢʫ ʜʦʩʣʽʜʞʝʥʴ. ɹʝʟʫʤʦʚʥʦ, ʨʝʟʫʣʴʪʘʪʠ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʙʘʟʫʶʪʴʩʷ ʩʪʘʪʠʯʥʠʭ ʜʘʥʠʭ ʤʝʪʝʦʨʦʣʦʛʽʯʥʠʭ 

ʩʣʫʞʙ ʪʘ ʙʫʜʫʪʴ ʤʘʪʠ ʧʨʝʚʝʥʪʠʚʥʠʡ ʟʘʛʘʣʴʥʠʡ ʭʘʨʘʢʪʝʨ, ʚʠʢʦʨʠʩʪʘʥʥʷ  ʷʢʦʛʦ ʚ ʧʦʜʘʣʴʰʦʤʫ ʥʝ ʧʣʘʥʫʻʪʴʩʷ 

ʜʣʷ ʧʨʦʻʢʪʫʚʘʥʥʷ ʪʘ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʨʦʚʘʜʞʝʥʥʷ ʨʝʘʣʴʥʠʭ ʝʥʝʨʛʦʦʙôʻʢʪʽʚ ʥʘ ʙʘʟʽ ʝʣʝʤʝʥʪʽʚ ʩʦʥʷʯʥʦʾ 

ʝʥʝʨʛʝʪʠʢʠ. 

ʑʦʙ ʚʠʷʚʠʪʠ ʡ ʦʭʘʨʘʢʪʝʨʠʟʫʚʘʪʠ ʦʩʥʦʚʥʫ ʪʝʥʜʝʥʮʽʶ, ʟʘʩʪʦʩʦʚʫʶʪʴ ʨʽʟʥʽ ʩʧʦʩʦʙʠ ʟʛʣʘʜʞʫʚʘʥʥʷ ʪʘ 

ʘʥʘʣʽʪʠʯʥʽ ʤʝʪʦʜʠ. ɺʚʘʞʘʻʤʦ ʜʦʮʽʣʴʥʠʤ ʟʘʩʪʦʩʫʚʘʥʥʷ ʘʥʘʣʽʪʠʯʥʦʛʦ ʤʝʪʦʜʫ, ʷʢ ʥʘʡʙʽʣʴʰ ʧʨʘʢʪʠʯʥʦ 

ʚʠʧʨʘʚʜʘʥʦʛʦ [10]. 

ʇʨʠ ʘʥʘʣʽʪʠʯʥʦʤʫ ʚʠʨʽʚʥʶʚʘʥʥʽ ʜʠʥʘʤʽʯʥʦʛʦ ʨʷʜʫ ʬʘʢʪʠʯʥʽ ʟʥʘʯʝʥʥʷ yt ʟʘʤʽʥʶʶʪʴʩʷ ʦʙʯʠʩʣʝʥʠʤʠ 

ʥʘ ʦʩʥʦʚʽ ʧʝʚʥʦʾ ʬʫʥʢʮʽʾ Y = f (t). 

ɺʠʙʽʨ ʪʠʧʫ ʬʫʥʢʮʽʾ ˇʨʫʥʪʫʻʪʴʩʷ ʥʘ ʪʝʦʨʝʪʠʯʥʦʤʫ ʘʥʘʣʽʟʽ ʩʫʪʽ ʷʚʠʱʘ, ʷʢʝ ʚʠʚʯʘʻʪʴʩʷ, ʽ ʭʘʨʘʢʪʝʨʽ ʡʦʛʦ 

ʜʠʥʘʤʽʢʠ.  

ʄʽʞ ʪʠʤ, ʦʛʣʷʜ ʽʩʥʫʶʯʠʭ ʤʦʜʝʣʝʡ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʯʘʩʦʚʠʭ ʨʷʜʽʚ, ʷʢʽ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴ ʚʽʜʧʦʚʽʜʥʽ 

ʝʥʝʨʛʝʪʠʯʥʽ ʧʦʢʘʟʥʠʢʠ ʩʦʥʷʯʥʦʾ ʝʥʝʨʛʝʪʠʢʠ ʧʦʢʘʟʘʚ, ʱʦ ʜʣʷ ʘʥʘʣʽʟʫ ʩʝʟʦʥʥʠʭ ʢʦʣʠʚʘʥʴ ʟʘʟʚʠʯʘʡ 

ʨʦʟʨʘʭʦʚʫʶʪʴ ʽʥʜʝʢʩʠ ʩʝʟʦʥʥʦʩʪʽ ʥʘ ʦʩʥʦʚʽ ʦʩʝʨʝʜʥʝʥʠʭ ʟʥʘʯʝʥʴ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʧʦʢʘʟʥʠʢʘ. ɹʽʣʴʰʽʩʪʴ 

ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʧʨʠʨʦʜʥʠʭ ʪʘ ʝʢʦʥʦʤʽʯʥʠʭ ʷʚʠʱ ʤʘʶʪʴ ʧʝʚʥʫ ʪʝʥʜʝʥʮʽʶ ʜʦ ʟʤʽʥʠ, ʪʦʤʫ ʟ ʤʝʪʦʶ ʚʠʟʥʘʯʝʥʥʷ 

ʧʦʢʘʟʥʠʢʽʚ ʩʝʟʦʥʥʦʩʪʽ ʥʝʦʙʭʽʜʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʥʝʡʪʨʘʣʽʟʘʮʽʶ ʝʚʦʣʶʮʽʾ ʪʨʝʥʜʫ. ʊʦʞ, ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʘʢʦʛʦ 

ʧʽʜʭʦʜʫ ʜʦʟʚʦʣʷʻ ʟʜʽʡʩʥʶʚʘʪʠ ʧʨʦʛʥʦʟ ʥʘ ʧʝʨʩʧʝʢʪʠʚʫ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʩʝʟʦʥʥʠʭ ʢʦʣʠʚʘʥʴ. 

ʆʜʠʥ ʽʟ ʤʝʪʦʜʽʚ ʧʨʦʛʥʦʟʫʚʘʥʥʷ, ʧʝʨʝʜʫʤʦʚʦʶ ʚʠʢʦʨʠʩʪʘʥʥʷ ʷʢʦʛʦ ʻ ʥʝʟʤʽʥʥʽʩʪʴ ʧʨʠʯʠʥʥʦʛʦ 

ʢʦʤʧʣʝʢʩʫ, ʱʦ ʬʦʨʤʫʻ ʪʝʥʜʝʥʮʽʶ. ʇʨʦʛʥʦʟʥʠʡ, ʦʯʽʢʫʚʘʥʠʡ ʨʽʚʝʥʴ  ʟʘʣʝʞʠʪʴ ʚʽʜ ʙʘʟʠ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʪʘ ʧʝʨʽʦʜʫ ʫʧʝʨʝʜʞʝʥʥʷ v.  

ʄʠ ʤʦʞʝʤʦ ʩʪʚʝʨʜʞʫʚʘʪʠ, ʱʦ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘʤʠ ʩʪʘʪʠʩʪʠʯʥʽ ʜʘʥʽ ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʜʠʥʘʤʽʯʥʠʡ ʨʷʜ, 

ʷʢʦʤʫ ʚʣʘʩʪʠʚʽ ʚʩʽ ʚʽʜʧʦʚʽʜʥʽ ʦʟʥʘʯʝʥʥʷ. 

ɿʘʩʪʦʩʦʚʫʶʯʠ ʩʪʘʥʜʘʨʪʥʠʡ ʧʘʢʝʪ çɸʥʘʣʽʟ ʜʘʥʠʭè ʦʪʨʠʤʫʻʤʦ ʣʽʥʽʶ ʪʨʝʥʜʘ ʪʘ ʢʦʝʬʽʮʽʻʥʪ 
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ʜʝʪʝʨʤʽʥʘʮʽʾ ʥʘʰʦʛʦ ʧʦʤʽʩʷʯʥʦʛʦ ʜʠʥʘʤʽʯʥʦʛʦ ʨʷʜʫ (ʨʠʩ.2). 

 

ʄ
ʩ̫̔
ʮ̔

ʂ̔ʣɹʢ̔ʩʪɹ ʩʦʥ̫ʯʥʠʭ ʜʥ̔ʚ

 
ʈʠʩ. 2. ʈʽʚʥʷʥʥʷ ʣʽʥʽʾ ʪʨʝʥʜʘ ʪʘ ʟʥʘʯʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ ʜʝʪʝʨʤʽʥʘʮʽʾ 

 

ʗʢ ʧʦʢʘʟʘʥʦ ʥʘ ʛʨʘʬʽʢʫ ʨʽʚʥʷʥʥʷ ʪʨʝʥʜʫ ʻ ʧʦʣʽʥʦʤʽʘʣʴʥʘ ʬʫʥʢʮʽʷ ʜʨʫʛʦʛʦ ʧʦʨʷʜʢʫ, ʘ ʢʦʝʬʽʮʽʻʥʪ 

ʜʝʪʝʨʤʽʥʘʮʽʾ ʜʦʨʽʚʥʶʻ 0,8432. ʊʦʙʪʦ ʤʦʞʝʤʦ ʚʚʘʞʘʪʠ ʦʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʧʨʠʡʥʷʪʥʠʤʠ ʧʨʠ ʧʨʘʢʪʠʯʥʦʤʫ 

ʟʘʩʪʦʩʫʚʘʥʥʽ. 

ʉʣʽʜ ʚʽʜʟʥʘʯʠʪʠ, ʱʦ ʦʢʨʝʤʠʤ ʧʨʦʮʝʩʘʤ ʧʨʠʪʘʤʘʥʥʽ ʚʥʫʪʨʽʰʥʴʦʨʽʯʥʽ, ʩʝʟʦʥʥʽ ʧʽʜʥʝʩʝʥʥʷ ʽ ʩʧʘʜʠ. 

ʉʝʟʦʥʥʽ ʢʦʣʠʚʘʥʥʷ ʚʠʷʚʣʷʶʪʴʩʷ ʽ ʘʥʘʣʽʟʫʶʪʴʩʷ ʥʘ ʦʩʥʦʚʽ ʨʷʜʽʚ ʱʦʤʽʩʷʯʥʠʭ ʘʙʦ ʱʦʢʚʘʨʪʘʣʴʥʠʭ ʜʘʥʠʭ. 

ɼʦʮʽʣʴʥʠʤ ʻ ʘʥʘʣʽʟ ʩʝʟʦʥʥʦʩʪʽ ʧʨʠ ʜʦʩʣʽʜʞʝʥʥʽ ʧʨʦʙʣʝʤʠ, ʱʦ ʚʠʩʚʽʪʣʶʻʪʴʩʷ, ʱʦ ʜʘʩʪʴ ʤʦʞʣʠʚʽʩʪʴ ʚ 

ʧʦʜʘʣʴʰʦʤʫ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʮʽ ʜʘʥʽ ʜʣʷ ʧʨʦʝʢʪʫʚʘʥʥʷ ʉɽʉ. 

ʍʘʨʘʢʪʝʨ ʩʝʟʦʥʥʠʭ ʢʦʣʠʚʘʥʴ ʦʧʠʩʫʻʪʴʩʷ çʩʝʟʦʥʥʦʶ ʭʚʠʣʝʶè, ʷʢʫ ʫʪʚʦʨʶʶʪʴ ʽʥʜʝʢʩʠ ʩʝʟʦʥʥʦʩʪʽ. 

ɯʥʜʝʢʩʠ ʩʝʟʦʥʥʦʩʪʽ ʻ ʚʽʜʥʦʰʝʥʥʷʤ ʬʘʢʪʠʯʥʠʭ ʤʽʩʷʯʥʠʭ (ʢʚʘʨʪʘʣʴʥʠʭ) ʨʽʚʥʽʚ  ʜʦ ʩʝʨʝʜʥʴʦʤʽʩʷʯʥʦʛʦ 

(ʩʝʨʝʜʥʴʦʢʚʘʨʪʘʣʴʥʦʛʦ) ʟʘ ʨʽʢ , %: 
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ʆʩʢʽʣʴʢʠ ʩʝʟʦʥʥʽ ʢʦʣʠʚʘʥʥʷ ʟ ʨʦʢʫ ʚ ʨʽʢ ʥʝ ʣʠʰʘʶʪʴʩʷ ʥʝʟʤʽʥʥʠʤʠ, ʚʠʷʚʠʪʠ ʩʪʘʣʫ ʩʝʟʦʥʥʫ ʭʚʠʣʶ 

ʤʦʞʥʘ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʝʨʝʜʥʽʭ ʽʥʜʝʢʩʽʚ ʩʝʟʦʥʥʦʩʪʽ ʟʘ ʢʽʣʴʢʘ ʨʦʢʽʚ: 

      (2) 

ʜʝ  n ð ʯʠʩʣʦ ʨʦʢʽʚ. 

ɺʠʟʥʘʯʝʥʥʷ ʽʥʜʝʢʩʽʚ ʩʝʟʦʥʥʦʩʪʽ ʪʘ ʚʽʜʧʦʚʽʜʥʠʡ ʨʦʟʨʘʭʫʥʦʢ ʧʨʦʛʥʦʟʫ ʥʘ ʾʭ ʦʩʥʦʚʽ ʚʚʘʞʘʻʤʦ ʙʽʣʴʰ 

ʜʦʨʝʯʥʠʤ. 

ɺʽʜʧʦʚʽʜʥʽ ʨʦʟʨʘʭʫʥʢʠ ʽʥʜʝʢʩʽʚ ʩʝʟʦʥʥʦʩʪʽ, ʨʽʚʥʷʥʥʷ ʪʨʝʥʜʫ ʪʘ ʢʦʝʬʽʮʽʻʥʪ ʜʝʪʝʨʤʽʥʘʮʽʾ ʧʨʝʜʩʪʘʚʣʝʥʽ 

ʥʘ ʨʠʩ. 3. 
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ɯʥʜʝʢʩʠ

 
ʈʠʩ. 3. ʂʽʣʴʢʽʩʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʽʥʜʝʢʩʽʚ ʩʝʟʦʥʥʦʩʪʽ ʧʦʛʦʜʥʠʭ ʫʤʦʚ ʤ. ʂʨʠʚʠʡ ʈʽʛ 

ɿʘʟʥʘʯʠʤʦ, ʱʦ ʜʣʷ ʜʠʥʘʤʽʯʥʦʛʦ ʨʷʜʫ ʽʥʜʝʢʩʽʚ ʩʝʟʦʥʥʦʩʪʽ ʨʽʚʥʷʥʥʷ ʣʽʥʽʾ ʪʨʝʥʜʫ ʚʽʜʧʦʚʽʜʘʻ 

ʣʦʛʘʨʠʬʤʽʯʥʘ ʬʫʥʢʮʽʷ ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʯʘʩʦʚʦʛʦ ʨʷʜʫ ʢʽʣʴʢʦʩʪʽ ʩʦʥʷʯʥʠʭ ʜʥʽʚ. ʂʦʝʬʽʮʽʻʥʪ ʜʝʪʝʨʤʽʥʘʮʽʾ 

ʜʦʨʽʚʥʶʻ 0,5138, ʱʦ ʟʘʜʦʚʦʣʴʥʷʻ ʚʠʤʦʛʘʤ ʧʨʘʢʪʠʯʥʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ. 

ɺʚʘʞʘʻʤʦ ʟʘ ʜʦʮʽʣʴʥʝ ʧʨʦʚʝʩʪʠ ʘʥʘʣʽʟ ʜʠʥʘʤʽʯʥʦʛʦ ʨʷʜʫ ʽʥʜʝʢʩʽʚ ʩʝʟʦʥʥʦʩʪʽ ʟʘ ʫʤʦʚ ʧʨʠʚôʷʟʢʠ 

ʥʠʟʴʢʦʾ ʡʤʦʚʽʨʥʦʩʪʽ ʪʘ ʧʨʠʚôʷʟʢʠ ʚʠʩʦʢʦʾ ʡʤʦʚʽʨʥʦʩʪʽ (ʪʘʙʣ.1, ʨʠʩ.4). 

 

ʊʘʙʣʠʮʷ 1 

ʇʨʦʛʥʦʟʥʽ ʟʥʘʯʝʥʥʷ ʽʥʜʝʢʩʽʚ ʩʝʟʦʥʥʦʩʪʽ 

͍̉͊ͫͦ͊ ΄͊͊͟͡˭ͤ͊;͔ͤͤΎ˽͎ͪͦͤͦ͘˽͙͍ͪϥΎ͊͘͟ ͙ͤ͘Έͦ͟͝ ͍͎ͪͦ͒ͤͦͫͭ͜͜͜˽͙͍ͪΎ͊͘͟ ͍͙ͫͦͦ͟͝ ͍͎ͪͦ͒ͤͦͫͭ͜͜͜
1 4

2 5

3 8

4 13

5 14

6 17

7 22

8 23

9 18

10 18

11 10

12 6 6 6,00 6,00

13 16 3 30

14 17 4 30

15 18 4 31

16 18 5 32

17 19 5 33

18 20 6 34

19 21 7 34

20 21 7 35

21 22 8 36

22 23 8 37

23 23 9 38

24 24 10 39
 

 

ɺʽʟʫʘʣʽʟʘʮʽʷ ʜʘʥʠʭ ʥʘʚʝʜʝʥʠʭ ʚ ʪʘʙʣ.1 ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ.4 

ʆʪʨʠʤʘʥʽ ʟʥʘʯʝʥʥʷ ʧʨʦʛʥʦʟʫ ʽʥʜʝʢʩʽʚ ʩʝʟʦʥʥʦʩʪʽ ʥʘʜʘʥʽ ʚ ʤʝʞʘʭ ʧʨʠʚôʷʟʢʠ ʥʠʟʴʢʦʾ ʪʘ ʚʠʩʦʢʦʾ 

ʡʤʦʚʽʨʥʦʩʪʽ ʜʦʟʚʦʣʷʶʪʴ ʚʠʟʥʘʯʠʪʠ ʥʝʦʙʭʽʜʥʽ ʤʝʞʽ ʧʨʦʛʥʦʟʫ ʜʣʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʧʨʠʩʪʨʦʾʚ. 

ʉʝʨʝʜʥʴʦʤʽʩʷʯʥʽ ʟʥʘʯʝʥʥʷ ʢʽʣʴʢʦʩʪʽ ʧʽʢʦʚʠʭ ʛʦʜʠʥ, ʧʨʦʪʷʛʦʤ ʷʢʦʛʦ ʽʥʩʦʣʷʮʽʷ ʤʘʻ ʽʥʪʝʥʩʠʚʥʽʩʪʴ 1000 

ɺʪ/ʤ2 ʥʘʚʝʜʝʥʽ ʚ ʪʘʙʣ. 2. ʊʘʢʠʤ ʯʠʥʦʤ ʤʠ ʦʪʨʠʤʘʻʤʦ ʜʝʷʢʫ ʫʤʦʚʥʫ ʚʝʣʠʯʠʥʫ, ʱʦ ʚʠʟʥʘʯʘʻ ʢʽʣʴʢʽʩʪʴ ʧʽʢʦʚʠʭ 

ʛʦʜʠʥ ï ʯʘʩ, ʧʨʦʪʷʛʦʤ ʷʢʦʛʦ ʽʥʩʦʣʷʮʽʷ ʤʘʻ ʽʥʪʝʥʩʠʚʥʽʩʪʴ 1000 ɺʪ/ʤ2. 
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ʂ̔ʣɹʢ̔ʩʪɹ ʩʦʥ̫ʯʥʠʭ ʜʥ̔ʚ

ʇʨʠʚô̫ʟʢʘ ʚʠʩʦʢʦʾ ʚ̔ʨʦʛ̔ʜʥʦʩʪ̔

ʇʨʠʚô̫ʟʢʘ ʥʠʟɹʢʦʾ ʚ̔ʨʦʛ̔ʜʥʦʩʪ̔

ʇʨʦʛʥʦʟ

ʉʪʘʪʠʩʪʠʯʥ̔ ʟʥʘʯʝʥʥ̫

 
ʈʠʩ.4. ʇʨʦʛʥʦʟ ʟʥʘʯʝʥʴ ʽʥʜʝʢʩʽʚ ʩʝʟʦʥʥʦʩʪʽ ʜʣʷ ʜʘʥʠʭ 2018ʨ ï 2021ʨ. ʤ. ʂʨʠʚʠʡ ʈʽʛ 

 

ʈʦʟʨʘʭʦʚʘʥʽ ʟʥʘʯʝʥʥʷ  ʽʥʜʝʢʩʽʚ ʚʥʫʪʨʽʰʥʴʦʨʽʯʥʦʾ ʩʝʟʦʥʥʦʩʪʽ ʟʘ ʬʦʨʤʫʣʦʶ (1) ʟʘ ʜʘʥʠʤʠ [10]. 

ʇʨʠ ʮʴʦʤʫ ʟʥʘʯʝʥʥʷ ʧʨʦʛʥʦʟʦʚʘʥʠʭ ʜʘʥʠʭ ʚʠʟʥʘʯʘʣʦʩʴ ʟʘ ʬʦʨʤʫʣʦʶ ʧʦʣʽʥʦʤʘ ʜʨʫʛʦʛʦ ʩʪʫʧʝʥʶ, ʷʢ 

ʪʘʢʦʛʦ, ʱʦ ʤʘʻ ʢʦʝʬʽʮʽʻʥʪ ʜʝʪʝʨʤʽʥʘʮʽʾ 90,75% 

   (3) 

ʆʪʨʠʤʘʥʽ ʜʘʥʽ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ.5. 

 

 
ʈʠʩ.5. ɿʥʘʯʝʥʥʷ ʽʥʜʝʢʩʽʚ ʚʥʫʪʨʽʰʥʴʦʨʽʯʥʦʾ ʩʝʟʦʥʥʦʩʪʽ ʟʘ ʜʘʥʠʤʠ 2018ʨ ï 2021ʨ. ʤ. ʂʨʠʚʠʡ ʈʽʛ 

 

ɸʥʘʣʽʟ ʦʪʨʠʤʘʥʠʭ ʜʘʥʠʭ ʩʚʽʜʯʠʪʴ, ʱʦ ʥʘʡʙʽʣʴʰʝ ʟʥʘʯʝʥʥʷ ʽʥʜʝʢʩʫ ʩʪʘʥʦʚʠʪʴ ʚʽʜʧʦʚʽʜʥʦ ʚ 2025ʨ ʪʘ 

2027 ʨ ʚ ʣʠʧʥʽ ʤʽʩʷʮʽ. ɺʽʜʧʦʚʽʜʥʦ ʥʘʡʤʝʥʰʽ ʟʥʘʯʝʥʥʷ  ï 2027ʨ, ʛʨʫʜʝʥʴ ʤʽʩʷʮʴ. ɿʘʛʘʣʴʥʦ ʻ ʧʨʦʙʣʝʤʘʪʠʯʥʠʤ 

ʚʠʜʽʣʠʪʠ ʬʨʦʥʪʘʣʴʥʫ ʟʘʢʦʥʦʤʽʨʥʽʩʪʴ. ʋʤʦʛʣʷʜʥʦ, ʚʠʜʽʣʷʶʪʴʩʷ ʣʽʪʥʽ ʤʽʩʷʮʽ ʽ ʪʨʘʚʝʥʴ ʤʽʩʷʮʴ ʦʢʨʝʤʦ. 
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ʊʘʙʣʠʮ ̫2  

ʇʨʦʛʥʦʟʥʽ ʟʥʘʯʝʥʥʷ ʽʥʜʝʢʩʽʚ ʧʽʢʦʚʠʭ ʛʦʜʠʥ ʩʦʥʷʯʥʦʾ ʽʥʩʦʣʷʮʽʾ (ʥʘ ʧʨʠʢʣʘʜʽ ʦʜʥʦʛʦ ʨʦʢʫ) 

͍̉͊ͫͦ͊ ΄͊͊͟͡˭ͤ͊;͔ͤͤΎ˽͎ͪͦͤͦ͘˽͙͍ͪϥΎ͊͘͟ ͙ͤ͘Έͦ͟͝ ͍͎ͪͦ͒ͤͦͫͭ͜͜͜˽͙͍ͪϥΎ͊͘͟ ͍͙ͫͦͦ͟͝ ͍͎ͪͦ͒ͤͦͫͭ͜͜͜
1 0,03751

2 0,056

3 0,09021

4 0,126

5 0,17422

6 0,1716

7 0,18228

8 0,16058

9 0,1161

10 0,07564

11 0,0375

12 0,02945 0,02945 0,03 0,03

13 0,0182794 -0,03 0,06

14 0,0071694 -0,09 0,10

15 -0,003941 -0,16 0,15

16 -0,015051 -0,24 0,21

17 -0,02616 -0,33 0,28

18 -0,03727 -0,42 0,35

19 -0,04838 -0,53 0,43

20 -0,05949 -0,63 0,51
 

 

ʅʘ ʨʠʩ. 6 ʥʘʚʝʜʝʥʦ ʛʨʘʬʽʢ ʧʨʦʛʥʦʟʫ ʟʥʘʯʝʥʴ ʽʥʜʝʢʩʽʚ ʧʽʢʦʚʠʭ ʛʦʜʠʥ ʩʦʥʷʯʥʦʾ ʽʥʩʦʣʷʮʽʾ ʟʘ ʜʘʥʠʤʠ 

2018ʨ ï 2022ʨ. ʤ. ʂʨʠʚʠʡ ʈʽʛ, ʷʢʠʡ ʧʦʢʘʟʫʻ ʤʦʞʣʠʚʽ ʧʨʦʛʥʦʟʥʽ ʚʘʨʽʘʥʪʠ ʩʦʥʷʯʥʦʾ ʘʢʪʠʚʥʦʩʪʽ ʥʘ ʥʘʩʪʫʧʥʠʡ 

ʨʽʢ. 

 

 
ʈʠʩ. 6. ʇʨʦʛʥʦʟ ʟʥʘʯʝʥʴ ʽʥʜʝʢʩʽʚ ʧʽʢʦʚʠʭ ʛʦʜʠʥ ʩʦʥʷʯʥʦʾ ʽʥʩʦʣʷʮʽʾ ʥʘ 2023 ʨʽʢ ʤ. ʂʨʠʚʠʡ ʈʽʛ 

 

ʆʪʨʠʤʘʥʽ ʟʥʘʯʝʥʥʷ ʧʨʦʛʥʦʟʫ ʽʥʜʝʢʩʽʚ ʧʽʢʦʚʠʭ ʛʦʜʠʥ ʩʦʥʷʯʥʦʾ ʽʥʩʦʣʷʮʽʾ ʥʘʜʘʥʽ ʚ ʤʝʞʘʭ ʧʨʠʚôʷʟʢʠ 

ʥʠʟʴʢʦʾ ʪʘ ʚʠʩʦʢʦʾ ʡʤʦʚʽʨʥʦʩʪʽ. 

ɺʠʭʦʜʷʯʠ ʟ ʨʝʟʫʣʴʪʘʪʽʚ ʦʙʨʦʙʢʠ ʩʪʘʪʠʩʪʠʯʥʠʭ ʪʘ ʧʨʦʛʥʦʟʥʠʭ ʜʘʥʠʭ, ʤʦʞʥʘ ʛʦʚʦʨʠʪʠ ʧʨʦ ʛʘʨʥʠʡ 

ʧʦʪʝʥʮʽʘʣ ʩʦʥʷʯʥʦʾ ʝʥʝʨʛʽʾ ʜʣʷ ʚʧʨʦʚʘʜʞʝʥʥʷ ʬʦʪʦʝʣʝʢʪʨʠʯʥʠʭ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ ʚ ʫʤʦʚʘʭ ʧʨʦʤʠʩʣʦʚʦʾ 

ʘʛʣʦʤʝʨʘʮʽʾ ʂʨʠʚʦʨʽʞʞʷ. ʉʣʽʜ ʟʘʫʚʘʞʠʪʠ, ʱʦ ʧʽʜ ʯʘʩ ʨʦʟʨʘʭʫʥʢʽʚ ʪʘ ʚʠʙʦʨʫ ʦʙʣʘʜʥʘʥʥʷ ʤʘʡʙʫʪʥʽʭ ʩʦʥʷʯʥʠʭ 

ʝʣʝʢʪʨʦʩʪʘʥʮʽʡ, ʚ ʫʤʦʚʘʭ ʤ. ʂʨʠʚʠʡ ʈʽʛ ʩʣʽʜ ʚʨʘʭʦʚʫʚʘʪʠ ʩʝʟʦʥʥʽʩʪʴ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʩʦʥʷʯʥʦʾ ʽʥʩʦʣʷʮʽʾ ʪʘ 

ʽʥʜʝʢʩʠ ʧʽʢʦʚʠʭ ʛʦʜʠʥ. 

ʄʽʞ ʪʠʤ, ʩʣʽʜ ʟʘʫʚʘʞʠʪʠ, ʱʦ  ʛʨʘʬʽʢ ʝʣʝʢʪʨʦʩʧʦʞʠʚʘʥʥʷ ʧʦʪʫʞʥʠʭ ʧʨʦʤʠʩʣʦʚʠʭ ʧʽʜʧʨʠʻʤʩʪʚ 

ʚʽʜʨʽʟʥʷʻʪʴʩʷ ʚʽʜ ʛʨʘʬʽʢʫ ʛʝʥʝʨʘʮʽʾ ʝʣʝʢʪʨʠʯʥʦʾ ʝʥʝʨʛʽʾ ʩʦʥʷʯʥʠʤʠ ʝʣʝʢʪʨʦʩʪʘʥʮʽʷʤʠ. ʗʢ ʧʨʠʢʣʘʜ ʨʦʟʛʣʷʥʝʤʦ 

ʛʨʘʬʽʢʠ ʥʘʚʘʥʪʘʞʝʥʥʷ ʇɸʊ çʂʨʠʚʦʨʽʟʴʢʠʡ ʟʘʣʽʟʦʨʫʜʥʠʡ ʢʦʤʙʽʥʘʪè (ʨʠʩ. 7-9) [15]. 
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ʊʦʤʫ, ʚ ʨʝʟʫʣʴʪʘʪʽ ʚʧʨʦʚʘʜʞʝʥʥʷ ʩʦʥʷʯʥʠʭ ʝʣʝʢʪʨʦʩʪʘʥʮʽʡ ʚ ʫʤʦʚʘʭ ʧʨʦʤʠʩʣʦʚʠʭ ʘʛʣʦʤʝʨʘʮʽʡ, ʩʣʽʜ 

ʚʽʜʟʥʘʯʠʪʠ ʦʩʦʙʣʠʚʦʩʪʽ ʾʭ ʚʧʣʠʚʫ ʥʘ ʩʧʦʞʠʚʘʥʥʷ ʝʣʝʢʪʨʠʯʥʦʾ ʝʥʝʨʛʽʾ ʟ ʤʝʨʝʞʽ, ʚ ʟʘʣʝʞʥʦʩʪʽ ʥʝ ʪʽʣʴʢʠ ʯʘʩ 

ʜʦʙʠ, ʘʣʝ ʡ ʩʝʟʦʥʥʦʩʪʽ. ɿ ʧʦʤʽʞ ʽʥʰʦʛʦ, ʩʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʪʠʧʦʚʠʡ ʧʽʜʭʽʜ ʱʦʜʦ ʚʧʨʦʚʘʜʞʝʥʥʷ ʩʦʥʷʯʥʠʭ 

ʝʣʝʢʪʨʦʩʪʘʥʮʽʡ, ʷʢʠʡ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʰʠʨʦʢʦʛʦ ʟʘʛʘʣʫ ʩʧʦʞʠʚʘʯʽʚ ʝʣʝʢʪʨʠʯʥʦʾ ʝʥʝʨʛʽʾ ʥʝ ʙʫʜʝ ʤʘʪʠ ʚ 

ʜʘʥʦʤʫ ʚʠʧʘʜʢʫ ʧʦʟʠʪʠʚʥʠʡ ʝʢʦʥʦʤʽʯʥʠʡ ʝʬʝʢʪ, ʚʨʘʭʦʚʫʶʯʠ ʟʥʘʯʥʽ ʟʘʪʨʘʪʠ ʥʘ ʥʘʢʦʧʠʯʫʚʘʯʽ ʝʣʝʢʪʨʠʯʥʦʾ 

ʝʥʝʨʛʽʾ. 

 

ɺʠʩʥʦʚʢʠ 

ʊʘʢʠʤ ʯʠʥʦʤ, ʦʪʨʠʤʘʥʽ ʘʥʘʣʽʪʠʯʥʽ ʪʘ ʢʽʣʴʢʽʩʥʽ ʧʨʦʛʥʦʟʥʽ ʟʥʘʯʝʥʥʷ ʽʥʜʝʢʩʽʚ ʩʝʟʦʥʥʦʩʪʽ ʪʘ ʧʽʢʦʚʠʭ 

ʛʦʜʠʥ ʩʦʥʷʯʥʦʾ ʽʥʩʦʣʷʮʽʾ ʜʣʷ ʤʽʩʪʘ ʂʨʠʚʠʡ ʈʽʛ ʪʘ ʡʦʛʦ ʧʨʦʤʠʩʣʦʚʦʾ ʘʛʣʦʤʝʨʘʮʽʾ. ʇʦʨʽʚʥʷʥʥʷ ʦʪʨʠʤʘʥʠʭ 

ʛʨʘʬʽʢʽʚ ʟ ʛʨʘʬʽʢʘʤʠ ʥʘʚʘʥʪʘʞʝʥʥʷ ʦʜʥʦʛʦ ʟ ʧʦʪʫʞʥʠʭ ʧʽʜʧʨʠʻʤʩʪʚ ʤ. ʂʨʠʚʠʡ ʈʽʛ ʜʦʟʚʦʣʠʣʦ ʚʠʟʥʘʯʠʪʠ 

ʧʨʦʙʣʝʤʫ ʚʧʨʦʚʘʜʞʝʥʥʷ ʩʦʥʷʯʥʠʭ ʝʣʝʢʪʨʦʩʪʘʥʮʽʡ ʚ ʫʤʦʚʘʭ ʧʨʦʤʠʩʣʦʚʠʭ ʧʽʜʧʨʠʻʤʩʪʚ ʘʛʣʦʤʝʨʘʮʽʾ. 

ʇʦʟʠʪʠʚʥʠʤ ʯʠʥʥʠʢʦʤ ʫ ʮʴʦʤʫ ʥʘʧʨʷʤʢʫ ʻ ʪʘʢʦʞ ʬʘʢʪ ʜʦʩʪʘʪʥʴʦʛʦ ʧʦʪʝʥʮʽʘʣʫ ʩʦʥʷʯʥʦʾ ʽʥʩʦʣʷʮʽʾ ʜʣʷ 

ʚʧʨʦʚʘʜʞʝʥʥʷ ʩʦʥʷʯʥʠʭ ʝʣʝʢʪʨʦʩʪʘʥʮʽʡ ʚ ʫʤʦʚʘʭ ʪʝʨʠʪʦʨʽʡ ʚʠʚʝʜʝʥʠʭ ʟ ʝʢʩʧʣʫʘʪʘʮʽʾ ʪʘ ʜʽʶʯʽʡ ʧʨʦʤʠʩʣʦʚʽʡ 

ʘʛʣʦʤʝʨʘʮʽʾ ʤ. ʂʨʠʚʠʡ ʈʽʛ, ʱʦ ʤʘʪʠʤʝ ʱʝ ʡ ʧʦʟʠʪʠʚʥʠʡ ʝʢʦʣʦʛʽʯʥʠʡ ʪʘ ʩʦʮʽʘʣʴʥʠʡ ʝʬʝʢʪ. ʄʽʞ ʪʠʤ, 

ʤʽʥʣʠʚʽʩʪʴ ʧʨʦʛʥʦʟʥʠʭ ʧʦʢʘʟʥʠʢʽʚ ʪʘ ʩʪʦʭʘʩʪʠʯʥʠʡ ʭʘʨʘʢʪʝʨ ʬʘʢʪʠʯʥʠʭ ʧʦʢʘʟʥʠʢʽʚ ʽʥʩʦʣʷʮʽʾ, ʱʦ 

ʩʧʨʠʯʠʥʝʥʦ ʚʧʣʠʚʦʤ ʨʽʟʥʠʭ ʬʘʢʪʦʨʽʚ ʚʢʘʟʫʻ ʥʝ ʥʝʦʙʭʽʜʥʽʩʪʴ ʧʦʙʫʜʦʚʠ ʘʜʘʧʪʠʚʥʦʾ ʩʠʩʪʝʤʠ ʢʝʨʫʚʘʥʥʷ 

ʩʦʥʷʯʥʠʤʠ ʝʣʝʢʪʨʦʩʪʘʥʮʽʷʤʠ ʧʨʠ ʾʭ ʚʧʨʦʚʘʜʞʝʥʥʷ ʚ ʦʩʦʙʣʠʚʦ ʚ ʫʤʦʚʘʭ ʧʨʦʤʠʩʣʦʚʠʭ ʘʛʣʦʤʝʨʘʮʽʡ. ʊʦʞ, 

ʚʧʨʦʚʘʜʞʝʥʥʷ ʩʦʥʷʯʥʠʭ ʝʣʝʢʪʨʦʩʪʘʥʮʽʡ ʚ ʫʤʦʚʘʭ ʧʨʦʤʠʩʣʦʚʠʭ ʘʛʣʦʤʝʨʘʮʽʡ ʧʦʚʠʥʥʦ ʤʘʪʠ ʚ ʩʚʦʾʡ ʦʩʥʦʚʽ 

ʩʫʯʘʩʥʽ ʧʽʜʭʦʜʠ ʜʦ ʧʦʙʫʜʦʚʠ ʝʣʝʢʪʨʦʪʝʭʥʽʯʥʠʭ ʢʦʤʧʣʝʢʩʽʚ, ʩʠʩʪʝʤ ʾʭ ʢʝʨʫʚʘʥʥʷ ʪʘ ʩʫʯʘʩʥʽ ʪʝʭʥʦʣʦʛʽʾ ʱʦʜʦ 

ʥʘʢʦʧʠʯʝʥʥʷ ʪʘ ʟʙʝʨʽʛʘʥʥʷ ʝʣʝʢʪʨʠʯʥʦʾ ʝʥʝʨʛʽʾ. 
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ˍ̨̎́̌̈ ̨̆̆̋̓̉̃̎̏̒̓̕ ̈́̐̑̏̐̏̎̏̃́̎̏̄̏ ̍̆̓̏̅̔ ̨̐̅̓̃̆̑̅̉̃ȟ ̏̚ ̠̈́̃̅̋̉ ̑̏̈̑̏̂̌̆̎̏̍̔ ̍̆̓̏̅̔ ̤̝̠̃̅́̓̒ 
̙̑̏̈̉̑̉̓̉ ̨̘̅̉̎́̍̎̉̊ ̨̅́̐́̈̏̎ υϊ-̠̑̏̈̑̅̎̏̄̏ ̨̙̃̉̅̋̏̅̊̎̏̄̏ ˍˣ˜ ̎́ φω ̅ˎ ̔ ̨̒̍̔̈ ̖̃̉̒̏̋̉ ̘́̒̓̏̓Ȣ  
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PARALLEL ANALOG -DIGITAL CONVERTER WITH CORRECTION OF THE TIME UNCERTAINTY OF THE 

OUTPUT SIGNAL  
 

The paper proposes a method of expanding the dynamic range of parallel analog-to-digital converters (ADCs) on the basis of 
adjusting the time uncertainty of the output signal. It was established that the discretization of the input signal in real ADCs of the parallel 
type is accompanied by a deviation of the actual moments of formation of the signal readings from their nominal position on the time axis. As 
a result, the phenomenon of temporal uncertainty of the output signal of the parallel ADC occurs. This leads to the appearance of parasitic 
frequency components in the frequency spectrum of the output signal of the converter, which narrow the dynamic range of the ADC. 

The adjustment process consists of two stages: assessment and compensation. At the first stage, the value of time uncertainty is 
estimated. Finding the error due to time uncertainty is carried out for the input test signal of the ADC with the minimum spectrum width. 
Time instability error compensation is performed digitally using Taylor series expansion. It was established that with the increase in the 
number of members of the Taylor series, which take part in the formation of the output signal of the ADC, the accuracy of the adjustment 
increases, but at the same time, the hardware implementation is complicated and the speed of the ADC adjustment tools deteriorates. To 
overcome this contradiction, the ADC output signal is formed based on the first three members of the Taylor series. 

The structure of a parallel analog-to-digital conversion device with multiphase sampling based on the parallel build-up of several 
ADC channels is presented. The analog-to-digital conversion device operates in two modes. The calibration stage is performed in a 
conventionally real time scale. In the operating mode, a real analog signal is applied to the input bus of the ADC. The corrected output signal 
of the ADC is fed to the output bus of the device. 

Analysis of the effectiveness of the proposed method confirmed that thanks to the developed method, it is possible to expand the 
dynamic range of a 16-bit high-speed ADC by 25 dB in the high frequency band. 

Keywords: analog-to-digital converters, temporal uncertainty, multiphase sampling, dynamic range. 

 

ʇʦʩʪʘʥʦʚʢʘ ʧʨʦʙʣʝʤʠ 

ʐʠʨʦʢʦʩʤʫʛʦʚʽ ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚ ̔ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ (ɸʎʇ) ʟʥʘʭʦʜʷʪʴ ʰʠʨʦʢʝ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ 

ʩʫʯʘʩʥʠʭ ʧʨʦʛʨʘʤʥʦ-ʚʠʟʥʘʯʝʥʠʭ ʨʘʜʽʦʧʨʠʡʤʘʣʴʥʠʭ ʧʨʠʩʪʨʦʷʭ. ɼʣʷ ʧʽʜʚʠʱʝʥʥʷ ʰʚʠʜʢʦʜʽʾ ʪʘʢʠʭ ɸʎʇ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʘʨʭʽʪʝʢʪʫʨʫ ʩʪʨʫʢʪʫʨʥʦʛʦ ʨʦʟʧʘʨʘʣʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ 

ʚʠʩʦʢʦʯʘʩʪʦʪʥʠʭ ʩʠʛʥʘʣʽʚ. ʇʨʠ ʮʴʦʤʫ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʙʘʛʘʪʦʬʘʟʥʘ ʜʠʩʢʨʝʪʠʟʘʮʽʷ ʧʘʨʘʣʝʣʴʥʦ ʚʚʽʤʢʥʝʥʠʭ L  

ʢʘʥʘʣʽʚ ɸʎʇ, ʱʦ ʧʽʜʚʠʱʫʻ ʯʘʩʪʦʪʫ ʜʠʩʢʨʝʪʠʟʘʮʽʾ ʧʘʨʘʣʝʣʴʥʠʭ ɸʎʇ ʚ Lʨʘʟʽʚ [1].  

ɼʠʩʢʨʝʪʠʟʘʮʽʷ ʚʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ʚ ʨʝʘʣʴʥʠʭ ɸʎʇ ʧʘʨʘʣʝʣʴʥʦʛʦ ʪʠʧʫ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʚʽʜʭʠʣʝʥʥʷʤ 

ʬʘʢʪʠʯʥʠʭ ʤʦʤʝʥʪʽʚ ʬʦʨʤʫʚʘʥʥʷ ʚʽʜʣʽʢʽʚ ʩʠʛʥʘʣʫ ʚʽʜ ʾʭ ʥʦʤʽʥʘʣʴʥʦʛʦ ʧʦʣʦʞʝʥʥʷ ʥʘ ʦʩʽ ʯʘʩʫ. ɺ ʨʝʟʫʣʴʪʘʪʽ 

ʚʠʥʠʢʘʻ ʷʚʠʱʝ ʯʘʩʦʚʦʾ ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ʧʘʨʘʣʝʣʴʥʦʛʦ ɸʎʇ. ʎʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʷʚʠ ʫ 

ʩʧʝʢʪʨʽ ʯʘʩʪʦʪ ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʧʘʨʘʟʠʪʥʠʭ ʯʘʩʪʦʪʥʠʭ ʩʢʣʘʜʦʚʠʭ, ʷʢʽ ʟʚʫʞʫʶʪʴ ʜʠʥʘʤʽʯʥʠʡ 

ʜʽʘʧʘʟʦʥ ɸʎʇ [2]. ʇʦʷʚʘ ʥʦʚʠʭ ʧʨʦʛʨʘʤʥʦ-ʚʠʟʥʘʯʝʥʠʭ  ʨʘʜʽʦʧʨʠʡʤʘʣʴʥʠʭ ʧʨʠʩʪʨʦʾʚ ʟ ʨʦʟʰʠʨʝʥʦʶ ʩʤʫʛʦʶ  

ʚʭʽʜʥʠʭ ʩʠʛʥʘʣʽʚ ʧʽʜʚʠʱʫʻ ʚʠʤʦʛʠ ʜʦ ʜʠʥʘʤʽʯʥʦʛʦ ʜʽʘʧʘʟʦʥʫ ʧʝʨʝʪʚʦʨʶʚʘʥʠʭ ʩʠʛʥʘʣʽʚ, ʱʦ ʦʙʫʤʦʚʣʶʻ 

ʘʢʪʫʘʣʴʥʽʩʪʴ ʜʦʩʣʽʜʞʝʥʥʷ ʧʘʨʘʣʝʣʴʥʠʭ ɸʎʇ ʟ ʨʦʟʰʠʨʝʥʠʤ ʜʠʥʘʤʽʯʥʠʤ ʜʽʘʧʘʟʦʥʦʤ. 

ɸʥʘʣʽʟ ʦʩʪʘʥʥʽʭ ʜʞʝʨʝʣ 

ɼʦʩʣʽʜʞʝʥʥʶ ʯʘʩʦʚʦʾ ʥʝʫʟʛʦʜʞʝʥʦʩʪʽ ʢʘʥʘʣʽʚ ʧʘʨʘʣʝʣʴʥʠʭ ɸʎʇ ʧʨʠʩʚʷʯʝʥʽ ʨʦʙʦʪʠ [3, 4], ʚ ʷʢʠʭ 
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ʟʦʢʨʝʤʘ ʜʦʚʝʜʝʥʦ, ʱʦ ʯʘʩʦʚʘ ʥʝʚʠʟʥʘʯʝʥʽʩʪʴ ʚʠʭʽʜʥʠʭ ʩʠʛʥʘʣʽʚ  ʚʧʣʠʚʘʻ ʥʘ ʜʠʥʘʤʽʯʥʠʡ ʜʽʘʧʘʟʦʥ ɸʎʇ ʽ ʟʽ 

ʟʙʽʣʴʰʝʥʥʷʤ ʯʘʩʪʦʪʠ ʚʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ʧʦʛʽʨʰʫʻʪʴʩʷ ʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣ/ʰʫʤ ʰʚʠʜʢʦʜʽʡʥʠʭ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ 

ʘʥʘʣʦʛ-ʢʦʜ. ʋ ʨʦʙʦʪʘʭ [5, 6] ʥʘʚʝʜʝʥʦ ʘʥʘʣʦʛʦʚʽ ʪʘ ʢʦʤʙʽʥʦʚʘʥʽ ʤʝʪʦʜʠ ʢʦʨʠʛʫʚʘʥʥʷ ʯʘʩʦʚʦʾ ʥʝʫʟʛʦʜʞʝʥʦʩʪʽ 

ʚ ʧʘʨʘʣʝʣʴʥʠʭ ɸʎʇ. ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʪʦʯʥʽʩʪʴ ʢʦʨʠʛʫʚʘʥʥʷ ʚ ʘʥʘʣʦʛʦʚʽʡ ʦʙʣʘʩʪʽ ʻ ʥʝʜʦʩʪʘʪʥʴʦ ʚʠʩʦʢʦʶ. 

ʅʘʪʦʤʽʩʪʴ ʮʠʬʨʦʚʘ ʤʝʪʦʜʦʣʦʛʽʷ ʢʦʨʠʛʫʚʘʥʥʷ ʚʠʜʘʻʪʴʩʷ ʧʝʨʩʧʝʢʪʠʚʥʽʰʦʶ ʽ ʤʦʞʝ ʟʘʙʝʟʧʝʯʠʪʠ ʚʠʱʫ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ ʚʠʩʦʢʦʯʘʩʪʦʪʥʠʭ ʩʠʛʥʘʣʽʚ ʫ ʰʠʨʦʢʦʤʫ ʜʠʥʘʤʽʯʥʦʤʫ 

ʜʽʘʧʘʟʦʥʽ. 

ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʨʦʟʰʠʨʝʥʥʷ ʜʠʥʘʤʽʯʥʦʛʦ ʜʽʘʧʘʟʦʥʫ ʧʘʨʘʣʝʣʴʥʠʭ ɸʎʇ ʟ ʙʘʛʘʪʦʬʘʟʦʚʦʶ 

ʜʠʩʢʨʝʪʠʟʘʮʽʻʶ  ʟʘ ʨʘʭʫʥʦʢ ʢʦʨʠʛʫʚʘʥʥʷ ʯʘʩʦʚʦʾ ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ. 

 

ɺʠʢʣʘʜ ʦʩʥʦʚʥʦʛʦ ʤʘʪʝʨʽʘʣʫ 

ʋ ʟʘʩʦʙʘʭ ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ ʚʠʩʦʢʦʯʘʩʪʦʪʥʠʭ ʩʠʛʥʘʣʽʚ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʩʪʨʫʢʪʫʨʥʘ 

ʧʦʙʫʜʦʚʘ, ʱʦ ʙʘʟʫʻʪʴʩʷ ʥʘ ʧʨʠʥʮʠʧʽ ʨʦʟʧʘʨʘʣʝʣʶʚʘʥʥʷ ʢʘʥʘʣʽʚ ʦʙʨʦʙʣʝʥʥʷ ʟ ʨʦʟʛʦʨʪʘʥʥʷʤ ʫ ʯʘʩʽ. ʇʝʨʰʠʡ 

ʨʝʟʫʣʴʪʘʪ ʦʙʨʦʙʣʝʥʥʷ ʩʠʛʥʘʣʫ ʥʘ ʚʠʭʦʜʽ ɸʎʇ ʟ`ʷʚʣʷʻʪʴʩʷ ʯʝʨʝʟ ʽʥʪʝʨʚʘʣ ʯʘʩʫ ,lʊ ʱʦ ʜʦʨʽʚʥʶʻ ʯʘʩʫ 

ʧʝʨʝʪʚʦʨʝʥʥʷ ʩʠʛʥʘʣʫ ʚ ʦʜʥʦʤʫ ʢʘʥʘʣʽ ɸʎʇ. ʅʘʩʪʫʧʥʽ ʨʝʟʫʣʴʪʘʪʠ ʧʝʨʝʪʚʦʨʝʥʥʷ ʩʠʛʥʘʣʫ ʙʫʜʫʪʴ ʟ`ʷʚʣʷʪʠʩʴ 

ʥʘ ʚʠʭʦʜʽ ɸʎʇ ʟ ʽʥʪʝʨʚʘʣʦʤ 
L

Tl .  ɺʽʜʭʠʣʝʥʥʷ ʨʝʘʣʴʥʠʭ ʤʦʤʝʥʪʽʚ ʚʽʜʣʽʢʽʚ ,it ʚʽʜ ʾʭ ʥʦʤʽʥʘʣʴʥʠʭ ʟʥʘʯʝʥʴ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʪʦʛʦ, ʱʦ ʚʠʙʽʨʢʠ ʩʠʛʥʘʣʫ ʚʠʢʦʥʫʶʪʴʩʷ ʚ ʤʦʤʝʥʪʠ ʯʘʩʫ ,
~
it ʱʦ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʚʽʜ ʥʦʤʽʥʘʣʴʥʠʭ 

ʟʥʘʯʝʥʴ ʥʘ ,tD ʷʢ ʮʝ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 1. ɿʘ ʯʘʩ tDʚʭʽʜʥʠʡ ʩʠʛʥʘʣ ʚʩʪʠʛʘʻ ʟʤʽʥʠʪʠʩʴ ʥʘ ʟʥʘʯʝʥʥʷ 

,UD ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʷʚʠ ʫ ʚʠʭʽʜʥʦʤʫ ʩʠʛʥʘʣʽ ʥʝʙʘʞʘʥʠʭ ʧʘʨʘʟʠʪʥʠʭ ʩʢʣʘʜʦʚʠʭ. 

 

 

 
ʈʠʩ. 1. ʄʝʭʘʥʽʟʤ ʚʠʥʠʢʥʝʥʥʷ ʯʘʩʦʚʦʾ ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ɸʎʇ 

 

ɼʣʷ ʧʦʩʣʘʙʣʝʥʥʷ ʮʴʦʛʦ ʷʚʠʱʘ ʧʨʦʧʦʥʫʻʪʴʩʷ ʚʠʢʦʥʫʚʘʪʠ ʢʦʨʠʛʫʚʘʥʥʷ ʯʘʩʦʚʦʾ ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ 

ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ɸʎʇ. ʇʨʦʮʝʩ ʢʦʨʠʛʫʚʘʥʥʷ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʜʚʦʭ ʝʪʘʧʽʚ: ʦʮʽʥʶʚʘʥʥʷ ʪʘ ʢʦʤʧʝʥʩʘʮʽʾ. ʅʘ 

ʧʝʨʰʦʤʫ ʝʪʘʧʽ ʥʝʦʙʭʽʜʥʦ ʚʠʢʦʥʘʪʠ ʦʮʽʥʶʚʘʥʥʷ ʟʥʘʯʝʥʥʷ ʯʘʩʦʚʦʾ ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ. ɿʥʘʭʦʜʞʝʥʥʷ ʧʦʭʠʙʢʠ, 

ʦʙʫʤʦʚʣʝʥʦʾ ʯʘʩʦʚʦʶ ʥʝʚʠʟʥʘʯʝʥʽʩʪʶ, ʤʦʞʥʘ ʟʜʽʡʩʥʠʪʠ ʜʣʷ ʚʭʽʜʥʦʛʦ ʪʝʩʪʦʚʦʛʦ ʩʠʛʥʘʣʫ ɸʎʇ ʟ ʤʽʥʽʤʘʣʴʥʦʶ 

ʰʠʨʠʥʦʶ ʩʧʝʢʪʨʘ. ʊʘʢʠʤ ʩʠʛʥʘʣʦʤ ʻ ʦʜʥʦʪʦʥʘʣʴʥʠʡ ʩʠʥʫʩʦʾʜʘʣʴʥʠʡ ʩʠʛʥʘʣ  ).2sin()( tfUtU inmin pÖ=   

ɿʥʘʭʦʜʠʤʦ ʧʦʭʽʜʥʫ ʜʣʷ ʟʘʜʘʥʦʛʦ ʪʝʩʪʦʚʦʛʦ ʩʠʛʥʘʣʫ ɸʎʇ: 

).2cos(2
)(

tffU
t

tU
ininm

in pp Ö=
µ

µ
                                                    (1) 

ʄʘʢʩʠʤʘʣʴʥʘ ʧʦʭʠʙʢʘ ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʚ ʤʦʤʝʥʪ, ʢʦʣʠ 1)2cos( =tfinp , ʪʦʙʪʦ ʧʨʠ :0=t  

.
max

2
)(

inm
in fU
t

tU
p=

µ

µ
                                                     (2) 

ɿ ʨʠʩ. 1 ʚʠʜʥʦ, ʱʦ Uµ  ï ʟʥʘʯʝʥʥʷ ʧʦʭʠʙʢʠ ʮʠʬʨʦʚʦʛʦ ʩʠʛʥʘʣʫ ɸʎʇ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʟʤʽʥʽ ʤʦʤʝʥʪʫ 

ʚʠʙʽʨʢʠ ʪʝʩʪʦʚʦʛʦ ʩʠʛʥʘʣʫ ɸʎʇ tµ. ɿʘʤʽʥʠʤʦ Uµ ʥʘ UD , ʘ tµï ʥʘ tDʽ ʧʽʜʩʪʘʚʠʤʦ ʮʽ ʟʥʘʯʝʥʥʷ ʫ ʚʠʨʘʟ 

(2), ʪʦʜʽ  

tfUU inm DÖ=D p2 .                                                                (3) 

ɿ ʚʠʨʘʟʫ (3) ʚʠʜʥʦ, ʱʦ ʟʥʘʯʝʥʥʷ ʧʦʭʠʙʢʠ ʮʠʬʨʦʚʦʛʦ ʩʠʛʥʘʣʫ ɸʎʇ ʣʽʥʽʡʥʦ ʟʨʦʩʪʘʻ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ 

ʯʘʩʪʦʪʠ ʚʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ʽ ʚ ʜʽʘʧʘʟʦʥʽ ʚʠʩʦʢʠʭ ʯʘʩʪʦʪ, ʥʘʧʨʠʢʣʘʜ ʧʨʠ ʜʠʩʢʨʝʪʠʟʘʮʽʾ ʨʘʜʽʦʩʠʛʥʘʣʽʚ ʫ 
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ʧʨʦʛʨʘʤʥʦ-ʚʠʟʥʘʯʝʥʠʭ ʨʘʜʽʦʧʨʠʡʤʘʣʴʥʠʭ ʧʨʠʩʪʨʦʷʭ, ʦʩʦʙʣʠʚʦʛʦ ʟʥʘʯʝʥʥʷ ʥʘʙʫʚʘʻ ʯʠʩʪʦʪʘ ʩʧʝʢʪʨʘ ʚʠʭʽʜʥʦʛʦ 

ʩʠʛʥʘʣʫ ɸʎʇ. ʏʘʩʦʚʘ ʥʝʚʠʟʥʘʯʝʥʽʩʪʴ ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ɸʎʇ ʧʨʦʷʚʣʷʻʪʴʩʷ  ʫ ʚʠʛʣʷʜʽ ʧʝʨʽʦʜʠʯʥʦ 

ʧʦʚʪʦʨʶʚʘʥʠʭ ʩʢʣʘʜʦʚʠʭ ʰʠʨʦʢʦʩʤʫʛʦʚʦʛʦ ʰʫʤʫ ʫ ʩʧʝʢʪʨʽ ʮʠʬʨʦʚʦʛʦ ʩʠʛʥʘʣʫ ɸʎʇ. ʆʩʢʽʣʴʢʠ, ʩʤʫʛʘ ʯʘʩʪʦʪ 

ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ɸʎʇ ʻ ʜʦʩʠʪʴ ʰʠʨʦʢʦʶ, ʚʧʣʠʚ ʰʫʤʫ, ʱʦ ʦʙʫʤʦʚʣʝʥʠʡ ʯʘʩʦʚʦʶ ʥʝʩʪʘʙʽʣʴʥʽʩʪʶ, ʧʨʠʟʚʦʜʠʪʴ 

ʜʦ ʝʬʝʢʪʫ ʥʘʢʣʘʜʘʥʥʷ ʩʧʝʢʪʨʘ. ɿʥʘʡʜʝʤʦ ʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣ/ʰʫʤ ɸʎʇ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʚʠʨʘʟʫ (3): 

tf
U

U
SNR in

m
t DÖ-=

D
= p2lg20lg20 .                                                         (4) 

ɸʥʘʣʽʟʫʶʯʠ ʚʠʨʘʟ (4), ʤʦʞʥʘ ʩʪʚʝʨʜʞʫʚʘʪʠ, ʱʦ ʧʨʦʛʨʘʤʥʦ-ʚʠʟʥʘʯʝʥʽ ʨʘʜʽʦʧʨʠʡʤʘʣʴʥʽ ʧʨʠʩʪʨʦʾ ʟ 

ʰʠʨʦʢʠʤ ʜʠʥʘʤʽʯʥʠʤ ʜʽʘʧʘʟʦʥʦʤ, ʷʢʽ ʧʨʘʮʶʶʪʴ ʟ ʚʭʽʜʥʠʤʠ ʨʘʜʽʦʩʠʛʥʘʣʘʤʠ ʚʠʩʦʢʦʾ ʯʘʩʪʦʪʠ, ʧʦʚʠʥʥʽ 

ʭʘʨʘʢʪʝʨʠʟʫʚʘʪʠʩʴ ʥʠʟʴʢʠʤ ʨʽʚʥʝʤ ʯʘʩʦʚʦʾ ʥʝʩʪʘʙʽʣʴʥʦʩʪʽ ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ. 

ʏʘʩʦʚʘ ʥʝʩʪʘʙʽʣʴʥʽʩʪʴ ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ʻ ʦʜʥʽʻʶ ʟ ʧʨʠʯʠʥ ʧʦʛʽʨʰʝʥʥʷ ʜʠʥʘʤʽʯʥʦʛʦ ʜʽʘʧʘʟʦʥʫ 

ɸʎʇ. ɺʟʘʻʤʦʜʽʶ ʮʴʦʛʦ ʯʠʥʥʠʢʘ ʟ ʰʫʤʘʤʠ ʽʥʰʠʭ ʜʞʝʨʝʣ ʤʦʞʥʘ ʧʨʝʜʩʪʘʚʠʪʠ ʫ ʚʠʛʣʷʜʽ ʩʫʤʘʨʥʦʛʦ 

ʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣ/ʰʫʤ ɸʎʇ 

( ) ,
2

1
2lg20

2

1
2

2

ù
ù

ú

ø

é
é

ê

è
ö
÷

õ
æ
ç

å+
+DÖ-=S nin tfSNR

d
p                                                     (5) 

ʜʝ dï ʟʥʘʯʝʥʥʷ ʥʝʣʽʥʽʡʥʦʩʪʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʝʨʝʪʚʦʨʝʥʥʷ ɸʎʇ; 

    nï ʯʠʩʣʦ ʨʦʟʨʷʜʽʚ ʚʠʭʽʜʥʦʛʦ ʢʦʜʫ ɸʎʇ. 

 ʇʝʨʰʠʡ ʜʦʜʘʥʦʢ ʫ ʮʴʦʤʫ ʚʠʨʘʟʽ ï ʰʫʤʠ, ʨʦʟʨʘʭʦʚʘʥʽ ʟ ʚʠʨʘʟʫ (4), ʘ ʜʨʫʛʠʡ ʜʦʜʘʥʦʢ  ï ʰʫʤʠ, 

ʦʙʫʤʦʚʣʝʥʽ ʜʠʬʝʨʝʥʮʽʘʣʴʥʦʶ ʥʝʣʽʥʽʡʥʽʩʪʶ ɸʎʇ ʪʘ ʝʬʝʢʪʦʤ ʢʚʘʥʪʫʚʘʥʥʷ. ʊʘʢʠʤ ʯʠʥʦʤ, ʚʠʨʘʟ (5) ʜʘʻ ʟʤʦʛʫ 

ʚʠʟʥʘʯʠʪʠ ʰʫʤʦʚʽ ʚʣʘʩʪʠʚʦʩʪʽ ɸʎʇ. 

ɿʥʘʯʝʥʥʷ ʯʘʩʦʚʦʾ ʥʝʩʪʘʙʽʣʴʥʦʩʪʽ ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ɸʎʇ ʪʘ ʡʦʛʦ ʟʘʣʝʞʥʽʩʪʴ ʚʽʜ ʯʘʩʪʦʪʠ ʚʭʽʜʥʦʛʦ 

ʪʝʩʪʦʚʦʛʦ ʩʠʛʥʘʣʫ ʤʦʞʥʘ ʟʥʘʡʪʠ ʟ ʚʠʨʘʟʫ (5). ɼʣʷ ʮʴʦʛʦ ʥʝʦʙʭʽʜʥʦ ʚʠʢʦʥʘʪʠ ʜʚʘ ʚʠʤʽʨʶʚʘʥʥʷ. ʇʝʨʰʝ 

ʚʠʤʽʨʶʚʘʥʥʷ ʚʠʢʦʥʫʻʪʴʩʷ ʜʣʷ ʥʠʟʴʢʦʯʘʩʪʦʪʥʦʛʦ ʪʝʩʪʦʚʦʛʦ ʩʠʛʥʘʣʫ, ʜʣʷ ʷʢʦʛʦ ʚʧʣʠʚ ʯʘʩʦʚʦʾ ʥʝʩʪʘʙʽʣʴʥʦʩʪʽ ʻ 

ʥʝʟʥʘʯʥʠʤ. ɼʣʷ ʮʴʦʛʦ ʚʠʧʘʜʢʫ ʚʠʨʘʟ (5) ʥʝʦʙʭʽʜʥʦ ʩʧʨʦʩʪʠʪʠ ʪʘ ʧʝʨʝʪʚʦʨʠʪʠ ʜʣʷ ʟʥʘʭʦʜʞʝʥʥʷ ʥʝʣʽʥʽʡʥʦʩʪʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʝʨʝʪʚʦʨʝʥʥʷ ɸʎʇ 

,1102 20 -Ö=
-
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nd                                                                  (6) 

ʜʝ SNR ï ʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣ/ʰʫʤ ɸʎʇ, ʱʦ ʚʠʟʥʘʯʝʥʝ ʧʨʠ ʥʠʟʴʢʦʯʘʩʪʦʪʥʦʤʫ ʪʝʩʪʦʚʦʤʫ ʩʠʛʥʘʣʽ. 

ɺʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣ/ʰʫʤ ʚʠʟʥʘʯʘʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʘʥʘʣʽʟʫ ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ɸʎʇ 

ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʘʣʛʦʨʠʪʤʫ ʰʚʠʜʢʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ ʌʫʨ`ʻ [7] 
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1U ï ʘʤʧʣʽʪʫʜʘ ʦʩʥʦʚʥʦʾ ʩʢʣʘʜʦʚʦʾ ʩʧʝʢʪʨʘ ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ɸʎʇ; 

pU ï ʘʤʧʣʽʪʫʜʠ ʰʫʤʦʚʠʭ ʩʢʣʘʜʦʚʠʭ ʩʧʝʢʪʨʘ ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ɸʎʇ. 

ʅʘʩʪʫʧʥʠʤ ʝʪʘʧʦʤ ʚʠʤʽʨʶʚʘʥʥʷ ʻ ʚʠʟʥʘʯʝʥʥʷ ʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣ/ʰʫʤ ɸʎʇ SSNR  ʥʘ ʛʨʘʥʠʯʥʽʡ 

ʯʘʩʪʦʪʽ ʪʝʩʪʦʚʦʛʦ ʚʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ. ʋ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʯʘʩʦʚʫ ʥʝʩʪʘʙʽʣʴʥʽʩʪʴ ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ɸʎʇ ʤʦʞʥʘ 

ʚʠʟʥʘʯʠʪʠ ʟʘ ʚʽʜʩʫʪʥʦʩʪʽ ʚʧʣʠʚʫ ʥʝʣʽʥʽʡʥʦʩʪʽ: 
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ʉʧʝʢʪʨʠ ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ 12-ʨʦʟʨʷʜʥʦʛʦ ɸʎʇ ʜʣʷ ʚʭʽʜʥʦʛʦ ʪʝʩʪʦʚʦʛʦ ʩʠʛʥʘʣʫ ʟ ʯʘʩʪʦʪʦʶ 10 ʄɻʮ ʽ 

160 ʄɻʮ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚʽʜʧʦʚʽʜʥʦ ʥʘ ʨʠʩ. 2,ʘ ʪʘ ʨʠʩ. 2,ʙ. 

ʂʦʤʧʝʥʩʘʮʽʶ ʧʦʭʠʙʢʠ ʯʘʩʦʚʦʾ ʥʝʩʪʘʙʽʣʴʥʦʩʪʽ ʧʨʦʧʦʥʫʻʪʴʩʷ ʟʜʽʡʩʥʶʚʘʪʠ ʫ ʮʠʬʨʦʚʽʡ ʬʦʨʤʽ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʨʦʟʢʣʘʜʘʥʥʷ ʫ ʨʷʜ ʊʝʡʣʦʨʘ. ɺʠʭʽʜʥʠʡ ʩʠʛʥʘʣ ɸʎʇ ʟʽ ʩʢʦʤʧʝʥʩʦʚʘʥʦʶ ʧʦʭʠʙʢʦʶ ʯʘʩʦʚʦʾ 

ʥʝʩʪʘʙʽʣʴʥʦʩʪʽ ʚ ʤʝʞʘʭ -̔ʾ  ʪʦʯʢʠ ʚʽʜʣʽʢʽʚ ʙʫʜʝ ʤʘʪʠ ʚʠʛʣʷʜ  
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ʘ).  ʙ).  

ʈʠʩ. 2. ʉʧʝʢʪʨʠ ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ 12-ʨʦʟʨʷʜʥʦʛʦ ɸʎʇ ʜʣʷ ʚʭʽʜʥʦʛʦ ʩʠʥʫʩʦʾʜʘʣʴʥʦʛʦ ʩʠʛʥʘʣʫ: ʘ) ï  ʜʣʷ ʚʭʽʜʥʦʛʦ ʪʝʩʪʦʚʦʛʦ 

ʩʠʛʥʘʣʫ ʟ ʯʘʩʪʦʪʦʶ 10 ʄɻʮ; ʙ) ï  ʜʣʷ ʚʭʽʜʥʦʛʦ ʪʝʩʪʦʚʦʛʦ ʩʠʛʥʘʣʫ ʟ ʯʘʩʪʦʪʦʶ 160 ʄɻʮ 

 

ɿ ʚʠʨʘʟʫ (9) ʚʠʜʥʦ, ʱʦ ʟʽ ʟʨʦʩʪʘʥʥʷʤ ʢʽʣʴʢʦʩʪʽ ʯʣʝʥʽʚ ʨʷʜʫ ʊʝʡʣʦʨʘ, ʷʢʽ ʧʨʠʡʤʘʶʪʴ ʫʯʘʩʪʴ ʫ 

ʬʦʨʤʫʚʘʥʥʽ ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ɸʎʇ, ʪʦʯʥʽʩʪʴ ʢʦʨʠʛʫʚʘʥʥʷ ʟʨʦʩʪʘʻ, ʘʣʝ ʧʨʠ ʮʴʦʤʫ ʫʩʢʣʘʜʥʶʻʪʴʩʷ ʘʧʘʨʘʪʥʘ 

ʨʝʘʣʽʟʘʮʽʷ ʪʘ ʧʦʛʽʨʰʫʻʪʴʩʷ ʰʚʠʜʢʦʜʽʷ ʟʘʩʦʙʽʚ ʢʦʨʠʛʫʚʘʥʥʷ ɸʎʇ. ɼʣʷ ʧʦʜʦʣʘʥʥʷ ʮʴʦʛʦ ʧʨʦʪʠʨʽʯʯʷ 

ʧʨʦʧʦʥʫʻʪʴʩʷ ʬʦʨʤʫʚʘʥʥʷ ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ɸʎʇ ʟʜʽʡʩʥʶʚʘʪʠ ʥʘ ʙʘʟʽ ʧʝʨʰʠʭ ʯʦʪʠʨʴʦʭ ʯʣʝʥʽʚ ʨʷʜʫ 

ʊʝʡʣʦʨʘ.  ʊʦʜʽ ʚʠʨʘʟ (9) ʥʘʙʫʜʝ ʪʘʢʦʛʦ ʚʠʛʣʷʜʫ 
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ʉʪʨʫʢʪʫʨʘ ʧʘʨʘʣʝʣʴʥʦʛʦ ɸʎʇ, ʷʢʠʡ ʨʝʘʣʽʟʫʻ ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ ʤʝʪʦʜ ʢʦʨʠʛʫʚʘʥʥʷ ʯʘʩʦʚʦʾ 

ʥʝʩʪʘʙʽʣʴʥʦʩʪʽ ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ.3.  

 

 
 

ʈʠʩ. 3. ʉʪʨʫʢʪʫʨʘ ʧʘʨʘʣʝʣʴʥʦʛʦ ɸʎʇ ʟ ʢʦʨʠʛʫʚʘʥʥʷ ʯʘʩʦʚʦʾ ʥʝʩʪʘʙʽʣʴʥʦʩʪʽ ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ 

 

ɸʎʇ ʧʦʙʫʜʦʚʘʥʦ ʟʘ ʧʘʨʘʣʝʣʴʥʦʶ ʩʪʨʫʢʪʫʨʦʶ ɸʎʇ ʟ ʙʘʛʘʪʦʬʘʟʥʦʶ ʜʠʩʢʨʝʪʠʟʘʮʽʻʶ ʧʘʨʘʣʝʣʴʥʦ 

ʚʚʽʤʢʥʝʥʠʭ L  ʢʘʥʘʣʽʚ ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ. ɺʽʜʮʠʬʨʦʚʘʥʽ ʟʥʘʯʝʥʥʷ ʚʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ʟ 

ʢʦʞʥʦʛʦ ʢʘʥʘʣʫ ɸʎʇ ʯʝʨʝʟ ʤʫʣʴʪʠʧʣʝʢʩʦʨ ʄʇ ʥʘʜʭʦʜʷʪʴ ʥʘ ʙʫʬʝʨʥʠʡ ʟʘʧʘʤ`ʷʪʦʚʫʚʘʣʴʥʠʡ ʧʨʠʩʪʨʽʡ ɹɿʇ. 

ʇʨʠʩʪʨʽʡ ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ ʬʫʥʢʮʽʦʥʫʻ ʫ ʜʚʦʭ ʨʝʞʠʤʘʭ. ʋ ʨʝʞʠʤʽ ʢʘʣʽʙʨʫʚʘʥʥʷ ʬʦʨʤʫʻʪʴʩʷ 

ʪʝʩʪʦʚʠʡ ʩʠʛʥʘʣ ʩʠʥʫʩʦʾʜʘʣʴʥʦʾ ʬʦʨʤʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʛʝʥʝʨʘʪʦʨʘ ʪʝʩʪʦʚʠʭ ʩʠʛʥʘʣʽʚ ɻʊʉ, ʷʢʠʡ ʯʝʨʝʟ 

ʘʥʘʣʦʛʦʚʠʡ ʢʦʤʫʪʘʪʦʨ ɸʂ ʧʦʜʘʻʪʴʩʷ ʥʘ ʚʭʦʜʠ ɸʎʇ1 - ɸʎʇL. ʄʘʩʠʚ ʮʠʬʨʦʚʠʭ ʚʠʙʦʨʦʢ ɸʎʇ ʟ ɹɿʇ ʯʝʨʝʟ 

ʘʜʘʧʪʝʨ ʟʚ`ʷʟʢʫ ʪʘ ʰʠʥʫ USB ʧʦʜʘʶʪʴʩʷ ʚ ʢʦʤʧ`ʶʪʝʨ, ʜʝ ʚʽʜʙʫʚʘʻʪʴʩʷ ʨʦʟʨʘʭʫʥʦʢ ʟʥʘʯʝʥʴ tDʪʘ 

ʬʦʨʤʫʚʘʥʥʷ ʢʦʨʠʛʫʚʘʣʴʥʠʭ ʯʣʝʥʽʚ. ɽʪʘʧ ʢʘʣʽʙʨʫʚʘʥʥʷ ʚʠʢʦʥʫʻʪʴʩʷ ʚ ʫʤʦʚʥʦ-ʨʝʘʣʴʥʦʤʫ ʤʘʩʰʪʘʙʽ ʯʘʩʫ, 

ʪʦʙʪʦ, ʥʘʢʦʧʠʯʝʥʥʷ ʚʭʽʜʥʦʛʦ ʤʘʩʠʚʫ ʜʘʥʠʭ ʟʜʽʡʩʥʶʻʪʴʩʷ ʟ ʨʦʙʦʯʦʶ ʰʚʠʜʢʽʩʪʶ ʧʝʨʝʜʘʯʽ ʙʝʟ ʚʪʨʘʪʠ 
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ʽʥʬʦʨʤʘʮʽʾ, ʘ ʨʦʟʨʘʭʫʥʦʢ ʢʦʨʠʛʫʚʘʣʴʥʠʭ ʯʣʝʥʽʚ ʪʘ ʟʘʧʠʩ ʾʭ ʟʥʘʯʝʥʴ ʚ ʙʣʦʮʽ ʢʦʨʠʛʫʚʘʥʥʷ ʩʠʛʥʘʣʫ ɹʂʉ 

ʚʠʢʦʥʫʻʪʴʩʷ ʟ ʯʘʩʪʦʪʦʶ, ʜʦʩʪʫʧʥʦʶ ʜʣʷ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʢʦʤʧôʶʪʝʨʘ. ʋ ʨʦʙʦʯʦʤʫ ʨʝʞʠʤʽ ʥʘ ʚʭʽʜʥʫ ʰʠʥʫ 

ɸʎʇ ʧʦʜʘʻʪʴʩʷ ʨʝʘʣʴʥʠʡ ʘʥʘʣʦʛʦʚʠʡ ʩʠʛʥʘʣ. ʉʢʦʨʠʛʦʚʘʥʠʡ ʚʠʭʽʜʥʠʡ ʩʠʛʥʘʣ ɸʎʇ ʟ ʚʠʭʦʜʫ ɹʂʉ ʧʦʜʘʻʪʴʩʷ 

ʥʘ ʚʠʭʽʜʥʫ ʰʠʥʫ ʧʨʠʩʪʨʦʶ. ɹʣʦʢ ʢʝʨʫʚʘʥʥʷ ɹʂ ʬʦʨʤʫʻ ʽʤʧʫʣʴʩʠ ʜʠʩʢʨʝʪʠʟʘʮʽʾ ʜʣʷ ʢʦʞʥʦʛʦ ʢʘʥʘʣʫ ɸʎʇ ʪʘ 

ʩʠʥʭʨʦʩʠʛʥʘʣʠ ʜʣʷ ʫʟʛʦʜʞʝʥʦʛʦ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʫʩʽʭ ʩʢʣʘʜʦʚʠʭ ɸʎʇ.  

