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ɺʚʝʜʝʥʠʝ 
 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʠ ʩʪʝʧʝʥʴ ʨʘʟʨʘʙʦʪʘʥʥʦʩʪʠ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ.  

ʅʝʦʜʥʦʨʦʜʥʳʝ ʧʦ ʩʦʩʪʘʚʫ ʚʝʱʝʩʪʚʘ ʚʩʪʨʝʯʘʶʪʩʷ ʚʦ ʤʥʦʛʠʭ ʧʨʠʨʦʜʥʳʭ ʠ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ. ʇʨʠ ʵʪʦʤ ʤʝʞʜʫ ʧʦʜʦʙʥʳʤʠ ʚʝʱʝʩʪʚʘʤʠ ʩʫʱʝʩʪʚʫʝʪ 

ʦʛʨʦʤʥʘʷ ʨʘʟʥʠʮʘ: ʥʝʢʦʪʦʨʳʝ ʠʟ ʥʠʭ ʦʙʨʘʟʫʶʪ ʜʚʫʭʬʘʟʥʫʶ ʛʝʪʝʨʦʛʝʥʥʫʶ ʩʠʩʪʝʤʫ 

ʩ ʛʨʘʥʠʮʝʡ ʨʘʟʜʝʣʘ ʤʝʞʜʫ ʬʘʟʘʤʠ, ʜʨʫʛʠʝ ʞʝ ʩʧʦʩʦʙʥʳ ʩʤʝʰʠʚʘʪʴʩʷ ʜʨʫʛ ʩ ʜʨʫʛʦʤ 

ʚ ʣʶʙʳʭ ʧʨʦʧʦʨʮʠʷʭ, ʦʙʨʘʟʫʷ ʛʦʤʦʛʝʥʥʫʶ ʦʜʥʦʬʘʟʥʫʶ ʩʠʩʪʝʤʫ.  

 ɻʝʪʝʨʦʛʝʥʥʳʝ ʠ ʛʦʤʦʛʝʥʥʳʝ ʩʨʝʜʳ ʧʨʝʜʲʷʚʣʷʶʪ ʢ ʩʝʙʝ ʟʥʘʯʠʪʝʣʴʥʦ 

ʦʪʣʠʯʘʶʱʠʝʩʷ ʪʨʝʙʦʚʘʥʠʷ ʢʘʢ ʧʨʠ ʪʝʦʨʝʪʠʯʝʩʢʦʤ, ʪʘʢ ʠ ʧʨʠ ʧʨʘʢʪʠʯʝʩʢʦʤ 

ʨʘʩʩʤʦʪʨʝʥʠʠ. ɹʦʣʴʰʫʶ ʨʘʟʥʠʮʫ ʧʨʠ ʠʭ ʠʟʫʯʝʥʠʠ ʚʥʦʩʠʪ ʥʘʣʠʯʠʝ ʤʝʞʬʘʟʥʦʡ 

ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ (ʜʣʷ ʛʝʪʝʨʦʛʝʥʥʳʭ ʩʨʝʜ), ʯʪʦ ʚʣʝʯʝʪ ʟʘ ʩʦʙʦʡ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʫʯʝʪʘ 

ʨʘʟʣʠʯʥʳʭ ʢʘʧʠʣʣʷʨʥʳʭ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʵʬʬʝʢʪʦʚ. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ 

ʩʫʱʝʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ ʧʦʜʭʦʜʦʚ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʚʫʭʬʘʟʥʳʭ ʩʨʝʜ ʩ ʛʨʘʥʠʮʝʡ 

ʨʘʟʜʝʣʘ, ʦʜʥʘʢʦ ʚʩʝ ʦʥʠ ʦʙʣʘʜʘʶʪ ʪʝʤʠ ʠʣʠ ʠʥʳʤʠ ʩʫʱʝʩʪʚʝʥʥʳʤʠ ʥʝʜʦʩʪʘʪʢʘʤʠ, 

ʧʦʵʪʦʤʫ ʨʘʟʨʘʙʦʪʢʘ ʥʦʚʳʭ ʤʝʪʦʜʦʚ ʠ ʫʣʫʯʰʝʥʠʝ ʫʞʝ ʠʤʝʶʱʠʭʩʷ ʤʦʜʝʣʝʡ ʷʚʣʷʝʪʩʷ 

ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ.  

ʂʨʦʤʝ ʵʪʦʛʦ, ʜʦ ʩʠʭ ʧʦʨ ʦʩʪʘʝʪʩʷ ʤʥʦʞʝʩʪʚʦ ʥʝʨʘʩʢʨʳʪʳʭ ʚʦʧʨʦʩʦʚ ʧʨʠ 

ʨʘʩʩʤʦʪʨʝʥʠʠ ʟʘʜʘʯ, ʩʚʷʟʘʥʥʳʭ ʩ ʧʦʚʝʜʝʥʠʝʤ ʜʚʫʭʬʘʟʥʳʭ ʩʨʝʜ. ʅʘʧʨʠʤʝʨ, 

ʨʘʟʣʠʯʥʦʛʦ ʨʦʜʘ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ (ʈʝʣʝʷ-ʊʝʡʣʦʨʘ ʠ ʧʨ.) ʚ ʢʣʘʩʩʠʯʝʩʢʠʭ ʩʣʫʯʘʷʭ 

ʷʚʣʷʶʪʩʷ ʭʦʨʦʰʦ ʠʟʫʯʝʥʥʳʤʠ ʷʚʣʝʥʠʷʤʠ, ʦʜʥʘʢʦ ʥʘ ʧʨʘʢʪʠʢʝ ʧʦʜʦʙʥʳʝ ʧʨʦʮʝʩʩʳ 

ʩʦʧʨʷʞʝʥʳ ʩ ʨʷʜʦʤ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʥʝʠʩʩʣʝʜʦʚʘʥʥʳʭ ʬʘʢʪʦʨʦʚ.  

 ʈʷʜ ʥʝʠʟʫʯʝʥʥʳʭ ʚʦʧʨʦʩʦʚ ʢʘʩʘʝʪʩʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ. 

ɺʦʧʨʦʩ ʦ ʧʨʠʥʘʜʣʝʞʥʦʩʪʠ ʞʠʜʢʦʩʪʠ ʢ ʨʘʟʨʷʜʫ ʦʜʥʦʬʘʟʥʦʡ ʠʣʠ ʜʚʫʭʬʘʟʥʦʡ ʩʨʝʜʳ 

ʤʦʞʝʪ ʙʳʪʴ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʫʩʣʦʚʥʳʤ. ʅʘ ʧʨʘʢʪʠʢʝ ʵʪʦ ʤʦʞʝʪ ʟʘʚʠʩʝʪʴ ʦʪ 

ʩʪʘʜʠʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʧʨʦʮʝʩʩʘ, ʥʘʧʨʠʤʝʨ, ʚ ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʜʚʝ 

ʞʠʜʢʦʩʪʠ ʧʨʠʚʦʜʷʪʩʷ ʚ ʢʦʥʪʘʢʪ, ʦʜʥʘʢʦ ʵʪʦ ʩʦʩʪʦʷʥʠʝ ʤʦʞʝʪ ʠ ʥʝ ʷʚʣʷʪʴʩʷ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʤ ʨʘʚʥʦʚʝʩʠʝʤ ï ʞʠʜʢʦʩʪʠ ʥʘʯʥʫʪ ʩʤʝʰʠʚʘʪʴʩʷ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ 

ʚʦʟʥʠʢʘʝʪ ʚʦʧʨʦʩ ʦʙ ʠʟʤʝʥʝʥʠʠ ʩʦ ʚʨʝʤʝʥʝʤ ʢʘʧʠʣʣʷʨʥʳʭ ʵʬʬʝʢʪʦʚ ï ʜʘʥʥʘʷ 

ʟʘʜʘʯʘ ʷʚʣʷʝʪʩʷ ʩʣʘʙʦ ʠʟʫʯʝʥʥʦʡ ʠ ʘʢʪʫʘʣʴʥʦʡ.  



4 

 

ʇʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʦʜʥʦʬʘʟʥʳʭ ʩʨʝʜ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʶʪ 

ʧʨʦʮʝʩʩʳ ʪʝʧʣʦ- ʠ ʤʘʩʩʦʧʝʨʝʥʦʩʘ. ɼʘʥʥʳʝ ʷʚʣʝʥʠʷ ʷʚʣʷʶʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʭʦʨʦʰʦ 

ʠʟʫʯʝʥʥʳʤʠ ʚ ʩʣʫʯʘʝ ʦʜʥʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʨʝʜ, ʦʜʥʘʢʦ, ʢʦʛʜʘ ʚ ʩʦʩʪʘʚʝ ʩʤʝʩʠ 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʜʚʘ ʠʣʠ ʙʦʣʝʝ ʢʦʤʧʦʥʝʥʪʦʚ, ʠʟʫʯʝʥʠʝ ʪʘʢʠʭ ʩʠʩʪʝʤ ʦʩʣʦʞʥʷʝʪʩʷ 

ʥʘʣʠʯʠʝʤ ʧʝʨʝʢʨʝʩʪʥʳʭ ʵʬʬʝʢʪʦʚ (ʪʝʨʤʦʜʠʬʬʫʟʠʷ, ʧʝʨʝʢʨʝʩʪʥʘʷ ʜʠʬʬʫʟʠʷ), ʘ 

ʪʘʢʞʝ ʩʠʣʴʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʜʠʬʬʫʟʠʠ ʠ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ. ʀʟʫʯʝʥʠʝ 

ʦʜʥʦʬʘʟʥʳʭ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʠʩʪʝʤ ʥʝ ʩʦʧʨʷʞʝʥʦ ʩ ʪʨʫʜʥʦʩʪʷʤʠ, 

ʚʦʟʥʠʢʘʶʱʠʤʠ ʧʨʠ ʫʯʝʪʝ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ, ʦʜʥʘʢʦ ʠʤʝʝʪʩʷ ʨʷʜ ʠʥʳʭ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʬʘʢʪʦʨʦʚ.  

ʆʜʥʠʤ ʠʟ ʪʘʢʠʭ ʬʘʢʪʦʨʦʚ ʷʚʣʷʝʪʩʷ ʢʦʥʝʯʥʘʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʤʘʩʩʠʚʦʚ, 

ʦʢʨʫʞʘʶʱʠʭ ʠʩʩʣʝʜʫʝʤʫʶ ʞʠʜʢʦʩʪʴ. ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʚʳʧʦʣʥʷʝʪʩʷ 

ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ ʚʳʩʦʢʦʪʝʧʣʦʧʨʦʚʦʜʥʳʭ ʛʨʘʥʠʮʘʭ, ʢʦʛʜʘ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʤʘʩʩʠʚʦʚ ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʰʝ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʞʠʜʢʦʩʪʠ. 

ʆʜʥʘʢʦ ʚ ʧʨʠʨʦʜʝ ʠ ʪʝʭʥʠʢʝ ʯʘʩʪʦ ʚʩʪʨʝʯʘʶʪʩʷ ʤʘʪʝʨʠʘʣʳ, ʜʣʷ ʢʦʪʦʨʳʭ ʜʘʥʥʦʝ 

ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʥʝ ʚʳʧʦʣʥʷʝʪʩʷ ï ʧʦʜʦʙʥʦʛʦ ʨʦʜʘ ʟʘʜʘʯʠ ʧʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʤʝʩʝʡ ʷʚʣʷʶʪʩʷ ʩʣʘʙʦ ʠʟʫʯʝʥʥʳʤʠ.  

 ʇʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʟʘʜʘʯ ʢʦʥʚʝʢʮʠʠ ʚʘʞʥʦ ʟʥʘʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

ʪʝʨʤʦʜʠʬʬʫʟʠʠ, ʥʘʭʦʞʜʝʥʠʝ ʢʦʪʦʨʳʭ ʚ ʩʣʫʯʘʝ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʤʝʩʝʡ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʦʩʦʙʫʶ ʩʣʦʞʥʦʩʪʴ ʢʘʢ ʜʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ, ʪʘʢ ʠ ʜʣʷ 

ʯʠʩʣʝʥʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ. ɿʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʠʟʤʝʨʷʶʪʩʷ ʩ ʥʝʢʦʪʦʨʦʡ 

ʧʦʛʨʝʰʥʦʩʪʴʶ, ʧʨʠ ʵʪʦʤ ʥʘ ʧʨʘʢʪʠʢʝ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʥʝʙʦʣʴʰʘʷ ʨʘʟʥʠʮʘ ʚ 

ʟʥʘʯʝʥʠʷʭ ʠʟʤʝʨʝʥʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʨʠʚʦʜʠʪ ʣʠʰʴ ʢ ʥʝʢʦʪʦʨʦʤʫ 

ʢʦʣʠʯʝʩʪʚʝʥʥʦʤʫ ʩʜʚʠʛʫ ʚ ʨʝʟʫʣʴʪʘʪʘʭ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʆʜʥʘʢʦ ʩʫʱʝʩʪʚʫʶʪ 

ʩʠʩʪʝʤʳ, ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʩʩʣʝʜʦʚʘʥʥʳʝ ʚ ʣʠʪʝʨʘʪʫʨʝ, ʚ ʢʦʪʦʨʳʭ ʥʝʙʦʣʴʰʦʝ 

ʠʟʤʝʥʝʥʠʝ ʟʥʘʯʝʥʠʡ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʩʦʚʝʨʰʝʥʥʦ ʨʘʟʣʠʯʥʦʤʫ 

ʧʦʚʝʜʝʥʠʶ ʩʤʝʩʠ.  

ʎʝʣʠ ʨʘʙʦʪʳ. 1) ʋʩʪʘʥʦʚʠʪʴ ʚʣʠʷʥʠʝ ʨʘʟʣʠʯʥʳʭ ʬʘʢʪʦʨʦʚ, ʪʘʢʠʭ ʢʘʢ 

ʥʝʨʘʚʥʦʚʝʩʥʦʝ ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʥʘʪʷʞʝʥʠʝ, ʜʠʬʬʫʟʠʷ ʠ ʜʨ., ʥʘ ʜʠʥʘʤʠʢʫ 

ʜʚʫʭʬʘʟʥʳʭ ʩʠʩʪʝʤ. 2) ʆʧʨʝʜʝʣʠʪʴ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʢʦʥʚʝʢʮʠʠ 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʤʝʩʝʡ ʧʨʠ ʫʩʣʦʚʠʠ ʟʘʜʘʥʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʥʘ ʛʨʘʥʠʮʘʭ 
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(ʧʨʠ ʤʘʣʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʛʨʘʥʠʮ). 3) ɺʳʷʚʠʪʴ ʦʩʦʙʝʥʥʦʩʪʠ ʧʦʚʝʜʝʥʠʷ 

ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʦʡ ʩʤʝʩʠ ʚ ʫʩʣʦʚʠʷʭ, ʢʦʛʜʘ ʢʦʵʬʬʠʮʠʝʥʪ ʩʫʤʤʘʨʥʦʛʦ ʦʪʥʦʰʝʥʠʷ 

ʙʣʠʟʦʢ ʢ ʥʫʣʶ. ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʮʝʣʝʡ ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ ʨʝʰʠʪʴ ʩʣʝʜʫʶʱʠʝ 

ʟʘʜʘʯʠ:  

ï ʀʩʩʣʝʜʦʚʘʪʴ ʜʠʥʘʤʠʢʫ ʚʳʪʝʩʥʝʥʠʷ ʥʝʩʤʝʰʠʚʘʶʱʠʭʩʷ ʠ ʩʤʝʰʠʚʘʶʱʠʭʩʷ ʩʠʩʪʝʤ 

ʚ ʢʘʧʠʣʣʷʨʝ ʠ ʢʘʧʠʣʣʷʨʥʳʭ ʪʨʫʙʢʘʭ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʥʘʪʷʞʝʥʠʷ ʠ ʧʘʨʘʤʝʪʨʘʭ ʩʤʝʰʝʥʠʷ ʢʦʤʧʦʥʝʥʪʦʚ.  

ï ʀʩʩʣʝʜʦʚʘʪʴ ʟʘʜʘʯʫ ʦ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ ʜʣʷ ʩʤʝʰʠʚʘʶʱʠʭʩʷ 

ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʫʩʣʦʚʠʷʭ, ʢʦʛʜʘ ʥʘʯʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʝ ʷʚʣʷʝʪʩʷ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʨʘʚʥʦʚʝʩʥʳʤ.  

ï ʇʨʦʚʝʩʪʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʫʩʪʦʡʯʠʚʦʩʪʠ ʠ ʥʝʣʠʥʝʡʥʳʭ ʨʝʞʠʤʦʚ ʢʦʥʚʝʢʮʠʠ 

ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʦʡ ʩʤʝʩʠ ʚ ʫʩʣʦʚʠʷʭ ʟʘʜʘʥʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʥʘ ʛʨʘʥʠʮʘʭ. 

ï ɺʳʧʦʣʥʠʪʴ ʯʠʩʣʝʥʥʳʝ ʨʘʩʯʝʪʳ ʟʘʜʘʯʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ 

ʩʤʝʩʠ ʧʨʠ ʟʥʘʯʝʥʠʷʭ ʩʫʤʤʘʨʥʦʛʦ ʦʪʥʦʰʝʥʠʷ ʨʘʟʜʝʣʝʥʠʷ, ʙʣʠʟʢʠʭ ʢ ʥʫʣʶ (ʩʠʩʪʝʤʘ 

ʥʘʭʦʜʠʪʩʷ ʥʘ ʛʨʘʥʠʮʝ ʫʩʪʦʡʯʠʚʦʩʪʠ). 

ʄʝʪʦʜʦʣʦʛʠʷ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʀʟʫʯʝʥʠʝ ʜʚʫʭʬʘʟʥʳʭ ʧʨʦʚʦʜʠʣʦʩʴ 

ʤʝʪʦʜʦʤ ʬʘʟʦʚʦʛʦ ʧʦʣʷ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʦʥʚʝʢʮʠʠ ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʳʭ ʩʤʝʩʝʡ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʫʨʘʚʥʝʥʠʷ ʪʝʨʤʦʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʡ ʢʦʥʚʝʢʮʠʠ ʩ ʵʬʬʝʢʪʦʤ ʉʦʨʝ ʚ 

ʧʨʠʙʣʠʞʝʥʠʠ ɹʫʩʩʠʥʝʩʢʘ. ʃʠʥʝʡʥʳʝ ʟʘʜʘʯʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʨʝʰʘʶʪʩʷ ʯʠʩʣʝʥʥʦ 

ʤʝʪʦʜʦʤ ʧʨʠʩʪʨʝʣʢʠ. ɼʣʷ ʨʝʰʝʥʠʷ ʥʝʣʠʥʝʡʥʳʭ ʟʘʜʘʯ ʧʨʠʤʝʥʷʝʪʩʷ ʤʝʪʦʜ ʢʦʥʝʯʥʳʭ 

ʨʘʟʥʦʩʪʝʡ.  ʀʩʧʦʣʴʟʫʶʪʩʷ ʜʚʘ ʧʦʜʭʦʜʘ ʜʣʷ ʧʨʷʤʦʛʦ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ: 1) 

ʯʠʩʣʝʥʥʦʝ ʨʝʰʝʥʠʝ ʚ ʧʝʨʝʤʝʥʥʳʭ ʬʫʥʢʮʠʷ ʪʦʢʘ ï ʟʘʚʠʭʨʝʥʥʦʩʪʴ; 2) ʯʠʩʣʝʥʥʦʝ 

ʨʝʰʝʥʠʝ ʚ ʝʩʪʝʩʪʚʝʥʥʳʭ ʧʝʨʝʤʝʥʥʳʭ ʩʢʦʨʦʩʪʴ ï ʜʘʚʣʝʥʠʝ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ 

ʧʨʦʝʢʮʠʡ, ʘʜʘʧʪʠʨʦʚʘʥʥʦʛʦ ʜʣʷ ʚʳʯʠʩʣʝʥʠʡ ʥʘ ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʘʭ. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʨʘʙʦʪʳ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʚ ʥʝʡ ʚʧʝʨʚʳʝ:  

1. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʤʦʞʥʦ ʜʘʪʴ ʵʬʬʝʢʪʠʚʥʫʶ ʠ 

ʪʦʯʥʫʶ ʦʮʝʥʢʫ ʢʘʧʠʣʣʷʨʥʦʛʦ ʜʘʚʣʝʥʠʷ ʧʨʠ ʚʳʪʝʩʥʝʥʠʠ ʦʜʥʦʡ ʞʠʜʢʦʩʪʠ ʜʨʫʛʦʡ ʚ 

ʢʘʧʠʣʣʷʨʝ. ʇʦʣʫʯʝʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʳʪʝʩʥʝʥʠʷ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ 

ʠʟʚʝʩʪʥʳʤʠ ʚ ʣʠʪʝʨʘʪʫʨʝ ʘʥʘʣʠʪʠʯʝʩʢʠʤʠ ʬʦʨʤʫʣʘʤʠ ʚ ʧʨʝʜʝʣʴʥʳʭ ʩʣʫʯʘʷʭ.  
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2. ʀʟʫʯʝʥʘ ʜʠʥʘʤʠʢʘ ʚʳʪʝʩʥʝʥʠʷ ʚ ʩʣʫʯʘʝ ʩʤʝʰʠʚʘʶʱʠʭʩʷ ʩʠʩʪʝʤ. 

ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ, ʚʦʧʨʝʢʠ ʤʥʝʥʠʶ ʨʷʜʷ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ, ʩʯʠʪʘʶʱʠʭ 

ʥʝʨʘʚʥʦʚʝʩʥʦʝ ʢʘʧʠʣʣʷʨʥʦʝ ʜʘʚʣʝʥʠʝ ʥʝʟʥʘʯʠʪʝʣʴʥʳʤ ʬʘʢʪʦʨʦʤ, ʥʝʨʘʚʥʦʚʝʩʥʳʝ 

ʢʘʧʠʣʣʷʨʥʳʝ ʵʬʬʝʢʪʳ ʠʛʨʘʶʪ ʟʘʤʝʪʥʫʶ ʨʦʣʴ ʥʝ ʪʦʣʴʢʦ ʚ ʥʘʯʘʣʴʥʳʝ ʤʦʤʝʥʪʳ 

ʚʨʝʤʝʥʠ. ʀʛʥʦʨʠʨʦʚʘʥʠʝ ʜʘʥʥʦʛʦ ʵʬʬʝʢʪʘ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʝʪ ʩʣʫʞʠʪʴ 

ʩʥʠʞʝʥʠʶ ʪʦʯʥʦʩʪʠ ʚ ʦʮʝʥʢʘʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʳʪʝʩʥʝʥʠʷ ʜʚʫʭʬʘʟʥʳʭ ʩʠʩʪʝʤ.  

3. ɺʳʧʦʣʥʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚʳʪʝʩʥʝʥʠʷ ʚ ʤʘʪʨʠʮʝ ʢʘʧʠʣʣʷʨʦʚ (ʩʠʩʪʝʤʝ ʠʟ 

ʦʜʥʦʨʦʜʥʦ ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʢʘʧʠʣʣʷʨʦʚ, ʧʝʨʝʩʝʢʘʶʱʠʭʩʷ ʧʦʜ ʧʨʷʤʳʤ ʫʛʣʦʤ). 

ɺʧʝʨʚʳʝ ʧʨʦʚʝʜʝʥ ʨʘʩʯʝʪ ʜʣʷ ʩʨʘʚʥʠʪʝʣʴʥʦ ʙʦʣʴʰʠʭ ʤʘʪʨʠʮ: 10Ĭ10 (ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʜʨʫʛʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ), ʧʦʢʘʟʘʥʦ, ʯʪʦ ʪʘʢʦʡ ʨʘʟʤʝʨ ʤʘʪʨʠʮʳ ʜʦʩʪʘʪʦʯʝʥ, ʯʪʦʙʳ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʝʯʝʥʠʷ ʩʭʦʜʠʣʠʩʴ ʢ ʥʝʢʦʪʦʨʳʤ ʧʨʝʜʝʣʴʥʳʤ ʟʥʘʯʝʥʠʷʤ.  

4. ʀʩʩʣʝʜʦʚʘʥʘ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ ʜʣʷ ʩʤʝʰʠʚʘʶʱʠʭʩʷ ʞʠʜʢʦʩʪʝʡ ʩ 

ʫʯʝʪʦʤ ʢʘʧʠʣʣʷʨʥʳʭ ʵʬʬʝʢʪʦʚ ʧʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ ʩʠʩʪʝʤʘ ʠʟʥʘʯʘʣʴʥʦ ʥʝ ʥʘʭʦʜʠʪʩʷ 

ʚ ʩʦʩʪʦʷʥʠʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ (ʥʘʯʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʥʝ ʷʚʣʷʝʪʩʷ ʨʘʚʥʦʚʝʩʥʳʤ).  

5. ʇʨʠ ʠʟʫʯʝʥʠʠ ʢʦʥʚʝʢʮʠʠ ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʳʭ ʩʤʝʩʝʡ ʚʧʝʨʚʳʝ ʜʝʪʘʣʴʥʦ 

ʨʘʩʩʤʦʪʨʝʥ ʩʣʫʯʘʡ, ʢʦʛʜʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʞʠʜʢʦʩʪʠ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʴʰʝ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʤʘʩʩʠʚʦʚ, ʦʢʨʫʞʘʶʱʠʭ ʜʘʥʥʫʶ ʞʠʜʢʦʩʪʴ (ʯʪʦ ʵʢʚʠʚʘʣʝʥʪʥʦ 

ʟʘʜʘʥʠʶ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʥʘ ʛʨʘʥʠʮʘʭ). ʅʘʡʜʝʥʳ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʠ ʢʘʯʝʩʪʚʝʥʥʳʝ 

ʦʪʣʠʯʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʣʫʯʘʝʤ ʠʜʝʘʣʴʥʦ ʪʝʧʣʦʧʨʦʚʦʜʥʳʭ ʛʨʘʥʠʮ.  

6.  ʀʩʩʣʝʜʦʚʘʥʘ ʫʩʪʦʡʯʠʚʦʩʪʴ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʦʡ ʩʤʝʩʠ 

ʧʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ ʟʥʘʯʝʥʠʝ ʩʫʤʤʘʨʥʦʛʦ ʦʪʥʦʰʝʥʠʷ ʨʘʟʜʝʣʝʥʠʷ ʙʣʠʟʢʦ ʢ ʥʫʣʶ 

(ʩʠʩʪʝʤʘ ʥʘʭʦʜʠʪʩʷ ʥʘ ʛʨʘʥʠʮʝ ʫʩʪʦʡʯʠʚʦʩʪʠ).   

ʇʨʘʢʪʠʯʝʩʢʘʷ ʠ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. ʇʦʣʫʯʝʥʠʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦ 

ʠʟʫʯʝʥʠʶ ʢʘʧʠʣʣʷʨʥʳʭ ʵʬʬʝʢʪʦʚ ʤʦʛʫʪ ʠʤʝʪʴ ʧʨʘʢʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ ʚ ʟʘʜʘʯʘʭ ʦ 

ʚʳʪʝʩʥʝʥʠʠ ʦʜʥʦʡ ʞʠʜʢʦʩʪʠ ʜʨʫʛʦʡ, ʯʪʦ, ʥʘʧʨʠʤʝʨ, ʚʩʪʨʝʯʘʝʪʩʷ ʧʨʠ ʜʦʙʳʯʝ 

ʫʛʣʝʚʦʜʦʨʦʜʥʳʭ ʨʝʩʫʨʩʦʚ ʧʫʪʝʤ ʠʭ ʧʨʦʢʘʯʢʠ ʚʦʜʦʡ ʧʦʜ ʜʘʚʣʝʥʠʝʤ.  ɼʣʷ ʨʝʰʝʥʠʷ 

ʟʘʜʘʯ, ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʚ ʜʠʩʩʝʨʪʘʮʠʠ, ʨʘʟʨʘʙʦʪʘʥʘ ʵʬʬʝʢʪʠʚʥʘʷ ʧʘʨʘʣʣʝʣʴʥʘʷ 

ʧʨʦʛʨʘʤʤʘ ʨʘʩʯʝʪʘ ʥʘ ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʘʭ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ 

ʨʝʰʝʥʠʷ ʜʨʫʛʠʭ ʟʘʜʘʯ ʤʝʭʘʥʠʢʠ ʞʠʜʢʦʩʪʠ ʠ ʛʘʟʘ, ʥʘʧʨʠʤʝʨ: ʤʦʜʝʣʠʨʦʚʘʥʠʝ 
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ʧʦʚʝʜʝʥʠʷ ʵʤʫʣʴʩʠʡ, ʜʠʩʧʝʨʩʥʳʭ ʩʨʝʜ, ʨʘʟʣʠʯʥʦʛʦ ʨʦʜʘ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ 

(ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʂʝʣʴʚʠʥʘ-ɻʝʣʴʤʛʦʣʴʮʘ ʠ ʧʨ.), ʚʩʧʣʳʪʠʝ/ʧʦʛʨʫʞʝʥʠʝ ʢʘʧʣʠ ʠ ʜʨ.   

 ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʢʦʥʚʝʢʮʠʠ ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʦʡ ʩʤʝʩʠ ʧʨʠ ʫʩʣʦʚʠʠ 

ʟʘʜʘʥʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʯʝʨʝʟ ʛʨʘʥʠʮʳ ʬʘʢʪʠʯʝʩʢʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʠʪʫʘʮʠʠ, 

ʢʦʛʜʘ ʩʤʝʩʴ ʥʘʭʦʜʠʪʩʷ ʚ ʦʢʨʫʞʝʥʠʠ ʤʘʩʩʠʚʦʚ ʩ ʭʦʨʦʰʠʤʠ ʪʝʧʣʦʠʟʦʣʷʮʠʦʥʥʳʤʠ 

ʩʚʦʡʩʪʚʘʤʠ (ʥʘʧʨʠʤʝʨ, ʧʦʣʠʠʟʦʮʠʘʥʫʨʘʪ ʠʣʠ ʘʵʨʦʛʝʣʴ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʤʦʛʫʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥʳ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ, ʛʜʝ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʤʘʪʝʨʠʘʣʳ ʩ ʤʘʣʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ.  

 ʈʝʟʫʣʴʪʘʪʳ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʪʨʸʭʢʦʤʧʦʥʝʥʪʥʦʡ ʩʤʝʩʠ ʩ 

ʩʫʤʤʘʨʥʳʤ ʦʪʥʦʰʝʥʠʝʤ ʨʘʟʜʝʣʝʥʠʷ, ʙʣʠʟʢʠʤ ʢ ʥʫʣʶ, ʧʨʠʤʝʥʷʣʠʩʴ ʧʨʠ 

ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʜʘʥʥʳʭ ʢʦʩʤʠʯʝʩʢʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ DCMIX-2. ʈʝʟʫʣʴʪʘʪʳ 

ʯʠʩʣʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʟʚʦʣʠʣʠ ʫʙʝʜʠʪʴʩʷ ʚ ʧʨʘʚʠʣʴʥʦʩʪʠ ʤʝʪʦʜʠʢ ʠʟʤʝʨʝʥʠʷ 

ʪʝʨʤʦʜʠʬʬʫʟʠʦʥʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʥʘ ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʩʤʠʯʝʩʢʦʡ ʩʪʘʥʮʠʠ.  

ʇʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ: 

1. ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʠʥʘʤʠʢʠ ʚʳʪʝʩʥʝʥʠʷ ʦʜʥʦʡ ʞʠʜʢʦʩʪʠ ʜʨʫʛʦʡ ʚ 

ʢʘʧʠʣʣʷʨʘʭ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʜʣʷ ʩʤʝʰʠʚʘʶʱʠʭʩʷ ʠ 

ʥʝʩʤʝʰʠʚʘʶʱʠʭʩʷ ʛʝʪʝʨʦʛʝʥʥʳʭ ʩʠʩʪʝʤ.  

2. ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ ʤʝʪʦʜʦʤ 

ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʧʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʜʚʝ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʝ 

ʞʠʜʢʦʩʪʠ ʥʝ ʥʘʭʦʜʷʪʩʷ ʚ ʩʦʩʪʦʷʥʠʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ.  

3. ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʦʥʚʝʢʮʠʠ ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʦʡ ʩʤʝʩʠ ʩ 

ʵʬʬʝʢʪʦʤ ʉʦʨʝ ʚ ʧʣʦʩʢʦʤ ʩʣʦʝ ʩ ʟʘʜʘʥʥʳʤ ʪʝʧʣʦʚʳʤ ʧʦʪʦʢʦʤ ʥʘ ʛʨʘʥʠʮʘʭ.  

4. ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʚʝʜʝʥʠʷ ʩʤʝʩʠ ʪʦʣʫʦʣ-ʤʝʪʘʥʦʣ-ʮʠʢʣʦʛʝʢʩʘʥ ʩʦ 

ʟʥʘʯʝʥʠʝʤ ʩʫʤʤʘʨʥʦʛʦ ʦʪʥʦʰʝʥʠʷ ʨʘʟʜʝʣʝʥʠʷ, ʙʣʠʟʢʠʤ ʢ ʥʫʣʶ, ʚ ʟʘʤʢʥʫʪʦʡ 

ʦʙʣʘʩʪʠ ʧʨʠ ʥʘʛʨʝʚʝ ʩʚʝʨʭʫ. 

 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʝʪʦʚ ʦʙʝʩʧʝʯʝʥʘ ʩʦʛʣʘʩʦʚʘʥʠʝʤ 

ʚ ʧʨʝʜʝʣʴʥʳʭ ʩʣʫʯʘʷʭ ʩ ʘʥʘʣʠʪʠʯʝʩʢʠʤʠ ʬʦʨʤʫʣʘʤʠ ʠ ʜʘʥʥʳʤʠ ʬʠʟʠʯʝʩʢʠʭ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ. ɺ ʨʷʜʝ ʩʣʫʯʘʝʚ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʠʜʝʥʪʠʯʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʨʘʟʣʠʯʥʳʭ ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ. ʈʘʩʯʝʪʥʳʝ ʘʣʛʦʨʠʪʤʳ 
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ʚʝʨʠʬʠʮʠʨʦʚʘʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʯʠʩʣʝʥʥʳʭ ʩʭʝʤ, ʛʨʘʥʠʯʥʳʭ 

ʫʩʣʦʚʠʡ, ʫʩʣʦʚʠʡ ʩʭʦʜʠʤʦʩʪʠ ʮʠʢʣʦʚ ʠ ʧʨ. ʇʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʩʭʦʜʠʤʦʩʪʠ 

ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʰʘʛʘ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ. 

ɸʧʨʦʙʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ. ʈʝʟʫʣʴʪʘʪʳ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʠ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʠ ʦʙʩʫʞʜʘʣʠʩʴ ʥʘ ʩʣʝʜʫʶʱʠʭ ʢʦʥʬʝʨʝʥʮʠʷʭ: ʄʝʞʜʫʥʘʨʦʜʥʳʡ 

ʩʠʤʧʦʟʠʫʤ çʅʝʨʘʚʥʦʚʝʩʥʳʝ ʧʨʦʮʝʩʩʳ ʚ ʩʧʣʦʰʥʳʭ ʩʨʝʜʘʭè (ʇʝʨʤʴ, 2017); 

ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ çʇʝʨʤʩʢʠʝ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʥʘʫʯʥʳʝ ʯʪʝʥʠʷè (ʇʝʨʤʴ, 2018, 2020); XXI  ʠ XXII  ɿʠʤʥʠʝ 

ʰʢʦʣʳ ʧʦ ʤʝʭʘʥʠʢʝ ʩʧʣʦʰʥʳʭ ʩʨʝʜ (ʇʝʨʤʴ, 2019, 2021); 9th Conference of the 

International Marangoni Association (Guilin, China, 2018); 13th and 14th International 

Meeting on Thermodiffusion (London, UK, 2018 and Trondheim, Norway, 2021); 26th 

European Low Gravity Research Association Biennial Symposium and General 

Assembly 14th International Conference on "Two-Phase Systems for Space and Ground 

Applicationsò European Space Agency Topical Teams meetings (Granada, Spain, 2019), 

XII ɺʩʝʨʦʩʩʠʡʩʢʠʡ ʩʲʝʟʜ ʧʦ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʤ ʧʨʦʙʣʝʤʘʤ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʠ 

ʧʨʠʢʣʘʜʥʦʡ ʤʝʭʘʥʠʢʠ (ʋʬʘ, 2019); 25th International Congress of Theoretical and 

Applied Mechanics (Milano, Italy, 2021).  

 ʇʦʤʠʤʦ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʚʳʰʝ ʢʦʥʬʝʨʝʥʮʠʡ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʪʘʢʞʝ 

ʜʦʢʣʘʜʳʚʘʣʠʩʴ ʥʘ ʥʘʫʯʥʳʭ ʩʝʤʠʥʘʨʘʭ: ʇʝʨʤʩʢʦʤ ʛʦʨʦʜʩʢʦʤ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʤ 

ʩʝʤʠʥʘʨʝ ʠʤʝʥʠ ʧʨʦʬ. ɻ.ɿ. ɻʝʨʰʫʥʠ, ɽ.ʄ. ɾʫʭʦʚʠʮʢʦʛʦ ʠ ɼ.ɺ. ʃʶʙʠʤʦʚʘ (ʇʝʨʤʴ, 

2018, 2020, 2021, ʥʦʤʝʨʘ ʟʘʩʝʜʘʥʠʡ: 1506, 1537, 1550), ʥʘʫʯʥʳʡ ʩʝʤʠʥʘʨ ʚ 

ʂʫʙʘʥʩʢʦʤ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʤ ʫʥʠʚʝʨʩʠʪʝʪʝ (2018). 

ʇʫʙʣʠʢʘʮʠʠ. ʄʘʪʝʨʠʘʣʳ ʜʠʩʩʝʨʪʘʮʠʠ ʠʟʣʦʞʝʥʳ ʚ 22 ʨʘʙʦʪʘʭ [1-22], 

ʚʢʣʶʯʘʷ 8 ʨʘʙʦʪ ʚ ʞʫʨʥʘʣʘʭ ʠʟ ʩʧʠʩʢʘ ɺɸʂ [1-8], ʢʦʪʦʨʳʝ ʪʘʢʞʝ ʠʥʜʝʢʩʠʨʦʚʘʥʳ ʚ 

ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʙʘʟʘʭ ʜʘʥʥʳʭ Scopus ʠ Web of Science. ʇʦʣʫʯʝʥʦ ʩʚʠʜʝʪʝʣʴʩʪʚʦ ʦ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʨʝʛʠʩʪʨʘʮʠʠ ʧʨʦʛʨʘʤʤʳ ʜʣʷ ʕɺʄ [23]. 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ. ɸʚʪʦʨʦʤ ʜʠʩʩʝʨʪʘʮʠʠ ʥʘʧʠʩʘʥʳ ʚʩʝ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʧʨʦʛʨʘʤʤʳ; ʨʘʟʨʘʙʦʪʘʥʘ ʠ ʨʝʘʣʠʟʦʚʘʥʘ ʧʘʨʘʣʣʝʣʴʥʘʷ ʧʨʦʛʨʘʤʤʘ 

ʨʘʩʯʝʪʦʚ ʥʘ ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʘʭ; ʧʦʣʫʯʝʥʘ ʦʩʥʦʚʥʘʷ ʯʘʩʪʴ ʯʠʩʣʝʥʥʳʭ 

ʨʝʟʫʣʴʪʘʪʦʚ. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯ, ʦʙʩʫʞʜʝʥʠʝ ʠ ʘʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʚ ʧʝʨʚʦʡ ʛʣʘʚʝ 
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ʦʩʫʱʝʩʪʚʣʝʥʳ ʩʦʚʤʝʩʪʥʦ ʩ ʥʘʫʯʥʳʤ ʨʫʢʦʚʦʜʠʪʝʣʝʤ ʊ.ʇ. ʃʶʙʠʤʦʚʦʡ ʠ ʩʦʘʚʪʦʨʦʤ 

ʧʫʙʣʠʢʘʮʠʡ ɸ.ʄ. ɺʦʨʦʙʴʝʚʳʤ. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʢʦʥʚʝʢʮʠʠ ʚ ʩʣʦʝ ʩ ʟʘʜʘʥʥʳʤ 

ʪʝʧʣʦʚʳʤ ʧʦʪʦʢʦʤ, ʘ ʪʘʢʞʝ ʦʙʩʫʞʜʝʥʠʝ ʠ ʘʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʦʩʫʱʝʩʪʚʣʝʥʳ 

ʩʦʚʤʝʩʪʥʦ ʩ ʥʘʫʯʥʳʤ ʨʫʢʦʚʦʜʠʪʝʣʝʤ ʊ.ʇ. ʃʶʙʠʤʦʚʦʡ. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ 

ʢʦʥʚʝʢʮʠʠ ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʦʡ ʩʤʝʩʠ ʩ ʩʫʤʤʘʨʥʳʤ ʦʪʥʦʰʝʥʠʝʤ ʨʘʟʜʝʣʝʥʠʷ, 

ʙʣʠʟʢʠʤ ʢ ʥʫʣʶ, ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʠʭ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʦʙʩʫʞʜʘʣʠʩʴ 

ʩʦʚʤʝʩʪʥʦ ʩ ʥʘʫʯʥʳʤ ʨʫʢʦʚʦʜʠʪʝʣʝʤ ʊ.ʇ. ʃʶʙʠʤʦʚʦʡ ʠ ʩʦʘʚʪʦʨʦʤ ʧʫʙʣʠʢʘʮʠʠ 

ɺ.ʄ. ʐʝʚʮʦʚʦʡ. 

ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʜʠʩʩʝʨʪʘʮʠʠ. ɼʠʩʩʝʨʪʘʮʠʷ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, 2 

ʦʙʰʠʨʥʳʭ ʛʣʘʚ, ʟʘʢʣʶʯʝʥʠʷ, ʩʧʠʩʢʘ ʣʠʪʝʨʘʪʫʨʳ (195 ʥʘʠʤʝʥʦʚʘʥʠʡ) ʠ 

ʧʨʠʣʦʞʝʥʠʷ. ʆʙʲʝʤ ʜʠʩʩʝʨʪʘʮʠʠ ʩʦʩʪʘʚʣʷʝʪ 210 ʩʪʨʘʥʠʮ, ʚʢʣʶʯʘʷ 79 ʨʠʩʫʥʢʦʚ.  
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ɻʣʘʚʘ 1. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʛʝʪʝʨʦʛʝʥʥʳʭ ʩʠʩʪʝʤ ʤʝʪʦʜʦʤ ʬʘʟʦʚʦʛʦ 

ʧʦʣʷ 
 

1.1  ʊʝʦʨʠʷ ʬʘʟʦʚʦʛʦ ʧʦʣʷ, ʦʙʟʦʨ ʣʠʪʝʨʘʪʫʨ r

 

ʊʝʦʨʠʷ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ï ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʛʝʪʝʨʦʛʝʥʥʦʡ 

ʩʠʩʪʝʤʳ ʩ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʝʡ, ʩʘʤʘ ʛʨʘʥʠʮʘ ʨʘʟʜʝʣʘ ʧʨʠ ʵʪʦʤ ʠʤʝʝʪ ʤʘʣʫʶ, ʥʦ 

ʢʦʥʝʯʥʫʶ ʪʦʣʱʠʥʫ ʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʧʦʣʷ ʢʦʥʮʝʥʪʨʘʮʠʠ (ʧʣʦʪʥʦʩʪʠ ʠʣʠ 

ʥʝʢʦʪʦʨʦʛʦ ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ).  

ɼʦ ʢʦʥʮʘ XIX  ʚʝʢʘ ʧʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʟʘʜʘʯ, ʫʯʠʪʳʚʘʶʱʠʭ ʢʘʧʠʣʣʷʨʥʳʝ 

ʵʬʬʝʢʪʳ ʠ ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʥʘʪʷʞʝʥʠʝ, ʦʙʱʝʧʨʠʥʷʪʦʡ ʙʳʣʘ ʛʠʧʦʪʝʟʘ, ʯʪʦ ʪʦʣʱʠʥʘ 

ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ ʷʚʣʷʝʪʩʷ ʙʝʩʢʦʥʝʯʥʦ ʪʦʥʢʦʡ. ɺ 1893 ʛʦʜʫ ɺʘʥ ʜʝʨ ɺʘʘʣʴʩ 

ʚʧʝʨʚʳʝ ʧʨʝʜʣʦʞʠʣ ʤʦʜʝʣʴ [24,25], ʚ ʢʦʪʦʨʦʡ ʛʨʘʥʠʮʘ ʨʘʟʜʝʣʘ ʠʤʝʝʪ ʢʦʥʝʯʥʫʶ 

ʪʦʣʱʠʥʫ, ʧʨʠ ʵʪʦʤ ʧʝʨʝʭʦʜʥʳʡ ʩʣʦʡ ʷʚʣʷʝʪʩʷ ʥʝʧʨʝʨʳʚʥʦʡ ʬʫʥʢʮʠʝʡ ʧʣʦʪʥʦʩʪʠ. 

ʂʨʦʤʝ ʪʦʛʦ, ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʜʝʣʘʝʪʩʷ ʚʘʞʥʦʝ ʜʣʷ ʪʝʦʨʠʠ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʜʦʧʫʱʝʥʠʝ: 

ʩʚʦʙʦʜʥʘ ̫ ʵʥʝʨʛʠʠ (ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ) ʟʘʚʠʩʠʪ ʥʝ ʪʦʣʴʢʦ ʦʪ 

ʣʦʢʘʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ, ʥʦ ʠ ʦʪ ʧʣʦʪʥʦʩʪʠ ʚ ʩʦʩʝʜʥʠʭ ʪʦʯʢʘʭ.  

ʂʦʨʪʝʚʝʛ ʧʦʟʜʥʝʝ (1901) ʧʨʝʜʧʦʣʦʞʠʣ [26], ʯʪʦ ʧʨʠ ʥʘʣʠʯʠʠ ʛʨʘʜʠʝʥʪʘ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʚʦʟʥʠʢʘʶʪ ʥʘʧʨʷʞʝʥʠʷ, ʘʥʘʣʦʛʠʯʥʳʝ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʤ ʥʘʧʨʷʞʝʥʠʷʤ ʚ ʦʜʥʦʨʦʜʥʦʡ ʞʠʜʢʦʩʪʠ. 

ɺʘʞʥʝʡʰʝʡ ʚ ʠʩʪʦʨʠʠ ʨʘʟʚʠʪʠʷ ʪʝʦʨʠʠ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʷʚʣʷʝʪʩʷ ʨʘʙʦʪʘ ʂʘʥʘ 

ʠ ʍʠʣʣʘʨʜʘ [27], ʚ ʢʦʪʦʨʦʡ ʘʚʪʦʨʳ ʚʳʚʝʣʠ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʚ 

ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ ʩʚʦʙʦʜʥʘʷ ʵʥʝʨʛʠʷ ʙʠʥʘʨʥʦʡ ʩʠʩʪʝʤʳ ʟʘʚʠʩʠʪ ʥʝ ʪʦʣʴʢʦ ʦʪ 

ʢʦʥʮʝʥʪʨʘʮʠʠ (ʟʜʝʩʴ ʠ ʜʘʣʝʝ ʧʦʜ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʧʦʜʨʘʟʫʤʝʚʘʝʤ ʤʘʩʩʦʚʫʶ 

ʢʦʥʮʝʥʪʨʘʮʠʶ, ʪ.ʝ. ʦʪʥʦʰʝʥʠʝ ʤʘʩʩʳ ʢʦʤʧʦʥʝʥʪʘ ʢ ʦʙʱʝʡ ʤʘʩʩʝ ʩʤʝʩʠ), ʥʦ ʠ ʦʪ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ. ʇʨʠ ʵʪʦʤ ʨʘʟʣʦʞʝʥʠʝ ʬʫʥʢʮʠʠ 

ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʚ ʠʟʦʭʦʨʥʦ-ʠʟʦʪʝʨʤʠʯʝʩʢʦʤ ʧʨʦʮʝʩʩʝ, ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʪʦʣʴʢʦ 

ʛʣʘʚʥʳʭ ʯʣʝʥʦʚ, ʧʨʠʥʠʤʘʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ:  
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                        Ὢὅȟɳὅȟɳ ὅȟȣ

Ὢὅ ὒ ὅὼϳ ‖ ὅὼὼ  

ρ

ς
‖ ὅὼϳ ὅὼϳ Ễ 

(1.1) 

 

ɺ ʫʨʘʚʥʝʥʠʠ (1.1) ʠʥʜʝʢʩ ç0è ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʦʜʥʦʨʦʜʥʦʝ ʚʝʱʝʩʪʚʦ, ʠ ʚʚʝʜʝʥʳ 

ʩʣʝʜʫʶʱʠʝ ʦʙʦʟʥʘʯʝʥʠʷ: 

ὒ Ὢὅὼϳϳ ȟ‖ ὪȾὅȾὼὼ ȟ

‖ ὪȾὅȾὼὼȾὼ Ȣ 

ɺ ʠʟʦʪʨʦʧʥʦʡ ʩʨʝʜʝ ʜʦʣʞʥʳ ʚʳʧʦʣʥʷʪʴʩʷ ʥʝʢʦʪʦʨʳʝ ʩʦʦʪʥʦʰʝʥʠʷ ʩʠʤʤʝʪʨʠʠ ʧʦ 

ʦʪʥʦʰʝʥʠʶ ʢ ʦʧʝʨʘʮʠʷʤ ʚʨʘʱʝʥʠʷ ʠ ʦʪʨʘʞʝʥʠʷ: ὼᴼ ὼȟὼ ὼ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ: 

ὒ πȟ                                                                    

‖ ‖ Ὢɳ ὅϳ ȟ ̅̌ ̠ Ὥ Ὦȟ 

‖ πȟ ̅̌ ̠Ὥ Ὦȟ 

‖ ‖ Ὢȿɳὅȿϳ ȟ ̅̌ ̠Ὥ Ὦȟ 

‖ πȟ ̅̌ ̠Ὥ ὮȢ 

ʀ ʧʦʣʫʯʘʝʤ ʠʟ (1.1):  

Ὢὅȟɳὅȟɳ ὅȟȣ Ὢὅ ‖ᶯὅ ‖ ὅɳ Ễ (1.2) 

 

ʀʥʪʝʛʨʠʨʫʷ ʧʦ ʦʙʲʝʤʫ, ʧʨʠʤʝʥʷʷ ʪʝʦʨʝʤʫ ʆʩʪʨʦʛʨʘʜʩʢʦʛʦ-ɻʘʫʩʩʘ ʠ ʧʨʝʥʝʙʨʝʛʘʷ 

ʩʣʘʛʘʝʤʳʤʠ ʩʦ ʩʪʘʨʰʠʤʠ ʧʨʦʠʟʚʦʜʥʳʤʠ, ʙʫʜʝʤ ʠʤʝʪʴ: 

 

Ὂ ὔ Ὢὅ
‖

ς
ὅɳ Ὠὠ ὔ ὪὨὠȟ (1.3) 

‖ ς Ὠ‖ Ὠὅϳ ‖ ȟ    

Ὢ Ὢὅ
‖

ς
ὅɳ Ȣ (1.4) 
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ʇʝʨʚʦʝ ʩʣʘʛʘʝʤʦʝ ʚ (1.4), Ὢὅ, ʷʚʣʷʝʪʩʷ çʢʣʘʩʩʠʯʝʩʢʦʡè ʯʘʩʪʴ ʁʩʚʦʙʦʜʥʦʡ 

ʵʥʝʨʛʠʠ, ʢʦʪʦʨʘʷ ʟʘʚʠʩʠʪ ʣʠʰʴ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʙʠʥʘʨʥʦʡ ʩʠʩʪʝʤʳ, 

ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʯʪʦ ʬʫʥʢʮʠʷ  Ὢὅ ʠʤʝʝʪ ʚʠʜ ʜʚʫʭʲ̫ ʤʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ (double well  

potential functions). ʂʘʯʝʩʪʚʝʥʥʦ ʚʠʜ ʪʘʢʦʡ ʬʫʥʢʮʠʠ ʠʟʦʙʨʘʞʝʥ ʥʘ ʨʠʩ. 1.1, 

ʤʠʥʠʤʫʤʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʨʘʚʥʦʚʝʩʠʶ ʢʘʞʜʦʡ ʠʟ ʜʚʫʭ ʬʘʟ. ʉʣʘʛʘʝʤʦʝ  ‖ςϳ ὅɳ  ʚ 

(1.4) ï ʦʪʚʝʪʩʪʚʝʥʥʳʡ ʟʘ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʵʬʬʝʢʪʳ ʛʨʘʜʠʝʥʪʥʳʡ ʚʢʣʘʜ 

ʢʦʥʮʝʥʪʨʘʮʠʠ, ʢʦʪʦʨʳʡ ʥʝ ʧʨʠʩʫʪʩʪʚʫʝʪ ʚ ʚʳʨʘʞʝʥʠʠ ʜʣʷ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʚ 

ʨʘʤʢʘʭ ʢʣʘʩʩʠʯʝʩʢʦʡ ʪʝʨʤʦʜʠʥʘʤʠʢʠ.  

 

 

ʂʘʥ ʠ ʍʠʣʣʘʨʜ ʚ ʨʘʙʦʪʝ 1961-ʦʛʦ ʛʦʜʘ [28], ʠʩʭʦʜʷ ʠʟ ʬʫʥʢʮʠʠ ʩʚʦʙʦʜʥʦʡ 

ʵʥʝʨʛʠʠ (1.4), ʧʦʣʫʯʠʣʠ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʧʦʪʦʢʘ  

Ὦ ɳ‘ ‖ɳ ὅ (1.5) 

ɿʜʝʩʴ  ï ʢʦʵʬʬʠʮʠʝʥʪ ʤʦʙʠʣʴʥʦʩʪʠ, ‘ ὪȾὅ ï ʭʠʤʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ. 

ɺʳʨʘʞʝʥʠʝ (1.5) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʝʨʚʳʡ ʟʘʢʦʥ ʌʠʢʘ ʚ ʦʙʦʙʱʝʥʥʦʡ ʬʦʨʤʝ (ʚ 

ʢʘʯʝʩʪʚʝ ʜʚʠʞʫʱʝʡ ʩʠʣʳ ï ʛʨʘʜʠʝʥʪ ʭʠʤʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ) ʩ ʜʦʙʘʚʣʝʥʠʝʤ 

ʩʣʘʛʘʝʤʦʛʦ, ʦʪʚʝʪʩʪʚʝʥʥʦʛʦ ʟʘ ʤʝʞʬʘʟʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ. ʀʟ (1.5) ʧʦʣʫʯʘʝʪʩʷ 

ʫʨʘʚʥʝʥʠʝ ʜʠʬʬʫʟʠʠ (1.6), ʢʦʪʦʨʦʝ ʥʘʟʳʚʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ ʂʘʥʘ-ʍʠʣʣʘʨʜʘ. 

ὅ

ὸ
ɳ ‘ ‖ɳ ὅ (1.6) 

ʈʠʩʫʥʦʢ 1.1. ɼʚʫʭʲʷʤʥʳʡ ʧʦʪʝʥʮʠʘʣ.  
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ʈʷʜ ʨʘʙʦʪ ʂʘʥʘ ʠ ʍʠʣʣʘʨʜʘ, ʚ ʢʦʪʦʨʳʭ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʦʣʫʯʝʥʥʳʝ 

ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ, ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʧʦʪʦʢʘ ʠ ʜʨʫʛʠʝ 

ʨʝʟʫʣʴʪʘʪʳ, ʧʦʩʚʷʱʝʥʳ ʩʧʠʥʦʜʘʣʴʥʦʤʫ ʨʘʩʧʘʜʫ (spinodal decomposition). ɺ ʨʘʙʦʪʝ 

[28], ʧʦʤʠʤʦ ʚʳʚʦʜʘ ʚʳʨʘʞʝʥʠʡ (1.5)-(1.6), ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʫʩʪʦʡʯʠʚʦʩʪʴ 

ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʚ ʤʝʪʘʩʪʘʙʠʣʴʥʦʤ ʩʦʩʪʦʷʥʠʠ ʩ ʫʯʝʪʦʤ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʥʘʪʷʞʝʥʠʷ ʠ ʵʥʝʨʛʠʠ ʫʧʨʫʛʠʭ ʜʝʬʦʨʤʘʮʠʡ. ʇʦʟʜʥʝʝ ʂʘʥ [29] ʨʘʩʰʠʨʠʣ ʜʘʥʥʦʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʥʘ ʩʣʫʯʘʡ ʘʥʠʟʦʪʨʦʧʥʳʭ ʪʚʝʨʜʦʬʘʟʥʳʭ ʩʨʝʜ ʩ ʢʫʙʠʯʝʩʢʦʡ 

ʩʠʤʤʝʪʨʠʝʡ. ʂʘʥʦʤ ʪʘʢʞʝ ʙʳʣʦ ʨʘʩʩʤʦʪʨʝʥʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ 

ʩʪʨʫʢʪʫʨ ʧʨʠ ʨʘʟʜʝʣʝʥʠʠ ʬʘʟ ʠ ʩʚʷʟʥʦʩʪʴ ʤʝʞʜʫ ʦʙʨʘʟʦʚʘʚʰʠʤʠʩʷ ʦʙʣʘʩʪʷʤʠ [30]. 

ɺ ʩʪʘʪʴʝ [31] ʠʩʩʣʝʜʫʝʪʩʷ ʟʘʚʠʩʠʤʦʩʪʴ ʩʪʝʧʝʥʠ ʩʧʠʥʦʜʘʣʴʥʦʛʦ ʨʘʟʣʦʞʝʥʠʷ ʦʪ 

ʩʢʦʨʦʩʪʠ ʟʘʢʘʣʢʠ (ʦʭʣʘʞʜʝʥʠʷ), ʘ ʪʘʢʞʝ ʩʧʝʢʪʨ ʚʦʣʥʦʚʳʭ ʯʠʩʝʣ, ʚ ʢʦʪʦʨʦʤ 

ʧʨʦʠʩʭʦʜʠʪ ʠʥʪʝʥʩʠʬʠʢʘʮʠʷ ʧʨʦʮʝʩʩʘ. ɸʚʪʦʨʘʤʠ ʪʘʢʞʝ ʠʟʫʯʘʣʠʩʴ ʧʨʦʮʝʩʩʳ 

ʥʫʢʣʝʘʮʠʠ (ʟʘʨʦʜʳʰʝʦʙʨʘʟʦʚʘʥʠʝ) ʠ ʜʨʫʛʠʝ ʙʣʠʟʢʠʝ ʷʚʣʝʥʠʷ [32,33]. 

 

ʄʝʪʦʜ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʥʘʰʝʣ ʤʥʦʛʦʯʠʩʣʝʥʥʳʝ ʧʨʠʣʦʞʝʥʠʷ ʚ ʟʘʜʘʯʘʭ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ.  ɺ ʨʘʙʦʪʝ [34] ʠʩʩʣʝʜʫʝʪʩʷ ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʣʦʩʢʦʛʦ ʬʨʦʥʪʘ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʜʣʷ ʜʚʫʭ ʩʣʫʯʘʝʚ: ʠʟʦʪʝʨʤʠʯʝʩʢʘʷ ʟʘʜʘʯʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

ʧʣʘʚʣʝʥʠʷ ʠ ʨʦʩʪ ʢʨʠʩʪʘʣʣʘ ʩ ʧʦʩʪʦʷʥʥʦʡ ʩʢʦʨʦʩʪʴʶ ʚ ʦʭʣʘʞʜʝʥʥʦʤ ʨʘʩʧʣʘʚʝ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʝʣʠ ʩ ʜʠʬʬʫʟʥʦʡ (ʬʘʟʦʚʦʝ ʧʦʣʝ) ʠ ʙʝʩʢʦʥʝʯʥʦ ʪʦʥʢʦʡ 

ʛʨʘʥʠʮʘʤʠ. ʉʨʘʚʥʝʥʠʝ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʜʣʷ ʙʦʣʴʰʠʭ ʚʦʣʥʦʚʳʭ ʯʠʩʝʣ ʥʘʙʣʶʜʘʣʦʩʴ 

ʢʦʣʠʯʝʩʪʚʝʥʥʦʝ ʨʘʟʣʠʯʠʝ ʤʝʞʜʫ ʜʚʫʤʷ ʤʦʜʝʣʷʤʠ, ʪʦʛʜʘ ʢʘʢ ʜʣʷ ʤʘʣʳʭ ʚʦʣʥʦʚʳʭ 

ʯʠʩʝʣ ʜʚʝ ʤʦʜʝʣʠ ʜʘʚʘʣʠ ʙʣʠʟʢʠʝ ʨʝʟʫʣʴʪʘʪʳ, ʧʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ ʛʨʘʥʠʮʘ ʨʘʟʜʝʣʘ ʚ 

ʬʘʟʦʚʦʤ ʧʦʣʝ ʙʳʣʘ ʜʦʩʪʘʪʦʯʥʦ ʤʘʣʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ʥʘʯʘʣʴʥʳʭ 

ʚʦʟʤʫʱʝʥʠʡ. ɺʠʣʣʝʨ, ɹʦʪʪʠʥʜʞʝʨ ʠ ʄʘʢʌʘʜʜʝʥ ʨʘʟʨʘʙʦʪʘʣʠ ʤʦʜʝʣʴ (WBM-model) 

[35] ʜʣʷ ʟʘʜʘʯ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʚ ʢʦʪʦʨʦʡ ʧʨʝʜʣʦʞʠʣʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʚʫʭ 

ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʷʜʢʘ: ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʧʘʨʘʤʝʪʨʘ ʬʘʟʦʚʦʛʦ ʧʦʣʷ.  ʈʝʰʝʥʠʝ, 

ʧʦʣʫʯʝʥʥʦʝ ʩ ʧʦʤʦʱʴʶ ʜʘʥʥʦʡ ʤʦʜʝʣʠ, ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʤ 

ʨʝʰʝʥʠʝʤ ʢʣʘʩʩʠʯʝʩʢʠʭ ʜʠʬʬʫʟʠʦʥʥʳʭ ʤʦʜʝʣʝʡ ʚʜʘʣʠ ʦʪ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʠ 

ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʝʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ, ʥʘʧʨʠʤʝʨ, ʜʣʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʙʝʟ 
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ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʦʩʪʘʚʘ ʚʝʱʝʩʪʚʘ ʧʨʠ ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. 

ʇʦʭʦʞʠʝ ʤʦʜʝʣʠ ʪʘʢʞʝ ʧʨʝʜʣʦʞʝʥʳ ʚ ʨʘʙʦʪʘʭ [36-38]. 

ɿʘʤʝʪʥʳʡ ʚʢʣʘʜ ʚ ʨʘʟʚʠʪʠʝ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʜʣʷ ʦʧʠʩʘʥʠʷ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʤʝʪʦʜʦʤ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʚʥʝʩ ʂʦʙʘʷʰʠ [39,40]. ʀʤ ʙʳʣʘ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʧʨʦʩʪʘʷ ʠ ʵʬʬʝʢʪʠʚʥʘʷ ʤʦʜʝʣʴ ʨʦʩʪʘ ʜʝʥʜʨʠʪʦʚ, ʚ ʢʦʪʦʨʦʡ, ʚ 

ʯʘʩʪʥʦʩʪʠ, ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʠ ʛʨʘʜʠʝʥʪʥʦʤ ʩʣʘʛʘʝʤʦʤ ʩ ʧʘʨʘʤʝʪʨʦʤ ʧʦʨʷʜʢʘ (ʘʥʘʣʦʛ 

‖ ὅɳ  ʚ ʩʣʫʯʘʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ ʫʨ. (1.4)) ʚʢʣʶʯʘʣ ʚ ʩʝʙʷ ʘʥʠʟʦʪʨʦʧʥʫʶ ʧʦʧʨʘʚʢʫ: 

„— ρ —ÃÏÓὮ — , ʛʜʝ „ ï ʢʦʵʬʬʠʮʠʝʥʪ ʘʥʠʟʦʪʨʦʧʠʠ, — ï ʫʛʦʣ ʤʝʞʜʫ 

ʥʘʧʨʘʚʣʝʥʠʝʤ ʩʢʦʨʦʩʪʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ ʚʳʙʨʘʥʥʦʡ ʢʦʦʨʜʠʥʘʪʥʦʡ ʦʩʴʶ, Ὦ ï 

ʥʦʤʝʨ ʤʦʜʳ ʘʥʠʟʦʪʨʦʧʠʠ,  ï ʘʤʧʣʠʪʫʜʘ ʘʥʠʟʦʪʨʦʧʠʠ. ɼʘʥʥʘʷ ʤʦʜʝʣʴ ʭʦʨʦʰʦ 

ʚʦʩʧʨʦʠʟʚʦʜʠʪ ʬʠʟʠʯʝʩʢʠʝ ʷʚʣʝʥʠʷ ʨʦʩʪʘ ʢʨʠʩʪʘʣʣʦʚ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ 

ʧʘʨʘʤʝʪʨʦʚ (ʘʤʧʣʠʪʫʜʳ ʘʥʠʟʦʪʨʦʧʠʠ, ʩʢʨʳʪʦʡ ʪʝʧʣʦʪʳ ʬʘʟʦʚʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ, 

ʚʝʣʠʯʠʥʳ ʰʫʤʦʚ ʠ ʧʨ.).  ʉʭʦʞʠʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʤʦʜʝʣʠ ʨʦʩʪʘ ʜʝʥʜʨʠʪʦʚ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʨʘʙʦʪʘʭ [41,42]. ʊʝʦʨʠʷ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʪʘʢʞʝ ʧʨʠʤʝʥʷʣʠʩʴ ʢ ʪʘʢʠʤ 

ʷʚʣʝʥʠʝʤ ʢʘʢ ʧʝʨʝʢʦʥʜʝʥʩʘʮʠʷ (ʆʩʪʚʘʣʴʜʦʚʩʢʦʝ ʩʦʟʨʝʚʘʥʠʝ) [43], ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ 

ʪʨʝʱʠʥ ʚ ʪʚʝʨʜʳʭ ʪʝʣʘʭ [44] ʠ ʢ ʤʥʦʛʠʤ ʜʨʫʛʠʤ [45,46].  

 

ʇʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʛʠʜʨʦʜʠʥʘʤʠʢʝ ʤʦʜʝʣʠ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʪʘʢʞʝ ʠʤʝʶʪ 

ʚʘʨʠʘʮʠʠ. ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, ʠʩʧʦʣʴʟʫʝʤʘʷ ʚ ʜʠʩʩʝʨʪʘʮʠʠ, ʦʩʥʦʚʘʥʘ ʥʘ 

ʩʠʩʪʝʤʝ ʫʨʘʚʥʝʥʠʡ, ʧʦʣʫʯʝʥʥʦʡ ʃʦʚʝʥʛʨʘʙʦʤ ʠ ʊʨʫʰʢʠʥʦʚʩʢʠʤ [47]. ɺ ʪʦ ʚʨʝʤʷ 

ʢʘʢ ʚʳʚʦʜ ʤʥʦʞʝʩʪʚʘ ʫʨʘʚʥʝʥʠʡ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʷʚʣʷʝʪʩʷ ʩʢʦʨʝʝ ʵʤʧʠʨʠʯʝʩʢʠʤ, 

ʚʳʚʦʜ ʫʨʘʚʥʝʥʠʡ ʚ ʨʘʙʦʪʝ [47] ʷʚʣʷʝʪʩʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʦʙʦʩʥʦʚʘʥʥʳʤ. 

ʆʩʥʦʚʥʘʷ ʠʜʝʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʚʳʚʦʜʝ ʫʨʘʚʥʝʥʠʡ ʠʟ ʚʘʨʠʘʮʠʦʥʥʦʛʦ ʧʨʠʥʮʠʧʘ, ʧʨʠ 

ʵʪʦʤ ʚ ʢʘʯʝʩʪʚʝ ʣʘʛʨʘʥʞʠʘʥʘ ʩʠʩʪʝʤʳ ʙʝʨʝʪʩʷ ʚʳʨʘʞʝʥʠʝ ”Ἶ ςϳ Ὢ, ʧʝʨʚʦʝ 

ʩʣʘʛʘʝʤʦʝ ʟʜʝʩʴ ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ ʝʜʠʥʠʮʳ ʤʘʩʩʳ, ʬʫʥʢʮʠʷ Ὢ ï ʩʚʦʙʦʜʥʘʷ 

ʵʥʝʨʛʠʷ ɻʝʣʴʤʛʦʣʴʮʘ (ʩʤ., ʫʨʘʚʥʝʥʠʝ (1.4)). ʇʦʣʥʘʷ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ 

ʛʠʜʨʦʜʠʥʘʤʠʢʠ ʚ ʧʦʜʭʦʜʝ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 
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”

ὸ
Ͻɳ”Ἶ πȟ (1.7) 

”
Ἶ

ὸ
ἾϽɳ Ἶ ὴɳ ÄÉÖ – Ἶɳ Ἶɳ ”ɳὅἆ ὅɳ ᶯ‗ Ἶɳ ȟ (1.8) 

”
ὅ

ὸ
ἾϽɳ ὅ ɳ ‘Ȣ (1.9) 

 

ʉʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ (1.7)-(1.9) ʩʦʜʝʨʞʠʪ ʩʣʝʜʫʶʱʠʝ ʧʘʨʘʤʝʪʨʳ ʠ 

ʧʝʨʝʤʝʥʥʳʝ: Ἶ ï ʚʝʢʪʦʨ ʩʢʦʨʦʩʪʠ, ὅ ï ʤʘʩʩʦʚʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ, ” ï ʧʣʦʪʥʦʩʪʴ ʩʤʝʩʠ,  

ὖ ï ʜʘʚʣʝʥʠʝ, ‘ ï ʭʠʤʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ,   ï ʢʦʥʩʪʘʥʪʘ ʢʘʧʠʣʣʷʨʥʦʩʪʠ,  ï 

ʤʦʙʠʣʴʥʦʩʪʴ, –ȟ‗ ï ʜʠʥʘʤʠʯʝʩʢʘʷ ʠ ʦʙʲʝʤʥʘʷ ʚʷʟʢʦʩʪʠ. ɾʘʢʤʠʥ[48] ʠ ɺʦʨʦʙʴʝʚ[49] 

ʥʘ ʦʩʥʦʚʝ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ (1.7)-(1.9) ʚʳʚʝʣʠ ʫʨʘʚʥʝʥʠʷ ʂʘʥʘ-ʍʠʣʣʘʨʜʘ-ʅʘʚʴʝ-

ʉʪʦʢʩʘ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ɹʫʩʩʠʥʝʩʢʘ ʜʣʷ ʥʝʩʞʠʤʘʝʤʦʡ ʙʠʥʘʨʥʦʡ ʩʤʝʩʠ: 

ÄÉÖ Ἶ πȟ (1.10) 

Ἶ

ὸ
ἾϽɳ Ἶ

ὴɳ

”

–

”
ᶯἾ ὅɳ‘ȟ (1.11) 

 
ὅ

ὸ
ἾϽɳ ὅ



”
ᶯ‘ȟ (1.12) 

‘ ‰ἯϽἺ
Ὢ

ὅ
ɳ ὅ (1.13) 

ɿʜʝʩʴ ‰ ” ” Ⱦ”,  ʛʜʝ  ”ȟ” ï ʧʣʦʪʥʦʩʪʠ ʦʜʥʦʨʦʜʥʦʡ ʧʝʨʚʦʡ ʠ ʚʪʦʨʦʡ ʬʘʟ, 

Ἧ ï ʚʝʢʪʦʨ ʫʩʢʦʨʝʥʠʷ ʩʚʦʙʦʜʥʦʛʦ ʧʘʜʝʥʠʷ, Ἲ ï ʨʘʜʠʫʩ ʚʝʢʪʦʨ, Ὢ ï ʢʣʘʩʩʠʯʝʩʢʘʷ 

ʯʘʩʪʴ ʬʫʥʢʮʠʠ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ, ʢʦʪʦʨʘʷ ʦʙʳʯʥʦ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚ ʚʠʜʝ 

ʜʚʫʭʲ̫ ʤʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ. ʋʨʘʚʥʝʥʠʝ (1.11) ʚʢʣʶʯʘʝʪ ʩʣʘʛʘʝʤʦʝ ὅɳ ‘, ʢʦʪʦʨʦʝ 

ʥʘʟʳʚʘʝʪʩʷ ʩʠʣʦʡ ʂʦʨʪʝʚʝʛʘ ʠ ʦʪʚʝʪʩʪʚʝʥʥʦ ʟʘ ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʥʘʪʷʞʝʥʠʝ.  

ʉʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ (1.10)-(1.13) ʜʦʧʦʣʥʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤʠ ʛʨʘʥʠʯʥʳʤʠ 

ʫʩʣʦʚʠʷʤʠ ʥʘ ʪʚʝʨʜʦʡ ʩʪʝʥʢʝ: 
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Ἶ πȟ           ἶϽɳ‘ πȟ       ἶϽɳὅ πȟ (1.14) 

ʛʜʝ ἶ ï ʚʝʢʪʦʨ ʥʦʨʤʘʣʠ, ʥʘʧʨʘʚʣʝʥʥʳʡ ʚʥʫʪʨʴ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ. ʇʝʨʚʦʝ ʫʩʣʦʚʠʝ 

ʚ (1.14) ï ʫʩʣʦʚʠʝ ʧʨʠʣʠʧʘʥʠʷ, ʚʪʦʨʦʝ ʫʩʣʦʚʠʝ, ʥʘʢʣʘʜʳʚʘʝʤʦʝ ʥʘ ʭʠʤʠʯʝʩʢʠʡ 

ʧʦʪʝʥʮʠʘʣ, ʵʪʦ ʫʩʣʦʚʠʝ ʥʝʧʨʦʥʠʮʘʝʤʦʩʪʠ ʛʨʘʥʠʮʳ ʜʣʷ ʚʝʱʝʩʪʚʘ, ʧʦʩʣʝʜʥʝʝ 

ʫʩʣʦʚʠʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʫʩʣʦʚʠʝ ʥʝʡʪʨʘʣʴʥʦʛʦ ʩʤʘʯʠʚʘʥʠʷ (ʫʛʦʣ ʩʤʘʯʠʚʘʥʠʷ 

ˊ/2).  ʉʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ (1.10)-(1.13) ʚʤʝʩʪʝ ʩ ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ (1.14) 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʜʠʩʩʝʨʪʘʮʠʠ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʦ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ ʠ 

ʚʳʪʝʩʥʝʥʠʠ ʦʜʥʦʡ ʞʠʜʢʦʩʪʠ ʜʨʫʛʦʡ ʚ ʢʘʧʠʣʣʷʨʥʳʭ ʪʨʫʙʢʘʭ. 

  ʆʪʜʝʣʴʥʦʝ ʚʥʠʤʘʥʠʝ ʩʪʦʠʪ ʫʜʝʣʠʪʴ ʬʫʥʢʮʠʠ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ Ὢ. ʂʘʢ ʙʳʣʦ 

ʩʢʘʟʘʥʦ ʨʘʥʝʝ, ʬʫʥʢʮʠʷ Ὢ ʠʤʝʝʪ ʚʠʜ ʜʚʫʭʲʷʤʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ. ɺ ʙʦʣʴʰʠʥʩʪʚʝ 

ʨʘʙʦʪ, ʚ ʢʦʪʦʨʳʭ ʧʨʠʤʝʥʷʝʪʩʷ ʤʦʜʝʣʴ ʬʘʟʦʚʦʛʦ ʧʦʣʷ, ʠʩʧʦʣʴʟʫʶʪʩʷ ʥʝʢʦʪʦʨʳʝ 

ʘʙʩʪʨʘʢʪʥʳʝ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʬʫʥʢʮʠʠ ʚʠʜʘ ‰ ρ ,  ‰ ‰ ρ  ʠ ʜʨ.,  ʛʜʝ ‰ ï 

ʥʝʢʦʪʦʨʳʡ ʧʘʨʘʤʝʪʨ ʧʦʨʷʜʢʘ.  ʇʦʜʭʦʜ, ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʡ ʚ ʜʠʩʩʝʨʪʘʮʠʠ, ʦʩʥʦʚʘʥ 

ʥʘ ʪʝʦʨʠʠ ʃʘʥʜʘʫ ʦ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʘʭ ʚʪʦʨʦʛʦ ʨʦʜʘ [50]. ʃʘʥʜʘʫ ʧʨʝʜʣʦʞʠʣ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʨʘʟʣʦʞʝʥʠʝ ʜʣʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʚʙʣʠʟʠ 

ʢʨʠʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʚʠʜʝ ʧʦʣʠʥʦʤʘ Вὥ‰, ʛʜʝ ὥ ï ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʠʝ 

ʢʦʵʬʬʠʮʠʝʥʪʳ, • ï ʧʘʨʘʤʝʪʨ ʧʦʨʷʜʢʘ (ʢʦʥʮʝʥʪʨʘʮʠʷ ὅ ʚ ʥʘʰʝʤ ʩʣʫʯʘʝ). ʇʨʠ ʵʪʦʤ 

ʜʣʷ ʩʠʤʤʝʪʨʠʯʥʦʡ ʬʫʥʢʮʠʠ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʥʝʯʝʪʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ὥ 

ʦʙʨʘʱʘʶʪʩʷ ʚ ʥʦʣʴ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ,  ʦʩʪʘʚʣʷʷ ʚ ʚʳʨʘʞʝʥʠʠ ʜʣʷ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ 

ʛʣʘʚʥʳʝ ʯʣʝʥʳ, ʧʦʣʫʯʘʝʤ: 

Ὢ ὥὅ ὦὅ  (1.15) 

ɺ ʠʟʣʘʛʘʝʤʦʡ ʪʝʦʨʠʠ ʃʘʥʜʘʫ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʢʦʵʬʬʠʮʠʝʥʪ ὥ ʚ 

ʚʳʨʘʞʝʥʠʠ (1.15) ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ Ὕ Ὕ, ʪ.ʝ. ʯʝʤ ʤʝʥʴʰʝ ʟʥʘʯʝʥʠʝ ȿὥȿ, ʪʝʤ ʙʣʠʞʝ 

ʩʠʩʪʝʤʘ ʢ ʢʨʠʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (ʥʘʤʠ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʩʠʩʪʝʤʘ ʩ ʚʝʨʭʥʝʡ 

ʢʨʠʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ).  ɼʘʥʥʘʷ ʤʦʜʝʣʴ ʧʦʟʚʦʣʷʝʪ ʟʘʜʘʚʘʪʴ ʩʦʩʪʦʷʥʠʝ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦ ʩʦʩʪʦʷʥʠʶ ʨʘʚʥʦʚʝʩʠʷ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʯʘʩʪʠʯʥʦ ʩʤʝʰʠʚʘʶʱʠʝʩʷ ʢʦʤʧʦʥʝʥʪʳ, ʧʨʠʯʝʤ ʟʥʘʯʝʥʠʝ ὥ π 
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ʦʪʚʝʯʘʝʪ ʦʙʣʘʩʪʠ ʧʦʣʥʦʩʪʴʶ ʛʦʤʦʛʝʥʥʦʡ ʩʨʝʜʳ. ʇʘʨʘʤʝʪʨ ὦ ʚ ʚʳʨʘʞʝʥʠʠ (1.15) 

ʩʯʠʪʘʝʪʩʷ ʧʦʣʦʞʠʪʝʣʴʥʦ ʦʧʨʝʜʝʣʝʥʥʳʤ ʠ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʷʚʣʷʝʪʩʷ ʥʝʢʦʪʦʨʦʡ 

ʬʫʥʢʮʠʝʡ, ʢʦʪʦʨʘʷ ʟʘʚʠʩʠʪ ʦʪ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʠ ʩʚʷʟʘʥʥʦʡ ʩ ʥʝʡ ʛʨʫʧʧʦʡ 

ʩʠʤʤʝʪʨʠʠ, ʦʜʥʘʢʦ ʚ ʥʘʰʝʤ ʩʣʫʯʘʝ ʧʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʞʠʜʢʠʭ ʩʨʝʜ ʜʘʥʥʳʡ 

ʧʘʨʘʤʝʪʨ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʥʝʢʦʪʦʨʦʡ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʦʡ.  

 

ʉʣʝʜʫʝʪ ʩʜʝʣʘʪʴ ʚʘʞʥʦʝ ʧʦʷʩʥʝʥʠʝ ʦ ʧʦʥʷʪʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ ʢʦʥʪʝʢʩʪʝ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʘʥʥʦʛʦ ʪʝʨʤʠʥʘ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʬʘʟʦʚʦʛʦ ʧʦʣʷ. ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ 

ʚʦʟʤʦʞʥʳ ʨʘʟʣʠʯʥʳʝ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ: ʦʙʲʝʤʥʘʷ ʜʦʣʷ, ʤʦʣʷʨʥʘʷ 

ʢʦʥʮʝʥʪʨʘʮʠʷ (ʢʦʣʠʯʝʩʪʚʦ ʤʦʣʝʡ ʢʦʤʧʦʥʝʥʪʘ ʢ ʦʙʱʝʤʫ ʦʙʲʝʤʫ), ʤʦʣʴʥʘʷ ʜʦʣʷ 

(ʢʦʣʠʯʝʩʪʚʦ ʤʦʣʝʡ ʢʦʤʧʦʥʝʥʪʘ ʢ ʦʙʱʝʤʫ ʢʦʣʠʯʝʩʪʚʫ ʤʦʣʝʡ) ʠ ʜʨ. ɺ ʜʠʩʩʝʨʪʘʮʠʠ 

ʧʦʜ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʙʫʜʝʤ ʧʦʥʠʤʘʪʴ ʤʘʩʩʦʚʫʶ ʜʦʣʶ (ʚ ʪʦʤ ʯʠʩʣʝ ʚʦ ʚʪʦʨʦʡ ʛʣʘʚʝ 

ʧʨʦ ʠʟʫʯʝʥʠʝ ʢʦʥʚʝʢʮʠʠ ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʳʭ ʩʤʝʩʝʡ ʩ ʵʬʬʝʢʪʦʤ ʉʦʨʝ). ɼʣʷ 

ʙʠʥʘʨʥʦʡ ʩʠʩʪʝʤʳ ʢʦʥʮʝʥʪʨʘʮʠʷ ʢʦʤʧʦʥʝʥʪ ὃ ʠ ὄ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʦʧʨʝʜʝʣʷʝʪʩʷ:  

ὅ ά άϳ ȟὅ ά Ⱦά, ʛʜʝ ά  ï ʤʘʩʩʘ ʢʦʤʧʦʥʝʥʪʘ ὃ, ά  ï ʤʘʩʩʘ ʢʦʤʧʦʥʝʥʪʘ ὄ, 

ά ά ά  ï ʧʦʣʥʘʷ ʤʘʩʩʘ ʩʠʩʪʝʤʳ. ʂʦʥʮʝʥʪʨʘʮʠʠ ʢʦʤʧʦʥʝʥʪ ὃ ʠ ὄ ʦʯʝʚʠʜʥʦ 

ʤʦʛʫʪ ʧʨʠʥʠʤʘʪʴ ʟʥʘʯʝʥʠʷ ʦʪ 0 ʜʦ 1 (ʦʪ 0% ʜʦ 100%), ʧʨʠʯʝʤ ὅ ὅ 1. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʜʣʷ ʦʧʠʩʘʥʠʷ ʧʦʚʝʜʝʥʠʷ ʙʠʥʘʨʥʦʡ ʩʠʩʪʝʤʳ ʥʘʤ ʥʝʦʙʭʦʜʠʤʦ ʟʥʘʪʴ 

ʢʦʥʮʝʥʪʨʘʮʠʶ ʣʠʰʴ ʦʜʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ, ʥʘʧʨʠʤʝʨ, ὃȡ ὅḳὅ 

(ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʜʣʷ ʩʠʩʪʝʤʳ ʠʟ ὲ ʢʦʤʧʦʥʝʥʪ ʪʨʝʙʫʝʪʩʷ ʟʥʘʪʴ ὲ ρ ʢʦʤʧʦʥʝʥʪ 

ʢʦʥʮʝʥʪʨʘʮʠʡ). ʊʦʛʜʘ ʟʥʘʯʝʥʠʝ ὅ 1 ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʯʠʩʪʦʡ ʢʦʤʧʦʥʝʥʪʝ ὃȟ  

ʟʥʘʯʝʥʠʝ ὅ 0 ï ʯʠʩʪʦʡ ʢʦʤʧʦʥʝʥʪʝ ὄ. 

ɺ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʫʜʦʙʥʦ ʩʜʝʣʘʪʴ ʩʜʚʠʛ ʟʥʘʯʝʥʠʡ 

ʢʦʥʮʝʥʪʨʘʮʠʡ ʥʘ 1/2: ὅ 1/2  ï ʯʠʩʪʳʡ ʢʦʤʧʦʥʝʥʪ ὃ, ὅ ï1/2 ï ʯʠʩʪʳʡ ʢʦʤʧʦʥʝʥʪ 

ὄ, ʪʘʢʫʶ ʩʠʩʪʝʤʫ ʙʫʜʝʤ ʥʘʟʳʚʘʪʴ ʛʝʪʝʨʦʛʝʥʥʦʡ ʘʙʩʦʣʶʪʥʦ ʥʝʩʤʝʰʠʚʘʶʱʝʡʩʷ (ʩʤ., 

ʨʠʩ.1.4 (a)). ʈʘʩʩʤʘʪʨʠʚʘʷ ʛʝʪʝʨʦʛʝʥʥʫʶ ʙʠʥʘʨʥʫʶ ʩʠʩʪʝʤʫ, ʤʳ ʠʤʝʝʤ ʜʝʣʦ ʩ ʜʚʫʤʷ 

ʬʘʟʘʤʠ ʚʝʱʝʩʪʚʘ, ʢʦʪʦʨʳʝ ʨʘʟʜʝʣʝʥʳ ʛʨʘʥʠʮʝʡ ʨʘʟʜʝʣʘ. ɺ ʪʝʦʨʠʠ ʬʘʟʦʚʦʛʦ ʧʦʣʷ 

ʛʨʘʥʠʮʘ (ʧʝʨʝʭʦʜʥʘʷ ʟʦʥʘ) ʦʧʨʝʜʝʣʷʝʪʩʷ ʫʩʣʦʚʠʝʤ ȿὅȿ  ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ  ʛʜʝ ,
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ʤʘʣʦʡ ʚʝʣʠʯʠʥʦʡ (ʩʤ., ʨʠʩ. 1.3). ʇʝʨʚʘʷ ʠ ʚʪʦʨʘʷ ʬʘʟʳ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʫʩʣʦʚʠʷʤʠ: ὅ ʠ ὅ   ʜʣʷ , ʇʨʠ ʵʪʦʤ, ʚ ʩʠʣʫ ʤʘʣʦʩʪʠ  .

ʧʨʦʩʪʦʪʳ ʜʦʧʫʩʢʘʝʪʩʷ ʩʢʘʟʘʪʴ, ʯʪʦ ʛʨʘʥʠʮʘ ʨʘʟʜʝʣʘ ʦʧʨʝʜʝʣʝʥʘ ʫʩʣʦʚʠʝʤ ὅ = 0.  

ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʤʫ ʨʘʚʥʦʚʝʩʠʶ ʤʦʞʝʪ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʢʦʥʮʝʥʪʨʘʮʠʷ, 

ʦʪʣʠʯʥʘʷ ʦʪ ʟʥʘʯʝʥʠʡ |1/2|, ʪ.ʝ. ʪʘʢʦʝ ʩʦʩʪʦʷʥʠʝ, ʢʦʛʜʘ ʢʦʤʧʦʥʝʥʪʳ ὃ ʠ ὄ ʯʘʩʪʠʯʥʦ 

ʨʘʩʪʚʦʨʠʤʳ ʜʨʫʛ ʚ ʜʨʫʛʝ, ʧʨʠ ʵʪʦʤ ʩʦʭʨʘʥʷʷ ʯʝʪʢʫʶ ʤʝʞʬʘʟʥʫʶ ʛʨʘʥʠʮʫ (ʚ ʦʙʱʝʤ 

ʩʣʫʯʘʝ ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʢʦʤʧʦʥʝʥʪ ʤʦʞʝʪ ʙʳʪʴ ʥʝʩʠʤʤʝʪʨʠʯʥʦʡ), ʚ ʵʪʦʤ ʩʣʫʯʘʝ 

ʙʫʜʝʤ ʥʘʟʳʚʘʪʴ ʩʠʩʪʝʤʫ ʛʝʪʝʨʦʛʝʥʥʦʡ ʯʘʩʪʠʯʥʦ ʩʤʝʰʠʚʘʶʱʝʡʩʷ.  ɻʦʚʦʨʷ ʦ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʝʨʚʦʡ ʠʣʠ ʚʪʦʨʦʡ ʬʘʟʳ, ʤʳ ʙʫʜʝʤ ʧʦʜʨʘʟʫʤʝʚʘʪʴ ʢʦʥʮʝʥʪʨʘʮʠʶ ʚ 

ʪʦʡ ʦʙʣʘʩʪʠ, ʛʜʝ ὅ ʣʠʙʦ > 0, ʣʠʙʦ < 0. ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ ʨʘʚʥʦʚʝʩʠʝ ʚ ʦʪʩʫʪʩʪʚʠʝ 

ʚʥʝʰʥʠʭ ʩʠʣ, ʚʜʘʣʠ ʦʪ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟ ʫʩʣʦʚʠʷ Ὢὅϳ 0, ʪʘʢ 

ʜʣʷ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʃʘʥʜʘʫ (1.15) ʨʘʚʥʦʚʝʩʥʳʝ ʟʥʘʯʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ὅ

ὥȾςὦ.  ʇʨʠ ʵʪʦʤ ʯʠʩʪʳʤ ʨʘʚʥʦʚʝʩʥʳʤ ʬʘʟʘʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ὥȾὦ = ï0.5, 

ʤʝʥʴʰʝ ʵʪʦʛʦ ʟʥʘʯʝʥʠʷ ʩʠʩʪʝʤʘ ʥʝ ʦʪʚʝʯʘʝʪ ʬʠʟʠʯʝʩʢʠ ʨʝʣʝʚʘʥʪʥʦʤʫ ʩʦʩʪʦʷʥʠʶ; 

ʟʥʘʯʝʥʠʷʤ ὥȾὦ > 0 ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʛʦʤʦʛʝʥʥʘʷ (ʦʜʥʦʨʦʜʥʘʷ) ʩʠʩʪʝʤʘ.  

ʇʨʠ ʯʠʩʣʝʥʥʦʤ ʨʝʰʝʥʠʠ ʟʘʜʘʯʠ ʦ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ ʥʘʤʠ ʙʳʣʘ 

ʚʳʙʨʘʥʘ ʘʣʴʪʝʨʥʘʪʠʚʥʘʷ ʬʦʨʤʫʣʘ, ʧʨʝʜʣʦʞʝʥʥʘʷ ʌʣʦʨʠ [52]:  
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ς
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(1.16) 

ʇʘʨʘʤʝʪʨʳ ὥ ̉ ὦ ʚ ʬʦʨʤʫʣʝ (1.16) ʠʤʝʶʪ ʪʦʪ ʞʝ ʩʤʳʩʣʠ, ʯʪʦ ʠ ʚ ʬʦʨʤʫʣʝ (1.15). 

ʊʝʩʪʦʚʳʝ ʨʘʩʯʝʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʬʦʨʤʫʣʘ (1.16) ʚ ʟʘʜʘʯʝ ʦ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝʷ-

ʊʝʡʣʦʨʘ ʦʢʘʟʘʣʘʩʴ ʙʦʣʝʝ ʫʜʦʙʥʦʡ ʧʨʠ ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʝʪʘʭ. ʌʫʥʢʮʠʠ ʩʚʦʙʦʜʥʦʡ 

ʵʥʝʨʛʠʠ (1.15) ʠ (1.16) ʠʟʦʙʨʘʞʝʥʳ ʥʘ ʨʠʩ. 1.2. 

ɺʳʚʦʜ ʫʨʘʚʥʝʥʠʡ ʬʘʟʦʚʦʛʦ ʧʦʣʷ, ʧʨʝʜʣʦʞʝʥʥʳʡ ʃʦʚʝʥʛʨʫʙʦʤ ʠ 

ʊʨʫʰʢʠʥʦʚʩʢʠʤ, ʥʝ ʷʚʣʷʝʪʩʷ ʝʜʠʥʩʪʚʝʥʥʳʤ. ɸʥʪʦʥʦʚʩʢʠʡ ʚ [51] ʚʳʚʝʣ ʧʦʭʦʞʫʶ 

ʤʦʜʝʣʴ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʜʣʷ ʥʝʩʞʠʤʘʝʤʦʡ ʞʠʜʢʦʩʪʠ ʠʟ ʧʨʠʥʮʠʧʘ ʤʘʢʩʠʤʘʣʴʥʦʡ 

ʵʥʪʨʦʧʠʠ.  
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ʈʠʩʫʥʦʢ 1.2. ʉʚʦʙʦʜʥʘʷ ʵʥʝʨʛʠʷ 

(1.15) ï ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ, (1.17) ï 

ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ ʜʣʷ ὥȾὦ πȢυȢ 
ʌʦʨʤʫʣʘ (1.17) ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʦ 

ʩʜʚʠʛʦʤ ʧʦ ʦʩʠ Ὢ ʥʘ ʚʝʣʠʯʠʥʫ 

Ὢὅ πȢ 

 

ʈʠʩʫʥʦʢ 1.3. ʈʘʚʥʦʚʝʩʥʦʝ ʦʜʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ὅ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʢʦʦʨʜʠʥʘʪʳ ὼ,  ï ʪʦʣʱʠʥʘ ʧʝʨʝʭʦʜʥʦʡ 
ʟʦʥʳ. ʏʝʨʥʘʷ ʣʠʥʠʷ ï ʛʝʪʝʨʦʛʝʥʥʘʷ ʘʙʩʦʣʶʪʥʦ ʥʝʩʤʝʰʠʚʘʶʱʘʷʩʷ ʩʠʩʪʝʤʘ, 

ʩʠʥʷʷ ʣʠʥʠʷ ï ʛʝʪʝʨʦʛʝʥʥʘʷ ʯʘʩʪʠʯʥʦ ʩʤʝʰʠʚʘʶʱʘʷʩʷ ʩʠʩʪʝʤʘ. 
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ʄʝʪʦʜ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʧʦ ʩʚʦʝʡ ʠʜʝʝ ʙʣʠʟʦʢ ʢ ʤʝʪʦʜʫ ʬʫʥʢʮʠʠ ʫʨʦʚʥʷ (ʤʝʪʦʜ 

ʩʢʚʦʟʥʦʛʦ ʩʯʝʪʘ / level-set) [53-55] ʠ, ʦʪʯʘʩʪʠ, ʚʦʟʥʠʢ ʠʟ ʠʜʝʠ ʧʦʣʫʯʠʪʴ ʬʠʟʠʯʝʩʢʠ-

ʦʙʦʩʥʦʚʘʥʥʳʡ ʤʝʪʦʜ ʬʫʥʢʮʠʠ ʫʨʦʚʥʷ, ʫʨʘʚʥʝʥʠʷ ʢʦʪʦʨʦʛʦ ʠʤʝʶʪ ʚʠʜ: 

”
Ἶ

ὸ
ἾϽɳ Ἶ ὴɳ –ɳ Ἶ ἐ (1.17) 

ἐ Ὧ‰‰ ‰ɳ (1.18) 

‰

ὸ
ἾϽɳ ‰ πȢ (1.19) 

ʋʨʘʚʥʝʥʠʷ (1.17) ʠ (1.19) ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʤʦʜʝʣʴ ʩʢʚʦʟʥʦʛʦ ʩʯʝʪʘ. 

ʇʝʨʝʤʝʥʥʘʷ ‰ὀȟὸ ï ʧʦʣʝ ʬʫʥʢʮʠʠ ʫʨʦʚʥʷ, ʟʥʘʢ ʢʦʪʦʨʦʛʦ ʦʧʨʝʜʝʣʷʝʪ ʧʝʨʚʫʶ ʠ 

ʚʪʦʨʫʶ ʬʘʟʳ, ʛʨʘʥʠʮʘ ʨʘʟʜʝʣʘ ʧʨʠ ʵʪʦʤ ʦʧʨʝʜʝʣʷʝʪʩʷ ʫʩʣʦʚʠʝʤ ‰ὀȟὸ π, ἐ ï 

ʩʠʣʘ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ (ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʩʠʣʘ ʘʧʧʨʦʢʩʠʤʠʨʫʝʪʩʷ ʦʙʲʝʤʥʦʡ 

ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦ ʜʘʥʥʘʷ ʩʠʣʘ ʩʦʩʨʝʜʦʪʦʯʝʥʘ ʚ ʫʟʢʦʤ ʧʝʨʝʭʦʜʥʦʤ ʩʣʦʝ ʤʝʞʜʫ 

ʬʘʟʘʤʠ),  ï ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ, Ὧ ï ʢʨʠʚʠʟʥʘ ʛʨʘʥʠʮʳ,  ï 

ʈʠʩʫʥʦʢ 1.4.  

ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʙʠʥʘʨʥʦʡ 

ʩʠʩʪʝʤʳ: (a) ʛʝʪʝʨʦʛʝʥʥʘʷ ʘʙʩʦʣʶʪʥʦ 

ʥʝʩʤʝʰʠʚʘʶʱʘʷʩʷ, (b) ʛʝʪʝʨʦʛʝʥʥʘʷ 

ʯʘʩʪʠʯʥʦ ʩʤʝʰʠʚʘʶʱʘʷʩʷ, (c) ʛʦʤʦʛʝʥʥʘʷ 

ʘʙʩʦʣʶʪʥʦ ʩʤʝʰʠʚʘʶʱʘʷʩʷ. 
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ʜʝʣʴʪʘ-ʬʫʥʢʮʠʷ. ʇʨʦʙʣʝʤʦʡ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʨʘʟʤʳʪʠʝ ʤʝʞʬʘʟʥʦʡ 

ʛʨʘʥʠʮʳ, ʠʟ-ʟʘ ʯʝʛʦ ʪʝʨʷʝʪʩʷ ʫʩʪʦʡʯʠʚʦʩʪʴ ʤʝʪʦʜʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʧʨʠʭʦʜʠʪʩʷ 

ʧʨʠʤʝʥʷʪʴ ʪʨʫʜʦʝʤʢʫʶ ʧʨʦʮʝʜʫʨʫ ʨʝʠʥʠʮʠʘʣʠʟʘʮʠʠ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʤʝʞʜʫ 

ʬʘʟʘʤʠ, ʩʣʦʞʥʫʶ ʚ ʨʝʘʣʠʟʘʮʠʠ ʠ ʦʪʥʠʤʘʁ ʫɦʁ ʙʦӢʣɹ ʫhʁ  ʯʘʩʪɹ ʨʘʩʯʝʪʥʦʛʦ 

ʚʨʝʤʝʥʠ.  ɼʘʥʥʳʡ ʥʝʜʦʩʪʘʪʦʢ ʧʦʣʥʦʩʪʴʶ ʦʪʩʫʪʩʪʚʫʝʪ ʚ ʤʝʪʦʜʝ ʬʘʟʦʚʦʛʦ ʧʦʣʷ.  

ɼʨʫʛʦʡ ʘʣʴʪʝʨʥʘʪʠʚʦʡ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʜʠʥʘʤʠʢʠ ʛʝʪʝʨʦʛʝʥʥʳʭ ʩʠʩʪʝʤ 

ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ çfront-trackingè [56,57], ʚ ʢʦʪʦʨʦʤ ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʘʟʥʳʝ ʩʠʩʪʝʤʳ 

ʫʨʘʚʥʝʥʠʡ ʜʣʷ ʨʘʟʥʳʭ ʬʘʟ, ʧʨʠ ʵʪʦʤ ʧʨʦʠʩʭʦʜʠʪ ʷʚʥʦʝ ʦʪʩʣʝʞʠʚʘʥʠʝ ʛʨʘʥʠʮʳ 

ʨʘʟʜʝʣʘ, ʜʠʥʘʤʠʯʝʩʢʠ ʤʝʥʷʶʱʝʡʩʷ ʩʦ ʚʨʝʤʝʥʝʤ. ʆʪʩʣʝʞʠʚʘʥʠʝ ʛʨʘʥʠʮʳ ʧʨʠ ʵʪʦʤ 

ʷʚʣʷʝʪʩʷ ʚʝʩʴʤʘ ʪʨʫʜʦʝʤʢʦʡ ʟʘʜʘʯʝʡ, ʦʩʦʙʝʥʥʦ ʚ ʩʣʫʯʘʝ ʥʝʪʨʠʚʠʘʣʴʥʦʡ ʜʠʥʘʤʠʢʠ 

ʧʨʠ ʢʦʪʦʨʦʡ, ʥʘʧʨʠʤʝʨ, ʤʝʥʷʝʪʩʷ ʪʦʧʦʣʦʛʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ. ɸʥʘʣʦʛʠʯʥʳʝ 

ʧʨʦʙʣʝʤʳ ʝʩʪʴ ʫ ʤʝʪʦʜʘ çvolume of fluidè, ʚ ʢʦʪʦʨʦʤ ʧʨʦʠʩʭʦʜʠʪ ʦʪʩʣʝʞʠʚʘʥʠʝ 

ʦʙʲʝʤʘ ʢʘʞʜʳʡ ʬʘʟʳ ʚ ʨʘʩʯʝʪʥʳʭ ʷʯʝʡʢʘʭ, ʙʣʠʟʢʠʭ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ.  

ʊʘʢʞʝ ʚʦʟʤʦʞʥʦ ʨʘʩʰʠʨʝʥʠʝ ʤʝʪʦʜʘ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʥʘ ʩʣʫʯʘʡ ʯʠʩʣʘ ʬʘʟ 

ʙʦʣʴʰʝ ʜʚʫʭ. ɺ ʨʘʙʦʪʘʭ [58,59] ʤʝʪʦʜʦʤ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʤʦʜʝʣʠʨʫʝʪʩʷ ʜʠʥʘʤʠʢʘ 

ʵʤʫʣʴʩʠʡ ʠ ʩʫʩʧʝʥʟʠʡ, ʢʘʞʜʘʷ ʚʟʚʝʰʝʥʥʘʷ ʯʘʩʪʠʮʘ (ʢʘʧʣʷ) ʠʤʝʝʪ ʩʚʦʡ ʧʘʨʘʤʝʪʨ 

ʧʦʨʷʜʢʘ ‰ȟὭ ρȢȢὔ, ὔ ï ʯʠʩʣʦ ʯʘʩʪʠʮ. ʌʫʥʢʮʠʷ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʠʤʝʝʪ 

ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 
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ς
‰ɳ ‒ ‰‰
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ʇʝʨʚʳʝ ʜʚʘ ʩʣʘʛʘʝʤʳʭ, ʜʚʫʭʲʷʤʥʳʡ ʧʦʪʝʥʮʠʘʣ ʠ ʛʨʘʜʠʝʥʪʥʳʡ ʯʣʝʥ, 

ʦʪʚʝʪʩʪʚʝʥʥʳʡ ʟʘ ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʥʘʪʷʞʝʥʠʝ, ʧʨʠʩʫʪʩʪʚʫʶʪ ʚʦ ʚʩʝʭ ʚʳʰʝ 

ʫʧʦʤʷʥʫʪʳʭ ʤʦʜʝʣʷʭ ʬʘʟʦʚʦʛʦ ʧʦʣʷ. ʇʦʩʣʝʜʥʝʝ ʞʝ ʩʣʘʛʘʝʤʦʝ ʦʪʚʝʯʘʝʪ ʟʘ 

ʦʪʪʘʣʢʠʚʘʥʠʝ ʯʘʩʪʠʮ ʚ ʵʤʫʣʴʩʠʠ/ʩʫʩʧʝʥʟʠʠ. ʇʨʠ ʵʪʦʤ ʚ ʩʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ ʚʭʦʜʠʪ 

N ʫʨʘʚʥʝʥʠʡ ʜʠʬʬʫʟʠʠ ʚʠʜʘ (1.9), ʘ ʩʠʣʘ ʂʦʨʪʝʚʝʛʘ ʚ ʫʨʘʚʥʝʥʠʠ ʅʘʚʴʝ-ʉʪʦʢʩʘ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʫʤʤʫ В‰ ‘ɳ. 
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1.2 ɺʳʪʝʩʥʝʥʠʝ ʦʜʥʦʡ ʞʠʜʢʦʩʪʠ ʜʨʫʛʦʡ ʚ ʢʘʧʠʣʣʷʨʥʳʭ ʪʨʫʙʢʘʭ 

1.2.1 ʆʙʟʦʨ ʣʠʪʝʨʘʪʫʨʳ 

 

ʀʟʫʯʝʥʠʝ ʚʳʪʝʩʥʝʥʠʷ ʦʜʥʦʡ ʞʠʜʢʦʩʪʠ ʜʨʫʛʦʡ ʚ ʢʘʧʠʣʣʷʨʥʳʭ ʪʨʫʙʢʘʭ ʠʤʝʝʪ 

ʧʝʨʚʦʩʪʝʧʝʥʥʫʶ ʚʘʞʥʦʩʪʴ ʧʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ 

ʚʳʪʝʩʥʝʥʠʷ ʚ ʧʦʨʠʩʪʦʡ ʩʨʝʜʝ. ʄʥʦʛʠʝ ʷʚʣʝʥʠʷ ʚ ʧʨʠʨʦʜʝ ʠ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʤʦʛʫʪ 

ʙʳʪʴ ʩʚʝʜʝʥʳ ʢ ʵʪʦʡ ʬʠʟʠʯʝʩʢʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ, ʚʢʣʶʯʘʷ ʜʦʙʳʯʫ ʥʝʬʪʠ ʠ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʚʦʜʦʥʦʩʥʦʛʦ ʛʦʨʠʟʦʥʪʘ ʠ ʧʦʯʚʳ [60,61]. 

ʊʨʘʜʠʮʠʦʥʥʦ ʧʨʘʢʪʠʯʝʩʢʦʝ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʝ ʦʧʠʩʘʥʠʝ ʚʳʪʝʩʥʝʥʠʷ ʦʜʥʦʡ 

ʞʠʜʢʦʩʪʠ ʜʨʫʛʦʡ ʚ ʧʦʨʠʩʪʦʡ ʩʨʝʜʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚ ʨʘʤʢʘʭ ʨʘʩʰʠʨʝʥʥʦʡ ʤʦʜʝʣʠ 

ɼʘʨʩʠ ʜʣʷ ʤʥʦʛʦʬʘʟʥʳʭ ʪʝʯʝʥʠʡ [62,63]. ɺ ʵʪʦʡ ʤʦʜʝʣʠ ʧʨʠʩʫʪʩʪʚʫʶʪ ʪʘʢʠʝ 

ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ, ʢʘʢ ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʢʘʧʠʣʣʷʨʥʦʝ 

ʜʘʚʣʝʥʠʝ, ʟʥʘʯʝʥʠʷ ʢʦʪʦʨʳʭ ʚ ʢʘʞʜʦʡ ʪʦʯʢʝ ʧʨʦʩʪʨʘʥʩʪʚʘ ʩʠʣʴʥʦ ʟʘʚʠʩʷʪ ʦʪ 

ʥʘʩʳʱʝʥʥʦʩʪʠ ʧʦʨʠʩʪʦʡ ʩʨʝʜʳ ʦʜʥʦʡ ʞʠʜʢʦʩʪʠ ʜʨʫʛʦʡ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʘʥʥʘʷ 

ʪʝʦʨʠʷ ʚʢʣʶʯʘʝʪ ʥʝʧʨʝʨʳʚʥʦʝ ʤʥʦʞʝʩʪʚʦ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ, ʪ.ʝ. 

ʪʨʝʙʫʝʪʩʷ ʦʧʨʝʜʝʣʝʥʠʝ ʬʫʥʢʮʠʡ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʧʨʦʥʠʮʘʝʤʦʩʪʝʡ ʠ ʢʘʧʠʣʣʷʨʥʦʛʦ 

ʜʘʚʣʝʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʨʦʚʥʷ ʥʘʩʳʱʝʥʠʷ ʧʦʨʠʩʪʦʡ ʩʨʝʜʳ, ʯʪʦ ʪʨʝʙʫʝʪ ʩʝʨʠʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʟʤʝʨʝʥʠʡ ʜʣʷ ʢʘʞʜʦʛʦ ʫʨʦʚʥʷ ʥʘʩʳʱʝʥʠʷ.  

ɼʣʷ ʙʦʣʝʝ ʫʥʠʚʝʨʩʘʣʴʥʦʛʦ ʧʦʥʠʤʘʥʠʷ ʤʥʦʛʦʬʘʟʥʳʭ ʪʝʯʝʥʠʡ ʚ ʧʦʨʠʩʪʦʡ 

ʩʨʝʜʝ ʥʝʦʙʭʦʜʠʤ ʙʦʣʝʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʡ ʘʥʘʣʠʟ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʠʩʩʣʝʜʦʚʘʥʠʠ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʜʘʥʥʳʭ ʩʨʝʜ. ɼʣʷ ʧʦʨʠʩʪʳʭ ʤʘʪʨʠʮ ʩʫʱʝʩʪʚʫʶʪ ʨʘʟʣʠʯʥʳʝ 

ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʠʭ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʩ ʨʘʟʥʳʤ ʫʨʦʚʥʝʤ ʜʝʪʘʣʠʟʘʮʠʠ. ʆʜʥʠʤ ʠʟ ʪʘʢʠʭ 

ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʷʚʣʷʝʪʩʷ ʤʦʜʝʣʴ ʩʚʷʟʘʥʥʳʭ ʤʝʞʜʫ ʩʦʙʦʡ ʢʘʧʠʣʣʷʨʥʳʭ ʪʨʫʙʦʢ (ʩʝʪʴ 

ʢʘʧʠʣʣʷʨʦʚ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʛʣʫʙʦʢʦʛʦ ʧʦʥʠʤʘʥʠʷ ʜʠʥʘʤʠʢʠ ʚʳʪʝʩʥʝʥʠʷ ʚ 

ʧʦʨʠʩʪʳʭ ʩʨʝʜʘʭ ʠʟʫʯʝʥʠʝ ʜʠʥʘʤʠʢʠ ʚʳʪʝʩʥʝʥʠʷ ʚ ʢʘʧʠʣʣʷʨʘʭ ʷʚʣʷʝʪʩʷ ʚʘʞʥʦʡ 

ʟʘʜʘʯʝʡ.  

ɺ ʜʠʩʩʝʨʪʘʮʠʠ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʩ ʧʦʤʦʱʴʶ ʧʨʷʤʦʛʦ 

ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʩʩʣʝʜʫʝʪʩʷ ʟʘʜʘʯʘ ʦ ʚʳʪʝʩʥʝʥʠʠ ʦʜʥʦʡ ʞʠʜʢʦʩʪʠ 

ʜʨʫʛʦʡ ʚ ʦʜʠʥʦʯʥʦʤ ʢʘʧʠʣʣʷʨʝ ʜʣʷ ʩʤʝʰʠʚʘʶʱʠʭʩʷ ʠ ʥʝʩʤʝʰʠʚʘʶʱʠʭʩʷ 
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ʞʠʜʢʦʩʪʝʡ. ʂʨʦʤʝ ʪʦʛʦ, ʠʩʩʣʝʜʫʝʪʩʷ ʜʠʥʘʤʠʢʘ ʚʳʪʝʩʥʝʥʠʷ ʚ ʤʘʪʨʠʮʝ ʩʚʷʟʘʥʥʳʭ 

ʤʝʞʜʫ ʩʦʙʦʡ ʢʘʧʠʣʣʷʨʦʚ.  

 ʇʝʨʚʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʥʦʛʦʬʘʟʥʳʭ ʪʝʯʝʥʠʡ ʚ ʢʘʧʠʣʣʷʨʘʭ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ 

ʚ ʥʘʯʘʣʝ ʜʚʘʜʮʘʪʦʛʦ ʚʝʢʘ ɺʝʩʪʦʤ [64] ʠ ʋʦʰʙʦʨʥʦʤ [65]. ʅʘʡʜʝʥʦ, ʯʪʦ ʧʨʠ ʤʘʣʳʭ 

ʟʥʘʯʝʥʠʷʭ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ (2Å) ʠ ʢʘʧʠʣʣʷʨʥʦʛʦ ʯʠʩʣʘ (#Á) (2Å ”ὠὨȾ–, #Á

ὠ–Ⱦ„, ʛʜʝ ” ï ʧʣʦʪʥʦʩʪʴ, ὠ ï ʭʘʨʘʢʪʝʨʥʘʷ ʩʢʦʨʦʩʪʴ, Ὠ ï ʜʠʘʤʝʪʨ ʢʘʧʠʣʣʷʨʘ, – ï 

ʜʠʥʘʤʠʯʝʩʢʘʷ ʚʷʟʢʦʩʪʴ, „ ï ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ) ʪʝʯʝʥʠʝ 

ʠʤʝʝʪ ʧʘʨʘʙʦʣʠʯʝʩʢʠʡ ʧʨʦʬʠʣʴ ʇʫʘʟʝʡʣʷ. ʇʨʠ ʵʪʦʤ ʧʨʦʬʠʣʴ ʚʳʪʝʩʥʝʥʠʷ ʦʜʥʦʡ 

ʞʠʜʢʦʩʪʠ ʜʨʫʛʦʡ ʠʤʝʝʪ ʬʦʨʤʫ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʛʦ ʤʝʥʠʩʢʘ, ʜʚʠʞʫʱʝʛʦʩʷ ʩ ʪʦʡ ʞʝ 

ʩʢʦʨʦʩʪʴʶ, ʯʪʦ ʠ ʦʩʪʘʣʴʥʘʷ ʞʠʜʢʦʩʪʴ. ʉʢʦʨʦʩʪʴ ʪʝʯʝʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʘʟʥʠʮʝʡ 

ʜʘʚʣʝʥʠʡ ʥʘ ʢʦʥʮʘʭ ʢʘʧʠʣʣʷʨʘ ʟʘ ʚʳʯʝʪʦʤ ʢʘʧʠʣʣʷʨʥʦʛʦ ʜʘʚʣʝʥʠʷ, ʢʦʪʦʨʦʝ ʩʚʷʟʘʥʦ 

ʩ ʠʩʢʨʠʚʣʝʥʥʦʡ ʛʨʘʥʠʮʝʡ ʨʘʟʜʝʣʘ. ʇʦʟʞʝ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ [66], ʯʪʦ ʩʚʷʟʘʥʥʦʝ ʩ 

ʬʨʦʥʪʦʤ ʚʳʪʝʩʥʝʥʠʷ ʦʜʥʦʡ ʞʠʜʢʦʩʪʠ ʜʨʫʛʦʡ ʢʘʧʠʣʣʷʨʥʦʝ ʜʘʚʣʝʥʠʝ ʜʦʣʞʥʦ 

ʦʧʨʝʜʝʣʷʪʴʩʷ ʚʠʜʠʤʳʤ ʢʦʥʪʘʢʪʥʳʤ ʫʛʣʦʤ ʩʤʘʯʠʚʘʥʠʷ, ʢʦʪʦʨʳʡ ʦʪʣʠʯʘʝʪʩʷ ʦʪ 

ʩʪʘʪʠʯʝʩʢʦʛʦ ʫʛʣʘ ʩʤʘʯʠʚʘʥʠʷ ʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʘʩʭʦʜʦʤ ʞʠʜʢʦʩʪʠ.  

 ɺ ʩʣʫʯʘʷʭ ʙʦʣʝʝ ʩʠʣʴʥʦʡ ʧʨʦʢʘʯʢʠ, ʢʦʛʜʘ ʩʢʦʨʦʩʪʴ ʪʝʯʝʥʠʷ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʢʘʧʠʣʣʷʨʥʦʝ ʯʠʩʣʦ ʚʳʰʝ, ʚʳʪʝʩʥʝʥʠʝ ʦʜʥʦʡ ʞʠʜʢʦʩʪʠ ʜʨʫʛʦʡ ʧʨʦʠʩʭʦʜʠʪ ʠʥʳʤ 

ʦʙʨʘʟʦʤ: ʤʝʥʠʩʢ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʠʤʝʝʪ ʧʘʣʴʮʝʦʙʨʘʟʥʫʶ ʬʦʨʤʫ, ʧʨʠ ʵʪʦʤ 

ʚʢʘʯʠʚʘʝʤʘʷ ʞʠʜʢʦʩʪʴ ʧʨʦʥʠʢʘʝʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʯʝʨʝʟ ʮʝʥʪʨʘʣʴʥʫʶ ʯʘʩʪʴ 

ʢʘʧʠʣʣʷʨʘ, ʦʩʪʘʚʣʷʷ ʥʝʢʦʪʦʨʦʝ ʢʦʣʠʯʝʩʪʚʦ ʞʠʜʢʦʩʪʠ ʥʘ ʩʪʝʥʢʝ ʢʘʧʠʣʣʷʨʘ. ɺ ʵʪʦʤ 

ʩʣʫʯʘʝ ʙʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʦʪʥʦʰʝʥʠʶ ʦʙʲʝʤʘ ʚʳʪʝʩʥʝʥʥʦʡ ʞʠʜʢʦʩʪʠ ʢ 

ʪʦʤʫ ʦʙʲʝʤʫ, ʯʪʦ ʦʩʪʘʝʪʩʷ ʥʘ ʩʪʝʥʢʘʭ ʢʘʧʠʣʣʷʨʘ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʘʧʠʣʣʷʨʥʦʛʦ 

ʯʠʩʣʘ [67]. ʊʝʦʨʝʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʘʣʴʮʝʦʙʨʘʟʥʦʛʦ ʚʳʪʝʩʥʝʥʠʷ ʙʳʣʦ 

ʧʨʝʜʧʨʠʥʷʪʦ ʂʦʢʩʦʤ [68], ʨʘʟʨʘʙʦʪʘʚʰʠʤ ʧʨʠʙʣʠʞʝʥʥʫʶ ʪʝʦʨʠʶ, ʩʧʦʩʦʙʥʫʶ 

ʧʨʝʜʩʢʘʟʘʪʴ ʢʘʨʪʠʥʫ ʪʝʯʝʥʠʷ ʚʙʣʠʟʠ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʞʠʜʢʦʩʪʴ-ʞʠʜʢʦʩʪʴ, ʘ ʪʘʢʞʝ 

ʟʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ά ï ʜʦʣʷ ʞʠʜʢʦʩʪʠ, ʢʦʪʦʨʘʷ ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʟʘʧʦʣʥʷʝʪ 

ʢʘʧʠʣʣʷʨ, ʥʦ ʦʩʪʘʝʪʩʷ ʥʘ ʩʪʝʥʢʘʭ (ʜʘʥʥʘʷ ʚʝʣʠʯʠʥʘ ʷʚʣʷʝʪʩʷ ʚʘʞʥʦʡ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʚʳʪʝʩʥʝʥʠʷ ʠ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʦ ʤʥʦʛʠʭ ʨʘʙʦʪʘʭ). 
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 ʆʜʥʠʤʠ ʠʟ ʥʘʠʙʦʣʝʝ ʩʦʚʨʝʤʝʥʥʳʭ ʨʘʙʦʪ ʷʚʣʷʶʪʩʷ ʪʨʫʜʳ ʉʦʘʨʝʩʘ ʠ ʩʦʘʚʪ. 

[69-71], ʚ ʢʦʪʦʨʳʭ ʧʨʠʤʝʥʷʝʪʩʷ ʤʝʪʦʜ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʪʝʯʝʥʠʡ ʥʝʩʤʝʰʠʚʘʶʱʠʭʩʷ ʞʠʜʢʦʩʪʝʡ ʚ ʢʘʧʠʣʣʷʨʝ. ɺ ʜʘʥʥʳʭ ʨʘʙʦʪʘʭ ʦʩʥʦʚʥʦʡ 

ʘʢʮʝʥʪ ʜʝʣʘʝʪʩʷ ʥʘ ʠʟʫʯʝʥʠʠ ʧʘʨʘʤʝʪʨʘ ά ï ʜʦʣ̫ ʞʠʜʢʦʩʪʠ, ʢʦʪʦʨʘʷ ʧʝʨʚʦʥʘʯʘʣʴʥʦ 

ʟʘʧʦʣʥʷʝʪ ʢʘʧʠʣʣʷʨ, ʥʦ ʦʩʪʘʝʪʩʷ ʥʘ ʩʪʝʥʢʘʭ (ʥʝ ʚʳʤʳʚʘʝʪʩʷ), ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʨʘʟʥʦʩʪʠ ʚʷʟʢʦʩʪʝʡ ʜʚʫʭ ʞʠʜʢʦʩʪʝʡ ʠ ʢʘʧʠʣʣʷʨʥʦʛʦ ʯʠʩʣʘ, ʯʪʦ ʧʦʢʘʟʳʚʘʝʪ 

ʦʪʥʦʰʝʥʠʝ ʚʷʟʢʠʭ ʩʠʣ ʢ ʢʘʧʠʣʣʷʨʥʳʤ.   

ɼʣʷ ʩʤʝʰʠʚʘʶʱʠʭʩʷ ʞʠʜʢʦʩʪʝʡ ʘʥʘʣʦʛʠʯʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʧʦʣʥʝʥʳ ʚ 

ʨʘʙʦʪʘʭ [72,73]. ɼʣʷ ʪʘʢʠʭ ʞʠʜʢʦʩʪʝʡ, ʧʦʤʠʤʦ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ ʠ ʢʘʧʠʣʣʷʨʥʦʛʦ 

ʯʠʩʣʘ, ʚʘʞʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ʷʚʣʷʝʪʩʷ ʯʠʩʣʦ ʇʝʢʣʝ (0Å ὠὨȾὈ, ʛʜʝ Ὀ ï 

ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ). ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʜʣʷ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʡ ʯʠʩʣʘ ʇʝʢʣʝ 

(>1000) ʥʘʙʣʶʜʘʝʤʦʝ ʧʦʚʝʜʝʥʠʝ ʘʥʘʣʦʛʠʯʥʦ ʧʦʚʝʜʝʥʠʶ ʥʝʩʤʝʰʠʚʘʶʱʠʭʩʷ 

ʞʠʜʢʦʩʪʝʡ ʩ ʯʝʪʢʦ ʚʠʜʠʤʦʡ ʨʝʟʢʦʡ ʛʨʘʥʠʮʝʡ ʨʘʟʜʝʣʘ.  ʇʨʠ ʤʝʥʴʰʠʭ ʯʠʩʣʘʭ ʇʝʢʣʝ 

ʧʦʣʫʯʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʷʚʣʷʣʦʩʴ ʪʨʫʜʦʝʤʢʦʡ ʟʘʜʘʯʝʡ ʚ ʩʠʣʫ 

ʩʠʣʴʥʦʛʦ ʨʘʟʤʳʪʠʷ ʛʨʘʥʠʮ rʨʘʟʜʝʣʘ. ʏʠʩʣʝʥʥʘʷ ʤʦʜʝʣʴ, ʨʘʟʨʘʙʦʪʘʥʥʘʷ ʏʝʥʦʤ ʠ 

ʄʝʡʙʫʨʛʦʤ [73], ʧʨʝʜʩʪʘʚʣʷʣʘ ʧʘʨʫ ʩʤʝʰʠʚʘʶʱʠʭʩʷ ʞʠʜʢʦʩʪʝʡ ʢʘʢ ʛʦʤʦʛʝʥʥʫʶ 

ʩʠʩʪʝʤʫ (ʦʜʥʦʬʘʟʥʫʶ ʞʠʜʢʦʩʪʴ ʩ ʧʨʠʤʝʩʴʶ, ʚ ʧʨʝʥʝʙʨʝʞʝʥʠʠ ʢʘʧʠʣʣʷʨʥʳʤʠ 

ʵʬʬʝʢʪʘʤʠ), ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʨʘʤʢʘʭ ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʩʦʛʣʘʩʫʶʪʩʷ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ [72], ʜʣʷ ʢʦʪʦʨʳʭ, ʦʜʥʘʢʦ, ʢʘʧʠʣʣʷʨʥʦʝ ʜʘʚʣʝʥʠʝ 

ʙʳʣʦ ʥʝʚʝʣʠʢʦ, ʯʝʤ ʠ ʦʙʲʷʩʥʷʝʪʩʷ ʭʦʨʦʰʝʝ ʩʦʛʣʘʩʠʝ ʩ ʪʝʦʨʠʝʡ ʙʝʟ ʫʯʝʪʘ 

ʤʝʞʬʘʟʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ.  

ʇʨʠ ʦʙʩʫʞʜʝʥʠʠ ʜʠʥʘʤʠʢʠ ʩʤʝʰʠʚʘʶʱʠʭʩʷ ʩʠʩʪʝʤ ʩ ʫʯʝʪʦʤ ʩʠʣ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ ʤʦʞʝʪ ʚʦʟʥʠʢʥʫʪʴ ʚʦʧʨʦʩ ʦ ʢʦʨʨʝʢʪʥʦʩʪʠ ʨʘʩʩʤʦʪʨʝʥʠʷ 

ʢʘʧʠʣʣʷʨʥʳʭ ʵʬʬʝʢʪʦʚ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ. ʆʜʥʘʢʦ ʨʷʜ ʨʘʙʦʪ ʙʝʟʫʩʣʦʚʥʦ 

ʧʦʜʪʚʝʨʞʜʘʶʪ ʩʧʨʘʚʝʜʣʠʚʦʩʪʴ ʫʯʝʪʘ ʩʠʣ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ 

(ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ ʥʘʣʠʯʠʝ ʢʘʧʠʣʣʷʨʥʦʛʦ ʜʘʚʣʝʥʠʷ). ɺ [74] ʠʟʫʯʘʣʘʩʴ ʜʠʥʘʤʠʢʘ 

ʚʩʧʣʳʚʘʶʱʝʡ / ʧʘʜʘʶʱʝʡ ʢʘʧʣʠ, ʩʤʝʰʠʚʘʶʱʝʡʩʷ ʩ ʦʢʨʫʞʘʶʱʝʡ ʞʠʜʢʦʩʪʠ. 

