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ɻʣʘʚʥʳʡ ʨʝʜʘʢʪʦʨ ʜ.ʪ.ʥ., ʜʦʮʝʥʪ ɺ.ɸ. ɾʤʫʜʴ, ʟʘʚʝʜʫʶʱʠʡ ʢʘʬʝʜʨʦʡ ʘʚʪʦʤʘʪʠʢʠ 

ʌɻɹʆʋ ɺʆ çʅʦʚʦʩʠʙʠʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè (ʅɻʊʋ), ʟʘʤ. ʜʠʨʝʢʪʦʨʘ 

ʇɸʆ çʅʦʚʦʩʠʙʠʨʩʢʠʡ ʠʥʩʪʠʪʫʪ ʧʨʦʛʨʘʤʤʥʳʭ ʩʠʩʪʝʤè (ʅʀʇʉ), ʈʦʩʩʠʷ 

ʆʪʚʝʪʩʪʚʝʥʥʳʡ ʩʝʢʨʝʪʘʨʴ ʜ.ʪ.ʥ., ʜʦʮʝʥʪ ɻ.ɸ. ʌʨʘʥʮʫʟʦʚʘ, ʅɻʊʋ, ʈʦʩʩʠʷ 

 

ʈʝʜʘʢʮʠʦʥʥʘʷ ʢʦʣʣʝʛʠʷ: 
 

ɸʣʝʢʩʘʥʜʨ ɺʘʣʝʨʴʝʚʠʯ 

ʃʷʧʠʜʝʚʩʢʠʡ 
  

ɼʠʨʝʢʪʦʨ ʇɸʆ çʅʦʚʦʩʠʙʠʨʩʢʠʡ ʠʥʩʪʠʪʫʪ ʧʨʦʛʨʘʤʤʥʳʭ 

ʩʠʩʪʝʤè (ʇɸʆ çʅʀʇʉè), ʢ.ʵ.ʥ., ʈʦʩʩʠʷ 

ɸʥʘʪʦʣʠʡ ʉʝʨʛʝʝʚʠʯ 

ɺʦʩʪʨʠʢʦʚ 

ʇʨʦʬʝʩʩʦʨ ʢʘʬʝʜʨʳ ɸʚʪʦʤʘʪʠʢʠ ʅɻʊʋ, ʜ.ʪ.ʥ., ɿʘʩʣʫʞʝʥʥʳʡ 

ʧʨʝʧʦʜʘʚʘʪʝʣʴ ʈʌ, ʘʢʘʜʝʤʠʢ ʄɸʅ ɺʐ, ʈʦʩʩʠʷ  

 

ɽʚʛʝʥʠʡ ɹʦʨʠʩʦʚʠʯ ʎʦʡ 

 

ʇʨʦʨʝʢʪʦʨ ʧʦ ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʩʚʷʟʷʤ ʅɻʊʋ, ʧʨʦʬʝʩʩʦʨ, ʜ.ʪ.ʥ. 

ʅʦʚʦʩʠʙʠʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, 

ʈʦʩʩʠʷ 
 

ɺʣʘʜʠʤʠʨ ʀʚʘʥʦʚʠʯ 

ɻʫʞʦʚ 

ʇʨʦʬʝʩʩʦʨ ʢʘʬʝʜʨʳ ɺʳʯʠʩʣʠʪʝʣʴʥʦʡ ʪʝʭʥʠʢʠ ʅʦʚʦʩʠʙʠʨʩʢʠʡ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʈʦʩʩʠʷ 

 

Shiva S. Mahapatra Professor in the Department of Mechanical Engineering, NIT 

Rourkela, India   

 

Hubert  Roth Head of the Department of Automatic Control Engineering of 

University if Siegen, Professor,  Germany 

 

You Bo Director of Institute of Robotics and Automation Technology, 

Dean of School of Automation, Professor, Harbin University of 

Science and Technology, China  

 

ʃʶʙʦʤʠʨ ɺʘʥʢʦʚ 

ɼʠʤʠʪʨʦʚ 

ɼʝʢʘʥ ʤʘʰʠʥʦʩʪʨʦʠʪʝʣʴʥʦʛʦ ʬʘʢʫʣʴʪʝʪʘ ʊʝʭʥʠʯʝʩʢʦʛʦ 

ʫʥʠʚʝʨʩʠʪʝʪʘ ʉʦʬʠʠ, ʜʦʢʪʦʨ, ʧʨʦʬʝʩʩʦʨ, ɹʦʣʛʘʨʠʷ 

 

ʗʨʦʩʣʘʚ ʅʦʩʝʢ  ʇʨʦʬʝʩʩʦʨ ʬʘʢʫʣʴʪʝʪʘ ʤʝʭʘʪʨʦʥʠʢʠ, ʠʥʬʦʨʤʘʪʠʢʠ ʠ 

ʤʝʞʜʠʩʮʠʧʣʠʥʘʨʥʦʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʊʝʭʥʠʯʝʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ 

ʛ. ʃʶʙʝʨʝʮ, ʜʦʢʪʦʨ, ʏʝʭʠʷ  

 

ʇʝʪʨ ʊʫʤʘ  ʇʨʦʬʝʩʩʦʨ ʬʘʢʫʣʴʪʝʪʘ ʤʝʭʘʪʨʦʥʠʢʠ, ʠʥʬʦʨʤʘʪʠʢʠ ʠ 

ʤʝʞʜʠʩʮʠʧʣʠʥʘʨʥʦʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʊʝʭʥʠʯʝʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ 

ʛ. ʃʶʙʝʨʝʮ, ʜʦʢʪʦʨ, ʏʝʭʠʷ  

 

ʅʝʲʤʘʪʞʦʥ ʈʘʭʠʤʦʚʠʯ 

ʈʘʭʠʤʦʚ 

 ʈʫʢʦʚʦʜʠʪʝʣʴ ʣʘʙʦʨʘʪʦʨʠʠ ʆʧʪʦʵʣʝʢʪʨʦʥʥʦʛʦ ʤʝʪʦʜʘ 

ʥʝʨʘʟʨʫʰʘʶʱʝʛʦ ʢʦʥʪʨʦʣʷè ʉɻɻɸ, ʧʨʦʬʝʩʩʦʨ, ʜ.ʪ.ʥ., ʈʦʩʩʠʷ, 

ʋʟʙʝʢʠʩʪʘʥ  
 

ɻʝʥʥʘʜʠʡ ʇʘʚʣʦʚʠʯ 

ʎʘʧʢʦ 

ʇʨʦʬʝʩʩʦʨ ʢʘʬʝʜʨ r ʘʚʪʦʤʘʪʠʢʠ ʠ ʢʦʤʧʴʶʪʝʨʥʳʭ ʩʠʩʪʝʤ 

ʅʘʮʠʦʥʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʊʦʤʩʢʦʛʦ 

ʧʦʣʠʪʝʭʥʠʯʝʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ (ʅʀʊʇʋ), ʜʠʨʝʢʪʦʨ ʅʘʫʯʥʦ-

ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʛʦ ʮʝʥʪʨʘ CALS-ʪʝʭʥʦʣʦʛʠʡ, ʧʨʦʬʝʩʩʦʨ, ʜ.ʪ.ʥ., 

ʘʢʘʜʝʤʠʢ ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʘʢʘʜʝʤʠʠ ʠʥʬʦʨʤʘʪʠʟʘʮʠʠ, ʈʦʩʩʠʷ  

 

ɸʣʝʢʩʘʥʜʨ ʄʘʢʩʠʤʦʚʠʯ 

ʄʘʣʳʰʝʥʢʦ  

ʇʨʦʬʝʩʩʦʨ ʢʘʬʝʜʨʳ ʠʥʪʝʛʨʠʨʦʚʘʥʥʳʭ ʢʦʤʧʴʶʪʝʨʥʳʭ ʩʠʩʪʝʤ 

ʫʧʨʘʚʣʝʥʠʷ ʅʀʊʇʋ, ʜ.ʪ.ʥ., ʘʢʘʜʝʤʠʢ ʄɸʅ ɺʐ ʠ ɸʢʘʜʝʤʠʠ 

ʵʣʝʢʪʨʦʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ ʈʌ, ʈʦʩʩʠʷ  
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ɺʘʩʠʣʠʡ ɺʘʩʠʣʴʝʚʠʯ 

ɻʫʙʘʨʝʚ 

ɿʘʚʝʜʫʶʱʠʡ ʢʘʬʝʜʨʦʡ ɺʳʯʠʩʣʠʪʝʣʴʥʦʡ ʪʝʭʥʠʢʠ ʅɻʊʋ, 

ʧʨʦʬʝʩʩʦʨ, ʜ.ʪ.ʥ., ɿʘʩʣʫʞʝʥʥʳʡ ʜʝʷʪʝʣʴ ʥʘʫʢʠ, ɿʘʩʣʫʞʝʥʥʳʡ 

ʨʘʙʦʪʥʠʢ ʚʳʩʰʝʡ ʰʢʦʣʳ ʈʌ, ʘʢʘʜʝʤʠʢ ʈɸɽʅ, ʘʢʘʜʝʤʠʢ ʄɸʀ, 

ʈʦʩʩʠʷ  

 

ɸʣʝʢʩʘʥʜʨ 

ɸʣʝʢʩʘʥʜʨʦʚʠʯ ɺʦʝʚʦʜʘ 

ʇʨʦʬʝʩʩʦʨ ʢʘʬʝʜʨʳ ɸʚʪʦʤʘʪʠʢʠ ʅɻʊʋ, ʜ.ʪ.ʥ., ʘʢʘʜʝʤʠʢ ʄɸʅ 

ɺʐ, ʈʦʩʩʠʷ  

 

ɺʘʜʠʤ ʗʢʦʚʣʝʚʠʯ ʂʦʧʧ ɿʘʚʝʜʫʶʱʠʡ ʢʘʬʝʜʨʦʡ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʭ ʧʨʠʙʦʨʥʳʭ 

ʩʠʩʪʝʤ ʉʝʚʘʩʪʦʧʦʣʴʩʢʦʛʦ ʥʘʮʠʦʥʘʣʴʥʦʛʦ ʪʝʭʥʠʯʝʩʢʦʛʦ 

ʫʥʠʚʝʨʩʠʪʝʪʘ, ɿʘʩʣʫʞʝʥʥʳʡ ʜʝʷʪʝʣʴ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ 

ʋʢʨʘʠʥʳ, ʜ.ʪ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʉʝʚʘʩʪʦʧʦʣʴ, ʈʦʩʩʠʷ 

 

ɽʚʛʝʥʠʡ ɺʣʘʜʠʤʠʨʦʚʠʯ 

ʈʘʙʠʥʦʚʠʯ 

ʇʨʦʬʝʩʩʦʨ ʢʘʬʝʜʨʳ ɺʳʯʠʩʣʠʪʝʣʴʥʦʡ ʪʝʭʥʠʢʠ ʅɻʊʋ, ʜ.ʪ.ʥ., 

ʧʨʦʬʝʩʩʦʨ, ʈʦʩʩʠʷ  

 

ʄʠʭʘʠʣ ɻʝʥʥʘʜʴʝʚʠʯ 

ɻʨʠʬ 

ɿʘʚʝʜʫʶʱʠʡ ʢʘʬʝʜʨʦʡ ɸʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʭ ʩʠʩʪʝʤ 

ʫʧʨʘʚʣʝʥʠʷ ʅɻʊʋ, ʜ.ʪ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʈʦʩʩʠʷ  

 

Vimal J. Savsani Associate Professor at B. H. Gardi college of engineering and 

technology, Surat, India   

 

ɹʦʨʠʩ ɼʤʠʪʨʠʝʚʠʯ 

ɹʦʨʠʩʦʚ 

ɿʘʚʝʜʫʶʱʠʡ ʣʘʙʦʨʘʪʦʨʠʝʡ ʀʥʩʪʠʪʫʪʘ ʃʘʟʝʨʥʦʡ ʬʠʟʠʢʠ ʉʆ 

ʈɸʅ (ʀʃʌ ʉʆ ʈɸʅ), ʜ.ʪ.ʥ., ʈʦʩʩʠʷ 

 

ʉʝʨʛʝʡ ʃʝʦʥʠʜʦʚʠʯ 

ʄʠʥʴʢʦʚ 

ɿʘʚʝʜʫʶʱʠʡ ʢʘʬʝʜʨʦʡ ʠʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ 

ʠʥʥʦʚʘʮʠʦʥʥʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ ʅʘʮʠʦʥʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘ-

ʪʝʣʴʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ çʊʦʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ 

ʫʥʠʚʝʨʩʠʪʝʪè, ʢ.ʬ.-ʤ.ʥ., ʩʪ. ʥ. ʩʦʪʨ., ʯʣ.-ʢʦʨʨ. ʄɸʀ, ʈʦʩʩʠʷ  

 

ɹʦʨʠʩ ɺʠʢʪʦʨʦʚʠʯ 

ʇʦʣʣʝʨ 

ɿʘʚʝʜʫʶʱʠʡ ʣʘʙʦʨʘʪʦʨʠʝʡ ʀʥʩʪʠʪʫʪʘ ʃʘʟʝʨʥʦʡ ʬʠʟʠʢʠ ʉʆ 

ʈɸʅ (ʀʃʌ ʉʆ ʈɸʅ), ʜ.ʪ.ʥ., ʈʦʩʩʠʷ  

 

ʊʘʪʴʷʥʘ ɺʣʘʜʠʤʠʨʦʚʥʘ 

ɸʚʜʝʝʥʢʦ 

ɿʘʚʝʜʫʶʱʠʡ ʢʘʬʝʜʨʦʡ ʕʢʦʥʦʤʠʯʝʩʢʦʡ ʠʥʬʦʨʤʘʪʠʢʠ ʅɻʊʋ, 

ʧʨʦʬʝʩʩʦʨ, ʜ.ʪ.ʥ., ʈʦʩʩʠʷ  

 

ɹʘʷʨʳʥ ɹʘʪ-ʕʨʜʵʥʵ ɿʘʤʝʩʪʠʪʝʣʴ ʜʠʨʝʢʪʦʨʘ ʧʦ ʥʘʫʯʥʳʤ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʠ 

ʠʥʥʦʚʘʮʠʷʤ ʕʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʀʥʩʪʠʪʫʪʘ ʄʦʥʛʦʣʴʩʢʦʛʦ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʥʘʫʢʠ ʠ ʪʝʭʥʦʣʦʛʠʠ, ʢ.ʪ.ʥ. ʘʩʩ. 

ʧʨʦʬʝʩʩʦʨ. ʄʦʥʛʦʣʠʷ 

 

ɸʥʘʪʦʣʠʡ ʄʠʭʘʡʣʦʚʠʯ 

ʂʦʨʠʢʦʚ 

ɿʘʚ. ʢʘʬʝʜʨʦʡ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʭ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʠ 

ʨʘʜʠʦʵʣʝʢʪʨʦʥʠʢʠ ʊʋʉʋʈʘ, ʧʨʦʬʝʩʩʦʨ, ʜ.ʪ.ʥ., ʘʢʘʜ. ʄɸʅ 

ɺʐ, ʩʧʝʮʠʘʣʠʩʪ ʚ ʦʙʣʘʩʪʠ ʩʠʩʪʝʤʥʦʛʦ ʘʥʘʣʠʟʘ ʠ ʊɸʋ. ʈʦʩʩʠʷ  

 

 

ɺʠʪʘʣʠʡ ʉʝʨʛʝʝʚʠʯ 

ʑʝʨʙʘʢʦʚ  

ɼʝʢʘʥ ʬʘʢʫʣʴʪʝʪʘ çʅʝʬʪʝʛʘʟʦʚʘʷ ʠ ʩʪʨʦʠʪʝʣʴʥʘʷ ʪʝʭʥʠʢʘè, 

ʜ.ʪ.ʥ., ʧʨʦʬʝʩʩʦʨ ʉʠʙɸɼʀ, ʆʤʩʢ, ʈʦʩʩʠʷ 

 

ɸʣʝʢʩʝʡ ɸʣʝʢʩʘʥʜʨʦʚʠʯ 

ʈʫʧʧʝʣʴ  

ʀ.ʦ. ʟʘʢ. ʢʘʬ. ɸʇʇ ʠ ʕ, ʢ.ʪ.ʥ., ʜʦʮʝʥʪ ʉʠʙɸɼʀ, ʆʤʩʢ, ʈʦʩʩʠʷ 

 

ʉʵʥʛʵ ʉʘʤʙʫʝʚʠʯ 

ʗʤʧʠʣʦʚ  

ʇʨʦʬʝʩʩʦʨ ʢʘʬ. çɹʠʦʤʝʜʠʮʠʥʩʢʘʷ ʪʝʭʥʠʢʘè ʇɸʇʇ, ʜ.ʪ.ʥ., 

ʋʣʘʥ-ʋʜʵ, ʈʦʩʩʠʷ 
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ɺʣʘʜʠʤʠʨ ʀʚʘʥʦʚʠʯ 

ɻʦʣʦʣʦʙʦʚ 

ʈʫʢʦʚʦʜʠʪʝʣʴ ʣʘʙʦʨʘʪʦʨʠʠ ʇɸʆ çʅʀʇʉè, ʢ.ʪ.ʥ., ʈʦʩʩʠʷ  

 

 

ʄʠʭʘʠʣ ɺʠʪʘʣʴʝʚʠʯ 

ʂʘʣʠʥʠʥ 

ʈʫʢʦʚʦʜʠʪʝʣʴ ʦʪʜʝʣʘ ʇɸʆ çʅʀʇʉè, ʈʦʩʩʠʷ  

 

 

ʂʦʥʩʪʘʥʪʠʥ 

ɺʠʪʘʣʴʝʚʠʯ ɿʤʝʫ 

ɼʦʮʝʥʪ, ʢ.ʪ.ʥ., ɿʘʚʝʜʫʶʱʠʡ ʢʘʬʝʜʨʦʡ ʊʝʭʥʦʣʦʛʠʡ 
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ʧʨʝʞʜʝ ʚʩʝʛʦ ʪʝʤ, ʯʪʦ ʠʭ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ 

ʤʦʜʝʣʴ ʥʘʤʥʦʛʦ ʩʣʦʞʥʝʝ, ʠ ʚʤʝʩʪʦ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʦʥʠ 

ʦʧʠʩʳʚʘʶʪʩʷ ʫʨʘʚʥʝʥʠʷʤʠ ʚ ʯʘʩʪʥʳʭ 

ʧʨʦʠʟʚʦʜʥʳʭ. ʊʘʢʠʝ ʦʙʲʝʢʪʳ ʚʩʪʨʝʯʘʶʪʩʷ ʚʦ 

ʤʥʦʞʝʩʪʚʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʚ 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʥʘ ʪʨʘʥʩʧʦʨʪʝ, ʚ ʥʘʫʢʝ ʠ 

ʪʝʭʥʠʢʝ. ʇʨʦʝʢʪʠʨʦʚʘʥʠʝ ʫʧʨʘʚʣʷʱʠʭ ʩʠʩʪʝʤ 

ʜʣ̫ ʪʘʢʠʭ ʦʙʲʝʢʪʦʚ ʥʘ ʦʩʥʦʚʝ ʧʨʠʥʮʠʧʘ 

ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ, ʪʘʢ ʞʝ, ʢʘʢ ʠ 

ʜʣʷ ʦʙʲʝʢʪʦʚ ʩ ʨʘʩʧʨʝʜʝʣʝʥʥʳʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ, ʩʦʩʪʦʠʪ ʚ ʠʜʝʥʪʠʬʠʢʘʮʠʠ 

ʦʙʲʝʢʪʘ, ʚʳʙʦʨʝ ʩʪʨʫʢʪʫʨʳ ʨʝʛʫʣʷʪʦʨʘ ʠ 

ʨʘʩʯʝʪʘ ʧʘʨʘʤʝʪʨʦʚ ʵʪʦʛʦ ʨʝʛʫʣʷʪʦʨʘ. ʄʝʪʦʜʳ 

ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʨʘʩʯʝʪʘ ʨʝʛʫʣʷʪʦʨʦʚ ʤʦʛʫʪ 

ʦʢʘʟʘʪʴʩʷ ʯʨʝʟʚʳʯʘʡʥʦ ʩʣʦʞʥʳʤʠ ʜʣʷ 

ʧʨʠʤʝʥʝʥʠʷ ʚʩʣʝʜʩʪʚʠʝ ʩʣʦʞʥʦʩʪʠ ʤʦʜʝʣʠ 

ʦʙʲʝʢʪʘ. ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʦʜʥʠʤ ʠʟ ʰʠʨʦʢʦ 

ʧʨʠʤʝʥʷʝʤʳʭ ʤʝʪʦʜʦʚ ʘʥʘʣʠʟʘ ʠ ʩʠʥʪʝʟʘ 

ʨʝʛʫʣʷʪʦʨʦʚ ʷʚʣʷʝʪʩʷ ʯʠʩʣʝʥʥʘʷ ʦʧʪʠʤʠʟʘʮʠʷ, 

ʦʩʫʱʝʩʪʚʣʷʝʤʘʷ ʧʨʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʤ 

ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʩʠʩʪʝʤʳ [1].  ɺ ʩʝʨʠʠ ʨʘʙʦʪ [1ï

10] ʨʘʟʨʘʙʦʪʘʥ ʨʷʜ ʤʝʨ ʧʦ ʬʦʨʤʠʨʦʚʘʥʠʶ 

ʮʝʣʝʚʦʡ (ʩʪʦʠʤʦʩʪʥʦʡ) ʬʫʥʢʮʠʠ ʜʣʷ 

ʦʧʪʠʤʠʟʘʮʠʠ ʨʝʛʫʣʷʪʦʨʘ, ʵʪʠ ʤʝʨʳ ʧʦʟʚʦʣʷʶʪ 

ʦʙʝʩʧʝʯʠʪʴ ʵʬʬʝʢʪʠʚʥʳʡ ʧʦʠʩʢ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʇʀɼ-ʨʝʛʫʣʷʪʦʨʘ. ʇʨʠ ʵʪʦʤ 

ʨʘʟʨʘʙʦʪʘʥʳ ʨʝʢʦʤʝʥʜʘʮʠʠ ʦ ʪʦʤ, ʢʘʢ 

ʥʝʦʙʭʦʜʠʤʦ ʚʠʜʦʠʟʤʝʥʠʪʴ ʩʪʦʠʤʦʩʪʥʫʶ 

ʬʫʥʢʮʠʶ, ʯʪʦʙʳ ʧʦʚʳʩʠʪʴ ʟʘʧʘʩ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʚ ʩʠʩʪʝʤʝ, ʩʥʠʟʠʪʴ ʩʪʘʪʠʯʝʩʢʫʶ ʦʰʠʙʢʫ, 

ʫʤʝʥʴʰʠʪʴ ʧʝʨʝʨʝʛʫʣʠʨʦʚʘʥʠʝ, ʫʩʪʨʘʥʠʪʴ ʠʣʠ 

ʫʤʝʥʴʰʠʪʴ ʦʙʨʘʪʥʦʝ ʧʝʨʝʨʝʛʫʣʠʨʦʚʘʥʠʝ, ʠ ʪʘʢ 

ʜʘʣʝʝ, ʚʢʣʶʯʘʷ ʦʙʝʩʧʝʯʝʥʠʝ 

ʨʝʩʫʨʩʦʩʙʝʨʝʞʝʥʠʷ. ɺʩʝ ʵʪʠ ʤʝʨʳ ʙʳʣʠ 

ʠʩʧʨʦʙʦʚʘʥʳ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʦʧʪʠʤʠʟʘʮʠʠ 

ʨʝʛʫʣʷʪʦʨʘ, ʨʝʰʘʶʱʝʛʦ ʟʘʜʘʯʫ ʫʧʨʘʚʣʝʥʠʷ 

ʦʙʲʝʢʪʦʤ ʩ ʨʘʩʧʨʝʜʝʣʝʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʥʦ 

ʥʘʠʣʫʯʰʠʡ ʨʝʟʫʣʴʪʘʪ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ 

ʧʝʨʝʨʝʛʫʣʠʨʦʚʘʥʠʝʤ ʦʢʦʣʦ 22 %, ʯʪʦ ʜʣʷ 

ʤʥʦʛʠʭ ʧʨʘʢʪʠʯʝʩʢʠʭ ʟʘʜʘʯ ʤʦʞʝʪ ʦʢʘʟʘʪʴʩʷ 

ʯʨʝʟʤʝʨʥʦ ʙʦʣʴʰʠʤ. ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥ 

ʥʦʚʳʡ ʤʝʪʦʜ ʫʧʨʘʚʣʝʥʠʷ, ʢʦʪʦʨʳʡ ʩʦʩʪʦʠʪ ʚ 

ʩʧʝʮʠʘʣʴʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʩʪʦʠʤʦʩʪʥʦʡ 

ʬʫʥʢʮʠʠ. ʕʪʦʪ ʤʝʪʦʜ ʧʦʟʚʦʣʠʣ ʩʥʠʟʠʪʴ 

ʧʝʨʝʨʝʛʫʣʠʨʦʚʘʥʠʝ ʜʦ ʚʝʣʠʯʠʥʳ ʦʢʦʣʦ 11 %, 

ʯʪʦ ʤʦʞʝʪ ʦʢʘʟʘʪʴʩʷ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʤ ʜʣʷ 

ʥʝʢʦʪʦʨʳʭ ʧʨʠʤʝʥʝʥʠʡ ʜʘʞʝ ʥʝʩʤʦʪʨʷ ʥʘ ʪʦ, 

ʯʪʦ ʜʣʠʪʝʣʴʥʦʩʪʴ ʧʝʨʝʭʦʜʥʦʛʦ ʧʨʦʮʝʩʩʘ ʚ 

ʩʠʩʪʝʤʝ ʧʨʠ ʵʪʦʤ ʫʚʝʣʠʯʠʣʘʩʴ. ʇʨʝʜʣʦʞʝʥʥʳʡ 

ʤʝʪʦʜ ʧʦʧʦʣʥʷʝʪ ʘʨʩʝʥʘʣ ʤʝʪʦʜʠʢ ʫʧʨʘʚʣʝʥʠʷ 

ʩʣʦʞʥʳʤʠ ʜʠʥʘʤʠʯʝʩʢʠʤʠ ʦʙʲʝʢʪʘʤʠ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʨʝʛʫʣʠʨʦʚʘʥʠʝ, 

ʟʘʧʘʟʜʳʚʘʥʠʝ, ʦʙʲʝʢʪ ʩ ʨʘʩʧʨʝʜʝʣʝʥʥʳʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ, ʥʘʩʪʨʦʡʢʘ ʨʝʛʫʣʷʪʦʨʘ, 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʩʠʤʫʣʷʮʠʷ 

ɺɺɽɼɽʅʀɽ  

ʋʧʨʘʚʣʝʥʠʝ ʦʙʲʝʢʪʦʤ ʚ ʢʦʥʪʫʨʝ ʩ 

ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʦʙʨʘʪʥʦʡ ʩʚʷʟʴʶ ʧʨʘʢʪʠʢʫʝʪʩʷ 

ʜʘʚʥʦ ʠ ʫʩʧʝʰʥʦ, ʨʘʟʚʠʪʠʝ ʪʝʦʨʠʠ ʪʘʢʦʛʦ 

ʫʧʨʘʚʣʝʥʠʷ ʠʜʝʪ ʧʦ ʧʫʪʠ ʨʝʰʝʥʠʷ ʵʪʦʡ ʟʘʜʘʯʠ ʜʣʷ 

ʚʩʝ ʙʦʣʝʝ ʩʣʦʞʥʳʭ ʦʙʲʝʢʪʦʚ.  

ʊʨʘʜʠʮʠʦʥʥʦ ʦʙʲʝʢʪ ʫʧʨʘʚʣʝʥʠʷ ʦʧʠʩʳʚʘʝʪʩʷ 

ʧʝʨʝʜʘʪʦʯʥʦʡ ʬʫʥʢʮʠʝʡ, ʪʦ ʝʩʪʴ ʦʪʥʦʰʝʥʠʝʤ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʃʘʧʣʘʩʘ ʦʪ ʩʠʛʥʘʣʦʚ ʥʘ ʝʛʦ 

ʚʳʭʦʜʝ ʢ ʩʠʛʥʘʣʘʤ ʥʘ ʝʛʦ ʚʭʦʜʝ. ʂʨʦʤʝ ʪʦʛʦ, ʥʘ 

ʦʙʲʝʢʪ ʚʦʟʜʝʡʩʪʚʫʶʪ ʥʝʠʟʚʝʩʪʥʳʝ ʚʥʝʰʥʠʝ 

ʚʦʟʤʫʱʝʥʠʷ, ʢʦʪʦʨʳʝ ʧʨʠʚʦʜʷʪ ʢ ʪʦʤʫ, ʯʪʦ 

ʚʳʭʦʜʥʦʡ ʩʠʛʥʘʣ ʦʙʲʝʢʪʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʝ ʪʦʣʴʢʦ 

ʝʛʦ ʚʭʦʜʥʳʤʠ ʩʠʛʥʘʣʘʤʠ, ʥʦ ʠ ʝʱʝ ʥʝʢʦʪʦʨʳʤ 

ʥʝʠʟʚʝʩʪʥʳʤ ʩʣʘʛʘʝʤʳʤ, ʦʙʦʙʱʝʥʥʦ ʥʘʟʳʚʘʝʤʳʤ 

ʧʦʤʝʭʦʡ. ʂʦʥʪʫʨ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ 

ʜʦʣʞʝʥ ʧʦʜʘʚʠʪʴ ʚʣʠʷʥʠʝ ʵʪʦʡ ʧʦʤʝʭʠ, ʯʪʦ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʫʩʧʝʰʥʦ, ʝʩʣʠ ʩʠʩʪʝʤʘ ʦʩʪʘʝʪʩʷ 

ʫʩʪʦʡʯʠʚʦʡ ʠ ʢʦʵʬʬʠʮʠʝʥʪ ʫʩʠʣʝʥʠʷ ʚ ʢʦʥʪʫʨʝ 

ʜʦʩʪʘʪʦʯʥʦ ʚʝʣʠʢ. ʆʰʠʙʢʘ ʫʧʨʘʚʣʝʥʠʷ ʦʙʨʘʪʥʦ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʢʦʵʬʬʠʮʠʝʥʪʫ ʫʩʠʣʝʥʠʷ, 

ʧʦʵʪʦʤʫ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʩʪʘʪʠʯʝʩʢʘʷ ʦʰʠʙʢʘ 

ʙʳʣʘ ʨʘʚʥʦʡ ʥʫʣʶ, ʢʦʵʬʬʠʮʠʝʥʪ ʩʪʘʪʠʯʝʩʢʦʛʦ 

ʫʩʠʣʝʥʠʷ ʫʩʪʨʝʤʣʷʶʪ ʢ ʙʝʩʢʦʥʝʯʥʦʩʪʠ ʟʘ ʩʯʝʪ 

ʠʥʪʝʛʨʘʪʦʨʘ. ʊʘʢʞʝ ʠʥʪʝʛʨʘʪʦʨ ʤʦʞʝʪ 

ʩʦʜʝʨʞʘʪʴʩʷ ʚ ʩʘʤʦʤ ʦʙʲʝʢʪʝ.  

ʅʘʠʙʦʣʝʝ ʯʘʩʪʦ ʚʩʪʨʝʯʘʶʱʠʩʠʝʩʷ ʤʦʜʝʣʠ 

ʦʙʲʝʢʪʦʚ ʠʤʝʶʪ ʚʠʜ:  

)(
)(1

sN

k
sW =  , (1) 

ʛʜʝ k ï ʢʦʵʬʬʠʮʠʝʥʪ ʧʝʨʝʜʘʯʠ; N(s) ï ʧʦʣʠʥʦʤ ʦʪ 

ʘʨʛʫʤʝʥʪʘ s, ʷʚʦʣʷʶʱʝʛʦʩʷ ʘʨʛʫʤʝʥʪʦʤ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʃʘʧʣʘʩʘ (ʥʝʢʦʪʦʨʳʝ ʘʚʪʦʨʳ ʚ 

ʨʷʜʝ ʨʘʙʦʪ ʪʨʘʢʪʫʶʪ ʝʛʦ ʢʘʢ ʩʠʤʚʦʣʠʯʝʩʢʫʶ 

ʟʘʧʠʩʴ ʦʧʝʨʘʮʠʠ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʷ, ʯʪʦ ʥʝ 

ʜʘʣʝʢʦ ʦʪ ʠʩʪʠʥʳ). ʋʢʘʟʘʥʥʳʡ ʧʦʣʠʥʦʤ ʚ 

ʟʥʘʤʝʥʘʪʝʣʝ ʦʧʠʩʳʚʘʝʪ ʠʥʪʝʛʨʠʨʫʶʱʠʝ ʩʚʦʡʩʪʚʘ 

ʦʙʲʝʢʪʘ, ʯʝʤ ʚʳʰʝ ʩʪʝʧʝʥʴ ʵʪʦʛʦ ʧʦʣʠʥʦʤʘ, ʪʝʤ 

ʚʳʰʝ ʧʦʨʷʜʦʢ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʝʤʫ (ʧʦ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ) ʬʠʣʴʪʨʘ ʥʠʟʢʠʭ ʯʘʩʪʦʪ. 
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ʊʘʢʞʝ ʚʩʪʨʝʯʘʶʪʩʷ ʦʙʲʝʢʪʳ ʩ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ 

ʤʦʜʝʣʴʶ ʚʠʜʘ:  

)(

)(
)(2

sN

ksM
sW =  ,  (2) 

ʛʜʝ M(s) ï ʪʘʢʞʝ ʧʦʣʠʥʦʤ ʦʪ ʘʨʛʫʤʝʥʪʘ s, ʥʦ ʝʛʦ 

ʩʪʝʧʝʥʴ ʜʦʣʞʥʘ ʙʳʪʴ ʥʠʞʝ, ʯʝʤ ʩʪʝʧʝʥʴ ʧʦʣʠʥʦʤʘ 

N(s), ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʬʠʟʠʯʝʩʢʦʡ 

ʨʝʘʣʠʟʘʮʠʠ ʦʙʲʝʢʪʘ ʧʦ ʩʦʦʪʥʦʰʝʥʠʶ (2). 

ʇʦʣʠʥʦʤ M(s) ʦʧʠʩʳʚʘʝʪ ʤʝʩʪʥʳʝ 

ʜʠʬʬʝʨʝʥʮʠʨʫʶʱʠʝ ʩʚʦʡʩʪʚʘ ʦʙʲʝʢʪʘ. 

ɽʩʣʠ ʚ ʦʙʲʝʢʪʝ ʠʤʝʝʪʩʷ ʟʘʧʘʟʜʳʚʘʥʠʝ, ʪʦ ʝʛʦ 

ʧʝʨʝʜʘʪʦʯʥʘʷ ʬʫʥʢʮʠʷ ʜʦʧʦʣʥʷʝʪʩʷ 

ʵʢʧʦʥʝʥʮʠʘʣʴʥʳʤ ʩʦʤʥʦʞʠʪʝʣʝʤ:  

se
sN

sM
sW t-Ö=

)(

)(
)(3

 , (3) 

ʛʜʝ Ű ï ʚʨʝʤʷ ʟʘʧʘʟʜʳʚʘʥʠʷ. ɽʩʣʠ ʞʝ ʚ ʦʙʲʝʢʪʝ 

ʧʨʠʩʫʪʩʪʚʫʝʪ ʝʱʝ ʠ ʠʥʪʝʛʨʘʪʦʨ, ʪʦ ʚ ʟʥʘʤʝʥʘʪʝʣʝ 

ʜʦʙʘʚʣʷʝʪʩʷ ʩʦʤʥʦʞʠʪʝʣʴ s. 

ʆʙʲʝʢʪ ʩ ʨʘʩʧʨʝʜʝʣʝʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ 

ʤʦʞʥʦ ʧʨʠʙʣʠʞʝʥʥʦ ʩʤʦʜʝʣʠʨʦʚʘʪʴ 

ʧʝʨʝʜʘʪʦʯʥʦʡ ʬʫʥʢʮʠʝʡ ʚʠʜʘ (3), ʚ ʢʦʪʦʨʦʡ 

ʧʦʣʠʥʦʤʳ ʚ ʯʠʩʣʠʪʝʣʝ ʠ ʟʥʘʤʝʥʘʪʝʣʝ ʠʤʝʶʪ 

ʚʳʩʦʢʠʡ ʧʦʨʷʜʦʢ, ʘ ʠʭ ʢʦʵʬʬʠʮʠʝʥʪʳ ʪʘʢʦʚʳ, ʯʪʦ 

ʠʥʪʝʛʨʠʨʫʶʱʠʝ ʠ ʜʠʬʬʝʨʝʥʮʠʨʫʶʱʠʝ ʩʚʦʡʩʪʚʘ 

ʵʪʠʭ ʧʦʣʠʥʦʤʦʚ ʥʘʭʦʜʷʪʩʷ ʢʘʢ ʙʳ ʚ ʧʦʩʪʦʷʥʥʦʡ 

ʢʦʥʢʫʨʝʥʮʠʠ. ʅʘʧʨʠʤʝʨ, ʧʝʨʝʜʘʪʦʯʥʘʷ ʬʫʥʢʮʠʷ 

ʪʘʢʦʛʦ ʦʙʲʝʢʪʘ ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʘ ʚ 

ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ: 
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ɿʜʝʩʴ ʟʥʘʯʝʥʠʷ ʧʦʩʪʦʷʥʥʳʭ ʚʨʝʤʝʥʠ ʯʠʩʣʠʪʝʣʷ ʠ 

ʟʥʘʤʝʥʘʪʝʣʷ ʯʝʨʝʟʫʶʪʩʷ ʧʦ ʚʝʣʠʯʠʥʝ, ʥʘʧʨʠʤʝʨ, 

mnTTTT tttt >>>>>>>> ...332211 . (5) 

ʂʘʢ ʧʨʘʚʠʣʦ, ʨʝʛʫʣʷʪʦʨ ʚʢʣʯʶʘʝʪʩʷ ʥʘ ʚʭʦʜʝ 

ʦʙʲʝʢʪʘ, ʚʳʭʦʜ ʦʙʲʝʢʪʘ ʩʦʝʜʠʥʝʥ ʩ 

ʦʪʨʠʮʘʪʝʣʴʥʳʤ ʚʭʦʜʦʤ ʚʳʯʠʪʘʶʱʝʛʦ ʵʣʝʤʝʥʪʘ, ʘ 

ʥʘ ʧʦʣʦʞʠʪʝʣʴʥʳʡ ʚʭʦʜ ʚʳʯʠʪʘʶʱʝʛʦ ʵʣʝʤʝʥʪʘ 

ʧʦʜʘʝʪʩʷ ʟʘʜʘʥʠʝ, ʪʦ ʝʩʪʴ ʧʨʝʜʧʠʩʘʥʘʷ ʚʝʣʠʯʠʥʘ. 

ɽʩʣʠ ʨʝʛʫʣʷʪʦʨ ʨʘʩʩʯʠʪʘʥ ʧʨʘʚʠʣʴʥʦ, ʪʦ 

ʚʳʭʦʜʥʘʷ ʚʝʣʠʯʠʥʘ ʦʙʲʝʢʪʘ ʩʪʝʤʠʪʩʷ ʩʪʘʪʴ 

ʨʘʚʥʦʡ ʧʨʝʜʧʠʩʘʥʥʦʡ ʚʝʣʠʯʠʥʝ ʧʦ ʧʨʦʰʝʩʪʚʠʠ 

ʥʝʢʦʪʦʨʦʛʦ ʥʝʙʦʣʴʰʦʛʦ ʜʣʷ ʜʘʥʥʦʛʦ ʦʙʲʝʢʪʘ 

ʚʨʝʤʝʥʠ. ʍʦʜ ʠʟʤʝʥʝʥʠʷ ʚʳʭʦʜʥʦʡ ʚʝʣʠʯʠʥʳ 

ʥʘʟʳʚʘʝʪʩʷ ʧʝʨʝʭʦʜʥʳʤ ʧʨʦʮʝʩʩʦʤ, ʚ ʵʪʦʤ 

ʧʨʦʮʝʩʩʝ ʥʝʞʝʣʘʪʝʣʴʥʳ ʩʣʠʰʢʦʤ ʙʦʣʴʰʠʝ 

ʧʝʨʝʨʝʛʫʣʠʨʦʚʘʥʠʷ ʠ ʠʟʣʠʰʥʝ ʜʣʠʪʝʣʴʥʳʝ ʠʣʠ 

ʙʦʣʴʰʠʝ ʧʦ ʚʝʣʠʯʠʥʝ ʢʦʣʝʙʘʥʠʷ. ɺʳʭʦʜʥʦʡ 

ʩʠʛʥʘʣ ʚʳʯʠʪʘʶʱʝʛʦ ʵʣʝʤʝʥʪʘ ʥʘʟʳʚʘʝʪʩʷ 

ʦʰʠʙʢʦʡ ʫʧʨʘʚʣʝʥʠʷ ʠ ʦʙʦʟʥʘʯʘʝʪʩʷ e(t). 

ʉʪʘʚʠʪʩʷ ʟʘʜʘʯʘ ʚʩʝʤʠ ʚʦʟʤʦʞʥʳʤʠ ʤʝʪʦʜʘʤʠ 

ʯʠʩʣʝʥʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ ʨʘʩʩʯʠʪʘʪʴ ʨʝʛʫʣʷʪʦʨ ʜʣʷ 

ʦʙʲʝʢʪʘ ʚʠʜʘ (4), ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʪʨʝʙʫʝʤʳʝ 

ʢʘʯʝʩʪʚʘ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ.  

ʇʦʩʢʦʣʴʢʫ ʩʠʩʪʝʤʘ ʣʠʥʝʡʥʘ, ʥʘʠʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʦ ʠʩʩʣʝʜʦʚʘʪʴ ʝʝ ʧʦ ʦʪʢʣʠʢʫ ʥʘ 

ʝʜʠʥʠʯʥʦʝ ʩʪʫʧʝʥʯʘʪʦʝ ʚʦʟʜʝʡʩʪʚʠʝ. ʇʨʠ ʵʪʦʤ 

ʦʰʠʙʢʘ ʩʥʘʯʘʣʘ ʩʢʘʯʢʦʤ ʩʪʘʥʦʚʠʪʩʷ ʨʘʚʥʦʡ 

ʝʜʠʥʠʮʝ, ʜʘʣʝʝ ʜʦʣʞʥʘ ʧʣʘʚʥʦ ʩʥʠʟʠʪʴʩʷ ʜʦ 

ʥʫʣʝʚʦʛʦ ʟʥʘʯʝʥʠʷ.  

 

1. ʈɽʐɽʅʀɽ ɿɸɼɸʏʀ ʋʇʈɸɺʃɽʅʀɽ 

ʆɹʒɽʂʊʆʄ 

ʇʦʩʢʦʣʴʢʫ ʧʨʝʜʣʦʞʝʥʦ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ 

ʤʝʪʦʜʦʤ ʯʠʩʣʝʥʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ, ʟʘʜʘʜʠʤ 

ʢʦʥʢʨʝʪʥʳʝ ʯʠʩʣʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʚ 

ʧʝʨʝʜʘʪʦʯʥʦʡ ʬʫʥʢʮʠʠ (4), ʥʘʧʨʠʤʝʨ, 

ʩʣʝʜʫʶʱʝʛʦ ʚʠʜʘ: 
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 ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʘʢʦʡ ʩʠʩʪʝʤʳ ʩʦʟʜʘʜʠʤ 

ʩʪʨʫʢʪʫʨʫ, ʤʦʜʝʣʠʨʫʶʱʫʶ ʦʙʲʝʢʪ ʧʦ 

ʩʦʦʪʥʦʰʝʥʠʶ (6), ʩʪʨʫʢʪʫʨʘ ʪʘʢʦʡ ʤʦʜʝʣʠ 

ʧʦʢʘʟʘʥʘ ʥʘ ʈʠʩ. 1. ʉʪʨʫʢʪʫʨʘ ʤʦʜʝʣʠ ʇʀɼ-

ʨʝʛʫʣʷʪʦʨʘ ʜʣʷ ʵʪʦʛʦ ʩʣʫʯʘʷ ʧʦʢʘʟʘʥʘ ʥʘ ʈʠʩ. 2.  

ʉʪʨʫʢʪʫʨʘ ʙʣʦʢʘ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʜʦʣʞʥʘ 

ʩʦʜʝʨʞʘʪʴ ʩʪʦʣʴʢʦ ʙʣʦʢʦʚ ParameterUnkmnown, 

ʩʢʦʣʴʢʦ ʠʤʝʝʪʩʷ ʧʝʨʝʤʝʥʥʳʭ, ʢʦʪʦʨʳʝ ʪʨʝʙʫʝʪʩʷ 

ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʮʝʜʫʨʳ 

ʦʧʪʠʤʠʟʘʮʠʠ. ɺʠʜ ʵʪʦʡ ʤʦʜʝʣʠ ʧʦʢʘʟʘʥ ʥʘ ʈʠʩ. 3, 

ʛʜʝ ʚ ʫʢʘʟʘʥʥʳʝ ʙʣʦʢʠ ʟʘʚʝʜʝʥʳ ʥʘʯʘʣʴʥʳʝ 

ʟʥʘʯʝʥʠʷ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 

ʟʥʘʯʝʥʠʷʤ kp = 1, ki = 0 ʠ kd = 0, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

 

 
ʈʠʩ. 1. ʄʦʜʝʣʴ ʦʙʲʝʢʪʘ 
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ʈʠʩ. 2. ʄʦʜʝʣʴ ʨʝʛʫʣʷʪʦʨʘ 

 

 
ʈʠʩ. 3. ʄʦʜʝʣʴ ʙʣʦʢʘ ʦʧʪʠʤʠʟʘʮʠʠ 

 

ʊʘʢʞʝ ʚ ʤʦʜʝʣʠ ʜʦʣʞʝʥ ʧʨʠʩʫʪʩʪʚʦʚʘʪʴ ʙʣʦʢ 

Cost, ʪʦ ʝʩʪʴ ʙʣʦʢ ʜʣʷ ʘʥʘʣʠʟʘ ʩʪʦʠʤʦʩʪʥʦʡ 

ʬʫʥʢʮʠʠ ʠ ʚʳʯʠʩʣʝʥʠʷ ʥʦʚʳʭ ʟʥʘʯʝʥʠʡ 

ʦʧʪʠʤʠʟʠʨʫʝʤʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʘ ʪʘʢʞʝ ʥʝʦʙʭʦʜʠʤʘ 

ʩʪʨʫʢʪʫʨʘ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʩʦʙʩʪʚʝʥʥʦ 

ʩʪʦʠʤʦʩʪʥʦʡ ʬʫʥʢʮʠʠ, ʨʝʟʫʣʴʪʘʪ ʢʦʪʦʨʦʡ ʜʦʣʞʝʥ 

ʙʳʪʴ ʟʘʚʝʜʝʥ ʥʘ ʚʭʦʜ ʵʪʦʛʦ ʙʣʦʢʘ Cost.  

