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ɺɺɽɼɽʅʀɽ 

1. ɸʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ 

ʆʜʥʠʤ ʠʟ ʘʢʪʫʘʣʴʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʨʘʟʨʘʙʦʪʢʠ ʘʣʛʦʨʠʪʤʦʚ 

ʘʚʪʦʥʦʤʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʜʚʠʞʝʥʠʝʤ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʧʦʚʳʰʝʥʠʝ ʠʭ ʵʬʬʝʢʪʠʚʥʦʩʪʠ, ʥʘʜʝʞʥʦʩʪʠ, ʵʢʦʥʦʤʠʯʥʦʩʪʠ 

ʠ ʜʦʣʛʦʚʝʯʥʦʩʪʠ ʚ ʫʩʣʦʚʠʷʭ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʠ  ʦʙʲʝʢʪʘ 

ʫʧʨʘʚʣʝʥʠʷ ʠ ʥʝʧʨʝʜʩʢʘʟʫʝʤʳʭ ʠʟʤʝʥʝʥʠʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʨʝʜʳ, ʷʚʣʷʝʪʩʷ 

ʘʜʘʧʪʠʚʥʳʡ ʧʦʜʭʦʜ. ʉʫʪʴ ʵʪʦʛʦ ʧʦʜʭʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʦʜʥʦʚʨʝʤʝʥʥʦʤ 

ʩʘʤʦʦʙʫʯʝʥʠʠ  ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ, ʘʚʪʦʥʦʤʥʦʤ  ʠʟʫʯʝʥʠʠ ʩʨʝʜʳ ʝʛʦ  

ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʠ ʫʧʨʘʚʣʝʥʠʠ ʠʤ, ʪʦ ʝʩʪʴ ʚ ʧʨʠʚʝʜʝʥʠʠ ʦʙʲʝʢʪʘ ʢ 

ʥʘʜʣʝʞʘʱʝʤʫ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʶ ʧʦ ʠʥʬʦʨʤʘʮʠʠ, ʩʬʦʨʤʠʨʦʚʘʥʥʦʡ ʚ 

ʧʨʦʮʝʩʩʝ ʩʘʤʦʦʙʫʯʝʥʠʷ. ʇʨʠ ʵʪʦʤ ʥʫʞʥʦ ʦʩʦʙʦ ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ ʧʨʦʮʝʩʩʳ 

ʠʟʫʯʝʥʠʷ (ʦʙʫʯʝʥʠʷ) ʠ ʫʧʨʘʚʣʝʥʠʷ ʧʨʦʪʝʢʘʶʪ ʧʘʨʘʣʣʝʣʴʥʦ ʚ ʨʝʞʠʤʝ 

ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ, ʘ ʩʘʤ ʘʣʛʦʨʠʪʤ ʘʜʘʧʪʘʮʠʠ ʷʚʣʷʝʪʩʷ ʟʚʝʥʦʤ ʢʦʥʪʫʨʘ 

ʨʝʛʫʣʠʨʦʚʘʥʠʷ. ɼʘʣʝʝ ʧʦ ʪʝʢʩʪʫ ʧʦʜ ʪʝʨʤʠʥʦʤ ʦʙʲʝʢʪ ʫʧʨʘʚʣʝʥʠʷ 

ʧʦʥʠʤʘʶʪʩʷ ʢʘʢ ʦʜʠʥʦʯʥʳʡ ʦʙʲʝʢʪ ʫʧʨʘʚʣʝʥʠʷ, ʪʘʢ ʠ ʛʨʫʧʧʠʨʦʚʢʘ (ʩʪʘʷ, ʨʦʡ) 

ʦʜʥʦʪʠʧʥʳʭ ʦʙʲʝʢʪʦʚ (ʘʛʝʥʪʦʚ ʩʪʘʠ) ʫʧʨʘʚʣʝʥʠʷ. 

ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʩʦʚʨʝʤʝʥʥʦʡ ʪʝʦʨʠʠ ʫʧʨʘʚʣʝʥʠʷ  ʠʟʫʯʝʥʠʝ ʦʙʲʝʢʪʘ 

ʩʚʦʜʠʪʩʷ ʢ ʨʝʰʝʥʠʶ ʟʘʜʘʯ  ʠʜʝʥʪʠʬʠʢʘʮʠʠ [1,2]. ʇʦʜ ʠʜʝʥʪʠʬʠʢʘʮʠʝʡ 

ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʦʥʠʤʘʝʪʩʷ ʘʚʪʦʥʦʤʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ 

ʧʘʨʘʤʝʪʨʦʚ ʦʙʲʝʢʪʘ ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʡ ʦʮʝʥʢʝ ʝʛʦ ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ. 

ʇʘʨʘʤʝʪʨʘʤʠ ʷʚʣʷʶʪʩʷ ʢʦʵʬʬʠʮʠʝʥʪʳ ʤʘʪʨʠʯʥʳʭ ʧʝʨʝʜʘʪʦʯʥʳʭ ʬʫʥʢʮʠʡ, 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʠʣʠ ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʳʭ ʫʨʘʚʥʝʥʠʡ, ʦʧʠʩʳʚʘʶʱʠʭ 

ʜʠʥʘʤʠʯʝʩʢʦʝ ʧʦʚʝʜʝʥʠʝ ʢʘʢ ʦʜʠʥʦʯʥʦʛʦ ʦʙʲʝʢʪʘ, ʪʘʢ ʠ ʛʨʫʧʧʠʨʦʚʢʠ 

ʦʜʥʦʪʠʧʥʳʭ ʦʙʲʝʢʪʦʚ, ʘ ʪʘʢʞʝ ʩʨʝʜʫ ʠʭ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ, ʘ ʢʦʤʧʦʥʝʥʪʘʤʠ 

ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ ï ʧʝʨʝʤʝʥʥʳʝ ʵʪʠʭ ʫʨʘʚʥʝʥʠʡ. 

ʉʦʛʣʘʩʥʦ ʧʨʠʥʷʪʦʡ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʪʝʨʤʠʥʦʣʦʛʠʠ, ʨʘʟʣʠʯʘʶʪ ʜʚʘ 

ʢʣʘʩʩʘ ʘʜʘʧʪʠʚʥʳʭ ʩʠʩʪʝʤ. ʇʝʨʚʳʡ ʢʣʘʩʩ ʠʟʚʝʩʪʝʥ ʧʦʜ ʥʘʟʚʘʥʠʝʤ 
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ʘʜʘʧʪʠʚʥʳʭ ʩʠʩʪʝʤ ʩ ʥʘʩʪʨʘʠʚʘʝʤʳʤʠ ʤʦʜʝʣʷʤʠ. ʆʥ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʪʝʤ, 

ʯʪʦ ʥʘʩʪʨʦʡʢʝ (ʠʜʝʥʪʠʬʠʢʘʮʠʠ), ʢʘʢ ʧʨʘʚʠʣʦ, ʧʦʜʣʝʞʘʪ ʢʦʵʬʬʠʮʠʝʥʪʳ 

ʤʘʪʨʠʯʥʳʭ ʧʝʨʝʜʘʪʦʯʥʳʭ ʬʫʥʢʮʠʡ ʠ ʫʨʘʚʥʝʥʠʡ, ʦʧʠʩʳʚʘʶʱʠʭ ʙʦʨʪʦʚʫʶ 

ʤʦʜʝʣʴ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʦʚʝʜʝʥʠʷ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ, ʢʘʢ ʚ ʟʘʤʢʥʫʪʦʤ, ʪʘʢ  

ʠ ʚ ʨʘʟʦʤʢʥʫʪʦʤ ʩʦʩʪʦʷʥʠʠ ʠ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʦʙʲʝʢʪʘʤʠ ʧʨʠ 

ʥʝʧʦʣʥʦʤ ʩʦʩʪʘʚʝ ʠʟʤʝʨʝʥʠʡ ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ  ʦʮʝʥʦʢ ʧʦʣʥʦʛʦ ʚʝʢʪʦʨʘ 

ʩʦʩʪʦʷʥʠʷ ʦʙʲʝʢʪʘ. ɼʘʣʝʝ, ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʟʘʜʘʥʥʳʤ ʘʣʛʦʨʠʪʤʦʤ 

ʫʧʨʘʚʣʝʥʠʷ ʧʦ ʵʪʠʤ ʦʮʝʥʢʘʤ ʬʦʨʤʠʨʫʝʪʩʷ ʫʧʨʘʚʣʷʶʱʠʡ ʩʠʛʥʘʣ ʥʘ 

ʠʩʧʦʣʥʠʪʝʣʴʥʳʝ ʦʨʛʘʥʳ ʜʣʷ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦʛʦ ʧʨʠʚʝʜʝʥʠʷ ʦʙʲʝʢʪʘ 

ʫʧʨʘʚʣʝʥʠʷ ʢ ʪʨʝʙʫʝʤʦʤʫ ʩʦʩʪʦʷʥʠʶ.  ɺʪʦʨʦʡ ʢʣʘʩʩ ï ʧʦʜ ʥʘʟʚʘʥʠʝʤ 

ʘʜʘʧʪʠʚʥʳʭ ʩʠʩʪʝʤ ʩ ʵʪʘʣʦʥʥʳʤʠ ʤʦʜʝʣʷʤʠ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʥʘʩʪʨʦʡʢʠ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʫʨʘʚʥʝʥʠʡ ʦʧʠʩʳʚʘʶʱʠʭ  ʩʦʙʩʪʚʝʥʥʦ ʩʠʩʪʝʤʫ ʫʧʨʘʚʣʝʥʠʷ. ɺ 

ʦʪʚʝʪ ʥʘ ʥʝʧʨʝʜʩʢʘʟʫʝʤʳʝ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ, ʚ 

ʯʘʩʪʥʦʩʪʠ ʩʨʝʜʳ ʧʦʣʝʪʘ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ, ʢʦʥʪʫʨ ʘʜʘʧʪʘʮʠʠ, 

ʦʨʠʝʥʪʠʨʫʷʩʴ ʥʘ ʚʳʭʦʜʥʳʝ ʧʝʨʝʤʝʥʥʳʝ ʬʫʥʢʮʠʦʥʠʨʫʶʱʝʡ ʥʘ ʙʦʨʪʫ  

ʵʪʘʣʦʥʥʦʡ ʤʦʜʝʣʠ, ʧʦʜʩʪʨʘʠʚʘʝʪ ʢʦʵʬʬʠʮʠʝʥʪʳ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʠ ʜʨʫʛʠʝ 

ʧʘʨʘʤʝʪʨʳ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ, ʤʠʥʠʤʠʟʠʨʫʷ ʨʘʩʩʦʛʣʘʩʦʚʘʥʠʝ ʤʝʞʜʫ 

ʜʠʥʘʤʠʯʝʩʢʠʤ ʧʦʚʝʜʝʥʠʝʤ ʨʝʘʣʴʥʦʛʦ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ ʠ ʝʛʦ ʙʦʨʪʦʚʦʡ 

ʵʪʘʣʦʥʥʦʡ ʤʦʜʝʣʴʶ, ʥʝʩʤʦʪʨʷ ʥʘ ʬʘʢʪʦʨʳ ʧʨʦʪʠʚʦʜʝʡʩʪʚʫʶʱʠʝ ʪʘʢʦʤʫ 

ʧʦʚʝʜʝʥʠʶ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ. 

ʊʘʢʦʝ ʨʘʟʜʝʣʝʥʠʝ ʘʜʘʧʪʠʚʥʳʭ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʥʘ ʢʣʘʩʩʳ ʩʣʦʞʠʣʦʩʴ 

ʠʩʪʦʨʠʯʝʩʢʠ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ 

ʜʚʠʞʝʥʠʝʤ ʂɸ ʧʨʠʤʝʥʷʶʪʩʷ ʦʜʥʦʚʨʝʤʝʥʥʦ ʢʘʢ ʘʣʛʦʨʠʪʤʳ ʩ 

ʥʘʩʪʨʘʠʚʘʝʤʳʤʠ ʙʦʨʪʦʚʳʤʠ ʤʦʜʝʣʷʤʠ, ʪʘʢ ʠ ʩ ʵʪʘʣʦʥʥʳʤʠ. ʅʘʩʪʨʦʡʢʘ 

(ʠʜʝʥʪʠʬʠʢʘʮʠʷ ʧʘʨʘʤʝʪʨʦʚ) ʵʪʠʭ ʙʦʨʪʦʚʳʭ ʤʦʜʝʣʝʡ ʦʩʥʦʚʘʥʘ ʥʘ 

ʧʨʠʤʝʥʝʥʠʠ ʚ ʨʝʞʠʤʝ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ ʤʝʪʦʜʘ ʛʨʘʜʠʝʥʪʥʦʛʦ ʩʧʫʩʢʘ.  

ʆʧʠʩʘʥʥʳʡ ʚʳʰʝ ʧʦʜʭʦʜ ʢ ʧʦʩʪʨʦʝʥʠʶ ʘʜʘʧʪʠʚʥʦʡ ʩʠʩʪʝʤʳ 

ʫʧʨʘʚʣʝʥʠʷ, ʘ ʠʤʝʥʥʦ ʥʘʩʪʦʡʢʘ ʙʦʨʪʦʚʦʡ ʤʦʜʝʣʠ ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤ 

ʧʨʠʚʝʜʝʥʠʠ ʦʙʲʝʢʪʘ ʢ ʪʨʝʙʫʝʤʦʤʫ ʨʝʞʠʤʫ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ, ʤʦʞʝʪ ʙʳʪʴ 

ʧʨʘʢʪʠʯʝʩʢʠ ʨʝʘʣʠʟʦʚʘʥ ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ ʤʦʜʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ ʘʜʘʧʪʠʚʥʦʛʦ 
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ʥʘʙʣʶʜʘʪʝʣʷ ʠ ʨʝʛʫʣʷʪʦʨʘ ʜʣʷ ʤʥʦʛʦʤʝʨʥʦʡ ʤʥʦʛʦʩʚʷʟʥʦʡ - Multi -input 

Multi -output  (MIMO) ʜʠʥʘʤʠʯʝʩʢʦʡ  ʩʠʩʪʝʤʳ. ʅʘ ʵʪʦʤ ʧʫʪʠ ʚʦʟʥʠʢʘʝʪ ʟʘʜʘʯʘ 

ʨʘʩʯʝʪʘ ʢʦʤʧʦʥʝʥʪ ʤʘʪʨʠʮ ʚʝʩʦʚʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ 

ʘʩʠʤʧʪʦʪʠʯʝʩʢʫʶ ʩʭʦʜʠʤʦʩʪʴ ʦʮʝʥʠʚʘʝʤʳʭ ʚʝʣʠʯʠʥ ʢ ʠʭ ʬʘʢʪʠʯʝʩʢʠʤ 

ʟʥʘʯʝʥʠʷʤ ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤ ʨʘʩʯʝʪʝ ʤʘʪʨʠʮ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʙʨʘʪʥʦʡ 

ʩʚʷʟʠ ʤʥʦʛʦʤʝʨʥʦʡ ʩʣʝʜʷʱʝʡ ʩʠʩʪʝʤʳ ʜʣʷ MIMO ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʠʩʪʝʤ 

ʙʦʣʴʰʦʡ ʨʘʟʤʝʨʥʦʩʪʠ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʨʘʟʨʘʙʦʪʢʘ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʠ  ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ 

ʤʦʜʘʣʴʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʜʠʥʘʤʠʯʝʩʢʠʤʠ Multi -input Multi -output ʩʠʩʪʝʤʘʤʠ 

ʙʦʣʴʰʦʡ ʨʘʟʤʝʨʥʦʩʪʠ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ  ʙʳʩʪʨʦ ʨʘʟʚʠʚʘʶʱʠʭʩʷ ʦʙʣʘʩʪʝʡ 

ʧʨʠʢʣʘʜʥʦʡ ʪʝʦʨʠʠ ʫʧʨʘʚʣʝʥʠʷ, ʦ ʯʝʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʙʫʨʥʳʡ, ʥʝ 

ʦʩʣʘʙʝʚʘʶʱʠʡ ʧʦʪʦʢ ʧʫʙʣʠʢʘʮʠʡ ʧʦ ʵʪʦʡ ʪʝʤʘʪʠʢʝ [3,4,5,6,7,8,9].  ʀʥʪʝʨʝʩ ʢ 

ʧʨʦʙʣʝʤʝ ʤʦʜʘʣʴʥʦʛʦ ʨʘʟʤʝʱʝʥʠʷ ʢʦʨʥʝʡ ʟʘʤʳʢʘʝʤʦʡ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʠ 

ʚʳʯʠʩʣʝʥʠʶ ʢʦʤʧʦʥʝʥʪ ʤʘʪʨʠʮ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ, ʘ ʪʘʢʞʝ ʢʦʤʧʦʥʝʥʪ ʤʘʪʨʠʮ 

ʚʝʩʦʚʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʥʝ ʦʩʣʘʙʝʚʘʝʪ ʫʞʝ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʥʝʩʢʦʣʴʢʠʭ 

ʜʝʩʷʪʠʣʝʪʠʡ. ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʤʦʜʘʣʴʥʦʛʦ ʧʦʜʭʦʜʘ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ 

ʘʣʛʦʨʠʪʤʦʚ ʫʧʨʘʚʣʝʥʠʷ ʩʣʦʞʥʳʤʠ ʩʠʩʪʝʤʘʤʠ ʦʙʱʝʠʟʚʝʩʪʥʘ. ʆʥʘ 

ʦʙʫʩʣʦʚʣʝʥʘ: ʩʪʨʝʤʠʪʝʣʴʥʳʤ ʨʘʟʚʠʪʠʝʤ ʢʦʩʤʠʯʝʩʢʠʭ ʠ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ 

ʪʝʭʥʦʣʦʛʠʡ, ʧʦʷʚʣʝʥʠʝʤ ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʳʭ ʠ ʩʣʦʞʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ 

ʢʦʩʤʠʯʝʩʢʦʛʦ ʙʘʟʠʨʦʚʘʥʠʷ, ʪʘʢʠʭ, ʥʘʧʨʠʤʝʨ, ʢʘʢ ʄʝʞʜʫʥʘʨʦʜʥʘʷ 

ʢʦʩʤʠʯʝʩʢʘʷ ʩʪʘʥʮʠʷ (ʄʂʉ), ʧʨʦʝʢʪʠʨʦʚʘʥʠʝʤ ʢʦʩʤʠʯʝʩʢʠʭ ʙʫʢʩʠʨʦʚ, 

ʩʧʫʪʥʠʢʦʚʳʭ ʛʨʫʧʧʠʨʦʚʦʢ ʠ ʠʭ ʬʦʨʤʘʮʠʡ. ɺʦʟʨʦʩʰʠʡ ʠʥʪʝʨʝʩ ʩʧʝʮʠʘʣʠʩʪʦʚ 

ʢ ʘʚʪʦʥʦʤʥʦʤʫ ʫʧʨʘʚʣʝʥʠʶ ʧʦʣʝʪʦʤ ʛʨʫʧʧʠʨʦʚʦʢ ʙʝʩʧʠʣʦʪʥʳʭ ʘʧʧʘʨʘʪʦʚ 

ʩʫʭʦʧʫʪʥʦʛʦ, ʤʦʨʩʢʦʛʦ, ʘʚʠʘʮʠʦʥʥʦʛʦ ʠ ʢʦʩʤʠʯʝʩʢʦʛʦ ʙʘʟʠʨʦʚʘʥʠʷ ʧʨʠʜʘʝʪ 

ʥʦʚʳʡ ʩʪʠʤʫʣ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʩʦʟʜʘʥʠʷ ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʜʣʷ 

ʨʝʰʝʥʠʷ ʧʨʦʙʣʝʤ ʩʠʥʪʝʟʘ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ MIMO ʜʠʥʘʤʠʯʝʩʢʠʤʠ 

ʩʠʩʪʝʤʘʤʠ. 

 ʂ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʩʫʱʝʩʪʚʫʝʪ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʤʝʪʦʜʦʚ ʠ ʘʣʛʦʨʠʪʤʦʚ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʧʦʠʩʢ ʤʘʪʨʠʮʳ 
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ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʜʣʷ ʤʦʜʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ SISO ʠ MIMO 

ʩʠʩʪʝʤ. ɼʘʣʝʢʦ ʥʝ ʧʦʣʥʳʡ ʩʧʠʩʦʢ ʘʣʛʦʨʠʪʤʦʚ ʤʦʜʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ ʚʢʣʶʯʘʝʪ 

ʩʣʝʜʫʶʱʠʝ ʤʝʪʦʜʳ: Ackermann (ɸʢʢʝʨʤʘʥʥ) [10], Mayne ï Murdoch (ʄʝʡʥ ï 

ʄʘʨʜʦʭ) [11], Maki ï Van de Vegte (ʄʘʢʠ ï ɺʘʥ ʜʝ ɺʝʡʪ) [12], Barnett 

(ɹʘʨʥʝʪʪ) [13], Gourinshankar ï Ramar (ɻʦʫʨʠʰʘʥʢʘʨ ï ʈʝʤʝʨ) [14], Klein ï 

Moore (ʂʣʝʡʥ ï ʄʫʨ) [15], Porter ï DôAzzo (ʇʦʨʪʝʨ ï ɼǋɸʮʮʦ) [16], Wonham 

(ʋʦʥʝʤ) [17], Moore (ʄʫʨ) [18], Flamm (ʌʣʝʤʤ) [19], Fahmy ï OôReilly (ʌʝʤʠ 

ʠ ʆǋʈʝʡʣʠ) [20], Varga (ɺʘʨʛʘ) [21], Kautsky ï Nichols ï Van Dooren (ʂʘʫʪʩʢʠʡ 

ï ʅʠʢʦʣʴʩ ï ɺʘʥ ɼʦʦʨʝʥ) [22]. ʉʨʝʜʠ ʩʦʚʨʝʤʝʥʥʳʭ ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʨʘʟʨʘʙʦʪʦʢ 

ʚ ʦʙʣʘʩʪʠ ʘʣʛʦʨʠʪʤʦʚ ʤʦʜʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ ʤʥʦʛʦʤʝʨʥʳʭ ʤʥʦʛʦʩʚʷʟʥʳʭ 

ʩʠʩʪʝʤ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʤʝʪʦʜ ʪʦʯʥʦʛʦ ʨʘʟʤʝʱʝʥʠʷ ʧʦʣʶʩʦʚ, 

ʨʘʟʨʘʙʘʪʳʚʘʝʤʳʡ ɺ.ʅ. ʈʷʙʯʝʥʢʦ, ʄ.ʐ. ʄʠʩʨʠʭʘʥʦʚʳʤ, ʅ.ɺ. ɿʫʙʦʚʳʤ 

ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʧʨʠʥʮʠʧʝ ʤʦʜʘʣʴʥʦʡ ʜʝʢʦʤʧʦʟʠʮʠʠ ʩʣʦʞʥʦʡ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʩʠʩʪʝʤʳ [23]. 

ʆʪʜʝʣʴʥʦ ʥʝʦʙʭʦʜʠʤʦ ʚʳʜʝʣʠʪʴ ʘʣʛʦʨʠʪʤ, ʨʘʟʨʘʙʦʪʘʥʥʳʡ J.W.Sunkel ʠ 

L.S. Shieh ʠ ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʚ ʨʘʙʦʪʝ çOptimal Momentum Management 

Controller for the Space Stationè [24]. ɸʚʪʦʨʳ ʩʚʦʜʷʪ ʟʘʜʘʯʫ ʧʦʠʩʢʘ ʤʘʪʨʠʮʳ 

ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʢ ʠʪʝʨʘʮʠʦʥʥʦʤʫ ʘʣʛʦʨʠʪʤʫ, ʥʘ ʢʘʞʜʦʤ ʰʘʛʝ ʢʦʪʦʨʦʛʦ 

ʨʝʰʘʶʪʩʷ ʤʘʪʨʠʯʥʳʝ ʫʨʘʚʥʝʥʠʷ ʈʠʢʘʪʪʠ, ʢʦʪʦʨʳʝ ʧʦʣʫʯʘʶʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʥʘʜʣʝʞʘʱʝʛʦ ʚʘʨʴʠʨʦʚʘʥʠʷ ʚʝʩʦʚʳʭ ʤʘʪʨʠʮ ʚ ʢʚʘʜʨʘʪʠʯʥʦʤ ʬʫʥʢʮʠʦʥʘʣʝ 

ʂʘʣʤʘʥʘ (ʦʥ ʞʝ ʢʚʘʜʨʘʪʠʯʥʳʡ ʬʫʥʢʮʠʦʥʘʣ ʤʝʪʦʜʘ ʚʟʚʝʰʝʥʥʳʭ ʥʘʠʤʝʥʴʰʠʭ 

ʢʚʘʜʨʘʪʦʚ) ʩ ʮʝʣʴʶ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ çʧʝʨʝʤʝʱʝʥʠʷè ʢʦʨʥʝʡ ʟʘʤʳʢʘʝʤʦʡ 

ʩʠʩʪʝʤʳ ʚ ʟʘʜʘʥʥʫʶ ʦʙʣʘʩʪʴ ʢʦʤʧʣʝʢʩʥʦʡ ʧʣʦʩʢʦʩʪʠ. ʅʘ ʢʘʞʜʦʤ ʰʘʛʝ 

ʠʪʝʨʘʮʠʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ ʚʝʩʴ ʥʘʙʦʨ ʢʦʨʥʝʡ ʟʘʤʳʢʘʝʤʦʡ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʩʠʩʪʝʤʳ çʩʜʚʠʛʘʝʪʩʷè ʙʣʠʞʝ ʢ ʦʧʪʠʤʘʣʴʥʦʤʫ ʨʘʩʧʦʣʦʞʝʥʠʶ, ʦʙʝʩʧʝʯʠʚʘʷ 

ʩʠʩʪʝʤʝ ʪʨʝʙʫʝʤʳʝ ʜʠʥʘʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. ʈʘʙʦʪʘ ʜʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ 

ʜʝʤʦʥʩʪʨʠʨʫʝʪʩʷ ʥʘ ʧʨʠʤʝʨʝ ʧʦʩʪʨʦʝʥʠʷ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʦʨʠʝʥʪʘʮʠʝʡ 

ʢʦʩʤʠʯʝʩʢʦʡ ʩʪʘʥʮʠʠ c ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʥʝʨʮʠʦʥʥʳʭ (ʩʠʣʦʚʳʭ ʛʠʨʦʩʢʦʧʦʚ)  

ʠʩʧʦʣʥʠʪʝʣʴʥʳʭ ʦʨʛʘʥʦʚ (Momentum Management). ɺ ʭʦʜʝ ʜʘʥʥʦʡ 

ʠʪʝʨʘʮʠʦʥʥʦʡ ʧʨʦʮʝʜʫʨʳ ʨʝʰʘʝʪʩʷ ʟʘʜʘʯʘ ʥʝ ʤʦʜʘʣʴʥʦʛʦ ʧʦʩʪʨʦʝʥʠʷ 
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ʨʝʛʫʣʷʪʦʨʘ, ʘ ʟʘʜʘʯʘ ʧʦʩʪʨʦʝʥʠʷ ʚ ʥʝʢʦʪʦʨʦʤ ʩʤʳʩʣʝ ʦʧʪʠʤʘʣʴʥʦʛʦ 

ʨʝʛʫʣʷʪʦʨʘ. ʇʨʠ ʧʦʩʪʨʦʝʥʠʠ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʧʨʠ ʧʦʤʦʱʠ ʜʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ 

ʟʘʜʘʝʪʩʷ ʥʝ ʵʪʘʣʦʥʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʢʦʨʥʝʡ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʛʦ ʧʦʣʠʥʦʤʘ, 

ʘ ʪʦʣʴʢʦ ʦʙʣʘʩʪʴ ʛʜʝ ʢʦʨʥʠ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʜʦʣʞʥʳ ʥʘʭʦʜʠʪʴʩʷ, ʘ ʪʘʢ ʞʝ 

ʢʨʠʪʝʨʠʡ ʦʧʪʠʤʘʣʴʥʦʩʪʠ, ʢʦʪʦʨʳʡ ʚ ʢʦʥʝʯʥʦʤ ʠʪʦʛʝ ʠ ʦʧʨʝʜʝʣʷʝʪ 

ʢʦʵʬʬʠʮʠʝʥʪʳ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ.  

ʅʝʢʦʪʦʨʳʝ ʠʟ ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʨʝʘʣʠʟʦʚʘʥʳ ʚ ʚʠʜʝ 

ʚʩʪʨʦʝʥʥʳʭ ʬʫʥʢʮʠʡ ʚ ʧʨʦʛʨʘʤʤʥʦʡ ʩʨʝʜʝ MATLA B. ɼʣʷ ʩʠʩʪʝʤ ʩ ʦʜʥʠʤ 

ʢʘʥʘʣʦʤ ʫʧʨʘʚʣʝʥʠʷ (single-input) ʟʘʜʘʯʘ ʤʦʜʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ ʨʝʰʘʝʪʩʷ ʧʨʠ 

ʧʦʤʦʱʠ ʬʫʥʢʮʠʠ acker() ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʬʦʨʤʫʣʝ ɸʢʢʝʨʤʘʥʘ [10]. ɼʣʷ 

ʤʦʜʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ multi-input ʩʠʩʪʝʤ ʚ ʙʠʙʣʠʦʪʝʢʘʭ MATLAB  ʩʫʱʝʩʪʚʫʝʪ 

ʬʫʥʢʮʠʷ place(), ʚ ʦʩʥʦʚʫ ʢʦʪʦʨʦʡ ʧʦʣʦʞʝʥ ʘʣʛʦʨʠʪʤ, ʦʧʠʩʘʥʥʳʡ ʚ [22]. ʆʙʝ 

ʬʫʥʢʮʠʠ ʧʦʣʫʯʘʶʪ ʥʘ ʚʭʦʜ ʠʥʬʦʨʤʘʮʠʶ ʦʙ ʦʙʲʝʢʪʝ ʫʧʨʘʚʣʝʥʠʷ (ʤʘʪʨʠʮʫ 

ʵʚʦʣʶʮʠʠ ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʠʣʠ ʤʘʪʨʠʮʫ ʧʝʨʝʭʦʜʥʳʭ ʩʦʩʪʦʷʥʠʡ ʜʣʷ 

ʜʠʩʢʨʝʪʥʳʭ ʩʠʩʪʝʤ, ʘ ʪʘʢʞʝ ʤʘʪʨʠʮʳ ʠʟʤʝʨʝʥʠʡ ʠ ʫʧʨʘʚʣʷʶʱʠʭ 

ʚʦʟʜʝʡʩʪʚʠʡ). ʂʨʦʤʝ ʪʦʛʦ ʟʘʜʘʝʪʩʷ ʚʝʢʪʦʨ ʩ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʵʪʘʣʦʥʥʦʛʦ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʛʦ ʧʦʣʠʥʦʤʘ. ʅʘ ʚʳʭʦʜʝ ʯʠʩʣʝʥʥʳʝ ʧʨʦʮʝʜʫʨʳ ʚʳʜʘʶʪ 

ʤʘʪʨʠʮʫ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ, ʪʘʢʫʶ, ʯʪʦʙʳ ʟʘʤʢʥʫʪʘʷ ʩ ʝʝ ʧʦʤʦʱʴʶ ʩʠʩʪʝʤʘ 

ʫʧʨʘʚʣʝʥʠʷ ʠʤʝʣʘ ʪʘʢʦʡ ʞʝ ʥʘʙʦʨ ʢʦʨʥʝʡ, ʢʘʢʦʡ ʙʳʣ ʫ ʵʪʘʣʦʥʥʦʛʦ ʧʦʣʠʥʦʤʘ, 

ʧʦʜʘʥʥʦʛʦ ʥʘ ʚʭʦʜ. 

