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ɸʅʆʊɸʎɯʗ 

ɹʘʡʜʘ ɺʣʘʜʠʩʣʘʚ ɼʤʠʪʨʦʚʠʯ. ʄʝʪʦʜʠ ʪʘ ʽʥʬʦʨʤʘʮʽʡʥʘ ʪʝʭʥʦʣʦʛʽʷ 

ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʚʽʜʤʦʚ ʫ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʧʝʨʝʪʚʦʨʶʚʘʯʘʭ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ ʥʘ 

ʦʩʥʦʚʽ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ. ï ʂʚʘʣʽʬʽʢʘʮʽʡʥʘ ʥʘʫʢʦʚʘ ʧʨʘʮʷ ʥʘ ʧʨʘʚʘʭ ʨʫʢʦʧʠʩʫ. 

ɼʠʩʝʨʪʘʮʽʷ ʥʘ ʟʜʦʙʫʪʪʷ ʥʘʫʢʦʚʦʛʦ ʩʪʫʧʝʥʷ ʜʦʢʪʦʨʘ ʬʽʣʦʩʦʬʽʾ ʟʘ ʩʧʝʮʽʘʣʴʥʽʩʪʶ 

122 ï çʂʦʤʧᾷʶʪʝʨʥʽ ʥʘʫʢʠè (12 ï çɯʥʬʦʨʤʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽ»ʾ). ï ʅʘʮʽʦʥʘʣʴʥʠʡ 

ʫʥʽʚʝʨʩʠʪʝʪ çʏʝʨʥʽʛʽʚʩʴʢʘ ʧʦʣʽʪʝʭʥʽʢʘè, ʄʆʅ ʋʢʨʘʾʥʠ, ʏʝʨʥʽʛʽʚ, 2026. 

ʋ ʜʠʩʝʨʪʘʮʽʡʥʽʡ ʨʦʙʦʪʽ ʨʦʟʚô̫ ʟʘʥʦ ʚʘʞʣʠʚʝ ʥʘʫʢʦʚʝ ʟʘʚʜʘʥʥʷ ʧʽʜʚʠʱʝʥʥʷ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʦʥʣʘʡʥ-ʚʠʷʚʣʝʥʥʷ ʪʘ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʚʽʜʤʦʚ ʫ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ 

ʧʝʨʝʪʚʦʨʶʚʘʯʘʭ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ ʰʣʷʭʦʤ ʨʦʟʨʦʙʣʝʥʥʷ ʥʦʚʠʭ ʤʝʪʦʜʽʚ ʪʘ ʽʥʬʦʨʤʘʮʽʡʥʦʾ 

ʪʝʭʥʦʣʦʛʽʾ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʥʘ ʦʩʥʦʚʽ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ, ʱʦ ʟʘʙʝʟʧʝʯʫʶʪʴ 

ʘʚʪʦʤʘʪʠʟʦʚʘʥʫ ʜʽʘʛʥʦʩʪʠʢʫ ʜʝʬʝʢʪʽʚ ʢʦʤʧʦʥʝʥʪʽʚ ʚ ʦʥʣʘʡʥ-ʨʝʞʠʤʽ  ʙʝʟ ʥʝʦʙʭʽʜʥʦʩʪʽ 

ʚʠʤʽʨʶʚʘʥʴ ʧʨʘʮʝʟʜʘʪʥʦʩʪʽ ʦʢʨʝʤʠʭ ʝʣʝʤʝʥʪʽʚ ʧʨʠʩʪʨʦʶ. ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʧʽʜʭʽʜ 

ʧʦʻʜʥʫʻ ʤʝʪʘʝʚʨʠʩʪʠʯʥʫ ʦʧʪʠʤʽʟʘʮʽʶ ʜʣʷ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 

ʢʦʤʧʦʥʝʥʪʽʚ ʷʢ ʩʢʣʘʜʦʚʠʭ ʤʘʪʝʤʘʪʠʯʥʦʾ ʤʦʜʝʣʽ (ʢʘʣʽʙʨʫʚʘʥʥʷ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ 

ʧʽʜ ʢʦʥʢʨʝʪʥʠʡ ʝʢʟʝʤʧʣʷʨ ʧʨʠʩʪʨʦʶ), ʷʢʽʩʥʠʡ ʘʥʘʣʽʟ ʚʽʜʭʠʣʝʥʴ ʚʠʭʽʜʥʠʭ ʩʠʛʥʘʣʽʚ ʜʣʷ 

ʣʦʢʘʣʽʟʘʮʽʾ ʥʝʩʧʨʘʚʥʦʩʪʝʡ ʪʘ ʪʝʭʥʦʣʦʛʽʾ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ ʜʣʷ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʚʝʨʠʬʽʢʘʮʽʾ. 

ɼʠʩʝʨʪʘʮʽʡʥʘ ʨʦʙʦʪʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟʽ ʚʩʪʫʧʫ, ʧᾷʷʪʠ ʨʦʟʜʽʣʽʚ, ʚʠʩʥʦʚʢʽʚ, ʩʧʠʩʢʫ 

ʚʠʢʦʨʠʩʪʘʥʠʭ ʜʞʝʨʝʣ ʪʘ ʰʝʩʪʠ ʜʦʜʘʪʢʽʚ. 

ʋ ʧʝʨʰʦʤʫ ʨʦʟʜʽʣʽ ʚʠʢʦʥʘʥʦ ʘʥʘʣʽʟ ʩʫʯʘʩʥʠʭ ʧʽʜʭʦʜʽʚ ʜʦ ʜʽʘʛʥʦʩʪʠʢʠ 

ʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ, ʟʦʢʨʝʤʘ ʤʝʪʦʜʽʚ ʥʘ ʦʩʥʦʚʽ ʚʙʫʜʦʚʘʥʦʛʦ ʩʘʤʦʪʝʩʪʫʚʘʥʥʷ, 

ʩʠʛʥʘʪʫʨʥʦʛʦ ʘʥʘʣʽʟʫ ʪʘ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ. ʈʦʟʛʣʷʥʫʪʦ ʢʦʥʮʝʧʮʽʶ ʮʠʬʨʦʚʠʭ 

ʜʚʽʡʥʠʢʽʚ ʷʢ ʽʥʩʪʨʫʤʝʥʪʫ ʜʽʘʛʥʦʩʪʠʢʠ, ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʤʝʪʦʜʠ ʧʦʙʫʜʦʚʠ ʮʠʬʨʦʚʠʭ 

ʜʚʽʡʥʠʢʽʚ ʪʘ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʧʘʨʘʤʝʪʨʽʚ ʤʦʜʝʣʝʡ ʩʠʣʦʚʠʭ ʝʣʝʢʪʨʦʥʥʠʭ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ. 

ɼʦʩʣʽʜʞʝʥʦ ʩʫʯʘʩʥʠʡ ʩʪʘʥ ʪʝʭʥʦʣʦʛʽʡ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ ʪʘ ʾʭʥʽʡ ʧʦʪʝʥʮʽʘʣ 

ʜʣʷ ʚʝʨʠʬʽʢʘʮʽʾ ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʩʠʩʪʝʤ. ɺʠʷʚʣʝʥʦ ʦʩʥʦʚʥʽ ʦʙʤʝʞʝʥʥʷ ʽʩʥʫʶʯʠʭ 

ʧʽʜʭʦʜʽʚ. ʉʬʦʨʤʫʣʴʦʚʘʥʦ ʤʝʪʫ ʽ ʚʠʢʦʥʘʥʦ ʧʦʩʪʘʥʦʚʢʫ ʟʘʜʘʯ ʜʦʩʣʽʜʞʝʥʥʷ.  

ʋ ʜʨʫʛʦʤʫ ʨʦʟʜʽʣʽ ʨʦʟʨʦʙʣʝʥʦ ʥʦʚʠʡ ʽʥʪʝʛʨʦʚʘʥʠʡ ʤʝʪʦʜ ʦʥʣʘʡʥ-
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ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ ʥʘ ʦʩʥʦʚʽ 

ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ. ʄʝʪʦʜ ʙʘʟʫʻʪʴʩʷ ʥʘ ʧʨʝʜʩʪʘʚʣʝʥʥʽ ʚʭʽʜʥʠʭ ʪʘ ʚʠʭʽʜʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʧʨʠʩʪʨʦʶ ʫ ʚʠʛʣʷʜʽ ʚʝʢʪʦʨʽʚ ʽ ʬʦʨʤʫʚʘʥʥʽ ʪʘʙʣʠʮʽ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʤʽʞ 

ʚʽʜʭʠʣʝʥʥʷʤʠ ʚʠʭʽʜʥʠʭ ʩʠʛʥʘʣʽʚ ʚʽʜ ʝʪʘʣʦʥʥʠʭ ʪʘ ʤʦʞʣʠʚʠʤʠ ʧʨʠʯʠʥʘʤʠ 

ʥʝʩʧʨʘʚʥʦʩʪʝʡ. ɽʪʘʣʦʥʥʽ ʟʥʘʯʝʥʥʷ ʦʪʨʠʤʫʶʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ, 

ʚʽʜʢʘʣʽʙʨʦʚʘʥʦʛʦ ʧʽʜ ʢʦʥʢʨʝʪʥʠʡ ʝʢʟʝʤʧʣʷʨ ʧʨʠʩʪʨʦ.ʁ ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʧʽʜʭʽʜ ʽʟ 

ʜʠʩʢʨʝʪʥʠʤʠ ʩʪʘʥʘʤʠ ʚʽʜʭʠʣʝʥʴ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʩʪʽʡʢʽʩʪʴ ʜʦ ʰʫʤʽʚ ʚʠʤʽʨʶʚʘʥʴ ʪʘ 

ʥʠʟʴʢʽ ʚʠʤʦʛʠ ʜʦ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʨʝʩʫʨʩʽʚ ʥʘ ʝʪʘʧʽ ʝʢʩʧʣʫʘʪʘʮʽʾ, ʦʩʢʽʣʴʢʠ ʚʩʽ 

ʨʝʩʫʨʩʦʤʽʩʪʢʽ ʦʙʯʠʩʣʝʥʥʷ ʚʠʢʦʥʫʶʪʴʩʷ ʥʘ ʝʪʘʧʽ ʽʥʽʮʽʘʣʽʟʘʮʽʾ ʩʠʩʪʝʤʠ. 

ʉʠʩʪʝʤʘʪʠʟʦʚʘʥʦ ʯʦʪʠʨʠ ʦʩʥʦʚʥʽ ʤʝʪʦʜʠ ʛʝʥʝʨʘʮʽʾ ʪʘʙʣʠʮʴ ʚʽʜʧʦʚʽʜʥʦʩʪʽ: 

ʩʠʩʪʝʤʘʪʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ, ʘʥʘʣʽʪʠʯʥʦʛʦ ʚʠʚʦʜʫ, ʬʦʨʤʘʣʽʟʘʮʽʾ ʝʢʩʧʝʨʪʥʠʭ ʟʥʘʥʴ 

ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʡ ʤʝʪʦʜ, ʘ ʪʘʢʦʞ ʛʽʙʨʠʜʥʠʡ ʧʽʜʭʽʜ, ʷʢʠʡ ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʷʢʽʩʥʦʛʦ 

ʧʦʨʽʚʥʷʥʥʷ ʨʝʢʦʤʝʥʜʫʻʪʴʩʷ ʜʣʷ ʧʨʘʢʪʠʯʥʠʭ ʟʘʩʪʦʩʫʚʘʥʴ. 

ʋ ʪʨʝʪʴʦʤʫ ʨʦʟʜʽʣʽ ʦʙˇʨʫʥʪʦʚʘʥʦ ʚʠʙʽʨ ʛʝʥʝʪʠʯʥʦʛʦ ʘʣʛʦʨʠʪʤʫ ʜʣʷ ʨʦʟʚô̫ ʟʘʥʥʷ 

ʟʘʜʘʯʽ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʩʠʣʦʚʦʛʦ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʧʦʩʪʽʡʥʦʛʦ 

ʩʪʨʫʤʫ ʜʣʷ ʢʘʣʽʙʨʫʚʘʥʥʷ ʡʦʛʦ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʚʠʟʥʘʯʘʪʠ 

ʝʪʘʣʦʥʥʠʡ ʩʠʛʥʘʣ ʜʣʷ ʢʘʣʽʙʨʫʚʘʥʥʷ ʟʘ ʢʨʠʪʝʨʽʻʤ ʨʽʚʥʦʚʽʜʜʘʣʝʥʦʩʪʽ ʡʦʛʦ ʧʦʢʘʟʥʠʢʽʚ 

ʚʽʜ ʛʨʘʥʠʯʥʠʭ ʟʥʘʯʝʥʴ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʚʠʙʽʨʢʠ, ʟʘʚʜʷʢʠ ʯʦʤʫ ʚʽʜʭʠʣʝʥʥʷ 

ʚʽʜʢʘʣʽʙʨʦʚʘʥʦʾ ʤʦʜʝʣʽ ʻ ʩʠʤʝʪʨʠʯʥʠʤʠ ʽ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʷʢ 

ʧʦʯʘʪʢʦʚʽ ʧʦʨʦʛʠ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ. ʇʨʦʚʝʜʝʥʦ ʧʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʛʨʘʜʽʻʥʪʥʠʭ 

ʤʝʪʦʜʽʚ, ʤʝʪʦʜʫ ʦʧʪʠʤʽʟʘʮʽʾ ʨʦʶ ʯʘʩʪʠʥʦʢ, ʘʣʛʦʨʠʪʤʫ «ʩʽʨʦʛʦ ʚʦʚʢʘ» ʪʘ ʛʝʥʝʪʠʯʥʦʛʦ 

ʘʣʛʦʨʠʪʤʫ. ʉʬʦʨʤʫʣʴʦʚʘʥʦ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ ʟʘʜʘʯʽ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʷʢ ʟʘʜʘʯʫ 

ʛʣʦʙʘʣʴʥʦʾ ʤʽʥʽʤʽʟʘʮʽʾ ʚʽʜʭʠʣʝʥʥʷ ʤʽʞ ʚʠʭʦʜʘʤʠ ʤʦʜʝʣʽ ʪʘ ʨʝʘʣʴʥʦʛʦ ʧʨʠʩʪʨʦʶ. 

ɺʚʝʜʝʥʦ ʧʽʜʭʽʜ ʽʟ ʣʦʛʘʨʠʬʤʽʯʥʠʤ ʢʦʜʫʚʘʥʥʷʤ ʛʝʥʽʚ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʝʬʝʢʪʠʚʥʝ 

ʦʙʨʦʙʣʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ, ʷʢʽ ʦʭʦʧʣʶʶʪʴ ʜʦ 9 ʧʦʨʷʜʢʽʚ ʚʝʣʠʯʠʥʠ. ɸʧʨʦʙʦʚʘʥʦ ʤʝʪʦʜ ʥʘ 

ʧʝʨʝʪʚʦʨʶʚʘʯʽ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ ʟ ʽʜʝʥʪʠʬʽʢʘʮʽʻʶ ʩʝʤʠ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʥʘ 

ʦʩʥʦʚʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʚʠʤʽʨʶʚʘʥʴ. 

ʋ ʯʝʪʚʝʨʪʦʤʫ ʨʦʟʜʽʣʽ ʦʪʨʠʤʘʣʠ ʧʦʜʘʣʴʰʠʡ ʨʦʟʚʠʪʦʢ ʪʝʭʥʦʣʦʛʽʯʥʽ ʧʽʜʭʦʜʠ ʜʦ 

ʬʦʨʤʫʚʘʥʥʷ ʘʨʭʽʪʝʢʪʫʨʠ ʜʠʩʪʘʥʮʽʡʥʠʭ ʽʥʞʝʥʝʨʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ: ʨʦʟʨʦʙʣʝʥʦ ʤʝʪʦʜ 

ʙʘʛʘʪʦʢʨʠʪʝʨʽʘʣʴʥʦʛʦ ʧʦʨʽʚʥʷʣʴʥʦʛʦ ʘʥʘʣʽʟʫ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʾʭ ʧʦʙʫʜʦʚʠ, 
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ʱʦ ʜʘʻ ʟʤʦʛʫ ʧʝʨʝʡʪʠ ʚʽʜ ʝʤʧʽʨʠʯʥʦʛʦ ʜʦ ʥʘʫʢʦʚʦ ʘʨʛʫʤʝʥʪʦʚʘʥʦʛʦ ʚʠʙʦʨʫ 

ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʧʣʘʪʬʦʨʤʠ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʩʠʩʪʝʤʫ ʟ ʰʝʩʪʠ ʢʨʠʪʝʨʽʾʚ ʽʟ 

ʦʙˇʨʫʥʪʦʚʘʥʠʤʠ ʚʘʛʦʚʠʤʠ ʢʦʝʬʽʮʽʻʥʪʘʤʠ: ʨʽʚʝʥʴ ʪʝʭʥʦʣʦʛʽʡ, ʦʥʦʚʣʝʥʥʷ ʪʘ ʧʽʜʪʨʠʤʢʘ, 

ʤʦʞʣʠʚʽʩʪʴ ʽʥʪʝʛʨʘʮʽʾ ʟ LMS, ʧʨʦʩʪʦʪʘ ʘʨʭʽʪʝʢʪʫʨʠ, ʰʚʠʜʢʦʜʽʷ ʚ ʨʝʞʠʤʽ ʨʝʘʣʴʥʦʛʦ 

ʯʘʩʫ ʪʘ ʧʨʦʩʪʦʪʘ ʢʦʥʬʽʛʫʨʘʮʽʾ. ʅʘ ʦʩʥʦʚʽ ʤʝʪʦʜʫ ʧʨʦʚʝʜʝʥʦ ʢʽʣʴʢʽʩʥʝ ʧʦʨʽʚʥʷʥʥʷ 

ʰʝʩʪʠ ʪʝʭʥʦʣʦʛʽʡ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ, ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʷʢʦʛʦ ʪʝʭʥʦʣʦʛʽʶ 

LabDiscoveryEngine ʚʠʟʥʘʯʝʥʦ ʷʢ ʥʘʡʙʽʣʴʰ ʧʨʠʜʘʪʥʫ ʜʣʷ ʧʦʙʫʜʦʚʠ ʥʦʚʠʭ 

ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ. 

ʋ ʧô̫ ʪʦʤʫ ʨʦʟʜʽʣʽ ʚʠʢʦʥʘʥʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫ ʚʘʣʽʜʘʮʽʶ ʟʘʧʨʦʧʦʥʦʚʘʥʠʭ 

ʤʝʪʦʜʽʚ. ʈʦʟʨʦʙʣʝʥʦ ʤʝʪʦʜ ʧʦʨʽʚʥʷʥʥʷ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʙʝʢʝʥʜʫ ʜʣʷ 

ʚʟʘʻʤʦʜʽʾ ʟ LabDiscoveryEngine, ʟʘʚʜʷʢʠ ʯʦʤʫ ʢʽʣʢɹʽʩʥʦ ʦʙˇʨʫʥʪʦʚʘʥʦ ʚʠʙʽʨ 

ʧʨʦʛʨʘʤʥʦʾ ʧʣʘʪʬʦʨʤʠ ʜʣʷ ʨʝʘʣʽʟʘʮʽʾ ʜʠʩʪʘʥʮʽʡʥʦʾ ʣʘʙʦʨʘʪʦʨʽʾ. ʈʦʟʨʦʙʣʝʥʦ 

ʧʨʦʛʨʘʤʥʦ-ʘʧʘʨʘʪʥʠʡ ʢʦʤʧʣʝʢʩ ʜʠʩʪʘʥʮʽʡʥʦʾ ʣʘʙʦʨʘʪʦʨʽʾ ʩʠʣʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ ʥʘ 

ʦʩʥʦʚʽ ʪʝʭʥʦʣʦʛʽʾ LabDiscoveryEngine ʜʣʷ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ 

ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ. ʈʝʘʣʽʟʦʚʘʥʦ ʽʥʪʝʛʨʘʮʽʶ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ, ʧʦʙʫʜʦʚʘʥʦʛʦ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ PySpice ʪʘ Ngspice, ʽʟ ʩʠʩʪʝʤʦʶ ʜʽʘʛʥʦʩʪʠʢʠ ʥʘ ʦʩʥʦʚʽ 

ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ ʤʝʪʦʜʫ. ʊʝʩʪʫʚʘʥʥʷ ʥʘ ʨʝʘʣʴʥʦʤʫ ʦʙʣʘʜʥʘʥʥʽ ʧʽʜʪʚʝʨʜʠʣʦ 100% 

ʚʠʷʚʣʝʥʥʷ ʬʘʢʪʫ ʚʽʜʤʦʚʠ ʪʘ ʢʦʨʝʢʪʥʝ ʚʠʟʥʘʯʝʥʥʷ ʧʨʠʯʠʥʠ ʫ 99,5-100% ʚʠʧʘʜʢʽʚ 

ʟʘʣʝʞʥʦ ʚʽʜ ʩʪʫʧʝʥʷ ʚʽʜʭʠʣʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ. ɸʥʘʣʽʟ ʰʚʠʜʢʦʜʽʾ ʜʘʥʦʾ ʨʝʘʣʽʟʘʮʽʾ 

ʧʦʢʘʟʘʚ, ʱʦ ʤʘʢʩʠʤʘʣʴʥʠʡ ʯʘʩ ʚʠʢʦʥʘʥʥʷ ʧʦʚʥʦʾ ʧʨʦʮʝʜʫʨʠ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ 

ʩʪʘʥʦʚʠʪʴ 1,5 ʤʽʣʽʩʝʢʫʥʜ, ʧʨʠʯʦʤʫ ʚʽʥ ʟʜʝʙʽʣʴʰʦʛʦ ʻ ʟʫʤʦʚʣʝʥʠʤ ʧʝʨʝʜʘʯʝʶ 

ʦʩʮʠʣʦʛʨʘʤ ʧʦ USB, ʘ ʚʩʽ ʽʥʰʽ ʝʪʘʧʠ ʚ ʩʫʤʽ ʪʨʠʚʘʶʪʴ ʜʝʩʷʪʢʠ-ʩʦʪʥʽ ʤʽʢʨʦʩʝʢʫʥʜ. 

ʉʪʚʦʨʝʥʦ ʤʘʨʢʦʚʩʴʢʫ ʤʦʜʝʣʴ ʛʦʪʦʚʥʦʩʪʽ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ ʝʥʝʨʛʽʾ, 

ʨʦʟʚôʷʟʦʢ ʷʢʦʾ ʢʽʣʴʢʽʩʥʦ ʧʽʜʪʚʝʨʜʞʫʻ, ʱʦ ʜʦʩʷʛʥʫʪʝ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ 

ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʟʘʙʝʟʧʝʯʫʻ ʟʨʦʩʪʘʥʥʷ ʛʦʪʦʚʥʦʩʪʽ ʧʝʨʝʪʚʦʨʶʚʘʯʘ. 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʤʘʶʪʴ ʧʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ, ʦʩʢʽʣʴʢʠ ʟʘʧʨʦʧʦʥʦʚʘʥʽ 

ʽʥʬʦʨʤʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾ ʪʘ ʤʝʪʦʜʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʧʦʙʫʜʦʚʠ ʩʠʩʪʝʤ 

ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʾ ʜʽʘʛʥʦʩʪʠʢʠ ʪʘ ʧʨʝʜʠʢʪʠʚʥʦʛʦ ʪʝʭʥʽʯʥʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʩʠʣʦʚʠʭ 

ʝʣʝʢʪʨʦʥʥʠʭ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ, ʘ ʪʘʢʦʞ ʷʢ ʙʘʟʦʚʘ ʘʨʭʽʪʝʢʪʫʨʘ ʜʣʷ ʩʪʚʦʨʝʥʥʷ 

ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ ʝʣʝʢʪʨʦʥʥʦʛʦ ʩʧʨʷʤʫʚʘʥʥʷ. 
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ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʮʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ; ʽʥʬʦʨʤʘʮʽʡʥʘ ʪʝʭʥʦʣʦʛʽʷ; ʛʝʥʝʪʠʯʥʠʡ 

ʘʣʛʦʨʠʪʤ; ʚʝʢʪʦʨʥʘ ʤʦʜʝʣʴ; ʤʝʪʘʝʚʨʠʩʪʠʯʥʘ ʦʧʪʠʤʽʟʘʮʽʷ; ʤʦʜʝʣʶʚʘʥʥʷ; 

ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʧʨʠʩʪʨʦʾʚ ʩʠʣʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ; ʧʝʨʝʪʚʦʨʶʚʘʯ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ; 

ʽʜʝʥʪʠʬʽʢʘʮʽʷ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ; ʷʢʽʩʥʠʡ ʘʥʘʣʽʟ ʥʝʩʧʨʘʚʥʦʩʪʝʡ; ʜʠʩʪʘʥʮʽʡʥʘ 

ʣʘʙʦʨʘʪʦʨʽʷ; ʧʨʝʜʠʢʪʠʚʥʝ ʪʝʭʥʽʯʥʝ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ; ʚʠʷʚʣʝʥʥʷ ʚʽʜʤʦʚ; ʢʣʘʩʠʬʽʢʘʮʽʷ 

ʥʝʩʧʨʘʚʥʦʩʪʝʡ; ʤʘʰʠʥʥʝ ʥʘʚʯʘʥʥʷ. 
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ʉʇʀʉʆʂ ʇʋɹʃɯʂɸʎɯʁ ɿɼʆɹʋɺɸʏɸ ɿɸ ʊɽʄʆʖ ɼʀʉɽʈʊɸʎɯɰ 

ʅʘʫʢʦʚʽ ʧʨʘʮʽ ʟ ʦʩʥʦʚʥʠʤʠ ʥʘʫʢʦʚʠʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ ʜʠʩʝʨʪʘʮʽ ʾ

1. V. Baida, O. Velihorskyi, M. Khomenko, B.  Velihorskyi. Back-End Technology of 

the Remote Power Electronics Laboratory Based on LabDiscoveryEngine, 

Mathematical Modeling and Simulation of Systems. MODS 2024. Lecture Notes in 

Networks and Systems, vol 1391., Springer, Cham. pp.379-392. 

https://doi.org/10.1007/978-3-031-90735-7_29, Scopus, Web of Science (ISSN 

2367-3370). (ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʨʦʟʨʦʙʢʘ ʙʘʛʘʪʦʨʽʚʥʝʚʦʾ 

ʘʨʭʽʪʝʢʪʫʨʠ ʙʝʢʝʥʜʫ ʚʽʜʜʘʣʝʥʦʾ ʣʘʙʦʨʘʪʦʨʽʾ, ʦʙˇʨʫʥʪʫʚʘʥʥʷ ʚʠʙʦʨʫ ʪʝʭʥʦʣʦʛʽʾ 

Node.js, ʧʨʦʻʢʪʫʚʘʥʥʷ ʧʨʠʢʣʘʜʥʠʭ ʧʨʦʪʦʢʦʣʽʚ ʜʚʦʥʘʧʨʘʚʣʝʥʦʛʦ ʦʙʤʽʥʫ 

ʜʘʥʠʤʠ ʤʽʞ ʢʣʽʻʥʪʦʤ, ʩʝʨʚʝʨʦʤ ʪʘ ʤʽʢʨʦʢʦʥʪʨʦʣʝʨʦʤ, ʨʝʘʣʽʟʘʮʽʷ ʽʥʪʝʛʨʘʮʽʾ ʟ 

RLMS LabDiscoveryEngine, ʨʝʘʣʽʟʘʮʽʷ ʚʟʘʻʤʦʜʽʾ Raspberry Pi ʟ ʮʠʬʨʦʚʠʤ 

ʦʩʮʠʣʦʛʨʘʬʦʤ Analog Discovery 2). 

2. ɺʝʣʽʛʦʨʩʴʢʠʡ, ɹ., ɹʘʡʜʘ, ɺ., ʍʦʤʝʥʢʦ, ʄ.. ʇʨʘʢʪʠʯʥʽ ʘʩʧʝʢʪʠ ʩʪʚʦʨʝʥʥʷ 

ʽʥʪʝʨʬʝʡʩʫ ʢʦʨʠʩʪʫʚʘʯʘ ʚʽʜʜʘʣʝʥʦʾ ʣʘʙʦʨʘʪʦʨʽʾ ʝʣʝʢʪʨʦʥʽʢʠ, ʊʝʭʥʽʯʥʽ ʥʘʫʢʠ ʪʘ 

ʪʝʭʥʦʣʦʛʽʾ, 2025, ˉ1 (39), 206ï217. https://doi.org/10.25140/2411-5363-2025-

1(39)-206-217, ʌʘʭʦʚʝ ʚʠʜʘʥʥʷ, (ISSN 2411-5363). (ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ 

ʟʜʦʙʫʚʘʯʘ: ʨʦʟʨʦʙʢʘ ʩʝʨʚʝʨʥʦʾ ʯʘʩʪʠʥʠ ʚʽʜʜʘʣʝʥʦʾ ʣʘʙʦʨʘʪʦʨʽʾ, ʧʨʦʻʢʪʫʚʘʥʥʷ 

ʘʨʭʽʪʝʢʪʫʨʠ ʩʠʩʪʝʤʠ, ʥʘʣʘʰʪʫʚʘʥʥʷ ʩʝʨʝʜʦʚʠʱʘ ʨʦʟʨʦʙʢʠ ʪʘ ʽʥʽʮʽʘʣʽʟʘʮʽʷ 

ʬʨʦʥʪʝʥʜ-ʟʘʩʪʦʩʫʥʢʫ ʷʢ ʯʘʩʪʠʥʠ ʤʦʥʦʨʝʧʦʟʠʪʦʨʽʶ). 

3. ɺ. ɹʘʡʜʘ, ʆ. ɺʝʣʽʛʦʨʩʴʢʠʡ. ʄʝʪʦʜʠʢʘ ʧʦʨʽʚʥʷʥʥʷ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ 

ʧʦʙʫʜʦʚʠ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ ʘʧʘʨʘʪʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ, ʊʝʭʥʽʯʥʽ ʥʘʫʢʠ 

ʪʘ ʪʝʭʥʦʣʦʛʽʾ, 2024, ˉ4 (38), ʩ. 172-188. https://doi.org/10.25140/2411-5363-

2024-4(38)-172-188, ʌʘʭʦʚʝ ʚʠʜʘʥʥʷ, (ISSN 2411-5363). (ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ 

ʟʜʦʙʫʚʘʯʘ: ʘʥʘʣʽʟ ʪʘ ʩʠʩʪʝʤʘʪʠʟʘʮʽʷ ʘʨʭʽʪʝʢʪʫʨ ʽʩʥʫʶʯʠʭ ʩʠʩʪʝʤ ʜʠʩʪʘʥʮʽʡʥʠʭ 

ʣʘʙʦʨʘʪʦʨʽʡ ʘʧʘʨʘʪʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ, ʨʦʟʨʦʙʢʘ ʤʝʪʦʜʠʢʠ ʾʭ ʧʦʨʽʚʥʷʥʥʷ ʟʘ 

ʢʦʤʧʣʝʢʩʦʤ ʢʨʠʪʝʨʽʾʚ ʟ ʚʘʛʦʚʠʤʠ ʢʦʝʬʽʮʽʻʥʪʘʤʠ, ʧʨʦʚʝʜʝʥʥʷ ʧʦʨʽʚʥʷʣʴʥʦʛʦ 

ʘʥʘʣʽʟʫ ʪʘ ʦʙˇʨʫʥʪʫʚʘʥʥʷ ʚʠʙʦʨʫ ʦʧʪʠʤʘʣʴʥʦʾ ʪʝʭʥʦʣʦʛʽʾ). 

4. ɺ. ɹʘʡʜʘ, ʆ. ɺʝʣʽʛʦʨʩʴʢʠʡ. ʄʝʪʦʜʦʣʦʛʽʷ ʜʽʘʛʥʦʩʪʠʢʠ ʘʧʘʨʘʪʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ 

https://doi.org/10.1007/978-3-031-90735-7_29
https://doi.org/10.25140/2411-5363-2025-1(39)-206-217
https://doi.org/10.25140/2411-5363-2025-1(39)-206-217
https://doi.org/10.25140/2411-5363-2024-4(38)-172-188
https://doi.org/10.25140/2411-5363-2024-4(38)-172-188
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ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʽʥʬʦʨʤʘʮʽʡʥʦʾ ʪʝʭʥʦʣʦʛʽʾ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ, ʊʝʭʥʽʯʥʽ 

ʥʘʫʢʠ ʪʘ ʪʝʭʥʦʣʦʛʽʾ, 2025, ˉ2 (40), ʩ. 234-253. https://doi.org/10.25140/2411-

5363-2025-2(40)-234-253, ʌʘʭʦʚʝ ʚʠʜʘʥʥʷ, (ISSN 2411-5363). (ʆʩʦʙʠʩʪʠʡ 

ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʨʦʟʨʦʙʢʘ ʤʝʪʦʜʠʢʠ ʜʽʘʛʥʦʩʪʠʢʠ ʝʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ 

ʥʘ ʦʩʥʦʚʽ ʚʝʢʪʦʨʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ, ʬʦʨʤʘʣʽʟʘʮʽʷ ʪʘʙʣʠʮʴ 

ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʪʘ ʤʝʭʘʥʽʟʤʫ ʩʽʨʦʾ ʟʦʥʠ, ʨʦʟʨʦʙʢʘ ʘʣʛʦʨʠʪʤʫ ʨʝʘʣʽʟʘʮʽʾ 

ʤʝʪʦʜʠʢʠ, ʩʠʩʪʝʤʘʪʠʟʘʮʽʷ ʤʝʪʦʜʽʚ ʛʝʥʝʨʘʮʽʾ ʪʘʙʣʠʮʴ ʚʽʜʧʦʚʽʜʥʦʩʪʽ). 

5. ɺ. ɹʘʡʜʘ, ʆ. ɺʝʣʽʛʦʨʩʴʢʠʡ ɯʜʝʥʪʠʬʽʢʘʮʽʷ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʤʦʜʝʣʽ 

ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ ʛʝʥʝʪʠʯʥʠʤ ʘʣʛʦʨʠʪʤʦʤ, ʊʝʭʥʽʯʥʽ ʥʘʫʢʠ ʪʘ 

ʪʝʭʥʦʣʦʛʽʾ, 2025, ˉ4 (42), ʩ. 165-186, https://doi.org/10.25140/2411-5363-2025-

4(42)-165-186, ʌʘʭʦʚʝ ʚʠʜʘʥʥʷ, (ISSN 2411-5363). (ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ 

ʟʜʦʙʫʚʘʯʘ: ʨʦʟʨʦʙʢʘ ʤʝʪʦʜʫ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʤʦʜʝʣʽ 

ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ, ʨʝʘʣʽʟʘʮʽʷ ʛʝʥʝʪʠʯʥʦʛʦ ʘʣʛʦʨʠʪʤʫ ʟ 

ʙʘʛʘʪʦʢʨʠʪʝʨʽʘʣʴʥʦʶ ʬʫʥʢʮʽʻʶ ʧʨʠʩʪʦʩʦʚʘʥʦʩʪʽ, ʧʨʦʚʝʜʝʥʥʷ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʚʠʤʽʨʶʚʘʥʴ ʪʘ ʩʪʘʪʠʩʪʠʯʥʦʛʦ ʘʥʘʣʽʟʫ ʜʘʥʠʭ, ʚʝʨʠʬʽʢʘʮʽʷ 

ʦʧʪʠʤʽʟʦʚʘʥʦʾ ʤʦʜʝʣʽ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽʡ ʚʠʙʽʨʮʽ). 

6. ɺ. ɹʘʡʜʘ, ʆ. ɺʝʣʽʛʦʨʩʴʢʠʡ ʈʦʟʨʦʙʢʘ ʪʘ ʧʨʘʢʪʠʯʥʘ ʽʤʧʣʝʤʝʥʪʘʮʽʷ 

ʽʥʬʦʨʤʘʮʽʡʥʦʾ ʪʝʭʥʦʣʦʛʽʾ ʜʽʘʛʥʦʩʪʠʢʠ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ ʥʘ 

ʦʩʥʦʚʽ ʬʽʟʠʯʥʦ-ʦʨʽʻʥʪʦʚʘʥʠʭ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ, ʊʝʭʥʽʯʥʽ ʥʘʫʢʠ ʪʘ 

ʪʝʭʥʦʣʦʛʽʾ, 2026, ˉ1(43), ʩ. 161ï182. https://doi.org/10.25140/2411-5363-2026-

1(43)-161-182, ʌʘʭʦʚʝ ʚʠʜʘʥʥʷ, (ISSN 2411-5363). (ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ 

ʟʜʦʙʫʚʘʯʘ: ʨʦʟʨʦʙʢʘ ʤʘʪʝʤʘʪʠʯʥʦʾ ʤʦʜʝʣʽ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʟ ʫʨʘʭʫʚʘʥʥʷʤ 

ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʫ PySpice, ʬʦʨʤʫʚʘʥʥʷ ʪʘʙʣʠʮʽ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʯʝʨʝʟ 

ʤʦʜʝʣʶʚʘʥʥʷ ʰʝʩʪʠ ʩʪʫʧʝʥʽʚ ʚʽʜʥʦʩʥʠʭ ʟʤʽʥ ʧʘʨʘʤʝʪʨʽʚ, ʧʨʘʢʪʠʯʥʘ 

ʽʤʧʣʝʤʝʥʪʘʮʽʷ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘ ʚʘʣʽʜʘʮʽʷ ʤʝʪʦʜʦʣʦʛʽʾ ʜʽʘʛʥʦʩʪʠʢʠ ʥʘ ʙʘʟʽ 

6705 ʚʠʤʽʨʶʚʘʥʴ ʫ ʩʠʩʪʝʤʽ ʜʠʩʪʘʥʮʽʡʥʦʾ ʣʘʙʦʨʘʪʦʨʽʾ LabDiscoveryEngine). 

ʅʘʫʢʦʚʽ ʧʨʘʮʽ, ʷʢʽ ʟʘʩʚʽʜʯʫʶʪʴ ʘʧʨʦʙʘʮʽʶ ʤʘʪʝʨʽʘʣʽʚ ʜʠʩʝʨʪʘʮʽ:ʾ 

1. ɹʘʡʜʘ ɺ., ɯʚʘʥʝʮʴ ʉ. ɺʽʜʜʘʣʝʥʽ ʣʘʙʦʨʘʪʦʨʽʾ ʧʦ ʨʦʙʦʪʽ ʟ ʘʧʘʨʘʪʥʠʤʠ ʟʘʩʦʙʘʤʠ 

ʚʙʫʜʦʚʘʥʠʭ ʩʠʩʪʝʤ. ʅʦʚʽʪʥʽ ʪʝʭʥʦʣʦʛʽʾ ʫ ʥʘʫʢʦʚʽʡ ʜʽʷʣʴʥʦʩʪʽ  ̔ʥʘʚʯʘʣʴʥʦʤʫ 

ʧʨʦʮʝʩʽ: ɿʙ̔ ʨʥʠʢ ʪʝʟ ɺʩʝʫʢʨʘʾʥʩʴʢʘ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʘ ʢʦʥʬʝʨʝʥʮʽʷ 

https://doi.org/10.25140/2411-5363-2025-2(40)-234-253
https://doi.org/10.25140/2411-5363-2025-2(40)-234-253
https://doi.org/10.25140/2411-5363-2025-4(42)-165-186
https://doi.org/10.25140/2411-5363-2025-4(42)-165-186
https://doi.org/10.25140/2411-5363-2026-1(43)-161-182
https://doi.org/10.25140/2411-5363-2026-1(43)-161-182
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ʩʪʫʜʝʥʪʽʚ, ʘʩʧʽʨʘʥʪʽʚ ʪʘ ʤʦʣʦʜʠʭ ʫʯʝʥʠʭ (ʤ. ʏʝʨʥʽʛʽʚ, 19-20 ʢʚʽʪ. 2023 ʨ.): 

ʟʙʽʨʥʠʢ ʪʝʟ ʜʦʧʦʚʽʜʝʡ ï ʏʝʨʥʽʛʽʚ : ʅʋ çʏʝʨʥʽʛʽʚʩʴʢʘ ʧʦʣʽʪʝʭʥʽʢʘè, 2023. ï ʉ. 

247-249. (ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʦʙˇʨʫʥʪʦʚʘʥʦ ʜʦʮʽʣʴʥʽʩʪʴ ʩʪʚʦʨʝʥʥʷ 

ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ ʜʣʷ ʨʦʙʦʪʠ ʟ ʘʧʘʨʘʪʥʠʤʠ ʟʘʩʦʙʘʤʠ, ʚʠʢʦʥʘʥʦ 

ʦʛʣʷʜ ʪʘ ʧʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʽʩʥʫʶʯʠʭ ʧʣʘʪʬʦʨʤ ʚʽʜʜʘʣʝʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ, 

ʚʠʟʥʘʯʝʥʦ ʾʭ ʬʫʥʢʮʽʦʥʘʣʴʥʽ ʤʦʞʣʠʚʦʩʪʽ, ʘʨʭʽʪʝʢʪʫʨʥʽ ʨʽʰʝʥʥʷ ʪʘ 

ʦʩʦʙʣʠʚʦʩʪʽ ʦʨʛʘʥʽʟʘʮʽʾ ʜʦʩʪʫʧʫ ʜʦ ʨʝʘʣʴʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ). 

2. ɹʘʡʜʘ ɺ., ɯʚʘʥʝʮʴ ʉ. Implementation of the server part of a remote power 

electronics laboratory based on the labdiscoveryengine system. ʖʥʽʩʪʴ ʥʘʫʢʠ ï 

2024: ʟʙʽʨʥʠʢ ʪʝʟ ʜʦʧʦʚʽʜʝʡ ʍɯV ʄʽʞʥʘʨ. ʥʘʫʢ.-ʧʨʘʢʪ. ʢʦʥʬ. ʩʪʫʜ., ʘʩʧ. ɯ ʤʦʣ. 

ʚʯʝʥ. (ʤ. ʏʝʨʥʽʛʽʚ, 24-26 ʢʚʽʪ. 2024 ʨ.). ï ʏʝʨʥʽʛʽʚ : ʅʋ çʏʝʨʥʽʛʽʚʩʴʢʘ 

ʧʦʣʽʪʝʭʥʽʢʘè, 2024. ï ʉ. 1046-1047. (ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: 

ʨʦʟʨʦʙʣʝʥʥʷ ʘʨʭʽʪʝʢʪʫʨʠ ʪʘ ʧʨʦʛʨʘʤʥʘ ʨʝʘʣʽʟʘʮʽʷ ʩʝʨʚʝʨʥʦʾ ʯʘʩʪʠʥʠ 

ʚʽʜʜʘʣʝʥʦʾ ʣʘʙʦʨʘʪʦʨʽʾ ʩʠʣʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ ʥʘ Raspberry Pi, ʦʙˇʨʫʥʪʫʚʘʥʥʷ 

ʚʠʙʦʨʫ ʧʨʦʪʦʢʦʣʫ WebSocket ʪʘ ʨʝʘʣʽʟʘʮʽʷ ʚʣʘʩʥʦʛʦ ʧʨʦʪʦʢʦʣʫ ʦʙʤʽʥʫ (ʱʦ 

ʚʠʢʦʨʠʩʪʦʚʫʻ UART) ʟ ʤʽʢʨʦʢʦʥʪʨʦʣʝʨʦʤ STM32 ʜʣʷ ʢʝʨʫʚʘʥʥʷ 

ʧʝʨʝʪʚʦʨʶʚʘʯʝʤ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ). 

3. V. Baida, S. Ivanets. Building a Virtual Hardware Laboratory with FPGA and 

Raspberry Pi Integration. V International Scientific and Practical Conference 

«Theoretical and Applied Aspects of Device Development on Microcontrollers 

and FPGAs» MC&FPGA-2023, Kharkiv, Ukraine, June 22-23, 2023. ï Kharkiv, 

NURE. ï 36-37 pp. (ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʘʨʭʽʪʝʢʪʫʨʫ 

ʙʨʘʫʟʝʨʥʦʾ ʩʠʩʪʝʤʠ ʚʽʜʜʘʣʝʥʦʾ ʣʘʙʦʨʘʪʦʨʽʾ FPGA, ʦʙˇʨʫʥʪʦʚʘʥʦ ʚʠʙʽʨ 

Raspberry Pi ʷʢ ʘʧʘʨʘʪʥʦʾ ʧʣʘʪʬʦʨʤʠ ʪʘ ʨʦʟʨʦʙʣʝʥʦ ʩʪʨʫʢʪʫʨʥʫ ʩʭʝʤʫ 

ʚʟʘʻʤʦʜʽʾ ʩʝʨʚʝʨʘ, Raspberry Pi ʽ FPGA). 

4. Baida V.D., Velihorsky O.A., Kazymyr V.V. Laboratory platform for remote 

hardware experimentation., ʅʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʘ ʢʦʥʬʝʨʝʥʮʽʷ ʦʙʜʘʨʦʚʘʥʦʾ 

ʫʯʥʽʚʩʴʢʦʾ ʪʘ ʩʪʫʜʝʥʪʩʴʢʦʾ ʤʦʣʦʜʽ çʅʦʚʽʪʥʽ ʪʝʭʥʦʣʦʛʽʾ ʩʫʯʘʩʥʦʛʦ ʩʫʩʧʽʣʴʩʪʚʘ 

ʅʊʉʉ-2024», ʅʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ çʏʝʨʥʽʛʽʚʩʴʢʘ ʧʦʣʽʪʝʭʥʽʢʘè, 2024, 

ʉ. 185-186.  (ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʨʦʟʨʦʙʣʝʥʥʷ ʘʨʭʽʪʝʢʪʫʨʠ 
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ʧʣʘʪʬʦʨʤʠ ʚʽʜʜʘʣʝʥʦʾ ʣʘʙʦʨʘʪʦʨʽʾ ʪʘ ʨʝʘʣʽʟʘʮʽʷ ʾʾ ʩʝʨʚʝʨʥʦʾ ʯʘʩʪʠʥʠ ʥʘ Go ʟ 

ʧʽʜʪʨʠʤʢʦʶ ʜʠʩʪʘʥʮʽʡʥʦʛʦ ʧʨʦʛʨʘʤʫʚʘʥʥʷ MCU/FPGA ʽ ʢʝʨʫʚʘʥʥʷ Analog 

Discovery 2). 

5. O. Velihorskyi, M. Khomenko, V. Baida, B. Velihorskyi, R. Chakirov, DC-DC 

Power Converters Remote Laboratory Based on LabDiscoveryEngine, 2025 IEEE 

PES 35th Australasian Universities Power Engineering Conference (AUPEC), 29 

September - 01 October 2025, pp. 1-5, 

https://doi.org/10.1109/AUPEC66173.2025.11219557 Scopus, Web of Science 

(ISSN 2474-1507). (ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʨʦʟʨʦʙʢʘ ʩʝʨʚʝʨʥʦʾ ʯʘʩʪʠʥʠ 

ʜʠʩʪʘʥʮʽʡʥʦʾ ʣʘʙʦʨʘʪʦʨʽʾ, ʨʝʘʣʽʟʘʮʽʷ ʜʚʦʥʘʧʨʘʚʣʝʥʦʛʦ ʦʙʤʽʥʫ ʜʘʥʠʤʠ ʤʽʞ 

ʚʝʙʢʣʽʻʥʪʦʤ, ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤ ʩʝʨʚʝʨʦʤ ʥʘ ʙʘʟʽ Raspberry Pi ʪʘ 

ʤʽʢʨʦʢʦʥʪʨʦʣʝʨʦʤ ʟʘ ʧʨʦʪʦʢʦʣʦʤ WebSocket ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʽʜʭʦʜʫ Data 

Transfer Objects, ʽʥʪʝʛʨʘʮʽʷ ʜʠʩʪʘʥʮʽʡʥʦʾ ʣʘʙʦʨʘʪʦʨʽʾ ʟ RLMS 

LabDiscoveryEngine, ʨʝʘʣʽʟʘʮʽʷ ʧʨʦʛʨʘʤʥʦʾ ʚʟʘʻʤʦʜʽʾ ʟ Analog Discovery 2 ʪʘ 

ʧʦʪʦʢʦʚʦʾ ʧʝʨʝʜʘʯʽ ʦʩʮʠʣʦʛʨʘʬʽʯʥʠʭ ʜʘʥʠʭ ʫ ʚʝʙʽʥʪʝʨʬʝʡʩ). 
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ABSTRACT 

Baida Vladyslav. Methods and information technology for diagnosing failures in 

semiconductor power converters based on digital twins. ï Qualifying scientific work 

(manuscript) 

PhD thesis under Specialty 122 ï Computer Science (12 ï Information technologies). 

ï Chernihiv Polytechnic National University, Ministry of Education and Science of Ukraine, 

Chernihiv, 2026. 

The dissertation solves an important scientific problem of improving the effectiveness 

of online fault detection and identification in semiconductor power converters by developing 

new methods and an information technology for diagnostics based on digital twins, which 

provide automated online diagnosis of component defects without the need to measure the 

operability of individual elements of the device. The proposed approach combines 

metaheuristic optimization for identifying the parasitic parameters of components as 

constituents of the mathematical model (calibration of the digital twin to a specific device 

unit), qualitative analysis of output signal deviations for fault localization, and remote 

laboratory technologies for experimental verification. 

The dissertation consists of an introduction, five chapters, conclusions, a list of 

references, and five appendices. 

The first chapter analyzes current approaches to the diagnostics of electronic devices, 

in particular methods based on built-in self-test, signature analysis, and machine learning. 

The concept of digital twins as a diagnostic tool is considered, and methods for constructing 

digital twins and identifying the model parameters of power electronic converters are 

analyzed. The current state of remote laboratory technologies and their potential for 

verifying diagnostic systems are investigated. The main limitations of existing approaches 

are identified. The research goal is formulated and the research tasks are stated. 

The second chapter develops a new integrated method for online diagnostics of 

semiconductor power converters based on a digital twin. The method is based on 

representing the input and output parameters of the device as vectors and forming a 

correspondence table between the deviations of the output signals from their reference 
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values and the possible causes of faults. The reference values are obtained using a digital 

twin calibrated to the specific device unit. An approach with discrete deviation states is 

proposed, which provides robustness to measurement noise and low computational resource 

requirements during operation, since all resource-intensive computations are performed at 

the system initialization stage. Four main methods for generating correspondence tables are 

systematized: systematic simulation, analytical derivation, formalization of expert 

knowledge, and the experimental method, as well as a hybrid approach, which, based on the 

results of a qualitative comparison, is recommended for practical applications. 

The third chapter substantiates the choice of a genetic algorithm for solving the 

problem of identifying the parasitic parameters of a DC-DC power converter in order to 

calibrate its digital twin. It is proposed to determine the reference signal for calibration by 

the criterion of equidistance of its indicators from the boundary values of the experimental 

sample, owing to which the deviations of the calibrated model are symmetric and are used 

directly as the initial diagnostic thresholds. A comparative analysis of gradient-based 

methods, particle swarm optimization, the grey wolf optimizer, and the genetic algorithm is 

carried out. The mathematical model of the identification problem is formulated as a 

problem of global minimization of the deviation between the outputs of the model and the 

real device. An approach with logarithmic gene encoding is introduced, which ensures 

efficient handling of parameters spanning up to 9 orders of magnitude. The method is 

validated on a DC-DC converter with the identification of seven parasitic parameters based 

on experimental measurements. 

The fourth chapter further develops technological approaches to designing the 

architecture of remote engineering laboratories: a method for multi-criteria comparative 

analysis of the information technologies used to build them is devised, which makes it 

possible to move from an empirical to a scientifically substantiated choice of technology 

platform. A system of six criteria with substantiated weighting coefficients is proposed: 

technology level, updates and support, LMS integration capability, architectural simplicity, 

real-time performance, and ease of configuration. Based on the method, a quantitative 

comparison of six remote laboratory technologies is carried out, as a result of which the 

LabDiscoveryEngine technology is identified as the most suitable for building new remote 
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laboratories. 

The fifth chapter presents the experimental validation of the proposed methods. A 

method for comparing backend information technologies for interaction with 

LabDiscoveryEngine is developed, which provides a quantitative justification for the choice 

of the software platform for implementing the remote laboratory. A hardware-software 

complex of a remote power electronics laboratory based on the LabDiscoveryEngine 

technology for semiconductor DC-DC converters is developed. The integration of a digital 

twin built using PySpice and Ngspice with a diagnostic system based on the proposed 

method is implemented. Testing on real equipment confirmed 100% detection of the fact of 

failure and correct determination of its cause in 99.5ï100% of cases, depending on the 

degree of parameter deviation. A performance analysis of this implementation showed that 

the maximum execution time of the complete diagnostic procedure is 1.5 milliseconds, most 

of which is due to the transfer of waveforms over USB, while all other stages together take 

tens to hundreds of microseconds. A Markov availability model of semiconductor power 

converters is created, the solution of which quantitatively confirms that the achieved 

improvement in diagnostic effectiveness leads to an increase in converter availability. 

The obtained results are of practical significance, since the proposed information 

technologies and methods can be used to build systems for automated diagnostics and 

predictive maintenance of power electronic converters, as well as a baseline architecture for 

creating remote laboratories in the field of electronics. 

Keywords: digital twin; information technology; genetic algorithm; vector model; 

metaheuristic optimization; simulation; diagnostics of power electronics devices; DC-DC 

converter; identification of parasitic parameters; qualitative fault analysis; remote 

laboratory; predictive maintenance; fault detection; fault classification; machine learning. 
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ʇɽʈɽʃɯʂ ʋʄʆɺʅʀʍ ʇʆɿʅɸʏɽʅʔ 

AI ï Artificial Intelligence ï ʰʪʫʯʥʠʡ ʽʥʪʝʣʝʢʪ 

API ï Application Programming Interface ï ʧʨʦʛʨʘʤʥʠʡ ʽʥʪʝʨʬʝʡʩ 

AWS ï Amazon Web Services ï ʭʤʘʨʥʽ ʩʝʨʚʽʩʠ Amazon 

BGA ï Ball Grid Array ï ʪʠʧ ʢʦʨʧʫʩʫ ʤʽʢʨʦʩʭʝʤʠ ʟ ʤʘʪʨʠʮʝʶ ʢʫʣʴʢʦʚʠʭ ʚʠʚʦʜʽʚ 

BIST ï Built-In Self-Test ï ʚʙʫʜʦʚʘʥʝ ʩʘʤʦʪʝʩʪʫʚʘʥʥʷ 

CCM ï Continuous Conduction Mode ï ʨʝʞʠʤ ʙʝʟʧʝʨʝʨʚʥʦʾ ʧʨʦʚʽʜʥʦʩʪʽ 

CNN ï Convolutional Neural Network ï ʢʦʥʚʦʣʶʮʽʡʥʘ ʥʝʡʨʦʥʥʘ ʤʝʨʝʞʘ 

CRDT ï Conflict-free Replicated Data Type ï ʙʝʟʢʦʥʬʣʽʢʪʥʽ ʨʝʧʣʽʢʦʚʘʥʽ ʪʠʧʠ 

ʜʘʥʠʭ 

DC-DC ï Direct Current to Direct Current converter ï ʧʝʨʝʪʚʦʨʶʚʘʯ ʧʦʩʪʽʡʥʦʛʦ 

ʩʪʨʫʤʫ 

DCM ï Discontinuous Conduction Mode ï ʨʝʞʠʤ ʧʝʨʝʨʠʚʯʘʩʪʠʭ ʩʪʨʫʤʽʚ 

DCR ï DC Resistance ï ʦʧʽʨ ʢʦʪʫʰʢʠ ʽʥʜʫʢʪʠʚʥʦʩʪʽ ʥʘ ʧʦʩʪʽʡʥʦʤʫ ʩʪʨʫʤʽ 

DT ï Digital Twin ï ʮʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ 

DTO ï Data Transfer Object ï ʦʙ'ʻʢʪ ʧʝʨʝʜʘʯʽ ʜʘʥʠʭ  

EKF ï Extended Kalman Filter ï ʨʦʟʰʠʨʝʥʠʡ ʬʽʣʴʪʨ ʂʘʣʤʘʥʘ 

EOL ï End of Life ï ʢʽʥʝʮʴ ʪʝʨʤʽʥʫ ʩʣʫʞʙʠ 

ESR ï Equivalent Series Resistance ï ʝʢʚʽʚʘʣʝʥʪʥʠʡ ʧʦʩʣʽʜʦʚʥʠʡ ʦʧʽʨ 

FCT ï Functional Testing ï ʬʫʥʢʮʽʦʥʘʣʴʥʝ ʪʝʩʪʫʚʘʥʥʷ 

FDI ï Fault Detection and Isolation ï ʚʠʷʚʣʝʥʥʷ ʪʘ ʽʟʦʣʷʮʽʷ ʥʝʩʧʨʘʚʥʦʩʪʝʡ 

FPGA ï Field-Programmable Gate Array ï ʧʨʦʛʨʘʤʦʚʘʥʘ ʣʦʛʽʯʥʘ ʽʥʪʝʛʨʘʣʴʥʘ 

ʩʭʝʤʘ 

FREE ï Framework for Remote Experiments in Education ï ʬʨʝʡʤʚʦʨʢ ʜʣʷ 

ʜʠʩʪʘʥʮʽʡʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʚ ʦʩʚʽʪʽ 

GA ï Genetic Algorithm ï ʛʝʥʝʪʠʯʥʠʡ ʘʣʛʦʨʠʪʤ 

GWO ï Grey Wolf Optimizer ï ʦʧʪʠʤʽʟʘʮʽʷ ʩʪʘʻʶ ʩʽʨʠʭ ʚʦʚʢʽʚ 

HIL ï Hardware-in-the-Loop ï ʘʧʘʨʘʪʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʚ ʢʦʥʪʫʨʽ 

HTTP ï Hypertext Transfer Protocol ï ʧʨʦʪʦʢʦʣ ʧʝʨʝʜʘʯʽ ʛʽʧʝʨʪʝʢʩʪʫ 
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I2C ï Inter-Integrated Circuit ï ʤʽʞʤʽʢʨʦʩʭʝʤʥʠʡ ʽʥʪʝʨʬʝʡʩ 

ICT ï In-Circuit Testing ï ʚʥʫʪʨʽʰʥʴʦʩʭʝʤʥʝ ʪʝʩʪʫʚʘʥʥʷ 

IGBT ï Insulated-Gate Bipolar Transistor ï ʙʽʧʦʣʷʨʥʠʡ ʪʨʘʥʟʠʩʪʦʨ ʟ ʽʟʦʣʴʦʚʘʥʠʤ 

ʟʘʪʚʦʨʦʤ 

IoT ï Internet of Things ï ʽʥʪʝʨʥʝʪ ʨʝʯʝʡ 

ISA ï iLab Shared Architecture ï ʩʧʽʣʴʥʘ ʘʨʭʽʪʝʢʪʫʨʘ iLab 

JSON ï JavaScript Object Notation ï ʬʦʨʤʘʪ ʦʙʤʽʥʫ ʜʘʥʠʤʠ 

JTAG ï Joint Test Action Group ï ʩʪʘʥʜʘʨʪʠʟʦʚʘʥʠʡ ʽʥʪʝʨʬʝʡʩ ʜʣʷ ʪʝʩʪʫʚʘʥʥʷ 

(IEEE 1149.1) 

LLC ï LLC Resonant Converter ï ʨʝʟʦʥʘʥʩʥʠʡ ʧʝʨʝʪʚʦʨʶʚʘʯ ʪʠʧʫ LLC 

LMS ï Learning Management System ï ʩʠʩʪʝʤʘ ʫʧʨʘʚʣʽʥʥʷ ʥʘʚʯʘʥʥʷʤ 

LSTM ï Long Short-Term Memory ï ʤʝʨʝʞʘ ʜʦʚʛʦʾ ʢʦʨʦʪʢʦʩʪʨʦʢʦʚʦʾ ʧʘʤô̫ ʪʽ 

LTI  ï Learning Tools Interoperability ï ʩʪʘʥʜʘʨʪ ʽʥʪʝʛʨʘʮʽʾ ʥʘʚʯʘʣʴʥʠʭ 

ʽʥʩʪʨʫʤʝʥʪʽʚ 

LXI ï LAN eXtensions for Instrumentation ï ʩʪʘʥʜʘʨʪ ʤʝʨʝʞʝʚʠʭ ʚʠʤʽʨʶʚʘʣʴʥʠʭ 

ʧʨʠʣʘʜʽʚ 

MCU ï Microcontroller Unit ï ʤʽʢʨʦʢʦʥʪʨʦʣʝʨ 

MEMS ï Micro-Electro-Mechanical Systems ï ʤʽʢʨʦʝʣʝʢʪʨʦʤʝʭʘʥʽʯʥʽ ʩʠʩʪʝʤʠ 

MOSFET ï Metal-Oxide-Semiconductor Field-Effect Transistor ï ʧʦʣʴʦʚʠʡ 

ʪʨʘʥʟʠʩʪʦʨ ʟ ʽʟʦʣʴʦʚʘʥʠʤ ʟʘʪʚʦʨʦʤ 

MQTT ï Message Queuing Telemetry Transport ï ʧʨʦʪʦʢʦʣ ʦʙʤʽʥʫ 

ʧʦʚʽʜʦʤʣʝʥʥʷʤʠ ʜʣʷ IoT 

MSE ï Mean Squared Error ï ʩʝʨʝʜʥʴʦʢʚʘʜʨʘʪʠʯʥʘ ʧʦʭʠʙʢʘ 

MTBF ï Mean Time Between Failures ï ʩʝʨʝʜʥʽʡ ʯʘʩ ʥʘʧʨʘʮʶʚʘʥʥʷ ʤʽʞ 

ʚʽʜʤʦʚʘʤʠ 

NAT ï Network Address Translation ï ʪʨʘʥʩʣʷʮʽʷ ʤʝʨʝʞʝʚʠʭ ʘʜʨʝʩ 

NFF ï No Fault Found ï ʥʝʩʧʨʘʚʥʽʩʪʴ ʥʝ ʚʠʷʚʣʝʥʦ 

NI ï National Instruments ï ʢʦʤʧʘʥʽʷ-ʚʠʨʦʙʥʠʢ ʚʠʤʽʨʶʚʘʣʴʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ 

OCF ï Open-Circuit Fault ï ʥʝʩʧʨʘʚʥʽʩʪʴ ʪʠʧʫ ʦʙʨʠʚ ʢʦʣʘ 

OPC-UA ï Open Platform Communications Unified Architecture ï ʫʥʽʬʽʢʦʚʘʥʘ 
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ʘʨʭʽʪʝʢʪʫʨʘ ʚʽʜʢʨʠʪʠʭ ʧʣʘʪʬʦʨʤʥʠʭ ʢʦʤʫʥʽʢʘʮʽʡ 

PCB ï Printed Circuit Board ï ʜʨʫʢʦʚʘʥʘ ʧʣʘʪʘ 

PCE ï Polynomial Chaos Expansion ï ʨʦʟʰʠʨʝʥʥʷ ʧʦʣʽʥʦʤʽʘʣʴʥʦʛʦ ʭʘʦʩʫ 

PHM ï Prognostics and Health Management ï ʧʨʦʛʥʦʩʪʠʯʥʝ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʪʘ 

ʫʧʨʘʚʣʽʥʥʷ ʩʪʘʥʦʤ 

PINN ï Physics-Informed Neural Network ï ʬʽʟʠʯʥʦ ʽʥʬʦʨʤʦʚʘʥʘ ʥʝʡʨʦʥʥʘ 

ʤʝʨʝʞʘ 

PLM ï Product Lifecycle Management ï ʫʧʨʘʚʣʽʥʥʷ ʞʠʪʪʻʚʠʤ ʮʠʢʣʦʤ ʚʠʨʦʙʫ 

PSO ï Particle Swarm Optimization ï ʦʧʪʠʤʽʟʘʮʽʷ ʨʦʻʤ ʯʘʩʪʠʥʦʢ 

PWM ï Pulse Width Modulation ï ʰʠʨʦʪʥʦ-ʽʤʧʫʣʴʩʥʘ ʤʦʜʫʣʷʮʽʷ (ʐɯʄ) 

PXI ï PCI eXtensions for Instrumentation ï ʩʪʘʥʜʘʨʪ ʧʨʦʤʠʩʣʦʚʠʭ ʚʠʤʽʨʶʚʘʣʴʥʠʭ 

ʧʨʠʣʘʜʽʚ 

REST ï Representational State Transfer ï ʘʨʭʽʪʝʢʪʫʨʥʠʡ ʩʪʠʣʴ ʚʝʙ-ʩʝʨʚʽʩʽʚ 

RLMS ï Remote Laboratory Management System ï ʩʠʩʪʝʤʘ ʫʧʨʘʚʣʽʥʥʷ 

ʜʠʩʪʘʥʮʽʡʥʠʤʠ ʣʘʙʦʨʘʪʦʨʽʷʤʠ 

RMS ï Root Mean Square ï ʩʝʨʝʜʥʴʦʢʚʘʜʨʘʪʠʯʥʝ ʟʥʘʯʝʥʥʷ 

RUL ï Remaining Useful Life ï ʟʘʣʠʰʢʦʚʠʡ ʨʝʩʫʨʩ 

SCF ï Short-Circuit Fault ï ʥʝʩʧʨʘʚʥʽʩʪʴ ʪʠʧʫ ʢʦʨʦʪʢʝ ʟʘʤʠʢʘʥʥʷ 

SEPIC ï Single-Ended Primary-Inductor Converter ï ʦʜʥʦʪʘʢʪʥʠʡ ʧʝʨʝʪʚʦʨʶʚʘʯ ʟ 

ʧʝʨʚʠʥʥʠʤ ʽʥʜʫʢʪʦʨʦʤ 

SiC ï Silicon Carbide ï ʢʘʨʙʽʜ ʢʨʝʤʥʽʶ 

SIL ï Software-in-the-Loop ï ʧʨʦʛʨʘʤʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʚ ʢʦʥʪʫʨʽ 

SPI ï Serial Peripheral Interface ï ʧʦʩʣʽʜʦʚʥʠʡ ʧʝʨʠʬʝʨʽʡʥʠʡ ʽʥʪʝʨʬʝʡʩ 

SPICE ï Simulation Program with Integrated Circuit Emphasis ï ʧʨʦʛʨʘʤʘ 

ʤʦʜʝʣʶʚʘʥʥʷ ʽʥʪʝʛʨʘʣʴʥʠʭ ʩʭʝʤ 

SSA ï State-Space Averaging ï ʫʩʝʨʝʜʥʝʥʥʷ ʫ ʧʨʦʩʪʦʨʽ ʩʪʘʥʽʚ 

TCP/IP ï Transmission Control Protocol / Internet Protocol ï ʧʨʦʪʦʢʦʣ ʢʝʨʫʚʘʥʥʷ 

ʧʝʨʝʜʘʯʝʶ / ʽʥʪʝʨʥʝʪ-ʧʨʦʪʦʢʦʣ 

TDR ï Time-Domain Reflectometry ï ʨʝʬʣʝʢʪʦʤʝʪʨʽʷ ʚ ʯʘʩʦʚʽʡ ʦʙʣʘʩʪʽ 

UART ï Universal Asynchronous Receiver-Transmitter ï ʫʥʽʚʝʨʩʘʣʴʥʠʡ 
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ʘʩʠʥʭʨʦʥʥʠʡ ʧʨʠʡʤʘʯ-ʧʝʨʝʜʘʚʘʯ 

USB ï Universal Serial Bus ï ʫʥʽʚʝʨʩʘʣʴʥʘ ʧʦʩʣʽʜʦʚʥʘ ʰʠʥʘ 

VAE ï Variational Autoencoder ï ʚʘʨʽʘʮʽʡʥʠʡ ʘʚʪʦʝʥʢʦʜʝʨ 

VISIR ï Virtual Instrument Systems in Reality ï ʩʠʩʪʝʤʘ ʚʽʨʪʫʘʣʴʥʠʭ ʧʨʠʣʘʜʽʚ ʫ 

ʨʝʘʣʴʥʦʩʪʽ 

WebRTC ï Web Real-Time Communication ï ʪʝʭʥʦʣʦʛʽʷ ʚʝʙ-ʢʦʤʫʥʽʢʘʮʽʾ ʚ 

ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ 

YAML ï YAML Ain ôt Markup Language ï ʬʦʨʤʘʪ ʩʝʨʽʘʣʽʟʘʮʽʾ ʜʘʥʠʭ 

ZVS ï Zero Voltage Switching ï ʢʦʤʫʪʘʮʽʷ ʧʨʠ ʥʫʣʴʦʚʽʡ ʥʘʧʨʫʟʽ 

ʂɿ ï ʢʦʨʦʪʢʝ ʟʘʤʠʢʘʥʥʷ 

ʂʂɼ ï ʢʦʝʬʽʮʽʻʥʪ ʢʦʨʠʩʥʦʾ ʜʽʾ 

ʐɯ ï ʪhʫʯʥʠʡ ʽʥʪʝʣʝʢʪ
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ɺʉʊʋʇ 

ɸʢʪʫʘʣʴʥʽʩʪʴ ʪʝʤʠ. ɺ ʩʫʯʘʩʥʦʤʫ ʩʚʽʪʽ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʪʝʥʜʝʥʮʽʷ ʜʦ ʟʨʦʩʪʘʥʥʷ 

ʩʢʣʘʜʥʦʩʪʽ ʝʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʫ ʚʘʞʣʠʚʠʭ ʩʬʝʨʘʭ, ʪʘʢʠʭ 

ʷʢ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʾ, ʚʽʜʥʦʚʣʶʚʘʥʘ ʝʥʝʨʛʝʪʠʢʘ, ʪʨʘʥʩʧʦʨʪʥʽ ʩʠʩʪʝʤʠ, ʘʝʨʦʢʦʩʤʽʯʥʘ 

ʛʘʣʫʟʴ ʪʦʱʦ. ɺ ʦʩʥʦʚʽ ʪʘʢʠʭ ʩʠʩʪʝʤ ʣʝʞʘʪʴ ʧʨʠʩʪʨʦʾ ʩʠʣʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ, ʪʘʢʽ ʷʢ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʽ ʧʝʨʝʪʚʦʨʶʚʘʯʽ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ, ʟʦʢʨʝʤʘ ʧʝʨʝʪʚʦʨʶʚʘʯʽ ʧʦʩʪʽʡʥʦʛʦ 

ʩʪʨʫʤʫ, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʧʝʨʝʪʚʦʨʝʥʥʷ ʪʘ ʩʪʘʙʽʣʽʟʘʮʽʶ ʝʣʝʢʪʨʠʯʥʦʾ ʝʥʝʨʛʽʾ. ɺʽʜʤʦʚʘ 

ʪʘʢʠʭ ʧʨʠʩʪʨʦʾʚ ʤʦʞʝ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʢʘʩʢʘʜʥʠʭ ʟʙʦʾʚ, ʟʥʘʯʥʠʭ ʝʢʦʥʦʤʽʯʥʠʭ ʚʪʨʘʪ ʪʘ 

ʟʘʛʨʦʟ ʙʝʟʧʝʮʽ, ʪʦʤʫ ʟʘʚʜʘʥʥʷ ʩʚʦʻʯʘʩʥʦʾ ʪʘ ʪʦʯʥʦʾ ʜʽʘʛʥʦʩʪʠʢʠ ʥʝʩʧʨʘʚʥʦʩʪʝʡ ʻ 

ʦʜʥʠʤ ʽʟ ʧʨʽʦʨʠʪʝʪʥʠʭ ʥʘʧʨʷʤʢʽʚ ʩʫʯʘʩʥʦʾ ʽʥʞʝʥʝʨʽʾ. 

ʊʨʘʜʠʮʽʡʥʽ ʤʝʪʦʜʠ ʜʽʘʛʥʦʩʪʠʢʠ ʝʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʱʦ ʙʘʟʫʶʪʴʩʷ ʥʘ 

ʧʝʨʽʦʜʠʯʥʠʭ ʚʠʤʽʨʶʚʘʥʥʷʭ, ʚʽʟʫʘʣʴʥʦʤʫ ʢʦʥʪʨʦʣʽ ʘʙʦ ʩʪʘʪʠʩʪʠʯʥʦʤʫ ʘʥʘʣʽʟʽ 

ʥʘʧʨʘʮʶʚʘʥʴ, ʤʘʶʪʴ ʩʫʪʪʻʚʽ ʦʙʤʝʞʝʥʥʷ. ɺʦʥʠ, ʷʢ ʧʨʘʚʠʣʦ, ʚʠʷʚʣʷʶʪʴ ʥʝʩʧʨʘʚʥʦʩʪʽ 

ʣʠʰʝ ʧʽʩʣʷ ʾʭ ʚʠʥʠʢʥʝʥʥʷ, ʥʝ ʟʜʘʪʥʽ ʽʜʝʥʪʠʬʽʢʫʚʘʪʠ ʧʦʩʪʫʧʦʚʫ ʜʝʛʨʘʜʘʮʽʶ ʧʘʨʘʤʝʪʨʽʚ 

ʢʦʤʧʦʥʝʥʪʽʚ ʽ ʚʠʤʘʛʘʶʪʴ ʬʽʟʠʯʥʦʛʦ ʜʦʩʪʫʧʫ ʜʦ ʢʦʞʥʦʛʦ ʝʣʝʤʝʥʪʘ ʩʭʝʤʠ ʜʣʷ 

ʟʜʽʡʩʥʝʥʥʷ ʚʠʤʽʨʶʚʘʥʴ ʪʘ ʣʦʢʘʣʽʟʘʮʽʾ ʧʨʠʯʠʥʠ ʚʽʜʤʦʚʠ. ɺ ʫʤʦʚʘʭ ʟʨʦʩʪʘʥʥʷ ʱʽʣʴʥʦʩʪʽ 

ʤʦʥʪʘʞʫ, ʟʤʝʥʰʝʥʥʷ ʨʦʟʤʽʨʫ ʢʦʤʧʦʥʝʥʪʽʚ ʪʘ ʧʽʜʚʠʱʝʥʥʷ ʯʘʩʪʦʪ ʢʦʤʫʪʘʮʽʾ ʮʽ ʧʽʜʭʦʜʠ 

ʩʪʘʶʪʴ ʜʝʜʘʣʽ ʤʝʥʰ ʝʬʝʢʪʠʚʥʠʤʠ, ʦʩʢʽʣʴʢʠ ʧʘʨʘʟʠʪʥʽ ʧʘʨʘʤʝʪʨʠ (ʪʘʢʽ, ʷʢ 

ʝʢʚʽʚʘʣʝʥʪʥʠʡ ʧʦʩʣʽʜʦʚʥʠʡ ʦʧʽʨ ʢʦʥʜʝʥʩʘʪʦʨʽʚ, ʦʧʽʨ ʢʘʥʘʣʫ ʪʨʘʥʟʠʩʪʦʨʘ ʯʠ ʧʘʨʘʟʠʪʥʘ 

ʽʥʜʫʢʪʠʚʥʽʩʪʴ) ʩʫʪʪʻʚʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʧʦʚʝʜʽʥʢʫ ʩʭʝʤʠ, ʧʨʦʪʝ ʥʝ ʤʦʞʫʪʴ ʙʫʪʠ 

ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʠʤʽʨʷʥʽ ʚ ʧʨʦʮʝʩʽ ʝʢʩʧʣʫʘʪʘʮʽʾ. 

ʋ ʚʽʜʧʦʚʽʜʴ ʥʘ ʮʽ ʚʠʢʣʠʢʠ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʥʘʧʨʷʤʢʦʤ ʻ ʚʧʨʦʚʘʜʞʝʥʥʷ 

ʽʥʬʦʨʤʘʮʽʡʥʦʾ ʪʝʭʥʦʣʦʛʽʾ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ, ʷʢʠʡ ʻ ʢʦʤʧôʁ ʪʝʨʥʦʶ ʤʦʜʝʣʣʶ 

ʬʽʟʠʯʥʦʛʦ ʧʨʠʩʪʨʦʶ, ʱʦ ʚʽʜʪʚʦʨʶʻ ʡʦʛʦ ʧʦʚʝʜʽʥʢʫ ʟ ʜʦʩʪʘʪʥʴʦʶ ʪʦʯʥʽʩʪʶ ʜʣʷ 

ʧʦʨʽʚʥʷʥʥʷ ʟ ʨʝʘʣʴʥʠʤʠ ʚʠʤʽʨʶʚʘʥʥʷʤʠ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ ʷʢ 

ʝʪʘʣʦʥʥʦʾ ʤʦʜʝʣʽ ʜʦʟʚʦʣʷʻ ʨʝʘʣʽʟʫʚʘʪʠ ʽʥʰʠʡ ʧʽʜʭʽʜ ʜʦ ʜʽʘʛʥʦʩʪʠʢʠ: ʟʘʤʽʩʪʴ ʧʨʷʤʦʛʦ 

ʚʠʤʽʨʶʚʘʥʥʷ ʢʦʞʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʚʩʝʨʝʜʠʥʽ ʨʝʘʣʴʥʦʛʦ ʧʨʠʩʪʨʦʶ, ʩʠʩʪʝʤʘ ʧʦʨʽʚʥʶʻ 

ʡʦʛʦ (ʧʨʠʩʪʨʦʶ) ʚʠʭʽʜʥʽ ʩʠʛʥʘʣʠ ʟ ʦʯʽʢʫʚʘʥʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʤʦʜʝʣʽ ʪʘ ʥʘ ʦʩʥʦʚʽ 

ʭʘʨʘʢʪʝʨʫ ʚʽʜʭʠʣʝʥʴ ʚʠʟʥʘʯʘʻ ʷʢ ʥʘʷʚʥʽʩʪʴ ʥʝʩʧʨʘʚʥʦʩʪʽ, ʪʘʢ ʽ ʡʤʦʚʽʨʥʫ ʾʾ ʧʨʠʯʠʥʫ. 
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ʆʜʥʘʢ ʘʥʘʣʽʟ ʩʫʯʘʩʥʦʛʦ ʩʪʘʥʫ ʫ ʮʽʡ ʛʘʣʫʟʽ ʚʠʷʚʣʷʻ ʥʠʟʢʫ ʥʝʚʠʨʽʰʝʥʠʭ ʥʘʫʢʦʚʦ-

ʪʝʭʥʽʯʥʠʭ ʧʨʦʙʣʝʤ. 

ʇʦ-ʧʝʨʰʝ, ʪʦʯʥʽʩʪʴ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ ʟʘʣʝʞʠʪʴ ʚʽʜ ʢʦʨʝʢʪʥʦʩʪʽ ʽʜʝʥʪʠʬʽʢʘʮʽʾ 

ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʩʭʝʤʠ, ʷʢʽ ʥʝ ʥʘʚʦʜʷʪʴʩʷ ʫ ʜʦʢʫʤʝʥʪʘʮʽʾ ʢʦʤʧʦʥʝʥʪʽʚ ʽ 

ʚʠʟʥʘʯʘʶʪʴʩʷ ʷʢ ʦʢʨʝʤʠʤʠ ʝʣʝʢʪʨʦʥʥʠʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ, ʪʘʢ ʽ ʢʦʥʩʪʨʫʢʮʽʻʶ 

ʜʨʫʢʦʚʘʥʦʾ ʧʣʘʪʠ. ʗʢ ʨʝʟʫʣʴʪʘʪ, ʟʘʜʘʯʘ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʟʚʦʜʠʪʴʩʷ ʜʦ ʩʢʣʘʜʥʦʾ 

ʙʘʛʘʪʦʚʠʤʽʨʥʦʾ ʥʝʣʽʥʽʡʥʦʾ ʦʧʪʠʤʽʟʘʮʽʾ ʟ ʯʠʩʣʝʥʥʠʤʠ ʣʦʢʘʣʴʥʠʤʠ ʝʢʩʪʨʝʤʫʤʘʤʠ, ʱʦ 

ʚʠʤʘʛʘʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ʩʧʝʮʽʘʣʽʟʦʚʘʥʠʭ ʤʝʪʘʝʚʨʠʩʪʠʯʥʠʭ ʘʣʛʦʨʠʪʤʽʚ. ʇʦ-ʜʨʫʛʝ, ʽʩʥʫʻ 

ʧʦʪʨʝʙʘ ʚ ʤʝʪʦʜʘʭ, ʷʢ ̔ʙ ʩʠʩʪʝʤʥʦ ʦʧʠʩʫʚʘʣʠ ʧʨʦʮʝʩ ʜʽʘʛʥʦʩʪʠʢʠ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ 

ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ ʚʽʜ ʧʦʙʫʜʦʚʠ ʤʦʜʝʣʽ ʜʦ ʫʭʚʘʣʝʥʥʷ ʨʽʰʝʥʥʷ ʧʨʦ 

ʧʨʠʯʠʥʫ ʥʝʩʧʨʘʚʥʦʩʪʽ, ʟʘ ʷʢʦʛʦ ʦʙʯʠʩʣʶʚʘʣʴʥʦ ʚʠʪʨʘʪʥʽ ʦʧʝʨʘʮʽʾ (ʽʜʝʥʪʠʬʽʢʘʮʽʷ 

ʧʘʨʘʤʝʪʨʽʚ ʤʦʜʝʣʽ ʪʘ ʬʦʨʤʫʚʘʥʥʷ ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʧʨʘʚʠʣ) ʚʠʢʦʥʫʶʪʴʩʷ ʦʜʥʦʨʘʟʦʚʦ ʥʘ 

ʝʪʘʧʽ ʽʥʽʮʽʘʣʽʟʘʮʽʾ, ʘ ʦʥʣʘʡʥ ʬʘʟʘ ʜʽʘʛʥʦʩʪʠʢʠ ʟʙʝʨʽʛʘʻ ʦʙʯʠʩʣʶʚʘʣʴʥʫ ʧʨʦʩʪʦʪʫ, 

ʜʦʩʪʘʪʥʶ ʜʣʷ ʨʝʘʣʽʟʘʮʽʾ ʫ ʚʙʫʜʦʚʘʥʠʭ ʩʠʩʪʝʤʘʭ. ʇʦ-ʪʨʝʪʻ, ʩʪʘʥʦʤ ʥʘ ʟʘʨʘʟ ʚʽʜʩʫʪʥʽ 

ʫʥʽʬʽʢʦʚʘʥʽ ʧʽʜʭʦʜʠ ʜʦ ʚʝʨʠʬʽʢʘʮʽ ʾʜʽʘʛʥʦʩʪʠʯʥʠʭ ʩʠʩʪʝʤ ʥʘ ʨʝʘʣʴʥʦʤʫ ʦʙʣʘʜʥʘʥʥʽ. 

ɿʘʜʣʷ ʮʴʦʛʦ ʤʦʞʫʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʽʥʬʦʨʤʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾ ʜʠʩʪʘʥʮʽʡʥʠʭ 

ʣʘʙʦʨʘʪʦʨʽʡ, ʧʨʦʪʝ ʚ ʥʘʫʢʦʚʽʡ ʣʽʪʝʨʘʪʫʨʽ ʚʽʜʩʫʪʥʽʡ ʫʥʽʬʽʢʦʚʘʥʠʡ ʤʝʪʦʜ ʦʙôʻʢʪʠʚʥʦʛʦ 

(ʢʽʣʴʢʽʩʥʦʛʦ) ʧʦʨʽʚʥʷʥʥʷ ʪʝʭʥʦʣʦʛʽʡ ʾʭ ʧʦʙʫʜʦʚʠ, ʱʦ ʫʩʢʣʘʜʥʶʻ ʧʨʦʮʝʩ ʚʠʙʦʨʫ 

ʢʦʥʢʨʝʪʥʦʾ ʪʝʭʥʦʣʦʛʽʾ. ʆʢʨʝʤʠʤ ʥʝʚʠʨʽʰʝʥʠʤ ʧʠʪʘʥʥʷʤ ʻ ʚʠʙʽʨ ʝʪʘʣʦʥʥʦʛʦ 

ʚʠʤʽʨʶʚʘʥʥʷ, ʟʘ ʷʢʠʤ ʚʠʢʦʥʫʻʪʴʩʷ ʢʘʣʽʙʨʫʚʘʥʥʷ: ʟʘ ʜʦʚʽʣʴʥʦʛʦ ʚʠʙʦʨʫ ʮʽʣʴʦʚʦʛʦ 

ʩʠʛʥʘʣʫ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜʢʘʣʽʙʨʦʚʘʥʦʾ ʤʦʜʝʣʽ ʚʽʜ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʚʠʙʽʨʢʠ 

ʚʠʷʚʣʷʶʪʴʩʷ ʘʩʠʤʝʪʨʠʯʥʠʤʠ, ʱʦ ʫʥʝʤʦʞʣʠʚʣʶʻ ʾʭ ʙʝʟʧʦʩʝʨʝʜʥʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʷʢ 

ʧʦʨʦʛʽʚ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʨʦʟʨʦʙʢʘ ʥʦʚʠʭ ʤʝʪʦʜʽʚ ʪʘ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ, ʷʢʽ ʙ 

ʟʘʙʝʟʧʝʯʫʚʘʣʠ ʪʦʯʥʫ ʽʜʝʥʪʠʬʽʢʘʮʽʶ ʧʘʨʘʤʝʪʨʽʚ ʤʦʜʝʣʽ ʩʠʣʦʚʦʛʦ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʦʛʦ 

ʧʝʨʝʪʚʦʨʶʚʘʯʘ, ʬʦʨʤʘʣʽʟʦʚʘʥʫ ʜʽʘʛʥʦʩʪʠʢʫ ʡʦʛʦ ʥʝʩʧʨʘʚʥʦʩʪʝʡ ʥʘ ʦʩʥʦʚʽ ʮʠʬʨʦʚʦʛʦ 

ʜʚʽʡʥʠʢʘ ʪʘ ʦʙˇʨʫʥʪʦʚʘʥʠʡ ʚʠʙʽʨ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʧʣʘʪʬʦʨʤʠ ʜʣʷ ʾʾ ʚʝʨʠʬʽʢʘʮʽʾ, ʻ 

ʘʢʪʫʘʣʴʥʠʤ ʥʘʫʢʦʚʠʤ ʟʘʚʜʘʥʥʷʤ, ʱʦ ʤʘʻ ʚʘʞʣʠʚʝ ʪʝʦʨʝʪʠʯʥʝ ʽ ʧʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ 

ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʥʘʜʽʡʥʦʩʪʽ ʝʢʩʧʣʫʘʪʘʮʽʾ ʝʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ. 

ɿʚô̫ ʟʦʢ ʨʦʙʦʪʠ ʟ ʥʘʫʢʦʚʠʤʠ ʧʨʦʛʨʘʤʘʤʠ, ʧʣʘʥʘʤʠ ʽ ʪʝʤʘʤʠ. ɼʠʩʝʨʪʘʮʽʷ 
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ʙʫʣʘ ʚʠʢʦʥʘʥʘ ʚ ʅʘʮʽʦʥʘʣʴʥʦʤʫ ʫʥʽʚʝʨʩʠʪʝʪʽ çʏʝʨʥʽʛʽʚʩʴʢʘ ʧʦʣʽʪʝʭʥʽʢʘè ʟʘ 

ʧʨʽʦʨʠʪʝʪʥʠʤʠ ʥʘʧʨʷʤʢʘʤʠ ʨʦʟʚʠʪʢʫ ʥʘʫʢʠ ʽ ʪʝʭʥʽʢʠ ʋʢʨʘʾʥʠ çɯʥʬʦʨʤʘʮʽʡʥʽ ʪʘ 

ʢʦʤʫʥʽʢʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾ» ʪʘ çɽʥʝʨʛʝʪʠʢʘ ʪʘ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ» ʪʘ ʚ ʨʘʤʢʘʭ 

ʨʝʘʣʽʟʘʮʽʾ ʥʘʫʢʦʚʠʭ ʧʨʦʻʢʪʽʚ:  

- «Lab Discovery Engine» ï ʤʽʞʥʘʮʽʦʥʘʣʴʥʠʡ ʩʫʙ-ʛʨʘʥʪ ʧʨʦʻʢʪʫ NGI Search ʚʽʜ 

ʧʨʦʛʨʘʤʠ Horizon Europe HORIZON-CL4-2021-HUMAN-01, ʥʦʤʝʨ ʧʨʦʻʢʪʫ: 

101069364; 

- «DIGITRANS. ʎʠʬʨʦʚʘ ʪʨʘʥʩʬʦʨʤʘʮʽʷ ʦʩʚʽʪʥʴʦʛʦ ʧʨʦʮʝʩʫ ɿɺʆ ʚ ʋʢʨʘʾʥʽ ʪʘ 

ʄʦʣʜʦʚʽ ʜʣʷ ʩʪʘʣʦʛʦ ʩʧʽʚʨʦʙʽʪʥʠʮʪʚʘ ʟ ʧʽʜʧʨʠʻʤʩʪʚʘʤʠè ʚ ʨʘʤʢʘʭ ʧʨʦʛʨʘʤʠ 

ERASMUS+ çʈʦʟʚʠʪʦʢ ʧʦʪʝʥʮʽʘʣʫ ʚʠʱʦʾ ʦʩʚʽʪʠè (ʽʜʝʥʪʠʬʽʢʘʪʦʨ ʧʨʦʻʢʪʫ: 

01127683-DIGITRANS-ERASMUS-EDU-2023-CBHE); 

- çʄʝʪʦʜʠ ʽ ʤʦʜʝʣʽ ʜʠʥʘʤʽʯʥʦʾ ʙʝʟʜʨʦʪʦʚʦʾ ʧʝʨʝʜʘʯʽ ʝʥʝʨʛʽʾ ʥʘ ʦʩʥʦʚʽ 

ʛʽʙʨʠʜʥʦʛʦ ʟʚô̫ ʟʢʫè  (ʜʝʨʞʘʚʥʠʡ ʨʝʻʩʪʨʘʮʽʡʥʠʡ ʥʦʤʝʨ: 0126U001717, 

ʧʨʠʢʣʘʜʥʝ ʥʘʫʢʦʚʝ ʜʦʩʣʽʜʞʝʥʥʷ, ʱʦ ʬʽʥʘʥʩʫʻʪʴʩʷ ʄʆʅ ʋʢʨʘʾʥʠ). 

ʄʝʪʦʶ ʜʦʩʣʽʜʞʝʥʥʷ  ʻ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʦʥʣʘʡʥ-ʚʠʷʚʣʝʥʥʷ ʪʘ 

ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʚʽʜʤʦʚ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ ʰʣʷʭʦʤ 

ʨʦʟʨʦʙʣʝʥʥʷ ʥʦʚʠʭ ʤʝʪʦʜʽʚ ʪʘ ʽʥʬʦʨʤʘʮʽʡʥʦʾ ʪʝʭʥʦʣʦʛʽʾ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʥʘ ʦʩʥʦʚʽ 

ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ. 

ɽʬʝʢʪʠʚʥʽʩʪʴ ʦʥʣʘʡʥ-ʚʠʷʚʣʝʥʥʷ ʪʘ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʚʽʜʤʦʚ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ 

ʯʘʩʪʢʦʚʠʤʠ ʧʦʢʘʟʥʠʢʘʤʠ (ʧʦʚʥʦʪʦʶ ʪʘ ʩʚʦʻʯʘʩʥʽʩʪʶ ʚʠʷʚʣʝʥʥʷ ʥʝʩʧʨʘʚʥʦʩʪʽ, 

ʪʦʯʥʽʩʪʶ ʽ ʯʘʩʦʤ ʣʦʢʘʣʽʟʘʮʽʾ ʾʾ ʧʨʠʯʠʥʠ ʪʘ ʨʽʚʥʝʤ ʭʠʙʥʠʭ ʩʧʨʘʮʶʚʘʥʴ) ʪʘ ʦʮʽʥʶʻʪʴʩʷ 

ʽʥʪʝʛʨʘʣʴʥʦ ʟʘ ʾʭ ʚʧʣʠʚʦʤ ʥʘ ʢʦʝʬʽʮʽʻʥʪ ʛʦʪʦʚʥʦʩʪʽ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʚʽʜʥʦʩʥʦ ʩʠʩʪʝʤʠ 

ʙʝʟ ʦʥʣʘʡʥ-ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ. 

ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʧʦʩʪʘʚʣʝʥʦʾ ʤʝʪʠ ʜʠʩʝʨʪʘʮʽʡʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʥʝʦʙʭʽʜʥʦ 

ʨʦʟʚô̫ ʟʘʪʠ ʪʘʢʽ ʥʘʫʢʦʚʽ ʟʘʚʜʘʥʥʷ: 

1. ʇʨʦʚʝʩʪʠ ʘʥʘʣʽʟ ʩʫʯʘʩʥʠʭ ʧʽʜʭʦʜʽʚ ʜʦ ʜʽʘʛʥʦʩʪʠʢʠ ʧʨʠʩʪʨʦʾʚ ʩʠʣʦʚʦʾ 

ʝʣʝʢʪʨʦʥʽʢʠ, ʤʝʪʦʜʽʚ ʧʦʙʫʜʦʚʠ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ ʝʣʝʢʪʨʦʥʥʠʭ ʩʠʩʪʝʤ, 

ʤʝʪʦʜʽʚ ʦʧʪʠʤʽʟʘʮʽʾ ʧʘʨʘʤʝʪʨʽʚ ʤʦʜʝʣʝʡ ʝʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʪʘ 

ʪʝʭʥʦʣʦʛʽʡ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ. 

2. ʈʦʟʨʦʙʠʪʠ ʤʝʪʦʜ ʢʘʣʽʙʨʫʚʘʥʥʷ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ ʧʝʨʝʪʚʦʨʶʚʘʯʘ 
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ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ ʥʘ ʦʩʥʦʚʽ ʛʝʥʝʪʠʯʥʦʛʦ ʘʣʛʦʨʠʪʤʫ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʡʦʛʦ 

ʪʦʯʥʦʩʪʽ. 

3. ʈʦʟʨʦʙʠʪʠ ʤʝʪʦʜ ʦʥʣʘʡʥ-ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ 

ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ ʥʘ ʦʩʥʦʚʽ ʚʽʜʢʘʣʽʙʨʦʚʘʥʦʛʦ ʮʠʬʨʦʚʦʛʦ 

ʜʚʽʡʥʠʢʘ, ʷʢʠʡ ʟʘʙʝʟʧʝʯʫʻ ʚʠʷʚʣʝʥʥʷ ʪʘ ʣʦʢʘʣʽʟʘʮʽʶ ʧʨʠʯʠʥ ʚʽʜʤʦʚ. 

4. ʈʦʟʨʦʙʠʪʠ ʤʝʪʦʜ ʧʦʨʽʚʥʷʥʥʷ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʧʦʙʫʜʦʚʠ 

ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ ʜʣʷ ʦʙˇʨʫʥʪʦʚʘʥʦʛʦ ʚʠʙʦʨʫ ʪʝʭʥʦʣʦʛʽʯʥʦʾ 

ʧʣʘʪʬʦʨʤʠ ʚʝʨʠʬʽʢʘʮʽʾ ʜʽʘʛʥʦʩʪʠʯʥʦʾ ʩʠʩʪʝʤʠ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ 

ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ. 

5. ʈʦʟʨʦʙʠʪʠ ʤʝʪʦʜ ʧʦʨʽʚʥʷʥʥʷ ʪʝʭʥʦʣʦʛʽʡ ʜʣʷ ʽʥʪʝʛʨʘʮʽʾ ʟ ʦʙʨʘʥʦʶ 

ʽʥʬʦʨʤʘʮʽʡʥʦʶ ʪʝʭʥʦʣʦʛʽʻʶ ʧʦʙʫʜʦʚʠ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ ʜʣʷ 

ʟʚʘʞʝʥʦʛʦ ʚʠʙʦʨʫ ʪʝʭʥʦʣʦʛʽʾ ʨʝʘʣʽʟʘʮʽʾ ʜʽʘʛʥʦʩʪʠʯʥʦʾ ʩʠʩʪʝʤʠ. 

6. ʇʨʦʚʝʩʪʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫ ʚʘʣʽʜʘʮʽʶ ʟʘʧʨʦʧʦʥʦʚʘʥʠʭ ʤʝʪʦʜʽʚ ʥʘ 

ʨʝʘʣʴʥʦʤʫ ʧʝʨʝʪʚʦʨʶʚʘʯʽ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʽʥʬʦʨʤʘʮʽʡʥʦʾ ʪʝʭʥʦʣʦʛʽʾ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ. 

7. ʆʮʽʥʠʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʨʦʟʨʦʙʣʝʥʠʭ ʤʝʪʦʜʽʚ ʟʘ ʽʥʪʝʛʨʘʣʴʥʠʤ 

ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʤ ʧʦʢʘʟʥʠʢʦʤ (ʢʦʝʬʽʮʽʻʥʪʦʤ ʛʦʪʦʚʥʦʩʪʽ) ʰʣʷʭʦʤ ʧʦʙʫʜʦʚʠ 

ʤʦʜʝʣʽ ʛʦʪʦʚʥʦʩʪʽ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʦʛʦ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ ʽ 

ʢʽʣʴʢʽʩʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ ʮʴʦʛʦ ʧʦʢʘʟʥʠʢʘ. 

ʆʙôʻʢʪʦʤ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʽʥʬʦʨʤʘʮʽʡʥʽ ʧʨʦʮʝʩʠ ʦʙʨʦʙʢʠ ʪʘ ʘʥʘʣʽʟʫ ʽʥʬʦʨʤʘʮʽʾ 

ʚ ʢʦʤʧôʁ ʪʝʨʥʠʭ ʩʠʩʪʝʤʘʭ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ. 

 ʇʨʝʜʤʝʪʦʤ ʜʦʩʣʽʜʞʝʥʥʷ  ̒ ʤʦʜʝʣʽ, ʤʝʪʦʜʠ ʪʘ ʽʥʬʦʨʤʘʮʽʡʥʘ ʪʝʭʥʦʣʦʛʽʷ 

ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʚʽʜʤʦʚ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ ʥʘ ʦʩʥʦʚʽ 

ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ. 

ʄʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʥʷ. ʋ ʨʦʙʦʪʽ ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ ʤʝʪʠ ʚʠʢʦʨʠʩʪʘʥʦ ʢʦʤʧʣʝʢʩ 

ʤʝʪʦʜʽʚ ʜʦʩʣʽʜʞʝʥʥʷ, ʱʦ ʚʽʜʧʦʚʽʜʘʶʪʴ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʠʤ ʟʘʜʘʯʘʤ ʢʦʤʧôʁ ʪʝʨʥʠʭ 

ʥʘʫʢ ʪʘ ʜʦʟʚʦʣʷʶʪʴ ʜʦʩʷʛʪʠ ʤʝʪʠ ʜʦʩʣʽʜʞʝʥʥʷ: 

¶ ʤʘʪʝʤʘʪʠʯʥʝ ʪʘ ʢʦʤʧôʁ ʪʝʨʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʪʦʯʥʠʭ 

ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʦʜʝʣʝʡ ʝʣʝʢʪʨʦʥʥʠʭ ʩʭʝʤ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʧʘʨʘʟʠʪʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ; 
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¶ ʤʝʪʘʝʚʨʠʩʪʠʯʥʘ ʦʧʪʠʤʽʟʘʮʽʷ ʜʣʷ ʨʦʟʚô̫ ʟʘʥʥʷ ʟʘʜʘʯʽ ʛʣʦʙʘʣʴʥʦʾ ʤʽʥʽʤʽʟʘʮʽʾ 

ʧʨʠ ʢʘʣʽʙʨʫʚʘʥʥʽ ʤʘʪʝʤʘʪʠʯʥʦʾ ʤʦʜʝʣʽ ʧʽʜ ʢʦʥʢʨʝʪʥʠʡ ʝʢʟʝʤʧʣʷʨ ʧʨʠʩʪʨʦʶ 

ʟʘ ʝʪʘʣʦʥʥʠʤ ʩʠʛʥʘʣʦʤ; 

¶ ʤʝʪʦʜʠ ʩʠʩʪʝʤʥʦʛʦ ʘʥʘʣʽʟʫ ʪʘ ʚʝʢʪʦʨʥʦʾ ʘʣʛʝʙʨʠ ʜʣʷ ʨʦʟʨʦʙʣʝʥʥʷ ʤʝʪʦʜʫ 

ʚʝʢʪʦʨʥʦʾ ʜʽʘʛʥʦʩʪʠʢʠ, ʱʦ ʙʘʟʫʻʪʴʩʷ ʥʘ ʧʦʨʽʚʥʷʥʥʽ ʥʦʨʤʘʣʽʟʦʚʘʥʠʭ ʚʠʭʽʜʥʠʭ 

ʚʝʢʪʦʨʽʚ ʨʝʘʣʴʥʦʛʦ ʧʨʠʩʪʨʦʶ ʪʘ ʤʦʜʝʣʽ; 

¶ ʤʝʪʦʜʠ ʧʨʠʡʥʷʪʪʷ ʨʽʰʝʥʴ ʪʘ ʝʢʩʧʝʨʪʥʦʛʦ ʦʮʽʥʶʚʘʥʥʷ ʧʨʠ ʨʦʟʨʦʙʣʝʥʥʽ 

ʤʝʪʦʜʫ ʧʦʨʽʚʥʷʥʥʷ ʪʝʭʥʦʣʦʛʽʡ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ ʥʘ ʦʩʥʦʚʽ ʚʘʛʦʚʠʭ 

ʢʦʝʬʽʮʽʻʥʪʽʚ ʪʘ ʩʠʩʪʝʤʠ ʢʨʠʪʝʨʽʾʚ; 

¶ ʩʫʯʘʩʥʽ ʪʝʭʥʦʣʦʛʽʾ ʚʝʙʧʨʦʛʨʘʤʫʚʘʥʥʷ ʜʣʷ ʨʦʟʨʦʙʣʝʥʥʷ ʪʘ ʽʤʧʣʝʤʝʥʪʘʮʽʾ 

ʘʨʭʽʪʝʢʪʫʨʠ ʜʠʩʪʘʥʮʽʡʥʦʾ ʣʘʙʦʨʘʪʦʨʽʾ LabDiscoveryEngine; 

¶ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʤʝʪʦʜʠ ʜʣʷ ʚʝʨʠʬʽʢʘʮʽʾ ʨʦʟʨʦʙʣʝʥʠʭ ʤʝʪʦʜʽʚ ʥʘ ʨʝʘʣʴʥʦʤʫ 

ʦʙʣʘʜʥʘʥʥʽ ʩʠʣʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ; 

¶ ʤʝʪʦʜʠ ʪʝʦʨʽʾ ʥʘʜʽʡʥʦʩʪʽ ʪʘ ʪʝʦʨʽʾ ʤʘʨʢʦʚʩʴʢʠʭ ʚʠʧʘʜʢʦʚʠʭ ʧʨʦʮʝʩʽʚ. 

