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ɺɺɽɼɽʅʀɽ 

ɸʢʪʫʘʣʴʥʦʩʪʴ. ɿʘ ʧʦʩʣʝʜʥʠʝ ʜʚʘ ʜʝʩʷʪʠʣʝʪʠ ̫ ʙʳʣʠ ʜʦʩʪʠʛʥʫʪʳ 

ʚʧʝʯʘʪʣʷʶʱʠʝ ʫʩʧʝʭʠ ʚ ʦʙʣʘʩʪʠ ʧʨʠʢʣʘʜʥʳʭ ʠ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʥʘʫʯʥʳʭ 

ʟʥʘʥʠʡ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʨʘʟʚʠʪʠʷ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ. 

ʈʘʟʨʘʙʦʪʘʥʥʳʝ ʟʘ ʵʪʦ ʚʨʝʤʷ ʣʝʪʘʪʝʣʴʥʳʝ ʘʧʧʘʨʘʪʳ ʤʦʞʥʦ ʫʩʣʦʚʥʦ ʨʘʟʙʠʪʴ ʥʘ 

ʜʚʝ ʦʩʥʦʚʥʳʝ ʛʨʫʧʧr: ʣʝʪʘʪʝʣʴʥʳʝ ʘʧʧʘʨʘʪʳ, ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʨʘʟʚʠʪʠʷ 

ʢʦʪʦʨʳʭ ʧʨʝʦʙʣʘʜʘʶʪ ʪʝʭʥʠʯʝʩʢʠʝ ʧʨʦʙʣʝʤ,r ʦʙʫʩʣʦʚʣʝʥʥʳʝ 

ʢʦʥʩʪʨʫʢʪʠʚʥʳʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ, ʠ ʣʝʪʘʪʝʣʴʥʳʝ ʘʧʧʘʨʘʪʳ, ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʢʦʪʦʨʳʭ ʥʝʦʙʭʦʜʠʤʦ ʨʝʰʠʪʴ ʥʘʫʯʥʳʝ ʧʨʦʙʣʝʤʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʥʝʠʟʫʯʝʥʥʳʤʠ 

ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʤʠ ʷʚʣʝʥʠʷʤʠ.  

ɺ ʧʝʨʚʦʡ ʛʨʫʧʧʝ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ 

ʧʨʠʚʦʜʠʪʩʷ ʚ ʜʚʠʞʝʥʠʝ ʚʦʟʜʫʰʥʦ-ʨʝʘʢʪʠʚʥʳʤʠ ʜʚʠʛʘʪʝʣʷʤʠ. ʂʣʶʯʝʚʳʝ 

ʪʝʭʥʠʯʝʩʢʠʝ ʧʨʦʙʣʝʤʳ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ ʵʪʦʡ ʛʨʫʧʧ rʦʙʫʩʣʦʚʣʝʥʳ 

ʚʦʧʨʦʩʘʤʠ ʠʥʪʝʛʨʘʮʠʠ ʚʦʟʜʫʰʥʦ-ʨʝʘʢʪʠʚʥʦʛʦ ʜʚʠʛʘʪʝʣʷ, ʘ ʦʙʱʠʝ ʧʨʦʙʣʝʤʳ 

ʚʢʣʶʯʘʶʪ ʦʙʝʩʧʝʯʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʛʦʨʘʥʠʷ ʛʦʨʶʯʝʛʦ, ʧʦʥʠʤʘʥʠʝ 

ʧʦʚʝʜʝʥʠʷ ʠ ʚʦʟʜʝʡʩʪʚʠʷ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ (ʃʊʇ) ʠ 

ʥʝʫʩʪʘʥʦʚʠʚʰʠʭʩʷ ʫʜʘʨʥʦ-ʚʦʣʥʦʚʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʥʘ ʪʝʧʣʦʚʫʶ ʥʘʛʨʫʟʢʫ 

ʥʘ ʢʦʥʩʪʨʫʢʮʠʶ. ɺ ʵʪʦʡ ʛʨʫʧʧʝ ʯʠʩʣʘ ʄʘʭʘ ʜʣʷ ʩʚʦʙʦʜʥʦʛʦ ʧʦʪʦʢʘ ʦʙʳʯʥʦ 

ʜʦʩʪʘʪʦʯʥʦ ʤʘʣʳ (ʄ Ṃ 6), ʪʘʢ ʯʪʦ ʵʬʬʝʢʪʳ ʪʝʨʤʦʭʠʤʠʯʝʩʢʦʡ 

ʥʝʨʘʚʥʦʚʝʩʥʦʩʪʠ ʷʚʣʷʶʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʳʤʠ. 

ʊʝʨʤʦʭʠʤʠʯʝʩʢʘʷ ʥʝʨʘʚʥʦʚʝʩʥʦʩʪʴ, ʚʦʟʥʠʢʘʶʱʘʷ ʠʟ-ʟʘ 

ʜʠʩʩʦʮʠʠʨʦʚʘʥʥʦʡ ʩʨʝʜʳ ʧʨʠ ʚʳʩʦʢʠʭ ʯʠʩʣʘʭ ʄʘʭʘ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʦʩʥʦʚʥʫʶ ʧʨʦʙʣʝʤʫ ʜʣʷ ʛʨʫʧʧʳ ʧʣʘʥʠʨʫʶʱʠʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ. ɼʣʷ 

ʵʪʠʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ ʛʝʥʝʨʠʨʦʚʘʥʠʝ ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʠ ʠʟ 

ʚʦʟʙʫʞʜʝʥʥʳʭ ʚʥʫʪʨʝʥʥʠʭ ʩʦʩʪʦʷʥʠʡ ʦʧʨʝʜʝʣʷʶʪ ʪʝʨʤʦʭʠʤʠʯʝʩʢʠʝ 

ʧʨʦʮʝʩʩʳ, ʟʘʚʠʩʷʱʠʝ ʦʪ ʩʢʦʨʦʩʪʠ. ɺ ʵʪʦʡ ʦʙʣʘʩʪʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ 

ʥʝʨʘʚʥʦʚʝʩʥʦʡ ʛʘʟʦʚʦʡ ʩʨʝʜʦʡ ʠ ʧʦʚʝʨʭʥʦʩʪʴʶ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʠʣʠ 

ʪʝʧʣʦʟʘʱʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʪʘʢʞʝ ʩʪʘʥʦʚʠʪʩʷ ʧʨʦʙʣʝʤʦʡ, ʧʨʠ ʢʦʪʦʨʦʡ 
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ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʟʘʚʠʩʷʪ ʦʪ ʪʦʯʥʦʛʦ ʟʥʘʥʠʷ ʩʢʦʨʦʩʪʝʡ 

ʦʩʥʦʚʥʳʭ ʪʝʨʤʦʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ, ʢʦʪʦʨʳʝ ʧʨʦʠʩʭʦʜʷʪ ʚ ʛʘʟʝ, ʥʘ ʛʨʘʥʠʮʝ 

ʨʘʟʜʝʣʘ ʛʘʟ-ʧʦʚʝʨʭʥʦʩʪʴ ʠ ʚ ʦʢʦʣʦʧʦʚʝʨʭʥʦʩʪʥʦʡ ʦʙʣʘʩʪʠ ʤʘʪʝʨʠʘʣʘ. 

ɻʠʧʝʨʟʚʫʢʦʚʳʝ ʣʝʪʘʪʝʣʴʥʳʝ ʘʧʧʘʨʘʪʳ ʩ ʜʚʠʛʘʪʝʣʷʤʠ, ʢʘʢ ʧʨʘʚʠʣʦ, 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʪʝʣʘ ʩ ʥʝʩʫʱʠʤ ʢʦʨʧʫʩʦʤ, ʚ ʢʦʪʦʨʳʭ ʧʦʤʠʤʦ 

ʘʵʨʦʜʠʥʘʤʠʢʠ ʚʘʞʥʝʡʰʠʤ ʵʣʝʤʝʥʪʦʤ ʷʚʣʷʝʪʩʷ ʪʝʨʤʦʛʘʟʦʜʠʥʘʤʠʢʘ 

ʜʚʠʛʘʪʝʣʴʥʳʭ ʫʩʪʘʥʦʚʦʢ. ʊʝʧʣʦʚʘʷ ʟʘʱʠʪʘ ʧʘʩʩʠʚʥʳʭ ʩʧʫʩʢʘʝʤʳʭ 

ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ ʪʨʝʙʫʝʪ ʩʦʧʨʷʞʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʚʦʧʨʦʩʦʚ 

ʘʵʨʦʪʝʨʤʦʜʠʥʘʤʠʢʠ, ʪʝʧʣʦʚʦʡ ʟʘʱʠʪʳ ʠ ʪʝʨʤʦʧʨʦʯʥʦʩʪʠ.  

ʅʘʫʯʥʳʝ ʚʦʧʨʦʩʳ ʨʘʟʚʠʪʠʷ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ ʪʨʝʙʫʶʪ 

ʠʥʪʝʛʨʘʮʠʠ ʨʘʟʣʠʯʥʳʭ ʥʘʫʯʥʳʭ ʜʠʩʮʠʧʣʠʥ, ʚʢʣʶʯʘʷ ʤʝʭʘʥʠʢʫ ʩʧʣʦʰʥʦʡ 

ʩʨʝʜʳ, ʪʝʧʣʦʬʠʟʠʢʫ, ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʭʠʤʠʶ ʠ 

ʚʳʯʠʩʣʠʪʝʣʴʥʫʶ ʥʘʫʢʫ. ɸʵʨʦʪʝʨʤʦʜʠʥʘʤʠʢʘ ʦʧʨʝʜʝʣʷʝʪ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ, 

ʢʦʪʦʨʳʝ ʦʙʦʟʥʘʯʘʶʪ ʥʘʫʯʥʳʝ ʧʨʦʙʣʝʤʳ ʠ ʦʙʣʘʩʪʴ ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ ʤʥʦʛʠʭ ʠʟ 

ʵʪʠʭ ʜʠʩʮʠʧʣʠʥ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʧʦʩʦʙʥʦʩʪʴ ʵʬʬʝʢʪʠʚʥʦ ʠ ʪʦʯʥʦ 

ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʘʵʨʦʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʪʘʥʦʚʠʪʩʷ 

ʢʣʶʯʝʚʳʤ ʬʘʢʪʦʨʦʤ ʜʣʷ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ. 

ʌʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʥʘʫʯʥʳʝ ʟʥʘʥʠʷ ʚ ʦʙʣʘʩʪʠ ʛʠʧʝʨʟʚʫʢʦʚʳʭ 

ʪʝʭʥʦʣʦʛʠʡ ʫʩʧʝʰʥʦ ʨʘʟʚʠʚʘʶʪʩʷ ʚ ʈʦʩʩʠʠ ʙʦʣʝʝ 80 ʣʝʪ. ʉʨʝʜʠ ʥʘʠʙʦʣʝʝ 

ʟʥʘʯʠʤʳʭ ʜʣʷ ʩʦʚʨʝʤʝʥʥʦʡ ʛʠʧʝʨʟʚʫʢʦʚʦʡ ʘʵʨʦʪʝʨʤʦʜʠʥʘʤʠʢʠ ʩʣʝʜʫʝʪ 

ʦʪʤʝʪʠʪʴ ʨʘʙʦʪʳ ɻ.ɻ. ʏʝʨʥʦʛʦ [1, 2], ʩʦʟʜʘʚʰʝʛʦ ʥʘʫʯʥʫʶ ʰʢʦʣʫ ʧʦ 

ʛʠʧʝʨʟʚʫʢʦʚʦʡ ʘʵʨʦʜʠʥʘʤʠʢʝ. ʈʝʰʝʥʠʶ ʟʘʜʘʯ ʩʚʝʨʭʟʚʫʢʦʚʦʡ ʛʘʟʦʚʦʡ 

ʜʠʥʘʤʠʢʠ, ʚ ʪʦʤ ʯʠʩʣʝ, ʩʚʷʟʘʥʥʳʭ ʩ ʪʝʯʝʥʠʷʤʠ ʠ ʧʨʦʮʝʩʩʘʤʠ ʚ ʩʠʣʦʚʳʭ ʠ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʩʪʘʥʦʚʢʘʭ, ʩʦʟʜʘʥʠʶ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʦʩʥʦʚ ʛʘʟʦʜʠʥʘʤʠʢʠ 

ʧʦʩʚʷʱʝʥʳ ʨʘʙʦʪʳ ɸ.ʅ. ʂʨʘʡʢʦ [3]. ʌʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʪʝʦʨʝʪʠʯʝʩʢʠʝ 

ʦʩʥʦʚʳ ʤʝʭʘʥʠʢʠ ʩʧʣʦʰʥʦʡ ʩʨʝʜʳ, ʚ ʪʦʤ ʯʠʩʣʝ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ 

ʘʵʨʦʜʠʥʘʤʠʢʠ, ʜʘʥʳ ʚ ʨʘʙʦʪʘʭ ʃ.ʀ. ʉʝʜʦʛʦ, ʩʦʟʜʘʚʰʝʛʦ ʥʘʫʯʥʫʶ ʰʢʦʣʫ ʚ 

ʦʙʣʘʩʪʠ ʤʝʭʘʥʠʢʠ ʩʧʣʦʰʥʳʭ ʩʨʝʜ [4, 5], ʃ.ɻ. ʃʦʡʮʷʥʩʢʦʛʦ [6] ʠ 
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ʉ.ɺ. ɺʘʣʣʘʥʜʝʨʘ  [7]. ʉʦʚʨʝʤʝʥʥʘʷ ʪʝʦʨʠʷ ʬʠʟʠʯʝʩʢʦʡ ʤʝʭʘʥʠʢʠ ʠ 

ʛʠʧʝʨʟʚʫʢʦʚʦʡ ʘʵʨʦʜʠʥʘʤʠʢʠ ʩʦʟʜʘʥʘ ʚ ʨʘʙʦʪʘʭ ʗ.ɹ. ɿʝʣʴʜʦʚʠʯʘ ʠ 

ʖ.ʇ. ʈʘʡʟʝʨʘ [8]. ɺ ʨʘʙʦʪʘʭ ʅ.ʌ ʂʨʘʩʥʦʚʘ ʠ ʝʛʦ ʥʘʫʯʥʦʡ ʰʢʦʣʳ [9-12] 

ʦʙʦʙʱʝʥʳ ʜʦʩʪʠʞʝʥʠʷ ʩʦʚʨʝʤʝʥʥʦʡ ʘʵʨʦʜʠʥʘʤʠʢʠ ʚʳʩʦʢʠʭ ʩʢʦʨʦʩʪʝʡ. 

ʈʘʟʚʠʪʠʝ ʨʘʙʦʪ ʵʪʦʡ ʥʘʫʯʥʦʡ ʰʢʦʣʳ ʜʘʥʦ ʚ ʨʘʙʦʪʘʭ ɺ.ʊ. ʂʘʣʫʛʠʥʘ [13, 14]. 

ʆʩʥʦʚʳ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʦʡ ʛʘʟʦʚʦʡ ʜʠʥʘʤʠʢʠ ʟʘʣʦʞʝʥʳ ʚ ʨʘʙʦʪʘʭ 

ʀ.ʇ. ɻʠʥʟʙʫʨʛʘ [15, 16]. ʀʪʦʛʠ ʧʦʣʫʚʝʢʦʚʦʛʦ ʨʘʟʚʠʪʠʷ ʛʠʧʝʨʟʚʫʢʦʚʦʡ 

ʘʵʨʦʜʠʥʘʤʠʢʠ ʧʨʠʚʝʜʝʥʳ ʚ ʨʘʙʦʪʘʭ ɺ.ɺ. ʃʫʥʝʚʘ [17-19] ʠ ʝʛʦ ʫʯʝʥʠʢʦʚ. 

ɿʥʘʯʠʪʝʣʴʥʳʡ ʚʢʣʘʜ ʚ ʨʘʟʚʠʪʠʝ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʤʝʭʘʥʠʢʠ ʚʥʝʩʣʘ ʰʢʦʣʘ 

ʆ.ʄ. ɹʝʣʦʮʝʨʢʦʚʩʢʦʛʦ [20, 21] ɺʘʞʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠ ʨʘʩʯʝʪʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʚ ʦʙʣʘʩʪʠ ʛʠʧʝʨʟʚʫʢʦʚʦʡ ʘʵʨʦʜʠʥʘʤʠʢʠ ʦʙʦʙʱʝʥʳ ʚ ʨʘʙʦʪʘʭ 

ʎɸɻʀ (ɺ.ʗ. ɹʦʨʦʚʦʡ ʠ ʜʨ. [22], ɻ.ʀ. ʄʘʡʢʘʧʘʨ ʠ ʜʨ. [23], ɺ.ʗ. ʅʝʡʣʘʥʜ ʠ ʜʨ. 

[24]). ɺʘʞʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʚ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʦʡ ʛʘʟʦʜʠʥʘʤʠʢʝ 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʛʘʟʦʚʳʭ ʩʤʝʩʝʡ ʧʦʣʫʯʝʥʳ ʚ ʨʘʙʦʪʘʭ ɻ.ɸ. ʊʠʨʩʢʦʛʦ [25] 

ʠ ɺ.ʇ. ʉʪʫʣʦʚʘ [26]. ʇʨʠʥʮʠʧʠʘʣʴʥʦ ʚʘʞʥʳʝ ʧʨʦʙʣʝʤʳ ʪʝʧʣʦʦʙʤʝʥʘ ʚ 

ʘʵʨʦʜʠʥʘʤʠʢʝ ʙʦʣʴʰʠʭ ʩʢʦʨʦʩʪʝʡ ʧʦʜʨʦʙʥʦ ʨʘʩʩʤʦʪʨʝʥʳ ʰʢʦʣʘʤʠ ɺ.ʉ. 

ɸʚʜʫʝʚʩʢʦʛʦ [27] ʠ ɸ.ʀ. ʃʝʦʥʪʴʝʚʘ [28]. ʇʠʦʥʝʨʩʢʠʝ ʨʘʙʦʪʳ ʚ ʦʙʣʘʩʪʠ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʘʵʨʦʜʠʥʘʤʠʢʠ ʚʳʧʦʣʥʝʥʳ ʖ.ɼ. ʐʝʚʝʣʝʚʳʤ [29, 30]. 

ɿʥʘʯʠʪʝʣʴʥʳʡ ʚʢʣʘʜ ʚ ʨʘʟʚʠʪʠʝ ʛʠʧʝʨʟʚʫʢʦʚʦʡ ʘʵʨʦʬʠʟʠʢʠ ʚʥʝʩʣʠ 

ʥʘʫʯʥʳʝ ʰʢʦʣʳ ʩʦʪʨʫʜʥʠʢʦʚ ʀʇʄʝʭ ʈɸʅ ʖ.ʇ. ʈʘʡʟʝʨʘ [8], 

ʃ.ɸ. ʏʫʜʦʚʘ  [31] ʠ ʉ.ʊ. ʉʫʨʞʠʢʦʚʘ [32, 33]. 

ɹʘʟʘ, ʟʘʣʦʞʝʥʥʘʷ ʚ [1, 4-6, 18, 34] ʧʦʟʞʝ ʙʳʣʘ ʨʘʟʚʠʪʘ ʚ ʨʘʙʦʪʘʭ, 

ʧʦʩʚʷʱʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤʫ [35-53], ʯʠʩʣʝʥʥʦʤʫ [36, 43, 44, 51, 54-84] 

ʠ ʘʥʘʣʠʪʠʯʝʩʢʦʤʫ [42, 47, 52, 61, 85-104] ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʦʙʪʝʢʘʥʠʷ 

ʘɻ ʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ, ʢʦʪʦʨʳʝ ʙʳʣʠ 

ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʚʝʜʫʱʠʭ ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʠ ʟʘʨʫʙʝʞʥʳʭ ʥʘʫʯʥʳʭ ʞʫʨʥʘʣʘʭ. 

ʈʷʜ ʨʘʙʦʪ, ʚ ʪʦʤ ʯʠʩʣʝ ʄ.ɻ. ʂʪʘʣʭʝʨʤʘʥʘ [99] ʧʦʩʚʷʱʝʥ ʠʟʫʯʝʥʠʶ 

ʦʙʣʘʩʪʠ ʧʝʨʝʭʦʜʘ ʦʪ ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ ʢ ʜʦʟʚʫʢʦʚʦʤʫ ʪʝʯʝʥʠʶ ʚ ʢʘʥʘʣʝ. 
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ʊʝʯʝʥʠʝ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ, ʥʘʟʳʚʘʝʤʦʡ ʧʩʝʚʜʦʩʢʘʯʢʦʤ, - ʩʣʦʞʥʳʡ ʧʨʦʮʝʩʩ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʢʘʯʢʦʚ ʫʧʣʦʪʥʝʥʠʷ ʩ ʜʠʩʩʠʧʘʪʠʚʥʦʡ ʧʨʠʩʪʝʥʥʦʡ ʦʙʣʘʩʪʴʶ, 

ʦ ʜʝʪʘʣʷʭ ʢʦʪʦʨʦʛʦ ʥʝʪ ʧʦʣʥʦʡ ʷʩʥʦʩʪʠ. ɺʚʠʜʫ ʵʪʦʛʦ ʦʩʥʦʚʥʳʝ ʫʩʠʣʠʷ ʙʳʣʠ 

ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʥʘ ʧʦʣʫʯʝʥʠʝ çʠʥʪʝʛʨʘʣʴʥʳʭè ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʩʝʚʜʦʩʢʘʯʢʘ, 

ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ ʥʘʠʙʦʣʴʰʠʡ ʠʥʪʝʨʝʩ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʠʭ ʧʨʠʣʦʞʝʥʠʡ. 

ɺ ʣʠʪʝʨʘʪʫʨʝ ʪʘʢʞʝ ʟʥʘʯʠʪʝʣʴʥʦʝ ʤʝʩʪʦ ʟʘʥʠʤʘʝʪ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʩʠʤʤʝʪʨʠʯʥʦʛʦ ʦʙʪʝʢʘʥʠʷ ʪʨʝʫʛʦʣʴʥʦʛʦ ʢʨʳʣʘ [40-42, 51, 53, 72, 73, 75, 76, 

87, 88, 91, 92, 95, 97], ʘ ʪʘʢʞʝ ʥʝʢʦʪʦʨʳʝ ʚʦʧʨʦʩʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʧʝʨʝʜʘʯʝʡ 

ʚʦʟʤʫʱʝʥʠʡ ʥʘ ʭʦʣʦʜʥʳʭ ʪʝʣʘʭ [74, 98] ʠ ʚ ʩʣʝʜʝ.  

ʀʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʯʠʩʣʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʙʪʝʢʘʥʠʷ 

ʪʨʝʫʛʦʣʴʥʳʭ ʢʨʳʣʴʝʚ ʚʠʜʥʦ, ʯʪʦ ʭʘʨʘʢʪʝʨ ʪʝʯʝʥʠʷ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʤ 

ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʥʘ ʪʨʝʫʛʦʣʴʥʦʤ ʢʨʳʣʝ ʚ ʛʠʧʝʨʟʚʫʢʦʚʦʤ ʧʦʪʦʢʝ ʜʘʞʝ ʧʨʠ 

ʥʫʣʝʚʦʤ ʫʛʣʝ ʘʪʘʢʠ ʤʦʞʝʪ ʙʳʪʴ ʚʝʩʴʤʘ ʨʘʟʥʦʦʙʨʘʟʥʳʤ. ʇʘʨʘʤʝʪʨʘʤʠ, 

ʦʧʨʝʜʝʣʷʶʱʠʤʠ ʪʠʧ ʪʝʯʝʥʠʷ ʠ ʝʛʦ ʦʩʦʙʝʥʥʦʩʪʠ, ʷʚʣʷʶʪʩʷ ʫʛʦʣ 

ʩʪʨʝʣʦʚʠʜʥʦʩʪʠ ʧʝʨʝʜʥʝʡ ʢʨʦʤʢʠ, ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʚʝʣʠʯʠʥʘ 

ʧʘʨʘʤʝʪʨʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠ ʜʨʫʛʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. 

ʅʘʯʠʥʘʷ ʩ 60-ʭ ʛʦʜʦʚ ʧʨʦʚʦʜʷʪʩʷ ʦʙʰʠʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʙʪʝʢʘʥʠʷ 

ʪʨʝʫʛʦʣʴʥʳʭ L-ʦʙʨʘʟʥʳʭ ʢʨʳʣʴʝʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʆ.ʅ. ʀʚʘʥʦʚʘ ʠ ɸ.ʀ. ʐʚʝʮʘ 

[48, 49]. ʊʝʦʨʝʪʠʯʝʩʢʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʩʚʝʨʭʟʚʫʢʦʚʳʭ 

ʩʢʦʨʦʩʪʷʭ L-ʢʨʳʣʦ ʦʙʣʘʜʘʝʪ ʙʦʣʴʰʠʤ ʟʥʘʯʝʥʠʝʤ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʢʘʯʝʩʪʚʘ, ʯʝʤ ʵʢʚʠʚʘʣʝʥʪʥʦʝ ʧʣʦʩʢʦʝ ʪʨʝʫʛʦʣʴʥʦʝ ʢʨʳʣʦ. ʅʘʨʷʜʫ ʩ ʠʟʫʯʝʥʠʝʤ 

ʦʙʪʝʢʘʥʠʷ ʥʝʩʫʱʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʟʚʝʟʜʦʦʙʨʘʟʥʳʭ ʬʦʨʤ. ʕʪʠ ʬʦʨʤʳ, ʵʣʝʤʝʥʪʳ ʢʦʪʦʨʳʭ ʤʦʞʥʦ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ L-ʢʨʳʣʴʷ, ʧʨʠ ʩʚʝʨʭʟʚʫʢʦʚʳʭ ʩʢʦʨʦʩʪʷʭ ʦʙʪʝʢʘʥʠʷ ʠʤʝʶʪ 

ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ, ʯʝʤ ʵʢʚʠʚʘʣʝʥʪʥʳʝ ʦʩʝʩʠʤʤʝʪʨʠʯʥʳʝ 

ʪʝʣʘ. 

ɺ ʨʘʤʢʘʭ ʪʝʦʨʠʠ ʪʦʥʢʦʛʦ ʚʷʟʢʦʛʦ ʫʜʘʨʥʦʛʦ ʩʣʦʷ ʚ ʨʘʙʦʪʝ ɸ.ɺ. ɹʦʪʠʥʘ 

ʠ ʜʨ. [66] ʧʨʦʚʝʜʝʥʦ ʯʠʩʣʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʦʙʪʝʢʘʥʠʷ ʟʘʪʫʧʣʝʥʥʳʭ ʢʨʦʤʦʢ 
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ʠ ʥʦʩʦʚʳʭ ʯʘʩʪʝʡ ʛʠʧʝʨʟʚʫʢʦʚʦʛʦ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ ʩ ʧʦʩʣʝʜʫʶʱʠʤ 

ʩʨʘʚʥʝʥʠʝʤ ʨʝʟʫʣʴʪʘʪʦʚ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʚ ʥʘʫʯʥʦʤ ʩʦʦʙʱʝʩʪʚʝ ʩʣʦʞʠʣʦʩʴ ʤʥʝʥʠʝ ʦ 

ʥʝʚʦʟʤʦʞʥʦʩʪʠ ʩʦʟʜʘʥʠʷ ʫʥʠʚʝʨʩʘʣʴʥʦʡ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, 

ʧʨʦʜʦʣʞʘʶʪʩʷ ʧʦʧʳʪʢʠ ʫʣʫʯʰʠʪʴ ʨʘʩʯʝʪʳ ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʦʪʨʳʚʘ, ʧʨʝʞʜʝ 

ʚʩʝʛʦ ʥʘ ʦʩʥʦʚʝ ʙʦʣʝʝ ʪʦʯʥʦʛʦ ʦʧʠʩʘʥʠʷ ʧʫʣʴʩʘʮʠʦʥʥʳʭ ʠ ʦʩʨʝʜʥʝʥʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚ ʨʘʤʢʘʭ ʚʩʝ ʙʦʣʝʝ ʩʣʦʞʥʳʭ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ. ʅʝ 

ʦʪʨʠʮʘʷ ʚʘʞʥʦʩʪʠ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, ʦʩʦʙʝʥʥʦ ʜʣʷ ʧʨʘʚʠʣʴʥʦʛʦ 

ʨʘʩʯʝʪʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʪʨʝʥʠʷ ʠ ʪʝʧʣʦʦʙʤʝʥʘ ʚ ʟʦʥʘʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ɸ.ɺ. ɹʦʨʠʩʦʚʘ ʠ ʅ.ʅ. ʌʝʜʦʨʦʚʘ [62] ʩʪʘʚʠʣʠ ʧʝʨʝʜ ʩʦʙʦʡ 

ʮʝʣʴʶ ʠʟʫʯʠʪʴ ʚʣʠʷʥʠʝ ʢʘʯʝʩʪʚʘ ʯʠʩʣʝʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʥʘ ʪʦʯʥʦʩʪʴ 

ʧʨʝʜʩʢʘʟʘʥʠʷ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʤʘʩʰʪʘʙʦʚ ʦʪʨʳʚʥʳʭ ʪʝʯʝʥʠʡ. 

ɺ ʨʘʙʦʪʝ ɺ.ʅ. ɺʝʪʣʫʮʢʦʛʦ ʠ ɽ.ʄ. ʍʦʫʪʤʘʥʘ [70] ʨʘʟʨʘʙʦʪʘʥ ʘʣʛʦʨʠʪʤ 

ʨʘʩʯʝʪʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʩʞʠʤʘʝʤʦʛʦ ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʟʘʦʩʪʨʝʥʥʦʛʦ ʪʝʣʘ ʥʘ ʦʩʥʦʚʝ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʪʨʝʭʤʝʨʥʳʭ 

ʫʨʘʚʥʝʥʠʡ ʠ ʘʣʛʝʙʨʘʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. ɺʳʧʦʣʥʝʥʳ ʨʘʩʯʝʪʳ 

ʦʙʪʝʢʘʥʠʷ ʤʦʜʝʣʠ ʛʠʧʝʨʟʚʫʢʦʚʦʛʦ ʩʘʤʦʣʝʪʘ, ʧʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʯʠʩʝʣ 

ʉʪʘʥʪʦʥʘ ʩʦʧʦʩʪʘʚʣʝʥʳ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʇʨʦʚʝʜʝʥʦ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʯʠʩʣʘ ʄʘʭʘ, ʫʛʣʘ ʘʪʘʢʠ ʠ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ ʥʘ 

ʧʘʨʘʤʝʪʨʳ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʧʦʣʦʞʝʥʠʷ ʟʦʥʳ 

ʧʝʨʝʭʦʜʘ ʩʣʘʙʦ ʚʣʠʷʝʪ ʥʘ ʚʝʣʠʯʠʥʫ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʝʥʠʷ ʚ ʦʙʣʘʩʪʠ 

ʨʘʟʚʠʪʦʛʦ ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʪʝʯʝʥʠʷ. 

ɺ ʨʘʙʦʪʝ ʊ.ɺ. ʇʦʧʣʘʚʩʢʦʡ ʠ ʉ.ɻ. ʄʠʨʦʥʦʚʘ [84] ʨʘʩʩʤʦʪʨʝʥʦ 

ʛʠʧʝʨʟʚʫʢʦʚʦʝ ʪʝʯʝʥʠʝ ʚʷʟʢʦʛʦ ʛʘʟʘ ʚ ʫʜʘʨʥʦʤ ʩʣʦʝ ʦʢʦʣʦ ʦʩʪʨʳʭ ʢʦʥʫʩʦʚ. 

ʈʘʩʩʯʠʪʘʥʥʳʝ ʥʘ ʦʩʥʦʚʝ ʫʨʘʚʥʝʥʠʡ ʧʦʣʥʦʛʦ ʚʷʟʢʦʛʦ ʫʜʘʨʥʦʛʦ ʩʣʦʷ ʧʨʦʬʠʣʠ 

ʧʣʦʪʥʦʩʪʠ ʠ ʩʢʦʨʦʩʪʠ, ʥʘʢʣʦʥʳ ʫʜʘʨʥʦʡ ʚʦʣʥʳ, ʜʘʚʣʝʥʠʝ ʠ ʪʝʧʣʦʚʳʝ ʧʦʪʦʢʠ 

ʩʨʘʚʥʠʚʘʶʪʩʷ ʩ ʠʟʚʝʩʪʥʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ 

ʜʘʥʥʳʤʠ. 
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ɺ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʧʘʨʘʙʦʣʠʟʦʚʘʥʥʦʛʦ ʚʷʟʢʦʛʦ ʫʜʘʨʥʦʛʦ ʩʣʦʷ ʚ ʨʘʙʦʪʝ 

ɸ.ʀ. ɹʦʨʦʜʠʥʘ [64] ʨʝʰʘʣʘʩʴ ʟʘʜʘʯʘ ʩʧʫʩʢʘ ʧʦ ʧʣʘʥʠʨʫʶʱʝʡ ʪʨʘʝʢʪʦʨʠʠ ʚ 

ʘʪʤʦʩʬʝʨʝ ɿʝʤʣʠ ʛʣʘʜʢʦʛʦ ʟʘʪʫʧʣʝʥʥʦʛʦ ʪʝʣʘ, ʦʙʣʘʜʘʶʱʝʛʦ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʤ ʢʘʯʝʩʪʚʦʤ, ʘ ʚ [65] ʙʳʣ ʨʝʘʣʠʟʦʚʘʥ ʫʯʝʪ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʲʝʢʪʘ. 

ɺ ʨʘʙʦʪʝ ʀ.ɸ. ɹʝʜʘʨʝʚʘ ʠ ʜʨ. [36] ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠ ʯʠʩʣʝʥʥʦ 

ʠʩʩʣʝʜʦʚʘʥʦ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʝ ʣʘʤʠʥʘʨʥʦʝ ʦʪʨʳʚʥʦʝ ʪʝʯʝʥʠʝ ʚ ʦʢʨʝʩʪʥʦʩʪʠ 

ʢʦʥʫʩʘ ʩ çʶʙʢʦʡè ʧʨʠ ʯʠʩʣʝ ʄʘʭʘ M = 6. ɹʳʣʠ ʠʟʤʝʨʝʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʜʘʚʣʝʥʠʷ ʠ ʯʠʩʝʣ ʉʪʵʥʪʦʥʘ ʚʜʦʣʴ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʜʝʣʠ, ʘ ʪʘʢʞʝ ʧʨʦʬʠʣʠ 

ʩʢʦʨʦʩʪʠ ʚ ʟʦʥʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʢʘʯʢʘ ʫʧʣʦʪʥʝʥʠʷ ʩ ʧʦʛʨʘʥʠʯʥʳʤ ʩʣʦʝʤ ʠ 

ʩʦʧʦʩʪʘʚʣʝʥʳ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʘʩʯʝʪʦʚ. ʏʠʩʣʝʥʥʦ ʠʟʫʯʝʥʦ ʚʣʠʷʥʠʝ 

ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ ʥʘ ʧʘʨʘʤʝʪʨʳ ʪʝʯʝʥʠʷ. 

ɺ ʩʪʘʪʴʝ ʀ.ɸ. ɹʝʜʘʨʝʚʘ ʠ ʜʨ. [58] ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ 

ʪʫʨʙʫʣʝʥʪʥʳʭ ʪʝʯʝʥʠʡ ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʦʩʝʩʠʤʤʝʪʨʠʯʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʪʠʧʘ 

ʮʠʣʠʥʜʨ ʩ çʶʙʢʦʡè ʧʨʠ ʟʥʘʯʝʥʠʷʭ ʯʠʩʣʘ ʄʘʭʘ M = 3, 5, 7. ʈʘʩʯʝʪʳ ʧʨʦʚʝʜʝʥʳ 

ʜʣʷ ʫʩʣʦʚʠʡ ʨʝʘʣʴʥʳʭ ʬʠʟʠʯʝʩʢʠʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. ɺ ʢʘʯʝʩʪʚʝ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʦʩʨʝʜʥʝʥʥʳʝ ʫʨʘʚʥʝʥʠʷ ʅʘʚʴʝ ï 

ʉʪʦʢʩʘ, ʜʦʧʦʣʥʝʥʥʳʝ ʤʦʜʝʣʴʶ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʋʠʣʢʦʢʩʘ. ʇʨʦʚʝʜʝʥʦ 

ʩʨʘʚʥʝʥʠʝ ʨʘʩʯʝʪʥʳʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʜʘʚʣʝʥʠʷ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʪʝʢʘʝʤʦʛʦ ʪʝʣʘ, ʧʦʣʝʡ ʩʢʦʨʦʩʪʠ, ʘ ʪʘʢʞʝ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

ʪʝʧʣʦʦʙʤʝʥʘ. 

ɺ ʨʘʙʦʪʝ ɸ.ɸ. ʄʘʩʣʦʚʘ ʠ ʜʨ. [52] ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ 

ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʛʠʧʝʨʟʚʫʢʦʚʦʛʦ 

ʦʙʪʝʢʘʥʠʷ ʧʣʘʩʪʠʥʳ ʧʦʜ ʫʛʣʦʤ ʘʪʘʢʠ. ʈʘʩʩʯʠʪʘʥʥʳʝ ʥʘ ʦʩʥʦʚʝ ʫʨʘʚʥʝʥʠʡ 

ʧʦʣʥʦʛʦ ʚʷʟʢʦʛʦ ʫʜʘʨʥʦʛʦ ʩʣʦʷ ʧʨʦʬʠʣʠ ʧʣʦʪʥʦʩʪʠ ʠ ʥʘʢʣʦʥʳ ʫʜʘʨʥʦʡ ʚʦʣʥʳ 

ʩʨʘʚʥʠʚʘʶʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʤʝʪʦʜʦʤ 

ʵʣʝʢʪʨʦʥʥʦ-ʧʫʯʢʦʚʦʡ ʬʣʶʦʨʝʩʮʝʥʮʠʠ. 
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ɺ ʨʘʙʦʪʝ ɺ.ɸ. ɹʘʰʢʠʥʘ ʠ ʜʨ. [57] ʥʘ ʦʩʥʦʚʝ ʨʝʟʫʣʴʪʘʪʦʚ ʯʠʩʣʝʥʥʦʛʦ 

ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʜʚʫʤʝʨʥʳʭ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ - ʉʪʦʢʩʘ 

ʠʩʩʣʝʜʦʚʘʥʘ ʵʚʦʣʶʮʠʷ ʧʦʣʷ ʪʝʯʝʥʠʷ ʦʢʦʣʦ ʢʨʫʛʦʚʦʛʦ ʮʠʣʠʥʜʨʘ ʠ ʩʬʝʨʳ, 

ʤʛʥʦʚʝʥʥʦ ʩʪʘʨʪʫʶʱʠʭ ʩ ʧʦʩʪʦʷʥʥʦʡ ʩʚʝʨʭʟʚʫʢʦʚʦʡ ʩʢʦʨʦʩʪʴʶ (M 5¤= , 

5Re 10= ) ʠʟ ʩʦʩʪʦʷʥʠʷ ʧʦʢʦʷ. 

ɺ ʩʪʘʪʴʝ ʊ.ɺ. ʇʦʧʣʘʚʩʢʦʡ [103] ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ 

ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʛʠʧʝʨʟʚʫʢʦʚʦʛʦ ʦʙʪʝʢʘʥʠʷ ʦʩʪʨʦʛʦ ʢʦʥʫʩʘ ʧʦʜ 

ʥʫʣʝʚʳʤ ʫʛʣʦʤ ʘʪʘʢʠ. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʝʯʝʥʠʷ ʨʘʩʩʯʠʪʘʥʳ ʥʘ ʦʩʥʦʚʝ 

ʫʨʘʚʥʝʥʠʡ ʧʦʣʥʦʛʦ ʚʷʟʢʦʛʦ ʫʜʘʨʥʦʛʦ ʩʣʦʷ. ʇʦʣʫʯʝʥʘ ʫʥʠʚʝʨʩʘʣʴʥʘʷ 

ʙʝʟʨʘʟʤʝʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʯʠʩʣʘ ʉʪʘʥʪʦʥʘ ʦʪ ʦʧʨʝʜʝʣʷʶʱʠʭ ʧʘʨʘʤʝʪʨʦʚ 

ʟʘʜʘʯʠ. 

ɺ ʨʘʙʦʪʝ ɺ.ʖ. ʂʘʟʘʢʦʚʘ ʠ ʉ.ɺ. ʇʝʡʛʠʥʘ [81] ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ 

ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʭ ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʝʪʦʚ ʦʙʪʝʢʘʥʠʷ ʦʩʝʩʠʤʤʝʪʨʠʯʥʳʭ ʛʣʘʜʢʠʭ 

ʟʘʪʫʧʣʝʥʥʳʭ ʪʝʣ ʩ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʩʚʝʨʭʟʚʫʢʦʚʳʤ ʧʦʪʦʢʦʤ 

ʚʷʟʢʦʛʦ ʛʘʟʘ ʧʦʜ ʥʫʣʝʚʳʤ ʫʛʣʦʤ ʘʪʘʢʠ ʩ ʫʯʝʪʦʤ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʭʠʤʠʯʝʩʢʠʭ 

ʨʝʘʢʮʠʡ ʠ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʛʦ ʭʘʨʘʢʪʝʨʘ ʧʨʦʪʝʢʘʶʱʝʡ ʚ ʧʦʪʦʢʝ ʜʠʬʬʫʟʠʠ. 

ɼʣʷ ʨʝʰʝʥʠʷ ʠʩʭʦʜʥʳʭ ʫʨʘʚʥʝʥʠʡ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʛʦ ʚʷʟʢʦʛʦ ʫʜʘʨʥʦʛʦ 

ʩʣʦʷ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʫʩʪʘʥʦʚʣʝʥʠʷ ʧʦ ʚʨʝʤʝʥʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʥʝʷʚʥʳʡ 

ʯʠʩʣʝʥʥʳʡ ʤʝʪʦʜ ʚʳʩʦʢʦʛʦ ʧʦʨʷʜʢʘ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʧʦ ʢʦʦʨʜʠʥʘʪʝ, 

ʦʪʩʯʠʪʳʚʘʝʤʦʡ ʧʦ ʥʦʨʤʘʣʠ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʪʝʢʘʝʤʦʛʦ ʪʝʣʘ, ʦʙʣʘʜʘʶʱʠʡ 

ʚʳʩʦʢʠʤ ʫʨʦʚʥʝʤ ʵʢʦʥʦʤʠʯʥʦʩʪʠ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠ ʥʝ 

ʪʨʝʙʫʶʱʠʡ ʧʨʠ ʩʚʦʝʡ ʨʝʘʣʠʟʘʮʠʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ 

ʩʦʦʪʥʦʰʝʥʠʡ ʉʪʝʬʘʥʘ - ʄʘʢʩʚʝʣʣʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʠʬʬʫʟʠʦʥʥʳʭ ʧʦʪʦʢʦʚ. ʅʘ 

ʦʩʥʦʚʝ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʦʙ ʦʙʪʝʢʘʥʠʠ ʪʝʣ ʨʘʟʣʠʯʥʦʡ ʬʦʨʤʳ ʛʠʧʝʨʟʚʫʢʦʚʳʤ 

ʧʦʪʦʢʦʤ ʥʝʨʘʚʥʦʚʝʩʥʦ-ʜʠʩʩʦʮʠʠʨʫʶʱʝʛʦ ʚʦʟʜʫʭʘ ʧʨʠ ʠʭ ʜʚʠʞʝʥʠʠ ʧʦ 

ʟʘʜʘʥʥʦʡ ʪʨʘʝʢʪʦʨʠʠ ʚʭʦʜʘ ʚ ʘʪʤʦʩʬʝʨʫ ɿʝʤʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʦ ʚʣʠʷʥʠʝ 

ʨʷʜʘ ʦʧʨʝʜʝʣʷʶʱʠʭ ʧʘʨʘʤʝʪʨʦʚ ʟʘʜʘʯʠ ʥʘ ʢʘʯʝʩʪʚʝʥʥʳʡ ʭʘʨʘʢʪʝʨ ʪʝʯʝʥʠʷ ʠ 

ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʪʨʝʥʠʷ ʠ ʪʝʧʣʦʦʙʤʝʥʘ ʚʜʦʣʴ ʧʦʚʝʨʭʥʦʩʪʠ ʪʝʣʘ, 
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ʜʘʥʘ ʦʮʝʥʢʘ ʪʦʯʥʦʩʪʠ ʠ ʦʙʣʘʩʪʠ ʧʨʠʤʝʥʠʤʦʩʪʠ ʨʷʜʘ ʧʨʠʙʣʠʞʝʥʥʳʭ ʧʦʜʭʦʜʦʚ 

ʢ ʨʝʰʝʥʠʶ ʜʘʥʥʦʡ ʟʘʜʘʯʠ. 

ɺ ʩʪʘʪʴʝ ɸ.ʀ. ɹʦʨʦʜʠʥʘ ʠ ʉ.ɺ. ʇʝʡʛʠʥʘ [85] ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʝʧʣʦʦʙʤʝʥʘ ʧʨʠ ʦʙʪʝʢʘʥʠʠ 

ʵʣʣʠʧʩʦʠʜʦʚ, ʧʘʨʘʙʦʣʦʠʜʦʚ ʠ ʛʠʧʝʨʙʦʣʦʠʜʦʚ ʨʘʟʣʠʯʥʦʡ ʬʦʨʤʳ 

ʩʚʝʨʭʟʚʫʢʦʚʳʤ ʧʦʪʦʢʦʤ ʚʷʟʢʦ-ʦʜʥʦʨʦʜʥʦʛʦ ʛʘʟʘ ʧʦʜ ʫʛʣʘʤʠ ʘʪʘʢʠ ʠ 

ʩʢʦʣʴʞʝʥʠʷ. ʈʝʰʝʥʠʝ ʠʩʭʦʜʥʳʭ ʪʨʝʭʤʝʨʥʳʭ ʫʨʘʚʥʝʥʠʡ ʧʘʨʘʙʦʣʠʟʦʚʘʥʥʦʛʦ 

ʚʷʟʢʦʛʦ ʫʜʘʨʥʦʛʦ ʩʣʦʷ ʧʦʣʫʯʝʥʦ ʥʘ ʦʩʥʦʚʝ ʯʠʩʣʝʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ 

ʧʦʚʳʰʝʥʥʦʛʦ ʧʦʨʷʜʢʘ ʪʦʯʥʦʩʪʠ, ʥʝ ʪʨʝʙʫʶʱʝʛʦ ʧʨʠ ʩʚʦʝʡ ʨʝʘʣʠʟʘʮʠʠ 

ʥʘʣʠʯʠʷ ʚ ʪʝʯʝʥʠʠ ʧʣʦʩʢʦʩʪʝʡ ʩʠʤʤʝʪʨʠʠ. ʆʩʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʝʥʦ 

ʘʥʘʣʠʟʫ ʚʣʠʷʥʠʷ ʬʦʨʤʳ ʪʝʣʘ, ʫʛʣʦʚ ʘʪʘʢʠ ʠ ʩʢʦʣʴʞʝʥʠʷ ʥʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʚʜʦʣʴ ʧʦʚʝʨʭʥʦʩʪʠ. 

ɺ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʧʦʣʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʚʷʟʢʦʛʦ ʫʜʘʨʥʦʛʦ ʩʣʦʷ 

ʥʘ ʦʩʥʦʚʝ ʤʝʪʦʜʘ ʫʩʪʘʥʦʚʣʝʥʠʷ ʧʦ ʚʨʝʤʝʥʠ ʚ ʨʘʙʦʪʝ ɸ.ʀ. ɹʦʨʦʜʠʥʘ 

ʠ ʉ.ɺ. ʇʝʡʛʠʥʘ [63] ʙʳʣʦ ʯʠʩʣʝʥʥʦ ʠʩʩʣʝʜʦʚʘʥʦ ʦʙʪʝʢʘʥʠʝ ʧʦʜ ʫʛʣʘʤʠ ʘʪʘʢʠ 

ʠ ʩʢʦʣʴʞʝʥʠʷ ʟʘʪʫʧʣʝʥʥʳʭ ʪʝʣ ʩʣʦʞʥʦʡ ʬʦʨʤʳ ʩʚʝʨʭʟʚʫʢʦʚʳʤ ʧʦʪʦʢʦʤ 

ʚʷʟʢʦʛʦ ʦʜʥʦʨʦʜʥʦʛʦ ʛʘʟʘ. ɺ ʧʨʦʮʝʩʩʝ ʙʳʣʠ ʠʟʫʯʝʥʳ ʦʩʥʦʚʥʳʝ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʦʙʱʝʡ ʩʪʨʫʢʪʫʨʳ ʪʝʯʝʥʠʷ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʜʘʚʣʝʥʠʷ ʠ 

ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʚʜʦʣʴ ʧʦʚʝʨʭʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʙʳʣʘ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʘ ʠʭ 

ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʬʦʨʤʳ ʪʝʣʘ, ʫʛʣʦʚ ʘʪʘʢʠ ʠ ʩʢʦʣʴʞʝʥʠʷ, ʯʠʩʝʣ ʄʘʭʘ ʠ 

ʈʝʡʥʦʣʴʜʩʘ ʠ ʜʨʫʛʠʭ ʦʧʨʝʜʝʣʷʶʱʠʭ ʧʘʨʘʤʝʪʨʦʚ ʟʘʜʘʯʠ. ɼʘʥʘ ʦʮʝʥʢʘ 

ʪʦʯʥʦʩʪʠ ʠ ʦʙʣʘʩʪʠ ʧʨʠʤʝʥʠʤʦʩʪʠ ʨʷʜʘ ʧʨʠʙʣʠʞʝʥʥʳʭ ʧʦʜʭʦʜʦʚ ʢ ʨʝʰʝʥʠʶ 

ʟʘʜʘʯʠ. 

ɺ ʩʪʘʪʴʝ ʇ.ʖ. ɻʝʦʨʛʠʝʚʩʢʦʛʦ ʠ ɺ.ɸ. ʃʝʚʠʥʘ [90] ʪʝʦʨʝʪʠʯʝʩʢʠ 

ʠʟʫʯʘʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʫʧʨʘʚʣʝʥʠʷ ʩʚʝʨʭʟʚʫʢʦʚʳʤ ʦʙʪʝʢʘʥʠʝʤ ʪʝʣ 

ʨʘʟʣʠʯʥʦʡ ʬʦʨʤʳ ʩ ʧʦʤʦʱʴʶ ʧʦʜʚʦʜʘ ʥʝʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʵʥʝʨʛʠʠ ʚ 

ʥʘʙʝʛʘʶʱʠʡ ʧʦʪʦʢ. ɺ ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʝʪʘʭ ʠʩʧʦʣʴʟʦʚʘʥʘ ʤʦʜʝʣʴ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ ʨʘʩʧʨʝʜʝʣʝʥʥʦʛʦ çʵʥʝʨʛʦʠʩʪʦʯʥʠʢʘè, ʧʦʩʪʨʦʝʥʥʘʷ ʥʘ 
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ʦʩʥʦʚʝ ʫʨʘʚʥʝʥʠʡ ʕʡʣʝʨʘ ʜʣʷ ʩʦʚʝʨʰʝʥʥʦʛʦ ʛʘʟʘ. ʀʩʩʣʝʜʦʚʘʥʳ 

ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʦʙʪʝʢʘʥʠʷ ʵʥʝʨʛʦʠʩʪʦʯʥʠʢʦʚ, ʦʙʥʘʨʫʞʝʥʳ 

ʥʦʚʳʝ ʵʬʬʝʢʪʳ ʠ ʧʨʝʜʣʦʞʝʥʳ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʜʣʷ ʠʭ ʦʧʠʩʘʥʠʷ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʟʘ ʩʯʝʪ ʦʧʪʠʤʠʟʘʮʠʠ ʧʘʨʘʤʝʪʨʦʚ ʵʥʝʨʛʦʠʩʪʦʯʥʠʢʦʚ ʚʦʟʤʦʞʥʦ 

ʠʥʠʮʠʠʨʦʚʘʥʠʝ ʥʝʨʝʛʫʣʷʨʥʳʭ ʨʝʞʠʤʦʚ ʦʙʪʝʢʘʥʠʷ ʪʝʣ, ʢʦʪʦʨʳʝ 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʨʘʜʠʢʘʣʴʥʳʤ ʠʟʤʝʥʝʥʠʝʤ ʛʦʣʦʚʥʦʡ ʫʜʘʨʥʦ-ʚʦʣʥʦʚʦʡ 

ʩʪʨʫʢʪʫʨʳ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʟʦʥ ʚʦʟʚʨʘʪʥʦʛʦ ʪʝʯʝʥʠʷ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ 

ʜʦʩʪʠʛʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʝ ʩʥʠʞʝʥʠʝ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʨʠ ʚʳʩʦʢʦʡ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʭʦʜʦʚʘʥʠʷ ʵʥʝʨʛʠʠ. 

ɺ ʨʘʙʦʪʝ ɺ.ɸ. ɹʠʪʶʨʠʥʘ ʠ ʜʨ. [61] ʧʨʦʚʝʜʝʥʦ ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʠ 

ʯʠʩʣʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʦʙʪʝʢʘʥʠʷ ʛʠʧʝʨʟʚʫʢʦʚʳʤ ʧʦʪʦʢʦʤ ʛʦʣʦʚʥʦʡ ʯʘʩʪʠ 

ʪʝʣʘ ʩʬʝʨʠʯʝʩʢʦʡ ʬʦʨʤʳ, ʚʥʫʪʨʠ ʢʦʪʦʨʦʛʦ ʠʤʝʶʪʩʷ ʠʩʪʦʯʥʠʢʠ ʪʦʢʘ, 

ʩʦʟʜʘʶʱʠʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ. ɸʥʘʣʠʟ ʤʘʛʥʠʪʦʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʛʦ (ʄɻɼ) 

ʪʝʯʝʥʠʷ ʧʨʦʚʝʜʝʥ ʥʘ ʦʩʥʦʚʝ ʧʦʣʥʦʡ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ - ʉʪʦʢʩʘ, ʚ 

ʢʦʪʦʨʫʶ ʚʢʣʶʯʝʥʳ ʩʠʣʦʚʳʝ ʠ ʪʝʧʣʦʚʳʝ ʄɻɼ ʯʣʝʥʳ, ʠ ʫʨʘʚʥʝʥʠʡ 

ʵʣʝʢʪʨʦʜʠʥʘʤʠʢʠ. ʆʧʨʝʜʝʣʝʥʳ ʣʦʢʘʣʴʥʳʝ ʠ ʠʥʪʝʛʨʘʣʴʥʳʝ ʪʝʧʣʦʚʳʝ ʠ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʙʪʝʢʘʝʤʦʛʦ ʪʝʣʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʣʠʯʠʝ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʦʟʚʦʣʷʝʪ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʫʤʝʥʴʰʠʪʴ ʪʝʧʣʦʚʦʡ ʧʦʪʦʢ ʚ ʪʝʣʦ 

ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʝʛʦ ʢʨʠʪʠʯʝʩʢʦʡ ʪʦʯʢʠ. ʆʜʥʘʢʦ ʧʨʠ ʵʪʦʤ ʧʨʦʠʩʭʦʜʠʪ 

ʫʚʝʣʠʯʝʥʠʝ ʩʫʤʤʘʨʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʪʝʣʘ. 

ɺ ʩʪʘʪʴʝ ʅ.ɸ. ɹʣʘʛʦʚʝʱʝʥʩʢʦʛʦ [37] ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʥʳ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʦʩʦʙʝʥʥʦʩʪʠ ʦʙʪʝʢʘʥʠʷ ʠʥʪʝʛʨʘʣʴʥʳʭ 

ʢʦʤʧʦʥʦʚʦʢ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ ʩ ʚʦʟʜʫʰʥʦ-ʨʝʘʢʪʠʚʥʳʤʠ 

ʜʚʠʛʘʪʝʣʷʤʠ, ʨʘʩʩʯʠʪʘʥʥʳʭ ʥʘ ʢʨʝʡʩʝʨʩʢʠʡ ʧʦʣʝʪ ʚ ʧʨʝʜʝʣʘʭ ʘʪʤʦʩʬʝʨʳ. 

ʇʦʤʠʤʦ ʈʦʩʩʠʠ, ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʦʙʣʘʩʪʠ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ 

ʪʘʢʞʝ ʧʨʦʚʦʜʷʪʩʷ ʟʘ ʨʫʙʝʞʦʤ. 

ɺ ʨʘʙʦʪʝ [105] ʧʨʠʚʦʜʠʪʩ ̫ʧʨʠʤʝʨ ʧʨʦʛʨʘʤʤʳ X-15, ʚ ʨʘʤʢʘʭ ʢʦʪʦʨʦʡ 

ʧʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ 199 ʧʦʣʝʪʦʚ ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʟʥʘʥʠʷ, 
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ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʨʘʟʚʠʪʠʷ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ (ʠʥʦʛʜʘ ʧʨʠ ʦʪʢʘʟʘʭ 

ʚ ʧʦʣʝʪʝ). ʅʘʧʨʠʤʝʨ, ʥʝʠʩʧʨʘʚʥʦʩʪʴ ʚ ʦʜʥʦʤ ʠʟ ʧʦʣʝʪʦʚ ʧʠʣʦʥʘ, 

ʧʦʜʜʝʨʞʠʚʘʶʱʝʛʦ ʠʤʠʪʠʨʦʚʘʥʥʳʡ ʧʨʷʤʦʪʦʯʥʳʡ ʜʚʠʛʘʪʝʣʴ ʠʩʧʳʪʘʪʝʣʴʥʦʛʦ 

ʨʘʢʝʪʥʦʛʦ ʩʘʤʦʣʝʪʘ X-15-2, ʧʨʠʚʣʝʢʣʘ ʚʥʠʤʘʥʠʝ ʥʘʫʯʥʦʛʦ ʩʦʦʙʱʝʩʪʚʘ ʢ 

ʩʣʦʞʥʳʤ ʫʩʣʦʚʠʷʤ, ʚʳʟʚʘʥʥʳʤ ʫʜʘʨʥʦ-ʚʦʣʥʦʚʳʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ.  

ʇʨʦʛʨʘʤʤʘ ʘʢʘʜʝʤʠʯʝʩʢʦʛʦ ʠʟʫʯʝʥʠʷ ʧʦʣʝʪʦʚ HyShot [106] ʧʦʩʪʘʚʠʣʘ 

ʧʦʜ ʩʦʤʥʝʥʠʝ ʠʩʭʦʜʥʫʶ ʢʦʥʮʝʧʮʠʶ ʚʦʟʤʦʞʥʦʩʪʠ ʣʝʪʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʩ ʧʦʤʦʱʴʶ ʦʙʰʠʨʥʳʭ ʩʣʦʞʥʳʭ ʧʨʘʚʠʪʝʣʴʩʪʚʝʥʥʳʭ 

ʧʨʦʛʨʘʤʤ ʠ ʤʦʪʠʚʠʨʦʚʘʣʘ ʩʧʝʮʠʘʣʠʩʪʦʚ ʟʘʜʫʤʘʪʴʩʷ ʦ ʪʦʤ, ʯʝʛʦ ʤʦʞʥʦ 

ʜʦʩʪʠʯʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʝʙʦʣʴʰʠʭ, ʜʦʩʪʫʧʥʳʭ ʠʩʧʳʪʘʪʝʣʴʥʳʭ ʨʘʢʝʪ. 

ʇʦʩʣʝʜʥʷʷ ʨʘʙʦʪʘ DARPA (ʋʧʨʘʚʣʝʥʠʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ 

ʧʨʦʝʢʪʦʚ ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʦʨʦʥʳ ʉʐɸ) ʧʦ ʧʨʦʛʨʘʤʤʝ HyCAUSE [107] 

ʧʦʤʦʛʣʘ ʫʢʨʝʧʠʪʴ ʠʜʝʶ ʩʦʚʤʝʩʪʥʦʡ ʨʘʙʦʪʳ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʠ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʭ ʩʪʨʫʢʪʫʨ ʥʘʜ ʥʘʫʯʥʳʤʠ ʣʝʪʥʳʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ.  

ɺ ʨʘʤʢʘʭ ʨʘʟʨʘʙʦʪʢʠ ʧʨʦʛʨʘʤʤʳ ʧʦ ʘʜʘʧʪʠʚʥʦʤʫ ʠʩʩʣʝʜʦʚʘʥʠʶ 

ʪʝʭʥʦʣʦʛʠʡ ʜʦʩʪʫʧʘ ʚ ʢʦʩʤʦʩ RSATS (Responsive Space Access Technology 

Study), ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʫʩʠʣʠʷʤʠ ʣʘʙʦʨʘʪʦʨʠʠ AFRL [108], ʙʳʣ ʨʘʩʩʤʦʪʨʝʥ 

ʨʷʜ ʪʝʭʥʠʯʝʩʢʠʭ ʚʦʧʨʦʩʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʦʧʝʨʘʪʠʚʥʦ ʨʝʘʛʠʨʫʶʱʠʤ 

ʧʨʦʩʪʨʘʥʩʪʚʦʤ, ʠ ʦʜʥʘ ʢʦʥʮʝʧʮʠʷ, ʢʦʪʦʨʘʷ ʥʘʰʣʘ ʦʪʢʣʠʢ ʚ ʨʘʟʥʳʭ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʦʙʣʘʩʪʷʭ. ʆʥʘ ʧʨʝʜʩʪʘʚʣʷʣʘ ʩʦʙʦʡ ʚʦʟʤʦʞʥʦʩʪʴ ʩʥʠʞʝʥʠʷ 

ʟʘʪʨʘʪ ʥʘ ʧʨʦʛʨʘʤʤʫ ʙʣʘʛʦʜʘʨʷ ʵʢʦʥʦʤʠʠ ʟʘ ʩʯʝʪ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ ʠ 

ʫʥʠʬʠʢʘʮʠʠ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ ʚʤʝʩʪʦ ʩʦʟʜʘʥʠʷ ʦʪʜʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ ʚ 

ʢʘʯʝʩʪʚʝ ʘʚʪʦʥʦʤʥʳʭ ʫʥʠʢʘʣʴʥʳʭ ʠʟʜʝʣʠʡ. 

ʈʘʙʦʪʘ [109] ʧʦ ʠʟʫʯʝʥʠʶ ʨʦʣʠ ʫʨʦʚʥʝʡ ʚʦʟʤʫʱʝʥʠʡ ʚ ʥʘʟʝʤʥʳʭ 

ʠʩʧʳʪʘʪʝʣʴʥʳʭ ʫʩʪʘʥʦʚʢʘʭ ʧʨʠ ʃʊʇ ʥʘ ʢʦʥʫʩʝ ʠ ʩʦʧʦʩʪʘʚʣʝʥʠʶ ʵʪʠʭ 

ʨʝʟʫʣʴʪʘʪʦʚ ʩ ʜʘʥʥʳʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʚ ʧʦʣʝʪʝ ʪʦʡ ʞʝ ʤʦʜʝʣʠ, ʩʦʟʜʘʣʠ 

ʚʧʝʯʘʪʣʷʶʱʠʡ ʧʨʝʮʝʜʝʥʪ ʜʣʷ ʥʘʫʯʥʦ ʦʙʦʩʥʦʚʘʥʥʦʛʦ ʣʝʪʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ.  
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ʅʘʣʠʯʠʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʜʘʥʥʳʭ ʧʨʦʛʨʘʤʤ NASA ʦ ʧʦʣʝʪʝ 

ʩ ʛʠʧʝʨʟʚʫʢʦʚʳʤʠ ʩʢʦʨʦʩʪʷʤʠ, ʪʘʢʠʭ ʢʘʢ Reentry F [110], ʜʘʣʦ ʪʦʣʯʦʢ ʜʣʷ 

ʘʢʘʜʝʤʠʯʝʩʢʦʛʦ ʠʟʫʯʝʥʠʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʥʘʫʯʥʳʭ ʧʨʦʙʣʝʤ, ʩʚʷʟʘʥʥʳʭ ʩ 

ʛʠʧʝʨʟʚʫʢʦʚʳʤʠ ʣʝʪʘʪʝʣʴʥʳʤʠ ʘʧʧʘʨʘʪʘʤʠ, ʘ ʪʘʢʞʝ ʩʪʠʤʫʣʠʨʦʚʘʣʦ 

ʦʪʢʨʳʪʫʶ ʧʫʙʣʠʢʘʮʠʶ ʢʘʢ ʤʦʞʥʦ ʙʦʣʴʰʝʛʦ ʢʦʣʠʯʝʩʪʚʘ ʜʘʥʥʳʭ ʧʨʦʛʨʘʤʤʳ 

HIFiRE ʚ ʨʘʤʢʘʭ ʠʭ ʧʦʣʠʪʠʢʠ ʢʦʥʬʠʜʝʥʮʠʘʣʴʥʦʩʪʠ.  

ʇʨʦʛʨʘʤʤʘ ʣʘʙʦʨʘʪʦʨʠʠ AFRL University Nanosat [111] ʧʨʝʜʦʩʪʘʚʠʣʘ 

ʚʦʟʤʦʞʥʦʩʪʴ ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʤ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʤ ʛʨʫʧʧʘʤ ʫʯʘʩʪʚʦʚʘʪʴ ʚ 

ʨʘʟʨʘʙʦʪʢʝ ʠ ʟʘʧʫʩʢʝ ʤʘʣʳʭ ʩʧʫʪʥʠʢʦʚ ʠ ʧʦʤʦʛʣʘ ʩʬʦʨʤʠʨʦʚʘʪʴ ʢʦʥʮʝʧʮʠʶ 

ʢʦʦʨʜʠʥʠʨʦʚʘʥʠʷ ʜʝʡʩʪʚʠʡ ʨʘʟʨʘʙʦʪʯʠʢʦʚ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ ʩ 

ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʤʠ ʠʥʩʪʠʪʫʪʘʤʠ.  

ʎʝʣʴʶ ʧʨʦʛʨʘʤʤ r ESA EXPERT [112] ʙʳʣʦ ʠʟʫʯʝʥʠʝ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʥʘʫʯʥʳʭ ʧʨʦʙʣʝʤ, ʩʚʷʟʘʥʥʳʭ ʩʦ ʩʧʫʩʢʘʝʤʳʤʠ 

ʣʝʪʘʪʝʣʴʥʳʤʠ ʘʧʧʘʨʘʪʘʤʠ. ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʧʨʦʛʨʘʤʤʳ ʧʦʩʨʝʜʩʪʚʦʤ 

ʧʨʦʚʝʜʝʥʠʷ ʩʝʨʠʠ ʥʝʟʘʚʠʩʠʤʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʥʘ ʙʘʟʝ ʦʜʥʦʛʦ ʘʧʧʘʨʘʪʘ ʙʳʣʘ 

ʩʬʦʨʤʠʨʦʚʘʥʘ ʟʥʘʯʠʪʝʣʴʥʘ ̫ ʯʘʩʪʴ ʚʠʜʝʥʠʷ ʤʝʞʜʫʥʘʨʦʜʥʦʛʦ ʥʘʫʯʥʦʛʦ 

ʩʦʦʙʱʝʩʪʚʘ ʧʦ ʚʦʧʨʦʩʫ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʣʝʪʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. 