ʋ ʜʘʥʥʳʭ ʬʫʥʢʮʠʡ ʩʫʱʝʩʪʚʫʝʪ ʨʷʜ ʥʝʜʦʩʪʘʪʢʦʚ. ʇʨʦʙʣʝʤʘ ʬʫʥʢʮʠʠ 

acker(), ʦʩʥʦʚʘʥʥʦʡ ʥʘ ʬʦʨʤʫʣʝ ɸʢʢʝʨʤʘʥʘ, ʩʦʩʪʦʠʪ ʚ ʝʝ ʧʨʠʤʝʥʠʤʦʩʪʠ 

ʪʦʣʴʢʦ ʜʣʷ ʩʠʩʪʝʤ ʩ ʦʜʥʠʤ ʚʭʦʜʥʳʤ ʩʠʛʥʘʣʦʤ (single-input ʩʠʩʪʝʤ), ʙʦʣʝʝ 

ʪʦʛʦ, ʧʨʠ ʨʦʩʪʝ ʨʘʟʤʝʨʥʦʩʪʠ ʪʦʯʥʦʩʪʴ ʨʘʟʤʝʱʝʥʠʷ ʢʦʨʥʝʡ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ 

ʨʝʟʢʦ ʧʘʜʘʝʪ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʦʧʝʨʘʮʠʝʡ ʚʦʟʚʝʜʝʥʠʷ ʤʘʪʨʠʮʳ ʩʠʩʪʝʤʳ n-ʥʫʶ 

ʩʪʝʧʝʥʴ. ʅʝʜʦʩʪʘʪʢʘʤʠ ʬʫʥʢʮʠʠ place() ʤʦʞʥʦ ʥʘʟʚʘʪʴ ʪʘʢʞʝ ʥʠʟʢʫʶ 

ʪʦʯʥʦʩʪʴ ʧʨʠ ʤʦʜʘʣʴʥʦʤ ʩʠʥʪʝʟʝ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʙʦʣʴʰʦʡ ʨʘʟʤʝʨʥʦʩʪʠ, ʘ 

ʪʘʢ ʞʝ ʨʷʜ ʦʛʨʘʥʠʯʝʥʠʡ, ʩʚʷʟʘʥʥʳʭ ʩ ʨʘʟʤʝʱʝʥʠʝʤ ʠ ʢʨʘʪʥʦʩʪʴʶ ʢʦʨʥʝʡ 

ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ. ɺʳʯʠʩʣʠʪʝʣʴʥʳʝ ʧʦʛʨʝʰʥʦʩʪʠ ʚ ʨʘʟʤʝʱʝʥʠʠ ʢʦʨʥʝʡ 

ʤʝʪʦʜʦʤ ʤʦʜʘʣʴʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʤʦʛʫʪ ʧʨʠʚʝʩʪʠ ʢ ʥʝʩʦʦʪʚʝʪʩʪʚʠʶ 
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ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʪʝʤ ʢʨʠʪʝʨʠʷʤ ʢʘʯʝʩʪʚʘ, ʢʦʪʦʨʳʝ ʟʘʜʘʚʘʣʠʩʴ ʧʨʠ ʝʝ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ, ʘ ʚ ʭʫʜʰʝʤ ʩʣʫʯʘʝ ʤʦʛʫʪ ʧʨʠʚʝʩʪʠ ʢ ʧʦʪʝʨʝ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʟʘʤʳʢʘʝʤʦʡ ʩʠʩʪʝʤʳ. ɺʩʝ ʚʳʰʝʫʧʦʤʷʥʫʪʳʝ ʥʝʜʦʩʪʘʪʢʠ ʧʨʠʚʦʜʷʪ ʢ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʦʠʩʢʘ ʥʦʚʳʭ ʯʠʩʣʝʥʥʳʭ ʠ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʘʣʛʦʨʠʪʤʦʚ 

ʤʦʜʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ, ʯʪʦ ʜʦʢʘʟʳʚʘʝʪ ʘʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ ʜʘʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʠ.  

ɼʣʷ ʧʨʝʦʜʦʣʝʥʠʷ ʥʝʜʦʩʪʘʪʢʦʚ ʩʫʱʝʩʪʚʫʶʱʠʭ ʤʝʪʦʜʦʚ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ 

ʤʦʜʘʣʴʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ, ʚ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥ ʥʦʚʳʡ ʯʠʩʣʝʥʥʳʡ ʘʣʛʦʨʠʪʤ 

ʤʦʜʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʠʩʪʝʤ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʧʨʠʥʮʠʧʝ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʧʝʨʝʤʝʱʝʥʠʷ ʢʘʢ ʧʘʨ ʢʦʤʧʣʝʢʩʥʦ ʩʦʧʨʷʞʝʥʥʳʭ ʢʦʨʥʝʡ, 

ʪʘʢ ʠ ʦʜʠʥʦʯʥʳʭ ʩ ʜʝʡʩʪʚʠʪʝʣʴʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ. ʇʨʝʜʣʘʛʘʝʤʳʡ ʤʝʪʦʜ 

ʟʘʤʳʢʘʥʠʷ, ʠʩʧʦʣʴʟʫʶʱʠʡ ʧʨʠʥʮʠʧ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ ʩʠʩʪʝʤʳ, 

ʧʦʟʚʦʣʷʝʪ ʧʨʠʤʝʥʷʪʴ ʧʨʦʮʝʜʫʨʳ ʤʘʪʨʠʯʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʢ ʚʳʜʝʣʷʝʤʳʤ 

ʤʘʪʨʠʯʥʳʤ ʙʣʦʢʘʤ ʨʘʟʤʝʨʥʦʩʪʠ ʥʝ ʙʦʣʝʝ 2Ĭ2. ʇʨʠ ʪʘʢʦʤ ʧʦʜʭʦʜʝ, ʚ ʩʠʣʫ 

ʦʨʪʦʛʦʥʘʣʴʥʦʩʪʠ ʤʦʜʘʣʴʥʦʛʦ ʨʘʟʣʦʞʝʥʠʷ, ʚʳʯʠʩʣʠʪʝʣʴʥʘʷ ʧʦʛʨʝʰʥʦʩʪʴ 

ʯʠʩʣʝʥʥʳʭ  ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʤʘʪʨʠʮ ʧʦʯʪʠ ʥʝ ʥʘʢʘʧʣʠʚʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʨʘʟʤʝʨʥʦʩʪʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʤʘʪʨʠʮʳ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʠ ʤʘʪʨʠʮʳ ʚʝʩʦʚʳʭ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʦʩʪʘʪʦʯʥʦ ʪʦʯʥʦ ʧʝʨʝʚʦʜʷʪ ʢʦʨʥʠ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʛʦ 

ʧʦʣʠʥʦʤʘ ʚ ʞʝʣʘʝʤʦʝ ʤʝʩʪʦ ʚ ʣʝʚʦʡ ʧʦʣʫʧʣʦʩʢʦʩʪʠ s-ʧʣʦʩʢʦʩʪʠ ʜʣʷ 

ʢʦʥʪʠʥʫʘʣʴʥʳʭ ʩʠʩʪʝʤ, ʣʠʙʦ ʚʦ ʚʥʫʪʨʝʥʥʶʶ ʦʙʣʘʩʪʴ ʝʜʠʥʠʯʥʦʡ ʦʢʨʫʞʥʦʩʪʠ 

z-ʧʣʦʩʢʦʩʪʠ ʜʣʷ ʜʠʩʢʨʝʪʥʳʭ ʩʠʩʪʝʤ. ʇʨʝʜʩʪʘʚʣʝʥʥʳʡ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʘʣʛʦʨʠʪʤ ʧʦʟʚʦʣʷʝʪ ʨʘʙʦʪʘʪʴ ʢʘʢ ʩ single-input single-output (SISO),  ʪʘʢ ʠ ʩ 

MIMO ʩʠʩʪʝʤʘʤʠ ʙʦʣʴʰʠʭ ʨʘʟʤʝʨʥʦʩʪʝʡ, ʙʝʟ ʩʫʱʝʩʪʚʝʥʥʦʡ ʧʦʪʝʨʠ ʪʦʯʥʦʩʪʠ 

ʚ ʨʘʟʤʝʱʝʥʠʠ ʢʦʨʥʝʡ ʟʘʤʳʢʘʝʤʦʡ ʩʠʩʪʝʤʳ, ʥʝ ʥʘʢʣʘʜʳʚʘʷ ʢʘʢʠʝ-ʣʠʙʦ 

ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʨʘʩʧʦʣʦʞʝʥʠʝ ʠ ʢʨʘʪʥʦʩʪʴ  ʢʦʨʥʝʡ (ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ) 

ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʥʘ ʢʦʤʧʣʝʢʩʥʦʡ ʧʣʦʩʢʦʩʪʠ. ɹʦʣʝʝ ʪʦʛʦ, ʚʩʝ ʤʘʪʨʠʯʥʳʝ 

ʦʧʝʨʘʮʠʠ, ʣʝʞʘʱʠʝ ʚ ʦʩʥʦʚʝ ʦʧʠʩʳʚʘʝʤʦʛʦ ʚ ʨʘʙʦʪʝ ʘʣʛʦʨʠʪʤʘ ʧʨʦʚʦʜʷʪʩʷ 

ʥʘʜ ʧʦʣʝʤ ʜʝʡʩʪʚʠʪʝʣʴʥʳʭ ʯʠʩʝʣ, ʯʪʦ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʝ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ 

ʧʦʷʚʣʝʥʠʶ ʤʥʠʤʦʡ (imaginary) ʩʦʩʪʘʚʣʷʶʱʝʡ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʧʦʛʨʝʰʥʦʩʪʠ.  
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2. ʎʝʣʴ ʨʘʙʦʪʳ 

ɻʣʘʚʥʦʡ ʮʝʣʴʶ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ 

ʯʠʩʣʝʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʤʦʜʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ ʫʧʨʘʚʣʝʥʠʷ MIMO 

ʜʠʥʘʤʠʯʝʩʢʠʤʠ ʩʠʩʪʝʤʘʤʠ (ʧʝʨʚʘʷ ʛʣʘʚʘ). ɼʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʜʦʣʞʝʥ ʠʤʝʪʴ 

ʚʦʟʤʦʞʥʦʩʪʴ ʦʩʫʱʝʩʪʚʣʷʪʴ ʧʦʠʩʢ ʢʘʢ ʤʘʪʨʠʮʳ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʜʣʷ 

ʤʦʜʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ ʨʝʛʫʣʷʪʦʨʘ, ʪʘʢ ʠ ʤʘʪʨʠʮʳ ʚʝʩʦʚʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʠ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʚʝʩʦʚʳʭ  ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʚ ʤʝʪʦʜʝ ʛʨʘʜʠʝʥʪʥʦʛʦ ʩʧʫʩʢʘ ʜʣʷ 

ʤʦʜʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ ʘʜʘʧʪʠʚʥʦʛʦ ʥʘʙʣʶʜʘʪʝʣʷ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʙʦʣʴʰʦʡ 

ʨʘʟʤʝʨʥʦʩʪʠ. ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʘʟʤʝʨʥʦʩʪʴ ʨʘʩʰʠʨʝʥʥʦʛʦ ʚʝʢʪʦʨʘ 

ʩʦʩʪʦʷʥʠʷ, ʚ ʩʦʩʪʘʚ ʢʦʪʦʨʦʛʦ  ʚʢʣʶʯʘʶʪʩʷ ʢʦʤʧʦʥʝʥʪʳ, ʦʧʠʩʳʚʘʶʱʠʝ 

ʠʜʝʥʪʠʬʠʮʠʨʫʝʤʳʝ ʧʘʨʘʤʝʪʨʳ ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ (ʧʦʩʣʝ ʝʝ 

ʣʠʥʝʘʨʠʟʘʮʠʠ) ʤʦʞʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʫʚʝʣʠʯʠʚʘʪʴʩʷ.  

ʇʦʤʠʤʦ ʨʘʟʨʘʙʦʪʢʠ ʩʘʤʦʛʦ ʘʣʛʦʨʠʪʤʘ ʮʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʝʛʦ 

ʪʝʩʪʠʨʦʚʘʥʠʝ ʠ ʜʝʤʦʥʩʪʨʘʮʠʷ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʥʘ ʧʨʠʤʝʨʝ ʥʝʢʦʪʦʨʳʭ 

ʟʘʜʘʯ ʠʟ ʦʙʣʘʩʪʠ ʫʧʨʘʚʣʝʥʠʷ ʜʚʠʞʝʥʠʝʤ ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ. 

 ʇʝʨʚʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʧʦʩʪʨʦʝʥʠʝ ʘʣʛʦʨʠʪʤʘ ʫʧʨʘʚʣʝʥʠʷ 

ʦʨʠʝʥʪʘʮʠʝʡ ʄʂʉ, ʚ ʨʝʞʠʤʝ ʧʦʠʩʢʘ ʠ ʧʦʜʜʝʨʞʘʥʠʷ ʨʘʚʥʦʚʝʩʥʦʡ 

ʦʨʙʠʪʘʣʴʥʦʡ ʦʨʠʝʥʪʘʮʠʠ  (ʚʪʦʨʘʷ ʛʣʘʚʘ). ʅʘ ʧʨʠʤʝʨʝ ʨʝʰʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ 

ʚ ʵʪʦʡ ʛʣʘʚʝ  ʟʘʜʘʯʠ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʩʪʴ 

ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʛʦ ʘʣʛʦʨʠʪʤʘ ʤʦʜʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʘʣʴʪʝʨʥʘʪʠʚʥʳʤʠ ʘʣʛʦʨʠʪʤʘʤʠ, ʨʝʘʣʠʟʦʚʘʥʥʳʤʠ ʚ ʚʠʜʝ ʬʫʥʢʮʠʡ ʚ ʩʨʝʜʝ 

MATLAB .  

ɺʪʦʨʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʘʜʘʧʪʠʚʥʦʛʦ ʘʣʛʦʨʠʪʤʘ 

ʫʧʨʘʚʣʝʥʠʷ ʜʚʠʞʝʥʠʝʤ ʢʦʩʤʠʯʝʩʢʦʡ ʧʣʘʪʬʦʨʤʳ ʩ ʚʨʘʱʘʶʱʠʤʩʷ ʩʦʣʥʝʯʥʳʤ 

ʧʘʨʫʩʦʤ (ʪʨʝʪʴʷ ʛʣʘʚʘ). ɺ ʩʬʦʨʤʫʣʠʨʦʚʘʥʥʦʡ ʚ ʵʪʦʡ ʛʣʘʚʝ ʟʘʜʘʯʝ ʨʝʰʘʝʪʩʷ 

ʧʨʦʙʣʝʤʘ ʧʦʩʪʨʦʝʥʠʷ ʟʘʢʦʥʘ ʫʧʨʘʚʣʝʥʠʝʤ ʦʨʠʝʥʪʘʮʠʝʡ ʢʦʩʤʠʯʝʩʢʦʛʦ 

ʘʧʧʘʨʘʪʘ ʩ ʜʚʦʡʥʳʤ ʚʨʘʱʝʥʠʝʤ ʧʨʠ ʥʝʧʦʣʥʦʤ ʩʦʩʪʘʚʝ ʠʟʤʝʨʝʥʠʡ ʠ ʧʨʠ 

ʥʘʣʠʯʠʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʠ. ʉ ʧʦʤʦʱʴʶ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʚ 

ʨʘʙʦʪʝ ʤʝʪʦʜʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʢʘʢ ʩʠʥʪʝʟ ʨʝʛʫʣʷʪʦʨʘ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʧʦ 
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ʦʮʝʥʢʘʤ ʢʦʤʧʦʥʝʥʪ ʨʘʩʰʠʨʝʥʥʦʛʦ ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ, ʪʘʢ ʠ ʧʦʩʪʨʦʝʥʠʝ 

ʥʘʙʣʶʜʘʪʝʣʷ, ʬʦʨʤʠʨʫʶʱʝʛʦ ʵʪʠ ʦʮʝʥʢʠ. ʇʨʠ ʵʪʦʤ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʢʘʢ 

ʘʩʠʤʧʪʦʪʠʯʝʩʢʘʷ ʩʭʦʜʠʤʦʩʪʴ ʦʮʝʥʦʢ ʚʩʝʭ ʢʦʤʧʦʥʝʥʪ ʨʘʩʰʠʨʝʥʥʦʛʦ ʚʝʢʪʦʨʘ  

ʩʦʩʪʦʷʥʠʷ, ʚʢʣʶʯʘʷ ʠʜʝʥʪʠʬʠʮʠʨʫʝʤʳʝ ʧʘʨʘʤʝʪʨʳ (ʢʦʥʢʨʝʪʥʦ - 

ʧʨʠʚʝʜʝʥʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʞʝʩʪʢʦʩʪʠ ʧʦʜʚʝʩʘ ʤʝʤʙʨʘʥʥʦʛʦ ʜʠʩʢʘ), ʪʘʢ ʠ 

ʘʩʠʤʧʪʦʪʠʯʝʩʢʘʷ ʫʩʪʦʡʯʠʚʦʩʪʴ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʦʚʝʜʝʥʠʷ  ʚ ʮʝʣʦʤ. 

 

3. ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ: 

1. ʈʘʟʨʘʙʦʪʘʥ ʥʦʚʳʡ ʘʣʛʦʨʠʪʤ ʤʦʜʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ  MIMO ʩʠʩʪʝʤ,  

ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʧʨʠʥʮʠʧʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ ʤʦʜ ʜʚʠʞʝʥʠʷ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ [25,26]. ʉʫʪʴ ʤʝʪʦʜʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ 

ʟʘʤʳʢʘʥʠʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʠʪʝʨʘʮʠʦʥʥʦʡ ʧʨʦʮʝʜʫʨʝ ʧʝʨʝʥʦʩʘ ʢʘʢ 

ʦʜʠʥʦʯʥʳʭ ʜʝʡʩʪʚʠʪʝʣʴʥʳʭ, ʪʘʢ ʠ ʢʦʤʧʣʝʢʩʥʦ ʩʦʧʨʷʞʝʥʥʳʭ ʧʘʨ 

ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ ʥʝʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʚ ʞʝʣʘʝʤʦʝ ʧʦʣʦʞʝʥʠʝ 

ʩʦʛʣʘʩʥʦ ʵʪʘʣʦʥʥʦʤʫ ʧʦʣʠʥʦʤʫ. ʅʘ ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ ʧʨʝʜʩʪʘʚʣʷʝʤʦʛʦ 

ʘʣʛʦʨʠʪʤʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦʠʩʢ çʵʣʝʤʝʥʪʘʨʥʦʡè ʤʘʪʨʠʮʳ ʦʙʨʘʪʥʦʡ 

ʩʚʷʟʠ, ʢʦʪʦʨʘʷ ʧʝʨʝʜʚʠʛʘʝʪ ʠʣʠ çʟʘʤʳʢʘʝʪè ʦʜʥʫ ʧʘʨʫ ʢʦʨʥʝʡ 

(ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ) ʚ ʞʝʣʘʝʤʦʝ ʧʦʣʦʞʝʥʠʝ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ 

ʦʩʫʱʝʩʪʚʣʷʪʴ ʩʠʥʪʝʟ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʩ ʤʠʥʠʤʘʣʴʥʳʤʠ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʤʠ ʧʦʛʨʝʰʥʦʩʪʷʤʠ, ʙʣʘʛʦʜʘʨʷ ʯʝʤʫ ʯʠʩʣʝʥʥʘʷ ʦʰʠʙʢʘ 

ʧʦʯʪʠ ʥʝ ʥʘʢʘʧʣʠʚʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʨʘʟʤʝʨʥʦʩʪʠ ʩʠʩʪʝʤʳ. 

ʈʝʟʫʣʴʪʠʨʫʶʱʘʷ ʤʘʪʨʠʮʘ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ, ʨʦʚʥʦ ʢʘʢ, ʠ 

ʨʝʟʫʣʴʪʠʨʫʶʱʘʷ ʤʘʪʨʠʮʘ ʚʝʩʦʚʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʚ ʟʘʜʘʯʝ ʧʦʩʪʨʦʝʥʠʷ 

ʘʜʘʧʪʠʚʥʦʛʦ ʥʘʙʣʶʜʘʪʝʣʷ, ʥʘʭʦʜʷʪʩʷ ʧʫʪʝʤ ʢʦʤʧʦʟʠʮʠʠ ʥʘʡʜʝʥʥʳʭ ʥʘ 

ʢʘʞʜʦʤ ʰʘʛʝ "ʵʣʝʤʝʥʪʘʨʥʳʭ" ʤʘʪʨʠʮ, ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʧʝʨʝʤʝʱʘʶʱʠʭ 

ʧʘʨʫ ʢʦʤʧʣʝʢʩʥʦ ʩʦʧʨʷʞʝʥʥʳʭ ʢʦʨʥʝʡ ʚ ʞʝʣʘʝʤʳʝ ʤʝʩʪʘ, ʪʝʤ ʩʘʤʳʤ 

ʟʘʤʳʢʘʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʫʶ ʤʦʜʫ ʜʚʠʞʝʥʠʷ. 
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2. ɺʚʝʜʝʥʦ ʧʦʥʷʪʠʝ ʦʙʦʙʱʝʥʥʦʛʦ ʧʦʣʠʥʦʤʘ ɹʘʪʪʝʨʚʦʨʪʘ, ʢʦʪʦʨʦʝ 

ʨʘʩʰʠʨʷʝʪ ʢʣʘʩʩ ʵʪʘʣʦʥʥʳʭ ʧʦʣʠʥʦʤʦʚ ʠ ʧʨʠʜʘʝʪ ʟʘʤʳʢʘʝʤʦʡ ʩʠʩʪʝʤʝ 

ʪʨʝʙʫʝʤʳʝ ʩʚʦʡʩʪʚʘ ʧʦ ʢʨʠʪʝʨʠʷʤ ʟʘʧʘʩʘ ʫʩʪʦʡʯʠʚʦʩʪʠ ʠ 

ʢʦʣʝʙʘʪʝʣʴʥʦʩʪʠ. ʂʣʘʩʩ ʚʚʝʜʝʥʥʳʭ ʦʙʦʙʱʝʥʥʳʭ ʵʪʘʣʦʥʥʳʭ ʧʦʣʠʥʦʤʦʚ 

ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʢʘʢ ʢʣʘʩʩʠʯʝʩʢʠʝ ʧʦʣʠʥʦʤʳ ɹʘʪʪʝʨʚʦʨʪʘ, ʪʘʢ ʠ ʙʠʥʦʤʳ 

ʅʴʶʪʦʥʘ.     

3. ʇʨʦʚʝʜʝʥʦ ʪʝʩʪʠʨʦʚʘʥʠʝ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʥʘ ʧʨʠʤʝʨʝ 

ʟʘʜʘʯʠ ʧʦʠʩʢʘ ʠ ʫʜʝʨʞʘʥʠʷ ʄʂʉ ʚ ʧʦʣʦʞʝʥʠʠ ʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʨʘʚʥʦʚʝʩʠʷ. ʅʘ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʨʝʟʫʣʴʪʘʪʳ ʩʨʘʚʥʝʥʠʷ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʩ ʘʥʘʣʦʛʘʤʠ, 

ʨʝʘʣʠʟʦʚʘʥʥʳʤʠ ʚ ʚʠʜʝ ʬʫʥʢʮʠʡ ʚ ʧʨʦʛʨʘʤʤʥʦʡ ʩʨʝʜʝ MATLAB , 

ʢʦʪʦʨʳʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʧʨʝʠʤʫʱʝʩʪʚʘ ʧʨʝʜʣʘʛʘʝʤʦʛʦ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʤʝʪʦʜʘ. 

4. ʈʘʟʨʘʙʦʪʘʥ ʘʜʘʧʪʠʚʥʳʡ ʘʣʛʦʨʠʪʤ ʫʧʨʘʚʣʝʥʠʷ ʦʨʠʝʥʪʘʮʠʝʡ 

ʧʣʘʪʬʦʨʤʳ ʩ ʚʨʘʱʘʶʱʠʤʩʷ ʩʦʣʥʝʯʥʳʤ ʧʘʨʫʩʦʤ ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤ 

ʘʢʪʠʚʥʦʤ ʜʝʤʧʬʠʨʦʚʘʥʠʠ ʫʧʨʫʛʠʭ ʢʦʣʝʙʘʥʠʡ ʚʨʘʱʘʶʱʝʛʦʩʷ 

ʤʝʤʙʨʘʥʥʦʛʦ ʜʠʩʢʘ. ʇʦʣʫʯʝʥʳ ʯʠʩʣʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʤʘʪʨʠʮ ʦʙʨʘʪʥʦʡ 

ʩʚʷʟʠ ʠ ʚʝʩʦʚʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʫʩʪʦʡʯʠʚʦʩʪʴ 

ʫʛʣʦʚʦʤʫ ʧʦʣʦʞʝʥʠʶ ʢʦʩʤʠʯʝʩʢʦʡ ʧʣʘʪʬʦʨʤʳ, ʘ ʪʘʢ ʞʝ ʩʭʦʜʠʤʦʩʪʴ 

ʦʮʝʥʦʢ ʥʝʠʟʚʝʩʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʠ 

ʥʝʠʟʤʝʨʷʝʤʳʭ ʥʘʧʨʷʤʫʶ ʧʝʨʝʤʝʥʥʳʭ ʜʚʠʞʝʥʠʷ ʢ ʠʭ ʬʘʢʪʠʯʝʩʢʠʤ 

ʟʥʘʯʝʥʠʷʤ. 

4. ʆʩʥʦʚʥʳʝ ʧʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ 

1. ɸʣʛʦʨʠʪʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ ʤʦʜ ʜʚʠʞʝʥʠʷ ʜʣʷ MIMO 

ʩʠʩʪʝʤ. ɸʥʘʣʠʪʠʯʝʩʢʠʝ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʨʘʩʯʝʪʘ ʤʘʪʨʠʮ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʥʘ 

ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ ʚ ʧʨʝʜʣʦʞʝʥʥʦʤ ʘʣʛʦʨʠʪʤʝ. ɺʘʨʠʘʮʠʠ ʘʣʛʦʨʠʪʤʘ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ ï ʜʣʷ ʤʦʜʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ single-input ʠ ʜʣʷ 

ʤʦʜʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ multi-input ʩʠʩʪʝʤ. 
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2. ʈʝʟʫʣʴʪʘʪʳ ʪʝʩʪʠʨʦʚʘʥʠʷ ʘʣʛʦʨʠʪʤʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ 

ʥʘ ʧʨʠʤʝʨʝ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʧʦʠʩʢʘ ʧʦʣʦʞʝʥʠʷ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ 

ʄʂʉ, ʦʙʫʩʣʦʚʣʝʥʥʦʛʦ ʨʘʚʝʥʩʪʚʦʤ ʥʫʣʶ ʩʫʧʝʨʧʦʟʠʮʠʠ ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ, 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʠ ʛʠʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʤʦʤʝʥʪʦʚ ʠ ʫʜʝʨʞʘʥʠʷ ʝʝ ʚ ʵʪʦʤ 

ʧʦʣʦʞʝʥʠʠ. ʈʘʩʯʝʪ ʢʦʤʧʦʥʝʥʪ ʤʘʪʨʠʮʳ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʜʣʷ ʩʠʩʪʝʤʳ 

ʫʧʨʘʚʣʝʥʠʷ ʦʨʠʝʥʪʘʮʠʝʡ ʄʂʉ ʧʦ ʢʘʥʘʣʘʤ ʢʨʝʥ-ʨʳʩʢʘʥʴʝ ʠ ʧʦ ʢʘʥʘʣʫ 

ʪʘʥʛʘʞʘ ʧʨʠ ʫʯʝʪʝ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʠ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʤʝʥʪʘ (ʚ ʨʘʤʢʘʭ 

ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʚʝʢʪʦʨ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʤʝʥʪʘ 

ʠʜʝʥʪʠʬʠʮʠʨʫʝʪʩʷ ʧʦ ʧʝʨʚʠʯʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʩ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʢʘʥʘʣʦʚ 

ʦʪ ʩʠʣʦʚʳʭ ʛʠʨʦʩʢʦʧʦʚ). 

3. ɸʜʘʧʪʠʚʥʳʡ ʘʣʛʦʨʠʪʤ ʫʧʨʘʚʣʝʥʠʷ ʜʚʠʞʝʥʠʝʤ ʢʦʩʤʠʯʝʩʢʦʡ 

ʧʣʘʪʬʦʨʤʳ ʩ ʚʨʘʱʘʶʱʠʤʩʷ ʩʦʣʥʝʯʥʳʤ ʧʘʨʫʩʦʤ. ʈʘʩʯʝʪʳ ʢʦʤʧʦʥʝʥʪ 

ʤʘʪʨʠʮʳ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʠ ʤʘʪʨʠʮʳ ʚʝʩʦʚʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ, ʢʘʢ ʘʢʪʠʚʥʦʝ ʜʝʤʧʬʠʨʦʚʘʥʠʝ ʫʧʨʫʛʠʭ ʢʦʣʝʙʘʥʠʡ 

ʚʨʘʱʘʶʱʝʛʦʩʷ ʤʝʤʙʨʘʥʥʦʛʦ ʜʠʩʢʘ ʩ ʮʝʥʪʨʘʣʴʥʦʡ ʞʝʩʪʢʦʡ ʚʩʪʘʚʢʦʡ, ʪʘʢ ʠ 

ʧʨʠʚʝʜʝʥʠʝ ʧʣʘʪʬʦʨʤʳ ʚ ʟʘʜʘʥʥʫʶ ʦʨʠʝʥʪʘʮʠʶ. 

5. ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʮʝʥʥʦʩʪʴ 

ʇʨʝʜʩʪʘʚʣʝʥʥʳʡ ʚ ʧʝʨʚʦʡ ʛʣʘʚʝ ʘʣʛʦʨʠʪʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ 

ʟʘʤʳʢʘʥʠʷ ʤʦʜ ʜʚʠʞʝʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥ ʜʣʷ ʩʠʥʪʝʟʘ ʟʘʢʦʥʦʚ 

ʫʧʨʘʚʣʝʥʠʷ, ʚ ʪʦʤ ʯʠʩʣʝ ʘʜʘʧʪʠʚʥʳʭ ʟʘʢʦʥʦʚ ʫʧʨʘʚʣʝʥʠʷ ʜʣʷ ʤʥʦʛʦʤʝʨʥʳʭ 

ʤʥʦʛʦʩʚʷʟʥʳʭ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʠʩʪʝʤ. ɼʦʩʪʦʠʥʩʪʚʦʤ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ 

ʚʳʩʦʢʘʷ ʪʦʯʥʦʩʪʴ ʚ ʨʘʟʤʝʱʝʥʠʠ ʢʦʨʥʝʡ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ, ʘ ʪʘʢ ʞʝ 

ʦʪʩʫʪʩʪʚʠʝ ʦʛʨʘʥʠʯʝʥʠʡ ʥʘ ʠʭ ʢʨʘʪʥʦʩʪʴ. ʕʪʦ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʜʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʜʣʷ ʩʠʥʪʝʟʘ ʨʝʛʫʣʷʪʦʨʦʚ ʜʣʷ ʩʠʩʪʝʤ ʙʦʣʴʰʠʭ ʨʘʟʤʝʨʥʦʩʪʝʡ, 

ʦʙʝʩʧʝʯʠʚʘʷ ʥʫʞʥʳʡ ʭʘʨʘʢʪʝʨ ʧʝʨʝʭʦʜʥʦʤʫ ʧʨʦʮʝʩʩʫ. ɺʦʟʤʦʞʥʳʝ ʩʮʝʥʘʨʠʠ 

ʧʨʠʤʝʥʝʥʠʷ ʘʣʛʦʨʠʪʤʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ ʚʢʣʶʯʘʶʪ ʚ ʩʝʙʷ 

ʟʘʜʘʯʠ ʧʦʩʪʨʦʝʥʠʷ ʟʘʢʦʥʦʚ ʫʧʨʘʚʣʝʥʠʷ ʚʟʘʠʤʥʳʤ ʧʦʣʦʞʝʥʠʝʤ ʘʧʧʘʨʘʪʦʚ 

(ʘʛʝʥʪʦʚ ʩʪʘʠ) ʚ ʩʧʫʪʥʠʢʦʚʦʡ ʬʦʨʤʘʮʠʠ, ʧʦʩʪʨʦʝʥʠʝ ʘʜʘʧʪʠʚʥʳʭ ʩʠʩʪʝʤ 
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ʫʧʨʘʚʣʝʥʠʷ ʦʨʠʝʥʪʘʮʠʡ ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʳʤʠ ʢʦʩʤʠʯʝʩʢʠʤʠ ʦʙʲʝʢʪʘʤʠ, ʪʘʢʠʭ 

ʢʘʢ ʄʂʉ, ʩ ʫʯʝʪʦʤ ʫʧʨʫʛʦʩʪʠ ʠʭ ʢʦʥʩʪʨʫʢʮʠʠ ʠ ʜʨʫʛʠʝ. 

ɸʜʘʧʪʠʚʥʳʡ ʘʣʛʦʨʠʪʤ ʫʧʨʘʚʣʝʥʠʷ ʫʛʣʦʚʳʤ ʧʦʣʦʞʝʥʠʝʤ ʢʦʩʤʠʯʝʩʢʦʡ 

ʧʣʘʪʬʦʨʤʳ ʩ ʚʨʘʱʘʶʱʠʤʩʷ ʩʦʣʥʝʯʥʳʤ ʧʘʨʫʩʦʤ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʚ ʪʨʝʪʴʝʡ 

ʛʣʘʚʝ, ʢʦʪʦʨʳʡ ʙʳʣ ʧʦʣʫʯʝʥ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ 

ʟʘʤʳʢʘʥʠʷ, ʦʪʨʳʚʘʝʪ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʚʦʟʤʦʞʥʦʩʪʝʡ ʧʦ ʩʦʟʜʘʥʠʶ ʘʣʛʦʨʠʪʤʦʚ 

ʫʧʨʘʚʣʝʥʠʷ ʦʨʠʝʥʪʘʮʠʝʡ ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʳʭ ʂɸ ʙʝʟ ʨʘʩʭʦʜʘ ʨʘʙʦʯʝʛʦ ʪʝʣʘ ʠ 

ʠʤʝʶʱʠʭ ʧʘʨʘʤʝʪʨʠʯʝʩʢʫʶ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʴ. 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʜʠʩʩʝʨʪʘʮʠʠ, ʚʢʣʶʯʝʥʳ ʚ 

ʣʝʢʮʠʦʥʥʳʝ ʢʫʨʩʳ "ɼʠʥʘʤʠʯʝʩʢʘʷ ʬʠʣʴʪʨʘʮʠʷ" ʠ "ʋʧʨʘʚʣʝʥʠʝ 

ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʳʤʠ ʢʦʩʤʠʯʝʩʢʠʤʠ ʢʦʥʩʪʨʫʢʮʠʷʤʠ", ʯʠʪʘʝʤʳʝ ʩʪʫʜʝʥʪʘʤ 

ʄʌʊʀ ʥʘ ʙʘʟʦʚʦʡ ʢʘʬʝʜʨʝ "ɸʵʨʦʬʠʟʠʯʝʩʢʘʷ ʤʝʭʘʥʠʢʘ ʠ ʫʧʨʘʚʣʝʥʠʝ 

ʜʚʠʞʝʥʠʝʤ" ʌɸʂʀ ʄʌʊʀ.    

 

6. ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʇʨʠ ʨʘʟʨʘʙʦʪʢʝ ʯʠʩʣʝʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʤʦʜʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ multi-input 

multi-output ʩʠʩʪʝʤ ʧʨʠʤʝʥʷʣʠʩʴ ʵʣʝʤʝʥʪʳ ʤʘʪʨʠʯʥʦʛʦ ʘʥʘʣʠʟʘ, ʣʠʥʝʡʥʦʡ 

ʘʣʛʝʙʨʳ, ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʤʘʪʝʤʘʪʠʢʠ. ɺʦ ʚʪʦʨʦʡ ʠ ʪʨʝʪʴʝʡ ʛʣʘʚʝ ʧʨʠ 

ʧʦʩʪʨʦʝʥʠʠ ʘʣʛʦʨʠʪʤʘ ʫʧʨʘʚʣʝʥʠʷ ʫʛʣʦʚʳʤ ʜʚʠʞʝʥʠʝʤ ʢʦʩʤʠʯʝʩʢʦʡ 

ʧʣʘʪʬʦʨʤʳ ʩ ʚʨʘʱʘʶʱʠʤʩʷ ʩʦʣʥʝʯʥʳʤ ʧʘʨʫʩʦʤ ʧʨʠʤʝʥʷʣʠʩʴ ʤʝʪʦʜʳ ʪʝʦʨʠʠ 

ʘʜʘʧʪʠʚʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ, ʪʝʦʨʠʠ ʤʦʜʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ ʣʠʥʝʡʥʳʭ ʨʝʛʫʣʷʪʦʨʦʚ.  

ɼʣʷ ʪʝʩʪʠʨʦʚʘʥʠʷ ʧʦʣʫʯʝʥʥʦʛʦ ʚ ʧʝʨʚʦʡ ʛʣʘʚʝ ʯʠʩʣʝʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ 

ʤʦʜʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ, ʘʜʘʧʪʠʚʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʫʧʨʘʚʣʝʥʠʷ ʦʨʠʝʥʪʘʮʠʝʡ ʂɸ ʩ 

ʩʦʣʥʝʯʥʳʤ ʧʘʨʫʩʦʤ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʤʝʪʦʜʳ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʩʨʝʜʝ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ 

MATLAB. ɺ ʭʦʜʝ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʠʤʝʥʷʣʠʩʴ ʢʦʥʝʯʥʦ-

ʨʘʟʥʦʩʪʥʳʝ ʤʝʪʦʜʳ ʯʠʩʣʝʥʥʦʛʦ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ, ʚ ʪʦʤ ʯʠʩʣʝ ʷʚʥʘʷ ʩʭʝʤʘ 

ʕʡʣʝʨʘ, ʘ ʪʘʢ ʞʝ ʤʝʪʦʜ ʈʫʥʛʝ-ʂʫʪʪʳ. 
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7. ɸʧʨʦʙʘʮʠʷ 

ʈʝʟʫʣʴʪʘʪʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʨʘʙʦʪʝ, ʤʝʪʦʜʳ ʠ ʘʣʛʦʨʠʪʤʳ 

ʜʦʢʣʘʜʳʚʘʣʠʩʴ, ʦʙʩʫʞʜʘʣʠʩʴ ʠ ʧʦʣʫʯʠʣʠ ʦʜʦʙʨʝʥʠʝ ʩʧʝʮʠʘʣʠʩʪʦʚ ʥʘ 

ʩʣʝʜʫʶʱʠʭ ʢʦʥʬʝʨʝʥʮʠʷʭ ʠ ʥʘʫʯʥʳʭ ʩʝʤʠʥʘʨʘʭ: 

1) 56 ï ʷ ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʄʌʊʀ, ʄʦʩʢʦʚʩʢʘʷ ʦʙʣʘʩʪʴ, ʛ. 

ɼʦʣʛʦʧʨʫʜʥʳʡ, ʄʌʊʀ, 25.11.2013 - 30.11.2013 ʛ. 

2) XXXVIII  ɸʂɸɼɽʄʀʏɽʉʂʀɽ ʏʊɽʅʀʗ ʇʆ ʂʆʉʄʆʅɸɺʊʀʂɽ 

(çʂʦʨʦʣʝʚʩʢʠʝ ʯʪʝʥʠʷè), ʄʦʩʢʚʘ, ʄɻʊʋ ʠʤ. ɹʘʫʤʘʥʘ, ʷʥʚʘʨʴ 2014 ʛ. 

3) ʂʆʅʌɽʈɽʅʎʀʗ çʋʇʈɸɺʃɽʅʀɽ ɺ ʄʆʈʉʂʀʍ ʀ 

ɸʕʈʆʂʆʉʄʀʏɽʉʂʀʍ ʉʀʉʊɽʄɸʍè (ʋʄɸʉ ï 2014), ʉʘʥʢʪ ï 

ʇʝʪʝʨʙʫʨʛ, ɻʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʥʘʫʯʥʳʡ ʮʝʥʪʨ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ 

ʆɸʆ çʎʅʀʀ çʕʣʝʢʪʨʦʧʨʠʙʦʨè, 07.10.2014 ï 09.10.2014. 

4) ʉʝʤʠʥʘʨ ʠʤ. ɺ.ɸ. ɽʛʦʨʦʚʘ ʧʦ ʤʝʭʘʥʠʢʝ ʢʦʩʤʠʯʝʩʢʦʛʦ ʧʦʣʝʪʘ, ʄʦʩʢʚʘ, 

ɻʣʘʚʥʦʝ ʟʜʘʥʠʝ ʄɻʋ, 22.10.2014. 

5) XX ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ ʠ ʩʧʝʮʠʘʣʠʩʪʦʚ, 

ʛ. ʂʦʨʦʣʝʚ, ʇɸʆ çʈʂʂ ʕʥʝʨʛʠʷè, 10.11.2014 ï 14.11.2014 

6) ʉʝʤʠʥʘʨ ʠʤ. ɺ.ɸ. ɽʛʦʨʦʚʘ ʧʦ ʤʝʭʘʥʠʢʝ ʢʦʩʤʠʯʝʩʢʦʛʦ ʧʦʣʝʪʘ, ʄʦʩʢʚʘ, 

ɻʣʘʚʥʦʝ ʟʜʘʥʠʝ ʄɻʋ, 23.09.2015. 

7) 58 ï ʷ ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʄʌʊʀ, ʄʦʩʢʦʚʩʢʘʷ ʦʙʣʘʩʪʴ, ʛ. 

ɼʦʣʛʦʧʨʫʜʥʳʡ, ʄʌʊʀ, 23.11.2015 - 28.11.2015 ʛ. 

8) XL ɸʂɸɼɽʄʀʏɽʉʂʀɽ ʏʊɽʅʀʗ ʇʆ ʂʆʉʄʆʅɸɺʊʀʂɽ 

(çʂʦʨʦʣʝʚʩʢʠʝ ʯʪʝʥʠʷè), ʄʦʩʢʚʘ, ʄɻʊʋ ʠʤ. ɹʘʫʤʘʥʘ, ʷʥʚʘʨʴ 2016 ʛ. 

9) ʉʝʤʠʥʘʨ ʠʤ. ɺ.ɸ. ɽʛʦʨʦʚʘ ʧʦ ʤʝʭʘʥʠʢʝ ʢʦʩʤʠʯʝʩʢʦʛʦ ʧʦʣʝʪʘ, ʄʦʩʢʚʘ, 

ɻʣʘʚʥʦʝ ʟʜʘʥʠʝ ʄɻʋ, 30.03.2016. 

10) ʂʦʥʬʝʨʝʥʮʠʷ çʆʨʙʠʪʘ ʄʦʣʦʜʝʞʠè ʠ ʧʝʨʩʧʝʢʪʠʚʳ ʨʘʟʚʠʪʠʷ 

ʨʦʩʩʠʡʩʢʦʡ ʢʦʩʤʦʥʘʚʪʠʢʠ, ʛ. ʉʘʤʘʨʘ, ʉɻɸʋ ʠʤ. ʉ.ʇ. ʂʦʨʦʣʝʚʘ, 8-9 

ʩʝʥʪʷʙʨʷ 2016 ʛ. 

11) ʂʆʅʌɽʈɽʅʎʀʗ çʋʇʈɸɺʃɽʅʀɽ ɺ ʄʆʈʉʂʀʍ ʀ 

ɸʕʈʆʂʆʉʄʀʏɽʉʂʀʍ ʉʀʉʊɽʄɸʍè (ʋʄɸʉ ï 2016), ʉʘʥʢʪ ï 
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ʇʝʪʝʨʙʫʨʛ, ɻʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʥʘʫʯʥʳʡ ʮʝʥʪʨ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ 

ʆɸʆ çʎʅʀʀ çʕʣʝʢʪʨʦʧʨʠʙʦʨè, 04.10.2016 ï 06.10.2016. 

12) XLI  ɸʂɸɼɽʄʀʏɽʉʂʀɽ ʏʊɽʅʀʗ ʇʆ ʂʆʉʄʆʅɸɺʊʀʂɽ 

(çʂʦʨʦʣʝʚʩʢʠʝ ʯʪʝʥʠʷè), ʄʦʩʢʚʘ, ʄɻʊʋ ʠʤ. ɹʘʫʤʘʥʘ, ʷʥʚʘʨʴ 2017 ʛ. 

13) ʉʝʤʠʥʘʨ ʠʤ. ɺ.ɸ. ɽʛʦʨʦʚʘ ʧʦ ʤʝʭʘʥʠʢʝ ʢʦʩʤʠʯʝʩʢʦʛʦ ʧʦʣʝʪʘ, 

ʄʦʩʢʚʘ, ɻʣʘʚʥʦʝ ʟʜʘʥʠʝ ʄɻʋ, 15.03.2017 

14) XLII  ɸʂɸɼɽʄʀʏɽʉʂʀɽ ʏʊɽʅʀʗ ʇʆ ʂʆʉʄʆʅɸɺʊʀʂɽ 

(çʂʦʨʦʣʝʚʩʢʠʝ ʯʪʝʥʠʷè), ʄʦʩʢʚʘ, ʄɻʊʋ ʠʤ. ɹʘʫʤʘʥʘ, ʷʥʚʘʨʴ 2018 ʛ. 

ʊʘʢʞʝ ʨʝʟʫʣʴʪʘʪʳ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʞʫʨʥʘʣʘʭ, ʚʭʦʜʷʱʠʭ ʚ ʧʝʨʝʯʝʥʴ 

ɺɸʂ (4 ʨʘʙʦʪʳ) ʠ ʚ ʦʜʥʦʡ ʤʦʥʦʛʨʘʬʠʠ. ʉʧʠʩʦʢ ʨʘʙʦʪ, ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʚ 

ʧʨʦʮʝʩʩʝ ʨʘʙʦʪʳ ʥʘʜ ʜʠʩʩʝʨʪʘʮʠʝʡ, ʧʦ ʝʝ ʪʝʤʝ, ʚʭʦʜʷʱʠʡ ʚ ʧʝʨʝʯʝʥʴ ɺɸʂ 

ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʧʨʠʣʦʞʝʥʠʠ 1. 

8. ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʜʠʩʩʝʨʪʘʮʠʠ 

ɼʠʩʩʝʨʪʘʮʠʷ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, ʪʨʸʭ ʛʣʘʚ, ʟʘʢʣʶʯʝʥʠʷ, ʧʨʠʣʦʞʝʥʠʷ ʠ 

ʩʧʠʩʢʘ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ. ʇʦʣʥʳʡ ʦʙʲʝʤ ʜʠʩʩʝʨʪʘʮʠʠ 131 

ʩʪʨʘʥʠʮ, ʚʢʣʶʯʘʷ 48 ʨʠʩʫʥʢʦʚ. ʉʧʠʩʦʢ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ 

ʥʘʩʯʠʪʳʚʘʝʪ 48 ʥʘʠʤʝʥʦʚʘʥʠʡ. 

ɺʦ ʚʚʝʜʝʥʠʠ ʦʙʦʩʥʦʚʳʚʘʝʪʩʷ ʘʢʪʫʘʣʴʥʦʩʪʴ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ, 

ʧʨʠʚʦʜʠʪʩʷ ʢʨʘʪʢʠʡ ʦʙʟʦʨ ʠ ʢʨʘʪʢʦʝ ʩʦʜʝʨʞʘʥʠʝ ʜʠʩʩʝʨʪʘʮʠʠ. 

ɺ ʧʝʨʚʦʡ ʛʣʘʚʝ ʧʨʠʚʦʜʠʪʩʷ ʧʦʜʨʦʙʥʦʝ ʦʧʠʩʘʥʠʝ ʘʣʛʦʨʠʪʤʘ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ, ʧʨʦʚʦʜʠʪʩʷ ʩʨʘʚʥʝʥʠʝ ʪʦʯʥʦʩʪʠ ʨʘʙʦʪʳ 

ʜʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʩ ʬʫʥʢʮʠʝʡ acker(), ʨʝʘʣʠʟʦʚʘʥʥʦʡ ʚ MATLAB . 

ɺʪʦʨʘ ̫ ʛʣʘʚʘ ʧʦʩʚʷʱʝʥʘ ʨʝʰʝʥʠʶ ʟʘʜʘʯʠ ʚʳʚʝʜʝʥʠʷ ʠ ʫʜʝʨʞʘʥʠʷ 

ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʩʤʠʯʝʩʢʦʡ ʩʪʘʥʮʠʠ ʚ ʧʦʣʦʞʝʥʠʠ ʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʨʘʚʥʦʚʝʩʠʷ. ɼʣʷ ʩʠʥʪʝʟʘ ʟʘʢʦʥʘ ʫʧʨʘʚʣʝʥʠʷ ʫʛʣʦʚʳʤ ʧʦʣʦʞʝʥʠʝʤ ʩʪʘʥʮʠʠ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʘʣʛʦʨʠʪʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ, ʧʨʝʜʩʪʘʚʣʷʝʤʳʡ ʚ 

ʜʠʩʩʝʨʪʘʮʠʠ. 

ɺ ʛʣʘʚʝ 3 ʨʝʰʘʝʪʩʷ ʟʘʜʘʯʘ ʧʦʩʪʨʦʝʥʠʷ ʘʜʘʧʪʠʚʥʦʛʦ ʘʣʛʦʨʠʪʤʘ 

ʫʧʨʘʚʣʝʥʠʷ ʜʚʠʞʝʥʠʝʤ ʢʦʩʤʠʯʝʩʢʦʡ ʧʣʘʪʬʦʨʤʳ ʩ ʚʨʘʱʘʶʱʠʤʩʷ ʩʦʣʥʝʯʥʳʤ 
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ʧʘʨʫʩʦʤ. ɺ ʜʘʥʥʦʡ ʟʘʜʘʯʝ ʧʦʤʠʤʦ ʩʠʥʪʝʟʘ ʨʝʛʫʣʷʪʦʨʘ ʤʝʪʦʜ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʘʜʘʧʪʠʚʥʦʛʦ 

ʥʘʙʣʶʜʘʪʝʣʷ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʛʦ ʠʜʝʥʪʠʬʠʢʘʮʠʶ ʥʝʠʟʚʝʩʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ 

ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ ʠ ʦʮʝʥʢʫ ʥʝʠʟʤʝʨʷʝʤʳʭ ʢʦʤʧʦʥʝʥʪ ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ. 

ɺ ʟʘʢʣʶʯʝʥʠʠ ʧʨʠʚʦʜʷʪʩʷ ʦʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ 

ʜʠʩʩʝʨʪʘʮʠʠ. 
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ɻʃɸɺɸ 1. ɸʃɻʆʈʀʊʄ 

ʇʆʉʃɽɼʆɺɸʊɽʃʔʅʆɻʆ ɿɸʄʓʂɸʅʀʗ ʄʆɼ 

ɼɺʀɾɽʅʀʗ 

 

 

 

 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʧʨʝʜʩʪʘʚʣʝʥ ʯʠʩʣʝʥʥʳʡ ʘʣʛʦʨʠʪʤ ʤʦʜʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ, 

ʧʦʟʚʦʣʷʶʱʠʡ ʧʦʣʫʯʘʪʴ ʢʘʢ ʤʘʪʨʠʮʳ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ, ʧʨʠʜʘʶʱʠʝ 

ʫʩʪʦʡʯʠʚʦʩʪʴ ʠʩʩʣʝʜʫʝʤʦʡ ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ, ʪʘʢ ʠ ʤʘʪʨʠʮʳ ʚʝʩʦʚʳʭ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʩʭʦʜʠʤʦʩʪʴ ʦʮʝʥʦʢ ʢʦʤʧʦʥʝʥʪ ʚʝʢʪʦʨʘ 

ʩʦʩʪʦʷʥʠʷ ʢ ʠʭ ʬʘʢʪʠʯʝʩʢʠʤ ʟʥʘʯʝʥʠʷʤ. 

ʇʝʨʝʜ ʪʝʤ, ʢʘʢ ʧʨʠʩʪʫʧʠʪʴ ʢ ʦʧʠʩʘʥʠʶ ʘʣʛʦʨʠʪʤʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ 

ʟʘʤʳʢʘʥʠʷ, ʥʝʦʙʭʦʜʠʤʦ ʜʘʪʴ ʥʝʢʦʪʦʨʳʝ ʦʙʱʠʝ ʩʚʝʜʝʥʠʷ, ʢʘʩʘʶʱʠʝʩʷ 

ʩʠʥʪʝʟʘ ʘʜʘʧʪʠʚʥʳʭ ʩʠʩʪʝʤ ʩ ʥʘʩʪʨʘʠʚʘʝʤʳʤʠ ʠ ʵʪʘʣʦʥʥʳʤʠ ʙʦʨʪʦʚʳʤʠ 

ʤʦʜʝʣʷʤʠ. 

 

1.1 ʆʙʱʠʝ ʧʦʣʦʞʝʥʠʷ ʪʝʦʨʠʠ ʧʦʩʪʨʦʝʥʠʷ 

ʘʜʘʧʪʠʚʥʳʭ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʩ ʥʘʩʪʨʘʠʚʘʝʤʦʡ 

ʤʦʜʝʣʴʶ. 

ʇʫʩʪʴ ʦʙʲʝʢʪ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʩʦʩʪʦʷʥʠʡ ʦʧʠʩʳʚʘʝʪʩʷ ʚ ʦʙʦʙʱʝʥʥʦʤ 

ʚʠʜʝ ʩʣʝʜʫʶʱʠʤʠ ʩʦʦʪʥʦʰʝʥʠʷʤʠ 

 ( , , , , , ),c t=x f x u a b v   (1.1)                                               

ʛʜʝ x  ï k-ʤʝʨʥʳʡ ʚʝʢʪʦʨ ʩʦʩʪʦʷʥʠʷ, ʧʦʜʣʝʞʘʱʠʡ ʦʮʝʥʢʝ; u  ï p-ʤʝʨʥʳʡ 

ʚʝʢʪʦʨ ʚʭʦʜʥʳʭ ʜʝʪʝʨʤʠʥʠʨʦʚʘʥʥʳʭ ʚʦʟʜʝʡʩʪʚʠʡ (ʜʘʣʝʝ ʧʦ ʪʝʢʩʪʫ ï ʚʝʢʪʦʨ 
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ʫʧʨʘʚʣʝʥʠʷ ʩʯʠʪʘʝʪʩʷ ʠʟʚʝʩʪʥʳʤ); a ï q-ʤʝʨʥʳʡ ʚʝʢʪʦʨ ʧʘʨʘʤʝʪʨʦʚ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ, ʧʦʜʣʝʞʘʱʠʡ ʠʜʝʥʪʠʬʠʢʘʮʠʠ, b  r-ʤʝʨʥʳʡ ï ʚʝʢʪʦʨ 

ʧʘʨʘʤʝʪʨʦʚ ʠʩʧʦʣʥʠʪʝʣʴʥʳʭ ʦʨʛʘʥʦʚ ʂɸ, ʧʦʜʣʝʞʘʱʠʡ ʠʜʝʥʪʠʬʠʢʘʮʠʠ,  vï 

l-ʤʝʨʥʳʡ ʚʝʢʪʦʨ ʩʣʫʯʘʡʥʳʭ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ, ʚʢʣʶʯʘʷ ʰʫʤʳ, 

ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʥʝʩʦʚʝʨʰʝʥʩʪʚʦʤ ʠʟʛʦʪʦʚʣʝʥʠʷ ʠʩʧʦʣʥʠʪʝʣʴʥʳʭ ʦʨʛʘʥʦʚ ʂɸ;   

cf ï ʚʝʢʪʦʨ-ʬʫʥʢʮʠʷ, ʦʧʠʩʳʚʘʶʱʘʷ ʚʦ ʚʨʝʤʝʥʠ ʜʠʥʘʤʠʢʫ ʂɸ, ʠʥʜʝʢʩ ʩ 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʬʫʥʢʮʠʷ cf  
ʥʝʧʨʝʨʳʚʥʘʷ ʬʫʥʢʮʠʷ ʢʦʥʪʠʥʫʘʣʴʥʦʛʦ 

ʚʨʝʤʝʥʠ. 

ʆʙʦʙʱʝʥʥʘʷ ʤʦʜʝʣʴ  ʠʟʤʝʨʝʥʠʡ (ʥʘʙʣʶʜʝʥʠʡ) ʜʘʪʯʠʢʦʚʦʡ ʘʧʧʘʨʘʪʫʨʳ 

ʂɸ ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ ʚʠʜʝ 

 ( , , , )t=y g x c w   (1.2) 

ɿʜʝʩʴ yï m-ʤʝʨʥʳʡ ʚʳʭʦʜʥʦʡ ʚʝʢʪʦʨ (ʜʘʣʝʝ ʧʦ ʪʝʢʩʪʫ ï ʚʝʢʪʦʨ 

ʠʟʤʝʨʝʥʠʡ), ʬʦʨʤʠʨʫʝʤʳʡ ʚ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʢʘʥʘʣʘʭ ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ 

ʵʣʝʤʝʥʪʦʚ ʂɸ (ʩʯʠʪʘʝʪʩʷ ʠʟʚʝʩʪʥʳʤ). cï s-ʤʝʨʥʳʡ ʚʝʢʪʦʨ ʧʘʨʘʤʝʪʨʦʚ 

ʜʘʪʯʠʢʦʚʦʡ ʘʧʧʘʨʘʪʫʨʳ ʂɸ, ʧʦʜʣʝʞʘʱʠʡ ʠʜʝʥʪʠʬʠʢʘʮʠʠ. wï t-ʤʝʨʥʳʡ 

ʚʝʢʪʦʨ ʨʝʟʫʣʴʪʠʨʫʶʱʝʛʦ ʰʫʤʘ ʥʘʙʣʶʜʝʥʠʡ ʚ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʢʘʥʘʣʘʭ 

ʜʘʪʯʠʢʦʚʦʡ ʘʧʧʘʨʘʪʫʨʳ ʂɸ, ʚʦʟʥʠʢʘʶʱʠʡ ʠʟ-ʟʘ ʥʝʠʟʙʝʞʥʳʭ ʜʝʬʝʢʪʦʚ 

ʠʟʛʦʪʦʚʣʝʥʠʷ ʧʨʠʙʦʨʦʚ, ʧʝʨʝʧʘʜʘʚ ʪʝʤʧʝʨʘʪʫʨ, ʬʣʫʢʪʫʘʮʠʡ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʪʦʢʘ (ʜʨʦʙʦʚʦʡ ʵʬʬʝʢʪ) ʠ ʤʥʦʞʝʩʪʚʘ ʜʨʫʛʠʭ ʧʨʠʯʠʥ. gïʚʝʢʪʦʨ-ʬʫʥʢʮʠʷ, 

ʦʧʠʩʳʚʘʶʱʘʷ ʤʘʪʝʤʘʪʠʯʝʩʢʫʶ ʤʦʜʝʣʴ ʜʘʪʯʠʢʦʚʦʡ ʘʧʧʘʨʘʪʫʨʳ. ɼʘʣʝʝ ʧʦ 

ʪʝʢʩʪʫ ʩʦʦʪʥʦʰʝʥʠʷ ʤʝʞʜʫ ʨʘʟʤʝʨʥʦʩʪʷʤʠ ʚʝʢʪʦʨʦʚ a, b , c, v , w  

ʦʛʦʚʘʨʠʚʘʶʪʩʷ ʚ ʢʘʞʜʦʤ ʢʦʥʢʨʝʪʥʦʤ ʩʣʫʯʘʝ. 

ɺ ʜʘʣʴʥʝʡʰʝʤ ʦʙʲʝʢʪ ʫʧʨʘʚʣʝʥʠʷ ʠ ʝʛʦ ʙʦʨʪʦʚʘʷ ʤʦʜʝʣʴ ʙʫʜʫʪ 

ʦʧʠʩʳʚʘʪʴʩʷ ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʳʤʠ ʫʨʘʚʥʝʥʠʷʤʠ ʩ ʜʠʩʢʨʝʪʥʳʤ ʚʨʝʤʝʥʝʤ. 

ʇʨʠ ʵʪʦʤ ʧʝʨʠʦʜ ʢʚʘʥʪʦʚʘʥʠʷ ʧʦ ʚʨʝʤʝʥʠ h=0.2 c. 

ɼʠʩʢʨʝʪʥʳʡ ʘʥʘʣʦʛ ʫʨʘʚʥʝʥʠʡ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ (1.1), (1.2) ʚ ʩʣʫʯʘʝ 

ʜʝʪʝʨʤʠʥʠʨʦʚʘʥʥʦʛʦ ʦʧʠʩʘʥʠʷ ʠʤʝʶʪ ʩʣʝʜʫʶʱʫʶ ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʫʶ 

ʬʦʨʤʫ 
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 ( ) () ()() ()1 ( , , , , ),dn n n n n n+ =x f x u a b   (1.3) 

 () () ()()( , , , )n n n n n=y g x u c   (1.4) 

ʛʜʝ df ï ʚʝʢʪʦʨ-ʬʫʥʢʮʠʷ,  ʜʠʩʢʨʝʪʥʦʛʦ ʚʨʝʤʝʥʠ   ʛʜʝ 0,1,t n h n= Ö = . 