ʅʘʫʢʦʚʘ ʥʦʚʠʟʥʘ ʦʜʝʨʞʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. ʅʘ ʦʩʥʦʚʽ ʧʨʦʚʝʜʝʥʠʭ ʪʝʦʨʝʪʠʯʥʠʭ 

ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʫ ʜʠʩʝʨʪʘʮʽʡʥʽʡ ʨʦʙʦʪʽ ʨʦʟʚô̫ ʟʘʥʦ ʚʘʞʣʠʚʫ 

ʥʘʫʢʦʚʦ-ʧʨʠʢʣʘʜʥʫ ʟʘʜʘʯʫ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʦʥʣʘʡʥ-ʚʠʷʚʣʝʥʥʷ ʪʘ 

ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʚʽʜʤʦʚ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ. ʋ ʤʝʞʘʭ ʚʠʢʦʥʘʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʦʪʨʠʤʘʥʦ ʪʘʢʽ 

ʥʦʚʽ ʥʘʫʢʦʚʽ ʨʝʟʫʣʴʪʘʪʠ: 

1. ɺʧʝʨʰʝ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʽʥʪʝʛʨʦʚʘʥʠʡ ʤʝʪʦʜ ʦʥʣʘʡʥ-ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ ʥʘ ʦʩʥʦʚʽ ʮʠʬʨʦʚʦʛʦ 

ʜʚʽʡʥʠʢʘ, ʷʢʠʡ, ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʽʩʥʫʶʯʠʭ, ʧʦʻʜʥʫʻ ʢʘʣʽʙʨʫʚʘʥʥʷ ʮʠʬʨʦʚʦʛʦ 

ʜʚʽʡʥʠʢʘ ʧʽʜ ʢʦʥʢʨʝʪʥʠʡ ʝʢʟʝʤʧʣʷʨ ʧʨʠʩʪʨʦʶ, ʚʝʢʪʦʨʥʝ ʧʦʨʽʚʥʷʥʥʷ 

ʟʦʚʥʽʰʥʽʭ ʩʠʛʥʘʣʽʚ ʧʨʘʮʶʶʯʦʛʦ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʟ ʝʪʘʣʦʥʥʠʤʠ ʜʘʥʠʤʠ 

ʜʚʽʡʥʠʢʘ ʪʘ ʪʘʙʣʠʮʶ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʤʽʞ ʚʝʢʪʦʨʥʦʶ ʨʽʟʥʠʮʝʶ ʽ ʩʪʫʧʝʥʝʤ 

ʥʝʩʧʨʘʚʥʦʩʪʽ/ʜʝʛʨʘʜʘʮʽʾ ʝʣʝʤʝʥʪʽʚ ʧʝʨʝʪʚʦʨʶʚʘʯʘ, ʱʦ ʜʦʟʚʦʣʷʻ 

ʣʦʢʘʣʽʟʫʚʘʪʠ ʧʨʠʯʠʥʫ ʚʽʜʤʦʚʠ ʙʝʟ ʚʠʤʽʨʶʚʘʥʴ ʧʘʨʘʤʝʪʨʽʚ ʦʢʨʝʤʠʭ 

ʝʣʝʤʝʥʪʽʚ. 

2. ʆʪʨʠʤʘʣʠ ʧʦʜʘʣʴʰʠʡ ʨʦʟʚʠʪʦʢ ʤʝʪʦʜʠ ʢʘʣʽʙʨʫʚʘʥʥʷ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ 
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ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ ʥʘ ʦʩʥʦʚʽ ʛʝʥʝʪʠʯʥʠʭ ʘʣʛʦʨʠʪʤʽʚ, ʷʢʽ, ʥʘ 

ʚʽʜʤʽʥʫ ʚʽʜ ʽʩʥʫʶʯʠʭ, ʚʠʟʥʘʯʘʶʪʴ ʝʪʘʣʦʥʥʠʡ ʩʠʛʥʘʣ ʜʣʷ ʢʘʣʽʙʨʫʚʘʥʥʷ ʟʘ 

ʢʨʠʪʝʨʽʻʤ ʨʽʚʥʦʚʽʜʜʘʣʝʥʦʩʪʽ ʡʦʛʦ ʧʦʢʘʟʥʠʢʽʚ ʚʽʜ ʛʨʘʥʠʯʥʠʭ ʟʥʘʯʝʥʴ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʚʠʙʽʨʢʠ, ʱʦ ʜʘʣʦ ʟʤʦʛʫ ʫʟʛʦʜʠʪʠ ʮʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ ʽʟ 

ʢʦʥʢʨʝʪʥʠʤ ʝʢʟʝʤʧʣʷʨʦʤ ʬʽʟʠʯʥʦʛʦ ʦʙô̒ ʢʪʘ ʪʘ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʠʢʦʨʠʩʪʘʪʠ 

ʩʠʤʝʪʨʠʯʥʽ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜʢʘʣʽʙʨʦʚʘʥʦʾ ʤʦʜʝʣʽ ʚʽʜ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ 

ʜʘʥʠʭ ʷʢ ʧʦʯʘʪʢʦʚʽ ʧʦʨʦʛʠ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ. 

3. ʆʪʨʠʤʘʣʠ ʧʦʜʘʣʴʰʠʡ ʨʦʟʚʠʪʦʢ ʪʝʭʥʦʣʦʛʽʯʥʽ ʧʽʜʭʦʜʠ ʜʦ ʬʦʨʤʫʚʘʥʥʷ 

ʘʨʭʽʪʝʢʪʫʨʠ  ʜʠʩʪʘʥʮʽʡʥʠʭ ʽʥʞʝʥʝʨʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ ʰʣʷʭʦʤ ʨʦʟʨʦʙʣʝʥʥʷ 

ʤʝʪʦʜʫ ʙʘʛʘʪʦʢʨʠʪʝʨʽʘʣʴʥʦʛʦ ʧʦʨʽʚʥʷʣʴʥʦʛʦ ʘʥʘʣʽʟʫ ʟʘ ʩʠʩʪʝʤʦʶ ʟʚʘʞʝʥʠʭ 

ʢʨʠʪʝʨʽʾʚ, ʟʦʢʨʝʤʘ ʤʦʞʣʠʚʦʩʪʽ ʽʥʪʝʛʨʘʮʽʾ, ʰʚʠʜʢʦʜʽʾ ʪʘ ʧʨʦʩʪʦʪʠ 

ʢʦʥʬʽʛʫʨʘʮʽʾ. ʎʝ ʩʪʚʦʨʶʻ ʧʽʜˇʨʫʥʪʷ ʜʣʷ ʥʘʫʢʦʚʦ ʘʨʛʫʤʝʥʪʦʚʘʥʦʛʦ ʚʠʙʦʨʫ 

ʘʨʭʽʪʝʢʪʫʨʠ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʩʠʩʪʝʤ, ʦʨʽʻʥʪʦʚʘʥʠʭ ʥʘ ʨʦʙʦʪʫ ʟ ʮʠʬʨʦʚʠʤʠ 

ʜʚʽʡʥʠʢʘʤʠ ʝʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ. 

ʇʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʦʜʝʨʞʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. ʆʪʨʠʤʘʥʽ ʥʘʫʢʦʚʽ ʨʝʟʫʣʴʪʘʪʠ 

ʫʪʚʦʨʶʶʪʴ ʥʦʚʫ ʽʥʬʦʨʤʘʮʽʡʥʫ ʪʝʭʥʦʣʦʛʽʶ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʚʽʜʤʦʚ ʫ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʧʝʨʝʪʚʦʨʶʚʘʯʘʭ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ ʥʘ ʦʩʥʦʚʽ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ, 

ʷʢʘ ʢʦʤʧʣʝʢʩʥʦ ʟʘʙʝʟʧʝʯʫʻ ʢʘʣʽʙʨʫʚʘʥʥʷ ʝʪʘʣʦʥʥʦʾ ʤʦʜʝʣʽ ʧʽʜ ʢʦʥʢʨʝʪʥʠʡ ʝʢʟʝʤʧʣʷʨ 

ʧʨʠʩʪʨʦʶ ʟʘ ʤʝʪʘʝʚʨʠʩʪʠʯʥʦ ʽʜʝʥʪʠʬʽʢʦʚʘʥʠʤʠ ʧʘʨʘʟʠʪʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʟ 

ʘʚʪʦʤʘʪʠʯʥʠʤ ʬʦʨʤʫʚʘʥʥʷʤ ʧʦʯʘʪʢʦʚʠʭ ʧʦʨʦʛʽʚ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ, ʘʚʪʦʤʘʪʠʟʦʚʘʥʝ 

ʥʝʽʥʚʘʟʠʚʥʝ ʚʠʷʚʣʝʥʥʷ ʪʘ ʣʦʢʘʣʽʟʘʮʽʶ ʧʘʨʘʤʝʪʨʠʯʥʠʭ ʥʝʩʧʨʘʚʥʦʩʪʝʡ ʢʦʤʧʦʥʝʥʪʽʚ 

ʰʣʷʭʦʤ ʘʥʘʣʽʟʫ ʚʽʜʭʠʣʝʥʴ ʚʠʭʽʜʥʠʭ ʩʠʛʥʘʣʽʚ, ʘ ʪʘʢʦʞ ʦʙˇʨʫʥʪʦʚʘʥʠʡ 

ʙʘʛʘʪʦʢʨʠʪʝʨʽʘʣʴʥʠʡ ʚʠʙʽʨ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʣʘʪʬʦʨʤ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ ʪʘ 

ʾʭʥʴʦʛʦ ʙʝʢʝʥʜʫ ʜʣʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʚʘʣʽʜʘʮʽʾ. ɿʘʧʨʦʧʦʥʦʚʘʥʘ ʽʥʬʦʨʤʘʮʽʡʥʘ 

ʪʝʭʥʦʣʦʛʽʷ ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʘ ʜʣʷ ʧʦʙʫʜʦʚʠ ʩʠʩʪʝʤ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʾ ʜʽʘʛʥʦʩʪʠʢʠ 

ʪʘ ʧʨʦʘʢʪʠʚʥʦʛʦ (ʘ ʚ ʧʝʨʩʧʝʢʪʠʚʽ ï ʧʨʝʜʠʢʪʠʚʥʦʛʦ) ʪʝʭʥʽʯʥʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ 

ʧʨʠʩʪʨʦʾʚ ʩʠʣʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ ʙʝʟ ʧʦʪʨʝʙʠ ʧʨʷʤʦʛʦ ʬʽʟʠʯʥʦʛʦ ʜʦʩʪʫʧʫ ʜʦ ʾʭʥʽʭ 

ʚʥʫʪʨʽʰʥʽʭ ʝʣʝʤʝʥʪʽʚ. ʈʦʟʨʦʙʣʝʥʽ ʤʝʪʦʜʠ, ʘʣʛʦʨʠʪʤʠ ʪʘ ʧʨʦʛʨʘʤʥʦ-ʘʧʘʨʘʪʥʽ ʟʘʩʦʙʠ 

ʪʘʢʦʞ ʤʦʞʫʪʴ ʩʪʘʪʠ ʦʩʥʦʚʦʶ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʢʦʤʧʣʝʢʩʥʠʭ ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʩʠʩʪʝʤ 

ʩʢʣʘʜʥʦʛʦ ʢʽʙʝʨʬʽʟʠʯʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʪʘ ʙʘʟʦʚʦʾ ʘʨʭʽʪʝʢʪʫʨʠ ʚʽʜʜʘʣʝʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ 
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ʝʣʝʢʪʨʦʥʥʦʛʦ ʩʧʨʷʤʫʚʘʥʥʷ.  

ʈʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʡʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʨʦʚʘʜʞʝʥʽ: 

¶ ɺ ʨʘʤʢʘʭ ʨʝʘʣʽʟʘʮʽʾ ʤʽʞʥʘʨʦʜʥʦʛʦ ʥʘʫʢʦʚʦʛʦ ʧʨʦʻʢʪʫ  çLab Discovery 

Engine» ï ʩʫʙ-ʛʨʘʥʪʫ ʧʨʦʻʢʪʫ NGI Search ʚʽʜ ʧʨʦʛʨʘʤʠ Horizon Europe 

HORIZON-CL4-2021-HUMAN-01, ʥʦʤʝʨ ʧʨʦʻʢʪʫ: 101069364 (ɼʦʜʘʪʦʢ ɸ); 

¶ ɺ ʨʘʤʢʘʭ ʨʝʘʣʽʟʘʮʽʾ ʤʽʞʥʘʨʦʜʥʦʛʦ ʥʘʫʢʦʚʦʛʦ ʧʨʦʻʢʪʫ çʎʠʬʨʦʚʘ 

ʪʨʘʥʩʬʦʨʤʘʮʽʷ ʦʩʚʽʪʥʴʦʛʦ ʧʨʦʮʝʩʫ ɿɺʆ ʚ ʋʢʨʘʾʥʽ ʪʘ ʄʦʣʜʦʚʽ ʜʣʷ ʩʪʘʣʦʛʦ 

ʩʧʽʚʨʦʙʽʪʥʠʮʪʚʘ ʟ ʧʽʜʧʨʠʻʤʩʪʚʘʤʠè ʚ ʨʘʤʢʘʭ ʧʨʦʛʨʘʤʠ ERASMUS+ 

çʈʦʟʚʠʪʦʢ ʧʦʪʝʥʮʽʘʣʫ ʚʠʱʦʾ ʦʩʚʽʪʠè, ʽʜʝʥʪʠʬʽʢʘʪʦʨ ʧʨʦʻʢʪʫ: 01127683-

DIGITRANS-ERASMUS-EDU-2023-CBHE (ɼʦʜʘʪʦʢ ɸ). 

¶ ʋ ʥʘʚʯʘʣʴʥʦʤʫ ʧʨʦʮʝʩʽ ʅʋ çʏʝʨʥʽʛʽʚʩʴʢʘ ʧʦʣʽʪʝʭʥʽʢʘè ʧʨʠ ʧʨʦʚʝʜʝʥʥʽ 

ʣʝʢʮʽʡ ʪʘ ʣʘʙʦʨʘʪʦʨʥʠʭ ʨʦʙʽʪ ʟ ʜʠʩʮʠʧʣʽʥ çʄʽʢʨʦʧʨʦʮʝʩʦʨʥʽ ʩʠʩʪʝʤʠè ʪʘ 

«ɼʞʝʨʝʣʘ ʞʠʚʣʝʥʥʷ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷè ʚ ʧʨʦʮʝʩʽ ʥʘʚʯʘʥʥʷ 

ʙʘʢʘʣʘʚʨʽʚ ʩʧʝʮʽʘʣʴʥʦʩʪʽ 172 ï çɽʣʝʢʪʨʦʥʥʽ ʢʦʤʫʥʽʢʘʮʽʾ ʪʘ ʨʘʜʽʦʪʝʭʥʽʢʘè 

(ɼʦʜʘʪʦʢ ɸ) 

ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ. ʋʩʽ ʥʘʫʢʦʚʽ ʨʝʟʫʣʴʪʘʪʠ, ʚʠʢʣʘʜʝʥʽ ʚ 

ʜʠʩʝʨʪʘʮʽʡʥʽʡ ʨʦʙʦʪʽ ʽ ʷʢʽ ʚʠʥʦʩʷʪʴʩʷ ʜʦ ʟʘʭʠʩʪʫ, ʦʪʨʠʤʘʥʽ ʘʚʪʦʨʦʤ ʩʘʤʦʩʪʽʡʥʦ. ɺ 

ʥʘʫʢʦʚʠʭ ʨʦʙʦʪʘʭ, ʦʧʫʙʣʽʢʦʚʘʥʠʭ ʫ ʩʧʽʚʘʚʪʦʨʩʪʚʽ, ʚ ʜʠʩʝʨʪʘʮʽ ʾʚʠʢʦʨʠʩʪʘʥʽ ʣʠʰʝ ʪʽ 

ʽʜʝʾ ʪʘ ʧʦʣʦʞʝʥʥʷ, ʱʦ ʻ ʨʝʟʫʣʴʪʘʪʦʤ ʦʩʦʙʠʩʪʦ ʾʨʦʙʦʪʠ ʘʚʪʦʨʘ. 

ɸʧʨʦʙʘʮʽʷ ʨʝʟʫʣʴʪʘʪʽʚ ʜʠʩʝʨʪʘʮʽʾ. ʆʩʥʦʚʥʽ ʧʦʣʦʞʝʥʥʷ ʪʘ ʨʝʟʫʣʴʪʘʪʠ 

ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ ʜʦʧʦʚʽʜʘʣʠʩʷ ʪʘ ʦʙʛʦʚʦʨʶʚʘʣʠʩʷ ʥʘ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʠʭ 

ʢʦʥʬʝʨʝʥʮʽʷʭ ʽ ʩʝʤʽʥʘʨʘʭ, ʟʦʢʨʝʤʘ: 

1. ɺʩʝʫʢʨʘʾʥʩʴʢʘ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʘ ʢʦʥʬʝʨʝʥʮʽʷ ʩʪʫʜʝʥʪʽʚ, ʘʩʧʽʨʘʥʪʽʚ ʪʘ 

ʤʦʣʦʜʠʭ ʫʯʝʥʠʭ «ʅʦʚʽʪʥʽ ʪʝʭʥʦʣʦʛʽʾ ʫ ʥʘʫʢʦʚʽʡ ʜʽʷʣʴʥʦʩʪʽ ʽ ʥʘʚʯʘʣʴʥʦʤʫ 

ʧʨʦʮʝʩʽ» (ʤ.ʏʝʨʥʽʛʽʚ, ʋʢʨʘʾʥʘ, 19-20 ʢʚʽʪʥʷ 2023 ʨ.) 

2. V International Scientific and Practical Conference «Theoretical and 

Applied Aspects of Device Development on Microcontrollers and FPGAs» 

MC&FPGA-2023 (Kharkiv, Ukraine, June 22-23, 2023) 

3. V ʄʽʞʥʘʨʦʜʥʘ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʘ ʢʦʥʬʝʨʝʥʮʽʷ «ʅʦʚʽʪʥʽ ʪʝʭʥʦʣʦʛʽʾ 

ʩʫʯʘʩʥʦʛʦ ʩʫʩʧʽʣʴʩʪʚʘ ʅʊʉʉ-2024» (ʤ. ʏʝʨʥʽʛʽʚ, ʋʢʨʘʾʥʘ, 12 ʛʨʫʜʥʷ 2024 
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ʨ.) 

4. ʍɯV ʄʽʞʥʘʨʦʜʥʘ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʘ ʢʦʥʬʝʨʝʥʮʽʷ ʩʪʫʜʝʥʪʽʚ, ʘʩʧʽʨʘʥʪʽʚ ʽ 

ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ «ʖʅɯʉʊʔ ʅɸʋʂʀ ï 2024» (ʤ.ʏʝʨʥʽʛʽʚ, ʋʢʨʘʾʥʘ, 24-26 

ʢʚʽʪʥʷ 2024 ʨ.) 

5. 2025 IEEE 35th Australasian Universities Power Engineering Conference 

(AUPEC) 

ʇʫʙʣʽʢʘʮʽʾ. ʆʩʥʦʚʥʽ ʧʦʣʦʞʝʥʥʷ ʪʘ ʨʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʡʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ 

ʚʽʜʦʙʨʘʞʝʥʦ ʫ 11 ʥʘʫʢʦʚʠʭ ʧʨʘʮʷʭ, ʽʟ ʥʠʭ 5 ʩʪʘʪʝʡ ʫ ʬʘʭʦʚʠʭ ʥʘʫʢʦʚʠʭ ʚʠʜʘʥʥʷʭ 

ʋʢʨʘʾʥʠ ʟ ʪʝʭʥʽʯʥʠʭ ʥʘʫʢ ʢʘʪʝʛʦʨʽʾ «ɹ», ʘ 1 ʚʢʣʶʯʝʥʘ ʜʦ ʤʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʤʝʪʨʠʯʥʦʾ 

ʙʘʟʠ Scopus; 5 ʧʫʙʣʽʢʘʮʽʡ ʫ ʟʙʽʨʥʠʢʘʭ ʤʘʪʝʨʽʘʣʽʚ ʥʘʫʢʦʚʠʭ ʢʦʥʬʝʨʝʥʮʽʡ ʨʽʟʥʦʛʦ ʨʽʚʥʷ, 

1 ʟ ʷʢʠʭ ʚʢʣʶʯʝʥʘ ʜʦ ʤʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʤʝʪʨʠʯʥʦʾ ʙʘʟʠ Scopus. 

ʉʪʨʫʢʪʫʨʘ ʽ ʦʙʩʷʛ ʜʠʩʝʨʪʘʮʽʾ. ɼʠʩʝʨʪʘʮʽʡʥʘ ʨʦʙʦʪʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟʽ ʚʩʪʫʧʫ, 5 

ʨʦʟʜʽʣʽʚ ʟ ʚʠʩʥʦʚʢʘʤʠ, ʚʠʩʥʦʚʢʽʚ, ʧʝʨʝʣʽʢʫ ʫʤʦʚʥʠʭ ʧʦʟʥʘʯʝʥʴ, ʧʝʨʝʣʽʢʫ ʧʦʩʠʣʘʥʴ ʟ 

156 ʜʞʝʨʝʣ ʪʘ 6 ʜʦʜʘʪʢʽʚ. ɿʘʛʘʣʴʥʠʡ ʦʙʩʷʛ ʨʦʙʦʪʠ ʩʪʘʥʦʚʠʪʴ 234 ʩʪʦʨʽʥʦʢ, ʟ ʷʢʠʭ ʟʤʽʩʪ 

ʥʘ 3 ʩʪʦʨʽʥʢʘʭ, ʚʩʪʫʧ ʥʘ 8 ʩʪʦʨʽʥʢʘʭ, ʧʝʨʝʣʽʢ ʫʤʦʚʥʠʭ ʧʦʟʥʘʯʝʥʴ ʥʘ 4 ʩʪʦʨʽʥʢʘʭ, 

ʦʩʥʦʚʥʠʡ ʪʝʢʩʪ ʥʘ 169 ʩʪʦʨʽʥʢʘʭ, ʩʧʠʩʦʢ ʚʠʢʦʨʠʩʪʘʥʠʭ ʜʞʝʨʝʣ ʟ 156 ʥʘʡʤʝʥʫʚʘʥʴ ʥʘ 

20 ʩʪʦʨʽʥʢʘʭ, 6 ʜʦʜʘʪʢʽʚ ʥʘ 26 ʩʪʦʨʽʥʢʘʭ. ʈʦʙʦʪʘ ʤʽʩʪʠʪʴ 39 ʨʠʩʫʥʢʽʚ (ʪʘʢʦʞ 3 ʫ 

ʜʦʜʘʪʢʘʭ) ʪʘ 18 ʪʘʙʣʠʮʴ (ʪʘʢʦʞ 25 ʫ ʜʦʜʘʪʢʘʭ). 

ɼʝʢʣʘʨʘʮʽʷ ʧʨʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʐɯ. ʇʽʜ ʯʘʩ ʧʽʜʛʦʪʦʚʢʠ ʨʦʙʦʪʠ ʘʚʪʦʨ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʚ Claude Opus ʜʣʷ ʧʦʰʫʢʫ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʞʝʨʝʣ ʟ ʚʽʜʢʨʠʪʠʤ 

ʜʦʩʪʫʧʦʤ, ʥʘʧʠʩʘʥʥʷ ʢʦʜʫ ʤʦʚʦʶ ʧʨʦʛʨʘʤʫʚʘʥʥʷ Python ʜʣʷ ʛʝʥʝʨʘʮʽʾ ʛʨʘʬʽʢʽʚ ʟ 

ʥʘʷʚʥʠʭ ʜʘʥʠʭ, ʘ ʪʘʢʦʞ ʬʦʨʤʫʚʘʥʥʷ ʧʝʨʝʣʽʢʫ ʫʤʦʚʥʠʭ ʧʦʟʥʘʯʝʥʴ. ʇʽʩʣʷ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʮʠʭ ʽʥʩʪʨʫʤʝʥʪʽʚ ʘʚʪʦʨʦʤ ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʨʝʪʝʣʴʥʠʡ ʧʝʨʝʛʣʷʜ 

ʨʝʟʫʣʴʪʘʪʽʚ ʪʘ ʚʥʝʩʝʥʥʷ ʥʝʦʙʭʽʜʥʠʭ ʟʤʽʥ, ʙʝʨʫʯʠ ʥʘ ʩʝʙʝ ʧʦʚʥʫ ʚʽʜʧʦʚʽʜʘʣʴʥʽʩʪʴ 

ʟʘ ʦʩʪʘʪʦʯʥʠʡ ʟʤʽʩʪ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ. 
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ʈʆɿɼɯʃ 1. ʆʛʣʷʜʦʚʠʡ ʨʦʟʜʽʣ 

1.1 ʉʫʯʘʩʥʽ ʧʽʜʭʦʜʠ ʜʦ ʜʽʘʛʥʦʩʪʠʢʠ ʝʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ  

ʉʫʯʘʩʥʝ ʧʨʦʤʠʩʣʦʚʝ ʪʘ ʝʣʝʢʪʨʦʥʥʝ ʦʙʣʘʜʥʘʥʥʷ ʷʚʣʷʻ ʩʦʙʦʶ ʩʢʣʘʜʥʽ ʪʝʭʥʽʯʥʽ 

ʩʠʩʪʝʤʠ, ʱʦ ʤʽʩʪʷʪʴ ʚʽʜ ʜʝʩʷʪʢʽʚ ʜʦ ʪʠʩʷʯ ʚʟʘʻʤʦʧʦʚô̫ ʟʘʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ: 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʝʣʝʤʝʥʪʽʚ, ʧʘʩʠʚʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ, ʤʝʭʘʥʽʯʥʠʭ ʚʫʟʣʽʚ, ʩʝʥʩʦʨʽʚ ʪʘ 

ʤʦʜʫʣʽʚ ʟʚô̫ ʟʢʫ. ʌʫʥʢʮʽʦʥʫʚʘʥʥʷ ʪʘʢʦʾ ʩʠʩʪʝʤʠ ʷʢ ʻʜʠʥʦʛʦ ʮʽʣʦʛʦ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ 

ʟʣʘʛʦʜʞʝʥʦʶ ʨʦʙʦʪʦʶ ʢʦʞʥʦʛʦ ʟ ʮʠʭ ʝʣʝʤʝʥʪʽʚ. ɺʦʜʥʦʯʘʩ ʟʙʽʣʴʰʝʥʥʷ ʢʽʣʴʢʦʩʪʽ 

ʢʦʤʧʦʥʝʥʪʽʚ ʟʘʢʦʥʦʤʽʨʥʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʥʠʞʝʥʥʷ ʟʘʛʘʣʴʥʦʾ ʥʘʜʽʡʥʦʩʪʽ ʩʠʩʪʝʤʠ. 

ɺʽʜʧʦʚʽʜʥʦ ʜʦ ʦʩʥʦʚʥʠʭ ʧʦʣʦʞʝʥʴ ʪʝʦʨʽʾ ʥʘʜʽʡʥʦʩʪʽ, ʜʣʷ ʩʠʩʪʝʤʠ, ʱʦ 

ʩʢʣʘʜʘʻʪʴʩʷ ʟ n ʢʦʤʧʦʥʝʥʪʽʚ, ʟô̒ ʜʥʘʥʠʭ ʧʦʩʣʽʜʦʚʥʦ ʟʘ ʥʘʜʽʡʥʽʩʪʶ, ʬʫʥʢʮʽʷ ʥʘʜʽʡʥʦʩʪʽ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʷʢ:  

 Ὑ ὸ БὙ ὸ БὩ Ὡ  (1.1) 

ʜʝ Ri(t) ï ʬʫʥʢʮʽʷ ʥʘʜʽʡʥʦʩʪʽ i-ʛʦ ʢʦʤʧʦʥʝʥʪʘ, ɚi ï ʡʦʛʦ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʚʽʜʤʦʚ, ɚɆ 

= Ɇɚi ï ʩʫʤʘʨʥʘ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʚʽʜʤʦʚ ʩʠʩʪʝʤʠ.  

ʉʝʨʝʜʥʽʡ ʯʘʩ ʥʘʧʨʘʮʶʚʘʥʥʷ ʜʦ ʧʝʨʰʦʾ ʚʽʜʤʦʚʠ (MTTF) ʩʠʩʪʝʤʠ ʧʨʠ ʮʴʦʤʫ 

ʩʪʘʥʦʚʠʪʴ:  

 -44&  . (1.2) 

ɿ ʥʘʚʝʜʝʥʠʭ ʚʠʨʘʟʽʚ ʚʠʧʣʠʚʘʻ ʧʨʠʥʮʠʧʦʚʠʡ ʚʠʩʥʦʚʦʢ: ʟʽ ʟʨʦʩʪʘʥʥʷʤ ʢʽʣʴʢʦʩʪʽ 

ʢʦʤʧʦʥʝʥʪʽʚ ʩʫʤʘʨʥʘ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʚʽʜʤʦʚ ʩʠʩʪʝʤʠ ʟʙʽʣʴʰʫʻʪʴʩʷ, ʘ ʾʾ ʥʘʜʽʡʥʽʩʪʴ ï 

ʟʥʠʞʫʻʪʴʩʷ. ʊʘʢ, ʥʘʚʽʪʴ ʷʢʱʦ ʢʦʞʝʥ ʟ 1000 ʢʦʤʧʦʥʝʥʪʽʚ ʤʘʻ ʥʘʜʽʡʥʽʩʪʴ R = 0.999 

ʧʨʦʪʷʛʦʤ ʟʘʜʘʥʦʛʦ ʽʥʪʝʨʚʘʣʫ ʯʘʩʫ, ʥʘʜʽʡʥʽʩʪʴ ʩʠʩʪʝʤʠ ʚ ʮʽʣʦʤʫ ʩʢʣʘʜʘʪʠʤʝ ʣʠʰʝ Rs å 

0.368. 

ɺʠʭʽʜ ʦʙʣʘʜʥʘʥʥʷ ʟ ʣʘʜʫ ʩʧʨʠʯʠʥʷʻ ʩʫʪʪʻʚʽ ʝʢʦʥʦʤʽʯʥʽ ʪʘ ʦʧʝʨʘʮʽʡʥʽ ʥʘʩʣʽʜʢʠ. 

ɿʘ ʦʮʽʥʢʘʤʠ ʝʢʩʧʝʨʪʽʚ ʱʝ ʚ 2020 ʨʦʮʽ, ʥʝʝʬʝʢʪʠʚʥʽ ʩʪʨʘʪʝʛʽʾ ʪʝʭʥʽʯʥʦʛʦ 

ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʚʪʨʘʪʠ ʚʽʜ 5% ʜʦ 20% ʚʠʨʦʙʥʠʯʦʾ ʧʦʪʫʞʥʦʩʪ,̔ ʘ 

ʥʝʟʘʧʣʘʥʦʚʘʥʽ ʧʨʦʩʪʦʾ ʢʦʰʪʫʶʪʴ ʧʨʦʤʠʩʣʦʚʠʤ ʚʠʨʦʙʥʠʢʘʤ ʧʦʥʘʜ 647 ʤʽʣʴʷʨʜʽʚ 

ʜʦʣʘʨʽʚ ʱʦʨʽʯʥʦ ʧʦ ʚʩʴʦʤʫ ʩʚʽʪʫ [1]. ɼʽʘʛʥʦʩʪʠʢʘ ʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ ʻ ʚʘʞʣʠʚʦʶ 

ʩʢʣʘʜʦʚʦʶ ʟʘʙʝʟʧʝʯʝʥʥʷ ʥʘʜʽʡʥʦʩʪʽ ʝʣʝʢʪʨʦʥʥʠʭ ʩʠʩʪʝʤ, ʦʩʢʽʣʴʢʠ ʩʚʦʻʯʘʩʥʝ 
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ʚʠʷʚʣʝʥʥʷ ʥʝʩʧʨʘʚʥʦʩʪʝʡ ʜʦʟʚʦʣʷʻ ʟʘʧʦʙʽʛʪʠ ʢʘʪʘʩʪʨʦʬʽʯʥʠʤ ʚʽʜʤʦʚʘʤ ʪʘ 

ʤʽʥʽʤʽʟʫʚʘʪʠ ʝʢʦʥʦʤʽʯʥʽ ʚʪʨʘʪʠ ʚʽʜ ʥʝʟʘʧʣʘʥʦʚʘʥʠʭ ʧʨʦʩʪʦʾʚ.  

ʋ ʢʨʠʪʠʯʥʠʭ ʟʘʩʪʦʩʫʚʘʥʥʷʭ, ʪʘʢʠʭ ʷʢ ʩʠʩʪʝʤʠ ʝʣʝʢʪʨʦʧʦʩʪʘʯʘʥʥʷ, ʤʝʜʠʯʥʝ 

ʦʙʣʘʜʥʘʥʥʷ, ʟʘʩʦʙʠ ʘʚʪʦʤʘʪʠʟʘʮʽʾ, ʥʘʩʣʽʜʢʠ ʥʝʩʧʨʘʚʥʦʩʪʝʡ ʚʠʭʦʜʷʪʴ ʜʘʣʝʢʦ ʟʘ ʤʝʞʽ 

ʬʽʥʘʥʩʦʚʠʭ ʚʪʨʘʪ ʪʘ ʤʦʞʫʪʴ ʩʪʘʥʦʚʠʪʠ ʟʘʛʨʦʟʫ ʜʣʷ ʙʝʟʧʝʢʠ ʣʶʜʩʴʢʦʛʦ ʞʠʪʪʷ. ʊʦʤʫ 

ʧʝʨʰʦʯʝʨʛʦʚʠʤ ʟʘʚʜʘʥʥʷʤ ʻ ʥʝ ʣʠʰʝ ʫʩʫʥʝʥʥʷ ʥʝʩʧʨʘʚʥʦʩʪʝʡ ʧʽʩʣʷ ʾʭ ʚʠʥʠʢʥʝʥʥʷ, 

ʘʣʝ ʡ ʟʘʚʯʘʩʥʝ ʚʠʷʚʣʝʥʥʷ ʦʟʥʘʢ ʜʝʛʨʘʜʘʮʽʾ ʢʦʤʧʦʥʝʥʪʽʚ ʜʦ ʥʘʩʪʘʥʥʷ ʢʘʪʘʩʪʨʦʬʽʯʥʦʾ 

ʚʽʜʤʦʚʠ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʦʪʨʠʤʘʚ ʥʘʟʚʫ ʧʨʝʜʠʢʪʠʚʥʦʛʦ ʪʝʭʥʽʯʥʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ 

(Predictive Maintenance). 

ɼʣʷ ʨʝʘʣʽʟʘʮʽʾ ʬʫʥʢʮʽʡ ʜʽʘʛʥʦʩʪʠʢʠ ʪʘ ʤʦʥʽʪʦʨʠʥʛʫ ʩʪʘʥʫ ʦʙʣʘʜʥʘʥʥʷ ʚ ʩʫʯʘʩʥʽʡ 

ʧʨʘʢʪʠʮʽ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʪʘʢʽ ʢʣʘʩʠ ʧʽʜʭʦʜʽʚ: 

¶ ʪʨʘʜʠʮʽʡʥʽ ʤʝʪʦʜʠ ʪʝʩʪʫʚʘʥʥʷ (ʚʙʫʜʦʚʘʥʝ ʩʘʤʦʪʝʩʪʫʚʘʥʥʷ, ʣʘʥʮʶʛʦʚʝ 

ʪʝʩʪʫʚʘʥʥʷ, ʚʥʫʪʨʽʰʥʴʦʩʭʝʤʥʝ ʪʝʩʪʫʚʘʥʥʷ); 

¶ ʤʝʪʦʜʠ ʥʘ ʦʩʥʦʚʽ ʩʠʛʥʘʪʫʨʥʦʛʦ ʘʥʘʣʽʟʫ ʪʘ ʦʙʨʦʙʢʠ ʩʠʛʥʘʣʽʚ; 

¶ ʤʝʪʦʜʠ ʥʘ ʦʩʥʦʚʽ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ ʪʘ ʥʝʡʨʦʥʥʠʭ ʤʝʨʝʞ; 

¶ ʤʝʪʦʜʠ ʥʘ ʦʩʥʦʚʽ ʬʽʟʠʯʥʠʭ ʪʘ ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʦʜʝʣʝʡ, ʟʦʢʨʝʤʘ ʮʠʬʨʦʚʠʭ 

ʜʚʽʡʥʠʢʽʚ. 

ʅʝʟʘʣʝʞʥʦ ʚʽʜ ʦʙʨʘʥʦʛʦ ʧʽʜʭʦʜʫ, ʦʩʥʦʚʦʶ ʙʫʜʴ-ʷʢʦʾ ʩʠʩʪʝʤʠ ʜʽʘʛʥʦʩʪʠʢʠ ʻ 

ʚʠʤʽʨʶʚʘʣʴʥʽ ʩʝʥʩʦʨʠ. ɺʦʥʠ ʧʝʨʝʪʚʦʨʶʶʪʴ ʬʽʟʠʯʥʽ ʚʝʣʠʯʠʥʠ (ʝʣʝʢʪʨʠʯʥʽ ʪʘ 

ʥʝʝʣʝʢʪʨʠʯʥʽ) ʫ ʩʠʛʥʘʣʠ, ʧʨʠʜʘʪʥʽ ʜʣʷ ʧʦʜʘʣʴʰʦʾ ʮʠʬʨʦʚʦʾ ʦʙʨʦʙʢʠ. ɼʣʷ ʦʙʣʘʜʥʘʥʥʷ 

ʩʠʣʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ ʪʠʧʦʚʠʤʠ ʚʠʤʽʨʶʚʘʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʻ ʥʘʧʨʫʛʘ, ʩʪʨʫʤ, 

ʪʝʤʧʝʨʘʪʫʨʘ ʢʦʤʧʦʥʝʥʪʽʚ, ʘ ʪʘʢʦʞ ʯʘʩʦʚʽ ʬʦʨʤʠ ʩʠʛʥʘʣʽʚ. ʉʠʩʪʝʤʘ ʟʙʦʨʫ ʪʘ ʦʙʨʦʙʢʠ 

ʮʠʭ ʩʠʛʥʘʣʽʚ ʫ ʩʫʢʫʧʥʦʩʪʽ ʟ ʜʽʘʛʥʦʩʪʠʯʥʠʤ ʘʣʛʦʨʠʪʤʦʤ ʫʪʚʦʨʶʻ ʟʘʤʢʥʝʥʠʡ ʢʦʥʪʫʨ 

ʦʮʽʥʢʠ ʩʪʘʥʫ ʦʙʣʘʜʥʘʥʥʷ, ʫʟʘʛʘʣʴʥʝʥʘ ʩʪʨʫʢʪʫʨʘ ʷʢʦʛʦ ʥʘʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʫ 1.1. 
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ʈʠʩ. 1.1. ʋʟʘʛʘʣʴʥʝʥʘ ʩʪʨʫʢʪʫʨʘ ʩʠʩʪʝʤʠ ʦʮʽʥʢʠ ʩʪʘʥʫ ʦʙʣʘʜʥʘʥʥʷ  

ɼʣʷ ʩʠʩʪʝʤ ʩʠʣʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ, ʟʦʢʨʝʤʘ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ, 

ʪʦʯʥʘ ʽʥʪʝʨʧʨʝʪʘʮʽʷ ʚʽʜʭʠʣʝʥʴ ʚʠʤʽʨʶʚʘʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʚʽʜ ʝʪʘʣʦʥʥʠʭ ʟʥʘʯʝʥʴ 

ʜʦʟʚʦʣʷʻ ʽʜʝʥʪʠʬʽʢʫʚʘʪʠ ʥʝʩʧʨʘʚʥʽ ʢʦʤʧʦʥʝʥʪʠ ʪʘ ʦʮʽʥʠʪʠ ʩʪʫʧʽʥʴ ʾʭ ʜʝʛʨʘʜʘʮʽʾ. 

ʈʦʟʨʦʙʢʘ ʝʬʝʢʪʠʚʥʠʭ ʤʝʪʦʜʽʚ ʪʘʢʦʾ ʽʥʪʝʨʧʨʝʪʘʮʽʾ ʧʦʪʨʝʙʫʻ ʛʣʠʙʦʢʦʛʦ ʨʦʟʫʤʽʥʥʷ 

ʥʘʷʚʥʠʭ ʧʽʜʭʦʜʽʚ, ʾʭʥʽʭ ʧʝʨʝʚʘʛ ʽ ʦʙʤʝʞʝʥʴ. ɿ ʦʛʣʷʜʫ ʥʘ ʮʝ, ʫ ʨʦʟʜʽʣʽ 1 ʧʨʦʚʦʜʠʪʴʩʷ 

ʩʠʩʪʝʤʘʪʠʯʥʠʡ ʘʥʘʣʽʟ ʩʫʯʘʩʥʦʛʦ ʩʪʘʥʫ ʤʝʪʦʜʽʚ ʜʽʘʛʥʦʩʪʠʢʠ ʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ 

(ʧʽʜʨʦʟʜʽʣ 1.1), ʪʝʭʥʦʣʦʛʽʡ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ ʷʢ ʽʥʩʪʨʫʤʝʥʪʫ ʜʽʘʛʥʦʩʪʠʢʠ (ʧʽʜʨʦʟʜʽʣ 

1.2) ʪʘ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ ʷʢ ʟʘʩʦʙʫ ʚʟʘʻʤʦʜʽʾ ʟ ʦʙʣʘʜʥʘʥʥʷʤ (ʧʽʜʨʦʟʜʽʣ 1.3). 

ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʘʥʘʣʽʟʫ ʬʦʨʤʫʣʶʶʪʴʩʷ ʥʝʚʠʨʽʰʝʥʽ ʥʘʫʢʦʚʽ ʧʨʦʙʣʝʤʠ ʪʘ 

ʦʙˇʨʫʥʪʦʚʫʶʪʴʩʷ ʥʘʧʨʷʤʢʠ ʜʠʩʝʨʪʘʮʽʡʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ. 

ɼʣʷ ʧʦʙʫʜʦʚʠ ʘʜʝʢʚʘʪʥʦʾ ʤʘʪʝʤʘʪʠʯʥʦʾ ʤʦʜʝʣʽ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ, ʟʜʘʪʥʦʾ 

ʽʜʝʥʪʠʬʽʢʫʚʘʪʠ ʘʥʦʤʘʣʽʾ ʚ ʨʦʙʦʪʽ ʦʙʣʘʜʥʘʥʥʷ, ʧʝʨʰʦʯʝʨʛʦʚʠʤ ʟʘʚʜʘʥʥʷʤ ʻ 

ʢʣʘʩʠʬʽʢʘʮʽʷ ʢʨʠʪʠʯʥʠʭ ʜʝʬʝʢʪʽʚ. ʅʠʞʯʝ ʥʘʚʝʜʝʥʦ ʘʥʘʣʽʟ ʦʩʥʦʚʥʠʭ ʪʠʧʽʚ 

ʥʝʩʧʨʘʚʥʦʩʪʝʡ, ʷʢʽ ʚʠʥʠʢʘʶʪʴ ʫ ʚʫʟʣʘʭ ʩʠʣʦʚʦʾ ʧʝʨʝʪʚʦʨʶʚʘʣʴʥʦʾ ʪʝʭʥʽʢʠ ʚ ʧʨʦʮʝʩʽ 

ʝʢʩʧʣʫʘʪʘʮʽʾ. 

1.1.1 ʆʩʥʦʚʥʽ ʪʠʧʠ ʥʝʩʧʨʘʚʥʦʩʪʝʡ ʚ ʩʠʣʦʚʽʡ ʝʣʝʢʪʨʦʥʽʮʽ 

 ʋ ʩʠʣʦʚʠʭ ʧʝʨʝʪʚʦʨʶʚʘʯʘʭ ʥʘʜʽʡʥʽʩʪʴ ʟʘʣʝʞʠʪʴ ʚʽʜ ʦʢʨʝʤʠʭ ʢʦʤʧʦʥʝʥʪʽʚ. 

ʅʘʡʩʣʘʙʰʦʶ ʣʘʥʢʦʶ ʻ ʩʠʣʦʚʽ ʢʣʶʯʽ, ʷʢʽ ʻ ʥʘʡʙʽʣʴʰ ʚʨʘʟʣʠʚʠʤʠ ʜʦ ʧʦʣʦʤʦʢ. ʇʘʩʠʚʥʽ 

ʢʦʤʧʦʥʝʥʪʠ (ʢʦʥʜʝʥʩʘʪʦʨʠ, ʨʝʟʠʩʪʦʨʠ), ʚ ʩʚʦʶ ʯʝʨʛʫ, ʧʽʜʜʘʶʪʴʩʷ ʬʽʟʠʯʥʦʤʫ 

ʩʪʘʨʽʥʥʶ, ʱʦ ʧʦʩʪʫʧʦʚʦ ʧʦʛʽʨʰʫʻ ʾʭ ʨʦʙʦʪʫ. 

ʅʘʡʪʠʧʦʚʽʰʠʤʠ ʚʽʜʤʦʚʘʤʠ ʩʠʣʦʚʠʭ ʢʣʶʯʽʚ (MOSFET/IGBT) ʫ 

ʧʝʨʝʪʚʦʨʶʚʘʯʘʭ  ʻ ʢʦʨʦʪʢʝ ʟʘʤʠʢʘʥʥʷ (short-circuit) ʪʘ ʦʙʨʠʚ ʢʦʣʘ (open-circuit).  ɰʭ 

ɸʧʘʨʘʪʥʝ 

ʟʘʙʝʟʧʝʯʝʥʥʷ
ʉʝʥʩʦʨʠɿʙʽʨ ʜʘʥʠʭʆʙʨʦʙʢʘʈʝʟʫʣʴʪʘʪ

ɺʠʩʥʦʚʦʢ 

ʧʨʦ 

ʥʝʩʧʨʘʚʥʽʩ

ʪʴ
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ʯʘʩʪʦ ʨʦʟʛʣʷʜʘʶʪʴ ʷʢ ʙʘʟʦʚʽ «ʬʫʥʢʮʽʦʥʘʣʴʥʽ ʤʦʜʝʣʽ» ʚʽʜʤʦʚ ʫ ʜʽʘʛʥʦʩʪʠʮʽ. ʂʦʨʦʪʢʝ 

ʟʘʤʠʢʘʥʥʷ ʟʘʟʚʠʯʘʡ ʚʽʜʥʦʩʷʪʴ ʜʦ ʢʨʠʪʠʯʥʠʭ ʩʮʝʥʘʨʽʾʚ, ʦʩʢʽʣʴʢʠ ʚʦʥʦ ʤʦʞʝ 

ʩʧʨʠʯʠʥʠʪʠ ʢʘʪʘʩʪʨʦʬʽʯʥʠʡ ʨʦʟʚʠʪʦʢ ʧʦʜʽʡ (ʩʪʨʫʤ ʯʝʨʝʟ ʧʣʝʯʝ ʽʥʚʝʨʪʦʨʘ/ʢʣʶʯʽ, 

ʧʨʦʙʽʡ, ʪʝʧʣʦʚʠʡ ʨʦʟʛʽʥ), ʽ ʪʦʤʫ ʚʠʤʘʛʘʻ ʰʚʠʜʢʦʛʦ ʨʝʘʛʫʚʘʥʥʷ ʜʣʷ ʟʘʭʠʩʪʫ ʩʭʝʤʠ. ʇʨʠ 

ʦʙʨʠʚʘʭ ʧʝʨʝʪʚʦʨʶʚʘʯ «ʚʪʨʘʯʘʻ» ʦʜʠʥ ʟʽ ʩʪʘʥʽʚ. ʅʘʧʨʠʢʣʘʜ, ʚ ʧʽʜʚʠʱʫʶʯʦʤʫ 

ʧʝʨʝʪʚʦʨʶʚʘʯʽ, ʧʨʠ ʧʘʩʠʚʥʦʤʫ ʥʘʚʘʥʪʘʞʝʥʥʽ, ʦʙʨʠʚ ʦʩʥʦʚʥʦʛʦ ʢʣʶʯʘ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʚʩʪʘʥʦʚʣʝʥʥʷ ʥʘ ʚʠʭʦʜʽ ʥʘʧʨʫʛʠ, ʧʨʠʙʣʠʟʥʦ ʨʽʚʥʽʡ ʚʭʽʜʥʽʡ, ʱʦ ʥʝ ʻ ʤʠʪʪʻʚʦ 

ʢʘʪʘʩʪʨʦʬʽʯʥʠʤ (ʭʦʯʘ ʽ, ʚʦʯʝʚʠʜʴ, ʨʦʙʠʪʴ ʧʨʠʩʪʨʽʡ ʥʝʧʨʘʮʶʶʯʠʤ), ʘʣʝ ʤʦʞʝ 

ʧʨʠʟʚʝʩʪʠ ʜʦ ʚʪʦʨʠʥʥʠʭ ʧʦʰʢʦʜʞʝʥʴ, ʷʢʱʦ ʙʫʜʝ ʥʝʧʦʤʽʯʝʥʠʤ. [2, 3] 

ɼʣʷ ʚʠʭʽʜʥʠʭ ʢʦʥʜʝʥʩʘʪʦʨʽʚ ʥʘʡʙʽʣʴʰ ʪʠʧʦʚʠʤ ʻ ʩʪʘʨʽʥʥʷ ʝʣʝʢʪʨʦʣʽʪʠʯʥʠʭ 

ʢʦʥʜʝʥʩʘʪʦʨʽʚ ʧʝʨʝʚʘʞʥʦ ʯʝʨʝʟ ʚʠʩʫʰʝʥʥʷ ʝʣʝʢʪʨʦʣʽʪʫ. ɿʽ ʟʥʠʞʝʥʥʷʤ ʦʙô̒ ʤʫ 

ʝʣʝʢʪʨʦʣʽʪʫ ʚʩʝʨʝʜʠʥʽ ʢʦʥʜʝʥʩʘʪʦʨʘ, ʝʢʚʽʚʘʣʝʥʪʥʠʡ ʧʦʩʣʽʜʦʚʥʠʡ ʦʧʽʨ (ESR) 

ʟʙʽʣʴʰʫʻʪʴʩʷ, ʘ ʻʤʥʽʩʪʴ ʟʥʠʞʫʻʪʴʩʷ. ɺʠʨʦʙʥʠʢʠ ʚʠʟʥʘʯʘʶʪʴ ʢʽʥʝʮʴ ʪʝʨʤʽʥʫ 

ʝʢʩʧʣʫʘʪʘʮʽʾ ʷʢ ʟʥʠʞʝʥʥʷ ʻʤʥʦʩʪʽ ʥʘ 20%, ʘ ʟʙʽʣʴʰʝʥʥʷ ESR ʥʘ 280-300% [4] ʚʽʜʥʦʩʥʦ 

ʧʦʯʘʪʢʦʚʠʭ ʟʥʘʯʝʥʴ (ʭʦʯʘ ʚʽʜʩʦʪʢʦʚʝ ʟʥʘʯʝʥʥʷ ESR ʻ ʩʧʽʨʥʠʤ, ʽ ʩʫʪʪʻʚʦ ʚʽʜʨʽʟʥʷʻʪʴʩʷ 

ʚ ʨʽʟʥʠʭ ʜʞʝʨʝʣʘʭ). ʉʧʦʩʪʝʨʝʞʫʚʘʥʠʡ ʚʧʣʠʚ ʥʘ ʚʠʭʽʜʥʽ ʧʘʨʘʤʝʪʨʠ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʻ 

ʦʯʝʚʠʜʥʠʤ. ɿʙʽʣʴʰʝʥʥʷ ESR ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʨʦʩʪʘʥʥʷ ʧʫʣʴʩʘʮʽʡ 

ʚʠʭʽʜʥʦʾ ʥʘʧʨʫʛʠ ʯʘʩʪʦ ʫ 2-3 ʨʘʟʠ ʜʦ ʟʘʢʽʥʯʝʥʥʷ ʪʝʨʤʽʥʫ ʝʢʩʧʣʫʘʪʘʮʽʾ. ʂʨʽʤ ʪʦʛʦ, 

ʢʦʥʜʝʥʩʘʪʦʨʠ ʪʘʢʦʞ ʩʭʠʣʴʥʽ ʜʦ ʚʽʜʤʦʚ ʪʠʧʫ ʢʦʨʦʪʢʝ ʟʘʤʠʢʘʥʥʷ ʪʘ ʦʙʨʠʚ. ʅʘ ʚʽʜʤʽʥʫ 

ʚʽʜ ʧʦʩʪʫʧʦʚʦʾ ʜʝʛʨʘʜʘʮʽʾ ʝʣʝʢʪʨʦʣʽʪʫ, ʮʽ ʪʠʧʠ ʚʽʜʤʦʚ ʻ ʞʦʨʩʪʢʠʤʠ, ʘ ʦʪʞʝ ʚʠʤʘʛʘʶʪʴ 

ʥʝʚʽʜʢʣʘʜʥʠʭ ʜʽʡ. [4, 5] 

ɺʽʜʦʢʨʝʤʣʝʥʥʷ ʟʚô̫ ʟʫʚʘʣʴʥʦʛʦ ʜʨʦʪʫ ʪʘ ʚʪʦʤʘ ʧʘʡʢʠ ʻ ʚʽʜʤʦʚʘʤʠ ʥʘ ʨʽʚʥʽ 

«ʢʦʨʧʫʩʫ» ʘʙʦ çʤʦʥʪʘʞʫè. ɺʽʜʦʢʨʝʤʣʝʥʥʷ ʟʚô̫ ʟʫʚʘʣʴʥʦʛʦ ʜʨʦʪʫ ʚʠʥʠʢʘʻ ʚʥʘʩʣʽʜʦʢ 

ʨʦʟʙʽʞʥʦʩʪʽ ʢʦʝʬʽʮʽʻʥʪʽʚ ʪʝʧʣʦʚʦʛʦ ʨʦʟʰʠʨʝʥʥʷ ʤʽʞ ʘʣʶʤʽʥʽʻʚʠʤʠ ʟô̒ ʜʥʫʚʘʣʴʥʠʤʠ 

ʜʨʦʪʘʤʠ ʪʘ ʢʨʝʤʥʽʻʚʠʤʠ ʤʽʢʨʦʩʭʝʤʘʤʠ. ʇʽʜ ʯʘʩ ʮʠʢʣʽʚ ʫʚʽʤʢʥʝʥʥʷ/ʚʠʤʢʥʝʥʥʷ ʟ 

ʢʦʣʠʚʘʥʥʷʤʠ ʪʝʤʧʝʨʘʪʫʨʠ ʚ ʜʽʘʧʘʟʦʥʽ 60-120 °C ʮʠʢʣʽʯʥʝ ʥʘʚʘʥʪʘʞʝʥʥʷ ʚʠʢʣʠʢʘʻ 

ʫʪʚʦʨʝʥʥʷ ʤʽʢʨʦʪʨʽʱʠʥ ʙʽʣʷ ʦʩʥʦʚʠ ʜʨʦʪʫ, ʷʢʽ ʧʦʰʠʨʶʶʪʴʩʷ ʘʞ ʜʦ ʧʦʚʥʦʛʦ ʚʽʜʨʠʚʫ. 

ʇʨʠ ʮʴʦʤʫ, ʽʩʥʫʻ ʥʝʙʝʟʧʝʯʥʠʡ ʟʚʦʨʦʪʥʠʡ ʟʚô̫ ʟʦʢ: ʢʦʣʠ ʜʨʦʪʠ ʚʽʜʨʠʚʘʶʪʴʩʷ, ʩʪʨʫʤ 

ʧʝʨʝʨʦʟʧʦʜʽʣʷʻʪʴʩʷ ʥʘ ʨʝʰʪʫ ʜʨʦʪʽʚ, ʟʙʽʣʴʰʫʶʯʠ ʾʭʥʻ ʣʦʢʘʣʴʥʝ ʥʘʛʨʽʚʘʥʥʷ ʪʘ 

ʧʨʠʩʢʦʨʶʶʯʠ ʚʞʝ ʾʭ ʜʝʛʨʘʜʘʮʽʶ.  
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ʅʝʩʧʨʘʚʥʦʩʪʽ ʜʨʘʡʚʝʨʘ ʟʘʪʚʦʨʘ ʤʦʞʫʪʴ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʢʨʠʪʠʯʥʠʭ ʥʘʩʣʽʜʢʽʚ. 

ʆʜʥʠʤ ʟ ʥʘʡʙʽʣʴʰ ʩʝʨʡʦʟʥʠʭ ʻ ʩʠʪʫʘʮʽʷ, ʢʦʣʠ ʦʙʠʜʚʘ ʢʣʶʯʽ ʚ ʪʦʧʦʣʦʛʽʾ half-bridge 

ʧʨʦʚʦʜʷʪʴ ʩʪʨʫʤ ʦʜʥʦʯʘʩʥʦ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʬʘʢʪʠʯʥʦ ʜʦ ʩʪʘʥʫ ʢʦʨʦʪʢʦʛʦ ʟʘʤʠʢʘʥʥʷ 

ʩʭʝʤʠ ʥʘ ʧʝʚʥʽ (ʭʦʯ ʤʦʞʣʠʚʦ ʽ ʢʦʨʦʪʢʽ) ʧʨʦʤʽʞʢʠ ʯʘʩʫ, ʱʦ ʩʫʪʪʻʚʦ ʟʙʽʣʴʰʫʻ ʩʪʨʫʤ, 

ʱʦ ʧʨʦʭʦʜʠʪʴ ʯʝʨʝʟ ʢʦʤʧʦʥʝʥʪʠ ʩʭʝʤʠ, ʧʨʠʟʚʦʜʷʯʠ ʜʦ ʾʭ ʥʘʛʨʽʚʘʥʥʷ ʪʘ ʚʠʭʦʜʫ ʟ ʣʘʜʫ. 

ʎʽ ʥʝʩʧʨʘʚʥʦʩʪʽ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʣʠʢʘʥʽ ʧʦʤʠʣʢʦʶ ʚ ʘʣʛʦʨʠʪʤʽ ʢʝʨʫʚʘʥʥʷ, 

ʧʝʨʽʦʜʠʯʥʠʭ ʧʨʦʧʫʩʢʘʭ ʩʧʨʘʮʴʦʚʫʚʘʥʥʷ (ʩʧʨʠʯʠʥʝʥʠʭ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʤʠ 

ʧʝʨʝʰʢʦʜʘʤʠ), ʧʨʦʙʦʷʤʠ ʦʢʩʠʜʥʦʛʦ ʰʘʨʫ ʟʘʪʚʦʨʘ ʪʦʱʦ. 

ʇʘʨʘʤʝʪʨʠʯʥʠʡ ʜʨʝʡʬ ʢʦʪʫʰʢʠ ʽʥʜʫʢʪʠʚʥʦʩʪʽ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʙʽʣʴʰʝʥʥʷ 

ʧʫʣʴʩʘʮʽʡ ʩʪʨʫʤʫ. ʅʘʡʥʝʙʝʟʧʝʯʥʽʰʠʤ ʥʘʩʣʽʜʢʦʤ ʻ ʥʘʩʠʯʝʥʥʷ ʩʝʨʜʝʯʥʠʢʘ, ʚʠʢʣʠʢʘʥʠʡ 

ʟʤʝʥʰʝʥʥʷ ʧʦʨʦʛʫ ʥʘʩʠʯʝʥʥʷ ʚ ʨʝʟʫʣʴʪʘʪʽ ʜʝʛʨʘʜʘʮʽʾ ʢʦʪʫʰʢʠ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʤʘʡʞʝ ʤʠʪʪʻʚʠʭ ʩʪʨʠʙʢʽʚ ʩʪʨʫʤʫ, ʟʜʘʪʥʠʭ ʚʠʚʝʩʪʠ ʟ ʣʘʜʫ ʨʝʣʝ ʪʘ ʜʽʦʜʠ. ɿʙʽʣʴʰʝʥʥʷ 

ʦʧʦʨʫ ʦʙʤʦʪʢʠ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʨʦʩʪʘʥʥʷ ʚʪʨʘʪ ʥʘ ʧʨʦʚʽʜʥʽʩʪʴ ʽ ʩʪʚʦʨʶʻ ʧʝʪʣʶ 

ʧʦʟʠʪʠʚʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʟʚʦʨʦʪʥʦʛʦ ʟʚô̫ ʟʢʫ. ɿʙʽʣʴʰʝʥʥʷ ʦʧʦʨʫ ʦʙʤʦʪʢʠ ʙʝʟʧʦʩʝʨʝʜʥʴʦ 

ʟʥʠʞʫʻ ʂʂɼ ʯʝʨʝʟ ʚʪʨʘʪʠ ʥʘ ʦʩʥʦʚʽ I²R. [6]  

ʅʝʩʧʨʘʚʥʦʩʪʽ ʩʝʥʩʦʨʽʚ, ʪʘʢʠʭ ʷʢ ʩʝʥʩʦʨʽʚ ʥʘʧʨʫʛʠ, ʩʪʨʫʤʫ ʯʠ ʦʙʦʭ, ʥʘʣʝʞʘʪʴ ʜʦ 

ʦʜʥʦʛʦ ʟ ʯʦʪʠʨʴʦʭ ʪʠʧʽʚ: ʦʙʨʠʚ (ʧʦʚʥʘ ʚʽʜʤʦʚʘ), ʚʽʜʭʠʣʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʫ ʧʽʜʩʠʣʝʥʥʷ 

(ʜʨʝʡʬ), ʟʩʫʚ ʟʥʘʯʝʥʥʷ ʪʘ ʘʥʦʤʘʣʽʾ ʰʫʤʫ [7]. ʅʘʡʙʽʣʴʰ ʨʦʟʧʦʚʩʶʜʞʝʥʠʤʠ ʧʨʠʯʠʥʘʤʠ 

ʻ ʩʪʘʨʽʥʥʷ ʜʘʪʯʠʢʽʚ ʍʦʣʣʘ, ʜʨʝʡʬ ʜʽʣʴʥʠʢʽʚ ʦʧʦʨʫ, ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʽ ʧʝʨʝʰʢʦʜʠ, 

ʤʝʭʘʥʽʯʥʽ ʧʦʰʢʦʜʞʝʥʥʷ ʪʘ ʤʝʭʘʥʽʯʥʝ ʟʥʦʰʝʥʥʷ ʨʦʟô̒ ʤʽʚ. ʆʩʦʙʣʠʚʘ ʥʝʙʝʟʧʝʢʘ 

ʥʝʩʧʨʘʚʥʦʩʪʝʡ ʜʘʪʯʠʢʽʚ ʫ ʧʝʨʝʪʚʦʨʶʚʘʯʘʭ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ 

ʢʦʥʪʨʦʣʝʨ ʚʠʢʦʨʠʩʪʦʚʫʻ ʥʝʜʦʩʪʦʚʽʨʥʽ ʚʠʤʽʨʶʚʘʥʥʷ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʢʦʨʠʛʫʚʘʣʴʥʠʭ 

ʜʽʡ, ʱʦ ʤʦʞʝ ʧʦʛʽʨʰʠʪʠ ʬʘʢʪʠʯʥʠʡ ʨʦʙʦʯʠʡ ʩʪʘʥ ʯʝʨʝʟ ʧʦʟʠʪʠʚʥʠʡ ʟʚʦʨʦʪʥʠʡ 

ʟʚô̫ ʟʦʢ. ʉʪʘʥʜʘʨʪ ISO 26262 ʢʣʘʩʠʬʽʢʫʻ ʥʝʩʧʨʘʚʥʦʩʪʽ ʜʘʪʯʠʢʽʚ ʷʢ ʚʠʧʘʜʢʦʚʽ ʘʧʘʨʘʪʥʽ 

ʥʝʩʧʨʘʚʥʦʩʪʽ, ʱʦ ʚʠʤʘʛʘʶʪʴ ʚʠʷʚʣʝʥʥʷ ʪʘ ʫʩʫʥʝʥʥʷ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʬʫʥʢʮʽʦʥʘʣʴʥʦʾ 

ʙʝʟʧʝʢʠ [8].  

ʊʝʨʤʦʮʠʢʣʫʚʘʥʥʷ ʮʝ ʥʝ ʦʢʨʝʤʠʡ ʪʠʧ ʥʝʩʧʨʘʚʥʦʩʪʽ, ʘ ʤʝʭʘʥʽʟʤ, ʱʦ ʣʝʞʠʪʴ ʚ 

ʦʩʥʦʚʽ ʚʽʜʦʢʨʝʤʣʝʥʥʷ ʟô̒ ʜʥʫʚʘʣʴʥʠʭ ʜʨʦʪʽʚ, ʚʪʦʤʠ ʧʘʡʢʠ ʪʘ ʧʦʛʽʨʰʝʥʥʷ ʷʢʦʩʪʽ ʦʢʩʠʜʫ 

ʟʘʪʚʦʨʘ. ʏʝʨʝʟ ʪʝ, ʱʦ ʪʝʧʣʦʚʝ ʥʘʚʘʥʪʘʞʝʥʥʷ ʻ ʚʟʘʻʤʦʟʘʣʝʞʥʠʤ ʟ ʽʥʰʠʤʠ ʤʝʭʘʥʽʟʤʘʤʠ 

ʨʫʡʥʫʚʘʥʥʷ ʝʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʚʩʽ ʚʦʥʠ ʨʘʟʦʤ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʩʫʢʫʧʥʦʛʦ 
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ʧʨʠʩʢʦʨʝʥʥʷ ʨʫʡʥʫʚʘʥʥʷ. ʊʝʤʧʝʨʘʪʫʨʥʽ ʝʬʝʢʪʠ  ̒ ʧʨʠʯʠʥʦʶ ʧʨʠʙʣʠʟʥʦ 55% ʚʩʽʭ 

ʚʽʜʤʦʚ ʚ ʩʠʣʦʚʽʡ ʝʣʝʢʪʨʦʥʽʮʽ [4]. 

ʊʘʙʣʠʮʷ 1.1 

ɺ̔ ʜʤʦʚʠ ʚ ʩʠʣʦʚʽʡ ʝʣʝʢʪʨʦʥʽʮʽ 

ʊʠʧ ʈʽʚʝʥʴ 

ʩʝʨʡʦʟʥʦʩʪʽ 

ʐʚʠʜʢʽʩʪʴ 

ʥʘʩʪʘʥʥʷ ʚʽʜʤʦʚʠ 

ʐʚʠʜʢʽʩʪʴ ʨʦʟʚʠʪʢʫ 

ʢʘʪʘʩʪʨʦʬʽʯʥʠʭ ʥʘʩʣʽʜʢʽʚ 

ʂʦʨʦʪʢʝ ʟʘʤʠʢʘʥʥʷ 

ʢʣʶʯʘ 

4 ʄʠʪʪʻʚʦ ʄʠʪʪʻʚʦ 

ʂʦʨʦʪʢʝ ʟʘʤʠʢʘʥʥʷ 

ʢʦʥʜʝʥʩʘʪʦʨʘ 

4 ʄʠʪʪʻʚʦ ʄʠʪʪʻʚʦ 

ʅʝʩʧʨʘʚʥʦʩʪʽ 

ʜʨʘʡʚʝʨʘ ʟʘʪʚʦʨʘ 

4 ʄʠʪʪʻʚʦ ʄʠʪʪʻʚʦ 

ʆʙʨʠʚ ʢʣʶʯʘ 3 ʄʠʪʪʻʚʦ ʉʝʢʫʥʜʠ-ʭʚʠʣʠʥʠ 

(ʚʪʦʨʠʥʥʽ ʧʦʰʢʦʜʞʝʥʥʷ, ʥʝ 

ʤʠʪʪʻʚʘ ʢʘʪʘʩʪʨʦʬʘ) 

ʅʝʩʧʨʘʚʥʽʩʪʴ 

ʩʝʥʩʦʨʽʚ (ʧʦʚʥʘ 

ʚʽʜʤʦʚʘ) 

3 ʄʽʣʽʩʝʢʫʥʜʠ-

ʩʝʢʫʥʜʠ 

ʉʝʢʫʥʜʠ-ʭʚʠʣʠʥʠ 

ʅʝʩʧʨʘʚʥʽʩʪʴ 

ʩʝʥʩʦʨʽʚ (ʜʨʝʡʬ) 

2 ɻʦʜʠʥʠ-ʜʥʽ ɻʦʜʠʥʠ-ʜʥʽ (ʘʣʝ ʤʦʞʝ 

ʧʨʠʩʢʦʨʠʪʠʩʴ ʯʝʨʝʟ 

ʟʚʦʨʦʪʥʠʡ ʟʚô̫ ʟʦʢ) 

ɺʽʜʦʢʨʝʤʣʝʥʥʷ 

ʟʚô̫ ʟʫʚʘʣʴʥʦʛʦ 

ʜʨʦʪʫ 

2 10-10  

ʪʝʨʤʦʮʠʢʣʽʚ 

ʄʠʪʪʻʚʦ ʧʽʩʣʷ ʬʽʥʘʣʴʥʦʛʦ 

ʚʽʜʨʠʚʫ (ʧʝʨʝʨʦʟʧʦʜʽʣ 

ʩʪʨʫʤʫ) 

ɺʪʦʤʘ ʧʘʡʢʠ 2 10-10  

ʪʝʨʤʦʮʠʢʣʽʚ 

ʄʠʪʪʻʚʦ ʧʨʠ ʬʽʥʘʣʴʥʦʤʫ 

ʨʦʟʨʠʚʽ 

ɼʝʛʨʘʜʘʮʽʷ 

ʢʦʥʜʝʥʩʘʪʦʨʘ 

1 ʄʽʩʷʮʽ-ʨʦʢʠ ʄʽʩʷʮʽ-ʨʦʢʠ (ʷʢʱʦ ʥʝ 

ʧʝʨʝʭʦʜʠʪʴ ʫ ʂɿ/ʦʙʨʠʚ) 

ɼʨʝʡʬ ʢʦʪʫʰʢʠ 1 ʄʽʩʷʮʽ-ʨʦʢʠ ʄʠʪʪʻʚʦ (ʧʨʠ ʜʦʩʷʛʥʝʥʥʽ 
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ʽʥʜʫʢʪʠʚʥʦʩʪʽ ʧʦʨʦʛʫ ʥʘʩʠʯʝʥʥʷ) 

ɺ ʪʘʙʣʠʮʽ 1.1 ʟʦʙʨʘʞʝʥʽ ʥʘʩʪʫʧʥʽ ʨʽʚʥʽ ʩʝʨʡʦʟʥʦʩʪʽ: 

¶ ʈʽʚʝʥʴ 1 (ʅʝʟʥʘʯʥʠʡ) ï ʚʽʜʤʦʚʘ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʥʝʟʥʘʯʥʠʭ ʚʽʜʭʠʣʝʥʴ ʫ 

ʨʦʙʦʯʠʭ ʧʘʨʘʤʝʪʨʘʭ, ʷʢʽ ʥʝ ʚʧʣʠʚʘʶʪʴ ʥʘ ʚʠʢʦʥʘʥʥʷ ʦʩʥʦʚʥʦʾ ʬʫʥʢʮʽʾ 

ʧʨʠʩʪʨʦʶ. ɺʽʥ (ʧʨʠʩʪʨʽʡ) ʟʘʣʠʰʘʻʪʴʩʷ ʧʦʚʥʽʩʪʶ ʧʨʘʮʝʟʜʘʪʥʠʤ, ʘ ʜʝʬʝʢʪʠ 

(ʥʘʧʨʠʢʣʘʜ, ʥʝʟʥʘʯʥʘ ʟʤʽʥʘ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ) ʟʘʟʚʠʯʘʡ 

ʚʠʷʚʣʷʶʪʴʩʷ ʣʠʰʝ ʧʽʜ ʯʘʩ ʛʣʠʙʦʢʦʛʦ ʤʦʥʽʪʦʨʠʥʛʫ. 

¶ ʈʽʚʝʥʴ 2 (ʉʫʪʪʻʚʠʡ) ï ʚʽʜʤʦʚʘ ʩʧʨʠʯʠʥʷʻ ʜʝʛʨʘʜʘʮʽʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʘʙʦ 

ʟʥʠʞʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʦʙʦʪʠ (ʥʘʧʨʠʢʣʘʜ, ʟʨʦʩʪʘʥʥʷ ʨʽʚʥʷ ʧʫʣʴʩʘʮʽʡ ʘʙʦ 

ʚʪʨʘʪ ʝʥʝʨʛʽʾ) ʧʨʠʩʪʨʦʶ. ɺʽʥ ʧʨʦʜʦʚʞʫʻ ʬʫʥʢʮʽʦʥʫʚʘʪʠ, ʘʣʝ ʡʦʛʦ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʟʥʠʞʫʻʪʴʩʷ. ʂʨʽʤ ʪʦʛʦ, ʧʽʜʚʠʱʫʻʪʴʩʷ ʪʝʧʣʦʚʝ ʥʘʚʘʥʪʘʞʝʥʥʷ 

ʥʘ ʢʦʤʧʦʥʝʥʪʠ, ʯʝʨʝʟ ʱʦ ʟôʷʚʣʷʻʪʴʩʷ ʥʝʦʙʭʽʜʥʽʩʪʴ ʧʣʘʥʫʚʘʥʥʷ ʪʝʭʥʽʯʥʦʛʦ 

ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ. 

¶ ʈʽʚʝʥʴ 3 (ʂʨʠʪʠʯʥʠʡ) ï ʚʽʜʤʦʚʘ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʚʥʦʾ ʚʪʨʘʪʠ 

ʬʫʥʢʮʽʦʥʘʣʴʥʦʩʪʽ ʩʠʩʪʝʤʠ ʘʙʦ ʚʠʭʦʜʫ ʧʘʨʘʤʝʪʨʽʚ ʟʘ ʤʝʞʽ ʜʦʧʫʩʪʠʤʠʭ 

ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʥʦʨʤ. ʇʦʜʘʣʴʰʘ ʨʦʙʦʪʘ ʧʨʠʩʪʨʦʶ ʩʪʘʻ ʥʝʤʦʞʣʠʚʦʶ ʙʝʟ 

ʟʘʤʽʥʠ ʢʦʤʧʦʥʝʥʪʽʚ. ɿʘʤʽʥʘ ʩʪʘʻ ʥʝʦʙʭʽʜʥʦʶ, ʦʩʢʽʣʴʢʠ ʧʦʜʘʣʴʰʘ ʨʦʙʦʪʘ ʚ 

ʪʘʢʦʤʫ ʨʝʞʠʤʽ ʤʦʞʝ ʧʨʠʟʚʝʩʪʠ ʜʦ ʧʝʨʝʭʦʜʫ ʚʽʜʤʦʚʠ ʫ ʢʘʪʝʛʦʨʽʶ 

ʢʘʪʘʩʪʨʦʬʽʯʥʠʭ (ʨʽʚʝʥʴ 4). 

¶ ʈʽʚʝʥʴ 4 (ʂʘʪʘʩʪʨʦʬʽʯʥʠʡ) ï ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʤʠʪʪʻʚʠʤ ʨʫʡʥʫʚʘʥʥʷʤ 

ʢʣʶʯʦʚʠʭ ʩʠʣʦʚʠʭ ʝʣʝʤʝʥʪʽʚ (ʥʘʧʨʠʢʣʘʜ, ʚʥʘʩʣʽʜʦʢ ʢʦʨʦʪʢʦʛʦ ʟʘʤʠʢʘʥʥʷ 

ʢʣʶʯʘ ʘʙʦ ʢʦʥʜʝʥʩʘʪʦʨʘ). ʅʘʩʣʽʜʢʠ ʨʦʟʚʠʚʘʶʪʴʩʷ ʥʘʩʪʽʣʴʢʠ ʰʚʠʜʢʦ, ʱʦ 

ʩʪʘʥʜʘʨʪʥʽ ʘʣʛʦʨʠʪʤʠ ʢʝʨʫʚʘʥʥʷ ʩʠʩʪʝʤʦʶ ʥʝ ʚʩʪʠʛʘʶʪʴ ʨʝʘʛʫʚʘʪʠ, ʱʦ 

ʩʪʚʦʨʶʻ ʨʠʟʠʢ ʙʝʟʧʦʚʦʨʦʪʥʦʾ ʚʪʨʘʪʠ ʚʩʴʦʛʦ ʦʙʣʘʜʥʘʥʥʷ. ʊʘʢʦʞ 

ʢʘʪʘʩʪʨʦʬʽʯʥʽ ʚʽʜʤʦʚʠ ʤʦʞʫʪʴ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʨʫʡʥʫʚʘʥʥʷ ʽʥʰʠʭ 

ʧʨʠʩʪʨʦʾʚ, ʧʽʜʢʣʶʯʝʥʠʭ ʜʦ ʜʘʥʦʛʦ. 

1.1.2 ʊʨʘʜʠʮʽʡʥʽ ʤʝʪʦʜʠ ʜʽʘʛʥʦʩʪʠʢʠ ʪʘ ʾʭ ʦʙʤʝʞʝʥʥʷ 

ʊʨʘʜʠʮʽʡʥʽ ʧʽʜʭʦʜʠ ʜʦ ʜʽʘʛʥʦʩʪʠʢʠ ʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ ʤʦʞʥʘ ʨʦʟʜʽʣʠʪʠ ʥʘ 

ʜʚʽ ʦʩʥʦʚʥʽ ʛʨʫʧʠ: ʬʫʥʢʮʽʦʥʘʣʴʥʝ ʪʝʩʪʫʚʘʥʥʷ ʪʘ ʩʪʨʫʢʪʫʨʥʝ ʪʝʩʪʫʚʘʥʥʷ.  
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ʌʫʥʢʮʽʦʥʘʣʴʥʝ ʪʝʩʪʫʚʘʥʥʷ ˇʨʫʥʪʫʻʪʴʩʷ ʥʘ ʧʨʠʥʮʠʧʽ «ʯʦʨʥʦʾ ʩʢʨʠʥʴʢʠ». 

ʉʠʩʪʝʤʘ ʧʝʨʝʚʽʨʷʻʪʴʩʷ ʰʣʷʭʦʤ ʧʦʜʘʯʽ ʚʭʽʜʥʠʭ ʩʠʛʥʘʣʽʚ ʪʘ ʧʦʨʽʚʥʷʥʥʷ ʦʪʨʠʤʘʥʠʭ 

ʨʝʟʫʣʴʪʘʪʽʚ ʟ ʦʯʽʢʫʚʘʥʠʤʠ ʨʝʘʢʮʽʷʤʠ. ʅʝʜʦʣʽʢʦʤ ʻ ʪʝ, ʱʦ ʚʦʥʦ ʤʘʻ ʦʙʤʝʞʝʥʥʷ ʫ 

ʚʠʷʚʣʝʥʥʽ ʥʝʩʧʨʘʚʥʦʩʪʝʡ, ʷʢʽ ʧʨʦʷʚʣʷʶʪʴʩʷ ʣʠʰʝ ʧʨʠ ʩʧʝʮʠʬʽʯʥʠʭ ʫʤʦʚʘʭ 

ʝʢʩʧʣʫʘʪʘʮʽʾ [9]. 

ʉʪʨʫʢʪʫʨʥʝ ʪʝʩʪʫʚʘʥʥʷ, ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʬʫʥʢʮʽʦʥʘʣʴʥʦʛʦ, ʚʠʢʦʨʠʩʪʦʚʫʻ 

ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʚʥʫʪʨʽʰʥʶ ʘʨʭʽʪʝʢʪʫʨʫ ʩʭʝʤʠ ʜʣʷ ʛʝʥʝʨʘʮʽʾ ʪʝʩʪʦʚʠʭ ʧʦʩʣʽʜʦʚʥʦʩʪʝʡ 

ʥʘ ʦʩʥʦʚʽ ʤʦʜʝʣʝʡ ʥʝʩʧʨʘʚʥʦʩʪʝʡ [10], ʘʣʝ ʧʦʪʨʝʙʫʻ ʜʦʜʘʪʢʦʚʦʛʦ ʘʧʘʨʘʪʥʦʛʦ 

ʟʘʙʝʟʧʝʯʝʥʥʷ (ʩʢʘʥʫʚʘʣʴʥʽ ʣʘʥʮʶʛʠ, ʢʦʥʪʨʦʣʴʥʽ ʪʦʯʢʠ ʪʦʱʦ), ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʚʽʜʥʦʩʥʦ ʚʠʩʦʢʦʾ ʚʘʨʪʦʩʪʽ ʨʝʘʣʽʟʘʮʽʾ. ʂʨʽʤ ʪʦʛʦ, ʘʣʛʦʨʠʪʤʠ, ʨʦʟʨʦʙʣʝʥʽ ʜʣʷ 

ʢʦʥʢʨʝʪʥʠʭ ʪʦʧʦʣʦʛʽʡ, ʥʝʤʦʞʣʠʚʦ ʚʠʢʦʨʠʩʪʘʪʠ ʜʣʷ ʽʥʰʠʭ ʪʠʧʽʚ ʧʨʠʩʪʨʦʾʚ. 

ʄʦʜʝʣʴʥʦ-ʦʨʽʻʥʪʦʚʘʥʽ ʧʽʜʭʦʜʠ ʜʝʤʦʥʩʪʨʫʶʪʴ ʢʨʘʱʫ ʪʦʯʥʽʩʪʴ, ʘʣʝ ʧʦʪʨʝʙʫʶʪʴ 

ʜʝʪʘʣʴʥʠʭ ʟʥʘʥʴ ʧʨʦ ʩʠʩʪʝʤʫ. ɺʦʥʠ ʙʘʟʫʶʪʴʩʷ ʥʘ ʨʽʚʥʷʥʥʷʭ ʧʘʨʠʪʝʪʫ, ʛʝʥʝʨʘʮʽʾ 

ʩʠʛʥʘʣʽʚ ʥʝʫʟʛʦʜʞʝʥʦʩʪʽ (residuals) ʯʝʨʝʟ ʦʮʽʥʢʫ ʧʘʨʘʤʝʪʨʽʚ ʘʙʦ ʤʦʜʝʣʝʡ-

ʩʧʦʩʪʝʨʽʛʘʯʽʚ ʩʪʘʥʫ (observers) [11]. ʎʝ ʫʩʢʣʘʜʥʶʻ ʾʭ ʟʘʩʪʦʩʫʚʘʥʥʷ ʧʨʠ ʟʤʽʥʽ 

ʢʦʥʬʽʛʫʨʘʮʽʾ ʩʠʩʪʝʤʠ ʪʘ ʚʠʤʘʛʘʻ ʟʥʘʯʥʠʭ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʨʝʩʫʨʩʽʚ. 

ʆʩʥʦʚʥʦʶ ʧʨʦʙʣʝʤʦʶ ʪʨʘʜʠʮʽʡʥʠʭ ʤʝʪʦʜʽʚ ʻ ʾʭ ʬʦʢʫʩ ʥʘ ʚʠʷʚʣʝʥʥ ̔ ʩʘʤʝ 

ʢʘʪʘʩʪʨʦʬʽʯʥʠʭ ʚʽʜʤʦʚ (ʢʦʨʦʪʢʽ ʟʘʤʠʢʘʥʥʷ, ʦʙʨʠʚʠ), ʟʘʤʽʩʪʴ ʚʠʷʚʣʝʥʥʷ ʧʦʩʪʫʧʦʚʦʾ 

ʜʝʛʨʘʜʘʮʽʾ ʢʦʤʧʦʥʝʥʪʽʚ. 

ɺʙʫʜʦʚʘʥʝ ʩʘʤʦʪʝʩʪʫʚʘʥʥʷ (Built-In Self-Test, BIST) ʧʦʣʷʛʘʻ ʚ ʽʥʪʝʛʨʘʮʽʾ 

ʜʦʜʘʪʢʦʚʠʭ ʘʧʘʨʘʪʥʠʭ ʤʦʜʫʣʽʚ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚ ʢʦʥʩʪʨʫʢʮʽʶ ʤʽʢʨʦʩʭʝʤ. ɼʘʥʠʡ ʧʽʜʭʽʜ 

ʜʦʟʚʦʣʷʻ ʧʨʦʚʝʜʝʥʥʷ ʪʝʩʪʫʚʘʥʥʷ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʧʽʜ ʯʘʩ ʝʢʩʧʣʫʘʪʘʮʽʾ (ʙʝʟ ʟʫʧʠʥʢʠ 

ʩʠʩʪʝʤʠ). ɺʦʜʥʦʯʘʩ, BIST ʻ ʩʪʨʘʪʝʛʽʻʶ ʦʙʨʦʙʢʠ ʥʝʩʧʨʘʚʥʦʩʪʝʡ ʣʠʰʝ ʥʘ ʨʽʚʥʽ 

ʚʠʷʚʣʝʥʥʷ, ʧʨʠ ʷʢʽʡ ʩʠʩʪʝʤʘ ʩʠʛʥʘʣʽʟʫʻ ʧʨʦ ʬʘʢʪ ʚʠʷʚʣʝʥʥʷ ʥʝʩʧʨʘʚʥʦʩʪʽ, ʘʣʝ ʥʝ ʜʽʻ 

ʥʘ ʥʝʾ ʽ ʟʘʣʠʰʘʻ ʨʝʘʛʫʚʘʥʥʷ ʟʦʚʥʽʰʥʴʦʤʫ ʩʝʨʝʜʦʚʠʱʫ [12]. ʎʝ ʦʟʥʘʯʘʻ, ʱʦ BIST ʥʘʜʘʻ 

ʙʽʥʘʨʥʫ ʽʥʬʦʨʤʘʮʽʶ «ʩʧʨʘʚʥʠʡ/ʥʝʩʧʨʘʚʥʠʡ» ʙʝʟ ʤʦʞʣʠʚʦʩʪʽ ʪʦʯʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ ʜʦ 

ʢʦʥʢʨʝʪʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ. ʂʨʽʤ ʪʦʛʦ, BIST ʥʝ ʟʜʘʪʥʠʡ ʚʠʷʚʣʷʪʠ ʧʘʨʘʤʝʪʨʠʯʥʠʡ ʜʨʝʡʬ 

ʪʘ ʤô̫ ʢʽ ʚʽʜʤʦʚʠ.  

JTAG/Boundary Scan (IEEE 1149.1) ʻ ʩʪʘʥʜʘʨʪʠʟʦʚʘʥʠʤ ʽʥʪʝʨʬʝʡʩʦʤ ʜʣʷ 

ʩʪʨʫʢʪʫʨʥʦʛʦ ʪʝʩʪʫʚʘʥʥʷ ʜʨʫʢʦʚʘʥʠʭ ʧʣʘʪ. ʄʝʪʦʜ ʧʦʣʷʛʘʻ ʚ ʽʥʪʝʛʨʘʮʽʾ ʛʨʘʥʠʯʥʠʭ 
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ʢʦʤʽʨʦʢ (boundary scan cells) ʤʽʞ ʷʜʨʦʤ ʧʨʠʩʪʨʦʶ ʪʘ ʟʦʚʥʽʰʥʽʤʠ ʚʠʚʦʜʘʤʠ, 

ʦʙô̒ ʜʥʘʥʠʭ ʫ ʧʦʩʣʽʜʦʚʥʠʡ ʣʘʥʮʶʛ ʜʣʷ ʟʩʫʚʫ ʜʘʥʠʭ ʯʝʨʝʟ ʽʥʪʝʨʬʝʡʩ, ʷʢʠʡ ʩʢʣʘʜʘʻʪʴʩʷ 

ʟ ʧô̫ ʪʠ ʩʠʛʥʘʣʽʚ: TDI, TDO, TMS, TCK, TRST. JTAG ʝʬʝʢʪʠʚʥʦ ʪʝʩʪʫʻ ʟô̒ ʜʥʘʥʥʷ ʙʝʟ 

ʬʽʟʠʯʥʠʭ ʟʦʥʜʽʚ, ʟʘʙʝʟʧʝʯʫʻ ʜʦʩʪʫʧ ʜʦ ʧʨʠʭʦʚʘʥʠʭ ʚʠʚʦʜʽʚ ʧʽʜ BGA-ʢʦʨʧʫʩʘʤʠ (ʱʦ 

ʨʦʙʠʪʴ ʪʝʭʥʦʣʦʛʽʶ ʦʩʦʙʣʠʚʦ ʮʽʥʥʦʶ ʜʣʷ ʢʦʤʧʦʥʝʥʪʽʚ ʫ ʪʘʢʠʭ ʢʦʨʧʫʩʘʭ) ʪʘ ʧʽʜʪʨʠʤʫʻ 

ʚʥʫʪʨʽʰʥʴʦʩʠʩʪʝʤʥʝ ʧʨʦʛʨʘʤʫʚʘʥʥʷ. ɼʘʥʠʡ ʤʝʪʦʜ ʧʨʘʮʶʻ ʥʘ ʦʩʥʦʚʽ ʚʠʷʚʣʝʥʥʷ 

ʜʝʬʝʢʪʽʚ ʮʠʬʨʦʚʠʭ (ʣʦʛʽʯʥʠʭ) ʟ'ʻʜʥʘʥʴ, ʯʝʨʝʟ ʱʦ ʚʽʥ ʥʝ ʟʜʘʪʥʠʡ ʘʥʘʣʽʟʫʚʘʪʠ ʧʦʚʝʜʽʥʢʫ 

ʘʥʘʣʦʛʦʚʠʭ ʩʠʛʥʘʣʽʚ ʘʙʦ ʧʘʨʘʤʝʪʨʠʯʥʽ ʚʽʜʭʠʣʝʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ, ʙʦ ʪʘʢʠʡ ʙʽʥʘʨʥʠʡ 

ʨʝʟʫʣʴʪʘʪ ʪʝʩʪʫʚʘʥʥʷ çʫʩʧʽʭè/çʚʽʜʤʦʚʘè ʥʝ ʤʽʩʪʠʪʴ ʽʥʬʦʨʤʘʮʽʾ ʧʨʦ ʘʥʘʣʦʛʦʚʽ 

ʚʝʣʠʯʠʥʠ, ʪʘʢʽ ʷʢ ʦʧʦʨʠ, ʻʤʥʦʩʪʽ ʪʦʱʦ. ʊʦʤʫ ʜʣʷ ʜʽʘʛʥʦʩʪʠʢʠ ʩʠʣʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ, 

ʦʩʦʙʣʠʚʦ ʤôʷʢʠʭ ʚʽʜʤʦʚ, JTAG ʤʘʻ ʤʽʥʽʤʘʣʴʥʫ ʢʦʨʠʩʪʴ.  

ɺʥʫʪʨʽʰʥʴʦʩʭʝʤʥʝ ʪʝʩʪʫʚʘʥʥʷ (In-Circuit Testing, ICT) ʟʘʩʪʦʩʦʚʫʻ ʧʽʜʭʽʜ 

«bed-of-nails» ʟ ʚʠʧʨʦʙʦʚʫʚʘʣʴʥʠʤ ʩʪʝʥʜʦʤ, ʷʢʠʡ ʤʘʻ ʚʝʣʠʢʫ ʢʽʣʴʢʽʩʪʴ 

ʧʽʜʧʨʫʞʠʥʝʥʠʭ ʱʫʧʽʚ ʜʣʷ ʢʦʥʪʘʢʪʫʚʘʥʥʷ ʟ ʪʝʩʪʦʚʠʤʠ ʪʦʯʢʘʤʠ ʜʨʫʢʦʚʘʥʦʾ ʧʣʘʪʠ ʪʘ 

ʝʣʝʢʪʨʠʯʥʦʾ ʽʟʦʣʷʮʽʾ ʦʢʨʝʤʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʜʣʷ ʚʠʤʽʨʶʚʘʥʥʷ ʾʭ ʧʘʨʘʤʝʪʨʽʚ. ICT 

ʚʠʤʽʨʶʻ ʦʧʽʨ, ʻʤʥʽʩʪʴ, ʽʥʜʫʢʪʠʚʥʽʩʪʴ ʫ ʢʦʥʢʨʝʪʥʠʭ ʚʫʟʣʘʭ ʪʘ ʚʝʨʠʬʽʢʫʻ ʥʘʷʚʥʽʩʪʴ, 

ʥʦʤʽʥʘʣ ʽ ʦʨʽʻʥʪʘʮʽʶ ʢʦʤʧʦʥʝʥʪʽʚ. ʉʝʨʝʜ ʫʩʽʭ ʪʨʘʜʠʮʽʡʥʠʭ ʤʝʪʦʜʽʚ ICT ʟʘʙʝʟʧʝʯʫʻ 

ʥʘʡʚʠʱʠʡ ʨʽʚʝʥʴ ʧʦʢʦʤʧʦʥʝʥʪʥʦʾ ʜʽʘʛʥʦʩʪʠʢʠ ʧʽʜ ʯʘʩ ʚʠʨʦʙʥʠʮʪʚʘ. ʇʨʦʪʝ ʮʝʡ ʧʽʜʭʽʜ 

ʤʘʻ ʩʫʪʪʻʚʝ ʦʙʤʝʞʝʥʥʷ: ʜʦʩʪʫʧ ʜʦ ʪʝʩʪʦʚʠʭ ʪʦʯʦʢ ʩʪʘʻ ʜʝʜʘʣʽ ʩʢʣʘʜʥʽʰʠʤ ʽʟ 

ʟʤʝʥʰʝʥʥʷʤ ʨʦʟʤʽʨʽʚ ʧʣʘʪ. ʉʫʯʘʩʥʽ ʚʠʩʦʢʦʱʽʣʴʥʽ ʜʨʫʢʦʚʘʥʽ ʧʣʘʪʠ ʽʟ BGA-

ʢʦʤʧʦʥʝʥʪʘʤʠ ʪʘ ʜʨʽʙʥʠʤ ʢʨʦʢʦʤ ʚʠʚʦʜʽʚ ʯʘʩʪʦ ʨʦʙʣʷʪʴ ʬʽʟʠʯʥʠʡ ʜʦʩʪʫʧ 

ʥʝʤʦʞʣʠʚʠʤ. ʂʨʽʤ ʪʦʛʦ, ICT ʚʠʢʦʥʫʻʪʴʩʷ ʥʘ ʟʥʝʩʪʨʫʤʣʝʥʠʭ ʘʙʦ ʯʘʩʪʢʦʚʦ ʞʠʚʣʝʥʠʭ 

ʧʣʘʪʘʭ, ʱʦ ʨʦʙʠʪʴ ʥʝʤʦʞʣʠʚʠʤ ʪʝʩʪʫʚʘʥʥʷ ʧʨʠʩʪʨʦʾʚ ʚ ʨʝʞʠʤʽ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ ʪʘ ʧʽʜ 

ʯʘʩ ʝʢʩʧʣʫʘʪʘʮʽʾ, ʘ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʣʠʰʝ ʥʘ ʝʪʘʧʽ ʚʠʨʦʙʥʠʮʪʚʘ. [13, 14] 

ʌʫʥʢʮʽʦʥʘʣʴʥʝ ʪʝʩʪʫʚʘʥʥʷ (FCT) ʧʝʨʝʚʽʨʷʻ ʩʠʩʪʝʤʫ ʰʣʷʭʦʤ ʧʦʜʘʯʽ 

ʞʠʚʣʝʥʥʷ, ʛʝʥʝʨʘʮʽʾ ʩʪʠʤʫʣʶʶʯʠʭ ʩʠʛʥʘʣʽʚ ʪʘ ʧʦʨʽʚʥʷʥʥʷ ʚʠʭʽʜʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʽʟ 

ʦʯʽʢʫʚʘʥʠʤʠ. ʄʝʪʦʜ ʟʜʘʪʥʠʡ ʚʠʷʚʣʷʪʠ ʜʝʬʝʢʪʠ, ʷʢʽ ʤʦʞʫʪʴ ʧʨʦʧʫʩʪʠʪʠ ʽʥʰʽ 

ʪʨʘʜʠʮʽʡʥʽ ʧʽʜʭʦʜʠ (ʢʦʤʧʦʥʝʥʪʠ ʟʽ ʟʥʘʯʝʥʥʷʤʠ ʧʦʟʘ ʜʦʧʫʩʢʦʤ, ʪʝʨʤʽʯʥʽ ʝʬʝʢʪʠ), ʘ 

ʪʘʢʦʞ ʚʘʣʽʜʫʻ ʚʟʘʻʤʦʜʽʶ ʘʧʘʨʘʪʥʦʛʦ ʪʘ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʴ. ɺʦʜʥʦʯʘʩ ʜʘʥʠʡ 

ʤʝʪʦʜ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʥʠʟʴʢʦʶ ʟʜʘʪʥʽʩʪʶ ʜʦ ʽʟʦʣʷʮʽʾ ʢʦʥʢʨʝʪʥʠʭ ʧʨʠʯʠʥ 
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ʥʝʩʧʨʘʚʥʦʩʪʝʡ. ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʩʪʨʫʢʪʫʨʥʦʛʦ ʪʝʩʪʫ, ʩʠʩʪʝʤʥʝ ʪʝʩʪʫʚʘʥʥʷ ʥʝ ʤʘʻ ʜʦʙʨʝ 

ʨʦʟʨʦʙʣʝʥʠʭ ʤʦʜʝʣʝʡ ʥʝʩʧʨʘʚʥʦʩʪʝʡ. FCT ʥʘʜʘʻ ʙʽʥʘʨʥʠʡ ʨʝʟʫʣʴʪʘʪ ʙʝʟ ʣʦʢʘʣʽʟʘʮʽʾ 

ʧʨʦʙʣʝʤʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ. 

ʆʙʤʝʞʝʥʥʷ ʪʨʘʜʠʮʽʡʥʠʭ ʤʝʪʦʜʽʚ. 

ʇʦ-ʧʝʨʰʝ, ʚʽʜʩʫʪʥʽʩʪʴ ʧʦʢʦʤʧʦʥʝʥʪʥʦʾ ʜʽʘʛʥʦʩʪʠʢʠ ʧʽʜ ʯʘʩ ʝʢʩʧʣʫʘʪʘʮʽʾ: ʭʦʯʘ 

ICT ʟʘʙʝʟʧʝʯʫʻ ʪʦʯʥʫ ʽʜʝʥʪʠʬʽʢʘʮʽʶ ʢʦʥʢʨʝʪʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʪʘ ʚʠʤʽʨʶʚʘʥʥʷ ʾʭ 

ʧʘʨʘʤʝʪʨʽʚ, ʮʝ ʤʦʞʣʠʚʝ ʣʠʰʝ ʥʘ ʟʥʝʩʪʨʫʤʣʝʥʠʭ ʘʙʦ ʯʘʩʪʢʦʚʦ ʞʠʚʣʝʥʠʭ ʧʣʘʪʘʭ ʥʘ 

ʝʪʘʧʽ ʚʠʨʦʙʥʠʮʪʚʘ/ʪʝʩʪʫʚʘʥʥʷ, ʪʦʜʽ ʷʢ BIST, JTAG ʪʘ FCT ʜʽʘʛʥʦʩʪʫʶʪʴ ʚʠʢʣʶʯʥʦ ʥʘ 

ʨʽʚʥʽ ʧʽʜʩʠʩʪʝʤʠ («ʙʣʦʢ ʥʝʩʧʨʘʚʥʠʡ»/«ʙʣʦʢ ʩʧʨʘʚʥʠʡ») ʙʝʟ ʚʠʟʥʘʯʝʥʥʷ ʢʦʥʢʨʝʪʥʦʛʦ 

ʢʦʤʧʦʥʝʥʪʘ. ɼʣʷ ʩʠʣʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ ʮʝ ʦʩʦʙʣʠʚʦ ʢʨʠʪʠʯʥʦ, ʦʩʢʽʣʴʢʠ ʧʦʚʝʜʽʥʢʘ 

ʢʦʤʧʦʥʝʥʪʽʚ ʧʽʜ ʨʝʘʣʴʥʠʤ ʥʘʚʘʥʪʘʞʝʥʥʷʤ ʪʘ ʚ ʜʠʥʘʤʽʯʥʠʭ ʨʝʞʠʤʘʭ ʨʦʙʦʪʠ ʤʦʞʝ 

ʩʫʪʪʻʚʦ ʚʽʜʨʽʟʥʷʪʠʩʷ ʚʽʜ ʩʪʘʪʠʯʥʠʭ ʚʠʤʽʨʶʚʘʥʴ ICT.  

ʇʦ-ʜʨʫʛʝ, ʙʽʣʴʰʽʩʪʴ ʤʝʪʦʜʽʚ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ (BIST, JTAG) ʤʘʶʪʴ ʙʽʥʘʨʥʠʡ 

ʭʘʨʘʢʪʝʨ ʨʝʟʫʣʴʪʘʪʽʚ (çʫʩʧʽʭè/çʚʽʜʤʦʚʘè) ʙʝʟ ʛʨʘʜʘʮʽʾ ʩʪʫʧʝʥʷ ʥʝʩʧʨʘʚʥʦʩʪʽ, ʪʦʜʽ ʷʢ 

FCT, ʭʦʯʘ ʡ ʤʦʞʝ ʚʠʤʽʨʶʚʘʪʠ ʛʨʘʜʘʮʽʾ ʧʘʨʘʤʝʪʨʽʚ, ʥʝ ʟʘʙʝʟʧʝʯʫʻ ʾʭ ʢʽʣʴʢʽʩʥʦʛʦ 

ʟʚô̫ ʟʢʫ ʟ ʢʦʥʢʨʝʪʥʠʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ. ICT, ʭʦʯʘ ʡ ʚʠʤʽʨʶʻ ʬʘʢʪʠʯʥʽ ʟʥʘʯʝʥʥʷ (ʙʝʟ 

ʣʦʢʘʣʽʟʘʮʽʾ), ʘʣʝ ʨʦʙʠʪʴ ʮʝ ʣʠʰʝ ʥʘ ʝʪʘʧʽ ʚʠʨʦʙʥʠʮʪʚʘ.  

ʇʦ-ʪʨʝʪʻ, ʪʨʘʜʠʮʽʡʥʽ ʧʽʜʭʦʜʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʩʪʘʪʠʯʥʽ ʤʦʜʝʣʽ ʥʝʩʧʨʘʚʥʦʩʪʝʡ 

(stuck-at, ʩʪʨʫʢʪʫʨʥʽ ʜʝʬʝʢʪʠ), ʱʦ ʥʝ ʧʽʜʭʦʜʷʪʴ ʜʣʷ ʩʫʯʘʩʥʠʭ ʧʘʨʘʤʝʪʨʠʯʥʠʭ ʚʘʨʽʘʮʽʡ 

ʪʘ ʤô̫ ʢʠʭ ʚʽʜʤʦʚ.  

ʇʦ-ʯʝʪʚʝʨʪʝ, ʧʘʨʘʟʠʪʥʽ ʧʘʨʘʤʝʪʨʠ ʥʝʜʦʩʪʘʪʥʴʦ ʚʨʘʭʦʚʫʶʪʴʩʷ ʫ ʩʪʘʥʜʘʨʪʥʠʭ 

ʤʦʜʝʣʷʭ ʥʝʩʧʨʘʚʥʦʩʪʝʡ, ʭʦʯʘ ʽʩʥʫʶʪʴ ʩʧʝʮʽʘʣʽʟʦʚʘʥʽ ʤʝʪʦʜʠ ʜʣʷ ʾʭ ʦʮʽʥʢʠ (TDR, 

ʚʝʢʪʦʨʥʠʡ ʘʥʘʣʽʟ ʣʘʥʮʶʛʽʚ). ICT ʭʦʯʘ ʡ ʚʠʤʽʨʶʻ ʢʦʤʧʦʥʝʥʪʠ ʥʘ ʜʨʫʢʦʚʘʥʽʡ ʧʣʘʪʽ, ʘʣʝ 

ʚʠʢʦʨʠʩʪʦʚʫʻ ʥʠʟʴʢʦʯʘʩʪʦʪʥʽ ʩʠʛʥʘʣʠ ʘʙʦ ʩʠʛʥʘʣʠ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ, ʯʝʨʝʟ ʱʦ ʥʝ 

ʜʦʟʚʦʣʷʻ ʚʠʷʚʠʪʠ ʧʦʚʝʜʽʥʢʫ ʧʘʨʘʟʠʪʥʠʭ ʻʤʥʦʩʪʝʡ ʪʘ ʽʥʜʫʢʪʠʚʥʦʩʪʝʡ, ʷʢʽ 

ʧʨʦʷʚʣʷʶʪʴʩʷ ʚ ʜʠʥʘʤʽʯʥʠʭ ʨʝʞʠʤʘʭ ʨʦʙʦʪʠ ʩʠʣʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ 

ʙʽʣʴʰ ʚʠʩʦʢʠʭ ʯʘʩʪʦʪ ʢʦʤʫʪʘʮʽʾ. ɼʦ ʪʦʛʦ ʞ, ʧʘʨʘʟʠʪʥʽ ʢʦʤʧʦʥʝʥʪʠ ʤʦʞʫʪʴ ʽʥʘʢʰʝ ʩʝʙʝ 

ʧʨʦʷʚʣʷʪʠ ʧʽʜ ʥʘʚʘʥʪʘʞʝʥʥʷʤ.  