ʇʨʦʝʢʪ ʧʦ ʠʟʫʯʝʥʠʶ ʘʵʨʦʪʝʨʤʦʜʠʥʘʤʠʢʠ ʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

ʋʧʨʘʚʣʝʥʠ ̫ ʥʘʫʯʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ɺɺʉ ʉʐɸ (AFOSR) ʚʢʣʶʯʘʝʪ 

ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ ʠʥʪʝʨʝʩ ʜʣʷ ɺɺʉ ʠʩʩʣʝʜʦʚʘʥʠʷ ʛʠʜʨʦʜʠʥʘʤʠʢʠ, ʩʚʷʟʘʥʥʳʝ 

ʩ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʤʠ ʠ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ ʧʦʪʦʢʘʤʠ. ɺ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ ʦʩʦʙʦʝ ʟʥʘʯʝʥʠʝ ʠʤʝʶʪ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʬʠʟʠʢʠ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʠ ʧʦʛʨʘʥʠʯʥʳʭ ʩʣʦʝʚ, ʧʦʪʦʢʦʚ ʩ ʜʦʤʠʥʠʨʫʶʱʠʤ ʚʣʠʷʥʠʝʤ 

ʩʢʘʯʢʘ ʫʧʣʦʪʥʝʥʠʷ, ʦʩʦʙʝʥʥʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʢʘʯʦʢ 

ʫʧʣʦʪʥʝʥʠʷ / ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ ʠ ʩʢʘʯʦʢ ʫʧʣʦʪʥʝʥʠʷ / ʩʢʘʯʦʢ ʫʧʣʦʪʥʝʥʠʷ, 

ʘ ʪʘʢʞʝ ʧʦʪʦʢʦʚ ʧʨʠ ʪʝʨʤʦʭʠʤʠʯʝʩʢʦʡ ʥʝʨʘʚʥʦʚʝʩʥʦʩʪʠ. 

ɼʨʫʛʘʷ ʮʝʣʴ ʧʨʦʝʢʪʘ ʧʦ ʠʟʫʯʝʥʠʶ ʘʵʨʦʪʝʨʤʦʜʠʥʘʤʠʢʠ ʠ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ð ʠʜʝʥʪʠʬʠʢʘʮʠʷ ʠ ʩʪʠʤʫʣʠʨʦʚʘʥʠʝ ʨʘʟʚʠʪʠʷ ʥʦʚʝʡʰʠʭ 
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ʜʦʩʪʠʞʝʥʠʡ ʚ ʦʙʣʘʩʪʠ ʥʘʫʢʠ, ʧʦʪʝʥʮʠʘʣʴʥʦ ʩʧʦʩʦʙʥʳʭ ʧʨʠʚʝʩʪʠ ʢ ʧʨʦʛʨʝʩʩʫ 

ʨʘʟʚʠʪʠʷ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʠ ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʦʙʝʩʧʝʯʝʥʠʝ ʧʝʨʝʜʘʯʠ 

ʪʝʭʥʦʣʦʛʠʡ, ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʚ ʧʨʦʮʝʩʩʝ ʨʝʚʦʣʶʮʠʦʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʜʣʷ 

ʧʨʠʤʝʥʝʥʠʷ ʚ ʧʨʦʛʨʘʤʤʘʭ ʜʦʨʘʙʦʪʢʠ ʠ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʛʠʧʝʨʟʚʫʢʦʚʳʭ 

ʪʝʭʥʦʣʦʛʠʡ. ʉ 2001 ʛ. ʧʨʦʝʢʪ ʧʦʜʜʝʨʞʠʚʘʣ ʨʷʜ ʟʘʤʝʪʥʳʭ ʠʥʠʮʠʘʪʠʚ, ʢʦʪʦʨʳʝ 

ʩʧʦʩʦʙʩʪʚʦʚʘʣʠ ʨʘʟʚʠʪʠʶ ʩʦʚʨʝʤʝʥʥʳʭ ʧʨʠʢʣʘʜʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, 

ʢʦʦʨʜʠʥʘʮʠʠ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʫʩʠʣʠʡ ʤʝʞʜʫ ʫʯʨʝʞʜʝʥʠʷʤʠ, 

ʬʠʥʘʥʩʠʨʫʶʱʠʤʠ ʥʘʫʯʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʩʚʷʟʘʥʥʳʝ ʩ ʛʠʧʝʨʟʚʫʢʦʚʳʤʠ 

ʪʝʭʥʦʣʦʛʠʷʤʠ. ʊʘʢʞʝ ʧʨʦʝʢʪ ʩʧʦʩʦʙʩʪʚʦʚʘʣ ʦʧʨʝʜʝʣʝʥʠʶ ʥʦʚʳʭ 

ʥʘʧʨʘʚʣʝʥʠʡ ʠʩʩʣʝʜʦʚʘʥʠʡ ʜʣʷ ʥʘʫʯʥʦʛʦ ʩʦʦʙʱʝʩʪʚʘ, ʟʘʥʠʤʘʶʱʝʛʦʩʷ 

ʨʘʟʨʘʙʦʪʢʘʤʠ ʚ ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ. ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʘʠʙʦʣʝʝ 

ʟʥʘʯʠʪʝʣʴʥʳʝ ʜʦʩʪʠʞʝʥʠ,̫ ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ, 

ʬʠʥʘʥʩʠʨʫʝʤʳʤʠ AFOSR ʟʘ ʧʦʩʣʝʜʥʠʝ ʜʚʘ ʜʝʩʷʪʠʣʝʪʠ,̫ ʩʪʘʣʠ ʨʝʟʫʣʴʪʘʪʦʤ 

ʩʦʚʤʝʩʪʥʳʭ ʫʩʠʣʠʡ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʠʟ AFOSR, NASA ʠ ʅʘʮʠʦʥʘʣʴʥʳʭ 

ʣʘʙʦʨʘʪʦʨʠʡ ʉʘʥʜʠʘ. 

ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʦʩʥʦʚʥʳʝ ʥʘʧʨʘʚʣʝʥʠʷ 

ʠʩʩʣʝʜʦʚʘʥʠʡ AFOSR ʚ ʦʙʣʘʩʪʠ ʘʵʨʦʪʝʨʤʦʜʠʥʘʤʠʢʠ ʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʚ 

ʧʝʨʠʦʜ ʩ 2001 ʧʦ 2013 ʛʛ. ʂ ʥʠʤ ʦʪʥʦʩʷʪʩʷ: 

¶ HIFiRE (Hypersonic International Flight Research and 

Experimentation). 

¶ STAR (STability Analysis for Reentry). 

¶ ʅʘʮʠʦʥʘʣʴʥʘʷ ʧʨʦʛʨʘʤʤʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ (NHFRP). 

¶ ʆʩʥʦʚʥʳʝ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʝ ʧʨʦʛʨʘʤʤʳ, ʢʦʪʦʨʳʝ ʟʘʪʨʘʛʠʚʘʶʪ 

ʠʥʪʝʛʨʘʮʠʶ ʘʵʨʦʪʝʨʤʦʜʠʥʘʤʠʢʠ, ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʠ ʚ ʦʙʣʘʩʪʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʭʠʤʠʠ, ʘ ʪʘʢʞʝ ʚʳʷʚʣʝʥʠʝ ʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʧʝʨʝʜʘʯʠ ʵʥʝʨʛʠʠ, ʢʦʪʦʨʳʝ 

ʚʣʠʷʶʪ ʥʘ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʠʟʤʝʥʝʥʠʷ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʧʦʪʦʢʦʚ. 
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ʇʨʦʛʨʘʤʤʘ HIFiRE (Hypersonic International Flight Research and 

Experimentation), ʢʦʪʦʨʘʷ ʙʳʣʘ ʟʘʜʫʤʘʥʘ ʠ ʨʘʟʨʘʙʦʪʘʥʘ ʚ 2005ï2006 ʛʛ., 

ʦʙʲʝʜʠʥʠʣʘ ʫʩʠʣʠʷ ʅʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ ʣʘʙʦʨʘʪʦʨʠʠ ɺɺʉ ʉʐɸ, 

NASA ʠ ʆʨʛʘʥʠʟʘʮʠʠ ʦʙʦʨʦʥʥʦʡ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ ɸʚʩʪʨʘʣʠʠ (DSTO) ʧʦ 

ʨʝʘʣʠʟʘʮʠʠ ʧʨʦʛʨʘʤʤʳ ʣʝʪʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʡ ʜʣʷ 

ʧʦʜʜʝʨʞʢʠ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʦʙʣʘʩʪʠ ʛʠʧʝʨʟʚʫʢʦʚʳʭ 

ʪʝʭʥʦʣʦʛʠʡ. ʇʨʦʛʨʘʤʤʘ ʠʩʧʦʣʴʟʫʝʪ ʧʠʨʘʤʠʜʘʣʴʥʫʶ ʢʦʥʮʝʧʮʠʶ, ʛʜʝ 

ʥʘʟʝʤʥʳʝ ʠʩʧʳʪʘʥʠʷ ʠ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʦʙʝʩʧʝʯʠʚʘʶʪ ʦʩʥʦʚʫ ʜʣʷ 

ʨʘʩʰʠʨʝʥʠʷ ʙʘʟʳ ʟʥʘʥʠʡ, ʘ ʣʝʪʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʶʪʩʷ ʚʝʨʰʠʥʦʡ ʠ 

ʦʙʝʩʧʝʯʠʚʘʶʪ ʦʙʨʘʪʥʫʶ ʩʚʷʟʴ ʜʣʷ ʠʥʬʦʨʤʠʨʦʚʘʥʠʷ ʦʙ ʦʩʥʦʚʥʳʭ 

ʜʦʩʪʠʞʝʥʠʷʭ. ɺ ʨʘʤʢʘʭ ʧʨʦʛʨʘʤʤʳ ʙʳʣʘ ʨʝʘʣʠʟʦʚʘʥʘ ʧʦʧʳʪʢʘ 

ʩʪʘʥʜʘʨʪʠʟʘʮʠʠ ʢʘʢ ʤʦʞʥʦ ʙʦʣʴʰʝʡ ʯʘʩʪʠ ʩʠʩʪʝʤʳ ʟʘʧʫʩʢʘ ʣʝʪʘʪʝʣʴʥʦʛʦ 

ʘʧʧʘʨʘʪʘ, ʘ ʪʘʢʞʝ ʦʧʪʠʤʠʟʘʮʠʠ ʢʦʥʬʠʛʫʨʘʮʠʠ ʢʦʥʢʨʝʪʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʜʣʷ 

ʧʦʣʫʯʝʥʠʷ ʧʦʣʝʟʥʳʭ ʥʘʫʯʥʳʭ ʩʚʝʜʝʥʠʡ. ʀ, ʭʦʪʷ ʢʘʞʜʳʡ ʣʝʪʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ 

ʠʤʝʣ ʦʩʦʙʫʶ ʥʘʫʯʥʫʶ ʮʝʣʴ, ʚʦ ʤʥʦʛʠʭ ʧʦʣʝʪʘʭ HIFiRE ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 

ʦʙʱʠʝ ʢʦʤʧʦʥʝʥʪʳ ʠ ʘʧʧʘʨʘʪʥʳʝ ʩʨʝʜʩʪʚʘ, ʘ ʧʨʠʤʝʥʝʥʠʝ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ 

ʧʦʤʦʛʣʠ ʧʨʦʛʨʘʤʤʝ ʩʦʭʨʘʥʠʪʴ ʢʦʥʪʨʦʣʴ ʥʘʜ ʨʘʩʪʫʱʠʤʠ ʨʘʩʭʦʜʘʤʠ.  

ʉ ʥʘʫʯʥʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʜʦʩʪʫʧ ʢ ʥʘʫʯʥʦ-ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʤ ʜʘʥʥʳʤ 

ʣʝʪʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʟʚʦʣʷʝʪ ʨʝʰʘʪʴ ʚʦʧʨʦʩʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʢʨʠʪʠʯʝʩʢʠʤʠ 

ʷʚʣʝʥʠʷʤʠ ʚ ʨʝʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʧʦʣʝʪʘ, ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ 

ʚʘʞʥʳʤʠ ʜʘʥʥʳʤʠ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʤʝʪʦʜʦʚ ʵʢʩʪʨʘʧʦʣʷʮʠʠ ʨʝʟʫʣʴʪʘʪʦʚ 

ʥʘʟʝʤʥʳʭ ʠʩʧʳʪʘʥʠʡ ʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʣʷ ʫʩʣʦʚʠʡ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʣʝʪʥʳʤ [113]. ɺ ʧʨʦʛʨʘʤʤʥʦʤ ʧʣʘʥʝ ʩʫʱʝʩʪʚʦʚʘʣʘ 

ʧʨʦʙʣʝʤʘ, ʩʚʷʟʘʥʥʘʷ ʩ ʪʝʤ, ʯʪʦ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʳʝ ʜʦʨʦʛʦʩʪʦʷʱʠʝ 

ʜʝʤʦʥʩʪʨʘʮʠʦʥʥʳʝ ʧʨʦʝʢʪʳ ʙʳʣʠ ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʥʘ ʝʜʠʥʠʯʥʳʭ 

ʜʝʤʦʥʩʪʨʘʮʠʷʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʢʦʥʮʝʧʮʠʡ, ʜʣʷ ʢʦʪʦʨʳʭ ʫʞʝ ʙʳʣʠ 

ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʨʘʟʨʘʙʦʪʢʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʦʣʫʯʠʪʴ ʥʦʚʝr 

ʥʘʫʯʥʳʝ ʟʥʘʥʠ ̫ ʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʣʝʪʦʚ ʙʳʣʦ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʚʦʟʤʦʞʥʦ. 
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ɺʩʣʝʜʩʪʚʠʝ ʪʘʢʦʛʦ ʧʦʥʠʤʘʥʠʷ HIFiRE ʟʘʜʫʤʳʚʘʣʘʩʴ ʢʘʢ ʵʢʦʥʦʤʠʯʝʩʢʠ 

ʵʬʬʝʢʪʠʚʥʘʷ ʧʨʦʛʨʘʤʤʘ ʤʥʦʛʦʨʘʟʦʚʳʭ ʧʦʣʝʪʦʚ, ʥʘʧʨʘʚʣʝʥʥʘʷ ʥʘ ʧʨʠʥʷʪʠʝ 

ʧʦʚʳʰʝʥʥʦʛʦ ʪʝʭʥʠʯʝʩʢʦʛʦ ʨʠʩʢʘ ʜʣʷ ʦʙʣʝʛʯʝʥʠʷ ʩʙʦʨʘ ʚʘʞʥʝʡʰʠʭ ʥʘʫʯʥʳʭ 

ʜʘʥʥʳʭ, ʢʦʪʦʨʳʝ ʦʧʨʝʜʝʣʷʪ ʨʘʟʨʘʙʦʪʢʫ ʙʫʜʫʱʠʭ ʧʨʦʛʨʘʤʤ. ʇʦʩʣʝʜʥʝʡ 

ʤʦʪʠʚʘʮʠʝʡ ʜʣʷ ʧʨʦʛʨʘʤʤʳ ʙʳʣʦ ʞʝʣʘʥʠʝ ʧʨʝʜʦʩʪʘʚʠʪʴ ʦʧʳʪ ʣʝʪʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʝʛʦʜʥʷʰʥʝʤʫ ʧʦʢʦʣʝʥʠʶ ʫʯʝʥʳʭ ʠ ʠʥʞʝʥʝʨʦʚ 

ʘʵʨʦʢʦʩʤʠʯʝʩʢʦʡ ʦʪʨʘʩʣʠ. ʉʣʝʜʫʝʪ ʦʞʠʜʘʪ,ɹ ʯʪʦ ʨʘʟʨʘʙʦʪʢʘ ʙʫʜʫʱʠʭ 

ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ ʧʦʪʨʝʙʫʝʪ ʙʦʣʝʝ ʰʠʨʦʢʦʛʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʣʝʪʥʳʭ ʜʘʥʥʳʭ, ʧʦʩʢʦʣʴʢʫ ʤʘʩʰʪʘʙʳ ʧʨʠʤʝʥʝʥʠʷ 

ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ ʙʳʩʪʨʦ ʧʨʝʚʦʩʭʦʜʷʪ ʬʠʟʠʯʝʩʢʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ, 

ʦʙʝʩʧʝʯʠʚʘʝʤʦʝ ʪʝʢʫʱʝʡ ʥʘʟʝʤʥʦʡ ʠʩʧʳʪʘʪʝʣʴʥʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʦʡ. 

ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʨʘʩʰʠʨʝʥʠʝ ʦʧʳʪʘ ʚ ʦʙʣʘʩʪʠ ʣʝʪʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ 

ʨʘʩʰʠʨʝʥʠʝ ʚʦʟʤʦʞʥʦʩʪʝʡ ʜʣʷ ʵʢʩʪʨʘʧʦʣʷʮʠʠ ʠʥʬʦʨʤʘʮʠʠ ʦ ʢʨʠʪʠʯʝʩʢʠʭ 

ʷʚʣʝʥʠʷʭ, ʧʦʣʫʯʝʥʥʦʡ ʚ ʭʦʜʝ ʥʘʟʝʤʥʳʭ ʠʩʧʳʪʘʥʠʡ, ʚ ʫʩʣʦʚʠʷ ʧʦʣʝʪʘ ʙʫʜʫʪ 

ʠʤʝʪʴ ʚʘʞʥʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʙʫʜʫʱʠʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ. 

ʇʣʘʥ ʧʨʦʛʨʘʤʤʳ HIFiRE ʚʢʣʶʯʘʝʪ ʜʝʚʷʪʴ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʧʦʣʝʪʦʚ, 

ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ ʨʝʰʝʥʠʷ ʰʠʨʦʢʦʛʦ ʢʨʫʛʘ ʥʘʫʯʥʳʭ ʟʘʜʘʯ ʚ ʦʙʣʘʩʪʠ 

ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʠ ʦʜʠʥ ʧʦʣʝʪ ʩʥʠʞʝʥʠʷ ʪʝʭʥʠʯʝʩʢʠʭ ʨʠʩʢʦʚ, 

ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʡ ʜʣʷ ʨʝʰʝʥʠʷ ʧʨʦʙʣʝʤ ʢʦʥʪʨʦʣʷ ʦʨʠʝʥʪʘʮʠʠ ʘʧʧʘʨʘʪʘ. 

ʇʦʜʨʦʙʥʦʝ ʦʧʠʩʘʥʠʝ ʧʨʦʛʨʘʤʤʳ ʧʨʝʜʦʩʪʘʚʣʝʥʦ ʚ ʨʘʙʦʪʘʭ [113-115], ʛʜʝ 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩ ̫ ʧʨʦʛʨʘʤʤʥʳʝ ʚʦʧʨʦʩʳ ʘʵʨʦʪʝʨʤʦʜʠʥʘʤʠʢʠ. ʅʘ 

ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʫʩʧʝʰʥʦ ʚʳʧʦʣʥʝʥʳ ʧʦʣʝʪʳ ʧʦ ʩʥʠʞʝʥʠʶ ʪʝʭʥʠʯʝʩʢʠʭ 

ʨʠʩʢʦʚ HIFiRE-0 ʠ ʠʩʧʳʪʘʪʝʣʴʥʳʝ ʧʦʣʝʪʳ HIFiRE-1, HIFiRE-2 ʠ HIFiRE-3. 

ɸʧʧʘʨʘʪ HIFiRE-5 ʥʝ ʩʤʦʛ ʜʦʩʪʠʯʴ ʟʘʧʣʘʥʠʨʦʚʘʥʥʦʛʦ ʯʠʩʣʘ ʄʘʭʘ ʠʟ-ʟʘ 

ʥʝʦʙʳʯʥʦʛʦ ʩʙʦʷ ʦʜʥʦʡ ʠʟ ʨʘʟʛʦʥʥʳʭ ʩʪʫʧʝʥʝʡ, ʥʦ ʦʙʝʩʧʝʯʠʣ ʧʦʣʫʯʝʥʠʝ 

ʧʦʣʝʪʥʳʭ ʜʘʥʥʳʭ ʟʘ ʧʨʝʜʝʣʘʤʠ ʧʨʝʜʧʦʣʘʛʘʝʤʦʡ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘ [116]. ʉʝʛʦʜʥʷ ʧʦʢʘʟʘʪʝʣʴ ʨʝʟʫʣʴʪʘʪʠʚʥʦʩʪʠ ʧʨʦʛʨʘʤʤʳ 
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ʩʦʩʪʘʚʣʷʝʪ 80 %, ʯʪʦ ʥʘʤʥʦʛʦ ʚʳʰʝ ʦʙʳʯʥʦ ʜʦʩʪʠʛʘʝʤʦʛʦ ʧʨʦʛʨʘʤʤʦʡ 

ʣʝʪʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. 

ʇʦʣʝʪʳ HIFiRE 1 ʠ 5 ʩʦʩʪʘʚʣʷʶʪ ʯʘʩʪʴ ʧʨʦʛʨʘʤʤʳ, ʧʦʩʚʷʱʝʥʥʦʡ 

ʘʵʨʦʪʝʨʤʦʜʠʥʘʤʠʢʝ. ɺʦ ʚʨʝʤʷ ʵʪʠʭ ʧʦʣʝʪʦʚ ʠʩʧʳʪʘʪʝʣʴʥʳʡ ʘʧʧʘʨʘʪ ʜʚʠʛʘʣʩʷ 

ʧʦ ʧʘʨʘʙʦʣʠʯʝʩʢʦʡ ʪʨʘʝʢʪʦʨʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʚʫʭʩʪʫʧʝʥʯʘʪʦʡ 

ʟʦʥʜʠʨʫʶʱʝʡ ʨʘʢʝʪʳ, ʘ ʵʢʩʧʝʨʠʤʝʥʪ ʙʳʣ ʨʝʘʣʠʟʦʚʘʥ ʚ ʢʦʥʬʠʛʫʨʘʮʠʠ 

çcaptive-carryè (ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʘ ʠʩʧʳʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ ʥʘ ʩʘʤʦʣʝʪʝ-

ʥʦʩʠʪʝʣʝ) [117]. ʆʢʦʣʦ ʘʧʦʛʝʷ ʪʨʘʝʢʪʦʨʠʠ ʘʧʧʘʨʘʪ ʧʝʨʝʦʨʠʝʥʪʠʨʫʝʪʩʷ ʠʟ 

ʧʦʣʦʞʝʥʠʷ ʢʘʙʨʠʨʦʚʘʥʠʷ ʚ ʧʦʣʦʞʝʥʠʝ ʧʠʢʠʨʦʚʘʥʠʷ, ʠ ʟʘʪʝʤ ʫʩʢʦʨʷʝʪʩʷ ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʩʠʣʳ ʪʷʞʝʩʪʠ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʛʠʧʝʨʟʚʫʢʦʚʦʡ ʩʢʦʨʦʩʪʠ ʧʨʠ 

ʚʦʟʚʨʘʱʝʥʠʠ ʢ ʟʝʤʣʝ. ʍʦʪʷ ʧʨʠ ʜʨʫʛʠʭ ʧʦʣʝʪʘʭ HIFiRE ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 

ʜʨʫʛʠʝ ʪʨʘʝʢʪʦʨʠʠ, ʵʪʘ ʧʘʨʘʙʦʣʠʯʝʩʢʘʷ ʪʨʘʝʢʪʦʨʠʷ ʷʚʣʷʣʘʩʴ ʦʙʱʝʡ ʜʣʷ 

ʘʵʨʦʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚ ʧʦʣʝʪʘʭ 1 ʠ 5. 

ɼʚʝ ʚʘʞʥʝʡʰʠʝ ʥʘʫʯʥʳʝ ʟʘʜʘʯʠ, ʩʚʷʟʘʥʥʳʝ ʩ ʨʘʟʚʠʪʠʝʤ 

ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ ð ʵʪʦ ʪʦʯʥʳʡ ʨʘʩʯʝʪ ʃʊʇ 

ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʭ ʩʢʘʯʦʢ 

ʫʧʣʦʪʥʝʥʠʷ/ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ. ʆʙʘ ʷʚʣʝʥʠʷ ʷʚʣʷʶʪʩʷ ʠʩʪʦʯʥʠʢʘʤʠ 

ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʘʵʨʦʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʥʘʛʨʝʚʘ ʠʣʠ ʘʢʫʩʪʠʯʝʩʢʠʭ ʥʘʛʨʫʟʦʢ 

ʠ ʟʥʘʯʠʪʝʣʴʥʦ ʚʣʠʷʶʪ ʥʘ ʢʦʥʩʪʨʫʢʮʠʶ ʘʧʧʘʨʘʪʘ. ʂʦʥʠʯʝʩʢʦʝ ʨʘʩʰʠʨʝʥʠʝ 

ʚ ʟʘʜʥʝʡ ʯʘʩʪʠ HIFiRE-1 ʧʨʝʜʥʘʟʥʘʯʝʥʦ ʜʣʷ ʛʝʥʝʨʘʮʠʠ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʛʦ 

ʘʥʘʣʦʛʘ ʧʦʧʝʨʝʯʥʦ-ʩʠʤʤʝʪʨʠʯʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʢʘʯʦʢ ʫʧʣʦʪʥʝʥʠʷ / 

ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ, ʦʙʨʘʟʫʝʤʦʛʦ ʥʦʨʤʘʣʴʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʡ ʨʘʤʧʦʡ ʥʘ 

ʧʣʦʩʢʦʡ ʧʘʥʝʣʠ. ʅʦʨʤʘʣʴʥʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ʨʘʤʧʳ ʙʳʣʘ ʪʱʘʪʝʣʴʥʦ ʠʟʫʯʝʥʘ 

ʩ ʫʯʝʪʦʤ ʢʦʥʩʪʨʫʢʮʠʠ ʠ ʜʠʥʘʤʠʢʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʢʘʯʦʢ ʫʧʣʦʪʥʝʥʠʷ / 

ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ, ʢʦʪʦʨʦʝ ʦʥʘ ʩʦʟʜʘʝʪ ʚʙʣʠʟʠ ʫʛʣʦʚʦʛʦ ʃʊʇ ʥʘʢʣʦʥʥʦʡ ʠ 

ʨʦʚʥʦʡ ʧʦʚʝʨʭʥʦʩʪʝʡ [118]. ʅʝʢʦʪʦʨʳʝ ʠʩʩʣʝʜʦʚʘʪʝʣʠ ʠʟʫʯʠʣʠ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʵʪʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʠ, ʭʦʪʷ ʚ ʯʘʩʪʠ ʧʦʥʠʤʘʥʠ ̫ʷʚʣʝʥʠʡ 

ʙʳʣ ʜʦʩʪʠʛʥʫʪ ʩʫʱʝʩʪʚʝʥʥʳʡ ʧʨʦʛʨʝʩʩ, ʥʘʩʢʦʣʴʢʦ ʠʟʚʝʩʪʥʦ ʘʚʪʦʨʫ, ʨʘʥʝʝ 
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ʥʠ ʚ ʦʜʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʥʝ ʟʘʪʨʘʛʠʚʘʣʘʩʴ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ 

ʚ ʧʦʣʝʪʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʢʘʯʦʢ ʫʧʣʦʪʥʝʥʠʷ / ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ, ʠ ʩʝʡʯʘʩ 

ʠʤʝʶʪʩʷ ʥʝʨʝʰʝʥʥʳʝ ʟʘʜʘʯʠ, ʢʘʩʘʶʱʠʝʩʷ ʨʦʣʠ ʚʭʦʜʷʱʝʛʦ ʧʦʛʨʘʥʠʯʥʦʛʦ 

ʩʣʦʷ ʠ ʜʠʥʘʤʠʢʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʨʠ ʧʦʣʝʪʥʳʭ ʯʠʩʣʘʭ ʈʝʡʥʦʣʴʜʩʘ. 

ʇʝʨʝʜʥʷʷ ʯʘʩʪʴ ʘʧʧʘʨʘʪʘ HIFiRE-1 ʧʨʝʜʥʘʟʥʘʯʝʥʘ ʜʣʷ ʠʟʫʯʝʥʠʷ ʃʊʇ 

ʚ ʫʩʣʦʚʠʷʭ ʧʦʣʝʪʘ. ʇʝʨʝʜʥʷʷ ʯʘʩʪʴ ʘʧʧʘʨʘʪʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʨʫʛʣʳʡ 

ʢʦʥʫʩ, ʬʦʨʤʘ ʢʦʪʦʨʦʛʦ ʙʳʣʘ ʚʳʙʨʘʥʘ ʜʣʷ ʦʙʣʝʛʯʝʥʠʷ ʩʨʘʚʥʝʥʠʷ ʩʦ 

ʟʥʘʯʠʪʝʣʴʥʳʤ ʯʠʩʣʦʤ ʧʨʦʚʝʜʝʥʥʳʭ ʨʘʥʥʝʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ʚ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʪʨʫʙʝ [119]. ʇʦʧʝʨʝʯʥʦʝ ʦʙʪʝʢʘʥʠʝ ʠ ʚʦʟʤʫʱʝʥʠʷ 

ʚʪʦʨʦʡ ʤʦʜʳ (ʤʦʜʳ ʄʢɻʘ) ʷʚʣʷʶʪʩʷ ʜʦʤʠʥʠʨʫʶʱʠʤʠ ʧʨʦʮʝʩʩʘʤʠ, ʢʦʪʦʨʳʝ 

ʧʨʠʚʦʜʷʪ ʢ ʃʊʇ ʥʘ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʘʧʧʘʨʘʪʘʭ ʩʭʦʞʝʡ ʢʦʥʬʠʛʫʨʘʮʠʠ, ʠ 

ʵʢʩʧʝʨʠʤʝʥʪ ʙʳʣ ʩʧʣʘʥʠʨʦʚʘʥ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʥʘ ʘʧʧʘʨʘʪʝ 

ʧʦʪʝʥʮʠʘʣʴʥʦ ʤʦʛʣʠ ʚʦʟʥʠʢʘʪʴ ʦʙʘ ʪʠʧʘ ʚʦʟʤʫʱʝʥʠʡ. ɺʦ ʚʨʝʤʷ ʧʦʜʲʝʤʘ 

ʧʨʦʠʟʦʰʝʣ ʃʊʇ ʩ ʤʘʣʳʤ ʫʛʣʦʤ ʘʪʘʢʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʚʦʟʤʫʱʝʥʠʶ ʚʪʦʨʦʡ 

ʤʦʜʳ [120]. ʍʦʪʷ ʩʥʠʞʝʥʠʝ ʧʨʦʠʟʦʰʣʦ ʧʨʠ ʫʛʣʝ ʘʪʘʢʠ ʙʦʣʴʰʝ 

ʟʘʧʣʘʥʠʨʦʚʘʥʥʦʛʦ, ʵʪʘ ʬʘʟʘ ʧʦʣʝʪʘ ʧʨʠʚʝʣʘ ʠ ʢ ʧʦʧʝʨʝʯʥʦʤʫ ʦʙʪʝʢʘʥʠʶ, ʠ ʢ 

ʃʊʇ, ʚʳʟʚʘʥʥʦʤʫ ʚʦʟʤʫʱʝʥʠʝʤ ʚʪʦʨʦʡ ʤʦʜʳ [121]. ɸʥʘʣʠʟ ʜʘʥʥʳʭ ʃʊʇ, 

ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʧʦʣʝʪʝ ʘʧʧʘʨʘʪʘ HIFiRE-1, ʙʳʣ ʧʨʠʚʝʜʝʥ ʚ ʨʷʜʝ ʧʫʙʣʠʢʘʮʠʡ, 

ʚʢʣʶʯʘʷ [115] ʠ [120]. 

ʎʝʣʴ ʧʦʣʝʪʘ ʘʧʧʘʨʘʪʘ HIFiRE-5 ʩʦʩʪʦʷʣʘ ʚ ʪʦʤ, ʯʪʦʙʳ ʜʦʧʦʣʥʠʪʴ 

ʜʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʥʘ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʤ ʢʦʨʧʫʩʝ ʚ ʧʦʣʝʪʝ 1, ʧʫʪʝʤ 

ʚʳʧʦʣʥʝʥʠʷ ʘʥʘʣʦʛʠʯʥʳʭ ʠʟʤʝʨʝʥʠʡ ʥʘ ʢʦʨʧʫʩʝ ʩʦ ʟʥʘʯʠʪʝʣʴʥʳʤʠ 

ʪʨʝʭʤʝʨʥʳʤʠ ʧʦʛʨʘʥʠʯʥʳʤʠ ʩʣʦʷʤʠ ʠ ʩʠʣʴʥʳʤ ʧʦʧʝʨʝʯʥʳʤ ʧʦʪʦʢʦʤ. ʂʘʢ ʠ 

ʚ ʩʣʫʯʘʝ ʢʦʥʬʠʛʫʨʘʮʠʠ HIFiRE-1, ʬʦʨʤʘ ʧʝʨʝʜʥʝʡ ʯʘʩʪʠ HIFiRE-5 ʙʳʣʘ 

ʚʳʙʨʘʥʘ ʜʣʷ ʦʙʣʝʛʯʝʥʠʷ ʩʨʘʚʥʝʥʠʷ ʩʦ ʟʥʘʯʠʪʝʣʴʥʳʤ ʦʙʲʝʤʦʤ ʜʘʥʥʳʭ ʠʟ 

ʧʨʝʜʰʝʩʪʚʫʶʱʠʭ ʥʘʟʝʤʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. ʌʦʨʤʘ ʵʣʣʠʧʪʠʯʝʩʢʦʛʦ ʢʦʥʫʩʘ, 

ʚʳʙʨʘʥʥʘʷ ʜʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ, ʙʳʣʘ ʨʘʥʝʝ ʠʟʫʯʝʥʘ ʨʷʜʦʤ 

ʛʨʫʧʧ ʠʟ-ʟʘ ʝʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʦʩʪʦʡ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ 
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ʠ ʦʜʥʦʚʨʝʤʝʥʥʦ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʩʭʦʜʩʪʚʘ ʩ ʢʦʥʬʠʛʫʨʘʮʠʝʡ ʙʦʣʝʝ ʩʣʦʞʥʳʭ 

ʬʦʨʤ ʥʝʩʫʱʝʛʦ ʢʦʨʧʫʩʘ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʜʝʤʦʥʩʪʨʘʮʠʦʥʥʳʭ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʛʨʘʤʤʘʭ. ʕʣʣʠʧʪʠʯʝʩʢʘʷ ʬʦʨʤʘ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ 

ʢʦʥʫʩʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʠʣʴʥʳʡ ʧʝʨʝʧʘʜ ʜʘʚʣʝʥʠʷ ʦʪ ʙʦʣʴʰʦʡ ʢ ʤʘʣʦʡ ʦʩʠ 

ʢʦʥʫʩʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʧʦʧʝʨʝʯʥʦʤʫ ʧʦʪʦʢʫ ʚ ʧʦʛʨʘʥʠʯʥʦʤ 

ʩʣʦʝ ʢʦʥʫʩʘ. ʂ ʩʦʞʘʣʝʥʠʶ, ʫʩʢʦʨʠʪʝʣʴ ʚʪʦʨʦʡ ʩʪʫʧʝʥʠ ʚ ʧʦʣʝʪʝ 5 ʦʪʢʘʟʘʣ ʚʦ 

ʚʨʝʤʷ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʠ ʘʧʧʘʨʘʪ HIFiRE-5 ʥʝ ʜʦʩʪʠʛ ʟʘʜʘʥʥʦʡ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʜʘʣʴʥʦʩʪʠ ʧʦʣʝʪʘ. ʇʨʦʜʦʣʞʘʝʪʩʷ ʩʦʢʨʘʱʝʥʠʝ ʜʘʥʥʳʭ, 

ʧʦʣʫʯʝʥʥʳʭ ʚʥʝ ʧʨʝʜʝʣʦʚ ʧʨʝʜʧʦʣʘʛʘʝʤʦʡ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘ, ʘ ʚʧʦʩʣʝʜʩʪʚʠʠ ʧʣʘʥʠʨʫʝʪʩʷ ʪʘʢʞʝ ʧʦʪʝʥʮʠʘʣʴʥʳʡ ʧʦʚʪʦʨʥʳʡ 

ʟʘʧʫʩʢ ʘʧʧʘʨʘʪʘ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʛʨʘʤʤʘ HIFiRE ʩʳʛʨʘʣʘ ʟʥʘʯʠʪʝʣʴʥʫʶ ʨʦʣʴ ʚ 

ʨʘʩʰʠʨʝʥʠʠ ʜʦʩʪʠʞʝʥʠʡ ʧʨʦʛʨʘʤʤ HyShot ʠ HyCAUSE ʠ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ 

ʩʦʚʨʝʤʝʥʥʦʛʦ ʧʦʜʭʦʜʘ ʢ ʵʢʦʥʦʤʠʯʝʩʢʠ ʵʬʬʝʢʪʠʚʥʳʤ ʣʝʪʥʳʤ 

ʠʩʩʣʝʜʦʚʘʥʠʷʤ. ʋʩʧʝʭ ʧʦʣʝʪʦʚ HIFiRE, ʘ ʪʘʢʞʝ ʧʦʣʝʪʦʚ ʧʦ ʧʨʦʛʨʘʤʤʝ DLR 

SHEFEX [122], ʠʤʝʶʱʝʡ ʩʭʦʞʫʶ ʩ HIFiRE ʪʝʦʨʝʪʠʯʝʩʢʫʶ ʦʩʥʦʚʫ, ʦʙʫʩʣʦʚʠʣ 

ʧʦʷʚʣʝʥʠʝ ʙʦʣʝʝ ʤʝʣʢʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʣʝʪʦʚ ʜʣʷ ʩʥʠʞʝʥʠʷ 

ʨʠʩʢʦʚ ʚ ʥʳʥʝʰʥʝʤ ʧʦʢʦʣʝʥʠʠ ʢʨʫʧʥʳʭ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʜʝʤʦʥʩʪʨʘʮʠʦʥʥʳʭ 

ʧʨʦʛʨʘʤʤ, ʪʘʢʠʭ ʢʘʢ ʧʨʦʛʨʘʤʤʘ DARPA IH. ʂʨʦʤʝ ʪʦʛʦ, ʧʦʷʚʣʷʶʪʩʷ 

ʧʨʦʛʨʘʤʤʳ ʣʝʪʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʜ ʨʫʢʦʚʦʜʩʪʚʦʤ ʩʦʪʨʫʜʥʠʢʦʚ 

ʫʥʠʚʝʨʩʠʪʝʪʦʚ, ʪʘʢʠʝ ʢʘʢ ʧʨʦʛʨʘʤʤʘ ʫʥʠʚʝʨʩʠʪʝʪʘ ʰʪʘʪʘ ɺʠʨʜʞʠʥʠʷ Virginia 

Tech High-V [123]. 

ʇʨʦʝʢʪ STAR (STability Analysis for Reentry ð ʧʨʦʛʨʘʤʤʘ ʨʘʩʯʝʪʘ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʨʠ ʚʦʟʚʨʘʱʝʥʠʠ ʚ ʧʣʦʪʥʳʝ ʩʣʦʠ ʘʪʤʦʩʬʝʨʳ) ï ʙʳʣ ʩʦʟʜʘʥ ʜʣʷ 

ʨʝʰʝʥʠʷ ʧʨʦʙʣʝʤʳ ʨʘʟʨʘʙʦʪʢʠ ʠ ʧʝʨʝʭʦʜʘ ʧʝʨʝʜʦʚʳʭ ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ, 

ʢʦʪʦʨʳʝ ʤʦʛʣʠ ʙʳ ʙʳʪʴ ʣʝʛʢʦ ʚʥʝʜʨʝʥʳ ʠ ʠʥʪʝʛʨʠʨʦʚʘʥʳ ʚ ʩʫʱʝʩʪʚʫʶʱʠʝ 

ʧʨʦʮʝʩʩʳ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʠ ʦʙʝʩʧʝʯʠʣʠ ʜʦʩʪʫʧʥʦʩʪʴ 

ʩʧʝʮʠʘʣʠʩʪʦʚ ʧʦ ʘʵʨʦʪʝʨʤʦʜʠʥʘʤʠʢʝ ʜʣʷ ʧʨʠʢʣʘʜʥʳʭ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ 
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ʦʨʛʘʥʠʟʘʮʠʡ ʠ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʧʦʜʜʝʨʞʠʚʘʶʱʝʡ ʧʨʦʛʨʘʤʤʫ Falcon 

ʩʦʟʜʘʥʠʷ ʛʠʧʝʨʟʚʫʢʦʚʦʛʦ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ HTV-2. ɽʛʦ ʫʯʘʩʪʥʠʢʘʤʠ 

ʩʪʘʣʠ ʧʨʦʬʝʩʩʦʨ ʉʪʠʚʝʥ ʐʥʘʡʜʝʨ ʠʟ ʋʥʠʚʝʨʩʠʪʝʪʘ ʇʝʨʜʴʶ, ʧʨʦʬʝʩʩʦʨ ɻʨʵʤ 

ʂʵʥʜʣʝʨ ʠ ʜʦʢʪʦʨ ʍʠʪ ɼʞʦʥʩʦʥ ʠʟ ʄʠʥʥʝʩʦʪʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ, ʧʨʦʬʝʩʩʦʨ 

ʍʝʣʝʥ ʈʠʜ ʠʟ ʊʝʭʘʩʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ A & M ʠ ʜʦʢʪʦʨ ʈʦʜʞʝʨ ʂʠʤʤʝʣʴ ʠʟ 

AFRL. ʇʦ ʤʝʨʝ ʨʘʟʚʠʪʠʷ ʧʨʦʛʨʘʤʤʳ Falcon ʦʙʲʝʜʠʥʝʥʥʳʡ ʢʦʣʣʝʢʪʠʚ 

ʩʧʝʮʠʘʣʠʩʪʦʚ STAR ʧʨʝʜʦʩʪʘʚʠʣ ʢʨʘʡʥʝ ʚʘʞʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʧʨʦʚʝʨʢʝ 

ʢʦʥʬʠʛʫʨʘʮʠʠ ʠ ʪʨʘʝʢʪʦʨʠʠ ʠʩʧʳʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ ʠ ʧʦʤʦʛ ʚʳʷʚʠʪʴ 

ʢʣʶʯʝʚʳʝ ʩʦʙʳʪʠʷ ʠ ʷʚʣʝʥʠʷ, ʢʦʪʦʨʳʝ ʩʧʦʩʦʙʩʪʚʦʚʘʣʠ ʚʦʟʥʠʢʥʦʚʝʥʠʶ 

ʠʥʮʠʜʝʥʪʦʚ ʚʦ ʚʨʝʤʷ ʧʦʣʝʪʘ. ɺ ʜʦʧʦʣʥʝʥʠʝ ʢ ʧʦʜʜʝʨʞʢʝ ʧʨʦʛʨʘʤʤʳ Falcon 

HTV-2 ʦʙʲʝʜʠʥʝʥʥʳʡ ʢʦʣʣʝʢʪʠʚ ʩʧʝʮʠʘʣʠʩʪʦʚ STAR ʪʘʢʞʝ ʚʥʝʩ ʩʚʦʡ ʚʢʣʘʜ 

ʚ ʨʝʰʝʥʠʝ ʦʩʥʦʚʥʳʭ ʟʘʜʘʯ ʧʨʦʛʨʘʤʤʳ ʩʦʟʜʘʥʠʷ ʛʠʧʝʨʟʚʫʢʦʚʦʛʦ ʣʝʪʘʪʝʣʴʥʦʛʦ 

ʘʧʧʘʨʘʪʘ X-51, ʘ ʧʝʨʝʜʘʯʘ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʵʪʠʤ ʢʦʣʣʝʢʪʠʚʦʤ ʤʝʪʦʜʦʚ 

ʩʧʦʩʦʙʩʪʚʦʚʘʣʘ ʧʦʷʚʣʝʥʠʶ ʙʝʩʧʨʝʮʝʜʝʥʪʥʳʭ ʥʦʚʳʭ ʚʦʟʤʦʞʥʦʩʪʝʡ ʜʣʷ 

ʩʧʝʮʠʘʣʠʩʪʦʚ ʧʦ ʘʥʘʣʠʟʫ ʨʝʟʫʣʴʪʘʪʦʚ ʠʩʧʳʪʘʥʠʡ. 

ʂʦʣʣʝʢʪʠʚ ʧʨʦʝʢʪʘ STAR ʜʦʢʘʟʘʣ, ʯʪʦ ʤʦʞʝʪ ʚʥʝʩʪʠ ʮʝʥʥʳʡ ʚʢʣʘʜ 

ʚ ʧʨʦʛʨʘʤʤʳ ʨʘʟʚʠʪʠʷ ʪʝʭʥʦʣʦʛʠʡ ʙʣʘʛʦʜʘʨʷ ʧʦʜʜʝʨʞʢʝ, ʢʦʪʦʨʫʶ ʦʥ ʦʢʘʟʘʣ 

ʢʦʣʣʝʢʪʠʚʫ ʧʨʦʝʢʪʘ Falcon ʧʨʠ ʧʨʝʜʧʦʣʝʪʥʦʡ ʦʮʝʥʢʝ ʢʦʥʬʠʛʫʨʘʮʠʠ ʘʧʧʘʨʘʪʘ 

HTV-2 ʠ ʧʦʜʪʚʝʨʞʜʝʥʠʠ ʟʘʧʣʘʥʠʨʦʚʘʥʥʦʡ ʪʨʘʝʢʪʦʨʠʠ ʝʛʦ ʧʦʣʝʪʘ. ɼʘʥʥʳʝ 

ʥʘʟʝʤʥʳʭ ʠʩʧʳʪʘʥʠʡ, ʧʦʣʫʯʝʥʥʳʝ ʥʘ ʧʝʨʝʜʥʝʡ ʯʘʩʪʠ HTV-2 ʚ ʦʙʳʯʥʳʭ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʪʨʫʙʘʭ, ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʝʨʝʭʦʜ ʣʘʤʠʥʘʨʥʦʛʦ ʧʦʛʨʘʥʠʯʥʦʛʦ 

ʩʣʦʷ ʚ ʪʫʨʙʫʣʝʥʪʥʳʡ ʤʦʞʝʪ ʧʨʦʠʟʦʡʪʠ ʚʳʰʝ, ʯʝʤ ʧʨʝʜʧʦʣʘʛʘʣʦʩʴ 

ʠʟʥʘʯʘʣʴʥʦ ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʘʧʧʘʨʘʪʘ ʠ ʪʨʘʝʢʪʦʨʠʠ ʜʚʠʞʝʥʠʷ, ʯʪʦ 

ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʚʘʝʪ ʨʠʩʢ ʦʪʢʘʟʘ ʩʠʩʪʝʤʳ ʪʝʧʣʦʚʦʡ ʟʘʱʠʪʳ. ʂʦʣʣʝʢʪʠʚ 

ʧʨʦʝʢʪʘ STAR ʠʟʫʯʠʣ ʧʨʦʙʣʝʤʫ ʧʨʠ ʝʝ ʢʦʤʧʣʝʢʩʥʦʡ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʦʮʝʥʢʝ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ, ʩʦʙʨʘʥʥʳʝ ʚ 

ʫʥʠʚʝʨʩʠʪʝʪʝ ʇʝʨʜʴʶ ʚ ʘʥʘʣʦʛʠʯʥʦʡ ʧʦʣʝʪʥʦʡ ʚʦʟʤʫʱʝʥʥʦʡ ʩʨʝʜʝ ʚ ʪʨʫʙʝ 

ʃʶʜʚʠʛʘ ʜʣʷ ʩʧʦʢʦʡʥʦʛʦ ʧʦʪʦʢʘ, ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ ʩʨʝʜʝ ʩ ʥʠʟʢʠʤ ʫʨʦʚʥʝʤ 
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ʚʦʟʤʫʱʝʥʠʡ ʥʘʯʘʣʦ ʃʊʇ ʙʳʣʦ ʟʥʘʯʠʪʝʣʴʥʦ ʥʠʞʝ ʧʦ ʧʦʪʦʢʫ, ʯʝʤ ʵʪʦ 

ʥʘʙʣʶʜʘʣʦʩʴ ʚ ʙʦʣʝʝ ʚʦʟʤʫʱʝʥʥʦʡ ʩʨʝʜʝ ʧʨʠ ʧʨʝʜʳʜʫʱʠʭ ʠʩʧʳʪʘʥʠʷʭ 

ʚ ʦʙʳʯʥʦʡ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʪʨʫʙʝ. ʂʦʤʧʴʶʪʝʨʥʳʡ ʘʥʘʣʠʟ, ʚʳʧʦʣʥʝʥʥʳʡ 

ʩʦʪʨʫʜʥʠʢʘʤʠ ʄʠʥʥʝʩʦʪʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ, ʧʦʟʚʦʣʠʣ ʧʦʣʫʯʠʪʴ 

ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦʙ ʦʙʨʘʟʦʚʘʥʠʠ ʚ ʥʦʩʦʚʦʡ ʦʙʣʘʩʪʠ ʣʠʥʠʡ ʧʦʪʦʢʦʚ, ʢʦʪʦʨʳʝ 

ʧʨʠʚʝʣʠ ʢ ʚʦʟʤʦʞʥʦʤʫ ʧʦʷʚʣʝʥʠʶ ʬʦʨʤʘʮʠʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ. 

ʅʘ ʦʩʥʦʚʝ ʦʙʦʙʱʝʥʥʦʛʦ ʧʦʥʠʤʘʥʠʷ ʢʘʢ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʪʘʢ ʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʚ ʨʘʤʢʘʭ ʧʨʦʛʨʘʤʤʳ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʬʦʨʤʘ ʥʦʩʦʚʦʡ ʯʘʩʪʠ 

ʘʧʧʘʨʘʪʘ, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʠʣʘ ʝʱʝ ʙʦʣʴʰʝ ʟʘʜʝʨʞʘʪʴ ʥʘʯʘʣʦ ʃʊʇ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʘʧʧʘʨʘʪʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʫʯʘʩʪʠʷ ʢʦʣʣʝʢʪʠʚʘ ʧʨʦʝʢʪʘ STAR ʚ 

ʧʨʦʚʝʨʢʝ ʟʘʜʘʥʥʦʡ ʪʨʘʝʢʪʦʨʠʠ ʠ ʫʣʫʯʰʝʥʠʠ ʢʦʥʩʪʨʫʢʮʠʠ ʥʦʩʦʚʦʡ ʯʘʩʪʠ 

ʧʨʦʛʨʘʤʤʘ HTV-2 ʧʝʨʝʰʣʘ ʢ ʧʦʣʝʪʫ. 

ʇʦʩʣʝ ʧʝʨʚʦʛʦ ʠ ʚʪʦʨʦʛʦ ʧʦʣʝʪʦʚ ʘʧʧʘʨʘʪʘ HTV-2 ʦʙʲʝʜʠʥʝʥʥʳʡ 

ʢʦʣʣʝʢʪʠʚ ʩʧʝʮʠʘʣʠʩʪʦʚ STAR ʦʢʘʟʘʣ ʟʥʘʯʠʪʝʣʴʥʫʶ ʧʦʜʜʝʨʞʢʫ ʧʨʦʛʨʘʤʤʝ 

Falcon ʚ ʧʦʩʣʝʧʦʣʝʪʥʦʤ ʘʥʘʣʠʟʝ, ʢʦʪʦʨʳʡ ʚʳʷʚʠʣ ʢʨʠʪʠʯʝʩʢʠʝ ʬʠʟʠʯʝʩʢʠʝ 

ʷʚʣʝʥʠʷ, ʩʪʘʚʰʠʝ ʧʨʠʯʠʥʦʡ ʠʥʮʠʜʝʥʪʦʚ ʚ ʦʙʦʠʭ ʧʦʣʝʪʘʭ. 

ɸʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ ʦʙʲʝʜʠʥʝʥʥʳʡ ʢʦʣʣʝʢʪʠʚ ʩʧʝʮʠʘʣʠʩʪʦʚ STAR 

ʦʢʘʟʘʣ ʧʦʜʜʝʨʞʢʫ ʠ ʧʨʦʛʨʘʤʤʝ Air Force X-51. 

ʀʟʫʯʝʥʠʝ ʷʚʣʝʥʠʷ ʦʙʨʘʟʦʚʘʥʠʷ ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ ʥʘ ʫʛʣʝ 

ʚʦʟʜʫʭʦʟʘʙʦʨʥʠʢʘ ʧʦʤʦʛʣʦ ʨʘʟʨʘʙʦʪʯʠʢʘʤ X-51 ʧʦʥʷʪʴ ʠ ʫʯʝʩʪʴ ʧʨʠ 

ʨʘʩʩʤʦʪʨʝʥʠʠ ʜʘʥʥʳʭ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʳʭ ʥʘʟʝʤʥʳʭ ʠʩʧʳʪʘʪʝʣʴʥʳʭ 

ʫʩʪʘʥʦʚʦʢ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʜʣʷ ʧʨʝʜʧʦʣʝʪʥʦʡ ʦʮʝʥʢʠ ʠ ʨʘʟʨʘʙʦʪʢʠ 

ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ X-51, ʚʣʠʷʥʠʝ ʪʫʥʥʝʣʴʥʳʭ ʩʨʝʜ ʩ ʚʳʩʦʢʠʤ 

ʚʦʟʤʫʱʝʥʠʝʤ. ʇʦʩʣʝ ʠʥʮʠʜʝʥʪʘ ʚʦ ʚʨʝʤʷ ʚʪʦʨʦʛʦ ʧʦʣʝʪʘ X-51 ʦʙʲʝʜʠʥʝʥʥʳʡ 

ʢʦʣʣʝʢʪʠʚ ʩʧʝʮʠʘʣʠʩʪʦʚ STAR ʚʥʦʚʴ ʦʢʘʟʘʣ ʧʦʤʦʱʴ, ʧʨʝʜʦʩʪʘʚʠʚ ʧʦʜʨʦʙʥʦʝ 

ʯʠʩʣʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʦʩʪʦʷʥʠʷ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ, ʦʙʨʘʟʫʝʤʦʛʦ ʚʦ 

ʚʧʫʩʢʥʦʤ ʦʪʚʝʨʩʪʠʠ.  
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ɺʪʦʨʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʩʪʨʘʪʝʛʠʠ STAR ʙʳʣʘ ʨʘʟʨʘʙʦʪʢʘ ʠ 

ʧʨʠʤʝʥʝʥʠʝ ʩʦʚʨʝʤʝʥʥʳʭ ʠʥʩʪʨʫʤʝʥʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʧʨʠʢʣʘʜʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʷʭ. ʇʨʠʤʝʨʥʦ ʚ 2003 ʛ., ʢʦʛʜʘ ʥʘʯʘʣʠʩʴ ʨʘʙʦʪʳ ʧʦ ʧʨʦʝʢʪʫ STAR, 

ʩʘʤʳʤ ʩʦʚʨʝʤʝʥʥʳʤ ʨʝʰʝʥʠʝʤ ʜʣʷ ʨʘʩʩʤʦʪʨʝʥʠʷ ʃʊʇ ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ 

ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ ʩʪʘʣʘ ʦʮʝʥʢʘ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʃʊʇ ʩ 

ʧʦʤʦʱʴʶ ʢʦʨʨʝʣʷʮʠʠ ʥʘ ʙʘʟʝ ʧʘʨʘʤʝʪʨʦʚ ʩʨʝʜʥʝʛʦ ʪʝʯʝʥʠʷ. ʇʨʠ ʥʝʢʦʪʦʨʳʭ 

ʧʦʜʭʦʜʘʭ ʪʘʢʞʝ ʦʮʝʥʠʚʘʝʪʩʷ ʚʳʩʦʪʘ, ʥʘ ʢʦʪʦʨʦʡ ʙʫʜʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʃʊʇ ð 

ʠʜʝʷ, ʢʦʪʦʨʘʷ ʦʙʫʩʣʦʚʣʝʥʘ ʢʦʥʩʪʨʫʢʮʠʝʡ ʙʘʣʣʠʩʪʠʯʝʩʢʠʭ ʣʝʪʘʪʝʣʴʥʳʭ 

ʘʧʧʘʨʘʪʦʚ ʠ ʤʦʞʝʪ ʙʳʪʴ ʘʥʘʣʠʪʠʯʝʩʢʠ ʧʦʢʘʟʘʥʘ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʥʝʢʦʪʦʨʳʤʠ 

ʢʦʨʨʝʣʷʮʠʷʤʠ ʩʨʝʜʥʝʛʦ ʪʝʯʝʥʠʷ [124]. ʂ ʩʦʞʘʣʝʥʠʶ, ʧʨʦʮʝʩʩ ʃʊʇ 

ʦʙʫʩʣʦʚʣʝʥ ʚʦʟʥʠʢʥʦʚʝʥʠʝʤ ʠ ʨʦʩʪʦʤ ʚʦʟʤʫʱʝʥʠʡ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ, ʠ 

ʧʘʨʘʤʝʪʨʳ ʩʨʝʜʥʝʛʦ ʪʝʯʝʥʠʷ ʥʝ ʪʦʯʥʦ ʦʪʨʘʞʘʶʪ ʦʩʥʦʚʥʫʶ ʬʠʟʠʢʫ ʧʨʦʮʝʩʩʘ 

[125]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʫʱʝʩʪʚʫʝʪ ʥʝʦʪʲʝʤʣʝʤʘʷ ʩʫʱʝʩʪʚʝʥʥʘʷ 

ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʴ, ʩʚʷʟʘʥʥʘʷ ʩ ʢʦʨʨʝʣʷʮʠʷʤʠ ʩʨʝʜʥʝʛʦ ʪʝʯʝʥʠʷ ʜʣʷ ʃʊʇ, ʘ 

ʤʝʪʦʜ, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʝʜʦʩʪʘʪʦʯʥʦ ʵʬʬʝʢʪʠʚʝʥ ʜʣʷ ʪʦʯʥʦʡ ʦʮʝʥʢʠ ʃʊʇ. 

ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʣʠʥʝʡʥʦʡ ʪʝʦʨʠʠ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʠʣʠ ʧʘʨʘʙʦʣʠʟʦʚʘʥʥʳʭ ʫʨʘʚʥʝʥʠʷʭ ʫʩʪʦʡʯʠʚʦʩʪʠ (PSE), ʢʦʪʦʨʳʝ 

ʧʨʦʛʥʦʟʠʨʫʶʪ ʨʦʩʪ ʚʦʟʤʫʱʝʥʠʡ ʚ ʦʩʥʦʚʥʦʤ ʨʝʰʝʥʠʠ ʜʣʷ ʩʨʝʜʥʝʛʦ ʪʝʯʝʥʠʷ, 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʥʘʫʯʥʳʤ ʩʦʦʙʱʝʩʪʚʦʤ ʚ ʪʝʯʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ 

ʜʝʩʷʪʠʣʝʪʠʡ [126], ʥʦ, ʧʦʭʦʞʝ, ʥʝ ʙʳʣʠ ʧʨʠʥʷʪʳ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʪʝʭʥʦʣʦʛʠʡ. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʘʥʝʝ ʙʳʣʦ ʧʨʝʜʧʨʠʥʷʪʦ ʥʝʩʢʦʣʴʢʦ ʧʦʧʳʪʦʢ ʧʝʨʝʭʦʜʘ 

ʢ ʤʝʪʦʜʘʤ, ʦʩʥʦʚʘʥʥʳʤ ʥʘ ʪʝʦʨʠʠ ʫʩʪʦʡʯʠʚʦʩʪʠ, ʥʦ ʦʥʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʝ 

ʧʦʣʫʯʠʣʠ ʰʠʨʦʢʦʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. ɺ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ 

ʵʪʦ ʤʦʛʣʦ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʦʪʩʫʪʩʪʚʠʝʤ ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʵʪʦʛʦ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʚʦʟʤʦʞʥʦʩʪʝʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʥʘʣʠʯʠʷ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʳʭ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʤʝʪʦʜʦʚ. 

ʇʨʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʤ ʩʧʦʥʩʦʨʩʪʚʝ AFOSR ɼʞʦʥʩʦʥ ʠ ʂʵʥʜʣʝʨ ʠʟ 

ʄʠʥʥʝʩʦʪʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʨʘʟʨʘʙʦʪʘʣʠ ʤʝʪʦʜ PSE, ʥʘʟʚʘʥʥʳʡ PSECHEM, 
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ʢʦʪʦʨʳʡ ʚʢʣʶʯʘʣ ʚʦʟʤʦʞʥʦʩʪʴ ʫʯʝʪʘ ʚ ʘʥʘʣʠʟʝ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʛʘʟʘ ʩ 

ʢʦʥʝʯʥʦʡ ʩʢʦʨʦʩʪʴʶ [127]. ʍʦʪʷ ʚ ʵʪʦ ʚʨʝʤʷ ʚ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʤ ʩʦʦʙʱʝʩʪʚʝ 

ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʥʝʩʢʦʣʴʢʦ ʜʨʫʛʠʭ ʤʝʪʦʜʦʚ PSE, ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʢʦʜ NASA 

LASTRAC, ʪʦʪ ʬʘʢʪ, ʯʪʦ PSECHEM ʚʢʣʶʯʘʣ ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʳʝ ʜʣʷ ʘʥʘʣʠʟʘ 

ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʪʝʯʝʥʠʡ ʛʘʟʦʭʠʤʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ, ʧʦʙʫʞʜʘʣ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʝʛʦ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʳ ʜʣʷ ʠʥʠʮʠʘʪʠʚʳ ʧʝʨʝʜʘʯʠ ʪʝʭʥʦʣʦʛʠʡ. ɼʞʦʥʩʦʥ ʚʟʷʣ 

ʥʘ ʩʝʙʷ ʠʥʠʮʠʘʪʠʚʫ ʧʦ ʧʝʨʝʢʦʥʬʠʛʫʨʠʨʦʚʘʥʠʶ PSECHEM ʢʘʢ ʣʝʛʢʦ 

ʠʥʪʝʛʨʠʨʫʝʤʦʛʦ, ʫʜʦʙʥʦʛʦ ʜʣʷ ʧʦʣʴʟʦʚʘʪʝʣʷ ʠʥʩʪʨʫʤʝʥʪʘ ʘʥʘʣʠʟʘ 

ʩʪʘʙʠʣʴʥʦʩʪʠ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʛʦ ʜʣʷ ʧʝʨʝʜʘʯʠ ʩʦʦʙʱʝʩʪʚʫ ʧʨʠʢʣʘʜʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ. ɿʥʘʯʠʪʝʣʴʥʳʝ ʫʩʠʣʠʷ ʙʳʣʠ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʪʦ, ʯʪʦʙʳ 

ʠʥʩʪʨʫʤʝʥʪ ʙʳʣ ʛʦʪʦʚ ʢ ʫʩʪʘʥʦʚʢʝ ʠ ʠʥʪʝʛʨʘʮʠʠ ʚ ʩʫʱʝʩʪʚʫʶʱʠʝ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʩʨʝʜʩʪʚʘ, ʘ ʢʦʜ ʤʦʛ ʟʘʧʫʩʢʘʪʴʩʷ ʚ ʨʝʞʠʤʝ ʦʙʫʯʝʥʠʷ ʠʣʠ 

ʨʘʟʨʘʙʦʪʢʠ ʩ ʧʨʦʩʪʳʤ ʜʣʷ ʧʦʥʠʤʘʥʠʷ ʛʨʘʬʠʯʝʩʢʠʤ ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʠʤ 

ʠʥʪʝʨʬʝʡʩʦʤ. ʂʨʦʤʝ ʪʦʛʦ, ɼʞʦʥʩʦʥ ʧʦʪʨʘʪʠʣ ʤʥʦʛʦ ʚʨʝʤʝʥʠ ʥʘ ʧʦʜʜʝʨʞʢʫ 

ʫʩʪʘʥʦʚʢʠ ʠ ʦʙʫʯʝʥʠʷ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʧʦʣʴʟʦʚʘʪʝʣʝʡ. ʇʦʣʫʯʝʥʥʳʡ 

ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʥʩʪʨʫʤʝʥʪ ʙʳʣ ʧʝʨʝʠʤʝʥʦʚʘʥ ʚ STABL (STability Analysis for 

Boundary Layers) ð ʘʥʘʣʠʟ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʦʛʨʘʥʠʯʥʳʭ ʩʣʦʝʚ. 

ʆʥ ʦʜʥʦʚʨʝʤʝʥʥʦ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʠ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʣʩʷ ʧʨʠ ʚʢʣʘʜʝ 

ʢʦʣʣʝʢʪʠʚʘ ʩʧʝʮʠʘʣʠʩʪʦʚ STAR ʚ ʘʥʘʣʠʟ ʧʨʦʛʨʘʤʤ HTV-2 ʠ X-51. 

ʇʘʨʘʣʣʝʣʴʥʦ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʘʷ ʛʨʫʧʧʘ ʂʵʥʜʣʝʨʘ ʨʘʟʨʘʙʦʪʘʣʘ 

ʫʣʫʯʰʝʥʥʫʶ ʙʝʩʩʪʨʫʢʪʫʨʥʫʶ ʚʝʨʩʠʶ ʛʠʧʝʨʟʚʫʢʦʚʦʛʦ ʘʧʧʘʨʘʪʘ NASA ʜʣʷ 

ʠʥʪʝʥʩʠʚʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʢʦʜʘ DPLR (Data Parallel Line Relaxation) [128], 

ʢʦʪʦʨʘʷ ʙʳʣʘ ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʨʘʟʨʘʙʦʪʘʥʘ ʈʘʡʪʦʤ ʠ ʂʵʥʜʣʝʨʦʤ. ʅʦʚʳʡ 

ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʡ ʢʦʜ, ʥʘʟʚʘʥʥʳʡ US3D [129], ʚʢʣʶʯʘʣ ʚ ʩʝʙʷ 

ʚʦʩʩʦʟʜʘʥʠʝ ʩʦʭʨʘʥʷʶʱʠʭ ʢʠʥʝʪʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ ʧʦʪʦʢʦʚ [130] ʜʣʷ 

ʦʙʝʩʧʝʯʝʥʠʷ ʫʣʫʯʰʝʥʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʤʘʣʳʭ ʚʦʟʤʫʱʝʥʠʡ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʚʳʯʠʩʣʝʥʠʷ ʘʣʛʦʨʠʪʤʦʚ ʙʦʣʝʝ ʥʠʟʢʦʛʦ ʧʦʨʷʜʢʘ. US3D ʙʳʣ 

ʩʧʨʦʝʢʪʠʨʦʚʘʥ ʪʘʢ, ʯʪʦʙʳ ʝʛʦ ʤʦʞʥʦ ʙʳʣʦ ʣʝʛʢʦ ʩʚʷʟʘʪʴ ʩʦ STABL ʠ ʜʨʫʛʠʤʠ 



25 

ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʤʠ ʩʦʧʫʪʩʪʚʫʶʱʠʤʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤʠ ʩʠʩʪʝʤʘʤʠ, 

ʢʦʪʦʨʳʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪ ʤʫʣʴʪʠʬʠʟʠʯʝʩʢʠʝ ʷʚʣʝʥʠʷ, ʪʘʢʠʝ ʢʘʢ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʛʘʟ-ʧʦʚʝʨʭʥʦʩʪʴ ʠ ʦʧʣʘʚʣʝʥʠʝ. 