ʌʦʨʤʘ ʢʘʧʣʠ ʙʳʣʘ ʙʣʠʟʢʦʡ ʢ ʩʬʝʨʠʯʝʩʢʦʡ. ɺ [75] ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ 

ʛʨʘʚʠʪʘʮʠʦʥʥʦ-ʢʘʧʠʣʣʷʨʥʳʝ ʚʦʣʥʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʞʜʫ ʜʚʫʤʷ 

ʩʤʝʰʠʚʘʶʱʠʤʠʩʷ ʞʠʜʢʦʩʪʷʤʠ.  
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ɼʣʷ ʩʤʝʰʠʚʘʶʱʠʭʩʷ ʩʠʩʪʝʤ ʫʩʪʘʥʦʚʣʝʥʠʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ 

ʤʦʞʝʪ ʷʚʣʷʪʴʩʷ ʜʣʠʪʝʣʴʥʳʤ ʧʨʦʮʝʩʩʦʤ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʙʫʜʝʪ ʥʘʙʣʶʜʘʪʴʩ ̫

ʠʟʤʝʥʝʥʠʝ ʚʦ ʚʨʝʤʝʥʠ ʩʠʣʳ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ ʠ ʢʘʧʠʣʣʷʨʥʦʛʦ ʜʘʚʣʝʥʠʷ, 

ʯʪʦ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʧʦʚʣʠʷʶʪ ʥʘ ʜʠʥʘʤʠʢʫ ʚʳʪʝʩʥʝʥʠʷ.  

ɺ ʨʘʟʣʠʯʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ [72,76,77] ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʥʘʪʷʞʝʥʠʷ ʜʣʷ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʠʩʩʣʝʜʫʝʤʦʡ ʧʘʨʳ ʞʠʜʢʦʩʪʝʡ ʚʦʜʘ/ʛʣʠʮʝʨʠʥ 

ʦʮʝʥʠʚʘʣʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 2Ā10-4 ʅ/ʤ ʜʦ 2.5Ā10-7 ʅ/ʤ. ʆʜʥʘʢʦ ʚ ʚʳʰʝʫʧʦʤʷʥʫʪʳʭ 

ʨʘʙʦʪʘʭ ʠʛʥʦʨʠʨʦʚʘʣʘʩʴ ʜʠʥʘʤʠʢʘ ʩʤʝʰʝʥʠʷ. ʈʘʟʥʳʝ ʩʪʘʜʠʠ ʵʚʦʣʶʮʠʠ ʩʤʝʰʝʥʠʷ 

ʤʦʛʫʪ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴʩʷ ʨʘʟʣʠʯʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ. ʅʘʧʨʠʤʝʨ, ʤʘʣʦʝ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ 2.5Ā10-7 ʅ/ʤ 

ʚ ʨʘʙʦʪʝ [77] ʦʙʲʷʩʥʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʜʠʥʘʤʠʢʘ ʚʦ ʚʨʘʱʘʶʱʝʤʩʷ 

ʪʝʥʟʠʦʤʝʪʨʝ ï ʧʝʨʝʤʝʰʠʚʘʥʠʝ ʧʨʠ ʵʪʦʤ ʧʨʦʠʩʭʦʜʠʪ ʟʥʘʯʠʪʝʣʴʥʦ ʙʳʩʪʨʝʝ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʚ ʩʣʫʯʘʝ ʩʤʝʰʠʚʘʶʱʠʭʩʷ ʩʠʩʪʝʤ ʚʦʟʥʠʢʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʠʟʫʯʝʥʠʷ 

ʚʨʝʤʝʥʥʦʡ ʵʚʦʣʶʮʠʠ ʢʘʧʠʣʣʷʨʥʳʭ ʩʠʣ, ʯʪʦ ʠʛʥʦʨʠʨʫʝʪʩʷ ʚ ʤʥʦʛʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ.  

 

ʇʨʠ ʠʟʫʯʝʥʠʠ ʜʚʫʭʬʘʟʥʳʭ ʞʠʜʢʦʩʪʝʡ ʤʝʪʦʜʦʤ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʦʩʥʦʚʥʦʡ 

ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʨʘʩʩʤʦʪʨʝʥʠʶ ʜʚʠʞʝʥʠʷ ʢʦʥʪʘʢʪʥʦʡ ʣʠʥʠʠ ʚʙʣʠʟʠ ʪʚʝʨʜʦʡ 

ʛʨʘʥʠʮʳ, ʯʪʦ ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʣʦʞʥʦʩʪʴ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ 

ʜʚʫʭʬʘʟʥʳʭ ʪʝʯʝʥʠʡ ʚ ʢʘʧʠʣʣʷʨʝ [78]. ʉʪʘʥʜʘʨʪʥʦʝ ʫʩʣʦʚʠʝ ʧʨʠʣʠʧʘʥʠʷ (Ἶ = 0), ʧʦ-

ʚʠʜʠʤʦʤʫ, ʥʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜʚʠʞʝʥʠʶ ʢʦʥʪʘʢʪʥʦʡ ʣʠʥʠʠ, ʥʘʙʣʶʜʘʝʤʦʤʫ ʚ 

ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ. ɼʣʷ ʨʝʰʝʥʠʷ ʜʘʥʥʦʡ ʧʨʦʙʣʝʤʳ ʚ ʪʨʘʜʠʮʠʦʥʥʳʭ 

ʤʦʜʝʣʷʭ ʩ ʨʝʟʢʦʡ ʛʨʘʥʠʮʝʡ ʨʘʟʜʝʣʘ ʚʚʦʜʷʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʫʩʣʦʚʠʷ ʥʘ ʪʚʝʨʜʦʡ 

ʩʪʝʥʢʝ: ʥʘʧʨʠʤʝʨ, ʫʩʣʦʚʠʝ ʥʘ ʩʢʦʨʦʩʪʴ ʪʝʯʝʥʠʷ ʚʜʦʣʴ ʩʪʝʥʢʠ (ὺ   

ὺ ὒ
ὺ

ώ
πȟ  (1.20) 

ʚ ʢʦʪʦʨʦʤ ʚʚʦʜʠʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʧʘʨʘʤʝʪʨ ὒ ï çʜʣʠʥʘ ʩʢʦʣʴʞʝʥʠʷè. ʆʜʥʘʢʦ, 

ʢʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ɾʘʢʤʠʥʦʤ [79], ʜʚʠʞʝʥʠʝ ʢʦʥʪʘʢʪʥʦʡ ʣʠʥʠʠ ʝʩʪʝʩʪʚʝʥʥʳʤ 

ʦʙʨʘʟʦʤ ʧʦʣʫʯʘʝʪʩʷ ʠʟ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʡ ʤʦʜʝʣʠ ʬʘʟʦʚʦʛʦ ʧʦʣʷ (ʫʨʘʚʥʝʥʠʷ  

(1.10)-(1.12)) ʙʝʟ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʚʚʦʜʘ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ.  
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 ɾʘʢʤʠʥ ʚʳʧʦʣʥʠʣ ʨʘʩʯʝʪ ʜʚʫʭʬʘʟʥʦʛʦ ʪʝʯʝʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʨʝʘʣʠʩʪʠʯʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʠʬʬʫʟʠʠ ʩʠʩʪʝʤʳ ʞʠʜʢʦʩʪʴ-ʞʠʜʢʦʩʪʴ ʠ ʤʦʜʝʣʠ 

ʩʜʚʠʛʦʚʦʛʦ ʩʢʦʣʴʞʝʥʠʷ ʥʘ ʪʚʝʨʜʦʡ ʛʨʘʥʠʮʝ (ʫʨʘʚʥʝʥʠʝ (1.20)). ɺ [79] ʠʤ ʙr ʣʦ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʤʝʭʘʥʠʟʤ ʜʠʬʬʫʟʠʠ ʩ ʫʩʣʦʚʠʝʤ ʧʨʠʣʠʧʘʥʠʷ ʩʧʦʩʦʙʝʥ 

ʧʦʜʜʝʨʞʠʚʘʪʴ ʤʝʞʬʘʟʥʫʶ ʛʨʘʥʠʮʫ ʧʨʠ ʟʥʘʯʝʥʠʷʭ ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʠʬʬʫʟʠʠ, 

ʙʦʣʴʰʠʭ Ὀz ~10-11 ̍ Ⱦ̒ (ʧʨʠ Ὀz ~10-12 ̍ Ⱦ̒ ʢʦʥʪʘʢʪʥʘʷ ʣʠʥʠʷ ʩʦʭʨʘʥʷʝʪʩʷ, ʥʦ 

ʥʘʙʣʶʜʘʶʪʩʷ ʠʩʢʘʞʝʥʠʷ, ʧʨʠ Ὀz ~10-13 ̍ Ⱦ̒  ʦʥʘ ʧʦʣʥʦʩʪʴʶ ʨʘʟʨʫʰʘʝʪʩʷ). ɼʣʷ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʠʬʬʫʟʠʠ Ὀz ~10-10 ̍ Ⱦ̒ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ὒ ͯ 10-9 

ʜʠʬʬʫʟʠʦʥʥʳʡ ʵʬʬʝʢʪ ʧʦʜʜʝʨʞʠʚʘʥʠʷ ʢʦʥʪʘʢʪʥʦʡ ʣʠʥʠʠ ʠ ʵʬʬʝʢʪ çʩʢʦʣʴʞʝʥʠʷè 

ʷʚʣʷʶʪʩʷ ʩʦʧʦʩʪʘʚʠʤʳʤʠ, ʧʨʠ ʙʦӢʣʴʰʠʭ ʟʥʘʯʝʥʠʷʭ ὒ ʜʦʤʠʥʠʨʫʶʱʠʤ ʦʢʘʟʳʚʘʝʪʩʷ 

ʚʣʠʷʥʠʝ çʩʢʦʣʴʞʝʥʠʷè, ʧʨʠ ʤʝʥʴʰʠʭ ï ʜʠʬʬʫʟʠʠ, ʚ ʪʦ ʞʝ ʚʨʝʤʷ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʚ  

[79] ʜʣʷ Ὀz ~10-10 ̍ Ⱦ̒ ʨʝʘʣʠʩʪʠʯʥʳʤ ʷʚʣʷʝʪʩʷ ʟʥʘʯʝʥʠʝ ὒ  3Ā10-10.  

 ɺ ʜʠʩʩʝʨʪʘʮʠʠ ʙʦʣʴʰʠʥʩʪʚʦ ʨʘʩʯʝʪʦʚ ʧʦ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʚʳʪʝʩʥʝʥʠʷ ʦʜʥʦʡ 

ʞʠʜʢʦʩʪʠ ʜʨʫʛʦʡ ʚʳʧʦʣʥʝʥʳ ʜʣʷ ʯʠʩʣʘ 0Å 104, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ  Ὀz ~10-10 ̍ Ⱦ̒ 

ʧʨʠ ʜʠʘʤʝʪʨʝ ʢʘʧʠʣʣʷʨʘ Ὠ ͯ 10-4 ʤ, ʠ ʭʘʨʘʢʪʝʨʥʦʡ ʩʢʦʨʦʩʪʠ ʪʝʯʝʥʠʷ ὺz  ͯ10-2 ʤ /ʩ.  

ʉʝʨʠʷ ʨʘʩʯʝʪʦʚ ʪʘʢʞʝ ʧʨʦʚʝʜʝʥʘ ʜʣʷ 0Å 103..105. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ 

ʠʩʧʦʣʴʟʫʝʤʳʭ ʧʘʨʘʤʝʪʨʘʭ ʜʠʥʘʤʠʢʘ ʢʦʥʪʘʢʪʥʦʡ ʣʠʥʠʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʣʠʰʴ 

ʤʝʭʘʥʠʟʤʦʤ ʜʠʬʬʫʟʠʠ ʙʝʟ ʚʚʦʜʘ ʚ ʤʦʜʝʣʴ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ.  

 ɹʦʣʴʰʦʝ ʯʠʩʣʦ ʨʘʙʦʪ ʧʦʩʚʷʱʝʥʦ ʫʩʣʦʚʠʷʤ ʩʤʘʯʠʚʘʥʠʷ ʧʨʠ ʜʚʠʞʝʥʠʠ ʚ 

ʢʘʧʠʣʣʷʨʝ [79,80,92-94]. ɺ ʜʘʥʥʳʭ ʨʘʙʦʪʘʭ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʧʦʜʭʦʜ, ʧʨʝʜʣʦʞʝʥʥʳʡ 

ɾʘʢʤʠʥʦʤ [79], ʚ ʢʦʪʦʨʦʤ ʫʩʣʦʚʠʝ ʩʤʘʯʠʚʘʥʠʷ ʠʤʝʝʪ ʚʠʜ: 

‖Ͻ
ὅ

ὲ
—

Ὣ

ὅ
πȟ (1.21) 

ʛʜʝ ὲ ï ʢʦʦʨʜʠʥʘʪʘ, ʥʦʨʤʘʣʴʥʘʷ ʢ ʪʚʝʨʜʦʡ ʩʪʝʥʢʝ, —  ï ʥʝʢʦʪʦʨʘʷ ʬʫʥʢʮʠʷ ʦʪ 

ʩʪʘʪʠʯʝʩʢʦʛʦ ʫʛʣʘ ʩʤʘʯʠʚʘʥʠʷ —, Ὣὅ ï ʣʦʢʘʣʴʥʘʷ ʵʥʝʨʛʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʥʘʪʷʞʝʥʠʷ (ʵʥʝʨʛʠʷ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʞʠʜʢʦʩʪʴ-ʪʚʝʨʜʦʝ ʪʝʣʦ). ɼʠʥʛ [93] ʧʦʢʘʟʘʣ, 

ʯʪʦ ʚʦʟʤʦʞʝʥ ʵʢʚʠʚʘʣʝʥʪʥʳʡ çʛʝʦʤʝʪʨʠʯʝʩʢʠʡè ʚʳʚʦʜ ʫʩʣʦʚʠʷ ʩʤʘʯʠʚʘʥʠʷ, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʚʳʨʘʞʝʥʠʶ:  
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ὅ

ὲ
ȿɳὅȿÃÏÓ— (1.22) 

ɺ ʜʠʩʩʝʨʪʘʮʠʠ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʥʝʡʪʨʘʣʴʥʳʡ ʫʛʦʣ ʩʤʘʯʠʚʘʥʠʷ — 90Á,  

ὅȾὲ 0. 

ɺ ʩʪʘʪʴʝ [92] ʧʨʦʚʦʜʠʣʦʩʴ ʩʨʘʚʥʝʥʠʝ ʜʚʫʭ ʤʦʜʝʣʝʡ: 1) ʤʦʜʝʣʴ ʬʘʟʦʚʦʛʦ ʧʦʣʷ 

ʜʣʷ ʢʚʘʟʠʩʞʠʤʘʝʤʦʡ ʞʠʜʢʦʩʪʠ, ʧʨʝʜʣʦʞʝʥʥʘʷ ʃʦʚʝʥʛʨʫʙʦʤ ʠ ʊʨʫʰʢʠʥʦʚʩʢʠʤ [47] 

ʠ 2) ʤʦʜʝʣʴ ʩ ʥʝʩʞʠʤʘʝʤʦʡ ʞʠʜʢʦʩʪʴ,ʁ ʘʥʘʣʦʛʠʯʥʘʷ ʠʩʧʦʣʴʟʫʝʤʦʡ ʚ ʜʠʩʩʝʨʪʘʮʠʠ. 

ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʦʜʝʣʴ ʃʦʚʝʥʛʨʫʙʘ ʠ ʊʨʫʰʢʠʥʦʚʩʢʠ ʤʝʥʝʝ ʫʩʪʦʡʯʠʚʘ ʧʨʠ 

ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʝʪʘʭ. ʊʝʨʤʠʥ çʢʚʘʟʠʩʞʠʤʘʝʤʦʩʪʴè ʫʢʘʟʳʚʘʝʪ ʥʘ ʩʞʠʤʘʝʤʦʩʪʴ 

ʞʠʜʢʦʩʪʠ ʚ ʧʝʨʝʭʦʜʥʦʤ ʤʝʞʬʘʟʥʦʤ ʩʣʦʝ, ʪʦʛʜʘ ʢʘʢ ʚ ʦʩʪʘʣʴʥʦʡ ʯʘʩʪʠ ʩʠʩʪʝʤʳ 

ʞʠʜʢʦʩʪʴ ʥʝʩʞʠʤʘʝʤʘ. ʀʟʤʝʥʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʚ ʜʘʥʥʦʡ ʤʝʞʬʘʟʥʦʡ ʟʦʥʝ ʪʨʝʙʫʝʪ 

ʧʝʨʝʤʝʱʝʥʠʷ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʤʘʩʩʳ ʚ ʦʢʨʫʞʘʶʱʝʡ ʥʝʩʞʠʤʘʝʤʦʡ 

(ʯʠʩʪʦʡ) ʬʘʟʝ, ʯʪʦ ʠ ʧʨʠʚʦʜʠʪ ʢ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤ ʪʨʫʜʥʦʩʪʷʤ.  

ɺ ʨʘʙʦʪʝ [80] ʤʝʪʦʜ ʬʘʟʦʚʦʛʦ ʧʦʣʷ (ʩ ʨʘʟʣʠʯʥʳʤʠ ʤʦʜʠʬʠʢʘʮʠʷʤʠ) 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʠʟʫʯʝʥʠʷ ʫʩʣʦʚʠʡ ʩʤʘʯʠʚʘʥʠʷ, ʧʨʠʚʦʜʷʪʩʷ ʥʝʢʦʪʦʨʳʝ 

ʚʳʯʠʩʣʝʥʠʷ ʠ ʩʨʘʚʥʝʥʠʝ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʊʝʡʣʦʨʘ [67], ʦʜʥʘʢʦ ʦʩʥʦʚʥʦʡ ʘʢʮʝʥʪ 

ʜʝʣʘʝʪʩʷ ʥʘ ʠʟʫʯʝʥʠʠ ʩʪʘʪʠʯʝʩʢʦʡ ʢʘʧʣʠ ʚ ʢʘʧʠʣʣʷʨʝ. ɸʚʪʦʨʘʤʠ ʪʘʢʞʝ ʠʟʫʯʘʣʘʩʴ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʬʨʦʥʪʘ ʚʳʪʝʩʥʝʥʠʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʧʘʨʘʤʝʪʨʘʭ ʚʷʟʢʦʩʪʠ ʚ ʷʯʝʡʢʝ 

ʍʝʣʝ-ʐʦʫ [81]. ʇʨʠ ʵʪʦʤ ʤʦʜʝʣʴ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʚ ʨʘʙʦʪʘʭ [80,81] ʦʙʣʘʜʘʝʪ 

ʥʝʜʦʩʪʘʪʢʦʤ: ʧʨʠʩʫʪʩʪʚʫʝʪ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ.  

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʚʳʪʝʩʥʝʥʠʷ ʤʝʪʦʜʦʤ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʚ ʢʘʧʠʣʣʷʨʝ 

ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʨʘʙʦʪʝ [82], ʧʨʠ ʵʪʦʤ ʦʩʥʦʚʥʦʡ ʮʝʣʴʶ ʙʳʣʦ ʧʦʜʢʨʝʧʣʝʥʠʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʨʘʙʦʪʳ ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ. ʇʨʠ ʵʪʦʤ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʚʘ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʤʝʞʬʘʟʥʳʭ ʥʘʧʨʷʞʝʥʠʡ: 1) ʢʣʘʩʩʠʯʝʩʢʦʝ ʜʣʷ 

ʤʝʪʦʜʘ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʚʳʨʘʞʝʥʠʝ ὅɳ ‘ ʠ 2) ʭʘʨʘʢʪʝʨʥʦʝ ʜʣʷ ʤʝʪʦʜʘ level-set 

ʚʳʨʘʞʝʥʠʝ ‖ὅὅ ὅɳ.  ʉʨʘʚʥʝʥʠʝ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʚ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʥʘʙʣʶʜʘʝʪʩʷ 

ʣʫʯʰʝʝ ʩʦʛʣʘʩʠʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ, ʚʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʜʘʚʘʣʦ ʟʘʚʳʰʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʜʣʷ ʩʢʦʨʦʩʪʠ ʪʝʯʝʥʠʷ.  
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ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʜʠʥʘʤʠʢʠ ʚʳʪʝʩʥʝʥʠʷ ʚ ʢʘʧʠʣʣʷʨʝ ʠʥʪʝʨʝʩʥʦ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʧʨʠʤʝʥʝʥʠʷ ʟʥʘʥʠʡ ʦ ʜʠʥʘʤʠʢʝ ʚʳʪʝʩʥʝʥʠʷ ʢ ʧʦʨʠʩʪʦʡ ʩʨʝʜʝ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʤʠʢʨʦʫʨʦʚʥʝ ʩ ʧʦʤʦʱʴʶ ʤʦʜʝʣʠ ʩʝʪʠ ʩʚʷʟʘʥʥʳʭ ʤʝʞʜʫ ʩʦʙʦʡ 

ʢʘʧʠʣʣʷʨʦʚ. ɺ ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ, ʢʦʥʝʯʥʦ, ʪʘʢʘʷ ʤʦʜʝʣʴ ʷʚʣʷʝʪʩʷ ʫʧʨʦʱʝʥʠʝ 

ʨʝʘʣʴʥʦʡ ʙʦʣʝʝ ʩʣʦʞʥʦʡ ʥʝʨʝʛʫʣʷʨʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʨʠʩʪʳʭ ʩʨʝʜ.  

ʅʘʧʨʠʤʝʨ, ʚ [83] ʧʨʠ ʧʦʧʳʪʢʝ ʫʯʝʩʪʴ ʨʘʟʣʠʯʥʳʝ ʥʝʨʝʛʫʣʷʨʥʦʩʪʠ ʠ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʚ ʧʦʨʠʩʪʦʡ ʩʨʝʜʝ ʧʦʪʨʝʙʦʚʘʣʦʩʴ 1283 ʩʪʨʫʢʪʫʨʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʯʪʦ 

ʝʜʚʘ ʣʠ ʨʝʘʣʠʟʫʝʤʦ ʤʝʪʦʜʘʤʠ ʧʨʷʤʦʛʦ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ɺ ʨʘʩʯʝʪʘʭ 

ʧʦʜʦʙʥʦʛʦ ʨʦʜʘ ʠʩʧʦʣʴʟʫʶʪʩʷ ʫʧʨʦʱʝʥʥʳʝ ʤʦʜʝʣʠ, ʛʜʝ, ʥʘʧʨʠʤʝʨ, ʟʘʜʘʝʪʩʷ ʨʘʩʭʦʜ 

ʪʝʯʝʥʠʷʭ ʚ ʢʘʧʠʣʣʷʨʝ ʠʩʭʦʜʷ ʠʟ ʧʨʦʬʠʣʷ ʪʝʯʝʥʠʷ ʇʫʘʟʝʡʣʷ, ʠ ʜʣʷ ʜʘʥʥʦʡ ʚʝʣʠʯʠʥʳ 

ʨʘʩʭʦʜʘ ʩʪʨʦʠʪʩʷ ʦʧʨʝʜʝʣʝʥʥʘʷ ʫʧʨʦʱʝʥʥʘʷ ʤʦʜʝʣʴ (ʩʦʩʪʦʷʱʘʷ ʠʟ ʘʣʛʝʙʨʘʠʯʝʩʢʠʭ 

ʠʣʠ ʦʜʥʦʨʦʜʥʳʭ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ) [84-86].  

ʅʘʤʠ ʩʪʘʚʠʪʩʷ ʟʘʜʘʯʘ ʧʦʣʥʦʩʪʴʶ ʨʘʟʨʝʰʠʪʴ ʟʘʜʘʯʫ ʦʙ ʵʚʦʣʶʮʠʠ ʛʨʘʥʠʮʳ 

ʨʘʟʜʝʣʘ ʚ ʤʘʪʨʠʮʝ ʢʘʧʠʣʣʷʨʦʚ. ʇʦʭʦʞʠʝ ʨʘʩʯʝʪʳ ʚʳʧʦʣʥʝʥʳ ʚ ʨʘʙʦʪʘʭ [87-91], ʚ 

ʢʦʪʦʨʳʭ ʤʦʜʝʣʠʨʦʚʘʣʘʩʴ ʦʛʨʘʥʠʯʝʥʥʘʷ ʦʙʣʘʩʪʴ ʠʟ ʧʦʨʳ ʠ ʥʝʩʢʦʣʴʢʠʭ ʢʘʧʠʣʣʷʨʦʚ, 

ʣʠʙʦ ñYò-ʦʙʨʘʟʥʦʝ ʩʦʝʜʠʥʝʥʠʝ ʢʘʧʠʣʣ̫ʨʦʚ. ʅʘʤʠ ʞʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩ̫ ʙʦӢʣʴʰʠʡ 

ʦʙʲʝʤ ʧʦʨʠʩʪʦʡ ʩʨʝʜʳ, ʚʢʣʶʯʘʶʱʠʡ ʚ ʩʝʙʷ ʤʥʦʞʝʩʪʚʦ ʧʦʨ ʠ ʢʘʧʠʣʣʷʨʦʚ, ʩ ʮʝʣʴʶ 

ʧʦʥʷʪʴ, ʢʘʢ ʦʩʦʙʝʥʥʦʩʪʠ ʪʝʯʝʥʠʷ ʞʠʜʢʦʩʪʠ ʟʘʚʠʩʷʪ ʦʪ ʨʘʟʤʝʨʦʚ ʤʘʪʨʠʮʳ, ʚʳʚʝʩʪʠ 

ʘʩʠʤʧʪʦʪʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʥʪʝʛʨʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʢʦʪʦʨʳʝ ʙʳ ʥʝ 

ʟʘʚʠʩʝʣʠ ʦʪ ʨʘʟʤʝʨʦʤ ʤʘʪʨʠʮʳ.  
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1.2.2 ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ 

 

ɿʘʜʘʯʘ ʦ ʚʳʪʝʩʥʝʥʠʠ ʦʜʥʦʡ ʞʠʜʢʦʩʪʠ ʜʨʫʛʦʡ ʚ ʦʜʠʥʦʯʥʦʤ ʢʘʧʠʣʣʷʨʝ 

ʨʝʰʘʣʘʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʡ ʪʝʦʨʠʠ ʬʘʟʦʚʦʛʦ ʧʦʣʷ (1.10)-(1.13).  ɺ 

ʙʝʟʨʘʟʤʝʨʥʦʤ ʚʠʜʝ ʜʘʥʥʳʝ ʫʨʘʚʥʝʥʠʷ ʧʨʠʥʠʤʘʶʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

ÄÉÖ Ἶ πȟ (1.23) 

Ἶ

ὸ
ἾϽɳ Ἶ ὴɳ

ρ

2Å
ᶯἾ

ρ

ὓ
ὅɳ‘ȟ (1.24) 

 
ὅ

ὸ
ἾϽɳ ὅ

ρ

0Å
ᶯ‘ȟ (1.25) 

‘
Ὢ

ὅ
#Îɳὅ (1.26) 

ɺ ʢʘʯʝʩʪʚʝ ʝʜʠʥʠʮ ʜʣʠʥʳ, ʩʢʦʨʦʩʪʠ, ʚʨʝʤʝʥʠ, ʜʘʚʣʝʥʠʷ ʠ ʭʠʤʠʯʝʩʢʦʛʦ 

ʧʦʪʝʥʮʠʘʣʘ ʚʳʙʨʘʥʳ ʚʝʣʠʯʠʥʳ Ὠȟὠ ȟὨὠϳ ȟ”zὠ ȟ‘z, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɿʜʝʩʴ 

Ὠ ï ʜʠʘʤʝʪʨ ʢʘʧʠʣʣʷʨʘ, ὠ  ï ʤʘʢʩʠʤʘʣʴʥʘʷ ʩʢʦʨʦʩʪʴ, ”z ʠ ‘z ï ʭʘʨʘʢʪʝʨʥʳʝ 

ʟʥʘʯʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ. ɺ ʢʘʯʝʩʪʚʝ çʢʣʘʩʩʠʯʝʩʢʦʡè ʯʘʩʪʠ 

ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʚʳʙʨʘʥʘ ʬʫʥʢʮʠʷ ʃʘʥʜʘʫ (1.15):  Ὢ ὃὅ ὅ, ʛʜʝ ὃ ὥȾὦ.  

ʋʨʘʚʥʝʥʠʷ (1.23)-(1.26) ʩʦʜʝʨʞʘʪ ʩʣʝʜʫʶʱʠʝ ʙʝʟʨʘʟʤʝʨʥʳʝ ʧʘʨʘʤʝʪʨʳ: ʯʠʩʣʘ 

ʈʝʡʥʦʣʴʜʩʘ (2Å), ʇʝʢʣʝ (0Å, ʄʘʭʘ (ὓ), ʂʘʥʘ (#Î): 

2Å
”zὠ Ὠ

–z
ȟ0Å

”zὠ Ὠ

‘z
ȟὓ

ὠ

‘z
ȟ#Î



‘zὨ
Ȣ 

ʏʠʩʣʦ ʈʝʡʥʦʣʴʜʩʘ ʟʘʜʘʝʪ ʦʪʥʦʰʝʥʠʝ ʩʠʣ ʠʥʝʨʮʠʠ ʢ ʩʠʣʘʤ ʚʷʟʢʦʛʦ ʪʨʝʥʠʷ. 

ʏʠʩʣʦ ʇʝʢʣʝ ʦʧʨʝʜʝʣʷʝʪ ʨʦʣʴ ʜʠʬʬʫʟʠʠ. ʏʠʩʣʦ ʄʘʭʘ ʦʪʚʝʪʩʪʚʝʥʥʦ ʟʘ ʨʦʣʴ 

ʢʘʧʠʣʣʷʨʥʳʭ ʵʬʬʝʢʪʦʚ ʚ ʫʨʘʚʥʝʥʠʠ ʅʘʚʴʝ-ʉʪʦʢʩʘ, ʯʠʩʣʦ ʂʘʥʘ ʦʧʨʝʜʝʣʷʝʪ ʪʦʣʱʠʥʫ 

ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ  #ÎȾὃ [169]. 
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 ʅʘ ʨʠʩ. 1.5 ʧʨʝʜʩʪʘʚʣʝʥʘ ʛʝʦʤʝʪʨʠʷ ʟʘʜʘʯʠ: ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʢʘʧʠʣʣʷʨ 

ʟʘʧʦʣʥʝʥ ʦʜʥʦʡ ʞʠʜʢʦʩʪʴʶ, ʩ ʣʝʚʦʛʦ ʢʦʥʮʘ ʢʘʧʠʣʣʷʨʘ ʧʨʦʠʩʭʦʜʠʪ ʟʘʢʘʯʢʘ ʜʨʫʛʦʡ 

ʞʠʜʢʦʩʪʠ ʧʦʜ ʜʘʚʣʝʥʠʝʤ, ʚʳʭʦʜʥʦʡ (ʧʨʘʚʳʡ) ʢʦʥʝʮ ʩʯʠʪʘʝʪʩ ̫ʦʪʢʨʳʪʳʤ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʫʨʘʚʥʝʥʠʷ (1.23)-(1.26) ʜʦʧʦʣʥʷʶʪʩʷ ʩʣʝʜʫʶʱʠʤʠ ʛʨʘʥʠʯʥʳʤʠ 

ʫʩʣʦʚʠʷʤʠ: ʥʘ ʪʚʝʨʜʳʭ ʩʪʝʥʢʘʭ,  

ώ πȟρȡἾ πȟ 
ὴ

ώ

ρ

2Å

ὺ

ώ
ȟ  
‘

ώ
πȟ
ὅ

ώ
πȟ (1.27) 

ʥʘ ʣʝʚʦʡ ʩʪʝʥʢʝ, 

ὼ πȡ 
Ἶ

ὼ
πȟὴ ὴȟ

‘

ὼ
πȟὅ 0.5ȟ (1.28) 

ʥʘ ʧʨʘʚʦʡ ʩʪʝʥʢʝ, 

ὼ ὒȡ 
Ἶ

ὼ
πȟὴ πȟ

‘

ὼ
πȟ
ὅ

ὼ
πȢ (1.29) 

ʅʘʯʘʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ ʩʠʩʪʝʤʳ ï ʤʝʭʘʥʠʯʝʩʢʦʝ ʨʘʚʥʦʚʝʩʠʝ ʩ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ 

ʢʦʥʮʝʥʪʨʘʮʠʠ, ʢʦʪʦʨʦʝ ʟʘʜʘʝʪʩʷ ʬʦʨʤʫʣʦʡ (1.30) 

ὅ
ρ

ς
ÔÁÎÈ

ὼ ὼ


Ȣ (1.30) 

ʂʘʢ ʠʟʚʝʩʪʥʦ, ʚ ʩʣʫʯʘʝ ʦʜʥʦʬʘʟʥʦʛʦ ʪʝʯʝʥʠʷ ʚ ʢʘʧʠʣʣʷʨʝ/ʪʨʫʙʝ 

ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʧʨʦʬʠʣʴ ʇʫʘʟʝʡʣʷ ʩ ʧʘʨʘʙʦʣʠʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦʩʪʴʶ ʩʢʦʨʦʩʪʠ ʦʪ 

ʧʦʧʝʨʝʯʥʦʡ ʢʦʦʨʜʠʥʘʪʳ. ɿʥʘʯʝʥʠʝ ʜʘʚʣʝʥʠʷ ʥʘ ʣʝʚʦʡ ʩʪʝʥʢʝ ʟʘʜʘʝʪʩʷ ʢʘʢ ὴ

8ὒȾ2Å ʠ ʚʳʙʠʨʘʝʪʩʷ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʚ ʩʣʫʯʘʝ ʦʜʥʦʬʘʟʥʦʛʦ ʪʝʯʝʥʠʷ ʤʘʢʩʠʤʫʤ 

ʩʢʦʨʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣ ʝʜʠʥʠʮʝ, ʧʨʦʬʠʣʴ ʪʝʯʝʥʠʷ ʧʨʠ ʵʪʦʤ ὺ τώρ ώ. 

ʈʠʩʫʥʦʢ 1.5. ɺʳʪʝʩʥʝʥʠʝ ʚ ʢʘʧʠʣʣʷʨʝ, ʢʦʥʬʠʛʫʨʘʮʠʷ ʟʘʜʘʯʠ. 

x 

y 
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 ʋʨʘʚʥʝʥʠʷ (1.23)-(1.26) ʯʠʩʣʝʥʥʦ ʨʝʰʘʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʜʨʦʙʥʳʭ 

ʰʘʛʦʚ (ʤʝʪʦʜ ʧʨʦʝʢʮʠʡ) ʚ ʝʩʪʝʩʪʚʝʥʥʳʭ ʧʝʨʝʤʝʥʥʳʭ ʩʢʦʨʦʩʪʴ-ʜʘʚʣʝʥʠʝ [95], ʚ 

ʢʘʯʝʩʪʚʝ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʙʳʣ ʚʳʙʨʘʥ ʤʝʪʦʜ ʢʦʥʝʯʥʳʭ ʨʘʟʥʦʩʪʝʡ ʩ ʷʚʥʦʡ ʩʭʝʤʦʡ ʧʦ 

ʚʨʝʤʝʥʠ.  ʉʫʪʴ ʜʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ: 1) ʨʝʰʘʝʪʩʷ 

ʫʨʘʚʥʝʥʠʝ ʅʘʚʴʝ-ʉʪʦʢʩʘ (1.24) ʙʝʟ ʫʯʝʪʘ ʚʢʣʘʜʘ ʜʘʚʣʝʥʠʷ ï ʧʦʣʫʯʘʝʤ ʟʥʘʯʝʥʠʝ ʜʣʷ 

ʥʝʢʦʪʦʨʦʡ ʧʨʦʤʝʞʫʪʦʯʥʦʡ ʢʚʘʟʠʩʢʦʨʦʩʪʠ Ἵ. ʀʩʪʠʥʥʘʷ ʩʢʦʨʦʩʪʴ (Ἶ) ʧʨʠ ʵʪʦʤ 

ʚʳʨʘʞʘʝʪʩʷ ʯʝʨʝʟ ʢʚʘʟʠʩʢʦʨʦʩʪʴ Ἵ ʠ ʜʘʚʣʝʥʠʝ 

Ἶ Ἵ †ɳὴ, (1.31) 

ʛʜʝ † ï ʚʨʝʤʝʥʥʦʡ ʰʘʛ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ.  2) ʇʨʠʤʝʥʷʷ ʦʧʝʨʘʮʠʶ ʜʠʚʝʨʛʝʥʮʠʠ ʢ 

ʫʨʘʚʥʝʥʠʶ (1.31), ʧʦʣʫʯʘʝʤ ʫʨʘʚʥʝʥʠʝ ʇʫʘʩʩʦʥʘ ʜʣʷ ʜʘʚʣʝʥʠʷ: 

ᶯὴ
ÄÉÖ Ἵ

†
 ȟ (1.32) 

ʢʦʪʦʨʦʝ ʨʝʰʘʝʪʩʷ ʠʪʝʨʘʮʠʦʥʥʳʤ ʩʧʦʩʦʙʦʤ. 3) ʅʘ ʧʦʩʣʝʜʥʝʤ ʵʪʘʧʝ ʧʦʣʫʯʘʝʤ 

ʟʥʘʯʝʥʠʝ ʠʩʪʠʥʥʦʡ ʩʢʦʨʦʩʪʠ ʠʟ ʚʳʨʘʞʝʥʠʷ (1.31). ɹʦʣʝʝ ʧʦʜʨʦʙʥʦ ʧʨʦʮʝʜʫʨʘ 

ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʦʧʠʩʘʥʘ ʚ ʧʨʠʣʦʞʝʥʠʠ ɸ. 
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1.2.3 ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

 

ʅʝʩʤʝʰʠʚʘʶʱʠʝʩʷ ʞʠʜʢʦʩʪʠ, ═ = ï 0.5 

ɼʣʷ ʧʨʦʚʝʨʢʠ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʧʨʦʛʨʘʤʤʳ ʩʥʘʯʘʣʘ ʥʘʙʣʶʜʘʣʦʩʴ 

ʫʩʪʘʥʦʚʣʝʥʠʝ ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʧʨʦʬʠʣʷ ʪʝʯʝʥʠʷ ʇʫʘʟʝʡʣʷ, ʢʦʪʦʨʳʡ ʨʝʘʣʠʟʫʝʪʩʷ ʧʨʠ 

ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʠʭ ʯʠʩʣʘʭ ʄʘʭʘ (ὓ ~ 1, ʢʦʛʜʘ ʢʘʧʠʣʣʷʨʥʳʝ ʵʬʬʝʢʪʳ 

ʥʝʩʫʱʝʩʪʚʝʥʥʳ. ʇʨʠ ʧʨʦʚʝʨʢʝ ʩʭʦʜʠʤʦʩʪʠ ʨʝʟʫʣʴʪʘʪʦʚ ʜʣʷ ʨʘʟʣʠʯʥʳʭ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʩʝʪʦʢ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ὓ ʚʦʟʨʘʩʪʘʝʪ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚ ʙʦʣʝʝ ʪʦʯʥʦʤ ʨʘʟʨʝʰʝʥʠʠ. ʅʘ ʨʠʩ. 1.6 ʧʦʢʘʟʘʥʳ ʢʨʠʚʳʝ, 

ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ὓ=10-4 ʜʣʷ ʯʝʪʳʨʝʭ ʨʘʟʣʠʯʥʳʭ ʨʘʟʨʝʰʝʥʠʡ. ʅʘʙʣʶʜʘʝʪʩʷ 

ʩʭʦʜʠʤʦʩʪʴ ʧʨʠ ʧʦʩʪʝʧʝʥʥʦʤ ʫʚʝʣʠʯʝʥʠʠ ʯʠʩʣʘ ʫʟʣʦʚ ʥʘ ʝʜʠʥʠʮʫ ʜʣʠʥʳ. ʅʘ 

ʦʩʥʦʚʘʥʠʠ ʪʝʢʩʪʦʚʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʙʳʣ ʩʜʝʣʘʥ ʚʳʚʦʜ, ʯʪʦ ʨʘʟʨʝʰʝʥʠʝ 1/300 

ʷʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʳʤ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʦʨʨʝʢʪʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ.  

 

 

 

 

ʈʠʩʫʥʦʢ 1.6. ɿʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ ʢʦʥʮʘ ʤʝʥʠʩʢʘ (a) ʠ ʜʣʠʥʳ ʤʝʞʬʘʟʥʦʡ 

ʛʨʘʥʠʮʳ (b) ʦʪ ʚʨʝʤʝʥʠ. ɿʥʘʯʝʥʠʷ ʚ ʣʝʛʝʥʜʝ ʛʨʘʬʠʢʦʚ ï ʢʦʣʠʯʝʩʪʚʦ ʫʟʣʦʚ 

ʩʝʪʢʠ ʥʘ ʝʜʠʥʠʮʫ ʜʣʠʥʳ. ʇʘʨʘʤʝʪʨʳ: ὃ πȢυȟὓ ρπȟ#Î τϽ
ρπȟ2Å ρȟ0Å ρπ 
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 ʇʦʚʝʜʝʥʠʝ ʩʠʩʪʝʤʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʝʩʢʦʣʴʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ. ɺ ʯʘʩʪʥʦʩʪʠ, 

ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʜʠʥʘʤʠʢʫ ʦʢʘʟʳʚʘʝʪ ʟʥʘʯʝʥʠʝ ʯʠʩʣʘ ʄʘʭʘ. ʅʘ ʨʠʩ. 1.7 ʠ 

1.8 ʠʟʦʙʨʘʞʝʥʳ ʧʦʣʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʜʘʚʣʝʥʠʷ ʚ ʨʘʟʥʳʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ 

(ὸ =1,3,5) ʜʣʷ ʜʚʫʭ ʟʥʘʯʝʥʠʡ ὓȡ 10-2 ʠ 10-4. ʕʪʠ ʜʚʘ ʩʣʫʯʘʷ ʧʨʝʜʩʪʘʚʣʷʶʪ ʜʚʘ ʨʘʟʥʳʭ 

ʭʘʨʘʢʪʝʨʥʳʭ ʩʮʝʥʘʨʠʷ ʜʚʠʞʝʥʠʷ ʤʝʥʠʩʢʘ. ɺ ʩʣʫʯʘʝ ʙʦʣʝʝ ʚʳʩʦʢʦʛʦ ʯʠʩʣʘ ʄʘʭʘ 

ʚʳʪʝʩʥʝʥʠʝ ʞʠʜʢʦʩʪʠ ʠʟ ʪʨʫʙʢʠ ʠʤʝʝʪ ʧʘʣʴʮʝʦʙʨʘʟʥʫʶ ʬʦʨʤʫ, ʯʪʦ ʚʳʤʳʚʘʝʪ 

ʞʠʜʢʦʩʪʴ ʠʟ ʩʝʨʝʜʠʥʳ ʪʨʫʙʢʠ, ʧʨʠ ʵʪʦʤ ʦʩʪʘʚʣʷʷ ʥʝʢʦʪʦʨʳʡ ʦʙʲʝʤ ʞʠʜʢʦʩʪʠ 

ʚʙʣʠʟʠ ʩʪʝʥʦʢ ʢʘʧʠʣʣʷʨʘ. ɼʚʠʞʝʥʠʝ ʦʩʪʨʠʷ ʤʝʥʠʩʢʘ ʧʨʦʠʩʭʦʜʠʪ ʟʥʘʯʠʪʝʣʴʥʦ 

ʈʠʩʫʥʦʢ 1.7. ʇʦʣʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ ʨʘʟʣʠʯʥʳʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ ʜʣʷ ὓ
ρπ (a-c) ʠ ὓ ρπ (d-f). ʇʘʨʘʤʝʪʨʳ: ὃ πȢυȟ#Î τϽρπȟ0Å
ρπȟ2Å ρ. 

ὓ πȢπππρ ὓ πȢπρ 

ʈʠʩʫʥʦʢ 1.8. ʇʦʣʝ ʜʘʚʣʝʥʠʷ ʚ ʨʘʟʣʠʯʥʳʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ ʜʣʷ ὓ ρπ (a-

c) ʠ ὓ ρπ (d-f). ʇʘʨʘʤʝʪʨʳ: ὃ πȢυȟ#Î τϽρπȟ0Å ρπȟ2Å ρ. 
 

ὓ πȢπππρ ὓ πȢπρ 
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ʙʳʩʪʨʝʝ, ʯʝʤ ʜʚʠʞʝʥʠʝ ʢʦʥʪʘʢʪʥʦʡ ʣʠʥʠʠ ʚʙʣʠʟʠ ʪʚʝʨʜʳʭ ʩʪʝʥʦʢ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʧʦʩʪʦʷʥʥʦʤʫ ʨʘʩʪʷʛʠʚʘʥʠʶ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ.  

ɺʠʜʠʤʳʡ (ʜʠʥʘʤʠʯʝʩʢʠʡ) ʫʛʦʣ ʩʤʘʯʠʚʘʥʠʷ, ʦʧʨʝʜʝʣʷʶʱʠʡ ʬʦʨʤʫ ʛʨʘʥʠʮʳ 

ʨʘʟʜʝʣʘ ʦʢʦʣʦ ʩʪʝʥʢʠ, ʪʘʢʞʝ ʧʦʩʪʦʷʥʥʦ ʠʟʤʝʥʷʝʪʩʷ, ʩʪʘʥʦʚʷʩʴ ʤʝʥʴʰʝ. ʌʦʨʤʘ 

ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦʣʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ. ɹʣʘʛʦʜʘʨʷ ʛʨʘʥʠʯʥʦʤʫ 

ʫʩʣʦʚʠʶ ʜʣʷ ʢʦʥʮʝʥʪʨʘʮʠʠ, ʦʪʚʝʯʘʶʱʝʤʫ ʥʝʡʪʨʘʣʴʥʦʤʫ ʫʛʣʫ ʩʤʘʯʠʚʘʷ, ʠʟʦʣʠʥʠʠ 

ʧʦʣʷ ʢʦʥʮʝʥʪʨʘʮʠʠ, ʘ ʚʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ ʠ ʣʠʥʠʷ ʢʦʥʪʘʢʪʘ, ʚʩʝʛʜʘ ʦʩʪʘʶʪʩʷ 

ʦʨʪʦʛʦʥʘʣʴʥʳʤʠ ʩʪʝʥʢʝ. ʆʜʥʘʢʦ ʵʪʦ ʩʚʦʡʩʪʚʦ ʤʦʞʥʦ ʟʘʤʝʪʠʪʴ ʣʠʰʴ ʥʘ ʟʥʘʯʠʪʝʣʴʥʦ 

ʙʦʣʝʝ ʤʝʣʢʦʤ ʤʘʩʰʪʘʙʝ.  

ɺ ʩʣʫʯʘʝ ʤʝʥʴʰʝʛʦ ʯʠʩʣʘ ʄʘʭʘ ʤʝʥʠʩʢ ʩʪʘʥʦʚʠʪʩʷ ʤʝʥʝʝ ʚʳʨʘʞʝʥʥʳʤ, ʠ 

ʚʳʪʝʩʥʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʧʦʜʦʙʥʦ ʧʦʨʰʥʝʚʦʤʫ ʚʳʪʘʣʢʠʚʘʥʠʶ. ʅʘʙʣʶʜʘʝʪʩʷ ʧʦʣʥʦʝ 

ʚʳʪʝʩʥʝʥʠʝ ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʥʘʩʳʱʘʶʱʝʡ ʪʨʫʙʢʫ ʞʠʜʢʦʩʪʠ, ʘ ʩʢʦʨʦʩʪʴ ʤʝʥʠʩʢʘ ʧʨʠ 

ʵʪʦʤ ʟʥʘʯʠʪʝʣʴʥʦ ʥʠʞʝ, ʯʝʤ ʧʨʠ ʧʘʣʴʮʝʦʙʨʘʟʥʦʤ ʚʳʪʝʩʥʝʥʠʠ. 

ʀʟ ʨʠʩ. 1.8 ʚʠʜʥʦ, ʯʪʦ ʜʘʚʣʝʥʠʝ ʣʠʥʝʡʥʦ ʫʤʝʥʴʰʘʝʪʩʷ ʚʜʦʣʴ ʢʘʧʠʣʣʷʨʘ. 

ʀʟʦʣʠʥʠʠ ʜʘʚʣʝʥʠʷ ʚʙʣʠʟʠ ʤʝʥʠʩʢʘ ʩʫʱʝʩʪʚʝʥʥʦ ʩʛʫʱʘʶʪʩʷ ʠ ʠʩʢʨʠʚʣʷʶʪʩʷ, 

ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʤʝʞʬʘʟʥʘʷ ʛʨʘʥʠʮʘ ʪʘʢʞʝ ʤʦʞʝʪ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥʘ ʧʦ ʠʟʦʣʠʥʠʷʤ 

ʜʘʚʣʝʥʠ.̫ ɺ ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ, ʢʦʛʜʘ ʚʢʣʶʯʘʝʪʩʷ ʧʝʨʝʧʘʜ ʜʘʚʣʝʥʠʷ ʤʝʞʜʫ 

ʢʦʥʮʘʤʠ ʪʨʫʙʦʢ, ʞʠʜʢʦʩʪʠ ʥʘʭʦʜʷʪʩʷ ʚ ʩʦʩʪʦʷʥʠʠ ʧʦʢʦʷ. ɺʩʢʦʨʝ ʧʦʩʣʝ ʵʪʦʛʦ ʚ 

ʢʘʧʠʣʣʷʨʝ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʫʩʪʦʡʯʠʚʦʝ ʪʝʯʝʥʠʝ ʞʠʜʢʦʩʪʠ, ʧʨʠ ʵʪʦʤ ʧʦʪʦʢʠ ʥʘ 

ʚʭʦʜʝ ʠ ʚʳʭʦʜʝ ʦʩʪʘʶʪʩʷ ʧʦʩʪʦʷʥʥʳʤʠ; ʪʝʤ ʥʝ ʤʝʥʝʝ, ʚʦ ʚʨʝʤʷ ʵʪʦʛʦ ʜʚʠʞʝʥʠʷ 

ʦʜʥʘ ʞʠʜʢʦʩʪʴ ʚʳʪʝʩʥʷʝʪʩʷ ʜʨʫʛʦʡ, ʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʞʠʜʢʦʩʪʴ-

ʞʠʜʢʦʩʪʴ ʚʳʟʳʚʘʝʪ ʥʝʩʪʘʮʠʦʥʘʨʥʦʝ ʚʠʭʨʝʚʦʝ ʜʚʠʞʝʥʠʝ ʚ ʪʨʫʙʢʝ.  

ʅʘ ʨʠʩ. 1.9 (a) ʧʦʢʘʟʘʥʦ ʧʦʣʝ ʩʢʦʨʦʩʪʠ ʚ ʧʨʦʤʝʞʫʪʦʯʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ 

(ʤʝʥʠʩʢ ʦʢʦʣʦ ʩʝʨʝʜʠʥʳ ʪʨʫʙʢʠ). ɺʜʘʣʠ ʦʪ ʤʝʥʠʩʢʘ ʩʢʦʨʦʩʪʴ ʠʤʝʝʪ 

ʧʘʨʘʙʦʣʠʯʝʩʢʠʡ ʧʨʦʬʠʣʴ ʪʝʯʝʥʠʷ ʇʫʘʟʝʡʣʷ ï ʚʙʣʠʟʠ ʞʝ ʤʝʥʠʩʢʘ ʧʨʦʬʠʣʴ 

ʦʪʣʠʯʘʝʪʩʷ. ʅʘ ʨʠʩ. 1.9 (b) ʧʦʢʘʟʘʥʦ ʦʪʢʣʦʥʝʥʠʝ ʧʦʣʷ ʩʢʦʨʦʩʪʠ ʦʪ ʪʝʯʝʥʠʷ ʇʫʘʟʝʡʣʷ 

ï ʚʠʜʥʦ, ʯʪʦ ʚʙʣʠʟʠ ʢʦʥʮʘ ʤʝʥʠʩʢʘ ʠʤʝʝʪʩʷ ʦʙʨʘʪʥʦʝ ʪʝʯʝʥʠʝ, ʟʘʤʝʜʣʷʶʱʝʝ ʦʙʱʫʶ 

ʜʠʥʘʤʠʢʫ ʚʳʪʝʩʥʝʥʠʷ. 
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ʈʠʩʫʥʦʢ 1.9. (a) ʇʦʣʝ ʩʢʦʨʦʩʪʠ 

(ʩʪʨʝʣʢʠ), (b) ʧʦʣʝ ʩʢʦʨʦʩʪʠ ʟʘ 

ʚʳʯʝʪʦʤ ʪʝʯʝʥʠʷ ʇʫʘʟʝʡʣʷ. 

ʉʧʣʦʰʥʘʷ ʯʝʨʥʘʷ ʣʠʥʠʷ 

ʠʟʦʙʨʘʞʘʝʪ ʤʝʞʬʘʟʥʫʶ ʛʨʘʥʠʮʫ. 

ὸ σȢ ʇʘʨʘʤʝʪʨʳ: ὃ πȢυȟ#Î
τϽρπȟ0Å ρπȟ2Å ρ. 

(a) 

(b) 

ʈʠʩʫʥʦʢ 1.10. ɿʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ ʢʦʥʮʘ ʤʝʥʠʩʢʘ ʦʪ ʚʨʝʤʝʥʠ ʜʣʷ 

ʨʘʟʣʠʯʥʳʭ ʯʠʩʝʣ ʄʘʭʘ ʠ ʈʝʡʥʦʣʴʜʩʘ. ʇʘʨʘʤʝʪʨʳ: ὃ πȢυȟ#Î τϽρπȟ
0Å ρπȢ 
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ʅʘ ʨʠʩʫʥʢʘʭ 1.10 ʠ 1.11 ʧʦʢʘʟʘʥʳ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʚʠʞʝʥʠʷ ʤʝʥʠʩʢʘ ʜʣʷ 

ʨʘʟʣʠʯʥʳʭ ʯʠʩʝʣ ʄʘʭʘ ʠ ʈʝʡʥʦʣʴʜʩʘ: ʩʢʦʨʦʩʪʴ ʢʦʥʮʘ ʤʝʥʠʩʢʘ ʠ ʜʣʠʥʘ ʛʨʘʥʠʮʳ 

ʨʘʟʜʝʣʘ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʙʳʣ ʨʝʘʣʠʟʦʚʘʥ ʘʣʛʦʨʠʪʤ, ʩʭʦʞʠʡ ʩ 

ʤʝʪʦʜʦʤ çʜʚʠʞʫʱʠʭʩʷ ʢʚʘʜʨʘʪʦʚè (marching squares): ʩʪʨʦʠʪʩʷ ʛʨʘʥʠʮʘ ʨʘʟʜʝʣʘ 

(ʠʟʦʣʠʥʠʷ ὅ π), ʠʟʦʣʠʥʠʷ ʚʥʫʪʨʠ ʨʘʩʯʝʪʥʦʡ ʷʯʝʡʢʠ ʘʧʧʨʦʢʩʠʤʠʨʫʝʪʩʷ ʣʠʥʝʡʥʳʤ 

ʦʪʨʝʟʢʦʤ, ʩʫʤʤʠʨʫʝʪʩʷ ʜʣʠʥʘ ʚʩʝʭ ʦʪʨʝʟʢʦʚ, ʯʪʦ ʚ ʠʪʦʛʝ ʜʘʝʪ ʧʦʣʥʫʶ ʜʣʠʥʫ 

ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ. ʇʨʠ ʟʘʜʘʥʥʦʤ ʧʝʨʝʧʘʜʝ ʜʘʚʣʝʥʠʷ ɝὴ 8ὒȾ2Å, ʤʘʢʩʠʤʘʣʴʥʘʷ 

ʈʠʩʫʥʦʢ 1.11. ɿʘʚʠʩʠʤʦʩʪʴ ʜʣʠʥʳ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ ʦʪ ʚʨʝʤʝʥʠ ʜʣʷ 

ʨʘʟʣʠʯʥʳʭ ʯʠʩʝʣ ʄʘʭʘ ʠ ʈʝʡʥʦʣʴʜʩʘ. ʇʘʨʘʤʝʪʨʳ: ὃ πȢυȟ#Î τϽρπȟ
0Å ρπȢ 
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ʩʢʦʨʦʩʪʴ ʩʪʨʝʤʠʪʩʷ ʢ 1 ʚ ʩʣʫʯʘʝ ʥʝʟʥʘʯʠʪʝʣʴʥʳʭ ʢʘʧʠʣʣʷʨʥʳʭ ʩʠʣ. ʉʢʦʨʦʩʪʴ 

ʦʩʪʨʠʷ ʤʝʥʠʩʢʘ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 1.10: ʥʘʯʘʣʦ ʬʠʟʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʢʦʨʦʪʢʠʤ ʧʝʨʠʦʜʦʤ, ʟʘ ʚʨʝʤʷ ʢʦʪʦʨʦʛʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʝʯʝʥʠʷ ʚ 

ʢʘʧʠʣʣʷʨʝ ʜʦʩʪʠʛʘʶʪ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʧʦʩʪʦʷʥʥʦʛʦ ʟʥʘʯʝʥʠʷ, ʢʦʪʦʨʦʝ ʦʩʪʘʝʪʩʷ 

ʥʝʠʟʤʝʥʥʳʤ ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʤʝʥʠʩʢ ʦʩʪʘʝʪʩʷ ʚʥʫʪʨʠ ʪʨʫʙʢʠ. 

ʀʟ ʨʠʩ. 1.10 ʪʘʢʞʝ ʚʠʜʥʦ, ʯʪʦ ʜʣʷ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʯʠʩʝʣ ʄʘʭʘ, ʢʦʛʜʘ ʚʣʠʷʥʠʝ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ ʩʣʘʙʦ, ʧʨʦʬʠʣʴ ʩʢʦʨʦʩʪʠ ʣʠʰʴ ʥʝʤʥʦʛʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ 

ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʧʨʦʬʠʣʷ ʇʫʘʟʝʡʣʷ. ɼʣʷ ʵʪʠʭ ʧʘʨʘʤʝʪʨʦʚ ʯʝʤ ʤʝʥʴʰʝ ʟʥʘʯʝʥʠʝ ʯʠʩʣʘ 

ʈʝʡʥʦʣʴʜʩʘ, ʪʝʤ ʙʣʠʞʝ ʩʢʦʨʦʩʪʴ ʢʦʥʯʠʢʘ ʤʝʥʠʩʢʘ (ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ 

ʤʘʢʩʠʤʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ) ʧʨʠʙʣʠʞʘʝʪʩʷ ʢ 1 ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʪʝʤ ʙʣʠʞʝ 

ʧʨʦʬʠʣʴ ʪʝʯʝʥʠʷ ʢ ʢʣʘʩʩʠʯʝʩʢʦʤʫ ʨʝʰʝʥʠʶ ʇʫʘʟʝʡʣʷ. ɿʘʚʠʩʠʤʦʩʪʴ ʦʪ ʯʠʩʣʘ 

ʈʝʡʥʦʣʴʜʩʘ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ ʚʳʨʘʞʝʥʥʦʡ ʧʨʠ ʤʝʥʴʰʠʭ ʯʠʩʣʘʭ ʄʘʭʘ. ʇʨʠ ʦʯʝʥʴ 

ʥʠʟʢʠʭ ʯʠʩʣʘʭ ʄʘʭʘ, ʢʦʛʜʘ ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʨʰʥʝʚʦʝ ʚʳʪʝʩʥʝʥʠʝ, ʩʢʦʨʦʩʪʴ ʢʦʥʮʘ 

ʤʝʥʠʩʢʘ ʩʪʘʥʦʚʠʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦ ʥʠʞʝ 1, ʠ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ 

ʩʪʘʥʦʚʠʪʩʷ ʦʯʝʥʴ ʩʣʘʙʦʡ.  

ʅʘ ʨʠʩʫʥʢʝ 1.11 ʧʦʢʘʟʘʥʦ ʠʟʤʝʥʝʥʠʝ ʜʣʠʥʳ ʤʝʥʠʩʢʘ (ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʚʩʝʡ 

ʩʠʩʪʝʤʳ) ʩʦ ʚʨʝʤʝʥʝʤ. ʇʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʯʠʩʣʘʭ ʄʘʭʘ ʥʘʙʣʶʜʘʝʪʩʷ 

ʧʘʣʴʮʝʦʙʨʘʟʥʦʝ ʚʳʪʝʩʥʝʥʠʝ, ʧʨʠ ʵʪʦʤ ʤʝʥʠʩʢ ʧʦʩʪʦʷʥʥʦ ʨʘʩʪʷʛʠʚʘʝʪʩʷ, ʠ ʝʛʦ ʜʣʠʥʘ 

ʣʠʥʝʡʥʦ ʨʘʩʪʝʪ. ʇʨʠ ʦʯʝʥʴ ʥʠʟʢʠʭ ʯʠʩʣʘʭ ʄʘʭʘ ʜʣʠʥʘ ʤʝʥʠʩʢʘ ʙʳʩʪʨʦ ʚʳʭʦʜʠʪ ʥʘ 

ʧʦʩʪʦʷʥʥʦʝ ʟʥʘʯʝʥʠʝ. ʈʘʩʪʷʞʝʥʠʝ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʟʘʚʠʩʠʪ ʦʪ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ, 

ʧʨʠʯʝʤ ʨʘʩʪʷʞʝʥʠʝ ʤʠʥʠʤʘʣʴʥʦ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʦʤ ʯʠʩʣʝ Re. 

ʅʘ ʨʠʩ. 1.12 ʧʦʢʘʟʘʥ ʧʨʦʬʠʣʴ ʩʢʦʨʦʩʪʠ (ὺ ώ) ʥʘ ʫʨʦʚʥʝ ʢʦʥʮʘ ʤʝʥʠʩʢʘ ʠ ʥʘ 

ʥʝʢʦʪʦʨʦʤ ʨʘʩʩʪʦʷʥʠʠ ʦʪ ʥʝʛʦ (ʵʪʦʪ ʧʨʦʬʠʣʴ ʚʟʷʪ ʦʢʦʣʦ ʚʳʭʦʜʘ, ʧʨʠ x = 5.5, ʭʦʪʷ 

ʧʨʦʬʠʣʴ ʩʢʦʨʦʩʪʠ ʦʩʪʘʝʪʩʷ ʧʦʯʪʠ ʧʦʩʪʦʷʥʥʳʤ ʚʜʦʣʴ ʢʘʧʠʣʣʷʨʘ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ 

ʦʯʝʥʴ ʫʟʢʦʡ ʦʙʣʘʩʪʠ ʚʙʣʠʟʠ ʤʝʥʠʩʢʘ). ɺʠʜʥʦ, ʯʪʦ ʚʜʘʣʠ ʦʪ ʤʝʥʠʩʢʘ ʧʨʦʬʠʣʴ 

ʩʢʦʨʦʩʪʠ ʠʤʝʝʪ ʧʘʨʘʙʦʣʠʯʝʩʢʫʶ ʬʦʨʤʫ ʩ ʤʘʢʩʠʤʘʣʴʥʳʤ ʟʥʘʯʝʥʠʝʤ, ʤʝʥʴʰʠʤ 1, 

ʦʜʥʘʢʦ ʚʙʣʠʟʠ ʤʝʥʠʩʢʘ ʩʪʘʥʦʚʠʪʩʷ ʥʝʧʘʨʘʙʦʣʠʯʝʩʢʠʤ. ʅʘʠʙʦʣʴʰʠʝ ʨʘʟʣʠʯʠʷ 

ʥʘʙʣʶʜʘʶʪʩʷ ʧʨʠ ʤʝʥʴʰʠʭ ʟʥʘʯʝʥʠʷʭ ʯʠʩʣʘ ʄʘʭʘ, ʢʦʛʜʘ ʩʢʦʨʦʩʪʴ ʧʦʯʪʠ ʧʦʩʪʦʷʥʥʘ 

ʚ ʦʙʲʝʤʝ ʩ ʜʚʫʤʷ ʪʦʥʢʠʤʠ ʧʦʛʨʘʥʠʯʥʳʤʠ ʩʣʦʷʤʠ, ʦʙʨʘʟʫʶʱʠʤʠʩʷ ʫ ʩʪʝʥʦʢ 

ʢʘʧʠʣʣʷʨʘ. ʊʨʫʜʥʦʩʪʠ ʩ ʨʘʟʨʝʰʝʥʠʝʤ ʵʪʠʭ ʪʦʥʢʠʭ ʧʦʛʨʘʥʠʯʥʳʭ ʩʣʦʝʚ ʦʙʲʷʩʥʷʶʪ 
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ʙʦʣʝʝ ʤʝʜʣʝʥʥʫʶ ʯʠʩʣʝʥʥʫʶ ʩʭʦʜʠʤʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʜʣʷ ʙʦʣʝʝ ʥʠʟʢʠʭ ʯʠʩʝʣ 

ʄʘʭʘ.  

ʉʢʦʨʦʩʪʴ ʤʝʥʠʩʢʘ ʤʦʞʝʪ ʙʳʪʴ ʨʘʩʩʯʠʪʘʥʘ ʥʘ ʦʩʥʦʚʝ ʢʣʘʩʩʠʯʝʩʢʦʛʦ 

ʫʨʘʚʥʝʥʠʷ ʋʦʰʙʝʨʥʘ [65]: 

ὠ 1
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ὼ
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8
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ὴȢ (1.33) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʪʝʯʝʥʠʝ ʚ ʪʨʫʙʢʝ ʟʘʤʝʜʣʷʝʪʩʷ ʢʘʧʠʣʣʷʨʥʳʤʠ ʩʠʣʘʤʠ, ʠ ʯʝʤ 

ʚʳʰʝ ʟʥʘʯʝʥʠʝ ʢʘʧʠʣʣʷʨʥʦʛʦ ʜʘʚʣʝʥʠʷ, ʪʝʤ ʙʦʣʴʰʝ ʩʢʦʨʦʩʪʴ ʢʦʥʮʘ ʤʝʥʠʩʢʘ 

ʦʪʣʠʯʘʝʪʩʷ ʦʪ 1. ʅʘ ʨʠʩʫʥʢʝ 1.13 ʧʦʢʘʟʘʥ ʧʨʦʬʠʣʴ ʜʘʚʣʝʥʠʷ ʚʜʦʣʴ ʦʩʠ ʢʘʧʠʣʣʷʨʘ. 

ɺʥʝ ʤʝʥʠʩʢʘ ʜʘʚʣʝʥʠʝ ʣʠʥʝʡʥʦ ʧʘʜʘʝʪ, ʥʦ ʚʙʣʠʟʠ ʤʝʥʠʩʢʘ ʥʘʙʣʶʜʘʝʪʩʷ ʩʢʘʯʦʢ 

ʜʘʚʣʝʥʠʷ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʢʘʧʠʣʣʷʨʥʦʤʫ ʜʘʚʣʝʥʠʶ (ʢʘʢ ʠ ʦʞʠʜʘʣʦʩʴ, ʜʘʚʣʝʥʠʝ 

ʙʦʣʴʰʝ ʥʘ ʚʦʛʥʫʪʦʡ ʩʪʦʨʦʥʝ), ʢʦʪʦʨʦʝ ʟʘʚʠʩʠʪ ʦʪ ʯʠʩʣʘ ʄʘʭʘ. ʇʨʠʯʝʤ ʜʣʷ 

ʙʦʣʴʰʝʛʦ ʢʘʧʠʣʣʷʨʥʦʛʦ ʜʘʚʣʝʥʠʷ (ʤʝʥʴʰʠʭ ʯʠʩʝʣ ʄʘʭʘ) ʥʘʙʣʶʜʘʝʪʩʷ ʙʦʣʴʰʝʝ 

ʦʪʣʠʯʠʝ ʪʝʯʝʥʠʷ ʦʪ ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʪʝʯʝʥʠʷ ʇʫʘʟʝʡʣʷ.  

 

 

 

 

  

ʈʠʩʫʥʦʢ 1.12. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʩʢʦʨʦʩʪʠ ʪʝʯʝʥʠʷ ʧʦʧʝʨʝʢ ʢʘʧʠʣʣʷʨʘ ʚ 

ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ὸ σ.  ʉʧʣʦʰʥʳʝ ʣʠʥʠʠ ï ʩʢʦʨʦʩʪʴ ʚʙʣʠʟʠ ʤʝʥʠʩʢʘ, 

ʰʪʨʠʭʦʚʳʝ ʣʠʥʠʠ ï ʩʢʦʨʦʩʪʴ ʚʙʣʠʟʠ ʚʳʭʦʜʘ (ʧʨʦʬʠʣʴ ʇʫʘʟʝʡʣʷ). 

ʇʘʨʘʤʝʪʨʳ: ὃ πȢυȟ#Î τϽρπȟ0Å ρπȢ 
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ʆʪʤʝʪʠʤ, ʯʪʦ ʟʥʘʯʝʥʠʝ ʢʘʧʠʣʣʷʨʥʦʛʦ ʜʘʚʣʝʥʠʷ ʠ ʩʢʦʨʦʩʪʴ ʢʦʥʮʘ ʤʝʥʠʩʢʘ 

ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʫʨʘʚʥʝʥʠʝʤ ʋʦʰʙʝʨʥʘ (1.33): ʠʟ ʨʠʩ. 1.13 ʢʘʧʠʣʣʷʨʥʦʝ 

ʜʘʚʣʝʥʠʝ ὴ  3.2 ʠ 28 ʜʣʷ ὓ ρπ ʠ ὓ ρπ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʘ ʬʦʨʤʫʣʘ 

ʋʦh ʙʝʨʥʘ ʜʘʝʪ ʩʢʦʨʦʩʪʠ ʤʝʥʠʩʢʘ 0.93 ʠ 0.42, ʯʪʦ ʙʣʠʟʢʦ ʢ ʟʥʘʯʝʥʠʷʤ 0.87 ʠ 0.32 ʠʟ 

ʨʠʩ. 1.12.   

ʈʠʩʫʥʦʢ 1.13. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʜʘʚʣʝʥʠʝ ʚʜʦʣʴ ʦʩʠ, ὸ σ.  ʇʘʨʘʤʝʪʨʳ: ὃ
πȢυȟ#Î τϽρπȟ0Å ρπȢ 

ʈʠʩʫʥʦʢ 1.14. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʜʘʚʣʝʥʠʷ ʚʜʦʣʴ ʦʩʠ (a) ʠ ʚʜʦʣʴ ʥʠʞʥʝʡ ʩʪʝʥʢʠ 

(b), ὸ σ. ʏʝʨʥʳʝ ʣʠʥʠʠ ï #Î ψϽρπ, ʢʨʘʩʥʳʝ ʣʠʥʠʠ ï #Î ςϽρπ, 

ʩʠʥʠʝ ʣʠʥʠʠ ï #Î υϽρπ. ʇʘʨʘʤʝʪʨʳ: ὃ πȢυȟ0Å ρπȟὓ πȢπρȢ 
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ʇʨʦʬʠʣʠ ʜʘʚʣʝʥʠʷ ʠʤʝʶʪ ʦʩʪʨʳʡ ʦʪʨʠʮʘʪʝʣʴʥʳʡ ʧʠʢ ʚ ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʝ, 

ʨʘʟʜʝʣʷʶʱʝʡ ʜʚʝ ʞʠʜʢʦʩʪʠ. ʅʘ ʨʠʩ. 1.13 (b) ʧʠʢ ʩʨʝʟʘʥ ʜʣʷ ʙʦʣʝʝ ʦʪʯʝʪʣʠʚʦʛʦ 

ʠʟʦʙʨʘʞʝʥʠʷ. ʄʳ ʩʯʠʪʘʝʤ ʵʪʦʪ ʧʠʢ ʘʨʪʝʬʘʢʪʦʤ ʤʦʜʝʣʠ ʬʘʟʦʚʦʛʦ ʧʦʣʷ. ʕʪʦ ʤʦʞʝʪ 

ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʤʦʜʝʣʴ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʧʨʝʜʩʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʨʦʬʠʣʴ 

ʨʘʚʥʦʚʝʩʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʬʫʥʢʮʠʝʡ 

ʛʠʧʝʨʙʦʣʠʯʝʩʢʦʛʦ ʪʘʥʛʝʥʩʘ [47], ʯʪʦ ʷʚʣʷʝʪʩʷ ʤʦʜʝʣʴʥʳʤ ʧʨʝʜʧʦʣʦʞʝʥʠʝʤ, ʘ ʥʝ 

ʨʝʘʣʴʥʳʤ ʧʨʦʬʠʣʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ. ʂʦʥʢʨʝʪʥʘʷ ʬʦʨʤʘ ʧʨʦʬʠʣʷ ʜʘʚʣʝʥʠʷ ʚʥʫʪʨʠ 

ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ ʥʝ ʷʚʣʷʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʦʡ (ʠ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʧʦʜʪʚʝʨʞʜʝʥʘ 

ʢʘʢʠʤ-ʣʠʙʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ), ʥʦ ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʚʘʞʥʳʤʠ 

ʷʚʣʷʶʪʩʷ ʫʨʦʚʥʠ ʜʘʚʣʝʥʠʷ ʧʦ ʩʪʦʨʦʥʘʤ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ, ʢʦʪʦʨʳʝ ʷʚʣʷʶʪʩʷ 

ʠʟʤʝʨʠʤʳʤʠ ʠ ʧʨʘʚʠʣʴʥʦ ʧʨʝʜʩʢʘʟʳʚʘʶʪʩʷ ʤʦʜʝʣʴʶ ʬʘʟʦʚʦʛʦ ʧʦʣʷ. ɺʝʣʠʯʠʥʘ 

ʵʪʦʛʦ ʧʠʢʘ ʟʘʚʠʩʠʪ ʦʪ ʯʠʩʝʣ ʄʘʭʘ ʠ ʂʘʥʘ. ʅʘʧʨʠʤʝʨ, ʥʘ ʨʠʩ. 1.14 ʧʦʢʘʟʘʥʳ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʜʘʚʣʝʥʠʷ ʜʣʷ ʪʨʝʭ ʟʥʘʯʝʥʠʡ ʯʠʩʣʘ ʂʘʥʘ. ɺʠʜʥʦ, ʯʪʦ ʚʝʣʠʯʠʥʘ ʧʠʢʘ 

ʩʪʘʥʦʚʠʪʩʷ ʤʝʥʴʰʝ, ʢʦʛʜʘ ʯʠʩʣʦ ʂʘʥʘ ʩʪʨʝʤʠʪʩʷ ʢ ʥʫʣʶ. ʌʠʟʠʯʝʩʢʠ ʧʨʘʚʠʣʴʥʦʝ 

ʧʦʣʝ ʜʘʚʣʝʥʠʷ, ʢʦʪʦʨʦʝ ʤʦʞʥʦ ʙʳʣʦ ʙʳ ʧʦʣʫʯʠʪʴ ʚ ʧʨʝʜʝʣʝ ʥʫʣʝʚʦʡ ʪʦʣʱʠʥʳ 

ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʥʝ ʠʤʝʣʦ ʙʳ ʧʠʢʘ. ʇʦʜʯʝʨʢʥʝʤ, ʯʪʦ ʚʥʝ ʧʝʨʝʭʦʜʥʦʡ 

ʟʦʥʳ ʨʝʟʫʣʴʪʘʪʳ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʢʦʨʨʝʢʪʥʦʝ ʧʦʚʝʜʝʥʠʝ. ɾʘʢʤʠʥ ʚ ʨʘʙʦʪʝ [79] 

ʧʦʢʘʟʘʣ, ʯʪʦ ʭʠʤʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ ʚʥʫʪʨʠ ʢʦʥʪʘʢʪʥʦʡ ʣʠʥʠʠ ʪʘʢʞʝ ʠʤʝʝʪ 

ʩʠʥʛʫʣʷʨʥʦʝ ʧʦʚʝʜʝʥʠʝ (ʠ ʵʪʦ ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʥʘʰʠʭ ʨʘʩʯʝʪʘʭ).  

ʅʘ ʨʠʩ. 1.15 ʧʨʝʜʩʪʘʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʥʘʪʷʞʝʥʠʷ ʦʪ ʚʨʝʤʝʥʠ. ʀʟʤʝʥʝʥʠʝ ʜʘʥʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʩʚʷʟʘʥʦ ʩ ʨʘʩʪʷʞʝʥʠʝʤ ʠ 

ʫʪʦʥʯʝʥʠʝʤ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ. ɼʣʷ ʥʠʟʢʠʭ ʯʠʩʝʣ ʄʘʭʘ, ʢʦʛʜʘ ʬʦʨʤʘ ʤʝʥʠʩʢʘ 

ʩʪʘʙʠʣʠʟʠʨʫʝʪʩʷ, ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ ʚ ʢʦʥʝʯʥʦʤ ʠʪʦʛʝ 

ʜʦʩʪʠʛʘʝʪ ʧʦʩʪʦʷʥʥʦʛʦ ʟʥʘʯʝʥʠʷ. ɼʘʥʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʠʟ ʧʦʣʷ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ (1.34). 
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ɺ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʤʝʥʠʩʢ ʥʝ ʷʚʣʷʝʪʩʷ ʩʠʣʴʥʦ ʚʳʪʷʥʫʪʳʤ, ʤʦʞʥʦ ʩʦʧʦʩʪʘʚʠʪʴ 

ʟʥʘʯʝʥʠʝ ʢʘʧʠʣʣʷʨʥʦʛʦ ʜʘʚʣʝʥʠʷ, ʧʦʣʫʯʝʥʥʦʝ ʯʠʩʣʝʥʥʦ, ʩ ʢʘʧʠʣʣʷʨʥʳʤ 

ʜʘʚʣʝʥʠʝʤ, ʦʧʨʝʜʝʣʷʝʤʳʤ ʟʘʢʦʥʦʤ ʃʘʧʣʘʩʘ: ὴ „ὓ ὶ . ɿʜʝʩʴ ὶ ï ʨʘʜʠʫʩ 

ʢʨʠʚʠʟʥʳ, ʢʦʪʦʨʳʡ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʣʠʙʦ ʯʝʨʝʟ ʜʠʥʘʤʠʯʝʩʢʠʡ ʫʛʦʣ ʩʤʘʯʠʚʘʥʠʷ 

ὶ ὙȾÃÏÓ —, Ὑ ρȾς ï ʨʘʜʠʫʩ ʢʘʧʠʣʣʷʨʘ; ʣʠʙʦ ʠʟ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʩʦʦʙʨʘʞʝʥʠʡ, 

ʠʩʧʦʣʴʟʫʷ ʬʦʨʤʫʣʳ ʜʣʷ ʩʝʛʤʝʥʪʘ ʢʨʫʛʘ, ʛʜʝ ʭʦʨʜʘ ï ʜʠʘʤʝʪʨ ʢʘʧʠʣʣʷʨʘ (ʨʘʚʥʳʡ 1), 

ʘ ʜʣʠʥʘ ʩʝʛʤʝʥʪʘ ʢʨʫʛʘ ï ʜʣʠʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ. ɺʦʩʧʦʣʴʟʫʝʤʩʷ ʚʪʦʨʳʤ 

ʈʠʩʫʥʦʢ 1.15. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ ʦʪ 

ʚʨʝʤʝʥʠ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʯʠʩʝʣ ʄʘʭʘ ʠ ʈʝʡʥʦʣʴʜʩʘ. ʇʘʨʘʤʝʪʨʳ: ὃ
πȢυȟ#Î τϽρπȟ0Å ρπȢ 
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ʩʧʦʩʦʙʦʤ. ɼʣʷ ὓ = 0.0001 ʧʦʩʣʝ ʫʩʪʘʥʦʚʣʝʥʠʷ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʪʝʯʝʥʠʷ 

ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ „ = 0.0049, ʜʣʠʥʘ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ὒ= 

1.012, ʯʪʦ ʜʘʝʪ ʟʥʘʯʝʥʠʝ ʨʘʜʠʫʩʘ ʢʨʠʚʠʟʥʳ ὶ = 1.89. ʊʦʛʜʘ ʢʘʧʠʣʣʷʨʥʦʝ ʜʘʚʣʝʥʠʝ 

ʧʦ ʬʦʨʤʫʣʝ ʃʘʧʣʘʩʘ ὴ = 26, ʯʪʦ ʙʣʠʟʢʦ ʢ ʟʥʘʯʝʥʠʶ ʢʘʧʠʣʣʷʨʥʦʛʦ ʜʘʚʣʝʥʠʷ ὴ = 

28, ʧʦʣʫʯʝʥʥʦʤʫ ʯʠʩʣʝʥʥʦ.  

 

ʅʘ ʨʠʩ. 1.16 ʧʦʢʘʟʘʥʳ ʟʥʘʯʝʥʠʷ ʚʝʣʠʯʠʥʳ ά ï ʤʘʩʩʦʚʦʡ ʜʦʣʷ ʧʝʨʚʦʥʘʯʘʣʴʥʦ 

ʟʘʧʦʣʥʷʶʱʝʡ ʢʘʧʠʣʣʷʨ ʞʠʜʢʦʩʪʠ, ʢʦʪʦʨʘʷ ʦʩʪʘʝʪʩʷ ʥʘ ʩʪʝʥʢʘʭ ʢʘʧʠʣʣʷʨʘ. ʉʣʝʜʫʷ 

ʦʧʨʝʜʝʣʝʥʠʶ ʚ ʨʘʙʦʪʝ [73], ʟʘʧʠʰʝʤ: 

ά ρ ὗȾὠ ȟ (1.35) 

ʛʜʝ ὗ ï ʨʘʩʭʦʜ ʞʠʜʢʦʩʪʠ, ʢʦʪʦʨʳʡ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʣʠʙʦ ʥʘ ʚʭʦʜʝ, ʣʠʙʦ ʥʘ ʚʳʭʦʜʝ 

ʢʘʧʠʣʣʷʨʘ: 

ὗ ὺ ȟὨώȢ (1.36) 

ɼʣʷ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʯʠʩʝʣ ʄʘʭʘ, ʢʦʛʜʘ ʢʘʧʠʣʣʷʨʥʳʝ ʵʬʬʝʢʪʳ ʥʝʟʥʘʯʠʪʝʣʴʥʳ, 

ʧʨʦʬʠʣʴ ʪʝʯʝʥʠʷ ʙʣʠʟʦʢ ʢ ʧʨʦʬʠʣʶ ʇʫʘʟʝʡʣʷ, ʜʣʷ ʢʦʪʦʨʦʛʦ ὗ 23ϳ ὠ , 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ά = 1/3. ʕʪʦ ʟʥʘʯʝʥʠʝ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʘʩʠʤʧʪʦʪʠʯʝʩʢʦʛʦ ʟʥʘʯʝʥʠʷ 

1/2, ʦ ʢʦʪʦʨʦʤ ʩʦʦʙʱʘʣʦʩʴ ʚ ʨʘʟʣʠʯʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ [67,71,72], ʯʪʦ ʦʙʲʷʩʥʷʝʪʩʷ 

ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʪʝʤ ʬʘʢʪʦʤ, ʯʪʦ ʥʘʤʠ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ 2D-ʛʝʦʤʝʪʨʠ,̫ ʚ ʪʦ ʚʨʝʤʷ 

ʢʘʢ ʚʩʝ ʜʨʫʛʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʠʤʝʶʪ ʜʝʣʦ ʩ 3D ʩʣʫʯʘʝʤ. ʃʝʛʢʦ 

ʧʦʢʘʟʘʪʴ, ʯʪʦ ʜʣʷ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʛʦ ʪʝʯʝʥʠʷ ʇʫʘʟʝʡʣʷ ʚ ʪʨʫʙʝ ʩ ʢʨʫʛʣʳʤ 

ʧʦʧʝʨʝʯʥʳʤ ʩʝʯʝʥʠʝʤ ʤʘʩʩʦʚʘʷ ʜʦʣʷ, ʦʧʨʝʜʝʣʷʝʤʘʷ ʬʦʨʤʫʣʦʡ (1.35), ά ʨʘʚʥʦʡ 1/2. 

ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʜʠʥʘʤʠʢʠ ʚʳʪʝʩʥʝʥʠʷ ʚ ʢʘʧʠʣʣʷʨʝ ʚʦ ʤʥʦʛʠʭ ʨʘʙʦʪʘʭ 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʪʘʢʦʡ ʧʘʨʘʤʝʪʨ, ʢʘʢ ʢʘʧʠʣʣʷʨʥʦʝ ʯʠʩʣʦ #Á ὓȾ2Å. ʅʘ ʨʠʩ. 1.16 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʧʘʣʴʮʝʦʙʨʘʟʥʦʛʦ ʠ ʧʦʨʰʥʝʚʦʛʦ 

ʚʳʪʝʩʥʝʥʠʷʡ, ʢʦʪʦʨʳʝ ʦʪʤʝʯʝʥʳ ʢʨʫʞʢʘʤʠ ʠ ʢʨʝʩʪʠʢʘʤʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  

ɿʘʚʠʩʠʤʦʩʪʴ, ʧʨʝʜʩʢʘʟʳʚʘʝʤʘʷ ʥʘʰʠʤ ʯʠʩʣʝʥʥʳʤ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ, ʭʦʨʦʰʦ 

ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʜʨʫʛʠʤʠ ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʨʘʙʦʪʘʤʠ [67,71,72], 
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ʩ ʪʦʡ ʣʠʰʴ ʨʘʟʥʠʮʝʡ, ʯʪʦ ʘʩʠʤʧʪʦʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ ά ʦʪʣʠʯʘʝʪʩʷ ʜʣʷ 2D ʠ 3D 

ʛʝʦʤʝʪʨʠʡ. 

 

 

ʆʯʝʚʠʜʥʘʷ ʪʨʫʜʥʦʩʪʴ ʧʨʷʤʦʛʦ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʳʪʝʩʥʝʥʠʷ ʦʜʥʦʡ 

ʞʠʜʢʦʩʪʠ ʜʨʫʛʦʡ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʤʝʥʠʩʢ ʤʦʞʝʪ ʠʟʤʝʥʷʪʴ ʩʚʦʶ ʬʦʨʤʫ. 

ʌʦʨʤʘ ʤʝʥʠʩʢʘ ʚʣʠʷʝʪ ʥʘ ʚʝʣʠʯʠʥʫ ʢʘʧʠʣʣʷʨʥʦʛʦ ʜʘʚʣʝʥʠ,̫ ʢʦʪʦʨʦʝ ʚ ʩʚʦʶ 

ʦʯʝʨʝʜʴ ʚʣʠʷʝʪ ʥʘ ʪʝʯʝʥʠʝ ʚ ʢʘʧʠʣʣʷʨʝ. ʕʪʘ ʧʨʦʙʣʝʤʘ ʢʘʞʝʪʩʷ ʧʦ ʩʚʦʝʡ ʩʫʪʠ 

ʥʝʩʪʘʮʠʦʥʘʨʥʦʡ: ʜʘʞʝ ʧʨʠ ʜʦʧʫʱʝʥʠʠ, ʯʪʦ ʧʨʦʬʠʣʴ ʪʝʯʝʥʠʷ ʫ ʤʝʥʠʩʢʘ ʷʚʣʷʝʪʩʷ 

ʧʘʨʘʙʦʣʠʯʝʩʢʠʤ, ʘʤʧʣʠʪʫʜʘ ʜʣʷ ʵʪʦʛʦ ʧʨʦʬʠʣʷ ʦʩʪʘʝʪʩʷ ʥʝʦʧʨʝʜʝʣʝʥʥʦʡ, 

ʧʦʩʢʦʣʴʢʫ ʦʥʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʝʨʝʤʝʥʥʳʤ ʢʘʧʠʣʣʷʨʥʳʤ ʜʘʚʣʝʥʠʝʤ. ʕʪʦ ʷʚʣʷʝʪʩʷ 

ʦʩʥʦʚʥʦʡ ʧʨʠʯʠʥʦʡ ʪʦʛʦ, ʯʪʦ ʥʝʦʙʭʦʜʠʤʦ ʨʝʰʘʪʴ ʟʘʜʘʯʫ ʚ ʬʦʨʤʫʣʠʨʦʚʢʝ ʩʢʦʨʦʩʪʴ-

ʜʘʚʣʝʥʠʝ, ʠʤʝʷ ʚʦʟʤʦʞʥʦʩʪʴ ʫʩʪʘʥʘʚʣʠʚʘʪʴ ʫʨʦʚʥʠ ʜʘʚʣʝʥʠʷ ʥʘ ʚʭʦʜʝ ʠʣʠ ʚʳʭʦʜʝ 

ʢʘʧʠʣʣʷʨʘ, ʘ ʥʝ ʧʨʦʬʠʣʠ ʩʢʦʨʦʩʪʠ (ʬʫʥʢʮʠʠ ʪʦʢʘ).  

  

 ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʜʚʫʭʬʘʟʥʳʭ ʪʝʯʝʥʠʡ ʚ ʢʘʧʠʣʣʷʨʝ ʪʘʢʞʝ ʦʩʣʦʞʥʷʝʪʩʷ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʚʦʩʧʨʦʠʟʚʝʩʪʠ ʜʚʠʞʝʥʠʝ ʢʦʥʪʘʢʪʥʦʡ ʣʠʥʠʠ. ɺ ʠʤʝʶʱʠʭʩʷ ʚ 

ʈʠʩʫʥʦʢ 1.16. ʄʘʩʩʦʚʘʷ ʜʦʣʷ ʞʠʜʢʦʩʪʠ, ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʟʘʧʦʣʥʷʶʱʝʡ 

ʢʘʧʠʣʣʷʨ, ʢʦʪʦʨʘʷ ʦʩʪʘʝʪʩʷ ʥʘ ʩʪʝʥʢʘʭ ʢʘʧʠʣʣʷʨʘ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʢʘʧʠʣʣʷʨʥʦʛʦ ʯʠʩʣʘ. ʇʘʨʘʤʝʪʨʳ: ὃ πȢυȟ#Î τϽρπȟ0Å ρπ. ʂʨʫʛʠ 
ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʘʣʴʮʝʦʙʨʘʟʥʦʤʫ ʚʳʪʝʩʥʝʥʠʶ, ʢʨʝʩʪʳ ï ʧʦʨʰʥʝʚʦʤʫ.  
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ʣʠʪʝʨʘʪʫʨʝ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʘʚʪʦʨʳ ʣʠʙʦ ʧʳʪʘʶʪʩʷ ʠʟʙʝʞʘʪʴ ʵʪʦʡ ʧʨʦʙʣʝʤʳ, 

ʧʨʝʜʧʦʣʘʛʘʷ, ʯʪʦ ʩʪʝʥʢʘ ʧʦʣʥʦʩʪʴʶ ʩʤʘʯʠʚʘʝʪʩʷ ʦʜʥʦʡ ʠʟ ʞʠʜʢʦʩʪʝʡ [69-71], ʣʠʙʦ 

ʠʩʧʦʣʴʟʫʶʪ ʤʦʜʝʣʴ ʩʢʦʣʴʞʝʥʠʷ, ʚ ʢʦʪʦʨʦʡ ʚʚʦʜʠʪʩ ̫ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ 

ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʠʡ ʧʘʨʘʤʝʪʨ, ʜʣʠʥʘ ʩʢʦʣʴʞʝʥʠʷ (ʩʤ., ʥʘʧʨʠʤʝʨ, [96]). 

 ɺ ʨʘʤʢʘʭ ʪʝʦʨʠʠ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʧʦʣʦʞʝʥʠʝ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ (ʚ ʪʦʤ ʯʠʩʣʝ 

ʜʚʠʞʝʥʠʝ ʢʦʥʪʘʢʪʥʦʡ ʣʠʥʠʠ) ʦʪʩʣʝʞʠʚʘʝʪʩʷ ʥʘ ʦʩʥʦʚʝ ʧʦʣʷ ʢʦʥʮʝʥʪʨʘʮʠʠ, ʢʦʪʦʨʦʝ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ ʜʠʬʬʫʟʠʠ (1.25).  ɼʚʠʞʝʥʠʝ ʢʦʥʪʘʢʪʥʦʡ ʣʠʥʠʠ ʚ 

ʢʦʥʝʯʥʦʤ ʠʪʦʛʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʜʠʬʬʫʟʠʝʡ ʚ ʪʦʥʢʦʤ ʧʨʠʩʪʝʥʦʯʥʦʤ ʩʣʦʝ. 

ɼʠʬʬʫʟʠʦʥʥʳʡ ʧʝʨʝʥʦʩ ʦʧʨʝʜʝʣʷʝʪʩʷ ʯʠʩʣʦʤ ʇʝʢʣʝ, ʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʘʥʥʳʡ 

ʧʘʨʘʤʝʪʨ ʦʧʨʝʜʝʣʷʝʪ ʩʢʦʨʦʩʪʴ ʩʢʦʣʴʞʝʥʠʷ ʢʦʥʪʘʢʪʥʦʡ ʣʠʥʠʠ (ʩʤ., ʨʠʩ. 1.17). 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʯʠʩʣʘ ʇʝʢʣʝ ʚ ʜʠʘʧʘʟʦʥʝ 0Å=103é105 

ʧʦʢʘʟʘʣʦ, ʯʪʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʝʯʝʥʠʷ ʩʣʘʙʦ ʟʘʚʠʩʷʪ ʦʪ ʜʘʥʥʦʛʦ ʧʘʨʘʤʝʪʨʘ, ʠ 

ʪʝʯʝʥʠʝ ʥʝ ʠʩʧʳʪʳʚʘʝʪ ʢʘʢʠʭ-ʣʠʙʦ ʢʘʯʝʩʪʚʝʥʥʳʭ ʠʟʤʝʥʝʥʠʡ.  

 

ʅʝʩʤʝʰʠʚʘʶʱʠʝʩʷ ʞʠʜʢʦʩʪʠ, ═ > ï 0.5 

ɺʳʰʝʦʧʠʩʘʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʣʫʯʝʥʳ ʜʣʷ ʢʘʧʠʣʣʷʨʘ ʩ ʜʣʠʥʦʡ ὒ = 6, ʯʪʦ, ʪʝʤ 

ʥʝ ʤʝʥʝʝ, ʷʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʳʤ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʳʪʝʩʥʝʥʠʷ 

ʥʝʩʤʝʰʠʚʘʶʱʠʭʩʷ ʞʠʜʢʦʩʪʝʡ; ʨʘʩʯʝʪʳ ʚ ʙʦʣʝʝ ʜʣʠʥʥʦʤ ʢʘʧʠʣʣʷʨʝ ʩ ὒ = 40 

ʧʦʜʪʚʝʨʞʜʘʶʪ ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚʳʰʝ ʠʩʩʣʝʜʦʚʘʥʠʷ (ʩʤ., ʨʠʩ. 1.18). ʇʨʠ 

ʨʘʩʩʤʦʪʨʝʥʠʠ ʚʳʪʝʩʥʝʥʠʷ ʩʤʝʰʠʚʘʶʱʠʭʩʷ ʞʠʜʢʦʩʪʝʡ ʜʠʬʬʫʟʠʷ ʠʛʨʘʝʪ ʙʦʣʝʝ 

ʟʘʤʝʪʥʫʶ ʨʦʣʴ, ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʦʨʦʪʢʠʡ ʢʘʧʠʣʣʷʨ ʫʞʝ ʥʝ 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ, ʧʦʩʢʦʣʴʢʫ ʜʠʬʬʫʟʠʷ ï ʧʨʦʮʝʩʩ ʤʝʜʣʝʥʥʳʡ, ʠ ʵʬʬʝʢʪʳ 

ʩʤʝʰʝʥʠʷ ʩʪʘʥʦʚʷʪʩʷ ʟʘʤʝʪʥʳ ʣʠʰʴ ʥʘ ʜʣʠʪʝʣʴʥʳʭ ʚʨʝʤʝʥʘʭ, ʯʪʦ ʤʦʞʥʦ 

ʥʘʙʣʶʜʘʪʴ ʣʠʰʴ ʚ ʜʦʩʪʘʪʦʯʥʦ ʜʣʠʥʥʦʤ ʢʘʧʠʣʣʷʨʝ. ɼʣʷ ʜʘʥʥʳʭ ʨʘʩʯʝʪʦʚ ʜʣʠʥʘ 

ʢʘʧʠʣʣʷʨʘ ὒ ʙʳʣʘ ʚʳʙʨʘʥʘ ʨʘʚʥʦʡ 40, ʠ ʟʥʘʯʝʥʠʝ ʯʠʩʣʘ 0Å = 300..1000 (ʧʨʠ ʙʦʣʴʰʠʭ 

ʯʠʩʣʘʭ ʇʝʢʣʝ ʧʨʦʮʝʩʩ ʜʠʬʬʫʟʠʠ ʨʘʟʚʠʚʘʝʪʩʷ ʤʝʜʣʝʥʥʝʝ, ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʥʝʦʙʭʦʜʠʤʦ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʩʠʩʪʝʤʫ ʥʘ ʙʦʣʴʰʠʭ ʚʨʝʤʝʥʘʭ, ʪ.ʝ. ʚ ʙʦʣʝʝ ʜʣʠʥʥʦʤ ʢʘʧʠʣʣʷʨʝ).  ʇʨʠ 

ʨʝʰʝʥʠʠ ʟʘʜʘʯʠ ʚ ʜʣʠʥʥʦʤ ʢʘʧʠʣʣʷʨʝ ʩʦ ʩʤʝʰʠʚʘʶʱʠʤʠʩʷ ʢʦʤʧʦʥʝʥʪʘʤʠ 

ʧʦʪʨʝʙʦʚʘʣʦʩʴ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ: 600 ʫʟʣʦʚ ʥʘ 
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ʝʜʠʥʠʮʫ ʜʣʠʥʳ (ʚ ʧʨʝʜʳʜʫʱʝʡ ʟʘʜʘʯʝ: 1/300). ʈʘʩʯʝʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ 

ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʘʭ NVidia Tesla V100, ʧʨʠ ʵʪʦʤ ʦʜʠʥ ʨʘʩʯʝʪ ʟʘʥʠʤʘʣ 

ʧʨʠʤʝʨʥʦ 7-10 ʜʥʝʡ (ʧʦʜʨʦʙʥʦ ʚʳʯʠʩʣʝʥʠʷ ʥʘ ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʘʭ 

ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʧʨʠʣʦʞʝʥʠʠ ɸ).  

ʇʘʨʘʤʝʪʨʦʤ, ʢʦʪʦʨʳʡ ʟʘʜʘʝʪ ʩʪʝʧʝʥʴ ʩʤʝʰʝʥʠʷ (ʨʘʚʥʦʚʝʩʥʳʝ ʟʥʘʯʝʥʠʷ 

ʢʦʥʮʝʥʪʨʘʮʠʠ), ʷʚʣʷʝʪʩʷ ʢʦʵʬʬʠʮʠʝʥʪ ὃ ʚ ʚʳʨʘʞʝʥʠʠ ʜʣʷ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ Ὢ

ὃὅ ὅ. ʂʦʵʬʬʠʮʠʝʥʪ ὃ ʧʨʷʤʦ ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ ʪʝʤʧʝʨʘʪʫʨʝ ʩʠʩʪʝʤʳ ʠ 

ʦʧʨʝʜʝʣʷʝʪ ʧʦʣʦʞʝʥʠʝ ʥʘ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʝ. ɿʥʘʯʝʥʠʝ ὃ = ï0.5 ʦʪʚʝʯʘʝʪ 

ʧʦʣʥʦʩʪʴʶ ʥʝʩʤʝʰʠʚʘʶʱʠʤʩʷ ʞʠʜʢʦʩʪʷʤ, ʯʘʩʪʠʯʥʦ ʩʤʝʰʠʚʘʶʱʠʝʩʷ ʩʠʩʪʝʤʳ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ï0.5 < ὃ <  0, ʘ ʧʨʠ ὃ  0 ʚ ʩʦʩʪʦʷʥʠʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʨʘʚʥʦʚʝʩʠʷ ʩʠʩʪʝʤʘ ʷʚʣʷʝʪʩʷ ʛʦʤʦʛʝʥʥʦʡ.  

 

 

ʍʘʨʘʢʪʝʨʥʳʝ ʧʦʣʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʤʝʰʠʚʘʶʱʠʭʩʷ ʞʠʜʢʦʩʪʝʡ ʧʨʠ ʤʘʣʦʤ ὓ 

ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 1.19. ʜʣʷ ὃ = ï0.1 ʠ 0.1, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʩʣʫʯʘʷʤ ʥʠʞʝ ʠ ʚʳʰʝ 

ʢʨʠʪʠʯʝʩʢʦʡ ʪʦʯʢʠ. ɺ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʥʘʙʣʶʜʘʝʪʩʷ ʧʘʣʴʮʝʦʙʨʘʟʥʦʝ ʚʳʪʝʩʥʝʥʠʝ. 

ʆʜʥʘʢʦ ʜʣʷ ὃ = ï0.1, ʢʘʢ ʤʦʞʥʦ ʟʘʤʝʪʠʪʴ, ʚ ʥʘʯʘʣʝ ʧʨʦʮʝʩʩʘ ʚʳʪʝʩʥʝʥʠʷ ʬʦʨʤʘ 

ʤʝʥʠʩʢʘ ʩʣʝʛʢʘ ʥʘʧʦʤʠʥʘʝʪ ʧʫʟʳʨʴ, ʘ ʟʘʪʝʤ ʩʤʝʥʷʝʪʩʷ  ʥʘ ʧʘʣʴʮʝʦʙʨʘʟʥʫʶ. ʕʪʠ ʜʚʘ 

ʈʠʩʫʥʦʢ 1.17. ʇʦʣʦʞʝʥʠʝ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ (ʢʦʥʪʘʢʪʥʦʡ ʣʠʥʠʠ) ʚʙʣʠʟʠ 

ʪʚʝʨʜʦʡ ʩʪʝʥʢʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ ʜʣʷ ʨʘʟʥʳʭ ʯʠʩʝʣ ʇʝʢʣʝ. 

ʇʘʨʘʤʝʪʨʳ: ὃ πȢυȟ#Î τϽρπȟ2Å ρȟὓ ρπ. 
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ʨʝʞʠʤʘ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʜʚʫʤ ʦʙʩʫʞʜʘʚʰʠʡʩʷ ʨʘʥʝʝ ʪʠʧʘʤ ʧʨʦʮʝʩʩʘ ʚʳʪʝʩʥʝʥʠʷ: 

ʧʦʨʰʥʝʚʦʤʫ ʠ ʧʘʣʴʮʝʦʙʨʘʟʥʦʤʫ (ʩʤ, ʨʠʩ. 1.18). ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʚʥʘʯʘʣʝ (ʤʝʥʠʩʢ 

ʚ ʚʠʜʝ çʧʫʟʳʨʷè) ʥʘʙʣʶʜʘʝʪʩʷ ʚʳʩʦʢʦʝ ʢʘʧʠʣʣʷʨʥʦʝ ʜʘʚʣʝʥʠʝ (çʧʦʨʰʥʝʚʦʡè 

ʨʝʞʠʤ), ʟʥʘʯʝʥʠʝ ʢʦʪʦʨʦʛʦ ʩʦ ʚʨʝʤʝʥʝʤ ʧʘʜʘʝʪ, ʠ ʩʠʩʪʝʤʘ ʧʝʨʝʭʦʜʠʪ ʢ 

ʧʘʣʴʮʝʦʙʨʘʟʥʦʤʫ ʪʠʧʫ ʚʳʪʝʩʥʝʥʠʷ. ɼʘʥʥʦʝ ʥʘʙʣʶʜʝʥʠʝ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ 

ʵʬʬʝʢʪʠʚʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ, ʩʚʷʟʘʥʥʳʡ ʩ 

ʩʤʝʰʠʚʘʶʱʝʡʩʷ ʛʨʘʥʠʮʝʡ ʨʘʟʜʝʣʘ, ʤʝʜʣʝʥʥʦ ʫʤʝʥʴʰʘʝʪʩʷ ʩʦ ʚʨʝʤʝʥʝʤ. 

 

 

 

ʈʠʩʫʥʦʢ 1.18. ʇʦʣʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʣʷ ʚʳʪʝʩʥʝʥʠʷ ʥʝʩʤʝʰʠʚʘʶʱʠʭʩʷ 

ʞʠʜʢʦʩʪʝʡ ʧʨʠ ʨʘʟʥʳʭ ʯʠʩʣʘʭ ʄʘʭʘ, ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ὸ = 31. ʇʘʨʘʤʝʪʨʳ: 

ὃ πȢυȟ#Î ρπȟ2Å ρȟ0Å σππ. 
 

ʈʠʩʫʥʦʢ 1.19. ʇʦʣʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʣʷ ʚʳʪʝʩʥʝʥʠʷ ʩʤʝʰʠʚʘʶʱʠʭʩʷ 

ʞʠʜʢʦʩʪʝʡ ʚ ʨʘʟʥʳʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ. ʇʘʨʘʤʝʪʨʳ: #Î ρπȟ2Å ρȟ  
ὓ φȢςυϽρπȟ0Å σππȟὃ πȢρ (a,c,e,g,i) ʠ ὃ πȢρ (b,d,f,h,j). 
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ʅʘ ʨʠʩ. 1.20 ʧʦʢʘʟʘʥʳ ʧʨʦʬʠʣʠ ʢʦʥʮʝʥʪʨʘʮʠʠ (a, b, c) ʠ ʜʘʚʣʝʥʠʷ (d, e, f) 

ʚʜʦʣʴ ʦʩʠ ʢʘʧʠʣʣʷʨʘ ʧʨʠ ὃ = ï0.1, 0.1, 0.3. ʅʘ ʨʠʩ.1.21 ʧʨʝʜʩʪʘʚʣʝʥʳ ʠʟʤʝʥʝʥʠʷ ʚʦ 

ʚʨʝʤʝʥʠ ʠʥʪʝʛʨʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ: ʨʘʩʭʦʜʘ (a), ʢʘʧʠʣʣʷʨʥʦʛʦ ʜʘʚʣʝʥʠ ̫ (b), 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ (c), ʜʣʠʥʳ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ (d), ʪʦʣʱʠʥ r

ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ (e) ʠ ʩʨʝʜʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʚʫʭ ʬʘʟ (f).   

 

ʇʨʦʮʝʩʩ ʜʠʬʬʫʟʠʠ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʧʨʦʠʩʭʦʜʠʪ ʚ ʚʳʪʝʩʥʷʶʱʫʶ ʬʘʟʫ 

(ʢʦʪʦʨʘʷ ʟʘʢʘʯʠʚʘʝʪʩʷ ʩ ʣʝʚʦʛʦ ʢʦʥʮʘ). ʇʨʠ ʤʘʣʳʭ ὃ (ʙʦʣʝʝ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 

ʩʠʩʪʝʤʳ), ʧʦʨʰʥʝʚʦʝ ʚʳʪʝʩʥʝʥʠʝ ʚʩʝ ʝʱʝ ʤʦʞʝʪ ʥʘʙʣʶʜʘʪʴʩʷ; ʧʨʠ ʵʪʦʤ ʨʘʩʭʦʜ, 

ʢʘʧʠʣʣʷʨʥʦʝ ʜʘʚʣʝʥʠʝ, ʬʦʨʤʘ ʤʝʥʠʩʢʘ ʥʝ ʟʘʚʠʩʷʪ ʦʪ ʚʨʝʤʝʥʠ. ʇʨʠ ʙʦʣʴʰʠʭ ὃ 

ʚʳʪʝʩʥʝʥʠʝ ʚʩʝʛʜʘ ʧʨʦʠʩʭʦʜʠʪ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʧʘʣʴʮʝʦʙʨʘʟʥʦʛʦ ʧʨʦʬʠʣʷ ʚ 

ʈʠʩʫʥʦʢ 1.20. ɺʳʪʝʩʥʝʥʠʝ ʩʤʝʰʠʚʘʶʱʠʭʩʷ ʞʠʜʢʦʩʪʝʡ. ʇʨʦʬʠʣʠ 

ʢʦʥʮʝʥʪʨʘʮʠʠ (a-c) ʠ ʜʘʚʣʝʥʠʷ (d-f) ʚʜʦʣʴ ʦʩʠ ʢʘʧʠʣʣʷʨʘ ʜʣʷ ʨʘʟʥʳʭ 

ʤʦʤʝʥʪʦʚ ʚʨʝʤʝʥʠ c ʰʘʛʦʤ ʚ 10 ʝʜ., ʥʘʯʠʥʘʷ ʩ ὸ = 1. ʇʘʨʘʤʝʪʨʳ: #Î
ρπȟ2Å ρȟ  ὓ φȢςυϽρπȟ0Å σππ, ʠ ʪʨʝʭ ʨʘʟʥʳʭ ὃȡ ὃ πȢρ (a,d), 

ὃ πȢρ (b, e), ὃ πȢσ (c,f). 
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ʩʝʨʝʜʠʥʝ ʢʘʧʠʣʣʷʨʘ, ʠ ʚʩʝ ʠʥʪʝʛʨʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʝʪʝʨʧʝʚʘʶʪ ʩʣʦʞʥʳʝ 

ʚʨʝʤʝʥʥʳʝ ʠʟʤʝʥʝʥʠʷ. 

 ʉʣʝʜʫʝʪ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʧʣʦʭʦ ʩʤʝʰʠʚʘʶʱʠʭʩʷ ʞʠʜʢʦʩʪʝʡ 

ʚʳʪʝʩʥʝʥʠʝ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʩ ʙʦʣʝʝ ʤʝʜʣʝʥʥʦʡ ʩʢʦʨʦʩʪʴʶ, ʯʝʤ ʚ ʩʣʫʯʘʝ 

ʥʝʩʤʝʰʠʚʘʶʱʠʭʩʷ ʞʠʜʢʦʩʪʝʡ (ʩʤ., ʥʘʧʨʠʤʝʨ, ʨʠʩ. 1.21 (a) ï ʢʨʠʚʳʝ ʧʨʠ ὃ = ï0.3 ʠ 

ὃ = ï0.5). ʇʦʚʝʨʭʥʦʩʪʥʦʝ ʥʘʪʷʞʝʥʠʝ ʚ ʩʣʫʯʘʝ ʩʤʝʰʠʚʘʶʱʝʡʩʷ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ 

ʚʩʝʛʜʘ ʥʠʞʝ (ʩʤ., ʨʠʩ. 1.21 (c)), ʠ ʤʝʥʠʩʢ ʠʤʝʝʪ ʙʦʣʝʝ ʦʩʪʨʫʶ ʬʦʨʤʫ ʩ ʙʦʣʴʰʝʡ 

ʢʨʠʚʠʟʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʥʝʩʢʦʣʴʢʦ ʙʦʣʴʰʦʤʫ ʢʘʧʠʣʣʷʨʥʦʤʫ 

ʜʘʚʣʝʥʠʶ (ʨʠʩ. 1.21 (b)) ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʢ ʤʝʥʴʰʝʡ ʩʢʦʨʦʩʪʠ ʪʝʯʝʥʠʷ. ɼʘʣʴʥʝʡʰʝʝ 

ʫʤʝʥʴʰʝʥʠʝ ὃ ʧʨʠʚʦʜʠʪ ʢ ʝʱʝ ʙʦʣʝʝ ʩʠʣʴʥʦʤʫ ʫʤʝʥʴʰʝʥʠʶ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʥʘʪʷʞʝʥʠʷ, ʵʬʬʝʢʪ ʦʪ ʫʤʝʥʴʰʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ 

ʧʨʝʚʘʣʠʨʫʝʪ ʥʘʜ ʵʬʬʝʢʪʦʤ ʟʘʦʩʪʨʝʥʠʷ ʤʝʥʠʩʢʘ (ʫʚʝʣʠʯʝʥʠʷ ʢʨʠʚʠʟʥʳ), ʠ, ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʢʘʧʠʣʣʷʨʥʦʝ ʜʘʚʣʝʥʠʝ ʫʤʝʥʴʰʘʝʪʩʷ ʠ ʩʢʦʨʦʩʪʴ ʪʝʯʝʥʠʷ ʠ ʨʘʩʭʦʜ 

ʫʚʝʣʠʯʠʚʘʶʪʩʷ.  

ʅʘ ʨʠʩ. 1.21 (f) ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʩʨʝʜʥʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ ʢʘʞʜʦʡ 

ʠʟ ʬʘʟ ʦʪ ʚʨʝʤʝʥʠ. ʉʨʝʜʥʷʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʢʘʞʜʦʡ ʠʟ ʬʘʟ ʩʯʠʪʘʝʪʩʷ ʧʦ ʩʣʝʜʫʶʱʝʡ 

ʬʦʨʤʫʣʝ: 

ὅȟ
ρ

ὠȟ
ὅὨὠȟ 

ʛʜʝ ὠȟὠ ï ʦʙʲʝʤ ʧʝʨʚʦʡ ʠ ʚʪʦʨʦʡ ʬʘʟ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʦʜ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʬʘʟʳ 1, 

ὅ, ʤʳ ʧʦʥʠʤʘʝʤ ʢʦʥʮʝʥʪʨʘʮʠʶ ʚ ʪʦʡ ʦʙʣʘʩʪʠ (ʦʙʲʝʤ ὠ , ʛʜʝ ὅ > 0; ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʬʘʟʳ 2, ὅ  ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʚ ʦʙʣʘʩʪʠ (ʦʙʲʝʤ ὠ , ʛʜʝ ὅ < 0. ɼʣʷ 

ʚʳʪʝʩʥʝʥʠʷ ʥʝʩʤʝʰʠʚʘʶʱʠʭʩʷ ʞʠʜʢʦʩʪʝʡ ʟʥʘʯʝʥʠʷ ʩʨʝʜʥʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʦʩʪʘʶʪʩʷ ʧʦʩʪʦʷʥʥʳʤʠ, ʨʘʚʥʳʤʠ 1/2. ʇʨʠ ʚʳʪʝʩʥʝʥʠʠ ʩʤʝʰʠʚʘʶʱʠʭʩʷ 

ʞʠʜʢʦʩʪʝʡ ʜʠʬʬʫʟʠʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʧʨʦʠʩʭʦʜʠʪ ʚ ʚʳʪʝʩʥʷʶʱʫʶ ʬʘʟʫ. 

ʀʟʤʝʥʝʥʠʝ ʩʨʝʜʥʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚʳʪʝʩʥʷʝʤʦʡ ʬʨʘʢʮʠʠ ʩʪʘʥʦʚʠʪʩʷ ʩʠʣʴʥʝʝ ʧʨʠ 

ʧʨʠʙʣʠʞʝʥʠʠ ʢ ʤʦʤʝʥʪʫ ʜʦʩʪʠʞʝʥʠʷ ʤʝʥʠʩʢʦʤ ʢʦʥʮʘ ʢʘʧʠʣʣʷʨʘ. 

ʅʘ ʨʠʩ. 1.20 (d-f) ʠʟʦʙʨʘʞʝʥʳ ʧʨʦʬʠʣʠ ʜʘʚʣʝʥʠʷ ʧʦ ʦʩʝʚʦʡ ʣʠʥʠʠ, ʯʪʦ 

ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʢʣʶʯʝʚʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʥʘʰʝʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ɺʠʜʥʦ, ʯʪʦ 
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ʢʘʧʠʣʣʷʨʥʦʝ ʜʘʚʣʝʥʠʝ ʧʦʩʪʝʧʝʥʥʦ ʫʤʝʥʴʰʘʝʪʩʷ ʧʦ ʚʝʣʠʯʠʥʝ (ʯʪʦ ʦʪʨʘʞʘʝʪʩʷ ʚ 

ʫʤʝʥʴʰʝʥʠʠ ʩʢʘʯʢʘ ʜʘʚʣʝʥʠʷ ʧʦ ʦʙʝ ʩʪʦʨʦʥʳ ʦʪ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ). ʇʨʠ ʜʦʩʪʘʪʦʯʥʦ 

ʚʳʩʦʢʦʤ ʟʥʘʯʝʥʠʠ ʧʘʨʘʤʝʪʨʘ ὃ ʢʘʧʠʣʣʷʨʥʦʝ ʜʘʚʣʝʥʠʝ ʚ ʦʧʨʝʜʝʣʝʥʥʳʡ ʤʦʤʝʥʪ 

ʩʪʘʥʦʚʠʪʩʷ ʥʝʩʫʱʝʩʪʚʝʥʥʳʤ, ʠ ʪʝʯʝʥʠʝ ʩʪʘʥʦʚʠʪʩʷ ʦʜʥʦʬʘʟʥʳʤ (ʩ ʧʝʨʝʥʦʩʦʤ 

ʧʘʩʩʠʚʥʦʡ ʧʨʠʤʝʩʠ). ɼʘʥʥʳʡ ʨʝʟʫʣʴʪʘʪ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʨʠʩʫʥʢʦʤ 1.21 (b). 

 

 

 

 

ʀʩʩʣʝʜʦʚʘʣʘʩʴ ʪʘʢʞʝ ʜʠʥʘʤʠʢʘ ʚʳʪʝʩʥʝʥʠʷ ʩʤʝʰʠʚʘʶʱʠʭʩʷ ʞʠʜʢʦʩʪʝʡ, 

ʢʦʛʜʘ ʩʠʩʪʝʤʘ ʥʘʭʦʜʠʪʩʷ ʚʳʰʝ ʢʨʠʪʠʯʝʩʢʦʡ ʪʦʯʢʠ (ʨʠʩ. 1.22). ʅʘʡʜʝʥʦ, ʯʪʦ ʧʨʠ 

ὃ = 0.1 ʢʘʧʠʣʣʷʨʥʦʝ ʜʘʚʣʝʥʠʝ ʫʙʳʚʘʝʪ ʧʦ ʟʘʢʦʥʫ 0.086 t-0.43, ʧʨʠ ὃ = 0.3 ʧʦ ʟʘʢʦʥʫ 

0.06 t-0.5, ʘ ʧʨʠ ὃ = 0.5 ʧʦ ʟʘʢʦʥʫ 0.046 t-0.53. ɺʦ ʚʩʝʭ ʩʣʫʯʘʷʭ ʟʘʢʦʥ ʙʣʠʟʦʢ ʢ t-0.5, ʯʪʦ 

ʈʠʩʫʥʦʢ 1.21. ɺʳʪʝʩʥʝʥʠʝ ʩʤʝʰʠʚʘʶʱʠʭʩʷ ʞʠʜʢʦʩʪʝʡ. ɿʘʚʠʩʠʤʦʩʪʴ ʦʪ 

ʚʨʝʤʝʥʠ (a) ʨʘʩʭʦʜʘ, (b) ʦʪʥʦʰʝʥʠʷ ʢʘʧʠʣʣʷʨʥʦʛʦ ʜʘʚʣʝʥʠʷ ʢ ʧʝʨʝʧʘʜʫ 

ʜʘʚʣʝʥʠʡ ʤʝʞʜʫ ʢʦʥʮʘʤʠ, (c) ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ, 

(d) ʜʣʠʥʳ ʠ (e) ʪʦʣʱʠʥʳ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ, (f) ʩʨʝʜʥʠʭ ʢʦʥʮʝʥʪʨʘʮʠʡ 

ʚʳʪʝʩʥʷʶʱʝʡ ʞʠʜʢʦʩʪʠ ʠ ʚʳʪʝʩʥʷʝʤʦʡ ʞʠʜʢʦʩʪʠ. ʇʘʨʘʤʝʪʨʳ: 

#Î ρπȟ2Å ρȟ  ὓ φȢςυϽρπȟ0Å σππ.  
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ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʜʠʬʬʫʟʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ. ʅʘʙʣʶʜʘʝʤʳʝ ʥʝʙʦʣʴʰʠʝ ʨʘʟʣʠʯʠʷ 

ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʚʣʠʷʥʠʝʤ ʪʝʯʝʥʠʷ, ʯʪʦ, ʚ ʯʘʩʪʥʦʩʪʠ, ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʨʘʟʣʠʯʠʠ 

ʧʣʦʱʘʜʝʡ ʢʦʥʪʘʢʪʘ ʬʘʟ ʧʨʠ ʨʘʟʥʳʭ ὃ. 

 

  

  

 

 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʚ ʩʝʪʠ ʢʘʧʠʣʣʷʨʦʚ 

 ʀʟʫʯʝʥʠʝ ʧʨʦʮʝʩʩʘ ʚʳʪʝʩʥʝʥʠʷ ʚ ʢʘʧʠʣʣʷʨʝ ʚʘʞʥʦ ʜʣʷ ʨʘʩʩʤʦʪʨʝʥʠʷ 

ʜʠʥʘʤʠʢʠ ʚʳʪʝʩʥʝʥʠʷ ʚ ʧʦʨʠʩʪʦʡ ʩʨʝʜʝ. ʉʝʪʴ ʩʦʝʜʠʥʝʥʥʳʭ ʤʝʞʜʫ ʩʦʙʦʡ 

ʢʘʧʠʣʣʷʨʦʚ ʵʪʦ ʚʘʨʠʘʥʪ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʧʦʨʠʩʪʦʡ ʩʨʝʜʳ ʥʘ ʤʠʢʨʦʤʘʩʰʪʘʙʝ. ʅʘ ʨʠʩ. 

1.23 (a) ʠʟʦʙʨʘʞʝʥʘ ʨʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʥʘʤʠ ʛʝʦʤʝʪʨʠʷ ʦʙʣʘʩʪʠ. ʐʘʛ ʩʝʪʢʠ ʙʳʣ 

ʚʳʙʨʘʥ ʨʘʚʥʳʤ 1/400. ʂʘʢ ʠ ʚ ʩʣʫʯʘʝ ʦʜʠʥʦʯʥʦʛʦ ʢʘʧʠʣʣʷʨʘ, ʧʦʣʦʩʪʴ 

ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʟʘʧʦʣʥʝʥʘ ʦʜʥʦʡ ʞʠʜʢʦʩʪʴʶ, ʜʨʫʛʘʷ ʞʠʜʢʦʩʪʴ ʚʳʪʝʩʥʷʝʪ ʧʝʨʚʫʶ 

ʧʫʪʝʤ ʧʦʢʘʯʠʚʘʥʠʷ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʩ ʣʝʚʦʡ ʩʪʦʨʦʥʳ ʦʙʣʘʩʪʠ, ʧʨʘʚʘʷ ʛʨʘʥʠʮʘ 

ʦʙʣʘʩʪʠ ʩʯʠʪʘʝʪʩʷ ʦʪʢʨʳʪʦʡ. ɼʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʫʨʘʚʥʝʥʠʷ 

ʈʠʩʫʥʦʢ 1.22. ɺʳʪʝʩʥʝʥʠʝ ʩʤʝʰʠʚʘʶʱʠʭʩʷ ʞʠʜʢʦʩʪʝʡ. ʀʟʤʝʥʝʥʠʝ ʩʦ 

ʚʨʝʤʝʥʝʤ ʢʘʧʠʣʣʷʨʥʦʛʦ ʜʘʚʣʝʥʠʷ ʚ ʥʦʨʤʘʣʴʥʦʤ (a) ʠ ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʤ 

ʤʘʩʰʪʘʙʝ (b) ʜʣʷ ʪʨʝʭ ὃ ʚʳʰʝ ʢʨʠʪʠʯʝʩʢʦʡ. ʇʘʨʘʤʝʪʨʳ: #Î ρπȟ2Å
ρȟ  ὓ φȢςυϽρπȟ0Å σππ. ʇʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ ʧʦʢʘʟʳʚʘʶʪ ʚʨʝʤʝʥʥʳʝ 
ʟʘʢʦʥʳ: πȢπψφ ὸ ȢȟπȢπφ ὸ ȢȟπȢπτφ ὸ Ȣ . 
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ʪʝʦʨʠʠ ʬʘʟʦʚʦʛʦ ʧʦʣʷ (1.23)-(1.26) ʠ ʪʦʪ ʞʝ, ʯʪʦ ʠ ʨʘʥʴʰʝ, ʯʠʩʣʝʥʥʳʡ ʘʣʛʦʨʠʪʤ ï 

ʤʝʪʦʜ ʧʨʦʝʢʮʠʡ (ʜʨʦʙʥʳʭ ʰʘʛʦʚ).  ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʜʣʷ çʚʭʦʜʥʦʡè ʩʪʦʨʦʥʳ 

ʤʘʪʨʠʮʳ ʠʤʝʶʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

ὼ πȡ 
Ἶ

ὼ
πȟὴ ὴȟ

‘

ὼ
πȟὅ 0.5Ȣ (1.37) 

ɼʣʷ çʚʳʭʦʜʥʦʡè ʩʪʦʨʦʥʳ:  

ὼ ὒȡ 
Ἶ

ὼ
πȟὴ ὴ πȟ

‘

ὼ
πȟ
ὅ

ὼ
πȢ (1.38) 

ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʪʝʯʝʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʝʨʝʧʘʜʦʤ ʜʘʚʣʝʥʠʷ ɝὴ ὴ, ʛʜʝ ὴ

8ὒȾ2Å ʚʳʙʨʘʥʦ ʪʘʢ ʞʝ, ʢʘʢ ʠ ʜʣʷ ʦʜʠʥʦʯʥʦʛʦ ʢʘʧʠʣʣʷʨʘ: ʧʨʠ ʪʘʢʦʤ ʟʥʘʯʝʥʠʠ 

ʧʝʨʝʧʘʜʘ ʜʘʚʣʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʩʢʦʨʦʩʪʠ ʥʦʨʤʠʨʫʝʪʩʷ ʥʘ ʝʜʠʥʠʮʫ ʚ 

ʧʨʝʜʝʣʝ ʫʩʪʘʥʦʚʣʝʥʠʷ ʪʝʯʝʥʠʷ ʇʫʘʟʝʡʣʷ.  

ʅʘ ʪʚʝʨʜʳʭ ʩʪʝʥʢʘʭ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʟʘʧʠʩʳʚʘʶʪʩʷ ʚ ʚʠʜʝ:  

Ἶ πȟ 
ὴ

ὲ

ρ

2Å

ὺ

ὲ
ȟ 
‘

ὲ
πȟ 
ὅ

ὲ
πȟ (1.39) 

ʛʜʝ ὲ ï ʢʦʦʨʜʠʥʘʪʘ, ʥʦʨʤʘʣʴʥʘʷ ʢ ʩʪʝʥʢʝ; ʚ ʫʛʣʦʚʳʭ ʪʦʯʢʘʭ ʚʳʯʠʩʣʷʝʪʩʷ ʩʨʝʜʥʝʝ ʦʪ 

ʥʦʨʤʘʣʴʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ ʧʦ ʜʚʫʤ ʥʘʧʨʘʚʣʝʥʠʷʤ.  