ɺʠʢʦʥʘʻʤʦ ʘʥʘʣʽʟ ʝʬʝʢʪʠʚʥʦʩʪʽ ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ ʤʝʪʦʜʫ ʨʦʟʰʠʨʝʥʥʷ ʜʠʥʘʤʽʯʥʦʛʦ ʜʽʘʧʘʟʦʥʫ 

ʧʘʨʘʣʝʣʴʥʦʛʦ ɸʎʇ. ɺʠʱʝʨʦʟʛʣʷʥʫʪʠʡ ʩʧʦʩʽʙ ʦʮʽʥʶʚʘʥʥʷ ʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣ/ʰʫʤ ɸʎʇ ʙʘʟʫʶʪʴʩʷ ʥʘ 

ʟʘʩʪʦʩʫʚʘʥʥʽ ʦʜʥʦʩʠʛʥʘʣʴʥʦ ʾʤʝʪʦʜʠʢʠ ʚʠʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ. ɺʦʜʥʦʯʘʩ ɸʎʇ ʚ ʧʨʦʛʨʘʤʥʦ-

ʚʠʟʥʘʯʝʥʠʭ ʨʘʜʽʦʧʨʠʡʤʘʣʴʥʠʭ ʧʨʠʩʪʨʦʷʭ ʬʫʥʢʮʽʦʥʫʶʪʴ ʟ hʠʨʦʢʦʩʤʫʛʦʚʠʤʠ ʩʠʛʥʘʣʘʤʠ, ʪʦʤʫ ʟʥʘʯʝʥʥʷ 

ʜʠʥʘʤʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ɸʎʇ ʧʨʠ ʨʦʙʦʪʽ ʟʽ ʩʧʝʢʪʨʘʣʴʥʦ ʥʘʩʠʯʝʥʠʤʠ ʩʠʛʥʘʣʘʤʠ ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʚʠʤʽʨʶʚʘʥʴ 

ʥʘ ʦʜʥʦʯʘʩʪʦʪʥʠʭ ʩʠʛʥʘʣʘʭ ʻ ʥʝʢʦʨʝʢʪʥʠʤʠ [8]. ɿ ʤʝʪʦʶ ʦʪʨʠʤʘʥʥʷ ʘʜʝʢʚʘʪʥʠʭ ʫʤʦʚʘʤ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ 

ʨʘʜʽʦʧʨʠʡʤʘʣʴʥʦʾ ʘʧʘʨʘʪʫʨʠ ʧʘʨʘʤʝʪʨʽʚ ɸʎʇ, ʧʨʦʧʦʥʫʻʪʴʩʷ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʜʚʦʪʦʥʘʣʴʥʽ ʪʝʩʪʦʚʽ ʩʠʛʥʘʣʠ 

ʧʨʠ ʜʦʩʣʽʜʞʝʥʥʽ ʜʠʥʘʤʽʯʥʦʛʦ ʜʽʘʧʘʟʦʥʫ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ [9]. ɺʠʟʥʘʯʝʥʥʷ ʜʠʥʘʤʽʯʥʦʛʦ ʜʽʘʧʘʟʦʥʫ ɸʎʇ 

ʚʠʢʦʥʫʻʪʴʩʷ ʟʘ ʩʧʝʢʪʨʘʣʴʥʦʶ ʤʝʪʦʜʠʢʦʶ ʟʛʽʜʥʦ ʚʠʨʘʟʫ  
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kU  ï ʘʤʧʣʽʪʫʜʠ ʽʥʪʝʨʤʦʜʫʣʷʮʽʡʥʠʭ ʽ ʛʘʨʤʦʥʽʯʥʠʭ ʩʢʣʘʜʦʚʠʭ ʩʧʝʢʪʨʘ ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ɸʎʇ. 

ʉʧʝʢʪʨʠ ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ɸʎʇ ʙʝʟ ʽ ʧʽʩʣʷ ʢʦʨʠʛʫʚʘʥʥʷ ʯʘʩʦʚʦʾ ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ 

ʨʠʩ. 4. 

 

 
ʈʠʩ. 4. ʉʧʝʢʪʨʠ ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ɸʎʇ ʜʣʷ ʜʚʦʪʦʥʘʣʴʥʦʛʦ ʚʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ  

 

ɿʤʽʥʶʶʯʠ ʯʘʩʪʦʪʫ ʚʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʟʘʣʝʞʥʽʩʪʴ ʜʠʥʘʤʽʯʥʦʛʦ ʜʽʘʧʘʟʦʥʫ ɸʎʇ ʚʽʜ 

ʯʘʩʪʦʪʠ ʚʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ. ʅʘ ʨʠʩ. 5 ʧʨʝʜʩʪʘʚʣʝʥʦ ʟʘʣʝʞʥʽʩʪʴ ʜʠʥʘʤʽʯʥʦʛʦ ʜʽʘʧʘʟʦʥʫ 16-ʨʦʟʨʷʜʥʦʛʦ ɸʎʇ ʚ 

ʨʝʞʠʤʽ ʙʝʟ ʢʦʨʠʛʫʚʘʥʥʷ (ʥʠʞʥʷ ʢʨʠʚʘ) ʽ ʟ ʢʦʨʠʛʫʚʘʥʥʷʤ (ʚʝʨʭʥʷ ʢʨʠʚʘ) ʚʽʜ ʧʨʦʥʦʨʤʦʚʘʥʦʾ ʯʘʩʪʦʪʠ ʚʭʽʜʥʦʛʦ 

ʩʠʛʥʘʣʫ  
s

in
f

f
. 
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ʈʠʩ. 5. ɿʘʣʝʞʥʽʩʪʴ ʜʠʥʘʤʽʯʥʦʛʦ ʜʽʘʧʘʟʦʥʫ ɸʎʇ ʚʽʜ ʧʨʦʥʦʨʤʦʚʘʥʦʾ ʯʘʩʪʦʪʠ ʚʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ  

 

 ʗʢ ʚʠʜʥʦ ʟ ʛʨʘʬʽʢʽʚ ʫ ʨʝʞʠʤʽ ʟ ʢʦʨʠʛʫʚʘʥʥʷʤ ʜʠʥʘʤʽʯʥʠʡ ʜʽʘʧʘʟʦʥ ʧʨʠʩʪʨʦʶ ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʦʛʦ 

ʧʝʨʝʪʚʦʨʝʥʥʷ ʦʙʤʝʞʫʻʪʴʩʷ ʣʠʰʝ ʨʦʟʨʷʜʥʽʩʪʶ ʚʠʢʦʨʠʩʪʘʥʠʭ ɸʎʇ. ɺʦʜʥʦʯʘʩ ʜʠʥʘʤʽʯʥʠʡ ʜʽʘʧʘʟʦʥ 

ʧʘʨʘʣʝʣʴʥʠʭ ɸʎʇ ʙʝʟ ʢʦʨʠʛʫʚʘʥʥʷ ʯʘʩʦʚʦʾ ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ ʜʝʤʦʥʩʪʨʫʻ ʟʥʠʞʝʥʥʷ ʥʘ 25 ʜɹ ʧʦʨʽʚʥʷʥʦ ʟ ɸʎʇ, 

ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʻ ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ ʤʝʪʦʜ ʢʦʨʠʛʫʚʘʥʥʷ. 

 

ɺʠʩʥʦʚʢʠ 

ʋ ʨʦʙʦʪʽ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʤʝʪʦʜ ʨʦʟʰʠʨʝʥʥʷ ʜʠʥʘʤʽʯʥʦʛʦ ʜʽʘʧʘʟʦʥʫ ʧʘʨʘʣʝʣʴʥʠʭ ɸʎʇ ʥʘ ʙʘʟʽ 

ʢʦʨʠʛʫʚʘʥʥʷ ʯʘʩʦʚʦʾ ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʜʠʩʢʨʝʪʠʟʘʮʽʷ ʚʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ʚ 

ʨʝʘʣʴʥʠʭ ɸʎʇ ʧʘʨʘʣʝʣʴʥʦʛʦ ʪʠʧʫ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʚʽʜʭʠʣʝʥʥʷʤ ʬʘʢʪʠʯʥʠʭ ʤʦʤʝʥʪʽʚ ʬʦʨʤʫʚʘʥʥʷ ʚʽʜʣʽʢʽʚ 

ʩʠʛʥʘʣʫ ʚʽʜ ʾʭ ʥʦʤʽʥʘʣʴʥʦʛʦ ʧʦʣʦʞʝʥʥʷ ʥʘ ʦʩʽ ʯʘʩʫ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʚʠʥʠʢʘʻ ʷʚʠʱʝ ʯʘʩʦʚʦʾ ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ 

ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ʧʘʨʘʣʝʣʴʥʦʛʦ ɸʎʇ. ʎʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʷʚʠ ʫ ʩʧʝʢʪʨʽ ʯʘʩʪʦʪ ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ 

ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʧʘʨʘʟʠʪʥʠʭ ʯʘʩʪʦʪʥʠʭ ʩʢʣʘʜʦʚʠʭ, ʷʢʽ ʟʚʫʞʫʶʪʴ ʜʠʥʘʤʽʯʥʠʡ ʜʽʘʧʘʟʦʥ ɸʎʇ.  

ʇʨʦʮʝʩ ʢʦʨʠʛʫʚʘʥʥʷ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʜʚʦʭ ʝʪʘʧʽʚ: ʦʮʽʥʶʚʘʥʥʷ ʪʘ ʢʦʤʧʝʥʩʘʮʽʾ. ʅʘ ʧʝʨʰʦʤʫ ʝʪʘʧʽ 

ʚʠʢʦʥʫʻʪʴʩʷ ʦʮʽʥʶʚʘʥʥʷ ʟʥʘʯʝʥʥʷ ʯʘʩʦʚʦʾ ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ. ɿʥʘʭʦʜʞʝʥʥʷ ʧʦʭʠʙʢʠ, ʦʙʫʤʦʚʣʝʥʦʾ ʯʘʩʦʚʦʶ 

ʥʝʚʠʟʥʘʯʝʥʽʩʪʶ ʟʜʽʡʩʥʶʻʪʴʩʷ ʜʣʷ ʚʭʽʜʥʦʛʦ ʪʝʩʪʦʚʦʛʦ ʩʠʛʥʘʣʫ ɸʎʇ ʟ ʤʽʥʽʤʘʣʴʥʦʶ ʰʠʨʠʥʦʶ ʩʧʝʢʪʨʘ. 

ʂʦʤʧʝʥʩʘʮʽʷ ʧʦʭʠʙʢʠ ʯʘʩʦʚʦʾ ʥʝʩʪʘʙʽʣʴʥʦʩʪʽ ʚʠʢʦʥʫʻʪʴʩʷ ʫ ʮʠʬʨʦʚʽʡ ʬʦʨʤʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʨʦʟʢʣʘʜʘʥʥʷ ʫ 

ʨʷʜ ʊʝʡʣʦʨʘ. 

ʅʘʚʝʜʝʥʘ ʩʪʨʫʢʪʫʨʘ ʧʘʨʘʣʝʣʴʥʦʛʦ ʧʨʠʩʪʨʦʶ ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ ʟ ʙʘʛʘʪʦʬʘʟʦʚʦʶ 

ʜʠʩʢʨʝʪʠʟʘʮʽʻʶ, ʱʦ ʙʘʟʫʻʪʴʩʷ ʥʘ ʧʘʨʘʣʝʣʴʥʦʤʫ ʥʘʨʦʱʫʚʘʥʥʽ ʜʝʢʽʣʴʢʦʭ ʢʘʥʘʣʽʚ ɸʎʇ. 

ɸʥʘʣʽʟ ʝʬʝʢʪʠʚʥʦʩʪʽ ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ ʤʝʪʦʜʫ ʧʽʜʪʚʝʨʜʠʚ, ʱʦ ʟʘʚʜʷʢʠ ʨʦʟʨʦʙʣʝʥʦʤʫ ʤʝʪʦʜʫ 

ʚʜʘʻʪʴʩʷ ʨʦʟʰʠʨʠʪʠ ʜʠʥʘʤʽʯʥʠʡ ʜʽʘʧʘʟʦʥ 16-ʨʦʟʨʷʜʥʦʛʦ ʰʚʠʜʢʦʜʽʡʥʦʛʦ ɸʎʇ ʥʘ 25 ʜɹ ʫ ʩʤʫʟʽ ʚʠʩʦʢʠʭ 

ʯʘʩʪʦʪ.  

ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʧʘʨʘʣʝʣʴʥʠʡ ɸʎʇ ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʚ ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʠʭ ʪʨʘʢʪʘʭ ʧʨʠʩʪʨʦʾʚ 

ʧʨʦʛʨʘʤʥʦ-ʢʝʨʦʚʘʥʦʛʦ ʨʘʜʽʦ. 
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PARALLEL-SEQUENTIAL ANALOG-DIGITAL CONVERTERS WITH NONLINEARITY ERROR 

CORRECTION 

 

The paper proposes a method for increasing the resolution of parallel-to-sequential analog-to-digital converters (PSADCs) by 
correcting nonlinearity errors. It is proved that the PSADCs with adjustment functions as a two-stage ADC. The first ADC (ADC1) converts the 

input signal into a code 1N . Upon the signal of the end of the conversion in ADC1, the second ADC (ADC2) is started, which converts the 

remaining signal into a code 2N . The total correction value is formed in the adder, which corrects the conversion error in ADC1. At the end 

of the conversion, the ADC1 code is summed with the correction in the adder. This result is then summed at the end of the conversion in ADC1 
with the source code of ADC2. As a result, the adjusted n-bit conversion result is read from the output of the adder. 

Structural schemes of PSADCs based on integral and differential correction of ADC nonlinearity errors are given. The considered 
structures of PSADCs do not require the use of an accurate digital-to-analog converter at the stage of determining bit errors. The proposed 
correction method makes it possible to remove progressive errors directly from high-speed PSADCs due to the fact that the corrective action 
in it is carried out in digital form. 

The developed PSADCs enable signal conversion in a wide frequency band and are characterized by high resolution and 
conversion error compliance with the declared resolution of the ADC. 

An analysis of the effectiveness of the proposed method of improving the resolution of the PSADCs was performed. NI Multisim 
11.0 circuit simulation package was used to quantitatively evaluate the performance of the PSADCs with correction of nonlinearity errors. At 
the same time, the output signal of the ADC was studied in the frequency domain, that is, the numerical parameters of the spectrum of the 
analog equivalent of the ADC output signal were analyzed. The simulation results made it possible to state that the method of digital 
correction of PSADCs nonlinearity errors makes it possible to increase the effective bit rate of the converter by 1.9 bits. 

Keywords: analog-digital converters, nonlinearity errors, resolution, effective number of bits. 
 

ʇʦʩʪʘʥʦʚʢʘ ʧʨʦʙʣʝʤʠ 

ʇʘʨʘʣʝʣʴʥʦ-ʧʦʩʣʽʜʦʚʥʽ ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʽ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ (ʇʇɸʎʇ) ʟʥʘʭʦʜʷʪʴ ʰʠʨʦʢʝ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʚ ʩʫʯʘʩʥʠʭ ʽʥʬʦʨʤʘʮʽʡʥʦ-ʚʠʤʽʨʶʚʘʣʴʥʠʭ ʩʠʩʪʝʤʘʭ. ʊʘʢʽ ɸʎʇ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʚʠʱʦʶ ʰʚʠʜʢʦʜʽʻʶ 

ʧʦʨʽʚʥʷʥʦ ʟ ʧʦʩʣʽʜʦʚʥʠʤʠ ɸʎʇ ʪʘ ʥʠʞʯʠʤʠ ʘʧʘʨʘʪʫʨʥʠʤʠ ʟʘʪʨʘʪʘʤʠ, ʥʽʞ ʧʘʨʘʣʝʣʴʥʽ ɸʎʇ [1]. ɺʦʜʥʦʯʘʩ 

ʨʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ ʇʇɸʎʇ ʧʨʠ ʾʭ ʨʦʙʦʪʽ ʫ ʰʠʨʦʢʦʤʫ ʜʽʘʧʘʟʦʥʽ ʯʘʩʪʦʪ ʟʥʘʯʥʦ ʥʠʞʯʘ ʧʦʪʝʥʮʽʡʥʦ ʤʦʞʣʠʚʦʾ, 

ʱʦ ʚʠʟʥʘʯʘʻʪʴʩʷ ʨʦʟʨʷʜʥʽʩʪʶ ʮʠʭ ɸʎʇ. 

ʉʫʪʪʻʚʦʛʦ ʧʽʜʚʠʱʝʥʥʷ ʪʦʯʥʦʩʪʽ ʪʘʢʠʭ ɸʎʇ ʜʦʙʠʚʘʶʪʴʩʷ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʤʝʪʦʜʽʚ ʘʚʪʦʤʘʪʠʯʥʦʛʦ 

ʢʦʨʠʛʫʚʘʥʥʷ ʧʦʭʠʙʦʢ, ʷʢʽ ʟʥʘʭʦʜʷʪʴ ʰʠʨʦʢʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʫ ʧʨʝʮʠʟʽʡʥʠʭ ɸʎʇ, ʱʦ ʟʘʨʘʟ ʚʠʧʫʩʢʘʶʪʴʩʷ. ɼʣʷ 

ʥʠʭ ʭʘʨʘʢʪʝʨʥʠʤ ʧʨʠ ʨʽʟʥʽʡ ʩʪʨʫʢʪʫʨʥʽʡ ʨʝʘʣʽʟʘʮʽʾ, ʱʦ ʚʠʟʥʘʯʘʻʪʴʩʷ ʘʣʛʦʨʠʪʤʦʤ ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʦʛʦ 
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ʧʝʨʝʪʚʦʨʝʥʥʷ, ʥʘʷʚʥʽʩʪʴ ʩʧʝʮʽʘʣʴʥʠʭ ʩʭʝʤ ʪʘ ʽʥʰʠʭ ʟʘʩʦʙʽʚ, ʱʦ ʟʘʙʝʟʧʝʯʫʶʪʴ ʘʚʪʦʤʘʪʠʯʥʝ ʢʦʨʠʛʫʚʘʥʥʷ 

ʧʦʭʠʙʦʢ. 

ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʽʥʪʝʥʩʠʚʥʽ ʨʦʟʨʦʙʢʠ ʪʘ ʜʦʩʣʽʜʞʝʥʥʷ ʤʝʪʦʜʽʚ ʢʦʨʠʛʫʚʘʥʥʷ ʧʦʭʠʙʦʢ ɸʎʇ, ʚʦʥʠ ʤʘʶʪʴ 

ʦʙʤʝʞʝʥʫ ʦʙʣʘʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʪʘ ʫ ʨʷʜʽ ʚʠʧʘʜʢʽʚ ʤʘʣʦʝʬʝʢʪʠʚʥʽ, ʟʦʢʨʝʤʘ ʩʣʘʙʦ ʜʦʩʣʽʜʞʝʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ 

ʢʦʨʠʛʫʚʘʥʥʷ ʧʦʭʠʙʦʢ ʥʝʣʽʥʽʡʥʦʩʪʽ ʜʣʷ ʰʚʠʜʢʦʜʽʡʥʠʭ ɸʎʇ ʧʘʨʘʣʝʣʴʥʦ-ʧʦʩʣʽʜʦʚʥʦʛʦ ʪʠʧʫ, ʱʦ ʦʪʨʠʤʘʣʠ 

ʥʘʡʙʽʣʴʰʦʛʦ ʧʦʰʠʨʝʥʥʷ [2]. ʋ ʟʚôʷʟʢʫ ʟ ʮʠʤ ʟʘʜʘʯʘ ʜʦʩʣʽʜʞʝʥʥʷ ʤʝʪʦʜʽʚ ʢʦʨʠʛʫʚʘʥʥʷ ʧʦʭʠʙʦʢ ʥʝʣʽʥʽʡʥʦʩʪʽ 

ʧʘʨʘʣʝʣʴʥʦ-ʧʦʩʣʽʜʦʚʥʠʭ ɸʎʇ ʻ ʘʢʪʫʘʣʴʥʦʶ. 

 

ɸʥʘʣʽʟ ʦʩʪʘʥʥʽʭ ʜʞʝʨʝʣ 

ɼʦʩʣʽʜʞʝʥʥʶ ʤʝʪʦʜʽʚ ʧʽʜʚʠʱʝʥʥʷ ʨʦʟʜʽʣʴʥʦʾ ʟʜʘʪʥʦʩʪʽ ʇʇɸʎʇ ʧʨʠʩʚʷʯʝʥʽ ʨʦʙʦʪʠ [3, 4], ʚ ʷʢʠʭ 

ʟʦʢʨʝʤʘ ʜʦʚʝʜʝʥʦ, ʱʦ ʧʦʭʠʙʢʠ ʥʝʣʽʥʽʡʥʦʩʪʽ  ʚʧʣʠʚʘʶʪʴ ʥʘ ʝʬʝʢʪʠʚʥʝ ʯʠʩʣʦ ʨʦʟʨʷʜʽʚ ʇʇɸʎʇ. ʇʨʠ ʮʴʦʤʫ 

ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʯʘʩʪʦʪʠ ʚʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ʧʦʛʽʨʰʫʻʪʴʩʷ ʨʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ ʪʘʢʠʭ 

ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ. ʋ ʨʦʙʦʪʘʭ [5, 6] ʥʘʚʝʜʝʥʦ ʘʥʘʣʦʛʦʚʽ ʤʝʪʦʜʠ ʢʦʨʠʛʫʚʘʥʥʷ ʧʦʭʠʙʦʢ ʥʝʣʽʥʽʡʥʦʩʪʽ ʚ ʇʇɸʎʇ. 

ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʝʬʝʢʪʠʚʥʽʩʪʴ ʢʦʨʠʛʫʚʘʥʥʷ ʚ ʘʥʘʣʦʛʦʚʽʡ ʦʙʣʘʩʪʽ ʻ ʥʝʜʦʩʪʘʪʥʴʦ ʚʠʩʦʢʦʶ. ʅʘʪʦʤʽʩʪʴ 

ʮʠʬʨʦʚʘ ʤʝʪʦʜʦʣʦʛʽʷ ʢʦʨʠʛʫʚʘʥʥʷ ʧʦʭʠʙʦʢ ʚʠʜʘʻʪʴʩʷ ʧʝʨʩʧʝʢʪʠʚʥʽʰʦʶ ʽ ʤʦʞʝ ʟʘʙʝʟʧʝʯʠʪʠ ʚʠʱʫ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʘʨʘʣʝʣʴʥʦ-ʧʦʩʣʽʜʦʚʥʦʛʦ ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ ʩʠʛʥʘʣʽʚ ʫ ʰʠʨʦʢʽʡ ʩʤʫʟʽ ʨʦʙʦʯʠʭ 

ʯʘʩʪʦʪ. 

ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʧʽʜʚʠʱʝʥʥʷ ʨʦʟʜʽʣʴʥʦʾ ʟʜʘʪʥʦʩʪʽ ʧʘʨʘʣʝʣʴʥʦ-ʧʦʩʣʽʜʦʚʥʠʭ ɸʎʇ ʟʘ ʨʘʭʫʥʦʢ 

ʢʦʨʠʛʫʚʘʥʥʷ ʧʦʭʠʙʦʢ ʥʝʣʽʥʽʡʥʦʩʪʽ. 

 

ɺʠʢʣʘʜ ʦʩʥʦʚʥʦʛʦ ʤʘʪʝʨʽʘʣʫ 

ʆʩʥʦʚʥʠʤ ʥʘʧʨʷʤʢʦʤ ʟʙʽʣʴʰʝʥʥʷ ʨʦʟʜʽʣʴʥʦʾ ʟʜʘʪʥʦʩʪʽ ʇʇɸʎʇ ʻ ʟʤʝʥʰʝʥʥʷ ʧʦʭʠʙʦʢ, ʷʢʽ ʚʠʢʣʠʢʘʥʽ 

ʪʝʭʥʦʣʦʛʽʯʥʠʤʠ ʧʨʠʯʠʥʘʤʠ ʚʠʛʦʪʦʚʣʝʥʥʷ ʝʣʝʤʝʥʪʽʚ ʪʘ ʚʫʟʣʽʚ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ. ʇʨʠ ʮʴʦʤʫ ʽʩʥʫʻ ʜʚʘ ʰʣʷʭʠ 

ʟʤʝʥʰʝʥʥʷ ʧʦʭʠʙʦʢ: 

1) ʟʘʩʪʦʩʫʚʘʥʥʷ ʧʘʨʘʤʝʪʨʠʯʥʠʭ ʤʝʪʦʜʽʚ, ʫ ʷʢʠʭ ʧʽʜʚʠʱʝʥʥʷ ʪʦʯʥʦʩʪʽ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ ʟʜʽʡʩʥʶʻʪʴʩʷ 

ʟʘ ʨʘʭʫʥʦʢ ʧʦʢʨʘʱʝʥʥʷ ʤʝʪʨʦʣʦʛʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʢʨʝʤʠʭ ʝʣʝʤʝʥʪʽʚ; 

2) ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʝʪʦʜʽʚ ʢʦʨʠʛʫʚʘʥʥʷ ʧʦʭʠʙʦʢ ʥʝʣʽʥʽʡʥʦʩʪʽ ʧʝʨʝʪʚʦʨʶʚʘʯ̔ʚ. 

ɿ ʥʠʭ ʥʘʡʙʽʣʴʰ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʰʣʷʭʦʤ ʧʽʜʚʠʱʝʥʥʷ ʨʦʟʜʽʣʴʥʦʾ ʟʜʘʪʥʦʩʪʽ ʇʇɸʎʇ ʫ ʪʝʧʝʨʽʰʥʽʡ ʯʘʩ 

ʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʝʪʦʜʽʚ ʢʦʨʠʛʫʚʘʥʥʷ ʧʦʭʠʙʦʢ ʥʝʣʽʥʽʡʥʦʩʪʽ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ. 

ʉʭʝʤʘ ʇʇɸʎʇ ʤʽʩʪʠʪʴ ʜʝʢʽʣʴʢʘ ʢʘʩʢʘʜʽʚ, ʫ ʢʦʞʥʦʤʫ ʟ ʷʢʠʭ ʻ ʤʘʣʦʨʦʟʨʷʜʥʠʡ ɸʎʇ ʧʘʨʘʣʝʣʴʥʦʛʦ 

ʪʠʧʫ (ʇɸʎʇ), ʮʠʬʨʦ-ʘʥʘʣʦʛʦʚʠʡ ʧʝʨʝʪʚʦʨʶʚʘʯ (ʎɸʇ) ʪʘ ʘʥʘʣʦʛʦʚʠʡ ʚʽʜʥʽʤʘʣʴʥʠʡ ʧʨʠʩʪʨʽʡ. ʊʘʢʠʡ ʇʇɸʎʇ 

ʤʽʩʪʠʪʴ ʜʚʘ ʤʘʣʦʨʦʟʨʷʜʥʽ ʇɸʎʇ, ʷʢʽ ʧʨʘʮʶʶʪʴ ʧʦʩʣʽʜʦʚʥʦ ʫ ʯʘʩʽ. ɸʥʘʣʦʛʦʚʠʡ ʩʠʛʥʘʣ ʚʭU  ʧʦʜʘʻʪʴʩʷ ʥʘ 

ʚʭʽʜ ʧʝʨʰʦʛʦ ʇɸʎʇ1. ʅʘ ʡʦʛʦ ʚʠʭʦʜʽ ʫʪʚʦʨʶʶʪʴʩʷ ʩʪʘʨʰʽ ʨʦʟʨʷʜʠ ʜʚʽʡʢʦʚʦʛʦ ʢʦʜʫ 1N , ʷʢʽ 

ʧʝʨʝʪʚʦʨʶʶʪʴʩʷ ʧʘʨʘʣʝʣʴʥʠʤ ʎɸʇ ʪʘ ʫ ʚʠʛʣʷʜʽ ʥʘʧʨʫʛʠ ʎɸʇU ʚʽʜʧʦʚʽʜʥʦʛʦ ʢʦʜʫ ʩʪʘʨʰʠʭ ʨʦʟʨʷʜʽʚ, 

ʧʦʪʨʘʧʣʷʶʪʴ ʥʘ ʦʜʠʥ ʽʟ ʚʭʦʜʽʚ ʦʧʝʨʘʮʽʡʥʦʛʦ ʧʽʜʩʠʣʶʚʘʯʘ (ʆʇ). ʅʘ ʜʨʫʛʠʡ ʚʭʽʜ ʆʇ ʧʦʜʘʻʪʴʩʷ ʚʭʽʜʥʠʡ 

ʩʠʛʥʘʣ ʚʭU . ʆʇ ʚʠʢʦʥʫʻ ʬʫʥʢʮʽʾ ʬʦʨʤʫʚʘʯʘ ʨʽʟʥʠʮʝʚʦʛʦ ʩʠʛʥʘʣʫ )( ʎɸʇʚʭʚʧ UUU -=  ʪʘ ʧʽʜʩʠʣʶʚʘʯʘ 

ʨʽʟʥʠʮʽ ʚʧU  ʟ ʢʦʝʬʽʮʽʻʥʪʦʤ ʧʽʜʩʠʣʝʥʥʷ 12
N

k= . ɺʠʭʽʜʥʠʡ ʩʠʛʥʘʣ ʆʇ ʟʽ ʟʥʘʯʝʥʥʷʤ )( ʎɸʇʚʭUUk -Ö  

ʧʦʪʨʘʧʣʷʻ ʥʘ ʚʭʽʜ ʜʨʫʛʦʛʦ ʇɸʎʇ2, ʥʘ ʚʠʭʦʜʽ ʷʢʦʛʦ ʬʦʨʤʫʶʪʴʩʷ ʤʦʣʦʜʰʽ ʨʦʟʨʷʜʠ ʢʦʜʫ 2N . ʇʦʭʠʙʢʘ 

ʥʝʣʽʥʽʡʥʦʩʪʽ ʇʇɸʎʇ ʟʘʣʝʞʠʪʴ ʧʝʨʝʜʫʩʽʤ ʚʽʜ ʘʥʘʣʦʛʦʚʠʭ ʚʫʟʣʽʚ ʧʝʨʝʪʚʦʨʶʚʘʯʘ: ʎɸʇ (ʎɸʇUD ) ʪʘ 

ʘʥʘʣʦʛʦʚʦʛʦ ʚʽʜʥʽʤʘʣʴʥʦʛʦ ʧʨʠʩʪʨʦʶ (ʚʧUD ). ʆʢʨʽʤ ʪʦʛʦ, ʥʘ ʟʘʛʘʣʴʥʫ ʧʦʭʠʙʢʫ ʥʝʣʽʥʽʡʥʦʩʪʽ ʚʧʣʠʚʘʻ ʪʘʢʦʞ 

ʧʦʭʠʙʢʘ ɸʎʇ ʧʝʨʰʦʛʦ ʢʘʩʢʘʜʫ (ɸʎʇ1UD ). ɿ ʫʨʘʭʫʚʘʥʥʷʤ ʚʢʘʟʘʥʠʭ ʧʦʭʠʙʦʢ ʚʭʽʜʥʠʡ ʩʠʛʥʘʣ ɸʎʇ ʜʨʫʛʦʛʦ 

ʢʘʩʢʘʜʫ ʤʘʻ ʚʠʛʣʷʜ 

ʚʧʚʧʎɸʇɸʎʇ12ʚx )(2 UUUUU D++D+DÖ= .  (1) 

ʇʨʠ ʚʠʟʥʘʯʝʥʥʽ ʨʦʟʨʷʜʥʠʭ ʧʦʭʠʙʦʢ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʪʘʢʘ ʤʝʪʦʜʠʢʘ. ʇʦʜʘʯʘ ʪʝʩʪʦʚʦʛʦ ʩʠʛʥʘʣʫ ʟ 

ʢʦʜʦʚʠʤ ʝʢʚʽʚʘʣʝʥʪʦʤ (ʪN ) ʥʘ ʚʭʽʜ ɸʎʇ ʩʧʨʠʯʠʥʷʻ ʬʦʨʤʫʚʘʥʥʷ ʥʘ ʡʦʛʦ ʚʠʭʦʜʽ ʢʦʜʽʚ: 1N  ï ʧʝʨʦhʛʦ ɸʎʇ 

ʪʘ 2N  ï ʜʨʫʛʦʛʦ ɸʎʇ. ɿʘʛʘʣʴʥʠʡ ʢʦʜ ʨʝʟʫʣʴʪʘʪʫ ʧʝʨʝʪʚʦʨʝʥʥʷ N  ʥʘ ʚʠʭʦʜʽ ɸʎʇ ʜʦʨʽʚʥʶʻ ʩʫʤʽ ʢʦʜʽʚ 1N , 

2N  ʟʽ ʟʩʫʚʦʤ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʢʦʝʬʽʮʽʻʥʪʫ ʧʦʩʣʘʙʣʝʥʥʷ ʩʠʛʥʘʣʫ ʟ ʚʠʭʦʜʫ ʜʦʧʦʤʽʞʥʦʛʦ ʎɸʇ. ʇʨʠ ʮʴʦʤʫ 

ʨʽʟʥʠʮʷ ʟʘʛʘʣʴʥʦʛʦ ʢʦʜʫ ʨʝʟʫʣʴʪʘʪʫ N  ʪʘ ʪʦʯʥʦʛʦ ʢʦʜʫ ʚʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ʪN  ʚʽʜʧʦʚʽʜʘʻ ʟʥʘʯʝʥʥʶ ʫ ʢʦʜʽ 

ʜʨʫʛʦʛʦ ɸʎʇ ʘʣʛʝʙʨʘʾʯʥʦʾ ʩʫʤʠ ʧʦʭʠʙʦʢ ʨʦʟʨʷʜʽʚ ʫ ʩʪʘʥ ̔ç1è ( 1=ia ): 
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ʜʝ ä
=

-Ö=

n

i

i
iN

1

1 2 a , ä
+

-+

-Ö=

pn

mpn

i
iN a22  ï ʢʦʜʠ ʨʝʟʫʣʴʪʘʪʽʚ ʧʝʨʝʪʚʦʨʝʥʥʷ ʚʽʜʧʦʚʽʜʥʦ ɸʎʇ1 ʪʘ ɸʎʇ2. 

ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʚʣʘʩʪʠʚʽʩʪʴ (2), ʥʘ ʧʝʨʰʦʤʫ ʝʪʘʧʽ ʢʦʨʠʛʫʚʘʥʥʷ ʧʦʜʘʶʪʴ ʥʘ ʚʭʽʜ ɸʎʇ ʪʝʩʪʦʚʽ ʩʠʛʥʘʣʠ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʪʦʯʥʦʛʦ ʎɸʇ. ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʧʝʨʝʪʚʦʨʝʥʥʷ ʩʠʛʥʘʣʽʚ ʬʦʨʤʫʶʪʴ ʨʽʚʥʷʥʥʷ ʚʠʛʣʷʜʫ (2) ʚʽʜʥʦʩʥʦ 

n  ʟʥʘʯʝʥʴ ʨʦʟʨʷʜʥʠʭ ʧʦʭʠʙʦʢ. ɿʦʢʨʝʤʘ, ʧʦʜʘʶʯʠ ʥʘ ʚʭʽʜ ɸʎʇ ʪʝʩʪʦʚʽ ʩʠʛʥʘʣʠ, ʷʢʠʤ ʚʽʜʧʦʚʽʜʘʶʪʴ ʚʠʭʽʜʥʽ 

ʢʦʜʠ ɸʎʇ1 
iN -=21 , ʬʦʨʤʫʶʪʴ ʨʽʚʥʷʥʥʷ ʚʽʜʥʦʩʥʦ ʟʥʘʯʝʥʴ ʧʦʭʠʙʦʢ -̔ʭ ʨʦʟʨʷʜʽʚ 
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i NNNm a222 ʪ2ʪ .   (3) 

ʊʘʢʠʤ ʯʠʥʦʤ, ʧʦʜʘʶʯʠ ʥʘ ʚʭʽʜ ɸʎʇ ʚʽʜʧʦʚʽʜʥʽ ʪʝʩʪʦʚʽ ʩʠʛʥʘʣʠ, ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʧʝʨʝʪʚʦʨʝʥʴ 1N  ʪʘ 

2N  ʚʠʟʥʘʯʘʶʪʴ ʨʦʟʨʷʜʥ ̔ʧʦʭʠʙʢʠ ʫ ʢʦʜʽ ɸʎʇ, ʷʢʽ ʟʘʧʠʩʫʶʪʴ ʫ ʧʦʩʪʽʡʥʠʡ ʟʘʧʘʤ`ʷʪʦʚʫʚʘʣʴʥʠʡ ʧʨʠʩʪʨʽʡ 

(ʇɿʇ) ʧʝʨʝʪʚʦʨʶʚʘʯʘ.  

ɼʘʣʽ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʨʦʮʝʩ ʬʦʨʤʫʚʘʥʥʷ ʪʘ ʫʚʝʜʝʥʥʷ ʧʦʧʨʘʚʦʢ. ɿ ʚʣʘʩʪʠʚʦʩʪʽ (2) ʩʣʽʜʫʻ, ʱʦ ʪʦʯʥʝ 

ʟʥʘʯʝʥʥʷ ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ɸʎʇ ʜʦʨʽʚʥʶʻ 

( )ä
=

ÖD++=

n

i

iimNNN

1

21ʪ a .    (4) 

ɿ ʫʨʘʭʫʚʘʥʥʷʤ ʚʠʨʘʟʫ (4), ʫ ʧʨʦʮʝʩʽ ʧʝʨʝʪʚʦʨʝʥʥʷ ʩʠʛʥʘʣʽʚ ʚ ɸʎʇ1 ʧʦʨʦʟʨʷʜʥʦ ʟʯʠʪʫʶʪʴʩʷ ʟ ʇɿʇ 

ʟʥʘʯʝʥʥʷ ʨʦʟʨʷʜʥʠʭ ʧʦʭʠʙʦʢ. ʎʽ ʟʥʘʯʝʥʥʷ ʥʘʜʭʦʜʷʪʴ ʫ ʥʘʢʦʧʠʯʫʚʘʣʴʥʠʡ ʩʫʤʘʪʦʨ, ʜʝ ʬʦʨʤʫʻʪʴʩʷ ʟʘʣʝʞʥʦ ʚʽʜ 

ʩʠʛʥʘʣʫ (ia), ʟʥʘʯʝʥʥʷ ʢʦʨʠʛʫʚʘʣʴʥʦʾ ʧʦʧʨʘʚʢʠ ʜʦ ʧʦʭʠʙʢʠ ʧʝʨʝʪʚʦʨʝʥʥʷ ɸʎʇ1: ä
=

ÖD

n

i

iim

1

a . ʎʝ 

ʟʥʘʯʝʥʥʷ ʧʽʜʩʫʤʦʚʫʻʪʴʩʷ ʟ ʚʠʭʽʜʥʠʤ ʢʦʜʦʤ ɸʎʇ1 ( 1N ) ʪʘ ʢʦʜʦʤ ɸʎʇ2 ( 2N ). ʋ ʨʝʟʫʣʴʪʘʪʽ, ʥʘ ʚʠʭʦʜʽ 

ʩʫʤʘʪʦʨʘ ʬʦʨʤʫʻʪʴʩʷ ʟʛʽʜʥʦ (4), ʪʦʯʥʝ ʟʥʘʯʝʥʥʷ ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ (ʪN ). 

ʇʇɸʎʇ ʟ ʢʦʨʠʛʫʚʘʥʥʷʤ ʬʫʥʢʮʽʦʥʫʻ, ʷʢ ʜʚʦʩʪʫʧʝʥʝʚʠʡ ɸʎʇ. ʇʝʨʰʠʡ ɸʎʇ (ɸʎʇ1) ʧʝʨʝʪʚʦʨʶʻ 

ʚʭʽʜʥʠʡ ʩʠʛʥʘʣ ʫ ʢʦʜ 1N  ʟ ʧʦʭʠʙʢʦʶ ʢʚʘʥʪʫʚʘʥʥʷ d. ʇʦ ʩʠʛʥʘʣʫ ʟʘʢʽʥʯʝʥʥʷ ʧʝʨʝʪʚʦʨʝʥʥʷ ʚ ɸʎʇ1 

ʟʘʧʫʩʢʘʻʪʴʩʷ ʜʨʫʛʠʡ ɸʎʇ (ɸʎʇ2), ʷʢʠʡ ʧʝʨʝʪʚʦʨʶʻ ʟʘʣʠʰʢʦʚʠʡ ʩʠʛʥʘʣ (1ʦʧʚʭ NEU Ö- ) ʫ ʢʦʜ 2N  ʟ 

ʧʦʭʠʙʢʦʶ ʢʚʘʥʪʫʚʘʥʥʷ 
k
d . ʋ ʩʫʤʘʪʦʨʽ ʬʦʨʤʫʻʪʴʩʷ ʟʘʛʘʣʴʥʝ ʟʥʘʯʝʥʥʷ ʧʦʧʨʘʚʢʠ, ʱʦ ʢʦʨʠʛʫʻ ʧʦʭʠʙʢʫ 

ʧʝʨʝʪʚʦʨʝʥʥʷ ʚ ɸʎʇ1. ʇʦ ʟʘʢʽʥʯʝʥʥʶ ʧʝʨʝʪʚʦʨʝʥʥʷ ʢʦʜ ɸʎʇ1 ʧ̔ ʜʩʫʤʦʚʫʻʪʴʩʷ ʟ ʧʦʧʨʘʚʢʦʶ ʫ ʩʫʤʘʪʦʨʽ. ʎʝʡ 

ʨʝʟʫʣʴʪʘʪ ʧʦʪʽʤ ʧʽʜʩʫʤʦʚʫʻʪʴʩʷ ʧʦ ʟʘʢʽʥʯʝʥʥʶ ʧʝʨʝʪʚʦʨʝʥʥʷ ʚ ɸʎʇ1 ʟ ʚʠʭʽʜʥʠʤ ʢʦʜʦʤ ɸʎʇ2. ʋ ʨʝʟʫʣʴʪʘʪʽ 

ʟ ʚʠʭʦʜʫ ʩʫʤʘʪʦʨʘ ʟʯʠʪʫʻʪʴʩʷ ʩʢʦʨʠʛʦʚʘʥʠʡ n-ʨʦʟʨʷʜʥʠʡ ʨʝʟʫʣʴʪʘʪ ʧʝʨʝʪʚʦʨʝʥʥʷ. ʇʦʭʠʙʢʘ ʧʝʨʝʪʚʦʨʝʥʥʷ ʜʣʷ 

ʪʘʢʦʛʦ ʤʝʪʦʜʫ ʢʦʨʠʛʫʚʘʥʥʷ, ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʧʦʭʠʙʦʢ ʢʚʘʥʪʫʚʘʥʥʷ 
k

d
d=¡  ɸʎʇ, ʜʦʨʽʚʥʶ ̒

k
11+=D dʧʨ .     (5) 

ʅʘ ʙʘʟʽ ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ ʤʝʪʦʜʫ ʤʦʞʥʘ ʨʝʘʣʽʟʫʚʘʪʠ ʇʇɸʎʇ ʟ ʽʥʪʝʛʨʘʣʴʥʠʤ ʨʦʟʨʷʜʥʠʤ 

ʢʦʨʠʛʫʚʘʥʥʷʤ, ʩʪʨʫʢʪʫʨʥʘ ʩʭʝʤʘ ʷʢʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 1. ʅʘ ʧʝʨʰʦʤʫ ʝʪʘʧʽ ʢʦʨʠʛʫʚʘʥʥʷ ʧʽʩʣʷ 

ʚʠʟʥʘʯʝʥʥʷ ʨʦʟʨʷʜʥʠʭ ʧʦʭʠʙʦʢ ʫ ʢʦʜʽ ɸʎʇ2, ʚ ʇɿʇ ʟʘʧʠʩʫʶʪʴʩʷ ʟʥʘʯʝʥʥʷ ʧʦʭʠʙʦʢ ʫʩʽʭ ʢʦʜʦʚʠʭ ʢʦʤʙʽʥʘʮʽʡ 

ʨʦʟʨʷʜʽʚ, ʱʦ ʢʦʨʠʛʫʶʪʴʩʷ. ʊʦʙʪʦ ʧʦʧʨʘʚʢʠ ʜʦ ʢʦʜʫ ʎɸʇ ʬʦʨʤʫʶʪʴʩʷ ʪʘʢʦʞ, ʷʢ ʽ ʟʥʘʯʝʥʥʷ, ʨʦʟʨʷʜʥʠʭ 

ʧʦʭʠʙʦʢ, ʥʘ ʧʝʨʰʦʤʫ ʝʪʘʧʽ. ʎʝ ʥʝʦʙʭʽʜʥʦ ʫ ʟʚôʷʟʢʫ ʟ ʪʠʤ, ʱʦ ʯʘʩ ʬʦʨʤʫʚʘʥʥʷ ʧʦʧʨʘʚʢʠ ʤʦʞʝ ʟʤʝʥʰʠʪʠ 

ʰʚʠʜʢʦʜʽʶ ʇʇɸʎʇ. ʇʦʧʨʘʚʢʠ ʬʦʨʤʫʶʪʴ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʟʥʘʯʝʥ ɹʨʦʟʨʷʜʥʠʭ ʧʦʭʠʙʦʢ. ʅʘ ʜʨʫʛʦʤʫ ʝʪʘʧʽ 

ʢʦʨʠʛʫʚʘʥʥʷ ʫ ʧʨʦʮʝʩʽ ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ ʬʦʨʤʫʚʘʥʥʷ ʪʦʯʥʦʛʦ ʢʦʜʫ ʪʘʢʦʞ ʟʜʽʡʩʥʶʻʪʴʩʷ 

ʟʛʽʜʥʦ ʚʠʨʘʟʫ (4). ʇ̔ ʩʣʷ ʧʝʨʝʪʚʦʨʝʥʥʷ ʚ ɸʎʇ1 ʧʦ ʢʦʜʫ ʨʝʟʫʣʴʪʘʪʫ 1N , ʷʢ ʚʽʜʧʦʚʽʜʥʽʡ ʘʜʨʝʩʽ, ʟʯʠʪʫʻʪʴʩʷ ʟ 

ʇɿʇ ʟʥʘʯʝʥʥʷ ʧʦʧʨʘʚʢʠ ä
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ÖD

n
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iim

1
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-Ö=

n

i

i
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1

1 2 a, ʷʢʝ ʽ ʥʘʜʭʦʜʠʪʴ ʫ ʚʠʭʽʜʥʠʡ ʩʫʤʘʪʦʨ (ʉʄ). 

ʅʘ ʚʠʭʦʜʽ ʉʄ ʟʘ ʬʦʨʤʫʣʦʶ (4) ʬʦʨʤʫʻʪʴʩʷ ʪʦʯʥʝ ʟʥʘʯʝʥʥʷ (1N ) ʧʝʨʝʪʚʦʨʝʥʦʛʦ ʩʠʛʥʘʣʫ. 
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ʈʠʩ. 1. ʉʪʨʫʢʪʫʨʥʘ ʩʭʝʤʘ ʇʇɸʎʇ ʟ ʽʥʪʝʛʨʘʣʴʥʠʤ ʨʦʟʨʷʜʥʠʤ ʢʦʨʠʛʫʚʘʥʥʷʤ 

 

ʇʇɸʎʇ ʬʫʥʢʮʽʦʥʫʻ ʟ ʫʥʽʧʦʣʷʨʥʠʤʠ ʩʠʛʥʘʣʘʤʠ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʪʦʯʥʦʛʦ ʎɸʇ, ʪʦʙʪʦ ɸʎʇ2 

ʟʘʚʞʜʠ ʧʨʝʪʚʦʨʶʻ ʩʠʛʥʘʣ ʦʜʥʽʻʾ ʧʦʣʷʨʥʦʩʪʽ. ʇʦʭʠʙʢʠ, ʷʢʽ ʚʥʦʩʷʪʴʩʷ ʎɸʇ ʤʦʞʫʪʴ ʙʫʪʠ ʨʽʟʥʠʭ ʟʥʘʢʽʚ, ʪʦʤʫ 

ʜʣʷ ʚʠʢʦʥʘʥʥʷ ʫʤʦʚʠ ʫʥʽʧʦʣʷʨʥʦʩʪʽ ( ) 0

1

ʥʚʭ >ÖD+-ä
=

n

i

iiʽ UUU a  ʥʝʦʙʭʽʜʥʦ ʚʚʦʜʠʪʠ ʚ ɸʎʇ ʚʽʜʧʦʚʽʜʥʽ 

ʜʦʜʘʪʢʦʚʽ ʜʘʥʽ. ʈʝʟʫʣʴʪʘʪ ʧʝʨʝʪʚʦʨʝʥʥʷ ʫ ʪʘʢʦʤʫ ʇʇɸʎʇ ʙʝʟ ʢʦʨʠʛʫʚʘʥʥʷ ʧʦʭʠʙʦʢ ʎɸʇ ʬʦʨʤʫʻʪʴʩʷ 

ʧʽʜʩʫʤʦʚʫʚʘʥʥʷʤ ʟʽ ʟʩʫʚʦʤ ʨʝʟʫʣʴʪʘʪʽʚ ʧʝʨʝʪʚʦʨʝʥʥʷ 1N  ï ɸʎʇ1 ʪʘ 2N  ï ɸʎʇ2 
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iNNN aa 22
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21 ,   (6) 

ʜʝ m  ï ʨʦʟʨʷʜʥʽʩʪʴ ɸʎʇ2. 

ʋʤʦʚʘ (6) ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʦʩʦʙʣʠʚʦʩʪʝʡ ʤʝʪʦʜʫ ʜʽʘʧʘʟʦʥʽʚ ʧʝʨʝʪʚʦʨʝʥʥʷ, ʱʦ ʧʝʨʝʢʨʠʚʘʶʪʴʩʷ, 

ʜʦʟʚʦʣʷʻ ʚʠʢʣʶʯʘʪʠ ʧʦʭʠʙʢʠ, ʱʦ ʚʥʦʩʷʪʴʩʷ ɸʎʇ ʧʝʨʰʦʛʦ ʢʘʩʢʘʜʫ, ʫ ʪʦʤʫ ʯʠʩʣʽ ʜʦʜʘʪʢʦʚʝ ʟʤʽʱʝʥʥʷ [1]. 

ʇʝʨʝʢʨʠʪʪʷ ʥʘ pm-  ʨʦʟʨʷʜʽʚ ʦʙʠʨʘʻʪʴʩʷ ʪʘʢʠʤ ʯʠʥʦʤ, ʱʦʙ ʜʽʘʧʘʟʦʥ ʧʝʨʝʪʚʦʨʝʥʥʷ ɸʎʇ2 ʧʝʨʝʢʨʠʚʘʚ 

ʤʘʢʩʠʤʘʣʴʥʦ ʤʦʞʣʠʚʝ ʟʥʘʯʝʥʥʷ ʟʘʣʠʰʢʦʚʦʛʦ ʩʠʛʥʘʣʫ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʧʦʭʠʙʦʢ, ʱʦ ʚʥʦʩʷʪʴʩʷ ɸʎʇ1 ʪʘ ʎɸʇ. 

ʉʪʨʫʢʪʫʨʥʘ ʩʭʝʤʘ ʇʇɸʎʇ ʟ ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʤ ʢʦʨʠʛʫʚʘʥʥʷʤ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 2. ɸʥʘʣʦʛʽʯʥʦ 

ʽʥʪʝʛʨʘʣʴʥʦʤʫ ʤʝʪʦʜʫ ʥʘ ʧʝʨʰʦʤʫ ʝʪʘʧʽ ʢʦʨʠʛʫʚʘʥʥʷ ʧʽʩʣʷ ʚʠʟʥʘʯʝʥʥʷ ʟʥʘʯʝʥʴ ʨʦʟʨʷʜʥʠʭ ʧʦʭʠʙʦʢ ʫ ʢʦʜʽ 

ɸʎʇ2, ʚ ʆɿʇ ʟʘʧʠʩʫʶʪʴʩʷ ʟʥʘʯʝʥʥʷ ʧʦʭʠʙʦʢ ʫʩʽʭ ʢʦʜʦʚʠʭ ʢʦʤʙʽʥʘʮʽʡ ʨʦʟʨʷʜʽʚ ɸʎʇ, ʱʦ ʢʦʨʠʛʫʶʪʴʩʷ. ʎʽ 

ʧʦʧʨʘʚʢʠ ʬʦʨʤʫʶʪʴ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʟʥʘʯʝʥ ɹʨʦʟʨʷʜʥʠʭ ʧʦʭʠʙʦʢ (imD ). ʇʨʠ ʮʴʦʤʫ, ʧʦ ʰʠʥʽ ʜʘʥʠʭ ʫ ʧʨʦʮʝʩʦʨ 

ʥʘʜʭʦʜʷʪʴ ʨʝʟʫʣʴʪʘʪʠ ʧʝʨʝʪʚʦʨʝʥʴ ʧʝʨʰʦʛʦ ʪʘ ʜʨʫʛʦʛʦ ɸʎʇ. ʆʢʨʽʤ ʪʦʛʦ, ʧʨʦʮʝʩʦʨ ʧʦ ʰʠʥʽ ʜʘʥʠʭ ʟʜʽʡʩʥʶʻ 

ʚʩʪʘʥʦʚʣʝʥʥʷ ʢʦʜʽʚ (
iN2) ʚ ʎɸʇ ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʦʛʦ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʧʨʠ ʚʠʟʥʘʯʝʥʥʽ ʨʦʟʨʷʜʥʠʭ ʧʦʭʠʙʦʢ 

ʥʝʣʽʥʽʡʥʦʩʪʽ ʪʘ ʟʘʧʠʩ ʟʥʘʯʝʥʴ ʨʦʟʨʷʜʥʠʭ ʧʦʭʠʙʦʢ ʚ ʆɿʇ ʥʘ ʧʝʨʰʦʤʫ ʝʪʘʧʽ ʢʦʨʠʛʫʚʘʥʥʷ. 
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ʈʠʩ 2. ʉʪʨʫʢʪʫʨʥʘ ʩʭʝʤʘ ʇʇɸʎʇ ʟ ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʤ ʢʦʨʠʛʫʚʘʥʥʷʤ 
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ʈʦʟʛʣʷʥʫʪʽ ʩʪʨʫʢʪʫʨʠ ʇʇɸʎʇ ʥʝ ʧʦʪʨʝʙʫʶʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʦʯʥʦʛʦ ʎɸʇ ʥʘ ʝʪʘʧʽ ʚʠʟʥʘʯʝʥʥʷ 

ʨʦʟʨʷʜʥʠʭ ʧʦʭʠʙʦʢ. ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʤʝʪʦʜ ʢʦʨʠʛʫʚʘʥʥʷ ʜʦʟʚʦʣʷʻ ʚʠʣʫʯʘʪʠ ʧʨʦʛʨʝʩʫʶʯʽ ʧʦʭʠʙʢʠ ʇʇɸʎʇ 

ʟʘ ʨʘʭʫʥʦʢ ʪʦʛʦ, ʱʦ ʢʦʨʠʛʫʚʘʣʴʥʘ ʜʽʷ ʫ ʥʴʦʤʫ ʟʜʽʡʩʥʶʻʪʴʩʷ ʫ ʮʠʬʨʦʚʽʡ ʬʦʨʤʽ. 

ɺʠʢʦʥʘʻʤʦ ʘʥʘʣʽʟ ʝʬʝʢʪʠʚʥʦʩʪʽ ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ ʤʝʪʦʜʫ ʧʦʢʨʘʱʝʥʥʷ ʨʦʟʜʽʣʴʥʦʾ ʟʜʘʪʥʦʩʪʽ  ʇʇɸʎʇ. 

ɼʣʷ ʢʽʣʴʢʽʩʥʦʛʦ ʦʮʽʥʶʚʘʥʥʷ ʷʢʦʩʪʽ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʇʇɸʎʇ ʟ ʢʦʨʠʛʫʚʘʥʥʷʤ ʧʦʭʠʙʦʢ ʥʝʣʽʥʽʡʥʦʩʪʽ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʧʘʢʝʪ ʩʭʝʤʦʪʝʭʥʽʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ NI Multisim 11.0. ʇʨʠ ʮʴʦʤʫ ʚʠʭʽʜʥʠʡ  ʩʠʛʥʘʣ 

ʇʇɸʎʇ ʜʦʩʣʽʜʞʫʻʪʴʩʷ ʫ ʯʘʩʪʦʪʥʽʡ ʦʙʣʘʩʪʽ, ʪʦʙʪʦ ʘʥʘʣʽʟʫʶʪʴʩʷ ʯʠʩʣʦʚʽ ʧʘʨʘʤʝʪʨʠ ʩʧʝʢʪʨʘ ʘʥʘʣʦʛʦʚʦʛʦ 

ʝʢʚʽʚʘʣʝʥʪʘ ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ɸʎʇ (ʨʠʩ. 3). 
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ʈʠʩ. 3. ʌʦʨʤʘ ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ɸʎʇ ʫ ʯʘʩʪʦʪʥʽʡ ʦʙʣʘʩʪʽ 

 

ʉʪʫʧʽʥʴ ʢʦʤʧʝʥʩʘʮʽʾ ʧʦʭʠʙʢʠ ʟʘ ʨʘʭʫʥʦʢ ʮʠʬʨʦʚʦʛʦ ʢʦʨʠʛʫʚʘʥʥʷ ʧʦʭʠʙʦʢ ʥʝʣʽʥʽʡʥʦʩʪʽ ʦʮʽʥʠʤʦ ʟʘ 

ʢʽʣʴʢʽʩʪʶ ʝʬʝʢʪʠʚʥʠʭ ʨʦʟʨʷʜʽʚ ʧʨʠʩʪʨʦʶ ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ [7]. ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʚʠʟʥʘʯʝʥʥʷ 

ʛʘʨʤʦʥʽʯʥʠʭ ʡ ʽʥʪʝʨʤʦʜʫʣʷʮʽʡʥʠʭ ʩʧʦʪʚʦʨʝʥʴ ʚʠʨʘʟ ʜʣʷ ʝʬʝʢʪʠʚʥʦʛʦ ʯʠʩʣʘ ʨʦʟʨʷʜʽʚ ʇʇɸʎʇ ʙʫʜʝ ʤʘʪʠ 

ʚʠʛʣʷʜ: 
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n ,                                                         (7) 

ʜʝ 1U ï ʟʥʘʯʝʥʥʷ ʘʤʧʣʽʪʫʜʠ ʦʩʥʦʚʥʦʾ 

ʩʢʣʘʜʦʚʦʾ ʩʧʝʢʪʨʘ ʩʠʛʥʘʣʫ; 

kU  ï ʟʥʘʯʝʥʥʷ ʘʤʧʣʽʪʫʜ ʫʩʽʭ 

ʯʘʩʪʦʪʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ, ʦʢʨʽʤ 

ʦʩʥʦʚʥʦʾ ʩʢʣʘʜʦʚʦʾ ʩʧʝʢʪʨʘ ʩʠʛʥʘʣʫ; 

lU  ï ʟʥʘʯʝʥʥʷ ʘʤʧʣʽʪʫʜ 

ʽʥʪʝʨʤʦʜʫʣʷʮʽʡʥʠʭ ʩʢʣʘʜʦʚʠʭ. 

ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʧʨʦʮʝʜʫʨʫ 

ʚʠʤʽʨʶʚʘʥʥʷ efn  ʜʣʷ ʢʽʣʴʢʦʭ ʟʥʘʯʝʥʴ 

ʯʘʩʪʦʪʠ ʚʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ, ʤʦʞʥʘ 

ʦʜʝʨʞʘʪʠ ʟʘʣʝʞʥʽʩʪʴ ʝʬʝʢʪʠʚʥʦʛʦ 

ʯʠʩʣʘ ʨʦʟʨʷʜʽʚ ʚʽʜ ʯʘʩʪʦʪʠ (ʨʠʩ. 4). 

ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ 

ʜʦʟʚʦʣʷʶʪʴ ʩʪʚʝʨʜʞʫʚʘʪʠ, ʱʦ ʤʝʪʦʜ 

ʮʠʬʨʦʚʦʛʦ ʢʦʨʠʛʫʚʘʥʥʷ ʧʦʭʠʙʦʢ ʥʝʣʽʥʽʡʥʦʩʪʽ ʇʇɸʎʇ ʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʧʽʜʚʠʱʠʪʠ ʝʬʝʢʪʠʚʥʫ ʨʦʟʨʷʜʥʽʩʪʴ 
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ʈʠʩ. 4. ɿʘʣʝʞʥʽʩʪʴ ʝʬʝʢʪʠʚʥʦʾ ʢʽʣʴʢʦʩʪʽ ʨʦʟʨʷʜʽʚ ʚʽʜ ʯʘʩʪʦʪʠ ʚʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ 
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ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʫ ʩʤʫʟʽ ʥʠʟʴʢʠʭ ʯʘʩʪʦʪ ʥʘ 0,6 ʙʽʪʘ, ʘ ʥʘ ʛʨʘʥʠʯʥʠʭ ʯʘʩʪʦʪʘʭ ʥʘ 1,9 ʙʽʪʘ.  

  

ɺʠʩʥʦʚʢʠ 

ʋ ʨʦʙʦʪʽ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʤʝʪʦʜ ʧʦʢʨʘʱʝʥʥʷ ʨʦʟʜʽʣʴʥʦʾ ʟʜʘʪʥʦʩʪʽ ɸʎʇ ʧʘʨʘʣʝʣʴʥʦ-ʧʦʩʣʽʜʦʚʥʦʛʦ 

ʪʠʧʫ ʥʘ ʙʘʟʽ ʢʦʨʠʛʫʚʘʥʥʷ ʧʦʭʠʙʦʢ ʥʝʣʽʥʽʡʥʦʩʪʽ.  ʇʨʦʮʝʩ ʢʦʨʠʛʫʚʘʥʥʷ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʜʚʦʭ ʝʪʘʧʽʚ. ʅʘ ʧʝʨʰʦʤʫ 

ʝʪʘʧʽ ʚʠʢʦʥʫʻʪʴʩʷ ʚʠʟʥʘʯʝʥʥʷ ʨʦʟʨʷʜʥʠʭ ʧʦʭʠʙʦʢ ʫ ʚʠʭʽʜʥʠʭ ʢʦʜʘʭ ɸʎʇ, ʷʢʽ ʟʘʧʠʩʫʶʪʴ ʫ 

ʟʘʧʘʤ`ʷʪʦʚʫʚʘʣʴʥʠʡ ʧʨʠʩʪʨʽʡ ʧʝʨʝʪʚʦʨʶʚʘʯʘ. ɼʘʣʽ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʨʦʮʝʩ ʬʦʨʤʫʚʘʥʥʷ ʪʘ ʫʚʝʜʝʥʥʷ ʧʦʧʨʘʚʦʢ. 

ʂʦʤʧʝʥʩʘʮʽʷ ʧʦʭʠʙʦʢ ʥʝʣʽʥʽʡʥʦʩʪʽ ʚʠʢʦʥʫʻʪʴʩʷ ʫ ʮʠʬʨʦʚʽʡ ʬʦʨʤʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʫʤʘʪʦʨʘ ʥʘ ʚʠʭʦʜʽ ɸʎʇ. 

ʅʘʚʝʜʝʥʦ ʩʪʨʫʢʪʫʨʥʽ ʩʭʝʤʠ ʇʇɸʎʇ, ʱʦ ʙʘʟʫʪʁʴʩʷ ʥʘ ʽʥʪʝʛʨʘʣʴʥʦʤʫ ʪʘ ʜʠʬʝʨʝʥʮʽʘʣʴʥʦʤʫ 

ʢʦʨʠʛʫʚʘʥʥʽ ʧʦʭʠʙʦʢ ʥʝʣʽʥʽʡʥʦʩʪʽ ɸʎʇ. 

ɸʥʘʣʽʟ ʝʬʝʢʪʠʚʥʦʩʪʽ ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ ʤʝʪʦʜʫ ʧʽʜʪʚʝʨʜʠʚ, ʱʦ ʟʘʚʜʷʢʠ ʨʦʟʨʦʙʣʝʥʦʤʫ ʤʝʪʦʜʫ 

ʚʜʘʻʪʴʩʷ ʧʽʜʚʠʱʠʪʠ ʝʬʝʢʪʠʚʥʫ ʨʦʟʨʷʜʥʽʩʪʴ 12-ʨʦʟʨʷʜʥʦʛʦ ʰʚʠʜʢʦʜʽʡʥʦʛʦ ʇʇɸʎʇ ʥʘ 1,9 ʙʽʪʘ ʫ ʩʤʫʟʽ 

ʚʠʩʦʢʠʭ ʯʘʩʪʦʪ.  

ʈʦʟʨʦʙʣʝʥʽ ʇʇɸʎʇ ʜʦʟʚʦʣʷʶʪʴ ʚʠʢʦʥʫʚʘʪʠ ʧʝʨʝʪʚʦʨʝʥʥʷ ʩʠʛʥʘʣʽʚ ʫ ʰʠʨʦʢʽʡ ʩʤʫʟʽ ʯʘʩʪʦʪ ʽ 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʚʠʩʦʢʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ ʪʘ ʚʽʜʧʦʚʽʜʥʽʩʪʶ ʧʦʭʠʙʦʢ ʧʝʨʝʪʚʦʨʝʥʥʷ ʟʘʜʝʢʣʘʨʦʚʘʥʽʡ 

ʨʦʟʜʽʣʴʥʽʡ ʟʜʘʪʥʦʩʪʽ ɸʎʇ. 

ɿʘʧʨʦʧʦʥʦʚʘʥ ̔ ʇʇɸʎʇ ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʚ ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʠʭ ʪʨʘʢʪʘʭ ʩʫʯʘʩʥʠʭ 

ʽʥʬʦʨʤʘʮʽʡʥʦ-ʚʠʤʽʨʶʚʘʣʴʥʠʭ ʩʠʩʪʝʤʘʭ. 
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ʄɽʊʆɼ ɼʃʗ ɺʀɿʅɸʏɽʅʅʗ ʂʆʅʊʈɸʉʊʋ ʇʈʀ ɿɸʉʊʆʉʋɺɸʅʅɯ  

ɻɸʈʄʆʅɯʏʅʆɰ ʇʈʆʉʊʆʈʆɺʆɰ ʄʆɼʋʃʗʎɯɰ ʆʉɺɯʊʃɽʅʅʗ 
 
ˠ ̨̑̏̂̏̓ ̈́̐̑̏̐̏̎̏̃́̎̉̊ ̍̆̓̏̅ ̘̠̃̉̈̎́̆̎̎ ̋̏̎̓̑́̒̓̔ ̨̘̩̄́̑̍̏̎̎̏ ̩̐̑̏̒̓̏̑̏̃̏ ̨̠̗̩̍̏̅̔̌ ̨̠̏̒̃̓̌̆̎̎ȟ 

̠̋̉̊ ̍̏̇̎́ ̃̉̋̏̑̉̒̓̏̃̔̃́̓̉ ̠̅̌ ̠̏̓̑̉̍́̎̎ ̨̖̓̑̉̃̉̍̑̎̉ ̗̖̉̑̏̃̉̕ ̝̈̏̂̑́̇̆̎ ̔ ̨̘̏̐̓̉̎̊ ̨̨̩̍̋̑̏̒̋̏̐ ̓́ 
̏̐̓̉̋̏-̖̆̌̆̋̓̑̏̎̎̉ ̖̒̉̒̓̆̍́ ̈ ̨̗̤̟̐̑̏̆̋ ̨̠̏̒̃̓̌̆̎̎ ̎́ ̏̂ȭ̤̋̓̉ ̠̒̐̏̒̓̆̑̆̇̆̎̎Ȣ ˣ̆̊ ̍̆̓̏̅ ̘̤̈́̂̆̈̐̆̔ 
̖̠̈̎́̏̅̇̆̎̎ ̋̏̎̓̑́̒̓̔ȟ ̨̩̐̏̒̓̊̎̏ ̩̒̋̌́̅̏̃̏ ̓́ ̘̩̐̏̓̏̎̏ ́̈̉̕ ̨̩̄́̑̍̏̎̊̎̏ ̩̐̑̏̒̓̏̑̏̃̏ ̨̠̗̩̍̏̅̔̌ ̨̠̏̒̃̓̌̆̎̎ 
̐̑̉ ̨̝̖̅̏̃̌̎̉ ̘̠̖̈̎́̆̎̎ ̩̩ ̖́̈̏̃̉̕ ̨̋̔̓̃ ̙̠̖̌̏̍ ̨̙̠̃̉̑̆̎̎ ̒̉̒̓̆̍̉ ̨̨̖̌̎̊̎̉ ̨̠̝̑̃̎̎Ȣ ˜̟̆̑̆̃́̄̏ ̈́̐̑̏̐̏̎̏̃́̎̏ 
̍̆̓̏̅̔ ̤ ̨̝̍̏̇̌̉̃̒̓ ̠̈́̒̓̏̒̔̃́̎̎ ̈ ̨̘̆̋̏̎̏̍̎̉̍̉ ̠̐̑̉̒̓̑̏̍̉ȟ ̨̠̋ ̟̝̏̑̍̔̓̕ ̨̄́̑̍̏̎̊̎̔ ̐̑̏̒̓̏̑̏̃̔ 
̨̠̗̟̍̏̅̔̌ ̨̠̏̒̃̓̌̆̎̎ ̓́ ̝̍̏̇̔̓ ̟̠̃̒̓́̎̏̃̌̃́̓̉̒ ̎́ ̨̨̝̙̂̌̏̒̓ ̘̖̏̐̓̉̎̉ ̨̨̍̋̑̏̒̋̏̐̃ ̓́ ̨̙̖̎̉ ̏̐̓̉̋̏-
̖̆̌̆̋̓̑̏̎̎̉ ̖̒̉̒̓̆̍́ ̠̅̌ ̠̏̓̑̉̍́̎̎ ̨̖̓̑̉̃̉̍̑̎̉ ̗̖̉̑̏̃̉̕ ̝̈̏̂̑́̇̆̎Ȣ 

˗̨̟̘̌̏̃ ̒̌̏̃́ȡ ̗̉̑̏̃́̕ ̏̂̑̏̂̋́ ̝̈̏̂̑́̇̆̎ȟ ̨̓̑̉̃̉̍̑̎̆ ̗̉̑̏̃̆̕ ̠̈̏̂̑́̇̆̎̎ȟ ̐̑̏̒̓̏̑̏̃́ ̨̠̗̠̍̏̅̔̌ 
̨̠̏̒̃̓̌̆̎̎ȟ ̗̉̑̏̃́̕ ̨̠̗̠̅̆̍̏̅̔̌Ȣ 
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National Technical University of Ukraine ñIgor Sikorsky Kyiv Polytechnic Instituteò 

 

TECHNIQUE FOR CONTRAST DETERMINATION  IN CASE OF HARMONIC  

SPATIAL MODULATION OF ILLUMINATION  
 

The paper proposes a method for calculation of the contrast, bias and current phase of harmonic spatial modulation of 
illumination, which can be used for three-dimensional digital image capture in optical microscopy and other optical-electronic systems. This 
technique is based on analytical solution of the system of linear equations and allows the calculation of the contrast of harmonic spatial 
modulation with any values of phase angles. The input data for demodulation is three spatial signals after harmonic modulation with 
different initial phases as a stack of digital images with harmonic spatial modulation. This data makes it possible to compose the three-
dimensional images by the selection of the maximal values of the contrast in three-dimensional space. The paper contains the analytical 
solution of the system with three linear equations that helps to identify the principal parameters of harmonic spatial modulation, including 
its average value and contrast. As a result, the expression for contrast calculation is present in an analytical form. This expression is valid for 
any modulation phase angles that do not coincide.  The proposed technique allows calculation of the contrast for each signal value without 
any approximation. As a result, the accurate contrast value can be obtained and used for automatic restoration of three-dimensional images.  
The advantage of the proposed method is that it can be implemented with economical units that form harmonic spatial modulation of 
illumination. These units may be installed on most optical microscopes and other electro-optical systems for automatic capture of the three-
dimensional images. As a result, the proposed technique significantly reduces the price of transforming economical optical instruments into 
automatic electro-optical systems for three-dimensional digital image capture. 

 Keywords: digital image processing, three-dimensional digital image, spatial modulation of illumination, digital demodulation. 

 

ʇʦʩʪʘʥʦʚʢʘ ʧʨʦʙʣʝʤʠ 

ʆʜʥʽʻʶ ʟ ʚʘʞʣʠʚʠʭ ʧʝʨʝʚʘʛ ʩʫʯʘʩʥʦʾ ʦʧʪʠʯʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʻ ʤʦʞʣʠʚʽʩʪʴ ʘʚʪʦʤʘʪʠʯʥʦʛʦ ʦʪʨʠʤʘʥʥʷ 

ʪʨʠʚʠʤʽʨʥʠʭ ʟʦʙʨʘʞʝʥʴ ʟ ʩʫʙʤʽʢʨʦʥʥʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ ʫ ʨʽʟʥʠʭ ʦʧʪʠʯʥʠʭ ʜʽʘʧʘʟʦʥʘʭ [1ï3]. ʆʜʥʠʤ ʟ 

ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʤʝʪʦʜʽʚ ʦʪʨʠʤʘʥʥʷ ʘʚʪʦʤʘʪʠʯʥʦʛʦ ʦʪʨʠʤʘʥʥʷ ʪʨʠʚʠʤʽʨʥʠʭ ʟʦʙʨʘʞʝʥʴ ʻ ʤʝʪʦʜʠ, ʷʢʽ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʧʨʦʩʪʦʨʦʚʫ ʤʦʜʫʣʷʮʽʶ  ʦʩʚʽʪʣʝʥʥʷ (ʇʄʆ) [4ï10]. ʉʫʪʥʽʩʪʴ ʪʘʢʠʭ ʤʝʪʦʜʽʚ ʧʦʣʷʛʘʻ ʫ ʪʦʤʫ, 

ʱʦ ʫ ʧʣʦʱʠʥʽ ʧʨʝʜʤʝʪʘ ʦʧʪʠʯʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ ʯʠ ʽʥʰʦʾ ʦʧʪʠʢʦ-ʝʣʝʢʪʨʦʥʥʦʾ ʩʠʩʪʝʤʠ  ʬʦʨʤʫʻʪʴʩʷ 

ʟʦʙʨʘʞʝʥʥʷ ʧʝʨʽʦʜʠʯʥʦʾ ʘʙʦ ʥʝʧʝʨʽʦʜʠʯʥʦʾ ʩʪʨʫʢʪʫʨʠ. ʇʘʨʘʤʝʪʨʠ ʮʴʦʛʦ ʟʦʙʨʘʞʝʥʥʷ, ʷʢʝ ʥʘʢʣʘʜʘʻʪʴʩʷ ʥʘ 

ʦʙôʻʢʪ ʩʧʦʩʪʝʨʝʞʝʥʥʷ, ʟʤʽʥʶʶʪʴʩʷ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʨʠʚʠʤʽʨʥʦʾ ʬʦʨʤʠ ʦʙôʻʢʪʘ. ʋ ʨʝʟʫʣʴʪʘʪʽ ʮʴʦʛʦ 

ʚʠʤʽʨʶʚʘʥʥʷ ʪʘ ʦʙʨʦʙʢʠ ʟʥʘʯʝʥʴ ʮʠʭ ʧʘʨʘʤʝʪʨʽʚ ʤʦʞʣʠʚʦ ʘʚʪʦʤʘʪʠʯʥʦ ʨʦʟʨʘʭʫʚʘʪʠ ʪʨʠʚʠʤʽʨʥʫ ʬʦʨʤʫ 

ʦʙôʻʢʪʘ ʩʧʦʩʪʝʨʝʞʝʥʥʷ. ʋ ʨʝʟʫʣʴʪʘʪʽ ʮʴʦʛʦ ʤʘʢʩʠʤʘʣʴʥʠʡ ʢʦʥʪʨʘʩʪ ʦʩʚʽʪʣʝʥʥʷ ʙʫʜʝ ʣʠʰʝ ʫ ʪʠʭ ʦʙʣʘʩʪʷʭ 

ʦʙôʻʢʪʘ ʩʧʦʩʪʝʨʝʞʝʥʥʷ, ʷʢʽ ʟʥʘʭʦʜʷʪʴʩʷ ʜʫʞʝ ʙʣʠʟʴʢʦ ʜʦ ʧʣʦʱʠʥʠ ʧʨʝʜʤʝʪʘ ʦʧʪʠʯʥʦʾ ʩʠʩʪʝʤʠ ʤʽʢʨʦʩʢʦʧʘ. 

ʅʘʡʙʽʣʴʰ ʨʦʟʧʦʚʩʶʜʞʝʥʦʶ ʻ ʛʘʨʤʦʥʽʡʥʘ ʇʄʆ, ʘ ʧʘʨʘʤʝʪʨʘʤʠ, ʱʦ ʜʦʟʚʦʣʷʶʪʴ ʚʽʜʥʦʚʠʪʠ ʪʨʠʚʠʤʽʨʥʫ 

ʬʦʨʤʫ ʻ ʬʘʟʘ ʪʘ ʢʦʥʪʨʘʩʪ ʤʦʜʫʣʷʮʽʾ. ʄʝʪʦʜʠ ʚʠʤʽʨʶʚʘʥʥʷ ʬʘʟʠ ʇʄʆ ʜʦʩʪʘʪʥʴʦ ʧʦʚʥʦ ʨʦʟʛʣʷʥʫʪʠ ʫ ʨʦʙʦʪʘʭ, 

ʷʢʽ ʧʨʠʩʚʷʯʝʥʽ ʦʙʨʦʙʮʽ ʽʥʪʝʨʬʝʨʝʥʮʽʡʥʠʭ ʩʠʛʥʘʣʽʚ [11]. ɸʣʝ ʤʝʪʦʜʠ ʚʠʟʥʘʯʝʥʥʷ ʢʦʥʪʨʘʩʪʫ ʇʄʆ ʨʦʟʛʣʷʥʫʪʽ 

ʥʝʜʦʩʪʘʪʥʴʦ ʧʦʚʥʦ, ʫ ʙʽʣʴʰʦʩʪʽ ʚʠʧʘʜʢʽʚ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʘʙʦ ʯʠʩʣʝʥʥʽ ʤʝʪʦʜʠ ʨʦʟʨʘʭʫʥʢʫ ʢʦʥʪʨʘʩʪʫ, ʘʙʦ 

ʘʥʘʣʽʪʠʯʥʽ ʤʝʪʦʜʠ ʜʣʷ ʦʢʨʝʤʠʭ ʯʘʩʪʠʥʥʠʭ ʚʠʧʘʜʢʽʚ [4ï10, 15ï18]. 