ʉʪʦʠʤʦʩʪʥʘʷ ʬʫʥʢʮʠʷ ʚ ʦʙʱʝʤ ʚʠʜʝ ʤʦʞʝʪ 

ʚʳʯʠʩʣʷʪʴʩʷ ʧʦ ʩʣʝʜʫʶʱʝʤʫ ʩʦʪʥʦʰʝʥʠʶ:  

 

ñä
Q

= =

=QY
0 1

)(
t

Q

q

qq dtw y  . (7) 

ɿʜʝʩʴ ʩʪʦʠʤʦʩʪʥʘʷ ʬʫʥʢʮʠʷ ʦʧʨʝʜʝʣʝʥʘ ʢʘʢ 

ʠʥʪʝʛʨʘʣ ʧʦ ʚʨʝʤʝʥʠ ʦʪ ʥʘʯʘʣʘ ʧʝʨʝʭʦʜʥʦʛʦ 

ʧʨʦʮʝʩʩʘ t = 0 ʜʦ ʝʛʦ ʦʢʦʥʯʘʥʠʷ t = Ū ʦʪ 

ʧʦʣʦʞʠʪʝʣʴʥʦ ʦʧʨʝʜʝʣʝʥʥʳʭ ʬʫʥʢʮʠʡ ɣq. ɽʩʣʠ 

ʩʣʘʛʘʝʤʳʭ ʬʫʥʢʮʠʡ ɣq ʚ (7) ʙʦʣʝʝ ʦʜʥʦʡ, ʪʦ 

ʩʣʝʜʫʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚʝʩʦʚʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ, 

ʢʦʪʦʨʳʝ ʫʩʪʘʥʘʚʣʠʚʘʶʪ ʟʥʘʯʠʤʦʩʪʴ ʚʢʣʘʜʘ 

ʢʘʞʜʦʡ ʪʘʢʦʡ ʬʫʥʢʮʠʠ.  

ʆʜʥʦʡ ʠʟ ʦʯʝʚʠʜʥʳʭ ʬʫʥʢʮʠʡ ʜʣʷ (7) ʷʚʣʷʝʪʩʷ 

ʤʦʜʫʣʴ ʦʰʠʙʢʠ e(t), ʫʤʥʦʞʝʥʥʳʡ ʥʘ ʚʨʝʤʷ t ʦʪ 

ʥʘʯʘʣʘ ʧʝʨʝʭʦʜʥʦʛʦ ʧʨʦʮʝʩʩʘ [1]:  

ttet |)(|)(1 =y  . (8) 

ʕʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʥʠʞʝʥʠʝ ʤʦʜʫʣʷ ʦʰʠʙʢʠ 

ʫʧʨʘʚʣʝʥʠʷ, ʘ ʪʘʢʞʝ ʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʦʝ 

ʩʥʠʥʝʞʝʥʠʝ ʵʪʦʡ ʚʝʣʠʯʠʥʳ ʧʦ ʤʝʨʝ ʨʘʟʚʠʪʠʷ 

ʧʨʦʮʝʩʩʘ, ʧʦʩʢʦʣʴʢʫ ʚʨʝʤʷ ʠʛʨʘʝʪ ʨʦʣʴ ʚʝʩʦʚʦʛʦ 

ʢʦʵʬʬʠʮʠʝʥʪʘ, ʢʦʪʦʨʳʡ ʥʝʧʨʝʨʳʚʥʦ ʣʠʥʝʡʥʦ 

ʚʦʟʨʘʩʪʘʝʪ.  

ɽʩʣʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʪʦʣʴʢʦ ʬʫʥʢʮʠʶ ʚʠʜʘ (8) ʚ 

ʩʪʦʠʤʦʩʪʥʦʡ ʬʫʥʢʮʠʠ (7), ʪʦ ʚ ʧʦʣʫʯʘʝʤʦʤ 

ʧʝʨʝʭʦʜʥʦʤ ʧʨʦʮʝʩʩʝ ʠʤʝʝʪʩʷ ʤʥʦʞʝʩʪʚʦ 

ʢʦʣʝʙʘʥʠʡ, ʘ ʥʘʯʘʣʴʥʦʝ ʧʝʨʝʨʝʛʫʣʠʨʦʚʘʥʠʝ 

ʜʦʩʪʠʛʘʝʪ 30 %. ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʚʠʜ 

ʧʝʨʝʭʦʜʥʦʛʦ ʧʨʦʮʝʩʩʘ ʧʦʢʘʟʘʥ ʢʨʘʩʥʦʡ ʣʠʥʠʝʡ ʥʘ 

ʛʨʘʬʠʢʝ ʥʘ ʈʠʩ. 4.  

 

 
 

ʈʠʩ. 4. ɺʠʜ ʧʝʨʝʭʦʜʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʢʦʪʦʨʳʝ ʧʦʣʫʯʘʶʪʩʷ ʩ ʨʘʟʣʠʯʥʳʤʠ ʩʪʦʠʤʦʩʪʥʳʤʠ ʬʫʥʢʮʠʷʤʠ: ʢʨʘʩʥʘʷ ʣʠʥʠʷ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʪʦʣʴʢʦ (8) ʚ (7), ʩʠʥʷʷ ʣʠʥʠʷ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʪʘʢʞʝ (9) 

 

ʆʜʠʥ ʠʟ ʵʬʬʝʢʪʠʚʥʳʭ ʩʧʦʩʦʙʦʚ ʧʦʜʘʚʠʪʴ 

ʢʦʣʝʙʘʥʠʷ ʚ ʧʝʨʝʭʦʜʥʦʤ ʧʨʦʮʝʩʩʝ ʩʦʩʪʦʠʪ ʚ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʜʝʪʝʢʪʦʨʘ ʨʦʩʪʘ ʦʰʠʙʢʠ [2]: 

}
)(

)(,0max{)(2
dt

tde
tet =y  . (9) 

ɿʜʝʩʴ ʚʳʯʠʩʣʷʝʪʩʷ ʥʘʠʙʦʣʴʰʘʷ ʚʝʣʠʯʠʥʘ ʠʟ 

ʜʚʫʭ, ʧʝʨʚʘʷ ʠʟ ʢʦʪʦʨʳʭ ʨʘʚʥʘ ʥʫʣʶ, ʘ ʚʪʦʨʘʷ ï 

ʧʨʦʠʟʚʝʜʝʥʠʝ ʦʰʠʙʢʠ ʥʘ ʝʝ ʧʨʦʠʟʚʦʜʥʫʶ ʧʦ 

ʚʨʝʤʝʥʠ. ɽʩʣʠ ʦʰʠʙʢʘ ʠ ʝʝ ʧʨʦʠʟʚʦʜʥʘʷ ʠʤʝʶʪ 

ʨʘʟʥʳʝ ʟʥʘʢʠ, ʪʦ ʦʰʠʙʢʘ ʧʦ ʤʝʨʝ ʨʘʟʚʠʪʠʷ 

ʧʨʦʮʝʩʩʘ ʫʤʝʥʴʰʘʝʪʩʷ ʧʦ ʚʝʣʠʯʠʥʝ. 

ʇʨʦʠʟʚʝʜʝʥʠʝ ʦʰʠʙʢʠ ʠ ʝʝ ʧʨʦʠʟʚʦʜʥʦʡ ʚ ʵʪʦʤ 

ʩʣʫʯʘʝ ʙʫʜʝʪ ʦʪʨʠʮʘʪʝʣʴʥʳʤ, ʬʫʥʢʮʠʷ (9) ʙʫʜʝʪ 

ʨʘʚʥʘ ʥʫʣʶ, ʝʝ ʚʢʣʘʜ ʚ ʮʝʣʝʚʫʶ ʬʫʥʢʮʠʶ (7) 

ʪʘʢʞʝ ʙʫʜʝʪ ʨʘʚʥʳʤ ʥʫʣʶ. ʕʪʘ ʩʠʪʫʘʮʠʷ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʞʝʣʘʝʤʦʤʫ ʨʘʟʚʠʪʠʶ ʧʨʦʮʝʩʩʘ. 

ɽʩʣʠ ʞʝ ʦʰʠʙʢʘ ʠ ʝʝ ʧʨʦʠʟʚʦʜʥʘʷ ʠʤʝʶʪ 

ʦʜʠʥʘʢʦʚʳʡ ʟʥʘʢ, ʪʦ ʦʰʠʙʢʘ ʧʦ ʚʝʣʠʯʠʥʝ ʥʘ ʵʪʦʤ 

ʫʯʘʩʪʢʝ ʧʨʦʮʝʩʩʘ ʚʦʟʨʘʩʪʘʝʪ, ʧʨʦʠʟʚʝʜʝʥʠʝ 
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ʦʰʠʙʢʠ ʠ ʝʝ ʧʨʦʠʟʚʦʜʥʦʡ ʙʫʜʝʪ ʙʦʣʴʰʝ ʥʫʣʷ, 

ʚʢʣʘʜ ʬʫʥʢʮʠʠ (9) ʚ ʩʪʦʠʤʦʩʪʥʫʶ ʬʫʥʢʮʠʶ ʙʫʜʝʪ 

ʩʫʱʝʩʪʚʝʥʥʳʤ ʚʩʣʝʜʩʪʚʠʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʵʪʦʡ 

ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʬʫʥʢʮʠʠ. ʇʦʵʪʦʤʫ ʧʨʦʮʝʜʫʨʘ 

ʦʧʪʠʤʠʟʘʮʠʠ ʙʫʜʝʪ ʩʪʨʝʤʠʪʴʩʷ ʦʪʳʩʢʠʚʘʪʴ ʪʘʢʠʝ 

ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʨʝʛʫʣʷʪʦʨʘ, ʢʦʪʦʨʳʝ 

ʙʫʜʫʪ ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ (9), ʩʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʫʯʘʩʪʢʠ ʧʝʨʝʭʦʜʥʦʛʦ ʧʨʦʮʝʩʩʘ, 

ʥʘ ʢʦʪʦʨʳʭ ʧʨʦʠʟʚʝʜʝʥʠʝ ʦʰʠʙʢʠ ʥʘ ʝʝ 

ʧʨʦʠʟʚʦʜʥʫʶ ʙʫʜʝʪ ʜʘʚʘʪʴ ʙʦʣʴʰʫʶ 

ʧʦʣʦʞʠʪʝʣʴʥʫʶ ʚʝʣʠʯʠʥʫ. ɽʩʣʠ ʦʰʠʙʢʘ ʨʘʩʪʝʪ 

ʤʝʜʣʝʥʥʦ, ʠʣʠ ʝʩʣʠ ʝʝ ʚʝʣʠʯʠʥʘ ʥʝ ʚʝʣʠʢʘ, ʪʦ 

ʬʫʥʢʮʠʷ (9) ʙʫʜʝʪ ʥʝ ʩʣʠʰʢʦʤ ʚʝʣʠʢʘ, ʧʦʵʪʦʤʫ 

ʜʘʥʥʦʝ ʩʣʘʛʘʝʤʦʝ ʥʝ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʣʥʦʝ 

ʦʪʩʫʪʩʪʚʠʝ ʫʯʘʩʪʢʦʚ ʧʝʨʝʭʦʜʥʦʛʦ ʧʨʦʮʝʩʩʘ, ʥʘ 

ʢʦʪʦʨʳʭ ʦʰʠʙʢʘ ʨʘʩʪʝʪ ʠʣʠ ʩʦʭʨʘʥʷʝʪ ʩʚʦʝ 

ʟʥʘʯʝʥʠʝ, ʘ ʣʠʰʴ ʧʦʜʘʚʣʷʝʪ ʥʘʣʠʯʠʝ ʪʘʢʠʭ 

ʫʯʘʩʪʢʦʚ, ʥʘ ʢʦʪʦʨʳʭ ʵʪʘ ʦʰʠʙʢʘ ʨʘʩʪʝʪ ʙʳʩʪʨʦ ʠ 

ʜʣʠʪʝʣʴʥʦ, ʣʠʙʦ ʨʘʩʪʝʪ, ʢʦʛʜʘ ʝʝ ʟʥʘʯʝʥʠʝ ʩʘʤʦ ʧʦ 

ʩʝʙʝ ʫʞʝ ʚʝʣʠʢʦ.  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʦʚʤʝʩʪʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ 

ʬʫʥʢʮʠʡ (8) ʠ (9) ʚ ʩʪʦʤʦʩʪʥʦʡ ʬʫʥʢʮʠʠ (7) 

ʧʦʣʫʯʘʝʪʩʷ ʨʝʛʫʣʷʪʦʨ, ʩ ʢʦʪʦʨʳʤ ʚ ʩʠʩʪʝʤʝ 

ʧʝʨʝʭʦʜʥʳʡ ʧʨʦʮʝʩʩ ʠʤʝʝʪ ʚʠʜ, ʧʦʢʘʟʘʥʥʳʡ 

ʩʠʥʝʡ ʣʠʥʠʝʡ ʥʘ ʈʠʩ. 4. 

ʂʘʢ ʚʠʜʠʤ, ʚʩʣʝʜʩʪʚʠʝ ʚʥʝʩʝʥʠʷ ʬʫʥʢʮʠʠ (9) 

ʢʦʣʝʙʘʥʠʷ ʚ ʩʠʩʪʝʤʝ ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʜʘʚʣʷʶʪʩʷ. 

ʆʜʥʘʢʦ, ʧʨʠ ʵʪʦʤ ʚʦʟʨʘʩʪʘʝʪ ʧʝʨʝʨʝʛʫʣʠʨʦʚʘʥʠʝ, 

ʢʦʪʦʨʦʝ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʜʦʩʪʠʛʘʝʪ 90 %, ʯʪʦ ʥʠʢʘʢ 

ʥʝʣʴʟʷ ʧʨʠʟʥʘʪʴ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʤ.  

ɼʣʷ ʫʤʝʥʴʰʝʥʠʷ ʚʝʣʠʯʠʥʳ ʧʝʨʝʨʝʛʫʣʠʨʦʚʘʥʠʷ 

ʤʦʞʥʦ ʧʨʝʜʣʦʞʠʪʴ ʦʛʨʘʥʠʯʠʪʴ ʟʥʘʯʝʥʠʝ ʦʰʠʙʢʠ. 

ʅʘʧʨʠʤʝʨ, ʤʦʞʥʦ ʚʚʝʩʪʠ ʬʫʥʢʮʠʶ, ʧʨʦʧʦʨʮʠ-

ʦʥʘʣʴʥʫʶ ʢʚʘʜʨʘʪʫ ʦʰʠʙʢʠ: 
2

3 )]([)( tet =y  .     (10) 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʠ ʦʧʪʠʤʠʟʘʮʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ 

ʚʚʦʜ ʬʫʥʢʮʠʠ (10) ʚ ʩʪʦʠʤʦʩʪʥʫʶ ʬʫʥʢʮʠʶ (7) 

ʥʝʜʦʩʪʘʪʦʯʥʦ ʵʬʬʝʢʪʠʚʝʥ. ʇʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ ʵʪʦ 

ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʥʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ 

ʧʨʦʮʝʩʩʘ ʦʰʠʙʢʘ ʨʘʚʥʘ ʝʜʠʥʠʮʝ, ʘ ʥʘ 

ʧʦʩʣʝʜʫʶʱʠʭ ʵʪʘʧʘʭ ʦʥʘ ʥʘʤʥʦʛʦ ʤʝʥʴʰʝ 

ʝʜʠʥʠʮʳ, ʧʦʵʪʦʤʫ ʚʢʣʘʜ ʥʘʯʘʣʴʥʦʛʦ ʵʪʘʧʘ 

ʥʘʠʙʦʣʝʝ ʚʝʣʠʢ, ʘ ʩʥʠʞʝʥʠʝ ʦʰʠʙʢʠ ʥʘ ʥʘʯʘʣʴʥʦʤ 

ʵʪʘʧʝ ʥʝʚʦʟʤʦʞʥʦ ʧʨʠʥʮʠʧʠʘʣʴʥʦ, ʧʦʩʢʦʣʴʢʫ 

ʧʝʨʝʭʦʜʥʳʡ ʧʨʦʮʝʩʩ ʜʦʣʞʝʥ ʟʘʥʠʤʘʪʴ ʥʝʢʦʪʦʨʦʝ 

ʚʨʝʤʷ, ʠ ʩʪʘʨʪʫʝʪ ʦʥ ʩ ʝʜʠʥʠʯʥʦʛʦ ʦʪʢʣʦʥʝʥʠʷ.  

ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʦʪʩʝʯʴ ʥʘʯʘʣʴʥʫʶ ʦʰʠʙʢʫ ʠ 

ʚʚʝʩʪʠ ʨʝʟʢʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ ʦʪ 

ʧʝʨʝʨʝʛʫʣʠʨʦʚʘʥʠʷ, ʤʦʞʥʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴʦʰʠʙʢʫʪʦʣʴʢʦ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ 

ʟʥʘʢʘ. ɼʣʷ ʵʪʦʡ ʮʝʣʠ ʤʦʞʥʦ ʚʚʝʩʪʠ ʚ (10) 

ʦʛʨʘʥʠʯʝʥʠʝ ʩʚʝʨʭʫ ʠ ʧʦʣʫʯʠʪʴ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʫʶ ʢʦʤʧʦʥʝʥʪʫ ʩʣʘʛʘʝʤʦʛʦ ʜʣʷ 

ʚʚʝʜʝʥʠʷ ʝʛʦ ʧʦʜ ʠʥʪʝʛʨʘʣ ʩʪʦʨʠʤʦʩʪʥʦʡ ʬʫʥʢʮʠʠ 

(7), ʘ ʠʤʝʥʥʦ:  
2

4 )}](,0[max{)( tet =y .  (11) 

 

ʉʣʘʛʘʝʤʦʝ ʚʠʜʘ (11) ʧʦʟʚʦʣʷʝʪ ʩʥʠʟʠʪʴ 

ʧʝʨʝʨʝʛʫʣʠʨʦʚʘʥʠʝ ʚ ʧʝʨʝʭʦʜʥʦʤ ʧʨʦʮʝʩʩʝ ʜʦ 

ʚʝʣʠʯʠʥʳ ʦʢʦʣʦ 20 %. ʇʦʣʫʯʝʥʥʳʡ ʧʨʦʮʝʩʩ 

ʧʦʢʘʟʘʥ ʥʘ ʈʠʩ. 5. ʕʪʦʪ ʧʨʦʮʝʩʩ ʝʩʣʠ ʠ ʣʫʯʰʝ, ʯʝʤ 

ʧʨʦʮʝʩʩ, ʧʦʢʘʟʘʥʥʳʡ ʢʨʘʩʥʦʡ ʣʠʥʠʝʡ ʥʘ ʈʠʩ. 4, ʪʦ 

ʣʠʰʴ ʚ ʩʠʣʫ ʚʦʟʤʦʞʥʦʡ ʩʧʝʮʠʬʠʢʠ ʪʨʝʙʦʚʘʥʠʡ ʢ 

ʩʠʩʪʝʤʝ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʜʣʠʪʝʣʴʥʦʩʪʴ ʚ ʦʙʦʠʭ 

ʩʣʫʯʘʷʭ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 20 ʩ, ʥʦ ʚ ʧʨʦʮʝʩʩʝ ʥʘ 

ʈʠʩ. 4 ʧʝʨʝʨʝʛʫʣʠʨʦʚʘʥʠʝ, ʜʦʩʪʠʛʘʷ ʫʨʦʚʥʷ 30 %, 

ʧʨʘʢʪʠʯʝʩʢʠ ʩʨʘʟʫ ʞʝ ʩʥʠʞʘʝʪʩʷ, ʘ ʚ ʧʨʦʮʝʩʩʝ ʥʘ 

ʈʠʩ. 5 ʦʥʦ ʜʦʩʪʠʛʘʝʪ ʧʨʠʤʝʨʥʦ ʫʨʦʚʥʷ 21 %, ʠ 

ʦʩʪʘʝʪʩʷ ʥʘ ʵʪʦʤ ʫʨʦʚʥʝ ʦʢʦʣʦ 3 ʩ. ɺ ʨʘʟʥʳʭ 

ʩʣʫʯʘʷʭ ʧʨʝʜʧʦʯʪʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʦʪʜʘʥʦ ʪʦʤʫ 

ʠʣʠ ʠʥʦʤʫ ʚʘʨʠʘʥʪʫ. ʇʝʨʝʭʦʜʥʳʡ ʧʨʦʮʝʩʩ, 

ʧʦʢʘʟʘʥʥʳʡ ʢʨʘʩʥʦʡ ʣʠʥʠʝʡ ʥʘ ʈʠʩ. 4, ʤʦʞʝʪ 

ʧʦʢʘʟʘʪʴʩʷ ʣʶʙʦʤʫ ʠʥʞʝʥʝʨʫ ʟʘʚʝʜʦʤʦ ʭʫʜʰʠʤ, 

ʦʜʥʘʢʦ, ʝʩʣʠ, ʥʘʧʨʠʤʝʨ, ʪʨʝʙʫʝʪʩʷ ʢʘʢ ʤʦʞʥʦ 

ʙʳʩʪʨʝʝ ʟʘʚʝʨʰʠʪʴ ʧʨʦʮʝʩʩ ʩ ʤʘʢʩʠʤʘʣʴʥʳʤ 

ʧʨʠʙʣʠʞʝʥʠʝʤ ʢ ʪʨʝʙʫʝʤʦʤʫ ʟʥʘʯʝʥʠʶ, ʪʦ 

ʜʘʥʥʳʡ ʧʝʨʝʭʦʜʥʳʡ ʧʨʦʮʝʩʩ ʦʙʣʘʜʘʝʪ ʣʫʯʰʠʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ ʧʦ ʙʳʩʪʨʦʜʝʡʩʪʚʠʶ, ʘ ʠʤʝʥʥʦ: ʦʥ 

ʧʦʯʪʠ ʧʦʣʥʦʩʪʴʶ ʟʘʚʝʨʰʘʝʪʩʷ ʧʦ ʧʨʦʰʝʩʪʚʠʠ 4ï7 

ʩ, ʪʦʛʜʘ ʢʘʢ ʜʣʠʪʝʣʴʥʦʩʪʴ ʢʨʘʩʥʦʛʦ ʧʨʦʮʝʩʘ ʥʘ 

ʈʠʩ. 4 ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 18ï20 ʩ, ʘ ʜʣʠʪʝʣʴʥʦʩʪʴ 

ʧʨʦʮʝʩʩʘ ʥʘ ʈʠʩ. 5 ʩʦʩʪʘʚʣʷʝʪ 10ï12 ʩ.  
 

2. ʀʉʇʆʃʔɿʆɺɸʅʀɽ ʕʊɸʃʆʅʅʆɻʆ ʇʈʆʎɽʉʉɸ 

ʇʈʀ ʆʇʊʀʄʀɿɸʎʀʀ ʈɽɻʋʃʗʊʆʈɸ 

ʄʦʞʥʦ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʧʨʝʜʣʦʞʠʪʴ 

ʠʜʝʘʣʴʥʳʡ ʚʠʜ ʧʝʨʝʭʦʜʥʦʛʦ ʧʨʦʮʝʩʩʘ. 

ɺ ʠʜʝʘʣʴʥʦʤ ʩʣʫʯʘʝ ʦʥ ʜʦʣʞʝʥ ʥʘʯʠʥʘʪʴʩʷ ʪʘʤ 

ʞʝ, ʛʜʝ ʥʘʯʠʥʘʶʪʩʷ ʚʩʝ ʧʨʦʮʝʩʩʳ ʥʘ ʧʨʝʜʳʜʫʱʠʭ 

ʛʨʘʬʠʢʘʭ, ʧʦʩʢʦʣʴʢʫ ʟʘʧʘʟʜʳʚʘʥʠʝ ʧʨʝʦʜʦʣʝʪʴ 

ʥʝʚʦʟʤʦʞʥʦ. ɼʘʣʝʝ ʞʝʣʘʪʝʣʴʥʦ, ʯʪʦʙʳ ʬʦʨʤʘ 

ʛʨʘʬʠʢʘ ʙʳʣʘ ʙʣʠʟʢʘ ʢ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ. ʇʦʩʪʦʷʥʥʫʶ ʚʨʝʤʝʥʠ ʵʪʦʡ 

ʵʢʩʧʦʥʝʥʪʳ ʤʦʞʥʦ ʧʦʜʦʙʨʘʪʴ, ʠʩʭʦʜʷ ʠʟ 

ʚʦʟʤʦʞʥʦʩʪʝʡ ʩʠʩʪʝʤʳ ʚ ʧʣʘʥʝ ʝʝ 

ʙʳʩʪʨʦʜʝʡʩʪʚʠʷ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʧʫʪʝʤ ʙʳʣʦ 

ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʦʩʪʦʷʥʥʘʷ ʚʨʝʤʝʥʠ, ʨʘʚʥʘʷ 

10 ʩ, ʥʘʠʙʦʣʝʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʦʟʤʦʞʥʦʩʪʷʤ 

ʜʘʥʥʦʡ ʩʠʩʪʝʤʳ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʙʦʣʴʰʦʛʦ 

ʧʝʨʝʨʝʛʫʣʠʨʦʚʘʥʠʷ.  

ɼʘʣʝʝ ʥʘ ʦʩʥʦʚʘʥʠʠ ʵʪʦʡ ʤʦʜʝʣʠ çʠʜʝʘʣʴʥʦʛʦ 

ʦʙʲʝʢʪʘè ʤʦʞʥʦ ʩʬʦʨʤʠʨʦʚʘʪʴ ʚʠʜ ʠʜʝʘʣʴʥʦʛʦ 

ʠʟʤʝʥʝʥʠʷ ʦʰʠʙʢʠ ʫʧʨʘʚʣʝʥʠʷ ʚ ʪʘʢʦʤ ʦʙʲʝʢʪʝ. 

ɺʳʯʪʷ ʠʟ ʬʘʢʪʠʯʝʩʢʦʡ ʦʰʠʙʢʠ ʟʥʘʯʝʥʠʝ 

çʠʜʝʘʣʴʥʦʡè ʦʰʠʙʢʠ, ʨʘʩʩʯʠʪʘʥʥʦʡ ʚ ʬʦʨʤʝ 

ʬʫʥʢʮʠʠ ʚʨʝʤʝʥʠ (ʪʦ ʝʩʪʴ ʪʘʢʞʝ ʢʘʢ ʧʝʨʝʭʦʜʥʳʡ 

ʧʨʦʮʝʩʩ), ʚʦʟʚʝʜʝʤ ʦʩʪʘʪʦʢ ʚ ʢʚʘʜʨʘʪ ʠ ʧʦʜʘʜʠʤ 

ʥʘ ʚʭʦʜ ʙʣʦʢʘ Cost ʯʝʨʝʟ ʩʫʤʤʘʪʦʨ. ʊʝʤ ʩʘʤʳʤ 

ʨʝʘʣʠʟʫʝʪʩʷ ʤʝʪʦʜ ʦʪʳʢʩʘʥʠʷ ʤʠʥʠʤʘʣʴʥʦʛʦ 

ʠʥʪʝʛʨʘʣʘ ʦʪ ʢʚʘʜʨʘʪʘ ʦʪʢʣʦʥʝʥʠʷ ʬʘʢʪʠʯʝʩʢʦʡ 

ʦʰʠʙʢʠ ʦʪ ʝʝ ʠʜʝʘʣʴʥʦʛʦ ʚʠʜʘ.  

ʇʫʩʪʴ ʧʝʨʝʜʘʪʦʯʥʘʷ ʬʫʥʢʮʠʷ ʙʣʦʢʘ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʠʜʝʘʣʴʥʦʡ ʦʰʠʙʢʠ ʠʤʝʝʪ ʚʠʜ: 

110

)exp(
1)(

+

-
-=

s

s
tWQ .  (12) 

ʅʘ ʚʳʭʦʜʝ ʵʪʦʛʦ ʙʣʦʢʘ ʧʦʣʫʯʠʤ ʩʠʛʥʘʣ q(t). 

ʊʦʛʜʘ ʦʯʝʨʝʜʥʦʝ ʩʣʘʛʘʝʤʦʝ ʚ ʮʝʣʝʚʫʶ ʬʫʥʢʮʠʶ 

(7) ʤʦʞʝʪ ʙʳʪʴ ʨʘʩʩʯʠʪʘʥʦ ʧʦ ʩʦʦʪʥʦʰʝʥʠʶ: 
2

5 )]()([)( tqtet -=y  . (13) 
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ʈʠʩ. 5. ʅʘʠʣʫʯʰʠʡ ʚʠʜ ʧʝʨʝʭʦʜʥʦʛʦ ʧʨʦʮʝʩʩʘ, ʢʦʪʦʨʳʡ ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ ʚ ʠʪʦʛʝ ʯʠʩʣʝʥʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚʩʝʭ ʤʝʨ, ʦʧʠʩʘʥʥʳʭ ʚ [1] 

 

 
ʈʠʩ. 6. ʄʦʜʝʣʴ ʙʣʦʢʘ ʚʳʯʠʩʣʝʥʠʷ ʮʝʣʝʚʳʭ ʬʫʥʢʮʠʡ  

 

ʅʘ ʈʠʩ. 6 ʧʦʢʘʟʘʥʘ ʩʪʨʫʢʪʫʨʘ ʜʣʷ ʨʘʩʯʝʪʘ ʮʝʣʝʚʦʡ 

ʬʫʥʢʮʠʠ (7), ʚʢʣʶʯʘʶʱʝʡ ʩʣʘʛʘʝʤʳʝ (8), (9), (10), 

(11) ʠ (13) ʩ ʨʘʟʣʠʯʥʳʤʠ ʚʝʩʦʚʳʤʠ 

ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ. ʕʪʠ ʢʦʵʬʬʠʮʠʝʥʪʳ ʤʦʛʫʪ ʙʳʪʴ 

ʧʦʜʦʙʨʘʥʳ ʵʤʧʠʨʠʯʝʩʢʠ ʥʘ ʦʩʥʦʚʘʥʠʠ ʘʥʘʣʠʟʘ 

ʧʦʣʫʯʘʝʤʳʭ ʧʝʨʝʭʦʜʥʳʭ ʧʨʦʮʝʩʩʦʚ. ʅʘ ʈʠʩ. 7 

ʧʦʢʘʟʘʥʘ ʩʪʨʫʢʪʫʨʘ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʨʝʛʫʣʷʪʦʨʘ, 

ʚ ʢʦʪʦʨʦʡ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚʩʝ ʦʧʠʩʘʥʥʳʝ ʚʳʰʝ 

ʙʣʦʢʠ. ʅʘ ʵʪʦʤ ʞʝ ʨʠʩʫʥʢʝ ʧʦʢʘʟʘʥ ʨʝʟʫʣʴʪʘʪ 

ʦʧʪʠʤʠʟʘʮʠʠ ʚ ʚʠʜʝ ʪʨʝʭ ʧʦʣʫʯʝʥʥʳʭ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʇʀɼ-ʨʝʛʫʣʷʪʦʨʘ, ʘ ʠʤʝʥʥʦ: 

kp = 60,26; ki = 7,35 ʠ kd = 76,24. ʇʦʣʫʯʝʥʥʳʝ 

ʟʥʘʯʝʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʦʢʨʫʛʣʝʥʳ ʜʦ ʜʚʫʭ ʟʥʘʯʘʱʠʭ 

ʮʠʬʨ. ʇʦʣʫʯʝʥʥʳʡ ʧʝʨʝʭʦʜʥʳʡ ʧʨʦʮʝʩʩ ʧʦʢʘʟʘʥ 

ʥʘ ʈʠʩ. 8 ʩʠʥʝʡ ʣʠʥʠʝʡ. ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʪʘʤ ʞʝ 

ʢʨʘʩʥʦʡ ʣʠʥʠʝʡ ʧʦʢʘʟʘʥ ʧʨʦʮʝʩʩ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʠʜʝʘʣʴʥʦʤʫ ʚʠʜʫ ʦʰʠʙʢʠ (12).  

ʇʦʣʫʯʝʥʥʳʡ ʧʝʨʝʭʦʜʥʳʡ ʧʨʦʮʝʩʩ ʚ ʩʨʘʚʥʝʥʠʠ ʩ 

ʧʨʦʮʝʩʩʘʤʠ ʥʘ ʈʠʩ. 4 ʠ 5 ʦʙʣʘʜʘʝʪ ʢʘʢ 

ʜʦʩʪʦʠʥʩʪʚʘʤʠ, ʪʘʢ ʠ ʥʝʜʦʩʪʘʪʢʘʤʠ. 

 
ʈʠʩ. 7. ʄʦʜʝʣʴ ʩʠʩʪʝʤʳ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʠ ʨʝʟʫʣʴʪʘʪ 

ʝʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ  

 

ʆʯʝʚʠʜʥʳʤ ʜʦʩʪʦʠʥʩʪʚʦʤ ʷʚʣʷʝʪʩʷ 

ʥʘʠʤʝʥʴʰʝʝ ʟʥʘʯʝʥʠʝ ʧʝʨʝʨʝʛʫʨʦʚʘʥʠʷ, ʘ ʠʤʝʥʥʦ: 

11 % ʚ ʩʨʘʚʥʝʥʠʠ ʩ 90 %, 30 % ʠ 22 %. ɼʨʫʛʠʤ 

ʜʦʩʪʦʠʥʩʪʚʦʤ ʷʚʣʷʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʣʘʚʥʳʡ 

ʚʠʜ, ʝʩʣʠ ʥʝ ʩʯʠʪʘʪʴ ʥʝʙʦʣʴʰʠʭ ʢʦʣʝʙʘʥʠʡ ʥʘ 

ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ, ʢʦʛʜʘ ʥʝ ʜʦʩʪʠʛʥʫʪʘ ʠ ʧʦʣʦʚʠʥʘ 
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ʧʨʝʜʧʠʩʘʥʥʦʡ ʚʝʣʠʯʠʥʳ. ɽʩʣʠ ʩʠʩʪʝʤʝ 

ʧʨʦʪʠʚʦʧʦʢʘʟʘʥʦ ʙʦʣʴʰʦʝ ʧʝʨʝʨʝʛʠʣʫʨʦʚʘʥʠʝ, ʪʦ 

ʵʪʦʪ ʧʨʦʮʝʩʩ ʩʣʝʜʫʝʪ ʧʨʝʜʧʦʯʝʩʪʴ ʚ ʩʨʘʚʥʝʥʠʠ ʩ 

ʧʨʝʜʳʜʫʱʠʤʠ, ʠ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʩʥʠʞʝʥʠʷ 

ʧʝʨʝʨʝʛʫʣʠʚʘʥʠʷ, ʚʝʨʦʷʪʥʦ, ʧʨʝʜʣʦʞʝʥʥʳʡ ʧʫʪʴ 

ʤʦʞʝʪ ʦʢʘʟʘʪʴʩʷ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʤ.  
 

 

 
 

ʈʠʩ. 8. ɺʠʜ ʦʧʦʨʥʦʡ ʬʫʥʢʮʠʠ (ʢʨʘʩʥʘʷ ʣʠʥʠʷ) ʠ ʧʦʣʫʯʝʥʥʳʡ ʧʝʨʝʭʦʜʥʳʡ ʧʨʦʮʝʩʩ (ʩʠʥʷʷ ʣʠʥʠʷ) ʚ ʩʠʩʪʝʤʝ ʚ ʠʪʦʛʝ 

ʦʧʪʠʤʠʟʘʮʠʠ ʩ ʦʧʦʨʥʦʡ ʬʫʥʢʮʠʝʡ  

 

ɺ ʦʪʥʦʰʝʥʠʠ ʜʣʠʪʝʣʴʥʦʩʪʠ ʧʝʨʝʭʦʜʥʦʛʦ 

ʧʨʦʮʝʩʩʘ ʜʘʥʥʳʡ ʧʨʦʮʝʩʩ ʩʫʱʝʩʪʚʝʥʥʦ ʫʩʪʫʧʘʝʪ 

ʨʘʥʝʝ ʧʦʣʫʯʝʥʥʳʤ ʧʨʦʮʝʩʩʘʤ.  

ɿɸʂʃʖʏɽʅʀɽ  

ʅʘ ʦʩʥʦʚʘʥʠʠ ʚʳʧʦʣʥʝʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʩʣʝʜʫʶʱʠʝ ʚʳʚʦʜʳ: 

1. ʉʪʦʠʤʦʩʪʥʫʶ ʬʫʥʢʮʠʶ ʚʠʜʘ (7) ʤʦʞʥʦ 
ʫʩʧʝʰʥʦ ʧʦʧʦʣʥʷʪʴ ʥʦʚʳʤʠ ʩʣʘʛʘʝʤʳʤʠ. 

2. ɺ ʩʪʘʪʴʝ ʚʧʝʨʚʳʝ ʧʨʝʜʣʦʞʝʥʦ, ʦʙʦʩʥʦʚʘʥʦ 
ʠ ʠʩʧʦʣʴʟʦʚʘʥʦ ʩʣʘʛʘʝʤʦʝ ʚʠʜʘ (13) ʚ 

ʩʪʦʠʤʦʩʪʥʫʶ ʬʫʥʢʮʠʶ ʚʠʜʘ (7); ʨʝʟʫʣʴʪʘʪʳ 

ʠʩʧʳʪʘʥʠʡ ʤʝʪʦʜʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ 

ʦʧʪʠʤʠʟʘʮʠʠ ʧʦʢʘʟʘʣʠ ʧʦʣʝʟʥʦʩʪʴʠ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʵʪʦʛʦ ʩʣʘʛʘʝʤʦʛʦ ʜʣʷ ʩʥʠʞʝʥʠʷ 

ʧʝʨʝʨʝʛʠʣʫʨʦʚʘʥʠʷ ʠ ʦʙʝʩʧʝʯʝʥʠʷ ʚ ʮʝʣʦʤ 

ʧʣʘʚʥʦʩʪʠ ʧʝʨʝʭʦʜʥʦʛʦ ʧʨʦʮʝʩʩʘ.  

3. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʦʙʲʝʢʪ ʩ ʨʘʩʧʨʝʜʝʣʝʥʥʳʤʠ 
ʧʘʨʘʤʝʪʨʘʤʠ ʤʦʞʝʪ ʦʢʘʟʘʪʴʩʷ ʜʦʩʪʘʪʦʯʥʦ 

ʩʣʦʞʥʳʤ ʦʙʲʝʢʪʦʤ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʨʝʛʫʣʷʪʦʨʘ, 

ʦʜʥʘʢʦ ʤʝʪʦʜʳ ʯʠʩʣʝʥʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ 

ʧʦʟʚʦʣʷʶʪ ʨʝʰʘʪʴ ʟʘʜʘʯʫ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ 

ʨʝʛʫʣʷʪʦʨʘ ʜʣʷ ʩʠʩʪʝʤʳ ʩ ʪʘʢʠʤ ʦʙʲʝʢʪʦʤ.   

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʬʦʥʜʦʤ 

ʈʌʌʀ, ʧʨʦʝʢʪ ˉ 15-38-50594 çʈʘʟʨʘʙʦʪʢʘ ʠ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʘʣʛʦʨʠʪʤʦʚ ʠʜʝʥʪʠʬʠʢʘʮʠʠ 

ʦʙʲʝʢʪʦʚ ʫʧʨʘʚʣʝʥʠʷ ʩ ʩʦʩʨʝʜʦʪʦʯʝʥʥʳʤʠ ʠ 

ʨʘʩʧʨʝʜʝʣʝʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʩ ʮʝʣʴʶ 

ʧʦʩʪʨʦʝʥʠʷ ʘʜʘʧʪʠʚʥʳʭ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʠ 

ʨʝʛʫʣʠʨʦʚʘʥʠʷè.  
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Control of Object with Distributed 

Parameters 

Boris Pyakillya, Vadim Zhmud 

Abstract. Objects with distributed parameters 

differ from dynamic objects with distributed 

parameters by the fact that their mathematical model 

is much more complex. These models instead 

differential equations are partial differential 

equations. These objects are found in a variety of 

processes in industry, transport, science and 

technology. Design of control systems for such 

objects based on the principle of negative feedback, 

as well as for objects with distributed parameters, 

consist in three steps. These steps are the 

identification of the object, selection of structure of 

the regulator and the calculation of the parameters for 

it. Methods of analytical calculation of regulators 

parameters may be extremely difficult to apply due to 

the complexity of the object model. Recently, one of 

the widely used methods of analysis and synthesis of 

regulators is a numerical optimization. It is carried 

out in the mathematical modeling of the system [1]. 

In a series of papers [1-10] a number of measures 

have been developed to create a target (cost) function 

to optimize control. These measures allow an 

effective search for the PID coefficients. At that, 

recommendations are developed about ways how to 

modify the cost function to increase the stability 

margin in the system, to reduce the static error, to 

reduce overshoot, to eliminate or reduce the reverse 

overshoot and so on, including resource saving. All 

these measures have been tried for controller 

optimization, solving the problem of the control of 

object with distributed parameters, but the best result 

is characterized by overshooting about 22%, that for 

many practical problems may be too large. This paper 

proposes a new method of control, which is a special 

modification of a cost function. This method reduced 

the overshooting to a value of about 11%, which may 

be preferred for some applications, even despite the 

fact that the duration of the transient system 

increased. The proposed method adds an arsenal of 

techniques of control of complex dynamic objects. 

Key words: regulation, delay, object with 

distributed parameters, control, modeling, simulation 
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ʋʧʨʘʚʣʝʥʠʝ ʦʙʲʝʢʪʦʤ ʚ ʢʦʥʪʫʨʝ ʩ ʦʙʨʘʪʥʦʡ 

ʩʚʷʟʴʶ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʥʝʠʜʝʘʣʴʥʳʭ 

ʜʘʪʯʠʢʦʚ ʧʦʣʦʞʝʥʠʷ ʠ ʫʩʢʦʨʝʥʠʷ 
 

ɺ.ɸ. ɾʤʫʜʴ, ɺ.ʄ. ʉʝʤʠʙʘʣʘʤʫʪ, ʆ.ɼ. ʗʜʨʳʰʥʠʢʦʚ, ɺ.ɻ. ʊʨʫʙʠʥ 

ʅʦʚʦʩʠʙʠʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ  

ʌɻɹʋʅ çɻʝʦʬʠʟʠʯʝʩʢʘʷ ʩʣʫʞʙʘ ʉʆ ʈɸʅè 

 

ɸʥʥʦʪʘʮʠʷ: ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʟʘʜʘʯʘ 

ʫʧʨʘʚʣʝʥʠʷ ʙʘʣʘʥʩʠʨʫʶʱʠʤ ʨʦʙʦʪʦʤ ʚ 

ʢʦʥʪʫʨʝ ʩ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʦʙʨʘʪʥʦʡ ʩʚʷʟʴʶ. 

ʈʝʛʫʣʷʪʦʨ ʤʦʞʝʪ ʙʳʪʴ ʨʘʩʩʯʠʪʘʥ ʤʝʪʦʜʦʤ 

ʯʠʩʣʝʥʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ. ɼʘʪʯʠʢʠ 

ʢʦʥʪʨʦʣʠʨʫʝʤʦʡ ʚʝʣʠʯʠʥʳ ʥʝʩʦʚʝʨʰʝʥʥʳ. 

ɼʘʪʯʠʢ ʫʛʣʘ ʦʨʠʝʥʪʘʮʠʠ (ʛʠʨʦʩʢʦʧ) ʦʙʣʘʜʘʝʪ 

ʦʛʨʘʥʠʯʝʥʥʳʤ ʙʳʩʪʨʦʜʝʡʩʪʚʠʝʤ, ʘ ʪʘʢʞʝ 

ʙʠʥʘʨʥʳʤ ʰʫʤʦʤ ʢʚʘʥʪʦʚʘʥʠʷ. ɼʘʪʯʠʢ 

ʫʩʢʦʨʝʥʠʷ (ʘʢʩʝʣʝʨʦʤʝʪʨ) ʦʙʣʘʜʘʝʪ ʜʨʝʡʬʦʤ 

ʩʨʝʜʥʝʛʦ ʟʥʘʯʝʥʠʷ, ʘ ʪʘʢʞʝ ʛʘʫʩʩʦʚʳʤ ʰʫʤʦʤ. 