ʅʘ ʨʠʩ. 1.23 (b) ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʭʝʤʘ ʝʜʠʥʠʯʥʦʛʦ ʵʣʝʤʝʥʪʘ ʤʘʪʨʠʮʳ: 

ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʝ ʚʩʝʡ ʤʘʪʨʠʮʳ ʟʘʜʘʝʪʩʷ ʛʝʦʤʝʪʨʠʝʡ ʪʘʢʦʛʦ ʵʣʝʤʝʥʪʘ (ὲȟὲ ï 

ʯʠʩʣʦ ʫʟʣʦʚ), ʠ ʠʭ ʢʦʣʠʯʝʩʪʚʦʤ. ʎʠʬʨʳ ʥʘ ʨʠʩ. 1.23 (b) ï ʚʥʫʪʨʝʥʥʠʝ ʜʝʪʘʣʠ 

ʯʠʩʣʝʥʥʦʡ ʧʨʦʛʨʘʤʤʳ, ʦʥʠ ʦʪʚʝʯʘʶʪ ʪʠʧʫ ʫʟʣʘ ʩʝʪʢʠ (ʚʭʦʜʥʘʷ ʩʪʝʥʢʘ, ʪʚʝʨʜʘʷ 

ʚʝʨʭʥʷʷ, ʫʛʣʦʚʘʷ ʠ ʪ.ʜ.), ʚʤʝʩʪʝ ʩ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤʠ ʤʘʩʩʠʚʘʤʠ ʜʣʷ ʭʨʘʥʝʥʠʷ 

ʜʘʥʥʳʭ ʦ ʨʘʩʧʦʣʦʞʝʥʠʠ ʩʦʩʝʜʥʠʭ ʷʯʝʝʢ. ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʨʝʘʣʠʟʫʝʪ ʩʠʩʪʝʤʫ 

ʫʧʨʘʚʣʝʥʠʷ ʧʘʤʷʪʴʶ ʚ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʧʨʦʛʨʘʤʤʝ. ɹʦʣʝʝ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʠʝ 

ʨʘʙʦʪʳ ʨʘʩʯʝʪʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʜʣʷ ʩʝʪʠ ʢʘʧʠʣʣʷʨʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʨʘʬʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʨʦʚ ʠ ʪʝʭʥʦʣʦʛʠʠ CUDA ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʩʪʘʪʴʝ [2] ʠ ʚ ʧʨʠʣʦʞʝʥʠʠ ɸ ʢ 

ʪʝʢʫʱʝʡ ʜʠʩʩʝʨʪʘʮʠʠ. 

ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʟʘʜʘʯʠ ʦ ʚʳʪʝʩʥʝʥʠʠ ʚ ʩʝʪʠ ʢʘʧʠʣʣʷʨʦʚ ʜʣʷ ʘʥʘʣʠʟʘ 

ʪʝʯʝʥʠʷ ʘʢʮʝʥʪ ʜʝʣʘʝʪʩʷ ʥʘ ʨʘʩʩʤʦʪʨʝʥʠʠ ʧʦʣʷ ʜʘʚʣʝʥʠʷ ʠ ʠʩʩʣʝʜʦʚʘʥʠʠ 
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ʩʣʝʜʫʶʱʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ: ʥʘʩʳʱʝʥʥʦʩʪʴ ʧʦʨʠʩʪʦʡ ʤʘʪʨʠʮʳ ί 1/2ὅ  (ʛʜʝ 

ὅ ᷿ὅὨὠ); ʨʘʩʭʦʜʳ ʞʠʜʢʦʩʪʠ ʥʘ ʚʳʭʦʜʝ ὗȟὗ, ʦʪʥʝʩʝʥʥʳʝ ʢ ʰʠʨʠʥʝ 

ʤʘʪʨʠʮʳ/ʧʦʧʝʨʝʯʥʦʤʫ ʩʝʯʝʥʠʶ ὒ (ʜʣʷ ʦʜʠʥʦʯʥʦʛʦ ʢʘʧʠʣʣʷʨʘ ὒ= 1), ʠʥʜʝʢʩʳ 1,2 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʦʙʦʟʥʘʯʘʶʪ ʦʜʥʦʬʘʟʥʦʝ ʠ ʜʚʫʭʬʘʟʥʦʝ ʪʝʯʝʥʠʷ. 

 

 

 

ɺ ʨʘʤʢʘʭ ʪʝʦʨʠʠ ɼʘʨʩʠ ʚʚʦʜʠʪʩʷ ʧʘʨʘʤʝʪʨ ʧʦʨʠʩʪʦʡ ʩʨʝʜʳ Ὧ ï 

ʧʨʦʥʠʮʘʝʤʦʩʪʴ, ʢʦʪʦʨʳʡ ʷʚʣʷʝʪʩʷ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʩʪʠ ʚ 

ʣʠʥʝʡʥʦʤ ʟʘʢʦʥʝ ʩʚʷʟʠ ʨʘʩʭʦʜʘ ʠ ʛʨʘʜʠʝʥʪʘ ʜʘʚʣʝʥʠʷ 

ὗ Ὧ2Åɳὴ. (1.40) 

ɼʣʷ ʩʝʪʠ ʢʘʧʠʣʣʷʨʦʚ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʨʘʩʭʦʜʘ ʞʠʜʢʦʩʪʠ, ʩʦʦʪʥʝʩʝʥʥʦʛʦ ʥʘ ʰʠʨʠʥʫ 

ʚʳʭʦʜʥʦʛʦ ʩʝʯʝʥʠʷ, ʫʯʠʪʳʚʘʷ ʧʝʨʝʧʘʜ ʜʘʚʣʝʥʠʷ ɝὴ 8ὒȾ2Å, ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʚ 

ʚʠʜʝ: 

ὗ ὒὯ2Å
ɝὴ

ὒ
8ὯὒȢ (1.41) 

ὥ ὦ 

ὒ 

ὒ 

ʈʠʩʫʥʦʢ 1.23. (a) ɻʝʦʤʝʪʨʠʷ ʩʝʪʠ ʢʘʧʠʣʣʷʨʦʚ, ʟʘʰʪʨʠʭʦʚʘʥʥʘʷ ʦʙʣʘʩʪʴ ï 

ʧʨʦʩʪʨʘʥʩʪʚʦ ʚʥʫʪʨʠ ʢʘʧʠʣʣʷʨʦʚ, ʙʝʣʳʝ ʦʙʣʘʩʪʠ ï ʩʢʝʣʝʪ ʧʦʨʠʩʪʦʡ ʩʨʝʜʳ; 

(b) ʜʠʘʛʨʘʤʤʘ ʝʜʠʥʠʯʥʦʛʦ ʵʣʝʤʝʥʪʘ ʤʘʪʨʠʮʳ.  
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ɿʜʝʩʴ ὒ ï ʜʣʠʥʘ ʚʩʝʡ ʩʝʪʠ ʢʘʧʠʣʣʷʨʦʚ, ὒ ï ʝʝ ʰʠʨʠʥʘ / ʧʦʧʝʨʝʯʥʳʡ ʨʘʟʤʝʨ (ʩʤ. 

ʨʠʩʫʥʦʢ 1.23). ʆʪʩʶʜʘ ʩʣʝʜʫʝʪ Ὧ ὗȾ8ὒ .  

ʉʥʘʯʘʣʘ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʨʘʩʯʝʪʳ ʜʣʷ ʦʜʥʦʬʘʟʥʦʛʦ ʪʝʯʝʥʠʷ ʩ ʮʝʣʴʶ 

ʦʧʨʝʜʝʣʝʥʠʷ ʘʩʠʤʧʪʦʪʠʯʝʩʢʦʛʦ ʧʦʚʝʜʝʥʠʷ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʯʠʩʣʘ ʵʣʝʤʝʥʪʦʚ 

ʤʘʪʨʠʮʳ.  

ɺ ʪʘʙʣʠʮʝ 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʥʘʯʝʥʠʷ ʩʨʝʜʥʝʛʦ ʨʘʩʭʦʜʘ ʠ ʧʨʦʥʠʮʘʝʤʦʩʪʠ, 

ʧʦʣʫʯʝʥʥʳʝ ʯʠʩʣʝʥʥʦ, ʜʣʷ ʨʘʟʣʠʯʥʦʛʦ ʯʠʩʣʘ ʵʣʝʤʝʥʪʦʚ ʤʘʪʨʠʮʳ. ʂʘʢ ʚʠʜʥʦ, ʧʨʠ 

ʫʚʝʣʠʯʝʥʠʝ ʯʠʩʣʘ ʵʣʝʤʝʥʪʦʚ, ʟʥʘʯʝʥʠʝ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩʭʦʜʠʪʩʷ ʢ Ὧ  0.0350; 

ʨʘʟʤʝʨʥʦʤ ʚʠʜʝ Ὧ 0.035Ὤ 1ͯ0-10 ʤ2 (ʧʨʠ Ὤ ͯ10-4 ʤ), ʯʪʦ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʧʦʨʠʩʪʳʭ 

ʛʦʨʥʳʭ ʧʦʨʦʜ.   

ʊʘʙʣʠʮʘ 1. ʈʘʩʭʦʜ ʠ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʜʣʷ ʦʜʥʦʬʘʟʥʦʛʦ ʪʝʯʝʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʨʘʟʤʝʨʦʚ ʤʘʪʨʠʮʳ. 2Å ρȟ0Å ρπ. 
ʤʘʪʨʠʮʘ 1Ĭ1 2Ĭ2 3Ĭ3 4Ĭ4 5Ĭ5 6Ĭ6 

ὗȾὒ 2/3 0.359 0.314 0.296 0.286 0.280 

Ὧ 0.0834 0.0449 0.0393 0.0370 0.0358 0.0350 

 

ɼʣʷ ʜʚʫʭʬʘʟʥʦʛʦ ʪʝʯʝʥʠʷ ʚ ʦʜʠʥʦʯʥʦʤ ʢʘʧʠʣʣʷʨʝ ʨʘʩʭʦʜ ʦʧʨʝʜʝʣʷʣʩʷ 

ʫʨʘʚʥʝʥʠʝʤ ʋʦʰʙʦʨʥʘ  

ὗ
2Å

12ὒ
ὴ ὴ ὴ

2

3

2Å

12ὒ
ὴȢ (1.42) 

ʂʘʢ ʧʦʢʘʟʳʚʘʶʪ ʨʘʩʯʝʪʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʜʘʣʝʝ, ʬʦʨʤʫʣʘ (1.42) ʤʦʞʝʪ ʙʳʪʴ ʪʘʢʞʝ 

ʧʨʠʤʝʥʝʥʘ ʢ ʤʘʪʨʠʮʝ ʢʘʧʠʣʣʷʨʦʚ.  ʀʩʧʦʣʴʟʫʷ ʫʨʘʚʥʝʥʠʷ (1.41) ʠ (1.42), ʧʦʣʫʯʘʝʤ 

ʚʳʨʘʞʝʥʠʝʤ ʜʣʷ ʦʮʝʥʢʠ ʢʘʧʠʣʣʷʨʥʦʛʦ ʜʘʚʣʝʥʠʷ: 

ὴ ρ
ὗ

ὗ
ὴ ὴ Ȣ (1.43) 
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 ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʜʠʥʘʤʠʢʘ ʚʳʪʝʩʥʝʥʠʷ ʚ ʩʝʪʠ ʢʘʧʠʣʣʷʨʦʚ ʘʥʘʣʦʛʠʯʥʘʷ 

ʜʠʥʘʤʠʢʝ ʚʳʪʝʩʥʝʥʠʷ ʚ ʦʜʠʥʦʯʥʦʤ ʢʘʧʠʣʣʷʨʝ. ʅʘ ʨʠʩ. 1.24 ʩʭʝʤʘʪʠʯʝʩʢʠ ʧʦʢʘʟʘʥʦ 

ʚʳʪʝʩʥʝʥʠʝ ʚ ʤʘʪʨʠʮʝ 2Ĭ2, ʥʘ ʨʠʩ. 1.25 ʧʨʝʜʩʪʘʚʣʝʥʳ ʠʥʪʝʛʨʘʣʴʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ (ʨʘʩʭʦʜ ʠ ʥʘʩʳʱʝʥʥʦʩʪʴ) ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ. ʅʘʡʜʝʥʦ, ʯʪʦ 

ʈʠʩʫʥʦʢ 1.24. ʇʦʣʝ ʜʘʚʣʝʥʠʷ ʜʣʷ ʜʚʫʭ ʤʦʤʝʥʪʦʚ ʚʨʝʤʝʥʠ ʚ ʤʘʪʨʠʮʝ 2Ĭ2; 

ʩʪʨʝʣʢʘʤʠ ʧʦʢʘʟʘʥʦ ʧʦʣʝ ʩʢʦʨʦʩʪʠ. ʇʘʨʘʤʝʪʨʳ: ὃ πȢυȟ#Î ρπȟ2Å ρȟ 
ὓ ςȢυϽρπȟ0Å ρπ. 

ʈʠʩʫʥʦʢ 1.25. (a) ʈʘʩʭʦʜ ʥʘ ʰʠʨʠʥʫ ʚʳʭʦʜʥʦʛʦ ʩʝʯʝʥʠʷ ʤʘʪʨʠʮʳ, (b) 

ʥʘʩʳʱʝʥʥʦʩʪʴ ʩʨʝʜʳ: ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ ï ʦʜʠʥʦʯʥʳʡ ʢʘʧʠʣʣʷʨ, ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ 

ï ʤʘʪʨʠʮʘ 2Ĭ2,  ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ ï ʤʘʪʨʠʮʘ 2Ĭ2, ʦʜʥʦʬʘʟʥʦʝ ʪʝʯʝʥʠʝ. 

ʇʘʨʘʤʝʪʨʳ: ὃ πȢυȟ#Î ρπȟ2Å ρȟ  ὓ ςȢυϽρπȟ0Å ρπ. 
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ʬʦʨʤʫʣʘ (1.43) ʜʘʝʪ ʭʦʨʦʰʫʶ ʦʮʝʥʢʫ ʢʘʧʠʣʣʷʨʥʦʛʦ ʜʘʚʣʝʥʠʷ ʜʣʷ ʩʣʫʯʘʷ ʤʘʪʨʠʮʳ 

ʩʝʪʠ ʢʘʧʠʣʣʷʨʦʚ. 

ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʣʫʯʘʝʤ ʝʜʠʥʠʯʥʦʛʦ ʢʘʧʠʣʣʷʨʘ ʚʦʟʥʠʢʘʝʪ 

ʦʜʥʦ ʦʪʣʠʯʠʝ. ɺ ʦʜʠʥʦʯʥʦʤ ʢʘʧʠʣʣʷʨʝ ʚ ʢʘʢʦʡ-ʪʦ ʤʦʤʝʥʪ ʧʨʦʠʩʭʦʜʠʪ ʧʦʣʥʦʝ 

ʚʳʪʝʩʥʝʥʠʝ ʦʜʥʦʡ ʞʠʜʢʦʩʪʠ ʜʨʫʛʦʡ, ʧʦʩʣʝ ʯʝʛʦ ʪʝʯʝʥʠʝ ʩʪʘʥʦʚʠʪʩʷ ʦʜʥʦʬʘʟʥʳʤ. 

ʀʟ ʨʠʩ. 1.25 (a) ʚʠʜʥʦ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʜʚʫʭʬʘʟʥʦʛʦ ʪʝʯʝʥʠʷ ʟʥʘʯʝʥʠʝ ʨʘʩʭʦʜʘ 

ʞʠʜʢʦʩʪʠ ʥʝ ʜʦʩʪʠʛʘʝʪ ʫʨʦʚʥʷ ʦʜʥʦʬʘʟʥʦʛʦ ʪʝʯʝʥʠʷ. ɼʣʷ ʦʜʠʥʦʯʥʦʛʦ ʢʘʧʠʣʣʷʨʘ 

ʧʦʩʣʝ ʫʩʪʘʥʦʚʣʝʥʠʷ ʧʨʦʬʠʣʷ ʪʝʯʝʥʠʷ ʇʫʘʟʝʡʣʷ ʧʨʦʬʠʣʴ ʜʘʚʣʝʥʠʷ ʩʪʘʥʦʚʠʪʩʷ 

ʣʠʥʝʡʥʳʤ ʚʜʦʣʴ ʪʨʫʙʳ; ʚ ʩʣʫʯʘʝ ʤʘʪʨʠʮʳ ʢʘʧʠʣʣʷʨʦʚ ʵʪʦʛʦ ʥʝ ʧʨʦʠʩʭʦʜʠʪ: 

ʧʨʦʬʠʣʴ ʜʘʚʣʝʥʠʷ ʧʨʠ ʵʪʦʤ ʠʤʝʝʪ ʩʣʦʞʥʫʶ ʥʝʣʠʥʝʡʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʚ ʦʩʦʙʝʥʥʦʩʪʠ 

ʚʙʣʠʟʠ ʚʳʭʦʜʥʦʡ ʩʪʦʨʦʥʳ ʤʘʪʨʠʮʳ. (ʨʠʩ. 1.26). 

 

 

 

ʈʠʩʫʥʦʢ 1.26. (a) ʇʦʣʝ ʜʘʚʣʝʥʠʷ ʧʨʠ t =100 ʜʣʷ ʤʘʪʨʠʮʳ 2Ĭ2; ʩʪʨʝʣʢʘʤʠ ʧʦʢʘʟʘʥʦ 

ʧʦʣʝ ʩʢʦʨʦʩʪʠ. (b) ʧʨʦʬʠʣʴ ʜʘʚʣʝʥʠʷ ʧʦʩʝʨʝʜʠʥʝ ʥʠʞʥʝʡ ʪʨʫʙʢʠ (ʩʧʣʦʰʥʘʷ 

ʣʠʥʠʷ), ʥʘ ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʝ ʥʠʞʥʝʡ ʪʨʫʙʢʠ (ʰʪʨʠʭʧʫʥʢʪʠʨʥʘʷ ʩ ʜʚʫʤʷ ʪʦʯʢʘʤʠ), 

ʚ ʩʝʨʝʜʠʥʝ ʤʘʪʨʠʮʳ (ʰʪʨʠʭʧʫʥʢʪʠʨʥʘʷ). ʇʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʫʨʦʚʥʷʤ ʜʘʚʣʝʥʠʷ ὴ ὴ ὴ ὼȾὒ ʠ ὴ ὴ ὼ ὒ Ⱦὒ. ʇʘʨʘʤʝʪʨʳ: ὃ
πȢυȟ#Î ρπȟ2Å ρȟ  ὓ ςȢυϽρπȟ0Å ρπ. 
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 ɼʣʷ ʙʦʣʴʰʠʭ ʤʘʪʨʠʮ ʨʝʟʫʣʴʪʘʪ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ. 1.27. ʂʘʯʝʩʪʚʝʥʥʦ 

ʵʚʦʣʶʮʠʷ ʘʥʘʣʦʛʠʯʥʘʷ ʪʦʤʫ, ʯʪʦ ʠ ʜʣʷ ʤʘʪʨʠʮʳ 2Ĭ2: ʧʝʨʚʳʡ ʵʪʘʧ ʘʢʪʠʚʥʦʛʦ 

ʚʳʪʝʩʥʝʥʠʷ ʩʤʝʥʷʝʪʩʷ ʩʪʘʜʠʝʡ, ʥʘ ʢʦʪʦʨʦʡ ʦʩʪʘʝʪʩʷ ʥʝʢʦʪʦʨʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʞʠʜʢʦʩʪʠ ʚ ʟʘʩʪʦʡʥʳʭ ʟʦʥʘʭ. ʊʘʢ ʞʝ ʢʘʢ ʠ ʜʣʷ ʦʜʥʦʬʘʟʥʳʭ ʪʝʯʝʥʠʡ ʚ ʤʘʪʨʠʮʝ 

ʢʘʧʠʣʣʷʨʦʚ, ʫʞʝ ʥʘ ʤʘʪʨʠʮʝ 6Ĭ6 ʜʦʩʪʠʛʘʝʪʩʷ ʭʦʨʦʰʘʷ ʩʭʦʜʠʤʦʩʪʴ ʢ ʥʝʢʦʪʦʨʳʤ 

ʧʨʝʜʝʣʴʥʳʤ ʟʥʘʯʝʥʠʷʤ. 

 

1.2.4 ɺʳʚʦʜʳ ʧʦ ʨʘʟʜʝʣʫ 

 

ʇʨʦʚʝʜʝʥʦ ʧʨʷʤʦʝ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚʳʪʝʩʥʝʥʠʷ ʦʜʥʦʡ ʞʠʜʢʦʩʪʠ 

ʜʨʫʛʦʡ ʚʥʫʪʨʠ ʢʘʧʠʣʣʷʨʘ. ʈʘʩʩʤʦʪʨʝʥ ʰʠʨʦʢʠʡ ʜʠʘʧʘʟʦʥ ʧʘʨʘʤʝʪʨʦʚ, 

ʚʦʩʧʨʦʠʟʚʦʜʷɦ ʠʡ ʩʮʝʥʘʨʠʠ ʧʘʣʴʮʝʦʙʨʘʟʥʦʛʦ ʠ ʧʦʨʰʥʝʚʦʛʦ ʚʳʪʝʩʥʝʥʠʡ ʞʠʜʢʦʩʪʠ 

ʧʨʠ ʧʨʦʢʘʯʢʝ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʝʨʝʧʘʜʘ ʜʘʚʣʝʥʠʷ.  

ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʵʚʦʣʶʮʠʠ ʜʚʫʭ 

ʥʝʩʤʝʰʠʚʘʶʱʠʭʩʷ/ʩʤʝʰʠʚʘʶʱʠʭʩʷ ʞʠʜʢʦʩʪʝʡ ʠʩʧʦʣʴʟʦʚʘʥʘ ʪʝʦʨʠʷ ʬʘʟʦʚʦʛʦ 

ʧʦʣʷ. ʉ ʧʦʤʦʱʴʶ ʵʪʦʛʦ ʤʝʪʦʜʘ ʫʜʘʣʦʩʴ ʚʦʩʧʨʦʠʟʚʝʩʪʠ ʚʩʝ ʦʩʦʙʝʥʥʦʩʪʠ ʚʳʪʝʩʥʝʥʠʷ 

ʈʠʩʫʥʦʢ 1.27.  (a) ʈʘʩʭʦʜ ʦʪʥʝʩʝʥʥʳʡ ʢ ʰʠʨʠʥʝ ʚʳʭʦʜʥʦʛʦ ʩʝʯʝʥʠʷ ʤʘʪʨʠʮʳ, (b) 

ʥʘʩʳʱʝʥʥʦʩʪʴ ʩʨʝʜʳ: 2Ĭ2 (ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ), 3Ĭ3 (ʰʪʨʠʭʧʫʥʢʪʠʨʥʘʷ), 4Ĭ4 

(ʰʪʨʠʭʧʫʥʢʪʠʨʥʘʷ ʩ ʜʚʫʤʷ ʪʦʯʢʘʤʠ), 5Ĭ5 (ʧʫʥʢʪʠʨʥʘʷ), 6Ĭ6 (ʩʧʣʦʰʥʘʷ).  

ʇʘʨʘʤʝʪʨʳ: ὃ πȢυȟ#Î ρπȟ2Å ρȟὓ ςȢυϽρπȟ0Å ρπ. 
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ʞʠʜʢʦʩʪʴ-ʞʠʜʢʦʩʪʴ, ʧʨʝʜʩʢʘʟʘʪʴ ʚʨʝʤʝʥʥʦʝ ʠʟʤʝʥʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʧʦʣʷ ʩʢʦʨʦʩʪʠ, 

ʬʦʨʤʳ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ, ʢʘʧʠʣʣʷʨʥʦʛʦ ʜʘʚʣʝʥʠʷ, ʩʚʷʟʘʥʥʦʛʦ ʩ ʤʝʥʠʩʢʦʤ, ʠ 

ʢʦʣʠʯʝʩʪʚʘ ʞʠʜʢʦʩʪʠ, ʦʩʪʘʶʱʝʡʩʷ ʥʘ ʩʪʝʥʢʘʭ ʢʘʧʠʣʣʷʨʘ. ɺ ʯʘʩʪʥʦʩʪʠ, ʧʦʣʫʯʝʥ 

ʧʨʦʬʠʣʴ ʜʘʚʣʝʥʠʷ ʠʩʢʨʠʚʣʸʥʥʦʛʦ ʤʝʥʠʩʢʘ, ʦʧʨʝʜʝʣʷʶʱʠʡ ʟʥʘʯʝʥʠʷ ʢʘʧʠʣʣʷʨʥʦʛʦ 

ʜʘʚʣʝʥʠʷ, ʯʪʦ ʙʳʣʦ ʥʝʜʦʩʪʫʧʥʦ ʚ ʜʨʫʛʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ, ʧʨʠ ʵʪʦʤ ʧʨʦʮʝʜʫʨʘ 

ʧʦʣʫʯʝʥʠʷ ʢʘʧʠʣʣʷʨʥʦʛʦ ʜʘʚʣʝʥʠʷ ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʦʡ ʠ ʥʝʪʨʫʜʦʝʤʢʦʡ. 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʧʦʜʪʚʝʨʞʜʝʥʘ ʭʦʨʦʰʠʤ ʩʦʦʪʚʝʪʩʪʚʠʝʤ ʚ 

ʧʨʝʜʝʣʴʥʳʭ ʩʣʫʯʘʷʭ ʩ ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ. ʅʘʡʜʝʥʦ: 1) ʩʢʘʯʦʢ ʜʘʚʣʝʥʠʷ 

ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩʦ ʟʥʘʯʝʥʠʝʤ ʢʘʧʠʣʣʷʨʥʦʛʦ ʜʘʚʣʝʥʠʷ, ʧʦʣʫʯʘʶʱʝʛʦʩʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʣʘʩʩʠʯʝʩʢʦʡ ʬʦʨʤʫʣʳ ʃʘʧʣʘʩʘ ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʥʘʪʷʞʝʥʠʷ; 2) ʚʣʠʷʥʠʝ ʢʘʧʠʣʣʷʨʥʦʛʦ ʜʘʚʣʝʥʠʷ ʥʘ ʜʚʠʞʝʥʠʝ ʞʠʜʢʦʩʪʠ ʧʦ ʢʘʧʠʣʣʷʨʫ 

ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʢʣʘʩʩʠʯʝʩʢʠʤ ʫʨʘʚʥʝʥʠʝʤ ʋʦʰʙʦʨʥʘ.  

  ʈʘʩʩʯʠʪʘʥʦ ʜʠʥʘʤʠʯʝʩʢʠ ʤʝʥʷʶʱʝʝʩʷ ʢʘʧʠʣʣʷʨʥʦʝ ʚ ʢʘʧʠʣʣʷʨʝ ʩ ʜʚʫʤʷ 

ʩʤʝʰʠʚʘʶʱʠʤʠʩʷ ʞʠʜʢʦʩʪʷʤʠ, ʧʦʢʘʟʳʚʘʶʱʝʝ ʥʝ ʠʟʫʯʝʥʥʳʡ ʨʘʥʝʝ ʵʬʬʝʢʪ 

ʥʝʨʘʚʥʦʚʝʩʥʦʛʦ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ. ʅʘʡʜʝʥʦ, ʯʪʦ ʥʘ ʧʝʨʚʳʭ ʩʪʘʜʠʷʭ 

ʢʘʧʠʣʣʷʨʥʦʝ ʜʘʚʣʝʥʠʝ ʩʪʨʝʤʠʪʝʣʴʥʦ ʧʘʜʘʝʪ, ʘ ʟʘʪʝʤ ʠʟʤʝʥʷʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦ 

ʤʝʜʣʝʥʥʝʝ. ɺ ʯʘʩʪʥʦʩʪʠ, ʫʩʣʦʚʠʠ ʘʙʩʦʣʶʪʥʦʡ ʩʤʝʰʠʚʘʝʤʦʩʪʠ ʜʚʫʭ ʞʠʜʢʦʩʪʝʡ 

ʢʘʧʠʣʣʷʨʥʦʝ ʜʘʚʣʝʥʠʝ ʠʟʤʝʥʷʝʪʩʷ ʧʦ ʟʘʢʦʥʫ, ʙʣʠʟʢʦʤʫ ʢ t-0.5.  

 ʅʝʨʘʚʥʦʚʝʩʥʦʝ ʢʘʧʠʣʣʷʨʥʦʝ ʜʘʚʣʝʥʠʝ ï ʵʬʬʝʢʪ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʦʢʘʟʳʚʘʪʴ 

ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʪʝʯʝʥʠʷ. ʇʦʥʠʤʘʥʠʝ ʜʘʥʥʦʛʦ ʵʬʬʝʢʪʘ 

ʧʦʤʦʞʝʪ ʫʣʫʯʰʠʪʴ ʫʧʨʘʚʣʝʥʠʝ ʜʠʥʘʤʠʢʠ ʚʳʪʝʩʥʝʥʠʷ ʤʥʦʛʦʬʘʟʥʳʭ ʪʝʯʝʥʠʡ. 

 ʇʨʦʚʝʜʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚʳʪʝʩʥʝʥʠʷ ʥʝʩʤʝʰʠʚʘʶʱʠʭʩʷ ʞʠʜʢʦʩʪʝʡ ʚ 

ʤʘʪʨʠʮʝ ʢʘʧʠʣʣʷʨʦʚ. ɺʧʝʨʚʳʝ ʙʳʣ ʧʨʦʚʝʜʝʥ ʨʘʩʯʝʪ ʜʣʷ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʠʭ 

ʤʘʪʨʠʮ (10Ĭ10), ʯʪʦʙʳ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʝʯʝʥʠʷ ʩʭʦʜʠʣʠʩʴ ʢ ʥʝʢʦʪʦʨʳʤ 

ʧʨʝʜʝʣʴʥʳʤ ʟʥʘʯʝʥʠʷʤ (ʪ.ʝ. ʪʝʯʝʥʠʝ ʠʜʝʥʪʠʯʥʦ ʧʨʠ ʙʦʣʴʰʝʤ ʨʘʟʤʝʨʝ ʤʘʪʨʠʮʳ). 

ʇʨʝʜʣʦʞʝʥʘ ʬʦʨʤʫʣʘ ʜʣʷ ʦʮʝʥʢʠ ʢʘʧʠʣʣʷʨʥʦʛʦ ʜʘʚʣʝʥʠ̫ ʚ ʤʘʪʨʠʮʝ ʢʘʧʠʣʣʷʨʦʚ.  
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1.3 ʅʝʫʩʪʦʡʯʠʚʦʩʪʴ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ 

1.3.1 ʆʙʟʦʨ ʣʠʪʝʨʘʪʫʨʳ 

ʅʝʫʩʪʦʡʯʠʚʦʩʪʴ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ ï ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʤʝʞʜʫ 

ʜʚʫʤʷ ʞʠʜʢʦʩʪʷʤʠ ʨʘʟʥʦʡ ʧʣʦʪʥʦʩʪʠ, ʚʦʟʥʠʢʘʶʱʘʷ ʧʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ ʙʦʣʝʝ ʧʣʦʪʥʘʷ 

(ʪʷʞʝʣʘʷ) ʞʠʜʢʦʩʪʴ ʥʘʭʦʜʠʪʩʷ ʧʦʚʝʨʭ ʙʦʣʝʝ ʣʝʛʢʦʡ. ɺ 1883 ʛ. ʈʝʣʝʡ [96] 

ʪʝʦʨʝʪʠʯʝʩʢʠ ʠʩʩʣʝʜʦʚʘʣ ʜʘʥʥʫʶ ʟʘʜʘʯʫ ʚ ʧʦʣʝ ʩʠʣ ʪʷʞʝʩʪʠ, ʚ 1950 ʛ. ʊʝʡʣʦʨʦʤ 

[98] ʠʟʫʯʝʥʘ ʩʭʦʞʘʷ ʟʘʜʘʯʘ ʧʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ ʩʠʩʪʝʤʘ ʠʩʧʳʪʳʚʘʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ 

ʫʩʢʦʨʝʥʠʝ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʢ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʜʚʫʭ ʞʠʜʢʦʩʪʝʡ. 

ʋʨʘʚʥʝʥʠʝ ʕʡʣʝʨʘ ʠʜʝʘʣʴʥʦʡ ʥʝʩʞʠʤʘʝʤʦʡ ʞʠʜʢʦʩʪʠ ʠʤʝʝʪ ʘʥʘʣʠʪʠʯʝʩʢʦʝ 

ʨʝʰʝʥʠʝ ʜʣʷ ʟʘʜʘʯʠ ʦ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ ʚ ʨʘʤʢʘʭ ʣʠʥʝʡʥʦʡ ʪʝʦʨʠʠ 

ʫʩʪʦʡʯʠʚʦʩʪʠ. ʈʘʩʩʤʘʪʨʠʚʘʷ ʤʘʣʳʝ ʚʦʟʤʫʱʝʥʠʷ ʚ ʚʠʜʝ ÅͯØÐ ὸ ὭὯὼ Ὧώ , 

ʧʦʣʫʯʘʝʤ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʠʥʢʨʝʤʝʥʪʘ ʚʦʟʤʫʱʝʥʠʡ : 


” ”

” ”
ὫὯ

„Ὧ

” ”
Ȣ (1.44) 

ɿʜʝʩʴ ”ȟ” ï ʧʣʦʪʥʦʩʪʠ ʥʠʞʥʝʡ ʠ ʚʝʨʭʥʝʡ ʞʠʜʢʦʩʪʝʡ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, Ὣ ï ʚʝʣʠʯʠʥʘ 

ʫʩʢʦʨʝʥʠʷ ʩʚʦʙʦʜʥʦʛʦ ʧʘʜʝʥʠʷ, „ ï ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ, Ὧ

Ὧ Ὧ ï ʚʦʣʥʦʚʦʝ ʯʠʩʣʦ. ʇʨʠ  π ʚ ʩʠʩʪʝʤʝ ʧʨʠʩʫʪʩʪʚʫʶʪ ʥʘʨʘʩʪʘʶʱʠʝ ʩʦ 

ʚʨʝʤʝʥʝʤ ʚʦʟʤʫʱʝʥʠʷ, ʠ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʨʘʟʚʠʚʘʝʪʩʷ. ʇʝʨʚʦʝ ʩʣʘʛʘʝʤʦʝ ʚ (1.44) ʦʪʚʝʯʘʝʪ ʟʘ ʧʝʨʝʧʘʜ ʧʣʦʪʥʦʩʪʝʡ; ʯʝʤ ʙʦʣʴʰʝ 

ʨʘʟʥʠʮʘ ” ”, ʪʝʤ ʙʳʩʪʨʝʝ ʥʘʨʘʩʪʘʶʪ ʚʦʟʤʫʱʝʥʠʷ. ʇʨʠ ʵʪʦʤ, ʢʦʛʜʘ ” ”, 

ʩʚʝʨʭʫ ʥʘʭʦʜʠʪʩʷ ʙʦʣʝʝ ʣʝʛʢʘʷ ʞʠʜʢʦʩʪʴ, ʩʠʩʪʝʤʘ ʫʩʪʦʡʯʠʚʘ ʧʨʠ ʣʶʙʳʭ 

ʧʘʨʘʤʝʪʨʘʭ. ɺʪʦʨʦʝ ʩʣʘʛʘʝʤʦʝ ʚ ʧʨʘʚʦʡ ʯʘʩʪʠ (1.44) ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʦʚʝʨʭʥʦʩʪʥʦʝ 

ʥʘʪʷʞʝʥʠʝ ʦʢʘʟʳʚʘʝʪ ʩʪʘʙʠʣʠʟʠʨʫʶʱʝʝ ʜʝʡʩʪʚʠʝ, ʧʨʠʯʝʤ ʝʛʦ ʵʬʬʝʢʪ ʩʠʣʴʥʝʝ ʜʣʷ 

ʢʦʨʦʪʢʦʚʦʣʥʦʚʳʭ ʚʦʟʤʫʱʝʥʠʡ (ʙʦʣʴʰʠʭ Ὧ).  ʈʝʣʝʡ ʠ ʊʝʡʣʦʨ ʚ ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ 

ʠʩʩʣʝʜʦʚʘʣʠ ʜʘʥʥʫʶ ʟʘʜʘʯʫ ʚ ʩʘʤʦʤ ʧʨʦʩʪʦʤ ʚʠʜʝ ï ʫʯʠʪʳʚʘʷ ʪʦʣʴʢʦ ʵʬʬʝʢʪ 

ʧʝʨʝʧʘʜʘ ʧʣʦʪʥʦʩʪʠ. ɺʣʠʷʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ ʙʳʣʦ ʚʧʝʨʚʳʝ 

ʠʩʩʣʝʜʦʚʘʥʦ ɹʝʣʣʤʘʥʦʤ ʠ ʇʝʥʥʠʥʛʪʦʥʦʤ ʚ 1954 ʛ. [99], ʢʨʦʤʝ ʪʦʛʦ, ʘʚʪʦʨʘʤʠ ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚʷʟʢʦʩʪʴ ʥʝ ʚʣʠʷʝʪ ʥʘ ʛʨʘʥʠʮʫ ʩʧʝʢʪʨʘ ʦʧʘʩʥʳʭ ʚʦʟʤʫʱʝʥʠʡ 
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(ʜʠʘʧʘʟʦʥ ʟʥʘʯʝʥʠʡ Ὧ ʚ ʚʳʨʘʞʝʥʠʠ (1.44) ʧʨʠ ʢʦʪʦʨʦʤ  π), ʥʦ ʧʨʠʚʦʜʠʪ ʢ 

ʫʤʝʥʴʰʝʥʠʶ ʩʢʦʨʦʩʪʠ ʨʦʩʪʘ ʚʦʟʤʫʱʝʥʠʡ ʠ ʩʜʚʠʛʫ ʥʘʠʙʦʣʝʝ ʦʧʘʩʥʳʭ ʚʦʣʥʦʚʳʭ 

ʯʠʩʝʣ ʚ ʩʪʦʨʦʥʫ ʙʦӢʣɹ ʠhʭ ʜʣʠʥ ʚʦʣʥ. ʈʝʟʫʣɹʪʘʪr ɹʝʣʣʤʘʥʘ ʠ ʇʝʥʥʠʥʛʪʦʥʘ 

ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 1.28 ʜʣʷ ʩʣʝʜʫʶʱʠʭ ʩʣʫʯʘʝʚ: 1) ʫʯʠʪʳʚʘʝʪʩʷ ʣʠʰʴ ʵʬʬʝʢʪ 

ʧʝʨʝʧʘʜʘ ʧʣʦʪʥʦʩʪʠ (neither surface tension nor viscosity), 2) ʫʯʠʪʳʚʘʝʪʩʷ ʚʣʠʷʥʠʝ 

ʧʝʨʝʧʘʜʘ ʧʣʦʪʥʦʩʪʠ ʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ (surface tension only), 3)  

ʫʯʠʪʳʚʘʝʪʩʷ ʚʣʠʷʥʠʝ ʧʝʨʝʧʘʜʘ ʧʣʦʪʥʦʩʪʠ ʠ ʚʷʟʢʦʩʪʠ (viscosity only), 4) 

ʫʯʠʪʳʚʘʶʪʩʷ ʚʩʝ ʚʳʰʝ ʦʧʠʩʘʥʥʳʝ ʵʬʬʝʢʪʳ (both surface tension and viscosity).  

 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʜʥʠʤ ʠʟ ʧʝʨʚʳʭ ʟʘʜʘʯʫ ʦ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ 

ʠʩʩʣʝʜʦʚʘʣ ʃʴʶʠʩ ʚ ʨʘʙʦʪʝ [100], ʢʦʪʦʨʘʷ ʙʳʣʘ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩʚʷʟʘʥʘ ʩ ʨʘʙʦʪʦʡ 

ʊʝʡʣʦʨʘ [98]. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʃʴʶʠʩʘ ʭʦʨʦʰʦ ʧʦʜʪʚʝʨʞʜʘʶʪ 

ʨʝʟʫʣʴʪʘʪʳ ʪʝʦʨʠʠ ʊʝʡʣʦʨʘ, ʯʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʃʴʶʠʩ ʠʩʩʣʝʜʦʚʘʣ ʩʠʩʪʝʤʫ ʚ 

ʫʟʢʦʤ ʜʠʘʧʘʟʦʥʝ ʧʘʨʘʤʝʪʨʦʚ, ʛʜʝ ʵʬʬʝʢʪʳ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ, ʚʷʟʢʦʩʪʠ ʠ 

ʜʨ, ʥʝ ʦʢʘʟʳʚʘʶʪ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʚʣʠʷʥʠʷ. ʈʝʟʫʣʴʪʘʪʳ ʣʠʥʝʡʥʦʡ ʪʝʦʨʠʠ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʙʦʣʝʝ ʦʙʩʪʦʷʪʝʣʴʥʦ ʙʳʣʠ ʧʦʜʪʚʝʨʞʜʝʥʳ ʚ ʨʘʙʦʪʘʭ [101-103] ʠ 

ʤʥʦʛʠʭ ʜʨʫʛʠʭ.  

ʈʠʩʫʥʦʢ 1.28. ɿʘʚʠʩʠʤʦʩʪʴ ʠʥʢʨʝʤʝʥʪʘ ʚʦʟʤʫʱʝʥʠʡ ʦʪ ʚʦʣʥʦʚʦʛʦ ʯʠʩʣʘ ʚ 

ʟʘʜʘʯʝ ʦ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ, ʧʦʣʫʯʝʥʥʘʷ ʚ [99], n ï ʠʥʢʨʝʤʝʥʪ 

ʚʦʟʤʫʱʝʥʠʡ, ɚ ï ʜʣʠʥʘ ʚʦʣʥʳ. (ʈʠʩʫʥʦʢ ʚʟʷʪ ʠʟ ʩʪʘʪʴʠ [99]) 
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ʇʦʤʠʤʦ ʦʧʠʩʘʥʥʳʭ ʚʳʰʝ ʢʣʘʩʩʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ, ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʈʝʣʝʷ-

ʊʝʡʣʦʨʘ ʤʦʞʝʪ ʙʳʪʴ ʦʩʣʦʞʥʝʥʘ ʤʥʦʞʝʩʪʚʦʤ ʜʨʫʛʠʭ ʬʘʢʪʦʨʦʚ: ʥʝʨʘʚʥʦʤʝʨʥʦʝ 

ʫʩʢʦʨʝʥʠʝ [104], ʩʞʠʤʘʝʤʦʩʪʴ [105], ʛʨʘʜʠʝʥʪ ʧʣʦʪʥʦʩʪʠ [106], ʥʘʛʨʝʚ [107], 

ʥʝʪʨʠʚʠʘʣʴʥʘʷ ʛʝʦʤʝʪʨʠʷ, ʩʣʦʞʥʳʝ ʥʘʯʘʣʴʥʳʝ ʚʦʟʤʫʱʝʥʠʷ ʠ ʧʨ. [108,109]. 

ʏʘʩʪʥʳʤ ʩʣʫʯʘʝʤ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ ʷʚʣʷʝʪʩʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ 

ʈʠʭʪʤʘʡʝʨʘ-ʄʝʰʢʦʚʘ [110,111] ï ʩʠʩʪʝʤʘ ʧʨʠ ʵʪʦʤ ʠʩʧʳʪʳʚʘʝʪ ʥʝ ʧʦʩʪʦʷʥʥʦʝ, ʘ 

ʢʨʘʪʢʦʚʨʝʤʝʥʥʦʝ ʫʩʢʦʨʝʥʠʝ (ʥʘʧʨʠʤʝʨ, ʚ ʚʠʜʝ ʫʜʘʨʥʦʡ ʚʦʣʥʳ). 

ʂʣʘʩʩʠʯʝʩʢʠʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʥʝʩʤʝʰʠʚʘʶʱʠʭʩʷ ʞʠʜʢʦʩʪʝʡ ʩ ʙʝʩʢʦʥʝʯʥʦ ʪʦʥʢʦʡ ʛʨʘʥʠʮʝʡ 

ʨʘʟʜʝʣʘ. ʂʫʨʦʚʩʢʠ ʠ ʩʦʘʚʪ. [112] ʨʘʟʨʘʙʦʪʘʣʠ ʪʝʦʨʠʶ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝʷ-

ʊʝʡʣʦʨʘ ʜʣʷ ʧʣʦʩʢʦʡ ʜʠʬʬʫʟʥʦʡ ʛʨʘʥʠʮʳ, ʧʨʦʬʠʣʴ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʠ ʵʪʦʤ 

ʟʘʜʘʚʘʣʩʷ ʩ ʧʦʤʦʱʴʶ ʬʫʥʢʮʠʠ ʦʰʠʙʦʢ ͯÅÒÆᾀȾЍὈὸ (ᾀȟὈȟὸ ï ʢʦʦʨʜʠʥʘʪʘ 

ʥʦʨʤʘʣʴʥʘʷ ʢ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ, ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ ʠ ʚʨʝʤʷ).  ɸʚʪʦʨʘʤʠ 

ʥʘʡʜʝʥʦ, ʯʪʦ ʜʠʬʬʫʟʠʷ ʠʛʨʘʝʪ ʨʦʣʴ ʘʥʘʣʦʛʠʯʥʫʶ ʨʦʣʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ 

ï ʦʛʨʘʥʠʯʠʚʘʝʪ ʨʦʩʪ ʚʦʟʤʫʱʝʥʠʡ ʚ ʦʙʣʘʩʪʠ ʤʘʣʳʭ ʜʣʠʥ ʚʦʣʥ. ʅʘʡʜʝʥʦ 

ʜʠʩʧʝʨʩʠʦʥʥʦʝ ʦʪʥʦʰʝʥʠʝ ʚ ʢʦʨʦʪʢʦʚʦʣʥʦʚʦʤ ʧʨʝʜʝʣʝ: 

 ḗὫὙȾτὈὯ, (1.45) 

ʛʜʝ Ὑ ” ”Ⱦὅ ï ʢʦʵʬʬʠʮʠʝʥʪ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʛʦ ʨʘʩʰʠʨʝʥʠʷ. 

ʈʘʟʚʠʪʠʝ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝ-̫ʊʝʡʣʦʨʘ ʥʘʯʠʥʘʝʪʩʷ ʩ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʛʦ 

ʨʦʩʪʘ ʚʦʟʤʫʱʝʥʠʡ ʥʝʩʢʦʣʴʢʠʭ ʤʦʜ, ʦʧʨʝʜʝʣʷʝʤʳʭ ʜʠʩʧʝʨʩʠʦʥʥʳʤ ʦʪʥʦʰʝʥʠʝʤ 

((1.44), (1.45) ʠʣʠ ʜʨ.). ʂʦʛʜʘ ʘʤʧʣʠʪʫʜʘ ʚʦʟʤʫʱʝʥʠʡ ʩʪʘʥʦʚʠʪʩʷ ʩʦʧʦʩʪʘʚʠʤʦʡ ʩ 

ʜʣʠʥʦʡ ʚʦʣʥʳ ʚʦʟʤʫʱʝʥʠʡ ‗ (ʩʦʛʣʘʩʥʦ  [108] πͯȢρ‗ȢȢπȢτ‗),  ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʡ ʨʦʩʪ 

ʩʤʝʥʷʝʪʩʷ ʩʪʝʧʝʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʴʶ ʦʪ ʚʨʝʤʝʥʠ ʚ ʩʣʘʙʦʥʝʣʠʥʝʡʥʦʤ ʨʝʞʠʤʝ. ɺ 

ʨʘʙʦʪʘʭ [113-115] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʨʘʟʚʠʪʠʝ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʧʨʦʠʩʭʦʜʠʪ ʧʦ ʟʘʢʦʥʫ 

ὃͯὫὸ, ʛʜʝ ὃ ” ” Ⱦ” ”  ï ʯʠʩʣʦ ɸʪʚʫʜʘ. ɼʘʣʴʥʝʡʰʝʝ ʨʘʟʚʠʪʠʝ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʟʘʚʠʩʠʪ ʦʪ ʪʦʡ ʠʣʠ ʠʥʦʡ ʢʦʥʢʨʝʪʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʟʘʜʘʯʠ: 

ʚʝʣʠʯʠʥʳ ʯʠʩʣʘ ɸʪʚʫʜʘ (ʧʨʠ ὃ ρ ʠ ὃ π ʩʠʩʪʝʤʘ ʚʝʜʝʪ ʩʝʙʷ ʨʘʟʥʳʤ ʦʙʨʘʟʦʤ), 

ʥʘʣʠʯʠʷ ʧʨʦʮʝʩʩʘ ʩʤʝʰʝʥʠʷ, ʨʘʟʚʠʪʠʷ/ʥʝʨʘʟʚʠʪʠʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, ʛʝʦʤʝʪʨʠʠ 

ʦʙʣʘʩʪʠ ʠ ʜʨ. [113].  
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ʀʟʫʯʝʥʠʝ ʚʣʠʷʥʠʷ ʩʤʝʰʝʥʠʷ ʥʘ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ ʙʳʣʦ 

ʚʳʧʦʣʥʝʥʦ ʚ ʨʘʙʦʪʘʭ [114-118]. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʥʘʯʘʣʴʥʦʝ ʨʘʟʚʠʪʠʝ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʥʦʩʠʪ ʜʚʫʤʝʨʥʳʡ ʭʘʨʘʢʪʝʨ, ʘ ʥʘ ʙʦʣʝʝ ʧʦʟʜʥʠʭ ʚʨʝʤʝʥʘʭ 

ʨʘʟʚʠʚʘʝʪʩʷ ʪʨʝʭʤʝʨʥʘʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʴ. ʉʭʦʜʩʪʚʘ ʠ ʨʘʟʣʠʯʠʷ ʚ ʜʠʥʘʤʠʢʝ 

ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʚ ʜʚʫʤʝʨʥʳʭ ʠ ʪʨʝʭʤʝʨʥʳʭ ʪʫʨʙʫʣʝʥʪʥʳʭ ʪʝʯʝʥʠʷʭ ʙʳʣʠ ʪʘʢʞʝ 

ʠʟʫʯʝʥʳ ʚ [115]. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʚ ʪʨʝʭʤʝʨʥʦʤ ʩʣʫʯʘʝ 

ʨʘʟʚʠʪʠʝ ʧʨʦʠʩʭʦʜʠʣʦ ʚʜʚʦʝ ʙʳʩʪʨʝʝ, ʦʙʱʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ 

ʈʝʣʝʷ-ʊʝʡʣʦʨʘ ʥʘʙʣʶʜʘʣʠʩʴ ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ. 

ɺʩʝ ʨʘʥʥʠʝ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ 

ʩʤʝʰʠʚʘʶʱʠʭʩʷ ʞʠʜʢʦʩʪʝʡ ʦʧʨʝʜʝʣʷʣʠ ʧʨʦʮʝʩʩ ʜʠʬʬʫʟʠʠ ʚ ʨʘʤʢʘʭ ʢʣʘʩʩʠʯʝʩʢʦʛʦ 

ʟʘʢʦʥʘ ʌʠʢʘ ʠ ʧʨʝʥʝʙʨʝʛʘʣʠ ʤʝʞʬʘʟʥʳʤʠ ʥʘʧʨʷʞʝʥʠʷʤʠ. ʆʜʥʘʢʦ ʜʣʷ ʙʦʣʝʝ 

ʪʦʯʥʦʛʦ ʦʧʠʩʘʥʠʷ ʵʚʦʣʶʮʠʠ ʛʝʪʝʨʦʛʝʥʥʳʭ ʙʠʥʘʨʥʳʭ ʩʤʝʩʝʡ ʵʪʠ ʧʦʣʦʞʝʥʠʷ 

ʥʫʞʜʘʶʪʩʷ ʚ ʧʝʨʝʩʤʦʪʨʝ: 1) ʩʤʝʰʠʚʘʥʠʝ ʦʙʳʯʥʦ ʧʨʦʠʩʭʦʜʠʪ ʦʯʝʥʴ ʤʝʜʣʝʥʥʦ, ʠ 

ʬʘʟʳ ʦʩʪʘʶʪʩʷ ʯʝʪʢʦ ʨʘʟʣʠʯʠʤʳʤʠ ʚ ʪʝʯʝʥʠʝ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʛʦ ʧʨʦʤʝʞʫʪʢʘ 

ʚʨʝʤʝʥʠ; ʢʨʦʤʝ ʪʦʛʦ, ʤʘʣʳʝ ʚʢʣʶʯʝʥʠʷ ʟʘʯʘʩʪʫʶ ʠʤʝʶʪ ʩʬʝʨʠʯʝʩʢʫʶ ʬʦʨʤʫ, ʯʪʦ 

ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʵʬʬʝʢʪʦʤ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ, ï ʷʚʣʝʥʠʝ, ʢʦʪʦʨʦʝ, 

ʥʘʧʨʠʤʝʨ, ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʚ ʧʨʦʮʝʩʩʝ ʨʘʩʪʚʦʨʝʥʠʷ ʢʘʧʝʣʴʢʠ ʤʝʜʘ ʚ ʯʘʝ; 2) ʟʘʢʦʥ 

ʌʠʢʘ ʚ ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ ʧʣʦʭʦ ʧʨʠʤʝʥʠʤ ʧʨʠ ʙʦʣʴʰʠʭ ʛʨʘʜʠʝʥʪʘʭ ʢʦʥʮʝʥʪʨʘʮʠʠ, 

ʢʦʪʦʨʳʝ ʪʠʧʠʯʥʳ ʜʣʷ ʩʤʝʰʝʥʠʷ ʜʚʫʭ ʞʠʜʢʦʩʪʝʡ. 

ɺ ʜʠʩʩʝʨʪʘʮʠʠ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʬʘʟʦʚʦʛʦ ʧʦʣʷ, ʩ ʧʦʤʦʱʴʶ ʧʨʷʤʦʛʦ 

ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʩʩʣʝʜʫʝʪʩʷ ʟʘʜʘʯʘ ʦ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ 

ʧʨʠ ʥʘʣʠʯʠʠ ʯʘʩʪʠʯʥʦ ʩʤʝʰʠʚʘʝʤʦʡ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ (ʛʝʪʝʨʦʛʝʥʥʘʷ ʜʚʫʭʬʘʟʥʘʷ 

ʩʠʩʪʝʤʘ, ʥʦ ʥʘʯʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʝ ʷʚʣʷʝʪʩʷ ʨʘʚʥʦʚʝʩʥʳʤ), ʘ ʪʘʢʞʝ 

ʠʩʩʣʝʜʫʝʪʩʷ ʚʣʠʷʥʠʝ ʧʝʨʝʤʝʰʠʚʘʥʠʷ, ʚʳʟʚʘʥʥʦʛʦ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴʶ ʈʝʣʝʷ-

ʊʝʡʣʦʨʘ, ʥʘ ʜʠʬʬʫʟʠʶ ʢʦʤʧʦʥʝʥʪ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ ʩ 

ʧʦʤʦʱʴʶ ʪʝʦʨʠʠ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʚ [48,119,120]. ʆʜʥʘʢʦ ʚ ʜʘʥʥʳʭ 

ʨʘʙʦʪʘʭ ʧʨʝʜʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ ʬʘʟʳ ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʥʘʭʦʜʷʪʩʷ ʚ ʩʦʩʪʦʷʥʠʠ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ, ʘ ʧʦʪʦʤʫ ʧʨʦʮʝʩʩ ʜʠʬʬʫʟʠʠ ʥʝ ʦʢʘʟʳʚʘʝʪ 

ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʨʘʟʚʠʪʠʝ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ, ʯʪʦ ʥʝ ʜʘʝʪ ʧʨʦʩʣʝʜʠʪʴ 

ʚʣʠʷʥʠʝ ʨʘʟʚʠʪʠʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʥʘ ʠʥʪʝʥʩʠʬʠʢʘʮʠʶ ʧʨʦʮʝʩʩʘ ʩʤʝʰʝʥʠʷ.  
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1.3.2 ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ 

ɼʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʦ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʬʘʟʦʚʦʛʦ 

ʧʦʣʷ ʙʫʜʝʤ ʠʩʧʦʣʴʟʦʚʘʪʴ ʫʨʘʚʥʝʥʠʷ ʂʘʥʘ-ʍʠʣʣʘʨʜʘ-ʅʘʚʴʝ-ʉʪʦʢʩʘ ʚ ʧʨʠʙʣʠʞʝʥʠʠ 

ɹʫʩʩʠʥʝʩʢʘ (1.10)-(1.13). ʇʝʨʝʧʠʰʝʤ ʜʘʥʥʳʝ ʫʨʘʚʥʝʥʠʷ ʚ ʙʝʟʨʘʟʤʝʨʥʦʡ ʬʦʨʤʝ: 

ÄÉÖ Ἶ πȟ (1.46) 

Ἶ

ὸ
ἾϽɳ Ἶ ὴɳ

ρ

2Å
ᶯἾ ὅɳ‘ȟ (1.47) 

 
ὅ

ὸ
ἾϽɳ ὅ

ρ

0Å
ᶯ‘ȟ (1.48) 

‘ 'ÒϽἺ
Ὢ

ὅ
#ÎɳὅȢ (1.49) 

ɿʜʝʩʴ  ï ʝʜʠʥʠʯʥʳʝ ʚʝʢʪʦʨ ʚʜʦʣʴ ʩʠʣʳ ʪʷʞʝʩʪʠ. ɺ ʢʘʯʝʩʪʚʝ ʝʜʠʥʠʮ ʜʣʠʥʳ ὒz, 

ʩʢʦʨʦʩʪʠ ὺz, ʚʨʝʤʝʥʠ ὸz, ʭʠʤʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ‘z ʠ ʜʘʚʣʝʥʠʷ ὴz ʚʳʙʨʘʥʳ 

ʩʣʝʜʫʶʱʠʝ ʚʝʣʠʯʠʥʳ: 

ὒz Ὤȟὺz ‘z
Ⱦ
ȟὸz ὒz ὺzϳ ȟ‘z ὦȟὴz ”z‘zȟ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɿʜʝʩʴ Ὤ ï ʚʳʩʦʪʘ ʦʙʣʘʩʪʠ, ”z ï ʭʘʨʘʢʪʝʨʥʘʷ ʧʣʦʪʥʦʩʪʴ (ʪ.ʝ. ” , ὦ ï 

ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ, ʦʧʨʝʜʝʣʷʝʤʳʡ ʬʫʥʢʮʠʝʡ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ 

Ὢ. ʋʨʘʚʥʝʥʠʷ (1.46)-(1.49) ʩʦʜʝʨʞʘʪ ʩʣʝʜʫʶʱʠʝ ʙʝʟʨʘʟʤʝʨʥʳʝ ʧʘʨʘʤʝʪʨʳ: ʯʠʩʣʘ 

ʈʝʡʥʦʣʴʜʩʘ, ʇʝʢʣʝ, ɻʨʘʩʛʦʬʘ ʠ ʂʘʥʘ 

2Å
”z‘z

Ⱦ
ὒz

–
ȟ 0Å

”ὒz

‘z
Ⱦ
ȟ 'Ò

” ”

”z

Ὣὒz

‘z
ȟ #Î



‘zὒz
 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʦʧʨʝʜʝʣʝʥʠʷ ʜʘʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʦʪʣʠʯʘʶʪʩʷ ʦʪ 

ʢʣʘʩʩʠʯʝʩʢʠʭ. ʅʘʟʚʘʥʠʷ ʚʳʙʨʘʥʳ ʚ ʩʦʦʪʚʝʪʩʪʚʠʝ ʩ ʪʝʤ, ʯʪʦ ʜʘʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʩʪʦʷʪ 

ʚ ʘʥʘʣʦʛʠʯʥʳʭ ʤʝʩʪʘʭ ʚ ʫʨʘʚʥʝʥʠʷʭ ʛʠʜʨʦʜʠʥʘʤʠʢʠ ʦʙʳʯʥʦʡ (ʦʜʥʦʬʘʟʥʦʡ) 

ʞʠʜʢʦʩʪʠ ʠ ʚʳʧʦʣʥʷʶʪ ʩʭʦʞʫʶ ʨʦʣʴ. ɺ ʢʘʯʝʩʪʚʝ ʬʫʥʢʮʠʠ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ Ὢ ʚ 
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ʟʘʜʘʯʝ ʦ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ ʥʘʤʠ ʙʳʣʘ ʚʳʙʨʘʥʘ ʣʦʛʘʨʠʬʤʠʯʝʩʢʘʷ 

ʬʦʨʤʫʣʘ (1.16), ʢʦʪʦʨʘʷ ʚ ʙʝʟʨʘʟʤʝʨʥʦʤ ʚʠʜʝ, ʚʤʝʩʪʝ ʩ ʚʳʨʘʞʝʥʠʝʤ ʜʣʷ 

ʭʠʤʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ (1.49), ʧʝʨʝʧʠʩʳʚʘʝʪʩʷ ʚ ʚʠʜʝ: 

Ὢ ὃ
σ

ς
ὅ

σ

τ

ρ

ς
ὅÌÎ

ρ

ς
ὅ

σ

τ

ρ

ς
ὅÌÎ

ρ

ς
ὅȟ (1.50) 

‘ 'ÒϽἺ
σ

τ
ÌÎ
ρȾς ὅ

ρȾς ὅ
σ ςὃὅ #Îɳὅȟ (1.51) 

ʛʜʝ ʧʘʨʘʤʝʪʨ ὃ ὥȾὦ. 

 

ɻʝʦʤʝʪʨʠʷ ʟʘʜʘʯʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ.1.29. ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʧʨʷʤʦʫʛʦʣʴʥʘʷ 

ʦʙʣʘʩʪʴ: ʚʝʨʭʥʷʷ ʠ ʥʠʞʥʷʷ ʛʨʘʥʠ ʷʚʣʷʶʪʩʷ ʪʚʝʨʜʳʤʠ ʥʝʧʨʦʥʠʮʘʝʤʳʤʠ ʜʣʷ 

ʚʝʱʝʩʪʚʘ, ʥʘ ʙʦʢʦʚʳʭ ʛʨʘʥʷʭ ʩʪʘʚʷʪʩʷ ʫʩʣʦʚʠʷ ʧʝʨʠʦʜʠʯʥʦʩʪʠ. ɼʣʠʥʘ ʦʙʣʘʩʪʠ ὒὼ 

ʷʚʣʷʝʪʩʷ ʧʝʨʝʤʝʥʥʦʡ ʚʝʣʠʯʠʥʦʡ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʩʣʝʜʦʚʘʪʴ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʧʨʠ 

ʢʦʥʢʨʝʪʥʦʡ ʜʣʠʥʝ ʚʦʣʥʳ ‗ ὒὼ.  

 

 

 

 

 

ʈʠʩʫʥʦʢ 1.29. ɻʝʦʤʝʪʨʠʷ ʟʘʜʘʯʠ ʦ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ. 

x 

 

 

(0,1) 

(Lx,0) 

C= ï0.495 

ʣʝʛʢʘʷ ʞʠʜʢʦʩʪʴ 

C= +0.495 

ʪʷʞʝʣʘʷ ʞʠʜʢʦʩʪʴ 

g 

(0,0) 
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ʅʘʯʘʣʴʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʟʘʜʘʝʪʩʷ ʬʦʨʤʫʣʦʡ (1.52).  

ὅ ὼȟώ πȢτωυÔÁÎÈ
ώ πȢυρ πȢρÃÏÓ Ὧὼ


Ȣ (1.52) 

ɿʜʝʩʴ Ὧ ςʌȾὒὼ ï ʚʦʣʥʦʚʦʝ ʯʠʩʣʦ,  ï ʥʘʯʘʣʴʥʘʷ ʪʦʣʱʠʥʘ ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʳ 

(ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ).  

ɼʣʷ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ʧʝʨʝʧʠʩʳʚʘʣʠʩʴ ʚ ʬʦʨʤʫʣʠʨʦʚʢʝ 

ʬʫʥʢʮʠʷ ʪʦʢʠ •) ï ʟʘʚʠʭʨʝʥʥʦʩʪʠ (ὺ :( •Ⱦώ, ὺ •Ⱦὼ,  ᶯ•Ȣ ɺ 

ʢʘʯʝʩʪʚʝ ʯʠʩʣʝʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ ʢʦʥʝʯʥʳʭ ʨʘʟʥʦʩʪʝʡ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʷʚʥʦʡ ʩʭʝʤʳ.  
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1.3.3 ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ɼʣʷ ʠʟʫʯʝʥʠʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ, ʥʘʤʠ ʚʳʯʠʩʣʷʣʠʩʴ ʩʣʝʜʫʶʱʠʝ 

ʠʥʪʝʛʨʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʦʩʥʦʚʝ ʧʦʣʝʡ ʩʢʦʨʦʩʪʠ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ. 

1)  ʇʦʣʥʘʷ ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ:  

Ὁ
ρ

ς
ἾὨὠȢ (1.53) 

ɿʜʝʩʴ ὠ ï ʦʙʲʝʤ ʚʩʝʡ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʦʙʣʘʩʪʠ. 

2)  ʆʙʲʝʤ ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʳ ὠ. ɼʘʥʥʳʡ ʦʙʲʝʤ ʚʳʯʠʩʣʷʣʩʷ ʧʫʪʝʤ ʩʫʤʤʠʨʦʚʘʥʠʷ 

ʷʯʝʝʢ ʦʙʣʘʩʪʠ, ʛʜʝ ȿὅȿ πȢς (ʟʥʘʯʝʥʠʝ ʧʦʜʦʙʨʘʥʦ ʵʤʧʠʨʠʯʝʩʢʠ). 

3) ɼʣʠʥʘ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ὒ, ʠ ʝʝ ʪʦʣʱʠʥʘ . ɸʣʛʦʨʠʪʤ ʚʳʯʠʩʣʝʥʠʷ ʜʣʠʥʳ 

ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ ʘʥʘʣʦʛʠʯʝʥ ʠʩʧʦʣʴʟʦʚʘʥʥʦʤʫ ʚ ʟʘʜʘʯʝ ʦ ʚʳʪʝʩʥʝʥʠʠ ʚ 

ʢʘʧʠʣʣʷʨʝ: ʚʥʫʪʨʠ ʨʘʩʯʝʪʥʦʡ ʷʯʝʡʢʠ ʠʟʦʣʠʥʠʷ ὅ π (ʛʨʘʥʠʮʘ ʨʘʟʜʝʣʘ) 

ʘʧʧʨʦʢʩʠʤʠʨʫʝʪʩʷ ʣʠʥʝʡʥʳʤ ʦʪʨʝʟʢʦʤ, ʩʫʤʤʠʨʫʝʪʩʷ ʜʣʠʥʘ ʚʩʝʭ ʦʪʨʝʟʢʦʚ, ʯʪʦ ʚ 

ʠʪʦʛʝ ʜʘʝʪ ʧʦʣʥʫʶ ʜʣʠʥʫ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ. ʊʦʣʱʠʥʘ ʛʨʘʥʠʮʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ 

ʦʪʥʦʰʝʥʠʝ ʝʝ ʦʙʲʝʤʘ ʢ ʜʣʠʥʝ:  ὠȾὒ. 

4) ʂʦʵʬʬʠʮʠʝʥʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ: 

„
ὅὲ

ὒ

ὅ

ὼ

ὅ

ώ
ὨὠȢ (1.54) 

 

5) ʉʨʝʜʥʷʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʢʘʞʜʦʡ ʠʟ ʬʘʟ: 

ὅȟ
ρ

ὠȟ
ὅὨὠȟ (1.55) 

ʛʜʝ ὠȟὠ ï ʦʙʲʝʤ ʧʝʨʚʦʡ ʠ ʚʪʦʨʦʡ ʬʘʟ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʦʜ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʬʘʟʳ 1, 

ὅ, ʤʳ ʧʦʥʠʤʘʝʤ ʢʦʥʮʝʥʪʨʘʮʠʶ ʚ ʪʦʡ ʦʙʣʘʩʪʠ (ʦʙʲʝʤ ὠ , ʛʜʝ ὅ > 0; ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʬʘʟʳ 2, ὅ  ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʚ ʦʙʣʘʩʪʠ (ʦʙʲʝʤ ὠ , ʛʜʝ ὅ < 0. 

 

ɼʣʷ ʚʳʙʦʨʘ ʦʧʪʠʤʘʣʴʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʩʝʨʠʷ ʪʝʩʪʦʚʳʭ 

ʨʘʩʯʝʪʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ ʩ ʨʘʟʣʠʯʥʳʤ ʯʠʩʣʦʤ ʫʟʣʦʚ ʥʘ ʝʜʠʥʠʮʫ 
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ʜʣʠʥʳ. ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʜʣʷ ʜʚʫʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʧʦʣʥʦʡ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ 

ʠ ʜʣʠʥʳ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 1.30 ʜʣʷ ʜʚʫʭ ʟʥʘʯʝʥʠʡ ʯʠʩʣʘ 

ʇʝʢʣʝ 0Å ρπȟρπ. ɺ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʭʦʨʦʰʦ ʚʠʜʥʘ ʩʭʦʜʠʤʦʩʪʴ ʢʨʠʚʳʭ ʢ 

ʥʝʢʦʪʦʨʳʤ ʧʨʝʜʝʣʴʥʳʤ ʟʥʘʯʝʥʠʷʤ. ɼʣʷ 0Å ρπ ʩʭʦʜʠʤʦʩʪʴ ʜʦʩʪʠʛʘʝʪʩʷ ʙʳʩʪʨʝʝ: 

ʩʝʪʢʘ 512Ĭ512 ʷʚʣʷʝʪʩʷ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʡ, ʪʦʛʜʘ ʢʘʢ ʜʣʷ 0Å ρπ ʧʨʠʝʤʣʝʤʦʡ 

ʦʢʘʟʘʣʘʩʴ ʩʝʪʢʘ ʩ ʯʠʩʣʦʤ ʫʟʣʦʚ 1440Ĭ1440 ʫ, ʯʪʦ ʦʙ̡ ʩ̫ʥ̫ʝʪʩ̫ ʪʝʤ, ʯʪʦ ʜʣ̫ ʙʦӢʣɹ ʠhʭ 

ʈʠʩʫʥʦʢ 1.30. ɿʘʚʠʩʠʤʦʩʪʴ ʧʦʣʥʦʡ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ (a), (b) ʠ ʜʣʠʥʳ 

ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ (c), (d) ʦʪ ʚʨʝʤʝʥʠ ʜʣʷ ʢʚʘʜʨʘʪʥʦʡ ʦʙʣʘʩʪʠ 1Ĭ1. 

ɿʥʘʯʝʥʠʷ ʚ ʣʝʛʝʥʜʘʭ ʛʨʘʬʠʢʦʚ ï ʢʦʣʠʯʝʩʪʚʦ ʫʟʣʦʚ ʩʝʪʢʠ ʥʘ ʝʜʠʥʠʮʫ ʜʣʠʥʳ. 

ʇʘʨʘʤʝʪʨʳ: ὃ πȢυȟ#Î τϽρπȟ υȢωφϽρπȟ'Ò πȢρȟ2Å ρππ. 
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ʯʠʩʝʣ ʇʝʢʣʝ ʛʨʘʥʠʮʘ ʨʘʟʜʝʣʘ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʪʦʥʢʦʡ, ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʚʦʟʥʠʢʘʝʪ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚ ʙʦʣʝʝ ʪʦʯʥʦʤ ʨʘʟʨʝʰʝʥʠʠ.  

ʅʘ ʨʠʩ. 1.31 ʠʟʦʙʨʘʞʝʥʳ ʧʦʣʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʩʢʦʨʦʩʪʠ ʚ ʨʘʟʥʳʝ ʤʦʤʝʥʪʳ 

ʚʨʝʤʝʥʠ, ʠʣʣʶʩʪʨʠʨʫʶʱʠʝ ʵʪʘʧʳ ʚʨʝʤʝʥʥʦʡ ʵʚʦʣʶʮʠʠ ʙʠʥʘʨʥʦʡ ʩʠʩʪʝʤʳ. ɺ 

ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʪʷʞʝʣʘʷ (ʚʝʨʭʥʷʷ, ʠʟʦʙʨʘʞʝʥʘ ʢʨʘʩʥʳʤ ʮʚʝʪʦʤ) ʠ 

ʣʝʛʢʘʷ (ʥʠʞʥʷʷ, çʞʝʣʪʘʷè) ʬʘʟʳ ʨʘʟʜʝʣʝʥʳ ʨʝʟʢʦʡ ʛʨʘʥʠʮʝʡ ʨʘʟʜʝʣʘ, ʬʦʨʤʘ 

ʢʦʪʦʨʦʡ ʩʣʝʛʢʘ ʠʩʢʨʠʚʣʝʥʘ, ʢʘʢ ʟʘʜʘʥʦ ʠʩʭʦʜʥʳʤ ʧʨʦʬʠʣʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ (1.52). 

ʅʘʯʘʣʴʥʘʷ ʩʢʦʨʦʩʪʴ ʪʝʯʝʥʠʷ ʨʘʚʥʘ ʥʫʣʶ. ʉʪʨʘʪʠʬʠʢʘʮʠʷ ʷʚʣʷʝʪʩʷ ʛʨʘʚʠʪʘʮʠʦʥʥʦ 

ʥʝʫʩʪʦʡʯʠʚʦʡ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʨʘʟʚʠʪʠʶ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ, ʪ.ʝ. ʢ 

ʨʦʩʪʫ ʠʩʢʨʠʚʣʝʥʠʷ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʟʘ ʩʯʝʪ ʪʝʯʝʥʠʷ ʞʠʜʢʦʩʪʠ. ɺ ʢʘʢʦʡ-ʪʦ ʤʦʤʝʥʪ 

ʙʦʣʝʝ ʪʷʞʝʣʘʷ ʬʘʟʘ ʜʦʩʪʠʛʘʝʪ ʥʠʞʥʝʡ ʩʪʝʥʢʠ ʠ ʥʘʯʠʥʘʝʪ ʟʘʥʠʤʘʪʴ ʥʠʞʥʶʶ 

ʧʦʣʦʚʠʥʫ ʩʣʦʷ. ʇʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʬʘʟ (ʦʩʦʙʝʥʥʦ ʥʘ ʥʘʯʘʣʴʥʳʭ ʵʪʘʧʘʭ) 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʤ ʜʚʠʞʝʥʠʝʤ. ɺ ʢʦʥʮʝ ʵʪʦʛʦ ʧʨʦʮʝʩʩʘ ʪʦʣʴʢʦ 

ʥʝʢʦʪʦʨʳʝ ʤʝʣʢʠʝ ʢʘʧʣʠ ʪʷʞʝʣʦʡ ʞʠʜʢʦʩʪʠ ʦʩʪʘʶʪʩʷ ʧʨʠʢʨʝʧʣʝʥʥʳʤʠ ʢ ʚʝʨʭʥʝʡ 

ʩʪʝʥʢʝ, ʘ ʥʝʢʦʪʦʨʳʝ ʢʘʧʣʠ ʣʝʛʢʦʡ ʞʠʜʢʦʩʪʠ ï ʧʨʠʢʨʝʧʣʝʥʥʳʤʠ ʢ ʥʠʞʥʝʡ ʛʨʘʥʠʮʝ. 

ʈʘʟʤʝʨʳ ʢʘʧʝʣʴ ʦʯʝʥʴ ʤʝʜʣʝʥʥʦ ʫʤʝʥʴʰʘʶʪʩʷ ʚ ʩʣʝʜʩʪʚʠʝ ʧʨʦʮʝʩʩʘ ʨʘʩʪʚʦʨʝʥʠʷ, 

ʚʳʟʚʘʥʥʦʛʦ ʜʠʬʬʫʟʠʝʡ. 

ʅʘ ʨʠʩ. 1.32 ʧʦʢʘʟʘʥʳ ʧʦʣʷ ʭʠʤʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ. ʅʘʯʘʣʴʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʭʠʤʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʚ ʬʘʟʘʭ ʷʚʣʷʝʪʩʷ ʨʘʟʥʳʤ (ʯʪʦ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʥʝʨʘʚʥʦʚʝʩʥʦʤʫ ʩʦʩʪʦʷʥʠʶ), ʩ ʨʝʟʢʠʤ ʩʢʘʯʢʦʤ 

ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ. ɺ ʢʦʥʝʯʥʦʤ ʩʦʩʪʦʷʥʠʠ ʨʘʚʥʦʚʝʩʠʷ ʩʠʩʪʝʤʘ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ 

ʦʜʥʦʨʦʜʥʳʤ ʧʦʣʝʤ ʭʠʤʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ, ‘ π. ʇʦʩʢʦʣʴʢʫ ʛʨʘʜʠʝʥʪ 

ʭʠʤʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʦʧʨʝʜʝʣʷʝʪ ʚʝʣʠʯʠʥʫ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʧʦʪʦʢʘ, ʤʦʞʥʦ 

ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʜʠʬʬʫʟʠʷ ʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʘ ʚ ʤʦʤʝʥʪ ʧʝʨʚʦʥʘʯʘʣʴʥʦʛʦ 

ʢʦʥʪʘʢʪʘ ʜʚʫʭ ʞʠʜʢʦʩʪʝʡ, ʘ ʥʘ ʙʦʣʝʝ ʧʦʟʜʥʠʭ ʩʪʘʜʠʷʭ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʠʬʬʫʟʠʠ 

ʩʠʣʴʥʦ ʫʤʝʥʴʰʘʝʪʩʷ.  
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ʈʠʩʫʥʦʢ 1.31. ʇʦʣʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʩ ʥʘʣʦʞʝʥʥʳʤ ʧʦʣʝʤ ʩʢʦʨʦʩʪʠ (ʩʪʨʝʣʢʠ) 

ʜʣʷ ʨʘʟʥʳʭ ʤʦʤʝʥʪʦʚ ʚʨʝʤʝʥʠ. ʂʨʘʩʥʳʡ ʠ ʞʝʣʪʳʡ ʮʚʝʪʘ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʙʦʣʝʝ ʪʷʞʝʣʦʡ  ʠ ʣʝʛʢʦʡ ʢʦʤʧʦʥʝʥʪʘʤ. ʂʚʘʜʨʘʪʥʘʷ ʦʙʣʘʩʪʴ 1Ĭ1 (ʚʦʣʥʦʚʦʝ 

ʯʠʩʣʦ Ὧ ςʌ. ʇʘʨʘʤʝʪʨʳ: ὃ πȢυȟ#Î τϽρπȟ υȢωφϽρπȟ'Ò
πȢρȟ2Å ρππȟ0Å ρπ. 
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ʈʠʩʫʥʦʢ 1.32. ʇʦʣʝ ʭʠʤʠʯʝʩʢʦʛʦ ʜʣʷ ʨʘʟʥʳʭ ʤʦʤʝʥʪʦʚ ʚʨʝʤʝʥʠ. 

ʂʚʘʜʨʘʪʥʘʷ ʦʙʣʘʩʪʴ 1Ĭ1 (ʚʦʣʥʦʚʦʝ ʯʠʩʣʦ Ὧ ςɩ. ʇʘʨʘʤʝʪʨʳ: ὃ
πȢυȟ#Î τϽρπȟ υȢωφϽρπȟ'Ò πȢρȟ2Å ρππȟ0Å ρπ. 

. 
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ʈʠʩʫʥʦʢ 1.33. ɿʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ: (a) ʣʦʛʘʨʠʬʤ ʧʦʣʥʦʡ ʢʠʥʝʪʠʯʝʩʢʦʡ 

ʵʥʝʨʛʠʠ; (b) ʜʣʠʥʘ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ, ʥʦʨʤʠʨʦʚʘʥʥʘʷ ʥʘ ʜʣʠʥʫ ʚʦʣʥʳ 

ʚʦʟʤʫʱʝʥʠʡ; (c) ʪʦʣʱʠʥʘ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ; (d) ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʥʘʪʷʞʝʥʠʷ; (e) ʦʙʲʝʤ ʤʝʞʬʘʟʥʦʛʦ ʩʣʦʷ; (f) ʩʨʝʜʥʷʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʦʜʥʦʡ ʠʟ ʬʘʟ. 

ʏʝʨʥʳʝ ʣʠʥʠʠ ï 0Å ρπȟ ʩʠʥʠʝ ʣʠʥʠʠ ï 0Å ρπȢ ʇʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ ï 

ʜʠʬʬʫʟʠʦʥʥʳʡ ʧʨʦʮʝʩʩ ʙʝʟ ʛʠʜʨʦʜʠʥʘʤʠʢʠ, ʩʧʣʦʰʥʳʝ ʣʠʥʠʠ ï ʨʘʩʯʝʪ ʧʦʣʥʦʡ 

ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ.  ʇʘʨʘʤʝʪʨʳ: Ὧ ς“ȟὃ πȢυȟ#Î τϽρπȟ υȢωφϽ
ρπȟ'Ò πȢρȟ2Å ρππ. 
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ʅʘ ʨʠʩ. 1.33 ʧʦʢʘʟʘʥʳ ʠʟʤʝʥʝʥʠʷ ʠʥʪʝʛʨʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʦ ʚʨʝʤʝʥʠ. 

ʈʘʟʚʠʪʠʝ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ ʤʦʞʥʦ ʧʨʦʩʣʝʜʠʪʴ ʧʦ ʠʟʤʝʥʝʥʠʶ ʧʦʣʥʦʡ 

ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʪʝʯʝʥʠʷ, ʚʦʟʙʫʞʜʘʝʤʦʛʦ ʚ ʩʠʩʪʝʤʝ 

(ʨʠʩ. 1.33 (a)), ʠ ʧʦ ʜʝʬʦʨʤʘʮʠʠ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ, ʦʧʨʝʜʝʣʷʝʤʦʡ ʝʝ ʜʣʠʥʦʡ (ʨʠʩ. 

1.33 (b)). ʄʦʞʥʦ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʥʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ ʟʥʘʯʝʥʠʷ ʵʪʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʦʯʝʥʴ ʙʳʩʪʨʦ ʨʘʩʪʫʪ, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʧʨʝʜʧʦʣʦʞʝʥʠʷʤʠ ʣʠʥʝʡʥʦʡ ʪʝʦʨʠʠ. 

ʈʘʟʚʠʪʠʝ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʧʨʠ ʙʦʣʝʝ ʤʘʣʳʭ ʯʠʩʣʘʭ ʇʝʢʣʝ (ʪ.ʝ. ʧʨʠ ʙʦʣʝʝ ʩʠʣʴʥʦʡ 

ʤʝʞʬʘʟʥʦʡ ʜʠʬʬʫʟʠʠ) ʧʨʦʠʩʭʦʜʠʪ ʙʳʩʪʨʝʝ, ʠ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ 

ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ, ʜʦʩʪʠʛʘʝʤʦʝ ʚ ʵʪʦʤ ʩʣʫʯʘʝ, ʪʘʢʞʝ ʙʦʣʴʰʝ. ʃʠʥʝʡʥʳʡ ʨʦʩʪ 

ʚʦʟʤʫʱʝʥʠʡ ʥʘʙʣʶʜʘʝʪʩʷ ʜʦ ʤʦʤʝʥʪʘ, ʢʦʪʦʨʳʡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʝʨʚʦʤʫ ʧʠʢʫ ʥʘ 

ʛʨʘʬʠʢʘʭ ʟʘʚʠʩʠʤʦʩʪʠ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʦʪ ʚʨʝʤʝʥʠ (ʩʤ., ʨʠʩ. 1.30), ʪ. ʝ. ʜʦ 

ʤʦʤʝʥʪʦʚ ʚʨʝʤʝʥʠ ὸ ͯ ςπ ʧʨʠ 0Å ρπ  ʠ ὸ ͯ υπ ʧʨʠ 0Å ρπ (ʵʪʠ ʤʦʤʝʥʪʳ 

ʚʨʝʤʝʥʠ ʦʪʯʝʪʣʠʚʦ ʚʠʜʥʳ ʥʘ  ʨʠʩ. 1.30).  ʅʘ ʨʠʩ. 1.33 (a) ʪʘʢʞʝ ʚʠʜʥʳ ʚʪʦʨʳʝ ʧʠʢʠ, 

ʢʦʪʦʨʳʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʜʚʠʞʝʥʠʶ ʦʩʪʘʚʰʠʭʩʷ ʢʘʧʝʣʴ (ʩʤ., ʨʠʩ. 1.31): ʧʨʠ 0Å ρπ 

ʢʘʧʣʷ ʦʩʪʘʝʪʩʷ ʥʘ ʤʝʩʪʝ, ʤʝʜʣʝʥʥʦ ʜʠʬʬʫʥʜʠʨʫʷ ʚ ʦʢʨʫʞʘʶʱʝʝ ʧʨʦʩʪʨʘʥʩʪʚʦ, ʧʨʠ 

0Å ρπ ʥʘʙʣʶʜʘʝʪʩʷ ʦʪʨʳʚ ʢʘʧʣʠ.  

ʀʟ ʨʠʩ. 1.33 (b) ʚʠʜʥʦ, ʯʪʦ ʜʣʠʥʘ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩʦ ʚʨʝʤʝʥʝʤ 

ʠʟ-ʟʘ ʜʝʬʦʨʤʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ. ʄʘʢʩʠʤʘʣʴʥʘʷ ʜʣʠʥʘ ʦʪʚʝʯʘʝʪ ʤʦʤʝʥʪʫ 

ʚʨʝʤʝʥʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤʫ ʨʠʩ. 1.31 (d). ʈʘʟʨʳʚ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʠ ʧʦʩʣʝʜʫʶʱʘʷ 

ʧʝʨʝʩʪʨʦʡʢʘ ʬʘʟ ʧʨʠʚʦʜʷʪ ʢ ʨʝʟʢʦʤʫ ʫʤʝʥʴʰʝʥʠʶ ʜʣʠʥʳ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ. ɺ ʢʦʥʮʝ 

ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʝʪʦʚ ʜʣʠʥʘ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʥʝ ʨʘʚʥʘ ʥʘʯʘʣʴʥʦʤʫ ʟʥʘʯʝʥʠʶ ʠʟ-ʟʘ 

ʥʝʙʦʣʴʰʠʭ ʢʘʧʝʣʴ, ʢʦʪʦʨʳʝ ʦʩʪʘʶʪʩʷ ʧʨʠʢʨʝʧʣʝʥʥʳʤʠ ʢ ʚʝʨʭʥʝʡ ʠ ʥʠʞʥʝʡ 

ʩʪʝʥʢʘʤ. 

ʈʠʩ. 1.33 (c) ʧʦʢʘʟʳʚʘʝʪ ʠʟʤʝʥʝʥʠʝ ʪʦʣʱʠʥʳ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʩʦ ʚʨʝʤʝʥʝʤ. 

ɼʣʷ ʨʘʩʯʝʪʦʚ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʥʘ ʨʠʩ. 1.33, ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʟʘʜʘʥʥʦʝ ʟʥʘʯʝʥʠʝ 

ʪʦʣʱʠʥʳ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʚ 1.5 ʨʘʟʘ ʤʝʥʴʰʝ ʨʘʚʥʦʚʝʩʥʦʛʦ ʟʥʘʯʝʥʠʷ 

ὅὲȾὃ.  ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʮʝʩʩʘ ʤʝʞʬʘʟʥʦʡ ʜʠʬʬʫʟʠʠ ʛʨʘʥʠʮʘ ʨʘʟʜʝʣʘ ʩʦ 

ʚʨʝʤʝʥʝʤ ʨʘʟʤʳʚʘʝʪʩʷ, ʚ ʢʦʥʝʯʥʦʤ ʠʪʦʛʝ ʜʦʩʪʠʛʘʷ ʩʚʦʝʛʦ ʨʘʚʥʦʚʝʩʥʦʛʦ ʟʥʘʯʝʥʠʷ. 

ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʥʘ ʨʠʩ. 1.33 ʪʘʢʞʝ ʧʨʠʚʦʜʷʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʯʠʩʪʦ 
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ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ (ʧʫʥʢʪʠʨʥʳʝ ʢʨʠʚʳʝ ʥʘ ʨʠʩ. 1.33), ʢʦʛʜʘ ʬʘʟʳ ʫʩʪʦʡʯʠʚʦ 

ʨʘʩʧʨʝʜʝʣʝʥʳ, ʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʩʠʩʪʝʤʝ ʥʝ ʚʦʟʙʫʞʜʘʝʪʩʷ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʝ 

ʜʚʠʞʝʥʠʝ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʵʚʦʣʶʮʠʷ ʩʤʝʰʝʥʠʷ ʧʨʝʜʩʢʘʟʫʝʤʦ ʧʨʦʠʩʭʦʜʠʪ ʛʦʨʘʟʜʦ 

ʤʝʜʣʝʥʥʝʝ. ʆʜʥʘʢʦ, ʧʨʦʮʝʩʩ ʠʟʤʝʥʝʥʠʷ ʪʦʣʱʠʥʳ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ ʩʦ ʚʨʝʤʝʥʝʤ 

ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʩʣʦʞʥʳʤ, ʯʝʤ ʧʨʦʩʪʦ ʜʠʬʬʫʟʥʦʝ ʨʘʟʤʳʪʠʝ. ɺ ʥʘʯʘʣʴʥʳʡ ʧʝʨʠʦʜ 

ʚʨʝʤʝʥʠ ʪʦʣʱʠʥʘ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʥʝ ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʢʘʢ ʦʞʠʜʘʣʦʩʴ, ʘ ʥʘʧʨʦʪʠʚ ï 

ʫʤʝʥʴʰʘʝʪʩʷ, ʠ ʚʝʣʠʯʠʥʘ ʵʪʦʛʦ ʫʤʝʥʴʰʝʥʠʷ ʙʦʣʴʰʝ, ʯʝʤ ʦʞʠʜʘʝʤʦʝ ʠʟʤʝʥʝʥʠʝ ʠʟ-

ʟʘ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʨʦʩʪʘ ȿ    .ȿ

ʇʦ-ʚʠʜʠʤʦʤʫ, ʨʘʩʪʷʞʝʥʠʝ (ʠʣʠ ʫʜʣʠʥʝʥʠʝ) ʤʝʞʬʘʟʥʦʛʦ ʩʣʦʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʝʛʦ 

ʜʝʬʦʨʤʘʮʠʠ ʧʨʠʚʦʜʠʪ ʢ ʫʪʦʥʝʥʠʶ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ, ʧʦʜʦʙʥʦ ʫʪʦʥʯʝʥʠʶ 

ʵʣʘʩʪʠʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ (ʥʘʧʨʠʤʝʨ, ʵʣʘʩʪʠʯʥʦʡ ʤʝʤʙʨʘʥʳ) ʧʨʠ ʜʝʬʦʨʤʘʮʠʷʭ 

ʨʘʩʪʷʞʝʥʠʷ. ʕʪʦʪ ʵʬʬʝʢʪ ʧʦʣʥʦʩʪʴʶ ʠʛʥʦʨʠʨʫʝʪʩʷ ʚ ʪʝʦʨʠʷʭ ʣʠʥʝʡʥʦʡ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ([112,121] ʠ ʜʨ.), ʯʪʦ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʥʝʜʦʩʪʘʪʢʦʚ 

ʧʦʜʦʙʥʳʭ ʪʝʦʨʠʡ. ʄʦʞʥʦ ʪʘʢʞʝ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʧʝʨʚʦʥʘʯʘʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʪʦʣʱʠʥʳ 

ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʩʣʘʙʝʝ ʜʣʷ ʤʝʥʴʰʝʛʦ ʯʠʩʣʘ ʇʝʢʣʝ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ 

ʠʟʤʝʥʝʥʠʷ ʪʦʣʱʠʥʳ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʦʧʨʝʜʝʣʷʶʪʩʷ ʢʦʥʢʫʨʝʥʮʠʝʡ ʜʚʫʭ ʵʬʬʝʢʪʦʚ: 

ʫʪʦʥʯʝʥʠʷ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʠʟ-ʟʘ ʨʘʩʪʷʞʝʥʠʷ ʠ ʨʘʟʤʳʪʠʷ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʠʟ-ʟʘ 

ʜʠʬʬʫʟʠʠ.  ʇʨʠ ʤʝʥʴʰʠʭ ʯʠʩʣʘʭ ʇʝʢʣʝ ʵʬʬʝʢʪ ʜʠʬʬʫʟʠʠ ʩʠʣʴʥʝʝ, ʠ ʵʪʦ ʯʘʩʪʠʯʥʦ 

ʧʨʦʪʠʚʦʜʝʡʩʪʚʫʝʪ ʵʬʬʝʢʪʫ ʨʘʩʪʷʞʝʥʠʷ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ, ʦʛʨʘʥʠʯʠʚʘʷ ʨʦʩʪ 

ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ.  

ʈʠʩ. 1.33 (d) ʧʦʢʘʟʳʚʘʝʪ ʠʟʤʝʥʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ 

ʩʦ ʚʨʝʤʝʥʝʤ. ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʚʝʣʠʯʠʥʘ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ 

ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʪʦʣʱʠʥʝ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ (ʥʘʧʨʠʤʝʨ, ʜʣʷ ʛʨʘʥʠʮʳ 

ʨʘʟʜʝʣʘ ʩ ʧʨʦʬʠʣʝʤ, ʘʧʧʨʦʢʩʠʤʠʨʫʝʤʳʤ ʛʠʧʝʨʙʦʣʠʯʝʩʢʠʤ ʪʘʥʛʝʥʩʦʤ, ʟʥʘʯʝʥʠʝ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ ʠ ʪʦʣʱʠʥʘ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʩʚʷʟʘʥʳ 

ʩʦʦʪʥʦʰʝʥʠʝʤ „ ὅὲȾσ[121] ). ɺ ʥʘʯʘʣʴʥʳʡ ʧʝʨʠʦʜ ʚʨʝʤʝʥʠ ʢʦʵʬʬʠʮʠʝʥʪ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ ʠʩʧʳʪʳʚʘʝʪ ʦʯʝʥʴ ʩʠʣʴʥʳʡ ʨʦʩʪ ʠʟ-ʟʘ ʫʪʦʥʯʝʥʠʷ 

ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ, ʚʳʟʚʘʥʥʦʛʦ ʝʝ ʨʘʩʪʷʞʝʥʠʝʤ, ʦʜʥʘʢʦ ʥʘ ʙʦʣʝʝ ʜʣʠʪʝʣʴʥʳʭ 



73 

 

ʚʨʝʤʝʥʘʭ ʝʛʦ ʟʥʘʯʝʥʠʝ ʫʤʝʥʴʰʘʝʪʩʷ ʠʟ-ʟʘ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʨʘʟʤʳʪʠʷ ʛʨʘʥʠʮʳ 

ʨʘʟʜʝʣʘ.  

ʅʘ ʨʠʩ. 1.33 (e) ʧʦʢʘʟʘʥʦ ʠʟʤʝʥʝʥʠʝ ʦʙʲʝʤʘ ʧʝʨʝʭʦʜʥʦʛʦ ʩʣʦʷ ʩʦ ʚʨʝʤʝʥʝʤ. 

ɼʘʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʘʥʘʣʦʛʠʯʥʘ ʠʟʤʝʥʝʥʠʶ ʜʣʠʥʳ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ 

ʥʘ ʪʦ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʜʣʠʥʳ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʙʦʣʴʰʝ, ʯʝʤ ʫʚʝʣʠʯʝʥʠʝ ʚ ʪʦʣʱʠʥʝ 

ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ (ʧʦʩʢʦʣʴʢʫ ὠ  ὒϽȢ). 

ʅʘ ʨʠʩ. 1.33 (f) ʧʦʢʘʟʘʥʘ ʩʨʝʜʥʷʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʦʜʥʦʡ ʠʟ ʞʠʜʢʦʩʪʝʡ (ʟʥʘʯʝʥʠʷ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʚʫʭ ʞʠʜʢʦʩʪʝʡ ʦʜʠʥʘʢʦʚʳ ʧʦ ʚʝʣʠʯʠʥʝ ʠ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳ ʧʦ 

ʟʥʘʢʫ). ʋʨʦʚʝʥʴ ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʝʥʷʝʪʩʷ ʩʦ ʥʘʯʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ 1/2 ʜʦ ʩʚʦʝʛʦ 

ʨʘʚʥʦʚʝʩʥʦʛʦ ʟʥʘʯʝʥʠʷ (ʥʘʩʳʱʝʥʠʝ), ʢʦʪʦʨʦʝ ʧʨʠʤʝʨʥʦ ʨʘʚʥʦ 0.388. ʇʨʠ 0Å = 105 

ʩʦʩʪʦʷʥʠʝ ʨʘʚʥʦʚʝʩʠʷ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ὸ å 1500, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʣʷ ʯʠʩʪʦ 

ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ ʩʦʩʪʦʷʥʠʝ ʨʘʚʥʦʚʝʩʠʷ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ὸ å 6000.  

ʅʝʦʞʠʜʘʥʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʩʤʝʰʝʥʠʷ ʞʠʜʢʦʩʪʝʡ ʥʘ ʤʦʣʝʢʫʣʷʨʥʦʤ ʫʨʦʚʥʝ 

(ʟʥʘʯʝʥʠʝ ʩʨʝʜʥʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʨʝʟʢʦ ʫʤʝʥʴʰʘʝʪʩʷ ʥʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ) ʤʦʞʥʦ 

ʦʙʲʷʩʥʠʪʴ ʨʘʩʪʷʞʝʥʠʝʤ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ 

ʫʚʝʣʠʯʝʥʠʶ ʧʣʦʱʘʜʠ ʢʦʥʪʘʢʪʘ ʬʘʟ. ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʥʘ ʨʠʩ. 1.33 (f) ʪʘʢʞʝ ʧʦʢʘʟʘʥʘ 

ʩʨʝʜʥʷʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʜʣʷ ʩʣʫʯʘʷ, ʢʦʛʜʘ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ 

ʦʪʩʫʪʩʪʚʫʝʪ, ʠ ʛʨʘʥʠʮʘ ʨʘʟʜʝʣʘ ʦʩʪʘʝʪʩʷ ʧʣʦʩʢʦʡ. ʇʦʩʢʦʣʴʢʫ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ 

ʧʨʦʮʝʩʩʳ ʧʝʨʝʩʪʘʶʪ ʩʫʱʝʩʪʚʦʚʘʪʴ ʧʨʠʤʝʨʥʦ ʧʨʠ ὸ å ρ00, ʢʦʛʜʘ ʢʦʤʧʦʥʝʥʪʳ ʩʤʝʩʠ 

ʫʞʝ ʧʝʨʝʚʝʨʥʫʪʳ, ʥʦ ʩʦʩʪʦʷʥʠʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ ʝʱʝ ʥʝ 

ʜʦʩʪʠʛʥʫʪʦ, ʨʦʣʴ ʜʠʬʬʫʟʠʠ ʦʩʪʘʝʪʩʷ ʢʣʶʯʝʚʦʡ, ʪʘʢ ʯʪʦ ʧʦʣʥʦʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ 

ʨʘʚʥʦʚʝʩʠʝ ʩʠʩʪʝʤr  ʥʘʩʪʫʧʘʝʪ ʟʥʘʯʠʪʝʣɹʥʦ ʧʦʟʜʥʝʝ ʧʨʠ ʙʦӢʣɹ ʠhʭ ʯʠʩʣʘʭ ʇʝʢʣʝ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʞʠʜʘʝʪʩʷ, ʯʪʦ ʠʟʤʝʥʝʥʠʷ ʪʦʣʱʠʥʳ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ ʠ 

ʩʨʝʜʥʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʙʫʜʫʪ ʦʧʨʝʜʝʣʷʪʴʩʷ ʤʝʜʣʝʥʥʳʤ ʧʨʦʮʝʩʩʦʤ ʜʠʬʬʫʟʠʠ, ʪʘʢ 

ʯʪʦ ʚ ʪʝʯʝʥʠʝ ʢʦʨʦʪʢʦʛʦ ʧʝʨʠʦʜʘ ʚʨʝʤʝʥʠ ʦʥʠ ʜʦʣʞʥʳ ʦʩʪʘʚʘʪʴʩʷ ʧʦʯʪʠ 

ʧʦʩʪʦʷʥʥʳʤʠ. ʆʜʥʘʢʦ ʦʙʝ ʚʝʣʠʯʠʥʳ ʧʦʜʚʝʨʞʝʥʳ ʙʳʩʪʨʳʤ ʠʟʤʝʥʝʥʠʷʤ ʚʦ 

ʚʨʝʤʝʥʠ, ʦʙʫʩʣʦʚʣʝʥʥʳʤ ʛʠʜʨʦʜʠʥʘʤʠʢʦʡ. 
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ʅʘ ʨʠʩ. 1.34 ʠ 1.35 ʧʦʢʘʟʘʥʳ ʠʟʤʝʥʝʥʠʷ ʪʦʣʱʠʥʳ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʠ ʩʨʝʜʥʝʡ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʡ ʙʝʟʨʘʟʤʝʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ (ʫʢʘʟʘʥʳ ʚ 

ʣʝʛʝʥʜʝ) ʥʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ. ɺʠʜʥʦ (ʨʠʩ. 1.34 (a) ʠ 1.35 (a)), ʯʪʦ ʧʨʠ ʤʝʥʴʰʠʭ 

ʯʠʩʣʘʭ ʇʝʢʣʝ (ʜʣʷ ʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʦʡ ʜʠʬʬʫʟʠʠ) ʨʘʟʤʳʪʠʝ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ 

ʙʦʣʝʝ ʚʳʨʘʞʝʥʦ (ʙʦʣʝʝ ʩʠʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʩʨʝʜʥʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ) ʠ ʚʣʠʷʥʠʝ 

ʨʘʩʪʷʞʝʥʠʷ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ ʩʪʘʥʦʚʠʪʩʷ ʤʝʥʝʝ ʟʥʘʯʠʤʳʤ. ʈʘʩʯʝʪʳ, 

ʚʳʧʦʣʥʝʥʥʳʝ ʜʣʷ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʯʠʩʝʣ ʈʝʡʥʦʣʴʜʩʘ (ʨʠʩ. 1.34 (b), 1.35 (b)), 

ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʩʢʦʨʦʩʪʴ ʠʟʤʝʥʝʥʠʷ ʪʦʣʱʠʥʳ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʠ ʩʨʝʜʥʝʡ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʙʦʣʴʰʝ, ʢʦʛʜʘ ʚʷʟʢʠʝ ʩʠʣʳ ʩʣʘʙʝʝ.  

ʋʚʝʣʠʯʝʥʠʝ ʯʠʩʣʘ #Î ʟʘʤʝʜʣʷʝʪ ʨʘʟʚʠʪʠʝ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ 

(ʨʠʩ. 1.34 (c), 1.35 (c)), ʫʤʝʥʴʰʘʷ ʚʘʨʠʘʮʠʶ ʪʦʣʱʠʥʳ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ. 

ʋʤʝʥʴʰʝʥʠʝ ʥʘʯʘʣʴʥʦʡ ʪʦʣʱʠʥʳ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ, , (ʨʠʩ. 1.34 (d), 1.35 (d)) ʪʘʢʞʝ 

ʧʨʠʚʦʜʠʪ ʢ ʤʝʥʴʰʠʤ ʚʘʨʠʘʮʠʷʤ ʪʦʣʱʠʥʳ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ, ʫʢʘʟʳʚʘʷ ʥʘ ʪʦ, ʯʪʦ 

ʵʬʬʝʢʪ ʫʪʦʥʯʝʥʠʷ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ, ʚʝʨʦʷʪʥʦ, ʠʩʯʝʟʥʝʪ ʚ ʧʨʝʜʝʣʝ ʙʝʩʢʦʥʝʯʥʦ 

ʨʝʟʢʦʡ ʛʨʘʥʠʮʳ. ʆʜʥʘʢʦ ʠʟʤʝʥʝʥʠʷ ʩʨʝʜʥʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʠ ʨʘʟʣʠʯʥʳʭ #Î ʠʣʠ 

  ʦʩʪʘʶʪʩʷ ʥʘ ʦʜʥʦʤ ʫʨʦʚʥʝ 

ʅʘ ʨʠʩ. 1.36 ʧʦʢʘʟʘʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʥʝʢʦʪʦʨʳʭ ʠʥʪʝʛʨʘʣʴʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ (0Å = 105) ʥʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ ʜʣʷ ʪʨʝʭ ʚʦʣʥʦʚʳʭ ʯʠʩʝʣ: 

Ὧ2.86, 3.93, 5.03. ɼʣʷ ʚʳʯʠʩʣʝʥʠʷ ʠʥʢʨʝʤʝʥʪʘ ʚʦʟʤʫʱʝʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ  

ʣʠʥʝʡʥʳʝ ʫʯʘʩʪʢʠ ʢʨʠʚʳʭ ʟʘʚʠʩʠʤʦʩʪʠ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʚ ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʤ 

ʤʘʩʰʪʘʙʝ ʦʪ ʚʨʝʤʝʥʠ (ʨʠʩ. 1.36 (b)). ʇʦʩʢʦʣʴʢʫ ʢʘʞʜʳʡ ʨʘʩʯʝʪ ʥʘʯʠʥʘʝʪʩʷ ʩ 

ʥʝʥʫʣʝʚʦʡ ʜʝʬʦʨʤʘʮʠʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ (ʩʤ., ʥʘʯʘʣʴʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʢʦʥʮʝʥʪʨʘʮʠʠ, ʫʨ. (1.52)) ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʪʝʯʝʥʠʷ, ʯʪʦ ʥʝ ʷʚʣʷʝʪʩʷ ʪʦʯʥʳʤ 

ʨʝʰʝʥʠʝʤ ʫʨʘʚʥʝʥʠʡ ʜʚʠʞʝʥʠʷ ï ʢʨʠʚʳʝ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʚʢʣʶʯʘʶʪ 

ʢʦʨʦʪʢʠʝ ʧʝʨʠʦʜʳ ʧʦʜʩʪʨʦʡʢʠ. ʇʦʩʣʝ ʵʪʦʛʦ ʧʦʣʥʘʷ ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ (ʠ ʚʩʝ 

ʜʨʫʛʠʝ ʚʝʣʠʯʠʥʳ) ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦ ʥʘʨʘʩʪʘʝʪ, ʧʦ ʢʨʘʡʥʝʡ ʤʝʨʝ, ʜʦ ʤʦʤʝʥʪʘ 

ʚʨʝʤʝʥʠ ὸ å 20, ʢʦʪʦʨʳʡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʘʢʩʠʤʘʣʴʥʦʤʫ ʟʥʘʯʝʥʠʶ ʢʠʥʝʪʠʯʝʩʢʦʡ 

ʵʥʝʨʛʠʠ.  
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 ʍʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʣʠʥʝʡʥʦʝ ʨʘʟʚʠʪʠʝ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʵʣʝʷ-ʊʝʡʣʦʨʘ 

ʠʥʢʨʝʤʝʥʪ ʚʦʟʤʫʱʝʥʠʡ ʦʯʝʚʠʜʥʦ ʟʘʚʠʩʠʪ ʦʪ ʥʘʯʘʣʴʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʛʨʘʥʠʮʳ 

ʨʘʟʜʝʣʘ (ʢʦʪʦʨʘʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʦʣʥʦʚʳʤ ʯʠʩʣʦʤ Ὧ) ʠ ʦʪ ʟʥʘʯʝʥʠʡ ʜʨʫʛʠʭ 

ʫʧʨʘʚʣʷʶʱʠʭ ʧʘʨʘʤʝʪʨʦʚ. ʕʪʠ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 1.37. ɺ ʯʘʩʪʥʦʩʪʠ, 

ʨʠʩ. 1.37 (a) ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʨʠ ʙʦʣʴʰʝʤ ʚʢʣʘʜʝ ʛʨʘʚʠʪʘʮʠʠ (ʪ.ʝ. ʧʨʠ ʙʦʣʴʰʝʡ 

ʨʘʟʥʦʩʪʠ ʧʣʦʪʥʦʩʪʠ) ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ ʨʘʟʚʠʚʘʝʪʩʷ ʙʳʩʪʨʝʝ. ʅʘ ʨʠʩ. 

1.37 (b) ʧʦʢʘʟʘʥʘ ʨʦʣʴ ʚʷʟʢʦʩʪʠ: ʤʝʥʴʰʠʝ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʙʦʣʝʝ 

ʤʝʜʣʝʥʥʦʤʫ ʪʝʤʧʫ ʨʦʩʪʘ ʠʟ-ʟʘ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʚʷʟʢʦʛʦ ʜʝʤʧʬʠʨʦʚʘʥʠʷ. ʈʠʩ. 1.37 

(c) ʠʣʣʶʩʪʨʠʨʫʝʪ ʜʝʡʩʪʚʠʝ ʢʘʧʠʣʣʷʨʥʳʭ ʵʬʬʝʢʪʦʚ: ʙʦʣʝʝ ʩʠʣʴʥʳʝ ʢʘʧʠʣʣʷʨʥʳʝ 

ʩʠʣʳ ʫʤʝʥʴʰʘʶʪ ʩʢʦʨʦʩʪʴ ʨʘʟʚʠʪʠʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ, ʘ ʪʘʢʞʝ 

ʦʛʨʘʥʠʯʠʚʘʶʪ ʨʦʩʪ ʤʦʜ ʩ ʙʦʣʝʝ ʢʦʨʦʪʢʠʤʠ ʜʣʠʥʘʤʠ ʚʦʣʥ. ɺʩʝ ʵʪʠ ʧʨʝʜʩʢʘʟʘʥʠʷ 

ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʦʙʱʠʤʠ ʦʞʠʜʘʥʠʷʤʠ ʚ ʦʪʥʦʰʝʥʠʠ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝʷ-

ʊʝʡʣʦʨʘ ʠ ʩ ʨʘʙʦʪʘʤʠ ʧʦ ʣʠʥʝʡʥʦʡ ʪʝʦʨʠʠ ʫʩʪʦʡʯʠʚʦʩʪʠ [99,121].  

ʈʠʩ. 1.37 (d) ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʜʠʬʬʫʟʠʷ ʚʥʦʩʠʪ ʚʢʣʘʜ ʚ ʨʘʟʚʠʪʠʝ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ ʜʘʞʝ ʥʘ ʙʦʣʝʝ ʢʦʨʦʪʢʠʭ ʚʨʝʤʝʥʥʳʭ ʤʘʩʰʪʘʙʘʭ. 

ʆʜʥʘʢʦ ʟʘʚʠʩʠʤʦʩʪʠ ʠʥʢʨʝʤʝʥʪʘ ʚʦʟʤʫʱʝʥʠʡ ʦʪ ʯʠʩʣʘ ʇʝʢʣʝ ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʪʝʭ, 

ʢʦʪʦʨʳʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʥʘ ʦʩʥʦʚʝ ʪʝʦʨʠʠ ʣʠʥʝʡʥʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ ʚ ʨʘʙʦʪʝ [121], 

ʛʜʝ ʙʳʣ ʩʜʝʣʘʥ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʜʠʬʬʫʟʠʷ ʚʚʦʜʠʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʤʝʭʘʥʠʟʤ 

ʜʠʩʩʠʧʘʮʠʠ, ʧʨʦʩʪʦ ʟʘʤʝʜʣʷʷ ʨʘʟʚʠʪʠʝ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ. ʇʦʚʝʜʝʥʠʝ, ʠʟʦʙʨʘʞʝʥʥʦʝ 

ʥʘ ʨʠʩ. 1.37 (d), ʧʨʦʪʠʚʦʧʦʣʦʞʥʦ ʩʢʘʟʘʥʥʦʤʫ, ʧʨʠʯʝʤ ʩʢʦʨʦʩʪʴ ʨʦʩʪʘ ʚʳʰʝ ʧʨʠ 

ʙʦʣʝʝ ʥʠʟʢʠʭ ʯʠʩʣʘʭ ʇʝʢʣʝ (ʪ.ʝ. ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʫʨʦʚʥʷʭ ʜʠʬʬʫʟʠʠ). ɼʘʥʥʳʡ 

ʨʝʟʫʣʴʪʘʪ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʜʝʡʩʪʚʠʝʤ ʢʘʧʠʣʣʷʨʥʳʭ ʵʬʬʝʢʪʦʚ, ʢʦʪʦʨʳʝ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ. ʂʘʢ ʦʪʤʝʯʘʣʦʩʴ ʚʳʰʝ, 

ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʯʠʩʣʘʭ ʇʝʢʣʝ ʚʣʠʷʥʠʝ ʜʠʬʬʫʟʠʠ ʩʣʘʙʝʝ, ʠ ʨʘʩʪʷʞʝʥʠʝ ʛʨʘʥʠʮʳ 

ʨʘʟʜʝʣʘ ʧʨʠʚʦʜʠʪ ʢ ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʟʘʤʝʪʥʳʤ ʢʘʧʠʣʣʷʨʥʳʤ ʩʠʣʘʤ (ʩʤ., ʨʠʩ. 1.33 (d)). 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʯʝʪʳ ʩ ʙʦʣʴʰʠʤ ʯʠʩʣʦʤ ʇʝʢʣʝ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʙʦʣʝʝ ʚʳʩʦʢʠʤʠ 

ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʙʦʣʝʝ ʥʠʟʢʠʤʠ 

ʩʢʦʨʦʩʪʷʤʠ ʨʦʩʪʘ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʵʣʝʷ-ʊʝʡʣʦʨʘ. ʕʪʦ ʢʘʧʠʣʣʷʨʥʦʝ 

ʜʝʤʧʬʠʨʦʚʘʥʠʝ ʪʘʢʞʝ ʦʙʲʷʩʥʷʝʪ ʥʝʦʞʠʜʘʥʥʳʡ ʨʝʟʫʣʴʪʘʪ, ʠʟʦʙʨʘʞʝʥʥʳʡ ʥʘ ʨʠʩ. 
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1.33 (a), ʢʦʛʜʘ ʧʨʠ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʷʭ ʯʠʩʣʘ ʇʝʢʣʝ ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ ʠʤʝʝʪ 

ʙʦʣʝʝ ʥʠʟʢʠʡ ʧʠʢ, ʢʦʪʦʨʳʡ ʜʦʩʪʠʛʘʝʪʩʷ ʚ ʙʦʣʝʝ ʧʦʟʜʥʠʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ. 

ʀʟ ʨʠʩ. 1.38 ʩʣʝʜʫʝʪ, ʯʪʦ ʧʨʝʜʝʣ ʥʝʚʷʟʢʠʭ ʞʠʜʢʦʩʪʝʡ ʤʦʞʝʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪ 

ʧʨʠ 2Å ~ 2000. ɺʠʜʥʦ ʪʘʢʞʝ, ʯʪʦ ʧʨʠ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʷʭ ʯʠʩʣʘ ʇʝʢʣʝ ʨʝʟʫʣʴʪʘʪʳ 

ʧʨʠʙʣʠʞʘʶʪʩʷ ʢ ʟʘʚʠʩʠʤʦʩʪʠ, ʚʳʨʘʞʘʝʤʦʡ ʜʠʩʧʝʨʩʠʦʥʥʳʤ ʦʪʥʦʰʝʥʠʝʤ (1.56), 

ʧʦʣʫʯʝʥʥʳʤ ʚ ʨʘʙʦʪʘʭ [108,121] ʜʣʷ ʩʣʫʯʘʷ ʙʝʩʢʦʥʝʯʥʦ-ʪʦʥʢʦʡ ʛʨʘʥʠʮʳ ʜʚʫʭ 

ʥʝʩʤʝʰʠʚʘʶʱʠʭʩʷ ʞʠʜʢʦʩʪʝʡ.  

ήή Ὧ ή Ὧ

2Å

ρ

ς
'Ò Ὧ

„

ς
Ὧȟ (1.56) 

ή Ὧ Ὥ2ÅȢ 

 

ʈʝʟʫʣʴʪʘʪʳ ʧʦ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ ʤʝʪʦʜʦʤ 

ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʧʨʠ ʙʦʣʴʰʠʭ ʯʠʩʣʘʭ ʇʝʢʣʝ (ʜʦ ρπ), ʚʩʝ ʝʱʝ ʜʘʣʝʢʠ ʦʪ ʨʝʟʫʣʴʪʘʪʦʚ, 

ʚʳʨʘʞʘʝʤʳʭ ʬʦʨʤʫʣʦʡ (1.56), ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʜʣʷ ʪʦʯʥʦʛʦ 

ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʩʣʫʯʘʷ ʥʝʩʤʝʰʠʚʘʶʱʠʭʩʷ ʞʠʜʢʦʩʪʝʡ ʪʨʝʙʫʶʪʩʷ 

ʨʘʩʯʝʪʳ ʧʨʠ ʝʱʝ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʷʭ ʯʠʩʣʘ 0Å.  

ɺ ʨʘʙʦʪʝ ʥʘʤʠ ʪʘʢʞʝ ʠʩʩʣʝʜʫʝʪʩʷ ʨʦʣʴ ʯʠʩʝʣ ʂʘʥʘ (#Î) ʠ ʟʥʘʯʝʥʠʷ ʥʘʯʘʣʴʥʦʡ 

ʪʦʣʱʠʥʳ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ (  ʥʘ ʠʥʢʨʝʤʝʥʪ ʚʦʟʤʫʱʝʥʠʡ. ɺʘʨʴʠʨʦʚʘʥʠʝ ʵʪʠʭ 

ʧʘʨʘʤʝʪʨʦʚ ʠʟʤʝʥʷʝʪ ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʥʘʪʷʞʝʥʠʝ, ʧʦʵʪʦʤʫ ʤʳ ʨʘʩʩʤʘʪʨʠʚʘʝʤ ʠʭ 

ʥʝʟʘʚʠʩʠʤʳʝ ʠʟʤʝʥʝʥʠʷ (ʨʠʩ. 1.38 (b) ʠ (c)) ʠ ʦʜʥʦʚʨʝʤʝʥʥʦʝ ʠʟʤʝʥʝʥʠʝ ʦʙʦʠʭ 

ʧʘʨʘʤʝʪʨʦʚ  (ʨʠʩ. 1.38 (d)), ʪʘʢ ʯʪʦ ʠʭ ʩʦʦʪʥʦʰʝʥʠʝ (#ÎȾ , ʢʦʪʦʨʦʝ ʜʦʣʞʥʦ ʙʳʪʴ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʢʦʵʬʬʠʮʠʝʥʪʫ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ, ʦʩʪʘʝʪʩʷ ʧʦʩʪʦʷʥʥʳʤ 

[121]. ɿʘʚʠʩʠʤʦʩʪʠ ʠʥʢʨʝʤʝʥʪʦʚ ʚʦʟʤʫʱʝʥʠʡ ʦʪ ʚʨʝʤʝʥʠ, ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʙʦʣʝʝ 

ʪʦʥʢʠʭ ʛʨʘʥʠʮ, ʙʣʠʞʝ ʢ ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʨʝʟʫʣʴʪʘʪʘʤ, ʯʪʦ ʧʦʢʘʟʳʚʘʝʪ ʩʭʦʜʠʤʦʩʪʴ 

ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʝʪʦʜʦʤ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʢ ʨʝʟʫʣʴʪʘʪʘʤ ʢʣʘʩʩʠʯʝʩʢʠʤ 

ʪʝʦʨʠʡ ʧʦ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ.  
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ʈʠʩʫʥʦʢ 1.34. ɿʘʚʠʩʠʤʦʩʪʴ ʪʦʣʱʠʥʳ ʛʨʘʥʠʮʳ ʦʪ ʚʨʝʤʝʥʠ ʧʨʠ ʨʘʟʣʠʯʥʳʭ: 

(a)  0Å, (b) 2Å, (c) #Î, (d)  . ɹʘʟʦʚʳʝ ʧʘʨʘʤʝʪʨʳ: ὃ πȢυȟ#Î τϽ
ρπȟ υȢωφϽρπȟ'Ò πȢρȟ0Å ρπȟ2Å ρππ, ȟὯ σȢωσ. 
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ʈʠʩʫʥʦʢ 1.35. ɿʘʚʠʩʠʤʦʩʪʴ ʩʨʝʜʥʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʦʜʥʦʡ ʠʟ ʬʘʟ ʦʪ ʚʨʝʤʝʥʠ 

ʧʨʠ ʨʘʟʣʠʯʥʳʭ: (a)  0Å, (b) 2Å, (c) #Î, (d)  . ɹʘʟʦʚʳʝ ʧʘʨʘʤʝʪʨʳ: ὃ
πȢυȟ#Î τϽρπȟ υȢωφϽρπȟ'Ò πȢρȟ0Å ρπȟ2Å ρππȟὯ
σȢωσ. 
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ʈʠʩʫʥʦʢ 1.36. ɿʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ: (a) ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ; (b) 

ʣʦʛʘʨʠʬʤ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ; (c) ʦʙʲʝʤ ʤʝʞʬʘʟʥʦʛʦ ʩʣʦʷ ʥʘ ʜʣʠʥʫ ʚʦʣʥʳ 

ʚʦʟʤʫʱʝʥʠʡ; (d) ʜʣʠʥʘ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʥʘ ʜʣʠʥʫ ʚʦʣʥʳ ʚʦʟʤʫʱʝʥʠʡ; (e) 

ʪʦʣʱʠʥʘ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ; (f) ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ. 

ʏʝʨʥʳʝ ʣʠʥʠʠ ï Ὧ ςȢψφ, ʩʠʥʠʝ ʣʠʥʠʠ ï Ὧ σȢωσ, ʟʝʣʝʥʳʝ ʣʠʥʠʠ ï Ὧ υȢπσ.  
ʇʘʨʘʤʝʪʨʳ:  ὃ πȢυȟ#Î τϽρπȟ υȢωφϽρπȟ'Ò πȢρȟ2Å ρππ. 
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ʈʠʩʫʥʦʢ 1.37. ɿʘʚʠʩʠʤʦʩʪʴ ʠʥʢʨʝʤʝʥʪʘ ʚʦʟʤʫʱʝʥʠʡ ʦʪ Ὧ ʧʨʠ ʨʘʟʣʠʯʥʳʭ: (a)  

'Ò, (b) 2Å, (c) #Î, (d) 0Å. ɹʘʟʦʚʳʝ ʧʘʨʘʤʝʪʨʳ: ὃ πȢυȟ#Î τϽρπȟ
υȢωφϽρπȟ'Ò πȢρȟ0Å ρπȟ2Å ρππ. 
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ʈʠʩʫʥʦʢ 1.38. ɿʘʚʠʩʠʤʦʩʪʴ ʠʥʢʨʝʤʝʥʪʘ ʚʦʟʤʫʱʝʥʠʡ ʦʪ 2Å ʧʨʠ ʨʘʟʣʠʯʥʳʭ: 

(a)  0Å, (b) #Î, (c)  (ʥʘʯʘʣʴʥʘʷ ʪʦʣʱʠʥʘ), (d) #ÎȾ. ʇʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʬʦʨʤʫʣʝ (1.56) ʧʨʠ „ πȢππσυ. ɹʘʟʦʚʳʝ ʧʘʨʘʤʝʪʨʳ: ὃ
πȢυȟ#Î τϽρπȟ υȢωφϽρπȟ'Ò πȢρȟ0Å ρπȟὯ σȢωσ. 
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1.3.4 ɺʳʚʦʜʳ ʧʦ ʨʘʟʜʝʣʫ 

 

ɺ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʠʩʩʣʝʜʦʚʘʥʳ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʠ ʨʘʟʚʠʪʠʝ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ ʚ ʠʟʦʪʝʨʤʠʯʝʩʢʦʡ ʛʝʪʝʨʦʛʝʥʥʦʡ ʩʠʩʪʝʤʝ ʜʚʫʭ 

ʤʝʜʣʝʥʥʦ ʩʤʝʰʠʚʘʶʱʠʭʩʷ ʞʠʜʢʦʩʪʝʡ, ʠʩʭʦʜʥʦʝ ʩʦʩʪʦʷʥʠʝ ʢʦʪʦʨʳʭ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʥʝʫʩʪʦʡʯʠʚʦ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʤʝʞʬʘʟʥʦʡ 

ʜʠʬʬʫʟʠʠ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʧʨʝʜʰʝʩʪʚʫʶʱʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʫʯʠʪʳʚʘʝʪʩʷ ʚʣʠʷʥʠʝ ʢʘʢ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ, ʪʘʢ ʜʠʬʬʫʟʠʦʥʥʦʝ ʚʟʘʠʤʦʧʨʦʥʠʢʥʦʚʝʥʠʝ ʢʦʤʧʦʥʝʥʪʦʚ 

ʩʤʝʩʠ (ʥʘ ʦʩʥʦʚʝ ʦʙʦʙʱʝʥʥʦʛʦ ʟʘʢʦʥʘ ʌʠʢʘ). 

ʏʠʩʣʝʥʥʦ ʤʦʜʝʣʠʨʫʝʪʩʷ ʨʘʟʚʠʪʠʝ ʙʠʥʘʨʥʦʡ ʩʠʩʪʝʤʳ ʜʦ ʤʦʤʝʥʪʘ ʜʦʩʪʠʞʝʥʠʷ 

ʩʦʩʪʦʷʥʠʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʠ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʡ. ʅʘʡʜʝʥʦ, ʯʪʦ 

ʵʚʦʣʶʮʠʷ ʩʠʩʪʝʤʳ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʵʪʘʧʦʚ: ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʠ ʜʠʬʬʫʟʠʦʥʥʦʛʦ. ɺʦ 

ʚʨʝʤʷ ʜʚʫʭ ʩʪʘʜʠʡ ʠ ʜʠʬʬʫʟʠʷ ʠ ʢʦʥʚʝʢʮʠʷ ʦʢʘʟʳʚʘʶʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ 

ʨʘʟʚʠʪʠʝ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ.  

ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʜʝʬʦʨʤʘʮʠʷ (ʫʜʣʠʥʝʥʠʝ) ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ ʧʨʠʚʦʜʠʪ ʢ 

ʝʝ ʫʪʦʥʯʝʥʠʶ. ʅʘʡʜʝʥʦ, ʯʪʦ ʫʪʦʥʯʝʥʠʝ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʥʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ 

ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ ʠ ʠʟʤʝʥʝʥʠʶ ʩʢʦʨʦʩʪʠ 

ʨʦʩʪʘ ʚʦʟʤʫʱʝʥʠʡ ʠ ʧʠʢʦʚʳʭ ʟʥʘʯʝʥʠʡ ʧʦʣʥʦʡ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ. ʕʪʠ 

ʵʬʬʝʢʪʳ ʥʝ ʫʯʠʪʳʚʘʶʪʩʷ ʧʨʠ ʘʥʘʣʠʟʝ ʣʠʥʝʡʥʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ. 

ɺʣʠʷʥʠʝ ʜʠʬʬʫʟʠʠ ʥʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ ʧʨʦʷʚʣʷʝʪʩʷ ʧʨʝʞʜʝ ʚʩʝʛʦ ʚ ʝʝ 

ʚʣʠʷʥʠʠ ʥʘ ʪʦʣʱʠʥʫ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʘ ʢʦʵʬʬʠʮʠʝʥʪ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʨʘʟʚʠʪʠʝ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʧʨʠ 

ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʷʭ ʯʠʩʣʘ ʇʝʢʣʝ ʧʨʦʠʩʭʦʜʠʪ ʝʱʝ ʙʦʣʝʝ ʤʝʜʣʝʥʥʦ ʚ ʩʠʣʫ ʩʠʣʴʥʦʛʦ 

ʨʘʩʪʷʞʝʥʠʷ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ. ʋʚʝʣʠʯʝʥʠʝ ʯʠʩʣʘ  0Å  ʠ ʫʤʝʥʴʰʝʥʠʝ ʥʘʯʘʣʴʥʦʡ 

ʪʦʣʱʠʥʳ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʧʨʠʚʦʜʷʪ ʢ ʷʚʥʦʡ ʩʭʦʜʠʤʦʩʪʠ ʨʝʟʫʣʴʪʘʪʦʚ ʢ 

ʢʣʘʩʩʠʯʝʩʢʠʤ, ʧʦʣʫʯʝʥʥʳʤ ʜʣʷ ʩʣʫʯʘʷ ʥʝʩʤʝʰʠʚʘʶʱʠʭʩʷ ʞʠʜʢʦʩʪʝʡ. 

ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʨʘʩʪʷʞʝʥʠʝ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʩʫʱʝʩʪʚʝʥʥʦ ʩʦʢʨʘʱʘʝʪ ʚʨʝʤʷ 

ʥʝʦʙʭʦʜʠʤʦʝ ʜʣʷ ʧʝʨʝʭʦʜʘ ʙʠʥʘʨʥʦʡ ʩʠʩʪʝʤʳ ʚ ʩʦʩʪʦʷʥʠʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʨʘʚʥʦʚʝʩʠʷ.  
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ɻʣʘʚʘ 2. ʂʦʥʚʝʢʮʠʷ ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʳʭ ʩʤʝʩʝʡ ʩ ʵʬʬʝʢʪʦʤ ʉʦʨʝ  
 

2.1 ʆʙʟʦʨ ʣʠʪʝʨʘʪʫʨʳ  

 

ʇʦʥʷʪʠʝ çʢʦʥʚʝʢʮʠʷè ʤʦʞʝʪ ʪʨʘʢʪʦʚʘʪʴʩʷ ʣʠʙʦ ʢʘʢ ʚʠʜ ʧʝʨʝʥʦʩʘ ʪʝʧʣʘ 

(ʤʘʩʩʳ ʠʣʠ ʜʨʫʛʦʡ ʚʝʣʠʯʠʥʳ) ʚʩʣʝʜʩʪʚʠʝ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʪʝʯʝʥʠʷ, ʣʠʙʦ ʢʘʢ 

ʩʘʤʦ ʪʝʯʝʥʠʝ, ʚʦʟʥʠʢʘʶʱʝʝ ʚ ʧʦʣʝ ʩʠʣ ʪʷʞʝʩʪʠ ʠʟ-ʟʘ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʧʣʦʪʥʦʩʪʠ 

ʞʠʜʢʦʩʪʠ (ʛʘʟʘ), ʢʦʪʦʨʘʷ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʚʦʟʥʠʢʘʝʪ ʠʟ-ʟʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʪʝʤʧʝʨʘʪʫʨʳ ʠʣʠ ʤʘʩʩʳ. ʊʘʢ ʠʣʠ ʠʥʘʯʝ, ʜʚʘ ʜʘʥʥʳʭ ʦʧʨʝʜʝʣʝʥʠʷ 

ʩʦʩʪʘʚʣʷʶʪ ʩʫʪʴ ʦʜʥʦʛʦ ʬʠʟʠʯʝʩʢʦʛʦ ʷʚʣʝʥʠʷ.  

 ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ, ʢʦʥʚʝʢʮʠʷ ʤʦʞʝʪ ʙʳʪʴ ʚʳʟʚʘʥʘ ʨʘʟʣʠʯʥʳʤʠ ʤʝʭʘʥʠʟʤʘʤʠ: 

ʢʦʥʚʝʢʮʠʷ ʄʘʨʘʥʛʦʥʠ (ʠʣʠ ʪʝʨʤʦʢʘʧʠʣʣʷʨʥʘʷ ʢʦʥʚʝʢʮʠʷ ï ʚʦʟʥʠʢʘʝʪ ʚʩʣʝʜʩʪʚʠʝ 

ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ), ʪʝʨʤʦʤʘʛʥʠʪʥʘʷ ʢʦʥʚʝʢʮʠʷ 

(ʚʦʟʜʝʡʩʪʚʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʚʦʩʧʨʠʠʤʯʠʚʳʝ ʢ ʜʘʥʥʦʤʫ ʧʦʣʶ ʞʠʜʢʦʩʪʠ), 

ʚʠʙʨʘʮʠʦʥʥʘʷ ʢʦʥʚʝʢʮʠʷ ʠ ʜʨ. ɺ ʜʠʩʩʝʨʪʘʮʠʠ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ 

ʪʝʨʤʦʢʦʥʮʝʥʪʨʘʮʠʦʥʥʘʷ ʢʦʥʚʝʢʮʠʷ ʚ ʧʦʣʝ ʩʠʣ ʪʷʞʝʩʪʠ (ʝʩʪʝʩʪʚʝʥʥʘʷ ʢʦʥʚʝʢʮʠʷ). 

 ʇʨʦʮʝʩʩ ʪʝʨʤʦʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʡ ʢʦʥʚʝʢʮʠʠ ʩʦʧʨʷʞʝʥ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩ 

ʧʨʦʮʝʩʩʘʤʠ ʜʠʬʬʫʟʠʠ ʠ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ. ʅʘ ʧʝʨʚʳʡ ʚʟʛʣʷʜ ʤʦʞʝʪ ʧʦʢʘʟʘʪʴʩʷ, 

ʯʪʦ ʧʦʩʣʝʜʥʠʝ ʜʚʘ ʷʚʣʝʥʠʷ ʚʣʠʷʶʪ ʥʘ ʵʚʦʣʶʮʠʶ ʩʠʩʪʝʤʳ ʘʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ, 

ʩʦʟʜʘʚʘʷ ʣʠʰʴ ʥʝʢʦʪʦʨʫʶ ʢʦʣʠʯʝʩʪʚʝʥʥʫʶ ʜʦʙʘʚʢʫ ʜʨʫʛ ʢ ʜʨʫʛʫ. ʅʘ ʵʪʦ ʪʘʢʞʝ 

ʫʢʘʟʳʚʘʝʪ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʴ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ ʜʣʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ 

ʪʝʤʧʝʨʘʪʫʨʳ. ʆʜʥʘʢʦ ʭʘʨʘʢʪʝʨʥʳʝ ʜʠʬʬʫʟʠʦʥʥʳʝ ʠ ʪʝʧʣʦʚʳʝ ʚʨʝʤʝʥʘ 

(ʭʘʨʘʢʪʝʨʥʳʝ ʩʢʦʨʦʩʪʠ ʧʨʦʪʝʢʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʜʠʬʬʫʟʠʠ ʠ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ) ʚ 

ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʦʪʣʠʯʘʶʪʩʷ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʥʘ ʥʝʩʢʦʣʴʢʦ ʧʦʨʷʜʢʦʚ, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʢʦʥʢʫʨʝʥʮʠʠ ʜʚʫʭ ʤʝʭʘʥʠʟʤʦʚ ʠ ʢ ʫʩʣʦʞʥʝʥʠʶ ʧʦʥʠʤʘʥʠʷ 

ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʜʚʠʞʝʥʠʷ ʚ ʮʝʣʦʤ. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʦʮʝʩʩʳ ʪʝʧʣʦ- ʠ ʤʘʩʩʦʦʙʤʝʥʘ 

ʦʩʣʦʞʥʷʶʪʩʷ ʥʘʣʠʯʠʝʤ ʧʝʨʝʢʨʝʩʪʥʳʭ ʵʬʬʝʢʪʦʚ: ʛʨʘʜʠʝʥʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠʚʦʜʠʪ 

ʢ ʧʦʪʦʢʫ ʚʝʱʝʩʪʚʘ, ʘ ʛʨʘʜʠʝʥʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʤʦʞʝʪ ʚʣʠʷʪʴ ʥʘ ʧʦʪʦʢ 

ʪʝʧʣʘ.  ʇʝʨʚʳʡ ʵʬʬʝʢʪ ʠʟʚʝʩʪʝʥ ʢʘʢ ʪʝʨʤʦʜʠʬʬʫʟʠʷ ʠʣʠ ʵʬʬʝʢʪ ʉʦʨʝ (ʨʝʞʝ ï 

ʵʬʬʝʢʪ ʃʶʜʚʠʛʘ-ʉʦʨʝ), ʚʪʦʨʦʡ ï ʜʠʬʬʫʟʠʦʥʥʘʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʠʣʠ ʵʬʬʝʢʪ 



84 

 

ɼʶʬʦʨʘ. ʅʘ ʧʨʘʢʪʠʢʝ, ʚ ʦʩʦʙʝʥʥʦʩʪʠ ʜʣʷ ʞʠʜʢʦʩʪʝʡ (ʯʪʦ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ 

ʧʨʝʜʤʝʪʦʤ ʠʟʫʯʝʥʠʷ ʚ ʜʘʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʠ), ʵʬʬʝʢʪʦʤ ɼʶʬʦʨʘ ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ 

ʚ ʩʠʣʫ ʝʛʦ ʤʘʣʦʩʪʠ.  

 ʗʚʣʝʥʠʝ ʪʝʨʤʦʜʠʬʬʫʟʠʠ (ʠ ʢʦʥʚʝʢʮʠʠ, ʚʳʟʚʘʥʥʦʡ ʜʘʥʥʳʤ ʵʬʬʝʢʪʦʤ) ʤʦʞʥʦ 

ʚʩʪʨʝʪʠʪʴ ʚ ʨʘʟʣʠʯʥʳʭ ʧʨʠʨʦʜʥʳʭ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʘʭ. ʊʝʨʤʦʜʠʬʬʫʟʠʷ 

ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʤʝʪʦʜʦʚ ʨʘʟʜʝʣʝʥʠʷ ʠʟʦʪʦʧʦʚ, ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʩ ʮʝʣʴʶ 

ʦʙʦʛʘʱʝʥʠʷ ʫʨʘʥʘ [122,123], ʷʚʣʝʥʠʝ ʪʝʨʤʦʜʠʬʬʫʟʠʠ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʧʨʠ 

ʩʦʦʨʫʞʝʥʠʠ ʭʨʘʥʠʣʠʱ ʷʜʝʨʥʳʭ ʦʪʭʦʜʦʚ [124,125]. ɼʨʫʛʠʤʠ ʦʙʣʘʩʪʷʤʠ, ʛʜʝ 

ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʜʘʥʥʳʡ ʵʬʬʝʢʪ, ʷʚʣʷʶʪʩʷ: ʚʳʨʘʱʠʚʘʥʠʝ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʢʨʠʩʪʘʣʣʦʚ ʢʨʝʤʥʠʷ [126], ʩʦʣʥʝʯʥʳʝ ʧʨʫʜʳ (ʢʦʣʣʝʢʪʦʨʳ 

ʪʝʨʤʘʣʴʥʦʡ ʵʥʝʨʛʠʠ) [127,128], ʪʨʘʥʩʧʦʨʪ ʤʘʢʨʦʤʦʣʝʢʫʣ (ʥʘʧʨʠʤʝʨ, ɼʅʂ [129]), 

ʨʘʟʨʘʙʦʪʢʘ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʥʝʬʪʠ [130], ʠ ʤʥʦʛʦʝ ʜʨʫʛʦʝ [131]. 

 ʕʬʬʝʢʪ ʪʝʨʤʦʜʠʬʬʫʟʠʠ ʦʜʥʠʤ ʠʟ ʧʝʨʚʳʭ (1856 ʛ. [132]) ʥʘʙʣʶʜʘʣ ʃʶʜʚʠʛ 

(ʬʠʟʠʦʣʦʛ, ʢʦʪʦʨʳʡ ʧʨʝʞʜʝ ʚʩʝʛʦ ʠʟʚʝʩʪʝʥ ʩʚʦʠʤʠ ʪʨʫʜʘʤʠ ʚ ʦʙʣʘʩʪʠ ʠʟʫʯʝʥʠʷ 

ʩʝʨʜʝʯʥʦ-ʩʦʩʫʜʠʩʪʦʡ ʩʠʩʪʝʤʳ). ʀʤ ʙʳʣʘ ʨʘʩʩʤʦʪʨʝʥʘ ʪʨʫʙʢʘ ʩ ʨʘʩʪʚʦʨʦʤ ʩʫʣʴʬʘʪʘ 

ʥʘʪʨʠʷ, ʦʜʠʥ ʠʟ ʢʦʥʮʦʚ ʢʦʪʦʨʦʡ ʙʳʣ ʥʘʛʨʝʪ ʢʠʧʷʱʝʡ ʚʦʜʦʡ, ʜʨʫʛʦʡ ʢʦʥʝʮ 

ʦʭʣʘʞʜʘʣʩʷ ʣʴʜʦʤ. ɹʳʣʦ ʟʘʤʝʯʝʥʦ, ʯʪʦ ʢʦʥʮʝʥʪʨʘʮʠʷ ʩʫʣʴʬʘʪʘ ʥʘʪʨʠʷ ʥʘ ʭʦʣʦʜʥʦʡ 

ʩʪʦʨʦʥʝ ʥʘ ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʳʭ ʧʨʦʮʝʥʪʘ ʧʨʝʚʳʰʘʝʪ ʟʥʘʯʝʥʠʝ ʥʘ ʛʦʨʷʯʝʤ ʢʦʥʮʝ. 

ʊʠʥʜʘʣʴ ʥʘʙʣʶʜʘʣ ʚʣʠʷʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʛʨʘʜʠʝʥʪʘ ʥʘ ʜʚʠʞʝʥʠʝ ʚ ʛʘʟʦʚʳʭ 

ʩʤʝʩʷʭ (1870 ʛ. [133]).  

 ʇʦʜʨʦʙʥʦʝ ʠ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʵʬʬʝʢʪʘ ʪʝʨʤʦʜʠʬʬʫʟʠʠ 

ʚʧʝʨʚʳʝ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʐʘʨʣʝʤ ʉʦʨʝ (1879 ʛ. [134]).  ʉʦʨʝ ʨʘʩʩʤʘʪʨʠʚʘʣ ʨʘʩʪʚʦʨ 

ʩʦʣʠ ʚ ʪʨʫʙʢʝ, ʢ ʢʦʥʮʘʤ ʢʦʪʦʨʦʡ ʧʨʠʣʘʛʘʣʘʩʴ ʨʘʟʥʠʮʘ ʪʝʤʧʝʨʘʪʫʨ, ʠ ʦʙʥʘʨʫʞʠʣ, 

ʯʪʦ ʫ ʭʦʣʦʜʥʦʛʦ ʢʦʥʮʘ ʢʦʥʮʝʥʪʨʘʮʠʷ ʩʦʣʠ ʙʳʣʘ ʚʳʰʝ, ʯʝʤ ʫ ʛʦʨʷʯʝʛʦ.  

 ʄʦʞʥʦ ʦʪʤʝʪʠʪʴ ʪʘʢʞʝ ʨʘʙʦʪʫ ʏʝʧʤʘʥʘ [135] (1916 ʛ.), ʚ ʢʦʪʦʨʦʡ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʢʠʥʝʪʠʯʝʩʢʘʷ ʪʝʦʨʠʷ ʛʘʟʦʚ (ʠʤʝʶʱʘʷ ʥʝʢʦʪʦʨʫʶ ʩʭʦʞʝʩʪʴ ʩ 

ʩʦʚʨʝʤʝʥʥʦʡ ʪʝʦʨʠʝʡ ʜʠʬʬʫʟʠʠ ʄʘʢʩʚʝʣʣʘ-ʉʪʝʬʘʥʘ), ʦʧʠʩʳʚʘʶʱʘʷ ʚ ʪʦʤ ʯʠʩʣʝ 

ʵʬʬʝʢʪʳ ʜʠʬʬʫʟʠʠ ʠ ʪʝʨʤʦʜʠʬʬʫʟʠʠ. ʇʦʟʜʥʝʝ ʏʝʧʤʘʥ ʠ ɼʫʪʩʦʥ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʜʪʚʝʨʜʠʣʠ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʵʬʬʝʢʪʘ ʉʦʨʝ ʚ ʛʘʟʦʚʦʡ ʪʨʫʙʢʝ, 
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ʢʦʥʮʳ ʢʦʪʦʨʦʡ ʧʦʜʜʝʨʞʠʚʘʣʠʩʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ > 200 ᴈ; ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʜʚʝ 

ʩʤʝʩʠ: H2 + CO2  ʠ H2 + SO2. 

 ɺʘʞʥʳʤ ʤʦʤʝʥʪʦʤ ʚ ʠʟʫʯʝʥʠʠ ʪʝʨʤʦʜʠʬʬʫʟʠʠ ʷʚʠʣʦʩʴ ʨʘʟʚʠʪʠʝ ʦʧʪʠʯʝʩʢʠʭ 

ʤʝʪʦʜʦʚ ʚ ʥʘʯʘʣʝ XX ʚʝʢʘ: ʦʜʥʠʤʠ ʠʟ ʧʝʨʚʳʭ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʷʚʣʷʶʪʩʷ ʨʘʙʦʪʳ 

ʊʘʥʥʝʨʘ [136,137], ʚ ʢʦʪʦʨʳʭ ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʵʣʝʢʪʨʦʣʠʪʳ. ɺ ʢʦʥʮʝ 30-ʭ ʛʦʜʦʚ 

ʧʨʦʰʣʦʛʦ ʩʪʦʣʝʪʠʷ ʙʳʣʠ ʧʨʝʜʣʦʞʝʥʳ ʧʝʨʚʳʝ ʚʘʨʠʘʥʪʳ ʤʦʜʝʣʝʡ 

ʪʝʨʤʦʜʠʬʬʫʟʠʦʥʥʳʭ ʢʦʣʦʥʥ [138]. ɺ ʧʨʦʩʪʝʡʰʝʤ ʩʣʫʯʘʝ ʪʝʨʤʦʜʠʬʬʫʟʠʦʥʥʘʷ 

ʢʦʣʦʥʥʘʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʚʝʨʪʠʢʘʣʴʥʳʡ ʩʣʦʡ ʞʠʜʢʦʩʪʠ ʢ ʢʦʪʦʨʦʤʫ ʧʨʠʢʣʘʜʳʚʘʝʪʩʷ 

ʧʦʧʝʨʝʯʥʳʡ ʛʦʨʠʟʦʥʪʘʣʴʥʳʡ ʛʨʘʜʠʝʥʪ ʪʝʤʧʝʨʘʪʫʨʳ. ʊʝʨʤʦʜʠʬʬʫʟʠʦʥʥʳʝ 

ʢʦʣʦʥʥʳ ʘʢʪʠʚʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʠ ʧʦ ʩʝʡ ʜʝʥʴ ʧʨʠ ʠʟʫʯʝʥʠʠ ʵʬʬʝʢʪʘ ʉʦʨʝ ʠ 

ʠʟʤʝʨʝʥʠʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʝʨʝʥʦʩʘ.  

 ʊʝʦʨʝʪʠʯʝʩʢʠ, ʧʨʦʮʝʩʩʳ ʤʘʩʩʦ- ʠ ʪʝʧʣʦʦʙʤʝʥʘ, ʚ ʪʦʤ ʯʠʩʣʝ ʵʬʬʝʢʪ ʉʦʨʝ, ʚ 

ʞʠʜʢʦʩʪʷʭ ʤʦʛʫʪ ʧʨʦʪʝʢʘʪʴ ʚ ʦʪʩʫʪʩʪʚʠʝ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʜʚʠʞʝʥʠʷ, ʦʜʥʘʢʦ ʥʘ 

ʧʨʘʢʪʠʢʝ ʷʚʣʝʥʠʷ ʢʦʥʚʝʢʮʠʠ ʠ ʜʠʬʬʫʟʠʠ/ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ 

ʩʚʷʟʘʥʳ ʠ ʦʢʘʟʳʚʘʶʪ ʜʨʫʛ ʥʘ ʜʨʫʛʘ ʙʦʣʴʰʦʝ ʚʣʠʷʥʠʝ.  ʅʘʯʘʣʦ ʩʝʨʴʝʟʥʦʤʫ 

ʠʩʩʣʝʜʦʚʘʥʠʶ ʢʦʥʚʝʢʪʠʚʥʳʭ ʧʨʦʮʝʩʩʦʚ ʙʳʣʦ ʧʦʣʦʞʝʥʦ ʚ ʥʘʯʘʣʝ XX ʚʝʢʘ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʘʙʦʪʘʭ ɹʝʥʘʨʘ [139], ʚ ʢʦʪʦʨʳʭ ʨʘʩʩʤʘʪʨʠʚʘʣʩʷ 

ʧʦʜʦʛʨʝʚʘʝʤʳʡ ʩʥʠʟʫ ʧʣʦʩʢʠʡ ʩʣʦʡ ʯʠʩʪʦʡ (ʦʜʥʦʢʦʤʧʦʥʝʥʪʥʦʡ) ʞʠʜʢʦʩʪʠ. ʇʦʟʞʝ 

ʟʘʜʘʯʘ ʦ ʧʦʜʦʛʨʝʚʘʝʤʳʤ ʩʥʠʟʫ ʩʣʦʝ ʞʠʜʢʦʩʪʠ ʘʥʘʣʠʪʠʯʝʩʢʠ ʙʳʣʘ ʨʝʰʝʥʘ ʈʝʣʝʝʤ 

[140] (ʧʨʠ ʵʪʦʤ, ʦʜʥʘʢʦ, ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʩʚʦʙʦʜʥʳʝ ʥʠʞʥʷʷ ʠ ʚʝʨʭʥʷʷ ʛʨʘʥʠʮʳ 

ʩʣʦʷ, ʯʪʦ ʥʘ ʧʨʘʢʪʠʢʝ ʷʚʣʷʝʪʩʷ ʥʝ ʩʘʤʳʤ ʯʘʩʪʳʤ ʩʣʫʯʘʝʤ).  

 ɹʫʨʥʦʝ ʨʘʟʚʠʪʠʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʢʦʥʚʝʢʪʠʚʥʳʭ ʧʨʦʮʝʩʩʦʚ ʥʘʯʘʣʦʩʴ ʚʦ ʚʪʦʨʦʡ 

ʧʦʣʦʚʠʥʝ XX ʚʝʢʘ, ʯʪʦ ʦʪʯʘʩʪʠ ʩʚʷʟʘʥʦ ʩ ʧʦʷʚʣʝʥʠʝʤ ʚʦʟʤʦʞʥʦʩʪʠ ʯʠʩʣʝʥʥʳʭ 

ʨʘʩʯʝʪʦʚ. ɹʦʣʴʰʦʡ ʚʢʣʘʜ ʚ ʠʩʩʣʝʜʦʚʘʥʠʝ ʢʦʥʚʝʢʮʠʠ ʚʥʝʩʣʠ ɻʝʨʰʫʥʠ ʠ 

ɾʫʭʦʚʠʮʢʠʡ, ʨʘʙʦʪʳ ʢʦʪʦʨʳʭ ʦʙʦʙʱʝʥʳ ʚ ʤʦʥʦʛʨʘʬʠʷʭ [141,142], ʘ ʪʘʢʞʝ 

ʉʦʨʦʢʠʥ [143], ʐʘʧʦʰʥʠʢʦʚ [144,145] ʠ ʜʨ. ɹʳʣʦ ʥʘʡʜʝʥʦ, ʯʪʦ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʠ 

ʨʘʟʚʠʪʠʝ ʢʦʥʚʝʢʮʠʠ ʦʜʥʦʢʦʤʧʦʥʝʥʪʥʦʡ ʞʠʜʢʦʩʪʠ ʚʦʟʤʦʞʥʦ ʣʠʰʴ ʧʨʠ ʧʦʜʦʛʨʝʚʝ 

ʩʥʠʟʫ (ʧʨʠʯʝʤ ʚʦʟʤʫʱʝʥʠʷ ʥʘʨʘʩʪʘʶʪ ʤʦʥʦʪʦʥʥʦ), ʪʦʛʜʘ ʢʘʢ ʥʘʛʨʝʚ ʩʚʝʨʭʫ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʘʙʩʦʣʶʪʥʦ ʫʩʪʦʡʯʠʚʫʶ ʩʪʨʘʪʠʬʠʢʘʮʠʶ ʧʣʦʪʥʦʩʪʠ, ʠ ʢʦʥʚʝʢʪʠʚʥʘʷ 
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ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʝ ʨʘʟʚʠʚʘʝʪʩʷ (ʚʦʟʤʦʞʥʳ ʩʣʫʯʘʠ, ʢʦʛʜʘ 

ʚʦʟʤʫʱʝʥʠʷ ʟʘʪʫʭʘʶʪ ʢʦʣʝʙʘʪʝʣʴʥʳʤ ʦʙʨʘʟʦʤ).  

 ɼʣʷ ʩʤʝʩʝʡ ʥʘ ʧʨʘʢʪʠʢʝ ʵʬʬʝʢʪ ʨʘʟʜʝʣʝʥʠʷ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʩʠʣʫ ʜʝʡʩʪʚʠʷ 

ʪʝʨʤʦʜʠʬʬʫʟʠʠ ʦʢʘʟʳʚʘʝʪʩʷ ʥʝʙʦʣʴʰʠʤ (~1% ʠ ʤʝʥʴʰʝ), ʘ ʚʢʣʘʜ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʤʝʥʴʰʝ, ʯʝʤ ʚʢʣʘʜ ʪʝʤʧʝʨʘʪʫʨʳ. ʆʜʥʘʢʦ 

ʵʪʠ ʵʬʬʝʢʪʳ ʩʧʦʩʦʙʥʳ ʦʢʘʟʳʚʘʪʴ ʩʠʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʧʦʨʦʛʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʠ 

ʭʘʨʘʢʪʝʨ ʧʨʦʪʝʢʘʥʠʷ ʢʦʥʚʝʢʪʠʚʥʳʭ ʧʨʦʮʝʩʩʦʚ. ʅʘʯʘʣʦ ʘʢʪʠʚʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʢʦʥʚʝʢʮʠʠ ʙʠʥʘʨʥʳʭ ʩʤʝʩʝʡ ʩ ʵʬʬʝʢʪʦʤ ʉʦʨʝ ʦʪʥʦʩʠʪʩʷ ʢ 1960-ʤ ï ʥʘʯʘʣʫ 1970-ʭ 

ʛʦʜʦʚ. ʆʜʥʦʡ ʠʟ ʧʝʨʚʳʭ ʚ ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ ʙʳʣʘ ʨʘʙʦʪʘ [146], ʚ ʢʦʪʦʨʦʡ 

ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʢʦʥʚʝʢʪʠʚʥʘʷ ʫʩʪʦʡʯʠʚʦʩʪʴ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʩʣʦʷ. ʇʣʦʩʢʠʡ 

ʛʦʨʠʟʦʥʪʘʣʴʥʳʡ ʩʣʦʡ ʚʧʝʨʚʳʝ ʠʩʩʣʝʜʦʚʘʣʩʷ ʚ [147-149].  

 

 ʈʘʩʩʤʦʪʨʠʤ ʥʝʢʦʪʦʨʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʢʦʥʚʝʢʮʠʠ ʙʠʥʘʨʥʳʭ 

ʩʤʝʩʝʡ. ɿʘʧʠʰʝʤ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʧʣʦʪʥʦʩʪʠ ʩʤʝʩʠ ” ʠ ʧʦʪʦʢʘ ʚʝʱʝʩʪʚʘ ὐ  

ὐ ” Ὀɳ ὅ Ὀ ὝɳȢ (2.1) 

” ” ρ  Ὕ Ὕ  ὅ ὅ  (2.2) 

ɿʜʝʩʴ ὅȟὝ ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʠ ʪʝʤʧʝʨʘʪʫʨʘ ʩʤʝʩʠ; ” ï ʧʣʦʪʥʦʩʪʴ ʧʨʠ ʥʝʢʦʪʦʨʳʭ 

ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʷʭ ʢʦʥʮʝʥʪʨʘʮʠʠ ὅ ʠ ʪʝʤʧʝʨʘʪʫʨʳ Ὕ; ȟ ï ʢʦʵʬʬʠʮʠʝʥʪʳ 

ʪʝʧʣʦʚʦʛʦ ʠ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʛʦ ʨʘʩʰʠʨʝʥʠʡ; ὈȟὈ  ï ʢʦʵʬʬʠʮʠʝʥʪʳ ʜʠʬʬʫʟʠʠ ʠ 

ʪʝʨʤʦʜʠʬʬʫʟʠʠ. ʇʨʠ ʵʪʦʤ Ὀ ὅ ρ ὅ Ὀ; ʚ ʣʠʪʝʨʘʪʫʨʝ ʥʘʟʚʘʥʠʝ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʨʤʦʜʠʬʬʫʟʠʠ ʚʩʪʨʝʯʘʝʪʩʷ ʢʘʢ ʜʣʷ Ὀ, ʪʘʢ ʠ ʜʣʷ Ὀ, ʜʘʣʝʝ ʙʫʜʝʤ 

ʧʦʣʴʟʦʚʘʪʴʩʷ ʣʠʰʴ ʢʦʵʬʬʠʮʠʝʥʪʦʤ Ὀ .  

 ʇʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ ʛʨʘʥʠʮʳ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʦʙʣʘʩʪʠ ʩʯʠʪʘʶʪʩʷ 

ʥʝʧʨʦʥʠʮʘʝʤʳʤʠ ʜʣʷ ʚʝʱʝʩʪʚʘ, ʚ ʨʘʚʥʦʚʝʩʠʠ ʜʠʬʬʫʟʠʦʥʥʳʡ ʧʦʪʦʢ ʚʝʱʝʩʪʚʘ 

ʦʙʨʘʱʘʝʪʩʷ ʚ ʥʦʣʴ, ὐ  0, ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʨʘʚʥʦʚʝʩʥʳʝ ʛʨʘʜʠʝʥʪʳ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʦʢʘʟʳʚʘʶʪʩʷ ʣʠʥʝʡʥʦ ʟʘʚʠʩʠʤʳʤʠ:  

ὅɳ Ὓ Ὕɳȟ (2.3) 
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ʛʜʝ Ὓ ὈȾὈ ï ʢʦʵʬʬʠʮʠʝʥʪ ʉʦʨʝ. ɹʫʜʝʤ ʩʯʠʪʘʪʴ, ʯʪʦ ὅ ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʙʦʣʝʝ 

ʣʝʛʢʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʩʤʝʩʠ (ʢʦʥʮʝʥʪʨʘʮʠʷ ʙʦʣʝʝ ʪʷʞʝʣʦʛʦ ʢʦʤʧʦʥʝʥʪʘ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʨʘʚʥʘ 1 ï ὅ).  

 ɿʘʢʦʥ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʌʫʨʴʝ ʜʣʷ ʙʠʥʘʨʥʦʡ ʞʠʜʢʦʩʪʠ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ 

ʪʘʢʞʝ ʟʘʚʠʩʠʪ ʥʝ ʪʦʣʴʢʦ ʦʪ ʛʨʘʜʠʝʥʪʘ ʪʝʤʧʝʨʘʪʫʨʳ, ʥʦ ʠ ʦʪ ʛʨʘʜʠʝʥʪʘ 

ʢʦʥʮʝʥʪʨʘʮʠʠ, ʦʜʥʘʢʦ, ʢʘʢ ʙʳʣʦ ʩʢʘʟʘʥʦ ʚʳʰʝ, ʧʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʞʠʜʢʠʭ ʩʤʝʩʝʡ 

ʧʝʨʝʢʨʝʩʪʥʳʤʠ ʵʬʬʝʢʪʘʤʠ (ʜʠʬʬʫʟʠʦʥʥʘʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ) ʜʣʷ ʧʦʪʦʢʘ ʪʝʧʣʘ 

ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ ʚ ʩʠʣʫ ʠʭ ʤʘʣʦʩʪʠ: 

ὐ ‖ɳὝȢ (2.4) 

ɿʜʝʩʴ ὐ ï  ʧʣʦʪʥʦʩʪʴ ʧʦʪʦʢʘ ʪʝʧʣʘ, ‖ ï ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʟʘʢʦʥ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʌʫʨʴʝ (2.4) ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ ʪʘʢʦʤ ʞʝ ʚʠʜʝ, ʯʪʦ ʠ 

ʜʣʷ ʦʜʥʦʢʦʤʧʦʥʝʥʪʥʦʡ ʞʠʜʢʦʩʪʠ.  

 

 ʅʘ ʨʠʩ. 2.1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʘʨʪʳ ʫʩʪʦʡʯʠʚʦʩʪʠ ʜʣʷ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʩʣʦʷ ʩ 

ʠʜʝʘʣʴʥʦ ʪʝʧʣʦʧʨʦʚʦʜʥʳʤʠ ʚʝʨʭʥʝʡ ʠ ʥʠʞʥʝʡ ʛʨʘʥʠʮʘʤʠ (ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʩʪʝʥʦʢ ʤʥʦʛʦ ʙʦʣʴʰʝ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʞʠʜʢʦʩʪʠ ʚʥʫʪʨʠ 

ʧʦʣʦʩʪʠ). ʇʘʨʘʤʝʪʨ Ra ï ʯʠʩʣʦ ʈʝʣʝʷ, ʢʦʪʦʨʦʝ ʦʪʚʝʯʘʝʪ ʟʘ ʚʝʣʠʯʠʥʫ ʥʘʛʨʝʚʘ 

ʧʦʣʦʩʪʠ: ʧʨʠ Ra > 0 ï ʥʘʛʨʝʚ ʩʥʠʟʫ (Ὕɳ < 0), ʧʨʠ Ra < 0 ï ʥʘʛʨʝʚ ʩʚʝʨʭʫ ( Ὕɳ > 0). 

ʇʘʨʘʤʝʪʨ ɰ ï ʦʪʥʦʰʝʥʠʝ ʨʘʟʜʝʣʝʥʠʷ: ɰ ȾϽὛ. ʆʪʤʝʪʠʤ, ʯʪʦ ʙʦʣʴʰʠʥʩʪʚʦ 

ʚʝʱʝʩʪʚ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ ʨʘʩʰʠʨʷʝʪʩʷ, ʫʤʝʥʴʰʘʷ ʧʨʠ ʵʪʦʤ ʩʚʦʶ ʧʣʦʪʥʦʩʪʴ, ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ  > 0, ʪʘʢ ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʩʤʝʩʠ Ὕ ʝʝ ʧʣʦʪʥʦʩʪʴ 

ʫʤʝʥʴʰʘʝʪʩʷ (ʩʤ. ʫʨʘʚʥʝʥʠʝ (2.2)); ʘ ʧʦʩʢʦʣʴʢʫ ʤʳ ʚʳʙʨʘʣʠ ʚ ʢʘʯʝʩʪʚʝ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ὅ ʣʝʛʢʠʡ ʢʦʤʧʦʥʝʥʪ, ʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ὅ ʧʣʦʪʥʦʩʪʴ ʩʤʝʩʠ ʪʘʢʞʝ 

ʜʦʣʞʥʘ ʫʤʝʥʴʰʘʪʴʩʷ, ʪʦʛʜʘ  > 0. 

 ʀʟ ʨʠʩ. 2.1 ʚʠʜʥʦ, ʯʪʦ ʧʨʠ Ra > 0 (ʧʦʜʦʛʨʝʚ ʩʥʠʟʫ) ʠ ɰ > 0 ʫʩʪʦʡʯʠʚʦʩʪʴ 

ʩʠʩʪʝʤʳ ʧʦʥʠʞʘʝʪʩʷ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʦʪʥʦʰʝʥʠʷ ʨʘʟʜʝʣʝʥʠʷ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ 

Ὕɳ < 0 ʠ Ὓ < 0 (ʪʘʢʞʝ Ὀ  < 0), ʠ ʠʟ ʫʨʘʚʥʝʥʠʷ (2.3) ʩʣʝʜʫʝʪ, ʯʪʦ ὅɳ < 0, ʪʦ ʝʩʪʴ 

ʚʥʠʟʫ ʦʙʣʘʩʪʠ ʩʢʘʧʣʠʚʘʝʪʩʷ ʙʦʣʴʰʝ ʣʝʛʢʦʛʦ ʢʦʤʧʦʥʝʥʪʘ, ʚʚʝʨʭʫ ï ʪʷʞʝʣʦʛʦ 

(ʩʭʝʤʘʪʠʯʝʩʢʠ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 2.2 a). ʂʦʥʚʝʢʮʠʷ ʨʘʟʚʠʚʘʝʪʩʷ, ʝʩʣʠ ʨʘʟʜʝʣʝʥʠʝ 
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ʢʦʤʧʦʥʝʥʪʦʚ ʜʦʩʪʠʛʘʝʪ ʥʝʢʦʪʦʨʦʛʦ ʢʨʠʪʠʯʝʩʢʦʛʦ ʟʥʘʯʝʥʠʷ. ʊʝʨʤʦʜʠʬʬʫʟʠʷ, ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʚʥʦʩʠʪ ʜʝʩʪʘʙʠʣʠʟʠʨʫʶʱʠʡ ʚʢʣʘʜ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʣʦʪʥʦʩʪʠ (ʚʜʦʙʘʚʦʢ 

ʢ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ), ʧʨʠʯʝʤ, ʯʝʤ ʙʦʣʴʰʝ ʧʦ ʚʝʣʠʯʠʥʝ Ὓ, ʪʝʤ ʙʦʣʴʰʝ ʵʬʬʝʢʪ 

ʨʘʟʜʝʣʝʥʠʷ ʠ ʪʝʤ ʤʝʥʝʝ ʫʩʪʦʡʯʠʚʘ ʩʠʩʪʝʤʘ. ɺ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʣʝʛʢʠʡ ʢʦʤʧʦʥʝʥʪ 

ʩʢʘʧʣʠʚʘʝʪʩʷ ʚʙʣʠʟʠ ʛʦʨʷʯʝʡ ʩʪʝʥʢʠ, ʛʦʚʦʨʷʪ ʦʙ ʘʥʦʨʤʘʣʴʥʦʤ ʵʬʬʝʢʪʝ 

ʪʝʨʤʦʜʠʬʬʫʟʠʠ, ʚ ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ ʵʬʬʝʢʪ ʪʝʨʤʦʜʠʬʬʫʟʠʠ ʥʘʟʳʚʘʝʪʩʷ 

ʥʦʨʤʘʣʴʥʳʤ.   

 ʇʨʠ ʧʦʜʦʛʨʝʚʝ ʩʥʠʟʫ ʜʣʷ ɰ < 0 ʢʦʵʬʬʠʮʠʝʥʪ Ὓ > 0, ʠ ʛʨʘʜʠʝʥʪ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʣʝʛʢʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ὅɳ > 0 (ʩʤ. ʨʠʩ. 2.2 b), ʯʪʦ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʚʳʰʘʝʪ 

ʫʩʪʦʡʯʠʚʦʩʪʴ. ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʩʪʘʙʠʣʠʟʠʨʫʶʱʠʡ ʚʢʣʘʜ ʪʝʨʤʦʜʠʬʬʫʟʠʠ 

ʢʦʥʢʫʨʠʨʫʝʪ ʩ ʜʝʩʪʘʙʠʣʠʟʠʨʫʶʱʠʤ ʚʢʣʘʜʦʤ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ. ʅʝʫʩʪʦʡʯʠʚʦʩʪʴ ʚ 

ʵʪʦʤ ʩʣʫʯʘʝ ʪʘʢʞʝ ʤʦʞʝʪ ʨʘʟʚʠʚʘʪʴʩʷ, ʧʨʠʯʝʤ ʢʦʣʝʙʘʪʝʣʴʥʳʤ ʦʙʨʘʟʦʤ, ʦʜʥʘʢʦ ʜʣʷ 

ʨʘʟʚʠʪʠʷ ʢʦʥʚʝʢʮʠʠ ʪʨʝʙʫʝʪʩʷ ʙʦʣʝʝ ʩʠʣʴʥʳʡ ʥʘʛʨʝʚ ʦʙʣʘʩʪʠ.    

 ɼʣʷ ʥʘʛʨʝʚʘ ʩʚʝʨʭʫ (Ra < 0) ʠ ɰ < 0 ʛʨʘʜʠʝʥʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ὅɳ < 0 (ʨʠʩ. 2.2 ʩ), 

ʚʚʝʨʭʫ ʫ ʛʦʨʷʯʝʡ ʩʪʝʥʢʝ ʥʘʢʘʧʣʠʚʘʝʪʩʷ ʪʷʞʝʣʳʡ ʢʦʤʧʦʥʝʥʪ, ʯʪʦ ʠ ʧʨʠʚʦʜʠʪ ʢ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ. ʋʩʪʦʡʯʠʚʦʩʪʴ ʚʦʟʤʦʞʥʘ ʣʠʰʴ, ʝʩʣʠ ʵʬʬʝʢʪ ʨʘʟʜʝʣʝʥʠʷ 

ʢʦʤʧʦʥʝʥʪʦʚ ʩʣʘʙ ʩʘʤ ʧʦ ʩʝʙʝ (ʤʘʣʳʝ ʟʥʘʯʝʥʠʷ ɰ), ʣʠʙʦ ʧʨʠ ʩʣʘʙʦʤ ʥʘʛʨʝʚʝ (ʤʘʣʳʝ 

ʟʥʘʯʝʥʠʷ Ra), ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʚʝʜʝʪ ʢ ʩʣʘʙʦʤʫ ʨʘʟʜʝʣʝʥʠʶ.  ʆʪʤʝʪʠʤ, ʯʪʦ ʚ 

ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʚʦʟʤʦʞʥʘ, ʜʘʞʝ ʝʩʣʠ ʧʦʣʥʳʡ ʛʨʘʜʠʝʥʪ ʧʣʦʪʥʦʩʪʠ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʫʩʪʦʡʯʠʚʦʡ ʩʪʨʘʪʠʬʠʢʘʮʠʠ, ʯʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʨʘʟʥʠʮʝʡ ʪʝʧʣʦʚʦʛʦ ʠ 

ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʚʨʝʤʝʥ [141]. 

 ʇʦʩʣʝʜʥʠʡ ʩʣʫʯʘʡ, ʥʘʛʨʝʚ ʩʚʝʨʭʫ (Ra < 0) ʠ ɰ > 0, ʠʟʦʙʨʘʞʝʥ ʥʘ ʨʠʩ. 2.2 d: ʚ 

ʵʪʦʤ ʩʣʫʯʘʝ ʠ ʪʝʨʤʦʜʠʬʬʫʟʠʷ, ʠ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʦʢʘʟʳʚʘʶʪ ʩʪʘʙʠʣʠʟʠʨʫʶʱʝʝ 

ʜʝʡʩʪʚʠʝ, ʠ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ.  
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ʈʠʩʫʥʦʢ  2.1. ʂʘʨʪʘ ʫʩʪʦʡʯʠʚʦʩʪʠ ʙʠʥʘʨʥʦʡ ʩʤʝʩʠ ʜʣʷ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ 

ʩʣʦʷ ʩ ʠʜʝʘʣʴʥʦ ʪʝʧʣʦʧʨʦʚʦʜʥʳʤʠ ʛʨʘʥʠʮʘʤʠ ʥʘ ʧʣʦʩʢʦʩʪʠ ʧʘʨʘʤʝʪʨʦʚ 

ʯʠʩʣʦ ʈʝʣʝʷ (Ra)ïʦʪʥʦʰʝʥʠʝ ʨʘʟʜʝʣʝʥʠʷ (Ɋ), Pr = 10, Sc = 1000. ɺ ʚʝʨʭʥʝʡ 

ʧʦʣʫʧʣʦʩʢʦʩʪʠ ʦʙʣʘʩʪʠ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʟʦʥʘʤ ʚʳʰʝ 

ʢʨʠʚʦʡ, ʚ ʥʠʞʥʝʡ ʧʦʣʫʧʣʦʩʢʦʩʪʠ ï ʟʦʥʝ ʥʠʞʝ ʢʨʠʚʦʡ. ʅʘ ʨʠʩʫʥʢʝ ʚʚʝʜʝʥʳ 

ʦʙʦʟʥʘʯʝʥʠʷ ʜʣʷ ʤʦʜ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ: sw (short wave) ï ʢʦʨʦʪʢʦʚʦʣʥʦʚʘʷ, 

lw (long wave) ï ʜʣʠʥʥʦʚʦʣʥʦʚʘʷ, os (oscillatory) ï ʢʦʣʝʙʘʪʝʣʴʥʘʷ 

(ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ), m (monotonic) ï ʤʦʥʦʪʦʥʥʘʷ (ʩʧʣʦʰʥʳʝ ʣʠʥʠʠ). 

ʈʠʩʫʥʦʢ ʧʨʝʜʦʩʪʘʚʣʝʥ ʊ.ʇ. ʃʶʙʠʤʦʚʦʡ. 

ʈʠʩʫʥʦʢ 2.2. ʈʘʚʥʦʚʝʩʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʥʘʛʨʝʚʘ ʠ ʟʥʘʢʦʚ Ὓ ʠ ɰ.  

ʧʦʜʦʛʨʝʚ ʩʥʠʟʫ Ὕɳ π 

Ὓ πȟɰ π Ὓ πȟɰ π 

ʪʷʞʝʣʘʷ 

ʣʝʛʢʘʷ ʪʷʞʝʣʘʷ 

ʣʝʛʢʘʷ 

ʪʷʞʝʣʘʷ 

ʣʝʛʢʘʷ 

ʣʝʛʢʘʷ 

ʪʷʞʝʣʘʷ 

Ὓ πȟɰ π Ὓ πȟɰ π 

ʥʘʛʨʝʚ ʩʚʝʨʭʫ Ὕɳ π 

(a) (b) (c) (d) 

ὅɳ π ὅɳ π ὅɳ π ὅɳ π 
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  ʇʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʩʠʩʪʝʤʳ ʠʟ ʪʨʝʭ (ʠ ʙʦʣʝʝ) ʢʦʤʧʦʥʝʥʪʦʚ ʠʟʫʯʝʥʠʝ 

ʧʦʚʝʜʝʥʠʷ ʩʤʝʩʠ ʦʩʣʦʞʥʷʝʪʩʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʙʦʣʴʰʝʛʦ ʯʠʩʣʘ ʢʦʤʧʦʥʝʥʪʦʚ, ʚ 

ʯʘʩʪʥʦʩʪʠ, ʧʦʤʠʤʦ ʵʬʬʝʢʪʦʚ ʉʦʨʝ ʠ ʜʠʬʬʫʟʠʠ ʥʘʙʣʶʜʘʝʪʩʷ ʷʚʣʝʥʠʝ ʧʝʨʝʢʨʝʩʪʥʦʡ 

ʜʠʬʬʫʟʠʠ. ɼʣʷ ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʦʡ ʩʠʩʪʝʤʳ ʥʝʦʙʭʦʜʠʤʦ ʟʥʘʪʴ ʜʚʘ ʜʠʬʬʫʟʠʦʥʥʳʝ 

ʧʦʪʦʢʘ ʚʝʱʝʩʪʚʘ ὐȟὐ (ʜʣʷ ʩʤʝʩʠ ʠʟ ὲ ʢʦʤʧʦʥʝʥʪʦʚ ʧʨʠʩʫʪʩʪʚʫʝʪ ὲ ï 1 ʥʝʟʘʚʠʩʠʤʳʭ 

ʫʨʘʚʥʝʥʠʡ,  В ὅ=1 ʠ  В ὐ=0): 

ὐ ”Ὀ ὅɳ Ὀ ὅɳ Ὀ Ὕɳȟ (2.5) 

ὐ ”Ὀ ὅɳ Ὀ ὅɳ Ὀ ὝɳȢ (2.6) 

 

ɿʜʝʩʴ ὅȟὅ ï ʤʘʩʩʦʚʳʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʝʨʚʦʛʦ ʠ ʚʪʦʨʦʛʦ ʢʦʤʧʦʥʝʥʪʦʚ, ”ȟὝ ï 

ʧʣʦʪʥʦʩʪʴ ʠ ʪʝʤʧʝʨʘʪʫʨʘ ʩʤʝʩʠ, Ὀ  ï ʢʦʵʬʬʠʮʠʝʥʪʳ ʜʠʬʬʫʟʠʠ (ʪʝʦʨʠʷ ʌʠʢʘ), Ὀ  

ï ʢʦʵʬʬʠʮʠʝʥʪʳ ʪʝʨʤʦʜʠʬʬʫʟʠʠ (Ὀ ὅρ ὅὈ ). ɿʘʢʦʥ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ 

ʌʫʨʴʝ (2.4) ʦʩʪʘʝʪʩʷ ʚ ʪʦʡ ʞʝ ʬʦʨʤʝ, ʯʪʦ ʠ ʜʣʷ ʙʠʥʘʨʥʳʭ ʩʨʝʜ. ɺ ʩʦʩʪʦʷʥʠʠ 

ʨʘʚʥʦʚʝʩʠʷ ʧʦʪʦʢ ʚʝʱʝʩʪʚʘ ʨʘʚʝʥ ʥʫʣʶ, ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʧʦʣʫʯʘʝʤ ʩʚʷʟʴ ʤʝʞʜʫ 

ʨʘʚʥʦʚʝʩʥʳʤ ʛʨʘʜʠʝʥʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ: 

ὅɳ Ὓ Ὕɳȟ    Ὥ 1,2. (2.7) 

ʂʦʵʬʬʠʮʠʝʥʪʳ Ὓ  ʝʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʳ ʉʦʨʝ: Ὓ В Ὀ Ὀ , Ὀ  ï 

ʦʙʨʘʪʥʘʷ ʤʘʪʨʠʮʘ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʠʬʬʫʟʠʠ. ɿʥʘʢʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ Ὓ  ʠ Ὀ  ʚ 

ʙʠʥʘʨʥʳʭ ʩʤʝʩʠ ʚʩʝʛʜʘ ʩʦʚʧʘʜʘʝʪ, ʥʦ ʚ ʪʨʦʡʥʳʭ ʤʦʛʫʪ ʦʪʣʠʯʘʪʴʩʷ. ʊʘʢʞʝ ʦʪʤʝʪʠʤ, 

ʯʪʦ ʢʦʵʬʬʠʮʠʝʥʪʳ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʛʣʘʚʥʳʭ (ʜʠʘʛʦʥʘʣʴʥʳʭ) ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

ʜʠʬʬʫʟʠʠ Ὀ, ʥʝ ʷʚʣʷʶʪʩʷ ʟʥʘʢʦʦʧʨʝʜʝʣʝʥʥʳʤʠ. ɺʦʧʨʦʩ ʦ ʚʦʟʤʦʞʥʦʩʪʠ 

ʦʪʨʠʮʘʪʝʣʴʥʳʭ ʛʣʘʚʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʠʬʬʫʟʠʠ ʷʚʣʷʝʪʩʷ ʦʪʢʨʳʪʳʤ [150], ʧʨʠ 

ʵʪʦʤ, ʦʜʥʘʢʦ, ʧʨʝʦʙʣʘʜʘʶʱʠʤ ʦʩʪʘʝʪʩʷ ʤʥʝʥʠʝ, ʯʪʦ ʢʦʵʬʬʠʮʠʝʥʪʳ ʥʘ ʛʣʘʚʥʦʡ 

ʜʠʘʛʦʥʘʣʠ ʤʘʪʨʠʮʳ ʜʠʬʬʫʟʠʠ ʜʦʣʞʥʳ ʙʳʪʴ ʧʦʣʦʞʠʪʝʣʴʥʦ ʦʧʨʝʜʝʣʝʥʥʳʤʠ. 

 ɿʘʧʠʰʝʤ ʚʪʦʨʦʡ ʟʘʢʦʥ ʪʝʨʤʦʜʠʥʘʤʠʢʠ ʚ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʬʦʨʤʝ ʚ ʚʠʜʝ 

ʫʨʘʚʥʝʥʠʷ ʙʘʣʘʥʩʘ [151] 

Ћ”ί

ὸ
ÄÉÖ ╙ „ȟ (2.8) 
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ʛʜʝ ” ï ʧʣʦʪʥʦʩʪʴ, ί ï ʵʥʪʨʦʧʠʷ ʝʜʠʥʠʮʳ ʤʘʩʩʳ, ╙ ï ʧʦʪʦʢ ʵʥʪʨʦʧʠʠ ʥʘ ʝʜʠʥʠʮʫ 

ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʝʜʠʥʠʮʫ ʚʨʝʤʝʥʠ, „ ï ʧʨʦʠʟʚʦʜʩʪʚʦ ʵʥʪʨʦʧʠʠ (ʚʝʣʠʯʠʥʘ, ʢʦʪʦʨʘʷ 

ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʩʪʦʯʥʠʢʘ ʵʥʪʨʦʧʠʠ). ʇʨʠ ʵʪʦʤ „  0, ʯʪʦ ʚʳʨʘʞʘʝʪ 

ʩʦʙʦʡ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʵʥʪʨʦʧʠʷ ʥʝ ʤʦʞʝʪ ʫʙʳʚʘʪʴ: ʜʣʷ ʨʘʚʥʦʚʝʩʥʳʭ ʧʨʦʮʝʩʩʦʚ „ = 0, 

ʘ ʜʣʷ ʥʝʨʘʚʥʦʚʝʩʥʳʭ  „ > 0. ʋʯʠʪʳʚʘʷ ʪʦʣʴʢʦ ʜʠʬʬʫʟʠʶ ʠ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ 

(ʥʝʚʷʟʢʘʷ, ʣʠʙʦ ʧʦʢʦʷʱʘʷʩʷ, ʩʨʝʜʘ ʚ ʦʪʩʫʪʩʪʚʠʝ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʠ ʚʥʝʰʥʠʭ 

ʩʠʣ), ʜʣʷ ὲ-ʢʦʤʧʦʥʝʥʪʥʦʡ ʩʠʩʪʝʤʳ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʚʳʨʘʞʝʥʠʝ: 

„
ρ

Ὕ
╙ Ὕɳ

ρ

Ὕ
╙Ͻɳ‘Ȣ (2.9) 

ɿʜʝʩʴ ╙ ï ʧʦʪʦʢ ʪʝʧʣʘ,  ╙ ʠ ‘ ï ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʜʠʬʬʫʟʠʦʥʥʳʡ ʧʦʪʦʢ ʚʝʱʝʩʪʚʘ ʠ 

ʭʠʤʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ Ὧ-ʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʩʤʝʩʠ. ɺ ʩʣʘʛʘʝʤʳʭ ʜʣʷ ʚʳʨʘʞʝʥʠʷ 

ʧʨʦʠʟʚʦʜʩʪʚʘ ʵʥʪʨʦʧʠʠ (2.9) ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʜʚʝ ʩʦʩʪʘʚʣʷʶʱʠʝ: ʧʦʪʦʢʠ (╙ ̉ ╙, 

Ὧ ρȣὲ ʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʩʠʣʳ ὢͯɳ ȣ . ʌʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʘʷ ʪʝʦʨʠʷ 

ʆʥʟʘʛʝʨʘ ʫʪʚʝʨʞʜʘʝʪ, ʯʪʦ ʩʚʷʟʴ ʤʝʞʜʫ ʧʦʪʦʢʘʤʠ ʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʤʠ ʩʠʣʘʤʠ 

ʷʚʣʷʝʪʩʷ ʣʠʥʝʡʥʦʡ:   

╙ ὒὢȟ (2.10) 

ʛʜʝ ὒ  ï ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʠʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʆʥʟʘʛʝʨʘ. ɺʳʨʘʞʝʥʠʝ ʜʣʷ 

ʧʨʦʠʟʚʦʜʩʪʚʘ ʵʥʪʨʦʧʠʠ ʙʫʜʝʪ ʠʤʝʪʴ ʚʠʜ „ В ὒὢὢȟ . ɼʣʷ ʫʩʣʦʚʠʷ „  0 

ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʛʣʘʚʥʳʝ ʤʠʥʦʨʳ ʤʘʪʨʠʮʳ ὒ ὒ  ʙʳʣʠ ʥʝʦʪʨʠʮʘʪʝʣʴʥʳʤʠ 

[151], ʯʪʦ ʵʢʚʠʚʘʣʝʥʪʥʦ ʫʩʣʦʚʠʶ ʧʦʣʦʞʠʪʝʣʴʥʦʩʪʠ ʜʠʘʛʦʥʘʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʜʣʷ 

ʥʝʜʠʘʛʦʥʘʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʧʨʠ ʵʪʦʤ ʜʦʣʞʥʦ ʚʳʧʦʣʥʷʪʴʩʷ ʥʝʨʘʚʝʥʩʪʚʦ ὒὒ

1

4
ὒ ὒ . 

 ʅʘʡʜʝʤ ʩʚʷʟʴ ʤʝʞʜʫ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʦʡ ʪʝʦʨʠʝʡ ʆʥʟʘʛʝʨʘ ʠ ʧʘʨʘʤʝʪʨʘʤʠ 

ʩʤʝʩʠ, ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʧʨʘʢʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʘʭ ʠ ʬʠʟʠʯʝʩʢʠʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ. ɿʘʧʠʰʝʤ ʷʚʥʦ ʚʳʨʘʞʝʥʠʷ ʠʟ ʪʝʦʨʠʠ ʆʥʟʘʛʝʨʘ ʜʣʷ ʧʦʪʦʢʘ ʪʝʧʣʘ ʠ 

ʜʠʬʬʫʟʠʦʥʥʳʭ ʧʦʪʦʢʦʚ ʚʝʱʝʩʪʚʘ:  
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╙
ὒ

Ὕ
Ὕɳȟ (2.11) 

╙
ὒ

Ὕ
Ὕɳ
ρ

Ὕ
ὒ ᶯ‘ ‘ ȟ   Ὥ ρȣὲ ρȢ (2.12) 

ʂʦʵʬʬʠʮʠʝʥʪ ὒ ȾὝ  ʚ ʚʳʨʘʞʝʥʠʠ (2.11) ʦʯʝʚʠʜʥʦ ʨʘʚʝʥ ʢʦʵʬʬʠʮʠʝʥʪʫ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ‖.  

 ʋʨʘʚʥʝʥʠʝ (2.12) ʟʘʧʠʰʝʤ ʜʣʷ ʥʘʛʣʷʜʥʦʩʪʠ ʚ ʯʘʩʪʥʦʤ ʩʣʫʯʘʝ ʙʠʥʘʨʥʦʡ 

ʞʠʜʢʦʩʪʠ (ὲ = 2):  

╙
ὒ

Ὕ
Ὕɳ
ρ

Ὕ
ὒ ᶯ‘ ‘ Ȣ (2.13) 

ʀʩʧʦʣʴʟʫʷ ʫʨʘʚʥʝʥʠʝ ɻʠʙʙʩʘ-ɼʶʛʝʤʘ, ʛʨʘʜʠʝʥʪ ᶯ‘ ‘  ʤʦʞʥʦ ʧʨʝʦʙʨʘʟʦʚʘʪʴ  

ᶯ‘ ‘ ρ
ὅ

ὅ
‘ɳ

ρ

ὅ

‘

ὅ
ὅɳȟ  (2.14) 

ʊʦʛʜʘ ʠʟ ʩʦʦʪʥʦʰʝʥʠʷ (2.13) ʧʦʣʫʯʘʝʤ  

╙
ὒ

Ὕ
Ὕɳ
ρ

Ὕ
ὒ
ρ

ὅ

‘

ὅ
ὅɳȢ (2.15) 

ʀʟ ʩʨʘʚʥʝʥʠʷ ʫʨʘʚʥʝʥʠʡ (2.1) ʠ (2.15) ʚʠʜʥʦ, ʯʪʦ ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʨʤʦʜʠʬʬʫʟʠʠ 

Ὀ ὒ Ⱦ”Ὕ, ʘ ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ Ὀ ὒ Ȣ ɺ ʩʣʫʯʘʝ ʪʨʦʡʥʳʭ 

ʩʤʝʩʝʡ ʩʚʷʟʴ ʤʝʞʜʫ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʜʠʬʬʫʟʠʠ ʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʆʥʟʘʛʝʨʘ ʠʤʝʝʪ 

ʧʦʭʦʞʠʡ ʚʠʜ.  

 ɼʣʷ ʦʧʠʩʘʥʠʷ ʢʦʥʚʝʢʪʠʚʥʳʭ ʧʨʦʮʝʩʩʦʚ ʠʩʧʦʣʴʟʫʶʪ ʙʝʟʨʘʟʤʝʨʥʳʝ ʧʘʨʘʤʝʪʨʳ 

ï ʦʪʥʦʰʝʥʠʷ ʨʘʟʜʝʣʝʥʠʷ , ʚ ὲ-ʢʦʤʧʦʥʝʥʪʥʦʡ ʩʨʝʜʝ ʥʝʦʙʭʦʜʠʤʦ  

ὲ ï 1 ʢʦʵʬʬʠʮʠʝʥʪʦʚ  ȾϽὛ. ɺʘʞʥʦʡ ʚʝʣʠʯʠʥʦʡ ʷʚʣʷʝʪʩʷ ʩʫʤʤʘʨʥʦʝ 

ʦʪʥʦʰʝʥʠʝ ʨʘʟʜʝʣʝʥʠʷ, ʪ.ʝ. ʩʫʤʤʘ ὲ ï 1 ʦʪʥʦʰʝʥʠʡ ʨʘʟʜʝʣʝʥʠʷ ʦʪʜʝʣʴʥʳʭ 

ʢʦʤʧʦʥʝʥʪʦʚ: ɰ В . ʅʘʧʦʤʥʠʤ, ʯʪʦ ὲ-ʘʷ ʢʦʤʧʦʥʝʥʪʘ ʩʤʝʩʠ ʷʚʣʷʝʪʩʷ 

ʟʘʚʠʩʠʤʦʡ, ʠ ʩʫʤʤʘ  В  = 0 (ʯʪʦ ʩʣʝʜʫʝʪ ʠʟ ʫʩʣʦʚʠʡ, ʥʘʢʣʘʜʳʚʘʝʤʳʭ ʥʘ 

ʩʫʤʤʘʨʥʳʝ ʜʠʬʬʫʟʠʦʥʥʳʡ ʧʦʪʦʢ В ὐ = 0 ʠ ʢʦʥʮʝʥʪʨʘʮʠʶ В ὅ = 1). 
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 ʂʘʢ ʙʳʣʦ ʩʢʘʟʘʥʦ ʨʘʥʝʝ, ʜʣʷ ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʳʭ ʩʤʝʩʝʡ ʧʦʚʝʜʝʥʠʝ 

ʦʩʣʦʞʥʷʝʪʩʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʙʦʣʴʰʝʛʦ ʯʠʩʣʘ ʢʦʤʧʦʥʝʥʪʦʚ. ɺ ʩʣʫʯʘʝ ʢʦʥʚʝʢʮʠʠ 

ʵʪʦ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ ʙʫʜʝʪ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʚ ʜʠʩʩʝʨʪʘʮʠʠ 

ʟʘʜʘʯʝ ʦ ʧʦʜʦʛʨʝʚʘʝʤʦʡ ʩʚʝʨʭʫ ʩʤʝʩʠ ʪʦʣʫʦʣ-ʤʝʪʘʥʦʣ-ʮʠʢʣʦʛʝʢʩʘʥ ʚ ʟʘʤʢʥʫʪʦʡ 

ʷʯʝʡʢʝ. 

 ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʚ ʨʷʜʝ ʩʣʫʯʘʝʚ ʥʘʣʠʯʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ 

ʦʢʘʟʳʚʘʝʪ ʣʠʰʴ ʢʦʣʠʯʝʩʪʚʝʥʥʳʡ ʩʜʚʠʛ ʚ ʧʦʚʝʜʝʥʠʠ ʩʠʩʪʝʤʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʙʠʥʘʨʥʦʡ ʞʠʜʢʦʩʪʴʶ. ʅʘ ʨʠʩ. 2.3 ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʘʨʪʳ ʫʩʪʦʡʯʠʚʦʩʪʠ ʪʨʦʡʥʳʭ 

ʞʠʜʢʠʭ ʩʤʝʩʝʡ ʜʣʷ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʩʣʦʷ (ʘʥʘʣʦʛʠʯʥʦ ʩʣʫʯʘʶ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʤʫ ʥʘ 

ʨʠʩ. 2.1) ʧʨʠ ʟʥʘʯʝʥʠʷʭ ʦʪʥʦʰʝʥʠʷ ʨʘʟʜʝʣʝʥʠʷ ʦʜʥʦʛʦ ʠʟ ʢʦʤʧʦʥʝʥʪʦʚ   0.4 

(ʨʠʩ. 2.3 a) ʠ   ï 0.4 (ʨʠʩ. 2.3 b). ʂʘʯʝʩʪʚʝʥʥʦ ʢʘʨʪʳ ʫʩʪʦʡʯʠʚʦʩʪʠ ʘʥʘʣʦʛʠʯʥʳ 

ʨʠʩ. 2.1, ʧʨʠ ʵʪʦʤ ʥʘʙʣʶʜʘʝʪʩʷ ʩʜʚʠʛ ʧʦ ʦʩʠ ɰ ʥʘ ʚʝʣʠʯʠʥʫ, ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ 

ʨʘʚʥʫʶ  ; ʚ ʩʣʫʯʘʝ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʤ ʥʘ ʨʠʩ. 2.3 b, ʪʘʢʞʝ ʧʦʷʚʣʷʝʪʩʷ 

ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʚʝʪʚʴ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʧʨʠ ʥʘʛʨʝʚʝ ʩʚʝʨʭʫ.  
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ʈʠʩʫʥʦʢ 2.3. ʂʘʨʪʘ ʫʩʪʦʡʯʠʚʦʩʪʠ ʪʨʦʡʥʦʡ ʩʤʝʩʠ ʜʣʷ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʩʣʦʷ 

ʩ ʠʜʝʘʣʴʥʦ ʪʝʧʣʦʧʨʦʚʦʜʥʳʤʠ ʛʨʘʥʠʮʘʤʠ ʥʘ ʧʣʦʩʢʦʩʪʠ ʧʘʨʘʤʝʪʨʦʚ ʯʠʩʣʦ 

ʈʝʣʝʷ (Ra)ï ʩʫʤʤʘʨʥʦʝ ʦʪʥʦʰʝʥʠʝ ʨʘʟʜʝʣʝʥʠʷ (Ɋ), Pr = 10, Sc1 = 100 Sc2 = 

1000. a)    0.4, b)     ï 0.4. ʆʙʦʟʥʘʯʝʥʠʷ ʢʨʠʚʳʭ ʘʥʘʣʦʛʠʯʥʳ 

ʦʙʦʟʥʘʯʝʥʠʷʤ ʥʘ ʨʠʩ. 2.1. ʈʠʩʫʥʢʠ ʧʨʝʜʦʩʪʘʚʣʝʥʳ ʊ.ʇ. ʃʶʙʠʤʦʚʦʡ. 

(a) (b) 
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 ʆʩʪʘʥʦʚʠʤʩʷ ʧʦʜʨʦʙʥʝʝ ʥʘ ʪʝʧʣʦʚʳʭ ʫʩʣʦʚʠʷʭ ʟʘʜʘʯʠ. ʋʨʘʚʥʝʥʠʝ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʙʝʟ ʠʩʪʦʯʥʠʢʦʚ ʪʝʧʣʘ, ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʜʚʠʞʝʥʠʷ ʠ ʧʨʦʯʠʭ 

ʵʬʬʝʢʪʦʚ ʠʤʝʝʪ ʚʠʜ:  

ЋὝ

ὸ
…
Ὕ

ᾀ
ȟ (2.16) 

ʛʜʝ … ‖Ⱦ”ὧ ï ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʤʧʝʨʘʪʫʨʦʧʨʦʚʦʜʥʦʩʪʠ, ‖ ï ʢʦʵʬʬʠʮʠʝʥʪ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ, ” ï ʧʣʦʪʥʦʩʪʴ, ὧ ï ʫʜʝʣʴʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ. 

 ʋʨʘʚʥʝʥʠʝ (2.16) ̫ ʚʣʷʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ; ʜʣʷ ʨʝʰʝʥʠʷ ʢʨʘʝʚʦʡ 

ʟʘʜʘʯʠ ʚ ʵʪʦʤ ʩʣʫʯʘʝ, ʢʘʢ ʠʟʚʝʩʪʥʦ, ʥʝʦʙʭʦʜʠʤʦ ʟʘʜʘʪʴ ʧʦ ʦʜʥʦʤʫ ʫʩʣʦʚʠʶ ʥʘ 

ʢʘʞʜʦʡ ʛʨʘʥʠʮʝ. ɺʩʝʛʦ ʚʦʟʤʦʞʥʳ ʪʨʠ ʚʘʨʠʘʥʪʘ: 1) ʟʘʜʘʯʘ ɼʠʨʠʭʣʝ ï ʟʘʜʘʥʠʝ 

ʟʥʘʯʝʥʠʷ ʬʫʥʢʮʠʠ ʥʘ ʛʨʘʥʠʮʝ, ʪ.ʝ. ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ; 

2) ʟʘʜʘʯʘ ʅʝʡʤʘʥʘ ï ʟʘʜʘʥʠʝ ʛʨʘʜʠʝʥʪʘ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʫʨʘʚʥʝʥʠʷ (2.16) ʘʥʘʣʦʛʠʯʥʦ 

ʟʘʜʘʥʠʶ ʬʠʢʩʠʨʦʚʘʥʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ή ‖ὝȾᾀ; 3) ɿʘʜʘʯʘ ʅʴʶʪʦʥʘ 

(ʈʦʙʠʥʘ/ʌʫʨʴʝ) ï ʢʦʤʙʠʥʠʨʦʚʘʥʠʝ ʧʝʨʚʳʭ ʜʚʫʭ ʪʠʧʦʚ. ʇʦʩʣʝʜʥʠʡ ʚʘʨʠʘʥʪ 

ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ ʜʣʷ ʫʨʘʚʥʝʥʠʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʪʘʢʞʝ ʥʦʩʠʪ ʠʤʷ ʟʘʢʦʥʘ 

ʅʴʶʪʦʥʘ-ʈʠʭʤʘʥʘ ʠ ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ ʚʠʜʝ:  

‖
Ὕ

ᾀ
Ὕ Ὕ Ȣ (2.17) 

ɿʜʝʩʴ  ï ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʦʪʜʘʯʠ, Ὕ  ï ʪʝʤʧʝʨʘʪʫʨʘ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ, 

ʠʥʜʝʢʩ ɜ ʦʙʦʟʥʘʯʘʝʪ ʟʥʘʯʝʥʠʝ ʬʫʥʢʮʠʠ ʥʘ ʛʨʘʥʠʮʝ. ɺ ʙʝʟʨʘʟʤʝʨʥʦʤ ʚʠʜʝ ʫʨʘʚʥʝʥʠʝ 

(2.17) ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʚ ʚʠʜʝ: 

Ὕ

ᾀ
"ÉϽὝ Ὕ ȟ (2.18) 

ʛʜʝ ʚʚʝʜʝʥʦ ʯʠʩʣʦ ɹʠʦ (Biot) "ÉὒȾ‖, ὒ ï ʭʘʨʘʢʪʝʨʥʳʡ ʤʘʩʰʪʘʙ ʟʘʜʘʯʠ.  

 ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʧʝʨʚʦʛʦ ʠ ʚʪʦʨʦʛʦ ʨʦʜʘ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʜʚʘ 

ʯʘʩʪʥʳʭ ʧʨʝʜʝʣʴʥʳʭ ʩʣʫʯʘʷ, ʪʦʛʜʘ ʢʘʢ ʫʩʣʦʚʠʷ ʪʨʝʪʴʝʛʦ ʨʦʜʘ ʦʪʚʝʯʘʶʪ ʥʘʠʙʦʣʝʝ 

ʦʙʱʝʤʫ ʚʘʨʠʘʥʪʫ [152,153]. ʇʨʠ "ÉO Њ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʧʝʨʝʭʦʜʷʪ ʚ ʫʩʣʦʚʠʷ 

ʧʝʨʚʦʛʦ ʨʦʜʘ, ʧʨʠ "ÉO 0 ï ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʚ ʫʩʣʦʚʠʷ ʚʪʦʨʦʛʦ ʨʦʜʘ. ʂʘʢ ʙʳʣʦ 
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ʩʢʘʟʘʥʦ ʚʳʰʝ, ʥʘ ʨʠʩ. 2.1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʜʣʷ ʠʜʝʘʣʴʥʦ ʪʝʧʣʦʧʨʦʚʦʜʥʳʭ 

ʛʨʘʥʠʮ, ʯʪʦ ʤʘʪʝʤʘʪʠʯʝʩʢʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʟʘʜʘʯʝ ɼʠʨʠʭʣʝ.   

 

 

 ʅʘ ʩʠʪʫʘʮʠʶ ʩ ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʜʣʷ ʪʝʤʧʝʨʘʪʫʨʳ ʪʘʢʞʝ ʤʦʞʥʦ 

ʧʦʩʤʦʪʨʝʪʴ ʜʨʫʛʠʤ ʦʙʨʘʟʦʤ. ʈʘʩʩʤʦʪʨʠʤ ʙʦʣʝʝ ʦʙʱʫʶ ʟʘʜʘʯʫ, ʢʦʛʜʘ ʞʠʜʢʦʩʪʴ 

ʩʚʝʨʭʫ ʠ ʩʥʠʟʫ ʦʢʨʫʞʝʥʘ ʪʚʝʨʜʳʤʠ ʤʘʩʩʠʚʘʤʠ ʢʦʥʝʯʥʦʡ ʪʦʣʱʠʥʳ. ɼʘʥʥʳʡ ʩʣʫʯʘʡ 

ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ. 2.4: ʥʠʞʥʷʷ ʪʚʝʨʜʘʷ ʩʪʝʥʢʘ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ Ὕ ᾀ ʠ ʪʦʣʱʠʥʦʡ 

ʚʝʨʭʥʷʷ ʪʚʝʨʜʘʷ ʩʪʝʥʢʘ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ Ὕ , ᾀ ʠ ʪʦʣʱʠʥʦʡ  ʠ ʩʣʦʡ ʞʠʜʢʦʩʪʠ 

ʤʝʞʜʫ ʥʠʤʠ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ Ὕ ᾀ ʠ ʪʦʣʱʠʥʦʡ Ὄ. ʇʫʩʪʴ ʚ ʩʣʦʝ ʤʝʞʜʫ ʪʚʝʨʜʳʤʠ 

ʤʘʩʩʠʚʘʤʠ ʦʪʩʫʪʩʪʚʫʶʪ ʠʥʳʝ ʧʨʦʮʝʩʩʳ, ʢʨʦʤʝ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ. ʊʦʛʜʘ ʜʣʷ ʚʩʝʭ 

ʪʨʝʭ ʟʦʥ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʫʨʘʚʥʝʥʠʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ  

ЋὝ

ὸ
…
Ὕ

ᾀ
ȟ  
ЋὝ

ὸ
…
Ὕ

ᾀ
ȟ  
ЋὝ

ὸ
…
Ὕ

ᾀ
Ȣ (2.19) 

ɺ ʩʪʘʮʠʦʥʘʨʥʦʤ ʩʣʫʯʘʝ ʫʨʘʚʥʝʥʠʷ (2.19) ʩʚʦʜʷʪʩʷ ʢ ʦʜʥʦʤʝʨʥʳʤ ʫʨʘʚʥʝʥʠʷʤ 

ʃʘʧʣʘʩʘ, ʨʝʰʝʥʠʝ ʢʦʪʦʨʳʭ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʜʘʝʪ: 

Ὕ ᾀ ὃᾀ ὄȟ  Ὕ ᾀ ὃᾀ ὄȟ  Ὕ ᾀ ὃᾀ ὄȢ (2.20) 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 6 ʢʦʥʩʪʘʥʪ ὃȟὃȟὃȟὄȟὄȟὄ  ʥʝʦʙʭʦʜʠʤʦ 6 ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ. 

ʇʫʩʪʴ ʚʥʝʰʥʠʡ ʥʘʛʨʝʚ ʩʠʩʪʝʤʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʟʘʜʘʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʚʥʝʰʥʠʭ 

ʥʠʞʥʝʡ ʠ ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʘʭ: Ὕ ᾀ π —ȟὝ ᾀ 2 Ὄ —. ʅʘ ʛʨʘʥʠʮʘʭ 

ʈʠʩʫʥʦʢ 2.4. ɻʝʦʤʝʪʨʠʷ ʩʣʦʷ ʞʠʜʢʦʩʪʠ, ʦʢʨʫʞʝʥʥʦʛʦ ʪʚʝʨʜʳʤʠ ʤʘʩʩʠʚʘʤʠ. 

  

 

 

Ὄ 

Ὕ, ʪʚʝʨʜʳʡ ʤʘʩʩʠʚ 

Ὕ, ʪʚʝʨʜʳʡ ʤʘʩʩʠʚ 

Ὕ, ʞʠʜʢʦʩʪʴ 

ᾀ 

π 
Ὕ π — 

Ὕ ς Ὄ — 
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ʪʚʝʨʜʳʭ ʤʘʩʩʠʚʦʚ ʠ ʞʠʜʢʦʩʪʠ ʥʝʦʙʭʦʜʠʤʦ ʧʦʩʪʘʚʠʪʴ ʫʩʣʦʚʠʷ ʥʝʧʨʝʨʳʚʥʦʩʪʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ [141] (ʚ ʥʝʦʜʥʦʤʝʨʥʦʤ ʩʣʫʯʘʝ ʜʣʷ ʪʝʧʣʦʚʦʛʦ 

ʧʦʪʦʢʘ ʥʝʦʙʭʦʜʠʤʘ ʥʝʧʨʝʨʳʚʥʦʩʪʴ ʥʦʨʤʘʣʴʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ).  

 ᾀ ȡ            Ὕ Ὕȟ    ‖
ЋὝ

ᾀ
‖
ЋὝ

ᾀ
ȟ (2.21) 

ᾀ  Ὄȡ    Ὕ Ὕȟ    ‖
ЋὝ

ᾀ
‖
ЋὝ

ᾀ
ȟ (2.22) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʡ (2.20) ʟʘʧʠʰʝʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ: 

Ὕ
— —

Ὄ‖ǿ2
Ú —ȟ (2.23) 

Ὕ
— —

Ὄ‖ǿ2
Ú —

— — 2 Ὄ

Ὄ‖ǿ2
ȟ (2.24) 

Ὕ
— —

Ὄ
2
‖ǿ

Ú
— —

Ὄ‖ǿ2

— — Ὄ—

Ὄ
2
‖ǿ

Ȣ (2.25) 

ɿʜʝʩʴ ʫʯʪʝʥʦ, ʯʪʦ ʚʝʨʭʥʠʡ ʠ ʥʠʞʥʠʡ ʤʘʩʩʠʚ ʩʦʩʪʦʷʪ ʠʟ ʦʜʥʦʛʦ ʚʝʱʝʩʪʚʘ 

(ʢʦʵʬʬʠʮʠʝʥʪʳ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ‖ ‖), ʠ ʚʚʝʜʝʥʦ ʦʙʦʟʥʘʯʝʥʠʝ ‖ǿ = ‖Ⱦ‖. 

 ʀʜʝʘʣʴʥʦ ʪʝʧʣʦʧʨʦʚʦʜʥʳʤʠ ʛʨʘʥʠʮʘʤʠ, ʩ ʬʠʟʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ, 

ʥʘʟʳʚʘʶʪʩʷ ʪʘʢʠʝ ʛʨʘʥʠʮʳ, ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʢʦʪʦʨʳʭ ʤʥʦʛʦ ʙʦʣʴʰʝ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʦʢʨʫʞʝʥʥʦʡ ʠʤʠ ʞʠʜʢʦʩʪʠ, ʪ.ʝ. ‖ǿO Њ. ɼʘʥʥʘʷ ʩʠʪʫʘʮʠʷ 

ʘʥʘʣʦʛʠʯʥʘ ʨʘʩʩʤʦʪʨʝʥʥʦʡ ʚʳʰʝ ʩ "ÉO Њ. ʇʨʠ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʵʪʦ 

ʚʳʧʦʣʥʷʝʪʩʷ, ʥʘʧʨʠʤʝʨ, ʜʣʷ ʚʦʜʳ, ʢʦʪʦʨʘʷ ʦʢʨʫʞʝʥʘ ʤʘʩʩʠʚʘʤʠ ʠʟ ʤʝʜʠ (‖ǿͯ600, 

ʘʣʶʤʠʥʠʷ (‖ǿͯ350 ʠʣʠ ʜʨʫʛʠʭ ʤʝʪʘʣʣʦʚ ʠ ʜʨ. ʇʨʠ ʵʪʦʤ ʢʦʵʬʬʠʮʠʝʥʪʳ ʧʨʠ ᾀ ʚ 

ʫʨʘʚʥʝʥʠʷʭ ʜʣʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʪʚʝʨʜʳʭ ʤʘʩʩʠʚʘʭ (2.23)-(2.24) 

ʩʪʨʝʤʷʪʩʷ ʢ ʥʫʣʶ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʪʝʤʧʝʨʘʪʫʨʫ ʚʥʫʪʨʠ ʪʚʝʨʜʳʭ 

ʤʘʩʩʠʚʦʚ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʧʦʩʪʦʷʥʥʦʡ. ʇʦʵʪʦʤʫ ʠʜʝʘʣʴʥʦ ʪʝʧʣʦʧʨʦʚʦʜʥʳʝ ʛʨʘʥʠʮʳ 

ʪʘʢʞʝ ʥʘʟʳʚʘʶʪ ʠʟʦʪʝʨʤʠʯʝʩʢʠʤʠ.  ʅʘ ʨʠʩ. 2.5 a ʧʨʝʜʩʪʘʚʣʝʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʩʣʦʝ, ʦʢʨʫʞʝʥʥʦʤ ʜʚʫʤʷ ʪʚʝʨʜʳʤʠ ʤʘʩʩʠʚʘʤʠ ʚʳʩʦʢʦʡ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ; ʚʠʜʥʦ, ʯʪʦ ʫʞʝ ʧʨʠ ‖ǿ ~ 10 ʥʘʢʣʦʥ ʢʨʠʚʦʡ ʥʝ ʷʚʣʷʝʪʩʷ ʢʨʫʪʳʤ, 

ʪ.ʝ. ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʛʨʘʥʠʮʳ ʩ ʭʦʨʦʰʝʡ ʪʦʯʥʦʩʪʴʶ ʤʦʞʥʦ ʩʯʠʪʘʪʴ 
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ʠʟʦʪʝʨʤʠʯʝʩʢʠʤʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʩʩʤʘʪʨʠʚʘʷ ʩʣʦʡ ʞʠʜʢʦʩʪʠ ʩ ʠʜʝʘʣʴʥʦ 

ʪʝʧʣʦʧʨʦʚʦʜʥʳʤʠ ʛʨʘʥʠʮʘʤʠ, ʥʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʚ ʨʝʰʝʥʠʠ ʫʨʘʚʥʝʥʠʡ ʜʣʷ 

ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʪʚʝʨʜʳʭ ʤʘʩʩʠʚʘʭ; ʤʳ ʤʦʞʝʤ ʦʛʨʘʥʠʯʠʪʴʩʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ 

ʠʩʩʣʝʜʦʚʘʥʠʝʤ ʢʦʥʚʝʢʮʠʠ ʚ ʞʠʜʢʦʤ ʩʣʦʝ, ʠʩʧʦʣʴʟʫʷ ʜʣʷ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʛʨʘʥʠʮʝ 

ʫʩʣʦʚʠʝ ɼʠʨʠʭʣʝ.  

 ɼʣʷ ʜʨʫʛʦʛʦ ʧʨʝʜʝʣʴʥʦʛʦ ʩʣʫʯʘʷ ʦʪʥʦʰʝʥʠʝ ‖ǿO  0 (ʘʥʘʣʦʛʠʯʥʦ "ÉO 0), ʯʪʦ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʢʨʘʝʚʦʡ ʟʘʜʘʯʝ ʅʝʡʤʘʥʘ, ʪ.ʝ. ʟʘʜʘʥʠʶ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʥʘ ʛʨʘʥʠʮʝ. 

ʊʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʙʦʣʴʰʠʥʩʪʚʘ ʞʠʜʢʦʩʪʝʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʚʝʣʠʢʘ ‖ < 1 ɺʪ/(ʤẗʂ). 

ʊʝʤ ʥʝ ʤʝʥʝʝ, ʦʙʦʟʥʘʯʝʥʥʦʝ ʚʳʰʝ ʦʪʥʦʰʝʥʠʝ ‖ǿ ~ 1/10 ʚʧʦʣʥʝ ʜʦʩʪʠʞʠʤʦ. ɼʣʷ ʵʪʦʛʦ 

ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʘʪʝʨʠʘʣʳ ʜʣʷ ʪʚʝʨʜʳʭ ʤʘʩʩʠʚʦʚ ʩ ʭʦʨʦʰʠʤʠ 

ʠʟʦʣʷʮʠʦʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʥʘʧʨʠʤʝʨ: ʧʦʣʠʠʟʦʮʠʘʥʫʨʘʪ (‖ ~ 0.023 ɺʪ/ʤẗʂ), 

ʘʵʨʦʛʝʣʴ (‖ ~ 0.017 ɺʪ/ʤẗʂ), ʥʝʢʦʪʦʨʳʝ ʨʘʟʥʦʚʠʜʥʦʩʪʠ ʷʯʝʠʩʪʦʛʦ ʙʝʪʦʥʘ 

(‖ ~ 0.1 ɺʪ/ʤẗʂ) ʠ ʜʨʫʛʦʝ.  

 

 

ʈʠʩʫʥʦʢ 2.5. ʈʘʚʥʦʚʝʩʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʩʠʩʪʝʤʝ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʥʘ ʨʠʩ. 2.4: a) ʦʪʥʦʰʝʥʠʝ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʤʘʩʩʠʚʦʚ 

ʙʦʣʴʰʝ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʩʣʦʷ ʞʠʜʢʦʩʪʠ, ʯʝʨʥʘʷ ʣʠʥʠʷ ‖ǿ = 100, ʢʨʘʩʥʘʷ 
ʣʠʥʠʷ ‖ǿ = 10, ʩʠʥʷʷ ʣʠʥʠʷ ‖ǿ = 5; b) ʦʪʥʦʰʝʥʠʝ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʤʘʩʩʠʚʦʚ 

ʤʝʥʴʰʝ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʩʣʦʷ ʞʠʜʢʦʩʪʠ, ʯʝʨʥʘʷ ʣʠʥʠʷ ‖ǿ = 1/100, ʢʨʘʩʥʘʷ 
ʣʠʥʠʷ ‖ǿ = 1/10, ʩʠʥʷʷ ʣʠʥʠʷ ‖ǿ = 1/5. 
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 ɺ ʤʦʥʦʛʨʘʬʠʠ [141] ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʢʦʥʚʝʢʮʠʠ 

ʦʜʥʦʢʦʤʧʦʥʝʥʪʥʳʭ ʞʠʜʢʦʩʪʝʡ ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ ʟʥʘʯʝʥʠʡ ‖ǿ 0ȟЊ. ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʢʨʠʪʠʯʝʩʢʦʝ ʯʠʩʣʦ ʈʝʣʝʷ ʤʦʥʦʪʦʥʥʦ ʫʙʳʚʘʝʪ ʦʪ 1707 ʜʦ 720 ʧʦ ʤʝʨʝ ʫʤʝʥʴʰʝʥʠʷ 

‖ǿ, ʧʨʠ ʵʪʦʤ ʜʣʠʥʘ ʚʦʣʥʳ ʥʘʠʙʦʣʝʝ ʦʧʘʩʥʳʭ ʚʦʟʤʫʱʝʥʠʡ ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʪʘʢ ʯʪʦ ʚ 

ʧʨʝʜʝʣʝ ‖ǿO  0 ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʩʪʘʥʦʚʠʪʩʷ ʜʣʠʥʥʦʚʦʣʥʦʚʦʡ (ʚʦʣʥʦʚʦʝ ʯʠʩʣʦ Ὧ  O0).  

 ʆʪʤʝʪʠʤ, ʯʪʦ ʧʨʠ ʠʜʝʘʣʴʥʦ ʪʝʧʣʦʧʨʦʚʦʜʥʳʭ ʛʨʘʥʠʮʘʭ ʚʦʟʤʦʞʥʦ ʵʬʬʝʢʪʠʚʥʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʪʴ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʢʦʥʚʝʢʪʠʚʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ 

[141]: çɺ ʵʪʦʤ ʩʣʫʯʘʝ, ʧʨʘʚʜʘ, ʟʘʪʨʫʜʥʷʝʪʩʷ ʚʠʟʫʘʣʴʥʦʝ ʥʘʙʣʶʜʝʥʠʝ ʩʪʨʫʢʪʫʨʳ 

ʚʦʟʥʠʢʘʶʱʠʭ ʜʚʠʞʝʥʠʡ, ʥʦ ʟʘʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʦʙʣʝʛʯʘʶʪʩʷ ʪʝʧʣʦʚʳʝ ʠʟʤʝʨʝʥʠʷ, ʩ 

ʧʦʤʦʱʴʶ ʢʦʪʦʨʳʭ ʫʜʘʝʪʩʷ ʚʝʩʴʤʘ ʯʝʪʢʦ ʬʠʢʩʠʨʦʚʘʪʴ ʤʦʤʝʥʪ ʧʦʷʚʣʝʥʠʷ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʠé ʇʨʠ ʚʦʟʥʠʢʥʦʚʝʥʠʠ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʯʠʩʪʦ ʪʝʧʣʦʚʦʡ ʨʝʞʠʤ 

ʧʝʨʝʥʦʩʘ ʪʝʧʣʘ ʥʘʨʫʰʘʝʪʩʷ, ʧʦʷʚʣʷʝʪʩʷ ʢʦʥʚʝʢʪʠʚʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʪʝʧʣʦʚʦʛʦ 

ʧʦʪʦʢʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʟʘʚʠʩʠʤʦʩʪʴ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʦʪ ʨʘʟʥʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨ 

ʠʩʧʳʪʳʚʘʝʪ ʠʟʣʦʤ. ʇʦʣʦʞʝʥʠʝ ʵʪʦʛʦ ʠʟʣʦʤʘ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʩ ʜʦʩʪʘʪʦʯʥʦʡ 

ʪʦʯʥʦʩʪʴʶ ʦʧʨʝʜʝʣʠʪʴ ʢʨʠʪʠʯʝʩʢʫʶ ʨʘʟʥʦʩʪʴ ʪʝʤʧʝʨʘʪʫʨ ʠ ʢʨʠʪʠʯʝʩʢʦʝ ʯʠʩʣʦ 

ʈʵʣʝʷ.è   

 ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʜʝʣʴ ʠʜʝʘʣʴʥʦ ʪʝʧʣʦʧʨʦʚʦʜʥʳʭ (ʠʟʦʪʝʨʤʠʯʝʩʢʠʭ) ʛʨʘʥʠʮ 

ʷʚʣʷʝʪʩʷ ʫʜʦʙʥʦʡ ʜʣʷ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʟʫʯʝʥʠʷ. ʇʨʠ ʵʪʦʤ, 

ʢʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚʳʰʝ, ʚʳʙʦʨ ʪʘʢʦʛʦ ʪʠʧʘ ʪʝʧʣʦʚʳʭ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ ʷʚʣʷʝʪʩʷ 

ʩʧʨʘʚʝʜʣʠʚʳʤ ʠ ʦʙʦʩʥʦʚʘʥʥʳʤ ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʩʣʫʯʘʝʚ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ. ʇʨʦʮʝʩʩʳ ʢʦʥʚʝʢʮʠʠ, ʪʝʧʣʦ- ʠ ʤʘʩʩʦʧʝʨʝʥʦʩʘ ʚ 

ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʠʜʝʘʣʴʥʦ ʪʝʧʣʦʧʨʦʚʦʜʥʳʭ ʛʨʘʥʠʮ ʜʣʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʤʝʩʝʡ 

ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʚʦ ʤʥʦʞʝʩʪʚʝ ʨʘʙʦʪ, ʥʘʧʨʠʤʝʨ, ʦʙʦʙʱʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ 

ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʤʦʥʦʛʨʘʬʠʠ [154].  

 ʅʘʧʨʦʪʠʚ, ʜʨʫʛʦʡ ʧʨʝʜʝʣʴʥʳʡ ʩʣʫʯʘʡ (ʟʘʜʘʥʥʳʡ ʪʝʧʣʦʚʦʡ ʧʦʪʦʢ) ʷʚʣʷʝʪʩʷ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʠʟʫʯʝʥʥʳʤ ʜʣʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʤʝʩʝʡ. ɺ ʜʠʩʩʝʨʪʘʮʠʠ 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʠ ʨʘʟʚʠʪʠʝ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʜʚʫʭ- ʠ 

ʪʨʸʭʢʦʤʧʦʥʝʥʪʥʳʭ ʩʤʝʩʝʡ ʩ ʵʬʬʝʢʪʦʤ ʉʦʨʝ ʚ ʧʣʦʩʢʦʤ ʩʣʦʝ ʧʨʠ ʫʩʣʦʚʠʠ ʟʘʜʘʥʥʦʛʦ 
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ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʥʘ ʛʨʘʥʠʮʝ. ʈʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʟʘʜʘʯʘ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʤʝʝʪ 

ʥʦʚʠʟʥʫ ʠ ʘʢʪʫʘʣʴʥʦʩʪʴ.  

  ɺ ʜʠʩʩʝʨʪʘʮʠʠ ʪʘʢʞʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʟʘʜʘʯʘ ʢʦʥʚʝʢʮʠʠ ʜʣʷ ʢʦʥʢʨʝʪʥʦʡ 

ʩʤʝʩʠ ʪʦʣʫʦʣ-ʤʝʪʘʥʦʣ-ʮʠʢʣʦʛʝʢʩʘʥ ʚ ʤʘʩʩʦʚʳʭ ʧʨʦʧʦʨʮʠʷʭ 0.61/0.32/0.07 ʚ 

ʟʘʤʢʥʫʪʦʡ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʦʙʣʘʩʪʠ. ʊʝʧʣʦʚʳʝ ʫʩʣʦʚʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʠʜʝʘʣʴʥʦ 

ʪʝʧʣʦʧʨʦʚʦʜʥʳʤ ʛʨʘʥʠʮʘʤ. ʆʩʦʙʝʥʥʦʩʪʴʶ ʟʘʜʘʯʠ ʷʚʣʷʝʪʩʷ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʜʣʷ 

ʜʘʥʥʦʡ ʩʤʝʩʠ ʩʫʤʤʘʨʥʦʝ ʦʪʥʦʰʝʥʠʝ ʨʘʟʜʝʣʝʥʠʷ ɰ  ȾϽὛ  ȾϽ

Ὓ  ʦʢʘʟʳʚʘʝʪʩʷ ʙʣʠʟʢʠʤ ʢ ʥʫʣʶ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʥʝʪʨʠʚʠʘʣʴʥʦʤʫ ʧʦʚʝʜʝʥʠʶ.  

 ʂʦʥʚʝʢʮʠʷ ʚ ʟʘʤʢʥʫʪʳʭ ʦʙʣʘʩʪʷʭ ʷʚʣʷʝʪʩʷ ʭʦʨʦʰʦ ʠʟʫʯʝʥʥʳʤ ʷʚʣʝʥʠʝʤ. ɼʣʷ 

ʦʜʥʦʢʦʤʧʦʥʝʥʪʥʦʡ ʩʤʝʩʠ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʠ ʥʘʜʢʨʠʪʠʯʝʩʢʠʝ ʨʝʞʠʤʳ ʠʟʫʯʘʣʠʩʴ, 

ʥʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʘʭ [155-163]. ɺ ʢʚʘʜʨʘʪʥʦʡ ʦʙʣʘʩʪʠ ʧʨʠ ʧʦʜʦʛʨʝʚʝ ʩʥʠʟʫ ʧʦʨʦʛ 

ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʢʦʥʚʝʢʮʠʠ ʜʣʷ ʠʟʦʪʝʨʤʠʯʝʩʢʠʭ ʙʦʢʦʚʳʭ ʛʨʘʥʝʡ Ra å 5100, ʜʣʷ 

ʘʜʠʘʙʘʪʠʯʝʩʢʠʭ ï Ra å 2500, ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʧʨʠ ʵʪʦʤ ʨʘʟʚʠʚʘʝʪʩʷ ʚ ʚʠʜʝ 

ʦʜʥʦʚʠʭʨʝʚʦʛʦ ʜʚʠʞʝʥʠʷ. ʉ ʫʜʣʠʥʝʥʠʝʤ ʧʦ ʛʦʨʠʟʦʥʪʘʣʠ ʚ ʩʠʩʪʝʤʝ ʬʦʨʤʠʨʫʝʪʩʷ 

ʥʝʩʢʦʣʴʢʦ ʚʠʭʨʝʡ, ʜʣʷ ʜʦʩʪʘʪʦʯʥʦ ʜʣʠʥʥʦʡ ʷʯʝʡʢʠ ʨʝʟʫʣʴʪʘʪʳ ʧʨʠʙʣʠʞʘʶʪʩʷ ʢ 

ʧʨʝʜʝʣʴʥʦʤʫ ʩʣʫʯʘʶ ʧʣʦʩʢʦʛʦ ʩʣʦʷ (ʩ ʢʨʠʪʠʯʝʩʢʠʤ ʯʠʩʣʦʤ ʈʝʣʝʷ Ra = 1707 ʠ 

ʚʦʣʥʦʚʳʤ ʯʠʩʣʦʤ k = 3.116 ʜʣʷ ʠʟʦʪʝʨʤʠʯʝʩʢʠʭ ʛʨʘʥʠʮ). ɺʠʭʨʠ, ʢʦʪʦʨʳʝ 

ʚʦʟʥʠʢʘʶʪ ʚ ʜʚʫʭʤʝʨʥʦʡ ʛʝʦʤʝʪʨʠʠ, ʚ ʪʨʝʭʤʝʨʥʦʤ ʩʣʫʯʘʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʩʪʨʫʢʪʫʨʘʤ ʚ ʚʠʜʝ ʚʳʪʷʥʫʪʳʭ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʚʘʣʦʚ (ʞʠʜʢʦʩʪʴ ʮʠʨʢʫʣʠʨʫʝʪ ʚ 

ʘʟʠʤʫʪʘʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ), ʦʩʴ ʢʦʪʦʨʳʭ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʧʘʨʘʣʣʝʣʴʥʦ ʤʝʥʴʰʝʡ 

ʩʪʦʨʦʥʝ ʦʩʥʦʚʘʥʠʷ ʦʙʣʘʩʪʠ (ʜʣʷ ʷʯʝʡʢʠ ʩ ʢʚʘʜʨʘʪʥʳʤ ʦʩʥʦʚʘʥʠʝʤ ʚʦʟʤʦʞʥʦ ʪʘʢʞʝ 

ʜʠʘʛʦʥʘʣʴʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ, ʢʦʪʦʨʦʝ, ʚʧʨʦʯʝʤ, ʥʝʫʩʪʦʡʯʠʚʦ). ɺ ʷʯʝʡʢʝ ʩ 

ʦʪʥʦʰʝʥʠʝʤ ʩʪʦʨʦʥ 5Ĭ5Ĭ1 ʢʨʠʪʠʯʝʩʢʦʝ ʯʠʩʣʦ ʈʝʣʝʷ ~ 2000, ʯʪʦ ʙʣʠʟʢʦ ʢ ʩʣʫʯʘʶ 

ʧʣʦʩʢʦʛʦ ʩʣʦʷ. ɺ ʪʨʝʭʤʝʨʥʦʤ ʩʣʫʯʘʝ ʨʘʟʣʠʯʥʳʝ ʬʘʢʪʦʨʳ ʤʦʛʫʪ ʧʨʠʚʦʜʠʪʴ ʢ ʙʦʣʝʝ 

ʩʣʦʞʥʳʤ ʨʝʞʠʤʘʤ, ʥʘʧʨʠʤʝʨ, ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʷʯʝʝʢ, ʯʪʦ, ʚ 

ʯʘʩʪʥʦʩʪʠ, ʚʦʟʤʦʞʥʦ ʧʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʚʷʟʢʦʩʪʠ, ʟʘʚʠʩʷʱʝʡ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ [161, 

162], ʠʣʠ ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʩʦʦʪʥʦʰʝʥʠʷʭ ʯʠʩʝʣ ʈʝʣʝʷ, ʇʨʘʥʜʪʣʷ ʠ ʚʦʣʥʦʚʦʛʦ 

ʯʠʩʣʘ [163].  

 ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʢʦʥʚʝʢʮʠʠ ʜʚʫʭ- ʠ ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʳʭ ʩʤʝʩʝʡ ʩ 

ʵʬʬʝʢʪʦʤ ʉʦʨʝ ʚ ʟʘʤʢʥʫʪʳʭ ʦʙʣʘʩʪʷʭ ʤʦʞʥʦ ʥʘʡʪʠ, ʥʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʘʭ [164-170]. 
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ʅʘʣʠʯʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʵʬʬʝʢʪʦʚ ʜʠʬʬʫʟʠʠ ʠ ʪʝʨʤʦʜʠʬʬʫʟʠʠ ʝʱʝ ʙʦʣʴʰʝ 

ʫʩʣʦʞʥʷʝʪ ʧʦʚʝʜʝʥʠʝ ʩʠʩʪʝʤʳ ʢʘʢ ʜʣʷ ʜʚʫʭʤʝʨʥʳʭ, ʪʘʢ ʠ ʜʣʷ ʪʨʝʭʤʝʨʥʳʭ ʨʝʞʠʤʦʚ. 

ʊʝʤ ʥʝ ʤʝʥʝʝ, ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʧʝʨʝʭʦʜʝ ʦʪ ʦʜʥʦʢʦʤʧʦʥʝʥʪʥʳʭ ʞʠʜʢʦʩʪʝʡ 

ʢ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʤ ʚ ʟʘʤʢʥʫʪʳʭ ʦʙʣʘʩʪʷʭ ʧʦʚʝʜʝʥʠʝ ʩʠʩʪʝʤʳ ʧʦʚʪʦʨʷʝʪ ʦʙʱʠʝ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ, ʢʦʪʦʨʳʝ ʭʘʨʘʢʪʝʨʥʳ ʧʨʠ ʧʝʨʝʭʦʜʝ ʦʪ ʨʘʩʩʤʦʪʨʝʥʠʷ ʧʣʦʩʢʦʛʦ ʩʣʦʷ 

ʦʜʥʦʢʦʤʧʦʥʝʥʪʥʦʡ ʞʠʜʢʦʩʪʠ ʢ ʩʣʫʯʘʶ ʧʣʦʩʢʦʛʦ ʩʣʦʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʡ 

ʞʠʜʢʦʩʪʠ ʩ ʵʬʬʝʢʪʦʤ ʉʦʨʝ (ʩʤ. ʨʠʩ. 2.1 ʠ ʨʠʩ. 2.3).  

 ɺ ʩʣʫʯʘʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʦʥʚʝʢʮʠʠ ʩ ʵʬʬʝʢʪʦʤ ʉʦʨʝ ʚʘʞʥʳʤ ʤʦʤʝʥʪʦʤ 

ʷʚʣʷʝʪʩʷ ʟʥʘʥʠʝ ʟʥʘʯʝʥʠʡ ʢʦʵʬʬʠʮʠʝʥʪʦʚ, ʦʧʨʝʜʝʣʷʶʱʠʭ ʧʨʦʮʝʩʩ ʪʝʨʤʦʜʠʬʬʫʟʠʠ 

ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʞʠʜʢʦʩʪʠ. ʅʘʭʦʞʜʝʥʠʝ ʜʘʥʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ, ʢʘʢ 

ʪʝʦʨʝʪʠʯʝʩʢʠ, ʪʘʢ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ, ʟʘʤʝʪʥʦ ʫʩʣʦʞʥʷʝʪʩʷ ʩ ʨʦʩʪʦʤ ʯʠʩʣʘ 

ʢʦʤʧʦʥʝʥʪʦʚ ʩʤʝʩʠ.  

 ʉʨʝʜʠ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʧʦʜʭʦʜʦʚ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʤʝʪʦʜʳ ʤʦʣʝʢʫʣʷʨʥʦʡ 

ʜʠʥʘʤʠʢʠ, ʩʫʪʴ ʢʦʪʦʨʳʭ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʨʷʤʦʤ ʯʠʩʣʝʥʥʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ 

ʜʠʥʘʤʠʢʠ ʥʝʢʦʪʦʨʦʛʦ ʯʠʩʣʘ ʤʦʣʝʢʫʣ (ʦʪ ʥʝʩʢʦʣʴʢʠʭ ʪʳʩʷʯ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʜʝʩʷʪʢʦʚ 

ʤʠʣʣʠʦʥʦʚ ʤʦʣʝʢʫʣ) ʟʘ ʥʝʙʦʣʴʰʦʡ ʧʨʦʤʝʞʫʪʦʢ ʚʨʝʤʝʥʠ (ʦʙʳʯʥʦ ʥʝ ʙʦʣʴʰʝ 

ʥʘʥʦʩʝʢʫʥʜ), ʧʨʠ ʵʪʦʤ ʜʝʡʩʪʚʫʶʱʠʝ ʤʝʞʜʫ ʤʦʣʝʢʫʣʘʤʠ ʩʠʣʳ ʟʘʜʘʶʪʩʷ ʥʝʢʦʪʦʨʳʤ 

ʧʦʪʝʥʮʠʘʣʦʤ ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ (ʚ ʧʨʦʩʪʝʡʰʝʤ ʩʣʫʯʘʝ ʧʦʪʝʥʮʠʘʣ 

ʃʝʥʥʘʨʜʘ-ɼʞʦʥʩʘ). ʊʠʧʠʯʥʳʤ ʧʨʠʤʝʨʦʤ ʥʝʨʘʚʥʦʚʝʩʥʦʡ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ 

[171,172] ʷʚʣʷʝʪʩʷ ʩʣʝʜʫʶʱʘʷ ʤʦʜʝʣʴ: ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʚ ʦʜʥʦʡ ʯʘʩʪʠ ʦʙʣʘʩʪʠ 

ʥʘʭʦʜʠʪʩʷ ʦʜʠʥ ʩʦʨʪ ʯʘʩʪʠʮ, ʚʦ ʚʪʦʨʦʡ ʯʘʩʪʠ ï ʜʨʫʛʦʡ ʩʦʨʪ ʯʘʩʪʠʮ, ʧʦʩʣʝ ʯʝʛʦ 

ʥʘʯʠʥʘʝʪʩʷ ʨʘʩʯʝʪ, ʯʘʩʪʠʮʳ ʧʨʠʚʦʜʷʪʩʷ ʚ ʜʚʠʞʝʥʠʝ, ʠ ʧʦ ʚʝʣʠʯʠʥʝ ʧʦʪʦʢʘ ʯʘʩʪʠʮ 

ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʢʦʵʬʬʠʮʠʝʥʪʳ ʜʠʬʬʫʟʠʠ; ʧʦʭʦʞʠʤ ʦʙʨʘʟʦʤ ʦʧʨʝʜʝʣʷʶʪʩʷ 

ʜʨʫʛʠʝ ʢʦʵʬʬʠʮʠʝʥʪʳ. ɺ ʨʘʚʥʦʚʝʩʥʦʡ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʝ [173-175] 

ʥʘʯʘʣʴʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʦʣʝʢʫʣ ʟʘʜʘʝʪʩʷ ʩʤʝʰʘʥʥʳʤ, ʢʦʵʬʬʠʮʠʝʥʪʳ ʧʝʨʝʥʦʩʘ 

ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʧʦʩʨʝʜʩʪʚʦʤ ʚʳʯʠʩʣʝʥʠʷ ʢʦʨʨʝʣʷʮʠʦʥʥʳʭ ʬʫʥʢʮʠʡ ʩʢʦʨʦʩʪʝʡ, 

ʢʦʦʨʜʠʥʘʪ, ʠʤʧʫʣʴʩʦʚ ʠ ʜʨ.  

 ʆʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʠ ʥʘʠʙʦʣʝʝ ʫʩʧʝʰʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʤʝʪʦʜʦʚ 

ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʉʦʨʝ ʷʚʣʷʝʪʩʷ ʪʝʨʤʦʜʠʬʬʫʟʠʦʥʥʘʷ ʢʦʣʦʥʥʘ 

[138,154,176,177]. ʊʝʨʤʦʜʠʬʬʫʟʠʦʥʥʘʷ ʢʦʣʦʥʥʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʚʝʨʪʠʢʘʣʴʥʫʶ 
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ʫʩʪʘʥʦʚʢʫ ʚ ʚʠʜʝ ʧʣʦʩʢʦʛʦ ʩʣʦʷ ʠʣʠ ʮʠʣʠʥʜʨʘ, ʢ ʢʦʪʦʨʦʡ ʧʨʠʢʣʘʜʳʚʘʝʪʩʷ 

ʧʦʧʝʨʝʯʥʳʡ ʛʨʘʜʠʝʥʪ ʪʝʤʧʝʨʘʪʫʨʳ. ʇʨʠ ʵʪʦʤ ʚ ʢʦʣʦʥʥʝ ʚʦʟʥʠʢʘʝʪ ʢʦʥʚʝʢʪʠʚʥʦʝ 

ʜʚʠʞʝʥʠʝ, ʢʦʪʦʨʦʝ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʛʨʘʜʠʝʥʪʘ 

ʢʦʥʮʝʥʪʨʘʮʠʠ. ʀʟʤʝʨʝʥʠʝ ʜʘʥʥʦʛʦ ʛʨʘʜʠʝʥʪʘ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʟʥʘʯʝʥʠʷ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʉʦʨʝ.  

 ɺ ʜʨʫʛʦʡ ʛʨʫʧʧʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʤʝʪʦʜʦʚ ʠʩʧʦʣʴʟʫʶʪʩʷ ʷʯʝʡʢʘ ʠʣʠ 

ʧʣʦʩʢʠʡ ʛʦʨʠʟʦʥʪʘʣʴʥʳʡ ʩʣʦʡ ʧʨʠ ʚʝʨʪʠʢʘʣʴʥʦʤ ʥʘʛʨʝʚʝ [178-180]. ʂʦʵʬʬʠʮʠʝʥʪ 

ʉʦʨʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʨʘʚʥʦʚʝʩʥʦʤʫ ʧʦʣʶ ʢʦʥʮʝʥʪʨʘʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʦʧʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ. ɺ ʜʘʥʥʳʭ ʤʝʪʦʜʘʭ ʚʘʞʥʳʤ ʫʩʣʦʚʠʝʤ ʷʚʣʷʝʪʩʷ ʦʪʩʫʪʩʪʚʠʝ 

ʢʦʥʚʝʢʮʠʠ, ʧʦʵʪʦʤʫ ʵʬʬʝʢʪʠʚʥʳʤʠ ʷʚʣʷʶʪʩʷ ʠʟʤʝʨʝʥʠʷ, ʧʨʦʚʦʜʠʤʳʝ ʚ ʫʩʣʦʚʠʷʭ 

ʥʝʚʝʩʦʤʦʩʪʠ, ʯʝʤʫ ʙʳʣʘ ʧʦʩʚʷʱʝʥʘ ʩʝʨʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ DCMIX ï ʠʟʤʝʨʝʥʠʝ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʠʬʬʫʟʠʠ ʠ ʪʝʨʤʦʜʠʬʬʫʟʠʠ ʥʘ ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʩʤʠʯʝʩʢʦʡ 

ʩʪʘʥʮʠʠ [181].  

  ɿʘʜʘʯʘ, ʨʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʚ ʜʠʩʩʝʨʪʘʮʠʠ, ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩʚʷʟʘʥʘ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʦʤ DCMIX-2, ʚ ʢʦʪʦʨʦʤ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʩʤʝʩʠ ʪʦʣʫʦʣ-ʤʝʪʘʥʦʣ-

ʮʠʢʣʦʛʝʢʩʘʥ ʠ ʪʦʣʫʦʣ-ʮʠʢʣʦʛʝʢʩʘʥ ʚ ʨʘʟʣʠʯʥʳʭ ʧʨʦʧʦʨʮʠʷʭ. ɼʣʷ ʥʘʭʦʞʜʝʥʠʷ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʠʬʬʫʟʠʠ ʠ ʪʝʨʤʦʜʠʬʬʫʟʠʠ ʧʨʦʚʦʜʠʣʠʩʴ ʠʟʤʝʨʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ 

ʧʨʝʣʦʤʣʝʥʠʷ ʩʨʝʜʳ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʦʚ ʦʧʪʠʯʝʩʢʦʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ [179]. ɼʣʷ 

ʪʨʸʭʢʦʤʧʦʥʝʥʪʥʳʭ ʩʤʝʩʝʡ ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʚʫʭ ʠʩʪʦʯʥʠʢʦʚ ʣʘʟʝʨʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʩ ʨʘʟʣʠʯʥʳʤʠ ʜʣʠʥʘʤʠ ʚʦʣʥ (ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ DCMIX ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʩ 

ʜʣʠʥʘʤʠ ʚʦʣʥ ‗  = 670 ʥʤ, ‗  = 935 ʥʤ),  ʜʣʷ ʢʦʪʦʨʳʭ ʦʪʢʣʦʥʝʥʠʷ ʧʦʢʘʟʘʪʝʣʝʡ 

ʧʨʝʣʦʤʣʝʥʠʷ ὲ, ὲ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʟʘʧʠʩʳʚʘʶʪʩʷ ʚ ʚʠʜʝ:  

ὲ Ὑ Ͻὅ Ὑ Ͻὅȟ (2.26) 

ὲ Ὑ Ͻὅ Ὑ ϽὅȢ (2.27) 

ɿʜʝʩʴ Ὑ ὲ ὅϳ
ȟ
 ï ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʠʟʤʝʨʝʥʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ, ὅ ὅ

ὅ  ï ʦʪʢʣʦʥʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʦʪ ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʡ, ὲ ὲ ὲ. ʍʘʨʘʢʪʝʨʥʳʝ 

ʜʠʬʬʫʟʠʦʥʥʳʝ ʚʨʝʤʝʥʘ ʜʣʷ ʞʠʜʢʠʭ ʩʤʝʩʝʡ ʤʥʦʛʦ ʙʦʣʴʰʝ, ʯʝʤ ʪʝʧʣʦʚʳʝ, ʪ.ʝ. 
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ʪʝʤʧʝʨʘʪʫʨʘ ʚ ʩʠʩʪʝʤʝ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʥʘʤʥʦʛʦ ʙʳʩʪʨʝʝ, ʧʦʵʪʦʤʫ ʧʦʢʘʟʘʪʝʣʴ 

ʧʨʝʣʦʤʣʝʥʠʷ ὲ, ʦʪʚʝʯʘʶʱʠʡ ʩʨʝʜʥʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ὅ, ʟʘʧʠʩʘʥ ʩ ʫʯʝʪʦʤ ʫʞʝ 

ʫʩʪʘʥʦʚʠʚʰʝʛʦʩʷ ʧʦʣʷ ʪʝʤʧʝʨʘʪʫʨʳ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʟʤʝʨʷʷ ὲ, ὲ ʠ ʨʝʰʘʷ 

ʩʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ (2.26)-(2.27), ʚʦʟʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʧʦʣʝ ʢʦʥʮʝʥʪʨʘʮʠʠ, ʧʦ 

ʟʥʘʯʝʥʠʷʤ ʢʦʪʦʨʦʛʦ ʦʧʨʝʜʝʣʷʶʪʩʷ ʢʦʵʬʬʠʮʠʝʥʪʳ ʉʦʨʝ.  

 ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ [180], ʤʘʪʨʠʮʘ ʢʦʵʬʬʠʮʠʝʥʪʦʚ Ὑ  ʚ ʩʠʩʪʝʤʝ ʣʠʥʝʡʥʳʭ 

ʫʨʘʚʥʝʥʠʡ (2.26)-(2.27) ʤʦʞʝʪ ʙʳʪʴ ʧʣʦʭʦ ʦʙʫʩʣʦʚʣʝʥʥʦʡ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʧʨʠ 

ʥʝʙʦʣʴʰʦʡ ʧʦʛʨʝʰʥʦʩʪʠ ʚ ʠʟʤʝʨʝʥʠʠ ὲ, ὲ, ʤʳ ʤʦʞʝʤ ʧʦʣʫʯʠʪʴ ʟʥʘʯʝʥʠʷ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʉʦʨʝ, ʠʟʤʝʨʝʥʥʳʭ ʩ ʩʫʱʝʩʪʚʝʥʥʦʡ ʦʰʠʙʢʦʡ.  

 ɺ ʜʠʩʩʝʨʪʘʮʠʠ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʩʤʝʩʴ ʪʦʣʫʦʣ-ʤʝʪʘʥʦʣ-ʮʠʢʣʦʛʝʢʩʘʥ ʚ 

ʤʘʩʩʦʚʳʭ ʧʨʦʧʦʨʮʠʷʭ 0.61/0.32/0.07, ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʉʦʨʝ 

ʜʣʷ ʜʘʥʥʦʡ ʩʤʝʩʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʨʘʙʦʪʝ [179]. ɼʘʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, 

ʧʦʣʫʯʝʥʥʳʝ ʩ ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʩʤʠʯʝʩʢʦʡ ʩʪʘʥʮʠʠ, ʦʙʨʘʙʘʪʳʚʘʣʠʩʴ ʜʚʫʤʷ 

ʛʨʫʧʧʘʤʠ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʤʝʪʦʜʠʢ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʜʚʘ ʚʘʨʠʘʥʪʘ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʉʦʨʝ: 1) Ὓ 0.504Ā10-3 K-1 ʠ 

Ὓ = ï1.098Ā10-3 K-1; 2) Ὓ 0.387Ā10-3 K-1 ʠ Ὓ = ï1.145Ā10-3 K-1.  

 ɺʦ ʤʥʦʛʠʭ ʜʨʫʛʠʭ ʩʣʫʯʘʷʭ ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʜʚʫʤʷ ʥʘʙʦʨʘʤʠ ʜʘʥʥʳʭ ʤʦʛʣʘ ʙʳ 

ʙʳʪʴ ʨʘʩʮʝʥʝʥʘ ʢʘʢ ʥʝʟʥʘʯʠʪʝʣʴʥʘʷ, ʯʪʦ ʧʨʠʚʦʜʠʣʦ ʙʳ ʣʠʰʴ ʢ ʥʝʩʫʱʝʩʪʚʝʥʥʳʤ 

ʢʦʣʠʯʝʩʪʚʝʥʥʳʤ ʨʘʟʣʠʯʠʷʤ ʚ ʧʦʚʝʜʝʥʠʠ ʩʤʝʩʠ. ʆʜʥʘʢʦ, ʢʘʢ ʧʦʢʘʟʘʣʠ ʚʳʯʠʩʣʝʥʠʷ, 

ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʤʝʩʠ ʩʫʤʤʘʨʥʦʝ ʦʪʥʦʰʝʥʠʝ ʨʘʟʜʝʣʝʥʠʷ ɰ  

 ȾϽὛ  ȾϽὛ  ʦʢʘʟʳʚʘʝʪʩʷ ʙʣʠʟʢʠʤ ʢ ʥʫʣʶ, ʧʨʠ ʵʪʦʤ ʚ ʧʝʨʚʦʤ 

ʩʣʫʯʘʝ ʦʥʦ ʦʢʘʟʳʚʘʝʪʩʷ ʧʦʣʦʞʠʪʝʣʴʥʳʤ ɰ = 0.0154, ʘ ʚʦ ʚʪʦʨʦʤ ï ʦʪʨʠʮʘʪʝʣʴʥʳʤ 

ɰ = ï 0.0006.  

 ɺ ʪʝʦʨʠʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʤʝʩʝʡ ʩʫʤʤʘʨʥʦʝ ʦʪʥʦʰʝʥʠʝ 

ʨʘʟʜʝʣʝʥʠʷ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʧʘʨʘʤʝʪʨ, ʢʦʪʦʨʳʡ ʦʧʨʝʜʝʣʷʝʪ ʦʪʥʦʰʝʥʠʝ 

ʩʠʣ ʧʣʘʚʫʯʝʩʪʠ, ʚʳʟʚʘʥʥʳʭ ʛʨʘʜʠʝʥʪʘʤʠ ʢʦʥʮʝʥʪʨʘʮʠʠ, ʢ ʩʠʣʘʤ ʧʣʘʚʫʯʝʩʪʠ, 

ʚʳʟʚʘʥʥʳʭ ʛʨʘʜʠʝʥʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ. ʇʨʠ ʵʪʦʤ ʩʤʝʥʘ ʟʥʘʢʘ ɰ ʩ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʥʘ 

ʦʪʨʠʮʘʪʝʣʴʥʳʡ (ʩ ʫʯʝʪʦʤ ʬʠʢʩʠʨʦʚʘʥʥʦʛʦ ʥʘʛʨʝʚʘ) ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʩʠʣʘ 
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ʧʣʘʚʫʯʝʩʪʠ ʠʟ-ʟʘ ʩʫʤʤʘʨʥʦʛʦ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʛʦ ʚʢʣʘʜʘ ʩʪʘʥʦʚʠʪʩʷ 

ʜʝʩʪʘʙʠʣʠʟʠʨʫʶʱʝʡ.  

 ɺ ʜʠʩʩʝʨʪʘʮʠʠ ʧʨʦʚʦʜʠʪʩʷ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʘ ʢʦʥʚʝʢʮʠʠ ʜʣʷ ʜʚʫʭ 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚʳʰʝ ʥʘʙʦʨʦʚ ʟʥʘʯʝʥʠʡ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʉʦʨʝ (ʘ ʪʘʢʞʝ ʜʣʷ ʠʭ 

ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʡ). ɼʘʶʪʩʷ ʜʝʪʘʣʴʥʦʝ ʦʧʠʩʘʥʠʝ ʠ ʘʥʘʣʠʟ ʵʚʦʣʶʮʠʠ ʧʨʦʠʩʭʦʜʷʱʠʭ 

ʚ ʞʠʜʢʦʡ ʩʤʝʩʠ ʧʨʦʮʝʩʩʦʚ, ʧʨʠʚʦʜʠʪʩʷ ʩʨʘʚʥʝʥʠʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ 

ʠʟ ʨʘʙʦʪʳ [179]. 

 ɺ ʨʘʙʦʪʘʭ ʧʦ ʠʟʫʯʝʥʠʶ ʧʨʦʮʝʩʩʦʚ ʢʦʥʚʝʢʮʠʠ ʠ ʪʝʧʣʦʤʘʩʩʦʧʝʨʝʥʦʩʘ ʚ 

ʟʘʤʢʥʫʪʳʭ ʦʙʣʘʩʪʷʭ ʠ ʙʝʩʢʦʥʝʯʥʳʭ ʩʣʦʷʭ ʧʦʜʦʙʥʳʝ ʩʠʪʫʘʮʠʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ 

ʠʩʩʣʝʜʦʚʘʣʠʩʴ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʚʝʜʝʥʠʷ ʩʠʩʪʝʤʳ ʥʘ ʛʨʘʥʠʮʝ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʷʚʣʷʝʪʩʷ ʥʝʪʨʠʚʠʘʣʴʥʳʤ ʠ ʚʘʞʥʳʤ ʜʣʷ ʧʦʥʠʤʘʥʠʷ ʧʨʦʮʝʩʩʦʚ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ, ʜʠʬʬʫʟʠʠ, ʢʦʥʚʝʢʮʠʠ ʠ ʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ɼʘʥʥʦʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʨʘʤʢʘʭ ʨʘʙʦʪ ʧʦ ʘʥʘʣʠʟʫ ʠ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʨʝʟʫʣʴʪʘʪʦʚ 

ʵʢʩʧʝʨʠʤʝʥʪʘ DCMIX-2. ʈʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʟʘʜʘʯʘ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʤʝʝʪ 

ʧʨʘʢʪʠʯʝʩʢʫʶ ʟʥʘʯʠʤʦʩʪʴ, ʥʦʚʠʟʥʫ ʠ ʘʢʪʫʘʣʴʥʦʩʪʴ.  

 

 ɼʣʷ ʦʧʠʩʘʥʠʷ ʧʦʚʝʜʝʥʠʷ ὲ-ʢʦʤʧʦʥʝʥʪʥʳʭ ʩʤʝʩʝʡ ʙʫʜʝʤ ʧʦʣʴʟʦʚʘʪʴʩʷ 

ʫʨʘʚʥʝʥʠʷʤʠ ʩʚʦʙʦʜʥʦʡ ʢʦʥʚʝʢʮʠʠ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ɹʫʩʩʠʥʝʩʢʘ [146], ʩ ʫʯʝʪʦʤ 

ʵʬʬʝʢʪʘ ʉʦʨʝ.  