ʇʦ-ʧô̫ ʪʝ, ʤʘʩʰʪʘʙʦʚʘʥʽʩʪʴ ʤʝʪʦʜʽʚ ʦʙʤʝʞʝʥʘ ʟʨʦʩʪʘʶʯʦʶ ʩʢʣʘʜʥʽʩʪʶ ʪʘ 

ʧʦʩʪʽʡʥʠʤ ʟʤʝʥʰʝʥʥʷʤ ʫ ʨʦʟʤʽʨʘʭ ʨʝʘʣʴʥʠʭ ʜʨʫʢʦʚʘʥʠʭ ʧʣʘʪ, ʙʦ ʩʫʯʘʩʥʽ 
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ʚʠʩʦʢʦʱʽʣʴʥʽ ʜʨʫʢʦʚʘʥʽ ʧʣʘʪʠ ʟ BGA-ʢʦʤʧʦʥʝʥʪʘʤʠ ʪʘ ʜʨʽʙʥʠʤ ʢʨʦʢʦʤ ʚʠʚʦʜʽʚ ʯʘʩʪʦ 

ʨʦʙʣʷʪʴ ʬʽʟʠʯʥʠʡ ʜʦʩʪʫʧ ʜʣʷ ICT ʥʝʤʦʞʣʠʚʠʤ, ʱʦ ʦʩʦʙʣʠʚʦ ʢʨʠʪʠʯʥʦ ʜʣʷ ʩʠʣʦʚʦʾ 

ʝʣʝʢʪʨʦʥʽʢʠ, ʜʝ ʢʦʤʧʦʥʝʥʪʠ ʯʘʩʪʦ ʨʦʟʪʘʰʦʚʘʥʽ ʧʽʜ ʨʘʜʽʘʪʦʨʘʤʠ ʘʙʦ ʚ ʥʝʜʦʩʪʫʧʥʠʭ 

ʟʦʥʘʭ. 

1.1.3 ɽʚʦʣʶʮʽʷ ʤʝʪʦʜʽʚ ʜʽʘʛʥʦʩʪʠʢʠ ʚ ʢʦʥʪʝʢʩʪʽ Industry 4.0 

ʏʝʪʚʝʨʪʘ ʧʨʦʤʠʩʣʦʚʘ ʨʝʚʦʣʶʮʽʷ (Industry 4.0) ʧʨʠʥʝʩʣʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʽ ʟʤʽʥʠ 

ʫ ʧʽʜʭʦʜʘʭ ʜʦ ʜʽʘʛʥʦʩʪʠʢʠ ʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ. ɯʥʪʝʛʨʘʮʽʷ IoT, ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ 

ʪʘ ʮʠʬʨʦʚʠʭ ʪʝʭʥʦʣʦʛʽʡ ʩʪʚʦʨʠʣʘ ʥʦʚʽ ʤʦʞʣʠʚʦʩʪʽ ʜʣʷ ʤʦʥʽʪʦʨʠʥʛʫ ʩʪʘʥʫ ʦʙʣʘʜʥʘʥʥʷ 

[15]. ʋ ʮʴʦʤʫ ʢʦʥʪʝʢʩʪʽ ʦʩʦʙʣʠʚʦʾ ʚʘʞʣʠʚʦʩʪʽ ʥʘʙʫʣʠ ʩʠʩʪʝʤʠ ʧʨʦʛʥʦʩʪʠʯʥʦʛʦ 

ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʪʘ ʫʧʨʘʚʣʽʥʥʷ ʩʪʘʥʦʤ (Prognostics and Health Management, PHM). 

ʉʠʩʪʝʤʠ ʧʨʦʛʥʦʩʪʠʯʥʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʪʘ ʫʧʨʘʚʣʽʥʥʷ ʩʪʘʥʦʤ ʟʘʙʝʟʧʝʯʫʶʪʴ 

ʧʝʨʝʭʽʜ ʚʽʜ ʨʝʘʢʪʠʚʥʦʛʦ ʜʦ ʧʨʦʘʢʪʠʚʥʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ, ʱʦ ʜʦʟʚʦʣʷʻ ʚʠʷʚʣʷʪʠ 

ʧʦʪʝʥʮʽʡʥʽ ʧʨʦʙʣʝʤʠ ʜʦ ʥʘʩʪʘʥʥʷ ʢʘʪʘʩʪʨʦʬʽʯʥʠʭ ʚʽʜʤʦʚ ʽ ʚʽʜʨʝʘʛʫʚʘʪʠ ʟʘʚʯʘʩʥʦ. 

ɺʧʨʦʚʘʜʞʝʥʥʷ ʧʨʦʘʢʪʠʚʥʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʟʘʙʝʟʧʝʯʫʻ ʟʥʠʞʝʥʥʷ ʧʨʦʩʪʦʾʚ, 

ʟʤʝʥʰʝʥʥʷ ʚʠʪʨʘʪ ʥʘ ʪʝʭʥʽʯʥʝ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʪʘ ʧʦʜʦʚʞʝʥʥʷ ʪʝʨʤʽʥʫ ʩʣʫʞʙʠ 

ʦʙʣʘʜʥʘʥʥʷ [16]. ʎʝ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʪʦʛʦ, ʱʦ ʩʠʩʪʝʤʠ PHM ʬʦʢʫʩʫʶʪʴʩʷ ʥʝ 

ʣʠʰʝ ʥʘ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʥʝʩʧʨʘʚʥʦʩʪʝʡ, ʘ ʡ ʥʘ ʧʨʦʛʥʦʟʫʚʘʥʥʽ ʟʘʣʠʰʢʦʚʦʛʦ ʨʝʩʫʨʩʫ 

(Remaining Useful Life, RUL), ʱʦ ʜʦʟʚʦʣʷʻ ʦʧʪʠʤʘʣʴʥʦ ʧʣʘʥʫʚʘʪʠ ʪʝʭʥʽʯʥʝ 

ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ. PHM ʟʘʙʝʟʧʝʯʫʻ ʨʘʥʥʻ ʧʦʧʝʨʝʜʞʝʥʥʷ ʧʨʦ ʥʝʩʧʨʘʚʥʦʩʪʽ, ʟʙʽʣʴʰʝʥʥʷ 

ʤʽʞʨʝʤʦʥʪʥʠʭ ʽʥʪʝʨʚʘʣʽʚ, ʟʥʠʞʝʥʥʷ ʚʠʪʨʘʪ ʞʠʪʪʻʚʦʛʦ ʮʠʢʣʫ ʪʘ ʟʤʝʥʰʝʥʥʷ ʚʠʧʘʜʢʽʚ 

«ʥʝʩʧʨʘʚʥʦʩʪʽ ʥʝ ʚʠʷʚʣʝʥʦ» (No Fault Found, NFF). ʍʦʯʘ PHM ʪʝʦʨʝʪʠʯʥʦ ʚʢʣʶʯʘʻ 

ʢʦʤʧʦʥʝʥʪʥʫ ʜʽʘʛʥʦʩʪʠʢʫ, ʙʽʣʴʰʽʩʪʴ ʧʨʘʢʪʠʯʥʠʭ ʨʝʘʣʽʟʘʮʽʡ ʬʦʢʫʩʫʶʪʴʩʷ ʥʘ 

ʤʦʥʽʪʦʨʠʥʛʫ ʩʪʘʥʫ ʧʽʜʩʠʩʪʝʤ ʘʙʦ ʦʢʨʝʤʠʭ ʚʝʣʠʢʠʭ ʢʦʤʧʦʥʝʥʪʽʚ (ʜʚʠʛʫʥ, ʨʝʜʫʢʪʦʨ, 

ʢʦʥʜʝʥʩʘʪʦʨʥʠʡ ʙʣʦʢ) ʷʢ ʮʽʣʦʛʦ, ʙʝʟ ʛʣʠʙʦʢʦʾ ʽʟʦʣʷʮʽʾ ʜʦ ʢʦʥʢʨʝʪʥʠʭ ʝʣʝʤʝʥʪʽʚ 

ʚʩʝʨʝʜʠʥʽ ʮʠʭ ʢʦʤʧʦʥʝʥʪʽʚ (C1 ʯʠ C2, R3 ʯʠ R4). ʆʩʦʙʣʠʚʦʛʦ ʟʥʘʯʝʥʥʷ ʮʝ ʤʘʻ ʚ 

ʢʦʥʪʝʢʩʪʽ ʩʠʣʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ, ʜʝ ʚʘʞʣʠʚʦ ʚʠʟʥʘʯʘʪʠ ʧʨʠʯʠʥʠ ʚʽʜʤʦʚʠ ʥʘ ʨʽʚʥʽ 

ʢʦʥʢʨʝʪʥʦʛʦ çʩʘʤʝ C3 ʽʟ ʧôʷʪʠ ʢʦʥʜʝʥʩʘʪʦʨʽʚ ʫ ʩʭʝʤʽ ʤʘʻ ESR ʙʽʣʴʰʝ ʧʦʪʨʽʙʥʦʛʦè, ʘ 

ʥʝ ʧʨʦʩʪʦ «ʷʢʘʩʴ ʻʤʥʽʩʪʴ ʜʝʛʨʘʜʫʻ».  

ɸʧʘʨʘʪʥʦ-ʦʨʽʻʥʪʦʚʘʥʘ ʜʽʘʛʥʦʩʪʠʢʘ. 
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ɸʧʘʨʘʪʥʦ-ʦʨʽʻʥʪʦʚʘʥʘ ʜʽʘʛʥʦʩʪʠʢʘ (Hardware-based) ʧʦʣʷʛʘʻ ʚ ʚʩʪʘʥʦʚʣʝʥʥʽ 

ʜʦʜʘʪʢʦʚʠʭ ʩʝʥʩʦʨʽʚ ʚʩʝʨʝʜʠʥʽ ʧʨʠʩʪʨʦʶ ʥʘ ʢʦʞʝʥ ʟ ʢʦʤʧʦʥʝʥʪʽʚ, ʤʦʥʽʪʦʨʠʥʛ ʩʪʘʥʫ 

ʷʢʠʭ ʧʦʪʨʝʙʫʻʪʴʩʷ. ʎʝʡ ʧʽʜʭʽʜ ʻ ʰʚʠʜʢʠʤ ʪʘ ʝʬʝʢʪʠʚʥʠʤ, ʘʣʝ ʻ ʜʦʨʦʛʠʤ ʯʝʨʝʟ ʚʠʤʦʛʫ 

ʚʩʪʘʥʦʚʣʝʥʥʷ ʜʦʜʘʪʢʦʚʦʛʦ ʝʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʘ ʪʘʢʦʞ ʚʠʤʘʛʘʻ ʟʙʽʣʴʰʝʥʥʷ 

ʤʘʩʦʛʘʙʘʨʠʪʥʠʭ ʧʦʢʘʟʥʠʢʽʚ ʧʨʠʩʪʨʦʶ ʽ ʫʩʢʣʘʜʥʶʻ ʪʨʘʩʫʚʘʥʥʷ ʜʨʫʢʦʚʘʥʦʾ ʧʣʘʪʠ. 

ɯʥʰʠʤʠ ʩʣʦʚʘʤʠ, ʪʘʢʠʡ ʧʽʜʭʽʜ ʚʚʦʜʠʪʴ ʘʧʘʨʘʪʥʫ ʥʘʜʣʠʰʢʦʚʽʩʪʴ (hardware/physical 

redundancy). [5] 

ʄʦʜʝʣʴʥʦ-ʦʨʽʻʥʪʦʚʘʥʘ ʜʽʘʛʥʦʩʪʠʢʘ. 

ʄʦʜʝʣʴʥʦ-ʦʨʽʻʥʪʦʚʘʥʘ ʜʽʘʛʥʦʩʪʠʢʘ (Model-Based Fault Detection and Isolation, 

Model-Based FDI) ʙʘʟʫʻʪʴʩʷ ʥʘ ʧʦʨʽʚʥʷʥʥʽ ʧʦʚʝʜʽʥʢʠ ʨʝʘʣʴʥʦʾ ʩʠʩʪʝʤʠ ʟ 

ʤʘʪʝʤʘʪʠʯʥʦʶ ʤʦʜʝʣʣʶ. ɺ ʪʘʢʦʤʫ ʧʽʜʭʦʜʽ ʚʚʦʜʠʪʴʩʷ ʘʥʘʣʽʪʠʯʥʘ ʥʘʜʣʠʰʢʦʚʽʩʪʴ 

(analytical redundancy) ʚ ʪʦʤʫ ʩʝʥʩʽ, ʱʦ ʟʘʤʽʩʪʴ ʜʦʜʘʚʘʥʥʷ ʥʘʜʣʠʰʢʦʚʠʭ ʩʝʥʩʦʨʽʚ 

(hardware/physical redundancy), ʩʠʩʪʝʤʘ, ʟʘʚʜʷʢʠ ʧʝʚʥʠʤ ʨʦʟʨʘʭʫʥʢʘʤ ʤʦʜʝʣʽ, 

ʧʨʦʛʥʦʟʫʻ ʟʥʘʯʝʥʥʷ, ʚʠʭʦʜʷʯʠ ʟ ʚʭʽʜʥʠʭ ʩʠʛʥʘʣʽʚ ʪʘ ʧʦʪʦʯʥʦʛʦ ʩʪʘʥʫ ʧʨʠʩʪʨʦʶ, ʷʢʽ 

ʩʧʨʘʚʞʥʽʡ ʩʝʥʩʦʨ, ʷʢʙʠ ʚʽʥ ʽʩʥʫʚʘʚ, ʤʘʚ ʙʠ ʧʦʢʘʟʫʚʘʪʠ. ʅʘʡʙʽʣʴʰ ʧʦʧʫʣʷʨʥʠʤʠ 

ʧʽʜʭʦʜʘʤʠ ʻ ʪʽ, ʱʦ ʦʩʥʦʚʘʥʽ ʥʘ ʥʝʚôʷʟʢʘʭ (ʩʠʛʥʘʣʘʭ ʥʝʚʽʜʧʦʚʽʜʥʦʩʪʽ) ʪʘ ʪʽ, ʱʦ ʦʩʥʦʚʘʥʽ 

ʥʘ ʦʮʽʥʮʽ ʧʘʨʘʤʝʪʨʽʚ. ɺ ʧʝʨʰʠʭ ʤʦʜʝʣʽ ʦʮʽʥʶʶʪʴ ʟʥʘʯʝʥʥʷ ʚʠʭʦʜʽʚ ʧʨʠʩʪʨʦʶ, ʘ 

ʘʣʛʦʨʠʪʤʠ ʜʽʘʛʥʦʩʪʠʢʠ ʛʝʥʝʨʫʶʪʴ ʩʠʛʥʘʣʠ ʥʝʚʽʜʧʦʚʽʜʥʦʩʪʽ (residuals) ʤʽʞ ʨʝʘʣʴʥʠʤʠ 

ʪʘ ʧʨʦʛʥʦʟʦʚʘʥʠʤʠ (ʦʪʨʠʤʘʥʠʤʠ ʟ ʤʦʜʝʣʽ) ʟʥʘʯʝʥʥʷʤʠ ʚʠʭʦʜʽʚ. ɸʥʘʣʽʟ ʜʘʥʠʭ ʩʠʛʥʘʣʽʚ 

ʽ ʚʠʷʚʣʷʻ ʥʝʩʧʨʘʚʥʦʩʪʽ. ɼʨʫʛʽ ʞ ʧʦʣʷʛʘʶʪʴ ʚ ʪʦʤʫ, ʱʦ ʤʦʜʝʣʽ ʦʮʽʥʶʶʪʴ ʚʥʫʪʨʽʰʥʽ 

ʩʪʘʥʠ ʧʨʠʩʪʨʦʶ ʽ ʧʨʠ ʧʦʤʽʪʥʠʭ ʨʽʟʥʠʮʷʭ ʟ ʦʯʽʢʫʚʘʥʠʤʠ, ʜʝʪʝʢʪʫʻʪʴʩʷ ʚʽʜʤʦʚʘ. ɹʽʣʴʰ 

ʜʝʪʘʣʴʥʽ ʧʨʠʢʣʘʜʠ ʤʝʪʦʜʽʚ ʤʦʜʝʣʴʥʦ-ʦʨʽʻʥʪʦʚʘʥʦʾ ʜʽʘʛʥʦʩʪʠʢʠ ʥʘʚʝʜʝʥʽ ʚ ʧʽʜʨʦʟʜʽʣʽ 

1.1.6. 

ʂʣʶʯʦʚʦʶ ʧʝʨʝʚʘʛʦʶ ʪʘʢʠʭ ʧʽʜʭʦʜʽʚ ʻ ʬʽʟʠʯʥʘ ʽʥʪʝʨʧʨʝʪʦʚʘʥʽʩʪʴ ʨʝʟʫʣʴʪʘʪʽʚ ʫ 

ʧʦʨʽʚʥʷʥʥʽ ʟ ʧʽʜʭʦʜʘʤʠ «ʯʦʨʥʦʾ ʩʢʨʠʥʴʢʠ», ʘ ʪʘʢʦʞ ʥʠʟʴʢʽ ʚʠʤʦʛʠ ʜʦ ʜʘʥʠʭ [17]. 

ʇʨʘʚʠʣʴʥʦ ʚʽʜʢʘʣʽʙʨʦʚʘʥʘ ʤʦʜʝʣʴ ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʘ ʜʣʷ ʨʽʟʥʠʭ ʥʘʙʦʨʽʚ ʩʪʘʥʽʚ 

ʦʜʥʘʢʦʚʦ ʜʦʙʨʝ. 

ʅʝʜʦʣʽʢʦʤ ʻ ʪʝ, ʱʦ ʪʦʯʥʽʩʪʴ ʤʦʜʝʣʽ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʠʟʥʘʯʘʻ ʷʢʽʩʪʴ ʜʽʘʛʥʦʩʪʠʢʠ 

[5]. ɿʤʽʥʠ ʧʘʨʘʤʝʪʨʽʚ ʢʦʤʧʦʥʝʥʪʽʚ ʩʠʩʪʝʤʠ ʯʝʨʝʟ ʩʪʘʨʽʥʥʷ ʩʪʚʦʨʶʶʪʴ ʨʦʟʙʽʞʥʽʩʪʴ ʤʽʞ 

ʤʦʜʝʣʣʶ ʪʘ ʨʝʘʣʴʥʦʶ ʩʠʩʪʝʤʦʶ. ʊʘʢʦʞ ʥʝʣʽʥʽʡʥʽ ʝʬʝʢʪʠ ʩʠʣʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ, ʪʘʢʽ ʷʢ 
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ʥʘʩʠʯʝʥʥʷ ʽʥʜʫʢʪʦʨʽʚ, ʪʝʤʧʝʨʘʪʫʨʥʘ ʟʘʣʝʞʥʽʩʪʴ ESR ʪʦʱʦ, ʚʘʞʢʦ ʤʦʜʝʣʶʚʘʪʠ ʪʦʯʥʦ. 

ʂʦʞʥʘ ʥʦʚʘ ʪʦʧʦʣʦʛʽʷ ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʨʠʩʪʨʦʶ ʧʦʪʨʝʙʫʻ ʨʦʟʨʦʙʢʠ ʥʦʚʦʾ ʤʘʪʝʤʘʪʠʯʥʦʾ 

ʤʦʜʝʣʽ. [17, 18] 

ɼʽʘʛʥʦʩʪʠʢʘ ʥʘ ʦʩʥʦʚʽ ʜʘʥʠʭ ʪʘ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ. ʄʝʪʦʜʠ ʤʘʰʠʥʥʦʛʦ 

ʥʘʚʯʘʥʥʷ ʩʪʘʣʠ ʯʘʩʪʦʶ ʩʢʣʘʜʦʚʦʶ ʩʫʯʘʩʥʠʭ ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʩʠʩʪʝʤ. ʉʠʩʪʝʤʘʪʠʯʥʠʡ 

ʦʛʣʷʜ [19] ʧʦʢʘʟʫʻ ʩʫʪʪʻʚʝ ʟʨʦʩʪʘʥʥʷ ʧʫʙʣʽʢʘʮʽʡ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷ ʛʣʠʙʦʢʦʛʦ ʥʘʚʯʘʥʥʷ 

ʜʣʷ ʜʽʘʛʥʦʩʪʠʢʠ ʪʘ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʟ 2020 ʨʦʢʫ. ɺ ʪʦʤʫ ʯʠʩʣʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʽ 

ʤʝʪʦʜʠ ʢʦʤʧôʁ ʪʝʨʥʦʛʦ ʟʦʨʫ ʜʣʷ ʜʽʘʛʥʦʩʪʠʢʠ ʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ, ʷʢʽ ʧʨʘʮʁ ʶʪʴ ʥʘ 

ʦʩʥʦʚʽ ʽʥʬʨʘʯʝʨʚʦʥʠʭ ʪʝʨʤʽʯʥʠʭ ʟʦʙʨʘʞʝʥʴ ʰʣʷʭʦʤ ʚʠʷʚʣʝʥʥʷ ʜʝʬʝʢʪʽʚ ʫ ʦʙʣʘʜʥʘʥʥʽ 

ʟʘ ʜʦʧʦʤʦʛʦʶ ʘʥʘʣʽʟʫ ʪʝʧʣʦʚʠʭ ʢʘʨʪ. ɯʥʰʠʤ ʩʧʦʩʦʙʦʤ ʚʠʢʦʨʠʩʪʘʥʥʷ ʢʦʤʧôʁ ʪʝʨʥʦʛʦ 

ʟʦʨʫ ʻ ʚʽʟʫʘʣʴʥʠʡ ʧʦʰʫʢ ʪʨʽʱʠʥ. ʂʦʥʚʦʣʶʮʽʡʥʽ ʥʝʡʨʦʥʥʽ ʤʝʨʝʞʽ (CNN) 

ʜʝʤʦʥʩʪʨʫʶʪʴ ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ ʫ ʚʠʷʚʣʝʥʥʽ ʥʝʩʧʨʘʚʥʦʩʪʝʡ, ʦʩʦʙʣʠʚʦ ʧʨʠ ʦʙʨʦʙʮʽ 

ʩʠʛʥʘʣʽʚ ʪʘ ʟʦʙʨʘʞʝʥʴ. 

ʄʝʨʝʞʽ ʜʦʚʛʦʾ ʢʦʨʦʪʢʦʩʪʨʦʢʦʚʦʾ ʧʘʤô̫ ʪʽ (LSTM) ʻ ʩʧʝʮʽʘʣʽʟʦʚʘʥʦʶ 

ʘʨʭʽʪʝʢʪʫʨʦʶ ʨʝʢʫʨʝʥʪʥʠʭ ʥʝʡʨʦʥʥʠʭ ʤʝʨʝʞ ʜʣʷ ʦʙʨʦʙʢʠ ʧʦʩʣʽʜʦʚʥʠʭ ʜʘʥʠʭ ʟ 

ʯʘʩʦʚʠʤʠ ʟʘʣʝʞʥʦʩʪʷʤʠ. LSTM ʽʜʝʘʣʴʥʦ ʧʽʜʭʦʜʷʪʴ ʜʣʷ ʚʠʷʚʣʝʥʥʷ ʘʥʦʤʘʣʽʡ ʫ ʜʘʥʠʭ 

ʤʦʥʽʪʦʨʠʥʛʫ ʩʪʘʥʫ ʟʘʚʜʷʢʠ ʟʜʘʪʥʦʩʪʽ ʟʘʭʦʧʣʶʚʘʪʠ ʪʝʤʧʦʨʘʣʴʥʽ ʟʘʣʝʞʥʦʩʪʽ ʫ ʯʘʩʦʚʠʭ 

ʨʷʜʘʭ [20].  

ɻʽʙʨʠʜʥʘ ʘʨʭʽʪʝʢʪʫʨʘ CNN-LSTM ʜʝʤʦʥʩʪʨʫʻ ʥʘʡʢʨʘʱʽ ʨʝʟʫʣʴʪʘʪʠ ʜʣʷ 

ʜʽʘʛʥʦʩʪʠʢʠ ʩʢʣʘʜʥʠʭ ʩʠʩʪʝʤ. ɺ ʨʦʙʦʪʽ [21] ʧʨʦʜʝʤʦʥʩʪʨʫʚʘʣʠ, ʱʦ ʪʘʢʘ ʘʨʭʽʪʝʢʪʫʨʘ 

ʜʦʩʷʛʘʻ ʪʦʯʥʦʩʪʽ 99.06% (ʧʨʠ ʩʠʛʥʘʣʘʭ ʙʝʟ ʰʫʤʽʚ) ʜʣʷ ʜʽʘʛʥʦʩʪʠʢʠ ʩʢʣʘʜʥʠʭ ʩʠʩʪʝʤ, 

ʱʦ ʧʝʨʝʚʝʨʰʫʻ ʧʦʢʘʟʥʠʢʠ ʦʢʨʝʤʠʭ CNN (95.83%) ʘʙʦ LSTM (98.41%) ʤʦʜʝʣʝʡ.  

ɸʚʪʦʝʥʢʦʜʝʨʠ ʟʘʙʝʟʧʝʯʫʶʪʴ ʚʠʷʚʣʝʥʥʷ ʘʥʦʤʘʣʽʡ ʙʝʟ ʫʯʠʪʝʣʷ (unsupervised 

learning), ʱʦ ʻ ʜʫʞʝ ʢʦʨʠʩʥʠʤ ʚ ʫʤʦʚʘʭ ʦʙʤʝʞʝʥʦʾ ʢʽʣʴʢʦʩʪʽ ʨʦʟʤʽʯʝʥʠʭ ʜʘʥʠʭ ʱʦʜʦ 

ʚʽʜʤʦʚ. ɺʘʨʽʘʮʽʡʥʽ ʘʚʪʦʝʥʢʦʜʝʨʠ (VAE) ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʜʣʷ ʛʝʥʝʨʘʮʽʾ ʩʠʥʪʝʪʠʯʥʠʭ 

ʜʘʥʠʭ. [22] 

ɺʘʞʣʠʚʠʤʠ ʦʙʤʝʞʝʥʥʷʤʠ ʤʝʪʦʜʽʚ ʥʘʚʯʘʥʥʷ ʟ ʫʯʠʪʝʣʝʤ (CNN, LSTM, CNN-

LSTM ʪʦʱʦ) ʻ ʧʦʪʨʝʙʘ ʫ ʚʝʣʠʢʠʭ ʨʦʟʤʽʯʝʥʠʭ ʥʘʙʦʨʘʭ ʜʘʥʠʭ, ʜʠʩʙʘʣʘʥʩ ʢʣʘʩʽʚ ʯʝʨʝʟ 

ʨʽʜʢʽʩʥʽʩʪʴ ʢʨʠʪʠʯʥʠʭ ʥʝʩʧʨʘʚʥʦʩʪʝʡ. ʉʧʽʣʴʥʠʤʠ ʦʙʤʝʞʝʥʥʷʤʠ ʜʣʷ ʚʩʽʭ ʧʽʜʭʦʜʽʚ, 

ʦʩʥʦʚʘʥʠʭ ʥʘ ʜʘʥʠʭ, ʻ ʧʨʦʙʣʝʤʘ «ʯʦʨʥʦʾ ʩʢʨʠʥʴʢʠ» (ʥʝʤʦʞʣʠʚʽʩʪʴ ʧʦʷʩʥʠʪʠ ʧʨʠʯʠʥʠ 
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ʨʽʰʝʥʴ), ʧʦʚʽʣʴʥʽʰʘ ʰʚʠʜʢʽʩʪʴ ʦʙʨʦʙʢʠ ʪʘ ʧʦʛʘʥʘ ʛʝʥʝʨʘʣʽʟʘʮʽʷ ʥʘ ʥʦʚʽ ʫʤʦʚʠ 

ʝʢʩʧʣʫʘʪʘʮʽʾ. [23, 24] 

ʌʽʟʠʯʥʦ ʽʥʬʦʨʤʦʚʘʥʽ ʥʝʡʨʦʥʥʽ ʤʝʨʝʞʽ (Physics-Informed Neural Network, PINN) 

ʽʥʪʝʛʨʫʶʪʴ ʬʽʟʠʯʥʽ ʟʘʢʦʥʠ (ʾʭ ʤʘʪʝʤʘʪʠʯʥʝ ʧʨʝʜʩʪʘʚʣʝʥʥʷ) ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʫ ʬʫʥʢʮʽʶ 

ʚʪʨʘʪ ʥʝʡʨʦʤʝʨʝʞʽ. ɺ ʪʘʢʦʤʫ ʚʠʧʘʜʢʫ ʥʝʡʨʦʤʝʨʝʞʘ ʰʪʨʘʬʫʻʪʴʩʷ ʥʝ ʣʠʰʝ ʟʘ 

ʨʦʟʙʽʞʥʽʩʪʴ ʟ ʜʘʥʠʤʠ, ʘ ʡ ʟʘ ʧʦʨʫʰʝʥʥʷ ʟʘʢʦʥʽʚ ʬʽʟʠʢʠ, ʱʦ ʟʥʠʞʫʻ ʨʠʟʠʢ çʚʠʚʯʝʥʥʷè 

ʥʝʧʨʘʚʠʣʴʥʠʭ ʧʘʪʪʝʨʥʽʚ. ʎʝ ʚʠʨʘʞʘʻʪʴʩʷ ʫ (1) ʢʨʘʱʽʡ ʛʝʥʝʨʘʣʽʟʘʮʽʾ, ʦʩʢʽʣʴʢʠ ʤʦʜʝʣʴ 

«ʟʥʘʻ» ʬʽʟʠʢʫ, ʪʦ ʚʦʥʘ ʢʨʘʱʝ ʧʨʘʮʶʻ ʥʘ ʥʦʚʠʭ ʜʘʥʠʭ, ʷʢʠʭ ʥʝ ʙʫʣʦ ʚ ʥʘʚʯʘʣʴʥʽʡ 

ʚʠʙʽʨʮʽ; (2) ʩʪʽʡʢʦʩʪ̔ ʜʦ ʰʫʤʽʚ, ʙʦ ʬʽʟʠʯʥʽ ʦʙʤʝʞʝʥʥʷ ʜʽʶʪʴ ʷʢ ʬʽʣʴʪʨ, ʷʢʠʡ ʚʽʜʩʽʢʘʻ 

ʘʥʦʤʘʣʴʥʽ ʢʦʣʠʚʘʥʥʷ, ʷʢʽ ʩʫʧʝʨʝʯʘʪʴ, ʥʘʧʨʠʢʣʘʜ, ʣʦʛʽʮʽ ʬʽʟʠʢʠ ʜʝʛʨʘʜʘʮʽʾ 

ʢʦʤʧʦʥʝʥʪ̔ ʚ; (3) ʝʬʝʢʪʠʚʥʦʩʪʽ ʜʘʥʠʭ, ʦʩʢʽʣʴʢʠ ʬʽʟʠʯʥʽ ʨʽʚʥʷʥʥʷ ʚʞʝ ʜʘʶʪʴ ʤʦʜʝʣʽ 

ʧʝʚʥʫ ʘʧʨʽʦʨʥʫ ʽʥʬʦʨʤʘʮʽʶ [25, 26]. ʍʦʯʘ ʤʝʪʦʜʠ ʥʘ ʦʩʥʦʚʽ PINN ʜʝʤʦʥʩʪʨʫʶʪʴ 

ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ ʦʮʽʥʢʠ ʧʘʨʘʤʝʪʨʽʚ ʩʠʩʪʝʤʠ, ʚʦʥʠ ʦʙʤʝʞʝʥʽ ʫ ʤʦʞʣʠʚʦʩʪʽ ʦʜʥʦʯʘʩʥʦʾ 

ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʤʥʦʞʠʥʥʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʦʜʥʦʯʘʩʥʦʛʦ ʨʦʟʨʽʟʥʝʥʥʷ ʢʦʥʢʨʝʪʥʦʛʦ 

ʧʨʦʙʣʝʤʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʩʝʨʝʜ ʢʽʣʴʢʦʭ ʝʣʝʤʝʥʪʽʚ ʯʝʨʝʟ ʬʫʥʜʘʤʝʥʪʘʣʴʥʫ ʧʨʦʙʣʝʤʫ 

ʛʨʫʧ ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ (ambiguity groups) ʪʘ ʚʩʝ ʱʝ ʤʘʶʪʴ ʧʨʦʙʣʝʤʫ çʯʦʨʥʦʾ ʩʢʨʠʥʴʢʠè. 

ɺʠʩʥʦʚʢʠ ʱʦʜʦ ʩʫʯʘʩʥʠʭ ʧʽʜʭʦʜʽʚ.  

ɽʚʦʣʶʮʽʷ ʚʽʜ ʜʝʪʝʨʤʽʥʽʩʪʠʯʥʠʭ ʤʦʜʝʣʴʥʦ-ʦʨʽʻʥʪʦʚʥʠʭ ʤʝʪʦʜʽʚ ʯʝʨʝʟ ʧʽʜʭʦʜʠ, 

ʱʦ ʟʘʩʥʦʚʘʥʽ ʥʘ ʜʘʥʠʭ ʜʦ ʛʽʙʨʠʜʥʠʭ ʩʠʩʪʝʤ ʥʘ ʦʩʥʦʚʽ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ. ʆʜʥʘʢ 

ʞʦʜʝʥ ʥʝ ʚʠʨʽʰʫʻ ʢʦʤʧʣʝʢʩʥʦ ʧʨʦʙʣʝʤʫ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʢʦʥʢʨʝʪʥʦʛʦ ʧʨʦʙʣʝʤʥʦʛʦ 

ʢʦʤʧʦʥʝʥʪʘ ʟ ʢʽʣʴʢʽʩʥʦʶ ʛʨʘʜʘʮʽʻʶ ʩʪʫʧʝʥʷ ʚʽʜʭʠʣʝʥʥʷ. 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʧʽʜʭʦʜʽʚ, ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʜʘʥʠʭ, ʫʩʢʣʘʜʥʶʶʪʴʩʷ ʪʠʤ, ʱʦ ʥʘʨʘʟʽ 

ʩʠʣʦʚʘ ʝʣʝʢʪʨʦʥʽʢʘ ʥʝ ʻ ʛʘʣʫʟʟʶ, ʱʦ ʤʘʻ ʪʘ ʚʠʤʘʛʘʻ ʚʝʣʠʢʽ ʦʙʩʷʛʠ ʜʘʥʠʭ ʥʘ ʚʽʜʤʽʥʫ 

ʚʽʜ, ʥʘʧʨʠʢʣʘʜ, ʩʬʝʨʠ ʢʦʤʧôʁ ʪʝʨʥʦʛʦ ʟʦʨʫ. ɸ ʪʘʢʦʞ ʜʫʞʝ ʯʘʩʪʦ ʩʠʣʦʚʘ ʝʣʝʢʪʨʦʥʽʢʘ 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʫ ʢʨʠʪʠʯʥʠʭ ʟʘʩʪʦʩʫʚʘʥʥʷʭ, ʱʦ ʚʠʤʘʛʘʻ ʤʘʡʞʝ ʥʫʣʴʦʚʦʛʦ ʜʦʧʫʩʢʫ 

ʥʝʧʝʨʝʜʙʘʯʫʚʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʘʣʛʦʨʠʪʤʫ ʜʽʘʛʥʦʩʪʠʢʠ. ʎʝ ʨʦʙʠʪʴ ʤʝʥʰ ʜʦʮʽʣʴʥʠʤʠ 

ʧʽʜʭʦʜʠ, ʱʦ ʟʘʩʥʦʚʘʥʽ ʥʘ ʜʘʥʠʭ, ʽ ʷʢʽ ʩʪʨʘʞʜʘʶʪʴ ʚʽʜ ʧʨʦʙʣʝʤʠ «ʯʦʨʥʦʾ ʩʢʨʠʥʴʢʠ». 

[27] 
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1.1.4 ɼʽʘʛʥʦʩʪʠʢʘ ʩʠʣʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ ʪʘ ʚʙʫʜʦʚʘʥʠʭ ʩʠʩʪʝʤ 

ɼʽʘʛʥʦʩʪʠʢʘ ʩʠʩʪʝʤ ʩʠʣʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ ʻ ʦʢʨʝʤʦʶ, ʙʽʣʴʰ ʩʢʣʘʜʥʦʶ ʟʘʜʘʯʝʶ ʫ 

ʧʦʨʽʚʥʷʥʥʽ ʟ ʜʽʘʛʥʦʩʪʠʢʦʶ ʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ ʟʘʛʘʣʦʤ, ʱʦ ʦʙʫʤʦʚʣʝʥʦ 

ʦʩʦʙʣʠʚʦʩʪʷʤʠ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ ʝʣʝʢʪʨʠʯʥʦʾ ʝʥʝʨʛʽʾ. ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʣʦʛʽʯʥʠʭ 

ʮʠʬʨʦʚʠʭ ʩʭʝʤ, ʜʝ ʥʝʩʧʨʘʚʥʦʩʪʽ ʟʘʟʚʠʯʘʡ ʤʘʶʪʴ ʙʽʥʘʨʥʠʡ ʭʘʨʘʢʪʝʨ (ʧʝʚʥʠʡ ʚʠʭʽʜ ʤʘʻ 

ʟʥʘʯʝʥʥʷ ʣʦʛʽʯʥʦʛʦ «0» ʟʘʤʽʩʪʴ ʦʯʽʢʫʚʘʥʦʾ ʣʦʛʽʯʥʦʾ «1» ʘʙʦ ʥʘʚʧʘʢʠ), ʩʠʣʦʚʽ 

ʝʣʝʢʪʨʦʥʥʽ ʩʭʝʤʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʙʝʟʧʝʨʝʨʚʥʠʤ ʧʨʦʩʪʦʨʦʤ ʧʘʨʘʤʝʪʨʽʚ, ʥʘʷʚʥʽʩʪʶ 

ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʥʝʣʽʥʽʡʥʦʶ ʧʦʚʝʜʽʥʢʦʶ ʪʘ ʩʢʣʘʜʥʠʤʠ ʤʝʭʘʥʽʟʤʘʤʠ 

ʧʦʩʪʫʧʦʚʦʾ ʜʝʛʨʘʜʘʮʽʾ ʢʦʤʧʦʥʝʥʪʽʚ. 

ʆʩʥʦʚʥʽ ʪʠʧʠ ʥʝʩʧʨʘʚʥʦʩʪʝʡ ʚ ʩʠʣʦʚʽʡ ʝʣʝʢʪʨʦʥʽʮʽ ʚʢʣʶʯʘʶʪʴ ʦʙʨʠʚʠ ʪʘ 

ʢʦʨʦʪʢʽ ʟʘʤʠʢʘʥʥʷ ʢʣʶʯʽʚ (OCF ʪʘ SCF), ʜʝʛʨʘʜʘʮʽʶ ʢʦʥʜʝʥʩʘʪʦʨʽʚ (ʟʨʦʩʪʘʥʥʷ ESR 

ʪʘ ʟʤʝʥʰʝʥʥʷ ʻʤʥʦʩʪʽ), ʟʙʦʾ ʜʘʪʯʠʢʽʚ ʩʪʨʫʤʫ ʪʘ ʥʘʧʨʫʛʠ, ʘ ʪʘʢʦʞ ʧʘʨʘʤʝʪʨʠʯʥʽ 

ʚʽʜʭʠʣʝʥʥʷ ʽʥʜʫʢʪʠʚʥʠʭ ʝʣʝʤʝʥʪʽʚ [28]. ʆʩʦʙʣʠʚʦ ʧʨʦʙʣʝʤʥʠʤʠ ʻ ʧʦʩʪʫʧʦʚʽ 

ʜʝʛʨʘʜʘʮʽʾ ʧʘʨʘʤʝʪʨʽʚ ʢʦʤʧʦʥʝʥʪʽʚ («ʤô̫ ʢʽ ʚʽʜʤʦʚʠ»). ɼʝʛʨʘʜʘʮʽʷ ʢʦʥʜʝʥʩʘʪʦʨʽʚ ʻ 

ʦʜʥʠʤ ʟ ʥʘʡʧʦʰʠʨʝʥʽʰʠʭ ʤʝʭʘʥʽʟʤʽʚ ʚʽʜʤʦʚ. ɼʣʷ ʘʣʶʤʽʥʽʻʚʠʭ ʝʣʝʢʪʨʦʣʽʪʠʯʥʠʭ 

ʢʦʥʜʝʥʩʘʪʦʨʽʚ ʢʽʥʝʮʴ ʪʝʨʤʽʥʫ ʩʣʫʞʙʠ (EOL) ʥʘʩʪʘʻ ʧʨʠ ʟʤʝʥʰʝʥʥʽ ʻʤʥʦʩʪʽ ʥʘ 20% 

ʘʙʦ ʟʙʽʣʴʰʝʥʥʽ ESR ʥʘ 280-300%. ɼʣʷ ʧʣʽʚʢʦʚʠʭ ʢʦʥʜʝʥʩʘʪʦʨʽʚ ʢʨʠʪʝʨʽʻʤ ʢʽʥʮʷ 

ʪʝʨʤʽʥʫ ʩʣʫʞʙʠ ʻ ʟʤʝʥʰʝʥʥʷ ʻʤʥʦʩʪʽ ʥʘ 2-5% [29]. ʎʽ ʟʤʽʥʠ ʚʽʜʙʫʚʘʶʪʴʩʷ ʧʦʩʪʫʧʦʚʦ 

ʧʽʜ ʚʧʣʠʚʦʤ ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʝʣʝʢʪʨʠʯʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ. ɹʽʣʴʰ ʜʝʪʘʣʴʥʦ ʧʨʦ ʦʩʥʦʚʥʽ 

ʪʠʧʠ ʥʝʩʧʨʘʚʥʦʩʪʝʡ ʚ ʩʠʣʦʚʽʡ ʝʣʝʢʪʨʦʥʽʮʽ ʙʫʣʦ ʩʢʘʟʘʥʦ ʚ ʧʽʜʨʦʟʜʽʣʽ 1.1.1. 

ʈʦʣʴ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʫ ʜʽʘʛʥʦʩʪʠʮʽ. 

ʇʘʨʘʟʠʪʥʽ ʧʘʨʘʤʝʪʨʠ ʤʘʶʪʴ ʚʝʣʠʢʠʡ ʚʧʣʠʚ ʥʘ ʧʦʚʝʜʽʥʢʫ ʩʠʣʦʚʠʭ ʩʭʝʤ, 

ʦʩʦʙʣʠʚʦ ʥʘ ʚʠʩʦʢʠʭ ʯʘʩʪʦʪʘʭ ʢʦʤʫʪʘʮʽʾ [30]. ɺ ʨʦʙʦʪʽ [30] ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ, ʱʦ ʧʨʠ 

ʯʘʩʪʦʪʘʭ ʢʦʤʫʪʘʮʽʾ 150 ʢɻʮ ʽ ʚʠʱʝ ʪʘ ʚʝʣʠʢʠʭ ʰʧʘʨʫʚʘʪʦʩʪʷʭ ʩʠʛʥʘʣʫ ʐɯʄ, ʽʜʝʘʣʴʥʽ 

ʤʦʜʝʣʽ ʜʘʶʪʴ ʧʦʭʠʙʢʫ ʧʦʥʘʜ 20% ʧʦʨʽʚʥʷʥʦ ʟ ʬʘʢʪʠʯʥʠʤʠ ʚʠʤʽʨʶʚʘʥʥʷʤʠ ʧʦʚʝʜʽʥʢʠ 

ʨʝʘʣʴʥʠʭ ʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ. ɹʫʣʦ ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ, ʱʦ ʧʘʨʘʟʠʪʥʠʡ ʦʧʽʨ 

ʽʥʜʫʢʪʦʨʽʚ ʫ SEPIC-ʧʝʨʝʪʚʦʨʶʚʘʯʘʭ ʩʫʪʪʻʚʦ ʟʥʠʞʫʻ ʢʦʝʬʽʮʽʻʥʪ ʧʽʜʩʠʣʝʥʥʷ ʥʘʧʨʫʛʠ 

ʚʜ̔ʥʦʩʥʦ ʪʝʦʨʝʪʠʯʥʦʛʦ ʟʥʘʯʝʥʥʷ, ʦʩʦʙʣʠʚʦ ʧʨʠ ʢʦʝʬʽʮʽʻʥʪʘʭ ʟʘʧʦʚʥʝʥʥʷ ʧʦʥʘʜ 90%, 

ʘ ʽʛʥʦʨʫʚʘʥʥʷ ʧʘʨʘʟʠʪʥʠʭ ʝʬʝʢʪʽʚ ʤʦʞʝ ʧʨʠʟʚʝʩʪʠ ʜʦ ʭʠʙʥʠʭ ʧʨʦʛʥʦʟʽʚ ʱʦʜʦ 

ʰʚʠʜʢʦʤʘʩʰʪʘʙʥʠʭ ʥʝʩʪʘʙʽʣʴʥʦʩʪʝʡ (fast-scale instabilities) [31]. ɺ ʨʦʙʦʪʽ [32] 
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ʚʩʪʘʥʦʚʠʣʠ, ʱʦ ʧʘʨʘʟʠʪʥʽ ʻʤʥʦʩʪʽ SiC-ʧʨʠʣʘʜʽʚ ʧʦʨʫʰʫʶʪʴ ʜʦʩʷʛʥʝʥʥʷ ʤô̫ ʢʦʾ 

ʢʦʤʫʪʘʮʽʾ (Zero Voltage Switching, ZVS) ʚ LLC-ʧʝʨʝʪʚʦʨʶʚʘʯʘʭ. 

ɺʘʞʣʠʚʠʤ ʻ ʪʦʡ ʬʘʢʪ, ʱʦ ʧʘʨʘʟʠʪʥʽ ʧʘʨʘʤʝʪʨʠ ʪʘʢʦʞ ʟʤʽʥʶʶʪʴʩʷ ʚ ʧʨʦʮʝʩʽ 

ʩʪʘʨʽʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ: ʟʨʦʩʪʘʻ ESR ʢʦʥʜʝʥʩʘʪʦʨʽʚ, ʟʨʦʩʪʘʻ ʧʘʨʘʟʠʪʥʘ ʽʥʜʫʢʪʠʚʥʽʩʪʴ 

ʜʨʦʪʦʚʠʭ ʟô̒ ʜʥʘʥʴ, ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʤʽʥʘ ʻʤʥʦʩʪʝʡ ʟʘʪʚʦʨʫ ʪʨʘʥʟʠʩʪʦʨʘ ʯʝʨʝʟ ʩʪʘʨʽʥʥʷ 

ʦʢʩʠʜʫ. ɺʩʽ ʮʽ ʟʤʽʥʠ ʻ ʚʠʤʽʨʶʚʘʥʠʤʠ ʧʝʨʝʜʚʽʩʥʠʢʘʤʠ ʚʽʜʤʦʚ. [33] 

ʋ ʚʠʧʘʜʢʫ ʤʦʜʝʣʴʥʦ-ʦʨʽʻʥʪʦʚʘʥʠʭ ʧʽʜʭʦʜʽʚ, ʷʢʱʦ ʤʦʜʝʣʴ ʥʝ ʚʢʣʶʯʘʻ ʚ ʩʝʙʝ 

ʧʘʨʘʟʠʪʥʽ ʧʘʨʘʤʝʪʨʠ ʨʝʘʣʴʥʦʾ ʩʭʝʤʠ, ʟʘʣʠʰʢʦʚʠʡ ʩʠʛʥʘʣ ʤʘʻ ʧʦʩʪʽʡʥʝ ʩʠʩʪʝʤʘʪʠʯʥʝ 

ʚʽʜʭʠʣʝʥʥʷ, ʱʦ ʨʦʙʠʪʴ ʥʝʤʦʞʣʠʚʠʤ ʨʦʟʨʽʟʥʝʥʥʷ ʤʘʣʠʭ ʥʝʩʧʨʘʚʥʦʩʪʝʡ ʚʽʜ ʧʦʭʠʙʢʠ 

ʤʦʜʝʣʶʚʘʥʥʷ. ʊʘʢʠʤ ʯʠʥʦʤ, ʙʝʟ ʚʨʘʭʫʚʘʥʥʷ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʚ ʤʦʜʝʣʽ, ʤʦʞʫʪʴ 

ʚʠʥʠʢʘʪʠ ʭʠʙʥʽ ʧʦʟʠʪʠʚʥʽ ʨʝʟʫʣʴʪʘʪʠ (ʟʘʣʠʰʢʦʚʠʡ ʩʠʛʥʘʣ ʧʝʨʝʚʠʱʫʻ ʧʦʨʽʛ ʯʝʨʝʟ 

ʥʝʚʽʜʧʦʚʽʜʥʽʩʪʴ ʤʦʜʝʣʽ, ʘ ʥʝ ʯʝʨʝʟ ʨʝʘʣʴʥʫ ʥʝʩʧʨʘʚʥʽʩʪʴ) ʪʘ ʭʠʙʥʽ ʥʝʛʘʪʠʚʥʽ 

ʨʝʟʫʣʴʪʘʪʠ (ʨʝʘʣʴʥʽ ʥʝʩʧʨʘʚʥʦʩʪʽ ʟʘʣʠʰʘʶʪʴʩʷ ʥʝʧʦʤʽʯʝʥʠʤʠ ʯʝʨʝʟ ʧʦʭʠʙʢʫ ʤʦʜʝʣʽ). 

[34] 

ʇʨʦʙʣʝʤʘ ʧʝʨʝʭʦʜʫ ʚʽʜ ʢʘʪʘʩʪʨʦʬʽʯʥʠʭ ʜʦ ʧʦʩʪʫʧʦʚʠʭ ʚʽʜʤʦʚ. 

ʊʨʘʜʠʮʽʡʥʦ ʜʽʘʛʥʦʩʪʠʢʘ ʩʠʣʦʚʠʭ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ ʟʦʩʝʨʝʜʞʫʚʘʣʘʩʷ ʥʘ ʚʠʷʚʣʝʥʥʽ 

ʢʘʪʘʩʪʨʦʬʽʯʥʠʭ (ʞʦʨʩʪʢʠʭ) ʚʽʜʤʦʚ, ʪʘʢʠʭ ʷʢ ʦʙʨʠʚʠ ʪʘ ʢʦʨʦʪʢʽ ʟʘʤʠʢʘʥʥʷ ʢʣʶʯʦʚʠʭ 

ʢʦʤʧʦʥʝʥʪʽʚ ʩʭʝʤʠ, ʷʢʽ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʥʝʛʘʡʥʦʛʦ ʪʘ ʧʦʚʥʦʛʦ ʧʦʨʫʰʝʥʥʷ 

ʧʨʘʮʝʟʜʘʪʥʦʩʪʽ ʩʠʩʪʝʤʠ. ʇʨʦʪʝ ʩʫʯʘʩʥʠʡ ʩʪʘʥ ʩʠʣʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ ʚʠʤʘʛʘʻ 

ʧʨʠʥʮʠʧʦʚʦ ʽʥʰʦʛʦ ʧʽʜʭʦʜʫ, ʦʩʢʽʣʴʢʠ ʙʽʣʴʰʽʩʪʴ ʚʽʜʤʦʚ ʫ ʨʝʘʣʴʥʠʭ ʫʤʦʚʘʭ 

ʝʢʩʧʣʫʘʪʘʮʽʾ ʩʴʦʛʦʜʥʽ (ʽ ʥʘʚʽʪʴ ʨʘʥʽʰʝ [33]) ʻ ʨʝʟʫʣʴʪʘʪʦʤ ʧʦʩʪʫʧʦʚʦʾ ʜʝʛʨʘʜʘʮʽʾ 

ʢʦʤʧʦʥʝʥʪʽʚ, ʘ ʥʝ ʨʘʧʪʦʚʠʭ ʢʘʪʘʩʪʨʦʬʽʯʥʠʭ ʧʦʜʽʡ. ʄô̫ ʢʽ (soft) ʚʽʜʤʦʚʠ ʚʠʥʠʢʘʶʪʴ, 

ʢʦʣʠ ʯʘʩʪʢʦʚʝ ʧʦʰʢʦʜʞʝʥʥʷ, ʟʥʦʰʝʥʥʷ ʘʙʦ ʩʪʘʨʽʥʥʷ ʢʦʤʧʦʥʝʥʪʘ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʚʽʜʭʠʣʝʥʥʷ ʡʦʛʦ ʧʘʨʘʤʝʪʨʽʚ ʚʽʜ ʥʦʤʽʥʘʣʴʥʠʭ ʟʥʘʯʝʥʴ, ʧʨʠ ʮʴʦʤʫ ʩʠʩʪʝʤʘ ʧʨʦʜʦʚʞʫʻ 

ʬʫʥʢʮʽʦʥʫʚʘʪʠ, ʘʣʝ ʟ ʧʦʛʽʨʰʝʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ɿ ʯʘʩʦʤ ʪʘʢʽ ʤô̫ ʢʽ ʚʽʜʤʦʚʠ 

ʤʦʞʫʪʴ ʧʝʨʝʪʚʦʨʠʪʠʩʷ ʥʘ ʞʦʨʩʪʢʽ (hard), ʥʘʧʨʠʢʣʘʜ ʢʦʥʜʝʥʩʘʪʦʨ, ʱʦ ʚʪʨʘʪʠʚ 

ʝʣʝʢʪʨʦʣʽʪ ʚʥʘʩʣʽʜʦʢ ʩʪʘʨʽʥʥʷ, ʧʝʨʝʪʚʦʨʶʻʪʴʩʷ ʥʘ ʦʙʨʠʚ ʩʭʝʤʠ [35], ʯʝʨʝʟ ʱʦ 

ʩʚʦʻʯʘʩʥʝ ʚʠʷʚʣʝʥʥʷ ʤô̫ ʢʠʭ ʚʽʜʤʦʚ ʻ ʚʘʞʣʠʚʠʤ ʜʣʷ ʟʘʧʦʙʽʛʘʥʥʷ ʘʚʘʨʽʷʤ. ʇʨʦʙʣʝʤʦʶ 

ʻ ʪʝ, ʱʦ ʥʘ ʨʘʥʥʽʭ ʩʪʘʜʽʷʭ ʜʝʛʨʘʜʘʮʽʾ ʚʽʜʭʠʣʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʢʦʤʧʦʥʝʥʪʽʚ ʤʦʞʫʪʴ 

ʧʦʪʨʘʧʣʷʪʠ ʚ ʜʽʘʧʘʟʦʥ ʜʦʧʫʩʪʠʤʠʭ ʚʠʨʦʙʥʠʯʠʭ ʜʦʧʫʩʢʽʚ (ʥʘʧʨʠʢʣʘʜ ±5-20%), 
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ʩʪʚʦʨʶʶʯʠ ʟʦʥʫ ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ, ʜʝ ʜʝʛʨʘʜʘʮʽʶ ʥʝʤʦʞʣʠʚʦ ʚʽʜʨʽʟʥʠʪʠ ʚʽʜ 

ʥʦʨʤʘʣʴʥʦʛʦ ʨʦʟʢʠʜʫ ʧʘʨʘʤʝʪʨʽʚ. 

ɺʠʩʥʦʚʢʠ ʱʦʜʦ ʜʽʘʛʥʦʩʪʠʢʠ ʩʠʣʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ ʪʘ ʚʙʫʜʦʚʘʥʠʭ ʩʭʝʤ.  

ʊʘʢʠʤ ʯʠʥʦʤ, ʜʽʘʛʥʦʩʪʠʢʘ ʩʠʩʪʝʤ ʩʠʣʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ ʪʘ, ʟʦʢʨʝʤʘ, 

ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ ʤʘʻ ʬʫʥʜʘʤʝʥʪʘʣʴʥʽ ʩʢʣʘʜʥʦʱʽ, ʧʦʚô̫ ʟʘʥʠʤʠ ʟ 

ʥʝʣʽʥʽʡʥʦʩʪʷʤʠ, ʢʦʤʫʪʘʮʽʡʥʦʶ ʧʨʠʨʦʜʦʶ, ʧʦʩʪʫʧʦʚʦʶ ʜʝʛʨʘʜʘʮʽʻʶ ʢʦʤʧʦʥʝʥʪʽʚ ʪʘ 

ʩʫʪʪʻʚʠʤ ʚʧʣʠʚʦʤ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ. ɯʩʥʫʶʯʽ ʪʨʘʜʠʮʽʡʥʽ ʤʝʪʦʜʠ ʟʘʙʝʟʧʝʯʫʶʪʴ 

ʚʠʷʚʣʝʥʥʷ ʞʦʨʩʪʢʠʭ ʚʽʜʤʦʚ ʟ ʚʠʩʦʢʦʶ ʜʦʩʪʦʚʽʨʥʽʩʪʶ, ʧʨʦʪʝ ʟʘʜʘʯʘ ʽʜʝʥʪʠʬʽʢʘʮʽʾ 

ʢʦʥʢʨʝʪʥʦʛʦ ʜʝʛʨʘʜʦʚʘʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʟ ʢʽʣʴʢʽʩʥʦʶ ʦʮʽʥʢʦʶ ʩʪʫʧʝʥʷ ʚʽʜʭʠʣʝʥʥʷ 

ʡʦʛʦ ʧʘʨʘʤʝʪʨʽʚ (ʚʢʣʶʯʘʶʯʠ ʧʘʨʘʟʠʪʥʽ) ʟʘʣʠʰʘʻʪʴʩʷ ʚʽʜʢʨʠʪʦʶ ʽ ʧʝʨʝʙʫʚʘʻ ʚ 

ʘʢʪʠʚʥʦʤʫ ʜʦʩʣʽʜʞʝʥʥʽ. ʉʘʤʝ ʮʷ ʟʘʜʘʯʘ ʧʦʪʨʝʙʫʻ ʥʦʚʦʛʦ ʧʽʜʭʦʜʫ, ʟʜʘʪʥʦʛʦ 

ʟʘʙʝʟʧʝʯʠʪʠ ʚʽʜʧʦʚʽʜʥʽʩʪʴ ʤʽʞ ʚʠʤʽʨʷʥʠʤʠ ʚʽʜʭʠʣʝʥʥʷʤʠ ʧʦʚʝʜʽʥʢʠ ʩʭʝʤʠ ʪʘ 

ʢʦʥʢʨʝʪʥʠʤʠ ʧʘʨʘʤʝʪʨʠʯʥʠʤʠ ʟʤʽʥʘʤʠ ʦʢʨʝʤʠʭ ʢʦʤʧʦʥʝʥʪʽʚ. 

1.1.5 ɯʩʥʫʶʯʽ ʧʨʦʙʣʝʤʠ ʫ ʜʽʘʛʥʦʩʪʠʮʽ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʧʨʠʩʪʨʦʾʚ ʩʠʣʦʚʦʾ 

ʝʣʝʢʪʨʦʥʽʢʠ 

ʇʨʦʙʣʝʤʘ ʛʨʫʧ ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ (ambiguity groups). ɼʝʷʢʽ ʢʦʤʧʦʥʝʥʪʠ ʚ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʧʨʠʩʪʨʦʷʭ ʩʠʣʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ ʦʙô̒ ʜʥʫʶʪʴʩʷ ʫ ʤʥʦʞʠʥʠ 

(ʥʘʧʨʠʢʣʘʜ ʢʘʩʢʘʜʠ ʢʦʥʜʝʥʩʘʪʦʨʽʚ), ʜʝ ʢʦʞʝʥ ʟ ʦʢʨʝʤʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʤʘʻ ʦʜʥʘʢʦʚʠʡ 

ʚʧʣʠʚ ʥʘ ʩʧʦʩʪʝʨʝʞʫʚʘʥʽ ʚʠʭʽʜʥʽ ʧʘʨʘʤʝʪʨʠ. ʊʘʢʦʞ ʙʫʚʘʶʪʴ ʩʠʪʫʘʮʽʾ, ʢʦʣʠ ʟʤʽʥʘ 

ʟʥʘʯʝʥʴ ʜʝʷʢʠʭ ʨʽʟʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʤʘʻ ʦʜʥʘʢʦʚʠʡ ʚʧʣʠʚ ʥʘ ʚʠʭʽʜʥʽ ʟʥʘʯʝʥʥʷ 

ʧʨʠʩʪʨʦʶ. ʏʝʨʝʟ ʮʝ ʽʩʥʫʻ ʬʫʥʜʘʤʝʥʪʘʣʴʥʝ ʦʙʤʝʞʝʥʥʷ, ʦʩʢʽʣʴʢʠ ʫ ʪʘʢʦʤʫ ʚʠʧʘʜʢʫ 

ʚʘʞʢʦ (ʘʙʦ ʥʝʤʦʞʣʠʚʦ) ʚʠʟʥʘʯʠʪʠ, ʷʢʠʡ ʢʦʥʢʨʝʪʥʦ ʢʦʤʧʦʥʝʥʪ ʟ ʤʥʦʞʠʥʠ ʧʨʠʟʚʽʚ ʜʦ 

ʜʝʛʨʘʜʘʮʽʾ ʧʦʚʝʜʽʥʢʠ ʚʩʴʦʛʦ ʧʨʠʩʪʨʦʶ. ʗʢ, ʥʘʧʨʠʢʣʘʜ, ʫ ʚʠʧʘʜʢʘʭ ʢʦʣʠ ʪʝʩʪʦʚʝ 

ʨʽʚʥʷʥʥʷ (test equation) ʜʣʷ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʢʦʤʧʦʥʝʥʪʘ, ʱʦ ʧʨʘʮʶʻ ʥʝʢʦʨʝʢʪʥʦ, ʤʘʻ 

ʜʝʢʽʣʴʢʘ ʨʽʰʝʥʴ [36]. ʊʘʢʦʞ ʽʩʥʫʻ ʧʨʦʙʣʝʤʘ, ʱʦ ʜʝʢʽʣʴʢʘ ʢʦʤʧʦʥʝʥʪʽʚ ʤʦʞʫʪʴ 

ʢʦʤʧʝʥʩʫʚʘʪʠ ʚʧʣʠʚ ʦʜʠʥ ʦʜʥʦʛʦ, ʤʘʩʢʫʶʯʠ ʥʝʩʧʨʘʚʥʽʩʪʴ. 

ʇʨʦʙʣʝʤʘ ʙʘʣʘʥʩʫ ʤʽʞ ʪʦʯʥʽʩʪʶ, ʰʚʠʜʢʦʜʽʻʶ ʪʘ ʩʢʣʘʜʥʽʩʪʶ. 

ɯʩʥʫʶʯʽ ʧʽʜʭʦʜʠ ʜʦ ʜʽʘʛʥʦʩʪʠʢʠ ʟʘʚʜʷʢʠ ʥʘʷʚʥʽʤ ʢʦʤʧʨʦʤʽʩʘʤ ʙʘʣʘʥʩʫʶʪʴ ʤʽʞ 

ʪʦʯʥʽʩʪʶ, ʰʚʠʜʢʽʩʪʶ ʪʘ ʩʢʣʘʜʥʽʩʪʶ, ʞʦʜʥʠʡ ʟ ʷʢʠʭ ʥʝ ʟʘʙʝʟʧʝʯʫʻ ʦʧʪʠʤʘʣʴʥʦʛʦ 
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ʙʘʣʘʥʩʫ. ɸʧʘʨʘʪʥʦ-ʦʨʽʻʥʪʦʚʘʥʽ ʤʝʪʦʜʠ  ̒ ʜʦʨʦʛʠʤʠ, ʦʩʢʽʣʴʢʠ ʚʠʤʘʛʘʶʪʴ 

ʜʦʜʘʪʢʦʚʦʛʦ ʝʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʘ ʪʘʢʦʞ ʧʦʛʽʨʰʫʶʪʴ ʤʘʩʦʛʘʙʘʨʠʪʥʽ ʧʦʢʘʟʥʠʢʠ 

ʧʨʠʩʪʨʦʶ. ʄʝʪʦʜʠ ʥʘ ʦʩʥʦʚʽ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ ʟʘʙʝʟʧʝʯʫʶʪʴ ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ 

ʢʣʘʩʠʬʽʢʘʮʽʾ, ʦʜʥʘʢ ʤʘʶʪʴ ʩʫʪʪʻʚʽ ʦʙʤʝʞʝʥʥʷ. ɺʦʥʠ ʤʘʶʪʴ ʥʘʜʤʽʨʥʽ ʚʠʤʦʛʠ ʜʦ 

ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʧʦʪʫʞʥʦʩʪʝʡ, ʘ ʪʘʢʦʞ ʩʪʚʦʨʝʥʥʷ ʩʠʩʪʝʤʠ ʜʽʘʛʥʦʩʪʠʢʠ ʥʘ ʦʩʥʦʚʽ 

ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ ʚʠʤʘʛʘʻ ʥʘʷʚʥʦʩʪʽ ʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ ʜʘʥʠʭ, ʟʙʽʨ ʷʢʠʭ (ʨʘʟʦʤ ʟ 

ʧʦʜʘʣʴʰʠʤ ʪʨʝʥʫʚʘʥʥʷʤ) ʻ ʯʘʩʦʟʘʪʨʘʪʥʠʤ ʧʨʦʮʝʩʦʤ [37]. ɺʦʜʥʦʯʘʩ, ʤʦʜʝʣʴʥʦ-

ʦʨʽʻʥʪʦʚʘʥʽ ʤʝʪʦʜʠ ʟʘʙʝʟʧʝʯʫʶʪʴ ʚʠʱʫ ʰʚʠʜʢʽʩʪʴ, ʘʣʝ ʾʭʥʷ ʪʦʯʥʽʩʪʴ ʢʨʠʪʠʯʥʦ 

ʟʘʣʝʞʠʪʴ ʚʽʜ ʷʢʦʩʪʽ ʩʘʤʦʾ ʤʦʜʝʣʽ. 

ʇʨʦʙʣʝʤʘ ʽʥʪʝʨʧʨʝʪʦʚʘʥʦʩʪʽ ʪʘ ʜʦʚʽʨʠ. 

ɿ ʨʦʟʰʠʨʝʥʥʷʤ ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʝʪʦʜʽʚ ʫ ʜʽʘʛʥʦʩʪʠʮʽ ʥʘ ʦʩʥʦʚʽ ʜʘʥʠʭ (ʤʘʰʠʥʥʦʛʦ 

ʥʘʚʯʘʥʥʷ) ʚʠʥʠʢʘʻ ʬʫʥʜʘʤʝʥʪʘʣʴʥʘ ʧʨʦʙʣʝʤʘ ʟʘʙʝʟʧʝʯʝʥʥʷ ʥʝ ʣʠʰʝ ʪʦʯʥʦʩʪʽ 

ʨʝʟʫʣʴʪʘʪʽʚ ʜʽʘʛʥʦʩʪʠʯʥʦʾ ʩʠʩʪʝʤʠ, ʘ ʡ ʾʭ ʟʨʦʟʫʤʽʣʦʩʪʽ (ʽʥʪʝʨʧʨʝʪʦʚʘʥʦʩʪʽ) ʪʘ ʨʽʚʥʷ 

ʜʦʚʽʨʠ ʣʶʜʠʥʠ ʜʦ ʥʠʭ. ʄʝʪʦʜʠ ʥʘ ʦʩʥʦʚʽ «ʯʦʨʥʦʛʦ ʷʱʠʢʘ» ʜʝʤʦʥʩʪʨʫʶʪʴ ʚʠʩʦʢʫ 

ʪʦʯʥʽʩʪʴ, ʘʣʝ ʥʝ ʥʘʜʘʶʪʴ ʧʦʷʩʥʝʥʥʷ ʜʣʷ ʩʚʦʾʭ ʨʽʰʝʥʴ. ɯʥʞʝʥʝʨʫ ʥʝʜʦʩʪʘʪʥʴʦ ʟʥʘʪʠ 

ʣʠʰʝ ʬʘʢʪ ʥʘʷʚʥʦʩʪʽ ʥʝʢʦʨʝʢʪʥʦʾ ʧʦʚʝʜʽʥʢʠ ʚ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʨʠʩʪʨʦʶ, ʘ ʧʦʪʨʽʙʥʦ 

ʨʦʟʫʤʽʪʠ, ʷʢʠʡ ʩʘʤʝ ʬʽʟʠʯʥʠʡ ʧʨʦʮʝʩ ʩʧʨʠʯʠʥʷʻ ʚʽʜʭʠʣʝʥʥʷ ʚ ʧʦʚʝʜʽʥʮʽ. ɺʦʜʥʦʯʘʩ, 

ʧʽʜʭʦʜʠ ʥʘ ʦʩʥʦʚʽ «ʙʽʣʦʛʦ ʷʱʠʢʘ» ʥʘʜʘʶʪʴ ʷʚʥʝ ʧʦʷʩʥʝʥʥʷ ʜʣʷ ʢʦʞʥʦʛʦ ʨʽʰʝʥʥʷ, ʘʣʝ 

ʤʦʞʫʪʴ ʙʫʪʠ ʤʝʥʰ ʪʦʯʥʠʤʠ ʜʣʷ ʩʢʣʘʜʥʠʭ ʥʝʣʽʥʽʡʥʠʭ ʟʘʣʝʞʥʦʩʪʝʡ.  

ʇʨʦʙʣʝʤʘ ʛʝʥʝʨʘʣʽʟʘʮʽʾ. 

ʌʫʥʜʘʤʝʥʪʘʣʴʥʠʤ ʦʙʤʝʞʝʥʥʷʤ ʤʝʪʦʜʽʚ ʪʘ ʤʝʪʦʜʠʢ ʩʠʣʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ, ʱʦ 

ʦʩʥʦʚʘʥʽ ʥʘ ʜʘʥʠʭ, ʻ ʥʝʜʦʩʪʘʪʥʷ ʟʜʘʪʥʽʩʪʴ ʥʘʚʯʝʥʠʭ ʤʦʜʝʣʝʡ ʜʦ ʫʟʘʛʘʣʴʥʝʥʥʷ ʥʘ ʥʦʚʽ 

ʝʢʩʧʣʫʘʪʘʮʽʡʥʽ ʫʤʦʚʠ, ʘʣʴʪʝʨʥʘʪʠʚʥʽ ʢʦʥʬʽʛʫʨʘʮʽʾ ʦʙʣʘʜʥʘʥʥʷ ʪʘ ʨʘʥʽʰʝ ʥʝʚʽʜʦʤʽ 

ʨʝʞʠʤʠ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ. ʄʦʜʝʣʴ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ, ʧʘʨʘʤʝʪʨʠʟʦʚʘʥʘ ʥʘ ʦʩʥʦʚʽ 

ʥʘʙʦʨʫ ʜʘʥʠʭ ʟ ʢʦʥʢʨʝʪʥʦʛʦ ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʨʠʩʪʨʦʶ, ʜʝʤʦʥʩʪʨʫʻ ʽʩʪʦʪʥʫ ʜʝʛʨʘʜʘʮʽʶ 

ʧʦʢʘʟʥʠʢʽʚ ʪʦʯʥʦʩʪʽ ʧʨʠ ʟʘʩʪʦʩʫʚʘʥʥʽ ʜʦ ʪʦʧʦʣʦʛʽʯʥʦ ʧʦʜʽʙʥʠʭ, ʧʨʦʪʝ ʩʪʨʫʢʪʫʨʥʦ 

ʚʽʜʤʽʥʥʠʭ ʧʨʠʩʪʨʦʾʚ. [38] 

ʈʦʟʨʠʚ ʤʽʞ ʣʘʙʦʨʘʪʦʨʥʦʶ ʚʘʣʽʜʘʮʽʻʶ ʪʘ ʧʨʦʤʠʩʣʦʚʠʤ ʚʧʨʦʚʘʜʞʝʥʥʷʤ. 

ʉʠʩʪʝʤʘʪʠʯʥʠʡ ʘʥʘʣʽʟ ʦʧʫʙʣʽʢʦʚʘʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʚʠʷʚʣʷʻ ʨʦʟʨʠʚ ʤʽʞ ʨʦʙʦʪʘʤʠ, 

ʷʢʽ ʙʫʣʠ ʧʨʦʚʝʜʝʥʽ ʚ ʢʦʥʪʨʦʣʴʦʚʘʥʠʭ ʣʘʙʦʨʘʪʦʨʥʠʭ ʩʝʨʝʜʦʚʠʱʘʭ ʪʘ ʨʝʘʣʴʥʠʤʠ 
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ʧʦʣʴʦʚʠʤʠ ʫʤʦʚʘʤʠ [39]. ʉʠʥʪʝʪʠʯʥʽ ʜʘʥʽ, ʦʪʨʠʤʘʥʽ ʟʘʩʦʙʘʤʠ ʤʘʪʝʤʘʪʠʯʥʦʛʦ 

ʤʦʜʝʣʶʚʘʥʥʷ, ʪʘ ʝʤʧʽʨʠʯʥʽ ʚʠʤʽʨʶʚʘʥʥʷ ʟ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʩʪʝʥʜʽʚ ʥʝ 

ʚʽʜʪʚʦʨʶʶʪʴ ʧʦʚʥʠʡ ʩʧʝʢʪʨ ʬʘʢʪʦʨʽʚ, ʷʢʽ ʻ ʚʣʘʩʪʠʚʠʤʠ ʧʨʦʮʝʩʫ ʝʢʩʧʣʫʘʪʘʮʽʾ 

ʦʙʣʘʜʥʘʥʥʷ ʚ ʧʨʦʤʠʩʣʦʚʦʩʪʽ: ʜʠʥʘʤʽʯʥʽ ʚʘʨʽʘʮʽʾ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʪʝʤʧʝʨʘʪʫʨʥʽ 

ʬʣʫʢʪʫʘʮʽʾ ʨʦʙʦʯʦʛʦ ʩʝʨʝʜʦʚʠʱʘ, ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʘ ʩʫʤʽʩʥʽʩʪʴ ʫ ʨʝʘʣʴʥʠʭ ʤʝʨʝʞʘʭ, 

ʢʫʤʫʣʷʪʠʚʥʽ ʝʬʝʢʪʠ ʩʪʘʨʽʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ.  

ɿʛʽʜʥʦ ʟ ʘʥʘʣʽʟʦʤ [39], ʣʠʰʝ 8% ʜʦʩʣʽʜʞʝʥʴ ʫ ʛʘʣʫʟʽ ʜʽʘʛʥʦʩʪʠʢʠ ʥʝʩʧʨʘʚʥʦʩʪʝʡ 

ʝʣʝʢʪʨʠʯʥʠʭ ʧʨʠʚʦʜʽʚ ʥʘ ʦʩʥʦʚʽ ʜʘʥʠʭ ʙʫʣʠ ʧʽʜʪʚʝʨʜʞʝʥʽ ʪʘ ʧʨʦʪʝʩʪʦʚʘʥʽ ʥʘ ʜʘʥʠʭ, 

ʟʽʙʨʘʥʠʭ ʚ ʧʦʣʴʦʚʠʭ ʫʤʦʚʘʭ ʝʢʩʧʣʫʘʪʘʮʽʾ ʧʨʠʩʪʨʦʶ, ʪʦʜʽ ʷʢ 68% ʦʙʤʝʞʫʶʪʴʩʷ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʩʪʝʥʜʘʤʠ, ʘ 24% ï ʚʠʢʣʶʯʥʦ ʩʠʤʫʣʷʮʽʡʥʠʤʠ ʤʦʜʝʣʷʤʠ. 

ʅʘʩʣʽʜʢʦʤ ʮʴʦʛʦ ʨʦʟʨʠʚʫ ʻ ʟʥʠʞʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʤʦʜʝʣʽ ʧʨʠ ʧʝʨʝʭʦʜʽ ʚʽʜ 

ʢʦʥʪʨʦʣʴʦʚʘʥʦʛʦ ʣʘʙʦʨʘʪʦʨʥʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʜʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʨʠʩʪʨʦʶ ʚ ʨʝʘʣʴʥʠʭ 

ʫʤʦʚʘʭ: ʪʦʯʥʽʩʪʴ ʚʠʷʚʣʝʥʥʷ ʥʝʩʧʨʘʚʥʦʩʪʝʡ ʤʦʞʝ ʟʥʠʞʫʚʘʪʠʩʷ ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ 

ʧʦʢʘʟʥʠʢʘʤʠ, ʚʠʤʽʨʷʥʠʤʠ ʥʘ ʪʝʩʪʦʚʠʭ ʜʘʥʠʭ [38]. 

ʇʨʦʙʣʝʤʘ ʚʨʘʭʫʚʘʥʥʷ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʫ ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʤʦʜʝʣʷʭ. 

ʗʢ ʙʫʣʦ ʟʘʟʥʘʯʝʥʦ ʚ ʧʽʜʨʦʟʜʽʣʽ 1.1.4, ʧʘʨʘʟʠʪʥʽ ʧʘʨʘʤʝʪʨʠ ʤʘʶʪʴ ʧʦʤʽʪʥʠʡ 

ʚʧʣʠʚ ʥʘ ʨʝʘʣʴʥʫ ʧʦʚʝʜʽʥʢʫ ʩʠʣʦʚʠʭ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ. ʆʜʥʘʢ ʦʢʨʝʤʦʶ ʽ ʥʝ ʤʝʥʰ 

ʛʦʩʪʨʦʶ ʧʨʦʙʣʝʤʦʶ ʻ ʾʭ ʢʦʨʝʢʪʥʝ ʚʨʘʭʫʚʘʥʥʷ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʫ ʜʽʘʛʥʦʩʪʠʯʥʠʭ 

ʤʦʜʝʣʷʭ, ʜʝ ʥʝʚʽʜʧʦʚʽʜʥʽʩʪʴ ʤʽʞ ʽʜʝʘʣʽʟʦʚʘʥʠʤ ʤʘʪʝʤʘʪʠʯʥʠʤ ʦʧʠʩʦʤ ʩʭʝʤʠ ʪʘ ʾʾ 

ʨʝʘʣʴʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʩʠʩʪʝʤʘʪʠʯʥʠʭ ʧʦʤʠʣʦʢ ʜʝʪʝʢʪʫʚʘʥʥʷ ʪʘ 

ʢʣʘʩʠʬʽʢʘʮʽʾ ʥʝʩʧʨʘʚʥʦʩʪʝʡ. ʄʦʜʝʣʴʥʦ-ʦʨʽʻʥʪʦʚʘʥʽ ʜʽʘʛʥʦʩʪʠʯʥʽ ʘʣʛʦʨʠʪʤʠ 

ʧʦʪʨʝʙʫʶʪʴ ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʧʘʨʘʤʝʪʨʠ ʢʦʤʧʦʥʝʥʪʽʚ ʝʣʝʢʪʨʠʯʥʦʾ ʩʭʝʤʠ (ʻʤʥʦʩʪʝʡ, 

ʽʥʜʫʢʪʠʚʥʦʩʪʝʡ, ʧʘʨʘʟʠʪʥʠʭ ʦʧʦʨʽʚ), ʧʨʦʪʝ ʦʪʨʠʤʘʥʥʷ ʪʦʯʥʠʭ ʟʥʘʯʝʥʴ ʮʠʭ ʧʘʨʘʤʝʪʨʽʚ 

ʜʣʷ ʨʝʘʣʴʥʠʭ ʩʠʩʪʝʤ ʻ ʩʢʣʘʜʥʠʤ ʟʘʚʜʘʥʥʷʤ [4]. ʎʷ ʧʨʦʙʣʝʤʘ ʥʘʙʫʚʘʻ ʦʩʦʙʣʠʚʦʾ 

ʘʢʪʫʘʣʴʥʦʩʪʽ ʚ ʢʦʥʪʝʢʩʪʽ ʩʫʯʘʩʥʦʾ ʝʣʝʢʪʨʦʥʽʢʠ, ʚ ʪʦʤʫ ʯʠʩʣʽ ʧʝʨʝʪʚʦʨʶʚʘʯʘʭ 

ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ, ʜʝ ʧʽʜʚʠʱʝʥʥ̫ ʯʘʩʪʦʪʠ ʧʝʨʝʤʠʢʘʥʥʷ ʪʘ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʰʠʨʦʢʦʟʦʥʥʠʭ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ ʧʽʜʩʠʣʶʶʪʴ ʚʧʣʠʚ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʥʘ 

ʪʦʯʥʽʩʪʴ ʜʽʘʛʥʦʩʪʠʢʠ [40]. ʉʢʣʘʜʥʽʩʪʴ ʧʨʦʙʣʝʤʠ ʧʽʜʚʠʱʫʻʪʴʩʷ ʯʝʨʝʟ ʥʝʩʪʘʮʽʦʥʘʨʥʫ 

ʧʨʠʨʦʜʫ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ. ɺʽʜʩʫʪʥʽʩʪʴ ʻʜʠʥʦʛʦ ʧʽʜʭʦʜʫ, ʟʜʘʪʥʦʛʦ ʦʜʥʦʯʘʩʥʦ 

ʚʨʘʭʦʚʫʚʘʪʠ ʯʘʩʪʦʪʥʫ, ʪʝʤʧʝʨʘʪʫʨʥʫ ʪʘ ʜʝʛʨʘʜʘʮʽʡʥʫ ʟʘʣʝʞʥʦʩʪʽ ʧʘʨʘʟʠʪʥʠʭ 
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ʧʘʨʘʤʝʪʨʽʚ ʚ ʨʝʞʠʤʽ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ, ʻ ʚʘʞʣʠʚʦʶ ʥʝʚʠʨʽʰʝʥʦʶ ʧʨʦʙʣʝʤʦʶ ʫ 

ʜʽʘʛʥʦʩʪʠʮʽ ʩʠʣʦʚʠʭ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ [4, 41]. 

1.1.6 ɯʩʥʫʶʯʽ ʤʦʜʝʣʴʥʦ-ʦʨʽʻʥʪʦʚʘʥʽ ʧʽʜʭʦʜʠ ʜʽʘʛʥʦʩʪʠʢʠ 

ɺ ʜʘʥʦʤʫ ʧʽʜʨʦʟʜʽʣʽ ʦʧʠʩʘʥʽ ʜʝʷʢʽ ʧʨʠʢʣʘʜʠ ʨʦʙʽʪ, ʱʦ ʜʝʤʦʥʩʪʨʫʶʪʴ ʨʽʟʥʽ 

ʧʽʜʭʦʜʠ ʜʦ ʜʝʪʝʢʪʫʚʘʥʥʷ ʥʝʩʧʨʘʚʥʦʩʪʝʡ ʘʙʦ ʚʽʜʩʣʽʜʢʦʚʫʚʘʥʥʷ ʚʥʫʪʨʽʰʥʴʦʛʦ ʩʪʘʥʫ 

ʧʨʠʩʪʨʦʶ. ʅʝ ʚʩʽ ʚʦʥʠ ʧʦʟʠʮʽʦʥʫʶʪʴʩʷ ʘʚʪʦʨʘʤʠ ʯʽʪʢʦ ʷʢ ʪʘʢʽ, ʱʦ ʨʦʟʙʠʚʘʶʪʴʩʷ ʥʘ 

ʜʚʽ ʬʘʟʠ: ʜʝʪʝʢʪʫʚʘʥʥʷ (ʚʠʷʚʣʝʥʥʷ ʥʘʷʚʥʦʩʪʽ ʥʝʩʧʨʘʚʥʦʩʪ)̔ ʪʘ ʽʟʦʣʷʮʽʾ/ʣʦʢʘʣʽʟʘʮʽʾ 

(ʚʠʷʚʣʝʥʥʷ ʢʦʥʢʨʝʪʥʦʾ ʧʨʠʯʠʥʠ ʚʽʜʤʦʚʠ), ʘʣʝ ʟʘʜʣʷ ʩʠʩʪʝʤʘʪʠʟʘʮʽʾ ʧʨʠʥʮʠʧʽʚ ʨʦʙʦʪʠ 

ʨʽʟʥʠʭ ʤʝʪʦʜʽʚ, ʚ ʮʴʦʤʫ ʧʽʜʨʦʟʜʽʣʽ ʜʦʜʘʻʪʴʩʷ ʷʚʥʝ ʨʦʟʙʠʪʪʷ ʥʘ ʜʚʽ ʬʘʟʠ, ʦʧʠʩʘʥʽ 

ʘʚʪʦʨʦʤ ʜʘʥʦʾ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ. 

ʋ ʨʦʙʦʪʽ [42] ʜʣʷ ʜʽʘʛʥʦʩʪʠʢʠ ʧʽʜʚʠʱʫʶʯʦʛʦ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʽʥʪʝʨʚʘʣʴʥʽ ʩʧʦʩʪʝʨʽʛʘʯʽ (interval observers), ʷʢʽ ʚʢʣʶʯʘʶʪʴ 

ʦʙʤʝʞʝʥʽ ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ ʧʘʨʘʤʝʪʨʽʚ. ɿʽ ʩʧʦʩʪʝʨʽʛʘʯʘ ʦʪʨʠʤʫʶʪʴ ʚʝʨʭʥʶ ʽ ʥʠʞʥʶ 

ʤʝʞʽ ʩʪʘʥʫ, ʥʘ ʦʩʥʦʚʽ ʷʢʠʭ ʛʝʥʝʨʫʻʪʴʩʷ çʽʥʪʝʨʚʘʣʴʥʠʡ ʟʘʣʠʰʦʢ» (residual). ʌʘʟʘ 

ʜʝʪʝʢʪʫʚʘʥʥʷ (ʚʠʷʚʣʝʥʥʷ ʥʘʷʚʥʦʩʪʽ ʚʽʜʤʦʚʠ) ʬʽʢʩʫʻ ʚʽʜʭʠʣʝʥʥʷ ʟʘʣʠʰʢʫ ʚʽʜ ʥʫʣʷ, ʘ 

ʣʦʢʘʣʽʟʘʮʽʷ (ʨʦʟʨʽʟʥʝʥʥʷ ʥʝʩʧʨʘʚʥʦʩʪʝʡ ʪʨʘʥʟʠʩʪʦʨʘ ʘʙʦ ʜʽʦʜʘ) ʚʠʢʦʥʫʻʪʴʩʷ ʟʘ 

ʥʘʭʠʣʦʤ (slope) ʢʨʠʚʦʾ ʽʥʜʠʢʘʪʦʨʘ, ʦʩʢʽʣʴʢʠ ʢʦʞʥʘ ʥʝʩʧʨʘʚʥʽʩʪʴ ʜʘʻ ʨʽʟʥʠʡ ʥʘʭʠʣ. 

ʋ ʨʦʙʦʪʽ [43] ʥʝʩʧʨʘʚʥʦʩʪʽ ʜʝʪʝʢʪʫʶʪʴʩʷ ʤʝʪʦʜʦʤ ʨʝʛʨʝʩʽʾ ʚ ʯʘʩʦʚʽʡ ʦʙʣʘʩʪʽ, ʜʝ 

ʧʘʨʘʤʝʪʨʠ ʤʦʜʝʣʽ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʫ ʧʨʦʩʪʦʨʽ ʩʪʘʥʽʚ ʽʪʝʨʘʪʠʚʥʦ ʧʽʜʙʠʨʘʶʪʴʩʷ ʪʘʢ, ʱʦʙ 

ʤʽʥʽʤʟ̔ʫʚʘʪʠ ʩʝʨʝʜʥʴʦʢʚʘʜʨʘʪʠʯʥʝ ʚʽʜʭʠʣʝʥʥʷ (MSE) ʤʽʞ ʚʠʤʽʨʷʥʠʤ ʽ ʧʝʨʝʜʙʘʯʝʥʠʤ 

ʩʠʛʥʘʣʘʤʠ ʩʪʨʫʤʫ ʽʥʜʫʢʪʠʚʥʦʩʪʽ ʪʘ ʥʘʧʨʫʛʠ ʥʘ ʚʠʭʦʜʽ. ʇʽʜʙʽʨ ʧʘʨʘʤʝʪʨʽʚ ʚʠʢʦʥʫʻʪʴʩʷ 

ʦʧʪʠʤʽʟʘʪʦʨʦʤ, ʧʨʠʯʦʤʫ ʘʚʪʦʨʠ ʧʦʨʽʚʥʶʶʪʴ ʤʝʪʘʝʚʨʠʩʪʠʯʥʽ ʪʘ ʛʨʘʜʽʻʥʪʥʽ ʘʣʛʦʨʠʪʤʠ. 

ʌʘʟʘ ʜʝʪʝʢʪʫʚʘʥʥʷ ʧʦʣʷʛʘʻ ʫ ʚʽʜʩʪʝʞʝʥʥʽ ʜʨʝʡʬʫ ʦʮʽʥʝʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʚʽʜ 

ʥʦʤʽʥʘʣʴʥʠʭ ʟʥʘʯʝʥʴ, ʘ ʣʦʢʘʣʽʟʘʮʽʷ  ʚʠʢʦʥʫʻʪʴʩʷ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʯʝʨʝʟ ʧʨʠʚô̫ ʟʢʫ 

ʢʦʞʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʜʦ ʢʦʥʢʨʝʪʥʦʛʦ ʤʝʭʘʥʽʟʤʫ ʚʽʜʤʦʚʠ. 

ʋ ʬʫʥʜʘʤʝʥʪʘʣʴʥʽʡ ʨʦʙʦʪʽ [44] ʥʝʩʧʨʘʚʥʦʩʪʽ ʘʥʘʣʦʛʦʚʠʭ ʩʭʝʤ ʜʝʪʝʢʪʫʶʪʴʩʷ 

ʤʝʪʦʜʦʤ ʩʣʦʚʥʠʢʘ ʥʝʩʧʨʘʚʥʦʩʪʝʡ ʥʘ ʦʩʥʦʚʽ DC-ʘʥʘʣʽʟʫ (DC fault dictionary), ʜʝ ʜʣʷ 

ʢʦʞʥʦʾ ʧʦʧʝʨʝʜʥʴʦ ʦʙʨʘʥʦʾ ʚʽʜʤʦʚʠ ʩʠʤʫʣʷʪʦʨʦʤ SYSCAP II ʦʙʯʠʩʣʶʶʪʴʩʷ ʚʫʟʣʦʚʽ 

ʥʘʧʨʫʛʠ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ, ʱʦ ʬʦʨʤʫʶʪʴ ʾʾ çʧʽʜʧʠʩè. ɺʠʷʚʣʝʥʥʷ ʥʝʩʧʨʘʚʥʦʩʪʽ ʪʘ ʾʾ 
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ʣʦʢʘʣʽʟʘʮʽʷ ʧʦʣʷʛʘʻ ʚ ʦʙʯʠʩʣʝʥʥʽ ʩʫʤʠ ʢʚʘʜʨʘʪʽʚ ʚʽʜʭʠʣʝʥʴ ʚʠʤʽʨʷʥʠʭ ʚʫʟʣʦʚʠʭ 

ʥʘʧʨʫʛ ʚʽʜ ʥʦʤʽʥʘʣʴʥʠʭ ʟ ʫʩʽʤʘ ʤʦʞʣʠʚʠʤʠ çʧʽʜʧʠʩʘʤʠè. ʊʦʡ çʧʽʜʧʠʩè, ʱʦ ʤʘʻ 

ʥʘʡʤʝʥʰʝ ʚʽʜʭʠʣʝʥʥʷ, ʚʢʘʟʫʻ ʥʘ ʢʦʥʢʨʝʪʥʠʡ ʥʝʩʧʨʘʚʥʠʡ ʢʦʤʧʦʥʝʥʪ.  

ʋ ʨʦʙʦʪʽ [45] ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʫ ʥʝʩʧʨʘʚʥʦʩʪʝʡ ʨʦʟʧʦʜʽʣʝʥʦʾ 

ʬʦʪʦʝʣʝʢʪʨʠʯʥʦʾ ʩʠʩʪʝʤʠ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʧʽʜʭʽʜ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ. ɺ ʭʦʜʽ 

ʨʦʙʦʪʠ ʩʠʩʪʝʤʠ, ʩʧʽʚʩʪʘʚʣʷʶʪʴʩʷ ʦʮʽʥʝʥʽ z(t) ʪʘ ʚʠʤʽʨʷʥʽ y(t) ʚʠʭʦʜʠ ʩʠʩʪʝʤʠ, 

ʛʝʥʝʨʫʻʪʴʩʷ ʚʝʢʪʦʨ ʧʦʭʠʙʢʠ (ʟʘʣʠʰʢʫ - residual) ɔ(t), ʥʘ ʦʩʥʦʚʽ ʷʢʦʛʦ ʚʠʢʦʥʫʶʪʴʩʷ 

ʦʙʠʜʚʽ ʬʘʟʠ ʜʽʘʛʥʦʩʪʠʢʠ. ʌʘʟʘ ʜʝʪʝʢʪʫʚʘʥʥʷ ʧʦʣʷʛʘʻ ʫ ʚʽʜʩʪʝʞʝʥʥʽ LÐ-ʥʦʨʤʠ 

ʟʘʣʠʰʢʫ ʪʘ ʾʾ ʧʦʨʽʚʥʷʥʥʽ ʟ ʧʦʨʦʛʦʚʠʤ ʟʥʘʯʝʥʥʷʤ ũ. ʃʦʢʘʣʽʟʘʮʽʷ ʚʠʢʦʥʫʻʪʴʩʷ ʯʝʨʝʟ 

ʥʦʨʤʘʣʽʟʘʮʽʶ ʟʘʣʠʰʢʫ ʜʦ ʦʜʠʥʠʯʥʦʛʦ ʚʝʢʪʦʨʘ ʥʘʧʨʷʤʢʫ ʫ ʧʨʦʩʪʦʨʽ ʥʝʩʧʨʘʚʥʦʩʪʝʡ ʪʘ 

ʦʙʯʠʩʣʝʥʥʷ L2-ʩʢʘʣʷʨʥʦʛʦ ʜʦʙʫʪʢʫ ʤʽʞ ɔ(t) ʽ ʢʦʞʥʠʤ ʯʣʝʥʦʤ ʥʘʧʝʨʝʜ ʨʦʟʨʘʭʦʚʘʥʦʾ 

ʙʽʙʣʽʦʪʝʢʠ çʧʽʜʧʠʩʽʚ ʥʝʩʧʨʘʚʥʦʩʪʝʡè fault signatures (ʷʢʘ ʬʦʨʤʫʻʪʴʩʷ ʘʥʘʣʽʪʠʯʥʦ), ʜʝ 

ʤʘʢʩʠʤʘʣʴʥʠʡ ʜʦʙʫʪʦʢ ʚʢʘʟʫʻ ʥʘ ʢʦʥʢʨʝʪʥʠʡ ʪʠʧ ʚʽʜʤʦʚʠ, ʱʦ ʜʦʟʚʦʣʷʻ ʨʦʟʨʽʟʥʷʪʠ 

ʨʽʟʥʽ ʪʠʧʠ ʥʝʩʧʨʘʚʥʦʩʪʝʡ ʬʦʪʦʝʣʝʢʪʨʠʯʥʦʾ ʩʠʩʪʝʤʠ. 

ʋ ʨʦʙʦʪʽ [46] ʜʣʷ ʧʨʦʛʥʦʟʦʚʘʥʦʛʦ ʪʝʭʥʽʯʥʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʽʟʦʣʴʦʚʘʥʦʛʦ 

ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʨʦʟʰʠʨʝʥʠʡ ʬʽʣʴʪʨ ʂʘʣʤʘʥʘ (EKF), ʷʢʠʡ ʩʧʽʣʴʥʦ 

ʦʮʽʥʶʻ ʟʤʽʥʥʽ ʩʪʘʥʫ (ʩʪʨʫʤ ʽʥʜʫʢʪʠʚʥʦʩʪʽ, ʥʘʧʨʫʛʫ ʢʦʥʜʝʥʩʘʪʦʨʘ) ʪʘ ʧʘʨʘʤʝʪʨʠ-

ʧʨʝʜʠʢʪʦʨʠ ʚʽʜʤʦʚ, ʜʦʜʘʥʽ ʜʦ ʚʝʢʪʦʨʘ ʩʪʘʥʫ (ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʤʦʜʝʣʴ ʫ ʧʨʦʩʪʦʨʽ 

ʩʪʘʥʽʚ) ʷʢ ʧʦʚʽʣʴʥʦʟʤʽʥʥʽ ʚʝʣʠʯʠʥʠ. ʇʨʠ ʮʴʦʤʫ ʬʘʢʪʠʯʥʦ ʦʮʽʥʶʶʪʴʩʷ ʣʠʰʝ 

ʽʥʜʫʢʪʠʚʥʽʩʪʴ L ʪʘ ʻʤʥʽʩʪʴ C. ʌʘʟʘ ʜʝʪʝʢʪʫʚʘʥʥʷ ʧʦʣʷʛʘʻ ʫ ʚʽʜʩʪʝʞʝʥʥʽ ʜʨʝʡʬʫ 

ʦʮʽʥʝʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʚʽʜ ʥʦʤʽʥʘʣʴʥʠʭ ʟʥʘʯʝʥʴ, ʘ ʣʦʢʘʣʽʟʘʮʽʷ ʚʠʢʦʥʫʻʪʴʩʷ ʯʝʨʝʟ 

ʧʨʠʚô̫ ʟʢʫ ʧʘʨʘʤʝʪʨʘ ʜʦ ʤʝʭʘʥʽʟʤʫ ʚʽʜʤʦʚʠ (ʟʤʝʥʰʝʥʥʷ L ʚʽʜʧʦʚʽʜʘʻ ʪʝʧʣʦʚʦʤʫ 

ʩʪʘʨʽʥʥʶ ʪʘ ʤʽʞʚʠʪʢʦʚʦʤʫ ʟʘʤʠʢʘʥʥʶ ʽʥʜʫʢʪʦʨʘ, ʘ ʟʤʝʥʰʝʥʥʷ C ï ʩʪʘʨʽʥʥʶ 

ʝʣʝʢʪʨʦʣʽʪʠʯʥʦʛʦ ʢʦʥʜʝʥʩʘʪʦʨʘ). ɯʥʰʠʤʠ ʩʣʦʚʘʤʠ, ʜʘʥʘ ʨʦʙʦʪʘ ʚʠʢʦʥʫʻ ʦʮʽʥʶʚʘʥʥʷ 

ʧʘʨʘʤʝʪʨʽʚ ʚ ʨʝʞʠʤʽ ʦʥʣʘʡʥ. 

ʋ ʨʦʙʦʪʽ [47] ʜʣʷ ʜʽʘʛʥʦʩʪʠʢʠ ʥʝʩʧʨʘʚʥʦʩʪʝʡ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ 

ʧʽʜʭʽʜ ʥʘ ʦʩʥʦʚʽ ʩʧʦʩʪʝʨʽʛʘʯʽʚ ʃʶʝʥʙʝʨʛʝʨʘ. ʉʭʝʤʘ ʜʽʘʛʥʦʩʪʠʢʠ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʜʚʦʭ 

ʢʣʘʩʽʚ ʬʽʣʴʪʨʽʚ: ʦʜʥʦʛʦ ʬʽʣʴʪʨʘ ʜʝʪʝʢʪʫʚʘʥʥʷ ʪʘ ʙʘʥʢʫ ʬʽʣʴʪʨʽʚ ʽʜʝʥʪʠʬʽʢʘʮʽʾ, ʢʦʞʝʥ 

ʟ ʷʢʠʭ ʤʘʻ ʩʪʨʫʢʪʫʨʫ, ʧʦʜʽʙʥʫ ʜʦ ʢʣʘʩʠʯʥʦʛʦ ʩʧʦʩʪʝʨʽʛʘʯʘ ʃʶʝʥʙʝʨʛʝʨʘ. ʌʘʟʘ 

ʜʝʪʝʢʪʫʚʘʥʥʷ ʧʦʣʷʛʘʻ ʚ ʦʙʯʠʩʣʝʥʥʽ ʬʫʥʢʮʽʾ ʥʝʚô̫ ʟʢʠ, ʷʢʘ ʧʦʻʜʥʫʻ ʤʠʪʪʻʚʫ L2-ʥʦʨʤʫ 
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ʥʝʚô̫ ʟʢʠ ʟʽ ʟʚʘʞʝʥʦʶ ʩʫʤʦʶ ʾʾ ʧʦʧʝʨʝʜʥʽʭ ʟʥʘʯʝʥʴ (ʟ çʢʦʝʬʽʮʽʻʥʪʦʤ ʟʘʙʫʚʘʥʥʷè - 

forgetting factor), ʪʘ ʾʾ ʧʦʨʽʚʥʷʥʥʽ ʟ ʝʤʧʽʨʠʯʥʦ ʚʠʟʥʘʯʝʥʠʤ ʧʦʨʦʛʦʚʠʤ ʟʥʘʯʝʥʥʷʤ ũ. 

ʃʦʢʘʣʽʟʘʮʽʷ ʟʜʽʡʩʥʶʻʪʴʩʷ ʟʘʚʜʷʢʠ ʙʘʥʢʫ (ʥʘʙʦʨʫ) ʬʽʣʴʪʨʽʚ ʽʜʝʥʪʠʬʽʢʘʮʽʾ, ʫ ʷʢʦʤʫ 

ʢʦʞʝʥ ʬʽʣʴʪʨ ʥʘʣʘʰʪʦʚʘʥʠʡ ʪʘʢ, ʱʦʙ ʚʽʜʧʦʚʽʜʘʪʠ ʢʦʥʢʨʝʪʥʦʤʫ ʢʦʤʧʦʥʝʥʪʫ. ɼʣʷ 

ʢʦʞʥʦʛʦ ʟ ʮʠʭ ʬʽʣʴʪʨʽʚ ʦʙʯʠʩʣʶʻʪʴʩʷ ʚʣʘʩʥʘ ʬʫʥʢʮʽʷ ʥʝʚôʷʟʢʠ, ʰʫʢʘʻʪʴʩʷ ʬʽʣʴʪʨ ʽʟ 

ʤʽʥʽʤʘʣʴʥʠʤ ʟʥʘʯʝʥʥʷʤ ʩʝʨʝʜ ʫʩʽʭ ʫ ʙʘʥʢʫ ʪʘ ʚʠʟʥʘʯʘʻʪʴʩʷ ʢʦʤʧʦʥʝʥʪ, ʷʢʦʤʫ 

ʚʽʜʧʦʚʽʜʘʻ ʮʝʡ ʬʽʣʴʪʨ. ʎʝʡ ʢʦʤʧʦʥʝʥʪ ʽ ʻ ʥʝʩʧʨʘʚʥʠʤ. 

1.2 ʎʠʬʨʦʚʽ ʜʚʽʡʥʠʢʠ ʷʢ ʽʥʩʪʨʫʤʝʥʪ ʜʽʘʛʥʦʩʪʠʢʠ ʝʣʝʢʪʨʦʥʥʦʛʦ 

ʦʙʣʘʜʥʘʥʥʷ  

ɸʥʘʣʽʟ ʤʝʪʦʜʽʚ ʜʽʘʛʥʦʩʪʠʢʠ, ʧʨʦʚʝʜʝʥʠʡ ʫ ʧʽʜʨʦʟʜʽʣʽ 1.1, ʚʠʷʚʠʚ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʝ ʧʨʦʪʠʨʽʯʯʷ ʤʽʞ ʩʢʣʘʜʥʽʩʪʶ ʩʫʯʘʩʥʠʭ ʩʠʩʪʝʤ ʩʠʣʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ ʪʘ 

ʦʙʤʝʞʝʥʥʷʤʠ ʽʩʥʫʶʯʠʭ ʧʽʜʭʦʜʽʚ. ʊʨʘʜʠʮʽʡʥʽ ʩʪʨʫʢʪʫʨʥʽ ʤʝʪʦʜʠ ʚʠʷʚʣʷʶʪʴ 

ʧʝʨʝʚʘʞʥʦ «ʞʦʨʩʪʢʽ» ʚʽʜʤʦʚʠ, ʘ ʤʝʪʦʜʠ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ ʥʘ ʦʩʥʦʚʽ «ʯʦʨʥʠʭ 

ʩʢʨʠʥʴʦʢ», ʧʦʧʨʠ ʾʭʥʶ ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ ʫ ʢʣʘʩʠʬʽʢʘʮʽʾ ʚʽʜʦʤʠʭ ʧʘʪʝʨʥʽʚ, ʩʪʠʢʘʶʪʴʩʷ 

ʟ ʚʽʜʩʫʪʥʽʩʪʶ ʬʽʟʠʯʥʦʾ ʽʥʪʝʨʧʨʝʪʦʚʘʥʦʩʪʽ ʪʘ ʧʝʨʝʜʙʘʯʫʚʘʥʦʩʪʽ ʨʝʟʫʣʴʪʘʪʽʚ. 