ʅʠ ʦʜʠʥ ʠʟ ʵʪʠʭ ʜʘʪʯʠʢʦʚ ʥʝ ʜʦʩʪʘʪʦʯʝʥ ʜʣʷ 

ʵʬʬʝʢʪʠʚʥʦʡ ʩʪʘʙʠʣʠʟʘʮʠʠ ʙʘʣʘʥʩʠʨʫʶʱʝʛʦ 

ʨʦʙʦʪʘ, ʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʠʭ ʦʙʦʠʭ ʚ 

ʝʜʠʥʩʪʚʝʥʥʦʡ ʧʝʪʣʝ ʫʧʨʘʚʣʝʥʠʷ ʧʦʟʚʦʣʷʝʪ 

ʜʦʩʪʠʯʴ ʪʨʝʙʫʝʤʦʡ ʪʦʯʥʦʩʪʠ ʫʧʨʘʚʣʝʥʠʷ, 

ʩʪʘʪʠʯʝʩʢʦʡ ʠ ʜʠʥʘʤʠʯʝʩʢʦʡ. ʄʝʪʦʜʠʢʘ 

ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʚʫʭ ʜʘʪʯʠʢʦʚ ʜʣʷ 

ʙʦʣʝʝ ʪʦʯʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʝʜʠʥʩʪʚʝʥʥʦʡ 

ʚʝʣʠʯʠʥʳ, ʨʘʟʨʘʙʦʪʘʥʥʘʷ ʨʘʥʝʝ ʪʝʦʨʝʪʠʯʝʩʢʠ, 

ʘʧʨʦʙʠʨʦʚʘʥʘ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ. ʂʨʦʤʝ ʪʦʛʦ, 

ʨʝʟʫʣʴʪʘʪʳ ʧʦʜʪʚʝʨʞʜʘʶʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠʤ ʠʭ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩ ʧʦʣʦʞʠʪʝʣʴʥʳʤ ʵʬʬʝʢʪʦʤ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʘʚʪʦʤʘʪʠʢʘ, ʫʧʨʘʚʣʝʥʠʝ, 

ʧʝʨʝʭʦʜʥʳʡ ʧʨʦʮʝʩʩ, ʫʩʪʦʡʯʠʚʦʩʪʴ, ʢʘʯʝʩʪʚʦ 

ʫʧʨʘʚʣʝʥʠʷ, ʟʘʤʢʥʫʪʘʷ ʩʠʩʪʝʤʘ, ʪʦʯʥʦʩʪʴ, 

ʜʘʪʯʠʢʠ, ʙʘʣʘʥʩʠʨʫʶʱʠʡ ʨʦʙʦʪ, ʛʠʨʦʩʢʦʧ, 

ʘʢʩʝʣʝʨʦʤʝʪʨ   

ɺɺɽɼɽʅʀɽ  

ʈʘʟʨʘʙʦʪʢʘ ʨʦʙʦʪʦʚ, ʨʘʙʦʪʘʶʱʠʭ ʚ ʨʝʘʣʴʥʦʤ 

ʚʨʝʤʝʥʠ, ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʥʝ ʪʦʣʴʢʦ ʩ ʥʘʫʯʥʦ-

ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʤʠ ʮʝʣʷʤʠ, ʥʦ ʪʘʢʞʝ ʠ ʜʣʷ ʮʝʣʝʡ 

ʦʙʫʯʝʥʠʷ ʩʪʫʜʝʥʪʦʚ. ʆʩʥʦʚʥʳʝ ʧʨʦʙʣʝʤʳ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʠ ʦʪʣʘʜʢʠ ʧʨʠ ʵʪʦʤ 

ʦʪʨʘʙʘʪʳʚʘʶʪʩʷ ʩʘʤʠʤʠ ʩʪʫʜʝʥʪʘʤʠ ʧʦʜ 

ʨʫʢʦʚʦʜʩʪʚʦʤ ʧʨʝʧʦʜʘʚʘʪʝʣʝʡ ʥʘ ʤʘʣʦʨʘʟʤʝʨʥʳʭ 

ʠ ʤʘʣʦʤʦʱʥʳʭ ʤʦʜʝʣʷʭ. ɼʦʩʪʦʠʥʩʪʚʘ ʪʘʢʦʡ 

ʨʘʟʨʘʙʦʪʢʠ ʩʦʩʪʦʷʪ ʚ ʪʦʤ, ʯʪʦ ʢʘʞʜʳʡ ʵʣʝʤʝʥʪ 

ʪʘʢʠʭ ʨʦʙʦʪʦʚ ʤʦʞʝʪ ʙʳʪʴ ʠʩʩʣʝʜʦʚʘʥ ʠ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥ ʜʦ ʤʝʣʴʯʘʡʰʠʭ ʧʦʜʨʦʙʥʦʩʪʝʡ 

ʩʘʤʦʩʪʦʷʪʝʣʴʥʦ, ʪʝʭʥʦʣʦʛʠʷ ʦʩʪʘʝʪʩʷ ʚ 

ʨʘʩʧʦʨʷʞʝʥʠʠ ʨʘʟʨʘʙʦʪʯʠʢʘ, ʧʦʵʪʦʤʫ ʚʩʷ 

ʨʘʟʨʘʙʦʪʢʘ ʤʦʞʝʪ ʙʳʪʴ ʧʦʚʪʦʨʝʥʘ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ 

ʫʚʝʣʠʯʝʥʥʳʭ ʨʘʟʤʝʨʘʭ ʠ (ʠʣʠ) ʚ ʙʦʣʝʝ ʤʦʱʥʦʡ 

ʚʝʨʩʠʠ ʠʟʜʝʣʠʷ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʦʩʥʦʚʥʳʝ 

ʧʨʦʙʣʝʤʳ ʦʨʛʘʥʠʟʘʮʠʠ ʪʘʢʦʡ ʩʠʩʪʝʤʳ ʥʝ ʟʘʚʠʩʷʪ 

ʦʪ ʨʘʟʤʝʨʦʚ, ʪʦʛʜʘ ʢʘʢ ʦʪʣʘʜʢʘ ʤʘʣʦʛʘʙʘʨʠʪʥʦʛʦ 

ʠʟʜʝʣʠʷ ʙʝʟʦʧʘʩʥʘ, ʙʦʣʝʝ ʜʝʰʝʚʘ ʠ ʚ ʥʝʢʦʪʦʨʳʭ 

ʩʣʫʯʘʷʭ ʜʘʞʝ ʙʦʣʝʝ ʩʣʦʞʥʘ, ʯʪʦ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ 

ʷʚʣʷʝʪʩʷ ʜʦʩʪʦʠʥʩʪʚʦʤ, ʧʦʩʢʦʣʴʢʫ ʧʨʠ ʦʙʫʯʝʥʠʠ 

ʥʘ ʙʦʣʝʝ ʩʣʦʞʥʦʤ ʦʙʦʨʫʜʦʚʘʥʠʠ ʦʙʫʯʘʶʱʠʡʩʷ 

ʧʦʣʫʯʘʝʪ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʢʚʘʣʠʬʠʢʘʮʠʶ. ɹʦʣʝʝ 

ʚʳʩʦʢʘʷ ʩʣʦʞʥʦʩʪʴ ʩʦʩʪʦʠʪ, ʧʨʝʞʜʝ ʚʩʝʛʦ ʚ 

ʙʦʣʴʰʝʤ ʙʳʩʪʨʦʜʝʡʩʪʚʠʠ ʤʘʣʦʤʦʱʥʦʛʦ ʨʦʙʦʪʘ 

(ʯʪʦ ʪʨʝʙʫʝʪ ʙʦʣʴʰʝʛʦ ʙʳʩʪʨʦʜʝʡʩʪʚʠʷ 

ʫʧʨʘʚʣʷʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʯʘʩʪʠ), ʘ ʪʘʢʞʝ ʚ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʤʘʢʩʠʤʘʣʴʥʦʤ ʩʪʨʝʤʠʪʴʩʷ ʢ 

ʫʤʝʥʴʰʝʥʠʶ ʚʝʩʘ ʠ ʩʥʠʞʝʥʠʶ ʛʘʙʘʨʠʪʦʚ ʚʩʝʭ 

ʢʦʤʧʦʥʝʥʪ ʩʠʩʪʝʤʳ.  

ʉʣʦʞʥʳʝ ʟʘʜʘʯʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ, ʢʦʤʧʦʥʦʚʢʠ 

ʵʣʝʤʝʥʪʦʚ, ʩʦʛʣʘʩʦʚʘʥʠʷ ʠʭ ʧʦ ʵʣʝʢʪʨʠʯʝʩʢʠʤ 

ʩʠʛʥʘʣʘʤ, ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʦʙʲʝʢʪʘ ʠ ʥʘʩʪʨʦʡʢʠ 

ʨʝʛʫʣʷʪʦʨʦʚ ʤʦʛʫʪ ʙʳʪʴ ʦʪʨʘʙʦʪʘʥʳ ʥʘ ʜʝʰʝʚʳʭ 

ʤʦʜʝʣʷʭ ʠ ʥʘʛʣʷʜʥʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʳ 

ʩʪʫʜʝʥʪʘʤ. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʠ ʨʝʰʝʥʠʠ ʟʘʜʘʯ 

ʫʧʨʘʚʣʝʥʠʷ ʤʦʛʫʪ ʚʦʟʥʠʢʘʪʴ ʥʦʚʳʝ (ʥʘʫʯʥʳʝ) 

ʧʨʦʙʣʝʤʳ, ʢʦʪʦʨʳʝ ʥʝ ʩʪʦʣʴ ʦʩʪʨʳ ʧʨʠ 

ʫʧʨʘʚʣʝʥʠʠ ʦʙʲʝʢʪʦʤ ʙʦʣʴʰʠʭ ʛʘʙʘʨʠʪʦʚ ʠ 

ʙʦʣʴʰʝʡ ʠʥʝʨʮʠʦʥʥʦʩʪʠ.  

ʇʨʠʤʝʨʦʤ ʪʘʢʦʛʦ ʤʘʣʦʛʦʙʘʨʘʪʥʦʛʦ ʨʦʙʦʪʘ 

ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʜʚʫʭʢʦʣʝʩʥʳʡ ʙʘʣʘʥʩʠʨʫʶʱʠʡ 

ʨʦʙʦʪ, ʧʦʜʜʝʨʞʠʚʘʶʱʠʡ ʨʘʚʥʦʚʝʩʠʝ ʧʨʠ 

ʜʝʡʩʪʚʠʠ ʥʝʢʦʥʪʨʦʣʠʨʫʝʤʳʭ ʚʥʝʰʥʠʭ ʧʦʤʝʭ.  

ʆʜʥʘ ʠʟ ʦʩʪʨʝʡʰʠʭ ʧʨʦʙʣʝʤ ʦʪʣʘʜʢʠ ʪʘʢʦʛʦ 

ʨʦʙʦʪʘ ï ʵʪʦ ʦʙʝʩʧʝʯʝʥʠʝ ʪʨʝʙʫʝʤʦʡ ʪʦʯʥʦʩʪʠ 

ʫʧʨʘʚʣʝʥʠʷ ʚ ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ. ʕʪʘ ʟʘʜʘʯʘ 

ʨʝʰʘʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝʤ ʩʠʩʪʝʤ ʩ ʦʙʨʘʪʥʦʡ ʩʚʷʟʴʶ, 

ʦʩʥʦʚʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ ʢʦʪʦʨʦʡ ʷʚʣʷʶʪʩʷ ʦʙʲʝʢʪ, 

ʜʘʪʯʠʢ ʝʛʦ ʚʳʭʦʜʥʦʡ ʚʝʣʠʯʠʥʳ ʠ ʨʝʛʫʣʷʪʦʨ. ʕʪʠ 

ʪʨʠ ʵʣʝʤʝʥʪʘ ʚʢʣʶʯʝʥʥʳ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʚ 

ʫʧʨʘʚʣʷʶʱʠʡ ʢʦʥʪʫʨ (ʪʦ ʝʩʪʴ ʚ ʧʝʪʣʶ).  

ʆʙʲʝʢʪʦʤ ʫʧʨʘʚʣʝʥʠʷ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʷʚʣʷʝʪʩʷ 

ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʘʷ ʯʘʩʪʴ, ʚʢʣʶʯʘʶʱʘʷ 

ʵʣʝʢʪʨʦʧʨʠʚʦʜ, ʧʨʠʚʦʜʷʱʠʡ ʚ ʜʝʡʩʪʚʠʝ ʢʦʣʝʩʘ, ʠ 

ʤʝʭʘʥʠʯʝʩʢʘʷ ʯʘʩʪʴ ʨʦʙʦʪʘ. ʎʝʥʪʨ ʝʛʦ ʤʘʩʩ 

ʩʣʝʜʫʝʪ ʧʦʜʜʝʨʞʠʚʘʪʴ ʚ ʨʘʚʥʦʚʝʩʠʠ. 

ʆʩʦʙʝʥʥʦʩʪʴʶ ʦʙʲʝʢʪʘ ʷʚʣʷʝʪʩʷ ʪʦʪ ʬʘʢʪ, ʯʪʦ 

ʮʝʥʪʨ ʤʘʩʩ ʨʘʩʧʦʣʦʞʝʥ ʥʘʤʥʦʛʦ ʚʳʰʝ ʦʩʠ 

ʚʨʘʱʝʥʠʷ ʢʦʣʝʩ, ʧʦʵʪʦʤʫ ʨʦʙʦʪ ʙʝʟ ʜʝʡʩʪʚʠʷ 

ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʥʝʫʩʪʦʡʯʠʚ ʠ ʤʦʞʝʪ ʩʦʭʨʘʥʷʪʴ 

ʨʘʚʥʦʚʝʩʠʝ ʪʦʣʴʢʦ ʚ ʩʣʫʯʘʝ ʵʬʬʝʢʪʠʚʥʦʡ ʨʘʙʦʪʳ 

ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ.  

ʊʠʧʦʚʘʷ ʩʪʨʫʢʪʫʨʘ ʣʶʙʦʡ ʵʣʝʢʪʨʦ-

ʤʝʭʘʥʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʩ ʦʪʨʠʮʘʪʝʣʴʥʦʡ 

ʦʙʨʘʪʥʦʡ ʩʷʟʴʶ ʧʦʢʘʟʘʥʘ ʥʘ ʈʠʩ. 1.  

ʊʠʧʠʯʥʘʷ ʤʦʜʝʣʴ ʩʠʩʪʝʤʳ ʟʘʜʘʝʪʩʷ ʩʠʩʪʝʤʦʡ 

ʫʨʘʚʥʝʥʠʡ ʚ ʦʙʣʘʩʪʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʃʘʧʣʘʩʘ. 

ʄʦʜʝʣʴ ʦʙʲʝʢʪʘ ʟʘʜʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʫʨʘʚʥʝʥʠʝʤ: 
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)()()()( sHsUsWsX += .   (1) 

ɿʜʝʩʴ ʢʘʞʜʘʷ ʬʫʥʢʮʠʷ ʦʪ ʘʨʛʫʤʝʥʪʘ s, ʢʨʦʤʝ 

W(s) ï ʵʪʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʧʦ ʃʘʧʣʘʩʫ ʦʪ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʬʫʥʢʮʠʠ ʚʨʝʤʝʥʠ, X(s) 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʳʭʦʜʥʦʡ ʚʝʣʠʯʠʥʝ x(t), U(s) 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʫʧʨʘʚʣʷʶʱʝʤʫ ʩʠʛʥʘʣʫ u(t), 

ʧʦʩʪʫʧʘʶʱʝʤʫ ʥʘ ʚʭʦʜ ʦʙʲʝʢʪʘ, H(s) ï 

ʥʝʠʟʚʝʩʪʥʦʤʫ ʚʦʟʤʫʱʝʥʠʶ h(t), ʢʦʪʦʨʦʝ ʩʠʩʪʝʤʘ 

ʜʦʣʞʥʘ ʧʦʜʘʚʠʪʴ ʟʘ ʩʯʝʪ ʜʝʡʩʪʚʠʷ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ, 

W(s) ï ʧʝʨʝʜʘʪʦʯʥʘʷ ʬʫʥʢʮʠʷ ʦʙʲʝʢʪʘ.  

 
ʈʠʩ. 1. ʊʠʧʠʯʥʘʷ ʩʪʨʫʢʪʫʨʘ ʩ ʦʙʨʘʪʥʦʡ ʩʚʷʟʴʶ ʚ ʘʚʪʦʤʘʪʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚʘʭ 

 

ʄʦʜʝʣʴ ʜʝʡʩʪʚʠʷ ʨʝʛʫʣʷʪʦʨʘ ʟʘʜʘʝʪʩʷ 

ʩʣʝʜʫʶʱʠʤ ʫʨʘʚʥʝʥʠʝʤ:  

)()()( sEsWsU R=
.  (2) 

ɿʜʝʩʴ WR(s) ï ʧʝʨʝʜʘʪʦʯʥʘʷ ʬʫʥʢʮʠʷ 

ʨʝʛʫʣʷʪʦʨʘ, E(s) ï ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʧʦ ʃʘʧʣʘʩʫ ʦʪ 

ʦʰʠʙʢʠ ʫʧʨʘʚʣʝʥʠʷ e(t). ɺ ʩʠʩʪʝʤʘʭ 

ʩʪʘʙʠʣʠʟʘʮʠʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʦʰʠʙʢʘ 

ʧʨʠʨʘʚʥʠʚʘʝʪʩʷ ʢ ʚʳʭʦʜʥʦʡ ʚʝʣʠʯʠʥʝ x(t) ʩ 

ʦʪʨʠʮʘʪʝʣʴʥʳʤ ʟʥʘʢʦʤ, ʧʦʩʢʦʣʴʢʫ ʪʨʝʙʫʝʪʩʷ, 

ʯʪʦʙʳ ʚʳʭʦʜʥʘʷ ʚʝʣʠʯʠʥʘ (ʦʪʢʣʦʥʝʥʠʝ ʦʪ 

ʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʩʪʦʷʥʠʷ) ʙʳʣʘ ʨʘʚʥʘ ʥʫʣʶ. ɺ 

ʩʠʩʪʝʤʘʭ ʫʧʨʘʚʣʝʥʠʷ (ʨʝʛʫʣʠʨʦʚʘʥʠʷ) ʠʤʝʝʪʩʷ 

ʧʨʝʜʧʠʩʘʥʥʦʝ ʟʥʘʯʝʥʠʝ (ʟʘʜʘʥʠʝ) v(t), ʢʦʪʦʨʦʝ 

ʧʨʠʙʘʚʣʷʝʪʩʷ ʢ ʚʳʭʦʜʥʦʡ ʚʝʣʠʯʠʥʝ ʯʝʨʝʟ 

ʩʫʤʤʘʪʦʨ, ʘ ʫʨʘʚʥʝʥʠʝ ʩʫʤʤʘʪʦʨʘ ʠʤʝʝʪ ʚʠʜ:  

)()()()()()( txtvtesXsVsE -=Ú-= . (3) 

ɼʠʥʘʤʠʯʝʩʢʘʷ ʠ ʩʪʘʪʠʯʝʩʢʘʷ ʦʰʠʙʢʘ ʩʠʩʪʝʤʳ 

ʧʨʠ ʦʪʨʘʙʦʪʢʝ ʠʟʤʝʥʝʥʠʡ ʟʘʜʘʥʠʷ ʠʜʝʥʪʠʯʥʘ 

ʦʰʠʙʢʝ ʧʨʠ ʠʜʝʥʪʠʯʥʳʭ ʠʟʤʝʥʝʥʠʷʭ ʧʦʤʝʭʠ, 

ʧʦʵʪʦʤʫ, ʢʘʢ ʧʨʘʚʠʣʦ, ʢʘʯʝʩʪʚʦ ʠ ʪʦʯʥʦʩʪʴ 

ʩʠʩʪʝʤʳ ʠʩʩʣʝʜʫʝʪʩʷ ʠʤʝʥʥʦ ʧʦ ʦʰʠʙʢʝ 

ʦʪʨʘʙʦʪʢʠ ʟʘʜʘʥʠʷ. ʏʘʱʝ ʚʩʝʛʦ ʩʯʠʪʘʶʪ, ʯʪʦ 

ʚʳʭʦʜʥʘʷ ʚʝʣʠʯʠʥʘ ʜʦʩʪʫʧʥʘ ʜʣʷ ʠʟʤʝʨʝʥʠʷ. ʅʘ 

ʧʨʘʢʪʠʢʝ ʵʪʦ ʚʩʝʛʜʘ ʥʝ ʪʘʢ. ʇʦʵʪʦʤʫ ʜʣʷ 

ʨʝʘʣʠʟʘʮʠʠ ʩʠʩʪʝʤʳ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʘʪʯʠʢ 

ʚʳʭʦʜʥʦʡ ʚʝʣʠʯʠʥʳ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ 

ʧʝʨʝʜʘʪʦʯʥʦʡ ʬʫʥʢʮʠʝʡ WS(s), ʘ ʩʦʦʪʥʦʰʝʥʠʝ (3) 

ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʧʨʠʥʠʤʘʝʪ ʚʠʜ:  

)()()()( sXsWsVsE S-= .   (4) 

ɿʘʜʘʯʘ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʩʠʩʪʝʤʳ ʫʩʣʦʞʥʷʝʪʩʷ, 

ʝʩʣʠ ʥʝʚʦʟʤʦʞʥʦ ʚʳʙʨʘʪʴ ʜʘʪʯʠʢ, ʢʦʪʦʨʳʡ 

ʧʦʟʚʦʣʷʝʪ ʦʙʝʩʧʝʯʠʪʴ ʪʨʝʙʫʝʤʫʶ ʩʪʘʪʠʯʝʩʢʫʶ ʠ 

ʜʠʥʘʤʠʯʝʩʢʫʶ ʪʦʯʥʦʩʪʴ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ 

ʧʨʠʭʦʜʠʪʩʷ ʧʨʠʤʝʥʷʪʴ ʜʚʘ ʠʣʠ ʙʦʣʝʝ ʜʘʪʯʠʢʦʚ. 

ʅʘʧʨʠʤʝʨ, ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʩʪʘʪʠʯʝʩʢʦʡ ʪʦʯʥʦʩʪʠ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʘʪʯʠʢ ʩ ʤʘʣʦʡ ʩʪʘʪʠʯʝʩʢʦʡ 

ʧʦʛʨʝʰʥʦʩʪʴʶ (ʥʦ ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʪʦʯʥʦʩʪʴʶ), ʘ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʪʦʯʥʦʩʪʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʨʫʛʦʡ ʜʘʪʯʠʢ, ʩ ʚʳʩʦʢʦʡ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʪʦʯʥʦʩʪʴʶ, ʪʦ ʝʩʪʴ ʩ ʰʠʨʦʢʦʡ 

ʧʦʣʦʩʦʡ ʧʨʦʧʫʩʢʘʥʠʷ ʠ ʤʘʣʳʤʠ ʰʫʤʘʤʠ ʚ 

ʦʙʣʘʩʪʠ ʵʪʦʡ ʧʦʣʦʩʳ, ʭʦʪʷ, ʚʦʟʤʦʞʥʦ, ʧʨʠ ʵʪʦʤ ʠ 

ʩ ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʩʪʘʪʠʯʝʩʢʦʡ ʪʦʯʥʦʩʪʴʶ. ɿʘʜʘʯʘ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʚʫʭ ʠʣʠ ʙʦʣʝʝ ʜʘʪʯʠʢʦʚ ʜʣʷ 

ʫʧʨʘʚʣʝʥʠʷ ʝʜʠʥʩʪʚʝʥʥʦʡ ʚʝʣʠʯʠʥʦʡ ʨʘʩʩʤʦʪʨʝʥʘ 

ʚ ʨʘʙʦʪʝ [1]. ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʠʩʩʣʝʜʫʶʪʩʷ 

ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʘʢʪʠʯʝʩʢʠʭ ʧʨʦʙʣʝʤ ʧʨʠ ʨʝʰʝʥʠʠ 

ʟʘʜʘʯ ʵʪʦʛʦ ʢʣʘʩʩʘ, ʢʦʪʦʨʳʝ ʩʦʩʪʦʷʪ ʚ ʪʦʤ, ʯʪʦ 

ʜʘʞʝ ʧʨʠ ʠʜʝʘʣʴʥʳʭ ʜʘʪʯʠʢʘʭ ʫʧʨʘʚʣʝʥʠʝ 

ʩʠʩʪʝʤʳ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʝ ʧʨʦʩʪʫʶ ʟʘʜʘʯʫ. ɺ 

ʵʪʠʭ ʫʩʣʦʚʠʷʭ ʦʪʣʠʯʠʝ ʜʘʪʯʠʢʦʚ ʦʪ ʠʜʝʘʣʘ ʢʨʘʡʥʝ 

ʟʘʪʨʫʜʥʷʝʪ ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ ʩʠʩʪʝʤʳ.  

ʇʦʜʦʙʥʳʝ ʧʨʦʙʣʝʤʳ ʥʝʚʦʟʤʦʞʥʦʩʪʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʦʜʥʦʛʦ ʜʘʪʯʠʢʘ ʠ ʥʝʦʙʭʦʜʠʤʦʩʪʠ 

ʩʦʚʤʝʱʝʥʠʷ ʧʦʣʦʞʠʪʝʣʴʥʳʭ ʩʚʦʡʩʪʚ ʥʝʩʢʦʣʴʢʠʭ 

ʜʘʪʯʠʢʦʚ ʚʦʟʥʠʢʘʶʪ ʪʘʢʞʝ ʚʦ ʤʥʦʛʠʭ ʜʨʫʛʠʭ 

ʟʘʜʘʯʘʭ ʫʧʨʘʚʣʝʥʠʷ ʚ ʢʦʥʪʫʨʝ ʩ ʦʪʨʠʮʘʪʝʣʴʥʦʡ 

ʦʙʨʘʪʥʦʡ ʩʚʷʟʴʶ. ʆʩʦʙʝʥʥʦ ʪʨʫʜʥʦ ʠʭ ʨʝʰʠʪʴ ʚ 

ʪʦʤ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʜʘʞʝ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʠʜʝʘʣʴʥʦʛʦ ʜʘʪʯʠʢʘ ʫʧʨʘʚʣʝʥʠʝ ʦʙʲʝʢʪʦʤ ʥʝ 

ʷʚʣʷʝʪʩʷ ʧʨʦʩʪʦʡ ʟʘʜʘʯʝʡ ʚʩʣʝʜʩʪʚʠʝ 

ʩʧʝʮʠʬʠʯʝʢʠʭ ʩʚʦʡʩʪʚ ʝʛʦ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ 

ʤʦʜʝʣʠ. ʆʜʥʠʤ ʠʟ ʪʘʢʠʭ ʩʚʦʡʩʪʚ ʷʚʣʷʝʪʩʷ 

ʩʢʣʦʥʥʦʩʪʴ ʢ ʢʦʣʝʙʘʥʠʷʤ. ʕʪʘ ʩʢʣʦʥʥʦʩʪʴ ʤʦʞʝʪ 

ʟʘʯʘʩʪʫʶ ʧʨʠʚʝʩʪʠ ʢ ʪʦʤʫ, ʯʪʦ ʚ ʩʠʩʪʝʤʝ ʠʤʝʝʪ 

ʤʝʩʪʦ ʯʨʝʟʚʳʯʘʡʥʦ ʙʦʣʴʰʦʝ ʧʝʨʝʨʝʛʫʣʠʨʦʚʘʥʠʝ, 

ʠʣʠ ʜʘʞʝ ʦʙʨʘʪʥʦʝ ʧʝʨʝʨʝʛʫʣʠʨʦʚʘʥʠʝ, ʪʦ ʝʩʪʴ 

ʜʚʠʞʝʥʠʝ ʚ ʦʰʠʙʦʯʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʥʘ 

ʧʝʨʚʦʥʘʯʘʣʴʥʦʡ ʩʪʘʜʠʠ ʧʝʨʝʭʦʜʥʦʛʦ ʧʨʦʮʝʩʩʘ. 

ʄʝʪʦʜʳ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʨʝʛʫʣʷʪʦʨʘ ʠʩʩʣʝʜʫʶʪʩʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ.  

1. ʆʉʆɹɽʅʅʆʉʊʀ ʄʆɼɽʃʀ ʆɹʒɽʂʊɸ 

ʄʦʜʝʣʴ ʦʙʲʝʢʪʘ ʥʝ ʣʠʥʝʡʥʘ, ʥʦ ʚʙʣʠʟʠ 

ʈʝʛʫʣʷʪʦʨ 

ʆʙʲʝʢʪ 

ʉʨʝʜʩʪʚʘ ʚʦʟʜʝʡʩʪʚʠʷ 

ʥʘ ʦʙʲʝʢʪ (ʧʨʠʚʦʜ) 
ɼʚʠʞʝʥʠʷ 

ʦʙʲʝʢʪʘ 

ɺʳʭʦʜʥʦʝ ʩʦʩʪʦʷʥʠʝ 

X(t) ʦʙʲʝʢʪʘ 

ʌʦʨʤʠʨʦʚʘʪʝʣʴ ʩʠʛʥʘʣʦʚ 

ʫʧʨʘʚʣʝʥʠʷ U(t) 
ɼʘʪʯʠʢʠ ʩʦʩʪʦʷʥʠʷ ʦʙʲʝʢʪʘ 

ɺʥʝʰʥʷʷ ʩʨʝʜʘ: ʚʥʝʰʥʠʝ ʚʦʟʜʝʡʩʪʚʠʷ, ʥʘʨʫʰʘʶʱʠʝ ʨʘʚʥʦʚʝʩʠʝ H(t) 

ɿʘʜʘʥʠʝ 

V(t) 
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ʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʝʝ ʤʦʞʥʦ ʩʯʠʪʘʪʴ 

ʣʠʥʝʡʥʦʡ. ʇʝʨʝʜʘʪʦʯʥʘʷ ʬʫʥʢʮʠʷ ʦʙʲʝʢʪʘ 

ʩʦʜʝʨʞʠʪ ʟʘʧʘʟʜʳʚʘʥʠʝ ʠ ʬʠʣʴʪʨ ʚʪʦʨʦʛʦ 

ʧʦʨʷʜʢʘ. ʉʦʚʤʝʩʪʥʳʝ ʩʚʦʡʩʪʚʘ ʵʪʦʛʦ ʬʠʣʴʪʨʘ ʠ 

ʟʘʧʘʟʜʳʚʘʥʠʷ ʧʨʠʚʦʜʷʪ ʢ ʪʦʤʫ, ʯʪʦ ʦʙʲʝʢʪ 

ʦʙʣʘʜʘʝʪ ʩʢʣʦʥʥʦʩʪʴʶ ʢ ʢʦʣʝʙʘʥʠʷʤ.  

ʇʫʩʪʴ, ʥʘʧʨʠʤʝʨ, ʤʦʜʝʣʴ ʦʙʲʝʢʪʘ ʦʧʨʝʜʝʣʝʥʘ ʚ 

ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ:  

)(
1

)2.0exp(
)(

23
sU

sss

s
sX

+++

-
=

.  (5) 

ɿʜʝʩʴ ʠʩʧʦʣʴʟʦʚʘʥ ʤʘʩʰʪʘʙ ʚʨʝʤʝʥʠ 1:10, ʪʦ 

ʝʩʪʴ ʚʨʝʤʷ ʜʘʥʦ ʚ ʜʝʩʷʪʳʭ ʜʦʣʷʭ ʩʝʢʫʥʜʳ.  

ɺʦʩʧʦʣʴʟʫʝʤʩʷ ʤʝʪʦʜʦʤ ʯʠʩʣʝʥʥʦʡ 

ʦʧʪʠʤʠʟʘʮʠʠ ʜʣʷ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʇʀɼ-

ʨʝʛʫʣʷʪʦʨʘ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʠʜʝʘʣʴʥʦʛʦ ʜʘʪʯʠʢʘ 

ʚʳʭʦʜʥʦʡ ʚʝʣʠʯʠʥʳ, ʪʦ ʝʩʪʴ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ 

WS(s) = 1. ʇʝʨʝʜʘʪʦʯʥʘʷ ʬʫʥʢʮʠʷ ʇʀɼ-ʨʝʛʫʣʷʪʦʨʘ 

ʠʤʝʝʪ ʚʠʜ: 

DIPR sKsKKsW ++= /)(
.  (6) 

ɿʜʝʩʴ ʢʦʵʬʬʠʮʠʝʥʪʳ KP, KI ʠ KD ʪʨʝʙʫʝʪʩʷ 

ʦʧʨʝʜʝʣʠʪʴ ʚ ʧʨʦʮʝʜʫʨʝ ʯʠʩʣʝʥʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ. 

ʅʘ ʈʠʩ. 1 ʧʦʢʘʟʘʥʘ ʩʪʨʫʢʪʫʨʘ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʠ ʯʠʩʣʝʥʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ ʨʝʛʫʣʷʪʦʨʘ ʚ 

ʧʨʦʛʨʘʤʤʝ VisSim.  

 

 
 
ʈʠʩ. 1. ʉʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʦʧʪʠʠʟʘʮʠʠ ʨʝʛʫʣʷʪʦʨʘ ʚ ʩʠʩʪʝʤʝ ʩ ʦʙʲʝʢʪʦʤ (5) 

 
ʕʪʦʪ ʦʙʲʝʢʪ ʦʙʣʘʜʘʝʪ ʧʘʨʘʤʝʪʨʘʤʠ ʥʘ ʛʨʘʥʠ ʤʝʞʜʫ 

ʧʨʦʩʪʳʤʠ ʠ ʩʣʦʞʥʳʤʠ, ʦʧʪʠʤʠʟʘʮʠʷ ʨʝʛʫʣʷʪʦʨʘ ʜʣʷ 

ʥʝʛʦ ʜʘʝʪ ʧʦʣʦʞʠʪʝʣʴʥʳʡ ʨʝʟʫʣʴʪʘʪ, ʥʦ ʚ ʩʠʩʪʝʤʝ 

ʠʤʝʝʪ ʤʝʩʪʦ ʟʥʘʯʠʪʝʣʴʥʦʝ ʧʝʨʝʨʝʛʫʣʠʨʦʚʘʥʠʝ.ʇʨʠ 

ʵʪʦʤ ʠʩʧʦʣʴʟʫʝʪʩʷ ʮʝʣʝʚʘʷ ʬʫʥʢʮʠʷ ʜʣʷ 

ʦʧʪʠʤʠʟʘʮʠʠ ʚʠʜʘ:  

ñ=Y
T

dttet
0

|)(|

.   (7) 

ɿʜʝʩʴ T ï ʚʨʝʤʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʝʨʝʭʦʜʥʦʛʦ 

ʧʨʦʮʝʩʩʘ, t ï ʚʨʝʤʷ (ʢʘʢ ʘʨʛʫʤʝʥʪ ʧʨʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʠ), e(t) ï ʦʰʠʙʢʘ ʫʧʨʘʚʣʝʥʠʷ ʢʘʢ 

ʬʫʥʢʮʠʷ ʚʨʝʤʝʥʠ. ʅʘ ʈʠʩ. 1 ʰʠʥʳ ʩ ʦʜʠʥʘʢʦʚʳʤʠ 

ʥʘʠʤʝʥʦʚʘʥʠʷʤʠ ʩʦʝʜʠʥʝʥʳ (ʪʘʢʦʚʳ ʦʩʦʙʝʥʥʦʩʪʠ 

ʧʨʦʛʨʘʤʤʳ VisSim). ɹʣʦʢʠ ñparameterUnknownò ʠ 

ñcostò ʦʙʝʩʧʝʯʠʚʘʶʪ ʦʧʪʠʤʠʟʘʮʠʶ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʨʝʛʫʣʷʪʦʨʘ. ʇʦʣʫʯʝʥʥʳʝ ʚ ʠʪʦʛʝ 

ʦʧʪʠʤʠʟʘʮʠʠ ʢʦʵʬʬʠʮʠʝʥʪʳ ʨʘʚʥʳ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ: KP = 0,02607, KI = 0,337 ʠ 

KD = 1,016. ʇʦʣʫʯʝʥʥʳʡ ʧʝʨʝʭʦʜʥʳʡ ʧʨʦʮʝʩʩ 

ʧʦʢʘʟʘʥ ʥʘ ʈʠʩ. 2. 

ɺʠʜʥʦ, ʯʪʦ ʩʪʘʪʠʯʝʩʢʘʷ ʦʰʠʙʢʘ ʚ ʩʠʩʪʝʤʝ 

ʨʘʚʥʘ ʥʫʣʶ, ʧʦʩʢʦʣʴʢʫ ʚʳʭʦʜʥʘʷ ʚʝʣʠʯʠʥʘ 

ʩʪʨʝʤʠʪʩʷ ʢ ʟʘʜʘʥʠʶ, ʨʘʚʥʦʤʫ ʝʜʠʥʠʮʝ. ʅʦ 

ʢʘʯʝʩʪʚʦ ʩʠʩʪʝʤʳ ʥʝ ʩʣʠʰʢʦʤ ʚʳʩʦʢʦʝ, ʪʘʢ ʢʘʢ 

ʧʝʨʝʨʝʛʫʣʠʨʦʚʘʥʠʝ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 17 %, ʘ 

ʪʘʢʞʝ ʚ ʧʨʦʮʝʩʩʝ ʠʤʝʝʪʩʷ ʙʦʣʴʰʝ ʧʷʪʠ ʢʦʣʝʙʘʥʠʡ.  

ʏʪʦʙʳ ʫʙʝʜʠʪʴʩʷ, ʯʪʦ ʦʙʲʝʢʪ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʙʦʣʴʰʫʶ ʩʣʦʞʥʦʩʪʴ, ʫʚʝʣʠʯʠʤ ʚʨʝʤʷ 

ʟʘʧʘʟʜʳʚʘʥʠʷ ʚ ʧʷʪʴ ʨʘʟ. ʈʝʟʫʣʴʪʘʪ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʢʘʟʘʥ ʥʘ ʈʠʩ. 3. ɺʠʜʥʦ, ʯʪʦ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʜʚʘ ʢʦʵʬʬʠʮʠʝʥʪʘ ʨʝʛʫʣʷʪʦʨʘ 

ʩʪʘʥʦʚʷʪʩʷ ʦʪʨʠʮʘʪʝʣʴʥʳʤʠ, ʠ ʪʦʣʴʢʦ 

ʢʦʵʬʬʠʮʠʝʥʪ ʠʥʪʝʛʨʘʣʴʥʦʛʦ ʢʘʥʘʣʘ ʦʩʪʘʝʪʩʷ 

ʧʦʣʦʞʠʪʝʣʴʥʳʤ. ʇʦʣʫʯʝʥʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ 

ʨʘʚʥʳ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ: KP = -0,253, KI = 0,1541 ʠ 

KD = -0,127. ʅʘ ʧʝʨʝʭʦʜʥʦʤ ʧʨʦʮʝʩʩʝ ʚ ʵʪʦʡ 

ʩʠʩʪʝʤʝ, ʧʦʢʘʟʘʥʥʦʡ ʥʘ ʈʠʩ. 4, ʚ ʥʘʯʘʣʝ ʧʨʦʮʝʩʩʘ 

ʠʤʝʝʪ ʤʝʩʪʦ ʦʙʨʘʪʥʦʝ ʧʝʨʝʨʝʛʫʣʠʨʦʚʘʥʠʝ ʥʘ 

ʚʝʣʠʯʠʥʫ ʦʢʦʣʦ -17 %.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʠʜʥʦ, ʯʪʦ ʫʧʨʘʚʣʝʥʠʝ 

ʦʙʲʝʢʪʦʤ ʪʨʝʙʫʝʪ ʪʱʘʪʝʣʴʥʦʡ ʥʘʩʪʨʦʡʢʠ 

ʨʝʛʫʣʷʪʦʨʘ, ʧʦʩʢʦʣʴʢʫ ʧʨʠ ʥʝʙʦʣʴʰʠʭ 

ʠʟʤʝʥʝʥʠʷʭ ʧʘʨʘʤʝʪʨʦʚ ʤʦʜʝʣʠ ʜʘʞʝ ʧʨʠ 

ʦʧʪʠʤʘʣʴʥʦʤ ʨʝʛʫʣʷʪʦʨʝ ʩʠʩʪʝʤʘ ʩʢʣʦʥʥʘ ʢ 

ʦʙʨʘʪʥʦʤʫ ʧʝʨʝʨʝʛʫʣʠʨʦʚʘʥʠʶ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʦ 

ʜʣʷ ʩʠʩʪʝʤʳ, ʥʘʭʦʜʷʱʝʡʩʷ ʚʙʣʠʟʠ ʛʨʘʥʠʮʳ 

ʫʩʪʦʡʯʠʚʦʩʪʠ. ɽʩʣʠ ʚ ʪʘʢʦʡ ʩʠʩʪʝʤʝ ʨʝʛʫʣʷʪʦʨ 

ʨʘʩʩʯʠʪʘʥ ʥʝʜʦʩʪʘʪʦʯʥʦ ʧʨʘʚʠʣʴʥʦ, ʦʥʘ ʧʦʪʝʨʷʝʪ 

ʫʩʪʦʡʯʠʚʦʩʪʴ. ʊʘʢʞʝ ʦʙ ʵʪʦʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ 

ʦʪʨʠʮʘʪʝʣʴʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʧʨʦʧʦʨʮʠʦ-

ʥʘʣʴʥʦʛʦ ʠ ʜʠʬʬʝʨʝʥʮʠʨʫʶʱʝʛʦ ʢʘʥʘʣʦʚ 

ʨʝʛʫʣʷʪʦʨʘ.  
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ʈʠʩ. 2. ʇʝʨʝʭʦʜʥʳʡ ʧʨʦʮʝʩʩ, ʧʦʣʫʯʘʝʤʳʡ ʚ ʩʠʩʪʝʤʝ ʧʦ ʈʠʩ. 1 

 

 
 

ʈʠʩ. 3. ʈʝʟʫʣʴʪʘʪ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʩʣʝ ʫʚʝʣʠʯʝʥʠʷ ʟʘʧʘʟʜʳʚʘʥʠʷ ʜʦ ʚʝʣʠʯʠʥʳ 1 ʩ: ʧʦʣʫʯʝʥʳ ʜʚʘ ʦʪʨʠʮʘʪʝʣʴʥʳʭ 

ʢʦʵʬʬʠʮʠʝʥʪʘ (ʦʪʤʝʯʝʥʳ ʢʨʘʩʥʳʤʠ ʪʦʯʢʘʤʠ) 

 

 
 

ʈʠʩ. 4. ʇʝʨʝʭʦʜʥʳʡ ʧʨʦʮʝʩʩ ʚ ʩʠʩʪʝʤʝ ʧʦ ʈʠʩ. 3 ʧʨʠʦʙʨʝʪʘʝʪ ʦʙʨʘʪʥʦʝ ʧʝʨʝʨʝʛʫʣʠʨʦʚʘʥʠʝ (ʦʪʤʝʯʝʥʦ ʢʨʘʩʥʳʤ ʵʣʣʠʧʩʦʤ)  
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2. ʆʉʆɹɽʅʅʆʉʊʀ ʄʆɼɽʃɽʁ ɼɸʊʏʀʂʆɺ 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʫʛʣʘ ʦʪʢʣʦʥʝʥʠʷ 

ʙʘʣʘʥʩʠʨʫʶʱʝʛʦ ʨʦʙʦʪʘ ʦʪ ʚʝʨʪʠʢʘʣʴʥʦʡ ʣʠʥʠʠ 

ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʨʘʟʣʠʯʥʳʝ ʧʦ ʧʨʠʨʦʜʝ 

ʜʘʪʯʠʢʠ, ʥʦ ʚʩʝ ʦʥʠ ʜʘʣʝʢʠ ʦʪ ʠʜʝʘʣʘ.  

ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʫʛʣʘ 

ʦʪʢʣʦʥʝʥʠʷ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʛʠʨʦʩʢʦʧ. 

ʆʜʥʘʢʦ ʝʛʦ ʙʳʩʪʨʦʜʝʡʩʪʚʠʝ ʦʛʨʘʥʠʯʝʥʦ, ʢʨʦʤʝ 

ʪʦʛʦ, ʦʥ ʦʙʣʘʜʘʝʪ ʰʫʤʦʤ ʢʚʘʥʪʦʚʘʥʠʷ. ʅʘ ʈʠʩ. 5 

ʧʦʢʘʟʘʥ ʭʘʨʘʢʪʝʨʥʳʡ ʚʠʜ ʩʠʛʥʘʣʘ ʥʘ ʚʳʭʦʜʝ ʩ 

ʛʠʨʦʩʢʦʧʘ (ʩʠʥʷʷ ʣʠʥʠʷ), ʢʦʛʜʘ ʥʘ ʝʛʦ ʚʭʦʜʝ 

ʩʠʛʥʘʣ ʠʤʝʝʪ ʚʠʜ ʯʝʨʥʦʡ ʣʠʥʠʝʡ. ʄʦʜʝʣʴ 

ʛʠʨʦʩʢʦʧʘ ʤʦʞʝʪ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʙʳʪʴ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʧʝʨʝʜʘʪʦʯʥʦʡ ʬʫʥʢʮʠʝʡ ʚ ʚʠʜʝ 

ʬʠʣʴʪʨʘ ʩ ʧʦʩʪʦʷʥʥʦʡ ʚʨʝʤʝʥʠ 0,1 ʩ (ʪʦ ʝʩʪʴ 1 

ʝʜʠʥʠʮʘ ʚ ʚʳʙʨʘʥʥʦʤ ʤʘʩʰʪʘʙʝ ʚʨʝʤʝʥʠ) ʩ 

ʜʦʙʘʚʣʝʥʠʝʤ ʠʩʪʦʯʥʠʢʘ ʙʠʥʘʨʥʦʛʦ ʰʫʤʘ. ʇʨʠ 

ʵʪʦʤ ʟʘʜʘʥʳ ʩʣʝʜʫʶʱʠʝ ʧʘʨʘʤʝʪʨʳ ʛʝʥʝʨʘʪʦʨʘ 

ʙʠʥʘʨʥʦʛʦ ʰʫʤʘ: ʜʣʠʥʘ ʨʝʛʠʩʪʨʘ ʨʘʚʥʘ 6, 

ʘʤʧʣʠʪʫʜʘ ʨʘʚʥʘ 0,01, ʧʝʨʠʦʜ ʦʙʥʦʚʣʝʥʠʷ ʨʘʚʝʥ 

0,5. ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʰʫʤʳ ʛʠʨʦʩʢʦʧʘ ʟʘʚʝʜʦʤʦ 

ʥʝʩʢʦʣʴʢʦ ʧʨʝʫʚʝʣʠʯʝʥʳ ʜʣʷ ʧʦʚʳʰʝʥʠʷ 

ʫʚʝʨʝʥʥʦʩʪʠ ʚ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʩʠʩʪʝʤʳ ʚ 

ʨʝʘʣʴʥʦʡ ʩʠʪʫʘʮʠʠ.  

 

 
 

ʈʠʩ. 5. ɺʳʭʦʜ ʩʠʛʥʘʣʘ ʛʠʨʦʩʢʦʧʘ (ʤʦʜʝʣʴ) 

 

ʂʘʢ ʤʳ ʚʠʜʝʣʠ ʠʟ ʧʨʝʜʳʜʫʱʝʛʦ ʨʘʟʜʝʣʘ, 

ʪʨʝʙʦʚʘʥʠʷ ʢ ʜʘʪʯʠʢʘʤ ʯʨʝʟʚʳʯʘʡʥʦ ʚʳʩʦʢʠ. ɽʩʣʠ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʛʠʨʦʩʢʦʧ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ, ʚ ʩʠʛʥʘʣʝ 

ʧʨʦʠʟʚʦʜʥʦʡ ʧʨʠʩʫʪʩʪʚʫʶʪ ʯʨʝʟʤʝʨʥʦ ʙʦʣʴʰʠʝ 

ʰʫʤʳ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʟʘʤʝʪʥʳʤ ʢʦʣʝʙʘʥʠʷʤ ʚ 

ʫʩʪʘʥʦʚʠʚʰʝʤʩʷ ʩʦʩʪʦʷʥʠʠ, ʚʝʣʠʯʠʥʘ ʢʦʪʦʨʳʭ 

ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 5%. ʇʦʵʪʦʤʫ ʜʣʷ ʜʠʬʬʝʨʝʥ-

ʮʠʨʫʶʱʝʛʦ ʢʘʥʘʣʘ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʘʢʩʝʣʝʨʦʤʝʪʨ, ʢʦʪʦʨʳʡ ʜʦʩʪʫʧʝʥ ʚ ʚʠʜʝ 

ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʦʡ ʤʠʢʨʦʩʭʝʤʳ. ɺ ʤʦʜʝʣʠ 

ʘʢʩʝʣʝʨʦʤʝʪʨʘ ʩʣʝʜʫʝʪ ʧʨʝʜʫʩʤʦʪʨʝʪʴ ʜʚʘ 

ʦʪʣʠʯʠʷ ʦʪ ʠʜʝʘʣʴʥʦʛʦ ʜʘʪʯʠʢʘ: ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʡ 

ʛʘʫʩʩʦʚ ʰʫʤ ʠ ʥʠʟʢʦʯʘʩʪʦʪʥʳʡ ʜʨʝʡʬ. 