ʅʝ ʚʩʝ ʨʘʟʨʘʙʦʪʘʥʥʳʝ ʢʦʣʣʝʢʪʠʚʦʤ ʩʧʝʮʠʘʣʠʩʪʦʚ STAR 

ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʤʝʪʦʜʦʣʦʛʠʠ ʙʳʣʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤʠ. ɺ ʪʝʯʝʥʠʝ 2007 ʛ. 

ʧʨʠ ʩʦʪʨʫʜʥʠʯʝʩʪʚʝ ʋʥʠʚʝʨʩʠʪʝʪʘ ʇʝʨʜʴʶ ʠ ɹʨʘʫʥʰʚʝʡʛʩʢʦʛʦ ʊʝʭʥʠʯʝʩʢʦʛʦ 

ʋʥʠʚʝʨʩʠʪʝʪʘ [131] ʙʳʣʦ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʥʝʩʪʘʥʜʘʨʪʥʳʭ 

ʜʘʪʯʠʢʦʚ (ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ Fujii ʚ 2005 ʛ.) ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʚʪʦʨʦʡ ʤʦʜʳ ʚ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʧʦʛʨʘʥʠʯʥʳʭ ʩʣʦʷʭ. ɼʘʪʯʠʢʠ 

PCB, ʠʩʧʦʣʴʟʫʝʤʳʝ ʧʨʠ ʵʪʦʤ, ʦʙʳʯʥʦ ʧʨʠʤʝʥʷʣʠʩʴ, ʧʦʤʠʤʦ ʧʨʦʯʝʛʦ, ʜʣʷ 

ʦʙʥʘʨʫʞʝʥʠʷ ʩʝʡʩʤʠʯʝʩʢʠʭ ʚʦʟʤʫʱʝʥʠʡ ʠ ʚʦʣʥʦʚʦʡ ʜʝʬʦʨʤʘʮʠʠ ʚ 

ʢʦʤʧʦʥʝʥʪʘʭ ʤʦʨʩʢʦʡ ʘʨʪʠʣʣʝʨʠʠ. ɾʝʩʪʢʦʩʪʴ ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʵʣʝʤʝʥʪʘ, 

ʥʝʦʙʭʦʜʠʤʘʷ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʜʘʪʯʠʢ ʚʳʜʝʨʞʠʚʘʣ ʪʘʢʠʝ ʠʟʤʝʨʝʥʠʷ, ʷʚʣʷʝʪʩʷ 

ʧʨʠʯʠʥʦʡ ʪʦʛʦ, ʯʪʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ ʯʫʚʩʪʚʠʪʝʣʝʥ ʢ ʦʯʝʥʴ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʤ 

ʚʦʟʤʫʱʝʥʠʷʤ, ʪʘʢʠʤ ʢʘʢ ʪʝ, ʢʦʪʦʨʳʝ ʦʪʥʦʩʷʪʩʷ ʢ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʚʪʦʨʦʡ 

ʤʦʜʳ ʠ ʤʦʛʫʪ ʚʦʟʥʠʢʘʪʴ ʧʨʠ ʥʝʩʢʦʣʴʢʠʭ ʩʦʪʥʷʭ ʢɻʮ. ʍʦʪʷ ʢʘʣʠʙʨʦʚʢʘ 

ʜʘʪʯʠʢʦʚ PCB ʦʢʘʟʘʣʘʩʴ ʩʣʦʞʥʦʡ ʟʘʜʘʯʝʡ, ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʦʟʚʦʣʠʣʦ 

ʦʙʥʘʨʫʞʠʪʴ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʚʪʦʨʦʡ ʤʦʜʳ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ, ʩʦʟʜʘʚʘʝʤʦʤ 

ʥʘ ʠʩʧʳʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʘʭ ʚʦ ʤʥʦʞʝʩʪʚʝ ʥʘʟʝʤʥʳʭ ʠʩʧʳʪʘʪʝʣʴʥʳʭ 

ʫʩʪʘʥʦʚʦʢ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʫʯʝʥʳʝ-ʠʩʩʣʝʜʦʚʘʪʝʣʠ ʠ ʠʥʞʝʥʝʨʳ-ʠʩʧʳʪʘʪʝʣʠ 

ʧʦʣʫʯʠʣʠ ʥʦʚʫʶ ʚʦʟʤʦʞʥʦʩʪʴ ʣʝʛʢʦ ʦʧʨʝʜʝʣʷʪʴ ʥʘʣʠʯʠʝ ʢʨʠʪʠʯʝʩʢʦʡ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʚ ʛʠʧʝʨʟʚʫʢʦʚʦʤ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ. 

ɺ ʜʦʧʦʣʥʝʥʠʝ ʢ ʧʨʦʝʢʪʫ STAR, ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʚ ʦʙʣʘʩʪʠ 

ʘʵʨʦʜʠʥʘʤʠʢʠ AFOSR ʪʘʢʞʝ ʦʢʘʟʳʚʘʣʘʩʴ ʧʦʜʜʝʨʞʢʘ ʨʷʜʫ ʜʨʫʛʠʭ ʠʥʠʮʠʘʪʠʚ, 

ʥʘʧʨʘʚʣʝʥʥʳʭ ʥʘ ʩʦʜʝʡʩʪʚʠʝ ʦʙʩʫʞʜʝʥʠʶ ʢʨʠʪʠʯʝʩʢʠʭ ʚʦʧʨʦʩʦʚ 

ʠʩʩʣʝʜʦʚʘʥʠʷ, ʧʨʦʜʚʠʞʝʥʠʝ ʠ ʦʙʤʝʥ ʧʝʨʝʜʦʚʳʤʠ ʥʘʫʯʥʳʤʠ ʤʝʪʦʜʘʤʠ. ʆʜʥʦ 

ʠʟ ʥʘʠʙʦʣʝʝ ʟʥʘʯʠʪʝʣʴʥʳʭ ʜʦʩʪʠʞʝʥʠʡ ʪʘʢʦʛʦ ʪʠʧʘ ð ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ 

ʚʢʣʘʜ ʧʨʦʝʢʪʘ ʚ ʦʙʣʘʩʪʠ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ ʚ ʜʝʷʪʝʣʴʥʦʩʪʴ 
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ʆʨʛʘʥʠʟʘʮʠʠ ʧʦ ʧʨʦʚʝʜʝʥʠʶ ʥʘʫʯʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʨʘʟʨʘʙʦʪʢʝ ʪʝʭʥʦʣʦʛʠʡ 

NATO (RTO) ʚ ʢʦʥʮʝ 1990-ʭ ʛʛ. ʅʝʩʢʦʣʴʢʦ ʫʯʝʥʳʭ, ʬʠʥʘʥʩʠʨʫʝʤʳʭ 

ʧʨʦʝʢʪʦʤ, ʚ ʩʦʩʪʘʚʝ ʨʘʙʦʯʝʡ ʛʨʫʧʧʳ 10 RTO (1998ï2002) [132] ʚʥʝʩʣʠ ʩʚʦʡ 

ʚʢʣʘʜ ʧʦ ʨʘʩʯʝʪʫ ʛʠʜʨʦʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʧʦʣʝʪʦʚ ʩ 

ʛʠʧʝʨʟʚʫʢʦʚʳʤʠ ʩʢʦʨʦʩʪʷʤʠ [133]. ʍʦʪʷ ʯʘʩʪʴ ʵʪʦʡ ʨʘʙʦʪʳ, ʥʘʧʨʘʚʣʝʥʥʦʡ ʥʘ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚʟʨʳʚʥʦʡ ʚʦʣʥʳ ʩʦ ʩʢʘʯʢʦʤ ʫʧʣʦʪʥʝʥʠʷ, ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ 

ʚʦʟʛʣʘʚʣʷʣʘʩʴ ʜʚʫʤʷ ʨʫʢʦʚʦʜʠʪʝʣʷʤʠ ʧʨʦʛʨʘʤʤ ʧʨʦʝʢʪʘ ʧʦ ʠʟʫʯʝʥʠʶ 

ʘʵʨʦʪʝʨʤʦʜʠʥʘʤʠʢʠ ʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ [134], ʥʘʠʙʦʣʝʝ ʟʘʤʝʪʥʳʝ ʜʦʩʪʠʞʝʥʠʷ 

ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʦʪʥʦʩʠʣʠʩʴ ʢ ʩʧʦʩʦʙʥʦʩʪʠ ʨʘʟʣʠʯʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ 

ʤʝʪʦʜʦʚ ʤʦʜʝʣʠʨʦʚʘʪʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩʢʘʯʦʢ ʫʧʣʦʪʥʝʥʠʷ / ʧʦʛʨʘʥʠʯʥʳʡ 

ʩʣʦʡ ʚ ʧʦʪʦʢʘʭ ʩ ʚʳʩʦʢʦʡ ʵʥʪʘʣʴʧʠʝʡ [135]. ɺ ʨʘʤʢʘʭ ʤʝʨʦʧʨʠʷʪʠʡ, 

ʩʚʷʟʘʥʥʳʭ ʩ ʵʪʦʡ ʪʝʤʦʡ, ʜʣʷ ʫʯʘʩʪʠʷ ʚ çʩʣʝʧʦʤè ʘʥʘʣʠʟʝ ʜʦʩʪʦʚʝʨʥʦʩʪʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʪʦʢʘ, ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʜʚʫʭʢʦʥʫʩʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, ʙʳʣʠ 

ʧʨʠʛʣʘʰʝʥʳ ʥʝʩʢʦʣʴʢʦ ʩʧʝʮʠʘʣʠʩʪʦʚ ʧʦ ʯʠʩʣʝʥʥʦʤʫ ʤʦʜʝʣʠʨʦʚʘʥʠʶ. 

ʋʜʠʚʠʪʝʣʴʥʦ, ʥʦ ʚ ʮʝʣʦʤ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʪʣʠʯʘʣʠʩʴ 

ʦʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʯʪʦ ʧʨʠʚʣʝʢʣʦ ʧʦʚʳʰʝʥʥʦʝ ʚʥʠʤʘʥʠʝ ʠ 

ʧʨʠʚʝʣʦ ʢ ʦʙʩʫʞʜʝʥʠʶ ʵʪʦʛʦ ʬʘʢʪʘ ʚ ʩʦʦʙʱʝʩʪʚʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ 

ʘʵʨʦʪʝʨʤʦʜʠʥʘʤʠʢʠ. ɼʘʣʴʥʝʡʰʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʠʯʠʥ ʥʝʩʦʦʪʚʝʪʩʪʚʠʷ 

ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚ ʪʝʯʝʥʠʝ ʩʣʝʜʫʶʱʠʭ 

ʥʝʩʢʦʣʴʢʠʭ ʣʝʪ ʧʨʠʚʝʣʠ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʧʨʦʨʳʚʫ ʚ ʧʦʥʠʤʘʥʠʠ ʨʦʣʠ 

ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʵʬʬʝʢʪʦʚ ʚ ʫʩʪʘʥʦʚʢʘʭ ʩ ʚʳʩʦʢʦʡ ʵʥʪʘʣʴʧʠʝʡ ʠ ʦʙʝʩʧʝʯʠʣʠ 

ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʤʝʪʦʜʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʘʢʠʭ ʧʦʪʦʢʦʚ [136]. 

ɺʩʣʝʜ ʟʘ ʨʘʙʦʯʝʡ ʛʨʫʧʧʦʡ 10 ʨʘʙʦʯʘʷ ʛʨʫʧʧʘ AVT-136 RTO: ʆʮʝʥʢʘ 

ʘʵʨʦʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʩʨʝʜʩʪʚ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʧʦʣʝʪʘ ʚ ʥʘʟʝʤʥʳʭ 

ʠ ʣʝʪʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ [137] ï ʧʨʦʜʦʣʞʠʣʘ ʠʟʫʯʝʥʠʝ ʤʝʪʦʜʦʚ ʦʮʝʥʢʠ ʠ 

ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʤʝʪʦʜʦʚ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʍʦʪʷ ʵʪʘ ʨʘʙʦʯʘʷ ʛʨʫʧʧʘ 

ʙʳʣʘ ʦʨʛʘʥʠʟʦʚʘʥʘ ʜʣʷ ʦʮʝʥʢʠ ʨʝʟʫʣʴʪʘʪʦʚ ʵʢʩʪʨʘʧʦʣʷʮʠʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ 

ʤʝʪʦʜʦʚ ʥʘ ʫʩʣʦʚʠʷ ʧʦʣʝʪʘ, ʟʘʜʝʨʞʢʠ ʚ ʜʘʪʘʭ ʟʘʧʫʩʢʘ ʧʨʦʛʨʘʤʤ, ʢʦʪʦʨʳʝ 
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ʜʦʣʞʥʳ ʦʙʝʩʧʝʯʠʚʘʪʴ ʧʦʣʫʯʝʥʠʝ ʜʘʥʥʳʭ ʦ ʧʦʣʝʪʝ, ʧʨʠʚʝʣʠ ʢ ʠʟʤʝʥʝʥʠʶ 

ʮʝʣʠ ʛʨʫʧʧʳ ʥʘ ʦʮʝʥʢʫ ʪʝʢʫʱʝʛʦ ʩʦʩʪʦʷʥʠʷ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʤʝʪʦʜʦʚ ʚ 

ʨʘʟʣʠʯʥʳʭ ʩʬʝʨʘʭ, ʢʨʠʪʠʯʝʩʢʠʭ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʣʝʪʘʪʝʣʴʥʳʭ 

ʘʧʧʘʨʘʪʦʚ. ʅʝʩʤʦʪʨʷ ʥʘ ʵʪʫ ʥʝʫʜʘʯʫ, ʫʩʠʣʠʷ ʛʨʫʧʧʳ ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʙʦʣʝʝ ʯʝʤ ʚ 40 ʜʦʢʣʘʜʘʭ ʰʝʩʪʠ ʩʝʩʩʠʡ ʥʘ ʰʝʩʪʦʤ ɽʚʨʦʧʝʡʩʢʦʤ ʩʠʤʧʦʟʠʫʤʝ 

ʧʦ ʘʵʨʦʪʝʨʤʦʜʠʥʘʤʠʢʝ ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ ʠ ʥʘ 48-ʦʡ (2010 ʛ.) 

ʂʦʥʬʝʨʝʥʮʠʠ ʘʵʨʦʢʦʩʤʠʯʝʩʢʠʭ ʥʘʫʢ ɸʤʝʨʠʢʘʥʩʢʦʛʦ ʠʥʩʪʠʪʫʪʘ ʘʵʨʦʥʘʚʪʠʢʠ 

ʠ ʘʩʪʨʦʥʘʚʪʠʢʠ (AIAA), ʘ ʠʪʦʛʦʚʳʡ ʦʪʯʝʪ ʛʨʫʧʧʳ ʙʳʣ ʦʧʫʙʣʠʢʦʚʘʥ ʢʘʢ 

ʩʧʝʮʠʘʣʴʥʦʝ ʠʟʜʘʥʠʝ ʞʫʨʥʘʣʘ Progress in Aerospace Sciences [137]. ʊʨʠ 

ʪʝʢʫʱʠʝ ʛʨʫʧʧʳ RTO, ʠʟʫʯʘʶʱʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʛʘʟʘ ʩ 

ʧʦʚʝʨʭʥʦʩʪʴʶ (AVT-199), ʠʩʪʦʯʥʠʢʠ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʥʘʛʨʝʚʘ ʚ 

ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʘʭ (AVT-205) ʠ ʛʠʧʝʨʟʚʫʢʦʚʦʡ ʃʊʇ 

(AVT-200), ʪʘʢʞʝ ʙʳʣʠ ʦʙʨʘʟʦʚʘʥʳ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʙʦʪʳ ɸɺʊ-136. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʢʦʣʣʝʢʪʠʚʘ ʩʧʝʮʠʘʣʠʩʪʦʚ CUBRC ʚʦ 

ʛʣʘʚʝ ʩ ʜʦʢʪʦʨʦʤ ʄʘʡʢʣʦʤ ʍʦʣʜʝʥʦʤ ʩʳʛʨʘʣʠ ʨʝʰʘʶʱʫʶ ʨʦʣʴ ʚ ʫʩʧʝʭʝ ʵʪʠʭ 

ʠ ʤʥʦʛʠʭ ʜʨʫʛʠʭ ʤʝʨʦʧʨʠʷʪʠʡ. ʕʪʦʪ ʢʦʣʣʝʢʪʠʚ ʦʪʚʝʯʘʣ ʟʘ ʤʥʦʛʦʯʠʩʣʝʥʥʳʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʣʷ ʪʝʯʝʥʠʷ ʫ ʜʚʫʭʢʦʥʫʩʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʠʣʠ ʜʦʩʪʠʯʴ ʫʩʧʝʭʦʚ ʚ ʧʦʣʫʯʝʥʠʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʵʬʬʝʢʪʦʚ ʚ ʧʦʪʦʢʘʭ ʩ 

ʚʳʩʦʢʦʡ ʵʥʪʘʣʴʧʠʝʡ, ʦʮʝʥʢʝ ʢʣʶʯʝʚʳʭ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʷʚʣʝʥʠʡ ʜʣʷ 

ʠʩʧʳʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ ʨʘʟʣʠʯʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʤ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤ ʘʥʘʣʠʟʝ ʢʦʥʬʠʛʫʨʘʮʠʡ ʘʧʧʘʨʘʪʦʚ ʜʣʷ ʧʦʣʝʪʦʚ 

HIFiRE 1 ʠ 5. ɼʣʷ HIFiRE-1 ʢʦʣʣʝʢʪʠʚ ʩʧʝʮʠʘʣʩʪʦʚ CUBRC ʩʳʛʨʘʣ 

ʟʥʘʯʠʪʝʣʴʥʫʶ ʨʦʣʴ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʬʦʨʤʳ ʢʦʥʠʯʝʩʢʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʢʦʨʧʫʩʘ 

ʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʦʮʝʥʢʝ ʤʝʪʦʜʦʚ ʨʘʩʯʝʪʘ ʃʊʇ ʥʘ ʧʝʨʝʜʥʝʡ ʯʘʩʪʠ ʘʧʧʘʨʘʪʘ. 

ʅʘʮʠʦʥʘʣʴʥʳʡ ʧʣʘʥ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʛʠʧʝʨʟʚʫʢʦʚʳʭ 

ʪʝʭʥʦʣʦʛʠʡ (NHFRP) ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ AFOSR ʩʦʚʤʝʩʪʥʦ ʩ NASA ʠ 

ʅʘʮʠʦʥʘʣʴʥʳʤʠ ʣʘʙʦʨʘʪʦʨʠʷʤʠ ʉʘʥʜʠʘ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʠ ʧʫʙʣʠʢʘʮʠʠ 
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ʢʨʘʪʢʦʩʨʦʯʥʳʭ, ʩʨʝʜʥʝʩʨʦʯʥʳʭ ʠ ʜʦʣʛʦʩʨʦʯʥʳʭ ʥʘʫʯʥʳʭ ʮʝʣʝʡ ʚ 

ʜʠʩʮʠʧʣʠʥʘʭ, ʢʘʩʘʶʱʠʭʩʷ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ. ʇʣʘʥ NHFRP 

ʧʨʝʜʥʘʟʥʘʯʝʥ ʜʣʷ ʨʘʟʜʝʣʝʥʠʷ ʧʦʜʜʝʨʞʢʠ ʥʘʫʯʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ 

ʮʠʢʣʠʯʝʩʢʠʭ ʢʦʣʝʙʘʥʠʡ ʨʘʟʚʠʪʠʷ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ ʜʣʷ 

ʦʙʝʩʧʝʯʝʥʠʷ ʧʦʩʪʦʷʥʥʦʡ ʙʘʟʳ ʟʥʘʥʠʡ, ʦʪʥʦʩʷʱʝʡʩʷ ʢ ʰʠʨʦʢʦʤʫ ʩʧʝʢʪʨʫ 

ʙʫʜʫʱʠʭ ʚʦʟʤʦʞʥʦʩʪʝʡ ʧʦ ʜʦʩʪʠʞʝʥʠʶ ʚʳʩʦʢʠʭ ʩʢʦʨʦʩʪʝʡ. NASA ʠ AFOSR 

ʧʨʝʜʧʨʠʥʷʣʠ ʨʷʜ ʩʦʚʤʝʩʪʥʳʭ ʫʩʠʣʠʡ ʚ ʨʘʤʢʘʭ ʧʣʘʥʘ NHFRP, ʚʢʣʶʯʘʷ ʪʨʠ 

ʅʘʮʠʦʥʘʣʴʥʳʭ ʮʝʥʪʨʘ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʢʦʪʦʨʳʝ 

ʧʦʜʜʝʨʞʠʚʘʶʪ ʥʝʩʢʦʣʴʢʦ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʠʥʩʪʠʪʫʪʦʚ. ʕʪʦʪ ʧʣʘʥ ʪʘʢʞʝ 

ʙʳʣ ʦʧʨʝʜʝʣʝʥ ʆʙʲʝʜʠʥʝʥʥʳʤ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʦʪʜʝʣʦʤ ʛʠʧʝʨʟʚʫʢʦʚʳʭ 

ʪʝʭʥʦʣʦʛʠʡ ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʦʨʦʥʳ ʢʘʢ ʦʩʥʦʚʥʦʡ ʧʣʘʥ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʦʨʦʥʳ ʚ ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ. 

NHFRP ʙʳʣ ʩʦʟʜʘʥ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʰʝʩʪʴʶ ʥʘʫʯʥʳʤʠ 

ʥʘʧʨʘʚʣʝʥʠʷʤʠ, ʢʦʪʦʨʳʝ, ʧʦ ʤʥʝʥʠʶ ʨʫʢʦʚʦʜʠʪʝʣʝʡ ʧʨʦʛʨʘʤʤ ʠʟ 

ʫʯʘʩʪʚʫʶʱʠʭ ʫʯʨʝʞʜʝʥʠʡ, ʠʤʝʶʪ ʨʝʰʘʶʱʝʝ ʟʥʘʯʝʥʠʝ ʠ ʷʚʣʷʶʪʩʷ 

ʫʥʠʢʘʣʴʥʳʤʠ ʜʣʷ ʨʘʟʚʠʪʠʷ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ. ʍʦʪʷ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ 

ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ ʥʝʦʙʭʦʜʠʤ ʧʦʪʝʥʮʠʘʣ ʙʦʣʝʝ ʯʝʤ 

ʰʝʩʪʠ ʦʙʣʘʩʪʝʡ, ʚ ʧʣʘʥ ʥʝ ʙʳʣʠ ʚʢʣʶʯʝʥʳ ʜʠʩʮʠʧʣʠʥʳ, ʚ ʢʦʪʦʨʳʭ 

ʩʪʠʤʫʣʠʨʦʚʘʪʴ ʥʘʫʯʥʳʡ ʧʨʦʛʨʝʩʩ ʧʦʪʝʥʮʠʘʣʴʥʦ ʤʦʛʣʠ ʙʳ ʜʨʫʛʠʝ ʩʮʝʥʘʨʠʠ 

ʧʨʠʤʝʥʝʥʠʷ, ʧʦʤʠʤʦ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ. ʐʝʩʪʴ ʧʝʨʩʧʝʢʪʠʚʥʳʭ 

ʥʘʧʨʘʚʣʝʥʠʡ ʧʣʘʥʘ NHFRP ʚʢʣʯʁʘʶʪ: 

¶ ʬʠʟʠʢʘ ʧʦʛʨʘʥʠʯʥʳʭ ʩʣʦʝʚ; 

¶ ʧʦʪʦʢʠ ʩ ʜʦʤʠʥʠʨʫʶʱʠʤ ʚʣʠʷʥʠʝʤ ʩʢʘʯʢʘ ʫʧʣʦʪʥʝʥʠʷ; 

¶ ʥʝʫʩʪʘʥʦʚʠʚʰʠʝʩʷ ʪʝʯʝʥʠʷ; 

¶ ʩʛʦʨʘʥʠʝ ʚ ʩʚʝʨʭʟʚʫʢʦʚʦʤ ʧʦʪʦʢʝ; 

¶ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩʨʝʜʳ, ʢʦʥʩʪʨʫʢʮʠʡ ʠ ʤʘʪʝʨʠʘʣʦʚ; 

¶ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʤʘʪʝʨʠʘʣʳ ʠ ʢʦʥʩʪʨʫʢʮʠʠ. 
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ʆʜʥʦʡ ʠʟ ʙʣʠʞʘʡʰʠʭ ʮʝʣʝʡ ʚ ʦʙʣʘʩʪʠ ʬʠʟʠʢʠ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʧʦ 

ʪʝʤʝ ʃʊʇ ̫ ʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʠ ʧʨʦʚʝʨʢʘ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʦʮʝʥʢʠ 

ʃʊʇ ʜʣʷ ʪʨʝʭʤʝʨʥʳʭ ʪʝʯʝʥʠʡ. ʕʪʦ ʙʫʜʫʪ STABL, LASTRAC ʠ ʜʨʫʛʠʝ 

ʤʝʪʦʜʳ, ʜʣʷ ʢʦʪʦʨʳʭ ʧʨʦʛʥʦʟʠʨʫʝʤʘʷ ʩʢʦʨʦʩʪʴ ʫʚʝʣʠʯʝʥʠʷ ʘʤʧʣʠʪʫʜʳ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʛʨʘʜʫʠʨʫʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʩʫʱʝʩʪʚʫʶʱʠʭ ʜʘʥʥʳʭ, ʯʪʦʙʳ 

ʦʙʝʩʧʝʯʠʪʴ ʦʮʝʥʢʫ ʚʝʣʠʯʠʥʳ ʨʦʩʪʘ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ, ʢʦʪʦʨʘʷ ʧʨʠʚʦʜʠʪ ʢ 

ʃʊʇ. ɼʣʷ ʜʦʧʦʣʥʝʥʠʷ ʜʘʥʥʳʭ ʥʘʟʝʤʥʳʭ ʠʩʧʳʪʘʥʠʡ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʣʝʪʥʳʤ 

ʠʩʩʣʝʜʦʚʘʥʠʷʤ, ʧʦʜʜʝʨʞʠʚʘʝʤʳʝ ɺɺʉ ʠ NASA, ʧʨʝʜʦʩʪʘʚʣʷʶʪ ʥʘʙʦʨ 

ʛʝʦʤʝʪʨʠʡ ʘʧʧʘʨʘʪʦʚ, ʜʣʷ ʢʦʪʦʨʳʭ ʜʦʣʞʥʳ ʙʳʣʠ ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʜʘʥʥʳʝ 

ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ. 

ʉʨʝʜʥʝʩʨʦʯʥʘʷ ʮʝʣʴ ʧʣʘʥʘ ʚ ʦʙʣʘʩʪʠ ʬʠʟʠʢʠ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ 

ʩʦʩʪʦʠʪ ʚ çʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʝ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʵʬʬʝʢʪʦʚè ʠ 

ʨʘʩʰʠʨʝʥʥʦʤ ʧʨʠʤʝʥʝʥʠʠ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʧʨʠ ʫʯʝʪʝ 

ʨʝʘʣʠʩʪʠʯʥʳʭ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʚʢʣʶʯʘʷ ʦʙʫʩʣʦʚʣʝʥʥʳʝ 

ʧʨʦʠʟʚʦʜʩʪʚʦʤ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʠ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ. ʍʦʪʷ ʢʦʥʢʨʝʪʥʳʝ 

ʤʝʨʦʧʨʠʷʪʠʷ ʧʦ ʦʙʝʩʧʝʯʝʥʠʶ ʧʨʦʚʝʨʦʯʥʳʭ ʜʘʥʥʳʭ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʚʩʝ ʝʱʝ 

ʥʘʭʦʜʷʪʩʷ ʚ ʩʪʘʜʠʠ ʨʘʟʨʘʙʦʪʢʠ, ʥʝʜʘʚʥʠʝ ʫʩʠʣʠʷ NASA ʧʦ ʤʦʜʝʣʠʨʦʚʘʥʠʶ 

ʧʦʚʪʦʨʥʦʛʦ ʚʭʦʜʘ ʚ ʧʣʦʪʥʳʝ ʩʣʦʠ ʘʪʤʦʩʬʝʨʳ ʦʨʙʠʪʘʣʴʥʦʛʦ ʢʦʨʘʙʣʷ 

ʤʥʦʛʦʨʘʟʦʚʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ çʐʘʪʪʣè ʚ ʧʨʦʛʨʘʤʤʝ HYTHIRM [138] ʜʘʣʠ 

ʥʝʢʦʪʦʨʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ ʪʦʤ, ʢʘʢ ʵʪʦ ʥʘʧʨʘʚʣʝʥʠʝ ʤʦʞʝʪ ʨʘʟʚʠʚʘʪʴʩʷ. 

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʧʣʘʥ NHFRP ʧʦʟʚʦʣʠʣ ʜʦʙʠʪʴʩʷ ʟʥʘʯʠʪʝʣʴʥʳʭ 

ʫʩʧʝʭʦʚ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʝʜʠʥʦʛʦ ʥʘʮʠʦʥʘʣʴʥʦʛʦ 

ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʨʘʟʚʠʪʠʷ ʥʘʫʯʥʳʭ ʜʠʩʮʠʧʣʠʥ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ 

ʟʘʧʣʘʥʠʨʦʚʘʥʥʳʭ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ. ɺ ʨʘʤʢʘʭ ʢʦʦʨʜʠʥʘʮʠʠ, 

ʦʩʫʱʝʩʪʚʣʷʝʤʦʡ ʩʦʛʣʘʩʥʦ ʧʣʘʥʫ, ʚ 2009 ʛ. NASA ʠ AFOSR ʩʦʚʤʝʩʪʥʦ 

ʠʥʚʝʩʪʠʨʦʚʘʣʠ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʧʷʪʠ ʣʝʪ ʧʦʯʪʠ 30 ʤʣʥ. ʜʦʣʣʘʨʦʚ ʚ ʪʨʠ ʥʘʫʯʥʦ-

ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʝ ʮʝʥʪʨʘ, ʟʘʥʠʤʘʶʱʠʭʩʷ ʦʩʥʦʚʥʳʤʠ ʥʘʧʨʘʚʣʝʥʠʷʤʠ 

ʬʠʟʠʢʠ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ: ʩʛʦʨʘʥʠʝ ʚ ʩʚʝʨʭʟʚʫʢʦʚʦʤ ʧʦʪʦʢʝ ʠ 
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ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʤʘʪʝʨʠʘʣʳ ʠ ʢʦʥʩʪʨʫʢʮʠʠ. ʊʨʠ ʅʘʮʠʦʥʘʣʴʥʳʭ ʮʝʥʪʨʘ 

ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ (NHSC), ʩʦʟʜʘʥʥʳʝ ʚ ʨʘʤʢʘʭ 

ʵʪʦʡ ʠʥʠʮʠʘʪʠʚʳ, ʦʢʘʟʘʣʠ ʧʦʜʜʝʨʞʢʫ ʙʦʣʝʝ 100 ʘʩʧʠʨʘʥʪʘʤ ʚ 18 

ʫʥʠʚʝʨʩʠʪʝʪʘʭ ʚ ʦʙʣʘʩʪʷʭ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʨʘʟʚʠʪʠʷ ʙʫʜʫʱʠʭ 

ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ. NHFRP ʙʳʣ ʪʘʢʞʝ ʧʨʠʥʷʪ ʆʙʲʝʜʠʥʝʥʥʳʤ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʦʪʜʝʣʦʤ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ ʄʠʥʠʩʪʝʨʩʪʚʘ 

ʦʙʦʨʦʥʳ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ ʥʘʫʯʥʦʛʦ ʧʣʘʥʘ ʄʠʥʠʩʪʝʨʩʪʚʘ ʆʙʦʨʦʥʳ ʉʐɸ 

ʧʦ ʨʘʟʚʠʪʠʶ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʧʣʘʥ NHFRP 

ʷʚʣʷʝʪʩʷ ʩʦʚʝʨʰʝʥʩʪʚʫʶʱʠʤʩʷ ʜʦʢʫʤʝʥʪʦʤ, ʢʦʪʦʨʳʡ ʧʝʨʠʦʜʠʯʝʩʢʠ 

ʦʙʥʦʚʣʷʝʪʩʷ, ʧʦʩʢʦʣʴʢʫ ʧʨʦʛʨʝʩʩ ʧʦʟʚʦʣʷʝʪ ʧʨʦʜʚʠʛʘʪʴʩʷ ʚ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʢ 

ʮʝʣʷʤ, ʦʧʨʝʜʝʣʝʥʥʳʤ ʚ ʧʣʘʥʝ. ʇʦʩʢʦʣʴʢʫ ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʧʣʘʥ ʙʳʣ 

ʨʘʟʨʘʙʦʪʘʥ ʚ 2007 ʛ., ʦʥ ʙʳʣ ʦʙʥʦʚʣʝʥ ʦʜʠʥ ʨʘʟ ʚ 2009 ʛ., ʠ ʜʘʣʝʝ ʝʛʦ 

ʧʣʘʥʠʨʫʝʪʩʷ ʧʝʨʝʩʤʦʪʨʝʪʴ ʠ ʦʙʥʦʚʠʪʴ ʚ 2013 ʛ. 

ʉʘʤʘʷ ʚʘʞʥʘʷ ʨʦʣʴ ʧʨʦʝʢʪʘ AFOSR ð ʩʦʜʝʡʩʪʚʠʝ ʦʪʢʨʳʪʠʷʤ 

ʠ ʧʨʦʜʚʠʞʝʥʠʶ ʥʦʚʝʡʰʠʭ ʜʦʩʪʠʞʝʥʠʡ ʚ ʦʙʣʘʩʪʠ ʥʘʫʢ, ʧʦʪʝʥʮʠʘʣʴʥʦ 

ʩʧʦʩʦʙʥʳʭ ʧʨʠʚʝʩʪʠ ʢ ʥʦʚʳʤ ʚʦʟʤʦʞʥʦʩʪʷʤ ʨʘʟʚʠʪʠʷ ɺɺʉ. ʇʨʝʜʧʦʣʘʛʘʝʤʳʝ 

ʙʫʜʫʱʠʝ ʧʨʠʦʨʠʪʝʪʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʝʢʪʘ ʚʢʣʶʯʘʶʪ ʠʟʫʯʝʥʠʝ ʧʝʨʝʭʦʜʘ 

ʵʥʝʨʛʠʠ ʤʝʞʜʫ ʢʠʥʝʪʠʯʝʩʢʦʡ, ʚʥʫʪʨʝʥʥʝʡ ʠ ʭʠʤʠʯʝʩʢʦʡ ʚ ʛʘʟʝ ʠ ʦʧʨʝʜʝʣʝʥʠʝ 

ʪʦʛʦ, ʢʘʢ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʠ ʫʧʨʘʚʣʝʥʠʝ ʪʘʢʠʤʠ ʤʝʭʘʥʠʟʤʘʤʠ 

ʚ ʤʦʣʝʢʫʣʷʨʥʦʤ ʠ ʩʨʝʜʥʝʤ ʤʘʩʰʪʘʙʘʭ ʤʦʛʫʪ ʧʦʟʚʦʣʠʪʴ ʫʧʨʘʚʣʷʪʴ 

ʧʦʚʝʜʝʥʠʝʤ ʧʦʪʦʢʘ ʚ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʡ ʩʨʝʜʝ ʠʣʠ ʚ ʤʘʩʰʪʘʙʝ ʘʧʧʘʨʘʪʘ. ʋʧʦʨ 

ʥʘ ʵʪʫ ʦʙʣʘʩʪʴ ʙʳʣ ʩʜʝʣʘʥ ʥʘ ʦʩʥʦʚʝ ʪʦʛʦ, ʯʪʦ ʚ ʨʘʤʢʘʭ ʵʪʦʡ ʪʝʤʳ ʤʦʛʫʪ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʤʥʦʛʠʝ ʥʘʫʯʥʳʝ ʧʨʦʙʣʝʤʳ ʘʵʨʦʪʝʨʤʦʜʠʥʘʤʠʢʠ, 

ʥʦ ʚ ʧʨʦʰʣʦʤ ʨʘʙʦʪʘ ʦʙʳʯʥʦ ʙʳʣʘ ʦʙʫʩʣʦʚʣʝʥʘ ʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʢʘʪʝʛʦʨʠʷʤʠ 

ʟʘʜʘʯ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʠʟʜʝʣʠʡ. ʇʦʜʯʝʨʢʠʚʘʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʥʘʫʯʥʳʝ 

ʚʦʧʨʦʩʳ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʨʦʝʢʪ ʩʪʨʝʤʠʪʩʷ ʩʦʩʨʝʜʦʪʦʯʠʪʴ ʚʥʠʤʘʥʠʝ 

ʩʦʦʙʱʝʩʪʚʘ ʥʘ ʥʘʫʯʥʳʭ ʟʘʜʘʯʘʭ ʠ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʨʘʩʰʠʨʝʥʠʶ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ ʜʣʷ ʙʦʣʝʝ ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʘ ʧʨʠʤʝʥʝʥʠʷ ʜʦʩʪʠʞʝʥʠʡ, 
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ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ ʠʥʪʝʨʝʩ ʜʣʷ ɺɺʉ, ʚʢʣʶʯʘʷ ʫʧʨʘʚʣʝʥʠʝ ʪʝʧʣʦʚʳʤʠ 

ʨʝʞʠʤʘʤʠ ʠ ʩʨʝʜʩʪʚʘ ʥʘʧʨʘʚʣʝʥʥʦʡ ʧʝʨʝʜʘʯʠ ʵʥʝʨʛʠʠ. 

ɹʦʣʴʰʘʷ ʯʘʩʪʴ ʥʝʜʘʚʥʠʭ ʫʩʧʝʭʦʚ ʚ ʠʟʫʯʝʥʠʠ ʘʵʨʦʪʝʨʤʦʜʠʥʘʤʠʢʠ ʙʳʣʘ 

ʜʦʩʪʠʛʥʫʪʘ ʥʘ ʦʩʥʦʚʝ ʥʦʚʦʛʦ ʧʦʥʠʤʘʥʠʷ ʧʝʨʝʭʦʜʘ ʵʥʝʨʛʠʠ ʤʝʞʜʫ 

ʨʘʟʣʠʯʥʳʤʠ ʚʠʜʘʤʠ ð ʢʠʥʝʪʠʯʝʩʢʦʡ, ʚʥʫʪʨʝʥʥʝʡ ʠʣʠ ʭʠʤʠʯʝʩʢʦʡ. ʏʝʪʳʨʝ 

ʧʨʠʤʝʨʘ ʪʘʢʦʡ ʨʘʙʦʪʳ ʚʢʣʶʯʘʶʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʉʘʨʠʢʦʤ ʵʣʝʤʝʥʪʦʚ 

ʧʦʧʝʨʝʯʥʦʡ ʜʠʩʢʨʝʪʥʦʡ ʥʝʨʦʚʥʦʩʪʠ ʜʣʷ ʢʦʥʪʨʦʣʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ 

ʧʦʧʝʨʝʯʥʦʛʦ ʧʦʪʦʢʘ [139], ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʈʘʰʠʜʦʤ ʠ ʝʛʦ ʢʦʣʣʝʛʘʤʠ 

ʟʚʫʢʦʧʦʛʣʦʱʘʶʱʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʜʣʷ ʢʦʥʪʨʦʣʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʚʪʦʨʦʡ 

ʤʦʜʳ [140], ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʄʘʨʪʠʥʦʤ ʠ ʂʵʥʜʣʝʨʦʤ ʵʬʬʝʢʪʘ ʭʠʤʠʯʝʩʢʦʡ 

ʨʝʘʢʮʠʠ ʚ ʪʫʨʙʫʣʝʥʪʥʳʭ ʬʣʫʢʪʫʘʮʠʷʭ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ [141], ʘ ʪʘʢʞʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʃʝʡʚʘ ʠ ʝʛʦ ʢʦʣʣʝʛ ʨʦʣʠ CO2 ʚ ʦʩʣʘʙʣʝʥʠʠ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ 

ʚʪʦʨʦʡ ʤʦʜʳ [142]. ʂʘʞʜʳʡ ʧʨʦʝʢʪ, ʬʠʥʘʥʩʠʨʫʝʤʳʡ AFOSR, ʜʘʚʘʣ ʥʦʚʦʝ 

ʧʦʥʠʤʘʥʠʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʧʝʨʝʭʦʜʘ ʵʥʝʨʛʠʠ ʠʣʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ, ʢʦʪʦʨʳʝ ʚʣʠʷʣʠ ʥʘ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʝ ʧʦʚʝʜʝʥʠʝ ʧʦʪʦʢʘ ʠ ʚ 

ʮʝʣʦʤ ʦʢʘʟʳʚʘʣ ʩʠʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʪʦʯʢʫ ʟʨʝʥʠʷ ʘʚʪʦʨʘ. 

ʇʦʜʭʦʜ ʉʘʨʠʢʘ ʢ ʢʦʥʪʨʦʣʶ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʧʦʧʝʨʝʯʥʦʛʦ ʧʦʪʦʢʘ 

ʥʘ ʩʪʨʝʣʦʚʠʜʥʳʭ ʢʨʳʣʴʷʭ ʟʘʢʣʶʯʘʣʩʷ ʚ ʨʘʟʤʝʱʝʥʠʠ ʜʠʩʢʨʝʪʥʳʭ ʢʦʥʝʯʥʳʭ 

ʚʦʟʤʫʱʘʶʱʠʭ ʵʣʝʤʝʥʪʦʚ ʧʨʠ ʜʦʢʨʠʪʠʯʝʩʢʠʭ ʚʦʣʥʦʚʳʭ ʯʠʩʣʘʭ ʧʦʧʝʨʝʯʥʦʛʦ 

ʧʦʪʦʢʘ ʚʙʣʠʟʠ ʧʝʨʝʜʥʝʡ ʢʨʦʤʢʠ ʢʨʳʣʘ. ɹʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʨʘʟʣʠʯʥʳʝ 

ʢʦʥʬʠʛʫʨʘʮʠʠ ʚʦʟʤʫʱʘʶʱʠʭ ʵʣʝʤʝʥʪʦʚ, ʚʢʣʶʯʘʷ ʰʝʨʦʭʦʚʘʪʦʩʪʠ, ʦʪʚʝʨʩʪʠʷ 

ʠ ʧʣʘʟʤʝʥʥʳʝ ʧʨʠʚʦʜʳ. ʆʩʥʦʚʥʘʷ ʪʝʦʨʠʷ, ʣʝʞʘʱʘʷ ʚ ʦʩʥʦʚʝ ʢʦʥʮʝʧʮʠʠ 

ʫʧʨʘʚʣʝʥʠʷ, ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʵʣʝʤʝʥʪʳ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ 

ʩ ʜʦʢʨʠʪʠʯʝʩʢʠʤʠ ʧʨʦʤʝʞʫʪʢʘʤʠ, ʚʦʟʤʫʱʘʶʪ ʙʘʟʦʚʦʝ ʪʝʯʝʥʠʝ ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʯʪʦ ʩʧʦʩʦʙʩʪʚʫʶʪ ʨʘʟʚʠʪʠʶ ʩʚʷʟʘʥʥʳʭ ʜʦʢʨʠʪʠʯʝʩʢʠʭ 

ʥʝʩʪʘʙʠʣʴʥʦʩʪʝʡ ʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʝʧʷʪʩʪʚʫʶʪ ʨʘʟʚʠʪʠʶ ʢʨʠʪʠʯʝʩʢʠʭ 

ʥʝʩʪʘʙʠʣʴʥʦʩʪʝʡ. ʆʙʝʩʧʝʯʝʥʠʝ ʪʘʢʠʭ ʩʚʦʡʩʪʚ ʧʦʣʷ ʪʝʯʝʥʠʷ ʜʣʷ ʧʦʜʜʝʨʞʢʠ 

ʥʘʠʙʦʣʝʝ ʫʤʝʨʝʥʥʳʭ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ ʠʩʧʦʣʴʟʫʝʪ ʩʪʦʣʢʥʦʚʝʥʠʝ ʨʘʟʣʠʯʥʳʭ 
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ʨʝʞʠʤʦʚ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʚ ʧʦʪʦʢʝ ʠ ʚ ʢʦʥʪʝʢʩʪʝ ʥʦʚʦʡ ʧʨʦʛʨʘʤʤʥʦʡ 

ʢʦʥʮʝʧʮʠʠ ʤʦʞʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʢʘʢ ʧʦʜʭʦʜ, ʢʦʪʦʨʳʡ ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʤʝʞʜʫ ʥʘʠʙʦʣʝʝ ʙʣʘʛʦʧʨʠʷʪʥʳʤʠ ʜʣʷ 

ʥʝʦʙʭʦʜʠʤʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʦʪʦʢʘ ʤʦʜʘʤʠ. 

ʂʵʥʜʣʝʨ ʠ ʄʘʨʪʠʥ ʠʟʫʯʠʣʠ ʨʦʣʴ ʵʥʜʦʪʝʨʤʠʯʝʩʢʠʭ ʠ ʵʢʟʦʪʝʨʤʠʯʝʩʢʠʭ 

ʨʝʘʢʮʠʡ ʚ ʪʫʨʙʫʣʝʥʪʥʦʤ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʠ ʦʪʤʝʪʠʣʠ, ʯʪʦ ʩ ʚʳʜʝʣʝʥʠʝʤ 

ʵʥʝʨʛʠʠ ʚ ʵʢʟʦʪʝʨʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʷʭ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʪʫʨʙʫʣʝʥʪʥʳʭ 

ʢʦʣʝʙʘʥʠʡ ʚʦʟʨʘʩʪʘʣʘ, ʠ ʥʘʦʙʦʨʦʪ, ʵʥʜʦʪʝʨʤʠʯʝʩʢʠʝ ʨʝʘʢʮʠʠ ʧʨʠʚʦʜʠʣʠ ʢ 

ʫʤʝʥʴʰʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. ʕʪʘ ʨʘʙʦʪʘ 

ʧʨʦʠʣʣʶʩʪʨʠʨʦʚʘʣʘ ʧʦʪʝʥʮʠʘʣ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʧʦʣʝ ʪʝʯʝʥʠʷ ʤʦʜ 

ʭʠʤʠʯʝʩʢʦʡ ʠ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ. 

ʈʘʙʦʪʘ ʍʦʨʥʫʥʛʘ ʠ ʈʘʰʠʜʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʜʪʚʝʨʜʠʣʘ 

ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʧʨʦʛʥʦʟʳ ʄʘʣʤʫʪʘ ʠ ʌʝʜʦʨʦʚʘ ʦ ʪʦʤ, ʯʪʦ ʟʚʫʢʦʧʦʛʣʦʱʘʶʱʘʷ 

ʧʦʚʝʨʭʥʦʩʪʴ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʦʩʣʘʙʣʝʥʠʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ 

ʚʪʦʨʦʡ ʤʦʜʳ ʚ ʛʠʧʝʨʟʚʫʢʦʚʦʤ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ. ʇʦʢʨʳʚ ʦʜʥʫ ʩʪʦʨʦʥʫ 

ʢʦʥʫʩʘ ʛʣʫʭʠʤʠ ʦʪʚʝʨʩʪʠʷʤʠ, ʢʦʪʦʨʳʝ ʩʣʫʞʠʣʠ ʘʢʫʩʪʠʯʝʩʢʠʤʠ ʛʘʩʠʪʝʣʷʤʠ, 

ʠ ʦʩʪʘʚʠʚ ʧʦʚʝʨʭʥʦʩʪʴ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ ʛʣʘʜʢʦʡ, ʍʦʨʥʫʥʛ ʠ ʈʘʰʠʜ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ, ʯʪʦ ʯʠʩʣʦ ʈʝʡʥʦʣʴʜʩʘ ʃʊʇ ʥʘ ʩʪʦʨʦʥʝ ʢʦʥʫʩʘ ʩ 

ʦʪʚʝʨʩʪʠʷʤʠ ʙʳʣʦ ʧʦʯʪʠ ʥʘ 50 % ʙʦʣʴʰʝ ʯʠʩʣʘ ʥʘ ʛʣʘʜʢʦʡ ʩʪʦʨʦʥʝ. ʇʦʟʞʝ 

ɹʨʝʩ, ʂʦʣʦʥʠʫʩ ʠ ʌʝʜʦʨʦʚ [143] ʠʩʩʣʝʜʦʚʘʣʠ ʵʪʦ ʷʚʣʝʥʠʝ ʚ ʨʘʤʢʘʭ 

ʢʦʤʧʣʝʢʩʥʦʛʦ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʧʦʜʭʦʜʘ ʠ ʧʨʦʚʝʨʠʣʠ 

ʚʣʠʷʥʠʝ ʛʣʫʭʠʭ ʦʪʚʝʨʩʪʠʡ ʥʘ ʦʩʣʘʙʣʝʥʠʝ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʚʪʦʨʦʡ ʤʦʜʳ. ɺ 

ʢʦʥʪʝʢʩʪʝ ʤʝʭʘʥʠʟʤʦʚ ʧʝʨʝʭʦʜʘ ʵʥʝʨʛʠʠ ʵʪʠ ʤʝʨʦʧʨʠʷʪʠʷ 

ʧʨʦʠʣʣʶʩʪʨʠʨʦʚʘʣʠ ʵʬʬʝʢʪ ʫʧʨʘʚʣʝʥʠʷ ʥʘʣʠʯʠʝʤ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʚ 

ʫʩʣʦʚʠʷʭ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʜʣʷ ʟʘʜʝʨʞʢʠ ʃʊʇ, ʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʦʣʷ ʪʝʯʝʥʠʷ. 

ʇʦʩʣʝʜʥʠʤ ʧʨʠʤʝʨʦʤ ʨʘʙʦʪʳ, ʢʦʪʦʨʘʷ ʧʦʚʣʠʷʣʘ ʥʘ ʥʦʚʳʝ 

ʥʘʧʨʘʚʣʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʨʦʝʢʪʘ, ʷʚʣʷʝʪʩʷ ʘʥʘʣʦʛʠʯʥʘʷ ʨʘʙʦʪʘ ʃʝʡʚʳ 
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ʩ ʢʦʣʣʝʛʘʤʠ [142] ʧʦ ʠʟʫʯʝʥʠʶ ʚʣʠʷʥʠʷ ʧʨʠʩʫʪʩʪʚʠʷ ʉʆ2 ʥʘ ʨʦʩʪ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʚʪʦʨʦʡ ʤʦʜʳ ʚ ʚʦʟʜʫʭʝ. ɺ ʨʘʥʥʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʛʨʫʧʧʘ 

ʍʦʨʥʫʥʛʘ ʠʟ ʂʘʣʠʬʦʨʥʠʡʩʢʦʛʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʠʥʩʪʠʪʫʪʘ ʧʳʪʘʣʘʩʴ 

ʦʙʲʷʩʥʠʪʴ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʯʝʪʳʨʝʭʢʨʘʪʥʫʶ ʨʘʟʥʠʮʫ ʚ ʯʠʩʣʘʭ ʈʝʡʥʦʣʴʜʩʘ 

ʃʊʇ ʥʘ ʢʦʥʫʩʝ ʤʝʞʜʫ ʧʦʪʦʢʦʤ CO2 ʠ ʧʦʪʦʢʦʤ ʚʦʟʜʫʭʘ ʠ N2 [144]. ɹʳʣʦ 

ʚʳʩʢʘʟʘʥʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ ʵʬʬʝʢʪ ʩʪʘʣ ʨʝʟʫʣʴʪʘʪʦʤ ʧʝʨʝʢʨʳʪʠʷ ʚ 

ʩʧʝʢʪʨʘʣʴʥʳʭ ʜʠʘʧʘʟʦʥʘʭ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ 

ʚʪʦʨʦʡ ʤʦʜʳ ʠ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʟʚʫʢʦʧʦʛʣʦʱʝʥʠʷ ʚ CO2, ʪʘʢ ʢʘʢ ʪʘʢʦʝ 

ʧʝʨʝʢʨʳʪʠʝ ʥʝ ʧʨʦʠʩʭʦʜʠʪ ʚ ʚʦʟʜʫʭʝ. ɹʦʣʝʝ ʧʦʟʜʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ɼʞʫʵʣʣʘ  

ʠ ʝʛʦ ʢʦʣʣʝʛ [145] ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚʧʨʳʩʢ CO2 ʚ ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ ʩʚʦʙʦʜʥʦʛʦ 

ʪʝʯʝʥʠʷ ʧʨʠ ʩʢʦʨʦʩʪʠ ʄ = 5 ʤʦʞʝʪ ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʫʩʣʦʚʠʷʭ ʟʘʜʝʨʞʠʚʘʪʴ 

ʥʘʯʘʣʦ ʃʊʇ, ʘ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ɺʘʛʥʠʣʜʦʤ ʠ ʂʵʥʜʣʝʨʦʤ [146] ʧʦʜʪʚʝʨʜʠʣʦ, 

ʯʪʦ ʟʘʜʝʨʞʢʘ ʃʊʇ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʧʨʳʩʢʘ CO2 ʙʳʣʘ ʨʝʟʫʣʴʪʘʪʦʤ ʧʦʛʣʦʱʝʥʠʷ 

ʵʥʝʨʛʠʠ ʦʪ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʚʪʦʨʦʡ ʤʦʜʳ ʤʦʜʘʤʠ ʚʥʫʪʨʝʥʥʠʭ ʢʦʣʝʙʘʥʠʡ CO2. 

ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʧʝʨʝʜʘʯʘ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʚʦ 

ʚʥʫʪʨʝʥʥʶʶ ʢʦʣʝʙʘʪʝʣʴʥʫʶ ʤʦʜʫ ʛʘʟʘ ʧʨʠʚʝʣʘ ʢ ʟʘʜʝʨʞʢʝ ʚ ʤʝʩʪʝ ʃʊʇ ʚ 

ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʢʦʥʫʩʘ. 

ɿʥʘʥʠ ̫ʦ ʧʨʝʦʙʣʘʜʘʶʱʠʭ ʤʝʭʘʥʠʟʤʘʭ ʧʝʨʝʭʦʜʘ ʵʥʝʨʛʠʠ, ʧʨʠʚʝʜʝʥʥʳʝ 

ʚʳʰʝ, ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʨʝʚʦʣʶʮʠʦʥʥʦʛʦ ʧʦʜʭʦʜʘ ʢ 

ʫʧʨʘʚʣʝʥʠʶ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʤ ʧʦʚʝʜʝʥʠʝʤ ʧʦʪʦʢʘ. ɺ ʯʘʩʪʥʦʩʪʠ, ʧʦʣʷ 

ʪʝʯʝʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʨʘʩʩʯʠʪʘʥʳ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʦʪʜʘʚʘʪʴ 

ʧʨʝʜʧʦʯʪʝʥʠʝ ʪʝʤ ʤʝʭʘʥʠʟʤʘʤ ʧʝʨʝʭʦʜʘ ʵʥʝʨʛʠʠ, ʢʦʪʦʨʳʝ ʧʨʠʚʦʜʷʪ ʢ 

ʦʧʪʠʤʘʣʴʥʦʤʫ ʚ ʜʘʥʥʦʡ ʩʠʪʫʘʮʠʠ ʩʦʩʪʦʷʥʠʶ ʧʦʪʦʢʘ. 

ʇʨʝʜʳʜʫʱʠʝ ʫʩʠʣʠʷ, ʚ ʯʘʩʪʥʦʩʪʠ, ʩʚʷʟʘʥʥʳʝ ʩ ʛʘʟʦʚʳʤʠ ʣʘʟʝʨʘʤʠ ʠ 

ʧʣʘʟʤʝʥʥʳʤʠ ʧʨʦʮʝʩʩʘʤʠ, ʙʳʣʠ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʠʟʫʯʝʥʠʝ ʩʦʟʜʘʥʠʷ 

ʚʦʟʙʫʞʜʝʥʥʳʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʩʦʩʪʦʷʥʠʡ ʚʥʫʪʨʠ ʧʦʣʷ ʧʦʪʦʢʘ. 

ʇʨʝʜʰʝʩʪʚʫʶʱʠʝ ʟʥʘʥʠʷ ʠʟ ʵʪʠʭ ʦʙʣʘʩʪʝʡ ʙʫʜʫʪ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʠʟʫʯʝʥʠʷ 

ʩʦʟʜʘʥʠʷ ʠ ʢʦʥʪʨʦʣʷ ʢʦʥʢʨʝʪʥʳʭ ʩʪʨʫʢʪʫʨ ʠ ̫ ʚʣʝʥʠʡ ʧʦʪʦʢʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 
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ʚʦʟʤʦʞʥʘ ʨʝʘʣʠʟʘʮʠʷ ʥʦʚʦʡ ʚʝʪʚʠ ʫʧʨʘʚʣʝʥʠʷ ʧʦʪʦʢʦʤ, ʢʦʪʦʨʘʷ ʦʪʥʦʩʠʪʩʷ ʢ 

ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʤʝʭʘʥʠʟʤʦʚ ʠ ʩʢʦʨʦʩʪʝʡ ʧʝʨʝʭʦʜʘ ʵʥʝʨʛʠʠ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʧʦʪʦʢʦʚ, ʢʦʪʦʨʳʝ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ ʩʢʣʦʥʥʳ ʩʪʨʝʤʠʪʩʷ ʢ ʨʘʟʚʠʪʠʶ ʜʦ 

ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʢʦʥʝʯʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. ɹʣʘʛʦʜʘʨʷ ʦʪʢʨʳʪʠʷʤ ʧʨʠ 

ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʳʭ ʧʘʨʘʣʣʝʣʴʥʳʭ ʚʳʯʠʩʣʝʥʠʷʭ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʦʧʪʠʯʝʩʢʠʭ 

ʜʠʘʛʥʦʩʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʩ ʚʳʩʦʢʦʡ ʨʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʴʶ 

ʠʩʩʣʝʜʦʚʘʪʝʣʠ ʠʤʝʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʫʯʘʪʴ ʠ ʦʧʨʝʜʝʣʷʪʴ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʟʘʚʠʩʷʱʠʭ ʦʪ ʩʢʦʨʦʩʪʠ ʧʨʦʮʝʩʩʦʚ ʧʝʨʝʜʘʯʠ ʵʥʝʨʛʠʠ ʚ ʤʠʢʨʦ- ʠ ʤʦʣʝʢʫʣʷʨʥʦʤ 

ʤʘʩʰʪʘʙʝ, ʘ ʪʘʢʞʝ ʠʭ ʢʨʠʪʠʯʝʩʢʫʶ ʨʦʣʴ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʳʭ 

ʠʟʤʝʥʝʥʠʡ ʧʦʣʷ ʧʦʪʦʢʘ. 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʚʳʧʦʣʥʝʥʥʦʛʦ ʘʥʘʣʠʟʘ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ 

ʦʩʥʦʚʥʳʝ ʥʘʧʨʘʚʣʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʦʙʣʘʩʪʠ ʩʦʟʜʘʥʠʷ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ 

ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʨʘʟʚʠʪʠʝ ʤʝʪʦʜʦʣʦʛʠʠ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʘʵʨʦʪʝʨʤʦʜʠʥʘʤʠʢʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʚ ʜʘʥʥʦʡ 

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚʦʧʨʦʩ r ʨʘʟʨʘʙʦʪʢʠ 

ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʘʵʨʦʜʠʥʘʤʠʢʠ ʠ 

ʦʪʨʘʙʦʪʢʠ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʘʵʨʦʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ.  

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʩʦʙʩʪʚʝʥʥʦʡ ʢʦʤʧʴʶʪʝʨʥʦʡ 

ʧʨʦʛʨʘʤʤʳ, ʨʝʘʣʠʟʫʶʱʝʡ ʯʠʩʣʝʥʥʦʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ 

ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ ʜʣʷ ʟʘʜʘʯ ʛʠʧʝʨʟʚʫʢʦʚʦʡ ʘʵʨʦʜʠʥʘʤʠʢʠ, ʘ ʪʘʢʞʝ 

ʢʦʤʧʣʝʢʩʘ ʪʨʝʭʤʝʨʥʳʭ ʤʦʜʝʣʝʡ ʘʵʨʦʪʝʨʤʦʜʠʥʘʤʠʢʠ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ 

ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ ʩʣʦʞʥʦʡ ʬʦʨʤʳ, ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʩʦʚʤʝʩʪʥʦ ʩ 

ʫʯʝʥʳʤʠ ʀʇʄʝʭ ʈɸʅ, ʠ ʨʘʟʨʘʙʦʪʢʘ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʤʝʪʦʜʦʚ ʠ 

ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʯʠʩʣʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚ ʨʘʤʢʘʭ 

ʧʦʩʪʨʦʝʥʥʦʡ ʤʦʜʝʣʠ. 

ʆʩʥʦʚʥʳʤʠ ʟʘʱʠʱʘʝʤʳʤʠ ʧʦʣʦʞʝʥʠʷʤʠ ʠ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʷʚʣʷʶʪʩʷ:  

1. ʈʘʟʚʠʪʘ ʧʨʦʛʨʘʤʤʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʤʝʪʦʜʘ ʨʘʩʱʝʧʣʝʥʠʷ ʧʦ 
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ʬʠʟʠʯʝʩʢʠʤ ʧʨʦʮʝʩʩʘʤ ʥʘ ʪʨʝʭʤʝʨʥʳʭ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʢʘʭ ʧʫʪʝʤ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʨʠʙʣʠʞʝʥʥʦʛʦ ʤʝʪʦʜʘ ʨʘʩʯʝʪʘ ʨʘʩʧʘʜʘ ʧʨʦʠʟʚʦʣʴʥʦʛʦ 

ʨʘʟʨʳʚʘ ʥʘ ʛʨʘʥʠʮʘʭ ʷʯʝʝʢ AUSM PW ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʨʘʩʯʝʪʫ 

ʘʵʨʦʪʝʨʤʦʜʠʥʘʤʠʢʠ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ ʨʘʟʣʠʯʥʦʡ 

ʬʦʨʤʳ. 

2. ʉ ʮʝʣʴʶ ʨʝʰʝʥʠʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʟʘʜʘʯʠ ʦʙʪʝʢʘʥʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʛʠʧʝʨʟʚʫʢʦʚʦʡ ʤʦʜʝʣʠ HIFiRE-1 ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ 

ʘʚʪʦʨʩʢʠʡ ʢʦʤʧʴʶʪʝʨʥʳʡ ʢʦʜ, ʨʝʘʣʠʟʫʶʱʠʡ ʤʦʜʝʣʴ ʚʷʟʢʦʛʦ ʩʞʠʤʘʝʤʦʛʦ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʛʦ ʛʘʟʘ ʥʘ ʪʨʝʭʤʝʨʥʳʭ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʢʘʭ. 

3. ɺʳʧʦʣʥʝʥʦ ʨʘʩʯʝʪʥʦ-ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʯʝʪʳʨʝʭ ʪʠʧʦʚ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʣʝʪʘʪʝʣʴʥʳʭ 

ʘʧʧʘʨʘʪʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʘʚʪʦʨʩʢʠʭ ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ, 

ʨʝʘʣʠʟʫʶʱʠʭ ʤʦʜʝʣʴ ʚʷʟʢʦʛʦ ʩʞʠʤʘʝʤʦʛʦ ʪʝʧʣʦʧʨʦʚʦʜʥʦʛʦ ʛʘʟʘ, 

ʦʧʠʩʳʚʘʝʤʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʥʝʩʪʘʮʠʦʥʘʨʥʦʡ ʩʠʩʪʝʤʦʡ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-

ʉʪʦʢʩʘ ʥʘ ʪʨʝʭʤʝʨʥʳʭ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʢʘʭ ʙʝʟ ʫʯʝʪʘ ʧʦʛʨʘʥʠʯʥʦʛʦ 

ʩʣʦʷ (ʚ ʩʠʣʫ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʛʨʫʙʦʩʪʠ ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ). 

4. ʉʦʟʜʘʥʘ ʠʥʪʝʨʘʢʪʠʚʥʘʷ ʠʥʬʦʨʤʘʮʠʦʥʥʦ-ʨʘʩʯʝʪʥʘʷ ʩʠʩʪʝʤʘ ʢʘʢ 

ʢʦʤʧʣʝʢʩ ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʘʵʨʦʪʝʨʤʦʛʘʟʦʜʠʥʘʤʠʢʠ 

ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ, ʦʙʦʙʱʘʶʱʠʡ ʦʪʝʯʝʩʪʚʝʥʥʳʡ ʠ 

ʟʘʨʫʙʝʞʥʳʡ ʦʧʳʪ ʨʘʟʨʘʙʦʪʢʠ ʧʨʝʜʤʝʪʥʦ-ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʢʦʤʧʴʶʪʝʨʥʳʭ 

ʩʠʩʪʝʤ. 

ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. ʇʦʩʪʨʦʝʥʥʘʷ ʚ ʨʘʙʦʪʝ ʢʦʤʧʴʶʪʝʨʥʘʷ 

ʤʦʜʝʣʴ ʘʵʨʦʪʝʨʤʦʜʠʥʘʤʠʢʠ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ ʤʦʞʝʪ 

ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʛʠʧʝʨʟʚʫʢʦʚʦʛʦ ʧʦʣʝʪʘ ʠ 

ʨʘʩʯʝʪʘ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʠ ʪʝʧʣʦʚʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʚʝʨʭʥʦʩʪʠ 

ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ ʧʨʦʠʟʚʦʣʴʥʦʡ ʬʦʨʤʳ.  

ʉʦʟʜʘʥʥʳʡ ʧʨʠ ʚʳʧʦʣʥʝʥʠʠ ʨʘʙʦʪʳ ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʤʧʣʝʢʩ, 

ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʡ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ, 
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ʧʦʟʚʦʣʷʝʪ ʨʝʰʘʪʴ ʮʝʣʳʡ ʨʷʜ ʧʨʠʢʣʘʜʥʳʭ ʟʘʜʘʯ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʚʥʝʰʥʝʛʦ 

ʦʙʣʠʢʘ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ ʠ ʠʭ ʩʠʣʦʚʳʭ ʫʩʪʘʥʦʚʦʢ ʚ ʘʚʪʦʤʘʪʠʯʝʩʢʦʤ ʠʣʠ 

ʧʦʣʫʘʚʪʦʤʘʪʠʯʝʩʢʦʤ ʨʝʞʠʤʝ. 

ʅʘʫʯʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʧʨʦʚʝʜʝʥʥʳʝ ʚ ʨʘʙʦʪʝ, ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʚ 

ʨʘʤʢʘʭ ʛʦʩʟʘʜʘʥʠʡ ɸɸɸɸ-ɸ17-117021310372-6, ɸɸɸɸ-ɸ20-120011690135-5 

ʠ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʦʚ ʈʌʌʀ ˉ 16-01-00379, 19-01-00515. 

ʇʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ: 

1. ɸʣʛʦʨʠʪʤ ʠ ʧʨʦʛʨʘʤʤʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʤʝʪʦʜʘ ʨʘʩʱʝʧʣʝʥʠʷ ʧʦ 

ʬʠʟʠʯʝʩʢʠʤ ʧʨʦʮʝʩʩʘʤ ʥʘ ʪʨʝʭʤʝʨʥʳʭ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʢʘʭ ʩ 

ʨʝʘʣʠʟʘʮʠʝʡ ʧʨʠʙʣʠʞʝʥʥʦʛʦ ʤʝʪʦʜʘ ʨʘʩʯʝʪʘ ʨʘʩʧʘʜʘ ʧʨʦʠʟʚʦʣʴʥʦʛʦ ʨʘʟʨʳʚʘ 

ʥʘ ʛʨʘʥʠʮʘʭ ʷʯʝʝʢ AUSM PW. 

2. ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʚʝʣʠʯʠʥ ʜʣʷ ʛʠʧʝʨʟʚʫʢʦʚʦʛʦ ʦʙʪʝʢʘʥʠʷ ʣʝʪʘʪʝʣʴʥʳʭ 

ʘʧʧʘʨʘʪʦʚ ʨʘʟʣʠʯʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ 

ʘʣʛʦʨʠʪʤʘ. 

3. ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʥʦ-ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʯʝʪʳʨʝʭ ʪʠʧʦʚ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʣʝʪʘʪʝʣʴʥʳʭ 

ʘʧʧʘʨʘʪʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʘʚʪʦʨʩʢʠʭ ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ. 

4. ʂʦʤʧʣʝʢʩ ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʘʵʨʦʪʝʨʤʦʛʘʟʦʜʠʥʘʤʠʢʠ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ, 

ʦʙʦʙʱʘʶʱʠʡ ʦʪʝʯʝʩʪʚʝʥʥʳʡ ʠ ʟʘʨʫʙʝʞʥʳʡ ʦʧʳʪ ʨʘʟʨʘʙʦʪʢʠ ʧʨʝʜʤʝʪʥʦ-

ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʢʦʤʧʴʶʪʝʨʥʳʭ ʩʠʩʪʝʤ. 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʜʠʩʩʝʨʪʘʮʠʠ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʬʠʟʠʯʝʩʢʦʡ 

ʦʙʦʩʥʦʚʘʥʥʦʩʪʴʶ ʧʦʩʪʘʥʦʚʦʢ ʟʘʜʘʯ ʠ ʩʪʨʦʛʠʤ ʘʥʘʣʠʪʠʯʝʩʢʠʤ ʭʘʨʘʢʪʝʨʦʤ ʠʭ 

ʨʘʩʩʤʦʪʨʝʥʠʷ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʩʦʚʨʝʤʝʥʥʳʭ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʢʦʥʮʝʧʮʠʡ ʠ 

ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʩʨʝʜʩʪʚ ʬʠʟʠʯʝʩʢʦʡ ʤʝʭʘʥʠʢʠ, ʘ ʪʘʢʞʝ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʠʤ 

ʢʘʯʝʩʪʚʝʥʥʳʤ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʳʤ ʩʦʦʪʚʝʪʩʪʚʠʝʤ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ 

ʠʟʚʝʩʪʥʳʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ ʠ ʯʠʩʣʝʥʥʳʤ ʨʝʰʝʥʠʷʤ, 
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ʧʦʣʫʯʝʥʥʳʤ ʩ ʧʦʤʦʱʴʶ ʜʨʫʛʠʭ ʧʨʦʛʨʘʤʤʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʠ ʜʨʫʛʠʤʠ 

ʘʚʪʦʨʘʤʠ. 

ɸʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʜʦʢʣʘʜʳʚʘʣʠʩʴ ʠ 

ʦʙʩʫʞʜʘʣʠʩʴ ʥʘ ʚʩʝʨʦʩʩʠʡʩʢʠʭ ʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʧʨʦʬʠʣʴʥʳʭ ʥʘʫʯʥʳʭ 

ʢʦʥʬʝʨʝʥʮʠʷʭ ʠ ʩʝʤʠʥʘʨʘʭ: 

ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʰʢʦʣʘ-ʩʝʤʠʥʘʨ çɸʵʨʦʬʠʟʠʢʘ ʠ ʬʠʟʠʯʝʩʢʘʷ ʤʝʭʘʥʠʢʘ 

ʢʣʘʩʩʠʯʝʩʢʠʭ ʠ ʢʚʘʥʪʦʚʳʭ ʩʠʩʪʝʤè, ʛ. ʄʦʩʢʚʘ, ʀʥʩʪʠʪʫʪ ʧʨʦʙʣʝʤ ʤʝʭʘʥʠʢʠ 

ʈɸʅ, 2016-2020 ʛʛ.; 

XII ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʧʦ ʧʨʠʢʣʘʜʥʦʡ ʤʘʪʝʤʘʪʠʢʝ ʠ 

ʤʝʭʘʥʠʢʝ ʚ ʘʵʨʦʢʦʩʤʠʯʝʩʢʦʡ ʦʪʨʘʩʣʠ (NPNJô2018). 24-31 ʤʘʷ 2018 ʛ., 

ʨʝʩʧʫʙʣʠʢʘ ʂʨʳʤ, ʛ. ɸʣʫʰʪʘ. 

XXIX ʅʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʧʦ ʘʵʨʦʜʠʥʘʤʠʢʝ, 01-20 

ʤʘʨʪʘ 2018 ʛ. ʄʦʩʢʦʚʩʢʘʷ ʦʙʣʘʩʪʴ, ʜ. ɹʦʛʜʘʥʠʭʘ. 

XIII ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʧʦ ʧʨʠʢʣʘʜʥʦʡ ʤʘʪʝʤʘʪʠʢʝ ʠ 

ʤʝʭʘʥʠʢʝ ʚ ʘʵʨʦʢʦʩʤʠʯʝʩʢʦʡ ʦʪʨʘʩʣʠ (NPNJô2020). 24-31 ʤʘʷ 2020 ʛ., 

ʨʝʩʧʫʙʣʠʢʘ ʂʨʳʤ, ʛ. ɸʣʫʰʪʘ. 

62-ʷ ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʄʌʊʀ, 18-24 ʥʦʷʙʨʷ 2019 

ʛ., ʄʦʩʢʚʘ-ɼʦʣʛʦʧʨʫʜʥʳʡ-ɾʫʢʦʚʩʢʠʡ, ʄʦʩʢʦʚʩʢʠʡ ʌʠʟʠʢʦ-ʊʝʭʥʠʯʝʩʢʠʡ 

ʀʥʩʪʠʪʫʪ. 

63-ʷ ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʄʌʊʀ, 23-29 ʥʦʷʙʨʷ 2020 ʛ., 

ʄʦʩʢʚʘ-ɼʦʣʛʦʧʨʫʜʥʳʡ-ɾʫʢʦʚʩʢʠʡ, ʄʦʩʢʦʚʩʢʠʡ ʌʠʟʠʢʦ-ʊʝʭʥʠʯʝʩʢʠʡ 

ʀʥʩʪʠʪʫʪ. 

ʇʫʙʣʠʢʘʮʠʠ. ʇʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ ʦʧʫʙʣʠʢʦʚʘʥʦ 12 ʥʘʫʯʥʳʭ ʨʘʙʦʪ, 

ʠʟ ʥʠʭ 6 ʩʪʘʪʝʡ ʚ ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʥʘʫʯʥʳʭ ʠʟʜʘʥʠʷʭ, ʚʭʦʜʷʱʠʭ ʚ ʧʝʨʝʯʝʥʴ 

ɺɸʂ [147-152], 2 ʩʪʘʪʴʠ ʚ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʥʘʫʯʥʳʭ ʠʟʜʘʥʠʷʭ [153, 154], 

ʚʢʣʶʯʝʥʥʳʭ ʚ ʩʠʩʪʝʤʫ ʮʠʪʠʨʦʚʘʥʠʷ Web of Sciences ʠ Scopus, ʧʦʣʫʯʝʥʦ 2 

ʩʚʠʜʝʪʝʣʴʩʪʚʘ ʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʨʝʛʠʩʪʨʘʮʠʠ ʧʨʦʛʨʘʤʤ ʜʣʷ ʕɺʄ [155, 156]. 
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ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʨʘʙʦʪʳ. ɼʠʩʩʝʨʪʘʮʠʷ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, 5 ʛʣʘʚ, 

ʟʘʢʣʶʯʝʥʠʷ ʠ ʩʧʠʩʢʘ ʣʠʪʝʨʘʪʫʨʳ. ʆʙʱʠʡ ʦʙʲʝʤ ʨʘʙʦʪʳ ʩʦʩʪʘʚʣʷʝʪ 

257 ʩʪʨʘʥʠʮ, ʚʢʣʶʯʘʷ 130 ʨʠʩʫʥʢʦʚ ʠ 16 ʪʘʙʣʠʮ. ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

ʩʦʜʝʨʞʠʪ 225 ʥʘʠʤʝʥʦʚʘʥʠʡ. 

ɺʦ ʚʚʝʜʝʥʠʠ ʦʙʦʩʥʦʚʘʥʘ ʘʢʪʫʘʣʴʥʦʩʪʴ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʚ ʨʘʙʦʪʝ 

ʧʨʦʙʣʝʤ, ʩʬʦʨʤʫʣʠʨʦʚʘʥʘ ʮʝʣʴ ʠ ʟʘʜʘʯʠ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ, 

ʧʝʨʝʯʠʩʣʝʥʳ ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʜʠʩʩʝʨʪʘʮʠʠ ʥʦʚʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʠʭ 

ʧʨʘʢʪʠʯʝʩʢʘʷ ʮʝʥʥʦʩʪʴ ʠ ʧʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ, ʢʨʘʪʢʦ ʠʟʣʦʞʝʥʘ 

ʩʪʨʫʢʪʫʨʘ ʜʠʩʩʝʨʪʘʮʠʠ. 

ɺ ʧʝʨʚʦʡ ʛʣʘʚʝ ʨʘʩʩʤʦʪʨʝʥʳ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʘʩʧʝʢʪʳ ʢʦʤʧʴʶʪʝʨʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʘʵʨʦʪʝʨʤʦʜʠʥʘʤʠʢʠ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʣʝʪʘʪʝʣʴʥʳʭ 

ʘʧʧʘʨʘʪʦʚ. ɺ ʢʘʯʝʩʪʚʝ ʙʘʟʦʚʦʛʦ ʧʦʜʭʦʜʘ ʜʣʷ ʩʢʚʦʟʥʦʛʦ ʩʯʝʪʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ 

ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʛʦ ʦʙʪʝʢʘʥʠʷ ʙʝʟ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʚʳʜʝʣʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʝʡ 

ʨʘʟʨʳʚʦʚ ʨʝʘʣʠʟʫʝʪʩʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ ʤʝʪʦʜ ʨʘʩʱʝʧʣʝʥʠʷ ʧʦ ʬʠʟʠʯʝʩʢʠʤ 

ʧʨʦʮʝʩʩʘʤ [157]. ɺ ʦʩʥʦʚʝ ʨʘʩʯʝʪʦʚ ʣʝʞʠʪ ʤʦʜʝʣʴ ʚʷʟʢʦʛʦ ʩʞʠʤʘʝʤʦʛʦ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʛʦ ʛʘʟʘ, ʢʦʪʦʨʘʷ ʦʧʠʩʳʚʘʝʪʩʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʥʝʩʪʘʮʠʦʥʘʨʥʦʡ 

ʩʠʩʪʝʤʦʡ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ, ʨʝʰʘʝʤʦʡ ʥʘ ʪʨʝʭʤʝʨʥʳʭ 

ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʪʝʪʨʘʵʜʨʘʣʴʥʳʭ ʩʝʪʢʘʭ [158, 159]. 

ɺ ʢʘʯʝʩʪʚʝ ʙʘʟʦʚʦʛʦ ʧʦʜʭʦʜʘ, ʨʝʘʣʠʟʫʝʤʦʛʦ ʜʣʷ ʨʘʩʯʝʪʘ ʧʦʪʦʢʘ ʤʘʩʩʳ 

ʯʝʨʝʟ ʛʨʘʥʠʮʳ ʨʘʩʯʝʪʥʳʭ ʷʯʝʝʢ, ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʪʦʜ ʜʦʥʦʨʥʳʭ ʷʯʝʝʢ [160]. ɺ 

ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʘʟʦʚʦʛʦ ʧʦʜʭʦʜʘ ʙʳʣ ʨʝʘʣʠʟʦʚʘʥ 

ʘʣʴʪʝʨʥʘʪʠʚʥʳʡ ʤʝʪʦʜ ʨʘʩʯʝʪʘ ʧʦʪʦʢʘ ʥʘ ʛʨʘʥʠ ʚ ʚʠʜʝ ʦʜʥʦʡ ʠʟ ʩʭʝʤ 

ʩʝʤʝʡʩʪʚʘ ɸUSM (Advection Upstream Splitting Method) ʘʣʛʦʨʠʪʤʦʚ [161] ï 

AUSM PW [162]. 

ɺʦ ʚʪʦʨʦʡ ʛʣʘʚʝ ʧʨʦʚʦʜʠʪʩʷ ʚʟʘʠʤʥʦʝ ʪʝʩʪʠʨʦʚʘʥʠʝ ʘʚʪʦʨʩʢʠʭ 

ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ UST3D-AUSMPW [152], UST3D [163] ʠ UG3D [164] ʥʘ 

ʧʨʠʤʝʨʝ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ ʨʘʟʣʠʯʥʦʡ ʬʦʨʤ.r ɸʚʪʦʨʩʢʠʡ 

ʢʦʤʧʴʶʪʝʨʥʳʡ ʢʦʜ UST3D ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʘʢʘʜʝʤʠʢʦʤ ʈɸʅ, ʜ.ʬ.-ʤ.ʥ., 
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ʧʨʦʬʝʩʩʦʨʦʤ ʉ.ʊ. ʉʫʨʞʠʢʦʚʳʤ, ʢʦʤʧʴʶʪʝʨʥʳʡ ʢʦʜ UG3D ʨʘʟʨʘʙʦʪʘʥ ʢ.ʬ.-

ʤ.ʥ. ʀ.ɸ. ʂʨʶʢʦʚʳʤ. ʅʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʩʝʪʢʠ ʧʦʩʪʨʦʝʥʳ 

ɸ.ʃ. ɾʝʣʝʟʥʷʢʦʚʦʡ [158]. 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʦʙʪʝʢʘʥʠʷ 

ʙʝʩʢʦʥʝʯʥʦʛʦ ʢʣʠʥʘ, ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ (ɺʃɸ) ʍ-43 

ʠ ʍ-51, ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʚʪʦʨʩʢʠʭ ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ 

UST3D, UST3D-AUSMPW ʠ UG3D, ʧʦʢʘʟʘʣʠ, ʯʪʦ ʥʝʩʤʦʪʨʷ ʥʘ ʩʫʱʝʩʪʚʝʥʥʳʝ 

ʨʘʟʣʠʯʠʷ ʚ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʷʭ, ʜʘʥʥʳʝ ʢʦʜʳ ʜʘʶʪ ʜʦʩʪʘʪʦʯʥʦ ʜʦʩʪʦʚʝʨʥʫʶ 

ʢʘʨʪʠʥʫ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʣʝʡ ʠʩʢʦʤʳʭ ʚʝʣʠʯʠʥ, ʘ ʪʘʢʞʝ ʨʘʩʩʯʠʪʳʚʘʶʪ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛ 

ʜʨʫʛʘ.  

ʀʤʝʶʱʠʝʩʷ ʨʘʟʣʠʯʠʷ ʠ ʧʦʛʨʝʰʥʦʩʪʠ ʚʳʯʠʩʣʝʥʠʡ ʦʙʲʷʩʥʷʶʪʩʷ 

ʥʝʚʳʩʦʢʦʡ ʧʦʜʨʦʙʥʦʩʪʴʶ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ, ʘ ʪʘʢʞʝ ʦʩʦʙʝʥʥʦʩʪʴʶ ʨʝʘʣʠʟʘʮʠʠ 

ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ ʚ ʦʙʣʘʩʪʠ ʦʪʨʳʚʥʦʛʦ ʪʝʯʝʥʠʷ. ʆʪʤʝʪʠʤ, ʦʜʥʘʢʦ, ʯʪʦ ʜʘʞʝ 

ʧʨʠ ʥʝʚʳʩʦʢʦʡ ʧʦʜʨʦʙʥʦʩʪʠ ʠʩʧʦʣʴʟʫʝʤʳʭ ʩʝʪʦʢ, ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʤʦʜʝʣʝʡ ʚʷʟʢʦʛʦ ʠ ʥʝʚʷʟʢʦʛʦ ʩʦʚʝʨʰʝʥʥʦʛʦ ʛʘʟʘ, ʷʚʣʷʶʪʩʷ 

ʩʭʦʞʠʤʠ (ʝʱʝ ʨʘʟ ʧʦʜʯʝʨʢʥʝʤ, ʯʪʦ ʧʦʛʨʘʥʠʯʥʳʝ ʩʣʦʠ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ 

ʨʘʩʯʝʪʥʳʭ ʚʘʨʠʘʥʪʘʭ ʥʝ ʨʘʟʨʝʰʘʶʪʩʷ), ʘ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʚʧʘʜʘʶʪ. 

ɺ ʪʨʝʪʴʝʡ ʛʣʘʚʝ ʧʨʠʚʝʜʝʥ ʯʠʩʣʝʥʥʦ-ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʦʙʪʝʢʘʥʠʷ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘ 

HIFiRE-1, ʘʥʘʣʠʟ ʣʠʪʝʨʘʪʫʨʳ ʧʦ ʥʘʟʝʤʥʳʤ ʠ ʣʝʪʥʳʤ ʠʩʧʳʪʘʥʠʷʤ ʧʦ ʜʘʥʥʦʤʫ 

ʥʘʧʨʘʚʣʝʥʠʶ, ʘ ʪʘʢʞʝ ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʦʚ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʢʦʜʘ UST3D ʠ ʜʘʥʥʳʤʠ ʥʘʟʝʤʥʳʭ 

ʠʩʧʳʪʘʥʠʡ HIFiRE-1. ɺ ʣʠʪʝʨʘʪʫʨʝ ʪʘʢʠʝ ʨʘʩʯʝʪʳ ʢʚʘʣʠʬʠʮʠʨʫʶʪʩʷ ʢʘʢ 

ʚʘʣʠʜʘʮʠʷ ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ. 

ɺ ʯʝʪʚʝʨʪʦʡ ʛʣʘʚʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʘʚʪʦʨʩʢʠʭ 

ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ ʙʳʣʘ ʩʦʟʜʘʥʘ ʙʘʟʘ ʨʘʩʯʝʪʥʳʭ ʜʘʥʥʳʭ 
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ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ 

ʨʘʟʣʠʯʥʦʡ ʬʦʨʤʳ ʥʘ ʨʘʟʥʳʭ ʫʛʣʘʭ ʘʪʘʢʠ ʠ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʩʢʦʨʦʩʪʥʳʭ 

ʨʝʞʠʤʘʭ. 

ʇʨʠ ʨʘʩʯʝʪʝ ʘʵʨʦʪʝʨʤʦʜʠʥʘʤʠʢʠ X-34 ʫʩʣʦʚʠʷ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ 

ʚʦʟʜʫʭʘ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʠ ʚʳʩʦʪʝ H = 1 ʢʤ, ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʄ = 0.8 ʠ 

ʨʘʟʣʠʯʥʳʤ ʨʝʞʠʤʘʤ ʦʙʪʝʢʘʥʠʷ, ʦʪʣʠʯʘʚʰʠʭʩʷ ʟʥʘʯʝʥʠʷʤʠ ʫʛʣʘ ʘʪʘʢʠ. 

ʈʘʩʯʝʪʳ ʚʳʧʦʣʥʝʥʳ ʜʣʷ ʫʛʣʦʚ ʘʪʘʢʠ 4Á, 8Á, 16Á. ʊʝʯʝʥʠʝ ʚʦ ʚʩʝʡ ʨʘʩʯʝʪʥʦʡ 

ʦʙʣʘʩʪʠ ʧʨʝʜʧʦʣʘʛʘʣʦʩʴ ʣʘʤʠʥʘʨʥʳʤ. ʈʘʩʯʝʪʳ ʚʳʧʦʣʥʷʣʠʩʴ ʥʘ ʨʘʩʯʝʪʥʦʡ 

ʩʝʪʢʝ ʩ ʯʠʩʣʦʤ ʫʟʣʦʚ 5Ā106. 

ɼʣʷ X-43 ʫʩʣʦʚʠʷ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ ʚʦʟʜʫʭʘ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʠ 

ʚʳʩʦʪʝ H = 30 ʢʤ, ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʄ = 6 ʠ ʨʘʟʣʠʯʥʳʤ ʨʝʞʠʤʘʤ ʦʙʪʝʢʘʥʠʷ, 

ʦʪʣʠʯʘʚʰʠʭʩʷ ʟʥʘʯʝʥʠʷʤʠ ʫʛʣʘ ʘʪʘʢʠ. ʈʘʩʯʝʪʳ ʚʳʧʦʣʥʝʥʳ ʜʣʷ ʫʛʣʦʚ ʘʪʘʢʠ 

- 6Á, - 3Á, 0Á, 3Á. ʊʝʯʝʥʠʝ ʚʦ ʚʩʝʡ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʧʨʝʜʧʦʣʘʛʘʣʦʩʴ 

ʣʘʤʠʥʘʨʥʳʤ. ʈʘʩʯʝʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʪʝʪʨʘʵʜʨʘʣʴʥʳʭ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ 

ʩʝʪʢʘʭ ʩ ʯʠʩʣʦʤ ʫʟʣʦʚ 1Ā106, 2Ā106, 4Ā106. 

ʋʩʣʦʚʠʷ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ ʚʦʟʜʫʭʘ ʜʣʷ X-51 ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʠ 

ʚʳʩʦʪʝ H = 30 ʢʤ, ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʄ = 10 ʠ ʨʘʟʣʠʯʥʳʤ ʨʝʞʠʤʘʤ ʦʙʪʝʢʘʥʠʷ, 

ʦʪʣʠʯʘʚʰʠʭʩʷ ʟʥʘʯʝʥʠʷʤʠ ʫʛʣʘ ʘʪʘʢʠ. ʈʘʩʯʝʪʳ ʚʳʧʦʣʥʝʥʳ ʜʣʷ ʫʛʣʦʚ ʘʪʘʢʠ 

- 6Á, - 3Á, 0Á, 3Á, 4Á, 6Á. ʊʝʯʝʥʠʝ ʚʦ ʚʩʝʡ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʧʨʝʜʧʦʣʘʛʘʣʦʩʴ 

ʣʘʤʠʥʘʨʥʳʤ. ʈʘʩʯʝʪʳ ʚʳʧʦʣʥʷʣʠʩʴ ʥʘ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʝ ʩ ʯʠʩʣʦʤ ʫʟʣʦʚ 2Ā106. 

ʇʷʪʘʷ ʛʣʘʚʘ ʧʦʩʚʷʱʝʥʘ ʨʘʟʨʘʙʦʪʢʝ ʢʦʤʧʣʝʢʩʘ ʘʚʪʦʨʩʢʠʭ 

ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ, ʚʢʣʶʯʘʶʱʝʛʦ ʘʚʪʦʨʩʢʠʝ ʢʦʤʧʴʶʪʝʨʥʳʝ ʢʦʜʳ UST3D, 

UST3D-AUSMPW ʠ UG3D. 

ʂʦʤʧʣʝʢʩ ʘʚʪʦʨʩʢʠʭ ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ (ʀʀʈʉ ï ʠʥʪʝʨʘʢʪʠʚʥʘʷ 

ʠʥʬʦʨʤʘʮʠʦʥʥʦ-ʨʘʩʯʝʪʥʘʷ ʩʠʩʪʝʤʘ) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʠʥʪʝʛʨʠʨʦʚʘʥʥʫʶ 

ʜʠʘʣʦʛʦʚʫʶ ʩʠʩʪʝʤʫ, ʨʘʟʚʝʨʥʫʪʫʶ ʥʘ ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʤ ʢʦʤʧʴʶʪʝʨʝ 

ʠ ʩʦʜʝʨʞʘʱʫʶ ʥʘʙʦʨ ʧʨʠʢʣʘʜʥʳʭ ʨʘʩʯʝʪʥʳʭ ʧʨʦʛʨʘʤʤ ʠ ʩʨʝʜʩʪʚ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʥʠʤʠ, ʦʙʲʝʜʠʥʝʥʥʳʭ ʝʜʠʥʦʡ ʛʨʘʬʠʯʝʩʢʦʡ ʦʙʦʣʦʯʢʦʡ. 
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ɺ ʨʘʟʨʘʙʦʪʢʝ ʩʠʩʪʝʤʥʦʡ ʯʘʩʪʠ ʢʦʤʧʣʝʢʩʘ ʧʨʠʥʠʤʘʣʠ ʫʯʘʩʪʠʝ ʍ.ʍ. ʀʣʴʷʩʦʚ ʠ 

ʆ.ɸ. ɹʝʩʩʦʥʦʚ. ʂʦʥʮʝʧʮʠʷ ʠ ʧʨʝʜʤʝʪʥʦ-ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʡ 

ʦʩʥʦʚʦʧʦʣʘʛʘʶʱʠʡ ʩʮʝʥʘʨʠʡ ʨʘʙʦʪʳ ʢʦʤʧʣʝʢʩʘ ʙʳʣʠ ʧʨʝʜʣʦʞʝʥʳ 

ʘʢʘʜʝʤʠʢʦʤ ʈɸʅ, ʜ.ʬ.-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨʦʤ ʉ.ʊ. ʉʫʨʞʠʢʦʚʳʤ. 

ɺʩʷ ʩʦʚʦʢʫʧʥʦʩʪʴ ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ ʀʀʈʉ ʤʦʞʝʪ ʙʳʪʴ 

ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʥʘ ʥʘ ʪʨʠ ʛʨʫʧʧʳ: ʧʦʩʪʨʦʠʪʝʣʠ ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ, ʨʘʩʯʝʪʥʳʝ 

ʢʦʜʳ, ʤʦʜʫʣʠ ʛʝʥʝʨʘʮʠʠ ʦʪʯʝʪʥʳʭ ʜʘʥʥʳʭ.  

ʀʀʈʉ ʧʨʝʜʥʘʟʥʘʯʝʥʘ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʨʘʩʯʝʪʦʚ ʧʨʦʪʦʪʠʧʦʚ 

ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ (ɺʃɸ) ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʘʥʘʣʠʟʦʤ 

ʠ ʚʠʟʫʘʣʠʟʘʮʠʝʡ ʨʝʟʫʣʴʪʘʪʦʚ. 

ɼʣʷ ʢʘʞʜʦʛʦ ʠʟ ʪʠʧʘ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ ʙʳʣʘ ʩʬʦʨʤʠʨʦʚʘʥʘ 

ʙʠʙʣʠʦʪʝʢʘ ʨʘʩʯʝʪʥʳʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠ ʙʘʥʢ 

ʠʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʩʦʧʨʦʚʦʞʜʝʥʠʷ (ʩʪʘʪʴʠ, ʦʪʯʝʪʳ, ʧʦʜʙʦʨʢʠ, ʛʨʘʬʠʢʠ, 

ʚʠʜʝʦʬʨʘʛʤʝʥʪʳ). 

ʂʨʦʤʝ ʪʦʛʦ, ʚ ʀʀʈʉ ʚʢʣʶʯʝʥ ʙʘʥʢ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ, 

ʪʝʨʤʦʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ, ʧʝʨʝʥʦʩʥʳʭ (ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʭ) ʠ ʩʧʝʢʪʨʘʣʴʥʳʭ 

ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʩʤʝʩʝʡ. ɼʣʷ ʨʘʙʦʪʳ ʩ ʙʘʥʢʦʤ ʜʘʥʥʳʭ 

ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʠ ʚʥʝʜʨʝʥʘ ʩʦʙʩʪʚʝʥʥʘʷ ʉʋɹɼ (ʥʘ ʦʩʥʦʚʝ PostgreSQL ʠ 

SQLite). 

ɺ ʟʘʢʣʶʯʝʥʠʠ ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʦʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ 

ʨʘʙʦʪʝ, ʦʪʨʘʞʘʶʱʠʝ ʝʝ ʥʘʫʯʥʫʶ ʥʦʚʠʟʥʫ ʠ ʧʨʘʢʪʠʯʝʩʢʫʶ ʟʥʘʯʠʤʦʩʪʴ.  
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ɻʃɸɺɸ 1. ʈɸʉʏɽʊʅʆ-ʊɽʆʈɽʊʀʏɽʉʂʀɽ ʄʆɼɽʃʀ 

ɸʕʈʆʊɽʈʄʆɼʀʅɸʄʀʂʀ ʉʆɺɽʈʐɽʅʅʆɻʆ ʉɾʀʄɸɽʄʆɻʆ 

ɻɸɿɸ ʅɸ ʅɽʉʊʈʋʂʊʋʈʀʈʆɺɸʅʅʓʍ ʉɽʊʂɸʍ 

1.1. ɺʚʝʜʝʥʠʝ 

ʇʨʦʝʢʪʠʨʦʚʘʥʠʝ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ ʩʦʧʨʷʞʝʥʦ ʩ 

ʨʷʜʦʤ ʩʧʝʮʠʬʠʯʝʩʢʠʭ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʠ ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʭ ʧʨʦʙʣʝʤ. 

ʆʪʣʠʯʠʪʝʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʩʚʝʨʭʟʚʫʢʦʚʳʭ ʛʘʟʦʚʳʭ ʧʦʪʦʢʦʚ 

ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʚ ʥʠʭ ʧʨʠ ʫʩʣʦʚʠʠ ʪʦʨʤʦʞʝʥʠʷ ʦʙʨʘʟʫʶʪʩʷ ʧʦʚʝʨʭʥʦʩʪʠ 

ʨʘʟʨʳʚʘ [165], ʧʨʠ ʧʝʨʝʭʦʜʝ ʯʝʨʝʟ ʢʦʪʦʨʳʝ ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʝ ʧʘʨʘʤʝʪʨʳ ʛʘʟʘ 

ʤʝʥʷʶʪʩʷ ʩʢʘʯʢʦʦʙʨʘʟʥʦ (ʩʢʦʨʦʩʪʴ ʨʝʟʢʦ ʫʤʝʥʴʰʘʝʪʩʷ, ʘ ʜʘʚʣʝʥʠʝ, ʧʣʦʪʥʦʩʪʴ 

ʠ ʪʝʤʧʝʨʘʪʫʨʘ ʚʦʟʨʘʩʪʘʶʪ) ʠ ʧʦʪʦʢ ʧʝʨʝʭʦʜʠʪ ʦʪ ʦʜʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʢ ʜʨʫʛʦʤʫ. 

ʊʘʢʠʝ ʧʦʚʝʨʭʥʦʩʪʠ, ʧʝʨʝʤʝʱʘʶʱʠʝʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʛʘʟʦʚʦʡ ʩʨʝʜʳ, 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʫʜʘʨʥʳʝ ʚʦʣʥʳ. ɽʩʣʠ ʧʦʣʦʞʝʥʠʝ ʵʪʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʚ 

ʣʶʙʦʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʥʝ ʠʟʤʝʥʷʝʪʩʷ, ʪʦ ʦʥʠ ʥʘʟʳʚʘʶʪʩʷ ʩʢʘʯʢʘʤʠ 

ʫʧʣʦʪʥʝʥʠʷ. 

ɺʦʟʥʠʢʘʶʱʠʡ ʚ ʨʝʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʩʢʘʯʦʢ ʫʧʣʦʪʥʝʥʠʷ 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʥʝʢʦʪʦʨʦʡ ʪʦʣʱʠʥʦʡ, ʩʦʠʟʤʝʨʠʤʦʡ ʩʦ ʩʨʝʜʥʝʡ ʜʣʠʥʦʡ 

ʧʨʦʙʝʛʘ ʤʦʣʝʢʫʣ. ʀʟʤʝʥʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʛʘʟʘ ʚ ʪʘʢʦʤ ʩʢʘʯʢʝ ʙʫʜʝʪ ʥʝ 

ʤʛʥʦʚʝʥʥʳʤ, ʘ ʙʳʩʪʨʦʧʨʦʪʝʢʘʶʱʠʤ ʩ ʥʝʧʨʝʨʳʚʥʳʤ ʠʟʤʝʥʝʥʠʝʤ ʩʦʩʪʦʷʥʠʷ 

ʛʘʟʘ. ʇʨʠ ʵʪʦʤ ʧʨʦʮʝʩʩ ʧʝʨʝʭʦʜʘ ʯʝʨʝʟ ʩʢʘʯʦʢ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʥʘʩʪʦʣʴʢʦ 

ʙʦʣʴʰʠʤʠ ʛʨʘʜʠʝʥʪʘʤʠ ʩʢʦʨʦʩʪʠ ʠ ʪʝʤʧʝʨʘʪʫʨʳ, ʯʪʦ ʚ ʦʙʣʘʩʪʷʭ ʩʞʘʪʠʷ 

ʚʝʩʴʤʘ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʥʠʝ ʪʨʝʥʠʷ ʠ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ, ʢʦʪʦʨʳʝ ʚʳʟʳʚʘʶʪ 

ʜʠʩʩʠʧʘʮʠʶ ʵʥʝʨʛʠʠ ʚ ʧʦʪʦʢʝ ʠ ʫʚʝʣʠʯʝʥʠʝ ʵʥʪʨʦʧʠʠ. 

ʇʨʠ ʙʦʣʴʰʠʭ ʩʚʝʨʭʟʚʫʢʦʚʳʭ ʠ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʩʢʦʨʦʩʪʷʭ ʜʚʠʞʝʥʠʷ 

ʛʘʟʘ ʝʛʦ ʨʝʟʢʦʝ ʪʦʨʤʦʞʝʥʠʝ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʜʠʩʩʦʮʠʘʮʠʝʡ, ʠʦʥʠʟʘʮʠʝʡ ʠ 

ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʤʠ ʧʨʝʚʨʘʱʝʥʠʷʤʠ ʟʘ ʩʢʘʯʢʦʤ ʫʧʣʦʪʥʝʥʠʷ ʠ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ ʨʘʚʥʦʚʝʩʠʝ ʜʦʩʪʠʛʘʝʪʩʷ ʧʦ ʠʩʪʝʯʝʥʠʠ ʥʝʢʦʪʦʨʦʛʦ 

ʚʨʝʤʝʥʠ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʪʘʢʠʭ ʩʢʘʯʢʦʚ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʣʦʞʥʫʶ ʟʘʜʘʯʫ, 
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ʢʦʪʦʨʘʷ ʩʚʷʟʘʥʘ ʧʨʝʞʜʝ ʚʩʝʛʦ ʩ ʠʟʫʯʝʥʠʝʤ ʤʝʭʘʥʠʟʤʘ ʥʝʨʘʚʥʦʚʝʩʥʳʭ 

ʧʨʦʮʝʩʩʦʚ. 

ɹʦʣʴʰʦʡ ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʠ ʧʨʘʢʪʠʯʝʩʢʠʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʟʘʜʘʯʘ 

ʦ ʪʝʯʝʥʠʠ ʛʘʟʘ ʟʘ ʩʢʘʯʢʦʤ ʫʧʣʦʪʥʝʥʠʷ ʚ ʩʣʫʯʘʝ, ʝʩʣʠ ʫʜʝʣʴʥʳʝ ʪʝʧʣʦʝʤʢʦʩʪʠ 

ʦʩʪʘʶʪʩʷ ʧʦʩʪʦʷʥʥʳʤʠ. ʍʦʪʷ ʪʘʢʦʝ ʪʝʯʝʥʠʝ ʩʯʠʪʘʝʪʩʷ ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʳʤ 

ʜʚʠʞʝʥʠʝʤ ʛʘʟʘ, ʥʝ ʫʯʠʪʳʚʘʶʱʠʤ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʧʨʝʚʨʘʱʝʥʠʷ ʧʨʠ 

ʧʝʨʝʭʦʜʝ ʯʝʨʝʟ ʩʢʘʯʦʢ ʫʧʣʦʪʥʝʥʠʷ, ʟʘʜʘʯʘ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʝʜʩʪʘʚʠʪʴ 

ʢʘʯʝʩʪʚʝʥʥʫʶ ʢʘʨʪʠʥʫ ʩʢʘʯʢʦʦʙʨʘʟʥʦʛʦ ʧʝʨʝʭʦʜʘ. ʇʦʣʫʯʘʝʤʳʝ ʧʨʠ ʵʪʦʤ 

ʟʘʚʠʩʠʤʦʩʪʠ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʠ ʜʣʷ ʧʨʠʙʣʠʞʝʥʥʦʡ ʦʮʝʥʢʠ ʧʘʨʘʤʝʪʨʦʚ 

ʛʘʟʘ ʧʨʠ ʧʝʨʝʤʝʥʥʳʭ ʪʝʧʣʦʝʤʢʦʩʪʷʭ. ʅʘʢʦʥʝʮ, ʨʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʟʘʜʘʯʘ ʠʤʝʝʪ 

ʠ ʩʘʤʦʩʪʦʷʪʝʣʴʥʦʝ ʟʥʘʯʝʥʠʝ, ʧʦʩʢʦʣʴʢʫ ʝʝ ʨʝʰʝʥʠʝ ʧʨʠʤʝʥʠʤʦ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʛʘʟʘ ʟʘ ʩʢʘʯʢʦʤ ʫʧʣʦʪʥʝʥʠʷ, 

ʚʦʟʥʠʢʘʶʱʝʤ ʚ ʜʠʘʧʘʟʦʥʝ ʫʤʝʨʝʥʥʳʭ ʩʚʝʨʭʟʚʫʢʦʚʳʭ ʩʢʦʨʦʩʪʝʡ  

ʦʙʪʝʢʘʥʠʷ (M¤ Ṃ 6), ʢʦʛʜʘ ʠʟʤʝʥʝʥʠʝ ʫʜʝʣʴʥʳʭ ʪʝʧʣʦʝʤʢʦʩʪʝʡ ʚ ʛʘʟʝ 

ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʦ. 

ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʡ ʩʣʫʯʘʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʢʘʯʢʦʚ 

ʫʧʣʦʪʥʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʙʪʝʢʘʥʠʶ ʪʝʣ, ʜʚʠʞʫʱʠʭʩʷ ʧʨʷʤʦʣʠʥʝʡʥʦ ʩ 

ʧʦʩʪʦʷʥʥʦʡ ʩʚʝʨʭ- ʟʚʫʢʦʚʦʡ ʩʢʦʨʦʩʪʴʶ (ʈʠʩʫʥʦʢ 1.1.1). 

 
 

 

ʘ) ʙ) ʚ) 

ʈʠʩʫʥʦʢ 1.1.1. ʆʩʥʦʚʥʳʝ ʪʠʧʳ ʩʢʘʯʢʦʚ ʫʧʣʦʪʥʝʥʠʷ, ʛʜʝ M¤ - ʯʠʩʣʦ ʄʘʭʘ 

ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ, V¤- ʚʝʢʪʦʨ ʩʢʦʨʦʩʪʠ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ, ʉʂq - ʫʛʦʣ 

ʥʘʢʣʦʥʘ ʩʢʘʯʢʘ ʫʧʣʦʪʥʝʥʠʷ 
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ʇʨʠʩʦʝʜʠʥʝʥʥʳʡ ʢʨʠʚʦʣʠʥʝʡʥʳʡ ʩʢʘʯʦʢ ʫʧʣʦʪʥʝʥʠʷ ʦʙʨʘʟʫʝʪʩʷ ʧʨʠ 

ʦʙʪʝʢʘʥʠʠ ʟʘʦʩʪʨʝʥʥʦʛʦ ʪʝʣʘ ʚʨʘʱʝʥʠʷ ʢʨʠʚʦʣʠʥʝʡʥʦʡ ʬʦʨʤʳ 

(ʧʘʨʘʙʦʣʠʯʝʩʢʦʡ, ʦʞʠʚʘʣʴʥʦʡ ʠ ʪ.ʜ.) (ʈʠʩʫʥʦʢ 1.1.1, ʘ). ʆʪʩʦʝʜʠʥʝʥʥʳʡ 

ʢʨʠʚʦʣʠʥʝʡʥʳʡ ʩʢʘʯʦʢ ʫʧʣʦʪʥʝʥʠʷ ʬʦʨʤʠʨʫʝʪʩʷ ʧʝʨʝʜ ʟʘʪʫʧʣʝʥʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʴʶ, ʦʙʪʝʢʘʝʤʦʡ ʩʚʝʨʭʟʚʫʢʦʚʳʤ ʧʦʪʦʢʦʤ ʈʠʩʫʥʦʢ 1.1.1, ʙ). ʇʨʠ 

ʩʚʝʨʭʟʚʫʢʦʚʦʤ ʦʙʪʝʢʘʥʠʠ ʟʘʦʩʪʨʝʥʥʦʛʦ ʪʝʣʘ ʩ ʧʨʷʤʦʣʠʥʝʡʥʦʡ ʦʙʨʘʟʫʶʱʝʡ 

ʚʦʟʥʠʢʘʝʪ ʧʨʷʤʦʣʠʥʝʡʥʳʡ ʧʨʠʩʦʝʜʠʥʝʥʥʳʡ ʩʢʘʯʦʢ (ʈʠʩʫʥʦʢ 1.1.1, ʚ). 

ʅʘ ʨʠʩʫʥʢʝ 1.1.1, ʙ ʚʠʜʥʦ, ʯʪʦ ʧʦʚʝʨʭʥʦʩʪʠ ʩʢʘʯʢʦʚ ʫʧʣʦʪʥʝʥʠʷ ʤʦʛʫʪ 

ʙʳʪʴ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʥʦʨʤʘʣʴʥʦ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʚʝʢʪʦʨʫ ʩʢʦʨʦʩʪʠ 

ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ (90ʉʂq = )̄ ʠʣʠ ʥʘʢʣʦʥʝʥʳ ʢ ʥʝʤʫ ʧʦʜ ʥʝʢʦʪʦʨʳʤ  

ʫʛʣʦʤ (90ʉʂq < )̄. ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʩʢʘʯʦʢ ʥʘʟʳʚʘʝʪʩʷ ʧʨʷʤʳʤ, ʚʦ ʚʪʦʨʦʤ ï 

ʢʦʩʳʤ. 

ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʳʩʦʪʳ ʧʦʣʝʪʘ ʠ ʩʢʦʨʦʩʪʠ ʚʦʟʜʫʰʥʦʛʦ ʧʦʪʦʢʘ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʘʟʣʠʯʥʳʝ ʤʦʜʝʣʠ ʜʣʷ ʦʧʠʩʘʥʠʷ ʚʦʟʥʠʢʘʶʱʠʭ ʬʠʟʠʢʦ-

ʭʠʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ: 

¶ ʤʦʜʝʣʴ ʩʦʚʝʨʰʝʥʥʦʛʦ ʛʘʟʘ; 

¶ ʤʦʜʝʣʴ ʦʜʥʦʨʦʜʥʦʛʦ ʭʠʤʠʯʝʩʢʠ ʨʝʘʛʠʨʫʶʱʝʛʦ ʛʘʟʘ (ʥʘʧʨʠʤʝʨ, 

ʨʘʚʥʦʚʝʩʥʳʡ ʚʦʟʜʫʭ); 

¶ ʤʦʜʝʣʴ ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʭʠʤʠʯʝʩʢʠ ʨʝʘʛʠʨʫʶʱʝʛʦ ʛʘʟʘ (ʩʤʝʩʴ 

ʛʘʟʦʚ); 

¶ ʤʦʜʝʣʴ ʫʯʝʪʘ ʠʦʥʠʟʘʮʠʠ; 

¶ ʤʦʜʝʣʴ ʫʯʝʪʘ ʨʘʜʠʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʠ ʜʨ. 

ɺ ʩʦʩʪʘʚ ʤʦʜʝʣʠ ʩʦʚʝʨʰʝʥʥʦʛʦ ʛʘʟʘ ʚʭʦʜʷʪ ʫʨʘʚʥʝʥʠʷ ʅʘʚʴʝ-ʉʪʦʢʩʘ, 

ʫʨʘʚʥʝʥʠʝ ʥʝʨʘʟʨʳʚʥʦʩʪʠ, ʫʨʘʚʥʝʥʠʝ ʩʦʭʨʘʥʝʥʠʷ ʚʥʫʪʨʝʥʥʝʡ ʵʥʝʨʛʠʠ (ʚ 

ʬʦʨʤʝ ʫʨʘʚʥʝʥʠʷ ʌʫʨʴʝ - ʂʠʨʭʛʦʬʘ), ʟʘʤʳʢʘʝʤʳʝ ʪʝʨʤʠʯʝʩʢʠʤ ʠ 

ʢʘʣʦʨʠʯʝʩʢʠʤ ʫʨʘʚʥʝʥʠʷʤʠ ʩʦʩʪʦʷʥʠʷ ʩʦʚʝʨʰʝʥʥʦʛʦ ʛʘʟʘ, ʟʘʢʦʥʦʤ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʌʫʨʴʝ. ɽʩʣʠ ʧʨʝʥʝʙʨʝʯʴ ʚʷʟʢʦʩʪʥʳʤʠ ʯʣʝʥʘʤʠ ʚ 

ʫʨʘʚʥʝʥʠʷʭ ʅʘʚʴʝ-ʉʪʦʢʩʘ, ʪʦ ʦʥʠ ʧʝʨʝʭʦʜʷʪ ʚ ʫʨʘʚʥʝʥʠʷ ʕʡʣʝʨʘ. 
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ɺ ʤʦʜʝʣʠ ʩʦʚʝʨʰʝʥʥʦʛʦ ʛʘʟʘ ʪʝʨʤʠʯʝʩʢʦʝ ʫʨʘʚʥʝʥʠʝ ʩʦʩʪʦʷʥʠʷ 

ʬʦʨʤʫʣʠʨʫʝʪʩʷ ʜʣʷ ʩʦʚʝʨʰʝʥʥʦʛʦ ʛʘʟʘ ʩ ʧʦʩʪʦʷʥʥʳʤʠ ʪʝʧʣʦʝʤʢʦʩʪʷʤʠ (ʩʤ. 

ʥʠʞʝ (3)). 

ʇʦʣʥʘʷ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ ï ʉʪʦʢʩʘ ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʘ ʚ 

ʚʝʢʪʦʨʥʦʤ ʚʠʜʝ [158, 159] 
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ʛʜʝ w  ï ʚʝʢʪʦʨ ʢʦʥʩʝʨʚʘʪʠʚʥʳʭ ʧʝʨʝʤʝʥʥʳʭ, F ï ʚʝʢʪʦʨ ʢʦʥʚʝʢʪʠʚʥʦʛʦ 

ʧʦʪʦʢʘ, G  ï ʚʝʢʪʦʨ ʚʷʟʢʦʛʦ ʧʦʪʦʢʘ, r ï ʧʣʦʪʥʦʩʪʴ; p  ï ʜʘʚʣʝʥʠʝ;  

, ,u v w ï ʢʦʤʧʦʥʝʥʪʳ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ; E  ï ʫʜʝʣʴʥʘʷ ʧʦʣʥʘʷ ʵʥʝʨʛʠʷ ʛʘʟʘ; 

,i jt  ïʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʚʷʟʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ĔŰ; , ,x y zq q qï ʢʦʤʧʦʥʝʥʪʳ 

ʚʝʢʪʦʨʘ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ.  

ʊʝʥʟʦʨ ʚʷʟʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ ʚʠʜʝ: 
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ʛʜʝ mï ʢʦʵʬʬʠʮʠʝʥʪ ʚʷʟʢʦʩʪʠ.  

ʋʨʘʚʥʝʥʠʝ ʩʦʭʨʘʥʝʥʠʷ ʚʥʫʪʨʝʥʥʝʡ ʵʥʝʨʛʠʠ ʠʤʝʝʪ ʚʠʜ: 

 

2 2 2

,
2

u v w
E U

+ +
= +  (2) 

ʛʜʝ U ï ʫʜʝʣʴʥʘʷ ʚʥʫʪʨʝʥʥʷʷ ʵʥʝʨʛʠʷ ʛʘʟʘ. 

ʋʨʘʚʥʝʥʠʝ ʩʦʩʪʦʷʥʠ ̫ ʛʘʟʘ ʄʝʥʜʝʣʝʝʚʘ-ʂʣʘʧʝʨʦʥʘ ʚ ʦʙʦʙʱʝʥʥʦʤ 

ʚʠʜʝ: 

0
M

p R
T R T

Mr
= =  

ʜʣʷ ʩʦʚʝʨʰʝʥʥʦʛʦ ʛʘʟʘ (MR const= ) ʧʨʠʥʠʤʘʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

 ( )1 ,p eg r= -  (3) 

ʛʜʝ gï ʧʦʢʘʟʘʪʝʣʴ ʘʜʠʘʙʘʪʳ, T  ï ʪʝʤʧʝʨʘʪʫʨʘ, 0R  ï ʫʥʠʚʝʨʩʘʣʴʥʘʷ ʛʘʟʦʚʘʷ 

ʧʦʩʪʦʷʥʥʘʷ,MR  ï ʫʜʝʣʴʥʘʷ ʛʘʟʦʚʘʷ ʧʦʩʪʦʷʥʥʘʷ.  

ɿʘʢʦʥ ʌʫʨʴʝ ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ ʚʠʜʝ 

 ,
M

p
q T

R

l
l

r
=- Ð =- Ð (4) 

ʛʜʝ l ï ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ, ή- ʪʝʧʣʦʚʦʡ ʧʦʪʦʢ.  

 .
p

v

c

c
g=  (5) 

ɼʣʷ ʩʦʚʝʨʰʝʥʥʦʛʦ ʜʚʫʭʘʪʦʤʥʦʛʦ ʛʘʟʘ 1.4g= . 

ʂʘʣʦʨʠʯʝʩʢʦʝ ʫʨʘʚʥʝʥʠʝ ʩʦʩʪʦʷʥʠʷ ʛʘʟʘ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ:  

 ,vU c T=  (6) 

ʛʜʝ ,p vc c  ï ʫʜʝʣʴʥʳʝ ʪʝʧʣʦʝʤʢʦʩʪʠ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʜʘʚʣʝʥʠʠ ʠ ʦʙʲʝʤʝ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  
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ɺ ʜʘʥʥʦʡ ʤʦʜʝʣʠ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ,p vc c  ʷʚʣʷʶʪʩʷ ʧʦʩʪʦʷʥʥʳʤʠ ʠ 

ʥʝ ʟʘʚʠʩʷʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ. 

ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʥʝʚʷʟʢʠʭ ʪʝʯʝʥʠʡ ʚ ʤʦʜʝʣʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʯʝʪʳʨʝ 

ʪʠʧʘ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ.  

ʅʘ ʚʭʦʜʥʦʡ ʛʨʘʥʠʮʝ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ inG  ʠʩʧʦʣʴʟʫʶʪʩʷ ʫʩʣʦʚʠʷ ʚ 

ʥʘʙʝʛʘʶʱʝʤ ʧʦʪʦʢʝ ʛʘʟʘ: 

; ; ; ; ;
in in in in

in
G G G G

G

p p u u v v w wr r¤ ¤ ¤ ¤ ¤= = = = = 

2 2 2

,
2inG

u v w
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= = +  

ʛʜʝ , , , ,p u v w r¤ ¤ ¤ ¤ ¤ ï ʧʘʨʘʤʝʪʨʳ ʥʝʚʦʟʤʫʱʝʥʥʦʛʦ ʧʦʪʦʢʘ. 

ʇʨʠ ʚʳʪʝʢʘʥʠʠ ʛʘʟʘ ʥʘ ʚʳʭʦʜʝ ʠʟ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ outG  

ʧʨʠʤʝʥʷʶʪʩʷ ʫʩʣʦʚʠʷ ʦʪʢʨʳʪʦʡ ʛʨʘʥʠʮʳ: 

0; 0; 0; 0; 0,

out out out out outG G G G G

u v w Erµ µ µ µ µ
= = = = =

µ µ µ µ µn n n n n
  

ʛʜʝ n  ï ʚʝʢʪʦʨ ʝʜʠʥʠʯʥʦʡ ʥʦʨʤʘʣʠ ʢ ʛʨʘʥʠ. 

ʅʘ ʪʚʝʨʜʦʡ ʩʪʝʥʢʝ wallG  ʧʨʠʤʝʥʷʝʪʩʷ ʫʩʣʦʚʠʝ ʥʝʧʨʦʪʝʢʘʥʠʷ ʜʣʷ 

ʩʢʦʨʦʩʪʠ (ʥʦʨʤʘʣʴʥʘʷ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʩʦʩʪʘʚʣʷʶʱʘʷ ʩʢʦʨʦʩʪʠ 
nv  ʨʘʚʥʘ 

ʥʫʣʶ). ɼʣʷ ʵʥʝʨʛʠʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʫʩʣʦʚʠʷ ʪʝʧʣʦʠʟʦʣʠʨʦʚʘʥʥʦʡ ʩʪʝʥʢʠ. ɺ 

ʚʷʟʢʦʤ ʩʣʫʯʘʝ ʩʪʘʚʷʪʩʷ ʫʩʣʦʚʠʷ ʧʨʠʣʠʧʘʥʠʷ ʜʣʷ ʩʢʦʨʦʩʪʠ, ʫʩʣʦʚʠʷ 

ʘʜʠʘʙʘʪʠʯʥʦʩʪʠ ʠʣʠ ʠʟʦʪʝʨʤʠʯʥʦʩʪʠ ʜʣʷ ʪʝʤʧʝʨʘʪʫʨʳ: 

0; 0; 0; 0; 0ʠʣʠ .
wall wall wall wall

wall wall

wG G G G
G G

p T
u v w T T

µ µ
= = = = = =

µ µn n
 

ɺ ʧʣʦʩʢʦʩʪʠ ʩʠʤʤʝʪʨʠʠ symmG  ʧʨʠʤʝʥʷʝʪʩʷ ʫʩʣʦʚʠʝ ʩʠʤʤʝʪʨʠʠ ʧʦʪʦʢʘ. 

ɺ ʩʦʩʪʘʚ ʤʦʜʝʣʠ ʦʜʥʦʨʦʜʥʦʛʦ ʭʠʤʠʯʝʩʢʠ ʨʝʘʛʠʨʫʶʱʝʛʦ ʛʘʟʘ ʚʭʦʜʷʪ 

ʦʩʨʝʜʥʝʥʥʳʝ ʧʦ ʈʝʡʥʦʣʴʜʩʫ ʫʨʘʚʥʝʥʠʷ ʅʘʚʴʝ-ʉʪʦʢʩʘ, ʫʨʘʚʥʝʥʠʝ 
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ʥʝʨʘʟʨʳʚʥʦʩʪʠ, ʫʨʘʚʥʝʥʠʝ ʩʦʭʨʘʥʝʥʠʷ ʚʥʫʪʨʝʥʥʝʡ ʵʥʝʨʛʠʠ (ʚ ʬʦʨʤʝ 

ʫʨʘʚʥʝʥʠʷ ʌʫʨʴʝ - ʂʠʨʭʛʦʬʘ), ʪʝʨʤʠʯʝʩʢʦʝ ʫʨʘʚʥʝʥʠʝ ʩʦʩʪʦʷʥʠʷ ʠʜʝʘʣʴʥʦʛʦ 

ʛʘʟʘ. ʄʦʜʝʣʴ ʠʤʝʝʪ ʪʨʝʭʤʝʨʥʫʶ (3D) ʧʦʩʪʘʥʦʚʢʫ. 

ʋʨʘʚʥʝʥʠʝ ʅʘʚʴʝ ʉʪʦʢʩʘ ʜʣʷ ʦʜʥʦʨʦʜʥʦʛʦ ʭʠʤʠʯʝʩʢʠ ʨʝʘʛʠʨʫʶʱʝʛʦ 

ʛʘʟʘ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ:  

 div div
t

µ
+ =

µ

w
F G  (8) 

2

1, 1, 1,

2

2, 2, 2,

2

3, 3, 3,

, ,

u v w

u v w

u v w

u v w

u u p uv p uw p

v uv p v p vw p

w uw p vw p w p

E uE pu vE pv wE pw

r r r r

r r d r d r d

r r d r d r d

r r d r d r d

r r r r

å õ å õ å õ å õ
æ ö æ ö æ ö æ ö

+ + +
æ ö æ ö æ ö æ ö
æ ö æ ö æ ö æ ö= = + ++ + +
æ ö æ ö æ ö æ ö

+ + +æ ö æ ö æ ö æ ö
æ ö æ ö æ ö æ ö+ + +ç ÷ ç ÷ ç ÷ ç ÷

w F  

0 0 0

,

xx xy xz

yx yy yz

zx zy zz

xx yx zx x xy yy zy y xz yz zz zu v w q u v w q u v w q

t t t

t t t

t t t

t t t t t t t t t

å õ å õ å õ
æ ö æ ö æ ö
æ ö æ ö æ ö
æ ö æ ö æ ö= + +
æ ö æ ö æ ö
æ ö æ ö æ ö
æ ö æ ö æ ö+ + - + + - + + -ç ÷ ç ÷ ç ÷

G  

ʛʜʝ w  ï ʚʝʢʪʦʨ ʢʦʥʩʝʨʚʘʪʠʚʥʳʭ ʧʝʨʝʤʝʥʥʳʭ, F ï ʚʝʢʪʦʨ ʢʦʥʚʝʢʪʠʚʥʦʛʦ 

ʧʦʪʦʢʘ, G  ï ʚʝʢʪʦʨ ʚʷʟʢʦʛʦ ʧʦʪʦʢʘ, r ï ʧʣʦʪʥʦʩʪʴ; p  ï ʜʘʚʣʝʥʠʝ;  

, ,u v w ï ʢʦʤʧʦʥʝʥʪʳ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ; E  ï ʫʜʝʣʴʥʘʷ ʧʦʣʥʘʷ ʵʥʝʨʛʠʷ ʛʘʟʘ; 

,i jt  ïʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʚʷʟʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ĔŰ; , ,x y zq q qï ʢʦʤʧʦʥʝʥʪʳ 

ʚʝʢʪʦʨʘ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ. 

ʊʝʨʤʠʯʝʩʢʦʝ ʫʨʘʚʥʝʥʠʝ ʩʦʩʪʦʷʥʠʷ ʜʣʷ ʠʜʝʘʣʴʥʦʛʦ ʛʘʟʘ (MR const¸ ) 

ʠʤʝʝʪ ʚʠʜ ʫʨʘʚʥʝʥʠʷ ʄʝʥʜʝʣʝʝʚʘ-ʂʣʘʧʝʨʦʥʘ: 

 0

1

1
, ,

SN

i

i i

p R Y
T

M M Mr =S S

= =ä  (9) 

ʛʜʝ pï ʜʘʚʣʝʥʠʝ, r ï ʧʣʦʪʥʦʩʪʴ, 0R  ï ʫʥʠʚʝʨʩʘʣʴʥʘʷ ʛʘʟʦʚʘʷ ʧʦʩʪʦʷʥʥʘʷ, 
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MS ï ʩʨʝʜʥʠʡ ʤʦʣʝʢʫʣʷʨʥʳʡ ʚʝʩ ʢʦʤʧʦʥʝʥʪ, iM  - ʤʦʣʝʢʫʣʷʨʥʳʡ ʚʝʩ i-ʦʛʦ 

ʢʦʤʧʦʥʝʥʪʘ ʩʤʝʩʠ, SN  - ʯʠʩʣʦ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʩʤʝʩʠ. 

ʅʘ ʚʥʝʰʥʝʡ ʛʨʘʥʠʮʝ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʟʘʜʘʝʪʩʷ ʨʘʚʥʦʤʝʨʥʳʡ 

ʛʠʧʝʨʟʚʫʢʦʚʦʡ ʧʦʪʦʢ ʩ ʟʘʜʘʥʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʚʩʝʭ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʚʝʣʠʯʠʥ, ʢʦʪʦʨʳʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʘʨʘʤʝʪʨʘʤ ʧʦʪʦʢʘ ʥʘ ʙʝʩʢʦʥʝʯʥʦʩʪʠ. ɺ 

ʢʘʯʝʩʪʚʝ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ ʥʘ ʦʙʪʝʢʘʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʪʘʚʷʪʩʷ ʫʩʣʦʚʠʷ 

ʧʨʠʣʠʧʘʥʠʷ ʜʣʷ ʩʢʦʨʦʩʪʠ, ʫʩʣʦʚʠʷ ʘʜʠʘʙʘʪʠʯʥʦʩʪʠ ʠ ʠʟʦʪʝʨʤʠʯʥʦʩʪʠ ʜʣʷ 

ʪʝʤʧʝʨʘʪʫʨʳ. 

ɺ ʩʦʩʪʘʚ ʤʦʜʝʣʠ ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʭʠʤʠʯʝʩʢʠ ʨʝʘʛʠʨʫʶʱʝʛʦ ʛʘʟʘ 

ʫʨʘʚʥʝʥʠʷ ʅʘʚʴʝ-ʉʪʦʢʩʘ, ʫʨʘʚʥʝʥʠʝ ʥʝʨʘʟʨʳʚʥʦʩʪʠ, ʫʨʘʚʥʝʥʠʝ ʩʦʭʨʘʥʝʥʠʷ 

ʚʥʫʪʨʝʥʥʝʡ ʵʥʝʨʛʠʠ (ʚ ʬʦʨʤʝ ʫʨʘʚʥʝʥʠʷ ʌʫʨʴʝ - ʂʠʨʭʛʦʬʘ), ʩʠʩʪʝʤʘ 

ʫʨʘʚʥʝʥʠʡ ʜʠʬʬʫʟʠʠ ʭʠʤʠʯʝʩʢʠ ʨʝʘʛʠʨʫʶʱʠʭ ʛʘʟʦʚʳʭ ʢʦʤʧʦʥʝʥʪ, 

ʫʨʘʚʥʝʥʠʷ ʩʦʭʨʘʥʝʥʠʷ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʵʥʝʨʛʠʠ ʚ ʦʪʜʝʣʴʥʳʭ ʤʦʜʘʭ, 

ʪʝʨʤʠʯʝʩʢʦʝ ʠ ʢʘʣʦʨʠʯʝʩʢʦʝ ʫʨʘʚʥʝʥʠʷ ʩʦʩʪʦʷʥʠʷ ʛʘʟʘ. ɺ ʜʚʫʤʝʨʥʦʡ 

ʧʦʩʪʘʥʦʚʢʝ 
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ʛʜʝ mï ʜʠʥʘʤʠʯʝʩʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʚʷʟʢʦʩʪʠ. 
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ʏʘʱʝ ʚʩʝʛʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʦʜʝʣʴ ʬʠʟʠʯʝʩʢʠ ʠʜʝʘʣʴʥʦʛʦ ʛʘʟʘ, 

ʪʝʨʤʠʯʝʩʢʦʝ ʫʨʘʚʥʝʥʠʝ ʩʦʩʪʦʷʥʠʷ ʢʦʪʦʨʦʛʦ ʠʤʝʝʪ ʚʠʜ ʫʨʘʚʥʝʥʠʷ 

ʄʝʥʜʝʣʝʝʚʘ-ʂʣʘʧʝʨʦʥʘ (9). 

ʉʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʜʠʬʬʫʟʠʠ ʭʠʤʠʯʝʩʢʠ ʨʝʘʛʠʨʫʶʱʠʭ ʛʘʟʦʚʳʭ 

ʢʦʤʧʦʥʝʥʪ ʧʨʠʚʝʜʝʥʦ ʥʠʞʝ:  

 ( )div div , 1, ,i
i i i SV J w i N

t

r
r

µ
+ =- + =

µ
 (11) 

ʛʜʝ ɟi ï ʧʣʦʪʥʦʩʪʴ i-ʦʛʦ ʢʦʤʧʦʥʝʥʪʘ; iJ  - ʚʝʢʪʦʨ ʧʣʦʪʥʦʩʪʠ ʜʠʬʬʫʟʠʦʥʥʦʛʦ 

ʧʦʪʦʢʘ i-ʦʛʦ ʢʦʤʧʦʥʝʥʪʘ; iw  - ʤʘʩʩʦʚʘʷ ʩʢʦʨʦʩʪʴ ʭʠʤʠʯʝʩʢʠʭ ʧʨʝʚʨʘʱʝʥʠʡ 

ʜʣʷ i-ʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʩʤʝʩʠ; SN  - ʯʠʩʣʦ ʭʠʤʠʯʝʩʢʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʩʤʝʩʠ 

ʛʘʟʦʚ. 

ɺʝʢʪʦʨ ʧʣʦʪʥʦʩʪʠ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʧʦʪʦʢʘ i-ʦʛʦ ʢʦʤʧʦʥʝʥʪʘ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ:  

 gradi i iJ D Yr=-  (12) 

ʛʜʝ iD  - ʵʬʬʝʢʪʠʚʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ i-ʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʩʤʝʩʠ; 

iY  - ʤʘʩʩʦʚʘʷ ʜʦʣʷ i-ʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʩʤʝʩʠ. 

ʋʨʘʚʥʝʥʠʝ ʩʦʭʨʘʥʝʥʠʷ ʚʥʫʪʨʝʥʥʝʡ ʵʥʝʨʛʠʠ ʟʘʧʠʩʘʥʦ ʥʠʞʝ: 

 

( )

( ),

1 1

grad div grad grad

div grad grad
S S

p p

N N

vib R i i p i i i

i i

T p
c c V T T V p

t t

Q q h w c D Y T

mr r l

r
= =

µ µ
+ = + + +F +

µ µ

+ - - + Öä ä
 (13) 

ʛʜʝ pc  - ʫʜʝʣʴʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ ʩʤʝʩʠ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʜʘʚʣʝʥʠʠ;  

T ï ʪʝʤʧʝʨʘʪʫʨʘ; ɚ ï ʢʦʬɻʬʠʮʠʝʥʪ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʩʤʝʩʠ; 

mF  ï ʜʠʩʩʠʧʘʪʠʚʥʘʷ ʬʫʥʢʮʠʷ; vibQ  - ʦʙʲʝʤʥʘʷ ʤʦʱʥʦʩʪʴ ʪʝʧʣʦʚʳʜʝʣʝʥʠ;̫ 

Rq  ï ʚʝʢʪʦʨ ʧʣʦʪʥʦʩʪʠ ʧʦʪʦʢʘ ʠʟʣʫʯʝʥʠʷ; ih  ï ʵʥʪʘʣʴʧʠʷ i-ʦʛʦ ʢʦʤʧʦʥʝʥʪʘ 
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ʩʤʝʩʠ; ,p ic  - ʫʜʝʣʴʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʜʘʚʣʝʥʠʠ i-ʦʛʦ 

ʢʦʤʧʦʥʝʥʪʘ. 