ʇʦʩʢʦʣʴʢʫ ʚʝʢʪʦʨʘ ʧʘʨʘʤʝʪʨʦʚ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ ,  , a b c, ʚ 

ʙʦʣʴʰʠʥʩʪʚʝ ʧʨʘʢʪʠʯʝʩʢʠʭ ʟʘʜʘʯ ʧʦʩʪʦʷʥʥʳ, ʪʦ, ʢʘʢ ʬʫʥʢʮʠʠ ʚʨʝʤʝʥʠ, ʦʥʠ 

ʟʘʜʘʶʪʩʷ ʫʨʘʚʥʝʥʠʷʤʠ 

 ,  , = = =a 0 b 0 c 0  (1.5) 

ʠʣʠ ʚ ʜʠʩʢʨʝʪʥʦʤ ʚʘʨʠʘʥʪʝ 

 ( ) () ( ) () ( ) ()1 ,  1 = , 1n n n n n n+ = + + =a a b b c c   (1.6) 

ʆʯʝʚʠʜʥʦ, ʯʪʦ ʙʦʨʪʦʚʘʷ ʤʦʜʝʣʴ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ ʜʦʣʞʥʘ 

ʦʧʠʩʳʚʘʪʴʩʷ ʪʝʤʠ ʞʝ ʫʨʘʚʥʝʥʠʷʤʠ, ʯʪʦ ʠ ʩʘʤ ʦʙʲʝʢʪ 

 ( ) () ()() ()Ĕ ĔĔĔ Ĕ1 ( , , , , ),dn n n n n n+ =x f x u a b   (1.7) 

ʛʜʝ ( )ĔĔ 1n+x ï ʧʨʦʛʥʦʟ ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ ʜʦ ʢʦʨʨʝʢʮʠʠ ʧʦ 

ʠʥʬʦʨʤʘʮʠʠ ʦʪ ʜʘʪʯʠʢʦʚʦʡ ʘʧʧʘʨʘʪʫʨʳ (( ) ( )ĔĔ 1 1|n n n+ ¹ +x x ï

ʘʧʨʠʦʨʥʘʷ ʦʮʝʥʢʘ ʥʘ n-ʤ ʪʘʢʪʝ); () ( )Ĕ |n n n¹x x  ï ʘʧʦʩʪʝʨʠʦʨʥʘʷ ʦʮʝʥʢʘ 

ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ ʜʠʥʘʤʠʢʠ ʂɸ ʚ ʙʦʨʪʦʚʦʡ ʤʦʜʝʣʠ ʧʦʩʣʝ ʢʦʨʨʝʢʮʠʠ ʥʘ n-ʦʤ 

ʪʘʢʪʝ; ()Ĕna  ï ʚʝʢʪʦʨ ʠʜʝʥʪʠʬʠʮʠʨʫʝʤʳʭ ʧʘʨʘʤʝʪʨʦʚ ʚ ʙʦʨʪʦʚʦʡ ʤʦʜʝʣʠ 

ʜʠʥʘʤʠʢʠ ʂɸ; ()Ĕnb  ï ʚʝʢʪʦʨ ʠʜʝʥʪʠʬʠʮʠʨʫʝʤʳʭ ʧʘʨʘʤʝʪʨʦʚ ʙʦʨʪʦʚʦʡ 

ʤʦʜʝʣʠ ʠʩʧʦʣʥʠʪʝʣʴʥʳʭ ʦʨʛʘʥʦʚ ʂɸ. ɹʦʨʪʦʚʘʷ ʤʦʜʝʣʴ ʜʦʣʞʥʘ ʙʳʪʴ 

ʩʢʦʨʨʝʢʪʠʨʦʚʘʥʘ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʠʟʤʝʨʝʥʠʷʤʠ ʜʘʪʯʠʢʦʚʦʡ ʘʧʧʘʨʘʪʫʨʳ, ʪʦ 

ʝʩʪʴ ʩʦʜʝʨʞʘʪʴ ʧʦʧʨʘʚʦʯʥʳʡ ʯʣʝʥ, ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳʡ ʨʘʟʥʦʩʪʠ ʤʝʞʜʫ 

ʬʘʢʪʠʯʝʩʢʠʤ ʚʝʢʪʦʨʦʤ ʠʟʤʝʨʝʥʠʡ  ()ny  ʠ ʝʛʦ ʘʥʘʣʦʛʦʤ 

( )()Ĕ ĔĔ( 1 , , )n n n+g x c , ʩʬʦʨʤʠʨʦʚʘʥʥʳʤ ʵʤʫʣʷʪʦʨʦʤ ʠʟʤʝʨʠʪʝʣʷ (ʜʘʪʯʠʢʘ), 

ʚʭʦʜʷʱʠʤ ʚ ʩʦʩʪʘʚ ʙʦʨʪʦʚʦʡ ʤʦʜʝʣʠ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ: 
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 () () ( )()Ĕ ĔĔ 1 , , .n n n n nè ø= - +
ê ú

Ů y g x c   (1.8) 

ɿʜʝʩʴ ()Ĕnc  ï ʚʝʢʪʦʨ ʠʜʝʥʪʠʬʠʮʠʨʫʝʤʳʭ ʧʘʨʘʤʝʪʨʦʚ ʤʦʜʝʣʠ 

ʜʘʪʯʠʢʦʚʦʡ ʘʧʧʘʨʘʪʫʨʳ; ()nŮ  ï m-ʤʝʨʥʳʡ ʚʝʢʪʦʨ, ʢʦʪʦʨʳʡ ʜʘʣʝʝ ʧʦ ʪʝʢʩʪʫ 

ʠʤʝʥʫʝʪʩʷ  ʚʝʢʪʦʨʦʤ ʥʝʚʷʟʦʢ ʠ ʭʘʨʘʢʪʝʨʠʟʫʝʪ m-ʤʝʨʥʫʶ ʬʫʥʢʮʠʶ 

(ʩʫʧʝʨʧʦʟʠʮʠʶ) ʦʰʠʙʦʢ ʚ ʦʮʝʥʢʝ ʢʦʤʧʦʥʝʥʪ n-ʤʝʨʥʦʛʦ ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ x  

ʠ q+r+s - ʤʝʨʥʦʛʦ ʚʝʢʪʦʨʘ 
T

T T Tè ø=ê úp a b c  ʧʘʨʘʤʝʪʨʦʚ ʩʠʩʪʝʤʳ  ʥʘ n-ʦʤ 

ʪʘʢʪʝ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʝʨʘ ʙʣʠʟʦʩʪʠ ʬʘʢʪʠʯʝʩʢʦʛʦ ʧʦʚʝʜʝʥʠʷ ʦʙʲʝʢʪʘ 

ʫʧʨʘʚʣʝʥʠʷ ʠ ʝʛʦ ʙʦʨʪʦʚʦʡ ʤʦʜʝʣʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʬʫʥʢʮʠʦʥʘʣʦʤ ʚ ʚʠʜʝ 

ʢʚʘʜʨʘʪʠʯʥʦʡ ʬʦʨʤʳ ʦʪ ʚʝʢʪʦʨʘ ʥʝʚʷʟʦʢ

 

() () ()

() ( )(){ } () ( )(){ }

1
                                    ( )

2

1 Ĕ ĔĔ ĔĔ Ĕ1 , , ( ) 1 , , ,
2

T

T

n n n n

n n n n n n n n n

F = =

è ø è ø- + - +
ê ú ê ú

Ů R Ů

y g x c R y g x c

  (1.9) 

ʛʜʝ Rï ʧʦʣʦʞʠʪʝʣʴʥʦ ʦʧʨʝʜʝʣʝʥʥʘʷ ʤʘʪʨʠʮʘ ʚʝʩʦʚ ʠʟʤʝʨʝʥʠʡ. ɼʘʣʝʝ, ʝʩʣʠ 

ʵʪʦ ʦʪʜʝʣʴʥʦ ʥʝ ʦʛʦʚʦʨʝʥʦ,  ʙʫʜʝʤ ʧʦʣʘʛʘʪʴ ʜʣʷ ʢʨʘʪʢʦʩʪʠ ʠʟʣʦʞʝʥʠʷ ʠ ʙʝʟ 

ʦʩʦʙʦʛʦ ʫʱʝʤʣʝʥʠʷ ʦʙʱʥʦʩʪʠ =R I  ï ʝʜʠʥʠʯʥʦʡ ʤʘʪʨʠʮʝʡ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʨʘʟʤʝʨʥʦʩʪʠ. 

ʂʦʨʨʝʢʮʠʷ ʙʦʨʪʦʚʦʡ ʤʦʜʝʣʠ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʤʝʪʦʜʦʤ ʛʨʘʜʠʝʥʪʥʦʛʦ 

ʩʧʫʩʢʘ. ɼʣʷ ʦʮʝʥʦʢ ʢʦʤʧʦʥʝʥʪ ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ: 

 

( ) ( )
()

() () () ()
()

ĔĔ Ĕ                   1 1
Ĕ

ĔĔĔ( , , , , )
Ĕ

x

d x

n n
n

n n n k n
n

å õµF
+ = + - =æ öæ öµç ÷

å õµF
= - æ öæ öµç ÷

x x W
x

f x u a b W
x

  (1.10) 

ʠ ʜʣʷ ʦʮʝʥʦʢ ʩʦʚʦʢʫʧʥʦʩʪʠ ʢʦʤʧʦʥʝʥʪ ʧʘʨʘʤʝʪʨʦʚ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ: 
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( ) ()
()

( ) ()
()

( ) ()
()

Ĕ Ĕ1 ;
Ĕ

Ĕ Ĕ1 = ;
Ĕ

Ĕ Ĕ1  ,
Ĕ

a

b

c

n n
n

n n
n

k n
n

å õµF
+ = -æ öæ öµç ÷

å õµF
+ - æ öæ öµç ÷

å õµF
+ = -æ öæ öµç ÷

a a W
a

b b W
b

c c W
c

  (1.11) 

ʛʜʝ ,  ,  ,  x a b cW W W W  ï ʤʘʪʨʠʮʳ ʚʝʩʦʚʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʨʘʟʤʝʨʥʦʩʪʝʡ. ɺʠʜ ʵʪʠʭ ʤʘʪʨʠʮ ʦʧʨʝʜʝʣʷʝʪ ʤʝʪʦʜ 

ʦʮʝʥʠʚʘʥʠʷ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʯʠʩʣʦʚʳʝ ʟʥʘʯʝʥʠʷ ʢʦʤʧʦʥʝʥʪ ʵʪʠʭ ʤʘʪʨʠʮ 

ʚʳʯʠʩʣʷʶʪʩʷ ʤʝʪʦʜʦʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ ʠʟ ʩʦʦʙʨʘʞʝʥʠʡ 

ʦʙʝʩʧʝʯʝʥʠʷ ʘʩʠʤʧʪʦʪʠʯʝʩʢʦʡ ʩʭʦʜʠʤʦʩʪʠ ʦʮʝʥʠʚʘʝʤʳʭ ʧʝʨʝʤʝʥʥʳʭ ʠ 

ʧʘʨʘʤʝʪʨʦʚ ʩʠʩʪʝʤʳ ʢ ʠʭ ʬʘʢʪʠʯʝʩʢʠʤ ʟʥʘʯʝʥʠʷʤ. 

 ɻʨʘʜʠʝʥʪʳ, ʧʨʠʩʫʪʩʪʚʫʶʱʠʝ  ʚ (1.10) ʠ (1.11), ʙʝʨʫʪʩʷ ʚ ʩʠʣʫ ʫʨʘʚʥʝʥʠʡ 

ʜʚʠʞʝʥʠʷ (1.7), (1.8), ʟʘʧʨʦʛʨʘʤʤʠʨʦʚʘʥʥʳʭ ʚ ʙʦʨʪʦʚʦʤ ʢʦʤʧʴʶʪʝʨʝ. ʉʣʝʜʫʷ 

ʧʨʘʚʠʣʘʤ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʷ ʢʚʘʜʨʘʪʠʯʥʦʡ ʬʦʨʤʳ ʠ, ʜʘʣʝʝ, ʩʣʦʞʥʦʡ 

ʚʝʢʪʦʨʥʦʡ ʬʫʥʢʮʠʠ, ʠʤʝʝʤ: 
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()
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=- =-æ ö æ öæ öæ ö æ ö æ öµ µ µ µµ + µ +ç ÷ ç ÷ ç ÷
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n

n n

å õå õµF µ +µµ µ
=-æ öæ ö
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å õ å õµF µ µ
=-æ ö æ öæ ö æ öµ µ µç ÷ ç ÷

x fŮ g
Ů

g fb bx

Ů g
Ů

c g c

 

ʛʜʝ ()
T
Öï ʦʧʝʨʘʮʠʷ ʪʨʘʥʩʧʦʥʠʨʦʚʘʥʠʷ. ɿʘʤʝʪʠʤ, ʯʪʦ ʚ ʩʠʣʫ (1.7) ʠ (1.8).   
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( )ĔĔ 1
k k

d

n
³
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=

µ

x
I

f
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m m³

µ
=-

µ

Ů
I

g
, 

ʛʜʝ Iï ʝʜʠʥʠʯʥʘʷ ʤʘʪʨʠʮʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʨʘʟʤʝʨʥʦʩʪʠ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʙʦʙʱʝʥʥʳʝ ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʳʝ ʫʨʘʚʥʝʥʠʷ ʙʦʨʪʦʚʦʡ 

ʤʦʜʝʣʠ ʩ ʢʦʨʨʝʢʮʠʝʡ ʦʪ ʠʟʤʝʨʝʥʠʡ, ʦʧʠʩʳʚʘʶʱʠʝ ʧʦʚʝʜʝʥʠʝ ʦʮʝʥʦʢ 

ʧʝʨʝʤʝʥʥʳʭ ʠ ʧʘʨʘʤʝʪʨʦʚ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ, ʧʨʠʦʙʨʝʪʘʶʪ ʚʠʜ: 

( ) () () () ()
() ( )

() ( )()( )

( ) ()
() ( )

() ( )()( )

( ) ()
() ( )

()

ĔĔĔ Ĕ1 ( , , , , )
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Ĕ ĔĔ 1 , , ;
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d
a
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d
b

n n n n n n
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n n n
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å õå õµ µ
+ = + Öæ öæ ö

æ öµ µ +ç ÷ç ÷

è øÖ - +
ê ú

å õå õµ µ è ø+ = + - +æ öæ ö ê úæ öµ µ +ç ÷ç ÷

å õå õµ µ
+ + -æ öæ öæ öæ öµ µ +ç ÷ç ÷

f g
x f x u a b W

x x

y g x c

f g
a a W y g x c

a x

f g
b b W y g

b x
( )()( )

( ) ()
()

() ( )()( )

Ĕ ĔĔ 1 , , ;

ĔĔ Ĕ ĔĔ1  1 , , .
Ĕ

T

c

n n n

n n n n n n
n

è ø+
ê ú

å õµ è ø+ = + - +æ ö ê úµç ÷

x c

g
c c W y g x c

c

  (1.12) 

ʇʦʣʫʯʝʥʥʳʝ ʠʪʝʨʘʮʠʦʥʥʳʝ ʫʨʘʚʥʝʥʠʷ ʜʣʷ ʦʜʥʦʚʨʝʤʝʥʥʦʛʦ ʦʮʝʥʠʚʘʥʠʷ 

ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ ʠ ʧʘʨʘʤʝʪʨʦʚ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ ʚʝʩʴʤʘ ʦʙʱʝʛʦ ʚʠʜʘ, ʠ ʩ 

ʧʨʘʢʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʦʥʠ ʤʘʣʦʧʨʠʛʦʜʥʳ ʜʣʷ ʩʠʥʪʝʟʘ ʙʦʨʪʦʚʦʛʦ 

ʘʣʛʦʨʠʪʤʘ, ʬʫʥʢʮʠʦʥʠʨʫʶʱʝʛʦ ʚ ʨʝʞʠʤʝ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ, ʧʦ ʜʚʫʤ 

ʧʨʠʯʠʥʘʤ. ʇʝʨʚʘʷ ï ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʤʝʪʦʜʘ ʛʨʘʜʠʝʥʪʥʦʛʦ 

ʩʧʫʩʢʘ ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʠʜʝʥʪʠʬʠʮʠʨʫʝʤʳʝ ʧʘʨʘʤʝʪʨʳ ʩʠʩʪʝʤʳ ʠʣʠ ʚ 

ʦʙʱʝʤ ʩʣʫʯʘʝ ʠʭ ʥʝʣʠʥʝʡʥʳʝ ʢʦʤʙʠʥʘʮʠʠ ʣʠʥʝʡʥʦ ʟʘʚʠʩʝʣʠ ʦʪ ʠʟʤʝʨʷʝʤʳʭ 

ʧʝʨʝʤʝʥʥʳʭ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʬʫʥʢʮʠʷ ʰʪʨʘʬʘ  ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʮʝʥʦʢ 

ʢʦʤʧʦʥʝʥʪ ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ ʠ ʦʮʝʥʠʚʘʝʤʳʭ ʧʘʨʘʤʝʪʨʦʚ ʙʫʜʝʪ ʚʩʝʛʜʘ 

ʫʥʠʤʦʜʘʣʴʥʦʡ (ʚʳʧʫʢʣʦʡ ʧʦ ʠʜʝʥʪʠʬʠʮʠʨʫʝʤʳʤ ʧʘʨʘʤʝʪʨʘʤ) [27], ʯʪʦ 

ʛʘʨʘʥʪʠʨʫʝʪ ʥʝʩʤʝʱʝʥʥʦʩʪʴ ʠ ʩʦʩʪʦʷʪʝʣʴʥʦʩʪʴ ʦʮʝʥʦʢ. ɺʪʦʨʘʷ ï ʚʚʠʜʫ 

ʦʛʨʘʥʠʯʝʥʥʦʩʪʠ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʤʦʱʥʦʩʪʠ ʙʦʨʪʦʚʦʛʦ ʢʦʤʧʴʶʪʝʨʘ ʠ 

ʪʨʝʙʦʚʘʥʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʦʮʝʥʦʢ ʚ ʨʝʞʠʤʝ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ, ʦʩʥʦʚʥʦʡ 
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ʘʢʮʝʥʪ ʧʨʠ ʨʝʘʣʠʟʘʮʠʠ ʘʜʘʧʪʠʚʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʜʦʣʞʝʥ ʙʳʪʴ ʩʜʝʣʘʥ ʥʘ 

ʧʨʦʩʪʦʪʫ, ʥʘʜʝʞʥʦʩʪʴ ʠ ʫʩʪʦʡʯʠʚʦʩʪʴ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʧʨʦʮʝʩʩʘ. ʇʦʵʪʦʤʫ 

ʤʳ ʚʳʥʫʞʜʝʥʳ ʩʫʟʠʪʴ ʢʣʘʩʩ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʬʫʥʢʮʠʡ df ʠ g  ʜʦ ʣʠʥʝʡʥʦ 

ʟʘʚʠʩʷʱʠʭ ʦʪ ʢʦʤʧʦʥʝʥʪ ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ ʠ ʧʘʨʘʤʝʪʨʦʚ ʩʠʩʪʝʤʳ. ʉ ʫʯʝʪʦʤ 

ʚʳʰʝʩʢʘʟʘʥʥʦʛʦ ʩʦʚʦʢʫʧʥʦʩʪʴ ʫʨʘʚʥʝʥʠʡ (1.12) ʙʫʜʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʚ 

ʣʠʥʝʘʨʠʟʦʚʘʥʥʦʤ ʚʠʜʝ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʙʣʠʟʦʩʪʠ ʦʮʝʥʠʚʘʝʤʳʭ ʢʦʤʧʦʥʝʥʪ 

ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ ʠ ʠʜʝʥʪʠʬʠʮʠʨʫʝʤʳʭ (ʥʘʩʪʨʘʠʚʘʝʤʳʭ) ʧʘʨʘʤʝʪʨʦʚ 

ʙʦʨʪʦʚʦʡ ʤʦʜʝʣʠ ʢ ʠʭ ʬʘʢʪʠʯʝʩʢʠʤ ʟʥʘʯʝʥʠʷʤ. 

ɼʘʣʝʝ ʧʦ ʪʝʢʩʪʫ ʙʫʜʫʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʬʫʥʢʮʠʠ df ʠ g  ʩʣʝʜʫʶʱʝʛʦ 

ʚʠʜʘ: 

() ()() () ( ) () ()( ) ()Ĕ ĔĔ ĔĔ Ĕ( , , , , ) ( )d n n n n n n n n n= Ö + Öf x u a b A a x B b u  

( )()( ) ()( ) ( ) () ()( ) ()( )Ĕ ĔĔ Ĕ ĔĔ Ĕ1 , , ( )n n n n n n n n+ = Ö Ö + Ög x c C c A a x B b u . 

ʄʘʪʨʠʮʳ , ,A B ʉʙʫʜʫʪ ʤʘʪʨʠʮʘʤʠ ʗʢʦʙʠ [28] ʧʨʠ ʨʘʟʣʦʞʝʥʠʠ 

ʬʫʥʢʮʠʡ df  ʠ  g  ʚ ʨʷʜ ʊʝʡʣʦʨʘ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʙʣʠʟʦʩʪʠ ʦʮʝʥʦʢ ʚʝʢʪʦʨʘ 

ʩʦʩʪʦʷʥʠʷ ʠ ʧʘʨʘʤʝʪʨʦʚ ʩʠʩʪʝʤʳ ʢ ʠʭ ʬʘʢʪʠʯʝʩʢʠʤ ʟʥʘʯʝʥʠʷʤ [29]. 

ʋʨʘʚʥʝʥʠʷ (1.12) ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʧʨʠʦʙʨʝʪʘʶʪ ʚʠʜ: 

( ) ()() ()() ()

( ) () ()

( ) () ()

( ) () ()

Ĕ ĔĔĔ Ĕ1 ;

ĔĔ Ĕ1 ;

ĔĔ Ĕ1 = ;

Ĕ Ĕ1  .

T

x

T

a

T

b

T

c

n n n n n n

n n n

n n n

n n n

+ = + +

+ = +

+ +

+ = +

x A x B u W AʉŮ

a a W AʉŮ

b b W AʉŮ

c c WʉŮ

 

 ɿʜʝʩʴ ʚʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʝʩʣʠ ʜʘʞʝ ʜʠʥʘʤʠʢʘ ʦʙʲʝʢʪʘ ʣʠʥʝʡʥʘ, ʝʛʦ 

ʦʧʠʩʘʥʠʝ ʥʝʚʦʟʤʦʞʥʦ ʧʨʝʦʙʨʘʟʦʚʘʪʴ ʢ ʬʦʨʤʝ  

( 1) ( )

( 1) ( )

n n

n n

+è ø è ø
é ù é ù+ê ú ê ú

x x
= M

p p
, 

ʛʜʝ M ʥʝ ʟʘʚʠʩʠʪ ʥʠ ʦʪ x, ʥʠ ʦʪ p. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʘʞʝ ʜʣʷ ʣʠʥʝʡʥʦʛʦ 

ʦʙʲʝʢʪʘ, ʣʠʥʝʡʥʦ ʟʘʚʠʩʷʱʝʛʦ ʦʪ ʧʘʨʘʤʝʪʨʦʚ, ʟʘʜʘʯʘ ʩʦʚʤʝʩʪʥʦʛʦ ʦʮʝʥʠʚʘʥʠʷ 
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ʧʘʨʘʤʝʪʨʦʚ ʠ ʩʦʩʪʦʷʥʠʷ ʥʝʣʠʥʝʡʥʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʘʩʰʠʨʝʥʥʦʛʦ ʚʝʢʪʦʨʘ 

ʧʘʨʘʤʝʪʨʦʚ ʠ ʩʦʩʪʦʷʥʠʷ 

T
TTè ø

ê ú
x p . ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʚʩʝ ʧʦʜʭʦʜʳ ʢ ʵʪʦʡ 

ʟʘʜʘʯʝ ʜʦʣʞʥʳ ʙʳʪʴ ʪʠʧʘ ʤʝʪʦʜʘ ʥʘʩʪʨʘʠʚʘʝʤʦʡ ʤʦʜʝʣʠ, ʪʦ ʝʩʪʴ ʠʤʝʪʴ 

ʠʪʝʨʘʪʠʚʥʳʡ ʭʘʨʘʢʪʝʨ [1]. 

ʂʨʠʪʝʨʠʡ ʩʦʚʤʝʩʪʥʦʡ ʥʘʙʣʶʜʘʝʤʦʩʪʠ ʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ 

ʠʜʝʥʪʠʬʠʮʠʨʫʝʤʦʩʪʠ ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʚ ʥʘʠʙʦʣʝʝ ʦʙʱʝʤ ʚʠʜʝ 

ʦʩʚʝʱʝʥʳ ʚ [30]. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʚʳʧʦʣʥʝʥʠʝ ʫʩʣʦʚʠʡ ʧʦʣʥʦʡ ʩʦʚʤʝʩʪʥʦʡ 

ʥʘʙʣʶʜʘʝʤʦʩʪʠ ʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʠʜʝʥʪʠʬʠʮʠʨʫʝʤʦʩʪʠ ʧʨʦʚʝʨʷʶʪʩʷ ʩ 

ʫʯʝʪʦʤ ʩʧʝʮʠʬʠʢʠ ʢʦʥʢʨʝʪʥʦʡ ʟʘʜʘʯʠ.       

ɺʩʝ ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʨʘʙʦʪʝ ʘʜʘʧʪʠʚʥʳʝ ʘʣʛʦʨʠʪʤʳ ʧʦʩʪʨʦʝʥʳ ʧʦ 

ʩʣʝʜʫʶʱʠʤ ʩʭʝʤʘʤ. ɼʣʷ ʦʜʥʦʚʨʝʤʝʥʥʦʡ ʦʮʝʥʢʠ ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ ʠ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʤʘʪʨʠʮʳ A  ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʭʝʤʘ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʥʘ ʨʠʩ 1.1, ʜʣʷ ʦʮʝʥʢʠ ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ ʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ 

ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʤʘʪʨʠʮ B  ʠ ʉï ʩʭʝʤʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 1.2 ʠ 1.3. 

ɿʘʜʘʯʠ ʩʦʚʤʝʩʪʥʦʡ ʦʮʝʥʢʠ ʚʝʢʪʦʨʘ ʩʦʩʪʦʷ ʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʠʜʝʥʪʠʬʠʢʘʮʠʠ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʚʩʝʭ ʪʨʝʭ ʤʘʪʨʠʮ ,  ,  A B ʉ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʥʝ 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ. ɺʤʝʩʪʦ ʵʪʦʛʦ ʘʣʛʦʨʠʪʤʳ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʠʜʝʥʪʠʬʠʢʘʮʠʠ 

ʵʪʠʭ ʤʘʪʨʠʮ ʧʝʨʝʢʣʶʯʘʝʪʩʷ ʩ ʦʜʥʦʡ ʩʭʝʤʳ ʥʘ ʜʨʫʛʫʶ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʢʦʥʢʨʝʪʥʳʭ ʫʩʣʦʚʠʡ ʢʘʞʜʦʡ ʟʘʜʘʯʠ. ʅʘʧʨʠʤʝʨ, ʚ ʦʪʩʫʪʩʪʚʠʠ ʫʧʨʘʚʣʷʶʱʠʭ 

ʚʦʟʜʝʡʩʪʚʠʡ, ʢʦʛʜʘ ʬʘʟʦʚʘʷ ʪʨʘʝʢʪʦʨʠʷ ʥʘʭʦʜʠʪʩʷ ʚʥʫʪʨʠ ʟʦʥʳ 

ʥʝʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʨʝʣʝʡʥʦʡ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ, ʥʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʚ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʠʜʝʥʪʠʬʠʢʘʮʠʠ  ʤʘʪʠʮʳ B, ʪʘʢ ʢʘʢ ʦʥʘ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʝ 

ʤʦʞʝʪ ʙʳʪʴ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʘ.     
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ʈʠʩ.1.1 
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ʈʠʩ.1.2 
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ʈʠʩ.1.3. 

ʈʘʩʩʤʦʪʨʠʤ ʧʦʜʨʦʙʥʦ ʩʭʝʤʫ ʦʮʝʥʢʠ ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ ʩʦʚʤʝʩʪʥʦ ʩ 

ʠʜʝʥʪʠʬʠʢʘʮʠʝʡ ʢʦʤʧʦʥʝʥʪ ʤʘʪʨʠʮʳ A(ʨʠʩ.1.1) ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ 

ʤʘʪʨʠʮʳ B ʠ C ʠʟʚʝʩʪʥʳ. ʇʘʨʘʤʝʪʨʠʯʝʩʢʘʷ ʠʜʝʥʪʠʬʠʢʘʮʠʷ ʤʘʪʨʠʮ B ʠ C 

ʩʦʚʤʝʩʪʥʦ ʩ ʦʮʝʥʢʦʡ ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ ʨʝʘʣʠʟʫʶʪʩʷ ʘʥʘʣʦʛʠʯʥʦ. 

  ʆʙʲʝʢʪ ʫʧʨʘʚʣʝʥʠʷ ʦʧʠʩʳʚʘʝʪʩʷ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʩʦʩʪʦʷʥʠʡ 

ʣʠʥʝʘʨʠʟʦʚʘʥʥʳʤʠ ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʳʤʠ ʫʨʘʚʥʝʥʠʷʤʠ 

 
1 ;  

 ,

n n n n

n n n

v

w

+= + +

= +

x Ax Bu

y Cx
  (1.13) 

ʛʜʝ xn ï k-ʤʝʨʥʳʡ ʚʝʢʪʦʨ ʩʦʩʪʦʷʥʠʷ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʩʦʩʪʦʷʥʠʡ  (ʬʠʟʠʯʝʩʢʠʡ 

ʩʤʳʩʣ ʢʘʞʜʦʡ ʢʦʤʧʦʥʝʥʪʳ ʚʝʢʪʦʨʘ ʠ ʨʘʟʤʝʨʥʦʩʪʴ ʧʨʦʩʪʨʘʥʩʪʚʘ ʩʦʩʪʦʷʥʠʡ 

ʫʢʘʟʘʥʳ  ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʛʣʘʚʘʭ ʧʨʠ ʦʧʠʩʘʥʠʠ ʢʦʥʢʨʝʪʥʦʡ ʨʝʘʣʠʟʘʮʠʠ 

ʘʣʛʦʨʠʪʤʘ); n ï ʥʦʤʝʨ ʪʘʢʪʘ ʙʦʨʪʦʚʦʛʦ ʢʦʤʧʴʶʪʝʨʘ; A ï ʤʘʪʨʠʮʘ ʧʝʨʝʭʦʜʥʳʭ 

ʩʦʩʪʦʷʥʠʡ (ʢʘʢ ʧʨʘʚʠʣʦ, ʩ ʧʦʩʪʦʷʥʥʳʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ); B ï ʤʘʪʨʠʮʘ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ r-ʤʝʨʥʦʛʦ ʚʝʢʪʦʨʘ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ un ʚ k-ʤʝʨʥʦʝ 
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ʧʨʦʩʪʨʘʥʩʪʚʦ ʩʦʩʪʦʷʥʠʡ;  nv ï ʛʘʫʩʩʦʚʩʢʠʡ ʜʠʩʢʨʝʪʥʳʡ ʧʨʦʮʝʩʩ ʪʠʧʘ ʙʝʣʦʛʦ  

ʰʫʤʘ [30 c. 532-535], ʚʢʣʶʯʘʷ ʰʫʤʳ, ʠʩʧʦʣʥʠʪʝʣʴʥʳʭ ʦʨʛʘʥʦʚ; yn ï m-

ʤʝʨʥʳʡ ʚʝʢʪʦʨ ʠʟʤʝʨʝʥʠʡ (m ï ʩʫʤʤʘʨʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʠʟʤʝʨʠʪʝʣʴʥʳʭ 

ʢʘʥʘʣʦʚ ʩʦ ʚʩʝʭ ʜʘʪʯʠʢʦʚ ʧʝʨʚʠʯʥʦʡ ʠʥʬʦʨʤʘʮʠʠ), ʉ ï ʤʘʪʨʠʮʘ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ k-ʤʝʨʥʦʛʦ ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ ʚ m-ʤʝʨʥʳʡ ʚʝʢʪʦʨ ʠʟʤʝʨʝʥʠʡ 

yn; nw ï ʛʘʫʩʩʦʚʩʢʠʡ ʜʠʩʢʨʝʪʥʳʡ ʧʨʦʮʝʩʩ ʪʠʧʘ ʙʝʣʦʛʦ  ʰʫʤʘ [30 c.532- 535] 

ʚ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʢʘʥʘʣʘʭ ʜʘʪʯʠʢʦʚʦʡ ʘʧʧʘʨʘʪʫʨʳ.  