  

ɸʥʘʣʽʟ ʦʩʪʘʥʥʽʭ ʜʞʝʨʝʣ 

ʄʝʪʦʜʠ ʦʪʨʠʤʘʥʥʷ ʪʨʠʚʠʤʽʨʥʠʭ ʟʦʙʨʘʞʝʥʴ ʤʦʞʥʘ ʫʤʦʚʥʦ ʧʦʜʽʣʠʪʠ ʥʘ ʜʚʽ ʛʨʫʧʠ ï ʧʘʩʠʚʥʽ ʤʝʪʦʜʠ 

ʪʘ ʘʢʪʠʚʥʽ ʤʝʪʦʜʠ. ʇʘʩʠʚʥʽ ʤʝʪʦʜʠ ʥʝ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʞʦʜʥʦʛʦ ʜʦʜʘʪʢʦʚʦʛʦ ʘʢʪʠʚʥʦʛʦ ʦʩʚʽʪʣʝʥʥʷ ʜʣʷ 

ʨʝʢʦʥʩʪʨʫʢʮʽʾ ʪʨʠʚʠʤʽʨʥʦʛʦ ʦʙôʻʢʪʘ. ʊʠʧʦʚʠʤ ʧʨʠʢʣʘʜʦʤ ʟʘʩʪʦʩʫʚʘʥʥʷ ʪʘʢʦʛʦ ʤʝʪʦʜʫ ʻ ʦʧʪʠʢʦ-ʝʣʝʢʪʨʦʥʥʘ 
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ʩʠʩʪʝʤʘ, ʷʢʘ ʬʽʢʩʫʻ ʟʦʙʨʘʞʝʥʥʷ ʧʨʠʥʘʡʤʥʽ ʟ ʜʚʦʭ ʨʽʟʥʠʭ ʨʘʢʫʨʩʽʚ ʟʘ ʜʦʧʦʤʦʛʦʶ ʮʠʬʨʦʚʠʭ ʢʘʤʝʨ ʪʘ ʘʥʘʣʽʟʫʻ 

ʧʘʨʫ ʯʠ ʛʨʫʧʫ ʟʦʙʨʘʞʝʥʴ, ʱʦʙ ʟʥʘʡʪʠ ʚʽʜʧʦʚʽʜʥʽ ʦʜʥʘʢʦʚʽ ʪʦʯʢʠ ʜʣʷ ʦʙʯʠʩʣʝʥʥʷ 3D ʢʦʦʨʜʠʥʘʪ ʥʘ ʦʩʥʦʚʽ 

ʪʨʽʘʥʛʫʣʷʮʽʾ [12]. ʎʝʡ ʤʝʪʦʜ  ʻ ʧʨʦʩʪʠʤ, ʦʩʢʽʣʴʢʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʣʠʰʝ ʜʝʢʽʣʴʢʘ ʮʠʬʨʦʚʠʭ ʢʘʤʝʨ, ʽ ʚ ʪʦʡ 

ʞʝ ʯʘʩ ʤʦʞʝ ʙʫʪʠ ʥʘʩʪʽʣʴʢʠ ʞ ʰʚʠʜʢʠʤ, ʥʘʩʢʽʣʴʢʠ ʢʘʤʝʨʘ ʤʦʞʝ ʟʥʽʤʘʪʠ ʟʦʙʨʘʞʝʥʥʷ. ɿʘʣʝʞʥʦ ʚʽʜ ʚʠʷʚʣʝʥʥʷ 

ʚʽʜʧʦʚʽʜʥʠʭ ʧʘʨ ʽʟ ʨʽʟʥʠʭ ʟʦʙʨʘʞʝʥʴ ʪʦʯʥʽʩʪʴ ʚʠʤʽʨʶʚʘʥʥʷ ʮʴʦʛʦ ʤʝʪʦʜʫ ʟʤʽʥʶʻʪʴʩʷ ʟʘʣʝʞʥʦ ʚʽʜ ʦʙôʻʢʪʘ, ʱʦ 

ʧʽʜʣʷʛʘʻ ʚʠʤʽʨʶʚʘʥʥʶ, ʽ ʤʦʞʝ ʙʫʪʠ ʜʫʞʝ ʥʠʟʴʢʦʶ, ʷʢʱʦ ʦʙôʻʢʪ ʥʝ ʤʘʻ ʥʘʩʠʯʝʥʦʾ ʪʝʢʩʪʫʨʠ ʧʦʚʝʨʭʥʽ [4ï10].  

ʂʨʽʤ ʪʦʛʦ, ʪʘʢʦʶ ʪʝʭʥʽʢʦʶ ʚʘʞʢʦ ʜʦʩʷʛʪʠ ʧʨʦʩʪʦʨʦʚʦʾ ʨʦʟʜʽʣʴʥʦʾ ʟʜʘʪʥʦʩʪʽ ʧʽʢʩʝʣʷ ʢʘʤʝʨʠ ʯʝʨʝʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʽʟʥʠʭ ʤʝʪʦʜʽʚ ʢʦʨʝʣʷʮʽʾ ʟʦʙʨʘʞʝʥʥʷ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʩʪʝʨʝʦ-ʚʽʜʧʦʚʽʜʥʦʩʪʽ [12]. ʎʝʡ ʤʝʪʦʜ ʥʝ 

ʤʦʞʝ ʟʘʩʪʦʩʦʚʫʚʘʪʠʩʷ ʫ ʦʧʪʠʯʥʽʡ ʤʽʢʨʦʩʢʦʧʽʾ ʟ ʚʝʣʠʢʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ, ʢʦʣʠ ʦʙôʻʢʪʠʚ ʤʽʢʨʦʩʢʦʧʘ 

ʧʦʚʠʥʝʥ ʤʘʪʠ ʤʘʢʩʠʤʘʣʴʥʫ ʮʠʬʨʦʚʫ ʘʧʝʨʪʫʨʫ, ʘ ʦʙôʻʢʪ ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʟʥʘʭʦʜʠʪʴʩʷ ʥʘ ʚʽʜʩʪʘʥʽ 0.05 ï 0.5 ʤʤ 

ʚʽʜ ʮʴʦʛʦ ʦʙôʻʢʪʠʚʫ [12]. 

ɸʢʪʠʚʥʽ ʤʝʪʦʜʠ ʦʪʨʠʤʘʥʥʷ ʪʨʠʚʠʤʽʨʥʠʭ ʟʦʙʨʘʞʝʥʴ, ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʜʦʜʘʪʢʦʚʝ ʦʩʚʽʪʣʝʥʥʷ ʦʙôʻʢʪʘ 

ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʡʦʛʦ ʪʨʠʚʠʤʽʨʥʦʾ ʬʦʨʤʠ [1].  ʇʦʰʠʨʝʥʠʤ ʘʢʪʠʚʥʠʤ ʤʝʪʦʜʦʤ ʻ ʙʘʛʘʪʦʧʨʦʤʝʥʝʚʘ ʦʧʪʠʯʥʘ 

ʣʦʢʘʮʽʷ [1, 13]. ʉʫʪʥʽʩʪʴ ʮʴʦʛʦ ʤʝʪʦʜʘ ʧʦʣʷʛʘʻ ʫ ʚʠʢʦʨʠʩʪʘʥʥʽ ʩʝʥʩʦʨʽʚ time-of-flight (TOF), ʷʢʽ 

ʚʠʧʨʦʤʽʥʶʶʪʴ ʽʤʧʫʣʴʩʠ ʧʨʦʤʝʥʽʚ ʪʘ ʨʝʻʩʪʨʫʶʪʴ ʯʘʩ ʧʨʦʭʦʜʞʝʥʥʷ ʧʨʦʤʝʥʽʚ ʚʽʜ ʩʝʥʩʦʨʫ ʜʦ ʦʙôʻʢʪʘ ʪʘ ʚʽʜ 

ʦʙôʻʢʪʘ ʜʦ ʩʝʥʩʦʨʫ [13].  ʊʘʢʠʡ ʦʧʪʠʯʥʠʡ ʣʦʢʘʪʦʨ ʤʦʞʝ ʙʫʪʠ ʜʫʞʝ ʢʦʤʧʘʢʪʥʠʤ ʽ ʪʦʤʫ ʚʽʥ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʚ 

ʤʦʙʽʣʴʥʠʭ ʧʨʠʩʪʨʦʷʭ [1, 13].   ʆʜʥʘʢ, ʜʦʩʷʞʥʘ ʨʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ ʟʘ ʛʣʠʙʠʥʦʶ ʚ ʪʘʢʠʭ ʧʨʠʩʪʨʦʷʭ ʟʘʟʚʠʯʘʡ 

ʥʝʚʠʩʦʢʘ ʽ ʩʪʘʥʦʚʠʪʴ 75ï375 ʤʤ ʧʨʠ ʜʽʘʛʦʥʘʣʴʥʦʤʫ ʧʦʣʽ ʟʦʨʫ 87 ʢʫʪʦʚʠʭ ʛʨʘʜʫʩʽʚ ʪʘ ʚʽʜʩʪʘʥʽ ʜʦ ʦʙôʻʢʪʘ 

1000ï5000 ʤʤ [14].   

ʄʝʪʦʜ ʩʪʨʫʢʪʫʨʦʚʘʥʦʛʦ ʦʩʚʽʪʣʝʥʥʷ ʚʠʢʦʨʠʩʪʦʚʫʻ ʩʧʝʮʽʘʣʴʥʠʡ ʦʩʚʽʪʣʶʚʘʣʴʥʠʡ ʧʨʠʩʪʨʽʡ ʜʣʷ 

ʬʦʨʤʫʚʘʥʥʷ ʫ ʧʨʦʩʪʦʨʽ ʦʙôʻʢʪʘ ʩʪʨʫʢʪʫʨʦʚʘʥʠʭ ʚʽʟʝʨʫʥʢʽʚ ʧʨʦʝʢʮʽʡʥʠʤ, ʽʥʪʝʨʬʝʨʝʥʮʽʡʥʠʤ, ʛʦʣʦʛʨʘʬʽʯʥʠʤ 

ʤʝʪʦʜʘʤʠ ʘʙʦ ʰʣʷʭʦʤ ʙʘʛʘʪʦʬʫʥʢʮʽʦʥʘʣʴʥʦʾ ʢʽʣʴʢʽʩʥʦʾ ʬʘʟʦʚʦʾ ʤʦʜʫʣʷʮʽʾ [1ï10]. ʅʘʡʧʦʰʠʨʝʥʽʰʽ ʤʝʪʦʜʠ ʟ 

ʥʘʥʝʩʝʥʥʷʤ ʥʘ ʦʙôʻʢʪ ʜʦʩʣʽʜʞʝʥʥʷ ʜʚʦʚʠʤʽʨʥʠʭ ʚʽʟʝʨʫʥʢʽʚ ʟʦʙʨʘʞʝʥʽ ʥʘ ʨʠʩʫʥʢʫ 1 [1, 4ï10]. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ʉʪʨʫʢʪʫʨʥʝ ʦʩʚʽʪʣʝʥʥʷ 

ʇʝʨʽʦʜʠʯʥʘ ʤʦʜʫʣʷʮʽʷ 

ʦʩʚʽʪʣʝʥʥʷ 

ʅʝʧʝʨʽʦʜʠʯʥʘ ʤʦʜʫʣʷʮʽʷ 

ʦʩʚʽʪʣʝʥʥʷ 

ɻʘʨʤʦʥʽʯʥʘ 

ʤʦʜʫʣʷʮʽʷ 

ʅʝʛʘʨʤʦʥʽʡʥʘ  

ʧʝʨʽʦʜʠʯʥʘ ʤʦʜʫʣʷʮʽʷ 

ʉʪʦʭʘʩʪʠʯʥʘ 

ʤʦʜʫʣʷʮʽʷ 

ʌʨʘʢʪʘʣʴʥʘ 

ʤʦʜʫʣʷʮʽʷ 

ʎʠʬʨʦʚʘ 

(ʢʦʜʦʚʘ) 

ʤʦʜʫʣʷʮʽʷ 

 
ʈʠʩ. 1. ʊʠʧʦʚʽ ʚʘʨʽʘʥʪʠ ʩʪʨʫʢʪʫʨʦʚʘʥʦʛʦ ʦʩʚʽʪʣʝʥʥʷ ʜʣʷ ʦʪʨʠʤʘʥʥʷ 3D ʮʠʬʨʦʚʠʭ ʟʦʙʨʘʞʝʥʴ 

 

ʅʘʡʙʽʣʴʰʫ ʧʨʦʩʪʦʨʦʚʫ ʨʦʟʜʽʣʴʥʫ ʟʜʘʪʥʽʩʪʴ ʫ ʪʨʠʚʠʤʽʨʥʦʤʫ ʧʨʦʩʪʦʨʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʤʝʪʦʜʠ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʛʘʨʤʦʥʽʯʥʦʾ ʇʄʆ [1,7]: 

- ʫ ʧʝʚʥʽʡ ʧʣʦʱʠʥʽ ʫ ʧʨʦʩʪʦʨʽ ʧʨʝʜʤʝʪʘ ʬʦʨʤʫʻʪʴʩʷ ʛʘʨʤʦʥʽʯʥʘ ʧʨʦʩʪʦʨʦʚʘ ʤʦʜʫʣʷʮʽʷ 

ʦʩʚʽʪʣʝʥʥʷ, ʟʦʙʨʘʞʝʥʥʷ ʮʽʻʾ ʧʣʦʱʠʥʠ ʨʝʻʩʪʨʫʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʮʠʬʨʦʚʦʾ ʢʘʤʝʨʠ; 

- ʤʘʢʩʠʤʘʣʴʥʠʡ ʢʦʥʪʨʘʩʪ ʇʄʆ ʙʫʜʝ ʚ ʪʠʭ ʟʦʥʘʭ ʦʙôʻʢʪ, ʷʢʽ ʨʦʟʪʘʰʦʚʘʥʽ ʙʽʣʷ ʧʣʦʱʠʥʠ ʇʄʆ, ʘ ʚ 

ʽʥʰʠʭ ʟʦʥʘʭ ʢʦʥʪʨʘʩʪ ʙʫʜʝ ʤʝʥʰʠʤ ʘʙʦ ʚʽʜʩʫʪʥʽʤ;  

- ʷʢʱʦ ʧʝʨʝʤʽʱʫʚʘʪʠ ʧʣʦʱʠʥʫ ʇʄʆ ʚʽʜʥʦʩʥʦ ʦʙôʻʢʪʘ, ʘʙʦ ʦʙôʻʢʪ ʚʽʜʥʦʩʥʦ ʮʽʻʾ ʧʣʦʱʠʥʠ, ʪʦ 



 ˟̨̨̖̘̆̎̎ ̎́̔̋̉ ISSN 2307-5732 
 

ˏ̨̒̎̉̋ ˢ̝̗̝̍̆̌̎̉̋̏̄̏ ̨̗̝̎́̏̎́̌̎̏̄̏ ̨̔̎̃̆̑̒̉̓̆̓̔, Τ4, 2023 (323) 61 

ʤʦʞʥʘ ʦʙʯʠʩʣʠʪʠ ʦʙʣʘʩʪʽ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʢʦʥʪʨʘʩʪʫ ʫ ʪʨʠʚʠʤʽʨʥʦʤʫ ʧʨʦʩʪʦʨʽ ʽ ʪʠʤ ʩʘʤʠʤ ʦʪʨʠʤʘʪʠ 

ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʪʨʠʚʠʤʽʨʥʫ ʬʦʨʤʫ ʦʙôʻʢʪʘ. 

 ʗʢʱʦ ʧʨʦʩʪʦʨʦʚʘ ʯʘʩʪʦʪʘ ʛʘʨʤʦʥʽʯʥʦʾ ʇʄʆ ʙʫʜʝ ʚʝʣʠʢʦʶ, ʪʦ ʪʘʢʠʡ ʤʝʪʦʜ ʟʘʙʝʟʧʝʯʫʻ ʜʫʞʝ ʚʝʣʠʢʫ 

ʨʦʟʜʽʣʴʥʫ ʟʜʘʪʥʽʩʪʴ ʚʟʜʦʚʞ ʦʧʪʠʯʥʦʾ ʦʩʽ, ʷʢʘ ʥʘʙʣʠʞʘʻʪʴʩʷ ʜʦ ʨʦʟʜʽʣʴʥʦʾ ʟʜʘʪʥʦʩʪʽ ʣʘʟʝʨʥʠʭ ʢʦʥʬʦʢʘʣʴʥʠʭ 

ʤʽʢʨʦʩʢʦʧʽʚ  [7]. ɸʣʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʛʘʨʤʦʥʽʯʥʦʾ ʇʄʆ ʚʠʤʘʛʘʻ ʨʝʻʩʪʨʘʮʽʾ ʜʝʢʽʣʴʢʦʭ ʮʠʬʨʦʚʠʭ ʟʦʙʨʘʞʝʥʴ ʟ 

ʨʽʟʥʦʶ ʬʘʟʦʶ ʇʄʆ ʪʘ ʚʠʢʦʥʘʥʥʷ ʮʠʬʨʦʚʦʾ ʜʝʤʦʜʫʣʷʮʽʾ ʟ ʤʝʪʦʶ ʦʪʨʠʤʘʥʥʷ ʢʦʥʪʨʘʩʪʫ ʛʘʨʤʦʥʽʡʥʦʾ ʇʄʆ ʜʣʷ 

ʢʦʞʥʦʛʦ ʧʽʢʩʝʣʷ ʟʦʙʨʘʞʝʥʥʷ. ʎʷ ʜʝʤʦʜʫʣʷʮʽʷ ʚʠʢʦʥʫʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʯʠʩʣʝʥʥʠʭ ʤʝʪʦʜʽʚ, ʙʦ ʘʥʘʣʽʪʠʯʥʝ 

ʨʽʰʝʥʥʷ ʟʘʜʘʯʽ ʜʝʤʦʜʫʣʷʮʽʾ ʦʪʨʠʤʘʥʦ ʣʠʰʝ ʜʣʷ ʯʘʩʪʠʥʥʠʭ ʚʠʧʘʜʢʽʚ, ʢʦʣʠ ʬʘʟʠ ʇʄʆ ʚʽʜʨʽʟʥʷʪʴʩʷ ʥʘ ʢʫʪʠ 60, 

90 ʘʙʦ 120 ʛʨʘʜʫʩʽʚ. ɺʽʜʩʫʪʥʽʩʪʴ ʫʟʘʛʘʣʴʥʝʥʦʛʦ ʨʽʰʝʥʥʷ ʟʘʜʘʯʽ ʮʠʬʨʦʚʦʾ ʜʝʤʦʜʫʣʷʮʽʾ ʫʩʢʣʘʜʥʶʻ ʰʠʨʦʢʝ 

ʚʧʨʦʚʘʜʞʝʥʥʷ ʘʚʪʦʤʘʪʠʯʥʠʭ ʦʧʪʠʢʦ-ʝʣʝʢʪʨʦʥʥʠʭ ʩʠʩʪʝʤ ʜʣʷ  ʘʚʪʦʤʘʪʠʯʥʦʛʦ ʦʪʨʠʤʘʥʥʷ ʪʨʠʚʠʤʽʨʥʠʭ 

ʟʦʙʨʘʞʝʥʴ ʟ ʚʝʣʠʢʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ. 

ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʨʦʟʨʦʙʢʘ ʫʟʘʛʘʣʴʥʝʥʦʛʦ ʤʘʪʝʤʘʪʠʯʥʦʛʦ ʘʧʘʨʘʪʫ ʜʝʤʦʜʫʣʷʮʽʾ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ 

ʢʦʥʪʨʘʩʪʫ ʇʄʆ ʧʨʠ ʜʦʚʽʣʴʥʠʭ ʟʥʘʯʝʥʥʷʭ ʬʘʟʦʚʠʭ ʢʫʪʽʚ ʟ ʤʝʪʦʶ ʦʪʨʠʤʘʥʥʷ ʪʨʠʚʠʤʽʨʥʠʭ ʮʠʬʨʦʚʠʭ 

ʟʦʙʨʘʞʝʥʴ. 

 

ɺʠʢʣʘʜ ʦʩʥʦʚʥʦʛʦ ʤʘʪʝʨʽʘʣʫ 

ʈʽʰʝʥʥʷ ʟʘʜʘʯʽ ʜʝʤʦʜʫʣʷʮʽʾ ʚ ʟʘʛʘʣʴʥʽʡ ʬʦʨʤʽ 

ʈʦʟʛʣʷʥʝʤʦ ʦʜʥʦʚʠʤʽʨʥʫ ʛʘʨʤʦʥʽʡʥʫ ʇʄʆ ʚʟʜʦʚʞ ʦʩʽ ʭ, ʷʢʘ ʤʘʻ ʧʝʚʥʽ ʧʦʩʪʽʡʥʽ ʩʢʣʘʜʦʚʫ, ʘʤʧʣʽʪʫʜʫ, 

ʧʨʦʩʪʦʨʦʚʫ ʯʘʩʪʦʪʫ ʪʘ ʧʦʯʘʪʢʦʚʫ ʬʘʟʫ ʽ ʦʧʠʩʫʻʪʴʩʷ ʜʽʡʩʥʦʶ ʬʫʥʢʮʽʻʶ cos(). ɼʣʷ ʟʥʘʭʦʜʞʝʥʥʷ ʢʦʥʪʨʘʩʪʫ 

ʇʄʆ ʦʧʠʰʝʤʦ ʦʜʥʦʚʠʤʽʨʥʫ ʇʄʆ ʷʢ ʪʨʠʛʦʥʦʤʝʪʨʠʯʥʫ ʬʫʥʢʮʽʶ: 

() ( )

( )( ) ( ) ( )( ) ( )

( ) ( )

O x 0

O x 0 x 0

O 0 0

U x U U cos 2 x

U U cos 2 x cos U sin 2 x sin

U a cos b sin

= +D Ö pÖn Ö +j =

= + D Ö pÖn Ö Ö j - D Ö pÖn Ö Ö j =

= + Ö j - Ö j

                               (1) 

ʜʝ  U(x) ï ʬʫʥʢʮʽʷ, ʱʦ ʦʧʠʩʫʻ ʦʜʥʦʚʠʤʽʨʥʠʡ ʛʘʨʤʦʥʽʡʥʠʡ ʩʠʛʥʘʣ; æU ï ʢʦʥʪʨʘʩʪ ʇʄʆ, ʷʢʠʡ ʥʝʩʝ 

ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʪʨʠʚʠʤʽʨʥʫ ʬʦʨʤʫ ʦʙôʻʢʪʘ; ɜX ï ʧʨʦʩʪʦʨʦʚʘ ʯʘʩʪʦʪʘ ʇʄʆ; UO ï ʧʦʩʪʽʡʥʘ ʘʙʦ ʬʦʥʦʚʘ 

ʩʢʣʘʜʦʚʘ; x ï ʣʽʥʽʡʥʘ ʢʦʦʨʜʠʥʘʪʘ; űʆ ï ʧʦʯʘʪʢʦʚʘ ʬʘʟʘ ʇʄʆ; a, b ï ʩʢʣʘʜʦʚʽ ʛʘʨʤʦʥʽʯʥʦʛʦ ʩʠʛʥʘʣʫ:  

( )xa U cos 2 x=D Ö pÖn Ö, ( )xb U sin 2 x .=D Ö pÖn Ö 

ɺʠʨʘʟ (1) ʜʦʟʚʦʣʷʻ ʟʘʧʠʩʘʪʠ ʬʦʨʤʫʣʫ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʢʦʥʪʨʘʩʪʫ ʇʄʆ: 

( ) ( )

( ) ( )

2 2

2 2 2 2

x x

2 2 2 2

x x

U a b

U cos 2 x U sin 2 x

U cos 2 x sin 2 x U

D = + =

= D Ö pÖn Ö +D Ö pÖn Ö =

è ø= D Ö pÖn Ö + pÖn Ö = Dê ú

                                           (2) 

ɸʣʝ ʧʨʠ ʦʙʯʠʩʣʝʥʽ ʢʦʥʪʨʘʩʪʫ ʇʄʆ (2) ʚʠʥʠʢʘʻ ʦʜʥʘ ʧʨʦʙʣʝʤʘ: ʚʽʜʦʤʝ ʦʜʥʝ ʟʥʘʯʝʥʥʷ U(x), ʘʣʝ ʪʨʝʙʘ 

ʟʥʘʡʪʠ ʪʨʠ ʚʝʣʠʯʠʥʠ ï UO, a ʪʘ b. ɼʣʷ ʪʦʛʦ, ʱʦʙ ʾʭ ʚʠʟʥʘʯʠʪʠ ʪʨʝʙʘ ʤʘʪʠ ʪʨʠ ʮʠʬʨʦʚʠʭ ʟʦʙʨʘʞʝʥʥʷ ʟ ʇʄʆ, 

ʷʢʽ ʤʘʶʪʴ ʨʽʟʥʽ ʬʘʟʠ ʇʄʆ. ʊʦʜʽ ʤʦʞʥʘ ʜʣʷ ʢʦʞʥʦʛʦ ʧʽʢʩʝʣʷ ʪʨʠʚʠʤʽʨʥʦʛʦ ʮʠʬʨʦʚʦʛʦ ʟʦʙʨʘʞʝʥʥʷ ʟʥʘʡʪʠ 

ʩʢʣʘʜʦʚʽ a, b ʪʘ ʦʙʯʠʩʣʠʪʠ ʢʦʥʪʨʘʩʪ ʇʄʆ. ɯʥʰʠʤʠ ʩʣʦʚʘʤʠ ʪʨʝʙʘ ʩʢʣʘʩʪʠ ʣʽʥʽʡʥʫ ʩʠʩʪʝʤʫ ʪʨʴʦʭ ʨʽʚʥʷʥʴ, 

ʟʥʘʡʪʠ ʾʾ ʢʦʨʝʥʽ (UO, a, b) ʪʘ ʦʙʯʠʩʣʠʪʠ ʢʦʥʪʨʘʩʪ æU. ɼʣʷ ʩʧʨʦʱʝʥʥʷ ʤʘʪʝʤʘʪʠʯʥʠʭ ʚʠʨʘʟʽʚ ʙʫʜʝʤʦ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʬʘʟʦʚʽ ʢʫʪʠ ʇʄʆ ʚʽʜʥʦʩʥʦ ʬʘʟʦʚʦʛʦ ʢʫʪʘ ʧʝʨʰʦʛʦ ʮʠʬʨʦʚʦʛʦ ʟʦʙʨʘʞʝʥʥʷ ʟ ʇʄʆ: 

( ) ( )

( ) ( )

( ) ( )

1 O 1 1

2 O 2 2

3 O 3 3

U (x) U a cos b sin

U (x) U a cos b sin

U (x) U a cos b sin

= + Ö j - Ö jë
î

= + Ö j - Ö jì
î = + Ö j - Ö jí

                                                      (3) 

ʜʝ  U1(x), U2(x), U3(x) ï ʘʤʧʣʽʪʫʜʘ  ʪʨʴʦʭ ʮʠʬʨʦʚʠʭ ʟʦʙʨʘʞʝʥʴ ʟ ʇʄʆ, ʷʢʽ ʤʘʶʪʴ ʬʘʟʦʚʽ ʢʫʪʠ ʇʄʆ, ʷʢʽ 

ʚʠʙʠʨʘʶʪʴʩʷ ʪʘʢʠʤ ʯʠʥʦʤ  ( ű1 = 0, ű2, ű3)  ʫ ʪʦʯʮʽ ʭ, ʚʽʜʧʦʚʽʜʥʦ. 

ʉʠʩʪʝʤʫ ʪʨʴʦʭ ʣʽʥʽʡʥʠʭ ʨʽʚʥʷʥʴ (3) ʤʦʞʥʘ ʧʝʨʝʧʠʩʘʪʠ ʫ ʤʘʪʨʠʯʥʽʡ ʬʦʨʤʽ: 

1 0 1 0

2 2 2 x 2

3 3 3 x 3

U (x) 1 1 0 U U U

U (x) 1 cos( ) sin( ) U cos(2 x) U M a

U (x) 1 cos( ) sin( ) U sin(2 x) U b

= j - j ÖD Ö pÖn Ö = = Ö

j - j D Ö pÖn Ö

                               (4) 

ɼʣʷ ʟʥʘʭʦʜʞʝʥʥʷ ʨʽʰʝʥʥʷ ʪʨʝʙʘ ʦʙʯʠʩʣʠʪʠ ʟʚʦʨʦʪʥʫ ʤʘʪʨʠʮʶ ʄ-1 (4): 
1

0 1 1 1

1 1

2 2 2 2 2

3 3 3 3 3

U 1 1 0 U (x) U (x) U

a 1 cos( ) sin( ) U (x) M U (x) M U

b 1 cos( ) sin( ) U (x) U (x) U

-

- -= j - j Ö = Ö = Ö

j - j

                              (5) 

ʜʝ  ʄ-1 ï ʟʚʦʨʦʪʥʘ ʤʘʪʨʠʮʷ, ʷʢʘ ʟʘʣʝʞʠʪʴ ʚʽʜ ʬʘʟʦʚʠʭ ʢʫʪʽʚ ű2, ű3: 

( )

1

1,1 1,2 1,3

1 1

2 3 2 2 2,1 2,2 2,3

3 3 3,1 3,2 3,3

1 1 0 m m m
1

M M , 1 cos( ) sin( ) m m m
D

1 cos( ) sin( ) m m m

-

- -= j j = j - j = Ö

j - j
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mX,Y ï ʢʦʝʬʽʮʽʻʥʪʠ ʟʚʦʨʦʪʥʦʾ ʤʘʪʨʠʮʽ ʄ-1, ʷʢʽ ʤʦʞʫʪʴ ʙʫʪʠ ʦʙʯʠʩʣʝʥʽ ʫ ʘʥʘʣʽʪʠʯʥʦʤʫ ʚʠʛʣʷʜʽ: 

1,1 3 2 2 3 2 3 1,2 3 1,3 2m  cos( ) sin( ) cos( ) sin( ) sin( ) m  sin( ) m  sin()= j Ö j - j Ö j = j -j = j = - j   

2,1 3 2 2,2 3 2,3 2m  sin( ) sin( ) m  sin( ) m  sin( )= j - j = - j = j 

1,3 3 2 2,3 3 3,3 2m  cos( ) cos( ) m  1 cos( ) m  cos( ) 1= j - j = - j = j - 

D ï ʚʠʟʥʘʯʥʠʢ ʟʚʦʨʦʪʥʦʾ ʤʘʪʨʠʮʽ ʄ-1, ʷʢʠʡ ʟʘʣʝʞʠʪʴ ʚʽʜ ʬʘʟʦʚʠʭ ʢʫʪʽʚ ű2, ű3, ʚʽʥ ʧʦʚʠʥʝʥ 

ʚʽʜʨʽʟʥʷʪʠʩʷ ʚʽʜ ʥʫʣʷ ʪʽʣʴʢʠ, ʱʦ ʤʘʻ ʤʽʩʮʝ ʧʨʠ ʚʠʢʦʥʘʥʥʽ ʫʤʦʚ  ű2 Í 0, ű2 Í 0, ű2 Í ű3.  

( )2 3 3 2 2 3 3 2

3 2 2 3

D D , sin( ) sin( ) cos( ) sin( ) cos( ) sin( )

sin( ) sin( ) sin( )

= j j = j - j - j Ö j + j Ö j =

= j - j + j -j
 

ɺʠʢʦʥʘʻʤʦ ʟʚʦʨʦʪʥʫ ʤʘʪʨʠʮʶ ʄ-1 (5) ʪʘ ʜʣʷ ʦʙʯʠʩʣʝʥʥʷ ʟʥʘʯʝʥʴ UO , a ʪʘ b (4): 

( )

2 3 3 2

3 2 3 2

3 2 3 21 1

2 3

3 2 2 3

sin( ) sin( ) sin( )

sin( ) sin( ) sin( ) sin( )

cos( ) cos( ) 1 cos( ) cos( ) 1
M M ,

sin( ) sin( ) sin( )

- -

j -j j - j

j - j - j j

j - j - j j -
= j j =

j - j + j -j
                                          (6) 

1 2 3 2 3 3 2
0

3 2 2 3

U sin( ) U sin( ) U sin( )
U

sin( ) sin( ) sin( )

Ö j -j + Ö j - Ö j
=

j - j + j -j
 

( )1 3 2 2 3 3 2

3 2 2 3

U sin( ) sin( ) U sin( ) U sin( )
a

sin( ) sin( ) sin( )

Ö j - j - Ö j + Ö j
=

j - j + j -j
   

( ) ( ) ( )1 3 2 2 3 3 2

3 2 2 3

U cos( ) cos( ) U 1 cos( ) U cos( ) 1
b

sin( ) sin( ) sin( )

Ö j - j + Ö - j + Ö j -
=

j - j + j -j
 

ʊʝʧʝʨ ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʚʠʨʘʟ ʜʣʷ ʦʙʯʠʩʣʝʥʥʷ ʢʦʥʪʨʘʩʪʫ ʚ ʘʥʘʣʽʪʠʯʥʦʤʫ ʚʠʛʣʷʜʽ (6): 

2 2 2 22
U 2 a b A B

M
D = Ö + = Ö +                                                          (7) 

[ ]{ }

[ ] [ ] [ ]{ }

22 2

1 3 2 2 3 3 2

2

1 3 2 2 3 3 2

A B U sin( ) sin( ) U sin( ) U sin( )

U cos( ) cos( ) U 1 cos( ) U cos( ) 1

+ = Ö j - j - Ö j + Ö j +

+ Ö j - j + Ö - j + Ö j - =

 

[ ] [ ]{ }
[ ] [ ]{ } [ ] [ ]{ }

2 22

1 3 2 3 2

2 2 2 22 2

2 3 3 3 2 2

U sin( ) sin( ) cos( ) cos( )

U sin( ) 1 cos( ) U sin( ) cos( ) 1

= Ö j - j + j - j +

+ Ö - j + - j + Ö j + j - +

 

[ ][ ][ ][ ]{ }

[ ] [ ][ ]{ }

[ ] [ ][ ]{ }

1 2 3 2 3 3 2 3

2 3 3 2 3 2

1 3 3 2 2 3 2 2

2 U U sin( ) sin( ) sin( ) cos( ) cos( ) 1 cos( )

2 U U sin( ) sin( ) 1 cos( ) cos( ) 1

2 U U sin( ) sin( ) sin( ) cos( ) cos( ) cos( ) 1

+ Ö Ö Ö j - j Ö - j + j - j Ö - j +

+ Ö Ö Ö - j Ö j + - j Ö j - +
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ʈʠʩ. 2. ɺʭʽʜʥʠʡ ʪʝʩʪʦʚʠʡ ʩʠʛʥʘʣ 
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ʈʠʩ. 3. ɺʭʽʜʥʠʡ ʪʝʩʪʦʚʠʡ ʩʠʛʥʘʣ ʧʽʩʣʷ ʤʦʜʫʣʷʮʽʾ: 

U1 =U1(x) ï ʩʫʮʽʣʴʥʘ ʣʽʥʽʷ, U2 =U2(x) ï ʰʪʨʠʭʦʚʘ ʣʽʥʽʷ, U3 =U3(x) ï ʪʦʯʢʦʚʘ ʣʽʥʽʷ 

 

 
ʈʠʩ. 4. ʈʝʟʫʣʴʪʘʪ ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ ʤʝʪʦʜʘ ʜʝʤʦʜʫʣʷʮʽʾ 

 

ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʤʘʪʝʤʘʪʠʯʥʠʡ ʘʧʘʨʘʪ (1)ï(7) ʜʦʟʚʦʣʷʻ ʦʙʯʠʩʣʠʪʠ ʧʦʩʪʽʡʥʫ ʩʢʣʘʜʦʚʫ, ʢʦʥʪʨʘʩʪ ʪʘ 

ʟʥʘʯʝʥʥʷ ʧʦʪʦʯʥʦʛʦ ʬʘʟʦʚʦʛʦ ʢʫʪʘ ʇʄʆ ʚ ʘʥʘʣʽʪʠʯʥʦʤʫ ʚʠʛʣʷʜʽ:      
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ʜʝ atan() ï ʬʫʥʢʮʽʷ ʦʙʯʠʩʣʝʥʥʷ ʘʨʢʪʘʥʛʝʥʩʫ; Ŭ ï ʧʦʪʦʯʥʠʡ ʬʘʟʦʚʠʡ ʢʫʪ ʇʄʆ. 

ʇʨʦʽʣʶʩʪʨʫʻʤʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ ʤʘʪʝʤʘʪʠʯʥʦʛʦ ʘʧʘʨʘʪʫ ʮʠʬʨʦʚʦʾ ʜʝʤʦʜʫʣʷʮʽʾ (1)ï

(8). ʅʘ ʨʠʩ. 1 ʟʦʙʨʘʞʝʥʦ ʛʨʘʬʽʢ ʪʝʩʪʦʚʦʛʦ ʚʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ, ʷʢʽ ʤʽʩʪʠʪʴ ʩʢʣʘʜʦʚʽ ʨʽʟʥʦʛʦ ʪʠʧʫ ï ʧʨʷʤʦʢʫʪʥʽ 

ʽʤʧʫʣʴʩʠ, ʪʨʠʢʫʪʥʽ ʽʤʧʫʣʴʩʠ ʪʘ ʛʘʨʤʦʥʽʡʥʠʡ ʩʠʛʥʘʣ ʟ ʟʤʽʥʥʦʶ ʧʨʦʩʪʦʨʦʚʦʶ ʯʘʩʪʦʪʦʶ. ʅʘ ʨʠʩ. 2 ʧʦʢʘʟʘʥʽ 

ʛʨʘʬʽʢʠ ʩʠʛʥʘʣʽʚ, ʷʢʽ ʪʨʠʤʘʥʽ ʧʽʩʣʷ ʛʘʨʤʦʥʽʡʥʦʾ ʤʦʜʫʣʷʮʽʾ ʚʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ʟ ʬʘʟʦʚʠʤʠ ʢʫʪʘʤʠ 0, 100 ʪʘ 200 

ʛʨʘʜʫʩʽʚ, ʚʽʜʧʦʚʽʜʥʦ. ɿʚʝʨʥʝʤʦ   ʫʚʘʛʫ ʥʘ ʪʝ, ʱʦ ʜʣʷ ʮʠʭ ʬʘʟʦʚʠʭ ʢʫʪʽʚ ʥʝ ʥʘʚʦʜʷʪʴʩʷ ʨʦʟʚôʷʟʢʫ ʟʘʜʘʯʽ 

ʮʠʬʨʦʚʦʾ ʜʝʤʦʜʫʣʷʮʽʾ ʫ ʚʽʜʦʤʠʭ ʜʞʝʨʝʣʘʭ  [4ï10, 15ï18]. ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʤʝʪʦʜ (1)ï(8) ʜʦʟʚʦʣʷʻ ʚʠʨʽʰʠʪʠ 

ʮʶ ʟʘʜʘʯʫ ï ʦʪʨʠʤʘʪʠ ʨʦʟʧʦʜʽʣ ʢʦʥʪʨʘʩʪʫ ʤʦʜʫʣʷʮʽʾ ʧʦ ʪʨʴʦʤ ʤʦʜʫʣʴʦʚʘʥʠʤ ʩʠʛʥʘʣʘʤ (ʨʠʩʫʥʦʢ 2). 

æU

(ʭ) 
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ʈʝʟʫʣʴʪʘʪ ʜʝʤʦʜʫʣʷʮʽʾ ʫ ʚʠʛʣʷʜʽ ʛʨʘʬʽʢʫ ʨʦʟʧʦʜʽʣʫ ʢʦʥʪʨʘʩʪʫ ʷʢ ʬʫʥʢʮʽʾ ʚʽʜ ʧʨʦʩʪʦʨʦʚʦʾ ʢʦʦʨʜʠʥʘʪʠ ʭ 

ʥʘʚʝʜʝʥʠʡ ʥʘ ʨʠʩʫʥʢʫ 4. ɿʚʝʨʥʝʤʦ ʫʚʘʛʫ ʥʘ ʪʝ, ʱʦ ʨʝʟʫʣʴʪʘʪ ʜʝʤʦʜʫʣʷʮʽʾ ʧʦʚʥʽʩʪʶ ʩʧʽʚʧʘʜʘʶʪʴ ʟ ʚʭʽʜʥʠʤʠ 

ʪʝʩʪʦʚʠʤ ʩʠʛʥʘʣʦʤ ʩʢʣʘʜʥʦʾ ʬʦʨʤʠ (ʨʠʩʫʥʢʠ 2, 4). ʊʘʢʝ ʩʧʽʚʧʘʜʽʥʥʷ ʟʫʤʦʚʣʝʥʝ ʪʠʤ, ʱʦ ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ 

ʤʝʪʦʜ ʜʝʤʦʜʫʣʷʮʽʾ ʙʘʟʫʻʪʴʩʷ ʥʘ ʪʦʯʥʦʤʫ ʨʽʰʝʥʥʽ ʩʠʩʪʝʤʠ ʣʽʥʽʡʥʠʭ ʨʽʚʥʷʥʴ (4)ï(5) ʙʝʟ ʟʘʩʪʦʩʫʚʘʥʥʷ ʨʽʟʥʠʭ 

ʘʧʨʦʢʩʠʤʘʮʽʡ ʪʘ ʥʘʙʣʠʞʝʥʴ, ʷʢʽ ʯʘʩʪʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʫ ʚʽʜʦʤʠʭ ʤʝʪʦʜʘʭ ʮʠʬʨʦʚʠʭ ʤʝʪʦʜʘʭ ʨʦʟʚôʷʟʘʥʥʷ 

ʟʘʜʘʯʽ ʜʝʤʦʜʫʣʷʮʽʾ. 

 

ɺʠʩʥʦʚʢʠ 

ʅʘʫʢʦʚʦʶ ʥʦʚʠʟʥʦʶ ʨʦʙʦʪʠ ʻ ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ ʤʝʪʦʜ ʚʠʨʽʰʝʥʥʷ ʟʘʜʘʯʽ ʮʠʬʨʦʚʦʾ ʜʝʤʦʜʫʣʷʮʽʾ, ʷʢʠʡ 

ʜʦʟʚʦʣʠʚ ʦʪʨʠʤʘʪʠ ʘʥʘʣʽʪʠʯʥʽ ʚʠʨʘʟʠ ʜʣʷ ʦʙʯʠʩʣʝʥʥʷ ʢʦʥʪʨʘʩʪʫ, ʧʦʩʪʽʡʥʦʾ ʩʢʣʘʜʦʚʦʾ  ʪʘ ʟʥʘʯʝʥʥʷ ʧʦʪʦʯʥʦʛʦ 

ʬʘʟʦʚʦʛʦ ʢʫʪʘ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʛʘʨʤʦʥʽʯʥʦʾ ʇʄʆ ʟ ʜʦʚʽʣʴʥʠʤʠ ʬʘʟʦʚʠʤʠ ʢʫʪʘʤʠ ʧʨʠ ʦʪʨʠʤʘʥʥʽ 

ʪʨʠʚʠʤʽʨʥʠʭ ʮʠʬʨʦʚʠʭ ʟʦʙʨʘʞʝʥʴ. ʇʨʘʢʪʠʯʥʦʶ ʮʽʥʥʽʩʪʶ ʮʴʦʛʦ ʤʝʪʦʜʘ ʻ ʤʦʞʣʠʚʽʩʪʴ ʡʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʟ 

ʝʢʦʥʦʤʽʯʥʠʤʠ ʧʨʠʩʪʨʦʷʤʠ ʇʄʆ ʥʘ ʙʽʣʴʰʦʩʪʽ ʦʧʪʠʯʥʠʭ ʤʽʢʨʦʩʢʦʧʽʚ ʯʠ ʽʥʰʠʭ ʦʧʪʠʢʦ-ʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʣʘʜʘʭ 

ʙʝʟ ʧʨʠʜʙʘʥʥʷ ʢʦʤʝʨʮʽʡʥʦʛʦ  ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ. ʇʦʜʘʣʴʰʠʤ ʥʘʧʨʷʤʢʦʤ ʜʦʩʣʽʜʞʝʥʴ ʤʦʞʝ ʙʫʪʠ 

ʚʠʙʽʨ ʢʦʥʩʪʨʫʢʮʽʾ ʝʢʦʥʦʤʽʯʥʠʭ ʧʨʠʩʪʨʦʾʚ, ʷʢʽ ʬʦʨʤʫʶʪʴ ʛʘʨʤʦʥʽʯʥʫ ʇʄʆ, ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʮʝʩʫ ʦʪʨʠʤʘʥʥʷ 

ʪʨʠʚʠʤʽʨʥʠʭ ʮʠʬʨʦʚʠʭ ʟʦʙʨʘʞʝʥʴ ʧʨʠ ʨʽʟʥʠʭ ʨʝʞʠʤʘʭ ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʟʨʘʟʢʽʚ ʪʘ ʦʮʽʥʶʚʘʥʥʷ ʧʨʦʩʪʦʨʦʚʦʾ 

ʨʦʟʜʽʣʴʥʦʾ ʟʜʘʪʥʦʩʪʽ ʦʧʪʠʢʦ-ʝʣʝʢʪʨʦʥʥʠʭ ʩʠʩʪʝʤ ʜʣʷ  ʦʪʨʠʤʘʥʥʷ ʪʨʠʚʠʤʽʨʥʠʭ ʮʠʬʨʦʚʠʭ ʟʦʙʨʘʞʝʥʴ. 
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EVALUATION OF THE EFFECTIVENESS OF TREATMENT WATER EMULSIONS 

FROM OIL BY PHYSIC O-CHEMICAL METHODS  
 
In this work the processes of treatment of water emulsions from oil with application of aluminum coagulants and 

activated carbon as a sorbent-clouding agent were investigated. These were coagulants such as aluminum sulphate Al2(SO4)3, 
aluminum hydroxide Al(OH)3 and aluminum hydroxide Al(OH)2Cl. Treatment of water emulsions was carried out with 
coagulants separately and in combination with activated carbon, and studies were conducted to determine the effectiveness 
of their separate and compatible use. It is determined that aluminum coagulants in doses of 2ɀ50 mg/dm3 both separately 
and in combination with a sorbent provide a high degree of oil removal from emulsions. The level of water treatment reaches 
97ɀ99%. The use of activated carbon in doses of 5-100 mg/dm3 causes a linear decrease in the concentration of oil in water 
with an increase in the dose of the sorbent. Aluminum hydroxide (without sorbent) has the greatest efficiency in oil removal 
from water, as it ensures maximum reduction of oil concentration in both fresh and mineralized water. At the same time, the 
compatible application of aluminum coagulants with activated carbon is characterized by efficiency fluidity. This efficiency 
depends on the type and concentration of coagulant, dosed sorbent, as well as mineralization of the initial water. The 
greatest stable and linear combined effect is observed with the simultaneous use of aluminum sulfate and activated carbon in 
the treatment of fresh water, and aluminum hydroxochloride in combination with activated carbon in the treatment of highly 
mineralized water. The degree of water treatment reaches 98,6 ɀ99,3%, and 99,1ɀ99,8%, respectively. The results of this 
study show that the use of aluminum coagulants to extract oil from water solutions of various mineralization is appropriate 
and effective. 

Key words: water-oil emulsions, bilge waters, aluminum coagulant, active carbon, emulsion treatment 

 
ɺʆɿʅʖʂ ʄɸʈʊɸ, ʐɸɹʃɯʁ ʊɽʊʗʅɸ 
ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ  

çʂʠʾʚʩʴʢʠʡ ʇʦʣʽʪʝʭʥʽʯʥʠʡ ɯʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè, ʂʠʾʚ, ʋʢʨʘʾʥʠ 

 

ʆʎɯʅʂɸ ɽʌɽʂʊʀɺʅʆʉʊɯ ʆʏʀʑɽʅʅʗ ɺʆɼʅʀʍ ɽʄʋʃʔʉɯʁ  

ɺɯɼ ʅɸʌʊʀ ʌɯɿʀʂʆ-ʍɯʄɯʏʅʀʄʀ ʄɽʊʆɼɸʄʀ 
 

ˑ́̎́ ̑̏̂̏̓́ ̠̤̐̑̆̅̒̓́̃̌ ̨̠̅̏̒̌̅̇̆̎̎ ̨̗̐̑̏̆̒̃ ̘̠̏̉̆̎̎̚ ̗̖̃̉̒̏̋̏̋̏̎̆̎̓̑̏̃́̎̉ ̨̖̐̑̒̎̉ ̨ ̨̨̖̍̎̆̑́̌̈̏̃́̎̉ ̖̃̏̅̎̉ 
̨̝̆̍̔̌̒̊ ̨̃̅ ̎́̓̉̕ ̨̈ ̠̈́̒̓̏̒̔̃́̎̎̍ ̨̟̖́̌̍̏̃̍̒̎̉ ̨̠̋̏́̄̔̌̎̓̃ ̓́ ́̋̓̉̃̏̃́̎̏̄̏ ̨̠̃̔̄̌̌Ȣ ˠ ̨̠̋̏̒̓ ̨̠̋̏́̄̔̌̎̓̃ ̂̔̌̏ 
̃̉̋̏̑̉̒̓́̎̏ ̝̒̔̌́̓̕ ̨̨̟̟́̌̍̎ȟ ̨̄̅̑̏̋̒̉̅ ̨̨̟̟́̌̍̎ ̓́ ̨̖̄̅̑̏̋̒̏̌̏̑̉̅ ̨̨̟̟́̌̍̎Ȣ ˛̘̠̉̆̎̎̚ ̖̃̏̅̎̉ ̨̝̆̍̔̌̒̊ ̐̑̏̃̏̅̉̌̉ ̏̋̑̆̍̏ 
̠̋ ̠̋̏́̄̔̌̎̓́̍̉ȟ ̓́̋ ̨ ́̋̓̉̃̏̃́̎̉̍ ̨̠̃̔̄̌̌̍ȟ ́ ̓́̋̏̇ ̐̑̏̃̏̅̉̌̉ ̨̠̅̏̒̌̅̇̆̎̎ ̏̅̏̚ ̘̠̃̉̈̎́̆̎̎ ̨̆̆̋̓̉̃̎̏̒̓̕ ̩̖ ̨̒̔̍̒̎̏̄̏ 
̠̈́̒̓̏̒̔̃́̎̎Ȣ ̨ ̨̓̑̉̍́̎ ̝̑̆̈̔̌̓́̓̉ ̟̝̐̏̋́̈̔̓ȟ ̏̚ ̨̨̨̟̤́̌̍̎̃ ̠̋̏́̄̔̌̎̓̉ ̃ ̖̅̏̈́ φɀ50 ̍ ̄Ⱦ̅̍3 ̠̟̝̅̏̈̃̏̌̓ ̠̅̏̒̄̓̉ ̝̅̏̒̉̓ 
̖̃̉̒̏̋̉ ̨̒̓̔̐̆̎̃ ̘̠̏̉̆̎̎̚ ̗̖̃̉̒̏̋̏̋̏̎̆̎̓̑̏̃́̎̉ ̨̖̎́̓̏̃̍̒̎̉̕ ̃̏̅ȟ ̏̚ ̟̝̒̋̌́̅́̓ 97ɀ99%. ˑ̨́̎ ̘̠̈̎́̆̎̎ ̨̖́̑́̋̓̆̑̎ ̠̅̌ 
̨̗̐̑̏̆̒̃ ̘̠̏̉̆̎̎̚ ̠̋ ̠̋̏́̄̔̌̎̓́̍̉ ̏̋̑̆̍̏̄̏ ̓́̋ ̨ ̨̒̔̍̒̎̏ ̈ ́̋̓̉̃̏̃́̎̉̍ ̨̠̃̔̄̌̌̍Ȣ ˒̝̋̒̐̆̑̉̍̆̎̓́̌̎̏ ̅̏̃̆̅̆̎̏ȟ ̏̚ ̎́̊̋̑́̔̚ 
̨̝̝̑̆̈̔̌̓́̓̉̃̎̒̓ ̏̅̏̚ ̠̃̉̅́̌̆̎̎ ̎́̓̉̕ ̈ ̠̋ ̈ ̨̩̐̑̒̎̏ ̓́̋ ̨ ̈ ̩̒̏̌̏̎̏ ̨̖̎́̓̏̃̍̒̎̉̕ ̨̝̆̍̔̌̒̊ ̤̐̏̋́̈̔ ̨̄̅̑̏̋̒̉̅ ̨̨̟̟́̌̍̎ ̂̆̈ 
̒̏̑̂̆̎̓̔Ȣ ˍ̨̨̟̌̍̏̃̍̒̎ ̠̋̏́̄̔̌̎̓̉ ̑́̈̏̍ ̈ ́̋̓̉̃̏̃́̎̉̍ ̨̠̃̔̄̌̌̍ ̖̟̝̠́̑́̋̓̆̑̉̈̔̓̒ ̨̨̝̟̎̆̒̓́̂̌̎̒̓ ̘̝̈̎́̆̎ ̨̆̆̋̓̉̃̎̏̒̓̕Ȣ 
ˑ̏̃̆̅̆̎̏ȟ ̏̚ ̨̗̗̠̋̏̎̆̎̓̑́ ̓́ ̓̉̐ ̨̟́̌̍̏̃̍̒̎̏̄̏ ̠̋̏́̄̔̌̎̓̔ȟ ̨̝̒̏̌̏̎̒̓ ̃̏̅̉ ̓́ ̅̏̈́ ̒̏̑̂̆̎̓̔ ̟̝̍́̓ ̃̐̌̉̃ ̎́ 
̨̝̆̆̋̓̉̃̃̎̒̓̕ ̘̠̃̉̌̔̆̎̎ ̎́̓̉̕ ̈ ̖̃̏̅̎̉ ̨̘̑̏̈̉̎̃Ȣ 

˗̨̟̘̌̏̃ ̒̌̏̃́ȡ ̎ ̨̨́̓̏̃̍̒̎̕ ̨̝̩̆̍̔̌̒ȟ ̨̠̝̌̌̌̎ ̃̏̅̉ȟ ̨̨̟̤́̌̍̎̃̉̊ ̠̋̏́̄̔̌̎̓ȟ ́̋̓̉̃̏̃́̎̆ ̨̠̃̔̄̌̌ȟ ̘̠̏̉̆̎̎̚ ̨̝̩̆̍̔̌̒ 

 

Introduction  

Water transport is an important trade and 

transportation and, accordingly, plays a significant role 

in the country's economy. At the same time, shipping, 

like other water users, it affects the environment, in 

particular the hydrosphere. 

One of the most dangerous substances, which 

pollute the hydrosphere, is oil and oil-containing 

waters. 

Despite the fact that according to the statistics 

of the State Statistics Service of Ukraine the inflow of 

oil products into the sea and river of Ukraine with 

return waters (fig. 1) are reduced, their contribution to 

the pollution of the hydro sphere remains high [1]. 

The total amount of oil-containing waters 

coming from vessels into the hydrosphere is 

 
Figure 1. Inflow of oil products into the seas and rivers of Ukraine 

with return waters (2009-2019) 

https://orcid.org/0009-0004-0010-8895
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https://context.reverso.net/%D0%BF%D0%B5%D1%80%D0%B5%D0%B2%D0%BE%D0%B4/%D0%B0%D0%BD%D0%B3%D0%BB%D0%B8%D0%B9%D1%81%D0%BA%D0%B8%D0%B9-%D1%83%D0%BA%D1%80%D0%B0%D0%B8%D0%BD%D1%81%D0%BA%D0%B8%D0%B9/introduction
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insignificant in absolute terms than the amount of oil coming from oil tankers. However, the influence of water-oil 

emulsions on the ecological state of the water environment is significant. 

During the operation of water transport in the vessel's machinery departments, flask waters ï water-oil 

emulsions are formed. On sea vessels these waters are called bilge water, and on river vessels ï slang water. 

The sources of the formation of the bilge water on vessels are vessel engines, generators and other parts of 

the propulsion systems (pumps, pipes, mechanical and operational components of the machine departments). 

Basically, bilge waters contain heavy fuel, oil, oil for hydraulic systems, detergents, additives to oils, chemicals. 

According to the requirements of national and international regulatory and legal acts, a skip from the 

vessels of oil, harmful substances, garbage, polluted and regulated waters is forbidden both on internal waterways 

and in internal sea waters and territorial seas of Ukraine. In addition, bilge waters from vessels should be transferred 

completely to specialized treatment facilities for further treatment and contamination [2], [3], [4]. The exception is 

only the overboard (in international waters) of the waters cleaned by ship's installations (separators), which contain 

oil products in the quantity not more than 15 million-1 [5]. 

Maximum permissible concentration (MPC) of oil products for water of water body of domestic drinking 

and cultural-domestic use is 0,3 mg/dm3, and for fishery water body ï 0,05 mg/dm3 [6], [7]. 

Failure to comply with regulations on the diversion of untreated oil-containing waters in the water body 

may cause violations of life cycles of all components of the biosphere, which will lead to negative consequences for 

people, the environment, biota [8]. 

Based on the initial characteristics of the oil-containing waters, namely: oil concentration in water, 

morphological composition of the bilge waters, etc., apply the appropriate treatment methods. Physical, physical, 

chemical, chemical, biological and combined methods of cleaning are often used. 

Bilge waters belong to heterogeneous dispersive systems [10] with particles of different size. Normally, the 

this emulsions contain up to 50% of oil products in sizes up to 10 microns, 25% of particles ï up to 30 microns, the 

rest have sizes from 30 to 200 microns [9]. 

Systems formed by the admixture of such a group are kinetic unstable, and nonsoluble substances are kept 

in a dependent state by dynamic forces of the water flow. To remove the impurities of this group apply phenomena 

and techniques, which are based on physical and chemical processes such as: adgesia on the surface of inert granular 

loads, sedimentation with the help of reagents. Therefore, basically, use the following methods of water treatment: 

Drainage, filtration, microfiltration, centrifugation, coagulation, flotation [10]. 

Wide application of sewage treatment by coagulation method [11], [12], [13]. For coagulation treatment of 

sewage, as coagulants use salts of aluminum and iron. More often used aluminum sulphate, less often used chloride 

and hydrochlorides of aluminum, sulfates and iron chloride, sodium aluminum [14]. 

The purpose of coagulants application is to reduce the aggregate and sedimentation stability of ion-gen, 

coloid and highly dispersed impurities contained in water. 

The efficiency of coagulation and degree of water treatment depends on the nature and dose of coagulant, 

water composition, pH and temperature. For example, during coagulation treatment of water with aluminum 

compounds should pay special attention to pH, and, if needed correct it. Thus, due to the amphoteric character of 

aluminum compounds in both acid and alkaline medium, there is an incomplete hydrolysis of coagulant and it leads 

to high concentrations of residual aluminum in water [15]. The process of coagulation of oil-containing waters will 

theoretically have the effect of mineralization, as the content of salts in waters of oceans and some seas reaches 

50 g/dm3 and more [10]. 

Aluminum sulphate AL2(SO4)3 is one of the most common coagulants. Its coagulation properties are caused 

by the formation of coloid hydroxide aluminum and basic sulphate as a result of hydrolysis [16]. The advantage of 

aluminum sulphate is its availability and low cost. Among its shortcomings are noted low content of the current 

component (15% Al 2O3), low efficiency at low water temperatures, acidification of water with low alkalite content 

due to hydrolysis of coagulant [17], and high water hardness causes a sedimentation of calcium sulphate. 

One of the main aluminum-based coagulants is the freshly-precipated aluminum hydroxide (Al(OH)3), 

which is easily dissolved in acids and alkalite. The advantages of its use are that it is easily hydrolyzed, contains 

more active component, acidifies water at hydrolyze, has higher efficiency than aluminum sulphate [16]. However, 

aluminum hydroxide has a heightened sensitivity to pH and water temperature. The isoelectric area for aluminum 

hydroxide, wich is characterized by the lowest solubility, corresponds to pH 6,5ï7,5. At lower pH values, 

dissolvable basic salts are formed, at higher pH values ï aluminate. At the temperature of the outgoing water below 

4Áʉ, the coagulation processes of admixture are slowed down due to the increased of aluminum hydroxide, the 

residual aluminum gets into the filtrate, and the flakes of hydroxide are formed in water already after treatment [17]. 

Hydrochlorides of aluminum are considered the most effective among aluminum coagulantsv. The 

advantages of these coagulants include the fact that they have a high coagulation capacity in a broad range of pH, 

ensure formation of large flakes, which are quickly precipitate, their consumption is 25ï30% lower for aluminum 

sulphate with the same treatment efficiency [10]. 

Sorption methods of water treatment with the application of adsorbents are used for wastewater treatment at 

concentration of organic compounds less than 1 g/dm3. Even modification of sorbents allows to use them at post-

treatmentthe stages to remove residual amounts of dissolved oil products [18]. 

In order to increase the processes of coagulation water treatment use complex methods. For example, by 

adding mineral impurities (clay, bentonite, graphite), which act as additional centers of crystallization of products of 
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hydrolysis, there is an increase of effect of sorption of dissolved impurities and thus accelerating coagulation [19]. 

There are not so much scientific works devoted to coagulation methods of water-oil emulsions treatment 

[20], [21], [22], [23]. This is explained by the various composition of oil-containing sewage, therefore, there is a 

need a large number of researches in order to determine optimally effective coagulants and their working 

concentrations. 

 

Purpose of work 

The purpose of the work was to determine the efficiency of treatment of fresh and mineralized water-oil 

emulsions by using of aluminum coagulants in the presence or absence of absorbent. 

To achieve the set goal it was necessary to solve the following scientific tasks: 

1. assess the effectiveness of aluminum coagulants depending on their composition and dose, and on the 

mineralization of water-oil emulsions. 

2. determine the degree of effectiveness of using activated charcoal in combination with aluminum 

coagulants for treatment of fresh and salty oil-containing waters depending on the type and dose of coagulant, the 

concentration of the sorbent. 

 

An example of the basic material 

In the work used model water-oil emulsions with oil concentration of 100 mg/dm3. There were used 

emulsions of two compounds: water-based emulsion and emulsion based on mineralized solution with sodium 

chloride concentration of 30 g/dm3. 

Aluminum sulphate (AL2(SO4)3), aluminum hydroxide (Al(ON)3) and aluminum  hydroxochloride 
(Al(ON)2Cl) were used as aluminum coagulants. Working doses of coagulants were changed in the range from 

2 mg/dm3 to 50 mg/dm3 in the conversion to aluminum oxide (Al2O3). Coagulants were used separately or in 

combination with activated charcoal. 

Activated charcoal was used as a sorbent- turbidizer. In case of its separate (single) application, the 

working concentration were in the range from 5 mg/dm3 to 100 mg/dm3. In combined application with coagulants, 

the working concentrations of activated charcoal corresponded the values of 50 and 100 mg/dm3. 

After the addition of reagents, the pH was adjusted to 7.5. The mixing time was 3 minutes, after which the 

solutions were allowed to stand for 24 hours. After settling, the samples were filtered with paper filters "blue tape". 

The residual oil concentrations in filtrates were determined by extraction spectrophotometric method [24]. 

Based on the obtained experimental data, the degree of oil removal from water (Z, %) was calculated using 

the formula : 

 (1) 

where  ï the residual concentration of oil in treated water, mg/dm3; 

 ï the initial concentration of oil in emulsion, mg/dm3. 

Carbon tetrachloride (CCl4) was extracted as an extractant. The reference solution was a suitable solvent. 

 

Discussion of results 

As mentioned above, oil and oil products are the main component of the bilge waters. Therefore, the first 

stage of the work was to conduct research on the establishment of the efficiency of oil removal from water-oil 

emulsions depending on the type and dose of coagulants, and the mineralization of the initial solutions. The results 

of the studies are shown in Figures 2 and 3. 

 

 
Figure 2. Change in the concentration of oil in fresh (1, 2, 3) and salt (4, 5, 6) water ( = 100 mg/dm3) depending on the type of 

coagulant Al2(SO4)3 (1, 4), Al(OH)3 (2, 5), Al(OH)2Cl (3, 6), and their doses (in terms of Al2O3) 

 

https://context.reverso.net/%D0%BF%D0%B5%D1%80%D0%B5%D0%B2%D0%BE%D0%B4/%D0%B0%D0%BD%D0%B3%D0%BB%D0%B8%D0%B9%D1%81%D0%BA%D0%B8%D0%B9-%D1%80%D1%83%D1%81%D1%81%D0%BA%D0%B8%D0%B9/hydroxochloride


 Technical sciences ISSN 2307-5732 
 

Herald of Khmelnytskyi national university, Issue 4, 2023 (323) 68 

 
Figure 3. Dependence of oil removal from fresh (1, 2, 3) and salt (4, 5, 6) water ( = 100 mg/dm3) depending on the type of 

coagulant Al2(SO4)3 (1, 4), Al(OH)3 (2, 5), Al(OH)2Cl (3, 6), and their doses ( in terms of Al 2O3) 

 

As can be seen from Fig. 2, when using aluminum sulphate at doses of 2ï50 mg/dm3 in term of Al2O3, the 

concentration of oil in water decreases to 3,18ï1,41 mg/dm3, respectively, wich corresponds to the degree of oil 

extraction 96,82ï98,59% (fig. 3). For salty oil-containing waters ([NaCl]=30 g/dm3) under such initial conditions, 

the residual oil content is in the range of 2,19ï0,54 mg/dm3, and the oil extraction from water is 97,81ï99,46 %, 

respectively. 

Aluminum hydroxochloride in terms of the efficiency of removing oil from emulsions provides better 

performance than aluminum sulfate, but less effective than aluminum hydroxide. This coagulant provides a decrease 

of oil concentration to 2,06ï0,95 mg/dm3 (Z = 97,94ï99,05 %) in fresh water, and in mineralized water the 

indicators are slightly worse - at the level of 2,45ï1,92 mg/dm3, but the degree of oil extraction is still high - Z = 

97,55ï98,08%. 

Among aluminum coagulants, the effectiveness of which was investigated in this work, aluminum 

hydroxide demonstrates the best performance in both fresh and salt waters. This coagulant at doses of 2ï50 mg/dm3 

per Al2O3 in fresh water provides a decrease the oil concentration to 1,97ï0,8 mg/dm3 and in sea water the oil 

content decreases to 1,73ï0,34 mg/dm3. Accordingly, the degree  of water treatment from oil is 98,03ï99,20% for 

fresh water and 98,27ï99,66% for sea water. 

The second stage of the work was to conduct research to determine the effectiveness of the use of activated 

charcoal in processes of treatment of the bilge water from oil, depending on the dose of the sorbent and the 

mineralization of the initial solutions. The results of the studies are shown in Fig. 4. 

 

 
Figure 4. Dependence of residual oil concentration in fresh (1, 2, 3) and salt (4, 5, 6) water ( = 100 mg/dm3 and degree of oil 

removal from fresh (3) and salt (4) waters on the sorbent dose 

 

As can be seen from Fig. 4, when using activated carbon at doses of 5ï100 mg/dm3, the concentration of oil 

in water decreases linearly with increasing the dose of sorbent. Fresh water treatment ensures reduction of oil 

concentrations in water to the level of 2,86-0,50 mg/dm3, which corresponds to the degree of oil extraction of 97,14ï

99,50%. For mineralized solutions ([NaCl]=30 g/dm3) at the same initial conditions, residual oil concentrations are 

at the level of 1,47ï0,43 mg/dm3, and the oil extraction from water is 98,53ï99,57%, respectively. 

Since the MPC of oil products for water body of domestic drinking and cultural-domestic use is 

0,3 mg/dm3, and for fishery water body ï 0,05 mg/dm3, the next stage of work was determination of dependence of 

the degree of efficiency of compatible use of sorbent and aluminum coagulant in the processes of treatment of oily 

waters from the type and dose of coagulant, concentration sorbent and water mineralization. The results of the 

studies are shown in Fig. 5ï10. 
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Figure 5. Change in the concentration of oil in fresh (1, 2, 3) and salt (4, 5, 6) water ( = 100 mg/dm3) depending on the dose of 

Al 2(SO4)3 (in terms of Al2O3) and the working concentration of the sorbent: 0 mg/dm3 (1, 4), 50 mg/dm3 (2,5), 100 mg/dm3 (3, 6) 

 

 
Figure 6. Dependence of oil removal from fresh (1, 2, 3) and salt (4, 5, 6) water ( = 100 mg/dm3) depending on the dose of 

Al 2(SO4)3 (in terms of Al2O3) and the working concentration of the sorbent: 0 mg/dm3 (1, 4), 50 mg/dm3 (2,5), 100 mg/dm3 (3, 6) 

 

As can be seen from Fig. 5, with the combined use of aluminum sulfate coagulant at doses of 2ï50 mg/dm3 

and activated carbon at doses of 50 mg/dm3 and 100 mg/dm3 for the treatment of water-oil emulsions, there is a 

significant decrease in the remaining oil concentrations. The decrease in oil concentrations is observed both with 

increased coagulant doses and increased concentrations of activated carbon. The reduction of residual oil 

concentrations using these compositions is more significant for fresh water than for mineralized. In particular, at 

combined treatment of oil-containing fresh waters, aluminum sulphate (50 mg/dm3) and activated carbon, the 

residual concentration of oil in water decreases from 1,41 mg/dm3 in the absence of sorbent to 0,99 mg/dm3 with a 

sorbent dose of 50 mg/dm3, and at a sorbent concentration of 100 mg/dm3 the oil content in water decreases to 

0,69 mg/dm3. The degree of water treatment from oil (fig. 6) is 98,6%, 99,0%, 99,3% respectively. 

In case of processing of mineralized solutions (fig. 5) similar patterns are observed, but the decrease in oil 

concentration is not as linear as in the case of treatment of freshwater solutions. Thus, at complex application of 

aluminum sulphate (50 mg/dm3) and activated carbon during salt water treatment, the residual oil concentration 

decreases from 0,5 mg/dm3 in the absence of a sorbent to 0,3 mg/dm3 with a sorbent dose of 50 mg/dm3, and with 

an activated carbon concentration of 100 mg/dm3, the oil content in water decreases to 0,54 mg/dm3. Accordingly, 

the degree of water treatment from oil (fig. 6) is 99,5%, 99,67%, 99,5%. 

Most likely, the additional treatment of the emulsion is facilitated by the enlargement of insoluble particles 

due to the sorption of insoluble oil on the surface of the sorbent and the subsequent precipitation of agglomerates 

from solutions. 

 

 
Figure 7. Change in the concentration of oil in fresh (1, 2, 3) and salt (4, 5, 6) water ( = 100 mg/dm3) depending on the dose of 

Al(OH) 3 (in terms of Al2O3) and the working concentration of the sorbent: 0 mg/dm3 (1, 4), 50 mg/dm3 (2,5), 100 mg/dm3 (3, 6) 
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Figure 8. Dependence of oil removal from fresh (1, 2, 3) and salt (4, 5, 6) water ( = 100 mg/dm3) depending on the dose of 

Al(OH) 3 (in terms of Al2O3) and the working concentration of the sorbent: 0 mg/dm3 (1, 4), 50 mg/dm3 (2,5), 100 mg/dm3 (3, 6) 

 

The compatible use of aluminum hydroxide and activated carbon does not contribute to the efficiency of 

the treatment process. On the contrary, it is characterized by a negative character (fig. 7, 8). Individually, aluminum 

hydroxide the best results in extracting oil from water emulsions (fig. 2, 3) compared to other aluminum coagulants 

considered. However, the addition of activated carbon significantly impairs the indicators. Thus, the addition of 

sorbent in concentrations of 50 mg/dm3 and 100 mg/dm3 at a dose of aluminum hydroxide of 50 mg/dm3 leads to an 

increase in the residual concentrations of oil in water. For example, for low-mineralized water, the residual oil 

content at the concentration of coagulant 50 mg/dm3 increases from 0,80 mg/dm3 in the absence of sorbent to 

1,17 mg/dm3 in the concentration of activated carbon 50 mg/dm3, and at the increased dosages of sorbent to 

100 mg/dm3 the oil content in water is also high ï 1,13 mg/dm3 (fig. 7). And the degree of water treatment, of 

course, decreases from 99,2% to 98,9% (fig. 8). 

During treatment of highly mineralized water (fig. 7) there is also a negative effect. At the doses of 

aluminum hydroxide in the range of 2ï50 mg/dm3, its individual use is much more effective than at the complex 

application with a sorbent. Accordingly, the degree of treatment of emulsions also decreases from 99,7% to 98,7% 

(fig. 8). 

 

 
Figure 9. Change in the concentration of oil in fresh (1, 2, 3) and salt (4, 5, 6) water ( = 100 mg/dm3) depending on the dose of 

Al(OH) 2Cl (in terms of Al2O3) and the working concentration of the sorbent: 0 mg/dm3 (1, 4), 50 mg/dm3 (2,5), 100 mg/dm3 (3, 6) 

 

 
Figure 10. Dependence of oil removal from fresh (1, 2, 3) and salt (4, 5, 6) water ( = 100 mg/dm3) depending on the dose of 

Al(OH) 2Cl (in terms of Al2O3) and the working concentration of the sorbent: 0 mg/dm3 (1, 4), 50 mg/dm3 (2,5), 100 mg/dm3 (3, 6) 

 

The efficiency of the process of complex treatment of water-oil emulsions of aluminum hydroxochloride 

and activated carbon depends on the initial mineralization of water (fig. 9, 10). 

In the case of combined treatment of low-mineralized waters of aluminum hydroxochloride and activated 

carbon, a stable positive effect is observed at the dose of coagulant of 50 mg/dm3 and sorbent concentrations of 

50 mg/dm3 and 100 mg/dm3. At these concentrations, the residual oil decreases from 0,95 mg/dm3 in the absence of 

a sorbent to 0,42 mg/dm3 in case of sorbent dose 50 mg/dm3 and to 0,16 mg/dm3 in case of sorbent dose 
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100 mg/dm3. The water treatment degree correspond to the value 99,05%, 99,58%, 99,84% (fig. 10). At lower doses 

of aluminum hydrochloride sorbent impairs indicators of water treatment. 

In the highly mineralized water, aluminum hydrochloride is the least effective in comparison with 

hydroxide and aluminum sulphate (fig. 2). However, in combination with activated carbon already at low 

(5 mg/dm3) concentrations of coagulant, the efficiency of oil extraction from salty solutions increases significantly 

(fig. 9). Increasing the sorbent dose from 50 mg/dm3 to 100 mg/dm3 practically does not contribute to increase the 

degree of water treatment from oil (fig. 10). Residual oil concentrations in water at different doses of activated 

carbon are almost the same.  

Summarizing the results, it is possible to say that the efficiency of treatment of fresh water from oil at 

complex treatment with aluminum coagulants and activated carbon (fig. 5ï10) depends on the type of coagulant. 

The greatest combined effect is observed with simultaneous application of aluminum sulphate and activated carbon 

ï the effect is the most stable and linear. In particular, in case of absence of sorbent at a concentration of coagulant 

of 50 mg/dm3 the residual content of oil for aluminum sulfate, aluminum hydroxide, aluminum hydroxochloride in 

fresh water is 1,41 mg/dm3, 0,80 mg/dm3 and 0,95 mg/dm3, respectively. At addition of activated carbon and 

coagulants in doses of 50 mg/dm3, the corresponding values are 0,99 mg/dm3, 1,17 mg/dm3 and 0,42 mg/dm3. In 

case of further increase of dosages of activated carbon to 100 mg/dm3 at stable concentration of coagulants 

(50 mg/dm3), the residual oil content corresponds to 0,69 mg/dm3, 1,13 mg/dm3 and 0,16 mg/dm3. High efficiency 

of treatment of low-mineralized water at the complex use of aluminum hydrochloride and sorbent is observed only 

for high concentrations of reagents. The combined use of aluminum hydroxchloride and activated carbon at low 

concentrations is inappropriate. To treatment the mineralized water from oil using coagulants and activated carbon 

(fig. 5ï10) it is advisable to use aluminum hydroxochloride in combination with a sorbent. At the same time, there is 

a stable linear increase in the efficiency of water treatment. And aluminum sulphate or aluminum hydroxide is 

impractical to use in combination with activated carbon. This is confirmed by the supporting indicators. At the dose 

of coagulant 50 mg/dm3 in the absence of active carbon, the residual oil content for aluminum hydroxochloride, 

aluminum hydroxide, aluminum sulfate in salt water corresponds to 1,92 mg/dm3, 0,34 mg/dm3 and 0,54 mg/dm3. In 

the case of active carbon in the dose of 50 mg/dm3 at the same concentrations of coagulant (50 mg/dm3), the 

indicators are 0,51 mg/dm3, 1,96 mg/dm3 and 0,31 mg/dm3. And at increased doses of activated carbon 

(100 mg/dm3) at the same doses of coagulants (50 mg/dm3) the residual concentrations of oil are 0,54 mg/dm3, 

1,28 mg/dm3 and 0,54 mg/dm3. 

The ambiguity of the obtained results can be explained by the heterogeneity of the initial water-oil 

emulsions. However, it can certainly be argued that the use of aluminum coagulants to extract oil from water 

solutions of different mineralization is reasonable and effective. 