Ἶ

ὸ
ἾϽɳἾ

ρ

”
ὴɳ ’ɳ Ἶ Ὕ ╘ὄ╒Ἧȟ (2.28) 

ÄÉÖ Ἶ πȟ (2.29) 

Ὕ

ὸ
ἾϽɳὝ …ɳ Ὕȟ (2.30) 

╒

ὸ
ἾϽɳ╒ Ὀɳ ╒ ╓╣ɳ ὝȢ (2.31) 

ɿʜʝʩʴ Ἶ ὺȟὺȟὺ  ï ʚʝʢʪʦʨ ʩʢʦʨʦʩʪʠ ʚ ʜʝʢʘʨʪʦʚʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ c ʨʘʜʠʫʩ 

ʚʝʢʪʦʨʦʤ Ἲ ὼȟώȟᾀ, ╒ ὅȟὅȣὅ  ï ʚʝʢʪʦʨ ʢʦʤʧʦʥʝʥʪʦʚ ʢʦʥʮʝʥʪʨʘʮʠʠ, Ὕ 

ï ʪʝʤʧʝʨʘʪʫʨʘ (ʟʥʘʯʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʙʫʜʝʤ ʦʪʩʯʠʪʳʚʘʪʴ ʦʪ 
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ʥʝʢʦʪʦʨʳʭ ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʡ Ὕ ʠ ╒),  ὴ ï ʜʘʚʣʝʥʠʝ,  Ἧ 0,0ȟὫ ï ʚʝʢʪʦʨ 

ʫʩʢʦʨʝʥʠʷ ʩʚʦʙʦʜʥʦʛʦ ʧʘʜʝʥʠʷ, ” ï ʩʨʝʜʥʷʷ ʧʣʦʪʥʦʩʪʴ, ’ ï ʢʠʥʝʤʘʪʠʯʝʩʢʘʷ 

ʚʷʟʢʦʩʪʴ, … ï ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʤʧʝʨʘʪʫʨʦʧʨʦʚʦʜʥʦʩʪʠ,  ╓╣ Ὀ ȟὈ ȣὈ  ï 

ʚʝʢʪʦʨ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʪʝʨʤʦʜʠʬʬʫʟʠʠ, Ὀ ï ʢʚʘʜʨʘʪʥʘʷ ʤʘʪʨʠʮʘ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

ʜʠʬʬʫʟʠʠ c ʢʦʤʧʦʥʝʥʪʘʤʠ Ὀ ὭȟὮ ρȣὲ ρ,  
╒
  ï ʢʦʵʬʬʠʮʠʝʥʪ 

ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ, ὄ ÄÉÁÇ ȟ ȣ  ï ʜʠʘʛʦʥʘʣʴʥʘʷ ʤʘʪʨʠʮʘ, ʛʜʝ 

  
ȟ ȟ

 ï ʢʦʵʬʬʠʮʠʝʥʪʳ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʛʦ ʨʘʩʰʠʨʝʥʠʷ, ╘

ρȟρȣρ ï ʝʜʠʥʠʯʥʳʡ ʚʝʢʪʦʨ ʨʘʟʤʝʨʥʦʩʪʠ ὲ ρ (ʪʘʢʠʤ ʦʙʨʘʟʦʤ ╘ὄ╒

В ὅ▪
░ ).  

 ɺ ʫʨʘʚʥʝʥʠʠ (2.28) ʜʘʚʣʝʥʠʝ ὴ ʟʘʧʠʩʘʥʦ ʙʝʟ ʫʯʝʪʘ ʛʠʜʨʦʩʪʘʪʠʯʝʩʢʦʡ 

ʩʦʩʪʘʚʣʷʶʱʝʡ, ʪ.ʝ. ʫʯʪʝʥʦ, ʯʪʦ ὴɳ ”ἯȢ ʋʯʪʝʥʦ ʪʘʢʞʝ, ʯʪʦ ʧʣʦʪʥʦʩʪʴ ʣʠʥʝʡʥʦ 

ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ:  

” ” ρ Ὕ ╘ὄ╒Ȣ (2.32) 

 ʇʨʠʙʣʠʞʝʥʠʝ ɹʫʩʩʠʥʝʩʢʘ ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʫʯʝʪ ʧʝʨʝʤʝʥʥʦʩʪʠ ʧʣʦʪʥʦʩʪʠ 

ʪʦʣʴʢʦ ʚ ʩʣʘʛʘʝʤʳʭ ʩ ʤʘʩʩʦʚʳʤʠ ʩʠʣʘʤʠ (ʧʦʩʣʝʜʥʝʝ ʩʣʘʛʘʝʤʦʝ ʚ ʫʨʘʚʥʝʥʠʠ (2.28)). 

ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ [182], ʜʣʷ ʦʧʨʘʚʜʘʥʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʨʠʙʣʠʞʝʥʠʷ ɹʫʩʩʠʥʝʩʢʘ 

ʥʝʦʙʭʦʜʠʤʦ ʚʳʧʦʣʥʝʥʠʝ ʜʚʫʭ ʫʩʣʦʚʠʡ: 1) ʧʘʨʘʤʝʪʨ ɹʫʩʩʠʥʝʩʢʘ ɡ  0, ʛʜʝ ɡ ï 

ʭʘʨʘʢʪʝʨʥʘʷ ʨʘʟʥʠʮʘ ʪʝʤʧʝʨʘʪʫʨ ʚ ʩʠʩʪʝʤʝ; 2) ʧʘʨʘʤʝʪʨ ὫὰȾ’…  Њ, ʛʜʝ ὰ ï 

ʭʘʨʘʢʪʝʨʥʳʡ ʨʘʟʤʝʨ ʦʙʣʘʩʪʠ. ʇʘʨʘʤʝʪʨ ɹʫʩʩʠʥʝʩʢʘ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʚʝʣʠʯʠʥʫ 

ʠʟʤʝʥʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʟʤʝʥʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ, ʜʣʷ ʞʠʜʢʠʭ ʩʨʝʜ 

 1ͯ0-3é10-4 +  ᴈ , ʧʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʢʦʥʚʝʢʪʠʚʥʳʭ ʟʘʜʘʯ ɡ ͯ 10 + ᴈ , ʪʘʢ 

ʯʪʦ  ɡ ͯ 10-2 (ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʪʘʢʞʝ ʥʝʦʙʭʦʜʠʤʦ ʚʳʧʦʣʥʝʥʠʝ ʘʥʘʣʦʛʠʯʥʦʛʦ 

ʫʩʣʦʚʠʷ ʜʣʷ ʢʦʥʮʝʥʪʨʘʮʠʠ, ʦʜʥʘʢʦ ʥʘ ʧʨʘʢʪʠʢʝ ʜʘʥʥʳʡ ʧʘʨʘʤʝʪʨ ʦʢʘʟʳʚʘʝʪʩʷ ʝʱʝ 

ʤʝʥʴʰʝ, ʯʝʤ ʧʘʨʘʤʝʪʨ ɹʫʩʩʠʥʝʩʢʘ). ɺʪʦʨʦʡ ʧʘʨʘʤʝʪʨ, ὫὰȾ’…, ʭʘʨʘʢʪʝʨʠʟʫʝʪ 

ʦʪʥʦʩʠʪʝʣʴʥʳʡ ʚʢʣʘʜ ʬʘʢʪʦʨʦʚ ʧʣʘʚʫʯʝʩʪʠ ʠ ʦʙʲʝʤʥʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʞʠʜʢʦʩʪʠ ʚ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʦʣʷ ʩʢʦʨʦʩʪʠ. ʋʩʣʦʚʠʝ, ʥʘʢʣʘʜʳʚʘʝʤʦʝ ʥʘ ʜʘʥʥʳʡ ʧʘʨʘʤʝʪʨ, 

ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʝʛʜʘ ʟʘʚʝʜʦʤʦ ʚʳʧʦʣʥʷʝʪʩʷ: ʢʦʵʬʬʠʮʠʝʥʪʳ 
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ʪʝʤʧʝʨʘʪʫʨʦʧʨʦʚʦʜʥʦʩʪʠ ʠ ʢʠʥʝʤʘʪʠʯʝʩʢʦʡ ʚʷʟʢʦʩʪʠ ʜʣʷ ʞʠʜʢʦʩʪʝʡ  

’ȟ… ͯ 10-6é10-χ ʤ2/c,  Ὣ ~ 10 ̍ /ʩ2, ʠ ʝʩʣʠ ʚʟʷʪʴ ὰ ͯ 1 ʤʤ, ʪʦ ὫὰȾ’… ͯ 10-4. ʂʨʦʤʝ 

ʪʦʛʦ, ʩʧʨʘʚʝʜʣʠʚʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʨʠʙʣʠʞʝʥʠʷ ɹʫʩʩʠʥʝʩʢʘ ʧʦʜʪʚʝʨʞʜʝʥʘ 

ʤʥʦʛʦʯʠʩʣʝʥʥʳʤʠ ʩʨʘʚʥʝʥʠʷʤʠ ʨʝʟʫʣʴʪʘʪʦʚ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ ʠ ʬʠʟʠʯʝʩʢʠʭ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ [146].  

  

 ʇʝʨʝʡʜʝʤ ʢ ʙʝʟʨʘʟʤʝʨʥʳʤ ʚʝʣʠʯʠʥʘʤ. ɺʳʙʝʨʝʤ ʚ ʢʘʯʝʩʪʚʝ ʝʜʠʥʠʮʳ 

ʠʟʤʝʨʝʥʠʷ ʜʣʠʥʳ ʚʝʨʪʠʢʘʣʴʥʳʡ ʨʘʟʤʝʨ ʦʙʣʘʩʪʠ Ὤ, ʚʨʝʤʝʥʠ ὬȾ’, ʩʢʦʨʦʩʪʠ ’ȾὬ, 

ʪʝʤʧʝʨʘʪʫʨʳ ɡ, ʢʦʥʮʝʥʪʨʘʮʠʠ ɡὄ , ʜʘʚʣʝʥʠʷ ”’ȾὬ, ʧʣʦʪʥʦʩʪʠ ”ɡ. 

ʉʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ (2.28)-(2.31) ʧʝʨʝʧʠʰʝʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ:  

Ἶ

ὸ
ἾϽɳἾ ὴɳ ᶯἾ

2Á

0Ò
Ὕ ╘╒ȟ (2.33) 

ÄÉÖ Ἶ πȟ (2.34) 

Ὕ

ὸ
ἾϽɳὝ

ρ

0Ò
ᶯὝȟ (2.35) 

╒

ὸ
ἾϽɳ╒ Ὓὅɳ ╒ ⱶɳ ὝȢ (2.36) 

ɿʜʝʩʴ  ï ʝʜʠʥʠʯʥʳʡ ʚʝʢʪʦʨ, ʥʘʧʨʘʚʣʝʥʥʳʡ ʚʚʝʨʭ (Ἧ Ὣ Ὣ0,1,0), ╘╒

В ὅ▪
░ .  

ʉʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ (2.33)-(2.36) ʩʦʜʝʨʞʠʪ ʩʣʝʜʫʶʱʠʝ ʙʝʟʨʘʟʤʝʨʥʳʝ 

ʧʘʨʘʤʝʪʨʳ: ʯʠʩʣʦ ʈʝʣʝʷ 2Á ὫɡὬȾ’…, ʯʠʩʣʦ ʇʨʘʥʜʪʣʷ 0Ò’Ⱦ…, ʚʝʢʪʦʨ 

ʦʪʥʦʰʝʥʠʡ ʨʘʟʜʝʣʝʥʠʷ ⱶ ȟ ȣ  ὄὈ ╓╣, ʛʜʝ   Ὓ  

(Ὓ ï ʢʦʵʬʬʠʮʠʝʥʪʳ ʉʦʨʝ, ʩʤ. ʫʨʘʚʥʝʥʠʝ (2.7), ʥʘʧʦʤʥʠʤ ʪʘʢʞʝ, ʯʪʦ ʩʫʤʤʘ 

В  ɰ ï ʩʫʤʤʘʨʥʦʝ ʦʪʥʦʰʝʥʠʝ ʨʘʟʜʝʣʝʥʠʷ), Ὓὅ ’ ὄὈὄ  ï 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʘʷ ʤʘʪʨʠʮʘ ʯʠʩʝʣ ʐʤʠʜʪʘ, Ὓὅ Ⱦ Ὓὧ , ʛʜʝ Ὓὧ ’ȾὈ  ï 

ʤʘʪʨʠʮʘ ʯʠʩʝʣ ʐʤʠʜʪʘ, ὭȟὮ 1ȣὲ 1Ȣ 

ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʙʫʜʝʤ ʩʯʠʪʘʪʴ ʛʝʦʤʝʪʨʠʶ ʦʙʣʘʩʪʠ ʜʚʫʭʤʝʨʥʦʡ. 

ʋʨʘʚʥʝʥʠʷ (2.33)-(2.36) ʜʦʣʞʥʳ ʙʳʪʴ ʜʦʧʦʣʥʝʥʳ ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ. 

ʈʘʩʩʤʦʪʨʠʤ ʫʩʣʦʚʠʷ ʥʘ ʪʚʝʨʜʳʭ ʥʠʞʥʝʡ ʠ ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʘʭ. ɼʣʷ ʩʢʦʨʦʩʪʠ 
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ʩʪʘʚʠʪʩʷ ʫʩʣʦʚʠʝ ʧʨʠʣʠʧʘʥʠʷ; ʜʣʷ ʜʘʚʣʝʥʠʷ ʫʩʣʦʚʠʝ ʥʘ ʛʨʘʥʠʮʝ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ, 

ʧʨʦʝʢʪʠʨʫʷ ʫʨʘʚʥʝʥʠʝ ʜʚʠʞʝʥʠʷ (2.33) ʥʘ ʥʦʨʤʘʣʴ ʢ ʛʨʘʥʠʮʝ; ʜʣʷ ʪʝʤʧʝʨʘʪʫʨʳ 

ʩʪʘʚʠʪʩʷ ʫʩʣʦʚʠʝ ʟʘʜʘʥʥʦʛʦ ʧʦʩʪʦʷʥʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ; ʜʣʷ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʛʨʘʥʠʯʥʦʝ ʫʩʣʦʚʠʝ ʩʣʝʜʫʝʪ ʠʟ ʫʩʣʦʚʠʷ ʨʘʚʝʥʩʪʚʘ ʥʫʣʶ ʧʦʪʦʢʘ ʚʝʱʝʩʪʚʘ ʥʘ ʪʚʝʨʜʦʡ 

ʩʪʝʥʢʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʥʘ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʛʨʘʥʠʮʘʭ ʚ 

ʙʝʟʨʘʟʤʝʨʥʦʡ ʬʦʨʤʝ ʧʨʠʥʠʤʘʶʪ ʚʠʜ: 

ᾀ 0,1ȡ
Ὕ

ᾀ
1ȟ
╒

 ᾀ
ⱶ
Ὕ

 ᾀ
 Ἶ 0ȟ

ὴ

ᾀ

ὺ

ᾀ

2Á

0Ò
Ὕ ╘╒Ȣ (2.37) 

ʅʘ ʙʦʢʦʚʳʭ ʛʨʘʥʠʮʘʭ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʜʚʘ ʚʘʨʠʘʥʪʘ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ. 

1) ʇʝʨʠʦʜʠʯʝʩʢʠʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʷʯʝʡʢʝ ʧʣʦʩʢʦʛʦ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʩʣʦʷ: 

ὼ 0ȟὒȡ    Ἶὼȟᾀ Ἶὼ ὒȟᾀȟὴὼȟᾀ ὴὼ ὒȟᾀȟ 

                   Ὕὼȟᾀ Ὕὼ ὒȟᾀȟ╒ὼȟᾀ ╒ὼ ὒȟᾀȟ 
(2.38) 

ʛʜʝ ὒ ὰȾὬ ï ʘʩʧʝʢʪʥʦʝ ʦʪʥʦʰʝʥʠʝ, ʪ.ʝ. ʦʪʥʦʰʝʥʠʝ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʨʘʟʤʝʨʘ 

ʦʙʣʘʩʪʠ ʢ ʚʝʨʪʠʢʘʣʴʥʦʤʫ.  

2) ʋʩʣʦʚʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʟʘʤʢʥʫʪʦʡ ʦʙʣʘʩʪʠ:  

ὼ 0ȟὒȡ    
Ὕ

 ᾀ

╒

 ᾀ
 Ἶ 0ȟ

ὴ

ὼ

ὺ

ὼ
Ȣ (2.39) 

ɺ (2.39) ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʙʦʢʦʚʳʝ ʩʪʝʥʢʠ ʘʜʠʘʙʘʪʠʯʝʩʢʠʝ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʩʪʘʚʠʪʩʷ ʫʩʣʦʚʠʝ ʦʪʩʫʪʩʪʚʠʷ ʧʦʪʦʢʘ ʪʝʧʣʘ. 

 

 ɼʣʷ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʚ ʜʚʫʭʤʝʨʥʦʡ ʧʦʩʪʘʥʦʚʢʝ ʟʘʧʠʰʝʤ ʩʠʩʪʝʤʫ 

ʫʨʘʚʥʝʥʠʡ (2.33)-(2.36) ʚ ʪʝʨʤʠʥʘʭ ʬʫʥʢʮʠʷ ʪʦʢʘ (•  ʠ ʟʘʚʠʭʨʝʥʥʦʩʪʠ ( . 

ʂʦʤʧʦʥʝʥʪʳ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ Ἶ ὺȟπȟὺ  ʩʚʷʟʘʥʳ ʩ ʬʫʥʢʮʠʝʡ ʪʦʢʘ ʠ 

ʟʘʚʠʭʨʝʥʥʦʩʪʴʶ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: ὺ •Ⱦᾀ, ὺ •Ⱦὼ;  ÒÏÔ Ἶ

ὺȾᾀὺȾὼ •Ⱦᾀ •Ⱦὼ ᶯ•. ʉʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ (2.33)-

(2.36), ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʟʘʧʠʰʝʪʩʷ ʚ ʚʠʜʝ: 
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ὸ

•

ώ



ὼ

•

ὼ



ώ
ᶯ

2Á

0Ò

Ὕ

ὼ
╘
╒

ὼ
ȟ (2.40) 

Ὕ

ὸ

•

ώ

Ὕ

ὼ

•

ὼ

Ὕ

ώ

ρ

0Ò
ᶯὝȟ (2.41) 

╒

ὸ

•

ώ

╒

ὼ

•

ὼ

╒

ώ
Ὓὅɳ ╒ ⱶɳ Ὕȟ (2.42) 

ᶯ•
•

ὼ

•

ώ
Ȣ (2.43) 

ɼʣʷ ʬʫʥʢʮʠʠ ʪʦʢʘ ʠ ʟʘʚʠʭʨʝʥʥʦʩʪʠ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʥʘ ʪʚʝʨʜʳʭ ʛʨʘʥʠʮʘʭ ʠʤʝʶʪ 

ʚʠʜ: 

•
•

 ὲ
0ȟ

ς•

Ὤ
ȟ (2.44) 

ʛʜʝ ὲ ï ʢʦʦʨʜʠʥʘʪʘ, ʥʦʨʤʘʣʴʥʘʷ ʢ ʪʚʝʨʜʦʡ ʩʪʝʥʢʝ, ʠʥʜʝʢʩ ɜ ʦʙʦʟʥʘʯʘʝʪ ʛʨʘʥʠʯʥʳʡ 

ʫʟʝʣ, ɜ ï 1 ï ʧʨʠʛʨʘʥʠʯʥʳʡ ʫʟʝʣ, Ὤ ï ʰʘʛ ʩʝʪʢʠ. 

 

ʉʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ (2.33)-(2.36) (ʣʠʙʦ ʩʠʩʪʝʤʘ (2.40)-(2.43)) ʤʦʞʝʪ ʙʳʪʴ ʫʧʨʦʱʝʥʘ 

ʧʫʪʝʤ ʜʠʘʛʦʥʘʣʠʟʘʮʠʠ ʤʘʪʨʠʮʳ Ὓὅ. ʉʫʱʝʩʪʚʫʝʪ ʪʘʢʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ [154] ʧʦʣʝʡ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ , ʯʪʦ ʦʥʦ ʥʝ ʟʘʪʨʘʛʠʚʘʝʪ ʜʨʫʛʠʝ ʧʝʨʝʤʝʥʥʳʝ:  

╒ ὄὠὄὗ ╒ȟⱶ ὄὠὄὗ ⱶȟ (2.45) 

ʛʜʝ ὠ ï ʤʘʪʨʠʮʘ, ʩʪʦʣʙʮʳ ʢʦʪʦʨʦʡ ʷʚʣʷʶʪʩʷ ʩʦʙʩʪʚʝʥʥʳʤʠ ʚʝʢʪʦʨʘʤʠ (ὺ

ÖȟÖ ȣÖ ) ʤʘʪʨʠʮʳ ʜʠʬʬʫʟʠʠ Ὀ, ὗ ÄÉÁÇήȟήȣή  ï ʜʠʘʛʦʥʘʣʴʥʘʷ 

ʤʘʪʨʠʮʘ ʩ ʵʣʝʤʝʥʪʘʤʠ ή  В  Ö . 
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2.2 ʋʩʪʦʡʯʠʚʦʩʪʴ ʠ ʥʘʜʢʨʠʪʠʯʝʩʢʠʝ ʨʝʞʠʤʳ ʢʦʥʚʝʢʮʠʠ ʪʨʦʡʥʳʭ ʩʤʝʩʝʡ ʚ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ ʩʣʦʝ ʧʨʠ ʫʩʣʦʚʠʠ ʟʘʜʘʥʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ 

 

 ʈʘʩʩʤʦʪʨʠʤ ʧʣʦʩʢʠʡ ʛʦʨʠʟʦʥʪʘʣʴʥʳʡ ʩʣʦʡ (ʨʠʩ. 2.6), ʟʘʧʦʣʥʝʥʥʳʡ ʩʤʝʩʴʶ ʠʟ 

ʪʨʝʭ ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʦʛʨʘʥʠʯʝʥʥʳʡ ʜʚʫʤʷ ʪʚʝʨʜʳʤʠ ʥʝʧʨʦʥʠʮʘʝʤʳʤʠ ʜʣʷ ʚʝʱʝʩʪʚʘ 

ʛʨʘʥʠʮʘʤʠ,  ʥʘʭʦʜʷʱʠʤʠʩʷ  ʧʨʠ ᾀ  0 ʠ ᾀ Ὤ. ʅʘ ʜʘʥʥʳʭ ʛʨʘʥʠʮʘʭ ʟʘʜʘʝʪʩʷ 

ʧʦʩʪʦʷʥʥʳʡ ʚʝʨʪʠʢʘʣʴʥʳʡ ʪʝʧʣʦʚʦʡ ʧʦʪʦʢ ή (ʩʪʨʦʛʦ ʛʦʚʦʨʷ, ή ï ʚʝʣʠʯʠʥʘ 

ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʥʘ ʝʜʠʥʠʮʫ ʧʣʦʱʘʜʠ).  

 

 

 ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʩʚʦʙʦʜʥʦʡ ʢʦʥʚʝʢʮʠʠ ʙʫʜʝʤ ʧʦʣʴʟʦʚʘʪʴʩʷ ʩʠʩʪʝʤʦʡ 

ʫʨʘʚʥʝʥʠʡ (2.33)-(2.36), ʧʨʠ ʵʪʦʤ ʙʫʜʝʤ ʩʯʠʪʘʪʴ, ʯʪʦ ʤʘʪʨʠʮʘ Ὓὅ ʧʨʠʚʝʜʝʥʘ ʢ 

ʜʠʘʛʦʥʘʣʴʥʦʤʫ ʚʠʜʫ ʩ ʧʦʤʦʱʴʶ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ (2.45). ɿʘʤʝʪʠʤ, ʯʪʦ ʯʠʩʣʦ ʈʝʣʝʷ 

2Á ὫɡὬȾ’… ʩʦʜʝʨʞʠʪ ʧʘʨʘʤʝʪʨ ɡ (ʨʘʟʥʠʮʘ ʪʝʤʧʝʨʘʪʫʨ ʚ ʩʠʩʪʝʤʝ), ʢʦʪʦʨʳʡ 

ʥʝ ʟʘʜʘʝʪʩʷ ʚ ʷʚʥʦʤ ʚʠʜʝ ʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʯʝʨʝʟ ʚʝʣʠʯʠʥʫ ʟʘʜʘʥʥʦʛʦ ʧʦʪʦʢʘ ʪʝʧʣʘ ήȡ 

ɡ ήὬȾ‖. 

 ɺ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʭʘʨʘʢʪʝʨʥʘʷ ʤʦʜʝʣʴʥʘʷ ʞʠʜʢʘʷ 

ʩʤʝʩʴ ʩ ʯʠʩʣʘʤʠ ʐʤʠʜʪʘ Ὓὧ = 100, Ὓὧ = 1000 ʠ ʯʠʩʣʦʤ ʇʨʘʥʜʪʣʷ 0Ò = 10. 

ʇʦʚʝʜʝʥʠʝ ʜʘʥʥʦʡ ʩʤʝʩʠ ʠʩʩʣʝʜʫʝʪʩʷ ʧʨʠ ʪʨʝʭ ʟʥʘʯʝʥʠʷʭ ʦʪʥʦʰʝʥʠʷ ʨʘʟʜʝʣʝʥʠʷ 

ʧʝʨʚʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ȡ   = 0 (ʯʘʩʪʥʳʡ ʩʣʫʯʘʡ ʙʠʥʘʨʥʦʡ ʩʤʝʩʠ),   = 0.4 ʠ  

  = ï 0.4, ʚʪʦʨʦʡ ʧʘʨʘʤʝʪʨ (  ʚʘʨʴʠʨʫʝʪʩʷ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʧʦʩʨʝʜʩʪʚʦʤ 

ʠʟʤʝʥʝʥʠʷ ʩʫʤʤʘʨʥʦʛʦ ʦʪʥʦʰʝʥʠʷ ʨʘʟʜʝʣʝʥʠʷ (ɰ  ).  ʇʨʠʤʝʨʳ ʨʝʘʣʴʥʳʭ 

ʩʤʝʩʝʡ ʩ ʧʦʭʦʞʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ: 10% ʨʘʩʪʚʦʨ ʵʪʠʣʦʚʦʛʦ ʩʧʠʨʪʘ ʚ ʚʦʜʝ 0Ò 10, 

Ὓὧ 1400,   ï0.285; ʦʢʪʘʥ(1/3)-ʜʝʢʘʥ(1/3)-ʤʝʪʠʣʥʘʬʪʘʣʠʥ(1/3) 0Ò 10, Ὓὧ  

ʈʠʩʫʥʦʢ 2.6. ʇʣʦʩʢʠʡ ʛʦʨʠʟʦʥʪʘʣʴʥʳʡ ʩʣʦʡ ʩ ʟʘʜʘʥʥʳʤ ʪʝʧʣʦʚʳʤ ʧʦʪʦʢʦʤ, 

ʛʝʦʤʝʪʨʠʷ ʟʘʜʘʯʠ. 
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400, Ὓὧ  1000,   0.43,   0.02; ʜʦʜʝʢʘʥ(1/3)-ʠʟʦʣʙʫʪʠʣʙʝʥʟʦʣ(1/3)-

ʪʝʪʨʘʣʠʥ(1/3) 0Ò 15, Ὓὧ  1400, Ὓὧ  2200,   0.132,   0.317 (ʧʨʠʚʝʜʝʥʳ 

ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʩ ʫʯʝʪʦʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ (2.45)). 

 

2.2.1 ʃʠʥʝʡʥʳʡ ʘʥʘʣʠʟ ʫʩʪʦʡʯʠʚʦʩʪʠ 

 

 ʈʘʩʩʤʦʪʨʠʤ ʣʠʥʝʡʥʫʶ ʟʘʜʘʯʫ ʫʩʪʦʡʯʠʚʦʩʪʠ. ɼʣʷ ʵʪʦʛʦ ʚʚʝʜʝʤ ʤʘʣʳʝ 

ʚʦʟʤʫʱʝʥʠʷ ʧʦʣʝʡ ʩʢʦʨʦʩʪʠ, ʜʘʚʣʝʥʠʷ, ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʢʦʥʮʝʥʪʨʘʮʠʡ: 

Ἶ Ἶ ○ȟὴ ὴ ὴȟὝ Ὕ Ὕȟ╒ ╒ ╒ȟ (2.46) 

ʛʜʝ ʠʥʜʝʢʩʦʤ çbè ʦʙʦʟʥʘʯʝʥʳ ʨʘʚʥʦʚʝʩʥʳʝ ʧʦʣʷ, ʰʪʨʠʭʦʤ ï ʤʘʣʳʝ ʚʦʟʤʫʱʝʥʠʷ. 

ʇʦʜʩʪʘʚʠʤ ʧʦʣʷ ʚʠʜʘ (2.46) ʚ ʩʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ (2.33)-(2.36), ʣʠʥʝʘʨʠʟʫʝʤ 

ʧʦʣʫʯʠʚʰʠʝʩʷ ʫʨʘʚʥʝʥʠʷ. ʀʩʢʣʶʯʠʤ ʜʘʚʣʝʥʠʝ ʠ ʛʦʨʠʟʦʥʪʘʣʴʥʳʝ ʢʦʤʧʦʥʝʥʪʳ 

ʩʢʦʨʦʩʪʠ, ʧʨʠʤʝʥʠʚ ʢ ʫʨʘʚʥʝʥʠʶ ʜʚʠʞʝʥʠʷ (2.33) ʦʧʝʨʘʮʠʶ ʚʟʷʪʠʷ ʜʚʦʡʥʦʛʦ 

ʨʦʪʦʨʘ, ʩʧʨʦʝʮʠʨʦʚʘʥʥʦʛʦ ʥʘ ʦʩʴ ᾀ. ʈʘʩʩʤʦʪʨʠʤ ʧʣʦʩʢʠʝ ʥʦʨʤʘʣʴʥʳʝ ʚʦʟʤʫʱʝʥʠʷ 

ʚ ʚʠʜʝ: 

ὺ ὼȟᾀȟὸ ύᾀÅØÐ ‗ὸὭὯὼ Ὧώ , (2.47) 

Ὕᴂὼȟᾀȟὸ —ᾀÅØÐ ‗ὸὭὯὼ Ὧώ , (2.48) 

╒ᴂὼȟᾀȟὸ ╬ᾀÅØÐ ‗ὸὭὯὼ Ὧώ Ȣ (2.49) 

ɿʜʝʩʴ ‗ ‗ Ὥ‗ ï ʢʦʤʧʣʝʢʩʥʳʡ ʜʝʢʨʝʤʝʥʪ ʚʦʟʤʫʱʝʥʠʡ (ʧʨʠ    0 ʚʦʟʤʫʱʝʥʠʷ 

ʥʘʨʘʩʪʘʶʪ ʩʦ ʚʨʝʤʝʥʝʤ), ὯȟὯ ï ʚʦʣʥʦʚʳʝ ʯʠʩʣʘ. ɺ ʠʪʦʛʝ ʧʦʣʫʯʘʝʤ ʩʣʝʜʫʶʱʫʶ 

ʩʠʩʪʝʤʫ ʜʣʷ ʘʤʧʣʠʪʫʜ ʚʦʟʤʫʱʝʥʠʡ: 

‗ɝύ ɝύ
2Á

0Ò
Ὧ ρ ɰ— ╘█ π (2.50) 

‗—ύ
ρ

0Ò
ɝὝ πȟ (2.51) 

‗█ ⱶ— ⱶύ ὛὅɝὝ πȟ (2.52) 

ʚʤʝʩʪʝ ʩ ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ: 
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ᾀ πȟρȡό ὨόȾὨᾀ Ὠ—ȾὨᾀ Ὠ█ȾὨᾀ πȢ (2.53) 

ɿʜʝʩʴ █ ╬ ⱶ— ï ʚʩʧʦʤʦʛʘʪʝʣʴʥʘʷ ʬʫʥʢʮʠʷ (ʜʣʷ ʫʜʦʙʩʪʚʘ ʟʘʧʠʩʠ ʛʨʘʥʠʯʥʳʭ 

ʫʩʣʦʚʠʡ), Ὧ Ὧ Ὧ, ʦʧʝʨʘʪʦʨ ɝ ὨȾὨᾀ Ὧ (ɝ ὨȾὨᾀ  

 2ὯϽὨȾὨᾀ Ὧ).  

 ʉʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ (2.50)-(2.53) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʨʘʝʚʫʶ ʟʘʜʘʯʫ ʜʣʷ 

ʦʜʥʦʨʦʜʥʳʭ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʧʦ ʥʘʭʦʞʜʝʥʠʶ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ ‗. 

ʈʝʰʝʥʠʝ ʜʘʥʥʦʡ ʟʘʜʘʯʠ ʧʨʦʚʦʜʠʣʦʩʴ ʯʠʩʣʝʥʥʦ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʧʨʠʩʪʨʝʣʢʠ 

[183]. ʉʫʪʴ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʤʦʞʥʦ ʥʘʛʣʷʜʥʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ ʥʘ ʧʨʠʤʝʨʝ 

ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʐʪʫʨʤʘ-ʃʠʫʚʠʣʣʷ. ʈʘʩʩʤʦʪʨʠʤ ʦʜʥʦʨʦʜʥʦʝ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʝ 

ʫʨʘʚʥʝʥʠʝ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ 

Ὠώ

Ὠὼ
‗ώ 0 (2.54) 

c ʢʨʘʝʚʳʤʠ ʫʩʣʦʚʠʷʤʠ  

ώπ πȟώὰ 0Ȣ (2.55) 

ʋʨʘʚʥʝʥʠʝ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ (2.54) ʤʦʞʥʦ ʩʚʝʩʪʠ ʢ ʩʠʩʪʝʤʝ ʜʚʫʭ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʧʫʪʝʤ ʟʘʤʝʥʳ ʧʝʨʝʤʝʥʥʦʡ  ‒

ὨώȾὨὼ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʧʦʣʫʯʘʝʤ ʩʠʩʪʝʤʫ: 

Ὠ‒

Ὠὼ
‗ώ 0ȟ

Ὠώ

Ὠὼ
‒ 0Ȣ (2.56) 

ʈʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʢʨʘʝʚʘʷ ʟʘʜʘʯʘ ʤʦʞʝʪ ʙʳʪʴ ʩʚʝʜʝʥʘ ʢ ʟʘʜʘʯʝ ʂʦʰʠ, ʧʨʠ ʵʪʦʤ 

ʫ ʥʘʩ ʠʤʝʝʪʩʷ ʪʦʣʴʢʦ ʦʜʥʦ ʛʨʘʥʠʯʥʦʝ ʫʩʣʦʚʠʝ ʧʨʠ ὼ  0. ɺʪʦʨʦʝ ʫʩʣʦʚʠʝ ʜʣʷ 

‒ ὨώȾὨὼ ʧʨʠ ὼ = 0 ʤʦʞʥʦ ʚʳʙʨʘʪʴ ʧʨʦʠʟʚʦʣʴʥʳʤ ʦʙʨʘʟʦʤ, ʧʫʩʪʴ ‒(0) = 1. 

ʉʦʙʩʪʚʝʥʥʦʝ ʯʠʩʣʦ ‗ ï ʷʚʣʷʝʪʩʷ ʠʩʢʦʤʦʡ ʚʝʣʠʯʠʥʦʡ, ʢʦʪʦʨʘʷ ʥʘʤ ʥʝʠʟʚʝʩʪʥʘ. 

ɿʘʜʘʜʠʤ ʥʝʢʦʪʦʨʦʝ ʧʨʦʠʟʚʦʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ‗ ʠ ʥʘʡʜʝʤ ʯʘʩʪʥʦʝ ʨʝʰʝʥʠʝ, ʢʦʪʦʨʦʝ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ‗, ʚʳʧʦʣʥʷʷ ʯʠʩʣʝʥʥʦʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʫʨʘʚʥʝʥʠʡ (2.56) ʥʘ ʦʪʨʝʟʢʝ 

ὼ = [0, ὰ] ʣʶʙʳʤ ʚʦʟʤʦʞʥʳʤ ʤʝʪʦʜʦʤ (ʥʘʤʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ ʈʫʥʛʝ-ʂʫʪʪʳ-

ʄʝʨʩʦʥʘ ʯʝʪʚʝʨʪʦʛʦ ʧʦʨʷʜʢʘ ʩ ʘʚʪʦʤʘʪʠʯʝʩʢʠʤ ʧʦʜʙʦʨʦʤ ʰʘʛʘ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ 

[183]). ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʦʣʫʯʘʝʤ ʥʝʢʦʪʦʨʦʝ ʟʥʘʯʝʥʠʝ ώὰ ώ ʢʦʪʦʨʦʝ, ʧʨʘʢʪʠʯʝʩʢʠ 
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ʩʦ 100% ʚʝʨʦʷʪʥʦʩʪʴʶ, ʥʝ ʙʫʜʝʪ ʫʜʦʚʣʝʪʚʦʨʷʪʴ ʚʪʦʨʦʤʫ ʢʨʘʝʚʦʤʫ ʫʩʣʦʚʠʶ (2.55). 

ʇʦʩʣʝ ʵʪʦʛʦ ʨʝʰʘʝʤ ʟʘʜʘʯʫ ʟʘʥʦʚʦ ʩ ʜʨʫʛʠʤ ʟʥʘʯʝʥʠʝʤ  ‗ ‗ ʠ ʧʦʣʫʯʘʝʤ ώὰ

ώ, ʢʦʪʦʨʦʝ ʪʘʢʞʝ, ʚʝʨʦʷʪʥʦ, ʥʝ ʙʫʜʝʪ ʫʜʦʚʣʝʪʚʦʨʷʪʴ ʫʩʣʦʚʠʶ (2.55). ʇʦʚʪʦʨʷʝʤ 

çʩʪʨʝʣʴʙʫè ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ çʧʨʠʩʪʨʝʣʦʯʥʦʝè ʟʥʘʯʝʥʠʝ ʬʫʥʢʮʠʠ ώὰ ʥʝ ʙʫʜʝʪ ʚ 

ʠʪʦʛʝ ʫʜʦʚʣʝʪʚʦʨʷʪʴ ʢʨʘʝʚʦʤʫ ʫʩʣʦʚʠʶ (2.55) ï ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʟʥʘʯʝʥʠʝ ‗ ʠ ʙʫʜʝʪ 

ʷʚʣʷʝʪʩʷ ʠʩʢʦʤʳʤ ʨʝʰʝʥʠʝʤ ʟʘʜʘʯʠ ʧʦ ʥʘʭʦʞʜʝʥʠʶ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ.  

ʆʪʤʝʪʠʤ, ʯʪʦ, ʢʘʢ ʤʦʞʝʪ ʧʦʢʘʟʘʪʴʩʷ ʥʘ ʧʝʨʚʳʡ ʚʟʛʣʷʜ, çʧʨʠʩʪʨʝʣʠʚʘʪʴʩʷè 

ʤʦʞʥʦ ʙʝʩʢʦʥʝʯʥʦ ʜʦʣʛʦ, ʯʪʦ, ʢʦʥʝʯʥʦ, ʥʝ ʪʘʢ. ʌʫʥʢʮʠʶ ώ ʧʨʠ ὼ ὰ ʤʦʞʥʦ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʬʫʥʢʮʠʶ ʦʪ ‗ȡ ώὰḳὪ‗. ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʢʨʘʝʚʦʛʦ ʫʩʣʦʚʠʷ, 

ʥʝʦʙʭʦʜʠʤʦ Ὢ‗ = 0 ï ʟʘʜʘʯʘ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʚʦʜʠʪʩʷ ʢ ʯʠʩʣʝʥʥʦʤʫ ʥʘʭʦʞʜʝʥʠʶ 

ʢʦʨʥʝʡ ʫʨʘʚʥʝʥʠʷ Ὢ‗ = 0.  

ɸʣʛʦʨʠʪʤ ʚʳʯʠʩʣʝʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʩʣʝʜʫʶʱʠʤ (ʤʝʪʦʜ ʜʠʭʦʪʦʤʠʠ): ʚʳʙʠʨʘʝʤ 

ʥʘʯʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ‗ȟ‗, ʧʦʣʫʯʘʝʤ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʤ ʟʥʘʯʝʥʠʷ ώȟώ. ɽʩʣʠ 

ʟʥʘʯʝʥʠʷ ώȟώ ʦʜʥʦʛʦ ʟʥʘʢʘ, ʟʥʘʯʠʪ ʦʪʨʝʟʦʢ ‗ȟ‗  ʥʝ ʩʦʜʝʨʞʠʪ ʠʩʢʦʤʳʭ ʢʦʨʥʝʡ 

ʫʨʘʚʥʝʥʠʷ Ὢ‗ = 0. ɺ ʧʨʦʪʠʚʥʦʤ ʞʝ ʩʣʫʯʘʝ ʵʪʦ ʦʟʥʘʯʘʝʪ ʯʪʦ ʥʘ ʦʪʨʝʟʢʝ ‗ȟ‗  

ʧʨʠʩʫʪʩʪʚʫʝʪ ʢʘʢ ʤʠʥʠʤʫʤ ʦʜʠʥ ʢʦʨʝʥʴ, ʧʦʩʣʝ ʵʪʦʛʦ ʤʳ ʩʫʞʘʝʤ ʜʠʘʧʘʟʦʥ ʜʦ ʪʝʭ 

ʧʦʨ, ʧʦʢʘ ʟʥʘʯʝʥʠʝ ‗ ʥʝ ʙʫʜʝʪ ʥʘʡʜʝʥʦ ʩ ʞʝʣʘʝʤʦʡ ʪʦʯʥʦʩʪʴʶ.  

ɼʨʫʛʠʤ ʠʟ ʚʦʟʤʦʞʥʳʭ ʚʘʨʠʘʥʪʦʚ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ʩʝʢʫʱʠʭ (ʤʝʪʦʜ ʭʦʨʜ). 

ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʥʘ ʦʪʨʝʟʢʝ ‗ȟ‗ , ʩʦʜʝʨʞʘʱʝʤ ʢʦʨʝʥʴ ʫʨʘʚʥʝʥʠʷ, 

ʥʝʠʟʚʝʩʪʥʘʷ ʬʫʥʢʮʠʷ Ὢ‗ ̫ ʚʣʷʝʪʩʷ ʣʠʥʝʡʥʦʡ: Ὢ‗ ὥ‗ὦ. ʂʦʵʬʬʠʮʠʝʥʪʳ ὥ ʠ ὦ 

ʥʘʭʦʜʷʪʩʷ ʠʟ ʫʨʘʚʥʝʥʠʡ: ὥ‗ ὦ ώ ʠ ὥ‗ ὦ ώ. ʀʟ ʫʨʘʚʥʝʥʠʷ 

ὥ‗ὦ = 0 ʥʘʭʦʜʠʤ ʥʦʚʦʝ ʧʨʠʙʣʠʞʝʥʠʝ ʠʩʢʦʤʦʡ ʚʝʣʠʯʠʥʳ ʩʦʙʩʪʚʝʥʥʦʛʦ ʯʠʩʣʘ: 

‗ ὦȾὥ. ɿʘʪʝʤ ʚʳʙʠʨʘʝʤ ʥʦʚʦʝ ʧʨʠʙʣʠʞʝʥʠʝ (‗ȟ‗  ʠʣʠ ‗ȟ‗ ), ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʛʦ, ʥʘ ʢʘʢʦʤ ʠʟ ʦʪʨʝʟʢʦʚ ʩʦʜʝʨʞʠʪʩʷ ʢʦʨʝʥʴ ʫʨʘʚʥʝʥʠʷ Ὢ‗ = 0. 

ʇʦʚʪʦʨʷʝʤ ʧʨʦʮʝʜʫʨʫ ʜʦ ʜʦʩʪʠʞʝʥʠʷ ʥʫʞʥʦʡ ʪʦʯʥʦʩʪʠ.   

 ɺ ʩʣʫʯʘʝ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ (2.50)-(2.52) ʜʣʷ ʪʨʸʭʢʦʤʧʦʥʝʥʪʥʦʡ ʩʤʝʩʠ 

ʠʤʝʝʪʩʷ 1 ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʝ ʫʨʘʚʥʝʥʠʝ ʯʝʪʚʝʨʪʦʛʦ ʧʦʨʷʜʢʘ ʠ 3 ʫʨʘʚʥʝʥʠʷ ʚʪʦʨʦʛʦ 

ʧʦʨʷʜʢʘ, ʢʦʪʦʨʳʝ ʩʚʦʜʷʪʩʷ ʢ ʩʠʩʪʝʤʝ 10 ʫʨʘʚʥʝʥʠʡ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ. ʅʘ ʢʘʞʜʦʡ 

ʛʨʘʥʠʮʝ (ʧʨʠ ᾀ = 0 ʠ ᾀ = 1) ʠʤʝʝʤ ʧʦ 5 ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ, ʪ.ʝ. 5 ʥʝʜʦʩʪʘʶʱʠʭ 
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ʫʩʣʦʚʠʡ ʜʣʷ ʟʘʜʘʯʠ ʂʦʰʠ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʠʜʝʷ ʤʝʪʦʜʘ ʧʨʠʩʪʨʝʣʢʠ ʦʩʪʘʝʪʩʷ ʪʘʢʦʡ 

ʞʝ, ʥʦ ʨʝʰʝʥʠʝ ʠʱʝʪʩʷ ʥʝ ʚ ʚʠʜʝ ʦʜʥʦʛʦ ʯʘʩʪʥʦʛʦ ʨʝʰʝʥʠʷ, ʘ ʚ ʚʠʜʝ ʩʫʧʝʨʧʦʟʠʮʠʠ 

5 ʥʝʟʘʚʠʩʠʤʳʭ ʯʘʩʪʥʳʭ ʨʝʰʝʥʠʡ. ɺ ʠʪʦʛʝ ʧʦʣʫʯʠʤ ʩʠʩʪʝʤʫ ʦʜʥʦʨʦʜʥʳʭ 

ʫʨʘʚʥʝʥʠʡ, ʫʩʣʦʚʠʝʤ ʨʘʟʨʝʰʠʤʦʩʪʠ ʢʦʪʦʨʦʡ ʙʫʜʝʪ ʷʚʣʷʪʴʩʷ ʨʘʚʝʥʩʪʚʦ ʥʫʣʶ ʝʝ 

ʦʧʨʝʜʝʣʠʪʝʣʷ Ὀ = 0 (ʘʥʘʣʦʛʠʯʥʦ ʫʩʣʦʚʠʶ Ὢ‗ = 0 ʚ ʨʘʩʩʤʦʪʨʝʥʥʦʡ ʟʘʜʘʯʝ ʐʪʫʨʤʘ-

ʃʠʫʚʠʣʣʷ). ʇʨʠ ʵʪʦʤ ʦʧʨʝʜʝʣʠʪʝʣʴ Ὀ ʙʫʜʝʪ ʷʚʣʷʪʴʩʷ ʬʫʥʢʮʠʝʡ ʥʝ ʪʦʣʴʢʦ ʦʪ 

ʜʝʢʨʝʤʝʥʪʘ ‗ (ʧʨʠʯʝʤ ʢʦʤʧʣʝʢʩʥʦʛʦ ‗ ‗ Ὥ:ʥʦ ʠ ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʟʘʜʘʯʠ , 

Ὧȟ2Áȟ0Ò. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, Ὀ =  Ὀ‗ȟ.ȟὯȟ2Áȟ0Ò  

ʏʠʩʣʦ ʇʨʘʥʜʪʣʷ ʬʠʢʩʠʨʦʚʘʥʦ (0Ò = 10) ʠ ʥʝ ʠʟʤʝʥʷʝʪʩʷ ʚ ʪʝʢʫʱʝʡ ʟʘʜʘʯʝ. 

ʇʦʩʢʦʣʴʢʫ ʥʘʩ ʠʥʪʝʨʝʩʫʝʪ ʛʨʘʥʠʮʘ ʫʩʪʦʡʯʠʚʦʩʪʠ, ʧʦʣʦʞʠʤ ʜʝʡʩʪʚʠʪʝʣʴʥʫʶ ʯʘʩʪʴ 

ʜʝʢʨʝʤʝʥʪʘ ʨʘʚʥʦʡ ʥʫʣʶ: ‗ = 0. ɺʦʣʥʦʚʦʝ ʯʠʩʣʦ Ὧ ʪʘʙʫʣʠʨʫʝʪʩʷ ʩ ʥʝʢʦʪʦʨʦʤ 

ʥʝʙʦʣʴʰʠʤ ʰʘʛʦʤ (0.1é0.01). ɺ ʠʪʦʛʝ ʦʧʨʝʜʝʣʠʪʝʣʴ ʦʩʪʘʝʪʩʷ ʬʫʥʢʮʠʝʡ ʦʪ ʜʚʫʭ 

ʧʝʨʝʤʝʥʥʳʭ: Ὀ =  Ὀȟ2Á, ʧʨʠʯʝʤ ʦʧʨʝʜʝʣʠʪʝʣʴ ʷʚʣʷʝʪʩʷ ʢʦʤʧʣʝʢʩʥʦʡ 

ʚʝʣʠʯʠʥʦʡ, ʠ ʫʨʘʚʥʝʥʠʝ Ὀ = 0 ʚ ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʠʩʪʝʤʫ ʜʚʫʭ 

ʜʝʡʩʪʚʠʪʝʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ: 2ÅÁÌὈ  0 ʠ )ÍὈ  0 ʜʣʷ ʥʝʠʟʚʝʩʪʥʳʭ .ʠ 2Á   

ɼʚʫʭʤʝʨʥʳʡ ʘʥʘʣʦʛ ʤʝʪʦʜʘ ʜʠʭʦʪʦʤʠʠ ʷʚʣʷʝʪʩʷ ʩʦʤʥʠʪʝʣʴʥʳʤ ʚʳʙʦʨʦʤ. 

ɼʣʷ ʤʝʪʦʜʘ ʩʝʢʫʱʠʭ, ʥʘʧʨʦʪʠʚ, ʜʚʫʭʤʝʨʥʳʡ ʘʥʘʣʦʛ ʨʘʙʦʪʘʝʪ ʪʘʢ ʞʝ ʵʬʬʝʢʪʠʚʥʦ, 

ʢʘʢ ʠ ʦʜʥʦʤʝʨʥʳʡ. ɺʤʝʩʪʦ ʦʪʨʝʟʢʘ ʟʘʜʘʝʪʩʷ ʪʨʝʫʛʦʣʴʥʠʢ ʠʟ ʥʘʯʘʣʴʥʳʭ 

ʧʨʠʙʣʠʞʝʥʠʡ: ȟ2Á. ʅʝʠʟʚʝʩʪʥʳʝ ʬʫʥʢʮʠʠ 2ÅÁÌὈ ȟ2Á ʠ ,ȟ2Á  0 

ʠ )ÍὈ  0 ʘʧʧʨʦʢʩʠʤʠʨʫʶʪʩʷ ʬʫʥʢʮʠʷʤʠ ʚʠʜʘ ὥ ὦ2Áὧ, ʛʜʝ ὥȟὦȟὧ ï 

ʢʦʵʬʬʠʮʠʝʥʪʳ. ʇʦʩʣʝ ʵʪʦʛʦ ʥʘʭʦʜʠʪʩʷ ʥʦʚʦʝ ʧʨʠʙʣʠʞʝʥʠʝ ȟ2Á. ʀʟ ʯʝʪʳʨʝʭ 

ʠʤʝʶʱʠʭʩʷ ʪʦʯʝʢ ʦʜʥʘ ʦʪʙʨʘʩʳʚʘʝʪʩʷ, ʩʦʟʜʘʝʪʩʷ ʥʦʚʳʡ ʪʨʝʫʛʦʣʴʥʠʢ ʥʘʯʘʣʴʥʳʭ 

ʫʩʣʦʚʠʡ. ɼʘʥʥʳʡ ʪʨʝʫʛʦʣʴʥʠʢ ʩʫʞʘʝʪʩʷ ʚ ʪʦʯʢʫ, ʢʦʪʦʨʘʷ ʠ ʙʫʜʝʪ ʷʚʣʷʪʴʩʷ 

ʨʝʰʝʥʠʝʤ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ, ʜʦ ʜʦʩʪʠʞʝʥʠʷ ʞʝʣʘʝʤʦʡ ʪʦʯʥʦʩʪʠ.   

ʈʝʘʣʠʟʘʮʠʷ ʧʨʦʛʨʘʤʤʳ ʧʦ ʥʘʭʦʞʜʝʥʠʶ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ ʤʝʪʦʜʦʤ 

ʧʨʠʩʪʨʝʣʢʠ ʚʳʧʦʣʥʝʥʘ ʥʘ ʷʟʳʢʝ Fortran-90. ɼʘʥʥʳʡ ʷʟʳʢ ʧʦʟʚʦʣʷʝʪ ʧʠʩʘʪʴ 

ʙʳʩʪʨʦʜʝʡʩʪʚʫʶʱʠʝ ʧʨʦʛʨʘʤʤʳ, ʘ ʪʘʢʞʝ ʧʦʜʜʝʨʞʠʚʘʝʪ ʚʩʪʨʦʝʥʥʳʡ ʢʦʤʧʣʝʢʩʥʳʡ 

ʪʠʧ ʜʘʥʥʳʭ.  
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ʈʝʟʫʣʴʪʘʪʳ ʣʠʥʝʡʥʦʛʦ ʘʥʘʣʠʟʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʘʭ 2.7 (  0), 

2.8 (  0.4) ʠ 2.9 (  ï 0.4). ʏʠʩʣʝʥʥʳʝ ʨʘʩʯʝʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚʦ ʚʩʝʭ ʩʣʫʯʘʷʭ 

ʥʘʠʙʦʣʝʝ ʦʧʘʩʥʦʡ ʷʚʣʷʝʪʩʷ ʜʣʠʥʥʦʚʦʣʥʦʚʘʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ (ʚʦʣʥʦʚʦʝ ʯʠʩʣʦ Ὧ  

0) ï ʪʦʯʥʦ ʪʘʢ ʞʝ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʦʜʥʦʢʦʤʧʦʥʝʥʪʥʦʡ ʞʠʜʢʦʩʪʠ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʩʣʦʷ ʩ ʫʩʣʦʚʠʝʤ ʟʘʜʘʥʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʥʘ 

ʚʝʨʭʥʝʡ ʠ ʥʠʞʥʝʡ ʛʨʘʥʠʮʝ. ʈʘʩʯʝʪʳ ʪʘʢʞʝ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ ʩʧʝʢʪʨʝ ʚʦʟʤʫʱʝʥʠʡ 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʢʘʢ ʤʦʥʦʪʦʥʥʳʝ (  0, ʩʧʣʦʰʥʳʝ ʣʠʥʠʠ ʥʘ ʨʠʩ. 2.7-2.9), ʪʘʢ ʠ 

ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʚʦʟʤʫʱʝʥʠʷ (  0, ʧʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ). 

   

 

 

 

ʈʠʩʫʥʦʢ 2.7. ʂʘʨʪʘ ʫʩʪʦʡʯʠʚʦʩʪʠ ʪʨʦʡʥʦʡ ʩʤʝʩʠ ʥʘ ʧʣʦʩʢʦʩʪʠ ʧʘʨʘʤʝʪʨʦʚ 

ʯʠʩʣʦ ʈʝʣʝʷ (Ra) ï ʩʫʤʤʘʨʥʦʝ ʦʪʥʦʰʝʥʠʝ ʨʘʟʜʝʣʝʥʠʷ (Ɋ) ʜʣʷ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʩʣʦʷ ʧʨʠ ʫʩʣʦʚʠʠ ʟʘʜʘʥʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ;   0. 

ʉʧʣʦʰʥʳʝ ʣʠʥʠʠ ï ʤʦʥʦʪʦʥʥʘʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ, ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ ï 

ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ. ʅʝʫʩʪʦʡʯʠʚʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʝʨʳʝ 

ʟʘʰʪʨʠʭʦʚʘʥʥʳʝ ʟʦʥʳ.  
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ʈʠʩʫʥʦʢ 2.8. ʂʘʨʪʘ ʫʩʪʦʡʯʠʚʦʩʪʠ ʪʨʦʡʥʦʡ ʩʤʝʩʠ ʥʘ ʧʣʦʩʢʦʩʪʠ ʧʘʨʘʤʝʪʨʦʚ 

ʯʠʩʣʦ ʈʝʣʝʷ (Ra) ï ʩʫʤʤʘʨʥʦʝ ʦʪʥʦʰʝʥʠʝ ʨʘʟʜʝʣʝʥʠʷ (Ɋ) ʜʣʷ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʩʣʦʷ ʧʨʠ ʫʩʣʦʚʠʠ ʟʘʜʘʥʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ;   0.4. 

ʉʧʣʦʰʥʳʝ ʣʠʥʠʠ ï ʤʦʥʦʪʦʥʥʘʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ, ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ ï 

ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ. ʅʝʫʩʪʦʡʯʠʚʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʝʨʳʝ 

ʟʘʰʪʨʠʭʦʚʘʥʥʳʝ ʟʦʥʳ. 

ʈʠʩʫʥʦʢ 2.9. ʂʘʨʪʘ ʫʩʪʦʡʯʠʚʦʩʪʠ ʪʨʦʡʥʦʡ ʩʤʝʩʠ ʥʘ ʧʣʦʩʢʦʩʪʠ ʧʘʨʘʤʝʪʨʦʚ 

ʯʠʩʣʦ ʈʝʣʝʷ (Ra) ï ʩʫʤʤʘʨʥʦʝ ʦʪʥʦʰʝʥʠʝ ʨʘʟʜʝʣʝʥʠʷ (Ɋ) ʜʣʷ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʩʣʦʷ ʧʨʠ ʫʩʣʦʚʠʠ ʟʘʜʘʥʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ;   ï 0.4. 

ʉʧʣʦʰʥʳʝ ʣʠʥʠʠ ï ʤʦʥʦʪʦʥʥʘʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ, ʰʪʨʠʭʦʚʳʝ ʣʠʥʠʠ ï 

ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ. ʅʝʫʩʪʦʡʯʠʚʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʝʨʳʝ 

ʟʘʰʪʨʠʭʦʚʘʥʥʳʝ ʟʦʥʳ. 
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ɻʨʘʥʠʮʳ ʜʣʠʥʥʦʚʦʣʥʦʚʳʭ ʤʦʥʦʪʦʥʥʦʡ ʠ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʚʳʨʘʞʝʥʠʷʤʠ (2.57) ʠ (2.58), ʧʦʣʫʯʝʥʥʳʤʠ ʊ.ʇ. ʃʶʙʠʤʦʚʦʡ ʠ ɽ.ʉ. 

ʉʘʜʠʣʦʚʳʤ ʧʦʩʨʝʜʩʪʚʦʤ ʜʣʠʥʥʦʚʦʣʥʦʚʦʛʦ ʘʥʘʣʠʟʘ (ʜʣʷ Ὧ  0). 

2Á
7200Ò

0Òɰ ρ Ὓὧ Ὓὧ
 

2040

77

0ÒὯ

0Òɰ 1 Ὓὧ Ὓὧ
Ȣ 

(2.57) 

                             2Á 7200Ò
ὦ Ѝὦ 4ὥὧ

2ὥ
ȟ 

ὥ 0ÒὛὧὛὧɰ 1 0Òɰ 1 Ὓὧ Ὓὧ ɰὛὧὛὧ ȟ 

ὦ 0Ò ὛὧὛὧ 1  Ὓὧ 1  Ὓὧ  

0Òɰ 1 Ὓὧ Ὓὧ ɰὛὧὛὧ 0ÒὛὧ Ὓὧ ὛὧὛὧȟ 

ὧ Ὓὧ Ὓὧ 0Ò0ÒὛὧ Ὓὧ ὛὧὛὧ ȟ 

(2.58) 

ʂʦʣʝʙʘʪʝʣʴʥʦʡ ʤʦʜʝ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʯʘʩʪʦʪʘ 

     Ὧ
ρ

0Ò ὛὧὛὧ
0ÒὛὧ Ὓὧ  

2Á

720
0Òɰ ρ Ὓὧ Ὓὧ ɰὛὧὛὧ ȾȢ 

(2.59) 

ʇʨʠ ʵʪʦʤ ʦʙʣʘʩʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ: 

0ÒὛὧ Ὓὧ
2Á

720
0Òɰ 1 Ὓὧ Ὓὧ ɰὛὧὛὧ 0 (2.60) 

ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʝʪʦʚ ʟʘʜʘʯʠ (2.50)-(2.52)  ʧʨʠ ʤʘʣʳʭ Ὧ ʪʦʯʥʦ ʩʦʚʧʘʜʘʶʪ 

ʩ ʘʥʘʣʠʪʠʯʝʩʢʠʤʠ ʬʦʨʤʫʣʘʤʠ (2.57)-(2.60). 

 

 ʀʟ ʨʠʩʫʥʢʦʚ 2.7-2.9 ʚʠʜʥʦ, ʯʪʦ ʚ ʢʘʞʜʦʤ ʩʣʫʯʘʝ ʧʨʠʩʫʪʩʪʚʫʝʪ ʧʘʨʘ 

ʛʠʧʝʨʙʦʣʠʯʝʩʢʠʭ ʚʝʪʚʝʡ ʤʦʥʦʪʦʥʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ: ʦʜʥʘ ʧʨʠ ʧʦʜʦʛʨʝʚʝ ʩʥʠʟʫ 

(2Á > 0), ʜʨʫʛʘʷ ï ʧʨʠ ʥʘʛʨʝʚʝ ʩʚʝʨʭʫ (2Á < 0). ɺ ʩʣʫʯʘʝ ʙʠʥʘʨʥʦʡ ʞʠʜʢʦʩʪʠ (  = 

0) ʚʝʪʚʴ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʧʨʠ ʧʦʜʦʛʨʝʚʝ ʩʥʠʟʫ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʟʥʘʯʝʥʠʷʤ ʧʘʨʘʤʝʪʨʘ 
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ɰ > 0, ʚʪʦʨʘʷ ʚʝʪʚʴ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ï ʧʨʠ ʟʥʘʯʝʥʠʷʭ ɰ > 0. ɼʣʷ ʪʨʦʡʥʳʭ ʩʤʝʩʝʡ 

ʜʘʥʥʘʷ ʛʠʧʝʨʙʦʣʘ ʩʤʝʱʘʝʪʩʷ ʧʦ ʦʩʠ ɰ ʥʘ ʚʝʣʠʯʠʥʫ, ʧʨʠʤʝʨʥʦ ʨʘʚʥʫʶ ʟʥʘʯʝʥʠʶ 

. ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʚʝʪʚʠ ʛʠʧʝʨʙʦʣʳ, ʦʪʚʝʯʘʶʱʠʝ ʤʦʥʦʪʦʥʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ, 

ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʝʨʪʠʢʘʣʴʥʦʡ ʘʩʠʤʧʪʦʪʳ, ʢʦʪʦʨʘʷ ʧʨʠʙʣʠʞʝʥʥʦ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʫʨʘʚʥʝʥʠʶ ɰ  .  

 ɺʦ ʚʩʝʭ ʩʣʫʯʘʷʭ ʧʨʠʩʫʪʩʪʚʫʝʪ ʪʘʢʞʝ ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʤʦʜʘ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʧʨʠ 

ʧʦʜʦʛʨʝʚʝ ʩʥʠʟʫ. ʂʦʣʝʙʘʪʝʣʴʥʘʷ ʤʦʜʘ ʩʣʠʚʘʝʪʩʷ ʩ ʤʦʥʦʪʦʥʥʦʡ ʚʙʣʠʟʠ ʘʩʠʤʧʪʦʪʳ 

ɰ   ʚ ʚʝʨʭʥʝʡ ʧʦʣʫʧʣʦʩʢʦʩʪʠ (2Á > 0).  

ɺ ʩʣʫʯʘʝ   0.4 (ʨʠʩ. 2.9) ʪʘʢʞʝ ʧʨʠʩʫʪʩʪʚʫʝʪ ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʤʦʜʘ ʧʨʠ 

ʥʘʛʨʝʚʝ ʩʚʝʨʭʫ. ʅʘʣʠʯʠʝ ʜʘʥʥʦʡ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʚʝʪʚʠ ʧʨʠ   0.4  (ʠ ʝʝ ʦʪʩʫʪʩʪʚʠʝ 

ʧʨʠ   0 ʠ   ï 0.4) ʦʙʲʷʩʥʷʝʪʩʷ ʟʥʘʢʦʤ ʩʫʤʤʘʨʥʦʛʦ ʦʪʥʦʰʝʥʠʷ ʨʘʟʜʝʣʝʥʠʷ. 

ʇʨʠ ɰ < 0 ʩʫʤʤʘʨʥʳʡ ʚʢʣʘʜ ʢʦʥʮʝʥʪʨʘʮʠʡ ʢʦʤʧʦʥʝʥʪʦʚ ʩʤʝʩʠ ʚ ʧʣʦʪʥʦʩʪʴ 

ʦʢʘʟʳʚʘʝʪʩʷ ʜʝʩʪʘʙʠʣʠʟʠʨʫʶʱʠʤ, ʪ.ʝ. ʚʚʝʨʭʫ ʩʢʘʧʣʠʚʘʝʪʩʷ ʙʦʣʴʰʝ ʪʷʞʝʣʳʭ 

ʢʦʤʧʦʥʝʥʪʦʚ ʩʤʝʩʠ, ʯʪʦ ʠ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʨʘʟʚʠʪʠʠ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ. ɺ ʩʣʫʯʘʷʭ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ   0 ʠ   0.4, ʦʙʣʘʩʪʴ ʩʧʨʘʚʘ ʦʪ ʤʦʥʦʪʦʥʥʦʡ ʤʦʜʳ ʚ ʥʠʞʥʝʡ 

ʧʦʣʫʧʣʦʩʢʦʩʪʠ (2Á < 0) ʧʦʣʥʦʩʪʴʶ ʥʘʭʦʜʠʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ɰ > 0, ʠ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ, 

ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ.  

 ɺʩʝ ʚʳʰʝʦʧʠʩʘʥʥʳʝ ʚʝʪʚʠ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʪʘʢʞʝ ʧʨʠʩʫʪʩʪʚʦʚʘʣʠ ʜʣʷ ʩʣʫʯʘʷ 

ʠʜʝʘʣʴʥʦ ʪʝʧʣʦʧʨʦʚʦʜʥʳʭ ʛʨʘʥʠʮ, ʢʘʨʪʳ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʨʠ ʘʥʘʣʦʛʠʯʥʳʭ 

ʧʘʨʘʤʝʪʨʘʭ ʩʤʝʩʠ ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʢʘʯʝʩʪʚʝʥʥʦ ʩʦʚʧʘʜʘʶʪ (ʩʤ. ʨʠʩ. 2.1 ʠ 2.3). ʕʪʦ 

ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ ʷʚʣʷʝʪʩʷ ʣʦʛʠʯʥʳʤ: ʥʝʩʤʦʪʨʷ ʥʘ ʨʘʟʥʠʮʫ ʚ ʫʩʣʦʚʠʷʭ ʥʘʛʨʝʚʘ ʩʣʦʷ, 

ʥʘʧʨʘʚʣʝʥʠʷ ʛʨʘʜʠʝʥʪʦʚ ʪʝʤʧʝʨʘʪʫʨʳ ʦʩʪʘʶʪʩʷ ʪʝʤʠ ʞʝ ʩʘʤʳʤʠ, ʠ ʧʨʠ ʪʝʭ ʞʝ 

ʩʘʤʳʭ ʧʘʨʘʤʝʪʨʘʭ ʩʤʝʩʠ ʬʠʟʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʜʦʣʞʥʳ ʧʨʦʠʩʪʝʢʘʪʴ ʧʦʭʦʞʠʤ 

ʦʙʨʘʟʦʤ.  

 ʆʜʥʘʢʦ ʠʤʝʝʪʩʷ ʠ ʨʷʜ ʦʪʣʠʯʠʡ. ɺʦ-ʧʝʨʚʳʭ, ʦʪʣʠʯʘʶʪʩʷ ʧʦʨʦʛʠ 

ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʢʦʥʚʝʢʮʠʠ (ʟʥʘʯʝʥʠʷ ʢʨʠʪʠʯʝʩʢʠʭ ʯʠʩʝʣ ʈʝʣʝʷ). ʇʨʠ   = 0 ʠ ɰ = 0 

(ʤʝʩʪʦ ʩʣʠʷʥʠʷ ʤʦʥʦʪʦʥʥʦʡ ʠ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʚʝʪʚʝʡ) ʧʦʨʦʛ ʚʦʟʥʠʢʥʦʚʝʥʠʷ 

ʢʦʥʚʝʢʮʠʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʭʦʨʦʰʦ ʠʟʫʯʝʥʥʦʤʫ ʩʣʫʯʘʶ ʦʜʥʦʢʦʤʧʦʥʝʥʪʥʦʡ 

ʞʠʜʢʦʩʪʠ: ʜʣʷ ʟʘʜʘʯʠ ʢʦʥʚʝʢʮʠʠ ʚ ʩʣʦʝ ʩ ʟʘʜʘʥʥʳʤ ʪʝʧʣʦʚʳʤ ʧʦʪʦʢʦʤ 2Á = 720, 
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ʚ ʩʣʫʯʘʝ ʠʜʝʘʣʴʥʦ ʪʝʧʣʦʧʨʦʚʦʜʥʳʭ ʛʨʘʥʠʮ 2Áᶻ  1707. ʇʨʠ   > 0.4 ʚ ʤʝʩʪʝ 

ʩʣʠʷʥʠʷ ʤʦʥʦʪʦʥʥʦʡ ʠ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʚʝʪʚʝʡ ʧʦʨʦʛʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

ʨʘʚʥʳ 2Á  1300 ʠ 2Áᶻ  3000.  

 ʂʘʢ ʠʟʚʝʩʪʥʦ, ʚ ʩʣʫʯʘʝ ʦʜʥʦʢʦʤʧʦʥʝʥʪʥʦʡ ʞʠʜʢʦʩʪʠ ʧʦʨʦʛʫ 2Á = 720 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʦʣʥʦʚʦʝ ʯʠʩʣʦ Ὧ  0, ʪʦʛʜʘ ʢʘʢ ʯʠʩʣʫ 2Áᶻ  1707 ʦʪʚʝʯʘʝʪ Ὧᶻ  

3.116. ɼʣʷ ʫʩʣʦʚʠʷ ʟʘʜʘʥʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʢʘʢ ʤʦʥʦʪʦʥʥʘʷ, ʪʘʢ ʠ 

ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʦʩʪʘʝʪʩʷ ʜʣʠʥʥʦʚʦʣʥʦʚʦʡ ʚʩʶʜʫ. ɼʣʷ ʠʜʝʘʣʴʥʦ 

ʪʝʧʣʦʧʨʦʚʦʜʥʳʭ ʛʨʘʥʠʮ ʤʦʥʦʪʦʥʥʘʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʷʚʣʷʝʪʩʷ ʷʯʝʠʩʪʦʡ (ʪ.ʝ. 

ʚʦʣʥʦʚʦʝ ʯʠʩʣʦ ʥʝ ʙʣʠʟʢʦ ʢ ʥʫʣʶ) ʧʨʠ 2Á > 0 ʚ ʥʝʙʦʣʴʰʦʤ ʜʠʘʧʘʟʦʥʝ ʟʥʘʯʝʥʠʡ ɰ 

ʚʙʣʠʟʠ ʘʩʠʤʧʪʦʪʳ ɰ , ʚ ʦʩʪʘʣʴʥʳʭ ʩʣʫʯʘʷʭ ï ʜʣʠʥʥʦʚʦʣʥʦʚʘʷ.   

 ɼʣʷ ʠʜʝʘʣʴʥʦ ʪʝʧʣʦʧʨʦʚʦʜʥʳʭ ʛʨʘʥʠʮ ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʤʦʜʘ ʧʨʠ 2Á > 0 

ʷʚʣʷʝʪʩʷ ʷʯʝʠʩʪʦʡ ʧʨʠ ʚʩʝʭ ʟʥʘʯʝʥʠʷʭ ʧʘʨʘʤʝʪʨʦʚ, ʪʦʛʜʘ ʢʘʢ ʧʨʠ 2Á < 0 

ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʤʦʜʘ ï ʜʣʠʥʥʦʚʦʣʥʦʚʘʷ, ʪʘʢ ʞʝ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʫʩʣʦʚʠʡ ʟʘʜʘʥʥʦʛʦ 

ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ. 

 ʆʪʤʝʪʠʤ ʝʱʝ ʦʜʥʦ ʦʪʣʠʯʠʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʣʫʯʘʝʤ ʠʜʝʘʣʴʥʦ 

ʪʝʧʣʦʧʨʦʚʦʜʥʳʭ ʛʨʘʥʠʮ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ. 2.9 (  ï 0.4), ʧʨʠ 2Á > 0 

ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʤʦʜʘ ʥʝ ʠʩʯʝʟʘʝʪ ʧʨʠ ʩʣʠʷʥʠʠ ʩ ʤʦʥʦʪʦʥʥʦʡ (ʚ ʪʦʯʢʝ ɰ  0.35), ʘ 

ʧʨʦʜʦʣʞʘʝʪʩʷ ʜʘʣʴʰʝ ʚ ʦʙʣʘʩʪʴ  ï 0.35 < ɰ < ï 0.081. ʇʨʠ ʵʪʦʤ ʚ ʜʘʥʥʦʤ ʜʠʘʧʘʟʦʥʝ 

ʟʥʘʯʝʥʠʡ ɰ ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʚʝʪʚʴ ʧʝʨʝʩʪʘʝʪ ʙʳʪʴ ʜʣʠʥʥʦʚʦʣʥʦʚʦʡ, ʚ ʦʙʣʘʩʪʠ ɰ  

0.35 ʥʘʠʙʦʣʝʝ ʦʧʘʩʥʦʡ ʩʪʘʥʦʚʠʪʩʷ ʤʦʥʦʪʦʥʥʘʷ ʤʦʜʘ, ʢʦʪʦʨʘʷ ʦʩʪʘʝʪʩʷ 

ʜʣʠʥʥʦʚʦʣʥʦʚʦʡ. 

 ʇʨʠʤʝʨ ʥʝʡʪʨʘʣʴʥʦʡ ʢʨʠʚʦʡ ʠʟ ʵʪʦʡ ʦʙʣʘʩʪʠ ɰ ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩ. 2.10 (a): ʧʨʠ 

Ὧ  0  ʯʠʩʣʦ ʈʝʣʝʷ ʩʦʩʪʘʚʣʷʝʪ 2Á = 1077,  ʤʠʥʠʤʫʤ  ʞʝ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ Ὧ = 0.72, 

ʧʨʠ ʵʪʦʤ  2Á = 1007 ʠ ʅʘ ʨʠʩ. 2.10 (b) ʠ (ʩ) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʠʟʦʙʨʘʞʝʥʳ  .0.0253 =  

ʟʘʚʠʩʠʤʦʩʪʠ ʚʦʣʥʦʚʦʛʦ ʯʠʩʣʘ ʠ ʯʘʩʪʦʪʳ (ʤʥʠʤʦʡ ʯʘʩʪʠ ʜʝʢʨʝʤʝʥʪʘ ʚʦʟʤʫʱʝʥʠʡ), 

ʦʪʚʝʯʘʶʱʠʭ ʤʠʥʠʤʫʤʫ ʥʝʡʪʨʘʣʴʥʦʡ ʢʨʠʚʦʡ, ʦʪ ʩʫʤʤʘʨʥʦʛʦ ʦʪʥʦʰʝʥʠʷ 

ʨʘʟʜʝʣʝʥʠʷ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʦʚ, ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ ï 0.35 < ɰ < ï 0.081 ʥʘʠʙʦʣʝʝ 

ʦʧʘʩʥʳʤʠ ʢʦʣʝʙʘʪʝʣʴʥʳʤʠ ʚʦʟʤʫʱʝʥʠʷʤʠ ʷʚʣʷʶʪʩʷ ʚʦʟʤʫʱʝʥʠʷ ʩ ʢʦʥʝʯʥʦʡ 

ʜʣʠʥʦʡ ʚʦʣʥʳ. 
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2.2.2 ʅʝʣʠʥʝʡʥʳʝ ʨʝʞʠʤʳ ʢʦʥʚʝʢʮʠʠ 

 

 ʀʟ ʣʠʥʝʡʥʦʡ ʪʝʦʨʠʠ ʩʣʝʜʫʝʪ, ʯʪʦ ʥʘʠʙʦʣʝʝ ʦʧʘʩʥʦʡ ʷʚʣʷʝʪʩʷ ʜʣʠʥʥʦʚʦʣʥʦʚʘʷ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ, ʧʦʵʪʦʤʫ ʥʝʦʙʭʦʜʠʤʦ ʚʳʙʨʘʪʴ ʚʳʪʷʥʫʪʫʶ ʧʦ ʛʦʨʠʟʦʥʪʘʣʠ ʷʯʝʡʢʫ 

ʩʣʦʷ. ɹʳʣʦ ʚʳʙʨʘʥʦ ʘʩʧʝʢʪʥʦʝ ʦʪʥʦʰʝʥʠʝ ὒ ὰȾὬ = 5. ɿʘʜʘʯʘ ʚ ʥʝʣʠʥʝʡʥʦʡ 

ʧʦʩʪʘʥʦʚʢʝ ʨʝʰʘʣʘʩʴ ʯʠʩʣʝʥʥʦ ʚ ʧʝʨʝʤʝʥʥʳʭ ʬʫʥʢʮʠʷ ʪʦʢʘ ï ʟʘʚʠʭʨʝʥʥʦʩʪʴ ʩ 

ʧʦʤʦʱʴʶ ʫʨʘʚʥʝʥʠʡ (2.40)-(2.43). ʇʨʠʤʝʥʷʣʩʷ ʤʝʪʦʜ ʢʦʥʝʯʥʳʭ ʨʘʟʥʦʩʪʝʡ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʷʚʥʦʡ ʧʦ ʚʨʝʤʝʥʠ ʩʭʝʤʳ.  

 ʇʨʦʠʟʚʦʜʥʘʷ ʧʦ ʚʨʝʤʝʥʠ ʘʧʧʨʦʢʩʠʤʠʨʫʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ: 

Ὢȟ
ὸ

Ὢȟ Ὢȟ
†

Ȣ (2.61) 

ɿʜʝʩʴ ὲ ï ʥʦʤʝʨ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ, † ï h ʘʛ ʧʦ ʚʨʝʤʝʥʠ: ὸ †Ͻὲ; ὭȟὮ ï ʠʥʜʝʢʩʳ ʫʟʣʦʚ 

ʚʜʦʣʴ ʦʩʝʡ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʠ ʚʝʨʪʠʢʘʣʴʥʦʡ ʦʩʝʡ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ:  

ʈʠʩʫʥʦʢ 2.10. (a) ʅʝʡʪʨʘʣʴʥʘʷ ʢʨʠʚʘʷ ʧʨʠ = ï 0.4, ɰ  ï 0.2. (b) ɺʦʣʥʦʚʦʝ 

ʯʠʩʣʦ ʠ (c) ʯʘʩʪʦʪʘ ʥʘʠʙʦʣʝʝ ʦʧʘʩʥʳʭ ʚʦʟʤʫʱʝʥʠʡ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʤʦʜʳ ʧʨʠ 

  = ï 0.4 ʚ ʜʠʘʧʘʟʦʥʝ ï 0.6 < ɰ < 0. 

(b) 

(c) 

(a) 
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ὼ ὭϽὬ, ᾀ ὮϽὬ, ʛʜʝ ὬȟὬ ï ʰʘʛʠ ʩʝʪʢʠ (ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʨʘʚʥʦʤʝʨʥʘʷ ʩʝʪʢʘ 

 Ὤ Ὤ .  

 ɼʣʷ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ ʠʩʧʦʣʴʟʫʶʪʩʷ ʬʦʨʤʫʣʳ 

ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ:   

Ὢȟ
ὼ

Ὢ ȟ Ὢ ȟ

2Ὤ
ȟ
Ὢȟ
ὼ

Ὢ ȟ Ὢ ȟ 2Ὢȟ
Ὤ

Ȣ (2.62) 

ɺ ʚʳʨʘʞʝʥʠʠ (2.62) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʟʘʧʠʩʘʥʳ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʧʝʨʚʦʡ ʠ ʚʪʦʨʦʡ 

ʧʨʦʠʟʚʦʜʥʦʡ ʚʦ ʚʥʫʪʨʝʥʥʠʭ ʫʟʣʘʭ. ʌʦʨʤʫʣʳ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʧʨʦʠʟʚʦʜʥʳʭ ʚʜʦʣʴ 

ʚʪʦʨʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʠʤʝʶʪ ʘʥʘʣʦʛʠʯʥʳʡ ʚʠʜ.  

 ʅʘ ʣʝʚʦʡ ʠ ʧʨʘʚʦʡ ʛʨʘʥʠʮʘʭ (ὼ  0 ʠ ὼ = ὒ) ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʧʝʨʚʳʭ 

ʧʨʦʠʟʚʦʜʥʳʭ ʟʘʧʠʩʳʚʘʝʪʩʷ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ: 

Ὢȟ
ὼ

3Ὢȟ 4Ὢȟ Ὢȟ
2Ὤ

ȟ
Ὢ ȟ

ὼ

3Ὢ ȟ 4Ὢ ȟ Ὢ ȟ

2Ὤ
Ȣ (2.63) 

ɼʣʷ ʚʪʦʨʳʭ ʧʨʦʠʟʚʦʜʥʳʭ: 

Ὢȟ
ὼ

2Ὢȟ 5Ὢȟ 4Ὢȟ Ὢȟ
Ὤ

ȟ 

Ὢ ȟ

ὼ

2Ὢ ȟ 5Ὢ ȟ 4Ὢ ȟ Ὢ ȟ

Ὤ
Ȣ 

(2.64) 

ʀʟ ʪʝʦʨʠʠ ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ ʠʟʚʝʩʪʥʦ [155, 181], ʯʪʦ ʚ ʨʷʜʝ ʩʣʫʯʘʝʚ ʢʨʠʪʠʯʥʳʤ 

ʤʦʞʝʪ ʦʢʘʟʘʪʴʩʷ ʚʳʙʦʨ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʟʘʚʠʭʨʝʥʥʦʩʪʠ ʥʘ ʪʚʝʨʜʦʡ ʛʨʘʥʠʮʝ. 

ʇʨʦʩʪʝʡʰʠʤ ʚʘʨʠʘʥʪʦʤ ʷʚʣʷʝʪʩʷ ʬʦʨʤʫʣʘ ʊʦʤʘ, ʢʦʪʦʨʘʷ ʠʤʝʝʪ ʧʝʨʚʳʡ ʧʦʨʷʜʦʢ 

ʪʦʯʥʦʩʪʠ: 


2•

Ὤ
ȟ  

2•

Ὤ
Ȣ (2.65) 

ɹʦʣʝʝ ʪʦʯʥʳʤʠ ʬʦʨʤʫʣʘʤʠ ʷʚʣʷʶʪʩʷ ʩʣʝʜʫʶʱʠʝ ʚʳʨʘʞʝʥʠʷ. ʌʦʨʤʫʣʘ ɺʫʜʩʘ: 


3•

Ὤ



2
ȟ  

3•

Ὤ



2
Ȣ (2.66) 

ʌʦʨʤʫʣʘ ʇʠʨʩʦʥʘ: 


8• •

2Ὤ
ȟ  

8• •

2Ὤ
Ȣ (2.67) 
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 ɺ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʚ ʜʠʩʩʝʨʪʘʮʠʠ ʟʘʜʘʯʘʭ ʚʳʙʦʨ ʨʘʟʥʳʭ ʬʦʨʤʫʣ ʠʟ ʬʦʨʤʫʣ 

(2.65)-(2.67) ʥʝ ʧʨʠʚʦʜʠʣ ʢ ʟʘʤʝʪʥʦʡ ʨʘʟʥʠʮʝ ʚ ʨʝʟʫʣʴʪʘʪʘʭ ʨʘʩʯʝʪʦʚ.  

 ʂʦʥʚʝʢʪʠʚʥʘʷ ʧʨʦʠʟʚʦʜʥʘʷ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

ἾȟϽɳ ϽὪȟ Ö
ȟ
Ͻ
Ὢȟ
ὼ

Ö
ȟ
Ͻ
Ὢȟ
ᾀ
ȟ (2.68) 

ʛʜʝ ʧʨʦʠʟʚʦʜʥʳʝ Ⱦὼ ʠ Ⱦᾀ ʘʧʧʨʦʢʩʠʤʠʨʫʶʪʩʷ ʮʝʥʪʨʘʣʴʥʳʤʠ ʨʘʟʥʦʩʪʷʤʠ (2.62). 

ʀʟ ʪʝʦʨʠʠ ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʚʳʙʦʨ ʮʝʥʪʨʘʣʴʥʳʭ ʨʘʟʥʦʩʪʝʡ ʜʣʷ 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʢʦʥʚʝʢʪʠʚʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ ʤʦʞʝʪ ʙʳʪʴ ʥʝ ʩʘʤʳʤ ʫʜʘʯʥʳʤ 

ʚʳʙʦʨʦʤ. ɼʣʷ ʚʝʨʠʬʠʢʘʮʠʠ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʜʦʧʦʣʥʠʪʝʣʴʥʦ 

ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ çʩʭʝʤʘ ʩ ʜʦʥʦʨʥʳʤʠ ʷʯʝʡʢʘʤʠè [181], ʯʪʦ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʚʘʨʠʘʥʪ ʩʭʝʤ ʧʨʦʪʠʚ ʧʦʪʦʢʘ. ʂʦʥʚʝʢʪʠʚʥʘʷ ʧʨʦʠʟʚʦʜʥʘʷ ʘʧʧʨʦʢʩʠʤʠʨʫʝʪʩʷ 

ʩʣʝʜʫʶʱʠʤ ʚʳʨʘʞʝʥʠʝʤ (ʜʣʷ ʧʨʦʩʪʦʪʳ ʦʧʫʩʪʠʤ ʚʨʝʤʝʥʥʦʡ ʠ ʚʪʦʨʦʡ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʡ ʠʥʜʝʢʩʳ): 

Öȟ
Ὢ

ὼ

όὪ όὪ

Ὤ
Ȣ (2.69) 

ɺʝʣʠʯʠʥʘ ό ï ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʩʢʦʨʦʩʪʠ ʚ ʦʙʣʘʩʪʠ ʤʝʞʜʫ ʫʟʣʘʤʠ Ὥ ʠ Ὥ + 1, 

ʚʝʣʠʯʠʥʘ ό ï ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʩʢʦʨʦʩʪʠ ʚ ʷʯʝʡʢʝ ʤʝʞʜʫ ʫʟʣʘʤʠ Ὥ 

ï 1 ʠ Ὥ. ʉʭʝʤʘʪʠʯʝʩʢʠ ʵʪʦ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʩʣʝʜʫʶʱʝʡ ʜʠʘʛʨʘʤʤʝ: 

 

ɿʥʘʯʝʥʠʷ Ὢ ʠ Ὢ ʚʳʙʠʨʘʶʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ ʪʝʯʝʥʠʷ ʩʣʝʜʫʶʱʠʤ 

ʦʙʨʘʟʦʤ: 

Ὢ
Ὢ        ʧʨʠ ό 0

Ὢ     ʧʨʠ ό 0
ȟ         Ὢ

Ὢ      ʧʨʠ ό 0

Ὢ         ʧʨʠ ό 0
 Ȣ 

 ʈʘʩʯʝʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʟʘʜʘʯ ʢʦʥʚʝʢʮʠʠ, ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʚ 

ʜʠʩʩʝʨʪʘʮʠʠ, ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʘʧʧʨʦʢʩʠʤʘʮʠʝʡ ʢʦʥʚʝʢʪʠʚʥʦʡ ʧʨʦʠʟʚʦʜʥʦʡ 

ʮʝʥʪʨʘʣʴʥʳʤʠ ʨʘʟʥʦʩʪʷʤʠ ʠ ʩʭʝʤʦʡ (2.69) ʦʢʘʟʳʚʘʝʪʩʷ ʥʝʩʫʱʝʩʪʚʝʥʥʦʡ.  

ό ό  

ό 0.5ϽÖȟ Öȟ  

ό 0.5ϽÖȟ Öȟ  
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 ɸʣʛʦʨʠʪʤ ʨʘʩʯʝʪʘ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʢʣʶʯʘʝʪ ʩʣʝʜʫʶʱʠʝ ʰʘʛʠ: 1) ʚʳʯʠʩʣʝʥʠʝ 

ʧʨʠʨʘʱʝʥʠʡ ʬʫʥʢʮʠʡ ʥʘ ʥʦʚʦʤ ʚʨʝʤʝʥʥʦʤ ʰʘʛʝ Ὢȟ   ʠʟ ʵʚʦʣʶʮʠʦʥʥʳʭ ʫʨʘʚʥʝʥʠʡ  

(2.40)-(2.42); 2) ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ ʇʫʘʩʩʦʥʘ (2.43), ʢʦʪʦʨʦʝ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ 

ʠʪʝʨʘʮʠʦʥʥʳʤ ʤʝʪʦʜʦʤ ʗʢʦʙʠ; 3) ʦʙʤʝʥ ʟʥʘʯʝʥʠʡ ʤʘʩʩʠʚʦʚ, ʭʨʘʥʷʱʠʭ ʧʦʣʷ Ὢȟ  

ʠ Ὢȟ, ʟʘʧʠʩʴ ʚ ʬʘʡʣ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʝʯʝʥʠʷ ʠ ʜʨ. ʇʨʦʛʨʘʤʤʘ ʨʘʩʯʝʪʦʚ ʥʘʧʠʩʘʥʘ ʥʘ 

ʷʟʳʢʝ Fortran-90 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʠʨʝʢʪʠʚ ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ 

OpenMP.  

  ʈʘʩʯʝʪ ʧʨʦʚʦʜʠʣʩʷ ʥʘ ʨʘʚʥʦʤʝʨʥʦʡ ʩʝʪʢʝ ʩ ʰʘʛʦʤ Ὤ Ὤ  1/20. ʈʘʩʯʝʪʳ ʥʘ 

ʙʦʣʝʝ ʧʦʜʨʦʙʥʦ ʩʝʪʢʝ 1/30 ʧʦʢʘʟʘʣʠ ʣʠʰʴ ʥʝʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʝʥʥʦʝ ʦʪʣʠʯʠʝ ʚ 4%.  

ɺʳʯʠʩʣʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʳʭ ʟʥʘʯʝʥʠʷʭ   ʠ ɰ, ʯʠʩʣʦ ʈʝʣʝʷ 

ʧʨʠ ʵʪʦʤ ʚʘʨʴʠʨʦʚʘʣʦʩʴ. ʈʘʩʯʝʪ ʥʘʯʠʥʘʣʩʷ ʩ ʥʝʢʦʪʦʨʳʤ 2Á ʧʨʠ ʨʘʚʥʦʚʝʩʥʦʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ: Ὕ 1 ᾀ, ╒ ⱶ1 ᾀȢ ɺ ʢʘʯʝʩʪʚʝ 

ʥʘʯʘʣʴʥʦʛʦ ʚʦʟʤʫʱʝʥʠʷ ʟʘʜʘʚʘʣʘʩʴ ʟʘʚʠʭʨʝʥʥʦʩʪʴ ʚ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʪʦʯʢʝ 0.1 =  

ʦʙʣʘʩʪʠ (ὼ = 3/4ὒ, z = 3/4), ʚʦ ʚʩʝʡ ʦʩʪʘʣʴʥʦʡ ʦʙʣʘʩʪʠ ʧʦʣʷ ʟʘʚʠʭʨʝʥʥʦʩʪʠ ʠ 

ʬʫʥʢʮʠʠ ʪʦʢʘ ʟʘʜʘʚʘʣʠ ʨʘʚʥʳʤʠ ʥʫʣʶ:  •  0. ʇʦʩʣʝ ʜʦʩʪʠʞʝʥʠʷ ʚ ʩʠʩʪʝʤʝ 

ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʯʠʩʣʦ 2Á ʠʟʤʝʥʷʣʦʩʴ ʥʘ ʥʝʙʦʣʴʰʫʶ ʚʝʣʠʯʠʥʫ, ʧʨʠ ʵʪʦʤ 

ʧʦʣʫʯʠʚʰʝʝʩʷ ʩʪʘʮʠʦʥʘʨʥʦʝ ʩʦʩʪʦʷʥʠʝ ʙʨʘʣʦʩʴ ʚ ʢʘʯʝʩʪʚʝ ʥʦʚʳʭ ʥʘʯʘʣʴʥʳʭ 

ʫʩʣʦʚʠʡ, ʟʘʪʝʤ ʧʨʦʮʝʜʫʨʘ ʧʦʚʪʦʨʷʣʘʩʴ.  

  

ɹʠʥʘʨʥʘʷ ʞʠʜʢʦʩʪʴ,  ï0.2, ʥʘʛʨʝʚ ʩʚʝʨʭʫ, ʤʦʥʦʪʦʥʥʘʷ ʤʦʜʘ 

 

 ʈʘʩʩʤʦʪʨʠʤ ʩʥʘʯʘʣʘ ʧʨʠʤʝʨ ʙʠʥʘʨʥʦʡ ʞʠʜʢʦʩʪʠ (  0) ʧʨʠ ɰ = ï 0.2 ʠ 

2Á < 0. ʅʘ ʨʠʩ. 2.11 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʤʦʜʫʣʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ 

ʬʫʥʢʮʠʠ ʪʦʢʘ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʛʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʪʝʯʝʥʠʷ, ʦʪ ʯʠʩʣʘ 

ʈʝʣʝʷ ʜʣʷ ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ. ɺʳʯʠʩʣʝʥʠʷ ʥʘʯʠʥʘʣʠʩʴ ʩ 

ʥʝʢʦʪʦʨʦʛʦ ʙʦʣʴʰʦʛʦ ʧʦ ʤʦʜʫʣʶ ʟʥʘʯʝʥʠʷ ʯʠʩʣʘ ʈʝʣʝʷ ȿ2Áȿ.  ʇʨʠ ʵʪʦʤ ʩʠʩʪʝʤʘ 

ʧʨʠʭʦʜʠʪ ʢ ʤʥʦʛʦʚʠʭʨʝʚʦʤʫ ʨʝʞʠʤʫ. ʉ ʫʤʝʥʴʰʝʥʠʝʤ ȿ2Áȿ ʥʘʙʣʶʜʘʝʪʩʷ 

ʧʝʨʝʩʪʨʦʡʢʘ ʢ ʨʝʞʠʤʘʤ ʩ ʤʝʥʴʰʠʤ ʯʠʩʣʦʤ ʚʠʭʨʝʡ ʚʧʣʦʪʴ ʜʦ ʪʝʯʝʥʠʷ, ʩʪʨʫʢʪʫʨʘ 

ʢʦʪʦʨʦʛʦ ʠʤʝʝʪ ʚʠʜ ʜʚʫʭ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦ ʚʨʘʱʘʶʱʠʭʩʷ ʚʠʭʨʝʡ, ʯʪʦ ʦʪʚʝʯʘʝʪ 
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ʤʘʢʩʠʤʘʣʴʥʦ ʚʦʟʤʦʞʥʦ ʜʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʦʙʣʘʩʪʠ ʜʣʠʥʝ ʚʦʣʥʳ ʥʘʠʙʦʣʝʝ 

ʦʧʘʩʥʳʭ ʚʦʟʤʫʱʝʥʠʡ ὰ Њ (Ὧ  0), ʢʘʢ ʙʳʣʦ ʧʨʝʜʩʢʘʟʘʥʦ ʣʠʥʝʡʥʦʡ ʪʝʦʨʠʝʡ 

ʫʩʪʦʡʯʠʚʦʩʪʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʠʥʥʦʚʦʣʥʦʚʘʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʧʨʦʷʚʣʷʝʪʩʷ ʣʠʰʴ 

ʚʙʣʠʟʠ ʧʦʨʦʛʘ ʚʦʟʙʫʞʜʝʥʠʷ ʢʦʥʚʝʢʮʠʠ.  

ʂʦʣʠʯʝʩʪʚʦ ʚʠʭʨʝʡ (ʧʨʠ ʙʦʣʴʰʦʤ ʯʠʩʣʝ ȿ2Áȿ) ʠ ʢʦʥʢʨʝʪʥʳʝ ʩʮʝʥʘʨʠʠ 

ʧʝʨʝʭʦʜʦʚ ʟʘʚʠʩʷʪ ʦʪ ʤʥʦʞʝʩʪʚʘ ʬʘʢʪʦʨʦʚ, ʪʘʢʠʭ ʢʘʢ ʥʘʯʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ 2Á, 

ʚʝʣʠʯʠʥʘ ʠ ʬʦʨʤʘ ʥʘʯʘʣʴʥʦʛʦ ʚʦʟʤʫʱʝʥʠʷ ʠ ʜʨ. ʅʘ ʨʠʩ. 2.11 ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʥʝʢʦʪʦʨʳʝ ʚʦʟʤʦʞʥʳʝ ʨʝʘʣʠʟʘʮʠʠ. ʊʘʢ 12-ʚʠʭʨʝʚʦʡ ʨʝʞʠʤ ʧʨʠ ʟʥʘʯʝʥʠʠ 

2Á  ï 870 ʪʨʘʥʩʬʦʨʤʠʨʫʝʪʩʷ ʚ 6-ʚʠʭʨʝʚʦʡ, ʢʦʪʦʨʳʡ ʧʝʨʝʭʦʜʠʪ ʚ 4-ʚʠʭʨʝʚʦʡ ʧʨʠ 

2Á  ï 110, ʘ ʟʘʪʝʤ ʚ ʜʚʫʭʚʠʭʨʝʚʦʡ ʧʨʠ 2Á  ï 45. ʇʨʠ ʵʪʦʤ ʧʦʨʦʛ ʚʦʟʥʠʢʥʦʚʝʥʠʷ 

ʢʦʥʚʝʢʮʠʠ, ʥʘʡʜʝʥʥʳʡ ʚ ʥʝʣʠʥʝʡʥʦʤ ʯʠʩʣʝʥʥʦʤ ʩʯʝʪʝ, 2Á  ï 39, ʯʪʦ ʙʣʠʟʢʦ ʢ 

ʟʥʘʯʝʥʠʶ ʢʨʠʪʠʯʝʩʢʦʛʦ ʯʠʩʣʘ ʈʝʣʝʷ, ʧʨʝʜʩʢʘʟʘʥʥʦʤʫ ʣʠʥʝʡʥʦʡ ʪʝʦʨʠʝʡ 

ʫʩʪʦʡʯʠʚʦʩʪʠ,  2Á  ï 37.5. 

ʅʘ ʨʠʩ. 2.12 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʤʦʜʫʣʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ 

ʬʫʥʢʮʠʠ ʪʦʢʘ ʧʨʠ ʪʝʭ ʞʝ ʧʘʨʘʤʝʪʨʘʭ (  0, ɰ = ï 0.2, 2Á < 0) ʜʣʷ ʩʣʫʯʘʷ 

ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʟʘʤʢʥʫʪʦʡ ʦʙʣʘʩʪʠ. ʈʝʟʫʣʴʪʘʪʳ ʢʘʯʝʩʪʚʝʥʥʦ 

ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʙʣʠʟʢʠ ʢ ʪʝʤ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʛʨʘʥʠʮ. ʊʘʢʞʝ 

ʥʘʙʣʶʜʘʝʪʩʷ ʪʝʥʜʝʥʮʠʷ ʢ ʫʤʝʥʴʰʝʥʠʶ ʯʠʩʣʘ ʚʠʭʨʝʡ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ȿ2Áȿ, ʦʜʥʘʢʦ 

ʚ ʢʘʞʜʦʤ ʩʣʫʯʘʝ ʥʘʙʣʶʜʘʣʘʩʴ ʣʠʰʴ ʦʜʥʦʢʨʘʪʥʘʷ ʧʝʨʝʩʪʨʦʡʢʘ ʩʪʨʫʢʪʫʨʳ ʪʝʯʝʥʠʷ: 

10-ʚʠʭʨʝʚʦʡ ʠ 5-ʚʠʭʨʝʚʦʡ ʨʝʞʠʤʳ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʧʝʨʝʭʦʜʷʪ ʚ ʦʜʥʦʚʠʭʨʝʚʦʡ ʧʨʠ 

2Á  ï 3000 ʠ 2Á  ï 990. ʇʦʨʦʛ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʢʦʥʚʝʢʮʠʠ ʧʨʠ ʵʪʦʤ 2Á  30.  

ʆʪʤʝʪʠʤ, ʯʪʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩ ʧʝʨʠʦʜʠʯʝʩʢʠʤʠ ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ 

ʥʘʢʣʘʜʳʚʘʝʪ ʦʛʨʘʥʠʯʝʥʠʝ ï ʜʚʫʭʚʠʭʨʝʚʦʡ ʨʝʞʠʤ ʷʚʣʷʝʪʩʷ ʧʨʝʜʝʣʴʥʳʤ ʚʘʨʠʘʥʪʦʤ, 

ʪʦʛʜʘ ʢʘʢ ʜʣʷ ʟʘʤʢʥʫʪʦʡ ʦʙʣʘʩʪʠ ʚʦʟʤʦʞʥʘ ʠ ʦʜʥʦʚʠʭʨʝʚʘʷ ʤʦʜʘ. ɺ ʧʦʩʣʝʜʥʝʤ 

ʩʣʫʯʘʝ ʜʣʠʥʘ ʚʦʣʥʳ ʚʦʟʤʫʱʝʥʠʡ ʙʫʜʝʪ ʚ ʜʚʘ ʨʘʟʘ ʙʦʣʴʰʝ (ʚʦʣʥʦʚʦʝ ʯʠʩʣʦ Ὧ ï ʚ ʜʚʘ 

ʨʘʟʘ ʤʝʥʴʰʝ). ʊʝʦʨʝʪʠʯʝʩʢʠ ʧʨʠ ʤʝʥʴʰʝʤ ʟʥʘʯʝʥʠʠ Ὧ ʧʦʨʦʛ ʚʦʟʥʠʢʥʦʚʝʥʠʷ 

ʢʦʥʚʝʢʮʠʠ ʜʦʣʞʝʥ ʣʫʯʰʝ ʩʦʛʣʘʩʦʚʳʚʘʪʴʩʷ ʩ ʣʠʥʝʡʥʦʡ ʪʝʦʨʠʝʡ ʫʩʪʦʡʯʠʚʦʩʪʠ, 

ʦʜʥʘʢʦ ʵʪʦʛʦ ʥʝ ʧʨʦʠʩʭʦʜʠʪ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʚ ʩʠʣʫ ʚʣʠʷʥʠʷ ʛʨʘʥʠʮ ʤʦʜʝʣʠʨʫʝʤʦʡ 

ʦʙʣʘʩʪʠ.  
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ʈʠʩʫʥʦʢ 2.11. ɿʘʚʠʩʠʤʦʩʪʠ ʤʦʜʫʣʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʬʫʥʢʮʠʠ ʪʦʢʘ 

ʦʪ ʯʠʩʣʘ ʈʝʣʝʷ,   = 0, ɰ  ï 0.2, 2Á < 0, ʤʦʥʦʪʦʥʥʘʷ ʤʦʜʘ:  a ï ʧʦʣʥʳʡ 

ʤʘʩʰʪʘʙ, b ï ʦʙʣʘʩʪʴ ʚʙʣʠʟʠ ʧʦʨʦʛʘ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʢʦʥʚʝʢʮʠʠ. 

ʇʝʨʠʦʜʠʯʝʩʢʠʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ, ʮʠʬʨʳ ʚ ʢʨʫʞʢʘʭ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʯʠʩʣʫ 

ʚʠʭʨʝʡ. 
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 ɼʣʷ ʩʠʪʫʘʮʠʠ, ʢʦʛʜʘ ʚʳʯʠʩʣʝʥʠʷ ʥʘʯʠʥʘʣʠʩʴ ʩ ʤʘʣʳʭ ʟʥʘʯʝʥʠʡ ȿ2Áȿ c 

ʧʦʩʣʝʜʫʶʱʠʤ ʫʚʝʣʠʯʝʥʠʝʤ, ʦʙʨʘʪʥʦʡ ʧʝʨʝʩʪʨʦʡʢʠ ʢ ʤʥʦʛʦʚʠʭʨʝʚʳʤ ʨʝʞʠʤʘʤ ʥʝ 

ʥʘʙʣʶʜʘʝʪʩʷ ʚʧʣʦʪʴ ʜʦ ʥʝʢʦʪʦʨʦʛʦ ʧʨʝʜʝʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ 2Á: ʜʚʫʭʚʠʭʨʝʚʦʡ ʨʝʞʠʤ 

ʩʫʱʝʩʪʚʫʝʪ ʜʦ 2Á  ï2700, ʯʝʪʳʨʝʭʚʠʭʨʝʚʦʡ ï ʜʦ 2Á  ï 4100. 

 ʅʘ ʨʠʩ. 2.13 ʧʨʝʜʩʪʘʚʣʝʥʳ ʭʘʨʘʢʪʝʨʥʳʝ ʢʘʨʪʠʥʳ ʧʦʣʝʡ ʬʫʥʢʮʠʠ ʪʦʢʘ (a), 

ʪʝʤʧʝʨʘʪʫʨʳ (b) ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ (c) ʜʣʷ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʚʳʰʝ ʩʣʫʯʘʝʚ. ʂʘʢ ʚʠʜʥʦ 

ʠʟ ʜʘʥʥʦʛʦ ʨʠʩʫʥʢʘ, ʠʟʦʣʠʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʷʚʣʷʶʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʧʨʷʤʳʤ 

ʣʠʥʠʷʤʠ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʧʦʣʷ ʢʦʥʮʝʥʪʨʘʮʠʠ, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʪʦʤ, ʯʪʦ 

ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʡ ʤʝʭʘʥʠʟʤ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʢʦʥʚʝʢʮʠʠ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʷʚʣʷʝʪʩʷ 

ʜʦʤʠʥʠʨʫʶʱʠʤ. 

 

ʈʠʩʫʥʦʢ 2.12. ɿʘʚʠʩʠʤʦʩʪʠ ʤʦʜʫʣʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʬʫʥʢʮʠʠ ʪʦʢʘ 

ʦʪ ʯʠʩʣʘ ʈʝʣʝʷ,   = ï 0, ɰ  ï 0.2, 2Á < 0, ʤʦʥʦʪʦʥʥʘʷ ʤʦʜʘ:  a ï ʧʦʣʥʳʡ 

ʤʘʩʰʪʘʙ, b ï ʦʙʣʘʩʪʴ ʚʙʣʠʟʠ ʧʦʨʦʛʘ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʢʦʥʚʝʢʮʠʠ. ɿʘʤʢʥʫʪʘʷ 

ʦʙʣʘʩʪʴ, ʮʠʬʨʳ ʚ ʢʨʫʞʢʘʭ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʯʠʩʣʫ ʚʠʭʨʝʡ. 
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ɹʠʥʘʨʥʘʷ ʞʠʜʢʦʩʪʴ,  ï0.2, ʧʦʜʦʛʨʝʚ ʩʥʠʟʫ, ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʤʦʜʘ 

 

 ʅʘ ʨʠʩʫʥʢʝ 2.14 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʝʪʦʚ ʜʣʷ ʪʦʛʦ ʞʝ 

ʥʘʙʦʨʘ ʧʘʨʘʤʝʪʨʦʚ (  0,  ɰ = ï 0.2), ʥʦ ʧʨʠ ʧʦʜʦʛʨʝʚʝ ʩʥʠʟʫ (2Á > 0). ɺ ʵʪʦʤ 

ʩʣʫʯʘʝ ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ ʪʨʘʥʩʬʦʨʤʘʮʠʷ ʩʪʨʫʢʪʫʨʳ ʪʝʯʝʥʠʷ ʩ ʠʟʤʝʥʝʥʠʝʤ 2Á, ʥʦ 

ʵʪʦ ʧʨʦʠʩʭʦʜʠʪ ʪʦʣʴʢʦ ʦʜʠʥ ʨʘʟ. ʂʘʢ ʠ ʧʨʠ ʥʘʛʨʝʚʝ ʩʚʝʨʭʫ, ʜʣʠʥʥʦʚʦʣʥʦʚʦʡ ʨʝʞʠʤ 

ʥʘʙʣʶʜʘʝʪʩʷ ʪʦʣʴʢʦ ʚʙʣʠʟʠ ʧʦʨʦʛʘ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʢʦʥʚʝʢʮʠʠ. ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ 

ʣʠʥʝʡʥʦʛʦ ʘʥʘʣʠʟʘ ʫʩʪʦʡʯʠʚʦʩʪʠ, ʧʨʠ ʧʦʜʦʛʨʝʚʝ ʩʥʠʟʫ ʜʦʣʞʥʘ ʥʘʙʣʶʜʘʪʴʩʷ 

ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ. ʆʜʥʘʢʦ ʢʦʣʝʙʘʥʠʷ ʥʘʙʣʶʜʘʶʪʩʷ ʣʠʰʴ ʚ ʫʟʢʦʡ 

ʦʙʣʘʩʪʠ ʯʠʩʝʣ ʈʝʣʝʷ ʚʙʣʠʟʠ ʧʦʨʦʛʘ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʨʠ 2Á  842-850 ʠ ʪʦʣʴʢʦ ʚ 

ʩʣʫʯʘʝ ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ. 

ʈʠʩʫʥʦʢ 2.13. ʇʦʣʷ ʬʫʥʢʮʠʠ ʪʦʢʘ (a), ʪʝʤʧʝʨʘʪʫʨʳ (b) ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ (c), 

  0, ɰ = ï 0.2, 2Á = ï 2500. ʉʚʝʪʣʳʝ ʠ ʪʝʤʥʳʝ ʟʦʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʤʠʥʠʤʫʤʫ ʠ ʤʘʢʩʠʤʫʤʫ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʧʦʣʝʡ. 
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 ʅʘ ʨʠʩ. 2.15 ʧʦʢʘʟʘʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ ʟʥʘʯʝʥʠʷ ʬʫʥʢʮʠʠ ʪʦʢʘ ʚ 

ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʪʦʯʢʝ ʦʙʣʘʩʪʠ ʜʣʷ ʜʚʫʭ ʯʠʩʝʣ ʈʝʣʝʷ: 2Á  850 (a) ʠ 2Á = 841.9 (b). 

ɼʣʷ 2Á  850 ʚʠʜʥʦ, ʯʪʦ ʟʥʘʯʝʥʠʝ ʬʫʥʢʮʠʠ ʪʦʢʘ ʤʦʥʦʪʦʥʥʦ ʠʟʤʝʥʷʝʪʩʷ ʜʦ ὸ ~ 3500, 

ʧʦʩʣʝ ʯʝʛʦ ʧʨʦʠʩʭʦʜʠʪ ʧʦʩʪʝʧʝʥʥʳʡ ʧʝʨʝʭʦʜ ʢ ʨʝʞʠʤʫ ʩʪʘʮʠʦʥʘʨʥʳʭ ʢʦʣʝʙʘʥʠʡ, 

ʢʦʪʦʨʳʡ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʧʨʠ ὸ ~ 4000. ʇʨʠ 2Á = 841.9 (ʨʠʩ. 2.15 b) ʥʘʙʣʶʜʘʝʪʩʷ 

ʧʝʨʝʭʦʜ ʦʪ ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ ʨʝʞʠʤʘ ʢ ʩʦʩʪʦʷʥʠʶ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ. ɺ 

ʈʠʩʫʥʦʢ 2.14. ɿʘʚʠʩʠʤʦʩʪʠ ʤʦʜʫʣʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʬʫʥʢʮʠʠ ʪʦʢʘ 

ʦʪ ʯʠʩʣʘ ʈʝʣʝʷ,   =  0, ɰ  ï 0.2, 2Á > 0, ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʤʦʜʘ:  a ï ʟʘʤʢʥʫʪʘʷ 

ʦʙʣʘʩʪʴ, b ï ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ. ʈʠʩʫʥʢʠ ʚ ʛʨʘʜʘʮʠʠ ʩʝʨʦʛʦ 

ʚʙʣʠʟʠ ʢʨʠʚʳʭ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʦʣʷʤ ʬʫʥʢʮʠʠ ʪʦʢʘ. 

 

a 

 

b 
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ʜʠʘʧʘʟʦʥʝ ʤʝʞʜʫ ʜʚʫʤʷ ʦʙʦʟʥʘʯʝʥʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ 2Á ʥʘʙʣʶʜʘʝʪʩʷ 

ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʤʦʜʘ, ʢʘʢ ʠ ʙʳʣʦ ʧʨʝʜʩʢʘʟʘʥʦ ʣʠʥʝʡʥʦʡ ʪʝʦʨʠʝʡ. ʀʟ ʣʠʥʝʡʥʦʡ 

ʪʝʦʨʠʠ 2Á = 909, ʯʪʦ ʙʣʠʟʢʦ ʢ 2Á = 842, ʧʦʣʫʯʝʥʥʦʤʫ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʷʤʦʛʦ 

ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ.  

 

 

 

 ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʩ ʠʟʤʝʥʝʥʠʝʤ 2Á ʚ ʦʙʨʘʪʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ (ʦʪ ʤʝʥʴʰʝʛʦ 

ʢ ʙʦʣʴʰʝʤʫ), ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʤʦʜʘ ʪʘʢʞʝ ʧʨʦʩʣʝʞʠʚʘʝʪʩʷ. ʅʘ ʨʠʩ. 2.16 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ ʟʥʘʯʝʥʠʡ ʬʫʥʢʮʠʠ ʪʦʢʘ ʚ ʬʠʢʩʠʨʦʚʘʥʥʦʡ 

ʪʦʯʢʝ ʜʣʷ 5 ʟʥʘʯʝʥʠʡ 2Áȡ 830, 950, 1000, 1020, 1030. ʇʨʠ 2Á = 830 ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ 

ʥʝ ʨʘʟʚʠʚʘʝʪʩʷ, ʚʦʟʤʫʱʝʥʠʷ ʟʘʪʫʭʘʶʪ ʧʨʘʢʪʠʯʝʩʢʠ ʤʦʥʦʪʦʥʥʦ. ʇʨʠ 2Á = 950 

ʩʠʩʪʝʤʘ ʧʦ-ʧʨʝʞʥʝʤʫ ʫʩʪʦʡʯʠʚʘ, ʦʜʥʘʢʦ ʯʝʪʢʦ ʧʨʦʩʣʝʞʠʚʘʝʪʩʷ ʢʦʣʝʙʘʪʝʣʴʥʳʡ 

ʭʘʨʘʢʪʝʨ ʟʘʪʫʭʘʥʠʷ ʚʦʟʤʫʱʝʥʠʡ. ɼʣʷ 2Á = 1000 ʠ 1020 ʚʦʟʤʫʱʝʥʠʷ ʪʘʢʞʝ ʟʘʪʫʭʘʶʪ, 

ʥʦ ʢʦʣʝʙʘʪʝʣʴʥʳʡ ʭʘʨʘʢʪʝʨ ʧʨʦʩʣʝʞʠʚʘʝʪʩʷ ʝʱʝ ʙʦʣʝʝ ʦʪʯʝʪʣʠʚʦ. ʊʘʢ, ʜʣʷ 2Á = 950 

ʢʦʣʝʙʘʥʠʷ ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʜʦ ὸ ~ 500, ʜʣʷ 2Á = 1000 ï ʜʦ ὸ ~ 1500, ʜʣʷ 2Á = 1020 

ï ʜʦ ὸ ~ 6000. ʉʠʪʫʘʮʠʷ ʤʝʥʷʝʪʩʷ ʧʨʠ 2Á = 1030 ï ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʚʦʟʤʫʱʝʥʠʷ 

ʥʘʨʘʩʪʘʶʪ ʩʦ ʚʨʝʤʝʥʝʤ (ʨʠʩ 2.16 e). ʅʘ ʨʠʩ. 2.16 f ʪʘʢʞʝ ʧʨʝʜʩʪʘʚʣʝʥ ʩʣʫʯʘʡ 2Á = 

ʈʠʩʫʥʦʢ 2.15. ɺʨʝʤʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʬʫʥʢʮʠʠ ʪʦʢʘ ʚ ʬʠʢʩʠʨʦʚʘʥʥʦʡ 

ʪʦʯʢʝ ʦʙʣʘʩʪʠ,   =  0, ɰ  ï 0.2: (a) 2Á = 850, (b)  2Á = 841.9. 

ʇʝʨʠʦʜʠʯʝʩʢʠʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ. 
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1030, ʥʦ ʚ ʙʦʣʴʰʝʤ ʚʨʝʤʝʥʥʦʤ ʤʘʩʰʪʘʙʝ. ɺʠʜʥʦ, ʯʪʦ ʚʦʟʤʫʱʝʥʠʷ ʥʘʨʘʩʪʘʶʪ 

ʢʦʣʝʙʘʪʝʣʴʥʳʤ ʦʙʨʘʟʦʤ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʝ ʚʨʝʤʷ ʜʦ ὸ ~ 23000. ʆʜʥʘʢʦ 

ʚʧʦʩʣʝʜʩʪʚʠʠ ʩʠʩʪʝʤʘ ʧʨʠʭʦʜʠʪ ʢ ʩʪʘʮʠʦʥʘʨʥʦʤʫ ʩʦʩʪʦʷʥʠʶ  

 

 

  

ʈʠʩʫʥʦʢ 2.16. ɺʨʝʤʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʬʫʥʢʮʠʠ ʪʦʢʘ ʚ ʬʠʢʩʠʨʦʚʘʥʥʦʡ 

ʪʦʯʢʝ ʦʙʣʘʩʪʠ,   =  0, ɰ  ï 0.2: (a) 2Á = 830, (b) 2Á = 950, (c) 2Á = 1000, 

(d) 2Á = 1020, (e) 2Á = 1030, ὸ < 6500, (f) 2Á = 1030, ὸ < 28000.  
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 ʅʘ ʨʠʩ. 2.17 ʠʟʦʙʨʘʞʝʥʳ ʭʘʨʘʢʪʝʨʥʳʝ ʢʘʨʪʠʥʳ ʧʦʣʝʡ ʬʫʥʢʮʠʠ ʪʦʢʘ (a), 

ʪʝʤʧʝʨʘʪʫʨʳ (b) ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ (c) ʧʨʠ   0, ɰ = ï 0.2, 2Á = 1500. ɺ ʦʪʣʠʯʠʝ ʦʪ 

ʩʣʫʯʘʷ ʥʘʛʨʝʚʘ ʩʚʝʨʭʫ (ʨʠʩ. 2.13), ʠʟʦʣʠʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʪʘʢʞʝ ʠʩʢʨʠʚʣʝʥʳ, ʯʪʦ 

ʛʦʚʦʨʠʪ ʦ ʪʝʨʤʦʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʤ ʤʝʭʘʥʠʟʤʝ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʢʦʥʚʝʢʮʠʠ. 

 

 

 ɺʳʰʝ ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʧʨʷʤʦʛʦ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ 

ʯʘʩʪʥʦʤ ʩʣʫʯʘʝ ʙʠʥʘʨʥʦʡ ʞʠʜʢʦʩʪʠ (  = 0) ʧʨʠ ʟʥʘʯʝʥʠʠ ʩʫʤʤʘʨʥʦʛʦ ʦʪʥʦʰʝʥʠʷ 

ʨʘʟʜʝʣʝʥʠʷ ɰ = ï 0.2. ʈʘʩʯʝʪʳ ʪʘʢʞʝ ʧʨʦʚʦʜʠʣʠʩʴ ʜʣʷ ʟʥʘʯʝʥʠʡ ɰ = ï0.3 ʠ ï0.03 ï 

ʨʝʟʫʣʴʪʘʪʳ ʚʳʯʠʩʣʝʥʠʡ ʢʘʯʝʩʪʚʝʥʥʦ ʘʥʘʣʦʛʠʯʥʳ ʪʝʤ, ʯʪʦ ʠ ʜʣʷ ɰ = ï0.2, ʢʘʢ ʜʣʷ 

ʤʦʥʦʪʦʥʥʦʡ ʤʦʜʳ ʧʨʠ ʥʘʛʨʝʚʝ ʩʚʝʨʭʫ, ʪʘʢ ʠ ʜʣʷ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʤʦʜʳ ʧʨʠ ʧʦʜʦʛʨʝʚʝ 

ʩʥʠʟʫ. ɽʩʣʠ ʚʟʷʪʴ ʙʦʣʴʰʝʝ ʧʦ ʘʙʩʦʣʶʪʥʦʡ ʚʝʣʠʯʠʥʝ ʟʥʘʯʝʥʠʝ ɰ ʜʣʷ ʤʦʥʦʪʦʥʥʦʡ 

ʤʦʜʳ ʵʚʦʣʶʮʠʷ ʨʘʟʚʠʪʠʷ ʢʦʥʚʝʢʮʠʠ ʦʩʪʘʝʪʩʷ ʧʨʝʞʥʝʡ, ʦʜʥʘʢʦ ʜʣʷ ʢʦʣʝʙʘʪʝʣʴʥʦʡ 

ʤʦʜʳ ʧʦʚʝʜʝʥʠʝ ʩʠʩʪʝʤʳ ʥʝʤʥʦʛʦ ʠʟʤʝʥʷʝʪʩʷ.  

 

ɹʠʥʘʨʥʘʷ ʞʠʜʢʦʩʪʴ,  ï0.6, ʧʦʜʦʛʨʝʚ ʩʥʠʟʫ, ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʤʦʜʘ 

 

 ʇʨʠ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʷʭ ȿɰȿ ʠ ʜʣʷ ʩʣʫʯʘʷ ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ 

ʢʦʣʝʙʘʥʠʷ ʥʘʙʣʶʜʘʣʠʩʴ ʚʦ ʚʩʝʡ ʦʙʣʘʩʪʠ ʟʥʘʯʝʥʠʡ ʯʠʩʝʣ 2Á ʚʳʰʝ ʧʦʨʦʛʘ 

ʈʠʩʫʥʦʢ 2.17. ʇʦʣʷ ʬʫʥʢʮʠʠ ʪʦʢʘ (a), ʪʝʤʧʝʨʘʪʫʨʳ (b) ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ (c), 

  0, ɰ = ï 0.2, 2Á = 1500. ʉʚʝʪʣʳʝ ʠ ʪʝʤʥʳʝ ʟʦʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʤʠʥʠʤʫʤʫ ʠ ʤʘʢʩʠʤʫʤʫ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʧʦʣʝʡ. 
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ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʢʦʥʚʝʢʮʠʠ. ʅʘ ʨʠʩ. 2.18 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʯʘʩʪʦʪʳ ʠ 

ʘʤʧʣʠʪʫʜʳ ʢʦʣʝʙʘʥʠʡ ʦʪ ʯʠʩʣʘ ʈʝʣʝʷ ʜʣʷ ʜʚʫʭʚʠʭʨʝʚʦʛʦ (ʩʧʣʦʰʥʳʝ ʣʠʥʠʠ) ʠ 

ʯʝʪʳʨʝʭʚʠʭʨʝʚʦʛʦ ʨʝʞʠʤʦʚ (ʰʪʨʠʭʦʚʳʝ ʣʠʥʠʠ). ɸʤʧʣʠʪʫʜʘ ʪʝʯʝʥʠʷ ʚ ʦʙʦʠʭ 

ʩʣʫʯʘʷʭ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʦʜʠʥʘʢʦʚʘ ʠ ʤʦʥʦʪʦʥʥʦ ʚʦʟʨʘʩʪʘʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 2Á. ʅʘ 

ʨʠʩ. 2.19 ʧʦʢʘʟʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʚʨʝʤʝʥʠ ʟʥʘʯʝʥʠʷ ʬʫʥʢʮʠʠ ʪʦʢʘ ʚ ʪʦʯʢʝ (ʟʜʝʩʴ ʠ 

ʜʘʣʝʝ ʙʫʜʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʪʦʯʢʘ ὼ  ὒ/4, ᾀ = 1/4) ʦʙʣʘʩʪʠ ʜʣʷ ʯʝʪʳʨʝʭʚʠʭʨʝʚʦʛʦ 

ʨʝʞʠʤʘ ʧʨʠ 2Á = 5000. ʂʦʣʝʙʘʪʝʣʴʥʳʡ ʨʝʞʠʤ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʫʞʝ ʧʨʠ ὸ ~ 50 ʠ, ʚ 

ʦʪʣʠʯʠʝ ʦʪ ʩʣʫʯʘʷ ʤʘʣʦʛʦ ȿɰȿ, ʢʦʣʝʙʘʥʠʷ ʚʧʦʩʣʝʜʩʪʚʠʠ ʥʝ ʟʘʪʫʭʘʶʪ. 

 ɼʣʷ ʩʣʫʯʘʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʢʦʥʚʝʢʮʠʠ ʚ ʟʘʤʢʥʫʪʦʡ ʷʯʝʡʢʝ ʢʦʣʝʙʘʥʠʷ 

ʥʘʙʣʶʜʘʶʪʩʷ ʥʘ ʥʝʢʦʪʦʨʦʤ ʚʨʝʤʝʥʥʦʤ ʦʪʨʝʟʢʝ (ʨʠʩ. 2.20 ʧʨʠ 2Á = 5000). 

ʅʘʨʘʩʪʘʥʠʝ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʚʦʟʤʫʱʝʥʠʡ ʥʘʙʣʶʜʘʝʪʩʷ ʚʧʣʦʪʴ ʜʦ ὸ  250, ʧʦʩʣʝ ʯʝʛʦ 

ʥʘ ʢʦʨʦʪʢʦʝ ʚʨʝʤʷ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʜʨʫʛʦʡ ʢʦʣʝʙʘʪʝʣʴʥʳʡ ʨʝʞʠʤ, ʢʦʪʦʨʳʡ, ʚ ʩʚʦʶ 

ʦʯʝʨʝʜʴ, ʧʝʨʝʭʦʜʠʪ ʚ ʤʦʥʦʪʦʥʥʳʡ ʧʨʠ ὸ  320.  