ʉʪʨʫʢʪʫʨʘ ʫʨʘʚʥʝʥʠʡ, ʟʘʧʨʦʛʨʘʤʤʠʨʦʚʘʥʥʳʭ ʚ ʙʦʨʪʦʚʦʡ ʤʦʜʝʣʠ 

ʘʥʘʣʦʛʠʯʥʘ ʩʪʨʫʢʪʫʨʝ ʣʠʥʝʘʨʠʟʦʚʘʥʥʦʡ ʤʦʜʝʣʠ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ ʩ 

ʪʦʯʥʦʩʪʴʶ ʜʦ ʯʠʩʣʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ (ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʫʨʘʚʥʝʥʠʡ). 

ʇʦʵʪʦʤʫ ʯʘʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʦʚ  ʫʨʘʚʥʝʥʠʡ  ʙʦʨʪʦʚʦʡ ʤʦʜʝʣʠ  ʧʦʜʣʝʞʘʪ 

ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ ʦʮʝʥʢʦʡ ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ ʩ ʧʦʤʦʱʴʶ 

ʩʣʝʜʫʶʱʠʭ ʫʨʘʚʥʝʥʠʡ: 

 ( )1
Ĕ ĔĔ Ĕ Ĕ;n n n n x n n n+= + + -x A x Bu W y CA x   (1.14)                              

ʛʜʝ Ĕnx ï k-ʤʝʨʥʳʡ ʚʝʢʪʦʨ ʦʮʝʥʠʚʘʝʤʳʭ ʧʝʨʝʤʝʥʥʳʭ. Ĕ
nA  ï ʤʘʪʨʠʮʘ 

ʧʝʨʝʭʦʜʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ ʙʦʨʪʦʚʦʡ ʤʦʜʝʣʠ, ʩʦʜʝʨʞʘʱʘʷ ʧʝʨʝʤʝʥʥʳʝ 

(ʥʘʩʪʨʘʠʚʘʝʤʳʝ) ʢʦʤʧʦʥʝʥʪʳ, W ï ʤʘʪʨʠʮʘ ʚʝʩʦʚʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ; Ĕ
ny  ï 

ʘʥʘʣʦʛ m-ʤʝʨʥʦʛʦ ʚʝʢʪʦʨʘ ʠʟʤʝʨʝʥʠʡ, ʢʦʪʦʨʳʡ ʪʘʢʞʝ ʬʦʨʤʠʨʫʝʪʩʷ ʚ 

ʙʦʨʪʦʚʦʡ ʤʦʜʝʣʠ ʠ ʵʤʫʣʠʨʫʝʪ ʧʦʢʘʟʘʥʠʷ ʜʘʪʯʠʢʦʚʦʡ ʘʧʧʘʨʘʪʫʨʳ. 

ɼʣʷ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʧʘʨʘʤʝʪʨʦʚ ʠʩʧʦʣʴʟʫʝʪʩʷ ʠʪʝʨʘʪʠʚʥʘʷ ʧʨʦʮʝʜʫʨʘ 

ʛʨʘʜʠʝʥʪʥʦʛʦ ʩʧʫʩʢʘ, ʨʘʙʦʪʘʶʱʘʷ ʚ ʨʝʘʣʴʥʦʤ ʤʘʩʰʪʘʙʝ ʚʨʝʤʝʥʠ 

 1
Ĕ Ĕ   ,

Ĕn n a

n

+

µF
= -

µ
A ȷ W

ȷ
  (1.15) 

ʧʨʠ ʵʪʦʤ ʚ ʢʘʯʝʩʪʚʝ  ʤʠʥʠʤʠʟʠʨʫʝʤʦʛʦ   ʬʫʥʢʮʠʦʥʘʣʘ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʢʚʘʜʨʘʪʠʯʥʘʷ ʬʦʨʤʘ ʦʪ ʥʝʚʷʟʦʢ: 

1
 = .

2

T

n nF Ů Ů 
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ʅʝʚʷʟʢʠ ʬʦʨʤʠʨʫʶʪʩʷ ʢʘʢ ʨʘʟʥʦʩʪʴ ʤʝʞʜʫ ʬʘʢʪʠʯʝʩʢʠʤʠ ʩʠʛʥʘʣʘʤʠ, 

ʩʬʦʨʤʠʨʦʚʘʥʥʳʤʠ ʚ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʢʘʥʘʣʘʭ ʜʘʪʯʠʢʦʚ ʧʝʨʚʠʯʥʦʡ 

ʠʥʬʦʨʤʘʮʠʠ ʠ ʠʭ ʘʥʘʣʦʛʘʤʠ, ʢʦʪʦʨʳʝ ʵʤʫʣʠʨʫʶʪʩʷ ʙʦʨʪʦʚʦʡ ʤʦʜʝʣʴʶ 

1
ĔĔ= .n n n+-Ů y Cx 

ʄʝʪʦʜ ʛʨʘʜʠʝʥʪʥʦʛʦ ʩʧʫʩʢʘ ʜʘʝʪ: 

Ĕ= ;
Ĕ

T T

n n

n

µF
-

µ
x C Ů

ȷ
 

ʧʨʦʠʟʚʦʜʥʘʷ ʧʦ ʠʜʝʥʪʠʬʠʮʠʨʫʝʤʦʤʫ ʧʘʨʘʤʝʪʨʫ ʙʝʨʝʪʩʷ ʚ ʩʠʣʫ ʫʨʘʚʥʝʥʠʡ 

ʜʚʠʞʝʥʠʷ: 

 ( )1 1
ĔĔ Ĕ Ĕ Ĕ ,T T

n n a n n n+ += + -  A ȷ Wx C y Cx  (1.16) 

ʛʜʝ aW ï ʤʘʪʨʠʮʘ ʚʝʩʦʚʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʚ ʤʝʪʦʜʝ ʛʨʘʜʠʝʥʪʥʦʛʦ ʩʧʫʩʢʘ.  

ʆʙʨʘʪʥʘʷ ʩʚʷʟʴ ʬʦʨʤʠʨʫʝʪʩʷ ʧʦ ʦʮʝʥʢʝ ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ 

 Ĕ n n=-u Dx   (1.17) 

ʛʜʝ D  ï ʤʘʪʨʠʮʘ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ. 

ɸʥʘʣʠʟ ʩʭʦʜʠʤʦʩʪʠ ʦʮʝʥʦʢ, ʬʦʨʤʠʨʫʝʤʳʭ ʚ ʙʦʨʪʦʚʦʡ ʤʦʜʝʣʠ, ʠ ʘʥʘʣʠʟ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʫʧʨʘʚʣʝʥʠʷ ʧʦ ʵʪʠʤ ʦʮʝʥʢʘʤ ʧʨʦʚʦʜʠʪʩʷ ʨʘʟʜʝʣʴʥʦ ʚ ʩʠʣʫ 

ʩʣʝʜʫʶʱʝʛʦ [30, 31]. 

 ʉʦʚʦʢʫʧʥʦʩʪʴ ʫʨʘʚʥʝʥʠʡ (1.13) ï (1.17) ʤʦʞʝʪ ʙʳʪʴ 

ʧʨʝʦʙʨʘʟʦʚʘʥʘ ʢ ʩʣʝʜʫʶʱʝʤʫ ʚʠʜʫ: 

 

( )

( )

1

1

1

  ; 

Ĕ  ( ) ;

Ĕ .  

n n n

n x n n n n

T

n n a n n

+

+

+

= - +

= - +

= +

x A BD x BDx

x A W C x A a x

a a W x x

  (1.18) 

ɿʜʝʩʴ Ĕ n n n= -x x x  ï ʧʦʛʨʝʰʥʦʩʪʴ ʚ ʦʮʝʥʢʝ ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ;  Ĕ=n n n-a a a

ï ʚʝʢʪʦʨ ʥʝʚʷʟʦʢ ʚ ʦʮʝʥʢʝ ʧʘʨʘʤʝʪʨʦʚ, ʩʦʩʪʘʚʣʝʥʥʳʡ ʠʟ ʥʘʩʪʨʘʠʚʘʝʤʳʭ 

ʢʦʤʧʦʥʝʥʪ ʤʘʪʨʠʮʳ  Ĕ
n n= -ȷ ȷ ȷ. 
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( )

( )

1

1

1

  ; 

Ĕ  ;

Ĕ .  

n n n

n x n n n

T

n n a n n

+

+

+

= - +

= - +

= +

x A BD x BDx

x A W C x X a

a a W x x

  (1.19) 

ɿʜʝʩʴ  Ĕ( )n nA a x  ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʚʠʜʝ ʧʨʦʠʟʚʝʜʝʥʠʷ ʤʘʪʨʠʮʳ Ĕ
nX  ʨʘʟʤʝʨʥʦʩʪʠ 

iĬi
2 
 ʠ ʚʝʢʪʦʨʘ na  ʨʘʟʤʝʨʥʦʩʪʠ i

2
Ĭ1: 

[ ]

1

2

1 2 1

1

Ĕ

Ĕ

ĔĔ Ĕ... ...

Ĕ

n n i i n n nn

i

in n

-

-

¡ è øè ø
é ùé ù¡
é ùé ù
é ùé ù= ¹ =
é ùé ù
é ùé ù
é ùé ù¡ê úê ú

1Ĭi 1Ĭi 1Ĭi

1Ĭi 1Ĭi 1Ĭi

1Ĭi 1Ĭi 1Ĭi 1Ĭi

1Ĭi 1Ĭi 1Ĭi

ax 0 0 ... 0

a0 x 0 ... 0

A x a a a a x X a... ... ... ... ...

a0 0 0 ... 0

a0 0 0 ... x

 

ʈʘʟʤʝʨʥʦʩʪʴ ʵʪʦʛʦ ʚʝʢʪʦʨʘ ʥʝ ʤʦʞʝʪ ʧʨʝʚʳʰʘʪʴ ʨʘʟʤʝʨʥʦʩʪʠ ʚʝʢʪʦʨʘ 

ʩʦʩʪʦʷʥʠʷ ʩʠʩʪʝʤʳ, ʠʟ-ʟʘ ʦʛʨʘʥʠʯʝʥʠʡ, ʥʘʢʣʘʜʳʚʘʝʤʳʭ ʫʩʣʦʚʠʷʤʠ ʧʦʣʥʦʡ 

ʥʘʙʣʶʜʘʝʤʦʩʪʠ ʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʠʜʝʥʪʠʬʠʮʠʨʫʝʤʦʩʪʠ [30], ʧʦʵʪʦʤʫ 

ʤʘʪʨʠʮʘ ȷn  ʩʦʜʝʨʞʠʪ ʥʝ ʤʝʥʝʝ k³(k-1) ʥʫʣʝʡ, ʘ ʚʝʢʪʦʨ ʥʝʚʷʟʦʢ anʤʦʞʝʪ 

ʠʤʝʪʴ ʨʘʟʤʝʨʥʦʩʪʴ ʥʝ ʚʳʰʝ k. ʇʨʝʜʩʪʘʚʣʷʷ Ĕ( )n n nA a x  ʚ ʚʠʜʝ Ĕ
n nX a , 

ʧʝʨʝʧʠʰʝʤ ʩʠʩʪʝʤʫ (1.19) ʚ ʚʠʜʝ                                   

 

1

1

1

Ĕ     

Ĕ

n n

n x n n

T

n a n n

+

+

+

-è øè ø è ø
é ùé ù é ù
= -é ùé ù é ù
é ùé ù é ùê ú ê úê ú

A BD BD 0x x

x 0 A W C X x

a 0 W x I a

  (1.20)                                                                                                                                               

ʘ ʝʝ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʡ ʧʦʣʠʥʦʤ 

( )

( ) ( )
( )

( )

Ĕ
Ĕ

Ĕ 1
Ĕ ( 1)

x n

x n T

T a n

a n

z
z

z z
z

z

- - -
- -

- - - = - - Ö
-

- -

I A BD BD 0
I A W C X

0 I A W C X I A BD
W x I

0 W x I

.          

ʀʟ ʚʠʜʘ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʛʦ ʧʦʣʠʥʦʤʘ ʚʠʜʥʦ, ʯʪʦ ʚ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʦʤ 

ʧʨʠʙʣʠʞʝʥʠʠ (ĔT
nx  ï ʤʝʜʣʝʥʥʦ ʤʝʥʷʶʱʘʷʩʷ ʚʝʢʪʦʨʥʘʷ ʧʝʨʝʤʝʥʥʘʷ) 

ʨʘʩʧʦʣʦʞʝʥʠʝ ʢʦʨʥʝʡ ʘʜʘʧʪʠʚʥʦʛʦ ʥʘʙʣʶʜʘʪʝʣʷ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʨʘʩʧʦʣʦʞʝʥʠʷ 

ʢʦʨʥʝʡ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ, ʚ ʩʦʩʪʘʚ ʢʦʪʦʨʦʡ ʦʥ ʚʢʣʶʯʝʥ. ʇʦʵʪʦʤʫ 
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ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʡ  ʘʥʘʣʠʟ ʘʩʠʤʧʪʦʪʠʯʝʩʢʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ ʟʘʤʢʥʫʪʦʡ 

ʩʠʩʪʝʤʳ, ʠʩʧʦʣʴʟʫʶʱʝʡ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʦʮʝʥʢʫ ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ ʩ ʚʳʭʦʜʘ 

ʘʜʘʧʪʠʚʥʦʛʦ ʥʘʙʣʶʜʘʪʝʣʷ (ʚʤʝʩʪʦ ʬʘʢʪʠʯʝʩʢʦʛʦ ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ), ʤʦʞʥʦ 

ʧʨʦʚʦʜʠʪʴ ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʘʥʘʣʠʟʘ ʘʩʠʤʧʪʦʪʠʯʝʩʢʦʡ ʩʭʦʜʠʤʦʩʪʠ ʘʜʘʧʪʠʚʥʦʛʦ 

ʥʘʙʣʶʜʘʪʝʣʷ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʩʭʦʜʠʤʦʩʪʴ  ʠʪʝʨʘʮʠʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ 

ʦʮʝʥʠʚʘʥʠʷ ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʡ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ 

ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʤʘʪʨʠʮʳ A ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝʤ ʩʧʝʮʠʘʣʴʥʦ 

ʨʘʟʨʘʙʦʪʘʥʥʳʤ ʜʣʷ ʵʪʦʡ ʮʝʣʠ ʤʝʪʦʜʦʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ ʤʦʜ 

ʜʚʠʞʝʥʠʷ ʤʥʦʛʦʤʝʨʥʳʭ ʠ ʤʥʦʛʦʩʚʷʟʥʳʭ (MIMO) ʩʠʩʪʝʤ. ɼʝʪʘʣʴʥʦʝ 

ʦʧʠʩʘʥʠʝ ʤʝʪʦʜʘ ʧʨʠʚʝʜʝʥʦ ʜʘʣʝʝ ʧʦ ʪʝʢʩʪʫ ʚ ʧʫʥʢʪʘʭ 1.3 ï 1.6 ʵʪʦʡ ʛʣʘʚʳ. 

1.2  ɸʜʘʧʪʠʚʥʳʝ ʘʣʛʦʨʠʪʤʳ ʫʧʨʘʚʣʝʥʠʷ ʩ 

ʵʪʘʣʦʥʥʦʡ ʤʦʜʝʣʴʶ 

ɺ ʘʜʘʧʪʠʚʥʳʭ ʘʣʛʦʨʠʪʤʘʭ  ʩ  ʵʪʘʣʦʥʥʦʡ ʤʦʜʝʣʴʶ ʚ ʢʦʥʪʫʨ ʫʧʨʘʚʣʝʥʠʷ 

ʟʘʢʣʘʜʳʚʘʝʪʩʷ ʥʝ ʤʦʜʝʣʴ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ ʩ ʥʘʩʪʨʘʠʚʘʝʤʳʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ, ʘ ʤʦʜʝʣʴ ʧʨʝʜʧʠʩʳʚʘʝʤʦʛʦ ʵʪʘʣʦʥʥʦʛʦ ʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʧʦʚʝʜʝʥʠʷ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ [1]. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʮʝʣʴ ʘʜʘʧʪʘʮʠʠ ʩʦʚʧʘʜʘʝʪ ʩ 

ʮʝʣʴʶ ʫʧʨʘʚʣʝʥʠʷ, ʪʦ ʝʩʪʴ ʧʨʠʚʝʜʝʥʠʷ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ ʢ ʥʘʜʣʝʞʘʱʝʤʫ 

ʜʠʥʘʤʠʯʝʩʢʦʤʫ ʧʦʚʝʜʝʥʠʶ, ʟʘʜʘʚʘʝʤʦʤʫ ʵʪʘʣʦʥʥʦʡ ʤʦʜʝʣʴʶ.            
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ʈʠʩ. 1.4 

ʅʘ ʨʠʩʫʥʢʝ 1.4 ʦʙʲʝʢʪ ʫʧʨʘʚʣʝʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥ ʜʣʷ ʦʧʨʝʜʝʣʝʥʥʦʩʪʠ 

ʩʪʘʥʜʘʨʪʥʦʡ ʙʣʦʢ-ʩʭʝʤʦʡ (ʩʤ. ʦʧʠʩʘʥʠʝ ʢ ʨʠʩʫʥʢʘʤ 1.1-1.3). ʕʪʘʣʦʥʥʘʷ 

ʙʦʨʪʦʚʘʷ ʤʦʜʝʣʴ ʧʦʚʪʦʨʷʝʪ ʝʛʦ ʩʪʨʫʢʪʫʨʫ ʠ ʞʝʩʪʢʦ ʟʘʜʘʝʪ ʥʘʜʣʝʞʘʱʝʝ, ʢʘʢ 

ʧʨʘʚʠʣʦ, ʦʧʪʠʤʘʣʴʥʦʝ ʜʠʥʘʤʠʯʝʩʢʦʝ ʧʦʚʝʜʝʥʠʝ, ʢʦʪʦʨʦʤʫ ʜʦʣʞʝʥ ʩʣʝʜʦʚʘʪʴ  

ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʟʥʘʯʝʥʠʷ ʟʘʜʘʚʘʝʤʦʛʦ ʚʭʦʜʥʦʛʦ ʩʠʛʥʘʣʘ 

ʕ

ne . ɹʝʟʫʩʣʦʚʥʦ, ʯʪʦ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʡ ʧʦʣʠʥʦʤ ʧʝʨʝʜʘʪʦʯʥʦʡ ʤʘʪʨʠʮʳ 

ʵʪʘʣʦʥʥʦʡ ʤʦʜʝʣʠ ʦʪ ( )ʕ ze ʢ ( )ʕ zy   

 ( )
1

( ) ( )ʕ ʕ ʕ ʕ ʕ ʕ ʕ ʕz z z
-

= - +y C I A B D C B e   (1.21) 

ʜʦʣʞʝʥ ʙʳʪʴ ʛʫʨʚʠʮʝʚʳʤ, ʪʦ ʝʩʪʴ ʝʛʦ ʢʦʨʥʠ ʜʦʣʞʥʳ ʥʘʭʦʜʠʪʴʩʷ ʚʥʫʪʨʠ 

ʝʜʠʥʠʯʥʦʡ ʦʢʨʫʞʥʦʩʪʠ z-ʧʣʦʩʢʦʩʪʠ, ʛʜʝ  z ï ʦʧʝʨʘʪʦʨ ʩʜʚʠʛʘ; I ï ʝʜʠʥʠʯʥʘʷ 

ʤʘʪʨʠʮʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʨʘʟʤʝʨʥʦʩʪʠ. ɺ ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ ʵʪʘʣʦʥʥʘʷ 
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ʤʦʜʝʣʴ ʥʝ ʩʤʦʞʝʪ ʦʪʩʣʝʞʠʚʘʪʴ ʞʝʣʘʝʤʳʡ ʚʭʦʜʥʦʡ ʩʠʛʥʘʣ 
ʕ

ne , ʪʦ ʝʩʪʴ ʚʝʢʪʦʨ 

( )ʕ zy  ʥʝ ʙʫʜʝʪ ʩʪʨʝʤʠʪʴʩʷ ʢ ʚʝʢʪʦʨʫ ( )ʕ ze . ɼʘʣʝʝ  ʜʣʷ ʫʧʨʦʱʝʥʠʷ ʚʳʢʣʘʜʦʢ 

ʙʫʜʝʤ ʧʦʣʘʛʘʪʴ, ʯʪʦ  
ʕ= =C C I. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʚʩʝ ʢʦʤʧʦʥʝʥʪʳ ʚʝʢʪʦʨʘ 

ʩʦʩʪʦʷʥʠʷ  
ʕ

nx  ʤʦʛʫʪ ʙʳʪʴ ʠʟʤʝʨʝʥʳ. ʊʦʛʜʘ ʫʨʘʚʥʝʥʠʷ ʵʪʘʣʦʥʥʦʡ ʙʦʨʪʦʚʦʡ 

ʤʦʜʝʣʠ ʚ ʪʝʨʤʠʥʘʭ  ʧʨʦʩʪʨʘʥʩʪʚʘ ʩʦʩʪʦʷʥʠʡ ʧʨʠʥʠʤʘʶʪ ʚʠʜ ( ʩʤ. ʨʠʩ. 1.25): 

 ( )
1

( ) ( )ʕ ʕ ʕ ʕ ʕ ʕ ʕ ʕz z z
-

= - +y C I A B D C B e   (1.22) 

ʘ ʫʨʘʚʥʝʥʠʷ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ ʚ ʦʪʩʫʪʩʪʚʠʠ ʰʫʤʦʚ  ï 

 ( )1  
Ĕ Ĕ Ĕ Ĕ+ =  + ,ʕ ʕ

n n n n n n n n nɿ n n n n n+= - + +y A BD y BD Ů BDe A y BDŮ BDe  (1.23) 

ʛʜʝ 
ʕ

n n n= -Ů y y ï ʚʝʢʪʦʨ ʦʰʠʙʢʠ ʘʜʘʧʪʘʮʠʠ. ɺʳʯʠʪʘʷ (1.21) ʠʟ (1.22) ʧʦʣʫʯʠʤ 

( ) ( )1
Ĕ Ĕ= + ,ʕ ʕ ʕ

n ɿ n n n n n n n n+ + + + -Ů A A Ů A y BDŮ BD B e 

ʛʜʝ  

ʕ

n nɿ ɿ= -A A A . ʇʨʝʥʝʙʨʝʛʘʷ ʚʝʣʠʯʠʥʦʡ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʤʘʣʦʩʪʠ n nA Ů, 

ʦʢʦʥʯʘʪʝʣʴʥʦ ʧʦʣʫʯʘʝʤ 

 ( )1
Ĕ= + + ,ʕ ʕ

n ɿ n n n n n n+ +Ů A BD Ů A y De  (1.24) 

ʛʜʝ Ĕ ʕ

n n= -D BD B . 

 ɼʣʷ ʩʠʥʪʝʟʘ ʘʣʛʦʨʠʪʤʘ ʘʜʘʧʪʘʮʠʠ ʚʦʩʧʦʣʴʟʫʝʤʩʷ ʨʘʥʝʝ ʦʧʠʩʘʥʥʳʤ 

ʤʝʪʦʜʦʤ ʛʨʘʜʠʝʥʪʥʦʛʦ ʩʧʫʩʢʘ ʩ ʬʫʥʢʮʠʝʡ ʰʪʨʘʬʘ (ʬʫʥʢʮʠʦʥʘʣʘ) 

 
1

 = 
2

T

n nF Ů Ů  (1.25) 

ʎʝʣʴʶ ʘʜʘʧʪʘʮʠʠ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʷʚʣʷʝʪʩʷ ʤʠʥʠʤʠʟʘʮʠʷ  ʬʫʥʢʮʠʦʥʘʣʘ  

(1.25) ʧʨʠ ʟʘʜʘʥʥʳʭ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʦʛʨʘʥʠʯʝʥʠʷʭ ʚ ʚʠʜʝ ʢʦʥʝʯʥʦ 

ʨʘʟʥʦʩʪʥʳʭ ʫʨʘʚʥʝʥʠʡ ʚ ʬʦʨʤʝ (1.24).  ʅʘʭʦʜʷ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʛʨʘʜʠʝʥʪʦʚ 

 
n

µF

µA
ʠ  

n

µF

µD
 ʚ ʩʠʣʫ ʫʨʘʚʥʝʥʠʡ (1.24) ʠ ʧʦʜʩʪʘʚʣʷʷ ʠʭ ʚ ʩʪʘʥʜʘʨʪʥʳʝ 

ʩʦʦʪʥʦʰʝʥʠʷ ʘʣʛʦʨʠʪʤʘ ʛʨʘʜʠʝʥʪʥʦʛʦ ʩʧʫʩʢʘ, ʧʦʣʫʯʘʝʤ 



34 

 

 ( )1

T
T

ʕ

n n d n n d n n

n

W W+

å õµF
= - = -æ ö

µç ÷
A A Ů A y Ů

A
  (1.26) 

 ( )1

T
T

ʕ

n n d n n d n n

n

W W+

å õµF
= - = -æ ö

µç ÷
D D Ů D e Ů

D
  (1.27) 

ʉʦʚʦʢʫʧʥʦʩʪʴ ʫʨʘʚʥʝʥʠʡ (1.24), (1.26) ʠ (1.27) ʦʧʨʝʜʝʣʷʝʪ ʩʭʦʜʠʤʦʩʪʴ 

ʩʠʥʪʝʟʠʨʫʝʤʦʛʦ ʘʜʘʧʪʠʚʥʦʛʦ ʘʣʛʦʨʠʪʤʘ, ʪʦ ʝʩʪʴ 0n­A ,  0n­D , 0n­Ů  ʠ, ʢʘʢ 

ʩʣʝʜʩʪʚʠʝ,
ʕ

n n­y e  ʧʨʠ n­¤, ʝʩʣʠ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʡ ʧʦʣʠʥʦʤ 

ʧʝʨʝʜʘʪʦʯʥʦʡ ʤʘʪʨʠʮʳ (1.21) ɻʫʨʚʠʮʝʚ. ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʠʩʪʝʤʘ 

ʫʨʘʚʥʝʥʠʡ  

( )

( )

( )

1

1

1

Ĕ= + + ;

;

,

ʕ ʕ

n ɿ n n n n n nn

T
ʕ

n n d n n

T
ʕ

n nn d n n

+

+

+

+

= -

= -

Ů A BD Ů Y a E d

a a W y Ů

d d W e Ů

                       

ʧʦʣʫʯʝʥʥʘʷ ʠʟ ʩʦʚʦʢʫʧʥʦʩʪʠ ʫʨʘʚʥʝʥʠʡ (1.24), (1.26) ʠ (1.27) ʩ ʧʦʤʦʱʴʶ 

ʵʢʚʠʚʘʣʝʥʪʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ, ʘʥʘʣʦʛʠʯʥʳʭ ʪʝʤ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʧʨʠʤʝʥʝʥʳ 

ʜʣʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʫʨʘʚʥʝʥʠʡ (1.18) ʢ ʚʠʜʫ (1.19), ʷʚʣʷʝʪʩʷ ʩʠʩʪʝʤʦʡ 

ʣʠʥʝʡʥʳʭ ʢʦʥʝʯʥʦ ʨʘʟʥʦʩʪʥʳʭ ʫʨʘʚʥʝʥʠʡ ʩ ʧʝʨʝʤʝʥʥʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʘʩʰʠʨʝʥʥʦʛʦ ʚʝʢʪʦʨʘ ʥʝʚʷʟʦʢ 
T

T T T

n n n
è øê úŮ a d. ʇʦʵʪʦʤʫ, ʚʘʞʥʦ 

ʧʦʥʠʤʘʪʴ, ʯʪʦ ʧʨʠ ʧʦʠʩʢʝ ʯʠʩʣʦʚʳʭ ʟʥʘʯʝʥʠʡ ʤʘʪʨʠʮ ʚʝʩʦʚʳʭ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ dW ,  ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʘʩʠʤʧʪʦʪʠʯʝʩʢʫʶ ʩʭʦʜʠʤʦʩʪʴ ʚ 

ʘʣʛʦʨʠʪʤʘʭ ʛʨʘʜʠʝʥʪʥʦʛʦ ʩʧʫʩʢʘ, ʧʨʠʥʠʤʘʝʪʩʷ ʜʦʧʫʱʝʥʠʝ ʦ 

ʢʚʘʟʠʩʪʘʪʠʯʥʦʩʪʠ ʧʨʦʮʝʩʩʦʚ ʘʜʘʧʪʘʮʠʠ. ʕʪʦ ʜʦʧʫʱʝʥʠʝ ʢʘʩʘʝʪʩʷ ʠ ʤʝʪʦʜʘ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʟʘʤʳʢʘʥʠʡ ʤʦʜ ʜʚʠʞʝʥʠʷ, ʦʧʠʩʘʥʥʦʛʦ ʜʘʣʝʝ ʚ ʧʫʥʢʪʝ 1.3 

ʵʪʦʡ ʛʣʘʚʳ. 
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1.3 ʇʨʠʥʮʠʧ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ ʤʦʜ 

ʜʚʠʞʝʥʠʷ. 

ʇʨʝʜʩʪʘʚʣʷʝʤʳʡ ʚ ʜʘʥʥʦʡ ʛʣʘʚʝ ʯʠʩʣʝʥʥʳʡ ʘʣʛʦʨʠʪʤ ʤʦʜʘʣʴʥʦʛʦ 

ʩʠʥʪʝʟʘ ʦʩʥʦʚʘʥ ʥʘ ʧʨʠʥʮʠʧʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ. ʉʫʪʴ 

ʧʨʠʥʮʠʧʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʠʪʝʨʘʪʠʚʥʦʡ ʧʨʦʮʝʜʫʨʝ, ʥʘ ʢʘʞʜʦʤ ʰʘʛʝ ʢʦʪʦʨʦʡ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦʠʩʢ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ, ʥʝʦʙʭʦʜʠʤʦʡ ʜʣʷ çʧʝʨʝʩʪʘʥʦʚʢʠè 

ʦʜʥʦʡ ʧʘʨʳ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ ʩʠʩʪʝʤʳ ʚ ʞʝʣʘʝʤʦʝ ʧʦʣʦʞʝʥʠʝ. ʇʨʠ ʵʪʦʤ 

ʥʘʡʜʝʥʥʘʷ ʥʘ ʦʜʥʦʡ ʠʟ ʠʪʝʨʘʮʠʡ ʦʙʨʘʪʥʘʷ ʩʚʷʟʴ ʥʝ ʚʣʠʷʝʪ ʥʘ ʦʩʪʘʣʴʥʳʝ 

ʢʦʨʥʠ ʩʠʩʪʝʤʳ. ʕʪʦʛʦ ʫʜʘʝʪʩʷ ʜʦʙʠʪʴʩʷ ʙʣʘʛʦʜʘʨʷ ʩʧʝʮʠʬʠʢʝ ʤʘʪʨʠʯʥʳʭ 

ʦʧʝʨʘʮʠʡ, ʧʨʦʚʦʜʠʤʳʭ ʥʘ ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ, ʦ ʢʦʪʦʨʳʭ ʙʫʜʝʪ ʧʦʜʨʦʙʥʦ 

ʠʟʣʦʞʝʥʦ ʥʠʞʝ. ʅʘʛʣʷʜʥʦ ʩʫʪʴ ʦʧʠʩʳʚʘʝʤʦʛʦ ʚ ʜʘʥʥʦʡ ʛʣʘʚʝ ʯʠʩʣʝʥʥʦʛʦ 

ʘʣʛʦʨʠʪʤʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 1.5. 