ɺʳʩʦʢʦʯʘʩʪʦʪʥʳʡ ʰʫʤ ʥʝʩʫʱʝʩʪʚʝʥʥʦ 

ʩʢʘʟʳʚʘʝʪʩʷ ʚʩʣʝʜʩʪʚʠʝ ʝʛʦ ʚʳʩʦʢʦʡ ʯʘʩʪʦʪʳ ʠ 

ʤʘʣʦʡ ʚʝʣʠʯʠʥʳ, ʵʪʦʪ ʰʫʤ ʥʝ ʜʘʝʪ ʩʤʝʱʝʥʠʷ 

ʥʫʣʷ. ʅʠʟʢʦʯʘʩʪʦʪʥʳʡ ʜʨʝʡʬ ʜʘʝʪ ʩʤʝʱʝʥʠʝ ʥʫʣʷ, 

ʥʦ ʦʥʦ ʥʝ ʜʦʣʞʥʦ ʧʨʦʷʚʣʷʪʴʩʷ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʩʠʛʥʘʣʘ ʩ ʚʳʭʦʜʘ ʵʪʦʛʦ ʜʘʪʯʠʢʘ ʜʣʷ ʬʦʨʤʠʨʦ-

ʚʘʥʠʷ ʩʠʛʥʘʣʘ ʦʰʠʙʢʠ ʚ ʜʠʬʬʝʨʝʥʮʠʨʫʶʱʝʤ 

ʪʨʘʢʪʝ. ʆʜʥʘʢʦ ʵʪʦʪ ʩʠʛʥʘʣ ʥʝʣʴʟʷ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʠʛʥʘʣʦʚ ʚ ʜʨʫʛʠʭ ʪʨʘʢʪʘʭ 

ʨʝʛʫʣʷʪʦʨʘ, ʦʩʦʙʝʥʥʦ, ʚ ʠʥʪʝʛʨʠʨʫʶʱʝʤ ʪʨʘʢʪʝ, 

ʧʦʩʢʦʣʴʢʫ ʜʨʝʡʬ ʥʫʣʷ ʩʣʠʰʢʦʤ ʚʝʣʠʢ, ʠ ʝʛʦ 

ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʧʨʠʚʝʣʦ ʙʳ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ 

ʣʠʥʝʡʥʦ ʥʘʨʘʩʪʘʶʱʝʡ ʦʰʠʙʢʠ.  

ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʨʝʡʬʘ ʘʢʩʝʣʝʨʦʤʝʪʨʘ 

ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʠʛʥʘʣ ʩ ʚʳʭʦʜʘ 

ʥʠʟʢʦʯʘʩʪʦʪʥʦʛʦ ʛʝʥʝʨʘʪʦʨʘ ʩ ʤʘʣʦʡ ʘʤʧʣʠʪʫʜʦʡ. 

ʅʘ ʈʠʩ. 6 ʧʦʢʘʟʘʥ ʚʳʭʦʜʥʦʡ ʩʠʛʥʘʣ ʘʢʩʝʣʝʨʦ-

ʤʝʪʨʘ (ʩʠʥʷʷ ʣʠʥʠʷ) ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʬʘʢʪʠʯʝʩʢʠʤ 

ʩʠʛʥʘʣʦʤ ʧʨʦʠʟʚʦʜʥʦʡ ʚʳʭʦʜʥʦʛʦ ʩʠʛʥʘʣʘ ʨʦʙʦʪʘ 

(ʢʨʘʩʥʘʷ ʣʠʥʠʷ). ʇʘʨʘʤʝʪʨʳ ʛʝʥʝʨʘʪʦʨʘ, 

ʠʤʠʪʠʨʫʶʱʝʛʦ ʜʨʝʡʬ ʘʢʩʝʣʝʨʦʤʝʪʨʘ ʪʘʢʦʚʳ: 

ʯʘʩʪʦʪʘ ʨʘʚʥʘ 0,0314 (ʪʦ ʝʩʪʴ ʧʦʣʦʚʠʥʘ ʧʝʨʠʦʜʘ 

ʵʪʦʛʦ ʩʠʛʥʘʣʘ ʨʘʚʥʘ 100 ʝʜʠʥʠʮ), ʘʤʧʣʠʪʫʜʘ ʨʘʚʥʘ 

0,1. ʄʦʞʥʦ ʙʳʣʦ ʙʳ ʧʨʝʜʣʦʞʠʪʴ ʥʠʟʢʦʯʘʩʪʦʪʥʳʡ 

ʬʠʣʴʪʨ ʜʣʷ ʫʩʪʨʘʥʝʥʠʷ ʜʨʝʡʬʘ, ʥʘʧʨʠʤʝʨ, ʪʘʢʦʡ 

ʬʠʣʴʪʨ, ʢʘʢ ʧʦʢʘʟʘʥ ʥʘ ʈʠʩ. 7. ʆʜʥʘʢʦ ʪʘʢʦʡ 

ʬʠʣʴʪʨ ʭʦʪʷ ʠ ʫʜʘʣʷʝʪ ʵʬʬʝʢʪʠʚʥʦ 

ʥʠʟʢʦʯʘʩʪʦʪʥʳʡ ʜʨʝʡʬ, ʠʩʢʘʞʘʝʪ ʪʘʢʞʝ ʠ ʚʳʩʦʢʦ-

ʯʘʩʪʦʪʥʳʡ ʩʠʛʥʘʣ, ʚʚʦʜʷ ʢʘʢ ʙʳ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ 

ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʝ. ɼʣʷ ʥʘʛʣʷʜʥʦʩʪʠ ʥʘ ʈʠʩ. 8 

ʧʦʢʘʟʘʥ ʩʠʛʥʘʣ ʥʘ ʚʳʭʦʜʝ ʵʪʦʛʦ ʬʠʣʴʪʨʘ (ʩʠʥʷʷ 

ʣʠʥʠʷ) ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʠʩʪʠʥʥʳʤ ʩʠʛʥʘʣʦʤ 

ʧʨʦʠʟʚʦʜʥʦʡ (ʢʨʘʩʥʘʷ ʣʠʥʠʷ). ʅʘ ʵʪʦʤ ʦʩʥʦʚʘʥʠʠ 

ʧʨʝʜʣʘʛʘʝʪʩʷ ʦʪʢʘʟʘʪʴʩʷ ʦʪ ʧʨʠʤʝʥʝʥʠʷ ʬʠʣʴʪʨʘ ʠ 

ʧʦʜʘʚʘʪʴ ʩʠʛʥʘʣ ʩ ʚʳʭʦʜʘ ʘʢʩʝʣʝʨʦʤʝʪʨʘ 
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ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʜʠʬʬʝʨʝʥʮʠʨʫʶʱʠʡ ʢʘʥʘʣ 

ʇʀɼ-ʨʝʛʫʣʷʪʦʨʘ. ʊʘʢʞʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʚ ʵʪʦʤ 

ʪʨʘʢʪʝ ʥʝ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʠʛʥʘʣʘ ʟʘʜʘʥʠʷ, ʪʦ ʝʩʪʴ 

ʩʠʛʥʘʣ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʧʦ ʩʢʦʨʦʩʪʠ ʙʫʜʝʪ 

ʧʦʩʪʫʧʘʪʴ ʥʘ ʦʙʲʝʢʪ, ʤʠʥʫʷ ʩʫʤʤʘʪʦʨ.  

 

 

 
 

ʈʠʩ. 6. ɺʳʭʦʜ ʜʘʪʯʠʢʘ ʘʢʩʝʣʝʨʦʤʝʪʨʘ (ʤʦʜʝʣʴ) ʩ ʧʦʤʝʭʦʡ (ʩʠʥʷʷ ʣʠʥʷʷ) ʠ ʠʩʪʠʥʥʘʷ ʩʢʦʨʦʩʪʴ ʦʙʲʝʢʪʘ (ʢʨʘʩʥʘʷ ʣʠʥʠʷ) 

 

 
ʈʠʩ. 7. ɹʝʟ ʦʢʥʘ ʥʘʩʪʨʦʡʢʠ 

 

 
 

ʈʠʩ. 8. ɺʳʭʦʜ ʬʠʣʴʪʨʦʚʘʥʥʦʛʦ ʩʠʛʥʘʣʘ ʦʪ ʘʢʩʝʣʝʨʦʤʝʪʨʘ (ʩʠʥʷʷ ʣʠʥʠʷ) ʠ ʠʩʪʠʥʥʦʝ ʫʩʢʦʨʝʥʠʝ ʦʙʲʝʢʪʘ (ʢʨʘʩʥʘʷ ʣʠʥʠʷ) 

 

3. ʇʈɽɼʃɸɻɸɽʄʓɽ ʈɽʐɽʅʀʗ ʀ ʈɽɿʋʃʔʊɸʊʓ 

ʆʩʦʙʝʥʥʦʩʪʴ ʧʨʝʜʣʘʛʘʝʤʦʛʦ ʨʝʰʝʥʠʷ ʩʦʩʪʦʠʪ 

ʚ ʪʦʤ, ʯʪʦʙʳ ʠʩʧʦʣʴʟʦʚʘʪʴ ʥʝ ʪʝ ʨʝʟʫʣʴʪʘʪʳ 

ʥʘʩʪʨʦʡʢʠ ʨʝʛʫʣʷʪʦʨʘ, ʢʦʪʦʨʳʝ ʧʦʣʫʯʝʥʳ ʧʨʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʩʠʩʪʝʤʳ ʩ ʠʜʝʘʣʴʥʳʤ ʜʘʪʯʠʢʦʤ, 

ʩʦʛʣʘʩʥʦ ʈʠʩ. 1, ʘ ʦʩʫʱʝʩʪʚʠʪʴ ʦʧʪʠʤʠʟʘʮʠʶ ʚ 

ʩʠʩʪʝʤʝ, ʛʜʝ ʫʯʪʝʥʳ ʚʩʝ ʦʩʦʙʝʥʥʦʩʪʠ ʤʦʜʝʣʝʡ 

ʦʙʦʠʭ ʜʘʪʯʠʢʦʚ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

ʨʝʢʦʤʝʥʜʘʮʠʷʤʠ, ʜʘʥʥʳʤʠ ʚ ʨʘʙʦʪʝ [2], ʧʨʠ 

ʦʧʪʠʤʠʟʘʮʠʠ ʠʩʧʦʣʴʟʫʝʤ ʫʚʝʣʠʯʝʥʥʦʝ 

ʟʘʧʘʟʜʳʚʘʥʠʝ ʚ ʤʦʜʝʣʠ ʦʙʲʝʢʪʘ, ʯʪʦʙʳ ʧʦʣʫʯʠʪʴ 

ʨʦʙʘʩʪʥʫʶ ʩʠʩʪʝʤʫ. ʊʘʢʘʷ ʩʠʩʪʝʤʘ ʙʫʜʝʪ ʦʙʣʘʜʘʪʴ 
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ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʠʤ ʟʘʧʘʩʦʤ ʫʩʪʦʡʯʠʚʦʩʪʠ, ʠ 

ʜʘʞʝ ʝʩʣʠ ʥʝʢʦʪʦʨʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʤʦʜʝʣʠ 

ʦʙʲʝʢʪʘ ʠʣʠ ʨʝʛʫʣʷʪʦʨʘ ʙʫʜʫʪ ʦʪʣʠʯʘʪʴʩʷ ʦʪ 

ʨʘʩʯʝʪʥʳʭ, ʩʠʩʪʝʤʘ ʦʩʪʘʥʝʪʩʷ ʫʩʪʦʡʯʠʚʦʡ.  

ʅʘ ʈʠʩ. 9 ʧʦʢʘʟʘʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ 

ʩʪʨʫʢʪʫʨʘ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʦʧʪʠʤʠʟʘʮʠʠ, ʘ 

ʪʘʢʞʝ ʨʝʟʫʣʴʪʘʪʳ ʦʧʪʠʤʠʟʘʮʠʠ. ʇʨʠ ʵʪʦʤ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʪʘʢʞʝ ʧʦʣʫʯʝʥʦ ʜʚʘ ʦʪʨʠʮʘʪʝʣʴʥʳʭ 

ʢʦʵʬʬʠʮʠʝʥʪʘ, ʘ ʠʤʝʥʥʦ: KP = -0,04766, 

KI = 0,173667 ʠ KD = -0,418727. ʇʦʣʫʯʝʥʥʳʡ 

ʧʝʨʝʭʦʜʥʳʡ  ʧʨʦʮʝʩʩ ʧʦʢʘʟʘʥ ʥʘ ʈʠʩ. 10.  

 

 

 
 

ʈʠʩ. 9. ʉʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʨʝʛʫʣʷʪʦʨʘ ʩ ʨʝʘʣʴʥʳʤʠ ʤʦʜʝʣʷʤʠ ʜʘʪʯʠʢʦʚ

   

 
 

ʈʠʩ. 10. ʇʝʨʝʭʦʜʥʳʡ ʧʨʦʮʝʩʩ ʚ ʩʠʩʪʝʤʝ ʧʦ ʩʪʨʫʢʪʫʨʝ, ʧʦʢʘʟʘʥʥʦʡ ʥʘ ʈʠʩ. 9 

 

ʇʨʦʜʝʤʦʥʩʪʨʠʨʫʝʤ ʨʦʙʘʩʪʥʦʩʪʴ ʧʦʣʫʯʝʥʥʦʡ 

ʩʠʩʪʝʤʳ. ɼʣʷ ʥʘʯʘʣʘ ʫʚʝʣʠʯʠʤ ʘʤʧʣʠʪʫʜʫ ʦʙʦʠʭ 

ʚʠʜʦʚ ʰʫʤʦʚ ʜʘʪʯʠʢʘ ʚ 10 ʨʘʟ. ʈʝʟʫʣʴʪʘʪ ʨʘʙʦʪʳ 

ʪʘʢʦʡ ʩʠʩʪʝʤʳ ʧʦʢʘʟʘʥ ʚ ʚʠʜʝ ʧʝʨʝʭʦʜʥʦʛʦ 

ʧʨʦʮʝʩʩʘ ʥʘ ʈʠʩ. 11 (ʩʠʥʷʷ ʣʠʥʠʷ), ʜʣʷ ʩʨʘʚʥʝʥʠʷ 

ʪʘʤ ʞʝ ʢʨʘʩʥʦʡ ʣʠʥʠʝʡ ʧʦʢʘʟʘʥ ʛʨʘʬʠʢ ʩ 

ʠʩʭʦʜʥʳʤ ʧʨʦʮʝʩʩʦʤ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʈʠʩ. 10. 

ɺʠʜʠʤ, ʯʪʦ ʚ ʩʠʩʪʝʤʝ ʚʦʟʥʠʢʘʶʪ ʢʦʣʝʙʘʥʠʷ, 

ʘʤʧʣʠʪʫʜʘ ʢʦʪʦʨʳʭ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 6 %, ʥʦ 

ʩʠʩʪʝʤʘ ʦʩʪʘʝʪʩʷ ʫʩʪʦʡʯʠʚʦʡ. ʇʝʨʝʨʝʛʫʣʠʨʦʚʘʥʠʝ 

ʚ ʩʠʩʪʝʤʝ ʥʝ ʚʦʟʨʘʩʪʘʝʪ.  
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ʈʠʩ. 11. ʇʝʨʝʭʦʜʥʳʡ ʧʨʦʮʝʩʩ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʦʙʘ ʚʠʜʘ ʰʫʤʦʚ ʫʚʝʣʠʯʝʥʳ ʧʦ ʘʤʧʣʠʪʫʜʝ ʚ 10 ʨʘʟ (ʩʠʥʷʷ ʣʠʥʠʷ), ʢʨʘʩʥʦʡ 

ʣʠʥʠʝʡ ʧʦʢʘʟʘʥ ʠʩʭʦʜʥʳʡ ʛʨʘʬʠʢ 

 

4. ɺʆɿʄʆɾʅʆʉʊʀ ʄɽʊʆɼɸ ʇʈʀ ʋʍʋɼʐɽʅʀʀ 

ɹʓʉʊʈʆɼɽʁʉʊɺʀʗ ʆɹʒɽʂʊɸ ʀ ɼɸʊʏʀʂɸ  

ɺʝʨʥʝʤ ʠʩʭʦʜʥʳʝ ʟʥʘʯʝʥʠʷ ʰʫʤʦʚ ʠ ʫʚʝʣʠʯʠʤ 

ʧʦʩʪʦʷʥʥʫʶ ʚʨʝʤʝʥʠ ʬʠʣʴʪʨʘ ʚ ʤʦʜʝʣʠ ʛʠʨʦʩʢʦʧʘ 

ʚ 10 ʨʘʟ, ʘ ʪʘʢʞʝ ʫʚʝʣʠʯʠʤ ʚ 2,5 ʨʘʟʘ (ʜʦ ʟʥʘʯʝʥʠʷ 

5) ʟʘʧʘʟʜʳʚʘʥʠʝ ʚ ʤʦʜʝʣʠ ʦʙʲʝʢʪʘ. ʆʩʫʱʝʩʪʚʠʤ 

ʧʦʚʪʦʨʥʫʶ ʦʧʪʠʤʠʟʘʮʠʶ ʨʝʛʫʣʷʪʦʨʘ. ʇʦʣʫʯʠʤ 

ʟʥʘʯʝʥʠʷ ʝʛʦ ʢʦʵʬʬʠʮʠʝʥʪʦʚ KP = -0,121, KI = 0,05 

ʠ KD = -0,315. ʈʝʟʫʣʴʪʘʪ ʨʘʙʦʪʳ ʪʘʢʦʡ ʩʠʩʪʝʤʳ 

ʧʦʢʘʟʘʥ ʚ ʚʠʜʝ ʧʝʨʝʭʦʜʥʦʛʦ ʧʨʦʮʝʩʩʘ ʥʘ ʈʠʩ. 12. 

ɺʠʜʠʤ, ʯʪʦ ʚ ʩʠʩʪʝʤʝ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʢʦʣʝʙʘʥʠʷ, 

ʘʤʧʣʠʪʫʜʘ ʢʦʪʦʨʳʭ ʩʥʘʯʘʣʘ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 5%, 

ʥʦ ʧʦʩʪʝʧʝʥʥʦ ʟʘʪʫʭʘʝʪ ʜʦ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʦʡ 

ʚʝʣʠʯʠʥʳ ʦʢʦʣʦ 1 %, ʩʠʩʪʝʤʘ ʦʩʪʘʝʪʩʷ 

ʫʩʪʦʡʯʠʚʦʡ. ʇʝʨʝʨʝʛʫʣʠʨʦʚʘʥʠʝ ʚ ʩʠʩʪʝʤʝ ʪʘʢʞʝ 

ʥʝ ʚʦʟʨʘʩʪʘʝʪ, ʭʦʪʷ ʜʣʠʪʝʣʴʥʦʩʪʴ ʧʝʨʝʭʦʜʥʦʛʦ 

ʧʨʦʮʝʩʩʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ.  

 

 
 

ʈʠʩ. 12. ʇʝʨʝʭʦʜʥʳʡ ʧʨʦʮʝʩʩ ʚ ʩʠʩʪʝʤʝ ʩ ʫʤʝʥʴʰʝʥʥʳʤ ʙʳʩʪʨʦʜʝʡʩʪʚʠʝʤ ʦʙʲʝʢʪʘ ʠ ʜʘʪʯʠʢʘ (ʛʠʨʦʩʢʦʧʘ) 

 



É  ɸɺʊʆʄɸʊʀʂɸ ʀ ʇʈʆɻʈɸʄʄʅɸʗ ʀʅɾɽʅɽʈʀʗ. 2015, 3̄ (13)  

 

25 
 

ɿɸʂʃʖʏɽʅʀɽ  

ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʧʨʦʜʦʣʞʘʝʪ ʩʝʨʠʶ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ ʤʝʪʦʜʘʤ ʨʘʩʩʯʝʪʘ ʨʝʛʫʣʷʪʦʨʦʚ ʩ 

ʧʦʤʦʱʴʶ ʯʠʩʣʝʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ [3ï10]. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʜʝʣʘʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʩʣʝʜʫʶʱʠʝ ʚʳʚʦʜʳ:  

1. ʉʦʚʤʝʱʝʥʠʝ ʜʚʫʭ ʜʘʪʯʠʢʦʚ ʤʦʞʝʪ 

ʧʦʟʚʦʣʠʪʴ ʩʦʝʜʠʥʠʪʴ ʠʭ ʜʦʩʪʦʠʥʩʪʚʘ, ʫʩʪʨʘʥʷʷ ʠʭ 

ʥʝʜʦʩʪʘʪʢʠ. ʕʪʦʪ ʚʳʚʦʜ ʤʦʞʥʦ ʨʘʩʧʨʦʩʪʨʘʥʠʪʴ ʥʘ 

ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʜʘʪʯʠʢʦʚ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʜʘʪʯʠʢʘ 

ʧʦʣʦʞʝʥʠʷ (ʪʦ ʝʩʪʴ ʜʘʪʯʠʢʘ ʚʳʭʦʜʥʦʡ ʚʝʣʠʯʠʥʳ ʩ 

ʤʘʣʦʡ ʜʠʥʘʤʠʯʝʩʢʦʡ ʦʰʠʙʢʦʡ) ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʜʘʪʯʠʢ ʫʩʢʦʨʝʥʠʷ. ʀʥʪʝʛʨʠʨʦʚʘʥʠʝ ʫʩʢʦʨʝʥʠʷ 

ʜʘʝʪ ʩʢʦʨʦʩʪʴ. ʇʦʵʪʦʤʫ ʭʦʪʷ ʚ ʩʠʩʪʝʤʝ ʥʝʪ 

ʜʘʪʯʠʢʘ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʵʪʦʡ ʚʝʣʠʯʠʥʳ, ʤʦʞʥʦ 

ʫʩʣʦʚʥʦ ʩʯʠʪʘʪʴ, ʯʪʦ ʠʤʝʝʪʩʷ ʜʘʪʯʠʢ ʩʢʦʨʦʩʪʠ, 

ʢʘʢ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʩʦʝʜʠʥʝʥʠʝ ʜʘʪʯʠʢʘ 

ʫʩʢʦʨʝʥʠʷ ʠ ʠʥʪʝʛʨʘʪʦʨʘ. ɼʨʫʛʦʡ ʩʧʦʩʦʙ 

ʚʳʯʠʩʣʝʥʠʷ ʩʢʦʨʦʩʪʠ ʯʝʨʝʟ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʝ 

ʩʠʛʥʘʣʘ ʩ ʚʳʭʦʜʘ ʜʘʪʯʠʢʘ ʧʦʣʦʞʝʥʠʷ ʤʝʥʝʝ 

ʧʨʠʚʣʝʢʘʪʘʣʝʥ, ʧʦʩʢʦʣʴʢʫ ʧʨʠ 

ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʝ ʰʫʤʳ 

ʚʦʟʨʘʩʪʘʶʪ, ʪʦʛʜʘ ʢʘʢ ʧʨʠ ʠʥʪʝʛʨʠʨʦʚʘʥʠʠ ʦʥʠ 

ʫʤʝʥʴʰʘʶʪʩʷ.   

2. ɼʘʪʯʠʢ ʩʢʦʨʦʩʪʠ, ʩʦʩʪʦʷʱʠʡ ʠʟ ʜʘʪʯʠʢʘ 

ʫʩʢʦʨʝʥʠʷ ʠ ʠʥʪʝʛʨʘʪʦʨʘ, ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʟʘʤʳʢʘʪʴ 

ʩ ʨʝʛʫʣʷʪʦʨʦʤ ʥʘʧʨʷʤʫʶ, ʤʠʥʫʷ ʚʳʯʠʪʘʶʱʝʝ 

ʫʩʪʨʦʡʩʪʚʦ, ʚʳʯʠʩʣʷʶʱʝʝ ʦʰʠʙʢʫ ʫʧʨʘʚʣʝʥʠʷ. 

ʈʘʥʝʝ ʚ ʣʠʪʝʨʘʪʫʪʝ ʪʘʢʦʡ ʧʦʜʭʦʜ ʥʝ ʚʩʪʨʝʯʘʣʩʷ.  

3. ʈʘʩʯʝʪ ʨʝʛʫʣʷʪʦʨʘ ʩʣʝʜʫʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʩ 

ʫʯʝʪʦʤ ʚʩʝʭ ʦʪʣʠʯʠʡ ʜʘʪʯʠʢʦʚ ʦʪ ʠʭ ʠʜʝʘʣʴʥʦʡ 

ʤʦʜʝʣʠ, ʢʨʦʤʝ ʪʦʛʦ, ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʚʚʝʩʪʠ 

ʠʩʢʫʩʩʪʚʝʥʥʦʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ 

ʟʘʧʘʟʜʳʚʘʥʠʝ ʚ ʦʙʲʝʢʪʝ, ʯʪʦ ʧʦʟʚʦʣʠʪ ʦʙʝʩʧʝʯʠʪʴ 

ʨʦʙʘʩʪʥʳʝ ʩʚʦʡʩʪʚʘ ʩʠʩʪʝʤʳ.  

4. ʇʨʠʚʝʜʝʥʥʳʡ ʧʨʠʤʝʨ ʧʦʢʘʟʘʣ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʜʣʦʞʝʥʥʳʭ ʨʝʰʝʥʠʡ.  

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ 

ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʤ ʨʦʙʦʪʝ.   

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ 

ʄʠʥʦʙʨʥʘʫʢʠ ʈʦʩʩʠʠ ʧʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʤʫ 

ʟʘʜʘʥʠʶ ˉ2014/138, ʪʝʤʘ ʧʨʦʝʢʪʘ çʅʦʚʳʝ 

ʩʪʨʫʢʪʫʨʳ, ʤʦʜʝʣʠ ʠ ʘʣʛʦʨʠʪʤʳ ʜʣʷ ʧʨʦʨʳʚʥʳʭ 

ʤʝʪʦʜʦʚ ʫʧʨʘʚʣʝʥʠʷ ʪʝʭʥʠʯʝʩʢʠʤʠ ʩʠʩʪʝʤʘʤʠ ʥʘ 

ʦʩʥʦʚʝ ʥʘʫʢʦʝʤʢʠʭ ʨʝʟʫʣʴʪʘʪʦʚ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʦʡ 

ʜʝʷʪʝʣʴʥʦʩʪʠè, ʧʨʦʝʢʪ ˉ 471. 
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Control of Object with Feedback Loop 

Using Imperfect Position and 

Acceleration Sensors  

Vadim Zhmud, Vladimir Semibalamut, Oleg 

Yadrishnikov, Vitaly Trubin 

Abstract. The paper discusses the problem of 

balancing robot control loop with negative feedback. 

The controller (regulator) can be calculated by 

numerical optimization. Sensors of the controlled 

value are imperfect. Orientation angle sensor 

(gyroscope) has a limited speed, as well as binary 

quantization noise. An acceleration sensor 

(accelerometer) has the average drift value and 

Gaussian noise. None of these sensors is not 

sufficient to stabilize balancing of the robot 

effectively, but using of them both in a single control 

loop can achieve the required accuracy of control in 

static and dynamic. Method of sharing the two 

sensors to determine more accurately the single 

value, previously developed in theory, has been 

tested with simulation. Furthermore, the results are 

confirmed with their practical use with good effect. 

Key words: automation, control, transient process, 

stability, quality of control, closed-loop system, the 

accuracy of the sensors, balancing robot, gyroscope, 

accelerometer 
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ʉʦʜʝʨʞʘʥʠʝ ʨʘʟʜʝʣʘ: 

 
ü ɺ.ʀ. ɻʫʞʦʚ, ʉ.ʇ. ʀʣʴʠʥʳʭ, ʇ.ʉ. ʈʳʞʦʚ. ʈʝʘʣʠʟʘʮʠʷ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ 
ʜʣʷ ʮʠʬʨʦʚʦʡ ʛʦʣʦʛʨʘʬʠʠ ʚ ʩʨʝʜʝ CUDA.  ʌɻɹʆʋ ɺʆ ʅɻʊʋ (ʅʦʚʦʩʠʙʠʨʩʢ, 

ʈʦʩʩʠʷ). ɸʚʪʦʤʘʪʠʢʘ ʠ ʧʨʦʛʨʘʤʤʥʘʷ ʠʥʞʝʥʝʨʠʷ. 2015. ˉ 3 (13). ʉ. 29ï40.  
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ʈʝʘʣʠʟʘʮʠʷ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʜʣʷ 

ʮʠʬʨʦʚʦʡ ʛʦʣʦʛʨʘʬʠʠ ʚ ʩʨʝʜʝ CUDA 
 

ɺ.ʀ. ɻʫʞʦʚ, ʉ.ʇ. ʀʣʴʠʥʳʭ, ʇ.ʉ. ʈʳʞʦʚ 

ʅɻʊʋ, ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ 

 

ɸʥʥʦʪʘʮʠʷ: ʚ ʩʪʘʪʴʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ 

ʨʘʟʨʘʙʦʪʢʘ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʜʣʷ 

ʮʠʬʨʦʚʦʡ ʛʦʣʦʛʨʘʬʠʠ ʚ ʩʨʝʜʝ CUDA 

ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʦʛʦ ʧʦ ʢʨʠʪʝʨʠʶ ʚʨʝʤʝʥʠ 

ʚʳʧʦʣʥʝʥʠʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʮʠʬʨʦʚʘʷ 

ʛʦʣʦʛʨʘʬʠʯʝʩʢʘʷ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʷ, GPGPU, 

CUDA, ʧʘʨʘʣʣʝʣʠʟʘʮʠʷ ʘʣʛʦʨʠʪʤʘ ʮʠʬʨʦʚʦʡ 

ʛʦʣʦʛʨʘʬʠʯʝʩʢʦʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ, 

ʜʠʩʢʨʝʪʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʌʨʝʥʝʣʷ, 

ʧʦʜʘʚʣʝʥʠʝ ʧʦʩʪʦʷʥʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ, 

ʫʜʘʣʝʥʠʝ ʩʧʝʢʣ-ʰʫʤʦʚ. 

 

ɺɺɽɼɽʅʀɽ 

 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ 

ʛʨʘʬʠʯʝʩʢʦʛʦ ʧʨʦʬʝʩʩʦʨʘ (ɻʇ, ʘʥʛʣ. graphics 

processing unit, GPU) ʩ ʧʨʦʛʨʘʤʤʥʦ-ʘʧʧʘʨʘʪʥʦʡ 

ʘʨʭʠʪʝʢʪʫʨʦʡ ʧʘʨʘʣʣʝʣʴʥʳʭ ʚʳʯʠʩʣʝʥʠʡ CUDA 

(ʘʥʛʣ. Compute Unified Device Architecture), ʜʣʷ 

ʥʘʫʯʥʳʭ ʚʳʯʠʩʣʝʥʠʡ ʚ ʩʬʝʨʝ ʮʠʬʨʦʚʦʡ 

ʛʦʣʦʛʨʘʬʠʯʝʩʢʦʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ (ʎɻʀ), 

ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʫʚʝʣʠʯʠʪʴ 

ʚʳʯʠʩʣʠʪʝʣʴʥʫʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ [1, 4], 

ʙʣʘʛʦʜʘʨʷ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʛʨʘʬʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʨʦʚ ʬʠʨʤʳ NVidia. ɼʣʷ ʵʪʦʛʦ ʙʳʣʠ 

ʨʝʰʝʥʳ ʟʘʜʘʯʠ ʦʧʪʠʤʠʟʘʮʠʠ ʪʘʢʠʭ ʵʪʘʧʦʚ ʎɻʀ, 

ʢʘʢ ʜʠʩʢʨʝʪʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʌʨʝʥʝʣʷ, 

ʧʦʜʘʚʣʝʥʠʝ ʧʦʩʪʦʷʥʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʠ ʫʜʘʣʝʥʠʝ 

ʜʝʡʩʪʚʠʪʝʣʥɹʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ, ʫʩʪʨʘʥʝʥʠʝ 

ʬʘʟʦʚʦʡ ʥʝʦʜʥʦʟʥʘʯʥʦʩʪʠ, ʫʩʪʨʘʥʝʥʠʝ ʩʧʝʢʣ-

ʰʫʤʦʚ ʠ ʜʨʫʛʠʝ ʵʪʘʧʳ. ʈʝʘʣʠʟʘʮʠʷ ʵʪʘʧʦʚ 

ʘʣʛʦʨʠʪʤʘ ʦʩʫʱʝʩʪʚʣʝʥʘ ʜʣʷ ʛʨʘʬʠʯʝʩʢʠʭ ʢʘʨʪ 

ʦʜʥʦʛʦ ʠʟ ʧʦʩʣʝʜʥʠʭ ʧʦʢʦʣʝʥʠʡ GeForce 700 

Series, ʘ ʪʘʢʞʝ Quadro K4000, ʢʦʪʦʨʳʝ 

ʦʧʪʠʤʠʟʠʨʦʚʘʥʳ ʜʣʷ ʚʳʧʦʣʥʝʥʠʷ ʦʧʝʨʘʮʠʡ ʩ 

ʚʝʝɦʩʪʚʝʥʥʳʤʠ ʯʠʩʣʘʤʠ ʦʜʠʥʘʨʥʦʡ ʪʦʯʥʦʩʪʠ. 

ʈʝʟʫʣʴʪʘʪʦʤ ʧʘʨʘʣʣʝʣʠʟʘʮʠʠ ʧʨʦʛʨʘʤʤʥʦʛʦ 

ʦʙʝʩʧʝʯʝʥʠʷ (ʇʆ) ʷʚʣʷʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʝ (ʚ 1,5-15 

ʨʘʟ) ʫʤʝʥʴʰʝʥʠʝ ʚʨʝʤʝʥʠ ʚʳʧʦʣʥʝʥʠʷ ʰʘʛʦʚ 

ʘʣʛʦʨʠʪʤʘ.  

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʨʝʜʦʩʪʘʚʣʷʶʪ 

ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʘʣʛʦʨʠʪʤʘ ʜʣʷ 

ʮʠʬʨʦʚʦʡ ʛʦʣʦʛʨʘʬʠʯʝʩʢʦʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ 

ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ. 

 

ʇʆʉʊɸʅʆɺʂɸ ɿɸɼɸʏʀ 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʦʙʟʦʨʘ ʠ ʘʥʘʣʠʟʘ 

ʩʫʱʝʩʪʚʫʶʱʠʭ ʤʝʪʦʜʦʚ ʛʦʣʦʛʨʘʬʠʯʝʩʢʦʡ 

ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ [17-29] ʙʳʣʦ ʚʳʷʩʥʝʥʦ, ʯʪʦ 

ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦ ʜʘʥʥʘʷ ʟʘʜʘʯʘ ʤʦʞʝʪ ʙʳʪʴ 

ʨʝʰʝʥʘ ʧʨʠ ʧʦʤʦʱʠ CUDA-ʧʘʨʘʣʣʝʣʠʟʘʮʠʠ 

ʤʝʪʦʜʘ ʮʠʬʨʦʚʦʡ ʛʦʣʦʛʨʘʬʠʯʝʩʢʦʡ ʠʥʪʝʨʬʝʨʦ-

ʤʝʪʨʠʠ, ʠʩʧʦʣʴʟʫʶʱʝʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʌʨʝʥʝʣʷ.  

ʇʦʩʣʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʦʟʤʦʞʥʦʩʪʝʡ CUDA 

Toolkit 7.0, ʘ ʪʘʢʞʝ ʘʧʧʘʨʘʪʥʦʡ ʘʨʭʠʪʝʢʪʫʨʳ 

CUDA ʜʣʷ ʧʘʨʘʣʣʝʣʠʟʘʮʠʠ ʵʪʘʧʦʚ ʘʣʛʦʨʠʪʤʘ 

ʙʳʣʦ ʨʝʰʝʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʪʘʢʠʝ ʤʦʜʫʣʠ CUDA 

Toolkit, ʢʘʢ cuFFT ʜʣʷ ʚʳʧʦʣʥʝʥʠʷ ʜʠʩʢʨʝʪʥʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝ, cuBLAS ʜʣʷ ʚʳʧʦʣʥʝʥʠʷ 

ʦʩʥʦʚʥʳʭ ʦʧʝʨʘʮʠʡ ʣʠʥʝʡʥʦʡ ʘʣʛʝʙʨʳ. ʊʘʢʞʝ 

ʠʩʧʦʣʴʟʫʶʪʩʷ CUDA ʷʜʨʘ, ʪ.ʝ. ʩʘʤʦʧʠʩʥʳʝ 

ʬʫʥʢʮʠʠ, ʢʦʪʦʨʳʝ ʚʳʧʦʣʥʷʶʪʩʷ ʧʘʨʘʣʣʝʣʴʥʦ ʥʘ 

ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʘʭ CUDA. ʕʪʘʧʳ 

ʮʠʬʨʦʚʦʡ ʛʦʣʦʛʨʘʬʠʯʝʩʢʦʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ ʠ 

ʩʧʦʩʦʙ ʠʭ ʨʝʘʣʠʟʘʮʠʠ ʚ ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʤ 

ʧʨʦʛʨʘʤʤʥʦʤ ʦʙʝʩʧʝʯʝʥʠʠ (ʇʆ) ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ 

ʈʠʩ. 1.  

 

 

ʈʠʩ.1. ʕʪʘʧʳ ʮʠʬʨʦʚʦʡ ʛʦʣʦʛʨʘʬʠʯʝʩʢʦʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ ʠ ʠʭ ʨʝʘʣʠʟʘʮʠʠ 
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ɸʣʛʦʨʠʪʤ ʮʠʬʨʦʚʦʡ ʛʦʣʦʛʨʘʬʠʯʝʩʢʦʡ 

ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ ʜʝʪʘʣʴʥʦ ʨʘʩʩʤʦʪʨʝʥ ʚ 

ʩʣʝʜʫʶʱʝʤ ʨʘʟʜʝʣʝ. 

 

ʆʇʀʉɸʅʀɽ ʇʈɽɼʄɽʊʅʆʁ ʆɹʃɸʉʊʀ 

 

ʄʝʪʦʜ ʮʠʬʨʦʚʦʡ ʛʦʣʦʛʨʘʬʠʯʝʩʢʦʡ 

ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ ʙʘʟʠʨʫʝʪʩʷ ʥʘ ʠʟʤʝʨʝʥʠʠ 

ʨʘʟʣʠʯʠʡ ʦʧʪʠʯʝʩʢʠʭ ʨʘʟʥʦʩʪʝʡ ʭʦʜʘ ʩʚʝʪʘ (ʨʠʩ.2), 

ʚʳʟʳʚʘʝʤʳʭ ʠʟʤʝʥʝʥʠʝʤ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʧʨʝʣʦʤʣʝʥʠʷ ʚ ʧʨʦʟʨʘʯʥʳʭ ʩʨʝʜʘʭ ʠʣʠ 

ʜʝʬʦʨʤʘʮʠʝʡ ʪʚʸʨʜʳʭ ʪʝʣ [3]. ʆʩʥʦʚʦʡ ʤʝʪʦʜʘ 

ʷʚʣʷʝʪʩʷ ʠʥʪʝʨʬʝʨʝʥʮʠʷ ʜʚʫʭ ʩʚʝʪʦʚʳʭ ʧʦʣʝʡ, 

ʷʚʣʷʶʱʠʭʩʷ ʜʚʫʤʷ ʨʘʟʥʳʤʠ ʩʦʩʪʦʷʥʠʤ̫ʠ ʦʙʲʝʢʪʘ 

(ʜʦ ʠ ʧʦʩʣʝ ʜʝʬʦʨʤʘʮʠʠ). ʅʘʛʣʷʜʥʳʤ ʧʨʠʤʝʨʦʤ 

ʎɻʀ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʵʪʘʧʦʚ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʥʘ ʨʠʩʫʥʢʘʭ 2 ʠ 3, ʛʜʝ ʠʩʭʦʜʥʳʡ 

ʦʙʲʝʢʪ ï ʧʣʘʩʪʠʥʢʘ ʩ ʥʘʥʝʩʸʥʥʦʡ ʨʝʰʝʪʯʘʪʦʡ 

ʪʝʢʩʪʫʨʦʡ. ʈʝʛʠʩʪʨʘʮʠʷ ʮʠʬʨʦʚʳʭ ʛʦʣʦʛʨʘʤʤ 

ʠʩʭʦʜʥʦʛʦ ʠ ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʪʝʣ 

ʦʩʫɦ ʝʩʪʚʣʷʝʪʩʷ ʧʨʠ ʧʦʤʦʱʠ ʩʧʝʮʠʘʣʴʥʦʡ 

ʛʦʣʦʛʨʘʬʠʯʝʩʢʦʡ ʫʩʪʘʥʦʚʢʠ. ɻʦʣʦʛʨʘʤʤʳ, 

ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʝ ʜʦ ʠ ʧʦʩʣʝ ʜʝʬʦʨʤʘʮʠʠ 

ʧʣʘʩʪʠʥʳ, ʷʚʣʷʶʪʩʷ ʠʩʭʦʜʥʳʤʠ ʜʘʥʥʳʤʠ ʜʣʷ 

ʜʘʣʴʥʝʡʰʝʡ ʮʠʬʨʦʚʦʡ ʛʦʣʦʛʨʘʬʠʯʝʩʢʦʡ 

ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ (ʨʠʩ. 3). 
 

 
 

ʈʠʩ.2 ï ʉʭʝʤʘ ʛʦʣʦʛʨʘʬʠʯʝʩʢʦʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ 

[3]. 
 

ʅʘ ʨʠʩʫʥʢʝ 2 ʬʦʨʤʘ ʦʙʲʝʢʪʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʦ 

ʜʝʬʦʨʤʘʮʠʠ ʦʙʦʟʥʘʯʝʥʘ 
1P, ʧʦʩʣʝ ʜʝʬʦʨʤʘʮʠʠ ï

2P. ʇʨʠ ʵʪʦʤ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʪʦʯʢʝ ʧʨʦʠʟʦʰʣʦ 

ʩʤʝʱʝʥʠʝ ʥʘ ʚʝʣʠʯʠʥʫ d. ʀʟ ʛʦʣʦʛʨʘʤʤʳ 

ʚʦʩʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʦʙʲʝʢʪ ʧʨʠ ʧʦʤʦʱʠ ʩʚʝʪʘ, 

ʠʩʧʫʩʢʘʝʤʦʛʦ ʠʟ ʪʦʯʢʠA, ʘ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʠʟ 

ʪʦʯʢʠ B. ʆʧʪʠʯʝʩʢʘʷ ʨʘʟʥʦʩʪʴ ʭʦʜʘ ʣʫʯʝʡ d 

ʤʦʞʝʪ ʙʳʪʴ ʚʯrʠʩʣʝʥʘ ʢʘʢ 
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ʛʜʝ 
1 2 1 2,  ,  , a a b bï ʨʘʩʩʪʦʷʥʠʷ, ʦʙʦʟʥʘʯʝʥʥʳʝ ʥʘ 

ʈʠʩ. 2. 

 
 

ʈʠʩ.3 ï ʈʝʛʠʩʪʨʘʮʠʷ ʛʦʣʦʛʨʘʤʤ. 

 

ɺ ʮʠʬʨʦʚʦʡ ʛʦʣʦʛʨʘʬʠʯʝʩʢʦʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ 

ʩʪʨʦʠʪʩʷ ʮʠʬʨʦʚʘʷ ʛʦʣʦʛʨʘʤʤʘ ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ 

ʩʦʩʪʦʷʥʠʡ ʦʙʲʝʢʪʘ, ʚʳʧʦʣʥʷʝʪʩʷ ʧʦʩʪʨʦʝʥʠʝ ʧʦʣʷ 

ʨʘʟʥʠʮʳ ʬʘʟ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʝ ʩʤʝʱʝʥʠʝ 

ʠʩʭʦʜʥʦʛʦ ʦʙʲʝʢʪʘ (ʨʠʩ. 4). 

 

ʇʨʝʦʙʨʘʟʦʚʘʥʠʝ ʌʨʝʥʝʣʷ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʩʣʝʜʫʶɦ ʠʤ ʦʙʨʘʟʦʤ: 
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(3) 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʚʳʧʦʣʥʠʪʴ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʌʨʝʥʝʣʷ ʬʫʥʢʮʠʠ ( )E x , ʝʸ 

ʥʝʦʙʭʦʜʠʤʦ ʫʤʥʦʞʠʪʴ ʥʘ 
2jxe- , ʚʳʧʦʣʥʠʪʴ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʌʫʨʴʝ ʠ ʧʦʣʫʯʝʥʥʳʡ ʌʫʨʴʝ-ʦʙʨʘʟ 

( )F mʫʤʥʦʞʠʪʴ ʥʘ 

2
2

2
j

e

pmå õ
-æ ö
ç ÷. 



É  ɸɺʊʆʄɸʊʀʂɸ ʀ ʇʈʆɻʈɸʄʄʅɸʗ ʀʅɾɽʅɽʈʀʗ. 2015, 3̄ (13)  

 

 

31 

 
 

ʈʠʩ. 4 - ʕʪʘʧʳ ʮʠʬʨʦʚʦʡ ʛʦʣʦʛʨʘʬʠʯʝʩʢʦʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ. 

 

ɺ ʠʜʝʘʣʴʥʦʤ ʩʣʫʯʘʝ ʚʦ ʚʥʝʦʩʝʚʦʡ ʛʦʣʦʛʨʘʬʠʠ 

ʚʩʝ ʩʦʩʪʘʚʣʷʶʱʠʝ ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ 

ʦʢʘʟʳʚʘʶʪʩʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ ʦʪʜʝʣʝʥʳ ʜʨʫʛ ʦʪ 

ʜʨʫʛʘ, ʠ ʜʦʩʪʘʪʦʯʥʦ ʧʨʦʩʪʦ ʚʳʙʨʘʪʴ ʪʦʣʴʢʦ ʥʫʞʥʫʶ 

ʯʘʩʪʴ ʜʣʷ ʜʘʣʴʥʝʡʰʝʡ ʨʘʙʦʪʳ. ʅʘ ʧʨʘʢʪʠʢʝ ʧʨʠ 

ʤʘʣʳʭ ʫʛʣʘʭ ʦʪʢʣʦʥʝʥʠʷ ʦʧʦʨʥʦʛʦ ʧʫʯʢʘ 

ʠʟʦʙʨʘʞʝʥʠʷ, ʥʘʭʦʜʷʱʠʝʩʷ ʚ ʨʘʟʥʳʭ 

ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʧʦʨʷʜʢʘʭ, ʯʘʩʪʠʯʥʦ 

ʧʝʨʝʢʨʳʚʘʶʪʩʷ. ʇʨʠ ʵʪʦʤ ʝʩʣʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʝ 

ʠʟʦʙʨʘʞʝʥʠʝ ʨʘʩʬʦʢʫʩʠʨʦʚʘʥʦ, ʪʦ ʧʨʠ ʥʘʣʦʞʝʥʠʠ 

ʥʘ ʤʥʠʤʦʝ ʦʥʦ ʙʫʜʝʪ ʦʙʨʘʟʦʚʳʚʘʪʴ ʟʘh ʫʤʣʝʥʠʝ, 

ʢʦʪʦʨʦʝ ʤʦʞʥʦ ʧʦʜʘʚʠʪʴ ʚʤʝʩʪʝ ʩ ʧʦʩʪʦʷʥʥʦʡ 

ʩʦʩʪʘʚʣʷʶʱʝʡ. ʇʦʵʪʦʤʫ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʘʣʳʭ 

ʫʛʣʦʚ ʦʪʢʣʦʥʝʥʠʷ ʦʧʦʨʥʦʛʦ ʧʫʯʢʘ ʚʘʞʥʦ, ʯʪʦʙʳ 

ʦʜʥʦ ʠʟ ʠʟʦʙʨʘʞʝʥʠʡ ʚ 1 ʠʣʠ -1 ʧʦʨʷʜʢʘʭ 

ʜʠʬʨʘʢʮʠʠ ʙʳʣʦ ʨʘʩʬʦʢʫʩʠʨʦʚʘʥʦ. 