ʌʽʟʠʯʥʘ ʜʝʪʝʨʤʽʥʦʚʘʥʽʩʪʴ ʪʘ ʬʘʢʪʦʨ ʜʦʚʽʨʠ ʫ ʢʨʠʪʠʯʥʠʭ ʩʠʩʪʝʤʘʭ. 

ʋ ʢʨʠʪʠʯʥʠʭ ʩʬʝʨʘʭ ʟʘʩʪʦʩʫʚʘʥʥʷ (ʝʥʝʨʛʝʪʠʢʘ, ʘʚʽʘʮʽʷ, ʤʝʜʠʯʥʝ ʦʙʣʘʜʥʘʥʥʷ) 

ʚʠʤʦʛʘ ʜʦ ʩʠʩʪʝʤʠ ʜʽʘʛʥʦʩʪʠʢʠ ʚʠʭʦʜʠʪʴ ʟʘ ʤʝʞʽ ʧʨʦʩʪʦʾ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʥʝʢʦʨʝʢʪʥʦʾ 

ʧʦʚʝʜʽʥʢʠ. ɺʘʞʣʠʚʠʤ ʩʪʘʻ ʬʘʢʪʦʨ ʚʝʨʠʬʽʢʦʚʘʥʦʩʪʽ ʨʽʰʝʥʴ: ʽʥʞʝʥʝʨ ʧʦʚʠʥʝʥ ʨʦʟʫʤʽʪʠ 

ʧʨʠʯʠʥʥʦ-ʥʘʩʣʽʜʢʦʚʠʡ ʟʚô̫ ʟʦʢ ʤʽʞ ʜʝʛʨʘʜʘʮʽʻʶ ʬʽʟʠʯʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʪʘ ʟʤʽʥʦʶ 

ʩʠʛʥʘʣʫ. 

ʉʘʤʝ ʪʦʤʫ ʤʝʪʦʜʠ «ʙʽʣʦʾ ʩʢʨʠʥʴʢʠ», ɦ ʦ ʙʘʟʫʶʪʴʩʷ ʥʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʟʘʢʦʥʘʭ 

ʬʽʟʠʢʠ ʪʘ ʜʝʪʘʣʴʥʠʭ ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʦʜʝʣʷʭ, ʟʘʣʠʰʘʶʪʴʩʷ ʻʜʠʥʠʤ ʧʽʜʭʦʜʦʤ, ʱʦ 

ʟʘʙʝʟʧʝʯʫʻ ʥʝʦʙʭʽʜʥʠʡ ʨʽʚʝʥʴ ʜʦʚʽʨʠ. ɰʭʥʽ ʧʝʨʝʚʘʛʠ ʚʢʣʶʯʘʶʪʴ: 

¶ ʇʝʨʝʜʙʘʯʫʚʘʥʽʩʪʴ: ʤʦʜʝʣʴ ʧʨʘʮʶʻ ʟʘ ʜʝʪʝʨʤʽʥʦʚʘʥʠʤʠ ʘʣʛʦʨʠʪʤʘʤʠ, ʱʦ 

ʚʠʢʣʶʯʘʻ «ʛʘʣʶʮʠʥʘʮʽʾ» ʘʙʦ ʘʥʦʤʘʣʴʥʽ ʚʠʩʥʦʚʢʠ, ʚʣʘʩʪʠʚʽ 

ʥʝʡʨʦʤʝʨʝʞʘʤ. 

¶ ɼʦʩʪʦʚʽʨʥʽʩʪʴ: ʜʽʘʛʥʦʩʪʠʯʥʠʡ ʚʠʩʥʦʚʦʢ ʤʘʻ ʯʽʪʢʝ ʬʽʟʠʯʥʝ ʦʙˇʨʫʥʪʫʚʘʥʥʷ 

(ʥʘʧʨʠʢʣʘʜ, ʢʦʥʢʨʝʪʥʝ ʟʥʘʯʝʥʥʷ ESR ʢʦʥʜʝʥʩʘʪʦʨʘ). 
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1.2.1 ʂʦʥʮʝʧʮʽʷ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ 

ʎʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ (Digital Twin, DT) ʻ ʚʘʞʣʠʚʦʶ ʢʦʥʮʝʧʮʽʻʶ ʚ ʢʦʥʪʝʢʩʪʽ 

ʯʝʪʚʝʨʪʦʾ ʧʨʦʤʠʩʣʦʚʦʾ ʨʝʚʦʣʶʮʽʾ, ʷʢʘ ʟʘʙʝʟʧʝʯʫʻ ʚʠʩʦʢʠʡ ʨʽʚʝʥʴ ʽʥʪʝʛʨʘʮʽʾ ʤʽʞ 

ʬʽʟʠʯʥʠʤʠ ʦʙô̒ ʢʪʘʤʠ ʪʘ ʾʭʥʽʤʠ ʚʽʨʪʫʘʣʴʥʠʤʠ (ʤʘʪʝʤʘʪʠʯʥʠʤʠ, ʧʨʦʛʨʘʤʥʠʤʠ ʪʦʱʦ) 

ʨʝʧʨʝʟʝʥʪʘʮʽʷʤʠ. ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʩʪʨʽʤʢʝ ʟʨʦʩʪʘʥʥʷ ʢʽʣʴʢʦʩʪʽ ʥʘʫʢʦʚʠʭ ʧʫʙʣʽʢʘʮʽʾ ʟ 

ʜʘʥʦʾ ʪʝʤʘʪʠʢʠ ʪʘ ʧʦʧʨʠ ʽʩʥʫʚʘʥʥʷ ʩʪʘʥʜʘʨʪʠʟʦʚʘʥʠʭ ʚʠʟʥʘʯʝʥʴ ISO 23247-1:2021 ʪʘ 

ISO/IEC 30173:2023, ̔ ʩʥʫʻ ʥʝʦʜʥʦʟʥʘʯʥʽʩʪʴ ʫ ʪʨʘʢʪʫʚʘʥʥʷʭ ʢʦʥʮʝʧʮʽʾ ʮʠʬʨʦʚʦʛʦ 

ʜʚʽʡʥʠʢʘ ʚ ʨʽʟʥʠʭ ʩʬʝʨʘʭ ʟʘʩʪʦʩʫʚʘʥʥʷ. ʉʠʩʪʝʤʘʪʠʯʥʠʡ ʘʥʘʣʽʟ 358 ʫʥʽʢʘʣʴʥʠʭ 

ʚʠʟʥʘʯʝʥʴ [48], ʧʨʦʚʝʜʝʥʠʡ ʫ 2025 ʨʦʮʽ, ʟʘʩʚʽʜʯʠʚ, ʱʦ ʣʠʰʝ 66.48% ʟ ʥʠʭ ʘʜʝʢʚʘʪʥʦ 

ʦʭʦʧʣʶʶʪʴ ʫʩʽ ʥʝʦʙʭʽʜʥʽ ʝʣʝʤʝʥʪʠ ʢʦʥʮʝʧʮʽʾ, ʪʦʜʽ ʷʢ ʟʘʣʠʰʦʢ 33.52% ʻ ʥʝʧʦʚʥʠʤʠ 

ʘʙʦ ʩʫʧʝʨʝʯʣʠʚʠʤʠ. ɯʥʰʠʡ ʘʥʘʣʽʟ ʧʦʥʘʜ 15000 ʥʘʫʢʦʚʠʭ ʧʫʙʣʽʢʘʮʽʡ [49] ʧʽʜʪʚʝʨʜʠʚ, 

ʱʦ ʧʦʥʷʪʪʷ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ ʝʚʦʣʶʮʽʦʥʫʚʘʣʦ ʚʽʜ ʩʪʘʪʠʯʥʠʭ ʤʦʜʝʣʝʡ ʜʦ 

ʜʠʥʘʤʽʯʥʠʭ ʩʠʤʫʣʷʮʽʡ ʽʟ ʦʙʤʽʥʦʤ ʜʘʥʠʤʠ ʫ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ. 

ʂʦʥʮʝʧʪʫʘʣʴʥʽ ʦʩʥʦʚʠ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ ʧʦʚô̫ ʟʘʥʽ ʟ ʨʦʙʦʪʘʤʠ ʄ. ɻʨʽʚʟʘ (M. 

Grieves), ʷʢʠʡ ʫ 2003 ʨʦʮʽ ʟʘʧʨʦʧʦʥʫʚʘʚ ʫ ʨʘʤʢʘʭ ʫʧʨʘʚʣʽʥʥʷ ʞʠʪʪʻʚʠʤ ʮʠʢʣʦʤ 

ʚʠʨʦʙʫ (Product Lifecycle Management, PLM) ʬʨʝʡʤʚʦʨʢ, ʱʦ ʧʦʻʜʥʫʻ ʬʽʟʠʯʥʠʡ 

ʧʨʦʜʫʢʪ ʽʟ ʡʦʛʦ ʚʽʨʪʫʘʣʴʥʠʤ ʘʥʘʣʦʛʦʤ ʯʝʨʝʟ ʙʝʟʧʝʨʝʨʚʥʠʡ ʦʙʤʽʥ ʜʘʥʠʤʠ [50]. ʅʘ ʪʦʡ 

ʤʦʤʝʥʪ ʯʘʩʫ ʢʦʥʮʝʧʮʽʷ ʙʫʣʘ ʦʩʥʦʚʘʥʘ ʥʘ ʪʨʴʦʭ ʢʦʤʧʦʥʝʥʪʘʭ: ʬʽʟʠʯʥʠʭ ʩʫʪʥʦʩʪʷʭ ʫ 

ʨʝʘʣʴʥʦʤʫ ʧʨʦʩʪʦʨʽ, ʚʽʨʪʫʘʣʴʥʠʭ ʩʫʪʥʦʩʪʷʭ ʫ ʚʽʨʪʫʘʣʴʥʦʤʫ ʧʨʦʩʪʦʨʽ ʪʘ ʟô̒ ʜʥʘʥʥʷʭ, 

ʱʦ ʧʦʚô̫ ʟʫʶʪʴ ʨʝʘʣʴʥʠʡ ʪʘ ʚʽʨʪʫʘʣʴʥʠʡ ʧʨʦʩʪʦʨʠ ʤʽʞ ʩʦʙʦ  ʁʰʣʷʭʦʤ ʦʙʤʽʥʫ ʜʘʥʠʤʠ 

ʪʘ ʽʥʬʦʨʤʘʮʽʻʶ.  

 

ʈʠʩ. 1.2. ʊʨʠʢʦʤʧʦʥʝʥʪʥʘ ʤʦʜʝʣʴ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ ʟʘ ʄ. ɻʨʽʚʟʦʤ, ʤʘʣʶʥʦʢ ʥʘ 
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ʦʩʥʦʚʽ ʨʦʙʦʪʠ [53] 

ʉʘʤ ʪʝʨʤʽʥ «Digital Twin» ʙʫʚ ʚʠʢʦʨʠʩʪʘʥʠʡ ʫ ʪʝʭʥʦʣʦʛʽʯʥʽʡ ʜʦʨʦʞʥʽʡ ʢʘʨʪʽ 

NASA ʫ 2010 ʨʦʮʽ, ʜʝ ʮʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ ʚʠʟʥʘʯʘʚʩʷ ʷʢ «ʤʫʣʴʪʠʬʽʟʠʯʥʘ ʪʘ 

ʤʫʣʴʪʠʤʘʩʰʪʘʙʥʘ ʩʠʤʫʣʷʮʽʷ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʟʘʩʦʙʫ ʘʙʦ ʩʠʩʪʝʤʠ, ʷʢʘ ʽʥʪʝʛʨʫʻ 

ʤʦʜʝʣʶʚʘʥʥʷ ʚʠʩʦʢʦʾ ʪʦʯʥʦʩʪʽ ʽʟ ʩʠʪʫʘʮʽʡʥʦʁ  ʦʙʽʟʥʘʥʽʩʪʶ ʚ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ ʜʣʷ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʩʪʘʥʫ ʦʙô̒ ʢʪʘ, ʡʦʛʦ ʟʘʣʠʰʢʦʚʦʛʦ ʨʝʩʫʨʩʫ ʪʘ ʡʤʦʚʽʨʥʦʩʪʽ ʫʩʧʽʭʫ ʤʽʩʽʾ 

ʧʨʦʪʷʛʦʤ ʫʩʴʦʛʦ ʞʠʪʪʻʚʦʛʦ ʮʠʢʣʫ» [51]. ʋ 2012 ʨʦʮʽ NASA ʚʠʟʥʘʯʠʣʘ ʮʠʬʨʦʚʠʡ 

ʜʚʽʡʥʠʢ ʷʢ «ʽʥʪʝʛʨʦʚʘʥʘ ʤʫʣʴʪʠʬʽʟʠʯʥʘ, ʤʫʣʴʪʠʤʘʩʰʪʘʙʥʘ, ʽʤʦʚʽʨʥʽʩʥʘ ʩʠʤʫʣʷʮʽʷ 

ʛʦʪʦʚʦʛʦ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʟʘʩʦʙʫ ʘʙʦ ʩʠʩʪʝʤʠ, ʷʢʘ ʚʠʢʦʨʠʩʪʦʚʫʻ ʥʘʡʢʨʘʱʽ ʜʦʩʪʫʧʥʽ 

ʬʽʟʠʯʥʽ ʤʦʜʝʣʽ, ʦʥʦʚʣʝʥʥʷ ʜʘʪʯʠʢʽʚ, ʽʩʪʦʨʽʶ ʧʘʨʢʫ ʪʦʱʦ, ʱʦʙ ʚʽʜʦʙʨʘʟʠʪʠ ʞʠʪʪʷ 

ʚʽʜʧʦʚʽʜʥʦʛʦ ʣʽʪʘʶʯʦʛʦ ʜʚʽʡʥʠʢʘ» [52]. ʋ ʨʦʙʦʪʽ [53] ʢʣʘʩʠʯʥʘ ʪʨʠʢʦʤʧʦʥʝʥʪʥʘ 

ʤʦʜʝʣʴ ʙʫʣʘ ʨʦʟʰʠʨʝʥʘ ʜʦ ʧô̫ ʪʠʢʦʤʧʦʥʝʥʪʥʦʾ, ʷʢʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʬʽʟʠʯʥʦʾ ʩʫʪʥʦʩʪʽ, 

ʚʽʨʪʫʘʣʴʥʦʾ ʩʫʪʥʦʩʪʽ, ʩʝʨʚʽʩʽʚ, ʜʘʥʠʭ ʪʘ ʟô̒ ʜʥʘʥʴ. ʉʝʨʚʽʩʠ ʚ ʜʘʥʦʤʫ ʢʦʥʪʝʢʩʪʽ 

ʦʟʥʘʯʘʶʪʴ ʩʫʢʫʧʥʽʩʪʴ ʽʥʢʘʧʩʫʣʴʦʚʘʥʠʭ ʬʫʥʢʮʽʡ, ʘʣʛʦʨʠʪʤʽʚ ʪʘ ʽʥʩʪʨʫʤʝʥʪʽʚ, ʷʢʽ 

ʜʦʟʚʦʣʷʶʪʴ ʢʦʨʠʩʪʫʚʘʯʘʤ ʽ ʩʠʩʪʝʤʘʤ ʧʨʘʢʪʠʯʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʤʦʞʣʠʚʦʩʪʽ 

ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ ʜʣʷ ʤʦʥʽʪʦʨʠʥʛʫ, ʜʽʘʛʥʦʩʪʠʢʠ, ʦʧʪʠʤʽʟʘʮʽʾ ʪʘ ʧʨʠʡʥʷʪʪʷ ʨʽʰʝʥʴ 

ʫ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ, ʥʘʧʨʠʢʣʘʜ ʤʦʥʽʪʦʨʠʥʛ ʩʪʘʥʫ, ʧʨʦʛʥʦʟ ʚʽʜʤʦʚ, ʚʽʨʪʫʘʣʴʥʝ ʪʝʩʪʫʚʘʥʥʷ 

ʪʦʱʦ. ʉʚʦʾ ʚʠʟʥʘʯʝʥʥʷ ʧʦʥʷʪʪʶ çDigital Twin» ʥʘʜʘʶʪʴ ʅʘʮʽʦʥʘʣʴʥʘ ʘʢʘʜʝʤʽʷ ʥʘʫʢ 

[54], ʘ ʪʘʢʦʞ ʩʪʘʥʜʘʨʪʠ ISO 23247-1:2021 [55] ʪʘ ISO/IEC 30173:2023 [56]. 
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ʈʠʩ. 1.3. ʇô̫ ʪʠʢʦʤʧʦʥʝʥʪʥʘ ʤʦʜʝʣʴ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ, ʤʘʣʶʥʦʢ ʥʘ ʦʩʥʦʚʽ ʨʦʙʦʪʠ 

[53] 

ʂʣʘʩʠʬʽʢʘʮʽʷ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ. 

ʉʠʩʪʝʤʘʪʠʟʘʮʽʷ ʚʩʴʦʛʦ ʽʩʥʫʶʯʦʛʦ ʨʽʟʥʦʤʘʥʽʪʪʷ ʧʽʜʭʦʜʽʚ ʜʦ ʩʪʚʦʨʝʥʥʷ ʮʠʬʨʦʚʠʭ 

ʜʚʽʡʥʠʢʽʚ ʻ ʚʘʞʣʠʚʦʶ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʥʘʡʙʽʣʴʰ ʧʨʠʜʘʪʥʠʭ ʪʠʧʽʚ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ 

ʜʣʷ ʢʦʥʢʨʝʪʥʠʭ ʟʘʜʘʯ ʜʽʘʛʥʦʩʪʠʢʠ ʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ. ɺ ʣʽʪʝʨʘʪʫʨʽ ʽʩʥʫʶʪʴ 

ʜʝʢʽʣʴʢʘ ʨʽʟʥʠʭ ʢʨʠʪʝʨʽʾʚ ʢʣʘʩʠʬʽʢʘʮʽʾ [57-59]. 

ɿʘ ʧʽʜʭʦʜʦʤ ʜʦ ʤʦʜʝʣʶʚʘʥʥʷ ʽʩʥʫʶʪʴ ʪʨʠ ʧʘʨʘʜʠʛʤʠ: 

1. ʌʽʟʠʯʥʽ («ʙʽʣ̔ ʩʢʨʠʥʴʢʠ») ʤʦʜʝʣʽ, ʷʢʽ ʙʘʟʫʶʪʴʩʷ ʥʘ ʟʘʢʦʥʘʭ ʬʽʟʠʢʠ, ʚʢʣʶʯʘʶʯʠ 

ʤʦʜʝʣʽ SPICE, ʨʽʚʥʷʥʥʷʭ ʧʝʨʰʠʭ ʧʨʠʥʮʠʧʽʚ (ʤʦʜʝʣʽ ʫ ʧʨʦʩʪʦʨ ̔ ʩʪʘʥʽʚ, 

ʜʠʬʝʨʝʥʮʽʘʣʴʥʽ ʨʽʚʥʷʥʥʷ ʚ ʯʘʩʪʠʥʥʠʭ ʧʦʭʽʜʥʠʭ, ʘʥʘʣʽʟ ʢʽʥʮʝʚʠʭ ʝʣʝʤʝʥʪʽʚ). 

ɺʦʥʠ ʥʘʜʘʶʪʴ ʧʦʷʩʥʶʚʘʥʽʩʪʴ ʪʘ ʬʽʟʠʯʥʫ ʧʨʘʚʜʦʧʦʜʽʙʥʽʩʪʴ, ʘʣʝ ʚʠʤʘʛʘʶʪʴ 

ʛʣʠʙʦʢʠʭ ʟʥʘʥʴ ʧʨʝʜʤʝʪʥʦʾ ʦʙʣʘʩʪʽ ʪʘ ʟʥʘʯʥʠʭ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʨʝʩʫʨʩʽʚ. [60, 

61] 

2. ɿʘʩʥʦʚʘʥʽ ʥʘ ʜʘʥʠʭ («ʯʦʨʥʽ ʩʢʨʠʥʴʢʠ») ʤʦʜʝʣʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʤʘʰʠʥʥʝ 

ʥʘʚʯʘʥʥʷ (ʥʝʡʨʦʥʥʽ ʤʝʨʝʞʽ, ʚʠʧʘʜʢʦʚʽ ʣʽʩʠ, ʘʚʪʦʝʥʢʦʜʝʨʠ), ʥʘʚʯʝʥʽ ʥʘ 

ʦʧʝʨʘʮʽʡʥʠʭ ʜʘʥʠʭ. ɺʦʥʠ ʦʙʨʦʙʣʷʶʪʴ ʩʢʣʘʜʥʽ ʥʝʣʽʥʽʡʥʽ ʧʘʪʝʨʥʠ ʪʘ 
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ʧʨʦʧʦʥʫʶʪʴ ʰʚʠʜʢʠʡ ʚʠʩʥʦʚʦʢ, ʘʣʝ ʚʠʤʘʛʘʶʪʴ ʚʝʣʠʢʠʭ ʧʦʟʥʘʯʝʥʠʭ ʥʘʙʦʨʽʚ 

ʜʘʥʠʭ ʪʘ ʟʘʙʝʟʧʝʯʫʶʪʴ ʦʙʤʝʞʝʥʫ ʝʢʩʪʨʘʧʦʣʷʮʽʶ ʟʘ ʤʝʞʽ ʨʦʟʧʦʜʽʣʫ ʥʘʚʯʘʥʥʷ. 

[60, 62] 

3. ɻʽʙʨʠʜʥʽ («ʩʽʨʽ ʩʢʨʠʥʴʢʠ») ʤʦʜʝʣʽ ʧʦʻʜʥʫʶʪʴ ʬʽʟʠʯʥʫ ʩʪʨʫʢʪʫʨʫ ʟ 

ʢʘʣʽʙʨʫʚʘʥʥʷʤ ʥʘ ʦʩʥʦʚʽ ʜʘʥʠʭ, ʚʢʣʶʯʘʶʯʠ ʬʽʟʠʯʥʦ ʽʥʬʦʨʤʦʚʘʥʽ ʥʝʡʨʦʥʥʽ 

ʤʝʨʝʞʽ, ʷʢʽ ʟʛʘʜʫʚʘʣʠʩʷ ʚ ʧʽʜʨʦʟʜʽʣʽ 1.1.3. ɺʦʥʠ ʙʘʣʘʥʩʫʶʪʴ ʪʦʯʥʽʩʪʴ, 

ʰʚʠʜʢʽʩʪʴ ʪʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʜʘʥʠʭ, ʘʣʝ ʻ ʩʢʣʘʜʥʠʤʠ ʜʣʷ ʧʨʦʻʢʪʫʚʘʥʥʷ ʪʘ 

ʚʘʣʽʜʘʮʽʾ. [61] 

ɿʘ ʨʽʚʥʝʤ ʜʝʪʘʣʽʟʘʮʽʾ ʩʠʩʪʝʤʠ ʮʠʬʨʦʚʽ ʜʚʽʡʥʠʢʠ ʢʣʘʩʠʬʽʢʫʶʪʴʩʷ ʥʘ ʨʽʚʥʽ 

ʢʦʤʧʦʥʝʥʪʘ, ʧʨʠʩʪʨʦʶ, ʧʽʜʩʠʩʪʝʤʠ, ʩʠʩʪʝʤʠ ʪʘ ʩʠʩʪʝʤʠ ʩʠʩʪʝʤ [63]. ɼʣʷ ʜʽʘʛʥʦʩʪʠʢʠ 

ʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ ʧʨʠʥʮʠʧʦʚʦ ʚʘʞʣʠʚʠʤ ʻ ʨʽʚʝʥʴ ʢʦʤʧʦʥʝʥʪʘ, ʦʩʢʽʣʴʢʠ ʩʘʤʝ ʚʽʥ 

ʟʘʙʝʟʧʝʯʫʻ ʤʦʞʣʠʚʽʩʪʴ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʢʦʥʢʨʝʪʥʦʛʦ ʥʝʩʧʨʘʚʥʦʛʦ ʝʣʝʤʝʥʪʘ. ʋ ʨʦʙʦʪʽ 

[64] ʄ. ɻʨʽʚʟ ʪʘʢʦʞ ʨʦʟʨʽʟʥʷʻ: 

1. Digital Twin Prototype (DTP), ʷʢʠʡ ʩʪʚʦʨʶʻʪʴʩʷ ʥʘ ʝʪʘʧʽ ʧʨʦʻʢʪʫʚʘʥʥʷ; 

2. Digital Twin Instance (DTI), ʷʢʠʡ ʻ ʧʨʠʚôʷʟʘʥʠʤ ʜʦ ʢʦʥʢʨʝʪʥʦʛʦ ʬʽʟʠʯʥʦʛʦ 

ʝʢʟʝʤʧʣʷʨʘ; 

3. Digital Twin Aggregate (DTA), ʷʢʠʡ ʦʙôʻʜʥʫʻ ʤʥʦʞʠʥʫ DTI. 

ɿʘ ʨʽʚʥʝʤ ʽʥʪʝʛʨʘʮʽʾ ʜʘʥʠʭ. ʋ ʨʦʙʦʪʽ [59] ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʢʣʘʩʠʬʽʢʘʮʽʶ, ʱʦ 

ʨʦʟʨʽʟʥʷʻ ʪʨʠ ʨʽʚʥʽ: 

1. ʎʠʬʨʦʚʘ ʤʦʜʝʣʴ (Digital Model) ʟ ʨʫʯʥʠʤ ʦʙʤʽʥʦʤ ʜʘʥʠʤʠ ʤʽʞ ʬʽʟʠʯʥʠʤʠ ʪʘ 

ʚʽʨʪʫʘʣʴʥʠʤʠ ʦʙôʻʢʪʘʤʠ; 

2. ʎʠʬʨʦʚʘ ʪʽʥʴ (Digital Shadow) ʟ ʘʚʪʦʤʘʪʠʯʥʠʤ ʦʜʥʦʩʪʦʨʦʥʥʽʤ ʧʦʪʦʢʦʤ ʜʘʥʠʭ 

ʚʽʜ ʬʽʟʠʯʥʦʛʦ ʜʦ ʚʽʨʪʫʘʣʴʥʦʛʦ ʦʙôʻʢʪʘ; 

3. ʎʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ (Digital Twin) ʟ ʜʚʦʥʘʧʨʘʚʣʝʥʠʤ ʘʚʪʦʤʘʪʠʟʦʚʘʥʠʤ ʦʙʤʽʥʦʤ 

ʜʘʥʠʤʠ. 

ʎʷ ʢʣʘʩʠʬʽʢʘʮʽʷ ʻ ʧʦʰʠʨʝʥʦʶ ʚ ʣʽʪʝʨʘʪʫʨʽ, ʧʨʦʪʝ ʩʘʤʝ ʢʨʠʪʝʨʽʡ 

ʜʚʦʥʘʧʨʘʚʣʝʥʦʩʪʽ ʻ ʥʘʡʤʝʥʰ ʦʜʥʦʟʥʘʯʥʠʤ. ʋ ʩʠʩʪʝʤʘʪʠʯʥʦʤʫ ʦʛʣʷʜʽ [48], 

ʩʧʽʚʘʚʪʦʨʦʤ ʷʢʦʛʦ ʻ ʄ. ɻʨʽʚʟ (ʦʩʥʦʚʦʧʦʣʦʞʥʠʢ ʢʦʥʮʝʧʮʽʾ), ʪʘʢʩʦʥʦʤʽʶ [59] ʧʽʜʜʘʥʦ 

ʘʨʛʫʤʝʥʪʦʚʘʥʽʡ ʢʨʠʪʠʮʽ. ʇʦ-ʧʝʨʰʝ, ʚʦʥʘ ʻ ʨʝʢʫʨʩʠʚʥʦʶ, ʦʩʢʽʣʴʢʠ ʚ ʥʽʡ ʪʝʨʤʽʥ 

çʮʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢè ʚʠʟʥʘʯʘʻʪʴʩʷ ʷʢ ʧʽʜʪʠʧ ʩʘʤʦʛʦ ʩʝʙʝ. ʇʦ-ʜʨʫʛʝ, ʪʠʧ ʧʦʪʦʢʫ ʜʘʥʠʭ 
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(ʨʫʯʥʠʡ ʯʠ ʘʚʪʦʤʘʪʠʯʥʠʡ) ʥʝ ʤʘʻ ʟʥʘʯʝʥʥʷ ʜʣʷ ʬʽʟʠʯʥʦʛʦ ʘʙʦ ʚʽʨʪʫʘʣʴʥʦʛʦ ʦʙôʻʢʪʘ, 

ʷʢʠʡ ʡʦʛʦ ʦʪʨʠʤʫʻ. ʇʦ-ʪʨʝʪʻ, ʚʠʤʦʛʘ ʘʚʪʦʤʘʪʠʯʥʦʾ ʧʝʨʝʜʘʯʽ ʢʦʤʘʥʜ ʚʽʜ ʚʽʨʪʫʘʣʴʥʦʛʦ 

ʦʙôʻʢʪʘ ʜʦ ʬʽʟʠʯʥʦʛʦ ʧʨʠʩʫʪʥʷ ʣʠʰʝ ʚ ʥʝʟʥʘʯʥʽʡ ʢʽʣʴʢʦʩʪʽ ʟ 358 ʧʨʦʘʥʘʣʽʟʦʚʘʥʠʭ 

ʚʠʟʥʘʯʝʥʴ ʟ ʥʘʫʢʦʚʠʭ ʜʞʝʨʝʣ. ɸʚʪʦʨʠ [48] ʥʘʛʦʣʦʰʫʶʪʴ, ʱʦ ʟʚʦʨʦʪʥʠʡ ʧʦʪʽʢ ʚʽʜ 

ʚʽʨʪʫʘʣʴʥʦʛʦ ʧʨʦʩʪʦʨʫ ʜʦ ʬʽʟʠʯʥʦʛʦ ʧʦʣʷʛʘʻ ʫ ʚʠʢʦʨʠʩʪʘʥʥʽ ʦʪʨʠʤʘʥʦʾ ʽʥʬʦʨʤʘʮʽʾ ʫ 

ʬʽʟʠʯʥʦʤʫ ʩʚʽʪʽ, ʽ ʱʦ ʣʶʜʠʥʘ ʟʘʚʞʜʠ ʤʘʻ ʙʫʪʠ ʟʜʘʪʥʦʶ ʩʢʦʨʠʩʪʘʪʠʩʷ ʮʽʻʶ 

ʽʥʬʦʨʤʘʮʽʻʶ, ʽʥʘʢʰʝ ʪʘʢʘ ʩʠʩʪʝʤʘ ʥʝ ʤʘʣʘ ʙʠ ʩʝʥʩʫ ʘʧʨʽʦʨʽ. ɸʥʘʣʦʛʽʯʥʦ, ʩʪʘʥʜʘʨʪʠ 

ISO 23247-1:2021 [55] ʪʘ ISO/IEC 30173:2023 [56] ʚʠʟʥʘʯʘʶʪʴ ʮʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ 

ʯʝʨʝʟ ʩʠʥʭʨʦʥʽʟʘʮʽʶ ʩʪʘʥʽʚ ʬʽʟʠʯʥʦʾ ʪʘ ʮʠʬʨʦʚʦʾ ʩʫʪʥʦʩʪʝʡ, ʥʝ ʚʠʤʘʛʘʶʯʠ 

ʘʚʪʦʥʦʤʥʦʛʦ ʢʝʨʫʚʘʥʥʷ ʬʽʟʠʯʥʠʤ ʦʙ'ʻʢʪʦʤ. 

ʋ ʜʘʥʽʡ ʨʦʙʦʪʽ ʧʨʠʡʥʷʪʦ ʧʦʟʠʮʽʶ ʨʦʙʦʪʠ [48]: ʮʠʬʨʦʚʠʤ ʜʚʽʡʥʠʢʦʤ ʚʚʘʞʘʻʪʴʩʷ 

ʩʠʩʪʝʤʘ, ʱʦ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʬʽʟʠʯʥʦʛʦ ʦʙôʻʢʪʘ, ʡʦʛʦ ʚʽʨʪʫʘʣʴʥʦʾ ʨʝʧʨʝʟʝʥʪʘʮʽʾ, 

ʩʠʥʭʨʦʥʽʟʦʚʘʥʦʾ ʟ ʢʦʥʢʨʝʪʥʠʤ ʬʽʟʠʯʥʠʤ ʝʢʟʝʤʧʣʷʨʦʤ, ʪʘ ʧʝʨʩʠʩʪʝʥʪʥʦʛʦ ʟʚ'ʷʟʢʫ, ʟʘ 

ʷʢʦʛʦ ʜʘʥʽ ʚʽʜ ʬʽʟʠʯʥʦʛʦ ʦʙôʻʢʪʘ ʥʘʜʭʦʜʷʪʴ ʜʦ ʚʽʨʪʫʘʣʴʥʦʛʦ, ʘ ʽʥʬʦʨʤʘʮʽʷ, ʦʪʨʠʤʘʥʘ 

ʚʽʨʪʫʘʣʴʥʠʤ ʦʙ'ʻʢʪʦʤ, ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʚʧʣʠʚʫ ʥʘ ʩʪʘʥ ʬʽʟʠʯʥʦʛʦ. ʅʘʷʚʥʽʩʪʴ 

ʣʶʜʠʥʠ ʚ ʢʦʥʪʫʨʽ ʟʚʦʨʦʪʥʦʛʦ ʚʧʣʠʚʫ (human-in-the-loop) ʥʝ ʩʫʧʝʨʝʯʠʪʴ ʮʴʦʤʫ 

ʚʠʟʥʘʯʝʥʥʶ. ʊʝʨʤʽʥ çʮʠʬʨʦʚʘ ʪʽʥʴè ʫ ʨʦʟʫʤʽʥʥʽ [59] ʫ ʨʦʙʦʪʽ ʥʝ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ. 

ʇʨʦʛʨʘʤʥʽ ʮʠʬʨʦʚʽ ʜʚʽʡʥʠʢʠ ʧʨʦʪʠ ʩʠʩʪʝʤ ʘʧʘʨʘʪʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʜʣʷ 

ʝʣʝʢʪʨʦʥʽʢʠ 

ɺʘʞʣʠʚʠʤ ʻ ʨʦʟʨʽʟʥʝʥʥʷ ʤʽʞ ʧʨʦʛʨʘʤʥʠʤʠ ʮʠʬʨʦʚʠʤʠ ʜʚʽʡʥʠʢʘʤʠ (Software in 

the Loop, SIL) ʪʘ ʩʠʩʪʝʤʘʤʠ ʘʧʘʨʘʪʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ (Hardware in the Loop, HIL). 

ʇʨʦʛʨʘʤʥʽ ʮʠʬʨʦʚʽ ʜʚʽʡʥʠʢʠ ʻ ʩʫʪʦ ʧʨʦʛʨʘʤʥʠʤʠ ʤʘʪʝʤʘʪʠʯʥʠʤʠ ʤʦʜʝʣʷʤʠ ʚʩʽʻʾ 

ʩʠʩʪʝʤʠ, ʷʢʽ ʚʠʢʦʥʫʶʪʴʩʷ ʥʘ ʟʚʠʯʘʡʥʦʤʫ ʢʦʤʧôʁ ʪʝʨʽ ʘʙʦ ʚʙʫʜʦʚʘʥʦʤʫ ʧʨʦʮʝʩʦʨʽ ʽ ʥʝ 

ʧʦʪʨʝʙʫʶʪʴ ʞʦʜʥʦʛʦ ʜʦʜʘʪʢʦʚʦʛʦ ʝʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʚ ʮʠʢʣʽ ʩʠʤʫʣʷʮʽʾ. ɺʦʥʠ, 

ʥʘʧʨʠʢʣʘʜ, ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʤʘʪʝʤʘʪʠʯʥʽ ʤʦʜʝʣʽ ʧʝʨʝʤʠʢʘʥʥʷ, ʜʠʩʢʨʝʪʠʟʦʚʘʥʽ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʯʠʩʝʣʴʥʠʭ ʤʝʪʦʜʽʚ. ʇʽʜʭʦʜʠ HIL ʧʨʘʮʶʶʪʴ ʥʘ ʦʩʥʦʚʽ ʧʽʜʢʣʶʯʝʥʥʷ 

ʨʝʘʣʴʥʦʛʦ ʝʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ (ʥʘʧʨʠʢʣʘʜ, ʨʝʘʣʴʥʠʡ ʢʦʥʪʨʦʣʝʨ ʧʝʨʝʪʚʦʨʶʚʘʯʘ 

ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ) ʜʦ ʩʠʤʫʣʷʪʦʨʘ, ʷʢʠʡ ʝʤʫʣʶʻ ʨʝʰʪʫ ʩʠʩʪʝʤʠ (ʥʘʚʘʥʪʘʞʝʥʥʷ, 

ʜʘʪʯʠʢʠ ʪʦʱʦ), ʧʨʠʯʦʤʫ ʨʝʘʣʴʥʝ ʝʣʝʢʪʨʦʥʥʝ ʦʙʣʘʜʥʘʥʥʷ ʧʨʘʮʶʻ ʚ ʪʘʢʦʤʫ ʩʘʤʦʤʫ 

ʨʝʞʠʤʽ, ʚ ʷʢʦʤʫ ʧʨʘʮʶʚʘʣʦ ʙʠ ʧʨʠ ʧʽʜʢʣʶʯʝʥʥʽ ʜʦ ʨʝʘʣʴʥʦʾ ʩʠʩʪʝʤʠ. [65] 
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ʋ ʨʦʙʦʪʽ [58] ʙʫʣʦ ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ, ʱʦ ʧʨʦʛʨʘʤʥʽ ʮʠʬʨʦʚʽ ʜʚʽʡʥʠʢʠ ʤʦʞʫʪʴ 

ʙʫʪʠ ʚʙʫʜʦʚʘʥʽ ʚ ʢʦʥʪʨʦʣʝʨʠ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʚʠʨʽʰʫʚʘʯʽ ʥʘ ʦʩʥʦʚʽ 

FPGA ʜʣʷ ʚʠʢʦʥʘʥʥʷ ʫ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʫʟʘʛʘʣʴʥʝʥʝ ʨʦʟʰʠʨʝʥʥʷ 

ʧʦʣʽʥʦʤʽʘʣʴʥʦʛʦ ʭʘʦʩʫ (Polynomial Chaos Expansion, PCE) ʜʣʷ ʡʤʦʚʽʨʥʽʩʥʦʛʦ 

ʤʦʜʝʣʶʚʘʥʥʷ ʥʝʚʠʟʥʘʯʝʥʦʩʪʝʡ. ʎʝʡ ʧʽʜʭʽʜ ʨʦʟʜʽʣʷʻ ʤʦʜʝʣʴ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ ʟʘ 

ʨʽʚʥʷʤʠ ʢʝʨʫʚʘʥʥʷ ʪʘ ʚʙʫʜʦʚʫʻ ʾʾ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚ ʢʦʥʪʨʦʣʝʨ, ʟʘʙʝʟʧʝʯʫʶʯʠ 

ʡʤʦʚʽʨʥʽʩʥʝ ʧʦʨʽʚʥʷʥʥʷ ʚ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ ʤʽʞ ʮʠʬʨʦʚʠʤ ʜʚʽʡʥʠʢʦʤ ʪʘ ʨʝʘʣʴʥʠʤ 

ʧʨʠʩʪʨʦʻʤ. 

ʆʩʦʙʣʠʚʦ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʜʣʷ ʚʙʫʜʦʚʘʥʠʭ ʩʠʩʪʝʤ ʻ ʧʽʜʭʽʜ, ʦʧʠʩʘʥʠʡ ʚ [65], ʜʝ 

ʛʽʙʨʠʜʥʠʡ ʬʽʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʥʠʡ ʮʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ, ʜʦʧʦʚʥʝʥʠʡ ʽʥʪʝʛʨʘʮʽʻʶ ʟ 

ʧʽʜʭʦʜʦʤ ʥʘ ʦʩʥʦʚʽ ʜʘʥʠʭ ʪʘ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ, ʜʣʷ ʪʝʨʤʦʨʝʛʫʣʷʮʽʾ ʩʠʣʦʚʠʤʠ 

ʧʝʨʝʪʚʦʨʶʚʘʯʘʤʠ ʙʫʚ ʨʝʘʣʽʟʦʚʘʥʠʡ ʥʘ ʤʽʢʨʦʢʦʥʪʨʦʣʝʨʽ STM32, ʜʦʩʷʛʘʶʯʠ ʮʠʢʣʫ 

ʦʙʯʠʩʣʝʥʴ ʪʨʠʚʘʣʽʩʪʶ 100 ʤʢʩ. ʎʝ ʧʽʜʪʚʝʨʜʞʫʻ ʧʨʘʢʪʠʯʥʫ ʤʦʞʣʠʚʽʩʪʴ ʨʦʟʛʦʨʪʘʥʥʷ 

ʧʨʦʛʨʘʤʥʠʭ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ ʥʘ ʘʧʘʨʘʪʥʠʭ ʧʣʘʪʬʦʨʤʘʭ ʟ ʦʙʤʝʞʝʥʠʤʠ ʨʝʩʫʨʩʘʤʠ 

ʙʝʟ ʚʠʢʦʨʠʩʪʘʥʥʷ ʭʤʘʨʥʠʭ ʦʙʯʠʩʣʝʥʴ. 

ʌʽʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʥʽ ʤʦʜʝʣʽ, ʟʦʢʨʝʤʘ SPICE-ʩʠʤʫʣʷʮʽʾ, ʤʘʶʪʴ ʬʫʥʜʘʤʝʥʪʘʣʴʥʽ 

ʧʝʨʝʚʘʛʠ ʜʣʷ ʟʘʩʪʦʩʫʚʘʥʴ ʚ ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʩʠʩʪʝʤʘʭ: ʽʥʪʝʨʧʨʝʪʦʚʘʥʽʩʪʴ, ʟʜʘʪʥʽʩʪʴ ʜʦ 

ʫʟʘʛʘʣʴʥʝʥʥʷ  ʟʘ ʤʝʞʽ ʪʨʝʥʫʚʘʣʴʥʠʭ ʜʘʥʠʭ ʪʘ ʤʦʞʣʠʚʽʩʪʴ ʦʮʽʥʢʠ ʥʝʚʠʤʽʨʶʚʘʥʠʭ 

ʟʤʽʥʥʠʭ ʯʝʨʝʟ ʚʽʨʪʫʘʣʴʥʽ ʩʝʥʩʦʨʠ [61]. ɺʦʜʥʦʯʘʩ ʾʭ ʦʩʥʦʚʥʠʤ ʦʙʤʝʞʝʥʥʷʤ ʻ 

ʦʙʯʠʩʣʶʚʘʣʴʥʘ ʩʢʣʘʜʥʽʩʪʴ, ʷʢʘ ʤʦʞʝ ʙʫʪʠ ʧʦʜʦʣʘʥʘ ʤʝʪʦʜʘʤʠ ʟʥʠʞʝʥʥʷ ʧʦʨʷʜʢʫ 

ʤʦʜʝʣʽ (Model Order Reduction) ʪʘ ʦʧʪʠʤʽʟʘʮʽʻʶ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʘʣʛʦʨʠʪʤʽʚ [66]. ɺ 

ʨʦʙʦʪʽ [67] ʙʫʣʦ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʧʨʘʢʪʠʯʥʽ ʨʝʢʦʤʝʥʜʘʮʽʾ ʱʦʜʦ ʚʠʙʦʨʫ ʨʽʚʥʷ ʪʦʯʥʦʩʪʽ 

ʤʦʜʝʣʽ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʯʘʩʦʚʠʭ ʦʙʤʝʞʝʥʴ ʢʦʥʢʨʝʪʥʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ. ɼʣʷ ʩʠʩʪʝʤ, ʜʝ 

ʢʨʠʪʠʯʥʦ ʚʘʞʣʠʚʠʤ ʻ ʚʠʩʦʢʠʡ ʨʽʚʝʥʴ ʰʚʠʜʢʦʜʽʾ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ, ʤʦʞʫʪʴ ʙʫʪʠ 

ʚʠʢʦʨʠʩʪʘʥʽ ʩʫʨʦʛʘʪʥʽ ʤʦʜʝʣʽ: ʩʧʨʦʱʝʥʽ, ʟʘʟʚʠʯʘʡ ʩʪʚʦʨʝʥʽ ʥʘ ʦʩʥʦʚʽ ʜʘʥʠʭ ʤʦʜʝʣʽ, 

ʷʢʽ ʧʨʘʮʶʶʪʴ ʰʚʠʜʰʝ ʟʘ ʧʦʚʥʫ ʬʽʟʠʯʥʫ ʤʦʜʝʣʴ ʽ ʜʦʟʚʦʣʷʶʪʴ ʰʚʠʜʰʝ ʦʪʨʠʤʫʚʘʪʠ 

ʦʮʽʥʢʠ ʧʘʨʘʤʝʪʨʽʚ. ʊʦʜʽ ʷʢ ʜʣʷ ʧʦʚʽʣʴʥʽʰʠʭ ʩʠʩʪʝʤ ʨʘʜʷʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ 

ʧʦʚʥʦʮʽʥʥʽ ʬʽʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʥʽ ʧʽʜʭʦʜʠ.  
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1.2.2 ɿʘʩʪʦʩʫʚʘʥʥʷ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ ʜʣʷ ʜʽʘʛʥʦʩʪʠʢʠ 

ʏʦʪʠʨʠʰʘʨʦʚʘ ʜʽʘʛʥʦʩʪʠʯʥʘ ʘʨʭʽʪʝʢʪʫʨʘ ʪʘ ʚʠʷʚʣʝʥʥʷ ʥʘ ʦʩʥʦʚʽ ʟʘʣʠʰʢʽʚ 

ɼʽʘʛʥʦʩʪʠʢʘ ʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ ʥʘ ʦʩʥʦʚʽ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ ʙʘʟʫʻʪʴʩʷ ʥʘ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʤʫ ʧʨʠʥʮʠʧʽ ʧʦʨʽʚʥʷʥʥʷ ʧʦʚʝʜʽʥʢʠ ʨʝʘʣʴʥʦʛʦ ʬʽʟʠʯʥʦʛʦ ʦʙô̒ ʢʪʘ ʟ 

ʧʝʨʝʜʙʘʯʝʥʥʷʤʠ ʡʦʛʦ ʧʦʚʝʜʽʥʢʠ ʚʽʨʪʫʘʣʴʥʦʶ ʤʦʜʝʣʣʶ. ɺʽʜʭʠʣʝʥʥʷ ʤʽʞ 

ʚʠʤʽʨʶʚʘʥʠʤʠ ʪʘ ʤʦʜʝʣʴʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʪʘʢ ʟʚʘʥʽ ʟʘʣʠʰʢʠ (residuals), ʻ ʦʩʥʦʚʥʠʤ 

ʜʽʘʛʥʦʩʪʠʯʥʠʤ ʽʥʜʠʢʘʪʦʨʦʤ, ʱʦ ʜʦʟʚʦʣʷʻ ʚʠʷʚʣʷʪʠ, ʽʟʦʣʶʚʘʪʠ ʪʘ ʽʜʝʥʪʠʬʽʢʫʚʘʪʠ 

ʥʝʩʧʨʘʚʥʦʩʪʽ [68]. ʎʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ ʚʠʨʦʙʣʷʻ ʦʯʽʢʫʚʘʥʽ ʟʥʘʯʝʥʥʷ ʜʣʷ ʚʠʤʽʨʶʚʘʥʠʭ 

ʚʝʣʠʯʠʥ (ʩʪʨʫʤʠ, ʥʘʧʨʫʛʠ, ʪʝʤʧʝʨʘʪʫʨʠ ʪʦʱʦ), ʽ ʨʽʟʥʠʮʷ ʤʽʞ ʮʠʤʠ ʧʨʦʛʥʦʟʘʤʠ ʪʘ 

ʬʘʢʪʠʯʥʠʤʠ ʚʠʤʽʨʘʤʠ ʜʘʪʯʠʢʽʚ ʬʦʨʤʫʶʪʴ ʦʩʥʦʚʫ ʜʣʷ ʧʦʜʘʣʴʰʠʭ ʜʽʘʛʥʦʩʪʠʯʥʠʭ 

ʨʽʰʝʥʴ. ʎʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ ʩʧʦʯʘʪʢʫ ʚʩʪʘʥʦʚʣʶʻ ʙʘʟʦʚʫ ʣʽʥʽʶ ʥʦʨʤʘʣʴʥʦʾ ʧʦʚʝʜʽʥʢʠ 

ʧʨʠʩʪʨʦʶ, ʘ ʥʘʷʚʥʽʩʪʴ ʚʽʜʭʠʣʝʥʴ ʚʽʜ ʮʽʻʾ ʙʘʟʦʚʦʾ ʣʽʥʽʾ, ʧʽʜ ʯʘʩ ʚʠʢʦʥʘʥʥʷ ʜʽʘʛʥʦʩʪʠʢʠ, 

ʽʥʽʮʽʶʶʪʴ ʧʦʜʘʣʴʰʠʡ ʘʥʘʣʽʟ.  

ɺʠʭʦʜʷʯʠ ʟ ʤʥʦʞʠʥʠ ʦʛʣʷʜʦʚʠʭ ʨʦʙʽʪ, ʜʽʘʛʥʦʩʪʠʢʘ ʥʘ ʦʩʥʦʚʽ ʮʠʬʨʦʚʠʭ 

ʜʚʽʡʥʠʢʽʚ ʩʣʽʜʫʻ ʯʦʪʠʨʠʰʘʨʦʚʽʡ ʘʨʭʽʪʝʢʪʫʨʽ, ʷʢʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟ: 

1. ʐʘʨ ʜʘʥʠʭ ï ʟʙʽʨ ʜʘʥʠʭ ʟ ʜʘʪʯʠʢʽʚ ʚ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ; 

2. ʐʘʨ ʤʦʜʝʣʶʚʘʥʥʷ ï ʬʽʟʠʯʥʽ, ʟʘʩʥʦʚʘʥʽ ʥʘ ʜʘʥʠʭ ʘʙʦ ʛʽʙʨʠʜʥʽ ʤʦʜʝʣʽ 

ʧʦʚʝʜʽʥʢʠ ʧʨʠʩʪʨʦʶ; 

3. ʐʘʨ ʘʥʘʣʽʟʫ ï ʧʦʨʽʚʥʷʥʥʷ ʨʝʘʣʴʥʠʭ ʪʘ ʧʝʨʝʜʙʘʯʝʥʠʭ ʜʘʥʠʭ ʜʣʷ ʛʝʥʝʨʘʮʽʾ 

ʟʘʣʠʰʢʽʚ ʘʙʦ ʦʮʽʥʦʢ ʘʥʦʤʘʣʽʡ; 

4. ʐʘʨ ʟʘʩʪʦʩʫʚʘʥʥʷ ï ʩʧʦʚʽʱʝʥʥʷ ʧʨʦ ʚʠʷʚʣʝʥʥʷ ʥʝʩʧʨʘʚʥʦʩʪʝʡ, ʢʣʘʩʠʬʽʢʘʮʽʷ, 

ʨʽʰʝʥʥʷ ʱʦʜʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ. [69, 70] 
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ʈʠʩ. 1.4. ʏʦʪʠʨʠhʘʨʦʚʘ ʘʨʭʽʪʝʢʪʫʨʘ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ, ʤʘʣʶʥʦʢ ʥʘ ʦʩʥʦʚʽ ʨʦʙʦʪʠ 

[69]  

ʂʽʙʝʨʙʝʟʧʝʢʘ ʩʠʣʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ 

ʆʢʨʽʤ ʜʽʘʛʥʦʩʪʠʢʠ ʬʽʟʠʯʥʠʭ ʜʝʛʨʘʜʘʮʽʡ, ʢʦʥʮʝʧʮʽʷ ʧʦʨʽʚʥʷʥʥʷ ʨʝʘʣʴʥʦʛʦ 

ʦʙô̒ ʢʪʘ ʟ ʡʦʛʦ ʮʠʬʨʦʚʠʤ ʜʚʽʡʥʠʢʦʤ ʚʽʜʢʨʠʚʘʻ ʧʝʨʩʧʝʢʪʠʚʠ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ 

ʢʽʙʝʨʙʝʟʧʝʢʠ ʩʠʣʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ. ʊ ̔ ʮʠʬʨʦʚʽ ʜʚʽʡʥʠʢʠ, ʱʦ ʙʘʟʫʶʪʴʩʷ ʥʘ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʬʽʟʠʯʥʠʭ ʟʘʢʦʥʘʭ («ʙʽʣʽ ʩʢʨʠʥʴʢʠ»), ʤʦʞʫʪʴ ʚʠʩʪʫʧʘʪʠ ʚ ʨʦʣʽ 

ʥʝʟʘʣʝʞʥʦʛʦ ʚʝʨʠʬʽʢʘʪʦʨʘ ʮʽʣʽʩʥʦʩʪʽ ʩʠʩʪʝʤʠ ʢʝʨʫʚʘʥʥʷ. ʋ ʚʠʧʘʜʢʫ ʢʽʙʝʨ-ʚʪʨʫʯʘʥʥʷ 

(ʥʘʧʨʠʢʣʘʜ, ʤʘʥʽʧʫʣʷʮʽʾ ʟ ʘʣʛʦʨʠʪʤʘʤʠ ʐɯʄ ʘʙʦ ʥʝʩʘʥʢʮʽʦʥʦʚʘʥʦʾ ʟʤʽʥʠ ʧʘʨʘʤʝʪʨʽʚ 

ʨʝʛʫʣʷʪʦʨʘ), ʧʦʚʝʜʽʥʢʘ ʬʽʟʠʯʥʦʛʦ ʧʨʠʩʪʨʦʶ ʧʦʯʥʝ ʩʫʪʪʻʚʦ ʚʽʜʭʠʣʷʪʠʩʷ ʚʽʜ 

ʧʝʨʝʜʙʘʯʝʥʦʾ ʤʦʜʝʣʽ ʜʚʽʡʥʠʢʘ. ʊʘʢʠʤ ʯʠʥʦʤ, ʘʥʘʣʽʟ ʟʘʣʠʰʢʽʚ ʜʦʟʚʦʣʷʻ 

ʽʜʝʥʪʠʬʽʢʫʚʘʪʠ ʥʝ ʣʠʰʝ ʘʧʘʨʘʪʥʽ ʚʽʜʤʦʚʠ, ʘ ʡ ʩʧʨʦʙʠ ʟʣʦʤʫ ʩʠʩʪʝʤʠ ʢʝʨʫʚʘʥʥʷ, ʢʦʣʠ 

ʚʥʫʪʨʽʰʥʽ ʣʦʛʽʯʥʽ ʩʠʛʥʘʣʠ ʢʦʥʪʨʦʣʝʨʘ ʧʝʨʝʩʪʘʶʪʴ ʚʽʜʧʦʚʽʜʘʪʠ ʝʥʝʨʛʝʪʠʯʥʠʤ 

ʧʨʦʮʝʩʘʤ ʫ ʩʠʣʦʚʽʡ ʯʘʩʪʠʥʽ. 

ɯʩʥʫʶʪʴ ʨʽʟʥʦʤʘʥʽʪʥʽ ʧʘʨʘʜʠʛʤʠ ʧʦʨʽʚʥʷʥʥʷ (ʧʦʚʝʜʽʥʢʠ ʨʝʘʣʴʥʦʛʦ ʦʙôʻʢʪʘ ʟ 

ʡʦʛʦ ʮʠʬʨʦʚʠʤ ʜʚʽʡʥʠʢʦʤ) ʟ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦ ʨʽʟʥʠʤʠ ʜʽʘʛʥʦʩʪʠʯʥʠʤʠ 

ʤʦʞʣʠʚʦʩʪʷʤʠ: ʧʦʨʦʛʦʚʽ ʧʽʜʭʦʜʠ [70], ʤʝʪʦʜʠ ʩʪʘʪʠʩʪʠʯʥʦʛʦ ʘʥʘʣʽʟʫ [71], ʙʘʻʩʽʚʩʴʢʽ 

ʧʽʜʭʦʜʠ [72], ʤʝʪʦʜʠ ʚʠʷʚʣʝʥʥʷ ʘʥʦʤʘʣʽʡ ʥʘ ʦʩʥʦʚʽ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ [73,74] ʪʘ 

ʽʥʰʽ. 

ʐʘʨ ʜʘʥʠʭ

ʐʘʨ ʘʥʘʣʽʟʫ

ʐʘʨ 

ʤʦʜʝʣʶʚʘʥʥʷ

ʇʨʠʢʣʘʜʥʠʡ 

ʰʘʨ
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1.2.3 ʄʝʪʦʜʠ ʧʦʙʫʜʦʚʠ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ ʝʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ 

ʌʽʟʠʯʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʝʣʝʢʪʨʦʥʥʠʭ ʩʭʝʤ 

ɼʦʤʽʥʫʶʯʠʤ ʧʽʜʭʦʜʦʤ ʜʦ ʧʦʙʫʜʦʚʠ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ ʧʨʠʩʪʨʦʾʚ ʩʠʣʦʚʦʾ 

ʝʣʝʢʪʨʦʥʽʢʠ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʦʜʝʣʝʡ ʫʩʝʨʝʜʥʝʥʥʷ ʟʤʽʥʥʠʭ ʩʪʘʥʫ (State-Space 

Averaging, SSA), ʱʦ ʚʠʚʦʜʷʪʴʩʷ ʟ ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ, ʷʢʽ ʦʧʠʩʫʶʪʴ ʜʠʥʘʤʽʢʫ 

ʩʪʨʫʤʫ ̔ ʥʜʫʢʪʠʚʥʦʩʪʽ ʪʘ ʥʘʧʨʫʛʠ ʢʦʥʜʝʥʩʘʪʦʨʘ. ʋ ʨʦʙʦʪʽ [75] ʙʫʣʦ ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʫ ʤʝʪʦʜʠʢʫ, ʚ ʷʢʽʡ ʮʠʬʨʦʚʘ ʢʦʧʽʷ ʧʦʥʠʞʫʶʯʦʛʦ ʧʝʨʝʪʚʦʨʶʚʘʯʘ 

ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ, ʷʢʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʩʠʣʦʚʦʾ ʯʘʩʪʠʥʠ, ʩʭʝʤʠ ʚʠʤʽʨʶʚʘʥʥʷ ʪʘ 

ʟʘʤʢʥʝʥʦʛʦ ʢʦʥʪʫʨʫ ʢʝʨʫʚʘʥʥʷ, ʙʫʜʫʻʪʴʩʷ ʧʦʚʥʽʩʪʶ ʥʘ ʦʩʥʦʚʽ ʨʽʚʥʷʥʴ ʟʤʽʥʥʠʭ ʩʪʘʥʫ, 

ʱʦ ʜʦʟʚʦʣʷʻ ʚʠʢʦʥʫʚʘʪʠ ʥʝʽʥʚʘʟʠʚʥʫ ʦʮʽʥʢʫ ʧʦʢʘʟʥʠʢʽʚ ʩʪʘʥʫ ʟʜʦʨʦʚô̫  ʙʝʟ 

ʜʦʜʘʪʢʦʚʦʛʦ ʝʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ. ʎʝʡ ʧʽʜʭʽʜ ʙʫʚ ʨʦʟʰʠʨʝʥʠʡ ʚ ʨʦʙʦʪʽ [76], ʜʝ 

ʙʫʣʦ ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ ʮʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ, ʷʢʠʡ ʜʠʥʘʤʽʯʥʦ ʚʽʜʩʪʝʞʫʻ ʟʤʽʥʠ 

ʧʘʨʘʤʝʪʨʽʚ ʬʽʟʠʯʥʦʾ ʩʠʩʪʝʤʠ ʪʘ ʤʦʞʝ ʚʠʷʚʣʷʪʠ ʚʽʜʤʦʚʠ ʢʦʥʪʨʦʣʝʨʘ ʚ ʨʝʞʠʤʽ 

ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ. 

ʄʦʜʝʣʽ SPICE ʜʝʪʘʣʴʥʦʛʦ ʨʽʚʥʷ ʩʣʫʛʫʶʪʴ ʝʪʘʣʦʥʦʤ ʪʘ ʜʞʝʨʝʣʦʤ ʥʘʚʯʘʣʴʥʠʭ 

ʜʘʥʠʭ ʜʣʷ ʧʦʙʫʜʦʚʠ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ, ʘʣʝ ʾʭ ʦʙʯʠʩʣʶʚʘʣʴʥʘ ʩʢʣʘʜʥʽʩʪʴ  ̒

ʯʠʥʥʠʢʦʤ, ʱʦ ʟʥʠʞʫʻ ʧʝʨʩʧʝʢʪʠʚʥʽʩʪʴ ʾʭ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ ʩʠʩʪʝʤʘʭ, ʱʦ ʚʠʤʘʛʘʶʪʴ 

ʦʪʨʠʤʘʥʥʷ ʨʝʟʫʣʴʪʘʪʫ ʥʘʡʙʽʣʴʰ ʰʚʠʜʢʦ. ʋ ʨʦʙʦʪʽ [77] ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʩʠʩʪʝʤʘʪʠʯʥʝ 

ʢʽʣʴʢʽʩʥʝ ʧʦʨʽʚʥʷʥʥʷ ʛʣʠʙʠʥʠ ʤʦʜʝʣʶʚʘʥʥʷ. ɼʘʥʠʡ ʘʥʘʣʽʟ ʚʠʷʚʠʚ, ʱʦ ʜʣʷ ʰʚʠʜʢʠʭ 

ʧʝʨʝʭʽʜʥʠʭ ʧʨʦʮʝʩʽʚ ʚʠʙʽʨ ʤʦʜʝʣʽ ʻ ʚʘʞʣʠʚʠʤ, ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʩʠʩʪʝʤ, ʱʦ ʚʠʤʘʛʘʶʪʴ 

ʤʦʜʝʣʶʚʘʥʥʷ ʧʦʚʽʣʴʥʠʭ ʧʨʦʮʝʩʽʚ. ɼʝʪʘʣʴʥʽ ʤʦʜʝʣʽ ʬʽʢʩʫʶʪʴ ʚʠʩʦʢʦʯʘʩʪʦʪʥʽ 

ʢʦʤʫʪʘʮʽʡʥʽ ʧʝʨʝʭʽʜʥʽ ʧʨʦʮʝʩʠ, ʥʝʦʙʭʽʜʥʽ ʜʣʷ ʜʽʘʛʥʦʩʪʠʢʠ, ʯʫʪʣʠʚʦʾ ʜʦ ʧʘʨʘʟʠʪʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ, ʪʦʜʽ ʷʢ ʧʦʚʝʜʽʥʢʦʚʽ ʤʦʜʝʣʽ ʞʝʨʪʚʫʶʪʴ ʮʽʻʶ ʪʦʯʥʽʩʪʶ ʟʘʨʘʜʠ ʤʦʞʣʠʚʦʩʪʽ 

ʚʙʫʜʦʚʫʚʘʥʥʷ. ʈʽʰʝʥʥʷ ʥʘ ʦʩʥʦʚʽ CPU ʟʘʙʝʟʧʝʯʫʶʪʴ ʛʥʫʯʢʽʩʪʴ, ʘʣʝ ʦʙʤʝʞʝʥʽ ʚ 

ʰʚʠʜʢʦʩʪʽ. FPGA ʞ, ʥʘʪʦʤʽʩʪʴ, ʜʦʟʚʦʣʷʶʪʴ ʚʠʢʦʥʫʚʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʟ ʥʘʜʟʚʠʯʘʡʥʦ 

ʤʘʣʠʤʠ ʢʨʦʢʘʤʠ ʯʘʩʫ (ʤʝʥʰʝ 1 ʤʢʩ), ʱʦ ʥʝʦʙʭʽʜʥʦ ʜʣʷ ʜʝʪʘʣʴʥʠʭ ʢʦʤʫʪʘʮʽʡʥʠʭ 

ʤʦʜʝʣʝʡ. ʋ ʨʦʙʦʪʽ [78] ʜʘʥʽ SPICE-ʩʠʤʫʣʷʮʽʡ ʙʫʣʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʥʘʚʯʘʥʥʷ 

ʜʠʥʘʤʽʯʥʠʭ ʥʝʡʨʦʥʥʠʭ ʤʝʨʝʞ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʫʩʝʨʝʜʥʝʥʠʭ ʧʦʚʝʜʽʥʢʦʚʠʭ ʮʠʬʨʦʚʠʭ 

ʜʚʽʡʥʠʢʽʚ, ʷʢʽ ʤʦʞʥʘ ʚʙʫʜʦʚʫʚʘʪʠ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚ ʢʦʥʪʨʦʣʝʨʠ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ, ʱʦ 

ʚʠʨʽʰʠʣʦ ʢʦʤʧʨʦʤʽʩ ʤʽʞ ʰʚʠʜʢʦʜʽʻʶ ʪʘ ʪʦʯʥʽʩʪʶ, ʙʣʠʟʴʢʦʶ ʜʦ SPICE ʤʦʜʝʣʝʡ. 
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ʇʽʜʭʦʜʠ ʥʘ ʦʩʥʦʚʽ ʜʘʥʠʭ ʪʘ ʛʽʙʨʠʜʥʽ ʬʽʟʠʯʥʦ-ʽʥʬʦʨʤʦʚʘʥʽ ʤʝʪʦʜʠ 

ʏʠʩʪʽ ʤʦʜʝʣʽ ʥʘ ʦʩʥʦʚʽ ʜʘʥʠʭ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʥʝʡʨʦʥʥʠʭ ʤʝʨʝʞ ʧʨʦʧʦʥʫʶʪʴ 

ʛʥʫʯʢʽʩʪʴ, ʥʝʟʘʣʝʞʥʫ ʚʽʜ ʪʦʧʦʣʦʛʽʾ, ʘʣʝ ʤʘʶʪʴ ʩʫʪʪʻʚʽ ʦʙʤʝʞʝʥʥʷ, ʷʢ ʙʫʣʦ ʩʢʘʟʘʥʦ ʚ 

ʧʫʥʢʪʽ 1.1.3. ɺʦʥʠ ʪʘʢ ʩʘʤʦ ʧʦʪʨʝʙʫʶʪʴ ʚʝʣʠʢʠʭ ʨʦʟʤʽʯʝʥʠʭ ʥʘʙʦʨʽʚ ʜʘʥʠʭ (ʷʢʽ ʯʘʩʪʦ 

ʥʝ ʻ ʜʦʩʪʫʧʥʠʤʠ ʜʣʷ ʩʮʝʥʘʨʽʾʚ ʜʝʛʨʘʜʘʮʽʾ) ʽ ʤʦʞʫʪʴ ʚʠʨʦʙʣʷʪʠ ʬʽʟʠʯʥʦ 

ʥʝʧʨʘʚʜʦʧʦʜʽʙʥʽ ʧʨʦʛʥʦʟʠ, ʪʘʢʽ ʷʢ ʥʝʤʦʥʦʪʦʥʥʽ ʘʙʦ ʚʽʜô̒ ʤʥʽ ʦʮʽʥʢʠ ʟʘʣʠʰʢʦʚʦʛʦ 

ʪʝʨʤʽʥʫ ʝʢʩʧʣʫʘʪʘʮʽʾ. ʏʝʨʝʟ ʮʝ ʬʽʟʠʯʥʦ-ʽʥʬʦʨʤʦʚʘʥʽ ʥʝʡʨʦʥʥʽ ʤʝʨʝʞʽ, ʷʢʽ ʚʞʝ ʙʫʣʠ 

ʦʧʠʩʘʥʽ ʚ ʨʦʟʜʽʣʽ 1.1.3, ʷʚʣʷʶʪʴʩʷ ʧʝʨʩʧʝʢʪʠʚʥʦʶ ʧʘʨʘʜʠʛʤʦʶ ʜʣʷ ʧʦʙʫʜʦʚʠ 

ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ, ʷʢʽ ˇʨʫʥʪʫʶʪʴʩʷ ʥʘ ʜʘʥʠʭ. 

ʈʦʣʴ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 

ʊʦʯʥʽʩʪʴ ʙʫʜʴ-ʷʢʦʾ ʤʦʜʝʣʽ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦ ʟʘʣʝʞʠʪʴ ʚʽʜ 

ʪʦʛʦ, ʯʠ ʚʨʘʭʦʚʘʥʽ ʧʘʨʘʟʠʪʥʽ ʧʘʨʘʤʝʪʨʠ. ɺʩʽ ʧʨʦʙʣʝʤʠ ʱʦʜʦ ʚʨʘʭʫʚʘʥʥʷ ʧʘʨʘʟʠʪʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ, ʷʢʽ ʙʫʣʠ ʚʠʩʚʽʪʣʝʥʽ ʚ ʨʦʟʜʽʣʘʭ 1.1.4 ʪʘ 1.1.5, ʪʘʢ ʩʘʤʦ ʤʘʶʪʴ ʟʥʘʯʝʥʥʷ ʚ 

ʢʦʥʪʝʢʩʪʽ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ.  

1.2.4 ʄʝʪʦʜʠ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʪʘ ʦʧʪʠʤʽʟʘʮʽʾ ʧʘʨʘʤʝʪʨʽʚ ʤʦʜʝʣʝʡ 

ʇʨʦʙʣʝʤʘ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʧʘʨʘʤʝʪʨʽʚ 

ʗʢ ʙʫʣʦ ʟʘʟʥʘʯʝʥʦ ʨʘʥʽʰʝ, ʪʦʯʥʽʩʪʴ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ ʩʠʣʴʥʦ ʟʘʣʝʞʠʪʴ ʚʽʜ 

ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʷʢʽ ʤʦʞʫʪʴ ʚʽʜʭʠʣʷʪʠʩʷ ʥʘ ʚʝʣʠʢʽ ʟʥʘʯʝʥʥʷ ʚʽʜ ʥʦʤʽʥʘʣʴʥʠʭ 

ʧʨʦʪʷʛʦʤ ʞʠʪʪʻʚʦʛʦ ʮʠʢʣʫ ʢʦʤʧʦʥʝʥʪʘ. ʅʦʤʽʥʘʣʴʥʽ ʟʥʘʯʝʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ 

ʝʣʝʢʪʨʦʥʥʠʭ ʩʭʝʤ, ʟʘʟʥʘʯʝʥʽ ʚʠʨʦʙʥʠʢʦʤ, ʥʝ ʤʦʞʫʪʴ ʙʫʪʠ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʠʢʦʨʠʩʪʘʥʽ 

ʷʢ ʧʘʨʘʤʝʪʨʠ ʚʠʩʦʢʦʪʦʯʥʦʾ ʤʦʜʝʣʽ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ. ʇʨʠʯʠʥʠ ʮʴʦʛʦ ʤʘʶʪʴ 

ʩʠʩʪʝʤʥʠʡ ʭʘʨʘʢʪʝʨ. ʇʦ-ʧʝʨʰʝ, ʚʠʨʦʙʥʠʯʽ ʜʦʧʫʩʢʠ ʧʘʩʠʚʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʟʘʟʚʠʯʘʡ 

ʩʪʘʥʦʚʣʷʪʴ ʚʽʜ Ñ5% ʜʦ Ñ20% ʜʣʷ ʝʣʝʢʪʨʦʣʽʪʠʯʥʠʭ ʢʦʥʜʝʥʩʘʪʦʨʽʚ ʪʘ ʚʽʜ Ñ1% ʜʦ Ñ10% 

ʜʣ̫ ʽʥʜʫʢʪʠʚʥʦʩʪʝʡ, ʱʦ ʩʪʚʦʨʶʻ ʧʦʯʘʪʢʦʚʫ ʥʝʚʠʟʥʘʯʝʥʽʩʪʴ ʧʘʨʘʤʝʪʨʽʚ. ʇʦ-ʜʨʫʛʝ, 

ʧʘʨʘʤʝʪʨʠ ʢʦʤʧʦʥʝʥʪʽʚ ʟʤʽʥʶʶʪʴʩʷ ʚ ʧʨʦʮʝʩʽ ʝʢʩʧʣʫʘʪʘʮʽʾ ʚʥʘʩʣʽʜʦʢ ʩʪʘʨʽʥʥʷ. ʎʝ 

ʩʪʚʦʨʶʻ ʧʨʦʙʣʝʤʫ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʧʘʨʘʤʝʪʨʽʚ, ʘ ʩʘʤʝ ʚʠʟʥʘʯʝʥʥʷ ʬʘʢʪʠʯʥʠʭ ʟʥʘʯʝʥʴ 

ʧʘʨʘʤʝʪʨʽʚ ʩʭʝʤʠ ʰʣʷʭʦʤ ʤʽʥʽʤʽʟʘʮʽʾ ʨʦʟʙʽʞʥʦʩʪʽ ʤʽʞ ʚʠʭʦʜʘʤʠ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ 

ʪʘ ʚʠʤʽʨʶʚʘʥʥʷʤʠ ʬʽʟʠʯʥʦʾ ʩʠʩʪʝʤʠ. 

ʈʦʟʨʽʟʥʷʶʪʴ ʜʚʘ ʚʟʘʻʤʦʧʦʚô̫ ʟʘʥʽ ʧʦʥʷʪʪʷ: ʧʘʨʘʤʝʪʨʠʯʥʫ ʦʮʽʥʢʫ ʪʘ 
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ʧʘʨʘʤʝʪʨʠʯʥʫ ʦʧʪʠʤʽʟʘʮʽʶ. ʇʘʨʘʤʝʪʨʠʯʥʘ ʦʮʽʥʢʘ ʧʝʨʝʜʙʘʯʘʻ ʚʠʟʥʘʯʝʥʥʷ ʥʝʚʽʜʦʤʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʤʦʜʝʣʽ ʥʘ ʦʩʥʦʚʽ ʚʠʤʽʨʶʚʘʣʴʥʠʭ ʜʘʥʠʭ, ʪʦʙʪʦ ʨʦʟʚô̫ ʟʘʥʥʷ ʦʙʝʨʥʝʥʦʾ 

ʟʘʜʘʯʽ. ʅʘʪʦʤʽʩʪʴ, ʧʘʨʘʤʝʪʨʠʯʥʘ ʦʧʪʠʤʽʟʘʮʽʷ ʻ ʙʽʣʴʰ ʟʘʛʘʣʴʥʠʤ ʧʦʥʷʪʪʷʤ, ʱʦ 

ʚʢʣʶʯʘʻ ʤʽʥʽʤʽʟʘʮʽʶ (ʘʙʦ ʤʘʢʩʠʤʽʟʘʮʽʶ) ʮʽʣʴʦʚʦʾ ʬʫʥʢʮʽʾ ʰʣʷʭʦʤ ʧʽʜʙʦʨʫ ʧʘʨʘʤʝʪʨʽʚ 

ʫ ʟʘʜʘʥʦʤʫ ʧʨʦʩʪʦʨʽ ʧʦʰʫʢʫ [79]. ʋ ʢʦʥʪʝʢʩʪʽ ʢʘʣʽʙʨʫʚʘʥʥʷ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ ʮʽ 

ʟʘʜʘʯʽ ʟʣʠʚʘʶʪʴʩʷ: ʥʝʦʙʭʽʜʥʦ ʟʥʘʡʪʠ ʪʘʢʠʡ ʚʝʢʪʦʨ ʧʘʨʘʤʝʪʨʽʚ ʤʦʜʝʣʽ, ʟʘ ʷʢʦʛʦ 

ʨʦʟʙʽʞʥʽʩʪʴ ʤʽʞ ʚʠʭʽʜʥʠʤʠ ʩʠʛʥʘʣʘʤʠ ʤʦʜʝʣʽ ʪʘ ʬʽʟʠʯʥʦʛʦ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʻ 

ʤʽʥʽʤʘʣʴʥʦʶ. ʗʢ ʧʦʢʘʟʘʣʠ ʚ ʨʦʙʦʪʽ [80], ʟʘʜʘʯʘ ʧʘʨʘʤʝʪʨʠʯʥʦʾ ʽʜʝʥʪʠʬʽʢʘʮʽʾ 

ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ ʟʚʦʜʠʪʴʩʷ ʜʦ ʟʘʜʘʯʽ ʥʝʣʽʥʽʡʥʦʾ ʦʧʪʠʤʽʟʘʮʽʾ, 

ʦʩʢʽʣʴʢʠ ʟʘʣʝʞʥʽʩʪʴ ʚʠʭʽʜʥʠʭ ʩʠʛʥʘʣ̔ ʚ ʚʽʜ ʧʘʨʘʤʝʪʨʽʚ ʻ ʩʫʪʪʻʚʦ ʥʝʣʽʥʽʡʥʦʶ, ʘ ʧʨʦʩʪʽʨ 

ʧʦʰʫʢʫ ï ʙʘʛʘʪʦʚʠʤʽʨʥʠʤ.  

ʉʧʝʮʠʬʽʯʥʘ ʩʢʣʘʜʥʽʩʪʴ ʢʘʣʽʙʨʫʚʘʥʥʷ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ 

ʦʜʥʦʯʘʩʥʦ ʥʝʦʙʭʽʜʥʦ ʽʜʝʥʪʠʬʽʢʫʚʘʪʠ ʤʥʦʞʠʥʫ ʧʘʨʘʤʝʪʨʽʚ ʨʽʟʥʦʾ ʬʽʟʠʯʥʦʾ ʧʨʠʨʦʜʠ: 

ʽʥʜʫʢʪʠʚʥʽʩʪʴ, ʻʤʥʽʩʪʴ, ʧʘʨʘʟʠʪʥʽ ʦʧʦʨʠ, ʧʘʨʘʤʝʪʨʠ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʢʣʶʯʽʚ, ʧʨʠ 

ʮʴʦʤʫ ʤʘʶʯʠ ʦʙʤʝʞʝʥʠʡ ʥʘʙʽʨ ʚʠʤʽʨʶʚʘʣʴʥʠʭ ʜʘʥʠʭ. ʂʨʽʤ ʪʦʛʦ, ʯʝʨʝʟ ʚʥʫʪʨʽʰʥʶ 

ʥʝʣʽʥʽʡʥʽʩʪʴ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ ʢʣʘʩʠʯʥʽ ʧʽʜʭʦʜʠ ʚʠʤʘʛʘʶʪʴ ʤʝʪʦʜʽʚ ʜʠʩʢʨʝʪʠʟʘʮʽʾ, ʱʦ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʥʘʢʦʧʠʯʝʥʥʷ ʧʦʭʠʙʦʢ ʪʘ ʟʥʠʞʝʥʥʷ ʪʦʯʥʦʩʪʽ ʦʮʽʥʢʠ [27]. ʎʝ ʦʙʫʤʦʚʣʶʻ 

ʥʝʦʙʭʽʜʥʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʩʧʝʮʽʘʣʽʟʦʚʘʥʠʭ ʤʝʪʦʜʽʚ ʦʧʪʠʤʽʟʘʮʽʾ, ʟʜʘʪʥʠʭ ʝʬʝʢʪʠʚʥʦ 

ʧʨʘʮʶʚʘʪʠ ʚ ʩʢʣʘʜʥʠʭ ʙʘʛʘʪʦʚʠʤʽʨʥʠʭ ʧʨʦʩʪʦʨʘʭ ʧʦʰʫʢʫ.  

ʆʢʨʝʤʠʤ ʧʠʪʘʥʥʷʤ ʻ ʚʠʙʽʨ ʝʪʘʣʦʥʥʦʛʦ ʚʠʤʽʨʶʚʘʥʥʷ, ʥʘ ʦʩʥʦʚʽ ʷʢʦʛʦ 

ʚʠʢʦʥʫʻʪʴʩʷ ʢʘʣʽʙʨʫʚʘʥʥʷ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ. ʋ ʚʽʜʦʤʠʭ ʨʦʙʦʪʘʭ ʟ ʽʜʝʥʪʠʬʽʢʘʮʽʾ 

ʧʘʨʘʤʝʪʨʽʚ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ ʦʩʥʦʚʥʫ ʫʚʘʛʫ ʟʦʩʝʨʝʜʞʝʥʦ ʥʘ ʘʣʛʦʨʠʪʤʽ ʦʧʪʠʤʽʟʘʮʽʾ ʪʘ 

ʚʠʛʣʷʜʽ ʮʽʣʴʦʚʦʾ ʬʫʥʢʮʽʾ, ʪʦʜʽ ʷʢ ʢʨʠʪʝʨʽʡ ʚʠʙʦʨʫ ʮʽʣʴʦʚʦʛʦ ʩʠʛʥʘʣʫ ʟʘ ʥʘʷʚʥʦʩʪʽ 

ʨʦʟʢʠʜʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ ʩʧʨʘʚʥʦʛʦ ʧʨʠʩʪʨʦʶ ʦʢʨʝʤʦ ʥʝ ʦʙˇʨʫʥʪʦʚʫʻʪʴʩʷ. 

ɿʘ ʜʦʚʽʣʴʥʦʛʦ ʚʠʙʦʨʫ ʪʘʢʦʛʦ ʩʠʛʥʘʣʫ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜʢʘʣʽʙʨʦʚʘʥʦʾ ʤʦʜʝʣʽ ʚʽʜ ʤʝʞ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʚʠʙʽʨʢʠ ʚʠʷʚʣʷʶʪʴʩʷ ʘʩʠʤʝʪʨʠʯʥʠʤʠ, ʱʦ ʥʝ ʜʦʟʚʦʣʷʻ 

ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʾʭ ʷʢ ʧʦʨʦʛʠ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʽ ʧʦʪʨʝʙʫʻ ʦʢʨʝʤʦʾ 

ʧʨʦʮʝʜʫʨʠ ʥʘʣʘʰʪʫʚʘʥʥʷ ʧʦʨʦʛʽʚ. ʆʪʞʝ, ʟʘʜʘʯʘ ʢʘʣʽʙʨʫʚʘʥʥʷ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ ʜʣʷ 

ʧʦʪʨʝʙ ʜʽʘʛʥʦʩʪʠʢʠ ʤʘʻ ʦʭʦʧʣʶʚʘʪʠ ʥʝ ʣʠʰʝ ʚʠʙʽʨ ʘʣʛʦʨʠʪʤʫ ʦʧʪʠʤʽʟʘʮʽʾ, ʘ ʡ 

ʦʙˇʨʫʥʪʦʚʘʥʠʡ ʢʨʠʪʝʨʽʡ ʚʠʙʦʨʫ ʝʪʘʣʦʥʥʦʛʦ ʩʠʛʥʘʣʫ. 
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ʄʝʪʦʜʠ ʦʧʪʠʤʽʟʘʮʽʾ ʜʣʷ ʧʘʨʘʤʝʪʨʠʯʥʦʾ ʽʜʝʥʪʠʬʽʢʘʮʽʾ 

ʉʝʨʝʜ ʤʝʪʦʜʽʚ ʦʧʪʠʤʽʟʘʮʽʾ, ʱʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʜʣʷ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʧʘʨʘʤʝʪʨʽʚ 

ʤʦʜʝʣʝʡ ʩʠʣʦʚʠʭ ʝʣʝʢʪʨʦʥʥʠʭ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ, ʤʦʞʥʘ ʚʠʜʽʣʠʪʠ ʪʨʠ ʦʩʥʦʚʥʽ ʛʨʫʧʠ: 

ʛʨʘʜʽʻʥʪʥʽ ʤʝʪʦʜʠ [79,80], ʝʚʦʣʶʮʽʡʥʽ (ʤʝʪʘʝʚʨʠʩʪʠʯʥʽ) ʘʣʛʦʨʠʪʤʠ [81-89] ʪʘ 

ʙʘʡʻʩʽʚʩʴʢʽ ʦʧʪʠʤʽʟʘʮʽʾ [90,91]. ʂʦʞʥʘ ʟ ʮʠʭ ʛʨʫʧ ʤʘʻ ʩʚʦʾ ʧʝʨʝʚʘʛʠ ʪʘ ʦʙʤʝʞʝʥʥʷ, 

ʜʝʪʘʣʴʥʝ ʧʦʨʽʚʥʷʥʥʷ ʧʦʧʫʣʷʨʥʠʭ ʤʝʪʦʜʽʚ ʦʧʪʠʤʽʟʘʮʽʾ ʪʘ ʚʠʙʽʨ ʢʦʥʢʨʝʪʥʦʛʦ ʜʣʷ ʟʘʜʘʯ 

ʜʘʥʦʾ ʨʦʙʦʪʠ ʦʧʠʩʘʥʦ ʚ ʨʦʟʜʽʣʽ 3. 

1.3 ɼʠʩʪʘʥʮʽʡʥʽ ʣʘʙʦʨʘʪʦʨʽʾ ʷʢ ʟʘʩʽʙ ʚʟʘʻʤʦʜʽʾ ʟ ʝʣʝʢʪʨʦʥʥʠʤ 

ʦʙʣʘʜʥʘʥʥʷʤ 

ɽʬʝʢʪʠʚʥʽʩʪʴ ʩʠʩʪʝʤ ʜʽʘʛʥʦʩʪʠʢʠ ʥʘ ʦʩʥʦʚʽ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ, ʨʦʟʛʣʷʥʫʪʠʭ ʫ 

ʧʽʜʨʦʟʜʽʣʽ 1.2, ʟʘʣʝʞʠʪʴ ʚʽʜ ʷʢʦʩʪʽ ʪʘ ʦʧʝʨʘʪʠʚʥʦʩʪʽ ʦʙʤʽʥʫ ʜʘʥʠʤʠ ʤʽʞ ʬʽʟʠʯʥʠʤ 

ʦʙô̒ ʢʪʦʤ ʽ ʡʦʛʦ ʚʽʨʪʫʘʣʴʥʦʶ ʤʦʜʝʣʣʶ. ʑʝ ʙʽʣʴʰ ʚʘʞʣʠʚʦʶ ʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʟʙʦʨʫ 

ʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ ʜʘʥʠʭ ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʪʘ ʪʝʩʪʫʚʘʥʥʷ ʩʠʩʪʝʤʠ ʤʦʥʽʪʦʨʠʥʛʫ, ʷʢʘ 

ʙʘʟʫʻʪʴʩʷ ʥʘ ʮʠʬʨʦʚʦʤʫ ʜʚʽʡʥʠʢʫ. ʗʢ ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ ʚ ʘʥʘʣʽʟʽ ʨʦʟʨʠʚʫ ʤʽʞ 

ʣʘʙʦʨʘʪʦʨʥʦʶ ʚʘʣʽʜʘʮʽʻʶ ʪʘ ʧʨʦʤʠʩʣʦʚʠʤ ʚʧʨʦʚʘʜʞʝʥʥʷʤ (ʧʽʜʨʦʟʜʽʣ 1.1.5), ʦʜʥʽʻʶ ʟ 

ʢʣʶʯʦʚʠʭ ʧʨʦʙʣʝʤ ʩʫʯʘʩʥʦʾ ʜʽʘʛʥʦʩʪʠʢʠ ʻ ʩʢʣʘʜʥʽʩʪʴ ʦʪʨʠʤʘʥʥʷ ʜʦʩʪʦʚʽʨʥʠʭ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ ʫ ʨʝʘʣʴʥʠʭ ʫʤʦʚʘʭ ʝʢʩʧʣʫʘʪʘʮʽʾ. 

ʎʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ ʥʝ ʤʦʞʝ ʽʩʥʫʚʘʪʠ ʚ ʽʟʦʣʷʮʽʾ. ɼʣʷ ʡʦʛʦ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ 

ʥʝʦʙʭʽʜʥʘ ʽʥʬʨʘʩʪʨʫʢʪʫʨʘ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʥʝ ʣʠʰʝ ʟʙʽʨ ʩʠʛʥʘʣʽʚ, ʘ ʡ ʤʦʞʣʠʚʽʩʪʴ 

ʜʠʩʪʘʥʮʽʡʥʦʛʦ ʢʝʨʫʚʘʥʥʷ ʦʙʣʘʜʥʘʥʥʷʤ, ʧʨʦʚʝʜʝʥʥʷ ʚʝʨʠʬʽʢʘʮʽʡʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʪʘ 

ʢʘʣʽʙʨʫʚʘʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʤʦʜʝʣʽ ʚ ʨʝʞʠʤʽ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ. ʋ ʢʦʥʪʝʢʩʪʽ ʢʦʥʮʝʧʮʽʾ 

Industry 4.0, ʜʝ ʬʽʟʠʯʥʽ ʪʘ ʮʠʬʨʦʚʽ ʩʠʩʪʝʤʠ ʽʥʪʝʛʨʫʶʪʴʩʷ ʫ ʻʜʠʥʠʡ ʢʽʙʝʨʬʽʟʠʯʥʠʡ 

ʧʨʦʩʪʽʨ, ʨʦʣʴ ʪʘʢʦʛʦ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʤʽʩʪʢʘ ʚʽʜʽʛʨʘʶʪʴ ʜʠʩʪʘʥʮʽʡʥʽ ʣʘʙʦʨʘʪʦʨʽʾ 

(Remote Laboratories). 

ʊʘʢʠʤ ʯʠʥʦʤ, ʜʠʩʪʘʥʮʽʡʥʽ ʣʘʙʦʨʘʪʦʨʽʾ ʪʨʘʥʩʬʦʨʤʫʶʪʴʩʷ ʟ ʩʫʪʦ ʥʘʚʯʘʣʴʥʠʭ 

ʽʥʩʪʨʫʤʝʥʪʽʚ ʫ ʧʦʚʥʦʮʽʥʥʠʡ ʟʘʩʽʙ ʚʟʘʻʤʦʜʽʾ ʟ ʝʣʝʢʪʨʦʥʥʠʤʠ ʧʨʠʩʪʨʦʷʤʠ, ʱʦ 

ʟʘʙʝʟʧʝʯʫʻ «ʬʽʟʠʯʥʫ» ʩʢʣʘʜʦʚʫ ʞʠʪʪʻʚʦʛʦ ʮʠʢʣʫ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ. ʈʦʟʫʤʽʥʥʷ 

ʝʚʦʣʶʮʽʾ ʮʠʭ ʩʠʩʪʝʤ ʪʘ ʾʭʥʴʦʾ ʩʫʯʘʩʥʦʾ ʘʨʭʽʪʝʢʪʫʨʠ ʻ ʥʝʦʙʭʽʜʥʠʤ ʜʣʷ ʧʦʙʫʜʦʚʠ 

ʽʥʪʝʛʨʦʚʘʥʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʜʽʘʛʥʦʩʪʠʢʠ. 
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1.3.1 ʂʦʥʮʝʧʮʽʷ ʪʘ ʝʚʦʣʶʮʽʷ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ 

ʂʦʥʮʝʧʮʽʷ ʜʠʩʪʘʥʮʽʡʥʦʾ ʣʘʙʦʨʘʪʦʨʽʾ ʩʬʦʨʤʫʚʘʣʘʩʷ ʱʝ ʫ 1990-ʭ ʨʦʢʘʭ. ʋ 

ʤʘʩʰʪʘʙʥʦʤʫ ʙʽʙʣʽʦʤʝʪʨʠʯʥʦʤʫ ʘʥʘʣʽʟʽ [92], ʱʦ ʦʭʦʧʣʶʻ 9523 ʧʫʙʣʽʢʘʮʽʾ ʟʘ 1991-

2021 ʨʦʢʠ, ʚʠʜʽʣʠʣʠ ʪʨʠ ʯʽʪʢʽ ʝʚʦʣʶʮʽʡʥʽ ʬʘʟʠ:  

1. 1991-2000 ï ʜʦʤʽʥʫʚʘʥʥʷ ʢʦʤʧôʁ ʪʝʨʥʠʭ ʩʠʤʫʣʷʪʦʨʽʚ ʪʘ ʩʠʩʪʝʤ 

ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʥʘʚʯʘʥʥʷ ʙʝʟ ʜʦʩʪʫʧʫ ʜʦ ʬʽʟʠʯʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ; 

2. 2001-2010 ï ʩʪʘʥʦʚʣʝʥʥʷ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ ʽʟ ʨʝʘʣʴʥʠʤ 

ʦʙʣʘʜʥʘʥʥʷʤ, ʧʦʷʚʘ ʬʣʘʛʤʘʥʩʴʢʠʭ ʧʣʘʪʬʦʨʤ MIT iLab, WebLabDeusto 

ʪʘ VISIR; 

3. 2010-ʜʦʪʝʧʝʨ ï ʽʥʪʝʛʨʘʮʽʷ ʭʤʘʨʥʠʭ ʪʝʭʥʦʣʦʛʽʡ, IoT, ʜʦʧʦʚʥʝʥʦʾ ʪʘ 

ʚʽʨʪʫʘʣʴʥʦʾ ʨʝʘʣʴʥʦʩʪʽ ʫ ʣʘʙʦʨʘʪʦʨʥʽ ʧʣʘʪʬʦʨʤʠ. 

ʇʨʠʥʮʠʧʦʚʦ ʚʘʞʣʠʚʠʤ ʻ ʯʽʪʢʝ ʨʦʟʤʝʞʫʚʘʥʥʷ ʪʝʨʤʽʥʽʚ:  

1. ɺʽʨʪʫʘʣʴʥʘ ʣʘʙʦʨʘʪʦʨʽʷ ï ʩʝʨʝʜʦʚʠʱʝ, ʚ ʷʢʦʤʫ ʚʝʩʴ ʜʦʩʣʽʜʥʠʡ ʧʨʦʮʝʩ 

ʨʝʘʣʽʟʫʻʪʴʩʷ ʟʘʩʦʙʘʤʠ ʢʦʤʧôʁ ʪʝʨʥʦʾ ʩʠʤʫʣʷʮʽʾ, ʘ ʨʝʟʫʣʴʪʘʪʠ ʟʘʟʜʘʣʝʛʽʜʴ 

ʚʠʟʥʘʯʝʥʽ ʤʦʜʝʣʣʶ; 

2. ɼʠʩʪʘʥʮʽʡʥʘ ʣʘʙʦʨʘʪʦʨʽʷ ï ʩʠʩʪʝʤʘ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʚʽʜʜʘʣʝʥʠʡ 

ʤʝʨʝʞʝʚʠʡ ʜʦʩʪʫʧ ʜʦ ʨʝʘʣʴʥʦʛʦ ʬʽʟʠʯʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʪʘ ʤʦʞʣʠʚʽʩʪʴ 

ʢʝʨʫʚʘʥʥʷ ʥʠʤ ʫ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ; 

3. ɻʽʙʨʠʜʥʘ ʣʘʙʦʨʘʪʦʨʽʷ ï ʧʦʻʜʥʘʥʥʷ ʦʙʦʭ ʧʽʜʭʦʜʽʚ. [93] 

ʂʣʶʯʦʚʽ ʧʣʘʪʬʦʨʤʠ 

ʉʝʨʝʜ ʧʣʘʪʬʦʨʤ, ʱʦ ʚʠʟʥʘʯʠʣʠ ʨʦʟʚʠʪʦʢ ʛʘʣʫʟʽ, ʦʩʦʙʣʠʚʝ ʤʽʩʮʝ ʧʦʩʽʜʘʻ MIT 

iLab (Massachusetts Institute of Technology, 2001), ʷʢʘ ʚʚʝʣʘ ʢʦʥʮʝʧʮʽʶ ʨʦʟʧʦʜʽʣʝʥʦʾ 

ʽʥʬʨʘʩʪʨʫʢʪʫʨʠ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ ʥʘ ʙʘʟʽ ʚʝʙʩʝʨʚʽʩʽʚ ʪʘ ʟʘʢʣʘʣʘ ʘʨʭʽʪʝʢʪʫʨʥʽ 

ʧʨʠʥʮʠʧʠ, ʱʦ ʩʪʘʣʠ ʝʪʘʣʦʥʦʤ ʜʣʷ ʥʘʩʪʫʧʥʠʭ ʧʦʜʽʙʥʠʭ ʩʠʩʪʝʤ. WebLab-Deusto 

(ʋʥʽʚʝʨʩʠʪʝʪ ɼʝʫʩʪʦ, ɯʩʧʘʥʽʷ) ï ʚʽʜʢʨʠʪʘ ʩʠʩʪʝʤʘ ʫʧʨʘʚʣʽʥʥʷ ʜʠʩʪʘʥʮʽʡʥʠʤʠ 

ʣʘʙʦʨʘʪʦʨʽʷʤʠ (Remote Laboratory Management System, RLMS), ʜʦʩʪʫʧʥʘ ʧʦʥʘʜ 

ʜʝʩʷʪʴʤʘ ʤʦʚʘʤʠ. VISIR (Virtual Instrument Systems in Reality, ʊʝʭʥʦʣʦʛʽʯʥʠʡ 

ʫʥʽʚʝʨʩʠʪʝʪ ɹʣʝʢʽʥʛʝ, ʐʚʝʮʽʷ) ï ʩʠʩʪʝʤʘ ʥʘ ʙʘʟʽ ʘʧʘʨʘʪʥʠʭ ʤʘʪʨʠʮʴ ʧʝʨʝʤʠʢʘʯʽʚ, ʱʦ 

ʫʤʦʞʣʠʚʣʶʻ ʜʠʩʪʘʥʮʽʡʥʝ ʟô̒ ʜʥʘʥʥʷ ʩʭʝʤ ʽ ʧʨʦʚʝʜʝʥʥʷ ʚʠʤʽʨʶʚʘʥʴ ʪʘ ʨʦʟʛʦʨʥʫʪʘ ʫ 

ʧʦʥʘʜ 12 ʢʨʘʾʥʘʭ. 
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ʇʣʘʪʬʦʨʤʘ LabsLand ʧʦʩʪʘʣʘ ʷʢ ʢʦʤʝʨʮʽʡʥʠʡ ʩʧʽʥ-ʦʬʬ WebLab-Deusto ʪʘ 

ʨʝʘʣʽʟʫʻ ʤʦʜʝʣʴ ʨʝʧʦʟʠʪʦʨʽʶ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ, ʱʦ ʦʙô̒ ʜʥʫʻ ʫʩʪʘʥʦʚʠ-

ʫʯʘʩʥʠʢʠ, ʥʘʜʘʶʯʠ ʩʧʽʣʴʥʠʡ ʜʦʩʪʫʧ ʜʦ ʦʙʣʘʜʥʘʥʥʷ. ɸʚʪʦʨʠ ʟʘʟʥʘʯʘʶʪʴ, ʱʦ ʙʽʣʴʰʽʩʪʴ 

ʜʦʩʣʽʜʞʝʥʴ ʬʦʢʫʩʫʻʪʴʩʷ ʥʘ ʪʝʭʥʦʣʦʛʽʯʥʽʡ ʨʝʘʣʽʟʘʮʽʾ ʧʣʘʪʬʦʨʤ, ʪʦʜʽ ʷʢ ʧʠʪʘʥʥʷ 

ʧʝʜʘʛʦʛʽʯʥʦʛʦ ʧʨʦʝʢʪʫʚʘʥʥʷ ʪʘ ʧʦʨʽʚʥʷʣʴʥʦʛʦ ʦʮʽʥʶʚʘʥʥʷ ʟʘʣʠʰʘʶʪʴʩʷ ʟʥʘʯʥʦ ʤʝʥʰ 

ʜʦʩʣʽʜʞʝʥʠʤʠ. 

ɯʩʥʫʻ ʱʝ ʨʷʜ ʟʥʘʯʫʱʠʭ ʧʣʘʪʬʦʨʤ: NetLab, Go-Lab, FORGE, Lab4CE ʪʘ GOLDi 

(Grid of Online Lab Devices Ilmenau). 

ʈʦʣʴ IoT ʪʘ Industry  4.0 ʫ ʬʦʨʤʫʚʘʥʥʽ ʩʫʯʘʩʥʦʾ ʘʨʭʽʪʝʢʪʫʨʠ 

ɯʥʪʝʛʨʘʮʽʷ ʪʝʭʥʦʣʦʛʽʡ ɯʥʪʝʨʥʝʪʫ ʨʝʯʝʡ ʪʘ ʧʨʠʥʮʠʧʽʚ Industry 4.0 ʢʘʨʜʠʥʘʣʴʥʦ 

ʪʨʘʥʩʬʦʨʤʫʚʘʣʘ ʘʨʭʽʪʝʢʪʫʨʫ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ, ʟʨʦʙʠʚʰʠ ʾʭ ʙʽʣʴʰ 

ʤʘʩʰʪʘʙʦʚʘʥʠʤʠ, ʝʢʦʥʦʤʽʯʥʦ ʝʬʝʢʪʠʚʥʠʤʠ ʪʘ ʩʫʤʽʩʥʠʤʠ. 

ɸʚʪʦʨʠ ʨʦʙʦʪʠ [94] ʨʦʟʨʦʙʠʣʠ ʚʽʜʢʨʠʪʫ ʧʣʘʪʬʦʨʤʫ IN4LABS ʜʣʷ ʣʘʙʦʨʘʪʦʨʽʡ 

Industry 4.0, ʟʘʩʥʦʚʘʥʫ ʥʘ Raspberry Pi ʪʘ Arduino-ʩʫʤʽʩʥʠʭ ʧʣʘʪʘʭ, ʷʢʘ ʜʦʟʚʦʣʷʻ 

ʨʦʟʛʦʨʥʫʪʠ ʥʦʚʫ ʜʠʩʪʘʥʮʽʡʥʫ ʣʘʙʦʨʘʪʦʨʽʶ ʟʘ ʧʨʠʙʣʠʟʥʦ 2 ʛʦʜʠʥʠ (ʧʦʨʽʚʥʷʥʦ ʟ 

ʤʽʩʷʮʷʤʠ ʪʨʘʜʠʮʽʡʥʦʾ ʨʦʟʨʦʙʢʠ). ʋ ʨʦʙʦʪʽ [95] ʨʦʟʨʦʙʠʣʠ ʚʽʜʜʘʣʝʥʫ ʣʘʙʦʨʘʪʦʨʽʶ ʜʣʷ 

ʢʝʨʫʚʘʥʥʷ ʜʚʠʛʫʥʘʤʠ ʥʘ ʙʘʟʽ FPGA Basys 3, ʱʦ ʽʥʪʝʛʨʫʻ ʪʝʭʥʦʣʦʛʽʾ IoT ʪʘ ʭʤʘʨʥʽ 

ʩʝʨʚʽʩʠ Google Firebase ʜʣʷ ʘʚʪʝʥʪʠʬʽʢʘʮʽʾ, ʟʙʝʨʝʞʝʥʥʷ ʢʦʥʬʽʛʫʨʘʮʽʡʥʠʭ ʬʘʡʣʽʚ ʪʘ 

ʩʠʥʭʨʦʥʽʟʘʮʽʾ ʢʝʨʫʶʯʠʭ ʩʠʛʥʘʣʽʚ ʫ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ. 