 

Conclusions 

As a result of the research, it was shown that aluminum sulphate, aluminum hydroxide, aluminum 

hydroxochloride in concentrations from 2 mg/dm3 to 50 mg/dm3 provide a high degree of oil removal from water-oil 

emulsions. The degree of water treatment is 97ï99%. 

It is proved that the efficiency of oil removal from water using aluminum coagulants depends depends on 

the chemical composition of coagulant, as well as on mineralization of the source water. Aluminum hydroxide is the 

most effective in extracting oil from water, which provides minimal residual concentrations in both fresh and 

mineralized water. 

The compatible use of aluminum coagulants with activated carbon is marked by a fluidity of efficiency, 

which depends on the type and concentration of coagulant, the dose of sorbent and the mineralization of the source 

water. 

As for the prospects of further research, it is planned to conduct research on the processes of removing oil 

from water solutions by electrochemical methods, in particular electrocoagulation and electroflotation. In these 

research it is planned to use iron and aluminum electrodes. 
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MODELING OF THE DYNAMICS OF ROTORS OF VARIABLE MASS OF 

TECHNOLOGICAL MACHINES  
 
The dynamic parameters of rotors of variable mass of winding-unwinding machines in a non-linear setting were 

studied. For one of the approximations - the constant linear speed of the winding V=const, the engineering dependences on 
time for the following parameters were obtained in an explicit form: the current radius of the rotor r(t), the angular velocity 
ʖɉÔɊȟ ÔÈÅ ÍÏÍÅÎÔ ÏÆ ÉÎÅÒÔÉÁ )x(t), the moment of the amount of movement Lx(t). These dependencies are the basis for creating 
a software-hardware complex of dynamic control and maintenance of specified parameters of unwinding-winding 
technological machines in online mode. Computer modelling of the model for the parameters of a specific technological 
machine - longitudinal cutting machine PRS5-201 manufactured by the Izhvazhmash plant was carried out. The simulation 
results were in good agreement with the experimental data obtained in the full-scale experiment. The relevance of the work is 
confirmed by acts of proceedings at several enterprises of the paper industry in Ukraine and Europe. 

Keywords: rotor with variable mass, nonlinear dynamics, dynamic parameters, moment of inertia, moment of 
momentum. 
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ʇʦʣʽʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ 

ɾʋʂʆɺʉʔʂʀʁ ʆʃɽʂʉɸʅɼʈ 
ʇʦʣʽʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ 

ʉɽʅʅ ʌɯʃɯʇʇ 
Nanowetlaids SENN GMBH 

 

ʄʆɼɽʃʖɺɸʅʅʗ  ɼʀʅɸʄɯʂʀ ʈʆʊʆʈɯɺ ɿʄɯʅʅʆɰ ʄɸʉʀ ʊɽʍʅʆʃʆɻɯʏʅʀʍ ʄɸʐʀʅ 
 

ˑ̨̏̒̌̅̇̆̎̏ ̨̨̘̅̉̎́̍̎ ̐́̑́̍̆̓̑̉ ̨̑̏̓̏̑̃ ̨̩̈̍̎̎̏ ̍́̒̉ ̝̎́̍̏̓̔̃́̌̎̏-̝̖̑̏̈̍̏̓̔̃́̌̎̉ ̙̍́̉̎ ̃ ̨̨̨̎̆̌̎̊̎̊ 
̨̗̐̏̒̓́̎̏̃Ȣ ˑ̠̌ ̏̅̎̏̄̏ ̈ ̝̎́̂̌̉̇̆̎  - ̨̨̐̏̒̓̊̎̊ ̨̨̨̌̎̊̎̊ ̨̙̃̉̅̋̏̒̓ ̠̎́̍̏̓̔̃́̎̎ V=const ̏̓̑̉̍́̎̏ ̃ ̠̃̎̏̍̔ ̨̃̉̅ ̨̨̎̇̆̎̆̑̎ 
̨̈́̌̆̇̎̏̒̓ ̨̃̅ ̘́̒̔ ̠̅̌ ̖̎́̒̓̔̐̎̉ ̨̐́̑́̍̆̓̑̃ȡ ̘̐̏̓̏̎̏̄̏ ̨̑́̅̔̒̔ ̑̏̓̏̑́ r(tɊȟ ̩̋̔̓̏̃̏ ̨̙̃̉̅̋̏̒̓  ʖ(tɊȟ ̍̏̍̆̎̓̔ ̨̨̗̩̎̆̑  Ix(t), 
̍̏̍̆̎̓̔ ̨̨̝̋̌̋̏̒̓ ̖̑̔̔ Lx(tɊȢ ˑ̨́̎ ̨̈́̌̆̇̎̏̒̓ ̤ ̟̏̒̎̏̃̏ ̠̅̌ ̠̒̓̃̏̑̆̎̎ ̐̑̏̄̑́̍̎̏-́̐́̑́̓̎̏̄̏ ̋̏̍̐̌̆̋̒̔ ̨̘̅̉̎́̍̎̏̄̏ 
̨̠̔̐̑́̃̌̎̎ ̓́ ̨̐̅̓̑̉̍̋̉ ̖̈́̅́̎̉ ̨̐́̑́̍̆̓̑̃ ̝̑̏̈̍̏̓̔̃́̌̎̏-̝̖̎́̍̏̓̔̃́̌̎̉ ̨̖̘̖̓̆̎̏̌̏̄̎̉ ̙̍́̉̎ ̃ ̨̑̆̇̉̍ on lineȢ ˜̑̏̃̆̅̆̎̏ 
̋̏̍̐ȭ̟̓̆̑̎̆ ̟̠̍̏̅̆̌̃́̎̎ ̨̍̏̅̆̌ ̠̅̌ ̨̐́̑́̍̆̓̑̃ ̩̋̏̎̋̑̆̓̎̏ ̨̖̘̩̓̆̎̏̌̏̄̎̏ ̙̍́̉̎̉ ɀ ̝̐̑̏̅̏̌̎̏-̨̝̑̈́̌̎̏̄̏ ̒̓́̎̔ ˜˝˞ω-201 
̗̃̉̑̏̂̎̉̓̃́ ̈́̃̏̅̔ Ⱥ˴̙̇̃́̇̍́ȻȢ ˝̝̆̈̔̌̓́̓̉ ̟̠̍̏̅̆̌̃́̎̎ ̏̓̑̉̍́̌̉ ̄́̑̎̔ ̨̨̝̈̂̇̎̒̓ ̈ ̝̆̋̒̐̆̑̉̍̆̎̓́̌̎̉̍̉ ̅́̎̉̍̉ȟ 
̏̓̑̉̍́̎̉̍̉ ̃ ̎́̓̔̑̎̏̍̔ ̨̆̋̒̐̆̑̉̍̆̎̓Ȣ ˍ̨̝̝̋̓̔́̌̎̒̓ ̑̏̂̏̓̉ ̨̐̅̓̃̆̑̅̇̆̎́ ́̋̓́̍̉ ̠̐̑̏̃́̅̇̆̎̎ ̎́ ̨̝̖̋̌̋̏ ̨̤̖̐̅̐̑̉̍̒̓̃́ 
̩̐́̐̆̑̏̃̏ ̨̄́̌̔̈ ̃ ˠ̨̩̋̑́̎ ̓́ ˰̨̃̑̏̐Ȣ 

˗̨̟̘̌̏̃ ̒̌̏̃́ȡ ̑̏̓̏̑ ̨̈ ̨̟̈̍̎̎̏ ̟̍́̒̏ȟ ̨̨̎̆̌̎̊̎́ ̨̅̉̎́̍̋́ȟ ̨̨̘̅̉̎́̍̎ ̐́̑́̍̆̓̑̉ȟ  ̍̏̍̆̎̓ ̨̨̗̩̎̆̑ȟ ̍̏̍̆̎̓ ̨̨̝̋̌̋̏̒̓ 
̖̑̔̔Ȣ 

 

Introduction  

Modern processing technologies use high-performance winding and unwinding machines for compact 

packaging and processing of tapes, strips, sheets, cables, ropes, fabrics and non-woven materials, etc. High 

productivity requires the maximum possible speeds of the winding-unwinding process, which, in turn, is limited by 

the mechanical characteristics of the wound materials. On the other hand, the presence of dynamic models of these 

processes helps to increase the productivity of technological processes, and the control of the transition to rigid 

modes with limited acceleration allows not to exceed the dynamic loads and the ultimate limit of strength of the 

wound material, which also improves the quality of technological operations. 

The aim of the work is the construction of dynamic models of rotors with variable mass at a constant linear 

speed of winding-unwinding, as a theoretical basis for the creation of a software and hardware complex for 

controlling the parameters of the technological process, the identification of the regularities of the dynamics of 

rotors of variable mass, the construction of a mathematical model of a two-port rotor of variable mass in a non-linear 

setting and experimental verification of proposed models. 

Review of recent publications. 

Rotary machines are extremely common in many fields of mechanical engineering, mining and processing, 

agricultural machinery, metalworking, food and light industry. At the same time, in many cases, the technological 

processes of processed masses of raw materials interacting with the rotors of technological machines lead to a 

change in the mass and geometry of the rotors Meshchersky I.V. [1], Kosmodemyanskyi A.A. [3], Popikov O.O. [4]. 

https://orcid.org/0000-0003-2367-0333
https://orcid.org/0009-0006-1870-1341
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Among the works devoted to the dynamics of bodies of variable mass, the classical works of I.V. Meshcherskyi, I.I. 

Artobolevskyi, M.E. Zhukovskyi, I.I. Blekhman, A.A. Kosmodemyanskyi, L.G. Loitsyanskyi, A. I. Lurie, F. R. 

Gantmacher, R. Appell, E. Routh, J. Pollard, and others. It is known Meshchersky I.V. [1], Kosmodemyanskyi A.A. 

[2], Popikov O.O. [4], that rotors with variable mass have variable inertial parameters and variable geometry. 

Studies Bykov V.G.[5, 6, 8], Kovachev A.S. [9], Zaitsev N.N. [11, 10] are devoted to the regularities of the 

dynamics of rotors of variable mass in a nonlinear setting. A significant part of research is devoted to the problems 

of balancing, changing resonance frequencies, minimizing the dynamic reactions of supports, and identifying the 

limits of the asymptotic stability of rotor dynamics Kurakin A.D. [15], Degtyarev S.A. [16], Horbenko A.N. [17, 18, 

19]. Models of the dynamics of rotors in a nonlinear setting with infinitely large turns are given in Sorokin F.D. [13, 

12]. In Kurakin A.D. [15], Degtyarev S.A. [16], Makarov A.A.[14], the peculiarities of the nonlinear dynamics of 

rotary machines with a controlled change of friction in the supports, impulse contact interaction with the stator and 

the presence of damage such as cracks are indicated. The influence of the anisotropy of moments of inertia and the 

definition of critical modes of nonlinear dynamics are given in Horbenko A.N. [19], Volkova N.V. [20], Gorovoi, 

S.A. [21]. Possibilities of dynamic monitoring of rotors of compressors of Ukraine's state-run transmission system 

are studied in Krivoruchko V.T. [22], and accelerated resource forecasting of such systems is given in Grabar I.G. 

[24,25]. Reduction of vibrations in rotors using passive balancing devices and their mathematical modeling, as well 

as a four-ball balancer design proposed by Makram M. [23] 

Despite the large number of publications devoted to the dynamics of rotors with a variable mass, the issues 

of modeling the dynamics of rotors with a variable mass in an explicit form, with obtaining convenient engineering 

formulas, remain poorly studied. Such models make it possible to propose a strategy for managing the operating 

modes of rotary machines and significantly increase their productivity and product quality. Therefore, the study of 

the dynamics of technological machines with rotors of variable mass is interesting and relevant from both a 

theoretical and a practical point of view. 

Formulation of the problem. 

Variable mass rotors are quite widespread in modern technological and transport machines (rolls, drums, 

spindles, coils for winding or unwinding threads, ropes, tapes), heavy engineering, power engineering, 

instrumentation, etc.(1-4). A fundamental feature of such problems is the variability of mass and geometry 

parameters over time. Dynamics, vibrations, change of natural frequencies, minimization of negative consequences, 

minimization of dynamic components in supports, etc. In modeling the dynamics of rotors with a change in mass, it 

is conditionally possible to distinguish three classes of problem formulation: 

1. V=const ï constant linear speed of winding (unwinding) tape (strip) 

2. ɤ=const ï constant angular speed of the rotor of the winding-unwinding machine 

3. V(t)=var; ɤ (t)=var is the general case. 

 

Theoretical studies. In this work, we will use the constraint 1 - V=const. As shown above, the rotors of 

winding and unwinding machines, tapes, threads, ropes, rolls change their mass m, radius r, moment of inertia Ix 

over time: 
 m var=  

 r var=  

 xI var=  
(1) 

 

As a result, variable torque Mkp is required for the drive shaft, such rotors, with variable angular velocity ɤ 

and variable value of power N: 

 ʢʨM var=  

 varw=  

 N var=  

(2) 

 

The differential equations of motion of the rotor can be written in a general form (in a linear formulation):  

 x x ʢʨ ʪI M Mj = -  (3) 

 

where MT is the reduced moment of friction. 

To solve (3) under general initial conditions: 

 
0 0/x tj j= =  

 
0 0 0/ /x t x t xw j j= == =  

(4) 

it is necessary to define functional dependencies: 

 () (); ; ( )xm t r t I t  (5) 

It follows from (5) that with variable Ix(t) the differential equation of the rotor motion (3) is only a partial 

case, that is, an approximation for Ixåconst. 

For the general case of the problem formulation, we will use one of the central theorems of dynamics - the 
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theorem on the change of the momentum of the amount of motion: 

 
edL

M
dt
=  (6) 

For rotors with two fixed wheelbarrows, that is, a fixed axis of rotation ʆʍ, the projection of the vector 

equation (6) onto this axis gives: 

 
xxdL

M
dt
=  (7) 

Where: 

 ;  x

x x x ʢʨ ʪL I M M Mw= Ö = - (8) 

It follows from (7)-(8) that it is possible to build a mathematical model of the dynamics of the variable 

mass rotor, if it is possible to build the functional dependencies (5). 

Case 1. V=const 

Let the speed of the winding tape: 

 
dl

V const
dt
= =  (9) 

where l(t) is the length of the tape. 

Case (9) corresponds to the conditions of minimizing the effects of jerks and shocks in the system, which 

means minimizing changes in the tension force T(t) of the winding (unwinding) tape or web. In the case of 

collecting straw into a roll (9) corresponds to the condition of the movement of the baler at a constant speed, which 

from a practical point of view is also quite convenient for practical implementation. 

Assumptions of the model: Let a tape of thickness h be fed to a drum of radius r0 at a constant speed V. 

Determine r(t); ɤ(t); ű(t); Ix(t) in an explicit form as a function of time. 

 
  

Fig. 1. To the derivation of the dependencies Mʧʨ(t) and ɤ(t) 

 

As follows from Fig. 1, the current radius r and the length of the i-th turn l i can be expressed: 

 

i r i l i 

(10) 

1 r1=r 0+h l1=2ˊ(r0+h) 

2 r2=r 0+2h l2=2ˊ(r0+2h) 

é é é 

n rn=r 0+nh ln=2ˊ(r0+nh) 

Then the total length of the wound tape 

 ( )0 0 0 0

Ɇ

1

2 1 2 3

 

n

i

i

r r r r
l l h n

nʨʘʟʽʚ

p
=

è øå õ
+ + +»+æ öé ù= = + + + +»+ =ç ÷é ù

é ùê ú

ä  

 0 0

1
2 2 ( 1)

2 2

n h
nr h n n r np p

+è ø è ø
= + Ö = + +é ù é ù

ê ú ê ú
 

(11) 

This allows you to determine the number of turns n, as 

 
0

0; max
max

r r
n nh r r

h

-
= = - (12) 

It fol lows from (11)-(12). 
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 ( ) 0
Ɇ 0 0

2

2

max
max

r r h
l r r r

h

p - +å õ
= - + =æ ö

ç ÷
 

 ( ) 0
0

2

2

max
max

r r h
r r

h

p + +å õ
= - æ ö

ç ÷
 

(13) 

For h<<(r max-r0) it follows from (13). 

 ( ) ( )2 20
Ɇ 0 0

2

2

max
max max

r r
l r r r r

h h

p p+å õ
º - º -æ ö

ç ÷
 (14) 

  (14) allows you to find the total time of the winding roll tɆ: 

 ( )2 2Ɇ
Ɇ 0max

l
t r r

V hV

p
= = -  (15) 

As in the case of (10), when V=const, it allows to calculate ɤi and ȹti for each turn 

 

i ɤi ȹti 

(16) 

1 
 1

0

V

r h
w=

+
 

0
1

1

2 ( )2
ȹ

r h
t

V

pp

w

+
= =  

2 

2

0 2

V

r h
w =

+
 

0
2

2

2 ( 2 )2
ȹ

r h
t

V

pp

w

+
= =  

3 
 3

0 3

V

r h
w=

+
 

0
3

3

2 ( 3 )2
ȹ

r h
t

V

pp

w

+
= =  

é é é 

N 

0

n

V

r nh
w =

+
 

02 ( )2
ȹn

n

r nh
t

V

pp

w

+
= =  

The values of ɤn and ȹtn make it possible to obtain the functional dependence of ɤ(t) without the parameter 

n. However, before that, it is necessary to obtain the sum of ȹtiɆ in order to obtain the total time from the start of 

winding to reaching the i-th turn: 

Therefore : 

 

i i  ȹti tiɆ 

(17) 

11 

1 0

2
ȹ ( )t r h

V

p
= +  1Ɇ 0

2
( )t r h

V

p
= +  

22 

2 0

2
ȹ ( 2 )t r h

V

p
= +  ( )2Ɇ 1 2 0 0

2 2
ȹ ȹ ( 2 )t t t r h r h

V V

p p
= + = + + + 

33 

3 0

2
ȹ ( 3 )t r h

V

p
= +  [ ]3Ɇ 1 2 3 0 0 0

2
ȹ ȹ ȹ 2 3t t t t r h r h r h

V

p
= + + = + + + + + 

.é é é 

ʊN 

0

2
ȹ ( )nt r nh

V

p
= +  

nɆ 1 2 0 0

2 2
ȹ ȹ ȹ ( 1)

2 2
n

n nh h
t t t t nr n n r n

V V

p p+è ø è ø
= + +»+ = + Ö = + +é ù é ù

ê ú ê ú
 

The current time (17) and the value of ɤn from (16) allow us to write the dependence between ɤn and tɆn in 

a parametric form: 

 
0

Ɇ 0

2
( 1)

2

n

n

V

r nh

h
t n r n

V

w

p

ë
=î +î

ì
è øî = + +é ùî ê úí

 (18) 

From the second equation of system (18), it is easy to obtain the equation with respect to n: 

 
2

0 0
2 2 2

h h V
n n r t

p

å õ
+ + - Ö =æ ö
ç ÷

 (19) 

The solution of which gives 
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2

0 0
2 2

h hV h
nh r t r

p

å õ
= + + Ö - -æ ö
ç ÷

 (20) 

Substitute nh into the first equation of system (18): 

 
2

0

( )

2 2

V
t

h hV h
r t

w

p

=

å õ
+ + Ö -æ ö

ç ÷

 

(21) 

 (21) allows you to functionally set the dependence of the angular speed of the rotor on the time t, which 

starts from the beginning of winding the roll. For the thickness of the wound layer h ԇԇ rmin , the value h/2 is 

neglected, as it is infinitely small of a higher order of smallness. Then: 

 

2

( )

min

V
t

hV
r t

w

p

=

+ Ö

 
(22) 

Table 1 shows the estimate of the approximation error (22) 

h/rmin 0,1 0,01 0,001 0,0001 0,00001 

ŭ, % 5% 0,5% 0,05% 0,005% 0,0005% 

 

It follows from (21)-(22) that the angular velocity of the rotor is inversely proportional to the winding time 

to the power of 0.5. Approximation (22) allows you to obtain engineering formulas for calculating other rotor 

parameters from time. In particular, the dependence on time of the current radius of the rotor: 

() 2

min

hV
r t r t

p
= +  (23) 

variable mass of the rotor from the time of winding: 

() 0 1m t m V tr= + Ö (24) 

moment of inertia of the rotor from the time of winding: 

()
[ ] 2

0

2

ʇ min

x

hV
m V t r t

I t

r
p

è ø
+ Ö +é ù

ê ú=  
(25) 

moment of the amount of movement of the rotor from the time of winding: 

() [ ] 2

0
2

x ʇ min

V hV
L t I w m V t r tr

p
= = + + - (26) 

derivative dL/dt: 

2

0

2

2 ( )

4

ʇ min ʇ

min

hV hV
V r t m V t

dL V

dt hV
r t

r r
p p

p

å õ
+ + + Öæ ö

ç ÷= Ö

+

 (27) 

In this way, the approximation (22) - (27) was obtained - the functional dependence of the dynamic 

parameters of the rotor on the winding time. These dependencies are completely determined by the winding speed 

V=const, the tape thickness h and the drum radius rmin. The obtained dependencies (22) - (27) allow solving 

engineering problems of the dynamics of a rotor of variable mass when winding (unwinding) a layer of constant 

thickness with a constant linear speed of winding. 

As a result of the research, a mathematical model of the dynamics of the rotor of variable mass was built 

and the regularities of its movement in a wide range of parameters were revealed - when the mass of the rotor and its 

moment of inertia change by 10-100 times. This makes it possible to carry out a dynamic analysis of the movement 

of the rotor and to choose rational technological parameters of the machine, as well as to propose a methodology for 

choosing the optimal modes of operation of units with rotors of variable mass, in particular - for unwinding and 

winding machines according to the criterion of the limit stresses in the winding material (rope, tape, canvas) . On the 

basis of these models, algorithms and instrumental tools for the design of rotary machines operating under 

conditions of changes in the mass-dimensional and inertial parameters of the system are proposed. The proposed 

models allow working out optimal control modes, in particular, in a significant part (more than 80%) in a computer 

experiment, significantly automating engineering calculations, creating a CAD subsystem "Dynamic analysis and 

control of rotary machines of variable mass and dimensional characteristics" and the corresponding hardware and 

software complex. This is relevant both at the design stage and at the stage of operation of such machines. The 
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obtained results make it possible to improve the calculations of the dynamics of rotors of variable mass and to 

determine the limit modes of operation of the units according to the specified criteria. 

Application example. 

The rotor of the longitudinal cutting state has the following parameters: 

rmin=0,15 m;  rmax=0,9 m;    B=1,8 m;    h=10-4 m     

ɟ1=0,144 kg/m1 ; ɟ2=0,080 kg/m2 ; ɟ3=800 kg/m3  ;   V=5 m/s 

l=( r 2
max  - r2

min)* /́h=24739 m 

mvar=B*L*ɟ2   =  3562 kg;   m0 = *́ r2
min *B* ɟsteel  = 1018 kg   

mɆrotor = m0 + mvar  = 4580 kg; h/rmin =10-4/0,15=0,00066. then ŭ =0,033 %. 

The simulation data of the dynamic parameters of the rotor are shown in Fig. 2-Fig. 7. 

 

 
Fig. 2. Change in rotor radius as a function of winding time 

 
Fig. 4. Dynamics of the moment of inertia of the rotor from the time of winding 
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Fig. 5. Dynamics of the moment of the amount of movement of the rotor from the time of winding 

 
Fig. 6. Dynamics of the derivative of the moment of the amount of movement of the rotor during the winding process 

 

Conclusions 

1. As a result of the simulation, the equations of the dynamics of the variable-mass rotor as a function of the 

winding (unwinding) time were obtained in an explicit form in a nonlinear formulation. 

2. Obtained engineering formulas for changing the winding radius, angular velocity of the rotor, moment of 

movement and its derivative as explicit functions of time, which allow to program the monitoring and control 

system for the process in real time (on line). 

3. On the example of specific technological equipment - a longitudinal cutting machine - the proposed 

models were tested and implemented in production at several paper enterprises in Ukraine and Europe 
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DEFINITION OF THE EFFICIENCY OF NITRATE REMOVAL FROM WATER  

USING THE REVERSE OSMOSIS METHOD 
 

Nitrates are usually present in all natural water bodies. Their source is usually agricultural production, municipal and domestic 
wastewater, and surface runoff. Elevated concentrations of nitrates in drinking water pose a serious threat to both the environment and 
human health, and their removal and content control are quite relevant. The content of nitrates in drinking water is regulated by the 
requirements of regulatory documents and, according to the recommendations of the World Health Organization, should not exceed 50 
mg/dm3. Since nitrates are stable and highly soluble water anions with low precipitation or adsorption capabilities, they are quite difficult to 
remove from water. Currently, processes such as electrodialysis, reverse osmosis, ion exchange, catalytic and biological degradation are used 
to purify water from nitrates. The choice of a specific method for removing nitrates from water is determined by the technical means of 
purification, the ultimate purpose of the purified water, the cost, and the degree of purification. Baromembrane methods, in particular 
reverse osmosis methods, are promising, but their possibilities for nitrate removal have not been sufficiently studied. The reverse osmosis 
process for the removal of nitrates from water has been studied. A module with a low-pressure Filmtec TW30-1812-50 membrane was used 
for reverse osmosis water purification from nitrates. The efficiency of nitrate removal on a reverse osmosis membrane was low, and the 
selectivity of the membrane increased with increasing permeate recovery from 10 to 90% at an initial nitrate concentration of 3.0 mg/dm3, 
from 34.32 to 72.90%, at 10.0 mg/dm3, from 37.14 to 69.20%; at 30.0 mg/dm3, within 74.86-81.92%, and at 150.0 mg/dm3, within 82.92-
83.11%. In general, selectivity increased with increasing nitrate concentration in the water. The residual nitrate concentrations in the water 
were significant in almost all cases and often exceeded the permissible level in drinking water. At the same time, the nitrate content in the 
concentrates was low, which complicates the problem of their disposal. 

Keywords: reverse osmosis, nitrates, water purification, selectivity, concentration. 

 

ʇʦʩʪʘʥʦʚʢʘ ʧʨʦʙʣʝʤʠ 

ʇʽʜʚʠʱʝʥʥʷ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʽʪʨʘʪʽʚ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʚ ˇʨʫʥʪʦʚʠʭ ʚʦʜʘʭ ʪʘ ʧʦʚʝʨʭʥʝʚʠʭ ʚʦʜʘʭ ʧʦ ʚʩʽʡ 

ʟʝʤʥʽʡ ʢʫʣʽ, ʚ ʦʩʥʦʚʥʦʤʫ ʚʥʘʩʣʽʜʦʢ ʽʥʪʝʥʩʠʚʥʦʛʦ ʚʥʝʩʝʥʥʷ ʜʦʙʨʠʚ. ʊʘʢʦʞ ʜʞʝʨʝʣʦʤ ʥʽʪʨʘʪʽʚ ʻ ʢʦʤʫʥʘʣʴʥʦ-

ʧʦʙʫʪʦʚʽ ʩʪʽʯʥʽ ʚʦʜʠ ʪʘ ʧʨʠʨʦʜʥʽ ʧʨʦʮʝʩʠ ʥʽʪʨʠʬʽʢʘʮʽʾ [1, 2]. ɼʦʧʫʩʪʠʤʘ ʢʦʥʮʝʥʪʨʘʮʽʷ ʥʽʪʨʘʪʽʚ ʫ ʧʠʪʥʽʡ ʚʦʜʽ 

ʥʝ ʧʦʚʠʥʥʘ ʧʝʨʝʚʠʱʫʚʘʪʠ 50 ʤʛ/ʜʤ3..  

 

ɸʥʘʣʽʟ ʦʩʪʘʥʥʽʭ ʜʞʝʨʝʣ 

ɿʚʦʨʦʪʥʠʡ ʦʩʤʦʩ (ɿʆ), ʝʣʝʢʪʨʦʜʽʘʣʽʟ (ɽɼ), ʽʦʥʦʦʙʤʽʥʥʽ (ɯʆ), ʩʦʨʙʮʽʡʥʽ ʪʘ ʙʽʦʣʦʛʽʯʥʽ ʪʝʭʥʦʣʦʛʽʾ 

ʤʦʞʫʪʴ ʙʫʪʠ ʜʫʞʝ ʝʬʝʢʪʠʚʥʦ ʟʘʩʪʦʩʦʚʘʥʽ ʜʣʷ ʜʝʥʽʪʨʠʬʽʢʘʮʽʾ ʚʦʜʠ [3, 4]. ʂʦʞʥʘ ʟ ʮʠʭ ʪʝʭʥʦʣʦʛʽʡ ʤʘʻ ʩʚʦʾ 

ʧʝʨʝʚʘʛʠ ʪʘ ʥʝʜʦʣʽʢʠ.  

ɺʠʢʦʨʠʩʪʘʥʥʷ ʙʽʦʣʦʛʽʯʥʠʭ ʤʝʪʦʜʽʚ ʧʝʨʝʜʙʘʯʘʻ ʚʽʜʥʦʚʣʝʥʥʷ ʥʽʪʨʘʪʽʚ ʜʦ ʛʘʟʦʧʦʜʽʙʥʦʛʦ ʘʟʦʪʫ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘ ʩʭʝʤʦʶ: 

NO3
- Ÿ NO2- Ÿ NO Ÿ N2O Ÿ N2O 
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ʇʨʦʪʝ ʙʽʦʣʦʛʽʯʥʽ ʤʝʪʦʜʠ ʚʽʜʥʦʚʣʝʥʥʷ ʥʽʪʨʘʪʽʚ ʜʦʮʽʣʴʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʣʠʰʝ ʧʨʠ ʦʯʠʱʝʥʥʽ 

ʩʪʽʯʥʠʭ ʚʦʜ. ɺʥʘʩʣʽʜʦʢ ʚʪʦʨʠʥʥʦʛʦ ʟʘʙʨʫʜʥʝʥʥʷ ʚʦʜʠ ʾʭ ʚʠʢʦʨʠʩʪʘʥʥʷ ʦʙʤʝʞʝʥʝ ʧʨʠ ʧʽʜʛʦʪʦʚʮʽ ʧʠʪʥʦʾ ʚʦʜʠ. 

ʊʝ ʞ ʩʘʤʝ ʩʪʦʩʫʻʪʴʩʷ ʽ ʤʝʪʦʜʽʚ ʭʽʤʽʯʥʦʛʦ ʪʘ ʝʣʝʢʪʨʦʭʽʤʽʯʥʦʛʦ ʚʽʜʥʦʚʣʝʥʥʷ. 

ʆʩʥʦʚʥʠʤ ʦʙʤʝʞʝʥʥʷʤ ʰʠʨʦʢʦʛʦ ʚʧʨʦʚʘʜʞʝʥʥʷ ɿʆ, ɽɼ ʪʘ ɯʆ ʪʝʭʥʦʣʦʛʽʡ ʻ ʫʪʠʣʽʟʘʮʽʷ ʢʦʥʮʝʥʪʨʘʪʫ, 

ʱʦ ʫʪʚʦʨʶʻʪʴʩʷ ʚ ʧʨʦʮʝʩʽ ʦʧʨʽʩʥʝʥʥʷ [5]. ɺ ʧʨʦʮʝʩʽ ɿʆ ʦʯʠʱʝʥʥʷ ʚʦʜʠ ʢʦʥʮʝʥʪʨʘʪ ʤʦʞʝ ʩʢʣʘʜʘʪʠ 

ʧʨʠʙʣʠʟʥʦ ʚʽʜ 10 % ʜʦ 50 % ʦʙôʻʤʫ ʦʯʠʱʝʥʦʾ ʚʦʜʠ, ʟʘʣʝʞʥʦ ʚʽʜ ʷʢʦʩʪʽ ʚʠʭʽʜʥʦʾ ʚʦʜʠ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʤʝʪʦʜʽʚ 

ɿʆ ʙʫʜʝ ʝʬʝʢʪʠʚʥʠʤ ʣʠʰʝ ʟʘ ʫʤʦʚʠ ʨʦʟʨʦʙʢʠ ʜʦʮʽʣʴʥʠʭ ʩʧʦʩʦʙʽʚ ʧʝʨʝʨʦʙʢʠ ʢʦʥʮʝʥʪʨʘʪʽʚ. ɼʣʷ ʧʝʨʝʨʦʙʢʠ 

ʢʦʥʮʝʥʪʨʘʪʫ ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʚʠʧʘʨʥʽ ʩʪʘʚʢʠ, ʧʨʦʪʝ ʮʝ ʜʦʩʠʪʴ ʜʦʨʦʛʠʡ ʩʧʦʩʽʙ, ʙʽʣʴʰ ʝʢʦʥʦʤʽʯʥʠʤ ʻ: 

ʚʽʜʧʨʘʚʢʘ ʥʘ ʦʯʠʩʥʽ ʩʧʦʨʫʜʠ, ʙʽʦʜʝʛʨʘʜʘʮʽʷ ʢʦʥʮʝʥʪʨʦʚʘʥʠʭ ʚʽʜʭʦʜʽʚ, ʟʤʝʥʰʝʥʥʷ ʦʙ'ʻʤʫ ʤʝʪʦʜʘʤʠ (ʥʘ 

ʟʘʚʦʜʘʭ) ɽɼ, ʟʨʦʰʝʥʥʷ ʧʦʣʽʚ ʪʘ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʣʷ ʧʦʣʠʚʫ, ʱʦ ʻ ʜʫʞʝ ʟʨʫʯʥʠʤ ʩʧʦʩʦʙʦʤ ʫʪʠʣʽʟʘʮʽʾ 

ʢʦʥʮʝʥʪʨʘʪʫ. ʊʦʤʫ ʜʣʷ ʮʴʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʙʫʣʦ ʦʙʨʘʥʦ ʪʝʭʥʦʣʦʛʽʶ ɿʆ, ʦʩʢʽʣʴʢʠ ʚʦʥʘ ʜʫʞʝ ʝʬʝʢʪʠʚʥʘ ʜʣʷ 

ʦʧʨʽʩʥʝʥʥʷ ʚʦʜʠ. 

ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʜʦʩʣʽʜʞʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʟʚʦʨʦʪʥʦ-ʦʩʤʦʪʠʯʥʦʛʦ ʦʯʠʱʝʥʥʷ ʚʦʜʠ ʚʽʜ ʥʽʪʨʘʪʽʚ 

ʨʽʟʥʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʩʪʫʧʝʥʶ ʚʽʜʙʦʨʫ ʧʝʨʤʽʘʪʫ. 

 

ɺʠʢʣʘʜ ʦʩʥʦʚʥʦʛʦ ʤʘʪʝʨʽʘʣʫ 

ʄʝʤʙʨʘʥʥʽ ʧʨʦʮʝʩʠ ʦʯʠʱʝʥʥʷ ʚʦʜʠ ʚʽʜ ʥʽʪʨʘʪʽʚ ʧʨʦʚʦʜʠʣʠ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʢʘʩʝʪ ʽʟ ʟʚʦʨʦʪʥʦ-

ʦʩʤʦʪʠʯʥʦʶ ʤʝʤʙʨʘʥʦʶ ʥʠʟʴʢʦʛʦ ʪʠʩʢʫ Filmtec TW30-1812-50. ʗʢ ʩʝʨʝʜʦʚʠʱʝ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʥʘ 

ʧʝʨʰʦʤʫ ʝʪʘʧʽ ʨʦʟʯʠʥ ʥʽʪʨʘʪʫ ʥʘʪʨʽʶ ʟ ʢʦʥʮʝʥʪʨʘʮʽʻʶ ʧʦ ʥʽʪʨʘʪʘʭ 3,0 ʤʛ/ʜʤ3, ʥʘ ʢʦʞʥʦʤʫ ʥʘʩʪʫʧʥʦʤʫ ʝʪʘʧʽ 

ʚ ʷʢʦʩʪʽ ʚʠʭʽʜʥʦʛʦ ʨʦʟʯʠʥʫ ʙʨʘʣʠ ʢʦʥʮʝʥʪʨʘʪ, ʦʪʨʠʤʘʥʠʡ ʥʘ ʧʦʧʝʨʝʜʥʽʡ ʩʪʘʜʽʾ ʦʯʠʱʝʥʥʷ. ʂʦʥʮʝʥʪʨʘʮʽʾ 

ʨʦʟʯʠʥʽʚ ʥʽʪʨʘʪʽʚ ʩʪʘʥʦʚʠʣʠ 3,0; 10,0; 30,0; 150,0 ʤʛ/ʜʤ3. ʇʦʯʘʪʢʦʚʠʡ ʦʙôʻʤ ʨʦʟʯʠʥʫ ʩʢʣʘʜʘʚ 10,0 ʜʤ3. ɼʘʥʠʡ 

ʨʦʟʯʠʥ ʟ ʜʦʧʦʤʦʛʦʶ ʥʘʩʦʩʫ ʧʦʜʘʚʘʣʠ ʥʘ ʟʚʦʨʦʪʥʦ-ʦʩʤʦʪʠʯʥʠʡ ʬʽʣʴʪʨ ʟ ʢʘʨʪʨʠʜʞʝʤ, ʷʢʠʡ ʤʽʩʪʠʚ ʤʝʙʨʘʥʫ 

Filmtec TW30-1812-50. ʋ ʤʽʨʥʠʡ ʮʠʣʽʥʜʨ ʚʽʜʙʠʨʘʣʠ ʧʝʨʤʽʘʪ ʦʙôʻʤʦʤ 1 ʜʤ3. ʂʦʥʮʝʥʪʨʘʪ ʧʦʚʝʨʪʘʣʠ ʫ ʻʤʥʽʩʪʴ 

ʟ ʨʦʙʦʯʠʤ ʨʦʟʯʠʥʦʤ. ʊʠʩʢ ʫ ʩʠʩʪʝʤʽ ʧʽʜʪʨʠʤʫʚʘʣʠ, ʨʝʛʫʣʶʶʯʠ ʧʦʜʘʯʫ ʚʦʜʠ ʥʘʩʦʩʦʤ ʪʘ ʢʨʘʥʦʤ ʚʠʪʨʘʪʠ 

ʢʦʥʮʝʥʪʨʘʪʫ. ʇʨʦʧʫʩʢʘʣʠ 9,0 ʜʤ3 ʚʦʜʠ, ʚʽʜʙʠʨʘʶʯʠ ʧʨʦʙʠ ʧʦ 1,0 ʜʤ3. ʋ ʢʦʞʥʽʡ ʧʨʦʙʽ ʧʝʨʤʽʘʪʫ ʚʠʟʥʘʯʘʣʠ 

ʢʦʥʮʝʥʪʨʘʮʽʶ ʥʽʪʨʘʪʽʚ. ɼʣʷ ʢʦʞʥʦʾ ʧʨʦʙʠ ʧʝʨʤʽʘʪʫ ʚʠʟʥʘʯʘʣʠ ʘʥʘʣʽʪʠʯʥʦ ʪʘ ʨʦʟʨʘʭʦʚʫʚʘʣʠ ʤʘʪʝʤʘʪʠʯʥʦ 

ʚʤʽʩʪ ʥʽʪʨʘʪʽʚ ʫ ʢʦʥʮʝʥʪʨʘʪʽ. ɿʘ ʜʦʧʦʤʦʛʦʶ ʩʝʢʫʥʜʦʤʽʨʘ ʚʽʜʤʽʯʘʣʠ ʯʘʩ, ʟʘ ʷʢʠʡ ʚʽʜʙʠʨʘʻʪʴʩʷ 1 ʜʤ3 ʧʝʨʤʽʘʪʫ. 

ʂʦʥʮʝʥʪʨʘʮʽʶ ʥʽʪʨʘʪʽʚ ʚʠʟʥʘʯʘʣʠ ʧʦʪʝʥʮʽʦʤʝʪʨʠʯʥʠʤ ʤʝʪʦʜʦʤ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʽʦʥ-ʩʝʣʝʢʪʠʚʥʦʛʦ 

ʝʣʝʢʪʨʦʜʫ ɸʉ0117ɸ. 

ɼʣʷ ʨʦʟʨʘʭʫʥʢʫ ʩʝʣʝʢʪʠʚʥʦʩʪʽ ʤʝʤʙʨʘʥʠ (R, %)) ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʬʦʨʤʫʣʫ: 
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ʜʝ  R ï ʩʝʣʝʢʪʠʚʥʽʩʪʴ ʤʝʤʙʨʘʥʠ, %; ʉ0 ʪʘ ʉʧ ï ʢʦʥʮʝʥʪʨʘʮʽʷ ʥʽʪʨʘʪʽʚ ʫ ʚʠʭʽʜʥʦʤʫ ʨʦʟʯʠʥʽ ʪʘ ʧʝʨʤʽʘʪʽ, 

ʚʽʜʧʦʚʽʜʥʦ. 

ɼʣʷ ʨʦʟʨʘʭʫʥʢʫ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʽʪʨʘʪʽʚ ʚ -̔ʡ ʧʨʦʙʽ ʢʦʥʮʝʥʪʨʘʪʫ (ʉki, ʤʛ/ʜʤ3) ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ 

ʬʦʨʤʫʣʫ: 
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ʜʝ  ʉki ï ʢʦʥʮʝʥʪʨʘʮʽʷ ʥʽʪʨʘʪʽʚ ʫ ʢʦʥʮʝʥʪʨʘʪʽ ʧʽʩʣʷ ʚʽʜʙʦʨʫ -̔ʾ ʧʨʦʙʠ ʧʝʨʤʽʘʪʫ, ʤʛ/ʜʤ3; ʉ0 ʪʘ V0 ï 

ʢʦʥʮʝʥʪʨʘʮʽʷ ʥʽʪʨʘʪʽʚ ʫ ʚʠʭʽʜʥʦʤʫ ʨʦʟʯʠʥʽ (ʤʛ/ʜʤ3) ʪʘ ʦʙôʻʤ ʚʠʭʽʜʥʦʛʦ ʨʦʟʯʠʥʫ (ʜʤ3), ʚʽʜʧʦʚʽʜʥʦ; Vni ï ʦʙôʻʤ 

ʧʨʦʙʠ ʧʝʨʤʽʘʪʫ, 1 ʜʤ3; ʉni ï ʢʦʥʮʝʥʪʨʘʮʽʷ ʥʽʪʨʘʪʽʚ ʚ -̔ʡ ʧʨʦʙʽ ʧʝʨʤʽʘʪʫ, ʤʛ/ʜʤ3; ʽ ï ʯʠʩʣʦ ʧʨʦʙ ʧʝʨʤʽʘʪʫ, n=1ï9. 

ɼʣʷ ʨʦʟʨʘʭʫʥʢʫ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʤʝʤʙʨʘʥʠ (ʰʚʠʜʢʦʩʪʽ ʪʨʘʥʩʤʝʤʙʨʘʥʥʦʛʦ ʧʦʪʦʢʫ) (j, ʜʤ3/(ʤ2Āʛʦʜ)) 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʬʦʨʤʫʣʫ: 
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ʜʝ  j ï ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʤʝʤʙʨʘʥʠ, ʜʤ3/(ʤ2Āʛʦʜ); Vn ï ʦʙôʻʤ ʧʨʦʙʠ ʧʝʨʤʽʘʪʫ, 1 ʜʤ3; S ï ʧʣʦʱʘ ʤʝʤʙʨʘʥʠ, 

ʤ2; æŰ- ʯʘʩ ʚʽʜʙʦʨʫ ʧʨʦʙʠ, ʛʦʜ. 

ʈʝʟʫʣʴʪʘʪʠ ʧʦ ʝʬʝʢʪʠʚʥʦʩʪʽ ʦʯʠʱʝʥʥʷ ʚʦʜʥʠʭ ʨʦʟʯʠʥʽʚ ʥʽʪʨʘʪʫ ʥʘʪʨʽʶ ʧʨʠ ʢʦʥʮʝʥʪʨʘʮʽʷʭ ʥʽʪʨʘʪʽʚ 

3,0ï150,0 ʤʛ/ʜʤ3 ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 1ï3. 

ʅʘʚʽʪʴ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʨʦʟʯʠʥʫ ʟ ʢʦʥʮʝʥʪʨʘʮʽʻʶ ʥʽʪʨʘʪʽʚ 3,0 ʤʛ/ʜʤ3 ʝʬʝʢʪʠʚʥʽʩʪʴ ʾʭ ʚʠʜʘʣʝʥʥʷ ʥʘ 

ʤʝʤʙʨʘʥʽ Filmtec TW30-1812-50 ʙʫʣʘ ʥʠʟʴʢʦʶ. ʇʨʠ ʟʙʽʣʴʰʝʥʥʽ ʩʪʫʧʝʥʶ ʚʽʜʙʦʨʫ ʧʝʨʤʽʘʪʫ ʟ 10 % ʜʦ 90 % 

ʚʤʽʩʪ ʥʽʪʨʘʪʽʚ ʫ ʧʝʨʤʽʘʪʽ ʟʨʦʩʪʘʚ ʟ 1,99 ʤʛ/ʜʤ3  ʜʦ 2,71 ʤʛ/ʜʤ3. ʇʨʠ ʮʴʦʤʫ ʚʤʽʩʪ ʥʽʪʨʘʪʽʚ ʫ ʢʦʥʮʝʥʪʨʘʪʽ 

ʟʨʦʩʪʘʚ ʧʨʠʙʣʠʟʥʦ ʜʦ 10,0 ʤʛ/ʜʤ3.  

ʇʨʠ ʚʠʭʽʜʥʠʡ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʽʪʨʘʪʽʚ 10,0 ʤʛ/ʜʤ3 ʾʭ ʚʤʽʩʪ ʫ ʬʽʣʴʪʨʘʪʽ ʟʨʦʩʪʘʚ ʟ 6,60 ʤʛ/ʜʤ3 ʜʦ 9,24 

ʤʛ/ʜʤ3 ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʩʪʫʧʝʥʶ ʚʽʜʙʦʨʫ ʧʝʨʤʽʘʪʫ ʟ 10 % ʜʦ 90 %, ʧʨʠ ʚʠʭʽʜʥʽʡ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʽʪʨʘʪʽʚ 30,0 

ʤʛ/ʜʤ3 ʾʭ ʚʤʽʩʪ ʫ ʬʽʣʴʪʨʘʪʽ ʟʨʦʩʪʘʚ ʟ 8,80 ʤʛ/ʜʤ3 ʜʦ 27,12 ʤʛ/ʜʤ3, ʘ ʧʨʠ ʚʠʭʽʜʥʽʡ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʽʪʨʘʪʽʚ 150,0 

ʤʛ/ʜʤ3 ʾʭ ʚʤʽʩʪ ʫ ʬʽʣʴʪʨʘʪʽ ʟʨʦʩʪʘʚ ʟ 27,50 ʤʛ/ʜʤ3 ʜʦ 130,50 ʤʛ/ʜʤ3. ɺ ʢʦʥʮʝʥʪʨʘʪʽ ʢʦʥʮʝʥʪʨʘʮʽʷ ʥʽʪʨʘʪʽʚ ʧʨʠ 

ʩʪʫʧʝʥʽ ʚʽʜʙʦʨʫ 90 % ʧʽʜʚʠʱʫʚʘʣʘʩʴ ʚʽʜʧʦʚʽʜʥʦ ʜʦ 30,0, 150,0 ʪʘ 755 ʤʛ/ʜʤ3. ʇʨʠ ʮʴʦʤʫ ʟʘ ʢʦʥʮʝʥʪʨʘʮʽʾ 

ʥʽʪʨʘʪʽʚ 3,0 ʤʛ/ʜʤ3 ʩʝʣʝʢʪʠʚʥʽʩʪʴ ʤʝʤʙʨʘʥʠ ʙʫʣʘ ʥʘ ʨʽʚʥʽ 34,3ï72,9 %, ʧʨʠ 10,0 ʤʛ/ʜʤ3 ʩʝʣʝʢʪʠʚʥʽʩʪʴ 

ʩʪʘʥʦʚʠʣʘ 37,1ï69,2 %, ʧʨʠ 30,0 ʤʛ/ʜʤ3 ʩʝʣʝʢʪʠʚʥʽʩʪʴ ʩʪʘʥʦʚʠʣʘ 74,9ï81,9 %, ʘ ʧʨʠ 150 ʤʛ/ʜʤ3 ʚʦʥʘ ʙʫʣʘ ʚ 
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ʤʝʞʘʭ 82,7ï82,9 % (ʨʠʩ. 4). 

 

  
ʘ) ʙ) 

  
ʚ) ʛ) 

ʈʠʩ. 1. ɿʘʣʝʞʥʽʩʪʴ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʽʪʨʘʪʽʚ ʫ ʧʝʨʤʽʘʪʽ (1), ʢʦʥʮʝʥʪʨʘʪʽ (2; 3) (ʨʝʘʣʴʥʘ (2) ʽ ʨʦʟʨʘʭʦʚʘʥʘ (3)) ʚʽʜ ʩʪʫʧʝʥʶ ʚʽʜʙʦʨʫ 

ʧʝʨʤʽʘʪʫ (ɸ, %) ʧʨʠ ʨʦʙʦʯʦʤʫ ʪʠʩʢʫ 4,0 ʘʪʤ. ʧʨʠ ʬʽʣʴʪʨʫʚʘʥʥʽ ʨʦʟʯʠʥʫ NaNO3 ʟ ʨʽʟʥʦʶ ʧʦʯʘʪʢʦʚʦʶ ʢʦʥʮʝʥʪʨʘʮʽʻʶ: ʘ) ʉʚʠʭ 

(NaNO3) = 3,0 ʤʛ/ʜʤ
3; ʙ)  ʉʚʠʭ (NaNO3) = 10,0 ʤʛ/ʜʤ

3; ʚ)  ʉʚʠʭ (NaNO3) = 30,0 ʤʛ/ʜʤ
3; ʛ)  ʉʚʠʭ (NaNO3) = 150,0 ʤʛ/ʜʤ

3 

 

 
ʈʠʩ. 2. ɿʘʣʝʞʥʽʩʪʴ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʽʪʨʘʪʽʚ ʫ ʧʝʨʤʽʘʪʽ ʚʽʜ ʚʠʭʽʜʥʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ NaNO3 ʪʘ ʩʪʫʧʝʥʶ ʚʽʜʙʦʨʫ ʧʝʨʤʽʘʪʫ ʧʨʠ ʨʦʙʦʯʦʤʫ 

ʪʠʩʢʫ 4,0 ʘʪʤ.  
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ʈʠʩ. 3. ɿʘʣʝʞʥʽʩʪʴ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʽʪʨʘʪʽʚ ʫ ʢʦʥʮʝʥʪʨʘʪʽ ʚʽʜ ʚʠʭʽʜʥʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ NaNO3 ʪʘ ʩʪʫʧʝʥʶ ʚʽʜʙʦʨʫ ʧʝʨʤʽʘʪʫ ʧʨʠ 

ʨʦʙʦʯʦʤʫ ʪʠʩʢʫ 4,0 ʘʪʤ.  

 

ɼʦ ʧʝʚʥʦʾ ʤʽʨʠ ʽʟ ʧʽʜʚʠʱʝʥʥʷʤ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʽʪʨʘʪʽʚ ʫ ʨʦʟʯʠʥʽ ʟʨʦʩʪʘʻ ʩʝʣʝʢʪʠʚʥʽʩʪʴ ʤʝʤʙʨʘʥʠ. 

ʆʜʥʘʢ, ʫ ʚʩʽʭ ʚʠʧʘʜʢʘʭ ʩʝʣʝʢʪʠʚʥʽʩʪʴ ʤʝʤʙʨʘʥʠ ʩʧʦʯʘʪʢʫ ʟʥʠʞʫʚʘʣʘʩʴ, ʘ ʧʦʪʽʤ ʟʨʦʩʪʘʣʘ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ 

ʩʪʫʧʝʥʶ ʚʽʜʙʦʨʫ ʧʝʨʤʽʘʪʫ. ʉʝʣʝʢʪʠʚʥʽʩʪʴ ʜʦʩʠʪʴ ʩʪʨʽʤʢʦ ʧʽʜʚʠʱʫʻʪʴʩʷ ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʚʠʭʽʜʥʦʾ 

ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʽʪʨʘʪʽʚ ʚʽʜ 10 ʤʛ/ʜʤ3 ʜʦ 30 ʤʛ/ʜʤ3. ʅʘʡʚʠʱʽ ʧʦʢʘʟʥʠʢʠ ʧʦ ʩʝʣʝʢʪʠʚʥʦʩʪʽ ʤʝʤʙʨʘʥʠ ʚʽʜʤʽʯʝʥʦ 

ʧʨʠ ʧʦʯʘʪʢʦʚʽʡ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʽʪʨʘʪʽʚ 50 ʤʛ/ʜʤ3. ʇʨʦʪʝ ʧʨʠ ʧʦʜʘʣʴʰʦʤʫ ʧʽʜʚʠʱʝʥʥʽ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʽʪʨʘʪʽʚ ʫ 

ʚʦʜʽ ʜʦ 150 ʮʝʡ ʧʦʢʘʟʥʠʢ ʧʨʘʢʪʠʯʥʦ ʥʝ ʟʤʽʥʶʻʪʴʩʷ. ʎʝ ʤʦʞʝ ʙʫʪʠ ʧʦʚôʷʟʘʥʦ ʟ ʷʚʠʱʝʤ ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʾ 

ʧʦʣʷʨʠʟʘʮʽʾ ʥʘ ʤʝʤʙʨʘʥʽ. 

ʇʨʦʜʫʢʪʠʚʥʽʩʪʴ ʤʝʤʙʨʘʥʠ ʚ ʫʩʽʭ ʚʠʧʘʜʢʘʭ ʙʫʣʘ ʚʠʩʦʢʦʶ, ʦʯʝʚʠʜʥʦ ʮʝ ʤʦʞʥʘ ʧʦʷʩʥʠʪʠ ʥʝʚʠʩʦʢʦʶ 

ʢʦʥʮʝʥʪʨʘʮʽʻʶ ʥʽʪʨʘʪʽʚ ʫ ʚʦʜʽ (ʨʠʩ. 4). ʇʨʦʪʝ ʧʨʠ ʟʨʦʩʪʘʥʥʽ ʢʦʥʮʝʥʪʨʘʮʽʡ ʥʽʪʨʘʪʽʚ ʫ ʚʦʜʽ ʩʧʦʩʪʝʨʽʛʘʣʦʩʴ 

ʟʥʠʞʝʥʥʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʩʚʽʜʯʘʪʴ ʧʨʦ ʥʝʚʠʩʦʢʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʤʝʤʙʨʘʥʠ Filmtec 

TW30-1812-50 ʧʨʠ ʦʯʠʱʝʥʥʽ ʚʦʜʠ ʚʽʜ ʥʽʪʨʘʪʽʚ. ɼʣʷ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʧʨʦʮʝʩʫ ʟʚʦʨʦʪʥʦʦʩʤʦʪʠʯʥʦʛʦ 

ʚʠʜʘʣʝʥʥʷ ʥʽʪʨʘʪʽʚ ʽʟ ʚʦʜʠ ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʧʦʣʽʢʘʪʽʦʥʽʪʠ ʜʣʷ ʟʚôʷʟʫʚʘʥʥʷ ʥʽʪʨʘʪʽʚ, ʦʜʥʘʢ ʮʝ ʨʦʙʠʪʴ 

ʪʝʭʥʦʣʦʛʽʶ ʜʦʩʠʪʴ ʩʢʣʘʜʥʦʶ ʽ ʫʥʝʤʦʞʣʠʚʣʶʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʬʽʣʴʪʨʽʚ ʟʚʦʨʦʪʥʦʛʦ ʦʩʤʦʩʫ ʚ ʧʦʙʫʪʽ. 

ʋ ʭʦʜʽ ʜʦʩʣʽʜʞʝʥʴ ʧʦ ʦʯʠʱʝʥʥʷ ʚʦʜʠ ʚʽʜ ʥʽʪʨʘʪʽʚ ʥʘ ʟʚʦʨʦʪʥʦ-ʦʩʤʦʪʠʯʥʽʡ ʤʝʤʙʨʘʥʽ ʙʫʣʦ ʚʠʟʥʘʯʝʥʦ 

ʜʠʥʘʤʽʢʫ ʟʤʽʥʠ ʨʅ ʩʝʨʝʜʦʚʠʱʘ ʬʽʣʴʪʨʘʪʫ ʽ ʢʦʥʮʝʥʪʨʘʪʫ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʩʪʫʧʝʥʶ ʚʽʜʙʦʨʫ ʧʝʨʤʽʘʪʫ (ʨʠʩ. 5). ɺ 

ʫʩʽʭ ʜʦʩʣʽʜʘʭ ʩʧʦʩʪʝʨʽʛʘʣʦʩʴ ʧʝʚʥʝ ʟʥʠʞʝʥʥʷ ʨʅ ʫ ʧʝʨʤʽʘʪʽ ʽ ʧʽʜʚʠʱʝʥʥʷ ʨʅ ʫ ʢʦʥʮʝʥʪʨʘʪʽ. ʎʝ, ʽʤʦʚʽʨʥʦ, 

ʧʦʚôʷʟʘʥʦ ʟ ʚʠʱʦʶ ʩʝʣʝʢʪʠʚʥʽʩʪʶ ʤʝʤʙʨʘʥʠ ʧʦ ʚʽʜʥʦʰʝʥʥʶ ʜʦ ʢʘʪʽʦʥʽʚ ʥʘʪʨʽʶ ʧʦʨʽʚʥʷʥʦ ʟ ʧʨʦʪʦʥʘʤʠ. 

 

  
ʘ) ʙ) 

ʈʠʩ. 4. ɿʘʣʝʞʥʽʩʪʴ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʽ ʩʝʣʝʢʪʠʚʥʦʩʪʽ ʧʨʠ ʨʦʙʦʯʦʤʫ ʪʠʩʢʫ 4,0 ʘʪʤ. ʚʽʜ ʩʪʫʧʝʥʶ ʚʽʜʙʦʨʫ ʧʝʨʤʽʘʪʫ ʧʨʠ ʬʽʣʴʪʨʫʚʘʥʥʽ 

ʯʝʨʝʟ ʟʚʦʨʦʪʥʦ-ʦʩʤʦʪʠʯʥʫ ʤʝʤʙʨʘʥʫ ʥʠʟʴʢʦʛʦ ʪʠʩʢʫ Filmtec TW30-1812-50 ʨʦʟʯʠʥʽʚ  NaNO3 ʧʨʠ ʚʠʭʽʜʥʠʭ ʢʦʥʮʝʥʪʨʘʮʽʷʭ 

ʨʦʟʯʠʥʽʚ ʧʦ ʥʽʪʨʘʪʘʭ (ʤʛ/ʜʤ3): 3,0 (1), 10,0 (2), 30,0 (3), 150,0 (4): ʘ) ʩʝʣʝʢʪʠʚʥʽʩʪʴ; ʙ) ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ 
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ʈʠʩ. 5. ɿʘʣʝʞʥʽʩʪʴ ʨʅ ʩʝʨʝʜʦʚʠʱʘ ʫ ʧʝʨʤʽʘʪʽ (1; 2; 3; 4) ʪʘ ʢʦʥʮʝʥʪʨʘʪʽ (5; 6; 7; 8) ʧʨʠ ʨʦʙʦʯʦʤʫ ʪʠʩʢʫ 4,0 ʘʪʤ.  ʟʘʣʝʞʥʦ ʚʽʜ 

ʩʪʫʧʝʥʶ ʚʽʜʙʦʨʫ ʧʝʨʤʽʘʪʫ ʧʨʠ ʬʽʣʴʪʨʫʚʘʥʥʽ ʯʝʨʝʟ ʟʚʦʨʦʪʥʦ-ʦʩʤʦʪʠʯʥʫ ʤʝʤʙʨʘʥʫ ʥʠʟʴʢʦʛʦ ʪʠʩʢʫ Filmtec TW30-1812-50 ʨʦʟʯʠʥʽʚ 

NaNO3 ʧʨʠ ʚʠʭʽʜʥʠʭ ʢʦʥʮʝʥʪʨʘʮʽʷʭ ʨʦʟʯʠʥʽʚ ʧʦ ʥʽʪʨʘʪʘʭ (ʤʛ/ʜʤ
3): 3,0 (1; 5), 10,0 (2; 6), 30,0 (3; 7), 150,0 (4; 8) 

 

ʆʪʞʝ, ʦʯʠʱʝʥʥʷ ʚʦʜʠ ʚʽʜ ʥʽʪʨʘʪʽʚ ʤʝʤʙʨʘʥʥʠʤʠ ʤʝʪʦʜʘʤ ʻ ʥʝʜʦʩʪʘʪʥʴʦ ʝʬʝʢʪʠʚʥʠʤ, ʪʦʤʫ 

ʽʦʥʦʦʙʤʽʥʥʝ ʚʠʣʫʯʝʥʥʷ ʥʽʪʨʘʪʽʚ ʽʟ ʚʦʜʠ ʻ ʙʽʣʴʰ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʤʝʪʦʜʦʤ ʜʣʷ ʟʘʩʪʦʩʫʚʘʥʥʷ. 

 

ɺʠʩʥʦʚʢʠ 

ɺʠʚʯʝʥʦ ʧʨʦʮʝʩʠ ʟʚʦʨʦʪʥʦ-ʦʩʤʦʪʠʯʥʦʛʦ ʦʯʠʱʝʥʥʷ ʚʦʜʠ ʚʽʜ ʥʽʪʨʘʪʽʚ ʥʘ ʤʝʤʙʨʘʥʘʭ ʥʠʟʴʢʦʛʦ ʪʠʩʢʫ. 

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʟʘʣʠʰʢʦʚʽ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʽʪʨʘʪʽʚ ʚ ʧʝʨʤʽʘʪʽ ʟʙʽʣʴʰʝʥʥʽ ʩʪʫʧʝʥʶ ʚʽʜʙʦʨʫ ʧʝʨʤʽʘʪʫ ʪʘ ʧʨʠ 

ʧʽʜʚʠʱʝʥʥʽ ʚʠʭʽʜʥʠʭ ʢʦʥʮʝʥʪʨʘʮʽʡ ʟ 3 ʜʦ 150 ʤʛ/ʜʤ3 ʟʨʦʩʪʘʶʪʴ. ɺʠʟʥʘʯʝʥʦ, ʱʦ ʜʘʥʽ ʤʝʤʙʨʘʥʠ ʜʦʟʚʦʣʷʶʪʴ 

ʟʥʠʟʠʪʠ ʚʤʽʩʪ ʥʽʪʨʘʪʽʚ ʫ ʧʝʨʤʽʘʪʽ ʜʦ 1,99ï27,5 ʤʛ/ʜʤ3, ʪʘ ʤʘʶʪʴ ʜʦʩʠʪʴ ʥʠʟʴʢʫ ʩʝʣʝʢʪʠʚʥʽʩʪʴ (34,2ï82,9 %) ʪʘ 

ʚʠʩʦʢʫ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ (10,53ï16,55 ʜʤ3/ ʤ2 ) ʚ ʜʽʘʧʘʟʦʥʽ ʢʦʥʮʝʥʪʨʘʮʽʡ ʥʽʪʨʘʪʽʚ 3ï150 ʤʛ/ʜʤ3.  
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QUANTUM CONVOLUTIONAL NEURAL NETWORKS: IMPLEMENTATION SPECIFICS   

IN TECHNICAL, NATURAL, AND SOCIO -ECONOMIC SYSTEMS 
 

The paper analyses and investigates the usage of quantum convolutional neural networks in technical, natural, and socio-
economic systems. Quantum convolutional neural networks are a novel approach to information processing that is based on the principles of 
quantum mechanics and artificial intelligence. In technical systems, the potential of using quantum convolutional neural networks for 
solving complex tasks such as image processing, machine learning, and prediction has been explored. The results have shown that quantum 
convolutional neural networks can provide more accurate and faster computations compared to classical neural networks. 

In natural systems, research has been conducted on the use of quantum convolutional neural networks for modeling and 
predicting complex natural processes. Their effectiveness in understanding genetic data, studying complex molecular structures, and 
analyzing ecological systems has been investigated. It has been found that quantum convolutional neural networks can deliver more precise 
and rapid results compared to conventional data processing methods. In socio-economic systems, the possibilities of employing quantum 
convolutional neural networks for social network analysis, financial market forecasting, and resource management have been studied. The 
application of quantum convolutional neural networks has the potential to enhance prediction accuracy and facilitate more effective 
decision-making in socio-economic systems. The research findings confirm that quantum convolutional neural networks have the potential to 
be utilized in various domains, including technical, natural, and socio-economic systems. They can achieve higher accuracy, processing speed, 
and predictive capabilities compared to traditional methods. 
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ɺʩʪʫʧ ʪʘ ʧʦʩʪʘʥʦʚʢʘ ʧʨʦʙʣʝʤʠ 

ʋ ʩʚʦʻʤʫ ʥʘʡʧʨʦʩʪʽʰʦʤʫ ʚʠʟʥʘʯʝʥʥʽ ʰʪʫʯʥʠʡ ʽʥʪʝʣʝʢʪ [1] ï ʮʝ ʥʘʙʽʨ ʤʘʪʝʤʘʪʠʯʥʠʭ (ʩʪʘʪʠʩʪʠʯʥʠʭ) 

ʤʦʜʝʣʝʡ, ʷʢʽ ʥʘʪʨʝʥʦʚʘʥʽ ʜʣʷ ʘʥʘʣʽʟʫ ʽ ʢʣʘʩʠʬʽʢʘʮʽʾ ʜʘʥʠʭ. ʉʠʩʪʝʤʠ ʐɯ ʧʨʘʮʶʶʪʴ ʰʣʷʭʦʤ ʧʦʻʜʥʘʥʥʷ ʚ ʩʦʙʽ 

ʽʥʬʦʨʤʘʪʠʢʠ ʪʘ ʥʘʜʽʡʥʠʭ ʥʘʙʦʨʽʚ ʜʘʥʠʭ ʜʣʷ ʚʠʨʽʰʝʥʥʷ ʧʦʩʪʘʚʣʝʥʠʭ ʧʨʦʙʣʝʤ ʪʘ ʟʘʚʜʘʥʴ. ɼʘʥʘ ʢʦʤʙʽʥʘʮʽʷ 

ʜʘʻ ʟʤʦʛʫ ʰʪʫʯʥʦʤʫ ʽʥʪʝʣʝʢʪʫ ʥʘʚʯʘʪʠʩʷ ʥʘ ʦʩʥʦʚʽ ʰʘʙʣʦʥʽʚ ʽ ʦʩʦʙʣʠʚʦʩʪʝʡ ʧʨʦʘʥʘʣʽʟʦʚʘʥʠʭ ʜʘʥʠʭ. ʂʦʞʥʠʡ 

ʨʘʟ, ʚʠʢʦʥʫʶʯʠ ʮʠʢʣ ʦʙʨʦʙʢʠ ʜʘʥʠʭ, ʩʠʩʪʝʤʘ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ ʧʝʨʝʚʽʨʷʻ ʪʘ ʚʠʤʽʨʶʻ ʩʚʦʶ 

ʨʝʟʫʣʴʪʘʪʠʚʥʽʩʪʴ ʪʘ ʚʠʢʦʨʠʩʪʦʚʫʻ ʧʽʜʩʫʤʢʠ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʜʦʜʘʪʢʦʚʦʛʦ ʜʦʩʚʽʜʫ. 

ʇʦʪʫʞʥʠʤ ʽʥʩʪʨʫʤʝʥʪʦʤ ʚ ʤʘʰʠʥʥʦʤʫ ʥʘʚʯʘʥʥʽ ʻ ʛʣʠʙʦʢʝ ʥʘʚʯʘʥʥʷ ʪʘ ʦʜʥʠʤʠ ʟ ʥʘʡʧʦʧʫʣʷʨʥʽʰʠʭ 

ʛʣʠʙʦʢʠʭ ʥʝʡʨʦʥʥʠʭ ʤʝʨʝʞ ʻ ʟʛʦʨʪʢʦʚʽ ʥʝʡʨʦʥʥʽ ʤʝʨʝʞʽ. ʆʜʥʘ ʟ ʢʣʶʯʦʚʠʭ ʦʧʝʨʘʮʽʡ ʚ ʟʛʦʨʪʢʦʚʽʡ ʥʝʡʨʦʥʥʽʡ 
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ʤʝʨʝʞʽ ï ʮʝ ʦʧʝʨʘʮʽʷ ʟʛʦʨʪʢʠ (convolution), ʷʢʘ ʚʠʢʦʥʫʻʪʴʩʷ ʥʘ ʚʭʽʜʥʠʭ ʜʘʥʠʭ. ɿʛʦʨʪʢʘ ʚʠʢʦʨʠʩʪʦʚʫʻ ʬʽʣʴʪʨʠ 

ʘʙʦ ʷʜʨʘ, ʷʢʽ ʻ ʤʘʪʨʠʮʷʤʠ ʯʠʩʝʣ. ʎʽ ʷʜʨʘ ʧʝʨʝʤʽʱʫʶʪʴʩʷ ʧʦ ʚʭʽʜʥʦʤʫ ʟʦʙʨʘʞʝʥʥʶ ʟ ʧʝʚʥʠʤ ʢʨʦʢʦʤ ʽ 

ʚʠʢʦʥʫʶʪʴ ʦʧʝʨʘʮʽʶ ʤʥʦʞʝʥʥʷ ʤʽʞ ʚʽʜʧʦʚʽʜʥʠʤʠ ʧʽʢʩʝʣʷʤʠ ʟʦʙʨʘʞʝʥʥʷ ʪʘ ʚʽʜʧʦʚʽʜʥʠʤʠ ʝʣʝʤʝʥʪʘʤʠ ʷʜʨʘ, 

ʘ ʧʦʪʽʤ ʜʦʜʘʶʪʴ ʨʝʟʫʣʴʪʘʪʠ ʤʥʦʞʝʥʥʷ. ʎʷ ʦʧʝʨʘʮʽʷ ʤʦʞʝ ʙʫʪʠ ʧʦʜʘʥʘ ʫ ʚʠʛʣʷʜʽ ʤʘʪʨʠʯʥʦʛʦ ʤʥʦʞʝʥʥʷ ʤʽʞ 

ʚʝʢʪʦʨʦʤ, ʷʢʠʡ ʻ ʚʠʭʽʜʥʠʤ ʟʥʘʯʝʥʥʷʤ ʟʦʙʨʘʞʝʥʥʷ ʪʘ ʷʜʨʦʤ. 

ʇʽʜ ʯʘʩ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʝʣʠʢʦʛʦ ʦʙôʻʤʫ ʜʘʥʠʭ ʜʣʷ ʥʘʚʯʘʥʥʷ, ʥʘʧʨʠʢʣʘʜ, ʜʣʷ ʦʙʨʦʙʢʠ ʚʝʣʠʢʦʛʦ 

ʦʙôʻʤʫ ʽʥʬʦʨʤʘʮʽʾ ʧʦʪʨʽʙʥʘ ʙʽʣʴʰʘ ʢʽʣʴʢʽʩʪʴ ʯʘʩʫ. ʂʨʽʤ ʮʴʦʛʦ ʤʦʞʝ ʚʠʥʠʢʥʫʪʠ ʧʨʦʙʣʝʤʘ ʩʧʨʦʤʦʞʥʦʩʪʽ 

ʬʽʟʠʯʥʠʭ ʨʝʩʫʨʩʽʚ ʦʙʯʠʩʣʶʚʘʣʴʥʦʾ ʪʝʭʥʽʢʠ [2]. ɼʣʷ ʚʠʨʽʰʝʥʥʷ ʪʘ ʫʥʠʢʥʝʥʥʷ ʜʘʥʠʭ ʧʨʦʙʣʝʤ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʢʚʘʥʪʦʚʽ ʢʦʤʧôʶʪʝʨʠ. ʂʚʘʥʪʦʚʽ ʢʦʤʧ'ʶʪʝʨʠ ʤʦʞʫʪʴ ʧʦʪʝʥʮʽʡʥʦ ʚʠʢʦʥʫʚʘʪʠ ʧʝʚʥʽ 

ʦʙʯʠʩʣʝʥʥʷ ʰʚʠʜʰʝ, ʥʽʞ ʢʣʘʩʠʯʥʽ ʢʦʤʧ'ʶʪʝʨʠ, ʟʦʢʨʝʤʘ ʫ ʚʠʧʘʜʢʫ ʦʙʯʠʩʣʝʥʴ, ʧʦʚ'ʷʟʘʥʠʭ ʟ ʦʙʨʦʙʢʦʶ 

ʚʝʣʠʢʠʭ ʦʙ'ʻʤʽʚ ʜʘʥʠʭ. ʎʝ ʚʽʜʢʨʠʚʘʻ ʥʦʚʽ ʤʦʞʣʠʚʦʩʪʽ ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʟʛʦʨʪʢʦʚʠʭ ʥʝʡʨʦʥʥʠʭ ʤʝʨʝʞ ʥʘ 

ʢʚʘʥʪʦʚʠʭ ʢʦʤʧ'ʶʪʝʨʘʭ. ʅʘ ʞʘʣʴ, ʚ ʜʘʥʠʡ ʯʘʩ ʢʚʘʥʪʦʚʽ ʢʦʤʧ'ʶʪʝʨʠ ʱʝ ʥʝ ʻ ʥʘʩʪʽʣʴʢʠ ʨʦʟʚʠʥʝʥʠʤʠ, ʱʦʙ 

ʤʦʞʥʘ ʙʫʣʦ ʝʬʝʢʪʠʚʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʾʭ ʜʣʷ ʦʙʨʦʙʢʠ ʟʦʙʨʘʞʝʥʴ ʟʘ ʜʦʧʦʤʦʛʦʶ ʟʛʦʨʪʢʦʚʠʭ ʥʝʡʨʦʥʥʠʭ 

ʤʝʨʝʞ. ʇʨʦʪʝ, ʜʦʩʣʽʜʞʝʥʥʷ ʫ ʮʽʡ ʦʙʣʘʩʪʽ ʧʨʦʜʦʚʞʫʶʪʴʩʷ, ʽ ʤʦʞʣʠʚʦ, ʱʦ ʫ ʤʘʡʙʫʪʥʴʦʤʫ ʢʚʘʥʪʦʚʽ 

ʢʦʤʧ'ʶʪʝʨʠ ʙʫʜʫʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʜʣʷ ʟʙʽʣʴʰʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʪʘ ʪʦʯʥʦʩʪʽ ʟʛʦʨʪʢʦʚʠʭ ʥʝʡʨʦʥʥʠʭ ʤʝʨʝʞ. 

ʆʪʞʝ, ʛʦʣʦʚʥʦʶ ʤʝʪʦʶ ʮʽʻʾ ʩʪʘʪʪʽ ʻ ʜʦʩʣʽʜʞʝʥʥʷ ʢʚʘʥʪʦʚʠʭ ʦʙʯʠʩʣʝʥʴ ʪʘ ʥʝʡʨʦʥʥʠʭ ʤʝʨʝʞ ʫ 

ʢʦʥʪʝʢʩʪʽ ʟʘʜʘʯ ʜʣʷ ʨʽʟʥʠʭ ʛʘʣʫʟʝʡ. 

ʊʝʦʨʝʪʠʯʥʠʡ ʤʘʪʝʨʽʘʣ 

ʇʨʦʮʝʩ ʧʝʨʝʭʦʜʫ ʚʽʜ ʙʽʪʘ ʜʦ ʢʫʙʽʪʘ ʪʘ ʥʘʟʘʜ ʻ ʦʜʥʠʤ ʟ ʢʣʶʯʦʚʠʭ ʘʩʧʝʢʪʽʚ ʢʚʘʥʪʦʚʠʭ ʦʙʯʠʩʣʝʥʴ. ʋ 

ʙʽʣʴʰʦʩʪʽ ʚʠʧʘʜʢʽʚ, ʙʽʪ ʤʦʞʥʘ ʨʦʟʛʣʷʜʘʪʠ ʷʢ ʜʚʘ ʤʦʞʣʠʚʠʭ ʩʪʘʥʠ: 0 ʘʙʦ 1. ʂʫʙʽʪ, ʟ ʽʥʰʦʛʦ ʙʦʢʫ, ʤʦʞʝ 

ʧʝʨʝʙʫʚʘʪʠ ʚ ʙʫʜʴ-ʷʢʦʤʫ ʩʪʘʥʽ, ʱʦ ʻ ʩʫʧʝʨʧʦʟʠʮʽʻʶ 0 ʪʘ 1. ɼʣʷ ʧʝʨʝʪʚʦʨʝʥʥʷ ʙʽʪʘ ʚ ʢʫʙʽʪ ʤʦʞʥʘ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʪʘʢʝ ʧʦʥʷʪʪʷ ʷʢ ʛʝʡʪ ɸʜʘʤʘʨʘ [3]. 

ɻʝʡʪ ɸʜʘʤʘʨʘ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʧʝʨʝʪʚʦʨʝʥʥʷ ʦʜʥʦʛʦ ʙʽʪʘ ʫ ʢʫʙʽʪ ʟʘ ʜʦʧʦʤʦʛʦʶ ʫʤʦʚʥʦʾ 

ʦʧʝʨʘʮʽʾ. ʇʨʦʮʝʩ ʧʝʨʝʭʦʜʫ ʚʽʜ ʙʽʪʘ ʜʦ ʢʫʙʽʪʘ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʭʝʤʠ ɸʜʘʤʘʨʘ ʚʽʜʙʫʚʘʻʪʴʩʷ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ. 