 

ʈʠʩ. 1.5 ɻʨʘʬʠʯʝʩʢʘʷ ʠʣʣʶʩʪʨʘʮʠʷ çʤʝʪʦʜʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷè. 

(1) ï  ɻ ʪʘʣʦʥʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʢʦʨʥʝʡ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ, (2) ï 

ʨʘʩʧʦʣʦʞʝʥʠʝ ʢʦʨʥʝʡ ʤʘʪʨʠʮʳ ʩʠʩʪʝʤʳ ʥʘ i-ʪʦʤ ʰʘʛʝ. 
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ʅʘ ʨʠʩʫʥʢʝ ʚʳʰʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʠʣʣʶʩʪʨʘʮʠʷ ʧʨʠʥʮʠʧʘ ʨʘʙʦʪʳ 

ʯʠʩʣʝʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʜʣʷ ʯʝʪʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʢʦʤʧʦʥʝʥʪ ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ. 

ɺ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʨʘʟʤʝʨʥʦʩʪʴ ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ ʩʠʩʪʝʤʳ ʥʝʯʝʪʥʘʷ, ʥʘ 

ʧʦʩʣʝʜʥʝʡ ʠʪʝʨʘʮʠʠ ʘʣʛʦʨʠʪʤʘ ʠʱʝʪʩʷ ʦʙʨʘʪʥʘʷ ʩʚʷʟʴ, ʥʝʦʙʭʦʜʠʤʘʷ ʜʣʷ 

çʧʝʨʝʩʪʘʥʦʚʢʠè ʧʦʩʣʝʜʥʝʛʦ ʥʝʧʘʨʥʦʛʦ ʩʦʙʩʪʚʝʥʥʦʛʦ ʯʠʩʣʘ. 

ʇʝʨʝʡʜʝʤ ʢ ʧʦʜʨʦʙʥʦʤʫ ʦʧʠʩʘʥʠʶ ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʤʫ ʦʙʦʩʥʦʚʘʥʠʶ 

ʯʠʩʣʝʥʥʦʛʦ ʤʝʪʦʜʘ ʤʦʜʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ, ʧʨʝʜʩʪʘʚʣʷʝʤʦʛʦ ʚ ʵʪʦʡ ʛʣʘʚʝ. 

 

1.4 ɸʣʛʦʨʠʪʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ. 

ʇʦʩʪʨʦʝʥʠʝ ʨʝʛʫʣʷʪʦʨʘ. 

ʇʝʨʝʡʜʝʤ ʢ ʦʧʠʩʘʥʠʶ ʤʘʪʨʠʯʥʳʭ ʧʨʦʮʝʜʫʨ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ 

ʧʦʩʪʨʦʝʥʠʷ ʨʝʛʫʣʷʪʦʨʘ (ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ). ʇʦʜʨʦʙʥʦ ʦʧʠʰʝʤ ʠ ʦʙʦʩʥʫʝʤ ʚʩʝ 

ʤʘʪʨʠʯʥʳʝ ʦʧʝʨʘʮʠʠ, ʢʦʪʦʨʳʝ ʩʪʦʷʪ ʟʘ ʧʦʠʩʢʦʤ ʤʘʪʨʠʮʳ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʥʘ 

ʧʝʨʚʦʡ ʠʪʝʨʘʮʠʠ ʘʣʛʦʨʠʪʤʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ. 

ʈʘʩʧʦʣʦʞʝʥʠʝ ʢʦʨʥʝʡ ʩʠʩʪʝʤʳ ʜʦ ʚʚʝʜʝʥʠʷ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ 

(ʥʝʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ) ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʦʙʩʪʚʝʥʥʳʤʠ ʯʠʩʣʘʤʠ ʤʘʪʨʠʮʳ 

ʩʠʩʪʝʤʳ A  

{ }1 2( ) , ,..., neig A ɚ ɚ ɚ= . 

ɿʘʜʘʜʠʤ ʵʪʘʣʦʥʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʢʦʨʥʝʡ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ: 

{ }1 2( ) , ,...,c c c

neig ɚ ɚ ɚ- =A BD . 

ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʘʩʠʤʧʪʦʪʠʯʝʩʢʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ ʩʠʩʪʝʤʳ ʥʝʦʙʭʦʜʠʤʦ ʠ 

ʜʦʩʪʘʪʦʯʥʦ, ʯʪʦʙʳ ʚʩʝ ʝʝ ʢʦʨʥʠ ʣʝʞʘʣʠ ʚ ʣʝʚʦʡ ʧʦʣʫʧʣʦʩʢʦʩʪʠ (ʠʣʠ ʚʥʫʪʨʠ 

ʝʜʠʥʠʯʥʦʡ ʦʢʨʫʞʥʦʩʪʠ, ʝʩʣʠ ʩʠʩʪʝʤʘ ʜʠʩʢʨʝʪʥʘʷ). 

ʇʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ ʥʘʤ ʥʫʞʥʦ ʥʘʡʪʠ ʪʘʢʫʶ ʤʘʪʨʠʮʫ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ 
1D , 

ʢʦʪʦʨʘʷ ʙʳ çʧʝʨʝʜʚʠʥʫʣʘè ʧʝʨʚʫʶ ʧʘʨʫ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ ʥʝʟʘʤʢʥʫʪʦʡ 

ʩʠʩʪʝʤʳ 1ɚ ʠ  2ɚ ʚ ʞʝʣʘʝʤʦʝ ʧʦʣʦʞʝʥʠʝ, ʪʦ ʝʩʪʴ ʪʘʢʫʶ ʤʘʪʨʠʮʫ, ʢʦʪʦʨʘʷ ʙʳ 

ʦʙʝʩʧʝʯʠʚʘʣʘ ʟʘʤʢʥʫʪʦʡ ʩ ʧʦʤʦʱʴʶ ʥʝʝ ʩʠʩʪʝʤʝ ʩʣʝʜʫʶʱʠʡ ʥʘʙʦʨ ʢʦʨʥʝʡ 

{ }1 1 2 3 4( ) , , , ,...,c c

neig ɚ ɚ ɚ ɚ ɚ- =A BD . 
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ɺ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʥʘʡʜʝʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʧʦʜʦʙʠʷ 
1T, ʢʦʪʦʨʦʝ 

ʧʨʠʚʦʜʠʪ ʠʩʭʦʜʥʫʶ ʤʘʪʨʠʮʫ A  ʢ ʜʠʘʛʦʥʘʣʴʥʦʤʫ ʚʠʜʫ ʠʣʠ ʞʦʨʜʘʥʦʚʦʡ 

ʬʦʨʤʝ, ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʢ ʜʠʘʛʦʥʘʣʴʥʦʤʫ ʚʠʜʫ ʤʘʪʨʠʮʫ ʧʨʠʚʝʩʪʠ ʥʝʣʴʟʷ 

1 1L = -1

1
T ȷT, 

ʛʜʝ { }

1

2

1 1 2

0 0

0 0
, ,...,

0 0

n

n

diag

l

l
l l l

l

è ø
é ù
é ùL = =
é ù
é ù
é ùê ú

, 
1 21 1 1 1n

t t tè ø=ê úT , 1i
t - ʩʦʙʩʪʚʝʥʥʳʝ 

ʚʝʢʪʦʨʘ ʤʘʪʨʠʮʳ ȷ. 

ʄʘʪʨʠʮʫ ʩʠʩʪʝʤʳ ʩ ʦʜʥʦʡ çʟʘʤʢʥʫʪʦʡè ʧʘʨʦʡ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ ʤʦʞʥʦ 

ʧʨʝʜʩʪʘʚʠʪʴ ʢʘʢ 

*

1 1 1 1

c= - = L-1 -1

1ȷ A BD TX X T, 

ʛʜʝ 

1

2

1 1 2 3 4 3

0 0 0

0 0 0

( , , , ,..., ) 0 0 0

0 0 0

c

c

c c c

n

n

diag

l

l

l l l l l l

l

è ø
é ù
é ù
é ùL = =
é ù
é ù
é ù
ê ú

, 2 ( 2)

( 2) 2 (n 2) (n 2)

0

0

n

n

³ -

- ³ - ³ -

è ø
=é ù
ê ú

2×2X
X

I
, 

2 2R ³Í
2×2

X  - ʧʨʦʠʟʚʦʣʴʥʘʷ ʥʝʚʳʨʦʞʜʝʥʥʘʷ ʤʘʪʨʠʮʘ ʨʘʟʤʝʨʘ 2ʭ2. ʈʘʩʧʠʰʝʤ 

ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʤʘʪʨʠʮʳ 
1ȷ  ʠʩʧʦʣʴʟʫʷ ʧʦʣʫʯʝʥʥʳʝ ʨʘʥʝʝ ʩʦʦʪʥʦʰʝʥʠʷ: 

1 1 1 1

cL = L --1 -1 -1

1 1TX X T T T BD . 

ʋʤʥʦʞʠʤ ʩʣʝʚʘ ʧʦʣʫʯʝʥʥʦʝ ʚʳʨʘʞʝʥʠʝ ʥʘ -1

1T : 

1 1

cL =L --1 -1 -1 -1

1 1 1X X T T T BD . 

ɼʘʣʝʝ ʧʝʨʝʥʝʩʝʤ ʚ ʧʨʘʚʫʶ ʯʘʩʪʴ ʚʩʝ ʩʣʘʛʘʝʤʳʝ, ʩʦʜʝʨʞʘʱʠʝ ʤʘʪʨʠʮʳ ʩ 

ʩʦʙʩʪʚʝʥʥʳʤʠ ʯʠʩʣʘʤʠ, ʚ ʣʝʚʦʡ ʯʘʩʪʠ ʦʩʪʘʚʠʤ ʩʣʘʛʘʝʤʦʝ, ʩʦʜʝʨʞʘʱʝʝ 

ʠʩʢʦʤʫʶ ʤʘʪʨʠʮʫ 
1D  

( )11 1

c -= L- L-1 -1

1 1T BD X X T . 

ɺʳʜʝʣʠʤ ʚ ʧʦʣʫʯʝʥʥʦʤ ʚʳʨʘʞʝʥʠʠ ʤʘʪʨʠʯʥʳʝ ʙʣʦʢʠ, ʩʦʜʝʨʞʘʱʠʝ ʧʘʨʫ 

çʧʝʨʝʜʚʠʛʘʝʤʳʭè ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ ʠ ʧʘʨʫ çʞʝʣʘʝʤʳʭ ʩʦʙʩʪʚʝʥʥʳʭè ʯʠʩʝʣ 

ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʤ ʩʪʨʦʢʠ ʤʘʪʨʠʮʳ -1

1T : 
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( )
2 2

1

1 2 2 2 2 2 2 2 2n n

c

³ ³

-

³ ³ ³ ³= L - L-1 -1

1 1T BD X X T , 

ʛʜʝ 1

2 2

2

0

0

l

l
³

è ø
L =é ù

ê ú
 - ʜʠʘʛʦʥʘʣʴʥʘʷ ʤʘʪʨʠʮʘ, ʩʦʜʝʨʞʘʱʘʷ ʧʘʨʫ ʧʝʨʝʜʚʠʛʘʝʤʳʭ 

ʢʦʨʥʝʡ ʩʠʩʪʝʤʳ, 
2 2

1

1

2

0

0

c

c

c

l

l³

è ø
L =é ù

ê ú
 - ʜʠʘʛʦʥʘʣʴʥʘʷ ʤʘʪʨʠʮʘ, ʩʦʜʝʨʞʘʱʘʷ ʧʝʨʚʫʶ 

ʧʘʨʫ ʞʝʣʘʝʤʳʭ ʢʦʨʥʝʡ, 
2 n³

-1

1T  - ʤʘʪʨʠʮʘ ʩʦʜʝʨʞʘʱʘʷ ʜʚʝ ʩʪʨʦʢʠ ʤʘʪʨʠʮʳ -1

1T , 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʝʨʝʜʚʠʛʘʝʤʦʡ ʧʘʨʝ ʢʦʨʥʝʡ. 

ɼʣʷ ʤʘʪʨʠʮʳ 
2 n³

-1

1T B  ʥʘʡʜʝʤ ʝʝ ʧʩʝʚʜʦʦʙʨʘʪʥʫʶ ʤʘʪʨʠʮʫ ʄʫʨʘ-ʇʝʥʨʦʫʟʘ, 

ʦʧʨʝʜʝʣʷʝʤʫʶ ʩʣʝʜʫʶʱʠʤ ʚʳʨʘʞʝʥʠʝʤ: 

( ) ( )( )( )( )2 2 2 2

1
1

n n n n

T T

³ ³ ³ ³

-
-

=-1 -1 -1 -1

1 1 1 1T B T B T B T B . 

ʋʤʥʦʞʠʤ ʧʦʣʫʯʝʥʥʦʝ ʨʘʥʝʝ ʚʳʨʘʞʝʥʠʝ ʩʧʨʘʚʘ ʥʘ ( )
2

1

n³

-
-1

1
T B , ʧʦʩʣʝ ʯʝʛʦ 

ʧʦʣʫʯʠʤ ʠʪʦʛʦʚʫʶ ʬʦʨʤʫʣʫ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʤʘʪʨʠʮʳ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ 
1D  

ʟʘʤʳʢʘʶʱʝʡ ʧʝʨʚʫʶ ʤʦʜʫ ʜʚʠʞʝʥʠʷ, ʪ.ʝ. çʧʝʨʝʩʪʘʚʣʷʶʱʫʶè ʧʝʨʚʫʶ ʧʘʨʫ 

ʢʦʨʥʝʡ ʥʝʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ (1ɚ ʠ  2ɚ) ʚ ʞʝʣʘʝʤʦʝ ʧʦʣʦʞʝʥʠʝ (1

cɚ ʠ  2

cɚ) 

 ( )( )
2 2 2 2 2 2

1
1

1 1 2 2 1 2 2n n

c

³ ³ ³ ³

-
-

³ ³= L - L-1 -1

1 1
D T B X X T . (1.28) 

ʉʪʦʠʪ ʩʜʝʣʘʪʴ ʥʝʙʦʣʴʰʦʝ ʟʘʤʝʯʘʥʠʝ, ʢʘʩʘʶʱʝʝʩʷ ʧʦʣʫʯʠʚʰʝʛʦʩʷ ʚʳʨʘʞʝʥʠʷ 

(1.28). ɼʘʥʥʦʝ ʚʳʨʘʞʝʥʠʝ ʚʝʨʥʦ ʪʦʣʴʢʦ ʚ ʪʦʤ ʩʣʫʯʘʝ, ʢʦʛʜʘ 

( )( )
2 2

1

2 2n n³ ³

-

³=-1 -1

1 1
T B T B I , ʯʪʦ ʚʝʨʥʦ ʧʨʠ ʨʘʥʛʝ ʤʘʪʨʠʮʳ 

2 n³

-1

1T B  ʨʘʚʥʦʤ 2. ɽʩʣʠ ʞʝ 

ʤʘʪʨʠʮʘ ʫʧʨʘʚʣʝʥʠʷ B  ʙʫʜʝʪ ʝʜʠʥʠʯʥʳʤ ʩʪʦʣʙʮʦʤ, ʪʦ ʝʩʪʴ ʩʠʩʪʝʤʘ 

ʫʧʨʘʚʣʝʥʠʷ ʙʫʜʝʪ ʠʤʝʪʴ ʦʜʠʥ ʫʧʨʘʚʣʷʶʱʠʡ ʢʘʥʘʣ (single-input), ʪʦ 

ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʨʘʩʯʝʪʘ ʤʘʪʨʠʮʳ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ 
1D  ʙʫʜʝʪ ʥʝʚʝʨʥʳʤ, ʪʘʢ ʢʘʢ ʚ 

ʪʘʢʦʤ ʩʣʫʯʘʝ ( )( )
2 2

1

2 2n n³ ³

-

³¸-1 -1

1 1
T B T B I . 

ʇʦʢʘʞʝʤ, ʯʪʦ ʧʦʣʫʯʠʚʰʘʷʩʷ ʬʦʨʤʫʣʘ (1.28) ʜʝʡʩʪʚʠʪʝʣʴʥʦ 

çʧʝʨʝʥʦʩʠʪè ʦʜʥʫ ʧʘʨʫ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ ʚ ʞʝʣʘʝʤʦʝ ʧʦʣʦʞʝʥʠʝ. 

ʇʦʜʩʪʘʚʠʤ (1.28) ʚ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʤʘʪʨʠʮʳ 
1 1= -ȷ A BD ʩ ʦʜʥʦʡ ʟʘʤʢʥʫʪʦʡ 

ʤʦʜʦʡ ʠ ʧʨʠʤʝʥʠʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʧʦʜʦʙʠʷ 
1T, ʢʦʪʦʨʦʝ, ʢʘʢ ʠʟʚʝʩʪʥʦ, ʥʝ 
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ʤʝʥʷʝʪ ʩʦʙʩʪʚʝʥʥʳʝ ʯʠʩʣʘ ʧʨʝʦʙʨʘʟʫʝʤʦʡ ʤʘʪʨʠʮʳ (ʜʣʷ ʫʜʦʙʩʪʚʘ ʟʘʧʠʩʠ 

ʦʙʦʟʥʘʯʠʤ 
2 1n³
=-1

1T B B ) 

22 22

1

2 2 1 2 21( )c

³³

-

³ ³L -= - = - L
2×n

-1T T -1

11 111 1A A BD A BB B X X(B ) T , 

2

2 2 2

2 2

2

2

1 1 1 1

1 1 1 2 2 1 2 2

1 1

1 2 21 2 11 1 2

1( )

( )

c

c

³

³

³

³

- - - -

³ ³

- -

³ ³

L

L

L =-

- -= L =

2×n

2×n

T T -1

1 1 1

T T -1

1

-1

1 1

-

1 1

1 1 1

1

1
ȿ

T A T = T AT - T BB B ) X X T T

T B

(B

(B )B B X X T T
 

2 2

( 2) ( 2

2 2 ( 2)

( 2))

1

2 2 1 21 2( )
n n

n n

n n

c

³ - ³

- ³

³

- ³ -

-

³ ³

è øè ø
è øè ø= L =é ùé ù ê úê ú

é ùé ù
-

ê úê ú

2×n

2 ×

2×

2

2

×n n

1 T T -

-1

1 -1

1 1 1-1

1

1 1 1

1 1

ȿ
ȿ

ȿ
(B- )

0 T
BB B X X T T T

0 T
 

2 2 2 2 ( 2 )

( 2 ) 2 2 2

2 2 2

2 ( )

2

2

1 1

2 2 1 2 2 2 2 1 2 2

1

2 21 1 2

1

2

1
( ) ( )

( )

n n

n n n n

c c

c

³ ³ - ³

- ³ ³ - ³

³ ³

³

- -

³ ³ ³ ³

-

³ ³

- L

L

-

-

L-

-
=

2×n 2×n n×2 2×n 2×n

2×n n

2×2

ʦʩʪ×2

-1 -1 -1 -1

1 1 1 1 1 1

-1 -1 -1

T T -1 T T -1

1 1 1 1 1 1 1

1

T T

1 1 1

-1

1 1 1 1

ȿ ȿ ȿ

ȿ ȿ

T BB B X X T T T BB B X X T T

T BB B X X T T

(B ) (B )

(B ) T
2 2 2 ( 2 )2

1

2 2 1 21 2
( )

n n

c

³ ³ - ³

-

³ ³

=
L-

è ø
é ù
é ùê ú2×n

T T -

1

1 -

11

1

1 1
ȿBB B X X T(B ) T

 

2 2 2 2 ( 2 )

( 2 ) 2 2 ( 2 ) ( 2 ) ( 2 )

2 2 2 2

2 2

1 1

1

1

1 1

2 2 1 2 2 2 2 1 2 2

2 2 1 2 2

( ) ( )

( )

n n

n n n n n n

c c

c

³ ³ - ³

³

³ ³

³- ³ ³ - - - ³

- -

³ ³ ³ ³

-

³ ³

L L

L

- - -

-
=

-

2×n n×2 2×n

2×n n

2

2

2×

×

T T -1 T T -1

1 1 1 1 1 1 1 1 1

T T -1 T

-1 -1

1 1 1 1

-1 -

1 1 1 1 1 1

1 -1

1 1 1

ȿ ȿ ȿ

ȿ ȿ

B B X X T T B B XB (B ) ( X T T

T BB B X X T T

B B

B T( BB

)

)
2 ( 2 )2 22

1

2 2 21 1 2
( )

.

n n

c

- ³³ ³

-

³ ³
L-

è ø
é ù
é ùê ú2×n

1

T -1

1 1

-1

1
ȿ(B B T T) X X

ʋʯʠʪʳʚʘʷ ʦʨʪʦʛʦʥʘʣʴʥʦʩʪʴ ʩʦʙʩʪʚʝʥʥʳʭ ʚʝʢʪʦʨʦʚ ʠ ʩʦʦʪʥʦʰʝʥʠʝ 
2×n

-1

1 1B = T B , 

ʧʦʣʫʯʘʝʤ 

2 2

( 2) 2 2 ( 2) ( 2)

2 2

( 2) 2 2 (

1

2 2 1 2 21

1 1

2 2 1 2 2

1

2 2 1 2 2

1

2 2 1 2 2

n n n n

n n n

c

c

c

c

³

- ³ ³ - ³ -

³

- ³ ³

-

³ ³-

-

³ ³

-

³ ³

-

³ ³

è øL
é ù= =

Lé ùê ú

L
=

L

2×2 2×2

2×2

2×2 2×2

2×2

T T -1

1 1 1 1 1 1

T T -1

1 1 1 1 1

1 1

1 1

1 1 -1

1

-1 -1

1 1

ȿ ȿ

ȿ ȿ

ȿ ȿ

ȿ ȿ

B B X X 0
T

T

- B (B ) ( - )

(B ) ( - )
A T

BB B X X

X X 0

T BB X X

- ( - )

( - )
2) ( 2)

2 2

2 2

( 2) 2 2 ( 2) ( 2) ( 2) 2 2

1

2 2 1 2 2

1
3

2 2 1 2 2

41
1 2 2 1 2 2

n

n n n n n n

c

c

c c

n

l

l

l

- ³ -

³

³

- ³ ³ - ³ - - ³ ³

-

³ ³

-

³ ³

-

³ ³

è ø
=é ù

é ùê ú

è øL
é ù
é ùè øL
é ùé ù= =
é ùLé ùê úé ù
é ù
ê ú

2×2 2×2

2×n

-1 -1 -1 -
1 1 1 1 1

1
1 1

ȿ ȿ ȿ ȿ

X X 0

0 0X X 0
0 0

T BB T BB X( - ) (

0 0

- X )

. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʳ ʧʦʣʫʯʠʣʠ ʥʠʞʥʶʶ ʪʨʝʫʛʦʣʴʥʫʶ ʤʘʪʨʠʮʫ, ʥʘ 

ʜʠʘʛʦʥʘʣʠ ʢʦʪʦʨʦʡ ʣʝʞʘʪ ʝʝ ʩʦʙʩʪʚʝʥʥʳʝ ʯʠʩʣʘ. ʅʝʪʨʫʜʥʦ ʟʘʤʝʪʠʪʴ, ʯʪʦ 

ʥʘʙʦʨ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ ʧʦʣʫʯʝʥʥʦʡ ʤʘʪʨʠʮʳ ʩʦʜʝʨʞʠʪ ʦʜʥʫ ʧʘʨʫ 

çʧʝʨʝʜʚʠʥʫʪʳʭè ʢʦʨʥʝʡ, ʠ ʚʩʝ ʦʩʪʘʣʴʥʳʝ ʝʱʝ çʥʝ ʧʝʨʝʜʚʠʥʫʪʳʝè ʢʦʨʥʠ. 

ʆʪʩʶʜʘ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʚʳʰʝʦʧʠʩʘʥʥʳʝ ʤʘʪʨʠʯʥʳʝ 

ʧʨʦʮʝʜʫʨʳ ʧʦʟʚʦʣʷʶʪ ʥʘʡʪʠ ʥʝʦʙʭʦʜʠʤʫʶ ʦʙʨʘʪʥʫʶ ʩʚʷʟʴ ʜʣʷ ʧʝʨʝʥʦʩʘ 

ʦʜʥʦʡ ʧʘʨʳ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ ʠʩʩʣʝʜʫʝʤʦʡ ʩʠʩʪʝʤʳ ʚ ʞʝʣʘʝʤʦʝ ʧʦʣʦʞʝʥʠʝ. 



40 

 

ɺʳʨʘʞʝʥʠʝ ʜʣʷ ʤʘʪʨʠʮʳ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ, çʟʘʤʳʢʘʶʱʝʡè ʚʪʦʨʫʶ ʧʘʨʫ 

ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ ʩʠʩʪʝʤʳ ʚʳʛʣʷʜʠʪ ʘʥʘʣʦʛʠʯʥʦ ʬʦʨʤʫʣʝ (1.28) 

( )( )
2 2 2 2 2 2

1
1

2 2 2 2 2 2 2 2 2n n

c

³ ³ ³ ³

-
-

³ ³= L - L-1 -1
D T B X X T ; 

ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ 2

-1
T  - ʤʘʪʨʠʮʘ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʧʦʜʦʙʠʷ, ʧʨʠʤʝʥʝʥʥʦʛʦ ʫʞʝ ʢ 

ʤʘʪʨʠʮʝ 
1 1
c= -ȷ A BD, ʩʦʜʝʨʞʘʱʝʡ ʦʜʥʫ ʟʘʤʢʥʫʪʫʶ ʧʘʨʫ ʢʦʨʥʝʡ (

1
2 2 2

c
k

-L =T A T ), ʤʘʪʨʠʮʳ 
2 22 ³

L  ʠ 
2 22

c

³
L  - ʜʠʘʛʦʥʘʣʴʥʳʝ ʤʘʪʨʠʮʳ, ʩʦʜʝʨʞʘʱʠʝ 

ʚʪʦʨʫʶ ʧʝʨʝʜʚʠʛʘʝʤʫʶ ʠ ʚʪʦʨʫʶ ʞʝʣʘʝʤʫʶ ʧʘʨʫ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʚʝʜʷ ʥʝʩʢʦʣʴʢʦ ʠʪʝʨʘʮʠʡ, ʯʠʩʣʦ ʢʦʪʦʨʳʭ ʨʘʚʥʦ 

ʢʦʣʠʯʝʩʪʚʫ ʧʘʨ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ ʠʩʩʣʝʜʫʝʤʦʡ ʩʠʩʪʝʤʳ ʤʳ ʧʦʣʫʯʠʤ 

ʤʘʪʨʠʮʳ ʦʙʨʘʪʥʳʭ ʩʚʷʟʝʡ, ʢʘʞʜʘʷ ʠʟ ʢʦʪʦʨʳʭ çʧʝʨʝʜʚʠʛʘʝʪè ʦʜʥʫ ʠʟ ʧʘʨ 

ʢʦʨʥʝʡ ʚ ʞʝʣʘʝʤʦʝ ʧʦʣʦʞʝʥʠʝ. ʇʨʠ ʨʘʟʤʝʨʥʦʩʪʠ ʠʩʩʣʝʜʫʝʤʦʡ ʩʠʩʪʝʤʳ n=2k 

ʠʪʦʛʦʚʫʶ ʤʘʪʨʠʮʫ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʩ= -ȷ A BD, ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʢʘʢ 

( 1) ( 2) 1

1 2 1 2... ( ... )

ʩ ʩ k k ʩ k k k

k k

- - -
= - = - = - - =

= - - - - = - + + +

ȷ A BD A BD A BD BD

A BD BD BD A B D D D
; 

ʦʪʢʫʜʘ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʨʝʟʫʣʴʪʠʨʫʶʱʘʷ ʤʘʪʨʠʮʘ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ 

ʨʘʚʥʘ ʩʫʤʤʝ ʚʩʝʭ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʤʘʪʨʠʮ ʦʙʨʘʪʥʳʭ ʩʚʷʟʝʡ iD , ʥʘʡʜʝʥʥʳʭ ʥʘ 

ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ ʧʦ ʬʦʨʤʫʣʘʤ, ʘʥʘʣʦʛʠʯʥʳʤ (1.28) 

ä
k

i
i=1

D = D . 

ɺ ʩʣʫʯʘʝ ʝʩʣʠ ʨʘʟʤʝʨʥʦʩʪʴ ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʝʯʝʪʥʳʤ 

ʯʠʩʣʦʤ, ʪʦ ʚ ʧʦʩʣʝʜʥʝʡ ʠʪʝʨʘʮʠʠ ʘʣʛʦʨʠʪʤʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ 

ʥʘʭʦʜʠʪʩʷ ʤʘʪʨʠʮʘ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ, çʧʝʨʝʜʚʠʛʘʶʱʘʷè ʧʦʩʣʝʜʥʠʡ, ʥʝʧʘʨʥʳʡ 

ʢʦʨʝʥʴ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ: 

( )( )
1

1 1

k k

c
k k k k k

l l
-

- -= - ÖD T B T , 

ʛʜʝ k
l ʠ c

k
l  - ʧʦʩʣʝʜʥʠʡ ʥʝʧʘʨʥʳʡ ʢʦʨʝʥʴ ʥʝʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʠ ʧʦʩʣʝʜʥʠʡ 

ʥʝʧʘʨʥʳʡ ʢʦʨʝʥʴ ʵʪʘʣʦʥʥʦʛʦ ʧʦʣʠʥʦʤʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 1

kk
-T  - k-ʷ ʩʪʨʦʢʘ 

ʤʘʪʨʠʮʳ 1
k
-T , ʛʜʝ k

T  - ʤʘʪʨʠʮʘ ʩʦʙʩʪʚʝʥʥʳʭ ʚʝʢʪʦʨʦʚ. 
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1.5 ɸʣʛʦʨʠʪʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ. 

ʇʦʩʪʨʦʝʥʠʝ ʘʜʘʧʪʠʚʥʦʛʦ ʥʘʙʣʶʜʘʪʝʣʷ. 

ʊʝʧʝʨʴ ʨʘʩʩʤʦʪʨʠʤ ʟʘʜʘʯʫ ʧʦʩʪʨʦʝʥʠʷ ʤʘʪʨʠʮʳ ʚʝʩʦʚʳʭ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ. ʇʦʣʦʞʠʤ, ʯʪʦ ʥʘʤ ʥʝʦʙʭʦʜʠʤʦ ʨʝʰʠʪʴ ʟʘʜʘʯʫ ʤʦʜʘʣʴʥʦʛʦ 

ʩʠʥʪʝʟʘ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʘʜʘʧʪʠʚʥʦʛʦ ʥʘʙʣʶʜʘʪʝʣʷ. ʈʘʩʩʤʦʪʨʠʤ ʫʨʘʚʥʝʥʠʝ ʚ 

ʥʝʚʷʟʢʘʭ 

x = (A-WC)x , 

ʛʜʝ x  - ʚʝʢʪʦʨ ʥʝʚʷʟʦʢ, A - ʤʘʪʨʠʮʘ ʩʠʩʪʝʤʳ, C  - ʤʘʪʨʠʮʘ ʠʟʤʝʨʝʥʠʡ. 