ɸʨʭʽʪʝʢʪʫʨʘ ʩʫʯʘʩʥʠʭ IoT-ʣʘʙʦʨʘʪʦʨʽʡ ʤʽʩʪʠʪʴ ʪʨʠ ʨʽʚʥʽ:  

1. ʬʽʟʠʯʥʠʡ ʨʽʚʝʥʴ (ʜʘʪʯʠʢʠ, ʤʽʢʨʦʢʦʥʪʨʦʣʝʨʠ, ʽʥʰʝ ʨʝʘʣʴʥʝ ʦʙʣʘʜʥʘʥʥʷ, 

ʷʢʝ ʜʦʩʣʽʜʞʫʻʪʴʩʷ/ʘʥʘʣʽʟʫʻʪʴʩʷ);  

2. ʤʝʨʝʞʝʚʠʡ/ʢʦʤʫʥʽʢʘʮʽʡʥʠʡ ʨʽʚʝʥʴ (MQTT, HTTP/WebSocket, TCP/IP, 

OPC-UA ʜʣʷ ʧʨʦʤʠʩʣʦʚʠʭ ʟʘʩʪʦʩʫʚʘʥʴ);  

3. ʭʤʘʨʥʠʡ/ʧʨʠʢʣʘʜʥʠʡ ʨʽʚʝʥʴ (ʚʝʙ-ʽʥʪʝʨʬʝʡʩʠ, ʭʤʘʨʥʽ ʧʣʘʪʬʦʨʤʠ, 

ʽʥʪʝʛʨʘʮʽʷ ʟ LMS). [94,95,96] 

1.3.2 ɿʘʩʪʦʩʫʚʘʥʥʷ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ 

ɼʠʩʪʘʥʮʽʡʥʽ ʣʘʙʦʨʘʪʦʨʽʾ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʚ ʪʨʴʦʭ ʨʽʟʥʠʭ ʜʦʤʝʥʘʭ: ʦʩʚʽʪʥʴʦʤʫ, 

ʜʦʩʣʽʜʥʠʮʴʢʦʤʫ ʪʘ ʜʽʘʛʥʦʩʪʠʯʥʦ-ʤʦʥʽʪʦʨʠʥʛʦʚʦʤʫ. ʂʦʞʝʥ ʽʟ ʥʠʭ ʚʠʩʫʚʘʻ ʚʣʘʩʥʽ 
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ʚʠʤʦʛʠ ʜʦ ʬʫʥʢʮʽʦʥʘʣʴʥʦʩʪʽ ʩʠʩʪʝʤʠ, ʱʦ ʨʦʙʠʪʴ ʚʠʙʽʨ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʨʽʰʝʥʥʷ 

ʦʩʦʙʣʠʚʦ ʚʽʜʧʦʚʽʜʘʣʴʥʠʤ ʟʘʚʜʘʥʥʷʤ. 

ʆʩʚʽʪʥʻ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ɺ ʘʥʘʣʽʟʽ [97] ʙʫʣʦ ʟʘʬʽʢʩʦʚʘʥʦ ʟʘʛʘʣʴʥʠʡ ʨʦʟʤʽʨ ʝʬʝʢʪʫ (Hedgesô g) ʟʽ 

ʟʥʘʯʝʥʥʷʤ 0.686 (ʱʦ ʻ ʚʠʱʝ ʩʝʨʝʜʥʴʦʛʦ) ʜʣʷ ʚʧʣʠʚʫ ʚʽʨʪʫʘʣʴʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ ʥʘ 

ʨʝʟʫʣʴʪʘʪʠ ʥʘʚʯʘʥʥʷ ʚ ʽʥʞʝʥʝʨʥʠʭ ʩʧʝʮʽʘʣʴʥʦʩʪʷʭ, ʧʨʠʯʦʤʫ ʧʦ ʦʢʨʝʤʠʤ ʧʘʨʘʤʝʪʨʘʤ 

ʨʦʟʤʽʨ ʝʬʝʢʪʫ ʻ ʜʦʩʠʪʴ ʚʝʣʠʢʠʤ: ʥʘʚʯʘʣʴʥʘ ʤʦʪʠʚʘʮʽʷ ï 3.57, ʟʘʣʫʯʝʥʽʩʪʴ ʜʦ ʥʘʚʯʘʥʥʷ 

ï 2.888. ɸʚʪʦʨʠ ʨʦʙʦʪʠ [98] ʚ ʫʥʽʚʝʨʩʠʪʝʪʽ ɸʤʨ̔ ʪʘ ɺʽʰʚʘ ɺʽʜô̫ ʧʽʪʭʘʤ ʚ ɯʥʜʽʾ ʧʦʢʘʟʘʣʠ, 

ʱʦ ʢʦʨʠʩʪʫʚʘʯʽ ʜʠʩʪʘʥʮʽʡʥʦʾ ʣʘʙʦʨʘʪʦʨʽʾ ʧʨʦʚʦʜʠʣʠ ʜʦʩʣʽʜʠ ʫ 3 ʨʘʟʠ ʯʘʩʪʽʰʝ 

ʧʦʨʽʚʥʷʥʦ ʟ ʬʽʟʠʯʥʦʶ ʣʘʙʦʨʘʪʦʨʽʻʶ, ʚʠʢʦʥʫʚʘʣʠ ʟʘʚʜʘʥʥʷ ʥʘ 30% ʰʚʠʜʰʝ ʪʘ 

ʜʝʤʦʥʩʪʨʫʚʘʣʠ ʧʦʢʨʘʱʝʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʙʽʣʴʰ ʥʽʞ ʥʘ 200%. ɸʚʪʦʨʠ ʩʪʘʪʪʽ [99] 

ʟʘʟʥʘʯʘʶʪʴ, ʱʦ ʩʪʫʜʝʥʪʠ, ʷʢʽ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʜʠʩʪʘʥʮʽʡʥʽ ʣʘʙʦʨʘʪʦʨʽʾ, ʧʨʦʚʦʜʠʣʠ 

ʙʽʣʴʰʝ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʽ ʜʦʩʷʛʘʣʠ ʢʨʘʱʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʥʘ ʽʩʧʠʪʘʭ ʧʦʨʽʚʥʷʥʦ ʟ ʪʠʤʠ, ʭʪʦ 

ʟʘʡʤʘʚʩʷ ʫ ʟʚʠʯʘʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʷʭ. ʋ ʤʝʞʘʭ ʜʦʩʣʽʜʞʝʥʥʷ ʮʽʻʾ ʨʦʙʦʪʠ ʙʫʣʦ 

ʧʽʜʪʚʝʨʜʞʝʥʦ, ʱʦ ʜʠʩʪʘʥʮʽʡʥʽ ʣʘʙʦʨʘʪʦʨʽʾ ʟʘʙʝʟʧʝʯʫʶʪʴ ʟʤʦʛʫ ʩʪʫʜʝʥʪʘʤ ʤʘʪʠ ʚʝʣʠʢʫ 

ʛʥʫʯʢʽʩʪʴ ʫ ʧʣʘʥʫʚʘʥʥʽ (ʨʝʞʠʤ 24/7), ʘ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʽʜʢʨʠʪʦʛʦ ʧʽʜʭʦʜʫ ʜʦ ʟʘʚʜʘʥʴ 

ʩʪʠʤʫʣʶʻ ʟʘʣʫʯʝʥʽʩʪʴ ʯʝʨʝʟ ʚʠʥʠʢʥʝʥʥʷ «ʧʦʪʨʝʙʠ ʚ ʟʥʘʥʥʷʭ» (need-to-know). 

ɸʚʪʦʨʘʤʠ ʨʦʙʦʪʠ [100] ʙʫʣʦ ʨʦʟʰʠʨʝʥʦ ʜʦʩʪʫʧʥʽʩʪʴ ʜʠʩʪʘʥʮʽʡʥʦʛʦ ʣʘʙʦʨʘʪʦʨʥʦʛʦ 

ʦʙʣʘʜʥʘʥʥʷ ʥʘ ʩʽʣʴʩʴʢʽ ʰʢʦʣʠ ʟʘʚʜʷʢʠ ʚʠʢʦʨʠʩʪʘʥʥʶ ʧʣʘʪʬʦʨʤʠ LabsLand. ʎʝ 

ʧʨʦʜʝʤʦʥʩʪʨʫʚʘʣʦ, ʱʦ ʨʝʘʣʴʥʝ ʦʙʣʘʜʥʘʥʥʷ (ʬʽʟʠʯʥʽ ʤʘʷʪʥʠʢʠ, ʝʣʝʢʪʨʠʯʥʽ ʢʦʣʘ) ʫ 

ʜʠʩʪʘʥʮʽʡʥʦʤʫ ʬʦʨʤʘʪʽ ʝʬʝʢʪʠʚʥʽʰʝ ʚʠʨʽʰʫʻ ʧʨʦʙʣʝʤʫ ʚʽʜʩʫʪʥʦʩʪʽ ʣʘʙʦʨʘʪʦʨʥʦʛʦ 

ʦʙʣʘʜʥʘʥʥʷ ʚ ʤʘʣʦʟʘʙʝʟʧʝʯʝʥʠʭ ʥʘʚʯʘʣʴʥʠʭ ʟʘʢʣʘʜʘʭ, ʥʽʞ ʢʦʤʧôʁ ʪʝʨʥʽ ʩʠʤʫʣʷʪʦʨʠ. 

ɼʦʩʣʽʜʥʠʮʴʢʝ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ɼʨʫʛʠʤ ʢʣʶʯʦʚʠʤ ʥʘʧʨʷʤʢʦʤ ʻ ʥʘʫʢʦʚʦ-ʜʦʩʣʽʜʥʝ ʟʘʩʪʦʩʫʚʘʥʥʷ, ʜʝ 

ʜʠʩʪʘʥʮʽʡʥʠʡ ʜʦʩʪʫʧ ʜʦ ʨʝʘʣʴʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʜʦʟʚʦʣʷʻ ʧʨʦʚʦʜʠʪʠ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫ ʚʝʨʠʬʽʢʘʮʽʶ ʪʝʦʨʝʪʠʯʥʠʭ ʤʦʜʝʣʝʡ ʙʝʟ ʥʝʦʙʭʽʜʥʦʩʪʽ ʬʽʟʠʯʥʦʾ 

ʧʨʠʩʫʪʥʦʩʪʽ ʜʦʩʣʽʜʥʠʢʘ. ɸʚʪʦʨʠ ʨʦʙʦʪʠ [101] ʨʦʟʨʦʙʠʣʠ SmartLab, ʱʦ ʷʚʣʷʻ ʩʦʙʦʶ 

ʩʠʩʪʝʤʫ ʥʘ ʙʘʟʽ ʤʦʙʽʣʴʥʦʛʦ ʤʘʥʽʧʫʣʷʪʦʨʘ, ʱʦ ʘʚʪʦʤʘʪʠʟʫʻ ʜʦʩʪʫʧ ʜʦ ʟʘʩʪʘʨʽʣʦʛʦ 

ʜʦʩʣʽʜʥʠʮʴʢʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʨʝʘʣʽʟʫʶʯʠ ʧʨʠʥʮʠʧʠ ʢʽʙʝʨʬʽʟʠʯʥʠʭ ʩʠʩʪʝʤ ʽ ʢʦʥʮʝʧʮʽʾ 

ʅʘʚʯʘʣʴʥʦʾ ʌʘʙʨʠʢʠ (Learning Factory) ï ʬʽʟʠʯʥʦʛʦ ʘʙʦ ʮʠʬʨʦʚʦʛʦ ʧʝʜʘʛʦʛʽʯʥʦʛʦ 
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ʩʝʨʝʜʦʚʠʱʘ, ʷʢʝ ʽʤʽʪʫʻ ʨʝʘʣʴʥʝ ʧʨʦʤʠʩʣʦʚʝ ʚʠʨʦʙʥʠʯʝ ʧʽʜʧʨʠʻʤʩʪʚʦ ʜʣʷ ʮʽʣʝʡ 

ʥʘʚʯʘʥʥʷ, ʦʩʚʽʪʠ ʪʘ ʜʦʩʣʽʜʞʝʥʴ. 

ʈʦʙʦʪʘ [102] ʩʠʩʪʝʤʘʪʠʟʫʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ ʜʣʷ ʚʝʨʠʬʽʢʘʮʽʾ ʪʘ 

ʚʘʣʽʜʘʮʽʾ (verification and validation, V&V) ʧʨʦʤʠʩʣʦʚʠʭ ʩʠʩʪʝʤ ʘʚʪʦʤʘʪʠʟʘʮʽʾ, 

ʚʠʦʢʨʝʤʠʚʰʠ ʧô̫ ʪʴ ʢʣʶʯʦʚʠʭ ʥʘʧʨʷʤʽʚ: ʚʝʨʠʬʽʢʘʮʽʷ ʧʨʦʝʢʪʫ, ʚʘʣʽʜʘʮʽʷ ʚʠʨʦʙʥʠʮʪʚʘ, 

ʚʽʨʪʫʘʣʴʥʝ ʚʚʝʜʝʥʥʷ ʚ ʝʢʩʧʣʫʘʪʘʮʽʶ, ʦʧʝʨʘʮʽʡʥʠʡ ʤʦʥʽʪʦʨʠʥʛ ʪʘ ʦʧʪʠʤʽʟʘʮʽʷ 

ʪʝʭʥʽʯʥʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ. ɸʚʪʦʨʠ ʢʘʪʘʣʦʛʽʟʫʚʘʣʠ ʤʝʪʦʜʠ V&V, ʩʝʨʝʜ ʷʢʠʭ: model-

in-the-loop, software-in-the-loop, hardware-in-the-loop ʪʘ processor-in-the-loop 

ʪʝʩʪʫʚʘʥʥʷ, ʫʩʽ ʟ ʷʢʠʭ ʤʦʞʫʪʴ ʚʠʢʦʥʫʚʘʪʠʩʷ ʚ ʜʠʩʪʘʥʮʽʡʥʦʤʫ ʨʝʞʠʤʽ ʟʘ ʚʽʜʧʦʚʽʜʥʦʾ 

ʽʥʬʨʘʩʪʨʫʢʪʫʨʠ. 

ɺʝʨʠʬʽʢʘʮʽʷ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ ʷʢ ʥʦʚʘ ʧʘʨʘʜʠʛʤʘ 

ɯʥʪʝʛʨʘʮʽʷ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ ʽʟ ʜʠʩʪʘʥʮʽʡʥʠʤʠ ʣʘʙʦʨʘʪʦʨʽʷʤʠ ʻ ʜʦʩʠʪʴ 

ʧʝʨʩʧʝʢʪʠʚʥʠʤ, ʘʣʝ ʚʦʜʥʦʯʘʩ ʤʘʣʦ ʜʦʩʣʽʜʞʝʥʠʤ ʧʨʠʢʣʘʜʥʠʤ ʥʘʧʨʷʤʦʤ. ʋ ʨʦʙʦʪʽ 

[103] ʙʫʣʦ ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ ʧʣʘʪʬʦʨʤʫ GOLDi (Grid of Online Lab Devices Ilmenau), 

ʷʢʘ ʻ ʛʽʙʨʠʜʥʦʶ ʜʠʩʪʘʥʮʽʡʥʦʶ ʣʘʙʦʨʘʪʦʨʽʻʶ, ʱʦ ʨʝʘʣʽʟʫʻ ʯʦʪʠʨʠ ʨʝʞʠʤʠ ʨʦʙʦʪʠ: (1) 

ʚʽʨʪʫʘʣʴʥʠʡ ʙʣʦʢ ʢʝʨʫʚʘʥʥʷ + ʚʽʨʪʫʘʣʴʥʠʡ ʦʙô̒ ʢʪ ʜʦʩʣʽʜʞʝʥʥʷ; (2) ʨʝʘʣʴʥʠʡ ʙʣʦʢ 

ʢʝʨʫʚʘʥʥʷ + ʚʽʨʪʫʘʣʴʥʠʡ ʦʙô̒ ʢʪ ʜʦʩʣʽʜʞʝʥʥʷ; (3) ʚʽʨʪʫʘʣʴʥʠʡ ʙʣʦʢ ʢʝʨʫʚʘʥʥʷ + 

ʨʝʘʣʴʥʠʡ ʦʙô̒ ʢʪ ʜʦʩʣʽʜʞʝʥʥʷ; (4) ʨʝʘʣʴʥʠʡ ʙʣʦʢ ʢʝʨʫʚʘʥʥʷ + ʨʝʘʣʴʥʠʡ ʦʙô̒ ʢʪ 

ʜʦʩʣʽʜʞʝʥʥʷ. ʊʘʢʠʡ ʧʦʩʪʫʧʦʚʠʡ ʧʝʨʝʭʽʜ ʚʽʜ ʯʠʩʪʦʾ ʩʠʤʫʣʷʮʽʾ ʜʦ ʧʦʚʥʦʛʦ ʘʧʘʨʘʪʥʦʛʦ 

ʢʦʥʪʨʦʣʶ ʬʦʨʤʫʻ ʢʦʥʮʝʧʪʫʘʣʴʥʫ ʦʩʥʦʚʫ ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ 

ʟ ʤʝʪʦʶ ʚʝʨʠʬʽʢʘʮʽʾ ʤʦʜʝʣʝʡ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ ʱʦʜʦ ʬʽʟʠʯʥʦʾ ʨʝʘʣʴʥʦʩʪʽ. 

ʅʘʡʙʽʣʴʰ ʙʣʠʟʴʢʦʶ ʜʦ ʜʘʥʦʾ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ ʻ ʧʨʘʮʷ [104], ʚ ʨʘʤʢʘʭ ʷʢʦʾ 

ʨʦʟʨʦʙʠʣʠ ʮʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʧʦʪʫʞʥʦʩʪʽ ʥʘ ʙʘʟʽ FPGA. ʄʝʪʦʜ 

ʘʥʘʣʽʟʫʻ, ʜʝʪʝʢʪʫʻ ʪʘ ʧʦʨʽʚʥʶʻ ʥʝʩʧʨʘʚʥʦʩʪʽ ʪʠʧʫ ʦʙʨʠʚ ʥʘ ʦʩʥʦʚʽ ʟʙʦʨʫ, ʨʦʟʨʘʭʫʥʢʫ 

ʪʘ ʘʥʘʣʽʟʫ ʨʽʟʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʥʝʩʧʨʘʚʥʦʩʪʝʡ ʫ ʧʦʨʽʚʥʷʥʥʽ ʤʽʞ ʨʝʘʣʴʥʦʶ ʩʠʩʪʝʤʦʶ 

ʪʘ ʩʠʩʪʝʤʦʶ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ. 

ʋ ʩʠʩʪʝʤʘʪʠʯʥʦʤʫ ʦʛʣʷʜʽ ʤʦʥʽʪʦʨʠʥʛʫ ʩʪʘʥʫ ʦʙʣʘʜʥʘʥʥʷ ʥʘ ʦʩʥʦʚʽ ʮʠʬʨʦʚʠʭ 

ʜʚʽʡʥʠʢʽʚ [105] ʚʠʦʢʨʝʤʣʝʥʦ ʪʨʠ ʢʣʶʯʦʚʽ ʧʝʨʝʚʘʛʠ: (1) ʨʦʟʰʠʨʝʥʥʷ ʜʘʥʠʭ ʯʝʨʝʟ 

ʛʝʥʝʨʘʮʽʶ ʜʦʜʘʪʢʦʚʠʭ ʜʘʥʠʭ ʧʨʦ ʥʘʚʘʥʪʘʞʝʥʥʷ ʪʘ ʧʦʰʢʦʜʞʝʥʥʷ; (2) ʟʣʠʪʪʷ ʬʽʟʠʯʥʠʭ 

ʪʘ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʤʦʜʝʣʝʡ ʨʦʟʰʠʨʶʻ ʤʦʞʣʠʚʦʩʪʽ ʬʽʟʠʯʥʠʭ ʩʠʩʪʝʤ, ʦʩʢʽʣʴʢʠ 
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ʽʥʬʦʨʤʘʮʽʡʥʽ ʤʦʜʝʣʽ ʜʦʟʚʦʣʷʶʪʴ ʙʘʯʠʪʠ ʪʝ, ʯʦʛʦ ʥʝ ʙʘʯʠʪʴ ʟʚʠʯʘʡʥʠʡ ʜʘʪʯʠʢ, ʘ ʦʪʞʝ 

ʧʝʨʝʜʙʘʯʘʪʠ ʤʘʡʙʫʪʥʻ ʦʙʣʘʜʥʘʥʥʷ, ʘ ʥʝ ʧʨʦʩʪʦ ʢʦʥʩʪʘʪʫʚʘʪʠ ʬʘʢʪ ʚʽʜʤʦʚʠ; (3) ʟʤʽʥʘ 

ʤʦʜʝʣʽ ʪʝʭʥʽʯʥʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʚʽʜ ʨʝʘʢʪʠʚʥʦʛʦ ʜʦ ʧʨʦʛʥʦʟʦʚʘʥʦʛʦ. ɺʘʞʣʠʚʠʤ ʻ 

ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʘʚʪʦʨʽʚ ʧʨʦ ʪʝ, ʱʦ ʚʽʨʪʫʘʣʴʥʽ ʩʝʥʩʦʨʠ, ʦʩʥʦʚʘʥʽ ʥʘ ʪʝʭʥʦʣʦʛʽʾ 

ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ, ʟʜʘʪʥʽ ʚʽʜʩʪʝʞʫʚʘʪʠ ʧʘʨʘʤʝʪʨʠ ʫ ʥʝʜʦʩʪʫʧʥʠʭ ʪʘ ʥʝʙʝʟʧʝʯʥʠʭ 

ʣʦʢʘʮʽʷʭ. ɼʘʥʘ ʤʦʞʣʠʚʽʩʪʴ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʘ ʜʣʷ ʜʠʩʪʘʥʮʽʡʥʦʾ 

ʜʽʘʛʥʦʩʪʠʢʠ ʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ. ɺʦʜʥʦʯʘʩ ʘʚʪʦʨʠ ʚʠʷʚʣʷʶʪʴ ʩʫʪʪʻʚʝ ʦʙʤʝʞʝʥʥʷ: 

ʙʽʣʴʰʽʩʪʴ ʜʦʩʣʽʜʞʝʥʴ, ʧʦʚô̫ ʟʘʥʠʭ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ, ʚʠʢʦʥʫʶʪʴʩʷ 

ʚ ʣʘʙʦʨʘʪʦʨʥʠʭ ʫʤʦʚʘʭ ʟʽ ʩʧʨʦʱʝʥʠʤʠ ʩʮʝʥʘʨʽʷʤʠ (ʽʜʝʘʣʴʥʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ 

ʫʤʦʚʠ), ʘ ʨʝʘʣʴʥʘ ʚʝʨʠʬʽʢʘʮʽʷ ʟʘʣʠʰʘʻʪʴʩʷ ʨʽʜʢʽʩʪʶ. 

ʇʝʨʝʚʘʛʠ ʨʝʘʣʴʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʥʘʜ ʩʠʤʫʣʷʮʽʷʤʠ ʫ ʜʽʘʛʥʦʩʪʠʯʥʠʭ 

ʟʘʩʪʦʩʫʚʘʥʥʷʭ 

ʋʟʘʛʘʣʴʥʝʥʥʷ ʥʘʚʝʜʝʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʜʦʟʚʦʣʷʻ ʩʬʦʨʤʫʣʶʚʘʪʠ ʢʣʶʯʦʚʽ ʧʝʨʝʚʘʛʠ 

ʜʠʩʪʘʥʮʽʡʥʦʛʦ ʜʦʩʪʫʧʫ ʜʦ ʨʝʘʣʴʥʦʛʦ ʝʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʥʘʜ ʩʠʤʫʣʷʮʽʡʥʠʤʠ 

ʘʣʴʪʝʨʥʘʪʠʚʘʤʠ, ʱʦ ʻ ʚʠʟʥʘʯʘʣʴʥʠʤʠ ʩʘʤʝ ʫ ʢʦʥʪʝʢʩʪʽ ʜʽʘʛʥʦʩʪʠʢʠ. ʇʦ-ʧʝʨʰʝ, 

ʨʝʘʣʴʥʝ ʦʙʣʘʜʥʘʥʥʷ ʚʽʜʦʙʨʘʞʘʻ ʧʘʨʘʟʠʪʥʽ ʧʘʨʘʤʝʪʨʠ ʪʘ ʚʠʨʦʙʥʠʯʽ ʚʽʜʭʠʣʝʥʥʷ (ESR, 

ESL, ʥʝʣʽʥʽʡʥʦʩʪʽ ʢʦʤʧʦʥʝʥʪʽʚ), ʷʢʽ ʫ ʩʠʤʫʣʷʪʦʨʘʭ ʘʙʦ ʥʝ ʤʦʜʝʣʶʶʪʴʩʷ, ʘʙʦ 

ʟʘʜʘʶʪʴʩʷ ʚʨʫʯʥʫ, ʪʦʜʽ ʷʢ ʩʘʤʝ ʚʦʥʠ ʻ ʧʝʨʚʠʥʥʠʤʠ ʜʽʘʛʥʦʩʪʠʯʥʠʤʠ ʽʥʜʠʢʘʪʦʨʘʤʠ 

ʜʝʛʨʘʜʘʮʽʾ ʢʦʤʧʦʥʝʥʪʽʚ. ʇʦ-ʜʨʫʛʝ, ʜʠʩʪʘʥʮʽʡʥʘ ʣʘʙʦʨʘʪʦʨʽʷ ʟʘʙʝʟʧʝʯʫʻ ʚʽʜʪʚʦʨʶʚʘʥʽ 

ʫʤʦʚʠ ʜʣʷ ʚʝʨʠʬʽʢʘʮʽʡʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ: ʦʜʠʥ ʽ ʪʦʡ ʩʘʤʠʡ ʬʽʟʠʯʥʠʡ ʦʙô̒ ʢʪ 

ʜʦʩʪʫʧʥʠʡ ʜʣʷ ʙʘʛʘʪʦʨʘʟʦʚʠʭ ʚʠʤʽʨʶʚʘʥʴ ʧʨʠ ʟʘʜʘʥʠʭ ʧʘʨʘʤʝʪʨʘʭ, ʱʦ ʜʦʟʚʦʣʷʻ 

ʩʠʩʪʝʤʘʪʠʯʥʦ ʥʘʢʦʧʠʯʫʚʘʪʠ ʜʘʥʽ ʜʣʷ ʫʪʦʯʥʝʥʥʷ ʤʦʜʝʣʽ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ. ʇʦ-

ʪʨʝʪʻ, ʤʦʞʣʠʚʽʩʪʴ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ ʦʟʥʘʯʘʻ, ʱʦ ʚʽʜʭʠʣʝʥʥʷ ʚʠʭʽʜʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʤʦʞʥʘ 

ʩʧʦʩʪʝʨʽʛʘʪʠ ʙʝʟʧʦʩʝʨʝʜʥʴʦ, ʙʝʟ ʥʝʦʙʭʽʜʥʦʩʪʽ ʯʝʢʘʪʠ ʨʝʟʫʣʴʪʘʪʽʚ ʪʨʠʚʘʣʠʭ ʩʠʤʫʣʷʮʽʡ 

ʪʘ ʙʝʟ ʨʠʟʠʢʫ, ʱʦ ʤʦʜʝʣʴ ʥʝ ʚʨʘʭʦʚʫʻ ʷʢʠʡʩʴ ʽʟ ʬʽʟʠʯʥʠʭ ʝʬʝʢʪʽʚ. 

ɿʘʟʥʘʯʝʥʽ ʧʝʨʝʚʘʛʠ ʻ ʢʦʥʮʝʧʪʫʘʣʴʥʠʤ ʧʽʜˇʨʫʥʪʷʤ ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʜʠʩʪʘʥʮʽʡʥʦʾ ʣʘʙʦʨʘʪʦʨʽʾ ʷʢ ʽʥʩʪʨʫʤʝʥʪʫ ʚʝʨʠʬʽʢʘʮʽʾ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ ʫ ʜʘʥʽʡ 

ʜʠʩʝʨʪʘʮʽʡʥʽʡ ʨʦʙʦʪʽ.  
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1.3.3 ʊʝʭʥʦʣʦʛʽʾ ʧʦʙʫʜʦʚʠ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ 

ɸʨʭʽʪʝʢʪʫʨʥʽ ʧʽʜʭʦʜʠ ʜʦ ʧʦʙʫʜʦʚʠ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ.  

ɸʨʭʽʪʝʢʪʫʨʥʘ ʩʢʣʘʜʦʚʘ ʩʠʩʪʝʤ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ ʧʨʦʡʰʣʘ ʢʽʣʴʢʘ 

ʝʚʦʣʶʮʽʡʥʠʭ ʝʪʘʧʽʚ, ʢʦʞʝʥ ʟ ʷʢʠʭ ʚʽʜʦʙʨʘʞʘʚ ʚʽʜʧʦʚʽʜʥʠʡ ʨʽʚʝʥʴ ʨʦʟʚʠʪʢʫ 

ʚʝʙʪʝʭʥʦʣʦʛʽʡ ʪʘ ʚʠʤʦʛʠ ʜʦ ʤʘʩʰʪʘʙʦʚʘʥʦʩʪʽ. ʇʝʨʰʽ ʩʠʩʪʝʤʠ ʩʧʠʨʘʣʠʩʷ ʥʘ 

ʤʦʥʦʣʽʪʥʫ ʢʣʽʻʥʪ-ʩʝʨʚʝʨʥʫ ʘʨʭʽʪʝʢʪʫʨʫ, ʜʝ ʻʜʠʥʠʡ ʩʝʨʚʝʨ ʢʝʨʫʚʘʚ 

ʘʚʪʝʥʪʠʬʽʢʘʮʽʻʶ, ʧʣʘʥʫʚʘʥʥʷʤ, ʫʧʨʘʚʣʽʥʥʷʤ ʦʙʣʘʜʥʘʥʥʷʤ ʪʘ ʽʥʪʝʨʬʝʡʩʦʤ 

ʢʦʨʠʩʪʫʚʘʯʘ. ɸʨʭʽʪʝʢʪʫʨʘ iLab Shared Architecture (ISA) ʄʘʩʩʘʯʫʩʝʪʩʴʢʦʛʦ 

ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʽʥʩʪʠʪʫʪʫ, ʨʦʟʨʦʙʣʝʥʘ ʫ ʩʝʨʝʜʠʥʽ 2000-ʭ ʨʦʢʽʚ, ʟʘʢʣʘʣʘ ʦʩʥʦʚʫ ʜʣʷ 

ʧʽʜʭʦʜʫ ʥʘ ʙʘʟʽ ʚʝʙʩʝʨʚʽʩʽʚ ʽʟ ʯʽʪʢʠʤ ʨʦʟʧʦʜʽʣʦʤ ʥʘ ʧʘʢʝʪʥʠʡ ʪʘ ʽʥʪʝʨʘʢʪʠʚʥʠʡ 

ʨʝʞʠʤʠ ʨʦʙʦʪʠ ʣʘʙʦʨʘʪʦʨʽʡ. ʍʦʯʘ ʩʘʤ iLab ISA ʙʽʣʴʰʝ ʥʝ ʧʽʜʪʨʠʤʫʻʪʴʩʷ, ʡʦʛʦ 

ʢʦʥʮʝʧʪʫʘʣʴʥʠʡ ʚʥʝʩʦʢ ʫ ʚʠʛʣʷʜʽ ʬʝʜʝʨʦʚʘʥʦʛʦ ʜʦʩʪʫʧʫ ʜʦ ʣʘʙʦʨʘʪʦʨʽʡ, ʨʦʟʧʦʜʽʣ 

ʬʫʥʢʮʽʡ ʫʧʨʘʚʣʽʥʥʷ ʪʘ ʚʠʢʦʥʘʥʥʷ, ʩʪʘʥʜʘʨʪʠʟʦʚʘʥʽ API, ʧʨʦʜʦʚʞʫʻ ʚʧʣʠʚʘʪʠ ʥʘ 

ʢʦʞʥʫ ʩʫʯʘʩʥʫ ʧʣʘʪʬʦʨʤʫ [106]. 

ʅʘʨʘʟʽ ʚ ʧʨʘʮʶʶʯʠʭ ʩʠʩʪʝʤʘʭ ʜʦʤʽʥʫʶʪʴ ʭʤʘʨʥʽ ʘʨʭʽʪʝʢʪʫʨʠ. LabsLand, ʷʢʠʡ 

ʻ ʥʘʡʙʽʣʴʰ ʢʦʤʝʨʮʽʡʥʦ ʫʩʧʽʰʥʦʶ ʧʣʘʪʬʦʨʤʦʶ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ, 

ʚʠʢʦʨʠʩʪʦʚʫʻ ʭʤʘʨʥʫ ʽʥʬʨʘʩʪʨʫʢʪʫʨʫ Amazon Web Services (AWS) ʜʣʷ ʩʚʦʛʦ ʧʦʨʪʘʣʫ, 

ʚʦʜʥʦʯʘʩ ʨʦʟʧʦʜʽʣʷʶʯʠ ʬʽʟʠʯʥʝ ʦʙʣʘʜʥʘʥʥʷ ʣʘʙʦʨʘʪʦʨʽʡ ʧʦ ʫʥʽʚʝʨʩʠʪʝʪʘʭ-ʧʘʨʪʥʝʨʘʭ 

ʫ ʚʩʴʦʤʫ ʩʚʽʪʽ. ʊʘʢʘ ʛʽʙʨʠʜʥʘ ʭʤʘʨʥʘ ʤʦʜʝʣʴ ʨʦʟʜʽʣʷʻ ʫʧʨʘʚʣʽʥʥʷ ʢʦʨʠʩʪʫʚʘʯʘʤʠ, 

ʘʚʪʝʥʪʠʬʽʢʘʮʽʶ, ʧʣʘʥʫʚʘʥʥʷ ʪʘ ʘʥʘʣʽʪʠʢʫ ʱʦʜʦ ʥʘʚʯʘʥʥʷ (ʮʝʥʪʨʘʣʽʟʦʚʘʥʦ ʫ ʭʤʘʨʽ) ʚʽʜ 

ʢʝʨʫʚʘʥʥʷ ʦʙʣʘʜʥʘʥʥʷʤ ʫ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ (ʚʠʢʦʥʫʻʪʴʩʷ ʣʦʢʘʣʴʥʦ ʚ ʢʦʞʥʽʡ ʫʩʪʘʥʦʚʽ), 

ʱʦ ʟʤʝʥʰʫʻ ʟʘʪʨʠʤʢʫ ʫʧʨʘʚʣʷʶʯʠʭ ʩʠʛʥʘʣʽʚ ʧʨʠ ʟʙʝʨʝʞʝʥʥʽ ʮʝʥʪʨʘʣʽʟʦʚʘʥʠʭ 

ʘʜʤʽʥʽʩʪʨʘʪʠʚʥʠʭ ʬʫʥʢʮʽʡ [107]. ʇʣʘʪʬʦʨʤʘ REMLABNET, ʨʦʟʨʦʙʣʝʥʘ 

ʋʥʽʚʝʨʩʠʪʝʪʦʤ ʊʨʥʘʚʠ, ʨʝʘʣʽʟʫʻ ʘʣʴʪʝʨʥʘʪʠʚʥʠʡ ʧʽʜʭʽʜ, ʨʦʟʤʽʱʫʶʯʠ ʚʩʶ ʩʠʩʪʝʤʫ 

ʫʧʨʘʚʣʽʥʥʷ ʜʠʩʪʘʥʮʽʡʥʠʤʠ ʣʘʙʦʨʘʪʦʨʽʷʤʠ ʫ ʚʣʘʩʥʽʡ ʧʨʠʚʘʪʥʽʡ ʭʤʘʨʽ ʪʘ ʦʙô̒ ʜʥʫʶʯʠ 

ʥʝʟʘʣʝʞʥʽ ʜʠʩʪʘʥʮʽʡʥʽ ʝʢʩʧʝʨʠʤʝʥʪʠ ʧʽʜ ʮʝʥʪʨʘʣʽʟʦʚʘʥʠʤ ʩʭʦʚʠʱʝʤ ʜʘʥʠʭ. ɯʥʰʠʤʠ 

ʩʣʦʚʘʤʠ, REMLABNET ʻ ʬʝʜʝʨʘʪʠʚʥʦʶ ʩʠʩʪʝʤʦʶ, ʱʦ ʦʙô̒ ʜʥʫʻ ʫʥʽʚʝʨʩʠʪʝʪʠ-

ʧʘʨʪʥʝʨʠ (ʊʨʥʘʚʘ, ɿʣʽʥ, ʇʨʘʛʘ) ʚ ʻʜʠʥʠʡ ʢʦʥʩʦʨʮʽʫʤ ʽʟ ʞʦʨʩʪʢʽʰʦʶ ʽʥʪʝʛʨʘʮʽʻʶ [108]. 

ʄʽʢʨʦʩʝʨʚʽʩʠ ʪʘ ʢʦʥʪʝʡʥʝʨʠʟʘʮʽʷ ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʥʘʡʥʦʚʽʰʫ ʘʨʭʽʪʝʢʪʫʨʥʫ 

ʪʝʥʜʝʥʮʽʶ. ɼʦʩʣʽʜʞʝʥʥʷ [109] ʜʝʤʦʥʩʪʨʫʻ ʫʥʽʚʝʨʩʠʪʝʪʩʴʢʫ ʧʨʠʚʘʪʥʫ ʭʤʘʨʫ, 
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ʧʦʙʫʜʦʚʘʥʫ ʟ ʦʢʨʝʤʠʭ ʤʽʢʨʦʩʝʨʚʽʩʽʚ: ʘʚʪʝʥʪʠʬʽʢʘʮʽʾ, ʰʣʶʟʫ ʩʝʨʚʽʩʽʚ, ʨʦʟʧʦʜʽʣʝʥʦʛʦ 

ʩʭʦʚʠʱʘ, ʱʦ ʨʦʟʛʦʨʥʫʪʽ ʫ Docker ʢʦʥʪʝʡʥʝʨʘʭ ʪʘ ʦʨʛʘʥʽʟʦʚʘʥʠʭ ʟʘ ʜʦʧʦʤʦʛʦʶ 

Kubernetes. 

ʅʘʡʨʘʜʠʢʘʣʴʥʽʰʝ ʘʨʭʽʪʝʢʪʫʨʥʝ ʚʽʜʭʠʣʝʥʥʷ ʧʨʝʜʩʪʘʚʣʷʻ ʙʝʟʩʝʨʚʝʨʥʠʡ 

ʦʜʥʦʨʘʥʛʦʚʠʡ (peer-to-peer) ʜʦʩʪʫʧ. ɺ ʨʦʙʦʪʽ [110] ʙʫʣʦ ʧʨʝʜʩʪʘʚʣʝʥʦ edrys-Lite. ʎʝ 

ʧʦʚʥʽʩʪʶ ʙʨʘʫʟʝʨʥʘ ʧʣʘʪʬʦʨʤʘ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ, ʷʢʘ ʚʠʢʦʨʠʩʪʦʚʫʻ WebRTC 

ʜʣʷ ʧʨʷʤʠʭ peer-to-peer ʟô̒ ʜʥʘʥʴ ʪʘ ʙʝʟʢʦʥʬʣʽʢʪʥʽ ʨʝʧʣʽʢʦʚʘʥʽ ʪʠʧʠ ʜʘʥʠʭ (CRDT) ʜʣʷ 

ʩʠʥʭʨʦʥʽʟʘʮʽʾ ʜʘʥʠʭ ʫ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ, ʧʦʚʥʽʩʪʶ ʫʩʫʚʘʶʯʠ ʩʝʨʚʝʨʥʫ ʽʥʬʨʘʩʪʨʫʢʪʫʨʫ. 

ʗʢʱʦ WebRTC ʙʣʦʢʫʻʪʴʩʷ ʙʨʘʥʜʤʘʫʝʨʘʤʠ ʘʙʦ NAT, ʣʝʛʢʠʡ WebSocket-ʨʝʪʨʘʥʩʣʷʪʦʨ 

ʟʘʙʝʟʧʝʯʫʻ ʨʝʟʝʨʚʥʝ ʟô̒ ʜʥʘʥʥʷ. 

ɺʝʙʪʝʭʥʦʣʦʛʽʾ ʫ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʷʭ.  

ʉʫʯʘʩʥʽ ʜʠʩʪʘʥʮʽʡʥʽ ʣʘʙʦʨʘʪʦʨʽʾ ʟʘʩʪʦʩʦʚʫʶʪʴ ʨʽʟʥʦʤʘʥʽʪʥʽ ʚʝʙʪʝʭʥʦʣʦʛʽʾ ʙʝʟ 

ʜʦʤʽʥʫʚʘʥʥʷ ʻʜʠʥʦʛʦ ʩʪʝʢʫ. WebSockets ʷʚʣʷʶʪʴʩʷ ʧʦʧʫʣʷʨʥʠʤ ʤʝʭʘʥʽʟʤʦʤ ʜʣʷ 

ʜʚʦʥʘʧʨʘʚʣʝʥʦʾ ʢʦʤʫʥʽʢʘʮʽʾ ʤʽʞ ʢʣʽʻʥʪʘʤʠ ʪʘ ʩʝʨʚʝʨʘʤʠ ʚʽʜʜʘʣʝʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ ʚ 

ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ. WebRTC ʥʘʙʫʚʘʻ ʧʦʰʠʨʝʥʥʷ ʜʣʷ peer-to-peer ʢʘʥʘʣʽʚ ʜʘʥʠʭ. ʋ ʨʦʙʦʪʽ 

[111] ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʩʠʩʪʝʤʘʪʠʯʥʠʡ ʦʛʣʷʜ ʟʘʩʪʦʩʫʚʘʥʴ WebRTC, ʽ ʙʫʣʦ ʚʠʟʥʘʯʝʥʦ 

ʜʠʩʪʘʥʮʽʡʥʫ ʦʩʚʽʪʫ ʷʢ ʦʜʠʥ ʟ ʢʣʶʯʦʚʠʭ ʚʠʧʘʜʢʽʚ ʚʠʢʦʨʠʩʪʘʥʥʷ. 

MQTT ʫʪʚʝʨʜʠʚʩʷ ʷʢ ʦʩʥʦʚʥʠʡ ʧʨʦʪʦʢʦʣ ʜʣʷ IoT-ʦʨʽʻʥʪʦʚʘʥʠʭ ʜʠʩʪʘʥʮʽʡʥʠʭ 

ʣʘʙʦʨʘʪʦʨʽʡ. ʋ ʨʦʙʦʪʽ [112] ʧʦʙʫʜʫʚʘʣʠ ʜʠʩʪʘʥʮʽʡʥʫ ʧʨʦʤʠʩʣʦʚʫ ʣʘʙʦʨʘʪʦʨʽʶ ʜʣʷ 

ʘʚʪʦʤʘʪʠʯʥʦʛʦ ʫʧʨʘʚʣʽʥʥʷ ʥʘ ʦʩʥʦʚʽ Node-RED ʪʘ MQTT, ʽʟ ʮʝʥʪʨʘʣʴʥʠʤ MQTT-

ʙʨʦʢʝʨʦʤ, ʱʦ ʨʝʘʣʽʟʫʻ ʚʟʘʻʤʦʜʽʶ ʤʽʞ ʢʣʽʻʥʪʩʴʢʠʤʠ ʟʘʩʪʦʩʫʥʢʘʤʠ ʚʠʢʣʘʜʘʯʽʚ ʪʘ 

ʩʪʫʜʝʥʪʽʚ. ʋ ʨʦʙʦʪʽ [113] ʧʨʦʜʝʤʦʥʩʪʨʫʚʘʣʠ MQTT-S (MQTT for Sensor Networks) ʷʢ 

ʟʘʭʠʱʝʥʠʡ ʢʦʤʫʥʽʢʘʮʽʡʥʠʡ ʧʨʦʪʦʢʦʣ ʜʣʷ ʨʦʟʧʦʜʽʣʝʥʠʭ ʩʪʘʥʮʽʡ ʜʠʩʪʘʥʮʽʡʥʠʭ 

ʣʘʙʦʨʘʪʦʨʽʡ ʽʟ ʢʦʥʪʨʦʣʝʤ ʜʦʩʪʫʧʫ ʪʘ ʰʠʬʨʫʚʘʥʥʷʤ ʪʨʘʬʽʢʫ. ɺ ʪʦʤʫ ʯʠʩʣʽ ʚ [113] ʙʫʣʦ 

ʧʽʜʢʨʝʩʣʝʥʦ ʧʝʨʝʚʘʛʫ MQTT ʯʝʨʝʟ ʤʦʞʣʠʚʽʩʪʴ ʦʙʭʦʜʫ ʦʙʤʝʞʝʥʴ ʽʥʩʪʠʪʫʮʽʡʥʠʭ 

ʤʝʨʝʞ (ʙʨʘʥʜʤʘʫʝʨʽʚ), ʦʩʢʽʣʴʢʠ ʧʨʦʪʦʢʦʣ ʥʝ ʧʦʪʨʝʙʫʻ ʧʫʙʣʽʯʥʦʾ IP-ʘʜʨʝʩʠ ʜʣʷ ʢʦʞʥʦʾ 

ʣʘʙʦʨʘʪʦʨʥʦʾ ʩʪʘʥʮʽʾ ʘʙʦ ʚʽʜʢʨʠʪʪʷ ʙʘʛʘʪʴʦʭ ʧʦʨʪʽʚ. 

REST API ʩʣʫʛʫʻ ʦʩʥʦʚʦʶ ʜʣʷ ʙʽʣʴʰʦʩʪʽ ʫʧʨʘʚʣʽʥʩʴʢʠʭ ʬʫʥʢʮʽʡ ʧʣʘʪʬʦʨʤ 

ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ (ʧʣʘʥʫʚʘʥʥʷ, ʘʚʪʝʥʪʠʬʽʢʘʮʽʷ, ʦʪʨʠʤʘʥʥʷ ʤʝʪʘʜʘʥʠʭ), ʪʦʜʽ 

ʷʢ ʫʧʨʘʚʣʽʥʥʷ ʧʨʠʣʘʜʘʤʠ ʚ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ ʚʠʢʦʨʠʩʪʦʚʫʻ WebSockets ʘʙʦ MQTT. 
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ɯʥʪʝʛʨʘʮʽʷ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ ʽʟ ʜʠʩʪʘʥʮʽʡʥʠʤʠ ʣʘʙʦʨʘʪʦʨʽʷʤʠ. 

ʂʦʥʚʝʨʛʝʥʮʽʷ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ ʪʘ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ ʻ ʧʝʨʝʜʦʚʠʤ 

ʥʘʧʨʷʤʢʦʤ ʜʦʩʣʽʜʞʝʥʴ. ʋ ʨʦʙʦʪʽ [114] ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʬʨʝʡʤʚʦʨʢ ReImagine Lab ʚ 

ʫʥʽʚʝʨʩʠʪʝʪʽ ʊʘʣʣʽʥʘ, ʱʦ ʧʦʻʜʥʫʻ ʮʠʬʨʦʚʽ ʜʚʽʡʥʠʢʠ ʪʘ ʨʦʟʰʠʨʝʥʫ ʨʝʘʣʴʥʽʩʪʴ (XR) ʜʣʷ 

ʦʙô̒ ʜʥʘʥʥʷ ʣʘʙʦʨʘʪʦʨʽʡ ʟ ʙʝʟʧʦʩʝʨʝʜʥʴʦʶ ʨʦʙʦʪʦʶ, ʚʽʨʪʫʘʣʴʥʠʭ ʪʘ ʜʠʩʪʘʥʮʽʡʥʠʭ 

ʣʘʙʦʨʘʪʦʨʽʡ. ɺ ʜʘʥʦʤʫ ʚʠʧʘʜʢʫ ʮʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ 

«ʪʝʣʝʧʦʨʪʘʮʽʾ» ʨʝʘʣʴʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʜʦ ʩʪʫʜʝʥʪʘ: ʚʽʥ ʤʦʞʝ «ʧʽʜʽʡʪʠ» ʜʦ ʦʙô̒ ʢʪʘ ʫ 

ʨʦʟʰʠʨʝʥʽʡ ʨʝʘʣʴʥʦʩʪʽ, ʨʦʟʜʠʚʠʪʠʩʷ ʡʦʛʦ ʟ ʙʫʜʴ-ʷʢʦʛʦ ʙʦʢʫ, ʱʦ ʥʝʤʦʞʣʠʚʦ ʟʨʦʙʠʪʠ 

ʯʝʨʝʟ ʩʪʘʪʠʯʥʫ ʢʘʤʝʨʫ. ɺʦʜʥʦʯʘʩ, ʜʘʥʠʡ ʦʙô̒ ʢʪ ʥʝ ʻ ʩʠʤʫʣʷʮʽʻʶ ï ʚʽʥ ʚʽʜʪʚʦʨʶʻ 

ʧʦʣʦʞʝʥʥʷ ʨʝʘʣʴʥʦʛʦ ʬʽʟʠʯʥʦʛʦ ʦʙô̒ ʢʪʫ ʚ ʣʘʙʦʨʘʪʦʨʽʾ ʰʣʷʭʦʤ ʟʯʠʪʫʚʘʥʥʷ ʡʦʛʦ 

ʜʘʪʯʠʢʽʚ. ɺʩʽ ʢʦʤʘʥʜʠ, ʥʘʧʨʘʚʣʝʥʽ ʩʪʫʜʝʥʪʦʤ, ʦʙʨʦʙʣʷʶʪʴʩʷ ʨʝʘʣʴʥʠʤ ʦʙô̒ ʢʪʦʤ. 

ʉʪʫʜʝʥʪʠ ʩʧʨʠʡʤʘʶʪʴ ʝʢʩʧʝʨʠʤʝʥʪ ʩʝʨʡʦʟʥʽʰʝ, ʦʩʢʽʣʴʢʠ ʟʥʘʶʪʴ, ʱʦ ʧʨʘʮʶʶʪʴ ʟ 

ʪʦʯʥʦʶ ʢʦʧʽʻʶ ʨʝʘʣʴʥʦʛʦ ʣʘʙʦʨʘʪʦʨʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ. ɼʦ ʪʦʛʦ ʞ, ʩʪʫʜʝʥʪ ʤʦʞʝ 

ʩʧʦʯʘʪʢʫ ʧʨʦʪʝʩʪʫʚʘʪʠ ʩʚʽʡ ʢʦʥʪʨʦʣʝʨ ʥʘ ʚʽʨʪʫʘʣʴʥʽʡ ʤʦʜʝʣʽ, ʘ ʧʦʪʽʤ ʧʝʨʝʤʢʥʫʪʠʩʷ 

ʥʘ ʨʝʘʣʴʥʠʡ ʝʣʝʢʪʨʦʥʥʠʡ ʧʨʠʩʪʨʽʡ. ʋ ʨʦʙʦʪʽ [115] ʧʨʝʜʩʪʘʚʠʣʠ ʤʝʪʦʜʠʢʫ 

ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ ʚʢʣʶʯʥʦ ʟ 3D-ʤʦʜʝʣʷʤʠ ʜʚʽʡʥʠʢʽʚ, 

ʘʣʛʦʨʠʪʤʘʤʠ ʫʧʨʘʚʣʽʥʥʷ ʬʽʟʠʯʥʠʤ ʦʙʣʘʜʥʘʥʥʷʤ ʪʘ ʡʦʛʦ ʮʠʬʨʦʚʠʤ ʜʚʽʡʥʠʢʦʤ ʫ 

ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ. ʆʩʦʙʣʠʚʦ ʟʥʘʯʫʱʠʤ ʜʣʷ ʩʠʣʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ ʻ ʜʦʩʣʽʜʞʝʥʥʷ [76], ʷʢʝ 

ʧʨʦʜʝʤʦʥʩʪʨʫʚʘʣʦ ʮʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ, ʱʦ 

ʜʠʥʘʤʽʯʥʦ ʚʽʜʩʪʝʞʫʻ ʨʝʘʣʴʥʠʡ ʧʝʨʝʪʚʦʨʶʚʘʯ (ʚʠʭʽʜʥʫ ʥʘʧʨʫʛʫ ʪʘ ʩʪʨʫʤ ʽʥʜʫʢʪʦʨʘ), 

ʚʠʷʚʣʷʻ ʚʽʜʤʦʚʠ, ʘʜʘʧʪʫʻʪʴʩʷ ʜʦ ʟʤʽʥ ʩʠʩʪʝʤʠ ʪʘ ʘʚʪʦʥʦʤʥʦ «ʚʽʜʙʠʨʘʻ» ʫʧʨʘʚʣʽʥʥʷ 

(ʧʨʠ ʚʠʷʚʣʝʥʥʽ ʚʽʜʤʦʚʠ ʬʽʟʠʯʥʦʛʦ ʢʦʥʪʨʦʣʝʨʘ, ʮʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ ʘʚʪʦʤʘʪʠʯʥʦ 

ʘʢʪʠʚʫʻʪʴʩʷ ʪʘ ʟʘʤʽʥʶʻ ʡʦʛʦ, ʟʘʙʝʟʧʝʯʫʶʯʠ ʧʦʜʘʣʴʰʫ ʨʦʙʦʪʫ ʩʠʩʪʝʤʠ), ʷʢʠʡ ʧʨʘʮʶʻ 

ʚ ʩʝʨʝʜʦʚʠʱʽ RT-LAB. ɺʘʞʣʠʚʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʚ ʜʘʥʽʡ ʩʠʩʪʝʤʽ ʮʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ 

ʟʜʘʪʥʠʡ ʚʠʷʚʣʷʪʠ ʘʥʦʤʘʣʽʾ ʚ ʨʦʙʦʪʽ, ʘʣʝ ʥʝ ʚʤʽʻ ʚʢʘʟʫʚʘʪʠ ʥʘ ʢʦʥʢʨʝʪʥʫ ʧʨʠʯʠʥʫ 

(ʢʦʤʧʦʥʝʥʪ) ʥʝʩʧʨʘʚʥʦʩʪʽ. 

1.3.4 ʇʨʦʙʣʝʤʘ ʚʠʙʦʨʫ ʪʝʭʥʦʣʦʛʽʡ ʜʣʷ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ 

ʊʝʭʥʦʣʦʛʽʯʥʘ ʨʽʟʥʦʤʘʥʽʪʥʽʩʪʴ ʷʢ ʥʘʩʣʽʜʦʢ ʦʢʨʝʤʠʭ ʩʘʤʦʩʪʽʡʥʠʭ ʨʦʟʨʦʙʦʢ. 

ɽʢʦʩʠʩʪʝʤʘ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʥʘʜʟʚʠʯʘʡʥʦʶ 
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ʬʨʘʛʤʝʥʪʦʚʘʥʽʩʪʶ. ʋ ʨʦʙʦʪʽ [116] ʟʘʜʦʢʫʤʝʥʪʫʚʘʣʠ ʮʝ ʷʚʠʱʝ: «ʋʧʨʦʜʦʚʞ ʦʩʪʘʥʥʽʭ 

ʨʦʢʽʚ ʨʦʟʨʦʙʣʝʥʦ ʙʝʟʣʽʯ ʨʽʟʥʠʭ ʧʨʦʪʦʢʦʣʽʚ ʪʘ ʩʠʩʪʝʤ ʜʣʷ ʧʦʙʫʜʦʚʠ ʪʘ ʽʥʪʝʛʨʘʮʽʾ 

ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ», ʟʘʟʥʘʯʘʶʯʠ, ʱʦ «ʥʘʚʽʪʴ ʷʢʱʦ ʟʘʚʜʘʥʥʷ ʦʜʥʘʢʦʚʝ, 

ʙʽʣʴʰʽʩʪʴ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ ʩʫʪʪʻʚʦ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʘʧʘʨʘʪʥʠʤ ʟʘʙʝʟʧʝʯʝʥʥʷʤ, 

ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ». ʂʦʞʥʘ ʫʩʪʘʥʦʚʘ ʟʘʟʚʠʯʘʡ ʙʫʜʫʻ ʚʣʘʩʥʫ ʩʠʩʪʝʤʫ ʟ ʥʫʣʷ, 

ʟʘʩʪʦʩʦʚʫʶʯʠ ʨʽʟʥʝ ʘʧʘʨʘʪʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ (NI PXI, Arduino, Raspberry Pi, ESP32, 

ʚʣʘʩʥʽ ʧʣʘʪʠ), ʨʽʟʥʝ ʧʨʦʛʨʘʤʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ (LabVIEW, Python/Flask, Node.js, Java), 

ʨʽʟʥʽ ʢʦʤʫʥʽʢʘʮʽʡʥʽ ʧʨʦʪʦʢʦʣʠ (WebSockets, MQTT, REST) ʪʘ ʨʽʟʥʽ ʧʽʜʭʦʜʠ ʜʦ 

ʽʥʪʝʛʨʘʮʽʾ (ʘʚʪʦʥʦʤʥʘ, ʭʤʘʨʥʘ, peer-to-peer). 

ʎʷ ʨʽʟʥʦʤʘʥʽʪʥʽʩʪʴ ʤʘʻ ʢʽʣʴʢʘ ʧʝʨʰʦʧʨʠʯʠʥ. ʇʦ-ʧʝʨʰʝ, ʜʠʩʪʘʥʮʽʡʥʽ 

ʣʘʙʦʨʘʪʦʨʽʾ ʦʙʩʣʫʛʦʚʫʶʪʴ ʧʨʠʥʮʠʧʦʚʦ ʨʽʟʥʽ ʜʠʩʮʠʧʣʽʥʠ: ʚʽʜ ʨʝʘʣʴʥʦʛʦ ʚʠʨʦʙʥʠʯʦʛʦ 

ʦʙʣʘʜʥʘʥʥʷ ʜʣʷ ʽʥʞʝʥʝʨʽʚ-ʤʝʭʘʥʽʢʽʚ ʜʦ ʭʽʤʽʯʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ ʟ ʜʠʩʪʠʣʷʮʽʡʥʠʤʠ 

ʘʧʘʨʘʪʘʤʠ, ʩʠʩʪʝʤ ʣʘʟʝʨʥʠʭ ʧʫʯʢʽʚ ʜʣʷ ʬʽʟʠʢʽʚ ʪʘ ʤʽʢʨʦʢʦʥʪʨʦʣʝʨʥʠʭ ʩʠʩʪʝʤ ʜʣʷ 

ʬʘʭʽʚʮʽʚ ʟ ʝʣʝʢʪʨʦʥʽʢʠ. ʂʦʞʥʘ ʟ ʪʘʢʠʭ ʜʠʩʮʠʧʣʽʥ ʤʘʻ ʩʚʦʾ ʦʩʦʙʣʠʚʽ ʚʠʤʦʛʠ ʜʦ 

ʝʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ [116]. ʇʦ-ʜʨʫʛʝ, ʟʘʚʜʷʢʠ ʨʫʭʫ ʚʽʜʢʨʠʪʦʛʦ ʘʧʘʨʘʪʥʦʛʦ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʩʪʘʣʦ ʤʦʞʣʠʚʠʤ ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʠʟʴʢʦʚʘʨʪʽʩʥʠʭ ʘʣʴʪʝʨʥʘʪʠʚ. ɸʚʪʦʨʠ 

ʨʦʙʦʪʠ [117] ʟʘʟʥʘʯʘʶʪʴ, ʱʦ Arduino ʪʘ Raspberry Pi ʥʘʙʫʣʠ ʧʦʧʫʣʷʨʥʦʩʪʽ, ʘʣʝ 

«ʨʝʘʣʽʟʘʮʽʷ ʪʘʢʠʭ ʧʨʦʻʢʪʽʚ ʻ ʩʢʣʘʜʥʦʶ ʜʣʷ ʚʠʢʣʘʜʘʯʽʚ ʽ ʧʦʪʨʝʙʫʻ ʦʧʘʥʫʚʘʥʥʷ 

ʪʝʭʥʦʣʦʛʽʡ ʪʘ ʧʨʠʡʥʷʪʦʾ ʘʨʭʽʪʝʢʪʫʨʠ». ʇʦ-ʪʨʝʪʻ, ʽʩʥʫʻ ʧʨʦʪʠʩʪʦʷʥʥʷ ʤʽʞ 

ʧʨʦʧʨʽʻʪʘʨʥʠʤʠ ʪʘ ʚʽʜʢʨʠʪʠʤʠ ʝʢʦʩʠʩʪʝʤʘʤʠ, ʱʦ, ʚ ʩʚʦʶ ʯʝʨʛʫ, ʬʨʘʛʤʝʥʪʫʻ ʨʠʥʦʢ. 

ɼʦ ʧʨʠʢʣʘʜʫ, ʢʦʤʝʨʮʽʡʥʽ ʩʠʩʪʝʤʠ ʥʘ ʙʘʟʽ LabVIEW ʪʘ ʝʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ NI, 

ʷʢʽ ʧʨʘʮʶʶʪʴ  ʚ ʧʘʨʽ, ʙʦ ʻ ʧʨʦʧʨʽʻʥʪʘʨʥʠʤʠ, ʩʧʽʚʽʩʥʫʶʪʴ ʽʟ ʚʽʜʢʨʠʪʠʤʠ 

ʘʣʴʪʝʨʥʘʪʠʚʘʤʠ, ʪʘʢʠʤʠ ʷʢ WebLab-Deusto ʪʘ ʩʠʩʪʝʤʘʤʠ ʥʘ ʙʘʟʽ Arduino. ʇʘʥʜʝʤʽʷ 

COVID-19 ʨʽʟʢʦ ʧʨʠʩʢʦʨʠʣʘ ʚʧʨʦʚʘʜʞʝʥʥʷ ʙʝʟ ʩʧʨʠʷʥʥʷ ʩʪʘʥʜʘʨʪʠʟʘʮʽʾ. 

ʋʥʽʚʝʨʩʠʪʝʪʠ ʨʦʟʛʦʨʪʘʣʠ «ʘʚʘʨʽʡʥʽ» ʜʠʩʪʘʥʮʽʡʥʽ ʣʘʙʦʨʘʪʦʨʽʾ. ɼʣʷ ʧʨʠʢʣʘʜʫ, LabEAD 

ʚ USP ʙʫʣʘ ʧʦʙʫʜʦʚʘʥʘ ʟʘ 6 ʤʽʩʷʮʽʚ [118]. ɯ ʢʦʞʥʘ ʪʘʢʘ ʨʝʘʣʽʟʘʮʽʷ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʘ 

ʣʦʢʘʣʴʥʦ ʜʦʩʪʫʧʥʽ ʪʝʭʥʦʣʦʛʽʾ, ʱʝ ʙʽʣʴʰʝ ʬʨʘʛʤʝʥʪʫʶʯʠ ʩʪʘʥ ʨʠʥʢʫ. 

ɺʽʜʩʫʪʥʽʩʪʴ ʫʥʽʬʽʢʦʚʘʥʠʭ ʤʝʪʦʜʽʚ ʧʦʨʽʚʥʷʥʥʷ ʪʝʭʥʦʣʦʛʽʡ ʜʠʩʪʘʥʮʽʡʥʠʭ 

ʣʘʙʦʨʘʪʦʨʽʡ ʝʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ. 

ʉʠʩʪʝʤʘʪʠʯʥʽ ʦʛʣʷʜʠ ʥʝʟʘʣʝʞʥʦ ʧʽʜʪʚʝʨʜʞʫʶʪʴ ʚʽʜʩʫʪʥʽʩʪʴ ʫʥʽʬʽʢʦʚʘʥʦʛʦ 
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ʤʝʪʦʜʫ ʧʦʨʽʚʥʷʥʥʷ ʪʝʭʥʦʣʦʛʽʡ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ. ʋ ʨʦʙʦʪʽ [119] ʧʨʷʤʦ 

ʢʦʥʩʪʘʪʫʚʘʣʠ «ɼʠʩʪʘʥʮʽʡʥʽ ʣʘʙʦʨʘʪʦʨʽʾ ʰʠʨʦʢʦ ʚʠʚʯʘʣʠʩʷ ʚ ʣʽʪʝʨʘʪʫʨʽ, ʘ ʯʽʪʢʦ 

ʦʢʨʝʩʣʝʥʦʶ ʧʨʦʙʣʝʤʦʶ ʻ ʚʽʜʩʫʪʥʽʩʪʴ ʟʘʛʘʣʴʥʦʛʦ ʰʘʙʣʦʥʫ ʧʨʦʻʢʪʫʚʘʥʥʷ ʩʝʨʝʜ ʩʠʩʪʝʤ 

ʦʥʣʘʡʥ-ʣʘʙʦʨʘʪʦʨʽʡ. ʎʷ ʚʽʜʩʫʪʥʽʩʪʴ ʩʪʘʥʜʘʨʪʠʟʘʮʽʾ ʦʙʤʝʞʠʣʘ ʤʘʩʰʪʘʙʦʚʘʥʽʩʪʴ, 

ʽʥʪʝʛʨʘʮʽʶ, ʽʥʪʝʨʦʧʝʨʘʙʝʣʴʥʽʩʪʴ, ʧʨʦʩʣʽʜʢʦʚʫʚʘʥʽʩʪʴ, ʥʘʜʽʡʥʽʩʪʴ, ʙʝʟʧʝʢʫ ʪʘ 

ʢʦʥʬʽʜʝʥʮʽʡʥʽʩʪʴ». ɸʚʪʦʨʠ ʨʦʙʦʪʠ [120] ʜʽʡʰʣʠ ʚʠʩʥʦʚʢʫ, ʱʦ «ʝʬʝʢʪʠʚʥʽʩʪʴ 

ʪʨʘʜʠʮʽʡʥʠʭ ʦʯʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ ʧʦʨʽʚʥʷʥʦ ʟ ʥʝʪʨʘʜʠʮʽʡʥʠʤʠ ʦʥʣʘʡʥ-, ʜʠʩʪʘʥʮʽʡʥʠʤʠ 

ʯʠ ʧʦʟʘʘʫʜʠʪʦʨʥʠʤʠ ʣʘʙʦʨʘʪʦʨʽʷʤʠ ʚʘʞʢʦ ʦʮʽʥʠʪʠ ʯʝʨʝʟ ʚʽʜʩʫʪʥʽʩʪʴ ʧʦʩʣʽʜʦʚʥʦʩʪʽ ʚ 

ʣʽʪʝʨʘʪʫʨʽ ʱʦʜʦ ʪʝʨʤʽʥʦʣʦʛʽʾ, ʩʪʘʥʜʘʨʪʥʠʭ ʧʦʢʘʟʥʠʢʽʚ ʦʮʽʥʶʚʘʥʥʷ ʪʘ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʰʠʨʦʢʦʛʦ ʨʽʟʥʦʤʘʥʽʪʪʷ ʥʝʪʨʘʜʠʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʥʠʭ ʟʘʭʦʜʽʚ».  

ʊʘʢʠʤ ʯʠʥʦʤ, ʚʠʙʽʨ ʪʝʭʥʦʣʦʛʽʡ ʜʣʷ ʧʦʙʫʜʦʚʠ ʜʠʩʪʘʥʮʽʡʥʦʾ ʣʘʙʦʨʘʪʦʨʽʾ, ʟʦʢʨʝʤʘ 

ʜʣʷ ʩʠʣʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ ʟ ʤʦʞʣʠʚʦʩʪʷʤʠ ʜʽʘʛʥʦʩʪʠʢʠ ʥʘ ʙʘʟʽ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ, ʻ 

ʟʘʚʜʘʥʥʷʤ, ʜʣʷ ʷʢʦʛʦ ʚ ʽʩʥʫʶʯʽʡ ʥʘʫʢʦʚʽʡ ʣʽʪʝʨʘʪʫʨʽ ʚʽʜʩʫʪʥʻ ʬʦʨʤʘʣʴʥʝ ʚʠʨʽʰʝʥʥʷ. 

ʎʝ ʦʙˇʨʫʥʪʦʚʫʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʨʦʟʨʦʙʣʝʥʥʷ ʤʝʪʦʜʫ ʧʦʨʽʚʥʷʥʥʷ ʽʥʬʦʨʤʘʮʽʡʥʠʭ 

ʪʝʭʥʦʣʦʛʽʡ ʧʦʙʫʜʦʚʠ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ ʝʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʷʢʘ 

ʜʦʟʚʦʣʠʣʘ ʙ ʦʙô̒ ʢʪʠʚʥʦ ʟʽʩʪʘʚʣʷʪʠ ʧʣʘʪʬʦʨʤʠ ʟʘ ʚʠʟʥʘʯʝʥʦʶ ʩʠʩʪʝʤʦʶ ʢʨʠʪʝʨʽʾʚ ʪʘ 

ʧʽʜʪʨʠʤʫʚʘʣʘ ʙ ʧʨʠʡʥʷʪʪʷ ʦʙˇʨʫʥʪʦʚʘʥʠʭ ʨʽʰʝʥʴ ʧʨʠ ʧʨʦʻʢʪʫʚʘʥʥʽ ʩʠʩʪʝʤ 

ʜʠʩʪʘʥʮʽʡʥʦʛʦ ʜʦʩʪʫʧʫ ʜʦ ʝʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ. ɼʘʥʘ ʧʨʦʛʘʣʠʥʘ ʻ ʦʜʥʽʻʶ ʟ 

ʢʣʶʯʦʚʠʭ ʥʘʫʢʦʚʠʭ ʧʨʦʙʣʝʤ, ʱʦ ʟʫʤʦʚʣʶʶʪʴ ʘʢʪʫʘʣʴʥʽʩʪʴ ʮʴʦʛʦ ʜʠʩʝʨʪʘʮʽʡʥʦʛʦ 

ʜʦʩʣʽʜʞʝʥʥʷ ʪʘ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʠʟʥʘʯʘʶʪʴ ʪʝʤʘʪʠʢʫ ʨʦʟʜʽʣʫ 4. 

1.4 ɺʠʩʥʦʚʢʠ ʜʦ ʨʦʟʜʽʣʫ 1 

ʋ ʜʘʥʦʤʫ ʨʦʟʜʽʣʽ ʧʨʦʚʝʜʝʥʦ ʩʠʩʪʝʤʘʪʠʯʥʠʡ ʘʥʘʣʽʟ ʩʫʯʘʩʥʠʭ ʧʽʜʭʦʜʽʚ ʜʦ 

ʜʽʘʛʥʦʩʪʠʢʠ ʝʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʤʝʪʦʜʽʚ ʧʦʙʫʜʦʚʠ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ 

ʝʣʝʢʪʨʦʥʥʠʭ ʩʠʩʪʝʤ ʪʘ ʪʝʭʥʦʣʦʛʽʡ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ, ʚʠʟʥʘʯʝʥʦ ʥʝʚʠʨʽʰʝʥʽ 

ʧʨʦʙʣʝʤʠ ʪʘ ʦʙˇʨʫʥʪʦʚʘʥʦ ʥʘʧʨʷʤʢʠ ʜʠʩʝʨʪʘʮʽʡʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ. 

ʆʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʨʦʟʜʽʣʫ: 

1. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʪʨʘʜʠʮʽʡʥʽ ʤʝʪʦʜʠ ʜʽʘʛʥʦʩʪʠʢʠ ʝʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ 

(ʬʫʥʢʮʽʦʥʘʣʴʥʝ ʪʝʩʪʫʚʘʥʥʷ, BIST, JTAG/Boundary Scan, ICT) ʪʘ ʚʩʪʘʥʦʚʣʝʥʦ 

ʾʭʥʽ ʬʫʥʜʘʤʝʥʪʘʣʴʥʽ ʦʙʤʝʞʝʥʥʷ: ʚʽʜʩʫʪʥʽʩʪʴ ʧʦʢʦʤʧʦʥʝʥʪʥʦʾ ʜʽʘʛʥʦʩʪʠʢʠ 
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ʧʽʜ ʯʘʩ ʝʢʩʧʣʫʘʪʘʮʽʾ, ʥʝʟʜʘʪʥʽʩʪʴ ʚʠʷʚʣʷʪʠ ʧʘʨʘʤʝʪʨʠʯʥʽ (ʧʦʩʪʫʧʦʚʽ) 

ʜʝʛʨʘʜʘʮʽʾ ʢʦʤʧʦʥʝʥʪʽʚ, ʥʝʜʦʩʪʘʪʥʻ ʚʨʘʭʫʚʘʥʥʷ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʪʘ 

ʦʙʤʝʞʝʥʘ ʤʘʩʰʪʘʙʦʚʘʥʽʩʪʴ ʥʘ ʩʫʯʘʩʥʽ ʜʨʫʢʦʚʘʥʽ ʧʣʘʪʠ ʟ ʚʠʩʦʢʦʶ ʱʽʣʴʥʽʩʪʶ 

ʢʦʤʧʦʥʝʥʪʽʚ. ʇʦʢʘʟʘʥʦ, ʱʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʜʘʥʠʭ ʤʝʪʦʜʽʚ ʜʣʷ ʩʫʯʘʩʥʦʾ ʩʠʣʦʚʦʾ 

ʝʣʝʢʪʨʦʥʽʢʠ ʻ ʥʝʨʘʮʽʦʥʘʣʴʥʠʤ ʯʝʨʝʟ ʥʝʣʽʥʽʡʥʫ ʧʦʚʝʜʽʥʢʫ ʢʦʤʧʦʥʝʥʪʽʚ, ʚʧʣʠʚ 

ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʪʘ ʥʝʦʙʭʽʜʥʽʩʪʴ ʜʽʘʛʥʦʩʪʠʢʠ ʚ ʜʠʥʘʤʽʯʥʠʭ ʨʝʞʠʤʘʭ 

ʨʦʙʦʪʠ ʧʽʜ ʥʘʚʘʥʪʘʞʝʥʥʷʤ. 

2. ɼʦʩʣʽʜʞʝʥʦ ʩʫʯʘʩʥʽ ʽʥʪʝʣʝʢʪʫʘʣʴʥʽ ʤʝʪʦʜʠ ʜʽʘʛʥʦʩʪʠʢʠ ʚ ʢʦʥʪʝʢʩʪʽ Industry 

4.0 (CNN, LSTM, ʘʚʪʦʝʥʢʦʜʝʨʠ, PINN) ʪʘ ʚʠʷʚʣʝʥʦ ʾʭʥʽ ʦʙʤʝʞʝʥʥʷ ʜʣʷ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʜʽʘʛʥʦʩʪʠʮʽ ʩʠʣʦʚʠʭ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ: ʤʝʪʦʜʠ ʥʘ ʦʩʥʦʚʽ 

ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ ʧʦʪʨʝʙʫʶʪʴ ʚʝʣʠʢʠʭ ʨʦʟʤʽʯʝʥʠʭ ʥʘʙʦʨʽʚ ʜʘʥʠʭ, ʤʘʶʪʴ 

ʧʨʦʙʣʝʤʫ «ʯʦʨʥʦʾ ʩʢʨʠʥʴʢʠ» ʪʘ ʜʝʤʦʥʩʪʨʫʶʪʴ ʥʝʜʦʩʪʘʪʥʶ ʛʝʥʝʨʘʣʽʟʘʮʽʶ ʥʘ 

ʥʦʚʽ ʝʢʩʧʣʫʘʪʘʮʽʡʥʽ ʫʤʦʚʠ; ʬʽʟʠʯʥʦ-ʽʥʬʦʨʤʦʚʘʥʽ ʥʝʡʨʦʥʥʽ ʤʝʨʝʞʽ, ʭʦʯʘ ʡ 

ʟʥʠʞʫʶʪʴ ʚʠʤʦʛʠ ʜʦ ʦʙʩʷʛʫ ʜʘʥʠʭ, ʟʘʣʠʰʘʶʪʴʩʷ ʦʙʯʠʩʣʶʚʘʣʴʥʦ 

ʚʠʪʨʘʪʥʠʤʠ ʜʣʷ ʚʙʫʜʦʚʘʥʠʭ ʩʠʩʪʝʤ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ.  

3. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʢʦʥʮʝʧʮʽʶ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ ʪʘ ʨʽʚʥʽ ʾʭ ʩʪʨʫʢʪʫʨʠ, ʪʘ 

ʧʨʠʡʥʷʪʦ ʡʦʛʦ ʚʠʟʥʘʯʝʥʥʷ ʷʢ ʪʨʴʦʭʨʽʚʥʝʚʦʾ ʩʪʨʫʢʪʫʨʠ çʬʽʟʠʯʥʘ ʩʫʪʥʽʩʪʴ ï 

ʚʽʨʪʫʘʣʴʥʘ ʨʝʧʨʝʟʝʥʪʘʮʽʷ ʝʢʟʝʤʧʣʷʨʘ ï ʧʝʨʩʠʩʪʝʥʪʥʠʡ ʟʚôʷʟʦʢè, ʟʘ ʷʢʦʾ 

ʟʚʦʨʦʪʥʠʡ ʚʧʣʠʚ ʥʘ ʬʽʟʠʯʥʠʡ ʦʙôʻʢʪ ʤʦʞʝ ʨʝʘʣʽʟʦʚʫʚʘʪʠʩʷ ʯʝʨʝʟ ʣʶʜʠʥʫ ʚ 

ʢʦʥʪʫʨʽ, ʷʢʝ ʡ ʙʫʜʝ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʚ ʨʦʙʦʪʽ. ʉʠʩʪʝʤʘʪʠʟʦʚʘʥʦ ʧʽʜʭʦʜʠ ʜʦ 

ʧʦʙʫʜʦʚʠ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʬʽʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʥʽ ʤʦʜʝʣʽ 

(ʟʦʢʨʝʤʘ ʥʘ ʦʩʥʦʚʽ SPICE) ʤʘʶʪʴ ʧʝʨʝʚʘʛʠ ʜʣʷ ʩʠʩʪʝʤ ʜʽʘʛʥʦʩʪʠʢʠ ʟʘʚʜʷʢʠ 

ʽʥʪʝʨʧʨʝʪʦʚʘʥʦʩʪʽ ʪʘ ʟʜʘʪʥʦʩʪʽ ʜʦ ʫʟʘʛʘʣʴʥʝʥʥʷ, ʧʨʦʪʝ ʾʭʥʷ ʪʦʯʥʽʩʪʴ 

ʟʘʣʝʞʠʪʴ ʚʽʜ ʢʦʨʝʢʪʥʦʩʪʽ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʩʭʝʤʠ, 

ʟʥʘʯʝʥʥʷ ʷʢʠʭ ʥʝ ʥʘʚʦʜʷʪʴʩʷ ʚ ʜʦʢʫʤʝʥʪʘʮʽʾ ʢʦʤʧʦʥʝʥʪʽʚ ʽ ʚʠʟʥʘʯʘʶʪʴʩʷ ʷʢ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʦʢʨʝʤʠʭ ʝʣʝʤʝʥʪʽʚ, ʪʘʢ ʽ ʢʦʥʩʪʨʫʢʮʽʻʶ ʜʨʫʢʦʚʘʥʦʾ ʧʣʘʪʠ. 

4. ɼʦʩʣʽʜʞʝʥʦ ʩʫʯʘʩʥʠʡ ʩʪʘʥ ʪʝʭʥʦʣʦʛʽʡ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ, ʾʭ 

ʝʚʦʣʶʮʽʶ, ʘʨʭʽʪʝʢʪʫʨʥʽ ʧʽʜʭʦʜʠ ʪʘ ʩʬʝʨʠ ʟʘʩʪʦʩʫʚʘʥʥʷ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ 

ʝʢʦʩʠʩʪʝʤʘ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʟʥʘʯʥʦʶ 

ʬʨʘʛʤʝʥʪʦʚʘʥʽʩʪʶ, ʘ ʚ ʥʘʫʢʦʚʽʡ ʣʽʪʝʨʘʪʫʨʽ ʚʽʜʩʫʪʥʽʡ ʫʥʽʬʽʢʦʚʘʥʠʡ ʤʝʪʦʜ 
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ʧʦʨʽʚʥʷʥʥʷ ʪʝʭʥʦʣʦʛʽʡ ʾʭ ʧʦʙʫʜʦʚʠ, ʱʦ ʫʩʢʣʘʜʥʶʻ ʦʙˇʨʫʥʪʦʚʘʥʠʡ ʚʠʙʽʨ 

ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʧʣʘʪʬʦʨʤʠ ʧʨʠ ʧʨʦʻʢʪʫʚʘʥʥʽ ʥʦʚʠʭ ʩʠʩʪʝʤ ʜʠʩʪʘʥʮʽʡʥʦʛʦ 

ʜʦʩʪʫʧʫ ʜʦ ʝʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ. 

5. ʅʘ ʦʩʥʦʚʽ ʧʨʦʚʝʜʝʥʦʛʦ ʘʥʘʣʽʟʫ ʚʠʟʥʘʯʝʥʦ ʪʨʠ ʢʣʶʯʦʚʽ ʥʝʚʠʨʽʰʝʥʽ ʥʘʫʢʦʚʽ 

ʧʨʦʙʣʝʤʠ, ʱʦ ʦʙʫʤʦʚʣʶʶʪʴ ʥʘʧʨʷʤʢʠ ʜʠʩʝʨʪʘʮʽʡʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ: (1) 

ʥʝʦʙʭʽʜʥʽʩʪʴ ʨʦʟʨʦʙʣʝʥʥʷ ʤʝʪʦʜʫ ʦʥʣʘʡʥ-ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʥʘ ʦʩʥʦʚʽ 

ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʧʦʢʦʤʧʦʥʝʥʪʥʝ ʚʠʟʥʘʯʝʥʥʷ ʧʨʠʯʠʥ 

ʚʽʜʤʦʚ ʪʘ ʤʘʻ ʦʙʯʠʩʣʶʚʘʣʴʥʦ ʧʨʦʩʪʫ ʦʥʣʘʡʥ ʬʘʟʫ, ʧʨʠʜʘʪʥʫ ʜʣʷ ʚʠʢʦʥʘʥʥʷ 

ʥʘ ʦʙʣʘʜʥʘʥʥʽ ʟ ʦʙʤʝʞʝʥʠʤʠ ʨʝʩʫʨʩʘʤʠ; (2) ʥʝʦʙʭʽʜʥʽʩʪʴ ʨʦʟʨʦʙʣʝʥʥʷ 

ʤʝʪʦʜʫ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʪʦʯʥʦʩʪʽ 

ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ ʩʠʣʦʚʠʭ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ, ʚʢʣʶʯʥʦ ʟ ʦʙˇʨʫʥʪʦʚʘʥʠʤ 

ʢʨʠʪʝʨʽʻʤ ʚʠʙʦʨʫ ʝʪʘʣʦʥʥʦʛʦ ʩʠʛʥʘʣʫ ʢʘʣʽʙʨʫʚʘʥʥʷ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ 

ʧʨʠʜʘʪʥʽʩʪʴ ʚʽʜʭʠʣʝʥʴ ʚʽʜʢʘʣʽʙʨʦʚʘʥʦʾ ʤʦʜʝʣʽ ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʷʢ ʧʦʨʦʛʽʚ 

ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ; (3) ʥʝʦʙʭʽʜʥʽʩʪʴ ʨʦʟʨʦʙʣʝʥʥʷ ʤʝʪʦʜʫ ʧʦʨʽʚʥʷʥʥʷ 

ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʧʦʙʫʜʦʚʠ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ ʜʣʷ 

ʦʙˇʨʫʥʪʦʚʘʥʦʛʦ ʚʠʙʦʨʫ ʧʣʘʪʬʦʨʤʠ ʚʝʨʠʬʽʢʘʮʽʾ ʜʽʘʛʥʦʩʪʠʯʥʦʾ ʩʠʩʪʝʤʠ. 

ʉʬʦʨʤʫʣʴʦʚʘʥʦ ʤʝʪʫ ʪʘ ʟʘʚʜʘʥʥʷ ʜʠʩʝʨʪʘʮʽʡʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ. 

ʈʝʟʫʣʴʪʘʪʠ ʘʥʘʣʽʟʫ ʪʝʭʥʦʣʦʛʽʡ ʜʠʩʪʘʥʮʽʡʥʠʭ ʣʘʙʦʨʘʪʦʨʽʡ, ʥʘʚʝʜʝʥʽ ʚ ʧʽʜʨʦʟʜʽʣʽ 

1.3, ʦʧʫʙʣʽʢʦʚʘʥʦ ʚ ʧʨʘʮʷʭ [148, 152].
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ʈʆɿɼɯʃ 2. ɯʥʪʝʛʨʦʚʘʥʠʡ ʤʝʪʦʜ ʦʥʣʘʡʥ-ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ ʥʘ ʦʩʥʦʚʽ 

ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ 

ʗʢ ʙʫʣʦ ʧʦʢʘʟʘʥʦ ʚ ʨʦʟʜʽʣʽ 1, ʽʩʥʫʶʯʽ ʤʝʪʦʜʠ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʝʣʝʢʪʨʦʥʥʦʛʦ 

ʦʙʣʘʜʥʘʥʥʷ ʩʪʠʢʘʶʪʴʩʷ ʟ ʥʠʟʢʦʶ ʦʙʤʝʞʝʥʴ: ʪʨʘʜʠʮʽʡʥʽ ʧʽʜʭʦʜʠ ʥʘ ʦʩʥʦʚʽ BIST ʤʘʶʪʴ 

ʦʙʤʝʞʝʥʫ ʜʽʘʛʥʦʩʪʠʯʥʫ ʛʣʠʙʠʥʫ, ʢʣʘʩʠʯʥʽ ʤʝʪʦʜʠ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ ʧʦʪʨʝʙʫʶʪʴ 

ʟʥʘʯʥʠʭ ʦʙʩʷʛʽʚ ʥʘʚʯʘʣʴʥʠʭ ʜʘʥʠʭ, ʘ ʬʽʟʠʯʥʦ-ʽʥʬʦʨʤʦʚʘʥʽ ʧʽʜʭʦʜʠ (ʟʦʢʨʝʤʘ PINN), 

ʭʦʯʘ ʡ ʟʥʠʞʫʶʪʴ ʚʠʤʦʛʠ ʜʦ ʜʘʥʠʭ, ʟʘʣʠʰʘʶʪʴʩʷ ʦʙʯʠʩʣʶʚʘʣʴʥʦ ʚʠʪʨʘʪʥʠʤʠ ʜʣʷ 

ʚʙʫʜʦʚʘʥʠʭ ʩʠʩʪʝʤ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ, ʘ ʪʘʢʦʞ ʤʘʶʪʴ ʧʨʦʙʣʝʤʠ «ʯʦʨʥʦʾ ʩʢʨʠʥʴʢʠ». 

ʂʣʘʩʠʯʥʽ ʘʥʘʣʽʪʠʯʥʽ ʤʝʪʦʜʠ, ʚ ʩʚʦʶ ʯʝʨʛʫ, ʧʦʛʘʥʦ ʤʘʩʰʪʘʙʫʶʪʴʩʷ ʥʘ ʩʢʣʘʜʥʽ 

ʥʝʣʽʥʽʡʥʽ ʧʨʠʩʪʨʦʾ. ɺʦʜʥʦʯʘʩ ʪʝʭʥʦʣʦʛʽʷ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ ʚʽʜʢʨʠʚʘʻ ʧʨʠʥʮʠʧʦʚʦ 

ʥʦʚʽ ʤʦʞʣʠʚʦʩʪʽ ʜʣʷ ʧʦʨʽʚʥʷʥʥʷ ʧʦʚʝʜʽʥʢʠ ʨʝʘʣʴʥʦʛʦ ʧʨʠʩʪʨʦʶ ʟ ʝʪʘʣʦʥʥʦʶ 

ʤʦʜʝʣʣʶ. 

ʋ ʜʘʥʦʤʫ ʨʦʟʜʽʣʽ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʦʚʠʡ ʽʥʪʝʛʨʦʚʘʥʠʡ ʤʝʪʦʜ ʦʥʣʘʡʥ-

ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʝʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʱʦ ʙʘʟʫʻʪʴʩʷ ʥʘ ʧʦʨʽʚʥʷʥʥʽ ʚʝʢʪʦʨʥʠʭ 

ʧʨʝʜʩʪʘʚʣʝʥʴ ʚʠʭʽʜʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʨʝʘʣʴʥʦʛʦ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʨʠʩʪʨʦʶ ʟ ʚʽʜʧʦʚʽʜʥʠʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ ʡʦʛʦ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ. ʉʧʦʯʘʪʢʫ ʚʠʢʣʘʜʝʥʦ ʤʘʪʝʤʘʪʠʯʥʠʡ ʘʧʘʨʘʪ 

ʤʝʪʦʜʫ, ʚʢʣʶʯʘʶʯʠ ʬʦʨʤʘʣʽʟʘʮʽʶ ʚʭʽʜʥʠʭ ʽ ʚʠʭʽʜʥʠʭ ʚʝʢʪʦʨʽʚ, ʥʦʨʤʘʣʽʟʘʮʽʶ ʨʽʟʥʠʮʽ 

ʪʘ ʤʝʭʘʥʽʟʤ «ʩʽʨʦʾ ʟʦʥʠ» ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʩʪʽʡʢʦʩʪʽ ʜʦ ʰʫʤʽʚ ʚʠʤʽʨʶʚʘʥʴ (ʧʽʜʨʦʟʜʽʣ 

2.1). ɼʘʣʽ ʦʧʠʩʘʥʦ ʜʽʘʛʥʦʩʪʠʯʥʠʡ ʘʣʛʦʨʠʪʤ, ʧʦʙʫʜʦʚʘʥʠʡ ʥʘ ʦʩʥʦʚʽ ʪʘʙʣʠʮʽ 

ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʥʘʧʨʷʤʢʽʚ ʚʽʜʭʠʣʝʥʴ ʜʦ ʾʭ ʧʨʠʯʠʥ, ʚʢʣʶʯʘʶʯʠ ʨʦʟʰʠʨʝʥʠʡ ʬʦʨʤʘʪ ʽʟ 

ʤʥʦʞʠʥʥʠʤʠ ʩʪʫʧʝʥʷʤʠ ʚʧʣʠʚʫ (ʧʽʜʨʦʟʜʽʣ 2.2). ʇʽʜʨʦʟʜʽʣ 2.3 ʩʠʩʪʝʤʘʪʠʟʫʻ ʤʝʪʦʜʠ 

ʛʝʥʝʨʘʮʽʾ ʪʘʙʣʠʮʴ ʚʽʜʧʦʚʽʜʥʦʩʪʽ, ʷʢʽ ʻ ʮʝʥʪʨʘʣʴʥʠʤ ʝʣʝʤʝʥʪʦʤ ʧʨʘʢʪʠʯʥʦʛʦ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʝʪʦʜʫ. ʅʘʨʝʰʪʽ, ʧʽʜʨʦʟʜʽʣʠ 2.4 ʪʘ 2.5 ʧʨʠʩʚʷʯʝʥʦ ʧʨʦʛʨʘʤʥʽʡ ʨʝʘʣʽʟʘʮʽʾ 

ʤʝʪʦʜʫ ʥʘ ʧʨʠʢʣʘʜʽ ʧʦʥʠʞʫʶʯʦʛʦ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

PySpice/Ngspice, ʚʢʣʶʯʘʶʯʠ ʟʙʽʨ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ, ʢʘʣʽʙʨʫʚʘʥʥʷ ʧʦʨʦʛʦʚʠʭ 

ʟʥʘʯʝʥʴ ʪʘ ʧʦʙʫʜʦʚʫ ʨʝʟʫʣʴʪʫʶʯʦʾ ʪʘʙʣʠʮʽ ʚʽʜʧʦʚʽʜʥʦʩʪʽ. 

ɺʘʞʣʠʚʦʶ ʧʝʨʝʚʘʛʦʶ ʨʦʟʨʦʙʣʝʥʦʛʦ ʤʝʪʦʜʫ ʻ ʡʦʛʦ ʥʝʽʥʚʘʟʠʚʥʠʡ ʭʘʨʘʢʪʝʨ, ʱʦ 

ʚʠʨʘʞʘʻʪʴʩʷ ʫ ʧʦʚʥʽʡ ʚʽʜʤʦʚʽ ʚʽʜ ʽʥʪʝʛʨʘʮʽʾ ʜʦʜʘʪʢʦʚʠʭ ʚʥʫʪʨʽʰʥʽʭ ʜʘʪʯʠʢʽʚ ʘʙʦ 
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ʜʦʧʦʤʽʞʥʠʭ ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʩʭʝʤ ʫ ʩʪʨʫʢʪʫʨʫ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʨʠʩʪʨʦʶ, ʦʢʨʽʤ ʜʘʪʯʠʢʽʚ, 

ʱʦ ʚʠʤʽʨʶʶʪʴ ʚʠʭʽʜʥʽ ʧʦʢʘʟʥʠʢʠ. ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʢʣʘʩʠʯʥʠʭ ʧʽʜʭʦʜʽʚ ʩʪʨʫʢʪʫʨʥʦʛʦ 

ʪʝʩʪʫʚʘʥʥʷ, ʷʢʽ ʧʦʪʨʝʙʫʶʪʴ ʘʧʘʨʘʪʥʦʾ ʥʘʜʣʠʰʢʦʚʦʩʪʽ (ʜʦʜʘʪʢʦʚʠʭ ʜʘʪʯʠʢʽʚ) ʪʘ 

ʟʙʽʣʴʰʫʶʪʴ ʢʽʥʮʝʚʫ ʚʘʨʪʽʩʪʴ ʧʨʠʩʪʨʦʶ, ʘ ʪʘʢʦʞ ʤʘʩʦʛʘʙʘʨʠʪʥʽ ʧʦʢʘʟʥʠʢʠ, 

ʟʘʧʨʦʧʦʥʦʚʘʥʝ ʨʽʰʝʥʥʷ ʩʧʠʨʘʻʪʴʩʷ ʚʠʢʣʶʯʥʦ ʥʘ ʤʦʥʽʪʦʨʠʥʛ ʜʦʩʪʫʧʥʠʭ ʟʦʚʥʽʰʥʽʭ 

ʩʠʛʥʘʣʽʚ (ʚʭʽʜʥʠʭ ʪʘ ʚʠʭʽʜʥʠʭ ʧʘʨʘʤʝʪʨʽʚ). ʊʘʢʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ ʨʝʘʣʽʟʫʚʘʪʠ 

ʘʚʪʦʤʘʪʠʟʦʚʘʥʫ ʜʽʘʛʥʦʩʪʠʢʫ ʥʘʚʽʪʴ ʜʣʷ ʩʠʩʪʝʤ ʽʟ ʱʽʣʴʥʠʤ ʢʦʤʧʦʥʫʚʘʥʥʷʤ, 

ʛʝʨʤʝʪʠʯʥʠʤ ʢʦʨʧʫʩʦʤ ʘʙʦ ʜʣʷ ʚʞʝ ʽʩʥʫʶʯʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʜʝ ʚʩʪʘʥʦʚʣʝʥʥʷ 

ʚʥʫʪʨʽʰʥʽʭ ʩʝʥʩʦʨʽʚ ʻ ʪʝʭʥʽʯʥʦ ʥʝʤʦʞʣʠʚʠʤ ʘʙʦ ʝʢʦʥʦʤʽʯʥʦ ʥʝʜʦʮʽʣʴʥʠʤ. 

ʋʩʫʥʝʥʥʷ ʧʦʪʨʝʙʠ ʫ ʙʝʟʧʦʩʝʨʝʜʥʴʦʤʫ ʬʽʟʠʯʥʦʤʫ ʟʯʠʪʫʚʘʥʥʽ ʚʥʫʪʨʽʰʥʽʭ 

ʧʦʢʘʟʥʠʢʽʚ ʜʦʩʷʛʘʻʪʴʩʷ ʟʘʚʜʷʢʠ ʧʝʨʝʥʝʩʝʥʥʶ ʦʙʯʠʩʣʶʚʘʣʴʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ 

ʩʪʦʨʦʥʫ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ. ɺʽʨʪʫʘʣʴʥʘ ʤʦʜʝʣʴ, ʢʘʣʽʙʨʦʚʘʥʘ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʤʝʪʘʝʚʨʠʩʪʠʯʥʠʭ ʘʣʛʦʨʠʪʤʽʚ, ʚʠʩʪʫʧʘʻ ʷʢ ʜʠʥʘʤʽʯʥʠʡ ʝʪʘʣʦʥ, ʱʦ ʟ ʚʠʩʦʢʦʶ ʪʦʯʥʽʩʪʶ 

ʚʽʜʪʚʦʨʶʻ ʚʥʫʪʨʽʰʥʽ ʧʨʦʮʝʩʠ ʦʙô̒ ʢʪʘ. ʆʩʢʽʣʴʢʠ ʘʥʘʣʽʟ ʚʽʜʭʠʣʝʥʴ ʪʘ ʣʦʢʘʣʽʟʘʮʽʷ 

ʥʝʩʧʨʘʚʥʦʩʪʝʡ ʚʽʜʙʫʚʘʶʪʴʩʷ ʰʣʷʭʦʤ ʟʽʩʪʘʚʣʝʥʥʷ ʟʦʚʥʽʰʥʽʭ ʨʝʘʢʮʽʡ ʨʝʘʣʴʥʦʛʦ 

ʧʨʠʩʪʨʦʶ ʪʘ ʡʦʛʦ ʮʠʬʨʦʚʦʛʦ ʘʥʘʣʦʛʘ, ʩʠʩʪʝʤʘ ʦʪʨʠʤʫʻ ʟʜʘʪʥʽʩʪʴ ʤʘʪʝʤʘʪʠʯʥʦ 

ʜʠʬʝʨʝʥʮʽʶʚʘʪʠ ʜʝʬʝʢʪʠ ʢʦʥʢʨʝʪʥʠʭ ʚʥʫʪʨʽʰʥʽʭ ʢʦʤʧʦʥʝʥʪʽʚ ʙʝʟ ʾʭ ʧʨʷʤʦʛʦ 

ʚʠʤʽʨʶʚʘʥʥʷ. ʎʝ ʟʘʙʝʟʧʝʯʫʻ ʦʧʪʠʤʘʣʴʥʠʡ ʙʘʣʘʥʩ ʤʽʞ ʚʠʩʦʢʦʶ ʪʦʯʥʽʩʪʶ ʣʦʢʘʣʽʟʘʮʽʾ 

ʜʝʬʝʢʪʽʚ ʪʘ ʤʽʥʽʤʘʣʴʥʠʤʠ ʚʠʤʦʛʘʤʠ ʜʦ ʤʦʜʠʬʽʢʘʮʽʾ ʩʘʤʦʛʦ ʬʽʟʠʯʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ. 

2.1 ʄʘʪʝʤʘʪʠʯʥʽ ʟʘʩʘʜʠ ʤʝʪʦʜʫ ʚʝʢʪʦʨʥʦʾ ʜʽʘʛʥʦʩʪʠʢʠ 

ʄʝʪʦʜ ʙʘʟʫʻʪʴʩʷ ʥʘ ʪʦʤʫ, ʱʦ ʝʣʝʢʪʨʠʯʥʽ ʩʭʝʤʠ ʤʦʞʥʘ ʧʨʝʜʩʪʘʚʠʪʠ ʫ ʚʠʛʣʷʜʽ 

ʤʦʜʝʣʽ, ʱʦ ʢʦʞʥʦʤʫ ʚʝʢʪʦʨʫ ʚʭʽʜʥʠʭ ʟʥʘʯʝʥʴ ὢ ὼȟὼȟȣȟὼ , ʜʝ n ʮʝ ʜʦʚʞʠʥʘ 

ʚʭʽʜʥʦʛʦ ʚʝʢʪʦʨʫ, ʩʪʘʚʠʪʴ ʫ ʚʽʜʧʦʚʽʜʥʽʩʪʴ ʚʝʢʪʦʨ ʚʠʭʽʜʥʠʭ ʟʥʘʯʝʥʴ ὣ ώȟώȟȣȟώ , 

ʜʝ m ʮʝ ʜʦʚʞʠʥʘ ʚʝʢʪʦʨʫ ὣ, ʧʨʠʯʦʤʫ ʟʤʽʥʘ ʧʨʠʥʘʡʤʥʽ ʦʜʥʦʛʦ ʟ ʢʦʤʧʦʥʝʥʪʽʚ ʚʭʽʜʥʦʛʦ 

ʚʝʢʪʦʨʘ ʚʧʣʠʥʝ ʥʘ ʧʨʠʥʘʡʤʥʽ ʦʜʠʥ ʢʦʤʧʦʥʝʥʪ ʚʠʭʽʜʥʦʛʦ ʚʝʢʪʦʨʘ. 

ɺʭʽʜʥʠʤʠ ʟʥʘʯʝʥʥʷʤʠ xi ̫ ʚʣʷʶʪʴʩʷ ʷʢ ʬʽʟʠʯʥʽ ʚʝʣʠʯʠʥʠ, ʱʦ ʧʦʜʘʶʪʴʩʷ ʥʘ ʩʭʝʤʫ 

ʟʟʦʚʥʽ (ʚʭʽʜʥʘ ʥʘʧʨʫʛʘ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʥʘʧʨʫʛ ʪʦʱʦ), ʪʘʢ ʽ ʚʣʘʩʪʠʚʦʩʪʽ ʩʘʤʦʾ ʩʭʝʤʠ 

(ʦʧʦʨʠ ʬʽʢʩʦʚʘʥʠʭ ʨʝʟʠʩʪʦʨʽʚ, ʦʧʦʨʠ ʜʽʦʜʽʚ ʪʦʱʦ). ɺ ʽʜʝʘʣʽ ʚʝʢʪʦʨ ὢ ʤʘʻ ʧʦʢʨʠʚʘʪʠ 

ʚʩʽ ʤʦʞʣʠʚʽ ʟʥʘʯʝʥʥʷ, ʱʦ ʤʘʶʪʴ ʚʧʣʠʚ ʥʘ ʧʦʚʝʜʽʥʢʫ ʩʭʝʤʠ. ɼʣʷ ʧʨʘʢʪʠʯʥʦʛʦ 
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ʟʘʩʪʦʩʫʚʘʥʥʷ ʮʝ ʥʝ ʟʘʚʞʜʠ ʻ ʤʦʞʣʠʚʠʤ ʯʠ ʜʦʮʽʣʴʥʠʤ ʟ ʪʦʯʢʠ ʟʦʨʫ ʙʘʣʘʥʩʫ ʤʽʞ 

ʪʦʯʥʽʩʪʶ ʜʽʘʛʥʦʩʪʠʢʠ ʪʘ ʧʨʦʩʪʦʪʦʶ ʨʝʘʣʽʟʘʮʽʾ. ʅʘʷʚʥʽʩʪʴ ʚʣʘʩʪʠʚʦʩʪʝʡ ʩʘʤʦʾ ʩʭʝʤʠ 

ʩʝʨʝʜ ʢʦʤʧʦʥʝʥʪʽʚ ʚʝʢʪʦʨʘ ὢ ʜʦʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʜʝʪʝʢʪʫʚʘʪʠ ʧʦʤʠʣʢʠ ʫ ʥʦʤʽʥʘʣʘʭ, ʘʙʦ 

ʞ ʛʨʘʥʠʯʥʽ ʫʤʦʚʠ (ʦʙʨʠʚʠ ʪʘ ʢʦʨʦʪʢʽ ʟʘʤʠʢʘʥʥʷ) ʚʽʜʧʦʚʽʜʥʠʭ ʝʣʝʤʝʥʪʽʚ ʩʭʝʤʠ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʚʠʭʽʜʥʠʡ ʚʝʢʪʦʨ ὣ ʤʦʞʥʘ ʧʨʝʜʩʪʘʚʠʪʠ ʪʦʯʢʦʶ ʫ m-ʤʽʨʥʽʡ ʩʠʩʪʝʤʽ 

ʢʦʦʨʜʠʥʘʪ. ɿʘʜʣʷ ʩʧʨʦʱʝʥʥʷ ʤʘʣʶʥʢʽʚ ʥʘʜʘʣʽ ʧʨʠʡʤʝʤʦ m = 2, ʦʩʢʽʣʴʢʠ ʜʚʦʤʽʨʥʠʡ 

ʧʨʦʩʪʽʨ ʧʨʦʩʪʠʡ ʜʣʷ ʨʦʟʫʤʽʥʥʷ ʽ ʚʽʟʫʘʣʽʟʘʮʽʾ. 

 

ʈʠʩ. 2.1. ɿʦʙʨʘʞʝʥʥʷ ʜʚʦʭ ʨʽʟʥʠʭ ʚʝʢʪʦʨʽʚ ʪʘ ʾʭ ʨʽʟʥʠʮʽ ʫ ʜʚʦʤʽʨʥʦʤʫ 

ʧʨʦʩʪʦʨʽ 

ʋʷʚʠʤʦ, ʱʦ ʤʘʻʤʦ ʜʚʽ ʧʘʨʠ ʚʝʢʪʦʨʽʚ: ὢ ȟὣ ȟὢ ȟὣ ,  ʧʨʠʯʦʤʫ 

ὢ ὢ ᵼὣ ὣ .  