ʉʧʦʯʘʪʢʫ ʤʘʻʤʦ ʙʽʪ ʟʽ ʟʥʘʯʝʥʥʷʤ 0 ʘʙʦ 1, ʷʢʠʡ ʤʦʞʥʘ ʧʦʜʘʪʠ ʫ ʚʠʛʣʷʜʽ ʚʝʢʪʦʨʘ-ʩʪʦʚʧʮʷ ʟ ʜʚʦʭ ʝʣʝʤʝʥʪʽʚ: 

 1 0
0 , 1

0 1

å õ å õ
= =æ ö æ ö
ç ÷ ç ÷

 , (1) 

ɼʘʣʽ ʟʘʩʪʦʩʦʚʫʻʤʦ ʜʦ ʮʴʦʛʦ ʚʝʢʪʦʨʘ ʩʭʝʤʫ ɸʜʘʤʘʨʘ, ʱʦ ʚʠʟʥʘʯʘʻʪʴʩʷ ʥʘʩʪʫʧʥʦʶ ʬʦʨʤʫʣʦʶ: 
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ʊʦʜʽ, ʷʢʱʦ ʤʠ ʟʘʩʪʦʩʫʻʤʦ ʮʶ ʤʘʪʨʠʮʶ ʜʦ ʚʝʢʪʦʨʽʚ 0   1ʪʘ, ʤʠ ʦʪʨʠʤʘʻʤʦ ʥʘʩʪʫʧʥʽ ʢʫʙʽʪʠ: 
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(3) 

ʊʘʢʠʤ ʯʠʥʦʤ, ʤʠ ʦʪʨʠʤʘʣʠ ʢʫʙʽʪʠ +  ʪʘ -  , ʷʢʽ ʻ ʜʚʦʤʘ ʙʘʟʠʩʥʠʤʠ ʩʪʘʥʠ ʢʫʙʽʪʫ. ɺʦʥʠ 

ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ: 
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(4) 

ʇʝʨʝʭʽʜ ʚʽʜ ʢʫʙʽʪʘ ʜʦ ʙʽʪʘ ʪʘʢʦʞ ʟʜʽʡʩʥʶʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʛʝʡʪʘ ɸʜʘʤʘʨʘ. ʗʢʱʦ ʤʠ ʟʘʩʪʦʩʫʻʤʦ 

ʛʝʡʪ ɸʜʘʤʘʨʘ ʜʦ ʢʫʙʽʪʘ ʚ ʩʪʘʥʽ +  ʪʘ - , ʦʪʨʠʤʘʻʤʦ ʙʽʪ ʚ ʩʪʘʥʽ 0  ʪʘ 1  ʚʽʜʧʦʚʽʜʥʦ: 
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(2.8) 

ʑʦʙ ʧʦʚʝʨʥʫʪʠʩʷ ʚʽʜ ʢʫʙʽʪʘ ʜʦ ʙʽʪʘ, ʥʝʦʙʭʽʜʥʦ ʚʠʢʦʥʘʪʠ ʧʨʦʮʝʩ ʚʠʤʽʨʶʚʘʥʥʷ. ʂʦʣʠ ʚʠʤʽʨʶʻʪʴʩʷ 

ʢʫʙʽʪ, ʚʽʥ ʧʝʨʝʭʦʜʠʪʴ ʚ ʦʜʠʥ ʟ ʙʘʟʠʩʥʠʭ ʩʪʘʥʽʚ 0  ʘʙʦ 1 . ɿʘʟʚʠʯʘʡ ʚʠʤʽʨʶʚʘʥʥʷʤ ʢʫʙʽʪʘ ʟʚʫʞʫʻʪʴʩʷ 

ʢʚʘʥʪʦʚʠʡ ʩʪʘʥ ʩʠʩʪʝʤʠ ʜʦ ʢʣʘʩʠʯʥʦʛʦ ʙʽʪʦʚʦʛʦ ʟʥʘʯʝʥʥʷ 0 ʘʙʦ 1. ʇʨʠ ʚʠʤʽʨʶʚʘʥʥʽ, ʡʤʦʚʽʨʥʽʩʪʴ ʦʪʨʠʤʘʪʠ 
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ʨʝʟʫʣʴʪʘʪ 0  ʘʙʦ 1  ʚʠʟʥʘʯʘʻʪʴʩʷ ʢʚʘʜʨʘʪʦʤ ʘʤʧʣʽʪʫʜʠ ʢʦʞʥʦʛʦ ʩʪʘʥʫ.  

ʂʚʘʥʪʦʚʽ ʘʣʛʦʨʠʪʤʠ, ʪʘʢʽ ʷʢ ʦʮʽʥʢʘ ʢʚʘʥʪʦʚʦʾ ʬʘʟʠ (QPE) ʽ ʚʘʨʽʘʮʽʡʥʠʡ ʢʚʘʥʪʦʚʠʡ ʨʦʟʚôʷʟʫʚʘʯ 

ʚʣʘʩʥʠʭ ʩʠʛʥʘʣʽʚ (VQE), ʰʠʨʦʢʦ ʚʠʚʯʘʶʪʴʩʷ ʚ ʢʚʘʥʪʦʚʽʡ ʭʽʤʽʾ ʷʢ ʧʦʪʝʥʮʽʡʥʽ ʰʣʷʭʠ ʜʣʷ ʚʠʨʽʰʝʥʥʷ ʧʨʦʙʣʝʤ, 

ʷʢʽ ʥʝʨʦʟʚôʷʟʥʽ ʜʣʷ ʟʚʠʯʘʡʥʠʭ ʢʦʤʧôʶʪʝʨʽʚ. ɸʣʛʦʨʠʪʤ VQE (Variational Quantum Eigensolver) ï ʮʝ ʢʚʘʥʪʦʚʠʡ 

ʘʣʛʦʨʠʪʤ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʝʥʝʨʛʽʾ ʦʩʥʦʚʥʦʛʦ ʩʪʘʥʫ ʤʦʣʝʢʫʣʠ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʢʚʘʥʪʦʚʠʭ ʢʦʤʧ'ʶʪʝʨʽʚ. 

ɼʘʚʘʡʪʝ ʨʦʟʛʣʷʥʝʤʦ ʜʝʪʘʣʴʥʽʰʝ ʘʣʛʦʨʠʪʤ VQE ʥʘ ʧʨʠʢʣʘʜʽ ʤʦʣʝʢʫʣʠ ʚʦʜʥʶ 2.H   

ɼʣʷ ʨʦʟʚ'ʷʟʘʥʥʷ ʢʚʘʥʪʦʚʦʾ ʟʘʜʘʯʽ ʥʘ ʢʚʘʥʪʦʚʦʤʫ ʢʦʤʧ'ʶʪʝʨʽ ʥʝʦʙʭʽʜʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʢʫʙʽʪʠ, ʷʢʽ 

ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʷʢ ʨʽʚʥʽ 0 ʪʘ 1. ɺ ʘʣʛʦʨʠʪʤʽ VQE, ʤʠ ʚʠʢʦʨʠʩʪʦʚʫʻʤʦ ʜʦʜʘʪʢʦʚʠʡ ʧʘʨʘʤʝʪʨ q, ʷʢʠʡ 
ʙʫʜʝ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʢʫʪʽʚ ʥʘ ʢʚʘʥʪʦʚʦʤʫ ʛʝʡʪʽ. 

ɸʣʛʦʨʠʪʤ VQE ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʥʘʩʪʫʧʥʠʭ ʝʪʘʧʽʚ: 

1. ʇʽʜʛʦʪʦʚʢʘ ʚʠʭʽʜʥʦʛʦ ʩʪʘʥʫ: ʉʪʚʦʨʝʥʥʷ ʧʦʯʘʪʢʦʚʦʛʦ ʩʪʘʥʫ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʢʚʘʥʪʦʚʠʭ 

ʛʝʡʪʽʚ ʥʘ ʢʫʙʽʪʘʭ. ɿʘʟʚʠʯʘʡ, ʷʢ ʧʦʯʘʪʢʦʚʠʡ ʩʪʘʥ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʦʜʠʥʠʯʥʠʡ ʚʝʢʪʦʨ 0  ʥʘ ʢʦʞʥʦʤʫ ʢʫʙʽʪʽ. 

ɼʘʣʽ ʜʦ ʮʠʭ ʩʪʘʥʽʚ ʤʦʞʥʘ ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʢʚʘʥʪʦʚʽ ʛʝʡʪʠ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʙʽʣʴʰ ʩʢʣʘʜʥʦʛʦ ʩʪʘʥʫ. ʇʦʯʘʪʢʦʚʠʡ 

ʚʠʭʽʜʥʠʡ ʩʪʘʥ ʥʘ ʢʫʙʽʪʘʭ ʤʦʞʝ ʙʫʪʠ ʚʠʙʨʘʥʠʡ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʚʣʘʩʪʠʚʦʩʪʝʡ ʩʠʩʪʝʤʠ. ʅʘʧʨʠʢʣʘʜ, ʫ ʚʠʧʘʜʢʫ 

ʤʦʣʝʢʫʣʠ ʚʦʜʥʶ, ʷʢʘ ʤʘʻ ʜʚʘ ʘʪʦʤʠ ʚʦʜʥʶ, ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʜʚʘ ʢʫʙʽʪʠ, ʢʦʞʝʥ ʟ ʷʢʠʭ ʚʽʜʧʦʚʽʜʘʻ 

ʦʜʥʦʤʫ ʘʪʦʤʫ ʚʦʜʥʶ. ɼʣʷ ʮʴʦʛʦ ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʩʭʝʤʫ ɸʜʘʤʘʨʘ. ʅʘʧʨʠʢʣʘʜ, ʷʢʱʦ ʤʠ ʤʘʻʤʦ ʜʚʘ 

ʢʫʙʽʪʠ, ʪʦ ʩʭʝʤʘ ɸʜʘʤʘʨʘ ʙʫʜʝ ʚʠʛʣʷʜʘʪʠ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ: 

  
1 2H ,H H= Ã  (5) 

ʜʝ 
1 H ʪʘ 2  H ï ʛʝʡʪʠ ɸʜʘʤʘʨʘ, ʱʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʜʦ ʧʝʨʰʦʛʦ ʪʘ ʜʨʫʛʦʛʦ ʢʫʙʽʪʽʚ ʚʽʜʧʦʚʽʜʥʦ. ʆʪʞʝ, 

ʟʘʩʪʦʩʫʚʘʚʰʠ ʩʭʝʤʫ ɸʜʘʤʘʨʘ ʜʦ ʧʦʯʘʪʢʦʚʦʛʦ ʩʪʘʥʫ 0 , ʦʪʨʠʤʘʻʤʦ ʩʪʘʥ ʨʽʚʥʦʤʽʨʥʦʾ ʩʫʧʝʨʧʦʟʠʮʽʾ, ʷʢʠʡ 

ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʷʢ ʧʦʯʘʪʢʦʚʠʡ ʩʪʘʥ ʜʣʷ ʤʝʪʦʜʫ VQE. 

 
 0 1

1
(| 0 | 0 |1 |1 ),

2
0 1y = + + +  (6) 

2. ʇʦʙʫʜʦʚʘ ʛʘʤʽʣʴʪʦʥʽʘʥʘ: ɺʠʟʥʘʯʝʥʥʷ ʛʘʤʽʣʴʪʦʥʽʘʥʘ ʩʠʩʪʝʤʠ. ɻʘʤʽʣʴʪʦʥʽʘʥ ï ʮʝ ʦʧʝʨʘʪʦʨ, 

ʱʦ ʦʧʠʩʫʻ ʝʥʝʨʛʝʪʠʯʥʠʡ ʩʪʘʥ ʤʦʣʝʢʫʣʠ. ʋ ʚʠʧʘʜʢʫ ʤʦʣʝʢʫʣʠ ʚʦʜʥʶ, ʛʘʤʽʣʴʪʦʥʽʘʥ ʤʦʞʝ ʙʫʪʠ ʟʘʧʠʩʘʥʠʡ ʚ 

ʪʘʢʽʡ ʬʦʨʤʽ: 

  
0 0 1 1H ,Z X X Za b g= + +  (7) 

ʜʝ X ʪʘ Z ï ʦʧʝʨʘʪʦʨʠ ʇʘʫʣʽ, ʘ ʢʦʝʬʽʮʽʻʥʪʠ Ŭ, ɓ ʪʘ ɔ ï ʢʦʥʩʪʘʥʪʠ, ʷʢʽ ʟʘʣʝʞʘʪʴ ʚʽʜ ʛʝʦʤʝʪʨʽʾ ʤʦʣʝʢʫʣʠ ʪʘ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʾʾ ʩʢʣʘʜʦʚʠʭ ʘʪʦʤʽʚ. 

3. ʊʨʝʪʽʤ ʢʨʦʢʦʤ ʙʫʜʝ ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʟʛʦʨʪʢʦʚʫ ʤʝʨʝʞʫ ʥʘ ʢʣʘʩʠʯʥʦʤʫ ʢʦʤʧ'ʶʪʝʨʽ, 

ʦʙʯʠʩʣʠʪʠ ʝʥʝʨʛʽʶ ʤʦʣʝʢʫʣʠ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʢʚʘʥʪʦʚʦʤʫ ʩʪʘʥʫ ()qY . ɽʥʝʨʛʽʶ ʤʦʞʥʘ ʦʙʯʠʩʣʠʪʠ ʰʣʷʭʦʤ 

ʚʠʤʽʨʶʚʘʥʥʷ ʦʯʽʢʫʚʘʥʦʾ ʚʝʣʠʯʠʥʠ ʛʘʤʽʣʴʪʦʥʽʘʥʘ H ʫ ʢʚʘʥʪʦʚʦʤʫ ʩʪʘʥʽ ()qY : 

 E(ɗ) = ἂɊ(ɗ)|H|Ɋ(ɗ)ἃ 
, (8) 

ʜʝ  E(q) ï ʝʥʝʨʛʽʷ, ʟʘʣʝʞʥʘ ʚʽʜ ʧʘʨʘʤʝʪʨʽʚ q ʚʠʭʽʜʥʦʛʦ ʩʪʘʥʫ ꜞ(q), H ï ʛʘʤʽʣʴʪʦʥʽʘʥ ʩʠʩʪʝʤʠ. 

4. ɺʘʨʽʘʮʽʡʥʘ ʦʧʪʠʤʽʟʘʮʽʷ: ɺʠʢʦʨʠʩʪʘʥʥʷ ʢʣʘʩʠʯʥʦʛʦ ʦʧʪʠʤʽʟʘʪʦʨʘ ʜʣʷ ʟʥʘʭʦʜʞʝʥʥʷ 

ʦʧʪʠʤʘʣʴʥʠʭ ʟʥʘʯʝʥʴ ʧʘʨʘʤʝʪʨʽʚ q, ʷʢʽ ʤʽʥʽʤʽʟʫʶʪʴ ʝʥʝʨʛʽʶ ʩʠʩʪʝʤʠ. ʎʝ ʤʦʞʝ ʙʫʪʠ ʟʜʽʡʩʥʝʥʦ ʰʣʷʭʦʤ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʽʟʥʠʭ ʤʝʪʦʜʽʚ ʦʧʪʠʤʽʟʘʮʽʾ, ʪʘʢʠʭ ʷʢ ʛʨʘʜʽʻʥʪʥʠʡ ʩʧʫʩʢ ʘʙʦ ʤʝʪʦʜ ʅʝʣʜʝʨʘ-ʄʽʜʘ. 

5. ʇʦʚʪʦʨʝʥʥʷ ʢʨʦʢʽʚ 3 ʪʘ 4 ʜʦ ʪʠʭ ʧʽʨ, ʧʦʢʠ ʥʝ ʙʫʜʝ ʜʦʩʷʛʥʫʪʦ ʜʦʩʪʘʪʥʴʦʾ ʪʦʯʥʦʩʪʽ 

ʚʠʤʽʨʶʚʘʥʥʷ ʝʥʝʨʛʽʾ. ʎʝ ʤʦʞʝ ʙʫʪʠ ʜʦʩʷʛʥʫʪʦ ʰʣʷʭʦʤ ʚʩʪʘʥʦʚʣʝʥʥʷ ʢʨʠʪʝʨʽʶ ʟʫʧʠʥʢʠ, ʪʘʢʦʛʦ ʷʢ 

ʤʘʢʩʠʤʘʣʴʥʘ ʢʽʣʴʢʽʩʪʴ ʽʪʝʨʘʮʽʡ ʘʙʦ ʟʘʜʘʥʘ ʪʦʯʥʽʩʪʴ ʝʥʝʨʛʽʾ. 

6. ʆʪʨʠʤʘʥʥʷ ʨʝʟʫʣʴʪʘʪʫ: ʇʽʩʣʷ ʟʥʘʭʦʜʞʝʥʥʷ ʦʧʪʠʤʘʣʴʥʠʭ ʟʥʘʯʝʥʴ ʧʘʨʘʤʝʪʨʽʚ q, ʤʦʞʥʘ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʮʽ ʟʥʘʯʝʥʥʷ ʜʣʷ ʧʦʙʫʜʦʚʠ ʬʽʥʘʣʴʥʦʛʦ ʚʠʭʽʜʥʦʛʦ ʩʪʘʥʫ ꜞ(q) ʪʘ ʦʙʯʠʩʣʝʥʥʷ ʦʩʪʘʪʦʯʥʦʾ 

ʝʥʝʨʛʽʾ ʩʠʩʪʝʤʠ E(q), ʷʢʘ ʙʫʜʝ ʥʘʙʣʠʞʝʥʦʶ ʝʥʝʨʛʽʻʶ ʦʩʥʦʚʥʦʛʦ ʩʪʘʥʫ ʤʦʣʝʢʫʣʠ ʚʦʜʥʶ. 

ʇʨʠʢʣʘʜʦʤ ʨʝʘʣʽʟʘʮʽʾ ʪʘ ʮʽʢʘʚʦʶ ʩʬʝʨʦʶ ʜʦʩʣʽʜʞʝʥʥʷ ʚ ʝʢʦʥʦʤʽʯʥʦʤʫ ʪʘ ʬʽʥʘʥʩʦʚʦʤʫ ʩʝʢʦʪʨʽ ʻ 

ʧʦʥʷʪʪʷ ʘʨʙʽʪʨʘʞʫ [4]. ɸʨʙʽʪʨʘʞ ʦʧʠʩʫʻ ʪʦʡ ʬʘʢʪ, ʱʦ ʦʜʠʥ ʽ ʪʦʡ ʩʘʤʠʡ ʘʢʪʠʚ ʤʦʞʝ ʤʘʪʠ ʨʽʟʥʽ ʮʽʥʠ ʥʘ ʨʽʟʥʠʭ 

ʨʠʥʢʘʭ ʽ ʤʦʞʝ ʙʫʪʠ ʪʦʨʛʦʚʘʥʠʡ ʤʽʞ ʢʽʣʴʢʦʤʘ ʨʠʥʢʘʤʠ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʧʦʟʠʪʠʚʥʦʛʦ ʜʦʭʦʜʫ. ʊʦʙʪʦ, ʟʘ 

ʥʘʷʚʥʦʩʪʽ ʥʘʙʦʨʫ ʘʢʪʠʚʽʚ ʪʘ ʪʨʘʥʟʘʢʮʽʡʥʠʭ ʚʠʪʨʘʪ, ʤʦʞʣʠʚʦ ʩʪʚʦʨʠʪʠ ʮʠʢʣ ʤʽʞ ʨʽʟʥʠʤʠ ʨʠʥʢʘʤʠ, ʷʢʠʡ ʤʦʞʝ 

ʟʘʙʝʟʧʝʯʠʪʠ ʧʦʟʠʪʠʚʥʠʡ ʜʦʭʽʜ. 

ɼʣʷ ʪʦʛʦ, ʱʦʙ ʧʝʨʝʪʚʦʨʠʪʠ ʟʘʜʘʯʫ ʦʧʪʠʤʽʟʘʮʽʾ ʘʨʙʽʪʨʘʞʥʦʾ ʤʦʞʣʠʚʦʩʪʽ ʥʘ ʧʨʦʙʣʝʤʫ, ʷʢʫ ʤʦʞʥʘ 

ʟʘʩʪʦʩʫʚʘʪʠ ʜʣʷ ʧʘʨʘʤʝʪʨʠʟʦʚʘʥʠʭ ʢʚʘʥʪʦʚʠʭ ʣʘʥʮʶʛʽʚ, ʧʦʪʨʽʙʥʦ ʟʘʢʦʜʫʚʘʪʠ ʧʨʦʙʣʝʤʫ ʦʧʪʠʤʽʟʘʮʽʾ 

ʘʨʙʽʪʨʘʞʫ ʚ ʛʘʤʽʣʴʪʦʥʽʘʥ. ʄʠ ʨʝʘʣʽʟʫʻʤʦ ʢʦʜʫʚʘʥʥʷ, ʩʧʦʯʘʪʢʫ ʩʢʣʘʜʘʶʯʠ ʟʘʜʘʯʫ ʮʽʣʦʯʠʩʝʣʴʥʦʛʦ 

ʧʨʦʛʨʘʤʫʚʘʥʥʷ. ʇʨʠʧʫʩʪʠʤʦ, ʱʦ ʚ ʛʨʘʬʽ G   ̒|   |   V n=  ʚʝʨʰʠʥ, ʪʦ ʜʣʷ ʢʦʞʥʦʾ ʚʝʨʰʠʥʠ    i VÍ , ʚʠʟʥʘʯʘʶʪʴʩʷ  

n  ʙʽʥʘʨʥʽ ʟʤʽʥʥʽ ,i kx  ʜʝ    [0,    1  ]k KÍ - ʪʘʢʽ, ʱʦ: 
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ʇʦʪʨʽʙʥʦ ʟʘʫʚʘʞʠʪʠ, ʱʦ ʢʦʝʬʽʮʽʻʥʪʠ ʫ ʛʘʤʽʣʴʪʦʥʽʘʥʽ ʻ ʚʝʣʠʢʠʤʠ ʯʠʩʣʘʤʠ, ʱʦ ʤʦʞʫʪʴ ʚʧʣʠʥʫʪʠ ʥʘ 

ʪʦʯʥʽʩʪʴ ʧʽʜʨʘʭʫʥʢʫ ʚ ʢʚʘʥʪʦʚʦʤʫ ʢʦʤʧ'ʶʪʝʨʽ.  

ʆʩʢʽʣʴʢʠ ʛʨʘʬ  G ʤʘʻ n  ʚʝʨʰʠʥ, ʤʠ ʤʘʻʤʦ 
2n  ʟʤʽʥʥʠʭ ʚ ʟʘʛʘʣʴʥʦʤʫ, ʟʥʘʯʝʥʥʷ ʷʢʠʭ ʧʦʟʥʘʯʘʶʪʴʩʷ 

ʨʷʜʦʤ ʙʽʪʽʚ 0 1,  1  n Kx x x- -= » . ʇʦʢʠ ʱʦ ʧʨʠʧʫʩʪʠʤʦ, ʱʦ ʨʷʜʦʢ ʙʽʪʽʚ x  ʧʨʝʜʩʪʘʚʣʷʻ ʘʨʙʽʪʨʘʞʥʠʡ ʮʠʢʣ. ʊʦʜʽ 

ʜʣʷ ʢʦʞʥʦʛʦ ʨʝʙʨʘ ( ),  ,    iji j w EÍ , ʤʠ ʤʘʪʠʤʝʤʦ , , 1 1i k j kx x += =, ʪʦʙʪʦ , , 1 1i k j kx x +Ö =, ʷʢʱʦ ʪʽʣʴʢʠ 

ʘʨʙʽʪʨʘʞʥʠʡ ʮʠʢʣ ʚʽʜʚʽʜʫʻ ʚʝʨʰʠʥʫ  i ʚ ʯʘʩ k  ʽ ʚʝʨʰʠʥʫ j  ʚ ʯʘʩ 1k+. ɺ ʽʥʰʦʤʫ ʚʠʧʘʜʢʫ ʙʫʜʝ 

, , 1 0i k j kx x +Ö =. ʆʪʞʝ, ʣʦʛʘʨʠʬʤ ʧʨʠʙʫʪʢʫ ʮʠʢʣʫ ʻ:  
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ɼʣʷ ʪʦʛʦ, ʱʦʙ x  ʧʨʝʜʩʪʘʚʣʷʚ ʜʽʡʩʥʠʡ ʘʨʙʽʪʨʘʞʥʠʡ ʮʠʢʣ, ʧʦʪʨʽʙʥʦ ʚʠʢʦʥʫʚʘʪʠ ʥʘʩʪʫʧʥʝ 

ʦʙʤʝʞʝʥʥʷ: 
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ʜʝ ʧʝʨʰʝ ʨʽʚʥʷʥʥʷ ʛʘʨʘʥʪʫʻ ʚʽʜʚʽʜʫʚʘʥʥʷ ʣʠʰʝ ʦʜʥʽʻʾ ʚʝʨʰʠʥʠ ʚ ʢʦʞʝʥ ʯʘʩ. ɼʨʫʛʝ ï ʦʙʤʝʞʫʻ ʚʠʷʚʣʝʥʥʷ 

ʥʝʽʩʥʫʶʯʦʛʦ ʨʝʙʨʘ ʚ ʟʥʘʡʜʝʥʦʤʫ ʘʨʙʽʪʨʘʞʥʦʤʫ ʮʠʢʣʽ. ʎʽ ʜʚʘ ʨʽʚʥʷʥʥʷ ʟʘʙʝʟʧʝʯʫʶʪʴ ʪʝ, ʱʦ ʧʘʨʘʤʝʪʨʠʟʦʚʘʥʽ 

ʢʚʘʥʪʦʚʽ ʩʭʝʤʠ ʟʥʘʭʦʜʷʪʴ x  ʷʢ ʧʨʦʩʪʠʡ ʮʠʢʣ. ʊʦʜʽ ʬʫʥʢʮʽʶ ʚʘʨʪʦʩʪʽ ʧʨʠ ʟʘʟʥʘʯʝʥʦʤʫ ʦʙʤʝʞʝʥʥʽ ʤʦʞʥʘ 

ʩʬʦʨʤʫʣʶʚʘʪʠ ʥʠʞʯʝ: 

 
 ()

1 1 1
2

. , , 1

0 0 0( , )

  (1 )   ,
K n K

x i k i k j k

k i k i j E

C P x A x A x x
- - -

+

= = = Î

=- + - +ä ä ää  (12) 

ʜʝ  V  ï ʢʽʣʴʢʽʩʪʴ ʚʝʨʰʠʥ ʛʨʘʬʘ, ɽ ï ʤʥʦʞʠʥʘ ʨʝʙʝʨ ʛʨʘʬʘ ʪʘ ʂ ï ʢʽʣʴʢʽʩʪʴ ʚʝʨʰʠʥ ʥʘʡʙʽʣʴʰ 

ʢʦʨʠʩʥʦʛʦ ʮʠʢʣʫ. ɿʚʝʨʥʽʪʴ ʫʚʘʛʫ, ʱʦ ʦʩʢʽʣʴʢʠ ʤʠ ʭʦʯʝʤʦ ʤʘʢʩʠʤʽʟʫʚʘʪʠ ( )P x , ʟʘʙʝʟʧʝʯʫʶʯʠ x, ʱʦ 

ʧʨʝʜʩʪʘʚʣʷʻ ʜʽʡʩʥʠʡ ʘʨʙʽʪʨʘʞʥʠʡ ʮʠʢʣ, ʤʠ ʢʨʘʱʝ ʚʩʪʘʥʦʚʠʤʦ A  ʚʝʣʠʢʦʶ, ʱʦʥʘʡʤʝʥʰʝ ʙʽʣʴʰʦʶ ʟʘ 

ʥʘʡʙʽʣʴʰʫ ʚʘʛʫ ʨʝʙʝʨ. 

ʄʠ ʪʝʧʝʨ ʧʦʪʨʽʙʥʦ ʧʝʨʝʪʚʦʨʠʪʠ ʬʫʥʢʮʽʶ ʚʘʨʪʦʩʪʽ 
xC  ʚ ʛʘʤʽʣʴʪʦʥʽʘʥ, ʱʦʙ ʨʝʘʣʽʟʫʚʘʪʠ ʢʦʜʫʚʘʥʥʷ 

ʟʘʜʘʯʽ ʦʧʪʠʤʽʟʘʮʽʾ ʤʦʞʣʠʚʦʩʪʝʡ ʘʨʙʽʪʨʘʞʫ. ʂʦʞʥʘ ʟʤʽʥʥʘ ,i kx  ʤʘʻ ʜʚʘ ʤʦʞʣʠʚʽ ʟʥʘʯʝʥʥʷ, 0 ʪʘ 1, ʱʦ 

ʚʽʜʧʦʚʽʜʘʶʪʴ ʢʚʘʥʪʦʚʠʤ ʩʪʘʥʘʤ 0  ʪʘ 1 . ɿʚʝʨʥʽʪʴ ʫʚʘʛʫ, ʱʦ ʢʦʞʥʘ ʟʤʽʥʥʘ ʚʽʜʧʦʚʽʜʘʻ ʢʫʙʽʪʫ, ʪʦʤʫ ʜʣʷ 

ʚʠʨʽʰʝʥʥʷ ʟʘʜʘʯʽ ʦʧʪʠʤʽʟʘʮʽʾ ʤʦʞʣʠʚʦʩʪʝʡ ʘʨʙʽʪʨʘʞʫ ʧʦʪʨʽʙʥʦ 
2n  ʢʫʙʠʪʽʚ. ʆʧʝʨʘʪʦʨ ʇʘʫʣʽ Z ʤʘʻ ʜʚʘ ʚʣʘʩʥʽ 

ʩʪʘʥʠ, 0  ʪʘ 1 . ɺʣʘʩʥʽ ʟʥʘʯʝʥʥʷ ʜʦʨʽʚʥʶʶʪʴ 1 ʪʘ -1 ʚʽʜʧʦʚʽʜʥʦ. ʊʦʤʫ ʤʠ ʨʦʟʛʣʷʜʘʻʤʦ ʢʦʜʫʚʘʥʥʷ ʬʫʥʢʮʽʾ 

ʚʘʨʪʦʩʪʽ ʚ ʛʘʤʽʣʴʪʦʥʽʘʥ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʤʘʪʨʠʮʶ ʇʘʫʣʽ Z. 

ʊʝʧʝʨ ʨʦʟʛʣʷʥʝʤʦ ʚʽʜʦʙʨʘʞʝʥʥʷ: 
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ʜʝ  ,  i kZ I I Z I= Ã Ã»Ã Ã»Ã Z ʚʠʢʦʥʫʻʪʴʩʷ ʥʘ ʢʫʙʽʪʽ ʥʘ ʧʦʟʠʮʽʾ ( , ).i k  ʇʽʜ ʯʘʩ ʮʴʦʛʦ 

ʚʽʜʦʙʨʘʞʝʥʥʷ ʟʥʘʯʝʥʥʷ ,i kx ʤʦʞʥʘ ʧʨʦʽʣʶʩʪʨʫʚʘʪʠ ʧʦ-ʽʥʰʦʤʫ. ʗʢʱʦ ʢʫʙʽʪ ( , )i k  ʧʝʨʝʙʫʚʘʻ ʚ ʩʪʘʥʽ 0 , ʪʦʜʽ 

,

, |1 1 1|1
2

i k

i k

I Z
x

-
= = , ʱʦ ʦʟʥʘʯʘʻ, ʱʦ ʚʝʨʰʠʥʘ i  ʚʽʜʚʽʜʫʻʪʴʩʷ ʚ ʤʦʤʝʥʪ ʯʘʩʫ .k  ʂʨʽʤ ʪʦʛʦ, ʜʣʷ ʢʫʙʽʪʫ 

( , )i k , ʷʢʠʡ ʧʝʨʝʙʫʚʘʻ ʚ ʩʪʘʥʽ 0 , 
,

, | 0 0 0 | 0
2

i k

i k

I Z
x

-
= = . 

ʊʘʢʠʤ ʯʠʥʦʤ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʚʠʱʝʟʘʟʥʘʯʝʥʝ ʚʽʜʦʙʨʘʞʝʥʥʷ, ʤʠ ʤʦʞʝʤʦ ʧʝʨʝʪʚʦʨʠʪʠ ʬʫʥʢʮʽʶ 

ʚʘʨʪʦʩʪʽ 
xC ʚ ʛʘʤʽʣʴʪʦʥʽʘʥ ʩH  ʜʣʷ ʩʠʩʪʝʤʠ

2 n  ʢʫʙʽʪʽʚ ʽ ʨʝʘʣʽʟʫʚʘʪʠ ʢʚʘʥʪʦʚʫ ʦʧʪʠʤʽʟʘʮʽʶ ʤʦʞʣʠʚʦʩʪʝʡ 

ʘʨʙʽʪʨʘʞʫ. ʊʦʜʽ ˇʨʫʥʪʦʚʠʡ ʩʪʘʥ  ʩH ʻ ʦʧʪʠʤʘʣʴʥʠʤ ʨʽʰʝʥʥʷʤ ʟʘʜʘʯʽ ʦʧʪʠʤʽʟʘʮʽʾ ʤʦʞʣʠʚʦʩʪʝʡ ʘʨʙʽʪʨʘʞʫ. 

ɿʘʛʨʦʟʦʶ ʜʣʷ ʩʫʯʘʩʥʦʾ ʢʨʠʧʪʦʛʨʘʬʽʾ ʻ ʘʣʛʦʨʠʪʤ ʐʦʨʘ. ʎʝ ʢʚʘʥʪʦʚʠʡ ʘʣʛʦʨʠʪʤ, ʷʢʠʡ ʜʦʟʚʦʣʷʻ 

ʨʦʟʢʣʘʜʘʪʠ ʩʢʣʘʜʥʽ ʯʠʩʣʘ ʥʘ ʧʨʦʩʪʽ ʤʥʦʞʥʠʢʠ. ɼʣʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʘʣʛʦʨʠʪʤʫ ʐʦʨʘ ʜʦ ʢʨʠʧʪʦʛʨʘʬʽʯʥʠʭ 

ʢʣʶʯʽʚ RSA, ʷʢʽ ʙʘʟʫʶʪʴʩʷ ʥʘ ʩʢʣʘʜʥʠʭ ʯʠʩʣʘʭ, ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʡʦʛʦ ʜʣʷ ʨʦʟʢʣʘʜʘʥʥʷ ʧʫʙʣʽʯʥʦʛʦ 

ʢʣʶʯʘ ʥʘ ʧʨʦʩʪʽ ʤʥʦʞʥʠʢʠ.  ɯʜʝʷ ʮʴʦʛʦ ʘʣʛʦʨʠʪʤʫ ʜʦʩʠʪʴ ʧʨʦʩʪʘ. ʅʘ ʚʭʽʜ ʧʦʜʘʶʪʴʩʷ ʜʚʘ ʨʝʛʽʩʪʨʠ ʢʫʙʽʪʽʚ: 
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ʧʝʨʰʠʡ ʚʽʜʧʦʚʽʜʘʻ ʚʭʽʜʥʠʤ ʟʥʘʯʝʥʥʷʤ ʬʫʥʢʮʽʾ, ʜʨʫʛʠʡ ï ʚʠʭʽʜʥʠʤ. ʋ ʧʝʨʰʦʤʫ ʨʝʛʽʩʪʨʽ ʩʪʚʦʨʶʻʪʴʩʷ 

ʩʫʧʝʨʧʦʟʠʮʽʷ ʚʩʽʭ ʤʦʞʣʠʚʠʭ ʚʭʽʜʥʠʭ ʟʥʘʯʝʥʴ, ʜʨʫʛʠʡ ʨʝʛʽʩʪʨ ʽʥʽʮʽʘʣʽʟʫʻʪʴʩʷ ʬʽʢʩʦʚʘʥʠʤ ʩʪʘʥʦʤ, ʧʽʩʣʷ ʯʦʛʦ 

ʥʘ ʚʠʭʦʜʽ ʤʠ ʦʪʨʠʤʫʻʤʦ ʢʚʘʥʪʦʚʫ ʩʫʧʝʨʧʦʟʠʮʽʶ ʚʩʽʭ ʤʦʞʣʠʚʠʭ ʚʭʦʜʽʚ ʪʘ ʚʽʜʧʦʚʽʜʥʠʭ ʾʤ ʚʠʭʦʜʽʚ. ʇʦʪʽʤ 

ʨʦʙʠʤʦ ʚʠʤʽʨʶʚʘʥʥʷ ʚʠʭʽʜʥʦʛʦ ʨʝʛʽʩʪʨʫ, ʚ ʨʝʟʫʣʴʪʘʪʽ ʯʦʛʦ ʦʪʨʠʤʫʻʤʦ ʜʝʷʢʝ ʚʠʧʘʜʢʦʚʝ ʟʥʘʯʝʥʥʷ ʬʫʥʢʮʽʾ, ʘ ʚ 

ʽʥʰʦʤʫ ʨʝʛʽʩʪʨʽ ï ʩʫʧʝʨʧʦʟʠʮʽʶ ʚʩʽʭ ʘʨʛʫʤʝʥʪʽʚ ʬʫʥʢʮʽʾ, ʱʦ ʚʽʜʧʦʚʽʜʘʶʪʴ ʦʪʨʠʤʘʥʦʤʫ ʟʥʘʯʝʥʥʶ. ɼʘʣʽ 

ʟʘʩʪʦʩʦʚʫʻʤʦ ʢʚʘʥʪʦʚʝ ʧʝʨʝʪʚʦʨʝʥʥʷ ʌʫʨ'ʻ ʥʘʜ ʧʝʨʰʠʤ ʨʝʛʽʩʪʨʦʤ ʽ ʚ ʚʠʤʽʨʶʚʘʣʴʥʦʤʫ ʚʠʤʽʨʶʚʘʥʥʽ 

ʦʪʨʠʤʫʻʤʦ ʚʝʣʠʯʠʥʫ, ʧʨʦʧʦʨʮʽʡʥʫ ʦʙʝʨʥʝʥʦʤʫ ʧʝʨʽʦʜʫ ʬʫʥʢʮʽʾ. ʇʦʚʪʦʨʶʶʯʠ ʮʶ ʦʧʝʨʘʮʽʶ ʢʽʣʴʢʘ ʨʘʟʽʚ ʽ 

ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʢʣʘʩʠʯʥʠʡ ʘʣʛʦʨʠʪʤ ɭʚʢʣʽʜʘ ʜʣʷ ʧʦʰʫʢʫ ʥʘʡʙʽʣʴʰʦʛʦ ʩʧʽʣʴʥʦʛʦ ʜʽʣʴʥʠʢʘ (ʅʉɼ), ʤʠ 

ʦʪʨʠʤʫʻʤʦ ʩʘʤ ʧʝʨʽʦʜ. 

ɼʘʥʠʡ ʘʣʛʦʨʠʤ ʤʦʞʥʘ ʨʦʟʜʽʣʠʪʠ ʫʤʦʚʥʦ ʥʘ ʜʚʽ ʯʘʩʪʠʥ: ʢʣʘʩʠʯʥʝ ʨʦʟʢʣʘʜʘʥʥʷ ʥʘ ʤʥʦʞʥʠʢʠ ʬʫʥʢʮʽʾ ʪʘ 

ʢʚʘʥʪʦʚʝ ʦʙʯʠʩʣʝʥʥʷ ʧʝʨʽʦʜʫ ʜʘʥʦʾ ʬʫʥʢʮʽʾ. 

ɼʣʷ ʧʦʯʘʪʢʫ ʧʦʪʨʽʙʥʦ ʚʠʟʥʘʯʠʪʠ ʪʨʠ ʢʦʥʩʪʘʥʪʠ: 

- M ï ʯʠʩʣʦ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʨʦʟʢʣʘʜʘʥʥʷ ʥʘ ʤʥʦʞʥʠʢʠ; 

- N ï ʨʦʟʤʽʨ ʨʝʛʽʩʪʨʘ ʧʘʤôʷʪʽ. ɹʽʪʦʚʠʡ ʨʦʟʤʽʨ ʜʘʥʦʾ ʧʘʤôʷʪʽ 
2logn N= , ʱʦ ʚ ʜʚʘ ʨʘʟʠ ʙʽʣʴʰʝ M; 

- t ï ʨʘʥʜʦʤʠʡ ʧʘʨʘʤʝʪʨ, ʪʘʢʠʡ ʱʦ: ( )1     ,  1.t Mʽʅʉɼ t M< < = 

ʂʣʘʩʠʯʥʘ ʯʘʩʪʠʥʘ ʘʣʛʦʨʠʪʤʫ ʤʘʻ ʥʘʩʪʫʧʥʽ ʢʨʦʢʠ:  

1) ʨʦʟʨʘʭʫʚʘʪʠ     ( , )K ʅʉɼ t N= ; 

2) ʷʢʱʦ, 1K¸  ʪʦ K  ʥʝʪʨʠʚʽʘʣʴʥʠʡ ʬʘʢʪʦʨ N  ʽ ʘʣʛʦʨʠʪʤ ʥʘ ʮʴʦʤʫ ʟʘʢʽʥʯʫʻʪʴʩʷ; 

3) ʚ ʽʥʰʦʤʫ ʚʠʧʘʜʢʫ ʧʦʪʨʽʙʥʦ ʩʢʦʨʠʩʪʘʪʠʩʷ ʧʽʜʧʨʦʛʨʘʤʦʶ ʧʦʰʫʢʫ ʢʚʘʥʪʦʚʦʛʦ ʧʝʨʽʦʜʫ, ʱʦʙ ʟʥʘʡʪʠ 

r , ʱʦ ʧʦʟʥʘʯʘʻ ʧʝʨʽʦʜ ʥʘʩʪʫʧʥʦʾ ʬʫʥʢʮʽʾ; 

4) ʷʢʱʦ r  ʚʠʷʚʠʣʦʩʷ ʧʘʨʥʝ ʯʠʩʣʦ, ʪʦ ʧʝʨʝʡʪʠ ʜʦ ʧʫʥʢʪʫ 1; 

5) ʷʢʱʦ ʚʠʢʦʥʫʻʪʴʩʷ ʫʤʦʚʘ 
 

2   1
r

a modN=- , ʪʦ ʧʝʨʝʡʪʠ ʜʦ ʧʫʥʢʪʫ 1; 

6) ʚ ʽʥʰʦʤʫ ʚʠʧʘʜʢʫ ʦʙʠʜʚʘ 2 21,   1,  
r r

ʅʉɼ a N ʪʘʅʉɼ a N
å õ å õ
+ -æ ö æ ö

ç ÷ ç ÷
ʵ ʥʝʪʨʠʚʽʘʣʴʥʠʤʠ 

ʬʘʢʪʦʨʘʤʠ. 

 

 
ʈʠʩ. 1. ʂʚʘʥʪʦʚʘ ʧʽʜʧʨʦʛʨʘʤʘ ʚ ʘʣʛʦʨʠʪʤʽ ʐʦʨʘ 

 

ʂʚʘʥʪʦʚʘ ʧʽʜʛʦʪʦʚʢʘ ʚʢʣʶʯʘʻ ʩʪʚʦʨʝʥʥʷ ʩʫʧʝʨʧʦʟʠʮʽʾ ʢʚʘʥʪʦʚʠʭ ʩʪʘʥʽʚ, ʘ ʢʚʘʥʪʦʚʘ ʬʘʟʦʚʘ ʦʮʽʥʢʘ 

ʜʦʟʚʦʣʷʻ ʟʥʘʡʪʠ ʧʝʨʽʦʜʠʯʥʽʩʪʴ ʬʫʥʢʮʽʾ, ʱʦ ʚʠʟʥʘʯʘʻ ʬʘʢʪʦʨʠʟʘʮʽʶ ʯʠʩʣʘ. 

ʆʩʥʦʚʥʘ ʬʦʨʤʫʣʘ, ʷʢʘ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚ ʢʚʘʥʪʦʚʽʡ ʧʽʜʛʦʪʦʚʮʽ, ʮʝ ʬʦʨʤʫʣʘ ɻʘʜʘʤʘʨʜʘ. ɺʦʥʘ 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʧʝʨʝʪʚʦʨʝʥʥʷ ʙʘʟʠʩʥʠʭ ʢʚʘʥʪʦʚʠʭ ʩʪʘʥʽʚ (0  ʪʘ 1 ) ʫ ʨʽʚʥʦʚʘʛʫ ʩʫʧʝʨʧʦʟʠʮʽʡ: 

 1
0  ( 0  1)

2
H = + , (14) 

 1
1  ( 0  1)

2
H = - , (15) 

ʎʽ ʬʦʨʤʫʣʠ ʜʦʟʚʦʣʷʶʪʴ ʩʪʚʦʨʠʪʠ ʨʽʚʥʦʚʘʛʫ ʩʫʧʝʨʧʦʟʠʮʽʶ ʟ n  ʢʫʙʽʪʽʚ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ 

ʧʦʩʣʽʜʦʚʥʽʩʪʴ ɻʘʜʘʤʘʨʜʘ ʥʘ ʢʦʞʥʦʤʫ ʢʫʙʽʪʽ. 

ʋ ʢʚʘʥʪʦʚʽʡ ʬʘʟʦʚʽʡ ʦʮʽʥʮʽ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʢʚʘʥʪʦʚʠʡ ʘʣʛʦʨʠʪʤ ʟʚʦʨʦʪʥʦʛʦ ʜʠʩʢʨʝʪʥʦʛʦ 

ʧʝʨʝʪʚʦʨʝʥʥʷ ʌʫʨ'ʻ (QFT). ʌʦʨʤʫʣʘ QFT ʚʠʛʣʷʜʘʻ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ: 
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= ää  (16) 
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ʜʝ |ɣ  ï ʢʚʘʥʪʦʚʠʡ ʩʪʘʥ, 2ʪN=  ï ʢʽʣʴʢʽʩʪʴ ʤʦʞʣʠʚʠʭ ʩʪʘʥʽʚ, x  ʪʘ y  ï ʮʽʣʽ ʯʠʩʣʘ ʚ ʜʽʘʧʘʟʦʥʽ ʚʽʜ 0 ʜʦ 

1N-, ʘ
2

 
ixy

Ne
p

 ï ʢʦʤʧʣʝʢʩʥʝ ʯʠʩʣʦ, ʷʢʝ ʜʦʟʚʦʣʷʻ ʟʚ'ʷʟʘʪʠ ʢʚʘʥʪʦʚʽ ʩʪʘʥʠ | xy ʪʘ | yy . 

 

ʈʝʟʫʣʴʪʘʪʠ ʪʘ ʜʠʩʢʫʩʽʷ 

ɼʣʷ ʦʙʯʠʩʣʝʥʥʷ ʝʥʝʨʛʽʾ ʟʚ'ʷʟʢʫ ʜʣʷ ʛʘʤʽʣʴʪʦʥʽʘʥʽʚ ʅ1, ʅ2 ʪʘ ʅ3  ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ Estimator ʜʣʷ 

ʢʦʞʥʦʛʦ ʛʘʤʽʣʴʪʦʥʽʘʥʘ ʽʟ ʚʢʘʟʘʥʠʤ ʘʥʟʘʮʦʤ. ɿʽʪʢʥʫʚʰʠ ʦʜʠʥ ʛʝʥʝʨʘʪʦʨ ʚʠʧʘʜʢʦʚʠʭ ʯʠʩʝʣ, ʟʘ ʜʦʧʦʤʦʛʦʶ 

VQE ʽ SLSQP optimizer, ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚʢʘʟʘʥʽ ʘʥʟʘʮʠ ʽ ʛʘʤʽʣʴʪʦʥʽʘʥʠ ʜʣʷ ʦʙʯʠʩʣʝʥʥʷ ʤʽʥʽʤʘʣʴʥʦʾ 

ʚʣʘʩʥʦʾ ʝʥʝʨʛʽʾ ʽ ʙʽʥʜʫʶʯʦʾ ʝʥʝʨʛʽʾ ʜʣʷ ʅ1, ʅ2 ʪʘ ʅ3. 

 

 
ʈʠʩ. 2. ʆʙʯʠʩʣʝʥʥʷ ʝʥʝʨʛʽʾ ʟʚʷʟʢʫ 

 

ɻʨʘʬʽʢʠ ʨʝʟʫʣʴʪʘʪʽʚ, ʦʪʨʠʤʘʥʠʭ ʧʽʜ ʯʘʩ ʚʠʢʦʥʘʥʥʷ ʘʣʛʦʨʠʪʤʫ VQE ʟʦʙʨʘʞʝʥʽ ʥʘ ʨʠʩʫʥʢʫ 3. 

 

 
ʈʠʩ. 3. ɻʨʘʬʽʢʠ ʝʥʝʨʛʽʾ 
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ʂʨʠʧʪʦʚʘʣʶʪʠ, ʷʢ ʚʽʜʦʤʦ, ʥʝʩʪʘʙʽʣʴʥʽ, ʽ ʾʭ ʩʢʣʘʜʥʦ ʧʝʨʝʜʙʘʯʠʪʠ, ʦʜʥʘʢ ʧʝʨʝʜʙʘʯʝʥʥʷ ʾʭʥʴʦʾ 

ʚʘʨʪʦʩʪʽ ʻ ʚʝʣʠʢʠʤ ʬʽʥʘʥʩʦʚʠʤ ʩʪʠʤʫʣʦʤ. ʄʝʪʦʶ ʨʝʘʣʽʟʘʮʽʾ ʜʘʥʦʾ ʧʨʦʛʨʘʤʠ ʻ ʧʦʨʽʚʥʷʥʥʷ ʢʚʘʥʪʦʚʠʭ ʽ 

ʢʣʘʩʠʯʥʠʭ ʤʝʪʦʜʽʚ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʯʘʩʦʚʠʭ ʨʷʜʽʚ ʢʨʠʧʪʦʚʘʣʶʪʠ.  ʎʝ ʤʦʞʝ ʙʫʪʠ 

ʢʦʨʠʩʥʠʤ ʜʣʷ ʪʨʝʡʜʝʨʽʚ ʽ ʽʥʚʝʩʪʦʨʽʚ, ʷʢʽ ʭʦʯʫʪʴ ʧʨʠʡʤʘʪʠ ʦʙˇʨʫʥʪʦʚʘʥʽ ʨʽʰʝʥʥʷ ʱʦʜʦ ʢʫʧʽʚʣʽ, ʧʨʦʜʘʞʫ ʘʙʦ 

ʫʪʨʠʤʘʥʥʷ ʢʨʠʧʪʦʚʘʣʶʪ. 

ɺʠʢʦʨʠʩʪʘʥʽ ʜʘʥʽ ï ʮʝ ʮʽʥʘ ʢʨʠʧʪʦʚʘʣʶʪʠ Ethereum ʟʘ 2019ï2023 ʨʦʢʠ, ʚʢʣʶʯʘʶʯʠ ʚʽʜʢʨʠʪʪʷ, 

ʤʘʢʩʠʤʫʤ, ʤʽʥʽʤʫʤ, ʟʘʢʨʠʪʪʷ, ʩʢʦʨʠʛʦʚʘʥʝ ʟʘʢʨʠʪʪʷ ʪʘ ʦʙʩʷʛ ʟʘ ʢʦʞʝʥ ʜʝʥʴ. ʈʝʟʫʣʴʪʘʪʠ ʟʦʙʨʘʞʝʥʽ ʥʘ 

ʨʠʩʫʥʢʫ 4. 

 

 
ʈʠʩ. 4. ʇʦʨʽʚʥʷʥʥʷ ʚʩʽʭ ʨʝʟʫʣʴʪʘʪʽʚ 

  

ʊʘʢʦʞ ʙʫʣʘ ʩʪʚʦʨʝʥʘ ʧʨʦʛʨʘʤʥʘ ʨʝʘʣʽʟʘʮʽʷ, ʷʢʘ ʚʠʢʦʨʠʩʪʦʚʫʻ ʢʚʘʥʪʦʚʽ ʟʛʦʨʪʢʦʚʽ ʥʝʡʨʦʥʥʽ ʤʝʨʝʞʽ 

ʜʣʷ ʢʨʠʧʪʦʘʥʘʣʽʟʫ ʪʘ ʰʠʬʨʫʚʘʥʥʷ. ɺʦʥʠ ʻ ʧʦʪʫʞʥʠʤ ʽʥʩʪʨʫʤʝʥʪʦʤ, ʷʢʠʡ ʢʦʤʙʽʥʫʻ ʧʝʨʝʚʘʛʠ ʢʚʘʥʪʦʚʠʭ 

ʦʙʯʠʩʣʝʥʴ ʪʘ ʟʜʘʪʥʦʩʪʽ ʟʛʦʨʪʢʦʚʠʭ ʥʝʡʨʦʥʥʠʭ ʤʝʨʝʞ ʜʦ ʨʦʟʧʽʟʥʘʚʘʥʥʷ ʟʨʘʟʢʽʚ. ʈʝʘʣʽʟʘʮʽʷ ʧʨʦʛʨʘʤʥʦʛʦ 

ʧʨʦʜʫʢʪʫ ʚʽʜʙʫʚʘʣʘʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʦʚʠ ʧʨʦʛʨʘʤʫʚʘʥʥʷ Python. ɹʫʚ ʚʠʢʦʨʠʩʪʘʥʠʡ ʤʦʜʫʣʴ Qiskit ʚʽʜ IBM 

Quantum Experience ʜʣʷ ʨʦʟʨʦʙʢʠ ʢʚʘʥʪʦʚʦʾ ʩʭʝʤʠ, ʷʢʘ ʧʨʘʮʶʻ ʥʘ ʢʫʙʽʪʘʭ ʟʘʤʽʩʪʴ ʪʨʘʜʠʮʽʡʥʠʭ ʙʽʪʽʚ.  

ʈʦʟʨʦʙʣʝʥʘ ʧʨʦʛʨʘʤʥʘ ʨʝʘʣʽʟʘʮʽʷ ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʘ ʜʣʷ ʢʨʠʧʪʦʘʥʘʣʽʟʫ ʨʽʟʥʠʭ 

ʢʨʠʧʪʦʛʨʘʬʽʯʥʠʭ ʩʠʩʪʝʤ ʪʘ ʜʣʷ ʧʝʨʝʜʙʘʯʝʥʥʷ ʾʭ ʨʫʡʥʫʚʘʥʥʷ ʰʣʷʭʦʤ ʟʣʘʤʫ. 

ɼʣʷ ʰʠʬʨʫʚʘʥʥʷ ʚʚʝʜʝʥʦʛʦ ʪʝʢʩʪʫ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ RSA ʘʣʛʦʨʠʪʤ. ʉʫʪʴ ʘʣʛʦʨʠʪʤʫ ʧʦʣʷʛʘʻ ʚ 

ʛʝʥʝʨʘʮʽʾ ʜʚʦʭ ʢʣʶʯʽʚ: ʧʫʙʣʽʯʥʦʛʦ ʪʘ ʧʨʠʚʘʪʥʦʛʦ. ʇʫʙʣʽʯʥʠʡ ʢʣʶʯ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʰʠʬʨʫʚʘʥʥʷ ʜʘʥʠʭ, 

ʪʦʜʽ ʷʢ ʧʨʠʚʘʪʥʠʡ ʢʣʶʯ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʨʦʟʰʠʬʨʫʚʘʥʥʷ.  

ʇʨʦʮʝʩ RSA  ʨʦʟʰʠʬʨʦʚʢʠ ʨʝʘʣʽʟʦʚʫʻʪʴʩʷ ʬʫʥʢʮʽʻʶ decrypt, ʷʢʘ ʚʠʢʦʨʠʩʪʦʚʫʻ ʘʣʛʦʨʠʪʤ RSA ʜʣʷ 

ʨʦʟʰʠʬʨʫʚʘʥʥʷ ʟʘʰʠʬʨʦʚʘʥʦʛʦ ʧʦʚʽʜʦʤʣʝʥʥʷ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʘʢʝʪʘ ʢʣʶʯʽʚ. ʎʽ ʟʥʘʯʝʥʥʷ ʚʠʟʥʘʯʘʶʪʴ 

ʧʨʠʚʘʪʥʠʡ ʢʣʶʯ ʜʣʷ ʨʦʟʰʠʬʨʫʚʘʥʥʷ. ʈʝʟʫʣʴʪʘʪʠ ʜʘʥʦʛʦ ʧʨʦʮʝʩʫ ʟʦʙʨʘʞʝʥʽ ʥʘ ʨʠʩʫʥʢʫ 5. 
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ʈʠʩ. 5. ʈʝʟʫʣʴʪʘʪ ʨʦʙʦʪʠ ʧʨʦʛʨʘʤʠ 

 

ɺʠʩʥʦʚʢʠ 

ɿʘʩʪʦʩʫʚʘʥʥʷ ʢʚʘʥʪʦʚʠʭ ʟʛʦʨʪʢʦʚʠʭ ʥʝʡʨʦʥʥʠʭ ʤʝʨʝʞ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ ʙʽʣʴʰ ʪʦʯʥʽ ʧʨʦʛʥʦʟʠ ʚ 

ʧʦʨʽʚʥʷʥʥʽ ʟ ʢʣʘʩʠʯʥʠʤʠ ʤʦʜʝʣʷʤʠ, ʟʦʢʨʝʤʘ, ʚ ʦʙʣʘʩʪʷʭ, ʜʝ ʧʨʠʩʫʪʥʽ ʩʢʣʘʜʥʽ ʟʘʣʝʞʥʦʩʪʽ ʤʽʞ ʜʘʥʠʤʠ. 

ʇʨʦʛʨʘʤʥʘ ʨʝʘʣʽʟʘʮʽʷ ʧʦʢʘʟʘʣʘ ʩʚʦʶ ʝʬʝʢʪʠʚʥʽʩʪʴ ʚ ʧʨʦʛʥʦʟʫʚʘʥʥʽ ʮʽʥ ʢʨʠʧʪʦʚʘʣʶʪ, ʘ ʪʘʢʦʞ ʤʦʞʝ ʙʫʪʠ 

ʟʘʩʪʦʩʦʚʘʥʘ ʚ ʽʥʰʠʭ ʩʬʝʨʘʭ, ʜʝ ʚʘʞʣʠʚʦ ʪʦʯʥʝ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʥʘ ʦʩʥʦʚʽ ʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ ʜʘʥʠʭ. 

ɿʘʩʪʦʩʫʚʘʥʥʷ ʢʚʘʥʪʦʚʠʭ ʟʛʦʨʪʢʦʚʠʭ ʥʝʡʨʦʥʥʠʭ ʤʝʨʝʞ ʫ ʢʨʠʧʪʦʛʨʘʬʽʾ ʚʽʜʢʨʠʚʘʻ ʥʦʚʽ ʤʦʞʣʠʚʦʩʪʽ ʜʣʷ 

ʨʦʟʨʦʙʢʠ ʩʪʽʡʢʠʭ ʢʨʠʧʪʦʩʠʩʪʝʤ, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʚʠʩʦʢʠʡ ʨʽʚʝʥʴ ʟʘʭʠʩʪʫ ʚʽʜ ʘʪʘʢ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʢʚʘʥʪʦʚʠʭ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʘʣʛʦʨʠʪʤʽʚ. ʇʨʦʛʨʘʤʥʘ ʨʝʘʣʽʟʘʮʽʷ ʧʦʢʘʟʘʣʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʚ ʜʝʰʠʬʨʫʚʘʥʥʽ 

ʽʥʬʦʨʤʘʮʽʾ, ʜʝ ʢʚʘʥʪʦʚʽ ʟʛʦʨʪʢʦʚʽ ʥʝʡʨʦʥʥʽ ʤʝʨʝʞʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʨʦʟʰʠʬʨʫʚʘʥʥʷ ʜʘʥʠʭ. 

ʋ ʧʦʜʘʣʴʰʠʭ ʜʦʩʣʽʜʞʝʥʥʷʭ ʤʦʞʥʘ ʨʦʟʰʠʨʠʪʠ ʦʙʩʷʛ ʚʠʢʦʨʠʩʪʘʥʥʷ ʢʚʘʥʪʦʚʠʭ ʟʛʦʨʪʢʦʚʠʭ ʥʝʡʨʦʥʥʠʭ 

ʤʝʨʝʞ ʫ ʢʨʠʧʪʦʛʨʘʬʽʾ ʪʘ ʽʥʰʠʭ ʛʘʣʫʟʷʭ, ʜʝ ʚʠʤʦʛʠ ʜʦ ʙʝʟʧʝʢʠ ʪʘ ʪʦʯʥʦʩʪʽ ʻ ʢʨʠʪʠʯʥʠʤʠ. ʊʘʢʦʞ ʤʦʞʥʘ 

ʧʨʦʜʦʚʞʫʚʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʚ ʥʘʧʨʷʤʢʫ ʧʦʢʨʘʱʝʥʥʷ ʘʣʛʦʨʠʪʤʽʚ ʢʚʘʥʪʦʚʦʾ ʦʙʯʠʩʣʶʚʘʣʴʥʦʾ ʤʝʨʝʞʽ ʪʘ ʾʭʥʴʦʛʦ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʧʨʘʢʪʠʯʥʠʭ ʟʘʜʘʯʘʭ. 

ɺ ʟʘʛʘʣʴʥʦʤʫ ʨʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʘʣʠ, ʱʦ ʢʚʘʥʪʦʚʽ ʥʝʡʨʦʥʥʽ ʤʝʨʝʞʽ ʤʘʶʪʴ ʧʦʪʝʥʮʽʘʣ ʜʣʷ 

ʧʦʣʽʧʰʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʽ ʪʦʯʥʦʩʪʽ ʘʥʘʣʽʟʫ ʜʘʥʠʭ ʫ ʨʽʟʥʠʭ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʩʠʩʪʝʤʘʭ. ɺʦʥʠ ʤʦʞʫʪʴ 

ʟʘʙʝʟʧʝʯʠʪʠ ʰʚʠʜʢʫ ʦʙʨʦʙʢʫ ʚʝʣʠʢʦʛʦ ʦʙʩʷʛʫ ʜʘʥʠʭ, ʘ ʪʘʢʦʞ ʟʜʘʪʥʽ ʜʦ ʚʠʷʚʣʝʥʥʷ ʩʢʣʘʜʥʠʭ ʟʘʣʝʞʥʦʩʪʝʡ ʪʘ 

ʧʘʪʝʨʥʽʚ ʫ ʚʭʽʜʥʠʭ ʜʘʥʠʭ. 
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̨́̌̄̏̑̉̓̍̃ȟ ̏̚ ̟̝̃̉̋̏̑̉̒̓̏̃̔̓ ̨̖̩̓̆̎̏̌̏̄ ̨̖̑̏̈̐̏̅̌̆̎̉ ̒̉̒̓̆̍ ̓́ ̝̖̐́̑́̌̆̌̎̉ ̘̝̏̂̉̒̌̆̎Ȣ ˑ̠̌ ̩̐̑̏̄̑́̍̎̏ 
̨̨̗̩̑̆́̌̈́ ̏̂̑́̎̏ ̨̨̃̅̏̍ ́̌̄̏̑̉̓̍̉ ̝̐́̑́̌̆̌̎̏̄̏ ̙̃̉̅̋̏̄̏ ̠̒̏̑̓̔̃́̎̎ȡ ̨̐̏̒̌̅̏̃̎̆ ̙̃̉̅̋̆ ̠̒̏̑̓̔̃́̎̎Ƞ ̩̎́̃̎̆ 
̝̐́̑́̌̆̌̎̆ ̠̒̏̑̓̔̃́̎̎Ƞ ̨̏̐̓̉̍̈̏̃́̎̆ ̝̐́̑́̌̆̌̎̆ ̠̒̏̑̓̔̃́̎̎Ƞ ̝̐́̑́̌̆̌̎̏-̨̐̏̒̌̅̏̃̎̆ ̠̒̏̑̓̔̃́̎̎Ƞ ̨̙̄̐̆̑̃̉̅̋̆ 
̠̒̏̑̓̔̃́̎̎Ƞ ̝̐́̑́̌̆̌̎̆ ̙̃̉̅̋̆ ̠̒̏̑̓̔̃́̎̎ ̙̠̖̌̏̍ ̠̩̑̆̄̔̌̑̎̏ ̨̃̉̂̑̋̉Ȣ ˚́̅́̎̏ ̨̍́̓̆̑́̌ ̐̏ ̋̏̇̎̏̍̔ ́̌̄̏̑̉̓̍̔ 
̟̍̏̃̏ #ΥȢ ˔̑̏̂̌̆̎̏ ̨̠̠̐̏̑̃̎̎̎ ̨̙̩̃̉̅̋̏̅ ̠̖̑̏̈̄̌̎̔̓̉ ̝̖̐́̑́̌̆̌̎̉ ̨́̌̄̏̑̉̓̍̃ ̠̒̏̑̓̔̃́̎̎Ȣ ˙̨̝̏̇̌̉̃̒̓ 
̨̠̠̐̏̑̃̎̎̎ ̨̆̆̋̓̉̃̎̏̒̓̕ ̨́̌̄̏̑̉̓̍̃ ̤ ̨̗̟̋́̃̏ ̓́ ̨̝̟̐̈̎́̃́̌̎̏ ̃  ̘̔̂̏̃̏̍̔ ̨̗̐̑̏̆̒ ̨̐̅̄̏̓̏̃̋̉ ˴˟-̨̨̨̗̒̐̆́̌̒̓̃Ȣ 
˜̑̏̄̑́̍̎́ ̨̨̗̠̑̆́̌̈́ ̨̠̅̏̒̌̅̇̆̎̎ ̨́̌̄̏̑̉̓̍̃ ̠̒̏̑̓̔̃́̎̎ ̤̝̠̃̉̋̏̎̔̓̒ ̃ ̨̓̆̑́̓̉̃̎̏̍̔ ̨̑̆̇̉̍ ̈́ ̨̝̋̌̋́ ̨̋̑̏̋̃ȡ 
̈́̃́̎̓́̇̉̓̉ ̐̑̏̄̑́̍̔Ƞ ̔ ̨̃̅̋̑̉̓̏̍̔ ̝̋̏̎̒̏̌̎̏̍̔ ̨̨̃̋̎ ̃̃̆̒̓̉ ̂́̇́̎̔ ̅̏̃̇̉̎̔ ̍́̒̉̃̔ ̠̒̏̑̓̔̃́̎̎Ƞ ̃̃̆̒̓̉ 
̨̨̝̍̎̍́̌̎̆ ̘̠̈̎́̆̎̎ ̆̌̆̍̆̎̓́ ̍́̒̉̃̔Ƞ ̃̃̆̒̓̉ ̝̍́̋̒̉̍́̌̎̆ ̘̠̈̎́̆̎̎ ̆̌̆̍̆̎̓́ ̍́̒̉̃̔ȡ ̨̈ ̒̐̉̒̋̔ ̖̅̏̒̓̔̐̎̉ 
̨́̌̄̏̑̉̓̍̃ ̠̒̏̑̓̔̃́̎̎ ̏̂̑́̓̉ ̂́̇́̎̉̊Ƞ ̨̠̐̒̌ ̃̉̂̏̑̔ ́̌̄̏̑̉̓̍̔ ̠̒̏̑̓̔̃́̎̎ ̨̤̝̠̃̅̂̔̃́̓̒ ̠̒̏̑̓̔̃́̎̎ ̍́̒̉̃̔ȟ 
̝̠̃̉̃̏̅̉̓̒ ̘́̒ ̠̒̏̑̓̔̃́̎̎ ̓́ ̨̃̅̒̏̑̓̏̃́̎̉̊ ̍́̒̉̃Ȣ ˠ ̨̝̑̆̈̔̌̓́̓  ̨̝̅̏̒̌̅̇̆̎ ̈ȭ̠̒̏̃́̎̏ȟ ̏̚ ̠̅̌ ̨̖̓̆̎̏̌̏̄̊ȟ 
̐̏̃ȭ̠̖̈́̎̉ ̈ #Υȟ  ̎́̊̋̑́̉̍̚ ̨̈ ̠̖̑̏̈̄̌̎̔̓̉ ̨́̌̄̏̑̉̓̍̃ ̤ ̨̙̄̐̆̑̃̉̅̋̆ ̠̒̏̑̓̔̃́̎̎ȟ  ́ ̠̐̑̉̊̎̓̎̉̍̉ - ̨̏̐̓̉̍̈̏̃́̎̆ 
̝̐́̑́̌̆̌̎̆ ̠̒̏̑̓̔̃́̎̎ ́̂̏ ̩̎́̃̎̆ ̝̐́̑́̌̆̌̎̆ ̠̒̏̑̓̔̃́̎̎Ȣ 

˗̨̟̘̌̏̃  ̒ ̌̏̃́ȡ ̐̑̏̄̑́̍́ȟ ́̌̄̏̑̉̓̍ȟ ̠̒̏̑̓̔̃́̎̎ȟ ̝̐́̑́̌̆̌̎̆ ̠̒̏̑̓̔̃́̎̎ȟ ̨̝̐́̑́̌̆̌̎ ̘̠̏̂̉̒̌̆̎̎Ȣ 

 
DENYSIUK VALERII  

Vinnytsia National Technical University, Vinnytsia, Ukraine 

POTAPOVA NADIIA 
Vasylô Stus Donetsk National University, Vinnytsia, Ukraine 

ZELINSKA OKSANA 
Vasylô Stus Donetsk National University, Vinnytsia, Ukraine 

TARASIUK MYKOLA  
Vinnytsia National Technical University, Vinnytsia, Ukraine 

 

SOFTWARE IMPLEMENTATION AND RESEARCH OF QUICK SORTING ALGORITHMS  
 

The article is devoted to software implementation and research of parallel quick sorting algorithms. Namely for the case when it 
is not possible to use the assets of OpenMP or CUDA technologies, which are oriented towards C++. An original program has been developed 
that implements parallel sorting algorithms in the form of a console application using the C#. The development of distributed systems and 
parallel computing affects the development of algorithms using parallel technologies. There is a need to compare the efficiency of algorithms 
using technologies of distributed systems and parallel computing. Well-known parallel quick sorting algorithms were selected for software 
implementation: sequential quick sorting; naive parallel quick sorting; optimized parallel quick sorting; parallel-serial sorting; hyperquick 
sorting; parallel quicksort by regular sampling. Material on each algorithm in C# is provided. A comparison of the speed of the considered 
parallel sorting algorithms was made. The possibility of comparing the efficiency of algorithms is interesting and informative in the 
educational process of training IT specialists. The software implementation of the research of quick sorting algorithms is performed in an 
iterative mode in a few steps: download the program; in the open console window, enter the desired length of the sorting array for 
generation; enter the minimum value of the array element; enter the maximum value of the array element: choose the desired one from the 
list of available sorting algorithms (enter the serial number from the list of algorithms from 1 to 6); after selecting the sorting algorithm, the 
array is sorted, then the sorting time in milliseconds (ms) is displayed. and a sorted array. As a result of the research, it was found that for 
technologies related to C#, the best of the considered algorithms is hyperfast sort, and optimized parallel sort or naive parallel sort are 
acceptable. 
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ɼʣʷ ʩʪʨʫʢʪʫʨʠʟʘʮʽʾ ʪʘ ʚʧʦʨʷʜʢʫʚʘʥʥʷ ʨʽʟʥʦʤʘʥʽʪʥʠʭ ʤʘʩʠʚʽʚ ʜʘʥʠʭ ʽ ʜʣʷ ʾʭ ʧʦʜʘʥʥʷ ʫ ʧʝʚʥʦʤʫ 

ʚʠʛʣʷʜʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʘʣʛʦʨʠʪʤʠ ʩʦʨʪʫʚʘʥʥʷ. ɼʣʷ ʩʦʨʪʫʚʘʥʥʷ ʜʘʥʠʭ ʙʫʣʦ ʨʦʟʨʦʙʣʝʥʦ ʙʝʟʣʽʯ ʘʣʛʦʨʠʪʤʽʚ, 

ʱʦ ʤʘʶʪʴ ʷʢ ʩʚʦʾ ʧʝʨʝʚʘʛʠ, ʪʘʢ ʽ ʥʝʜʦʣʽʢʠ [1, 2]. ɿ ʨʦʟʚʠʪʢʦʤ ʨʦʟʧʦʜʽʣʝʥʠʭ ʩʠʩʪʝʤ ʪʘ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ 

ʨʦʟʚʠʚʘʶʪʴʩʷ ʽ ʘʣʛʦʨʠʪʤʠ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʜʘʥʠʭ ʪʝʭʥʦʣʦʛʽʡ [3]. ʊʘʢʠʡ ʧʽʜʭʽʜ ʚʜʦʩʢʦʥʘʣʶʻ ʪʘ ʧʽʜʚʠʱʫʻ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʩʘʤʠʭ ʘʣʛʦʨʠʪʤʽʚ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʘʨʘʣʝʣʴʥʠʭ ʪʝʭʥʦʣʦʛʽʡ. ɺʠʥʠʢʘʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʧʦʨʽʚʥʷʥʥʷ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʘʣʛʦʨʠʪʤʽʚ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʪʝʭʥʦʣʦʛʽʾ ʨʦʟʧʦʜʽʣʝʥʠʭ ʩʠʩʪʝʤ ʪʘ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ. 

ʊʘʢʦʞ ʤʦʞʣʠʚʽʩʪʴ ʧʦʨʽʚʥʷʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʘʣʛʦʨʠʪʤʽʚ ʻ ʮʽʢʘʚʦʶ ʪʘ ʧʽʟʥʘʚʘʣʴʥʦʶ ʚ  ʫʯʙʦʚʦʤʫ ʧʨʦʮʝʩʽ 

ʧʽʜʛʦʪʦʚʢʠ ɯʊ-ʩʧʝʮʽʘʣʽʩʪʽʚ. ɺʩʝ ʮʝ ʧʦʩʪʘʚʠʣʦ ʟʘʜʘʯʫ ʨʦʟʨʦʙʢʠ ʧʨʦʛʨʘʤʠ, ʷʢʘ ʨʝʘʣʽʟʫʶʻ ʧʘʨʘʣʝʣʴʥʽ ʘʣʛʦʨʠʪʤʠ 

ʩʦʨʪʫʚʘʥʥʷ ʫ ʚʠʛʣʷʜʽ ʢʦʥʩʦʣʴʥʦʛʦ ʜʦʜʘʪʢʫ ʟʘʩʦʙʘʤʠ ʤʦʚʠ ʉ# [4, 5] ʜʣʷ ʚʠʧʘʜʢʽʚ, ʢʦʣʠ ʥʝʤʘʻ ʤʦʞʣʠʚʦʩʪʽ 

ʩʢʦʨʠʩʪʘʪʠʩʷ ʥʘʜʙʘʥʥʷʤʠ ʪʝʭʥʦʣʦʛʽʡ OpenMP ʘʙʦ CUDA ʦʨʽʻʥʪʦʚʘʥʠʭ ʥʘ C++ [6, 7]. 

ɸʥʘʣʽʟ ʦʩʪʘʥʥʽʭ ʜʦʩʣʽʜʞʝʥʴ 

ɯʩʥʫʻ ʧʦʨʽʚʥʷʥʥʷ ʘʣʛʦʨʠʪʤʽʚ ʩʦʨʪʫʚʘʥʥʷ ʜʣʷ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ [3]: ʧʦʩʣʽʜʦʚʥʝ ʰʚʠʜʢʝ 

ʩʦʨʪʫʚʘʥʥʷ; ʥʘʾʚʥʝ ʧʘʨʘʣʝʣʴʥʝ ʩʦʨʪʫʚʘʥʥʷ; ʦʧʪʠʤʽʟʦʚʘʥʝ ʧʘʨʘʣʝʣʴʥʝ ʩʦʨʪʫʚʘʥʥʷ; ʧʘʨʘʣʝʣʴʥʦ-ʧʦʩʣʽʜʦʚʥʝ 

ʩʦʨʪʫʚʘʥʥʷ; ʛʽʧʝʨʰʚʠʜʢʝ ʩʦʨʪʫʚʘʥʥʷ; ʧʘʨʘʣʝʣʴʥʝ ʰʚʠʜʢʝ ʩʦʨʪʫʚʘʥʥʷ ʰʣʷʭʦʤ ʨʝʛʫʣʷʨʥʦʾ ʚʠʙʽʨʢʠ. 

ʅʘʡʝʬʝʢʪʠʚʥʽʰʠʤ ʽʟ ʨʦʟʛʣʷʥʫʪʠʭ ʥʘʟʚʘʥʦ ʘʣʛʦʨʠʪʤ ʧʘʨʘʣʝʣʴʥʦʛʦ ʰʚʠʜʢʦʛʦ ʩʦʨʪʫʚʘʥʥʷ ʰʣʷʭʦʤ ʨʝʛʫʣʷʨʥʦʾ 

ʚʠʙʽʨʢʠ. 