ɽʩʣʠ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʷʨʢʦʩʪʴ ʯʘʩʪʝʡ ʠʟʦʙʨʘʞʝʥʠʷ 

ʚ ʨʘʟʥʳʭ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʧʦʨʷʜʢʘʭ, ʪʦ ʷʨʢʦʩʪʴ 

ʧʦʩʪʦʷʥʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʙʫʜʝʪ ʥʘ ʧʦʨʷʜʦʢ ʚʳʰʝ 

ʦʩʪʘʣʴʥʳʭ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʨʠ ʮʠʬʨʦʚʦʤ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʠ ʚ ʧʨʦʮʝʩʩʝ ʥʦʨʤʘʣʠʟʘʮʠʠ ʟʥʘʯʝʥʠʡ 

ʙʦʣhɹʘʷ ʯʘʩʪʴ ʜʠʘʧʘʟʦʥʘ ʙʫʜʝʪ ʧʨʠʭʦʜʠʪʴʩʷ ʥʘ 

ʧʦʩʪʦ̫ ʥʥʫʶ ʩʦʩʪʘʚʣʷʶʱʫʶ, ʯʪʦ ʥʝ ʦʙʝʩʧʝʯʠʪ 

ʥʝʦʙʭʦʜʠʤʦʛʦ ʢʦʥʪʨʘʩʪʘ ʜʣʷ ʚʳʜʝʣʝʥʠʷ ʦʩʪʘʣʴʥʳʭ 

ʩʦʩʪʘʚʣʷʶʱʠʭ. ɺʠʟʫʘʣʴʥʦ ʧʦʩʪʦʷʥʥʘʷ 

ʩʦʩʪʘʚʣʷʶʱʘʷ ʚʛrʣʷʜʠʪ ʢʘʢ ʷʨʢʠʡ ʧʨʷʤʦʫʛʦʣʴʥʠʢ ʚ 

ʮʝʥʪʨʝ ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʥʘ ʨʠʩʫʥʢʝ 5. 

ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʧʦʩʪʦʷʥʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʚ 

ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ ʩʦʛʣʘʩʥʦ [16] ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʩʣʝʜʫʶʱʠʤ ʩʦʦʪʥʦʰʝʥʠʝʤ 
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ʛʜʝ N ï ʨʘʟʤʝʨ ʛʦʣʦʛʨʘʤʤʳ ʚ ʧʠʢʩʝʣʘʭ. ɼʣʷ ʪʦʛʦ 

ʯʪʦʙʳ ʫʜʘʣʠʪʴ ʧʦʩʪʦʷʥʥʫʶ ʩʦʩʪʘʚʣʷʶʱʫʶ ʘʚʪʦʨʳ 

ʧʨʝʜʣʘʛʘʶʪ ʦʪʬʠʣʴʪʨʦʚʘʪʴ ʛʦʣʦʛʨʘʤʤʫ ʬʠʣʴʪʨʦʤ 

ʯʘʩʪʦʪ, ʵʢʚʠʚʘʣʝʥʪʥʳʤ ʩʨʝʜʥʝʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʛʦʣʦʛʨʘʤʤʳ. ɿʘʯʘʩʪʫʶ ʵʪʦ ʦʟʥʘʯʘʝʪ ʧʦʣʫʯʝʥʠʝ 

ʧʠʣʦʦʙʨʘʟʥʳʭ ʬʫʥʢʮʠʡ ʬʘʟʳ ʧʨʠ ʛʦʣʦʛʨʘʬʠʯʝʩʢʦʤ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʠ 

 

 
 

ʈʠʩ.5 ï ʇʦʩʪʦʷʥʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ [3]. 
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ʇʨʦʙʣʝʤʦʡ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ 

ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʪʘʢʞʝ ʪʝʨʷʝʪ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ. ʂ ʜʦʩʪʦʠʥʩʪʚʘʤ ʵʪʦʛʦ ʤʝʪʦʜʘ 

ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʝʛʦ ʚʳʯʠʩʣʠʪʝʣʴʥʫʶ ʧʨʦʩʪʦʪʫ. 

ʌʘʟʳ, ʢʨʘʪʥʳʝ 2p , ʧʨʠ ʚʳʯʠʩʣʝʥʠʠ ʧʦʣʷ ʬʘʟ 

ʧʦ ʮʠʬʨʦʚʳʤ ʛʦʣʦʛʨʘʤʤʘʤ ʙʫʜʫʪ ʥʝʦʪʣʠʯʠʤʳ ʜʨʫʛ 

ʦʪ ʜʨʫʛʘ, ʜʘʥʥʦʝ ʷʚʣʝʥʠʝ ʥʘʟʳʚʘʝʪʩʷ ʬʘʟʦʚʦʡ 

ʥʝʦʜʥʦʟʥʘʯʥʦʩʪʴʶ. ɸʣʛʦʨʠʪʤʳ ʫʩʪʨʘʥʝʥʠʷ ʬʘʟʦʚʦʡ 

ʥʝʦʜʥʦʟʥʘʯʥʦʩʪʠ ʥʘʟʳʚʘʶʪ ʘʣʛʦʨʠʪʤʘʤʠ 

ʨʘʟʚʸʨʪʳʚʘʥʠʷ ʬʘʟʳ. ʅʘ ʧʨʘʢʪʠʢʝ ʵʪʦ ʦʟʥʘʯʘʝʪ 

ʧʦʣʫʯʝʥʠʝ ʧʠʣʦʦʙʨʘʟʥʳʭ ʬʫʥʢʮʠʡ ʬʘʟʳ ʧʨʠ 

ʛʦʣʦʛʨʘʬʠʯʝʩʢʦʤ ʚʦʩʩʪʘʥʦʚʣʝʥʠʠ (ʨʠʩ. 6). 
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ʈʠʩ.6 - ʇʦʣʥʘʷ ʬʘʟʘ (ʩʚʝʨʭʫ) ʠ ʚʦʩʩʪʘʥʦʚʣʝʥʥʘʷ 

ʬʘʟʘ (ʩʥʠʟʫ). 

 

ʉʫʱʝʩʪʚʫʝʪ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʘʣʛʦʨʠʪʤʦʚ ʠ 

ʠʭ ʤʦʜʠʬʠʢʘʮʠʡ ʜʣʷ ʨʘʟʚʸʨʪʳʚʘʥʠʷ ʬʘʟʳ [3]. 

ʄʥʦʛʠʝ ʠʟ ʥʠʭ ʬʦʨʤʠʨʫʶʪ ʪʘʢ ʥʘʟʳʚʘʝʤʫʶ 

ʧʦʨʦʛʦʚʫʶ ʬʫʥʢʮʠʶ, ʢʦʪʦʨʘʷ ʧʦʢʘʟʳʚʘʝʪ, ʚ ʢʘʢʦʡ 

ʪʦʯʢʝ ʬʫʥʢʮʠʠ ʬʘʟʳ ʥʝʦʙʭʦʜʠʤʦ ʩʜʝʣʘʪʴ ʩʢʘʯʦʢ ʥʘ 

2p ʠʣʠ - 2p-  (ʨʠʩ. 7). 

 

 
 

ʈʠʩ.7 - ʇʦʨʦʛʦʚʘʷ ʬʫʥʢʮʠʷ ʜʣʷ ʨʘʟʚʸʨʪʳʚʘʥʠʷ 

ʬʘʟʳ. 

 

ʉʘʤʳʤ ʧʨʦʩʪʳʤ ʩʧʦʩʦʙʦʤ ʧʦʣʫʯʝʥʠʷ ʧʦʨʦʛʦʚʦʡ 

ʬʫʥʢʮʠʠ ʷʚʣʷʝʪʩʷ ʘʥʘʣʠʟ ʧʦʣʫʯʝʥʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ 

ʬʘʟʳ. ʊʘʤ, ʛʜʝ ʚ ʩʦʩʝʜʥʠʭ ʪʦʯʢʘʭ ʠʟʦʙʨʘʞʝʥʠʷ 

ʙʫʜʝʪ ʩʢʘʯʦʢ ʟʥʘʯʝʥʠʡ ʧʦ ʤʦʜʫʣʶ ʙʦʣʴʰʠʡ ˊ, ʙʫʜʝʪ 

ʥʘʭʦʜʠʪʴʩʷ ʦʜʠʥ ʠʟ ʧʝʨʝʭʦʜʦʚ ʬʫʥʢʮʠʠ. ɿʥʘʢ 

ʧʝʨʝʭʦʜʘ ʙʫʜʝʪ ʦʧʨʝʜʝʣʷʪʴʩʷ ʟʥʘʢʦʤ ʨʘʟʥʠʮʳ 

ʟʥʘʯʝʥʠʡ ʚ ʵʪʠʭ ʪʦʯʢʘʭ. 

ʇʦʣʫʯʠʪʴ ʧʦʣʥʫʶ ʬʘʟʫ ʧʦ ʜʚʫʤ 

ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʤ ʛʦʣʦʛʨʘʤʤʘʤ ʤʦʞʥʦ ʧʦʣʴʟʫʷʩʴ 

ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʫʣʦʡ: 

 

( , ) ( , )
4

d x y x y
l

j
p

=D  (6) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʚʳʯʠʩʣʠʪʴ ʟʥʘʯʝʥʠʝ ʧʦʣʷ 

ʩʤʝʱʝʥʠʷ ʚ ʢʘʞʜʦʡ ʠʟ ʪʦʯʝʢ ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʛʦ 

ʠʟʦʙʨʘʞʝʥʠʷ ʠ ʧʦʩʪʨʦʠʪʴ ʪʨʸʭʤʝʨʥʫʶ ʤʦʜʝʣʴ 

ʩʤʝʝɦʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʧʦʣʫʯʝʥʥʦʝ ʧʦʣʝ ʩʤʝʱʝʥʠʷ ʙʫʜʝʪ ʦʪʥʦʩʠʪʝʣʴʥʦʝ, 

ʪ.ʝ. ʧʨʝʜʩʪʘʚʣʷʪʴ ʩʦʙʦʡ ʨʘʟʥʠʮʫ ʤʝʞʜʫ ʜʚʫʤʷ 

ʩʦʩʪʦʷʥʠʷʤʠ ʦʙʲʝʢʪʘ. 

ɼʣʷ ʫʩʪʨʘʥʝʥʠʷ ʚʦʟʥʠʢʘʶʱʠʭ ʧʨʠ 

ʛʦʣʦʛʨʘʬʠʯʝʩʢʦʤ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʩʧʝʢʣ-ʰʫʤʦʚ 

ʥʝʦʙʭʦʜʠʤ ʩʛʣʘʞʠʚʘʶʱʠʡ ʬʠʣʴʪʨ. ʆʜʥʘʢʦ 

ʧʠʣʦʦʙʨʘʟʥʳʡ ʭʘʨʘʢʪʝʨ ʬʫʥʢʮʠʠ ʨʘʟʥʦʩʪʠ ʬʘʟ 

ʩʠʣʴʥʦ ʩʫʞʘʝʪ ʢʨʫʛ ʜʦʧʫʩʪʠʤʳʭ ʚʘʨʠʘʥʪʦʚ. ɺʘʞʥʦ 

ʧʦʥʠʤʘʪʴ, ʯʪʦ ʧʨʠ ʬʠʣʴʪʨʘʮʠʠ ʤʝʩʪʘ ʬʘʟʦʚʳʭ 

ʧʝʨʝʭʦʜʦʚ ʥʘ 2p°  ʥʝ ʜʦʣʞʥʳ ʙʳʪʴ ʩʛʣʘʞʝʥʳ, 

ʠʥʘʯʝ ʘʣʛʦʨʠʪʤ ʨʘʟʚʸʨʪʚrʘʥʠʷ ʬʘʟʳ ʤʦʞʝʪ 

ʧʨʦʧʫʩʪʠʪʴ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʬʠʣʴʪʨ ʜʦʣʞʝʥ ʩʦʜʝʨʞʘʪʴ ʘʧʨʠʦʨʥʫʁ ʠʥʬʦʨʤʘʮʠʶ 

ʦ ʧʠʣʦʦʙʨʘʟʥʦʤ ʭʘʨʘʢʪʝʨʝ ʬʫʥʢʮʠʠ ʨʘʟʥʦʩʪʠ ʬʘʟ. 

ʌʠʣʴʪʨ ʂʘʣʤʘʥʘ, ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʡ ʚ ʦʙʣʘʩʪʷʭ 

ʦʙʨʘʙʦʪʢʠ ʨʘʟʣʠʯʥʦʛʦ ʨʦʜʘ ʩʠʛʥʘʣʦʚ, ʧʦʟʚʦʣʷʝʪ 

ʟʘʜʘʚʘʪʴ ʘʧʨʠʦʨʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʭʘʨʘʢʪʝʨʝ 

ʩʠʩʪʝʤʳ. 

ɸʣʛʦʨʠʪʤ ʂʘʣʤʘʥʘ ʩʦʩʪʦʠʪ ʠʭ ʜʚʫʭ 

ʧʦʚʪʦʨʷʶɦ ʠʭʩʷ ʵʪʘʧʦʚ: ʵʢʩʪʨʘʧʦʣʷʮʠʠ ʠ 

ʢʦʨʨʝʢʮʠʠ. ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʜʝʣʘʝʪʩʷ ʧʨʝʜʩʢʘʟʘʥʠʝ 

ʩʦʩʪʦʷʥʠʷ ʩʠʩʪʝʤʳ ʚ ʪʝʢʫʱʠʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʩ 

ʫʯʸʪʦʤ ʥʝʪʦʯʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ ʥʘ ʦʩʥʦʚʘʥʠʠ 

ʩʦʩʪʦʷʥʠʷ ʩʠʩʪʝʤʳ ʚ ʧʨʝʜʳʜʫʱʠʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ. 

ʅʘ ʚʪʦʨʦʤ, ʠʟʤʝʨʝʥʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦʨʨʝʢʪʠʨʫʝʪ 

ʧʨʝʜʩʢʘʟʘʥʥʦʝ ʪʘʢʞʝ ʩ ʫʯʪyʦʤ ʥʝʪʦʯʥʦʩʪʠ ʠ 

ʟʘʰʫʤʣʝʥʥʦʩʪʠ. 

ʈʘʩʩʤʦʪʨʠʤ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ 

ʬʠʣʴʪʨʘ ʂʘʣʤʘʥʘ. ʅʘ ʵʪʘʧʝ ʵʢʩʪʨʘʧʦʣʷʮʠʠ 

ʚʳʯʠʩʣʷʶʪʩʷ ʜʚʝ ʚʝʣʠʯʠʥʳ: ʧʨʝʜʩʢʘʟʘʥʥʦʝ 

ʩʦʩʪʦʷʥʠʝ ʩʠʩʪʝʤʳ xk' ʠ ʧʨʝʜʩʢʘʟʘʥʥʦʝ ʟʥʘʯʝʥʠʝ 

ʦʰʠʙʢʠ ʢʦʚʘʨʠʘʮʠʠ Pk'. ʅʘʧʦʤʥʠʤ, ʯʪʦ ʢʦʚʘʨʠʘʮʠʷ 

ï ʵʪʦ ʤʝʨʘ ʣʠʥʝʡʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʜʚʫʭ ʩʣʫʯʘʡʥʳʭ 

ʚʝʣʠʯʠʥ. ʀʥʜʝʢʩ k ʦʙʦʟʥʘʯʘʝʪ ʪʝʢʫʱʝʝ ʩʦʩʪʦʷʥʠʝ, 

k-1 ï ʧʨʝʜʳʜʫʱʝʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʝʜʩʢʘʟʘʥʥʦʝ 

ʩʦʩʪʦʷʥʠʝ ʩʠʩʪʝʤʳ ʤʦʞʥʦ ʚʳʯʠʩʣʠʪʴ ʢʘʢ 

 
'

1 1k k k k kx F x B u- -= +  (7) 

 

ʛʜʝ Fk ï ʤʘʪʨʠʮʘ ʧʝʨʝʭʦʜʘ ʤʝʞʜʫ ʩʦʩʪʦʷʥʠʷʤʠ, 

ʦʧʨʝʜʝʣʷʶʱʘʷ ʜʠʥʘʤʠʯʝʩʢʫʶ ʤʦʜʝʣʴ ʩʠʩʪʝʤʳ; xk-1 

ï ʩʦʩʪʦʷʥʠʝ ʩʠʩʪʝʤʳ ʚ ʧʨʝʜʳʜʫʱʠʡ ʤʦʤʝʥʪ 

ʚʨʝʤʝʥʠ; Bk ï ʤʘʪʨʠʮʘ ʧʨʠʤʝʥʝʥʠʷ ʫʧʨʘʚʣʷʶʱʝʛʦ 

ʚʦʟʜʝʡʩʪʚʠʷ, ʢʦʪʦʨʦʡ ʤʳ ʤʦʞʝʤ ʧʨʝʥʝʙʨʝʯʴ ʚ 

ʥʘʰʝʤ ʩʣʫʯʘʝ, ʧʦʩʢʦʣʴʢʫ ʫʧʨʘʚʣʷʶʱʠʭ 

ʚʦʟʜʝʡʩʪʚʠʡ ʥʝʪ; uk-1 ï ʫʧʨʘʚʣʷʶʱʝʝ ʚʦʟʜʝʡʩʪʚʠʝ ʚ 

ʧʨʦʰʣʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ. 

ʈʘʩʩʤʦʪʨʠʤ ʦʜʥʦʤʝʨʥʳʡ ʚʘʨʠʘʥʪ ʬʠʣʴʪʨʘ 

ʂʘʣʤʘʥʘ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʥʘʰʝʤʫ ʧʨʦʮʝʩʩʫ. ʂʘʢ 

ʫʞʝ ʙʳʣʦ ʦʪʤʝʯʝʥʦ, ʠʟʤʝʨʝʥʠʷ xk ʙʫʜʫʪ 

ʧʨʝʜʩʪʘʚʣʷʪʴ ʦʪʬʠʣʴʪʨʦʚʘʥʥʳʝ ʟʥʘʯʝʥʠʷ ʨʘʟʥʦʩʪʠ 

ʬʘʟ. ʄʘʪʨʠʮʫ, ʦʧʨʝʜʝʣʷʶʱʫʶ ʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ 

ʠʟʤʝʨʝʥʠʷʤʠ ʠ ʩʦʩʪʦʷʥʠʝʤ ʩʠʩʪʝʤʳ, Hk ʚʦʟʴʤʸʤ 

ʝʜʠʥʠʯʥʦʡ. ʕʪʦ ʙʫʜʝʪ ʦʟʥʘʯʘʪʴ, ʯʪʦ ʚʩʝ ʠʟʤʝʨʝʥʠʷ 

(ʪʦʯʢʠ ʬʫʥʢʮʠʠ ʨʘʟʥʦʩʪʠ ʬʘʟ) ʦʜʠʥʘʢʦʚʦ ʚʣʠʷʶʪ ʥʘ 

ʩʦʩʪʦʷʥʠʝ ʩʠʩʪʝʤʳ (ʬʫʥʢʮʠʠ ʨʘʟʥʦʩʪʠ ʬʘʟ). 

ʄʘʪʨʠʮʘ ʧʝʨʝʭʦʜʘ ʤʝʞʜʫ ʩʦʩʪʦʷʥʠʷʤʠ Fk, ʙʫʜʝʪ 

ʦʧʨʝʜʝʣʷʪʴ ʜʠʥʘʤʠʢʫ ʬʫʥʢʮʠʠ ʨʘʟʥʦʩʪʠ ʬʘʟ. 

ʀʤʝʥʥʦ ʚ ʥʝʝ ʠ ʟʘʣʦʞʠʤ ʧʠʣʦʦʙʨʘʟʥʳʡ ʭʘʨʘʢʪʝʨ 

ʬʫʥʢʮʠʠ. ʊʦʛʜʘ Fk ʙʫʜʝʪ ʦʧʨʝʜʝʣʝʥʦ ʢʘʢ 
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ʛʜʝ mod ï ʦʧʝʨʘʮʠʷ ʚʝʱʝʩʪʚʝʥʥʦʛʦ ʦʩʪʘʪʢʘ ʦʪ 

ʜʝʣʝʥʠʷ, c1 ʠ c2 ï ʤʘʪʨʠʮʳ ʥʘʩʪʨʦʝʯʥʳʭ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ.  

ʂʦʚʘʨʠʘʮʠʶ ʰʫʤʘ ʚʩʝʛʦ ʧʨʦʮʝʩʩʘ ʚ ʮʝʣʦʤ Qk ʠ 

ʢʦʚʘʨʠʘʮʠʶ ʰʫʤʘ ʠʟʤʝʨʝʥʠʡ Rk ʙʫʜʝʤ ʧʦʜʙʠʨʘʪʴ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ, ʧʨʠʯʝʤ ʜʣʷ ʫʜʦʙʩʪʚʘ ʚʦʟʴʤʝʤ ʠʭ 

ʦʜʠʥʘʢʦʚʳʤʠ ʥʘ ʚʩʝʡ ʧʨʦʪʷʞʝʥʥʦʩʪʠ ʬʫʥʢʮʠʠ. 

ʊʦʛʜʘ ʜʣʷ ʬʠʣʴʪʨʘʮʠʠ ʦʜʥʦʤʝʨʥʦʡ ʬʫʥʢʮʠʠ 
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(9) 

ʇʨʝʜʣʦʞʝʥʥʳʡ ʚʘʨʠʘʥʪ ʬʠʣʴʪʨʘ ʂʘʣʤʘʥʘ 

ʷʚʣ̫ʝʪʩʷ ʦʜʥʦʤʝʨʥʳʤ, ʚʤʝʩʪʝ ʩ ʪʝʤ ʚʦʟʤʦʞʝʥ ʠ 

ʜʚʫʤʝʨʥʳʡ ʩʣʫʯʘʡ. ɼʣʷ ʝʛʦ ʨʝʘʣʠʟʘʮʠʠ 

ʦʜʥʦʤʝʨʥʳʡ ʬʠʣʴʪʨ ʂʘʣʤʘʥʘ ʩʥʘʯʘʣʘ ʤʦʞʝʪ 

ʧʨʠʤʝʥʷʪʴʩʷ ʜʣʷ ʢʘʞʜʦʡ ʩʪʨʦʢʠ ʠʟʦʙʨʘʞʝʥʠʷ, ʟʘʪʝʤ 

ʜʣʷ ʢʘʞʜʦʛʦ ʩʪʦʣʙʮʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʧʨʝʜʣʦʞʝʥʥʳʡ ʚʘʨʠʘʥʪ ʬʠʣʴʪʨʘ ʂʘʣʤʘʥʘ ʧʦʟʚʦʣʷʝʪ 

ʵʬʬʝʢʪʠʚʥʦ ʧʦʜʘʚʣʷʪʴ ʰʫʤʳ, ʚʦʟʥʠʢʘʶʱʠʝ ʧʨʠ 

ʮʠʬʨʦʚʦʤ ʛʦʣʦʛʨʘʬʠʯʝʩʢʦʤ ʚʦʩʩʪʘʥʦʚʣʝʥʠʠ. ʆʥ ʥʝ 

ʧʨʝʧʷʪʩʪʚʫʝʪ ʧʨʦʮʝʩʩʫ ʨʘʟʚʸʨʪʳʚʘʥʠʷ ʬʘʟʳ 

ʙʣʘʛʦʜʘʨʷ ʟʘʜʘʥʠʶ ʚ ʬʠʣʴʪʨʝ ʘʧʨʠʦʨʥʦʡ 

ʠʥʬʦʨʤʘʮʠʠ ʦ ʭʘʨʘʢʪʝʨʝ ʬʫʥʢʮʠʠ ʨʘʟʥʦʩʪʠ ʬʘʟ. 

ɼʘʥʥʳʡ ʵʪʘʧ ʷʚʣʷʝʪʩʷ ʟʘʚʝʨʰʘʶʱʠʤ. 

 

ʇʈʆʌʀʃʀʈʆɺɸʅʀɽ ʇʈʆɻʈɸʄʄʅʆɻʆ 

ʆɹɽʉʇɽʏɽʅʀʗ 

 

ɺ ʢʘʯʝʩʪʚʝ ʠʥʩʪʨʫʤʝʥʪʘ ʧʨʦʬʠʣʠʨʦʚʘʥʠʷ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʩʨʝʜʩʪʚʘ ʘʥʘʣʠʟʘ, ʜʦʩʪʫʧʥʳʝ ʚ 

ʠʥʪʝʛʨʠʨʦʚʘʥʥʦʡ ʩʨʝʜʝ ʨʘʟʨʘʙʦʪʢʠ (ʘʥʛʣ. Integrated 

Development Environment, IDE) Visual Studio [2]. 

ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʦʙʥʘʨʫʞʠʪʴ ʫʯʘʩʪʢʠ ʢʦʜʘ, ʢʦʪʦʨʳʝ 

ʚrʧʦʣʥʷʶʪʩʷ ʥʘʠʙʦʣʝʝ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʝ ʚʨʝʤʷ 

ʠ/ʠʣʠ ʚʳʟʳʚʘʶʪʩʷ ʩ ʥʘʠʙʦʣʴʰʝʡ ʯʘʩʪʦʪʦʡ, ʤʳ 

ʟʘʧʫʩʢʘʝʤ Performance Wizard (ʤʘʩʪʝʨ 

ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ) ʠʟ ʤʝʥʶ Analyze (ʘʥʘʣʠʟ) ʚ 

Visual Studio 2012/2008. ɺ Visual Studio 2005 ʵʪʘ 

ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʴ ʜʦʩʪʫʧʥʘ ʚ Performance Tools 

(ʠʥʩʪʨʫʤʝʥʪʳ ʧʨʦʠʟʚʦʜʠʪʝʣʥɹʦʩʪʠ) ʠʟ ʤʝʥʶ Tools 

(ʠʥʩʪʨʫʤʝʥʪʳ).) ʕʪʦ ʟʘʧʫʩʪʠʪ ʪʨʸʭʵʪʘʧʥʳʡ ʤʘʩʪʝʨ, 

ʛʜʝ ʧʝʨʚʳʡ ʵʪʘʧ ʧʦʟʚʦʣʷʝʪ ʫʢʘʟʘʪʴ ʮʝʣʝʚʦʡ ʧʨʦʝʢʪ 

ʠʣʠ web-ʩʘʡʪ. ɺʪʦʨʦʡ ʵʪʘʧ ʧʨʝʜʣʘʛʘʝʪ ʜʚʘ 

ʨʘʟʣʠʯʥʳʭ ʤʝʪʦʜʘ ʧʨʦʬʘʡʣʠʥʛʘ: sampling 

(ʩʵʤʧʣʠʥʛ) ʠ instrumentation (ʠʥʩʪʨʫʤʝʥʪʠʨʦʚʘʥʠʝ). 

ʇʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʨʘʙʦʪʳ ʤʘʩʪʝʨʘ ʙʫʜʝʪ ʩʦʟʜʘʥʘ 

ʥʦʚʘʷ ʩʝʩʩʠʷ ʦʮʝʥʢʠ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ. ʉʝʩʩʠʷ 

ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʮʝʣʝʚʦʝ ʧʨʠʣʦʞʝʥʠʝ, ʥʦ ʥʘ 

ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ ʚ ʥʝʡ ʦʪʩʫʪʩʪʚʫʶʪ ʦʪʯʸʪʳ ʦ 

ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ. ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʥʘʯʘʪʴ 

ʧʨʦʬʘʡʣʠʥʛ, ʥʝʦʙʭʦʜʠʤʦ ʥʘʞʘʪʴ ʢʥʦʧʢʫ Launch 

with Profiling (ʥʘʯʘʪʴ ʧʨʦʬʠʣʠʨʦʚʘʥʠʝ). ʇʦʩʣʝ ʪʦʛʦ, 

ʢʘʢ ʙʫʜʝʪ ʟʘʧʫʱʝʥʦ ʧʨʠʣʦʞʝʥʠʝ ʠ ʚʳʧʦʣʥʝʥʘ 

ʧʨʦʬʠʣʠʨʫʝʤʘʷ ʟʘʜʘʯʘ, ʝʩʣʠ ʦʥʦ ʥʝ ʙʫʜʝʪ ʟʘʢʨʳʪʦ 

ʘʚʪʦʤʘʪʠʯʝʩʢʠ, ʪʦ ʥʝʦʙʭʦʜʠʤʦ ʝʛʦ ʥʝʟʘʤʝʜʣʠʪʝʣʴʥʦ 

ʟʘʢʨʳʪʴ ʧʦ ʟʘʚʝʨʰʝʥʠʠ. Visual Studio 

ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʜʦʙʘʚʣʷʝʪ ʚʥʦʚʴ ʩʦʟʜʘʥʥʳʡ ʦʪʯʸʪ ʦ 

ʧʨʦʠʟʚʦʜʠʪʝʣʥɹʦʩʪʠ ʚ ʩʝʩʩʠʶ ʠ ʥʘʯʠʥʘʝʪ 

ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʝʛʦ. ʇʦ ʟʘʚʝʨʰʝʥʠʠ ʘʥʘʣʠʟʘ Visual 

Studio Profiler ʦʪʦʙʨʘʟʠʪ Performance Report 

Summary (ʦʪʯʸʪ ʦ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ), ʢʦʪʦʨʳʡ 

ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʥʘʠʙʦʣʝʝ çʜʦʨʦʛʠʝè 

(ʚʳʧʦʣʥʷʶʱʠʝʩʷ ʚʦ ʚʨʝʤʷ ʧʨʦʬʘʡʣʠʥʛʘ ʥʘʠʙʦʣʝʝ 

ʧʨʦʜʦʣʞʠʪʝʣʴʥʦ) ʬʫʥʢʮʠʠ ʚ ʚʠʜʝ ʩʧʠʩʢʘ (ʨʠʩ. 8) ʠ 

ʜʝʨʝʚʘ (ʨʠʩ. 9). ʆʪʯʸʪ ʧʦʢʘʟʳʚʘʝʪ ʵʪʠ ʬʫʥʢʮʠʠ 

ʜʚʫʤʷ ʨʘʟʣʠʯʥʳʤʠ ʩʧʦʩʦʙʘʤʠ. ʇʝʨʚʳʡ ʠʟʤʝʨʷʝʪ 

ʨʘʙʦʪʫ, ʚʳʧʦʣʥʝʥʥʫʶ ʥʘʧʨʷʤʫʶ ʠʣʠ ʢʦʩʚʝʥʥʦ 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʤʠ ʬʫʥʢʮʠʷʤʠ. ɼʣʷ ʢʘʞʜʦʡ ʬʫʥʢʮʠʠ 

ʯʠʩʣʘ ʧʨʝʜʩʪʘʚʣʷʶʪ ʥʘʢʦʧʣʝʥʥʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʪʝʣʘ 

ʬʫʥʢʮʠʠ, ʘ ʪʘʢʞʝ ʚʩʝʭ ʜʦʯʝʨʥʠʭ ʚʳʟʦʚʦʚ. ɺʪʦʨʦʡ 

ʩʧʦʩʦʙ ʥʝ ʫʯʠʪʳʚʘʝʪ ʚʨʝʤʷ, ʟʘʪʨʘʯʝʥʥʦʝ ʥʘ 

ʜʦʯʝʨʥʠʝ ʚʳʟʦʚʳ. ɺʦ ʬʨʘʛʤʝʥʪʘʭ ʪʘʙʣʠʮ, 

ʧʦʢʘʟʘʥʥʳʭ ʥʘ ʨʠʩʫʥʢʘʭ 8 ʠ 9, ʩʪʦʣʙʮʳ ʟʥʘʯʝʥʠʡ 

ñinclusive timeò ʦʪʦʙʨʘʞʘʶʪ ʚʨʝʤʷ, ʠʣʠ ʧʨʦʮʝʥʪ ʦʪ 

ʦʙʱʝʛʦ ʚʨʝʤʝʥʠ, ʟʘʪʨʘʯʝʥʥʦʛʦ ʥʘ ʚʳʧʦʣʥʝʥʠʝ ʪʝʣʘ 

ʬʫʥʢʮʠʠ ʠ ʝʸ ʜʦʯʝʨʥʠʭ ʚʳʟʦʚʦʚ. ʉʪʦʣʙʮʳ ʟʥʘʯʝʥʠʡ 

ñexclusive timeò ʦʪʦʙʨʘʞʘʶʪ ʣʠʰʴ ʚʨʝʤʷ, ʠʣʠ 

ʧʨʦʮʝʥʪ ʦʪ ʦʙʱʝʛʦ ʚʨʝʤʝʥʠ, ʟʘʪʨʘʯʝʥʥʦʛʦ ʥʘ 

ʚʳʧʦʣʥʝʥʠʝ ʬʫʥʢʮʠʠ ʙʝʟ ʫʯʸʪʘ ʝʱʸ ʜʦʯʝʨʥʠʭ 

ʚʳʟʦʚʦʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʤʦʞʥʦ ʦʙʥʘʨʫʞʠʪʴ 

ʫʯʘʩʪʢʠ ʢʦʜʘ, ʟʘʥʷʚʰʠʝ ʥʘʠʙʦʣʴʰʝʝ ʚʨʝʤʷ 

ʚʳʧʦʣʥʝʥʠʷ ʧʨʦʛʨʘʤʤʳ, ʘ ʟʘʪʝʤ ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ 

ʢʦʜ, ʠʩʧʦʣʴʟʫʷ ʩʪʘʥʜʘʨʪʥʳʝ ʧʨʘʢʪʠʢʠ [11-13]. 

 

 

 
 

ʈʠʩ.8 - ʌʨʘʛʤʝʥʪ ʪʘʙʣʠʮʳ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʬʘʡʣʠʥʛʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ C++ ʢʦʜʘ: ʬʫʥʢʮʠʠ, ʚʳʧʦʣʥʷʝʤʳʝ 

ʥʘʠʙʦʣʝʝ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʝ ʚʨʝʤʷ. 
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ʈʠʩ.9 - ʌʨʘʛʤʝʥʪ ʪʘʙʣʠʮʳ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʬʘʡʣʠʥʛʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ C++ ʢʦʜʘ: ʜʝʨʝʚʦ ʚʳʟʦʚʦʚ ʬʫʥʢʮʠʡ. 

 

ʇɸʈɸʃʃɽʃʔʅʓɽ ɺʓʏʀʉʃɽʅʀʗ 

 

ʇʨʠʭʦʜ ʤʥʦʛʦʷʜʝʨʥʳʭ ʮʝʥʪʨʘʣʴʥʳʭ 

ʧʨʦʮʝʩʩʦʨʦʚ (ʎʇ) ʠ ʤʥʦʛʦʷʜʝʨʥʳʭ ʛʨʘʬʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʨʦʚ (ɻʇ) ʦʟʥʘʯʘʝʪ ʪʦ, ʯʪʦ ʧʘʨʘʣʣʝʣʴʥʳʝ 

ʩʠʩʪʝʤʳ ʩʪʘʥʦʚʷʪʩʷ ʘʢʪʫʘʣʴʥʝʝ ʢʘʢ ʚ ʩʬʝʨʝ 

ʥʘʫʯʥʳʭ ʚʳʯʠʩʣʝʥʠʡ, ʪʘʢ ʠ ʫ ʦʙʳʯʥʳʭ 

ʧʦʣʴʟʦʚʘʪʝʣʝʡ. ʂʨʦʤʝ ʪʦʛʦ, ʧʘʨʘʣʣʝʣʠʟʤ 

ʩʦʚʨʝʤʝʥʥʳʭ ʩʠʩʪʝʤ ʧʨʦʜʦʣʞʘʝʪ ʤʘʩʰʪʘʙʠʨʦʚʘʪʴʩʷ 

ʩʦʛʣʘʩʥʦ ʟʘʢʦʥʫ ʄʫʨʘ, ʯʪʦ ʜʝʣʘʝʪ ʘʢʪʫʘʣʴʥʦʡ 

ʟʘʜʘʯʝʡ ʨʘʟʨʘʙʦʪʢʫ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ, 

ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʨʘʙʦʪʘʪʴ ʧʘʨʘʣʣʝʣʴʥʦ, ʥʘʠʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʦ ʠʩʧʦʣʴʟʫʷ ʚʦʟʨʘʩʪʘʶʱʝʝ ʯʠʩʣʦ 

ʧʨʦʮʝʩʩʦʨʥʳʭ ʷʜʝʨ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʛʨʘʬʠʯʝʩʢʠʝ 3D 

ʧʨʠʣʦʞʝʥʠʷ ʧʨʦʟʨʘʯʥʦ ʤʘʩʰʪʘʙʠʨʫʶʪʩʷ ʥʘ 

ʟʥʘʯʠʪʝʣʴʥʦ ʨʘʟʥʷʱʝʝʩʷ ʯʠʩʣʦ ʷʜʝʨ. 

ʇʘʨʘʣʣʝʣʴʥʘʷ ʧʨʦʛʨʘʤʤʥʘʷ ʤʦʜʝʣʴ CUDA 

ʨʘʟʨʘʙʦʪʘʥʘ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʨʝʰʠʪʴ ʵʪʫ ʟʘʜʘʯʫ, 

ʦʩʪʘʚʣʷʷ ʥʠʟʢʠʡ ʧʦʨʦʛ ʚʭʦʞʜʝʥʠʷ ʜʣʷ 

ʧʨʦʛʨʘʤʤʠʩʪʦʚ, ʟʥʘʢʦʤʳʭ ʩʦ ʩʪʘʥʜʘʨʪʥʳʤ ʷʟʳʢʦʤ 

ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ, ʪʘʢʠʤ, ʢʘʢ C. ɺ ʝʸ ʦʩʥʦʚʝ ʣʝʞʠʪ 

ʪʨʠ ʦʩʥʦʚʥʳʭ ʘʙʩʪʨʘʢʮʠʠ ï ʠʝʨʘʨʭʠʷ ʛʨʫʧʧ 

ʧʦʪʦʢʦʚ, ʨʘʟʜʝʣʷʝʤʘʷ ʧʘʤʷʪʴ ʠ ʙʘʨʴʝʨʥʘʷ 

ʩʠʥʭʨʦʥʠʟʘʮʠʷ. ɼʘʥʥʳʝ ʘʙʩʪʨʘʢʮʠʠ ʣʝʛʢʦ 

ʨʘʩʢʨʳʚʘʶʪʩʷ ʧʨʦʛʨʘʤʤʠʩʪʘʤ, ʢʘʢ ʤʠʥʠʤʘʣʴʥʳʡ 

ʥʘʙʦʨ ʨʘʩʰʠʨʝʥʠʡ ʷʟʳʢʘ. 

ɼʘʥʥʘʷ ʜʝʢʦʤʧʦʟʠʮʠʷ ʩʦʭʨʘʥʷʝʪ 

ʚr ʨʘʟʠʪʝʣʥɹʦʩʪʴ ʷʟʳʢʘ, ʧʦʟʚʦʣʷʷ ʧʦʪʦʢʘʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʪʴ ʜʣʷ ʨʝʰʝʥʠʷ ʧʦʜʧʨʦʙʣʝʤ, ʚ ʪʦ 

ʞʝ ʚʨʝʤʷ ʜʝʣʘʝʪ ʚʦʟʤʦʞʥʳʤ ʘʚʪʦʤʘʪʠʯʝʩʢʫʶ 

ʤʘʩʰʪʘʙʠʨʫʝʤʦʩʪʴ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʢʘʞʜʳʡ ʙʣʦʢ 

ʧʦʪʦʢʦʚ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʧʣʘʥʠʨʦʚʱʠʢʦʤ ʚ 

ʣʶʙʦʤ ʜʦʩʪʫʧʥʦʤ ʤʫʣʴʪʠʧʨʦʮʝʩʩʦʨʝ ɻʇ, ʚ ʣʶʙʦʤ 

ʧʦʨʷʜʢʝ - ʧʘʨʘʣʣʝʣʴʥʦ ʠʣʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʩʢʦʤʧʠʣʠʨʦʚʘʥʥʘʷ CUDA ʧʨʦʛʨʘʤʤʘ 

ʤʦʞʝʪ ʙʳʪʴ ʚʧrʦʣʥʝʥʘ ʥʘ ʣʶʙʦʤ ʯʠʩʣʝ 

ʤʫʣʴʪʠʧʨʦʮʝʩʩʦʨʦʚ, ʢʘʢ ʵʪʦ ʠʣʣʶʩʪʨʠʨʦʚʘʥʦ ʥʘ 

ʨʠʩʫʥʢʝ 10, ʪʦʣʴʢʦ ʠʩʧʦʣʥʷʶʱʝʡ ʩʠʩʪʝʤʝ 

ʥʝʦʙʭʦʜʠʤʦ ʟʥʘʪʴ ʯʠʩʣʦ ʬʠʟʠʯʝʩʢʠʭ 

ʤʫʣʴʪʠʧʨʦʮʝʩʩʦʨʦʚ. 

CUDA C ʨʘʩʰʠʨʷʝʪ ʷʟʳʢ, ʧʦʟʚʦʣʷʷ 

ʧʨʦʛʨʘʤʤʠʩʪʘʤ ʦʧʨʝʜʝʣʷʪʴ C ʬʫʥʢʮʠʠ, ʥʘʟʳʚʘʝʤʳʝ 

ʷʜʨʘʤʠ, ʢʦʪʦʨʳʝ ʧʨʠ ʚʳʟʦʚʝ ʚʳʧʦʣʥʷʶʪʩʷ  ʨʘʟ 

ʧʘʨʘʣʣʝʣʴʥʦ ʚ  ʨʘʟʣʠʯʥʳʭ ʧʦʪʦʢʘʭ CUDA, ʚ 

ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʩʪʴ ʦʙʳʯʥʳʤ C ʬʫʥʢʮʠʷʤ, ʢʦʪʦʨʳʝ 

ʚʳʧʦʣʥʷʶʪʩʷ ʪʦʣʴʢʦ ʦʜʠʥ ʨʘʟ ʧʨʠ ʚʳʟʦʚʝ. 
 

 
 

ʈʠʩ.10 ï ɸʚʪʦʤʘʪʠʯʝʩʢʘʷ ʤʘʩʰʪʘʙʠʨʫʝʤʦʩʪʴ CUDA 

[4]. 
 

ʗʜʨʘ ʦʧʨʝʜʝʣʷʶʪʩʷ ʩʧʝʮʠʬʠʢʘʪʦʨʦʤ ʦʙʲʷʚʣʝʥʠʷ 

__global__, ʘ ʯʠʩʣʦ CUDA ʧʦʪʦʢʦʚ, ʚ ʢʦʪʦʨʳʭ 

ʚrʧʦʣʥʷʝʪʩʷ ʷʜʨʦ, ʫʢʘʟʳʚʘʝʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʨʘʩʰʠʨʝʥʠʷ ʩʠʥʪʘʢʩʠʩʘ <<<é>>> (ʩʤ. ʨʘʩʰʠʨʝʥʠʷ 

ʷʟʳʢʘ C[4]). ʂʘʞʜʳʡ ʧʦʪʦʢ, ʠʩʧʦʣʥʷʶʱʠʡ ʷʜʨʦ, 

ʧʦʣʫʯʘʝʪ ʫʥʠʢʘʣʴʥʳʡ ʠʜʝʥʪʠʬʠʢʘʪʦʨ, ʜʦʩʪʫʧʥʳʡ ʚ 

ʧʨʝʜʝʣʘʭ ʷʜʨʘ ʯʝʨʝʟ ʚʩʪʨʦʝʥʥʫʶ threadIdx 

ʧʝʨʝʤʝʥʥʫʶ. 

ɺ ʢʘʯʝʩʪʚʝ ʥʘʛʣʷʜʥʦʛʦ ʧʨʠʤʝʨʘ ʨʘʟʣʠʯʠʷ ʚ 

ʧʨʠʥʮʠʧʝ ʨʘʙʦʪʳ ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʠ 

ʧʦʩʣʝʜʦʚʘʪʝʣʥɹʦʛʦ ʢʦʜʘ ʥʘ ʣʠʩʪʠʥʛʘʭ 1 ʠ 2 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʬʨʘʛʤʝʥʪʳ ʢʦʜʘ ʬʫʥʢʮʠʠ ʛʝʥʝʨʘʮʠʠ 

ʧʦʣʷ ʦʧʦʨʥʦʛʦ ʧʫʯʢʘ, ʟʘʜʝʡʩʪʚʦʚʘʥʥʦʡ ʚ 

ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʤ ʇʆ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʩʪʘʥʜʘʨʪʥʦʛʦ ʧʦʜʭʦʜʘ ʥʘ C++ ʚrʧʦʣʥʝʥʠʝ ʬʫʥʢʮʠʠ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦʩʣʝʜʦʚʘʪʝʣʥɹʦ ʥʘ ʧʨʦʮʝʩʩʦʨʝ, 

ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ CUDA ʷʜʨʘ ʚʳʧʦʣʥʝʥʠʝ 

ʬʫʥʢʮʠʠ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʘʨʘʣʣʝʣʴʥʦ ʩʨʘʟʫ ʚʦ 

ʤʥʦʞʝʩʪʚʝ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʙʣʦʢʦʚ ʚʠʜʝʦʢʘʨʪʳ 

CUDA. ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʦʧʝʨʘʮʠʷ ʚʳʧʦʣʥʝ̫ʪʩʷ ʜʣʷ 

65 ʪʳʩ. ʵʣʝʤʝʥʪʦʚ, ʛʜʝ ʚ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʤ 

ʚʘʨʠʘʥʪʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʨʦʭʦʜ ʧʦ ʜʚʫʤʝʨʥʦʤʫ 

ʤʘʩʩʠʚʫ, ʘ ʚ ʧʘʨʘʣʣʝʣʴʥʦʤ ʚʘʨʠʘʥʪʝ ʷʜʨʦ 

ʚʳʧʦʣʥʝ̫ʪʩʷ ʧʘʨʘʣʣʝʣʴʥʦ ʜʣʷ ʤʥʦʞʝʩʪʚʘ 
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ʵʣʝʤʝʥʪʦʚ, ʠʥʜʝʢʩ ʢʦʪʦʨʳʭ ʚʳʯʠʩʣʷʝʪʩʷ ʥʘ 

ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ ʠʟ ʠʤʝʶɦ ʠʭʩʷ ʜʘʥʥʳʭ ʦ ʪʝʢʫʱʝʤ 

ʙʣʦʢʝ ʠ ʧʦʪʦʢʝ, ʘ ʪʘʢʞʝ ʦ ʨʘʟʤʝʨʥʦʩʪʠ ʙʣʦʢʘ.  