ʋʤʦʚʘ ʥʝʨʽʚʥʦʩʪʽ ʚʭʽʜʥʠʭ ʚʝʢʪʦʨʽʚ ὢ  ʽ ὢ  ʤʘʻ ʚʠʛʣʷʜ:  

 ὢ ὢ Ὥɱɴ ρȟςȟȣȟὲȟὼ ȟ ὼ ȟ (2.1) 

ʊʦʙʪʦ ʚʭʽʜʥʽ ʚʝʢʪʦʨʠ ʻ ʨʽʚʥʠʤʠ ʪʦʜʽ ʡ ʪʽʣʴʢʠ ʪʦʜʽ, ʢʦʣʠ ʢʦʞʥʽ ʚʽʜʧʦʚʽʜʥʽ 

ʢʦʤʧʦʥʝʥʪʠ ʜʘʥʠʭ ʚʝʢʪʦʨʽʚ ʻ ʨʽʚʥʠʤʠ. 

ʅʘ ʨʠʩʫʥʢʫ 2.1 ʟʦʙʨʘʞʝʥʦ ʚʝʢʪʦʨʠ ὣ  ʪʘ ὣ  ʫ ʜʚʦʤʽʨʥʦʤʫ ʧʨʦʩʪʦʨʽ (ʷʢ ʙʫʣʦ 

ʟʘʟʥʘʯʝʥʦ ʚʠʱʝ, ʨʦʟʛʣʷʜʘʻʤʦ m = 2), ʘ ʪʘʢʦʞ ʾʭ ʨʽʟʥʠʮʶ ὣ ὣ  . ʆʩʢʽʣʴʢʠ ʮʽ 
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ʚʝʢʪʦʨʠ ʥʝ ʻ ʨʽʚʥʠʤʠ, ʥʘ ʨʠʩʫʥʢʫ ʚʦʥʠ ʟʦʙʨʘʞʝʥʽ ʷʢ ʪʘʢʽ, ʱʦ ʤʘʶʪʴ ʨʽʟʥʽ ʢʦʦʨʜʠʥʘʪʠ. 

ʎʝ ʚʠʢʣʠʢʘʥʦ ʪʠʤ, ʱʦ ʚʭʽʜʥʽ ʚʝʢʪʦʨʠ ὢ  ʪʘ ὢ  ʪʘʢʦʞ ʥʝ ʻ ʨʽʚʥʠʤʠ. ʆʩʢʽʣʴʢʠ 

ʤʘʪʝʤʘʪʠʯʥʘ ʤʦʜʝʣʴ ʽʜʝʘʣʴʥʦʛʦ ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʨʠʩʪʨʦʶ ʻ ʜʝʪʝʨʤʽʥʦʚʘʥʦʶ, ʪʦʙʪʦ ʧʨʠ 

ʦʜʥʘʢʦʚʠʭ ὢ ʤʦʜʝʣʴ ʛʝʥʝʨʫʻ ʦʜʥʘʢʦʚʽ ὣ, ʪʦ ʨʽʟʥʠʮʷ ʚʭʽʜʥʠʭ ʚʝʢʪʦʨʽʚ Ўὢ ȟ

ὢ ὢ ὼ ȟ ὼ ȟȟὼ ȟ ὼ ȟȟȣȟὼ ȟ ὼ ȟ  ʤʘʻ 

ʜʝʪʝʨʤʽʥʦʚʘʥʠʡ ʚʧʣʠʚ ʥʘ ʨʽʟʥʠʮʶ ʚʠʭʽʜʥʠʭ ʚʝʢʪʦʨʽʚ Ўὣ ȟ  ὣ ὣ  

ώ ȟ ώ ȟώ ȟ ώ ȟȟȣȟώ ȟ ώ ȟ . 

ʊʘʢʠʤ ʯʠʥʦʤ, ʧʨʠ ʫʤʦʚʘʭ ʚʦʣʦʜʽʥʥʷ ʪʘʙʣʠʮʝʶ ʚʽʜʧʦʚʽʜʥʦʩʪʽ Ўὣ ʜʦ Ўὢ, ʜʣʷ 

ʙʫʜʴ-ʷʢʦʾ ʟʘʜʘʥʦʾ Ўὣ, ʤʦʞʣʠʚʦ ʦʪʨʠʤʘʪʠ ʚʽʜʧʦʚʽʜʥʫ Ўὢ, ʜʦ ʮʴʦʛʦ ʞ ʦʪʨʠʤʫʶʯʠ 

ʽʥʬʦʨʤʘʮʽʶ ʧʦ ʢʦʞʥʦʤʫ ὼ ʦʢʨʝʤʦ.  

ɯʥʰʠʤʠ ʩʣʦʚʘʤʠ, ʟʘ ʥʘʷʚʥʦʩʪʽ ʦʧʠʩʘʥʦʾ ʚʠʱʝ ʪʘʙʣʠʮʽ ʪʘ ʧʘʨʠ ʚʝʢʪʦʨʽʚ 

ὢ ȟὣ ȟὢ ȟὣ , ʜʝ ὢ ȟὣ  ʬʦʨʤʫʶʪʴʩʷ ʟʽ ʟʥʘʯʝʥʴ, ʦʪʨʠʤʘʥʠʭ ʟ 

ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ («DT» ʦʟʥʘʯʘʻ Digital Twin) ʧʨʠʩʪʨʦʶ, ʱʦ ʜʦʩʣʽʜʞʫʻʪʴʩʷ, ʘ 

ὢ ȟὣ  ï ʟ ʨʝʘʣʴʥʦ ʧʦʜʘʥʠʭ ʥʘ ʚʭʽʜ ʪʘ ʟʘʤʽʨʷʥʠʭ ʟ ʚʠʭʦʜʫ ʬʽʟʠʯʥʠʭ ʟʥʘʯʝʥʴ 

(«meas» ʦʟʥʘʯʘʻ measured), ʤʦʞʣʠʚʦ ʚʠʟʥʘʯʠʪʠ, ʯʠʤ ʩʘʤʝ ʦʙʫʤʦʚʣʝʥʘ Ўὣ ȟ  ̔  ʮʠʤ 

ʩʘʤʠʤ ʜʽʘʛʥʦʩʪʫʚʘʪʠ ʧʨʦʙʣʝʤʫ ʚ ʝʣʝʢʪʨʦʥʥʦʤʫ ʧʨʠʩʪʨʦʾ. ʎʝ ʩʪʚʦʨʶʻ ʘʢʪʫʘʣʴʥʽʩʪʴ 

ʟʘʜʘʯʽ ʬʦʨʤʫʚʘʥʥʷ ʪʘʢʦʾ ʪʘʙʣʠʮʽ ʜʣʷ ʢʦʥʢʨʝʪʥʦʛʦ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʨʠʩʪʨʦʶ.  

ɼʣʷ ʩʧʨʦʱʝʥʥʷ ʧʦʜʘʣʴʰʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʪʨʝʙʘ ʥʦʨʤʘʣʽʟʫʚʘʪʠ ʚʝʢʪʦʨ ʨʽʟʥʠʮʽ 

ʚʝʢʪʦʨʽʚ ὣ  ʪʘ  ὣ  ʪʘʢ, ʱʦ ʥʦʨʤʘʣʽʟʦʚʘʥʠʡ ʚʝʢʪʦʨ ʤʘʻ ʥʘʩʪʫʧʥʠʡ ʚʠʛʣʷʜ:  

 Ўὣ ὣ ὣ Ṩὣ (2.2) 

ʜʝ  Ὥ Ὦ,  

Ṩ  ï ʦʧʝʨʘʮʽʷ ʜʽʣʝʥʥʷ ɸʜʘʤʘʨʘ (ʧʦʝʣʝʤʝʥʪʥʝ ʜʽʣʝʥʥʷ ʚʝʢʪʦʨʽʚ).  

ʊʘʢʘ ʥʦʨʤʘʣʽʟʘʮʽʷ ʜʦʟʚʦʣʷʻ ʫʥʽʬʽʢʫʚʘʪʠ ʩʠʩʪʝʤʫ ʢʦʦʨʜʠʥʘʪ ʽ ʚʠʨʘʞʘʪʠ ʢʦʞʝʥ 

ʢʦʤʧʦʥʝʥʪ ʥʦʨʤʘʣʽʟʦʚʘʥʦʛʦ ʚʝʢʪʦʨʫ ̫ ʢ ʚʽʜʥʦʰʝʥʥʷ ʚʽʜʧʦʚʽʜʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʟʘʜʘʥʠʭ 

ʚʝʢʪʦʨʽʚ. ɺʽʜʧʦʚʽʜʥʽ ʢʦʤʧʦʥʝʥʪʠ ʚʝʢʪʦʨʫ Ўὣ  ʧʦʟʥʘʯʘʶʪʴʩʷ ʷʢ ώ. 

ʗʢʱʦ ʥʦʨʤʘʣʽʟʫʚʘʪʠ Ўὣ ȟ , ʪʦ ʦʪʨʠʤʘʻʤʦ Ўὣ ȟ , ʡ ʧʝʨʝʥʽʩʰʠ ʧʦʯʘʪʦʢ 

ʚʝʢʪʦʨʘ Ўὣ ȟ  ʥʘ ʧʦʯʘʪʦʢ ʢʦʦʨʜʠʥʘʪ, ʦʪʨʠʤʘʻʤʦ ʧʨʝʜʩʪʘʚʣʝʥʥʷ, ʧʦʢʘʟʘʥʝ ʥʘ 
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ʨʠʩʫʥʢʫ 2.2. 

 

ʈʠʩ. 2.2. ɿʦʙʨʘʞʝʥʥʷ ʥʦʨʤʘʣʽʟʦʚʘʥʦʾ ʨʽʟʥʠʮʽ ʚʝʢʪʦʨʽʚ ʫ ʜʚʦʤʽʨʥʦʤʫ 

ʧʨʦʩʪʦʨʽ 

ɿ ʨʠʩʫʥʢʫ 2.2 ʚʠʜʥʦ, ʱʦ ʦʢʨʽʤ ʥʦʨʤʠ ʚʝʢʪʦʨʘ Ўὣ ȟ , ʤʦʞʣʠʚʦ ʚʠʟʥʘʯʠʪʠ ʡ 

ʥʘʧʨʷʤʦʢ ʮʴʦʛʦ ʚʝʢʪʦʨʘ (ʘ ʦʪʞʝ ʽ ʥʘʧʨʷʤʦʢ ʚʽʜʭʠʣʝʥʥʷ ὣ  ʚʽʜ ὣ ) ʫ ʧʨʦʩʪʦʨʽ. 

ɺʘʞʣʠʚʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʚʽʜʥʦʩʥʘ ʥʦʨʤʘʣʽʟʘʮʽʷ ʥʝ ʤʘʻ ʚʧʣʠʚʫ ʥʘ ʥʘʧʨʷʤʦʢ ʚʝʢʪʦʨʫ. 

ɯʛʥʦʨʫʶʯʠ ʟʥʘʯʝʥʥʷ ʥʦʨʤʠ, ʤʠ ʤʦʞʝʤʦ ʟʚʝʩʪʠ ʟʘʜʘʯʫ ʬʦʨʤʫʚʘʥʥʷ ʪʘʙʣʠʮʽ 

ʚʽʜʧʦʚʽʜʥʦʩʪʽ, ʱʦ ʙʫʣʘ ʟʛʘʜʘʥʘ ʚʠʱʝ, ʜʦ ʪʘʙʣʠʮʽ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʥʘʧʨʷʤʢʫ ʚʝʢʪʦʨʫ 

ʨʽʟʥʠʮʽ ʚʠʭʽʜʥʠʭ ʟʥʘʯʝʥʴ ʜʦ ʥʘʧʨʷʤʢʫ ʚʝʢʪʦʨʫ ʨʽʟʥʠʮʽ ʚʭʽʜʥʠʭ ʟʥʘʯʝʥʴ. 
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ʈʠʩ. 2.3. ʇʨʠʢʣʘʜ ʜʝʢʽʣʴʢʦʭ ʚʝʢʪʦʨʽʚ, ʢʦʞʝʥ ʟ ʷʢʠʭ ʥʘʧʨʘʚʣʝʥʠʡ ʚ ʨʽʟʥʫ ʩʪʦʨʦʥʫ 

ʋ ʜʚʦʤʽʨʥʦʤʫ ʧʨʦʩʪʦʨʽ (ʷʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʫ 2.3), ʥʦʨʤʘʣʽʟʦʚʘʥʠʡ ʚʝʢʪʦʨ 

ʨʽʟʥʠʮʽ ʤʽʞ ʟʥʘʯʝʥʥʷʤʠ ʟ ʨʝʘʣʴʥʦʛʦ ʧʨʠʩʪʨʦʶ ʪʘ ʟʥʘʯʝʥʥʷʤʠ, ʦʪʨʠʤʘʥʠʤʠ  ʟ 

ʤʘʪʝʤʘʪʠʯʥʦʾ ʤʦʜʝʣʽ, ʤʦʞʝ ʚʽʜʭʠʣʷʪʠʩʷ ʚ ʦʜʠʥ ʟ ʯʦʪʠʨʴʦʭ ʢʚʘʜʨʘʥʪʽʚ (ʚʝʢʪʦʨʠ 

Ўὣ ȟ , Ўὣ ȟ , Ўὣ ȟ  ʽ Ўὣ ȟ ). ʆʢʨʝʤʦʾ ʫʚʘʛʠ ʧʦʪʨʝʙʫʻ ʩʠʪʫʘʮʽʷ, 

ʢʦʣʠ ʦʜʠʥ ʟ ʚʝʢʪʦʨʽʚ ʨʦʟʪʘʰʦʚʘʥʠʡ ʥʘ (ʘʙʦ ʜʫʞʝ ʙʣʠʟʴʢʦ ʜʦ) ʦʜʥʽʡ ʟ ʦʩʝʡ ʢʦʦʨʜʠʥʘʪ 

(ʷʢ ʚʝʢʪʦʨ Ўὣ ȟ ), ʧʨʦ ʱʦ ʙʫʜʝ ʩʢʘʟʘʥʦ ʧʽʟʥʽʰʝ. ʊʘʢʠʤ ʯʠʥʦʤ, ʪʘʙʣʠʮʷ 

ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʚ ʽʜʝʘʣʴʥʦʤʫ ʚʠʧʘʜʢʫ ʤʘʻ ʤʽʩʪʠʪʠ ʧʨʠʥʘʡʤʥʽ ʦʜʠʥ ʨʷʜʦʢ ʜʣʷ ʢʦʞʥʦʛʦ ʟ 

ʢʚʘʜʨʘʥʪʽʚ ʫ ʚʠʧʘʜʢʫ ʜʚʦʤʽʨʥʦʛʦ ʧʨʦʩʪʦʨʫ. ʋ ʚʠʧʘʜʢʫ k-ʤʽʨʥʦʛʦ ʧʨʦʩʪʦʨʫ, ʪʘʢʠʭ 

ʨʷʜʢʽʚ, ʚʽʜʧʦʚʽʜʥʦ, ʤʘʻ ʙʫʪʠ 2k, ʧʦ ʦʜʥʦʤʫ ʥʘ ʢʦʞʝʥ ʤʦʞʣʠʚʠʡ ʥʘʧʨʷʤʦʢ (ʩʝʢʪʦʨ) 

ʚʽʜʭʠʣʝʥʥʷ. ɺ ʨʝʘʣʴʥʠʭ ʟʘʜʘʯʘʭ, ʷʢ ʙʫʜʝ ʨʦʟʛʣʷʥʫʪʦ ʧʽʟʥʽʰʝ, ʮʝ ʥʝ ʻ ʟʘʚʞʜʠ ʤʦʞʣʠʚʠʤ 

ʽ ʜʦʮʽʣʴʥʠʤ. 

ɯʛʥʦʨʫʚʘʥʥʷ ʟʥʘʯʝʥʥʷ ʚʽʜʩʪʘʥʽ (ʥʦʨʤʠ ʚʝʢʪʦʨʫ) ʜʦʟʚʦʣʷʻ ʟʘʜʘʪʠ ʢʦʞʝʥ ʨʷʜʦʢ 

ʪʘʙʣʠʮʽ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʚʝʢʪʦʨʦʤ Ὑ ὶȟȣȟὶ , ʜʝ m ʮʝ ʜʦʚʞʠʥʘ ʚʝʢʪʦʨʫ ʚʠʭʽʜʥʠʭ 

ʟʥʘʯʝʥʴ ʩʭʝʤʠ ὣ, ʘ ὶ ɴ ȟ , ʜʝ « » ʦʟʥʘʯʘʻ, ʱʦ ʚ ʮʴʦʤʫ ʦʨʪʘʥʪʽ (ʢʚʘʜʨʘʥʪʽ ʫ 

ʚʠʧʘʜʢʫ m = 2, ʦʢʪʘʥʪʽ ʫ ʚʠʧʘʜʢʫ m = 3 ʽ ʪ.ʜ.) ʜʘʥʠʡ ʢʦʤʧʦʥʝʥʪ ʚʝʢʪʦʨʘ ὣ  (ʚʠʤʽʨʽʚ 

ʟ ʨʝʘʣʴʥʦʛʦ ʧʨʠʩʪʨʦʶ) ʙʽʣʴʰʝ ʟʘ ʚʽʜʧʦʚʽʜʥʠʡ ʢʦʤʧʦʥʝʥʪ ʚʝʢʪʦʨʘ ὣ ; « », 
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ʘʥʘʣʦʛʽʯʥʦ, ʦʟʥʘʯʘʻ, ʱʦ ʤʝʥʰʝ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʚʽʜʤʽʥʷʻ ʤʦʞʣʠʚʽʩʪʴ ʪʦʯʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ 

ʪʦʯʥʦʾ ʚʝʣʠʯʠʥʠ ʚʽʜʭʠʣʝʥʥʷ ʧʝʚʥʦʛʦ ʧʘʨʘʤʝʪʨʫ, ʦʩʢʽʣʴʢʠ ʽʛʥʦʨʫʻ ʢʦʥʢʨʝʪʥʽ ʟʥʘʯʝʥʥʷ, 

ʧʨʦʪʝ ʟʥʘʯʥʦʶ ʤʽʨʦʶ ʟʥʠʞʫʻ ʩʢʣʘʜʥʽʩʪʴ ʬʦʨʤʫʚʘʥʥʷ ʪʘʙʣʠʮʽ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʪʘ, ʷʢ 

ʨʝʟʫʣʴʪʘʪ, ʧʨʘʢʪʠʯʥʦʾ ʽʤʧʣʝʤʝʥʪʘʮʽʾ ʤʝʪʦʜʫ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʪʘʙʣʠʮʷ ʤʘʻ ʤʘʪʠ ʪʘʢʠʡ ʬʦʨʤʘʪ (ʫ ʚʠʧʘʜʢʫ m = 2): 

ʊʘʙʣʠʮʷ 2.1  

ʐʘʙʣʦʥ ʪʘʙʣʠʮʽ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʧʨʠ m = 2 

ɺʝʢʪʦʨ ╡ é 

[-,-] é 

[-,+] é 

[+,-] é 

[+,+] é 

 

ʄʝʪʦʜ ʧʦʣʷʛʘʻ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟʥʘʯʝʥʴ ʥʘ ʚʠʭʦʜʘʭ ʨʝʘʣʴʥʦʛʦ ʧʨʠʩʪʨʦʶ ʟ ʚʠʭʦʜʘʤʠ 

ʽʜʝʘʣʴʥʦʾ ʤʘʪʝʤʘʪʠʯʥʦʾ ʤʦʜʝʣʽ. ʎʝ ʥʘʢʣʘʜʘʻ ʩʚʦʾ ʦʙʤʝʞʝʥʥʷ ʥʘ ʪʦʯʥʽʩʪʴ ʧʦʨʽʚʥʷʥʥʷ, 

ʦʩʢʽʣʴʢʠ, ʧʦ-ʧʝʨʰʝ, ʥʝʤʦʞʣʠʚʦ ʩʪʚʦʨʠʪʠ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ, ʱʦ ʽʜʝʘʣʴʥʦ ʧʦʚʪʦʨʶʻ 

ʧʦʚʝʜʽʥʢʫ ʨʝʘʣʴʥʦʛʦ ʧʨʠʩʪʨʦʶ ʯʝʨʝʟ ʥʘʷʚʥʽʩʪʴ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʽ, ʧʦ-ʜʨʫʛʝ, 

ʚʠʧʘʜʢʦʚʽ ʰʫʤʠ ʚʠʤʽʨʶʚʘʥʴ ʫʥʝʤʦʞʣʠʚʣʷʪʴ ʪʦʯʥʠʡ ʟʙʽʛ ὣ  ʪʘ ὣ . ʎʝ ʧʨʠʟʚʦʜʠʪʴ 

ʜʦ ʥʝʦʙʭʽʜʥʦʩʪʽ ʩʪʚʦʨʝʥʥʷ «ʩʽʨʦʾ ʟʦʥʠ» ʥʘʚʢʦʣʦ ʪʦʯʢʠ, ʱʦ ʟʥʘʭʦʜʠʪʴʩʷ ʥʘ ʧʦʯʘʪʢʫ 

ʢʦʦʨʜʠʥʘʪ (ʦʩʢʽʣʴʢʠ ʧʦʯʘʪʦʢ ʚʝʢʪʦʨʘ Ўὣ ȟ  ʧʝʨʝʥʦʩʠʪʴʩʷ ʥʘ ʧʦʯʘʪʦʢ ʢʦʦʨʜʠʥʘʪ). 

ʆʜʥʠʤ ʟʽ ʩʧʦʩʦʙʽʚ ʬʦʨʤʫʚʘʥʥʷ ʜʘʥʦʾ ʩʽʨʦʾ ʟʦʥʠ ʻ ʩʪʚʦʨʝʥʥʷ ʚʽʜʧʦʚʽʜʥʦʾ ʛʽʧʝʨʩʬʝʨʠ ʫ 

m-ʤʽʨʥʦʤʫ ʧʨʦʩʪʦʨʽ ʟ ʮʝʥʪʨʦʤ ʚ ʧʦʯʘʪʢʫ ʢʦʦʨʜʠʥʘʪ, ʱʦ ʜʦʟʚʦʣʠʪʴ ʧʦʨʽʚʥʶʚʘʪʠ 

ʚʩʪʘʥʦʚʣʝʥʠʡ ʨʘʜʽʫʩ ” ʜʘʥʦʾ ʛʽʧʝʨʩʬʝʨʠ ʟ ʚʽʜʩʪʘʥʥʶ ȿȿЎὣ ȟ ȿȿ ʪʘʢ, ʱʦ ʧʨʠ 

ʚʠʢʦʥʘʥʥʽ ʫʤʦʚʠ 2.3 ʧʦʚʝʜʽʥʢʘ ʧʨʠʩʪʨʦʶ, ʷʢʠʡ ʚʽʜʧʦʚʽʜʘʻ ʚʝʢʪʦʨʫ ὣ , ʚʚʘʞʘʻʪʴʩʷ 

ʢʦʨʝʢʪʥʦʶ (ʩʧʨʘʚʥʦʶ), ʷʢ ʟʦʙʨʘʞʝʥʦ ʥʘ ʨʠʩʫʥʢʫ 2.4. 

 ȿȿЎὣ ȟ ȿȿ  ” (2.3) 

ʜʝ ” ï ʨʘʜʽʫʩ ʛʽʧʝʨʩʬʝʨʠ. 

 

ɸʣʝ ʪʘʢʠʡ ʧʽʜʭʽʜ ʤʦʞʥʘ ʧʦʢʨʘʱʠʪʠ, ʚʽʜʤʦʚʠʚʰʠʩʴ ʚʽʜ ʛʽʧʝʨʩʬʝʨʠ ʟ ʨʘʜʽʫʩʦʤ ” 

ʥʘ ʢʦʨʠʩʪʴ ʧʦʨʦʛʦʚʠʭ ʟʥʘʯʝʥʴ, ʷʢʽ ʻ ʫʥʽʢʘʣʴʥʠʤʠ ʜʣʷ ʢʦʞʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʚʠʭʽʜʥʦʛʦ 
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ʚʝʢʪʦʨʘ, ʱʦ ʙʫʜʝ ʧʦʢʘʟʘʥʦ ʚ ʧʦʜʘʣʴʰʦʤʫ. 

 

ʈʠʩ. 2.4. ɿʦʙʨʘʞʝʥʥʷ ʩʽʨʦʾ ʟʦʥʠ ʥʘʚʢʦʣʦ ʧʦʯʘʪʢʫ ʢʦʦʨʜʠʥʘʪ 

ʅʘ ʨʠʩʫʥʢʫ 2.4 ʟʦʙʨʘʞʝʥʦ ʚʝʢʪʦʨ Ўὣ ȟ , ʷʢʠʡ ʨʦʟʪʘʰʦʚʘʥʠʡ ʚ ʤʝʞʘʭ 

ʜʦʧʫʩʪʠʤʦʛʦ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʧʦʯʘʪʢʫ ʢʦʦʨʜʠʥʘʪ. ɯʥʰʠʤʠ ʩʣʦʚʘʤʠ, ʤʦʞʥʘ ʩʢʘʟʘʪʠ, ʱʦ 

ʝʣʝʢʪʨʦʥʥʠʡ ʧʨʠʩʪʨʽʡ, ʱʦ ʜʽʘʛʥʦʩʪʫʻʪʴʩʷ, ʧʦʚʦʜʠʪʴ ʩʝʙʝ ʢʦʨʝʢʪʥʦ ʧʨʠ ʟʘʜʘʥʠʭ 

ʚʭʦʜʘʭ ὢ . ʋ ʪʘʢʦʤʫ ʚʠʧʘʜʢʫ, ʚʦʯʝʚʠʜʴ, ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʘʙʣʠʮʽ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʥʝ ʻ 

ʘʢʪʫʘʣʴʥʠʤ, ʦʩʢʽʣʴʢʠ ʪʘʙʣʠʮʷ ʧʦʪʨʽʙʥʘ ʜʣʷ ʧʦʰʫʢʫ ʧʨʠʯʠʥʠ ʧʨʦʙʣʝʤʠ, ʘ ʚʝʢʪʦʨ 

ὣ  ʥʝ ʤʽʩʪʠʪʴ ʟʥʘʯʝʥʥʷ, ʷʢʽ ʤʝʪʦʜ ʚʚʘʞʘʻ ʟʘ ʪʽ, ʱʦ ʩʠʤʚʦʣʽʟʫʶʪʴ ʥʘʷʚʥʽʩʪʴ 

ʧʨʦʙʣʝʤʠ. 

ɿʘʜʣʷ ʧʨʘʢʪʠʯʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʘʙʣʠʮʽ ʢʦʨʠʩʪʫʚʘʯʫ (ʘʣʛʦʨʠʪʤʫ, ʷʢʠʡ 

ʪʨʘʥʩʬʦʨʤʫʻ ʦʪʨʠʤʘʥʝ ʟ ʪʘʙʣʠʮʽ ʟʥʘʯʝʥʥʷ ʚ ʧʦʷʩʥʝʥʥʷ, ʷʢʝ ʻ ʟʨʫʯʥʠʤ ʜʣʷ ʯʠʪʘʥʥʷ 

ʣʶʜʠʥʦʶ) ʧʦʪʨʽʙʥʦ ʚʠʟʥʘʯʠʪʠ ʚʝʢʪʦʨ Ὑ ʰʣʷʭʦʤ ʘʥʘʣʽʟʫ ʚʽʜʭʠʣʝʥʥʷ ʚʠʭʦʜʽʚ 

ʨʝʘʣʴʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʚʽʜ ʤʘʪʝʤʘʪʠʯʥʦʾ ʤʦʜʝʣʽ, ʽ, ʧʨʠ ʧʝʨʝʚʠʱʝʥʥʽ ʧʦʨʦʛʦʚʦʛʦ 

ʟʥʘʯʝʥʥʷ, ʰʣʷʭʦʤ ʧʦʰʫʢʫ ʧʦ ʪʘʙʣʠʮʽ ʚʠʟʥʘʯʠʪʠ ʧʨʠʯʠʥʫ ʥʝʩʧʨʘʚʥʦʩʪʽ ʧʨʠʩʪʨʦʶ. 
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ʈʠʩ. 2.5. ʉʽʨʘ ʟʦʥʘ ʚʟʜʦʚʞ ʦʩʝʡ ʢʦʦʨʜʠʥʘʪ 

ʆʧʠʩʘʥʽ ʚʠʱʝ ʧʝʨʝʰʢʦʜʠ ʫ ʧʦʨʽʚʥʷʥʥʽ ʨʝʘʣʴʥʠʭ ʟʥʘʯʝʥʴ ʟ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʤʘʪʝʤʘʪʠʯʥʦʾ ʤʦʜʝʣʽ ʪʘʢʦʞ ʚʥʦʩʷʪʴ ʩʚʦʶ ʩʢʣʘʜʥʽʩʪʴ ʫ ʪʦʤʫ ʚʠʧʘʜʢʫ, ʢʦʣʠ ʪʦʯʢʘ, ʱʦ 

ʚʽʜʦʙʨʘʞʘʻ ʨʝʘʣʴʥʦ ʚʠʤʽʨʷʥʠʡ ʟ ʦʙʣʘʜʥʘʥʥʷ ʚʝʢʪʦʨ, ʨʦʟʪʘʰʦʚʘʥʘ ʙʣʠʟʴʢʦ ʜʦ ʦʜʥʽʻʾ ʟ 

ʦʩʝʡ, ʷʢ, ʥʘʧʨʠʢʣʘʜ, ʚʝʢʪʦʨ Ўὣ ȟ  ʥʘ ʨʠʩʫʥʢʫ 2.5. ɼʠʚʣʷʯʠʩʴ ʥʘ ʮʝʡ ʚʝʢʪʦʨ, ʷʢʠʡ 

ʨʦʟʪʘʰʦʚʘʥʠʡ ʫ ʢʚʘʜʨʘʥʪʽ I, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʚʝʢʪʦʨʫ Ὑ ȟ , ʤʦʞʣʠʚʦ ʧʨʠʧʫʩʪʠʪʠ, 

ʱʦ ʯʝʨʝʟ ʰʫʤʠ ʚʠʤʽʨʶʚʘʥʴ ʯʠ ʽʥʰʽ ʧʝʨʝʰʢʦʜʠ, Ўὣ ȟ  ʥʘʩʧʨʘʚʜʽ (ʷʢʱʦ ʚʽʜʢʠʥʫʪʠ 

ʰʫʤʠ ʽ ʥʝʽʜʝʘʣʴʥʦʩʪʽ ʨʝʘʣʴʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ) ʤʦʞʝ ʤʘʪʠ ʨʦʟʪʘʰʫʚʘʥʥʷ, ʙʣʠʟʴʢʝ ʜʦ 

Ўὣ ȟ  ʟ ʚʽʜʧʦʚʽʜʥʠʤ ʚʝʢʪʦʨʦʤ Ὑ ȟ . ʄʦʞʣʠʚʠʤ ʨʦʟʚô̫ ʟʢʦʤ ʮʽʻʾ ʧʨʦʙʣʝʤʠ 

ʻ ʬʦʨʤʫʚʘʥʥʷ «ʩʽʨʦʾ ʟʦʥʠ» ʪʘʢʦʞ ʚʟʜʦʚʞ ʦʩʝʡ, ʷʢ ʽ ʟʦʙʨʘʞʝʥʦ ʥʘ ʨʠʩʫʥʢʫ 2.5. 

ɺʽʜʧʦʚʽʜʥʠʡ r i ʪʦʜʽ ʩʣʽʜ ʧʦʟʥʘʯʠʪʠ «0», ʪʦʙʪʦ ʫ ʮʴʦʤʫ ʚʠʧʘʜʢʫ Ὑ Ὑ ȟπ. 

ɿʥʘʯʝʥʥʷ ʰʠʨʠʥʠ ʩʽʨʦʾ ʟʦʥʠ ʜʣʷ ʢʦʞʥʦʛʦ ʚʠʭʽʜʥʦʛʦ ʟʥʘʯʝʥʥʷ ʤʦʞʝ ʙʫʪʠ ʨʽʟʥʠʤ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʮʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʘʻ ʚʠʛʣʷʜ ʚʝʢʪʦʨʫ Ὸ —ȟ—ȟȣȟ— , ʜʝ m ï 

ʜʦʚʞʠʥʘ ʚʠʭʽʜʥʦʛʦ ʚʝʢʪʦʨʫ, ʘ — ʦʟʥʘʯʘʻ ʰʠʨʠʥʫ ʩʽʨʦʾ ʟʦʥʠ i-ʛʦ ʢʦʤʧʦʥʝʥʪʘ 

ʚʽʜʧʦʚʽʜʥʦʛʦ ʚʝʢʪʦʨʫ Ўὣ. ʆʩʢʽʣʴʢʠ ʚʽʜʧʦʚʽʜʥʠʡ ʚʝʢʪʦʨ Ўὣ ʻ ʥʦʨʤʘʣʽʟʦʚʘʥʠʤ, ʪʦ 

ʧʦʨʦʛʦʚʝ ʟʥʘʯʝʥʥʷ ʪʘʢʦʞ ʚʠʨʘʞʘʻʪʴʩʷ ʫ ʥʦʨʤʘʣʽʟʦʚʘʥʠʭ ʦʜʠʥʠʮʷʭ (ʬʘʢʪʠʯʥʦ 

ʚʽʜʩʦʪʢʘʭ), ʱʦ ʚʠʛʣʷʜʘʻ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ: 

 ὶ π ȿώȿ — (2.4) 
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ʇʦʨʦʛʦʚʽ ʟʥʘʯʝʥʥʷ ʩʣʽʜ ʚʠʟʥʘʯʘʪʠ, ʚʠʭʦʜʷʯʠ ʟ ʢʦʥʢʨʝʪʥʦʾ ʧʨʘʢʪʠʯʥʦʾ ʟʘʜʘʯʽ. 

ɼʣʷ ʩʧʨʦʱʝʥʥʷ ʽʤʧʣʝʤʝʥʪʘʮʽʾ ʘʣʛʦʨʠʪʤʫ ʤʦʞʣʠʚʦ ʚʚʝʩʪʠ ʟʘʛʘʣʴʥʝ ʟʥʘʯʝʥʥʷ — ʪʘʢʝ, 

ʱʦ 

 —ɱᶰὙȡᶅὭɴ ρȟȣȟάȟ — — (2.5) 

ɯʥʰʠʤʠ ʩʣʦʚʘʤʠ, — ʩʣʫʛʫʻ ʟʘʛʘʣʴʥʠʤ ʟʥʘʯʝʥʥʷʤ (ʦʜʥʘʢʦʚʠʤ ʜʣʷ ʚʩʽʭ 

ʢʦʤʧʦʥʝʥʪʽʚ), ʚʠʨʘʞʝʥʠʤ ʫ ʥʦʨʤʘʣʽʟʦʚʘʥʠʭ ʦʜʠʥʠʮʷʭ (ʚʽʜʩʦʪʢʘʭ), ʷʢʝ ʟʘʜʘʻ ʰʠʨʠʥʫ 

ʩʽʨʦʾ ʟʦʥʠ. 

ʆʧʮʽʦʥʘʣʴʥʠʤ ʻ ʨʦʟʰʠʨʝʥʠʡ ʧʦʰʫʢ: ʧʨʠ ʩʧʨʦʙʽ ʧʦʰʫʢʫ ʧʦ ʪʘʙʣʠʮʽ 

ʚʽʜʧʦʚʽʜʥʦʩʪʽ, ʢʦʤʧʦʥʝʥʪʠ ʚʝʢʪʦʨʫ Ὑ, ʱʦ ʤʘʶʪʴ ʟʥʘʯʝʥʥʷ «0» ʤʦʞʥʘ ʦʜʥʦʯʘʩʥʦ 

ʩʧʨʠʡʤʘʪʠ ʷʢ « » ʽ ʷʢ « », ʱʦ, ʚ ʨʝʟʫʣʴʪʘʪʽ, ʟʙʽʣʴʰʠʪʴ ʢʽʣʴʢʽʩʪʴ ʟʥʘʡʜʝʥʠʭ ʨʷʜʢʽʚ ʚ 

ʪʘʙʣʠʮʽ, ʘ ʦʪʞʝ, ʽ ʢʽʣʴʢʽʩʪʴ ʧʦʪʝʥʮʽʡʥʠʭ ʧʨʠʯʠʥ ʚʠʥʠʢʥʝʥʥʷ ʥʝʢʦʨʝʢʪʥʦʾ ʧʦʚʝʜʽʥʢʠ 

ʦʙʣʘʜʥʘʥʥʷ. ʊʘʢʠʤ ʯʠʥʦʤ ʤʝʪʦʜ ʩʪʘʻ ʙʽʣʴʰ ʩʪʽʡʢʠʤ ʜʦ ʥʝʪʦʯʥʦʩʪʝʡ ʚʠʤʽʨʶʚʘʥʴ 

(ʰʫʤʽʚ ʽ ʪ.ʜ), ʘʣʝ ʧʨʠ ʪʦʤʫ ʟʙʽʣʴʰʫʻʪʴʩʷ ʨʽʚʝʥʴ ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ (ʨʝʟʫʣʴʪʘʪ ʤʘʻ ʙʽʣʴʰʝ 

ʢʘʥʜʠʜʘʪʽʚ ʤʦʞʣʠʚʠʭ ʧʨʠʯʠʥ ʥʝʩʧʨʘʚʥʦʩʪʽ). 

ʋ ʪʽʡ ʯʘʩʪʠʥʽ ʧʨʦʩʪʦʨʫ, ʜʝ ʢʦʞʝʥ ʢʦʤʧʦʥʝʥʪ Ὑ ʤʘʻ ʟʥʘʯʝʥʥʷ «0», ʚʽʜʭʠʣʝʥʥʷ 

ʚʠʭʽʜʥʦʛʦ ʚʝʢʪʦʨʫ ʻ ʥʝʜʦʩʪʘʪʥʴʦ ʩʠʣʴʥʠʤʠ, ʱʦʙ ʩʠʛʥʘʣʽʟʫʚʘʪʠ ʧʨʦ ʥʝʢʦʨʝʢʪʥʫ 

ʧʦʚʝʜʽʥʢʫ ʧʨʠʩʪʨʦʶ. ʊʘʢʠʤ ʯʠʥʦʤ, ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʝʢʪʦʨʫ Ὸ ʪʘʢʦʞ ʜʦʟʚʦʣʷʻ ʟʘʤʽʥʠʪʠ 

ʦʧʠʩʘʥʠʡ ʚʠʱʝ ʧʽʜʭʽʜ ʟ ʛʽʧʝʨʩʬʝʨʦʶ ʥʘ ʫʥʽʢʘʣʴʥʽ ʧʦʨʦʛʦʚʽ ʟʥʘʯʝʥʥʷ ʜʣʷ ʢʦʞʥʦʛʦ 

ʢʦʤʧʦʥʝʥʪʘ ʚʠʭʽʜʥʦʛʦ ʚʝʢʪʦʨʘ, ʱʦ ʧʽʜʚʠʱʫʻ ʪʦʯʥʽʩʪʴ ʪʘ ʢʦʥʬʽʛʫʨʦʚʘʥʽʩʪʴ ʘʣʛʦʨʠʪʤʫ, 

ʦʩʢʽʣʴʢʠ ʜʦʟʚʦʣʷʻ ʚʩʪʘʥʦʚʠʪʠ ʨʽʟʥʽ ʧʦʨʦʛʦʚʽ ʟʥʘʯʝʥʥʷ ʜʣʷ ʨʽʟʥʠʭ ʬʽʟʠʯʥʠʭ ʚʝʣʠʯʠʥ. 

2.2 ʌʦʨʤʘʣʽʟʘʮʽʷ ʜʽʘʛʥʦʩʪʠʯʥʦʛʦ ʘʣʛʦʨʠʪʤʫ ʥʘ ʦʩʥʦʚʽ ʪʘʙʣʠʮʴ 

ʚʽʜʧʦʚʽʜʥʦʩʪʽ 

ʈʝʟʫʣʴʪʘʪ ʧʦʰʫʢʫ ʚ ʪʘʙʣʠʮʽ ʤʘʻ ʚʢʘʟʫʚʘʪʠ ʥʘ ʢʦʥʢʨʝʪʥʫ ʧʨʠʯʠʥʫ (ʘʙʦ ʥʘʙʽʨ 

ʤʦʞʣʠʚʠʭ ʧʨʠʯʠʥ), ʱʦ ʧʨʠʟʚʝʣʠ ʜʦ ʥʝʢʦʨʝʢʪʥʦʾ ʨʦʙʦʪʠ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʨʠʩʪʨʦʶ. 

ʆʩʢʽʣʴʢʠ ʚʭʽʜʥʽ ʚʝʢʪʦʨʠ ὢ  ʪʘ ὢ  ʩʢʣʘʜʘʶʪʴʩʷ, ʚ ʽʜʝʘʣʴʥʦʤʫ ʚʠʧʘʜʢʫ, ʟ ʫʩʽʭ 

ʬʘʢʪʦʨʽʚ, ʱʦ ʤʘʶʪʴ ʚʧʣʠʚ ʥʘ ʧʦʚʝʜʽʥʢʫ ʧʨʠʩʪʨʦʶ (ʷʢ ʨʝʘʣʴʥʦʛʦ, ʪʘʢ ʽ ʤʦʜʝʣʽ), ʪʦ ʽ, 

ʚʽʜʧʦʚʽʜʥʦ, ʧʨʠʯʠʥʦʶ ʜʝʬʝʢʪʥʦʩʪʽ ʚʠʭʽʜʥʦʛʦ ʚʝʢʪʦʨʘ ὣ  ʻ ʚʽʜʭʠʣʝʥʥʷ ʚʝʢʪʦʨʘ 

ὢ  ʚʽʜ ʚʝʢʪʦʨʘ ὢ  ʷʢ ʤʽʥʽʤʫʤ ʚ ʦʜʥʽʡ ʟ ʧʘʨ ʢʦʤʧʦʥʝʥʪʽʚ ʚʝʢʪʦʨʽʚ, ʱʦ ʚʠʧʣʠʚʘʻ ʟ 
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ʚʠʟʥʘʯʝʥʥʷ ʥʝʨʽʚʥʦʩʪʽ ʚʝʢʪʦʨʽʚ. ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʤʝʪʦʜ ʨʦʟʛʣʷʜʘʻ ʣʠʰʝ ʦʜʠʥʠʯʥʽ 

ʜʝʬʝʢʪʠ (ʚʽʜʭʠʣʝʥʥʷ ʣʠʰʝ ʦʜʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ  ʚʝʢʪʦʨʫ ὢ  ʚʽʜ ʚʽʜʧʦʚʽʜʥʦʛʦ 

ʢʦʤʧʦʥʝʥʪʘ ʚʝʢʪʦʨʘ ὢ ). 

ʆʩʢʽʣʴʢʠ ʧʨʠʯʠʥʦʶ ʢʦʥʢʨʝʪʥʦʛʦ ʥʘʧʨʷʤʢʫ ʚʽʜʭʠʣʝʥʥʷ ʚʝʢʪʦʨʫ ὣ , ʘ ʦʪʞʝ ʽ 

ʟʥʘʯʝʥʥʷ ʚʝʢʪʦʨʘ Ὑ, ʻ ʚʽʜʭʠʣʝʥʥʷ ʦʜʥʦʛʦ ʘʙʦ ʙʽʣʴʰʝ ʢʦʤʧʦʥʝʥʪʽʚ ʚʝʢʪʦʨʘ ὢ , ʪʦ 

ʤʦʞʥʘ ʚʚʝʩʪʠ ʧʦʥʷʪʪʷ ʚʝʢʪʦʨʘ Ὁ ὩȟὩȟȣȟὩ , ʜʝ n ʮʝ ʜʦʚʞʠʥʘ ʚʝʢʪʦʨʫ ὢ , ʘ 

Ὡᶰ ȟπȟ . ʗʢʱʦ ʟʙʽʣʴʰʝʥʥʷ ʟʥʘʯʝʥʥʷ ʢʦʥʢʨʝʪʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ὼ ʩʣʫʛʫʻ 

ʧʨʠʯʠʥʦʶ ʚʽʜʭʠʣʝʥʥʷ ʚʝʢʪʦʨʫ ὣ , ʪʦ ʚʽʜʧʦʚʽʜʥʠʡ ʢʦʤʧʦʥʝʥʪ ʚʝʢʪʦʨʘ Ὁ ʧʨʠʡʤʘʻ 

ʟʥʘʯʝʥʥʷ « », ʷʢʱʦ ʟʤʝʥʰʝʥʥʷ, ʪʦ « », ʷʢʱʦ ʞ ʟʤʽʥʘ ʢʦʤʧʦʥʝʥʪʘ ʚʝʢʪʦʨʫ ὢ  

ʤʘʡʞʝ ʥʝ ʚʧʣʠʚʘʻ (ʜʦ ʤʝʞʽ, ʚʠʟʥʘʯʝʥʦʶ ʚʽʜʧʦʚʽʜʥʠʤ —) ʥʘ ʮʝ ʢʦʥʢʨʝʪʥʝ ʚʽʜʭʠʣʝʥʥʷ 

ʚʝʢʪʦʨʘ ὣ  ï «0». 

ʊʘʢʠʤ ʯʠʥʦʤ, ʤʦʞʣʠʚʠʤ ʧʨʠʢʣʘʜʦʤ ʪʘʙʣʠʮʽ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʧʨʠ m = 2, n = 3 ʤʦʞʝ 

ʙʫʪʠ: 

ʊʘʙʣʠʮʷ 2.2 

ʇʨʠʢʣʘʜ ʪʘʙʣʠʮʽ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʚʝʢʪʦʨʫ ╔ ʜʦ ╡ 

ɺʝʢʪʦʨ ╡ ɺʝʢʪʦʨ ╔ 

[-,-] [0,+,+] 

[-,+] [+,0,0] 

[+,-] [0,0,-] 

[+,+] [-,0,+] 

ɼʣʷ ʧʨʠʢʣʘʜʫ ʨʦʟʛʣʷʥʝʤʦ ʧʝʨʰʠʡ ʨʷʜʦʢ ʪʘʙʣʠʮʽ, ʷʢʠʡ ʫ ʚʽʜʧʦʚʽʜʥʽʩʪʴ ʜʦ 

ʚʝʢʪʦʨʫ Ὑ  ȟ  ʩʪʘʚʠʪʴ ʚʝʢʪʦʨ Ὁ πȟȟ . ʎʝʡ ʨʷʜʦʢ ʦʟʥʘʯʘʻ, ʱʦ ʜʦ ʧʦʤʽʪʥʦʾ 

(ʙʽʣʴʰʦʾ ʟʘ ʧʦʨʦʛʦʚʝ ʟʥʘʯʝʥʥʷ) ʟʤʽʥʠ ʚʠʭʽʜʥʠʭ ʟʥʘʯʝʥʴ y1 ʪʘ y2 ʚ ʩʪʦʨʦʥʫ ʟʤʝʥʰʝʥʥʷ 

ʧʨʠʟʚʝʣʦ ʟʙʽʣʴʰʝʥʥʷ ʘʙʦ x2, ʘʙʦ x3. 

ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʚʠʱʝ ʬʦʨʤʘʪ ʪʘʙʣʠʮʽ ʤʦʞʝ ʙʫʪʠ ʜʦʩʪʘʪʥʴʦ ʝʬʝʢʪʠʚʥʠʤ ʽ 

ʪʦʯʥʠʤ ʜʣʷ ʙʘʛʘʪʴʦʭ ʝʣʝʢʪʨʠʯʥʠʭ ʩʭʝʤ ʽ ʡʦʛʦ ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʜʣʷ ʨʝʘʣʴʥʠʭ 

ʟʘʩʪʦʩʫʥʢʽʚ. ɺʦʜʥʦʯʘʩ, ʚʽʥ ʽʛʥʦʨʫʻ ʪʦʡ ʬʘʢʪ, ʱʦ ʧʨʠ ʨʽʟʥʠʭ ʢʨʘʪʥʦʩʪʷʭ ʟʤʽʥʠ ʚʭʽʜʥʠʭ 

ʟʥʘʯʝʥʴ (Ĭ10, Ĭ106, ×1012) ʚʧʣʠʚ ʥʘ ʚʠʭʽʜʥʝ ʟʥʘʯʝʥʥʷ ʙʫʜʝ ʨʽʟʥʠʤ (ʨʠʩ. 2.6): 
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ʈʠʩ. 2.6. ɿʦʙʨʘʞʝʥʥʷ ʨʽʟʥʠʭ ʟʦʥ ʟʥʘʯʝʥʥʷ x1, ʱʦ ʚʧʣʠʚʘʻ ʥʘ ʟʥʘʯʝʥʥʷ y1 

ʅʘ ʨʠʩʫʥʢʫ 2.6 ʟʦʙʨʘʞʝʥʦ ʧʨʠʢʣʘʜ ʤʦʞʣʠʚʦʛʦ ʚʧʣʠʚʫ ʟʤʽʥʠ ʢʦʤʧʦʥʝʥʪʘ x1 

ʚʭʽʜʥʦʛʦ ʚʝʢʪʦʨʫ ὢ ʥʘ ʢʦʤʧʦʥʝʥʪ y1 ʚʠʭʽʜʥʦʛʦ ʚʝʢʪʦʨʫ ὣ. ʇʦ ʦʙʦʭ ʦʩʷʭ ʟʦʙʨʘʞʝʥʽ 

ʤʥʦʞʥʠʢʠ ʟʤʽʥʠ ʚʽʜʧʦʚʽʜʥʠʭ ʟʥʘʯʝʥʴ. ʏʝʨʚʦʥʘ ʰʪʨʠʭʦʚʘʥʘ ʣʽʥʽʷ ʟʦʙʨʘʞʫʻ ʤʝʞʫ, ʜʦ 

ʷʢʦʾ r1 ʧʨʠʡʤʘʻ ʟʥʘʯʝʥʥʷ «0», ʘ ʧʽʩʣʷ ʷʢʦʾ ï « », ʷʢ ʙʫʣʦ ʦʧʠʩʘʥʦ ʚʠʱʝ. ʎʝʡ ʧʨʠʢʣʘʜ 

ʧʦʢʘʟʫʻ, ʱʦ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʢʨʘʪʥʦʩʪʽ ʟʤʽʥʠ ʚʭʽʜʥʦʛʦ ʟʥʘʯʝʥʥʷ, ʚʧʣʠʚ ʥʘ ʚʠʭʽʜʥʝ 

ʟʥʘʯʝʥʥʷ ʤʦʞʝ ʙʫʪʠ ʨʽʟʥʠʤ. ɻʨʘʬʽʢ ʨʦʟʜʽʣʝʥʦ ʥʘ 3 ʟʦʥʠ: 

I) ɿʦʥʘ ʜʦ ʤʦʤʝʥʪʫ, ʢʦʣʠ ʤʥʦʞʥʠʢ y1 ʩʧʫʩʢʘʻʪʴʩʷ ʜʦ ʚʽʜʤʽʪʢʠ 0.8, ʱʦ ʩʣʫʛʫʻ 

ʧʝʨʝʭʽʜʥʠʤ ʤʦʤʝʥʪʦʤ ʜʣʷ ʟʥʘʯʝʥʥʷ e1 ʟ «0» ʚ « ». ʎʝ ʟʦʥʘ ʟʥʘʯʝʥʴ x1, ʷʢʽ ʥʝ 

ʚʧʣʠʚʘʶʪʴ ʥʘ r1 (ʚʽʜʧʦʚʽʜʥʦ ʜʦ y1). 

II) ɿʦʥʘ, ʜʝ ʤʥʦʞʥʠʢ y1 ʟʥʘʭʦʜʠʪʴʩʷ ʫ ʧʨʦʤʽʞʢʫ (0.8; 0). ʎʝ ʻ ʟʦʥʘ, ʷʢʘ ʚʽʜʧʦʚʽʜʘʻ 

r1 = « ».  

III) ɿʦʥʘ, ʧʦʯʠʥʘʶʯʠ ʟ ʷʢʦʾ ʟʥʘʯʝʥʥʷ y1 ʩʪʘʻ «0». ʎʷ ʟʦʥʘ ʪʘʢʦʞ ʚʽʜʧʦʚʽʜʘʻ r1 = 

« », ʘʣʝ ʚʦʥʘ ʤʦʞʝ ʤʘʪʠ ʚʽʜʤʽʥʥʠʡ ʚʽʜ ʟʦʥʠ II ʬʽʟʠʯʥʠʡ ʩʝʥʩ. ʅʘʧʨʠʢʣʘʜ, ʷʢʱʦ x1 ʮʝ 

ʧʝʚʥʠʡ ʦʧʽʨ, ʘ y1 ï ʥʘʧʨʫʛʘ, ʪʦ ʫ ʟʦʥʽ III ʥʘʩʪʘʻ ʤʦʤʝʥʪ, ʢʦʣʠ ʦʧʽʨ ʧʦʯʠʥʘʻ ʧʦʚʦʜʠʪʠ 

ʩʝʙʝ ʷʢ ʨʦʟʨʠʚ ʥʘ ʩʭʝʤʽ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʜʣʷ ʧʦʢʨʘʱʝʥʥʷ ʪʦʯʥʦʩʪʽ ʜʽʘʛʥʦʩʪʠʢʠ, ʛʘʨʥʠʤ ʨʽʰʝʥʥʷʤ ʻ 

ʧʝʨʝʪʚʦʨʝʥʥʷ ʚʝʢʪʦʨʫ Ὁ ʥʘ ʚʝʢʪʦʨ ʤʥʦʞʠʥʥʠʭ ʩʪʘʥʽʚ. ɺ ʪʘʢʦʤʫ ʚʠʧʘʜʢʫ: 
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  Ὁ ὩȟὩȟȣȟὩ ȟὩṖ π᷾ ὯȟὯȿὯᶰὔȟρ Ë +,  (2.6) 

ʜʝ n ï ʜʦʚʞʠʥʘ ʚʭʽʜʥʦʛʦ ʚʝʢʪʦʨʫ ὢ, 

K ï ʮʽʣʝ ʧʦʟʠʪʠʚʥʝ ʯʠʩʣʦ, ʱʦ ʟʘʜʘʻ ʤʘʢʩʠʤʘʣʴʥʫ ʢʨʘʪʥʽʩʪʴ ʧʦʚʪʦʨʝʥʥʷ ʟʥʘʢʽʚ 

« » ʘʙʦ « » («0» ʥʝʤʘ ʩʝʥʩʫ ʧʦʚʪʦʨʶʚʘʪʠ).  

ʂʽʣʴʢʽʩʪʴ ʧʦʚʪʦʨʝʥʥʷ ʟʥʘʢʽʚ ʚʽʜʦʙʨʘʞʘʻ ʚʽʜʥʦʩʥʫ ʩʪʫʧʽʥʴ ʟʤʽʥʠ. ʋ ʧʨʠʢʣʘʜʽ ʟ 

ʨʠʩʫʥʢʫ 2.6, K=2 (ʪʦʙʪʦ ʤʠ ʜʦʧʫʩʢʘʻʤʦ ʤʘʢʩʠʤʫʤ ʜʚʽ ʩʪʫʧʝʥʽ ʟʤʽʥʠ). ɸʣʝ ʮʷ ʢʽʣʴʢʽʩʪʴ 

ʤʦʞʝ ʙʫʪʠ ʟʤʽʥʝʥʘ ʟʘ ʧʦʪʨʝʙʠ. 

ɯʥʰʠʤʠ ʩʣʦʚʘʤʠ, ei ï ʤʥʦʞʠʥʘ, ʱʦ ʤʦʞʝ ʚʢʣʶʯʘʪʠ ʪʘʢʽ ʝʣʝʤʝʥʪʠ ʧʨʠ K=2: 

- π (ʚʽʜʩʫʪʥʽʩʪʴ ʟʥʘʯʫʱʦʛʦ ʚʧʣʠʚʫ) 

- ,  (ʨʽʟʥʠʡ ʩʪʫʧʽʥʴ ʟʙʽʣʴʰʝʥʥʷ) 

- ,  (ʨʽʟʥʠʡ ʩʪʫʧʽʥʴ ʟʤʝʥʰʝʥʥʷ) 

ʋ ʚʠʧʘʜʢʫ ʨʠʩʫʥʢʫ 2.6 ʟʦʥʘ I ʚʽʜʧʦʚʽʜʘʻ e1={π}, ʟʦʥʘ II  ʚʽʜʧʦʚʽʜʘʻ e1={ }, ʘ ʟʦʥʘ 

III ï e1={ }.  ʊʘʢʠʤ ʯʠʥʦʤ, ʪʠʧʦʚʠʡ ʧʨʠʢʣʘʜ ʤʦʜʠʬʽʢʦʚʘʥʦʛʦ ʚʝʢʪʦʨʘ Ὁ ʚ ʪʘʙʣʠʮʽ 

ʤʦʞʝ ʤʘʪʠ ʚʠʛʣʷʜ Ὁ ȟ ȟπȟ ȟ , ʜʝ ʢʦʞʥʘ ʤʥʦʞʠʥʘ ei ʦʧʠʩʫʻ ʤʦʞʣʠʚʽ 

ʩʪʫʧʝʥʽ ʚʧʣʠʚʫ ʚʽʜʧʦʚʽʜʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʚʭʽʜʥʦʛʦ ʚʝʢʪʦʨʫ ὢ ʥʘ ʚʽʜʧʦʚʽʜʥʫ ʟʦʥʫ 

ʚʽʜʭʠʣʝʥʥʷ ʚʠʭʽʜʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʧʨʠʩʪʨʦʶ. 

ʊʘʢʘ ʟʤʽʥʘ ʬʦʨʤʘʪʫ ʪʘʙʣʠʮʽ ʥʝ ʻ ʢʨʠʪʠʯʥʦʶ ʽ ʜʦʟʚʦʣʷʻ ʟʘʩʪʦʩʫʥʢʘʤ, ʱʦ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʧʦʧʝʨʝʜʥʽʡ ʬʦʨʤʘʪ, ʣʝʛʢʦ ʨʦʟʰʠʨʠʪʠ ʩʚʽʡ ʘʣʛʦʨʠʪʤ ʟʘ ʧʦʪʨʝʙʠ 

ʟʙʽʣʴʰʝʥʥʷ ʪʦʯʥʦʩʪʽ ʜʽʘʛʥʦʩʪʠʢʠ. 

ʇʨʝʜʩʪʘʚʣʝʥʠʡ ʜʽʘʛʥʦʩʪʠʯʥʠʡ ʘʣʛʦʨʠʪʤ ʚʠʢʦʨʠʩʪʦʚʫʻ ʜʠʩʢʨʝʪʥʫ ʢʣʘʩʠʬʽʢʘʮʽʶ 

ʥʘʧʨʷʤʢʽʚ ʚʽʜʭʠʣʝʥʴ, ʱʦ ʧʨʠʥʮʠʧʦʚʦ ʚʽʜʨʽʟʥʷʻ ʡʦʛʦ ʚʽʜ ʽʥʰʠʭ ʷʢʽʩʥʠʭ ʧʽʜʭʦʜʽʚ ʜʦ 

ʘʥʘʣʽʟʫ ʧʦʚʝʜʽʥʢʠ ʩʠʩʪʝʤ. ɼʣʷ ʙʽʣʴʰ ʯʽʪʢʦʛʦ ʧʦʟʠʮʽʦʥʫʚʘʥʥʷ ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ 

ʧʽʜʭʦʜʫ ʜʦʮʽʣʴʥʦ ʧʦʨʽʚʥʷʪʠ ʡʦʛʦ ʟ ʪʨʘʜʠʮʽʡʥʦʶ ʥʝʯʽʪʢʦʶ ʣʦʛʽʢʦʶ, ʷʢʘ ʪʘʢʦʞ ʦʧʝʨʫʻ 

ʷʢʽʩʥʠʤʠ ʢʘʪʝʛʦʨʽʷʤʠ. 

ʇʦʨʽʚʥʷʥʥʷ ʟ ʪʨʘʜʠʮʽʡʥʦʶ ʥʝʯʽʪʢʦʶ ʣʦʛʽʢʦʶ. ɺʘʞʣʠʚʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ 

ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ ʤʝʪʦʜ ʚʠʢʦʨʠʩʪʦʚʫʻ ʜʠʩʢʨʝʪʥʽ ʩʪʘʥʠ (« », « », «π») ʟ ʯʽʪʢʠʤʠ 

ʧʦʨʦʛʦʚʠʤʠ ʟʥʘʯʝʥʥʷʤʠ, ʱʦ ʚʽʜʨʽʟʥʷʻʪʴʩʷ ʚʽʜ ʪʨʘʜʠʮʽʡʥʦʾ ʥʝʯʽʪʢʦʾ ʣʦʛʽʢʠ. ʅʘ ʚʽʜʤʽʥʫ 

ʚʽʜ ʥʝʯʽʪʢʦʾ ʣʦʛʽʢʠ, ʷʢʘ ʦʧʝʨʫʻ ʬʫʥʢʮʽʷʤʠ ʥʘʣʝʞʥʦʩʪʽ ʪʘ ʩʪʫʧʝʥʷʤʠ ʽʩʪʠʥʥʦʩʪʽ ʚ 

ʜʘ̔ʧʘʟʦʥʽ [0,1], ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ ʧʽʜʭʽʜ ʚʠʢʦʨʠʩʪʦʚʫʻ ʯʽʪʢʝ ʨʦʟʤʝʞʫʚʘʥʥʷ ʩʪʘʥʽʚ ʟʘ 
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ʜʦʧʦʤʦʛʦʶ ʧʦʨʦʛʦʚʠʭ ʟʥʘʯʝʥʴ. ʊʘʢʝ ʨʽʰʝʥʥʷ ʙʫʣʦ ʧʨʠʡʥʷʪʦ ʜʣʷ ʩʧʨʦʱʝʥʥʷ 

ʧʨʘʢʪʠʯʥʦʾ ʨʝʘʣʽʟʘʮʽʾ ʪʘ ʟʤʝʥʰʝʥʥʷ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʚʠʤʦʛ, ʟʙʝʨʽʛʘʶʯʠ ʧʨʠ ʮʴʦʤʫ 

ʦʩʥʦʚʥʫ ʧʝʨʝʚʘʛʫ ʷʢʽʩʥʦʛʦ ʧʽʜʭʦʜʫ ï ʩʪʽʡʢʽʩʪʴ ʜʦ ʰʫʤʽʚ ʚʠʤʽʨʶʚʘʥʴ ʪʘ ʧʨʦʩʪʦʪʫ 

ʽʥʪʝʨʧʨʝʪʘʮʽʾ ʨʝʟʫʣʴʪʘʪʽʚ.  

ʊʘʢʠʤ ʯʠʥʦʤ, ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ ʧʽʜʭʽʜ ʩʚʽʜʦʤʦ ʞʝʨʪʚʫʻ ʧʣʘʚʥʽʩʪʶ ʧʝʨʝʭʦʜʽʚ ʤʽʞ 

ʩʪʘʥʘʤʠ, ʭʘʨʘʢʪʝʨʥʦʶ ʜʣʷ ʥʝʯʽʪʢʦʾ ʣʦʛʽʢʠ, ʥʘ ʢʦʨʠʩʪʴ ʦʜʥʦʟʥʘʯʥʦʩʪʽ ʽʥʪʝʨʧʨʝʪʘʮʽʾ 

ʨʝʟʫʣʴʪʘʪʽʚ (ʢʦʞʝʥ ʚʝʢʪʦʨ Ὑ ʜʝʪʝʨʤʽʥʦʚʘʥʦ ʚʽʜʧʦʚʽʜʘʻ ʨʷʜʢʘʤ ʪʘʙʣʠʮʽ) ʪʘ ʧʨʦʩʪʦʪʠ 

ʢʘʣʽʙʨʫʚʘʥʥʷ (ʜʣʷ ʢʦʞʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʥʘʣʘʰʪʦʚʫʻʪʴʩʷ ʻʜʠʥʝ ʧʦʨʦʛʦʚʝ ʟʥʘʯʝʥʥʷ 

ʟʘʤʽʩʪʴ ʬʫʥʢʮʽʾ ʥʘʣʝʞʥʦʩʪʽ). ɼʦʜʘʪʢʦʚʦʶ ʧʝʨʝʚʘʛʦʶ ʻ ʟʥʠʞʝʥʥʷ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ 

ʚʠʤʦʛ ʦʥʣʘʡʥ-ʬʘʟʠ, ʭʦʯʘ ʦʙʠʜʚʘ ʧʽʜʭʦʜʠ ʚ ʧʨʠʥʮʠʧʽ ʤʦʞʫʪʴ ʙʫʪʠ ʨʝʘʣʽʟʦʚʘʥʽ ʥʘ 

ʦʙʣʘʜʥʘʥʥʽ ʟ ʦʙʤʝʞʝʥʠʤʠ ʨʝʩʫʨʩʘʤʠ. ɼʘʣʽ ʦʧʠʩʘʥʦ ʧʦʢʨʦʢʦʚʠʡ ʘʣʛʦʨʠʪʤ ʧʨʘʢʪʠʯʥʦʾ 

ʨʝʘʣʽʟʘʮʽʾ ʤʝʪʦʜʫ. 

ʈʝʘʣʽʟʘʮʽʷ ʤʝʪʦʜʫ. ʇʝʨʝʜ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʝʪʦʜʫ ʥʝʦʙʭʽʜʥʦ ʚʠʢʦʥʘʪʠ ʝʪʘʧ 

ʽʥʽʮʽʘʣʽʟʘʮʽʾ, ʷʢʠʡ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʥʘʩʪʫʧʥʠʭ ʢʨʦʢʽʚ: 

1. ʉʪʚʦʨʝʥʥʷ ʤʦʜʝʣʽ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ: ʨʦʟʨʦʙʢʘ ʤʘʪʝʤʘʪʠʯʥʦʾ ʤʦʜʝʣʽ, 

ʽʜʝʥʪʠʬʽʢʘʮʽʷ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʪʝʩʪʫʚʘʥʥʷ ʽ ʚʘʣʽʜʘʮʽʷ ʪʦʯʥʦʩʪʽ ʤʦʜʝʣʽ ʫ 

ʧʦʨʽʚʥʷʥʥʽ ʟ ʥʘʷʚʥʠʤ ʩʧʨʘʚʥʠʤ ʧʨʠʩʪʨʦʻʤ, ʚʠʟʥʘʯʝʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʚʝʢʪʦʨʽʚ ὢ ʪʘ ὣ. 

2. ʉʪʚʦʨʝʥʥʷ ʪʘʙʣʠʮʽ ʚʽʜʧʦʚʽʜʥʦʩʪʽ: ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʦʜʠʥ ʟ ʯʦʪʠʨʴʦʭ 

ʟʘʧʨʦʧʦʥʦʚʘʥʠʭ ʤʝʪʦʜʽʚ (ʩʠʩʪʝʤʘʪʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ, ʘʥʘʣʽʪʠʯʥʦʛʦ ʚʠʚʦʜʫ, 

ʬʦʨʤʘʣʽʟʘʮʽʾ ʝʢʩʧʝʨʪʥʠʭ ʟʥʘʥʴ, ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʡ), ʘʙʦ ʙʫʜʴ-ʷʢʠʡ ʽʥʰʠʡ 

(ʚʢʣʶʯʘʶʯʠ ʛʽʙʨʠʜʥʠʡ ʧʽʜʭʽʜ). 

3. ʅʘʣʘʰʪʫʚʘʥʥʷ ʰʠʨʠʥʠ ʩʽʨʦʾ ʟʦʥʠ: ʚʠʟʥʘʯʝʥʥʷ — ʜʣʷ ʢʦʞʥʦʛʦ ʢʦʤʧʦʥʝʥʪʫ 

ʦʢʨʝʤʦ, ʘʙʦ ʞ ʚʠʟʥʘʯʝʥʥʷ ʟʘʛʘʣʴʥʦʛʦ ʟʥʘʯʝʥʥʷ —. 

4. ʂʘʣʽʙʨʫʚʘʥʥʷ ʩʠʩʪʝʤʠ: ʪʝʩʪʫʚʘʥʥʷ ʽ ʚʘʣʽʜʘʮʽʷ ʟʥʘʯʝʥʴ ʪʘʙʣʠʯʢʠ 

ʚʽʜʧʦʚʽʜʥʦʩʪʽ. ʂʦʨʝʛʫʚʘʥʥʷ Ὸ ʟʘ ʧʦʪʨʝʙʠ. 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʜʘʥʦʛʦ ʤʝʪʦʜʫ ʚʠʢʦʥʫʻʪʴʩʷ ʰʣʷʭʦʤ ʧʝʨʽʦʜʠʯʥʦʛʦ (ʯʘʩʪʦʪʘ ʪʘ 

ʫʤʦʚʠ ʟʘʣʝʞʘʪʴ ʚʽʜ ʢʦʥʢʨʝʪʥʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ) ʟʘʧʫʩʢʫ ʘʣʛʦʨʠʪʤʫ, ʱʦ ʦʪʨʠʤʫʻ ʧʘʨʠ 

ʚʭʽʜʥʦʛʦ ʽ ʚʠʭʽʜʥʦʛʦ ʚʝʢʪʦʨʽʚ, ʚʠʟʥʘʯʘʻ ʚʽʜʧʦʚʽʜʥʠʡ ʚʝʢʪʦʨ Ὑ, ʘ ʜʘʣʽ ʘʥʘʣʽʟʫʻ ʾʭ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʪʘʙʣʠʮʽ ʚʽʜʧʦʚʽʜʥʦʩʪʽ. ʗʢʱʦ ʟ ʢʦʞʥʠʤ ʥʘʩʪʫʧʥʠʤ ʟʘʧʫʩʢʦʤ ʘʣʛʦʨʠʪʤʫ 
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ʨʦʙʠʪʠ ʚʠʤʽʨʶʚʘʥʥʷ ʟʙʝʨʽʛʘʶʯʠ ʪʘʢʽ ʞ ʩʘʤʽ ʟʥʘʯʝʥʥʷ ʚʭʽʜʥʦʛʦ ʚʝʢʪʦʨʘ, ʪʦ, ʟʙʝʨʽʛʘʶʯʠ 

ʦʪʨʠʤʘʥʽ ʧʘʨʠ ʚʝʢʪʦʨʽʚ, ʤʦʞʥʘ ʚʽʜʩʪʝʞʫʚʘʪʠ ʜʨʝʡʬ ʚʝʢʪʦʨʘ ὣ  ʚ ʧʨʦʩʪʦʨʽ, ʘ ʦʪʞʝ 

ʽ ʰʚʠʜʢʽʩʪʴ ʪʘ ʥʘʧʨʷʤʦʢ ʜʝʛʨʘʜʘʮʽʾ ʧʦʚʝʜʽʥʢʠ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʨʠʩʪʨʦʶ, ʱʦ ʚʽʜʢʨʠʚʘʻ 

ʤʦʞʣʠʚʦʩʪʽ ʜʣʷ ʧʦʢʨʘʱʝʥʥʷ ʤʝʪʦʜʫ ʚ ʙʽʢ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʯʘʩʫ ʜʦ ʚʠʥʠʢʥʝʥʥʷ ʜʝʬʝʢʪʫ. 

ʎʝ ʚʽʜʢʨʠʚʘʻ ʤʦʞʣʠʚʽʩʪʴ ʜʣʷ ʧʦʜʘʣʴʰʦʛʦ ʨʦʟʚʠʪʢʫ ʤʝʪʦʜʫ, ʘ ʩʘʤʝ ʨʦʟʨʦʙʢʠ 

ʘʣʛʦʨʠʪʤʫ ʚʽʜʩʪʝʞʫʚʘʥʥʷ ʟʤʽʥ ʧʦʚʝʜʽʥʢʠ ʧʨʠʩʪʨʦʶ ʽ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʚʽʜʤʦʚʠ ʥʘ ʦʩʥʦʚʽ 

ʭʘʨʘʢʪʝʨʫ ʽ ʰʚʠʜʢʦʩʪʽ ʜʘʥʠʭ ʟʤʽʥ.  

ɿ ʧʦʛʣʷʜʫ ʩʪʨʫʢʪʫʨʠ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ ʤʝʪʦʜ ʨʝʘʣʽʟʫʻ 

ʧʝʨʩʠʩʪʝʥʪʥʠʡ ʜʚʦʥʘʧʨʘʚʣʝʥʠʡ ʟʚôʷʟʦʢ ʤʽʞ ʬʽʟʠʯʥʠʤ ʧʝʨʝʪʚʦʨʶʚʘʯʝʤ ʪʘ ʡʦʛʦ 

ʚʽʨʪʫʘʣʴʥʦʶ ʨʝʧʨʝʟʝʥʪʘʮʽʻʶ. ʇʨʷʤʠʡ ʧʦʪʽʢ (ʚ̔ ʜ ʬʽʟʠʯʥʦʛʦ ʦʙôʻʢʪʫ ʜʦ ʚʽʨʪʫʘʣʴʥʦʛʦ) ʻ 

ʘʚʪʦʤʘʪʠʯʥʠʤ, ʦʩʢʽʣʴʢʠ ʫ ʢʦʞʥʦʤʫ ʮʠʢʣʽ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʚʠʤʽʨʷʥʽ ʨʝʞʠʤʥʽ 

ʧʘʨʘʤʝʪʨʠ ʧʨʠʩʪʨʦʶ (ʨʝʞʠʤʥʘ ʯʘʩʪʠʥʘ ʚʝʢʪʦʨʘ ὢ : Vin, D, Rload, C) ʧʦʜʘʶʪʴʩʷ ʥʘ 

ʤʦʜʝʣʴ, ʷʢʘ ʦʙʯʠʩʣʶʻ ʝʪʘʣʦʥʥʠʡ ʚʝʢʪʦʨ ὣ  ʜʣʷ ʧʦʪʦʯʥʦʾ ʨʦʙʦʯʦʾ ʪʦʯʢʠ. ʄʦʜʝʣʴ ʧʨʠ 

ʮʴʦʤʫ ʻ ʩʠʥʭʨʦʥʽʟʦʚʘʥʦʶ ʩʘʤʝ ʟ ʜʘʥʠʤ ʝʢʟʝʤʧʣʷʨʦʤ ʧʨʠʩʪʨʦʶ ʟʘʚʜʷʢʠ 

ʽʜʝʥʪʠʬʽʢʦʚʘʥʠʤ ʧʘʨʘʟʠʪʥʠʤ ʧʘʨʘʤʝʪʨʘʤ: RC, RD, RDS(ON), LC, tGr, tGf, IS (ʨʦʟʜʽʣ 3), ʪʦʙʪʦ 

ʻ ʮʠʬʨʦʚʠʤ ʜʚʽʡʥʠʢʦʤ ʝʢʟʝʤʧʣʷʨʘ (DTI ʟʘ [64]). ɿʚʦʨʦʪʥʠʡ ʧʦʪʽʢ (ʚʽʜ ʚʽʨʪʫʘʣʴʥʦʛʦ 

ʦʙôʻʢʪʫ ʜʦ ʬʽʟʠʯʥʦʛʦ) ʨʝʘʣʽʟʫʻʪʴʩʷ ʯʝʨʝʟ ʣʶʜʠʥʫ ʚ ʢʦʥʪʫʨʽ: ʚʝʢʪʦʨ Ὑ ʪʘ ʨʝʟʫʣʴʪʘʪ 

ʧʦʰʫʢʫ ʚ ʪʘʙʣʠʮʽ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʧʝʨʝʜʘʶʪʴʩʷ ʦʧʝʨʘʪʦʨʫ ʷʢ ʽʥʬʦʨʤʘʮʽʷ ʧʨʦ ʩʪʘʥ ʽ 

ʧʨʠʯʠʥʫ ʚʽʜʭʠʣʝʥʥʷ, ʥʘ ʧʽʜʩʪʘʚʽ ʷʢʦʾ ʫʭʚʘʣʶʻʪʴʩʷ ʨʽʰʝʥʥʷ ʧʨʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ, ʱʦ 

ʟʤʽʥʶʻ ʩʪʘʥ ʬʽʟʠʯʥʦʛʦ ʦʙô̒ ʢʪʘ. ʂʽʣʴʢʽʩʥʠʡ ʝʬʝʢʪ ʮʴʦʛʦ ʟʚʦʨʦʪʥʦʛʦ ʚʧʣʠʚʫ ʥʘ 

ʛʦʪʦʚʥʽʩʪʴ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʦʮʽʥʝʥʦ ʫ ʧʽʜʨʦʟʜʽʣʽ 5.4. ɸʚʪʦʤʘʪʠʯʥʝ ʟʘʤʠʢʘʥʥʷ 

ʟʚʦʨʦʪʥʦʛʦ ʢʦʥʪʫʨʫ (ʥʘʧʨʠʢʣʘʜ, ʟʥʠʞʝʥʥʷ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʟʤʽʥʘ ʢʦʝʬʽʮʽʻʥʪʘ 

ʟʘʧʦʚʥʝʥʥʷ ʘʙʦ ʧʝʨʝʤʠʢʘʥʥʷ ʥʘ ʨʝʟʝʨʚʥʠʡ ʧʝʨʝʪʚʦʨʶʚʘʯ) ʪʝʭʥʽʯʥʦ ʤʦʞʣʠʚʝ ʯʝʨʝʟ 

ʢʘʥʘʣ ʢʝʨʫʚʘʥʥʷ ʃʘʙʦʨʘʪʦʨʥʠʡ ʩʝʨʚʝʨ Ÿ MCU (ʧʽʜʨʦʟʜʽʣ 5.1), ʦʜʥʘʢ ʩʚʽʜʦʤʦ ʥʝ 

ʨʝʘʣʽʟʦʚʘʥʦ ʚ ʤʝʞʘʭ ʨʦʙʦʪʠ, ʦʩʢʽʣʴʢʠ ʘʚʪʦʥʦʤʥʝ ʚʪʨʫʯʘʥʥʷ ʜʽʘʛʥʦʩʪʠʯʥʦʾ ʩʠʩʪʝʤʠ ʚ 

ʢʝʨʫʚʘʥʥʷ ʩʠʣʦʚʠʤ ʦʙʣʘʜʥʘʥʥʷʤ ʻ ʦʢʨʝʤʦʶ ʟʘʜʘʯʝʶ ʬʫʥʢʮʽʦʥʘʣʴʥʦʾ ʙʝʟʧʝʢʠ. 

ʄʝʪʦʜ ʚʠʢʦʨʠʩʪʦʚʫʻ ʩʢʘʣʷʨʥʽ ʟʥʘʯʝʥʥʷ ʷʢ ʢʦʤʧʦʥʝʥʪʠ ʚʭʽʜʥʠʭ ʽ ʚʠʭʽʜʥʠʭ 

ʚʝʢʪʦʨʽʚ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʚʝʢʪʦʨʽʚ ʜʣʷ ʜʝʪʝʢʪʫʚʘʥʥʷ ʥʝʢʦʨʝʢʪʥʦʾ ʧʦʚʝʜʽʥʢʠ ʪʘʢʦʞ 

ʤʦʞʣʠʚʝ, ʥʘʧʨʠʢʣʘʜ ʷʢ RMS ʚʽʜʭʠʣʝʥʥʷ ʚʠʭʽʜʥʦʛʦ ʩʠʛʥʘʣʫ ʟ ʨʝʘʣʴʥʦʛʦ ʧʨʠʩʪʨʦʶ ʚʽʜ 
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ʤʘʪʝʤʘʪʠʯʥʦʾ ʤʦʜʝʣʽ. ɸʣʝ ʪʘʢʘ ʤʝʪʨʠʢʘ ʥʝ ʤʦʞʝ ʥʘʜʘʪʠ ʥʝʦʙʭʽʜʥʦʛʦ «ʥʘʧʨʷʤʢʫ» 

ʚʽʜʭʠʣʝʥʥʷ, ʱʦ ʥʝ ʜʦʟʚʦʣʠʪʴ ʜʽʘʛʥʦʩʪʫʚʘʪʠ ʧʨʠʯʠʥʫ ʥʝʢʦʨʝʢʪʥʦʾ ʧʦʚʝʜʽʥʢʠ. 

ʅʘ ʥʘʩʪʫʧʥʦʤʫ ʨʠʩʫʥʢʫ ʟʦʙʨʘʞʝʥʦ ʙʣʦʢ-ʩʭʝʤʫ ʘʣʛʦʨʠʪʤʫ ʨʝʘʣʽʟʘʮʽʾ ʤʝʪʦʜʫ ʚ 

ʙʘʟʦʚʦʤʫ ʚʠʛʣʷʜʽ, ʙʝʟ ʚʨʘʭʫʚʘʥʥʷ ʜʨʝʡʬʫ ὣ : 
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ʈʠʩ. 2.7. ɹʣʦʢ-ʩʭʝʤʘ ʨʝʘʣʽʟʘʮʽʾ ʤʝʪʦʜʫ 

ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʤʝʪʦʜ ʤʘʻ ʪʘʢʽ ʧʝʨʝʚʘʛʠ: 

1. ɺʨʘʭʫʚʘʥʥʷ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ: ɺʠʢʦʨʠʩʪʘʥʥʷ ʛʝʥʝʪʠʯʥʦʛʦ ʘʣʛʦʨʠʪʤʫ 

(ʦʧʠʩʘʥʦ ʚ ʨʦʟʜʽʣʽ 3) ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʨʝʘʣʴʥʠʭ ʟʥʘʯʝʥʴ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 

ɺʠʤʽʨʶʚʘʥʥʷ ʚʭʽʜʥʠʭ (ʟʘ 

ʧʦʪʨʝʙʥʦʩʪʽ) ʪʘ ʚʠʭʽʜʥʠʭ ʟʥʘʯʝʥʴ 

ʧʨʠʩʪʨʦʶ, ʬʦʨʤʫʚʘʥʥʷ ʚʝʢʪʦʨʫ 

Җmeas

ɿʘʧʫʩʢ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ, 

ʦʪʨʠʤʘʥʥʷ ʡʦʛʦ ʚʭʽʜʥʠʭ ʪʘ 

ʚʠʭʽʜʥʠʭ ʟʥʘʯʝʥʴ, ʬʦʨʤʫʚʘʥʥʷ 

ʚʝʢʪʦʨʫ ҖDT

ʈʦʟʨʘʭʫʥʦʢ ʚʝʢʪʦʨʘ æόmeas,DT

ʈʦʟʨʘʭʫʥʦʢ ʚʝʢʪʦʨʫ Re ʟ 

ʫʨʘʭʫʚʘʥʥʷʤ ʩʽʨʦʾ ʟʦʥʠ Ū

ʇʦʰʫʢ ʚʽʜʧʦʚʽʜʥʦʛʦ ǚ ʜʦ 

ʨʦʟʨʘʭʦʚʘʥʦʛʦ Re ʚ ʪʘʙʣʠʮʽ 

ʚʽʜʧʦʚʽʜʥʦʩʪʽ 

ɺʽʜʦʙʨʘʞʝʥʥʷ ʦʪʨʠʤʘʥʦʛʦ ǚ ʚ 

ʟʨʫʯʥʦʤʫ ʜʣʷ ʣʶʜʠʥʠ ʬʦʨʤʘʪʽ

ɺʩʽ ʢʦʤʧʦʥʝʥʪʠ 

ʚʝʢʪʦʨʘ 

Re  ʻ ñ0ò?

ɺʽʜʦʙʨʘʞʝʥʥʷ ʧʦʚʽʜʦʤʣʝʥʥʷ ʧʨʦ 

ʢʦʨʝʢʪʥʽʩʪʴ ʧʨʠʩʪʨʦʶ

ʅɯ ʊɸʂ

1. ʉʪʚʦʨʝʥʥʷ ʤʦʜʝʣʽ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ

2. ɻʝʥʝʨʘʮʽʷ ʪʘʙʣʠʮʽ ʚʽʜʧʦʚʽʜʥʦʩʪʽ

3. ʅʘʣʘʰʪʫʚʘʥʥʷ ʰʠʨʠʥʠ ʩʽʨʦʾ ʟʦʥʠ

4. ʂʘʣʽʙʨʫʚʘʥʥʷ ʩʠʩʪʝʤʠ

˱ͤ͜ͼ͊͊͘͜͜͡ͼ͜Ύ ͙͔͙ͫͫͭͣΥ

˽͔͙ͪͦ͒͜;͙͚ͤ 
͎͙͊ͦͪͭͣ͡Υ
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ʜʦʟʚʦʣʷʻ ʜʦʩʷʛʪʠ ʪʦʛʦ, ʱʦ ʥʝʚôʷʟʢʘ ʤʽʞ ʩʠʛʥʘʣʘʤʠ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ ʪʘ ʩʧʨʘʚʥʦʛʦ 

ʦʙ'ʻʢʪʘ ʟʚʦʜʠʪʴʩʷ ʧʨʘʢʪʠʯʥʦ ʜʦ ʥʫʣʷ ʜʣʷ ʢʦʥʢʨʝʪʥʦʛʦ ʝʢʟʝʤʧʣʷʨʘ ʧʨʠʩʪʨʦʶ. ɿʘʚʜʷʢʠ 

ʫʩʫʥʝʥʥʶ ʧʦʩʪʽʡʥʦʾ ʩʢʣʘʜʦʚʦʾ ʥʝʫʟʛʦʜʞʝʥʦʩʪʽ ʤʽʞ ʮʠʬʨʦʚʠʤ ʜʚʽʡʥʠʢʦʤ (ʤʦʜʝʣʣʶ) ʪʘ 

ʨʝʘʣʴʥʠʤ ʧʨʠʩʪʨʦʻʤ, ʰʠʨʠʥʫ ʩʽʨʦʾ ʟʦʥʠ ʤʦʞʥʘ ʟʘʜʘʪʠ ʟʥʘʯʥʦ ʪʽʩʥʽʰʦʶ, ʱʦ ʨʦʙʠʪʴ 

ʤʦʞʣʠʚʠʤ ʧʦʤʽʯʘʪʠ ʤʘʣʽ ʧʘʨʘʤʝʪʨʠʯʥʽ ʚʽʜʭʠʣʝʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ, ʷʢʽ ʟʘ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʜʦʚʽʜʢʦʚʠʭ ʟʥʘʯʝʥʴ (ʟ ʜʦʢʫʤʝʥʪʘʮʽʡ) ʧʘʨʘʤʝʪʨʽʚ ʟʘʣʠʰʘʶʪʴʩʷ ʚ ʤʝʞʘʭ ʧʦʨʦʛʘ ʡ ʥʝ 

ʚʠʷʚʣʷʶʪʴʩʷ. 

2. ʉʪʽʡʢʽʩʪʴ ʜʦ ʥʝʪʦʯʥʦʩʪʝʡ ʚʠʤʽʨʶʚʘʥʥʷ: ɸʙʩʪʨʘʛʫʚʘʥʥʷ ʚʽʜ ʢʦʥʢʨʝʪʥʠʭ 

ʯʠʩʣʦʚʠʭ ʟʥʘʯʝʥʴ ʨʦʙʠʪʴ ʤʝʪʦʜ ʤʝʥʰ ʯʫʪʣʠʚʠʤ ʜʦ ʰʫʤʽʚ ʚʠʤʽʨʶʚʘʥʴ ʽ ʚʠʧʘʜʢʦʚʠʭ 

ʚʽʜʭʠʣʝʥʴ. ɿʥʠʢʘʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʫ ʚʠʩʦʢʦʪʦʯʥʦʤʫ ʚʠʤʽʨʶʚʘʥʥʽ ʧʘʨʘʤʝʪʨʽʚ, ʱʦ ʻ ʜʫʞʝ 

ʘʢʪʫʘʣʴʥʠʤ ʫ ʨʝʘʣʴʥʠʭ ʫʤʦʚʘʭ, ʜʝ ʥʘʷʚʥʽ ʰʫʤʠ ʡ ʥʝʪʦʯʥʦʩʪʽ, ʬʽʣʴʪʨʘʮʽʷ ʷʢʠʭ 

ʧʨʠʟʚʦʜʠʪʠʤʝ ʜʦ ʟʤʝʥʰʝʥʥʷ ʪʦʯʥʦʩʪʽ ʜʽʘʛʥʦʩʪʠʢʠ. 

3. ʇʨʦʩʪʦʪʘ ʨʝʘʣʽʟʘʮʽʾ ʘʣʛʦʨʠʪʤʫ: ɺʽʜ ʘʣʛʦʨʠʪʤʫ, ʱʦ ʚʠʢʦʥʫʻ ʜʽʘʛʥʦʩʪʠʢʫ ʘʙʦ 

ʤʦʥʽʪʦʨʠʥʛ ʩʪʘʥʫ ʚʠʤʘʛʘʻʪʴʩʷ ʣʠʰʝ ʚʠʤʽʨʷʪʠ (ʘʙʦ ʟʘʜʘʪʠ ʬʽʢʩʦʚʘʥʽ ʟʥʘʯʝʥʥʷ ʚ 

ʥʘʣʘʰʪʫʚʘʥʥʷʭ ʜʣʷ ʧʘʨʘʤʝʪʨʽʚ ʩʘʤʦʛʦ ʧʨʠʩʪʨʦʶ) ʟʥʘʯʝʥʥʷ ʚʭʦʜʽʚ ʽ ʚʠʭʦʜʽʚ 

ʧʨʠʩʪʨʦʶ, ʧʦʜʘʪʠ ʚʽʜʧʦʚʽʜʥʽ ʟʥʘʯʝʥʥʷ ʥʘ ʮʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ, ʥʦʨʤʘʣʽʟʫʚʘʪʠ ʚʝʢʪʦʨ 

ʨʽʟʥʠʮʽ ʚʠʭʦʜʽʚ ʨʝʘʣʴʥʦʛʦ ʧʨʠʩʪʨʦʶ ʽ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ, ʧʽʩʣʷ ʯʦʛʦ ʧʦʨʽʚʥʷʪʠ 

ʢʦʞʝʥ ʢʦʤʧʦʥʝʥʪ ʮʴʦʛʦ ʚʝʢʪʦʨʫ ʟ ʡʦʛʦ ʚʽʜʧʦʚʽʜʥʦʶ ʰʠʨʠʥʦʶ ʩʽʨʦʾ ʟʦʥʠ, ʯʠʤ 

ʦʪʨʠʤʘʪʠ ʚʝʢʪʦʨ R ʽ ʟʜʽʡʩʥʠʪʠ ʧʦʰʫʢ ʧʦ ʪʘʙʣʠʮʽ ʚʽʜʧʦʚʽʜʥʦʩʪʽ. 

4. ʅʠʟʴʢʽ ʚʠʤʦʛʠ ʜʦ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʨʝʩʫʨʩʽʚ ʦʥʣʘʡʥ ʬʘʟʠ: ʦʥʣʘʡʥ-ʬʘʟʘ 

ʘʣʛʦʨʠʪʤʫ ʟʚʦʜʠʪʴʩʷ ʜʦ O(1) ʘʨʠʬʤʝʪʠʯʥʠʭ ʦʧʝʨʘʮʽʡ ʜʣʷ ʢʦʥʢʨʝʪʥʦʛʦ ʝʢʟʝʤʧʣʷʨʫ 

(ʦʙʯʠʩʣʝʥʥʷ ʪʘ ʥʦʨʤʘʣʽʟʘʮʽʷ ʨʽʟʥʠʮʽ ʚʝʢʪʦʨʽʚ, ʧʦʨʽʚʥʷʥʥʷ ʟ ʧʦʨʦʛʦʚʠʤʠ ʟʥʘʯʝʥʥʷʤʠ) 

ʪʘ ʧʦʰʫʢʫ ʚ ʪʘʙʣʠʮʽ ʚʽʜʧʦʚʽʜʥʦʩʪʽ, ʨʦʟʤʽʨ ʷʢʦʾ ʜʣʷ ʧʨʘʢʪʠʯʥʠʭ ʟʘʜʘʯ ʥʝ ʧʝʨʝʚʠʱʫʻ 

ʜʝʩʷʪʢʽʚ ʨʷʜʢʽʚ (19 ʨʷʜʢʽʚ ʜʣʷ ʧʦʥʠʞʫʶʯʦʛʦ ʧʝʨʝʪʚʦʨʶʚʘʯʘ, ʨʦʟʛʣʷʥʫʪʦʛʦ ʚ ʨʦʟʜʽʣʽ 

2.5), ʱʦ ʧʦʪʨʝʙʫʻ ʤʝʥʰʝ ʦʜʥʦʛʦ ʢʽʣʦʙʘʡʪʘ ʧʘʤô̫ ʪʽ. ɽʪʘʣʦʥʥʠʡ ʚʝʢʪʦʨ ὣ  ʧʨʠ ʮʴʦʤʫ 

ʤʦʞʝ ʙʫʪʠ ʦʪʨʠʤʘʥʠʡ ʪʨʴʦʤʘ ʩʧʦʩʦʙʘʤʠ: (1) ʦʜʥʦʨʘʟʦʚʦʶ ʩʠʤʫʣʷʮʽʻʶ ʟ ʢʝʰʫʚʘʥʥʷʤ 

ʨʝʟʫʣʴʪʘʪʫ ʜʣʷ ʧʨʠʩʪʨʦʾʚ, ʱʦ ʧʨʘʮʶʶʪʴ ʫ ʬʽʢʩʦʚʘʥʽʡ ʘʙʦ ʧʦʚʪʦʨʶʚʘʥʽʡ ʨʦʙʦʯʽʡ 

ʪʦʯʮʽ; (2) ʧʦʧʝʨʝʜʥʽʤ ʦʙʯʠʩʣʝʥʥʷʤ ʩʽʪʢʠ ʝʪʘʣʦʥʥʠʭ ʟʥʘʯʝʥʴ ʜʣʷ ʜʽʘʧʘʟʦʥʫ ʨʦʙʦʯʠʭ 

ʪʦʯʦʢ ʟ ʧʦʜʘʣʴʰʦʶ ʽʥʪʝʨʧʦʣʷʮʽʻʶ; (3) ʦʙʯʠʩʣʝʥʥʷʤ ʚ ʨʝʞʠʤʽ ʦʥʣʘʡʥ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʰʚʠʜʢʦʾ ʤʦʜʝʣʽ. ɺʘʞʣʠʚʦ, ʱʦ ʤʝʪʦʜ ʥʝ ʥʘʢʣʘʜʘʻ ʦʙʤʝʞʝʥʴ ʥʘ ʪʝʭʥʦʣʦʛʽʶ ʧʦʙʫʜʦʚʠ 
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ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ: ʜʝʪʘʣʴʥʘ SPICE-ʤʦʜʝʣʴ, ʚʠʢʦʨʠʩʪʘʥʘ ʚ ʜʘʥʽʡ ʨʦʙʦʪʽ, ʤʦʞʝ ʙʫʪʠ 

ʟʘʤʽʥʝʥʘ ʘʥʘʣʽʪʠʯʥʠʤʠ ʚʠʨʘʟʘʤʠ ʚʠʭʽʜʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʤʦʜʝʣʣʶ ʟʥʠʞʝʥʦʛʦ 

ʧʦʨʷʜʢʫ ʘʙʦ ʩʫʨʦʛʘʪʥʦʶ ʤʦʜʝʣʣʶ, ʥʘʚʯʝʥʦʶ ʥʘ ʜʘʥʠʭ ʜʝʪʘʣʴʥʦʾ ʩʠʤʫʣʷʮʽʾ 

(ʘʥʘʣʦʛʽʯʥʦ ʜʦ ʧʽʜʭʦʜʫ [78]), ʟʘ ʫʤʦʚʠ ʱʦ ʪʘʢʘ ʤʦʜʝʣʴ ʚʽʜʪʚʦʨʶʻ ʚʩʽ ʢʦʤʧʦʥʝʥʪʠ 

ʚʝʢʪʦʨʘ Y ʽʟ ʜʦʩʪʘʪʥʴʦʶ ʪʦʯʥʽʩʪʶ. ʎʝ ʜʦʟʚʦʣʷʻ ʚʠʢʦʥʫʚʘʪʠ ʦʥʣʘʡʥ-ʬʘʟʫ ʥʘ 

ʤʘʣʦʧʦʪʫʞʥʦʤʫ ʦʙʣʘʜʥʘʥʥʽ ʥʘ ʢʰʪʘʣʪ ʦʜʥʦʧʣʘʪʥʠʭ ʢʦʤʧôʁ ʪʝʨʽʚ (ʱʦ 

ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ ʚ ʨʦʟʜʽʣʽ 2.5 ʥʘʚʽʪʴ ʧʨʠ SPICE ʤʦʜʝʣʶʚʘʥʥʽ), ʘ ʪʘʢʦʞ ʧʦʪʝʥʮʽʡʥʦ 

ʤʽʢʨʦʢʦʥʪʨʦʣʝʨʽʚ. 

5. ʇʨʦʩʪʦʪʘ ʽ ʟʨʦʟʫʤʽʣʽʩʪʴ ʽʥʪʝʨʧʨʝʪʘʮʽʾ: ɺʽʜʥʦʩʥʽ ʧʦʟʥʘʯʝʥʥʷ ʥʘ ʢʰʪʘʣʪ 

« », « » ʘʙʦ « », « » ʣʝʛʢʦ ʯʠʪʘʶʪʴʩʷ ʣʶʜʠʥʦʶ ʽ ʜʦʟʚʦʣʷʶʪʴ ʰʚʠʜʢʦ 

ʟʨʦʟʫʤʽʪʠ ʭʘʨʘʢʪʝʨ ʚʧʣʠʚʫ, ʥʝ ʘʥʘʣʽʟʫʶʯʠ ʢʦʥʢʨʝʪʥʽ ʟʥʘʯʝʥʥʷ.  

6. ɻʥʫʯʢʽʩʪʴ ʫ ʨʦʙʦʪʽ ʟ ʥʝʣʽʥʽʡʥʠʤʠ ʟʘʣʝʞʥʦʩʪʷʤʠ: ɺʽʜʥʦʩʥʽ ʧʦʟʥʘʯʝʥʥʷ 

ʜʦʟʚʦʣʷʶʪʴ ʚʨʘʭʦʚʫʚʘʪʠ ʥʝʣʽʥʽʡʥʽʩʪʴ ʚʧʣʠʚʫ ʧʘʨʘʤʝʪʨʽʚ, ʢʦʣʠ ʥʝ ʟʘʚʞʜʠ ʤʦʞʣʠʚʦ 

ʧʽʜʽʙʨʘʪʠ ʢʦʥʢʨʝʪʥʽ ʧʦʨʦʛʦʚʽ ʟʥʘʯʝʥʥʷ, ʷʢʽ ʙ ʯʽʪʢʦ ʨʦʟʤʝʞʦʚʫʚʘʣʠ ʨʽʟʥʽ ʩʮʝʥʘʨʽʾ. 

ʅʘʧʨʠʢʣʘʜ, ʫ ʚʠʧʘʜʢʫ ʥʝʣʽʥʽʡʥʦʛʦ ʧʨʠʩʪʨʦʶ ʯʽʪʢʝ ʯʠʩʣʦʚʝ ʟʥʘʯʝʥʥʷ ʚʘʞʢʦ ʟʘʜʘʪʠ, 

ʘʣʝ ʷʢʽʩʥʘ ʦʮʽʥʢʘ ʩʪʫʧʝʥʷ ʟʤʽʥʠ ʣʝʛʢʦ ʧʽʜʜʘʻʪʴʩʷ ʚʠʟʥʘʯʝʥʥʶ. 

7.  ɺʠʨʽʰʝʥʥʷ ʧʨʦʙʣʝʤʠ ʛʨʫʧ ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ: ʆʩʢʽʣʴʢʠ ʨʝʟʫʣʴʪʘʪʦʤ ʘʣʛʦʨʠʪʤʫ 

ʻ ʦʜʥʦʯʘʩʥʦ ʚʩʽ ʤʦʞʣʠʚʽ ʧʨʠʯʠʥʠ, ʷʢʽ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʪʘʢʦʛʦ ʢʦʥʢʨʝʪʥʦʛʦ ʥʘʧʨʷʤʢʫ 

ʚʽʜʭʠʣʝʥʥʷ ʚʠʭʽʜʥʦʛʦ ʚʝʢʪʦʨʫ ʧʨʠʩʪʨʦʶ, ʪʦ ʮʝ ʘʚʪʦʤʘʪʠʯʥʦ ʚʠʨʽʰʫʻ ʧʨʦʙʣʝʤʫ ʛʨʫʧ 

ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ, ʷʢʘ ʙʫʣʘ ʦʧʠʩʘʥʘ ʚ ʧʽʜʨʦʟʜʽʣʽ 1.1.5, ʦʩʢʽʣʴʢʠ ʘʣʛʦʨʠʪʤ ʥʝ ʨʦʙʠʪʴ 

ʧʨʠʧʫʱʝʥʥʷ ʧʨʦ ʣʠʰʝ ʦʜʥʫ ʤʦʞʣʠʚʫ ʧʨʠʯʠʥʫ, ʘ ʚʽʜʦʙʨʘʞʘʻ ʚʩʽ ʧʦʪʝʥʮʽʡʥʽ ʧʨʠʯʠʥʠ 

ʦʜʥʦʯʘʩʥʦ. ʎʝʡ ʧʫʥʢʪ ʥʝ ʚʨʘʭʦʚʫ ̒ ʚʠʧʘʜʢʠ ʦʜʥʘʢʦʚʠʭ ʢʦʤʧʦʥʝʥʪʽʚ (ʥʘʧʨʠʢʣʘʜ 

ʧʘʨʘʣʝʣʴʥʠʭ ʢʦʥʜʝʥʩʘʪʦʨʽʚ). 

ʇʨʠʢʣʘʜ ʚʠʢʦʨʠʩʪʘʥʥʷ. ʈʦʟʛʣʷʥʝʤʦ ʧʨʠʢʣʘʜ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʝʨʽʦʜʠʯʥʦʛʦ 

ʘʣʛʦʨʠʪʤʫ ʜʘʥʦʛʦ ʤʝʪʦʜʫ ʜʣʷ ʥʘʡʧʨʦʩʪʽʰʦʾ ʝʣʝʢʪʨʠʯʥʦʾ ʩʭʝʤʠ ï ʜʽʣʴʥʠʢʘ ʥʘʧʨʫʛʠ. 

ʉʭʝʤʘ ʚʠʛʣʷʜʘʻ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ: 
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ʈʠʩ. 2.8. ʉʭʝʤʘ ʜʽʣʴʥʠʢʘ ʥʘʧʨʫʛʠ ʜʣʷ ʧʨʠʢʣʘʜʫ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʝʪʦʜʫ 

ʉʭʝʤʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʚʭʽʜʥʦʛʦ ʜʞʝʨʝʣʘ ʥʘʧʨʫʛʠ Vin ʪʘ ʜʚʦʭ ʨʝʟʠʩʪʦʨʽʚ: R1 ʪʘ R2.  