ʉʚʷʟʴ ʤʝʞʜʫ ʫʜʝʣʴʥʦʡ ʪʝʧʣʦʝʤʢʦʩʪʴʶ ʩʤʝʩʠ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ 

ʜʘʚʣʝʥʠʠ ʠ ʫʜʝʣʴʥʳʤʠ ʪʝʧʣʦʝʤʢʦʩʪʷʤʠ ʢʦʤʧʦʥʝʥʪʦʚ ʟʘʜʘʝʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ 

ʚʠʜʝ:  

 ,

1

SN

p i p i

i

c Yc
=

=ä  (14) 

ɼʠʩʩʠʧʘʪʠʚʥʘʷ ʬʫʥʢʮʠʷ ʧʨʠʚʝʜʝʥʘ ʥʠʞʝ:  

 

2 2 22 2
2

2 2 2
3
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r y x x y x y r
m m
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 (15) 

ʋʨʘʚʥʝʥʠʷ ʩʦʭʨʘʥʝʥʠʷ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʵʥʝʨʛʠʠ ʚ ʦʪʜʝʣʴʥʳʭ ʤʦʜʘʭ 

ʟʘʧʠʩʳʚʘʶʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ:  
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ʛʜʝ 
()i m
r  ï ʧʣʦʪʥʦʩʪʴ i-ʦʛʦ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʛʘʟʦʚʦʡ ʩʤʝʩʠ, 

ʦʙʣʘʜʘʶʱʝʛʦ m-ʦʡ ʤʦʜʦʡ ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ; 
()i m

J  ï ʚʝʢʪʦʨ 

ʧʣʦʪʥʦʩʪʠ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʧʦʪʦʢʘ i-ʦʛʦ ʢʦʤʧʦʥʝʥʪʘ, ʦʙʣʘʜʘʶʱʝʛʦ m-ʦʡ 

ʤʦʜʦʡ ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ; 

ʋʜʝʣʴʥʘʷ ʵʥʝʨʛʠʷ ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ ʚ m-ʦʡ ʢʦʣʝʙʘʪʝʣʴʥʦʡ 

ʤʦʜʝ i-ʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʛʘʟʦʚʦʡ ʩʤʝʩʠ ʥʘʭʦʜʠʪʩʷ ʧʦ ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʫʣʝ:  
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M T

q

q
=

è ø-ê ú

 (17) 

ʛʜʝ 0R  = 8.314 ɼʞ/(KÖʤʦʣʴ) ï ʫʥʠʚʝʨʩʘʣʴʥʘʷ ʛʘʟʦʚʘʷ ʧʦʩʪʦʷʥʥʘʷ;  

mq  - ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʘʷ ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ m-ʦʡ ʤʦʜʳ;  

,V mT  - ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ m-ʦʡ ʢʦʣʝʙʘʪʝʣʴʥʦʡ 

ʤʦʜʝ i-ʦʛʦ ʢʦʤʧʦʥʝʥʪʘ. 
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ʇʦʩʣʝ ʥʘʭʦʞʜʝʥʠʷ ʫʜʝʣʴʥʦʡ ʵʥʝʨʛʠʠ ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ ʚ m-

ʦʡ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʤʦʜʝ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʝʡ ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ 

ʥʘʭʦʜʠʪʩʷ ʧʦ ʬʦʨʤʫʣʝ:  
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m
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 (18) 

ʂʘʣʦʨʠʯʝʩʢʦʝ ʫʨʘʚʥʝʥʠʝ ʩʦʩʪʦʷʥʠʷ ʧʨʠʚʦʜʠʪʩʷ ʥʠʞʝ:  
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p
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ʛʜʝ ie  ï ʫʜʝʣʴʥʘʷ ʚʥʫʪʨʝʥʥʷʷ ʵʥʝʨʛʠʷ; ,v ic  ï ʫʜʝʣʴʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ 

ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʦʙʲʝʤʝ i-ʦʛʦ ʢʦʤʧʦʥʝʥʪʘ; ,0ie  ï ʫʜʝʣʴʥʘʷ ʚʥʫʪʨʝʥʥʷʷ ʵʥʝʨʛʠʷ 

ʧʨʠ T = 0; ih  ï ʫʜʝʣʴʥʘʷ ʵʥʪʘʣʴʧʠʷ; ,0ih  ï ʫʜʝʣʴʥʘʷ ʵʥʪʘʣʴʧʠʷ ʧʨʠ T = 0. 

ʉ ʫʯʝʪʦʤ ʪʦʛʦ, ʯʪʦ ʢʦʣʝʙʘʪʝʣʴʥʦʝ ʚʦʟʙʫʞʜʝʥʠʝ ʤʦʣʝʢʫʣ ʤʦʞʝʪ 

ʦʪʣʠʯʘʪʴʩʷ ʦʪ ʨʘʚʥʦʚʝʩʥʦʛʦ, ʫʜʝʣʴʥʘʷ ʚʥʫʪʨʝʥʥʷʷ ʵʥʝʨʛʠʷ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ 

ʦʙʲʝʤʝ ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʘ ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ:  

 ( ) 0
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5
, ,

2
i i V i V i
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R
e RT e T R

M
= + =  (20) 

ʛʜʝ iR  ï ʫʜʝʣʴʥʘʷ ʛʘʟʦʚʘʷ ʧʦʩʪʦʷʥʥʘʷ i-ʦʛʦ ʢʦʤʧʦʥʝʥʪʘ. 

ɺ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʫʩʣʦʚʠʷʭ, ʝʩʣʠ ʦʧʨʝʜʝʣʝʥʘ ʵʬʬʝʢʪʠʚʥʘʷ 

ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʢʘʞʜʦʡ ʤʦʜʳ TV,i (ʚ ʜʚʫʭʘʪʦʤʥʳʭ ʤʦʣʝʢʫʣʘʭ 

ʧʦʣʘʛʘʝʪʩʷ ʟʘʜʘʥʥʦʡ ʪʦʣʴʢʦ ʦʜʥʘ ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʤʦʜʘ), ʚʥʫʪʨʝʥʥʷʷ ʵʥʝʨʛʠʷ 

ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʘ ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ:  
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ʂʨʦʤʝ ʪʝʨʤʠʯʝʩʢʦʛʦ ʠ ʢʘʣʦʨʠʯʝʩʢʦʛʦ ʫʨʘʚʥʝʥʠʡ ʩʦʩʪʦʷʥʠʷ ʚʘʞʥʳʤʠ 

ʜʣʷ ʨʝʰʘʝʤʦʡ ʟʘʜʘʯʠ ʷʚʣʷʝʪʩʷ ʩʧʦʩʦʙ ʨʘʩʯʝʪʘ ʧʝʨʝʥʦʩʥʳʭ ʩʚʦʡʩʪʚ 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʛʦ ʛʘʟʘ: ʚʷʟʢʦʩʪʠ, ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

ʜʠʬʬʫʟʠʠ.  

ɼʣʷ ʵʪʠʭ ʮʝʣʝʡ ʠʩʧʦʣʴʟʫʶʪʩʷ ʩʦʦʪʥʦʰʝʥʠʷ, ʧʦʣʫʯʘʝʤʳʝ ʚ ʧʝʨʚʦʤ 

ʧʨʠʙʣʠʞʝʥʠʠ ʪʝʦʨʠʠ ʏʝʧʤʝʥʘ-ʕʥʩʢʦʛʘ [166] ʠ ʧʨʠʙʣʠʞʝʥʥʳʝ 

ʢʦʤʙʠʥʘʪʦʨʥʳʝ ʩʦʦʪʥʦʰʝʥʠʷ ʄʘʥʥʘ ʠ ɹʨʦʢʘʫ [167], ʧʦʟʚʦʣʷʶʱʠʝ 

ʨʘʩʩʯʠʪʳʚʘʪʴ ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʤʦʜʝʣʠ ʩʚʦʡʩʪʚʘ:  
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ʕʬʬʝʢʪʠʚʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ i-ʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʚʳʯʠʩʣʷʝʪʩʷ 

ʧʦ ʬʦʨʤʫʣʝ ʋʠʣʢʝ [168]:  
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ʀʩʧʦʣʴʟʫʶʪʩʷ ʪʘʢʞʝ ʘʣʴʪʝʨʥʘʪʠʚʥʳʝ ʢʦʤʙʠʥʘʪʦʨʥʳʝ ʩʦʦʪʥʦʰʝʥʠʷ 

ʋʠʣʢʝ [14]: 
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ʀʥʪʝʛʨʘʣʳ ʩʪʦʣʢʥʦʚʝʥʠʡ ʚʳʯʠʩʣʷʶʪʩʷ ʧʦ ʘʧʧʨʦʢʩʠʤʘʮʠʷʤ, 

ʧʨʝʜʣʦʞʝʥʥʳʤ ʅ.ɸ. ɸʥʬʠʤʦʚʳʤ [169]: 

( ) ( )2.2 * 1.1 *0.1472 0.16041.157 , 1.074i i i iT T- -W = W =   

ʌʫʥʢʮʠʠ, ʦʧʨʝʜʝʣʷʶʱʠʝ ʩʪʦʣʢʥʦʚʝʥʠʷ ʜʚʫʭ ʯʘʩʪʠʮ, ʦʧʨʝʜʝʣʷʶʪʩʷ ʧʦ 

ʪʘʢ ʥʘʟʳʚʘʝʤʳʤ ʢʦʤʙʠʥʘʪʦʨʥʳʤ ʬʦʨʤʫʣʘʤ [170]:  
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,i j i j i j

i j
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i j i js s s= +  (27) 

ɺ ʧʨʝʜʣʦʞʝʥʥʦʡ ʤʦʜʝʣʠ ʚ ʥʘʙʝʛʘʶʱʝʤ ʩʦ ʩʢʦʨʦʩʪʴʶ V¤ ʚ ʧʦʪʦʢʝ 

ʟʘʜʘʶʪʩʷ ʫʩʣʦʚʠʷ ʥʝʚʦʟʤʫʱʝʥʥʦʛʦ ʛʘʟʘ (p¤, r¤), ʩʚʷʟʘʥʥʳʝ ʪʝʨʤʠʯʝʩʢʠʤ 

ʫʨʘʚʥʝʥʠʝʤ ʩʦʩʪʦʷʥʠʷ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ T¤=450 ʂ ʠ ʤʦʣʝʢʫʣʷʨʥʳʤ ʚʝʩʦʤ 

MɆ = 2.9Ț10-2 ʢʛ/ʤʦʣʴ. ʕʪʠ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʟʘʜʘʶʪʩʷ ʥʘ ʚʩʝʡ ʚʥʝʰʥʝʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʧʨʠ x < xmax. ʈʘʩʯʝʪʥʘʷ ʦʙʣʘʩʪʴ ʚʳʙʠʨʘʝʪʩʷ 

ʪʘʢ, ʯʪʦʙʳ ʚʦʟʤʫʱʝʥʠʷ ʚ ʧʦʣʝ ʪʝʯʝʥʠʷ ʥʝ ʜʦʩʪʠʛʘʣʠ ʵʪʦʡ ʛʨʘʥʠʮʳ. ʕʪʠ 

ʠʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʵʢʩʧʝʨʠʤʝʥʪʘʤ [171]. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʚ 

ʥʘʙʝʛʘʶʱʝʤ ʧʦʪʦʢʝ ʛʘʟ ʥʘʭʦʜʠʪʩʷ ʚ ʪʝʨʤʠʯʝʩʢʦʤ ʨʘʚʥʦʚʝʩʠʠ. ʅʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʟʘʪʫʧʣʝʥʥʦʛʦ ʧʦ ʩʬʝʨʝ ʮʠʣʠʥʜʨʘ ʟʘʜʘʶʪʩʷ ʫʩʣʦʚʠʷ ʧʨʠʣʠʧʘʥʠʷ. 

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʨʝʢʦʤʝʥʜʘʮʠʷʤʠ ʨʷʜʘ ʨʘʙʦʪ [171, 172], ʜʣʷ ʧʨʦʚʝʨʢʠ 

ʘʜʝʢʚʘʪʥʦʩʪʠ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʦʜʝʣʠ ʨʝʢʦʤʝʥʜʫʝʪʩʷ ʟʘʜʘʥʠʝ ʬʠʢʩʠʨʦʚʘʥʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʠ. ʇʦʚʝʨʭʥʦʩʪʴ ʤʦʞʝʪ ʧʦʣʘʛʘʪʴʩʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ 

ʠʣʠ ʥʝʢʘʪʘʣʠʪʠʯʝʩʢʦʡ. ʉʯʠʪʘʝʪʩʷ, ʯʪʦ ʥʘ ʦʙʪʝʢʘʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʜʦʩʪʠʛʘʝʪʩʷ ʪʝʨʤʠʯʝʩʢʦʝ ʨʘʚʥʦʚʝʩʠʝ (TV = Tw).  
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ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʚ ʚʳʭʦʜʥʦʤ ʩʝʯʝʥʠʠ x = xmax ʟʘʜʘʶʪʩʷ ʚ ʚʠʜʝ 

 0,
dy

dx
=  (28) 

ʛʜʝ { },, , , , ,i V mu v T Y ey r=  ï ʬʫʥʢʮʠʷ, ʧʨʠʥʠʤʘʶʱʝʝ ʦʜʥʦ ʠʟ ʧʨʠʚʝʜʝʥʥʳʭ 

ʚ ʩʢʦʙʢʘʭ ʟʥʘʯʝʥʠʡ; x ï ʢʦʦʨʜʠʥʘʪʥʘʷ ʣʠʥʠʷ, ʧʦʜʩʪʨʘʠʚʘʝʤʘʷ ʢ ʣʠʥʠʷʤ ʪʦʢʘ.  

ʄʦʜʝʣʴ ʫʯʝʪʘ ʠʦʥʠʟʘʮʠʠ ʦʧʠʩʳʚʘʝʪ ʦʙʪʝʢʘʥʠʝ ʣʝʪʘʪʝʣʴʥʳʭ 

ʘʧʧʘʨʘʪʦʚ ʩ ʫʯʝʪʦʤ ʧʨʦʮʝʩʩʦʚ ʠʦʥʠʟʘʮʠʠ ʛʘʟʘ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʚ ʫʩʣʦʚʠʷʭ 

ʪʝʨʤʦʭʠʤʠʯʝʩʢʦʡ ʥʝʨʘʚʥʦʚʝʩʥʦʩʪʠ. ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʧʨʠ ʝʝ ʨʘʟʨʘʙʦʪʢʝ 

ʫʜʝʣʷʣʦʩʴ ʫʯʝʪʫ ʨʝʘʢʮʠʡ ʘʩʩʦʮʠʘʪʠʚʥʦʡ ʠʦʥʠʟʘʮʠʠ ʠ ʜʠʩʩʦʮʠʘʪʠʚʥʦʡ 

ʨʝʢʦʤʙʠʥʘʮʠʠ: ʦʙʨʘʟʦʚʘʥʠ ʁʠ ʨʝʢʦʤʙʠʥʘʮʠʠ ʤʦʣʝʢʫʣʷʨʥʳʭ ʠʦʥʦʚ NO+, N2
+, 

O2
+. 

ʉʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ɹʦʣʴʮʤʘʥʘ ʜʣʷ Ns ʢʦʤʧʦʥʝʥʪʦʚ ʨʝʘʛʠʨʫʶʱʝʡ 

ʩʤʝʩʠ ʨʘʟʨʝʞʝʥʥʦʛʦ ʛʘʟʘ:  
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ʜʦʧʦʣʥʝʥʘ ʫʨʘʚʥʝʥʠʝʤ ʥʝʧʨʝʨʳʚʥʦʩʪʠ ʜʣʷ ʵʣʝʢʪʨʦʥʦʚ 
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ʠ ʫʨʘʚʥʝʥʠʷʤʠ ʥʘ ʠʤʧʫʣʴʩ ʠ ʵʥʝʨʛʠʶ ʵʣʝʢʪʨʦʥʦʚ 
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ʛʜʝ Qi ï ʠʟʤʝʥʝʥʠʝ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʦʚ ʟʘ ʩʯʝʪ ʠʦʥʠʟʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ;  

Qex ï ʟʘ ʩʯʝʪ ʦʙʤʝʥʥʳʭ ʤʝʭʘʥʠʟʤʦʚ; el ï ʢʦʵʬʬʠʮʠʝʥʪ ʵʣʝʢʪʨʦʥʥʦʡ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ. 
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ʋʯʝʪ ʨʝʘʢʮʠʡ ʠʦʥʠʟʘʮʠʠ ʠ ʨʝʢʦʤʙʠʥʘʮʠʠ ʵʣʝʢʪʨʦʥʦʚ ʠ ʠʦʥʦʚ ʧʨʠ 

ʨʘʩʯʝʪʘʭ ʪʝʯʝʥʠʡ ʤʝʪʦʜʦʤ ʧʨʷʤʦʛʦ ʩʪʘʪʠʩʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʝ ʤʦʞʝʪ 

ʙʳʪʴ ʧʨʦʚʝʜʝʥ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʚ ʧʨʦʮʝʜʫʨʝ ʩʪʦʣʢʥʦʚʝʥʠʷ ʠʟ-ʟʘ ʚʳʩʦʢʦʡ 

ʩʢʦʨʦʩʪʠ ʪʝʧʣʦʚʦʛʦ ʜʚʠʞʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ. 

ʌʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʧʣʘʟʤʝʥʥʦʛʦ ʦʢʨʫʞʝʥʠʷ ʦʩʥʦʚʘʥʘ ʥʘ 

ʩʪʦʣʢʥʦʚʠʪʝʣʴʥʳʭ ʤʦʜʝʣʷʭ ʠ ʠʤʧʣʝʤʝʥʪʘʮʠʠ ʵʣʝʢʪʨʦʥʥʦʡ ʢʦʤʧʦʥʝʥʪʳ 

ʛʘʟʦʚʦʡ ʩʤʝʩʠ ʚ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʤ ʨʘʩʩʤʦʪʨʝʥʠʠ. ɼʘʥʥʘʷ ʤʦʜʝʣʴ 

ʠʩʧʦʣʴʟʫʝʪ ʫʧʨʦʱʘʶʱʠʝ ʧʨʝʜʧʦʣʦʞʝʥʠʷ ʦ ʣʦʢʘʣʴʥʦʡ ʥʝʡʪʨʘʣʴʥʦʩʪʠ 

ʧʣʘʟʤʳ, ʚʳʩʦʢʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʨʝʟʦʥʘʥʩʥʦʤ V-e ʦʙʤʝʥʝ ʤʝʞʜʫ 

ʵʣʝʢʪʨʦʥʘʤʠ ʠ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʩʪʝʧʝʥʴʶ ʩʚʦʙʦʜʳ N2.  

ɺ ʥʘʩʪʦʷʱʝʡ ʤʦʜʝʣʠ, ʪʘʢʞʝ ʢʘʢ ʠ ʚ [173], ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ 

ʥʝʡʪʨʘʣʴʥʦʩʪʴ ʧʣʘʟʤʳ. ʂʨʦʤʝ ʪʦʛʦ, ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ 

ɹʦʣʴʮʤʘʥʦʚʩʢʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʵʥʝʨʛʠʡ ʵʣʝʢʪʨʦʥʦʚ. ʆʪʤʝʪʠʤ ʦʩʥʦʚʥʳʝ 

ʤʦʤʝʥʪʳ ʨʝʘʣʠʟʘʮʠʠ ʨʝʘʢʮʠʡ ʘʩʩʦʮʠʘʪʠʚʥʦʡ ʠʦʥʠʟʘʮʠʠ ʚ ʤʝʪʦʜʝ ʇʉʄ. ʇʨʠ 

ʩʪʦʣʢʥʦʚʝʥʠʠ ʘʪʦʤʦʚ A ʠ B ʨʝʘʢʮʠʷ 

A + B Ÿ AB+ + e 

ʨʝʘʣʠʟʫʝʪʩʷ ʩ ʚʝʨʦʷʪʥʦʩʪʴʶ p(Ec), ʟʘʚʠʩʷʱʝʡ ʦʪ ʵʥʝʨʛʠʠ ʩʪʘʣʢʠʚʘʶʱʠʭʩʷ 

ʯʘʩʪʠʮ Ec = EA+EB. ɿʘʚʠʩʠʤʦʩʪʴ p(Ec) ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʚ ʫʩʣʦʚʠʷʭ 

ʨʘʚʥʦʚʝʩʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʥʝʨʛʠʡ ʨʝʘʛʝʥʪʦʚ ʜʣʷ ʘʨʨʝʥʠʫʩʦʚʩʢʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʨʝʘʢʮʠʠ 

 () ( )expBAB
A B A B A B

dn
k T n n AT e k T n n

dt

+

= = -  (33) 

ʛʜʝ A ʠ B ï ʢʦʥʩʪʘʥʪʳ; Eað ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ ʨʝʘʢʮʠʠ (p = 0 ʧʨʠ Ec<Ea).  

ɺʝʨʦʷʪʥʦʩʪʴ ʠʦʥʠʟʘʮʠʠ p(Ec) ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʤʦʜʝʣʠ ʧʦʣʥʦʡ 

ʩʪʦʣʢʥʦʚʠʪʝʣʴʥʦʡ ʵʥʝʨʛʠʠ. ɽʩʣʠ ʨʝʘʢʮʠʷ ʧʨʠʥʷʪʘ ʢ ʨʝʘʣʠʟʘʮʠʠ, ʪʦ 

ʦʩʪʘʚʰʘʷʩʷ ʵʥʝʨʛʠʷ Ec ï Ea ʨʘʩʧʨʝʜʝʣʷʝʪʩʷ ʤʝʞʜʫ ʧʨʦʜʫʢʪʘʤʠ ʨʝʘʢʮʠʠ: 

ʠʦʥʦʤ AB+ ʠ ʵʣʝʢʪʨʦʥʦʤ ʩʦʛʣʘʩʥʦ ʤʦʜʝʣʠ ʃʘʨʩʝʥʘ-ɹʦʨʛʥʘʢʢʝ. ɽʩʣʠ ʨʝʘʢʮʠʷ 

ʥʝ ʧʨʦʠʟʦʰʣʘ, ʩ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʚʝʨʦʷʪʥʦʩʪʴʶ 1 ï p, ʧʨʦʠʩʭʦʜʠʪ 
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ʩʪʦʣʢʥʦʚʝʥʠʝ ʨʝʘʛʝʥʪʦʚ. ɿʥʘʯʝʥʠʝ ʵʥʝʨʛʠʠ ʧʦʣʫʯʘʝʤʳʭ ʚ ʨʝʘʢʮʠʠ ʵʣʝʢʪʨʦʥʦʚ 

ʩʦʭʨʘʥʷʶʪʩʷ ʚ ʤʘʩʩʠʚʝ ʠ ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ 

ʦʙʤʝʥʘ ʵʣʝʢʪʨʦʥʥʦʡ ʵʥʝʨʛʠʠ ʠ ʜʨʫʛʠʭ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ. 

ɼʣʷ ʫʯʝʪʘ ʜʠʩʩʦʮʠʘʪʠʚʥʦʡ ʨʝʢʦʤʙʠʥʘʮʠʠ ʥʝʦʙʭʦʜʠʤʦ ʦʧʨʝʜʝʣʝʥʠʝ 

ʯʘʩʪʦʪʳ ʩʪʦʣʢʥʦʚʝʥʠʡ ʵʣʝʢʪʨʦʥʦʚ ʠ ʠʦʥʦʚ. ʀʩʧʦʣʴʟʫʷ ʩʪʘʥʜʘʨʪʥʳʝ 

ʧʨʦʮʝʜʫʨʳ ʤʝʪʦʜʘ ʇʉʄ, ʯʘʩʪʦʪʘ ʩʪʦʣʢʥʦʚʝʥʠʡ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚ 

ʩʪʦʣʢʥʦʚʠʪʝʣʴʥʳʭ ʷʯʝʡʢʘʭ, ʥʘ ʢʦʪʦʨʳʝ ʨʘʟʙʠʪʘ ʩʪʦʣʢʥʦʚʠʪʝʣʴʥʘʷ ʦʙʣʘʩʪʴ. 

ʇʨʠ ʵʪʦʤ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʩʨʝʜʥʷʷ ʯʘʩʪʦʪʘ ʩʪʦʣʢʥʦʚʝʥʠʡ AB+ + e ʟʘʚʠʩʠʪ 

ʦʪ Te, ʘ ʚʝʨʦʷʪʥʦʩʪʴ ʨʝʘʢʮʠʠ ʟʘʚʠʩʠʪ ʪʦʣʴʢʦ ʦʪ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʘ. ʏʠʩʣʦ 

ʵʣʝʢʪʨʦʥʦʚ ʚ ʩʪʦʣʢʥʦʚʠʪʝʣʴʥʦʡ ʷʯʝʡʢʝ ʧʦʣʘʛʘʝʪʩʷ ʨʘʚʥʦʡ ʯʠʩʣʫ ʚʩʝʭ ʠʦʥʦʚ 

(ʥʝʡʪʨʘʣʴʥʦʩʪʴ ʧʣʘʟʤʳ). 

ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʫʩʣʦʚʠʝ ʨʝʢʦʤʙʠʥʘʮʠʠ ʟʘʨʷʜʘ ʠʦʥʘ. 

ʕʪʦ ʫʩʣʦʚʠʝ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʧʨʠ ʫʜʘʨʝ ʠʦʥʘ AB+ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʚʳʜʝʣʷʝʪʩʷ ʵʥʝʨʛʠʷ, ʢʦʪʦʨʘʷ ʧʦʣʘʛʘʣʘʩʴ ʨʘʚʥʦʡ ʵʥʝʨʛʠʠ ʧʝʨʝʭʦʜʘ ʵʣʝʢʪʨʦʥʘ 

ʠʟ ʩʚʦʙʦʜʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʦʩʥʦʚʥʦʝ. ʇʦʜʩʯʝʪ çʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦè ʥʘʛʨʝʚʘ ʥʘ 

ʩʯʝʪ ʘʢʢʦʤʦʜʘʮʠʠ ʟʘʨʷʜʘ ʨʝʘʣʠʟʦʚʘʥ ʨʘʟʜʝʣʴʥʦ ʩ ʦʮʝʥʢʦʡ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ, 

ʯʪʦ ʧʦʟʚʦʣʠʪ ʨʘʩʩʯʠʪʘʪʴ ʚʢʣʘʜ ʥʝʡʪʨʘʣʠʟʘʮʠʠ ʟʘʨʷʜʘ ʚ ʪʝʧʣʦʚʦʡ ʧʦʪʦʢ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ. ɼʣʷ ʦʮʝʥʢʠ ʜʝʙʘʝʚʩʢʦʛʦ ʨʘʜʠʫʩʘ, ʘ ʪʘʢʞʝ ʜʣʷ ʨʘʩʯʝʪʘ ʩʢʦʨʦʩʪʠ 

ʜʠʩʩʦʮʠʘʪʠʚʥʦʡ ʨʝʢʦʤʙʠʥʘʮʠʠ ʧʨʠʤʝʥʷʣʦʩʴ ʫʩʣʦʚʠʝ ʙʳʩʪʨʦʡ ʨʝʣʘʢʩʘʮʠʠ 

ʵʣʝʢʪʨʦʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ N2. 

ʄʦʜʝʣʴ ʫʯʝʪʘ ʨʘʜʠʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ. ʋʨʘʚʥʝʥʠʝ ʧʝʨʝʥʦʩʘ 

ʩʝʣʝʢʪʠʚʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʬʦʨʤʫʣʠʨʫʝʪʩʷ ʚ ʦʙʱʝʤ ʚʠʜʝ:  

 
( )

() ( ) ()
,

,
J r

r J r J r
r

w

w w wk
µ W
W + W =

µ
 (34) 

ʛʜʝ ( ),J rw W  ï ʩʧʝʢʪʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ; r  ï ʨʘʜʠʫʩ-ʚʝʢʪʦʨ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʪʦʯʢʠ ʧʨʦʩʪʨʘʥʩʪʚʘ; W ï ʝʜʠʥʠʯʥʳʡ ʚʝʢʪʦʨ ʥʘʧʨʘʚʣʝʥʠʷ 
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ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʠʟʣʫʯʝʥʠʷ; ()rwk  ï ʩʧʝʢʪʨʘʣʴʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ 

ʧʦʛʣʦʱʝʥʠʷ; ()J rw  ï ʩʧʝʢʪʨʘʣʴʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʠʩʧʫʩʢʘʥʠʷ. 

ʉʧʝʢʪʨʘʣʴʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʠʩʧʫʩʢʘʥʠʷ ʚʳʯʠʩʣʷʝʪʩʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʟʘʢʦʥʘ ʂʠʨʭʛʦʬʬʘ (ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʣʦʢʘʣʴʥʦʛʦ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ):  

 () () (),bJ r r J rw w wk=  (35) 

ʛʜʝ (),bJ rw  - ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ ʘʙʩʦʣʶʪʥʦ ʯʝʨʥʦʛʦ ʪʝʣʘ (ʬʫʥʢʮʠʷ 

ʇʣʘʥʢʘ). 

ʀʥʪʝʛʨʠʨʦʚʘʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʧʦ 

ʥʘʧʨʘʚʣʝʥʠʷʤ (ʩ ʚʝʩʦʤ W) ʠ ʧʦ ʚʦʣʥʦʚʦʤʫ ʯʠʩʣʫ ʠʟʣʫʯʝʥʠʷ ʧʦʟʚʦʣʷʝʪ 

ʦʧʨʝʜʝʣʠʪʴ ʚʝʢʪʦʨ ʧʣʦʪʥʦʩʪʠ ʧʦʪʦʢʘ ʠʟʣʫʯʝʥʠʷ:  

 () ( )
4

,

tot

rad radq q r d J r dw

p w

w
D

= = W W Wñ ñ  (36) 

ʛʜʝ ɤ ï ʯʘʩʪʦʪʘ. 

ʇʣʦʪʥʦʩʪʴ ʩʧʝʢʪʨʘʣʴʥʦʛʦ, ʩʧʝʢʪʨʘʣʴʥʦ-ʛʨʫʧʧʦʚʦʛʦ ʠ ʠʥʪʝʛʨʘʣʴʥʦʛʦ 

ʨʘʜʠʘʮʠʦʥʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ, ʜʦʩʪʠʛʘʶʱʝʛʦ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʝʜʠʥʠʯʥʦʡ 

ʥʦʨʤʘʣʴʶ n ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʬʦʨʤʫʣʘʤ:  

 ( ) ( )
4

,radq n J r dw

p

= WÖ W Wñ  (37) 

 ( ) ( ),

4

1
,radq d n J r dw w

w p

w
w

D

D

= WÖ W W
D ñ ñ  (38) 

 ( ) ( )
max

min 4

,radq d n J r d

w

w

w p

w= WÖ W Wñ ñ  (39) 

ʛʜʝ ɤmin = 105 ʤ-1, ɤmax = 1.5 107 ʤ-1. 

ɼʣʷ ʧʣʦʪʥʦʩʪʠ ʨʘʜʠʘʮʠʦʥʥʳʭ ʪʝʧʣʦʚʳʭ ʧʦʪʦʢʦʚ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʩʣʝʜʫʶʱʘʷ ʩʠʩʪʝʤʘ ʦʙʦʟʥʘʯʝʥʠʡ: qrad,ɤ ï ʧʣʦʪʥʦʩʪʴ ʩʧʝʢʪʨʘʣʴʥʦʛʦ 

ʨʘʜʠʘʮʠʦʥʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʚ ʢʨʠʪʠʯʝʩʢʦʡ ʪʦʯʢʝ ʦʙʪʝʢʘʝʤʦʛʦ 
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ʢʦʩʤʠʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ (ʠʣʠ ʚ ʣʶʙʦʡ ʟʘʜʘʥʥʦʡ ʪʦʯʢʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ); 

Qrad ï ʢʫʤʫʣʷʪʠʚʥʘʷ ʬʫʥʢʮʠʷ ʧʣʦʪʥʦʩʪʠ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʨʘʜʠʘʮʠʦʥʥʦʛʦ 

ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʚ ʟʘʜʘʥʥʦʡ ʪʦʯʢʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʪʝʢʘʝʤʦʛʦ 

ʢʦʩʤʠʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ, ʢʦʪʦʨʘʷ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ:  

 ()
max

min

,rad rad radQ Q q d

w

w

w

w w= =ñ  (40) 

ʇʨʠ ʨʘʩʯʝʪʝ ʥʝʨʘʚʥʦʚʝʩʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʦʪ ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ ʟʦʥʳ 

ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʠ ʩʞʘʪʦʛʦ ʩʣʦʷ ʩʧʝʢʪʨʘʣʴʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʠʩʧʫʩʢʘʥʠʷ 

ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʩ ʫʯʝʪʦʤ ʨʘʟʣʠʯʠʷ ʪʝʤʧʝʨʘʪʫʨ ʧʦʩʪʫʧʘʪʝʣʴʥʦʛʦ, 

ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ ʠ ʵʣʝʢʪʨʦʥʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ. ʊʝʤʧʝʨʘʪʫʨʘ ʚʨʘʱʘʪʝʣʴʥʦʛʦ 

ʜʚʠʞʝʥʠʷ ʧʦʣʘʛʘʝʪʩʷ ʨʘʚʥʦʡ ʧʦʩʪʫʧʘʪʝʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ.  

ʆʜʥʦʤʝʨʥʦʝ ʫʩʪʘʥʦʚʠʚʰʝʝʩʷ ʠʟʦʵʥʪʨʦʧʠʯʝʩʢʦʝ ʪʝʯʝʥʠʝ ʷʚʣʷʝʪʩʷ 

ʥʘʠʙʦʣʝʝ ʧʨʦʩʪʳʤ ʩʣʫʯʘʝʤ ʜʚʠʞʝʥʠʷ ʛʘʟʘ, ʢʦʪʦʨʳʡ ʣʝʞʠʪ ʚ ʦʩʥʦʚʝ ʠʟʫʯʝʥʠʷ 

ʙʦʣʝʝ ʩʣʦʞʥʳʭ ʪʝʯʝʥʠʡ. ʉʦʛʣʘʩʥʦ ʦʙʱʝʡ ʢʣʘʩʩʠʬʠʢʘʮʠʠ, ʦʜʥʦʤʝʨʥʳʤ 

ʥʘʟʳʚʘʝʪʩʷ ʪʘʢʦʝ ʜʚʠʞʝʥʠʝ, ʧʨʠ ʢʦʪʦʨʦʤ ʧʘʨʘʤʝʪʨʳ ʧʦʪʦʢʘ ʟʘʚʠʩʷʪ ʦʪ ʦʜʥʦʡ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʧʝʨʝʤʝʥʥʦʡ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ 

ʦʧʨʝʜʝʣʷʶʱʠʝ ʪʝʯʝʥʠʝ ʧʘʨʘʤʝʪʨʳ ʙʫʜʫʪ ʚ ʢʘʞʜʦʤ ʩʝʯʝʥʠʠ ʦʜʠʥʘʢʦʚʳʝ ʚ 

ʣʶʙʦʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ, ʭʦʪʷ ʧʣʦʱʘʜʴ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ ʤʦʞʝʪ ʧʣʘʚʥʦ 

ʠʟʤʝʥʷʪʴʩʷ ʧʨʦʠʟʚʦʣʴʥʳʤ ʦʙʨʘʟʦʤ. 

ʈʘʩʩʤʦʪʨʠʤ ʤʦʜʝʣʴ ʬʠʟʠʯʝʩʢʠ ʠʜʝʘʣʴʥʦʛʦ (ʥʝʚʷʟʢʦʛʦ, 

ʥʝʪʝʧʣʦʧʨʦʚʦʜʥʦʛʦ, ʦʜʥʦʨʦʜʥʦʛʦ, ʥʝ ʠʩʧʳʪʚrʘʶʱʝʛʦ ʬʠʟʠʯʝʩʢʠʭ ʠ 

ʭʠʤʠʯʝʩʢʠʭ ʧʨʝʚʨʘʱʝʥʠʡ) ʩʞʠʤʘʝʤʦʛʦ ʛʘʟʘ ʧʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ ʦʪʩʫʪʩʪʚʫʝʪ 

ʪʝʧʣʦʦʙʤʝʥ ʩ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʦʡ (ʘʜʠʘʙʘʪʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ). ɼʣʷ ʨʘʩʯʝʪʘ 

ʧʘʨʘʤʝʪʨʦʚ ʠʟʦʵʥʪʨʦʧʠʯʝʩʢʦʛʦ ʪʝʯʝʥʠʷ ʠʩʧʦʣʴʟʫʶʪ ʫʨʘʚʥʝʥʠʷ, ʧʦʣʫʯʝʥʥʳʝ 

ʥʘ ʦʩʥʦʚʝ ʟʘʢʦʥʦʚ ʩʦʭʨʘʥʝʥʠʷ ʤʘʩʩʳ, ʢʦʣʠʯʝʩʪʚʘ ʜʚʠʞʝʥʠʷ ʠ ʵʥʝʨʛʠʠ. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʪʝʧʣʦʦʙʤʝʥʘ ʜʣʷ ʬʠʟʠʯʝʩʢʠ ʠʜʝʘʣʴʥʦʛʦ 

ʛʘʟʘ ʫʨʘʚʥʝʥʠʷ ʜʚʠʞʝʥʠʷ ʠ ʵʥʝʨʛʠʠ ʟʘʧʠʩʳʚʘʶʪʩʷ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʚ ʚʠʜʝ 
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0; 0,
dp

VdV VdV di
r

+ = + = 

ʦʪʢʫʜʘ ʩʣʝʜʫʝʪ, ʯʪʦ 

 0,
dp

di
r

+ =  (41) 

ʇʨʠ ʠʟʫʯʝʥʠʠ ʜʚʠʞʝʥʠʷ ʛʘʟʘ ʥʝʦʙʭʦʜʠʤʦ ʧʦʣʴʟʦʚʘʪʴʩʷ ʬʫʥʢʮʠʝʡ S 

ʝʛʦ ʩʦʩʪʦʷʥʠʷ, ʢʦʪʦʨʘʷ ʥʘʟʳʚʘʝʪʩʷ ʵʥʪʨʦʧʠʝʡ. ʕʪʘ ʬʫʥʢʮʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʩʣʝʜʫʶʱʠʤ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʤ ʫʨʘʚʥʝʥʠʝʤ:  

 edq
dS

T
=  (42) 

ʛʜʝ eq  ï ʪʝʧʣʦʪʘ, ʧʦʜʚʝʜʝʥʥʘʷ ʢ ʩʠʩʪʝʤʝ ʠʟʚʥʝ, ʘ ʪʘʢʞʝ ʚʩʣʝʜʩʪʚʠʝ 

ʜʠʩʩʠʧʘʮʠʠ ʵʥʝʨʛʠʠ. 

ʉʦʛʣʘʩʥʦ ʧʝʨʚʦʤʫ ʟʘʢʦʥʫ ʪʝʨʤʦʜʠʥʘʤʠʢʠ,  

 
1

e

p dp p dp
dq de pd de d d e

r r r r r

å õ å õ å õ
= + = + - = + -æ ö æ ö æ ö

ç ÷ ç ÷ ç ÷
 (43) 

ʋʯʠʪʳʚʘʷ, ʯʪʦ ʵʥʪʘʣʴʧʠʷ ʛʘʟʘ i e p r= + , ʩʦʦʪʥʦʰʝʥʠʝ (43) ʤʦʞʥʦ 

ʟʘʧʠʩʘʪʴ ʚ ʚʠʜʝ 

 e

dp
dq di

r
= -  (44) 

ʠʣʠ 

 
dp

TdS di
r

= -  (45) 

ʀʟ ʚʳʨʘʞʝʥʠʡ (41) ʠ (45) ʩʣʝʜʫʝʪ, ʯʪʦ 0TdS= , ʘ ʟʥʘʯʠʪ, ʜʣʷ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʤʦʜʝʣʠ ʩʞʠʤʘʝʤʦʛʦ ʛʘʟʘ ʵʥʪʨʦʧʠʷ S ʜʦʣʞʥʘ ʙʳʪʴ 

ʧʦʩʪʦʷʥʥʦʡ. ʇʨʦʮʝʩʩʳ, ʧʨʦʪʝʢʘʶʱʠʝ ʙʝʟ ʪʝʧʣʦʦʙʤʝʥʘ ʠ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ 

ʧʦʪʝʨʴ (ʩ ʧʦʩʪʦʷʥʥʦʡ ʵʥʪʨʦʧʠʝʡ), ʥʘʟʳʚʘʶʪʩʷ ʠʟʦʵʥʪʨʦʧʠʯʝʩʢʠʤʠ. 
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ʇʦʣʫʯʠʤ ʫʨʘʚʥʝʥʠʝ ʜʣʷ ʠʟʦʵʥʪʨʦʧʳ, ʢʦʪʦʨʦʝ ʣʝʞʠʪ ʚ ʦʩʥʦʚʝ ʨʘʩʯʝʪʘ 

ʧʘʨʘʤʝʪʨʦʚ ʧʦʪʦʢʘ ʧʨʠ ʠʟʦʵʥʪʨʦʧʠʯʝʩʢʦʤ ʪʝʯʝʥʠʠ. ʉ ʫʯʝʪʦʤ ʫʨʘʚʥʝʥʠʷ 

ʩʦʩʪʦʷʥʠʷ p RTr=  ʧʨʝʦʙʨʘʟʫʝʤ ʩʦʦʪʥʦʰʝʥʠʝ (43) ʢ ʚʠʜʫ 

 e V

dp
dq c dT RT

r
= -  (46) 

ʀʥʪʝʛʨʠʨʫʷ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʝ ʫʨʘʚʥʝʥʠʝ (42) ʩ ʫʯʝʪʦʤ (46), 

ʧʦʣʫʯʘʝʤ 

ln .V

p
S c C

gr
= +  

ʇʦʩʢʦʣʴʢʫ ʵʥʪʨʦʧʠʷ ʧʦʩʪʦʷʥʥʘ, ʪʦ ʠ ʦʪʥʦʰʝʥʠʝ .p constgr=  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʠʩʪʝʤʘ ʦʩʥʦʚʥʳʭ ʫʨʘʚʥʝʥʠʡ, ʦʧʠʩʳʚʘʶʱʠʭ 

ʠʟʦʵʥʪʨʦʧʠʯʝʩʢʦʝ ʪʝʯʝʥʠʝ, ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ:  

 1,VF Cr =  (47) 

 
2

22 ,pV c T C+ =  (48) 

 3,p Cgr=  (49) 

 ,p RTr=  (50) 

ʛʜʝ 1 2 3, ,C C C  ï ʧʦʩʪʦʷʥʥʳʝ ʚʝʣʠʯʠʥʳ, F ï ʧʣʦʱʘʜʴ. 

ʕʪʘ ʩʠʩʪʝʤʘ ʷʚʣʷʝʪʩʷ ʘʣʛʝʙʨʘʠʯʝʩʢʦʡ ʠ ʩʦʜʝʨʞʠʪ ʯʝʪʳʨʝ ʥʝʠʟʚʝʩʪʥʳʭ 

ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʘ p , r, T  ʠ V, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ ʩʦʩʪʦʷʥʠʝ ʧʦʪʦʢʘ ʛʘʟʘ. 

ɼʣʷ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʥʝʦʙʭʦʜʠʤʦ ʟʥʘʪʴ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ, ʢʦʪʦʨʳʝ 

ʚʢʣʶʯʘʶʪ ʚ ʩʝʙʷ ʟʘʚʠʩʠʤʦʩʪʴ F(x) ʠʟʤʝʥʝʥʠʷ ʧʣʦʱʘʜʠ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ 

ʧʦʪʦʢʘ ʚʜʦʣʴ ʧʨʦʜʦʣʴʥʦʡ ʢʦʦʨʜʠʥʘʪʳ. 

ʇʦʣʫʯʠʤ ʦʩʥʦʚʥʳʝ ʩʦʦʪʥʦʰʝʥʠʷ, ʩʚʷʟʳʚʘʶʱʠʝ ʧʘʨʘʤʝʪʨʳ ʧʦʪʦʢʘ 

ʧʨʠ ʠʟʦʵʥʪʨʦʧʠʯʝʩʢʦʤ ʪʝʯʝʥʠʠ. 

ʈʘʩʩʤʦʪʨʠʤ ʧʣʦʩʢʠʡ ʢʘʥʘʣ ʧʦʩʪʦʷʥʥʦʛʦ ʩʝʯʝʥʠʷ, ʟʘʧʦʣʥʝʥʥʳʡ ʛʘʟʦʤ 

ʩ ʧʘʨʘʤʝʪʨʘʤʠ 2p , 2r, 2T  ʠ 2 0V =  (ʈʠʩʫʥʦʢ 1.1.2). ʇʫʩʪʴ ʚ ʥʝʢʦʪʦʨʳʡ ʤʦʤʝʥʪ 
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ʚʨʝʤʝʥʠ ʚ ʥʝʤ ʩ ʥʝʙʦʣʴʰʦʡ ʩʢʦʨʦʩʪʴʶ ʥʘʯʠʥʘʝʪ ʨʘʚʥʦʤʝʨʥʦ ʜʚʠʛʘʪʴʩʷ 

ʧʦʨʰʝʥʴ, ʢʦʪʦʨʳʡ ʧʨʠʚʦʜʠʪ ʚ ʜʚʠʞʝʥʠʝ ʯʘʩʪʠʮʳ ʛʘʟʘ. ʇʦʩʢʦʣʴʢʫ ʛʘʟ 

ʩʞʠʤʘʝʤ, ʜʚʠʞʝʥʠʝ ʯʘʩʪʠʮ ʥʝ ʤʦʞʝʪ ʥʘʯʘʪʴʩʷ ʦʜʥʦʚʨʝʤʝʥʥʦ ʚʦ ʚʩʝʤ 

ʟʘʥʠʤʘʝʤʦʤ ʠʤ ʦʙʲʝʤʝ. ʇʦʵʪʦʤʫ ʚ ʢʘʞʜʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʙʫʜʝʪ 

ʩʫʱʝʩʪʚʦʚʘʪʴ ʬʨʦʥʪ ʚʦʟʤʫʱʝʥʠʷ ɸɸ1, ʢʦʪʦʨʳʡ ʜʚʠʞʝʪʩʷ ʩ ʥʝʢʦʪʦʨʦʡ 

ʩʢʦʨʦʩʪʴʶ ʘ ʠ ʦʪʜʝʣʷʝʪ ʦʙʣʘʩʪʴ ʚʦʟʤʫʱʝʥʥʦʡ ʛʘʟʦʚʦʡ ʩʨʝʜʳ (1p , 1r, 1T  ʠ  

1V ) ʦʪ ʥʝʚʦʟʤʫʱʝʥʥʦʡ (2p , 2r, 2T  ʠ 2V ). 

ʆʧʨʝʜʝʣʠʤ ʩʢʦʨʦʩʪʴ ʘ, ʠʩʧʦʣʴʟʫʷ ʦʩʥʦʚʥʳʝ ʫʨʘʚʥʝʥʠʷ ʩʦʭʨʘʥʝʥʠʷ. ʀʟ 

ʫʨʘʚʥʝʥʠʷ ʥʝʨʘʟʨʳʚʥʦʩʪʠ, ʟʘʧʠʩʘʥʥʦʛʦ ʜʣʷ ʝʜʠʥʠʯʥʦʡ ʧʣʦʱʘʜʠ F, 

( )1 1 2m a V ar r= - =  

ʧʦʣʫʯʘʝʤ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʩʢʦʨʦʩʪʠ ʘ: 

 1 1

1 2

V
a

r

r r
=
-

 (51) 

ʘ ʠʟ ʫʨʘʚʥʝʥʠʷ ʜʚʠʞʝʥʠʷ 

( )1 1 1 2ma m a V mV p p- - = = - 

ʠʩʧʦʣʴʟʫʷ ʫʨʘʚʥʝʥʠʝ ʥʝʨʘʟʨʳʚʥʦʩʪʠ, ʥʘʭʦʜʠʤ, ʯʪʦ ʩʢʦʨʦʩʪʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʬʨʦʥʪʘ ʚʦʟʤʫʱʝʥʠʡ 

 1 2

2 1

.
p p

a
Vr

-
=  (52) 

 

ʈʠʩʫʥʦʢ 1.1.2. ʈʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚʦʟʤʫʱʝʥʠʡ ʚ ʛʘʟʝ ʧʨʠ ʜʚʠʞʝʥʠʠ ʧʦʨʰʥʷ, 

ʛʜʝ 1p , 1r, 1T  ʠ 1V  ï ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʜʘʚʣʝʥʠʝ, ʧʣʦʪʥʦʩʪʴ, ʪʝʤʧʝʨʘʪʫʨʘ ʠ 

ʚʝʢʪʦʨ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʚ ʚʦʟʤʫʱʝʥʥʦʡ ʛʘʟʦʚʦʡ ʩʨʝʜʝ, 2p , 2r, 2T  ʠ 2V  ï 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʜʘʚʣʝʥʠʝ, ʧʣʦʪʥʦʩʪʴ, ʪʝʤʧʝʨʘʪʫʨʘ ʠ ʚʝʢʪʦʨ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ 

ʟʘ ʬʨʦʥʪʦʤ ʚʦʟʤʫʱʝʥʠʷ 
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ʇʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ ʧʨʠ ʧʝʨʝʭʦʜʝ ʯʝʨʝʟ ʬʨʦʥʪ ʚʦʟʤʫʱʝʥʠʡ ʧʘʨʘʤʝʪʨʳ 

ʛʘʟʘ ʠʟʤʝʥʷʶʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʦ, ʪ. ʝ. 

1 2 1 2 1; ; .p p dp d V dVr r r= + = + = 

ʊʦʛʜʘ, ʧʦʜʩʪʘʚʣʷʷ ʵʪʠ ʚʳʨʘʞʝʥʠʷ ʚ (51) ʠ (52) ʠ ʦʪʙʨʘʩʳʚʘʷ ʯʣʝʥʳ 

ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʤʘʣʦʩʪʠ, ʧʦʣʫʯʘʝʤ 

 
( )2

2

2 2

,
d dV dV

a
d d

r r
r

r r r r

+
= =

+ -
 (53) 

 
2 2

2 2

.
p dp p dp

a
dV dVr r

+ -
= =  (54) 

ɺʳʨʘʞʘʷ ʠʟ ʬʦʨʤʫʣʳ (53) ʧʣʦʪʥʦʩʪʴ 

2

d
a

dV

r
r=  

ʠ ʧʦʜʩʪʘʚʣʷʷ ʝʝ ʚ ʚʳʨʘʞʝʥʠʝ (54), ʥʘʭʦʜʠʤ ʩʦʦʪʥʦʰʝʥʠʝ ʜʣʷ ʩʢʦʨʦʩʪʠ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʣʘʙʳʭ ʚʦʟʤʫʱʝʥʠʡ (ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ) ʚ ʩʨʝʜʝ: 

 ,
dp

a
dr

=  (55) 

ʢʦʪʦʨʘʷ ʧʨʷʤʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʠʟʤʝʥʝʥʠʶ ʜʘʚʣʝʥʠʷ dp ʠ ʦʙʨʘʪʥʦ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʠʟʤʝʥʝʥʠʶ ʧʣʦʪʥʦʩʪʠ dr. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ ʧʨʠ ʠʟʦʵʥʪʨʦʧʠʯʝʩʢʦʤ ʪʝʯʝʥʠʠ ʛʘʟʘ 

ʧʨʦʣʦʛʘʨʠʬʤʠʨʫʝʤ ʫʨʘʚʥʝʥʠʝ (49):  

 3ln ln lnp C g r= +  (56) 

ɼʠʬʬʝʨʝʥʮʠʨʫʷ ʫʨʘʚʥʝʥʠʝ (56), ʥʘʭʦʜʠʤ 

dp p

d
g

r r
=   

ʉ ʫʯʝʪʦʤ ʚʳʨʘʞʝʥʠʷ (55) ʧʦʣʫʯʘʝʤ 

 
p

a g
r

=  (57) 
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ʠʣʠ, ʩʦʛʣʘʩʥʦ ʫʨʘʚʥʝʥʠʶ ʩʦʩʪʦʷʥʠʷ (50), 

.a RTg=  

ʈʘʩʩʤʦʪʨʠʤ ʛʘʟʦʚʳʡ ʧʦʪʦʢ, ʦʙʪʝʢʘʶʱʠʡ ʥʝʢʦʪʦʨʫʶ ʧʦʚʝʨʭʥʦʩʪʴ 

(ʈʠʩʫʥʦʢ 1.1.3). ʇʘʨʘʤʝʪʨʳ ʚ ʩʝʯʝʥʠʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤ ʥʝʚʦʟʤʫʱʝʥʥʦʤʫ 

ʪʝʯʝʥʠʶ ʚ ʵʪʦʤ ʧʦʪʦʢʝ, ʦʙʦʟʥʘʯʠʤ ʯʝʨʝʟ , , ,V p T r¤ ¤ ¤ ¤, ʘ ʚ ʚʦʟʤʫʱʝʥʥʦʡ 

ʦʙʣʘʩʪʠ (ʚʙʣʠʟʠ ʦʙʪʝʢʘʝʤʦʛʦ ʪʝʣʘ) ï ʯʝʨʝʟ , , ,V p T r. ʋʩʪʘʥʦʚʠʤ 

ʚʟʘʠʤʦʩʚʷʟʴ ʤʝʞʜʫ ʧʘʨʘʤʝʪʨʘʤʠ ʩʦʩʪʦʷʥʠʷ ʛʘʟʘ ʠ ʩʢʦʨʦʩʪʴʶ ʝʛʦ ʜʚʠʞʝʥʠʷ. 

ɿʘʧʠʰʝʤ ʫʨʘʚʥʝʥʠʝ ʵʥʝʨʛʠʠ (48) ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʨʘʩʩʤʦʪʨʝʥʥʳʤ ʩʝʯʝʥʠʷʤ: 

2 22 2 .V i V i¤ ¤+ = + 

ʆʪʩʶʜʘ 

( )2 2 .V V i i¤ ¤= + -  

 

ʈʠʩʫʥʦʢ 1.1.3. ʉʭʝʤʘ ʪʝʯʝʥʠʷ ʚʙʣʠʟʠ ʦʙʪʝʢʘʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʛʜʝ V, p, r, 

T, i, a ï ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʚʝʢʪʦʨ ʩʢʦʨʦʩʪʠ, ʜʘʚʣʝʥʠʝ, ʧʣʦʪʥʦʩʪʴ, ʪʝʤʧʝʨʘʪʫʨʘ, 

ʫʜʝʣʴʥʘʷ ʚʥʫʪʨʝʥʥʷʷ ʵʥʝʨʛʠʷ ʛʘʟʘ ʠ ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ. ʀʥʜʝʢʩʦʤ çÐè 

ʦʙʦʟʥʘʯʘʶʪʩʷ ʧʘʨʘʤʝʪʨʳ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ, ç0è ï ʧʘʨʘʤʝʪʨʳ 

ʪʦʨʤʦʞʝʥʠʷ, ʙʝʟ ʠʥʜʝʢʩʘ ï ʧʘʨʘʤʝʪʨʳ ʚ ʚʦʟʤʫʱʝʥʥʦʡ ʦʙʣʘʩʪʠ. 

ʇʫʩʪʴ ʚ ʥʝʢʦʪʦʨʦʡ ʪʦʯʢʝ ʉ (ʈʠʩʫʥʦʢ 1.1.3) ʧʦʪʦʢ ʧʦʣʥʦʩʪʴʶ 

ʪʦʨʤʦʟʠʪʩʷ. ʇʘʨʘʤʝʪʨʳ ʩʦʩʪʦʷʥʠʷ ʛʘʟʘ ʚ ʪʦʯʢʝ ʩ ʥʫʣʝʚʦʡ ʩʢʦʨʦʩʪʴʶ 

ʥʘʟʳʚʘʶʪʩʷ ʧʘʨʘʤʝʪʨʘʤʠ ʪʦʨʤʦʞʝʥʠʷ ʠ ʦʙʦʟʥʘʯʘʶʪʩʷ ʠʥʜʝʢʩʦʤ ç0è: 

0 0 0, ,T p r. ʆʧʨʝʜʝʣʷʷ ʢʦʥʩʪʘʥʪʫ ʚ ʫʨʘʚʥʝʥʠʠ (49) ʠ ʫʯʠʪʳʚʘʷ ʫʩʣʦʚʠʷ ʚ ʪʦʯʢʝ 

ʪʦʨʤʦʞʝʥʠʷ, ʟʘʧʠʰʝʤ ʫʨʘʚʥʝʥʠʝ ʵʥʝʨʛʠʠ ʚ ʚʠʜʝ 
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2

0 2 ,i V i= + (58) 

ʛʜʝ i - ʵʥʪʘʣʴʧʠʷ ʟʘʪʦʨʤʦʞʝʥʥʦʛʦ ʧʦʪʦʢʘ. 

ʊʦʛʜʘ ʩʢʦʨʦʩʪʴ ʛʘʟʘ ʚ ʩʪʨʫʝ ʤʦʞʥʦ ʚʳʯʠʩʣʠʪʴ ʧʦ ʟʘʚʠʩʠʤʦʩʪʠ 

 ( )02 1 .V i= -  (59) 

ʇʦʜʩʪʘʚʣʷʷ ʚ ʚʳʨʘʞʝʥʠʝ (58) 

0
0

0

, ,
1 1

p

p

c p p p
i c T i

R

g g

r g r g r
= = = =

- -
  

ʥʘʭʦʜʠʤ 

2

0

0

.
1 2 1

p V pg g

g r g r
= +

- -
 

ʆʪʩʶʜʘ ʪʝʢʫʱʘʷ ʩʢʦʨʦʩʪʴ 

 0

0

2
.

1

p p
V

g

g r r

å õ
= -æ ö

-ç ÷

 (60) 

ʇʦʩʢʦʣʴʢʫ ʪʝʯʝʥʠʝ ʠʟʦʵʥʪʨʦʧʠʯʝʩʢʦʝ,  

 0 0 ,p pg gr r=  (61) 

ʚr ʨʘʞʘʷ ʠʟ (61) ʦʪʥʦʰʝʥʠʝ 0p p ʠ ʧʦʜʩʪʘʚʣʷʷ ʝʛʦ ʚ (60), ʧʦʣʫʯʘʝʤ 

1

0

0 0

2
1 .

1

p p
V

p

g

gg

g r

-è ø
å õé ù= -æ öé ù- ç ÷

é ùê ú

 

ʇʦʩʢʦʣʴʢʫ ʜʣʷ ʫʩʣʦʚʠʡ ʧʦʣʥʦʛʦ ʪʦʨʤʦʞʝʥʠʷ ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ 

0 0 0a pg r= , ʪʝʢʫʱʘʷ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ 

 

1

0

0

2
1 .

1

p
V a

p

g

g

g

-è ø
å õé ù= -æ öé ù- ç ÷

é ùê ú

 (62) 

ʀʟ ʩʦʦʪʥʦʰʝʥʠʷ (58) ʩʣʝʜʫʝʪ, ʯʪʦ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʚʦʟʨʘʩʪʘʝʪ ʧʦ ʤʝʨʝ 

ʪʦʛʦ, ʢʘʢ ʫʤʝʥʴʰʘʝʪʩʷ ʵʥʪʘʣʴʧʠʷ, ʘ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʚʩʝ ʙʦʣʴʰʘʷ ʯʘʩʪʴ 
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ʚʥʫʪʨʝʥʥʝʡ ʵʥʝʨʛʠʠ ʧʨʝʦʙʨʘʟʫʝʪʩʷ ʚ ʢʠʥʝʪʠʯʝʩʢʫʶ. ʄʘʢʩʠʤʘʣʴʥʘʷ ʩʢʦʨʦʩʪʴ 

ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ i =  0 (ʨ = 0, ʊ = 0), ʪ. ʝ. ʧʨʠ ʨʘʩʰʠʨʝʥʠʠ ʧʦʪʦʢʘ 

ʜʦ ʧʦʣʥʦʛʦ ʚʘʢʫʫʤʘ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʬʦʨʤʫʣʦʡ (59)  

 max 02V i=  (63) 

ʠʣʠ ʩ ʫʯʝʪʦʤ (4.22)  

max 0

2
.

1
V a

g
=

-
 

ʉʦʛʣʘʩʥʦ ʚʳʨʘʞʝʥʠʶ (63), ʤʘʢʩʠʤʘʣʴʥʘʷ ʩʢʦʨʦʩʪʴ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʪʦʣʴʢʦ ʧʘʨʘʤʝʪʨʘʤʠ ʟʘʪʦʨʤʦʞʝʥʥʦʛʦ ʧʦʪʦʢʘ. ʇʦʩʢʦʣʴʢʫ ʧʨʠ 

ʠʟʦʵʥʪʨʦʧʠʯʝʩʢʦʤ ʪʝʯʝʥʠʠ ʧʘʨʘʤʝʪʨʳ 0 0 0, ,T p r ʦʩʪʘʶʪʩʷ ʧʦʩʪʦʷʥʥʳʤʠ 

(ʵʥʝʨʛʦʦʙʤʝʥ ʩ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʦʡ ʦʪʩʫʪʩʪʚʫʝʪ, ʘ ʪʘʢʞʝ ʥʝʪ ʧʦʪʝʨʴ, 

ʩʚʷʟʘʥʥʳʭ ʩ ʪʨʝʥʠʝʤ), ʩʢʦʨʦʩʪʴ maxV  ʙʫʜʝʪ ʧʦʩʪʦʷʥʥʦʡ. 

ɿʥʘʷ ʤʘʢʩʠʤʘʣʴʥʫʶ ʩʢʦʨʦʩʪʴ, ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʚ 

ʧʨʦʠʟʚʦʣʴʥʦʤ ʩʝʯʝʥʠʠ: 

max 01 .V V i i= -  

ʇʨʝʦʙʨʘʟʫʷ ʚʳʨʘʞʝʥʠʝ (58) ʩ ʫʯʝʪʦʤ (57), ʧʦʣʫʯʠʤ 

 
2 2 2

0

1
,

2
a a V

g-
= -  (64) 

ʠʣʠ 

 ( )2 2 2

max

1
.

2
a V V
g-
= -  (65) 

ʀʟ ʩʦʦʪʥʦʰʝʥʠʷ (65) ʩʣʝʜʫʝʪ, ʯʪʦ ʯʝʤ ʙʦʣʴʰʝ ʩʢʦʨʦʩʪʴ ʪʝʯʝʥʠʷ ʛʘʟʘ, 

ʪʝʤ ʤʝʥʴʰʝ ʤʝʩʪʥʘʷ ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ. ɺ ʜʠʘʧʘʟʦʥʝ ʜʦʟʚʫʢʦʚʳʭ ʩʢʦʨʦʩʪʝʡ ʧʦ 

ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʩʢʦʨʦʩʪʠ ʪʝʯʝʥʠʷ ʤʝʩʪʥʘʷ ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ ʙʫʜʝʪ 

ʫʤʝʥʴʰʘʪʴʩʷ, ʥʦ ʦʩʪʘʚʘʪʴʩʷ ʙʦʣʴʰʝ ʤʝʩʪʥʦʡ ʩʢʦʨʦʩʪʠ ʪʝʯʝʥʠʷ (V < ʘ). ʇʨʠ 

ʩʚʝʨʭʟʚʫʢʦʚʦʤ ʪʝʯʝʥʠʠ ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ ʩʪʘʥʦʚʠʪʩʷ ʤʝʥʴʰʝ ʤʝʩʪʥʦʡ ʩʢʦʨʦʩʪʠ 

ʪʝʯʝʥʠʷ. ʉʝʯʝʥʠʝ, ʚ ʢʦʪʦʨʦʤ ʤʝʩʪʥʘʷ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʛʘʟʘ ʨʘʚʥʘ ʤʝʩʪʥʦʡ 
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ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ, ʥʘʟʳʚʘʝʪʩʷ ʢʨʠʪʠʯʝʩʢʠʤ. ʉʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʝʤʫ ʟʥʘʯʝʥʠʝ 

ʩʢʦʨʦʩʪʠ ʦʙʦʟʥʘʯʘʶʪ 
*a . ʂʨʠʪʠʯʝʩʢʠʤʠ ʜʣʷ ʵʪʦʛʦ ʩʝʯʝʥʠʷ ʥʘʟʳʚʘʶʪ ʠ ʪʘʢʠʝ 

ʧʘʨʘʤʝʪʨʳ ʛʘʟʘ, ʢʘʢ ʜʘʚʣʝʥʠʝ 
*p , ʧʣʦʪʥʦʩʪʴ 

*r, ʪʝʤʧʝʨʘʪʫʨʘ 
*T . 

ʉʦʛʣʘʩʥʦ ʩʦʦʪʥʦʰʝʥʠʶ (65), 

( )*2 2 *2

max

1
,

2
a V a

g-
= -  

ʦʪʢʫʜʘ 

*

max

1
.

1
a V

g

g

-
=

+
 

ʀʩʧʦʣʴʟʫʷ ʫʨʘʚʥʝʥʠʝ ʵʥʝʨʛʠʠ 

*2 *

0

*

01 2 1

p a pg g

g r g r
= +

- -
 

ʠ ʚʳʨʘʞʝʥʠʝ (57), ʥʘʭʦʜʠʤ 

 
* 0

0

0

2 2
.

1 1

p
a a

g

g r g
= =

+ +
 (66) 

ʂʨʦʤʝ ʯʠʩʣʘ ʄʘʭʘ M V a= , ʚ ʢʘʯʝʩʪʚʝ ʙʝʟʨʘʟʤʝʨʥʳʭ ʩʢʦʨʦʩʪʝʡ 

ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʯʠʩʣʦ ʂʨʦʢʢʦ maxCr V V=  ʠʣʠ ʦʪʥʦʩʠʪʝʣʴʥʫʶ ʩʢʦʨʦʩʪʴ 

*V al= . ʇʨʝʦʙʨʘʟʦʚʘʚ ʫʨʘʚʥʝʥʠʝ (64) ʩ ʫʯʝʪʦʤ (66), ʧʦʣʫʯʠʤ ʟʘʚʠʩʠʤʦʩʪʴ 

ʤʝʞʜʫ ʄ ʠ l:  

 
2 2 21 1

1 .
22

M M
g g

l
+ -å õ

= +æ ö
ç ÷

 (67) 

ɺ ʩʝʯʝʥʠʠ, ʛʜʝ maxV V= , ʯʠʩʣʦ ʄʘʭʘ M ­¤, ʘ ʩʣʝʜʦʚʘʪʝʣʴʥʦ, 

max

1
.

1

g
l l

g

+
=

-
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ʆʯʝʚʠʜʥʦ, ʯʪʦ ʚ ʢʨʠʪʠʯʝʩʢʦʤ ʩʝʯʝʥʠʠ, ʛʜʝ 1M =, ʟʥʘʯʝʥʠʝ 1l=. ɺ 

ʧʨʦʠʟʚʦʣʴʥʦʤ ʩʝʯʝʥʠʠ ʧʨʠ 1 M¢ ¢¤ ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʩʢʦʨʦʩʪʴ ʠʟʤʝʥʷʝʪʩʷ ʚ 

ʧʨʝʜʝʣʘʭ ( )( )1 1 1l g g¢ ¢ + -. 