ʌʦʨʤʫʣʶʚʘʥʥʷ ʮʽʣʝʡ 

ɼʣʷ ʪʝʩʪʫʚʘʥʥʷ ʚʠʱʝʥʘʟʚʘʥʠʭ ʘʣʛʦʨʠʪʤʽʚ ʥʝʦʙʭʽʜʥʦ ʩʪʚʦʨʠʪʠ ʧʨʦʛʨʘʤʫ, ʷʢʘ ʨʝʘʣʽʟʫʻ ʧʘʨʘʣʝʣʴʥʽ 

ʘʣʛʦʨʠʪʤʠ ʩʦʨʪʫʚʘʥʥʷ ʪʘ ʤʘʪʠʤʝ ʥʘʩʪʫʧʥʽ ʤʦʞʣʠʚʦʩʪʽ: ʛʝʥʝʨʫʚʘʥʥʷ ʤʘʩʠʚʫ ʟ ʚʠʧʘʜʢʦʚʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʟʘ 

ʨʦʟʤʽʨʦʤ ʟʘʜʘʥʠʤ ʢʦʨʠʩʪʫʚʘʯʝʤ; ʩʦʨʪʫʚʘʥʥʷ ʚʠʧʘʜʢʦʚʦ ʟʛʝʥʝʨʦʚʘʥʦʛʦ ʤʘʩʠʚʫ ʜʘʥʠʭ ʟʘ ʜʦʧʦʤʦʛʦʶ ʦʙʨʘʥʠʭ 

ʘʣʛʦʨʠʪʤʽʚ; ʚʠʤʽʨʶʚʘʥʥʷ ʯʘʩʫ ʚʠʪʨʘʯʝʥʦʛʦ ʥʘ ʩʦʨʪʫʚʘʥʥʷ ʤʘʩʠʚʫ ʟ N ʝʣʝʤʝʥʪʽʚ. ʆʙʨʘʥʽ ʘʣʛʦʨʠʪʤʠ: 

ʧʦʩʣʽʜʦʚʥʝ ʰʚʠʜʢʝ ʩʦʨʪʫʚʘʥʥʷ; ʥʘʾʚʥʝ ʧʘʨʘʣʝʣʴʥʝ ʩʦʨʪʫʚʘʥʥʷ; ʦʧʪʠʤʽʟʦʚʘʥʝ ʧʘʨʘʣʝʣʴʥʝ ʩʦʨʪʫʚʘʥʥʷ; 

ʧʘʨʘʣʝʣʴʥʦ-ʧʦʩʣʽʜʦʚʥʝ ʩʦʨʪʫʚʘʥʥʷ; ʛʽʧʝʨʰʚʠʜʢʝ ʩʦʨʪʫʚʘʥʥʷ; ʧʘʨʘʣʝʣʴʥʝ ʰʚʠʜʢʝ ʩʦʨʪʫʚʘʥʥʷ ʰʣʷʭʦʤ 

ʨʝʛʫʣʷʨʥʦʾ ʚʠʙʽʨʢʠ. ʇʨʘʢʪʠʯʥʘ ʧʨʦʛʨʘʤʥʘ ʨʝʘʣʽʟʘʮʽʷ ʥʘʟʚʘʥʠʭ ʘʣʛʦʨʠʪʤʽʚ ʥʘ C# ʜʦʟʚʦʣʠʪʴ ʧʦʨʽʚʥʷʪʠ ʾʭ 

ʩʢʣʘʜʥʽʩʪʴ ʪʘ ʰʚʠʜʢʦʜʽʶ. 

ɺʠʢʣʘʜ ʦʩʥʦʚʥʦʛʦ ʤʘʪʝʨʽʘʣʫ 

ʈʦʟʛʣʷʥʝʤʦ ʦʩʦʙʣʠʚʦʩʪʽ ʦʙʨʘʥʠʭ ʘʣʛʦʨʠʪʤʽʚ [3] ʪʘ ʾʭ ʨʝʘʣʽʟʘʮʽʶ ʟʘʩʦʙʘʤʠ C# [4, 5].  

ɸʣʛʦʨʠʪʤ ʧʦʩʣʽʜʦʚʥʦʛʦ ʰʚʠʜʢʦʛʦ ʩʦʨʪʫʚʘʥʥʷ. 

1. ɿʥʘʡʪʠ ʚʠʧʘʜʢʦʚʠʡ ʦʧʦʨʥʠʡ ʝʣʝʤʝʥʪ p= list[i]. 

2. ʈʦʟʙʠʪʠ ʩʧʠʩʦʢ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʦʧʦʨʥʦʛʦ ʝʣʝʤʝʥʪʫ, ʝʣʝʤʝʥʪʠ, ʤʝʥʰʽ ʟʘ ʦʧʦʨʥʠʡ, ʨʦʟʪʘʰʫʚʘʪʠ ʣʽʚʦʨʫʯ ʚʽʜ 

ʦʧʦʨʥʦʛʦ ʝʣʝʤʝʥʪʫ, ʝʣʝʤʝʥʪʠ, ʙʽʣʴʰʽ ʟʘ ʦʧʦʨʥʠʡ - ʧʨʘʚʦʨʫʯ ʚʽʜ ʦʧʦʨʥʦʛʦ ʝʣʝʤʝʥʪʫ, ʘ ʝʣʝʤʝʥʪʠ, ʱʦ 

ʜʦʨʽʚʥʶʶʪʴ ʦʧʦʨʥʦʤʫ ʝʣʝʤʝʥʪʫ, ʧʦʩʝʨʝʜʠʥʽ. <p = p> ʨ ;ʚʠʢʦʥʘʪʠ ʥʘʩʪʫʧʥʽ ʢʨʦʢʠ: ʽʥʽʮʽʘʣʽʟʫʚʘʪʠ i ʜʣʷ 

ʧʝʨʰʦʛʦ ʝʣʝʤʝʥʪʘ ʚ ʩʧʠʩʢʫ, ʘ j ʜʣʷ ʦʩʪʘʥʥʴʦʛʦ ʝʣʝʤʝʥʪʘ; ʟʙʽʣʴʰʫʚʘʪʠ i ʜʦ ʪʠʭ ʧʽʨ, ʜʦʢʠ list[i] ʥʝ ʩʪʘʥʝ 

ʦʧʦʨʥʠʤ ʝʣʝʤʝʥʪʦʤ; ʟʤʝʥʰʫʚʘʪʠ j ʜʦ ʪʠʭ ʧʽʨ, ʜʦʢʠ list[j] ʥʝ ʩʪʘʥʝ ʦʧʦʨʥʠʤ ʝʣʝʤʝʥʪʦʤ; ʧʦʚʪʦʨʶʚʘʪʠ 

ʦʧʠʩʘʥʽ ʚʠʱʝ ʢʨʦʢʠ, ʜʦʢʠ i > j; ʟʘʤʽʥʠʪʠ ʦʧʦʨʥʠʡ ʝʣʝʤʝʥʪ ʥʘ list[j] 

3. ʈʝʢʫʨʩʠʚʥʦ ʚʠʢʦʥʘʪʠ ʧʦʧʝʨʝʜʥʽ ʢʨʦʢʠ. 

4. ʂʦʣʠ ʨʦʟʤʽʨ ʩʧʠʩʢʫ ʜʦʨʽʚʥʶʻ 1, ʚʽʥ ʟʘʚʝʨʰʫʻʪʴʩʷ. ʎʝ ʜʽʻ ʷʢ ʙʘʟʦʚʠʡ ʚʠʧʘʜʦʢ. ʅʘ ʮʴʦʤʫ ʝʪʘʧʽ ʨʦʟʜʽʣʠ 

ʚʽʜʩʦʨʪʦʚʘʥʽ, ʪʦʤʫ ʚʦʥʠ ʦʙôʻʜʥʫʶʪʴʩʷ, ʫʪʚʦʨʶʶʯʠ ʧʦʚʥʠʡ ʚʽʜʩʦʨʪʦʚʘʥʠʡ ʩʧʠʩʦʢ. 

ɸʣʛʦʨʠʪʤ ʧʦʩʣʽʜʦʚʥʦʛʦ ʰʚʠʜʢʦʛʦ ʩʦʨʪʫʚʘʥʥʷ ʧʨʘʮʶʻ ʢʨʦʢ ʟʘ ʢʨʦʢʦʤ. ʇʝʨʰ ʥʽʞ ʧʦʯʘʪʠ ʥʘʩʪʫʧʥʠʡ, 

ʧʦʪʨʽʙʥʦ ʟʘʢʽʥʯʠʪʠ ʧʦʧʝʨʝʜʥʽʡ ʢʨʦʢ. ʁʦʛʦ ʯʘʩʦʚʘ ʩʢʣʘʜʥʽʩʪʴ ʫ ʩʝʨʝʜʥʴʦʤʫ ʩʪʘʥʦʚʠʪʴ O(nlogn), ʧʨʦʩʪʦʨʦʚʘ 

ʩʢʣʘʜʥʽʩʪʴ ʩʪʘʥʦʚʠʪʴ O(logn). ʅʘ ʨʠʩ.1 ʥʘʜʘʥʦ ʣʽʩʪʠʥʛ ʢʣʘʩʫ SequentialQuickSort. 

ɸʣʛʦʨʠʪʤ ʥʘʾʚʥʦʛʦ ʧʘʨʘʣʝʣʴʥʦʛʦ ʩʦʨʪʫʚʘʥʥʷ (ʟʘʧʫʩʢʘʻ ʧʨʦʮʝʩ ʥʘ ʢʦʞʥʦʤʫ ʢʨʦʮʽ ʜʣʷ ʦʜʥʦʯʘʩʥʦʾ 

ʦʙʨʦʙʢʠ ʯʘʩʪʠʥ). 

1. ɿʥʘʡʪʠ ʦʧʦʨʥʠʡ ʝʣʝʤʝʥʪ ʪʘ ʨʦʟʜʽʣʠʪʠ ʩʧʠʩʦʢ ʥʘ ʜʚʽ ʯʘʩʪʠʥʠ, p < =p > p. 

2. ʅʘ ʢʦʞʥʦʤʫ ʢʨʦʮʽ ʟʘʧʫʩʢʘʪʠ p ʧʨʦʮʝʩʽʚ, ʧʨʦʧʦʨʮʽʡʥʠʭ n ʨʦʟʜʽʣʘʤ. 

3. ʂʦʞʝʥ ʧʨʦʮʝʩ ʟʥʘʭʦʜʠʪʴ ʦʧʦʨʥʠʡ ʝʣʝʤʝʥʪ ʽ ʜʽʣʠʪʴ ʩʧʠʩʦʢ ʥʘ ʦʩʥʦʚʽ ʦʙʨʘʥʦʛʦ ʦʧʦʨʥʦʛʦ ʝʣʝʤʝʥʪʘ. 

4. ɿʥʘʯʝʥʥʷ ʧʨʦʮʝʩʽʚ ʦʙôʻʜʥʫʶʪʴʩʷ, ʧʦʚʝʨʪʘʻʪʴʩʷ ʚʽʜʩʦʨʪʦʚʘʥʠʡ ʩʧʠʩʦʢ. 

ɺ ʘʣʛʦʨʠʪʤʽ ʥʘʾʚʥʦʛʦ ʧʘʨʘʣʝʣʴʥʦʛʦ ʩʦʨʪʫʚʘʥʥʷ  ʯʘʩ ʜʣʷ ʚʠʙʦʨʫ ʦʧʦʨʥʦʾ ʪʦʯʢʠ ʪʘ ʧʝʨʝʚʧʦʨʷʜʢʫʚʘʥʥʷ 

ʩʧʠʩʢʫ ʩʪʘʥʦʚʠʪʴ ɗ(n); ʥʘ ʢʦʞʥʦʤʫ ʢʨʦʮʽ ʧʨʘʮʶʶʪʴ n ʧʨʦʮʝʩʽʚ; ʟʘʛʘʣʴʥʘ ʯʘʩʦʚʘ ʩʢʣʘʜʥʽʩʪʴ ʩʪʘʥʦʚʠʪʴ 
2( )ɗ n. 

ʅʘ ʨʠʩ.2 ʥʘʜʘʥʦ ʣʽʩʪʠʥʛ ʢʣʘʩʫ NaiveParallelQuickSort. 

ɸʣʛʦʨʠʪʤ ʦʧʪʠʤʽʟʦʚʘʥʦʛʦ ʧʘʨʘʣʝʣʴʥʦʛʦ ʩʦʨʪʫʚʘʥʥʷ (ʫ ʘʣʛʦʨʠʪʤʽ ʟʤʽʥʶʻʪʴʩʷ ʢʽʣʴʢʽʩʪʴ ʧʨʦʮʝʩʽʚ, 

ʷʢʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʥʘ ʢʦʞʥʦʤʫ ʢʨʦʮʽ. ʟʘʤʽʩʪʴ ʧʦʜʚʦʻʥʥʷ ʢʽʣʴʢʦʩʪʽ ʧʨʦʮʝʩʽʚ ʥʘ ʢʦʞʥʦʤʫ ʢʨʦʮʽ; 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ n ʧʨʦʮʝʩʽʚ ʫ ʚʩʴʦʤʫ ʘʣʛʦʨʠʪʤʽ ʜʣʷ ʧʦʰʫʢʫ ʦʧʦʨʥʦʛʦ ʝʣʝʤʝʥʪʘ ʪʘ ʟʤʽʥʠ ʧʦʨʷʜʢʫ ʚ ʩʧʠʩʢʫ; 

ʫʩʽ ʧʨʦʮʝʩʠ ʚʠʢʦʥʫʶʪʴʩʷ ʦʜʥʦʯʘʩʥʦ ʥʘ ʢʦʞʥʦʤʫ ʢʨʦʮʽ ʩʦʨʪʫʚʘʥʥʷ ʩʧʠʩʢʽʚ). 

1. ɿʘʧʫʩʪʠʪʠ n ʧʨʦʮʝʩʽʚ, ʷʢʽ ʨʦʟʜʽʣʷʪʴ ʩʧʠʩʦʢ ʽ ʚʽʜʩʦʨʪʫʶʪʴ ʡʦʛʦ ʟʘ ʜʦʧʦʤʦʛʦʶ ʦʙʨʘʥʦʛʦ ʦʧʦʨʥʦʛʦ 

ʝʣʝʤʝʥʪʘ. 

2. n ʧʨʦʮʝʩʽʚ ʦʙʨʦʙʣʷʶʪʴʩʷ ʥʘ ʚʩʽʭ ʯʘʩʪʠʥʘʭ ʚʽʜ ʧʦʯʘʪʢʫ ʘʣʛʦʨʠʪʤʫ ʜʦ ʢʽʥʮʷ ʩʦʨʪʫʚʘʥʥʷ ʩʧʠʩʢʫ. 

3. ʂʦʞʝʥ ʧʨʦʮʝʩ ʟʥʘʭʦʜʠʪʴ ʦʧʦʨʥʠʡ ʝʣʝʤʝʥʪ ʽ ʨʦʟʜʽʣʷʻ ʩʧʠʩʦʢ ʥʘ ʦʩʥʦʚʽ ʦʙʨʘʥʦʛʦ ʝʣʝʤʝʥʪʫ. 

4. ɺʽʜʩʦʨʪʦʚʘʥʠʡ ʩʧʠʩʦʢ ʦʪʨʠʤʫʻʤʦ ʦʙôʻʜʥʘʥʥʷʤ ʩʧʠʩʢʽʚ  ʧʨʦʮʝʩʽʚ. 

ʅʘ ʢʦʞʥʦʤʫ ʢʨʦʮʽ n ʧʨʦʮʝʩʽʚ ʦʙʨʦʙʣʷʻ log(n) ʩʧʠʩʢʽʚ ʟʘ ʧʦʩʪʽʡʥʠʡ ʯʘʩ O(1). ʏʘʩ ʧʘʨʘʣʝʣʴʥʦʛʦ 

ʚʠʢʦʥʘʥʥʷ ʥʘ n ʧʨʦʮʝʩʘʭ ʜʦʨʽʚʥʶʻ O(logn). ɿʘʛʘʣʴʥʘ ʯʘʩʦʚʘ ʩʢʣʘʜʥʽʩʪʴ ʩʪʘʥʦʚʠʪʴ ɗ(nlogn) , ʚʦʥʘ ʥʝ 

ʟʤʽʥʠʣʘʩʷ ʧʦʨʽʚʥʷʥʦ ʟ ʘʣʛʦʨʠʪʤʦʤ ʧʦʩʣʽʜʦʚʥʦʛʦ ʰʚʠʜʢʦʛʦ ʩʦʨʪʫʚʘʥʥʷ, ʘʣʝ ʦʧʪʠʤʽʟʦʚʘʥʝ ʧʘʨʘʣʝʣʴʥʝ 
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ʩʦʨʪʫʚʘʥʥʷ ʚʠʢʦʥʫʻʪʴʩʷ ʥʘ ʧʘʨʘʣʝʣʴʥʠʭ ʧʨʦʮʝʩʦʨʘʭ, ʦʪʞʝ, ʙʫʜʝ ʚʠʢʦʥʫʚʘʪʠʩʷ ʥʘʙʘʛʘʪʦ ʰʚʠʜʰʝ ʜʣʷ ʙʽʣʴʰʠʭ 

n. ʉʢʣʘʜʥʽʩʪʴ ʧʨʦʩʪʦʨʫ ʜʦʨʽʚʥʶʻ O(logn). ʅʘ ʨʠʩ.3 ʥʘʜʘʥʦ ʣʽʩʪʠʥʛ ʢʣʘʩʫ OptimizedParallelQuickSort. 

ɸʣʛʦʨʠʪʤ ʧʘʨʘʣʝʣʴʥʦ-ʧʦʩʣʽʜʦʚʥʦʛʦ ʩʦʨʪʫʚʘʥʥʷ (ʧʦʯʘʪʢʦʚʠʡ ʩʧʠʩʦʢ ʜʽʣʠʪʴʩʷ ʥʘ n ʤʝʥʰʠʭ 

ʧʽʜʩʧʠʩʢʽʚ, ʷʢʽ ʷʚʥʦ ʥʘʜʩʠʣʘʶʪʴʩʷ ʥʘ p ʚʽʜʜʘʣʝʥʠʭ ʧʨʦʮʝʩʦʨʽʚ ʜʣʷ ʧʘʨʘʣʝʣʴʥʦʛʦ ʚʠʢʦʥʘʥʥʷ, ʧʽʩʣʷ 

ʟʘʚʝʨʰʝʥʥʷ ʚʠʢʦʥʘʥʥʷ ʥʘ ʨʦʟʧʦʜʽʣʝʥʦʤʫ ʧʨʦʮʝʩʦʨʽ ʚʽʜʩʦʨʪʦʚʘʥʠʡ ʧʽʜʩʧʠʩʦʢ ʥʘʜʩʠʣʘʻʪʴʩʷ ʥʘʟʘʜ ʜʦ 

ʮʝʥʪʨʘʣʴʥʦʛʦ ʚʫʟʣʘ ʦʙʨʦʙʢʠ, ʷʢʠʡ ʦʙôʻʜʥʫʻ ʨʝʟʫʣʴʪʘʪʠ ʧʨʦʮʝʩʽʚ, ʩʪʚʦʨʶʶʯʠ ʧʦʚʥʽʩʪʶ ʚʽʜʩʦʨʪʦʚʘʥʠʡ 

ʩʧʠʩʦʢ). 

 

 
ʈʠʩ.1. ʂʣʘʩ SequentialQuickSort 

 

1. ʈʦʟʜʽʣʠʪʠ ʩʧʠʩʦʢ ʨʦʟʤʽʨʦʤ n, ʱʦʙ ʩʪʚʦʨʠʪʠ ʢʽʣʴʢʽʩʪʴ ʧʽʜʩʧʠʩʢʽʚ, ʩʫʤʽʩʥʠʭ ʽʟ ʢʽʣʴʢʽʩʪʶ ʜʦʩʪʫʧʥʠʭ 

ʧʨʦʮʝʩʦʨʽʚ p. 

2. ʉʪʚʦʨʠʪʠ p ʧʦʪʦʢʽʚ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʢʽʣʴʢʦʩʪʽ ʜʦʩʪʫʧʥʠʭ ʧʨʦʮʝʩʦʨʽʚ. 

3. ʇʨʠʟʥʘʯʠʪʠ ʧʽʜʩʧʠʩʦʢ ʢʦʞʥʦʤʫ ʽʟ p ʧʦʪʦʢʽʚ, ʘʙʠ ʢʦʞʥʠʡ ʧʦʪʽʢ ʤʘʚ n/p ʧʦʩʣʽʜʦʚʥʠʭ ʝʣʝʤʝʥʪʽʚ ʽʟ 
ʚʠʭʽʜʥʦʛʦ ʩʧʠʩʢʫ. 
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ʈʠʩ.2. ʂʣʘʩ NaiveParallelQuickSort. 

 

4. ɼʦʚʽʣʴʥʠʤ ʯʠʥʦʤ ʦʙʨʘʪʠ ʦʩʥʦʚʥʠʡ ʝʣʝʤʝʥʪ ʪʘ ʧʝʨʝʜʘʪʠ ʡʦʛʦ ʫʩʽʤ ʧʨʦʮʝʩʘʤ-ʧʘʨʪʥʝʨʘʤ. 

5. ʋ ʢʦʞʥʦʤʫ ʧʨʦʮʝʩʽ, ʦʜʥʦʯʘʩʥʦ (ʧʘʨʘʣʝʣʴʥʦ) ʚ ʫʩʽʭ ʧʨʦʮʝʩʘʭ, ʧʦʜʽʣʠʪʠ ʝʣʝʤʝʥʪʠ ʥʘ ʜʚʽ ʛʨʫʧʠ ʚʽʜʧʦʚʽʜʥʦ 
ʜʦ ʦʙʨʘʥʦʾ ʦʧʦʨʥʦʾ ʪʦʯʢʠ,  group1 <= pivot <= group2. 
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ʈʠʩ.3. ʂʣʘʩ OptimizedParallelQuickSort 

 

6. ʂʦʞʝʥ ʧʨʦʮʝʩ ʫ ʚʝʨʭʥʽʡ ʧʦʣʦʚʠʥʽ ʩʧʠʩʢʫ ʧʨʦʮʝʩʽʚ ʥʘʜʩʠʣʘʻ ʩʚʽʡ çʥʠʞʯʠʡ ʩʧʠʩʦʢè ʧʨʦʮʝʩʫ-ʧʘʨʪʥʝʨʫ ʚ 

ʥʠʞʥʽʡ ʧʦʣʦʚʠʥʽ ʩʧʠʩʢʫ ʧʨʦʮʝʩʽʚ, ʘ ʪʦʡ ʫ ʚʽʜʧʦʚʽʜʴ ʦʪʨʠʤʫʻ çʩʪʘʨʰʠʡ ʩʧʠʩʦʢè. 

7. ʅʠʞʥʷ ʧʦʣʦʚʠʥʘ ʤʘʪʠʤʝ ʟʥʘʯʝʥʥʷ, ʤʝʥʰʽ ʟʘ ʦʧʦʨʥʽ, ʘ ʝʣʝʤʝʥʪʠ ʚʝʨʭʥʴʦʾ ʧʦʣʦʚʠʥʠ ʤʘʪʠʤʫʪʴ ʟʥʘʯʝʥʥʷ, 

ʙʽʣʴʰʽ ʟʘ ʦʧʦʨʥʽ. 

8. ʇʽʩʣʷ logP ʨʝʢʫʨʩʽʡ ʢʦʞʝʥ ʧʨʦʮʝʩ ʤʘʻ ʥʝʚʽʜʩʦʨʪʦʚʘʥʠʡ ʧʽʜʩʧʠʩʦʢ, ʷʢʠʡ ʥʝ ʧʝʨʝʪʠʥʘʻʪʴʩʷ ʟʽ ʟʥʘʯʝʥʥʷʤʠ 

ʽʥʰʠʭ ʧʨʦʮʝʩʽʚ. ʅʘʡʙʽʣʴʰʝ ʟʥʘʯʝʥʥʷ ʧʨʦʮʝʩʫ i ʙʫʜʝ ʤʝʥʰʝ ʥʘʡʤʝʥʰʦʛʦ ʟʥʘʯʝʥʥʷ ʧʨʦʮʝʩʫ i+1. ʅʘ ʮʴʦʤʫ 

ʝʪʘʧʽ ʧʽʜʩʧʠʩʦʢ ʤʘʻ ʜʦʩʠʪʴ ʤʘʣʠʡ ʨʦʟʤʽʨ, ʢʦʞʝʥ ʧʨʦʮʝʩ ʩʦʨʪʫʻ ʩʚʦʾ ʟʥʘʯʝʥʥʷ ʧʦʩʣʽʜʦʚʥʦ, ʘ ʦʩʥʦʚʥʠʡ 

ʧʨʦʮʝʩ ʦʙôʻʜʥʫʻ ʚʽʜʩʦʨʪʦʚʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʢʦʞʥʦʛʦ ʧʨʦʮʝʩʫ. 

ɺ ʘʣʛʦʨʠʪʤʽ ʧʘʨʘʣʝʣʴʥʦ-ʧʦʩʣʽʜʦʚʥʦʛʦ ʩʦʨʪʫʚʘʥʥʷ p ʧʨʦʮʝʩʽʚ ʧʨʘʮʶʻ ʟ n ʝʣʝʤʝʥʪʘʤʠ ʩʧʠʩʢʫ, ʢʦʞʥʠʡ 

p  ʧʨʦʮʝʩ  ʚʠʢʦʥʫʻ  (logn)  ʢʨʦʢʽʚ ʟ  n/p  ʝʣʝʤʝʥʪʘʤʠ  ʧʽʜʩʧʠʩʢʫ.   
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ɿʘʛʘʣʴʥʘ ʯʘʩʦʚʘ ʩʢʣʘʜʥʽʩʪʴ ʜʦʨʽʚʥʶʻ( )
n

 O * logn
p

 .  ʇʨʦʩʪʦʨʦʚʘ ʩʢʣʘʜʥʽʩʪʴ ʩʪʘʥʦʚʠʪʴ O(logn). 

ɸʣʛʦʨʠʪʤ ʧʦʛʘʥʦ ʩʧʨʘʚʣʷʻʪʴʩʷ ʟ ʙʘʣʘʥʩʫʚʘʥʥʷʤ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʥʝʦʙʭʽʜʥʦ ʦʙʨʘʪʠ ʚʽʜʧʦʚʽʜʥʝ ʩʝʨʝʜʥʻ 

ʟʥʘʯʝʥʥʷ ʷʢ ʦʧʦʨʥʠʡ ʝʣʝʤʝʥʪ ʜʣʷ ʘʣʛʦʨʠʪʤʫ, ʱʦʙ ʨʦʟʜʽʣʠʪʠ ʩʧʠʩʦʢ ʧʨʠʥʘʡʤʥʽ ʥʘ ʦʜʥʘʢʦʚʽ ʯʘʩʪʠʥʠ ʪʘ 

ʟʙʝʨʝʛʪʠ ʙʘʣʘʥʩ. ʇʦʰʫʢ ʩʝʨʝʜʥʴʦʛʦ ʟʥʘʯʝʥʥʷ ʻ ʜʦʨʦʛʦʶ ʦʧʝʨʘʮʽʻʶ ʥʘ ʧʘʨʘʣʝʣʴʥʦʤʫ ʧʨʦʮʝʩʦʨʽ. ʊʦʤʫ ʢʨʘʱʝ 

ʟʥʘʡʪʠ ʩʝʨʝʜʥʻ ʟʥʘʯʝʥʥʷ, ʷʢʝ ʻ ʙʣʠʟʴʢʠʤ ʜʦ ʜʽʡʩʥʦʛʦ ʤʝʜʽʘʥʠ. ʆʙôʻʜʥʫʶʪʴʩʷ ʙʣʦʢʠ ʧʨʦʮʝʩʽʚ ʟʘ ʧʦʨʷʜʢʦʤ 

ʧʨʦʮʝʩʽʚ - ʚʠʟʥʘʯʘʻʪʴʩʷ ʧʦʯʘʪʦʢ ʽ ʢʽʥʝʮʴ ʢʦʞʥʦʛʦ ʙʣʦʢʫ ʪʘ ʧʨʠʻʜʥʫʻʪʴʩʷ ʡʦʛʦ ʢʽʥʝʮʴ ʜʦ ʧʦʯʘʪʢʫ ʙʣʦʢʫ 

ʥʘʩʪʫʧʥʦʛʦ ʧʨʦʮʝʩʫ. ʅʘʧʨʠʢʣʘʜ, ʤʘʰʠʥʘ ʤʘʻ 64 ʧʦʪʦʢʠ, ʦʙʨʦʙʢʫ ʩʧʠʩʢʫ ʨʦʟʤʽʨʦʤ n ʤʦʞʥʘ ʨʦʟʧʦʜʽʣʠʪʠ ʥʘ 

n/64 ʧʽʜʩʧʠʩʢʠ; ʦʙʨʦʙʢʘ ʧʽʜʩʧʠʩʢʽʚ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʘʨʘʣʝʣʴʥʦ; ʢʦʞʥʠʡ ʧʽʜʩʧʠʩʦʢ ʧʦʩʣʽʜʦʚʥʦ ʩʦʨʪʫʻʪʴʩʷ ʪʘ 

ʦʙôʻʜʥʫʻʪʴʩʷ ʟ ʽʥʰʠʤʠ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʨʝʟʫʣʴʪʘʪʫ; ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ n ʟʙʽʣʴʰʫʻʪʴʩʷ ʨʦʟʤʽʨ ʧʽʜʩʧʠʩʢʫ, ʷʢʠʡ 

ʦʙʨʦʙʣʷʻ ʢʦʞʝʥ ʧʦʪʽʢ. ʂʦʞʝʥ ʧʦʪʽʢ ʦʙʨʦʙʣʷʻ ʩʧʠʩʦʢ ʟʘ ʧʦʩʪʽʡʥʠʡ ʯʘʩ O(1) ʟʘ logn ʢʨʦʢʽʚ. ɼʣʷ ʧʦʪʦʢʽʚ, ʷʢʽ 

ʧʨʘʮʶʶʪʴ ʧʘʨʘʣʝʣʴʥʦ, ʯʘʩʦʚʘ ʪʘ ʧʨʦʩʪʦʨʦʚʘ ʩʢʣʘʜʥʽʩʪʴ ʩʪʘʥʦʚʠʪʴ O(logn). ʅʘ ʨʠʩ.4 ʥʘʜʘʥʦ ʣʽʩʪʠʥʛ ʢʣʘʩʫ 

ParallelSequentialQuickSort. 

ɸʣʛʦʨʠʪʤ ʛʽʧʝʨʰʚʠʜʢʦʛʦ ʩʦʨʪʫʚʘʥʥʷ (ʻ ʚʜʦʩʢʦʥʘʣʝʥʥʷʤ ʘʣʛʦʨʠʪʤʫ ʧʘʨʘʣʝʣʴʥʦ-ʧʦʩʣʽʜʦʚʥʦʛʦ 

ʩʦʨʪʫʚʘʥʥʷ, ʯʘʩʪʢʦʚʦ ʨʦʟʚôʷʟʫʻ ʧʨʦʙʣʝʤʫ ʙʘʣʘʥʩʫʚʘʥʥʷ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʧʦʢʨʘʱʫʻ ʰʘʥʩʠ ʟʥʘʡʪʠ ʩʧʨʘʚʞʥʶ 

ʤʝʜʽʘʥʫ ʰʣʷʭʦʤ ʧʦʩʣʽʜʦʚʥʦʛʦ ʩʦʨʪʫʚʘʥʥʷ ʧʽʜʩʧʠʩʢʽʚ ʟʘ ʜʦʧʦʤʦʛʦʶ ʦʜʥʽʻʾ ʦʧʦʨʥʦʾ ʪʦʯʢʠ, ʷʢʘ ʪʨʘʥʩʣʶʻʪʴʩʷ 

ʚʩʽʤ ʧʨʦʮʝʩʘʤ ʥʘ ʧʦʯʘʪʢʫ ʘʣʛʦʨʠʪʤʫ). 

1. ʉʧʠʩʦʢ ʨʦʟʤʽʨʦʤ n ʨʦʟʜʽʣʝʥʦ ʤʽʞ n ʧʨʦʮʝʩʘʤʠ. ʅʘʧʨʠʢʣʘʜ, ʻ ʩʧʠʩʦʢ ʨʦʟʤʽʨʦʤ 64 ʝʣʝʤʝʥʪʠ, 

ʨʦʟʧʘʨʘʣʝʣʠʪʠ ʤʦʞʥʘ ʥʘ 8 ʧʨʦʮʝʩʽʚ, ʪʦʜʽ ʢʦʞʝʥ ʧʨʦʮʝʩ ʦʙʨʦʙʣʷʪʠʤʝ 8 ʝʣʝʤʝʥʪʽʚ ʩʧʠʩʢʫ. 

2. ʇʨʦʮʝʩ ʩʝʨʝʜ 8 ʝʣʝʤʝʥʪʽʚ ʟʥʘʭʦʜʠʪʴ ʦʧʦʨʥʠʡ ʝʣʝʤʝʥʪ ʽ ʧʝʨʝʜʘʻ ʡʦʛʦ ʚʩʽʤ ʧʨʦʮʝʩʘʤ, ʷʢʽ ʩʦʨʪʫʶʪʴ ʩʚʦʾ 

ʧʽʜʩʧʠʩʢʠ ʧʦʩʣʽʜʦʚʥʦ ʟʘ ʜʦʧʦʤʦʛʦʶ ʰʠʨʦʢʦʤʦʚʥʦʛʦ ʦʧʦʨʥʦʛʦ ʝʣʝʤʝʥʪʘ. ʎʝ ʧʦʢʨʘʱʠʪʴ ʰʘʥʩʠ ʟʥʘʡʪʠ 

ʦʧʦʨʥʽ ʪʦʯʢʠ, ʙʣʠʟʴʢʽ ʜʦ ʩʧʨʘʚʞʥʴʦʾ ʤʝʜʽʘʥʠ. 

3. ʆʙʨʘʪʠ ʦʧʦʨʥʠʡ ʝʣʝʤʝʥʪ ʪʘ ʧʝʨʝʜʘʪʠ ʡʦʛʦ ʫʩʽʤ ʧʨʦʮʝʩʘʤ-ʧʘʨʪʥʝʨʘʤ (ʚʠʙʽʨ Pivot ʽ ʡʦʛʦ ʪʨʘʥʩʣʷʮʽʷ). 

4. ʋ ʢʦʞʥʦʤʫ ʧʨʦʮʝʩʽ, ʦʜʥʦʯʘʩʥʦ (ʧʘʨʘʣʝʣʴʥʦ) ʚ ʫʩʽʭ ʧʨʦʮʝʩʘʭ, ʧʦʜʽʣʠʪʠ ʝʣʝʤʝʥʪʠ ʥʘ ʜʚʽ ʛʨʫʧʠ ʚʽʜʧʦʚʽʜʥʦ 
ʜʦ ʦʙʨʘʥʦʾ ʦʧʦʨʥʦʾ ʪʦʯʢʠ,  group1 <= pivot <= group2 (ʧʦʜʽʣ ʧʽʜʩʧʠʩʢʫ ʥʠʟʴʢʠʭ ʽ ʚʠʩʦʢʠʭ ʟʥʘʯʝʥʴ). 

5. ʂʦʞʝʥ ʧʨʦʮʝʩ ʫ ʚʝʨʭʥʽʡ ʧʦʣʦʚʠʥʽ ʩʧʠʩʢʫ ʧʨʦʮʝʩʽʚ ʥʘʜʩʠʣʘʻ ʩʚʽʡ çʥʠʞʯʠʡ ʩʧʠʩʦʢè ʧʨʦʮʝʩʫ-ʧʘʨʪʥʝʨʫ ʚ 

ʥʠʞʥʽʡ ʧʦʣʦʚʠʥʽ ʩʧʠʩʢʫ ʧʨʦʮʝʩʽʚ, ʘ ʪʦʡ ʫ ʚʽʜʧʦʚʽʜʴ ʦʪʨʠʤʫʻ çʩʪʘʨʰʠʡ ʩʧʠʩʦʢè (ʦʙʤʽʥ ʟʥʘʯʝʥʥʷʤʠ ʤʽʞ 

ʧʘʨʪʥʝʨʩʴʢʠʤʠ ʧʨʦʮʝʩʘʤʠ). 

6. ɿʘʣʠʰʦʢ ʚʝʨʭʥʴʦʾ ʧʦʣʦʚʠʥʠ ʚʽʜ ʦʜʥʦʛʦ ʧʘʨʪʥʝʨʩʴʢʦʛʦ ʧʨʦʮʝʩʫ ʪʘ ʦʪʨʠʤʘʥʘ ʚʝʨʭʥʷ ʧʦʣʦʚʠʥʘ ʚʽʜ ʽʥʰʦʛʦ 

ʧʘʨʪʥʝʨʩʴʢʦʛʦ ʧʨʦʮʝʩʫ ʦʙôʻʜʥʫʶʪʴʩʷ ʚ ʣʦʢʘʣʴʥʠʡ ʧʽʜʩʧʠʩʦʢ ʜʣʷ ʢʦʞʥʦʛʦ ʧʨʦʮʝʩʫ. 

7. ɺʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʨʝʢʫʨʩʽʷ ʜʣʷ ʚʝʨʭʥʴʦʾ ʪʘ ʥʠʞʥʴʦʾ ʧʦʣʦʚʠʥʠ ʢʦʞʥʦʛʦ ʧʽʜʧʨʦʮʝʩʫ, ʱʦʙ ʩʪʚʦʨʠʪʠ 
ʚʽʜʩʦʨʪʦʚʘʥʠʡ ʩʧʠʩʦʢ. 

8. ɼʣʷ ʦʪʨʠʤʘʥʥʷ ʧʦʚʥʽʩʪʶ ʚʽʜʩʦʨʪʦʚʘʥʦʛʦ ʩʧʠʩʢʫ ʦʙôʻʜʥʫʶʪʴʩʷ ʧʨʦʮʝʩʠ. 

ɺ ʮʴʦʤʫ ʘʣʛʦʨʠʪʤʽ ʽʩʥʫʶʪʴ ʥʘʢʣʘʜʥʽ ʚʠʪʨʘʪʠ ʥʘ ʟʚôʷʟʦʢ ʜʣʷ ʧʝʨʝʜʘʯʽ ʟʥʘʯʝʥʴ ʤʽʞ ʧʨʦʮʝʩʘʤʠ-

ʧʘʨʪʥʝʨʘʤʠ. ʄʦʞʝ ʚʠʥʠʢʘʪʠ ʜʠʩʙʘʣʘʥʩ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʘʣʝ ʘʣʛʦʨʠʪʤ ʢʨʘʱʠʡ ʧʦʨʽʚʥʷʥʦ ʟ ʘʣʛʦʨʠʪʤʦʤ 

ʧʘʨʘʣʝʣʴʥʦ-ʧʦʩʣʽʜʦʚʥʦʛʦ ʩʦʨʪʫʚʘʥʥʷ, ʷʢʠʡ ʥʘʙʘʛʘʪʦ ʛʽʨʰʝ ʙʘʣʘʥʩʫʻ ʥʘʚʘʥʪʘʞʝʥʥʷ.ɺ ʘʣʛʦʨʠʪʤʽ 

ʛʽʧʝʨʰʚʠʜʢʦʛʦ ʩʦʨʪʫʚʘʥʥʷ logn ʢʨʦʢʽʚ ʪʘ n ʧʨʦʮʝʩʽʚ, ʟʘʛʘʣʴʥʘ ʯʘʩʦʚʘ ʩʢʣʘʜʥʽʩʪʴ ʩʪʘʥʦʚʠʪʴ ɗ(nlogn). 

ʇʨʦʩʪʦʨʦʚʘ ʩʢʣʘʜʥʽʩʪʴ ʜʦʨʽʚʥʶʻ O(logn). ʅʘ ʨʠʩ.5 ʥʘʜʘʥʦ ʣʽʩʪʠʥʛ ʢʣʘʩʫ HyperQuickSort.  

ɸʣʛʦʨʠʪʤ ʛʽʧʝʨʰʚʠʜʢʦʛʦ ʩʦʨʪʫʚʘʥʥʷ ʩʝʨʝʜ ʦʙʨʘʥʠʭ ʘʣʛʦʨʠʪʤʽʚ ʻ ʧʘʨʘʣʝʣʴʥʠʤ ʟʘ ʚʠʟʥʘʯʝʥʥʷʤ, 

ʦʩʢʽʣʴʢʠ ʚ ʡʦʛʦ ʦʩʥʦʚʽ ʣʝʞʠʪʴ ʚʜʦʩʢʦʥʘʣʝʥʠʡ ʤʝʪʦʜ ʧʘʨʘʣʝʣʴʥʦ-ʧʦʩʣʽʜʦʚʥʦʛʦ ʩʦʨʪʫʚʘʥʥʷ. ɺ ʩʚʦʶ ʯʝʨʛʫ ʮʝʡ 

ʘʣʛʦʨʠʪʤ ʩʢʣʘʜʘʻʪʴʩʷ ʽʟ ʧʘʨʘʣʝʣʴʥʦʛʦ ʽ ʧʦʩʣʽʜʦʚʥʦʛʦ ʤʝʪʦʜʫ ʩʦʨʪʫʚʘʥʥʷ, ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʥʘʟʚʠ.  
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ʈʠʩ.5. ʂʣʘʩ HyperQuickSort 

 

ʊʘʢʦʞ ʽʩʥʫʻ ʱʝ ʙʽʣʴʰ ʽʥʥʦʚʘʮʽʡʥʘ ʪʝʭʥʦʣʦʛʽʷ ʧʘʨʘʣʝʣʴʥʦʛʦ ʩʦʨʪʫʚʘʥʥʷ ʟ ʨʝʛʫʣʷʨʥʦʶ ʚʠʙʽʨʢʦʶ, 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʢʦʞʥʦʛʦ ʽʟ ʮʠʭ ʘʣʛʦʨʠʪʤʽʚ ʙʫʜʝ ʟʘʣʝʞʘʪʠ ʚʽʜ ʙʘʛʘʪʴʦʭ ʬʘʢʪʦʨʽʚ, ʘ ʩʘʤʝ: ʨʦʟʤʽʨ ʤʘʩʠʚʫ, ʡʦʛʦ 

ʥʘʧʦʚʥʝʥʥʷ, ʧʦʪʫʞʥʽʩʪʴ ʧʨʦʮʝʩʦʨʘ, ʢʽʣʴʢʽʩʪʴ ʷʜʝʨ ʪʘ ʧʦʪʦʢʽʚ ʪʦʱʦ. 

ɸʣʛʦʨʠʪʤ ʧʘʨʘʣʝʣʴʥʦʛʦ ʰʚʠʜʢʦʛʦ ʩʦʨʪʫʚʘʥʥʷ ʰʣʷʭʦʤ ʨʝʛʫʣʷʨʥʦʾ ʚʠʙʽʨʢʠ (ʘʣʛʦʨʠʪʤ ʥʘ ʧʦʯʘʪʢʫ 

ʧʦʩʣʽʜʦʚʥʦ ʩʦʨʪʫʻ ʩʧʠʩʦʢ, ʘ ʧʦʪʽʤ ʦʙʠʨʘʻ ʜʽʘʧʘʟʦʥ ʟʨʘʟʢʽʚ, ʷʢʽ ʙʫʜʫʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʜʣʷ ʧʦʜʘʣʴʰʦʛʦ 

ʨʦʟʜʽʣʝʥʥʷ ʪʘ ʟʘʤʽʥʠ ʝʣʝʤʝʥʪʽʚ ʫ ʥʘʩʪʫʧʥʠʭ ʧʨʦʮʝʩʘʭ). 

1. ʆʨʠʛʽʥʘʣʴʥʠʡ ʩʧʠʩʦʢ ʧʦʜʽʣʷʻʪʴʩʷ ʥʘ n ʧʨʦʮʝʩʽʚ. 

2. ʂʦʞʝʥ ʧʨʦʮʝʩ ʩʦʨʪʫʻ ʩʚʽʡ ʧʽʜʩʧʠʩʦʢ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʦʩʣʽʜʦʚʥʦʛʦ ʰʚʠʜʢʦʛʦ ʩʦʨʪʫʚʘʥʥʷ. 

3. ʂʦʞʝʥ ʧʨʦʮʝʩ ʦʙʠʨʘʻ ʨʝʛʫʣʷʨʥʽ ʟʨʘʟʢʠ ʟʽ ʩʚʦʛʦ ʚʽʜʩʦʨʪʦʚʘʥʦʛʦ ʧʽʜʩʧʠʩʢʫ. 

4. ɭʜʠʥʠʡ ʧʨʦʮʝʩ ʟʙʠʨʘʻ ʟʨʘʟʢʠ, ʩʦʨʪʫʻ ʾʭ ʽ ʪʨʘʥʩʣʶʻ ʦʙʨʘʥʽ ʦʧʦʨʥʽ ʜʘʥʽ ʽʥʰʠʤ ʧʨʦʮʝʩʘʤ. 
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5. ʋʩʽ ʧʨʦʮʝʩʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʦʙʨʘʥʽ ʦʧʦʨʥʽ ʪʦʯʢʠ, ʱʦʙ ʦʜʥʦʯʘʩʥʦ ʨʦʟʜʽʣʠʪʠ ʩʚʦʾ ʧʽʜʩʧʠʩʢʠ ʥʘ ʨʦʟʜʽʣʠ 
ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʚʠʙʨʘʥʠʭ ʦʧʦʨʥʠʭ ʝʣʝʤʝʥʪʽʚ. 

6. ʇʨʦʮʝʩʠ ʦʙʤʽʥʶʶʪʴʩʷ ʚʽʜʩʦʨʪʦʚʘʥʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʟ ʽʥʰʠʤʠ ʧʨʦʮʝʩʘʤʠ-ʧʘʨʪʥʝʨʘʤʠ. 

7. ɼʣʷ ʦʪʨʠʤʘʥʥʷ ʧʦʚʥʽʩʪʶ ʚʽʜʩʦʨʪʦʚʘʥʦʛʦ ʩʧʠʩʢʫ ʦʙôʻʜʥʫʶʪʴʩʷ ʚʽʜʩʦʨʪʦʚʘʥʽ ʟʥʘʯʝʥʥʷ ʧʨʦʮʝʩʽʚ. 

ɸʣʛʦʨʠʪʤ ʧʘʨʘʣʝʣʴʥʦʛʦ ʰʚʠʜʢʦʛʦ ʩʦʨʪʫʚʘʥʥʷ ʰʣʷʭʦʤ ʨʝʛʫʣʷʨʥʦʾ ʚʠʙʽʨʢʠ ʜʦʩʷʛʘʻ ʢʨʘʱʠʡ ʙʘʣʘʥʩ 

ʥʘʚʘʥʪʘʞʝʥʥʷ, ʘʣʝ ʥʝ ʽʜʝʘʣʴʥʠʡ. ʋʥʠʢʘʻ ʧʦʚʪʦʨʥʦʾ ʟʘʤʽʥʠ ʦʜʥʘʢʦʚʠʭ ʟʥʘʯʝʥʴ, ʞʦʜʥʠʭ ʥʘʢʣʘʜʥʠʭ ʚʠʪʨʘʪ. 

ʂʽʣʴʢʽʩʪʴ ʧʨʦʮʝʩʽʚ ʥʝ ʦʙʦʚôʷʟʢʦʚʦ ʤʘʻ ʙʫʪʠ ʩʪʝʧʝʥʝʤ 2, ʧʽʜ ʯʘʩ ʨʦʙʦʪʠ ʘʣʛʦʨʠʪʤʫ ʜʝʷʢʽ ʧʨʦʮʝʩʠ ʤʦʞʫʪʴ ʙʫʪʠ 

ʟʚʽʣʴʥʝʥʽ ʟʘʣʝʞʥʦ ʚʽʜ ʧʦʨʷʜʢʫ ʚʠʙʨʘʥʠʭ ʝʣʝʤʝʥʪʽʚ ʽ ʮʝʥʪʨʽʚ. ʇʦʯʘʪʢʦʚʝ ʰʚʠʜʢʝ ʩʦʨʪʫʚʘʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘ 

ʯʘʩ ( )
n n

 ɗ *log
p p

. ʉʦʨʪʫʚʘʥʥʷ ʟʨʘʟʢʽʚ  -  
2( )ɗ p *logp. ʆʙôʻʜʥʘʥʥʷ ʧʽʜʤʘʩʠʚʽʚ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘ 

( )
n

ɗ *logp
p

. ɿʘʛʘʣʴʥʘ ʩʢʣʘʜʥʽʩʪʴ ʟʘ ʯʘʩʦʤ ʩʪʘʥʦʚʠʪʴ O(nlogn). ʉʢʣʘʜʥʽʩʪʴ ʧʨʦʩʪʦʨʫ ʜʦʨʽʚʥʶʻ O(logn). ʅʘ 

ʨʠʩ.6 ʥʘʜʘʥʦ ʣʽʩʪʠʥʛ ʢʣʘʩʫ ParallelQuickSortByRegularSampling. 

ɹʫʣʦ ʩʪʚʦʨʝʥʦ ʢʣʘʩ Program, ʷʢ ʧʨʦʛʨʘʤʥʫ ʨʝʘʣʽʟʘʮʽʶ ʜʦʩʣʽʜʞʝʥʥʷ ʘʣʛʦʨʠʪʤʽʚ ʰʚʠʜʢʦʛʦ 

ʩʦʨʪʫʚʘʥʥʷ. ʇʨʦʛʨʘʤʘ ʚʠʢʦʥʫʻʪʴʩʷ ʚ ʽʪʝʨʘʪʠʚʥʦʤʫ ʨʝʞʠʤʽ ʟʘ ʢʽʣʴʢʘ ʢʨʦʢʽʚ: ʟʘʚʘʥʪʘʞʠʪʠ ʧʨʦʛʨʘʤʫ; ʫ 

ʚʽʜʢʨʠʪʦʤʫ ʢʦʥʩʦʣʴʥʦʤʫ ʚʽʢʥʽ ʚʚʝʩʪʠ ʙʘʞʘʥʫ ʜʦʚʞʠʥʫ ʤʘʩʠʚʫ ʩʦʨʪʫʚʘʥʥʷ ʜʣʷ ʛʝʥʝʨʘʮʽʾ; ʚʚʝʩʪʠ ʤʽʥʽʤʘʣʴʥʝ 

ʟʥʘʯʝʥʥʷ ʝʣʝʤʝʥʪʘ ʤʘʩʠʚʫ; ʚʚʝʩʪʠ ʤʘʢʩʠʤʘʣʴʥʝ ʟʥʘʯʝʥʥʷ ʝʣʝʤʝʥʪʘ ʤʘʩʠʚʫ: ʽʟ ʩʧʠʩʢʫ ʜʦʩʪʫʧʥʠʭ ʘʣʛʦʨʠʪʤʽʚ 

ʩʦʨʪʫʚʘʥʥʷ ʦʙʨʘʪʠ ʙʘʞʘʥʠʡ (ʚʚʝʩʪʠ ʧʦʨʷʜʢʦʚʦʛʦ ʥʦʤʝʨʫ ʾʟ ʩʧʠʩʢʫ ʘʣʛʦʨʠʪʤʽʚ ʚʽʜ 1 ʜʦ 6); ʧʽʩʣʷ ʚʠʙʦʨʫ 

ʘʣʛʦʨʠʪʤʫ ʩʦʨʪʫʚʘʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʩʦʨʪʫʚʘʥʥʷ ʤʘʩʠʚʫ, ʟʛʦʜʦʤ ʚʠʚʦʜʠʪʴʩʷ ʯʘʩ ʩʦʨʪʫʚʘʥʥʷ ʫ ʤʽʣʽʩʝʢʫʥʜʘʭ 

(ms). ʪʘ ʚʽʜʩʦʨʪʦʚʘʥʠʡ ʤʘʩʠʚ. 

ɯʟ ʨʦʟʛʣʷʥʫʪʠʭ ʧʘʨʘʣʝʣʴʥʠʭ ʘʣʛʦʨʠʪʤʽʚ ʰʚʠʜʢʦʛʦ ʩʦʨʪʫʚʘʥʥʷ ʢʨʘʱʠʤʠ ʧʦʚʠʥʥʽ ʙʫʪʠ ʪʘʢʽ ʪʨʠ 

ʘʣʛʦʨʠʪʤʠ [3]: ʧʘʨʘʣʝʣʴʥʝ ʰʚʠʜʢʝ ʩʦʨʪʫʚʘʥʥʷ,  ʛʽʧʝʨʰʚʠʜʢʝ ʩʦʨʪʫʚʘʥʥʷ, ʧʘʨʘʣʝʣʴʥʝ ʰʚʠʜʢʝ ʩʦʨʪʫʚʘʥʥʷ 

ʰʣʷʭʦʤ ʨʝʛʫʣʷʨʥʦʾ ʚʠʙʽʨʢʠ. ʗʢʱʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʪʝʭʥʦʣʦʛʽʾ OpenMP ʘʙʦ CUDA [3, 6, 7] (ʟ ʦʨʽʻʥʪʘʮʽʻʶ ʥʘ 

C++), ʪʦ ʥʘʡʢʨʘʱʠʤ ʚʚʘʞʘʻʪʴʩʷ ʘʣʛʦʨʠʪʤ ʧʘʨʘʣʝʣʴʥʦʛʦ ʰʚʠʜʢʦʛʦ ʩʦʨʪʫʚʘʥʥʷ ʰʣʷʭʦʤ ʨʝʛʫʣʷʨʥʦʾ ʚʠʙʽʨʢʠ, 

ʧʨʠʡʥʷʪʥʠʤ ï ʘʣʛʦʨʠʪʤ ʛʽʧʝʨʰʚʠʜʢʦʛʦ ʩʦʨʪʫʚʘʥʥʷ, ʧʦʛʘʥʠʤ ï ʘʣʛʦʨʠʪʤ ʧʘʨʘʣʝʣʴʥʦʛʦ ʰʚʠʜʢʦʛʦ ʩʦʨʪʫʚʘʥʥʷ.  

ʇʨʦʚʝʜʝʥʦ ʪʝʩʪʫʚʘʥʥʷ ʘʣʛʦʨʠʪʤʽʚ ʜʣʷ ʜʚʦʭ ʚʠʧʘʜʢʽʚ ʩʦʨʪʫʚʘʥʥʷ ʤʘʩʠʚʽʚ (ʪʘʙʣ.1): ʤʘʣʠʭ - ʽʟ 16 

ʝʣʝʤʝʥʪʽʚ, ʢʦʞʥʠʡ ʽʟ ʷʢʠʭ ʟʤʽʥʶʻʪʴʩʷ ʚ ʤʝʞʘʭ ʚʽʜ 1 ʜʦ 9; ʚʝʣʠʢʠʭ -  ʽʟ 1 000 000 ʝʣʝʤʝʥʪʽʚ, ʢʦʞʥʠʡ ʽʟ ʷʢʠʭ 

ʟʤʽʥʶʻʪʴʩʷ ʚ ʤʝʞʘʭ ʚʽʜ 1 ʜʦ 999.  

 

ʊʘʙʣʠʮʷ 1 

ʈʝʟʫʣʴʪʘʪʠ ʪʝʩʪʫʚʘʥʥʷ ʘʣʛʦʨʠʪʤʽʚ ʩʦʨʪʫʚʘʥʥʷ 

ɸʣʛʦʨʠʪʤ  

ʩʦʨʪʫʚʘʥʥʷ 

ʄʘʩʠʚ ʽʟ 16 ʝʣʝʤʝʥʪʽʚ,  

ʢʦʞʥʠʡ ʽʟ ʷʢʠʭ ʟʤʽʥʶʻʪʴʩʷ ʚ 

ʤʝʞʘʭ ʚʽʜ 1 ʜʦ 9 , ʤʩ. 

ʄʘʩʠʚ ʽʟ 1 000 000 ʝʣʝʤʝʥʪʽʚ, 

ʢʦʞʥʠʡ ʽʟ ʷʢʠʭ ʟʤʽʥʶʻʪʴʩʷ ʚ 

ʤʝʞʘʭ ʚʽʜ 1 ʜʦ 999 , ʤʩ. 

ʇʦʩʣʽʜʦʚʥʝ ʰʚʠʜʢʝ ʩʦʨʪʫʚʘʥʥʷ 2 1278 

ʅʘʾʚʥʝ ʧʘʨʘʣʝʣʴʥʝ ʩʦʨʪʫʚʘʥʥʷ 8 950 

ʆʧʪʠʤʽʟʦʚʘʥʝ ʧʘʨʘʣʝʣʴʥʝ ʩʦʨʪʫʚʘʥʥʷ 8 924 

ʇʘʨʘʣʝʣʴʥʦ-ʧʦʩʣʽʜʦʚʥʝ ʩʦʨʪʫʚʘʥʥʷ 7 1310 

ɻʽʧʝʨʰʚʠʜʢʝ ʩʦʨʪʫʚʘʥʥʷ 6 262 

ʇʘʨʘʣʝʣʴʥʝ ʰʚʠʜʢʝ ʩʦʨʪʫʚʘʥʥʷ 

ʰʣʷʭʦʤ ʨʝʛʫʣʷʨʥʦʾ ʚʠʙʽʨʢʠ 
84 30931 

 

ɸʥʘʣʽʟ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ (ʪʘʙʣ.1) ʜʣʷ ʪʝʭʥʦʣʦʛʽʡ ʟ C#  ʜʘʻ ʪʘʢʽ ʘʣʛʦʨʠʪʤʠ: ʛʽʧʝʨʰʚʠʜʢʝ 

ʩʦʨʪʫʚʘʥʥʷ - ʢʨʘʱʻ, ʦʧʪʠʤʽʟʦʚʘʥʝ ʧʘʨʘʣʝʣʴʥʝ ʩʦʨʪʫʚʘʥʥʷ ʘʙʦ ʥʘʾʚʥʝ ʧʘʨʘʣʝʣʴʥʝ ʩʦʨʪʫʚʘʥʥʷ - ʧʨʠʡʥʷʪʥʽ.  
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ʈʠʩ.6. ʂʣʘʩ ParallelQuickSortByRegularSampling. 

 

ɺʠʩʥʦʚʢʠ 

ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʜʦʩʣʽʜʞʝʥʴ ʟôʷʩʦʚʘʥʦ, ʱʦ ʙʝʟ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʝʭʥʦʣʦʛʽʾ OpenMP ʘʙʦ CUDA 

ʘʣʛʦʨʠʪʤ  ʧʘʨʘʣʝʣʴʥʦʛʦ ʰʚʠʜʢʦʛʦ ʩʦʨʪʫʚʘʥʥʷ ʰʣʷʭʦʤ ʨʝʛʫʣʷʨʥʦʾ ʚʠʙʽʨʢʠ ʥʝ ʚʽʜʧʦʚʽʜʘʻ ʭʦʨʦʰʠʤ ʯʘʩʦʚʠʤ 

ʧʦʢʘʟʥʠʢʘʤ ʪʘ ʧʨʦʛʨʘʻ ʙʘʛʘʪʴʦʤ ʽʟ ʨʦʟʛʣʷʥʫʪʠʭ ʘʣʛʦʨʠʪʤʽʚ.  

ɼʣʷ ʪʝʭʥʦʣʦʛʽʡ, ʱʦ ʧʦʚôʷʟʘʥʽ ʟ C#,  ʥʘʡʢʨʘʱʠʤ ʽʟ ʨʦʟʛʣʷʥʫʪʠʭ ʘʣʛʦʨʠʪʤʽʚ ʻ ʛʽʧʝʨʰʚʠʜʢʝ 

ʩʦʨʪʫʚʘʥʥʷ,  ʘ ʧʨʠʡʥʷʪʥʠʤʠ - ʦʧʪʠʤʽʟʦʚʘʥʝ ʧʘʨʘʣʝʣʴʥʝ ʩʦʨʪʫʚʘʥʥʷ ʘʙʦ ʥʘʾʚʥʝ ʧʘʨʘʣʝʣʴʥʝ ʩʦʨʪʫʚʘʥʥʷ.  

ʋ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʜʦʩʣʽʜʞʝʥʥʷ ʚʘʨʪʦ ʨʦʟʛʣʷʥʫʪʠ ʦʢʨʝʤʠʡ ʚʠʧʘʜʦʢ ʩʦʨʪʫʚʘʥʥʷ ʙʘʛʘʪʦʚʠʤʽʨʥʠʭ 

ʤʘʩʠʚʽʚ ʜʘʥʠʭ. ʋ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʜʦ ʘʣʛʦʨʠʪʤʫ ʩʦʨʪʫʚʘʥʥʷ ʜʦʜʘʻʪʴʩʷ ʱʝ ʡ ʘʣʛʦʨʠʪʤ ʧʦʜʽʣʫ ʤʘʩʠʚʫ ʥʘ 
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ʧʽʜʩʧʠʩʢʠ. ɼʣʷ ʪʝʩʪʫʚʘʥʥʷ ʘʣʛʦʨʠʪʤʽʚ ʩʦʨʪʫʚʘʥʥʷ ʚ ʪʘʢʠʭ ʤʘʩʠʚʘʭ ʻ ʩʝʥʩ ʩʪʚʦʨʠʪʠ  ʧʨʦʛʨʘʤʫ ʟ ʥʘʩʪʫʧʥʠʤʠ 

ʤʦʞʣʠʚʦʩʪʷʤʠ: ʛʝʥʝʨʫʚʘʥʥʷ ʙʘʛʘʪʦʚʠʤʽʨʥʦʛʦ ʤʘʩʠʚʫ ʟ ʚʠʧʘʜʢʦʚʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʟʘ ʨʦʟʤʽʨʦʤ, ʱʦ ʟʘʜʘʻʪʴʩʷ 

ʢʦʨʠʩʪʫʚʘʯʝʤ; ʧʦʜʽʣ ʜʘʥʦʛʦ ʤʘʩʠʚʫ ʥʘ ʧʽʜʤʘʩʠʚʠ; ʩʦʨʪʫʚʘʥʥʷ ʧʽʜʤʘʩʠʚʽʚ ʧʦʩʣʽʜʦʚʥʠʤ ʽ ʧʘʨʘʣʝʣʴʥʠʤ 

ʘʣʛʦʨʠʪʤʦʤ ʩʦʨʪʫʚʘʥʥʷ; ʚʠʤʽʨʶʚʘʥʥʷ ʯʘʩʫ ʥʘ ʩʦʨʪʫʚʘʥʥʷ N-ʚʠʤʽʨʥʦʛʦ ʤʘʩʠʚʫ. 

ʊʘʢʦʞ ʮʽʢʘʚʠʤ ʻ ʧʠʪʘʥʥʷ, ʢʦʣʠ ʫ ʜʝʷʢʠʭ ʚʠʧʘʜʢʘʭ ʥʝʤʘʻ ʟʤʦʛʠ ʟʙʝʨʽʛʘʪʠ ʜʘʥʽ, ʷʢʽ ʦʙʨʦʙʣʷʶʪʴʩʷ, ʫ 

ʧʘʤôʷʪʽ. ʊʦʜʽ ʧʦʪʨʽʙʝʥ ʝʬʝʢʪʠʚʥʠʡ ʟʦʚʥʽʰʥʽʡ ʘʣʛʦʨʠʪʤ ʩʦʨʪʫʚʘʥʥʷ ʟ ʨʦʟʧʘʨʘʣʝʣʶʚʘʥʥʷʤ. 
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POLYETHYLENE FILMS FOR LONG -TERM STORAGE OF METAL PRODUCTS:  

 REQUIREMENTS, NEEDS, PROPERTIES 
 

The main criteria put forward to polymer coatings as means of anti-corrosion protection of metal products have considered by 
studies. The basic requirements of consumers for anti-corrosion protection of metal products using film materials have been established. It is 
shown that the use of film polymer materials for long-term protection of metal products is characterized by features due to the combination 
of preserving the functionality of polymer materials - protective and barrier characteristics and the preservation of the metal product itself. 

It was determined that the main directions in the development of film polymer coatings for long-term protection are the study of 
their aging processes, changes in properties depending on the terms and conditions of operation, consideration of the influence of the 
constituent components of the coatings on the duration of operation and the possibility of their further use. The change in the properties of 
polymer composites is the result of the action of many factors that can cause a positive or negative effect. 

The separate directions of development of works on aging of polymers, which are actively carried out today are researching on 
films with volatile atmospheric corrosion inhibitors of metals, plasticizers and other technological additives. At the same time, the main 
accent is placed on the correct selection of ingredients of coating and express analysis, despite the use of accelerated experiments, the 
development of appropriate mathematical apparatus for interpreting the results, improvement of research equipment. 

The analysis of scientific studies of the aging processes of polyethylene films during operation and the determination of the 
necessary directions of research will facilitate and improve the preservation of the properties of polymer materials, and extend the service 
life of metal products. 

Key words: polymers, polyethylene films, filler, structure, aging, closed storage. 

 

ʇʦʩʪʘʥʦʚʢʘ ʧʨʦʙʣʝʤʠ 

ʈʽʟʥʦʤʘʥʽʪʥʽʩʪʴ ʪʘ ʚʠʙʽʨ ʚʠʜʽʚ ʟʘʭʠʩʪʫ ʤʝʪʘʣʝʚʠʭ ʢʦʥʩʪʨʫʢʮʽʡ ʚ ʫʤʦʚʘʭ ʘʪʤʦʩʬʝʨʥʦʾ ʢʦʨʦʟʽʾ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʧʦʪʨʝʙʘʤʠ ʪʘ ʤʦʞʣʠʚʦʩʪʷʤʠ ʾʭ ʟʘʩʪʦʩʫʚʘʥʥʷ. ʊʘʢʽ ʜʦʨʦʛʽ ʚʠʜʠ ʟʘʭʠʩʪʫ, ʷʢ ʧʦʢʨʠʪʪʷ 

ʢʦʨʦʟʽʡʥʦʩʪʽʡʢʠʤʠ ʙʣʘʛʦʨʦʜʥʠʤʠ ʤʝʪʘʣʘʤʠ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʨʽʜʢʦ, ʥʘ ʥʘʡʙʽʣʴʰ ʮʽʥʥʦʤʫ ʦʙʣʘʜʥʘʥʥʷ 

ʥʝʚʝʣʠʢʦʛʦ ʨʦʟʤʽʨʫ. ʅʘʪʦʤʽʩʪʴ, ʩʧʦʩʦʙʠ ʟʘʭʠʩʪʫ ʚʽʜ ʘʪʤʦʩʬʝʨʥʦʾ ʢʦʨʦʟʽʾ, ʷʢʽ ʙʘʟʫʶʪʴʩʷ ʥʘ ʝʣʝʢʪʨʦʭʽʤʽʯʥʠʭ 

ʧʨʠʥʮʠʧʘʭ, ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʥʘ ʚʝʣʠʢʦʦʙôʻʤʥʠʭ ʤʝʪʘʣʝʚʠʭ ʢʦʥʩʪʨʫʢʮʽʷʭ ʪʘ ʦʙʣʘʜʥʘʥʥʽ. ʋ 

ʧʨʠʣʘʜʦʙʫʜʫʚʘʥʥʽ ʪʘ ʧʦʤʽʞ ʩʝʨʝʜʥʴʦʨʦʟʤʽʨʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʥʘʡʙʽʣʴʰ ʧʦʰʠʨʝʥʠʤʠ ʻ ʩʧʦʩʦʙʠ ʟʘʭʠʩʪʫ ʚʽʜ 

ʢʦʨʦʟʽʾ ʤʝʪʘʣʽʚ, ʱʦ ʙʘʟʫʶʪʴʩʷ ʥʘ ʚʽʜʤʝʞʫʚʘʥʥʽ (ʽʟʦʣʷʮʽʾ) ʤʝʪʘʣʫ ʚʽʜ ʦʪʦʯʫʶʯʦʛʦ ʘʛʨʝʩʠʚʥʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʪʘ 

ʩʪʚʦʨʝʥʽ ʦʩʦʙʣʠʚʠʭ ʫʤʦʚ ʧʝʨʝʙʫʚʘʥʥʷ ʤʝʪʘʣʦʚʠʨʦʙʽʚ ʫ ʭʽʤʽʯʥʦ ʥʝ ʩʧʨʠʷʪʣʠʚʽʡ ʜʣʷ ʢʦʨʦʜʫʚʘʥʥʷ ʘʪʤʦʩʬʝʨʽ. 

ʊʨʠʚʘʣʠʡ ʯʘʩ ʪʘʢʽ ʚʠʜʠ ʟʘʭʠʩʪʫ ʨʦʟʚʠʚʘʣʠʩʴ ʜʣʷ ʪʠʤʯʘʩʦʚʦʛʦ ʟʙʝʨʽʛʘʥʥʷ ʚʠʨʦʙʽʚ. ʆʜʥʘʢ, ʥʘ ʜʘʥʠʡ ʯʘʩ 

ʽʩʥʫʶʪʴ ʢʽʣʴʢʘ ʥʘʧʨʷʤʢʽʚ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʦʚʛʦʪʨʠʚʘʣʦʛʦ ʘʥʪʠʢʦʨʦʟʽʡʥʦʛʦ ʟʘʭʠʩʪʫ, ʷʢʽ ʧʦʚôʷʟʘʥʽ ʽʟ 

ʨʦʟʰʠʨʝʥʥʷʤ ʧʦʪʨʝʙ ʩʧʦʞʠʚʘʥʥʷ, ʪʘ ʦʭʦʧʣʶʶʪʴ ʤʦʜʠʬʽʢʦʚʘʥʽ ʙʘʨôʻʨʥʽ ʤʘʪʝʨʽʘʣʠ, ʱʦ ʤʽʩʪʷʪʴ ʽʥʛʽʙʽʪʦʨʠ 

ʘʪʤʦʩʬʝʨʥʦʾ ʢʦʨʦʟʽʾ ï ʤʘʩʣʘ ʽ ʟʤʘʟʢʠ (ʪʘʙʣʝʪʢʠ ʪʘ ʩʠʧʫʯʽ ʤʘʪʝʨʽʘʣʠ), ʣʘʢʠ ʽ ʬʘʨʙʠ, ʧʘʧʝʨʦʚʦ-ʢʘʨʪʦʥʥʽ 

ʚʠʨʦʙʠ, ʧʦʣʽʤʝʨʥʽ ʧʘʢʫʚʘʣʴʥʽ ʧʣʽʚʢʠ. ɽʬʝʢʪʠʚʥʽʩʪʴ ʚʽʜ ʟʘʩʪʦʩʫʚʘʥʥʷ ʦʩʪʘʥʥʽʭ ʩʧʦʩʦʙʽʚ ʟʘʣʝʞʠʪʴ ʚʽʜ 

ʙʘʛʘʪʴʦʭ ʬʘʢʪʦʨʽʚ ï ʚʽʜ ʧʽʜʛʦʪʦʚʢʠ ʧʦʚʝʨʭʥʽ ʤʝʪʘʣʫ ʜʦ ʩʢʣʘʜʩʴʢʠʭ ʫʤʦʚ, ʧʨʦʪʝ ʩʘʤʝ ʜʦʚʛʦʪʨʠʚʘʣʝ ʟʙʝʨʽʛʘʥʥʷ 

ʤʝʪʘʣʦʧʨʦʜʫʢʮʽʾ ʫ ʧʦʣʽʤʝʨʥʽʡ ʧʘʢʫʚʘʣʴʥʽʡ ʪʘʨʽ ʟʘʣʠʰʘʻʪʴʩʷ ʥʘʡʙʽʣʴʰ ʧʦʰʠʨʝʥʠʤ [1, 2]. 

 

ɸʥʘʣʽʟ ʦʩʪʘʥʥʽʭ ʜʞʝʨʝʣ 

ʇʦʣʽʤʝʨʥʽ ʧʣʽʚʢʠ, ʷʢʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʚ ʷʢʦʩʪʽ ʟʘʩʦʙʽʚ ʟʘʭʠʩʪʫ ʚʽʜ ʢʦʨʦʟʽʾ, ʧʦʚʠʥʥʽ ʤʘʪʠ ʥʝʦʙʭʽʜʥʠʡ 

ʢʦʤʧʣʝʢʩ ʚʣʘʩʪʠʚʦʩʪʝʡ [1ï7]: 

1) ʭʽʤʽʯʥʠʭ ʪʘ ʧʨʦʪʠʢʦʨʦʟʽʡʥʠʭ (ʥʝ ʟʤʽʥʶʚʘʪʠ ʚʣʘʩʪʠʚʦʩʪʝʡ ʧʽʜ ʚʧʣʠʚʦʤ ʟʦʚʥʽʰʥʽʭ ʬʘʢʪʦʨʽʚ ʪʘ 

https://orcid.org/0000-0002-6157-7079
file:///C:/Users/soguy/Downloads/nina.domantzevich@gmail.com
https://orcid.org/0000-0001-6762-2646
file:///C:/Users/soguy/Downloads/bogdan.yatsyshyn7@gmail.com


 ˟̨̨̖̘̆̎̎ ̎́̔̋̉ ISSN 2307-5732 
 

ˏ̨̒̎̉̋ ˢ̝̗̝̍̆̌̎̉̋̏̄̏ ̨̗̝̎́̏̎́̌̎̏̄̏ ̨̔̎̃̆̑̒̉̓̆̓̔, Τ4, 2023 (323) 107 

ʧʨʦʷʚʣʷʪʠ ʧʝʚʥʫ ʭʽʤʽʯʥʫ ʽʥʝʨʪʥʽʩʪʴ ʜʦ ʫʧʘʢʦʚʘʥʠʭ ʤʝʪʘʣʝʚʠʭ ʚʠʨʦʙʽʚ); 

2) ʙʘʨôʻʨʥʠʭ (ʥʠʟʴʢʦʶ ʧʘʨʦ-, ʚʦʜʦ-, ʛʘʟʦʧʨʦʥʠʢʥʽʩʪʶ); 

3) ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʭ (ʚʠʩʦʢʠʤ ʦʧʦʨʦʤ ʨʦʟʨʠʚʘʥʥʷ, ʥʘʜʨʽʟʫ, ʚʠʩʦʢʠʤʠ ʧʦʢʘʟʥʠʢʘʤʠ ʤʽʮʥʦʩʪʽ ʧʨʠ 

ʨʦʟʪʷʛʫʚʘʥʥʷ ʽ ʚʠʜʦʚʞʝʥʥʷ ʧʨʠ ʨʦʟʨʠʚʘʥʥʽ, ʚ ʪʦʤʫ ʯʠʩʣʽ ʽ ʪʝʨʤʦʤʝʭʘʥʽʯʥʠʤʠ ʧʦʢʘʟʥʠʢʘʤʠ, ʚʠʩʦʢʦʶ 

ʝʣʘʩʪʠʯʥʽʩʪʶ); 

4) ʪʝʭʥʦʣʦʛʽʯʥʠʭ (ʤʘʣʘ ʤʘʪʝʨʽʘʣʦʻʤʢʽʩʪʴ, ʣʝʛʢʽʩʪʴ ʟʚʘʨʶʚʘʥʥʷ, ʭʦʨʦʰʘ ʩʧʨʠʷʪʣʠʚʽʩʪʴ ʜʦ ʜʨʫʢʫ). 

ʇʦʣʽʤʝʨʥʠʡ ʧʣʽʚʢʦʚʠʡ ʤʘʪʝʨʽʘʣ ʚʠʢʦʥʫʻ ʧʦʜʚʽʡʥʫ ʨʦʣʴ ʚ ʩʠʩʪʝʤʽ ʙʘʨôʻʨʥʦʾ ʫʧʘʢʦʚʢʠ. ʇʦ-ʧʝʨʰʝ, 

ʧʦʣʽʤʝʨʥʽ ʧʣʽʚʢʠ ʟʙʝʨʽʛʘʶʪʴ ʫʧʘʢʦʚʘʥʠʡ ʚʠʨʽʙ ʚʽʜ ʚʧʣʠʚʫ ʟʦʚʥʽʰʥʴʦʛʦ ʘʛʨʝʩʠʚʥʦʛʦ ʩʝʨʝʜʦʚʠʱʘ, ʦʩʥʦʚʥʠʤʠ 

ʢʦʤʧʦʥʝʥʪʘʤʠ ʷʢʦʛʦ, ʱʦ ʩʧʨʠʷʶʪʴ ʧʨʦʮʝʩʫ ʢʦʨʦʟʽʾ, ʻ [5, 8]:  

- ʘʪʤʦʩʬʝʨʥʘ ʚʦʣʦʛʘ, ʱʦ ʤʦʞʝ ʤʽʩʪʠʪʠ ʜʠʩʦʮʽʡʦʚʘʥʽ ʽʦʥʠ ʩʦʣʝʡ ʪʘ ʢʠʩʣʦʪ;  

- ʢʠʩʝʥʴ ʽ ʚʫʛʣʝʢʠʩʣʠʡ ʛʘʟ ʧʦʚʽʪʨʷ;  

- ʧʨʦʤʠʩʣʦʚʽ ʛʘʟʠ (ʭʣʦʨ, ʩʽʨʢʦʚʦʜʝʥʴ, ʦʢʠʩʣʠ ʩʽʨʢʠ ʽ ʘʟʦʪʫ ʪʦʱʦ).  

ʇʦ-ʜʨʫʛʝ, ʧʦʣʽʤʝʨʥʽ ʧʣʽʚʢʠ ʩʧʨʠʷʶʪʴ ʟʙʝʨʝʞʝʥʥʶ ʤʽʢʨʦʢʣʽʤʘʪʫ ʚʩʝʨʝʜʠʥʽ ʫʧʘʢʦʚʢʠ, ʩʪʚʦʨʝʥʦʛʦ 

ʢʦʥʩʝʨʚʘʮʽʡʥʠʤʠ ʟʘʩʦʙʘʤʠ, ʱʦ ʧʨʠʟʥʘʯʝʥʽ ʟʘʙʝʟʧʝʯʠʪʠ ʟʘʭʠʩʪ ʫʧʘʢʦʚʘʥʦʛʦ ʚʠʨʦʙʫ ʚʽʜ ʢʦʨʦʟʽʾ ʧʽʜ ʯʘʩ ʡʦʛʦ 

ʪʨʘʥʩʧʦʨʪʫʚʘʥʥʷ ʽ ʟʙʝʨʽʛʘʥʥʷ. 