ʇʨʠʧʫʩʪʠʤʦ, ʱʦ ʰʠʨʠʥʘ ʩʽʨʦʾ ʟʦʥʠ ʩʪʘʥʦʚʠʪʴ 5%, ʘ ʦʪʞʝ Ὸ —ȟ—

πȢπυȟπȢπυ, ʘ ʪʘʙʣʠʮʷ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʚʞʝ ʚʠʟʥʘʯʝʥʘ ʽ ʤʘʻ ʥʘʩʪʫʧʥʠʡ ʚʠʛʣʷʜ (ʚʦʥʘ 

ʚʽʜʧʦʚʽʜʘʻ ʜʽʡʩʥʦʩʪʽ ʜʣʷ ʜʽʣʴʥʠʢʘ ʥʘʧʨʫʛʠ): 

ʊʘʙʣʠʮʷ 2.3 

ʊʘʙʣʠʮʷ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʚʝʢʪʦʨʘ ╔ ʜʦ ╡ ʜʣʷ ʧʨʠʢʣʘʜʫ ʟ ʜʽʣʴʥʠʢʦʤ ʥʘʧʨʫʛʠ 

ɺʝʢʪʦʨ ╡ ɺʝʢʪʦʨ ╔ ʇʦʷʩʥʝʥʥʷ 

[-,+] [0,0,-] ɿʥʘʯʝʥʥʷ R2 ʟʘʥʠʞʝʥʝ 

[-,-] [-,0,0] ɺʭʽʜʥʘ ʥʘʧʨʫʛʘ ʟʘʥʠʞʝʥʘ 

[+,+] [+,-,0] ɿʥʘʯʝʥʥʷ R1 ʟʘʥʠʞʝʥʝ ʘʙʦ ʚʭʽʜʥʘ 

ʥʘʧʨʫʛʘ ʧʽʜʚʠʱʝʥʘ 

 

1. ɺʠʟʥʘʯʠʤʦ ʚʭʽʜʥʽ ʪʘ ʚʠʭʽʜʥʽ ʚʝʢʪʦʨʠ ʜʘʥʦʛʦ ʧʨʠʩʪʨʦʶ. ɺʭʦʜʘʤʠ ʩʠʩʪʝʤʠ ʻ 

ʟʥʘʯʝʥʥʷ ʥʘʧʨʫʛʠ Vin ʪʘ ʦʧʦʨʽʚ R1 ʪʘ R2. ʆʪʞʝ, ʚʭʽʜʥʠʡ ʚʝʢʪʦʨ ʤʘʻ ʚʠʛʣʷʜ ὢ

ὠȟὙȟὙ . ɺʠʭʦʜʘʤʠ ʩʠʩʪʝʤʠ ʩʣʫʛʫʶʪʴ ʥʘʧʨʫʛʘ ʥʘ ʚʠʭʦʜʽ Vout ʪʘ ʩʪʨʫʤ ʯʝʨʝʟ ʦʧʦʨʠ 

I. ʆʪʞʝ, ʚʠʭʽʜʥʠʡ ʚʝʢʪʦʨ ʤʘʻ ʚʠʛʣʷʜ ὣ ὠ ȟὍ, ʜʝ ὠ , ʘ Ὅ . 

2. ʇʦʜʘʤʦ ʥʘ ʚʭʽʜ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ ʟʥʘʯʝʥʥʷ ὢ ρςȟˏρπππ ȟςπππ , 

ʦʪʨʠʤʫʻʤʦ ʚʠʭʽʜʥʽ ʟʥʘʯʝʥʥʷ ὣ ψȟˏτ̍ .̱ ʇʨʠʧʫʩʪʠʤʦ ʜʣʷ ʧʨʠʢʣʘʜʫ, ʱʦ ʚʭʽʜʥʽ 

ʟʥʘʯʝʥʥʷ ʨʝʘʣʴʥʦʛʦ ʧʨʠʩʪʨʦʶ ʤʘʶʪʴ ʚʠʛʣʷʜ ὢ ρςȟˏρπππ ȟρυππ , ʱʦ, 

ʚʽʜʧʦʚʽʜʥʦ, ʦʟʥʘʯʘʻ ʥʘʩʪʫʧʥʽ ʚʠʭʽʜʥʽ ʟʥʘʯʝʥʥʷ: ὣ χȢςȟˏτȢψ̍ .̱ 

3. ɺʠʨʘʭʫʻʤʦ ʥʦʨʤʘʣʽʟʦʚʘʥʠʡ ʚʝʢʪʦʨ ʨʽʟʥʠʮʽ: Ўὣ ȟ ὣ ὣ Ṩ

ὣ χȢς ψȟτȢψ τȢπṨ ψȟτ πȢψȟˏπȢψ̍ Ṩ̱ ψȟˏτ̍ˍ πȢρȟπȢς. 

Vin

R1

R2

Vout
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4. ɿʘʩʪʦʩʫʻʤʦ ʩʽʨʫ ʟʦʥʫ  

ȿώϛȿ  ȿ πȢρπȿ  πȢρπ  —ϛ  πȢπυ O  ὶϛ  Ⱥ Ȼ 

ȿϜȿ  ȿπȢςπȿ  πȢςπ  —Ϝ  πȢπυ O  ὶϜ  Ⱥ Ȼ 

ʆʪʞʝ, ʨʝʟʫʣʴʪʫʶʯʠʡ ʚʝʢʪʦʨ ʤʘʻ ʚʠʛʣʷʜ Ὑ ȟ . ʇʦʰʫʢ ʧʦ ʪʘʙʣʠʮʽ 

ʚʽʜʧʦʚʽʜʥʦʩʪʽ (ʪʘʙʣ. 2.3) ʧʦ ʟʘʜʘʥʦʤʫ Ὑ ʚʢʘʟʫʻ ʥʘ ʧʨʠʯʠʥʫ Ὁ πȟπȟ , ʱʦ ʦʟʥʘʯʘʻ 

ʟʘʥʠʞʝʥʝ ʟʥʘʯʝʥʥʷ R2, ʱʦ, ʽ ʻ ʧʨʘʚʠʣʴʥʦʶ ʧʨʠʯʠʥʦʶ ʚʽʜʭʠʣʝʥʥʷ ʚʠʭʽʜʥʠʭ ʟʥʘʯʝʥʴ.  

2.3 ʄʝʪʦʜʠ ʛʝʥʝʨʘʮʽʾ ʪʘʙʣʠʮʴ ʚʽʜʧʦʚʽʜʥʦʩʪʽ. 

ʇʽʩʣʷ ʬʦʨʤʘʣʽʟʘʮʽʾ ʜʽʘʛʥʦʩʪʠʯʥʦʛʦ ʘʣʛʦʨʠʪʤʫ ʢʣʶʯʦʚʠʤ ʧʨʘʢʪʠʯʥʠʤ ʟʘʚʜʘʥʥʷʤ 

ʩʪʘʻ ʧʦʙʫʜʦʚʘ ʪʘʙʣʠʮʽ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʜʣʷ ʢʦʥʢʨʝʪʥʦʛʦ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʨʠʩʪʨʦʶ. ʗʢʽʩʪʴ 

ʮʽʻʾ ʪʘʙʣʠʮʽ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʠʟʥʘʯʘʻ ʜʽʘʛʥʦʩʪʠʯʥʫ ʟʜʘʪʥʽʩʪʴ ʩʠʩʪʝʤʠ, ʪʦʤʫ 

ʩʠʩʪʝʤʘʪʠʟʘʮʽʷ ʧʽʜʭʦʜʽʚ ʜʦ ʾʾ ʛʝʥʝʨʘʮʽʾ ʻ ʩʘʤʦʩʪʽʡʥʦʶ ʥʘʫʢʦʚʦʶ ʟʘʜʘʯʝʶ. ʋ ʮʴʦʤʫ 

ʧʽʜʨʦʟʜʽʣʽ ʨʦʟʛʣʷʥʫʪʦ ʯʦʪʠʨʠ ʦʩʥʦʚʥʽ ʤʝʪʦʜʠ ʛʝʥʝʨʘʮʽʾ, ʘ ʪʘʢʦʞ ʛʽʙʨʠʜʥʠʡ ʧʽʜʭʽʜ, 

ʷʢʠʡ ʽ ʨʝʢʦʤʝʥʜʫʻʪʴʩʷ ʜʣʷ ʧʨʘʢʪʠʯʥʠʭ ʟʘʩʪʦʩʫʚʘʥʴ. 

2.3.1 ʄʝʪʦʜ ʩʠʩʪʝʤʘʪʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ 

ʎʝʡ ʤʝʪʦʜ ʧʝʨʝʜʙʘʯʘʻ ʚʚʝʜʝʥʥʷ ʢʦʥʪʨʦʣʴʦʚʘʥʠʭ ʚʽʜʭʠʣʝʥʴ ʫ ʧʘʨʘʤʝʪʨʠ 

ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ ʟ ʧʦʜʘʣʴʰʠʤ ʘʥʘʣʽʟʦʤ ʾʭ ʚʧʣʠʚʫ ʥʘ ʚʠʭʽʜʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. 

ɸʣʛʦʨʠʪʤ ʜʘʥʦʛʦ ʤʝʪʦʜʫ ʤʘʻ ʥʘʩʪʫʧʥʠʡ ʚʠʛʣʷʜ: 

1. ɺʠʟʥʘʯʝʥʥʷ ʚʘʞʣʠʚʠʭ ʧʘʨʘʤʝʪʨʽʚ: ɺʠʟʥʘʯʝʥʥʷ ʚʩʽʭ ʢʦʤʧʦʥʝʥʪʽʚ ʚʝʢʪʦʨʫ ὢ, 

ʷʢʽ ʤʦʞʫʪʴ ʟʘʟʥʘʚʘʪʠ ʜʝʛʨʘʜʘʮʽʾ (ʦʧʦʨʠ ʨʝʟʠʩʪʦʨʽʚ, ʻʤʥʦʩʪʽ ʢʦʥʜʝʥʩʘʪʦʨʽʚ, ʧʘʨʘʤʝʪʨʠ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʧʨʠʣʘʜʽʚ ʪʦʱʦ). 

2. ʇʣʘʥʫʚʘʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʽʚ: ɼʣʷ ʢʦʞʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ὼ ʚʠʟʥʘʯʘʶʪʴʩʷ 

ʥʦʨʤʘʣʴʥʽ ʟʥʘʯʝʥʥʷ ὼȟ  ʽ ʜʽʘʧʘʟʦʥʠ ʚʽʜʭʠʣʝʥʴ ὼȟ ȟὼȟ . 

3. ʄʦʜʝʣʶʚʘʥʥʷ: ɼʣʷ ʢʦʞʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ὼ ʧʦʩʣʽʜʦʚʥʦ ʟʘʜʘʶʪʴʩʷ ʟʥʘʯʝʥʥʷ ʚʽʜ 

ὼȟ  ʜʦ ὼȟ , ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʚʽʜʧʦʚʽʜʥʠʭ ʚʠʭʽʜʥʠʡ ʚʝʢʪʦʨ ὣ  ʽ ʚʠʟʥʘʯʘʻʪʴʩʷ 

ʥʦʨʤʘʣʽʟʦʚʘʥʠʡ ʚʝʢʪʦʨ ʚʽʜʭʠʣʝʥʥʷ Ўὣ ȟ . 

4. ʇʦʙʫʜʦʚʘ ʚʽʜʧʦʚʽʜʥʦʩʪʝʡ: ʅʘ ʦʩʥʦʚʽ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʙʫʜʫʶʪʴʩʷ 

ʟʘʣʝʞʥʦʩʪʽ ʥʘʧʨʷʤʢʫ ʚʽʜʭʠʣʝʥʥʷ Ὑ ʚʽʜ ʭʘʨʘʢʪʝʨʫ ʟʤʽʥʠ ʧʘʨʘʤʝʪʨʽʚ Ὁ. 
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2.3.2 ʄʝʪʦʜ ʘʥʘʣʽʪʠʯʥʦʛʦ ʚʠʚʦʜʫ ʜʣʷ ʧʨʦʩʪʠʭ ʩʭʝʤ 

ɼʣʷ ʣʽʥʽʡʥʠʭ ʘʙʦ ʩʣʘʙʢʦ ʥʝʣʽʥʽʡʥʠʭ ʩʭʝʤ ʤʦʞʣʠʚʝ ʘʥʘʣʽʪʠʯʥʝ ʚʠʟʥʘʯʝʥʥʷ 

ʟʘʣʝʞʥʦʩʪʝʡ ʤʽʞ ʚʭʽʜʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʪʘ ʚʠʭʽʜʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ɼʘʥʠʡ 

ʧʽʜʭʽʜ ʤʘʻ ʥʘʩʪʫʧʥʠʡ ʘʣʛʦʨʠʪʤ: 

1. ɸʥʘʣʽʪʠʯʥʝ ʤʦʜʝʣʶʚʘʥʥʷ: ɺʠʚʝʜʝʥʥʷ ʤʘʪʝʤʘʪʠʯʥʠʭ ʟʘʣʝʞʥʦʩʪʝʡ ὣ Ὢὢ . 

2. ʃʽʥʝʘʨʠʟʘʮʽʷ: ɼʣʷ ʥʝʣʽʥʽʡʥʠʭ ʟʘʣʝʞʥʦʩʪʝʡ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʣʽʥʝʘʨʠʟʘʮʽʷ 

ʥʘʚʢʦʣʦ ʨʦʙʦʯʦʾ ʪʦʯʢʠ: . 

3. ɺʠʟʥʘʯʝʥʥʷ ʟʥʘʢʽʚ ʚʧʣʠʚʫ: ʅʘ ʦʩʥʦʚʽ ʯʘʩʪʠʥʥʠʭ ʧʦʭʽʜʥʠʭ ʚʠʟʥʘʯʘʶʪʴʩʷ 

ʟʥʘʢʠ ʚʧʣʠʚʫ ʢʦʞʥʦʛʦ ʧʘʨʘʤʝʪʨʘ:  

ʗʢʱʦ π Ÿ ʟʙʽʣʴʰʝʥʥʷ Ø ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʙʽʣʴʰʝʥʥʷ Ù. 

ʗʢʱʦ π Ÿ ʟʙʽʣʴʰʝʥʥʷ ὼ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʝʥʰʝʥʥʷ ώ. 

4. ʇʦʙʫʜʦʚʘ ʚʽʜʧʦʚʽʜʥʦʩʪʝʡ: ʂʦʤʙʽʥʫʚʘʥʥʷ ʟʥʘʢʽʚ ʚʧʣʠʚʽʚ ʬʦʨʤʫʻ ʨʷʜʢʠ 

ʪʘʙʣʠʮʽ ʚʽʜʧʦʚʽʜʥʦʩʪʽ. 

2.3.3 ʄʝʪʦʜ ʬʦʨʤʘʣʽʟʘʮʽʾ ʝʢʩʧʝʨʪʥʠʭ ʟʥʘʥʴ 

ʎʝʡ ʤʝʪʦʜ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʫ ʚʠʧʘʜʢʘʭ ʩʠʩʪʝʤ, ʜʝ ʝʢʩʧʝʨʪʥʽ ʟʥʘʥʥʷ ʧʨʦ ʧʦʚʝʜʽʥʢʫ 

ʩʭʝʤʠ ʤʦʞʫʪʴ ʙʫʪʠ ʬʦʨʤʘʣʽʟʦʚʘʥʽ ʫ ʚʠʛʣʷʜʽ ʧʨʘʚʠʣ. ʇʨʦʮʝʩ ʤʘʻ ʥʘʩʪʫʧʥʠʡ ʚʠʛʣʷʜ: 

1. ɿʙʽʨ ʝʢʩʧʝʨʪʥʠʭ ʟʥʘʥʴ: ʘʥʘʣʽʟ ʜʞʝʨʝʣ, ʦʧʠʪʫʚʘʥʥʷ ʬʘʭʽʚʮʽʚ ʟ ʜʽʘʛʥʦʩʪʠʢʠ 

ʢʦʥʢʨʝʪʥʦʛʦ ʪʠʧʫ ʦʙʣʘʜʥʘʥʥʷ ʪʦʱʦ. 

2. ʉʪʨʫʢʪʫʨʫʚʘʥʥʷ ʟʥʘʥʴ: ʇʝʨʝʪʚʦʨʝʥʥʷ ʷʢʽʩʥʠʭ ʦʧʠʩʽʚ ʫ ʬʦʨʤʘʣʽʟʦʚʘʥʽ 

ʧʨʘʚʠʣʘ ʚʠʜʫ: «ʗʂʑʆ [ʢʦʥʢʨʝʪʥʘ ʧʨʠʯʠʥʘ], ʊʆ [ʢʦʥʢʨʝʪʥʠʡ ʜʝʬʝʢʪ]». 

3. ɺʝʨʠʬʽʢʘʮʽʷ ʧʨʘʚʠʣ: ʇʝʨʝʚʽʨʢʘ ʩʬʦʨʤʫʣʴʦʚʘʥʠʭ ʧʨʘʚʠʣ ʥʘ ʪʝʩʪʦʚʠʭ ʚʠʧʘʜʢʘʭ 

ʘʙʦ ʽʩʪʦʨʠʯʥʠʭ ʜʘʥʠʭ. 

4. ʇʦʙʫʜʦʚʘ ʪʘʙʣʠʮʽ: ʊʨʘʥʩʬʦʨʤʘʮʽʷ ʧʨʘʚʠʣ ʫ ʬʦʨʤʘʪ ʚʝʢʪʦʨʽʚ Ὑ ʪʘ Ὁ. 

2.3.4 ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʡ ʤʝʪʦʜ 

ʎʝʡ ʤʝʪʦʜ ʧʝʨʝʜʙʘʯʘʻ ʧʦʯʝʨʛʦʚʫ ʟʤʽʥʫ ʚʭʽʜʥʠʭ ʟʥʘʯʝʥʴ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʥʘ 

ʨʝʘʣʴʥʦʤʫ ʬʽʟʠʯʥʦʤʫ ʧʨʠʩʪʨʦʾ ʟ ʚʠʤʽʨʶʚʘʥʥʷʤ ʬʘʢʪʠʯʥʠʭ ʟʤʽʥ ʚʠʭʽʜʥʠʭ ʟʥʘʯʝʥʴ. 

ɸʣʛʦʨʠʪʤ ʜʘʥʦʛʦ ʤʝʪʦʜʫ ʤʘʻ ʥʘʩʪʫʧʥʠʡ ʚʠʛʣʷʜ: 
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1. ʇʽʜʛʦʪʦʚʢʘ ʩʪʝʥʜʫ: ʟʘʙʝʟʧʝʯʝʥʥʷ ʤʦʞʣʠʚʦʩʪʽ ʢʦʥʪʨʦʣʴʦʚʘʥʦʾ ʟʤʽʥʠ ʢʦʞʥʦʛʦ 

ʢʦʤʧʦʥʝʥʪʘ ʚʭʽʜʥʦʛʦ ʚʝʢʪʦʨʫ ὢ ʥʘ ʨʝʘʣʴʥʦʤʫ ʧʨʠʩʪʨʦʾ ʪʘ ʚʠʤʽʨʶʚʘʥʥʷ ʚʩʽʭ 

ʢʦʤʧʦʥʝʥʪʽʚ ʚʠʭʽʜʥʦʛʦ ʚʝʢʪʦʨʘ Y. 

2. ʇʦʩʣʽʜʦʚʥʝ ʚʘʨʽʶʚʘʥʥʷ ʧʘʨʘʤʝʪʨʽʚ: ʜʣʷ ʢʦʞʥʦʛʦ ʧʘʨʘʤʝʪʨʘ xi ʧʦʯʝʨʛʦʚʦ 

ʚʩʪʘʥʦʚʣʶʶʪʴʩʷ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʥʦʤʽʥʘʣʴʥʦʛʦ ʟʥʘʯʝʥʥʷ ʟ ʬʽʢʩʘʮʽʻʶ 

ʚʽʜʧʦʚʽʜʥʠʭ ʟʤʽʥ ʚʠʭʽʜʥʦʛʦ ʚʝʢʪʦʨʫ ὣ. 

3. ɺʠʟʥʘʯʝʥʥʷ ʥʘʧʨʷʤʢʽʚ ʚʽʜʭʠʣʝʥʴ: ʥʘ ʦʩʥʦʚʽ ʦʪʨʠʤʘʥʠʭ ʚʠʤʽʨʶʚʘʥʴ 

ʚʠʟʥʘʯʘʶʪʴʩʷ ʚʝʢʪʦʨʠ Ὑ ʪʘ ʚʽʜʧʦʚʽʜʥʽ ʚʝʢʪʦʨʠ Ὁ. 

4. ʇʦʙʫʜʦʚʘ ʪʘʙʣʠʮʽ: ʬʦʨʤʫʚʘʥʥʷ ʪʘʙʣʠʮʽ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʥʘ ʦʩʥʦʚʽ ʟʽʙʨʘʥʠʭ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ. 

ɼʘʥʠʡ ʤʝʪʦʜ ʚʨʘʭʦʚʫʻ ʚʩʽ ʚʣʘʩʪʠʚʦʩʪʽ ʨʝʘʣʴʥʦʛʦ ʝʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, 

ʚʢʣʶʯʘʶʯʠ ʧʘʨʘʟʠʪʥʽ ʝʣʝʤʝʥʪʠ, ʥʝʣʽʥʽʡʥʦʩʪʽ ʪʘ ʪʝʤʧʝʨʘʪʫʨʥʽ ʟʘʣʝʞʥʦʩʪʽ, ʱʦ 

ʟʘʙʝʟʧʝʯʫʻ ʤʘʢʩʠʤʘʣʴʥʫ ʪʦʯʥʽʩʪʴ ʨʝʟʫʣʴʪʘʪʽʚ ʜʣʷ ʢʦʥʢʨʝʪʥʦʛʦ ʝʢʟʝʤʧʣʷʨʘ ʧʨʠʩʪʨʦʶ. 

ɺʦʜʥʦʯʘʩ ʚʽʥ ʚʠʤʘʛʘʻ ʟʥʘʯʥʠʭ ʯʘʩʦʚʠʭ ʽ ʤʘʪʝʨʽʘʣʴʥʠʭ ʨʝʩʫʨʩʽʚ, ʦʙʤʝʞʝʥʠʡ 

ʩʠʪʫʘʮʽʷʤʠ, ʷʢʽ ʬʽʟʠʯʥʦ ʤʦʞʣʠʚʦ ʚʽʜʪʚʦʨʠʪʠ, ʤʦʞʝ ʙʫʪʠ ʟʘʥʘʜʪʦ ʧʨʠʚô̫ ʟʘʥʠʤ ʜʦ 

ʢʦʥʢʨʝʪʥʦʛʦ ʝʢʟʝʤʧʣʷʨʘ ʩʭʝʤʠ, ʤʘʻ ʚʠʩʦʢʠʡ ʨʠʟʠʢ ʧʦʰʢʦʜʞʝʥʥʷ ʧʨʠʩʪʨʦʶ ʧʨʠ 

ʤʦʜʝʣʶʚʘʥʥʽ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ, ʘ ʪʘʢʦʞ ʩʢʣʘʜʥʦ ʘʚʪʦʤʘʪʠʟʫʻʪʴʩʷ ʽ ʚʽʜʪʚʦʨʶʻʪʴʩʷ. 

2.3.5 ɻʽʙʨʠʜʥʠʡ ʧʽʜʭʽʜ ʜʦ ʛʝʥʝʨʘʮʽʾ ʪʘʙʣʠʮʴ 

ʅʘ ʧʨʘʢʪʠʮʽ ʨʝʢʦʤʝʥʜʫʻʪʴʩʷ ʢʦʤʙʽʥʫʚʘʪʠ ʦʧʠʩʘʥʽ ʤʝʪʦʜʠ: 

1. ʇʦʯʘʪʢʦʚʘ ʛʝʥʝʨʘʮʽʷ: ɺʠʢʦʨʠʩʪʘʥʥʷ ʘʥʘʣʽʪʠʯʥʦʛʦ ʚʠʚʦʜʫ (ʜʣʷ ʧʨʦʩʪʠʭ 

ʧʨʠʩʪʨʦʾʚ) ʘʙʦ ʩʠʩʪʝʤʘʪʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ (ʜʣʷ ʩʢʣʘʜʥʠʭ). 

2. ɺʘʣʽʜʘʮʽʷ: ʇʝʨʝʚʽʨʢʘ ʦʪʨʠʤʘʥʠʭ ʧʨʘʚʠʣ ʟʘ ʜʦʧʦʤʦʛʦʶ ʝʢʩʧʝʨʪʥʠʭ ʟʥʘʥʴ. 

3. ʋʪʦʯʥʝʥʥʷ: ʂʦʨʝʢʮʽʷ ʪʘʙʣʠʮʴ ʥʘ ʦʩʥʦʚʽ ʨʝʘʣʴʥʠʭ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʜʘʥʠʭ. 

2.3.6 ʇʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʟʘʧʨʦʧʦʥʦʚʘʥʠʭ ʤʝʪʦʜʽʚ ʛʝʥʝʨʘʮʽʾ ʪʘʙʣʠʮʽ 

ʚʽʜʧʦʚʽʜʥʦʩʪʽ 

ɼʣʷ ʦʙˇʨʫʥʪʦʚʘʥʦʛʦ ʚʠʙʦʨʫ ʤʝʪʦʜʫ ʛʝʥʝʨʘʮʽʾ ʪʘʙʣʠʮʽ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʜʣʷ 

ʢʦʥʢʨʝʪʥʦʛʦ ʧʨʠʩʪʨʦʶ ʜʦʮʽʣʴʥʦ ʧʦʨʽʚʥʷʪʠ ʟʘ ʢʣʶʯʦʚʠʤʠ ʢʨʠʪʝʨʽʷʤʠ ʪʨʠ ʦʩʥʦʚʥʽ 

ʧʨʘʢʪʠʯʥʽ ʧʽʜʭʦʜʠ: ʝʢʩʧʝʨʪʥʠʡ, ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʡ ʪʘ ʤʘʪʝʤʘʪʠʯʥʝ ʤʦʜʝʣʶʚʘʥʥʷ. 

ɽʢʩʧʝʨʪʥʠʡ ʤʝʪʦʜ ʻ ʥʘʡʰʚʠʜʰʠʤ ʫ ʚʠʢʦʨʠʩʪʘʥʥʽ, ʥʝ ʚʠʤʘʛʘʻ ʜʦʜʘʪʢʦʚʦʛʦ 
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ʦʙʣʘʜʥʘʥʥʷ ʯʠ ʥʘʚʠʯʦʢ ʧʨʦʛʨʘʤʫʚʘʥʥʷ, ʘʣʝ ʩʭʠʣʴʥʠʡ ʜʦ ʚʧʣʠʚʫ ʣʶʜʩʴʢʦʛʦ ʬʘʢʪʦʨʫ, 

ʤʦʞʝ ʙʫʪʠ ʟʘʥʘʜʪʦ ʩʢʣʘʜʥʠʤ ʧʨʠ ʘʥʘʣʽʟʽ ʢʦʤʧʣʝʢʩʥʠʭ ʟʤʽʥ ʚʭʦʜʽʚ, ʨʝʟʫʣʴʪʘʪ ʧʽʜʭʦʜʫ 

ʩʢʣʘʜʥʦ ʜʦʚʝʩʪʠ ʙʝʟ ʝʢʩʧʝʨʠʤʝʥʪʫ ʯʠ ʤʦʜʝʣʶʚʘʥʥʷ ʪʘ ʟ ʪʘʢʠʤ ʧʽʜʭʦʜʦʤ ʤʦʞʝ ʙʫʪʠ 

ʩʢʣʘʜʥʦ ʚʨʘʭʫʚʘʪʠ ʥʝʽʜʝʘʣʴʥʫ ʧʦʚʝʜʽʥʢʫ ʨʝʘʣʴʥʦʛʦ ʝʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʟ 

ʧʘʨʘʟʠʪʥʠʤʠ ʝʣʝʤʝʥʪʘʤʠ ʽ ʥʝʣʽʥʽʡʥʦʩʪʷʤʠ. ɼʣʷ ʙʽʣʴʰ ʩʢʣʘʜʥʠʭ ʩʭʝʤ ʚʽʥ ʦʙʤʝʞʫʻʪʴʩʷ 

ʧʦʪʦʯʥʠʤ ʩʪʘʥʦʤ ʟʥʘʥʴ ʫ ʚʽʜʧʦʚʽʜʥʽʡ ʩʬʝʨʽ, ʘ ʪʘʢʦʞ ʮʝʡ ʧʽʜʭʽʜ ʥʝʤʦʞʣʠʚʦ 

ʘʚʪʦʤʘʪʠʟʫʚʘʪʠ. 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʡ ʤʝʪʦʜ ʚʨʘʭʦʚʫʻ ʚʩʽ ʚʣʘʩʪʠʚʦʩʪʽ ʨʝʘʣʴʥʦʛʦ ʝʣʝʢʪʨʦʥʥʦʛʦ 

ʦʙʣʘʜʥʘʥʥʷ, ʚʢʣʶʯʘʶʯʠ ʧʘʨʘʟʠʪʥʽ ʝʣʝʤʝʥʪʠ ʽ ʥʝʣʽʥʽʡʥʦʩʪʽ, ʘ ʪʘʢʦʞ ʪʝʤʧʝʨʘʪʫʨʥʽ 

ʟʘʣʝʞʥʦʩʪʽ, ʤʦʞʝ ʚʨʘʭʫʚʘʪʠ ʥʝʦʯʽʢʫʚʘʥʽ ʟʘʣʝʞʥʦʩʪʽ ʽ ʧʦʚʝʜʽʥʢʠ, ʨʝʟʫʣʴʪʘʪʠ ʜʘʥʦʛʦ 

ʤʝʪʦʜʫ ʻ ʤʘʢʩʠʤʘʣʴʥʦ ʪʦʯʥʠʤʠ ʜʣʷ ʢʦʥʢʨʝʪʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʱʦ ʜʦʩʣʽʜʞʫʻʪʴʩʷ. 

ɺʦʜʥʦʯʘʩ ʚʽʥ ʚʠʤʘʛʘʻ ʙʘʛʘʪʦ ʯʘʩʫ ʽ ʨʝʩʫʨʩʽʚ, ʦʙʤʝʞʝʥʠʡ ʩʠʪʫʘʮʽʷʤʠ, ʷʢʽ ʬʽʟʠʯʥʦ 

ʤʦʞʣʠʚʦ ʚʽʜʪʚʦʨʠʪʠ, ʯʝʨʝʟ ʦʩʦʙʣʠʚʦʩʪʽ ʢʦʥʢʨʝʪʥʦʾ ʩʭʝʤʠ ʤʦʞʝ ʙʫʪʠ ʟʘʥʘʜʪʦ 

ʧʨʠʚô̫ ʟʘʥʠʤ ʜʦ ʥʝʾ, ʯʝʨʝʟ ʱʦ ʡʦʛʦ ʥʝʤʦʞʣʠʚʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʜʦ ʽʥʰʠʭ ʧʦʜʽʙʥʠʭ 

ʩʭʝʤ, ʘ ʪʘʢʦʞ ʩʭʠʣʴʥʠʡ ʜʦ ʧʦʤʠʣʦʢ ʫ ʚʠʧʘʜʢʫ ʜʝʬʝʢʪʽʚ ʢʦʥʢʨʝʪʥʦʛʦ ʝʣʝʢʪʨʦʥʥʦʛʦ 

ʧʨʠʩʪʨʦʶ, ʷʢʠʡ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʝʢʩʧʝʨʠʤʝʥʪʽʚ, ʤʘʻ ʚʠʩʦʢʠʡ ʨʠʟʠʢ 

ʧʦʰʢʦʜʞʝʥʥʷ ʧʨʠʩʪʨʦʶ, ʩʢʣʘʜʥʦ ʘʚʪʦʤʘʪʠʟʫʻʪʴʩʷ ʽ ʚʽʜʪʚʦʨʶʻʪʴʩʷ. 

ʄʝʪʦʜ ʤʘʪʝʤʘʪʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʻ ʛʥʫʯʢʠʤ, ʤʦʞʝ ʙʫʪʠ ʧʦʚʥʽʩʪʶ 

ʘʚʪʦʤʘʪʠʟʦʚʘʥʠʤ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ, ʜʦʟʚʦʣʷʻ ʰʚʠʜʢʫ 

ʧʝʨʝʚʽʨʢʫ ʙʘʛʘʪʴʦʭ ʢʦʥʬʽʛʫʨʘʮʽʡ ʽ ʩʮʝʥʘʨʽʾʚ, ʥʘʜʘʻ ʚʽʜʪʚʦʨʶʚʘʥʽ ʽ ʧʨʦʛʥʦʟʦʚʘʥʽ 

ʨʝʟʫʣʴʪʘʪʠ, ʤʦʞʝ ʙʫʪʠ ʰʚʠʜʢʦ ʧʝʨʝʨʦʙʣʝʥʠʤ ʧʽʜ ʽʥʰʽ ʢʦʥʬʽʛʫʨʘʮʽʾ ʟ ʤʽʥʽʤʘʣʴʥʠʤʠ 

ʟʫʩʠʣʣʷʤʠ, ʜʦʟʚʦʣʷʻ ʣʝʛʢʦ ʚʽʟʫʘʣʽʟʫʚʘʪʠ ʟʘʣʝʞʥʦʩʪʽ ʤʽʞ ʚʭʦʜʘʤʠ ʽ ʚʠʭʦʜʘʤʠ, ʻ 

ʙʝʟʧʝʯʥʠʤ ʜʣʷ ʬʽʟʠʯʥʠʭ ʧʨʠʩʪʨʦʾʚ, ʜʦʟʚʦʣʷʻ ʣʝʛʢʦ ʧʨʦʪʝʩʪʫʚʘʪʠ ʢʨʘʡʦʚʽ ʚʠʧʘʜʢʠ, ʘ 

ʪʘʢʦʞ ʨʦʟʨʦʙʣʝʥʘ ʧʨʦʛʨʘʤʥʠʤ ʰʣʷʭʦʤ ʤʘʪʝʤʘʪʠʯʥʘ ʩʭʝʤʘ ʤʦʞʝ ʙʫʪʠ 

ʧʝʨʝʚʠʢʦʨʠʩʪʘʥʘ ʚ ʧʦʜʘʣʴʰʦʤʫ ʜʣʷ ʨʝʘʣʽʟʘʮʽʾ ʘʣʛʦʨʠʪʤʫ. ɺʦʜʥʦʯʘʩ ʚʽʥ ʚʠʤʘʛʘʻ 

ʪʦʯʥʦʾ ʤʦʜʝʣʽ, ʽʛʥʦʨʫʻ ʯʘʩʪʠʥʫ ʨʝʘʣʴʥʠʭ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʚʠʤʘʛʘʻ 

ʩʧʝʮʽʘʣʽʟʦʚʘʥʦʛʦ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ ʽ ʚʤʽʥʥʷ ʨʦʙʦʪʠ ʟ ʥʠʤ, ʘ ʪʘʢʦʞ ʤʦʜʝʣʴ ʚʩʝ 

ʨʽʚʥʦ ʤʘʻ ʙʫʪʠ ʧʽʜʪʚʝʨʜʞʝʥʦʶ ʰʣʷʭʦʤ ʧʦʨʽʚʥʷʥʥʷ ʧʦʚʝʜʽʥʢʠ ʟ ʨʝʘʣʴʥʠʤ 

ʝʢʟʝʤʧʣʷʨʦʤ ʧʨʠʩʪʨʦʶ. 

ʄʝʪʦʜ ʘʥʘʣʽʪʠʯʥʦʛʦ ʚʠʚʦʜʫ, ʦʧʠʩʘʥʠʡ ʚʠʱʝ, ʻ ʦʢʨʝʤʠʤ ʚʠʧʘʜʢʦʤ, ʷʢʠʡ 
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ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʧʝʨʝʚʘʞʥʦ ʜʦ ʧʨʦʩʪʠʭ ʣʽʥʽʡʥʠʭ ʩʭʝʤ ʽ ʤʦʞʝ ʨʦʟʛʣʷʜʘʪʠʩʷ ʷʢ 

ʘʥʘʣʽʪʠʯʥʘ ʘʣʴʪʝʨʥʘʪʠʚʘ ʤʘʪʝʤʘʪʠʯʥʦʤʫ ʤʦʜʝʣʶʚʘʥʥʶ. ɼʣʷ ʩʢʣʘʜʥʠʭ ʥʝʣʽʥʽʡʥʠʭ 

ʧʨʠʩʪʨʦʾʚ ʚʽʥ, ʷʢ ʧʨʘʚʠʣʦ, ʻ ʥʝʜʦʩʪʘʪʥʽʤ ʽ ʧʦʪʨʝʙʫʻ ʜʦʧʦʚʥʝʥʥʷ ʦʜʥʠʤ ʽʟ ʪʨʴʦʭ 

ʟʘʟʥʘʯʝʥʠʭ ʧʨʘʢʪʠʯʥʠʭ ʤʝʪʦʜʽʚ. 

ɺʠʙʽʨ ʢʦʥʢʨʝʪʥʦʛʦ ʤʝʪʦʜʫ ʜʣʷ ʦʙô̒ ʢʪʘ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʜʘʥʦʾ ʨʦʙʦʪʠ 

ʦʙˇʨʫʥʪʦʚʘʥʦ ʚ ʥʘʩʪʫʧʥʦʤʫ ʧʽʜʨʦʟʜʽʣʽ. 

2.4 ʇʨʦʛʨʘʤʥʘ ʨʝʘʣʽʟʘʮʽʷ ʤʝʪʦʜʫ ʜʣʷ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ, 

ʱʦ ʧʦʥʠʞʫʻ ʥʘʧʨʫʛʫ 

ɼʣʷ ʧʨʘʢʪʠʯʥʦʾ ʚʝʨʠʬʽʢʘʮʽʾ ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ ʤʝʪʦʜʫ ʙʫʣʦ ʦʙʨʘʥʦ ʧʦʥʠʞʫʶʯʠʡ 

(buck) ʧʝʨʝʪʚʦʨʶʚʘʯ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ ʷʢ ʦʙô̒ ʢʪ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ. ʎʝʡ ʪʠʧ 

ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʻ ʦʜʥʠʤ ʽʟ ʥʘʡʙʽʣʴʰ ʧʦʰʠʨʝʥʠʭ ʫ ʩʠʣʦʚʽʡ ʝʣʝʢʪʨʦʥʽʮʽ ʪʘ 

ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʥʝʣʽʥʽʡʥʦʶ ʧʦʚʝʜʽʥʢʦʶ, ʱʦ ʨʦʙʠʪʴ ʡʦʛʦ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʠʤ 

ʧʨʠʢʣʘʜʦʤ ʜʣʷ ʘʧʨʦʙʘʮʽʾ ʜʽʘʛʥʦʩʪʠʯʥʦʛʦ ʤʝʪʦʜʫ. ʋ ʜʘʥʦʤʫ ʧʽʜʨʦʟʜʽʣʽ ʦʧʠʩʘʥʦ 

ʩʪʚʦʨʝʥʥʷ ʤʘʪʝʤʘʪʠʯʥʦʾ ʤʦʜʝʣʽ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʧʘʨʘʟʠʪʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ, ʧʨʦʮʝʩ ʚʠʟʥʘʯʝʥʥʷ ʷʢʠʭ ʦʧʠʩʘʥʦ ʚ ʨʦʟʜʽʣʽ 3, ʘ ʪʘʢʦʞ ʟʙʽʨ ʪʘ ʘʥʘʣʽʟ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ ʜʣʷ ʢʘʣʽʙʨʫʚʘʥʥʷ ʧʦʨʦʛʦʚʠʭ ʟʥʘʯʝʥʴ ʤʝʪʦʜʫ. ɸʥʘʣʽʟ 

ʨʝʟʫʣʴʪʘʪʽʚ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʘʥʦʛʦ ʤʝʪʦʜʫ ʜʣʷ ʮʴʦʛʦ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʥʘʚʝʜʝʥʦ ʚ ʨʦʟʜʽʣʽ 

5. 

ɿ ʤʝʪʦʜʽʚ ʛʝʥʝʨʘʮʽʾ ʪʘʙʣʠʮʴ ʚʽʜʧʦʚʽʜʥʦʩʪʽ, ʨʦʟʛʣʷʥʫʪʠʭ ʫ ʧʽʜʨʦʟʜʽʣʽ 2.3, ʜʣʷ 

ʜʘʥʦʛʦ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʙʫʣʦ ʦʙʨʘʥʦ ʤʝʪʦʜ ʤʦʜʝʣʶʚʘʥʥʷ ʯʝʨʝʟ ʡʦʛʦ ʧʨʦʩʪʦʪʫ ʫ 

ʧʦʨʽʚʥʷʥʥʽ ʟ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤ ʤʝʪʦʜʦʤ, ʘʣʝ ʧʨʠ ʮʴʦʤʫ ʧʦʪʝʥʮʽʡʥʦ ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ, 

ʥʝʦʙʭʽʜʥʽʩʪʴ ʚʽʟʫʘʣʽʟʘʮʽʾ ʜʣʷ ʧʦʙʫʜʦʚʠ ʨʠʩʫʥʢʽʚ, ʘ ʪʘʢʦʞ ʯʝʨʝʟ ʧʣʘʥʠ ʧʦʜʘʣʴʰʦʛʦ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʦʪʨʠʤʘʥʦʾ ʤʦʜʝʣʽ ʚ ʧʨʦʛʨʘʤʥʦʤʫ ʟʘʙʝʟʧʝʯʝʥʥʽ, ʱʦ ʜʝʪʝʢʪʫʻ ʜʝʬʝʢʪʠ 

ʘʚʪʦʤʘʪʠʯʥʦ ʚ ʭʦʜʽ ʝʢʩʧʣʫʘʪʘʮʽʾ ʩʠʩʪʝʤʠ. 

ʉʪʚʦʨʝʥʘ ʤʦʜʝʣʴ ʩʣʫʛʫʻ ʜʣʷ ʜʚʦʭ ʮʽʣʝʡ ʦʜʥʦʯʘʩʥʦ: ʩʪʚʦʨʝʥʥʷ ʪʘʙʣʠʮʽ 

ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʪʘ ʦʪʨʠʤʘʥʥʷ ʚʝʢʪʦʨʫ ὣ  ʚ ʭʦʜʽ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʠʩʪʝʤʠ, ʱʦ ʨʝʘʣʽʟʫʻ 

ʜʘʥʠʡ ʤʝʪʦʜ. ʇʨʠ ʮʴʦʤʫ ʤʝʪʦʜ ʻ ʘʛʥʦʩʪʠʯʥʠʤ ʜʦ ʪʝʭʥʦʣʦʛʽʾ ʤʦʜʝʣʶʚʘʥʥʷ. ɺʠʙʽʨ 

PySpice/Ngspice ʫ ʜʘʥʽʡ ʨʦʙʦʪʽ ʦʙʫʤʦʚʣʝʥʠʡ ʚʠʤʦʛʘʤʠ ʪʦʯʥʦʩʪʽ ʚʽʜʪʚʦʨʝʥʥʷ 

ʢʦʤʫʪʘʮʽʡʥʠʭ ʧʨʦʮʝʩʽʚ ʪʘ ʧʘʨʘʟʠʪʥʠʭ ʝʬʝʢʪʽʚ, ʘʣʝ ʜʣʷ ʟʘʩʪʦʩʫʚʘʥʴ ʟ ʦʙʤʝʞʝʥʥʷʤʠ ʥʘ 
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ʦʙʯʠʩʣʶʚʘʣʴʥʽ ʨʝʩʫʨʩʠ ʤʦʜʝʣʴ ʤʦʞʝ ʙʫʪʠ ʟʘʤʽʥʝʥʘ ʙʫʜʴ-ʷʢʦʶ ʘʣʴʪʝʨʥʘʪʠʚʦʶ, ʱʦ 

ʚʽʜʪʚʦʨʶʻ ʢʦʤʧʦʥʝʥʪʠ ʚʝʢʪʦʨʫ ὣ: ʚʽʜ ʘʥʘʣʽʪʠʯʥʠʭ ʚʠʨʘʟʽʚ ʜʦ ʩʫʨʦʛʘʪʥʠʭ ʤʦʜʝʣʝʡ. 

ʋʟʘʛʘʣʴʥʝʥʫ ʩʭʝʤʫ ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʝʪʦʜʫ ʜʦ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩʫʥʢʫ 

2.9. ɺʝʢʪʦʨ ʚʭʽʜʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ὢ ʦʜʥʦʯʘʩʥʦ ʥʘʜʭʦʜʠʪʴ ʜʦ ʬʽʟʠʯʥʦʛʦ ʦʙôʻʢʪʘ ʪʘ 

ʮʠʬʨʦʚʦʛʦ ʦʙôʻʢʪʘ. ɺʠʤʽʨʷʥʠʡ ʚʝʢʪʦʨ ὣ  ʽ ʨʦʟʨʘʭʦʚʘʥʠʡ ὣ  ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ 

ʜʣʷ ʦʙʯʠʩʣʝʥʥʷ ʥʦʨʤʘʣʽʟʦʚʘʥʦʾ ʨʽʟʥʠʮʽ Ўὣ ȟ   ʪʘ ʧʦʰʫʢʫ ʚ ʪʘʙʣʠʮʽ ʚʽʜʧʦʚʽʜʥʦʩʪʽ. 

ɯʜʝʥʪʠʬʽʢʘʮʽʷ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ (ʨʦʟʜʽʣ 3) ʚʠʢʦʥʫʻʪʴʩʷ ʦʜʥʦʨʘʟʦʚʦ ʥʘ ʝʪʘʧʽ 

ʢʘʣʽʙʨʫʚʘʥʥʷ ʤʦʜʝʣʽ, ʘ ʨʝʟʫʣʴʪʘʪ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʩʣʫʛʫʻ ʧʽʜʩʪʘʚʦʶ ʜʣʷ ʨʽʰʝʥʥʷ 

ʦʧʝʨʘʪʦʨʘ ʘʙʦ ʩʠʩʪʝʤʠ ʱʦʜʦ ʧʣʘʥʦʚʦʛʦ ʚʪʨʫʯʘʥʥʷ. 

 

ʈʠʩ. 2.9. ʫʟʘʛʘʣʴʥʝʥʘ ʩʭʝʤʘ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ ʥʘ 

ʦʩʥʦʚʽ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ 

ʆʪʞʝ, ʧʦʩʪʘʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʫ ʩʪʚʦʨʝʥʥʽ ʪʘʢʦʾ ʤʘʪʝʤʘʪʠʯʥʦʾ ʤʦʜʝʣʽ, ʱʦ ʙʫʜʝ 

ʣʝʛʢʦ ʽʥʪʝʛʨʫʚʘʪʠʩʷ ʚ ʧʨʦʛʨʘʤʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ. ɺ ʷʢʦʩʪʽ ʪʝʭʥʦʣʦʛʽʾ ʙʫʣʦ ʦʙʨʘʥʦ 
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PySpice, ʷʢʘ ʷʚʣʷʻ ʩʦʙʦʶ ʙʽʙʣʽʦʪʝʢʫ ʤʦʚʦʶ Python, ʷʢʘ ʨʝʘʣʽʟʫʻ ʽʥʪʝʨʬʝʡʩ ʜʦ 

ʩʠʤʫʣʷʪʦʨʽʚ ʝʣʝʢʪʨʠʯʥʠʭ ʢʽʣ Ngspice ʪʘ Xyce ʥʘ ʚʠʙʽʨ. ɺ ʨʦʟʨʦʙʣʝʥʽʡ ʤʦʜʝʣʽ 

ʚʠʢʦʨʠʩʪʘʥʦ Ngspice. ʇʝʨʝʚʘʛʦʶ ʦʙʨʘʥʦʾ ʪʝʭʥʦʣʦʛʽʾ ʻ ʪʦʯʥʽʩʪʴ, ʘʣʝ ʚʦʥʘ ʞʝʨʪʚʫʻ 

ʰʚʠʜʢʦʜʽʻʶ. 

ʇʝʨʝʪʚʦʨʶʚʘʯ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ, ʱʦ ʟʥʠʞʫʻ ʥʘʧʨʫʛʫ, ʷʢʠʡ ʘʥʘʣʽʟʫʚʘʚʩʷ ʚ 

ʜʘʥʽʡ ʨʦʙʦʪʽ, ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʫ 2.10. ɿʦʙʨʘʞʝʥʘ ʩʭʝʤʘ ʻ ʽʜʝʘʣʴʥʦʶ, ʪʘ ʽʛʥʦʨʫʻ 

ʧʘʨʘʟʠʪʥʽ ʧʘʨʘʤʝʪʨʠ, ʷʢʽ ʤʘʶʪʴ ʩʚʽʡ ʚʧʣʠʚ ʥʘ ʟʘʣʝʞʥʽʩʪʴ ʚʠʭʽʜʥʠʭ ʟʥʘʯʝʥʴ ʩʭʝʤʠ ʚʽʜ 

ʚʭʽʜʥʠʭ. ʅʘʷʚʥʽʩʪʴ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʚ ʤʦʜʝʣʽ ʜʦʟʚʦʣʷʻ ʥʘʙʣʠʟʠʪʠ ʧʦʚʝʜʽʥʢʫ 

ʤʦʜʝʣʽ ʜʦ ʧʦʚʝʜʽʥʢʠ ʨʝʘʣʴʥʦʛʦ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʨʠʩʪʨʦʶ. ʇʽʜ ʯʘʩ ʧʦʧʝʨʝʜʥʽʭ 

ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʟ ʜʘʥʦʶ ʤʦʜʝʣʣʶ ʪʘ ʧʦʨʽʚʥʷʥʥʷ ʾʾ ʟ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤ ʤʘʢʝʪʦʤ 

ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʙʫʣʦ ʚʠʷʚʣʝʥʦ, ʱʦ ʪʘʢʘ ʤʦʜʝʣʴ (ʙʝʟ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ) ʫ PySpice 

(Ngspice) ʥʝʜʦʩʪʘʪʥʴʦ ʪʦʯʥʦ ʚʽʜʦʙʨʘʞʘʻ ʧʦʚʝʜʽʥʢʫ ʨʝʘʣʴʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʽ ʥʝ 

ʧʽʜʭʦʜʠʪʴ ʜʣʷ ʨʝʘʣʴʥʠʭ ʟʘʩʪʦʩʫʚʘʥʴ.  

ʄʦʜʝʣʴ ʤʘʻ ʚʢʣʶʯʘʪʠ ʧʘʨʘʟʠʪʥʽ ʧʘʨʘʤʝʪʨʠ, ʪʘʢʽ ʷʢ: ʦʧʽʨ ʢʦʪʫʰʢʠ ʽʥʜʫʢʪʠʚʥʦʩʪʽ 

(DCR) RL, ʝʢʚʽʚʘʣʝʥʪʥʠʡ ʧʦʩʣʽʜʦʚʥʠʡ ʦʧʽʨ ʢʦʥʜʝʥʩʘʪʦʨʘ (ESR) RC, ʧʘʨʘʟʠʪʥʘ 

ʽʥʜʫʢʪʠʚʥʽʩʪʴ ʢʦʥʜʝʥʩʘʪʦʨʘ LC, ʪʦʱʦ (ʨʠʩ. 2.11).  

 

ʈʠʩ. 2.10. ɯʜʝʘʣʴʥʘ ʩʭʝʤʘ ʧʦʥʠʞʫʶʯʦʛʦ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʥʘʧʨʫʛʠ 
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ʈʠʩ.2.11. ʉʭʝʤʘ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʥʘʧʨʫʛʠ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʧʘʨʘʟʠʪʥʠʭ 

ʢʦʤʧʦʥʝʥʪʽʚ 

ʅʘ ʨʠʩʫʥʢʫ 2.11 ʟʦʙʨʘʞʝʥʦ ʩʭʝʤʫ, ʱʦ ʚʢʣʶʯʘʻ ʚ ʩʝʙʝ ʧʘʨʘʟʠʪʥʽ ʧʘʨʘʤʝʪʨʠ ʜʣʷ 

ʧʽʜʚʠʱʝʥʥʷ ʪʦʯʥʦʩʪʽ ʤʦʜʝʣʽ. ʆʪʞʝ, ʤʦʜʝʣʴ ʤʘʻ ʥʘʩʪʫʧʥʽ ʧʘʨʘʤʝʪʨʠ: ʚʭʽʜʥʘ ʥʘʧʨʫʛʘ 

ὠȟ  ʢʦʝʬʽʮʽʻʥʪ ʟʘʧʦʚʥʝʥʥʷ ʩʠʛʥʘʣʫ ʐɯʄ Ὀ, ʽʥʜʫʢʪʠʚʥʽʩʪʴ ʢʦʪʫʰʢʠ ὒ, ʻʤʥʽʩʪʴ 

ʢʦʥʜʝʥʩʘʪʦʨʘ ὅ, ʦʧʽʨ ʥʘʚʘʥʪʘʞʝʥʥʷ Ὑ , ʦʧʽʨ ʢʦʥʜʝʥʩʘʪʦʨʘ Ὑ, ʦʧʽʨ ʢʦʪʫʰʢʠ Ὑ , 

ʦʧʽʨ ʜʽʦʜʘ Ὑ, ʦʧʽʨ ʚʽʜʢʨʠʪʦʛʦ ʪʨʘʥʟʠʩʪʦʨʘ Ὑ  . 

ʇʦʨʦʛʦʚʽ ʟʥʘʯʝʥʥʷ ɗ ʜʣʷ ʯʦʪʠʨʴʦʭ ʧʦʢʘʟʥʠʢʽʚ ʙʫʣʦ ʦʪʨʠʤʘʥʦ ʥʘ ʦʩʥʦʚʽ 

ʢʘʣʽʙʨʫʚʘʥʥʷ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ ʥʘ ʥʘʙʦʨʽ ʜʘʥʠʭ ʟ 20700 ʚʠʤʽʨʶʚʘʥʴ ʫ 

ʥʦʤʽʥʘʣʴʥʦʤʫ ʨʦʙʦʯʦʤʫ ʨʝʞʠʤʽ (Vin=12 ɺ, D=50%, C=44 ʤʢʌ, R=4 ʆʤ). ʉʧʦʯʘʪʢʫ 

ʙʫʣʠ ʚʠʢʦʨʠʩʪʘʥʽ  ʟʥʘʯʝʥʥʷ ɗ, ʱʦ ʚʽʜʧʦʚʽʜʘʣʠ ʤʘʢʩʠʤʘʣʴʥʠʤ ʧʦ ʤʦʜʫʣʶ ʚʽʜʭʠʣʝʥʥʷʤ 

ʧʦʚʝʜʽʥʢʠ ʨʝʘʣʴʥʦʛʦ ʧʨʠʩʪʨʦʶ ʚʽʜ ʤʘʪʝʤʘʪʠʯʥʦʾ ʤʦʜʝʣʽ, ʦʪʨʠʤʘʥʠʤ ʧʽʜ ʯʘʩ ʧʝʨʝʚʽʨʢʠ 

ʢʦʨʝʢʪʥʦʩʪʽ ʧʦʚʝʜʽʥʢʠ ʤʦʜʝʣʽ ʟ ʽʜʝʥʪʠʬʽʢʦʚʘʥʠʤʠ ʧʘʨʘʟʠʪʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ (ʱʦ 

ʦʧʠʩʘʥʦ ʚ ʨʦʟʜʽʣʽ 3.2). ɼʘʣʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤ ʰʣʷʭʦʤ ʙʫʣʦ ʫʪʦʯʥʝʥʦ ʙʽʣʴʰ 

ʦʧʪʠʤʘʣʴʥʽ ʟʥʘʯʝʥʥʷ. ʊʘʢʠʤ ʯʠʥʦʤ, ʢʘʣʽʙʨʫʚʘʥʥʷ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ ʟʘ ʢʨʠʪʝʨʽʻʤ 

ʨʽʚʥʦʚʽʜʜʘʣʝʥʦʩʪʽ ʜʘʻ ʥʝ ʣʠʰʝ ʫʟʛʦʜʞʝʥʫ ʟ ʝʢʟʝʤʧʣʷʨʦʤ ʤʦʜʝʣʴ, ʘ ʡ ʙʝʟʧʦʩʝʨʝʜʥʴʦ 

ʧʦʯʘʪʢʦʚʝ ʥʘʙʣʠʞʝʥʥʷ ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʧʦʨʦʛʽʚ, ʷʢʝ ʜʘʣʽ ʫʪʦʯʥʶʻʪʴʩʷ ʚ ʤʝʞʘʭ ʪʦʛʦ 

ʩʘʤʦʛʦ ʧʦʨʷʜʢʫ ʚʝʣʠʯʠʥʠ, ʙʝʟ ʧʦʚʪʦʨʥʦʛʦ ʢʘʣʽʙʨʫʚʘʥʥʷ ʤʦʜʝʣʽ. ʆʪʨʠʤʘʥʽ ʟʥʘʯʝʥʥʷ 

ʟʦʙʨʘʞʝʥʽ ʚ ʪʘʙʣʠʮʽ 2.4: 
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ʊʘʙʣʠʮʷ 2.4 

ɿʥʘʯʝʥʥʷ ɗ ʜʣʷ ʢʦʞʥʦʛʦ ʟ ʯʦʪʠʨʴʦʭ ʧʦʢʘʟʥʠʢʽʚ 

ʇʦʢʘʟʥʠʢ ɗ 

ʉʝʨʝʜʥʷ ʥʘʧʨʫʛʘ 5.0 

ʇʫʣʴʩʘʮʽʷ ʥʘʧʨʫʛʠ 56.5 

ʉʝʨʝʜʥʽʡ ʩʪʨʫʤ 8.5 

ʇʫʣʴʩʘʮʽʷ ʩʪʨʫʤʫ 38.0 

2.5 ʇʦʙʫʜʦʚʘ ʪʘʙʣʠʮʽ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʜʣʷ ʧʦʥʠʞʫʶʯʦʛʦ ʧʝʨʝʪʚʦʨʶʚʘʯʘ 

ʅʘ ʦʩʥʦʚʽ ʨʦʟʨʦʙʣʝʥʦʾ ʧʨʦʛʨʘʤʥʦʾ ʤʦʜʝʣʽ ʪʘ ʚʠʟʥʘʯʝʥʠʭ ʧʦʨʦʛʦʚʠʭ ʟʥʘʯʝʥʴ ɗ, ʫ 

ʮʴʦʤʫ ʧʽʜʨʦʟʜʽʣʽ ʦʧʠʩʘʥʦ ʧʨʦʮʝʜʫʨʫ ʩʠʩʪʝʤʘʪʠʯʥʦʾ ʧʦʙʫʜʦʚʠ ʪʘʙʣʠʮʽ ʚʽʜʧʦʚʽʜʥʦʩʪʽ 

ʜʣʷ ʧʦʥʠʞʫʶʯʦʛʦ ʧʝʨʝʪʚʦʨʶʚʘʯʘ. ʇʨʦʮʝʜʫʨʘ ʨʝʘʣʽʟʫʻ ʤʝʪʦʜ ʩʠʩʪʝʤʘʪʠʯʥʦʛʦ 

ʤʦʜʝʣʶʚʘʥʥʷ (ʧʽʜʨʦʟʜʽʣ 2.3) ʰʣʷʭʦʤ ʧʦʩʣʽʜʦʚʥʦʛʦ ʚʘʨʽʶʚʘʥʥʷ ʢʦʞʥʦʛʦ ʚʭʽʜʥʦʛʦ 

ʧʘʨʘʤʝʪʨʘ ʟ ʬʽʢʩʘʮʽʻʶ ʚʧʣʠʚʫ ʥʘ ʚʠʭʽʜʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. 

ʉʪʚʦʨʝʥʥʷ ʪʘʙʣʠʮʽ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʤʝʪʦʜʫ. ɺʩʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʤʧʦʥʝʥʪʽʚ 

ʩʭʝʤʠ ʧʝʨʝʪʚʦʨʶʚʘʯʘ, ʚʢʣʶʯʘʶʯʠ ʧʘʨʘʟʠʪʥʽ, ʷʚʣʷʶʪʴʩʷ ʚʭʽʜʥʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʩʭʝʤʠ 

ʟ ʪʦʯʢʠ ʟʦʨʫ ʤʝʪʦʜʫ. ɼʝʷʢʽ ʟ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʟʘʢʣʘʜʘʶʪʴʩʷ ʥʘ ʝʪʘʧʽ ʧʨʦʻʢʪʫʚʘʥʥʷ ʽ ʥʝ ʻ 

ʟʤʽʥʥʠʤʠ ʧʽʜ ʯʘʩ ʝʢʩʧʣʫʘʪʘʮʽʾ ʧʨʠʩʪʨʦʶ. ɸ ʜʝʷʢʽ ʟ ʥʠʭ, ʥʘʧʨʠʢʣʘʜ ʰʧʘʨʫʚʘʪʽʩʪʴ 

ʩʠʛʥʘʣʫ ʐɯʄ, ʣʝʛʢʦ ʧʽʜʜʘʶʪʴʩʷ ʟʤʽʥʽ. ɺ ʜʘʥʽʡ ʨʦʙʦʪʽ ʥʝ ʘʥʘʣʽʟʫʻʪʴʩʷ fPWM ʷʢ ʚʭʽʜʥʝ 

ʟʥʘʯʝʥʥʷ ʯʝʨʝʟ ʥʝʪʨʠʚʽʘʣʴʥʽʩʪʴ ʧʦʨʽʚʥʷʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʩʠʤʫʣʷʮʽʡ ʜʚʦʭ ʤʦʜʝʣʝʡ, 

ʟʥʘʯʝʥʥʷ fPWM ʷʢʠʭ ʩʠʣʴʥʦ ʚʽʜʨʽʟʥʷʻʪʴʩʷ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʚʝʢʪʦʨ ʚʭʽʜʥʠʭ ʟʥʘʯʝʥʴ ʤʘʻ ʥʘʩʪʫʧʥʠʡ ʚʠʛʣʷʜ:  

 ὢ ὠȟὈȟὒȟὅȟὙ ȟὙȟὙὙȟὙ  . 

ɺʠʭʽʜʥʠʤʠ ʞ ʟʥʘʯʝʥʥʷʤʠ ʩʣʫʛʫʶʪʴ ʩʝʨʝʜʥʽ ʪʘ ʘʤʧʣʽʪʫʜʥʽ ʟʥʘʯʝʥʥʷ ʥʘʧʨʫʛʠ ʥʘ 

ʥʘʚʘʥʪʘʞʝʥʥʽ ʪʘ ʩʪʨʫʤʫ ʯʝʨʝʟ ʢʦʪʫʰʢʫ ʽʥʜʫʢʪʠʚʥʦʩʪʽ: ὣ

6  ȟὠ  ȟὍ ȟὍ , ʜʝ 6   ʮʝ ʩʝʨʝʜʥʷ ʥʘʧʨʫʛʘ ʥʘ ʥʘʚʘʥʪʘʞʝʥʥʽ, 

ὠ   ʮʝ ʨʽʟʥʠʮʷ ʤʽʞ ʤʘʢʩʠʤʘʣʴʥʠʤ ʽ ʤʽʥʽʤʘʣʴʥʠʤ ʟʥʘʯʝʥʥʷʤ ʥʘʧʨʫʛʠ ʥʘ 

ʥʘʚʘʥʪʘʞʝʥʥʽ ʟʘ ʧʝʨʽʦʜ ʫ ɺʦʣʴʪʘʭ, Ὅ  ʮʝ ʩʝʨʝʜʥʻ ʟʥʘʯʝʥʥʷ ʩʪʨʫʤʫ ʯʝʨʝʟ 

ʽʥʜʫʢʪʠʚʥʽʩʪʴ, ʘ Ὅ  ï ʨʽʟʥʠʮʷ ʤʽʞ ʤʘʢʩʠʤʘʣʴʥʠʤ ʽ ʤʽʥʽʤʘʣʴʥʠʤ ʟʥʘʯʝʥʥʷʤ ʩʪʨʫʤʫ 
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ʯʝʨʝʟ ʽʥʜʫʢʪʠʚʥʽʩʪʴ ʟʘ ʧʝʨʽʦʜ ʚ ʘʤʧʝʨʘʭ. 

ɺʘʞʣʠʚʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʦʩʢʽʣʴʢʠ ʚ ʧʦʥʠʞʫʶʯʦʤʫ ʧʝʨʝʪʚʦʨʶʚʘʯʽ ʬʦʨʤʫʣʘ 

ʧʫʣʴʩʘʮʽʡ ʩʪʨʫʤʫ ʯʝʨʝʟ ʽʥʜʫʢʪʠʚʥʽʩʪʴ ʤʘʻ ʚʠʛʣʷʜ ЎὍ

, ʜʝ T ʮʝ ʧʝʨʽʦʜ ʢʦʤʫʪʘʮʽʾ, ʘ ʬʦʨʤʫʣʘ ʧʫʣʴʩʘʮʽʡ ʥʘʧʨʫʛʠ ʥʘʚʘʥʪʘʞʝʥʥʷ 

ʤʘʻ ʚʠʛʣʷʜ Ўὠ
Ў

, ʪʦ ʤʦʞʥʘ ʙʘʯʠʪʠ, ʱʦ ʦʙʠʜʚʽ ʬʦʨʤʫʣʠ 

ʤʘʶʪʴ ʤʥʦʞʥʠʢ ρ Ὀ Ὀ, ʷʢʠʡ ʧʨʠʡʤʘʻ ʤʘʢʩʠʤʘʣʴʥʝ ʟʥʘʯʝʥʥʷ ʧʨʠ Ὀ πȢυ, ʦʪʞʝ 

ʧʨʠ ʮʴʦʤʫ ʟʥʘʯʝʥʥʽ ʧʫʣʴʩʘʮʽʾ ʩʪʨʫʤʫ ʽ ʥʘʧʨʫʛʠ ʤʘʢʩʠʤʘʣʴʥʽ. ɯʥʰʠʤʠ ʩʣʦʚʘʤʠ, ʜʣʷ 

ʬʦʨʤʫʚʘʥʥʷ ʪʘʙʣʠʯʢʠ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʪʘ ʜʽʘʛʥʦʩʪʠʢʠ ʧʨʠʩʪʨʦʶ ʜʦʮʽʣʴʥʦ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ Ὀ πȢυ, ʙʦ ʽʥʘʢʰʝ ʩʪʘʻ ʩʢʣʘʜʥʽʰʝ ʚʠʟʥʘʯʠʪʠ, ʷʢ ʩʘʤʝ ʥʘ ʘʤʧʣʽʪʫʜʫ 

ʧʫʣʴʩʘʮʽʡ ʤʦʛʣʘ ʙʠ ʚʧʣʠʥʫʪʠ ʥʝʢʦʨʝʢʪʥʦ ʧʨʘʮʶʶʯʘ ʩʭʝʤʘ ʛʝʥʝʨʘʮʽʾ ʐɯʄ ʩʠʛʥʘʣʫ 

(ʥʘʧʨʠʢʣʘʜ, ʟʥʠʞʝʥʥʷ D ʟ 0.7 ʜʦ 0.6 ʤʘʣʦ ʪʘʢʠʡ ʩʘʤʠʡ ʚʧʣʠʚ ʥʘ ʘʤʧʣʽʪʫʜʠ ʧʫʣʴʩʘʮʽʡ, 

ʷʢ ʽ ʟʙʽʣʴʰʝʥʥʷ D ʟ 0.3 ʜʦ 0.4). 

ʇʨʦʮʝʩ ʧʦʙʫʜʦʚʠ ʪʘʙʣʠʮʽ ʚʽʜʧʦʚʽʜʥʦʩʪʽ, ʘ ʪʘʢʦʞ ʩʘʤʘ ʦʪʨʠʤʘʥʘ ʚ ʨʝʟʫʣʴʪʘʪʽ 

ʪʘʙʣʠʮʷ ʥʘʚʝʜʝʥʽ ʚ ʜʦʜʘʪʢʫ ɹ. ʈʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʪʝʩʪʫʚʘʥʥʷ ʤʝʪʦʜʫ ʪʘ 

ʪʘʙʣʠʯʢʠ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʥʘʚʝʜʝʥʦ ʚ ʨʦʟʜʽʣʽ 5. 

2.6 ɺʠʩʥʦʚʢʠ ʜʦ ʨʦʟʜʽʣʫ 2 

ʋ ʜʘʥʦʤʫ ʨʦʟʜʽʣʽ ʨʦʟʨʦʙʣʝʥʦ ʥʦʚʠʡ ʽʥʪʝʛʨʦʚʘʥʠʡ ʤʝʪʦʜ ʦʥʣʘʡʥ-ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ ʥʘ ʦʩʥʦʚʽ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ, 

ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʚʠʷʚʣʝʥʥʷ ʪʘ ʣʦʢʘʣʽʟʘʮʽʶ ʧʨʠʯʠʥ ʚʽʜʤʦʚ ʟʘ ʘʥʘʣʽʟʦʤ ʚʽʜʭʠʣʝʥʴ 

ʚʠʭʽʜʥʠʭ ʩʠʛʥʘʣʽʚ, ʪʘ ʚʠʢʦʥʘʥʦ ʡʦʛʦ ʧʨʦʛʨʘʤʥʫ ʨʝʘʣʽʟʘʮʽʶ ʜʣʷ ʧʦʥʠʞʫʶʯʦʛʦ 

ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ. ɯʥʪʝʛʨʦʚʘʥʠʡ ʭʘʨʘʢʪʝʨ ʤʝʪʦʜʫ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ 

ʚʽʥ, ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʽʩʥʫʶʯʠʭ, ʧʦʻʜʥʫʻ ʚ ʻʜʠʥʽʡ ʧʨʦʮʝʜʫʨʽ ʢʘʣʽʙʨʫʚʘʥʥʷ ʮʠʬʨʦʚʦʛʦ 

ʜʚʽʡʥʠʢʘ ʧʽʜ ʢʦʥʢʨʝʪʥʠʡ ʝʢʟʝʤʧʣʷʨ ʧʨʠʩʪʨʦʶ (ʨʦʟʜʽʣ 3), ʚʝʢʪʦʨʥʝ ʧʦʨʽʚʥʷʥʥʷ 

ʟʦʚʥʽʰʥʽʭ ʩʠʛʥʘʣʽʚ ʧʨʘʮʶʶʯʦʛʦ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʟ ʝʪʘʣʦʥʥʠʤʠ ʜʘʥʠʤʠ ʜʚʽʡʥʠʢʘ ʪʘ 

ʪʘʙʣʠʮʶ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʤʽʞ ʚʝʢʪʦʨʥʦʶ ʨʽʟʥʠʮʝʶ ʽ ʩʪʫʧʝʥʝʤ ʥʝʩʧʨʘʚʥʦʩʪʽ (ʜʝʛʨʘʜʘʮʽʾ) 

ʝʣʝʤʝʥʪʽʚ, ʱʦ ʜʦʟʚʦʣʷʻ ʣʦʢʘʣʽʟʫʚʘʪʠ ʧʨʠʯʠʥʫ ʚʽʜʤʦʚʠ ʙʝʟ ʚʠʤʽʨʶʚʘʥʴ ʧʘʨʘʤʝʪʨʽʚ 

ʦʢʨʝʤʠʭ ʝʣʝʤʝʥʪʽʚ. 

ʆʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʨʦʟʜʽʣʫ: 
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1. ʈʦʟʨʦʙʣʝʥʦ ʤʘʪʝʤʘʪʠʯʥʠʡ ʘʧʘʨʘʪ ʤʝʪʦʜʫ, ʱʦ ʙʘʟʫʻʪʴʩʷ ʥʘ ʚʝʢʪʦʨʥʦʤʫ 

ʧʨʝʜʩʪʘʚʣʝʥʥʽ ʚʭʽʜʥʠʭ ʽ ʚʠʭʽʜʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʨʠʩʪʨʦʶ ʪʘ 

ʥʦʨʤʘʣʽʟʦʚʘʥʦʤʫ ʧʦʨʽʚʥʷʥʥʽ ʟ ʝʪʘʣʦʥʥʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ, 

ʚʽʜʢʘʣʽʙʨʦʚʘʥʦʛʦ ʧʽʜ ʢʦʥʢʨʝʪʥʠʡ ʝʢʟʝʤʧʣʷʨ ʧʨʠʩʪʨʦʶ (ʨʦʟʜʽʣ 3). ɺʚʝʜʝʥʦ 

ʤʝʭʘʥʽʟʤ «ʩʽʨʦʾ ʟʦʥʠ» ʟ ʽʥʜʠʚʽʜʫʘʣʴʥʠʤʠ ʧʦʨʦʛʦʚʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʜʣʷ 

ʢʦʞʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʚʠʭʽʜʥʦʛʦ ʚʝʢʪʦʨʫ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʩʪʽʡʢʽʩʪʴ ʜʽʘʛʥʦʩʪʠʢʠ 

ʜʦ ʰʫʤʽʚ ʚʠʤʽʨʶʚʘʥʴ ʽ ʥʝʽʜʝʘʣʴʥʦʩʪʝʡ ʤʘʪʝʤʘʪʠʯʥʦʾ ʤʦʜʝʣʽ. 

2. ʌʦʨʤʘʣʽʟʦʚʘʥʦ ʜʽʘʛʥʦʩʪʠʯʥʠʡ ʘʣʛʦʨʠʪʤ ʥʘ ʦʩʥʦʚʽ ʪʘʙʣʠʮʽ ʚʽʜʧʦʚʽʜʥʦʩʪʽ 

ʚʝʢʪʦʨʽʚ ʥʘʧʨʷʤʢʽʚ ʚʽʜʭʠʣʝʥʴ Ὑ ʜʦ ʚʝʢʪʦʨʽʚ ʧʨʠʯʠʥ Ὁ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ 

ʨʦʟʰʠʨʝʥʠʡ ʬʦʨʤʘʪ ʚʝʢʪʦʨʘ Ὁ ʟ ʤʥʦʞʠʥʥʠʤʠ ʩʪʫʧʝʥʷʤʠ ʚʧʣʠʚʫ, ʱʦ 

ʜʦʟʚʦʣʷʻ ʨʦʟʨʽʟʥʷʪʠ ʨʽʟʥʽ ʤʘʩʰʪʘʙʠ ʜʝʛʨʘʜʘʮʽʾ ʧʘʨʘʤʝʪʨʽʚ ʧʨʠʩʪʨʦʶ ʙʝʟ 

ʩʫʪʪʻʚʦʛʦ ʫʩʢʣʘʜʥʝʥʥʷ ʘʣʛʦʨʠʪʤʫ. 

3. ʉʠʩʪʝʤʘʪʠʟʦʚʘʥʦ ʯʦʪʠʨʠ ʤʝʪʦʜʠ ʛʝʥʝʨʘʮʽʾ ʪʘʙʣʠʮʴ ʚʽʜʧʦʚʽʜʥʦʩʪʽ 

(ʩʠʩʪʝʤʘʪʠʯʥʝ ʤʦʜʝʣʶʚʘʥʥʷ, ʘʥʘʣʽʪʠʯʥʠʡ ʚʠʚʽʜ, ʬʦʨʤʘʣʽʟʘʮʽʷ ʝʢʩʧʝʨʪʥʠʭ 

ʟʥʘʥʴ, ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʡ ʤʝʪʦʜ) ʪʘ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʛʽʙʨʠʜʥʠʡ ʧʽʜʭʽʜ ʜʣʷ ʾʭ 

ʢʦʤʙʽʥʫʚʘʥʥʷ. ɺʠʢʦʥʘʥʦ ʧʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʮʠʭ ʤʝʪʦʜʽʚ ʟʘ ʢʨʠʪʝʨʽʷʤʠ 

ʪʦʯʥʦʩʪʽ, ʘʚʪʦʤʘʪʠʟʫʻʤʦʩʪʽ, ʤʘʩʰʪʘʙʦʚʘʥʦʩʪʽ ʪʘ ʚʠʤʦʛ ʜʦ ʨʝʩʫʨʩʽʚ. 

4. ʈʝʘʣʽʟʦʚʘʥʦ ʧʨʦʛʨʘʤʥʫ ʤʦʜʝʣʴ ʧʦʥʠʞʫʶʯʦʛʦ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʧʦʩʪʽʡʥʦʛʦ 

ʩʪʨʫʤʫ ʫ ʩʝʨʝʜʦʚʠʱʽ PySpice (Ngspice) ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʧʘʨʘʟʠʪʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ. ʅʘ ʦʩʥʦʚʽ 20700 ʚʠʤʽʨʶʚʘʥʴ ʟ ʨʝʘʣʴʥʦʛʦ ʧʝʨʝʪʚʦʨʶʚʘʯʘ 

ʚʠʟʥʘʯʝʥʦ ʧʦʨʦʛʦʚʽ ʟʥʘʯʝʥʥʷ ɗ ʜʣʷ ʯʦʪʠʨʴʦʭ ʚʠʭʽʜʥʠʭ ʧʦʢʘʟʥʠʢʽʚ. 

ɺʠʢʦʨʠʩʪʘʥʦ ʟʥʘʯʝʥʥʷ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʚʠʟʥʘʯʝʥʥʷ ʷʢʠʭ ʦʧʠʩʘʥʦ ʚ 

ʨʦʟʜʽʣʽ 3, ʱʦ ʧʽʜʚʠʱʫʻ ʪʦʯʥʽʩʪʴ ʜʽʘʛʥʦʩʪʠʢʠ. 

5. ʇʦʙʫʜʦʚʘʥʦ ʪʘʙʣʠʮʶ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʜʣʷ ʧʦʥʠʞʫʶʯʦʛʦ ʧʝʨʝʪʚʦʨʶʚʘʯʘ, ʱʦ 

ʤʽʩʪʠʪʴ 19 ʨʷʜʢʽʚ ʽ ʧʦʢʨʠʚʘʻ 9 ʚʭʽʜʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʟ K = 3 ʩʪʫʧʝʥʷʤʠ ʟʤʽʥʠ 

ʢʦʞʥʦʛʦ. ɺʽʟʫʘʣʽʟʘʮʽʷ ʚʧʣʠʚʽʚ ʫ ʚʠʛʣʷʜʽ ʪʝʧʣʦʚʠʭ ʢʘʨʪ ʧʽʜʪʚʝʨʜʠʣʘ ʬʽʟʠʯʥʫ 

ʢʦʨʝʢʪʥʽʩʪʴ ʦʪʨʠʤʘʥʠʭ ʟʘʣʝʞʥʦʩʪʝʡ. 

ɺʘʞʣʠʚʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʦʪʨʠʤʫʚʘʥʘ ʤʝʪʦʜʦʤ ʦʮʽʥʢʘ ʩʪʫʧʝʥʷ ʜʝʛʨʘʜʘʮʽʾ 

ʢʦʤʧʦʥʝʥʪʘ ʻ ʥʝ ʣʠʰʝ ʜʽʘʛʥʦʩʪʠʯʥʦʶ, ʘ ʡ ʧʦʪʝʥʮʽʡʥʦ ʧʨʦʛʥʦʩʪʠʯʥʦʶ ʦʟʥʘʢʦʶ: 

ʚʽʜʩʪʝʞʝʥʥʷ ʾʾ ʜʠʥʘʤʽʢʠ ʚ ʯʘʩʽ (ʜʨʝʡʬ ʚʝʢʪʦʨʫ ʫ ʧʨʦʩʪʦʨʽ) ʫ ʧʝʨʩʧʝʢʪʠʚʽ ʜʦʟʚʦʣʷʻ 
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ʦʮʽʥʶʚʘʪʠ ʟʘʣʠʰʢʦʚʠʡ ʨʝʩʫʨʩ ʢʦʤʧʦʥʝʥʪʘ ʪʘ ʚʠʷʚʣʷʪʠ ʧʝʨʝʜʚʽʜʤʦʚʥʽ ʩʪʘʥʠ. ʋ ʮʽʡ 

ʨʦʙʦʪʽ ʘʥʘʣʽʟ ʪʨʝʥʜʽʚ ʦʢʨʝʤʦ ʥʝ ʨʦʟʛʣʷʜʘʚʩʷ ʽ ʩʪʘʥʦʚʠʪʴ ʥʘʧʨʷʤ ʧʦʜʘʣʴʰʠʭ 

ʜʦʩʣʽʜʞʝʥʴ. ʂʨʽʤ ʪʦʛʦ, ʧʦʙʫʜʦʚʘʥʘ ʚ ʨʦʟʜʽʣʽ ʪʘʙʣʠʮʷ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʦʭʦʧʣʶʻ 

ʦʙʤʝʞʝʥʠʡ ʥʘʙʽʨ ʧʘʨʘʤʝʪʨʽʚ ʪʘ ʩʪʫʧʝʥʽʚ ʾʭ ʟʤʽʥʠ. ʊʦʤʫ ʜʨʫʛʠʤ ʥʘʧʨʷʤʦʤ ʧʦʜʘʣʴʰʠʭ 

ʜʦʩʣʽʜʞʝʥʴ ʻ ʨʦʟʰʠʨʝʥʥʷ ʩʣʦʚʥʠʢʘ ʥʝʩʧʨʘʚʥʦʩʪʝʡ ʪʘʙʣʠʮʽ ʪʘ ʢʽʣʴʢʽʩʥʝ ʦʮʽʥʶʚʘʥʥʷ 

ʡʦʛʦ ʧʦʚʥʦʪʠ. 

ʆʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʨʦʟʜʽʣʫ ʦʧʫʙʣʽʢʦʚʘʥʦ ʚ ʧʨʘʮʷʭ [149, 151] 
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ʈʆɿɼɯʃ 3. ʂʘʣʽʙʨʫʚʘʥʥʷ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ ʪʘ ʽʥʬʦʨʤʘʮʽʡʥʘ 

ʪʝʭʥʦʣʦʛʽʷ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʚʽʜʤʦʚ 

3.1 ɺʠʙʽʨ ʘʣʛʦʨʠʪʤʫ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʩʠʣʦʚʦʛʦ 

ʧʝʨʝʪʚʦʨʶʚʘʯʘ 

ʅʘ ʩʫʯʘʩʥʦʤʫ ʝʪʘʧʽ ʨʦʟʚʠʪʢʫ ʩʠʣʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʝʨʝʭʽʜ ʜʦ 

ʚʠʩʦʢʠʭ ʯʘʩʪʦʪ ʢʦʤʫʪʘʮʽʾ, ʱʦ ʜʦʟʚʦʣʷʻ ʩʫʪʪʻʚʦ ʟʤʝʥʰʠʪʠ ʤʘʩʦʛʘʙʘʨʠʪʥʽ ʧʦʢʘʟʥʠʢʠ 

ʧʘʩʠʚʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ. ʆʜʥʘʢ, ʧʨʠ ʧʽʜʚʠʱʝʥʥʽ ʯʘʩʪʦʪʠ ʙʽʣʴʰ ʚʘʞʣʠʚʦʛʦ ʟʥʘʯʝʥʥʷ 

ʥʘʙʫʚʘʶʪʴ ʧʘʨʘʟʠʪʥʽ ʧʘʨʘʤʝʪʨʠ ʩʭʝʤʠ ʪʘʢʽ ʷʢ ʧʦʩʣʽʜʦʚʥʠʡ ʦʧʽʨ ʢʦʥʜʝʥʩʘʪʦʨʘ, 

ʧʘʨʘʟʠʪʥʘ ʽʥʜʫʢʪʠʚʥʽʩʪʴ ʢʦʥʜʝʥʩʘʪʦʨʘ, ʦʧʽʨ ʢʘʥʘʣʫ ʪʨʘʥʟʠʩʪʦʨʘ ʚ ʨʝʞʠʤʽ ʧʨʦʚʝʜʝʥʥʷ 

ʩʪʨʫʤʫ, ʯʘʩʠ ʥʘʨʦʩʪʘʥʥʷ ʪʘ ʩʧʘʜʫ ʩʪʨʫʤʫ ʯʝʨʝʟ ʟʘʪʚʦʨ, ʧʘʨʘʤʝʪʨʠ ʜʽʦʜʘ ʪʦʱʦ. ɼʦ ʪʦʛʦ 

ʞ, ʥʦʤʽʥʘʣʴʥʽ ʟʥʘʯʝʥʥʷ ʦʩʥʦʚʥʠʭ ʝʣʝʤʝʥʪʽʚ ʩʭʝʤʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʟʥʘʯʝʥʽ 

ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʟ ʧʘʩʧʦʨʪʥʠʭ ʜʘʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ (ʷʢʱʦ ʥʝ ʙʨʘʪʠ ʜʦ ʫʚʘʛʠ ʙʨʘʢ ʪʘ 

ʚʽʜʭʠʣʝʥʥʷ), ʪʦʜʽ ʷʢ ʧʘʨʘʟʠʪʥʽ ʧʘʨʘʤʝʪʨʠ ʫ ʜʦʢʫʤʝʥʪʘʮʽʾ, ʷʢ ʧʨʘʚʠʣʦ, ʥʝ ʥʘʚʦʜʷʪʴʩʷ 

ʘʙʦ ʥʘʚʦʜʷʪʴʩʷ ʟ ʥʝʜʦʩʪʘʪʥʴʦʶ ʪʦʯʥʽʩʪʶ. ʊʘʢʦʞ ʜʝʷʢʽ ʟ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 

ʟʫʤʦʚʣʝʥʽ ʜʠʟʘʡʥʦʤ ʜʨʫʢʦʚʘʥʦʾ ʧʣʘʪʠ, ʪʦʤʫ ʜʘʥʽ ʧʨʦ ʾʭ ʟʥʘʯʝʥʥʷ ʘʧʨʽʦʨʽ ʥʝ ʤʦʞʫʪʴ 

ʤʽʩʪʠʪʠʩʷ ʚ ʜʦʢʫʤʝʥʪʘʮʽʷʭ ʥʘ ʢʦʤʧʦʥʝʥʪʠ. ʈʘʟʦʤ ʟ ʪʠʤ, ʩʘʤʝ ʧʘʨʘʟʠʪʥʽ ʧʘʨʘʤʝʪʨʠ ʫ 

ʚʝʣʠʢʽʡ ʤʽʨʽ ʚʠʟʥʘʯʘʶʪʴ ʧʦʚʝʜʽʥʢʫ ʩʭʝʤʠ ʚ ʧʝʨʝʭʽʜʥʠʭ ʨʝʞʠʤʘʭ, ʬʦʨʤʫ ʧʫʣʴʩʘʮʽʡ 

ʩʪʨʫʤʫ ʪʘ ʥʘʧʨʫʛʠ, ʘ ʪʘʢʦʞ ʻ ʦʩʥʦʚʥʠʤʠ ʯʠʥʥʠʢʘʤʠ, ʚʽʜʧʦʚʽʜʘʣʴʥʠʤʠ ʟʘ ʨʦʟʭʦʜʞʝʥʥʷ 

ʤʽʞ ʽʜʝʘʣʽʟʦʚʘʥʦʶ ʤʦʜʝʣʣʶ ʽ ʨʝʘʣʴʥʠʤ ʧʨʠʩʪʨʦʻʤ. ʊʘʢʠʤ ʯʠʥʦʤ, ʟʘʜʘʯʘ ʽʜʝʥʪʠʬʽʢʘʮʽʾ 

ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʚʠʤʽʨʶʚʘʥʴ ʻ ʢʣʶʯʦʚʠʤ ʝʪʘʧʦʤ ʬʦʨʤʫʚʘʥʥʷ 

ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ, ʱʦ ʧʽʜʭʦʜʠʪʴ ʜʣʷ ʜʽʘʛʥʦʩʪʠʢʠ ʝʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ. 

ʆʧʪʠʤʽʟʘʮʽʷ ʪʘʢʠʭ ʩʠʩʪʝʤ ʧʝʨʝʪʚʦʨʶʻʪʴʩʷ ʥʘ ʙʘʛʘʪʦʬʘʢʪʦʨʥʫ ʟʘʜʘʯʫ, ʜʝ ʮʽʣʴʦʚʘ 

ʬʫʥʢʮʽʷ ʤʘʻ ʩʢʣʘʜʥʠʡ ʥʝʣʽʥʽʡʥʠʡ «ʨʝʣʴʻʬ» ʟ ʙʘʛʘʪʴʤʘ ʣʦʢʘʣʴʥʠʤʠ ʝʢʩʪʨʝʤʫʤʘʤʠ. 

ɿ ʪʦʯʢʠ ʟʦʨʫ ʤʘʪʝʤʘʪʠʢʠ, ʽʜʝʥʪʠʬʽʢʘʮʽʷ ʟʚʦʜʠʪʴʩʷ ʜʦ ʟʘʜʘʯʽ ʦʧʪʠʤʽʟʘʮʽʾ: 

ʥʝʦʙʭʽʜʥʦ ʟʥʘʡʪʠ ʚʝʢʪʦʨ ʧʘʨʘʤʝʪʨʽʚ ὢ ὼȟὼȟȣȟὼ  ʪʘʢʠʡ, ʱʦ ʮʽʣʴʦʚʘ ʬʫʥʢʮʽʷ 

Ὂὢ, ʷʢʘ ʚʠʤʽʨʶʻ ʚʽʜʭʠʣʝʥʥʷ ʤʽʞ ʚʠʭʦʜʘʤʠ ʤʦʜʝʣʽ ʪʘ ʨʝʘʣʴʥʦʛʦ ʧʨʠʩʪʨʦʶ, ʥʘʙʫʚʘʻ 

ʤʽʥʽʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʥʷ: 

 Ὂὢ В В ύ ȿώ ȟ ὸȟὢ ώ ȟ ὸȿᴼάὭὲȟ (3.1) 
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ʜʝ ὓ ï ʢʽʣʴʢʽʩʪʴ ʚʠʤʽʨʶʚʘʥʠʭ ʚʠʭʽʜʥʠʭ ʚʝʣʠʯʠʥ (ʥʘʧʨʫʛʘ, ʩʪʨʫʤ ʪʦʱʦ); ὖ ï 

ʢʽʣʴʢʽʩʪʴ ʚʽʜʣʽʢʽʚ ʢʦʞʥʦʛʦ ʩʠʛʥʘʣʫ ʫ ʯʘʩʽ; ώ ȟ ὸȟὢ  ï ʚʠʤʽʨʷʥʽ ʟʥʘʯʝʥʥʷ  Ὧ-ʾ 

ʚʝʣʠʯʠʥʠ ʤʘʪʝʤʘʪʠʯʥʦʾ ʤʦʜʝʣʽ ʟʽ ʚʩʪʘʥʦʚʣʝʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ὢ, ʚ ʢʦʥʢʨʝʪʥʠʡ 

ʤʦʤʝʥʪ ʯʘʩʫ ὸ i-ʛʦ ʟʘʤʽʨʫ; ώ ȟ ὸ  ï ʚʽʜʧʦʚʽʜʥʦ, ʚʠʤʽʨʷʥʽ ʟʥʘʯʝʥʥʷ ʬʽʟʠʯʥʦʛʦ 

ʧʨʠʩʪʨʦʶ, ύ ï ʚʘʛʦʚʽ ʢʦʝʬʽʮʽʻʥʪʠ, ʱʦ ʚʽʜʦʙʨʘʞʘʶʪʴ ʧʨʦ̔ʨʠʪʝʪʥʽʩʪʴ ʦʢʨʝʤʠʭ 

ʚʝʣʠʯʠʥ.  

ʇʨʦʩʪʽʨ ʧʦʰʫʢʫ ʧʘʨʘʤʝʪʨʽʚ ʻ ʙʘʛʘʪʦʚʠʤʽʨʥʠʤ ʪʘ, ʷʢ ʧʨʘʚʠʣʦ, ʥʝʣʽʥʽʡʥʠʤ, 

ʦʩʢʽʣʴʢʠ ʧʘʨʘʟʠʪʥʽ ʧʘʨʘʤʝʪʨʠ ʦʭʦʧʣʶʶʪʴ ʢʽʣʴʢʘ ʧʦʨʷʜʢʽʚ ʚʝʣʠʯʠʥ (ʚʽʜ ʧʽʢʦʌʘʨʘʜ ʽ 

ʧʽʢʦɻʝʥʨʽ ʜʦ ʤʽʣʣʽʆʤ ʽ ʥʘʥʦʩʝʢʫʥʜ), ʘ ʮʽʣʴʦʚʘ ʬʫʥʢʮʽʷ ʤʦʞʝ ʤʘʪʠ ʯʠʩʣʝʥʥʽ ʣʦʢʘʣʴʥʽ 

ʤʽʥʽʤʫʤʠ ʚʥʘʩʣʽʜʦʢ ʥʝʣʽʥʽʡʥʦʩʪʽ ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ ʩʪʘʥʫ ʧʝʨʝʪʚʦʨʶʚʘʯʘ. ɿʘ 

ʪʘʢʠʭ ʫʤʦʚ ʚʠʙʽʨ ʤʝʪʦʜʫ ʦʧʪʠʤʽʟʘʮʽʾ ʻ ʧʨʠʥʮʠʧʦʚʠʤ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʜʦʩʪʦʚʽʨʥʦʩʪʽ 

ʽʜʝʥʪʠʬʽʢʘʮʽʾ. 

ʗʢ ʙʫʣʦ ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ ʚ ʧʽʜʨʦʟʜʽʣʽ 1.2.4, ʫ ʩʫʯʘʩʥʽʡ ʣʽʪʝʨʘʪʫʨʽ ʟ 

ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʧʘʨʘʤʝʪʨʽʚ ʩʠʣʦʚʠʭ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ ʪʘ ʩʫʤʽʞʥʠʭ ʟʘʜʘʯ ʦʧʪʠʤʽʟʘʮʽʾ ʚ 

ʩʠʣʦʚʽʡ ʝʣʝʢʪʨʦʥʽʮʽ ʚʠʜʽʣʷʻʪʴʩʷ ʢʽʣʴʢʘ ʢʣʘʩʽʚ ʤʝʪʦʜʽʚ: ʛʨʘʜʽʻʥʪʥʽ ʤʝʪʦʜʠ, ʝʚʦʣʶʮʽʡʥʽ 

ʘʣʛʦʨʠʪʤʠ (ʟʦʢʨʝʤʘ ʛʝʥʝʪʠʯʥʽ ʘʣʛʦʨʠʪʤʠ), ʤʝʪʦʜ ʨʦʶ ʯʘʩʪʠʥʦʢ (Particle Swarm 

Optimization, PSO) ʪʘ ʘʣʛʦʨʠʪʤ ʩʽʨʦʛʦ ʚʦʚʢʘ (Grey Wolf Optimizer, GWO). ɼʘʣʽ 

ʧʦʜʘʻʪʴʩʷ ʦʛʣʷʜ ʧʨʠʥʮʠʧʽʚ ʨʦʙʦʪʠ ʢʦʞʥʦʛʦ ʟ ʥʠʭ ̔ ʟ ʚʢʘʟʽʚʢʦʶ ʥʘ ʢʣʶʯʦʚʽ ʧʝʨʝʚʘʛʠ ʪʘ 

ʦʙʤʝʞʝʥʥʷ ʩʪʦʩʦʚʥʦ ʟʘʜʘʯʽ, ʱʦ ʨʦʟʚô̫ ʟʫʻʪʴʩʷ. 

ɻʨʘʜʽʻʥʪʥʽ ʤʝʪʦʜʠ ʦʧʪʠʤʽʟʘʮʽʾ. 

ɻʨʘʜʽʻʥʪʥʽ ʤʝʪʦʜʠ ʻ ʢʣʘʩʠʯʥʠʤ ʽʥʩʪʨʫʤʝʥʪʦʤ ʥʝʣʽʥʽʡʥʦʾ ʦʧʪʠʤʽʟʘʮʽʾ ʽ 

ʙʘʟʫʶʪʴʩʷ ʥʘ ʚʠʢʦʨʠʩʪʘʥʥʽ ʽʥʬʦʨʤʘʮʽʾ ʧʨʦ ʯʘʩʪʢʦʚʽ ʧʦʭʽʜʥʽ ʮʽʣʴʦʚʦʾ ʬʫʥʢʮʽʾ ʜʣʷ 

ʚʠʟʥʘʯʝʥʥʷ ʥʘʧʨʷʤʢʫ ʨʫʭʫ ʚ ʧʨʦʩʪʦʨʽ ʧʘʨʘʤʝʪʨʽʚ. ʋ ʥʘʡʙʽʣʴʰ ʟʘʛʘʣʴʥʦʤʫ 

ʬʦʨʤʫʣʶʚʘʥʥʽ ʽʪʝʨʘʮʽʡʥʝ ʦʥʦʚʣʝʥʥʷ ʚʝʢʪʦʨʫ ʧʘʨʘʤʝʪʨʽʚ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʤʝʪʦʜʘ 

ʛʨʘʜʽʻʥʪʥʦʛʦ ʩʧʫʩʢʫ ʟʜʽʡʩʥʶʻʪʴʩʷ ʟʘ ʥʘʩʪʫʧʥʠʤ ʧʨʘʚʠʣʦʤ: 

 ὢὸ ρ ὢὸ ‌ ​Ὂὢὸ ȟ (3.2) 

ʜʝ Ŭ > 0 ï h ʚʠʜʢʽʩʪʴ/ʢʨʦʢ ʥʘʚʯʘʥʥʷ (learning rate), ​Ὂὢὸ  ï ʛʨʘʜʽʻʥʪ ʮʽʣʴʦʚʦʾ 

ʬʫʥʢʮʽʾ ʧʦ ʚʝʢʪʦʨʫ ʧʘʨʘʤʝʪʨʽʚ. 
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ʆʜʥʘʢ ʟʘʩʪʦʩʫʚʘʥʥʷ ʛʨʘʜʽʻʥʪʥʠʭ ʤʝʪʦʜʽʚ ʜʦ ʟʘʜʘʯʽ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʧʘʨʘʟʠʪʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ ʥʘʰʪʦʚʭʫʻʪʴʩʷ ʥʘ ʥʝʜʦʣʽʢʠ ʜʘʥʦʛʦ 

ʢʣʘʩʫ ʤʝʪʦʜʽʚ. ʇʦ-ʧʝʨʰʝ, ʜʣʷ ʦʙʯʠʩʣʝʥʥʷ ʛʨʘʜʽʻʥʪʘ ​Ὂ ʥʝʦʙʭʽʜʥʘ ʜʠʬʝʨʝʥʮʽʡʦʚʘʥʽʩʪʴ 

ʮʽʣʴʦʚʦʾ ʬʫʥʢʮʽʾ ʧʦ ʢʦʞʥʦʤʫ ʟ ʧʘʨʘʤʝʪʨʽʚ, ʪʦʜʽ ʷʢ ʩʠʤʫʣʷʮʽʡʥʽ ʤʦʜʝʣʽ ʧʝʨʝʪʚʦʨʶʚʘʯʘ 

(ʟʦʢʨʝʤʘ ʨʝʘʣʽʟʦʚʘʥʽ ʚ PySpice ʘʙʦ SPICE-ʧʦʜʽʙʥʠʭ ʩʝʨʝʜʦʚʠʱʘʭ) ʻ ʯʘʩʪʢʦʚʦ 

ʥʝʜʠʬʝʨʝʥʮʽʡʦʚʘʥʠʤʠ ʯʝʨʝʟ ʧʝʨʝʤʠʢʘʶʯʫ ʧʨʠʨʦʜʫ ʪʨʘʥʟʠʩʪʦʨʘ ʪʘ ʜʽʦʜʘ. ʇʦ-ʜʨʫʛʝ, 

ʧʦʚʝʨʭʥʷ ʮʽʣʴʦʚʦʾ ʬʫʥʢʮʽʾ ʫ ʧʨʦʩʪʦʨʽ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʤʘʻ ʙʘʛʘʪʦ ʣʦʢʘʣʴʥʠʭ 

ʝʢʩʪʨʝʤʫʤʽʚ, ʘ ʦʪʞʝ ʛʨʘʜʽʻʥʪʥʠʡ ʩʧʫʩʢ ʽʟ ʙʫʜʴ-ʷʢʦʾ ʧʦʯʘʪʢʦʚʦʾ ʪʦʯʢʠ ʟ ʚʠʩʦʢʦʶ 

ʽʤʦʚʽʨʥʽʩʪʶ ʟʙʽʛʘʻʪʴʩʷ ʜʦ ʣʦʢʘʣʴʥʦʛʦ, ʘ ʥʝ ʛʣʦʙʘʣʴʥʦʛʦ ʤʽʥʽʤʫʤʫ. ʇʦ-ʪʨʝʪʻ, ʩʫʪʪʻʚʦ 

ʨʽʟʥʽ ʤʘʩʰʪʘʙʠ ʧʘʨʘʤʝʪʨʽʚ (ʥʘʧʨʠʢʣʘʜ, ESR ʢʦʥʜʝʥʩʘʪʦʨʘ ʚ ʜʽʘʧʘʟʦʥʽ 1 ʤʆʤ - 0.5 ʆʤ 

ʪʘ ʯʘʩʠ ʧʝʨʝʤʠʢʘʥʥʷ 0.1-100 ʥʩ) ʫʩʢʣʘʜʥʶʶʪʴ ʚʠʙʽʨʢʫ ʢʨʦʢʫ ʥʘʚʯʘʥʥʷ ʪʘ ʧʨʠʟʚʦʜʷʪʴ 

ʜʦ ʥʝʩʪʽʡʢʦʩʪʽ ʽʪʝʨʘʮʽʡʥʦʛʦ ʧʨʦʮʝʩʫ ʙʝʟ ʫʩʢʣʘʜʥʝʥʥʷ ʫ ʚʠʛʣʷʜʽ ʥʦʨʤʫʚʘʥʥʷ. ɺ-

ʯʝʪʚʝʨʪʝ, ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʩʠʤʫʣʷʮʽʡʥʠʭ ʤʦʜʝʣʝʡ ʚʠʥʠʢʘʻ ʧʨʦʙʣʝʤʘ ʟ ʦʪʨʠʤʘʥʥʷʤ 

ʯʘʩʪʢʦʚʠʭ ʧʦʭʽʜʥʠʭ ʧʦ ʢʦʞʥʦʤʫ ʧʘʨʘʤʝʪʨʫ, ʦʩʢʽʣʴʢʠ ʚʠʥʠʢʘʻ ʧʦʪʨʝʙʘ ʘʙʦ ʚ 

ʯʠʩʝʣʴʥʦʤʫ ʜʠʬʝʨʝʥʮʽʶʚʘʥʥʽ ʰʣʷʭʦʤ ʟʘʧʫʩʢʫ ʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ ʩʠʤʫʣʷʮʽʡ (ʱʦ 

ʟʘʪʨʘʪʥʦ ʚ ʪʝʨʤʽʥʘʭ ʨʝʩʫʨʩʽʚ ʪʘ ʯʘʩʫ), ʘʙʦ ʩʫʨʦʛʘʪʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʰʣʷʭʦʤ ʟʙʦʨʫ 

ʚʝʣʠʢʦʛʦ ʥʘʙʦʨʫ ʜʘʥʠʭ ʧʦʚʝʜʽʥʢʠ ʤʦʜʝʣʽ, ʥʘʚʯʘʥʥʷ ʥʝʡʨʦʥʥʦʾ ʤʝʨʝʞʽ ʥʘ ʥʴʦʤʫ ʪʘ 

ʧʦʜʘʣʴʰʦʛʦ ʜʠʬʝʨʝʥʮʽʶʚʘʥʥʷ ʜʘʥʦʾ ʥʝʡʨʦʥʥʦʾ ʤʝʨʝʞʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʟʚʦʨʦʪʥʦʛʦ 

ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʧʦʤʠʣʢʠ, ʱʦ ʪʘʢʦʞ ʻ ʟʘʪʨʘʪʥʠʤ ʧʨʦʮʝʩʦʤ. 

ʄʝʪʦʜ ʦʧʪʠʤʽʟʘʮʽʾ ʨʦʶ ʯʘʩʪʠʥʦʢ. 