ʈʘʟʜʝʣʠʚ ʣʝʚʫʶ ʠ ʧʨʘʚʫʶ ʯʘʩʪʠ ʫʨʘʚʥʝʥʠʷ (65) ʥʘ 
2V , ʣʝʛʢʦ 

ʫʩʪʘʥʦʚʠʪʴ ʩʚʷʟʴ ʤʝʞʜʫ ʯʠʩʣʘʤʠ ʂʨʦʢʢʦ ʠ ʄʘʭʘ:  

 
2 2 21 1

1 .
22

Cr M M
g g- -å õ
= +æ ö

ç ÷
 (68) 

ʉʚʷʟʴ ʤʝʞʜʫ ʯʠʩʣʦʤ ʂʨʦʢʢʦ ʠ ʙʝʟʨʘʟʤʝʨʥʦʡ ʩʢʦʨʦʩʪʴʶ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʩʦʦʪʥʦʰʝʥʠʝʤ 

 
2 21

.
1

Cr
g
l

g

-
=
+

 (69) 

ɼʣʷ ʫʩʪʘʥʦʚʣʝʥʠʷ ʟʘʚʠʩʠʤʦʩʪʠ ʜʘʚʣʝʥʠʷ, ʧʣʦʪʥʦʩʪʠ, ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʦʪʦʢʘ ʦʪ ʝʛʦ ʩʢʦʨʦʩʪʠ ʚʦʩʧʦʣʴʟʫʝʤʩʷ ʫʨʘʚʥʝʥʠʝʤ (58). ʈʘʟʜʝʣʠʤ ʝʛʦ ʣʝʚʫʶ 

ʠ ʧʨʘʚʫʶ ʯʘʩʪʠ ʥʘ ʧʦʣʥʫʶ ʵʥʪʘʣʴʧʠʶ 0i :  
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0 0
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i V

i i
= -  (70) 

ʉ ʫʯʝʪʦʤ ʪʦʛʦ, ʯʪʦ pi c T= , 0 0pi c T= , ʘ 
2

max 02V i= , ʟʘʚʠʩʠʤʦʩʪʴ (70) 

ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ 
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T V

Cr
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= - = -  (71) 

ʉʦʛʣʘʩʥʦ ʫʨʘʚʥʝʥʠʷʤ ʠʟʦʵʥʪʨʦʧʳ (49) ʠ ʩʦʩʪʦʷʥʠʷ (50), ʠʤʝʶʪ ʤʝʩʪʦ 

ʩʣʝʜʫʶʱʠʝ ʩʦʦʪʥʦʰʝʥʠʷ: 
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ʠʣʠ ʩ ʫʯʝʪʦʤ ʩʦʦʪʥʦʰʝʥʠʷ (71)  
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ʇʦʩʢʦʣʴʢʫ ʧʨʠ ʦʜʥʦʤʝʨʥʦʤ ʠʟʦʵʥʪʨʦʧʠʯʝʩʢʦʤ ʪʝʯʝʥʠʠ ʧʘʨʘʤʝʪʨʳ 

ʪʦʨʤʦʞʝʥʠʷ ʦʩʪʘʶʪʩʷ ʧʦʩʪʦʷʥʥʳʤʠ, ʠʟ ʩʦʦʪʥʦʰʝʥʠʡ (71) ʠ (72) ʩʣʝʜʫʝʪ, ʯʪʦ 

ʩ ʨʦʩʪʦʤ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʦʪ ʥʫʣʷ ʜʦ maxV  ʝʛʦ ʧʘʨʘʤʝʪʨʳ ʥʝʧʨʝʨʳʚʥʦ 

ʫʤʝʥʴʰʘʶʪʩ ̫ʠ ʩʪʨʝʤʷʪʩʷ ʢ ʥʫʣʝʚʳʤ ʟʥʘʯʝʥʠʷʤ (ʈʠʩʫʥʦʢ 1.1.4). 

ʇʦʜʩʪʘʚʣʷʷ ʚ (71) ʠ (72) ʟʘʚʠʩʠʤʦʩʪʠ (68) ʠ (69), ʧʦʣʫʯʘʝʤ 

ʩʦʦʪʥʦʰʝʥʠʷ ʤʝʞʜʫ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ:  
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 (75)  

 

ʈʠʩʫʥʦʢ 1.1.4. ɿʘʚʠʩʠʤʦʩʪʠ ʜʘʚʣʝʥʠʷ, ʧʣʦʪʥʦʩʪʠ, ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʩʢʦʨʦʩʪʠ 

ʟʚʫʢʘ ʚ ʛʘʟʦʚʦʡ ʩʪʨʫʝ ʦʪ ʙʝʟʨʘʟʤʝʨʥʦʡ ʩʢʦʨʦʩʪʠ ʪʝʯʝʥʠʷ,  

ʛʜʝ p, r, T, a ï ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʜʘʚʣʝʥʠʝ, ʧʣʦʪʥʦʩʪʴ, ʪʝʤʧʝʨʘʪʫʨʘ ʠ ʩʢʦʨʦʩʪʴ 

ʟʚʫʢʘ. ʀʥʜʝʢʩʦʤ ç0è ï ʧʘʨʘʤʝʪʨʳ ʪʦʨʤʦʞʝʥʠʷ, ʙʝʟ ʠʥʜʝʢʩʘ ï ʧʘʨʘʤʝʪʨʳ ʚ 

ʚʦʟʤʫʱʝʥʥʦʡ ʦʙʣʘʩʪʠ. Cr ï ʯʠʩʣʦ ʂʨʦʢʢʦ. 
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ɺ ʢʨʠʪʠʯʝʩʢʦʤ ʩʝʯʝʥʠʠ (*V a= ) 1M l= =, ( )( )1 1Cr g g= - +. 

ʀʟ ʩʦʦʪʥʦʰʝʥʠʡ (73)-(75) ʜʣʷ ʢʨʠʪʠʯʝʩʢʠʭ ʟʥʘʯʝʥʠʡ ʜʘʚʣʝʥʠʷ 
*p , ʧʣʦʪʥʦʩʪʠ 

*r ʠ ʪʝʤʧʝʨʘʪʫʨʳ *T  ʥʘʭʦʜʠʤ 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʩʝ ʧʘʨʘʤʝʪʨʳ ʛʘʟʘ ʚ ʩʝʯʝʥʠʠ, ʛʜʝ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ 

ʜʦʩʪʠʛʘʝʪ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ, ʷʚʣʷʶʪʩʷ ʬʫʥʢʮʠʷʤʠ ʪʦʣʴʢʦ ʧʘʨʘʤʝʪʨʦʚ 

ʪʦʨʤʦʞʝʥʠʷ 0 0 0, ,T p r. ɼʣʷ ʚʦʟʜʫʭʘ (1.4g= ) ʬʦʨʤʫʣʳ (76) ʧʨʠʥʠʤʘʶʪ ʚʠʜ 

* * *

0 0 00.831 ; 0.528 ; 0.636T T p p r r= = =   

ʅʝʩʤʦʪʨʷ ʥʘ ʧʨʦʩʪʝʡʰʫʶ ʤʦʜʝʣʴ ʩʦʚʝʨʰʝʥʥʦʛʦ ʛʘʟʘ, ʩʫʱʝʩʪʚʫʝʪ 

ʙʦʣʴʰʘʷ ʧʨʦʙʣʝʤʘ ʨʘʩʯʝʪʘ ʦʙʪʝʢʘʥʠʷ ʧʨʠ M¤ > 1 ʪʝʣ ʩʣʦʞʥʦʡ ʬʦʨʤʳ. ʇʨʠ 

ʨʝʰʝʥʠʠ ʟʘʜʘʯ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʘʵʨʦʜʠʥʘʤʠʢʠ ʧʨʦʮʝʩʩ ʧʦʩʪʨʦʝʥʠʷ 

ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ ʦʙʳʯʥʦ ʚʝʩʴʤʘ ʪʨʫʜʦʝʤʦʢ, ʪʨʝʙʫʝʪ ʙʦʣʴʰʠʭ ʚʨʝʤʝʥʥʳʭ 

ʟʘʪʨʘʪ ʠ ʟʥʘʯʠʪʝʣʴʥʳʭ ʫʩʠʣʠʡ ʩʧʝʮʠʘʣʠʩʪʦʚ ʧʦ ʯʠʩʣʝʥʥʦʤʫ ʤʦʜʝʣʠʨʦʚʘʥʠʶ. 

ʊʦʯʥʦʩʪʴ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʯʠʩʣʝʥʥʦʛʦ ʤʝʪʦʜʘ ʨʝʰʝʥʠʷ 

ʫʨʘʚʥʝʥʠʡ ʤʝʭʘʥʠʢʠ ʩʧʣʦʰʥʦʡ ʩʨʝʜʳ ʯʘʩʪʦ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʟʘʚʠʩʠʪ 

ʦʪ ʠʩʧʦʣʴʟʫʝʤʦʡ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ. 

ʆʧʫʩʢʘʷ ʧʝʨʝʯʠʩʣʝʥʠʝ ʜʦʩʪʦʠʥʩʪʚ ʠ ʥʝʜʦʩʪʘʪʢʦʚ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ 

ʩʝʪʦʢ, ʢʦʪʦʨʳʝ ʰʠʨʦʢʦ ʠ ʫʩʧʝʰʥʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʤʝʭʘʥʠʢʝ ʩʧʣʦʰʥʦʡ 

ʩʨʝʜʳ, ʦʪʤʝʪʠʤ ʨʷʜ ʩʚʦʡʩʪʚ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʦʢ: 

1) ɼʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʟʘʜʘʯ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ ʧʨʘʢʪʠʯʝʩʢʠʡ ʠʥʪʝʨʝʩ 

ʚ ʤʝʭʘʥʠʢʝ ʩʧʣʦʰʥʦʡ ʩʨʝʜʳ, ʬʦʨʤʘ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʦʯʝʥʴ ʩʣʦʞʥʘ, ʠ 
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ʧʦʩʪʨʦʝʥʠʝ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʩʪʘʥʦʚʠʪʩʷ 

ʯʨʝʟʚʳʯʘʡʥʦ ʪʨʫʜʦʝʤʢʠʤ ʜʘʞʝ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʥʦʛʦʙʣʦʯʥʦʛʦ ʧʦʜʭʦʜʘ. 

ʅʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʩʝʪʢʠ ʩʦʟʜʘʶʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʦʱʝ ʧʨʘʢʪʠʯʝʩʢʠ ʜʣʷ 

ʣʶʙʦʡ ʪʨʝʙʫʝʤʦʡ ʛʝʦʤʝʪʨʠʠ. 

2) ʇʨʦʮʝʩʩ ʧʦʩʪʨʦʝʥʠʷ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʦʢ ʤʦʞʝʪ ʙʳʪʴ 

ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥ, ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʦ ʩʦʢʨʘʱʘʝʪ ʚʨʝʤʝʥʥʳʝ ʟʘʪʨʘʪʳ ʥʘ 

ʛʝʥʝʨʘʮʠʶ ʩʝʪʦʢ ʠ, ʪʝʤ ʩʘʤʳʤ, ʫʤʝʥʴʰʘʝʪ ʝʛʦ ʪʨʫʜʦʝʤʢʦʩʪʴ. ɿʘʤʝʪʠʤ, ʯʪʦ 

ʜʣʷ ʩʦʟʜʘʥʠʷ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʩʝʪʢʠ ʠʥʦʛʜʘ ʪʨʝʙʫʝʪʩʷ ʥʝʩʢʦʣʴʢʦ ʥʝʜʝʣʴ 

ʧʦʯʪʠ çʨʫʯʥʦʡè ʨʘʙʦʪʳ ʚʳʯʠʩʣʠʪʝʣʷ.  

ɺʤʝʩʪʝ ʩ ʪʝʤ, ʩʣʝʜʫʝʪ ʫʯʝʩʪʴ, ʯʪʦ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʩʝʪʢʠ ʠʤʝʶʪ 

ʨʷʜ ʥʝʜʦʩʪʘʪʢʦʚ: 

1) ʈʘʩʯʝʪʳ ʥʘ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʢʘʭ ʠʤʝʶʪ, ʢʘʢ ʧʨʘʚʠʣʦ, 

ʤʝʥʴʰʫʶ ʪʦʯʥʦʩʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʘʥʘʣʦʛʠʯʥʳʤʠ ʨʘʩʯʝʪʘʤʠ ʥʘ 

ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʢʘʭ, ʪʘʢ ʢʘʢ ʪʝʪʨʘʵʜʨ (ʚ ʪʨʝʭʤʝʨʥʦʤ ʩʣʫʯʘʝ) ʠ 

ʪʨʝʫʛʦʣʴʥʠʢ (ʥʘ ʧʣʦʩʢʦʩʪʠ) ʥʝ ʠʤʝʶʪ ʧʘʨʘʣʣʝʣʴʥʳʭ ʛʨʘʥʝʡ (ʨʝʙʝʨ), ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ 

ʘʧʧʨʦʢʩʠʤʘʮʠʦʥʥʳʭ ʩʦʦʪʥʦʰʝʥʠʡ ʧʨʠ ʯʠʩʣʝʥʥʦʤ ʚʳʯʠʩʣʝʥʠʠ ʧʨʦʠʟʚʦʜʥʳʭ. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʩ ʪʨʝʙʫʝʤʦʡ ʪʦʯʥʦʩʪʴʶ ʥʝʦʙʭʦʜʠʤʦ ʩʦʟʜʘʚʘʪʴ 

ʙʦʣʴʰʝʝ ʯʠʩʣʦ ʨʘʩʯʝʪʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʯʝʤ ʚ ʩʣʫʯʘʝ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʩʝʪʢʠ. 

2) ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ ʠʩʧʦʣʴʟʫʝʤʳʭ ʨʘʩʯʝʪʥʳʭ ʤʝʪʦʜʦʚ 

ʩʝʪʢʘ ʜʦʣʞʥʘ ʙʳʪʴ ʧʦ ʚʦʟʤʦʞʥʦʩʪʠ ʠʟʦʪʨʦʧʥʘ. ʉʦʩʝʜʥʠʝ ʵʣʝʤʝʥʪʳ ʤʦʛʫʪ 

ʣʠʰʴ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʪʴʩʷ ʧʦ ʬʦʨʤʝ ʠ ʨʘʟʤʝʨʘʤ. ʕʪʦ ʪʘʢʞʝ ʧʨʠʚʦʜʠʪ ʢ 

ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʯʠʩʣʘ ʨʘʩʯʝʪʥʳʭ ʵʣʝʤʝʥʪʦʚ. 

3) ʅʝʢʦʪʦʨʳʝ ʪʨʫʜʥʦʩʪʠ ʚʦʟʥʠʢʘʶʪ ʧʨʠ ʠʥʪʝʨʧʦʣʷʮʠʠ ʨʘʩʯʝʪʥʳʭ 

ʜʘʥʥʳʭ ʥʘ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʢʘʭ, ʢʦʛʜʘ ʵʪʦ ʜʝʣʘʝʪʩʷ ʩ ʮʝʣʴʶ 

ʥʘʛʣʷʜʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʦʚ ʚ ʪʨʝʙʫʝʤʳʭ ʧʣʦʩʢʦʩʪʷʭ ʠ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʷʭ. 
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4) ʂʦʤʧʴʶʪʝʨʥʘʷ ʧʨʦʛʨʘʤʤʘ, ʨʝʘʣʠʟʫʶʱʘʷ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ 

ʫʨʘʚʥʝʥʠʡ ʤʝʭʘʥʠʢʠ ʩʧʣʦʰʥʦʡ ʩʨʝʜʳ, ʠ ʠʩʧʦʣʴʟʫʶʱʘʷ 

ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʩʝʪʢʠ, ʪʨʝʙʫʝʪ ʙʦʣʴʰʝ ʧʘʤʷʪʠ ʠ ʨʘʩʯʝʪʥʦʛʦ ʚʨʝʤʝʥʠ. 

ʏʠʩʣʝʥʥʳʝ ʘʣʛʦʨʠʪʤʳ, ʦʩʥʦʚʳʚʘʶʱʠʝʩʷ ʥʘ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʪʦʧʦʣʦʛʠʠ 

ʩʝʪʢʠ ʙʦʣʝʝ ʪʨʫʜʦʝʤʢʠ ʠ ʩʣʦʞʥʳ. 

5) ɼʣʷ ʟʘʧʠʩʠ ʠ ʭʨʘʥʝʥʠʷ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʦʢ ʪʨʝʙʫʝʪʩʷ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʙʦʣʴʰʝ ʠʥʬʦʨʤʘʮʠʠ, ʧʦʩʢʦʣʴʢʫ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʧʘʤʷʪʴ 

ʪʨʝʙʫʝʪʩʷ ʜʣʷ ʭʨʘʥʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʦ ʩʚʷʟʷʭ ʷʯʝʝʢ ʩʝʪʢʠ. 

ʊʝʤ ʥʝ ʤʝʥʝʝ, ʤʦʞʥʦ ʩʢʘʟʘʪʴ ʩ ʫʚʝʨʝʥʥʦʩʪʴʶ, ʯʪʦ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ 

ʩʦʚʨʝʤʝʥʥʳʭ ʢʦʤʧʴʶʪʝʨʦʚ ʠ ʨʘʟʚʠʪʠʝ ʧʘʨʘʣʣʝʣʴʥʳʭ ʚʳʯʠʩʣʝʥʠʡ ʧʦʟʚʦʣʷʝʪ 

ʨʝʰʘʪʴ ʚʩʝ ʧʝʨʝʯʠʩʣʝʥʥʳʝ ʚʳʰʝ ʧʨʦʙʣʝʤʳ, ʚʦʟʥʠʢʘʶʱʠʝ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʛʦ ʤʝʪʦʜʘ. ʇʦʵʪʦʤʫ ʤʦʞʥʦ 

ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʫʚʝʣʠʯʝʥʠʝ ʫʜʝʣʴʥʦʛʦ ʚʝʩʘ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ 

ʤʝʭʘʥʠʢʝ ʩʧʣʦʰʥʳʭ ʩʨʝʜ ʥʘ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʢʘʭ. 

1.2. ʆʧʠʩʘʥʠʝ ʤʝʪʦʜʘ ʨʘʩʱʝʧʣʝʥʠʷ ʧʦ ʬʠʟʠʯʝʩʢʠʤ ʧʨʦʮʝʩʩʘʤ 

ɺ ʢʘʯʝʩʪʚʝ ʙʘʟʦʚʦʛʦ ʧʦʜʭʦʜʘ ʜʣʷ ʩʢʚʦʟʥʦʛʦ ʩʯʝʪʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ 

ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʛʦ ʦʙʪʝʢʘʥʠʷ ʙʝʟ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʚʳʜʝʣʝʥʠʷ 

ʧʦʚʝʨʭʥʦʩʪʝʡ ʨʘʟʨʳʚʦʚ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ 

ʤʝʪʦʜ ʨʘʩʱʝʧʣʝʥʠʷ ʧʦ ʬʠʟʠʯʝʩʢʠʤ ʧʨʦʮʝʩʩʘʤ [157]. ʊʝʭʥʦʣʦʛʠʷ ʦʩʥʦʚʘʥʘ ʥʘ 

ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʳʭ ʧʨʠʥʮʠʧʘʭ ʨʘʩʱʝʧʣʝʥʠʷ [20, 174, 175]. ʆʨʠʛʠʥʘʣʴʥʘʷ 

ʘʣʛʦʨʠʪʤʠʯʝʩʢʘʷ ʨʝʘʣʠʟʘʮʠʷ ʩʘʤʦʡ ʧʨʦʮʝʜʫʨʳ ʨʘʩʱʝʧʣʝʥʠʷ ʧʦʟʚʦʣʷʝʪ 

ʘʜʘʧʪʠʨʦʚʘʪʴ ʤʝʪʦʜ ʜʣʷ ʨʝʰʝʥʠʷ ʧʦʣʥʦʡ ʩʠʩʪʝʤʳ ʪʨʝʭʤʝʨʥʳʭ 

ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʫʨʘʚʥʝʥʠʡ ʛʘʟʦʚʦʡ ʜʠʥʘʤʠʢʠ (ʕʡʣʝʨʘ ʠ ʅʘʚʴʝïʉʪʦʢʩʘ) ʥʘ 

ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʢʘʭ.  

ɺ ʨʘʤʢʘʭ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʧʦʜʭʦʜʘ [157] ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʪʨʝʭʤʝʨʥʘʷ 

ʟʘʜʘʯʘ ʪʝʯʝʥʠʷ ʩʦʚʝʨʰʝʥʥʦʛʦ ʚʷʟʢʦʛʦ ʩʞʠʤʘʝʤʦʛʦ ʛʘʟʘ  
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( )

( )

( )

( )

div 0,

div ,

div ,

div ,

xyxx xz

yx yy yz

zyzx zz

v
t

u p
uv

t x x y z

v p
vv

t y x y z

w p
wv

t z x y z

r
r

tr t t
r

t t tr
r

tr t t
r

µ
+ =

µ

µµ µ µ µ
+ =- + + +

µ µ µ µ µ

µ µ µµ µ
+ =- + + +

µ µ µ µ µ

µµ µ µ µ
+ =- + + +

µ µ µ µ µ

 

( ) ( )div div ,
E

v q
t

r
r

µ
+ = F-

µ
 

ʛʜʝ q Tl= Ð ï ʚʝʢʪʦʨ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ, F ï ʜʠʩʩʠʧʘʪʠʚʥʘʷ ʬʫʥʢʮʠʷ, 

ʢʦʤʧʦʥʝʥʪʳ ʢʦʪʦʨʦʡ ʟʘʧʠʩʳʚʘʶʪʩʷ ʚ ʚʠʜʝ 

,

,

.

x xx xy xz

y yx yy yz

z zx zy zz

u v w

u v w

u v w

t t t

t t t

t t t

F = + +

F = + +

F = + +

 

ʉʪʘʮʠʦʥʘʨʥʦʝ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ, ʝʩʣʠ ʦʥʦ ʩʫʱʝʩʪʚʫʝʪ, ʧʦʣʫʯʘʝʪʩʷ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʫʩʪʘʥʦʚʣʝʥʠʷ. ʆʧʨʝʜʝʣʝʥʠʝ ʟʥʘʯʝʥʠʡ ʬʫʥʢʮʠʠ ʥʘ ʢʘʞʜʦʤ 

ʧʦʩʣʝʜʫʶʱʝʤ ʰʘʛʝ ʧʦ ʚʨʝʤʝʥʠ (ʠʣʠ ʧʦ ʠʪʝʨʘʮʠʦʥʥʦʤʫ ʧʘʨʘʤʝʪʨʫ t ʚ 

ʤʝʪʦʜʝ ʫʩʪʘʥʦʚʣʝʥʠʷ) ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʚ ʪʨʠ ʵʪʘʧʘ.  

ɼʣʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʫʨʘʚʥʝʥʠʡ ʥʘ ʢʘʞʜʦʤ ʵʪʘʧʝ ʧʨʠʤʝʥʷʶʪʩʷ 

ʵʣʝʤʝʥʪʳ ʤʝʪʦʜʘ ʢʦʥʝʯʥʳʭ ʦʙʲʝʤʦʚ. ɺ ʨʘʤʢʘʭ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʧʦʜʭʦʜʘ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʫʩʨʝʜʥʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʧʨʦʠʟʚʦʜʥʳʭ ʧʦ ʢʦʥʪʨʦʣʴʥʦʤʫ ʦʙʲʝʤʫ 

(ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʧʦ ʪʝʪʨʘʵʜʨʘʣʴʥʦʤʫ ʵʣʝʤʝʥʪʫ). 

4

1

1 1 1
,

i i i

j j j

i i i i

jV i i iV S

f f
dV f dV S n f

V V V
a

a a =

µ µ
= = º

µ µ
äñ ñ  

( ), , , , , , 1, , 1 4, , , , , , ,f u v w p q i N j x y z x y za abt a b= = = = =   

ʛʜʝ iV  ï ʦʙʲʝʤ i-ʦʛʦ ʪʝʪʨʘʵʜʨʘ; 
j

iS  ï ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ j-ʦʡ ʛʨʘʥʠ i-ʦʛʦ 
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ʵʣʝʤʝʥʪʘ; 
j

inaï x, y ʠʣʠ z-ʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʝʜʠʥʠʯʥʦʡ ʥʦʨʤʘʣʠ j-ʦʡ ʛʨʘʥʠ i-ʦʛʦ 

ʵʣʝʤʝʥʪʘ. 

ɿʥʘʯʝʥʠʝ ʬʫʥʢʮʠʠ ʥʘ ʛʨʘʥʠ ʙʝʨʝʪʩʷ ʢʘʢ ʫʩʨʝʜʥʝʥʥʦʝ ʟʥʘʯʝʥʠʝ 

ʬʫʥʢʮʠʠ ʚ ʪʝʢʫʱʝʤ ʠ ʩʦʩʝʜʥʝʤ ʪʝʪʨʘʵʜʨʝ 

( )1

2 j

j

i L LBf f f= +  

ʛʜʝ Lf  ï ʟʥʘʯʝʥʠʝ ʬʫʥʢʮʠʠ ʚ i-ʦʤ ʵʣʝʤʝʥʪʝ, 
jLBf ï ʟʥʘʯʝʥʠʝ ʬʫʥʢʮʠʠ ʚ 

ʩʦʩʝʜʥʝʤ ʵʣʝʤʝʥʪʝ ʧʦ j-ʦʡ ʛʨʘʥʠ. 

ʆʙʲʝʤ V i-ʦʛʦ ʪʝʪʨʘʵʜʨʘ ʩ ʚʝʨʰʠʥʘʤʠ ( )i A A AA x y z , 

( )i B B BB x y z , ( )i c c cC x y z , ( )i D D DD x y z  ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ 

()
1

det ,
6

iV A=   

ʛʜʝ 

.

B AB A B A

C AC A C A

D AD A D A

y yx x z z

A y yx x z z

y yx x z z

- - -å õ
æ ö
= - - -æ ö
æ ö- - -ç ÷

  

ʂʦʦʨʜʠʥʘʪʳ ʮʝʥʪʨʘ ʤʘʩʩ ʜʣʷ ʵʪʦʛʦ ʞʝ ʪʝʪʨʘʵʜʨʘ ʚʳʯʠʩʣʷʶʪʩʷ ʧʦ 

ʩʣʝʜʫʶʱʠʤ ʬʦʨʤʫʣʘʤ 

,
4

,
4

.
4

A B C D
cm

A B C D
cm

A B C D
cm

x x x x
x

y y y y
y

z z z z
z

+ + +
=

+ + +
=

+ + +
=

  

ʇʣʦʱʘʜʴ S j-ʦʡ ʛʨʘʥʠ i-ʦʛʦ ʪʝʪʨʘʵʜʨʘ ʤʦʞʝʪ ʙʳʪʴ ʚʳʯʠʩʣʝʥʘ ʧʦ 

ʬʦʨʤʫʣʝ 

2 2 21
,

2
x y zS S S S= + +   
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ʛʜʝ ʜʣʷ ʛʨʘʥʠ ʩ ʚʝʨʰʠʥʘʤʠ A, B ʠ ʉ 

,

,

.

B AB A

x
C AC A

B A B A

y

C A C A

B A B A

z

C A C A

y y z z
S

y y z z

x xz z
S

x xz z

y yx x
S

y yx x

- -
=

- -

- -
=

- -

- -
=

- -

  

ɸʥʘʣʦʛʠʯʥʦ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʧʣʦʱʘʜʴ ʛʨʘʥʝʡ ʩ ʚʝʨʰʠʥʘʤʠ 

( )A B D , ( )A C D  ʠ ( )B C D . 

ɽʜʠʥʠʯʥʘʷ ʥʦʨʤʘʣʴ ʢ ʧʣʦʩʢʦʩʪʠ ʛʨʘʥʠ ( )A B C  ʚʳʯʠʩʣʷʝʪʩʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʦʨʤʫʣ  

2 2 2

2 2 2

2 2 2

,

,

,

x
x

x y z

z
y

x y z

z
z

x y z

S
n

S S S

S
n

S S S

S
n

S S S

=
+ +

=
+ +

=
+ +

 

ʛʜʝ , ,x y zn n n  - ʢʦʤʧʦʥʝʥʪʳ ʥʦʨʤʘʣʠ ʢ ʛʨʘʥʠ. 

ɸʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ ʚʳʯʠʩʣʷʶʪʩʷ ʝʜʠʥʠʯʥʳʝ ʥʦʨʤʘʣʠ ʦʩʪʘʚʰʠʭʩʷ 

ʪʨʝʭ ʛʨʘʥʝʡ. 

ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʨʘʩʯʝʪʘ, ʢʦʪʦʨʳʡ ʪʘʢʞʝ ʠʤʝʝʪ ʥʘʟʚʘʥʠʝ ʕʡʣʝʨʦʚ 

ʵʪʘʧ, ʠʟʤʝʥʷʶʪʩʷ ʣʠʰʴ ʚʝʣʠʯʠʥʳ, ʦʪʥʦʩʷʱʠʝʩʷ ʢ ʷʯʝʡʢʝ ʚ ʮʝʣʦʤ, ʘ ʛʘʟ 

ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʟʘʪʦʨʤʦʞʝʥʥʳʤ. ʇʦʵʪʦʤʫ ʢʦʥʚʝʢʪʠʚʥʳʝ ʯʣʝʥʳ ʚʠʜʘ 

( )div vry , ʛʜʝ ( )1 u v w Ey= , ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʵʬʬʝʢʪʘʤ 

ʧʝʨʝʤʝʱʝʥʠʷ, ʦʪʢʠʜʳʚʘʶʪʩʷ. ʀʟ ʫʨʘʚʥʝʥʠʷ ʥʝʨʘʟʨʳʚʥʦʩʪʠ ʩʣʝʜʫʝʪ, ʯʪʦ ʧʦʣʝ 

ʧʣʦʪʥʦʩʪʠ ʙʫʜʝʪ ʟʘʤʦʨʦʞʝʥʦ, ʧʦʵʪʦʤʫ ʚ ʦʩʪʘʚʰʠʭʩʷ ʫʨʘʚʥʝʥʠʷʭ ʤʦʞʥʦ 
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ʚʳʥʝʩʪʠ r ʠʟ-ʧʦʜ ʟʥʘʢʘ ʜʠʬʬʝʨʝʥʮʠʘʣʘ ʠ ʨʘʟʨʝʰʠʪʴ ʩʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʨʝʤʝʥʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ ʦʪ u , v , w, E   
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zyzx zzw p

t z x y z
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ɼʣʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʛʨʘʜʠʝʥʪʘ ʜʘʚʣʝʥʠʷ 
p p p

p
x y z

µ µ µ
Ð = + +

µ µ µ
 

ʨʘʩʩʤʦʪʨʠʤ ʦʪʜʝʣʴʥʦ ʘʧʧʨʦʢʩʠʤʘʮʠʶ ʧʨʦʠʟʚʦʜʥʳʭ ʥʘ ʵʣʝʤʝʥʪʝ i. ʉʨʝʜʥʝʝ 

ʟʥʘʯʝʥʠʝ ʧʨʦʠʟʚʦʜʥʦʡ ʜʘʚʣʝʥʠʷ ʚ ʵʣʝʤʝʥʪʘʨʥʦʤ ʦʙʲʝʤʝ ʨʘʩʯʝʪʥʦʡ ʷʯʝʡʢʠ iV  

ʥʘʭʦʜʠʤ ʠʩʧʦʣʴʟʫʷ ʪʝʦʨʝʤʫ ɻʘʫʩʩʘ-ʆʩʪʨʦʛʨʘʜʩʢʦʛʦ: 
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ɼʣʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʜʠʚʝʨʛʝʥʮʠʠ ʚ ʫʨʘʚʥʝʥʠʠ ʵʥʝʨʛʠʠ ʚʦʩʧʦʣʴʟʫʝʤʩʷ 

ʧʦʣʫʯʝʥʥʳʤʠ ʩʦʦʪʥʦʰʝʥʠʷʤʠ: 

( )
4 4 4

1 1 1

1
,j j j j j j j j j j j j

i xi i i i yi i i i zi i i

j j ji

pu pv pw
div pv S n p u S n p v S n p w

x y z V = = =

å õµ µ µ
= + + º + +æ ö
µ µ µ ç ÷

ä ä ä

 



77 

ʛʜʝ , ,j j j

i i iu v w  ï ʟʥʘʯʝʥʠʷ ʢʦʤʧʦʥʝʥʪʦʚ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ ʥʘ j-ʦʡ ʛʨʘʥʠ i-ʦʛʦ 

ʵʣʝʤʝʥʪʘ. 

ɼʣʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʢʦʤʧʦʥʝʥʪʦʚ ʪʝʥʟʦʨʘ ʚʷʟʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʜʣʷ i-ʦʡ 

ʷʯʝʡʢʠ 
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ɸʧʧʨʦʢʩʠʤʘʮʠʷ ʚʷʟʢʠʭ ʩʣʘʛʘʝʤʳʭ ʚ ʧʨʘʚʦʡ ʯʘʩʪʠ ʫʨʘʚʥʝʥʠʡ 

ʠʤʧʫʣʴʩʘ ʧʨʦʚʦʜʠʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʣʫʯʝʥʥʳʭ ʩʦʦʪʥʦʰʝʥʠʡ: 
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x y z V

S n S n S n
x y z V

t t t
t t t

tt t
t t t

= = =

= = =

µ µ µ å õ
+ + º + +æ ö

µ µ µ ç ÷

µ å õµ µ
+ + º + +æ ö

µ µ µ ç ÷

ä ä ä

ä ä ä

  

ʛʜʝ ( ) ( ) ( ), , , , ,ij ij ij ij ij ij ij ij ij

xx yy zz xy yx xz zx yz zyt t t t t t t t t - ʟʥʘʯʝʥʠʷ ʢʦʤʧʦʥʝʥʪʦʚ ʪʝʥʟʦʨʘ 

ʥʘʧʨʷʞʝʥʠʡ ʥʘ j-ʦʡ ʛʨʘʥʠ i-ʦʛʦ ʵʣʝʤʝʥʪʘ. 
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ɸʧʧʨʦʢʩʠʤʠʨʫʷ ʫʨʘʚʥʝʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʣʫʯʝʥʥʳʭ 

ʩʦʦʪʥʦʰʝʥʠʡ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ t ʧʦʣʫʯʠʤ ʩʣʝʜʫʶʱʠʝ ʨʘʟʥʦʩʪʥʳʝ ʫʨʘʚʥʝʥʠʷ 

ʚ ʜʝʢʘʨʪʦʚʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ ʜʣʷ ʪʝʪʨʘʵʜʨʘʣʴʥʦʡ ʷʯʝʡʢʠ i: 
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ʛʜʝ ʧʨʦʠʟʚʦʜʥʳʝ ʧʦ ʚʨʝʤʝʥʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʪʘʢ: 
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ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʦʣʫʯʠʤ ʷʚʥʳʝ ʨʘʟʥʦʩʪʥʳʝ ʫʨʘʚʥʝʥʠʷ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ 

ʪʦʯʥʦʩʪʠ ʧʦ ʚʨʝʤʝʥʠ ʠ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʧʦ ʧʨʦʩʪʨʘʥʩʪʚʫ: 
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ɺ ʧʨʠʚʝʜʝʥʥʳʭ ʩʭʝʤʘʭ , , ,u v w E ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʟʥʘʯʝʥʠʷ 

ʧʘʨʘʤʝʪʨʦʚ ʧʦʪʦʢʘ ʥʘ ʩʣʦʝ t t+D, ʧʦʣʫʯʝʥʥʳʝ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ 

ʟʘʪʦʨʤʦʞʝʥʥʦʩʪʠ ʧʦʣʷ ʧʣʦʪʥʦʩʪʠ ʙʝʟ ʫʯʝʪʘ ʵʬʬʝʢʪʦʚ ʧʝʨʝʤʝʱʝʥʠʷ ʩʨʝʜʳ. 
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ʅʘ ʚʪʦʨʦʤ ʵʪʘʧʝ (ʃʘʛʨʘʥʞʝʚ ʵʪʘʧ) ʚʳʯʠʩʣʷʶʪʩʷ ʵʬʬʝʢʪʳ ʧʝʨʝʥʦʩʘ, 

ʫʯʠʪʳʚʘʶʱʠʝ ʦʙʤʝʥ ʤʝʞʜʫ ʦʙʲʝʤʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ ʩʝʪʢʠ ï ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ 

ʧʦʪʦʢʠ ʤʘʩʩʳ ʯʝʨʝʟ ʛʨʘʥʠʮʳ ʨʘʩʯʝʪʥʳʭ ʷʯʝʝʢ. ɿʜʝʩʴ ʥʘʭʦʜʷʪʩʷ ʟʘ ʚʨʝʤʷ tD

ʧʦʪʦʢʠ ʤʘʩʩʳ nMD  ʯʝʨʝʟ ʛʨʘʥʠʮʳ ʵʡʣʝʨʦʚʳʭ ʷʯʝʝʢ. ʇʨʠ ʵʪʦʤ ʧʦʣʘʛʘʝʪʩʷ, 

ʯʪʦ ʚʩʷ ʤʘʩʩʘ ʧʝʨʝʥʦʩʠʪʩʷ ʪʦʣʴʢʦ ʟʘ ʩʯʝʪ ʥʦʨʤʘʣʴʥʦʡ ʢ ʛʨʘʥʠʮʝ 

ʩʦʩʪʘʚʣʷʶʱʝʡ ʩʢʦʨʦʩʪʠ. 

ʇʦʪʦʢ ʤʘʩʩʳ ʯʝʨʝʟ j-ʫʁ  ʛʨʘʥʴ i-ʦʛʦ ʵʣʝʤʝʥʪʘ n

ijMD  ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ 

ʬʦʨʤʫʣʘʤ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʪʦʯʥʦʩʪʠ ʤʝʪʦʜʦʤ ʜʦʥʦʨʥʳʭ ʷʯʝʝʢ [160]: 
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n n j
ijij sj iM v S trD = D (77) 
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n

Lr  ï ʧʣʦʪʥʦʩʪʴ ʚ i-ʤ ʪʝʪʨʘʵʜʨʘʣʴʥʦʤ ʵʣʝʤʝʥʪʝ, ʝʩʣʠ ʧʦʪʦʢ ʚʳʪʝʢʘʝʪ ʠʟ ʥʝʛʦ 

ʯʝʨʝʟ ʛʨʘʥʴ j, 
n

Rr  ï ʧʣʦʪʥʦʩʪʴ ʚ ʩʦʩʝʜʥʝʤ ʯʝʨʝʟ ʛʨʘʥʴ j ʪʝʪʨʘʵʜʨʘʣʴʥʦʤ 

ʵʣʝʤʝʥʪʝ, ʝʩʣʠ ʧʦʪʦʢ ʚʪʝʢʘʝʪ ʯʝʨʝʟ j; 
n

ijv  ï ʥʦʨʤʘʣʴʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʚʝʢʪʦʨʘ 

ʩʢʦʨʦʩʪʠ ʥʘ j-ʦʡ ʛʨʘʥʠ i-ʛo ʪʝʪʨʘʵʜʨʘ; 
j

iS  ï ʧʣʦʱʘʜʴ j-ʦʡ ʛʨʘʥʠ i-ʦʛʦ ʵʣʝʤʝʥʪʘ; 

tD  ï ʰʘʛ ʧʦ ʚʨʝʤʝʥʠ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʨʘʟʥʦʩʪʥʳʭ ʫʨʘʚʥʝʥʠʡ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʪʦʯʥʦʩʪʠ ʥʘ 

ʚʪʦʨʦʤ ʵʪʘʧʝ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʧʦʨʷʜʢʘ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʧʦ ʧʨʦʩʪʨʘʥʩʪʚʫ 

ʚʩʝʡ ʩʭʝʤʳ. 
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ʅʘ ʪʨʝʪʴʝʤ ʵʪʘʧʝ ʦʧʨʝʜʝʣʷʶʪʩʷ ʦʢʦʥʯʘʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ 

ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʧʦʪʦʢʘ ʥʘ ʦʩʥʦʚʝ ʟʘʢʦʥʦʚ ʩʦʭʨʘʥʝʥʠʷ ʤʘʩʩʳ, 

ʠʤʧʫʣʴʩʘ ʠ ʵʥʝʨʛʠʠ ʜʣʷ ʢʘʞʜʦʛʦ ʵʣʝʤʝʥʪʘ ʠ ʚʩʝʡ ʩʠʩʪʝʤʳ ʚ ʮʝʣʦʤ ʚ 

ʨʘʟʥʦʩʪʥʦʡ ʬʦʨʤʝ.  

ʈʘʟʥʦʩʪʥʦʝ ʫʨʘʚʥʝʥʠʝ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʫʨʘʚʥʝʥʠʶ ʥʝʨʘʟʨʳʚʥʦʩʪʠ 

ʜʣʷ i-ʛo ʪʝʪʨʘʵʜʨʘ ʠʤʝʝʪ ʚʠʜ: 
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ijMD  ï ʤʘʩʩʘ ʛʘʟʘ, ʢʦʪʦʨʘʷ ʧʝʨʝʩʝʢʣʘ ʟʘ ʚʨʝʤʷ tD  ʦʜʥʫ ʠʟ 

4 ʛʨʘʥʝʡ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʷʯʝʡʢʠ i. ɿʥʘʢ "-" ʧʝʨʝʜ ʩʫʤʤʦʡ ʚʦʟʥʠʢʘʝʪ 

ʚʩʣʝʜʩʪʚʠʝ ʪʦʛʦ, ʯʪʦ ʧʦʪʦʢ ʤʘʩʩʳ n

ijMD  ʧʨʠʥʷʪ ʧʦʣʦʞʠʪʝʣʴʥʳʤ, ʝʩʣʠ ʧʦʪʦʢ 

ʚʳʪʝʢʘʝʪ ʠʟ ʷʯʝʡʢʠ i ʯʝʨʝʟ ʛʨʘʥʴ j (ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʥʘʧʨʘʚʣʝʥʠʝʤ ʚʥʝʰʥʝʡ 

ʥʦʨʤʘʣʠ ʢ ʛʨʘʥʠ j). 

ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʜʣʷ ʟʘʢʦʥʦʚ ʩʦʭʨʘʥʝʥʠʷ ʠʤʧʫʣʴʩʘ 

(ʢʦʤʧʦʥʝʥʪʦʚ ʠʤʧʫʣʴʩʘ) ʠ ʧʦʣʥʦʡ ʵʥʝʨʛʠʠ ʠʤʝʶʪ ʚʠʜ: 
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ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʩʝʪʢʠ ʛʨʘʥʠ ʪʝʪʨʘʵʜʨʘ 

ʧʨʦʠʟʚʦʣʴʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʥʘʧʨʘʚʣʝʥʠʶ ʧʦʪʦʢʘ, ʧʦʵʪʦʤʫ 

ʧʨʠ ʧʨʘʢʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʘʭ ʜʣʷ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʘʚʣʝʥʠʷ 

ʧʦʪʦʢʘ (ʚʪʝʢʘʝʪ ʧʦʪʦʢ ʯʝʨʝʟ ʛʨʘʥʴ ʠʣʠ ʚʳʪʝʢʘʝʪ) ʠʤʝʝʪ ʩʤʳʩʣ ʚʚʝʩʪʠ 

ʬʫʥʢʮʠʶ D [176], ʦʪʥʦʩʷʱʫʶʩʷ ʢ ʢʘʞʜʦʡ ʠʟ 4-ʭ ʛʨʘʥʝʡ (j = 1...4) ʵʣʝʤʝʥʪʘ i: 
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1,ʝʩʣʠʞʠʜʢʦʩʪʴʚʪʝʢʘʝʪʚʷʯʝʡʢʫ ʯʝʨʝʟʛʨʘʥʴ
.

0,ʝʩʣʠʞʠʜʢʦʩʪʴʚʳʪʝʢʘʝʪʠʟʷʯʝʡʢʠ ʯʝʨʝʟʛʨʘʥʴ

j

i

i j
D

i j

ë
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kjkj kj kju v w E  ï ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʟʥʘʯʝʥʠʷ ʢʦʤʧʦʥʝʥʪʦʚ ʩʢʦʨʦʩʪʠ ʠ 

ʧʦʣʥʘʷ ʵʥʝʨʛʠʷ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʥʘ ʧʨʝʜʳʜʫʱʝʤ ʵʪʘʧʝ, ʚ ʷʯʝʡʢʝ ʩʦʩʝʜʥʝʛʦ 
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ʪʝʪʨʘʵʜʨʘ ʛʨʘʥʠʯʘʱʝʛʦ ʩ ʪʝʢʫʱʠʤ ʯʝʨʝʟ ʛʨʘʥʴ j, , ,x y z

ij ij ijq q q  ï ʟʥʘʯʝʥʠʷ 

ʢʦʤʧʦʥʝʥʪʦʚ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʥʘ j-ʦʡ ʛʨʘʥʠ i-ʦʛʦ ʵʣʝʤʝʥʪʘ. 

ɼʣʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʢʦʤʧʦʥʝʥʪʦʚ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʜʣʷ i-ʦʡ ʷʯʝʡʢʠ 
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iT  - ʟʥʘʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ j-ʦʡ ʛʨʘʥʠ i-ʦʛʦ ʵʣʝʤʝʥʪʘ. 

ɼʘʚʣʝʥʠʝ ʥʘ ʥʦʚʦʤ ʚʨʝʤʝʥʥʦʤ ʩʣʦʝ ʥʘʭʦʜʠʤ ʠʟ ʪʝʨʤʠʯʝʩʢʦʛʦ 

ʫʨʘʚʥʝʥʠʷ ʩʦʩʪʦʷʥʠʷ: 
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ʊʝʤʧʝʨʘʪʫʨʫ ʥʘ ʥʦʚʦʤ ʚʨʝʤʝʥʥʦʤ ʩʣʦʝ ʥʘʭʦʜʠʤ ʠʟ ʢʦʣʦʨʠʯʝʩʢʦʛʦ 

ʫʨʘʚʥʝʥʠʷ ʩʦʩʪʦʷʥʠʷ: 

1
1

1
,

n
n i

i n

i

p M
T

Rr

+
+

+
=  

ʛʜʝ ʄ ï ʤʦʣʷʨʥʘʷ ʤʘʩʩʘ ʚʦʟʜʫʭʘ (M = 0.029 ʢʛ/ʤʦʣʴ), R ï ʫʥʠʚʝʨʩʘʣʴʥʘʷ 

ʛʘʟʦʚʘʷ ʧʦʩʪʦʷʥʥʘʷ (R = 8,3145 ɼʞ/(KÖʤʦʣʴ)). 

ɺʳʯʠʩʣʠʪʝʣʴʥʳʡ ʮʠʢʣ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʟʘʢʦʥʯʝʥ. ɼʘʣʴʥʝʡʰʠʡ 

ʧʨʦʮʝʩʩ ʚʳʯʠʩʣʝʥʠʡ ʩʦʩʪʦʠʪ ʠʟ ʤʥʦʛʦʢʨʘʪʥʦʛʦ ʧʦʚʪʦʨʝʥʠʷ ʰʘʛʦʚ ʧʦ 

ʚʨʝʤʝʥʠ. 

ʂʘʢ ʘʣʴʪʝʨʥʘʪʠʚʥʳʡ ʤʝʪʦʜ ʨʘʩʯʝʪʘ ʧʦʪʦʢʘ ʥʘ ʛʨʘʥʠ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʦʜʥʫ ʠʟ ʩʭʝʤ ʩʝʤʝʡʩʪʚʘ ɸUSM (Advection Upstream Splitting 

Method) ʘʣʛʦʨʠʪʤʦʚ [162].  
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ʉʫʱʝʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ ʤʦʜʠʬʠʢʘʮʠʡ ʫʢʘʟʘʥʥʦʡ ʩʭʝʤʳ [161, 162, 177-

182]. ʇʝʨʚʦʥʘʯʘʣʴʥʳʡ ʚʘʨʠʘʥʪ ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʃʠʦ ʠ ʉʪʝʬʘʥʦʤ [161] ʜʣʷ 

ʨʘʩʯʝʪʘ ʪʠʧʠʯʥʳʭ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʟʘʜʘʯ ʠ ʙʳʣ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥ ʚ 

ʨʘʙʦʪʘʭ [181, 182]. ʇʦʟʞʝ ʤʝʪʦʜ ʙʳʣ ʦʙʦʙʱʝʥ ʥʘ ʚʩʝ ʩʢʦʨʦʩʪʥʳʝ ʨʝʞʠʤʳ ʠ 

ʥʘ ʤʥʦʛʦʬʘʟʥʳʝ ʪʝʯʝʥʠʷ [162, 177-180].  

ɺ ʤʝʪʦʜʘʭ ʩʝʤʝʡʩʪʚʘ ʩʭʝʤ AUSM ʨʘʩʱʝʧʣʝʥʠʝ ʧʨʦʚʦʜʠʪʩʷ ʦʪʜʝʣʴʥʦ 

ʧʦ ʢʦʥʚʝʢʪʠʚʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ (ʯʠʩʣʫ ʄʘʭʘ) ʠ ʜʘʚʣʝʥʠʶ. 

ʈʘʩʩʤʦʪʨʠʤ ʢʦʥʚʝʢʪʠʚʥʳʡ 
CF  ʠ ʘʢʫʩʪʠʯʝʩʢʠʡ 

PF  ʧʦʪʦʢʠ ʚ 

ʪʨʝʭʤʝʨʥʦʡ ʧʦʩʪʘʥʦʚʢʝ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ (2) 
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ʛʜʝ 

 ,x y zun vn wn= + +u   

ʆʙʦʟʥʘʯʠʤ ʠʥʜʝʢʩʦʤ çLè ʚʝʣʠʯʠʥʳ ʚʥʫʪʨʠ ʷʯʝʡʢʠ ʩʣʝʚʘ, ʠʥʜʝʢʩʦʤ 

çRè ʚʝʣʠʯʠʥʳ ʚʥʫʪʨʠ ʷʯʝʡʢʠ ʩʧʨʘʚʘ, ʘ ʠʥʜʝʢʩʦʤ ç1/2è ʚʝʣʠʯʠʥʳ ʥʘ ʛʨʘʥʠʮʝ 

ʵʪʠʭ ʷʯʝʝʢ. ʊʦʛʜʘ ʢʦʥʚʝʢʪʠʚʥʳʡ ʧʦʪʦʢ ʥʘ ʛʨʘʥʠʮʝ ʷʯʝʝʢ ʧʨʠʤʝʪ ʚʠʜ (3). 
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ʆʩʥʦʚʥʘʷ ʠʜʝʷ ʧʦʜʭʦʜʘ AUSM ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʚʩʝ 

ʨʘʩʱʝʧʣʝʥʠʝ ʧʦʪʦʢʦʚ ʧʨʦʠʟʚʦʜʠʪʩʷ ʟʘ ʩʯʝʪ ʯʠʩʣʘ 1/2M , ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 

çʧʘʩʩʠʚʥʳʝè ʚʝʣʠʯʠʥʳ ʧʝʨʝʥʦʩʷʪʩʷ ʠʟ ʷʯʝʡʢʠ, ʦʪʢʫʜʘ ʥʘʧʨʘʚʣʝʥ ʧʦʪʦʢ: 
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ʆʧʨʝʜʝʣʷʶʱʠʤ ʤʦʤʝʥʪʦʤ ʜʣʷ ʚʩʝʛʦ ʩʝʤʝʡʩʪʚʘ ʩʭʝʤ AUSM ʷʚʣʷʝʪʩʷ 

ʩʧʦʩʦʙ ʦʧʨʝʜʝʣʝʥʠʷ ʯʠʩʣʘ 1/2M . ɺ ʩʭʝʤʝ AUSM ʯʠʩʣʦ 1/2M  ʨʘʩʱʝʧʣʷʝʪʩʷ ʥʘ 

ʚʢʣʘʜ çʩʣʝʚʘè Lf
+

 ʠ çʩʧʨʘʚʘè Rf
-

 

 1/2 .L RM f f+ -= +   

ɸʥʘʣʦʛʠʯʥʦ ʜʘʚʣʝʥʠʝ ʪʘʢʞʝ ʨʘʩʱʝʧʣʷʝʪʩʷ ʥʘ ʚʢʣʘʜ çʩʣʝʚʘè ʠ 

çʩʧʨʘʚʘè 

 1/2 .L L R Rp p pj j+ -= +   

ɺʘʥ-ʃʠʨʦʤ ʚ [183] ʧʨʝʜʣʦʞʝʥʦ ʬʫʥʢʮʠʠ /L Rf °  ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʪʴ ʚ ʚʠʜʝ 

ʧʦʣʠʥʦʤʦʚ ʚʪʦʨʦʡ ʩʪʝʧʝʥʠ (4), ʬʫʥʢʮʠʠ /L Rj
°

 ʚ ʚʠʜʝ ʧʦʣʠʥʦʤʘ ʪʨʝʪʴʝʡ 

ʩʪʝʧʝʥʠ (5). 
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ɺ ʨʘʙʦʪʝ [181] ʧʨʝʜʣʦʞʝʥʘ ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʬʫʥʢʮʠʡ /L Rf °  ʚ ʚʠʜʝ 

ʧʦʣʠʥʦʤʘ ʯʝʪʚʝʨʪʦʛʦ ʧʦʨʷʜʢʘ (6) ʠ ʬʫʥʢʮʠʡ /L Rj
°

 ʚ ʚʠʜʝ ʧʦʣʠʥʦʤʘ ʧʷʪʦʛʦ 

ʧʦʨʷʜʢʘ (7).  
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ɺ ʨʘʙʦʪʝ ʨʝʘʣʠʟʫʝʪʩʷ ʩʭʝʤʘ AUSM PW [162]. ɻʣʘʚʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ 

AUSM PW ʷʚʣʷʝʪʩʷ ʫʩʪʨʘʥʝʥʠʝ ʯʠʩʣʝʥʥʳʭ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ, ʥʘʙʣʶʜʘʝʤʳʭ 

ʚ AUSM+ ʚ ʦʙʣʘʩʪʷʭ ʩʠʣʴʥʳʭ ʚʦʟʤʫʱʝʥʠʡ, ʧʫʪʝʤ ʚʚʦʜʘ ʚʝʩʦʚʳʭ ʬʫʥʢʮʠʡ, 

ʟʘʚʠʩʷʱʠʭ ʦʪ ʜʘʚʣʝʥʠʷ. ʊʘʢ, ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʘʣʛʦʨʠʪʤʘ AUSM+ ʥʝʪ 

ʵʬʬʝʢʪʘ çʢʘʨʙʫʥʢʫʣʘè (ʬʠʟʠʯʝʩʢʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʚ ʦʢʨʝʩʪʥʦʩʪʠ 

ʢʨʠʪʠʯʝʩʢʦʡ ʣʠʥʠʠ ʪʦʢʘ), ʥʦ ʥʘʙʣʶʜʘʶʪʩʷ ʯʠʩʣʝʥʥʳʝ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʚ 

ʧʨʠʩʪʝʥʦʯʥʦʡ ʦʙʣʘʩʪʠ. ɸʣʛʦʨʠʪʤ AUSMD [184] ʥʝ ʜʘʝʪ ʯʠʩʣʝʥʥʳʭ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ ʚ ʧʨʠʩʪʝʥʦʯʥʦʡ ʦʙʣʘʩʪʠ, ʥʦ ʥʘʙʣʶʜʘʝʪʩʷ ʵʬʬʝʢʪ 

çʢʘʨʙʫʥʢʫʣʘè. AUSM PW ʠʩʧʦʣʴʟʫʝʪ ʚʝʩʦʚʫʶ ʬʫʥʢʮʠʶ ʦʪ ʜʘʚʣʝʥʠʷ F ʜʣʷ 

ʦʙʨʘʙʦʪʢʠ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ ʚ ʧʨʠʩʪʝʥʦʯʥʦʡ ʦʙʣʘʩʪʠ ʠ w ʜʣʷ ʫʩʪʨʘʥʝʥʠʷ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ ʚ ʦʙʣʘʩʪʷʭ ʩʠʣʴʥʳʭ ʚʦʟʤʫʱʝʥʠʡ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʩʭʝʤʝ AUSM PW ʧʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʯʠʩʣʘ 1/2M  

ʚʢʣʘʜʳ çʩʣʝʚʘè ʠ çʩʧʨʘʚʘè ʟʘʧʠʩʳʚʘʶʪʩʷ ʚ ʚʠʜʝ ʠʥʪʝʨʧʦʣʷʮʠʦʥʥʳʭ 

ʬʫʥʢʮʠʡ, ʟʘʚʠʩʷʱʠʭ ʦʪ ʚʝʩʦʚʳʭ ʬʫʥʢʮʠʡ ʧʦ ʯʠʩʣʫ ʄʘʭʘ ʠ ʜʘʚʣʝʥʠʶ 

 1/2 ,
L R

M f f
+ -

= +   

ʛʜʝ /L R
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  ʠʥʪʝʨʧʦʣʷʮʠʦʥʥʳʝ ʬʫʥʢʮʠʠ, ʦʧʨʝʜʝʣʷʝʤʳʝ ʧʦ ʩʣʝʜʫʶʱʠʤ 
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ʧʨʠ 1/2 0L Rm f f+ -= + ² 

 
( )

( )

1 ,

1

L R R R L L R RL

R RR

f f f f F f F f F

f f F

w

w

+
+ - - + -

-
-

= + - + + +

= +
  

ʧʨʠ 1/2 0m <  



86 

 
( )

( )

1 ,

1

L LL

L R L L L L R RR

f f F

f f f f F f F f F

w

w

+
+

-
+ - + + -

= +

= + - + + +
  

ʛʜʝ /L RF   ʚʝʩʦʚʘʷ ʬʫʥʢʮʠʷ ʦʪ ʜʘʚʣʝʥʠʷ, w  ʚʝʩʦʚʘʷ ʬʫʥʢʮʠʷ ʦʪ ʯʠʩʣʘ ʄʘʭʘ.  

ɸʧʧʨʦʢʩʠʤʘʮʠʠ ʬʫʥʢʮʠʡ ( )/L Rf M°  ʠ ( )/L RMj° , ʠʩʧʦʣʴʟʫʝʤʳʭ ʜʣʷ 

ʚʳʯʠʩʣʝʥʠʷ 1/2M  ʠ 1/2p , ʥʘʭʦʜʷʪʩʷ ʠʟ ʩʦʦʪʥʦʰʝʥʠʡ 6 ʠ 7, ʘʥʘʣʦʛʠʯʥʦ ʩʭʝʤʝ 

AUSM, ʦʧʠʩʘʥʥʦʡ ʚ ʨʘʙʦʪʝ [181]. 
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ɿʜʝʩʴ H   ʵʥʪʘʣʴʧʠʷ ʧʦʪʦʢʘ, u  ʩʢʘʣʷʨʥʘʷ ʚʝʣʠʯʠʥʘ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ, 

V   ʤʦʜʫʣʴ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ. 

1.3. ʇʦʩʪʘʥʦʚʢʘ ʥʘʯʘʣʴʥʳʭ ʠ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ 

ɼʣʷ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʙʪʝʢʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʪʝʣ ʧʦʪʦʢʦʤ 

ʩʦʚʝʨʰʝʥʥʦʛʦ ʩʞʠʤʘʝʤʦʛʦ ʚʷʟʢʦʛʦ ʛʘʟʘ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʯʝʪʳʨʝ ʪʠʧʘ 

ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ.  

ʅʘ ʚʭʦʜʥʦʡ ʛʨʘʥʠʮʝ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ inG  ʠʩʧʦʣʴʟʫʶʪʩʷ ʫʩʣʦʚʠʷ ʚ 

ʥʘʙʝʛʘʶʱʝʤ ʧʦʪʦʢʝ ʛʘʟʘ: 

; ; ; ; ;
in in in in

in
G G G G

G

p p u u v v w wr r¤ ¤ ¤ ¤ ¤= = = = = 

2 2 2

,
2inG

u v w
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+ +
= = +  

ʛʜʝ , , , ,p u v w r¤ ¤ ¤ ¤ ¤ ï ʧʘʨʘʤʝʪʨʳ ʥʝʚʦʟʤʫʱʝʥʥʦʛʦ ʧʦʪʦʢʘ. 

ʇʨʠ ʚʳʪʝʢʘʥʠʠ ʛʘʟʘ ʥʘ ʚʳʭʦʜʝ ʠʟ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ outG  

ʧʨʠʤʝʥʷʶʪʩʷ ʫʩʣʦʚʠʷ ʦʪʢʨʳʪʦʡ ʛʨʘʥʠʮʳ: 

0; 0; 0; 0; 0,
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= = = = =

µ µ µ µ µn n n n n
  

ʛʜʝ n  ï ʚʝʢʪʦʨ ʝʜʠʥʠʯʥʦʡ ʥʦʨʤʘʣʠ ʢ ʛʨʘʥʠ. ɺʦ ʚʩʝʭ ʨʘʩʯʝʪʘʭ ʚ ʚʳʭʦʜʥʦʤ 

ʩʝʯʝʥʠʠ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʥʘʙʣʶʜʘʣʠʩʴ ʩʚʝʨʭʟʚʫʢʦʚʳʝ ʩʢʦʨʦʩʪʠ. 

ʅʘ ʪʚʝʨʜʦʡ ʩʪʝʥʢʝ wallG  ʩʪʘʚʷʪʩʷ ʫʩʣʦʚʠʷ ʧʨʠʣʠʧʘʥʠʷ ʜʣʷ ʩʢʦʨʦʩʪʠ, 

ʫʩʣʦʚʠʷ ʘʜʠʘʙʘʪʠʯʥʦʩʪʠ ʠʣʠ ʠʟʦʪʝʨʤʠʯʥʦʩʪʠ ʜʣʷ ʪʝʤʧʝʨʘʪʫʨʳ. ɼʣʷ ʵʥʝʨʛʠʠ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʫʩʣʦʚʠʷ ʪʝʧʣʦʠʟʦʣʠʨʦʚʘʥʥʦʡ ʠʣʠ ʦʭʣʘʞʜʘʝʤʦʡ ʩʪʝʥʢʠ 

0; 0; 0; 0; 0ʠʣʠ .
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p T
u v w T T

µ µ
= = = = = =

µ µn n
 

ɺ ʧʣʦʩʢʦʩʪʠ ʩʠʤʤʝʪʨʠʠ symmG  ʧʨʠʤʝʥʷʝʪʩʷ ʫʩʣʦʚʠʝ ʩʠʤʤʝʪʨʠʠ 

ʧʦʪʦʢʘ. 
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ʇʦʩʪʘʥʦʚʢʘ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ ʧʨʠʣʠʧʘʥʠʷ ʥʘ ʪʚʝʨʜʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʚ ʫʩʣʦʚʠʷʭ ʚʝʩʴʤʘ ʨʘʟʨʝʞʝʥʥʦʡ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʩʝʪʢʠ ʥʝ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʩʪʨʦʛʦʝ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ. ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ï ʵʪʦ ʩʢʦʨʝʝ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʡ ʧʨʠʝʤ, ʩʪʘʙʠʣʠʟʠʨʫʶʱʠʡ ʯʠʩʣʝʥʥʦʝ ʨʝʰʝʥʠʝ. ɺ ʨʘʙʦʪʝ 

[185] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʘʥʘʣʦʛʠʯʥʦʡ ʧʦʩʪʘʥʦʚʢʝ 

ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ ʩʢʦʣʴʞʝʥʠʷ ʠ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʕʡʣʝʨʘ ʧʨʠʚʦʜʠʪ 

ʧʨʘʢʪʠʯʝʩʢʠ ʢ ʪʝʤ ʞʝ ʟʥʘʯʝʥʠʷʤ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ. ʊʘʢʞʝ 

ʥʘ ʠʩʧʦʣʴʟʫʝʤʳʭ ʨʘʩʯʝʪʥʳʭ ʩʝʪʢʘʭ ʪʝʨʷʝʪ ʩʤʳʩʣ ʨʘʩʯʝʪ ʪʝʧʣʦʚʳʭ ʧʦʪʦʢʦʚ. 

1.4. ɺʳʚʦʜʳ 

1. ɺ ʢʘʯʝʩʪʚʝ ʙʘʟʦʚʦʛʦ ʧʦʜʭʦʜʘ ʜʣʷ ʩʢʚʦʟʥʦʛʦ ʩʯʝʪʘ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʛʦ ʦʙʪʝʢʘʥʠʷ ʙʝʟ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ 

ʚʳʜʝʣʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʝʡ ʨʘʟʨʳʚʦʚ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ ʤʝʪʦʜ 

ʨʘʩʱʝʧʣʝʥʠʷ ʧʦ ʬʠʟʠʯʝʩʢʠʤ ʧʨʦʮʝʩʩʘʤ. ʉʪʘʮʠʦʥʘʨʥʦʝ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ, ʝʩʣʠ 

ʦʥʦ ʩʫʱʝʩʪʚʫʝʪ, ʧʦʣʫʯʘʝʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʫʩʪʘʥʦʚʣʝʥʠʷ. ʈʘʩʯʝʪ ʢʘʞʜʦʛʦ 

ʚʨʝʤʝʥʥʦʛʦ ʰʘʛʘ ʨʘʟʙʠʚʘʝʪʩʷ ʥʘ ʥʝʩʢʦʣʴʢʦ ʵʪʘʧʦʚ. ɼʣʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ 

ʫʨʘʚʥʝʥʠʡ ʥʘ ʢʘʞʜʦʤ ʵʪʘʧʝ ʧʨʠʤʝʥʷʶʪʩʷ ʵʣʝʤʝʥʪʳ ʤʝʪʦʜʘ ʢʦʥʝʯʥʳʭ 

ʦʙʲʝʤʦʚ. ɺ ʨʘʤʢʘʭ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʧʦʜʭʦʜʘ ʦʧʨʝʜʝʣʷʶʪʩʷ ʫʩʨʝʜʥʝʥʥʳʝ 

ʟʥʘʯʝʥʠʷ ʧʨʦʠʟʚʦʜʥʳʭ ʧʦ ʢʦʥʪʨʦʣʴʥʦʤʫ ʦʙʲʝʤʫ. 

2. ɺ ʨʘʤʢʘʭ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʤʦʜʝʣʴ 

ʩʦʚʝʨʰʝʥʥʦʛʦ ʚʷʟʢʦʛʦ ʩʞʠʤʘʝʤʦʛʦ ʛʘʟʘ, ʚ ʢʦʪʦʨʫʶ ʚʭʦʜʷʪ ʫʨʘʚʥʝʥʠʷ ʅʘʚʴʝ-

ʉʪʦʢʩʘ, ʫʨʘʚʥʝʥʠʝ ʥʝʨʘʟʨʳʚʥʦʩʪʠ, ʫʨʘʚʥʝʥʠʝ ʩʦʭʨʘʥʝʥʠʷ ʚʥʫʪʨʝʥʥʝʡ 

ʵʥʝʨʛʠʠ (ʚ ʬʦʨʤʝ ʫʨʘʚʥʝʥʠʷ ʌʫʨʴʝ - ʂʠʨʭʛʦʬʘ), ʪʝʨʤʠʯʝʩʢʦʝ ʠ ʢʘʣʦʨʠʯʝʩʢʦʝ 

ʫʨʘʚʥʝʥʠʷ ʩʦʩʪʦʷʥʠʷ ʩʦʚʝʨʰʝʥʥʦʛʦ ʛʘʟʘ, ʟʘʢʦʥ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʌʫʨʴʝ. 