ɸʥʪʠʢʦʨʦʟʽʡʥʽ ʧʣʽʚʢʠ ʟʘ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʤʦʞʥʘ ʧʦʜʽʣʠʪʠ ʥʘ 4-ʠ ʢʘʪʝʛʦʨʽʾ ʟʘ 

ʛʘʨʘʥʪʽʡʥʠʤ ʯʘʩʦʤ ʟʙʝʨʽʛʘʥʥʷ ʪʘ ʫʤʦʚʘʤʠ ʩʢʣʘʜʫʚʘʥʥʷ:  

ʘ) ʢʦʨʦʪʢʦʪʝʨʤʽʥʦʚʦʛʦ ʩʢʣʘʜʫʚʘʥʥʷ (5ï10 ʜʥʽʚ) ʥʘ ʚʽʜʢʨʠʪʠʭ ʧʣʦʱʘʜʢʘʭ ʘʙʦ ʧʽʜ ʥʘʚʽʩʦʤ; 

ʙ) ʜʦʚʛʦʪʨʠʚʘʣʦʛʦ ʩʢʣʘʜʫʚʘʥʥʷ (ʚʽʜ 3-ʭ ʤʽʩʷʮʽʚ ʜʦ 1 ʨʦʢʫ ʽ ʙʽʣʴʰʝ) ʧʽʜ ʥʘʚʽʩʦʤ ʘʙʦ ʟ ʜʦʜʘʪʢʦʚʠʤ 

ʟʘʭʠʩʪʦʤ ʚʽʜ ʧʨʷʤʦʛʦ ʧʦʧʘʜʘʥʥʷ ʘʪʤʦʩʬʝʨʥʦʾ ʚʦʣʦʛʠ ʪʘ ʋʌ-ʦʧʨʦʤʽʥʝʥʥʷ (ʚ ʪʦʤʫ ʯʠʩʣʽ ʢʦʥʪʝʡʥʝʨʥʽ 

ʧʝʨʝʚʝʟʝʥʥʷ ʘʚʪʦʤʦʙʽʣʴʥʠʤ, ʟʘʣʽʟʥʦʜʦʨʦʞʥʽʤ ʪʘ ʤʦʨʩʴʢʠʤ ʪʨʘʥʩʧʦʨʪʦʤ); 

ʚ) ʢʦʨʦʪʢʦʪʝʨʤʽʥʦʚʦʛʦ ʟʘʢʨʠʪʦʛʦ ʩʢʣʘʜʫʚʘʥʥʷ(ʜʦ ʨʦʢʫ); 

ʛ) ʜʦʚʛʦʪʝʨʤʽʥʦʚʦʛʦ ʟʘʢʨʠʪʦʛʦ ʩʢʣʘʜʫʚʘʥʥʷ (ʜʦ 10 ʨʦʢʽʚ ʽ ʙʽʣʴʰʝ).  

ʇʣʽʚʢʠ, ʢʦʞʥʦʾ ʽʟ ʧʝʨʝʣʽʯʝʥʠʭ ʢʘʪʝʛʦʨʽʡ, ʚʠʜʽʣʷʶʪʴʩʷ ʥʘʙʦʨʦʤ ʧʘʨʘʤʝʪʨʽʚ ʪʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʷʢʽ ʚ 

ʢʽʥʮʝʚʦʤʫ ʚʠʟʥʘʯʘʶʪʴ ʜʦʮʽʣʴʥʽʩʪʴ ʪʘ ʚʘʨʪʽʩʪʴ ʧʨʦʚʝʜʝʥʠʭ ʨʦʙʽʪ ʽʟ ʧʘʢʫʚʘʥʥʷ. ʂʨʠʪʝʨʽʾ ʚʠʙʦʨʫ ʧʝʚʥʦʛʦ ʚʠʜʫ 

ʟʘʭʠʩʥʠʭ ʘʥʪʠʢʦʨʦʟʽʡʥʠʭ ʧʣʽʚʦʢ ʜʣʷ ʟʙʝʨʽʛʘʥʥʷ ʤʝʪʘʣʦʧʨʦʜʫʢʮʽʾ ʚ ʢʽʥʮʝʚʦʤʫ ʚʠʟʥʘʯʘʶʪʴʩʷ ʟʙʝʨʝʞʝʥʥʷʤ 

ʷʢʦʩʪʽ ʧʨʦʜʫʢʪʫ, ʘ ʜʦ ʨʦʟʛʣʷʜʫ ʙʝʨʫʪʴʩʷ (ʧʨʠʡʤʘʶʪʴʩʷ) ʥʘʩʪʫʧʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʘʢʫʚʘʣʴʥʦʛʦ ʤʘʪʝʨʽʘʣʫ: 

1) ʪʦʚʱʠʥʘ; 

2) ʥʘʷʚʥʽʩʪʴ ʜʦʜʘʪʢʫ, ʱʦ ʧʨʠʚʦʜʠʪʴ ʜʦ ʟʤʽʥ ʩʪʨʫʢʪʫʨʠ ʽʟ ʟʙʽʣʴʰʝʥʦʶ ʜʝʬʝʢʪʥʽʩʪʶ ʧʦʣʽʤʝʨʥʦʾ 

ʤʘʪʨʠʮʽ (ʥʘʧʨʠʢʣʘʜ, ʣʝʪʢʦʛʦ ʽʥʛʽʙʽʪʦʨʘ ʘʪʤʦʩʬʝʨʥʦʾ ʢʦʨʦʟʽʾ ʘʤʽʥʥʦʛʦ ʪʠʧʫ, ʱʦ ʩʪʚʦʨʶʻ 

ʦʧʪʠʤʘʣʴʥʝ ʜʣʷ ʟʙʝʨʽʛʘʥʥʷ ʚʥʫʪʨʽʰʥʴʦʧʘʢʫʚʘʣʴʥʝ ʩʝʨʝʜʦʚʠʱʝ); 

3)  ʤʽʮʥʽʩʥʽ ʧʘʨʘʤʝʪʨʠ (ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ); 

4) ʜʠʬʫʟʽʡʥʽ ʧʘʨʘʤʝʪʨʠ (ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ); 

5) ʚʟʘʻʤʦʜʽʷ ʽʟ ʤʝʪʘʣʦʤ; 

6) ʚʘʨʪʽʩʪʴ. 

ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʟʥʘʭʦʜʞʝʥʥʷ ʦʩʥʦʚʥʠʭ ʢʨʠʪʝʨʽʾʚ ʘʥʘʣʽʟʫ ʟʤʽʥ ʚʣʘʩʪʠʚʦʩʪʝʡ ʧʦʣʽʤʝʨʥʠʭ 

ʤʦʜʠʬʽʢʦʚʘʥʠʭ ʧʦʢʨʠʪʴ ʽ ʚʠʨʦʙʣʝʥʥʷ ʥʘ ʾʭ ʦʩʥʦʚʽ ʩʧʨʦʱʝʥʦʾ ʤʝʪʦʜʦʣʦʛʽʾ ʚʠʟʥʘʯʝʥʥʷ ʷʢʦʩʪʽ ʤʘʪʝʨʽʘʣʽʚ ʧʨʠ ʾʭ 

ʜʦʚʛʦʪʨʠʚʘʣʽʡ ʝʢʩʧʣʫʘʪʘʮʽʾ. 

ɺʠʢʣʘʜ ʦʩʥʦʚʥʦʛʦ ʤʘʪʝʨʽʘʣʫ 

ʊʦʚʱʠʥʘ ʧʣʽʚʦʢ ʜʣʷ ʢʦʨʦʪʢʦʪʝʨʤʽʥʦʚʦʛʦ ʟʙʝʨʽʛʘʥʥʷ ʚʠʨʦʙʽʚ (ʥʘ ʚʽʜʢʨʠʪʠʭ ʧʣʦʱʘʜʢʘʭ ʪʘ ʟʘʢʨʠʪʦʤʫ 

ʩʢʣʘʜʫʚʘʥʥʽ) ʟʘʟʚʠʯʘʡ ʥʝ ʧʝʨʝʚʠʱʫʻ 100 ʤʢ, ʦʩʢʽʣʴʢʠ ʪʦʚʩʪʽʰʽ ʧʣʽʚʢʠ ʩʪʚʦʨʶʶʪʴ ʥʝʟʨʫʯʥʦʩʪʽ ʧʦ ʨʦʟʧʘʢʦʚʮʽ. 

ɹʽʣʴʰ ʪʦʚʩʪʽʰʽ ʧʣʽʚʢʠ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʧʨʠ ʫʧʘʢʫʚʘʥʥʽ ʩʝʨʝʜʥʴʦ- ʪʘ ʚʝʣʠʢʦʛʘʙʘʨʠʪʥʦʾ ʪʝʭʥʽʢʠ ʪʘ ʚʠʨʦʙʽʚ. 

ɼʣʷ ʢʦʨʦʪʢʦʪʝʨʤʽʥʦʚʦʛʦ ʟʙʝʨʽʛʘʥʥʷ ʧʝʨʝʚʘʞʥʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʥʝʽʥʛʽʙʦʚʘʥʽ ʧʣʽʚʢʠ ʧʦʣʽʝʪʠʣʝʥʫ, ʱʦ ʥʝ 

ʧʨʠʚʦʜʠʪʴ ʜʦ ʧʦʥʠʞʝʥʥʷ ʷʢʦʩʪʽ ʟʙʝʨʽʛʘʥʥʷ ʪʘ ʟʥʘʯʥʦ ʟʥʠʞʫʻ ʚʘʨʪʽʩʪʴ ʧʘʢʫʚʘʥʥʷ. ʇʣʽʚʢʠ ʽʟ ʽʥʛʽʙʽʪʦʨʦʤ 

ʘʪʤʦʩʬʝʨʥʦʾ ʢʦʨʦʟʽʾ ʤʦʞʥʘ ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʜʣʷ ʢʦʨʦʪʢʦʪʝʨʤʽʥʦʚʦʛʦ ʟʙʝʨʽʛʘʥʥʷ ʤʝʪʘʣʦʧʨʦʜʫʢʮʽʾ (ʜʦ 2-ʭ 

ʨʦʢʽʚ). ʇʨʦʪʝ, ʚʠʢʦʨʠʩʪʘʥʥʷ ʽʥʛʽʙʦʚʘʥʠʭ ʧʣʽʚʦʢ ʧʨʦʪʷʛʦʤ ʪʨʠʚʘʣʠʭ ʪʝʨʤʽʥʽʚ ʟʙʝʨʽʛʘʥʥʷ ʤʦʞʝ ʙʫʪʠ 

ʫʩʢʣʘʜʥʝʥʝ ʟ-ʟʘ ʩʧʝʮʠʬʽʯʥʦʾ ʜʽʾ ʽʥʛʽʙʽʪʦʨʘ ʥʘ ʧʦʣʽʤʝʨʥʫ ʤʘʪʨʠʮʶ, ʱʦ ʧʨʠʚʦʜʠʪʴ ʜʦ ʟʤʽʥ ʩʪʨʫʢʪʫʨʠ ʪʘ 

ʟʙʽʣʴʰʝʥʥʷ ʜʝʬʝʢʪʥʦʩʪʽ (ʧʝʨʝʚʽʨʷʣʦʩʴ ʥʘ ʘʤʽʥʥʠʭ ʽʥʛʽʙʽʪʦʨʘʭ ʘʪʤʦʩʬʝʨʥʦʾ ʢʦʨʦʟʽʾ).  

ɼʦʚʛʦʪʝʨʤʽʥʦʚʝ ʟʙʝʨʽʛʘʥʥʷ ʚʽʜʟʥʘʯʘʻʪʴʩʷ ʙʽʣʴʰ ʞʦʨʩʪʢʠʤʠ ʫʤʦʚʘʤʠ ʧʝʨʝʙʫʚʘʥʥʷ ʧʨʦʜʫʢʮʽʾ, 

ʥʝʟʘʣʝʞʥʦ ʚʽʜ ʤʽʩʮʷ ʩʢʣʘʜʫʚʘʥʥʷ ï ʚʽʜʢʨʠʪʦʛʦ ʯʠ ʟʘʢʨʠʪʦʛʦ. ɿ ʮʽʻʾ ʧʨʠʯʠʥʠ ʪʦʚʱʠʥʘ ʟʘʭʠʩʥʠʭ ʧʘʢʫʚʘʣʴʥʠʭ 

ʧʣʽʚʦʢ ʜʣʷ ʜʦʚʛʦʪʨʠʚʘʣʦʛʦ ʟʙʝʨʽʛʘʥʥʷ ʤʝʪʘʣʦʧʨʦʜʫʢʮʽʾ ʙʽʣʴʰʘ ï ʚʽʜ 150 ʤʢ, ʘ ʧʨʠʩʫʪʥʽʩʪʴ ʽʥʛʽʙʽʪʦʨʘ 

ʘʪʤʦʩʬʝʨʥʦʾ ʢʦʨʦʟʽʾ ʙʘʞʘʥʘ. ʊʨʠʚʘʣʠʡ ʯʘʩ ʧʝʨʝʙʫʚʘʥʥʷ ʧʨʦʜʫʢʮʽʾ ʧʽʜ ʚʧʣʠʚʦʤ ʘʛʝʥʪʽʚ ʚʠʤʘʛʘʻ ʧʝʨʝʜʙʘʯʠʪʠ 

ʟʥʠʞʝʥʥʷ ʟʘʭʠʩʥʠʭ ʙʘʨôʻʨʥʠʭ ʪʘ ʤʽʮʥʽʩʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʷʢʽ ʟʤʽʥʶʶʪʴʩʷ ʧʝʨʰʦʯʝʨʛʦʚʦ. ɽʬʝʢʪ ʚʟʘʻʤʦʜʽʾ 

ʜʦʚʛʦʪʨʠʚʘʣʦʛʦ ʧʦʢʨʠʪʪʷ ʪʘ ʤʝʪʘʣʫ ʩʪʘʻ ʦʜʥʠʤ ʽʟ ʦʩʥʦʚʥʠʭ ʪʘ ʡʦʛʦ ʚʞʝ ʚʽʜʥʦʩʷʪʴ ʜʦ ʧʠʪʘʥʴ ʟʥʠʞʝʥʥʷ 

ʟʘʭʠʩʥʠʭ ʬʫʥʢʮʽʡ ʧʣʽʚʦʢ, ʘ ʟʙʽʣʴʰʝʥʥʷ ʚʘʨʪʦʩʪʽ ʧʨʦʝʢʪʫ ʟʘʤʽʥʶʻʪʴʩʷ ʪʝʭʥʦʣʦʛʽʯʥʠʤʠ ʧʨʦʙʣʝʤʘʤʠ ʚʚʝʜʝʥʥʷ 

ʜʦʜʘʪʢʽʚ ʪʘ ʥʘʧʦʚʥʶʚʘʯʽʚ, ʱʦ ʧʽʜʚʠʱʫʶʪʴ ʪʝʨʤʽʥʠ ʟʘʙʝʟʧʝʯʝʥʥʷ ʧʨʠʜʘʪʥʦʩʪʽ  ʤʘʪʝʨʽʘʣʫ ʙʝʟ ʟʥʠʞʝʥʥʷ ʡʦʛʦ 

ʨʽʚʥʷ ʟʘʭʠʩʪʫ ʜʣʷ ʤʝʪʘʣʦʧʨʦʜʫʢʪʫ. 

ʄʽʮʥʽʩʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʘʢʫʚʘʥʥʷ ʚʠʟʥʘʯʘʶʪʴʩʷ ʭʽʤʽʯʥʠʤ ʩʢʣʘʜ ʽ ʩʪʨʫʢʪʫʨʦʶ ʧʦʣʽʤʝʨʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ (ʪʘ ʾʾ ʟʤʽʥʘʤʠ ʚ ʧʨʦʮʝʩʽ ʬʦʨʤʫʚʘʥʥʷ ʪʘ ʝʢʩʧʣʫʘʪʘʮʽʾ ʧʣʽʚʢʠ). ɼʣʷ ʧʦʣʽʤʝʨʽʚ ʟ ʧʝʨʝʚʘʞʥʦ 

ʢʨʠʩʪʘʣʽʯʥʦʶ ʩʪʨʫʢʪʫʨʦʶ (ʧʦʣʽʧʨʦʧʽʣʝʥ, ʧʦʣʽʘʤʽʜ, ʧʦʣʽʝʪʠʣʝʥʪʝʨʝʬʪʘʣʘʪ) ʤʘʻ ʤʽʩʮʝ ʢʚʘʟʽʢʨʠʭʢʝ ʨʫʡʥʫʚʘʥʥʷ 

ʚ ʨʝʟʫʣʴʪʘʪʽ ʜʝʬʦʨʤʘʮʽʾ ʢʨʠʩʪʘʣʽʯʥʠʭ ʫʪʚʦʨʝʥʴ ʷʢ ʻʜʠʥʦʛʦ ʮʽʣʦʛʦ. ʇʦʣʽʤʝʨʠ ʟ ʧʝʨʝʚʘʞʥʦ ʘʤʦʨʬʥʦʶ 

ʩʪʨʫʢʪʫʨʦʶ (ʧʦʣʽʩʪʠʨʦʣ, ʇɺʍ, ʧʦʣʽʤʝʪʠʣʤʝʪʘʢʨʠʣʘʪ, ʘ ʪʘʢʦʞ ʨʷʜ ʩʪʨʫʢʪʫʨʦʚʘʥʠʭ ʙʫʪʘʜʽʻʥʦʚʠʭ ʪʘ 

ʩʪʠʨʦʣʴʥʠʭ ʩʦʧʦʣʽʤʝʨʽʚ) ʟʜʘʪʥʽ ʜʦ ʟʥʘʯʥʦʾ ʧʣʘʩʪʠʯʥʦʾ ʜʝʬʦʨʤʘʮʽʾ ʟʽ ʟʤʽʥʦʶ ʩʪʨʫʢʪʫʨʠ ʤʘʪʝʨʽʘʣʫ [1, 4]. 
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ʇʨʠ ʦʜʥʘʢʦʚʦʤʫ ʩʧʽʚʚʽʜʥʦʰʝʥʥʽ ʢʨʠʩʪʘʣʽʯʥʦʾ ʽ ʘʤʦʨʬʥʦʾ ʯʘʩʪʠʥ ʥʘ ʤʽʮʥʽʩʪʴ ʩʫʪʪʻʚʦ ʚʧʣʠʚʘʻ 

ʭʘʨʘʢʪʝʨ ʥʘʜʤʦʣʝʢʫʣʷʨʥʦʾ ʩʪʨʫʢʪʫʨʠ. ʄʘʪʝʨʽʘʣ, ʱʦ ʤʽʩʪʠʪʴ ʢʨʫʧʥʽ ʩʬʝʨʦʣʽʪʠ ʩʪʘʻ ʙʽʣʴʰ ʢʨʠʭʢʠʤ, ʥʽʞ 

ʜʨʽʙʥʦʩʬʝʨʦʣʽʪʥʠʡ. 

ʄʽʮʥʽʩʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʚʩʽʭ ʤʘʪʝʨʽʘʣʽʚ ʟʘʣʝʞʘʪʴ ʚʽʜ ʩʪʝʧʝʥʽ ʦʨʽʻʥʪʘʮʽʾ ʧʦʣʽʤʝʨʥʠʭ ʣʘʥʮʶʛʽʚ, 

ʨʦʟʛʘʣʫʞʝʥʦʩʪʽ ʽ ʧʦʧʝʨʝʯʥʦʛʦ ʟʰʠʚʘʥʥʷ. ʅʘʜʽʡʥʽʩʪʴ ʫʧʘʢʦʚʢʠ ʚ ʧʨʦʮʝʩʽ ʪʨʘʥʩʧʦʨʪʫʚʘʥʥʷ ʯʠ ʟʙʝʨʽʛʘʥʥʷ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʢʦʤʧʣʝʢʩʦʤ ʤʝʭʘʥʽʯʥʠʭ ʽ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ (ʟ ʚʨʘʭʫʚʘʥʥʷʤ ʨʽʟʥʠʭ ʚʠʜʽʚ 

ʥʘʚʘʥʪʘʞʝʥʴ): ʤʽʮʥʽʩʪʶ ʥʘ ʧʨʦʢʦʣ, ʦʧʦʨʦʤ ʥʘʜʨʠʚʫ, ʥʘʜʨʽʟʫ ʽ ʧʨʦʜʘʚʣʶʚʘʥʥʶ, ʪʝʧʣʦ- ʽ ʤʦʨʦʟʦʩʪʽʡʢʩʽʪʶ, 

ʘʪʤʦʩʬʝʨʦ- ʽ ʙʽʦʩʪʽʡʢʩʽʪʶ [1, 9ï12]. ʇʨʠ ʟʙʽʣʴʰʝʥʥʽ ʪʝʤʧʝʨʘʪʫʨʠ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʟʥʠʞʝʥʥʷ ʤʽʮʥʦʩʪʽ, ʧʨʦʪʝ ʚ 

ʥʝʚʝʣʠʢʦʤʫ ʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʽʥʪʝʨʚʘʣʽ, ʚ ʷʢʦʤʫ ʟʜʽʡʩʥʶʻʪʴʩʷ ʜʦʜʘʪʢʦʚʘ ʦʨʽʻʥʪʘʮʽʷ ʤʦʣʝʢʫʣ, ʤʽʮʥʽʩʪʴ 

ʟʨʦʩʪʘʻ. ʊʨʠʚʘʣʠʡ ʚʧʣʠʚ ʟʤʽʥʥʠʭ ʪʝʤʧʝʨʘʪʫʨ ʧʦʥʠʞʫʻ ʚʝʣʠʯʠʥʫ ʤʽʮʥʦʩʪʽ ʥʘ ʨʦʟʨʠʚ, ʟʨʽʟ ʪʘ ʟʛʠʥ. ʇʨʦʮʝʩʠ 

ʜʝʩʪʨʫʢʮʽʾ, ʷʢʽ ʧʦʨʫʰʫʶʪʴ ʤʦʣʝʢʫʣʷʨʥʫ ʩʪʨʫʢʪʫʨʫ ʤʘʪʝʨʽʘʣʫ, ʟ ʯʘʩʦʤ ʧʨʠʚʦʜʷʪʴ ʜʦ ʥʝʟʚʦʨʦʪʥʠʭ ʟʤʽʥ 

ʤʽʮʥʽʩʥʠʭ ʽ ʙʘʨôʻʨʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʧʦʣʽʤʝʨʥʠʭ ʧʣʽʚʦʢ. ʆʩʦʙʣʠʚʦ ʥʝʙʝʟʧʝʯʥʽ ʪʝʨʤʦ- ʽ ʬʦʪʦʦʢʠʩʣʶʚʘʣʴʥʘ 

ʜʝʩʪʨʫʢʮʽʷ, ʷʢʘ ʨʦʟʚʠʚʘʻʪʴʩʷ ʟʘ ʣʘʥʮʶʛʦʚʠʤ ʤʝʭʘʥʽʟʤʦʤ. ʆʢʠʩʣʝʥʥʶ ʧʦʣʽʦʣʝʬʽʥʽʚ ʩʧʨʠʷʻ ʧʨʠʩʫʪʥʽʩʪʴ ʚ 

ʧʦʚʽʪʨʽ ʩʠʣʴʥʠʭ ʦʢʠʩʣʶʚʘʯʽʚ ʪʘʢʠʭ ʷʢ ʦʟʦʥ, SO2 , NO2, H2O2 [1, 7, 13]. 

ɺʚʝʜʝʥʥʷ ʫ ʩʢʣʘʜ ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʜʦʜʘʪʢʽʚ ʪʘ ʥʘʧʦʚʥʶʚʘʯʽʚ ʥʝʦʜʤʽʥʥʦ ʧʨʠʚʦʜʠʪʴ ʜʦ 

ʟʥʠʞʝʥʥʷ ʤʽʮʥʽʩʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʢʨʠʪʪʷ, ʱʦ ʥʘʡʙʽʣʴʰ ʡʤʦʚʽʨʥʦ ʧʨʦʷʚʣʷʻʪʴʩʷ ʩʘʤʝ ʽʟ ʡʦʛʦ 

ʜʦʚʛʦʪʨʠʚʘʣʠʤ ʚʠʢʦʨʠʩʪʘʥʥʷʤ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʥʘʚʽʪʴ ʥʝʚʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ ʣʝʪʢʠʭ ʘʤʽʥʥʠʭ ʽʥʽʛʽʙʽʪʦʨʽʚ 

ʘʪʤʦʩʬʝʨʥʦʾ ʢʦʨʦʟʽʾ ʤʝʪʘʣʽʚ (ʥʽʪʨʠʪʫ ʜʠʮʠʢʣʦʛʝʢʩʠʣʘʤʽʥʫ ï ʅɼɸ, ʮʠʢʣʦʛʝʢʩʠʣʘʤʽʥʙʝʥʟʦʘʪʫ ï ʎɻɸɹ ʯʠ 

ʜʠʮʠʢʣʦʛʝʢʩʠʣʘʤʽʥʫ ʙʝʥʟʦʘʪʫ ï ɼʎɻɸɹ) ʧʨʠʚʦʜʷʪʴ ʜʦ ʧʦʯʘʪʢʦʚʠʭ ʧʦʨʫʰʝʥʴ ʩʪʨʫʢʪʫʨʠ ʟʘʭʠʩʥʦʛʦ 

ʤʘʪʝʨʽʘʣʫ, ʷʢʽ ʦʩʦʙʣʠʚʦ ʚʘʛʦʤʦ ʩʝʙʝ ʧʨʦʷʚʣʷʶʪʴ ʫ ʜʦʚʛʦʩʪʨʦʢʦʚʦʤʫ ʽʥʪʝʨʚʘʣʽ, ʢʦʣʠ, ʬʘʢʪʠʯʥʦ ʟ-ʟʘ ʣʝʪʢʦʩʪʽ, 

ʽʥʛʽʙʽʪʦʨ ʚʽʜʩʫʪʥʽʡ [14].  

ʇʨʦʪʝ ʩʪʨʫʢʪʫʨʥʽ ʧʨʦʮʝʩʠ, ʷʢʽ ʙʫʣʠ ʟʘʧʫʱʝʥʽ ʜʦʜʘʪʢʘʤʠ ʫ ʧʝʨʰʽ ʝʪʘʧʠ ʝʢʩʧʣʫʘʪʘʮʽʾ ʧʦʢʨʠʪʪʷ, 

ʥʘʡʙʽʣʴʰʝ ʧʨʦʷʚʣʷʶʪʴʩʷ ʫ ʚʠʛʣʷʜʽ ʜʝʩʪʨʫʢʮʽʡʥʠʭ ʜʝʬʝʢʪʽʚ, ʨʦʟʨʦʩʪʘʥʥʽ ʧʦʨ ʪʘ ʪʨʽʱʠʥ ʟ ʧʨʠʯʠʥʠ ʟʨʦʩʪʘʥʥʷ 

ʚʥʫʪʨʽʰʥʽʭ ʥʘʧʨʫʞʝʥʴ ʫ ʤʘʪʝʨʽʘʣʽ (ʨʠʩ. 1) [ 15].  

 
ʈʠʩ. 1. ʄʽʢʨʦʬʦʪʦʛʨʘʬʽʷ ʜʝʬʝʢʪʥʦʩʪʽ ʧʦʚʝʨʭʥʽ ʧʦʣʽʝʪʠʣʝʥʦʚʦʾ ʧʣʽʚʢʠ  

ʟ ʜʦʜʘʪʢʘʤʠ ʽʥʛʽʙʽʪʦʨʘ 1 ʚʘʛ. % ʎɻɸɹ  ʧʨʠ ʩʪʘʨʽʥʥʷ 7 ʨʦʢʽʚ; ʍ 4000: 

1 ï ʥʘʛʨʦʤʘʜʞʝʥʥʷ ʢʨʠʩʪʘʣʽʚ ʧʦʣʽʝʪʠʣʝʥʫ; 2 ï ʪʨʽʱʠʥʠ, ʱʦ ʚʠʥʠʢʣʠ ʟ-ʟʘ ʨʦʩʪʫ ʢʨʠʩʪʘʣʽʚ; 3 ï ʧʦʨʠ ʥʘ ʤʝʞʽ ʨʦʟʜʽʣʫ ñʘʤʦʨʬʥʘ-

ʢʨʠʩʪʘʣʽʯʥʘ ʬʘʟʘò; 4 ï ʛʦʣʯʘʪʽ ʢʨʠʩʪʘʣʠ ʧʦʣʽʝʪʠʣʝʥʫ, ʷʢʽ ʟ-ʟʘ ʨʦʟʽʛʨʽʚʘʥʥʷ ʩʢʘʥʫʶʯʠʤ ʝʣʝʢʪʨʦʥʥʠʤ ʧʨʦʤʝʥʝʤ ʤʽʢʨʦʩʢʦʧʘ ʚʧʘʣʠ 

ʥʘ ʨʦʟʤʽʱʝʥʽ ʥʠʞʯʝ ʫʪʚʦʨʝʥʥʷ 

 

ʊʘʢʫ ʜʝʬʝʢʪʥʽʩʪʴ ʦʧʠʩʫʶʪʴ ʷʢ ʚʠʥʠʢʥʝʥʥʷ ʥʘʧʨʫʞʝʥʴ ʫ ʤʘʪʝʨʽʘʣʽ ʥʘ ʤʝʞʽ ʘʤʦʨʬʥʦʾ ʪʘ ʢʨʠʩʪʘʣʽʯʥʦʾ 

ʬʘʟ, ʷʢʽ ʥʘ ʧʦʯʘʪʢʦʚʠʭ ʝʪʘʧʘʭ ʝʢʩʧʣʫʘʪʘʮʽʾ ʧʨʠʩʫʪʥʽ ʚ ʟʘʭʠʩʥʠʭ ʙʘʨôʻʨʥʠʭ ʤʘʪʝʨʽʘʣʘʭ ʧʨʠʙʣʠʟʥʦ ʫ ʨʽʚʥʽʡ 

ʢʽʣʴʢʦʩʪʽ (ʧʦʜʽʙʥʘ ʧʨʦʧʦʨʮʽʷ ʟʘʜʦʚʦʣʴʥʷʻ ʚʠʤʦʛʠ ʜʦ ʤʘʪʝʨʽʘʣʫ ʧʘʢʫʚʘʥʥʷ ʟ ʛʥʫʯʢʦʩʪʽ, ʤʽʮʥʽʩʥʠʭ ʪʘ 

ʙʘʨôʻʨʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ). ɺ ʧʨʦʮʝʩʽ ʩʪʘʨʽʥʥʷ ʜʝʬʝʢʪʥʽʩʪʴ ʧʦʩʠʣʶʻʪʴʩʷ ʟ-ʟʘ ʚʠʙʽʨʢʦʚʦʾ ʜʽʾ ʜʦʜʘʪʢʽʚ 

ʽʥʛʽʙʽʪʦʨʘ, ʥʝʟʥʘʯʥʘ ʧʨʠʩʫʪʥʽʩʪʴ ʷʢʦʛʦ ʩʧʨʠʷʻ ʟʙʽʣʴʰʝʥʥʶ ʢʨʠʩʪʘʣʽʯʥʦʩʪʽ ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ. ʅʘ 7-ʤʫ 

ʨʦʮʽ ʩʪʘʨʽʥʥʷ ʮʝ ʯʽʪʢʦ ʧʨʦʷʚʣʷʻʪʴʩʷ ʚ ʫʪʚʦʨʝʥʥʽ ʚʝʣʠʢʠʭ ʧʦʣʽʤʝʨʥʠʭ ʢʨʠʩʪʘʣʽʚ, ʾʭ ʥʘʛʨʦʤʘʜʞʝʥʥʽ ʪʘ ʨʦʩʪʽ 

ʛʦʣʯʘʪʠʭ ʢʨʠʩʪʘʣʽʯʥʠʭ ʫʪʚʦʨʝʥʴ (ʥʘ ʤʽʢʨʦʬʦʪʦʛʨʘʬʽʾ ʛʦʣʯʘʪʽ ʢʨʠʩʪʘʣʠ ʚʠʡʰʣʠ ʟʤʝʥʰʝʥʠʤʠ ʪʘ ʦʧʣʘʚʣʝʥʠʤʠ 

ʟ-ʟʘ ʪʝʧʣʦʚʦʾ ʜʽʾ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʨʦʤʝʥʶ ʤʽʢʨʦʩʢʦʧʫ). 

ʈʦʟʚʠʪʦʢ ʪʘ ʧʦʩʠʣʝʥʥʷ ʜʝʬʝʢʪʥʦʩʪʽ ʜʦʩʪʘʪʥʴʦ ʪʦʥʢʦʛʦ ʤʘʪʝʨʽʘʣʫ ʧʨʠʚʦʜʠʪʴ ʜʦ ʟʤʽʥʠ ʬʽʟʠʢʦ-

ʭʽʤʽʯʥʠʭ ʪʘ ʤʝʭʘʥʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʘʪʝʨʽʘʣʫ. ʅʝʟʥʘʯʥʘ ʪʨʘʥʩʬʦʨʤʘʮʽʷ ʩʪʨʫʢʪʫʨʠ ʧʨʠʚʦʜʠʪʴ ʜʦ ʧʦʤʽʪʥʦʛʦ 

ʟʨʦʩʪʘʥʥʷ ʚʝʣʠʯʠʥ ʜʠʬʫʟʽʡʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ï ʟʥʘʯʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ ʛʘʟʦʧʨʦʥʠʢʥʦʩʪʽ ʈ, ʢʦʝʬʽʮʽʻʥʪʘ 

ʧʘʨʦʧʨʦʥʠʢʥʦʩʪʽ ʈH2O ʪʘ ʰʚʠʜʢʦʩʪʽ ʧʝʨʝʥʝʩʝʥʥʷ ʚʦʜʷʥʦʾ ʧʘʨʠ WVTR (water vapor transmission rate) ʟʨʦʩʪʘʶʪʴ. 

ʈʽʟʥʽ ʟʘʭʠʩʥʽ ʧʦʣʽʤʝʨʥʽ ʤʘʪʝʨʽʘʣʠ ʤʘʶʪʴ ʨʦʟʤʘʾʪʽ ʟʥʘʯʝʥʥʷ ʜʠʬʫʟʽʡʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʷʢʽ ʧʨʠʚʝʜʝʥʽ ʫ [16]. ɼʣʷ 

ʧʨʠʢʣʘʜʫ, ʩʘʤʠʡ ʥʘʡʧʦʰʠʨʝʥʽʰʠʡ ʟʘʭʠʩʥʠʡ ʧʦʣʽʤʝʨʥʠʡ ʤʘʪʝʨʽʘʣ ï ʧʦʣʽʝʪʠʣʝʥ, ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʜʦʩʠʪʴ 

ʚʝʣʠʢʠʤʠ ʟʥʘʯʝʥʥʷʤʠ  ʈ ï ʚʽʜ ~ 2 Ā 10-11 ʜʦ ~ 9 Ā 10-10 
cmHgscm
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 (ʜʣʷ ʧʦʣʽʝʪʠʣʝʥʫ ʚʠʩʦʢʦʾ (ʇɽɺɻ) ʪʘ 

ʥʠʟʴʢʦʾ (ʇɽʅɻ) ʛʫʩʪʠʥʠ). ʐʠʨʦʢʠʡ ʨʦʟʢʠʜ ʟʘ ʧʦʢʘʟʥʠʢʘʤʠ ʢʦʝʬʽʮʽʻʥʪʘ ʢʠʩʥʝʧʨʦʥʠʢʥʦʩʪʽ ʪʘ ʽʥʰʠʭ 

ʜʠʬʫʟʽʡʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʟʘʣʝʞʠʪʴ ʚʽʜ ʤʦʜʠʬʽʢʘʮʽʾ ʤʘʪʝʨʽʘʣʫ, ʧʨʠʩʫʪʥʦʩʪʽ ʪʘ ʢʽʣʴʢʦʩʪʽ ʜʦʜʘʪʢʽʚ, ʪʝʭʥʦʣʦʛʽʾ 

ʚʠʛʦʪʦʚʣʝʥʥʷ, ʤʝʭʘʥʽʯʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʪʦʱʦ [16]. ɹʝʟʧʝʨʝʯʥʦ, ʱʦ ʥʘʷʚʥʽʩʪʴ ʫ ʤʘʪʝʨʽʘʣʽ ʥʘʚʽʪʴ ʥʝʚʝʣʠʢʦʾ 

ʢʽʣʴʢʦʩʪʽ ʭʽʤʽʯʥʦ ʘʛʨʝʩʠʚʥʠʭ ʢʦʤʧʦʥʝʥʪ ʧʨʠʟʚʝʜʝ ʜʦ ʟʥʘʯʥʠʭ ʟʤʽʥ ʩʪʨʫʢʪʫʨʠ ʪʘ ʬʽʟʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ (ʨʠʩ. 2). 
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ʈʠʩ. 2. ʏʘʩʦʚʽ ʟʤʽʥʠ ʢʦʝʬʽʮʽʻʥʪʘ ʢʠʩʥʝʧʨʦʥʠʢʥʦʩʪʽ ʧʦʣʽʝʪʠʣʝʥʦʚʠʭ ʧʣʽʚʦʢ ʚ ʫʤʦʚʘʭ ʟʘʢʨʠʪʦʛʦ ʩʢʣʘʜʫʚʘʥʥʷ (ʚʠʤʽʨʶʚʘʥʥʷ ʫ 

ʧʘʢʝʪʽ ʟʘ ʟʤʽʥʦʶ ʩʠʣʠ ʩʪʨʫʤʫ ʜʘʪʯʠʢʘ ʢʠʩʥʝʚʦʾ ʜʝʧʦʣʷʨʠʟʘʮʽʾ): 1 ï ʇɽʅɻ (h = 160 ʤʢʤ); 2 ï ʇɽʅɻ + 1 ʚʘʛ. % ɼʎɻɸɹ (h = 175 

ʤʢʤ); 3 ï ʇɽʅɻ + 1 ʚʘʛ. % ʎɻɸɹ (h = 165 ʤʢʤ) 
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ʈʠʩ. 3. ɿʤʽʥʘ ʧʘʨʦʧʨʦʥʠʢʥʦʩʪʽ ʤʦʜʠʬʽʢʦʚʘʥʠʭ ʧʦʣʽʤʝʨʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʷʢʽ ʧʽʜʣʷʛʘʣʠ ʩʪʘʨʽʥʥʶ ʫ ʩʢʣʘʜʩʴʢʠʭ ʫʤʦʚʘʭ ʧʨʦʪʷʛʦʤ 8 

ʨʦʢʽʚ (ʜʦʩʣʽʜʞʝʥʥʷ ʚʘʛʦʚʠʤ ʤʝʪʦʜʦʤ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʤʝʪʘʣʝʚʽ ʩʪʘʢʘʥʯʠʢʠ ʪʘ ʟʚʘʨʥʽ ʧʘʢʝʪʠ): 1 ï ʇɽʅɻ; 2 ï ʇɽʅɻ + 0,5 

ʚʘʛ. % ɼʎɻɸɹ; 3 ï ʇɽʅɻ + 1 ʚʘʛ. % ʎɻɸɹ 

 

ɽʢʩʧʝʨʪʠʟʘ ʩʪʦʩʦʚʥʦ ʜʦʮʽʣʴʥʦʩʪʽ ʟʘʩʪʦʩʫʚʘʥʥʷ ʪʦʛʦ ʯʠ ʽʥʰʦʛʦ ʚʠʜʫ ʧʨʦʪʠʢʦʨʦʟʽʡʥʦʛʦ ʟʘʭʠʩʪʫ ʫ 

ʚʠʛʣʷʜʽ ʧʦʣʽʤʝʨʥʠʭ ʧʣʽʚʦʢ, ʷʢʽ ʤʽʩʪʷʪʴ ʽʥʛʽʙʽʪʦʨ ʛʘʟʦʚʦʾ ʢʦʨʦʟʽʾ, ʯʘʩʪʦ ʚʠʟʥʘʯʘʻʪʴʩʷ ʢʦʥʩʪʨʫʢʪʠʚʥʠʤʠ 

ʦʩʦʙʣʠʚʦʩʪʷʤʠ ʦʙôʻʢʪʫ ʟʘʭʠʩʪʫ ʪʘ ʧʝʨʝʚʘʞʥʠʤ ʚʠʜʦʤ ʤʝʪʘʣʫ, ʷʢʠʡ ʫ ʥʴʦʤʫ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ. ʅʘʧʨʠʢʣʘʜ, ʫ 

ʚʝʣʠʢʦʛʘʙʘʨʠʪʥʠʭ ʢʦʥʩʪʨʫʢʮʽʷʭ, ʱʦ ʧʽʜʣʷʛʘʶʪʴ ʜʦʚʛʦʪʨʠʚʘʣʦʤʫ ʟʙʝʨʽʛʘʥʥʶ, ʜʦʮʽʣʴʥʦ ʟʘʩʪʦʩʦʚʫʚʘʪʠ 

ʢʦʤʙʽʥʦʚʘʥʠʡ ʟʘʭʠʩʪ ï ʙʘʨôʻʨʥʘ ʽʟʦʣʷʮʽʷ ʚʠʨʦʙʫ ʥʝʤʦʜʠʬʽʢʦʚʘʥʠʤʠ ʧʣʽʚʢʘʤʠ ʽʟ ʚʥʝʩʝʥʥʷʤ ʫ ʚʥʫʪʨʽʰʥʽʡ 

ʟʘʭʠʩʥʠʡ ʧʨʦʩʪʽʨ ʧʘʢʫʚʘʥʥʷ ʤʘʪʝʨʽʘʣʽʚ, ʥʘʩʠʯʝʥʠʭ ʣʝʪʢʠʤʠ ʟʘʩʦʙʘʤʠ ʽʥʛʽʙʫʚʘʥʥʷ ʛʘʟʦʚʦʾ ʢʦʨʦʟʽʾ. ɼʣʷ 

ʚʝʣʠʢʠʭ ʪʨʫʙʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡ ʧʨʠ ʟʙʝʨʽʛʘʥʥʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʘʥʘʣʦʛʽʯʥʠʡ ʢʦʤʙʽʥʦʚʘʥʠʡ ʟʘʭʠʩʪ: ʟʦʚʥʽʰʥʽʡ ï 

ʥʘ ʦʩʥʦʚʽ ʩʤʦʣʠʩʪʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʘ ʚʥʫʪʨʽʰʥʴʦʪʨʫʙʥʠʡ (ʧʨʠ ʟʘʢʨʠʪʪʽ ʚʥʫʪʨʽʰʥʴʦʛʦ ʦʙôʻʤʫ) ï ʤʘʪʝʨʽʘʣʘʤʠ ʽʟ 

ʣʝʪʢʠʤʠ ʽʥʛʽʙʽʪʦʨʘʤʠ ʛʘʟʦʚʦʾ ʢʦʨʦʟʽʾ. ʂʨʽʤ ʮʴʦʛʦ, ʩʣʽʜ ʟʚʝʨʥʫʪʠ ʫʚʘʛʫ ʥʘ ʚʠʜ ʪʘ ʜʦʩʪʫʧʥʽʩʪʴ ʜʣʷ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʽʥʛʽʙʽʪʦʨʘ ʛʘʟʦʚʦʾ ʢʦʨʦʟʽʾ, ʥʝʟʚʘʞʘʶʯʠ ʥʘ ʰʠʨʦʢʝ ʧʦʰʠʨʝʥʥʷ ʪʘ ʟʘʩʪʦʩʫʚʘʥʥʷ ʽʥʛʽʙʽʪʦʨʽʚ ʥʘ 

ʦʩʥʦʚʽ ʘʤʽʥʽʚ. ʋ ʨʷʜʽ ʚʠʧʘʜʢʽʚ ʜʦʮʽʣʴʥʦ ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʽʥʰʽ ʤʘʪʝʨʽʘʣʠ (ʧʘʩʠʚʘʪʦʨʠ, ʧʨʦʪʝʢʪʦʨʠ ʢʦʨʦʟʽʾ ʘʙʦ 

ʚʠʩʦʢʦʷʢʽʩʥʽ ʙʘʨôʻʨʥʽ ʧʦʢʨʠʪʪʷ) ʯʠ ʤʝʪʦʜʠ ʧʨʦʪʠʢʦʨʦʟʽʡʥʦʛʦ ʟʘʭʠʩʪʫ [17, 18]. 

ʆʜʥʠʤ ʽʟ ʤʝʪʦʜʽʚ ʜʦʚʛʦʪʨʠʚʘʣʦʛʦ ʟʙʝʨʽʛʘʥʥʷ ʪʘ ʢʦʥʩʝʨʚʘʮʽʾ ʤʝʪʘʣʦʚʠʨʦʙʽʚ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʛʥʫʯʢʠʭ ʧʦʣʽʤʝʨʥʠʭ ʧʦʢʨʠʪʴ ʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʦʜʠʬʽʢʦʚʘʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʷʢʽ, ʢʨʽʤ ʽʥʛʽʙʽʪʦʨʘ ʛʘʟʦʚʦʾ ʢʦʨʦʟʽʾ, 

ʤʽʩʪʷʪʴ ʧʣʘʩʪʠʬʽʢʘʪʦʨʠ ʯʠ ʽʥʰʽ ʜʦʧʦʤʽʞʥʽ ʜʦʜʘʪʢʠ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʜʦʜʘʚʘʥʥʷ ʜʦ ʩʢʣʘʜʫ ʽʥʛʽʙʦʚʘʥʦʾ ʧʣʽʚʢʠ 

ʧʣʘʩʪʠʬʽʢʘʪʦʨʘ ʟʥʘʯʥʦ ʛʘʣʴʤʫʻ ʧʨʦʮʝʩ ʢʨʠʩʪʘʣʦʫʪʚʦʨʝʥʥʷ ʫ ʤʘʪʨʠʮʽ, ʩʪʨʫʢʪʫʨʘ ʪʨʠʚʘʣʠʡ ʯʘʩ ʟʘʣʠʰʘʻʪʴʩʷ 

ʦʜʥʦʨʽʜʥʘ ʟ ʚʽʜʧʦʚʽʜʥʠʤ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ ʘʤʦʨʬʥʦʾ ʪʘ ʢʨʠʩʪʘʣʽʯʥʦʾ ʬʘʟʠ. ʄʘʣʽ ʢʽʣʴʢʦʩʪʽ ʧʣʘʩʪʠʬʽʢʘʪʦʨʘ 

ʥʝʨʽʜʢʦ ʩʧʨʠʷʶʪʴ ʟʘʛʘʣʴʥʦʤʫ ʟʙʽʣʴʰʝʥʥʶ ʤʽʞʤʦʣʝʢʫʣʷʨʥʦʾ ʚʟʘʻʤʦʜʽʾ, ʚʧʦʨʷʜʢʫʚʘʥʥʶ ʩʪʨʫʢʪʫʨ ʽ ʧʽʜʚʠʱʝʥʥʶ 

ʱʽʣʴʥʦʩʪʽ ʧʦʣʽʤʝʨʽʚ, ʚ ʨʝʟʫʣʴʪʘʪʽ ʯʦʛʦ ʤʦʞʣʠʚʦ ʥʘʚʽʪʴ ʟʥʠʞʝʥʥʷ ʚʠʭʽʜʥʦʾ ʧʨʦʥʠʢʥʦʩʪʽ ʧʦʣʽʤʝʨʘ ɿʤʽʥʘ 

ʜʠʬʫʟʽʡʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʟʘ ʪʨʠʚʘʣʠʡ ʯʘʩ ʥʝʟʥʘʯʥʘ, ʷʢʱʦ ʚʚʝʜʝʥʘ ʢʽʣʴʢʽʩʪʴ ʧʣʘʩʪʠʬʽʢʘʪʦʨʘ (ʚ ʦʩʥʦʚʥʦʤʫ ʜʦ  

5 ʚʘʛ. %) ʥʝ ʚʠʢʣʠʢʘʻ ʩʪʨʫʢʪʫʨʥʠʭ ʟʤʽʥ ʯʠ ʧʝʨʝʪʚʦʨʝʥʴ. ʍʦʯʘ ʩʣʽʜ ʟʘʟʥʘʯʠʪʠ ʤʦʞʣʠʚʽʩʪʴ ʟʨʦʩʪʘʥʥʷ ʜʝʷʢʠʭ 

ʜʠʬʫʟʽʡʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʽʟ ʜʦʜʘʚʘʥʥʷʤ ʧʣʘʩʪʠʬʽʢʘʪʦʨʘ ʜʣʷ ʚʠʩʦʢʦʝʣʘʩʪʠʯʥʦʛʦ ʩʪʘʥʫ ʧʦʣʽʤʝʨʫ ʯʠ ʧʨʠ 

ʥʝʜʦʩʪʘʪʥʴʦ ʚʠʚʘʞʝʥʦʤʫ ʧʽʜʙʦʨʽ ʩʢʣʘʜʦʚʠʭ ʪʘ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʨʝʞʠʤʽʚ ʬʦʨʤʫʚʘʥʥʷ ʧʣʽʚʢʠ [16]. 

ʅʝʛʘʪʠʚʥʠʤ ʧʨʦʷʚʦʤ ʧʣʘʩʪʠʬʽʢʘʮʽʾ ʧʦʣʽʤʝʨʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʻ, ʚ ʦʩʥʦʚʥʦʤʫ, ʟʤʽʥʘ ʝʩʪʝʪʠʯʥʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ï ʧʦʤʫʪʥʽʥʥʷ ʧʣʽʚʢʠ, ʚʠʜʽʣʝʥʥʷ ʤʘʩʥʠʭ ʫʪʚʦʨʝʥʴ, ʟʘʛʘʣʴʥʘ ʟʘʤʠʩʣʝʥʽʩʪʴ, ʷʢʽ ʧʨʦʷʚʣʷʶʪʴʩʷ  

ʟʘʣʝʞʥʦ ʚʽʜ ʚʠʜʫ ʧʣʘʩʪʠʬʽʢʘʪʦʨʘ ʪʘ ʫʤʦʚ ʝʢʩʧʣʫʘʪʘʮʽʾ ʥʘ 3ï7 ʨʽʢ (ʨʠʩ. 4). ʇʨʦʪʝ ʤʽʮʥʽʩʥʽ ʪʘ ʜʠʬʫʟʽʡʥʽ 
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ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʟʘʣʠʰʘʶʪʴʩʷ ʚ ʤʝʞʘʭ ʚʠʤʦʛ ʧʦ ʟʙʝʨʽʛʘʥʥʶ ʤʝʪʘʣʦʧʨʦʜʫʢʮʽʾ ʪʨʠʚʘʣʠʡ ʯʘʩ. 

 

 
ʈʠʩ. 4. ɺʠʜʽʣʝʥʥʷ ʧʣʘʩʪʠʬʽʢʘʪʦʨʘ ʥʘ ʧʦʚʝʨʭʥʽ ʧʦʣʽʝʪʠʣʝʥʦʚʦʾ ʧʣʽʚʢʠ, ʚ ʩʢʣʘʜ ʷʢʦʾ ʚʚʝʜʝʥʠʡ ʽʥʛʽʙʽʪʦʨ ʪʘ ʧʣʘʩʪʠʬʽʢʘʪʦʨ, ʧʽʜʜʘʥʦʾ 

ʩʪʘʨʽʥʥʶ ʧʨʦʪʷʛʦʤ 10 ʨʦʢʽʚ. ɺʠʥʠʢʥʝʥʥʷ ʢʦʣʦʥʽʾ ʢʚʘʟʽʢʨʠʩʪʘʣʽʯʥʠʭ ʰʘʨʦʧʦʜʽʙʥʠʭ ʫʪʚʦʨʝʥʴ ʚʢʘʟʫʻ ʥʘ ʟʥʘʯʥʫ ʜʝʬʝʢʪʠ 

ʤʘʪʝʨʽʘʣʫ, ʯʝʨʝʟ ʷʢʽ ʥʘ ʧʦʚʝʨʭʥʶ ʧʨʦʭʦʜʷʪʴ ʚʠʜʽʣʝʥʥʷ ʥʝʟʚôʷʟʘʥʠʭ ʽʟ ʤʘʪʨʠʮʝʶ ʜʦʜʘʪʢʽʚ ʍ 2000. 

 

ɺʠʩʥʦʚʢʠ 

ʈʦʟʛʣʷʜ ʪʘ ʝʢʩʧʝʨʪʠʟʘ ʟʘʭʠʩʥʠʭ ʘʥʪʠʢʦʨʦʟʽʡʥʠʭ ʧʣʽʚʦʢ ʜʣʷ ʟʙʝʨʽʛʘʥʥʷ ʤʝʪʘʣʦʧʨʦʜʫʢʮʽʾ ʧʦʚʠʥʥʽ 

ʧʨʦʭʦʜʠʪʠ ʟʘ ʧʝʚʥʠʤʠ ʢʨʠʪʝʨʽʷʤʠ, ʷʢʽ, ʚ ʩʚʦʶ ʯʝʨʛʫ, ʚʠʟʥʘʯʘʶʪʴʩʷ ʪʝʨʤʽʥʘʤʠ ʝʢʩʧʣʫʘʪʘʮʽʾ, ʤʦʞʣʠʚʦʩʪʷʤʠ 

ʟʙʝʨʝʞʝʥʥʷ ʪʘ ʷʢʽʩʪʶ ʦʙôʻʢʪʽʚ ʧʘʢʫʚʘʥʥʷ. ɺʨʘʭʫʚʘʥʥʷ ʦʩʥʦʚʥʠʭ ʚʠʤʦʛ ʜʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʣʽʚʦʢ 

ʘʥʪʠʢʦʨʦʟʽʡʥʦʛʦ ʟʘʭʠʩʪʫ ʜʘʻ ʟʤʦʛʫ ʫ ʢʦʨʦʪʢʽ ʪʝʨʤʽʥʠ ʧʽʜʽʙʨʘʪʠ ʧʘʢʫʚʘʣʴʥʠʡ ʧʦʣʽʤʝʨʥʠʡ ʧʣʽʚʢʦʚʠʡ ʤʘʪʝʨʽʘʣ, 

ʷʢʠʡ ʙʠ ʟʘʧʦʙʽʛʘʚ ʧʩʫʚʘʥʥʶ ʤʝʪʘʣʦʧʨʦʜʫʢʮʽʾ.  
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ʄʆɼɽʃʖɺɸʅʅʗ ʊɸ ɺʀʇʈʆɹʋɺɸʅʅʗ ʉʀʅʍʈʆʅʅʀʍ ɼɺʀɻʋʅɯɺ ɿ 

ʇʆʉʊɯʁʅʀʄʀ ʄɸɻʅɯʊɸʄʀ 
 
ˍ̨̗̠̎̏̓́ - ˞̨̖̉̎̑̏̎̎ ̅̃̉̄̔̎̉ ̈ ̨̐̏̒̓̊̎̉̍̉ ̨̍́̄̎̓́̍̉ ɉ˞ˑ˜˙Ɋ ̨̨̃̅̏̍ ̅́̃̎̏Ȣ ˏ ˠ̨̩̋̑́̎ ̗̆̊ ̓̉̐ ̨̅̃̉̄̔̎̃ 

̤̝̠̃̉̋̏̑̉̒̓̏̃̔̓̒ ̝̎̆̅̏̒̓́̓̎̏ ̙̉̑̏̋̏Ȣ ˞̨̖̉̎̑̏̎̎ ̅̃̉̄̔̎̉ ̟̝̐̏̓̑̆̂̔̓ ̙̍̆̎̆ ̨̩̆̎̆̑̄ ̠̅̌ ̘̠̈́̂̆̈̐̆̆̎̎ 
̝̩̅̏̒̓́̓̎̏ ̨̐̑̏̅̔̋̓̉̃̎̏̒̓ȟ ̨̎̇ ̅̏̂̑̆ ̨̨̃̅̏̍ ̨̖́̒̉̎̑̏̎̎ ̅̃̉̄̔̎̉Ȣ ˜̏̋́̈́̎̏ȟ ̠̋̏̄̏ ̠̏̂̌́̅̎́̎̎ ̟̝̐̏̓̑̆̂̔̓ 
̨̖̒̉̎̑̏̎̎ ̅̃̉̄̔̎̉ ̠̅̌ ̈ ̘̠́̂̆̈̐̆̆̎̎ ̐̌́̃̎̏̄̏ ̐̔̒̋̔ȟ ̖̑̔̔ ̓́ ̈̔̐̉̎̋̉ ̑̏̓̏̑́Ȣ  

˚̨́̑́̈ ̨̨̃̅̏̍ ̓̑̉ ̖̒̆̍̉ ̠̋̆̑̔̃́̎̎ ̅̃̉̄̔̎́̍̉ȡ ̝̃̏̌̓-̘́̒̓̏̓̎̆ ɉ6&Ɋȟ ̘̂̆̈̅́̓̉̋̏̃̆ ̃̆̋̓̏̑̎̆ ̠̋̆̑̔̃́̎̎ 
ɉ36#Ɋ ̓́ ̃̆̋̓̏̑̎̆ ̠̋̆̑̔̃́̎̎ ɉ6#ɊȢ ˍ̌̆ ̨̝̓̌̋̉ ̠̋̆̑̔̃́̎̎ ̆̎̋̏̅̆̑̏̍ ̐̑̉ 6#-̨̋̆̑̔̃́̎̎ ̘̤̈́̂̆̈̐̆̔ ́̅̆̋̃́̓̎̉̊ ̈́̐̔̒̋ 
̖̒̉̎̑̏̎̎̏̄̏ ̅̃̉̄̔̎́Ȣ 0-3- ̠̟̝̅̏̈̃̏̌̓ ̨̖́̑̃̔̃́̓̉ ̨̐̏̒̓̊̎̆ ̨̝̙̠̈̂̌̆̎̎ ̨̙̃̉̅̋̏̒̓ȟ ̙̃̉̅̋̔ ̨̗̟̑̆́̋ ̎́ 
̠̎́̃́̎̓́̇̆̎̎ ̑̏̓̏̑́Ȣ ˏ̨̖̉̅̎̉̊ ̋̑̔̓̎̉̊ ̍̏̍̆̎̓ 0-3- ̘́̃̓̏̍́̓̉̎̏ ̟̤̝̠̑̆̄̔̌̓̒ ̟̎́̐̑̔̄̏ ̨ ̒̓̑̔̍̏̍ 
̠̇̉̃̌̆̎̎ ̐̑̉ ̨̝̖̒̓́̂̌̎̉ ̖̏̂̆̑̓́Ȣ  

ˠ ̨̒̓́̓̓ ̎́̃̆̅̆̎̏ ̝̑̆̈̔̌̓́̓̉ ̨̠̠̐̏̑̃̎̎̎ ̨̟̘̒̎̔̏̄̏ ̅̃̉̄̔̎́ 0-3- ̈ ̆̎̋̏̅̆̑̏̍ ̈ ̠̃̉̋̏̑̉̒̓́̎̎̍ 
̅̑́̊̃̆̑́ ̃̆̋̓̏̑̎̏̄̏ ̠̋̆̑̔̃́̎̎ ̓́ ̨̝̩̃̑̓̔́̌̎̏ ̨̍̏̅̆̌ 0-3- ̨̈ ̨̈̍̎̎̉̍ ̠̎́̃́̎̓́̇̆̎̎̍Ȣ  

˗̨̟̘̌̏̃ ̒̌̏̃́ -- ̒ ̖̉̎̑̏̎̎̉̊ ̅̃̉̄̔̎ȟ ̠̋̆̑̔̃́̎̎ȟ ̆̎̋̏̅̆̑ȟ ̃̆̋̓̏̑̎̆ ̠̋̆̑̔̃́̎̎ 

 
HORIASHCHENKO KOSTYANTYN, STETSIUK VIKTOR, HORIASHCHENKO SERHIY, LYSYI ANDRIY 

Khmelnytskyi National University  

 

MODELLING AND TESTING OF SYNCHRONOUS MOTORS WITH PERMANENT MAGNETS  
 

Permanent magnet synchronous motors (PMSM) have been known for a long time. In Ukraine, this type of motors is not used 
widely enough. Synchronous motors require less energy to provide sufficient performance than the well-known induction motor. It shows 
what PMSM require control equipment to ensure smooth rotor start, motion and stop.  

Three schemes like Volt-Frequency (VF), Sensorless Vector Control (SVC) and Vector Control (VC) to control motors are currently 
known. But only the control of the encoder at VC control type ensures an adequate start of the synchronous motor. PMSM allow you to 
archive a constant increase in speed, a quick response to the rotor load. The output torque of the PMSM is automatically regulated by the 
supply voltage and current with stable rotations.  

The article shows results of comparing existing PMSM motor with an encoder with use of Vector Control Driver and virtual model 
of PMSM with a variable load. In the mathematical model of a synchronous motor, the equation of the stator of an asynchronous motor is 
used, which takes into account the interaction with the rotor through the magnetic flux. The position of the rotor magnets is determined by 
the rotor design itself, regardless of the stator voltages and currents. The instantaneous value of the induced electromotive force (EMF) is 
also determined, which makes it possible to determine the stator currents and the rotor torque. 

Permanent Magnet Synchronous Motors (PMSMs) are widely used in machinery such as elevators, shredders, and conveyors due to 
their ability to "hold position" when the motor brakes are off, with the load supported solely by the PMSM motor itself. The high-speed 
response of the frequency converter together with the control system ensures a constant rate of increase in the motor speed regardless of 
load changes. Thus, the synchronous motor maintains stable mechanical characteristics regardless of changes in load and rotation 
frequency. At the same time, the motor voltage and current are dynamically adjusted to ensure the desired output performance 

Keywords ɂ- synchronous motor, control, encoder, vector control 

 

ɺʩʪʫʧ 

ɿʨʦʩʪʘʶʯʘ ʫʚʘʛʘ ʜʦ ʟʘʭʠʩʪʫ ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ, ʝʥʝʨʛʦʟʙʝʨʝʞʝʥʥʷ ʪʘ ʨʘʮʽʦʥʘʣʴʥʦʛʦ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʝʩʫʨʩʽʚ ʫ ʚʩʴʦʤʫ ʩʚʽʪʽ ʧʨʠʟʚʝʣʘ ʜʦ ʧʦʩʠʣʝʥʥʷ ʫʚʘʛʠ ʜʦ ʝʢʦʣʦʛʽʯʥʦʩʪʽ ʥʝ ʣʠʰʝ ʧʨʦʤʠʩʣʦʚʦʛʦ 

ʦʙʣʘʜʥʘʥʥʷ, ʘ ʡ ʧʦʙʫʪʦʚʠʭ ʧʨʠʣʘʜʽʚ. ʆʯʝʚʠʜʥʦ, ʱʦ ʧʦʙʫʪʦʚʽ ʧʨʠʣʘʜʠ ʜʝʤʦʥʩʪʨʫʶʪʴ ʟʥʘʯʥʦ ʥʠʞʯʽ 

ʧʦʢʘʟʥʠʢʠ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ. ʆʜʥʘʢ ʰʠʨʦʢʝ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʦʙʫʪʦʚʠʭ ʧʨʠʣʘʜʽʚ ʟʫʤʦʚʣʶʻ ʥʝʦʙʭʽʜʥʽʩʪʴ 

ʚʩʝʙʽʯʥʦʛʦ ʘʥʘʣʽʟʫ ʚ ʮʽʡ ʩʬʝʨʽ. ɿʘ ʨʽʟʥʠʤʠ ʦʮʽʥʢʘʤʠ, ʥʘ ʧʦʙʫʪʦʚʫ ʪʝʭʥʽʢʫ ʧʨʠʧʘʜʘʻ ʜʦ 40% ʚʩʽʻʾ ʝʥʝʨʛʽʾ, ʱʦ 

ʛʝʥʝʨʫʻʪʴʩʷ ʨʽʟʥʠʤʠ ʪʝʭʥʽʯʥʠʤʠ ʟʘʩʦʙʘʤʠ. 

ʇʦʷʚʘ ʩʠʩʪʝʤ ʘʚʪʦʥʦʤʥʦʛʦ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʪʘʢʽ ʜʞʝʨʝʣʘ, ʷʢ ʩʦʥʷʯʥʘ, ʚʽʪʨʦʚʘ 

ʘʙʦ ʛʽʜʨʦʝʣʝʢʪʨʦʝʥʝʨʛʽʷ, ʟʫʤʦʚʣʶʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʟʤʝʥʰʝʥʥʷ ʧʦʪʫʞʥʦʩʪʽ ʦʙʣʘʜʥʘʥʥʷ ʧʨʠ ʟʙʝʨʝʞʝʥʥʽ ʪʦʛʦ ʞ 

ʨʽʚʥʷ ʬʫʥʢʮʽʦʥʘʣʴʥʦʩʪʽ. ʆʜʥʠʤ ʽʟ ʟʥʘʯʥʠʭ ʩʧʦʞʠʚʘʯʽʚ ʝʥʝʨʛʽʾ ʚ ʧʦʙʫʪʦʚʽʡ ʪʝʭʥʽʮʽ ʻ ʜʚʠʛʫʥ. 

ɸʩʠʥʭʨʦʥʥʽ ʜʚʠʛʫʥʠ, ʷʢʽ ʟʘʟʚʠʯʘʡ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ, ʥʝ ʤʘʶʪʴ ʽʥʪʝʣʝʢʪʫʘʣʴʥʠʭ ʩʠʩʪʝʤ ʢʝʨʫʚʘʥʥʷ, ʽ 
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ʤʘʶʪʴ ʪʘʢʽ ʤʝʭʘʥʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʷʢ: 

1. ɺʠʩʦʢʠʡ ʤʝʭʘʥʽʯʥʠʡ ʢʨʫʪʥʠʡ ʤʦʤʝʥʪ ʥʘ ʨʦʪʦʨʽ ʜʚʠʛʫʥʘ, ʥʘʚʽʪʴ ʥʘ ʥʠʟʴʢʠʭ ʰʚʠʜʢʦʩʪʷʭ. 

2. ɺʠʩʦʢʘ ʱʽʣʴʥʽʩʪʴ ʧʦʪʫʞʥʦʩʪʽ ʥʘ ʦʜʠʥʠʮʶ ʦʙ'ʻʤʫ ʜʚʠʛʫʥʘ. 

ʊʦʤʫ ʜʣʷ ʟʘʜʦʚʦʣʝʥʥʷ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʚʠʤʦʛ ʧʦʙʫʪʦʚʦʾ ʪʝʭʥʽʢʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʷʢ ʦʜʥʦʬʘʟʥʽ, 

ʪʘʢ ʽ ʪʨʠʬʘʟʥʽ ʜʚʠʛʫʥʠ. ʅʠʞʯʝ ʥʘʚʝʜʝʥʦ ʧʨʠʢʣʘʜʠ ʢʣʘʩʠʯʥʠʭ ʽ ʩʫʯʘʩʥʠʭ ʪʠʧʽʚ ʜʚʠʛʫʥʽʚ, ʱʦ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ ʮʠʭ ʧʨʠʣʘʜʘʭ: 

ʂʣʘʩʠʯʥʽ ʜʚʠʛʫʥʠ ʚʢʣʶʯʘʶʪʴ ʚ ʩʝʙʝ: 

- ʆʜʥʦʬʘʟʥʽ ʘʩʠʥʭʨʦʥʥʽ ʜʚʠʛʫʥʠ. 

- ʆʜʥʦʬʘʟʥʽ ʫʥʽʚʝʨʩʘʣʴʥʽ ʜʚʠʛʫʥʠ. 

ʉʫʯʘʩʥʽ ʜʚʠʛʫʥʠ ʚ ʪʦʤʫ ʯʠʩʣʽ: 

- ʊʨʠʬʘʟʥʽ ʘʩʠʥʭʨʦʥʥʽ ʜʚʠʛʫʥʠ. 

- ʊʨʠʬʘʟʥʽ ʩʠʥʭʨʦʥʥʽ ʜʚʠʛʫʥʠ. 

ʋ ʩʠʥʭʨʦʥʥʠʭ ʜʚʠʛʫʥʘʭ ʤʦʞʥʘ ʜʦʩʷʛʪʠ ʰʠʨʦʢʦʛʦ ʜʽʘʧʘʟʦʥʫ ʟʤʽʥʠ ʰʚʠʜʢʦʩʪʽ. ɿʜʘʪʥʽʩʪʴ ʟʤʽʥʶʚʘʪʠ 

ʰʚʠʜʢʽʩʪʴ ʦʙʝʨʪʘʥʥʷ ʨʦʪʦʨʘ ʤʘʻ ʚʘʞʣʠʚʝ ʟʥʘʯʝʥʥʷ ʜʣʷ ʩʫʯʘʩʥʠʭ ʧʦʙʫʪʦʚʠʭ ʧʨʠʣʘʜʽʚ, ʪʘʢʠʭ ʷʢ 

ʭʦʣʦʜʠʣʴʥʠʢʠ, ʧʨʘʣʴʥʽ ʤʘʰʠʥʠ, ʤʽʢʩʝʨʠ ʪʘ ʨʽʟʥʦʤʘʥʽʪʥʽ ʢʦʥʚʝʻʨʠ. ʎʽ ʧʨʠʩʪʨʦʾ ʟʘʟʚʠʯʘʡ ʚʠʤʘʛʘʶʪʴ ʥʠʟʴʢʠʭ 

ʰʚʠʜʢʦʩʪʝʡ ʦʙʝʨʪʘʥʥʷ ʽ ʚʠʩʦʢʦʛʦ ʢʨʫʪʥʦʛʦ ʤʦʤʝʥʪʫ ʧʽʜ ʯʘʩ ʟʘʧʫʩʢʫ ʽ ʨʦʙʦʪʠ. 

ʆʩʦʙʣʠʚʽʩʪʶ ʪʘʢʠʭ ʜʚʠʛʫʥʽʚ ʻ ʚʠʩʦʢʝ ʤʝʭʘʥʽʯʥʝ ʪʷʛʦʚʝ ʟʫʩʠʣʣʷ ʥʘ ʥʫʣʴʦʚʽʡ ʰʚʠʜʢʦʩʪʽ ʘʙʦ ʚ ʨʝʞʠʤʽ 

ʫʪʨʠʤʘʥʥʷ ʨʦʪʦʨʘ. ʂʨʽʤ ʪʦʛʦ, ʮʽ ʜʚʠʛʫʥʠ ʜʝʤʦʥʩʪʨʫʶʪʴ ʧʦʩʪʽʡʥʫ ʚʠʭʽʜʥʫ ʧʦʪʫʞʥʽʩʪʴ ʫ ʰʠʨʦʢʦʤʫ ʜʽʘʧʘʟʦʥʽ 

ʰʚʠʜʢʦʩʪʝʡ. ʊʦʤʫ ʩʠʥʭʨʦʥʥʠʡ ʜʚʠʛʫʥ ʟ ʧʦʩʪʽʡʥʠʤʠ ʤʘʛʥʽʪʘʤʠ ʧʦʚʠʥʝʥ ʥʝ ʪʽʣʴʢʠ ʧʨʘʮʶʚʘʪʠ ʥʘ ʥʦʤʽʥʘʣʴʥʽʡ 

ʰʚʠʜʢʦʩʪʽ, ʘʣʝ ʡ ʟʘʙʝʟʧʝʯʫʚʘʪʠ ʧʦʩʪʽʡʥʫ ʧʦʪʫʞʥʽʩʪʴ ʥʘ ʙʽʣʴʰ ʚʠʩʦʢʠʭ ʰʚʠʜʢʦʩʪʷʭ. 

ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʚʝʢʪʦʨʥʦʛʦ ʢʝʨʫʚʘʥʥʷ ʩʠʥʭʨʦʥʥʠʤʠ ʜʚʠʛʫʥʘʤʠ ʥʝʦʙʭʽʜʥʘ ʽʥʬʦʨʤʘʮʽʷ ʧʨʦ 

ʧʦʣʦʞʝʥʥʷ ʨʦʪʦʨʘ. ɿʘʣʝʞʥʦ ʚʽʜ ʙʘʞʘʥʦʾ ʨʦʟʜʽʣʴʥʦʾ ʟʜʘʪʥʦʩʪʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʨʽʟʥʽ ʤʝʪʦʜʠ. ʈʽʰʝʥʥʷ ʟ 

ʥʠʟʴʢʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ ʤʦʞʫʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʝʥʢʦʜʝʨ ʧʦʣʦʞʝʥʥʷ, ʨʽʰʝʥʥʷ ʟ ʩʝʨʝʜʥʴʦʶ 

ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ - ʨʝʟʦʣʴʚʝʨ ʘʙʦ ʜʘʪʯʠʢʠ ʥʘ ʦʩʥʦʚʽ ʝʬʝʢʪʫ ʍʦʣʣʘ, ʘ ʨʽʰʝʥʥʷ ʟ ʚʠʩʦʢʦʶ ʨʦʟʜʽʣʴʥʦʶ 

ʟʜʘʪʥʽʩʪʶ, ʷʢ ʧʨʘʚʠʣʦ, ʧʦʢʣʘʜʘʶʪʴʩʷ ʥʘ ʦʧʪʠʯʥʽ ʜʘʪʯʠʢʠ.  

ʅʘ ʨʠʩʫʥʢʫ 1 ʧʦʢʘʟʘʥʦ ʦʧʪʠʯʥʠʡ ʝʥʢʦʜʝʨ ʟ 1024 ʽʤʧʫʣʴʩʘʤʠ ʥʘ ʦʙʦʨʦʪ. 

 
 

ʈʠʩ. 1. ɯʥʢʨʝʤʝʥʪʥʠʡ ʝʥʢʦʜʝʨ ʢʦʤʧʘʥʽʾ FENAC, ʊʫʨʝʯʯʠʥʘ 

 

ʋ ʮʽʡ ʪʝʭʥʦʣʦʛʽʾ ʜʘʪʯʠʢ ʦʙʝʨʪʘʥʥʷ ʚʩʪʘʥʦʚʣʶʻʪʴʩʷ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʥʘ ʨʦʪʦʨ ʙʝʟ ʥʝʦʙʭʽʜʥʦʩʪʽ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʦʜʘʪʢʦʚʠʭ ʧʝʨʝʜʘʚʘʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ. ʇʨʠ ʮʴʦʤʫ ʧʦʪʫʞʥʽʩʪʴ ʧʝʨʝʜʘʻʪʴʩʷ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʥʘ 

ʨʦʙʦʯʠʡ ʧʨʠʩʪʨʽʡ. ʎʷ ʢʦʥʮʝʧʮʽʷ, ʚʽʜʦʤʘ ʷʢ "ʧʨʷʤʠʡ ʧʨʠʚʽʜ", ʟʘʙʝʟʧʝʯʫʻ ʰʚʠʜʢʫ ʜʠʥʘʤʽʯʥʫ ʨʝʘʢʮʽʶ, 

ʟʤʝʥʰʝʥʥʷ ʘʢʫʩʪʠʯʥʦʛʦ ʰʫʤʫ, ʟʥʠʞʝʥʥʷ ʨʽʚʥʷ ʚʽʙʨʘʮʽʾ ʪʘ ʟʥʘʯʥʝ ʟʥʠʞʝʥʥʷ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ. ʎʽ 

ʧʦʢʨʘʱʝʥʥʷ ʩʧʨʠʷʶʪʴ ʟʥʘʯʥʦʤʫ ʟʙʽʣʴʰʝʥʥʶ ʯʘʩʫ ʨʦʙʦʪʠ ʩʠʩʪʝʤʠ. 

ʊʝʭʥʽʯʥʽ ʟʘʩʦʙʠ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʧʦʣʦʞʝʥʥʷ ʨʦʪʦʨʘ ʚ ʮʠʭ ʩʠʩʪʝʤʘʭ, 

ʜʦʟʚʦʣʷʶʪʴ ʜʦʩʷʛʪʠ ʚʠʩʦʢʦʧʨʦʜʫʢʪʠʚʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. ʊʨʠʬʘʟʥʽ ʢʦʥʪʨʦʣʝʨʠ ʟ ʝʣʝʢʪʨʦʥʥʠʤ ʢʝʨʫʚʘʥʥʷʤ 

ʚʽʜʽʛʨʘʶʪʴ ʚʠʨʽʰʘʣʴʥʫ ʨʦʣʴ ʫ ʜʦʩʷʛʥʝʥʥʽ ʚʠʩʦʢʠʭ ʧʦʢʘʟʥʠʢʽʚ ʝʬʝʢʪʠʚʥʦʩʪʽ. 

 

ʆʩʥʦʚʥʘ ʯʘʩʪʠʥʘ 

ʉʝʨʝʜ ʩʠʥʭʨʦʥʥʠʭ ʜʚʠʛʫʥʽʚ ʩʠʥʭʨʦʥʥʠʡ ʜʚʠʛʫʥ ʟ ʧʦʩʪʽʡʥʠʤʠ ʤʘʛʥʽʪʘʤʠ - ʻʜʠʥʠʡ ʚʘʨʽʘʥʪ, ʷʢʠʡ 

ʚʽʜʥʦʩʠʪʴʩʷ ʜʦ ʢʘʪʝʛʦʨʽʾ ʪʨʠʬʘʟʥʠʭ ʤʘʰʠʥ. ʉʪʘʪʦʨ ʪʘʢʦʛʦ ʜʚʠʛʫʥʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʪʨʘʜʠʮʽʡʥʠʭ ʪʨʠʬʘʟʥʠʭ 

ʦʙʤʦʪʦʢ. ʋ ʨʦʪʦʨʽ ʩʠʥʭʨʦʥʥʦʛʦ ʜʚʠʛʫʥʘ ʟ ʧʦʩʪʽʡʥʠʤʠ ʤʘʛʥʽʪʘʤʠ ʧʦʩʪʽʡʥʽ ʤʘʛʥʽʪʠ ʚʠʢʦʥʫʶʪʴ ʪʫ ʞ ʬʫʥʢʮʽʶ, 

ʱʦ ʽ ʚ ʟʚʠʯʘʡʥʽʡ ʩʠʥʭʨʦʥʥʽʡ ʤʘʰʠʥʽ. ʈʦʟʨʦʙʢʘ ʥʦʚʠʭ ʤʘʛʥʽʪʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʚʢʣʶʯʘʶʯʠ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʨʽʜʢʦʟʝʤʝʣʴʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʜʦʟʚʦʣʠʣʘ ʩʪʚʦʨʠʪʠ ʮʽ ʧʦʩʪʽʡʥʽ ʤʘʛʥʽʪʠ. 