  

 

 

ʈʠʩʫʥʦʢ 2.18. ɿʘʚʠʩʠʤʦʩʪʠ ʯʘʩʪʦʪʳ (a) ʠ ʘʤʧʣʠʪʫʜʳ (b) ʦʪ 2Á,   0, ɰ 

= ï 0.2. ʉʧʣʦʰʥʳʝ ʣʠʥʠʠ ï ʜʚʫʭʚʠʭʨʝʚʦʡ ʨʝʞʠʤ, ʰʪʨʠʭʦʚʳʝ ʣʠʥʠʠ ï 

ʯʝʪʳʨʝʭʚʠʭʨʝʚʦʡ ʨʝʞʠʤ.  
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ɹʠʥʘʨʥʘʷ ʞʠʜʢʦʩʪʴ,  0.2, ʧʦʜʦʛʨʝʚ ʩʥʠʟʫ, ʤʦʥʦʪʦʥʥʘʷ ʤʦʜʘ 

 

 ʇʨʠ ʧʦʣʦʞʠʪʝʣʴʥʳʭ ʟʥʘʯʝʥʠʷʭ ɰ ʩʫʱʝʩʪʚʫʝʪ ʣʠʰʴ ʤʦʥʦʪʦʥʥʘʷ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʚ ʦʙʣʘʩʪʠ ʟʥʘʯʝʥʠʡ 2Á > 0 (ʧʦʜʦʛʨʝʚ ʩʥʠʟʫ). ʈʝʟʫʣʴʪʘʪʳ 

ʚʳʯʠʩʣʝʥʠʡ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 2.21; ʢʘʢ ʚʠʜʥʦ, ʧʨʠ 2Á  720 ʥʘʙʣʶʜʘʝʪʩʷ ʨʝʟʢʠʡ 

ʩʢʘʯʦʢ ʟʘʚʠʩʠʤʦʩʪʠ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʬʫʥʢʮʠʠ ʪʦʢʘ ʦʪ ʯʠʩʣʘ ʈʝʣʝʷ. 

ɿʥʘʯʝʥʠʝ 2Á = 720 ʷʚʣʷʝʪʩʷ ʧʦʨʦʛʦʤ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʢʦʥʚʝʢʮʠʠ ʚ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ 

ʩʣʦʝ ʦʜʥʦʢʦʤʧʦʥʝʥʪʥʦʡ ʞʠʜʢʦʩʪʠ. ʇʨʠ 2Á > 720 ʢʘʨʪʠʥʳ ʧʦʣʝʡ ʠʜʝʥʪʠʯʥʳ 

ʈʠʩʫʥʦʢ 2.19. ɺʨʝʤʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʬʫʥʢʮʠʠ ʪʦʢʘ ʚ ʬʠʢʩʠʨʦʚʘʥʥʦʡ 

ʪʦʯʢʝ ʦʙʣʘʩʪʠ,   =  0, ɰ  ï 0.6, 2Á = 5000. ʇʝʨʠʦʜʠʯʝʩʢʠʝ ʛʨʘʥʠʯʥʳʝ 

ʫʩʣʦʚʠʷ. 

ʈʠʩʫʥʦʢ 2.20. ɺʨʝʤʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʬʫʥʢʮʠʠ ʪʦʢʘ ʚ ʬʠʢʩʠʨʦʚʘʥʥʦʡ 

ʪʦʯʢʝ ʦʙʣʘʩʪʠ,   =  0, ɰ  ï 0.6, 2Á = 5000. ɿʘʤʢʥʫʪʘʷ ʦʙʣʘʩʪʴ. 
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ʧʨʝʜʩʪʘʚʣʝʥʥʳʤ ʥʘ ʨʠʩ. 2.17 ï ʥʘʙʣʶʜʘʝʪʩʷ ʪʝʧʣʦʚʦʡ ʤʝʭʘʥʠʟʤ ʚʦʟʙʫʞʜʝʥʠʷ 

ʢʦʥʚʝʢʮʠʠ. ɺ ʦʙʣʘʩʪʠ 2Á < 720 ʩʪʨʫʢʪʫʨʘ ʧʦʣʝʡ ʘʥʘʣʦʛʠʯʥʘ ʧʦʣʷʤ, ʧʦʢʘʟʘʥʥʳʤ ʥʘ 

ʨʠʩ. 2.13, ʥʘʙʣʶʜʘʝʪʩʷ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʡ ʤʝʭʘʥʠʟʤ ʚʦʟʥʠʢʥʦʚʝʥʠʷ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ. 

 ʆʪʤʝʪʠʤ ʪʘʢʞʝ, ʯʪʦ ʜʣʷ ʜʘʥʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʥʘʙʣʶʜʘʣʦʩʴ 

ʦʪʣʠʯʠʡ ʤʝʞʜʫ ʨʝʟʫʣʴʪʘʪʘʤʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʷʯʝʡʢʝ ʩʣʦʷ (ʩ ʧʝʨʠʦʜʠʯʝʩʢʠʤʠ 

ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ) ʠ ʟʘʤʢʥʫʪʦʡ ʦʙʣʘʩʪʠ. ʇʦʨʦʛ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʢʦʥʚʝʢʮʠʠ 

2Á  30, ʯʪʦ ʙʣʠʟʢʦ ʢ ʟʥʘʯʝʥʠʶ 2Á = 34, ʧʦʣʫʯʝʥʥʦʤʫ ʠʟ ʣʠʥʝʡʥʦʡ ʪʝʦʨʠʠ 

ʫʩʪʦʡʯʠʚʦʩʪʠ. 

 

 

 

 

 

 

ʈʠʩʫʥʦʢ 2.21. ɿʘʚʠʩʠʤʦʩʪʠ ʤʦʜʫʣʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʬʫʥʢʮʠʠ ʪʦʢʘ 

ʦʪ ʯʠʩʣʘ ʈʝʣʝʷ,   =  0, ɰ  0.2, 2Á > 0, ʤʦʥʦʪʦʥʥʘʷ ʤʦʜʘ. ʉʧʣʦʰʥʘʷ ʣʠʥʠʷ 

ï ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ, ʰʪʨʠʭʦʚʘʷ ï ʟʘʤʢʥʫʪʘʷ ʦʙʣʘʩʪʴ. 

ʈʠʩʫʥʢʠ ʚ ʛʨʘʜʘʮʠʠ ʩʝʨʦʛʦ ʚʙʣʠʟʠ ʢʨʠʚʳʭ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʦʣʷʤ ʬʫʥʢʮʠʠ 

ʪʦʢʘ. 
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ʊʨʝʭʢʦʤʧʦʥʝʥʪʥʘʷ ʞʠʜʢʦʩʪʴ, ⱶ  0.4 

 

 ɺ ʣʠʥʝʡʥʦʡ ʪʝʦʨʠʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʙʳʣʦ ʥʘʡʜʝʥʦ, ʯʪʦ ʩʫʱʝʩʪʚʫʝʪ 

ʚʝʨʪʠʢʘʣʴʥʘʷ ʘʩʠʤʧʪʦʪʘ ʚʝʪʚʝʡ ʛʨʘʥʠʮ ʤʦʥʦʪʦʥʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ, ʢʦʪʦʨʘʷ 

ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʟʘʜʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ ɰ   ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʧʘʨʘʤʝʪʨʦʚ 2Áȟɰ . 

ɼʣʷ   = 0 ʚ ʩʣʫʯʘʝ ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ ʨʝʞʠʤʘ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʟʘʤʝʪʥʫʶ ʨʦʣʴ 

ʠʛʨʘʝʪ ʚʝʣʠʯʠʥʘ ʩʫʤʤʘʨʥʦʛʦ ʦʪʥʦʰʝʥʠʷ ʨʘʟʜʝʣʝʥʠʷ ï ʧʨʠ ʙʦʣʴʰʝʤ ʘʙʩʦʣʶʪʥʦʤ 

ʟʥʘʯʝʥʠʠ ɰ ʚ ʩʠʩʪʝʤʝ ʙʦʣʝʝ ʦʪʯʝʪʣʠʚʦ ʧʨʦʩʣʝʞʠʚʘʝʪʩʷ ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʤʦʜʘ, 

ʧʨʝʜʩʢʘʟʘʥʥʘʷ ʣʠʥʝʡʥʦʡ ʪʝʦʨʠʝʡ ʫʩʪʦʡʯʠʚʦʩʪʠ. 

 ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʤʦʞʥʦ ʩʢʘʟʘʪʴ, ʯʪʦ ʧʦʚʝʜʝʥʠʝ ʩʠʩʪʝʤʳ ʟʘʚʠʩʠʪ ʦʪ 

ʫʜʘʣʝʥʠʷ ʟʥʘʯʝʥʠʷ ɰ ʦʪ ʘʩʠʤʧʪʦʪʳ ɰ . ʈʘʩʯʝʪʳ, ʧʨʦʚʝʜʝʥʥʳʝ ʜʣʷ   0, 

ʧʦʢʘʟʘʣʠ, ʯʪʦ ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʢʘʯʝʩʪʚʝʥʥʦ ʙʣʠʟʢʠ ʜʣʷ ʩʣʫʯʘʝʚ, ʢʦʛʜʘ 

ʟʥʘʯʝʥʠʝ ɰ ʨʘʚʥʦʫʜʘʣʝʥʦ ʦʪ ʜʘʥʥʦʡ ʘʩʠʤʧʪʦʪʳ, ʪ.ʝ., ʝʩʣʠ ɰ ʙʣʠʟʢʦ ʢ ʜʘʥʥʦʡ 

ʘʩʠʤʧʪʦʪʝ, ʪʦ ʧʦʚʝʜʝʥʠʝ ʩʠʩʪʝʤʳ ʠʜʝʥʪʠʯʥʦ ʩʣʫʯʘʶ, ʦʧʠʩʘʥʥʦʤʫ ʚʳʰʝ ʜʣʷ   0 

ʠ ɰ = ï 0.2, ʝʩʣʠ ʞʝ ʜʘʣʝʢʦ ï ʙʫʜʝʪ ʥʘʙʣʶʜʘʪʴʩʷ ʩʮʝʥʘʨʠʡ, ʧʦʭʦʞʠʡ ʥʘ ʩʣʫʯʘʡ   

0 ʠ ɰ = ï 0.6.  

 ʈʝʞʠʤʳ ʤʦʥʦʪʦʥʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʜʣʷ ʪʨʦʡʥʳʭ ʩʤʝʩʝʡ ʧʨʠ ʣʶʙʳʭ 

ʟʥʘʯʝʥʠʷʭ ɰ ʢʘʯʝʩʪʚʝʥʥʦ ʨʘʟʚʠʚʘʶʪʩʷ ʘʥʘʣʦʛʠʯʥʦ ʪʦʤʫ, ʯʪʦ ʠ ʚ ʩʣʫʯʘʷʭ, 

ʦʧʠʩʘʥʥʳʭ ʜʣʷ   = 0.  

 ʆʙʩʫʜʠʤ, ʥʘʧʨʠʤʝʨ, ʩʣʫʯʘʡ   = 0.4, ɰ = 0.2 ʧʨʠ ʥʘʛʨʝʚʝ ʩʚʝʨʭʫ ʩ 

ʧʝʨʠʦʜʠʯʝʩʢʠʤʠ ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ (ʤʦʥʦʪʦʥʥʘʷ ʤʦʜʘ). ʈʘʩʩʤʦʪʨʠʤ ʨʠʩ. 2.22. 

ʅʘʙʣʶʜʘʝʪʩʷ ʘʙʩʦʣʶʪʥʦ ʪʦʪ ʞʝ ʩʘʤʳʡ ʩʮʝʥʘʨʠʡ, ʯʪʦ ʠ ʜʣʷ ʩʣʫʯʘʷ   = 0, ɰ = ï0.2 

(ʩʤ, ʨʠʩ. 2.11 a): ʩʝʨʠʷ ʧʝʨʝʩʪʨʦʝʢ ʥʘ ʨʝʞʠʤʳ ʩ ʤʝʥʴʰʠʤ ʯʠʩʣʦʤ ʚʠʭʨʝʡ, ʧʨʠ ʵʪʦʤ 

ʜʣʠʥʥʦʚʦʣʥʦʚʘʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʥʘʙʣʶʜʘʝʪʩʷ ʣʠʰʴ ʚʙʣʠʟʠ ʧʦʨʦʛʘ ʚʦʟʥʠʢʥʦʚʝʥʠʷ 

ʢʦʥʚʝʢʮʠʠ. ɼʣʷ ʪʦʛʦ ʞʝ ʩʣʫʯʘʷ (  = 0.4, ɰ = 0.2, 2Á < 0), ʥʦ ʚ ʟʘʤʢʥʫʪʦʡ ʦʙʣʘʩʪʠ 

ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ ʘʥʘʣʦʛʠʯʥʳʡ ʩʮʝʥʘʨʠʡ (ʩʤ. ʨʠʩ. 2.11 b) ï ʧʝʨʝʩʪʨʦʡʢʘ ʨʝʞʠʤʦʚ 

ʩ 11, 7, 3, 1 ʚʠʭʨʷʤʠ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ 2Áȡ ï 1180, ï 310, ï 200, ï 45 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

ʛʜʝ ʧʦʩʣʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʦʪʚʝʯʘʝʪ ʧʦʨʦʛʫ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʢʦʥʚʝʢʮʠʠ.  
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 ɼʣʷ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʤʦʜʳ ʠ ʧʦʜʦʛʨʝʚʘ ʩʥʠʟʫ ʧʨʠ    = 0.4, ɰ = 0.2 ʩʠʪʫʘʮʠʷ 

ʪʘʢʞʝ ʧʦʭʦʞʘ ʥʘ ʩʣʫʯʘʡ   = 0, ɰ = ï 0.2. ɺ ʷʯʝʡʢʝ ʩʣʦʷ ʩ ʧʝʨʠʦʜʠʯʝʩʢʠʤʠ 

ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʥʘʙʣʶʜʘʝʪʩʷ ʯʝʪʳʨʝʭʚʠʭʨʝʚʦʝ ʪʝʯʝʥʠʝ ʚ ʦʙʣʘʩʪʠ 2Á > 260 

ʠ ʜʚʫʭʚʠʭʨʝʚʦʝ ʪʝʯʝʥʠʝ ʚ ʦʙʣʘʩʪʠ ʚʙʣʠʟʠ ʧʦʨʦʛʘ ʫʩʪʦʡʯʠʚʦʩʪʠ  

220 < 2Á < 260. ʇʨʠ ʵʪʦʤ ʢʦʣʝʙʘʥʠʷ ʪʘʢʞʝ ʥʘʙʣʶʜʘʶʪʩʷ ʣʠʰʴ ʚʙʣʠʟʠ ʧʦʨʦʛʘ. ɹʳʣʘ 

ʦʙʥʘʨʫʞʝʥʘ ʩʠʪʫʘʮʠʷ, ʧʦʭʦʞʘʷ ʥʘ ʩʮʝʥʘʨʠʡ, ʧʦʢʘʟʘʥʥʳʡ ʥʘ ʨʠʩ. 2.16 ʩ 

ʟʘʪʫʭʘʶʱʠʤʠ ʢʦʣʝʙʘʥʠʷʤʠ.  

 ɺ ʟʘʢʣʶʯʝʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʣʫʯʘʷ   = 0.4 ʨʘʩʩʤʦʪʨʠʤ ʧʦʚʝʜʝʥʠʝ ʩʠʩʪʝʤʳ 

ʜʣʷ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʤʦʜʳ ʠ ʧʦʜʦʛʨʝʚʘ ʩʥʠʟʫ ʧʨʠ ɰ = ï 0.4 (ʯʪʦ ʜʦʩʪʘʪʦʯʥʦ ʜʘʣʝʢʦ 

ʦʪ ʘʩʠʤʧʪʦʪʳ ɰ ). ɺʦʟʴʤʝʤ, ʥʘʧʨʠʤʝʨ, 2Á = 3000, ʯʪʦ ʧʨʠʤʝʨʥʦ ʚ 3 ʨʘʟʘ ʚʳʰʝ 

ʧʦʨʦʛʦʚʦʛʦ ʟʥʘʯʝʥʠʷ. ʇʨʠ ʵʪʦʤ ʘʤʧʣʠʪʫʜʘ ʢʦʣʝʙʘʥʠʡ  0.12, ʯʪʦ ʙʣʠʟʢʦ ʢ 

ʟʥʘʯʝʥʠʶ ʠʟ ʛʨʘʬʠʢʘ ʥʘ ʨʠʩ. 2.18 (a), ʘ ʯʘʩʪʦʪʘ ʢʦʣʝʙʘʥʠʡ  0.026, ʯʪʦ ʧʨʠʤʝʨʥʦ ʥʘ 

ʧʦʨʷʜʦʢ ʤʝʥʴʰʝ, ʯʝʤ ʜʣʷ ʩʣʫʯʘʷ   = 0, ɰ = ï 0.6. 

  

ʈʠʩʫʥʦʢ 2.22. ɿʘʚʠʩʠʤʦʩʪʠ ʤʦʜʫʣʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʬʫʥʢʮʠʠ ʪʦʢʘ 

ʦʪ ʯʠʩʣʘ ʈʝʣʝʷ,   =  0.4, ɰ  0.4, 2Á < 0, ʤʦʥʦʪʦʥʥʘʷ ʤʦʜʘ, ʧʝʨʠʦʜʠʯʝʩʢʠʝ 

ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ, ʮʠʬʨʳ ʚ ʢʨʫʞʢʘʭ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʯʠʩʣʫ ʚʠʭʨʝʡ. 
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ʊʨʝʭʢʦʤʧʦʥʝʥʪʥʘʷ ʞʠʜʢʦʩʪʴ, ⱶ  ï0.4 

 

 ʂʘʢ ʙʳʣʦ ʩʢʘʟʘʥʦ ʨʘʥʝʝ, ʧʦʚʝʜʝʥʠʝ ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʳʭ ʩʤʝʩʝʡ ʢʘʯʝʩʪʚʝʥʥʦ 

ʧʦʭʦʞʝ ʥʘ ʩʣʫʯʘʡ ʙʠʥʘʨʥʦʡ ʞʠʜʢʦʩʪʠ (ʩ ʫʯʝʪʦʤ ʩʜʚʠʛʘ ʧʦ ʦʩʠ ɰ) ʯʪʦ ʪʘʢʞʝ 

ʩʧʨʘʚʝʜʣʠʚʦ ʜʣʷ ʩʣʫʯʘʷ   = ï 0.4. ʇʨʠ ʵʪʦʤ, ʦʜʥʘʢʦ, ʧʨʠ   = ï 0.4 ʩʫʱʝʩʪʚʫʝʪ 

ʜʠʘʧʘʟʦʥ ʟʥʘʯʝʥʠʡ ɰ: ï0.35 <  ɰ < ï0.081, 2Á > 0, ʛʜʝ ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʤʦʜʘ 

ʩʫʱʝʩʪʚʫʝʪ, ʥʦ ʥʝ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʦʧʘʩʥʦʡ. 

 ʀʩʩʣʝʜʫʝʤ ʧʦʜʨʦʙʥʝʝ ʩʣʫʯʘʡ   = ï 0.4, ɰ = ï 0.25, 2Á > 0, ʩ ʧʝʨʠʦʜʠʯʝʩʢʠʤʠ 

ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ. ʈʘʩʩʤʦʪʨʠʤ ʨʠʩ. 2.23. ɺ ʥʘʯʘʣʝ ʨʘʩʯʝʪʘ ʧʨʠ ʙʦʣʴʰʠʭ 

ʟʥʘʯʝʥʠʷʭ 2Á ʩʠʩʪʝʤʘ ʚʝʜʝʪ ʩʝʙʷ ʢʘʢ ʚ ʦʧʠʩʘʥʥʳʭ ʚʳʰʝ ʩʠʪʫʘʮʠʷʭ (ʩʤ., ʥʘʧʨʠʤʝʨ, 

ʨʠʩ. 2.14), ʢʦʛʜʘ ʢʦʣʝʙʘʥʠʷ ʩʫʱʝʩʪʚʫʶʪ ʣʠʰʴ ʚ ʫʟʢʦʡ ʦʙʣʘʩʪʠ ʚʙʣʠʟʠ ʧʦʨʦʛʘ 

ʫʩʪʦʡʯʠʚʦʩʪʠ: ʯʝʪʳʨʝʭʚʠʭʨʝʚʘʷ ʩʪʨʫʢʪʫʨʘ ʪʝʯʝʥʠʷ ʪʨʘʥʩʬʦʨʤʠʨʫʝʪʩʷ ʚ 

ʜʚʫʭʚʠʭʨʝʚʫʶ ʧʨʠ 2Á = 1400. ʕʪʦʪ ʤʦʥʦʪʦʥʥʳʡ ʨʝʞʠʤ ʩʫʱʝʩʪʚʫʝʪ ʜʦ 2Á  1290. 

ʅʘ ʨʠʩ. 2.24 ʧʦʢʘʟʘʥ ʩʮʝʥʘʨʠʡ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʤʦʥʦʪʦʥʥʦʛʦ ʨʝʞʠʤʘ. ʄʦʥʦʪʦʥʥʘʷ 

ʤʦʜʘ ʧʨʦʜʦʣʞʘʝʪ ʩʫʱʝʩʪʚʦʚʘʪʴ ʜʦ ὸ ~ 3000, ʠ ʧʦʩʣʝ ʢʦʨʦʪʢʦʡ ʧʝʨʝʭʦʜʥʦʡ ʩʪʘʜʠʠ ʚ 

ʩʠʩʪʝʤʝ ʥʘʙʣʶʜʘʶʪʩʷ ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʢʦʣʝʙʘʥʠʷ. 

 

ʈʠʩʫʥʦʢ 2.23. ɿʘʚʠʩʠʤʦʩʪʠ ʤʦʜʫʣʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʬʫʥʢʮʠʠ ʪʦʢʘ 

ʦʪ ʯʠʩʣʘ ʈʝʣʝʷ,   =  ï0.4, ɰ  ï0.25, 2Á > 0, ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʛʨʘʥʠʯʥʳʝ 

ʫʩʣʦʚʠʷ. ʈʠʩʫʥʢʠ ʚ ʛʨʘʜʘʮʠʠ ʩʝʨʦʛʦ ʚʙʣʠʟʠ ʢʨʠʚʳʭ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʦʣʷʤ 

ʬʫʥʢʮʠʠ ʪʦʢʘ. 
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 ʂʦʣʝʙʘʥʠʷ ʧʨʦʜʦʣʞʘʶʪ ʩʫʱʝʩʪʚʦʚʘʪʴ ʚ ʜʠʘʧʘʟʦʥʝ 2Áȡ 1170 < 2Á < 1290. ʅʘ 

ʨʠʩ. 2.25 ʧʨʝʜʩʪʘʚʣʝʥʦ ʧʦʚʝʜʝʥʠʝ ʩʠʩʪʝʤʳ ʥʘ ʛʨʘʥʠʮʝ ʜʘʥʥʦʛʦ ʠʥʪʝʨʚʘʣʘ. 

ʂʦʣʝʙʘʪʝʣʴʥʳʡ ʨʝʞʠʤ ʧʨʠ 2Á = 1170 ʩʫʱʝʩʪʚʫʝʪ ʜʦ ὸͯ  4000, ʧʦʩʣʝ ʯʝʛʦ ʪʝʯʝʥʠʝ ʥʝ 

ʟʘʪʫʭʘʝʪ, ʘ ʧʝʨʝʭʦʜʠʪ ʢ ʤʦʥʦʪʦʥʥʦʡ ʤʦʜʝ, ʧʨʝʜʩʢʘʟʘʥʥʦʡ ʣʠʥʝʡʥʦʡ ʪʝʦʨʠʝʡ 

ʫʩʪʦʡʯʠʚʦʩʪʠ (ʨʠʩ. 2.26).  ʇʝʨʚʦʥʘʯʘʣʴʥʦ ʤʳ ʩʥʦʚʘ ʥʘʙʣʶʜʘʝʤ ʯʝʪʳʨʝʭʚʠʭʨʝʚʦʡ 

ʨʝʞʠʤ, ʢʦʪʦʨʳʡ ʧʨʠ ʝʱʝ ʤʝʥʴʰʠʭ ʟʥʘʯʝʥʠʷʭ 2Á ʩʪʘʥʦʚʠʪʩʷ ʜʚʫʭʚʠʭʨʝʚʳʤ.  

 ʇʝʨʝʭʦʜ ʦʪ ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ ʨʝʞʠʤʘ ʢ ʤʦʥʦʪʦʥʥʦʤʫ ʥʘʙʣʶʜʘʣʩʷ ʧʨʠ 2Á = 

1170, ʯʪʦ ʷʚʣʷʝʪʩʷ ʙʣʠʟʢʠʤ ʢ ʟʥʘʯʝʥʠʶ 2Á = 1063, ʧʦʣʫʯʝʥʥʦʤʫ ʠʟ ʣʠʥʝʡʥʦʡ 

ʪʝʦʨʠʠ ʜʣʷ ʧʦʨʦʛʘ ʫʩʪʦʡʯʠʚʦʩʪʠ ʨʘʚʥʦʚʝʩʠʷ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʢʦʣʝʙʘʪʝʣʴʥʦʡ. ʇʦʨʦʛ 

ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʢʦʥʚʝʢʮʠʠ ʠʟ ʣʠʥʝʡʥʦʡ ʪʝʦʨʠʠ 2Á = 62, ʯʪʦ ʚʝʩʴʤʘ ʙʣʠʟʢʦ ʢ 

ʟʥʘʯʝʥʠʶ, ʧʦʣʫʯʝʥʥʦʤʫ ʚ ʥʝʣʠʥʝʡʥʳʭ ʨʘʩʯʝʪʘʭ 2Á  60.  

 

 

 

 

ʈʠʩʫʥʦʢ 2.24. ɺʨʝʤʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʬʫʥʢʮʠʠ ʪʦʢʘ ʚ ʬʠʢʩʠʨʦʚʘʥʥʦʡ 

ʪʦʯʢʝ ʦʙʣʘʩʪʠ,   =  ï 0.4, ɰ  ï 0.25, 2Á = 1290. ʇʝʨʠʦʜʠʯʝʩʢʠʝ ʛʨʘʥʠʯʥʳʝ 

ʫʩʣʦʚʠʷ. 
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ʈʠʩʫʥʦʢ 2.25. ɺʨʝʤʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʬʫʥʢʮʠʠ ʪʦʢʘ ʚ ʬʠʢʩʠʨʦʚʘʥʥʦʡ 

ʪʦʯʢʝ ʦʙʣʘʩʪʠ,   =  ï 0.4, ɰ  ï 0.25, 2Á = 1170. ʇʝʨʠʦʜʠʯʝʩʢʠʝ ʛʨʘʥʠʯʥʳʝ 

ʫʩʣʦʚʠʷ. 

ʈʠʩʫʥʦʢ 2.26. ɿʘʚʠʩʠʤʦʩʪʠ ʤʦʜʫʣʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʬʫʥʢʮʠʠ ʪʦʢʘ 

ʦʪ ʯʠʩʣʘ ʈʝʣʝʷ,   =  ï0.4, ɰ  ï0.25, 2Á > 0, ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʛʨʘʥʠʯʥʳʝ 

ʫʩʣʦʚʠʷ. ʈʠʩʫʥʢʠ ʚ ʛʨʘʜʘʮʠʠ ʩʝʨʦʛʦ ʚʙʣʠʟʠ ʢʨʠʚʳʭ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʦʣʷʤ 

ʬʫʥʢʮʠʠ ʪʦʢʘ. 
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ʊʨʝʭʤʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʢʦʥʚʝʢʮʠʠ 

 

 ʇʣʦʩʢʠʤ ʜʚʫʭʤʝʨʥʳʤ ʩʪʨʫʢʪʫʨʘʤ ʚ ʪʨʝʭʤʝʨʥʦʤ ʩʣʫʯʘʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʢʦʥʚʝʢʪʠʚʥʳʝ ʪʝʯʝʥʠʷ ʚ ʚʠʜʝ ʚʳʪʷʥʫʪʳʭ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʚʘʣʦʚ. ʆʜʥʘʢʦ, ʢʘʢ ʙʳʣʦ 

ʦʪʤʝʯʝʥʦ ʨʘʥʝʝ, ʚ ʪʨʝʭʤʝʨʥʦʡ ʛʝʦʤʝʪʨʠʠ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʤʦʛʫʪ ʚʩʪʨʝʯʘʪʴʩʷ 

ʪʝʯʝʥʠʷ ʩ ʜʨʫʛʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʥʘʧʨʠʤʝʨ, ʚ ʚʠʜʝ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʠ ʢʚʘʜʨʘʪʥʳʭ ̫ ʯʝʝʢ.  

 ʊʨʝʭʤʝʨʥʘʷ ʟʘʜʘʯʘ ʢʦʥʚʝʢʮʠʠ ʩ ʵʬʬʝʢʪʦʤ ʉʦʨʝ ʨʝʰʘʣʘʩʴ ʚ ʝʩʪʝʩʪʚʝʥʥʳʭ 

ʧʝʨʝʤʝʥʥʳʭ (ʩʢʦʨʦʩʪʴ-ʜʘʚʣʝʥʠʝ) ʩ ʧʦʤʦʱʴʶ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ (2.33)-(2.36). 

ʀʩʧʦʣʴʟʦʚʘʣʩʷ ʯʠʩʣʝʥʥʳʡ ʘʣʛʦʨʠʪʤ ʧʨʦʝʢʮʠʡ (ʜʨʦʙʥʳʭ ʰʘʛʦʚ), ʚ ʢʘʯʝʩʪʚʝ ʩʭʝʤʳ 

ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʧʨʠʤʝʥʷʣʩʷ ʤʝʪʦʜ ʢʦʥʝʯʥʳʭ ʨʘʟʥʦʩʪʝʡ ʩ ʷʚʥʦʡ ʧʦ ʚʨʝʤʝʥʠ ʩʭʝʤʦʡ. 

ɸʥʘʣʦʛʠʯʥʘʷ ʧʨʦʮʝʜʫʨʘ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʧʨʠ ʨʝʰʝʥʠʠ ʫʨʘʚʥʝʥʠʡ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʚ 

ʧʝʨʚʦʡ ʛʣʘʚʝ ʜʠʩʩʝʨʪʘʮʠʠ (ʩʤ. ʧʨʠʣʦʞʝʥʠʝ ɸ). ɺʢʨʘʪʮʝ ʘʣʛʦʨʠʪʤ ʩʦʩʪʦʠʪ ʠʟ 

ʩʣʝʜʫʶʱʠʭ ʰʘʛʦʚ: 1) ʨʝʰʘʶʪʩʷ ʵʚʦʣʶʮʠʦʥʥʳʝ ʫʨʘʚʥʝʥʠʷ ʜʣʷ ʪʝʤʧʝʨʘʪʫʨʳ ʠ 

ʢʦʥʮʝʥʪʨʘʮʠʠ, ʘ ʪʘʢʞʝ ʫʨʘʚʥʝʥʠʝ ʜʣʷ ʢʚʘʟʠʩʢʦʨʦʩʪʠ (ʧʦʣʝ ʩʢʦʨʦʩʪʠ ʙʝʟ ʫʯʝʪʘ 

ʛʨʘʜʠʝʥʪʘ ʜʘʚʣʝʥʠʷ); ʨʝʰʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝ ʇʫʘʩʩʦʥʘ ʜʣʷ ʜʘʚʣʝʥʠʷ; 3) ʚʳʯʠʩʣʷʝʪʩʷ 

ʧʦʣʝ ʠʩʪʠʥʥʦʡ ʩʢʦʨʦʩʪʠ ʠʟ ʥʘʡʜʝʥʥʳʭ ʧʦʣʝʡ ʜʘʚʣʝʥʠʷ ʠ ʢʚʘʟʠʩʢʦʨʦʩʪʠ; 4) 

ʚʳʟʳʚʘʶʪʩʷ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʝ ʧʨʦʮʝʜʫʨʳ ʚʳʚʦʜʘ ʚ ʬʘʡʣ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʝʯʝʥʠʷ ʠ 

ʜʨ. ʇʦʩʣʝ ʵʪʦʛʦ ʮʠʢʣ ʧʦʚʪʦʨʷʝʪʩʷ ʜʣʷ ʟʥʘʯʝʥʠʡ ʧʦʣʝʡ ʥʘ ʥʦʚʦʤ ʚʨʝʤʝʥʥʦʤ ʰʘʛʝ. 

ʊʘʢ ʞʝ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʡ ʬʘʟʦʚʦʛʦ ʧʦʣʷ, ʚʳʯʠʩʣʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ 

ʥʘ ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʘʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʭʥʦʣʦʛʠʠ CUDA. ʇʦʜʨʦʙʥʝʝ 

ʧʨʦʮʝʜʫʨʘ ʦʧʠʩʘʥʘ ʚ ʧʨʠʣʦʞʝʥʠʠ ʢ ʜʠʩʩʝʨʪʘʮʠʠ.  

 

 ʈʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʷʯʝʡʢʘ ʩʣʦʷ ʚ ʚʠʜʝ ʧʨʷʤʦʫʛʦʣʴʥʦʛʦ ʧʘʨʘʣʣʝʣʝʧʠʧʝʜʘ (ʨʠʩ. 

2.27) ʠ ʧʘʨʘʤʝʪʨʘʤʠ ʞʠʜʢʦʩʪʠ   = 0, ɰ = ï 0.2. ʗʯʝʡʢʘ ʩʣʦʷ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʝ 

ʨʘʟʤʝʨʳ: ὒ ὒ ὒ, ʛʜʝ ὒ = 1 ï ʚʝʨʪʠʢʘʣʴʥʳʡ ʨʘʟʤʝʨ, ʛʦʨʠʟʦʥʪʘʣʴʥʳʝ ʨʘʟʤʝʨʳ 

ʦʙʣʘʩʪʠ ὒȟὒ ʧʨʠʥʠʤʘʣʠʩʴ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 0.33 ʜʦ 10.  
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ɼʣʷ ʥʘʛʣʷʜʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʪʝʯʝʥʠʡ ʧʨʠʤʝʥʷʣʩʷ ʤʝʪʦʜ ʚʠʟʫʘʣʠʟʘʮʠʠ 

ʯʘʩʪʠʮʘʤʠ. ɼʣʷ ʵʪʦʛʦ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʚʝ ʧʨʦʛʨʘʤʤʳ: 1) ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ 

ʯʠʩʣʝʥʥʘʷ ʧʨʦʛʨʘʤʤʘ ʨʘʩʯʝʪʘ ʧʦ ʤʝʪʦʜʫ ʧʨʦʝʢʮʠʡ, 2) ʧʨʦʛʨʘʤʤʘ ʨʝʥʜʝʨʠʥʛʘ 

ʠʟʦʙʨʘʞʝʥʠʷ, ʥʘʧʠʩʘʥʥʘʷ ʥʘ C++ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʠʙʣʠʦʪʝʢʠ OpenGL.  

ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʧʦʣʫʯʘʝʪʩʷ ʧʦʣʝ ʩʢʦʨʦʩʪʠ (Ἶὼȟώȟᾀ , ʦʥʦ ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ 

ʬʘʡʣ. ɺ OpenGL-ʧʨʦʛʨʘʤʤʝ ʩʯʠʪʳʚʘʝʪʩʷ ʜʘʥʥʦʝ ʧʦʣʝ ʩʢʦʨʦʩʪʠ ʠ ʟʘʜʘʝʪʩʷ 

ʩʣʫʯʘʡʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ ʚʥʫʪʨʠ ʦʙʣʘʩʪʠ. ɿʘʪʝʤ ʧʨʦʚʦʜʠʪʩʷ ʨʘʩʯʝʪ 

ʪʨʘʝʢʪʦʨʠʡ ʯʘʩʪʠʮ (Ἲὼȟώȟᾀ) ʧʦ ʤʝʪʦʜʫ ʕʡʣʝʨʘ: Ἲ ὼȟώȟᾀ Ἲ ὼȟώȟᾀ

ἾὼȟώȟᾀϽɝὸ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʣʠʥʝʡʥʦʡ ʠʥʪʝʨʧʦʣʷʮʠʠ ʧʦʣʷ ʩʢʦʨʦʩʪʠ. ʇʨʠ ʵʪʦʤ 

ʧʨʠ ʚʠʟʫʘʣʠʟʘʮʠʠ ʢʘʞʜʘʷ ʯʘʩʪʠʮʘ ʠʤʝʝʪ ʥʝʙʦʣʴʰʦʡ ʭʚʦʩʪ, ʢʦʪʦʨʳʡ ʧʦʢʘʟʳʚʘʝʪ 

ʦʪʨʝʟʦʢ ʪʨʘʝʢʪʦʨʠʠ ʯʘʩʪʠʮʳ ʚ ʧʨʝʜʳʜʫʱʠʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ. ʇʨʠʤʝʨ 

ʚʠʟʫʘʣʠʟʘʮʠʠ ʪʝʯʝʥʠʷ ʚ ʚʠʜʝ ʦʜʥʦʛʦ ʢʘʜʨʘ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ. 2.28.  

  

 

 

 ʂʘʢ ʠʟʚʝʩʪʥʦ ʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʦʥʚʝʢʮʠʠ ʦʜʥʦʢʦʤʧʦʥʝʥʪʥʳʭ 

ʞʠʜʢʦʩʪʝʡ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ, ʥʘʧʨʠʤʝʨ, ʚ ʤʦʥʦʛʨʘʬʠʠ ɻʝʪʣʠʥʛʘ [162], ʜʣʷ 

x 

z 

y 

ʈʠʩʫʥʦʢ 2.27. ʊʨʝʭʤʝʨʥʘʷ ʷʯʝʡʢʘ 

ʩʣʦʷ 

ʈʠʩʫʥʦʢ 2.28. ʉʪʨʫʢʪʫʨʘ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʪʝʯʝʥʠʷ ʚ ʷʯʝʡʢʝ ʩʣʦʷ ʩ 

ʨʘʟʤʝʨʘʤʠ 5Ĭ3Ĭ1,    = 0, ɰ = ï 0.2, 2Á = 1600.  



140 

 

ʩʠʪʫʘʮʠʠ, ʦʪʣʠʯʥʦʡ ʦʪ ʩʣʫʯʘʡ ʠʜʝʘʣʴʥʦ ʪʝʧʣʦʧʨʦʚʦʜʥʳʭ ʛʨʘʥʠʮ, ʚʦʟʤʦʞʥʦ 

ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʢʚʘʜʨʘʪʥʳʭ ʷʯʝʝʢ, ʣʠʙʦ ʚʘʣʦʚ. ʏʠʩʣʝʥʥʳʝ ʨʘʩʯʝʪʳ, ʚʳʧʦʣʥʝʥʥʳʝ 

ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʩʦʦʪʥʦʰʝʥʠʷʭ ὒ ʠ ὒ  ʠ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʡ 2Á ʧʦʢʘʟʘʣʠ, ʯʪʦ 

ʜʣʷ ʩʤʝʩʝʡ ʩ ʵʬʬʝʢʪʦʤ ʉʦʨʝ ʪʘʢʞʝ ʥʘʙʣʶʜʘʶʪʩʷ ʜʚʘ ʜʘʥʥʳʭ ʚʘʨʠʘʥʪʘ.  

ʅʘ ʨʠʩ. 2.28 ʧʨʝʜʩʪʘʚʣʝʥ ʩʣʫʯʘʡ    = 0, ɰ = ï 0.2, 2Á = 1600 ʠ ὒĬὒĬὒ = 

5Ĭ3Ĭ1. ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʥʘʙʣʶʜʘʝʪʩʷ ʪʝʯʝʥʠʝ ʚ ʚʠʜʝ ʜʚʫʭ ʢʦʥʚʝʢʪʠʚʥʳʭ ʚʘʣʦʚ, 

ʚʨʘʱʘʶʱʠʭʩʷ ʚ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ. ʈʝʟʫʣʴʪʘʪʳ ʪʨʝʭʤʝʨʥʳʭ 

ʨʘʩʯʝʪʦʚ ʙʣʠʟʢʠ ʢ ʜʚʫʭʤʝʨʥʳʤ ʥʝ ʪʦʣʴʢʦ ʢʘʯʝʩʪʚʝʥʥʦ, ʥʦ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦ. ʅʘ ʨʠʩ. 

2.29 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʧʦ ʘʙʩʦʣʶʪʥʦʡ ʚʝʣʠʯʠʥʝ ʟʥʘʯʝʥʠʷ 

ʩʢʦʨʦʩʪʠ (6 Ö Ö Ö)) ʦʪ ʯʠʩʣʘ ʈʝʣʝʷ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʪʨʝʭʤʝʨʥʳʭ 

(ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ) ʠ ʜʚʫʭʤʝʨʥʳʭ (ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ) ʨʘʩʯʝʪʘʭ. ɺʜʘʣʠ ʦʪ ʧʦʨʦʛʘ 

ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʢʦʥʚʝʢʮʠʠ ʨʘʟʥʠʮʘ ʚ ʟʥʘʯʝʥʠʷʭ 6  ʚ ʜʚʫʭʤʝʨʥʳʭ ʠ ʪʨʝʭʤʝʨʥʳʭ 

ʨʘʩʯʝʪʘʭ  2%, ʚʙʣʠʟʠ ʧʦʨʦʛʘ ʵʪʘ ʨʘʟʥʠʮʘ  6-7%. 

 

 

 

 

 ʆʜʥʘʢʦ ʧʨʠ ʪʨʝʭʤʝʨʥʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʜʣʷ ʙʦʣʝʝ ʰʠʨʦʢʦʡ ʷʯʝʡʢʠ 

ʚʦʟʤʦʞʥʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʚʘʜʨʘʪʥʳʭ ʩʪʨʫʢʪʫʨ. ʅʘ ʨʠʩ. 2.30 ʧʨʝʜʩʪʘʚʣʝʥ ʩʣʫʯʘʡ 

  = 0, ɰ = ï 0.2, 2Á = ï5000 ʠ ὒĬὒĬὒ = 7Ĭ5Ĭ1. ʅʘ ʜʘʥʥʦʤ ʨʠʩʫʥʢʝ ʧʦʢʘʟʘʥ ʚʠʜ 

ʩʚʝʨʭʫ, ʮʚʝʪ ʯʘʩʪʠʮ ʥʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʢʘʢʠʤ-ʣʠʙʦ ʬʠʟʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ ʠ ʚʳʙʨʘʥ 

ʈʠʩʫʥʦʢ 2.29. ɿʘʚʠʩʠʤʦʩʪʠ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʧʦ ʤʦʜʫʣʶ ʟʥʘʯʝʥʠʷ 

ʧʦʣʷ ʩʢʦʨʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ, ʷʯʝʡʢʘ ʩʣʦʷ 5Ĭ3Ĭ1,    = 0, ɰ = ï 0.2. 

ʉʧʣʦʰʥʘʷ ʣʠʥʠʷ ï ʜʚʫʭʤʝʨʥʳʝ ʨʘʩʯʝʪʳ, ʰʪʨʠʭʦʚʘʷ ï ʪʨʝʭʤʝʨʥʳʝ. 
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ʜʣʷ ʙʦʣʝʝ ʥʘʛʣʷʜʥʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ ʩʪʨʫʢʪʫʨʳ ʪʝʯʝʥʠʷ. ɺʦʟʥʠʢʥʦʚʝʥʠʝ ʪʦʡ ʠʣʠ 

ʠʥʦʡ ʩʪʨʫʢʪʫʨʳ ʢʦʥʚʝʢʪʠʚʥʳʭ ʷʯʝʝʢ ʟʘʚʠʩʠʪ ʠ ʦʪ ʥʘʜʢʨʠʪʠʯʥʦʩʪʠ: ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʢʚʘʜʨʘʪʥʳʭ ʷʯʝʝʢ ʚ ʨʘʩʩʤʦʪʨʝʥʥʦʡ ʚʳʰʝ ʛʝʦʤʝʪʨʠʠ 5Ĭ3Ĭ1 ʚʦʟʤʦʞʥʦ ʪʘʢʞʝ ʧʨʠ 

ʙʦӢʣʴʰʠʭ ʯʠʩʣʘ ʈʝʣʝʷ (ʥʘʧʨʠʤʝʨ, 2Á ͯ 5000).  

 ʀʟʚʝʩʪʥʦ, ʯʪʦ ʜʣʷ ʦʜʥʦʢʦʤʧʦʥʝʥʪʥʦʡ ʞʠʜʢʦʩʪʠ ʙʦʣʴʰʦʝ ʚʣʠʷʥʠʝ ʥʘ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨ ʦʢʘʟʳʚʘʝʪ ʟʥʘʯʝʥʠʝ ʯʠʩʣʘ ʇʨʘʥʜʪʣʷ [162] (ʚ ʥʘʰʠʭ 

ʨʘʩʯʝʪʘʭ 0Ò = 10). ɺ ʩʣʫʯʘʝ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʤʝʩʝʡ ʢʨʦʤʝ ʯʠʩʣʘ ʇʨʘʥʜʪʣʷ 

ʠʤʝʶʪʩʷ ʯʠʩʣʘ ʐʤʠʜʪʘ ʠ ʧʘʨʘʤʝʪʨʳ ʪʝʨʤʦʜʠʬʬʫʟʠʠ, ʢʦʪʦʨʳʝ, ʧʦ-ʚʠʜʠʤʦʤʫ, 

ʪʘʢʞʝ ʙʫʜʫʪ ʦʢʘʟʳʚʘʪʴ ʟʘʤʝʪʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʩʪʨʫʢʪʫʨʫ ʪʝʯʝʥʠʡ ʚ ʪʨʝʭʤʝʨʥʦʤ 

ʩʣʫʯʘʝ. ɹʦʣʝʝ ʧʦʜʨʦʙʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʪʨʝʭʤʝʨʥʳʭ ʨʝʞʠʤʦʚ ʢʦʥʚʝʢʮʠʠ 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʤʝʩʝʡ ʩ ʵʬʬʝʢʪʦʤ ʉʦʨʝ ʚ ʧʦʣʦʩʪʷʭ ʩ ʟʘʜʘʥʥʦʤ ʪʝʧʣʦʚʳʤ 

ʧʦʪʦʢʦʤ ʥʘ ʛʨʘʥʠʮʘʭ ʚʳʭʦʜʠʪ ʟʘ ʨʘʤʢʠ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʠ ʙʫʜʝʪ ʧʨʦʚʝʜʝʥʦ 

ʚ ʜʘʣʴʥʝʡʰʝʤ. 

 

 

ʈʠʩʫʥʦʢ 2.30. ʉʪʨʫʢʪʫʨʘ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʪʝʯʝʥʠʷ ʚ ʷʯʝʡʢʝ ʩʣʦʷ ʩ 

ʨʘʟʤʝʨʘʤʠ 7Ĭ5Ĭ1,    = 0, ɰ = ï 0.2, 2Á = ï5000, ʚʠʜ ʩʚʝʨʭʫ.  
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2.2.3 ɺʳʚʦʜʳ ʧʦ ʨʘʟʜʝʣʫ 

 

 ʀʩʩʣʝʜʦʚʘʥʳ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʠ ʥʝʣʠʥʝʡʥʳʝ ʨʝʞʠʤʳ ʢʦʥʚʝʢʮʠʠ 

ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʳʭ ʩʤʝʩʝʡ ʩ ʵʬʬʝʢʪʦʤ ʉʦʨʝ ʚ ʧʣʦʩʢʦʤ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ ʩʣʦʝ ʩ 

ʟʘʜʘʥʥʳʤ ʪʝʧʣʦʚʳʤ ʧʦʪʦʢʦʤ ʥʘ ʛʨʘʥʠʮʘʭ. 

 ʏʠʩʣʝʥʥʦʝ ʨʝʰʝʥʠʝ ʣʠʥʝʡʥʦʡ ʟʘʜʘʯʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʚʦ ʚʩʝʡ 

ʦʙʣʘʩʪʠ ʠʩʩʣʝʜʫʝʤʳʭ ʧʘʨʘʤʝʪʨʦʚ ʥʘʠʙʦʣʝʝ ʦʧʘʩʥʦʡ ʷʚʣʷʝʪʩʷ ʜʣʠʥʥʦʚʦʣʥʦʚʘʷ 

ʤʦʥʦʪʦʥʥʘʷ ʠʣʠ ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ.  

 ʅʝʣʠʥʝʡʥʳʝ ʨʘʩʯʝʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʜʣʠʥʥʦʚʦʣʥʦʚʦʡ ʭʘʨʘʢʪʝʨ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ, ʦʙʥʘʨʫʞʝʥʥʳʡ ʩ ʧʦʤʦʱʴʶ ʣʠʥʝʡʥʦʛʦ ʘʥʘʣʠʟʘ ʫʩʪʦʡʯʠʚʦʩʪʠ, ʚ 

ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ ʠʤʝʝʪ ʤʝʩʪʦ ʣʠʰʴ ʚʙʣʠʟʠ ʧʦʨʦʛʘ ʫʩʪʦʡʯʠʚʦʩʪʠ. ɼʣʷ 

ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʤʦʜʳ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʥʘʡʜʝʥʦ, ʯʪʦ ʢʦʣʝʙʘʥʠʷ ʜʣʷ ʥʝʙʦʣʴʰʠʭ ʧʦ 

ʘʙʩʦʣʶʪʥʦʡ ʚʝʣʠʯʠʥʝ ʟʥʘʯʝʥʠʡ ʩʫʤʤʘʨʥʦʛʦ ʦʪʥʦʰʝʥʠʷ ʨʘʟʜʝʣʝʥʠʷ ʧʨʦʷʚʣʷʶʪʩʷ 

ʣʠʰʴ ʚ ʧʨʠ ʥʝʙʦʣʴʰʠʭ ʥʘʜʢʨʠʪʠʯʥʦʩʪʷʭ (ʯʠʩʣʦ ʈʝʣʝʷ ʥʝʤʥʦʛʦ ʧʨʝʚʳʰʘʝʪ 

ʧʦʨʦʛʦʚʦʝ), ʪʦʛʜʘ ʢʘʢ ʧʨʠ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʷʭ ʢʦʣʝʙʘʥʠʷ ʥʘʙʣʶʜʘʶʪʩʷ ʚʦ ʚʩʝʭ 

ʦʙʣʘʩʪʠ ʚʳʰʝ ʧʦʨʦʛʘ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʢʦʥʚʝʢʮʠʠ.  

 ʈʝʟʫʣʴʪʘʪʳ ʜʚʫʭʤʝʨʥʳʭ ʚʳʯʠʩʣʝʥʠʡ ʚ ʧʨʝʜʝʣʴʥʳʭ ʩʣʫʯʘʷʭ ʩʦʛʣʘʩʫʶʪʩʷ ʩ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ ʚ ʪʨʝʭʤʝʨʥʦʡ ʛʝʦʤʝʪʨʠʠ.  
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2.3 ʋʩʪʦʡʯʠʚʦʩʪʴ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ ʩʤʝʩʠ ʪʦʣʫʦʣ-ʤʝʪʘʥʦʣ-

ʮʠʢʣʦʛʝʢʩʘʥ ʩ ʩʫʤʤʘʨʥʳʤ ʦʪʥʦʰʝʥʠʝʤ ʨʘʟʜʝʣʝʥʠʷ, ʙʣʠʟʢʠʤ ʢ ʥʫʣʶ 

 

 ʈʘʩʩʤʦʪʨʠʤ ʟʘʜʘʯʫ ʢʦʥʚʝʢʮʠʠ ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʦʡ ʩʤʝʩʠ ʪʦʣʫʦʣ-ʤʝʪʘʥʦʣ-

ʮʠʢʣʦʛʝʢʩʘʥ ʩ ʤʘʩʩʦʚʳʤʠ ʜʦʣʷʤʠ ʢʦʤʧʦʥʝʥʪʦʚ 0.62/0.31/0.07. ʇʦʜ ʟʥʘʯʝʥʠʝʤ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ὅ ʙʫʜʝʤ ʧʦʥʠʤʘʪʴ ʪʦʣʫʦʣ, ὅ ï ʤʝʪʘʥʦʣ, ὅ ï ʮʠʢʣʦʛʝʢʩʘʥ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʵʪʦʡ ʟʘʜʘʯʠ ʧʨʦʚʦʜʠʣʦʩʴ ʪʝʦʨʝʪʠʯʝʩʢʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʯʘʩʪʴ ʨʘʙʦʪ ʚʳʧʦʣʥʝʥʘ ʚ ɹʨʶʩʩʝʣʴʩʢʦʤ ʩʚʦʙʦʜʥʦʤ 

ʫʥʠʚʝʨʩʠʪʝʪʝ ɺ.ʄ. ʐʝʚʮʦʚʦʡ ʠ ɸ. ʄʷʣʴʜʫʥʦʤ. ʕʢʩʧʝʨʠʤʝʥʪ ʧʨʦʚʦʜʠʣʩʷ ʚ 

ʫʩʣʦʚʠʷʭ ʟʝʤʥʦʡ ʛʨʘʚʠʪʘʮʠʠ ʜʣʷ ʜʚʫʭ ʩʦʩʪʘʚʦʚ ʩʤʝʩʠ: 0.62/0.31/0.07 ʠ 

0.623/0.306/0.071. ʈʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʷʯʝʡʢʘ ʚʳʩʦʪʦʡ 6 ʤʤ ʠ ʧʣʦʱʘʜʴʶ ʦʩʥʦʚʘʥʠʷ 

18 ʤʤ Ĭ 18 ʤʤ. ʀʩʩʣʝʜʦʚʘʣʩʷ ʩʣʫʯʘʡ ʥʘʛʨʝʚʘ ʩʚʝʨʭʫ, ʤʝʞʜʫ ʚʝʨʭʥʝʡ ʠ ʥʠʞʥʝʡ 

ʛʨʘʥʠʮʘʤʠ ʧʦʜʜʝʨʞʠʚʘʣʘʩʴ ʨʘʟʥʦʩʪʴ ʪʝʤʧʝʨʘʪʫʨ ɝὝ Ὕ Ὕ= 6 ᴈ.  

ɺ ʯʠʩʣʝʥʥʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ, ʚʳʧʦʣʥʝʥʥʦʤ ʚ ʨʘʤʢʘʭ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ 

ʨʘʙʦʪʳ, ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʜʚʫʭʤʝʨʥʘʷ ʦʙʣʘʩʪʴ ʩ ʚʳʩʦʪʦʡ 6 ʤʤ ʠ ʜʣʠʥʦʡ 18 ʤʤ 

(ʘʩʧʝʢʪʥʦʝ ʦʪʥʦʰʝʥʠʝ ὒ = 3:1, ʩʤ. ʨʠʩ. 2.31).  ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʜʣʷ 

ʧʘʨʘʤʝʪʨʦʚ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠʩʩʣʝʜʫʝʤʦʡ ʩʤʝʩʠ ʧʨʠʚʝʜʝʥʳ 

ʪʘʙʣʠʮʘʭ 2 ʠ 3. ɻʨʘʥʠʮʳ ʦʙʣʘʩʪʠ ʩʯʠʪʘʣʠʩʴ ʠʜʝʘʣʴʥʦ ʪʝʧʣʦʧʨʦʚʦʜʥʳʤʠ, 

ʥʝʧʨʦʥʠʮʘʝʤʳʤʠ ʜʣʷ ʚʝʱʝʩʪʚʘ. ʅʘʛʨʝʚʫ ɝὝ  6 ᴈ ʠ ʭʘʨʘʢʪʝʨʥʦʤʫ ʨʘʟʤʝʨʫ 

Ὤ = 6 ʤʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʯʠʩʣʦ ʈʝʣʝʷ 2Á ὫɝὝὬȾ…’ = 2.3417Ā105.  

 

 

˟̏̌̔̏̌ ɉπȢφςɊ 

˙̆̓́̎̏̌ɉπȢσρɊ 

ˣ̉̋̌̏̄̆̋̒́̎ɉπȢπχɊ 

ʈʠʩʫʥʦʢ 2.31. ɻʝʦʤʝʪʨʠʷ ʦʙʣʘʩʪʠ ʚ ʟʘʜʘʯʝ ʦ ʢʦʥʚʝʢʮʠʠ ʩʤʝʩʠ 

ʪʦʣʫʦʣ-ʤʝʪʘʥʦʣ-ʮʠʢʣʦʛʝʢʩʘʥ, ʛʨʘʥʠʮʳ ʦʙʣʘʩʪʠ ï ʪʚʝʨʜʳʝ ʠʜʝʘʣʴʥʦ 

ʪʝʧʣʦʧʨʦʚʦʜʥʳʝ, ʥʝʧʨʦʥʠʮʘʝʤʳʝ ʜʣʷ ʚʝʱʝʩʪʚʘ. ɸʩʧʝʢʪʥʦʝ 

ʩʦʦʪʥʦʰʝʥʠʝ ὒ = 3:1. ʅʘʛʨʝʚ ʩʚʝʨʭʫ ɝὝ 6 ᴈ. 
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ʊʘʙʣʠʮʘ 2. ʌʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʤʝʩʠ ʪʦʣʫʦʣ(0.62)-ʤʝʪʘʥʦʣ(0.31)-

ʮʠʢʣʦʛʝʢʩʘʥ(0.07) ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ Ὕ = 298.15 +. 

” 

̋Ⱦ̄̍  

Ⱦ10-3 

+  

    ‘Ⱦ10-3 

˜ Ͻ́̒ 

’Ⱦ10-6 

̍Ⱦ̒ 

…Ⱦ10-7 

̍Ⱦ̒ 

Ὀ Ⱦ10-9 

̍Ⱦ̒ 

Ὀ Ⱦ10-9 

̍Ⱦ̒ 

Ὀ Ⱦ10-9 

̍Ⱦ̒ 

Ὀ Ⱦ10-9 

̍Ⱦ̒ 

829.99 1.16 ī0.140 ī0.048 0.56 0.67 0.94 2.244 1.337 ï0.226 0.551 

 

ʊʘʙʣʠʮʘ 3. ʂʦʵʬʬʠʮʠʝʥʪʳ ʪʝʨʤʦʜʠʬʬʫʟʠʠ Ὀ Ⱦρπ   

+ Ͻ̍ Ⱦ̒, ʢʦʵʬʬʠʮʠʝʥʪʳ ʉʦʨʝ ὛȟȾ10
-3+ , ʢʦʵʬʬʠʮʠʝʥʪʳ 

ʦʪʥʦʰʝʥʠʡ ʨʘʟʜʝʣʝʥʠʷ ʢʦʤʧʦʥʝʥʪʦʚ ʩʤʝʩʠ  ʠ ʩʫʤʤʘʨʥʦʝ 

ʦʪʥʦʰʝʥʠʝ ʨʘʟʜʝʣʝʥʠʷ ɰ ʜʣʷ ʜʚʫʭ ʥʘʙʦʨʦʚ ʧʘʨʘʤʝʪʨʦʚ ά , ά, ʘ 
ʪʘʢʞʝ ʜʣʷ ʠʭ ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʡ ά . 

 Ὀȟ Ὀȟ Ὓȟ Ὓȟ     ɰ 

ά  ï3.3705 ï7.1890 0.504  ī1.098  0.0608   ī0.0454 0.0154 

ά  ï6.6244 ï7.1836 0.387 ī1.145 0.0467 ī0.0473 ī0.0006 

ά  ï5.0153 ï7.1879 0.445 ï1.122 0.0537 ï0.0464 0.0073 

 

 

 ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʧʫʪʝʤ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ 

(2.40)-(2.43). ʇʨʠ ʵʪʦʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ (2.45), ʢʦʪʦʨʦʝ ʜʠʘʛʦʥʘʣʠʟʠʨʫʝʪ ʤʘʪʨʠʮʫ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʠʬʬʫʟʠʠ (ʯʠʩʝʣ ʐʤʠʜʪʘ), ʥʝ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ. ɻʨʘʥʠʯʥʳʝ 

ʫʩʣʦʚʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʟʘʤʢʥʫʪʦʡ ʦʙʣʘʩʪʠ (ʨʠʩ. 2.31) ʚ 

ʙʝʟʨʘʟʤʝʨʥʳʭ ʬʦʨʤʝ ʟʘʧʠʩʳʚʘʶʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ: 

ᾀ 0,1ȡ    Ἶ 0ȟ    Ὕᾀ 0 0,    Ὕᾀ 1 1ȟ (2.70) 

ᾀ 0,1:    
╒

ᾀ
ⱶ
Ὕ

ᾀ
0ȟ  (2.71) 

ὼ 0,3:   Ἶ 0,    Ὕ ᾀȟ   
╒

ὼ
ⱶ
Ὕ

ὼ
0. (2.72) 

 

ʇʨʠʤʝʥʷʣʩʷ ʪʦʪ ʞʝ ʯʠʩʣʝʥʥʳʡ ʘʣʛʦʨʠʪʤ ʨʘʩʯʝʪʘ, ʯʪʦ ʠ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ 

ʥʝʣʠʥʝʡʥʳʭ ʨʝʞʠʤʦʚ ʢʦʥʚʝʢʮʠʠ ʚ ʩʣʦʝ ʧʨʠ ʫʩʣʦʚʠʠ ʟʘʜʘʥʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ 

(ʩʤ., ʬʦʨʤʫʣʳ (2.61)-(2.68)).  
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 ɺ ʢʘʯʝʩʪʚʝ ʥʘʯʘʣʴʥʦʛʦ ʚʦʟʤʫʱʝʥʠʷ ʟʘʜʘʚʘʣʦʩʴ ʟʥʘʯʝʥʠʝ ʟʘʚʠʭʨʝʥʥʦʩʪʠ  

 10-3 ʚ ʪʦʯʢʝ ʩ ʢʦʦʨʜʠʥʘʪʘʤʠ ὼ = 2.75, ᾀ = 0.75. ɺʦ ʚʩʝʭ ʦʩʪʘʣʴʥʳʭ ʪʦʯʢʘʭ 

ʦʙʣʘʩʪʠ ὼȟᾀ = 0. ʅʘʯʘʣʴʥʦʝ ʧʦʣʝ ʬʫʥʢʮʠʠ ʪʦʢʘ •ὼȟᾀ  0. ʅʘʯʘʣʴʥʘʷ 

ʪʝʤʧʝʨʘʪʫʨʘ ʩʤʝʩʠ ʟʘʜʘʚʘʣʘʩʴ ʢʘʢ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʤʝʞʜʫ ʛʦʨʷʯʝʡ ʠ ʭʦʣʦʜʥʦʡ 

ʩʪʝʥʢʘʤʠ, ʪ.ʝ. Ὕ = 1/2. ʂʦʥʮʝʥʪʨʘʮʠʷ ʩʤʝʩʠ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʘ ʩʦʩʪʦʷʥʠʶ ʩ 

ʦʜʥʦʨʦʜʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʢʦʤʧʦʥʝʥʪʦʚ, ὅ ὅ = 0 (ʥʘʧʦʤʥʠʤ, ʯʪʦ ʚ ʩʯʝʪʝ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʙʝʟʨʘʟʤʝʨʥʳʝ ʢʦʥʮʝʥʪʨʘʮʠʠ, ʦʪʩʯʠʪʳʚʘʝʤʳʝ ʦʪ ὅ ȟὅ ). ʇʨʠ ʵʪʦʤ 

ʚ ʨʘʟʤʝʨʥʳʭ ʚʝʣʠʯʠʥʘʭ ʥʘʯʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʦ ʙʳ 

ὅ ὅ ȟὅ ὅ , ʛʜʝ ὅ  = 0.62 ʠ ὅ  = 0.31 ï ʤʘʩʩʦʚʳʝ ʜʦʣʠ ʪʦʣʫʦʣʘ ʠ ʤʝʪʘʥʦʣʘ 

ʚ ʩʠʩʪʝʤʝ. 

 ʈʝʰʝʥʠʝ ʟʘʜʘʯʠ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʙʝʟʨʘʟʤʝʨʥʳʭ ʚʝʣʠʯʠʥʘʭ, ʦʜʥʘʢʦ ʜʣʷ 

ʫʜʦʙʩʪʚʘ ʠ ʥʘʛʣʷʜʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʥʘ ʛʨʘʬʠʢʘʭ ʠ ʧʨʠ ʦʙʩʫʞʜʝʥʠʠ ʨʝʟʫʣʴʪʘʪʦʚ 

ʜʣʷ ʧʦʣʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʙʫʜʫʪ ʧʨʠʚʦʜʠʪʴʩʷ ʨʘʟʤʝʨʥʳʝ. 

 

 ʂʘʢ ʦʪʤʝʯʘʣʦʩʴ ʚʦ ʚʚʝʜʝʥʠʠ ʢ ʪʝʢʫʱʝʡ ʛʣʘʚʝ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʙʨʘʙʦʪʢʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʩ ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʩʤʠʯʝʩʢʦʡ ʩʪʘʥʮʠʠ, ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʜʚʘ ʚʘʨʠʘʥʪʘ ʟʥʘʯʝʥʠʡ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʉʦʨʝ. (ʩʤ. ʪʘʙʣʠʮʫ 3). ɺʘʨʠʘʥʪ  

ά : Ὓ 0.504Ā10-3 K-1 ʠ  Ὓ = ï1.098Ā10-3 K-1; ʚʘʨʠʘʥʪ ά :  Ὓ 0.387Ā10-3 K-1 ʠ 

Ὓ = ï1.145Ā10-3 K-1. ʂʦʣʠʯʝʩʪʚʝʥʥʦ ʜʚʘ ʥʘʙʦʨʘ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʪʣʠʯʘʶʪʩʷ ʥʘ 

ʥʝʙʦʣʴʰʫʶ ʚʝʣʠʯʠʥʫ, ʦʜʥʘʢʦ ʵʪʘ ʨʘʟʥʠʮʘ ʧʨʠʚʦʜʠʪ ʢ ʩʤʝʥʝ ʟʥʘʢʘ ʩʫʤʤʘʨʥʦʛʦ 

ʦʪʥʦʰʝʥʠʷ ʨʘʟʜʝʣʝʥʠʷ (ɰ), ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʧʦʚʝʜʝʥʠʠ ʩʤʝʩʠ. ɺ 

ʦʙʦʠʭ ʩʣʫʯʘʷʭ ɰ ʙʣʠʟʢʦ ʢ ʥʫʣʶ, ʦʜʥʘʢʦ ʚ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʩʫʤʤʘʨʥʦʝ ʦʪʥʦʰʝʥʠʝ 

ʨʘʟʜʝʣʝʥʠʷ ʧʦʣʦʞʠʪʝʣʴʥʦ: ɰ = 0.0154, ʘ ʚʦ ʚʪʦʨʦʤ ï ʦʪʨʠʮʘʪʝʣʴʥʦ:  

ɰ = ï 0.0006. ɺ ʜʠʩʩʝʨʪʘʮʠʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʦʙʘ ʚʘʨʠʘʥʪʘ, ʘ 

ʪʘʢʞʝ ʧʨʠʚʦʜʠʪʩʷ ʩʨʘʚʥʝʥʠʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. 
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2.3.1 ʇʦʣʦʞʠʪʝʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʩʫʤʤʘʨʥʦʛʦ ʦʪʥʦʰʝʥʠʷ ʨʘʟʜʝʣʝʥʠʷ 

  

 ʈʘʩʯʝʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʩʫʤʤʘʨʥʦʛʦ 

ʦʪʥʦʰʝʥʠʷ ʨʘʟʜʝʣʝʥʠʷ ʚ ʩʠʩʪʝʤʝ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʤʝʭʘʥʠʯʝʩʢʦʝ ʨʘʚʥʦʚʝʩʠʝ ʩ 

ʣʠʥʝʡʥʳʤʠ ʧʦ ʚʳʩʦʪʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷʤʠ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʦʤʧʦʥʝʥʪʦʚ 

ʩʤʝʩʠ. ʈʠʩʫʥʦʢ 2.32 ʠʣʣʶʩʪʨʠʨʫʝʪ ʚʨʝʤʝʥʥʫʶ ʵʚʦʣʶʮʠʶ ʟʥʘʯʝʥʠʡ ʨʘʟʥʠʮʳ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʝʞʜʫ ʚʝʨʭʥʝʡ ʛʦʨʷʯʝʡ ʠ ʥʠʞʥʝʡ ʭʦʣʦʜʥʦʡ ʩʪʝʥʢʘʤʠ ʚ ʮʝʥʪʨʝ 

ʦʙʣʘʩʪʠ (ὼ = 1.5) ʜʣʷ ʪʨʝʭ ʢʦʤʧʦʥʝʥʪʦʚ: ɝὅὸ ὅȟ ὸ ὅȟ ὸȟὭ = 1,2,3.  

ʉʧʣʦʰʥʦʡ ʣʠʥʠʝʡ ʧʨʝʜʩʪʘʚʣʝʥ ʩʣʫʯʘʡ άȡɰ = 0.0154, ʜʣʷ ʩʨʘʚʥʝʥʠʷ ʰʪʨʠʭʦʚʦʡ 

ʣʠʥʠʝʡ ʠʟʦʙʨʘʞʝʥ ʩʣʫʯʘʡ ʜʣʷ ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʡ ά ȡ ɰ = 0.0073. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ. 

2.32, ʚʝʣʠʯʠʥʳ ɝὅὸ ʤʦʥʦʪʦʥʥʦ ʠʟʤʝʥʷʶʪʩʷ ʜʦ ὸ ~ 300, ʧʦʩʣʝʜʫʶʱʝʝ 

ʩʪʘʮʠʦʥʘʨʥʦʝ ʩʦʩʪʦʷʥʠʝ ʦʪʚʝʯʘʝʪ ʤʝʭʘʥʠʯʝʩʢʦʤʫ ʨʘʚʥʦʚʝʩʠʶ ʩ ʣʠʥʝʡʥʳʤʠ ʧʦ 

ʚʳʩʦʪʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷʤʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʦʤʧʦʥʝʥʪʦʚ. ʆʪʤʝʪʠʤ, ʯʪʦ ʝʜʠʥʠʮʘ 

ʙʝʟʨʘʟʤʝʨʥʦʛʦ ʚʨʝʤʝʥʠ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʨʘʚʥʘ 1 ʤʠʥ.  

 

 

 

 ʃʠʥʝʡʥʦʝ ʩʪʘʮʠʦʥʘʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʡ ʚ ʙʝʟʨʘʟʤʝʨʥʳʭ 

ʚʝʣʠʯʠʥʘʭ ʦʧʨʝʜʝʣʷʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ ὧᾀ Ͻᾀ. ʄʝʞʜʫ ʩʣʫʯʘʷʤʠ ά  ʠ ά  

ʥʘʠʙʦʣʴʰʘʷ ʨʘʟʥʠʮʘ ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ ʦʪʥʦʰʝʥʠʷ ʨʘʟʜʝʣʝʥʠʷ   (  12%), ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʜʣʷ ὅ ʥʘʙʣʁʜʘʝʪʩ̫ ʙʦӢʣɹ ʘh̫ ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʢʨʠʚrʤʠ, ʯʝʤ 

ʈʠʩʫʥʦʢ 2.32. ɿʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ ʨʘʟʥʠʮʳ ʟʥʘʯʝʥʠʡ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʤʝʞʜʫ ʚʝʨʭʥʝʡ ʠ ʥʠʞʥʝʡ ʩʪʝʥʢʘʤʠ ʜʣʷ ʪʨʝʭ ʢʦʤʧʦʥʝʥʪʦʚ ʩʤʝʩʠ ʚ ʮʝʥʪʨʝ 

ʦʙʣʘʩʪʠ (ὼ=1.5): ɝὅὸ ὅȟ ὸ ὅȟ ὸ ʉʧʣʦʰʥʘʷ ʣʠʥʠʷ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ άȡɰ = 0.0154, h ʪʨʠʭʦʚʘʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ά ȡɰ = 0.0073 . 
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ʜʣʷ ʩʣʫʯʘʝʚ ὅ ʠ ὅ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʢʘʯʝʩʪʚʝʥʥʦ ʧʦʚʝʜʝʥʠʝ ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ (ά  ʠ 

ά ) ʙʣʠʟʢʦ ʜʨʫʛ ʢ ʜʨʫʛʫ. ɼʘʣʝʝ ʧʨʠ ʦʙʩʫʞʜʝʥʠʠ ʩʣʫʯʘʷ ɰ > 0 ʙʫʜʝʤ ʠʤʝʪʴ ʚ ʚʠʜʫ 

ʣʠʰʴ ʚʘʨʠʘʥʪ ά . 

 

 ʇʨʠ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦʤ ʨʘʩʩʤʦʪʨʝʥʠʠ ʩʣʫʯʘʷ ʧʦʣʦʞʠʪʝʣʴʥʳʭ ɰ ʙʳʣʦ 

ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʩʠʩʪʝʤʘ ʚʝʜʝʪ ʩʝʙʷ, ʥʘ ʧʝʨʚʳʡ ʚʟʛʣʷʜ, ʧʘʨʘʜʦʢʩʘʣʴʥʳʤ ʦʙʨʘʟʦʤ. 

ʈʘʩʩʤʦʪʨʠʤ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʜʠʬʬʫʟʠʦʥʥʳʭ ʧʦʪʦʢʦʚ ʚʝʱʝʩʪʚʘ ʢʦʤʧʦʥʝʥʪʦʚ 

ὅ(ʪʦʣʫʦʣ) ʠ ὅ (ʤʝʪʘʥʦʣ): 

ὐ ” Ὀ ὅ Ὀ ὅ ὈȟὝȟ (2.73) 

ὐ ” Ὀ ὅ Ὀ ὅ ὈȟὝȢ (2.74) 

ɺ ʩʦʩʪʦʷʥʠʠ ʨʘʚʥʦʚʝʩʠʷ ʧʦʪʦʢʠ ὐ, ὐ ʦʙʨʘʱʘʶʪʩʷ ʚ ʥʦʣʴ. ʈʘʚʥʦʚʝʩʥʳʝ ʛʨʘʜʠʝʥʪʳ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʦʢʘʟʳʚʘʶʪʩʷ ʣʠʥʝʡʥʦ ʟʘʚʠʩʠʤʳʤʠ ʚʝʣʠʯʠʥʘʤʠ (ʧʨʠ 

ʥʘʣʠʯʠʝ ʥʝʧʨʦʥʠʮʘʝʤʳʭ ʜʣʷ ʚʝʱʝʩʪʚʘ ʛʨʘʥʠʮ):  

 ὅɳ Ὓ Ὕɳȟ        Ὥ 1,2. (2.75) 

Cʚʷʟʴ ʤʝʞʜʫ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʉʦʨʝ (Ὓ , ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʜʠʬʬʫʟʠʠ (Ὀ ) ʠ 

ʪʝʨʤʦʜʠʬʬʫʟʠʠ (Ὀ ) ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʦʦʪʥʦʰʝʥʠʝʤ: Ὓ В $ Ὀ . 

 ɺ ʩʣʫʯʘʝ ʥʘʛʨʝʚʘ ʩʚʝʨʭʫ ʛʨʘʜʠʝʥʪ ʪʝʤʧʝʨʘʪʫʨʳ ʚʩʝʛʜʘ ʧʦʣʦʞʠʪʝʣʝʥ:  

Ὕɳ > 0. ʂʦʵʬʬʠʮʠʝʥʪ Ὓ  > 0 (ʩʤ. ʪʘʙʣʠʮʫ 3). ʀʟ ʬʦʨʤʫʣʳ (2.75) ʩʣʝʜʫʝʪ, ʯʪʦ 

ὅɳ < 0. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʢʦʤʧʦʥʝʥʪ ʩʤʝʩʠ ʪʦʣʫʦʣ ʜʦʣʞʝʥ ʥʘʢʘʧʣʠʚʘʪʴʩʷ ʚʙʣʠʟʠ 

ʥʠʞʥʝʡ ʭʦʣʦʜʥʦʡ ʩʪʝʥʢʠ.  

 ʈʘʩʩʤʦʪʨʠʤ ʨʠʩ. 2.33, ʥʘ ʢʦʪʦʨʦʤ ʠʟʦʙʨʘʞʝʥʦ ʧʦʣʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ὅ ʚ 

ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ὸ = 10. ʊʦʣʫʦʣ, ʚʦʧʨʝʢʠ ʦʞʠʜʘʥʠʷʤ, ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʛʨʘʚʠʪʘʮʠʦʥʥʦ 

ʥʝʫʩʪʦʡʯʠʚʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ, ʢʦʪʦʨʦʝ ʧʨʦʪʠʚʦʨʝʯʠʪ ʚʳʨʘʞʝʥʠʶ (2.75). ʀʟ ʨʠʩ. 

2.32 ʙʳʣʘ ʚʠʜʥʘ ʚʨʝʤʝʥʥʘʷ ʵʚʦʣʶʮʠʷ ʨʘʟʥʠʮʳ ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʝʞʜʫ ʚʝʨʭʥʝʡ ʠ 

ʥʠʞʥʝʡ ʩʪʝʥʢʘʤʠ ï ʚʥʠʟʫ ʦʙʣʘʩʪʠ ʥʘʢʘʧʣʠʚʘʝʪʩʷ ʙʦʣʴʰʝ ʢʦʤʧʦʥʝʥʪʘ ὅ, ʦʜʥʘʢʦ 

ʚʥʫʪʨʠ ʦʙʣʘʩʪʠ (0 < ᾀ < 1) ʥʘʙʣʶʜʘʝʪʩʷ ʦʙʨʘʪʥʦʝ ʧʦʚʝʜʝʥʠʝ. ʄʘʩʩʦʚʘʷ ʜʦʣʷ ʪʦʣʫʦʣʘ 
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ʚ ʩʠʩʪʝʤʘ ʷʚʣʷʝʪʩʷ ʩʘʤʦʡ ʙʦʣʴʰʦʡ (62%) ʠ ʦʥ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʪʷʞʝʣʳʤ 

ʢʦʤʧʦʥʝʥʪʦʤ ʩʤʝʩʠ ( = ï 0.140, ʯʪʦ ʧʦʯʪʠ ʚ 3 ʨʘʟʘ ʧʨʝʚʳʰʘʝʪ ʟʥʘʯʝʥʠʝ  ).  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʩʪʦʡʯʠʚʦʩʪʴ ʩʠʩʪʝʤʳ ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʦʣʫʦʣʘ. 

 ʅʘ ʨʠʩ. 2.34 ʧʦʢʘʟʘʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʡ ὅ ʠ ὅ ʩ ʚʳʩʦʪʦʡ ʚ 

ʨʘʟʣʠʯʥʳʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ. ɺʠʜʥʦ, ʯʪʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʤʧʦʥʝʥʪʘ ὅ (ʨʠʩ. 2.34 a) 

ʥʘ ʙʦӢʣɹ ʠhʭ ʚʨʝʤʝʥʘʭ ʠʟʤʝʥ̫ʝʪʩ̫ ʥʘ ʫʩʪʦʡʯʠʚʦʝ ʠ ʩʦʛʣʘʩʫʝʪʩ̫ ʩ ʚrʨʘʞʝʥʠʝʤ (2.75). 

ʇʦʚʝʜʝʥʠʝ ʚʪʦʨʦʛʦ ʢʦʤʧʦʥʝʥʪʘ (ʨʠʩ. 2.34 b) ʧʨʠ ʵʪʦʤ ʦʢʘʟʳʚʘʝʪʩʷ ʙʦʣʝʝ 

ʧʨʝʜʩʢʘʟʫʝʤʳʤ ï ʩ ʩʘʤʦʛʦ ʥʘʯʘʣʘ, ʢʘʢ ʠ ʩʣʝʜʫʝʪ ʠʟ ʚʳʨʘʞʝʥʠʷ (2.75), ʤʝʪʘʥʦʣ 

ʩʢʘʧʣʠʚʘʝʪʩʷ ʚʙʣʠʟʠ ʚʝʨʭʥʝʡ ʛʦʨʷʯʝʡ ʛʨʘʥʠʮʳ.  

 

 

 

 

ʈʠʩʫʥʦʢ 2.33. ʇʦʣʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʪʦʣʫʦʣʘ (ὅ) ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ὸ = 

10, άȡɰ = 0.0154. 

ʈʠʩʫʥʦʢ 2.34. ʈʘʩʧʨʝʜʝʣʝʥʠʷ ʩ ʚʳʩʦʪʦʡ ʢʦʥʮʝʥʪʨʘʮʠʡ ὅ (a) ʠ ὅ (b) ʚ 

ʨʘʟʣʠʯʥʳʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ, ὼ = 1.5. 

(a)  (b)  
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 ʆʙʩʫʜʠʤ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦ ʨʦʣʴ ʨʘʟʣʠʯʥʳʭ ʚʢʣʘʜʦʚ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʧʣʦʪʥʦʩʪʠ. ʋʨʘʚʥʝʥʠʝ ʩʦʩʪʦʷʥʠʷ ʠʤʝʝʪ ʚʠʜ:  

” ” 1  Ὕ Ὕ  ὅ ὅ  ὅ ὅ Ȣ  (2.76) 

ɽʤʫ ʦʪʚʝʯʘʝʪ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʛʨʘʜʠʝʥʪʘ ʧʣʦʪʥʦʩʪʠ 

”ɳ ” Ὕ  ὅ  ὅ Ȣ  (2.77) 

 ʅʘ ʨʠʩ. 2.35 ʧʨʝʜʩʪʘʚʣʝʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʛʦ ʚʢʣʘʜʘ ʚ 

ʧʣʦʪʥʦʩʪʴ ʩʤʝʩʠ ɝ” ɝ”  ὅ ὅ  ὅ ὅ  ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʚʳʩʦʪʳ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʤʦʤʝʥʪʦʚ ʚʨʝʤʝʥʠ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʜʘʥʥʦʛʦ ʨʠʩʫʥʢʘ, ʚ 

ʥʘʯʘʣʴʥʳʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ (ʜʦ ὸ ~ 50), ɝ” ɝ”  ʫʙʳʚʘʝʪ, ʪ.ʝ. ʩʫʤʤʘʨʥʳʡ 

ʚʢʣʘʜ ʢʦʥʮʝʥʪʨʘʮʠʠ ʦʢʘʟʳʚʘʝʪʩʷ ʜʝʩʪʘʙʠʣʠʟʠʨʫʶʱʠʤ (ʠʥʘʯʝ ʛʦʚʦʨʷ: ”ɳ˞

 ὅ  ὅ > 0). ɿʘʤʝʪʠʤ, ʯʪʦ ʦʙʱʠʡ ʛʨʘʜʠʝʥʪ ʧʣʦʪʥʦʩʪʴ, ʦʜʥʘʢʦ, ʠʤʝʝʪ 

ʛʨʘʚʠʪʘʮʠʦʥʥʦ ʫʩʪʦʡʯʠʚʫʶ ʩʪʨʘʪʠʬʠʢʘʮʠʶ ʚ ʩʠʣʫ ʪʦʛʦ, ʯʪʦ ʩʪʘʙʠʣʠʟʠʨʫʶʱʠʤ 

ʦʢʘʟʳʚʘʝʪʩʷ ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʚʢʣʘʜ ”ɳ Ὕ > 0, ʠ ʧʨʠ ʵʪʦʤ ȿ Ὕɳȿḻ

ȿ ὅɳȿȟ  ȿ ὅɳȿ. ʆʜʥʘʢʦ, ʢʘʢ ʠʟʚʝʩʪʥʦ [141], ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʤʝʭʘʥʠʯʝʩʢʦʛʦ 

ʨʘʚʥʦʚʝʩʠʷ ʤʦʞʝʪ ʥʘʙʣʶʜʘʪʴʩʷ ʠ ʚ ʩʣʫʯʘʝ ʛʨʘʚʠʪʘʮʠʦʥʥʦ ʫʩʪʦʡʯʠʚʦʡ 

ʩʪʨʘʪʠʬʠʢʘʮʠʠ ʩʤʝʩʠ ʧʦ ʧʣʦʪʥʦʩʪʠ. ʕʪʦ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ, ʢʦʛʜʘ ʭʘʨʘʢʪʝʨʥʳʝ 

ʪʝʧʣʦʚʳʝ ʠ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʚʨʝʤʝʥʘ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʶʪʩʷ. 

 ʇʨʝʜʩʪʘʚʠʤ ʦʙʣʘʩʪʴ ʩ ʥʘʛʨʝʚʦʤ ʩʚʝʨʭʫ ʧʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʡ 

ʚʢʣʘʜ ʚ ʧʣʦʪʥʦʩʪʴ ʷʚʣʷʝʪʩʷ ʜʝʩʪʘʙʠʣʠʟʠʨʫʶʱʠʤ (ʪ.ʝ. ”ɳ > 0, ”ɳ < 0). ʉʣʝʜʫʷ 

ʨʘʩʩʫʞʜʝʥʠʷʤ ɻ. ɿ. ɻʝʨʰʫʥʠ ʠ ɽ. ʄ. ɾʫʭʦʚʠʮʢʦʛʦ [141]: ʭʦʣʦʜʥʳʡ ʵʣʝʤʝʥʪ 

ʞʠʜʢʦʩʪʠ ʩ ʙʦʣʝʝ ʥʠʟʢʠʭ ʩʣʦʝʚ ʩʠʩʪʝʤʳ ʤʦʞʝʪ ʩʣʫʯʘʡʥʦ (ʚ ʩʠʣʫ ʨʘʟʣʠʯʥʳʭ 

ʬʣʫʢʪʫʘʮʠʡ) ʩʤʝʩʪʠʪʴʩʷ ʚʚʝʨʭ ʚ ʙʦʣʝʝ ʥʘʛʨʝʪʫʶ ʦʙʣʘʩʪʴ. ɽʩʣʠ ʭʘʨʘʢʪʝʨʥʳʝ 

ʪʝʧʣʦʚʳʝ ʚʨʝʤʝʥʥʘ ʥʘʤʥʦʛʦ ʤʝʥʴʰʝ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʭ (ʧʨʦʮʝʩʩ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʥʘʤʥʦʛʦ ʙʳʩʪʨʝʝ ʧʨʦʮʝʩʩʦʚ ʜʠʬʬʫʟʠʠ), ʪʦ ʜʘʥʥʳʡ ʵʣʝʤʝʥʪ 

ʞʠʜʢʦʩʪʠ ʙʫʜʝʪ ʙʳʩʪʨʦ ʥʘʛʨʝʚʘʪʴʩʷ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ʦʢʨʫʞʘʶʱʝʡ ʝʛʦ ʩʨʝʜʳ, ʧʨʠ 

ʵʪʦʤ ʩʪʘʥʦʚʷʩʴ ʣʝʛʯʝ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʡ ʵʣʝʤʝʥʪ ʙʫʜʝʪ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʤʝʜʣʝʥʥʦ ʜʠʬʬʫʥʜʠʨʦʚʘʪʴ ʚ ʦʢʨʫʞʘʶʱʝʝ ʧʨʦʩʪʨʘʥʩʪʚʦ, ʪ.ʝ. ʤʝʜʣʝʥʥʦ ʪʝʨʷʪʴ 

ʢʦʥʮʝʥʪʨʘʮʠʶ ʣʝʛʢʦʛʦ ʢʦʤʧʦʥʝʥʪʘ.  ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʤʦʞʝʪ ʦʢʘʟʘʪʴʩʷ, ʯʪʦ ʵʣʝʤʝʥʪ 
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ʞʠʜʢʦʩʪʠ ʙʫʜʝʪ ʣʝʛʯʝ ʦʢʨʫʞʘʶʱʝʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʠ ʧʨʦʜʦʣʞʠʪ ʚʩʧʣʳʚʘʪʴ ʜʘʣʴʰʝ 

ï ʚ ʩʠʩʪʝʤʝ ʙʫʜʫʪ ʥʘʨʘʩʪʘʪʴ ʚʦʟʤʫʱʝʥʠʷ.  

 ɺ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʡ ʚʢʣʘʜ ʚ ʧʣʦʪʥʦʩʪʴ ʷʚʣʷʝʪʩʷ 

ʩʪʘʙʠʣʠʟʠʨʫʶʱʠʤ (”ɳ > 0, ”ɳ > 0), ʩʣʫʯʘʡʥʦ ʩʤʝʩʪʠʚʰʠʡʩʷ ʚʚʝʨʭ ʵʣʝʤʝʥʪ 

ʞʠʜʢʦʩʪʠ ʙʫʜʝʪ ʙʦʣʝʝ ʙʦʛʘʪ ʪʷʞʝʣʳʤ ʢʦʤʧʦʥʝʥʪʦʤ ʠ ʧʨʦʩʪʦ ʚʝʨʥʸʪʩʷ ʥʘʟʘʜ. 

 ɺ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʥʘʤʠ ʟʘʜʘʯʝ ʪʝʧʣʦʚʦʝ ʚʨʝʤʷ † ὬȾ… = 383 ʩ, 

ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʚʨʝʤʝʥʘ ʜʣʷ ὅ ʠ ὅ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʨʘʚʥʳ † ὬȾὨ = 17640 

c ʠ † ὬȾὨ = 47760 c (Ὤ ï ʚʳʩʦʪʘ ʷʯʝʡʢʠ, … ï ʪʝʤʧʝʨʘʪʫʨʦʧʨʦʚʦʜʥʦʩʪʴ, ὨȟὨ 

ï ʩʦʙʩʪʚʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʤʘʪʨʠʮʳ ʜʠʬʬʫʟʠʠ). ɼʠʬʬʫʟʠʦʥʥʳʝ ʚʨʝʤʝʥʘ ʨʘʟʣʠʯʘʶʪʩʷ 

ʤʝʞʜʫ ʩʦʙʦʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʤʥʦʛʦ, ʚ 2.7 ʨʘʟ. ʂʦʤʧʦʥʝʥʪʳ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʜʝʡʩʪʚʫʶʪ çʟʘʦʜʥʦè, ʢʘʢ ʝʜʠʥʳʡ ʤʝʭʘʥʠʟʤ, ʪʦʛʜʘ ʢʘʢ ʦʪʥʦʰʝʥʠʷ 

ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʭ ʚʨʝʤʝʥ ʢ ʪʝʧʣʦʚʦʤʫ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʨʘʚʥʳ  †Ⱦ†˞  = 46,  

†Ⱦ† = 125.  

 

 

 

 ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ. 2.35, ʜʝʩʪʘʙʠʣʠʟʠʨʫʶʱʠʡ ʛʨʘʜʠʝʥʪ ʧʣʦʪʥʦʩʪʠ (”ɳ < 0) 

ʩʫʱʝʩʪʚʫʝʪ ʜʦ ὸ ~ 100, ʠ ʪʝʦʨʝʪʠʯʝʩʢʠ ʚ ʩʠʩʪʝʤʝ ʤʦʞʥʦ ʦʞʠʜʘʪʴ ʨʘʟʚʠʪʠʝ 

ʢʦʥʚʝʢʮʠʠ, ʯʪʦ, ʦʜʥʘʢʦ, ʥʝ ʧʨʦʠʩʭʦʜʠʪ, ʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʈʠʩʫʥʦʢ 2.35. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʩ ʚʳʩʦʪʦʡ ʩʫʤʤʘʨʥʦʛʦ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʛʦ 

ʚʢʣʘʜʘ ʚ ʧʣʦʪʥʦʩʪʴ ʩʤʝʩʠ ɝ” ɝ”  ὅ ὅ  ὅ ὅ  ʚ 

ʨʘʟʣʠʯʥʳʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ ʧʨʠ ὼ = 1.5: a) ʪʦʣʫʦʣ ʜʚʠʞʝʪʩʷ ʚʚʝʨʭ, b) ʪʦʣʫʦʣ 

ʜʚʠʞʝʪʩʷ ʚʥʠʟ.  
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ʢʦʤʧʦʥʝʥʪʦʚ ʧʦʣʫʯʘʝʪʩʷ ʫʩʪʦʡʯʠʚʘʷ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʘʷ ʩʪʨʘʪʠʬʠʢʘʮʠʶ (”ɳ > 0). 

ʆʪʤʝʪʠʤ, ʯʪʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʠ ʧʨʠ ʜʨʫʛʠʭ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʠ 

ʥʘʯʘʣʴʥʳʭ ʚʦʟʤʫʱʝʥʠʷʭ ï ʚ ʵʪʠʭ ʩʣʫʯʘʷʭ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʪʘʢʞʝ ʥʝ ʨʘʟʚʠʚʘʣʘʩʴ, ʠ 

ʧʦʚʝʜʝʥʠʝ ʩʠʩʪʝʤʳ ʦʢʘʟʳʚʘʣʦʩʴ ʢʘʯʝʩʪʚʝʥʥʦ ʙʣʠʟʢʠʤ ʢ ʦʧʠʩʘʥʥʦʤʫ ʚʳʰʝ.   

  ʆʙʲʷʩʥʠʤ ʧʦʚʝʜʝʥʠʝ ʢʦʤʧʦʥʝʥʪʘ ὅ (ʪʦʣʫʦʣ). ʂʘʢ ʦʪʤʝʯʘʣʦʩʴ ʚʳʰʝ (ʩʤ. ʨʠʩ. 

2.34), ʚ ʥʘʯʘʣʴʥʳʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ ʪʷʞʝʣʳʡ ʪʦʣʫʦʣ ʩʢʘʧʣʠʚʘʝʪʩʷ ʚ ʚʝʨʭʥʝʡ 

ʧʦʣʦʚʠʥʝ ʦʙʣʘʩʪʠ, ʧʦʩʣʝ ʯʝʛʦ (ʧʨʠ ὸ ~ 20) ʨʘʩʧʨʝʜʝʣʝʥʠʝ ὅ çʨʘʟʚʦʨʘʯʠʚʘʝʪʩʷè ʠ 

ʩʪʘʥʦʚʠʪʩʷ ʫʩʪʦʡʯʠʚʳʤ.   

 ʈʘʩʩʤʦʪʨʠʤ ʜʠʬʬʫʟʠʦʥʥʳʡ ʧʦʪʦʢ ʚʝʱʝʩʪʚʘ (2.73):  

ὐ ” Ὀ ὅ Ὀ ὅ ὈȟὝȟ 

ʢʦʪʦʨʳʡ ʩʦʩʪʦʠʪ ʠʟ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʚʢʣʘʜʘ ὐȟ ”Ὀ ὅ, ʚʢʣʘʜʘ 

ʧʝʨʝʢʨʝʩʪʥʦʡ ʜʠʬʬʫʟʠʠ (ʢʨʦʩʩ-ʜʠʬʬʫʟʠʠ) ʦʪ ʚʪʦʨʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ὐȟ

”Ὀ ὅ (ʠʭ ʩʫʤʤʘ ὐȟ ”Ὀ ὅ ”Ὀ ὅ  ʠ ʪʝʨʤʦʜʠʬʬʫʟʠʦʥʥʦʛʦ 

ʧʦʪʦʢʘ ὐȟ ”ὈȟὝ. ʕʚʦʣʶʮʠʷ ʜʘʥʥʳʭ ʚʢʣʘʜʦʚ ʚ ʧʦʪʦʢ ὐ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ 

ʨʠʩ. 2.36. 

 

 

ʈʠʩʫʥʦʢ 2.36. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʩ ʚʳʩʦʪʦʡ ʨʘʟʣʠʯʥʳʭ ʚʢʣʘʜʦʚ ʚ ʧʦʪʦʢ ʚʝʱʝʩʪʚʘ 

ὐ ʚ ʨʘʟʣʠʯʥʳʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ (ὸ = 10, 20, 70, 200) ʧʨʠ ὼ = 1.5: ʩʠʥʠʝ ʣʠʥʠʠ 
ï ʜʠʬʬʫʟʠʦʥʥʳʡ ʚʢʣʘʜ ὐȟ , ʟʝʣʝʥʳʝ ʣʠʥʠʠ ï ʚʢʣʘʜ ʧʝʨʝʢʨʝʩʪʥʦʡ ʜʠʬʬʫʟʠʠ 

ὐȟ , ʙʦʨʜʦʚʳʝ ʣʠʥʠʠ ï ʠʭ ʩʫʤʤʘ ὐȟ ὐȟ ὐȟ , ʯʝʨʥʳʝ ʣʠʥʠʠ ï 

ʪʝʨʤʦʜʠʬʬʫʟʠʦʥʥʳʡ ʧʦʪʦʢ  ὐȟ , ʢʨʘʩʥʳʝ ʣʠʥʠʠ ï ʧʦʣʥʳʡ ʧʦʪʦʢ ὐ. 
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 ɺ ʥʘʯʘʣʴʥʳʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ ὐȟ  0 ʚ ʩʠʣʫ ʪʦʛʦ, ʯʪʦ ʜʠʬʬʫʟʠʦʥʥʳʝ 

ʧʨʦʮʝʩʩʳ ʤʝʜʣʝʥʥʳʝ, ʪʦʛʜʘ ʢʘʢ ʪʝʤʧʝʨʘʪʫʨʘ ʚ ʩʠʩʪʝʤʝ ʦʯʝʥʴ ʙʳʩʪʨʦ 

ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ, ʪʝʨʤʦʜʠʬʬʫʟʠʦʥʥʳʡ ʧʦʪʦʢ ὐȟ  ʙʳʩʪʨʦ ʜʦʩʪʠʛʘʝʪ ʨʘʚʥʦʚʝʩʥʦʛʦ 

ʟʥʘʯʝʥʠʷ. ʇʨʠ ʵʪʦʤ ὐȟ  > 0, ʩʣʝʜʦʚʘʪʝʣʴʥʦ ʠ ʦʙʱʠʡ ʧʦʪʦʢ ὐ > 0, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʜʚʠʞʝʥʠʶ ʪʦʣʫʦʣʘ ʚʚʝʨʭ.  

 ʅʘ ʚʪʦʨʦʡ ʩʪʘʜʠʠ ʩʪʘʥʦʚʠʪʩʷ ʟʘʤʝʪʥʳʤ ʧʨʦʮʝʩʩ ʜʠʬʬʫʟʠʠ. ʄʝʪʘʥʦʣ, 

ʥʘʢʘʧʣʠʚʘʷʩʴ ʚʚʝʨʭʫ ʦʙʣʘʩʪʠ, ʦʢʘʟʳʚʘʝʪ ʦʙʨʘʪʥʦʝ ʜʝʡʩʪʚʠʝ: ὐȟ  < 0. 

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʪʦʣʫʦʣʘ ʪʘʢʞʝ ʧʨʠʚʦʜʠʪ ʢ ʧʦʪʦʢʫ ʚʝʱʝʩʪʚʘ ʥʘʧʨʘʚʣʝʥʥʦʤʫ ʚʥʠʟ: 

ὐȟ  < 0. ʇʨʠ ʵʪʦʤ ʦʙʱʠʡ ʚʢʣʘʜ ʢʦʥʮʝʥʪʨʘʮʠʠ ὐȟ ὐȟ ὐȟ  ʦʢʘʟʳʚʘʝʪʩʷ 

ʙʦʣʴʰʝ, ʯʝʤ ʪʝʨʤʦʜʠʬʬʫʟʠʦʥʥʳʡ ʚʢʣʘʜ ὐȟ  ï ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʩʫʤʤʘʨʥʳʡ ʧʦʪʦʢ 

ὐ < 0, ʠ ʪʦʣʫʦʣ ʥʘʯʠʥʘʝʪ ʦʙʨʘʪʥʦʝ ʜʚʠʞʝʥʠʝ ʚ ʩʪʦʨʦʥʫ ʥʠʞʥʝʡ ʭʦʣʦʜʥʦʡ ʩʪʝʥʢʠ. ɺ 

ʢʦʥʝʯʥʦʤ ʠʪʦʛʝ ʧʦʪʦʢʠ ὐȟ  ʠ ὐȟ  ʧʨʠʭʦʜʷʪ ʢ ʩʚʦʠʤ ʩʪʘʮʠʦʥʘʨʥʳʤ ʟʥʘʯʝʥʠʷʤ, 

ʫʨʘʚʥʦʚʝʰʠʚʘʷʩʴ ʩ ʪʝʨʤʦʜʠʬʬʫʟʠʦʥʥʳʤ ʧʦʪʦʢʦʤ ï ὐ = 0, ʚ ʩʠʩʪʝʤʝ ʜʦʩʪʠʛʘʝʪʩʷ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ ʨʘʚʥʦʚʝʩʠʝ.  

 ʆʧʠʩʘʥʥʦʝ ʚʳʰʝ ʧʦʚʝʜʝʥʠʝ ʪʦʣʫʦʣʘ, ʚ ʯʘʩʪʥʦʩʪʠ, ʙʳʣʦ ʚʦʟʤʦʞʥʦ ʠʟ-ʟʘ 

ʟʘʤʝʪʥʦʛʦ ʚʢʣʘʜʘ ʧʝʨʝʢʨʝʩʪʥʦʡ ʜʠʬʬʫʟʠʠ (ʢʦʵʬʬʠʮʠʝʥʪʳ Ὀ  ʠ  Ὀ  ʦʪʣʠʯʘʶʪʩʷ 

ʤʝʥʝʝ, ʯʝʤ ʚ 2 ʨʘʟʘ). ʆʪʩʫʪʩʪʚʠʝ ʞʝ ʧʦʜʦʙʥʦʛʦ ʩʮʝʥʘʨʠʷ ʜʣʷ ʚʪʦʨʦʛʦ ʢʦʤʧʦʥʝʥʪʘ, 

ʤʝʪʘʥʦʣʘ, ʦʙʲʷʩʥʷʝʪʩʷ ʙʦʣʝʝ ʩʠʣʴʥʳʤ ʚʣʠʷʥʠʝʤ ʪʝʨʤʦʜʠʬʬʫʟʠʠ (Ὓȟ ʧʦ 

ʘʙʩʦʣʶʪʥʦʡ ʚʝʣʠʯʠʥʝ ʚ 2 ʨʘʟʘ ʙʦʣʴʰʝ Ὓȟ) ʠ ʙʦʣʝʝ ʩʣʘʙʳʤ ʚʣʠʷʥʠʝʤ ʧʝʨʝʢʨʝʩʪʥʦʡ 

ʜʠʬʬʫʟʠʠ (Ὀ  ʚ 6 ʨʘʟ ʤʝʥʴʰʝ, ʯʝʤ Ὀ ). 

 

ʉʨʘʚʥʝʥʠʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ 

 

 ʉʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʬʠʟʠʯʝʩʢʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠ ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʝʪʦʚ 

ʧʨʦʚʦʜʠʣʦʩʴ ʧʫʪʝʤ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʧʦʣʷ ʦʪʢʣʦʥʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ (ὲ) ʦʪ 

ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʚ ʦʜʥʦʨʦʜʥʦʡ ʩʨʝʜʝ (ὲ), ʢʦʪʦʨʦʝ, ʟʘʤʝʪʠʤ, ʧʦʢʘʟʳʚʘʝʪ 

ʵʚʦʣʶʮʠʶ ʩʤʝʩʠ ʚ ʮʝʣʦʤ, ʘ ʥʝ ʦʪʜʝʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ. ʇʨʠ ʵʪʦʤ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, 

ʯʪʦ ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʚʢʣʘʜ ʫʯʪʝʥ ʚ ʧʦʣʝ ὲ, ʢʦʪʦʨʦʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʢʘʟʘʪʝʣʶ 

ʧʨʝʣʦʤʣʝʥʠʷ ʥʝʚʦʟʤʫʱʝʥʥʦʡ ʩʨʝʜʳ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʜʣʷ ὲ ʟʘʧʠʰʝʤ: 
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ὲ

ὅ
ὅ ὅ

ὲ

ὅ
ὅ ὅ Ȣ  (2.78) 

ɿʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ὲȾὅ = 0.079490, ὲȾὅ = ï 0.095686 (ʧʦʣʫʯʝʥʳ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʝ [185]). ʈʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʥʠʞʝ, ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʦʩʪʘʚʫ ʩʤʝʩʠ: ʪʦʣʫʦʣ (0.623) ï ʤʝʪʘʥʦʣ 

(0.306) ï ʮʠʢʣʦʛʝʢʩʘʥ (0.071). 

 ʅʘ ʨʠʩ. 2.37 (a,b) ʧʦʢʘʟʘʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʩ ʚʳʩʦʪʦʡ 

ʚ ʩʝʨʝʜʠʥʝ ʷʯʝʡʢʝ: a) ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ, b) ʯʠʩʣʝʥʥʳʡ ʨʘʩʯʝʪ. ɺ 

ʥʘʯʘʣʴʥʳʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ ʚ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʦʙʣʘʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ὲ 

ʧʨʘʢʪʠʯʝʩʢʠ ʚʝʨʪʠʢʘʣʴʥʳ, ʦʜʥʘʢʦ ʥʘ ʙʦʣʝʝ ʧʦʟʜʥʠʭ ʚʨʝʤʝʥʘʭ ʩʭʦʜʷʪʩʷ ʢ ʣʠʥʝʡʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʳʩʦʪʳ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜʦʩʪʠʞʝʥʠʶ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʩʦʩʪʦʷʥʠʷ.  

 ʅʘ ʨʠʩ. 2.37 (c,d) ʠʟʦʙʨʘʞʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʚʨʝʤʝʥʠ ʨʘʟʥʠʮʳ ʟʥʘʯʝʥʠʡ 

ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ (ɝὲ) ʤʝʞʜʫ ʚʝʨʭʥʝʡ ʠ ʥʠʞʥʝʡ ʩʪʝʥʢʘʤʠ: c) 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ, d) ʯʠʩʣʝʥʥʳʡ ʨʘʩʯʝʪ. ʉʨʘʚʥʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʠʟʤʝʨʝʥʥʳʭ ʠ ʨʘʩʩʯʠʪʘʥʥʳʭ ʟʥʘʯʝʥʠʡ ɝὲ ʧʦʢʘʟʳʚʘʝʪ ʭʦʨʦʰʝʝ ʩʦʛʣʘʩʠʝ ʥʝ ʪʦʣʴʢʦ 

ʢʘʯʝʩʪʚʝʥʥʦ, ʥʦ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦ. ʉʪʘʮʠʦʥʘʨʥʳʝ ʫʩʪʘʥʦʚʠʚʰʠʝʩʷ ʟʥʘʯʝʥʠʷ ɝὲ ʥʘ 

ʨʠʩ. 2.37 c ʠ d ʦʪʣʠʯʘʶʪʩʷ ʤʝʥʝʝ, ʯʝʤ ʥʘ 15%, ʯʪʦ ʷʚʣʷʝʪʩʷ ʭʦʨʦʰʠʤ ʨʝʟʫʣʴʪʘʪʦʤ 

ʜʣʷ ʚʝʩʴʤʘ ʥʝʧʨʦʩʪʦʛʦ ʬʠʟʠʯʝʩʢʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʩʢʘʟʘʪʴ, ʯʪʦ 

ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʨʘʩʯʝʪʘʭ ʢʦʵʬʬʠʮʠʝʥʪʳ ʉʦʨʝ, ʠʟʤʝʨʝʥʥʳʝ ʧʫʪʝʤ ʦʙʨʘʙʦʪʢʠ 

ʜʘʥʥʳʭ ʩ ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʩʤʠʯʝʩʢʦʡ ʩʪʘʥʮʠʠ, ʧʦʣʫʯʝʥʳ ʩ ʭʦʨʦʰʝʡ ʪʦʯʥʦʩʪʴʶ. 

 ʂʘʨʪʠʥʳ ʧʦʣʥʦʛʦ ʧʦʣʷ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʚ ʩʪʘʮʠʦʥʘʨʥʦʤ ʩʦʩʪʦʷʥʠʠ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 2.38 (a ï ɻ ʢʩʧʝʨʠʤʝʥʪ, b ï ʯʠʩʣʝʥʥʳʡ ʨʘʩʯʝʪ). ɺ ʦʙʦʠʭ ʩʣʫʯʘʷʭ 

ʟʥʘʯʝʥʠʷ ὲ ~ 10-4, ʦʜʥʘʢʦ ʚʠʜʥʦ, ʯʪʦ ʥʘ ʨʠʩʫʥʢʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ 

ʧʦʣʝ ὲ ʠʤʝʝʪ ʥʝʢʦʪʦʨʳʡ ʥʘʢʣʦʥ. ʆʜʥʦʡ ʠʟ ʚʦʟʤʦʞʥʳʭ ʧʨʠʯʠʥ ʵʪʦʛʦ ʷʚʣʷʝʪʩʷ 

ʥʝʙʦʣʴʰʘʷ ʥʝʩʦʦʩʥʦʩʪʴ ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ, ʨʝʛʠʩʪʨʠʨʫʶʱʝʡ ʠʟʦʙʨʘʞʝʥʠʝ, ʠ 

ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ ʧʦʣʷ. ɼʨʫʛʠʤ ʚʦʟʤʦʞʥʳʤ ʦʙʲʷʩʥʝʥʠʝʤ ʤʦʞʝʪ ʙʳʪʴ ʩʣʝʜʫʶʱʝʝ: 

ʢʘʢ ʦʙʩʫʞʜʘʣʦʩʴ ʚʳʰʝ, ʩʫʤʤʘʨʥʦʝ ʦʪʥʦʰʝʥʠʝ ʨʘʟʜʝʣʝʥʠʷ ʙʣʠʟʢʦ ʢ ʥʫʣʶ, ʪ.ʝ. 

ʩʠʩʪʝʤʘ ʚ ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ ʥʘʭʦʜʠʪʩʷ ʥʘ ʛʨʘʥʠʮʝ ʫʩʪʦʡʯʠʚʦʩʪʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʥʘʙʣʶʜʘʝʤʳʡ ʥʘʢʣʦʥ ʧʦʣʷ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ï ʢʨʘʡʥʝ ʩʣʘʙʦʝ ʠ ʤʝʜʣʝʥʥʦʝ 

ʥʘʯʘʣʦ ʨʘʟʚʠʪʠʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ. 
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ʈʠʩʫʥʦʢ 2.37. ʉʨʘʚʥʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ (ʩʣʝʚʘ: a, c) ʠ ʯʠʩʣʝʥʥʳʭ 

ʨʝʟʫʣʴʪʘʪʦʚ  (ʩʧʨʘʚʘ: b, d) ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʠ ὼ = 1.5; a,b: ʧʦʢʘʟʘʪʝʣʴ 

ʧʨʝʣʦʤʣʝʥʠʷ ὲᾀ ʚ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ; c,d: ʚʨʝʤʝʥʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʤʝʞʜʫ ʚʝʨʭʥʝʡ ʠ ʥʠʞʥʝʡ ʩʪʝʥʢʘʤʠ.  

ʈʠʩʫʥʦʢ 2.38. ʇʦʣʝ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʚ ʩʪʘʮʠʦʥʘʨʥʦʤ ʩʦʩʪʦʷʥʠʠ:  

a) ʬʠʟʠʯʝʩʢʠʡ ʵʢʩʧʝʨʠʤʝʥʪ, b) ʯʠʩʣʝʥʥʳʡ ʨʘʩʯʝʪ. ʉʦʩʪʘʚ ʩʤʝʩʠ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʝ: ʪʦʣʫʦʣ (0.623) ï ʤʝʪʘʥʦʣ (0.306) ï ʮʠʢʣʦʛʝʢʩʘʥ (0.071). 

(a)  

(b)  



155 

 

2.3.2 ʆʪʨʠʮʘʪʝʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʩʫʤʤʘʨʥʦʛʦ ʦʪʥʦʰʝʥʠʷ ʨʘʟʜʝʣʝʥʠʷ 

 

 ʇʝʨʝʡʜʝʤ ʢ ʨʘʩʩʤʦʪʨʝʥʠʶ ʚʪʦʨʦʛʦ ʚʘʨʠʘʥʪʘ ʪʝʨʤʦʜʠʬʬʫʟʠʦʥʥʳʭ 

ʧʘʨʘʤʝʪʨʦʚ, ά. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʨʘʟʜʝʣʝʥʠʷ ʜʚʫʭ ʢʦʤʧʦʥʝʥʪʦʚ 

ʦʢʘʟʳʚʘʶʪʩʷ ʙʣʠʟʢʠ ʧʦ ʘʙʩʦʣʶʪʥʦ ʚʝʣʠʯʠʥʝ, ʥʦ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳ ʧʦ ʟʥʘʢʫ: 

  = 0.0467,   = ï 0.0473, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʦʪʨʠʮʘʪʝʣʴʥʦʤʫ ʟʥʘʯʝʥʠʶ ʩʫʤʤʘʨʥʦʛʦ 

ʦʪʥʦʰʝʥʠʷ ʨʘʟʜʝʣʝʥʠʷ, ʙʣʠʟʢʦʛʦ ʢ ʥʫʣʶ: ɰ = ï 0.0006. ʇʨʠ ʩʪʦʣʴ ʥʝʙʦʣʴʰʦʤ 

ʦʪʨʠʮʘʪʝʣʴʥʦʤ ʟʥʘʯʝʥʠʠ ɰ ʤʦʞʥʦ ʦʞʠʜʘʪʴ, ʯʪʦ ʩʠʩʪʝʤʘ ʙʫʜʝʪ ʥʘʭʦʜʠʪʴʩʷ ʥʘ 

ʛʨʘʥʠʮʝ ʫʩʪʦʡʯʠʚʦʩʪʠ, ʯʪʦ ʠ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʨʝʟʫʣʴʪʘʪʘʤʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ.  

 ʈʘʩʩʤʦʪʨʠʤ ʟʘʚʠʩʠʤʦʩʪʴ ʵʚʦʣʶʮʠʠ ʩʠʩʪʝʤʳ ʦʪ ʘʤʧʣʠʪʫʜʳ ʥʘʯʘʣʴʥʳʭ 

ʚʦʟʤʫʱʝʥʠʡ, ʢʦʪʦʨʘʷ ʟʘʜʘʝʪʩʷ ʢʘʢ ʟʥʘʯʝʥʠʝ ʟʘʚʠʭʨʝʥʥʦʩʪʠ ʚ ʪʦʯʢʝ ʦʙʣʘʩʪʠ  

(ʩʤ. ʨʠʩ. 2.39). ɺ ʩʣʫʯʘʷʭ ʦʪʩʫʪʩʪʚʠʷ ʚʦʟʤʫʱʝʥʠʡ ʠ ʧʨʠ ʥʝʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʷʭ 

ʘʤʧʣʠʪʫʜʳ ʚʦʟʤʫʱʝʥʠʡ ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʚʝʜʝʥʠʝ, ʢʘʯʝʩʪʚʝʥʥʦ ʧʦʭʦʞʝʝ ʥʘ ʩʣʫʯʘʡ 

ά : ɰ = 0.0154, ʪ.ʝ. ʩʠʩʪʝʤʘ ʚ ʢʦʥʝʯʥʦʤ ʠʪʦʛʝ ʧʨʠʭʦʜʠʪ ʢ ʩʦʩʪʦʷʥʠʶ ʤʝʭʘʥʠʯʝʩʢʦʛʦ 

ʨʘʚʥʦʚʝʩʠʷ ʩ ʣʠʥʝʡʥʳʤʠ ʧʦ ʚʳʩʦʪʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷʤʠ ʢʦʥʮʝʥʪʨʘʮʠʡ. ʇʨʠ ʵʪʦʤ 

ʩʪʘʮʠʦʥʘʨʥʦʝ ʟʥʘʯʝʥʠʝ ɝὅ ʚ ʨʘʚʥʦʚʝʩʠʠ ʨʘʚʥʦ ï 0.0023 (ʜʣʷ ά) ʠ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʟʥʘʯʝʥʠʝʤ , ʪ.ʝ. ʦʜʠʥʘʢʦʚʦ ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ: ʧʨʠ ʤʘʣʳʭ ʚʦʟʤʫʱʝʥʠʷʭ, ʠ ʧʨʠ ʠʭ 

ʦʪʩʫʪʩʪʚʠʠ.   

 ʆʜʥʘʢʦ ʧʨʠ ʥʝʢʦʪʦʨʦʡ ʚʝʣʠʯʠʥʝ ʘʤʧʣʠʪʫʜʳ ʚʦʟʤʫʱʝʥʠʡ, ʧʨʝʚʳʰʘʶʱʝʡ 

ʧʦʨʦʛʦʚʦʝ (ṃ6Ā10-5, ʩʤ. ʨʠʩ. 2.39 b), ʥʘʙʣʶʜʘʝʪʩʷ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʩʦʚʝʨʰʝʥʥʦ 

ʜʨʫʛʦʛʦ ʨʝʞʠʤʘ ï ʚ ʩʠʩʪʝʤʝ ʬʦʨʤʠʨʫʝʪʩʷ ʩʪʘʮʠʦʥʘʨʥʦʝ ʢʦʥʚʝʢʪʠʚʥʦʝ ʪʝʯʝʥʠʝ.  

 ʈʘʟʚʠʪʠʝ ʢʦʥʚʝʢʮʠʠ ʧʨʦʠʣʣʶʩʪʨʠʨʦʚʘʥʦ ʥʘ ʨʠʩ. 2.40 ʥʘ ʧʨʠʤʝʨʝ ʜʠʥʘʤʠʢʠ 

ʜʚʠʞʝʥʠʷ ʪʦʣʫʦʣʘ. ɺ ʥʘʯʘʣʴʥʳʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ ʥʘʙʣʶʜʘʝʪʩʷ ʜʠʬʬʫʟʠʦʥʥʳʡ 

ʧʨʦʮʝʩʩ, ʧʦʭʦʞʠʡ ʥʘ ʦʧʠʩʘʥʥʳʡ ʨʘʥʝʝ ʩʮʝʥʘʨʠʡ ʧʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʩʣʫʯʘʷ ά  ʜʣʷ 

ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ɰ: ʚʚʝʨʭʫ ʦʙʣʘʩʪʠ ʩʢʘʧʣʠʚʘʝʪʩʷ ʙʦʣʴʰʝ ʪʷʞʝʣʦʛʦ ʢʦʤʧʦʥʝʥʪʘ 

(ʷʨʢʦ-ʙʠʨʶʟʦʚʘʷ ʟʦʥʘ ʥʘ ʨʠʩ. 2.40 a). ɼʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʦʩʪʘʝʪʩʷ ʙʝʟ ʠʟʤʝʥʝʥʠʡ 

ʧʨʠʤʝʨʥʦ ʜʦ ὸ = 85, ʧʦʩʣʝ ʯʝʛʦ ʢʦʤʧʦʥʝʥʪ ὅ ʥʘʯʠʥʘʝʪ ʧʨʦʚʘʣʠʚʘʪʴʩʷ ʫ ʣʝʚʦʡ 

ʩʪʝʥʢʠ ʦʙʣʘʩʪʠ, ʚ ʩʠʩʪʝʤʝ ʬʦʨʤʠʨʫʝʪʩʷ ʦʜʥʦʚʠʭʨʝʚʦʝ ʢʦʥʚʝʢʪʠʚʥʦʝ ʪʝʯʝʥʠʝ. ʅʘ 
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ʨʠʩ. 2.40 (e) ʧʦʢʘʟʘʥʦ ʩʪʘʮʠʦʥʘʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ, ʘ ʪʘʢʞʝ 

ʩʪʨʝʣʢʘʤʠ ʠʟʦʙʨʘʞʝʥʦ ʫʩʪʘʥʦʚʠʚʰʝʝʩʷ ʧʦʣʝ ʩʢʦʨʦʩʪʠ.  

 

 

 

 ʂʘʢ ʦʪʤʝʯʘʣʦʩʴ ʚʳʰʝ, ʙʦʣʴʰʫʶ ʨʦʣʴ ʜʣʷ ʫʩʪʦʡʯʠʚʦʩʪʠ ʠʛʨʘʝʪ ʟʥʘʢ 

ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʛʦ ʚʢʣʘʜʘ ʚ ʛʨʘʜʠʝʥʪ ʧʣʦʪʥʦʩʪʠ: ”ɳ  ὅɳ  ὅɳ. 

ʌʘʢʪʠʯʝʩʢʠ ʟʥʘʢ ʨʘʚʥʦʚʝʩʥʦʛʦ ʛʨʘʜʠʝʥʪʘ ”ɳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʟʥʘʢʦʤ ʩʫʤʤʘʨʥʦʛʦ 

ʦʪʥʦʰʝʥʠʷ ʨʘʟʜʝʣʝʥʠʷ ɰ. ɺ ʩʣʫʯʘʝ ɰ = ï 0.0006, ʢʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ. 2.41, ʚʢʣʘʜʳ ʚ 

ʧʣʦʪʥʦʩʪʴ ʦʪ ʪʦʣʫʦʣʘ ʠ ʤʝʪʘʥʦʣʘ ʧʨʘʢʪʠʯʝʩʢʠ ʥʠʚʝʣʠʨʫʶʪ ʜʨʫʛ ʜʨʫʛʘ: ʠʭ ʩʫʤʤʘ 

ʧʨʠ ʵʪʦʤ ~ 10-6, ʯʪʦ ʥʘ 2 ʧʦʨʷʜʢʘ ʤʝʥʴʰʝ, ʯʝʤ ʚʝʣʠʯʠʥʘ ʢʘʞʜʦʛʦ ʚʢʣʘʜʘ ʧʦ 

ʦʪʜʝʣʴʥʦʩʪʠ. ʉʠʩʪʝʤʘ ʦʢʘʟʳʚʘʝʪʩʷ ʫʩʪʦʡʯʠʚʦʡ ʣʠʰʴ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ 

ʚʦʟʤʫʱʝʥʠʷʤ, ʤʝʥʴʰʝ ʥʝʢʦʪʦʨʦʛʦ ʧʦʨʦʛʦʚʦʛʦ ʟʥʘʯʝʥʠʷ (ʨʠʩ. 2.39 b). 

 

 

ʈʠʩʫʥʦʢ 2.39. ɿʘʚʠʩʠʤʦʩʪʴ ʦʪ ʚʨʝʤʝʥʠ ʨʘʟʥʠʮʳ ʢʦʥʮʝʥʪʨʘʮʠʠ ὅ ʤʝʞʜʫ 

ʚʝʨʭʥʝʡ ʠ ʥʠʞʥʝʡ ʩʪʝʥʢʘʤʠ ʚ ʮʝʥʪʨʝ ʦʙʣʘʩʪʠ (ὼ = 1.5): ɝὅ ὸ
ὅȟ ὸ ὅȟ ὸ. a) ʚ ʦʪʩʫʪʩʪʚʠʝ ʚʦʟʤʫʱʝʥʠʡ, b) ʧʨʠ ʥʘʣʠʯʠʠ 

ʥʘʯʘʣʴʥʳʭ ʚʦʟʤʫʱʝʥʠʡ, ʘʤʧʣʠʪʫʜʘ ʚʦʟʤʫʱʝʥʠʡ ʫʢʘʟʘʥʘ ʚ ʣʝʛʝʥʜʝ ʥʘ 

ʨʠʩʫʥʢʝ.  
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ʈʠʩʫʥʦʢ 2.40. ʇʦʣʝ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ὅ ʚ ʨʘʟʣʠʯʥʳʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ 

ʧʨʠ ʨʘʟʚʠʪʠʠ ʢʦʥʚʝʢʪʠʚʥʦʛʦ 

ʜʚʠʞʝʥʠʷ. ʅʘ ʨʠʩʫʥʢʝ (e) 

ʩʪʨʝʣʢʘʤʠ ʠʟʦʙʨʘʞʝʥʦ 

ʫʩʪʘʥʦʚʠʚʰʝʝʩʷ ʩʪʘʮʠʦʥʘʨʥʦʝ 

ʧʦʣʝ ʩʢʦʨʦʩʪʠ.   

ʈʠʩʫʥʦʢ 2.41. ʈʘʩʧʨʝʜʝʣʝʥʠʷ ʩ ʚʳʩʦʪʦʡ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʭ ʚʢʣʘʜʦʚ ʚ 

ʧʣʦʪʥʦʩʪʴ ʩʤʝʩʠ ɝ”  ὅ ὅ , ɝ”  ὅ ὅ , ɝ”˞
ɝ” ɝ”  ʧʨʠ ὼ = 1.5, ὸ = 1000 ʠ άȡɰ = ï 0.0006; a) ʥʝʚʦʟʤʫʱʝʥʥʦʝ 

ʩʦʩʪʦʷʥʠʝ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ, b) ʨʘʟʚʠʪʦʝ ʢʦʥʚʝʢʪʠʚʥʦʝ 

ʩʪʘʮʠʦʥʘʨʥʦʝ ʪʝʯʝʥʠʝ. 
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ʉʨʘʚʥʝʥʠʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ 

 

 ɺ ʬʠʟʠʯʝʩʢʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ, ʧʨʦʚʝʜʝʥʥʦʤ ʚ ʫʩʣʦʚʠʷʭ ʟʝʤʥʦʡ ʛʨʘʚʠʪʘʮʠʠ ʜʣʷ 

ʩʦʩʪʘʚʘ ʩʤʝʩʠ 0.62/0.31/0.07, ʥʘʙʣʶʜʘʣʦʩʴ ʥʝʫʩʪʦʡʯʠʚʦʝ ʢʦʥʚʝʢʪʠʚʥʦʝ ʜʚʠʞʝʥʠʝ, 

ʧʦʭʦʞʝʝ ʥʘ ʦʧʠʩʘʥʥʦʝ ʚʳʰʝ ʜʣʷ ʩʣʫʯʘʷ άȡɰ = ï 0.0006. ʈʘʟʚʠʪʠʝ ʚʦʟʤʫʱʝʥʠʡ 

ʧʨʦʠʩʭʦʜʠʪ ʧʦ-ʨʘʟʥʦʤʫ ʚ ʜʚʫʭʤʝʨʥʦʤ (ʯʠʩʣʝʥʥʳʡ ʨʘʩʯʝʪ) ʠ ʪʨʝʭʤʝʨʥʦʤ 

(ʵʢʩʧʝʨʠʤʝʥʪ) ʩʣʫʯʘʷʭ, ʯʪʦ ʟʘʪʨʫʜʥʷʝʪ ʠʭ ʜʝʪʘʣʴʥʦʝ ʩʨʘʚʥʝʥʠʝ. ʅʘ ʨʠʩ. 2.42 

ʠʟʦʙʨʘʞʝʥʳ ʧʦʣʷ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʚ ʩʪʘʮʠʦʥʘʨʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʧʦʣʫʯʝʥʥʳʝ 

ʯʠʩʣʝʥʥʦ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ. ʅʝʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʝʥʥʦʝ ʨʘʩʭʦʞʜʝʥʠʝ 

ʦʙʲʷʩʥʷʝʪʩʷ, ʧʨʝʞʜʝ ʚʩʝʛʦ, ʪʝʤ ʬʘʢʪʦʤ, ʯʪʦ ʧʨʝʜʩʪʘʚʣʝʥʥʦʝ ʥʘ ʨʠʩ. 2.42 (a) ʧʦʣʝ 

ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʚ ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʩʣʦʞʥʳʤ, ʪʨʝʭʤʝʨʥʳʤ 

ï ʥʘ ʢʘʨʪʠʥʢʝ ʞʝ ʧʦʢʘʟʘʥʦ ʦʩʨʝʜʥʝʥʥʦʝ ʧʦʣʝ ʧʦ ʪʨʝʪʴʝʤʫ ʠʟʤʝʨʝʥʠʶ. ʂʘʯʝʩʪʚʝʥʥʦ 

ʞʝ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʙʣʠʟʢʠ ʜʨʫʛ ʢ ʜʨʫʛʫ.  