ʄʘʪʨʠʮʘ ʩʠʩʪʝʤʳ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʥʘʙʦʨ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ 

{ }1 2( ) , ,..., neig ɚ ɚ ɚ=A . ʅʝʦʙʭʦʜʠʤʦ ʥʘʡʪʠ ʟʥʘʯʝʥʠʝ ʤʘʪʨʠʮʳ ʚʝʩʦʚʳʭ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ W, ʢʦʪʦʨʘʷ ʙʳ ʦʙʝʩʧʝʯʠʚʘʣʘ ʤʘʪʨʠʮʝ A-WC  ʟʘʜʘʥʥʦʝ 

ʥʘʧʝʨʝʜ ʧʦʣʦʞʝʥʠʝ ʢʦʨʥʝʡ { }1 2, ,...,c c c
nɚ ɚ ɚ. 

ʉʥʘʯʘʣʘ ʥʘʡʜʝʤ ʤʘʪʨʠʮʫ 
1W, ʢʦʪʦʨʘʷ çʧʝʨʝʥʦʩʠʪè ʧʝʨʚʫʶ ʧʘʨʫ 

ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ ʤʘʪʨʠʮʳ ʩʠʩʪʝʤʳ 1 2,ɚ ɚ ʚ ʞʝʣʘʝʤʦʝ ʧʦʣʦʞʝʥʠʝ (1 2,c cɚ ɚ). 

ʇʫʩʪʴ 1

c= - 1A A WC  - ʤʘʪʨʠʮʘ ʯʘʩʪʠʯʥʦ ï ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʩ ʦʜʥʦʡ 

çʧʝʨʝʜʚʠʥʫʪʦʡè ʧʘʨʦʡ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ (

{ }1 1 2 3 4( ) ( ) , ,. , ..,c c c

neig eig l l l l l= - =1A A WC ). ʊʦʛʜʘ ʤʘʪʨʠʮʫ  
1ʩA  ʤʦʞʥʦ ʨʘʩʧʠʩʘʪʴ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

( )
1

1 1 1 1

c c c c
-

= LA T T , 

ʛʜʝ 

1

2

1 3

0 0 0

0 0 0

0 0 0

0 0 0

c

c

c

n

l

l

l

l

è ø
é ù
é ù
é ùL =
é ù
é ù
é ù
ê ú

 - ʜʠʘʛʦʥʘʣʴʥʘʷ ʤʘʪʨʠʮʘ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ, 

[ ]1 1 2 3c c c ʩ ʩnt t t t=T  - ʤʘʪʨʠʮʘ ʩʦʙʩʪʚʝʥʥʳʭ ʚʝʢʪʦʨʦʚ ʤʘʪʨʠʮʳ 
1ʩA . 

ɸʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ ʧʨʝʜʩʪʘʚʠʤ ʤʘʪʨʠʮʫ ʩʠʩʪʝʤʳ: 

1

1 1 1

-=A TȿT , 
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ʛʜʝ 

1

2

1 3

0 0 0

0 0 0

0 0 0

0 0 0 n

l

l

l

l

è ø
é ù
é ù
é ùL =
é ù
é ù
é ù
ê ú

 - ʤʘʪʨʠʮʘ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ, [ ]1 1 2 nt t t=T   -

ʤʘʪʨʠʮʘ ʩʦʙʩʪʚʝʥʥʳʭ ʚʝʢʪʦʨʦʚ ʤʘʪʨʠʮʳ ʩʠʩʪʝʤʳ A . 

ʆʧʨʝʜʝʣʠʤ ʤʘʪʨʠʮʫ ʩʦʙʩʪʚʝʥʥʳʭ ʚʝʢʪʦʨʦʚ 
1cT  ʯʘʩʪʠʯʥʦ-ʟʘʤʢʥʫʪʦʡ 

ʩʠʩʪʝʤʳ ʩ ʦʜʥʦʡ çʧʝʨʝʜʚʠʥʫʪʦʡè ʧʘʨʦʡ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ ʢʘʢ 

[ ]

1 1 2 3 1 1

2 2 2 ( 2)

1 2 3 1 2 3

( 2) 2 ( 2) ( 2)

0

0

c c c c c

n

n c c

n n

n n n

t t t t

t t t t t t t t
³ ³ -

- ³ - ³ -

è ø= = =ê ú

è ø
è ø= =é ùê ú

ê ú

T T X

X

I

, 

ʛʜʝ 2 2

2 2

³

³ÍX  - ʧʨʦʠʟʚʦʣʴʥʘʷ ʥʝʚʳʨʦʞʜʝʥʥʘʷ ʤʘʪʨʠʮʘ. 

ʊʦʛʜʘ ʚʳʨʘʞʝʥʠʝ, ʦʧʨʝʜʝʣʷʶʱʝʝ ʤʘʪʨʠʮʫ 
1ʩA  ʤʦʞʥʦ ʨʘʩʧʠʩʘʪʴ ʩʣʝʜʫʶʱʠʤ 

ʦʙʨʘʟʦʤ: 

( )
1

1 1 1

1 1 1 1 1 1 1 1 1 1 1 1 1

c c c c c
-

- - -= L = L = L -A T T TX X T T T WC  ʠʣʠ 

 1 1 1

1 1 1 1 1 1 1 1 1ʩ

- - -L = L -TX X T T T WC . (1.29) 

ɺʳʨʘʟʠʤ ʤʘʪʨʠʮʫ ʚʝʩʦʚʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ.  

ɺ ʚʳʨʘʞʝʥʠʠ (1.29) ʫʤʥʦʞʠʤ ʩʧʨʘʚʘ ʧʨʘʚʫʶ ʠ ʣʝʚʫʶ ʯʘʩʪʴ ʥʘ 
1T : 

1

1 1 1 1 1 1 1 1

c -L = L -TX X T WCT . 

ʇʝʨʝʛʨʫʧʧʠʨʫʝʤ ʩʣʘʛʘʝʤʳʝ ʪʘʢ, ʯʪʦʙʳ ʩʣʝʚʘ ʦʩʪʘʣʦʩʴ ʚʳʨʘʞʝʥʠʝ ʩ ʠʩʢʦʤʦʡ 

ʤʘʪʨʠʮʝʡ ʚʝʩʦʚʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 
1W, ʘ ʩʧʨʘʚʘ ʚʩʝ ʦʩʪʘʣʴʥʦʝ: 

 ( )11 1 1 1 1 1 1

c -= L - LWCT T X X . (1.30) 

ɺʳʨʘʟʠʤ ʤʘʪʨʠʮʫ 
1T  ʢʘʢ  

1,2 ( 2) ( 2)1 1 1n n- ³ -

è ø=
ê ú

T T T , 

ʛʜʝ [ ]
1,2 1,2

2

1 1 2 1, nt t ³= ÍT T  - 2 ʩʦʙʩʪʚʝʥʥʳʭ ʚʝʢʪʦʨʘ ʤʘʪʨʠʮʳ A , 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʝʨʚʦʡ  ʧʝʨʝʜʚʠʛʘʝʤʦʡ ʧʘʨʝ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ, 

[ ]
( 2) ( 2)

( 2)

1 3 4 5 1,
n n n n

n n

nt t t t
³ - ³ -

³ -= ÍT T  - ʤʘʪʨʠʮʘ, ʩʦʜʝʨʞʘʱʘʷ ʚʩʝ ʦʩʪʘʣʴʥʳʝ 

ʩʦʙʩʪʚʝʥʥʳʝ ʚʝʢʪʦʨʘ ʥʝʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ, ʢʦʪʦʨʳʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 



43 

 

ʦʩʪʘʣʴʥʳʤ, ʥʝ ʧʝʨʝʜʚʠʛʘʝʤʳʤ ʟʘ ʜʘʥʥʫʶ ʠʪʝʨʘʮʠʶ ʩʦʙʩʪʚʝʥʥʳʤ ʯʠʩʣʘʤ. 

ʄʘʪʨʠʮʳ 
1L  ʠ 

1ʩL  ʨʘʩʧʠʰʝʤ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

2 2

( 2) ( 2)

1 2 ( 2)

1

( 2) 2 1

0

0
n n

n

n

³

- ³ -

³ -

- ³

Lè ø
L =é ù

Lé ùê ú

, 
2 2

( 2) ( 2)

1 2 ( 2)

1

( 2) 2 1

0

0
n n

ʩ n

ʩ

n

³

- ³ -

³ -

- ³

Lè ø
L =é ù

Lé ùê ú

; 

ʛʜʝ 
2 2

1

1

2

0

0

l

l³

è ø
L =é ù

ê ú
, 

2 2

1

1

2

0

0

c

c

c

l

l³

è ø
L =é ù

ê ú
, 

1

2

1

0 0

0 0

0 0

ʦʩʪ

n

l

l

l

è ø
é ù
é ùL =
é ù
é ù
ê ú

 (
2 2

2 2

1³

³L Í , 
2 2

2 2

1

c

³

³L Í , 

( 2) ( 2)

( 2) ( 2)

1 n n

n n

- ³ -

- ³ -L Í ). 

ʊʦʛʜʘ ʧʨʘʚʫʶ ʯʘʩʪʴ ʚʳʨʘʞʝʥʠʷ (1.30) ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʢʘʢ: 

( )
1,2 ( 2)

2 2 2 2

( 2) ( 2) ( 2) ( 2)

1

1 1 1 1 1 1 1

1
1 2 ( 2) 1 2 ( 2)2 2 2 ( 2) 2 2 2 ( 2)

( 2) 2 ( 2) ( 2)( 2) 2 1 ( 2) 2 1 ( 2) 2 ( 2) ( 2)

0 00 0

00 0 0

n n

n n n n

c

n ʩ nn n

n n nn n n n n

³ -

³ ³

- ³ - - ³ -

-

-
³ - ³ -³ ³ - ³ ³ -

- ³ - ³ -- ³ - ³ - ³ - ³ -

è øL - L = Ö
ê ú

L Lè ø è øè øè ø
Ö -é ù é ùé ùé ù

L L éé ù é ùê ú ê úê ú ê ú

T X X T T

X X

I I

2 2 2 2

1,2 ( 2)

( 2) ( 2) ( 2) ( 2)

2 2 2 2

1,2 ( 2)

1

1 2 2 1 2 2 2 ( 2)

1 1

( 2) 2 1 ( 2) ( 2) 1 ( 2) ( 2)

1

1 2 2 1 2 2 2 ( 2)

1 1

( 2) 2 ( 2) ( 2)

0

0

0

0 0

n n

n n n n

n n

c

n

n n n n n

c

n

n n n

³ ³

³ -

- ³ - - ³ -

³ ³

³ -

-

³ ³ ³ -

- ³ - ³ - - ³ -

-

³ ³ ³ -

- ³ - ³ -

å õ
æ ö=
æ öùç ÷

è øL - L
è ø= =é ù
ê ú L - Lé ùê ú

èL - L
è ø= éê ú

éê

X X
T T

I I

X X
T T

( )
1,2 2 2 2 2

1

1 1 2 2 1 2 2 ( 2)0 .c

n n³ ³

-

³ ³ - ³

ø
=ù
ùú

è ø= L - L
ê ú
T X X

 

ʃʝʚʫʶ ʯʘʩʪʴ ʚʳʨʘʞʝʥʠʷ () ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʢʘʢ: 

1,2 ( 2) 1,2 ( 2)1 1 1 1 1 1 1 1 1n n n n³ - ³ -

è ø è ø= =
ê ú ê ú

WCT WC T T WCT WCT . 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʫʯʘʝʤ: 

( )
1,2 ( 2) 1,2 2 2 2 2

1

1 1 1 1 1 1 2 2 1 2 2 ( 2)0
n n

c

n n³ - ³ ³

-

³ ³ - ³
è ø è ø= L - L
ê ú ê ú
WCT WCT T X X . 

ɺʳʜʝʣʠʤ ʚ ʧʦʣʫʯʝʥʥʦʤ ʤʘʪʨʠʯʥʦʤ ʨʘʚʝʥʩʪʚʝ ʧʝʨʚʳʝ 2 ʩʪʦʣʙʮʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʯʝʛʦ ʧʦʣʫʯʠʤ ʩʣʝʜʫʶʱʝʝ ʚʳʨʘʞʝʥʠʝ: 

 ( )
1,2 1,2 2 2 2 2

1

1 1 1 1 2 2 1 2 2

c

³ ³

-

³ ³= L - LWCT T X X . (1.31) 

ɼʣʷ ʤʘʪʨʠʮʳ 
1,21CT  ʥʘʡʜʝʤ ʝʝ ʧʩʝʚʜʦʦʙʨʘʪʥʫʶ ʤʘʪʨʠʮʫ ʄʫʨʘ-ʇʝʥʨʦʫʟʘ, 

ʦʧʨʝʜʝʣʷʝʤʫʶ ʩʣʝʜʫʶʱʠʤ ʚʳʨʘʞʝʥʠʝʤ: 

( ) ( )( )( )( )
1,2 1,2 1,2 1,2

1
1

1 1 1 1

T T-
-

=CT CT CT CT . 
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ʋʤʥʦʞʘʷ ʩʧʨʘʚʘ ʦʙʝ ʯʘʩʪʠ ʚʳʨʘʞʝʥʠʷ (1.31) ʥʘ ( )
1,2

1

1

-

CT  (ʨʘʥʛ ʤʘʪʨʠʮʳ 
1,21CT  

ʦʙʷʟʘʥ ʙʳʪʴ ʥʝ ʤʝʥʝʝ 2), ʧʦʣʫʯʘʝʤ ʬʦʨʤʫʣʫ, ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʤʘʪʨʠʮʳ 

ʚʝʩʦʚʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 
1W, ʟʘʤʳʢʘʶʱʝʡ ʧʝʨʚʫʶ ʧʘʨʫ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ 

1 2,ɚ ɚ: 

( )( )
1,2 2 2 2 2 1,2

1
1

1 1 1 2 2 1 2 2 1

c

³ ³

-
-

³ ³= L - L ÖW T X X CT . 

ɺʳʨʘʞʝʥʠʝ ʜʣʷ ʤʘʪʨʠʮʳ ʚʝʩʦʚʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 
2W , ʟʘʤʳʢʘʶʱʝʡ 2-ʶ ʧʘʨʫ 

ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ ʙʫʜʝʪ ʚʳʛʣʷʜʝʪʴ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

( )( )
3,4 2 2 2 2 3,4

1
1

2 2 2 2 2 1 2 2 2

c

³ ³

-
-

³ ³= L - L ÖW T X X CT , 

ʛʜʝ 
2T  - ʵʪʦ ʤʘʪʨʠʮʘ ʩʦʙʩʪʚʝʥʥʳʭ ʚʝʢʪʦʨʦʚ ʫʞʝ ʥʦʚʦʡ ʤʘʪʨʠʮʳ ʩʠʩʪʝʤʳ 1

c
A  ʩ 

ʦʜʥʦʡ ʟʘʤʢʥʫʪʦʡ ʧʘʨʦʡ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ 

{ }1 1 2 3 4( ) ( ) , ,. , ..,c c c

neig eig l l l l l= - =1A A WC , ʘ 
2 22 ³

L  ʠ 
2 22

c

³
L  - ʵʪʦ ʜʠʘʛʦʥʘʣʴʥʳʝ 

ʤʘʪʨʠʮʳ ʨʘʟʤʝʨʘ 2ʭ2 ʩʦʜʝʨʞʘʱʠʝ ʚʪʦʨʫʶ ʧʝʨʝʜʚʠʛʘʝʤʫʶ ʧʘʨʫ ʩʦʙʩʪʚʝʥʥʳʭ 

ʯʠʩʝʣ ʠ ʚʪʦʨʫʶ ʞʝʣʘʝʤʫʶ ʧʘʨʫ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ. 

ʀʩʢʦʤʘʷ ʤʘʪʨʠʮʘ ʚʝʩʦʚʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ, ʧʝʨʝʜʚʠʛʘʶʱʘʷ ʚʩʝ ʢʦʨʥʠ 

ʘʜʘʧʪʠʚʥʦʛʦ ʥʘʙʣʶʜʘʪʝʣʷ ʚ ʞʝʣʘʝʤʳʝ ʤʝʩʪʘ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʫʤʤʦʡ ʤʘʪʨʠʮ 

iW, ʥʘʡʜʝʥʥʳʭ ʥʘ ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ ʘʣʛʦʨʠʪʤʘ: 

iä
k

i=1

W = W , 

ʛʜʝ / 2k n= , ʝʩʣʠ n ï ʯʝʪʥʦʝ, ( 1) / 2k n= + , ʝʩʣʠ n ï ʥʝʯʝʪʥʦʝ. ɺ ʩʣʫʯʘʝ ʝʩʣʠ 

ʨʘʟʤʝʨʥʦʩʪʴ ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʝʯʝʪʥʳʤ ʯʠʩʣʦʤ, ʪʦ ʚ 

ʧʦʩʣʝʜʥʝʡ ʠʪʝʨʘʮʠʠ ʘʣʛʦʨʠʪʤʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ ʥʘʭʦʜʠʪʩʷ 

ʤʘʪʨʠʮʘ ʚʝʩʦʚʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ, çʧʝʨʝʜʚʠʛʘʶʱʘʷè ʧʦʩʣʝʜʥʠʡ, ʥʝʧʘʨʥʳʡ 

ʢʦʨʝʥʴ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ: 

( )( )
1c

k k k k kt tl l
-

= - ÖW C , 

ʛʜʝ 
kl ʠ c

kl  - ʧʦʩʣʝʜʥʠʡ ʥʝʧʘʨʥʳʡ ʢʦʨʝʥʴ ʥʝʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʠ ʧʦʩʣʝʜʥʠʡ 

ʥʝʧʘʨʥʳʡ ʢʦʨʝʥʴ ʵʪʘʣʦʥʥʦʛʦ ʧʦʣʠʥʦʤʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 
kt  - ʩʦʙʩʪʚʝʥʥʳʡ 

ʚʝʢʪʦʨ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʩʦʙʩʪʚʝʥʥʦʤʫ ʯʠʩʣʫ 
kl. 
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1.6 ɸʣʛʦʨʠʪʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ. 

ʅʝʢʦʪʦʨʳʝ ʟʘʤʝʯʘʥʠʷ. 

ʅʝʦʙʭʦʜʠʤʦ ʚʥʝʩʪʠ ʨʷʜ ʟʘʤʝʯʘʥʠʡ ʢ ʘʣʛʦʨʠʪʤʫ ʤʦʜʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ, 

ʦʧʠʩʳʚʘʝʤʦʤʫ ʚ ʜʘʥʥʦʡ ʛʣʘʚʝ. 

ʇʝʨʚʦʝ ʟʘʤʝʯʘʥʠʝ ʢʘʩʘʝʪʩʷ ʪʦʛʦ, ʯʪʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʧʦʜʦʙʠʷ, 

ʧʨʠʚʦʜʷʱʝʝ ʤʘʪʨʠʮʫ ʩʠʩʪʝʤʳ ʢ ʢʘʥʦʥʠʯʝʩʢʦʡ ʬʦʨʤʝ, ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ 

ʢʦʤʧʣʝʢʩʥʦʟʥʘʯʥʦʝ. ʊʦ ʝʩʪʴ, ʤʘʪʨʠʮʘ ʩʠʩʪʝʤʳ A  ʩ ʜʝʡʩʪʚʠʪʝʣʴʥʳʤʠ 

ʢʦʤʧʦʥʝʥʪʘʤʠ ʧʨʝʦʙʨʘʟʫʝʪʩʷ ʢ ʜʠʘʛʦʥʘʣʴʥʦʡ ʠʣʠ ʞʦʨʜʘʥʦʚʦʡ ʬʦʨʤʝ, ʥʘ 

ʛʣʘʚʥʦʡ ʜʠʘʛʦʥʘʣʠ ʢʦʪʦʨʦʡ ʨʘʩʧʦʣʦʞʝʥʳ ʢʘʢ ʜʝʡʩʪʚʠʪʝʣʴʥʳʝ ʩʦʙʩʪʚʝʥʥʳʝ 

ʯʠʩʣʘ, ʪʘʢ ʠ ʧʘʨʳ ʢʦʤʧʣʝʢʩʥʳʭ ʯʠʩʝʣ. ʉʦʙʩʪʚʝʥʥʳʝ ʚʝʢʪʦʨʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝ 

ʧʘʨʝ ʢʦʤʧʣʝʢʩʥʦ-ʩʦʧʨʷʞʝʥʥʳʭ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ, ʷʚʣʷʶʱʠʝʩʷ ʩʪʦʣʙʮʘʤʠ 

ʤʘʪʨʠʮʳ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʧʦʜʦʙʠʷ 
1T  ʪʦʞʝ ʷʚʣʷʶʪʩʷ ʢʦʤʧʣʝʢʩʥʦ-

ʩʦʧʨʷʞʝʥʥʳʤʠ. ʇʨʠ ʦʧʝʨʘʮʠʷʭ ʩ ʤʘʪʨʠʮʘʤʠ ʥʘʜ ʧʦʣʝʤ ʢʦʤʧʣʝʢʩʥʳʭ ʯʠʩʝʣ 

ʤʦʞʝʪ ʥʘʢʘʧʣʠʚʘʪʴʩʷ ʢʦʤʧʣʝʢʩʥʦʟʥʘʯʥʘʷ ʦʰʠʙʢʘ, ʠ ʚ ʨʝʟʫʣʴʪʘʪʝ, 

ʧʦʣʫʯʠʚʰʘʷʩʷ ʤʘʪʨʠʮʘ ʦʙʨʘʪʥʦʡ, ʨʘʩʩʯʠʪʘʥʥʘʷ ʧʦ ʦʧʠʩʳʚʘʝʤʦʤʫ 

ʯʠʩʣʝʥʥʦʤʫ ʘʣʛʦʨʠʪʤʫ ʤʦʞʝʪ ʠʤʝʪʴ ʤʥʠʤʳʝ ʢʦʤʧʦʥʝʥʪʳ ʢʦʵʬʬʠʮʠʝʥʪʦʚ, 

ʧʨʠ ʦʪʙʨʘʩʳʚʘʥʠʠ ʢʦʪʦʨʳʭ ʪʦʯʥʦʩʪʴ ʨʘʩʧʦʣʦʞʝʥʠʷ ʢʦʨʥʝʡ ʟʘʤʢʥʫʪʦʡ 

ʩʠʩʪʝʤʳ ʤʦʞʝʪ ʫʭʫʜʰʠʪʴʩʷ. 

ʇʦʵʪʦʤʫ ʧʨʝʜʣʘʛʘʝʪʩʷ ʧʝʨʝʡʪʠ ʦʪ ʜʠʘʛʦʥʘʣʴʥʦʡ ʟʘʧʠʩʠ ʢʘʥʦʥʠʯʝʩʢʦʡ 

ʬʦʨʤʳ ʤʘʪʨʠʮʳ ʩʠʩʪʝʤʳ ʢ ʙʣʦʯʥʦ-ʜʠʘʛʦʥʘʣʴʥʦʡ ʟʘʧʠʩʠ, ʛʣʘʚʥʘʷ ʜʠʘʛʦʥʘʣʴ 

ʢʦʪʦʨʦʡ ʩʦʜʝʨʞʠʪ ʙʣʦʢʠ ʨʘʟʤʝʨʦʤ 2ʭ2, ʚ ʢʘʞʜʦʤ ʠʟ ʢʦʪʦʨʳʭ ʚ 

ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʬʦʨʤʝ ʨʘʩʧʦʣʦʞʝʥʳ ʧʘʨʳ ʢʦʤʧʣʝʢʩʥʦ-ʩʦʧʨʷʞʝʥʥʳʭ ʯʠʩʝʣ: 

 
1

0

0

j jk

j jk

a bɚ

ɚ b a
+

è ø
é ù
é ù
é ù
é ù
é ù

è

ê ú

ø
é ù
é ù
é ù
é ù
é ù
ê ú

­
-

; (1.32) 

ʛʜʝ j jk
ɚ a ib= + , 1 j jk

ɚ a ib
+
= - . ɸʥʘʣʦʛ ʞʦʨʜʘʥʦʚʦʡ ʢʣʝʪʢʠ ʥʘʜ ʧʦʣʝʤ 

ʜʝʡʩʪʚʠʪʝʣʴʥʳʭ ʯʠʩʝʣ, ʩʦʜʝʨʞʘʱʠʡ ʢʨʘʪʥʫʶ ʢʦʤʧʣʝʢʩʥʦ-ʩʦʧʨʷʞʝʥʥʫʶ ʧʘʨʫ 

ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ ʙʫʜʝʪ ʠʤʝʪʴ ʩʣʝʜʫʶʱʫʶ ʟʘʧʠʩʴ: 
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1 0 0 0 0 0

0 1 0 0 0 0

0 0 1 0 0 0

0 0 0 1 0 0

0 0 0 0 0 0

0 0 0 0 0 0

l l

l l

l l

l l

l l

l l

a b

b a

a b

b a

a b

b a

è ø
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
ê ú

-

-

-

. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʧʘʨʝ ʢʦʤʧʣʝʢʩʥʦ-ʩʦʧʨʷʞʝʥʥʳʭ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ 

ʤʘʪʨʠʮʳ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʘʨʘ ʢʦʤʧʣʝʢʩʥʦ-ʩʦʧʨʷʞʝʥʥʳʭ ʩʦʙʩʪʚʝʥʥʳʭ 

ʚʝʢʪʦʨʦʚ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʧʦʜʦʙʠʷ, ʧʨʠʚʦʜʷʱʝʛʦ ʤʘʪʨʠʮʫ 

ʩʠʩʪʝʤʳ ʢ ʙʣʦʯʥʦ-ʜʠʘʛʦʥʘʣʴʥʦʡ ʬʦʨʤʝ (1.32), ʥʝʦʙʭʦʜʠʤʦ ʟʘʤʝʥʠʪʴ ʧʘʨʳ 

ʢʦʤʧʣʝʢʩʥʦʟʥʘʯʥʳʭ ʩʦʙʩʪʚʝʥʥʳʭ ʚʝʢʪʦʨʦʚ ʥʘ ʠʭ ʜʝʡʩʪʚʠʪʝʣʴʥʳʝ ʘʥʘʣʦʛʠ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

-i iè ø è ø
é ù é ùê ú ê ú
+ ­i i i i i ik l k l k l . 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʳ ʟʘʤʝʥʠʣʠ ʦʧʝʨʘʮʠʠ ʥʘʜ ʧʦʣʝʤ ʢʦʤʧʣʝʢʩʥʳʭ ʯʠʩʝʣ 

ʦʧʝʨʘʮʠʷʤʠ ʥʘʜ ʧʦʣʝʤ ʜʝʡʩʪʚʠʪʝʣʴʥʳʭ ʯʠʩʝʣ, ʪʝʤ ʩʘʤʳʤ ʩʚʝʜʷ ʢ ʥʫʣʶ 

ʚʝʨʦʷʪʥʦʩʪʴ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʢʦʤʧʣʝʢʩʥʦʟʥʘʯʥʦʡ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʦʰʠʙʢʠ. 

ʉʣʝʜʫʶʱʝʝ ʟʘʤʝʯʘʥʠʝ ʧʦ ʧʨʝʜʣʦʞʝʥʥʦʤʫ ʚ ʜʘʥʥʦʡ ʛʣʘʚʝ ʘʣʛʦʨʠʪʤʫ 

ʢʘʩʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʘʣʛʦʨʠʪʤʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ ʜʣʷ ʩʠʥʪʝʟʘ 

single-input ʩʠʩʪʝʤ. ʂʘʢ ʫʞʝ ʙʳʣʦ ʩʢʘʟʘʥʦ ʨʘʥʝʝ, ʦʧʠʩʳʚʘʝʤʳʝ ʤʘʪʨʠʯʥʳʝ 

ʧʨʦʮʝʜʫʨʳ ʧʦʧʘʨʥʦʛʦ ʧʝʨʝʥʦʩʘ ʢʦʨʥʝʡ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʚ ʞʝʣʘʝʤʳʝ 

ʤʝʩʪʘ ʥʘ ʢʦʤʧʣʝʢʩʥʦʡ ʧʣʦʩʢʦʩʪʠ ʥʝ ʙʫʜʫʪ ʨʘʙʦʪʘʪʴ, ʝʩʣʠ ʢʦʣʠʯʝʩʪʚʦ ʚʭʦʜʦʚ 

ʩʠʩʪʝʤʳ (ʪ.ʝ. ʢʘʥʘʣʦʚ ʫʧʨʘʚʣʝʥʠʷ) ʨʘʚʥʦ ʝʜʠʥʠʮʝ. ɼʣʷ ʪʘʢʠʭ ʩʣʫʯʘʝʚ ʜʘʥʥʳʡ 

ʯʠʩʣʝʥʥʳʡ ʘʣʛʦʨʠʪʤ ʤʦʞʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʪʴ, çʟʘʤʳʢʘʷè ʟʘ ʢʘʞʜʫʶ 

ʠʪʝʨʘʮʠʶ ʥʝ ʧʘʨʫ ʢʦʨʥʝʡ, ʘ ʦʜʠʥ ʢʦʨʝʥʴ ʩʠʩʪʝʤʳ. ʊʦʛʜʘ ʚʳʨʘʞʝʥʠʝ ʜʣʷ 

ʧʦʠʩʢʘ ʤʘʪʨʠʮʳ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʥʘ ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ ʧʨʠʤʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

 ( )( )
1

1 1c
i i i i it tl l

-
- -= -D B , (1.33) 

ʛʜʝ 1it
-  - ʩʪʨʦʢʘ ʤʘʪʨʠʮʳ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʧʦʜʦʙʠʷ i

-1T  ( 1 i i ii-= L -1ȷ T T), 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʧʝʨʝʜʚʠʛʘʝʤʦʤʫ ʩʦʙʩʪʚʝʥʥʦʤʫ ʯʠʩʣʫ il, ʥʘʭʦʜʷʱʝʤʫʩʷ ʥʘ 
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ʜʠʘʛʦʥʘʣʠ ʤʘʪʨʠʮʳ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ iL , c
il  - ʞʝʣʘʝʤʦʝ ʩʦʙʩʪʚʝʥʥʦʝ ʯʠʩʣʦ 

ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ. ɼʣʷ ʟʘʜʘʯʠ ʤʦʜʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ ʘʜʘʧʪʠʚʥʦʛʦ 

ʥʘʙʣʶʜʘʪʝʣʷ, ʠʤʝʶʱʝʛʦ ʦʜʠʥ ʠʟʤʝʨʠʪʝʣʴʥʳʡ ʢʘʥʘʣ (single-output ʩʠʩʪʝʤ), 

ʬʦʨʤʫʣʘ, ʜʣʷ ʧʦʠʩʢʘ ʤʘʪʨʠʮʳ ʚʝʩʦʚʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʤʝʪʦʜʦʤ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ ʥʘ i-ʦʡ  ʠʪʝʨʘʮʠʠ ʙʫʜʝʪ ʠʤʝʪʴ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

( )( )
1

*
i i i i it tl l

-
= - ÖW C , 

ʛʜʝ il ʠ it  - i-ʦʝ ʩʦʙʩʪʚʝʥʥʦʝ ʯʠʩʣʦ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʝʤʫ ʩʦʙʩʪʚʝʥʥʳʡ 

ʚʝʢʪʦʨ ʤʘʪʨʠʮʳ ʩʠʩʪʝʤʳ, *
il - i-ʡ ʢʦʨʝʥʴ ʵʪʘʣʦʥʥʦʛʦ ʧʦʣʠʥʦʤʘ. 