ʄʦʜʝʣʴ ʠʤʝʝʪ ʪʨʝʭʤʝʨʥʫʶ ʧʦʩʪʘʥʦʚʢʫ. 

3. ɺ ʙʘʟʦʚʦʤ ʚʘʨʠʘʥʪʝ ʨʘʩʯʝʪʘ ʟʥʘʯʝʥʠʝ ʧʦʪʦʢʘ ʥʘ ʛʨʘʥʠ ʙʝʨʝʪʩʷ ʢʘʢ 

ʫʩʨʝʜʥʝʥʥʦʝ ʟʥʘʯʝʥʠʝ ʬʫʥʢʮʠʠ ʚ ʪʝʢʫʱʝʤ ʠ ʩʦʩʝʜʥʝʤ ʪʝʪʨʘʵʜʨʝ. ʂʘʢ 

ʘʣʴʪʝʨʥʘʪʠʚʥʳʡ ʤʝʪʦʜ ʨʘʩʯʝʪʘ ʧʦʪʦʢʘ ʥʘ ʛʨʘʥʠ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʤʝʪʦʜ ʨʘʩʯʝʪʘ ʨʘʩʧʘʜʘ ʧʨʦʠʟʚʦʣʴʥʦʛʦ ʨʘʟʨʳʚʘ ʥʘ ʛʨʘʥʠʮʘʭ ʷʯʝʝʢ ɸUSM PW. 
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ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚʝʩʦʚʳʝ ʬʫʥʢʮʠʠ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʜʘʚʣʝʥʠʷ. 

4. ɼʣʷ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʙʪʝʢʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʪʝʣ 

ʧʦʪʦʢʦʤ ʩʦʚʝʨʰʝʥʥʦʛʦ ʩʞʠʤʘʝʤʦʛʦ ʚʷʟʢʦʛʦ ʛʘʟʘ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʯʝʪʳʨʝ ʪʠʧʘ 

ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ: 

ʥʘ ʚʭʦʜʥʦʡ ʛʨʘʥʠʮʝ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʫʩʣʦʚʠʷ ʚ 

ʥʘʙʝʛʘʶʱʝʤ ʧʦʪʦʢʝ ʛʘʟʘ; 

ʧʨʠ ʚʳʪʝʢʘʥʠʠ ʛʘʟʘ ʥʘ ʚʳʭʦʜʝ ʠʟ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʧʨʠʤʝʥʷʶʪʩʷ 

ʫʩʣʦʚʠʷ ʦʪʢʨʳʪʦʡ ʛʨʘʥʠʮʳ; 

ʥʘ ʪʚʝʨʜʦʡ ʩʪʝʥʢʝ ʩʪʘʚʷʪʩʷ ʫʩʣʦʚʠʷ ʧʨʠʣʠʧʘʥʠʷ ʜʣʷ ʩʢʦʨʦʩʪʠ, ʫʩʣʦʚʠʷ 

ʘʜʠʘʙʘʪʠʯʥʦʩʪʠ ʠ ʠʟʦʪʝʨʤʠʯʥʦʩʪʠ ʜʣʷ ʪʝʤʧʝʨʘʪʫʨʳ, ʜʣ ̫ ʵʥʝʨʛʠʠ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʫʩʣʦʚʠʷ ʪʝʧʣʦʠʟʦʣʠʨʦʚʘʥʥʦʡ ʠʣʠ ʦʭʣʘʞʜʘʝʤʦʡ ʩʪʝʥʢʠ; 

ʚ ʧʣʦʩʢʦʩʪʠ ʩʠʤʤʝʪʨʠʠ ʧʨʠʤʝʥʷʝʪʩʷ ʫʩʣʦʚʠʝ ʩʠʤʤʝʪʨʠʠ ʧʦʪʦʢʘ. 
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ɻʃɸɺɸ 2. ʉʈɸɺʅɽʅʀɽ ʈɽɿʋʃʔʊɸʊʆɺ ʏʀʉʃɽʅʅʆɻʆ 

ʄʆɼɽʃʀʈʆɺɸʅʀʗ ʉ ʕʊɸʃʆʅʅʓʄʀ ɼɸʅʅʓʄʀ 

2.1. ɺʚʝʜʝʥʠʝ 

ʇʨʠ ʨʝʰʝʥʠʠ ʟʘʜʘʯʠ ʨʘʟʨʘʙʦʪʢʠ ʥʦʚʦʛʦ ʤʝʪʦʜʘ ʧʨʦʚʝʜʝʥʠʷ ʨʘʩʯʝʪʦʚ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʘʵʨʦʜʠʥʘʤʠʢʠ ʠ ʝʛʦ ʢʦʤʧʴʶʪʝʨʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʦʜʥʦʡ ʠʟ 

ʢʣʶʯʝʚʳʭ ʧʨʦʙʣʝʤ ʷʚʣʷʝʪʩʷ ʚʳʙʦʨ ʩʧʦʩʦʙʘ ʦʮʝʥʢʠ ʘʜʝʢʚʘʪʥʦʩʪʠ 

ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ.  

ʉʫʱʝʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʦ ʩʧʦʩʦʙʦʚ ʦʮʝʥʢʠ ʢʘʯʝʩʪʚʘ ʨʘʟʨʘʙʦʪʘʥʥʦʡ 

ʤʝʪʦʜʠʢʠ: 

¶ ʯʠʩʣʝʥʥʦʝ ʠ ʚʠʟʫʘʣʴʥʦʝ ʩʨʘʚʥʝʥʠʝ ʧʦʣʝʡ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʨʘʤʢʘʭ ʥʘʟʝʤʥʳʭ ʠ ʣʝʪʥʳʭ ʠʩʧʳʪʘʥʠʡ, ʩ 

ʨʝʟʫʣʴʪʘʪʘʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʤʝʪʦʜʘ; 

¶ ʯʠʩʣʝʥʥʦʝ ʠ ʚʠʟʫʘʣʴʥʦʝ ʩʨʘʚʥʝʥʠʝ ʧʦʣʝʡ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ çʥʘʜʝʞʥʳʭè ʢʦʤʧʴʶʪʝʨʥʳʭ 

ʢʦʜʦʚ (ʫʞʝ ʧʨʦʚʝʨʝʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʝʨʚʦʛʦ ʧʦʜʭʦʜʘ), ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ, 

ʧʦʣʫʯʝʥʥʳʤʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʤʝʪʦʜʘ. 

ʇʝʨʚʳʡ ʧʦʜʭʦʜ ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʧʝʨʝʯʥʝʤ ʟʘʜʘʯ ʩ ʦʧʫʙʣʠʢʦʚʘʥʥʳʤʠ 

ʜʘʥʥʳʤʠ ʧʦ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ 

ʨʘʩʩʯʠʪʘʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʦʚʦʡ ʤʝʪʦʜʠʢʠ ʩ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʡ 

ʩʪʝʧʝʥʴʶ ʪʦʯʥʦʩʪʠ ʥʘ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʨʘʩʯʝʪʥʳʭ 

ʩʝʪʢʘʭ ʩʨʘʚʥʠʪʝʣʴʥʦ ʤʘʣʦʡ ʩʪʝʧʝʥʠ ʧʦʜʨʦʙʥʦʩʪʠ.  

ɺʪʦʨʦʡ ʧʦʜʭʦʜ ʟʥʘʯʠʪʝʣʴʥʦ ʨʘʩʰʠʨʷʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ 

ʪʝʩʪʠʨʦʚʘʥʠʷ ʥʦʚʦʛʦ ʤʝʪʦʜʘ, ʪʘʢ ʢʘʢ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʪʘʣʦʥʥʦʛʦ 

ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʢʦʜʘ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥ ʙʦʣʝʝ ʰʠʨʦʢʠʡ ʥʘʙʦʨ ʜʘʥʥʳʭ ʜʣʷ 

ʧʝʨʝʢʨʝʩʪʥʦʛʦ ʩʨʘʚʥʝʥʠʷ. 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʧʨʦʚʦʜʠʪʩʷ ʩʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʯʠʩʣʝʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʦʚʦʛʦ ʤʝʪʦʜʘ ʩ ʜʘʥʥʳʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ UST3D ʠ UG3D, ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʚ 
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ʀʇʄʝʭ ʈɸʅ ʠ ʧʦ ʢʦʪʦʨʳʤ ʦʧʫʙʣʠʢʦʚʘʥʳ ʥʘʫʯʥʳʝ ʨʘʙʦʪʳ, ʧʦʜʪʚʝʨʞʜʘʶʱʠʝ 

ʠʭ ʘʜʝʢʚʘʪʥʦʩʪʴ [157, 159, 186, 187]. ɸʚʪʦʨʩʢʠʡ ʢʦʤʧʴʶʪʝʨʥʳʡ ʢʦʜ UST3D 

[163] ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʘʢʘʜʝʤʠʢʦʤ ʈɸʅ, ʜ.ʬ.-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨʦʤ 

ʉ.ʊ. ʉʫʨʞʠʢʦʚʳʤ, ʢʦʤʧʴʶʪʝʨʥʳʡ ʢʦʜ UG3D ʨʘʟʨʘʙʦʪʘʥ ʢ.ʬ.-ʤ.ʥ. 

ʀ.ɸ. ʂʨʶʢʦʚʳʤ. ʅʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʩʝʪʢʠ ʧʦʩʪʨʦʝʥʳ ɸ.ʃ. ɾʝʣʝʟʥʷʢʦʚʦʡ 

[158]. 

ɸʚʪʦʨʩʢʠʝ ʢʦʤʧʴʶʪʝʨʥʳʝ ʢʦʜʳ UST3D, UST3D-AUSMPW ʠ UG3D 

ʨʝʘʣʠʟʫʶʪ ʤʦʜʝʣʴ ʚʷʟʢʦʛʦ ʩʞʠʤʘʝʤʦʛʦ ʪʝʧʣʦʧʨʦʚʦʜʥʦʛʦ ʛʘʟʘ, ʦʧʠʩʳʚʘʝʤʫʶ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʥʝʩʪʘʮʠʦʥʘʨʥʦʡ ʩʠʩʪʝʤʦʡ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ. ɺʦ 

ʚʩʝʭ ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʘʭ ʟʘʤʳʢʘʶʱʠʤ ʫʨʘʚʥʝʥʠʝʤ ʜʣʷ ʦʩʥʦʚʥʦʡ ʩʠʩʪʝʤʳ 

ʷʚʣʷʝʪʩʷ ʫʨʘʚʥʝʥʠʝ ʩʦʩʪʦʷʥʠʷ ʛʘʟʘ. ʇʦʢʘʟʘʪʝʣʴ ʘʜʠʘʙʘʪʳ 1.4g= . ɼʣʷ 

ʦʧʠʩʘʥʠʷ ʚʷʟʢʦʩʪʠ ʛʘʟʘ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʬʦʨʤʫʣʘ ʉʘʟʝʨʣʝʥʜʘ 

3
2

61.458 10
110.4

T

T
m -= Ö

+
 

ɺ ʨʘʤʢʘʭ ʥʘʩʪʦʷʱʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʛʠʧʝʨʟʚʫʢʦʚʦʝ ʪʝʯʝʥʠʝ ʛʘʟʘ 

ʧʦʣʘʛʘʝʪʩʷ ʣʘʤʠʥʘʨʥʳʤ. ɺ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʥʝ ʚʭʦʜʠʣʠ ʧʨʦʮʝʩʩʳ, 

ʩʚʷʟʘʥʥʳʝ ʩ ʭʠʤʠʯʝʩʢʠʤʠ ʧʨʝʚʨʘʱʝʥʠʷʤʠ ʚ ʛʘʟʦʚʦʤ ʧʦʪʦʢʝ. ɼʣʷ ʨʘʩʯʝʪʦʚ 

ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʤʦʜʝʣʴ ʪʦʥʢʦʛʦ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ. 

ɸʚʪʦʨʩʢʠʝ ʢʦʤʧʴʶʪʝʨʥʳʝ ʢʦʜʳ UST3D ʠ UST3D-AUSMPW 

ʨʝʘʣʠʟʫʶʪ ʤʝʪʦʜ ʨʘʩʱʝʧʣʝʥʠʷ ʧʦ ʬʠʟʠʯʝʩʢʠʤ ʧʨʦʮʝʩʩʘʤ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʛʠʧʝʨʟʚʫʢʦʚʦʛʦ ʦʙʪʝʢʘʥʠʷ ʪʝʣʘ ʩʣʦʞʥʦʡ ʬʦʨʤʳ. 

ʂʦʤʧʴʶʪʝʨʥʳʡ ʢʦʜ UG3D ʠʩʧʦʣʴʟʫʝʪ ʚʘʨʠʘʥʪ ʤʝʪʦʜʘ ʉ.ʂ. ɻʦʜʫʥʦʚʘ ʩ 

ʚʦʟʤʦʞʥʦʩʪʴʶ ʜʦʩʪʠʞʝʥʠʷ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʪʦʯʥʦʩʪʠ.  

2.2. ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʦʙʪʝʢʘʥʠʷ ʙʝʩʢʦʥʝʯʥʦʛʦ ʢʣʠʥʘ 

ɺ ʥʘʩʪʦʷʱʝʤ ʨʘʟʜʝʣʝ ʦʧʠʩʳʚʘʝʪʩʷ ʚʟʘʠʤʥʦʝ ʪʝʩʪʠʨʦʚʘʥʠʝ ʘʚʪʦʨʩʢʠʭ 

ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ UST3D, UST3D-AUSMPW ʠ UG3D ʥʘ ʧʨʠʤʝʨʝ ʨʘʩʯʝʪʘ 
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ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʙʝʩʢʦʥʝʯʥʦʛʦ ʢʣʠʥʘ.  

ɺ ʢʘʯʝʩʪʚʝ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʘ ʧʨʠʚʦʜʷʪʩʷ ʜʚʫʤʝʨʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʜʘʚʣʝʥʠʷ ʠ ʧʣʦʪʥʦʩʪʠ. 

ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʜʣʷ ʨʘʩʯʝʪʘ 

ʉ ʧʦʤʦʱʴʶ ʪʨʝʭ ʘʚʪʦʨʩʢʠʭ ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ 

ʨʘʩʯʝʪʳ ʧʨʠ ʩʣʝʜʫʶʱʠʭ ʫʩʣʦʚʠʷʭ (ʊʘʙʣʠʮʘ 2.2.1). 

ʊʘʙʣʠʮʘ 2.2.1. ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ 

ʇʘʨʘʤʝʪʨ ɿʥʘʯʝʥʠʝ 

ʏʠʩʣʦ ʄʘʭʘ 6 

ɼʘʚʣʝʥʠʝ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ, ʇʘ 1200 

ʊʝʤʧʝʨʘʪʫʨʘ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ, K 227 

ʋʛʦʣ ʘʪʘʢʠ, ʛʨʘʜ 0 

ʏʠʩʣʦ ʵʣʝʤʝʥʪʦʚ ʩʝʪʢʠ 586514 

ʆʙʱʠʡ ʚʠʜ ʩʝʪʢʠ ʠ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩʫʥʢʝ 2.2.1. 

 

ʈʠʩʫʥʦʢ 2.2.1. ʅʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʘʷ ʪʝʪʨʘʵʜʨʘʣʴʥʘʷ ʩʝʪʢʘ ʠ ʨʘʩʯʝʪʥʘʷ 

ʦʙʣʘʩʪʴ ʜʣʷ ʙʝʩʢʦʥʝʯʥʦʛʦ ʢʣʠʥʘ 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ 

ɺ ʪʘʙʣʠʮʝ 2.2.2 ʧʨʠʚʝʜʝʥʳ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʢʦʵʬʬʠʮʠʝʥʪʳ 

ʧʦʜʲʝʤʥʦʡ ʩʠʣʳ, ʩʠʣʳ ʣʦʙʦʚʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʘ ʪʘʢʞʝ ʠʭ ʩʦʦʪʥʦʰʝʥʠʝ. 

ʂʦʵʬʬʠʮʠʝʥʪ ʧʦʜʲʝʤʥʦʡ ʩʠʣʳ Lc  ʦʧʨʝʜʝʣʷʣʩʷ ʧʦ ʬʦʨʤʫʣʝ: 
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,
y

L

ref

F
c

q S¤
=   

ʛʜʝ yF  ï ʧʦʜʲʝʤʥʘʷ ʩʠʣʘ, q¤ ï ʩʢʦʨʦʩʪʥʦʡ ʥʘʧʦʨ ʥʝʚʦʟʤʫʱʝʥʥʦʛʦ 

ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ; ʭʘʨS ï ʭʘʨʘʢʪʝʨʥʘʷ ʧʣʦʱʘʜʴ. 

ʂʦʵʬʬʠʮʠʝʥʪ ʣʦʙʦʚʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ Dc  ʦʧʨʝʜʝʣʷʣʩʷ ʧʦ ʬʦʨʤʫʣʝ: 

,x
D

ref

F
c

q S¤
=  

ʛʜʝ xF  ï ʩʠʣʘ ʣʦʙʦʚʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ. 

ɸʵʨʦʜʠʥʘʤʠʯʝʩʢʦʝ ʢʘʯʝʩʪʚʦ ʚʳʯʠʩʣʷʣʦʩʴ ʧʦ ʬʦʨʤʫʣʝ 

.L DK c c=  

ʅʘ ʨʠʩʫʥʢʘʭ 2.2.2-2.2.3 ʧʦʢʘʟʘʥʳ ʜʚʫʤʝʨʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʨʘʟʣʠʯʥʳʭ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʚʦʜʠʪʩʷ 

ʚʟʘʠʤʥʦʝ ʩʨʘʚʥʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʩ ʧʦʤʦʱʴʶ ʪʨʝʭ ʘʚʪʦʨʩʢʠʭ ʢʦʤʧʴʶʪʝʨʥʳʭ 

ʢʦʜʦʚ ʩʣʝʜʫʶʱʠʭ ʨʝʟʫʣʴʪʘʪʦʚ: ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʜʘʚʣʝʥʠʷ, ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʧʣʦʪʥʦʩʪʠ. 

ʊʘʙʣʠʮʘ 2.2.2. ʉʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʦʚ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

 UST3D UST3D-AUSMPW UG3D 

 Lc  Dc  K  Lc  Dc  K  Lc  Dc  K  

Ŭ=0Á 0 0.0785 0 0 0.0795 0 0 0.0777 0 
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ʘ) ʙ) 

 
ʚ) 

ʈʠʩʫʥʦʢ 2.2.2. ɼʚʫʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʣʦʪʥʦʩʪʠ (ʛ/ʩʤ3) ʧʨʠ Ŭ=0Á ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʩʯʝʪʥʦʛʦ ʢʦʜʘ: ʘ) UST3D; ʙ) UST3D-AUSMPW; ʚ) UG3D 

ʇʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʚʪʦʨʩʢʠʭ ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ 

UST3D, UST3D-AUSMPW ʠ UG3D ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʣʠ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʝʝ 

ʩʦʚʧʘʜʝʥʠʝ ʥʝʩʤʦʪʨʷ ʥʘ ʩʫʱʝʩʪʚʝʥʥʳʝ ʨʘʟʣʠʯʠʷ ʚ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʷʭ. 

ʅʘʙʣʶʜʘʝʤʳʝ ʦʪʢʣʦʥʝʥʠʷ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʥʝʚʳʩʦʢʦʡ ʧʦʜʨʦʙʥʦʩʪʴʶ 

ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ, ʘ ʪʘʢʞʝ ʦʩʦʙʝʥʥʦʩʪʴʶ ʨʝʘʣʠʟʘʮʠʠ ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ ʚ 

ʦʙʣʘʩʪʠ ʦʪʨʳʚʥʦʛʦ ʪʝʯʝʥʠʷ. ʆʜʥʘʢʦ, ʧʨʠ ʵʪʦʤ ʢʘʨʪʠʥʳ ʪʝʯʝʥʠʷ, ʧʦʣʫʯʝʥʥʳʝ 

ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʤʦʜʝʣʝʡ ʚʷʟʢʦʛʦ ʠ ʥʝʚʷʟʢʦʛʦ ʩʦʚʝʨʰʝʥʥʦʛʦ ʛʘʟʘ, ʷʚʣʷʶʪʩʷ 

ʩʭʦʞʠʤʠ. 
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ʘ) ʙ) 

 
ʚ) 

ʈʠʩʫʥʦʢ 2.2.3. ɼʚʫʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʜʘʚʣʝʥʠʷ (ʚ ʵʨʛ/ʩʤ3) ʧʨʠ Ŭ=0Á ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʩʯʝʪʥʦʛʦ ʢʦʜʘ: ʘ) UST3D; ʙ) UST3D-AUSMPW; ʚ) UG3D 

ɺ ʪʘʙʣʠʮʝ 2.2.3 ʧʨʠʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʘʚʪʦʨʩʢʠʭ ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ 

UST3D ʠ UST3D-AUSMPW ʧʦ ʚʨʝʤʝʥʠ ʨʘʩʯʝʪʘ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʀʟ ʪʘʙʣʠʮʳ ʚʠʜʥʦ, ʯʪʦ ʨʘʩʯʝʪ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ UST3D-

AUSMPW ʩʭʦʜʠʪʩʷ ʟʘ ʤʝʥʴʰʝʝ ʯʠʩʣʦ ʰʘʛʦʚ, ʥʦ ʧʨʠ ʵʪʦʤ ʢʘʞʜʳʡ ʰʘʛ 

ʩʯʠʪʘʝʪʩʷ ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʚʨʝʤʝʥʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʵʬʬʝʢʪʥʦʩʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʢʦʜʘ ʧʦ ʚʨʝʤʝʥʠ ʩʥʠʞʘʝʪʩʷ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ ʩ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʷʯʝʝʢ. 
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ʊʘʙʣʠʮʘ 2.2.3. ʉʭʦʜʠʤʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦ ʚʨʝʤʝʥʠ 

ʇʘʨʘʤʝʪʨ UST3D UST3D-AUSMPW 

ʈʝʘʣʴʥʦʝ ʚʨʝʤʷ, ʩ 47900 35800 

ʂʦʣʠʯʝʩʪʚʦ ʰʘʛʦʚ 110000 40000 

ɺʨʝʤʷ ʨʘʩʯʝʪʘ ʦʜʥʦʛʦ ʰʘʛʘ, ʩ 0.44 0.9 

 

2.3. ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʦʙʪʝʢʘʥʠʷ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ X-43 

ɺ ʥʘʩʪʦʷʱʝʤ ʨʘʟʜʝʣʝ ʦʧʠʩʳʚʘʝʪʩʷ ʚʟʘʠʤʥʦʝ ʪʝʩʪʠʨʦʚʘʥʠʝ ʘʚʪʦʨʩʢʠʭ 

ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ UST3D, UST3D-AUSMPW ʠ UG3D ʥʘ ʧʨʠʤʝʨʝ ʨʘʩʯʝʪʘ 

ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʦʜʝʣʠ 

ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʛʦ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ (ɺʃɸ) X-43 [149]. ɼʘʥʥʳʡ ɺʃɸ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʨʦʪʦʪʠʧ ʘʵʨʦʢʦʩʤʠʯʝʩʢʦʛʦ ʢʦʨʘʙʣʷ ʧʦʣʥʦʡ 

ʢʦʤʧʦʥʦʚʢʠ, ʩʥʘʙʞʝʥʥʳʡ ʛʠʧʝʨʟʚʫʢʦʚʳʤ ʚʦʟʜʫʰʥʦ-ʨʝʘʢʪʠʚʥʳʤ ʜʚʠʛʘʪʝʣʝʤ 

(ɻʇɺʈɼ). ʍʘʨʘʢʪʝʨʥʳʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʨʘʟʤʝʨʳ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ: 

ʜʣʠʥʘ ï 3.66 ʤ, ʥʘʠʙʦʣʴʰʠʡ ʧʦʧʝʨʝʯʥʳʡ ʨʘʟʤʝʨ ï 1.52 ʤ. 

ɺ ʢʘʯʝʩʪʚʝ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʘ ʧʨʠʚʦʜʷʪʩʷ ʜʚʫʤʝʨʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʯʠʩʣʘ ʄʘʭʘ, ʪʝʤʧʝʨʘʪʫʨʳ, ʜʘʚʣʝʥʠʷ ʚ ʧʣʦʩʢʦʩʪʠ ʩʠʤʤʝʪʨʠʠ (Z = 0). 

ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʜʣʷ ʨʘʩʯʝʪʘ 

ʉ ʧʦʤʦʱʴʶ ʪʨʝʭ ʘʚʪʦʨʩʢʠʭ ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ 

ʨʘʩʯʝʪʳ ʧʨʠ ʩʣʝʜʫʶʱʠʭ ʫʩʣʦʚʠʷʭ (ʊʘʙʣʠʮʘ 2.3.1). 

ʊʘʙʣʠʮʘ 2.3.1. ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ 

ʇʘʨʘʤʝʪʨ ɿʥʘʯʝʥʠʝ 

ʏʠʩʣʦ ʄʘʭʘ 7 

ɼʘʚʣʝʥʠʝ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ, ʇʘ 1410 

ʊʝʤʧʝʨʘʪʫʨʘ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ, K 227 

ʋʛʦʣ ʘʪʘʢʠ, ʛʨʘʜ 2 

ʏʠʩʣʦ ʵʣʝʤʝʥʪʦʚ ʩʝʪʢʠ 2013902 

refS , 2ʤ 0.40538 

ʆʙʱʠʡ ʚʠʜ ʩʝʪʢʠ ʠ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩʫʥʢʝ 2.3.1. 
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ʈʠʩʫʥʦʢ 2.3.1. ʅʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʘʷ ʪʝʪʨʘʵʜʨʘʣʴʥʘʷ ʩʝʪʢʘ ʠ ʨʘʩʯʝʪʥʘʷ 

ʦʙʣʘʩʪʴ ɺʃɸ ʍ-43 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ 

ɺ ʪʘʙʣʠʮʝ 2.3.2 ʧʨʠʚʝʜʝʥʳ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʢʦʵʬʬʠʮʠʝʥʪʳ 

ʧʦʜʲʝʤʥʦʡ ʩʠʣʳ, ʩʠʣʳ ʣʦʙʦʚʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʘ ʪʘʢʞʝ ʠʭ ʩʦʦʪʥʦʰʝʥʠʝ.  

ʊʘʙʣʠʮʘ 2.3.2. ʉʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʦʚ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ 
 UST3D UST3D-AUSMPW UG3D 

 
Lc  Dc  K  Lc  Dc  K  Lc  Dc  K  

Ŭ=2Á 0.266 0.157 1.6943 0.287 0.172 1.6686 0.29853 0.17754 1.6815 

ʅʘ ʨʠʩʫʥʢʘʭ 2.3.2-2.3.4 ʧʦʢʘʟʘʥʳ ʜʚʫʤʝʨʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʨʘʟʣʠʯʥʳʭ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʚʦʜʠʪʩʷ 

ʚʟʘʠʤʥʦʝ ʩʨʘʚʥʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʩ ʧʦʤʦʱʴʶ ʪʨʝʭ ʘʚʪʦʨʩʢʠʭ ʢʦʤʧʴʶʪʝʨʥʳʭ 

ʢʦʜʦʚ ʩʣʝʜʫʶʱʠʭ ʨʝʟʫʣʴʪʘʪʦʚ: ʨʘʩʧʨʝʜʝʣʝʥʠ ̫ ʯʠʩʣʘ ʄʘʭʘ, ʜʘʚʣʝʥʠʷ ʠ 

ʪʝʤʧʝʨʘʪʫʨʳ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʦʚ, ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʫʜʘʨʥʳʭ ʚʦʣʥ, 

ʦʙʨʘʟʫʶʱʠʭʩʷ ʚ ʥʦʩʦʚʦʡ ʯʘʩʪʠ ʘʧʧʘʨʘʪʘ ʠ ʥʘ ʚʭʦʜʝ ʚ ʚʦʟʜʫʭʦʟʘʙʦʨʥʠʢ, 

ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʘʥʥʳʭ ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ, ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ 

ʦʪʣʠʯʘʶʪʩʷ. ʆʜʥʘʢʦ, ʠʟ ʨʠʩ. 2.3.2 ʠ 2.3.4, ʚʠʜʥʦ ʩʫʱʝʩʪʚʝʥʥʦʝ ʦʪʣʠʯʠʝ ʚ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷʭ ʯʠʩʣʘ ʄʘʭʘ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʦʪʨʳʚʥʦʡ ʟʦʥʝ ʪʝʯʝʥʠʷ ï ʚ 

ʨʘʩʯʝʪʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʜʘ UST3D-AUSMPW ʯʠʩʣʘ ʄʘʭʘ ʠ ʪʝʤʧʝʨʘʪʫʨʘ 

ʚ ʦʪʨʳʚʥʦʡ ʟʦʥʝ ʚʳʰʝ, ʯʝʤ ʚ ʨʘʩʯʝʪʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʨʫʛʠʭ ʢʦʜʦʚ. 
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ʘ) ʙ) 

 
ʚ) 

ʈʠʩʫʥʦʢ 2.3.2. ɼʚʫʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʠʩʣʘ ʄʘʭʘ ʧʨʠ Ŭ=2Á ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʩʯʝʪʥʦʛʦ ʢʦʜʘ: ʘ) UST3D; ʙ) UST3D-AUSMPW; ʚ) UG3D 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʠ 

ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʦʙʪʝʢʘʥʠʷ ɺʃɸ ʍ-43, ʧʦʣʫʯʝʥʥʳʝ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʚʪʦʨʩʢʠʭ ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ UST3D, UST3D-AUSMPW 

ʠ UG3D, ʧʦʢʘʟʘʣʠ, ʯʪʦ ʥʝʩʤʦʪʨʷ ʥʘ ʩʫʱʝʩʪʚʝʥʥʳʝ ʨʘʟʣʠʯʠʷ ʚ ʯʠʩʣʝʥʥʳʭ 

ʤʦʜʝʣʷʭ, ʜʘʥʥʳʝ ʢʦʜʳ ʜʘʶʪ ʜʦʩʪʘʪʦʯʥʦ ʜʦʩʪʦʚʝʨʥʫʶ ʢʘʨʪʠʥʫ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʧʦʣʝʡ ʠʩʢʦʤʳʭ ʚʝʣʠʯʠʥ, ʘ ʪʘʢʞʝ ʨʘʩʩʯʠʪʳʚʘʶʪ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛ ʜʨʫʛʘ. ʀʤʝʶʱʠʝʩʷ 

ʨʘʟʣʠʯʠʷ ʠ ʧʦʛʨʝʰʥʦʩʪʠ ʚʳʯʠʩʣʝʥʠʡ ʦʙʲʷʩʥʷʶʪʩʷ ʥʝʚʳʩʦʢʦʡ ʧʦʜʨʦʙʥʦʩʪʴʶ 

ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ, ʘ ʪʘʢʞʝ ʦʩʦʙʝʥʥʦʩʪʴʶ ʨʝʘʣʠʟʘʮʠʠ ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ ʚ 

ʦʙʣʘʩʪʠ ʦʪʨʳʚʥʦʛʦ ʪʝʯʝʥʠʷ. 
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ʘ) ʙ) 

 
ʚ) 

ʈʠʩʫʥʦʢ 2.3.3. ɼʚʫʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʜʘʚʣʝʥʠʷ (ʚ ʇʘ) ʧʨʠ Ŭ=2Á ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʩʯʝʪʥʦʛʦ ʢʦʜʘ: ʘ) UST3D; ʙ) UST3D-AUSMPW; ʚ) UG3D  

ɺ ʪʘʙʣʠʮʝ 2.3.3 ʧʨʠʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʘʚʪʦʨʩʢʠʭ ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ 

UST3D ʠ UST3D-AUSMPW ʧʦ ʚʨʝʤʝʥʠ ʨʘʩʯʝʪʘ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʀʟ ʪʘʙʣʠʮʳ ʚʠʜʥʦ, ʯʪʦ ʨʘʩʯʝʪ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ UST3D-

AUSMPW ʩʭʦʜʠʪʩʷ ʟʘ ʤʝʥʴʰʝʝ ʯʠʩʣʦ ʰʘʛʦʚ, ʥʦ ʧʨʠ ʵʪʦʤ ʢʘʞʜʳʡ ʰʘʛ 

ʩʯʠʪʘʝʪʩʷ ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʚʨʝʤʝʥʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʵʬʬʝʢʪʥʦʩʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʢʦʜʘ ʧʦ ʚʨʝʤʝʥʠ ʩʥʠʞʘʝʪʩʷ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ ʩ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʷʯʝʝʢ. 
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ʘ) ʙ) 

 
ʚ) 

ʈʠʩʫʥʦʢ 2.3.4. ɼʚʫʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ (ʚ ʂ) ʧʨʠ Ŭ=2Á ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʩʯʝʪʥʦʛʦ ʢʦʜʘ: ʘ) UST3D; ʙ) UST3D-AUSMPW; ʚ) UG3D 

ʊʘʙʣʠʮʘ 2.3.3. ʉʭʦʜʠʤʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦ ʚʨʝʤʝʥʠ 

ʇʘʨʘʤʝʪʨ UST3D UST3D-AUSMPW 

ʈʝʘʣʴʥʦʝ ʚʨʝʤʷ, ʩ 454000 90000 

ʂʦʣʠʯʝʩʪʚʦ ʰʘʛʦʚ 310000 30000 

ɺʨʝʤʷ ʨʘʩʯʝʪʘ ʦʜʥʦʛʦ ʰʘʛʘ, ʩ 1.46 3 

2.4. ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʦʙʪʝʢʘʥʠʷ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ X-51 

ɺ ʥʘʩʪʦʷʱʝʤ ʨʘʟʜʝʣʝ ʦʧʠʩʳʚʘʝʪʩʷ ʚʟʘʠʤʥʦʝ ʪʝʩʪʠʨʦʚʘʥʠʝ ʘʚʪʦʨʩʢʠʭ 

ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ UST3D, UST3D-AUSMPW, UG3D ʥʘ ʧʨʠʤʝʨʝ ʨʘʩʯʝʪʘ 

ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʛʦ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ (ɺʃɸ) X-51 [152, 188]. ɼʘʥʥʳʡ 

ɺʃɸ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʨʦʪʦʪʠʧ ʧʝʨʩʧʝʢʪʠʚʥʦʡ ʢʨʳʣʘʪʦʡ ʨʘʢʝʪʳ, 

ʩʥʘʙʞʝʥʥʦʡ ʛʠʧʝʨʟʚʫʢʦʚʳʤ ʧʨʷʤʦʪʦʯʥʳʤ ʚʦʟʜʫʰʥʦ-ʨʝʘʢʪʠʚʥʳʤ ʜʚʠʛʘʪʝʣʝʤ 
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(ɻʇɺʈɼ). ʍʘʨʘʢʪʝʨʥʳʝ ʧʘʨʘʤʝʪʨʳ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ: ʜʣʠʥʘ ï 8 ʤ, ʪʷʛʘ 

180ï450 ʢʛʩ, ʤʘʩʩʘ ʪʦʧʣʠʚʘ 120 ʢʛ. 

ɺ ʢʘʯʝʩʪʚʝ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʘ ʧʨʠʚʦʜʷʪʩʷ ʜʚʫʤʝʨʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʯʠʩʣʘ ʄʘʭʘ, ʪʝʤʧʝʨʘʪʫʨʳ, ʜʘʚʣʝʥʠʷ ʚ ʧʣʦʩʢʦʩʪʠ ʩʠʤʤʝʪʨʠʠ (Z = 0). 

ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʜʣʷ ʨʘʩʯʝʪʘ 

ʉ ʧʦʤʦʱʴʶ ʪʨʝʭ ʘʚʪʦʨʩʢʠʭ ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ 

ʨʘʩʯʝʪʳ ʧʨʠ ʩʣʝʜʫʶʱʠʭ ʫʩʣʦʚʠʷʭ (ʊʘʙʣʠʮʘ 2.4.1). 

ʊʘʙʣʠʮʘ 2.4.1. ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ 

ʇʘʨʘʤʝʪʨ ɿʥʘʯʝʥʠʝ 

ʏʠʩʣʦ ʄʘʭʘ 6 

ʋʩʣʦʚʠʷ ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ 

ʋʛʦʣ ʘʪʘʢʠ, ʛʨʘʜ 4 

ʏʠʩʣʦ ʵʣʝʤʝʥʪʦʚ ʩʝʪʢʠ 1986633 

refS , 2ʤ 0.28427 

ɼʘʚʣʝʥʠʝ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ, ʇʘ 393 

ʊʝʤʧʝʨʘʪʫʨʘ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ, ʂ 51.7 

ʆʙʱʠʡ ʚʠʜ ʩʝʪʢʠ ʠ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩʫʥʢʝ 2.4.1. 

 

ʈʠʩʫʥʦʢ 2.4.1. ʅʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʘʷ ʪʝʪʨʘʵʜʨʘʣʴʥʘʷ ʩʝʪʢʘ ʠ ʨʘʩʯʝʪʥʘʷ 

ʦʙʣʘʩʪʴ ɺʃɸ ʍ-51 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ 

ɺ ʪʘʙʣʠʮʝ 2.4.2 ʧʨʠʚʝʜʝʥʳ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʢʦʵʬʬʠʮʠʝʥʪʳ 

ʧʦʜʲʝʤʥʦʡ ʩʠʣʳ, ʩʠʣʳ ʣʦʙʦʚʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʘ ʪʘʢʞʝ ʠʭ ʩʦʦʪʥʦʰʝʥʠʝ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʷʶʪ ʛʦʚʦʨʠʪʴ ʦʙ ʫʩʧʝʰʥʦʩʪʠ ʚʟʘʠʤʥʦʛʦ 
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ʪʝʩʪʠʨʦʚʘʥʠʷ ʪʨʝʭ ʘʚʪʦʨʩʢʠʭ ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ, ʢʦʪʦʨʳʝ, ʥʝʩʤʦʪʨʷ ʥʘ 

ʨʘʟʣʠʯʠʷ ʠʩʧʦʣʴʟʫʝʤʳʭ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ, ʢʘʯʝʩʪʚʝʥʥʦ ʚʝʨʥʦ ʦʧʠʩʳʚʘʶʪ 

ʘʵʨʦʜʠʥʘʤʠʢʫ ɺʃɸ ʍ-51.  

ʊʘʙʣʠʮʘ 2.4.2. ʉʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʦʚ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

 UST3D UST3D-AUSMPW UG3D 

 Lc  Dc  K  Lc  Dc  K  Lc  Dc  K  

Ŭ=4Á 0.167 0.0913 1.836 0.166 0.0909 1.826 0.16301 0.0909 1.794 

ʅʘ ʨʠʩʫʥʢʘʭ 2.4.2-2.4.4 ʧʦʢʘʟʘʥʳ ʜʚʫʤʝʨʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʨʘʟʣʠʯʥʳʭ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʦʚ, 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʫʜʘʨʥʳʭ ʚʦʣʥ, ʦʙʨʘʟʫʶʱʠʭʩʷ ʚ ʥʦʩʦʚʦʡ ʯʘʩʪʠ ʘʧʧʘʨʘʪʘ ʠ ʚ 

ʦʙʣʘʩʪʠ ʚʭʦʜʥʦʛʦ ʜʠʬʬʫʟʦʨʘ ʩʠʣʦʚʦʡ ʫʩʪʘʥʦʚʢʠ, ʧʦʣʫʯʝʥʥʳʝ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ, ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʦʪʣʠʯʘʶʪʩʷ. ʆʜʥʘʢʦ, 

ʠʟ ʨʠʩ. 2.4.2 ʠ 2.4.4, ʚʠʜʥʦ ʩʫʱʝʩʪʚʝʥʥʦʝ ʦʪʣʠʯʠʝ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʷʭ ʯʠʩʣʘ 

ʄʘʭʘ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʦʪʨʳʚʥʦʡ ʟʦʥʝ ʪʝʯʝʥʠʷ ï ʚ ʨʘʩʯʝʪʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʢʦʜʘ UST3D-AUSMPW ʯʠʩʣʘ ʄʘʭʘ ʠ ʪʝʤʧʝʨʘʪʫʨʘ ʚ ʦʪʨʳʚʥʦʡ ʟʦʥʝ ʚʳʰʝ, ʯʝʤ 

ʚ ʨʘʩʯʝʪʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʨʫʛʠʭ ʢʦʜʦʚ. 

ʅʘʙʣʶʜʘʝʤʳʝ ʦʪʢʣʦʥʝʥʠʷ ʦʙʲʷʩʥʷʶʪʩʷ ʥʝʚʳʩʦʢʦʡ ʧʦʜʨʦʙʥʦʩʪʴʶ 

ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ, ʘ ʪʘʢʞʝ ʦʩʦʙʝʥʥʦʩʪʴʶ ʨʝʘʣʠʟʘʮʠʠ ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ ʚ 

ʦʙʣʘʩʪʠ ʦʪʨʳʚʥʦʛʦ ʪʝʯʝʥʠʷ. ʆʪʤʝʪʠʤ, ʦʜʥʘʢʦ, ʯʪʦ ʜʘʞʝ ʧʨʠ ʥʝʚʳʩʦʢʦʡ 

ʧʦʜʨʦʙʥʦʩʪʠ ʠʩʧʦʣʴʟʫʝʤʳʭ ʩʝʪʦʢ, ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʨʠʤʝʥʝʥʠʝʤ 

ʤʦʜʝʣʝʡ ʚʷʟʢʦʛʦ ʠ ʥʝʚʷʟʢʦʛʦ ʩʦʚʝʨʰʝʥʥʦʛʦ ʛʘʟʘ, ʷʚʣʷʶʪʩʷ ʩʭʦʞʠʤʠ, ʘ 

ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʨʘʢʪʠʯʝʩʢʠ 

ʩʦʚʧʘʜʘʶʪ. 
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ʘ) ʙ) 

 
ʚ) 

ʈʠʩʫʥʦʢ 2.4.2. ɼʚʫʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʠʩʣʘ ʄʘʭʘ ʧʨʠ Ŭ=4Á ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʩʯʝʪʥʦʛʦ ʢʦʜʘ: ʘ) UST3D; ʙ) UST3D-AUSMPW; ʚ) UG3D 

  
ʘ) ʙ) 

 
ʚ) 

ʈʠʩʫʥʦʢ 2.4.3. ɼʚʫʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʜʘʚʣʝʥʠʷ (ʚ ʇʘ) ʧʨʠ Ŭ=4Á ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʩʯʝʪʥʦʛʦ ʢʦʜʘ: ʘ) UST3D; ʙ) UST3D-AUSMPW; ʚ) UG3D  
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ʘ) ʙ) 

 
ʚ) 

ʈʠʩʫʥʦʢ 2.4.4. ɼʚʫʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ (ʚ ʂ) ʧʨʠ Ŭ=4Á ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʩʯʝʪʥʦʛʦ ʢʦʜʘ: ʘ) UST3D; ʙ) UST3D-AUSMPW; ʚ) UG3D 

ɺ ʪʘʙʣʠʮʝ 2.4.3 ʧʨʠʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʘʚʪʦʨʩʢʠʭ ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ 

UST3D ʠ UST3D-AUSMPW ʧʦ ʚʨʝʤʝʥʠ ʨʘʩʯʝʪʘ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʀʟ ʪʘʙʣʠʮʳ ʚʠʜʥʦ, ʯʪʦ ʨʘʩʯʝʪ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ UST3D-

AUSMPW ʩʭʦʜʠʪʩʷ ʟʘ ʤʝʥʴʰʝʝ ʯʠʩʣʦ ʰʘʛʦʚ, ʥʦ ʧʨʠ ʵʪʦʤ ʢʘʞʜʳʡ ʰʘʛ 

ʩʯʠʪʘʝʪʩʷ ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʚʨʝʤʝʥʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʵʬʬʝʢʪʥʦʩʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʢʦʜʘ ʧʦ ʚʨʝʤʝʥʠ ʩʥʠʞʘʝʪʩʷ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ ʩ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʷʯʝʝʢ. 

ʊʘʙʣʠʮʘ 2.4.3. ʉʭʦʜʠʤʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦ ʚʨʝʤʝʥʠ 

ʇʘʨʘʤʝʪʨ UST3D UST3D-AUSMPW 

ʈʝʘʣʴʥʦʝ ʚʨʝʤʷ, ʩ 431000 118000 

ʂʦʣʠʯʝʩʪʚʦ ʰʘʛʦʚ 340000 40000 

ɺʨʝʤʷ ʨʘʩʯʝʪʘ ʦʜʥʦʛʦ ʰʘʛʘ, ʩ 1.3 3 
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2.5. ɺʳʚʦʜʳ 

1. ʇʨʦʚʝʜʝʥʥʦʝ ʚʟʘʠʤʥʦʝ ʪʝʩʪʠʨʦʚʘʥʠʝ ʘʚʪʦʨʩʢʠʭ ʢʦʤʧʴʶʪʝʨʥʳʭ 

ʢʦʜʦʚ UST3D, UST3D-AUSMPW ʠ UG3D ʥʘ ʧʨʠʤʝʨʝ ʨʘʩʯʝʪʘ 

ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʙʝʩʢʦʥʝʯʥʦʛʦ ʢʣʠʥʘ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʥʝʩʤʦʪʨʷ ʥʘ ʩʫʱʝʩʪʚʝʥʥʳʝ ʨʘʟʣʠʯʠʷ ʚ 

ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʷʭ, ʜʘʥʥʳʝ ʢʦʤʧʴʶʪʝʨʥʳʝ ʢʦʜʳ ʜʘʶʪ ʜʦʩʪʘʪʦʯʥʦ 

ʜʦʩʪʦʚʝʨʥʫʶ ʢʘʨʪʠʥʫ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʣʝʡ ʜʘʚʣʝʥʠʷ ʠ ʧʣʦʪʥʦʩʪʠ, ʘ ʪʘʢʞʝ 

ʨʘʩʩʯʠʪʳʚʘʶʪ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛ ʜʨʫʛʘ. 

2. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʧʨʦʚʝʜʝʥʥʦʛʦ ʚʟʘʠʤʥʦʛʦ ʪʝʩʪʠʨʦʚʘʥʠʷ ʘʚʪʦʨʩʢʠʭ 

ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ UST3D, UST3D-AUSMPW ʠ UG3D ʥʘ ʧʨʠʤʝʨʝ ʨʘʩʯʝʪʘ 

ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ X-43 ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʜʘʥʥʳʝ ʢʦʜʳ 

ʜʘʶʪ ʜʦʩʪʘʪʦʯʥʦ ʜʦʩʪʦʚʝʨʥʫʶ ʢʘʨʪʠʥʫ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʣʝʡ ʜʘʚʣʝʥʠʷ ʠ 

ʧʣʦʪʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʨʘʩʩʯʠʪʳʚʘʶʪ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩ 

ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛ ʜʨʫʛʘ. 

3. ʇʨʦʚʝʜʝʥʦ ʚʟʘʠʤʥʦʝ ʪʝʩʪʠʨʦʚʘʥʠʝ ʘʚʪʦʨʩʢʠʭ ʢʦʤʧʴʶʪʝʨʥʳʭ 

ʢʦʜʦʚ UST3D, UST3D-AUSMPW ʠ UG3D ʥʘ ʧʨʠʤʝʨʝ ʨʘʩʯʝʪʘ 

ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ X-51. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʢʦʤʧʴʶʪʝʨʥʳʝ ʢʦʜʳ, ʥʝʩʤʦʪʨʷ ʥʘ 

ʩʫʱʝʩʪʚʝʥʥʳʝ ʨʘʟʣʠʯʠʷ ʚ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʷʭ, ʜʘʶʪ ʜʦʩʪʘʪʦʯʥʦ ʜʦʩʪʦʚʝʨʥʫʶ 

ʢʘʨʪʠʥʫ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʣʝʡ ʜʘʚʣʝʥʠʷ ʠ ʧʣʦʪʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʨʘʩʩʯʠʪʳʚʘʶʪ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛ 

ʜʨʫʛʘ. 

4. ʇʨʦʚʝʜʝʥʥʦʝ ʚʟʘʠʤʥʦʝ ʪʝʩʪʠʨʦʚʘʥʠʝ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʘʚʪʦʨʩʢʠʡ 

ʢʦʤʧʴʶʪʝʨʥʳʡ ʢʦʜ UST3D-AUSMPW ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ 

ʧʨʦʚʝʜʝʥʠʷ ʜʦʩʪʦʚʝʨʥʦʛʦ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʘʵʨʦʪʝʨʤʦʜʠʥʘʤʠʢʠ 

ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ.  
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ɻʃɸɺɸ 3. ʏʀʉʃɽʅʅʆɽ ʄʆɼɽʃʀʈʆɺɸʅʀɽ ɻʀʇɽʈɿɺʋʂʆɺʆɻʆ 

ʆɹʊɽʂɸʅʀʗ ʄʆɼɽʃʀ ʃɽʊɸʊɽʃʔʅʆɻʆ ɸʇʇɸʈɸʊɸ HIFIRE -1 

3.1. ɺʚʝʜʝʥʠʝ 

ʈʘʟʚʠʪʠʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ ʩʪʘʚʠʪ ʚʦʧʨʦʩ ʦ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʤʠʥʠʤʠʟʘʮʠʠ ʟʘʪʨʘʪ ʥʘ ʨʘʟʨʘʙʦʪʢʫ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ ʠ 

ʠʭ ʚʩʝʩʪʦʨʦʥʥʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʆʜʥʠʤ ʠʟ ʧʦʜʭʦʜʦʚ ʚ ʜʘʥʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ 

ʷʚʣʷʝʪʩʷ ʩʪʘʥʜʘʨʪʠʟʘʮʠʷ ʵʣʝʤʝʥʪʦʚ ʢʦʥʩʪʨʫʢʮʠʠ ʠ ʚʥʝʰʥʝʛʦ ʦʙʣʠʢʘ ʠʟʜʝʣʠʡ. 

ɺ 2005-2006 ʛʛ. ʚ ʉʐɸ ʩʦʚʤʝʩʪʥʦ ʩ ɸʚʩʪʨʘʣʠʝʡ ʜʣʷ ʨʝʰʝʥʠʷ ʜʘʥʥʦʡ 

ʟʘʜʘʯʠ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʧʨʦʛʨʘʤʤʘ HIFiRE (Hypersonic International Flight 

Research and Experimentation), ʢʦʪʦʨʘʷ ʧʨʝʜʫʩʤʘʪʨʠʚʘʣʘ ʜʝʚʷʪʴ 

ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʧʦʣʝʪʦʚ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ ʨʝʰʝʥʠʷ ʰʠʨʦʢʦʛʦ ʢʨʫʛʘ 

ʥʘʫʯʥʳʭ ʟʘʜʘʯ ʚ ʦʙʣʘʩʪʠ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʠ ʦʜʠʥ ʧʦʣʝʪ 

ʩʥʠʞʝʥʠʷ ʪʝʭʥʠʯʝʩʢʠʭ ʨʠʩʢʦʚ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʡ ʜʣʷ ʨʝʰʝʥʠʷ ʧʨʦʙʣʝʤ 

ʢʦʥʪʨʦʣʷ ʦʨʠʝʥʪʘʮʠʠ ʘʧʧʘʨʘʪʘ. 

ʂʘʞʜʳʡ ʧʦʣʝʪ ʙʳʣ ʧʨʝʜʥʘʟʥʘʯʝʥ ʜʣʷ ʠʟʫʯʝʥʠʷ ʦʧʨʝʜʝʣʝʥʥʦʡ 

ʛʠʧʝʨʟʚʫʢʦʚʦʡ ʪʝʭʥʦʣʦʛʠʠ. ʇʨʠ ʵʪʦʤ ʢʘʞʜʦʤʫ ʧʦʣʝʪʫ ʧʨʝʜʰʝʩʪʚʦʚʘʣʘ 

ʩʝʨʠʷ ʥʘʟʝʤʥʳʭ ʠʩʧʳʪʘʥʠʡ ʠ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, 

ʧʦʟʚʦʣʷʶʱʠʝ ʫʪʦʯʥʠʪʴ ʥʘʯʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʧʦʣʝʪʦʚ ʠ ʦʞʠʜʘʝʤʳʝ 

ʨʝʟʫʣʴʪʘʪʳ. 

ʊʘʢ, ʚ [189] ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʘʥʥʳʝ ʦ ʃʊʇ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʜʣʷ 

ʦʩʝʩʠʤʤʝʪʨʠʯʥʳʭ ʪʝʣ. ɺ ʢʘʯʝʩʪʚʝ ʪʨʘʝʢʪʦʨʠʠ ʧʦʣʝʪʘ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ 

ʘʵʨʦʙʘʣʣʠʩʪʠʯʝʩʢʘʷ ʪʨʘʝʢʪʦʨʠʷ (ʈʠʩʫʥʦʢ 3.1.1). ɻʝʦʤʝʪʨʠʷ ʣʝʪʘʪʝʣʴʥʦʛʦ 

ʘʧʧʘʨʘʪʘ ʧʨʝʜʩʪʘʚʣʷʣʘ ʩʦʙʦʡ ʢʦʤʧʦʥʦʚʢʫ ʦʩʪʨʦʛʦ ʠ ʟʘʪʫʧʣʝʥʥʦʛʦ ʢʦʥʫʩʘ, 

ʧʝʨʝʭʦʜʷʱʝʛʦ ʚ ʮʠʣʠʥʜʨ ʩ ʁʙʢʦʡ. 

ʅʘʟʝʤʥʳʝ ʠʩʧʳʪʘʥʠʷ ʩʦʩʪʦʷʣʠ ʠʟ ʜʚʫʭ ʬʘʟ. ɺ ʧʝʨʚʦʡ ʬʘʟʝ 

ʦʧʨʝʜʝʣʷʣʠʩʴ ʦʧʪʠʤʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʛʝʦʤʝʪʨʠʠ ʥʦʩʦʚʦʡ ʯʘʩʪʠ ʠ ʶʙʢʠ, 

ʧʦʟʚʦʣʷʶʱʠʝ ʧʦʣʫʯʠʪʴ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ ʃʊʇ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ, 

ʩʪʨʫʢʪʫʨʝ ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʦʪʦʢʘ ʠ ʫʜʘʨʥʦ-ʚʦʣʥʦʚʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʭ. 
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ʈʠʩʫʥʦʢ 3.1.1. ʊʨʘʝʢʪʦʨʠʷ ʧʦʣʝʪʘ HIFiRE-1 [190] 

ɹʘʟʦʚʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ʛʝʦʤʝʪʨʠʠ ʠʟʜʝʣʠʷ ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ AFRL. 

ʀʟʥʘʯʘʣʴʥʦ ʙʳʣʦ ʟʘʧʣʘʥʠʨʦʚʘʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ çʶʙʢʫè ʩ ʫʛʣʦʤ ʩʢʦʩʘ 37Á, ʥʦ 

ʚ ʜʘʣʴʥʝʡʝhʤ ʫʛʦʣ ʙʳʣ ʩʦʢʨʘʱʝʥ ʜʦ 33Á (ʈʠʩʫʥʦʢ 3.1.2) ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ 

ʨʘʟʤʝʨʘ ʦʪʜʝʣʷʝʤʦʡ ʯʘʩʪʠ [191]. ɼʣʷ ʤʦʜʝʣʠ ʘʧʧʘʨʘʪʘ ʙʳʣʠ ʩʦʟʜʘʥʳ 4 

ʢʦʥʬʠʛʫʨʘʮʠʠ ʥʦʩʦʚʦʡ ʯʘʩʪʠ ï ʦʩʪʨʳʡ ʠ ʟʘʪʫʧʣʝʥʥʳʡ ʩ ʨʘʜʠʫʩʦʤ ʩʢʨʫʛʣʝʥʠʷ 

ʦʪ 2.5 ʜʦ 10 ʤʤ.  

 

 

ʈʠʩʫʥʦʢ 3.1.2. ɹʘʟʦʚʘʷ ʛʝʦʤʝʪʨʠʷ HIFiRE-1 ʥʘ ʧʝʨʚʦʡ ʬʘʟʝ ʥʘʟʝʤʥʳʭ 

ʠʩʧʳʪʘʥʠʡ. 
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ʅʘ ʧʝʨʚʦʡ ʬʘʟʝ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʩʝʨʠʷ ʥʘʟʝʤʥʳʭ ʠʩʧʳʪʘʥʠʡ, ʠʩʭʦʜʥʳʝ 

ʜʘʥʥʳʝ ʢʦʪʦʨʳʭ ʧʨʠʚʝʜʝʥ rʚ ʪʘʙʣʠʮʝ 3.1.1 [192]. 

ɺ ʨʘʙʦʪʝ [191] ʧʨʠ ʠʟʫʯʝʥʠʠ ʃʊʇ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʛʠʧʝʨʟʚʫʢʦʚʦʡ ʃʊʇ ʥʘ ʛʣʘʜʢʦʤ ʪʝʣʝ ʩ ʥʝʨʘʩʧʣʘʚʣʷʝʤʦʡ ʥʦʩʦʚʦʡ ʯʘʩʪʴʶ 

ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ʢʦʥʬʠʛʫʨʘʮʠʠ ʥʦʩʦʚʦʡ ʯʘʩʪʠ ʩ ʨʘʜʠʫʩʦʤ ʩʢʨʫʛʣʝʥʠʷ 2.5 ʤʤ.  

ɺ ʨʘʙʦʪʝ [193] ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʥʘʟʝʤʥʳʭ ʠʩʧʳʪʘʥʠʡ 

HIFiRE-1 ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʧʦʤʦʱʴʶ ʪʝʥʝʚʦʛʦ ʤʝʪʦʜʘ 

(ʈʠʩʫʥʦʢ 3.1.3) ʠ ʠʟʤʝʨʝʥʠʷ ʪʝʧʣʦʧʝʨʝʜʘʯʠ ʚ ʥʦʩʦʚʦʡ ʯʘʩʪʠ, ʘ ʪʘʢʞʝ ʫʯʘʩʪʢʘ 

ʤʝʞʜʫ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʯʘʩʪʴʶ ʠ çʶʙʢʦʡè. ɺ ʨʝʟʫʣʴʪʘʪʝ ʘʥʘʣʠʟʘ ʧʦʣʫʯʝʥʥʳʭ 

ʜʘʥʥʳʭ ʠ ʨʝʟʫʣʴʪʘʪʦʚ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʢʦʜʘ ʛʠʜʨʦʜʠʥʘʤʠʢʠ DPLR ʙʳʣʘ ʜʦʢʘʟʘʥʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʨʠ ʣʝʪʥʳʭ ʠʩʧʳʪʘʥʠʷʭ ʘʧʧʘʨʘʪʘ ʩ ʨʘʜʠʫʩʦʤ ʩʢʨʫʛʣʝʥʠʷ 

ʥʦʩʦʚʦʡ ʯʘʩʪʠ 2.5 ʤʤ ʠ ʫʛʣʦʤ ʥʘʢʣʦʥʘ ʶʙʢʠ 33Á. ʊʘʢʞʝ ʚ ʨʘʙʦʪʝ ʧʨʠʚʦʜʠʪʩʷ 

ʨʝʟʫʣʴʪʘʪ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʣʦʪʥʦʩʪʠ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʚʜʦʣʴ ʧʦʚʝʨʭʥʦʩʪʠ 

ʘʧʧʘʨʘʪʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʢʦʜʘ ʘʥʘʣʠʟʘ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʧʦʛʨʘʥʠʯʥʳʭ ʩʣʦʝʚ STABL [127, 194], ʢʦʪʦʨʳʡ, ʦʜʥʘʢʦ, ʧʦʟʚʦʣʠʣ ʧʨʘʚʠʣʴʥʦ 

ʧʨʝʜʩʢʘʟʘʪʴ ʣʠʰʴ ʤʘʣʫʶ ʯʘʩʪʴ ʧʣʦʪʥʦʩʪʠ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ (ʈʠʩʫʥʦʢ 3.1.4). 

 

ʈʠʩʫʥʦʢ 3.1.3. ʊʝʥʝʚʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʚ ʦʙʣʘʩʪʠ ʶʙʢʠ ʧʨʠ ʄ = 7.16 ʠ ʫʛʣʝ 

ʥʘʢʣʦʥʘ ʶʙʢʠ 33Á. ʅʘ ʧʨʘʚʦʤ ʨʠʩʫʥʢʝ ʠʟʦʙʨʘʞʝʥʘ ʛʝʦʤʝʪʨʠʷ ʧʝʨʝʭʦʜʥʦʡ 

ʦʙʣʘʩʪʠ ʮʠʣʠʥʜʨ-ʶʙʢʘ 

 

 



 

ʊʘʙʣʠʮʘ 3.1.1. ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ* 
 ʅʦʤʝʨ ʩʪʘʨʪʘ 

 3 4 5 7 8 18 19 20 21 22 30 36 

M¤ 6.58 6.58 7.14 

(7.16)**  

7.15 

(7.16) 

6.58 9.91 9.95 9.92 9.93 10.04 7.19 

(7.16) 

7.19 

(7.16) 

T¤ 214.4 213.0 

(214.4) 

231.8 

(231.7) 

231.1 

(231.7) 

214.0 

(214.4) 

206.71 203.35 205.41 209.33 198.62 226.44 

(231.7) 

262.17 

(231.7) 

p¤ 7730 7643.82 

(7730) 

4628.26 

(4620) 

4682.59 

(4620) 

7719.01 

(7730) 

717.84 694.50 725.12 961.24 507.34 4594.67 

(4620) 

4728.42 

(4620) 

wallT  - 300.1  299.3 301.0 301,3 295.61  295.22 296.61 299.00 297.28 296.67 294.78 

noseR  ʦʩʪʨʳʡ 2.5 2.5 5.0 5.0 6.35 2.5 ʦʩʪʨʳʡ 6.35 ʦʩʪʨʳʡ 2.5 ʦʩʪʨʳʡ 

*  ɼʘʥʥʳʝ ʧʦʣʫʯʝʥʳ ʠʟ [192, 195, 196] 

** ɺ ʩʢʦʙʢʘʭ ʫʢʘʟʘʥʳ ʜʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʪʦʛʦ ʞʝ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʥʦ ʯʠʩʣʦʚʳʝ ʜʘʥʥʳʝ ʚʟʷʪʳ ʠʟ ʜʨʫʛʦʛʦ 

ʣʠʪʝʨʘʪʫʨʥʦʛʦ ʠʩʪʦʯʥʠʢʘ 

ʆʙʦʟʥʘʯʝʥʠʷ: M¤ ï ʯʠʩʣʦ ʄʘʭʘ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ; 

T¤ ï ʪʝʤʧʝʨʘʪʫʨʘ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ (ʂ); 

p¤ ï ʜʘʚʣʝʥʠʝ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ (ʇʘ); 

wallT  ï ʪʝʤʧʝʨʘʪʫʨʘ ʥʘ ʩʪʝʥʢʝ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ (ʂ); 

noseR  ï ʨʘʜʠʫʩ ʩʢʨʫʛʣʝʥʠʷ ʥʦʩʦʚʦʡ ʯʘʩʪʠ ʘʧʧʘʨʘʪʘ (ʤʤ); 
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ʘ) ʙ) 

ʈʠʩʫʥʦʢ 3.1.4. ʇʨʦʛʥʦʟ ʧʦʚʝʜʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʪʝʧʣʦʚʦʛʦ 

ʧʦʪʦʢʘ ʚʜʦʣʴ ʧʦʚʝʨʭʥʦʩʪʠ ʘʧʧʘʨʘʪʘ ʚ ʥʘʟʝʤʥʳʭ ʠʩʧʳʪʘʥʠʷʭ ʧʨʠ ʘ) ʄ = 6.58; 

ʙ) ʄ = 7.16. ʅʘ ʨʠʩʫʥʢʘʭ ʩʧʣʦʰʥʦʡ ʣʠʥʠʝʡ ʧʦʢʘʟʘʥ ʨʝʟʫʣʴʪʘʪ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʢʦʜʘ STABL, ʪʦʯʢʘʤʠ ï 

ʧʦʢʘʟʘʥʠʷ 4-ʭ ʨʷʜʦʚ ʜʘʪʯʠʢʦʚ, ʨʘʟʤʝʱʝʥʥʳʭ ʚ ʨʘʟʥʳʭ ʯʘʩʪʷʭ ʘʧʧʘʨʘʪʘ. N-

ʬʘʢʪʦʨ ʥʘ ʨʠʩʫʥʢʘʭ ʧʦʢʘʟʳʚʘʝʪ ʦʞʠʜʘʝʤʦʝ ʧʦʣʦʞʝʥʠʝ ʃʊʇ ʜʣʷ ʥʘʟʝʤʥʳʭ 

(ʣʝʚʘʷ ʚʝʨʪʠʢʘʣʴʥʘʷ ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ) ʠ ʣʝʪʥʳʭ (ʧʨʘʚʘʷ ʚʝʨʪʠʢʘʣʴʥʘʷ 

ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ) ʠʩʧʳʪʘʥʠʡ 

ɺ ʨʘʙʦʪʝ [195] ʧʨʦʚʦʜʠʪʩʷ ʘʥʘʣʠʟ ʧʦʣʷ ʪʝʯʝʥʠʷ ʚʜʦʣʴ ʧʦʚʝʨʭʥʦʩʪʠ 

ʘʧʧʘʨʘʪʘ ʩ ʦʩʪʨʳʤ ʥʦʩʦʤ ʧʨʠ M = 7.16 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʘʥʥʳʭ ʥʘʟʝʤʥʳʭ 

ʠʩʧʳʪʘʥʠʡ, ʘ ʪʘʢʞʝ ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ DPLR ʠ STABL (ʨʠʩʫʥʢʠ 3.1.5-

3.1.10). ʂʘʢ ʧʦʢʘʟʘʣ ʘʥʘʣʠʟ, ʜʘʥʥʳʝ ʢʦʤʧʴʶʪʝʨʥʳʝ ʢʦʜʳ ʧʣʦʭʦ 

ʧʨʝʜʩʢʘʟʳʚʘʶʪ ʩʪʨʫʢʪʫʨʫ ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʦʪʦʢʘ ʚ ʚʝʨʭʥʝʡ ʯʘʩʪʠ çʶʙʢʠè, 

ʭʦʪʷ ʫʢʘʟʘʥʥʳʝ ʢʦʜʳ ʦʪʥʦʩʷʪʩʷ ʢ ʘʚʪʦʨʠʪʝʪʥʳʤ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤ 

ʧʨʦʛʨʘʤʤʘʤ ʘʵʨʦʢʦʩʤʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ ʉʐɸ. ʆʪʤʝʪʠʤ ʦʩʥʦʚʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʫʢʘʟʘʥʥʦʡ ʨʘʙʦʪʳ. 