 

 

ʃʠʩʪʠʥʛ 1. ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʳʡ ʢʦʜ C++ 
 

void  GenerateFieldSer ial ( double  ccd _pixel _dist , int  size _in _pixel , double  angle , 

alglib :: complex **& output _field ) {  

   // ...  

   for ( int i = 0; i < size_in_pixel; i++) {  

      double phase_angle = - wave_num * sin(angle) * ccd;  

      double line_real = cos(phase_angle) * inten sity;  

      // ...  

      for ( int j = 0; j < size_in_pixel; j++) {  

         outputField[i][j].x = line_real;  

         // ...  

      }  

      // ...  

   }  

}  

 

// ɺʳʧʦʣʥʝʥʠʝ ʦʧʝʨʘʮʠʠ ʜʣ ̫ 65 ʪʳʩ. ʵʣʝʤʝʥʪʦʚ 

GenerateFieldSerial(ccd_pixel_dist, 256 , angle, output_field);  

 

ʃʠʩʪʠʥʛ 2. ʇʘʨʘʣʣʝʣʴʥʳʡ ʢʦʜ CUDA 
 

__global__ void GenerateFieldParallel( double ccd_pixel_dist, double angle, 

cufftComplex*& outputField) {  

   int inde x = blockDim.x * blockIdx.x + threadIdx.x;  

   int i = index / size_in_pixel;  

   int j = index % size_in_pixel;  

   // ...  

   double phase_angle = - wavenum * sin(angle) * (ccd + ccdPixelDist * i);  

   double line_real = cos(phase_angle) * intensity;  

   // ...  

   outputField[i * size_in_pixel + j].x = line_real;  

   // ...  

}  

 

// ɺʳʧʦʣʥʝʥʠʝ ʦʧʝʨʘʮʠʠ ʜʣ ̫ 65 ʪʳʩ. ʵʣʝʤʝʥʪʦʚ 

GenerateFieldParallel<<< 256 , 256>>>(ccd_pixel_dist, angle, output_field);  

 

ʈɽɸʃʀɿɸʎʀʗ ʀ ʀʉʇʆʃʔɿʆɺɸʅʀɽ ʗɼɽʈ CUDA 

 

ʂʦʜ ʷʜʨʘ CUDA ʮʠʢʣʠʯʝʩʢʦʛʦ ʩʜʚʠʛʘ ʤʘʪʨʠʮʳ, 

ʠʩʧʦʣʴʟʫʝʤʳʡ ʚ ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʤ ʇʆ, ʧʨʝʜʩʪʘʚʣʝʥ 

ʥʘ ʣʠʩʪʠʥʛʝ 3. ʉʥʘʯʘʣʘ ʚʳʯʠʩʣʷʝʪʩʷ ʠʥʜʝʢʩ 

ʪʝʢʫɦ ʝʛʦ ʵʣʝʤʝʥʪʘ ʧʨʠ ʧʦʤʦʱʠ ʠʤʝʶʱʠʭʩʷ 

ʜʘʥʥʳʭ ʦ ʧʦʨʷʜʢʦʚʳʭ ʥʦʤʝʨʘʭ ʙʣʦʢʘ ʠ ʧʦʪʦʢʘ, ʥʘ 

ʢʦʪʦʨʦʤ ʚʳʧʦʣʥʷʝʪʩʷ ʜʘʥʥʦʝ ʷʜʨʦ.  ɿʘʪʝʤ 

ʚʳʯʠʩʣʷʶʪʩʷ ʠʥʜʝʢʩʳ ʵʣʝʤʝʥʪʦʚ ʤʘʪʨʠʮʳ, ʢʦʪʦʨʳʝ 

ʙʫʜʫʪ ʩʤʝʱʝʥʳ. ʅʘ ʟʘʢʣʶʯʠʪʝʣʴʥʦʤ ʵʪʘʧʝ 

ʚʳʧʦʣʥʷʝʪʩʷ ʦʧʝʨʘʮʠʷ ʦʙʤʝʥʘ ʜʣʷ ʜʘʥʥʳʭ 

ʵʣʝʤʝʥʪʦʚ. 

CUDA ʷʚʣʷʝʪʩʷ ʷʟʳʢʦʤ, ʢʦʪʦʨʳʡ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʧʘʨʘʣʣʝʣʠʟʤ ʥʘ ʜʚʫʭ ʫʨʦʚʥʷʭ. ʉʫʱʝʩʪʚʫʶʪ ʧʦʪʦʢʠ 

ʠ ʙʣʦʢʠ ʧʦʪʦʢʦʚ. ɼʘʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʟʘʜʘʶʪʩʷ ʧʨʠ 

ʚʳʟʦʚʝ ʷʜʨʘ ʤʝʞʜʫ ʪʨʝʤʷ ʪʨʝʫʛʦʣʴʥʳʤʠ ʩʢʦʙʢʘʤʠ 

, ʛʜʝ  ï ʯʠʩʣʦ ʙʣʦʢʦʚ, ʘ  ï 

ʯʠʩʣʦ ʧʦʪʦʢʦʚ ʚ ʢʘʞʜʦʤ ʙʣʦʢʝ. ɸʨʭʠʪʝʢʪʫʨʘ CUDA 

ʪʘʢʦʚʘ, ʯʪʦ ʧʦʣʴʟʦʚʘʪʝʣʶ, ʪ.ʝ. ʧʨʦʛʨʘʤʤʠʩʪʫ, 

ʥʝʠʟʚʝʩʪʥʦ, ʯʪʦ ʧʘʨʘʣʣʝʣʠʟʤ ʩʦʩʪʦʠʪ ʠʟ ʯʝʪʳʨʸʭ 

ʫʨʦʚʥʝʡ. ɺ ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ, ʙʣʦʢ ʧʦʪʦʢʦʚ 

ʨʘʟʜʝʣʷʝʪʩʷ ʥʘ ʧʦʜʙʣʦʢʠ, ʥʘʟʳʚʘʝʤʳʝ ʚʘʨʧʘʤʠ 

(ʘʥʛʣ. warp). ʈʘʟʤʝʨʦʤ ʚʘʨʧʘ ʷʚʣʷʝʪʩʷ ʯʠʩʣʦ 

ʧʦʪʦʢʦʚ ʚ ʚʘʨʧʝ, ʜʘʥʥʘʷ ʝʜʠʥʠʮʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ 

ʘʧʧʘʨʘʪʥʦʝ ʨʝʘʣʠʟʘʮʠʠ ʜʣʷ ʦʨʛʘʥʠʟʘʮʠʠ ʜʦʩʪʫʧʘ ʢ 

ʧʘʤʷʪʠ ʠ ʦʪʧʨʘʚʢʝ ʠʥʩʪʨʫʢʮʠʡ [6]. 

ɹʣʦʢ ʧʦʪʦʢʦʚ, ʧʣʘʥʠʨʫʝʤʳʡ ʥʘ ʧʦʪʦʢʦʚʳʭ 

ʤʫʣɹʪʠʧʨʦʮʝʩʩʦʨʘʭ (ʇʄ), ʨʘʟʜʝʣʷʝʪʩʷ ʥʘ ʚʘʨʧ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʣʦʢʠ ʠʤʝʶʪ ʨʘʟʜʝʣʷʝʤʫʶ ʧʘʤʷʪʴ, 

ʜʦʩʪʫʧʥʘʷ ʚʥʫʪʨʠ ʙʣʦʢʘ, ʪ.ʢ. ʥʘʭʦʜʠʪʩʷ ʥʘ ʦʜʥʦʤ 

ʇʄ. ʏʠʩʣʦ ʙʣʦʢʦʚ ʢʘʞʜʦʛʦ ʇʄ ʟʘʚʠʩʠʪ ʦʪ ʣʠʤʠʪʘ 

ʫʩʪʨʦʡʩʪʚʘ, ʠ ʝʛʦ ʟʘʛʨʫʞʝʥʥʦʩʪʠ. ʄʘʢʩʠʤʘʣʴʥʦʝ 

ʯʠʩʣʦ ʙʣʦʢʦʚ ʇʄ ï 8 ʜʣʷ 1.0-2.x ʚʝʨʩʠʡ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʩʦʚʤʝʩʪʠʤʦʩʪʠ (ɺʏ) ʠ 16 ʜʣʷ 

ʚʝʨʩʠʡ 3.x [7]. 

ʅʘʠʙʦʣʝʝ ʦʧʪʠʤʘʣʴʥʳʤ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ 

ʷʚʣʷʝʪʩʷ 128 ʠʣʠ 256 ʧʦʪʦʢʦʚ ʥʘ ʢʘʞʜʳʡ ʙʣʦʢ, ʪʝʤ 

ʥʝ ʤʝʥʝʝ ʜʣʷ ʢʘʞʜʦʡ ʢʦʥʢʨʝʪʥʦʡ ʟʘʜʘʯʠ ʤʦʞʝʪ 

ʩʫʱʝʩʪʚʦʚʘʪʴ ʣʫʯʰʝʝ ʙʦʣʴʰʝʝ ʠʣʠ ʤʝʥʴʰʝʝ 

ʢʦʣʠʯʝʩʪʚʦ ʧʦʪʦʢʦʚ ʥʘ ʙʣʦʢ. ɺʳʙʦʨ ʩʣʠʰʢʦʤ 

ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʧʦʪʦʢʦʚ ʤʦʞʝʪ ʚʳʟʚʘʪʴ ʟʘʤʝʜʣʝʥʠʝ 

ʨʘʙʦʪʳ ʠʟ-ʟʘ ʦʛʨʘʥʠʯʝʥʥʦʛʦ ʯʠʩʣʘ ʨʝʛʠʩʪʨʦʚ, ʚʳʙʦʨ 

ʩʣʠʰʢʦʤ ʤʘʣʦʛʦ ʯʠʩʣʘ ʧʦʪʦʢʦʚ ʤʦʞʝʪ ʚʳʟʳʚʘʪʴ 

ʩʣʦʞʥʦʩʪʠ ʩ ʨʘʟʜʝʣʷʝʤʦʡ ʧʘʤʷʪʴʶ, ʘ ʪʘʢʞʝ 

ʢʦʣʠʯʝʩʪʚʦʤ ʙʣʦʢʦʚ ʠʟ-ʟʘ ʦʛʨʘʥʠʯʝʥʠʷ ʚ 8 (ʠʣʠ 16) 
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ʙʣʦʢʦʚ ʥʘ ʢʘʞʜʳʡ ʇʄ, ʯʪʦ ʧʨʠʚʝʜʸʪ ʢ 

ʥʝʵʬʬʝʢʪʠʚʥʦʤʫ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ɻʇ [8]. 

ʗʜʨʦ ʮʠʢʣʠʯʝʩʢʦʛʦ ʩʜʚʠʛʘ ʚʳʟʳʚʘʝʪʩʷ ʜʣʷ 

ʧʦʣʦʚʠʥʳ ʵʣʝʤʝʥʪʦʚ ʤʘʪʨʠʮʳ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʙʫʜʝʪ 

ʩʦʚʝʨʰʝʥʦ  ʦʙʤʝʥʦʚ ʵʣʝʤʝʥʪʦʚ ʧʘʨʘʣʣʝʣʴʥʦ, 

ʛʜʝ  ï ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʚ ʤʘʪʨʠʮʝ.  

 

ʃʠʩʪʠʥʛ 3. ʂʦʜ ʷʜʨʘ CUDA ʮʠʢʣʠʯʝʩʢʦʛʦ ʩʜʚʠʛʘ ʤʘʪʨʠʮʳ 
 

__global __ void  MatrixHalfSizeCyrcularShiftKernel ( cufftComplex  * matrix , int  

size ) {  

    int  index  = blockDim . x * blockIdx . x + threadIdx . x;  

 

    int  source _i  = index  / size ;  

    int  source _j  = index  % size ;  

 

    int  destinati on_i  = ( source _i  + ( size  / 2)) % size ;  

    int  destination _j  = ( source _j  + ( size  / 2)) % size ;  

 

    cufftComplex  temp  = matrix [ destination _i  * size  + destination _j ];  

    matrix [ destination _i  * size  + destination _j ] = matrix [ source _i  * size  + 

source _j ];  

    matrix [ source _i  * size  + source _j ] = temp ;  

}  

 

ʃʠʩʪʠʥʛ 4. ʌʨʘʛʤʝʥʪ C++ ʢʦʜʘ ʚʳʟʦʚʘ ʷʜʨʘ CUDA 
 

#define  THREADS_PER_BLOCK 256  

 

void  MatrixCUDAUtils :: MatrixHalfSizeCyrcularShiftInplace ( cufftComplex *& matrix , 

int  size ) {  

    int  blocks _count  = (( size  * size ) / 2) / THREADS_PER_BLOCK;  

    MatrixHalfSizeCyrc ularShiftKernel <<<blocks _count , 

THREADS_PER_BLOCK>>>( matrix , size );  

    cudaError _t  error _code  = cudaGetLastError ();  

    if  ( error _code  != cudaSuccess ) {  

        fprintf ( stderr , " Failed  to  launch  MatrixHalfSizeCyrcularShiftKernel  

ke r nel  ( error  code  %s)! \ n" , cudaGetErrorString ( error _code ));  

        exit ( EXIT _FAILURE);  

    }  

}  

 

ʀʉʇʆʃʔɿʆɺɸʅʀɽ ʂʆʅʉʊɸʅʊʅʆʁ ʇɸʄʗʊʀ 

CUDA 

ʉʦʚʨʝʤʝʥʥʳʝ ʛʨʘʬʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʦʨʳ 

ʦʙʣʘʜʘʁ ʪ ʚʳʩʦʢʠʤ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤ ʧʦʪʝʥʮʠʘʣʦʤ. 

ɼʘʥʥʦʝ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ ʥʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ ʚʳʟʚʘʣʦ 

ʟʥʘʯʠʪʝʣʴʥʳʡ ʠʥʪʝʨʝʩ ʢ ʪʦʤʫ, ʯʪʦʙʳ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ɻʇ ʜʣʷ ʚʳʯʠʩʣʝʥʠʡ ʦʙʱʝʛʦ ʥʘʟʥʘʯʝʥʠʷ ʚʤʝʩʪʦ ʎʇ. 

ɿʘʯʘʩʪʫʶ ʜʣʷ ɻʇ ʩ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʙʣʦʢʦʚ ʫʟʢʠʤ ʤʝʩʪʦʤ ʷʚʣʷʝʪʩʷ ʥʝ 

ʧʨʦʧʫʩʢʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʙʣʦʢʦʚ, ʘ 

ʰʠʨʠʥʘ ʢʘʥʘʣʘ ʤʝʞʜʫ ʧʘʤʷʪʴʶ ʎʇ ʠ ɻʇ. ʀʟ-ʟʘ 

ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʦ ʘʨʠʬʤʝʪʠʯʝʩʢʠ-ʣʦʛʠʯʝʩʢʠʭ 

ʫʩʪʨʦʡʩʪʚʦ (ɸʃʋ) ʥʘ ʛʨʘʬʠʯʝʩʢʦʤ ʧʨʦʮʝʩʩʦʨʝ 

ʠʥʦʛʜʘ ʥʝʚʦʟʤʦʞʥʦ ʧʦʩʪʘʚʣʷʪʴ ʪʘʢʦʡ ʦʙʲʸʤ ʜʘʥʥʳʭ 

ʜʣʷ ʦʙʨʘʙʦʪʢʠ, ʯʪʦʙʳ ʥʝ ʜʦʧʫʩʢʘʪʴ ʧʨʦʩʪʦʷ 

ʚʳʯʠʩʣʠʪʝʣʥɹʳʭ ʙʣʦʢʦʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʩʪʦʠʪ 

ʠʩʩʣʝʜʦʚʘʪʴ ʩʧʦʩʦʙʳ, ʢʦʪʦʨʳʤʠ ʤʦʞʥʦ ʫʤʝʥʴʰʠʪʴ 

ʦʙʲʸʤ ʪʨʘʬʠʢʘ ʧʘʤʷʪʠ, ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ ʨʝʰʝʥʠʷ 

ʟʘʜʘʯʠ [9]. 

ʗʟʳʢ CUDA ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʚ ʨʘʩʧʦʨʷʞʝʥʠʝ 

ʜʨʫʛʦʡ ʚʠʜ ʧʘʤʷʪʠ, ʠʟʚʝʩʪʥʳʡ ʢʘʢ ʢʦʥʩʪʘʥʪʥʘʷ 

ʧʘʤʷʪʴ. ʀʟ ʥʘʟʚʘʥʠʷ ʩʪʘʥʦʚʠʪʩʷ ʷʩʥʦ, ʯʪʦ ʵʪʦʪ ʚʠʜ 

ʧʘʤʷʪʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʜʘʥʥʳʭ, ʥʝʠʟʤʝʥʥʳʭ ʚ 

ʪʝʯʝʥʠʝ ʚʳʧʦʣʥʝʥʠʷ CUDA ʷʜʨʘ. 

ɺʩʝʛʦ ʜʦʩʪʫʧʥʦ 64 ʂɹ ʢʦʥʩʪʘʥʪʥʦʡ ʧʘʤʷʪʠ ʥʘ 

ɻʇ. ʂʦʥʩʪʘʥʪʥʘʷ ʧʘʤʷʪʴ ʢʵʰʠʨʫʝʪʩʷ, ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ ʦʙʨʘʱʝʥʠʝ ʢ ʢʦʥʩʪʘʥʪʥʦʡ ʧʘʤʷʪʠ 

ʵʢʚʠʚʘʣʝʥʪʥʦ ʯʪʝʥʠʶ ʠʟ ʧʘʤʷʪʠ ʫʩʪʨʦʡʩʪʚʘ, ʪʦʣʴʢʦ 

ʚ ʩʣʫʯʘʝ ʢʵʰ-ʧʨʦʤʘʭʘ, ʚ ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ ʜʘʥʥʘʷ 

ʦʧʝʨʘʮʠʷ ʙʫʜʝʪ ʵʢʚʠʚʘʣʝʥʪʥʘ ʯʪʝʥʠʶ ʠʟ 

ʢʦʥʩʪʘʥʪʥʦʛʦ ʢʵʰʘ [4]. 

ɼʣʷ ʚʩʝʭ ʧʦʪʦʢʦʚ ʧʦʣʦʚʠʥʳ ʚʘʨʧʘ, ʯʪʝʥʠʝ ʠʟ 

ʢʵʰʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʪʘʢʞʝ ʙʳʩʪʨʦ, ʢʘʢ ʠ ʯʪʝʥʠʝ ʠʟ 

ʨʝʛʠʩʪʨʦʚ, ʝʩʣʠ ʚʩʝ ʧʦʪʦʢʠ ʦʙʨʘʱʘʶʪʩʷ ʢ ʦʜʥʦʤʫ ʠ 

ʪʦʤʫ ʞʝ ʘʜʨʝʩʫ. ɼʦʩʪʫʧ ʧʦʪʦʢʦʚ ʢ ʨʘʟʥʳʤ ʘʜʨʝʩʘʤ ʚ 

ʧʨʝʜʝʣʘʭ ʧʦʣʦʚʠʥʳ ʚʘʨʧʘ ʧʦʩʣʝʜʦʚʘʪʝʣʝʥ, ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ ʪʨʫʜʦʸʤʢʦʩʪʴ ʜʘʥʥʦʡ ʦʧʝʨʘʮʠʠ ʚʦʟʨʘʩʪʘʝʪ 

ʣʠʥʝʡʥʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʣʠʯʝʩʪʚʘ ʨʘʟʣʠʯʥʳʭ 

ʘʜʨʝʩʦʚ, ʧʦ ʢʦʪʦʨʳʤ ʦʙʨʘʱʘʶʪʩʷ ʧʦʪʦʢʠ ʚ 

ʧʨʝʜʝʣʘʭ ʧʦʣʦʚʠʥʳ ʚʘʨʧʘ. 

ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʦʙʲʷʚʠʪʴ ʧʝʨʝʤʝʥʥʫʶ ʚ 

ʢʦʥʩʪʘʥʪʥʦʡ ʧʘʤʷʪʠ, ʠʩʧʦʣʴʟʫʝʪʩʷ ʢʣʶʯʝʚʦʝ ʩʣʦʚʦ 

__constant__, ʢʘʢ ʵʪʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʥʘ 

ʣʠʩʪʠʥʛʝ 5. ʇʝʨʝʤʝʥʥʳʝ ʚ ʢʦʥʩʪʘʥʪʥʦʡ ʧʘʤʷʪʠ 

ʚʩʝʛʜʘ ʦʙʲʷʚʣʷʶʪʩʷ ʚ ʛʣʦʙʘʣʴʥʦʡ ʦʙʣʘʩʪʠ, ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʤʝʭʘʥʠʟʤ ʦʙʲʷʚʣʝʥʠʷ ʧʝʨʝʤʝʥʥʳʭ ʚ 

ʢʦʥʩʪʘʥʪʥʦʡ ʧʘʤʷʪʠ ʵʢʚʠʚʘʣʝʥʪʝʥ ʦʙʲʷʚʣʝʥʠʶ 

ʧʝʨʝʤʝʥʥʳʭ ʚ ʨʘʟʜʝʣʷʝʤʦʡ ʧʘʤʷʪʠ. 
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ʌʫʥʢʮʠʷ cudaMemcpyToSymbol() ï ʵʪʦ 

ʩʧʝʮʠʘʣʴʥʘʷ ʚʝʨʩʠʷ ʬʫʥʢʮʠʠ cudaMemcpy(), ʛʜʝ 

ʦʩʫʝɦʩʪʚʣʷʝʪʩʷ ʢʦʧʠʨʦʚʘʥʠʝ ʠʟ ʧʘʤʷʪʠ ʫʩʪʨʦʡʩʪʚʘ 

ʚ ʦʙʣʘʩʪʴ ʢʦʥʩʪʘʥʪʥʦʡ ʧʘʤʷʪʠ ɻʇ, ʧʨʠʤʝʨ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʘʥʥʦʡ ʬʫʥʢʮʠʠ ʚ ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʤ 

ʇʆ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʣʠʩʪʠʥʛʝ 6. 

ʆʧʝʨʘʮʠʷ ʯʪʝʥʠʷ ʠʟ ʢʦʥʩʪʘʥʪʥʦʡ ʧʘʤʷʪʠ, 

ʧʨʠʤʝʨ ʢʦʪʦʨʦʡ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʣʠʩʪʠʥʛʝ 7, ʤʦʞʝʪ 

ʙʳʪʴ ʦʪʪʨʘʥʩʣʠʨʦʚʘʥʘ ʤʝʞʜʫ ʧʦʪʦʢʘʤʠ ʦʜʥʦʡ 

ʧʦʣʦʚʠʥʳ ʚʘʨʧʘ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʵʬʬʝʢʪʠʚʥʦ 

ʫʤʝʥʴʰʘʷ ʦʙʱʝʝ ʢʦʣʠʯʝʩʪʚʦ ʦʧʝʨʘʮʠʡ ʯʪʝʥʠʷ. ʊ.ʢ. 

ʢʦʥʩʪʘʥʪʥʘʷ ʧʘʤʷʪʴ ʢʵʰʠʨʦʚʘʥʘ, ʪʦ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʦʙʨʘʱʝʥʠʝ ʢ ʦʜʥʦʤʫ ʠ ʪʦʤʫ ʞʝ 

ʘʜʨʝʩʫ ʥʝ ʫʚʝʣʠʯʠʪ ʪʨʘʬʠʢ ʤʝʞʜʫ ʙʣʦʢʦʤ ʠ 

ʧʘʤʷʪʴʶ ʫʩʪʨʦʡʩʪʚʘ. 

ʂʦʥʩʪʘʥʪʳ, ʠʟʚʝʩʪʥʳʝ ʥʘ ʤʦʤʝʥʪ 

ʢʦʤʧʠʣʠʨʦʚʘʥʠʷ ʧʨʦʛʨʘʤʤʳ, ʜʦʣʞʥʳ ʙʳʪʴ 

ʦʧʨʝʜʝʣʝʥʳ ʧʨʠ ʧʦʤʦʱʠ ʤʘʢʨʦʩʦʚ ʧʨʝʧʨʦʮʝʩʩʦʨʘ 

(ʢ ʧʨʠʤʝʨʫ, #define). ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʧʝʨʝʤʝʥʥʳʭ ʚ 

ʢʦʥʩʪʘʥʪʥʦʡ ʧʘʤʷʪʠ ʫʩʪʨʦʡʩʪʚʘ ʦʙʦʩʥʦʚʘʥʥʦ ʚ 

ʩʣʫʯʘʝ, ʝʩʣʠ ʪʦʯʥʦ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʟʥʘʯʝʥʠʷ ʥʝ ʙʫʜʫʪ 

ʠʟʤʝʥʝʥʳ ʚ ʪʝʯʝʥʠʝ ʚʨʝʤʝʥʠ ʚʳʧʦʣʥʝʥʠʷ ʷʜʨʘ. 

ɽʩʣʠ ʞʝ ʢʦʣʠʯʝʩʪʚʦ ʢʦʥʩʪʘʥʪ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʥʝʙʦʣʴʰʦʝ, ʠ ʠʭ ʟʥʘʯʝʥʠʷ ʚʣʠʷʶʪ ʥʘ ʚʝʪʚʣʝʥʠʷ ʧʨʠ 

ʚʳʧʦʣʥʝʥʠʠ ʷʜʨʘ, ʪʦ ʣʫʯh ʠʤ ʚʘʨʠʘʥʪʦʤ ʤʦʞʝʪ 

ʪʘʢʞʝ ʦʢʘʟʘʪʴʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʰʘʙʣʦʥʦʚ CUDA 

ʷʜʝʨ, ʛʜʝ ʚ ʢʘʯʝʩʪʚʝ ʧʘʨʘʤʝʪʨʦʚ ʰʘʙʣʦʥʦʚ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʦʥʩʪʘʥʪʳ [15]. 

 
 

ʈʠʩ.11 ï ʄʦʜʝʣʴ ʧʘʤʷʪʠ CUDA [9]. 

 

 

ʃʠʩʪʠʥʛ 5. ʌʨʘʛʤʝʥʪ ʢʦʜʘ ʛʣʦʙʘʣʴʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ 
 

#define  FACTOR_ARRAY_SIZE  2 

__constant __ double  device _factor [ FACTOR_ARRAY_SIZE ];  

ʃʠʩʪʠʥʛ 6. ʌʨʘʛʤʝʥʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ C++ ʢʦʜʘ 
 

double  host _factor [ FACTOR_ARRAY_SIZE ];  

double  host _factor [ 0] = - HOLO_PI  * waveLength  * z_distance ;  

double  host _factor [ 1] = - wavenum * z_distance ;  

cudaMemcpyToSymbol ( device _factor , host _factor , sizeof ( double ) * 

FACTOR_ARRAY_SIZE );  

 
ʃʠʩʪʠʥʛ 7. ʌʨʘʛʤʝʥʪ ʢʦʜʘ CUDA ʷʜʨʘ 

 

double  var _real  = cos ( device _factor [ 0] * dist );  

double  var _img  = sin ( device _factor [ 1] * dist );  

 

ɼɺʋʄɽʈʅʆɽ ɼʀʉʂʈɽʊʅʆɽ ʇʈɽʆɹʈɸɿʆɺɸʅʀɽ 

ʌʈɽʅɽʃʗ ʉʈɽɼʉʊɺɸʄʀ CUFFT 

 

ɽʩʣʠ ʧʣʦʩʢʦʩʪʴ ʛʦʣʦʛʨʘʤʤʳ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʦʙʣʘʩʪʠ, ʪʦ ʧʨʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʠ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʌʫʨʴʝ ʧʝʨʝʚʝʜʝʪ ʵʪʫ ʦʙʣʘʩʪʴ ʚ 

ʯʘʩʪʦʪʥʫʶ. ɸʣʛʦʨʠʪʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʨʝʥʝʣʷ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʨʦʩʪʦʝ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʝ 

ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ, ʦʜʥʘʢʦ ʵʪʦ 

ʥʘʢʣʘʜʳʚʘʝʪ ʨʷʜ ʦʛʨʘʥʠʯʝʥʠʡ ʥʘ ʢʦʥʩʪʨʫʢʮʠʶ 

ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʳ, ʚ ʯʘʩʪʥʦʩʪʠ ʥʠʞʥʷʷ ʠ 

ʚʝʨʭʥʷʷ ʛʨʘʥʠʮʳ ʜʦʧʫʩʪʠʤʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʟʘʧʠʩʠ 

ʛʦʣʦʛʨʘʤʤʳ ʩʪʘʥʦʚʷʪʩʷ ʟʥʘʯʠʤʳʤ ʬʘʢʪʦʨʦʤ. 

ʇʦʤʠʤʦ ʵʪʦʛʦ, ʫʤʝʥʴʰʝʥʥʦʝ ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʝ 

ʠʟʦʙʨʘʞʝʥʠʝ ʦʙʲʝʢʪʘ ʟʘʥʠʤʘʝʪ ʤʝʥʴʰʫʶ ʧʣʦʱʘʜʴ ʚ 

ʜʠʩʢʨʝʪʥʦʤ ʮʠʬʨʦʚʦʤ ʠʟʦʙʨʘʞʝʥʠʠ. ɺ ʭʦʜʝ 

ʚʳʯʠʩʣʝʥʠʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʨʝʥʝʣʷ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʌʫʨʴʝ ʧʨʠʤʝʥʷʝʪʩʷ 1 ʨʘʟ.  ʀʟ 

ʥʝʧʨʝʨʳʚʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝ ʤʦʞʥʦ 

ʧʦʣʫʯʠʪʴ ʜʠʩʢʨʝʪʥʦʝ ʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʘʣʛʦʨʠʪʤ 

ʙrʩʪʨʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝ (ɹʇʌ).  

ɹʠʙʣʠʦʪʝʢʘ NVidia CUDA Fast Fourier Transform 

(cuFFT) ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʧʨʦʩʪʦʡ ʠʥʪʝʨʬʝʡʩ ʜʣʷ 

ʚrʯʠʩʣʝʥʠʷ ʙʳʩʪʨʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝ ʥʘ 

ʧʦʨ̫ʜʦʢ ʙʳʩʪʨʝʝ, ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʚʳʯʠʩʣʝʥʠʝʤ ʥʘ 

ʎʇʋ. ʀʩʧʦʣʴʟʫʷ ʩʦʪʥʠ ʧʨʦʮʝʩʩʦʨʥʳʭ ʷʜʝʨ 

ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʦʚ NVidia, cuFFT 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʫʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ 

ʚʳʯʠʩʣʝʥʠʡ ʩ ʧʣʘʚʘʶʱʝʡ ʪʦʯʢʦʡ ʥʘ ɻʇ ʙʝʟ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʨʘʟʨʘʙʦʪʢʠ ʩʦʙʩʪʚʝʥʥʦʡ ʨʝʘʣʠʟʘʮʠʠ 

ɹʌʇ ʥʘ ɻʇ. ʐʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʨʘʟʣʠʯʥʳʭ 

ʧʨʠʣʦʞʝʥʠʷʭ ʦʪ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʬʠʟʠʢʠ ʜʦ 

ʦʙʨʘʙʦʪʢʠ ʠʟʦʙʨʘʞʝʥʠʡ ʠ ʦʙʨʘʙʦʪʢʠ ʩʠʛʥʘʣʦʚ, 

cuFFT ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤ ʨʝʰʝʥʠʝʤ ʜʣʷ 

ʚʳʯʠʩʣʝʥʠʷ ɹʌʇ ʜʣʷ ʢʦʤʧʣʝʢʩʥʳʭ ʠʣʠ 

ʚʝʱʝʩʪʚʝʥʥʳʭ ʥʘʙʦʨʦʚ ʜʘʥʥʳʭ. ɹʠʙʣʠʦʪʝʢʘ cuFFT 

ʠʩʧʦʣʴʟʫʝʪ ʘʣʛʦʨʠʪʤʳ, ʙʘʟʠʨʦʚʘʥʥʳʝ ʥʘ ʠʟʚʝʩʪʥʳʭ 
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ʘʣʛʦʨʠʪʤʘʭ ʂʫʣʠ-ʊʴʶʢʠ ʠ ɹʣʫʰʪʝʡʥʘ, ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ ʚʳ ʤʦʞʝʪʝ ʙʳʪʴ ʫʚʝʨʝʥʳ, ʯʪʦ ʙʫʜʫʪ 

ʧʦʣʫʯʝʥʳ ʪʦʯʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʵʬʬʝʢʪʠʚʥʳʤ 

ʤʝʪʦʜʦʤ [5]. 

ʊ.ʢ. ʚ ʠʩʧʦʣʴʟʫʝʤʦʤ ʤʝʪʦʜʝ ʥʝʦʙʭʦʜʠʤʦ 

ʧʨʠʤʝʥʠʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʌʫʨʴʝ ʜʣʷ ʤʘʪʨʠʮʳ 

ʢʦʤʧʣʝʢʩʥʳʭ ʯʠʩʝʣ, ʪʦ ʙʫʜʝʪ ʠʩʧʦʣʴʟʦʚʘʥʦ 

ʜʚʫʤʝʨʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʌʫʨʴʝ ʙʠʙʣʠʦʪʝʢʠ 

cuFFT, ʨʝʘʣʠʟʘʮʠʷ ʢʦʪʦʨʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ 

ʣʠʩʪʠʥʛʝ 8.  

ʅʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʣʘʥ 

ʚʳʧʦʣʥʝʥʠʷ, ʟʘʜʘʶʪʩʷ ʧʘʨʘʤʝʪʨʳ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ. 

ɼʘʣʝʝ ʚʳʜʝʣʷʝʪʩʷ ʧʘʤʷʪʴ ʥʘ ʚʠʜʝʦʢʘʨʪʝ ʜʣʷ 

ʤʘʪʨʠʮʳ, ʟʘʪʝʤ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʢʦʧʠʨʦʚʘʥʠʝ 

ʤʘʪʨʠʮʳ ʠʟ ʦʧʝʨʘʪʠʚʥʦʡ ʧʘʤʷʪʠ ʚ ʧʘʤʷʪʴ 

ʚʠʜʝʦʢʘʨʪʳ ʠ ʚʳʧʦʣʥʝ̫ʪʩʷ ʜʚʫʤʝʨʥʦʝ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʌʫʨʴʝ ʥʘ ʛʨʘʬʠʯʝʩʢʦʡ ʢʘʨʪʝ. ʅʘ 

ʟʘʢʣʶʯʠʪʝʣʴʥʦʤ ʵʪʘʧʝ ʜʘʥʥʳʝ ʢʦʧʠʨʫʶʪʩʷ ʦʙʨʘʪʥʦ 

ʚ ʦʧʝʨʘʪʠʚʥʫʶ ʧʘʤʷʪʴ.

 

ʃʠʩʪʠʥʛ 8. ɼʠʩʢʨʝʪʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʌʫʨʴʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʠʙʣʠʦʪʝʢʠ ʬʫʥʢʮʠʡ cuFFT 
 

cufftHandle  plan 2D;  

cufftPlan 2d(& plan 2D, size , size , CUFFT_C2C);  

cufftComplex  * device _CUDA_data ;  

checkCudaErrors ( cudaMalloc (( void **)& device _CUDA_data , sizeof ( cufftComplex ) * 

size  * size ));  

checkCudaErrors ( cudaMemcpy( device _CUDA_data , host _CUDA_data , 

sizeof ( cufftComplex ) * size  * size , cudaMemcpyHostToDevice ));  

cufftExecC 2C( plan 2D, device _CUDA_data , device _CUDA_data , forwar d ? CUFFT_FORWARD 

: CUFFT_INVERSE);  

checkCudaErrors ( cudaMemcpy( host _CUDA_data , device _CUDA_data , 

sizeof ( cufftComplex ) * size  * size , cudaMemcpyDeviceToHost ));  

cufftDestroy ( plan 2D);  

checkCudaErrors ( cudaFree ( device _CUDA_data ));  

 

ʆʇʊʀʄʀɿɸʎʀʗ ʉʊɸʊʀʉʊʀʏɽʉʂʀʍ 

ɺʓʏʀʉʃɽʅʀʁ ʅɸ CUDA 

 

ʂʘʢ ʧʨʘʚʠʣʦ, ʧʦʪʦʢʠ ʤʦʛʫʪ ʙʝʟʦʧʘʩʥʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʪʴ ʤʝʞʜʫ ʩʦʙʦʡ, ʪʦʣʴʢʦ ʝʩʣʠ ʦʥʠ 

ʩʫʱʝʩʪʚʫʶʪ ʥʘ ʦʜʥʦʤ ʙʣʦʢʝ. ʉʫʱʝʩʪʚʫʝʪ 

ʪʝʭʥʠʯʝʩʢʘʷ ʚʦʟʤʦʞʥʦʩʪʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʧʦʪʦʢʦʚ 

ʩ ʨʘʟʥʳʭ ʙʣʦʢʦʚ, ʥʦ ʵʪʦ ʛʦʨʘʟʜʦ ʩʣʦʞʥʝʝ, ʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʵʪʦʡ ʚʦʟʤʦʞʥʦʩʪʠ ʜʝʣʘʝʪ ʢʦʜ 

ʩʢʣʦʥʥʳʤ ʢ ʙʦʣʴʰʦʤʫ ʢʦʣʠʯʝʩʪʚʫ ʦʰʠʙʦʢ ʚ 

ʧʨʦʛʨʘʤʤʝ.  

ɺ ʥʘʩʪʦʷʱʝʤ ʨʘʟʜʝʣʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ 

ʥʘʧʠʩʘʥʠʝ ʷʜʝʨ, ʧʦʪʦʢʠ ʢʦʪʦʨʳʭ ʙʝʟʦʧʘʩʥʦ ʠ 

ʵʬʬʝʢʪʠʚʥʦ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʜʨʫʛ ʩ ʜʨʫʛʦʤ ʜʣʷ 

ʥʘʭʦʞʜʝʥʠʷ ʩʨʝʜʥʝʛʦ ʟʥʘʯʝʥʠʷ ʤʘʩʩʠʚʘ 

ʚʝʱʝʩʪʚʝʥʥʳʭ ʯʠʩʝʣ. ʅʘ CUDA ʪʘʢʞʝ ʣʝʛʢʦ 

ʨʝʘʣʠʟʦʚʘʪʴ ʚʳʯʠʩʣʝʥʠʝ ʪʘʢʠʭ ʩʪʘʪʠʩʪʠʯʝʩʢʠʭ 

ʟʥʘʯʝʥʠʡ, ʢʘʢ ʩʪʘʥʜʘʨʪʥʦʝ ʦʪʢʣʦʥʝʥʠʝ, ʩʨʝʜʥʝʝ, 

ʤʠʥʠʤʫʤ, ʤʘʢʩʠʤʫʤ ʠ ʪ.ʜ., ʠʩʧʦʣʴʟʫʷ ʤʝʪʦʜʳ, 

ʧʦʜʦʙʥʳʝ ʧʨʠʚʝʜʝʥʥʦʤʫ ʜʘʣʝʝ ʨʝʰʝʥʠʶ. 

ʈʘʩʩʤʦʪʨʝʥʥʘʷ ʥʠʞʝ ʤʝʪʦʜʠʢʘ ʷʚʣʷʝʪʩʷ 

ʦʬʠʮʠʘʣʴʥʦ ʨʝʢʦʤʝʥʜʦʚʘʥʥʳʤ ʤʝʪʦʜʦʤ 

ʚʳʧʦʣʥʝʥʠʷ reduction operations (ʦʧʝʨʘʮʠʡ ʧʦ 

ʩʦʢʨʘʱʝʥʠʶ) [14]. ʊ.ʢ. ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʧʦʪʦʢʠ 

ʜʦʣʞʥʳ ʨʘʟʜʝʣʷʪʴ ʧʘʤʷʪʴ, ʚʘʞʥʦ ʧʨʘʚʠʣʴʥʦ 

ʩʬʦʨʤʠʨʦʚʘʪʴ ʩʪʨʫʢʪʫʨʫ ʙʣʦʢʦʚ ʧʦʪʦʢʦʚ. 

ʇʝʨʝʤʝʥʥʳʝ ʜʦʣʞʥʳ ʨʘʟʜʝʣʷʪʴ 8 ʙʘʡʪ * 256 

ʧʦʪʦʢʦʚ / ʙʣʦʢ = 2 ʂɹ / ʙʣʦʢ. ʊ.ʢ. ʇʄ ʠʤʝʝʪ ʚʩʝʛʦ 

16 ʂɹ shared (ʨʘʟʜʝʣʷʝʤʦʡ) ʧʘʤʷʪʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ 

ʧʨʠʝʤʣʝʤʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 2 ʂɹ ʨʘʟʜʝʣʷʝʤʦʡ 

ʧʘʤʷʪʠ. ɹʦʣʝʝ ʪʦʛʦ, ʙʣʦʢʠ ʙʫʜʫʪ ʩʦʩʪʦʷʪʴ ʠʟ 256 

ʧʦʪʦʢʦʚ ʢʘʞʜʳʡ, ʯʪʦ ʜʘʸʪ 256 x 1 x 1 

ʢʦʥʬʠʛʫʨʘʮʠʶ. 

ɺ ʢʦʜʝ ʥʘ ʣʠʩʪʠʥʛʝ 9 ʝʩʪʴ ʮʠʢʣ while, ʚ ʢʦʪʦʨʦʤ 

ʩ ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʝʡ ʯʠʩʣʦ ʘʢʪʠʚʥʳʭ ʧʦʪʦʢʦʚ 

ʩʦʢʨʘʱʘʝʪʩʷ ʚʜʚʦʝ. ʇʦʜʦʙʥʦʝ ʩʦʢʨʘʱʝʥʠʝ ʷʚʣʷʝʪʩʷ 

ʧʦʧʫʣʷʨʥʦʝ ʪʝʭʥʠʢʦʡ ʪ.ʢ. ʤʦʞʝʪ ʙʳʪʴ 

ʧʘʨʘʣʣʝʣʠʟʦʚʘʥʦ. ʀʟʥʘʯʘʣʴʥʦ, ʙʣʦʢ ʧʦʪʦʢʦʚ 

ʩʦʩʪʦʠʪ ʠʟ 256 ʧʦʪʦʢʦʚ, ʧʝʨʚʳʡ ʨʘʟ ʮʠʢʣ while 

ʚʳʧʦʣʥʷʝʪʩʷ, ʧʦʪʦʢʠ 0..127 ʙʫʜʫʪ ʩʨʘʚʥʠʚʘʪʴ ʠʭ 

ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ ʩ ʧʦʪʦʢʘʤʠ 128..255. ʈʝʟʫʣʴʪʘʪʳ 

ʙʫʜʫʪ ʩʦʭʨʘʥʝʥʳ ʚ ʨʘʟʜʝʣʷʝʤʦʡ ʧʘʤʷʪʴʶ ʧʦʜ 

ʠʥʜʝʢʩʘʤʠ 0..127. ʇʨʠ ʩʣʝʜʫʶʱʝʤ ʧʨʦʭʦʜʝ ʮʠʢʣʘ 

ʪʦʣʴʢʦ ʧʦʪʦʢʠ 0..63 ʙʫʜʫʪ ʘʢʪʠʚʥʳ ʠ ʪ.ʜ. 

ʅʝʦʙʭʦʜʠʤʦ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ, ʯʪʦ ʥʝʩʤʦʪʨʷ ʥʘ 

ʪʦʪ ʬʘʢʪ, ʯʪʦ ʙʦʣʴʰʘʷ ʯʘʩʪʴ ʧʦʪʦʢʦʚ ʙʫʜʝʪ 

ʧʨʦʩʪʘʠʚʘʪʴ ʚ ʪʝʯʝʥʠʝ ʚʳʧʦʣʥʝʥʠʷ ʷʜʨʘ, ʧʦʠʩʢ 

ʩʨʝʜʥʝʛʦ ʟʥʘʯʝʥʠʷ ʤʘʩʩʠʚʘ ʥʘ ɻʇ ʦʩʪʘʸʪʩʷ 

ʟʥʘʯʠʪʝʣʴʥʦ ʙʳʩʪʨʝʝ, ʯʝʤ ʘʥʘʣʦʛʠʯʥʘʷ ʦʧʝʨʘʮʠʷ, 

ʚʳʧʦʣʥʷʝʤʘʷ ʥʘ ʎʇ [4]. 

ʊʘʢʞʝ ʥʝʦʙʭʦʜʠʤʦ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ ʥʘ ʪʦ, ʯʪʦ 

ʚ ʷʜʨʝ ʚʳʟʳʚʘʝʪʩʷ ʬʫʥʢʮʠʷ __syncthreads(). ʕʪʘ 

ʬʫʥʢʮʠʷ ʷʚʣʷʝʪʩʷ ʙʘʨʴʝʨʥʦʡ ʜʣʷ ʚʩʝʭ ʧʦʪʦʢʦʚ ʚ 

ʧʨʝʜʝʣʘʭ ʢʘʞʜʦʛʦ ʙʣʦʢʘ. ʅʠ ʦʜʠʥ ʧʦʪʦʢ ʥʝ ʤʦʞʝʪ 

ʧʨʦʜʦʣʞʠʪʴ ʚʳʧʦʣʥʝʥʠʝ, ʧʦʢʘ ʚʩʝ ʧʦʪʦʢʠ ʥʝ 

ʜʦʩʪʠʛʥʫʪ ʫʯʘʩʪʢʘ ʢʦʜʘ ʚʳʟʦʚʘ ʜʘʥʥʦʡ ʬʫʥʢʮʠʠ. 

ʄʦʞʝʪ ʧʦʢʘʟʘʪʴʩʷ, ʯʪʦ ʵʪʦ ʟʘʤʝʜʣʠʪ ʚʳʧʦʣʥʝʥʠʝ 

ʠʟ-ʟʘ ʪʦʛʦ, ʯʪʦ ʯʘʩʪʴ ʧʦʪʦʢʦʚ ʙʫʜʝʪ ʧʨʦʩʪʘʠʚʘʪʴ ʠʟ-

ʟʘ ʪʦʛʦ, ʯʪʦ ʜʦʩʪʠʛʥʝʪ ʪʦʯʢʠ ʩʠʥʭʨʦʥʠʟʘʮʠʠ ʨʘʥʴʰʝ 

ʦʩʪʘʣʴʥʳʭ, ʥʦ ʩʦʚʝʨʰʝʥʥʦ ʥʝʦʙʭʦʜʠʤʦ 

ʩʠʥʭʨʦʥʠʟʦʚʘʪʴ ʧʦʪʦʢʠ. ʃʠʰʴ ʠʩʧʦʣʴʟʫʷ 

__syncthreads() ʤʦʞʥʦ ʛʘʨʘʥʪʠʨʦʚʘʪʴ, ʯʪʦ ʚʩʝ 

ʧʦʪʦʢʠ ʢʘʞʜʳʡ ʨʘʟ ʙʫʜʫʪ ʚ ʧʨʝʜʝʣʘʭ ʦʜʥʦʡ 

ʠʪʝʨʘʮʠʠ ʮʠʢʣʘ while, ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʦʙʝʩʧʝʯʠʚʘʷ 

ʢʦʨʨʝʢʪʥʦʝ ʯʪʝʥʠʝ ʟʥʘʯʝʥʠʡ ʠʟ ʨʘʟʜʝʣʷʝʤʦʡ 

ʧʘʤʷʪʠ. ɹʝʟ ʚʳʟʦʚʘ __syncthreads() ʚʦʟʥʠʢʘʝʪ 

ʩʦʩʪʦʷʥʠʝ ʛʦʥʢʠ. 