 

 

 

 

 

 

(b)  

(a)  

ʈʠʩʫʥʦʢ 2.42. ʇʦʣʝ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʚ ʩʪʘʮʠʦʥʘʨʥʦʤ ʩʦʩʪʦʷʥʠʠ:  

a) ʬʠʟʠʯʝʩʢʠʡ ʵʢʩʧʝʨʠʤʝʥʪ, b) ʯʠʩʣʝʥʥʳʡ ʨʘʩʯʝʪ. ʉʦʩʪʘʚ ʩʤʝʩʠ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʝ: ʪʦʣʫʦʣ (0.62) ï ʤʝʪʘʥʦʣ (0.31) ï ʮʠʢʣʦʛʝʢʩʘʥ (0.07). 
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2.3.3 ɺʳʚʦʜʳ ʧʦ ʨʘʟʜʝʣʫ 

 

 ʀʩʩʣʝʜʦʚʘʥʘ ʢʦʥʚʝʢʮʠʷ ʩ ʵʬʬʝʢʪʦʤ ʉʦʨʝ ʩʤʝʩʠ ʪʦʣʫʦʣ-ʤʝʪʘʥʦʣ-ʮʠʢʣʦʛʝʢʩʘʥ 

ʧʨʠ ʩʫʤʤʘʨʥʦʤ ʦʪʥʦʰʝʥʠʠ ʨʘʟʜʝʣʝʥʠʷ, ʙʣʠʟʢʦʤ ʢ ʥʫʣʶ.  

 ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʜʘʞʝ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʢʦʥʝʯʥʦʝ ʩʦʩʪʦʷʥʠʝ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʩʦʩʪʦʷʥʠʝ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ, ʥʘ ʥʘʯʘʣʴʥʳʭ ʚʨʝʤʝʥʘʭ ʧʦʚʝʜʝʥʠʝ 

ʩʠʩʪʝʤʳ ʤʦʞʝʪ ʩʠʣʴʥʦ ʦʩʣʦʞʥʷʪʴʩʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʜʠʬʬʫʟʠʠ, ʧʝʨʝʢʨʝʩʪʥʦʡ 

ʜʠʬʬʫʟʠʠ ʠ ʪʝʨʤʦʜʠʬʬʫʟʠʠ.  

 ʅʘʡʜʝʥʦ, ʯʪʦ ʜʘʞʝ ʧʨʠ ʤʘʣʦʤ ʟʥʘʯʝʥʠʠ ʩʫʤʤʘʨʥʦʛʦ ʦʪʥʦʰʝʥʠʷ ʨʘʟʜʝʣʝʥʠʷ, 

ʙʣʠʟʢʦʛʦ ʢ ʥʫʣʶ, ʦʙʨʘʟʫʶʱʠʡʩʷ ʧʨʠ ʵʪʦʤ ʦʙʱʠʡ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʡ ʚʢʣʘʜ ʚ 

ʛʨʘʜʠʝʥʪ ʧʣʦʪʥʦʩʪʠ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʪʝʯʝʥʠʷ. 

ʇʨʠʯʝʤ ʫʩʪʦʡʯʠʚʦʩʪʴ ʩʠʩʪʝʤʳ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʙʫʜʝʪ ʩʠʣʴʥʦ ʟʘʚʠʩʝʪʴ ʦʪ ʥʘʯʘʣʴʥʳʭ 

ʚʦʟʤʫʱʝʥʠʡ.  

 ɺʳʧʦʣʥʝʥʦ ʧʨʷʤʦʝ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʜʣʷ ʜʚʫʭ ʥʘʙʦʨʦʚ 

ʪʝʨʤʦʜʠʬʬʫʟʠʦʥʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ 

ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ DCMIX-2:  άȡɰ = 0.0154, άȡɰ = ï 0.0006. ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ 

ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʥʘʟʝʤʥʳʤ ʵʢʩʧʝʨʠʤʝʥʪʦʤ, ʚ ʢʦʪʦʨʦʤ 

ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʩʤʝʩʴ ʩ ʩʦʩʪʘʚʦʤ 0.623/0.306/0.071. ɺʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ ï ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʦʤ, ʚ ʢʦʪʦʨʦʤ ʩʦʩʪʘʚ ʩʤʝʩʠ ʦʪʣʠʯʘʣʩʷ ʥʘ 0.5% (0.62/0.31/0.07).  

 ɹʣʘʛʦʜʘʨʷ ʧʨʦʚʝʜʝʥʥʦʤʫ ʯʠʩʣʝʥʥʦʤʫ ʤʦʜʝʣʠʨʦʚʘʥʠʶ, ʘʥʘʣʠʟʫ ʧʦʣʫʯʝʥʥʳʭ 

ʯʠʩʣʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʩʦʧʦʩʪʘʚʣʝʥʠʶ ʠʭ ʩ ʜʘʥʥʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʤʦʞʥʦ 

ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʪʝʨʤʦʜʠʬʬʫʟʠʦʥʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʠʟʤʝʨʝʥʳ ʥʘ 

ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʩʤʠʯʝʩʢʦʡ ʩʪʘʥʮʠʠ ʩ ʭʦʨʦʰʝʡ ʪʦʯʥʦʩʪʴʶ, ʯʪʦ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʧʦʟʚʦʣʷʝʪ ʙʳʪʴ ʫʚʝʨʝʥʥʳʤ ʚ ʤʝʪʦʜʠʢʝ ʠʟʤʝʨʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʘʞʝ ʚ ʪʝʭ 

ʩʣʫʯʘʷʭ, ʢʦʛʜʘ ʦʙʨʘʙʦʪʢʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʚʩʪʨʝʯʘʝʪʩʷ ʩʦ 

ʟʥʘʯʠʪʝʣʴʥʳʤʠ ʪʨʫʜʥʦʩʪʷʤʠ (ʧʣʦʭʦ ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʤʘʪʨʠʮʳ).  

 ʏʠʩʣʝʥʥʳʝ ʨʘʩʯʝʪʳ ʧʦʟʚʦʣʠʣʠ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʪʴ ʚʘʞʥʳʝ ʥʘʟʝʤʥʳʝ 

ʵʢʩʧʝʨʠʤʝʥʪʳ, ʚ ʢʦʪʦʨʳʭ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʩʦʩʪʘʚʘ ʩʤʝʩʠ ʧʨʠʚʦʜʠʪ ʢ 

ʢʘʯʝʩʪʚʝʥʥʦ ʠʥʦʤʫ ʧʦʚʝʜʝʥʠʶ ʞʠʜʢʦʩʪʠ.   
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ɿʘʢʣʶʯʝʥʠʝ 
 

ʀʪʦʛʠ ʚʳʧʦʣʥʝʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɺ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʚʳʧʦʣʥʝʥʦ ʧʨʷʤʦʝ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʚʳʪʝʩʥʝʥʠʷ ʦʜʥʦʡ ʞʠʜʢʦʩʪʠ ʜʨʫʛʦʡ ʚʥʫʪʨʠ ʢʘʧʠʣʣʷʨʘ. ʈʘʩʩʤʦʪʨʝʥ ʰʠʨʦʢʠʡ 

ʜʠʘʧʘʟʦʥ ʧʘʨʘʤʝʪʨʦʚ, ʚʦʩʧʨʦʠʟʚʦʜʷʱʠʡ ʩʮʝʥʘʨʠʠ ʧʘʣʴʮʝʦʙʨʘʟʥʦʛʦ ʠ ʧʦʨʰʥʝʚʦʛʦ 

ʚʳʪʝʩʥʝʥʠʡ ʞʠʜʢʦʩʪʠ ʧʨʠ ʧʨʦʢʘʯʢʝ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʝʨʝʧʘʜʘ ʜʘʚʣʝʥʠʷ.  

ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʵʚʦʣʶʮʠʠ ʜʚʫʭ 

ʥʝʩʤʝʰʠʚʘʶʱʠʭʩʷ/ʩʤʝʰʠʚʘʶʱʠʭʩʷ ʞʠʜʢʦʩʪʝʡ ʠʩʧʦʣʴʟʦʚʘʥʘ ʪʝʦʨʠʷ ʬʘʟʦʚʦʛʦ 

ʧʦʣʷ. ʉ ʧʦʤʦʱʴʶ ʵʪʦʛʦ ʤʝʪʦʜʘ ʫʜʘʣʦʩʴ ʚʦʩʧʨʦʠʟʚʝʩʪʠ ʚʩʝ ʦʩʦʙʝʥʥʦʩʪʠ ʚʳʪʝʩʥʝʥʠʷ 

ʞʠʜʢʦʩʪʴ-ʞʠʜʢʦʩʪʴ, ʧʨʝʜʩʢʘʟʘʪʴ ʚʨʝʤʝʥʥʦʝ ʠʟʤʝʥʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʧʦʣʷ ʩʢʦʨʦʩʪʠ, 

ʬʦʨʤʳ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ, ʢʘʧʠʣʣʷʨʥʦʛʦ ʜʘʚʣʝʥʠʷ, ʩʚʷʟʘʥʥʦʛʦ ʩ ʤʝʥʠʩʢʦʤ, ʠ 

ʢʦʣʠʯʝʩʪʚʘ ʞʠʜʢʦʩʪʠ, ʦʩʪʘʶʱʝʡʩʷ ʥʘ ʩʪʝʥʢʘʭ ʢʘʧʠʣʣʷʨʘ. ɺ ʯʘʩʪʥʦʩʪʠ, ʧʦʣʫʯʝʥ 

ʧʨʦʬʠʣʴ ʜʘʚʣʝʥʠʷ ʠʩʢʨʠʚʣʸʥʥʦʛʦ ʤʝʥʠʩʢʘ, ʦʧʨʝʜʝʣʷʶʱʠʡ ʟʥʘʯʝʥʠʷ ʢʘʧʠʣʣʷʨʥʦʛʦ 

ʜʘʚʣʝʥʠʷ, ʯʪʦ ʙʳʣʦ ʥʝʜʦʩʪʫʧʥʦ ʚ ʜʨʫʛʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ, ʧʨʠ ʵʪʦʤ ʧʨʦʮʝʜʫʨʘ 

ʧʦʣʫʯʝʥʠʷ ʢʘʧʠʣʣʷʨʥʦʛʦ ʜʘʚʣʝʥʠʷ ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʦʡ ʠ ʥʝʪʨʫʜʦʝʤʢʦʡ. 

ʈʘʩʩʯʠʪʘʥʦ ʜʠʥʘʤʠʯʝʩʢʠ ʤʝʥʷʶʱʝʝʩʷ ʢʘʧʠʣʣʷʨʥʦʝ ʚ ʢʘʧʠʣʣʷʨʝ ʩ ʜʚʫʤʷ 

ʩʤʝʰʠʚʘʶʱʠʤʠʩʷ ʞʠʜʢʦʩʪʷʤʠ, ʇʦʢʘʟʳʚʘʶʱʝʝ ʥʝ ʠʟʫʯʝʥʥʳʡ ʨʘʥʝʝ ʵʬʬʝʢʪ 

ʥʝʨʘʚʥʦʚʝʩʥʦʛʦ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ. ʅʘʡʜʝʥʦ, ʯʪʦ ʥʘ ʧʝʨʚʳʭ ʩʪʘʜʠʷʭ 

ʢʘʧʠʣʣʷʨʥʦʝ ʜʘʚʣʝʥʠʝ ʩʪʨʝʤʠʪʝʣʴʥʦ ʧʘʜʘʝʪ, ʘ ʟʘʪʝʤ ʠʟʤʝʥʷʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦ 

ʤʝʜʣʝʥʥʝʝ.  ʅʝʨʘʚʥʦʚʝʩʥʦʝ ʢʘʧʠʣʣʷʨʥʦʝ ʜʘʚʣʝʥʠʝ ï ʵʬʬʝʢʪ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ 

ʦʢʘʟʳʚʘʪʴ ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʪʝʯʝʥʠʷ. ʇʦʥʠʤʘʥʠʝ ʜʘʥʥʦʛʦ 

ʵʬʬʝʢʪʘ ʧʦʤʦʞʝʪ ʫʣʫʯʰʠʪʴ ʫʧʨʘʚʣʝʥʠʝ ʜʠʥʘʤʠʢʠ ʚʳʪʝʩʥʝʥʠʷ ʤʥʦʛʦʬʘʟʥʳʭ 

ʪʝʯʝʥʠʡ. 

 ʇʨʦʚʝʜʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚʳʪʝʩʥʝʥʠʷ ʥʝʩʤʝʰʠʚʘʶʱʠʭʩʷ ʞʠʜʢʦʩʪʝʡ ʚ 

ʤʘʪʨʠʮʝ ʢʘʧʠʣʣʷʨʦʚ. ɺʧʝʨʚʳʝ ʙʳʣ ʧʨʦʚʝʜʝʥ ʨʘʩʯʝʪ ʜʣʷ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʠʭ 

ʤʘʪʨʠʮ (10Ĭ10), ʯʪʦʙʳ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʝʯʝʥʠʷ ʩʭʦʜʠʣʠʩʴ ʢ ʥʝʢʦʪʦʨʳʤ 

ʧʨʝʜʝʣʴʥʳʤ ʟʥʘʯʝʥʠʷʤ (ʪ.ʝ. ʪʝʯʝʥʠʝ ʠʜʝʥʪʠʯʥʦ ʧʨʠ ʙʦʣʴʰʝʤ ʨʘʟʤʝʨʝ ʤʘʪʨʠʮʳ). 

ʇʨʝʜʣʦʞʝʥʘ ʬʦʨʤʫʣʘ ʜʣʷ ʦʮʝʥʢʠ ʢʘʧʠʣʣʷʨʥʦʛʦ ʜʘʚʣʝʥʠʷ ʚ ʤʘʪʨʠʮʝ ʢʘʧʠʣʣʷʨʦʚ.  
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ɺ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʠʩʩʣʝʜʦʚʘʥʳ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʠ ʨʘʟʚʠʪʠʝ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ ʚ ʠʟʦʪʝʨʤʠʯʝʩʢʦʡ ʛʝʪʝʨʦʛʝʥʥʦʡ ʩʠʩʪʝʤʝ ʜʚʫʭ 

ʤʝʜʣʝʥʥʦ ʩʤʝʰʠʚʘʶʱʠʭʩʷ ʞʠʜʢʦʩʪʝʡ, ʠʩʭʦʜʥʦʝ ʩʦʩʪʦʷʥʠʝ ʢʦʪʦʨʳʭ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʥʝʫʩʪʦʡʯʠʚʦ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʤʝʞʬʘʟʥʦʡ 

ʜʠʬʬʫʟʠʠ. ʅʘʡʜʝʥʦ, ʯʪʦ ʵʚʦʣʶʮʠʷ ʩʠʩʪʝʤʳ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʵʪʘʧʦʚ: ʢʦʥʚʝʢʪʠʚʥʦʛʦ 

ʠ ʜʠʬʬʫʟʠʦʥʥʦʛʦ. ɺʦ ʚʨʝʤʷ ʜʚʫʭ ʩʪʘʜʠʡ ʠ ʜʠʬʬʫʟʠʷ ʠ ʢʦʥʚʝʢʮʠʷ ʦʢʘʟʳʚʘʶʪ 

ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʨʘʟʚʠʪʠʝ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ.  

ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʜʝʬʦʨʤʘʮʠʷ (ʫʜʣʠʥʝʥʠʝ) ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ ʧʨʠʚʦʜʠʪ ʢ 

ʝʝ ʫʪʦʥʯʝʥʠʶ. ʅʘʡʜʝʥʦ, ʯʪʦ ʫʪʦʥʯʝʥʠʝ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʥʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ 

ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ ʠ ʠʟʤʝʥʝʥʠʶ ʩʢʦʨʦʩʪʠ 

ʨʦʩʪʘ ʚʦʟʤʫʱʝʥʠʡ ʠ ʧʠʢʦʚʳʭ ʟʥʘʯʝʥʠʡ ʧʦʣʥʦʡ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ.  

ɺʣʠʷʥʠʝ ʜʠʬʬʫʟʠʠ ʥʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ ʧʨʦʷʚʣʷʝʪʩʷ ʧʨʝʞʜʝ ʚʩʝʛʦ ʚ ʝʝ 

ʚʣʠʷʥʠʠ ʥʘ ʪʦʣʱʠʥʫ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʘ ʢʦʵʬʬʠʮʠʝʥʪ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ.  

ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʨʘʩʪʷʞʝʥʠʝ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʩʫʱʝʩʪʚʝʥʥʦ ʩʦʢʨʘʱʘʝʪ ʚʨʝʤʷ 

ʥʝʦʙʭʦʜʠʤʦʝ ʜʣʷ ʧʝʨʝʭʦʜʘ ʙʠʥʘʨʥʦʡ ʩʠʩʪʝʤʳ ʚ ʩʦʩʪʦʷʥʠʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʨʘʚʥʦʚʝʩʠʷ.  

 

 ʀʩʩʣʝʜʦʚʘʥʳ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʠ ʥʝʣʠʥʝʡʥʳʝ ʨʝʞʠʤʳ ʢʦʥʚʝʢʮʠʠ 

ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʳʭ ʩʤʝʩʝʡ ʩ ʵʬʬʝʢʪʦʤ ʉʦʨʝ ʚ ʧʣʦʩʢʦʤ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ ʩʣʦʝ ʩ 

ʟʘʜʘʥʥʳʤ ʪʝʧʣʦʚʳʤ ʧʦʪʦʢʦʤ ʥʘ ʛʨʘʥʠʮʘʭ. 

 ʏʠʩʣʝʥʥʦʝ ʨʝʰʝʥʠʝ ʣʠʥʝʡʥʦʡ ʟʘʜʘʯʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʚʦ ʚʩʝʡ 

ʦʙʣʘʩʪʠ ʠʩʩʣʝʜʫʝʤʳʭ ʧʘʨʘʤʝʪʨʦʚ ʥʘʠʙʦʣʝʝ ʦʧʘʩʥʦʡ ʷʚʣʷʝʪʩʷ ʜʣʠʥʥʦʚʦʣʥʦʚʘʷ 

ʤʦʥʦʪʦʥʥʘʷ ʠʣʠ ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ.  

 ʅʝʣʠʥʝʡʥʳʝ ʨʘʩʯʝʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʜʣʠʥʥʦʚʦʣʥʦʚʦʡ ʭʘʨʘʢʪʝʨ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ, ʦʙʥʘʨʫʞʝʥʥʳʡ ʩ ʧʦʤʦʱʴʶ ʣʠʥʝʡʥʦʛʦ ʘʥʘʣʠʟʘ ʫʩʪʦʡʯʠʚʦʩʪʠ, ʚ 

ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ ʠʤʝʝʪ ʤʝʩʪʦ ʣʠʰʴ ʚʙʣʠʟʠ ʧʦʨʦʛʘ ʫʩʪʦʡʯʠʚʦʩʪʠ. ɼʣʷ 

ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʤʦʜʳ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʥʘʡʜʝʥʦ, ʯʪʦ ʢʦʣʝʙʘʥʠʷ ʜʣʷ ʥʝʙʦʣʴʰʠʭ ʧʦ 

ʘʙʩʦʣʶʪʥʦʡ ʚʝʣʠʯʠʥʝ ʟʥʘʯʝʥʠʡ ʩʫʤʤʘʨʥʦʛʦ ʦʪʥʦʰʝʥʠʷ ʨʘʟʜʝʣʝʥʠʷ ʧʨʦʷʚʣʷʶʪʩʷ 

ʣʠʰʴ ʚ ʧʨʠ ʥʝʙʦʣʴʰʠʭ ʥʘʜʢʨʠʪʠʯʥʦʩʪʷʭ (ʯʠʩʣʦ ʈʝʣʝʷ ʥʝʤʥʦʛʦ ʧʨʝʚʳʰʘʝʪ 
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ʧʦʨʦʛʦʚʦʝ), ʪʦʛʜʘ ʢʘʢ ʧʨʠ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʷʭ ʢʦʣʝʙʘʥʠʷ ʥʘʙʣʶʜʘʶʪʩʷ ʚʦ ʚʩʝʭ 

ʦʙʣʘʩʪʠ ʚʳʰʝ ʧʦʨʦʛʘ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʢʦʥʚʝʢʮʠʠ.  

 

 ʀʩʩʣʝʜʦʚʘʥʘ ʢʦʥʚʝʢʮʠʷ ʩ ʵʬʬʝʢʪʦʤ ʉʦʨʝ ʩʤʝʩʠ ʪʦʣʫʦʣ-ʤʝʪʘʥʦʣ-ʮʠʢʣʦʛʝʢʩʘʥ 

ʧʨʠ ʩʫʤʤʘʨʥʦʤ ʦʪʥʦʰʝʥʠʠ ʨʘʟʜʝʣʝʥʠʷ, ʙʣʠʟʢʦʤ ʢ ʥʫʣʶ.  

 ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʜʘʞʝ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʢʦʥʝʯʥʦʝ ʩʦʩʪʦʷʥʠʝ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʩʦʩʪʦʷʥʠʝ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ, ʥʘ ʥʘʯʘʣʴʥʳʭ ʚʨʝʤʝʥʘʭ ʧʦʚʝʜʝʥʠʝ 

ʩʠʩʪʝʤʳ ʤʦʞʝʪ ʩʠʣʴʥʦ ʦʩʣʦʞʥʷʪʴʩʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʜʠʬʬʫʟʠʠ, ʧʝʨʝʢʨʝʩʪʥʦʡ 

ʜʠʬʬʫʟʠʠ ʠ ʪʝʨʤʦʜʠʬʬʫʟʠʠ.  

 ʅʘʡʜʝʥʦ, ʯʪʦ ʜʘʞʝ ʧʨʠ ʤʘʣʦʤ ʟʥʘʯʝʥʠʠ ʩʫʤʤʘʨʥʦʛʦ ʦʪʥʦʰʝʥʠʷ ʨʘʟʜʝʣʝʥʠʷ, 

ʙʣʠʟʢʦʛʦ ʢ ʥʫʣʶ, ʦʙʨʘʟʫʶʱʠʡʩʷ ʧʨʠ ʵʪʦʤ ʦʙʱʠʡ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʡ ʚʢʣʘʜ ʚ 

ʛʨʘʜʠʝʥʪ ʧʣʦʪʥʦʩʪʠ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʪʝʯʝʥʠʷ. 

ʇʨʠʯʝʤ ʫʩʪʦʡʯʠʚʦʩʪʴ ʩʠʩʪʝʤʳ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʙʫʜʝʪ ʩʠʣʴʥʦ ʟʘʚʠʩʝʪʴ ʦʪ ʥʘʯʘʣʴʥʳʭ 

ʚʦʟʤʫʱʝʥʠʡ.  

 ɺʳʧʦʣʥʝʥʦ ʧʨʷʤʦʝ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʜʣʷ ʜʚʫʭ ʥʘʙʦʨʦʚ 

ʪʝʨʤʦʜʠʬʬʫʟʠʦʥʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ 

ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ DCMIX-2:  άȡɰ = 0.0154, άȡɰ = ï 0.0006. ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ 

ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʥʘʟʝʤʥʳʤ ʵʢʩʧʝʨʠʤʝʥʪʦʤ, ʚ ʢʦʪʦʨʦʤ 

ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʩʤʝʩʴ ʩ ʩʦʩʪʘʚʦʤ 0.623/0.306/0.071. ɺʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ ï ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʦʤ, ʚ ʢʦʪʦʨʦʤ ʩʦʩʪʘʚ ʩʤʝʩʠ ʦʪʣʠʯʘʣʩʷ ʥʘ 0.5% (0.62/0.31/0.07).  

 ɹʣʘʛʦʜʘʨʷ ʧʨʦʚʝʜʝʥʥʦʤʫ ʯʠʩʣʝʥʥʦʤʫ ʤʦʜʝʣʠʨʦʚʘʥʠʶ, ʘʥʘʣʠʟʫ ʧʦʣʫʯʝʥʥʳʭ 

ʯʠʩʣʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʩʦʧʦʩʪʘʚʣʝʥʠʶ ʠʭ ʩ ʜʘʥʥʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʤʦʞʥʦ 

ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʪʝʨʤʦʜʠʬʬʫʟʠʦʥʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʠʟʤʝʨʝʥʳ ʥʘ 

ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʩʤʠʯʝʩʢʦʡ ʩʪʘʥʮʠʠ ʩ ʭʦʨʦʰʝʡ ʪʦʯʥʦʩʪʴʶ, ʯʪʦ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʧʦʟʚʦʣʷʝʪ ʙʳʪʴ ʫʚʝʨʝʥʥʳʤ ʚ ʤʝʪʦʜʠʢʝ ʠʟʤʝʨʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʘʞʝ ʚ ʪʝʭ 

ʩʣʫʯʘʷʭ, ʢʦʛʜʘ ʦʙʨʘʙʦʪʢʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʚʩʪʨʝʯʘʝʪʩʷ ʩʦ 

ʟʥʘʯʠʪʝʣʴʥʳʤʠ ʪʨʫʜʥʦʩʪʷʤʠ (ʧʣʦʭʦ ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʤʘʪʨʠʮʳ).  

 ʏʠʩʣʝʥʥʳʝ ʨʘʩʯʝʪʳ ʧʦʟʚʦʣʠʣʠ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʪʴ ʚʘʞʥʳʝ ʥʘʟʝʤʥʳʝ 

ʵʢʩʧʝʨʠʤʝʥʪʳ, ʚ ʢʦʪʦʨʳʭ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʩʦʩʪʘʚʘ ʩʤʝʩʠ ʧʨʠʚʦʜʠʪ ʢ 

ʢʘʯʝʩʪʚʝʥʥʦ ʠʥʦʤʫ ʧʦʚʝʜʝʥʠʶ ʞʠʜʢʦʩʪʠ.   
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ʈʝʢʦʤʝʥʜʘʮʠʠ, ʧʝʨʩʧʝʢʪʠʚʳ ʜʘʣʴʥʝʡʰʝʡ ʨʘʟʨʘʙʦʪʢʠ ʪʝʤʳ 

ʉʣʝʜʫʶʱʠʤ ʰʘʛʦʤ ʧʨʠ ʠʟʫʯʝʥʠʠ ʢʦʥʚʝʢʮʠʠ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ 

ʛʦʤʦʛʝʥʥʳʭ ʩʤʝʩʝʡ ʩ ʟʘʜʘʥʥʳʤ ʪʝʧʣʦʚʳʤ ʧʦʪʦʢʦʤ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʪʨʝʭʤʝʨʥʳʭ ʢʦʥʚʝʢʪʠʚʥʳʭ ʨʝʞʠʤʦʚ ʠ ʩʪʨʫʢʪʫʨ r ʪʝʯʝʥʠʡ. ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ 

ʛʝʪʝʨʦʛʝʥʥʳʭ ʩʠʩʪʝʤ ʤʝʪʦʜʦʤ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʩʣʝʜʫʶʱʠʤ ʵʪʘʧʦʤ ʤʦʞʝʪ ʩʪʘʪʴ 

ʨʘʩʩʤʦʪʨʝʥʠʝ ʥʝʠʟʦʪʝʨʤʠʯʝʩʢʠʭ ʟʘʜʘʯ. ʌʫʥʢʮʠʷ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʚ ʵʪʦʤ ʩʣʫʯʘʝ 

ʙʫʜʝʪ ʠʤʝʪʴ ʙʦʣʝʝ ʩʣʦʞʥʳʡ ʚʠʜ ʠ ʙʫʜʝʪ ʟʘʚʠʩʝʪʴ ʥʝ ʪʦʣʴʢʦ ʦʥ ʢʦʥʮʝʥʪʨʘʮʠʠ, ʥʦ ʠ 

ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʩʨʝʜʳ, ʯʪʦ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʧʦʚʣʝʯʝʪ ʟʘ ʩʦʙʦʡ ʫʩʣʦʞʥʝʥʠʝ ʚʩʝʡ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʪʝʦʨʠʠ ʬʘʟʦʚʦʛʦ ʧʦʣʷ. ʉʦʟʜʘʥʠʝ ʪʘʢʦʡ ʪʝʦʨʠʠ ʧʦʟʚʦʣʠʪ ʚ 

ʨʘʤʢʘʭ ʝʜʠʥʦʡ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʨʝʰʘʪʴ ʰʠʨʦʢʠʡ ʢʣʘʩʩ ʟʘʜʘʯ.  

 

 

  



164 

 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
 

1. Prokopev S., Vorobev A., Lyubimova T. Phase-field modeling of an immiscible 

liquid/liquid displacement in a capillary // Physical Review E. ï 2019. ï Vol. 99, no. 

3. ï P. 033113. 

2. Vorobev A., Prokopev S., Lyubimova T. Phase-field modelling of a liquid/liquid 

immiscible displacement through a network of capillaries // Journal of Computational 

Physics. ï 2020. Vol. 421. ï P. 109747. 

3. Vorobev A., Prokopev S., Lyubimova T. Nonequilibrium capillary pressure of 

a miscible meniscus // Langmuir. ï 2021. ï Vol. 37, no. 16. ï Pp. 4817-4826. 

4. Lyubimova T., Vorobev A., Prokopev S. Rayleigh-Taylor instability of a miscible 

interface in a confined domain // Physics of Fluids. ï 2019. ï Vol. 31, no. 1. ï P. 

014104. 

5. Lyubimova T.P., Sadilov E.S., Prokopev S.A. Onset of Soret-induced convection in a 

horizontal layer of ternary fluid with fixed vertical heat flux at the boundaries // The 

European Physical Journal E. ï 2017. ï Vol. 40. ï P. 15. 

6. Lyubimova T.P., Prokopev S.A. Nonlinear regimes of Soret-driven convection of 

ternary fluid with fixed vertical heat flux at the boundaries // The European Physical 

Journal E. ï 2019. ï Vol. 42. ï P. 76. 

7. Prokopev S., Lyubimova T., Mialdun A., Shevtsova V. A ternary mixture at the border 

of Soret separation stability // Physical Chemistry Chemical Physics. ï 2021. ï Vol. 

23. ï Pp. 8466-8477. 

8. Lyubimova T., Prokopev S., Shevtsova V. Behaviour of a ternary mixture with the net 

separation ratio close to zero // Journal of Physics: Conference Series. ï 2021. ï Vol. 

1945. ï P. 012030.  

9. Lyubimova T., Prokopev S. Nonlinear regimes of Soret-induced convection in a 

horizontal layer of ternary fluid with the fixed vertical heat flux at the boundaries // 

Book of abstracts IMT 13, London, UK, 11-14 September. ï 2018. ï P. 50. 



165 

 

10. Lyubimova T., Vorobev A., Prokopev S., Zagvozkin T. Rayleigh-Taylor and Kelvin-

Helmholtz instabilities of a miscible interfaces // Book of abstracts IMA-9, Guilin, 

China, August 31 ï September 5. ï 2018. ï P. 75.   

11. ʃʶʙʠʤʦʚʘ ʊ.ʇ., ʇʨʦʢʦʧʴʝʚ ʉ.ɸ. ʅʝʣʠʥʝʡʥʳʝ ʨʝʞʠʤʳ ʢʦʥʚʝʢʮʠʠ ʙʠʥʘʨʥʳʭ 

ʩʤʝʩʝʡ ʚ ʧʣʦʩʢʦʤ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ ʩʣʦʝ // ʄʘʪʝʨʠʘʣʳ ʤʝʞʜʫʥʘʨʦʜʥʦʛʦ 

ʩʠʤʧʦʟʠʫʤʘ ʅʝʨʘʚʥʦʚʝʩʥʳʝ ʧʨʦʮʝʩʩʳ ʚ ʩʧʣʦʰʥʳʭ ʩʨʝʜʘʭ, ʇʝʨʤʴ, 15-18 ʤʘʷ. ï 

2017.  ï ʊ. 2. ï ʉ. 75-77. 

12. ɺʦʨʦʙʴʝʚ ɸ.ʄ., ʃʶʙʠʤʦʚʘ ʊ.ʇ., ʇʨʦʢʦʧʴʝʚ ʉ.ɸ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ 

"ʧʘʣʴʮʝʦʙʨʘʟʥʦʛʦ" ʚʳʪʝʩʥʝʥʠʷ ʚ ʢʘʧʠʣʣʷʨʥʳʭ ʪʨʫʙʢʘʭ ʤʝʪʦʜʦʤ ʬʘʟʦʚʦʛʦ ʧʦʣʷ 

// ʇʝʨʤʩʢʠʝ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʥʘʫʯʥʳʝ ʯʪʝʥʠʷ. ʉʙʦʨʥʠʢ ʤʘʪʝʨʠʘʣʦʚ V 

ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ, ʧʦʩʚʷʱʝʥʥʦʡ ʧʘʤʷʪʠ 

ʧʨʦʬʝʩʩʦʨʦʚ ɻ. ɿ. ɻʝʨʰʫʥʠ, ɽ. ʄ. ɾʫʭʦʚʠʮʢʦʛʦ, ɼ. ɺ. ʃʶʙʠʤʦʚʘ, ʇʝʨʤʴ. ï 2018. 

ï ʉ. 256-258. 

13. ʇʨʦʢʦʧʴʝʚ ʉ.ɸ, ʃʶʙʠʤʦʚʘ ʊ.ʇ. ʊʨʝʭʤʝʨʥʳʝ ʥʝʣʠʥʝʡʥʳʝ ʨʝʞʠʤʳ ʢʦʥʚʝʢʮʠʠ 

ʙʠʥʘʨʥʳʭ ʩʤʝʩʝʡ ʩ ʵʬʬʝʢʪʦʤ ʉʦʨʝ ʚ ʧʣʦʩʢʦʤ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ ʩʣʦʝ // ʇʝʨʤʩʢʠʝ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʥʘʫʯʥʳʝ ʯʪʝʥʠʷ. ʉʙʦʨʥʠʢ ʤʘʪʝʨʠʘʣʦʚ V ɺʩʝʨʦʩʩʠʡʩʢʦʡ 

ʢʦʥʬʝʨʝʥʮʠʠ ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ, ʧʦʩʚʷʱʝʥʥʦʡ ʧʘʤʷʪʠ ʧʨʦʬʝʩʩʦʨʦʚ ɻ. 

ɿ. ɻʝʨʰʫʥʠ, ɽ. ʄ. ɾʫʭʦʚʠʮʢʦʛʦ, ɼ. ɺ. ʃʶʙʠʤʦʚʘ, ʇʝʨʤʴ. ï 2018. ï ʉ. 186-188. 

14. ʇʨʦʢʦʧʴʝʚ ʉ.ɸ., ʃʶʙʠʤʦʚʘ ʊ.ʇ. ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʜʚʫʭʬʘʟʥʦʛʦ 

ʪʝʯʝʥʠʷ ʚ ʩʝʪʠ ʢʘʧʠʣʣʷʨʦʚ ʥʘ ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʘʭ // ʊʝʟʠʩʳ ʜʦʢʣʘʜʦʚ XʍI 

ɿʠʤʥʝʡ ʰʢʦʣʘ ʧʦ ʤʝʭʘʥʠʢʝ ʩʧʣʦʰʥʳʭ ʩʨʝʜ, ʇʝʨʤʴ, 18-22 ʬʝʚʨʘʣʷ. ï 2019. ï ʉ. 

243. 

15. ʇʨʦʢʦʧʴʝʚ ʉ.ɸ., ʃʶʙʠʤʦʚʘ ʊ.ʇ., ɿʘʛʚʦʟʢʠʥ ʊ.ʅ., ɺʦʨʦʙʴʝʚ ɸ.ʄ. 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʩʤʝʰʠʚʘʝʤʦʛʦ ʚʳʪʝʩʥʝʥʠʷ ʚ ʢʘʧʠʣʣʷʨʥʳʭ ʪʨʫʙʢʘʭ ʤʝʪʦʜʦʤ 

ʬʘʟʦʚʦʛʦ ʧʦʣʷ // ʄʘʪʝʨʠʘʣʳ XII ɺʩʝʨʦʩʩʠʡʩʢʦʛʦ ʩʲʝʟʜʘ ʧʦ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʤ 

ʧʨʦʙʣʝʤʘʤ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʠ ʧʨʠʢʣʘʜʥʦʡ ʤʝʭʘʥʠʢʠ, ʋʬʘ, 19-24 ʘʚʛʫʩʪʘ. ï 2019. ï 

ʊ. 2. ï ʉ. 1056-1057. 

16. Lyubimova T., Prokopev S., Shevtsova V. Soret induced convection of ternary fluid 

with small value of the net separation ratio in closed cavity // 26th European Low 

Gravity Research Association Biennial Symposium and General Assembly 14th 



166 

 

International Conference on "Two-Phase Systems for Space and Ground 

Applicationsò European Space Agency Topical Teams meetings, Granada, Spain, 24-

27 September. ï 2019. ï P. 179. 

17. ʇʨʦʢʦʧʴʝʚ ʉ.ɸ., ʃʶʙʠʤʦʚʘ ʊ.ʇ., ɺʦʨʦʙʴʝʚ ɸ.ʄ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʚʳʪʝʩʥʝʥʠʷ 

ʥʝʩʤʝʰʠʚʘʶʱʠʭʩʷ ʞʠʜʢʦʩʪʝʡ ʚ ʩʠʩʪʝʤʝ ʢʘʧʠʣʣʷʨʦʚ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ 

ʬʘʟʦʚʦʛʦ ʧʦʣʷ // ʇʝʨʤʩʢʠʝ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʥʘʫʯʥʳʝ ʯʪʝʥʠʷ. ʉʙʦʨʥʠʢ 

ʤʘʪʝʨʠʘʣʦʚ V ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ, 

ʧʦʩʚʷʱʝʥʥʦʡ ʧʘʤʷʪʠ ʧʨʦʬʝʩʩʦʨʦʚ ɻ. ɿ. ɻʝʨʰʫʥʠ, ɽ. ʄ. ɾʫʭʦʚʠʮʢʦʛʦ, ɼ. ɺ. 

ʃʶʙʠʤʦʚʘ, ʇʝʨʤʴ. ï 2020. ï ʉ. 326-328.  

18. ɺʦʨʦʙʴʝʚ ɸ.ʄ., ʇʨʦʢʦʧʴʝʚ ʉ.ɸ., ʃʶʙʠʤʦʚʘ ʊ.ʇ., ɿʘʛʚʦʟʢʠʥ ʊ.ʅ. ʂʘʧʠʣʣʷʨʥʦʝ 

ʜʘʚʣʝʥʠʝ ʥʘ ʛʨʘʥʠʮʝ ʜʚʫʭ ʩʤʝʰʠʚʘʝʤʳʭ ʞʠʜʢʦʩʪʝʡ // ʇʝʨʤʩʢʠʝ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʥʘʫʯʥʳʝ ʯʪʝʥʠʷ. ʉʙʦʨʥʠʢ ʤʘʪʝʨʠʘʣʦʚ V ɺʩʝʨʦʩʩʠʡʩʢʦʡ 

ʢʦʥʬʝʨʝʥʮʠʠ ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ, ʧʦʩʚʷʱʝʥʥʦʡ ʧʘʤʷʪʠ ʧʨʦʬʝʩʩʦʨʦʚ ɻ. 

ɿ. ɻʝʨʰʫʥʠ, ɽ. ʄ. ɾʫʭʦʚʠʮʢʦʛʦ, ɼ. ɺ. ʃʶʙʠʤʦʚʘ, ʇʝʨʤʴ. ï 2020. ï ʉ. 120-123. 

19. ʃʶʙʠʤʦʚʘ ʊ.ʇ., ɺʦʨʦʙʴʝʚ ɸ.ʄ., ʇʨʦʢʦʧʴʝʚ ʉ.ɸ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʜʠʥʘʤʠʢʠ 

ʚʳʪʝʩʥʝʥʠʷ ʚ ʩʝʪʠ ʢʘʧʠʣʣʷʨʦʚ ʤʝʪʦʜʦʤ ʬʘʟʦʚʦʛʦ ʧʦʣʷ // ɺʩʝʨʦʩʩʠʡʩʢʘʷ 

ʢʦʥʬʝʨʝʥʮʠʷ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ-ʤʝʭʘʥʠʢʦʚ (YSM-2020). ʊʝʟʠʩʳ ʜʦʢʣʘʜʦʚ, ʉʦʯʠ, 

çɹʫʨʝʚʝʩʪʥʠʢè ʄɻʋ, 3-13 ʩʝʥʪʷʙʨʷ. ï 2020. ï ʉ. 127.  

20. Shevtsova V., Prokopev S., Lyubimova T., BouAlia M.M., Errartea A., Mialdun A. 

Cross-diffusion and Soret separation stability in the toluene-methanol-cyclohexane 

mixture //  14th International Meeting on Thermodiffusion, Trondheim, Norway. ï 

2021.  

21. ʇʨʦʢʦʧʴʝʚ ʉ.ɸ., ʃʶʙʠʤʦʚʘ ʊ.ʇ., ʐʝʚʮʦʚʘ ɺ.ʄ., ʄʷʣʴʜʫʥ ɸ. ʂʦʥʚʝʢʮʠʷ 

ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʦʡ ʩʤʝʩʠ ʩ ʩʫʤʤʘʨʥʳʤ ʦʪʥʦʰʝʥʠʝʤ ʨʘʟʜʝʣʝʥʠʷ, ʙʣʠʟʢʠʤ ʥʫʣʶ, 

ʊʝʟʠʩʳ ʜʦʢʣʘʜʦʚ XʍI ɿʠʤʥʝʡ ʰʢʦʣʘ ʧʦ ʤʝʭʘʥʠʢʝ ʩʧʣʦʰʥʳʭ ʩʨʝʜ, ʇʝʨʤʴ, 22-26 

ʤʘʨʪʘ. ï 2021. ï ʉ. 265.  

22. Prokopev S., Lyubimova T., Vorobev A., Zagvozkin T. GPU-based modelling of a 

two-phase flow in capillary networks // 25th International Congress of Theoretical and 

Applied Mechanics, Abstract book, Milano, Italy, 22-27 August. ï 2021. ï Pp. 812-

813. 



167 

 

23. ʉʚʠʜʝʪʝʣʴʩʪʚʦ ʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʨʝʛʠʩʪʨʘʮʠʠ ʧʨʦʛʨʘʤʤʳ ʜʣʷ ʕɺʄ 

ˉ2021662655. ʇʨʦʛʨʘʤʤʘ ʜʣʷ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʚʫʭʬʘʟʥʳʭ ʩʠʩʪʝʤ 

ʤʝʪʦʜʦʤ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʥʘ ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʘʭ / ʉ.ɸ. ʇʨʦʢʦʧʴʝʚ; 

ʟʘʷʚʠʪʝʣʴ ʠ ʧʨʘʚʦʦʙʣʘʜʘʪʝʣʴ ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ 

ʫʯʨʝʞʜʝʥʠʝ ʥʘʫʢʠ ʇʝʨʤʩʢʠʡ ʬʝʜʝʨʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ 

ʋʨʘʣʴʩʢʦʛʦ ʦʪʜʝʣʝʥʠʷ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ ï ɿʘʷʚʢʘ ˉ2021661940; ʜʘʪʘ 

ʧʦʩʪʫʧʣʝʥʠʷ 28 ʠʶʣʷ 2021 ʛ.; ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʦ ʚ ʈʝʝʩʪʨʝ ʧʨʦʛʨʘʤʤ ʜʣʷ ʕɺʄ 03 

ʘʚʛʫʩʪʘ 2021 ʛ. 

24. Rowlinson J.S. Translation of J.D. van der Waals ñThe thermodynamik theory of 

capillarity under the hypothesis of a continuous variation of densityò // J. Stat. Phys.  

1979 Vol. 20. Pp. 197ï200. 

25. Van der Waals J.D. The thermodynamic theory of capillarity under the hypothesis of 

a continuous variation of density. // J. Stat. Phys. ï 1979. ï Vol. 20. ï Pp. 200ï244. 

26. Korteweg D.J. Sur la forme que prennent les ®quations du mouvement des fluides si 

l'on tient compte des forces capillaires caus®es par des variations de densit® 

consid®rables mais connues et sur la th®orie de la capillarit® dans l'hypoth¯se d'une 

variation continue de la densit® // Arch. N®erl. Sci. Exactes Nat. ï 1901. ï Vol. 6, no. 

2. ï Pp. 1-24. 

27. Cahn J.W., Hilliard J.E. Free energy of a nonuniform system. I. Interfacial free energy 

// J. Chem. Phys. ï 1958. ï Vol. 28, no. 2. ï Pp. 258-267. 

28. Cahn J.W. On spinodal decomposition // Acta Metallurgica. ï 1961. ï Vol. 9, no. 9. ï 

Pp. 795-801. 

29. Cahn J.W. On spinodal decomposition in cubic crystals // Acta Metallurgica. ï 1962. 

ï Vol. 10, no. 3. ï Pp. 179-183. 

30. Cahn J.W. Phase separation by spinodal decomposition in isotropic systems // 

 J. Chem. Phys. ï 1965. ï Vol. 42. ï Pp. 93-99. 

31. Huston E.L., Cahn J.W., Hilliard J.E. Spinodal decomposition during continuous 

cooling // Acta Metallurgica. ï 1966. Vol. 14, no. 9. ï Pp. 1053-1062. 



168 

 

32. Cahn J.W., Hilliard J.E. Free energy of a nonuniform system. III. Nucleation in a two-

component incompressible fluid // J. Chem. Phys. ï 1959. ï Vol. 31, no.1. ï Pp. 688-

699. 

33. Cahn J.W. Coherent fluctuations and nucleation in isotropic solids // Acta 

Metallurgica 1962. ï Vol. 10, no. 10. ï Pp. 907-913 

34. Braun R.J., McFadden G.B., Coriell S.R. Morphological instability in phase-field 

models of solidification // Phys. Rev. E. ï 1994. ï Vol. 49. ï Pp. 4336-4352.  

35. Wheeler A.A., Boettinger W.J., McFadden G.B. Phase-field model of solute trapping 

during solidification // Phys. Rev. E. ï 1993. ï Vol. 47, no. 3. ï Pp. 1893-1909.  

36. Wang S.L., Sekerka R.F., Wheeler A.A., Murray B.T., Coriell S.R., Braun R.J., 

McFadden G.B. Thermodynamically-consistent phase-field models for solidification 

// Physica D. ï 1993. ï Vol. 69. ï Pp. 189ï200. 

37. Ekhlakov A., Dimitrov S., Langhoff T.A., Schnack E. Phase-field model for 

deposition of pyrolytic carbon // Comm. in Num. Methods in Eng. ï 2008. ï Vol. 24. 

ï Pp. 2139-2154. 

38. Li J., Wang J., Yang G. Phase-field simulatizon of microstructure development 

involving nucleation and crystallographic orientations in alloy solidification // J. 

Ctystal Growth. ï 2007. ï Vol. 309. ï Pp. 65ï69. 

39. Kobayashi R. Modeling and numerical simulations of dendritic crystal growth // 

Physica D. ï 1993. ï Vol. 63, no. 3. ï Pp. 410-423. 

40. Kobayashi R. A numerical approach to three-dimensional dendritic solidification // 

Experimental Mathematics. ï 1994. ï Vol. 3, no. 1. ï Pp. 59-81. 

41. Wheeler A.A., Murray B.T., Schaefer R.J. Computation of dendrites using a phase 

field model // Physica D. ï 1993. ï Vol. 66, no. 1. ï Pp. 243-262. 

42. Warren J.A., Boettinger W.J. Prediction of dendritic growth and microsegregation 

patterns in a binary alloy using the phase-field method // Acta Metallurgica et 

Materialia. ï 1995. ï Vol. 43. no. 1. ï Pp. 689-703. 

43. Warren J.A., Murray B.T. Ostwald ripening and coalescence of a binary alloy in two 

dimensions using a phase-field model // Modelling Simul. Mater. Sci. Eng. ï 1996. ï 

Vol. 4. ï Pp. 215-229. 



169 

 

44. Karma A., Kessler D.A., Levine H. Phase-Field Model of Mode III Dynamic Fracture 

// Phys. Rev. Lett. ï 2001. ï Vol. 87.  ï P. 045501 

45. Chen L.Q. Phase-field models for microstructure evolution // Annu. Rev. Mater. Res. 

ï 2002. ï Vol. 32. ï Pp. 113ï140. 

46. Boettinger W.J., Warren J.A., Beckermann C., Karma A. Phase-field simulation of 

solidification // Annu. Rev. Mater. Res. ï 2002. ï Vol. 32. ï Pp. 163ï194. 

47. Lowengrub J., Truskinovsky L. Quasi-incompressible Cahn-Hilliard fluids and 

topological transitions // Proc. R. Soc. Lond. A. ï 1998. ï Vol. 454. ï Pp. 2617ï2654. 

48. Jacqmin D. Calculation of two-phase NavierïStokes flows using phase-field modeling 

// Journal of Computational Physics. ï 1999. ï Vol. 155, no.1. ï Pp. 96-127. 

49. Vorobev A. Boussinesq approximation of the Cahn-Hilliard-Navier-Stokes equations 

// Physical Review E. ï 2010. Vol. 82. ï Pp. 056312. 

50. ʃʘʥʜʘʫ ʃ.ɼ., ʃʠʬʰʠʮ ɽ.ʄ. ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʬʠʟʠʢʘ. ʪʦʤ V. ʉʪʘʪʠʩʪʠʯʝʩʢʘʷ 

ʬʠʟʠʢʘ. ʏ. I. ï ʄ: ʌʀɿʄɸʊʃʀʊ, 2002. ï ʉ. 616. 

51. Antanovskii L.K. Microscale theory of surface tension // Phys. Rev. E. ï 1996. ï Vol. 

54, no. 6. ï Pp. 6285-6290. 

52. Flory P.J. Principles of Polymer Chemistry. ï Cornell University Press, Ithaca, N.Y., 

1953. ï 672 p. 

53. ʃʶʙʠʤʦʚ ɼ.ɺ., ʃʶʙʠʤʦʚʘ ʊ.ʇ. ʆʙ ʦʜʥʦʤ ʤʝʪʦʜʝ ʩʢʚʦʟʥʦʛʦ ʩʯʝʪʘ ʜʣʷ ʨʝʰʝʥʠʷ 

ʟʘʜʘʯ ʩ ʜʝʬʦʨʤʠʨʫʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʨʘʟʜʝʣʘ // ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʚ ʤʝʭʘʥʠʢʝ. ï 

1990. ï ʊ. 4 (21), ˉ 1. ï ʉ. 136-140. 

54. ʃʶʙʠʤʦʚ ɼ.ɺ., ʃʶʙʠʤʦʚʘ ʊ.ʇ., ʀʚʘʥʮʦʚ ɸ.ʆ., ʏʝʨʝʧʘʥʦʚʘ ɸ.ɸ., ʀʩʧʦʣʴʟʦʚʘʥʠʝ 

ʤʝʪʦʜʘ ʩʢʚʦʟʥʦʛʦ ʩʯʝʪʘ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʠʥʘʤʠʢʠ ʩʠʩʪʝʤ ʩ ʧʦʚʝʨʭʥʦʩʪʷʤʠ 

ʨʘʟʜʝʣʘ // ɺʳʯʠʩʣʠʪʝʣʴʥʘʷ ʤʝʭʘʥʠʢʘ ʩʧʣʦʰʥʳʭ ʩʨʝʜ. ï 2008. ï  ʊ. 1,   ̄2. ï ʉ. 

53-62.  

55. Sussman M., Almgren A.S., Bell J.B., Colella P., Howell L.H., Welcome M.L. An 

adaptive level set approach for incompressible two-phase flows // Journal of 

Computational Physics. ï 1998. ï Vol. 148, no. 1. ï Pp. 81-124. 



170 

 

56. Hua J., Mortensen D. A front tracking method for simulation of two-phase interfacial 

flows on adaptive unstructured meshes for complex geometries // International Journal 

of Multiphase Flow. ï 2019. ï Vol. 119. ï Pp. 166-179. 

57. Mao D. Towards front-tracking based on conservation in two space dimensions II, 

tracking discontinuities in capturing fashion // Journal of Computational Physics. ï 

2007. ï Vol. 226, no. 2. ï Pp. 1550-1588. 

58. Foglino M., Morozov A.N., Henrich O., Marenduzzo D. Flow of deformable droplets: 

discontinuous shear thinning and velocity oscillations // Phys. Rev. Lett. ï 2017. ï 

Vol. 119, no. 20. ï P. 208002. 

59. Tiribocchi A., Montessori A., Bonaccorso F., Lauricella M., Succi S. Shear dynamics 

of polydisperse double emulsions // Physics of Fluids. ï 2021. ï Vol. 33. ï P. 047105. 

60. Babadagli T. Development of mature oil fields ï A review // Journal of Petroleum 

Science and Engineering. ï 2007. ï Vol. 57, no. 3. ï Pp. 221-246. 

61. Jawitz J.W., Annable M.D, Rao P.S.C Miscible fluid displacement stability in 

unconfined porous media: Two-dimensional flow experiments and simulations // 

Journal of Contaminant Hydrology. ï 1998. ï Vol. 31, no. 3. ï Pp. 211-230. 

62. Barenblatt G.I., Patzek T.W., Silin, D.B. The mathematical model of nonequilibrium 

effects in water-oil displacement // SPE Journal. ï 2003. ï Vol. 8, no. 4. ï Pp. 409-

416. 

63. Niessner J., Berg S., Hassanizadeh S.M. Comparison of two-phase Darcyôs law with 

a thermodynamically consistent approach // Transport in Porous Media. ï 2011. ï Vol. 

88. ï Pp. 133ï148. 

64. West G.D. On the resistance to the motion of a thread of mercury in a glass tube // 

Proc. R. Soc. Lond. A. ï 1911. ï Vol. 86. ï Pp. 20ï25.  

65. Washburn E.W. The dynamics of capillary flow // Phys. Rev. ï 1921. ï Vol. 17. ï Pp. 

273-283.  

66. Ngan C., Dussan V.E. On the nature of the dynamic contact angle: an experimental 

study // Journal of Fluid Mechanics. ï 1982. Vol. 118. ï Pp. 27-40.  

67. Taylor G. Deposition of a viscous fluid on the wall of a tube // Journal of Fluid 

Mechanics. ï 1961. ï Vol. 10, no.2. ï Pp. 161-165. 



171 

 

68. Cox B. On driving a viscous fluid out of a tube // Journal of Fluid Mechanics. ï 1962. 

ï Vol. 14, no. 1. ï Pp. 161-165. 

69. Soares E., Thompson R. Flow regimes for the immiscible liquidïliquid displacement 

in capillary tubes with complete wetting of the displaced liquid // Journal of Fluid 

Mechanics. ï 2009. ï Vol. 641. ï Pp. 63-84. 

70. Freitas J.F., Soares E.J., Thompson R.L. Residual mass and flow regimes for the 

immiscible liquidïliquid displacement in a plane channel // International Journal of 

Multiphase Flow. ï 2011. ï Vol. 37, no. 6. ï Pp. 640-646. 

71. Soares E.J., Thompson R.L., Niero D.C. Immiscible liquidïliquid pressure-driven 

flow in capillary tubes: Experimental results and numerical comparison // Physics of 

Fluids. ï 2015. Vol. 27, no. 8. ï P. 082105. 

72. Petitjeans P., Maxworthy T. Miscible displacements in capillary tubes. Part 1. 

Experiments // Journal of Fluid Mechanics. ï 1996. ï Vol. 326. ï Pp. 37-56.  

73. Chen C.-Y., Meiburg E. Miscible displacements in capillary tubes. Part 2. Numerical 

simulations // Journal of Fluid Mechanics. ï 1996. ï Vol. 326. ï Pp. 57-90. 

74. Joseph D.D. Fluid dynamics of two miscible liquids with diffusion and gradient 

stresses // European journal of mechanics. B, Fluids. ï 1990. ï Vol. 9, no. 6. ï Pp. 

565-596. 

75. Gauthier. G., Martin J., Salin D. Gravity waves at the interface between miscible fluids 

and at the top of a settling suspension // Phys. Rev. Lett. ï 2005. ï Vol. 94, no. 20. ï 

P. 204501. 

76. Carbonaro A., Cipelletti L., Truzzolillo D. Ultralow effective interfacial tension 

between miscible molecular fluids // Phys. Rev. Lett. ï 2020. ï Vol. 5, no. 7. ï P. 

074001.  

77. Legendre M., Petitjeans P., Kurowski P. Instabilit®s ¨ l'interface entre fluides 

miscibles par forage oscillant horizontal // Comptes Rendus M®canique. ï 2003. ï 

Vol. 331, no. 9. ï Pp. 617-622. 

78. Pismen L.M., Nir A. Motion of a contact line // The Physics of Fluids. ï 1982. Vol. 

25, no. 1. ï Pp. 3-7. 



172 

 

79. Jacqmin D. Contact-line dynamics of a diffuse fluid interface // Journal of Fluid 

Mechanics. ï 2000. ï Vol. 402. ï Pp. 57-88. 

80. Cueto-Felgueroso L., Juanes R. Macroscopic phase-field model of partial wetting: 

bubbles in a capillary tube // Phys. Rev. Lett. ï 2012. ï Vol. 108, no. 14. ï P. 144502.  

81. Cueto-Felgueroso L., Juanes R. A phase-field model of two-phase Hele-Shaw flow // 

Journal of Fluid Mechanics. ï 2014. ï Vol. 758. ï Pp. 522-552. 

82. He Q., Kasagi N. Phase-Field simulation of small capillary-number two-phase flow in 

a microtube // Fluid Dynamics Research. ï 2008. ï Vol. 40, no. 7-8. ï Pp. 497-509. 

83. Oren P.E., Bakke S. Reconstruction of Berea sandstone and pore-scale modelling of 

wettability effects // J. Pet. Sci. Eng. ï 2003. ï Vol. 39. ï Pp. 177ï199. 

84. Suchomel B.J., Chen B.M., Allen, M.B. Network model of flow, transport and biofilm 

effects in porous media // Transport in Porous Media. ï 1998. ï Vol. 30. ï Pp. 1ï23. 

85. Le Bray Y., Prat M. Three-dimensional pore network simulation of drying in capillary 

porous media // International Journal of Heat and Mass Transfer. ï 1999. ï Vol. 42, 

no. 22. ï Pp. 4207-4224. 

86. Laurindo J.B., Prat M. Numerical and experimental network study of evaporation in 

capillary porous media. Drying rates // Chemical Engineering Science. ï 1998. ï Vol. 

53, no. 12. ï Pp. 2257-2269. 

87. Huang H., Meakin P., Liu M. Computer simulation of two-phase immiscible fluid 

motion in unsaturated complex fractures using a volume of fluid method // Water 

Resources Research. ï 2005. ï Vol. 41, no. 12. ï W12413. 

88. Prodanovic M., Bryant S.L., A level set method for determining critical curvatures for 

drainage and imbibition // J. Colloid Interface Sci. ï 2006. ï Vol. 304. ï Pp. 442ï458. 

89. Raeini A., Blunt M., Bijeljic B. Modelling two-phase flow in porous media at the pore 

scale using the volume-of-fluid method // J. Comput. Phys. ï 2012. ï Vol. 231. ï Pp. 

5653ï5668. 

90. Shams M., Raeini A., Blunt M., Bijeljic B., A numerical model of two-phase flow at 

the micro-scale using the volume-of-fluid method // J. Comput. Phys. ï 2018. ï Vol. 

357. ï Pp. 159ï182. 



173 

 

91. Wang Y., Do-Duang M., Amberg G. Viscoelastic droplet dynamics in a y-shaped 

capillary channel // Phys. Fluids. ï 2016. ï Vol. 28. ï P. 033103. 

92. Dehsara M., Fu H., Mesaroviĺ S.ņ., Sekuliĺ D.P., Krivilyov M.  (In)compressibility 

and parameter identification in phase field models for capillary flows // Theoretical 

and Applied Mechanics. ï 2017. ï Vol. 44, no. 2. ï Pp. 189-214. 

93. Ding H., Spelt P.D.M. Wetting condition in diffuse interface simulations of contact 

line motion // Phys. Rev. E. ï 2007. ï Vol. 75, no. 4. ï P. 046708. 

94. Villanueva W., Amberg G. Some generic capillary-driven flows // International 

Journal of Multiphase Flow. ï 2006. ï Vol. 32, no. 9. ï Pp. 0301-9322.  

95. Ferziger J.H., Periĺ M. Computational methods for fluid dynamics. ï 3., rev. ed. ï 

Berlin; Heidelberg; New York; Barcelona; Hong Kong; London; Milan; Paris; Tokyo: 

Springer, 2002. ï 423 p. 

96. Sui Y., Spelt P.D.M. Sustained inertial-capillary oscillations and jet formation in 

displacement flow in a tube // Physics of Fluids. ï 2011. Vol. 23, no. 12. ï P. 122104. 

97. Rayleigh L. Investigation of the character of the equilibrium of an incompressible 

heavy fluid of variable density // Proceedings of the London Mathematical Society. ï

1883. ï Vol.14, no. 1. ï Pp. 170-177. 

98. Taylor G. The instability of liquid surfaces when accelerated in a direction 

perpendicular to their planes. I // Proc. R. Soc. Lond. A. ï 1950. ï Vol. 201. ï Pp. 192-

196. 

99. Bellman R., Pennington R.H. Effects of surface tension and viscosity on Taylor 

instability // Quart. Appl. Math. ï 1954. ï Vol. 12. ï Pp. 151-162. 

100. Lewis D.J. The instability of liquid surfaces when accelerated in a direction 

perpendicular to their planes. II // Proc. R. Soc. Lond. A. ï 1950. ï Vol. 202. ï Pp. 81-

96. 

101. Emmons H.W. Chang C.T., Watson B.C. Taylor instability of finite surface waves // 

Journal of Fluid Mechanics. ï 1960. ï Vol. 7, no. 2. ï Pp. 177-193. 

102. Ratafia M.  Experimental investigation of Rayleigh Taylor instability // The Physics 

of Fluids. ï 1973. ï Vol. 8, no. 16. ï Pp. 1207-1210.  



174 

 

103. Cole R.L., Tankin R.S. Experimental study of Taylor instability // The Physics of 

Fluids. ï 1973. ï Vol. 16, no. 11. ï Pp. 1810-1815. 

104. Wolf G.H. The dynamic stabilization of the Rayleigh-Taylor instability and the 

corresponding dynamic equilibrium // Zeitschrift f¿r Physik A Hadrons and nuclei. ï 

1969. ï Vol. 227. ï Pp. 291ï300. 

105. Plesset M.S., Hsieh D.Y. General analysis of the stability of superposed fluids // The 

Physics of Fluids. ï 1964. ï Vol. 7, no. 8. ï Pp. 1099-1108. 

106. Munro D.H. Analytic solutions for Rayleigh-Taylor growth rates in smooth density 

gradients // Physical Review A. ï 1988. ï Vol. 38, no. 3. ï Pp. 1433-1445.  

107. Hsieh D.Y. Effects of heat and mass transfer on Rayleigh-Taylor instability // Journal 

of Basic Engineering. ï 1972. ï Vol. 94, no. 1. ï Pp. 156-160. 

108. Chandrasekhar S. Hydrodynamic and hydromagnetic stability. ï Oxford University 

Press edition, Cambridge, 1961. ï 657 p. 

109. Sharp D.H. An overview of Rayleigh-Taylor instability // Physica D. ï 1984. ï Vol. 

12, no. 1. ï Pp. 3-18.  

110. Richtmyer R.D. Taylor instability in a shock acceleration of compressible fluids // 

Communications on Pure and Applied Mathematics. ï 1960. ï Vol.13. ï Pp. 297-319. 

111. ʄʝʰʢʦʚ ɽ. ɽ. ʅʝʫʩʪʦʡʯʠʚʦʩʪʴ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʜʚʫʭ ʛʘʟʦʚ, ʫʩʢʦʨʷʝʤʦʡ ʫʜʘʨʥʦʡ 

ʚʦʣʥʦʡ // ʀʟʚ. ɸʅ ʉʉʉʈ, ʄɾɻ. ï 1969.  ï ʊ. 5. ï ʉ. 151-158. 

112. Kurowski P., Misbah C., Tchourkine S. Gravitational Instability of a fictitious front 

during mixing of miscible fluids // Europhysics Letters. ï 1995. ï Vol. 29, no. 4. ï Pp. 

309-314. 

113. Abarzhi S.I.  Review of theoretical modelling approaches of RayleighïTaylor 

instabilities and turbulent mixing // Review of theoretical modelling approaches of 

Rayleigh-Taylor instabilities and turbulent mixing. ï 2010. ï Vol. 368. ï Pp. 1809-

1828. 

114. Cook A.W., Dimotakis P.E. Transition stages of RayleighïTaylor instability between 

miscible fluids // Journal of Fluid Mechanics. ï 2001. ï Vol. 443. ï Pp. 69-99. 



175 

 

115. Young Y., Tufo H., Dubey A., Rosner R. On the miscible RayleighïTaylor instability: 

Two and three dimensions // Journal of Fluid Mechanics. ï 2001. ï Vol. 447. ï Pp. 

377-408. 

116. Payr M., Vanaparthy S., Meiburg E. Influence of variable viscosity on density-driven 

instabilities in capillary tubes // Journal of Fluid Mechanics. ï 2005. ï Vol. 525. ï Pp. 

333-353. 

117. Mueschke N.J., Schilling O. Investigation of RayleighïTaylor turbulence and mixing 

using direct numerical simulation with experimentally measured initial conditions. I. 

Comparison to experimental data // Physics of Fluids. ï 2009. ï Vol. 21, no. 1. ï P. 

014106. 

118. Mueschke N.J., Schilling O. Investigation of RayleighïTaylor turbulence and mixing 

using direct numerical simulation with experimentally measured initial conditions. II. 

Dynamics of transitional flow and mixing statistics // Physics of Fluids. ï 2009. ï Vol. 

21, no. 1. ï P. 014107. 

119. Celani A., Mazzino A., Muratore-Ginanneschi P., Vozella, L. Phase-field model for 

the Rayleigh-Taylor instability of immiscible fluids // Journal of Fluid Mechanics. ï 

2009. ï Vol. 622. ï Pp. 115-134.  

120. Ding H., Spelt P.D.M., Shu C. Diffuse interface model for incompressible two-phase 

flows with large density ratios // Journal of Computational Physics. ï 2007. ï Vol. 

226, no. 2. ï Pp. 2078-2095. 

121. Kheniene A., Vorobev A. Linear stability analysis of a horizontal phase boundary 

separating two miscible liquids // Phys. Rev. E. ï 2013. ï Vol. 88. ï P. 022404. 

122. Yeh H.-M., Yeh Y.-T. Separation theory in improved thermal diffusion columns // 

Chem. Eng. J. ï 1982. ï Vol. 25, no. 1. ï Pp. 55-62. 

123. ɸʪʦʤʥʳʡ ʧʨʦʝʢʪ ʉʉʉʈ. ɼʦʢʫʤʝʥʪʳ ʠ ʤʘʪʝʨʠʘʣʳ // ʇʦʜ ʦʙʱʝʡ ʨʝʜ. ʃ. ɼ. ʈʷʙʝʚʘ, 

ʊ. 1. ʂʥ. 2. ʄ.: ʀʟʜ. ʄʌʊʀ, 2002. ï 800 C. 

124. Guy C., Schott J. Modelling of Soret diffusion in radioactive waste glass // Appl. 

Geochem. ï 1992. ï Vol. 7. ï Pp. 33-40. 

125. Longhurst G.R. The Soret effect and its implications for fusion reactors // J. Nucl. 

Mater. ï 1985. ï Vol. 131. ï Pp. 61-69. 



176 

 

126. Hurle D.T.J. The effect of Soret diffusion on the morphological stability of a binary 

alloy crystal // J. Cryst. Growth. ï 1983. ï Vol. 61, no. 3. ï Pp. 463-472. 

127. Karim C., Jomaa S.M., Akbarzadeh A. A laboratory experimental study of mixing the 

solar pond gradient zone // Sol. Energy. ï 2011. ï Vol. 85, no. 2. ï Pp. 404-417. 

128. Rghif Y., Zeghmati B., Bahraoui F. Soret and Dufour effects on thermosolutal 

convection developed in a salt gradient solar pond // Int. J. Therm. Sci. ï 2021. ï Vol. 

161. ï P. 106760 

129. Duhr S., Arduini S., Braun D. Thermophoresis of DNA determined by microfluidic 

fluorescence // The European Physical Journal E. ï 2004. ï Vol. 15. ï Pp. 277ï286.  

130. Van Vaerenbergh S., Legros J.C., Daridon J.L., Karapantsios T., Kostoglou M., Saghir 

Z.M. // Microgravity Sci. Technol. ï 2006. ï Vol. 18. ï Pp. 150ï154. 

131. Kºhler W., Morozov K. The Soret effect in liquid mixtures ï A Review // journal 

Journal of Non-Equilibrium Thermodynamics. ï 2016. ï Vol. 41. ï Pp. 151ï197.  

132. Ludwig C. Diffusion zwischen ungleich erwªrmten Orten gleich zusammengesetzter 

Lºsungen // Sitzber. Akad. Wiss. Wien Math.-Naturw. Kl. ï 1856. ï Vol. 20. ï P. 539. 

133. Tyndall J.  Scientific Addresses. ï Charles C. Chatfield & Co., New Haven, 1870. ï 

74 p. 

134. Soret C., Sur lô®tat dô®quilibre que prend au point de vue de sa concentration une 

dissolution saline primitivement homog®ne dont deux parties sont port®es a des 

temp®ratures diff®rentes // Arch. Sci. Phys. Nat. Geneve. ï 1879. ï Vol. 2. ï P. 48. 

135. Chapman S. The kinetic theory of simple and composite monatomic gases: viscosity, 

thermal conduction and diffusion // Proc. R. Soc. Lond. A. ï 1916. ï Vol. 93. Pp. 1-

20. 

136. Tanner C.C. The Soret effect. Part 1 // Trans. Faraday Soc. ï 1927.ï Vol. 23. ï P. 75. 

137. Tanner C.C. The Soret effect. Part 2 // Trans. Faraday Soc. ï 1953. ï Vol. 49. ï P. 611. 

138. Clusius K., Dickel G. Neues Verfahren zur Gasentmischung und Isotopentrennung // 

Naturwissenschaften. ï 1938. ï Vol. 26. ï Pp. 546-546. 

139. B®nard, H. Les tourbillons cellulaires dans une nappe liquid // Revue G®n®rale des 

Sciences Pures et Appliqu®es. ï 1900. ï Vol. 11. ï Pp. 1261-1271.  



177 

 

140. Rayleigh On convection currents in a horizontal layer of fluid, when the higher 

temperature is on the under side // Phil. Mag. ï 1916. ï V.32, no. 192. ï Pp. 529-546. 

141. ɻʝʨʰʫʥʠ ɻ.ɿ, ɾʫʭʦʚʠʮʢʠʡ ɽ.ʄ.  ʂʦʥʚʝʢʪʠʚʥʘʷ ʫʩʪʦʡʯʠʚʦʩʪʴ ʥʝʩʞʠʤʘʝʤʦʡ 

ʞʠʜʢʦʩʪʠ, ʄ.: ʅʘʫʢʘ, 1972 ï 392 ʉ. 

142. ɻʝʨʰʫʥʠ ɻ.ɿ., ɾʫʭʦʚʠʮʢʠʡ ɽ.ʄ., ʅʝʧʦʤʥʷʱʠʡ ɸ.ɸ. ʋʩʪʦʡʯʠʚʦʩʪʴ 

ʢʦʥʚʝʢʪʠʚʥʳʭ ʪʝʯʝʥʠʡ, ʄ.: ʅʘʫʢʘ, 1989 ï 320 C.   

143. ʉʦʨʦʢʠʥ ɺ.ʉ. ɺʘʨʠʘʮʠʦʥʥʳʡ ʤʝʪʦʜ ʚ ʪʝʦʨʠʠ ʢʦʥʚʝʢʮʠʠ // ʇʄʄ. ï 1953. ï T. 17, 

ˉ 1. ï C. 39. 

144. ʐʘʧʦʰʥʠʢʦʚ ʀ.ɻ. ʂ ʪʝʦʨʠʠ ʢʦʥʚʝʢʪʠʚʥʳʭ ʷʚʣʝʥʠʡ ʚ ʙʠʥʘʨʥʦʡ ʩʤʝʩʠ // ʇʄʄ. ï 

1953. ï T. 17, ˉ 5. ï C. 604. 

145. ʐʘʧʦʰʥʠʢʦʚ ʀ.ɻ. ʂ ʚʦʧʨʦʩʫ ʦʙ ʫʯʝʪʝ ʜʠʬʬʫʟʠʦʥʥʳʭ ʷʚʣʝʥʠʡ ʚ ʫʨʘʚʥʝʥʠʷʭ 

ʛʠʜʨʦʜʠʥʘʤʠʢʠ // ɾʕʊʌ. ï 1951. ï T. 21, ˉ 11. ï C. 1309-1310. 

146. ɻʝʨʰʫʥʠ ɻ.ɿ., ɾʫʭʦʚʠʮʢʠʡ E.M. ʆ ʢʦʥʚʝʢʪʠʚʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ 

ʜʚʫʭʢʦʤʧʦʥʝʥʪʥʦʡ ʩʤʝʩʠ ʚ ʧʦʣʝ ʩʠʣʳ ʪʷʞʝʩʪʠ // ʇʄʄ. ï 1963. ʊ. 27,  ̄2. ï ʉ. 

301-308. 

147. Hurle D., Jakeman E. Soret-driven thermosolutal convection // Journal of Fluid 

Mechanics. ï 1971. ï Vol. 47, no. 4. ï Pp. 667-687.  

148. Schechter R.S., Prigogine I., Hamm J.R Thermal diffusion and convective stability // 

The Physics of Fluids. ï 1972. ï Vol. 15. ï Pp. 379-386. 

149. Legros J.C., Platten J.K., Poty P.G. Stability of a twoȤcomponent fluid layer heated 

from below // The Physics of Fluids. ï 1972. ï Vol. 15, no. 8. ï Pp. 1383-1390. 

150. Kozlova S., Mialdun A., Ryzhkov I., Janzen T., Vrabec J., Shevtsova V. Do ternary 

liquid mixtures exhibit negative main Fick diffusion coefficients? // Physical 

Chemistry Chemical Physics. ï 2019.  ï Vol. 21, no. 4. ï Pp. 2140-2152.  

151. ɼʝ ɻʨʦʦʪ ʉ., ʄʘʟʫʨ ʇ. ʅʝʨʘʚʥʦʚʝʩʥʘʷ ʪʝʨʤʦʜʠʥʘʤʠʢʘ. ï ʄ.: ʄʠʨ, 1964. ï 456 

C.  

152. Sparrow E.M., Goldstein R.J., Jonsson V.K. Thermal instability in a horizontal fluid 

layer: effect of boundary conditions and non-linear temperature profile // J. Fluid 

Mech. ï 1964. ï Vol. 18. ï Pp. 513-528. 



178 

 

153. Roetzel W., Luo X., Chen D. Design and operation of heat exchangers and their 

networks, Chapter 2 - Basic thermal design theory for heat exchangers ï Academic 

Press, 2020. ï Pp. 13-69. 

154. ʈʳʞʢʦʚ ʀ.ʀ. ʊʝʨʤʦʜʠʬʬʫʟʠʷ ʚ ʩʤʝʩʷʭ: ʫʨʘʚʥʝʥʠʷ, ʩʠʤʤʝʪʨʠʠ, ʨʝʰʝʥʠʷ ʠ ʠʭ 

ʫʩʪʦʡʯʠʚʦʩʪʴ. ʈʦʩ. ʘʢʘʜ. ʥʘʫʢ, ʉʠʙ. ʦʪʜ-ʥʠʝ, ʀʥ-ʪ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ï ʅʦʚʦʩʠʙʠʨʩʢ: ʀʟʜʘʪʝʣʴʩʪʚʦ ʉʆ ʈɸʅ, 2013. ï 200 C. 

155. ʊʘʨʫʥʠʥ ɽ.ʃ. ʏʠʩʣʝʥʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ʚ ʟʘʜʘʯʘʭ ʩʚʦʙʦʜʥʦʡ ʢʦʥʚʝʢʮʠʠ. ï

ʀʨʢʫʪʩʢ. ʀʟʜ-ʚʦ ʀʨʫʪ. ʋʥ-ʪʘ, 1990. ï 228 C. 

156. Davis S. Convection in a box: Linear theory // Journal of Fluid Mechanics. ï 1967. ï 

Vol. 30, no. 3. ï Pp. 465-478. 

157. Pallares J., Grau F.X., Giralt F. Flow transitions in laminar RayleighïB®nard 

convection in a cubical cavity at moderate Rayleigh numbers // International Journal 

of Heat and Mass Transfer. ï 1999. ï Vol. 42, no. 4. ï Pp. 753-769.  

158. Gelfgat A.Yu. Different modes of RayleighïB®nard instability in two- and three-

dimensional rectangular enclosures // Journal of Computational Physics. ï 1999. ï 

Vol. 156, no. 2. ï Pp. 300-324.  

159. Janssen R.J.A., Henkes R.A.W.M. Instabilities in threeȤdimensional differentiallyȤ

heated cavities with adiabatic horizontal walls // Physics of Fluids. ï 1996. ï Vol. 8, 

no. 1. ï Pp. 62-74.  

160. Puigjaner D., Herrero J., Giralt F., Sim· C. Stability analysis of the flow in a cubical 

cavity heated from below // Physics of Fluids. ï 2004. ï Vol. 16, no. 10. ï Pp. 3639-

3655.  

161. Var® T., Nouar C., M®tivier C., Bouteraa M. Stability of hexagonal pattern in 

RayleighïB®nard convection for thermodependent shear-thinning fluids // Journal of 

Fluid Mechanics. ï 2020. ï Vol. 905. ï Pp. A33.  

162. ɻʝʪʣʠʥʛ ɸ.ɺ. ʂʦʥʚʝʢʮʠʷ ʈʵʣʝʷ-ɹʝʥʘʨʘ. ʉʪʨʫʢʪʫʨʳ ʠ ʜʠʥʘʤʠʢʘ, ʄ: ʕʜʠʪʦʨʠʘʣ 

ʋʈʉʉ, 1999 - 248 ʉ. 

163. Clever R.M., Busse F.H. Hexagonal convection cells under conditions of vertical 

symmetry // Phys. Rev. E. ï 1996. ï Vol. 53, no. 3. ï Pp. R2037-R2040. 



179 

 

164. ɿʫʙʦʚʘ ʅ.ɸ., ʃʶʙʠʤʦʚʘ ʊ.ʇ. ʂʦʥʚʝʢʮʠʷ ʪʨʦʡʥʦʡ ʩʤʝʩʠ ʚ ʟʘʤʢʥʫʪʦʡ ʧʦʣʦʩʪʠ // 

ɺʝʩʪʥʠʢ ʇʝʨʤʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ. ʉʝʨ. ʌʠʟʠʢʘ. ï 2012. ï T. 4, ̄  22. ï ʉ. 56-60. 

165. ʃʶʙʠʤʦʚʘ ʊ.ʇ., ɿʫʙʦʚʘ ʅ.ɸ. ʋʩʪʦʡʯʠʚʦʩʪʴ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ ʪʨʦʡʥʦʡ 

ʩʤʝʩʠ ʚ ʢʚʘʜʨʘʪʥʦʡ ʧʦʣʦʩʪʠ ʧʨʠ ʚʝʨʪʠʢʘʣʴʥʦʤ ʛʨʘʜʠʝʥʪʝ ʪʝʤʧʝʨʘʪʫʨʳ // 

ɺʳʯʠʩʣʠʪʝʣʴʥʘʷ ʤʝʭʘʥʠʢʘ ʩʧʣʦʰʥʳʭ ʩʨʝʜ. ï 2014. ï ʊ.7, ˉ2. ï ʉ. 200-207. 

166. ɿʫʙʦʚʘ ʅ.ɸ., ʃʶʙʠʤʦʚʘ ʊ.ʇ. ʅʝʣʠʥʝʡʥʳʝ ʨʝʞʠʤʳ ʢʦʥʚʝʢʮʠʠ 

ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʳʭ ʩʤʝʩʝʡ ʚ ʢʚʘʜʨʘʪʥʦʡ ʧʦʣʦʩʪʠ ʧʨʠ ʫʩʪʘʥʦʚʠʚʰʝʤʩʷ 

ʚʝʨʪʠʢʘʣʴʥʦʤ ʛʨʘʜʠʝʥʪʝ ʪʝʤʧʝʨʘʪʫʨʳ // XXIV  ʚʩʝʨʦʩ. ʰʢʦʣʘ-ʢʦʥʬʝʨʝʥʮʠʷ 

ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ ʠ ʩʪʫʜʝʥʪʦʚ çʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚ ʝʩʪʝʩʪʚʝʥʥʳʭ 

ʥʘʫʢʘʭè: ʩʙ. ʤʘʪʝʨʠʘʣʦʚ ʢʦʥʬ., ʇʝʨʤʴ, 2015. ï ʉ. 162-165.  

167. Lyubimova T.P., Zubova N.A. Onset of convection in a ternary mixture in a square 

cavity heated from above at various gravity levels // Microgravity Science and 

Technology. ï 2014. ï Vol. 26, no. 4. ï Pp. 241-247. 

168. Lyubimova T.P., Zubova N.A. Onset and nonlinear regimes of the ternary mixture 

convection in a square cavity // The European Physical Journal E. ï 2015. ï Vol. 38. 

ï P. 19. 

169. Shevtsova V., Melnikov D., Legros J.C., Yan Y., Saghir Z., Lyubimova T., 

Sedelnikov G., Roux B. Influence of vibrations on thermodiffusion in binary mixture: 

A benchmark of numerical solutions // Physics of Fluids. ï 2007. ï Vol. 19, no. 1. ï 

P. 017111.  

170. Melnikov D., Mialdun A., Shevtsova V. Peculiarity of 3D flow organization in Soret 

driven instability // J. Non-Equilib. Thermodyn. ï 2007. ï Vol. 32, no. 3. ï Pp. 259-

270. 

171. Niethammer C., Becker S., Bernreuther M., Buchholz M., Eckhardt E., Heinecke A., 

Werth S., Bungartz H.-J., Glass C. W., Hasse H., Vrabec J., Horsch M. ls1 mardyn: 

The massively parallel molecular dynamics code for large systems // Journal of 

Chemical Theory and Computation. ï 2014. ï Vol. 10, no. 10. ï Pp. 4455-4464.  

172. M¿ller-Plathe F. A simple nonequilibrium molecular dynamics method for calculating 

the thermal conductivity // The Journal of Chemical Physics. ï 1997. ï Vol. 106, no. 

14. ï Pp. 6082-6085. 



180 

 

173. Janzen T., Vrabec J. Diffusion coefficients of a highly nonideal ternary liquid mixture: 

CyclohexaneīTolueneīMethanol // Industrial & Engineering Chemistry Research. ï 

2018. ï Vol. 57, no. 48. ï Pp. 16508-16517.  

174. Krishna R., van Baten J.M. The Darken relation for multicomponent diffusion in liquid 

mixtures of linear alkanes:  an investigation using molecular dynamics (MD) 

simulations // Industrial & Engineering Chemistry Research. ï 2005. ï Vol. 44, no. 

17. ï Pp. 6939-6947.  

175. Fingerhut R., Guevara-Carrion G., Nitzke I., Saric D., Marx J., Langenbach K., 

Prokopev S., CelnĨ D., Bernreuther M., Stephan S., Kohns M., Hasse H., Vrabec J. 

ms2: A molecular simulation tool for thermodynamic properties, release 4.0 // 

Computer Physics Communications. ï 2021. ï Vol. 262. ï P. 107860. 

176. Labrosse G. Free convection of binary liquid with variable Soret coefficient in 

thermogravitational column: the steady parallel base states. // Phys. Fluids. ï 2003. ï 

Vol. 15, no. 9. ï Pp. 2694-2727.  

177. ɿʘʤʩʢʠʡ ɹ.ʅ., ʈʘʙʠʥʦʚʠʯ ɻ.ɼ. ʋʨʘʚʥʝʥʠʷ ʧʝʨʝʥʦʩʘ ʚ ʪʝʨʤʦʜʠʬʬʫʟʠʦʥʥʦʡ 

ʢʦʣʦʥʥʝ ʜʣʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʤʝʩʝʡ // ʀʌɾ. ï 1979. ï ʊ. 36, ˉ 4. ï ʉ. 668-

675. 

178. Kolodner P., Williams H., Moe ʉ. Optical measurement of the Soret coefficient of 

ethanol/water solutions // J. Chem. Phys. ï 1988. ï Vol. 88. ï Pp. 6512-6524. 

179. Mialdun A., Ryzhkov I., Khlybov O., Lyubimova T., Shevtsova V. Measurement of 

Soret coefficients in a ternary mixture of tolueneïmethanolïcyclohexane in 

convection-free environment // Journal of Chemical Physics. ï 2018. ï Vol. 148. ï P. 

044506.  

180. Shevtsova V., Sechenyh V., Nepomnyashchy A., Legros J. Analysis of the application 

of optical two-wavelength techniques to measurement of the Soret coefficients in 

ternary mixtures // Philosophical Magazine. ï 2011. ï Vol. 91, no. 26. ï Pp. 3498ï

3518. 

181. Braibanti M., Artola P.-A., Baaske P., Bataller H., Bazile J.-P., Bou-Ali M.M., Cannell 

D.S., Carpineti M., Cerbino R., Croccolo F., Diaz J., Donev A., Errarte A., Ezquerro 

J.M., Frutos-Pastor A., Galand Q., Galliero G., Gaponenko Y., Garc²a-Fern§ndez L., 



181 

 

Gavald§ J., Giavazzi F., Giglio M., Giraudet C., Hoang H., Kufner E., Kºhler W., 

Lapeira E., Laver·n-Simavilla A., Legros J.-C., Lizarraga I., Lyubimova T., Mazzoni 

S., Melville N., Mialdun A., Minster O., Montel F., Molster F.J., Ortiz de Z§rate J.M., 

Rodr²guez J., Rousseau B., Ruiz X., Ryzhkov I.I., Schraml M., Shevtsova V., Takacs 

C.J., Triller T., Van Vaerenbergh S., Vailati A., Verga A., Vermorel R., Vesovic V., 

Yasnou V., Xu S., Zapf D., Zhang K. European Space Agency experiments on 

thermodiffusion of fluid mixtures in space // European Physical Journal E. ï 2019. ï 

Vol. 42, no. 7. ï Pp. 86. 

182. ɸʥʜʨʝʝʚ ɺ.ʂ., ɻʘʧʦʥʝʥʢʦ ʖ.ɸ., ɻʦʥʯʘʨʦʚʘ ʆ.ʅ., ʇʫʭʥʘʯʝʚ ɺ.ɺ. ʉʦʚʨʝʤʝʥʥʳʝ 

ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʢʦʥʚʝʢʮʠʠ. ï ʄ.: ʌʠʟʤʘʪʣʠʪ, 2008. ï 368 C. 

183. ʃʦʙʦʚ ʅ.ʀ., ʃʶʙʠʤʦʚ ɼ.ɺ., ʃʶʙʠʤʦʚʘ ʊ.ʇ. ʈʝʰʝʥʠʝ ʟʘʜʘʯ ʥʘ ʕɺʄ: ʫʯʝʙ.-ʤʝʪʦʜ. 

ʧʦʩʦʙʠʝ, ʇʝʨʤʴ: ʇʝʨʤ. ʫʥ-ʪ, 2007. ï 82 ʩ.   

184. ʈʦʫʯ ʇ.  ɺʳʯʠʩʣʠʪʝʣʴʥʘʷ ʛʠʜʨʦʜʠʥʘʤʠʢʘ. ï ʄ.: ʄʠʨ, 1980. ï 618 C. 

185. Mialdun A., Bataller H., Bou-Ali M. M., Braibanti M., Croccolo F., Errarte A., 

Ezquerro J.M., Fern§ndez J.J., Gaponenko Yu., Garc²a-Fern§ndez L., Rodr²guez J., 

Shevtsova V. Preliminary analysis of diffusion coefficient measurements in ternary 

mIXtures 4 (DCMIX4) experiment on board the International Space Station // The 

European Physical Journal E. ï 2019. ï Vol. 42, no. 7. ï P. 87. 

186. Sellers G., Wright R.S., Haemel N. OpenGL Superbible: Comprehensive Tutorial and 

Reference. ï Addison-Wesley, 2015. ï 880 P. 

187. Karimi K., Dickson N.G., Hamze F.A performance comparison of CUDA and 

OpenCL [ʕʣʝʢʪʨʦʥʥʳʡ ʨʝʩʫʨʩ] // arXiv.org. 2011. ɼʘʪʘ ʦʙʥʦʚʣʝʥʠʷ: 16.05.2011. 

URL: https://arxiv.org/abs/cond-mat/0106542 (ʜʘʪʘ ʦʙʨʘʱʝʥʠʷ: 11.06.2021). 

188. Ahamed A.-K. C., Magoul¯s F. Conjugate gradient method with graphics processing 

unit acceleration: CUDA vs OpenCL // Advances in Engineering Software. ï 2017. ï 

Vol. 111. ï Pp. 32-42. 

189. Fang J., Varbanescu A.L., Sips H.A comprehensive performance comparison of 

CUDA and OpenCL // International Conference on Parallel Processing, 2011. ï Pp. 

216-225. 



182 

 

190. Christgau S., Spazier J., Schnor B., Hammitzsch M., Babeyko A., Waechter J. A 

comparison of CUDA and OpenACC: Accelerating the Tsunami Simulation 

EasyWave // ARCS 2014; 2014 Workshop Proceedings on Architecture of Computing 

Systems, 2014. ï Pp. 1-5. 

191. Lee S., Gounley J., Randles A., Vetter J.S. Performance portability study for massively 

parallel computational fluid dynamics application on scalable heterogeneous 

architectures // Journal of Parallel and Distributed Computing. ï 2019. ï Vol. 129. ï 

Pp. 1-13. 

192. Memeti S., Li L., Pllana S., Koğodziej J., Kessler C. Benchmarking OpenCL, 

OpenACC, OpenMP, and CUDA: programming productivity, performance, and 

energy consumption // ARMS-CC '17: Proceedings of the 2017 Workshop on 

Adaptive Resource Management and Scheduling for Cloud Computing, 2017. ï Pp. 

1-6. 

193. ʉʘʥʜʝʨʩ ɼ., ʂʵʥʜʨʦʪ ʕ. ʊʝʭʥʦʣʦʛʠʷ CUDA ʚ ʧʨʠʤʝʨʘʭ. ɺʚʝʜʝʥʠʝ ʚ 

ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʝ ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʦʚ. ʇʝʨ. ʩ ʘʥʛʣ. ʉʣʠʥʢʠʥʘ ɸ.ɸ. ï ʄ.: 

ɼʄʂ ʇʨʝʩʩ. 2013. ï 232 C. 

194. ʈʦʫʯ ʇ. ɺʳʯʠʩʣʠʪʝʣʴʥʘʷ ʛʠʜʨʦʜʠʥʘʤʠʢʘ. ï ʄ.: ʄʠʨ. 1980. ï 618 C. 

195. M. Harris Optimizing parallel reduction in CUDA [ʕʣʝʢʪʨʦʥʥʳʡ ʨʝʩʫʨʩ] // 

ʇʨʝʟʝʥʪʘʮʠʷ Nvidia. ï URL: https://developer.download.nvidia.com/assets/ 

cuda/files/reduction.pdf (ʜʘʪʘ ʦʙʨʘʱʝʥʠʷ: 19.06.2021). 

 

 

 

 

  



183 

 

ʇʨʠʣʦʞʝʥʠʝ ɸ. ʏʠʩʣʝʥʥʦʝ ʨʝʰʝʥʠʝ ʥʘ ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʘʭ 
 

ɺʚʝʜʝʥʠʝ 

 

 ɼʣʷ ʵʬʬʝʢʪʠʚʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʩ ʙʦʣʴʰʠʤ ʯʠʩʣʦʤ 

ʩʪʨʫʢʪʫʨʥʳʭ ʵʣʝʤʝʥʪʦʚ (ʙʦʣʴʰʦʝ ʯʠʩʣʦ ʫʟʣʦʚ ʩʝʪʢʠ) ʨʘʟʨʘʙʦʪʘʥ ʧʦʜʭʦʜ 

ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ, ʧʨʠ ʢʦʪʦʨʦʤ ʯʠʩʣʝʥʥʳʝ ʨʘʩʯʝʪʳ ʚʳʧʦʣʥʷʶʪʩʷ 

ʥʘ ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʘʭ (GPU, graphics processing unit, ʛʨʘʬʠʯʝʩʢʠʡ 

ʫʩʢʦʨʠʪʝʣʴ ʠʣʠ ʧʨʦʩʪʦ ʚʠʜʝʦʢʘʨʪʘ) ʦʪ ʢʦʤʧʘʥʠʠ Nvidia ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʪʝʭʥʦʣʦʛʠʠ CUDA ï ʧʨʦʛʨʘʤʤʥʦ-ʘʧʧʘʨʘʪʥʘʷ ʘʨʭʠʪʝʢʪʫʨʘ ʧʘʨʘʣʣʝʣʴʥʳʭ 

ʚʳʯʠʩʣʝʥʠʡ. ʀʤʝʝʪʩʷ ʧʦʜʜʝʨʞʢʘ ʙʦʣʴʰʠʥʩʪʚʘ ʦʧʝʨʘʮʠʦʥʥʳʭ ʩʠʩʪʝʤ: Windows, 

Linux, Mac OS. ɺ ʢʘʯʝʩʪʚʝ ʷʟʳʢʘ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʘʩʰʠʨʝʥʠʷ 

ʷʟʳʢʦʚ ʉ/ʉ++ ʠʣʠ Fortran (CUDA Fortran ʠʩʧʦʣʴʟʫʝʪʩʷ ʨʝʜʢʦ). ʊʘʢʞʝ ʠʤʝʶʪʩʷ 

ʚʦʟʤʦʞʥʦʩʪʠ ʚʳʟʚʘʪʴ ʚʳʧʦʣʥʷʝʤʳʝ ʥʘ GPU ʬʫʥʢʮʠʠ ʚ ʨʘʟʣʠʯʥʳʭ ʙʠʙʣʠʦʪʝʢʘʭ 

ʷʟʳʢʦʚ Python, Matlab, Java ʠ ʧʨ. ʅʘʤʠ ʧʨʠ ʥʘʧʠʩʘʥʠʠ ʘʣʛʦʨʠʪʤʦʚ ʠʩʧʦʣʴʟʦʚʘʣʩʷ 

ʷʟʳʢ CUDA C.  

 ɺʳʯʠʩʣʠʪʝʣʴʥʘʷ ʤʦʱʥʦʩʪʴ ʦʜʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ GPU ʩʦʧʦʩʪʘʚʠʤʘ ʩ 

ʥʝʩʢʦʣʴʢʠʤʠ ʜʝʩʷʪʢʘʤʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʷʜʝʨ ʪʨʘʜʠʮʠʦʥʥʦ ʠʩʧʦʣʴʟʫʝʤʳʭ 

ʮʝʥʪʨʘʣʴʥʳʭ ʧʨʦʮʝʩʩʦʨʦʚ. ʉʦʚʨʝʤʝʥʥʳʝ ʧʨʦʬʝʩʩʠʦʥʘʣʴʥʳʝ ʛʨʘʬʠʯʝʩʢʠʝ 

ʧʨʦʮʝʩʩʦʨʳ ʩʝʨʠʠ Nvidia Tesla, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʝ, ʚ ʯʘʩʪʥʦʩʪʠ, ʜʣʷ ʥʘʫʯʥʳʭ 

ʚʳʯʠʩʣʝʥʠʡ, ʦʙʣʘʜʘʶʪ ʙʦʣʴʰʠʤ ʦʙʲʝʤʦʤ ʧʘʤʷʪʠ (ʜʦ 24 GB), ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʧʨʦʚʦʜʠʪʴ ʨʘʩʯʝʪʳ ʩ ʙʦʣʴʰʠʤ ʯʠʩʣʦʤ ʫʟʣʦʚ ʙʝʟ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʝʨʝʜʘʯʠ 

ʛʨʘʥʠʯʥʳʭ ʜʘʥʥʳʭ ʤʝʞʜʫ ʨʘʟʥʳʤʠ ʫʯʘʩʪʢʘʤʠ ʧʘʤʷʪʠ.  ɺʳʯʠʩʣʝʥʠʷ ʥʘ 

ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʘʭ ʷʚʣʷʝʪʩʷ ʙʫʨʥʦ ʨʘʟʚʠʚʘʶʱʝʡʩʷ ʦʙʣʘʩʪʴʶ, ʠʤʝʶʱʝʡ 

ʧʝʨʩʧʝʢʪʠʚʳ ʜʘʣʴʥʝʡʰʝʛʦ ʨʘʟʚʠʪʠʷ ʧʨʦʛʨʘʤʤʥʦʡ ʠ ʘʧʧʘʨʘʪʥʦʡ ʯʘʩʪʝʡ ʜʘʥʥʦʡ 

ʪʝʭʥʦʣʦʛʠʠ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʦʚ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ 

ʵʬʬʝʢʪʠʚʥʳʤ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʦʪʨʝʙʣʝʥʠʷ ʵʥʝʨʛʠʠ ʠ ʩʦʦʪʥʦʰʝʥʠʷ ʮʝʥʘ/ʢʘʯʝʩʪʚʦ 

(ʮʝʥʘ/ʚʳʯʠʩʣʠʪʝʣʴʥʘʷ ʤʦʱʥʦʩʪʴ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠʤʝʥʝʥʠʝ ʜʘʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ 

ʢ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʟʘʜʘʯ ʛʠʜʨʦʜʠʥʘʤʠʢʠ ʷʚʣʷʝʪʩʷ ʩʦʚʨʝʤʝʥʥʳʤ ʠ ʘʢʪʫʘʣʴʥʳʤ 

ʧʦʜʭʦʜʦʤ, ʦʙʣʘʜʘʶʱʠʤ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʥʦʚʠʟʥʳ ʠ, ʢʘʢ ʤʠʥʠʤʫʤ, ʥʝ ʤʝʥʴʰʝʡ 



184 

 

ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ, ʯʝʤ ʪʨʘʜʠʮʠʦʥʥʳʝ ʧʦʜʭʦʜʳ ʢ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʶ ʘʣʛʦʨʠʪʤʦʚ, 

ʥʘʧʨʠʤʝʨ, ʪʘʢʠʝ ʢʘʢ MPI ʠʣʠ OpenMP. 

 

 ʂʨʘʪʢʦ ʭʘʨʘʢʪʝʨʠʟʫʷ ʛʨʘʬʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʦʨʳ (GPU), ʤʦʞʥʦ ʩʢʘʟʘʪʴ, ʯʪʦ ʥʘ 

ʬʠʟʠʯʝʩʢʦʤ ʫʨʦʚʥʝ ʪʘʢʠʝ ʧʨʦʮʝʩʩʦʨʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʪʫ ʞʝ ʢʦʥʮʝʧʮʠʶ, ʯʪʦ ʠ 

ʩʜʝʣʘʥʥʳʝ ʥʘ ʦʩʥʦʚʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʮʝʥʪʨʘʣʴʥʳʝ ʧʨʦʮʝʩʩʦʨʳ (ʎʇʋ/CPU), ʩ ʪʦʡ 

ʨʘʟʥʠʮʝʡ, ʯʪʦ GPU ʠʟʥʘʯʘʣʴʥʦ ʨʘʟʨʘʙʘʪʳʚʘʣʠʩʴ ʢʘʢ ʤʘʩʩʠʚʥʘʷ ʧʘʨʘʣʣʝʣʴʥʘʷ 

ʘʨʭʠʪʝʢʪʫʨʘ ʩ ʤʥʦʞʝʩʪʚʦʤ ʷʜʝʨ (ʩʦʪʥʷʤʠ ʠ ʪʳʩʷʯʘʤʠ). 

 GPU ʩʦʩʪʦʠʪ ʠʟ ʧʦʪʦʢʦʚʳʭ ʤʫʣʴʪʠʧʨʦʮʝʩʩʦʨʦʚ (ʥʝ ʙʦʣʴʰʝ ʜʝʩʷʪʢʘ ʥʘ 

ʩʨʝʜʥʝʤ ʥʦʫʪʙʫʢʝ ʩ ʪʠʧʠʯʥʳʤ ʥʝʩʢʦʣʴʢʦ ʫʨʝʟʘʥʥʳʤ GeForce GPU ʠ ʥʝʩʢʦʣʴʢʦ 

ʜʝʩʷʪʢʦʚ ʥʘ ʤʦʱʥʳʭ GPU ʩʝʨʠʠ Nvidia Tesla). ʂʘʞʜʳʡ ʪʘʢʦʡ ʤʫʣʴʪʠʧʨʦʮʝʩʩʦʨ 

ʠʤʝʝʪ ʙʣʦʢʠ ʘʨʠʬʤʝʪʠʢʦ-ʣʦʛʠʯʝʩʢʦʛʦ ʫʩʪʨʦʡʩʪʚʘ (ɸʃʋ) ʠ ʫʩʪʨʦʡʩʪʚʘ ʫʧʨʘʚʣʝʥʠʷ 

(ʋʋ), ʢʵʰ, ʨʝʛʠʩʪʨʳ, ʯʪʦ ʦʙʨʘʟʫʶʪ ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ʷʜʨʘ CUDA. ɼʣʷ ʚʩʝʭ 

ʧʦʪʦʢʦʚʳʭ ʤʫʣʴʪʠʧʨʦʮʝʩʩʦʨʦʚ ʠ ʷʜʝʨ CUDA ʝʩʪʴ ʜʦʩʪʫʧ ʢ ʛʣʦʙʘʣʴʥʦʡ ʧʘʤʷʪʠ 

ʛʨʘʬʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʦʨʘ DRAM, ʢʘʞʜʳʡ ʤʫʣʴʪʠʧʨʦʮʝʩʩʦʨ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʪʘʢʞʝ 

ʠʤʝʝʪ ʥʝʙʦʣʴʰʦʡ ʢʫʩʦʢ ʜʦʩʪʫʧʥʦʡ ʣʦʢʘʣʴʥʦʡ ʧʘʤʷʪʠ ʜʣʷ ʚʩʝʭ ʩʚʦʠʭ ʷʜʝʨ CUDA. 

ʇʦʜʨʦʙʥʘʷ ʩʧʝʮʠʬʠʢʘʮʠʷ ʘʨʭʠʪʝʢʪʫʨʳ ʤʦʞʝʪ ʦʪʣʠʯʘʪʴʩʷ ʜʣʷ ʢʘʞʜʦʛʦ ʧʦʢʦʣʝʥʠʷ 

ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʦʚ, ʝʝ ʣʝʛʢʦ ʤʦʞʥʦ ʥʘʡʪʠ ʥʘ ʦʬʠʮʠʘʣʴʥʦʤ ʚʝʙ-ʩʘʡʪʝ Nvidia. 

 ʇʝʨʚʦʥʘʯʘʣʴʥʦ, ʢʘʢ ʤʦʞʥʦ ʜʦʛʘʜʘʪʴʩʷ ʠʟ ʥʘʟʚʘʥʠʷ, ʛʨʘʬʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʦʨʳ 

ʙʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʢʦʤʧʴʶʪʝʨʥʦʡ ʛʨʘʬʠʢʠ, ʠ ʧʝʨʚʳʝ ʚʝʨʩʠʠ GPU 

ʫʤʝʣʠ ʚʳʧʦʣʥʷʪʴ ʣʠʰʴ ʦʧʝʨʘʮʠʠ ʩ ʮʝʣʳʤʠ ʯʠʩʣʘʤʠ (ʟʥʘʯʝʥʠʷ ʧʠʢʩʝʣʝʡ, ʪʘʢʠʝ ʢʘʢ 

ʧʦʣʦʞʝʥʠʝ x ʠ y ʠ ʮʚʝʪ, ʷʚʣʷʶʪʩʷ ʮʝʣʳʤʠ ʯʠʩʣʘʤʠ). ʇʦʟʞʝ ʙʳʣʠ ʜʦʙʘʚʣʝʥʳ 

ʦʧʝʨʘʮʠʠ ʩ ʧʣʘʚʘʶʱʝʡ ʟʘʧʷʪʦʡ, ʢʘʢ ʩ ʦʜʠʥʘʨʥʦʡ, ʪʘʢ ʠ ʩ ʜʚʦʡʥʦʡ ʪʦʯʥʦʩʪʴʶ. 

ʆʜʥʘʢʦ ʠʟʥʘʯʘʣʴʥʦ ʥʝ ʙʳʣʦ ʘʜʝʢʚʘʪʥʳʭ ʠʥʩʪʨʫʤʝʥʪʦʚ ʜʣʷ ʚʳʯʠʩʣʝʥʠʡ ʦʙʱʝʛʦ 

ʥʘʟʥʘʯʝʥʠʷ ʥʘ GPU (General-purpose computing on graphics processing units, GPGPU, 

ï ʪʝʨʤʠʥ, ʧʦʜʨʘʟʫʤʝʚʘʶʱʠʡ ʥʝʧʨʦʬʠʣʴʥʳʝ ʟʘʜʘʯʠ ʜʣʷ ʛʨʘʬʠʯʝʩʢʠʭ ʫʩʢʦʨʠʪʝʣʝʡ, 

ʚ ʪʦʤ ʯʠʩʣʝ ʯʠʩʣʝʥʥʳʝ ʘʣʛʦʨʠʪʤʳ). ʈʘʟʚʠʪʠʝ ʪʘʢʦʛʦ ʨʦʜʘ ʟʘʜʘʯ ʜʣʷ ʛʨʘʬʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʨʦʚ ʩʚʷʟʘʥʦ ʩ ʧʦʷʚʣʝʥʠʝʤ ʰʝʡʜʝʨʦʚ ï ʩʧʝʮʠʘʣʴʥʳʭ ʤʠʥʠ-ʧʨʦʛʨʘʤʤ ʜʣʷ 

ʚʠʜʝʦʢʘʨʪʳ ʩ ʮʝʣʴʶ ʘʧʧʘʨʘʪʥʦʛʦ ʫʩʢʦʨʝʥʠʷ ʵʬʬʝʢʪʦʚ ʢʦʤʧʴʶʪʝʨʥʦʡ ʛʨʘʬʠʢʠ: 

ʦʪʩʝʯʝʥʠʝ ʥʝʚʠʜʠʤʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ, ʥʘʣʦʞʝʥʠʡ ʪʝʢʩʪʫʨ, ʵʬʬʝʢʪʳ ʚʩʧʳʰʝʢ, 
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ʪʫʤʘʥʘ, ʨʘʩʩʝʠʚʘʥʠʷ ʩʚʝʪʘ ʠ ʤʥʦʛʦʝ ʜʨʫʛʦʝ. ʇʦʜʦʙʥʳʝ ʵʬʬʝʢʪʳ ʪʨʝʙʫʶʪ ʩʚʦʠʭ 

ʩʧʝʮʠʬʠʯʝʩʢʠʭ ʘʣʛʦʨʠʪʤʦʚ. ʇʝʨʚʳʝ ʤʦʜʝʣʠ ʚʠʜʝʦʢʘʨʪ ʥʝ ʦʙʣʘʜʘʣʠ ʩʚʦʙʦʜʥʦʡ 

ʚʦʟʤʦʞʥʦʩʪʴʶ ʥʘʧʠʩʘʥʠʷ ʪʘʢʠʭ ʘʣʛʦʨʠʪʤʦʚ (ʪ.ʝ. ʰʝʡʜʝʨʳ ʚ ʥʠʭ ʦʪʩʫʪʩʪʚʦʚʘʣʠ), 

ʚʤʝʩʪʦ ʵʪʦʛʦ ʚ ʥʠʭ ʧʦ ʫʤʦʣʯʘʥʠʶ ʙʳʣ ʟʘʧʠʩʘʥ ʥʝʢʠʭ ʦʛʨʘʥʠʯʝʥʥʳʭ ʥʘʙʦʨ 

ʘʣʛʦʨʠʪʤʦʚ.  

 ʇʨʦʛʨʘʤʤʠʩʪʳ ʤʦʛʣʠ ʣʠʰʴ ʜʦʚʦʣʴʩʪʚʦʚʘʪʴʩʷ ʪʝʤ, ʯʪʦ ʠʤʝʣʠ, ʦʜʥʘʢʦ ʫ ʚʩʝʭ 

ʙʳʣʠ ʩʚʦʠ ʮʝʣʠ ï ʢʦʤʫ-ʪʦ ʭʦʪʝʣʦʩʴ ʙʦʣʴʰʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʠ ʩʢʦʨʦʩʪʠ, ʢʦʤʫ-

ʪʦ ʢʘʯʝʩʪʚʝʥʥʦ ʦʪʨʠʩʦʚʘʥʥʦʡ ʢʘʨʪʠʥʢʠ, ʢʦʤʫ-ʪʦ ʞʝ ʧʨʦʩʪʦ ʢʘʢʠʭ-ʪʦ ʥʝʩʪʘʥʜʘʨʪʥʳʭ 

ʵʬʬʝʢʪʦʚ ï ʜʣʷ ʵʪʦʛʦ ʧʨʦʠʟʚʦʜʠʪʝʣʠ ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʦʚ ʠ ʜʘʣʠ ʪʘʢʫʶ 

ʚʦʟʤʦʞʥʦʩʪʴ, ʢʘʢ ʰʝʡʜʝʨʥʳʝ (ʤʠʥʠ-) ʧʨʦʛʨʘʤʤʳ ʠʣʠ ʧʨʦʩʪʦ ʰʝʡʜʝʨʳ. ʆʜʥʘʢʦ 

ʜʘʥʥʳʝ ʤʠʥʠ-ʧʨʦʛʨʘʤʤʳ ʙʳʣʠ ʟʘʪʦʯʝʥʳ ʩʫʛʫʙʦ ʧʦʜ ʥʫʞʜʳ ʠʤʝʥʥʦ ʢʦʤʧʴʶʪʝʨʥʦʡ 

ʛʨʘʬʠʢʠ ʠ ʚʩʝ ʝʱʝ ʥʝ ʦʙʣʘʜʘʣʠ ʥʫʞʥʦʡ ʛʠʙʢʦʩʪʴʶ ʠ ʫʥʠʚʝʨʩʘʣʴʥʦʩʪʴʶ. 

ɹʝʟʫʩʣʦʚʥʦ, ʥʘʰʣʠʩʴ ʪʝ, ʢʦʤʫ ʚ ʛʦʣʦʚʫ ʧʨʠʰʣʘ ʤʳʩʣʴ ʧʦʧʳʪʘʪʴʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʛʨʘʬʠʯʝʩʢʠʝ ʫʩʢʦʨʠʪʝʣʠ ʚ ʥʝʧʨʦʬʠʣʴʥʳʭ ʦʙʣʘʩʪʷʭ. ʇʝʨʚʳʤ ʵʥʪʫʟʠʘʩʪʘʤ 

ʧʨʠʭʦʜʠʣʦʩʴ ʩʣʝʜʦʚʘʪʴ ʦʢʦʣʴʥʦʤʫ ʧʫʪʠ ʚ ʜʦʩʪʠʞʝʥʠʠ ʩʚʦʠʭ ʮʝʣʝʡ. ʋʧʨʦʱʝʥʥʦ 

ʛʦʚʦʨʷʪ, ʧʨʦʛʨʘʤʤʠʩʪ ʤʦʛ ʦʧʝʨʠʨʦʚʘʪʴ ʩ, ʥʘʧʨʠʤʝʨ, ʟʝʣʝʥʳʤ ʢʘʥʘʣʦʤ ʮʚʝʪʘ 

ʧʠʢʩʝʣʷ, ʥʦ ʥʠʢʪʦ ʥʝ ʟʘʧʨʝʱʘʣ ʧʨʦʛʨʘʤʤʠʩʪʫ ʜʫʤʘʪʴ ʦ ʟʝʣʝʥʦʤ ʧʠʢʩʝʣʝ ʥʝ ʢʘʢ ʦ 

ʟʝʣʝʥʦʤ ʧʠʢʩʝʣʝ, ʘ ʢʘʢ, ʩʢʘʞʝʤ, ʦ ʪʝʤʧʝʨʘʪʫʨʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʙʦʪʘʷ ʩ ʮʚʝʪʦʤ 

(ʧʨʦʚʦʜʷ ʩ ʥʠʤ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʦʧʝʨʘʮʠʠ), ʤʦʞʥʦ ʙʳʣʦ, ʚ ʪʝʦʨʠʠ, ʨʘʩʩʯʠʪʘʪʴ, 

ʥʘʧʨʠʤʝʨ, ʢʘʢʦʝ-ʥʠʙʫʜʴ ʫʨʘʚʥʝʥʠʝ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ. ʊʘʢʦʡ ʧʨʦʮʝʩʩ ʙʳʣ 

ʥʝʩʦʤʥʝʥʥʦ ʤʝʜʣʝʥʥʳʤ, ʩʣʦʞʥʦ ʨʝʘʣʠʟʫʝʤʳʤ ʠ ʚ ʮʝʣʦʤ ʥʝʵʬʬʝʢʪʠʚʥʳʤ. ʅʦ, ʢʘʢ 

ʠʟʚʝʩʪʥʦ, ʩʧʨʦʩ ʨʦʞʜʘʝʪ ʧʨʝʜʣʦʞʝʥʠʝ, ʠ ʧʨʦʠʟʚʦʜʠʪʝʣʠ ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʦʚ 

ʩʥʦʚʘ ʩʜʝʣʘʣʠ ʰʘʛ ʥʘʚʩʪʨʝʯʫ ʨʷʜʦʚʳʤ ʧʦʣʴʟʦʚʘʪʝʣʷʤ.  

 ʊʘʢ, ʩʦʙʩʪʚʝʥʥʦ, ʠ ʧʦʷʚʠʣʘʩʴ ʪʝʭʥʦʣʦʛʠʷ CUDA ï ʦʜʥʘ ʠʟ ʧʝʨʚʳʭ ʚ ʩʚʦʝʡ 

ʦʙʣʘʩʪʠ. ʍʦʨʦʰʝʝ ʦʧʠʩʘʥʠʝ ʠʩʪʦʨʠʠ ʨʘʟʚʠʪʠʷ ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʦʚ ʠ 

ʩʪʘʥʜʘʨʪʦʚ ʢʦʤʧʴʶʪʝʨʥʦʡ ʛʨʘʬʠʢʠ ʤʦʞʥʦ ʥʘʡʪʠ ʚ ʢʥʠʛʝ [186] (ʜʦʩʪʫʧʥʘ ʪʘʢʞʝ ʚ 

ʧʝʨʝʚʦʜʝ ʥʘ ʨʫʩʩʢʠʡ ʷʟʳʢ ʚ ʙʦʣʝʝ ʩʪʘʨʦʤ ʠʟʜʘʥʠʠ). ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ 

ʤʦʱʥʦʩʪʠ GPU ʤʦʞʝʪ ʙʳʪʴ ʵʬʬʝʢʪʠʚʥʦ ʧʨʠʤʝʥʝʥʦ ʚ ʪʘʢʠʭ ʦʙʣʘʩʪʷʭ, ʛʜʝ ʚʦʟʤʦʞʥʦ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʠ ʥʝʟʘʚʠʩʠʤʦ ʚʳʧʦʣʥʷʪʴ ʨʘʩʯʝʪʳ ʥʘʜ ʨʘʟʣʠʯʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ 

ʢʘʢʦʛʦ-ʣʠʙʦ ʤʘʩʩʠʚʘ, ʦʙʨʘʙʘʪʳʚʘʪʴ ʨʘʟʥʳʝ ʯʘʩʪʠ ʜʘʥʥʳʭ ʠ ʪ.ʜ. (ʧʨʠʥʮʠʧ SIMD). 
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ʇʝʨʚʦʥʘʯʘʣʴʥʦʝ (ʠ ʦʩʥʦʚʥʦʝ) ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚʠʜʝʦʢʘʨʪ ʚ ʦʩʥʦʚʝ ʩʚʦʝʡ ʠʤʝʥʥʦ 

ʪʘʢʦʝ: ʪʳʩʷʯʠ ʧʠʢʩʝʣʝʡ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʦʙʨʘʙʘʪʳʚʘʪʴ ʥʝʟʘʚʠʩʠʤʦ (ʠʣʠ, ʚʦ ʚʩʷʢʦʤ 

ʩʣʫʯʘʝ, ʛʨʫʧʧʳ ʧʠʢʩʝʣʝʡ).  

 ʉ ʪʘʢʦʡ ʞʝ ʧʦʪʨʝʙʥʦʩʪʴʶ ʤʦʞʥʦ ʩʪʦʣʢʥʫʪʴʩʷ ʚ ʙʦʣʴʰʦʤ ʢʦʣʠʯʝʩʪʚʝ ʜʨʫʛʠʭ 

ʧʨʦʙʣʝʤ, ʥʘʧʨʠʤʝʨ, ʚ ʛʨʘʚʠʪʘʮʠʦʥʥʦʡ ʟʘʜʘʯʝ N-ʪʝʣ ʠʣʠ ʘʥʘʣʦʛʠʯʥʦʡ ʟʘʜʘʯʝ ʚ 

ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʝ, ʚ ʠʥʳʭ ʟʘʜʘʯʘʭ, ʩʚʷʟʘʥʥʳʭ ʩ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ ʯʘʩʪʠʮ, 

ʪʘʢʠʭ ʢʘʢ ʤʝʪʦʜ SPH (Smoothed Particle Hydrodynamics/ɻʠʜʨʦʜʠʥʘʤʠʢʘ 

ʩʛʣʘʞʝʥʥʳʭ ʯʘʩʪʠʮ), ʧʨʠ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʠ ʟʘʜʘʯ ʣʠʥʝʡʥʦʡ ʘʣʛʝʙʨʳ, ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʨʝʰʝʪʦʯʥʦʛʦ ʤʝʪʦʜʘ ɹʦʣʴʮʤʘʥʘ ʠ ʚʦ ʤʥʦʛʠʭ ʜʨʫʛʠʭ ʦʙʣʘʩʪʷʭ. ʀ 

ʢʦʥʝʯʥʦ ʞʝ, ʚʦʟʤʦʞʥʦ, ʥʘʠʙʦʣʝʝ ʧʦʧʫʣʷʨʥʳʤ ʧʨʠʣʦʞʝʥʠʝʤ ʠʩʧʦʣʴʟʦʚʘʥʠʷ GPU 

ʜʣʷ ʚʳʯʠʩʣʝʥʠʡ ʦʙʱʝʛʦ ʥʘʟʥʘʯʝʥʠʷ ʷʚʣʷʝʪʩʷ ʤʘʰʠʥʥʦʝ / ʛʣʫʙʦʢʦʝ ʦʙʫʯʝʥʠʝ, ʛʜʝ 

GPU ʩʧʦʩʦʙʥʳ ʟʥʘʯʠʪʝʣʴʥʦ ʫʩʢʦʨʠʪʴ ʦʙʫʯʝʥʠʝ ʘʣʛʦʨʠʪʤʦʚ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ. 

ɹʦʣʝʝ ʪʦʛʦ, ʥʝʡʨʦʥʥʳʝ ʩʝʪʠ / ʠʩʢʫʩʩʪʚʝʥʥʳʡ ʠʥʪʝʣʣʝʢʪ ï ʛʠʛʘʥʪʩʢʘʷ ʜʚʠʞʫʱʘʷ 

ʩʠʣʘ ʚ ʦʙʣʘʩʪʠ ʨʘʟʨʘʙʦʪʢʠ ʠ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʦʚ.   

 ʏʠʩʣʝʥʥʳʝ ʘʣʛʦʨʠʪʤʳ ʨʝʰʝʥʠʷ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʚ ʯʘʩʪʥʳʭ 

ʧʨʦʠʟʚʦʜʥʳʭ ʪʘʢʞʝ ʤʦʛʫʪ ʙʳʪʴ ʵʬʬʝʢʪʠʚʥʦ ʨʘʩʧʘʨʘʣʣʝʣʝʥʳ. ʈʘʟʣʠʯʥʳʝ ʤʝʪʦʜʳ 

ʨʝʰʝʥʠʷ ʪʘʢʠʭ ʫʨʘʚʥʝʥʠʡ ʠ ʨʘʟʥʳʝ ʩʭʝʤʳ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʪʨʝʙʫʶʪ ʨʘʟʥʳʭ 

ʧʦʜʭʦʜʦʚ ʠ ʠʤʝʶʪ ʨʘʟʣʠʯʥʳʡ ʧʦʪʝʥʮʠʘʣ ʜʣʷ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʷ. 

 ʈʝʘʣʠʟʫʝʤʳʡ ʥʘʤʠ ʧʦʜʭʦʜ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚ ʢʘʯʝʩʪʚʝ ʤʝʪʦʜʘ 

ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʷʚʥʦʡ ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʦʡ ʩʭʝʤʳ: ʚʳʯʠʩʣʠʪʝʣʴʥʘʷ ʦʙʣʘʩʪʴ ʩʦʩʪʦʠʪ 

ʠʟ ʤʥʦʞʝʩʪʚʘ ʫʟʣʦʚ, ʢʘʞʜʳʡ ʠʟ ʢʦʪʦʨʳʭ ʤʦʞʝʪ ʦʙʨʘʙʘʪʳʚʘʪʴʩʷ ʥʝʟʘʚʠʩʠʤʦ ʥʘ 

ʪʝʢʫʱʝʤ ʚʨʝʤʝʥʥʦʤ ʰʘʛʝ. ɺ ʥʘʰʠʭ ʟʘʜʘʯ ʜʣʷ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʘʣʛʦʨʠʪʤ ʜʨʦʙʥʳʭ ʰʘʛʦʚ (ʤʝʪʦʜ ʧʨʦʝʢʮʠʡ).  

 

 CUDA ʥʝ ʷʚʣʷʝʪʩʷ ʝʜʠʥʩʪʚʝʥʥʳʤ ʚʦʟʤʦʞʥʳʤ ʚʘʨʠʘʥʪʦʤ ʚ ʦʙʣʘʩʪʠ 

ʚʳʯʠʩʣʝʥʠʡ ʥʘ ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʘʭ. ʆʩʥʦʚʥʳʝ ʘʣʴʪʝʨʥʘʪʠʚʳ ʵʪʦ, ʧʦʞʘʣʫʡ, 

OpenCL ʠ OpenACC (ʩʫʱʝʩʪʚʫʶʪ ʠ ʜʨʫʛʠʝ ʚʘʨʠʘʥʪʳ, ʥʘʧʨʠʤʝʨ, ʩʦʚʨʝʤʝʥʥʳʝ 

ʩʪʘʥʜʘʨʪʳ OpenGL ʠ DirectX ʠʤʝʶʪ ʩʧʝʮʠʘʣʴʥʳʝ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʰʝʡʜʝʨʳ). 

ʂʘʞʜʳʡ ʧʦʜʭʦʜ ʠʤʝʝʪ ʩʚʦʠ ʧʨʝʠʤʫʱʝʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʢʠ (ʠ ʧʨʦʯʠʝ ʦʩʦʙʝʥʥʦʩʪʠ). 
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 ɺ ʨʘʙʦʪʝ [187] ʧʨʝʜʩʪʘʚʣʝʥʦ ʩʨʘʚʥʝʥʠʝ ʤʝʞʜʫ CUDA ʠ OpenCL ʥʘ ʧʨʠʤʝʨʝ 

ʟʘʜʘʯʠ ʦ ʘʜʠʘʙʘʪʠʯʝʩʢʠʭ ʢʚʘʥʪʦʚʳʭ ʚʳʯʠʩʣʝʥʠʷʭ, ʠʩʧʦʣʴʟʫʷ ʤʝʪʦʜ ʄʦʥʪʝ-ʂʘʨʣʦ. 

ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʘʨʘʤʝʪʨʦʚ CUDA ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʘ ʣʫʯʰʫʶ 

ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ, 15-50% ʫʩʢʦʨʝʥʠʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ OpenCL. ɺ ʩʪʘʪʴʝ [188] 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʤʝʪʦʜ ʩʦʧʨʷʞʝʥʥʳʭ ʛʨʘʜʠʝʥʪʦʚ ʜʣʷ ʨʝʰʝʥʠʷ ʣʠʥʝʡʥʳʭ ʩʠʩʪʝʤ, 

ʛʜʝ ʥʘʧʨʦʪʠʚ ʣʫʯʰʠʡ ʨʝʟʫʣʴʪʘʪ ʧʦʢʘʟʘʣ OpenCL (ʪʦʯʥʦʝ ʟʥʘʯʝʥʠʝ ʫʩʢʦʨʝʥʠʷ 

ʘʣʛʦʨʠʪʤʘ ʩʠʣʴʥʦ ʚʘʨʴʠʨʫʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʥʬʠʛʫʨʘʮʠʠ ʟʘʜʘʯʠ). 