ɼʘʥʠʡ ʤʝʪʦʜ ʚʽʜʥʦʩʠʪʴʩʷ ʜʦ ʢʣʘʩʫ ʤʝʪʘʝʚʨʝʩʪʠʯʥʠʭ ʘʣʛʦʨʠʪʤʽʚ, ʷʢʽ ʙʫʣʠ 

ʥʘʪʭʥʝʥʽ ʢʦʣʝʢʪʠʚʥʦʶ ʧʦʚʝʜʽʥʢʦʶ ʙʽʦʣʦʛʽʯʥʠʭ ʩʠʩʪʝʤ. ɸʣʛʦʨʠʪʤ ʦʧʝʨʫʻ ʧʦʧʫʣʷʮʽʻʶ 

ʯʘʩʪʠʥʦʢ (ʘʛʝʥʪʽʚ), ʢʦʞʥʘ ʟ ʷʢʠʭ ʧʨʝʜʩʪʘʚʣʷʻ ʪʦʯʢʫ ʚ ʧʨʦʩʪʦʨʽ ʧʦʰʫʢʫ ʪʘ ʨʫʭʘʻʪʴʩʷ 

ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʧʨʘʚʠʣ ʦʥʦʚʣʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʪʘ ʧʦʣʦʞʝʥʥʷ: 

 ὠὸ ρ ύ ὠὸ ὧὶ ὴ ὢὸ ὧὶ Ὣ ὢὸ ȟ (3.3) 

 ὢὸ ρ ὢὸ ὠὸ ρȟ (3.4) 

ʜʝ ὠὸ ʪʘ ὢὸ ï ʚʝʢʪʦʨʠ ʰʚʠʜʢʦʩʪʽ ʪʘ ʧʦʣʦʞʝʥʥʷ ʯʘʩʪʠʥʢʠ ʥʘ ʽʪʝʨʘʮʽʾ ὸ 

ʚʽʜʧʦʚʽʜʥʦ; ύ ï ʢʦʝʬʽʮʽʻʥʪ ʽʥʝʨʮʽʾ, ʱʦ ʨʝʛʫʣʶʻ ʙʘʣʘʥʩ ʤʽʞ ʛʣʦʙʘʣʴʥʠʤ ʪʘ ʣʦʢʘʣʴʥʠʤ 
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ʧʦʰʫʢʦʤ (ʦʩʢʽʣʴʢʠ ʟʤʫʰʫʻ ʯʘʩʪʠʥʢʫ «ʧʨʦʣʽʪʘʪʠ» ʧʦʚʟ ʣʦʢʘʣʴʥʽ ʝʢʩʪʨʝʤʫʤʠ ʧʦ 

ʽʥʝʨʮʽʾ; ὧ ʪʘ ὧ ï ʢʦʛʥʽʪʠʚʥʠʡ (ʚʣʘʩʥʠʡ) ʽ ʩʦʮʽʘʣʴʥʠʡ (ʩʧʽʣʴʥʠʡ) ʢʦʝʬʽʮʽʻʥʪʠ 

ʧʨʠʩʢʦʨʝʥʥʷ; ὶȟὶ  ɴπȟρ ï ʚʠʧʘʜʢʦʚʽ ʯʠʩʣʘ; ὴ  ï ʥʘʡʢʨʘʱʝ ʧʦʣʦʞʝʥʥʷ, ʟʥʘʡʜʝʥʝ 

ʜʘʥʦʶ ʯʘʩʪʠʥʢʦʶ ʟʘ ʚʝʩʴ ʯʘʩ ʨʫʭʫ; Ὣ  ï ʛʣʦʙʘʣʴʥʦ ʥʘʡʢʨʘʱʝ ʧʦʣʦʞʝʥʥʷ ʩʝʨʝʜ ʫʩʽʭ 

ʯʘʩʪʠʥʦʢ ʨʦʶ. 

ɯʥʽʮʽʘʣʽʟʫʻʪʴʩʷ ʘʣʛʦʨʠʪʤ ʰʣʷʭʦʤ ʛʝʥʝʨʘʮʽʾ ʯʘʩʪʠʥʦʢ ʟ ʚʠʧʘʜʢʦʚʠʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ ʪʘ ʰʚʠʜʢʦʩʪʷʤʠ ʧʦ ʚʩʴʦʤʫ ʧʨʦʩʪʦʨʫ ʧʦʰʫʢʫ. ɼʣʷ ʢʦʞʥʦʾ ʯʘʩʪʠʥʢʠ 

ʨʘʭʫʻʪʴʩʷ ʾʾ ʬʫʥʢʮʽʷ ʚʪʨʘʪ. ʗʢʱʦ ʧʦʪʦʯʥʝ ʧʦʣʦʞʝʥʥʷ ʯʘʩʪʠʥʢʠ ʢʨʘʱʝ ʟʘ ʾʾ ʦʩʦʙʠʩʪʠʡ 

ʨʝʢʦʨʜ, ʪʦ ὴ  ʦʥʦʚʣʶʻʪʴʩʷ. ʗʢʱʦ ʧʦʪʦʯʥʝ ʧʦʣʦʞʝʥʥʷ ʢʨʘʱʝ ʟʘ ʛʣʦʙʘʣʴʥʠʡ ʨʝʢʦʨʜ, 

ʪʦ ʦʥʦʚʣʶʻʪʴʩʷ ʱʝ ʡ Ὣ . ɼʘʣʽ ʨʘʭʫʻʪʴʩʷ ʥʦʚʘ ʰʚʠʜʢʽʩʪʴ ʽ ʯʘʩʪʠʥʢʠ ʨʫʭʘʶʪʴʩʷ. 

ɼʘʥʠʡ ʘʣʛʦʨʠʪʤ ʧʦʚʪʦʨʶʻʪʴʩʷ ʮʠʢʣʽʯʥʦ ʜʦʧʦʢʠ ʥʝ ʜʦʩʷʛʘʻʪʴʩʷ ʧʦʪʨʽʙʥʘ ʪʦʯʥʽʩʪʴ ʘʙʦ 

ʣʽʤʽʪ ʦʧʝʨʘʮʽʡ. ʆʩʢʽʣʴʢʠ ʬʦʨʤʫʣʘ ʤʽʩʪʠʪʴ ʩʢʣʘʜʦʚʽ ὴ ὢὸ  ʪʘ Ὣ ὢὸ , 

ʪʦ ʢʦʞʥʫ ʯʘʩʪʠʥʢʫ «ʧʨʠʪʷʛʫʻ» ʚ ʙʽʢ ʚʽʜʦʤʦʾ ʾʡ ʦʩʦʙʠʩʪʦ ʪʘ ʛʣʦʙʘʣʴʥʦ ʚʽʜʦʤʦʾ 

ʥʘʡʢʨʘʱʦʾ ʪʦʯʢʠ. ɸʣʝ ʥʘʷʚʥʽʩʪʴ ʽʥʝʨʮʽʾ ύ ʜʝʱʦ ʟʥʠʞʫʻ ʨʠʟʠʢ ʟʘʩʪʨʷʛʘʥʥʷ ʚ ʣʦʢʘʣʴʥʠʭ 

ʝʢʩʪʨʝʤʫʤʘʭ. 

ʄʝʪʦʜ ʦʧʪʠʤʽʟʘʮʽʾ ʨʦʶ ʯʘʩʪʠʥʦʢ ʘʢʪʠʚʥʦ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʚ ʟʘʜʘʯʘʭ ʦʧʪʠʤʽʟʘʮʽʾ 

ʧʘʨʘʤʝʪʨʽʚ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ. ɺʽʥ ʤʘʻ ʚʠʩʦʢʫ ʰʚʠʜʢʽʩʪʴ ʟʙʽʞʥʦʩʪʽ, ʘ 

ʪʘʢʦʞ ʥʝ ʧʦʪʨʝʙʫʻ ʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ ʧʘʤô̫ ʪʽ ʪʘ ʨʝʩʫʨʩʽʚ. ʈʘʟʦʤ ʟ ʪʠʤ, ʡʦʤʫ ʧʨʠʪʘʤʘʥʥʽ 

ʧʝʚʥʽ ʦʙʤʝʞʝʥʥʷ ʫ ʙʘʛʘʪʦʚʠʤʽʨʥʠʭ ʟʘʜʘʯʘʭ ʟ ʧʘʨʘʤʝʪʨʘʤʠ, ʱʦ ʤʘʶʪʴ ʩʫʪʪʻʚʦ ʨʽʟʥʽ 

ʤʘʩʰʪʘʙʠ. ɺʽʜʩʫʪʥʽʩʪʴ ʷʚʥʦʛʦ ʤʝʭʘʥʽʟʤʫ ʨʝʢʦʤʙʽʥʘʮʽʾ ʤʽʞ ʨʽʟʥʠʤʠ ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ 

ʨʝʛʽʦʥʘʤʠ ʧʨʦʩʪʦʨʫ ʧʦʰʫʢʫ (ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʛʝʥʝʪʠʯʥʠʭ ʘʣʛʦʨʠʪʤʽʚ) ʟʥʠʞʫʻ 

ʨʽʟʥʦʤʘʥʽʪʪʷ ʨʦʶ ʟ ʯʘʩʦʤ ʽ ʤʦʞʝ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʧʝʨʝʜʯʘʩʥʦʾ ʟʙʽʞʥʦʩʪʽ ʚ ʣʦʢʘʣʴʥʦʤʫ 

ʤʽʥʽʤʫʤʽ. ʂʨʽʤ ʪʦʛʦ, ʥʘʣʘʰʪʫʚʘʥʥʷ ʛʽʧʝʨʧʘʨʘʤʝʪʨʽʚ w, c , c  ʻ ʯʫʪʣʠʚʠʤ ʜʦ ʩʧʝʮʠʬʽʢʠ 

ʟʘʜʘʯʽ ʽ ʩʫʪʪʻʚʦ ʚʧʣʠʚʘʻ ʥʘ ʷʢʽʩʪʴ ʨʝʟʫʣʴʪʘʪʫ. 

ɸʣʛʦʨʠʪʤ ʩʽʨʦʛʦ ʚʦʚʢʘ. 

ɸʣʛʦʨʠʪʤ ʩʽʨʦʛʦ ʚʦʚʢʘ, ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ ʚ ʨʦʙʦʪʽ [121] ʚ 2014 ʨʦʮʽ, ʤʦʜʝʣʶʻ 

ʽʻʨʘʨʭʽʯʥʫ ʧʦʚʝʜʽʥʢʫ ʟʛʨʘʾ ʚʦʚʢʽʚ ʫ ʧʨʦʮʝʩʽ ʧʦʣʶʚʘʥʥʷ. ɯʻʨʘʨʭʽʷ ʚʢʣʶʯʘʻ ʯʦʪʠʨʠ ʨʽʚʥʽ: 

Ŭ (ʥʘʡʢʨʘʱʠʡ ʨʦʟʚô̫ ʟʦʢ), ɓ (ʜʨʫʛʠʡ ʢʨʘʱʠʡ), ŭ (ʪʨʝʪʽʡ ʢʨʘʱʠʡ) ʪʘ ɤ (ʨʝʰʪʘ ʧʦʧʫʣʷʮʽʾ). 

ʊʦʙʪʦ ʘʥʘʣʦʛʽʷ ʟ ʘʣʴʬʘ, ʙʝʪʘ, ʜʝʣʴʪʘ ʪʘ ʦʤʝʛʘ ʧʨʝʜʩʪʘʚʥʠʢʘʤʠ ʟʛʨʘʾ. ʇʽʜ ʯʘʩ 
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ʧʦʣʶʚʘʥʥʷ ʚʦʚʢʠ ʟʤʽʥʶʶʪʴ ʩʚʦʻ ʧʦʣʦʞʝʥʥʷ ʚ ʧʨʦʩʪʦʨʽ ʧʦʰʫʢʫ, ʦʨʽʻʥʪʫʶʯʠʩʴ ʥʘ 

ʨʦʟʪʘʰʫʚʘʥʥʷ ʮʽʣʽ. ʄʘʪʝʤʘʪʠʯʥʦ ʮʝ ʚʠʨʘʞʘʻʪʴʩʷ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ: 

 Ὀ ὅ ὢ ὸ ὢ ὸȟ (3.5) 

 ὢ ὸ ρ ὢ ὸ ὃ Ὀȟ (3.6) 

 ὃ ςὥ ὶ ὥȟ (3.7) 

 ὅ ςὶȟ (3.8) 

ʜʝ ὸ ʮʝ ʥʦʤʝʨ ʽʪʝʨʘʮʽʾ; ὢ  ʮʝ ʚʝʢʪʦʨ ʨʦʟʪʘʰʫʚʘʥʥʷ ʞʝʨʪʚʠ (ʥʘʡʢʨʘʱʦʛʦ 

ʨʽʰʝʥʥʷ); ὢ ï ʚʝʢʪʦʨ ʧʦʣʦʞʝʥʥʷ ʚʦʚʢʘ; ὃ ʽ ὅ ï ʢʦʝʬʽʮʽʻʥʪʠ, ʱʦ ʚʠʟʥʘʯʘʶʪʴ ʙʘʣʘʥʩ 

ʤʽʞ «ʨʦʟʙʽʛʘʥʥʷʤ» ʟʛʨʘʾ ʪʘ ʘʪʘʢʦʶ ʚ ʦʜʥʫ ʪʦʯʢʫ; ὥ ï ʢʦʝʬʽʮʽʻʥʪ, ʱʦ ʣʽʥʽʡʥʦ 

ʟʤʝʥʰʫʻʪʴʩʷ ʚʽʜ 2 ʜʦ 0 ʟ ʢʦʞʥʦʶ ʽʪʝʨʘʮʽʻʶ;  ὶ ʪʘ ὶ ʮʝ ʚʠʧʘʜʢʦʚʽ ʯʠʩʣʘ ʟ ʜʽʘʧʘʟʦʥʫ 

[0,1]. 

ɸʣʝ, ʚʦʯʝʚʠʜʴ, ʩʧʨʘʚʞʥʻ ʨʦʟʪʘʰʫʚʘʥʥʷ ʞʝʨʪʚʠ (ʘʧʨʦʢʩʠʤʦʚʘʥʦʛʦ ʦʧʪʠʤʫʤʫ) ʥʝ 

ʚʽʜʦʤʝ, ʙʦ ʽʥʘʢʰʝ ʥʝ ʙʫʣʦ ʙ ʧʦʪʨʝʙʠ ʫ ʩʘʤʽʡ ʦʧʪʠʤʽʟʘʮʽʾ. ʎʝ ʻ ʘʙʩʪʨʘʢʪʥʠʤ 

ʦʧʪʠʤʫʤʦʤ, ʷʢʠʡ ʚʦʚʢʠ «ʚʽʜʯʫʚʘʶʪʴ», ʘʣʝ ʥʝ ʟʥʘʶʪʴ, ʜʝ ʩʘʤʝ ʚʽʥ ʻ. ɺ ʨʝʘʣʴʥʦʤʫ 

ʘʣʛʦʨʠʪʤʽ ʞʝʨʪʚʘ ʥʝ ʻ ʚʽʜʦʤʦʶ, ʪʦʤʫ ʾʾ ʘʧʨʦʢʩʠʤʫʶʪʴ ʟʘ ʜʦʧʦʤʦʛʦʶ Ŭ, ɓ ʽ ŭ. ɺʩʽ 

ʦʥʦʚʣʶʶʪʴ ʩʚʦʻ ʧʦʣʦʞʝʥʥʷ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʧʦʣʦʞʝʥʴ Ŭ-, ɓ- ʪʘ ŭ-ʚʦʚʢʽʚ ʟʘ ʧʨʘʚʠʣʦʤ: 

 ὢὸ ρ ȟ (3.9) 

ʜʝ ὢ , ὢ , ὢ  ʮʝ ʮʽʣʴʦʚʽ ʧʦʣʦʞʝʥʥʷ, ʚʠʟʥʘʯʝʥʽ ʥʘ ʦʩʥʦʚʽ ʧʦʣʦʞʝʥʴ Ŭ-, ɓ- ʪʘ ŭ-

ʚʦʚʢʽʚ ʚʽʜʧʦʚʽʜʥʦ. ʇʽʜʩʪʘʚʣʷʶʯʠ ὢ
ᶻ
, ὢ

ᶻ
, ὢ

ᶻ
 ʟʘʤʽʩʪʴ ὢ, ʦʪʨʠʤʫʻʤʦ: 

 ὢ  ὢ
ᶻ
  ὃ  ὅ  ὢ

ᶻ
  ὢὸ ȟ   Ὦ ɴ ρȟςȟσȟ (3.10) 

ʜʝ ὢ
ᶻ
 ʮʝ ʧʦʪʦʯʥʝ ʧʦʣʦʞʝʥʥʷ ʧʨʦʚʽʜʥʦʛʦ ʚʦʚʢʘ ʨʽʚʥʷ j. 

ʇʦʩʪʫʧʦʚʝ ʟʤʝʥʰʝʥʥʷ ὥ ʚʽʜ 2 ʜʦ 0 ʜʦʟʚʦʣʷʻ ʨʦʟʜʽʣʠʪʠ ʧʦʣʶʚʘʥʥʷ ʥʘ ʪʨʠ ʬʘʟʠ, 

ʷʢʽ ʚʽʜʧʦʚʽʜʘʶʪʴ ʧʦʚʝʜʽʥʮʽ ʚʦʚʢʽʚ ʫ ʧʨʠʨʦʜʽ. ʌʘʟʘ ʧʦʰʫʢʫ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ 

ʚʝʣʠʢʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ὥ (ʙʣʠʟʴʢʠʤʠ ʜʦ 2). ɺʦʚʢʠ ʨʦʟʙʽʛʘʶʪʴʩʷ, ʤʦʞʫʪʴ 

«ʧʝʨʝʩʪʨʠʙʫʚʘʪʠ» ʯʝʨʝʟ ʣʽʜʝʨʽʚ. ʌʘʟʘ ʦʪʦʯʝʥʥʷ ʧʦʯʠʥʘʻʪʴʩʷ ʚ ʩʝʨʝʜʠʥʽ, ʢʦʣʠ ὥ ʩʪʘʻ 
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ʙʣʠʟʴʢʠʤ ʜʦ 1, ʢʦʣʠ ʚʦʚʢ ʧʦʯʠʥʘʻ ʙʽʣʴʰʝ ʨʦʙʠʪʠ ʢʨʦʢʠ ʚ ʩʪʦʨʦʥʫ ʮʽʣʽ. ɿʘʚʝʨʰʘʶʯʘ 

ʬʘʟʘ ʘʪʘʢʠ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʟʥʠʞʝʥʥʷʤ ὥ ʙʣʠʞʯʝ ʜʦ 0, ʪʦʜʽ ʚʩʷ ʟʛʨʘʷ 

ʢʦʥʮʝʥʪʨʫʻʪʴʩʷ ʥʘʚʢʦʣʦ ʣʽʜʝʨʽʚ ʽ ʧʝʨʝʩʪʘʻ ʜʦʩʣʽʜʞʫʚʘʪʠ (ʧʝʨʝʭʦʜʠʪʴ ʜʦ ʨʝʞʠʤʫ 

ʫʪʦʯʥʝʥʥʷ).  

ɸʣʛʦʨʠʪʤ ʩʽʨʦʛʦ ʚʦʚʢʘ ʜʝʤʦʥʩʪʨʫʻ ʢʦʥʢʫʨʝʪʥʦʩʧʨʦʤʦʞʥʽ ʨʝʟʫʣʴʪʘʪʠ ʚ ʟʘʜʘʯʘʭ 

ʦʧʪʠʤʽʟʘʮʽʾ ʧʘʨʘʤʝʪʨʽʚ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ [122]. ʁʦʛʦ ʧʝʨʝʚʘʛʦʶ ʻ 

ʧʨʦʩʪʦʪʘ ʥʘʣʘʰʪʫʚʘʥʥʷ (ʣʠʰʝ ʧʘʨʘʤʝʪʨ ὥ ʧʦʪʨʝʙʫʻ ʚʠʟʥʘʯʝʥʥʷ) ʪʘ ʚʽʜʥʦʩʥʦ ʰʚʠʜʢʘ 

ʟʙʽʞʥʽʩʪʴ ʜʣʷ ʟʘʜʘʯ ʤʘʣʦʾ ʡ ʩʝʨʝʜʥʴʦʾ ʨʦʟʤʽʨʥʦʩʪʽ. ɺʦʜʥʦʯʘʩ, ʬʫʥʢʮʽʷ ʧʦʤʠʣʢʠ ʚ 

ʩʠʣʦʚʽʡ ʝʣʝʢʪʨʦʥʽʮʽ ʤʦʞʝ ʤʘʪʠ ʚʝʣʠʢʫ ʢʽʣʴʢʽʩʪʴ ʣʦʢʘʣʴʥʠʭ ʤʽʥʽʤʫʤʽʚ ʯʝʨʝʟ 

ʥʝʣʽʥʽʡʥʦʩʪʽ ʢʣʶʯʦʚʠʭ ʝʣʝʤʝʥʪʽʚ ʪʘ ʰʫʤʽʚ ʚʠʤʽʨʶʚʘʥʥʷ, ʘ ʤʝʪʦʜʠ, ʷʢʽ ʙʘʟʫʶʪʴʩʷ ʥʘ 

«ʨʦʡʦʚʠʭ» ʧʽʜʭʦʜʘʭ, ʰʚʠʜʢʦ ʚʪʨʘʯʘʶʪʴ ʨʽʟʥʦʤʘʥʽʪʥʽʩʪʴ ʽ ʪʦʤʫ ʩʭʠʣʴʥʽ ʜʦ ʧʝʨʝʜʯʘʩʥʦʾ 

ʟʙʽʞʥʦʩʪʽ. ʊʘʢʦʞ, ʜʘʥʠʡ ʘʣʛʦʨʠʪʤ ʜʫʞʝ ʯʫʪʣʠʚʠʡ ʜʦ ʧʦʯʘʪʢʦʚʦʾ ʧʦʧʫʣʷʮʽʾ, ʙʦ ʷʢʱʦ 

ʡʦʛʦ ʧʦʯʘʪʢʦʚʘ ʟʛʨʘʷ ʨʦʟʪʘʰʦʚʘʥʘ ʜʘʣʝʢʦ ʚʽʜ ʨʝʘʣʴʥʠʭ ʬʽʟʠʯʥʠʭ ʟʥʘʯʝʥʴ, ʣʽʜʝʨʠ 

ʤʦʞʫʪʴ ʧʦʚʝʩʪʠ ʚʩʶ ʟʛʨʘʶ ʚ ʥʝʧʨʘʚʠʣʴʥʦʤʫ ʥʘʧʨʷʤʢʫ, ʦʩʢʽʣʴʢʠ ʨʫʭ ʚʩʽʭ ʘʛʝʥʪʽʚ 

ʜʠʢʪʫʻʪʴʩ̫  ʚʠʢʣʶʯʥʦ ʪʨʴʦʤʘ ʢʨʘʱʠʤʠ ʨʽʰʝʥʥʷʤʠ ʥʘ ʧʦʪʦʯʥʽʡ ʽʪʝʨʘʮʽʾ. 

ɻʝʥʝʪʠʯʥʽ ʘʣʛʦʨʠʪʤʠ. 

ɻʝʥʝʪʠʯʥʽ ʘʣʛʦʨʠʪʤʠ ̒  ʝʚʦʣʶʮʽʡʥʠʤʠ ʤʝʪʘʝʚʨʠʩʪʠʢʘʤʠ, ʱʦ ʤʦʜʝʣʶʶʪʴ ʧʨʦʮʝʩ 

ʧʨʠʨʦʜʥʦʛʦ ʚʽʜʙʦʨʫ. ʂʦʞʝʥ ʽʥʜʠʚʽʜ ʧʦʧʫʣʷʮʽʾ ʥʘʟʠʚʘʻʪʴʩʷ ʭʨʦʤʦʩʦʤʦʶ, ʱʦ ʢʦʜʫʻ 

ʧʦʪʝʥʮʽʡʥʠʡ ʨʦʟʚô̫ ʟʦʢ ʟʘʜʘʯʽ, ʷʢʠʡ ʬʘʢʪʠʯʥʦ ʷʚʣʷʻ ʩʦʙʦʶ ʚʝʢʪʦʨ: 

 Ὃ ὫȟὫȟȣȟὫ ȟ (3.11) 

ʜʝ Ὣ ï ʮʝ «ʛʝʥʠ» (ʙʽʪʠ ʘʙʦ ʯʠʩʣʘ). ɯʥʦʜʽ ʚ ʪʘʢʠʭ ʘʣʛʦʨʠʪʤʘʭ ʻ ʯʽʪʢʝ ʨʦʟʜʽʣʝʥʥʷ 

ʤʽʞ ʛʝʥʦʪʠʧʦʤ (ʮʠʬʨʦʚʠʤ ʧʨʝʜʩʪʘʚʣʝʥʥʷʤ, ʟʘʢʦʜʦʚʘʥʠʤ ʫ ʚʠʛʣʷʜʽ ʛʝʥʽʚ Ὣ) ʪʘ 

ʬʝʥʦʪʠʧʦʤ (ʬʽʟʠʯʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʪʘʢʠʤʠ ʷʢ ʦʧʦʨʠ, ʻʤʥʦʩʪʽ ʪʦʱʦ). ʇʨʠ ʮʴʦʤʫ 

Ὣᶰπȟρ. ɺ ʭʦʜʽ ʚʠʢʦʥʘʥʥʷ ʘʣʛʦʨʠʪʤʫ ʥʘʜ ʛʝʥʦʪʠʧʦʤ, ʚ ʤʦʤʝʥʪʠ, ʢʦʣʠ ʘʣʛʦʨʠʪʤ 

ʧʦʪʨʝʙʫʻ ʬʽʟʠʯʥʽ ʟʥʘʯʝʥʥʷ (ʥʘʧʨʠʢʣʘʜ ʜʣʷ ʟʘʧʫʩʢʫ ʩʠʤʫʣʷʮʽʾ), ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʨʦʮʝʩ 

ʜʝʢʦʜʫʚʘʥʥʷ (ʧʝʨʝʭʦʜʫ ʜʦ ʬʝʥʦʪʠʧʫ). ʊʘʢʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ ʦʜʥʦʯʘʩʥʦ ʧʦʻʜʥʫʚʘʪʠ ʚ 

ʦʜʥʦʤʫ ʘʣʛʦʨʠʪʤʽ ʨʦʙʦʪʫ ʷʢ ʟ ʣʽʥʽʡʥʠʤʠ ʤʘʩʰʪʘʙʘʤʠ, ʪʘʢ ʽ ʣʦʛʘʨʠʬʤʽʯʥʠʤʠ, ʧʨʠ 

ʮʴʦʤʫ ʟʘʚʞʜʠ ʟʙʝʨʽʛʘʪʠ ʜʽʘʧʘʟʦʥ Ὣᶰπȟρ. ɺ ʢʽʥʮʽ ʚʠʢʦʥʘʥʥʷ ʘʣʛʦʨʠʪʤʫ ʪʘʢʦʞ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʨʦʮʝʩ ʜʝʢʦʜʫʚʘʥʥʷ, ʱʦ ʩʪʘʚʠʪʴ ʢʦʞʥʦʤʫ Ὃ ὫȟȟὫȟȟȣȟὫȟ  ʫ 
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ʚʽʜʧʦʚʽʜʥʽʩʪʴ ʡʦʛʦ ὢ ὼȟȟὼȟȟȣȟὼȟ , ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʢʦʞʥʦʤʫ ʚʽʜʧʦʚʽʜʥʦʤʫ 

ʛʝʥʫ ʡʦʛʦ ʬʫʥʢʮʽʶ ʜʝʢʦʜʫʚʘʥʥʷ (ʚʨʘʭʦʚʫʶʯʠ ʤʘʩʰʪʘʙ). 

ɿʘʛʘʣʴʥʦʶ ʟʘʜʘʯʝʶ ʘʣʛʦʨʠʪʤʫ ʻ ʟʥʘʡʪʠ ʪʘʢʠʡ Ὃ
ᶻ
, ʧʨʠ ʷʢʦʤʫ ʬʫʥʢʮʽʷ 

ʧʨʠʩʪʦʩʦʚʘʥʦʩʪʽ ʥʘʙʫʚʘʻ ʤʽʥʽʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʥʷ, ʪʦʙʪʦ: 

 ὪὋ
ᶻ

ÍÉÎὪὋ (3.12) 

ʉʪʘʥʜʘʨʪʥʠʡ ʽʪʝʨʘʮʽʡʥʠʡ ʮʠʢʣ ʛʝʥʝʪʠʯʥʦʛʦ ʘʣʛʦʨʠʪʤʫ ʚʢʣʶʯʘʻ ʪʨʠ ʦʧʝʨʘʪʦʨʠ: 

ʩʝʣʝʢʮʽʶ, ʢʨʦʩʦʚʝʨ ʪʘ ʤʫʪʘʮʽʶ, ʘʣʝ ʯʘʩʪʦ ʜʦʜʘʻʪʴʩʷ ʱʝ ʡ ʤʝʪʦʜ ʝʣʽʪʠʟʤʫ.  

ʆʧʝʨʘʪʦʨ ʩʝʣʝʢʮʽʾ ʬʦʨʤʫʻ ʙʘʪʴʢʽʚʩʴʢʫ ʧʘʨʫ ʟ ʧʦʧʫʣʷʮʽʾ ʧʨʦʧʦʨʮʽʡʥʦ ʜʦ 

ʟʥʘʯʝʥʥʷ ʬʫʥʢʮʽʾ ʧʨʠʩʪʦʩʦʚʘʥʦʩʪʽ. ʆʜʥʠʤ ʽʟ ʧʦʰʠʨʝʥʠʭ ʤʝʭʘʥʽʟʤʽʚ ʻ ʪʫʨʥʽʨʥʘ 

ʩʝʣʝʢʮʽʷ, ʧʨʠ ʷʢʽʡ ʟ ʧʦʧʫʣʷʮʽʾ ʚʠʧʘʜʢʦʚʦ ʚʠʙʠʨʘʻʪʴʩʷ k ʽʥʜʠʚʜ̔ʽʚ ʽ ʚ ʷʢʦʩʪʽ ʙʘʪʴʢʘ 

ʦʙʠʨʘʻʪʴʩʷ ʪʦʡ, ʱʦ ʤʘʻ ʥʘʡʚʠʱʝ ʟʥʘʯʝʥʥʷ ʬʫʥʢʮʽʾ ʧʨʠʩʪʦʩʦʚʘʥʦʩʪʽ. ɯʥʰʠʤ 

ʧʦʧʫʣʷʨʥʠʤ ʤʝʭʘʥʽʟʤʦʤ ʻ ʤʝʪʦʜ ʨʫʣʝʪʢʠ, ʷʢʠʡ ʧʦʣʷʛʘʻ ʫ ʪʦʤʫ, ʱʦ ʰʘʥʩ ʚʠʙʦʨʫ 

ʢʦʥʢʨʝʪʥʦʛʦ ʽʥʜʠʚʽʜʘ ʻ ʧʨʦʧʦʨʮʽʡʥʠʤ ʜʦ ʟʥʘʯʝʥʥʷ ʬʫʥʢʮʽʾ ʧʨʠʩʪʦʩʦʚʘʥʦʩʪʽ: 

 ὖ
В

ȟ (3.13) 

ʜʝ ὖ ʮʝ ʡʤʦʚʽʨʥʽʩʪʴ ʚʠʙʦʨʫ ʢʦʥʢʨʝʪʥʦʛʦ ʽʥʜʠʚʽʜʫ Ὥ. 

ʅʘʩʪʫʧʥʠʤ ʝʪʘʧʦʤ ʻ ʢʨʦʩʦʚʝʨ. ɺ ʙʘʛʘʪʴʦʭ ʨʝʘʣʽʟʘʮʽʷʭ ʛʝʥʝʪʠʯʥʠʭ ʘʣʛʦʨʠʪʤʽʚ 

ʚʚʦʜʠʪʴʩʷ ʛʽʧʝʨʧʘʨʘʤʝʪʨ ὖ, ʘ ʪʘʢʦʞ ʦʙʠʨʘʻʪʴʩʷ ʚʠʧʘʜʢʦʚʝ ʯʠʩʣʦ ʚ ʜʽʘʧʘʟʦʥʽ [0,1] ʪʘʢ, 

ʱʦ ʷʢʱʦ ʚʠʧʘʜʢʦʚʝ ʯʠʩʣʦ ʚʠʷʚʣʷʻʪʴʩʷ ʙʽʣʴʰʠʤ ʟʘ ʧʘʨʘʤʝʪʨ ὖ, ʪʦ ʦʧʝʨʘʮʽʶ ʢʨʦʩʦʚʝʨʫ 

ʷʢ ʪʘʢʘ ʧʨʦʧʫʩʢʘʻʪʴʩʷ, ʘ ʦʙʨʘʥʽ ʥʘ ʝʪʘʧʽ ʩʝʣʝʢʮʽʾ ʙʘʪʴʢʠ ʧʝʨʝʭʦʜʷʪʴ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʙʝʟ 

ʟʤʽʥ ʫ ʥʘʩʪʫʧʥʝ ʧʦʢʦʣʽʥʥʷ. ʗʢʱʦ ʞ ʚʠʧʘʜʢʦʚʝ ʯʠʩʣʦ ʤʝʥʰʝ ʟʘ ὖ, ʪʦ ʥʘ ʜʘʥʦʤʫ ʝʪʘʧʽ 

ʩʪʘʚʠʪʴʩʷ ʮʽʣʴ ʩʢʦʤʙʽʥʫʚʘʪʠ «ʛʘʨʥʽ ʛʝʥʠ» ʦʙʦʭ ʙʘʪʴʢʽʚ ʚ ʦʜʥʦʤʫ ʝʬʝʢʪʠʚʥʦʤʫ 

ʨʽʰʝʥʥʽ. ʂʨʦʩʦʚʝʨ ʤʽʞ ʙʘʪʴʢʽʚʩʴʢʠʤʠ ʭʨʦʤʦʩʦʤʘʤʠ  Ὃ ʪʘ Ὃ  ʚʽʜʙʫʚʘʻʪʴʩʷ ʚ ʪʦʯʮʽ 

ʨʦʟʨʠʚʫ Ὦ: 

 Ὃ Ὃ ρȣὮȟὋ Ὦ ρȣὲ ȟ (3.14) 

ʜʝ n ʮʝ ʜʦʚʞʠʥʘ ʭʨʦʤʦʩʦʤʠ (ʢʽʣʴʢʽʩʪʴ ʧʘʨʘʤʝʪʨʽʚ). 

ʊʨʝʪʽʤ ʝʪʘʧʦʤ ʻ ʤʫʪʘʮʽʷ. ɼʘʥʠʡ ʝʪʘʧ ʩʣʫʛʫʻ ʟʘʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʨʽʟʥʦʤʘʥʽʪʥʦʩʪʽ 



113 

 

ʧʦʧʫʣʷʮʽʾ ʪʘ ʫʥʠʢʥʝʥʥʷ ʧʝʨʝʜʯʘʩʥʦʾ ʟʙʽʞʥʦʩʪʽ ʜʦ ʣʦʢʘʣʴʥʠʭ ʦʧʪʠʤʫʤʽʚ. ʂʦʞʝʥ ʛʝʥ 

ʥʦʚʦʛʦ ʥʘʱʘʜʢʘ ʟ ʥʠʟʴʢʦʶ ʡʤʦʚʽʨʥʽʩʪʶ (ʟʘʟʚʠʯʘʡ ʙʣʠʟʴʢʦ 0.001é0.05), ʱʦ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʛʽʧʝʨʧʘʨʘʤʝʪʨʦʤ ὖ, ʧʽʜʜʘʻʪʴʩʷ ʚʠʧʘʜʢʦʚʽʡ ʟʤʽʥʽ. ʅʦʚʘ ʧʦʧʫʣʷʮʽʷ 

ʬʦʨʤʫʻʪʴʩʷ ʟ ʥʘʱʘʜʢʽʚ ʰʣʷʭʦʤ ʚʽʜʙʦʨʫ ʦʩʦʙʠʥ, ʱʦ ʤʘʶʪʴ ʥʘʡʚʠʱʽ ʟʥʘʯʝʥʥʷ ʬʫʥʢʮʽʾ 

ʧʨʠʩʪʦʩʫʚʘʥʥʷ. 

ɺ ʜʝʷʢʠʭ ʨʝʘʣʽʟʘʮʽʷʭ ʜʘʥʦʛʦ ʢʣʘʩʫ ʘʣʛʦʨʠʪʤʽʚ ʟʘʩʪʦʩʦʚʫʶʪʴ ʪʘʢʦʞ ʤʝʪʦʜ 

ʝʣʽʪʠʟʤʫ, ʷʢʠʡ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ ʧʝʚʥʠʡ ʚʽʜʩʦʪʦʢ ʥʘʡʢʨʘʱʠʭ ʽʥʜʠʚʜ̔ʽʚ  ʟ ʜʘʥʦʛʦ 

ʧʦʢʦʣʽʥʥʷ ʛʘʨʘʥʪʦʚʘʥʦ ʽ ʙʝʟ ʟʤʽʥ ʢʦʧʽʶʻʪʴʩʷ ʚ ʥʘʩʪʫʧʥʝ. ʎʝ ʛʘʨʘʥʪʫʻ, ʱʦ ʘʣʛʦʨʠʪʤ ʥʝ 

ʚʪʨʘʪʠʪʴ ʥʘʡʢʨʘʱʝ ʟʥʘʡʜʝʥʝ ʨʽʰʝʥʥʷ ʯʝʨʝʟ ʥʝʚʜʘʣʫ ʚʠʧʘʜʢʦʚʫ ʤʫʪʘʮʽʶ. 

ɼʣʷ ʟʘʜʘʯʽ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ ʧʦʩʪʽʡʥʦʛʦ 

ʩʪʨʫʤʫ, ʢʦʞʝʥ ʛʝʥ ʭʨʦʤʦʩʦʤʠ ʚʽʜʧʦʚʽʜʘʻ ʦʜʥʦʤʫ ʟ ʧʘʨʘʤʝʪʨʽʚ, ʷʢʽ ʦʧʪʠʤʽʟʫʶʪʴʩʷ. 

ʆʩʢʽʣʴʢʠ ʧʘʨʘʤʝʪʨʠ ʦʭʦʧʣʶʶʪʴ ʢʽʣʴʢʘ ʧʦʨʷʜʢʽʚ ʚʝʣʠʯʠʥ (ʥʘʧʨʠʢʣʘʜ, ʧʘʨʘʟʠʪʥʘ 

ʽʥʜʫʢʪʠʚʥʽʩʪʴ ʢʦʥʜʝʥʩʘʪʦʨʘ ï ʚʽʜ 1 ʧɻʥ ʜʦ 100 ʥɻʥ, ESR ʢʦʥʜʝʥʩʘʪʦʨʘ ï ʚʽʜ 1 ʤʆʤ ʜʦ 

0.5 ʆʤ), ʜʦʮʽʣʴʥʠʤ ʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ʣʦʛʘʨʠʬʤʽʯʥʦʛʦ ʢʦʜʫʚʘʥʥʷ ʛʝʥʽʚ Ὣᶰπȟρ ʚ 

ʬʘʢʪʠʯʥʽ ʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʟʘ ʥʘʩʪʫʧʥʦʶ ʬʦʨʤʫʣʦʶ: 

 ὼ ὼȟ
ȟ

ȟ
ȟ (3.15) 

ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʨʽʚʥʦʤʽʨʥʝ ʜʦʩʣʽʜʞʝʥʥʷ ʧʘʨʘʤʝʪʨʠʯʥʦʛʦ ʧʨʦʩʪʦʨʫ ʥʝʟʘʣʝʞʥʦ ʚʽʜ 

ʤʘʩʰʪʘʙʫ ʢʦʥʢʨʝʪʥʦʛʦ ʧʘʨʘʤʝʪʨʘ. ʇʘʨʘʤʝʪʨʠ, ʱʦ ʤʘʶʪʴ ʣʽʥʽʡʥʠʡ ʜʽʘʧʘʟʦʥ ʟʤʽʥʠ, 

ʜʝʢʦʜʫʶʪʴʩʷ ʙʝʟ ʣʦʛʘʨʠʬʤʫʚʘʥʥʷ: 

 ὼ ὼȟ Ὣ ὼȟ ὼȟ Ȣ (3.16) 

ɺʠʙʽʨ ʘʣʛʦʨʠʪʤʫ ʪʘ ʦʙˇʨʫʥʪʫʚʘʥʥʷ. 

ʇʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʨʦʟʛʣʷʥʫʪʠʭ ʤʝʪʦʜʽʚ ʦʧʪʠʤʽʟʘʮʽʾ ʩʪʦʩʦʚʥʦ ʟʘʜʘʯʽ 

ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʤʦʜʝʣʽ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ 

ʜʦʟʚʦʣʷʻ ʦʙʨʘʪʠ ʛʝʥʝʪʠʯʥʠʡ ʘʣʛʦʨʠʪʤ ʷʢ ʦʩʥʦʚʥʠʡ ʤʝʪʦʜ ʜʣʷ ʮʽʣʝʡ ʜʘʥʦʛʦ 

ʜʦʩʣʽʜʞʝʥʥʷ. 

ʇʦ-ʧʝʨʰʝ, ʟʘʜʘʯʘ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʻ ʟʘʜʘʯʝʶ ʛʣʦʙʘʣʴʥʦʾ 

ʦʧʪʠʤʽʟʘʮʽʾ ʟ ʤʫʣʴʪʠʤʦʜʘʣʴʥʦʶ ʧʦʚʝʨʭʥʝʶ ʮʽʣʴʦʚʦʾ ʬʫʥʢʮʽʾ. ɻʨʘʜʽʻʥʪʥʽ ʤʝʪʦʜʠ 

ʥʝʧʨʠʜʘʪʥʽ ʜʣʷ ʾʾ ʨʦʟʚô̫ ʟʘʥʥʷ ʙʝʟ ʜʦʜʘʪʢʦʚʠʭ ʤʝʭʘʥʽʟʤʽʚ ʫʥʠʢʥʝʥʥʷ ʣʦʢʘʣʴʥʠʭ 
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ʤʽʥʽʤʫʤʽʚ ʽ ʧʦʪʨʝʙʫʶʪʴ ʜʠʬʝʨʝʥʮʽʡʦʚʘʥʦʩʪʽ ʮʽʣʴʦʚʦʾ ʬʫʥʢʮʽʾ. ɸʣʝ ʫʤʦʚʘ ʥʝ 

ʚʠʢʦʥʫʻʪʴʩʷ ʜʣʷ SPICE-ʧʦʜʽʙʥʠʭ ʩʠʤʫʣʷʮʽʡʥʠʭ ʤʦʜʝʣʝʡ ʧʝʨʝʪʚʦʨʶʚʘʯʘ. ʇʦ-ʜʨʫʛʝ, 

ʛʝʥʝʪʠʯʥʽ ʘʣʛʦʨʠʪʤʠ, ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʽʥʰʠʭ ʨʦʟʛʣʷʥʫʪʠʭ, ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʷʚʥʠʡ 

ʦʧʝʨʘʪʦʨ ʢʨʦʩʦʚʝʨʫ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʦʙʤʽʥ ʽʥʬʦʨʤʘʮʽʻʶ ʤʽʞ ʨʽʟʥʠʤʠ ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ 

ʨʝʛʽʦʥʘʤʠ ʧʨʦʩʪʦʨʫ ʧʦʰʫʢʫ ʪʘ ʧʽʜʪʨʠʤʫʻ ʨʽʟʥʦʤʘʥʽʪʪʷ ʧʦʧʫʣʷʮʽʾ ʧʨʦʪʷʛʦʤ ʫʩʴʦʛʦ 

ʧʨʦʮʝʩʫ ʦʧʪʠʤʽʟʘʮʽʾ. ʎʝ ʦʩʦʙʣʠʚʦ ʚʘʞʣʠʚʦ ʜʣʷ ʟʘʜʘʯʽ ʟ ʩʝʤʠ ʧʘʨʘʤʝʪʨʘʤʠ (ʷʢʽ ʙʫʜʫʪʴ 

ʚʠʢʦʨʠʩʪʘʥʽ ʚ ʜʘʥʽʡ ʨʦʙʦʪʽ), ʱʦ ʦʭʦʧʣʶʶʪʴ ʩʫʪʪʻʚʦ ʨʽʟʥʽ ʤʘʩʰʪʘʙʠ, ʜʝ ʽʥʰʽ 

ʘʣʛʦʨʠʪʤʠ ʩʭʠʣʴʥʽ ʜʦ ʧʝʨʝʜʯʘʩʥʦʾ ʟʙʽʞʥʦʩʪʽ. ʇʦ-ʪʨʝʪʻ, ʣʦʛʘʨʠʬʤʽʯʥʝ ʢʦʜʫʚʘʥʥʷ 

ʛʝʥʽʚ, ʧʨʠʨʦʜʥʦ ʽʥʪʝʛʨʦʚʘʥʝ ʚ ʭʨʦʤʦʩʦʤʥʝ ʧʨʝʜʩʪʘʚʣʝʥʥʷ ʛʝʥʝʪʠʯʥʦʛʦ ʘʣʛʦʨʠʪʤʫ, 

ʜʦʟʚʦʣʷʻ ʝʬʝʢʪʠʚʥʦ ʦʙʨʦʙʣʷʪʠ ʧʘʨʘʤʝʪʨʠ ʨʽʟʥʠʭ ʧʦʨʷʜʢʽʚ ʚʝʣʠʯʠʥʠ. ʈʽʚʥʦʤʽʨʥʝ 

ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʩʪʦʨʫ ʧʦʰʫʢʫ ʚ ʣʦʛʘʨʠʬʤʽʯʥʦʤʫ ʤʘʩʰʪʘʙʽ ʻ ʧʨʠʥʮʠʧʦʚʦʶ 

ʧʝʨʝʚʘʛʦʶ ʜʣʷ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʪʘʢʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʷʢ ʯʘʩʠ ʥʘʨʦʩʪʘʥʥʷ ʟʘʪʚʦʨʥʦʛʦ ʩʪʨʫʤʫ 

(0.1é100 ʥʩ) ʪʘ ʦʧʽʨ ʢʘʥʘʣʫ ʪʨʘʥʟʠʩʪʦʨʘ (1 ʧʆʤ ï 1 ʤʆʤ), ʨʽʟʥʠʮʷ ʤʽʞ ʤʝʞʘʤʠ ʷʢʠʭ 

ʩʪʘʥʦʚʠʪʴ 9 ʧʦʨʷʜʢʽʚ ʚʝʣʠʯʠʥʠ. ʇʦ-ʯʝʪʚʝʨʪʝ, ʘʥʘʣʽʟ ʧʫʙʣʽʢʘʮʽʡ ʧʦʢʘʟʫʻ, ʱʦ 

ʽʜʝʥʪʠʬʽʢʘʮʽʷ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʜʣʷ ʧʦʙʫʜʦʚʠ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ 

ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ ʥʘ ʦʩʥʦʚʽ ʛʝʥʝʪʠʯʥʠʭ ʘʣʛʦʨʠʪʤʽʚ  ̒

ʤʘʣʦʜʦʩʣʽʜʞʝʥʦʶ ʦʙʣʘʩʪʶ: ʧʝʨʝʚʘʞʥʘ ʙʽʣʴʰʽʩʪʴ ʨʦʙʽʪ ʘʙʦ ʟʘʩʪʦʩʦʚʫʻ ʽʥʰʽ 

ʤʝʪʘʝʚʨʠʩʪʠʯʥʽ ʘʣʛʦʨʠʪʤʠ (ʥʘʩʘʤʧʝʨʝʜ PSO) ʜʣʷ ʪʽʻʾ ʞ ʟʘʜʘʯʽ ʽʜʝʥʪʠʬʽʢʘʮʽʾ, ʘʙʦ 

ʚʠʢʦʨʠʩʪʦʚʫʻ ʛʝʥʝʪʠʯʥʽ ʘʣʛʦʨʠʪʤʠ ʜʣʷ ʧʨʠʥʮʠʧʦʚʦ ʽʥʰʠʭ ʟʘʜʘʯ (ʥʘʧʨʠʢʣʘʜ, 

ʦʧʪʠʤʽʟʘʮʽ ʾʢʝʨʫʚʘʥʥʷ ʯʠ ʢʦʥʩʪʨʫʢʮʽʾ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ). ʊʘʢʠʤ ʯʠʥʦʤ, ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʛʝʥʝʪʠʯʥʦʛʦ ʘʣʛʦʨʠʪʤʫ ʜʣʷ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʧʘʨʘʤʝʪʨʽʚ ʥʝ ʣʠʰʝ ʻ ʤʝʪʦʜʦʣʦʛʽʯʥʦ 

ʦʙˇʨʫʥʪʦʚʘʥʠʤ, ʘʣʝ ʡ ʚʽʜʧʦʚʽʜʘʻ ʘʢʪʫʘʣʴʥʽʡ ʥʘʫʢʦʚʽʡ ʧʨʦʙʣʝʤʽ. 

3.2 ʄʝʪʦʜ ʢʘʣʽʙʨʫʚʘʥʥʷ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʧʦʩʪʽʡʥʦʛʦ 

ʩʪʨʫʤʫ 

ʇʝʨʝʪʚʦʨʶʚʘʯ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ, ʷʢʠʡ ʘʥʘʣʽʟʫʻʪʴʩʷ ʚ ʜʘʥʽʡ ʨʦʙʦʪʽ, ʧʦʢʘʟʘʥʦ ʥʘ 

ʨʠʩʫʥʢʫ 3.1. ɿʦʙʨʘʞʝʥʘ ʩʭʝʤʘ ʻ ʽʜʝʘʣʴʥʦʶ ʪʘ ʽʛʥʦʨʫʻ ʧʘʨʘʟʠʪʥʽ ʧʘʨʘʤʝʪʨʠ, ʷʢʽ ʤʘʶʪʴ 

ʩʚʽʡ ʚʧʣʠʚ ʥʘ ʟʘʣʝʞʥʽʩʪʴ ʚʠʭʽʜʥʠʭ ʟʥʘʯʝʥʴ ʩʭʝʤʠ ʚʽʜ ʚʭʽʜʥʠʭ. ʅʘʷʚʥʽʩʪʴ ʧʘʨʘʟʠʪʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʚ ʤʦʜʝʣʽ ʜʦʟʚʦʣʷʻ ʥʘʙʣʠʟʠʪʠ ʧʦʚʝʜʽʥʢʫ ʤʦʜʝʣʽ ʜʦ ʧʦʚʝʜʽʥʢʠ ʨʝʘʣʴʥʦʛʦ 

ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʨʠʩʪʨʦʶ. ʇʽʜ ʯʘʩ ʧʦʧʝʨʝʜʥʽʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʟ ʜʘʥʦʶ ʤʦʜʝʣʣʶ ʪʘ 
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ʧʦʨʽʚʥʷʥʥʷ ʾʾ ʟ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤ ʤʘʢʝʪʦʤ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʙʫʣʦ ʚʠʷʚʣʝʥʦ, ʱʦ ʪʘʢʘ 

ʤʦʜʝʣʴ ʫ PySpice (Ngspice) ʥʝʜʦʩʪʘʪʥʴʦ ʪʦʯʥʦ ʚʽʜʦʙʨʘʞʘʻ ʧʦʚʝʜʽʥʢʫ ʨʝʘʣʴʥʦʛʦ 

ʦʙʣʘʜʥʘʥʥʷ. ʎʷ ʨʦʟʙʽʞʥʽʩʪʴ ʤʽʞ ʤʦʜʝʣʣʶ ʽ ʨʝʘʣʴʥʠʤ ʧʨʠʩʪʨʦʻʤ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʩʫʪʪʻʚʦʛʦ ʟʥʠʞʝʥʥʷ ʪʦʯʥʦʩʪʽ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ. ʆʪʞʝ, ʜʣʷ ʢʨʘʱʠʭ ʨʝʟʫʣʴʪʘʪʽʚ 

ʤʦʜʝʣʴ ʤʘʻ ʚʢʣʶʯʘʪʠ ʚ ʩʝʙʝ ʧʘʨʘʟʠʪʥʽ ʧʘʨʘʤʝʪʨʠ, ʥʘʧʨʠʢʣʘʜ ʪʘʢʽ, ʷʢ: ʦʧʽʨ ʢʦʪʫʰʢʠ 

ʽʥʜʫʢʪʠʚʥʦʩʪʽ (DCR) RL, ʝʢʚʽʚʘʣʝʥʪʥʠʡ ʧʦʩʣʽʜʦʚʥʠʡ ʦʧʽʨ ʢʦʥʜʝʥʩʘʪʦʨʘ (ESR) RC, 

ʧʘʨʘʟʠʪʥʘ ʽʥʜʫʢʪʠʚʥʽʩʪʴ ʢʦʥʜʝʥʩʘʪʦʨʘ LC ʪʦʱʦ (ʨʠʩʫʥʦʢ 3.2). ʊʘʢʦʞ ʩʣʽʜ ʚʨʘʭʦʚʫʚʘʪʠ 

ʥʝʽʜʝʘʣʴʥʽʩʪʴ ʧʦʚʝʜʽʥʢʠ ʝʣʝʢʪʨʦʥʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ, ʥʘʧʨʠʢʣʘʜ ʟʘʪʨʠʤʢʠ ʥʘ 

ʧʝʨʝʢʣʶʯʝʥʥʷ ʪʨʘʥʟʠʩʪʦʨʘ. ʆʩʥʦʚʥʽ ʧʘʨʘʤʝʪʨʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʤʘʢʝʪʫ 

ʧʝʨʝʪʚʦʨʶʚʘʯʘ, ʘ ʪʘʢʦʞ ʧʦʯʘʪʢʦʚʽ ʟʥʘʯʝʥʥʷ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʱʦ ʧʨʠʡʤʘʣʠʩʷ 

ʥʘ ʧʦʯʘʪʢʫ ʜʦʩʣʽʜʞʝʥʥʷ, ʥʘʚʝʜʝʥʦ ʫ ʪʘʙʣʠʮʽ 3.1. 

 

ʈʠʩ. 3.1. ʊʠʧʦʚʘ ʩʭʝʤʘ ʧʦʥʠʞʫʶʯʦʛʦ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʥʘʧʨʫʛʠ 

 

ʈʠʩ. 3.2. ʈʦʟʰʠʨʝʥʘ ʩʭʝʤʘ ʝʣʝʢʪʨʠʯʥʘ ʧʨʠʥʮʠʧʦʚʘ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʟ ʜʝʷʢʠʤʠ 

ʧʘʨʘʟʠʪʥʠʤʠ ʝʣʝʤʝʥʪʘʤʠ 
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ʊʘʙʣʠʮʷ 3.1 

ʇʘʨʘʤʝʪʨʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ, ʱʦ ʟʥʠʞʫʻ 

ʥʘʧʨʫʛʫ ʪʘ ʧʦʯʘʪʢʦʚʽ ʟʥʘʯʝʥʥʷ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 

ʇʘʨʘʤʝʪʨ ʇʦʟʥʘʯʝʥʥʷ ʇʦʯʘʪʢʦʚʝ 

ʟʥʘʯʝʥʥʷ 

ɺʭʽʜʥʘ ʥʘʧʨʫʛʘ, ɺ Vin 12 

ʏʘʩʪʦʪʘ ʩʠʛʥʘʣʫ ʐɯʄ, ʢɻʮ fPWM 312.5 

ʐʧʘʨʫʚʘʪʽʩʪʴ ʐɯʄ D 0.5 

ɯʥʜʫʢʪʠʚʥʽʩʪʴ ʢʦʪʫʰʢʠ, ʤʢɻʥ L 10 

ɭʤʥʽʩʪʴ ʢʦʥʜʝʥʩʘʪʦʨʘ, ʤʢʌ C 44 

ʆʧʽʨ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʆʤ R1 3.8 

ɽʢʚʽʚʘʣʝʥʪʥʠʡ ʧʦʩʣʽʜʦʚʥʠʡ ʦʧʽʨ 

ʢʦʥʜʝʥʩʘʪʦʨʘ, ʆʤ 

RC 0.02 

ɽʢʚʽʚʘʣʝʥʪʥʠʡ ʧʦʩʣʽʜʦʚʥʠʡ ʦʧʽʨ ʢʦʪʫʰʢʠ 

ʽʥʜʫʢʪʠʚʥʦʩʪʽ, ʤʆʤ 

RL 19.5 

ʆʧʽʨ ʜʽʦʜʘ, ʆʤ RD 0.05 

ʆʧʽʨ ʩʪʽʢ-ʚʠʪʽʢ ʚʽʜʢʨʠʪʦʛʦ ʪʨʘʥʟʠʩʪʦʨʘ, ʆʤ RDSon 1e-9 

ʋ ʧʽʜʨʦʟʜʽʣʽ 3.1 ʦʙˇʨʫʥʪʦʚʘʥʦ ʚʠʙʽʨ ʛʝʥʝʪʠʯʥʦʛʦ ʘʣʛʦʨʠʪʤʫ ʪʘ ʩʬʦʨʤʫʣʴʦʚʘʥʦ 

ʟʘʜʘʯʫ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʷʢ ʟʘʜʘʯʫ ʛʣʦʙʘʣʴʥʦʾ ʦʧʪʠʤʽʟʘʮʽʾ. ʇʨʦʪʝ 

ʧʦʪʨʽʙʥʦ ʚʠʟʥʘʯʠʪʠ, ʚʽʜʥʦʩʥʦ ʷʢʦʛʦ ʚʠʤʽʨʶʚʘʥʥʷ ʩʣʽʜ ʢʘʣʽʙʨʫʚʘʪʠ ʤʦʜʝʣʴ ʟʘ 

ʥʘʷʚʥʦʩʪʽ ʟʥʘʯʥʦʛʦ ʨʦʟʢʠʜʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ, ʘ ʪʘʢʦʞ ʧʦʚô̫ ʟʘʪʠ ʨʝʟʫʣʴʪʘʪ 

ʢʘʣʽʙʨʫʚʘʥʥʷ ʟ ʧʦʜʘʣʴʰʠʤ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷʤ. ʊʦʤʫ ʚ ʨʦʙʦʪʽ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʤʝʪʦʜ 

ʢʘʣʽʙʨʫʚʘʥʥʷ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ, ʷʢʠʡ ʦʙô̒ ʜʥʫʻ ʚʠʟʥʘʯʝʥʥʷ ʝʪʘʣʦʥʥʦʛʦ ʩʠʛʥʘʣʫ, 

ʽʜʝʥʪʠʬʽʢʘʮʽʶ ʧʘʨʘʤʝʪʨʽʚ ʪʘ ʬʦʨʤʫʚʘʥʥʷ ʧʦʯʘʪʢʦʚʠʭ ʧʦʨʦʛʽʚ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʚ ʻʜʠʥʫ 

ʧʨʦʮʝʜʫʨʫ (ʨʠʩʫʥʦʢ 3.3). 

ɺʭʽʜʥʠʤʠ ʜʘʥʠʤʠ ʤʝʪʦʜʫ ʻ: ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘ ʚʠʙʽʨʢʘ ʩʠʛʥʘʣʽʚ ʩʧʨʘʚʥʦʛʦ 

ʧʨʠʩʪʨʦʶ S = {(VC
k (t), IL

k(t))}, k = 1éK; ʩʠʤʫʣʷʮʽʡʥʘ ʤʦʜʝʣʴ ʧʝʨʝʪʚʦʨʶʚʘʯʘ M(X), ʜʝ 

X = (x1, é, xn) ï ʚʝʢʪʦʨ ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʱʦ ʽʜʝʥʪʠʬʽʢʫʶʪʴʩʷ; ʤʝʞʽ [xi,min; xi,max] 

ʪʘ ʪʠʧ ʰʢʘʣʠ (ʣʦʛʘʨʠʬʤʽʯʥʘ ʘʙʦ ʣʽʥʽʡʥʘ) ʜʣʷ ʢʦʞʥʦʛʦ ʧʘʨʘʤʝʪʨʘ; ʛʽʧʝʨʧʘʨʘʤʝʪʨʠ 

ʛʝʥʝʪʠʯʥʦʛʦ ʘʣʛʦʨʠʪʤʫ: ʨʦʟʤʽʨ ʧʦʧʫʣʷʮʽʾ N, ʢʽʣʴʢʽʩʪʴ ʧʦʢʦʣʽʥʴ T, ʢʽʣʴʢʽʩʪʴ ʝʣʽʪʥʠʭ 

ʭʨʦʤʦʩʦʤ E, ʚʘʛʦʚʽ ʢʦʝʬʽʮʽʻʥʪʠ ʬʫʥʢʮʽʾ ʧʨʠʩʪʦʩʦʚʘʥʦʩʪʽ; ʜʦʧʫʩʢ ʩʠʤʝʪʨʽʾ Ů. 

ɺʠʭʽʜʥʠʤʠ ʜʘʥʠʤʠ ʻ ʚʝʢʪʦʨ ʽʜʝʥʪʠʬʽʢʦʚʘʥʠʭ ʧʘʨʘʤʝʪʨʽʚ X* ʪʘ ʚʝʢʪʦʨ ʧʦʯʘʪʢʦʚʠʭ 

ʧʦʨʦʛʽʚ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ɗ. 

ɽʪʘʧ 1. ʇʽʜʛʦʪʦʚʢʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ. ʐʫʤʠ ʪʘ ʢʦʤʫʪʘʮʽʡʥʽ ʚʠʢʠʜʠ 

ʩʧʦʪʚʦʨʶʶʪʴ ʦʮʽʥʢʫ ʧʫʣʴʩʘʮʽʡ, ʘ ʦʪʞʝ ʡ ʛʨʘʥʠʯʥʽ ʟʥʘʯʝʥʥʷ ʚʠʙʽʨʢʠ, ʚʽʜ ʷʢʠʭ 
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ʟʘʣʝʞʠʪʴ ʚʠʙʽʨ ʝʪʘʣʦʥʘ. 

ʂʨʦʢ 1. ɺʠʢʦʥʘʪʠ ʬʽʣʴʪʨʘʮʽʶ ʩʠʛʥʘʣʽʚ ʚʠʙʽʨʢʠ S ʜʣʷ ʧʦʢʘʟʥʠʢʽʚ ʟ ʚʠʩʦʢʠʤ 

ʨʽʚʥʝʤ ʰʫʤʫ. 

ʂʨʦʢ 2. ɼʣʷ ʢʦʞʥʦʛʦ ʚʠʤʽʨʶʚʘʥʥʷ k ʦʙʯʠʩʣʠʪʠ ʚʝʢʪʦʨ ʧʦʢʘʟʥʠʢʽʚ Yk = (VCavg, 

VCripple, ILavg, ILripple) ʪʘ ʚʠʟʥʘʯʠʪʠ ʤʽʥʽʤʘʣʴʥʝ, ʤʘʢʩʠʤʘʣʴʥʝ ʟʥʘʯʝʥʥʷ ʽ ʩʪʘʥʜʘʨʪʥʝ 

ʚʽʜʭʠʣʝʥʥʷ ʢʦʞʥʦʛʦ ʧʦʢʘʟʥʠʢʘ ʫ ʚʠʙʽʨʮʽ. 

ɽʪʘʧ 2. ɺʠʟʥʘʯʝʥʥʷ ʝʪʘʣʦʥʥʦʛʦ ʩʠʛʥʘʣʫ. ɽʪʘʣʦʥʦʤ ʦʙʠʨʘʻʪʴʩʷ ʨʝʘʣʴʥʝ 

ʚʠʤʽʨʶʚʘʥʥʷ, ʘ ʥʝ ʩʠʥʪʝʪʠʯʥʘ ʪʦʯʢʘ, ʱʦ ʛʘʨʘʥʪʫʻ ʬʽʟʠʯʥʫ ʩʫʤʽʩʥʽʩʪʴ ʫʩʽʭ ʯʦʪʠʨʴʦʭ 

ʡʦʛʦ ʧʦʢʘʟʥʠʢʽʚ. 

ʂʨʦʢ 3. ɼʣʷ ʧʦʢʘʟʥʠʢʽʚ ʽʟ ʥʘʡʙʽʣʴʰʠʤ ʚʽʜʥʦʩʥʠʤ ʨʦʟʢʠʜʦʤ ʦʙʯʠʩʣʠʪʠ ʪʦʯʢʫ, 

ʨʽʚʥʦʚʽʜʜʘʣʝʥʫ ʚʽʜ ʛʨʘʥʠʯʥʠʭ ʟʥʘʯʝʥʴ ʚʠʙʽʨʢʠ. 

ʂʨʦʢ 4. ɼʣʷ ʢʦʞʥʦʛʦ ʚʠʤʽʨʶʚʘʥʥʷ k ʦʙʯʠʩʣʠʪʠ ʥʦʨʤʘʣʽʟʦʚʘʥʫ ʚʽʜʩʪʘʥʴ dk ʜʦ 

ʮʽʻʾ ʪʦʯʢʠ ʷʢ ʩʫʤʫ ʚʽʜʩʪʘʥʝʡ ʟʘ ʦʙʨʘʥʠʤʠ ʧʦʢʘʟʥʠʢʘʤʠ ʪʘ ʦʙʨʘʪʠ ʝʪʘʣʦʥʥʝ 

ʚʠʤʽʨʶʚʘʥʥʷ k*  = argmin dk. ɺʝʢʪʦʨ ʧʦʢʘʟʥʠʢʽʚ Yk* ʥʘʜʘʣʽ ʻ ʮʽʣʣʶ ʢʘʣʽʙʨʫʚʘʥʥʷ. 

ɽʪʘʧ 3. ɯʜʝʥʪʠʬʽʢʘʮʽʷ ʧʘʨʘʤʝʪʨʽʚ ʛʝʥʝʪʠʯʥʠʤ ʘʣʛʦʨʠʪʤʦʤ.  

ʂʨʦʢ 5. ʉʬʦʨʤʫʚʘʪʠ ʧʦʯʘʪʢʦʚʫ ʧʦʧʫʣʷʮʽʶ ʟ N ʭʨʦʤʦʩʦʤ G ɴ  [0, 1]n: ʭʨʦʤʦʩʦʤʘ, 

ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʧʦʯʘʪʢʦʚʠʤ (ʜʦʚʽʜʢʦʚʠʤ) ʟʥʘʯʝʥʥʷʤ ʧʘʨʘʤʝʪʨʽʚ, ʾʾ ʚʘʨʽʘʮʽʾ ʟ 

ʚʽʜʭʠʣʝʥʥʷʤ Ñ50%, ʨʝʰʪʘ ï ʚʠʧʘʜʢʦʚʽ. ʇʨʠʡʥʷʪʠ t = 0. 

ʂʨʦʢ 6. ɼʣʷ ʢʦʞʥʦʾ ʭʨʦʤʦʩʦʤʠ ʧʦʧʫʣʷʮʽʾ ʜʝʢʦʜʫʚʘʪʠ ʛʝʥʠ ʫ ʬʽʟʠʯʥʽ ʟʥʘʯʝʥʥʷ 

ʧʘʨʘʤʝʪʨʽʚ, ʚʠʢʦʥʘʪʠ ʩʠʤʫʣʷʮʽʶ ʤʦʜʝʣʽ M(X), ʦʙʯʠʩʣʠʪʠ ʚʝʢʪʦʨ ʧʦʢʘʟʥʠʢʽʚ 

ʤʦʜʝʣʴʦʚʘʥʦʛʦ ʩʠʛʥʘʣʫ ʪʘ ʟʥʘʯʝʥʥʷ ʬʫʥʢʮʽʾ ʧʨʠʩʪʦʩʦʚʘʥʦʩʪʽ F(G) ʚʽʜʥʦʩʥʦ Yk*. 

ʂʨʦʢ 7. ʇʝʨʝʥʝʩʪʠ E ʭʨʦʤʦʩʦʤ ʽʟ ʥʘʡʤʝʥʰʠʤ ʟʥʘʯʝʥʥʷʤ F ʜʦ ʥʘʩʪʫʧʥʦʛʦ 

ʧʦʢʦʣʽʥʥʷ ʙʝʟ ʟʤʽʥ (ʝʣʽʪʠʟʤ). 

ʂʨʦʢ 8. ɼʦʧʦʚʥʠʪʠ ʥʘʩʪʫʧʥʝ ʧʦʢʦʣʽʥʥʷ ʜʦ ʨʦʟʤʽʨʫ N ʥʘʱʘʜʢʘʤʠ, ʦʪʨʠʤʘʥʠʤʠ 

ʧʦʩʣʽʜʦʚʥʠʤ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʪʫʨʥʽʨʥʦʾ ʩʝʣʝʢʮʽʾ, ʽʤʽʪʦʚʘʥʦʛʦ ʙʽʥʘʨʥʦʛʦ ʢʨʦʩʦʚʝʨʫ ʪʘ 

ʤʫʪʘʮʽʾ ʟ ʘʜʘʧʪʠʚʥʦʶ ʡʤʦʚʽʨʥʽʩʪʶ. 

ʂʨʦʢ 9. ʇʨʠʡʥʷʪʠ t = t + 1. ʗʢʱʦ t < T ï ʧʝʨʝʡʪʠ ʜʦ ʢʨʦʢʫ 6; ʽʥʘʢʰʝ ʚʠʟʥʘʯʠʪʠ 

G* = argmin F(G) ʪʘ ʜʝʢʦʜʫʚʘʪʠ ʡʦʛʦ ʫ ʚʝʢʪʦʨ X*. 

ɽʪʘʧ 4. ɺʝʨʠʬʽʢʘʮʽʷ ʤʦʜʝʣʽ ʪʘ ʬʦʨʤʫʚʘʥʥʷ ʧʦʨʦʛʽʚ. ʅʘ ʮʴʦʤʫ ʝʪʘʧʽ ʨʝʟʫʣʴʪʘʪ 

ʢʘʣʽʙʨʫʚʘʥʥʷ ʧʝʨʝʪʚʦʨʶʻʪʴʩʷ ʥʘ ʚʭʽʜʥʽ ʜʘʥʽ ʤʝʪʦʜʫ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ. 
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ʂʨʦʢ 10. ɼʣʷ ʤʦʜʝʣʽ M(X*) ʦʙʯʠʩʣʠʪʠ ʚʽʜʥʦʩʥʽ ʚʽʜʭʠʣʝʥʥʷ ŭYk ʢʦʞʥʦʛʦ 

ʧʦʢʘʟʥʠʢʘ ʚʽʜ ʚʽʜʧʦʚʽʜʥʠʭ ʧʦʢʘʟʥʠʢʽʚ ʫʩʽʭ K ʚʠʤʽʨʶʚʘʥʴ ʚʠʙʽʨʢʠ. 

ʂʨʦʢ 11. ʇʝʨʝʚʽʨʠʪʠ ʩʠʤʝʪʨʠʯʥʽʩʪʴ ʚʽʜʭʠʣʝʥʴ: ||min ŭ| ī |max ŭ|| Ò Ů ʜʣʷ 

ʧʦʢʘʟʥʠʢʽʚ, ʟʘ ʷʢʠʤʠ ʚʠʟʥʘʯʘʚʩʷ ʝʪʘʣʦʥʥʠʡ ʩʠʛʥʘʣ. ʋ ʨʘʟʽ ʥʝʚʠʢʦʥʘʥʥʷ ʫʤʦʚʠ 

ʨʝʢʦʤʝʥʜʫʻʪʴʩʷ ʩʢʦʨʠʛʫʚʘʪʠ ʚʘʛʦʚʽ ʢʦʝʬʽʮʽʻʥʪʠ ʘʙʦ ʤʝʞʽ ʧʦʰʫʢʫ ʪʘ ʧʦʚʝʨʥʫʪʠʩʷ ʜʦ 

ʢʨʦʢʫ 5. 

ʂʨʦʢ 12. ʇʨʠʡʥʷʪʠ ʧʦʯʘʪʢʦʚʽ ʧʦʨʦʛʠ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ɗY = max(|min ŭY|, |max 

ŭY|); ʧʝʨʝʜʘʪʠ X* ʜʦ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ, ʘ ɗ ï ʜʦ ʤʝʪʦʜʫ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ (ʧʽʜʨʦʟʜʽʣ 

2.4). 
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ʈʠʩʫʥʦʢ 3.3 ʉʭʝʤʘ ʤʝʪʦʜʫ ʢʘʣʽʙʨʫʚʘʥʥʷ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ ʧʝʨʝʪʚʦʨʶʚʘʯʘ 

ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ ʥʘ ʦʩʥʦʚʽ ʛʝʥʝʪʠʯʥʦʛʦ ʘʣʛʦʨʠʪʤʫ 

ʆʩʥʦʚʥʽ ʦʙʯʠʩʣʶʚʘʣʴʥʽ ʚʠʪʨʘʪʠ ʤʝʪʦʜʫ ʩʪʘʥʦʚʣʷʪʴ N·T ʟʘʧʫʩʢʽʚ ʩʠʤʫʣʷʮʽʾ. 

ʂʘʣʽʙʨʫʚʘʥʥʷ ʚʠʢʦʥʫʻʪʴʩʷ ʦʜʥʦʨʘʟʦʚʦ ʚ ʦʬʣʘʡʥ-ʨʝʞʠʤʽ ʽ ʥʝ ʚʧʣʠʚʘʻ ʥʘ ʰʚʠʜʢʦʜʽʶ 

ʦʥʣʘʡʥ-ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ. ʄʝʪʦʜ ʥʝ ʧʨʠʚô̫ ʟʘʥʠʡ ʜʦ ʢʦʥʢʨʝʪʥʦʾ ʪʦʧʦʣʦʛʽʾ 
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ʧʝʨʝʪʚʦʨʶʚʘʯʘ, ʦʩʢʽʣʴʢʠ ʤʦʜʝʣʴ M(X) ʪʘ ʩʢʣʘʜ ʚʝʢʪʦʨʘ X ʻ ʡʦʛʦ ʚʭʽʜʥʠʤʠ ʜʘʥʠʤʠ; 

ʫʤʦʚʦʶ ʟʘʩʪʦʩʦʚʥʦʩʪʽ ʻ ʥʘʷʚʥʽʩʪʴ ʚʠʙʽʨʢʠ ʩʠʛʥʘʣʽʚ ʟʘʚʽʜʦʤʦ ʩʧʨʘʚʥʦʛʦ ʧʨʠʩʪʨʦʶ ʚ 

ʫʩʪʘʣʝʥʦʤʫ ʨʝʞʠʤʽ. ʏʝʨʝʟ ʩʪʦʭʘʩʪʠʯʥʠʡ ʭʘʨʘʢʪʝʨ ʛʝʥʝʪʠʯʥʦʛʦ ʘʣʛʦʨʠʪʤʫ ʨʝʟʫʣʴʪʘʪ 

ʤʦʞʝ ʜʝʱʦ ʚʽʜʨʽʟʥʷʪʠʩʷ ʤʽʞ ʟʘʧʫʩʢʘʤʠ, ʘ ʽʜʝʥʪʠʬʽʢʦʚʘʥʽ ʟʥʘʯʝʥʥʷ ʩʣʽʜ ʨʦʟʛʣʷʜʘʪʠ ʷʢ 

ʝʢʚʽʚʘʣʝʥʪʥʽ ʧʘʨʘʤʝʪʨʠ ʤʦʜʝʣʽ, ʱʦ ʟʘʙʝʟʧʝʯʫʶʪʴ ʫʟʛʦʜʞʝʥʥʷ ʾʾ ʧʦʚʝʜʽʥʢʠ ʟ ʦʙô̒ ʢʪʦʤ, 

ʘ ʥʝ ʷʢ ʨʝʟʫʣʴʪʘʪʠ ʚʠʤʽʨʶʚʘʥʥʷ ʬʽʟʠʯʥʠʭ ʚʝʣʠʯʠʥ. ɺʽʜʤʽʥʥʦʶ ʨʠʩʦʶ ʤʝʪʦʜʫ ʻ 

ʧʦʻʜʥʘʥʥʷ ʝʪʘʧʽʚ 2 ʪʘ 4: ʦʩʢʽʣʴʢʠ ʤʦʜʝʣʴ ʢʘʣʽʙʨʫʻʪʴʩʷ ʟʘ ʚʠʤʽʨʶʚʘʥʥʷʤ, 

ʨʽʚʥʦʚʽʜʜʘʣʝʥʠʤ ʚʽʜ ʤʝʞ ʚʠʙʽʨʢʠ, ʚʽʜʭʠʣʝʥʥʷ ʚʽʜʢʘʣʽʙʨʦʚʘʥʦʾ ʤʦʜʝʣʽ ʻ ʩʠʤʝʪʨʠʯʥʠʤʠ 

ʽ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʷʢ ʧʦʨʦʛʠ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʙʝʟ ʦʢʨʝʤʦʛʦ 

ʥʘʣʘʰʪʫʚʘʥʥʷ ʜʦʜʘʪʥʠʭ ʪʘ ʚʽʜ'ʻʤʥʠʭ ʟʥʘʯʝʥʴ. 

ɼʘʣʽ ʥʘʚʝʜʝʥʦ ʨʝʘʣʽʟʘʮʽʶ ʝʪʘʧʽʚ ʤʝʪʦʜʫ ʜʣʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʤʘʢʝʪʘ 

ʧʝʨʝʪʚʦʨʶʚʘʯʘ. 

ʇʦʯʘʪʢʦʚʠʡ ʟʙʽʨ ʜʘʥʠʭ 

ʄʝʪʦʜʠʢʘ ʧʦʯʘʪʢʦʚʦʛʦ ʟʙʦʨʫ ʜʘʥʠʭ ʧʦʣʷʛʘʣʘ ʫ ʥʘʩʪʫʧʥʦʤʫ. ʅʘ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤʫ ʤʘʢʝʪʽ ʧʝʨʝʪʚʦʨʶʚʘʯʘ (ʧʘʨʘʤʝʪʨʠ ʝʣʝʤʝʥʪʽʚ ʪʘ ʨʝʞʠʤ ʨʦʙʦʪʠ 

ʥʘʚʝʜʝʥʦ ʫ ʪʘʙʣʠʮʽ 3.1), ʟʘ ʜʦʧʦʤʦʛʦʶ ʮʠʬʨʦʚʦʛʦ ʦʩʮʠʣʦʛʨʘʬʘ, ʧʨʦʪʷʛʦʤ 4 ʛʦʜʠʥ ʟ 

ʧʝʨʽʦʜʦʤ 2 ʩʝʢʫʥʜʠ ʨʦʙʠʣʠʩʷ ʚʠʙʽʨʢʠ ʜʘʥʠʭ:  ʥʘʧʨʫʛʠ ʥʘ ʻʤʥʦʩʪʽ ʉ1 (VC) ʪʘ ʥʘʧʨʫʛʠ 

ʥʘ ʜʘʪʯʠʢʫ ʚʠʤʽʨʶʚʘʥʥʷ ʩʪʨʫʤʫ, ʷʢʘ ʧʦʪʽʤ ʦʜʨʘʟʫ ʧʝʨʝʨʘʭʦʚʫʚʘʣʘʩʷ ʚ ʩʪʨʫʤ ʯʝʨʝʟ 

ʽʥʜʫʢʪʠʚʥʽʩʪʴ L1 (IL). ɼʘʥʽ ʚʠʙʽʨʢʠ ʟʙʝʨʽʛʘʣʠʩʷ ʥʘ ʩʝʨʚʝʨʽ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʜʦ ʥʠʭ 

ʜʦʩʪʫʧʫ ʩʢʨʠʧʪʘʤʠ ʦʙʨʦʙʢʠ. ɿʘʛʘʣʦʤ ʚʠʙʽʨʢʘ ʥʘʣʽʯʫʚʘʣʘ 6705 ʧʘʨ (ʩʠʛʥʘʣʠ ʥʘʧʨʫʛʠ 

ʪʘ ʩʪʨʫʤʫ) ʜʘʥʠʭ. 

ʇʦʧʝʨʝʜʥʷ ʦʙʨʦʙʢʘ ʜʘʥʠʭ 

ʅʘ ʦʩʥʦʚʽ ʮʠʭ ʜʘʥʠʭ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʦʚʠ ʧʨʦʛʨʘʤʫʚʘʥʥʷ Python ʚʠʢʦʥʫʚʘʚʩʷ 

ʧʦʯʘʪʢʦʚʠʡ ʘʥʘʣʽʟ ʧʦʚʝʜʽʥʢʠ ʩʭʝʤʠ, ʘ ʩʘʤʝ ï ʧʦʰʫʢ ʩʝʨʝʜʥʽʭ ʟʥʘʯʝʥʴ ʥʘʧʨʫʛʠ ʪʘ 

ʩʪʨʫʤʫ, ʧʫʣʴʩʘʮʽʡ ʥʘʧʨʫʛʠ ʪʘ ʩʪʨʫʤʫ, ʩʪʘʪʠʩʪʠʯʥʽ ʟʥʘʯʝʥʥʷ ʱʦʜʦ ʜʽʘʧʘʟʦʥʽʚ ʮʠʭ 

ʧʘʨʘʤʝʪʨʽʚ (ʥʘʧʨʠʢʣʘʜ ʟʥʘʯʝʥʥʷ ʥʘʡʙʽʣʴʰʦʾ ʽ ʥʘʡʤʝʥʰʦʾ ʧʫʣʴʩʘʮʽʾ ʥʘʧʨʫʛʠ). 

ʈʝʟʫʣʴʪʘʪʠ ʮʴʦʛʦ ʘʥʘʣʽʟʫ ʪʘʢʦʞ ʙʫʜʫʪʴ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ɗ ʜʣʷ 

ʨʝʘʣʽʟʘʮʽʾ ʤʝʪʦʜʫ, ʱʦ ʦʧʠʩʘʥʠʡ ʚ ʜʘʥʽʡ ʨʦʙʦʪʽ. 

ʇʨʠʢʣʘʜ ʩʠʛʥʘʣʽʚ, ʷʢʽ ʙʫʣʠ ʦʙʨʘʥʽ ʚʠʧʘʜʢʦʚʠʤ ʯʠʥʦʤ ʩʝʨʝʜ ʫʩʴʦʛʦ ʥʘʙʦʨʫ 

ʜʘʥʠʭ, ʟʦʙʨʘʞʝʥʦ ʥʘ ʨʠʩʫʥʢʫ 3.4, ʜʝ ʧʦʢʘʟʘʥʽ ʜʚʘ ʧʝʨʽʦʜʠ ʩʠʛʥʘʣʽʚ ʢʝʨʫʚʘʥʥʷ ʩʠʣʦʚʠʤ 
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ʪʨʘʥʟʠʩʪʦʨʦʤ. ɿ ʨʠʩʫʥʢʫ ʚʠʜʥʦ, ʱʦ ʩʠʛʥʘʣʠ ʤʘʶʪʴ ʟʥʘʯʥʠʡ ʰʫʤ (ʱʦ ʧʦʚô̫ ʟʘʥʦ ʟ 

ʨʝʘʣʽʟʘʮʽʻʶ ʧʝʨʝʪʚʦʨʶʚʘʯʘ, ʷʢʠʡ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʧʨʦʚʝʜʝʥʥʷ ʣʘʙʦʨʘʪʦʨʥʠʭ 

ʨʦʙʽʪ), ʘ ʪʘʢʦʞ ʚ ʤʦʤʝʥʪ ʢʦʤʫʪʘʮʽʾ ʩʪʨʫʤ ʤʘʻ ʧʦʤʽʪʥʽ ʚʠʢʠʜʠ, ʱʦ ʧʦʚô̫ ʟʘʥʽ ʟʽ ʟʥʘʯʥʦʶ 

ʧʘʨʘʟʠʪʥʦʶ ʽʥʜʫʢʪʠʚʥʽʩʪʶ ʢʦʥʪʫʨʫ ʧʝʨʝʤʠʢʘʥʥʷ ʩʪʨʫʤʫ ʪʘ/ʘʙʦ ʧʨʦʙʣʝʤʘʤʠ ʚ ʩʭʝʤʽ 

ʚʠʤʽʨʶʚʘʥʥʷ. ʌʘʢʪ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʘʢʠʭ ʩʧʦʪʚʦʨʝʥʠʭ ʩʠʛʥʘʣʽʚ ʚ ʜʘʥʽʡ ʨʦʙʦʪʽ ʣʠʰʝ 

ʧʦʢʨʘʱʫʻ ʜʦʩʪʦʚʽʨʥʽʩʪʴ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ, ʦʩʢʽʣʴʢʠ ʧʽʜʪʚʝʨʜʞʫʻ, ʱʦ ʽʜʝʾ, 

ʟʘʧʨʦʧʦʥʦʚʘʥʽ ʚ ʨʦʙʦʪʽ, ʤʦʞʫʪʴ ʙʫʪʠ ʧʦʚʥʦʮʽʥʥʦ ʚʠʢʦʨʠʩʪʘʥʽ ʽ ʚ ʥʝʽʜʝʘʣʴʥʠʭ 

ʧʦʣʴʦʚʠʭ ʫʤʦʚʘʭ. ʊʘʢʦʞ ʮʝ ʨʦʟʰʠʨʶʻ ʢʽʣʴʢʽʩʪʴ ʥʘʫʢʦʚʠʭ ʨʦʙʽʪ ʟ ʪʝʤʘʪʠʢʠ 

ʜʽʘʛʥʦʩʪʠʢʠ ʧʨʠʩʪʨʦʾʚ ʩʠʣʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ, ʙʦ, ʷʢ ʙʫʣʦ ʧʦʢʘʟʘʥʦ ʚ ʧʽʜʨʦʟʜʽʣʽ 1.1.5, 

ʜʦʩʠʪʴ ʥʠʟʴʢʘ ʯʘʩʪʢʘ ʨʦʙʽʪ ʚʢʣʶʯʘʣʘ ʚ ʩʝʙʝ ʪʝʩʪʫʚʘʥʥʷ ʚ ʧʦʣʴʦʚʠʭ ʫʤʦʚʘʭ. 

ʆʩʢʽʣʴʢʠ ʧʦʢʘʟʥʠʢʘʤʠ, ʷʢʽ ʙʫʜʫʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʚ ʷʢʦʩʪʽ ʚʠʭʽʜʥʦʛʦ 

ʚʝʢʪʦʨʫ ʜʣʷ ʤʝʪʦʜʫ, ʱʦ ʧʨʦʧʦʥʫʻʪʴʩʷ ʚ ʜʘʥʽʡ ʨʦʙʦʪʽ ʻ ʩʝʨʝʜʥʷ ʥʘʧʨʫʛʘ ʥʘ ʚʠʭʦʜʽ 

(ʚʠʭʽʜʥʦʤʫ ʢʦʥʜʝʥʩʘʪʦʨʽ ʬʽʣʴʪʨʫ) VCavg, ʧʫʣʴʩʘʮʽʾ ʥʘʧʨʫʛʠ ʥʘ ʚʠʭʦʜʽ (ʚʠʭʽʜʥʦʤʫ 

ʢʦʥʜʝʥʩʘʪʦʨʽ ʬʽʣʴʪʨʫ) VCripple, ʩʝʨʝʜʥʽʡ ʩʪʨʫʤ ʯʝʨʝʟ ʽʥʜʫʢʪʠʚʥʽʩʪʴ ILavg,ʪʘ ʧʫʣʴʩʘʮʽʾ 

ʩʪʨʫʤʫ ʯʝʨʝʟ ʽʥʜʫʢʪʠʚʥʽʩʪʴ ILripple, ʪʦ ʜʦʮʽʣʴʥʦ ʧʨʦʘʥʘʣʽʟʫʚʘʪʠ ʜʽʘʧʘʟʦʥ ʟʥʘʯʝʥʴ ʮʠʭ 

ʧʦʢʘʟʥʠʢʽʚ. ɺʠʙʽʨʢʠ, ʚʽʜʩʦʨʪʦʚʘʥʽ ʧʦ ʨʽʚʥʶ ʚʽʜ ʥʘʡʤʝʥʰʦʛʦ ʜʦ ʥʘʡʙʽʣʴʰʦʛʦ, ʧʦʢʘʟʘʥʽ 

ʥʘ ʨʠʩʫʥʢʫ 3.5.  
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ʈʠʩ. 3.4. ʇʨʠʢʣʘʜ ʩʠʛʥʘʣʽʚ ʟ ʚʠʙʽʨʢʠ ï ʥʘʧʨʫʛʘ VC ʪʘ ʩʪʨʫʤ IL 

 

ʈʠʩ. 3.5. ɻʨʘʬʽʯʥʝ ʟʦʙʨʘʞʝʥʥʷ ʜʽʘʧʘʟʦʥʽʚ ʯʦʪʠʨʴʦʭ ʧʦʢʘʟʥʠʢʽʚ VCripple, VCavg, ILripple, 

ILavg ʫ ʥʘʷʚʥʽʡ ʚʠʙʽʨʮʽ ʩʠʛʥʘʣʽʚ 
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ʉʪʘʪʠʩʪʠʢʘ ʧʦ ʦʪʨʠʤʘʥʠʤ ʟʥʘʯʝʥʥʷʤ ʚʠʙʽʨʦʢ ʚʽʜʦʙʨʘʞʝʥʘ ʚ ʪʘʙʣʠʮʽ 3.2.  

ʊʘʙʣʠʮʷ 3.2 

ʉʪʘʪʠʩʪʠʯʥʽ ʜʘʥʽ ʯʦʪʠʨʴʦʭ ʧʦʢʘʟʥʠʢʽʚ 

ʇʦʢʘʟʥʠʢ ʄʽʥʽ-

ʤʫʤ 

ʄʘʢʩʠ-

ʤʫʤ 

ʉʝʨʝʜ-

ʥ ̒

ʄʝʜʽ-

ʘʥʘ 

ʈʽʟʥʠʮʷ 

ʤʘʢʩ.-ʤʽʥ. 

ʈʽʟʥʠʮʷ 

ʤʘʢʩ.-ʤʽʥ., % 

ʇʫʣʴʩʘʮʽʾ 

ʥʘʧʨʫʛʠ VCripple 

0.052 ɺ 0.126 ɺ 0.080 ɺ 0.079 ɺ 0.074 ɺ 142.86% 

ʉʝʨʝʜʥʷ 

ʥʘʧʨʫʛʘ VCavg 

6.016 ɺ 6.083 ɺ 6.040 ɺ 6.040 ɺ 0.067 ɺ 1.11% 

ʇʫʣʴʩʘʮʽʾ 

ʩʪʨʫʤʫ ILripple 

1.542 ɸ 3.459 ɸ 2.202 ɸ 2.181 ɸ 1.917 ɸ 124.39% 

ʉʝʨʝʜʥʽʡ 

ʩʪʨʫʤ ILavg 

1.355 ɸ 1.584 ɸ 1.500 ɸ 1.501 ɸ 0.229 ɸ 16.93% 

ʉʪʘʪʠʩʪʠʯʥʠʡ ʘʥʘʣʽʟ ʥʘʷʚʥʠʭ ʩʠʛʥʘʣʽʚ ʜʝʤʦʥʩʪʨʫʻ ʨʦʟʧʦʜʽʣ, ʟʘ ʬʦʨʤʦʶ 

ʙʣʠʟʴʢʠʡ ʜʦ ʥʦʨʤʘʣʴʥʦʛʦ. ɻʨʘʬʽʢ ʨʦʟʧʦʜʽʣʫ, ʘ ʪʘʢʦʞ ʢʦʨʦʙʢʦʚʠʡ ʛʨʘʬʽʢ ʟʦʙʨʘʞʝʥʦ 

ʥʘ ʨʠʩʫʥʢʫ 3.6. ɸ ʚ ʪʘʙʣʠʮʽ 3.3 ʟʦʙʨʘʞʝʥʦ ʜʘʥ ̔ʱʦʜʦ ʨʦʟʧʦʜʽʣʫ ʫ ʯʠʩʣʦʚʦʤʫ ʚʠʛʣʷʜʽ. 

 

ʈʠʩʫʥʦʢ 3.6 ɻʨʘʬʽʯʥʝ ʟʦʙʨʘʞʝʥʥʷ ʨʦʟʧʦʜʽʣʫ ʟʥʘʯʝʥʴ ʯʦʪʠʨʴʦʭ ʧʦʢʘʟʥʠʢʽʚ VCripple, 

VCavg, ILripple, ILavg ʫ ʥʘʷʚʥʽʡ ʚʠʙʽʨʮʽ ʩʠʛʥʘʣʽʚ 
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ʊʘʙʣʠʮʷ 3.3 

ɼʘʥʽ ʨʦʟʧʦʜʽʣʫ ʯʦʪʠʨʴʦʭ ʧʦʢʘʟʥʠʢʽʚ 

ʇʦʢʘʟʥʠʢ Q1 Q3 IQR 

ɺʽʜʩʦʪʦʢ 

ʚʽʜʣʽʢʽʚ ʚ 

ʤʝʞʘʭ 

IQR 

ɺʽʜʩʦʪʦʢ 

ʚʽʜʣʽʢʽʚ 

ʤʝʥʰʠʭ ʟʘ 

Q1 

ɺʽʜʩʦʪʦʢ 

ʚʽʜʣʽʢʽʚ 

ʙʽʣʴʰʠʭ ʟʘ 

Q3 

ʇʫʣʴʩʘʮʽʾ 

ʥʘʧʨʫʛʠ VCripple 

0.074 ɺ 0.085 ɺ 0.011 ɺ 55.27% 23.21% 21.52% 

ʉʝʨʝʜʥʷ 

ʥʘʧʨʫʛʘ VCavg 

6.038 ɺ 6.041 ɺ 0.003 ɺ 50.01% 25.00% 25.00% 

ʇʫʣʴʩʘʮʽʾ 

ʩʪʨʫʤʫ ILripple 

2.030 ɸ 2.369 ɸ 0.338 ɸ 51.69% 23.48% 24.83% 

ʉʝʨʝʜʥʽʡ 

ʩʪʨʫʤ ILavg 

1.484 ɸ 1.516 ɸ 0.031 ɸ 50.01% 25.00% 25.00% 

ʗʢ ʤʦʞʥʘ ʙʘʯʠʪʠ ʟ ʥʘʚʝʜʝʥʦ ʾʚʠʱʝ ʪʘʙʣʠʮʽ, ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʤʽʞ ʤʽʥʽʤʘʣʴʥʠʤ ʽ 

ʤʘʢʩʠʤʘʣʴʥʠʤ ʟʥʘʯʝʥʥʷʤʠ ʧʫʣʴʩʘʮʽʡ ʥʘʧʨʫʛʠ ʪʘ ʧʫʣʴʩʘʮʽʡ ʩʪʨʫʤʫ ʻ ʜʦʩʠʪʴ ʚʠʩʦʢʠʤʠ 

(ʚʠʱʝ ʟʘ 100%), ʱʦ ʦʙʫʤʦʚʣʝʥʦ ʚʠʩʦʢʠʤ ʨʽʚʥʝʤ ʰʫʤʽʚ ʪʘ ʟʘʟʥʘʯʝʥʠʤʠ ʚʠʱʝ 

ʧʨʦʙʣʝʤʘʤʠ ʟʽ ʩʭʝʤʦʶ ʚʠʤʽʨʶʚʘʥʥʷ. ɼʘʥʽ ʫʤʦʚʠ ʻ ʯʫʜʦʚʠʤʠ ʜʣʷ ʪʝʩʪʫʚʘʥʥʷ 

ʦʧʠʩʘʥʦʛʦ ʚ ʜʘʥʽʡ ʨʦʙʦʪʽ ʤʝʪʦʜʫ, ʦʩʢʽʣʴʢʠ ʜʦʟʚʦʣʷʪʴ ʧʝʨʝʚʽʨʠʪʠ ʢʦʨʝʢʪʥʽʩʪʴ ʾʾ ʨʦʙʦʪʠ 

ʥʘ ʦʙʣʘʜʥʘʥʥʽ, ʷʢʝ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚ ʣʘʙʦʨʘʪʦʨʥʠʭ ʨʦʙʦʪʘʭ,  ̔ ʻ ʥʝʽʜʝʘʣʴʥʠʤ. 

ʆʩʢʽʣʴʢʠ ʤʝʪʦʜ ʧʨʘʮʶʻ ʟ ʧʦʨʦʛʦʚʠʤ ʟʥʘʯʝʥʥʷʤ ɗ, ʷʢʝ ʩʘʤʝ ʧʦ ʩʦʙʽ ʻ ʚʽʜʥʦʩʥʦʶ 

ʚʝʣʠʯʠʥʦʶ, ʪʦ ʟʥʠʞʝʥʥʷ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʨʦʟʙʽʞʥʦʩʪʝʡ ʤʽʥʽʤʘʣʴʥʦʛʦ ̔  ʤʘʢʩʠʤʘʣʴʥʦʛʦ 

ʟʥʘʯʝʥʥʷ ʧʦʢʘʟʥʠʢʽʚ ʻ ʚʘʞʣʠʚʠʤ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʙʽʣʴʰʦʾ ʪʦʯʥʦʩʪʽ ʽ ʥʘʜʽʡʥʦʩʪʽ 

ʨʦʙʦʪʠ ʘʣʛʦʨʠʪʤʫ. 

ɿ ʪʘʙʣʠʮʽ 3.2 ʪʘʢʦʞ ʚʠʜʥʦ, ʱʦ ʧʫʣʴʩʘʮʽʾ ʩʪʨʫʤʫ, ʧʨʠ ʚʝʣʠʢʽʡ ʚʽʜʩʦʪʢʦʚʽʡ ʨʽʟʥʠʮʽ 

ʤʽʞ ʤʘʢʩʠʤʘʣʴʥʠʤ ʪʘ ʤʽʥʽʤʘʣʴʥʠʤ ʟʥʘʯʝʥʥʷʤʠ, ʤʘʶʪʴ ʚʝʣʠʢʝ ʤʝʜʽʘʥʥʝ ʟʥʘʯʝʥʥʷ 

(2.181 ɸ), ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʚʠʩʦʢʦʾ ʘʙʩʦʣʶʪʥʦʾ ʨʽʟʥʠʮʽ ʤʽʞ ʤʘʢʩʠʤʘʣʴʥʠʤ ʽ 

ʤʽʥʽʤʘʣʴʥʠʤ ʟʥʘʯʝʥʥʷʤʠ ʧʫʣʴʩʘʮʽʡ ʩʪʨʫʤʫ: ~1.917 ɸ. ʆʩʢʽʣʴʢʠ ʦʩʥʦʚʥʦʶ ʟ ʧʨʦʙʣʝʤ 

ʻ ʚʠʩʦʢʘ ʟʘʰʫʤʣʝʥʽʩʪʴ ʩʠʛʥʘʣʽʚ, ʪʦ ʜʦʮʽʣʴʥʠʤ ʻ ʥʘʢʣʘʜʘʥʥʷ ʬʽʣʴʪʨʫ, ʪʘʢʦʛʦ ʷʢ ʬʽʣʴʪʨ 

ʢʦʚʟʥʦʛʦ ʩʝʨʝʜʥʴʦʛʦ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤ ʰʣʷʭʦʤ ʙʫʣʦ ʚʠʟʥʘʯʝʥʦ ʰʠʨʠʥʫ ʚʽʢʥʘ 
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ʬʽʣʴʪʨʘ ʩʪʨʫʤʫ ʚ 17 ʚʽʜʣʽʢʽʚ. ɿ ʪʘʙʣʠʮʽ 3.2 ʚʠʜʥʦ, ʱʦ ʭʦʯʘ ʧʫʣʴʩʘʮʽʾ ʥʘʧʨʫʛʠ ʽ ʤʘʶʪʴ 

ʚʝʣʠʢʫ ʨʦʟʙʽʞʥʽʩʪʴ, ʫ ʧʦʨʽʚʥʷʥʥʽ ʟʽ ʟʥʘʯʝʥʥʷʤʠ ʩʝʨʝʜʥʴʦʾ ʥʘʧʨʫʛʠ ʚʦʥʠ ʻ ʜʦʩʠʪʴ 

ʤʘʣʠʤʠ, ʱʦ ʧʨʠʟʚʝʣʦ ʜʦ ʨʽʰʝʥʥʷ ʬʽʣʴʪʨʫʚʘʪʠ ʪʽʣʴʢʠ ʩʠʛʥʘʣʠ ʩʪʨʫʤʫ IL, ʘʣʝ ʥʝ 

ʥʘʧʨʫʛʠ VC. 

ʅʘ ʨʠʩ. 3.7 ʟʦʙʨʘʞʝʥʦ ʚʽʜʩʦʨʪʦʚʘʥʽ ʟʥʘʯʝʥʥʷ ʯʦʪʠʨʴʦʭ ʧʦʢʘʟʥʠʢʽʚ, ʷʢʽ ʙʫʣʠ 

ʦʪʨʠʤʘʥʽ ʧʽʩʣʷ ʥʘʢʣʘʜʘʥʥʷ ʦʧʠʩʘʥʦʛʦ ʚʠʱʝ ʬʽʣʴʪʨʫ ʥʘ ʚʩʽ ʩʠʛʥʘʣʠ ʟ ʥʘʙʦʨʫ ʜʘʥʠʭ. 

ɺʽʟʫʘʣʴʥʦ ʤʦʞʥʘ ʙʘʯʠʪʠ, ʱʦ ʜʽʘʧʘʟʦʥ ʟʥʘʯʝʥʴ ʙʫʚ ʟʤʽʥʝʥʠʡ. ʏʠʩʣʦʚʽ ʟʥʘʯʝʥʥʷ 

ʥʘʚʝʜʝʥʽ ʫ ʪʘʙʣʠʮʽ 3.4. ɿ ʧʦʨʽʚʥʷʥʥʷ ʪʘʙʣʠʮʴ ʚʠʜʥʦ, ʱʦ ʟʥʘʯʝʥʥʷ ʧʫʣʴʩʘʮʽʡ ʥʘʧʨʫʛʠ 

ʪʘ ʩʝʨʝʜʥʴʦʾ ʥʘʧʨʫʛʠ ʥʝ ʟʤʽʥʠʣʠʩʷ, ʱʦ ʻ ʦʯʝʚʠʜʥʠʤ, ʦʩʢʽʣʴʢʠ ʬʽʣʴʪʨʘʮʽʷ ʥʝ ʙʫʣʘ 

ʚʠʢʦʨʠʩʪʘʥʘ ʜʦ ʩʠʛʥʘʣʽʚ ʥʘʧʨʫʛ. ʇʦʤʽʪʥʦ, ʱʦ ʚʽʜʩʦʪʢʦʚʘ ʨʽʟʥʠʮʷ ʤʽʞ ʤʘʢʩʠʤʘʣʴʥʠʤ 

ʽ ʤʽʥʽʤʘʣʴʥʠʤ ʟʥʘʯʝʥʥʷʤʠ ʧʫʣʴʩʘʮʽʡ ʩʪʨʫʤʫ ʚʠʨʦʩʣʘ ʟ 124.39% ʜʦ 150%, ʘʣʝ ʚʦʜʥʦʯʘʩ 

ʘʙʩʦʣʶʪʥʘ ʨʽʟʥʠʮʷ ʤʽʞ ʤʘʢʩʠʤʫʤʦʤ ʪʘ ʤʽʥʽʤʫʤʦʤ ʟʥʠʟʠʣʘʩʷ ʟ 1.918ɸ ʜʦ 0.677ɸ, ʱʦ 

ʜʦʨʽʚʥʶʻ ʟʥʠʞʝʥʥʶ ʧʨʠʙʣʠʟʥʦ ʚ 2.83 ʨʘʟʠ. ʊʘʢʝ ʩʫʪʪʻʚʝ ʟʥʠʞʝʥʥʷ ʨʦʟʢʠʜʫ ʧʫʣʴʩʘʮʽʡ 

ʩʚʽʜʯʠʪʴ ʧʨʦ ʚʜʘʣʠʡ ʨʝʟʫʣʴʪʘʪ ʬʽʣʴʪʨʘʮʽʾ, ʱʦ ʤʘʪʠʤʝ ʧʦʟʠʪʠʚʥʠʡ ʚʧʣʠʚ ʥʘ ʨʝʟʫʣʴʪʘʪʠ 

ʨʦʙʦʪʠ ʤʝʪʦʜʫ. 

 

ʈʠʩʫʥʦʢ 3.7 ɻʨʘʬʽʯʥʝ ʟʦʙʨʘʞʝʥʥʷ ʜʽʘʧʘʟʦʥʽʚ ʯʦʪʠʨʴʦʭ ʧʦʢʘʟʥʠʢʽʚ VCripple, VCavg, 

ILripple, ILavg ʫ ʥʘʷʚʥʽʡ ʚʠʙʽʨʮʽ ʩʠʛʥʘʣʽʚ ʧʽʩʣʷ ʬʽʣʴʪʨʘʮʽʾ ʩʪʨʫʤʫ 






















































































































































































