ʊ.ʢ. ʥʝ ʩʫʱʝʩʪʚʫʝʪ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʛʦ 

ʩʧʦʩʦʙʘ ʦʙʤʝʥʘ ʜʘʥʥʳʤʠ ʤʝʞʜʫ ʙʣʦʢʘʤʠ ʧʦʪʦʢʦʚ, 

ʨʝʟʫʣʴʪʠʨʫʶʱʠʝ ʟʥʘʯʝʥʠʷ ʙʫʜʫʪ ʟʘʧʠʩʘʥʳ ʚ global 

(ʛʣʦʙʘʣʴʥʫʶ) ʧʘʤʷʪʴ. ʕʪʠ ʟʥʘʯʝʥʠʷ ʚ ʜʘʣʴʥʝʡʰʝʤ 

ʤʦʛʫʪ ʙʳʪʴ ʩʢʦʧʠʨʦʚʘʥʳ ʦʙʨʘʪʥʦ ʚ ʦʧʝʨʘʪʠʚʥʫʶ 

ʧʘʤʷʪʴ ʇʂ ʜʣʷ ʦʢʦʥʯʘʪʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ. 
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ʃʠʩʪʠʥʛ 9. ʗʜʨʦ CUDA ʫʩʨʝʜʥʝʥʠʝ ʟʥʘʯʝʥʠʡ ʚ ʤʘʩʩʠʚʝ 
 

__global __ void  getAverageKernel ( double  * array , double  * avg _value ) {  

    __shared __ double  avg [ THREADS_PER_BLOCK];  

 

    int  array _index  = BLOCKS_PER_GRID_ROW * THREADS_PER_BLOCK * blockIdx . y + 256 

* blockIdx . x + threadIdx . x;  

    avg [ threadIdx . x] = array [ array _index ];  

    __syncthreads ();  

    in t  nTotalThreads  = blockDim . x;  

 

    while ( nTotalThreads  > 1) {  

        int  halfPoint  = ( nTotalThreads  >> 1);  

        if  ( threadIdx . x < halfPoint ) {  

            avg [ threadIdx . x] += avg [ threadIdx . x + halfPoint ];  

            avg [ threadIdx . x] /= 2;  

        }  

        __syncthreads ();  

 

        nTotalThreads  = ( nTotalThreads  >> 1);  

    }  

 

    if  ( threadIdx . x == 0) {  

        avg _value [ BLOCKS_PER_GRID_ROW * blockIdx . y + blockIdx . x] = avg [ 0];  

    }  

}  

 

ɿɸʂʃʖʏɽʅʀɽ 

 

ɺ ʩʪʘʪʴʝ ʦʧʠʩʘʥ ʧʨʦʮʝʩʩ ʦʧʪʠʤʠʟʘʮʠʠ 

ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʜʣʷ ʮʠʬʨʦʚʦʡ ʛʦʣʦʛʨʘʬʠʠ 

ʚ ʩʨʝʜʝ CUDA. ʇʘʨʘʣʣʝʣʠʟʦʚʘʥʥʘʷ ʚʝʨʩʠʷ ʘʣʛʦʨʠʪʤʘ 

ʨʘʙʦʪʘʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʙʳʩʪʨʝʝ ʜʣʷ ʩʨʝʜʥʠʭ ʠ ʙʦʣʴh ʠʭ 

ʨʘʟʤʝʨʦʚ ʛʦʣʦʛʨʘʤʤ (ʩ ʨʘʟʨʝʰʝʥʠʝʤ ʦʪ 512 x 512 ʜʦ 

4096 x 4096). 

ɺ ʩʨʘʚʥʝʥʠʠ ʩ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʡ ʚʝʨʩʠʝʡ ʚʨʝʤʷ 

ʚʳʧʦʣʥʝʥʠʷ ʦʧʝʨʘʮʠʡ ʩʦʢʨʘʪʠʣʦʩʴ ʦʪ ʧʦʣʫʪʦʨʘ ʜʦ 

ʧʷʪʥʘʜʮʘʪʠ ʨʘʟ. ɺʨʝʤʷ ʚʳʧʦʣʥʝʥʠʷ ʧʘʨʘʣʣʝʣʴʥʦʛʦ 

ʘʣʛʦʨʠʪʤʘ ʜʣʷ ʛʦʣʦʛʨʘʤʤ ʤʘʣʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʟʘʥʠʤʘʝʪ 

ʧʦʨʷʜʢʘ ʯʝʪʚʝʨʪʠ ʩʝʢʫʥʜʳ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʜʝʣʘʷ 

ʚʦʟʤʦʞʥʳʤ ʝʛʦ ʧʨʠʤʝʥʝʥʠʝ ʚ ʩʠʩʪʝʤʘʭ ʨʝʘʣʥɹʦʛʦ 

ʚʨʝʤʝʥʠ. ʇʨʦʛʨʘʤʤʘ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʘ ʚ ʬʦʥʜʝ 

ʘʣʛʦʨʠʪʤʦʚ ʠ ʧʨʦʛʨʘʤʤ ʉʠʙʠʨʩʢʦʛʦ ʆʪʜʝʣʝʥʠʷ ʈɸʅ 
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 ɺʣʘʜʠʤʠʨ ɻʫʞʦʚ ʧʨʦʬʝʩʩʦʨ 
ʅʦʚʦʩʠʙʠʨʩʢʦʛʦ 

ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʊʝʭʥʠʯʝʩʢʦʛʦ 

ʫʥʠʚʝʨʩʠʪʝʪʘ, ʜʦʢʪʦʨ ʪʝʭʥʠʯʝʩʢʠʭ 
ʥʘʫʢ. ʆʥ ʷʚʣʷʝʪʩʷ ʘʚʪʦʨʦʤ 170 

ʥʘʫʯʥʳʭ ʨʘʙʦʪ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʷʚʣʷʝʪʩʷ ʦʙʣʘʜʘʪʝʣʝʤ 4 ʧʘʪʝʥʪʦʚ. 
ʆʙʣʘʩʪʴ ʥʘʫʯʥʳʭ ʠʥʪʝʨʝʩʦʚ: 

ʧʨʦʛʨʘʤʤʥʳʝ ʩʠʩʪʝʤʳ, 

ʚʳʩʦʢʦʪʦʯʥʳʝ ʠʟʤʝʨʝʥʠʷ. 

   

 ʉʝʨʛʝʡ ʀʣʴʠʥʳʭ - ʜʦʮʝʥʪ 

ʅʦʚʦʩʠʙʠʨʩʢʦʛʦ 

ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʊʝʭʥʠʯʝʩʢʦʛʦ 
ʫʥʠʚʝʨʩʠʪʝʪʘ, ʢʘʥʜʠʜʘʪ 

ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ. ʆʥ ʷʚʣʝ̫ʪʩʷ 

ʘʚʪʦʨʦʤ ʙʦʣʝʝ 100 ʥʘʫʯʥʳʭ 
ʪʨʫʜʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ 1 ʫʯʝʙʥʠʢ 

ʅɻʊʋ ʠ 4 ʧʘʪʝʥʪʘ. ʆʙʣʘʩʪʴ 

ʥʘʫʯʥʳʭ ʠʥʪʝʨʝʩʦʚ: ʨʘʟʨʘʙʦʪʢʘ 
ʘʣʛʦʨʠʪʤʦʚ ʘʥʘʣʠʟʘ ʠʟʦʙʨʘʞʝʥʠʡ 

ʚ ʦʧʪʠʯʝʩʢʠʭ ʠʟʤʝʨʠʪʝʣʴʥʳʭ 

ʩʠʩʪʝʤʘʭ. 

  

  
 

ʈʳʞʦʚ ʇʘʚʝʣ ʉʝʨʛʝʝʚʠʯ ï 

ʤʘʛʠʩʪʨʘʥʪ ʅʦʚʦʩʠʙʠʨʩʢʦʛʦ 
ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʊʝʭʥʠʯʝʩʢʦʛʦ 

ʫʥʠʚʝʨʩʠʪʝʪʘ. 
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ʉʦʜʝʨʞʘʥʠʝ ʨʘʟʜʝʣʘ: 

 
ü ʀ.ɽ. ʃʘʥʜʦʚʩʢʘʷ, ɺ.ɼ. ʌʨʦʣʦʚʩʢʠʡ, ɺ.ɺ. ʃʘʥʜʦʚʩʢʠʡ. ʄʝʪʦʜʳ ʫʩʢʦʨʝʥʠʷ 

ʧʨʦʮʝʩʩʘ ʩʙʦʨʢʠ ʠʟʜʝʣʠʡ ʠʟ ʪʢʘʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʌɻɹʆʋ ɺʆ ʅɻʊʋ 

(ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ). ɸʚʪʦʤʘʪʠʢʘ ʠ ʧʨʦʛʨʘʤʤʥʘʷ ʠʥʞʝʥʝʨʠʷ. 2015. ˉ 3 (13). 
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ʄʝʪʦʜʳ ʫʩʢʦʨʝʥʠʷ ʧʨʦʮʝʩʩʘ ʩʙʦʨʢʠ ʠʟʜʝʣʠʡ 

ʠʟ ʪʢʘʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 
 

ʀ.ɽ. ʃʘʥʜʦʚʩʢʘʷ, ɺ.ɼ. ʌʨʦʣʦʚʩʢʠʡ, ɺ.ɺ. ʃʘʥʜʦʚʩʢʠʡ 

ʌɻɹʆʋ ɺʇʆ ʅɻʊʋ (ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ) 

 

ɸʥʥʦʪʘʮʠʷ: ʉʪʘʪʴʷ ʧʦʩʚʷʱʝʥʘ 

ʧʨʠʤʝʥʝʥʠʶ ʤʝʪʦʜʦʚ ʧʘʨʘʣʣʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ 

ʜʘʥʥʳʭ ʚ ʟʘʜʘʯʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʘ 

ʩʙʦʨʢʠ ʠʟʜʝʣʠʡ ʠʟ ʪʢʘʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʪʚʝʨʜʦʪʝʣʴʥʦʛʦ ʤʥʦʛʦʛʨʘʥʥʦʛʦ 

ʦʙʲʝʢʪʘ ʩ ʮʝʣʴʶ ʫʩʢʦʨʝʥʠʷ ʧʨʦʮʝʩʩʘ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʇʨʝʜʩʪʘʚʣʝʥʳ ʘʣʛʦʨʠʪʤʳ ʜʣʷ 

ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʷ ʚʳʯʠʩʣʝʥʠʡ, ʢʘʢ ʥʘ 

ʮʝʥʪʨʘʣʴʥʦʤ ʧʨʦʮʝʩʩʦʨʝ, ʪʘʢ ʠ ʥʘ 

ʛʨʘʬʠʯʝʩʢʦʤ ʧʨʦʮʝʩʩʦʨʝ ʚʠʜʝʦʘʜʘʧʪʝʨʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʝʪʦʜʳ ʧʘʨʘʣʣʝʣʴʥʦʡ 

ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ, ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʪʢʘʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʤʝʪʦʜ ʯʘʩʪʠʮ, ʩʭʝʤʘ ʩ 

ʧʝʨʝʰʘʛʠʚʘʥʠʝʤ.  
 

ɺɺɽɼɽʅʀɽ 

 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʪʨʝʭʤʝʨʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʠ 

ʠʟʫʯʝʥʠʝ ʠʭ ʧʦʚʝʜʝʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʚ 

ʥʘʫʢʝ, ʤʝʜʠʮʠʥʝ, ʪʝʣʝʚʠʜʝʥʠʠ ʠ ʜʠʟʘʡʥʝ, ʘ ʪʘʢʞʝ 

ʠ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʪʢʘʥʠ. ʄʦʱʥʦʩʪʠ 

ʩʦʚʨʝʤʝʥʥʳʭ ʢʦʤʧʴʶʪʝʨʦʚ ʠ ʧʨʦʛʨʘʤʤʥʳʝ 

ʩʨʝʜʩʪʚʘ ʜʣʷ ʥʠʭ ʧʦʟʚʦʣʷʶʪ ʯʝʣʦʚʝʢʫ ʩʦʟʜʘʚʘʪʴ ʠ 

ʤʦʜʝʣʠʨʦʚʘʪʴ ʧʨʘʢʪʠʯʝʩʢʠ ʣʶʙʳʝ ʠʥʪʝʨʝʩʫʶʱʠʝ 

ʝʛʦ ʧʨʦʮʝʩʩʳ.  

ɿʘʜʘʯʘ ʤʦʜʝʣʠʨʦʚʘʥʠ ̫ ʧʦʚʝʜʝʥʠʷ ʪʢʘʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʥʘʠʙʦʣʝʝ 

ʫʚʣʝʢʘʪʝʣʴʥʳʭ ʠ ʩʣʦʞʥʳʭ ʟʘʜʘʯ ʢʦʤʧʴʶʪʝʨʥʦʡ 

ʛʨʘʬʠʢʠ. ʆʪʚʝʪʳ ʥʘ ʚʦʧʨʦʩʳ ʦ ʪʦʤ, ʢʘʢ ʙʫʜʝʪ 

ʚʳʛʣʷʜʝʪʴ ʪʢʘʥʴ ʩ ʦʧʨʝʜʝʣʝʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʥʘ 

ʦʧʨʝʜʝʣʝʥʥʦʤ ʦʙʲʝʢʪʝ, ʢʘʢ ʩ ʠʟʤʝʥʝʥʠʝʤ ʩʚʦʡʩʪʚ 

ʪʢʘʥʠ ʠʟʤʝʥʷʝʪʩʷ ʝʝ ʜʨʘʧʠʨʦʚʢʘ, ʠ ʜʨʫʛʠʝ 

ʚʦʧʨʦʩʳ ʚ ʥʘʛʣʷʜʥʦʡ ʬʦʨʤʝ ʜʦʣʞʥʦ ʜʘʚʘʪʴ 

ʢʦʤʧʴʶʪʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʪʢʘʥʠ. ɺʘʞʥʳʤ ʚ 

ʵʪʦʡ ʟʘʜʘʯʝ ʷʚʣʷʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʜʦʩʪʠʞʝʥʠʝ 

ʥʘʠʙʦʣʴʰʝʡ ʚʠʟʫʘʣʴʥʦʡ ʨʝʘʣʠʩʪʠʯʥʦʩʪʠ, ʥʦ, 

ʚʦʟʤʦʞʥʦ ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ, ʦʙʝʩʧʝʯʝʥʠʝ 

ʩʦʦʪʚʝʪʩʪʚʠʷ ʤʦʜʝʣʠ ʬʠʟʠʯʝʩʢʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠ-

ʢʘʤ ʪʢʘʥʠ, ʩʦʦʪʚʝʪʩʪʚʠʷ ʤʦʜʝʣʠʨʫʝʤʳʭ 

ʜʝʬʦʨʤʘʮʠʡ ʨʝʘʣʴʥʳʤ. 

ʋʩʧʝʰʥʦ ʨʘʟʚʠʚʘʶʱʠʤʩʷ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ 

ʜʝʥʴ ʧʦʜʭʦʜʦʤ ʷʚʣʷʝʪʩʷ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʪʢʘʥʠ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʯʘʩʪʠʮ [1]. ʄʦʜʝʣʠ 

ʯʘʩʪʠʮ ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʘʤʳʭ 

ʨʘʟʥʳʭ ʷʚʣʝʥʠʡ ʪʘʢʠʭ, ʢʘʢ ʚʦʜʦʧʘʜʳ, ʚʟʨʳʚʳ, 

ʚʠʭʨʝʚʳʝ ʧʦʣʷ ʠ ʪ. ʜ. ʊʝʨʤʠʥ çʤʦʜʝʣʠ ʯʘʩʪʠʮè 

ʷʚʣʷʝʪʩʷ ʦʙʱʠʤ ʜʣʷ ʢʣʘʩʩʘ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ 

ʤʦʜʝʣʝʡ, ʚ ʢʦʪʦʨʳʭ ʜʠʩʢʨʝʪʥʦʝ ʦʧʠʩʘʥʠʝ 

ʬʠʟʠʯʝʩʢʠʭ ʷʚʣʝʥʠʡ ʚʢʣʶʯʘʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʯʘʩʪʠʮ. ʂʘʞʜʘʷ ʯʘʩʪʠʮʘ 

ʠʤʝʝʪ ʥʘʙʦʨ ʘʪʨʠʙʫʪʦʚ, ʪʘʢʠʭ ʢʘʢ ʤʘʩʩʘ, 

ʧʦʣʦʞʝʥʠʝ, ʩʢʦʨʦʩʪʴ. ʉʦʩʪʦʷʥʠʝ ʬʠʟʠʯʝʩʢʦʡ 

ʩʠʩʪʝʤʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʘʪʨʠʙʫʪʘʤʠ ʢʦʥʝʯʥʦʛʦ 

ʘʥʩʘʤʙʣʷ ʯʘʩʪʠʮ, ʘ ʵʚʦʣʶʮʠʷ ʩʠʩʪʝʤʳ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʟʘʢʦʥʘʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʵʪʠʭ 

ʯʘʩʪʠʮ. 

ʆʯʝʚʠʜʥʦ, ʯʝʤ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʯʘʩʪʠʮ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʤʦʜʝʣʴ, ʪʝʤ ʪʦʯʥʝʝ ʙʫʜʫʪ ʧʝʨʝʜʘʥʳ 

ʝʝ ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʧʨʠ 

ʫʚʝʣʠʯʝʥʠʠ ʢʦʣʠʯʝʩʪʚʘ ʯʘʩʪʠʮ ʚ ʤʦʜʝʣʠ, 

ʧʨʦʠʩʭʦʜʠʪ ʫʚʝʣʠʯʝʥʠʝ ʚʨʝʤʝʥʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, 

ʢʦʪʦʨʦʝ ʚʦʟʨʘʩʪʘʝʪ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʫʚʝʣʠʯʝʥʠʶ 

ʢʦʣʠʯʝʩʪʚʘ ʯʘʩʪʠʮ, ʢʦʪʦʨʳʤʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʝʪʢʘ 

ʪʢʘʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʉʦʢʨʘʱʝʥʠʝ ʚʨʝʤʝʥʠ ʨʘʩʯʝʪʦʚ 

ʤʦʞʥʦ ʜʦʙʠʪʴʩʷ, ʚʦʩʧʦʣʴʟʦʚʘʚʰʠʩʴ ʤʝʪʦʜʘʤʠ 

ʧʘʨʘʣʣʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ 

ʧʦʚʳʩʠʪʴ ʩʢʦʨʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʟʘ ʩʯʝʪ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ 

ʥʝʩʢʦʣʴʢʠʭ ʷʜʝʨ ʠʣʠ ʧʨʦʮʝʩʩʦʨʦʚ ʦʜʥʦʚʨʝʤʝʥʥʦ. 

 

1. ɼʀʉʂʈɽʊʅɸʗ ʄʆɼɽʃʔ ʊʂɸʅʆɻʆ 

ʄɸʊɽʈʀɸʃɸ 

 

ɺ ʧʦʣʦʪʥʝ ʪʢʘʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʪʦʥʢʠʝ ʚʦʣʦʢʥʘ 

ʩʢʨʫʯʝʥʳ ʚ ʥʠʪʠ, ʘ ʵʪʠ ʥʠʪʠ ʙʦʣʝʝ ʠʣʠ ʤʝʥʝʝ 

ʞʝʩʪʢʦ ʩʧʣʝʪʝʥʳ ʚʦ ʚʟʘʠʤʦʩʚʷʟʘʥʥʫʶ ʩʝʪʴ. 

ʂʦʤʧʦʥʝʥʪʳ ʩʝʪʠ ʫʜʝʨʞʠʚʘʶʪʩʷ ʚʤʝʩʪʝ ʪʨʝʥʠʝʤ, 

ʘ ʧʦʚʝʜʝʥʠʝ ʪʢʘʥʠ ʟʘʚʠʩʠʪ ʦʪ ʪʠʧʘ ʚʦʣʦʢʥʘ 

(ʭʣʦʧʯʘʪʦʙʫʤʘʞʥʦʝ, ʰʝʣʢ, ʰʝʨʩʪʴ ʠ ʪ. ʜ.), ʚʝʩʘ 

ʚʦʣʦʢʥʘ, ʧʣʦʪʥʦʩʪʠ ʩʧʣʝʪʝʥʠʷ, ʪʠʧʘ ʩʧʣʝʪʝʥʠʷ ʠ 

ʪ. ʜ. ʇʦʨʷʜʦʢ ʨʘʩʧʦʣʦʞʝʥʠʷ ʥʠʪʝʡ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʜʨʫʛ ʜʨʫʛʘ ʦʩʪʘʝʪʩʷ ʥʝʠʟʤʝʥʥʳʤ ʜʘʞʝ ʧʨʠ 

ʩʫʱʝʩʪʚʝʥʥʳʭ ʜʝʬʦʨʤʘʮʠʷʭ, ʘ ʩʘʤʘ ʜʝʬʦʨʤʘʮʠʷ 

ʪʢʘʥʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʪʦʣʴʢʦ ʠʟʤʝʥʝʥʠʝ 

ʬʦʨʤʳ ʠ ʨʘʟʤʝʨʦʚ ʷʯʝʝʢ [2]. ʆʪʩʶʜʘ ʩʣʝʜʫʝʪ 

ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʪʢʘʥʴ ʢʘʢ ʩʠʩʪʝʤʫ 

ʯʘʩʪʠʮ, ʢʦʪʦʨʳʝ ʨʘʟʤʝʱʝʥʳ ʚ ʪʦʯʢʘʭ ʧʝʨʝʩʝʯʝʥʠʷ 

ʧʨʦʜʦʣʴʥʳʭ ʠ ʧʦʧʝʨʝʯʥʳʭ ʥʠʪʝʡ, ʢʘʢ 

ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʈʠʩ. 1. 

 

 

ʈʠʩ. 1. ɼʠʩʢʨʝʪʥʘʷ ʤʦʜʝʣʴ ʪʢʘʥʠ 

ʆʩʥʦʚʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʢʦʪʦʨʳʝ 

ʧʨʦʠʩʭʦʜʷʪ ʥʘ ʫʨʦʚʥʝ ʥʠʪʠ, ʵʪʦ: ʨʘʩʪʷʞʝʥʠʝ-

ʩʞʘʪʠʝ; ʠʟʛʠʙ ʠ ʩʜʚʠʛ [3]. ʋʯʠʪʳʚʘʷ, ʯʪʦ ʪʢʘʥʴ 

ʜʦʩʪʘʪʦʯʥʘ ʣʝʛʢʘʷ ʠ ʤʘʩʩʘ ʪʢʘʥʠ ʚ ʫʜʘʣʝʥʥʳʭ 

ʫʟʣʘʭ ʦʢʘʟʳʚʘʝʪ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʦʝ ʚʣʠʷʥʠʝ ʥʘ 

ʢʘʞʜʫʶ ʨʘʩʩʤʘʪʨʠʚʘʝʤʫʶ ʯʘʩʪʠʮʫ, ʧʨʝʜʧʦʣʦʞʠʤ, 

ʯʪʦ ʥʘ ʢʘʞʜʫʶ ʚʥʫʪʨʝʥʥʶʶ ʯʘʩʪʠʮʫ ʚʣʠʷʶʪ 12 

ʩʦʩʝʜʥʠʭ ʯʘʩʪʠʮ. ʅʘ ʈʠʩ. 2 ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʨʘʩʪʷʞʝʥʠʷ-ʩʞʘʪʠʷ, ʩʜʚʠʛʘ ʠ ʠʟʛʠʙʘ ʦʙʦʟʥʘʯʝʥʳ 

ʩʚʷʟʷʤʠ 1, 2 ʠ 3 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 
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ʈʠʩ. 2. ɺʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ ʪʢʘʥʠ 

 

2. ʄɸʊɽʄɸʊʀʏɽʉʂɸʗ ʄʆɼɽʃʔ ʊʂɸʅʀ 

 

ɼʚʠʞʝʥʠʝ ʩʠʩʪʝʤʳ ʤʦʞʥʦ ʦʧʠʩʘʪʴ 

ʧʝʨʝʤʝʱʝʥʠʷʤʠ ʚ ʪʨʝʭʤʝʨʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ: 

( ) { ( ), ( ), ( )}ij ij ij ijr t x t y t z t= , 

ʛʜʝ ( ), ( ), ( )ij ij ijx t y t z t  ï ʢʦʦʨʜʠʥʘʪʳ ʯʘʩʪʠʮʳ ʚ 

ʪʨʝʭʤʝʨʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ, t  ï ʚʨʝʤʷ. 

ʅʘ ʢʘʞʜʦʤ ʚʨʝʤʝʥʥʦʤ ʩʣʦʝ ʠʱʫʪ ʧʦʣʦʞʝʥʠʷ 

ʫʟʣʦʚ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ. ʇʨʠ ʵʪʦʤ ʢʘʞʜʘʷ ʠʟ ʯʘʩʪʠʮ 

ʦʙʣʘʜʘʝʪ ʥʝʢʦʪʦʨʦʡ ʤʘʩʩʦʡ, ʥʘʭʦʜʠʪʩʷ ʚ 

ʛʨʘʚʠʪʘʮʠʦʥʥʦʤ ʧʦʣʝ, ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ 

ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʦʡ ʠ ʩʦʩʝʜʥʠʤʠ ʯʘʩʪʠʮʘʤʠ [4]. 

ʊʦʛʜʘ ʫʨʘʚʥʝʥʠʝ ʜʚʠʞʝʥʠʷ ʯʘʩʪʠʮʳ ijP  ʠʤʝʝʪ 

ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

( , )
ijkl

ij ij ij ij ij ij int ij kl

kl R

m r m g m c r F r r
Í

¡¡ ¡= - +ä , 

ʛʜʝ mij ï ʤʘʩʩʘ ʯʘʩʪʠʮʳ; cij ï ʢʦʥʩʪʘʥʪʘ 

ʜʝʤʧʬʠʨʦʚʘʥʠʷ; ʩʦʩʪʘʚʣʷʶʱʘʷ ï mijcijrôij ï 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʪʝʨʠ ʵʥʝʨʛʠʠ, ʩʚʷʟʘʥʥʳʝ ʩ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʯʘʩʪʠʮʳ ʩ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʦʡ; 

g ï ʫʩʢʦʨʝʥʠʝ ʩʚʦʙʦʜʥʦʛʦ ʧʘʜʝʥʠʷ. ʇʦʩʣʝʜʥʷʷ 

ʩʦʩʪʘʚʣʷʶʱʘʷ ʫʨʘʚʥʝʥʠʷ ʜʚʠʞʝʥʠʷ, ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʨʝʟʫʣʴʪʠʨʫʶʱʫʶ ʩʠʣʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ 

ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ; Rijkl ï ʤʥʦʞʝʩʪʚʦ ʠʥʜʝʢʩʦʚ 

ʫʟʣʦʚ ʩʚʷʟʘʥʥʳʭ ʩ ʫʟʣʦʤ Pij. 

ɼʣʷ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʩʣʝʜʫʝʪ 

ʚʦʩʧʦʣʴʟʦʚʘʪʴʩʷ ʩʭʝʤʦʡ ʩ ʧʝʨʝʰʘʛʠʚʘʥʠʝʤ 

(leapfrog scheme) [1]. ʕʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʪʝʤ, ʯʪʦ 

ʜʣʷ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʷ ʥʘ ʢʦʤʧʴʶʪʝʨʝ ʨʝʘʣʴʥʦʛʦ 

ʧʦʚʝʜʝʥʠʷ ʤʘʪʝʨʠʘʣʘ, ʯʠʩʣʦ ʯʘʩʪʠʮ ʚ 

ʤʦʜʝʣʠʨʫʝʤʦʤ ʧʦʣʦʪʥʝ ʜʦʣʞʥʦ ʙʳʪʴ ʚʝʣʠʢʦ, ʠ, ʢ 

ʪʦʤʫ ʞʝ, ʢʘʞʜʦʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʚʳʯʠʩʣʝʥʠʝ 

ʩʠʣʳ ʪʨʝʙʫʝʪ ʙʦʣʴʰʠʭ ʚʨʝʤʝʥʥʳʭ ʟʘʪʨʘʪ.  

ʉʭʝʤʘ ʩ ʧʝʨʝʰʘʛʠʚʘʥʠʝʤ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜʦʤ 

ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʪʦʯʥʦʩʪʠ, ʠ, ʚ ʩʨʘʚʥʝʥʠʠ ʩ 

ʢʣʘʩʩʠʯʝʩʢʠʤ ʷʚʥʳʤ ʤʝʪʦʜʦʤ ʕʡʣʝʨʘ, ʦʙʣʘʜʘʝʪ 

ʙʦʣʴʰʝʡ ʫʩʪʦʡʯʠʚʦʩʪʴʶ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʥʘ 

ʧʦʨʷʜʦʢ ʫʚʝʣʠʯʠʪʴ ʰʘʛ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ: 

1
1

1 1

( , ),n n n n

n n n

V V hM F r V

r r hV

-
+

+ +

= +

= +
 , 

ʛʜʝ nr  ʠ nV  ï ʚʝʢʪʦʨʳ ʧʦʣʦʞʝʥʠʡ ʠ ʩʢʦʨʦʩʪʝʡ 

ʯʘʩʪʠʮ ʥʘ n-ʦʤ ʰʘʛʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ, h  ï ʰʘʛ 

ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ, ( , )F r V  ï ʚʝʢʪʦʨ-ʬʫʥʢʮʠʷ, 

ʦʧʠʩʳʚʘʶʱʘʷ ʜʝʡʩʪʚʠʝ ʚʥʫʪʨʝʥʥʠʭ ʠ ʚʥʝʰʥʠʭ 

ʩʠʣ ʥʘ ʪʢʘʥʴ, M  ï ʤʘʪʨʠʮʘ ʠʥʝʨʮʠʠ ï 

ʜʠʘʛʦʥʘʣʴʥʘʷ ʤʘʪʨʠʮʘ, ʦʧʠʩʳʚʘʶʱʘʷ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʘʩʩ ʯʘʩʪʠʮ ʪʢʘʥʠ. 

 

3. ɸʃɻʆʈʀʊʄ ʇɸʈɸʃʃɽʃʔʅʆʁ 

ʆɹʈɸɹʆʊʂʀ ɼɸʅʅʓʍ ʅɸ 

ʎɽʅʊʈɸʃʔʅʆʄ ʇʈʆʎɽʉʉʆʈɽ 

 

ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʪʚʝʨʜʦʪʝʣʴʥʳʡ 

ʤʥʦʛʦʛʨʘʥʥʳʡ ʦʙʲʝʢʪ, ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʪʦʨʦʛʦ 

ʧʨʦʠʩʭʦʜʠʪ ʩʙʦʨʢʘ, ʷʚʣʷʝʪʩʷ ʥʝʧʦʜʚʠʞʥʳʤ, ʘ 

ʠʟʤʝʥʝʥʠʝ ʢʦʦʨʜʠʥʘʪ ʧʨʦʠʩʭʦʜʠʪ ʪʦʣʴʢʦ ʫ ʯʘʩʪʠʮ 

ʪʢʘʥʠ ʟʘ ʩʯʝʪ ʜʝʡʩʪʚʠʷ ʥʘ ʥʠʭ ʨʘʟʣʠʯʥʳʭ ʩʠʣ, 

ʠʤʠʪʠʨʫʶʱʠʭ ʚʦʟʜʝʡʩʪʚʠʝ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ, 

ʪʘʢʠʭ ʢʘʢ ʩʪʷʛʠʚʘʶʱʘʷ ʩʠʣʘ, ʩʠʣʘ ʪʷʞʝʩʪʠ, 

ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʚʦʟʜʫʭʘ, ʩʠʣʘ ʪʨʝʥʠʷ ʦʙ ʦʙʲʝʢʪ ʠ 

ʧʨʦʯʠʝ. 

ʂʘʢ ʙʳʣʦ ʦʧʠʩʘʥʦ ʨʘʥʝʝ, ʪʢʘʥʴ 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʘʢ ʩʠʩʪʝʤʘ ʯʘʩʪʠʮ, ʢʦʪʦʨʳʝ 

ʨʘʟʤʝʱʝʥʳ ʚ ʪʦʯʢʘʭ ʧʝʨʝʩʝʯʝʥʠʷ ʧʨʦʜʦʣʴʥʳʭ ʠ 

ʧʦʧʝʨʝʯʥʳʭ ʥʠʪʝʡ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʚ ʧʨʦʛʨʘʤʤʝ 

ʩʠʩʪʝʤʫ ʯʘʩʪʠʮ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʫʶ ʜʝʪʘʣʠ, 

ʫʜʦʙʥʝʝ ʚʩʝʛʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ ʜʚʫʤʝʨʥʦʛʦ 

ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʘʩʩʠʚʘ. ʏʠʩʣʦ ʩʪʨʦʢ ʤʘʩʩʠʚʘ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʘʢʩʠʤʘʣʴʥʦʤʫ ʢʦʣʠʯʝʩʪʚʫ ʯʘʩʪʠʮ 

ʧʦ ʜʣʠʥʝ ʜʝʪʘʣʠ, ʘ ʯʠʩʣʦ ʩʪʦʣʙʮʦʚ - 

ʤʘʢʩʠʤʘʣʴʥʦʤʫ ʢʦʣʠʯʝʩʪʚʫ ʯʘʩʪʠʮ ʜʝʪʘʣʠ ʧʦ ʝʝ 

ʰʠʨʠʥʝ. ɽʩʣʠ ʵʣʝʤʝʥʪʫ ʤʘʩʩʠʚʘ ʥʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʯʘʩʪʠʮʘ ʜʝʪʘʣʠ, ʪʦ ʦʥ ʠʤʝʝʪ ʟʥʘʯʝʥʠʝ NULL. ʇʨʠ 

ʵʪʦʤ ʦʧʨʝʜʝʣʠʪʴ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʝ ʯʘʩʪʠʮʳ 

ʤʦʞʥʦ ʠʩʭʦʜʷ ʠʟ ʧʦʟʠʮʠʠ ʵʣʝʤʝʥʪʘ ʚ ʤʘʩʩʠʚʝ. 

ʉʭʝʤʘʪʠʯʥʦ ʜʚʫʤʝʨʥʳʡ ʤʘʩʩʠʚ ʜʣʷ ʭʨʘʥʝʥʠʷ 

ʜʘʥʥʳʭ ʦ ʯʘʩʪʠʮʘʭ ʜʝʪʘʣʠ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʈʠʩ. 3. 

 

ʈʠʩ. 3. ʉʪʨʫʢʪʫʨʘ ʜʣʷ ʭʨʘʥʝʥʠʷ ʜʘʥʥʳʭ ʦ ʯʘʩʪʠʮʘʭ 

ʜʝʪʘʣʠ 

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʥʘʠʙʦʣʝʝ 

ʮʝʣʝʩʦʦʙʨʘʟʥʳʤ ʨʝʰʝʥʠʝʤ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ 

ʘʣʛʦʨʠʪʤʘ ʧʘʨʘʣʣʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʜʣʷ 

ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʨʘʩʯʝʪʦʚ ʥʘ ʮʝʥʪʨʘʣʴʥʦʤ 

ʧʨʦʮʝʩʩʦʨʝ, ʢʦʪʦʨʳʡ ʧʦʜʭʦʜʠʪ ʢʘʢ ʜʣʷ ʩʠʩʪʝʤ ʩ 

ʦʙʱʝʡ ʧʘʤʷʪʴʶ, ʪʘʢ ʠ ʩʠʩʪʝʤ ʩ ʨʘʩʧʨʝʜʝʣʝʥʥʦʡ. 

ʂʘʢ ʦʧʠʩʘʥʦ ʚʳʰʝ, ʚ ʧʨʦʮʝʩʩʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʜʣʷ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʡ ʜʚʠʞʝʥʠʷ ʯʘʩʪʠʮ ʪʢʘʥʠ 

ʧʨʠʤʝʥʷʝʪʩʷ ʷʚʥʳʡ ʤʝʪʦʜ, ʘ ʠʤʝʥʥʦ ʩʭʝʤʘ ʩ 

ʧʝʨʝʰʘʛʠʚʘʥʠʝʤ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʘ ʢʘʞʜʦʤ ʰʘʛʝ 

ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʚʥʘʯʘʣʝ ʚʳʯʠʩʣʷʝʪʩʷ ʥʦʚʦʝ 

ʟʥʘʯʝʥʠʝ ʩʢʦʨʦʩʪʠ, ʢʦʪʦʨʦʝ ʟʘʪʝʤ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʟʥʘʯʝʥʠʡ ʢʦʦʨʜʠʥʘʪ ʥʘ ʵʪʦʤ 

ʰʘʛʝ. ʕʪʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʤʦʞʥʦ 

ʚʦʩʧʦʣʴʟʦʚʘʪʴʩʷ, ʧʨʠ ʩʦʟʜʘʥʠʠ ʘʣʛʦʨʠʪʤʘ 

ʧʘʨʘʣʣʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʜʣʷ ʩʠʩʪʝʤ, ʢʘʢ ʩ 

ʦʙʱʝʡ, ʪʘʢ ʠ ʩ ʨʘʩʧʨʝʜʝʣʝʥʥʦʡ ʧʘʤʷʪʴʶ.  

ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʢʘʢ ʩʢʘʟʘʥʦ ʚ ʨʘʟʜʝʣʝ 1, ʜʣʷ 
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ʚʳʯʠʩʣʝʥʠʷ ʩʢʦʨʦʩʪʠ ʯʘʩʪʠʮʳ ʥʘ n-ʦʤ ʰʘʛʝ 

ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ, ʥʫʞʥʦ ʫʯʠʪʳʚʘʪʴ ʟʥʘʯʝʥʠʷ 

ʢʦʦʨʜʠʥʘʪ ʝʝ ʩʦʩʝʜʥʠʭ ʯʘʩʪʠʮ ʩ (n-1)-ʦʛʦ ʰʘʛʘ 

ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ. ʊʦ ʝʩʪʴ, ʚ ʘʣʛʦʨʠʪʤʝ 

ʧʘʨʘʣʣʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʜʣʷ ʩʠʩʪʝʤ ʩ 

ʨʘʩʧʨʝʜʝʣʝʥʥʦʡ ʧʘʤʷʪʴʶ, ʥʫʞʥʦ ʧʨʝʜʫʩʤʦʪʨʝʪʴ 

ʵʪʘʧ ʩʚʦʝʚʨʝʤʝʥʥʦʛʦ ʦʙʤʝʥʘ ʜʘʥʥʳʤʠ ʤʝʞʜʫ 

ʧʨʦʮʝʩʩʘʤʠ. 

ʇʨʠ ʨʘʙʦʪʝ ʚ ʩʠʩʪʝʤʘʭ ʩ ʨʘʩʧʨʝʜʝʣʝʥʥʦʡ 

ʧʘʤʷʪʴʶ ʧʝʨʝʜʘʯʘ ʜʘʥʥʳʭ ʤʝʞʜʫ ʧʨʦʮʝʩʩʘʤʠ 

ʚʩʝʛʦ ʤʘʩʩʠʚʘ ʢʦʦʨʜʠʥʘʪ ʯʘʩʪʠʮ ʜʝʪʘʣʝʡ, ʯʠʩʣʦ 

ʢʦʪʦʨʳʭ ʩʦʩʪʘʚʣʷʝʪ ʥʝʩʢʦʣʴʢʦ ʪʳʩʷʯ, ʟʘʥʠʤʘʝʪ 

ʙʦʣʴʰʠʡ ʧʨʦʮʝʥʪ ʦʪ ʦʙʱʝʛʦ ʚʨʝʤʝʥʠ, ʯʝʤ ʩʘʤʠ 

ʚʳʯʠʩʣʝʥʠʷ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʘʥʥʫʣʠʨʫʝʪ ʚʩʝ 

ʧʨʝʠʤʫʱʝʩʪʚʘ ʧʘʨʘʣʣʝʣʠʟʤʘ. 

ɼʣʷ ʫʤʝʥʴʰʝʥʠʷ ʧʦʪʝʨʴ ʚʨʝʤʝʥʠ ʥʘ ʧʝʨʝʜʘʯʫ 

ʜʘʥʥʳʭ ʤʝʞʜʫ ʧʨʦʮʝʩʩʘʤʠ ʩ ʫʯʝʪʦʤ ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʟʘʜʘʯʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʟʨʘʙʦʪʘʥ ʫʩʦʚʝʨʰʝʥʩʪ-

ʚʦʚʘʥʥʳʡ ʘʣʛʦʨʠʪʤ, ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ 

ʦʙʤʝʥʠʚʘʪʴʩʷ ʧʨʦʮʝʩʩʘʤ ʪʦʣʴʢʦ ʯʝʪʳʨʴʤʷ 

ʩʪʨʦʢʘʤʠ ʤʘʩʩʠʚʘ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʰʘʝʪ ʝʛʦ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ. ʕʪʦʪ ʘʣʛʦʨʠʪʤ ʫʯʠʪʳʚʘʝʪ, ʯʪʦ ʜʣʷ 

ʚʳʯʠʩʣʝʥʠʷ ʟʥʘʯʝʥʠʡ ʢʦʦʨʜʠʥʘʪ ʪʦʯʢʠ ʪʢʘʥʠ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʟʥʘʯʝʥʠʷ ʢʦʦʨʜʠʥʘʪ ʪʦʣʴʢʦ 

ʜʚʝʥʘʜʮʘʪʠ ʝʝ ʩʦʩʝʜʥʠʭ ʯʘʩʪʠʮ. 

ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʜʚʫʤʝʨʥʳʡ ʤʘʩʩʠʚ, ʚ 

ʢʦʪʦʨʦʤ ʭʨʘʥʷʪʩʷ ʜʘʥʥʳʝ ʦ ʯʘʩʪʠʮʘʭ ʜʝʪʘʣʠ, 

ʨʘʟʜʝʣʷʝʪʩʷ ʥʘ ʢʦʣʠʯʝʩʪʚʦ ʯʘʩʪʝʡ, ʨʘʚʥʦʝ 

ʢʦʣʠʯʝʩʪʚʫ ʟʘʧʫʱʝʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʧʨʦʛʨʘʤʤʝ, 

ʢʘʢ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʈʠʩ. 4 [5].  

 

 

ʈʠʩ. 4. ʈʘʟʜʝʣʝʥʠʝ ʜʘʥʥʳʭ ʤʝʞʜʫ ʧʨʦʮʝʩʩʘʤʠ 

ʂʘʞʜʳʡ ʧʨʦʮʝʩʩ ʦʙʨʘʙʘʪʳʚʘʝʪ ʪʦʣʴʢʦ ʩʚʦʶ 

ʯʘʩʪʴ ʤʘʩʩʠʚʘ, ʘ ʟʘʪʝʤ ʧʨʦʠʩʭʦʜʠʪ ʦʙʤʝʥ 

ʜʘʥʥʳʤʠ, ʧʨʠ ʢʦʪʦʨʦʤ ʧʨʦʮʝʩʩʳ ʦʙʤʝʥʠʚʘʶʪʩʷ 

ʤʝʞʜʫ ʩʦʙʦʡ ʟʥʘʯʝʥʠʷʤʠ ʢʦʦʨʜʠʥʘʪ ʜʚʫʭ ʢʨʘʡʥʠʭ 

ʩʪʨʦʢ ʩʚʦʝʡ ʯʘʩʪʠ ʤʘʩʩʠʚʘ, ʈʠʩ. 5. 

ʂʨʦʤʝ ʪʦʛʦ, ʚ ʧʘʤʷʪʠ ʢʘʞʜʦʛʦ ʧʨʦʮʝʩʩʘ 

ʩʦʟʜʘʝʪʩʷ ʦʪʜʝʣʴʥʘʷ ʢʦʧʠʷ ʜʘʥʥʳʭ ʤʘʩʩʠʚʘ 

ʯʘʩʪʠʮ ʤʥʦʛʦʛʨʘʥʥʦʛʦ ʦʙʲʝʢʪʘ, ʪʘʢ ʯʪʦ ʧʨʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʧʨʦʮʝʩʩ ʦʙʨʘʙʘʪʳʚʘʝʪ 

ʧʝʨʝʩʝʯʝʥʠʷ ʪʦʣʴʢʦ ʩʚʦʝʡ ʯʘʩʪʠ ʤʘʩʩʠʚʘ ʯʘʩʪʠʮ 

ʜʝʪʘʣʠ ʩ ʛʨʘʥʷʤʠ ʦʙʲʝʢʪʘ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʠʟʙʝʞʘʪʴ 

ʣʠʰʥʝʛʦ ʦʙʤʝʥʘ ʜʘʥʥʳʤʠ ʤʝʞʜʫ ʧʨʦʮʝʩʩʘʤʠ ʠ 

ʧʨʠʚʦʜʠʪ ʢ ʨʝʟʢʦʤʫ ʩʦʢʨʘʱʝʥʠʶ ʚʨʝʤʝʥʠ 

ʚʳʯʠʩʣʝʥʠʡ. 

 
ʈʠʩ. 5. ʆʙʤʝʥ ʜʘʥʥʳʤʠ ʤʝʞʜʫ ʧʨʦʮʝʩʩʘʤʠ 

ʇʘʨʘʣʣʝʣʠʟʤ ʧʨʦʛʨʘʤʤʳ ʜʦʩʪʠʛʘʝʪʩʷ ʢʘʢ ʥʘ 

ʫʨʦʚʥʝ ʧʦʪʦʢʦʚ, ʟʘ ʩʯʝʪ ʧʨʠʤʝʥʝʥʠʷ ʙʠʙʣʠʦʪʝʢʠ 

OpenMP, ʪʘʢ ʠ ʥʘ ʫʨʦʚʥʝ ʧʨʦʮʝʩʩʦʚ - ʜʣʷ ʵʪʦʛʦ 

ʧʨʠʤʝʥʷʝʪʩʷ ʙʠʙʣʠʦʪʝʢʘ MPICH2. ɺ ʢʘʞʜʦʤ 

ʧʨʦʮʝʩʩʝ ʧʦʨʦʞʜʘʝʪʩʷ ʟʘʜʘʥʥʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʧʦʪʦʢʦʚ, ʯʪʦ ʧʦʣʥʦʩʪʴʶ ʩʦʦʪʚʝʪʩʪʚʫʝʪ SPMD-

ʤʦʜʝʣʠ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʥʘ ʈʠʩ. 6. ɼʘʥʥʳʡ 

ʘʣʛʦʨʠʪʤ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʚ ʩʠʩʪʝʤʘʭ ʢʘʢ 

ʩ ʦʙʱʝʡ, ʪʘʢ ʩ ʨʘʩʧʨʝʜʝʣʝʥʥʦʡ ʧʘʤʷʪʴʶ, ʯʪʦ 

ʜʝʣʘʝʪ ʝʛʦ ʙʦʣʝʝ ʫʥʠʚʝʨʩʘʣʴʥʳʤ. 