 ɺ ʨʘʙʦʪʝ [189] ʧʨʦʚʝʜʝʥʦ ʦʙʰʠʨʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ 

OpenGL ʠ CUDA ʥʘ ʧʨʠʤʝʨʝ ʤʥʦʞʝʩʪʚʘ ʨʘʟʣʠʯʥʳʭ ʟʘʜʘʯ, ʪʘʢʠʭ ʢʘʢ ʙʳʩʪʨʦʝ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʌʫʨʴʝ, ʤʦʣʝʢʫʣʷʨʥʘʷ ʜʠʥʘʤʠʢʘ, ʨʝʜʫʢʮʠʷ (ʩʫʤʤʠʨʦʚʘʥʠʝ) 

ʤʘʩʩʠʚʘ, radix-ʩʦʨʪʠʨʦʚʢʘ ʠ ʤʥʦʛʦʝ ʜʨʫʛʦʝ (ʚʩʝʛʦ 14 ʟʘʜʘʯ). ʇʦʢʘʟʘʥʦ, ʯʪʦ CUDA 

ʨʘʙʦʪʘʝʪ ʙʳʩʪʨʝʝ, ʤʘʢʩʠʤʫʤ ʫʩʢʦʨʝʥʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ OpenCL ʩʦʩʪʘʚʣʷʣ 30%. 

ɸʚʪʦʨʘʤʠ ʛʦʚʦʨʠʪʩʷ, ʯʪʦ OpenCL, ʧʦ ʩʫʪʠ, ʥʝʜʦʩʪʘʝʪ ʥʝʢʦʪʦʨʳʭ ʘʧʧʘʨʘʪʥʳʭ 

ʨʝʩʫʨʩʦʚ ʠʟ-ʟʘ ʝʛʦ ʢʨʦʩʩʧʣʘʪʬʦʨʤʝʥʥʦʩʪʠ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ CUDA ʨʘʙʦʪʘʝʪ ʪʦʣʴʢʦ 

ʥʘ ʩʚʦʝʡ ʨʦʜʥʦʡ ʧʣʘʪʬʦʨʤʝ ʦʪ Nvidia. ʇʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ çʯʝʩʪʥʦʛʦè ʩʨʘʚʥʝʥʠʷ, 

ʩʜʝʣʘʥʦ ʟʘʢʣʶʯʝʥʠʝ, ʯʪʦ ʚ ʨʘʚʥʳʭ ʫʩʣʦʚʠʷʭ ʠ CUDA ʠ OpenCL ʜʝʤʦʥʩʪʨʠʨʫʶʪ 

ʵʢʚʠʚʘʣʝʥʪʥʳʝ ʨʝʟʫʣʴʪʘʪʳ.  

 ɺ [190] ʤʦʜʝʣʠʨʦʚʘʣʩʷ ʷʚʣʝʥʠʝ ʮʫʥʘʤʠ, ʠʩʧʦʣʴʟʫʷ CUDA ʠ OpenACC, 

ʢʦʪʦʨʳʝ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʫʩʢʦʨʝʥʠʝ ʚ 10 ʠ 2.5 ʨʘʟʘ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʚ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʡ ʧʨʦʛʨʘʤʤʦʡ ʥʘ CPU. ɺ ʨʘʙʦʪʝ [191] 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʳ ʨʝʟʫʣʴʪʘʪʳ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʘ ʦʩʥʦʚʝ 

ʨʝʰʝʪʦʯʥʦʛʦ ʤʝʪʦʜʘ ɹʦʣʴʮʤʘʥʘ, CUDA ʠ OpenACC ʧʦʢʘʟʘʣʠ ʩʦʧʦʩʪʘʚʠʤʫʶ 

ʩʢʦʨʦʩʪʴ ʚʳʧʦʣʥʝʥʠʷ ʘʣʛʦʨʠʪʤʘ.  

  ɺ ʨʘʙʦʪʝ [192] ʧʨʝʜʩʪʘʚʣʝʥ ʦʙʰʠʨʥʳʡ ʩʧʠʩʦʢ ʠʟ 19 ʨʘʟʣʠʯʥʳʭ ʪʝʢʩʪʦʚ: LU-

ʨʘʟʣʦʞʝʥʠʝ, ʨʝʰʝʪʦʯʥʳʡ ʤʝʪʦʜ ɹʦʣʴʮʤʘʥʘ, ʫʨʘʚʥʝʥʠʷ ʕʡʣʝʨʘ ʠ ʜʨ. ʉʨʘʚʥʝʥʠʝ 

ʧʨʦʚʦʜʠʣʦʩʴ ʤʝʞʜʫ CUDA, OpenACC, OpenMP ʠ OpenCL (ʥʝ ʚʩʝ 19 ʪʝʢʩʪʦʚ 

ʚʳʧʦʣʥʝʥʳ ʜʣʷ ʚʩʝʭ ʧʝʨʝʯʠʩʣʝʥʥʳʭ API, ʙʦʣʴʰʠʥʩʪʚʦ ʪʝʩʪʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʣʠʰʴ 

ʜʣʷ CUDA ʠ OpenCL). ʈʘʩʯʝʪʳ ʧʦʢʘʟʘʣʠ ʩʠʣʴʥʦ ʦʪʣʠʯʘʶʱʠʝʩʷ ʨʝʟʫʣʴʪʘʪʳ 

ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʟʘʜʘʯʠ. 
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 ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʦʙʱʝʤ, ʥʘʚʝʨʥʦʝ, ʤʦʞʥʦ ʩʢʘʟʘʪʴ, ʯʪʦ ʩʨʝʜʠ ʚʳʰʝ 

ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʧʦʜʭʦʜʦʚ ʥʝʪ ʷʚʥʦʛʦ ʦʜʥʦʟʥʘʯʥʦʛʦ ʣʠʜʝʨʘ. CUDA ï ʭʦʨʦʰʠʡ 

ʚʳʙʦʨ ʜʣʷ ʚʠʜʝʦʢʘʨʪ Nvidia, ʢʦʪʦʨʘʷ ʜʣʷ ʥʝʝ ʷʚʣʷʝʪʩʷ ʨʦʜʥʦʡ ʧʣʘʪʬʦʨʤʦʡ: 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʣʝʛʢʦʝ ʥʘʧʠʩʘʥʠʝ ʵʬʬʝʢʪʠʚʥʦʛʦ ʢʦʜʘ, ʥʦ ʥʝʧʨʠʤʝʥʠʤʦʩʪʴ ʢ 

ʫʩʪʨʦʡʩʪʚʘʤ ʜʨʫʛʠʭ ʪʠʧʦʚ (ʙʦʣʴʰʠʥʩʪʚʦ ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʦʚ, ʠʩʧʦʣʴʟʫʝʤʳʭ 

ʚ ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʝʪʘʭ, ʚ ʪʦʤ ʯʠʩʣʝ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʝ GPU ʠʟ ʣʠʥʝʡʢʠ Tesla, 

ʷʚʣʷʶʪʩʷ ʠʤʝʥʥʦ ʚʠʜʝʦʢʘʨʪʘʤʠ Nvidia, ʪʘʢ ʯʪʦ ʵʪʦ ʥʝ ʷʚʣʷʝʪʩʷ ʙʦʣʴʰʠʤ 

ʧʨʝʧʷʪʩʪʚʠʝʤ). OpenCL ʭʦʨʦʰ ʩʚʦʝʡ çʥʝʧʨʠʭʦʪʣʠʚʦʩʪʴʶè ʢ ʚʳʙʦʨʫ GPU, 

ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʪʘʢʞʝ ʥʘʭʦʜʠʪʩʷ ʥʘ ʵʢʚʠʚʘʣʝʥʪʥʦʤ ʩ CUDA ʫʨʦʚʥʝ, ʥʦ ʚ 

ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʤʦʞʝʪ ʧʦʪʨʝʙʦʚʘʪʴʩʷ ʙʦʣʴʰʘʷ ʦʧʪʠʤʠʟʘʮʠʷ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ 

ʪʦʡ ʞʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ, ʯʪʦ ʠ ʥʘ CUDA. ʊʘʢʞʝ ʥʝʢʦʪʦʨʳʝ ʘʚʪʦʨʳ ʩʫʙʲʝʢʪʠʚʥʦ 

ʥʘʟʳʚʘʶʪ OpenCL API ʙʦʣʝʝ ʟʘʧʫʪʘʥʥʳʤ ʠ ʩʣʦʞʥʳʤ ʚ ʦʩʚʦʝʥʠʠ. OpenACC 

ʦʪʣʠʯʘʝʪʩʷ ʩʚʦʝʡ ʬʠʣʦʩʦʬʠʝʡ; ʜʘʥʥʳʡ ʩʪʘʥʜʘʨʪ ʙʦʣʴʰʝ ʟʘʪʦʯʝʥ ʥʘ ʪʦ, ʯʪʦʙʳ 

ʫʧʨʦʩʪʠʪʴ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʝ ʥʘ ʛʨʘʬʠʯʝʩʢʠʭ ʢʘʨʪʘʭ. ʀʜʝʠ OpenACC ʩʭʦʞʠ ʩ 

OpenMP: ʤʳ ʧʨʦʩʪʦ ʧʠʰʝʤ ʥʝʢʦʪʦʨʳʝ ʜʠʨʝʢʪʠʚʳ (ʫʢʘʟʘʥʠʷ ʜʣʷ ʢʦʤʧʠʣʷʪʦʨʘ), ʠ 

ʢʦʜ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʝʪʩʷ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ OpenACC API ʷʚʣʷʝʪʩʷ 

ʤʝʥʝʝ ʛʠʙʢʠʤ; ʠ ʫʩʢʦʨʝʥʠʝ, ʜʦʩʪʠʛʘʝʤʦʝ ʩ ʝʛʦ ʧʦʤʦʱʴʶ, ʟʘʯʘʩʪʫʶ ʥʝʩʢʦʣʴʢʦ 

ʫʩʪʫʧʘʝʪ CUDA ʠ OpenCL. OpenACC ʷʚʣʷʝʪʩʷ ʢʨʦʩʩʧʣʘʪʬʦʨʤʝʥʥʳʤ ʩʪʘʥʜʘʨʪʦʤ, 

ʥʦ ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ ʦʛʨʘʥʠʯʝʥʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʢʦʤʧʠʣʷʪʦʨʦʚ. 

 ʇʦʜʚʦʜʷ ʠʪʦʛ, ʤʳ ʩʢʣʦʥʥʳ ʜʫʤʘʪʴ, ʨʝʟʫʣʴʪʘʪʳ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʟʘʚʠʩʷʪ 

ʦʪ ʥʘʚʳʢʦʚ ʧʨʦʛʨʘʤʤʠʩʪʘ, ʠ ʚʩʝ ʧʦʜʭʦʜʳ ʤʦʛʫʪ ʙʳʪʴ ʙʦʣʝʝ ʠʣʠ ʤʝʥʝʝ ʵʬʬʝʢʪʠʚʥʦ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʟʘʜʘʯ, ʢʦʪʦʨʳʝ ʚ ʧʨʠʥʮʠʧʝ ʤʦʛʫʪ ʨʘʩʧʘʨʘʣʣʝʣʝʥʳ. 

  

 ɺʝʨʥʝʤʩʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʢ CUDA ʠ ʷʟʳʢʫ CUDA C. ʂʘʢ ʙʳʣʦ ʩʢʘʟʘʥʦ, 

CUDA C ʷʚʣʷʝʪʩʷ ʨʘʩʰʠʨʝʥʠʝʤ ʷʟʳʢʘ C/C++. ɺ ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ ʩʠʪʫʘʮʠʷ 

ʦʙʩʪʦʠʪ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ʂʦʜ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʯʘʩʪʝʡ, ʢʦʪʦʨʳʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

ʦʪʥʦʩʷʪʩʷ ʢ CPU ʠ GPU. ʂʦʜ ʜʣʷ CPU ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʙʳʯʥʳʡ ʷʟʳʢ ʉ/ʉ++, ʩ 

ʥʝʙʦʣʴʰʠʤʠ ʨʘʩʰʠʨʝʥʠʷʤʠ, ʢʦʪʦʨʳʝ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʟʘʪʨʘʛʠʚʘʶʪ ʧʨʦʮʝʜʫʨʫ 

ʚʳʟʦʚʘ ʬʫʥʢʮʠʡ, ʠʩʧʦʣʥʷʝʤʳʭ ʥʘ GPU, ʚʳʜʝʣʝʥʠʝ ʧʘʤʷʪʠ ʥʘ GPU, ʧʝʨʝʜʘʯʫ 

ʜʘʥʥʳʭ ʤʝʞʜʫ ʧʘʤʷʪʴʶ GPU ʠ ʦʧʝʨʘʪʠʚʥʦʡ ʧʘʤʷʪʴʶ ʢʦʤʧʴʶʪʝʨʘ (DRAM) ʠ ʧʨ., 
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ʵʪʘ ʯʘʩʪʴ ʢʦʜʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʢʦʤʧʠʣʠʨʫʝʪʩʷ ʢʘʢʠʤ-ʥʠʙʫʜʴ ʦʙʳʯʥʦʤ 

ʢʦʤʧʠʣʷʪʦʨʦʤ C/C++ (gcc, Microsoft visual C ʠ ʪ.ʜ.). ʂʦʜ ʜʣʷ GPU ʚ ʦʩʥʦʚʥʦʤ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʘʙʦʨ ʬʫʥʢʮʠʡ, ʧʦʤʝʯʝʥʥʳʭ ʩʧʝʮʠʘʣʴʥʳʤ ʢʣʶʯʝʚʳʤ ʩʣʦʚʦʤ 

(__device__ ʠʣʠ __global__) ʠ ʢʦʤʧʠʣʠʨʫʝʪʩʷ ʢʦʤʧʠʣʷʪʦʨʦʤ NVCC (Nvidia CUDA 

compiler); ʠ ʭʦʪʷ ʧʨʠ ʵʪʦʤ ʤʳ ʠʤʝʝʤ ʜʝʣʦ ʩ ʘʥʘʣʦʛʠʯʥʳʤ ʩʠʥʪʘʢʩʠʩʦʤ, ʯʪʦ ʠ ʚ 

ʷʟʳʢʘʭ C ʠ ʉ++, ʚ ʧʦʣʥʦʡ ʤʝʨʝ ʵʪʦ ʥʝʣʴʟʷ ʥʘʟʚʘʪʴ ʥʠ ʪʝʤ, ʥʠ ʜʨʫʛʠʤ. ʈʘʟʨʘʙʦʪʯʠʢʠ 

ʠʟ Nvidia ʘʢʪʠʚʥʦ ʚʳʧʫʩʢʘʶʪ ʥʦʚʳʝ ʦʙʥʦʚʣʝʥʠʷ ʧʨʦʛʨʘʤʤʥʦʛʦ ʠ ʘʧʧʘʨʘʪʥʦʛʦ 

ʫʨʦʚʥʝʡ, ʪʘʢ ʯʪʦ ʩʪʘʥʦʚʠʪʩʷ ʚʦʟʤʦʞʥʳʤ ʨʝʘʣʠʟʦʚʘʪʴ ʚʩʝ ʙʦʣʴʰʝ ʚʦʟʤʦʞʥʦʩʪʝʡ 

ʉ/ʉ++ (ʥʘʧʨʠʤʝʨ, ʚ CUDA ʉ ʥʝ ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ ʧʦʪʦʢʦʚʳʡ ʚʳʚʦʜ, ʧʨʠʯʝʤ ʚ 

ʧʝʨʚʳʭ ʚʝʨʩʠʷʭ CUDA ʢʘʢʦʡ-ʣʠʙʦ ʚʳʚʦʜ ʠʟ ʬʫʥʢʮʠʠ GPU ʦʪʩʫʪʩʪʚʦʚʘʣ ʚʦʦʙʱʝ). 

 ʆʜʥʘʢʦ, ʝʩʣʠ ʥʝ ʚʜʘʚʘʪʴʩʷ ʚ ʜʝʪʘʣʠ, CUDA C ï ʵʪʦ ʧʨʦʩʪʦ ʷʟʳʢ ʉ/ʉ++ ʩ 

ʧʦʜʜʝʨʞʢʦʡ GPU, ʥʝ ʷʚʣʷʶʱʠʡʩʷ ʯʝʤ-ʪʦ ʯʨʝʟʤʝʨʥʦ ʩʣʦʞʥʳʤ ʜʣʷ ʦʩʚʦʝʥʠʷ. ɼʣʷ 

ʦʩʚʦʝʥʠʷ ʦʩʥʦʚ CUDA ʤʦʞʥʦ ʧʦʨʝʢʦʤʝʥʜʦʚʘʪʴ ʢʥʠʛʫ [193]. 

  

ʆʩʥʦʚʳ CUDA 

 

 ɼʣʷ ʥʘʯʘʣʘ ʨʘʙʦʪʳ ʧʦʪʨʝʙʫʝʪʩʷ ʩʢʘʯʘʪʴ CUDA toolkit ʩ ʦʬʠʮʠʘʣʴʥʦʛʦ ʩʘʡʪʘ 

Nvidia. ʅʘ Windows ʚʩʝ ʥʝʦʙʭʦʜʠʤʦʝ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʠʥʪʝʛʨʠʨʫʝʪʩʷ ʚ ʩʨʝʜʫ 

Microsoft Visual Studio. ʅʘ Linux ʤʦʞʥʦ ʚʦʩʧʦʣʴʟʦʚʘʪʴʩʷ ʩʨʝʜʦʡ Nsight Eclipse 

Edition ʠʣʠ ʧʨʦʩʪʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʢʦʤʘʥʜʥʫʶ ʩʪʨʦʢʫ, ʧʨʠʤʝʨʥʳʡ ʚʠʜ ʢʦʤʘʥʜʳ 

ʢʦʤʧʠʣʷʮʠʠ ʤʦʞʝʪ ʩʣʝʜʫʶʱʠʡ: nvcc codefile .cu -- generate - code 

arch=compute_35,code=compute_35 - w - O2 - o run.  

 ɺ ʣʠʩʪʠʥʛʝ 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʬʨʘʛʤʝʥʪʳ ʢʦʜʘ CPU / GPU, ʛʜʝ ʚʳʜʝʣʷʝʪʩʷ 

ʧʘʤʷʪʴ ʧʦʜ ʤʘʩʩʠʚ N ʵʣʝʤʝʥʪʦʚ ʠ ʚʳʟʳʚʘʶʪʩʷ ʬʫʥʢʮʠʠ, ʚ ʢʦʪʦʨʳʭ 

ʠʥʠʮʠʘʣʠʟʠʨʫʶʪʩʷ ʥʘʯʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʤʘʩʩʠʚʘ. ɺʳʟʦʚ ʬʫʥʢʮʠʡ, 

ʠʩʧʦʣʥʷʝʤʳʭ ʥʘ GPU (çkernel-ʬʫʥʢʮʠʠè), ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦʩʨʝʜʩʪʚʦʤ ʫʢʘʟʘʥʠʷ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʚ ʪʨʦʡʥʳʭ ʫʛʣʦʚʳʭ ʩʢʦʙʢʘʭ <<<Grid, Block>>>. ɼʝʣʦ 

ʚ ʪʦʤ, ʯʪʦ GPU ʭʦʪʷ ʠ ʦʙʣʘʜʘʝʪ ʩʦʪʥʷʤʠ ʠ ʪʳʩʷʯʘʤʠ ʷʜʝʨ, ʥʦ ʚʳʯʠʩʣʠʪʝʣʴʥʘʷ 

ʤʦʱʥʦʩʪʴ ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʦʚ ʚʩʝ ʞʝ ʦʛʨʘʥʠʯʝʥʘ, ʠ ʦʥʠ ʥʝ ʤʦʛʫʪ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʦʙʨʘʙʘʪʳʚʘʪʴ ʙʝʩʢʦʥʝʯʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ. ʇʦʵʪʦʤʫ GPU 
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ʝʜʠʥʦʚʨʝʤʝʥʥʦ ʧʨʠʥʠʤʘʝʪ ʧʦʨʮʠʠ ʠʟ Block  ʵʣʝʤʝʥʪʦʚ (ʚ ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ ʯʫʪʴ 

ʙʦʣʴʰʝ, ʵʪʦ ʟʘʚʠʩʠʪ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʧʦʪʦʢʦʚʳʭ ʤʫʣʴʪʠʧʨʦʮʝʩʩʦʨʦʚ), ʢʦʣʠʯʝʩʪʚʦ 

ʵʪʠʭ ʙʣʦʢʦʚ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʘʨʘʤʝʪʨʦʤ Grid,  ʵʪʠ ʜʚʝ ʧʝʨʝʤʝʥʥʳʝ ʠ ʫʢʘʟʳʚʘʶʪʩʷ 

ʧʨʠ ʚʳʟʦʚʝ ʬʫʥʢʮʠʠ, ʠʩʧʦʣʥʷʝʤʦʡ ʥʘ GPU.  ʇʨʠ ʵʪʦʤ ʦʙʱʝʝ ʢʦʣʠʯʝʩʪʚʦ 

ʧʘʨʘʣʣʝʣʴʥʳʭ ʧʦʪʦʢʦʚ N ʤʦʞʝʪ ʙʳʪʴ ʤʝʥʴʰʝ, ʯʝʤ ʧʨʦʠʟʚʝʜʝʥʠʝ "ÌÏÃË ˬ 'ÒÉÄ 

(ʯʪʦʙʳ ʵʪʦ ʫʯʝʩʪʴ ʤʳ ʠʩʧʦʣʴʟʫʝʤ ʫʩʣʦʚʠʝ if  ( i  < N) ). ʉʭʝʤʘʪʠʯʥʦ ʜʘʥʥʳʡ 

ʧʨʠʥʮʠʧ ʠʟʦʙʨʘʞʝʥ ʥʘ ʨʠʩʫʥʢʝ A1. ɺ ʣʠʩʪʠʥʛʝ 1 ʪʘʢʞʝ ʧʨʠʩʫʪʩʪʚʫʶʪ ʧʝʨʝʤʝʥʥʳʝ 

threadIdx . x, blockIdx . x, blockDim . x. ɿʥʘʯʝʥʠʝ threadIdx . x ʦʪʚʝʯʘʝʪ 

ʣʦʢʘʣʴʥʦʤʫ ʥʦʤʝʨʫ ʧʦʪʦʢʘ ʚʥʫʪʨʠ ʙʣʦʢʘ ʩ ʠʥʜʝʢʩʦʤ blockIdx . x. ʇʝʨʝʤʝʥʥʘʷ 

blockDim . x ʝʩʪʴ ʨʘʟʤʝʨ ʙʣʦʢʘ, ʪ.ʝ. ʢʦʣʠʯʝʩʪʚʦ ʧʦʪʦʢʦʚ ʚ ʙʣʦʢʝ (ʤʘʢʩʠʤʘʣʴʥʦʝ 

ʟʥʘʯʝʥʠʝ ʦʙʳʯʥʦ ʨʘʚʥʦ 1024), ʧʨʠ ʵʪʦʤ ʜʣʷ ʫʜʦʙʩʪʚʘ ʨʝʰʝʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʟʘʜʘʯ 

ʨʘʟʤʝʨʥʦʩʪʠ ʚʳʰʝʦʙʦʟʥʘʯʝʥʥʳʭ ʧʝʨʝʤʝʥʥʳʭ ʚʦʟʤʦʞʥʦ ʟʘʜʘʚʘʪʴ ʢʘʢ ʜʚʫʭ- ʠ 

ʪʨʝʭʤʝʨʥʳʝ.  

 

 

C/C++ CUDA C 

ɺʳʜʝʣʝʥʠʝ ʧʘʤʷʪʠ 

double  *a_h;  
a_h = ( double *)malloc( N * sizeof ( double ));  

double  *a_d;  
cudaMalloc(( void **)&a_d, N* sizeof ( double ));  

ʬʫʥʢʮʠʷ, ʠʥʠʮʠʘʣʠʟʠʨʫʶʱʘʷ ʟʥʘʯʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʤʘʩʩʠʚʘ, ʠ ʝʝ ʚʳʟʦʚ 

void  add_one_h( double  * a) {  
 for  ( int  i = 0; i < N; i++) {  
  a[i] = i + 1.0;  
 }  
}  
 
 
 
 
 
add_one_h(ɒ_h);  

__global__  void  add_one_d( double  * a) {  
ƳƳ ɤɗɝɠ ɯɤɠɛ ɦɥɟɜɨɚɚ ɔɭɡɠɝɟɱɗɤɣɱ ɟɒ GPU 
 unsigned  int  i = threadIdx.x +  
  blockIdx.x*blockDim.x;  
 if  (i <  N) {  
  a[ i ] = i  + 1.0;  
 }  
}  
 
ƳƳ ɟɠ ɣɒɞɒ ɦɥɟɜɨɚɱ ɔɭəɭɔɒɗɤɣɱ ɣ ȯPU 
add_one_d <<< Grid, Block >>> (a_d);  

ʃʠʩʪʠʥʛ 1. ʉʨʘʚʥʝʥʠʝ C/C++ ʠ CUDA C. 
 

 

é 
Block  Block  Block  Block  

N 

ʈʠʩʫʥʦʢ ɸ1. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʦʙʲʷʩʥʝʥʠʝ ʢʦʥʮʝʧʮʠʠ ʟʘʛʨʫʟʢʠ ʧʦʪʦʢʦʚ GPU. 
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ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, ʤʝʪʦʜ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʡ. 

  

 ʈʘʩʩʤʦʪʨʠʤ ʫʨʘʚʥʝʥʠʷ ʂʘʥʘ-ʍʠʣʣʘʨʜʘ-ʅʘʚʴʝ-ʉʪʦʢʩʘ. 

ÄÉÖ Ἶ πȟ (A.1) 

Ἶ

ὸ
ἾϽɳ Ἶ ὴɳ

ρ

2Å
ᶯἾ

ρ

ὓ
ὅɳ‘ȟ (A.2) 

 
ὅ

ὸ
ἾϽɳ ὅ

ρ

0Å
ᶯ‘ȟ (A.3) 

‘
ὃὅ ὅ

ὅ
#Îɳὅ (A.4) 

ɿʜʝʩʴ Ἶȟὴȟὅȟ‘ ï ʚʝʢʪʦʨ ʩʢʦʨʦʩʪʠ, ʜʘʚʣʝʥʠʝ, ʢʦʥʮʝʥʪʨʘʮʠʷ, ʭʠʤʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ. 

2Åȟὓȟ0Åȟὃȟ#Î ï ʙʝʟʨʘʟʤʝʨʥʳʝ ʯʠʩʣʘ-ʧʘʨʘʤʝʪʨʳ ʟʘʜʘʯʠ, ʦʪʚʝʯʘʶʱʠʝ ʟʘ 

ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʞʠʜʢʦʩʪʠ ʠ ʪʝʯʝʥʠʷ. ɺ ʪʝʢʫʱʝʤ ʤʝʩʪʝ ʤʳ ʥʝ ʢʘʩʘʝʤʩʷ 

ʧʦʜʨʦʙʥʦʛʦ ʦʧʠʩʘʥʠʷ ʜʘʥʥʳʭ ʫʨʘʚʥʝʥʠʡ, ʩʢʘʞʝʤ ʣʠʰʴ, ʯʪʦ ʫʨʘʚʥʝʥʠʷ ʂʘʥʘ-

ʍʠʣʣʘʨʜʘ-ʅʘʚʴʝ-ʉʪʦʢʩʘ ʚʟʷʪʳ ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ, ʠ ʦʧʠʩʳʚʘʝʤʳʝ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ 

ʤʝʪʦʜʳ ʠ ʤʝʪʦʜʳ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥʳ ʧʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ 

ʜʨʫʛʠʭ ʟʘʜʘʯ: ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʦʜʥʦʬʘʟʥʳʝ ʪʝʯʝʥʠʷ, ʜʚʠʞʝʥʠʝ ʚ ʧʦʨʠʩʪʦʡ ʩʨʝʜʝ 

(ʫʨʘʚʥʝʥʠʷ ɼʘʨʩʠ), ʥʝʠʟʦʪʝʨʤʠʯʝʩʢʠʝ ʢʦʥʚʝʢʪʠʚʥʳʝ ʧʨʦʮʝʩʩʳ ʠ ʜʨ. (ʟʘʙʝʛʘʷ 

ʚʧʝʨʝʜ, ʦʪʤʝʪʠʤ, ʯʪʦ ʜʘʚʣʝʥʠʝ ʚʳʯʠʩʣʷʝʪʩʷ ʠʪʝʨʘʮʠʦʥʥʦ ʠʟ ʫʨʘʚʥʝʥʠʷ ʇʫʘʩʩʦʥʘ, ʚ 

ʨʷʜʝ ʟʘʜʘʯ ʤʦʞʝʪ ʧʦʪʨʝʙʦʚʘʪʴʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʚ 

ʧʨʠʛʨʘʥʠʯʥʳʭ ʫʟʣʘʭ, ʧʦʜʨʦʙʥʝʝ ʚ [194]).  

 

 ɺ ʢʘʯʝʩʪʚʝ ʤʝʪʦʜʘ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʧʨʠʤʝʥʠʤ ʤʝʪʦʜ ʢʦʥʝʯʥʳʭ ʨʘʟʥʦʩʪʝʡ ʩ 

ʷʚʥʦʡ ʧʦ ʚʨʝʤʝʥʠ ʩʭʝʤʦʡ. ʅʝʧʨʝʨʳʚʥʳʝ ʬʫʥʢʮʠʠ ʢʦʦʨʜʠʥʘʪ (2D) ʠ ʚʨʝʤʝʥʠ 

ʟʘʤʝʥʷʝʤ ʥʘ ʜʠʩʢʨʝʪʥʳʝ.  

ὼ ὭϽὬȟ   Ὥ πȟὔȟ   Ὤ ὒȾὔȟ (A.5) 

ώ ὮϽὬȟ   Ὦ πȟὔȟ   Ὤ ὒȾὔȟ (A.6) 

ὪὼȟώȟὸᴼὪȟȟ   ὲ ὸʐȟϳ    ὲ πȟЊȢ (A.7) 
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ɿʜʝʩʴ ὼȟώ ï ʜʝʢʘʨʪʦʚʳʝ ʢʦʦʨʜʠʥʘʪʳ, ὭȟὮȟὲ ï ʮʝʣʦʯʠʩʣʝʥʥʳʝ ʠʥʜʝʢʩʳ, ὬȟὬ ï 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʡ ʰʘʛ ʩʝʪʢʠ (ʙʫʜʝʤ ʩʯʠʪʘʪʴ Ὤ Ὤ Ὤ , ὒȟὒ ï 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ ʨʘʟʤʝʨʳ ʦʙʣʘʩʪʠ, ὸ ï ʚʨʝʤʷ, † ï ʰʘʛ ʧʦ ʚʨʝʤʝʥʠ. 

 

 ɼʣʷ ʚʨʝʤʝʥʥʦʡ ʧʨʦʠʟʚʦʜʥʦʡ ʟʘʧʠʰʝʤ 

Ὢȟ
ὸ

Ὢȟ Ὢȟ
†

Ȣ (A.8) 

 ɼʣʷ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ ʧʝʨʚʦʛʦ ʠ ʚʪʦʨʦʛʦ 

ʧʦʨʷʜʢʘ ʬʦʨʤʫʣʳ ʧʨʠʥʠʤʘʶʪ ʚʠʜ: ʚʦ ʚʥʫʪʨʝʥʥʠʭ ʫʟʣʘʭ 

 

Ὢȟ
ὼ

Ὢ ȟ Ὢ ȟ

ςὬ
ȟ
Ὢȟ
ώ

Ὢȟ Ὢȟ
ςὬ

ȟ (A.9) 

Ὢȟ
ὼ

Ὢ ȟ Ὢ ȟ ςὪȟ
Ὤ

ȟ
Ὢȟ
ώ

Ὢȟ Ὢȟ ςὪȟ
Ὤ

ȟ (A.10) 

 

ʥʘ ʛʨʘʥʠʮʝ ʦʙʣʘʩʪʠ ʜʣʷ ʧʝʨʚʳʭ ʧʨʦʠʟʚʦʜʥʳʭ 

Ὢȟ
ὼ

σὪȟ τὪȟ Ὢȟ
ςὬ

ȟ  (A.11) 

Ὢ ȟ

ὼ

σὪ ȟ τὪ ȟ Ὢ ȟ

ςὬ
ȟ  (A.12) 

Ὢȟ
ώ

σὪȟ τὪȟ Ὢȟ
ςὬ

ȟ (A.13) 

Ὢȟ

ώ

σὪȟ τὪȟ Ὢȟ

ςὬ
ȟ (A.14) 

ʥʘ ʛʨʘʥʠʮʝ ʜʣʷ ʚʪʦʨʳʭ ʧʨʦʠʟʚʦʜʥʳʭ 

Ὢȟ
ὼ

ςὪȟ υὪȟ τὪȟ Ὢȟ
Ὤ

ȟ  (A.15) 

Ὢ ȟ

ὼ

ςὪ ȟ υὪ ȟ τὪ ȟ Ὢ ȟ

Ὤ
ȟ  (A.16) 

Ὢȟ
ώ

ςὪȟ υὪȟ τὪȟ Ὢȟ
Ὤ

ȟ  (A.17) 

Ὢȟ

ώ

ςὪȟ υὪȟ τὪȟ Ὢȟ

Ὤ
Ȣ  (A.18) 
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ʂʦʥʚʝʢʪʠʚʥʘʷ ʧʨʦʠʟʚʦʜʥʘʷ ʘʧʧʨʦʢʩʠʤʠʨʫʝʪʩʷ ʮʝʥʪʨʘʣʴʥʳʤʠ ʨʘʟʥʦʩʪʷʤʠ  

ἾȟϽɳ ϽὪȟ ὺ
ȟ
Ͻ
Ὢȟ
ὼ

ὺ
ȟ
Ͻ
Ὢȟ
ώ

 (A.19) 

 ɼʣʷ ʨʝʰʝʥʠʷ ʵʚʦʣʶʮʠʦʥʥʳʭ ʫʨʘʚʥʝʥʠʡ ʥʘʤʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʪʦʜ ʧʨʦʝʢʮʠʡ 

(ʤʝʪʦʜ ʜʨʦʙʥʳʭ ʰʘʛʦʚ) [95]. ɿʘʧʠʰʝʤ ʫʨʘʚʥʝʥʠʝ ʅʘʚʴʝ-ʉʪʦʢʩʘ (A.2) ʚ ʜʠʩʢʨʝʪʥʦʤ 

ʚʠʜʝ 

Ἶȟ Ἶȟ
†

ἾȟϽɳ Ἶȟ ὴɳȟ
ρ

2Å
ᶯἾȟ

ρ

ὓ
ὅȟɳ ‘ȟȢ (A.20) 

ɺʳʨʘʟʠʤ ʷʚʥʦ ʟʥʘʯʝʥʠʝ ʩʢʦʨʦʩʪʠ ʥʘ ʥʦʚʦʤ ʰʘʛʝ ʧʦ ʚʨʝʤʝʥʠ:  

Ἶȟ Ἶȟ † ἾȟϽɳ Ἶȟ ὴɳȟ
ρ

2Å
ᶯἾȟ

ρ

ὓ
ὅȟɳ ‘ȟ Ȣ (A.21) 

ɺʚʝʜʝʤ ʚʝʣʠʯʠʥʫ ʢʚʘʟʠʩʢʦʨʦʩʪʠ Ἵ, ʢʦʪʦʨʘʷ ʧʦ ʩʤʳʩʣʫ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʥʝʢʦʪʦʨʫʶ ʧʨʦʤʝʞʫʪʦʯʥʫʶ (çʙʫʬʝʨʥʫʶè) ʩʢʦʨʦʩʪʴ ʙʝʟ ʫʯʝʪʘ ʛʨʘʜʠʝʥʪʘ ʜʘʚʣʝʥʠʷ 

Ἵȟ Ἶȟ † ἾȟϽɳ Ἶȟ ὴɳȟ
ρ

2Å
ᶯἾȟ

ρ

ὓ
ὅȟɳ ‘ȟ Ȣ (A.22) 

ʀʩʪʠʥʥʘʷ ʩʢʦʨʦʩʪʴ Ἶ ʠ ʢʚʘʟʠʩʢʦʨʦʩʪʴ Ἵ ʩʚʷʟʘʥʳ ʩʣʝʜʫʶʱʠʤ ʩʦʦʪʥʦʰʝʥʠʝʤ 

Ἶȟ Ἵȟ †ϽɳὴȟȢ (A.23) 

ʇʨʠ ʵʪʦʤ ʠʩʪʠʥʥʘʷ ʩʢʦʨʦʩʪʴ Ἶ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʫʨʘʚʥʝʥʠʶ ʥʝʨʘʟʨʳʚʥʦʩʪʠ (A.1), ʚ 

ʦʪʣʠʯʠʝ ʦʪ ʢʚʘʟʠʩʢʦʨʦʩʪʠ Ἵ. ʇʨʠʤʝʥʷʷ ʦʧʝʨʘʮʠʶ ʜʠʚʝʨʛʝʥʮʠʠ ʢ ʫʨʘʚʥʝʥʠʶ (A.23), 

ʧʦʣʫʯʠʤ ʫʨʘʚʥʝʥʠʝ ʇʫʘʩʩʦʥʘ ʜʣʷ ʜʘʚʣʝʥʠʷ 

ɝὴȟ
ρ

†
ϽÄÉÖ Ἵȟ (A.24) 

ʋʨʘʚʥʝʥʠʷ ʜʣʷ ʢʦʥʮʝʥʪʨʘʮʠʠ (A.3) ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ (A.4) ʚ ʜʠʩʢʨʝʪʥʦʤ 

ʚʠʜʝ ʟʘʧʠʰʫʪʩʷ  

ὅȟ ὅȟ † ἾȟϽɳ ὅȟ
ρ

0Å
ᶯ‘ȟ ȟ (A.25) 

‘ȟ ςὃὅȟ τὅȟ #Îɳ‘ȟȢ (A.26) 

 ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʤʝʪʦʜ ʧʨʦʝʢʮʠʡ ʤʦʞʥʦ ʨʘʟʙʠʪʴ ʥʘ ʪʨʠ ʰʘʛʘ: 

1) ɺʳʯʠʩʣʷʝʤ ʢʚʘʟʠʩʢʦʨʦʩʪʴ ʠʟ ʫʨʘʚʥʝʥʠʷ (A.22). ʅʘ ʜʘʥʥʦʤ ʰʘʛʝ ʪʘʢʞʝ ʨʝʰʘʶʪʩʷ 
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ʫʨʘʚʥʝʥʠʷ ʜʣʷ ʭʠʤʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ (A.26) ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ (A.25). 2) 

ʀʪʝʨʘʮʠʦʥʥʦ ʨʝʰʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝ ʇʫʘʩʩʦʥʘ (A.24). 3) ʀʩʧʦʣʴʟʫʷ ʫʨʘʚʥʝʥʠʝ (A.23), 

ʧʦʣʫʯʘʝʤ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʠʩʪʠʥʥʦʡ ʩʢʦʨʦʩʪʠ.   

 

 

ʇʨʦʛʨʘʤʤʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʥʘ CUDA 

 

 ʇʨʝʜʩʪʘʚʠʤ ʦʩʥʦʚʥʳʝ ʯʘʩʪʠ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʧʨʦʛʨʘʤʤʳ ʥʘ CUDA, ʦʧʫʩʢʘʷ 

ʩʪʘʥʜʘʨʪʥʳʝ ʠ ʧʦʥʷʪʥʳʝ ʚʝʱʠ, ʪʘʢʠʝ ʢʘʢ ʦʙʲʷʚʣʝʥʠʝ ʠ ʠʥʠʮʠʘʣʠʟʘʮʠʷ ʚʩʷʯʝʩʢʠʭ 

ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʭ ʧʝʨʝʤʝʥʥʳʭ, ʚʚʦʜ/ʚʳʚʦʜ ʜʘʥʥʳʭ ʠ ʧʨ. ʅʘʤ ʧʦʪʨʝʙʫʝʪʩʷ 

ʧʦʜʢʣʶʯʠʪʴ ʟʘʛʦʣʦʚʦʯʥʳʝ ʬʘʡʣʳ CUDA: 

#include  " cuda_runtime . h"  
#include  " device _launch _parameters . h"  

ɺ ʛʣʦʙʘʣʴʥʦʡ ʦʙʣʘʩʪʠ ʚʠʜʠʤʦʩʪʠ ʠʥʠʮʠʘʣʠʟʠʨʫʝʤ ʧʝʨʝʤʝʥʥʳʝ ʛʣʦʙʘʣʴʥʳʝ ʜʣʷ 

GPU, ʢʦʪʦʨʳʝ ʧʦʥʘʜʦʙʷʪʩʷ ʚ ʜʘʣʴʥʝʡʰʝʤ: 

// time and spatial parameters   
__constant__  double  hx, hy, tau, Lx, Ly, tau_p;  
__constant__  unsigned  int  nx, ny, n, offset;  
//physical parameters  
__constant__  double  A, Ca, Gr, Pe, Re, MM;  
//other things  
__constant__  double  pi = 3.141592653;  

//auxiliary arrays (explained in the end)  
__device__  int  *n1, *n2, *n3, *n4, *t;  

ʂʣʶʯʝʚʦʝ ʩʣʦʚʦ __constant __ ʫʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʝʨʝʤʝʥʥʘʷ ʭʨʘʥʠʪʩʷ ʚ 

ʩʧʝʮʠʘʣʴʥʦʡ ʥʝʠʟʤʝʥʷʝʤʦʡ çʢʦʥʩʪʘʥʪʥʦʡè ʧʘʤʷʪʠ, ʩʢʦʨʦʩʪʴ ʜʦʩʪʫʧʘ ʢ ʢʦʪʦʨʦʡ 

ʥʘʤʥʦʛʦ ʚʳʰʝ, ʯʝʤ ʢ ʛʣʦʙʘʣʴʥʦʡ ʧʘʤʷʪʠ GPU, ʦʙʱʠʡ ʦʙʲʝʤ ʪʘʢʦʡ ʧʘʤʷʪʠ ʥʝ 

ʧʨʝʚʳʰʘʝʪ ʥʝʩʢʦʣʴʢʦ ʢʠʣʦʙʘʡʪ, ʥʦ ʵʪʦʛʦ ʭʚʘʪʘʝʪ, ʯʪʦʙʳ ʭʨʘʥʠʪʴ ʚ ʥʝʡ ʯʘʩʪʦ 

ʠʩʧʦʣʴʟʫʝʤʳʝ ʢʦʥʩʪʘʥʪʳ. ʊʘʢʞʝ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʢʣʶʯʝʚʦʝ ʩʣʦʚʦ __devi ce__, 

ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʧʝʨʝʤʝʥʥʳʝ ʠʟʤʝʥʷʝʤʳ ʠ ʭʨʘʥʷʪʩʷ ʚ ʛʣʦʙʘʣʴʥʦʡ ʧʘʤʷʪʠ. 

 ʇʦʣʝʟʥʦ ʥʘʯʘʪʴ ʧʨʦʛʨʘʤʤʫ ʩ ʧʨʦʚʝʨʢʠ ʜʦʩʪʫʧʥʳʭ GPU: 

int  main( int  argc , char  ** argv ) {  
int  devID = 0, deviceCount = 0;  
cudaGetDeviceCount(&deviceCount);  
if  (deviceCount == 0) cout << " there is no detected GPU"  << endl;  
else  cout << "GPUs available: "  << deviceCount << endl;  
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ʋʟʥʘʪʴ ʧʦʜʨʦʙʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦʙ ʠʤʝʶʱʠʭʩʷ ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʘʭ 

ʤʦʞʥʦ, ʟʘʧʫʩʪʠʚ ʫʪʠʣʠʪʫ deviceQuery ʚ CUDA SDK. ɺʳʙʨʘʪʴ ʞʝʣʘʝʤʫʶ GPU 

ʤʦʞʥʦ ʩʣʝʜʫʶʱʠʤʠ ʬʫʥʢʮʠʷʤʠ,  

cudaSetDevice ( devID );  
cudaDeviceProp  deviceProp ;  
cudaGetDeviceProperties(&deviceProp, devID);  
printf( " \ nDevice %d: \ "%s\ " \ n" , devID, deviceProp.name);  

ʛʜʝ devID  Ƶ ʠʥʜʝʢʩ ʥʫʞʥʦʡ GPU. ʊʘʢʞʝ, ʚʦʟʤʦʞʥʦ, ʧʦʪʨʝʙʫʝʪʩʷ ʚʨʫʯʥʫʶ 

ʫʩʪʘʥʦʚʠʪʴ ʨʘʟʤʝʨʫ ʢʫʯʠ, ʪ.ʢ. ʧʦ ʫʤʦʣʯʘʥʠʶ ʚʳʜʝʣʷʝʪʩʷ 8 MB. ʋʩʪʘʥʦʚʠʤ ʟʥʘʯʝʥʠʝ 

ʚ 1 GB. 

size_t  heap = 1024 * 1024 * 1024;  
cudaDeviceSetLimit( cudaLimitMallocHeapSize , heap);  

 ɼʣʷ ʧʦʣʝʡ ʩʢʦʨʦʩʪʠ (vx, vy), ʢʚʘʟʠʩʢʦʨʦʩʪʠ (ux, uy), ʢʦʥʮʝʥʪʨʘʮʠʠ (C,C0), 

ʜʘʚʣʝʥʠʷ (p,p0) ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ (mu) ʠʩʧʦʣʴʟʫʝʤ ʫʢʘʟʘʪʝʣʠ ʪʠʧʘ double. 

ʉʫʬʬʠʢʩ _h (host) ʦʙʦʟʥʘʯʘʝʪ ʤʘʩʩʠʚʳ ʜʣʷ CPU, ʩʫʬʬʠʢʩ _d (device) ʦʪʥʦʩʠʪʩʷ 

ʤʘʩʩʠʚʘʤ ʥʘ GPU.  

double  *C0_d, *C_d, *p_d, *p0_d, *ux_d, *uy_d, *vx_d, *vy_d, *mu_d;  
double  *C_h, *p_h, *ux_h, *uy_h, *vx_h, *vy_h, *mu_h;  

//alloc ating memory for arrays on CPU and initializing them  
C_h = ( double *)malloc( sizeof ( double )*N);    
mu_h = ( double *)malloc( sizeof ( double )*N);  

...  

//allocating memory for arrays on GPU  
cudaMalloc(( void **)&mu, sizeof ( double )*N);  
cudaMalloc(( void **)&C, sizeof ( double )*N);   

...  

 

 ʆʪʤʝʪʠʤ, ʯʪʦ, ʪʘʢ ʢʘʢ ʤʳ ʨʘʩʩʤʘʪʨʠʚʘʝʤ 2D ʩʣʫʯʘʡ, ʫ ʥʝʢʦʪʦʨʳʭ ʣʶʜʝʡ 

ʤʦʞʝʪ ʚʦʟʥʠʢʥʫʪʴ ʞʝʣʘʥʠʝ ʠʩʧʦʣʴʟʦʚʘʪʴ ʫʢʘʟʘʪʝʣʴ ʥʘ ʫʢʘʟʘʪʝʣʴ, ʯʪʦʙʳ ʙʳʣʦ 

ʫʜʦʙʥʦ ʦʧʝʨʠʨʦʚʘʪʴ ʩ ʜʚʫʤʝʨʥʳʤʠ ʤʘʩʩʠʚʘʤʠ. ʆʜʥʘʢʦ ʧʨʠ ʨʘʙʦʪʝ ʥʘ CUDA ʵʪʦʪ 

ʧʦʜʭʦʜ ʥʝʞʝʣʘʪʝʣʝʥ, ʪ.ʢ. ʚʦʟʥʠʢʘʶʪ ʪʨʫʜʥʦʩʪʠ ʧʨʠ ʢʦʧʠʨʦʚʘʥʠʠ ʧʘʤʷʪʠ ʩ CPU ʥʘ 

GPU ʠ ʦʙʨʘʪʥʦ (std::vector ʥʘ CUDA ʥʝ ʜʦʩʪʫʧʝʥ). ʇʦʵʪʦʤʫ ʙʫʜʝʤ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʣʠʥʝʘʨʠʟʦʚʘʥʥʳʡ ʦʜʥʦʤʝʨʥʳʡ ʤʘʩʩʠʚ ʜʣʷ 2D ʧʦʣʝʡ:  i, j  Oi + offset* j; N ï ʚʩʝʛʦ 

ʵʣʝʤʝʥʪʦʚ ʤʘʩʩʠʚʘ, Nx+1,Ny+1 ï ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʚ ʥʘʧʨʘʚʣʝʥʠʠ x ʠ y, offset 

= (Nx+1) ï çʩʜʚʠʛè ʥʘ ʠʥʜʝʢʩ ʚʚʝʨʭ/ʚʥʠʟ.  

 ʏʪʦʙʳ ʠʥʠʮʠʘʣʠʟʠʨʦʚʘʪʴ ʤʘʩʩʠʚʳ GPU, ʤʦʞʥʦ ʩʧʝʨʚʘ ʠʥʠʮʠʘʣʠʟʠʨʦʚʘʪʴ 

ʤʘʩʩʠʚʳ CPU ʠ ʟʘʪʝʤ ʩʢʦʧʠʨʦʚʘʪʴ ʠʭ ʚ ʤʘʩʩʠʚʳ GPU ʩ ʧʦʤʦʱʴʶ ʬʫʥʢʮʠʠ  
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cudaMemcpy(C_d, C_h, sizeof ( double )*N, cudaMemcpyHostToDevice );  

ʜʣʷ ʦʙʨʘʪʥʦʛʦ ʢʦʧʠʨʦʚʘʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʘ ʞʝ ʬʫʥʢʮʠʷ 

cudaMemcpy(ȯ_h, ȯ_d, sizeof ( double )*N, cudaMemcpyDeviceToHost);  

 

ɼʣʷ ʢʦʧʠʨʦʚʘʥʠʷ ʚ ʢʦʥʩʪʘʥʪʥʫʶ ʧʘʤʷʪʴ ʠʩʧʦʣʴʟʫʝʪʩʷ cudaMemcpyToSymbol.  

cudaMemcpyToSymbol(hx, &hx_h, sizeof ( double ), 0,  cudaMemcpyHostToDevice);  
cudaMemcpyToSymbol(hy, &hy_h, sizeof ( double ), 0, cudaMemcpyHostToDevice);  
cudaMemcpyToSymbol(offset, &offset_h, sizeof ( unsigned  int ), 0, cudaMemcpyHostToDevice);  

é  

 

 ʊʘʢʞʝ ʥʝʦʙʭʦʜʠʤʦ ʦʧʨʝʜʝʣʠʪʴ ʧʘʨʘʤʝʪʨʳ Grid ʠ Block, ʨʘʩʩʤʦʪʨʝʥʥʳʝ ʚ 

ʣʠʩʪʠʥʛʝ 1, ʜʣʷ ʢʦʪʦʨʳʭ ʨʝʢʦʤʝʥʜʫʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʧʝʮʠʘʣʴʥʳʡ ʪʠʧ ʜʘʥʥʳʭ 

dim3. ɽʩʣʠ ʤʳ ʟʘʜʘʝʤ ʧʘʨʘʤʝʪʨʳ Grid ʠ Block ʢʘʢ ʦʜʥʦʤʝʨʥʳʝ, ʤʦʞʥʦ ʦʙʦʡʪʠʩʴ ʠ 

ʦʙʳʯʥʳʤ ʮʝʣʦʯʠʩʣʝʥʥʳʤʠ ʪʠʧʘʤʠ ʜʘʥʥʳʭ, ʦʜʥʘʢʦ ʚ ʠʥʦʤ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

dim3 ʥʝʦʙʭʦʜʠʤʦ.  ɸʨʛʫʤʝʥʪ ʚ ʢʦʥʩʪʨʫʢʪʦʨʝ ʵʪʦʛʦ ʪʠʧʘ ʜʘʥʥʳʭ ʠʥʠʮʠʘʣʠʟʠʨʫʝʪ 

ʟʥʘʯʝʥʠʝ ʧʝʨʝʤʝʥʥʦʡ, ʚ 2D ʠ 3D ʩʣʫʯʘʝ ʥʝʦʙʭʦʜʠʤʦ ʧʝʨʝʜʘʪʴ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 2 ʠ 3 

ʧʘʨʘʤʝʪʨʘ. 

size_t  thread_x_d = 1024;  
dim3 gridD(ceil((N + 0.0) / thread_x_d));  
dim3 blockD(thread_x_d);  

 

 ʊʝʧʝʨʴ ʤʳ ʤʦʞʝʤ ʧʨʠʩʪʫʧʠʪʴ ʢ ʥʘʯʘʣʫ ʥʘʰʠʭ ʚʳʯʠʩʣʝʥʠʡ. ʆʩʥʦʚʥʦʡ ʮʠʢʣ 

ʧʦ ʚʨʝʤʝʥʠ ʥʘʯʠʥʘʝʪʩʷ ʩ ʧʝʨʚʦʛʦ ʰʘʛʘ ʤʝʪʦʜʘ ʧʨʦʝʢʮʠʡ, ʥʘ ʢʦʪʦʨʦʤ ʚʳʯʠʩʣʷʝʪʩʷ 

ʢʚʘʟʠʩʢʦʨʦʩʪʴ, ʢʦʥʮʝʥʪʨʘʮʠʷ ʠ ʭʠʤʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ: 

 

// the main time loop of the whole calculation procedure  
while  ( true ) {  
iter = it er + 1;   
//1st step, calculating of time evolutionary parts of velocity (quasi - velocity) and 
concentration and chemical potential  

chemical_potential <<<gridD, blockD >>> (mu_d, C_d);  
quasi_velocity <<< gridD, blockD >>> (ux_d, uy_d, vx_d, vy_d, C0_d, mu_d );  
concentration <<< gridD, blockD >>> (C_d, C0_d, vx_d, vy_d, mu_d);  

 

ɺʠʜ ʜʘʥʥʳʭ ʠʩʧʦʣʥʷʝʤʳʭ ʥʘ GPU ʬʫʥʢʮʠʡ (kernel-ʬʫʥʢʮʠʡ) ʙʫʜʝʪ ʧʨʝʜʩʪʘʚʣʝʥ 

ʥʠʞʝ. ʉʫʪʴ ʜʘʥʥʦʛʦ ʰʘʛʘ ʚ ʩʣʝʜʫʶʱʝʤ: ʢʘʞʜʦʝ CUDA-ʷʜʨʦ ʧʨʠʥʠʤʘʝʪ ʥʘ ʩʝʙʷ 

ʦʧʨʝʜʝʣʝʥʥʳʡ ʚʳʯʠʩʣʠʪʝʣʴʥʳʡ ʫʟʝʣ ʩʝʪʢʠ, ʚ ʢʦʪʦʨʦʤ ʚʳʯʠʩʣʷʝʪʩʷ ʟʥʘʯʝʥʠʝ 
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ʭʠʤʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ (mu), ʜʚʫʭ ʢʦʤʧʦʥʝʥʪ ʢʚʘʟʠʩʢʦʨʦʩʪʠ (ux, uy) ʠʣʠ ʟʥʘʯʝʥʠʝ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘ ʩʣʝʜʫʶʱʝʤ ʚʨʝʤʝʥʥʦʤ ʩʣʦʝ (C). 

 

 

 

ʋʨʘʚʥʝʥʠʝ ʇʫʘʩʩʦʥʘ  

 

 ʅʘ ʚʪʦʨʦʤ ʰʘʛʝ ʤʝʪʦʜʘ ʧʨʦʝʢʮʠʡ ʨʝʰʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝ ʇʫʘʩʩʦʥʘ ʜʣʷ 

ʜʘʚʣʝʥʠʷ. ʀʩʧʦʣʴʟʫʝʪʩʷ ʠʪʝʨʘʮʠʦʥʥʘʷ ʧʨʦʮʝʜʫʨʘ ʨʝʰʝʥʠʷ (ʤʝʪʦʜ ʗʢʦʙʠ), ʜʣʷ ʯʝʛʦ 

ʵʣʣʠʧʪʠʯʝʩʢʦʝ ʫʨʘʚʥʝʥʠʝ ʇʫʘʩʩʦʥʘ ʧʨʠʚʦʜʠʪʩʷ ʢ ʧʘʨʘʙʦʣʠʯʝʩʢʦʤʫ ʪʠʧʫ: 

Ћὴȟ
†

ɝὴȟ
ρ

†
ϽÄÉÖ ἽȟȢ (A.27) 

ɿʜʝʩʴ Ћὴȟ †ϳ ὴȟ ὴȟȾ† ï ʧʨʦʠʟʚʦʜʥʘʷ ʧʦ ʬʠʢʪʠʚʥʦʤʫ ʚʨʝʤʝʥʠ †. 

ɺʢʨʘʪʮʝ ʧʨʦʮʝʜʫʨʘ ʨʝʰʝʥʠʷ ʩʣʝʜʫʶʱʘʷ: 1) ʚʳʯʠʩʣʷʝʤ ὴȟ ; 2) ʚʳʯʠʩʣʷʝʤ ʥʝʚʷʟʢʫ 

ὶ В ȿȟ ὴȟ ȿ; 3) ʝʩʣʠ ʨʘʟʥʠʮʘ ʥʝʚʷʟʢʠ ʤʝʞʜʫ ʜʚʫʤʷ ʰʘʛʘʤʠ ʧʦ ʬʠʢʪʠʚʥʦʤʫ 

ʚʨʝʤʝʥʠ ʤʝʥʴʰʝ ʥʝʢʦʪʦʨʦʛʦ ‐, ʚʳʭʦʜʠʤ ʠʟ ʧʨʦʮʝʜʫʨʳ, 

 ( ὶ ὶ ‐ȩ); 4) ʦʙʤʝʥʠʚʘʝʤ ʟʥʘʯʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʤʘʩʩʠʚʦʚ ʜʣʷ ʜʘʚʣʝʥʠʷ, 

ὴȟ ὴȟ ; ʧʦʚʪʦʨʷʝʤ ʧʨʦʮʝʜʫʨʫ ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʠʪʝʨʘʮʠʦʥʥʳʡ ʧʨʦʮʝʩʩ ʥʝ 

ʩʦʡʜʝʪʩʷ.  

 ɺʳʯʠʩʣʝʥʠʝ ʥʝʚʷʟʢʠ ʥʘ GPU ̫ ʚʣʷʝʪʩʷ ʥʝʪʨʠʚʠʘʣʴʥʦʡ ʟʘʜʘʯʝʡ ʠ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʟʘʤʝʪʥʫʶ ʩʣʦʞʥʦʩʪʴ. ɼʝʣʦ ʚ ʪʦʤ, ʯʪʦ ʥʝʚʷʟʢʘ ὶ ʚ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʧʨʦʛʨʘʤʤʝ 

ʷʚʣʷʝʪʩʷ ʛʣʦʙʘʣʴʥʦʡ ʧʝʨʝʤʝʥʥʦʡ. ʇʨʠ ʩʫʤʤʠʨʦʚʘʥʠʠ ʧʦʪʦʢʠ ʥʝ ʤʦʛʫʪ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʧʦʣʫʯʠʪʴ ʜʦʩʪʫʧ ʢ ʜʘʥʥʦʡ ʧʝʨʝʤʝʥʥʦʡ, ʠʥʘʯʝ ʚʦʟʥʠʢʘʝʪ ʫʩʣʦʚʠʝ 

ʛʦʥʢʠ ʧʦʪʦʢʦʚ (race condition). ʅʘ CPU ʩ ʥʝʙʦʣʴʰʠʤ ʯʠʩʣʦʤ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʷʜʝʨ 

ʢʘʞʜʳʡ ʧʦʪʦʢ ʤʦʞʝʪ ʧʦ ʦʯʝʨʝʜʠ ʩʫʤʤʠʨʦʚʘʪʴ ʩʚʦʶ ʯʘʩʪʴ, ʪ.ʝ. ʧʦʢʘ ʦʜʠʥ ʧʦʪʦʢ 

ʚʳʧʦʣʥʷʝʪ ʦʧʝʨʘʮʠʶ ʧʨʠʩʚʘʠʚʘʥʠʷ, ʜʨʫʛʠʝ ʧʦʪʦʢʠ ʙʣʦʢʠʨʫʶʪʩʷ. ʆʜʥʘʢʦ ʥʘ GPU, 

ʠʤʝʷ ʪʳʩʷʯʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʷʜʝʨ, ʜʘʥʥʘʷ ʧʨʦʮʝʜʫʨʘ ʙʫʜʝʪ ʧʨʝʜʩʪʘʚʣʷʪʴ 

çʙʫʪʳʣʦʯʥʦʝ ʛʦʨʣʳʰʢʦè (bottleneck), ʥʝ ʫʩʢʦʨʷʷ, ʘ ʤʥʦʛʦʢʨʘʪʥʦ ʟʘʤʝʜʣʷʷ ʚʩʶ 

ʧʨʦʛʨʘʤʤʫ. ɼʣʷ ʜʘʥʥʳʭ ʮʝʣʝʡ ʧʨʠʤʝʥʷʝʪʩʷ ʨʝʜʫʢʮʠʷ-ʩʫʤʤʠʨʦʚʘʥʠʝ (ʩʤ. ʨʠʩ. A2): 
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ʩʫʤʤʠʨʦʚʘʥʠʝ ʚʳʧʦʣʥʷʝʪʩʷ ʚ ʥʝʩʢʦʣʴʢʦ ʰʘʛʦʚ, ʥʘ ʧʝʨʚʦʤ ʤʳ ʨʘʟʙʠʚʘʝʤ ʵʣʝʤʝʥʪʳ 

ʤʘʩʩʠʚʘ ʧʦ ʧʘʨʘʤ, ʢʘʞʜʳʡ ʧʦʪʦʢ ʚʳʯʠʩʣʷʝʪ ʩʫʤʤʫ ʪʘʢʦʡ ʧʘʨʳ; ʜʘʣʝʝ ʠʟ 

ʧʦʣʫʯʠʚʰʠʭʩʷ ʧʘʨ ʩʦʩʪʘʚʣʷʶʪʩʷ ʥʦʚʳʝ ʧʘʨʳ ʠ ʪʘʢ ʜʘʣʝʝ, ʧʦʢʘ ʥʝ ʦʩʪʘʥʝʪʩʷ 

ʝʜʠʥʩʪʚʝʥʥʳʡ ʵʣʝʤʝʥʪ.  

 ʅʘ CUDA ʚʳʯʠʩʣʝʥʠʷ ʚʳʧʦʣʥʷʶʪʩʷ ʙʣʦʢʘʤʠ ʧʦʪʦʢʦʚ. ʂʘʞʜʳʡ ʪʘʢʦʡ ʙʣʦʢ 

ʩʦʩʪʘʚʣʷʝʪ ʤʘʢʩʠʤʫʤ 1024 ʧʦʪʦʢʘ (ʚʧʦʣʥʝ ʵʬʬʝʢʪʠʚʥʦ ʟʘʛʨʫʞʘʪʴ ʢʘʞʜʳʡ ʙʣʦʢ ʥʘ 

ʤʘʢʩʠʤʫʤ, ʙʳʚʘʝʪ, ʦʜʥʘʢʦ, ʯʪʦ ʤʘʢʩʠʤʘʣʴʥʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴʩʷ 

ʧʨʠ ʤʝʥʴʰʝʤ ʟʥʘʯʝʥʠʠ, ʥʦ ʨʝʢʦʤʝʥʜʫʝʪʩʷ ʟʘʜʘʚʘʪʴ ʟʥʘʯʝʥʠʝ ʧʦ ʩʪʝʧʝʥʷʤ ʜʚʦʡʢʠ). 

ʇʨʠ ʵʪʦʤ ʢʦʤʤʫʥʠʢʘʮʠʷ ʤʝʞʜʫ ʙʣʦʢʘʤʠ ʦʪʩʫʪʩʪʚʫʝʪ, ʪʘʢ ʯʪʦ ʤʳ ʥʝ ʤʦʞʝʤ 

ʧʝʨʝʜʘʚʘʪʴ çʧʘʨʥʳʝ ʩʫʤʤʳè ʩ ʦʜʥʦʛʦ ʙʣʦʢʘ ʥʘ ʜʨʫʛʦʡ, ʦʩʫʱʝʩʪʚʣʷʷ ʥʦʚʳʡ ʰʘʛ 

ʨʝʜʫʢʮʠʠ. ʅʘʧʨʠʤʝʨ, ʠʤʝʷ ʤʘʩʩʠʚ ʠʟ 2048 ʵʣʝʤʝʥʪʦʚ ʢʘʞʜʳʡ ʙʣʦʢ ʤʦʞʝʪ 

ʦʩʫʱʝʩʪʚʠʪʴ ʨʝʜʫʢʮʠʶ 1024 ʵʣʝʤʝʥʪʦʚ, ʦʜʥʘʢʦ ʦʩʪʘʚʰʠʝʩʷ ʜʚʘ ʟʥʘʯʝʥʠʷ ʥʘʭʦʜʷʪʩʷ 

ʚ ʨʘʟʥʳʭ ʙʣʦʢʘʭ. ɼʚʘ ʵʣʝʤʝʥʪʘ ʤʦʞʥʦ ʙʳʣʦ ʩʣʦʞʠʪʴ ʠ ʢʘʢ-ʥʠʙʫʜʴ ʚʨʫʯʥʫʶ, ʥʦ 

ʦʩʪʘʚʰʠʭʩʷ ʟʥʘʯʝʥʠʡ ʤʦʞʝʪ ʙʳʪʴ ʢʫʜʘ ʙʦʣʴʰʝ, ʜʣʷ ʵʪʦʛʦ ʧʨʠʭʦʜʠʪʩʷ 

ʦʨʛʘʥʠʟʦʚʳʚʘʪʴ ʜʦʚʝʨʰʝʥʠʝ ʨʝʜʫʢʮʠʠ ʧʦʚʪʦʨʥʳʤ ʝʝ ʚʳʟʦʚʦʤ. ɹʦʣʝʝ ʪʦʛʦ, ʝʩʣʠ 

ʠʩʭʦʜʥʳʡ ʤʘʩʩʠʚ ʜʣʠʥʥʝʝ ʯʝʤ 10242, ʜʦʚʝʨʰʘʪʴ ʨʝʜʫʢʮʠʶ ʧʨʠʜʝʪʩʷ ʙʦʣʝʝ ʦʜʥʦʛʦ 

ʨʘʟʘ (ʪ.ʝ. ʚʩʝʛʦ ʚʳʟʦʚʦʚ ʙʦʣʴʰʝ ʜʚʫʭ).  

 ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʘʣʛʦʨʠʪʤ ʨʘʩʯʝʪʘ ʥʝʚʷʟʢʠ ʩʦʩʪʦʠʪ ʠʟ ʩʣʝʜʫʶʱʝʛʦ ʮʠʢʣʘ 

ʚʳʟʦʚʦʚ ʧʨʦʮʝʜʫʨʳ ʨʝʜʫʢʮʠʠ. ɹʝʨʫʪʩʷ 2 ʤʘʩʩʠʚʘ: ʚʭʦʜʥʦʡ ʠ ʚʳʭʦʜʥʦʡ. ʅʘ ʧʝʨʚʦʡ 

ʠʪʝʨʘʮʠʠ ʚʳʟʳʚʘʝʪʩʷ ʧʨʦʮʝʜʫʨʘ ʨʝʜʫʢʮʠʠ, ʚ ʢʦʪʦʨʦʡ ʚʭʦʜʥʦʡ ʤʘʩʩʠʚ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʠʩʭʦʜʥʳʡ ʤʘʩʩʠʚ ὴȟ. ɺʳʭʦʜʥʦʡ ʤʘʩʩʠʚ ʬʦʨʤʠʨʫʝʪʩʷ ʠʟ ʬʠʥʘʣʴʥʳʭ 

ʟʥʘʯʝʥʠʡ ʩ ʢʘʞʜʦʛʦ ʙʣʦʢʘ. ɺʳʭʦʜʥʦʡ ʤʘʩʩʠʚ ʟʘʪʝʤ, ʥʘ ʩʣʝʜʫʶʱʝʡ ʠʪʝʨʘʮʠʠ ʮʠʢʣʘ, 

ʧʦʩʳʣʘʝʪʩʷ ʥʘ ʚʭʦʜ ʧʨʦʮʝʜʫʨʳ ʨʝʜʫʢʮʠʠ ï ʧʦʚʪʦʨʷʝʤ ʮʠʢʣ ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ 

ʚʳʭʦʜʥʦʡ ʤʘʩʩʠʚ ʥʝ ʙʫʜʝʪ ʩʦʜʝʨʞʘʪʴ ʝʜʠʥʩʪʚʝʥʥʳʡ ʵʣʝʤʝʥʪ (ʠʩʢʦʤʫʶ ʥʝʚʷʟʢʫ).  
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ʅʠʞʝ ʧʨʝʜʩʪʘʚʣʝʥ ʢʦʜ ʨʘʩʯʝʪʘ ʫʨʘʚʥʝʥʠʷ ʇʫʘʩʩʦʥʘ.  

//2nd step, Poisson equation for pressure  
double  eps = 1.0;     // current accuracy  
double  eps0 = 1 e- 5;   // setting accuracy  
double  psiav0 = 0.0;  //r, on residual n - th step  
double  psiav = 0.0;   //r0, onresidual (n - 1) - th step  
int     k = 0;         // iteration number  
 
while  (eps > eps0*psiav0 )  
{  
 psiav = 0.0;  k++;  
 Poisson << <gridD, blockD >> > (p _d, p0_d, ux_d, uy_d, mu_d, C_d);  
 
 for  ( int  i = 0; i < s; i++)  

reduction <<< Gp[i], 1024, 1024 * sizeof ( double ) >>> (arr[i], Np[i],  
arr[i + 1]);  

 
 temp = p; p = p0; p0 = temp; //swap p and p0  
 cudaMemcpy(&psiav, psiav_array, sizeof ( double ), cudaMemcpyDeviceToHost );  
 
 eps = abs(psiav -  psiav0);  psiav0 = psiav;  
}  

 

ʅʝʚʷʟʢʠ ʥʘ ʜʚʫʭ ʰʘʛʘʭ ʧʦ ʬʠʢʪʠʚʥʦʤʫ ʚʨʝʤʝʥʠ ʭʨʘʥʷʪʩʷ ʚ ʧʝʨʝʤʝʥʥʳʭ psiav  ʠ 

psiav 0. ʉʧʝʨʚʘ ʩ ʧʦʤʦʱʴʶ ʚʳʟʦʚʘ kernel-ʬʫʥʢʮʠʠ Poisson  ʚʳʯʠʩʣʷʶʪʩʷ ʟʥʘʯʝʥʠʷ 

ὴȟ . ɿʘʪʝʤ ʠʜʝʪ ʦʧʠʩʘʥʥʳʡ ʚʳʰʝ ʮʠʢʣ ʚʳʟʦʚʦʚ ʧʨʦʮʝʜʫʨʳ ʨʝʜʫʢʮʠʠ. 

ʆʩʪʘʥʦʚʠʤʩʷ ʧʦʜʨʦʙʥʝʝ ʥʘ ʜʘʥʥʦʤ ʤʦʤʝʥʪʝ.  

 ʎʠʢʣ ʚʳʧʦʣʥʷʝʪʩʷ ʜʦ s ʠʪʝʨʘʮʠʡ, ʪ.ʝ. s ï ʯʠʩʣʦ ʚʳʟʦʚʦʚ ʦʧʝʨʘʮʠʠ ʨʝʜʫʢʮʠʠ: 

1 ʨʘʟ ʝʩʣʠ ʯʠʩʣʦ ʵʣʝʤʝʥʪʦʚ ʥʝ ʙʦʣʴʰʝ 1024, 2 ʨʘʟʘ, ʝʩʣʠ ʥʝ ʙʦʣʴʰʝ 10242  ʠ ʪ.ʜ. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʚʩʝ ʧʦʪʦʢʠ ʥʘ ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʩʠʥʭʨʦʥʠʟʠʨʫʶʪʩʷ 

ʧʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʚʳʟʦʚʘ kernel-ʬʫʥʢʮʠʠ. 

ʈʠʩʫʥʦʢ A2. ʉʭʝʤʘ ʚʳʧʦʣʥʝʥʠʷ ʧʨʦʮʝʜʫʨʳ ʨʝʜʫʢʮʠʠ-ʩʫʤʤʠʨʦʚʘʥʠʷ. 



200 

 
//number of reductions  
int  s = ceil(log(N) / log(1024));  

ɺ ʧʘʨʘʤʝʪʨʘʭ kernel-ʬʫʥʢʮʠʠ reduction ʚ ʪʨʦʡʥʳʭ ʫʛʣʦʚʳʭ ʩʢʦʙʢʘʭ ʧʨʠʩʫʪʩʪʚʫʝʪ 

ʥʝ 2, ʘ ʪʨʠ ʧʘʨʘʤʝʪʨʘ. ʇʝʨʚʳʝ ʜʚʘ ʦʪʚʝʯʘʶʪ ʨʘʟʤʝʨʫ grid (ʯʠʩʣʦ ʙʣʦʢʦʚ) ʠ ʨʘʟʤʝʨʫ 

block (ʯʠʩʣʦ ʧʦʪʦʢʦʚ ʚ ʙʣʦʢʝ), ʪʨʝʪʠʡ ʞʝ ʧʘʨʘʤʝʪʨ ʦʪʚʝʯʘʝʪ ʟʘ ʢʦʣʠʯʝʩʪʚʦ 

ʜʠʥʘʤʠʯʝʩʢʠ ʚʳʜʝʣʷʝʤʦʡ ʩʧʝʮʠʘʣʴʥʦʡ shared-ʧʘʤʷʪʠ. ɼʘʥʥʘʷ ʧʘʤʷʪʴ ʜʦʩʪʫʧʥʘ ʥʘ 

ʢʘʞʜʳʡ ʙʣʦʢ, ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʙʳʩʪʨʦʡ, ʯʝʤ ʛʣʦʙʘʣʴʥʘʷ ʧʘʤʷʪʴ (ʥʦ ʤʝʜʣʝʥʥʝʝ, ʯʝʤ 

constant-ʧʘʤʷʪʴ). ʆ shared-ʧʘʤʷʪʠ ʤʦʞʥʦ ʜʫʤʘʪʴ, ʢʘʢ ʦʙ ʫʧʨʘʚʣʷʝʤʦʡ ʢʵʰ-ʧʘʤʷʪʠ, 

ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʦʢʘʟʘʪʴʩʷ ʧʦʣʝʟʥʦʡ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʘʣʛʦʨʠʪʤʘ. ɺ ʯʘʩʪʥʦʩʪʠ, 

shared-ʧʘʤʷʪʴ ʵʬʬʝʢʪʠʚʥʘ ʚ ʪʝʭ ʩʣʫʯʘʷʭ, ʢʦʛʜʘ ʚʥʫʪʨʠ ʙʣʦʢʘ ʧʦʪʦʢʠ ʚʳʧʦʣʥʷʶʪ 

ʩʝʨʠʶ ʦʧʝʨʘʮʠʡ ʥʘʜ ʦʜʥʠʤ ʠ ʪʝʤ ʞʝ ʥʘʙʦʨʦʤ ʵʣʝʤʝʥʪʦʚ ʤʘʩʩʠʚʘ.  

 ʄʘʩʩʠʚ Gp ʦʪʚʝʯʘʝʪ ʟʘ ʨʘʟʤʝʨ grid, ʢʦʪʦʨʳʡ ʥʝʦʙʭʦʜʠʤ ʧʨʠ ʢʘʞʜʦʤ ʚʳʟʦʚʝ 

ʨʝʜʫʢʮʠʠ; ʤʘʩʩʠʚ Np ʭʨʘʥʠʪ ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ, ʢʦʪʦʨʳʝ ʥʝʦʙʭʦʜʠʤʦ 

çʨʝʜʫʮʠʨʦʚʘʪʴè ʥʘ ʢʘʞʜʦʤ ʰʘʛʝ (ʧʨʠʯʝʤ Np[0]  = N).  

int  *Gp = new int [s];  
int  *Np = new int [s];  
int  GN = N;  
for  ( int  i = 0; i < s; i++)  
 Gp[i] = GN = ceil(GN / (1024.0));  
Np[0] = N;  
for  ( int  i = 1; i < s; i++)  
 Np[i] = Gp[i -  1];  

 

ʄʘʩʩʠʚ arr  ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʤʘʩʩʠʚ ʠʟ ʫʢʘʟʘʪʝʣʝʡ (ʩ ʢʦʪʦʨʳʤʠ ʤʳ ʨʘʙʦʪʘʝʤ ʥʘ 

GPU).  

doubl e *arr[10];  

 ɺʦʟʤʦʞʥʦ, ʧʦʪʨʝʙʫʝʪʩʷ ʙʦʣʴʰʝ 10, ʥʦ ʦʙʳʯʥʦ ʥʝʦʙʭʦʜʠʤʦ 3-4 ʵʣʝʤʝʥʪʘ; 

arr[i]  ï ʫʢʘʟʘʪʝʣʴ ʥʘ ʚʭʦʜʥʦʡ ʤʘʩʩʠʚ ʜʣʷ ʧʨʦʮʝʜʫʨʳ ʨʝʜʫʢʮʠʠ, arr [ i +1]  ï 

ʫʢʘʟʘʪʝʣʴ ʥʘ ʚʳʭʦʜʥʦʡ ʤʘʩʩʠʚ ʜʣʷ ʧʨʦʮʝʜʫʨʳ ʨʝʜʫʢʮʠʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ 

ʩʣʝʜʫʶʱʝʡ ʠʪʝʨʘʮʠʠ ʚʳʭʦʜʥʦʡ ʤʘʩʩʠʚ ʩʪʘʥʦʚʠʪʩʷ ʚʭʦʜʥʳʤ.  ʇʨʠ ʵʪʦʤ ʫʢʘʟʘʪʝʣʴ 

arr [0]  ï ʝʩʪʴ ʫʢʘʟʘʪʝʣʴ ʥʘ ʠʩʭʦʜʥʦʝ ʧʦʣʝ ʜʘʚʣʝʥʠʷ p_d (ὴȟ Ȣ ɺʩʝʛʦ ʧʦʪʨʝʙʫʝʪʩʷ 

s+1 ʫʢʘʟʘʪʝʣʴ arr [0].. arr [ s],  ʬʘʢʪʠʯʝʩʢʘʷ ʜʣʠʥʘ ʢʘʞʜʦʛʦ ʤʘʩʩʠʚʘ arr [ i ]  ʨʘʚʥʘ 

Np[ i ]. ʂʘʞʜʳʡ ʧʦʩʣʝʜʫʶʱʠʡ ʤʘʩʩʠʚ ʤʝʥʴʰʝ ʧʨʝʜʳʜʫʱʝʛʦ (Np[ i ] > Np[ i  + 1] ). ɺ 

ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ ʥʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʚʳʜʝʣʷʪʴ ʧʘʤʷʪʴ ʜʣʷ ʢʘʞʜʦʛʦ ʫʢʘʟʘʪʝʣʷ 

arr [ i ]  c i = 1és, ʤʳ ʤʦʞʝʤ ʠʩʧʦʣʴʟʦʚʘʪʴ ʦʜʠʥ ʠ ʪʦʪ ʞʝ ʤʘʩʩʠʚ (ʚʳʜʝʣʝʥʠʝ ʧʘʤʷʪʠ 
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ʫʢʘʟʘʪʝʣʶ psiav _array )  ʚ ʢʘʯʝʩʪʚʝ ʚʭʦʜʥʦʛʦ ʠ ʚʳʭʦʜʥʦʛʦ ʦʜʥʦʚʨʝʤʝʥʥʦ. ɽʩʣʠ 

ʠʩʭʦʜʥʳʡ ʤʘʩʩʠʚ ʧʦʣʷ ʜʘʚʣʝʥʠʷ ʥʝ ʙʦʣʴʰʝ ʯʝʤ 1024 ʵʣʝʤʝʥʪʘ, ʪʦ ʧʘʤʷʪʴ 

ʚʳʜʝʣʷʝʪʩʷ ʣʠʰʴ ʜʣʷ ʦʜʥʦʛʦ ʵʣʝʤʝʥʪʘ ʪʠʧʘ double, ʠʥʘʯʝ ʜʣʷ Np[1]  ʰʪ.  

 

double  *psiav_array;  

(s!=1) ? cudaMalloc(( void **)&psiav_array, sizeof ( double )*Np[1]):  

 cudaMalloc(( void **)&psiav_ar ray, sizeof ( double ));   

arr[0] = p_d;  
for  ( int  i = 1; i <= s; i++)  
 arr [ i ] = psiav _array ;  

 

 ʅʝʢʦʪʦʨʳʝ ʘʩʧʝʢʪʳ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʚʳʰʝ ʩʭʝʤʳ ʨʘʩʯʝʪʘ ʥʝʚʷʟʢʠ ʤʦʛʫʪ 

ʧʦʢʘʟʘʪʴʩʷ ʠʟʣʠʰʥʠʤʠ, ʦʜʥʘʢʦ ʵʪʦ ʧʦʟʚʦʣʷʝʪ ʟʘʧʠʩʘʪʴ ʜʘʥʥʫʶ ʧʨʦʮʝʜʫʨʫ 

ʤʘʢʩʠʤʘʣʴʥʦ ʢʦʤʧʘʢʪʥʦ ʠ ʫʥʠʚʝʨʩʘʣʴʥʦ ʧʨʠʤʝʥʷʪʴ ʝʝ ʢ ʣʶʙʦʤʫ ʢʦʣʠʯʝʩʪʚʫ 

ʜʘʥʥʳʭ.  

 

 ɼʘʣʝʝ, ʧʦʩʣʝ ʚʳʯʠʩʣʝʥʠʷ ʥʝʚʷʟʢʠ, ʤʳ ʦʙʤʝʥʠʚʘʝʤ ʟʥʘʯʝʥʠʷ ὴȟ  ʠ ὴȟ ʧʫʪʝʤ 

ʦʙʤʝʥʘ ʫʢʘʟʘʪʝʣʝʡ. ɿʘʪʝʤ ʢʦʧʠʨʫʝʤ psiav _array  (ʪʦʯʥʝʝ ʛʦʚʦʨʷ, ʪʦʣʴʢʦ 

ʝʜʠʥʩʪʚʝʥʥʳʡ ʵʣʝʤʝʥʪ array _array [0] Ƶ ʢʦʥʝʯʥʦʝ ʟʥʘʯʝʥʠʝ ʥʝʚʷʟʢʠ ʥʘ GPU) ʚ 

ʧʝʨʝʤʝʥʥʫʶ psiav  (ʥʝʚʷʟʢʘ ʚ ʧʘʤʷʪʠ CPU). ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʢʦʧʠʨʦʚʘʥʠʝ ʧʘʤʷʪʠ 

ʤʝʞʜʫ GPU ʠ CPU ʷʚʣʷʝʪʩʷ ʤʝʜʣʝʥʥʦʡ ʦʧʝʨʘʮʠʝʡ, ʦʜʥʘʢʦ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʤʳ 

ʢʦʧʠʨʫʝʤ ʣʠʰʴ 8 ʙʘʡʪ/64 ʙʠʪ, ʯʪʦ ʥʝ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʙʳʩʪʨʦʜʝʡʩʪʚʠʠ (ʨʘʟʨʷʜʥʦʩʪʴ 

ʰʠʥʳ ʧʘʤʷʪʠ ʚʠʜʝʦʢʘʨʪʳ ʩʦʩʪʘʚʣʷʝʪ ʤʠʥʠʤʫʤ 64 ʙʠʪ ï ʚ ʩʘʤʳʭ ʙʶʜʞʝʪʥʳʭ 

ʤʦʜʝʣʷʭ). ɺ ʟʘʢʣʶʯʝʥʠʠ ʚʳʧʦʣʥʷʝʪʩʷ ʧʨʦʚʝʨʢʘ ʚʳʭʦʜʘ ʠʟ ʮʠʢʣʘ, ʠ, ʚ ʩʣʫʯʘʝ ʫʩʧʝʭʘ, 

ʤʳ ʧʝʨʝʭʦʜʠʤ ʢ ʪʨʝʪʴʝʤʫ ʰʘʛʫ ʤʝʪʦʜʘ ʧʨʦʝʢʮʠʡ.  

 ʆʪʤʝʪʠʤ, ʯʪʦ ʚ ʣʠʪʝʨʘʪʫʨʝ ʤʦʞʥʦ ʥʘʡʪʠ ʧʦʭʦʞʠʝ ʨʝʘʣʠʟʘʮʠʠ ʤʝʪʦʜʘ 

ʧʨʦʝʢʮʠʡ, ʥʦ ʩ ʫʧʨʦʱʝʥʠʝʤ ʧʨʦʮʝʜʫʨʳ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ʇʫʘʩʩʦʥʘ, ʢʦʛʜʘ 

ʥʝʚʷʟʢʘ ʥʝ ʚʳʩʯʠʪʳʚʘʝʪʩʷ, ʠ ʚʳʭʦʜ ʠʟ ʘʣʛʦʨʠʪʤʘ ʧʨʦʠʩʭʦʜʠʪ ʧʦ ʟʘʨʘʥʝʝ ʟʘʜʘʥʥʦʤʫ 

ʢʨʠʪʝʨʠʶ (ʥʘʧʨʠʤʝʨ, ʯʠʩʣʦ ʠʪʝʨʘʮʠʡ ʥʘ ʢʘʞʜʦʤ ʰʘʛʝ), ʯʪʦ ʚʝʜʝʪ ʢ ʯʨʝʟʤʝʨʥʳʤ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʤ ʟʘʪʨʘʪʘʤ ʧʦ ʚʨʝʤʝʥʠ ʠ, ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ, ʢ ʤʝʥʝʝ ʪʦʯʥʦʤʫ 

ʨʝʟʫʣʴʪʘʪʫ. ʅʘʰ ʘʣʛʦʨʠʪʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʣʠʰʝʥ ʜʘʥʥʳʭ ʥʝʜʦʩʪʘʪʢʦʚ.  
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 ɿʘʢʣʶʯʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʤʝʪʦʜʘ ʧʨʦʝʢʮʠʡ ʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʟʘʤʝʪʥʳʭ 

ʪʨʫʜʥʦʩʪʝʡ. ʄʳ ʧʨʦʩʪʦ ʚʳʟʳʚʘʝʤ kernel-ʬʫʥʢʮʠʶ, ʢʦʪʦʨʘʷ, ʟʥʘʷ ʧʦʣʫʯʝʥʥʦʝ ʧʦʣʝ 

ʜʘʚʣʝʥʠʷ, ʚʳʯʠʩʣʷʝʪ ʟʥʘʯʝʥʠʷ ʠʩʪʠʥʥʦʡ ʩʢʦʨʦʩʪʠ (vx_d, vy_d). ɿʘʪʝʤ ʦʙʤʝʥʠʚʘʝʤ 

ʟʥʘʯʝʥʠʷ ʧʦʣʝʡ ʩʢʦʨʦʩʪʠ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʧʝʨʝʭʦʜʠʤ ʥʘ ʥʘʯʘʣʦ ʛʣʘʚʥʦʛʦ ʮʠʢʣʘ ʢ 

ʩʣʝʜʫʶʱʝʤʫ ʰʘʛʫ ʧʦ ʚʨʝʤʝʥʠ. 

//3rd step, velocity correction and swapping field values  
velocity_c orrection <<<gridD, blockD >>> (vx_d, vy_d, ux_d, uy_d, p_d);  
temp = C_d; C_d = C0_d; C0_d = temp;  
temp = vx_d; vx_d = ux_d; ux_d = temp;  
temp = vy_d; vy_d = uy_d; uy_d = temp;  

 } //the end of the main time loop  
} //the end of the main function  

 

Kernel-ʬʫʥʢʮʠʠ 

 

 ɺʩʝ kernel-ʬʫʥʢʮʠʠ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʬʫʥʢʮʠʠ ʨʝʜʫʢʮʠʠ, ʠʤʝʶʪ ʘʥʘʣʦʛʠʯʥʳʭ 

ʚʠʜ. ʅʘʤʠ ʧʨʠʤʝʥʷʶʪʩʷ ʜʚʘ ʧʦʜʭʦʜʘ: 1) ʙʦʣʝʝ ʧʨʦʩʪʦʡ ʠ ʥʘʛʣʷʜʥʳʡ, ʥʦ ʧʨʠʛʦʜʥʳʡ 

ʜʣʷ ʧʨʦʩʪʦʡ ʛʝʦʤʝʪʨʠʠ ʦʙʣʘʩʪʠ (ʥʘʧʨʠʤʝʨ, ʧʨʷʤʦʫʛʦʣʴʥʦʡ); 2) ʩ ʚʳʯʠʩʣʝʥʠʝʤ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʠʥʜʝʢʩʦʚ ʠ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʭ ʤʘʩʩʠʚʦʚ, ʧʨʠ ʢʦʪʦʨʦʤ, ʥʘʧʨʠʤʝʨ, 

ʚʦʟʤʦʞʥʦ ʧʦʩʯʠʪʘʪʴ ʤʘʪʨʠʮʫ ʠʟ ʩʝʪʠ ʢʘʧʠʣʣʷʨʦʚ.  

 ʈʘʩʩʤʦʪʨʠʤ ʧʝʨʚʳʡ ʧʦʜʭʦʜ ʠ ʬʫʥʢʮʠʶ, ʚ ʢʦʪʦʨʦʡ ʚʳʯʠʩʣʷʝʪʩʷ ʥʦʚʦʝ 

ʟʥʘʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ ʢʘʞʜʦʡ ʪʦʯʢʝ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʦʙʣʘʩʪʠ. ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ 

ʫʜʦʙʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʚʫʤʝʨʥʫʶ ʠʥʜʝʢʩʘʮʠʶ ʙʣʦʢʦʚ ʠ ʧʦʪʦʢʦʚ ʚʥʫʪʨʠ ʙʣʦʢʦʚ, 

ʚʳʟʦʚʳ ʬʫʥʢʮʠʡ (ʯʪʦ ʤʳ ʦʧʠʩʳʚʘʣʠ ʚʳʰʝ) ʧʨʠ ʵʪʦʤ ʥʠʢʘʢ ʥʝ ʠʟʤʝʥʠʪʩʷ, ʥʫʞʥʦ 

ʣʠʰʴ ʦʧʨʝʜʝʣʠʪʴ ʧʝʨʝʤʝʥʥʳʝ gridD  ʠ blockD  ʢʘʢ ʜʚʫʤʝʨʥʳʝ: 

size_t  thread_x_d = 32;  
size_t  thread_y_d = 32;  
 
dim3 gridD(ceil((Nx  + 1.0) / thread_x_d), ceil((Ny + 1.0) / thread_y_d));  
dim3 blockD(thread_x_d, thread_y_d);  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʩʝ ʧʦʪʦʢʠ ʚ ʚʳʟʦʚʝ kernel-ʬʫʥʢʮʠʠ ʧʦ-ʧʨʝʞʥʝʤʫ ʨʘʟʙʠʚʘʶʪʩʷ ʥʘ 

ʙʣʦʢʠ ʠʟ 1024 ʧʦʪʦʢʘ, ʥʦ ʚ ʚʠʜʝ ʢʚʘʜʨʘʪʦʚ 32Ĭ32. ɺʩʧʦʤʥʠʤ, ʯʪʦ ʠʥʜʝʢʩʳ ʧʦ 

ʥʘʧʨʘʚʣʝʥʠʷʤ x ʠ y ʠʟʤʝʥʷʶʪʩʷ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʢʘʢ i = 0..Nx, j = 0..Ny. 

 

__global__  void  concentration( double  * C, double  * C0, double  * vx, double  * vy, double  * mu) {  
unsigned  int  i = threadIdx.x + blockIdx.x*blockDim.x; //global index i (x direction)  
unsigned  int  j = thre adIdx.y + blockIdx.y*blockDim.y; //global index j (y direction)  
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unsigned  int  l = i + offset*j;  
 
if  (i <= nx && j <= ny && l < n)  
{  
 // Inner  
 if  (i > 0 && i < nx && j > 0 && j < ny)  
 {  
  +tau * (  
  //convective term  
  - vx[l] * ( C0[l + 1] -  C0[l -  1]) / (2. 0 * hx)  
  -  vy[l] * ( C0[l + offset] -  C0[l -  offset]) / (2.0 * hy)  
  //laplacian  
  + (+( mu[l + 1] -  2.0* mu[l] + mu[l -  1]) / (hx * hx)  
   + ( mu[l + offset] -  2.0* mu[l] + mu[l -  offset]) / (hy * hy)  
  ) / Pe );  
 }  
 
 // Rigid bottom wall  
 else  if  (j == 0)  
  C[l] = (4.0* C0[l + offset] -  C0[l + offset * 2]) / 3.0;  
 
 // Rigid top wall  
 else  if  (j == ny)  
  C[l] = (4.0* C0[l -  offset] -  C0[l -  offset * 2]) / 3.0;  
 
 // left inlet side  
 else  if  (i == 0 && (j > 0 && j < ny))    
  C[l] = - 0.5;  
 
 // right outlet side   
 else  if  (i == nx && (j > 0 && j < ny))  
  C[l] = (4.0* C0[l -  1] -  C0[l -  2]) / 3.0;  
} // end of if  
} // end of  kernel  

 

ʇʨʝʜʩʪʘʚʣʝʥʥʘʷ kernel-ʬʫʥʢʮʠʷ ʨʘʟʙʠʪʘ ʥʘ ʯʘʩʪʠ: ʚʳʯʠʩʣʝʥʠʝ ʚʦ ʚʥʫʪʨʝʥʥʠʭ ʫʟʣʘʭ 

ʠ ʥʘ ʛʨʘʥʠʮʘʭ ʦʙʣʘʩʪʠ. ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 2D ʢʘʧʠʣʣʷʨʫ, ʩ ʣʝʚʦʛʦ 

ʢʦʥʮʘ ʢʦʪʦʨʦʛʦ ʧʨʦʠʩʭʦʜʠʪ ʟʘʢʘʯʢʘ, ʧʨʘʚʳʡ ʢʦʥʝʮ ʩʯʠʪʘʝʪʩʷ ʦʪʢʨʳʪʳʤ, ʚʝʨʭʥʷʷ ʠ 

ʥʠʞʥʷʷ ʩʪʝʥʢʠ ʷʚʣʷʶʪʩʷ ʪʚʝʨʜʳʤʠ ʥʝʧʨʦʥʠʮʘʝʤʳʤʠ ʜʣʷ ʚʝʱʝʩʪʚʘ.  

 ʇʨʠʥʮʠʧ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ kernel-ʬʫʥʢʮʠʡ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʜʨʫʛʠʭ ʧʦʣʝʡ 

ʘʙʩʦʣʶʪʥʦ ʪʘʢʦʡ ʞʝ ʠ ʥʝ ʚʳʟʳʚʘʝʪ ʪʨʫʜʥʦʩʪʝʡ.  

 

 

Reduction  

 

 ʇʨʦʮʝʜʫʨʘ ʚʳʯʠʩʣʝʥʠʷ ʨʝʜʫʢʮʠʠ ʥʘ GPU ʠʤʝʝʪ ʤʥʦʞʝʩʪʚʦ ʥʶʘʥʩʦʚ, 

ʩʚʷʟʘʥʥʳʭ ʩ ʘʨʭʠʪʝʢʪʫʨʦʡ GPU ʠ ʧʨʦʛʨʘʤʤʥʦʡ ʤʦʜʝʣʴʶ CUDA. ʇʨʝʜʩʪʘʚʠʤ ʦʜʠʥ 

ʠʟ ʚʦʟʤʦʞʥʳʭ ʚʘʨʠʘʥʪʦʚ.  
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__global__  void  reduction (double  * input , unsigned  int  n, double * output) {  
 extern  __shared__  double  shared[];  
 
 unsigned  int  id = threadIdx.x;  
 unsigned  int  i = blockIdx.x*blockDim.x + threadIdx.x;  
 
 shared[id] = (i < n) ? abs( input [i]) : 0;  
 __syncthreads();  
 
 
 for  ( unsigned  int  q = blockDim.x / 2; q > 0; q >>= 1)  
 {  
  if  (id < q)  
  {  
   shared[id] += shared[id + q];  
  }  
  __syncthreads();  
 }  
 
 if  (id == 0) {  
  output [blockIdx.x] = shared[0];  
 }  
} // kernel end  

 

 ɺ ʧʝʨʚʦʡ ʩʪʨʦʯʢʝ ʦʙʲʷʚʣʷʝʪʩʷ ʤʘʩʩʠʚ ʚ shared-ʧʘʤʷʪʠ, ʢʦʣʠʯʝʩʪʚʦ ʧʘʤʷʪʠ 

ʚʳʜʝʣʷʝʪʩʷ ʜʠʥʘʤʠʯʝʩʢʠ ʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʨʝʪʴʠʤ ʧʘʨʘʤʝʪʨʦʤ ʚ ʫʛʣʦʚʳʭ ʩʢʦʙʢʘʭ 

ʧʨʠ ʚʳʟʦʚʝ kernel-ʬʫʥʢʮʠʠ.  

extern  __shared __ double  shared [];  

ɺʦʟʤʦʞʝʥ ʪʘʢʞʝ ʚʘʨʠʘʥʪ ʩʪʘʪʠʯʝʩʢʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ:  

__shared __ double  shared [1024];  

ɼʘʣʝʝ ʚʳʯʠʩʣʷʝʤ ʣʦʢʘʣʴʥʳʡ ʠ ʛʣʦʙʘʣʴʥʳʡ ʠʥʜʝʢʩʳ ʧʦʪʦʢʦʚ ʠ ʧʨʠʩʚʘʠʚʘʝʤ shared-

ʤʘʩʩʠʚʫ ʯʘʩʪʴ ʠʩʭʦʜʥʳʭ ʜʘʥʥʳʭ ʠʟ ʛʣʦʙʘʣʴʥʦʡ ʧʘʤʷʪʠ (ʤʘʩʩʠʚ input ), ʧʦʩʣʝ ʯʝʛʦ 

ʧʨʦʠʟʚʦʜʠʤ ʩʠʥʭʨʦʥʠʟʘʮʠʶ ʧʦʪʦʢʦʚ ʚ ʙʣʦʢʝ.  

 unsigned  int  id = threadIdx.x;  
 unsigned  int  i = blockIdx.x*blockDim.x + threadIdx.x;  
 
 shared[id] = (i < n) ? abs( input [i]) :  0;  
 __syncthreads ();  

 

ɿʘʪʝʤ ʧʨʦʠʟʚʦʜʠʤ ʩʘʤʫ ʧʨʦʮʝʜʫʨʫ ʨʝʜʫʢʮʠʠ 

 for  ( unsigned  int  q = blockDim.x / 2; q > 0; q >>= 1)  
 {  
  if  (id < q)  
  {  
   shared[id] += shared[id + q];  
  }  
  __syncthreads ();  
 }  
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ɺ ʟʘʢʣʶʯʝʥʠʠ ʢʘʞʜʳʡ ʙʣʦʢ ʬʦʨʤʠʨʫʝʪ ʦʜʠʥ ʵʣʝʤʝʥʪ ʚʳʭʦʜʥʦʛʦ ʤʘʩʩʠʚʘ ʜʣʷ 

ʧʦʩʣʝʜʫʶʱʠʭ ʰʘʛʦʚ ʨʝʜʫʢʮʠʠ.  

 if  (id == 0) {  
  output [blockIdx.x] = shared[0];  
 }  
} // kernel end  

 

ɺ ʩʣʫʯʘʝ, ʝʩʣʠ ʚʳʧʦʣʥʷʝʪʩʷ ʧʦʩʣʝʜʥʠʡ ʰʘʛ ʨʝʜʫʢʮʠʠ, ʪʦ  output [ blockIdx . x] = 

shared [0]  ʝʩʪʴ ʠʩʢʦʤʘʷ ʚʝʣʠʯʠʥʘ.  

 ɼʣʷ ʧʨʦʩʪʦʪʳ ʚʳʰʝ ʙʳʣ ʧʨʝʜʩʪʘʚʣʝʥ ʦʜʠʥ ʠʟ ʧʨʦʩʪʝʡʰʠʭ ʚʘʨʠʘʥʪʦʚ, ʚ 

ʢʦʪʦʨʦʤ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʧʨʠʤʝʥʷʝʪʩʷ ʢʘʢʠʭ-ʣʠʙʦ ʦʧʪʠʤʠʟʘʮʠʡ. ʅʘʧʨʠʤʝʨ, ʚ ʙʣʦʢʝ 

ʧʦʪʦʢʠ ʚ ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ ʩʛʨʫʧʧʠʨʦʚʘʥʳ ʚ ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ʚʘʨʧʳ ï ʛʨʫʧʧʳ ʧʦ 32 

ʧʦʪʦʢʘ (ʚ ʘʥʛʣʠʡʩʢʦʤ ʷʟʳʢʝ warp ï ʢʘʥʘʪ, threads ï ʧʦʪʦʢʠ/ʥʠʪʠ), ʚ ʨʘʤʢʘʭ ʦʜʥʦʛʦ 

ʚʘʨʧʘ ʚʦʟʤʦʞʥʦ ʫʩʢʦʨʠʪʴ ʢʦʤʤʫʥʠʢʘʮʠʶ ʤʝʞʜʫ ʧʦʪʦʢʘʤʠ. ʅʘʤʠ ʧʨʠʤʝʥʷʣʠʩʴ 

ʨʘʟʣʠʯʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ ʘʣʛʦʨʠʪʤʘ ʨʝʜʫʢʮʠʠ. ʊʝʩʪʦʚʳʝ ʨʘʩʯʝʪʳ ʧʦʢʘʟʘʣʠ ʨʘʟʥʠʮʫ 

ʩʢʦʨʦʩʪʠ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʛʦ ʠʣʠ ʠʥʦʛʦ ʚʘʨʠʘʥʪʘ ʘʣʛʦʨʠʪʤʘ ʧʨʠ 

ʫʩʣʦʚʠʠ, ʯʪʦ ʚʳʧʦʣʥʷʝʪʩʷ ʪʦʣʴʢʦ ʨʝʜʫʢʮʠʷ (ʚʳʧʦʣʥʷʝʤ ʟʘʮʠʢʣʝʥʦ ʤʥʦʞʝʩʪʚʦ ʨʘʟ). 

ʆʜʥʘʢʦ, ʚʥʫʪʨʠ ʦʙʱʝʛʦ ʯʠʩʣʝʥʥʦʛʦ ʤʝʪʦʜʘ ʨʘʩʯʝʪʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ 

ʚʳʙʦʨ ʢʦʥʢʨʝʪʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʘʣʛʦʨʠʪʤʘ ʨʝʜʫʢʮʠʠ ʥʝ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʦʙʱʝʤ 

ʙʳʩʪʨʦʜʝʡʩʪʚʠʠ ʧʨʦʛʨʘʤʤʳ. ʆʙʲʷʩʥʝʥʠʝ ʤʥʦʞʝʩʪʚʘ ʚʦʟʤʦʞʥʳʭ ʦʧʪʠʤʠʟʘʮʠʡ 

ʤʦʞʥʦ ʥʘʡʪʠ ʚ ʧʨʝʟʝʥʪʘʮʠʠ Nvidia [195]. 

  

ɺʪʦʨʦʡ ʧʦʜʭʦʜ ʥʘʧʠʩʘʥʠʷ kernel-ʬʫʥʢʮʠʡ.  

 

 ɼʣʷ ʥʘʯʘʣʘ ʦʙʲʷʩʥʠʤ ʧʨʠʯʠʥʳ ʥʘʧʠʩʘʥʠʷ ʘʣʴʪʝʨʥʘʪʠʚʥʦʡ ʚʝʨʩʠʠ kernel-

ʬʫʥʢʮʠʡ. ʅʘʤʠ, ʧʦʤʠʤʦ ʨʘʩʯʝʪʦʚ ʚ ʧʨʦʩʪʦʡ ʛʝʦʤʝʪʨʠʠ, ʪʘʢʞʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʠ 

ʙʦʣʝʝ ʩʣʦʞʥʳʝ ʩʣʫʯʘʠ, ʥʘʧʨʠʤʝʨ, ʪʝʯʝʥʠʝ ʚ ʩʝʪʠ ʢʘʧʠʣʣʷʨʦʚ. ʅʘ ʨʠʩʫʥʢʝ A3 

ʧʨʝʜʩʪʘʚʣʝʥ ʧʨʠʤʝʨ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʛʝʦʤʝʪʨʠʠ.  

 ɺʳʰʝ, ʚ ʧʨʠʤʝʨʝ ʜʣʷ ʧʨʦʮʝʜʫʨʳ ʚʳʯʠʩʣʝʥʠʷ ʧʦʣʷ ʢʦʥʮʝʥʪʨʘʮʠʠ, ʤʳ 

ʦʪʜʝʣʷʣʠ ʚʥʫʪʨʝʥʥʠʝ ʫʟʣʳ ʦʪ ʛʨʘʥʠʯʥʳʭ ʩ ʧʦʤʦʱʴʶ ʫʩʣʦʚʥʳʭ ʦʧʝʨʘʪʦʨʦʚ (if , 

elseif). ɺ ʩʣʫʯʘʝ ʚʘʨʠʘʥʪʘ ʘʣʛʦʨʠʪʤʘ ʥʘ CPU ʤʳ ʙʳ ʤʦʛʣʠ ʧʨʦʩʪʦ ʩʧʝʨʚʘ ʧʦʩʯʠʪʘʪʴ 
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ʚʩʝ ʚʥʫʪʨʝʥʥʠʝ ʫʟʣʳ, ʘ ʟʘʪʝʤ ï ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ. ɼʣʷ GPU ʪʘʢʦʡ ʧʦʜʭʦʜ ʙʳ 

ʧʦʪʨʝʙʦʚʘʣ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʘʟʜʝʣʴʥʳʭ kernel-ʬʫʥʢʮʠʡ, ʢʦʪʦʨʳʝ ʙʳ ʩʫʱʝʩʪʚʝʥʥʦ 

ʦʪʣʠʯʘʣʠʩʴ ʧʦ ʩʪʝʧʝʥʠ ʟʘʛʨʫʟʢʠ GPU, ʯʪʦ, ʚʝʨʦʷʪʥʦ, ʧʨʠʚʦʜʠʣʦ ʙʳ ʢ çʙʫʪʳʣʦʯʥʦʤʫ 

ʛʦʨʣʳʰʢʫè (bottleneck-ʵʬʬʝʢʪʫ), ʧʦʵʪʦʤʫ ʠʩʧʦʣʴʟʫʝʪʩʷ ʦʜʥʘ kernel-ʬʫʥʢʮʠʷ ʠ 

ʥʝʩʢʦʣʴʢʦ ʫʩʣʦʚʠʡ if  ʠ elseif. ʆʜʥʘʢʦ ʜʣʷ ʛʝʦʤʝʪʨʠʠ ʩʝʪʠ ʢʘʧʠʣʣʷʨʦʚ ʥʘʤ ʙʳ 

ʧʨʠʰʣʦʩʴ ʠʩʧʦʣʴʟʦʚʘʪʴ ʘʥʦʤʘʣʴʥʦʝ ʯʠʩʣʦ ʪʘʢʠʭ ʦʧʝʨʘʪʦʨʦʚ, ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʦ ʙʳ 

ʫʩʣʦʞʥʷʣʦ ʢʦʜ, ʜʝʣʘʷ ʧʨʦʛʨʘʤʤʫ ʪʨʫʜʥʦ ʤʦʜʠʬʠʮʠʨʫʝʤʦʡ ʧʨʠ ʠʟʤʝʥʝʥʠʠ 

ʛʝʦʤʝʪʨʠʠ, ʠ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʧʨʠʚʦʜʠʣʦ ʙʳ ʢ ʫʭʫʜʰʝʥʠʶ ʙʳʩʪʨʦʜʝʡʩʪʚʠʷ.  

 

 ʅʘʤʠ ʧʨʠʤʝʥʷʝʪʩʷ ʩʣʝʜʫʶʱʠʭ ʧʦʜʭʦʜ. ɺʚʦʜʷʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʤʘʩʩʠʚʳ 

ʮʝʣʦʯʠʩʣʝʥʥʦʛʦ ʪʠʧʘ, ʚ ʢʦʪʦʨʳʭ ʭʨʘʥʷʪʩʷ ʘʜʨʝʩʘ ʩʦʩʝʜʥʠʭ ʵʣʝʤʝʥʪʦʚ: n1 (ʩʦʩʝʜ 

ʩʣʝʚʘ), n2 (ʩʦʩʝʜ ʩʚʝʨʭʫ), n3 (ʩʦʩʝʜ ʩʧʨʘʚʘ), n4 (ʩʦʩʝʜ ʩʥʠʟʫ). ʅʘʧʨʠʤʝʨ, F[n3[i]] ï 

ʵʣʝʤʝʥʪ ʤʘʩʩʠʚʘ F, ʢʦʪʦʨʳʡ ʥʘʭʦʜʠʪʩʷ ʧʨʘʚʝʝ ʵʣʝʤʝʥʪʘ F[i], F[n2[n3[i]]] ï ʵʣʝʤʝʥʪ 

ʤʘʩʩʠʚʘ F, ʢʦʪʦʨʳʭ ʥʘʭʦʜʠʪʩʷ ʧʦ ʜʠʘʛʦʥʘʣʠ ʚʧʨʘʚʦ-ʚʚʝʨʭ ʦʪ F[i] ʠ ʪ.ʜ. ʂʨʦʤʝ ʪʦʛʦ, 

ʚʚʦʜʠʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʤʘʩʩʠʚ t, ʢʦʪʦʨʳʡ ʦʪʚʝʯʘʝʪ ʪʠʧʫ ʫʟʣʘ ʩʝʪʢʠ: 0 ï 

ʚʥʫʪʨʝʥʥʠʝ ʫʟʣʳ, 1, 2, 3, 4 ïʣʝʚʘʷ, ʚʝʨʭʥʷʷ, ʧʨʘʚʘʷ ʠ ʥʠʞʥʷʷ ʪʚʝʨʜʳʝ ʩʪʝʥʢʠ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 5, 6, 7, 8 ï ʫʛʣʦʚʳʝ ʪʦʯʢʠ ʥʘ ʪʚʝʨʜʦʡ ʩʪʝʥʢʝ (ʩʤ. ʨʠʩʫʥʦʢ A3 

ʈʠʩʫʥʦʢ A3. ʉʣʝʚʘ: ʛʝʦʤʝʪʨʠʷ ʦʙʣʘʩʪʠ ʧʨʠ ʨʘʩʯʝʪʝ ʪʝʯʝʥʠʷ ʚ ʩʝʪʠ 

ʢʘʧʠʣʣʷʨʦʚ. ʉʝʨʳʝ ʟʘʰʪʨʠʭʦʚʘʥʥʳʝ ʦʙʣʘʩʪʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʨʦʩʪʨʘʥʩʪʚʫ 

ʢʘʧʠʣʣʷʨʦʚ, ʧʦ ʢʦʪʦʨʳʤ ʧʨʦʪʝʢʘʝʪ ʞʠʜʢʦʩʪʴ. ʏʝʨʥʳʡ ʢʨʝʩʪ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʙʘʟʦʚʳʡ ʵʣʝʤʝʥʪ (ʨʠʩʫʥʦʢ ʩʧʨʘʚʘ); ʢʦʣʠʯʝʩʪʚʦ ʠ ʧʘʨʘʤʝʪʨʳ ʪʘʢʦʛʦ 

ʵʣʝʤʝʥʪʘ ʟʘʜʘʶʪ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʝ ʚʩʝʡ ʩʠʩʪʝʤʳ; ὲȟὲ ï ʯʠʩʣʦ ʫʟʣʦʚ, Ὤ ï 

ʰʘʛ ʩʝʪʢʠ. 
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ʩʧʨʘʚʘ), 9, 10 ï ʚʭʦʜʥʘʷ ʠ ʚʳʭʦʜʥʘʷ ʩʪʦʨʦʥʳ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʕʪʠ ʤʘʩʩʠʚʳ 

ʥʘʭʦʜʷʪʩʷ ʚ ʛʣʦʙʘʣʴʥʦʡ ʦʙʣʘʩʪʠ ʚʠʜʠʤʦʩʪʠ GPU ʠ ʜʦʩʪʫʧʥʳ ʚʩʝʤ kernel-ʬʫʥʢʮʠʷʤ. 

 ɺ ʠʪʦʛʝ ʤʳ ʤʦʞʝʤ ʢʦʤʧʘʢʪʥʦ ʟʘʧʠʩʘʪʴ kernel-ʬʫʥʢʮʠʶ ʚʳʯʠʩʣʝʥʠʷ ʧʦʣʷ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ.  

 

__global__  void  concentration( double  * C, double  * C0, double  * vx, double  * vy, double  * mu) {  
unsigned  int  l = threadIdx.x + blockIdx.x*blockDim.x;  
 
if  (l < n)  
{  
 switch  (t[l])  
 {  
 case 0: //inner  
  C[l] = C0[l]  
   + tau * (  
   - vx[l] * dx1(l, C0)  
   -  vy [l] * dy1(l, C0)  
   + (dx2(l, mu) + dy2(l, mu)) / Pe  
   );  
  break ;  
 case 1: //left rigid  
  C[l] = dx1_eq_0_forward(l, C0);  
  break ;  
 case 2: //upper rigid  
  C[l] = dy1_eq_0_down(l, C0);  
  break ;  
 case 3: //right r igid  
  C[l] = dx1_eq_0_back(l, C0);  
  break ;  
 case 4: //lower rigid  
  C[l] = dy1_eq_0_up(l, C0);  
  break ;  
 case 5: //left upper rigid corner  
  C[l] = 0.5* (dx1_eq_0_forward(l, C0) + dy1_eq_0_down(l, C0));  
  break ;  
 case 6: //right upper rigid corner  
  C[l]  = 0.5* (dx1_eq_0_back(l, C0) + dy1_eq_0_down(l, C0));  
  break ;  
 case 7: //right lower rigid corner  
  C[l] = 0.5* (dx1_eq_0_back(l, C0) + dy1_eq_0_up(l, C0));  
  break ;  
 case 8: //left lower rigid corner  
  C[l] = 0.5* (dx1_eq_0_forward(l, C0) + dy1_eq_0_up( l, C0));  
  break ;  
 case 9: //inlet (from left)  
  C[l] = - 0.5;  
  break ;  
 case 10: //outlet (to right)  
  C[l] = dx1_eq_0_back(l, C0);  
  break ;  
 default :  
  break ;  
 }  
}  
}  
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ʉ ʧʦʤʦʱʴʶ ʢʦʥʩʪʨʫʢʮʠʠ switch-case ʧʨʦʠʩʭʦʜʠʪ ʚʳʙʦʨ ʪʠʧʘ ʫʟʣʘ, ʧʦʩʣʝ ʯʝʛʦ 

ʢʘʞʜʳʡ ʧʦʪʦʢ ʚʳʯʠʩʣʷʝʪ ʩʚʦʶ ʟʘʜʘʯʫ. ɿʜʝʩʴ ʜʣʷ ʫʜʦʙʩʪʚʘ ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʳʝ 

ʬʦʨʤʫʣʳ ʟʘʧʠʩʘʥʳ ʚ ʚʠʜʝ ʦʪʜʝʣʴʥʳʭ ʬʫʥʢʮʠʡ. 

 

__device__   double  dx1( unsigned  int  l , double  * f ) {  
 return  0.5*( f [n3[ l ]] -  f [n1[ l ]]) / hx;  
}  
__device__   double  dy1( unsigned  int  l , double  * f ) {  
 return  0.5*( f [n2[ l ]] -  f [n4[ l ]]) / hy;  
}  
__device__   double  dx2( unsigned  int  l , double  * f ) {  
 return  ( f [n3[ l ]] -  2.0* f [ l ] + f [n1[ l ]]) / hx / hx;  
}  
__device__   double  dy2( unsigned  int  l , double  * f ) {  
 return  ( f [n2[ l ]] -  2.0* f [ l ] + f [n4[ l ]]) / hy / hy;  
}  
 
 

ʌʫʥʢʮʠʠ ʚʳʰʝ ʚʦʟʚʨʘʱʘʶʪ ʟʥʘʯʝʥʠʷ ʧʨʦʠʟʚʦʜʥʳʭ, ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʥʳʭ 

ʮʝʥʪʨʘʣʴʥʳʤʠ ʨʘʟʥʦʩʪʷʤʠ (A.9) ʠ (A.10). 
 
 
__device__   double  dx1_eq_0_forward( unsigned  int  l , double  * f ) {  
 return  (4. 0* f [n3[ l ]] -  f [n3[n3[ l ]]]) / 3.0;  
}  
__device__   double  dx1_eq_0_back( unsigned  int  l , double  * f ) {  
 return  (4.0* f [n1[ l ]] -  f [n1[n1[ l ]]]) / 3.0;  
}  
__device__   double  dy1_eq_0_up( unsigned  int  l , double  * f ) {  
 return  (4.0* f [n2[ l ]] -  f [n2[n2[ l ]]]) / 3.0;  
}  
__device__   double  dy1_eq_0_down(unsigned  int  l , double  * f ) {  
 return  (4.0* f [n4[ l ]] -  f [n4[n4[ l ]]]) / 3.0;  
}  
 
 

ʌʫʥʢʮʠʠ ʚʳʰʝ ʚʦʟʚʨʘʱʘʶʪ ʟʥʘʯʝʥʠʝ ʛʨʘʥʠʯʥʦʛʦ ʫʟʣʘ, ʢʦʪʦʨʳʡ ʚʳʨʘʞʘʝʪʩʷ ʠʟ 

ʫʩʣʦʚʠʷ ʨʘʚʝʥʩʪʚʘ ʥʫʣʶ ʥʦʨʤʘʣʴʥʦʡ ʧʨʦʠʟʚʦʜʥʦʡ ʥʘ ʛʨʘʥʠʮʝ (ὪȾὲ = 0), 

ʠʩʧʦʣʴʟʫʷ ʬʦʨʤʫʣʳ (A.11)-(A.14). 

 

 ʌʫʥʢʮʠʠ ʩ ʢʣʶʯʝʚʳʤ ʩʣʦʚʦʤ __device __ ʤʦʛʫʪ ʚʳʟʳʚʘʪʴʩʷ ʪʦʣʴʢʦ ʠʟ ʜʨʫʛʠʭ 

ʬʫʥʢʮʠʡ GPU, ʧʨʠ ʵʪʦʤ ʪʘʢʠʝ ʬʫʥʢʮʠʠ ʤʦʛʫʪ ʚʦʟʚʨʘʱʘʪʴ ʨʘʟʣʠʯʥʳʝ ʪʠʧʳ ʜʘʥʥʳʭ. 

ʌʫʥʢʮʠʠ ʩ ʢʣʶʯʝʚʳʤ ʩʣʦʚʦʤ __global __ ʤʦʛʫʪ ʙʳʪʴ ʚʳʟʚʘʥʳ ʠ ʩ CPU, ʠ ʩ GPU, 

ʪʠʧ ʪʘʢʠʭ ʬʫʥʢʮʠʡ ʚʩʝʛʜʘ void.   

 ʇʨʦʮʝʜʫʨʘ ʨʘʩʯʝʪʘ ʘʜʨʝʩʦʚ ʩʦʩʝʜʝʡ ʠ ʪʠʧʦʚ ʫʟʣʦʚ ʧʨʦʠʟʚʦʜʠʪʩʷ ʦʜʠʥ ʨʘʟ ʚ 

ʥʘʯʘʣʝ ʧʨʦʛʨʘʤʤʳ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʥʢʨʝʪʥʦʡ ʛʝʦʤʝʪʨʠʠ ʠ ʥʘʧʨʘʚʣʝʥʠʷ ʤʳʩʣʠ 
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ʧʨʦʛʨʘʤʤʠʩʪʘ ʵʪʫ ʧʨʦʮʝʜʫʨʫ ʚʦʟʤʦʞʥʦ ʦʩʫʱʝʩʪʚʠʪʴ ʤʥʦʞʝʩʪʚʦʤ ʩʧʦʩʦʙʦʚ. ʕʪʦʪ 

ʰʘʛ ʧʦʟʚʦʣʷʝʪ ʦʪʜʝʣʠʪʴ ʣʦʛʠʢʫ çʨʝʰʘʪʝʣʷè ʦʪ ʣʦʛʠʢʠ ʟʘʜʘʥʠʷ ʛʝʦʤʝʪʨʠʠ, ʪ.ʝ. 

ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ kernel-ʬʫʥʢʮʠʷ ʙʫʜʝʪ ʨʘʙʦʪʘʪʴ ʜʣʷ ʣʶʙʦʡ ʛʝʦʤʝʪʨʠʠ, ʥʫʞʥʦ ʣʠʰʴ 

ʟʘʜʘʪʴ ʟʥʘʯʝʥʠʷ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʭ ʤʘʩʩʠʚʦʚ. ʇʦʪʨʝʙʣʝʥʠʝ ʧʘʤʷʪʠ ʩ ʚʚʦʜʦʤ ʜʘʥʥʳʭ 

ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʭ ʤʘʩʩʠʚʦʚ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʨʠʤʝʨʥʦ ʥʘ 20-25% (ʯʪʦ ʷʚʣʷʝʪʩʷ 

ʧʨʠʝʤʣʝʤ), ʘ ʩʚʷʟʘʥʥʳʝ ʩ ʵʪʠʤ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʚʳʯʠʩʣʝʥʠʷ ʠʥʜʝʢʩʦʚ ʥʝ 

ʩʢʘʟʳʚʘʶʪʩʷ ʥʘ ʙʳʩʪʨʦʜʝʡʩʪʚʠʠ ʧʨʦʛʨʘʤʤʳ.  

 Kernel-ʬʫʥʢʮʠʠ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʜʨʫʛʠʭ ʧʦʣʝʡ ʟʘʜʘʶʪʩʷ ʘʥʘʣʦʛʠʯʥʳʤ 

ʦʙʨʘʟʦʤ; ʧʨʠ ʵʪʦʤ ʧʨʦʮʝʜʫʨʘ ʚʳʯʠʩʣʝʥʠʷ ʨʝʜʫʢʮʠʠ ʷʚʣʷʝʪʩʷ ʫʥʠʚʝʨʩʘʣʴʥʦʡ ʠ ʚ 

ʤʦʜʠʬʠʢʘʮʠʷʭ ʥʝ ʥʫʞʜʘʝʪʩʷ.  

 

ʊʝʩʪʳ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ 

 

 ɺ ʟʘʢʣʶʯʝʥʠʠ ʧʨʝʜʩʪʘʚʠʤ ʪʝʩʪʳ ʙʳʩʪʨʦʜʝʡʩʪʚʠʷ ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʘʣʛʦʨʠʪʤʘ 

ʥʘ GPU.  

 ʅʘ ʨʠʩʫʥʢʝ A4 ʚ ʚʠʜʝ ʛʠʩʪʦʛʨʘʤʤʳ ʧʨʝʜʩʪʘʚʣʝʥʦ ʩʨʘʚʥʝʥʠʝ ʫʩʢʦʨʝʥʠʷ 

ʘʣʛʦʨʠʪʤʘ ʜʣʷ ʪʨʝʭ ʤʦʜʝʣʝʡ GPU: GeForce GTX 1050, Tesla K40 ʠ Tesla V100 ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʡ ʚʝʨʩʠʝʡ ʥʘ CPU (ʧʨʦʮʝʩʩʦʨ Intel Core i7-4770K, 3.50 

GHz). ʅʘ CUDA ʨʘʩʯʝʪʳ ʧʨʦʚʦʜʠʣʠʩʴ, ʧʨʠʤʝʥʷʷ ʚʪʦʨʦʡ ʦʧʠʩʘʥʥʳʡ ʧʦʜʭʦʜ ʜʣʷ 

kernel-ʬʫʥʢʮʠʡ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʭ ʤʘʩʩʠʚʦʚ. ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʘʷ 

ʧʨʦʛʨʘʤʤʘ ʥʘʧʠʩʘʥʘ ʥʘ ʷʟʳʢʝ Fortran ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʤʧʠʣʷʪʦʨʘ Intel Fortran 

Compiler. ʈʘʩʯʝʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʦʙʣʘʩʪʠ 300Ĭ900 ʫʟʣʦʚ.  

 ʄʦʜʝʣʴ GeForce GTX 1050 ʷʚʣʷʝʪʩʷ ʙʶʜʞʝʪʥʦʡ ʧʦʪʨʝʙʠʪʝʣʴʩʢʦʡ 

ʚʠʜʝʦʢʘʨʪʦʡ, ʥʦ ʜʘʞʝ ʥʘ ʪʘʢʦʡ ʤʦʜʝʣʠ ʤʦʞʥʦ ʜʦʙʠʪʴʩʷ ʥʝ ʩʘʤʳʭ ʧʣʦʭʠʭ 

ʨʝʟʫʣʴʪʘʪʦʚ. ʄʦʜʝʣʠ ʣʠʥʝʡʢʠ Tesla ʦʪʥʦʩʷʪʩʷ ʢ ʚʠʜʝʦʢʘʨʪʘʤ, ʩʧʝʮʠʘʣʴʥʦ 

ʨʘʟʨʘʙʦʪʘʥʥʳʤ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʥʘʫʯʥʳʭ ʠ ʪʝʭʥʠʯʝʩʢʠʭ ʚʳʯʠʩʣʝʥʠʡ ʦʙʱʝʛʦ 

ʥʘʟʥʘʯʝʥʠʷ, ʟʘʜʘʯ ʦʙʫʯʝʥʠʷ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ ʠ ʧʨ. ʀʟ ʨʠʩʫʥʢʘ A4 ʚʠʜʥʦ, 

ʯʪʦ ʤʦʜʝʣʴ Tesla V100 ʧʦʟʚʦʣʷʝʪ ʜʦʙʠʪʴʩʷ ʧʦʯʪʠ ʩʪʦʢʨʘʪʥʦʛʦ ʫʩʢʦʨʝʥʠʷ ʘʣʛʦʨʠʪʤʘ, 

ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʧʨʦʛʨʘʤʤʳ.  
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ʈʠʩʫʥʦʢ A4. ʋʩʢʦʨʝʥʠʝ ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʥʘ 

GPU ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤ ʚʘʨʠʘʥʪʦʤ 

ʥʘ CPU (Intel Core i7-4770K). 

ʫʩʢʦʨʝʥʠʝ 

ʘʣʛʦʨʠʪʤʘ 