ʉʠʥʭʨʦʥʥʠʡ ʜʚʠʛʫʥ ʟ ʧʦʩʪʽʡʥʠʤʠ ʤʘʛʥʽʪʘʤʠ (ʜʠʚ. ʨʠʩ. 2) ʤʘʻ ʨʷʜ ʧʝʨʝʚʘʛ ʜʣʷ ʨʦʟʨʦʙʢʠ ʩʫʯʘʩʥʠʭ 

ʩʠʩʪʝʤ ʢʝʨʫʚʘʥʥʷ ʨʫʭʦʤ, ʪʘʢʠʭ ʷʢ [5]: 

1. ɿʤʝʥʰʝʥʘ ʚʘʛʘ. 

2. ʂʦʤʧʘʢʪʥʠʡ ʨʦʟʤʽʨ. 

3. ʋʩʫʥʝʥʥʷ ʤʘʩʣʘ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʩʢʦʨʦʯʝʥʥʷ ʯʘʩʫ ʥʘ ʪʝʭʥʽʯʥʝ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ. 
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4. ʅʠʟʴʢʘ ʰʚʠʜʢʽʩʪʴ ʦʙʝʨʪʘʥʥʷ ʨʦʪʦʨʘ (ʥʘʧʨʠʢʣʘʜ, 120 ʦʙ/ʭʚ ʜʣʷ ʰʚʠʜʢʦʩʪʽ ʘʚʪʦʤʦʙʽʣʷ 1 ʤ/ʩ). 

5. ɺʠʩʦʢʠʡ ʢʨʫʪʥʠʡ ʤʦʤʝʥʪ. 

6. ɿʜʘʪʥʽʩʪʴ ʜʦ ʨʝʢʫʧʝʨʘʮʽʾ ʝʥʝʨʛʽʾ, ʱʦ ʜʦʟʚʦʣʷʻ ʚʽʜʥʦʚʣʶʚʘʪʠ ʜʦ 30% ʝʥʝʨʛʽʾ. 

7. ɿʜʘʪʥʽʩʪʴ ʫʪʨʠʤʫʚʘʪʠ ʘʚʪʦʤʦʙʽʣʴ ʥʘ ʥʫʣʴʦʚʽʡ ʰʚʠʜʢʦʩʪʽ ʟ ʤʝʥʰʠʤ ʚʠʜʽʣʝʥʥʷʤ ʪʝʧʣʘ ʚ ʧʦʨʽʚʥʷʥʥʽ 
ʟ ʘʩʠʥʭʨʦʥʥʠʤʠ ʜʚʠʛʫʥʘʤʠ. 

 

 
ʈʠʩ. 2. ʄʦʜʝʣʴ ʜʚʠʛʫʥʘ CLS6-A ʢʦʤʧʘʥʽʾ CLINDAS, ʊʫʨʝʯʯʠʥʘ 

 

ɼʽʡʩʥʦ, ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʦʩʪʽʡʥʠʭ ʤʘʛʥʽʪʽʚ ʚ ʩʠʥʭʨʦʥʥʠʭ ʜʚʠʛʫʥʘʭ ʟ ʧʦʩʪʽʡʥʠʤʠ ʤʘʛʥʽʪʘʤʠ ʜʦʟʚʦʣʷʻ 

ʛʝʥʝʨʫʚʘʪʠ ʧʦʪʫʞʥʠʡ ʤʘʛʥʽʪʥʠʡ ʧʦʪʽʢ ʚ ʧʦʚʽʪʨʷʥʦʤʫ ʟʘʟʦʨʽ ʤʽʞ ʨʦʪʦʨʦʤ ʽ ʩʪʘʪʦʨʦʤ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʚʠʩʦʢʦʝʬʝʢʪʠʚʥʦʾ ʨʦʙʦʪʠ ʜʚʠʛʫʥʘ. 

ʅʘʧʨʠʢʽʥʮʽ 1960-ʭ ʨʦʢʽʚ ʜʣʷ ʘʩʠʥʭʨʦʥʥʠʭ ʜʚʠʛʫʥʽʚ ʙʫʣʦ ʚʧʨʦʚʘʜʞʝʥʦ ʚʝʢʪʦʨʥʝ ʢʝʨʫʚʘʥʥʷ (ʪʘʢʦʞ 

ʚʽʜʦʤʝ ʷʢ ʢʝʨʫʚʘʥʥʷ ʧʦ ʧʦʣʶ ʘʙʦ FC), ʱʦ ʜʦʟʚʦʣʠʣʦ ʰʚʠʜʢʦ ʨʝʘʛʫʚʘʪʠ ʥʘ ʪʷʛʦʚʝ ʟʫʩʠʣʣʷ, ʧʦʨʽʚʥʷʥʥʝ ʟ 

ʤʘʰʠʥʘʤʠ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ [2]. ɿ ʯʘʩʦʤ ʤʝʪʦʜʠ ʢʝʨʫʚʘʥʥʷ ʥʘʙʫʣʠ ʰʠʨʦʢʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʽ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʷ ʚ ʙʘʛʘʪʴʦʭ ʩʬʝʨʘʭ ʘʞ ʜʦ ʢʽʥʮʷ 2018 ʨʦʢʫ. 

ʋ ʩʠʥʭʨʦʥʥʦʤʫ ʜʚʠʛʫʥʽ ʰʚʠʜʢʽʩʪʴ ʦʙʝʨʪʘʥʥʷ ʚʠʟʥʘʯʘʻʪʴʩʷ ʰʚʠʜʢʽʩʪʶ ʧʦʣʷ ʩʪʘʪʦʨʘ, ʚʽʜʦʤʦʶ ʷʢ 

ʩʠʥʭʨʦʥʥʘ ʰʚʠʜʢʽʩʪʴ. ʉʠʥʭʨʦʥʥʘ ʰʚʠʜʢʽʩʪʴ (ɤs) ʚʠʟʥʘʯʘʻʪʴʩʷ ʯʘʩʪʦʪʦʶ ʞʠʚʣʝʥʥʷ ʩʪʘʪʦʨʘ (fs) ʽ ʢʽʣʴʢʽʩʪʶ 

ʧʘʨ ʧʦʣʶʩʽʚ (p). ɿʘʟʚʠʯʘʡ ʦʙʤʦʪʢʠ ʩʪʘʪʦʨʘ ʪʨʠʬʘʟʥʦʾ ʩʠʥʭʨʦʥʥʦʾ ʤʘʰʠʥʠ ʟ'ʻʜʥʘʥʽ ʟʘ ʩʠʥʫʩʦʾʜʘʣʴʥʠʤ 

ʟʘʢʦʥʦʤ ʨʦʟʧʦʜʽʣʫ (ʜʠʚ. ʨʠʩ. 3). 

 

 

STATOR 

ROTOR 

Permanent magnets 

Wires 

 
a)      b) 

ʈʠʩ. 3. ʄʘʛʥʽʪʠ ʚ ʩʠʥʭʨʦʥʥʠʭ ʜʚʠʛʫʥʘʭ [6]. 

 

ʂʦʣʠ ʥʘ ʨʦʪʦʨ ʜʚʠʛʫʥʘ ʧʦʜʘʻʪʴʩʷ ʪʨʠʬʘʟʥʘ ʥʘʧʨʫʛʘ ʞʠʚʣʝʥʥʷ, ʛʝʥʝʨʫʻʪʴʩʷ ʦʙʝʨʪʦʚʝ ʤʘʛʥʽʪʥʝ ʧʦʣʝ, 

ʷʢʝ ʦʙʝʨʪʘʻʪʴʩʷ ʚ ʧʝʚʥʦʤʫ ʥʘʧʨʷʤʢʫ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʧʦʩʣʽʜʦʚʥʦʩʪʽ ʚʭʽʜʥʠʭ ʬʘʟ. ʇʝʨʝʜʙʘʯʘʻʪʴʩʷ, ʱʦ 

ʤʘʛʥʽʪʥʝ ʧʦʣʝ ʪʘʢʦʞ ʨʦʟʧʦʜʽʣʷʻʪʴʩʷ ʟʘ ʩʠʥʫʩʦʾʜʘʣʴʥʠʤ ʟʘʢʦʥʦʤ ʨʦʟʧʦʜʽʣʫ. 

ʐʚʠʜʢʽʩʪʴ ʦʙʝʨʪʘʥʥʷ ʜʚʠʛʫʥʘ, ʧʦʟʥʘʯʝʥʘ ʷʢ N (ʩʠʥʭʨʦʥʥʘ ʰʚʠʜʢʽʩʪʴ), ʚʠʟʥʘʯʘʻʪʴʩʷ ʨʽʚʥʷʥʥʷʤ (1), 

ʷʢʝ ʧʦʚ'ʷʟʫʻ ʩʠʥʭʨʦʥʥʫ ʰʚʠʜʢʽʩʪʴ ʟ ʯʘʩʪʦʪʦʶ ʞʠʚʣʝʥʥʷ ʩʪʘʪʦʨʘ ʽ ʢʽʣʴʢʽʩʪʶ ʧʘʨ ʧʦʣʶʩʽʚ: 

120 sfN
p

=  (1) 

ʜʝ  N - ʩʠʥʭʨʦʥʥʘ ʰʚʠʜʢʽʩʪʴ ʚ ʦʙʝʨʪʘʭ ʟʘ ʭʚʠʣʠʥʫ (ʦʙ/ʭʚ). 

fs - ʯʘʩʪʦʪʘ ʞʠʚʣʝʥʥʷ ʩʪʘʪʦʨʘ ʚ ʛʝʨʮʘʭ (ɻʮ). 



 ˟̨̨̖̘̆̎̎ ̎́̔̋̉ ISSN 2307-5732 
 

ˏ̨̒̎̉̋ ˢ̝̗̝̍̆̌̎̉̋̏̄̏ ̨̗̝̎́̏̎́̌̎̏̄̏ ̨̔̎̃̆̑̒̉̓̆̓̔, Τ4, 2023 (323) 115 

p - ʢʽʣʴʢʽʩʪʴ ʧʘʨ ʧʦʣʶʩʽʚ ʫ ʜʚʠʛʫʥʽ. 

ʎʝ ʨʽʚʥʷʥʥʷ ʜʦʟʚʦʣʷʻ ʨʦʟʨʘʭʫʚʘʪʠ ʩʠʥʭʨʦʥʥʫ ʰʚʠʜʢʽʩʪʴ ʥʘ ʦʩʥʦʚʽ ʯʘʩʪʦʪʠ ʞʠʚʣʝʥʥʷ ʩʪʘʪʦʨʘ ʽ 

ʢʽʣʴʢʦʩʪʽ ʧʘʨ ʧʦʣʶʩʽʚ. 

ʇʨʦʙʣʝʤʠ ʧʫʩʢʫ ʩʠʥʭʨʦʥʥʠʭ ʜʚʠʛʫʥʽʚ 

ʉʠʥʭʨʦʥʥʽ ʜʚʠʛʫʥʠ ʤʦʞʫʪʴ ʟʽʪʢʥʫʪʠʩʷ ʟ ʧʝʚʥʠʤʠ ʧʨʦʙʣʝʤʘʤʠ ʧʽʜ ʯʘʩ ʧʨʦʮʝʩʫ ʟʘʧʫʩʢʫ. ʆʩʴ ʜʝʷʢʽ 

ʧʦʰʠʨʝʥʽ ʧʨʦʙʣʝʤʠ, ʧʦʚ'ʷʟʘʥʽ ʽʟ ʟʘʧʫʩʢʦʤ ʩʠʥʭʨʦʥʥʠʭ ʜʚʠʛʫʥʽʚ: 

ɺʠʩʦʢʠʡ ʧʫʩʢʦʚʠʡ ʩʪʨʫʤ: ʉʠʥʭʨʦʥʥʽ ʜʚʠʛʫʥʠ ʟʘʟʚʠʯʘʡ ʩʧʦʞʠʚʘʶʪʴ ʚʠʩʦʢʠʡ ʧʫʩʢʦʚʠʡ ʩʪʨʫʤ, ʱʦ 

ʤʦʞʝ ʩʧʨʠʯʠʥʠʪʠ ʧʘʜʽʥʥʷ ʥʘʧʨʫʛʠ ʪʘ ʚʧʣʠʥʫʪʠ ʥʘ ʩʪʘʙʽʣʴʥʽʩʪʴ ʝʣʝʢʪʨʠʯʥʦʾ ʩʠʩʪʝʤʠ. ɺʠʩʦʢʠʡ ʧʫʩʢʦʚʠʡ 

ʩʪʨʫʤ ʤʦʞʝ ʚʠʢʣʠʢʘʪʠ ʟʘʥʝʧʦʢʦʻʥʥʷ, ʦʩʦʙʣʠʚʦ ʚ ʪʠʭ ʚʠʧʘʜʢʘʭ, ʢʦʣʠ ʦʜʥʦʯʘʩʥʦ ʟʘʧʫʩʢʘʶʪʴʩʷ ʜʝʢʽʣʴʢʘ 

ʩʠʥʭʨʦʥʥʠʭ ʜʚʠʛʫʥʽʚ. 

ɺʽʜʩʫʪʥʽʩʪʴ ʤʦʞʣʠʚʦʩʪʽ ʩʘʤʦʟʘʧʫʩʢʫ: ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʘʩʠʥʭʨʦʥʥʠʭ ʜʚʠʛʫʥʽʚ, ʩʠʥʭʨʦʥʥʽ ʜʚʠʛʫʥʠ ʥʝ 

ʤʘʶʪʴ ʤʦʞʣʠʚʦʩʪʽ ʩʘʤʦʟʘʧʫʩʢʫ. ʇʦʪʨʽʙʥʽ ʟʦʚʥʽʰʥʽ ʟʘʩʦʙʠ, ʱʦʙ ʚʠʚʝʩʪʠ ʜʚʠʛʫʥ ʥʘ ʩʠʥʭʨʦʥʥʫ ʰʚʠʜʢʽʩʪʴ, 

ʧʝʨʰ ʥʽʞ ʚʽʥ ʧʦʯʥʝ ʧʨʘʮʶʚʘʪʠ ʩʠʥʭʨʦʥʥʦ ʽʟ ʟʘʜʘʥʦʶ ʯʘʩʪʦʪʦʶ. 

ʇʦʯʘʪʢʦʚʝ ʟʙʫʜʞʝʥʥʷ: ʉʠʥʭʨʦʥʥʽ ʜʚʠʛʫʥʠ ʧʦʪʨʝʙʫʶʪʴ ʧʦʯʘʪʢʦʚʦʛʦ ʟʙʫʜʞʝʥʥʷ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ 

ʨʦʪʦʨʘ ʧʝʨʝʜ ʟʘʧʫʩʢʦʤ. ʎʝ ʤʦʞʝ ʙʫʪʠ ʜʦʩʷʛʥʫʪʦ ʟʘ ʜʦʧʦʤʦʛʦʶ ʟʦʚʥʽʰʥʴʦʛʦ ʜʞʝʨʝʣʘ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ ʘʙʦ 

ʜʦʧʦʤʽʞʥʦʾ ʦʙʤʦʪʢʠ, ʚʽʜʦʤʦʾ ʷʢ "ʜʝʤʧʬʝʨʥʘ ʦʙʤʦʪʢʘ" [4] ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʧʦʯʘʪʢʦʚʦʛʦ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ. 

ɼʣʷ ʧʦʜʦʣʘʥʥʷ ʮʠʭ ʧʨʦʙʣʝʤ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʪʘʢʽ ʤʝʪʦʜʠ ʟʘʧʫʩʢʫ, ʷʢ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʦʥʽ-ʜʚʠʛʫʥʽʚ, 

ʟʘʧʫʩʢ ʟʘ ʜʦʧʦʤʦʛʦʶ ʟʦʚʥʽʰʥʽʭ ʧʨʠʚʦʜʽʚ ʘʙʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʧʝʮʽʘʣʽʟʦʚʘʥʦʛʦ ʧʫʩʢʦʚʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʪʘʢʦʛʦ 

ʷʢ ʧʫʩʢʘʯʽ ʩʠʥʭʨʦʥʥʠʭ ʜʚʠʛʫʥʽʚ ʘʙʦ ʩʪʘʪʠʯʥʽ ʧʝʨʝʪʚʦʨʶʚʘʯʽ ʯʘʩʪʦʪʠ. 

ʋ ʚʠʧʘʜʢʫ ʩʠʥʭʨʦʥʥʦʛʦ ʜʚʠʛʫʥʘ ʟ ʧʦʩʪʽʡʥʠʤʠ ʤʘʛʥʽʪʘʤʠ ʦʜʥʽʻʶ ʟ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʧʨʦʙʣʝʤ ʻ 

ʧʦʯʘʪʦʢ ʨʫʭʫ ʟ ʥʝʚʽʜʦʤʦʛʦ ʧʦʣʦʞʝʥʥʷ. ʇʦʯʘʪʦʢ ʨʫʭʫ ʟ ʥʝʚʽʜʦʤʦʛʦ ʧʦʣʦʞʝʥʥʷ ʤʦʞʝ ʧʨʠʟʚʝʩʪʠ ʜʦ 

ʪʠʤʯʘʩʦʚʦʛʦ ʟʚʦʨʦʪʥʦʛʦ ʨʫʭʫ ʨʦʪʦʨʘ, ʧʦʢʠ ʧʦʣʷ ʨʦʪʦʨʘ ʽ ʩʪʘʪʦʨʘ ʥʝ ʚʠʨʽʚʥʷʶʪʴʩʷ. 

ʎʷ ʧʨʦʙʣʝʤʘ ʩʪʘʻ ʢʨʠʪʠʯʥʦʶ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʧʦʪʫʞʥʦʩʪʽ ʜʚʠʛʫʥʘ ʽ ʤʦʞʝ ʧʨʠʟʚʝʩʪʠ ʜʦ ʧʦʰʢʦʜʞʝʥʥʷ 

ʜʚʠʛʫʥʘ ʘʙʦ ʧʨʦʙʣʝʤ ʟ ʧʫʩʢʦʚʠʤʠ ʩʪʨʫʤʘʤʠ. ʊʘʢʽ ʫʤʦʚʠ ʥʝʧʨʠʡʥʷʪʥʽ ʜʣʷ ʙʘʛʘʪʴʦʭ ʟʘʩʪʦʩʫʚʘʥʴ. ʅʘʧʨʠʢʣʘʜ, 

ʫ ʩʮʝʥʘʨʽʷʭ, ʜʝ ʩʠʥʭʨʦʥʥʽ ʜʚʠʛʫʥʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʟ ʥʘʚʘʥʪʘʞʝʥʥʷʤ ʥʘ ʧʝʨʚʠʥʥʠʡ ʨʦʪʦʨ, ʥʘʧʨʠʢʣʘʜ, ʫ 

ʢʫʭʦʥʥʠʭ ʣʽʬʪʘʭ, ʮʝ ʤʦʞʝ ʧʨʠʟʚʝʩʪʠ ʜʦ ʧʦʰʢʦʜʞʝʥʥʷ ʥʝ ʪʽʣʴʢʠ ʜʚʠʛʫʥʘ, ʘʣʝ ʡ ʫʩʴʦʛʦ ʤʝʭʘʥʽʟʤʫ, ʚʢʣʶʯʘʶʯʠ 

ʚʘʥʪʘʞ. 

ʄʘʪʝʤʘʪʠʯʥʘ ʤʦʜʝʣʴ ʩʠʥʭʨʦʥʥʦʛʦ ʜʚʠʛʫʥʘ 

ʋ ʤʘʪʝʤʘʪʠʯʥʽʡ ʤʦʜʝʣʽ ʩʠʥʭʨʦʥʥʦʛʦ ʜʚʠʛʫʥʘ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʨʽʚʥʷʥʥʷ ʩʪʘʪʦʨʘ ʘʩʠʥʭʨʦʥʥʦʛʦ 

ʜʚʠʛʫʥʘ, ʱʦ ʚʨʘʭʦʚʫʻ ʚʟʘʻʤʦʜʽʶ ʟ ʨʦʪʦʨʦʤ ʯʝʨʝʟ ʤʘʛʥʽʪʥʠʡ ʧʦʪʽʢ. ʇʦʣʦʞʝʥʥʷ ʤʘʛʥʽʪʽʚ ʨʦʪʦʨʘ ʚʠʟʥʘʯʘʻʪʴʩʷ 

ʩʘʤʦʶ ʢʦʥʩʪʨʫʢʮʽʻʶ ʨʦʪʦʨʘ, ʥʝʟʘʣʝʞʥʦ ʚʽʜ ʥʘʧʨʫʛ ʽ ʩʪʨʫʤʽʚ ʩʪʘʪʦʨʘ. ʊʘʢʦʞ ʚʠʟʥʘʯʘʻʪʴʩʷ ʤʠʪʪʻʚʝ ʟʥʘʯʝʥʥʷ 

ʽʥʜʫʢʦʚʘʥʦʾ ʝʣʝʢʪʨʦʨʫʰʽʡʥʦʾ ʩʠʣʠ (ɽʈʉ), ʱʦ ʜʦʟʚʦʣʷʻ ʚʠʟʥʘʯʠʪʠ ʩʪʨʫʤʠ ʩʪʘʪʦʨʘ ʽ ʢʨʫʪʥʠʡ ʤʦʤʝʥʪ ʨʦʪʦʨʘ. 

ʆʜʥʘʢ ʥʘ ʮʴʦʤʫ ʘʥʘʣʦʛʽʷ ʟ ʘʩʠʥʭʨʦʥʥʠʤ ʜʚʠʛʫʥʦʤ ʟʘʢʽʥʯʫʻʪʴʩʷ. ʋ ʩʠʥʭʨʦʥʥʦʤʫ ʜʚʠʛʫʥʽ ʤʘʛʥʽʪʥʽ 

ʧʦʪʦʢʠ ʨʦʪʦʨʘ ʥʝ ʻ ʥʝʟʘʣʝʞʥʠʤʠ, ʘ ʚʠʟʥʘʯʘʶʪʴʩʷ ʫ ʚʟʘʻʤʦʜʽʾ ʟ ʥʘʧʨʫʛʘʤʠ ʽ ʩʪʨʫʤʘʤʠ ʩʪʘʪʦʨʘ. ʇʨʠ ʨʦʟʛʣʷʜʽ 

ʩʠʩʪʝʤ ʚʽʜʣʽʢʫ ʨʦʪʦʨʘ ʮʝ ʦʟʥʘʯʘʻ, ʱʦ ʝʢʚʽʚʘʣʝʥʪʥʽ ʧʣʦʱʠʥʠ q ʽ d ʪʨʘʥʩʬʦʨʤʫʶʪʴʩʷ ʫ ʚʽʜʧʦʚʽʜʥʽ ʩʠʩʪʝʤʠ 

ʚʽʜʣʽʢʫ, ʷʢʽ ʽʥʜʫʢʫʶʪʴ ʦʙʝʨʪʘʥʥʷ ʽ ʚʠʟʥʘʯʘʶʪʴ ʰʚʠʜʢʽʩʪʴ ʨʦʪʦʨʘ. 

ʋ ʩʠʥʭʨʦʥʥʦʤʫ ʜʚʠʛʫʥʽ ʨʽʟʥʠʮʷ ʤʽʞ ʤʘʛʥʽʪʥʠʤʠ ʧʦʣʷʤʠ ʨʦʪʦʨʘ ʽ ʩʪʘʪʦʨʘ ʧʨʘʛʥʝ ʜʦ ʥʫʣʷ, ʪʦʤʫ 

ʜʚʠʛʫʥ ʥʘʟʠʚʘʻʪʴʩʷ ʩʠʥʭʨʦʥʥʠʤ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʧʣʦʱʠʥʠ q ʽ d ʨʦʪʦʨʘ ʽ ʧʣʦʱʠʥʠ q ʽ d ʩʪʘʪʦʨʘ ʤʘʶʪʴ 

ʬʽʢʩʦʚʘʥʠʡ ʬʘʟʦʚʠʡ ʟʩʫʚ ʚʽʜʥʦʩʥʦ ʦʜʥʘ ʦʜʥʦʾ. 

ʈʽʚʥʷʥʥʷ, ʱʦ ʟʚ'ʷʟʫʶʪʴ ʤʘʛʥʽʪʥʽ ʧʦʪʦʢʠ, ʤʘʶʪʴ ʚʠʛʣʷʜ [1]: 
r r r r
qs q qs qs r dsv R i pl w l= + +  (2) 

r r r r
ds d ds ds r qsv R i pl w l= + -  (3) 

ʜʝ Rq ʪʘ Rd - ʦʧʦʨʠ ʢʚʘʜʨʘʪʫʨʥʦʾ ʧʣʦʱʠʥʠ ʪʘ ʧʣʦʱʠʥʠ ʧʨʷʤʦʾ ʦʩʽ ʛʽʣʦʢ. 

ʊʫʪ ʽ ʜʘʣʽ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʦʧʽʨ RS , ʘ ʜʣʷ ʧʣʦʱʠʥ q ʽ d ʤʘʛʥʽʪʥʠʡ ʧʦʪʽʢ ʩʪʘʪʦʨʘ ʧʦʚ'ʷʟʘʥʠʡ ʟ 

ʧʦʪʦʢʦʤ ʨʦʪʦʨʘ ʨʽʚʥʷʥʥʷʤʠ [1]: 
r r r
qs s qs m qsL i L il = +  (4) 

r r r
ds d ds m dsL i L il = +  (5) 

ʆʜʥʘʢ ʩʘʤʦʽʥʜʫʢʮʽʷ ʩʪʘʪʦʨʘ ʚ ʦʙʣʘʩʪʷʭ q ʽ d ʜʦʨʽʚʥʶʻ Ls ʪʽʣʴʢʠ ʪʦʜʽ, ʢʦʣʠ ʤʘʛʥʽʪʠ ʨʦʪʦʨʘ ʤʘʶʪʴ 

ʝʣʝʢʪʨʠʯʥʠʡ ʢʫʪ 180Á. ʎʝ ʚʘʞʣʠʚʦ, ʢʦʣʠ ʤʘʛʥʽʪʥʽ ʪʘ ʤʽʞʧʦʣʶʩʥʽ ʦʩʽ ʚʽʜʨʽʟʥʷʶʪʴʩʷ. 

ʂʦʣʠ ʧʦʣʦʞʝʥʥʷ ʦʙʤʦʪʦʢ ʩʪʘʪʦʨʘ (ʥʘʧʨʠʢʣʘʜ, ʧʣʦʱʠʥʘ d) ʟʙʽʛʘʻʪʴʩʷ ʟ ʤʘʛʥʽʪʥʠʤ ʧʦʣʝʤ ʨʦʪʦʨʘ, 

ʩʠʣʘ ʚʽʜʰʪʦʚʭʫʚʘʥʥʷ ʤʘʢʩʠʤʘʣʴʥʘ: ʤʘʛʥʽʪʥʝ ʚʽʜʰʪʦʚʭʫʚʘʥʥʷ ʤʘʛʥʽʪʫ ʤʘʡʞʝ ʪʘʢʝ ʞ, ʷʢ ʽ ʚʽʜʰʪʦʚʭʫʚʘʥʥʷ 

ʯʝʨʝʟ ʧʦʚʽʪʨʷʥʠʡ ʟʘʟʦʨ. ɯ ʪʦʤʫ ʽʥʜʫʢʪʠʚʥʽʩʪʴ ʚ ʮʝʡ ʯʘʩ ʥʘʡʤʝʥʰʘ. 

ʊʦʜʽ ʟʘ ʽʥʜʫʢʪʠʚʥʽʩʪʴ ʧʨʠʡʤʘʻʪʴʩʷ ʽʥʜʫʢʪʠʚʥʽʩʪʴ ʧʨʷʤʦʾ ʧʣʦʱʠʥʠ Ld . ɺ ʮʝʡ ʯʘʩ ʧʣʦʱʠʥʘ q ʦʙʤʦʪʦʢ 

ʩʧʨʷʤʦʚʘʥʘ ʜʦ ʪʨʘʻʢʪʦʨʽʾ ʽʥʪʝʨʧʦʣʷʮʽʾ ʨʦʪʦʨʘ, ʤʘʛʥʽʪʥʠʡ ʧʦʪʽʢ ʥʝ ʚʠʟʥʘʯʘʻʪʴʩʷ ʤʘʛʥʽʪʘʤʠ, ʪʦʤʫ ʱʦ ʚʽʥ 

ʟʥʘʭʦʜʠʪʴʩʷ ʚ ʪʦʯʮʽ ʤʽʥʽʤʘʣʴʥʦʛʦ ʨʽʚʥʷ ʧʦʪʦʢʫ. ʊʦʤʫ ʚʽʜʰʪʦʚʭʫʚʘʥʥʷ ʤʽʥʽʤʘʣʴʥʝ, ʘ ʽʥʜʫʢʪʠʚʥʽʩʪʴ 

ʤʘʢʩʠʤʘʣʴʥʘ. ɯʥʜʫʢʪʠʚʥʽʩʪʴ q ʧʣʦʱʠʥʠ ʚʽʜʦʤʘ ʷʢ Lq . 

ʆʩʢʽʣʴʢʠ ʤʘʛʥʽʪʠ ʨʦʪʦʨʘ ʽ ʥʘʧʨʷʤʢʠ ʦʙʤʦʪʦʢ ʩʪʘʪʦʨʘ q ʽ d ʚʠʟʥʘʯʝʥʽ ʚ ʧʨʦʩʪʦʨʽ, ʪʦ ʽʥʜʫʢʪʠʚʥʽʩʪʴ 

ʽʩʪʦʪʥʦ ʥʝ ʟʤʽʥʶʻʪʴʩʷ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʧʦʣʦʞʝʥʥʷ ʨʦʪʦʨʘ. ʊʦʜʽ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʧʦʪʦʢʫ ʚʪʨʘʪ ʩʪʘʪʦʨʘ ʚ 

ʧʣʦʱʠʥʘʭ q ʽ d ʧʦʪʨʽʙʥʽ ʩʪʨʫʤʠ ʨʦʪʦʨʘ ʽ ʩʪʘʪʦʨʘ. 

ɿʙʫʜʞʝʥʥʷ ʚ ʧʦʩʪʽʡʥʠʭ ʤʘʛʥʽʪʘʭ ʤʦʞʥʘ ʟʤʦʜʝʣʶʚʘʪʠ, ʧʨʠʧʫʩʢʘʶʯʠ ʧʦʩʪʽʡʥʠʡ ʩʪʨʫʤ ʜʞʝʨʝʣʘ, i fr . 

ʇʦʪʽʢ ʨʦʪʦʨʘ ʨʦʟʤʽʱʝʥʠʡ ʚ ʧʣʦʱʠʥʽ d, ʪʦʤʫ ʩʪʨʫʤ ʨʦʪʦʨʘ ʚ ʧʣʦʱʠʥʽ d ʜʦʨʽʚʥʶʻ i fr . ʉʪʨʫʤ ʚ ʧʣʦʱʠʥʽ q 
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ʧʨʠʡʤʘʻʪʴʩʷ ʨʽʚʥʠʤ ʥʫʣʶ, ʧʨʠʧʫʩʢʘʶʯʠ, ʱʦ ʚ ʮʽʡ ʧʣʦʱʠʥʽ ʥʝʤʘʻ ʧʦʪʦʢʫ. ʊʦʜʽ ʧʦʪʦʢʠ ʤʦʞʥʘ ʦʧʠʩʘʪʠ ʷʢ: 
r r
qs q qsL il =  (6) 

r r r
ds d ds m frL i L il = +  (7) 

ʜʝ Lm - ʚʟʘ̒ʤʥʘ ʽʥʜʫʢʮʽʷ ʤʽʞ ʦʙʤʦʪʢʘʤʠ ʩʪʘʪʦʨʘ ʽ ʤʘʛʥʽʪʘʤʠ ʨʦʪʦʨʘ. 

ʇʽʜʩʪʘʥʦʚʢʘ ʮʠʭ ʚʠʨʘʟʽʚ ʫ ʚʠʨʘʟʠ ʜʣʷ ʥʘʧʨʫʛʠ ʩʪʘʪʦʨʘ ʜʘʻ ʥʘʩʪʫʧʥʽ ʚʠʨʘʟʠ: 

0

r r
q q r dqs qs r m fr

r r
r q d dds ds

R L p Lv i L i

L R Lv i

w w

w

å õ å õ+å õ å õ
æ ö æ ö= +æ ö æ öæ öæ öæ ö æ ö- + ç ÷ç ÷ç ÷ ç ÷

 (8) 

ɽʣʝʢʪʨʦʤʘʛʥʽʪʥʠʡ ʤʦʤʝʥʪ ʚʠʟʥʘʯʘʻʪʴʩʷ ʷʢ: 

( )3

2 2

r r r r
e ds qs qs ds

P
T i il l= -  (9) 

ʷʢʘ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʧʽʜʩʪʘʥʦʚʢʫ ʧʦʪʦʢʽʚ ʚ ʪʝʨʤʽʥʘʭ ʽʥʜʫʢʪʠʚʥʦʩʪʽ ʪʘ ʩʪʨʫʤʫ, ʙʫʜʝ ʪʘʢʦʶ:  

( )3
( )

2 2

r r r
e af qs d q qs ds

P
T i L L i il= + -  (10) 

ʪʫʪ ʧʦʪʽʢ ʚʪʨʘʪ ʨʦʪʦʨʘ ʙʫʜʝ ʤʘʪʠ ʚʠʛʣʷʜ 

frmaf iL=l  (11) 

 

ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʜʣʷ ʩʠʥʭʨʦʥʥʦʛʦ ʜʚʠʛʫʥʘ ʧʦʪʫʞʥʽʩʪʶ 1ʢɺʪ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ.4. 

 

 
ʈʠʩ. 4. ɻʨʘʬʽʢʠ ʚʪʨʘʪ, ʤʦʤʝʥʪʫ, ʩʪʨʫʤʽʚ ʪʘ ʥʘʧʨʫʛʠ ʟʤʦʜʝʣʴʦʚʘʥʦʛʦ ʜʚʠʛʫʥʘ 

 

ɺʠʩʥʦʚʢʠ 

ɼʚʠʛʫʥʠ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ ʮʴʦʤʫ ʜʦʩʣʽʜʞʝʥʥʽ, ʚʽʜʥʦʩʷʪʴʩʷ ʩʘʤʝ ʜʦ ʧʨʦʤʠʩʣʦʚʠʭ ʜʚʠʛʫʥʽʚ. 

ʉʠʥʭʨʦʥʥʽ ʜʚʠʛʫʥʠ ʟ ʧʦʩʪʽʡʥʠʤʠ ʤʘʛʥʽʪʘʤʠ (PMSM) ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʚ ʪʘʢʠʭ ʤʝʭʘʥʽʟʤʘʭ, ʷʢ ʣʽʬʪʠ, 

ʧʦʜʨʽʙʥʶʚʘʯʽ, ʢʦʥʚʝʻʨʘ, ʟʘʚʜʷʢʠ ʾʭ ʟʜʘʪʥʦʩʪʽ "ʫʪʨʠʤʫʚʘʪʠ ʧʦʣʦʞʝʥʥʷ", ʢʦʣʠ ʛʘʣʴʤʘ ʜʚʠʛʫʥʘ ʚʠʤʢʥʝʥʽ, ʧʨʠ 

ʮʴʦʤʫ ʥʘʚʘʥʪʘʞʝʥʥʷ ʧʽʜʪʨʠʤʫʻʪʴʩʷ ʚʠʢʣʶʯʥʦ ʩʘʤʠʤ ʜʚʠʛʫʥʦʤ PMSM. ɺʠʩʦʢʦʰʚʠʜʢʽʩʥʘ ʨʝʘʢʮʽʷ 

ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʯʘʩʪʦʪʠ ʨʘʟʦʤ ʽʟ ʩʠʩʪʝʤʦʶ ʢʝʨʫʚʘʥʥʷ ʟʘʙʝʟʧʝʯʫʻ ʧʦʩʪʽʡʥʫ ʰʚʠʜʢʽʩʪʴ ʟʙʽʣʴʰʝʥʥʷ ʯʘʩʪʦʪʠ 

ʦʙʝʨʪʘʥʥʷ ʜʚʠʛʫʥʘ ʥʝʟʘʣʝʞʥʦ ʚʽʜ ʟʤʽʥʠ ʥʘʚʘʥʪʘʞʝʥʥʷ. ʊʘʢʠʤ ʯʠʥʦʤ, ʩʠʥʭʨʦʥʥʠʡ ʜʚʠʛʫʥ ʧʽʜʪʨʠʤʫʻ 

ʩʪʘʙʽʣʴʥʽ ʤʝʭʘʥʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʝʟʘʣʝʞʥʦ ʚʽʜ ʟʤʽʥʠ ʥʘʚʘʥʪʘʞʝʥʥʷ ʽ ʯʘʩʪʦʪʠ ʦʙʝʨʪʘʥʥʷ. ʆʜʥʦʯʘʩʥʦ 

ʥʘʧʨʫʛʘ ʽ ʩʪʨʫʤ ʜʚʠʛʫʥʘ ʜʠʥʘʤʽʯʥʦ ʨʝʛʫʣʶʶʪʴʩʷ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʙʘʞʘʥʠʭ ʚʠʭʽʜʥʠʭ ʧʦʢʘʟʥʠʢʽʚ. 

 

ʃʽʪʝʨʘʪʫʨʘ 
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ASSESSMENT OF ADEQUACY OF CONTENT BY CONTEXT USING BERT MODEL ENSEMBLE METHODS  
 

Over the past 20 years, text has dominated the Internet as a means of communicating information. Every day, new people are born 
and every day, new people sign up for social media. Due to lack of education and attention, people use social media to express their thoughts 
and virtualize themselves, sometimes forgetting that there is another person on the other side of the monitor. Such processes in human life 
lead to the reckless or sometimes intentional generation of content that may violate the rules of the communities where this content is 
produced. One of the primitive and non-scalable examples of dealing with the problem of uncontrolled generation of social content is physical 
moderation. This method makes sense in private, closed channels of communication with the audience, where the bandwidth of a person as a 
moderator is sufficient to effectively control the information space. Despite the reliability of humans in terms of information and moderation, 
humans are lifelong learners, and they are what they read or see. Therefore, there is a possibility that human moderation is biased from the 
point of view of all people who are in the same information space. The topic of assessing the adequacy and ethics of a text is gaining 
popularity even as the amount of information generated in social networks increases. The problem is that modern methods of text evaluation 
are not able to work with differently contextualized data, i.e. a model trained on one data set is tied to the context of the data environment in 
which this set was collected. The method developed in this paper allows a model to be trained on different contexts and independent datasets, 
and to directly vote each model in the ensemble for its own version of the truth according to the local context of that model. We will develop a 
binary message adequacy/normality classifier based on ensemble technology. You can observe the set of methods I have chosen that are 
optimal in terms of execution time, training time, RAM, and, accordingly, accuracy. In particular, these are methods such as Catboost 
XGBoost for classification and extraction of features and context, BERT and its sub-type RoBERTa were chosen. I will conduct a 
corresponding analysis and experiment on these methods to verify that this method is really effective. 

Keywords: neural networks, BERT, RoBERTa, Catboost, XGBoost. 

 

ɺʩʪʫʧ 
ɯʥʪʝʣʝʢʪʫʘʣʴʥʠʡ ʘʛʝʥʪ ʷʢ ʤʝʪʦʜ ʬʽʣʴʪʨʘʮʽʾ ʪʘ ʤʦʜʝʨʘʮʽʾ ʜʘʥʠʭ ʧʦʯʘʚ ʟ'ʷʚʣʷʪʠʩʴ ʨʽʚʥʦʤʽʨʥʦ ʟ ʪʠʤ, ʷʢ ʟʨʦʩʪʘʣʘ 

ʚʘʣʦʚʘ ʢʽʣʴʢʽʩʪʴ ʧʨʦʜʫʢʦʚʘʥʦʾ ʽʥʬʦʨʤʘʮʽʾ ʟʘ ʤʦʤʝʥʪ ʯʘʩʫ [1ï4]. ʂʨʽʤ ʙʘʟʦʚʠʭ ʨʝʯʝʡ, ʪʘʢʠʭ ʷʢ ʧʦʰʫʢ ʥʝʧʨʠʡʥʷʪʠʭ ʩʣʽʚ, 

ʚʠʨʘʟʽʚ, ʘʙʨʝʚʽʘʪʫʨ. ʤʘʰʠʥʥʠʡ ʽʥʪʝʣʝʢʪ ʧʦʯʘʚ ʨʦʟʫʤʽʪʠ ʽʥʬʦʨʤʘʮʽʶ ʚ ʯʘʩʽ ʪʘ ʩʧʨʠʡʤʘʪʠ ʽʥʬʦʨʤʘʮʽʶ ʥʝ ʷʢ ʥʝʟʘʣʝʞʥʽ 

ʟʤʽʥʥʽ ʚ ʧʨʦʩʪʦʨʽ, ʘʣʝ ʷʢ ʧʦʪʽʢ ʽʥʬʦʨʤʘʮʽʾ, ʷʢʠʡ ʤʘʻ ʯʽʪʢʦ ʚʧʦʨʷʜʢʦʚʘʥʠʡ ʟʚ'ʷʟʦʢ. ʎʠʤ ʤʦʞʥʘ ʟʘʚʜʷʯʫʚʘʪʠ ʤʘʰʠʥʥʦʤʫ 

ʥʘʚʯʘʥʥʶ ʪʘ ʨʝʢʫʨʝʥʪʥʠʤ ʤʦʜʝʣʷʤ. ɿ ʯʘʩʦʤ ʤʘʰʠʥʥʝ ʥʘʚʯʘʥʥʷ ʚʧʝʨʣʦʩʴ ʚ ʩʪʝʣʶ ʢʦʥʪʝʢʩʪʫ ʽʥʬʦʨʤʘʮʽʾ. ɯʥʬʦʨʤʘʮʽʷ, 

ʥʘʧʠʩʘʥʘ ʣʶʜʠʥʦʶ, ʥʘ ʞʘʣʴ ʥʝ ʻ ʩʫʭʠʤʠ ʜʘʥʠʤʠ. ʃʶʜʷʤ ʫ ʩʦʮʽʘʣʴʥʠʭ ʤʝʨʝʞʘʭ ʧʨʠʪʘʤʘʥʥʦ ʛʦʚʦʨʠʪʠ ʩʘʨʢʘʟʤʦʤ ʘʙʦ 

ʥʘʜʘʚʘʪʠ ʫʤʦʚʥʠʭ ʧʦʟʥʘʯʝʥʴ ʧʝʚʥʠʤ ʦʙ'ʻʢʪʘʤ, ʦʟʥʘʢʘʤ ʘʙʦ ʥʘʚʽʪʴ ʧʨʦʮʝʩʘʤ, ʷʢʽ ʥʘʟʠʚʘʶʪʴʩʷ ʧʦ ʨʽʟʥʦʤʫ, ʘʣʝ ʦʟʥʘʯʘʶʪʴ 

ʦʜʥʝ ʡ ʪʝʞ. ʑʦʙ ʢʣʘʩʠʬʽʢʫʚʘʪʠ ʪʝʢʩʪʦʚʽ ʜʘʥʽ ʥʘ ʧʨʝʜʤʝʪ ʥʝʛʘʪʠʚʥʦʛʦ ʚʠʩʣʦʚʣʶʚʘʥʥʷ ʯʠ ʦʙʨʘʟ, ʩʫʯʘʩʥʽ ʤʝʪʦʜʠ LSTM 

[5]ʯʠ RNN [6] ʪʘ ʾʭ ʢʦʤʙʽʥʘʮʽʾ ʚʞʝ ʥʝ ʚʠʪʨʠʤʫʚʘʣʠ ʢʨʠʪʠʢʠ ʝʬʝʢʪʠʚʥʦʩʪʽ. ʇʦʧʠʪʦʤ ʥʘ ʧʦʜʽʙʥʽ ʘʣʛʦʨʠʪʤʠ ʟʨʦʩʪʘʚ, 

ʚʠʥʠʢʣʠ ʘʣʛʦʨʠʪʤʠ ʪʨʘʥʩʬʦʨʤʝʨʠ ʟ ʥʠʭ ʩʽʤʝʡʩʪʚʦ ʘʣʛʦʨʠʪʤʽʚ BERT [2] ʪʘ ʡʦʛʦ ʚʘʨʽʘʮʽʾ. ʎʝ ʩʪʘʣʦ ʧʦʯʘʪʢʦʤ ʥʦʚʠʭ 

ʘʣʛʦʨʠʪʤʽʚ ʪʨʘʥʩʬʦʨʤʝʨʽʚ. ʆʩʦʙʣʠʚʽʩʪʶ ʮʠʭ ʤʝʪʦʜʽʚ ʻ ʾʭʥʷ ʙʫʜʦʚʘ, ʷʢʘ ʤʽʩʪʠʪʴ ʪʘʢ ʟʚʘʥʝ ʤʘʩʢʫʚʘʥʥʷ. ʇʨʠ ʪʨʝʥʫʚʘʥʥʽ 

ʤʝʨʝʞʽ ʬʨʘʛʤʝʥʪʠ ʨʝʯʝʥʴ ʟʘʤʽʥʶʻʪʴʩʷ ʥʘ ʧʨʦʛʘʣʠʥʠ, ʪʘ ʤʝʨʝʞʘ ʥʘʤʘʛʘʻʪʴʩʷ ʽʥʪʝʨʧʦʣʶʚʘʪʠ ʪʘ ʝʢʩʪʨʘʧʦʣʶʚʘʪʠ ʩʣʦʚʘ ʚ 

ʨʝʯʝʥʥʽ ʙʝʟ ʚʪʨʘʪʠ ʢʦʥʪʝʢʩʪʫ. ʂʦʣʠ ʤʝʨʝʞʘ ʥʘʪʨʝʥʦʚʘʥʘ, ʚʦʥʘ ʤʦʞʝ ʚʽʣʴʥʦ ʢʣʘʩʠʬʽʢʫʚʘʪʠ ʢʦʥʪʝʢʩʪ ʧʦʚʽʜʦʤʣʝʥʥʷ ʥʘʚʽʪʴ 

ʷʢʱʦ ʢʦʥʪʝʢʩʪ ʻ ʥʝʦʯʝʚʠʜʥʠʤ.  

ʄʝʪʘ ʮʽʻʾ ʨʦʙʦʪʠ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦʙ ʥʘʚʯʘʪʠ ʤʝʨʝʞʽ BERT ʦʢʨʝʤʦ ʥʘ ʨʽʟʥʠʭ ʥʘʙʦʨʘʭ ʜʘʥʠʭ ʪʘ ʩʢʣʘʩʪʠ ʾʭ ʚ ʦʜʠʥ 

ʘʥʩʘʤʙʣʴ, ʷʢʠʡ ʙʫʜʝ ʤʽʩʪʠʪʠ ʦʮʽʥʢʫ ʨʽʟʥʠʭ ʢʦʥʪʝʢʩʪʽʚ ʪʘ ʤʦʛʪʠ ʦʮʽʥʶʚʘʪʠ ʘʜʝʢʚʘʪʥʽʩʪʴ ʧʦʚʽʜʦʤʣʝʥʴ ʚʽʜ ʚʞʝ ʙʽʣʴʰ 

ʛʣʦʙʘʣʴʥʦʛʦ ʢʦʥʪʝʢʩʪʫ. ʆʮʽʥʢʘ ʟʜʽʡʩʥʶʚʘʪʠʤʝʪʴʩʷ ʛʦʣʦʩʫʚʘʥʥʷʤ ʚʩʽʭ ʤʝʨʝʞ ʪʘ ʦʙʠʨʘʥʥʷ ʟʘ ʧʝʚʥʠʤ ʧʨʘʚʠʣʦ ʩʝʨʝʜʥʴʦʛʦ. 

ɸʥʘʣʽʟ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʞʝʨʝʣ 

ʉʪʘʪʠʩʪʠʯʥʽ ʘʣʛʦʨʠʪʤʠ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʤʝʪʦʜʠ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ, ʪʘʢʽ ʷʢ ʥʘʾʚʥʠʡ ɹʘʡʻʩ [1], ʤʘʰʠʥʠ 

ʦʧʦʨʥʠʭ ʚʝʢʪʦʨʽʚ (SVM [2]) ʽ ʜʝʨʝʚʘ ʨʽʰʝʥʴ, ʜʣʷ ʢʣʘʩʠʬʽʢʘʮʽʾ ʪʝʢʩʪʫ. ʉʪʘʪʠʩʪʠʯʥʽ ʘʣʛʦʨʠʪʤʠ ʙʫʣʠ ʙʽʣʴʰ ʛʥʫʯʢʠʤʠ, ʥʽʞ 

ʩʠʩʪʝʤʠ, ʟʘʩʥʦʚʘʥʽ ʥʘ ʧʨʘʚʠʣʘʭ, ʽ ʤʦʛʣʠ ʥʘʚʯʘʪʠʩʷ ʥʘ ʜʘʥʠʭ, ʱʦ ʨʦʙʠʣʦ ʾʭ ʙʽʣʴʰ ʪʦʯʥʠʤʠ. 
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ʅʘʩʪʫʧʥʠʤ ʚʘʞʣʠʚʠʤ ʢʨʦʢʦʤ ʚ ʝʚʦʣʶʮʽʾ ʢʣʘʩʠʬʽʢʘʮʽʾ ʪʝʢʩʪʫ ʩʪʘʣʦ ʚʧʨʦʚʘʜʞʝʥʥʷ ʘʣʛʦʨʠʪʤʽʚ ʛʣʠʙʦʢʦʛʦ 

ʥʘʚʯʘʥʥʷ. ɿʦʢʨʝʤʘ, ʟʛʦʨʪʢʦʚʽ ʥʝʡʨʦʥʥʽ ʤʝʨʝʞʽ (CNN) ʪʘ ʨʝʢʫʨʝʥʪʥʽ ʥʝʡʨʦʥʥʽ ʤʝʨʝʞʽ (RNN) ʟʨʦʙʠʣʠ ʨʝʚʦʣʶʮʽʶ ʚ 

ʢʣʘʩʠʬʽʢʘʮʽʾ ʪʝʢʩʪʽʚ [3]. ʎʽ ʘʣʛʦʨʠʪʤʠ ʤʦʞʫʪʴ ʘʚʪʦʤʘʪʠʯʥʦ ʚʠʦʢʨʝʤʣʶʚʘʪʠ ʦʟʥʘʢʠ ʟ ʪʝʢʩʪʫ, ʫʩʫʚʘʶʯʠ ʧʦʪʨʝʙʫ ʚ 

ʨʫʯʥʦʤʫ ʩʪʚʦʨʝʥʥʽ ʦʟʥʘʢ. ɺʦʥʠ ʪʘʢʦʞ ʙʫʣʠ ʙʽʣʴʰ ʪʦʯʥʠʤʠ, ʥʽʞ ʧʦʧʝʨʝʜʥʽ ʤʝʪʦʜʠ, ʽ ʤʦʛʣʠ ʦʙʨʦʙʣʷʪʠ ʩʢʣʘʜʥʽ ʪʝʢʩʪʦʚʽ 

ʜʘʥʽ. ɺ ʦʩʪʘʥʥʽ ʨʦʢʠ ʪʨʘʥʩʬʝʨʥʝ ʥʘʚʯʘʥʥʷ ʱʝ ʙʽʣʴʰʝ ʧʽʜʚʠʱʠʣʦ ʪʦʯʥʽʩʪʴ ʘʣʛʦʨʠʪʤʽʚ ʢʣʘʩʠʬʽʢʘʮʽʾ ʪʝʢʩʪʽʚ. ʊʨʘʥʩʬʝʨʥʝ 

ʥʘʚʯʘʥʥʷ ʧʝʨʝʜʙʘʯʘʻ ʧʦʧʝʨʝʜʥʻ ʥʘʚʯʘʥʥʷ ʤʦʜʝʣʽ ʥʘ ʚʝʣʠʢʦʤʫ ʤʘʩʠʚʽ ʪʝʢʩʪʦʚʠʭ ʜʘʥʠʭ, ʘ ʧʦʪʽʤ ʾʾ ʜʦʦʧʨʘʮʶʚʘʥʥʷ ʥʘ 

ʤʝʥʰʦʤʫ [4], ʩʧʝʮʠʬʽʯʥʦʤʫ ʜʣʷ ʧʝʚʥʦʾ ʛʘʣʫʟʽ ʥʘʙʦʨʽ ʜʘʥʠʭ. ʎʝʡ ʧʽʜʭʽʜ ʧʦʢʨʘʱʫʻ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʤʦʜʝʣʝʡ ʢʣʘʩʠʬʽʢʘʮʽʾ 

ʪʝʢʩʪʽʚ, ʦʩʦʙʣʠʚʦ ʢʦʣʠ ʥʘʙʽʨ ʜʘʥʠʭ, ʩʧʝʮʠʬʽʯʥʠʡ ʜʣʷ ʢʦʥʢʨʝʪʥʦʾ ʛʘʣʫʟʽ, ʥʝʚʝʣʠʢʠʡ. 

ʆʩʪʘʥʥʴʦʶ ʨʦʟʨʦʙʢʦʶ ʚ ʛʘʣʫʟʽ ʢʣʘʩʠʬʽʢʘʮʽʾ ʪʝʢʩʪʽʚ ʻ ʤʦʜʝʣʽ ʥʘ ʦʩʥʦʚʽ ʪʨʘʥʩʬʦʨʤʝʨʽʚ. ʎʽ ʤʦʜʝʣʽ, ʪʘʢʽ ʷʢ BERT [5] 

(Bidirectional Encoder Representations from Transformers), ʩʪʘʣʠ ʥʘʡʩʫʯʘʩʥʽʰʠʤʠ ʚ ʢʣʘʩʠʬʽʢʘʮʽʾ ʪʝʢʩʪʽʚ. ɺʦʥʠ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʤʝʭʘʥʽʟʤʠ ʩʘʤʦʥʘʚʯʘʥʥʷ ʜʣʷ ʚʠʚʯʝʥʥʷ ʢʦʥʪʝʢʩʪʥʠʭ ʧʨʝʜʩʪʘʚʣʝʥʴ ʩʣʽʚ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʢʨʘʱʫ ʪʦʯʥʽʩʪʴ ʽ 

ʟʜʘʪʥʽʩʪʴ ʩʧʨʘʚʣʷʪʠʩʷ ʟ ʙʽʣʴʰ ʩʢʣʘʜʥʠʤʠ ʟʘʚʜʘʥʥʷʤʠ ʦʙʨʦʙʢʠ ʧʨʠʨʦʜʥʦʾ ʤʦʚʠ. ʋ ʧʫʙʣʽʢʘʮʽʾ [7]  ʧʦʨʽʚʥʷʥʦ ʨʽʟʥʽ ʤʝʨʝʞʽ 

ʫ ʟʘʜʘʯʘʭ ʨʦʟʧʽʟʥʘʚʘʥʥʶ ʥʘʩʪʨʦʾʚ ʫ ʪʝʢʩʪʽ ʽ ʧʦʢʘʟʘʥʦ, ʱʦ CNN RNN Bi-LSTM ʜʘʻ ʢʨʘʱʫ ʪʦʯʥʽʩʪʴ ʧʦʨʽʚʥʷʥʦ ʟ 

ʢʣʘʩʠʯʥʠʤʠ ʤʦʜʝʣʷʤʠ ʥʘʚʯʘʥʥʷ. ʈʦʙʦʪʘ [9] ʙʘʟʫʻʪʴʩʷ ʥʘ ʘʥʘʣʽʟʽ ʜʘʥʠʭ ʽʟ ʩʦʮʽʘʣʴʥʦʾ ʤʝʨʝʞʽ twiter ʘʨʘʙʩʴʢʦʶ ʤʦʚʦʶ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʘʥʩʘʤʙʣʽʚ BERT ʘʪ ʢʦʤʙʽʥʘʮʽʡ ʽʥʰʠʭ ʥʘʪʨʝʥʦʚʘʥʠʭ ʤʦʜʝʣʝʡ. ɿ ʥʝʜʦʣʽʢʽʚ ʮʴʦʛʦ ʧʽʜʭʦʜʫ ʪʨʝʙʘ ʟʘʟʥʘʯʠʪʠ ʪʝ, 

ʱʦ ʨʝʟʫʣʴʪʘʪʠ ʦʪʨʠʤʘʥʽ ʪʨʝʥʫʚʘʥʥʷʤ ʚʝʣʠʢʠʭ ʤʝʨʝʞ BERT ʥʘ ʥʝʚʝʣʠʢʠʭ ʥʘʙʦʨʘʭ ʜʘʥʠʭ.  

ɺʠʢʦʨʠʩʪʘʥʥʷ BERT ʜʝʨʝʚ ʻ ʜʦʚʦʣʽ ʮʽʢʘʚʦʶ ʪʘ ʩʚʽʞʦʶ ʽʜʝʻʶ, ʷʢʘ ʙʫʣʘ ʦʧʠʩʘʥʘ ʚ [3]. ʋ ʩʬʝʨʽ  ʢʦʤʧ'ʶʪʝʨʥʦʾ 

ʚʽʨʫʩʦʣʦʛʽʾ ʨʽʜʢʦ ʤʦʞʥʘ ʟʥʘʡʪʠ ʤʝʪʦʜʠ, ʷʢʽ ʤʦʞʫʪʴ ʝʬʝʢʪʠʚʥʦ ʰʫʢʘʪʠ ʪʘ ʢʣʘʩʠʬʽʢʫʚʘʪʠ ʧʨʦʛʨʘʤʠ ʚʦʨʦʞʦʛʦ ʭʘʨʘʢʪʝʨʫ, 

ʘʣʝ ʮʝʡ ʤʝʪʦʜ ʥʘʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʝʬʝʢʪʠʚʥʦ ʟʘ ʤʽʨʢʘʤʠ ʩʫʯʘʩʥʦʩʪʽ ʚʠʢʦʥʫʚʘʪʠ ʟʘʜʘʯʫ ʢʣʘʩʠʬʽʢʘʮʽʾ ʚʽʨʫʩʽʚ. ñʂʨʽʤ ʪʦʛʦ, 

ʟʘʧʨʦʧʦʥʦʚʘʥʘ ʥʘʤʠ ʤʦʜʝʣʴ ʚʠʧʘʜʢʦʚʦʛʦ ʪʨʘʥʩʬʦʨʤʘʪʦʨʥʦʛʦ ʣʽʩʫ (RTF) ʥʘ ʦʩʥʦʚʽ ʧʘʢʝʪʫʚʘʥʥʷ, ʩʫʢʫʧʥʽʩʪʴ BERT ʘʙʦ 

CANINE, ʜʦʩʷʛʘʻ ʥʘʡʩʫʯʘʩʥʽʰʠʭ ʦʮʽʥʶʚʘʣʴʥʠʭ ʙʘʣʽʚ ʫ ʪʨʴʦʭ ʽʟ ʯʦʪʠʨʴʦʭ ʥʘʙʦʨʽʚ ʜʘʥʠʭ, ʟʦʢʨʝʤʘ, ʚʦʥʘ ʬʽʢʩʫʻ ʩʪʘʥ -art 

F1-ʦʮʥ̔ʢʘ 0,6149 ʟʘ ʦʜʥʠʤ ʟʽ ʩʪʘʥʜʘʨʪʥʠʭ ʥʘʙʦʨʽʚ ʜʘʥʠʭò [3].  ɿ ʥʝʜʦʣʽʢʽʚ ʮʽʻʾ ʨʦʙʦʪʠ ʤʦʞʥʘ ʩʢʘʟʘʪʠ, ʱʦ ʮʝʡ ʤʝʪʦʜ ʻ 

ʙʽʣʴʰ ʧʨʠʢʣʘʜʥʠʤ ʫ ʩʬʝʨʽ ʤʝʜʽʘʢʦʥʪʝʥʪʫ, ʘ ʥʝ ʫ ʩʬʝʨʽ ʢʽʙʝʨʙʝʟʧʝʢʠ. ʊʘʢʦʞ ʧʦʢʘʟʥʠʢʠ ʢʣʘʩʠʬʽʢʘʮʽʾ ʙʣʠʟʴʢʦ 60% ʥʝ 

ʜʦʟʚʦʣʷʶʪʴ ʛʦʚʦʨʠ ʭʦʨʦʰʫ ʫʥʽʚʝʨʩʘʣʴʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʤʝʪʦʜʫ. 

ʄʝʪʦʜʠ ʪʘ ʤʦʜʝʣʽ 

ʆʧʠʩ ʥʘʙʦʨʽʚ ʜʘʥʠʭ 

ɹʫʣʦ ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʪʘʢʽ ʥʘʙʦʨʠ ʜʘʥʠʭ (ʪʘʙʣʠʮʷ 1). 

ʊʘʙʣʠʮʷ 1 

ʅʘʙʦʨʠ ʜʘʥʠʭ 

ʥʘʟʚʘ ʥʘʙʦʨʫ ʜʘʥʠʭ  ʦʟʥʘʢʘ ʥʘʙʦʨʫ ʜʘʥʠʭ  

Toxic Tweets Dataset [7] ʊʦʢʩʠʯʥʽʩʪʴ 

Suspicious Communication on Social Platforms [8] ɿʥʫʱʘʥʥʷ 

Fake News [9] ɹʨʝʭʥʷ 

HateXplain [9] ʆʙʨʘʟʘ 

 

ʅʘʙʽʨ ʜʘʥʠʭ ʪʦʢʩʠʯʥʠʭ ʪʚʽʪʽʚ: Toxic Tweets Dataset ï ʮʝ ʢʦʣʝʢʮʽʷ ʪʚʽʪʽʚ, ʷʢʽ ʙʫʣʠ ʧʦʟʥʘʯʝʥʽ ʷʢ 

ʪʦʢʩʠʯʥʽ ʘʙʦ ʥʝʪʦʢʩʠʯʥʽ. 

ʇʽʜʦʟʨʽʣʽ ʧʦʚʽʜʦʤʣʝʥʥʷ ʥʘ ʩʦʮʽʘʣʴʥʠʭ ʧʣʘʪʬʦʨʤʘʭ: ʅʘʙʽʨ ʜʘʥʠʭ "ʇʽʜʦʟʨʽʣʽ ʧʦʚʽʜʦʤʣʝʥʥʷ ʥʘ 

ʩʦʮʽʘʣʴʥʠʭ ʧʣʘʪʬʦʨʤʘʭ" ï ʮʝ ʢʦʣʝʢʮʽʷ ʧʦʚʽʜʦʤʣʝʥʴ, ʷʢʽ ʙʫʣʠ ʧʦʟʥʘʯʝʥʽ ʷʢ ʧʦʪʝʥʮʽʡʥʦ ʧʽʜʦʟʨʽʣʽ ʘʙʦ 

ʟʣʦʚʤʠʩʥʽ ʥʘ ʧʣʘʪʬʦʨʤʘʭ ʩʦʮʽʘʣʴʥʠʭ ʤʝʨʝʞ. 

ʌʝʡʢʦʚʽ ʥʦʚʠʥʠ: ʅʘʙʽʨ ʜʘʥʠʭ "ʌʝʡʢʦʚʽ ʥʦʚʠʥʠ" ï ʮʝ ʢʦʣʝʢʮʽʷ ʥʦʚʠʥʥʠʭ ʩʪʘʪʝʡ, ʷʢʽ ʙʫʣʠ ʧʦʟʥʘʯʝʥʽ ʷʢ 

ʩʧʨʘʚʞʥʽ ʘʙʦ ʬʝʡʢʦʚʽ.  

HateXplain: ʅʘʙʽʨ ʜʘʥʠʭ HateXplain ï ʮʝ ʢʦʣʝʢʮʽʷ ʪʚʽʪʽʚ ʟ ʤʦʚʦʶ ʚʦʨʦʞʥʝʯʽ, ʷʢʽ ʙʫʣʠ ʧʦʟʥʘʯʝʥʽ 

ʧʦʷʩʥʝʥʥʷʤʠ, ʯʦʤʫ ʚʦʥʠ ʚʚʘʞʘʶʪʴʩʷ ʥʝʥʘʚʠʩʥʠʮʴʢʠʤʠ. 

ɿʥʘʯʝʥʥʷ ʚʩʽʭ ʜʘʥʠʭ ʬʦʨʤʫʶʪʴʩʷ ʥʘ ʦʩʥʦʚʽ ʟʘʛʘʣʴʥʦʜʦʩʪʫʧʥʦʾ ʽʥʬʦʨʤʘʮʽʾ ʪʝʢʩʪʫ ʪʘ ʢʘʪʝʛʦʨʽʾ ʜʦ ʷʢʦʾ 

ʚʦʥʘ ʥʘʣʝʞʠʪʴ. 

ɸʥʘʣʽʟ ʜʘʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʫ  

ʅʘ ʨʠʩ. 1 ʧʦʜʘʥʦ ʘʥʘʣʽʟ ʨʦʟʧʦʜʽʣʫ ʥʦʚʠʥʠ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʢʽʣʴʢʦʩʪʽ ʩʣʽʚ. ʄʦʞʥʘ ʟʘʟʥʘʯʠʪʠ 

ʤʫʣʴʪʠʤʦʜʘʣʴʥʠʡ ʨʦʟʧʦʜʽʣ ʫ ʜʘʥʠʭ ʟ ʦʨʠʛʽʥʘʣʴʥʠʭ ʪʝʢʩʪʽʚ, ʥʘʪʦʤʽʩʪʴ ʫ ʜʘʥʠʭ ʥʝʛʘʪʠʚʥʠʭ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ 

ʧʽʢ, ʪʘ ʮʽ ʧʫʙʣʽʢʘʮʽʾ ʦʧʠʩʫʶʪʴ ʙʽʣʴʰ ʥʦʨʤʘʣʴʥʠʡ ʨʦʟʧʦʜʽʣ, ʭʦʯʘ ʥʠʤ ʥʝ ʤʦʞʝ ʥʘʟʠʚʘʪʠʩʴ. ʊʘʢʦʞ ʩʣʽʜ ʚʢʘʟʘʪʠ 

ʥʘ ʟʘʣʝʞʥʽʩʪʴ ʜʦʚʞʠʥʠ ʩʪʘʪʪʽ ʚʽʜ ʪʦʛʦ, ʯʠ ʻ ʚʦʥʘ ʧʨʘʚʜʦʧʦʜʽʙʥʦʶ. 

ʂʣʘʩʪʝʨʥʠʡ ʘʥʘʣʽʟ ʪʝʢʩʪʦʚʠʭ ʜʘʥʠʡ   

ɼʣʷ ʚʠʜʦʙʫʪʢʫ ʩʫʪʥʦʩʪʝʡ ʪʘ ʧʦʢʨʘʱʝʥʥʷ ʨʦʟʫʤʽʥʥʷ ʜʘʥʠʭ, ʟʜʽʡʩʥʝʥʦ ʢʣʘʩʪʝʨʥʠʡ ʘʥʘʣʽʟ ʤʝʪʦʜʦʤ K-

means. ɼʣʷ ʚʠʙʦʨʫ ʦʧʪʠʤʘʣʴʥʦʾ ʢʽʣʴʢʦʩʪʽ ʢʣʘʩʪʝʨʽʚ ʚʠʢʦʨʠʩʪʘʥʦ ʤʝʪʦʜ ʣʽʢʪʷ ʪʘ ʚʠʟʥʘʯʝʥʦ, ʱʦ ʥʘʡʢʨʘʱʠʤ 

ʚʠʙʦʨʦʤ ʻ ʨʦʟʧʦʜʽʣ ʟ 3 ʢʣʘʩʪʝʨʽʚ. ʂʣʘʩʪʝʨʥʠʡ ʘʥʘʣʽʟ ʚʢʘʟʫʻ ʥʘ ʯʽʪʢʠʡ ʨʦʟʧʦʜʽʣ ʚʩʽʭ ʥʦʚʠʥ ʟʘ ʦʟʥʘʢʦʶ 

ʜʦʚʞʠʥʠ: ʢʦʨʦʪʢʽ ʥʦʚʠʥʠ - ʜʦ 150 ʩʣʽʚ, 2 ʩʝʨʝʜʥʽ ʥʦʚʠʥʠ - ʚʽʜ 150 ʜʦ 1000, 3 ʜʦʚʛʽ ʥʦʚʠʥʠ - 1000+ ʩʣʽʚ. ɯʟ ʈʠʩ 

2 ʤʦʞʥʘ ʩʪʚʝʨʜʞʫʚʘʪʠ ʱʦ ʢʣʘʩʪʝʨʥʠʡ ʘʥʘʣʽʟ ʥʝ ʟʤʽʛ ʚʠʦʢʨʝʤʠʪʠ ʦʟʥʘʢʫ ʧʨʘʚʜʦʧʦʜʽʙʥʦʩʪʽ ʥʦʚʠʥʠ, ʪʦʤʫ 

ʧʦʪʨʽʙʥʦ ʧʨʦʚʝʩʪʠ ʛʣʠʙʦʢʠʡ ʘʥʘʣʽʟ , ʘ ʩʘʤʝ ʘʥʘʣʽʟ ʥʝʡʨʦʤʝʨʝʞʘʤʠ.  

 

https://www.zotero.org/google-docs/?VXXPUP
https://www.zotero.org/google-docs/?9QI8pf
https://www.zotero.org/google-docs/?gwjZoF
https://www.zotero.org/google-docs/?YQnWdh
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ʈʠʩ. 1. ɸʥʘʣʽʟ ʨʦʟʧʦʜʽʣʫ ʥʦʚʠʥʠ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʢʽʣʴʢʦʩʪʽ ʩʣʽʚ  

 
ʈʠʩ. 2. ʇʨʦʩʪʽʨ ʪʝʢʩʪʦʚʠʭ ʜʘʥʠʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʛʨʘʜʽʻʥʪʦʤ ʱʦ ʤʘʨʢʫʻ ʟʤʽʥʫ ʜʦʚʞʠʥʠ ʩʪʘʪʪʽ  

 

ɯʜʝʷ ʤʝʪʦʜʫ ʪʘ ʘʣʛʦʨʠʪʤ ʧʨʦʚʝʜʝʥʦʛʦ ʝʢʩʧʝʨʠʤʝʥʪʫ 

ʆʩʥʦʚʥʘ ʽʜʝʷ ʤʝʪʦʜʫ ʧʦʜʘʥʘ ʥʘ ʨʠʩ. 3 ʽ ʧʦʣʷʛʘʻ ʫ ʪʘʢʠʭ ʢʨʦʢʘʭ:  

 
ʈʠʩ. 3. ɯʣʶʩʪʨʘʮʽʷ ʧʦʪʦʢʫ ʜʘʥʠʭ ʚʽʜ ʧʦʯʘʪʢʫ ʨʝʘʣʽʟʘʮʽʾ ʜʦ ʢʽʥʮʷ 

 

1. ɺʠʙʨʘʪʠ ʜʘʥʽ ʟʘ ʢʦʥʪʝʢʩʪʦʤ ʪʘ ʧʝʚʥʠʤʠ ʯʘʩʦʚʠʤʠ ʨʘʤʢʘʤʠ. 

2. ʇʽʜʛʦʪʦʚʣʝʥʽ ʜʘʥʽ  ʟʛʨʫʧʫʚʘʪʠ ʪʘ ʪʦʢʝʥʽʟʫʚʘʪʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʝʪʨʝʥʦʚʘʥʠʭ ʝʥʢʦʜʝʨʽʚ BERT ʪʘ 
RoBERTa, 

3. ʅʘʪʨʝʥʫʚʘʪʠ ʦʢʨʝʤʦ ʢʦʞʥʫ ʤʦʜʝʣʴ ʥʘ ʩʚʦʻʤʫ ʥʘʙʦʨʽ ʜʘʥʠʭ  

4. ʉʢʣʘʩʪʠ ʘʥʩʘʤʙʣʴ ʤʦʜʝʣʝʡ ʪʘ ʧʨʦʚʝʩʪʠ ʛʦʣʦʩʫʚʘʥʥʷ  

5. ʆʮʽʥʠʪʠ ʨʝʟʫʣʴʪʘʪʠ. 

ʅʘʪʨʝʥʦʚʘʥʽ ʤʦʜʝʣʽ ʜʘʣʽ ʦʙôʻʜʥʫʶʪʴʩʷ ʚ ʘʥʩʘʤʙʣʴ, ʚ ʷʢʦʤʫ ʚʦʥʠ ʧʦʚʠʥʥʽ ʧʨʦʛʦʣʦʩʫʚʘʪʠ ʟʘ ʪʫ ʯʠ ʽʥʰʫ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʫ ʢʦʥʪʝʢʩʪʫ. ʈʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʫ ʧʦʢʘʟʘʣʠ, ʱʦ ʩʪʚʦʨʝʥʥʷ ʘʥʩʘʤʙʣʽʚ ʽʟ ʤʦʜʝʣʝʡ, ʷʢʽ 

ʩʪʚʦʨʝʥʽ ʪʘ ʥʘʪʨʝʥʦʚʘʥʽ ʥʘ ʨʽʟʥʠʭ ʪʘ ʥʝʟʘʣʝʞʥʠʭ ʜʘʥʠʭ, ʻ ʝʬʝʢʪʠʚʥʠʤ. ɽʬʝʢʪʠʚʥʽʩʪʴ ʧʦʣʷʛʘʻ ʚ, ʪʦʤʫ ʱʦ 

ʟʙʽʣʴʰʫʻʪʴʩʷ ʟʘʛʘʣʴʥʠʡ ʧʦʟʠʪʠʚʥʠʡ ʪʨʝʥʜ ʦʮʽʥʶʚʘʥʥʷ ʪʝʢʩʪʽʚ ʪʘ ʻ ʤʦʞʣʠʚʽʩʪʴ ʦʮʽʥʠʪʠ ʨʝʟʫʣʴʪʘʪ ʘʥʩʘʤʙʣʶ 

ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʨʝʟʫʣʴʪʘʪʽʚ ʛʦʣʦʩʫʚʘʥʴ. ʊʦʯʥʽʩʪʴ ʘʣʛʦʨʠʪʤʫ ʢʦʣʠʚʘʻʪʴʩʷ ʚʽʜ 80% ʜʦ 85 % ʚ ʘʥʩʘʤʙʣʽ ʪʘ ʚʽʜ 

65% ʜʦ 93% ʦʢʨʝʤʠʤʠ ʤʝʪʦʜʘʤʠ ʧʦ ʦʢʨʝʤʠʭ ʥʘʙʦʨʘʭ ʜʘʥʠʭ. ʊʦʙʪʦ ʜʦʩʣʽʜʞʝʥʥʷ ʜʦʮʽʣʴʥʦ  ʚʚʘʞʘʪʠ 

ʫʩʧʽʰʥʠʤ, ʘʜʞʝ ʤʦʞʥʘ ʩʢʘʟʘʪʠ, ʱʦ ʚʝʢʪʦʨ ʤʦʜʝʣʝʡ ʽʟ ʨʽʟʥʠʤʠ ʢʦʥʪʝʢʩʪʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʤʦʞʝ ʜʘʚʘʪʠ 

ʭʦʨʦʰʽ ʫʟʘʛʘʣʴʥʶʚʘʥʽ ʦʮʽʥʢʠ, ʟʦʢʨʝʤʘ ʚʠʟʥʘʯʠʪʠ ʡʤʦʚʽʨʥʦʩʪʽ ʥʘʣʝʞʥʦʩʪʽ ʪʝʢʩʪʫ ʜʦ ʪʽʻʾ ʯʠ ʽʥʰʦʾ 

ʧʽʜʢʘʪʝʛʦʨʽʾ. 

ʅʘ ʨʠʩ. 4 ʙʘʯʠʤʦ, ʱʦ ʱʝ ʦʢʨʽʤ ʩʘʤʠʭ ʥʘʪʨʝʥʦʚʘʥʠʭ ʤʦʜʝʣʝʡ, ʫ ʮʴʦʤʫ ʘʣʛʦʨʠʪʤʽ ʪʨʝʥʫʻʪʴʩʷ ʬʫʥʢʮʽʷ 

ʚʽʜʩʽʢʘʥʥʷ ʢʣʘʩʠʬʽʢʘʪʦʨʘ. ʗʢʱʦ ʫ ʟʚʠʯʘʡʥʦʤʫ ʘʣʛʦʨʠʪʤʽ ʛʦʣʦʩʫʚʘʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʫʩʝʨʝʜʥʝʥʥʷ ʧʦʢʘʟʥʠʢʽʚ ʽ 

ʡʜʝ ʚʽʜʩʽʯʢʘ ʧʦ ʢʣʘʩʫ ʟʽ ʩʪʘʣʠʤ ʢʦʝʬʽʮʽʻʥʪʦʤ 0.5, ʪʦ ʝʬʝʢʪʠʚʥʽʩʪʴ ʘʣʛʦʨʠʪʤʫ ʨʽʟʢʦ ʧʘʜʘʻ ʜʦ ~79%. 

ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʤʥʦʶ ʩʧʦʩʽʙ ʚʽʜʩʽʢʘʥʥʷ ʟʙʽʣʴʰʫʻ ʟʘʛʘʣʴʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʘʥʩʘʤʙʣʶ ʥʘ ʢʽʣʴʢʘ ʚʽʜʩʦʪʢʽʚ.   

 






























































































































































































































































































































































































































































