 
ʈʠʩ. 6. SPMD-ʤʦʜʝʣʴ ʨʘʙʦʪʳ ʧʨʦʛʨʘʤʤʳ 

ʇʨʝʜʩʪʘʚʣʝʥʥʳʡ ʘʣʛʦʨʠʪʤ ʧʨʦʪʝʩʪʠʨʦʚʘʥ ʚ 

ʚʦʩʴʤʠʷʜʝʨʥʦʡ ʤʥʦʛʦʧʨʦʮʝʩʩʦʨʥʦʡ ʩʨʝʜʝ, ʥʘ 

ʢʘʬʝʜʨʝ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʪʝʭʥʠʢʠ 

ʅʦʚʦʩʠʙʠʨʩʢʦʛʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʪʝʭʥʠʯʝʩʢʦʛʦ 

ʫʥʠʚʝʨʩʠʪʝʪʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ 

ʢʣʘʩʪʝʨʘ ʩ ʧʨʦʮʝʩʩʦʨʘʤʠ Intel Xeon E5310 

Clovertown ʩ ʯʘʩʪʦʪʦʡ 1600 ʄɻʮ ʠ ʦʙʱʝʡ ʧʘʤʷʪʴʶ 

32 ɻʙ. ʊʝʩʪʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʢʦʥʪʫʨʦʚ ʜʝʪʘʣʝʡ ʠ 

ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʦʙʲʝʢʪʦʚ. ʈʝʟʫʣʴʪʘʪʳ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦ ʚʳʯʠʩʣʝʥʠʶ ʟʘʚʠʩʠʤʦʩʪʠ 

ʚʨʝʤʝʥʠ ʚʳʧʦʣʥʝʥʠʷ 10000 ʠʪʝʨʘʮʠʡ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʚʠʞʝʥʠʷ ʪʢʘʥʠ ʠʟ 987 ʯʘʩʪʠʮ ʧʨʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʦʙʲʝʢʪʦʤ ʠʟ 300 ʛʨʘʥʝʡ ʦʪ 

ʢʦʣʠʯʝʩʪʚʘ ʟʘʧʫʱʝʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʠ ʧʦʪʦʢʦʚ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʊʘʙʣʠʮʝ 1.  
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ʊʘʙʣʠʮʘ 1

ɿʘʚʠʩʠʤʦʩʪʴ ʚʨʝʤʝʥʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʟʘʧʫʱʝʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʠ ʧʦʪʦʢʦʚ 

ʂʦʣʠʯʝʩʪʚʦ ʧʨʦʮʝʩʩʦʚ 1 1 1 1 2 2 4 4 8 

ʂʦʣʠʯʝʩʪʚʦ ʧʦʪʦʢʦʚ 1 2 4 8 1 4 1 2 1 

ɺʨʝʤʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʩ 71,8 42,5 25,7 16,1 43,4 16,9 28,0 18,2 20,8 

 

ɺ ʢʘʯʝʩʪʚʝ ʢʨʠʪʝʨʠʷ ʦʧʪʠʤʘʣʴʥʦʩʪʠ ʚʳʩʪʫʧʘʝʪ 

ʚʨʝʤʷ ʧʦʣʫʯʝʥʠ ̫ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

ʕʪʦʪ ʢʨʠʪʝʨʠʡ ʚʳʙʨʘʥ, ʪʘʢ ʢʘʢ ʦʥ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ 

ʠʟ ʦʩʥʦʚʥʳʭ ʜʣʷ ʜʘʥʥʦʡ ʟʘʜʘʯʠ. 

ʀʟ ʊʘʙʣʠʮʳ 1 ʚʠʜʥʦ, ʯʪʦ ʥʘʠʤʝʥʴʰʝʝ ʚʨʝʤʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʘʨʘʣʣʝʣʴʥʳʡ ʘʣʛʦʨʠʪʤ 

ʧʦʢʘʟʳʚʘʝʪ ʧʨʠ ʨʘʙʦʪʝ ʚ ʩʠʩʪʝʤʘʭ ʩ ʦʙʱʝʡ 

ʧʘʤʷʪʴʶ, ʪʘʢ ʢʘʢ ʦʪʩʫʪʩʪʚʫʝʪ ʨʘʩʭʦʜ ʚʨʝʤʝʥʠ ʥʘ 

ʦʙʤʝʥ ʜʘʥʥʳʤʠ ʤʝʞʜʫ ʧʨʦʮʝʩʩʘʤʠ. 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʡ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʦʪ ʧʨʠʤʝʥʝʥʠʷ ʧʘʨʘʣʣʝʣʴʥʦʛʦ 

ʘʣʛʦʨʠʪʤʘ ʥʝʦʙʭʦʜʠʤʦ, ʧʦ-ʚʦʟʤʦʞʥʦʩʪʠ, 

ʩʦʟʜʘʚʘʪʴ ʤʘʢʩʠʤʘʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʧʦʪʦʢʦʚ, ʘ 

ʢʦʣʠʯʝʩʪʚʦ ʧʨʦʮʝʩʩʦʚ ʩʚʦʜʠʪʴ ʢ ʤʠʥʠʤʫʤʫ. 

 

4. ɸʃɻʆʈʀʊʄ ʇɸʈɸʃʃɽʃʔʅʆʁ 

ʆɹʈɸɹʆʊʂʀ ɼɸʅʅʓʍ ʅɸ 

ɻʈɸʌʀʏɽʉʂʆʄ ʇʈʆʎɽʉʉʆʈɽ 

ɺʀɼɽʆʂɸʈʊʓ 

 

ʉʪʨʫʢʪʫʨʘ ʛʨʘʬʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʦʨʘ ʪʘʢʦʚʘ, 

ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʟʘʧʫʩʢʘʪʴ ʥʘ ʚʳʧʦʣʥʝʥʠʝ 

ʧʨʘʢʪʠʯʝʩʢʠ ʦʜʥʦʚʨʝʤʝʥʥʦ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʧʦʪʦʢʦʚ (ʥʠʪʝʡ). ʂʘʢ ʦʪʤʝʯʝʥʦ ʚʳʰʝ, ʧʨʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʧʦʚʝʜʝʥʠʷ ʪʢʘʥʠ ʜʚʠʞʝʥʠʝ ʯʘʩʪʠʮ 

ʤʘʪʝʨʠʘʣʘ ʥʝ ʷʚʣʷʝʪʩʷ ʘʙʩʦʣʶʪʥʦ ʥʝʟʘʚʠʩʠʤʳʤ. 

ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʪʘʢ ʢʘʢ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʩʢʦʨʦʩʪʠ 

ʯʘʩʪʠʮʳ ʥʘ n-ʦʤ ʰʘʛʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ, ʪʨʝʙʫʝʪʩʷ 

ʫʯʠʪʳʚʘʪʴ ʟʥʘʯʝʥʠʷ ʢʦʦʨʜʠʥʘʪ ʝʝ ʩʦʩʝʜʥʠʭ 

ʯʘʩʪʠʮ ʩ (n-1)-ʦʛʦ ʰʘʛʘ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ, ʪʘʢʘʷ 

ʟʘʜʘʯʘ ʧʦʜʭʦʜʠʪ ʜʣʷ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʷ ʜʘʥʥʳʭ 

ʥʘ ʛʨʘʬʠʯʝʩʢʦʤ ʧʨʦʮʝʩʩʦʨʝ. ɼʣʷ ʧʦʚʳʰʝʥʠʷ 

ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʩʣʝʜʫʝʪ ʧʨʝʜʩʪʘʚʠʪʴ ʜʘʥʥʳʝ, 

ʧʝʨʝʜʘʚʘʝʤʳʝ ʚ ʧʘʤʷʪʴ ʛʨʘʬʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʦʨʘ 

ʥʝ ʤʘʩʩʠʚʘʤʠ ʩʪʨʫʢʪʫʨ, ʘ ʢʣʘʩʩʘʤʠ, ʩʦʜʝʨʞʘʱʠʤʠ 

ʥʝʩʢʦʣʴʢʦ ʤʘʩʩʠʚʦʚ: 

class Particles_fabric { 

public: 

 float *coord_x; 

float *coord_y; 

float *coord_z; 

 é 

 float *V_x;  

 float *V_y;  

 float *V_z;  

 é 

 float *F_x;  

 float *F_y;  

 float *F_z;  

};  

ɺ ʧʨʦʛʨʘʤʤʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʚʫʤʝʨʥʳʝ 

ʤʘʩʩʠʚʳ, ʢʦʪʦʨʳʝ ʭʨʘʥʷʪʩʷ ʚ ʧʘʤʷʪʠ ʚ ʚʠʜʝ ʦʜʥʦʡ 

ʩʚʷʟʥʦʡ ʦʙʣʘʩʪʠ. ɸʜʨʝʩ ʵʣʝʤʝʥʪʘ ʤʘʩʩʠʚʘ ʩ 

ʠʥʜʝʢʩʘʤʠ i, j ʨʘʚʝʥ yi N jÖ +, ʛʜʝ yN  ï 

ʢʦʣʠʯʝʩʪʚʦ ʩʪʦʣʙʮʦʚ ʚ ʤʘʩʩʠʚʝ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ 

ʵʣʝʤʝʥʪʳ, ʠʤʝʶʱʠʝ ʙʣʠʟʢʠʝ ʠʥʜʝʢʩʳ ʧʦ ʦʩʠ y, 

ʨʘʩʧʦʣʦʞʝʥʳ ʚ ʩʦʩʝʜʥʠʭ ʷʯʝʡʢʘʭ ʧʘʤʷʪʠ [6]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʝʩʣʠ ʨʘʟʣʠʯʥʳʝ ʥʠʪʠ 

ʦʙʨʘʙʘʪʳʚʘʶʪ ʨʘʟʣʠʯʥʳʝ ʷʯʝʡʢʠ ʧʦ ʦʩʠ y, ʦʥʠ 

ʙʫʜʫʪ ʟʘʧʨʘʰʠʚʘʪʴ ʜʘʥʥʳʝ ʠʟ ʩʦʩʝʜʥʠʭ ʵʣʝʤʝʥʪʦʚ 

ʤʘʩʩʠʚʦʚ. 

ʂʘʢ ʠ ʚ ʘʣʛʦʨʠʪʤʝ ʜʣʷ ʚʳʧʦʣʥʝʥʠʷ ʥʘ 

ʮʝʥʪʨʘʣʴʥʦʤ ʧʨʦʮʝʩʩʦʨʝ, ʤʝʞʜʫ ʙʣʦʢʘʤʠ 

ʧʨʦʠʩʭʦʜʠʪ ʦʙʤʝʥ ʯʝʨʝʟ ʛʣʦʙʘʣʴʥʫʶ ʧʘʤʷʪʴ ʥʝ 

ʚʩʝʤʠ ʜʘʥʥʳʤʠ, ʘ ʪʦʣʴʢʦ ʪʦʡ ʯʘʩʪʴʶ ʤʘʩʩʠʚʘ, 

ʢʦʪʦʨʘʷ ʩʦʜʝʨʞʠʪ ʠʥʬʦʨʤʘʮʠʶ ʦ ʢʦʦʨʜʠʥʘʪʘʭ 

ʯʘʩʪʠʮ, ʷʚʣʷʶʱʠʭʩʷ ʩʦʩʝʜʥʠʤʠ ʜʣʷ ʯʘʩʪʠʮ 

ʜʨʫʛʠʭ ʙʣʦʢʦʚ. 

ɿʘʚʠʩʠʤʦʩʪʴ ʚʨʝʤʝʥʠ ʚʳʧʦʣʥʝʥʠʷ 10000 

ʠʪʝʨʘʮʠʡ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʚʠʞʝʥʠʷ ʪʢʘʥʠ ʠʟ 4056 

ʯʘʩʪʠʮ ʦʪ ʨʘʟʤʝʨʘ ʙʣʦʢʘ ʦʪʨʘʞʝʥʳ ʚ ʊʘʙʣʠʮʝ 2. 

ʊʝʩʪʠʨʦʚʘʥʠʝ ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ 

ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʚʠʜʝʦʢʘʨʪʝ NVIDIA GeForce GTX 

760. ʉʣʝʜʫʝʪ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʭʨʦʥʦʤʝʪʨʘʞʝ ʥʝ 

ʫʯʠʪʳʚʘʣʦʩʴ ʚʨʝʤʷ ʢʦʧʠʨʦʚʘʥʠʷ ʜʘʥʥʳʭ ʤʝʞʜʫ 

ʮʝʥʪʨʘʣʴʥʳʤ ʠ ʛʨʘʬʠʯʝʩʢʠʤ ʧʨʦʮʝʩʩʦʨʘʤʠ, ʘ 

ʤʘʢʩʠʤʘʣʴʥʦ ʚʦʟʤʦʞʥʳʡ ʨʘʟʤʝʨ ʙʣʦʢʘ ʜʣʷ 

ʜʘʥʥʦʛʦ ʛʨʘʬʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʦʨʘ ʩʦʩʪʘʚʣʷʝʪ 32, 

ʪʘʢ ʢʘʢ 32 32 1024³ =  - ʧʨʝʜʝʣʴʥʦʝ ʟʥʘʯʝʥʠʝ 

ʜʣʷ ʧʨʦʠʟʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʡ ʙʣʦʢʘ. 
ʊʘʙʣʠʮʘ 2 

ɿʘʚʠʩʠʤʦʩʪʴ ʚʨʝʤʝʥʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʪ ʨʘʟʤʝʨʘ 

ʙʣʦʢʘ 

ʈʘʟʤʝʨ ʙʣʦʢʘ ɺʨʝʤʷ ʚʳʧʦʣʥʝʥʠʷ, ʩ 

ʥʝ ʙʣʦʯʥʳʡ 16,51 

4³4 91,1 

8³8 16,8 

16³16 11,2 

32³32 10,3 

 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʨʝʤʷ ʨʘʙʦʪʳ ʷʜʝʨʥʦʡ 

ʬʫʥʢʮʠʠ ʥʝ ʜʦʣʞʥʦ ʧʨʝʚʳʰʘʪʴ ʜʚʫʭ ʩʝʢʫʥʜ ʠʟ-ʟʘ 

ʤʝʭʘʥʠʟʤʘ Time-Out Detection and Recovery (TDR), 

ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ Microsoft Windows. 

ʅʘ ʈʠʩ. 7 ʧʨʠʚʝʜʝʥʳ ʛʨʘʬʠʢʠ ʜʣʷ ʩʨʘʚʥʝʥʠʷ 

ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʮʝʥʪʨʘʣʴʥʦʛʦ ʧʨʦʮʝʩʩʦʨʘ 

Intel Core i7-4770K Haswell (ʟʘʧʫʩʢ ʟʘʜʘʯʠ ʚ 8 

ʧʦʪʦʢʦʚ) ʠ ʛʨʘʬʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʦʨʘ ʚʠʜʝʦʢʘʨʪʳ 

NVIDIA GeForce GTX 760 (ʨʘʟʤʝʨ ʙʣʦʢʘ 32³32) ʚ 

ʟʘʜʘʯʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʚʝʜʝʥʠʷ ʪʢʘʥʠ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʯʘʩʪʠʮ ʤʦʜʝʣʠ ʧʨʠ 

ʚʳʯʠʩʣʝʥʠʠ 10000 ʠʪʝʨʘʮʠʡ. 

ɺ ʧʨʦʮʝʩʩʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʫʯʠʪʳʚʘʶʪʩʷ 

ʢʦʵʬʬʠʮʠʝʥʪʳ ʩʨʝʜʳ, ʪʘʢʠʝ ʢʘʢ ʩʠʣʘ ʪʷʞʝʩʪʠ, 

ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʚʦʟʜʫʭʘ, ʩʠʣʘ ʪʨʝʥʠʷ ʦʙ ʦʙʲʝʢʪ ʠ 
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ʧʨʦʯʠʝ, ʯʪʦ ʧʨʠʜʘʝʪ ʧʨʦʮʝʩʩʫ ʙʦʣʴʰʫʶ 

ʨʝʘʣʠʩʪʠʯʥʦʩʪʴ. ʀʪʦʛʦʚʳʡ ʨʝʟʫʣʴʪʘʪ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʘʜʝʥʠʷ ʭʣʦʧʯʘʪʦʙʫʤʘʞʥʦʡ 

ʣʦʩʢʫʪʥʦʡ ʪʢʘʥʠ ʥʘ ʢʨʝʩʣʦ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʈʠʩ. 8. 

 

 

ʈʠʩ. 7. ɻʨʘʬʠʢʠ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʮʝʥʪʨʘʣʴʥʦʛʦ ʠ 

ʛʨʘʬʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʦʨʦʚ ʚ ʟʘʜʘʯʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʪʢʘʥʠ 

 

ʈʠʩ.8. ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

 

ɿɸʂʃʖʏɽʅʀɽ 

 

ɺ ʩʪʘʪʴʝ ʦʧʠʩʘʥʳ ʤʝʪʦʜʳ ʧʘʨʘʣʣʝʣʴʥʦʡ 

ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʮʝʥʪʨʘʣʴʥʦʛʦ ʠ ʛʨʘʬʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʦʨʦʚ. 

ɼʘʥʥʳʝ ʘʣʛʦʨʠʪʤʳ ʙʳʣʠ ʧʨʦʪʝʩʪʠʨʦʚʘʥʳ ʥʘ 

ʧʨʠʤʝʨʘʭ ʨʘʟʥʳʭ ʚʠʜʦʚ ʜʝʪʘʣʝʡ ʠ ʬʦʨʤ ʦʙʲʝʢʪʦʚ.  

ɼʣʷ ʪʝʩʪʠʨʦʚʘʥʠʷ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʢʦʤʧʣʝʢʩ 

ʧʨʦʛʨʘʤʤʥʳʭ ʩʨʝʜʩʪʚ ʥʘ ʷʟʳʢʝ ʉ++ ʚ ʩʨʝʜʝ 

Microsoft Visual Studio 2012. ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ 

ʧʘʨʘʣʣʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʥʘ ʮʝʥʪʨʘʣʴʥʦʤ 

ʧʨʦʮʝʩʩʦʨʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʠʥʪʝʨʬʝʡʩʳ 

ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ OpenMP ʠ MPI, 

ʘ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʨʝʩʫʨʩʦʚ ʛʨʘʬʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʦʨʘ ʚʠʜʝʦʘʜʘʧʪʝʨʘ 

ʧʨʠʤʝʥʷʝʪʩʷ ʪʝʭʥʦʣʦʛʠʷ CUDA. 

ʈʝʟʫʣʴʪʘʪʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʨʘʙʦʪʝ, ʠʤʝʶʪ 

ʟʥʘʯʝʥʠʝ ʜʣʷ ʨʘʟʚʠʪʠʷ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ 

ʪʝʭʥʦʣʦʛʠʡ ʚ ʦʙʣʘʩʪʠ ʛʝʦʤʝʪʨʠʯʝʩʢʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ. ʅʘʫʯʥʦʡ 

ʥʦʚʠʟʥʦʡ ʚ ʩʪʘʪʴʝ ʷʚʣʷʶʪʩʷ ʧʨʝʜʣʦʞʝʥʥʳʝ 

ʘʣʛʦʨʠʪʤʳ ʧʘʨʘʣʣʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʚ 

ʧʨʦʮʝʩʩʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʣʷ ʦʧʠʩʘʥʥʦʡ 

ʜʠʩʢʨʝʪʥʦʡ ʤʦʜʝʣʠ ʪʢʘʥʠ.  

ʈʝʟʫʣʴʪʘʪʳ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʤʦʛʫʪ ʙʳʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʩʦʟʜʘʥʠʷ ʩʠʩʪʝʤ ʘʚʪʦʤʘʪʠʟʘʮʠʠ 

ʛʝʦʤʝʪʨʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ, ʩʠʩʪʝʤ ʚʠʨʪʫʘʣʴʥʦʡ ʨʝʘʣʴʥʦʩʪʠ 

ʠ ʢʦʤʧʴʶʪʝʨʥʦʡ ʧʦʤʦʱʠ ʜʣʷ ʩʧʝʮʠʘʣʠʩʪʦʚ 

ʰʚʝʡʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʚ ʨʘʙʦʪʝ 

ʜʠʟʘʡʥʝʨʦʚ ʦʜʝʞʜʳ ʠ ʤʝʙʝʣʴʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ. 
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Abstract: Using of the parallel processing 

methods during the simulation of the fabric material 

products on the solid planeïbounded objectôs surface 

to accelerate the simulation process is considered in 

the paper. The algorithms for paralleling the 

calculations on the central processing unit and on the 

graphics processor of the video display adapter are 
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ʂʦʨʨʝʢʪʥʘʷ ʠʜʝʥʪʠʬʠʢʘʮʠʷ ʦʙʲʝʢʪʘ ʩ 

ʟʘʧʘʟʜʳʚʘʥʠʝʤ ʜʣʷ ʫʧʨʘʚʣʝʥʠ ̫ʠʤ 
 

ɹ.ʀ. ʇʷʢʠʣʣʷ, ɺ.ɸ. ɾʤʫʜʴ 

ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʊʦʤʩʢʠʡ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ, ʈʦʩʩʠʷ, 

ʅʦʚʦʩʠʙʠʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ  

 

ɸʥʥʦʪʘʮʠʷ: ɸʢʪʫʘʣʴʥʦʩʪʴ ʫʧʨʘʚʣʝʥʠʷ 

ʦʙʲʝʢʪʘʤʠ ʩ ʟʘʧʘʟʜʳʚʘʥʠʝʤ ʥʝʩʦʤʥʝʥʥʘ, ʦʙ 

ʵʪʦʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʥʘʨʘʩʪʘʶʱʠʡ ʧʦʪʦʢ 

ʧʫʙʣʠʢʘʮʠʡ, ʚ ʯʘʩʪʥʦʩʪʠ, [1]. ɺʤʝʩʪʝ ʩ ʪʝʤ, 

ʟʘʯʘʩʪʫʶ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ 

ʢʨʘʡʥʝ ʜʘʣʝʢʠ ʦʪ ʧʨʘʢʪʠʯʝʩʢʠʭ ʨʝʟʫʣʴʪʘʪʦʚ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʨʝʛʫʣʷʪʦʨʦʚ ʜʣʷ 

ʫʧʨʘʚʣʝʥʠʷ ʪʘʢʠʤʠ ʦʙʲʝʢʪʘʤʠ. ʄʦʞʥʦ 

ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʡ 

ʧʨʠʯʠʥʦʡ ʵʪʦʛʦ ʷʚʣʷʝʪʩʷ ʫʧʨʦʱʝʥʠʝ ʤʦʜʝʣʠ 

ʧʨʠ ʠʜʝʥʪʠʬʠʢʘʮʠʠ. ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʥʘ 

ʧʨʠʤʝʨʝ ʦʙʲʝʢʪʘ ʠʟ [1] ʨʝʰʘʝʪʩʷ ʚʦʧʨʦʩ ʦ 

ʜʦʩʪʘʪʦʯʥʦʩʪʠ ʤʦʜʝʣʠ ʠ ʜʦʧʫʩʪʠʤʦʩʪʠ ʝʝ 

ʫʧʨʦʱʝʥʠʷ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʟʘʜʘʯʝ ʫʧʨʘʚ-

ʣʝʥʠʷ ʚ ʢʦʥʪʫʨʝ ʩ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʦʙʨʘʪʥʦʡ 

ʩʚʷʟʴʶ. ʇʦʩʪʘʚʣʝʥʥʘʷ ʟʘʜʘʯʘ ʨʝʰʘʝʪʩʷ ʧʫʪʝʤ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʧʨʦʛʨʘʤʤʝ 

VisSim.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʨʝʛʫʣʠʨʦʚʘʥʠʝ, 

ʟʘʧʘʟʜʳʚʘʥʠʝ, ʠʜʝʥʪʠʬʠʢʘʮʠʷ ʦʙʲʝʢʪʘ, 

ʥʘʩʪʨʦʡʢʘ ʨʝʛʫʣʷʪʦʨʘ, ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʩʠʤʫ-

ʣʷʮʠʷ, ʢʦʨʨʝʢʪʥʦʩʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ɺɺɽɼɽʅʀɽ  

ɸʢʪʫʘʣʴʥʦʩʪʴ ʟʘʜʘʯ ʫʧʨʘʚʣʝʥʠʷ ʦʙʲʝʢʪʦʤ ʩ 

ʟʘʧʘʟʜʳʚʘʥʠʝʤ ʜʦʩʪʘʪʦʯʥʦ ʠʟʚʝʩʪʥʘ, ʠ ʚ 

ʯʘʩʪʥʦʩʪʠ, ʨʘʩʢʨʳʪʘ ʚʦ ʚʚʝʜʝʥʠʠ ʩʪʘʪʴʠ [1]. 

ɿʘʧʘʟʜʳʚʘʥʠʝ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʤʝʨʝ ʦʛʨʘʥʠʯʠʚʘʝʪ 

ʚʦʟʤʦʞʥʦʩʪʠ ʦʙʝʩʧʝʯʝʥʠʷ ʙʳʩʪʨʦʜʝʡʩʪʚʠʷ ʚ 

ʢʦʥʪʫʨʝ ʫʧʨʘʚʣʝʥʠʷ.  ʇʦʵʪʦʤʫ ʪʨʘʜʠʮʠʦʥʥʦ 

ʠʩʩʣʝʜʦʚʘʪʝʣʠ ʧʨʝʜʧʦʣʘʛʘʣʠ, ʯʪʦ ʧʨʘʚʠʣʴʥʦʝ 

ʦʧʨʝʜʝʣʝʥʠʝ ʟʥʘʯʝʥʠʷ ʟʘʧʘʟʜʳʚʘʥʠʷ ʠ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʫʩʠʣʝʥʠʷ ʦʙʲʝʢʪʘ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ 

ʤʝʨʝ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʨʘʚʠʣʴʥʦʩʪʴ ʤʦʜʝʣʠ ʚ ʮʝʣʦʤ. 

ʇʦʤʠʤʦ ʟʘʧʘʟʜʳʚʘʥʠʷ ʜʠʥʘʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʦʙʲʝʢʪʘ ʤʦʛʫʪ ʙʳʪʴ ʦʧʠʩʘʥʳ ʤʠʥʤʠʤʘʣʴʥʦ-

ʬʘʟʦʚʦʡ ʤʦʜʝʣʴʶ, ʢʦʪʦʨʘʷ ʥʘʨʷʜʫ ʩ ʟʘʧʘʟʜʳ-

ʚʘʥʠʝʤ ʚʭʦʜʠʪ ʚ ʧʦʣʥʫʶ ʤʦʜʝʣʴ. ʇʨʦʩʪʝʡʰʠʤ 

ʧʨʠʤʝʨʦʤ ʪʘʢʦʡ ʤʦʜʝʣʠ ʷʚʣʷʝʪʩʷ ʬʠʣʴʪʨ ʧʝʨʚʦʛʦ 

ʧʦʨʷʜʢʘ. ʅʝʢʦʪʦʨʳʝ ʘʚʪʦʨʳ ʦʛʨʘʥʠʯʠʚʘʶʪ ʤʦʜʝʣʴ 

ʠʤʝʥʥʦ ʪʘʢʠʤ ʬʠʣʴʪʨʦʤ. ʇʦʵʪʦʤʫ ʦʙʦʙʱʝʥʥʘʷ 

ʤʦʜʝʣʴ ʪʘʢʦʛʦ ʦʙʲʝʢʪʘ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʧʝʨʝʜʘʪʦʯʥʦʡ ʬʫʥʢʮʠʝʡ ʩʣʝʜʫʶʱʝʛʦ ʚʠʜʘ [1]:  

 
se

Ts

k
sW t-Ö

+
=

1
)(  , (1) 

ʛʜʝ  k ï ʢʦʵʬʬʠʮʠʝʥʪ ʧʝʨʝʜʘʯʠ; 

Ű ï ʚʨʝʤʷ ʟʘʧʘʟʜʳʚʘʥʠʷ; 

T ï ʧʦʩʪʦʷʥʥʘʷ ʚʨʝʤʝʥʠ. 

ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʩʪʘʚʠʪʩʷ ʟʘʜʘʯʘ ʠʩʩʣʝʜʦʚʘʥʠʷ, 

ʥʘʩʢʦʣʴʢʦ ʪʘʢʦʝ ʦʛʨʘʥʠʯʝʥʠʝ ʦʧʨʘʚʜʘʥʦ. 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʵʪʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʩʥʦʚʘʥʘ ʥʘ 

ʪʦʤ, ʯʪʦ ʠʤʝʥʥʦ ʪʘʢʦʝ ʦʙʦʙʱʝʥʠʝ (1) ʣʝʞʠʪ ʚ 

ʦʩʥʦʚʝ ʤʥʦʛʠʭ ʤʝʪʦʜʦʚ ʥʘʩʪʨʦʡʢʠ ʨʝʛʫʣʷʪʦʨʦʚ, 

ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʦ ʩʠʭ ʧʦʨ ʜʦʩʪʘʪʦʯʥʦ 

ʯʘʩʪʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʠʭ ʤʘʣʫʶ ʧʨʠʛʦʜʥʦʩʪʴ. 

ʄʘʣʫʶ ʧʨʠʛʦʜʥʦʩʪʴ ʤʝʪʦʜʦʤ ʤʳ ʫʩʤʘʪʨʠʚʘʝʤ, 

ʥʘʧʨʠʤʝʨ, ʚ ʪʘʢʦʤ ʧʨʝʜʣʘʛʘʝʤʦʤ ʘʣʛʦʨʠʪʤʝ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʨʝʛʫʣʷʪʦʨʦʚ: çʅʘʩʪʨʦʡʢʘ ʢʦʥʪʫʨʘ 

ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʩʦʩʪʦʠʪ ʠʟ ʪʨʸʭ ʚʘʞʥʳʭ ʵʪʘʧʦʚ: 

ʘ) ʠʜʝʥʪʠʬʠʢʘʮʠʷ ʦʙʲʝʢʪʘ, ʙ) ʨʘʩʯʝʪ ʧʘʨʘʤʝʪʨʦʚ 

ʨʝʛʫʣʷʪʦʨʘ ʠ ʚ) ʧʦʜʩʪʨʦʡʢʘ ʨʝʛʫʣʷʪʦʨʘ. ʊʨʝʪʠʡ 

ʵʪʘʧ ʦʙʳʯʥʦ ʩʚʷʟʘʥ ʩ ʨʫʯʥʦʡ ʧʦʜʩʪʨʦʡʢʦʡ 

ʧʘʨʘʤʝʪʨʦʚ ʨʝʛʫʣʷʪʦʨʘ ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʢʘʯʝʩʪʚʘ 

ʨʝʛʫʣʠʨʦʚʘʥʠʷè [1]. ʂʘʢ ʚʠʜʠʤ, ʘʚʪʦʨʳ ʧʦʩʣʝ 

ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʥʘʩʪʨʦʡʢʠ ʨʝʛʫʣʷʪʦʨʘ ʛʦʪʦʚʳ 

ʦʩʫʱʝʩʪʚʠʪʴ ʝʛʦ ʨʫʯʥʫʶ ʢʦʨʨʝʢʪʠʨʦʚʢʫ. ʕʪʦ 

ʩʪʦʣʴ ʞʝ ʩʪʨʘʥʥʦ, ʢʘʢ ʝʩʣʠ ʙʳ ʧʦʩʣʝ ʪʦʛʦ, ʢʘʢ 

ʩʪʨʦʠʪʝʣʴ, ʠʩʧʦʣʴʟʫʷ ʫʨʦʚʝʥʴ, ʥʘʯʝʨʪʠʣ 

ʚʝʨʪʠʢʘʣʴʥʫʶ ʣʠʥʠʶ, ʧʦʩʣʝ ʵʪʦʛʦ ʙʳ 

çʧʦʜʧʨʘʚʠʣè ʝʝ ʧʦʣʦʞʝʥʠʝ, ʧʦʣʴʟʫʷʩʴ ʩʚʦʠʤ 

ʦʨʛʘʥʦʣʝʧʪʠʯʝʩʢʠʤ ʚʦʩʧʨʠʷʪʠʝʤ, ʪʦ ʝʩʪʴ çʥʘ 

ʛʣʘʟʦʢè. ɽʩʣʠ ʠʤʝʝʪ ʤʝʩʪʦ ʨʫʯʥʘʷ ʥʘʩʪʨʦʡʢʘ, ʪʦ 

ʨʘʩʯʝʪ ʥʝ ʵʬʬʝʢʪʠʚʝʥ, ʠ ʦʙʨʘʪʥʦ: ʝʩʣʠ ʨʘʩʯʝʪ 

ʵʬʬʝʢʪʠʚʝʥ, ʪʦ ʨʫʯʥʘʷ ʥʘʩʪʨʦʡʢʘ ʥʝ ʪʨʝʙʫʝʪʩʷ.  

ʄʳ ʙʳ ʩʯʠʪʘʣʠ, ʯʪʦ ʮʝʣʝʩʦʦʙʨʘʟʥʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʦʜʠʥ ʠʟ ʩʣʝʜʫʶʱʠʭ ʤʝʪʦʜʦʚ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʨʝʛʫʣʷʪʦʨʘ:  

ɸʥʘʣʠʪʠʯʝʩʢʠʡ ʤʝʪʦʜ 

ʘ) ʠʜʝʥʪʠʬʠʢʘʮʠʷ ʦʙʲʝʢʪʘ;  

ʙ) ʨʘʩʯʝʪ ʨʝʛʫʣʷʪʦʨʘ;  

ʚ) ʨʝʘʣʠʟʘʮʠʷ ʨʝʛʫʣʷʪʦʨʘ (ʙʝʟ ʧʦʜʩʪʨʦʡʢʠ). 

ʕʤʧʠʨʠʯʝʩʢʠʡ ʤʝʪʦʜ 

ʘ) ʨʝʘʣʠʟʘʮʠʷ ʨʝʛʫʣʷʪʦʨʘ;  

ʙ) ʥʘʩʪʨʦʡʢʘ ʨʝʛʫʣʷʪʦʨʘ ʵʤʧʠʨʠʯʝʩʢʠʤ ʧʫʪʝʤ. 

ʂʦʤʧʣʝʢʩʥʳʡ ʤʝʪʦʜ 

ʘ) ʠʜʝʥʪʠʬʠʢʘʮʠʷ ʦʙʲʝʢʪʘ;  

ʙ) ʨʘʩʯʝʪ ʨʝʛʫʣʷʪʦʨʘ;  

ʚ) ʨʝʘʣʠʟʘʮʠʷ ʨʝʛʫʣʷʪʦʨʘ (ʙʝʟ ʧʦʜʩʪʨʦʡʢʠ); 

ʛ) ʫʪʦʯʥʝʥʥʘʷ ʠʜʝʥʪʠʬʠʢʘʮʠʷ ʦʙʲʝʢʪʘ; 

ʜ) ʫʪʦʯʥʝʥʠʝ ʨʘʩʯʝʪʘ ʨʝʛʫʣʷʪʦʨʘ; 

ʝ) ʨʝʘʣʠʟʘʮʠʷ ʫʪʦʯʥʝʥʥʦʛʦ ʨʝʛʫʣʷʪʦʨʘ. 

 

ʇʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜ, ʥʘ ʥʘʰ ʚʟʛʣʷʜ, ʥʝ 

ʭʦʨʦʰ ʥʝ ʪʝʤ, ʯʪʦ ʥʝ ʫʢʣʘʜʳʚʘʝʪʩʷ ʥʠ ʚ ʦʜʥʫ ʠʟ 

ʧʨʝʜʣʦʞʝʥʥʳʭ ʩʭʝʤ, ʘ ʪʝʤ, ʯʪʦ ʚ ʥʝʤ ʨʘʩʯʝʪ ʥʝ 

ʠʤʝʝʪ ʥʠʢʘʢʦʛʦ ʟʥʘʯʝʥʠʷ, ʘ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ 

ʠʜʝʥʪʠʬʠʢʘʮʠʷ ʥʝ ʠʤʝʝʪ ʥʠʢʘʢʦʛʦ ʟʥʘʯʝʥʠʷ, 

ʧʦʵʪʦʤʫ ʦʥ, ʧʦ ʩʫʪʠ, ʷʚʣʷʝʪʩʷ ʵʤʧʠʨʠʯʝʩʢʠʤ 

ʤʝʪʦʜʦʤ. ʅʘʰʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʩʚʷʱʝʥʦ ʘʥʘʣʠʟʫ 

ʚʣʠʷʥʠʷ ʥʝʫʯʪʝʥʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʨʝʘʣʴʥʦʛʦ 
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ʦʙʲʝʢʪʘ, ʥʝ ʚʭʦʜʷʱʠʭ ʚ ʤʦʜʝʣʴ (1).  

1. ɸʅɸʃʀɿ ʇʈʆʎɽʉʉɸ ʀɼɽʅʊʀʌʀʂɸʎʀʀ 

ʆɹʒɽʂʊɸ 

ɺ ʨʘʙʦʪʝ [1] ʧʨʝʜʣʦʞʝʥʦ ʧʦ ʪʨʘʜʠʮʠʠ 

ʦʧʨʝʜʝʣʷʪʴ ʧʝʨʝʜʘʪʦʯʥʳʝ ʬʫʥʢʮʠʠ ʦʙʲʝʢʪʦʚ ʥʘ 

ʦʩʥʦʚʘʥʠʠ ʢʨʠʚʦʡ ʨʘʟʛʦʥʘ, ʚʠʜ ʢʦʪʦʨʦʡ ʜʣʷ 

ʚʳʙʨʘʥʥʦʛʦ ʦʙʲʝʢʪʘ ʧʦʢʘʟʘʥ ʥʘ ʈʠʩ. 1. ʇʨʠ ʵʪʦʤ 

ʘʧʨʠʦʨʥʦ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʤʦʜʝʣʴ ʦʙʲʝʢʪʘ 

çʧʨʝʜʩʪʘʚʣʷʶʪʩʷ ʚ ʚʠʜʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ 

ʩʦʝʜʠʥʝʥʠʷ ʘʧʝʨʠʦʜʠʯʝʩʢʦʛʦ ʠ ʟʘʧʘʟʜʚrʘʶʱʝʛʦ 

ʟʚʝʥʴʝʚè.   

ʍʘʨʘʢʪʝʨʠʩʪʠʢʘ ʨʘʟʛʦʥʘ ï ʵʪʦ ʦʪʢʣʠʢ ʥʘ 

ʝʜʠʥʠʯʥʦʝ ʩʪʫʧʝʥʯʘʪʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʚʭʦʜʝ 

ʦʙʲʝʢʪʘ. ʄʠʥʠʤʘʣʴʥʦ-ʬʘʟʦʚʘʷ ʢʦʤʧʦʥʝʥʪʘ 

ʤʦʜʝʣʠ ʜʘʝʪ ʧʝʨʝʭʦʜʥʳʡ ʧʨʦʮʝʩʩ ʚ ʚʠʜʝ 

ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʡ ʬʫʥʢʮʠʠ. ɸʩʠʤʧʪʦʪʘ ʵʪʦʡ 

ʬʫʥʢʮʠʠ, ʢʘʢ ʠ ʘʩʠʤʧʪʦʪʘ ʢʨʠʚʦʡ ʨʘʟʛʦʥʘ, 

ʩʪʨʝʤʠʪʩʷ ʢ ʟʥʘʯʝʥʠʶ, ʢʦʪʦʨʦʝ ʨʘʚʥʦ 

ʢʦʵʬʬʠʮʠʝʥʪʫ ʫʩʠʣʝʥʠʷ (ʧʝʨʝʜʘʯʠ) ʦʙʲʝʢʪʘ. ʅʘ 

ʈʠʩ. 1 ʘʩʠʤʧʪʦʪʘ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʩʪʨʝʤʠʪʩʷ ʢ 

ʟʥʘʯʝʥʠʶ, ʧʦʢʘʟʘʥʥʦʤʫ ʢʘʢ ʤʘʢʩʠʤʘʣʴʥʦʝ 

ʟʥʘʯʝʥʠʝ ʰʢʘʣʳ, ʪʦ ʝʩʪʴ ʧʨʠʤʝʨʥʦ 31 ʝʜʠʥʠʮʳ. 

ʀʟ ʵʪʦʛʦ ʩʣʝʜʫʝʪ, ʯʪʦ ʚʭʦʜʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʙʳʣʦ 

ʥʝ ʨʘʚʥʳʤ ʝʜʠʥʠʮʝ, ʘ ʨʘʚʥʦ ʵʪʦʡ ʚʝʣʠʯʠʥʝ, ʣʠʙʦ 

ʘʚʪʦʨʳ ʟʘʙʳʣʠ ʫʯʝʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪ ʫʩʠʣʝʥʠʷ. 

ʇʦʩʢʦʣʴʢʫ ʜʘʣʝʝ ʚ ʵʪʦʡ ʩʪʘʪʴʝ ʢʦʵʬʬʠʮʠʝʥʪ 

ʫʩʠʣʝʥʠʷ ʦʙʲʝʢʪʘ ʚʝʟʜʝ ʧʨʠʥʷʪ ʨʘʚʥʳʤ ʝʜʠʥʠʮʝ, 

ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʧʨʠʥʷʪʴ ʧʝʨʚʫʶ ʚʝʨʩʠʶ, ʩʯʠʪʘʷ 

ʵʪʦʪ ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʥʝʩʝʥʥʳʤ ʢ ʚʝʣʠʯʠʥʝ 

ʚʭʦʜʥʦʛʦ ʩʢʘʯʢʘ.   

ɸʚʪʦʨʘʤʠ ʧʦ ʛʨʘʬʠʢʫ ʈʠʩ. 1 ʦʧʨʝʜʝʣʝʥʳ 

ʩʣʝʜʫʶʱʠʝ ʧʘʨʘʤʝʪʨʳ ʧʝʨʝʜʘʪʦʯʥʦʡ ʬʫʥʢʮʠʠ:  
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ʊʘʢʞʝ ʩʢʘʟʘʥʦ, ʯʪʦ ʠʟ ʩʦʦʪʥʦʰʝʥʠʷ Ű / T < 1 

ʩʣʝʜʫʝʪ ʧʨʝʜʧʦʣʦʞʠʪʴ ʦʧʨʝʜʝʣʝʥʥʳʝ ʪʨʫʜʥʦʩʪʠ 

ʥʘʩʪʨʦʡʢʠ ʨʝʛʫʣʷʪʦʨʘ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʩʧʦʩʦʙʘʤʠ. 

 

 
 

ʈʠʩ. 1.  ʍʘʨʘʢʪʝʨʠʩʪʠʢʘ ʨʘʟʛʦʥʘ ʧʨʠ ʩʪʫʧʝʥʯʘʪʦʤ ʚʭʦʜʥʦʤ ʚʦʟʜʝʡʩʪʚʠʠ 

 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʝʛʫʣʷʪʦʨʘ, 

ʨʘʩʩʯʠʪʘʥʥʦʛʦ ʧʦ ʤʦʜʝʣʠ (2), ʫ ʘʚʪʦʨʦʚ 

ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, 

ʧʨʦʛʥʦʟʠʨʫʶʱʝʛʦ ʠʭ. 

ʇʦʧʨʦʙʫʝʤ ʨʘʟʦʙʨʘʪʴʩʷ ʚ ʧʨʠʯʠʥʘʭ ʪʘʢʦʛʦ 

ʥʝʩʦʚʧʘʜʝʥʠʷ. ʆʙʨʘʪʠʤ ʚʥʠʤʘʥʠʝ ʥʘ ʨʘʟʣʠʯʠʷ 

ʜʚʫʭ ʛʨʘʬʠʢʦʚ ï ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʠ ʵʢʩʧʝʨʠʤʝʥ-

ʪʘʣʴʥʦʛʦ ʥʘ ʈʠʩ. 1. ʕʪʠ ʦʪʣʠʯʠʷ ʩʦʩʪʦʷʪ ʚ 

ʩʣʝʜʫʶʱʝʤ: 

1. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʧʨʦʮʝʩʩ ʥʘʯʠʥʘʝʪʩʷ 

ʧʣʘʚʥʦ, ʙʝʟ ʨʝʟʢʦʡ ʣʠʥʠʠ ʠʟʣʦʤʘ, ʪʝʦʨʝʪʠʯʝʩʢʠʡ 

ʧʨʦʮʝʩʩ ʥʘʯʠʥʘʝʪʩʷ ʨʝʟʢʦ ʩ ʭʘʨʘʢʪʝʨʥʦʡ ʣʠʥʠʝʡ 

ʠʟʣʦʤʘ. 

2. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʧʨʦʮʝʩʩ ʥʘʯʠʥʘʝʪʩʷ ʚ 

ʤʦʤʝʥʪ t = 55 c, ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ 

ʥʘʯʠʥʘʝʪʩʷ ʚ ʤʦʤʝʥʪ t = 75 c. 

3. ʊʦʯʢʘ ʧʝʨʚʦʛʦ ʩʦʚʧʘʜʝʥʠʷ ʟʢʩʧʝʨʠʤʝʥ-

ʪʘʣʴʥʦʛʦ ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʦʚ ʩʦʦʪʚʝʪ-

ʩʪʚʫʝʪ ʧʨʠʤʝʨʥʦ t = 85 c. 

4. ɼʘʣʝʝ ʚʝʣʠʯʠʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ 

ʧʨʦʮʝʩʩʘ ʤʝʥʴʰʝ, ʯʝʤ ʟʥʘʯʝʥʠʝ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ 

ʧʨʦʮʝʩʩʘ, ʤʘʢʩʠʤʘʣʴʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʩʦʩʪʘʚʣʷʝʪ 

ʧʨʠʤʝʨʥʦ ʧʦʣʦʚʠʥʫ ʜʝʣʝʥʠʷ (ʚʝʩʴ ʧʨʦʮʝʩʩ 

ʘʩʠʤʧʪʦʪʠʯʝʩʢʠ ʩʪʨʝʤʠʪʩʷ ʢ ʟʥʘʯʝʥʠʶ, ʩʦʦʪʚʝʪʩʪ-

ʚʫʶʱʝʤʫ ʩʝʤʠ ʜʝʣʝʥʠʷʤ), ʵʪʦ ʤʘʢʩʠʤʘʣʴʥʦʝ 

ʦʪʢʣʦʥʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʨʝʤʝʥʠ  t = 100 c. 

5. ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤ ʧʨʦʮʝʩʩʝ ʚʠʜʥʦ 

ʚʦʟʙʫʞʜʝʥʠʝ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʦʡ ʯʘʩʪʦʪʦʡ. 




























































































