ʅʘ ʨʠʩʫʥʢʝ 3.1.5 ʧʦʢʘʟʘʥʳ ʦʩʥʦʚʥʳʝ ʵʣʝʤʝʥʪʳ ʪʝʯʝʥʠʷ. ʕʪʦ: 

¶ ʬʦʨʤʠʨʦʚʘʥʠʝ ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʠ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʫ 

ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʥʫʩʘ ʥʘ ʥʘʯʘʣʴʥʦʤ ʫʯʘʩʪʢʝ ʪʝʯʝʥʠʷ; 

¶ ʃʊʇ ʥʘ ʙʦʢʦʚʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʥʫʩʘ; 

¶ ʧʦʩʣʝʜʫʶʱʠʡ ʟʘ ʃʊʇ ʪʫʨʙʫʣʝʥʪʥʳʡ ʥʘʛʨʝʚ ʧʦʚʝʨʭʥʦʩʪʠ; 
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¶ ʟʦʥʘ ʪʝʯʝʥʠʷ ʇʨʘʥʜʪʣʷ-ʄʘʡʝʨʘ ʟʘ ʢʨʦʤʢʦʡ ʧʝʨʝʭʦʜʘ ʢʦʥʫʩʘ ʚ 

ʮʠʣʠʥʜʨ; 

¶ ʟʦʥʘ ʠʥʪʝʥʩʠʚʥʦʛʦ ʫʜʘʨʥʦ-ʚʦʣʥʦʚʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʫ 

ʦʩʥʦʚʘʥʠʷ ʶʙʢʠ. 

 

ʈʠʩʫʥʦʢ 3.1.5. ʆʩʥʦʚʥʳʝ ʦʙʣʘʩʪʠ ʚ ʧʦʪʦʢʝ ʚʜʦʣʴ ʧʦʚʝʨʭʥʦʩʪʠ ʘʧʧʘʨʘʪʘ 

ʅʘ ʨʠʩʫʥʢʘʭ 3.1.6-3.1.8 ʧʦʢʘʟʘʥʘ ʪʝʥʝʚʘʷ ʬʦʪʦʛʨʘʬʠʷ ʪʝʯʝʥʠʷ ʫ 

ʦʩʥʦʚʘʥʠʷ ʶʙʢʠ, ʘ ʪʘʢʞʝ ʩʪʨʫʢʪʫʨʘ ʪʝʯʝʥʠʷ, ʘ ʪʘʢʞʝ ʩʪʨʫʢʪʫʨʘ ʪʝʯʝʥʠʷ, 

ʧʨʝʜʩʢʘʟʳʚʘʝʤʘʷ ʨʘʟʥʳʤʠ ʤʦʜʝʣʷʤʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. 

 

ʈʠʩʫʥʦʢ 3.1.6. ʉʨʘʚʥʝʥʠʝ ʧʦʚʝʜʝʥʠʷ ʧʦʪʦʢʘ ʚ ʦʙʣʘʩʪʠ çʶʙʢʠè ʧʦ ʜʘʥʥʳʤ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʠ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ SST ʠ 

ʉʧʘʣʘʨʪʘ-ɸʣʣʤʘʨʘʩʘ (SA) ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

 

ʈʠʩʫʥʦʢ 3.1.7. ʉʨʘʚʥʝʥʠʝ ʧʦʚʝʜʝʥʠʷ ʧʦʪʦʢʘ ʚ ʦʙʣʘʩʪʠ çʶʙʢʠè ʧʦ ʜʘʥʥʳʤ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʠ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʦʨʠʛʠʥʘʣʴʥʦʡ ʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ SST ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 
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ʈʠʩʫʥʦʢ 3.1.8. ʉʨʘʚʥʝʥʠʝ ʧʦʚʝʜʝʥʠʷ ʧʦʪʦʢʘ ʚ ʦʙʣʘʩʪʠ çʶʙʢʠè ʧʦ ʜʘʥʥʳʤ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʠ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʦʨʠʛʠʥʘʣʴʥʦʡ ʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ (SALSA) SA ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʜʘʚʣʝʥʠʷ ʠ ʧʣʦʪʥʦʩʪʝʡ 

ʢʦʥʚʝʢʪʠʚʥʳʭ ʪʝʧʣʦʚʳʭ ʧʦʪʦʢʦʚ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʥʘ ʨʠʩʫʥʢʘʭ 3.1.9 ʠ 3.1.10, 

ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʫʶ ʪʦʯʥʦʩʪʴ ʨʘʩʯʝʪʘ ʜʘʚʣʝʥʠʷ ʠ 

ʟʥʘʯʠʪʝʣʴʥʫʶ ʧʦʛʨʝʰʥʦʩʪʴ ʚ ʨʘʩʯʝʪʘʭ ʪʝʧʣʦʚʳʭ ʧʦʪʦʢʦʚ. 

 

ʈʠʩʫʥʦʢ 3.1.9. ʉʨʘʚʥʝʥʠʝ ʜʘʚʣʝʥʠʷ ʠ ʧʣʦʪʥʦʩʪʝʡ ʢʦʥʚʝʢʪʠʚʥʳʭ ʪʝʧʣʦʚʳʭ 

ʧʦʪʦʢʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʦʙʣʘʩʪʠ çʶʙʢʠè ʧʦ ʜʘʥʥʳʤ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠ 

ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʨʠʛʠʥʘʣʴʥʦʡ ʠ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ SST ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. ʊʦʯʢʘʤʠ ʥʘ ʨʠʩʫʥʢʘʭ 

ʧʦʢʘʟʘʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ  
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ʈʠʩʫʥʦʢ 3.1.10. ʉʨʘʚʥʝʥʠʝ ʜʘʚʣʝʥʠʷ ʠ ʧʣʦʪʥʦʩʪʝʡ ʢʦʥʚʝʢʪʠʚʥʳʭ ʪʝʧʣʦʚʳʭ 

ʧʦʪʦʢʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʦʙʣʘʩʪʠ çʶʙʢʠè ʧʦ ʜʘʥʥʳʤ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠ 

ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʨʠʛʠʥʘʣʴʥʦʡ ʠ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ SA ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. ʊʦʯʢʘʤʠ ʥʘ ʨʠʩʫʥʢʘʭ 

ʧʦʢʘʟʘʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ 

ɺ ʨʘʙʦʪʝ [196] ʧʨʝʜʩʪʘʚʣʝʥʦ ʩʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʦʚ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʣʘʤʠʥʘʨʥʦʡ ʤʦʜʝʣʠ ʠ ʪʫʨʙʫʣʝʥʪʥʦʡ ʤʦʜʝʣʠ SST ʩ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʥʘʟʝʤʥʳʭ ʠʩʧʳʪʘʥʠʡ ʜʣʷ ʘʧʧʘʨʘʪʘ ʩ ʥʦʩʦʚʦʡ ʯʘʩʪʴʶ ʩ 

ʨʘʜʠʫʩʦʤ ʩʢʨʫʛʣʝʥʠʷ 2.5 ʤʤ ʠ ʄ = 7.19 (ʈʠʩʫʥʢʠ 3.1.11 ʠ 3.1.12). ʆʪʤʝʪʠʤ 

ʚʝʩʴʤʘ ʭʦʨʦʰʫʶ ʢʦʨʨʝʣʷʮʠʶ ʨʘʩʯʝʪʥʳʭ ʠ ʦʧʳʪʥʳʭ ʜʘʥʥʳʭ. 

ʅʘ ʬʠʥʘʣʴʥʦʤ ʵʪʘʧʝ ʜʘʥʥʦʡ ʥʘʫʯʥʦʡ ʧʨʦʛʨʘʤʤʳ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ 

ʣʝʪʥʳʭ ʠʩʧʳʪʘʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʩʣʝʜʫʶʱʘʷ ʛʝʦʤʝʪʨʠʷ ʩ ʨʘʜʠʫʩʦʤ 

ʩʢʨʫʛʣʝʥʠʷ ʥʦʩʦʚʦʡ ʯʘʩʪʠ 2.5 ʤʤ (ʈʠʩʫʥʦʢ 3.1.13). ɿʘʧʫʩʢ ʣʝʪʘʪʝʣʴʥʦʛʦ 

ʘʧʧʘʨʘʪʘ ʙʳʣ ʧʨʦʠʟʚʝʜʝʥ 22 ʤʘʨʪʘ 2010 ʛʦʜʘ ʠʟ ʟʘʧʨʝʪʥʦʡ ʟʦʥʳ ɺʫʤʝʨʘ ʚ 

ʖʞʥʦʡ ɸʚʩʪʨʘʣʠʠ. 
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ʈʠʩʫʥʦʢ 3.1.11. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʜʘʚʣʝʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʘʧʧʘʨʘʪʘ 

ʧʨʠ ʄ = 7.19 

 

ʈʠʩʫʥʦʢ 3.1.12. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʧʣʦʪʥʦʩʪʝʡ ʢʦʥʚʝʢʪʠʚʥʳʭ ʪʝʧʣʦʚʳʭ ʧʦʪʦʢʦʚ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʘʧʧʘʨʘʪʘ ʧʨʠ ʄ = 7.19 
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ʈʠʩʫʥʦʢ 3.1.13. ʌʠʥʘʣʴʥʘʷ ʛʝʦʤʝʪʨʠʷ HIFiRE-1 [189] 

ɺ ʨʘʙʦʪʝ [120] ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʣʝʪʥʳʭ ʠʩʧʳʪʘʥʠʡ ʟʘ ʧʝʨʚʳʝ 

30 ʩʝʢʫʥʜ ʧʦʣʝʪʘ. ʅʘ ʬʘʟʝ ʚʟʣʝʪʘ ʧʨʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʫʣʝʚʦʤ ʫʛʣʝ ʘʪʘʢʠ 

ʜʦʤʠʥʠʨʫʶʱʠʤʠ ʷʚʣʷʶʪʩʷ ʚʦʟʤʫʱʝʥʠʷ ʚʪʦʨʦʡ ʤʦʜʳ (ʨʝʟʫʣʴʪʘʪ ʥʝʚʷʟʢʦʡ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ, ʦʪʥʦʩʠʪʩʷ ʢ ʩʝʤʝʡʩʪʚʫ ʘʢʢʫʩʪʠʯʝʩʢʠʭ ʤʦʜ [197, 198]), ʢʨʦʤʝ 

ʦʙʣʘʩʪʠ ʤʝʜʠʘʥʳ ʢʦʥʫʩʥʦʡ ʯʘʩʪʠ. ɺʦʟʤʫʱʝʥʠʷ ʧʝʨʚʦʡ ʤʦʜʳ (ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʚʦʣʥʘʤ ʊʦʣʣʤʠʥʘ-ʐʣʠʭʪʠʥʛʘ ʚ ʜʦʟʚʫʢʦʚʳʭ ʪʝʯʝʥʠʷʭ, ʠʤʝʝʪ ʚʠʭʨʝʚʫʶ 

ʧʨʠʨʦʜʫ [197-199]) ʦʢʘʟʘʣʠʩʴ ʥʝʟʥʘʯʠʪʝʣʴʥʳʤʠ ʥʘ ʚʩʝʭ ʠʩʩʣʝʜʫʝʤʳʭ 

ʤʦʤʝʥʪʘʭ ʚʨʝʤʝʥʠ. ɼʦ 18.5 ʩʝʢʫʥʜ ʧʦʣʝʪʘ ʧʠʢʦʚʦʝ ʫʚʝʣʠʯʝʥʠʝ ʚʦʟʤʫʱʝʥʠʡ 

ʚʪʦʨʦʡ ʤʦʜʳ ʜʦʩʪʘʪʦʯʥʦ ʥʠʟʢʦʝ ʠʟ-ʟʘ ʤʘʣʳʭ ʟʥʘʯʝʥʠʡ ʯʠʩʝʣ ʄʘʭʘ ʚ ʥʘʯʘʣʝ 

ʧʦʣʝʪʘ. ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʧʦʚʝʜʝʥʠʝ ʃʊʇ ʩʚʷʟʘʥʦ ʩ ʥʝʠʟʚʝʩʪʥʳʤ ʬʠʟʠʯʝʩʢʠʤ 

ʤʝʭʘʥʠʟʤʦʤ, ʢʦʪʦʨʳʝ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥ ʩ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴʶ ʧʦʚʝʨʭʥʦʩʪʠ ʚ 

ʦʙʣʘʩʪʠ ʠʟʤʝʥʝʥʠʷ ʤʘʪʝʨʠʘʣʘ ʧʦʚʝʨʭʥʦʩʪʠ.  

ɺ ʨʘʙʦʪʝ [190] ʧʨʠʚʝʜʝʥʳ ʣʝʪʥʳʝ ʜʘʥʥʳʝ ʧʦ ʵʢʩʧʝʨʠʤʝʥʪʫ HIFiRE-1 

ʟʘ ʧʝʨʚʳʝ 22 ʩʝʢʫʥʜʳ ʧʦʣʝʪʘ. ʄʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʯʠʩʣʘ ʄʘʭʘ, 

ʜʦʩʪʠʛʘʝʤʦʝ ʟʘ ʵʪʦ ʚʨʝʤʷ, ʩʦʩʪʘʚʠʣʦ 5.26 ʥʘ 21 ʩʝʢʫʥʜʝ. ʊʘʢʞʝ ʚ ʨʘʙʦʪʝ 

ʧʨʠʚʝʜʝʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʨʘʩʩʯʠʪʘʥʥʳʭ ʫʩʨʝʜʥʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʜʘʚʣʝʥʠʷ ʠ 

ʧʣʦʪʥʦʩʪʠ ʪʝʧʣʦʚʳʭ ʧʦʪʦʢʦʚ ʚʜʦʣʴ ʧʦʚʝʨʭʥʦʩʪʠ ʘʧʧʘʨʘʪʘ ʚ ʨʘʟʥʳʝ ʤʦʤʝʥʪʳ 

ʚʨʝʤʝʥʠ.  

ɺ ʨʘʙʦʪʝ [189] ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ ʬʣʫʢʪʫʘʮʠʠ 

ʜʘʚʣʝʥʠʷ, ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʥʘʛʨʝʚʘ ʚ ʪʝʯʝʥʠʝ ʧʦʣʝʪʘ ʜʦ ʚʭʦʜʘ ʚ ʘʪʤʦʩʬʝʨʫ, 

ʧʦʣʫʯʝʥʥʳʝ ʥʘ ʦʩʥʦʚʘʥʠʠ ʣʝʪʥʳʭ ʜʘʥʥʳʭ ʜʣʷ ʘʧʧʘʨʘʪʘ ʩ ʨʘʜʠʫʩʦʤ 



116 

 

ʩʢʨʫʛʣʝʥʠʷ ʥʦʩʦʚʦʡ ʯʘʩʪʠ 2.5 ʤʤ ʠ ʫʛʣʦʤ ʥʘʢʣʦʥʘ ʥʦʩʦʚʦʡ ʯʘʩʪʠ 7Á. ʅʝʩʤʦʪʨʷ 

ʥʘ ʪʦ, ʯʪʦ ʚʦ ʚʨʝʤʷ ʃʊʇ ʚʪʦʨʦʡ ʤʦʜʳ HIFiRE-1 ʥʘʭʦʜʠʣʩʷ ʧʦʜ ʥʝʙʦʣʴʰʠʤ 

ʫʛʣʦʤ ʘʪʘʢʠ (ʤʝʥʴʰʝ 1Á), ʙʳʣʘ ʟʘʤʝʯʝʥʘ ʩʢʘʯʢʦʦʙʨʘʟʥʦʩʪʴ ʧʨʦʮʝʩʩʘ ʃʊʇ, 

ʢʦʪʦʨʘʷ ʤʦʛʣʘ ʙʳʪʴ ʩʚʷʟʘʥʘ ʩ ʥʝʟʥʘʯʠʪʝʣʴʥʳʤ ʠʟʤʝʥʝʥʠʝʤ ʚʳʩʦʪʳ ʧʦʣʝʪʘ. 

ʀʟʤʝʥʝʥʠʝ ʜʘʚʣʝʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʙʳʣʦ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʠʟʤʝʥʥʳʤ ʥʠʞʝ 

ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ, ʥʦ ʬʣʫʢʪʫʘʮʠʠ ʩʠʣʴʥʦ ʫʚʝʣʠʯʠʣʠʩʴ ʧʝʨʝʜ 

ʃʊʇ. 

ɺ ʨʘʙʦʪʘʭ [200, 201] ʙʳʣʠ ʦʮʝʥʝʥʳ ʦʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʝʘʣʠʟʘʮʠʠ 

ʧʨʦʛʨʘʤʤʳ HIFiRE-1. ɺ ʥʠʭ ʦʪʤʝʯʝʥʦ, ʯʪʦ ʯʘʩʪʴ ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, 

ʥʘʙʣʶʜʘʝʤʳʭ ʚ ʧʦʣʝʪʝ, ʙʳʣʠ ʫʩʧʝʰʥʦ ʚʦʩʧʨʦʠʟʚʝʜʝʥʳ ʚ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ 

ʪʨʫʙʝ, ʘ ʟʥʘʯʠʪ ʨʘʟʨʘʙʦʪʘʥʥʘʷ ʪʝʦʨʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ 

ʚʧʦʣʥʝ ʫʩʧʝʰʥʦ ʦʪʨʘʞʘʝʪ ʦʩʥʦʚʥʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʃʊʇ. ɼʦʧʦʣʥʠʪʝʣʴʥʦʡ 

ʮʝʣʴʶ ʙʳʣʘ ʧʨʦʚʝʨʢʘ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʠʚʷʟʢʠ ʯʠʩʝʣ ʈʝʡʥʦʣʴʜʩʘ ʣʝʪʥʳʭ 

ʠʩʧʳʪʘʥʠʡ ʢ ʥʘʟʝʤʥʳʤ ʵʢʩʧʝʨʠʤʝʥʪʘʤ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʣʷ 

ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʛʦ, ʧʦʜʚʝʪʨʝʥʥʦʛʦ ʠ ʥʘʚʝʪʨʝʥʥʦʛʦ ʃʊʇ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ ʚ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʪʨʫʙʝ ʦʢʘʟʘʣʠʩʴ ʩʫʱʝʩʪʚʝʥʥʦ ʥʠʞʝ, ʯʝʤ ʚ ʣʝʪʥʳʭ ʜʘʥʥʳʭ. 

ʇʨʠ ʵʪʦʤ ʥʘʚʝʪʨʝʥʥʳʡ ʃʊʇ ʧʨʠ ʣʝʪʥʳʭ ʠʩʧʳʪʘʥʠʷʭ ʧʨʦʠʟʦʰʝʣ ʧʨʠ 

ʤʝʥʴʰʝʤ ʯʠʩʣʝ ʈʝʡʥʦʣʴʜʩʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʪʨʫʙʦʡ. 

ʇʨʠʯʠʥʘ ʵʪʦʛʦ ʷʚʣʝʥʠʷ ʤʦʛʣʘ ʟʘʢʣʶʯʘʪʩɹʷ ʚ ʪʦʤ, ʯʪʦ ʣʠʥʠʷ ʧʨʠʚʷʟʢʠ ʃʊʇ ʥʝ 

ʪʘʢ ʧʦʜʚʝʨʞʝʥʘ ʚʦʟʜʝʡʩʪʚʠʶ ʰʫʤʘ ʚ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʪʨʫʙʝ, ʢʘʢ ʜʨʫʛʠʝ 

ʤʝʭʘʥʠʟʤʳ ʃʊʇ ʠʣʠ ʃʊʇ ʩʠʣʴʥʦ ʯʫʚʩʪʚʠʪʝʣʝʥ ʢ ʧʝʨʝʧʘʜʘʤ ʪʝʤʧʝʨʘʪʫʨʳ 

ʩʪʝʥʢʠ. 

3.2. ʏʠʩʣʝʥʥʳʡ ʤʝʪʦʜ 

ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʨʘʩʯʝʪʦʚ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʢʦʤʧʴʶʪʝʨʥʳʡ ʢʦʜ ʥʘ 

ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʢʘʭ UST3D, ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʘʢʘʜʝʤʠʢʦʤ ʈɸʅ, ʜ.ʬ.-

ʤ.ʥ., ʧʨʦʬʝʩʩʦʨʦʤ ʉ.ʊ. ʉʫʨʞʠʢʦʚʳʤ. 

ɺ ʨʘʤʢʘʭ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʧʦʜʭʦʜʘ [157] ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʪʨʝʭʤʝʨʥʘʷ 

ʟʘʜʘʯʘ ʪʝʯʝʥʠʷ ʩʦʚʝʨʰʝʥʥʦʛʦ ʚʷʟʢʦʛʦ ʩʞʠʤʘʝʤʦʛʦ ʛʘʟʘ.  



117 

 

ʇʦʣʥʘʷ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ ï ʉʪʦʢʩʘ ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʘ ʚ 

ʚʝʢʪʦʨʥʦʤ ʚʠʜʝ [158, 159] 
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ʧʦʪʦʢʘ, G  ï ʚʝʢʪʦʨ ʚʷʟʢʦʛʦ ʧʦʪʦʢʘ, r ï ʧʣʦʪʥʦʩʪʴ; p  ï ʜʘʚʣʝʥʠʝ;  
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ʚʝʢʪʦʨʘ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ.  

ʊʝʥʟʦʨ ʚʷʟʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ ʚʠʜʝ: 
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ɺ ʢʘʯʝʩʪʚʝ ʙʘʟʦʚʦʛʦ ʧʦʜʭʦʜʘ ʜʣʷ ʩʢʚʦʟʥʦʛʦ ʩʯʝʪʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ 

ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʛʦ ʦʙʪʝʢʘʥʠʷ ʙʝʟ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʚʳʜʝʣʝʥʠʷ 

ʧʦʚʝʨʭʥʦʩʪʝʡ ʨʘʟʨʳʚʦʚ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ 
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ʤʝʪʦʜ ʨʘʩʱʝʧʣʝʥʠʷ ʧʦ ʬʠʟʠʯʝʩʢʠʤ ʧʨʦʮʝʩʩʘʤ [157]. ʊʝʭʥʦʣʦʛʠʷ ʦʩʥʦʚʘʥʘ ʥʘ 

ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʳʭ ʧʨʠʥʮʠʧʘʭ ʨʘʩʱʝʧʣʝʥʠʷ [20, 174, 175]. ʆʨʠʛʠʥʘʣʴʥʘʷ 

ʘʣʛʦʨʠʪʤʠʯʝʩʢʘʷ ʨʝʘʣʠʟʘʮʠʷ ʩʘʤʦʡ ʧʨʦʮʝʜʫʨʳ ʨʘʩʱʝʧʣʝʥʠʷ ʧʦʟʚʦʣʷʝʪ 

ʘʜʘʧʪʠʨʦʚʘʪʴ ʤʝʪʦʜ ʜʣʷ ʨʝʰʝʥʠʷ ʧʦʣʥʦʡ ʩʠʩʪʝʤʳ ʪʨʝʭʤʝʨʥʳʭ 

ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʫʨʘʚʥʝʥʠʡ ʛʘʟʦʚʦʡ ʜʠʥʘʤʠʢʠ (ʕʡʣʝʨʘ ʠ ʅʘʚʴʝïʉʪʦʢʩʘ) ʥʘ 

ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʢʘʭ.  

ʆʩʥʦʚʥʘʷ ʠʜʝʷ ʤʝʪʦʜʘ ʩʦʩʪʦʠʪ ʚ ʨʘʩʱʝʧʣʝʥʠʠ ʧʦ ʬʠʟʠʯʝʩʢʠʤ 

ʧʨʦʮʝʩʩʘʤ ʠʩʭʦʜʥʦʡ ʥʝʩʪʘʮʠʦʥʘʨʥʦʡ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ ï ʉʪʦʢʩʘ. 

ʉʪʘʮʠʦʥʘʨʥʦʝ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ, ʝʩʣʠ ʦʥʦ ʩʫʱʝʩʪʚʫʝʪ, ʧʦʣʫʯʘʝʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʫʩʪʘʥʦʚʣʝʥʠʷ. 

ʆʧʨʝʜʝʣʝʥʠʝ ʟʥʘʯʝʥʠʡ ʬʫʥʢʮʠʠ ʥʘ ʢʘʞʜʦʤ ʧʦʩʣʝʜʫʶʱʝʤ ʰʘʛʝ ʧʦ 

ʚʨʝʤʝʥʠ (ʠʣʠ ʧʦ ʠʪʝʨʘʮʠʦʥʥʦʤʫ ʧʘʨʘʤʝʪʨʫ t ʚ ʤʝʪʦʜʝ ʫʩʪʘʥʦʚʣʝʥʠʷ) 

ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʚ ʪʨʠ ʵʪʘʧʘ. 

ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʦʧʨʝʜʝʣʷʶʪʩʷ ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ 

ʧʦʪʦʢʘ ʙʝʟ ʫʯʝʪʘ ʵʬʬʝʢʪʦʚ ʧʝʨʝʥʦʩʘ.  

ʅʘ ʚʪʦʨʦʤ ʵʪʘʧʝ ʚʳʯʠʩʣʷʶʪʩʷ ʵʬʬʝʢʪʳ ʧʝʨʝʥʦʩʘ, ʫʯʠʪʳʚʘʶʱʠʝ 

ʦʙʤʝʥ ʤʝʞʜʫ ʦʙʲʝʤʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ ʩʝʪʢʠ ï ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʧʦʪʦʢʠ ʤʘʩʩʳ 

ʯʝʨʝʟ ʛʨʘʥʠʮʳ ʨʘʩʯʝʪʥʳʭ ʷʯʝʝʢ.  

ʅʘ ʪʨʝʪʴʝʤ ʵʪʘʧʝ ʦʧʨʝʜʝʣʷʶʪʩʷ ʦʢʦʥʯʘʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ 

ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʧʦʪʦʢʘ ʥʘ ʦʩʥʦʚʝ ʟʘʢʦʥʦʚ ʩʦʭʨʘʥʝʥʠʷ ʤʘʩʩʳ, 

ʠʤʧʫʣʴʩʘ ʠ ʵʥʝʨʛʠʠ ʜʣʷ ʢʘʞʜʦʛʦ ʵʣʝʤʝʥʪʘ ʠ ʚʩʝʡ ʩʠʩʪʝʤʳ ʚ ʮʝʣʦʤ.  

ɼʣʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʫʨʘʚʥʝʥʠʡ ʥʘ ʢʘʞʜʦʤ ʵʪʘʧʝ ʧʨʠʤʝʥʷʶʪʩʷ 

ʵʣʝʤʝʥʪʳ ʤʝʪʦʜʘ ʢʦʥʝʯʥʳʭ ʦʙʲʝʤʦʚ. ɺ ʨʘʤʢʘʭ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʧʦʜʭʦʜʘ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʫʩʨʝʜʥʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʧʨʦʠʟʚʦʜʥʳʭ ʧʦ ʢʦʥʪʨʦʣʴʥʦʤʫ ʦʙʲʝʤʫ 

(ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʧʦ ʪʝʪʨʘʵʜʨʘʣʴʥʦʤʫ ʵʣʝʤʝʥʪʫ). 
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ɿʜʝʩʴ iV  ï ʦʙʲʝʤ i-ʦʛʦ ʪʝʪʨʘʵʜʨʘ; 
j

iS  ï ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ j-ʦʡ 

ʛʨʘʥʠ i-ʦʛʦ ʵʣʝʤʝʥʪʘ; 
j

ina  ï x, y ʠʣʠ z-ʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʝʜʠʥʠʯʥʦʡ ʥʦʨʤʘʣʠ j-

ʦʡ ʛʨʘʥʠ i-ʦʛʦ ʵʣʝʤʝʥʪʘ. 

ɿʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʥʘ ʛʨʘʥʷʭ ʨʘʩʯʝʪʥʳʭ ʵʣʝʤʝʥʪʦʚ ʥʘʭʦʜʷʪʩʷ ʠʟ 

ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʦ ʨʘʩʧʘʜʝ ʧʨʦʠʟʚʦʣʴʥʦʛʦ ʨʘʟʨʳʚʘ ʥʘ ʛʨʘʥʠʮʘʭ 

ʷʯʝʝʢ (ʩʤ. ʨʘʟʜʝʣ 1.2). ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʜʣʷ ʨʘʩʯʝʪʘ ʧʦʪʦʢʦʚ ʥʘ ʛʨʘʥʠʮʝ 

ʢʦʥʪʨʦʣʴʥʦʛʦ ʦʙʲʝʤʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʠʙʣʠʞʝʥʥʳʡ ʤʝʪʦʜ ʜʦʥʦʨʥʳʭ ʷʯʝʝʢ. 

3.3. ʇʦʜʛʦʪʦʚʢʘ ʢ ʨʝʘʣʠʟʘʮʠʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʨʘʩʯʝʪʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʚʘ ʚʘʨʠʘʥʪʘ ʛʝʦʤʝʪʨʠʠ ï ʩ 

ʦʩʪʨʳʤ ʥʦʩʦʤ ʠ ʨʘʜʠʫʩʦʤ ʩʢʨʫʛʣʝʥʠʷ 2.5 ʤʤ. 

ʉʦʟʜʘʥʥʳʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ  

HIFiRE-1 [193] ʩʦʜʝʨʞʘʪ ʚʩʝ ʦʩʥʦʚʥʳʝ ʢʦʥʩʪʨʫʢʪʠʚʥʳʝ ʵʣʝʤʝʥʪʳ ʥʘʪʫʨʥʦʛʦ 

ʦʙʲʝʢʪʘ (ʈʠʩʫʥʦʢ 3.1.2). 

ɺʠʨʪʫʘʣʴʥʳʡ ʣʝʪʘʪʝʣʴʥʳʡ ʘʧʧʘʨʘʪ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʦʤʧʦʥʦʚʢʫ 

ʦʩʪʨʦʛʦ ʠ ʟʘʪʫʧʣʝʥʥʦʛʦ ʢʦʥʫʩʘ, ʧʝʨʝʭʦʜʷʱʝʛʦ ʚ ʮʠʣʠʥʜʨ ʩ ʶʙʢʦʡ. 

ʈʘʟʨʘʙʦʪʘʥʥʳʝ ʢʦʤʧʴʶʪʝʨʥʳʝ ʧʦʚʝʨʭʥʦʩʪʠ HIFiRE-1 (ʈʠʩʫʥʢʠ 3.3.1-3.3.2) 

ʦʙʣʘʜʘʶʪ ʟʝʨʢʘʣʴʥʦʡ ʩʠʤʤʝʪʨʠʝʡ. ʕʪʦ ʩʚʦʡʩʪʚʦ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʧʨʠ 

ʩʦʟʜʘʥʠʠ ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ, ʢʦʪʦʨʳʝ ʩ ʮʝʣʴʶ ʵʢʦʥʦʤʠʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ 

ʨʝʩʫʨʩʦʚ ʛʝʥʝʨʠʨʦʚʘʣʠʩʴ ʜʣʷ ʧʦʣʦʚʠʥʳ ʤʦʜʝʣʠ ʚʦʟʚʨʘʱʘʝʤʦʛʦ ʣʝʪʘʪʝʣʴʥʦʛʦ 

ʘʧʧʘʨʘʪʘ. 

  

ʈʠʩʫʥʦʢ 3.3.1. ʉʦʟʜʘʥʥʳʝ ʵʣʝʢʪʨʦʥʥʳʝ 3D ʧʦʚʝʨʭʥʦʩʪʠ ʣʝʪʘʪʝʣʴʥʦʛʦ 

ʘʧʧʘʨʘʪʘ HIFiRE-1 ʩ ʦʩʪʨr ʤ ʥʦʩʦʤ ʚ ʨʘʟʣʠʯʥʳʭ ʨʘʢʫʨʩʘʭ 
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ʈʠʩʫʥʦʢ 3.3.2. ʉʦʟʜʘʥʥʳʝ ʵʣʝʢʪʨʦʥʥʳʝ 3D ʧʦʚʝʨʭʥʦʩʪʠ ʣʝʪʘʪʝʣʴʥʦʛʦ 

ʘʧʧʘʨʘʪʘ HIFiRE-1 ʩ ʟʘʪʫʧʣʝʥʥʳʤ ʥʦʩʦʤ ʚ ʨʘʟʣʠʯʥʳʭ ʨʘʢʫʨʩʘʭ 

ʅʘ ʦʩʥʦʚʝ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʚʠʨʪʫʘʣʴʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ HIFiRE-1 

ʩʛʝʥʝʨʠʨʦʚʘʥʘ ʩʝʨʠʷ ʚʳʩʦʢʦʪʦʯʥʳʭ (ʥʘʩʢʦʣʴʢʦ ʵʪʦ ʚʦʟʤʦʞʥʦ ʚ ʨʘʤʢʘʭ 

ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʛʦ ʧʦʜʭʦʜʘ) ʪʝʪʨʘʵʜʨʘʣʴʥʳʭ ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ ʥʘ 2, 4, 8 ʠ 

12 ʤʠʣʣʠʦʥʦʚ ʷʯʝʝʢ (ʈʠʩʫʥʢʠ 3.3.3-3.3.4). 

ɼʣʷ ʚʩʝʭ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʤʦʜʝʣʝʡ ʨʘʩʯʝʪʥʘʷ ʦʙʣʘʩʪʴ ʦʧʨʝʜʝʣʷʣʘʩʴ 

ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʚ ʧʨʦʮʝʩʩʝ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʫʩʣʦʚʠʡ ʧʦʣʝʪʘ 

ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʲʝʢʪʦʚ, ʚʭʦʜʥʘʷ ʛʨʘʥʠʮʘ ʥʝ ʦʢʘʟʳʚʘʣʘ ʚʣʠʷʥʠʝ ʥʘ ʧʦʪʦʢ 

ʚʙʣʠʟʠ ʦʙʪʝʢʘʝʤʦʛʦ ʪʝʣʘ. 

ʉʦʟʜʘʥʥʳʝ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʩʝʪʢʠ ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʥʝʦʙʭʦʜʠʤʳʤ 

ʪʨʝʙʦʚʘʥʠʷʤ, ʧʨʝʜʲʷʚʣʷʝʤʳʤ ʢ ʢʘʯʝʩʪʚʫ ʩʝʪʦʯʥʳʭ ʤʦʜʝʣʝʡ. ʇʣʦʪʥʦʩʪʴ ʫʟʣʦʚ 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʝʪʦʢ ʩʫʱʝʩʪʚʝʥʥʦ ʚʦʟʨʘʩʪʘʝʪ ʚʙʣʠʟʠ ʤʝʣʢʠʭ 

ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ ʠ ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʦʩʪʨʳʭ ʠ ʩʢʨʫʛʣʝʥʥʳʭ ʢʨʦʤʦʢ. 

ʆʙʲʝʤʥʳʝ ʩʝʪʢʠ ʟʥʘʯʠʪʝʣʴʥʦ ʩʛʫʱʘʶʪʩʷ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʣʝʪʘʪʝʣʴʥʦʛʦ 

ʘʧʧʘʨʘʪʘ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ (ʩʚʦʡʩʪʚʦ ʘʜʘʧʪʠʚʥʦʩʪʠ). ʇʨʠ 

ʵʪʦʤ ʩʦʩʝʜʥʠʝ ʪʨʝʫʛʦʣʴʥʳʝ ʠʣʠ ʪʝʪʨʘʵʜʨʘʣʴʥʳʝ ʵʣʝʤʝʥʪʳ ʦʪʣʠʯʘʶʪʩʷ ʧʦ 

ʨʘʟʤʝʨʘʤ ʥʝ ʙʦʣʝʝ ʯʝʤ ʥʘ 20% (ʩʚʦʡʩʪʚʦ ʠʟʦʪʨʦʧʥʦʩʪʠ). 
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ʙ) 

 
ʚ) 

 
ʛ) 

ʈʠʩʫʥʦʢ 3.3.3. ʆʙʲʝʤʥʳʝ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʩʝʪʢʠ, ʧʦʩʪʨʦʝʥʥʳʝ ʜʣʷ 

ʚʠʨʪʫʘʣʴʥʦʛʦ ʧʨʦʪʦʪʠʧʘ HIFiRE-1 ʩ ʦʩʪʨʳʤ ʥʦʩʦʤ. ʈʘʟʤʝʨʥʦʩʪʴ ʤʦʜʝʣʝʡ: 

ʘ) 2396081; ʙ) 4434313; ʚ) 8440094; ʛ) 12188122 ʪʝʪʨʘʵʜʨʘʣʴʥʳʭ ʷʯʝʝʢ 
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ʙ) 

 
ʚ) 

 
ʛ) 

ʈʠʩʫʥʦʢ 3.3.4. ʆʙʲʝʤʥʳʝ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʩʝʪʢʠ, ʧʦʩʪʨʦʝʥʥʳʝ ʜʣʷ 

ʚʠʨʪʫʘʣʴʥʦʛʦ ʧʨʦʪʦʪʠʧʘ HIFiRE-1 ʩ ʟʘʪʫʧʣʝʥʥʳʤ ʥʦʩʦʤ. ʈʘʟʤʝʨʥʦʩʪʴ 

ʤʦʜʝʣʝʡ: ʘ) 2303682; ʙ) 4456070; ʚ) 8330464; ʛ) 12064929 

ʪʝʪʨʘʵʜʨʘʣʴʥʳʭ ʷʯʝʝʢ 
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ɼʣʷ ʤʦʜʝʣʠ ʩ ʦʩʪʨʳʤ ʥʦʩʦʤ ʚ ʥʝʚʦʟʤʫʱʝʥʥʦʡ ʦʙʣʘʩʪʠ ʪʝʯʝʥʠʷ 

ʤʘʢʩʠʤʘʣʴʥʘʷ ʧʨʦʪʷʞʝʥʥʦʩʪʴ ʷʯʝʝʢ ʥʘ ʩʘʤʦʡ ʛʨʫʙʦʡ ʩʝʪʢʝ (2 ʤʠʣʣʠʦʥʘ 

ʷʯʝʝʢ) ʩʦʩʪʘʚʣʷʣʘ 15 ʤʤ, ʥʘ ʩʘʤʦʡ ʧʦʜʨʦʙʥʦʡ ʩʝʪʢʝ (12 ʤʠʣʣʠʦʥʦʚ ʷʯʝʝʢ) ï 

10 ʤʤ. ʈʘʟʤʝʨ ʪʝʪʨʘʵʜʨʦʚ ʚʙʣʠʟʠ ʥʦʩʦʚʦʡ ʯʘʩʪʠ ʬʶʟʝʣʷʞʘ ʥʘ ʚʩʝʭ ʩʦʟʜʘʥʥʳʭ 

ʩʝʪʢʘʭ ʨʘʚʥʷʣʩʷ 0.1 ʤʤ. ʄʠʥʠʤʘʣʴʥʳʡ ʨʘʟʤʝʨ ʩʝʪʢʠ ʚʙʣʠʟʠ ʭʚʦʩʪʦʚʦʡ ʯʘʩʪʠ 

ʘʧʧʘʨʘʪʘ ʥʘ ʩʘʤʦʡ ʛʨʫʙʦʡ ʩʝʪʢʝ ʩʦʩʪʘʚʠʣʘ 0.35 ʤʤ, ʥʘ ʩʘʤʦʡ ʧʦʜʨʦʙʥʦʡ ï 

0.25 ʤʤ. 

ɼʣʷ ʤʦʜʝʣʠ ʩ ʟʘʪʫʧʣʝʥʥʳʤ ʥʦʩʦʤ ʚ ʥʝʚʦʟʤʫʱʝʥʥʦʡ ʦʙʣʘʩʪʠ ʪʝʯʝʥʠʷ 

ʤʘʢʩʠʤʘʣʴʥʘʷ ʧʨʦʪʷʞʝʥʥʦʩʪʴ ʷʯʝʝʢ ʥʘ ʩʘʤʦʡ ʛʨʫʙʦʡ ʩʝʪʢʝ (2 ʤʠʣʣʠʦʥʘ 

ʷʯʝʝʢ) ʩʦʩʪʘʚʣʷʣʘ 18,7 ʤʤ, ʥʘ ʩʘʤʦʡ ʧʦʜʨʦʙʥʦʡ ʩʝʪʢʝ (12 ʤʠʣʣʠʦʥʦʚ ʷʯʝʝʢ) ï 

10 ʤʤ. ʈʘʟʤʝʨ ʪʝʪʨʘʵʜʨʦʚ ʚʙʣʠʟʠ ʥʦʩʦʚʦʡ ʯʘʩʪʠ ʬʶʟʝʣʷʞʘ ʥʘ ʚʩʝʭ ʩʦʟʜʘʥʥʳʭ 

ʩʝʪʢʘʭ ʨʘʚʥʷʣʩʷ 0.2 ʤʤ. ʄʠʥʠʤʘʣʴʥʳʡ ʨʘʟʤʝʨ ʩʝʪʢʠ ʚʙʣʠʟʠ ʭʚʦʩʪʦʚʦʡ ʯʘʩʪʠ 

ʘʧʧʘʨʘʪʘ ʥʘ ʩʘʤʦʡ ʛʨʫʙʦʡ ʩʝʪʢʝ ʩʦʩʪʘʚʠʣʘ 0.35 ʤʤ, ʥʘ ʩʘʤʦʡ ʧʦʜʨʦʙʥʦʡ ï 

0.25 ʤʤ. 

ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʩʝʪʢʠ ʥʘ 11 ʤʠʣʣʠʦʥʦʚ 

ʷʯʝʝʢ (ʈʠʩʫʥʢʠ 3.3.5-3.3.6). ɺ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʳ ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ ʩʛʫʱʝʥʠʷ 

ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʙʲʝʤʥʦʡ ʩʝʪʢʠ ʥʘ 8 ʤʠʣʣʠʦʥʦʚ ʷʯʝʝʢ, 

ʥʦ ʙʳʣʘ ʧʦʚʳʰʝʥʘ ʩʪʝʧʝʥʴ ʠʟʤʝʣʴʯʝʥʥʦʩʪʠ ʩʝʪʢʠ ʚ ʦʙʣʘʩʪʠ ʨʘʩʰʠʨʝʥʠʷ 

ʟʘʜʥʝʡ ʯʘʩʪʠ ʘʧʧʘʨʘʪʘ (ʤʠʥʠʤʘʣʴʥʳʡ ʨʘʟʤʝʨ ʪʝʪʨʘʵʜʨʘ ʚ ʭʚʦʩʪʦʚʦʡ ʯʘʩʪʠ 

ʩʦʩʪʘʚʠʣ 0,12 ʤʤ). 

 

ʈʠʩʫʥʦʢ 3.3.5. ʆʙʲʝʤʥʘ ̫ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʘ ̫ʩʝʪʢʘ, ʧʦʩʪʨʦʝʥʥʘ ̫ʜʣʷ 

ʚʠʨʪʫʘʣʴʥʦʛʦ ʧʨʦʪʦʪʠʧʘ HIFiRE-1 ʩ ʦʩʪʨʳʤ ʥʦʩʦʤ (ʈʘʟʤʝʨʥʦʩʪʴ ʤʦʜʝʣʠ: 

11418753 ʪʝʪʨʘʵʜʨʘʣʴʥʳʭ ʷʯʝʝʢ 
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ʈʠʩʫʥʦʢ 3.3.6. ʆʙʲʝʤʥʘ ̫ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʘ ̫ʩʝʪʢʘ, ʧʦʩʪʨʦʝʥʥʘ ̫ʜʣʷ 

ʚʠʨʪʫʘʣʴʥʦʛʦ ʧʨʦʪʦʪʠʧʘ HIFiRE-1 ʩ ʟʘʪʫʧʣʝʥʥʳʤ ʥʦʩʦʤ. ʈʘʟʤʝʨʥʦʩʪʴ 

ʤʦʜʝʣʠ: 11317486 ʪʝʪʨʘʵʜʨʘʣʴʥʳʭ ʷʯʝʝʢ 

ʈʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ ʧʦʩʪʨʦʝʥʥʳʭ ʩʝʪʦʢ ʜʦʩʪʘʪʦʯʥʦ ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʚʝʨʭʥʦʩʪʝʡ ʩ ʠʥʞʝʥʝʨʥʦʡ 

ʪʦʯʥʦʩʪʴʶ. ʆʜʥʘʢʦ ʦʯʝʚʠʜʥʦ, ʯʪʦ ʧʦʛʨʘʥʠʯʥʳʝ ʩʣʦʠ ʥʝ ʨʘʟʨʝʰʘʶʪʩʷ. ʆ 

ʢʘʯʝʩʪʚʝ ʩʦʟʜʘʥʥʳʭ ʩʝʪʦʢ ʤʦʞʥʦ ʩʫʜʠʪʴ ʧʦ ʟʥʘʯʝʥʠʷʤ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ 

ʠʩʧʦʣʴʟʫʝʤʳʭ ʢʨʠʪʝʨʠʝʚ. ʂʦʵʬʬʠʮʠʝʥʪ ʬʦʨʤʳ (ʘʩʧʝʢʪʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ, 

ʘʥʛʣ. aspect ratio) ʜʣʷ ʣʶʙʦʡ ʪʨʝʫʛʦʣʴʥʦʡ ʷʯʝʡʢʠ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʩʝʪʢʠ ʠ 

ʪʝʪʨʘʵʜʨʘʣʴʥʦʛʦ ʵʣʝʤʝʥʪʘ ʦʙʲʝʤʥʦʡ ʩʝʪʢʠ ʥʝ ʧʨʝʚʳʰʘʝʪ 4 ʠ 6 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʂʦʵʬʬʠʮʠʝʥʪ ʘʩʠʤʤʝʪʨʠʠ (ʘʥʛʣ. equiangle skew), 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʫʛʣʦʚʫʶ ʩʢʦʰʝʥʥʦʩʪʴ, ʜʣʷ ʪʨʝʫʛʦʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ 

ʤʝʥʴʰʝ 0.65, ʜʣʷ ʪʝʪʨʘʵʜʨʘʣʴʥʳʭ ï ʤʝʥʴʰʝ 0.7. 

3.4. ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʋʩʣʦʚʠʷ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʠ ʜʘʥʥʳʤ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʪʨʫʙʝ [192, 195, 196] ʧʨʠ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ 

ʄ = 6.58, 7.16 ʠ 9.95 ʩ ʨʘʟʣʠʯʥʳʤʠ ʨʝʞʠʤʘʤʠ ʦʙʪʝʢʘʥʠʷ, ʦʪʣʠʯʘʚʰʠʭʩʷ 

ʟʥʘʯʝʥʠʷʤʠ ʫʛʣʘ ʘʪʘʢʠ (ʊʘʙʣʠʮʳ 3.4.1-3.4.2). ʈʘʩʯʝʪʳ ʚʳʧʦʣʥʝʥʳ ʜʣʷ ʫʛʣʦʚ 

ʘʪʘʢʠ 0Á, 1Á, 5Á. ʊʝʯʝʥʠʝ ʚʦ ʚʩʝʡ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʧʨʝʜʧʦʣʘʛʘʣʦʩʴ 

ʣʘʤʠʥʘʨʥʳʤ. 

ɹʳʣʦ ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʜʣʷ ʯʠʩʣʘ ʄʘʭʘ 

M = 7.16 ʠ ʫʛʣʘ ʘʪʘʢʠ 0  ̄ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. ʉʨʘʚʥʝʥʠʝ 
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ʧʨʦʚʦʜʠʣʦʩʴ ʧʦ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʜʘʚʣʝʥʠʷ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʣʝʪʘʪʝʣʴʥʦʛʦ 

ʘʧʧʘʨʘʪʘ ʚ ʭʚʦʩʪʦʚʦʡ ʯʘʩʪʠ ʠʟʜʝʣʠʷ [151, 202, 203].  

ʊʘʙʣʠʮʘ 3.4.1. ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʜʣʷ ʛʝʦʤʝʪʨʠʠ ʩ ʦʩʪʨʳʤ ʥʦʩʦʤ 

 ɿʥʘʯʝʥʠʝ 

ʏʠʩʣʦ ʄʘʭʘ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ (M¤) 7.16 

ʊʝʤʧʝʨʘʪʫʨʘ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ (T¤), ʂ 231.7 

ɼʘʚʣʝʥʠʝ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ ( p¤), ʇʘ 4620 

ʊʝʤʧʝʨʘʪʫʨʘ ʥʘ ʩʪʝʥʢʝ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ (wallT ), ʂ 294.78 

ʋʛʦʣ ʘʪʘʢʠ (Ŭ), ʛʨʘʜ 0 

ʊʘʙʣʠʮʘ 3.4.2. ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʜʣʷ ʛʝʦʤʝʪʨʠʠ ʩʦ ʟʘʪʫʧʣʝʥʥʳʤ ʥʦʩʦʤ 

 ɿʥʘʯʝʥʠʝ 

ʏʠʩʣʦ ʄʘʭʘ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ (M¤) 6.58 7.16 9.95 

ʊʝʤʧʝʨʘʪʫʨʘ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ (T¤), ʂ 214.4 231.7 203.35 

ɼʘʚʣʝʥʠʝ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ ( p¤), ʇʘ 7730 4620 694.50 

ʊʝʤʧʝʨʘʪʫʨʘ ʥʘ ʩʪʝʥʢʝ ʣʝʪʘʪʝʣʴʥʦʛʦ 

ʘʧʧʘʨʘʪʘ (wallT ), ʂ 

300.1  299.3 295.22 

ʋʛʦʣ ʘʪʘʢʠ (Ŭ), ʛʨʘʜ 0, 1, 5 

ʅʘ ʨʠʩʫʥʢʝ 3.4.1 ʧʨʠʚʝʜʝʥ ʨʝʟʫʣʴʪʘʪ ʩʨʘʚʥʝʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʦʚ 

ʥʘ ʤʦʜʝʣʠ ʩ ʦʩʪʨʳʤ ʥʦʩʦʤ ʩ ʜʘʥʥʳʤʠ ʠʟ [195]. ʂʘʢ ʚʠʜʥʦ ʠʟ ʛʨʘʬʠʢʘ, 

ʧʦʚʝʜʝʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʜʘʚʣʝʥʠʷ ʚ ʮʝʣʦʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ, ʭʦʪʷ ʨʘʩʭʦʞʜʝʥʠʝ ʚ ʦʪʜʝʣʴʥʳʭ ʧʦʜʦʙʣʘʩʪʷʭ 

ʦʢʘʟʳʚʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʳʤ. ʇʨʠ ʘʥʘʣʠʟʝ ʚʣʠʷʥʠʷ ʧʦʜʨʦʙʥʦʩʪʠ 

ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʨʘʩʯʝʪʦʚ ʩʝʪʦʢ ʚʠʜʥʦ, ʯʪʦ ʥʘ ʤʝʥʝʝ 

ʧʦʜʨʦʙʥʳʭ ʩʝʪʢʘʭ (2 ʠ 4 ʤʠʣʣʠʦʥʦʚ ʷʯʝʝʢ) ʦʙʨʘʟʫʝʪʩʷ 2 ʧʠʢʘ ʜʘʚʣʝʥʠʷ, 

ʢʦʪʦʨʳʭ ʥʝʪ ʥʘ ʙʦʣʝʝ ʧʦʜʨʦʙʥʳʭ ʩʝʪʢʘʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ. ʇʨʠ 

ʵʪʦʤ, ʝʩʣʠ ʩʨʘʚʥʠʪʴ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʥʘ ʩʝʪʢʘʭ ʨʘʟʤʝʨʦʤ 8 ʠ 11 

ʤʠʣʣʠʦʥʦʚ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʩ ʦʜʠʥʘʢʦʚʦʡ ʩʪʝʧʝʥʴʶ ʧʦʜʨʦʙʥʦʩʪʠ, 

ʢʨʦʤʝ ʭʚʦʩʪʦʚʦʡ ʯʘʩʪʠ, ʚʠʜʥʦ, ʯʪʦ ʥʘ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦʡ ʩʝʪʢʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʜʘʚʣʝʥʠʷ ʚ ʦʙʣʘʩʪʠ ʨʘʩʰʠʨʝʥʠʷ ʭʚʦʩʪʦʚʦʡ ʯʘʩʪʠ ʙʦʣʝʝ ʨʘʚʥʦʤʝʨʥʦʝ, ʥʦ 

ʠʤʝʝʪ ʩʢʘʯʦʢ ʦʙʣʘʩʪʠ ʜʦʩʪʠʞʝʥʠʷ ʧʠʢʦʚʦʛʦ ʟʥʘʯʝʥʠʷ (ʈʠʩʫʥʦʢ 3.4.2). 
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ʈʠʩʫʥʦʢ 3.4.1. ʉʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ [195] ʚ ʨʘʩʯʝʪʝ ʩ ʦʩʪʨʳʤ ʥʦʩʦʤ 

 
ʈʠʩʫʥʦʢ 3.4.2. ʉʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ [195] ʚ ʨʘʩʯʝʪʝ ʩ ʦʩʪʨʳʤ ʥʦʩʦʤ ʜʣʷ ʩʝʪʦʢ 

ʩʦʧʦʩʪʘʚʠʤʦʡ ʩʪʝʧʝʥʠ ʧʦʜʨʦʙʥʦʩʪʠ 

ʅʘ ʨʠʩʫʥʢʝ 3.4.3 ʧʨʠʚʝʜʝʥ ʨʝʟʫʣʴʪʘʪ ʚʘʣʠʜʘʮʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʦʚ 

ʥʘ ʤʦʜʝʣʠ ʩ ʟʘʪʫʧʣʝʥʥʳʤ ʥʦʩʦʤ ʩ ʜʘʥʥʳʤʠ ʠʟ [196]. ʂʘʢ ʚʠʜʥʦ ʠʟ ʛʨʘʬʠʢʘ, 

ʧʦʚʝʜʝʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʜʘʚʣʝʥʠʷ ʪʘʢʞʝ ʚ ʮʝʣʦʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ, ʭʦʪʷ ʨʘʩʭʦʞʜʝʥʠʝ ʚ ʦʪʜʝʣʴʥʳʭ ʧʦʜʦʙʣʘʩʪʷʭ 

ʦʢʘʟʳʚʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʳʤ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʨʘʩʯʝʪʦʚ ʜʣʷ ʤʦʜʝʣʠ ʩ ʦʩʪʨʳʤ 

ʥʦʩʦʤ, ʥʘ ʤʝʥʝʝ ʧʦʜʨʦʙʥʳʭ ʩʝʪʢʘʭ (2 ʠ 4 ʤʠʣʣʠʦʥʦʚ ʷʯʝʝʢ) ʜʣʷ ʤʦʜʝʣʠ ʩ 
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ʟʘʪʫʧʣʝʥʥʳʤ ʥʦʩʦʤ ʥʝ ʦʙʨʘʟʫʝʪʩʷ 2 ʧʠʢʘ ʜʘʚʣʝʥʠʷ, ʧʨʠ ʵʪʦʤ ʨʝʟʫʣʴʪʘʪ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʠʣʴʥʝʝ ʨʘʩʭʦʜʠʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ, ʯʝʤ 

ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʥʘ ʙʦʣʝʝ ʧʦʜʨʦʙʥʳʭ ʩʝʪʢʘʭ. ʇʨʠ ʵʪʦʤ, ʝʩʣʠ ʩʨʘʚʥʠʪʴ 

ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʥʘ ʩʝʪʢʘʭ ʨʘʟʤʝʨʦʤ 8 ʠ 11 ʤʠʣʣʠʦʥʦʚ, ʢʦʪʦʨʳʝ ʙʳʣʠ 

ʧʦʩʪʨʦʝʥʳ ʩ ʦʜʠʥʘʢʦʚʦʡ ʩʪʝʧʝʥʴʶ ʧʦʜʨʦʙʥʦʩʪʠ, ʢʨʦʤʝ ʭʚʦʩʪʦʚʦʡ ʯʘʩʪʠ, 

ʚʠʜʥʦ, ʯʪʦ ʥʘ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦʡ ʩʝʪʢʝ ʦʙʨʘʟʫʝʪʩʷ ʜʚʘ ʧʠʢʦʚʳʭ ʟʥʘʯʝʥʠʷ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʜʘʚʣʝʥʠʷ ʚ ʥʘʯʘʣʝ ʨʘʩʰʠʨʝʥʠʷ ʭʚʦʩʪʦʚʦʡ ʯʘʩʪʠ, ʢʦʪʦʨʳʭ ʥʝʪ 

ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠ ʚ ʮʝʣʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʜʘʚʣʝʥʠʷ ʚ ʦʙʣʘʩʪʠ 

ʨʘʩʰʠʨʝʥʠʷ ʭʚʦʩʪʦʚʦʡ ʯʘʩʪʠ ʙʦʣʝʝ ʨʘʚʥʦʤʝʨʥʦʝ.  

 
ʈʠʩʫʥʦʢ 3.4.3. ʉʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ [196] ʚ ʨʘʩʯʝʪʝ ʩ ʟʘʪʫʧʣʝʥʥʳʤ ʥʦʩʦʤ 

ɺ ʮʝʣʦʤ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʝ ʩʦʛʣʘʩʠʝ ʨʘʩʯʝʪʥʳʭ ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʦʩʦʙʝʥʥʦ ʝʩʣʠ ʫʯʝʩʪʴ ʩʣʦʞʥʦʩʪʴ ʨʝʰʘʝʤʦʡ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʠ ʨʘʩʯʝʪʥʦʡ ʟʘʜʘʯ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʦʛʦ ʩʨʘʚʥʝʥʠʷ 

ʢʘʯʝʩʪʚʘ ʧʦʣʫʯʘʝʤʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʥʘ ʩʝʪʢʘʭ ʨʘʟʥʦʡ ʩʪʝʧʝʥʠ ʧʦʜʨʦʙʥʦʩʪʠ, ʜʣʷ 

ʧʨʦʚʝʜʝʥʠʷ ʨʘʩʯʝʪʦʚ ʧʨʠ ʜʨʫʛʠʭ ʨʝʞʠʤʘʭ ʧʦʣʝʪʘ ʙʳʣʘ ʚʳʙʨʘʥʘ ʩʝʪʢʘ, 

ʩʦʩʪʦʷʱʘʷ ʠʟ 8 ʤʠʣʣʠʦʥʦʚ ʷʯʝʝʢ. 
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ʅʘ ʨʠʩʫʥʢʘʭ 3.4.4-3.4.15 ʧʦʢʘʟʘʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ 

ʘʵʨʦʪʝʨʤʦʛʘʟʦʜʠʥʘʤʠʢʠ ʧʦʣʝʪʘ HIFiRE-1 ʧʨʠ ʫʢʘʟʘʥʥʳʭ ʚ ʪʘʙʣʠʮʝ 3.4.2 

ʨʝʞʠʤʘʭ ʧʦʣʝʪʘ. 

ʂʘʢ ʧʦʢʘʟʳʚʘʝʪ ʦʧʳʪ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʘʵʨʦʪʝʨʤʦʜʠʥʘʤʠʢʠ, ʤʦʛʫʪ 

ʚʦʟʥʠʢʘʪʴ ʧʨʦʙʣʝʤʳ, ʧʨʠʚʦʜʷʱʠʝ ʢ ʟʘʚʳʰʝʥʠʶ ʠʣʠ ʟʘʥʠʞʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʦʪʦʢʘ ʚ ʟʦʥʝ ʦʪʨʳʚʘ. ʉʫʱʝʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ ʧʦʜʭʦʜʦʚ ʜʣʷ ʨʝʰʝʥʠʷ 

ʫʢʘʟʘʥʥʦʡ ʧʨʦʙʣʝʤ r [204], ʥʦ ʜʣʷ ʜʘʥʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʠʟʤʝʥʝʥʠʝ ʧʦʣ̫ 

ʪʝʯʝʥʠʷ ʚ ʟʦʥʝ ʦʪʨʳʚʘ ʥʝ ʦʢʘʟʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʪʝʣʘ. 

  
ʘ) ʙ) 

 
ʚ) 

ʈʠʩʫʥʦʢ 3.4.4. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʯʠʩʝʣ ʄʘʭʘ ʚʜʦʣʴ ʧʦʚʝʨʭʥʦʩʪʠ ʣʝʪʘʪʝʣʴʥʦʛʦ 

ʘʧʧʘʨʘʪʘ HIFiRE-1 ʩ ʟʘʪʫʧʣʝʥʥʳʤ ʥʦʩʦʤ ʧʨʠ M = 6.58 ʠ ʫʛʣʝ ʘʪʘʢʠ ʘ) Ŭ = 0Á; 

ʙ) Ŭ = 1Á; ʚ) Ŭ = 5Á 

ʀʟ ʨʠʩʫʥʢʘ 3.4.4 ʚʠʜʥʦ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʫʛʣʘ ʘʪʘʢʠ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ 

ʚʦʟʜʫʭʘ ʚ ʫʜʘʨʥʦʡ ʚʦʣʥʝ ʨʘʩʪʝʪ ʩ ʧʦʜʚʝʪʨʝʥʥʦʡ ʩʪʦʨʦʥʳ ʠ ʩʥʠʞʘʝʪʩʷ ʩ 

ʥʘʚʝʪʨʝʥʥʦʡ ʩʪʦʨʦʥʳ ʬʶʟʝʣʷʞʘ. ʊʘʢʞʝ ʠʟ ʨʠʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ ʚ ʦʙʣʘʩʪʠ 
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ʨʘʩʰʠʨʝʥʠʷ ʭʚʦʩʪʦʚʦʡ ʯʘʩʪʠ ʩʢʦʨʦʩʪʴ ʚʦʟʜʫʰʥʦʛʦ ʧʦʪʦʢʘ ʟʘʤʝʪʥʦ ʧʘʜʘʝʪ, ʘ 

ʚʜʦʣʴ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʯʘʩʪʠ ʜʦʩʪʠʛʘʝʪ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʠʟ-ʟʘ 

ʦʙʨʘʟʦʚʘʥʠʷ ʚʪʦʨʦʡ ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʚ ʦʙʣʘʩʪʠ ʧʝʨʝʭʦʜʘ ʢʦʥʫʩʥʦʡ ʯʘʩʪʠ 

ʬʶʟʝʣʷʞʘ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʫʶ. 

ɿʜʝʩʴ ʠ ʜʘʣʝʝ ʫʛʦʣ ʘʪʘʢʠ ʦʪʩʯʠʪʳʚʘʝʪʩʷ ʦʪ ʧʦʣʦʞʝʥʠʷ ʥʘʧʨʘʚʣʝʥʠʷ 

ʦʩʠ ʍ (ʩʤ. ʨʠʩʫʥʦʢ 3.4.4). 

ʇʨʠ ʩʢʦʨʦʩʪʠ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʯʠʩʣʫ ʄʘʭʘ 

M = 7.16 ʪʘʢʞʝ ʚʠʜʥʦ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʫʛʣʘ ʘʪʘʢʠ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʚʦʟʜʫʭʘ 

ʚ ʫʜʘʨʥʦʡ ʚʦʣʥʝ ʨʘʩʪʝʪ ʩ ʧʦʜʚʝʪʨʝʥʥʦʡ ʩʪʦʨʦʥʳ ʠ ʩʥʠʞʘʝʪʩʷ ʩ ʥʘʚʝʪʨʝʥʥʦʡ 

ʩʪʦʨʦʥʳ ʬʶʟʝʣʷʞʘ (ʈʠʩʫʥʦʢ 3.4.5). ɸʥʘʣʦʛʠʯʥʦ ʠʟ ʨʠʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ ʚ 

ʦʙʣʘʩʪʠ ʨʘʩʰʠʨʝʥʠʷ ʭʚʦʩʪʦʚʦʡ ʯʘʩʪʠ ʩʢʦʨʦʩʪʴ ʚʦʟʜʫʰʥʦʛʦ ʧʦʪʦʢʘ ʟʘʤʝʪʥʦ 

ʧʘʜʘʝʪ, ʘ ʚʜʦʣʴ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʯʘʩʪʠ ʜʦʩʪʠʛʘʝʪ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ. 

  
ʘ) ʙ) 

 
ʚ) 

ʈʠʩʫʥʦʢ 3.4.5. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʯʠʩʝʣ ʄʘʭʘ ʚʜʦʣʴ ʧʦʚʝʨʭʥʦʩʪʠ ʣʝʪʘʪʝʣʴʥʦʛʦ 

ʘʧʧʘʨʘʪʘ HIFiRE-1 ʩ ʟʘʪʫʧʣʝʥʥʳʤ ʥʦʩʦʤ ʧʨʠ M = 7.16 ʠ ʫʛʣʝ ʘʪʘʢʠ ʘ) Ŭ = 0Á; 

ʙ) Ŭ = 1Á; ʚ) Ŭ = 5Á 
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ʅʘ ʨʠʩʫʥʢʝ 3.4.6 ʧʦʢʘʟʘʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʜʠʥʘʤʠʢʠ ʧʦʣʝʪʘ 

HIFiRE-1 ʧʨʠ M = 9.95 ʠ ʨʘʟʥʳʭ ʫʛʣʘʭ ʘʪʘʢʠ. ʀʟ ʨʠʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ ʚ ʦʙʣʘʩʪʠ 

ʨʘʩʰʠʨʝʥʠʷ ʭʚʦʩʪʦʚʦʡ ʯʘʩʪʠ ʩʢʦʨʦʩʪʴ ʚʦʟʜʫʰʥʦʛʦ ʧʦʪʦʢʘ ʟʘʤʝʪʥʦ ʧʘʜʘʝʪ, ʘ 

ʚʜʦʣʴ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʯʘʩʪʠ ʜʦʩʪʠʛʘʝʪ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ. ʊʘʢʞʝ ʠʟ 

ʨʠʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʫʛʣʘ ʘʪʘʢʠ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʚʦʟʜʫʭʘ ʚ 

ʫʜʘʨʥʦʡ ʚʦʣʥʝ ʨʘʩʪʝʪ ʩ ʧʦʜʚʝʪʨʝʥʥʦʡ ʩʪʦʨʦʥʳ ʠ ʩʥʠʞʘʝʪʩʷ ʩ ʥʘʚʝʪʨʝʥʥʦʡ 

ʩʪʦʨʦʥʳ ʬʶʟʝʣʷʞʘ. 

  
ʘ) ʙ) 

 
ʚ)  

ʈʠʩʫʥʦʢ 3.4.6. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʯʠʩʝʣ ʄʘʭʘ ʚʜʦʣʴ ʧʦʚʝʨʭʥʦʩʪʠ ʣʝʪʘʪʝʣʴʥʦʛʦ 

ʘʧʧʘʨʘʪʘ HIFiRE-1 ʩ ʟʘʪʫʧʣʝʥʥʳʤ ʥʦʩʦʤ ʧʨʠ M = 9.95 ʠ ʫʛʣʝ ʘʪʘʢʠ ʘ) Ŭ = 0Á; 

ʙ) Ŭ = 1Á; ʚ) Ŭ = 5Á 

ʀʟ ʨʠʩʫʥʢʘ 3.4.7 ʚʠʜʥʦ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʫʛʣʘ ʘʪʘʢʠ ʪʝʤʧʝʨʘʪʫʨʘ 

ʧʦʪʦʢʘ ʚʦʟʜʫʭʘ ʚ ʫʜʘʨʥʦʡ ʚʦʣʥʝ ʨʘʩʪʝʪ ʩ ʥʘʚʝʪʨʝʥʥʦʡ ʩʪʦʨʦʥʳ ʠ ʩʥʠʞʘʝʪʩʷ ʩ 

ʧʦʜʚʝʪʨʝʥʥʦʡ ʩʪʦʨʦʥʳ ʬʶʟʝʣʷʞʘ. ʊʘʢʞʝ ʠʟ ʨʠʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ ʚ ʦʙʣʘʩʪʠ 




























































































































































































