ʊʘʢʠ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʜʣʷ singe-input single-output 

ʩʠʩʪʝʤ ʢʦʥʮʝʧʮʠʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ ʜʦʧʫʩʢʘʝʪ ʤʘʪʨʠʯʥʳʝ 

ʦʧʝʨʘʮʠʠ ʥʘʜ ʧʦʣʝʤ ʢʦʤʧʣʝʢʩʥʳʭ ʯʠʩʝʣ, ʧʨʠ ʵʪʦʤ ʜʘʥʥʘʷ ʢʦʥʮʝʧʮʠʷ ʥʝ 

ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʚʦʟʚʝʜʝʥʠʷ ʤʘʪʨʠʮʳ ʩʠʩʪʝʤʳ ȷ ʚ ʩʪʝʧʝʥʴ, ʯʪʦ ʜʝʣʘʝʪ ʝʝ 

ʥʘʤʥʦʛʦ ʪʦʯʥʝʝ ʠʟʚʝʩʪʥʦʡ ʬʦʨʤʫʣʳ ɸʢʢʝʨʤʘʥʘ, ʧʦʟʚʦʣʷʶʱʝʡ ʩʪʨʦʠʪʴ 

ʦʙʨʘʪʥʫʶ ʩʚʷʟʴ ʜʣʷ ʩʠʩʪʝʤ ʩ ʦʜʥʠʤ ʢʘʥʘʣʦʤ ʫʧʨʘʚʣʝʥʠʷ. ɺ ʩʣʝʜʫʶʱʝʤ 

ʧʘʨʘʛʨʘʬʝ ʙʫʜʝʪ ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʪʦʯʥʦʩʪʠ ʨʘʟʤʝʱʝʥʠʷ ʢʦʨʥʝʡ ʜʘʥʥʦʡ 

ʤʦʜʠʬʠʢʘʮʠʠ ʤʝʪʦʜʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ ʠ ʬʦʨʤʫʣʦʡ ɸʢʢʝʨʤʘʥʘ, 

ʨʝʘʣʠʟʦʚʘʥʥʦʡ ʚ ʧʨʦʛʨʘʤʤʥʦʡ ʩʨʝʜʝ MATLAB  ʚ ʚʠʜʝ ʚʩʪʨʦʝʥʥʦʡ ʬʫʥʢʮʠʠ 

acker(). 

1.7 ʉʨʘʚʥʝʥʠʝ ʪʦʯʥʦʩʪʠ ʨʘʟʤʝʱʝʥʠʷ ʢʦʨʥʝʡ 

ʘʣʛʦʨʠʪʤʦʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ ʠ 

ʬʫʥʢʮʠʝʡ acker(). 

ʉʨʘʚʥʠʤ ʪʦʯʥʦʩʪʴ ʨʘʙʦʪʳ ʧʨʝʜʩʪʘʚʣʷʝʤʦʛʦ ʚ ʜʠʩʩʝʨʪʘʮʠʠ ʤʝʪʦʜʘ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ ʠ ʬʫʥʢʮʠʠ acker() ʦʩʥʦʚʘʥʥʦʡ ʥʘ ʬʦʨʤʫʣʝ 

ɸʢʢʝʨʤʘʥʘ. 

ʇʨʦʚʝʜʝʤ ʩʣʝʜʫʶʱʠʡ ʯʠʩʣʝʥʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ. ʈʘʩʩʤʦʪʨʠʤ 

ʧʨʦʠʟʚʦʣʴʥʫʶ ʣʠʥʝʡʥʫʶ ʩʠʩʪʝʤʫ ʫʧʨʘʚʣʝʥʠʷ 13-ʛʦ ʧʦʨʷʜʢʘ (ʨʘʟʤʝʨʥʦʩʪʴ 
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ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ ʨʘʚʥʘ 13), ʛʜʝ

13

0.4513  0.4235  0.0988  0.2628  0.8129  0.2156  0.3270  0.2858  0.0079   0.3449  0.1169  0.8931  0.6727

0.2500  0.2736  0.8903  0.8240  0.4121  0.6337  0.8400  0.6568  0.9191   0.7042  0.3408  0.06

=A

07  0.6187

0.9554  0.4446  0.0334  0.3290  0.3842  0.7997  0.4925  0.2319  0.4107   0.1609  0.0367  0.1758  0.0068

0.1427  0.6275  0.8390  0.9413  0.5231  0.2085  0.0519  0.6220  0.7324   0.0015  0.5384  0.4163  0.7402

0.5126  0.5346  0.5073  0.2441  0.8921  0.8963  0.7780  0.0751  0.1511   0.5620  0.7372  0.7398  0.9917

0.9719  0.3854  0.1137  0.9571  0.4059  0.7457  0.4267  0.9668  0.8152   0.5465  0.1812  0.8930  0.1282

0.6483  0.8735  0.4904  0.5108  0.6044  0.5364  0.2800  0.6100  0.9096   0.5508  0.4262  0.0259  0.3606

0.6147  0.3003  0.5994  0.5646  0.0948  0.9700  0.3335  0.3837  0.7779   0.6945  0.0982  0.1376  0.1911

0.4697  0.4000  0.0902  0.9937  0.3360  0.5649  0.3669  0.0306  0.7571   0.9275  0.3032  0.4241  0.7144

0.5778  0.5177  0.9782  0.7710  0.1448  0.2177  0.7948  0.8576  0.4052   0.9442  0.7801  0.7646  0.1779

0.9113  0.0618  0.6530  0.3138  0.2449  0.8578  0.0387  0.6035  0.7019   0.9033  0.5370  0.5244  0.9868

0.3762  0.2314  0.4611  0.0579  0.3790  0.8620  0.7267  0.8478  0.5655   0.6041  0.7691  0.7545  0.0170

0.2288  0.1185  0.8638  0.0441  0.2703  0.3133  0.8727  0.5046  0.5847   0.9262  0.6389  0.1698  0.0398

è ø
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ùê ú

, 

13

0.8043

0.8598

0.5663

0.7541

0.5195

0.5859

0.1907

0.5034

0.0509

0.0561

0.3352

0.6309

0.8920

è ø
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù=
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
ê ú

B . 

ɿʘʜʘʜʠʤ ʞʝʣʘʝʤʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʢʦʨʥʝʡ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ: 
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13

  -0.1205 + 0.9927i

  -0.1205 -  0.9927i

  -0.3546 + 0.9350i

  -0.3546 -  0.9350i

  -0.5681 + 0.8230i

  -0.5681 -  0.8230i

  -0.7485 + 0.6631i

  -0.7485 -  0.6631i

  -0.8855 + 0.4647i

  -0.8855 -  0.4647i

 

p =

 -0.9709 + 0.2393i

  -0.9709 -  0.2393i

  -1.0000 + 0.0000i

è ø
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
ê ú

. 

ʈʝʰʠʤ ʟʘʜʘʯʫ ʤʦʜʘʣʴʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ. ʅʘʡʜʝʤ ʤʘʪʨʠʮʫ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ 

ʜʣʷ ʦʧʠʩʳʚʘʝʤʦʡ ʩʠʩʪʝʤʳ ʤʝʪʦʜʦʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ, ʠ 

ʬʫʥʢʮʠʝʡ acker(), ʨʝʘʣʠʟʦʚʘʥʥʦʡ ʚ ʩʨʝʜʝ MATLAB. ʀʩʧʦʣʴʟʫʷ ʚ ʧʝʨʚʦʤ 

ʩʣʫʯʘʝ ʦʧʠʩʳʚʘʝʤʳʡ ʚ ʜʠʩʩʝʨʪʘʮʠʠ ʘʣʛʦʨʠʪʤ, ʘ ʚʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ ʬʫʥʢʮʠʶ 

13 13 13acker( , , )pA B , ʧʦʣʫʯʠʤ ʩʣʝʜʫʶʱʠʝ ʟʥʘʯʝʥʠʷ  ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

ʨʝʛʫʣʷʪʦʨʦʚ, ʟʘʤʳʢʘʶʱʠʭ ʩʠʩʪʝʤʫ ʫʧʨʘʚʣʝʥʠʷ: 

13_

  -3.0074e+02

   6.2871e+02

   6.9350e+02

  -3.4177e+02

   9.1584e+02

  -7.0301e+02

   8.4388e+02

  -1.2244e+03

  -1.9798e+02

   1.0719e+02

   2.2511e+02

  -1.7487e+03

   1.1268e+03

T

mpz

è ø
é
é
é
é
é
é
é
é
é=
é
é
é
é
é
é
é
é
é
ê ú

D

ù
ù
ù
ù
ù
ù
ù
ù
ù
ù
ù
ù
ù
ù
ù
ù
ù
ù

, 13_ ker

  -3.0075e+02

   6.2873e+02

   6.9352e+02

  -3.4178e+02

   9.1586e+02

  -7.0304e+02

     8.4390e+02

  -1.2244e+03

  -1.9799e+02

   1.0719e+02

   2.2511e+02

  -1.7488e+03

   1.1268e+03

T

ac

è
é
é
é
é
é
é
é
é
é=
é
é
é
é
é
é
é

ê

D

ø
ù
ù
ù
ù
ù
ù
ù
ù
ù
ù
ù
ù
ù
ù
ù
ù

é ù
é ù

ú

, 

ʛʜʝ 
13_mpzD  - ʤʘʪʨʠʮʘ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ, ʧʦʣʫʯʝʥʥʘʷ ʤʝʪʦʜʦʤ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ, 
13_ ker

T

acD  - ʤʘʪʨʠʮʘ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ, ʧʦʣʫʯʝʥʥʘʷ 
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ʧʨʠ ʧʦʤʦʱʠ ʬʫʥʢʮʠʠ acker(). ʂʘʢ ʤʦʞʥʦ ʚʠʜʝʪʴ, ʢʦʵʬʬʠʮʠʝʥʪʳ ʨʝʛʫʣʷʪʦʨʦʚ, 

ʧʦʣʫʯʝʥʥʳʭ ʜʣʷ ʦʜʥʦʡ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʨʘʟʥʳʤʠ ʩʧʦʩʦʙʘʤʠ, ʦʪʣʠʯʘʶʪʩʷ 

ʪʦʣʴʢʦ ʚ 5-ʦʡ ʟʥʘʯʘʱʝʡ ʮʠʬʨʝ.  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʢʦʨʥʝʡ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ, ʧʦʣʫʯʝʥʥʦʡ 

ʘʣʛʦʨʠʪʤʦʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ ʠ ʬʫʥʢʮʠʝʡ acker() ʧʦʣʫʯʘʝʪʩʷ 

ʩʣʝʜʫʶʱʠʤ: 

 

_ 13 13 13_

  -0.1205 + 0.9927i

  -0.1205 -  0.9927i

  -0.3546 + 0.9350i

  -0.3546 -  0.9350i

  -0.5681 + 0.8230i

  -0.5681 -  0.8230i

( )   -0.7485 + 0.6631i

  -0.7485 -  0.6631i

  -0.8855 + 0.464

c mpz mpzp eig= - =A B D

7i

  -0.8855 -  0.4647i

  -0.9709 + 0.2393i

  -0.9709 -  0.2393i

  -1.0000 + 0.0000i 

è ø
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
ê ú, 

_ ker 13 13 13_ ker

  -0.1205 + 0.9927i

  -0.1205 -  0.9927i

  -0.3529 + 0.9352i

  -0.3529 -  0.9352i

  -0.5807 + 0.8161i

  -0.5807 -  0.8161i

( )   -0.7269 + 0.6863i

  -0.7269 -  0.6863i

  -0.9029 + 0

c ac acp eig= - =A B D

.4365i

  -0.9029 -  0.4365i

  -0.9492 + 0.2496i

  -0.9492 -  0.2496i

  -1.0303 + 0.0000i 

è ø
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
ê ú. 
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ɼʣʷ ʥʘʛʣʷʜʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʢʘʯʝʩʪʚʘ ʨʘʙʦʪʳ ʤʝʪʦʜʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ 

ʟʘʤʳʢʘʥʠʷ ʠ ʬʫʥʢʮʠʠ acker() ʧʨʝʜʩʪʘʚʠʤ ʨʘʩʧʦʣʦʞʝʥʠʝ ʢʦʨʥʝʡ ʟʘʤʢʥʫʪʦʡ 

ʩʠʩʪʝʤʳ  ʥʘ ʢʦʤʧʣʝʢʩʥʦʡ ʧʣʦʩʢʦʩʪʠ (ʨʠʩ. 1.6) 

 

 

ʈʠʩ. 1.6 ʈʘʩʧʦʣʦʞʝʥʠʝ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ. ʇʝʨʚʳʡ 

ʩʣʫʯʘʡ ï ʩʧʝʢʪʨ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʧʦʣʫʯʝʥʥʦʡ ʤʝʪʦʜʦʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ 

ʟʘʤʳʢʘʥʠʷ (ʚʝʨʭʥʠʡ ʨʠʩʫʥʦʢ). ɺʪʦʨʦʡ ʩʣʫʯʘʡ ï ʩʧʝʢʪʨ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ 

ʧʦʣʫʯʝʥʥʦʡ ʧʨʠ ʧʦʤʦʱʠ ʬʫʥʢʮʠʠ acker() (ʥʠʞʥʠʡ ʨʠʩʫʥʦʢ). ɿʝʣʝʥʳʤ ʮʚʝʪʦʤ 

ʦʙʦʟʥʘʯʝʥʦ ʵʪʘʣʦʥʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʢʦʨʥʝʡ, ʩʠʥʠʤ ʮʚʝʪʦʤ ï ʨʘʩʧʦʣʦʞʝʥʠʝ 

ʢʦʨʥʝʡ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ. 
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ʂʘʢ ʤʦʞʥʦ ʚʠʜʝʪʴ ʠʟ ʨʠʩʫʥʢʘ 1.6, ʩʧʝʢʪʨ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ, 

ʧʦʣʫʯʝʥʥʦʡ ʤʝʪʦʜʦʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ ʩʦ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʴʰʝʡ 

ʪʦʯʥʦʩʪʴʶ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʘʩʧʦʣʦʞʝʥʠʶ ʢʦʨʥʝʡ ʵʪʘʣʦʥʥʦʛʦ ʧʦʣʠʥʦʤʘ, 

ʢʦʪʦʨʦʝ ʙʳʣʦ ʟʘʜʘʥʦ ʠʟʥʘʯʘʣʴʥʦ. ʇʨʠ ʵʪʦʤ ʩʧʝʢʪʨ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ, 

ʧʦʣʫʯʝʥʥʳʡ ʚʩʪʨʦʝʥʥʳʤʠ ʩʨʝʜʩʪʚʘʤʠ MATLAB , ʭʦʪʴ ʠ ʦʪʣʠʯʘʝʪʩʷ ʦʪ 

ʵʪʘʣʦʥʥʦʛʦ ʨʘʩʧʦʣʦʞʝʥʠʷ ʢʦʨʥʝʡ, ʥʦ ʧʨʠ ʵʪʦʤ ʩʠʥʪʝʟʠʨʫʝʤʘʷ ʟʘʤʢʥʫʪʘʷ 

ʩʠʩʪʝʤʘ ʧʦ-ʧʨʝʞʥʝʤʫ ʦʩʪʘʝʪʩʷ ʫʩʪʦʡʯʠʚʦʡ. 

ʋʩʣʦʞʥʠʤ ʟʘʜʘʯʫ ʤʦʜʝʣʴʥʦʛʦ ʩʠʥʪʝʟʘ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʠ ʫʚʝʣʠʯʠʤ 

ʧʦʨʷʜʦʢ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʦʪ 13 ʜʦ 20. ʇʫʩʪʴ ʤʘʪʨʠʮʘ ʩʠʩʪʝʤʳ 20A , 

ʤʘʪʨʠʮʘ ʫʧʨʘʚʣʝʥʠʷ 20B , ʠ ʢʦʨʥʠ ʵʪʘʣʦʥʥʦʛʦ ʧʦʣʠʥʦʤʘ 20p  ʠʤʝʶʪ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʩʣʝʜʫʶʱʠʝ ʟʥʘʯʝʥʠʷ: 

20

0.7575 0.3795 0.6313 0.2196 0.0800 0.0657 0.3783 0.6167 0.0499 0.8083 0.5019 0.0822 0.7742 0.7877 0.5705 0.2414 0.7731 0.1193 0.4976 0.7115

0.2751 0.0932 0.5860 0.5182 0.0794 0.2300 0.9937 0.3087 0

=A

.1013 0.4476 0.2552 0.0698 0.1478 0.3477 0.2653 0.0258 0.9320 0.9785 0.4278 0.2140

0.9540 0.2591 0.2274 0.3530 0.0724 0.1170 0.3409 0.0851 0.0719 0.3465 0.5099 0.1209 0.4855 0.9721 0.9285 0.8465 0.1769 0.5182 0.5678 0.2552

0.4111 0.3358 0.7846 0.8595 0.9003 0.9898 0.8995 0.8768 0.9045 0.7571 0.0786 0.6778 0.0718 0.8360 0.0642 0.0149 0.0204 0.5078 0.6130 0.9586

0.2166 0.3751 0.2876 0.2600 0.9693 0.0705 0.2375 0.5907 0.3118 0.3602 0.0559 0.2189 0.7874 0.7118 0.6263 0.5504 0.8336 0.3250 0.8070 0.1819

0.6291 0.1463 0.9244 0.8437 0.3913 0.0600 0.2200 0.3031 0.5918 0.5566 0.6350 0.2373 0.3937 0.2149 0.9483 0.1197 0.4732 0.1973 0.8808 0.7985

0.0149 0.3168 0.2985 0.5828 0.3136 0.6616 0.9911 0.1681 0.3776 0.8887 0.6169 0.0086 0.2362 0.0154 0.5164 0.5879 0.1087 0.8629 0.1600 0.0400

0.0433 0.2812 0.5363 0.7194 0.5533 0.3441 0.9511 0.3399 0.9516 0.8402 0.0815 0.7271 0.0806 0.2100 0.9567 0.6222 0.0891 0.2679 0.0892 0.3092

0.1803 0.8201 0.3337 0.3435 0.7921 0.1285 0.6382 0.0674 0.7424 0.2440 0.6095 0.5610 0.0790 0.5365 0.2720 0.7470 0.1151 0.5387 0.3131 0.9671

0.2005 0.3421 0.2373 0.0093 0.7983 0.6371 0.5041 0.6535 0.8871 0.4356 0.5447 0.5520 0.9274 0.1085 0.5270 0.3099 0.1680 0.5515 0.6073 0.2670

0.7194 0.8720 0.5452 0.1925 0.8633 0.7465 0.3581 0.2443 0.5989 0.8286 0.8559 0.7422 0.2047 0.8538 0.9112 0.9165 0.9725 0.9633 0.3787 0.1219

0.4429 0.2680 0.1077 0.5074 0.7980 0.8053 0.7684 0.7579 0.6896 0.1527 0.6427 0.8246 0.9566 0.9109 0.2147 0.7823 0.2860 0.2696 0.9255 0.6074

0.8455 0.7754 0.1372 0.0242 0.0064 0.2690 0.7844 0.2990 0.3911 0.7580 0.2716 0.3934 0.3397 0.3337 0.8268 0.1011 0.5990 0.2657 0.0570 0.6453

0.3898 0.6092 0.0944 0.5500 0.9199 0.4340 0.0289 0.4188 0.2233 0.8765 0.1068 0.1359 0.9600 0.4691 0.1383 0.2811 0.8522 0.3100 0.9940 0.8744

0.8376 0.0180 0.3109 0.2762 0.0180 0.4018 0.0524 0.0558 0.1313 0.5021 0.0605 0.1957 0.3432 0.0029 0.4377 0.9075 0.2448 0.5573 0.6670 0.8973

0.7484 0.7015 0.8126 0.6962 0.0294 0.6081 0.3234 0.0309 0.1725 0.5703 0.6219 0.7203 0.0634 0.3109 0.8753 0.1111 0.7272 0.3782 0.6171 0.0532

0.5839 0.0158 0.5136 0.8813 0.7115 0.7701 0.7997 0.1866 0.9386 0.8515 0.6991 0.6696 0.6125 0.4852 0.7043 0.7898 0.4008 0.2458 0.1479 0.7595

0.1606 0.6839 0.8665 0.0247 0.5384 0.9411 0.6302 0.2709 0.0345 0.9846 0.2749 0.0599 0.5556 0.2622 0.4970 0.1023 0.3106 0.6762 0.0290 0.8589

0.5288 0.8779 0.9805 0.3412 0.5246 0.1315 0.9828 0.0662 0.8796 0.7902 0.4220 0.3843 0.9064 0.6831 0.6096 0.7679 0.6538 0.2613 0.5725 0.4817

0.4627 0.4318 0.3267 0.4214 0.5022 0.2557 0.1583 0.3335 0.5223 0.3507 0.3658 0.4912 0.2012 0.9112 0.0778 0.6621 0.3918 0.9615 0.0300 0.0751
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20

   9.0721e-02

   2.0022e-01

   7.7829e-01

   4.0728e-01

   8.2704e-01

   1.4797e-01

   7.3291e-01

   1.4989e-01

   8.3843e-01

   5.4537e-01

   9.6117e-01

   7.5495e-02

   9.3383e-01

   3.5942e-01

   6.6930e-02

 

=B

  9.6593e-01

   6.4945e-01

   4.2062e-01

   5.9644e-01

   3.4709e-01

è ø
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
ê ú

, 

20

  -0.0785 + 0.9969i

  -0.0785 -  0.9969i

  -0.2334 + 0.9724i

  -0.2334 -  0.9724i

  -0.3827 + 0.9239i

  -0.3827 -  0.9239i

  -0.5225 + 0.8526i

  -0.5225 -  0.8526i

  -0.6494 + 0.7604i

  -0.6494 -  0.7604i

 
p =

 -0.7604 + 0.6494i

  -0.7604 -  0.6494i

  -0.8526 + 0.5225i

  -0.8526 -  0.5225i

  -0.9239 + 0.3827i

  -0.9239 -  0.3827i

  -0.9724 + 0.2334i

  -0.9724 -  0.2334i

  -0.9969 + 0.0785i

  -0.9969 -  0.0785i

è
é
é
é
é

ê

ø
ù
ù
ù
ù

é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù

ú

. 

ʊʘʢ ʞʝ ʢʘʢ ʠ ʚ ʧʨʝʜʳʜʫʱʝʤ ʯʠʩʣʝʥʥʦʤ ʧʨʠʤʝʨʝ ʥʘʡʜʝʤ ʤʘʪʨʠʮʫ ʦʙʨʘʪʥʦʡ 

ʩʚʷʟʠ ʜʣʷ ʟʘʜʘʥʥʦʡ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ. ʉʥʘʯʘʣʘ ʧʨʠ ʧʦʤʦʱʠ 

ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʛʦ ʘʣʛʦʨʠʪʤʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ, ʘ ʟʘʪʝʤ ʧʨʠ 

ʧʦʤʦʱʠ ʚʩʪʨʦʝʥʥʳʭ ʩʨʝʜʩʪʚ MATLAB  (ʬʫʥʢʮʠʠ acker()). ʄʘʪʨʠʮʳ 

ʨʝʛʫʣʷʪʦʨʦʚ, ʧʦʣʫʯʝʥʥʳʝ ʧʝʨʚʳʭ ʠ ʚʪʦʨʳʤ ʩʧʦʩʦʙʦʤ (20_

T

mpzD  ʠ 20_ ker

T

acD  

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) ʠʤʝʶʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 
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20_

  602.6154

  102.5373

  363.1443

  -52.8930

 -711.9948

 -193.3828

  275.0799

   54.9700

 -354.8681

  680.9102

 -450.7889

 -654.6919

  541.3240

  110.3442

  200.7170

 -255.8385

  -51.0752

  204.2991

   14.6664

 

T

mpz=D

 375.1742

è ø
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
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é ù
é ù
ê ú

, 

20_ ker

  -11.9856

  -10.2734

    -3.4245

     6.8489

     6.8489

    -6.8489

    -1.7122

    -4.2806

     1.7122

  -13.6979

    -5.9928

     0.8561

    -8.5612

   10.2734

    -6.8489

     3.4245

              0

  

T

ac =D

-23.9713

   11.9856

  -10.2734

è ø
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é ù
ê ú

. 

ʈʘʩʧʦʣʦʞʝʥʠʝ ʢʦʨʥʝʡ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ 20-ʛʦ ʧʦʨʷʜʢʘ, ʧʦʣʫʯʝʥʥʦʡ 

ʘʣʛʦʨʠʪʤʦʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ ʠ ʬʫʥʢʮʠʝʡ acker() ʧʦʣʫʯʘʝʪʩʷ 

ʩʣʝʜʫʶʱʠʤ: 
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_

  -0.0785 + 0.9969i

  -0.0785 -  0.9969i

  -0.2334 + 0.9724i

  -0.2334 -  0.9724i

  -0.3827 + 0.9239i

  -0.3827 -  0.9239i

  -0.5225 + 0.8526i

  -0.5225 -  0.8526i

  -0.6495 + 0.7604i

  -0.6495 -  0.760
c mpzp =

4i

  -0.7604 + 0.6494i

  -0.7604 -  0.6494i

  -0.8527 + 0.5225i

  -0.8527 -  0.5225i

  -0.9239 + 0.3827i

  -0.9239 -  0.3827i

  -0.9969 + 0.0785i

  -0.9969 -  0.0785i

  -0.9724 + 0.2334i

  -0.9724 -  0.2334i 

è

ê

ø
é ù
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é ù
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é ù
é ù
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é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù
é ù

ú

, 

_ ker

 31.1527 + 0.0000i

  -1.5042 + 1.2934i

  -1.5042 -  1.2934i

   1.2402 + 0.9324i

   1.2402 -  0.9324i

  -0.0975 + 1.1259i

  -0.0975 -  1.1259i

   0.6048 + 0.8126i

   0.6048 -  0.8126i

   0.7336 + 0.443
c acp =

0i

   0.7336 -  0.4430i

   0.2733 + 0.9161i

   0.2733 -  0.9161i

  -1.2381 + 0.0000i

  -0.2161 + 0.6014i

  -0.2161 -  0.6014i

   0.2565 + 0.0000i

  -0.6982 + 0.2212i

  -0.6982 -  0.2212i

  -0.6554 + 0.0000i 
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ú

. 

ʇʨʝʜʩʪʘʚʠʤ ʨʘʩʧʦʣʦʞʝʥʠʝ ʢʦʨʥʝʡ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʧʦʣʫʯʝʥʥʦʡ ʜʚʫʤʷ 

ʨʘʟʥʳʤʠ ʩʧʦʩʦʙʘʤʠ ʥʘ ʢʦʤʧʣʝʢʩʥʦʡ ʧʣʦʩʢʦʩʪʠ (ʨʠʩ. 1.7) 
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ʈʠʩ. 1.7 ʈʘʩʧʦʣʦʞʝʥʠʝ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ. ʇʝʨʚʳʡ 

ʩʣʫʯʘʡ ï ʩʧʝʢʪʨ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʧʦʣʫʯʝʥʥʦʡ ʤʝʪʦʜʦʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ 

ʟʘʤʳʢʘʥʠʷ (ʚʝʨʭʥʠʡ ʨʠʩʫʥʦʢ). ɺʪʦʨʦʡ ʩʣʫʯʘʡ ï ʩʧʝʢʪʨ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ 

ʧʦʣʫʯʝʥʥʦʡ ʧʨʠ ʧʦʤʦʱʠ ʬʫʥʢʮʠʠ acker() (ʥʠʞʥʠʡ ʨʠʩʫʥʦʢ). ɿʝʣʝʥʳʤ ʮʚʝʪʦʤ 

ʦʙʦʟʥʘʯʝʥʦ ʵʪʘʣʦʥʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʢʦʨʥʝʡ, ʩʠʥʠʤ ʮʚʝʪʦʤ ï ʨʘʩʧʦʣʦʞʝʥʠʝ 

ʢʦʨʥʝʡ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ. 

ʇʦ ʨʘʩʧʦʣʦʞʝʥʠʶ ʢʦʨʥʝʡ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ, ʧʦʢʘʟʘʥʥʦʤʫ ʥʘ ʨʠʩ. 1.7 

ʤʦʞʥʦ ʩʢʘʟʘʪʴ, ʯʪʦ ʩʧʝʢʪʨ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ, ʧʦʣʫʯʝʥʥʦʡ ʤʝʪʦʜʦʤ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ ʧʦ-ʧʨʝʞʥʝʤʫ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʟʘʜʘʥʥʦʤʫ 

ʵʪʘʣʦʥʥʦʤʫ ʨʘʩʧʦʣʦʞʝʥʠʶ ʢʦʨʥʝʡ, ʧʨʠ ʵʪʦʤ ʩʧʝʢʪʨ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ, 

ʧʦʣʫʯʝʥʥʳʡ ʩ ʧʦʤʦʱʴʶ ʬʫʥʢʮʠʠ acker() ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ 

ʵʪʘʣʦʥʥʦʛʦ ʨʘʩʧʦʣʦʞʝʥʠʷ ʢʦʨʥʝʡ. ʊʘʢ ʞʝ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʟʘʤʢʥʫʪʘʷ 

ʩʠʩʪʝʤʘ, ʧʦʣʫʯʝʥʥʘʷ ʚʩʪʨʦʝʥʥʳʤʠ ʩʨʝʜʩʪʚʘʤʠ MATLAB, ʧʦʣʫʯʘʝʪʩʷ 

ʥʝʫʩʪʦʡʯʠʚʦʡ. 

ʏʪʦʙʳ ʚʳʜʝʣʠʪʴ ʠ ʩʨʘʚʥʠʪʴ ʟʘʚʠʩʠʤʦʩʪʴ ʪʦʯʥʦʩʪʠ ʨʘʟʤʝʱʝʥʠʷ ʢʦʨʥʝʡ 

ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʜʚʫʤʷ ʨʘʟʥʳʤʠ ʩʧʦʩʦʙʘʤʠ ʦʪ ʨʘʟʤʝʨʥʦʩʪʠ ʚʝʢʪʦʨʘ 

ʩʦʩʪʦʷʥʠʷ, ʧʨʦʚʝʜʝʤ ʝʱʝ ʦʜʠʥ ʯʠʩʣʝʥʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ. ɼʣʷ ʥʘʯʘʣʘ 

ʩʬʦʨʤʫʣʠʨʫʝʤ ʧʦʥʷʪʠʝ ʧʦʛʨʝʰʥʦʩʪʠ ʨʘʟʤʝʱʝʥʠʷ ʢʦʨʥʝʡ.  
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ʇʨʝʜʧʦʣʦʞʠʤ ʤʳ ʨʝʰʠʣʠ ʟʘʜʘʯʫ ʤʦʜʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ ʣʠʥʝʡʥʦʡ 

ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʠ ʨʘʟʤʝʩʪʠʣʠ ʢʦʨʥʠ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʚ ʥʘʧʝʨʝʜ 

ʟʘʜʘʥʥʳʭ ʤʝʩʪʘʭ. ʆʙʦʟʥʘʯʠʤ i-ʡ  ʢʦʨʝʥʴ ʵʪʘʣʦʥʥʦʛʦ ʧʦʣʠʥʦʤʘ ʯʝʨʝʟ 

* *

i i ia jbl*= + , ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʝʤʫ i-ʡ ʢʦʨʝʥʴ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʦʙʦʟʥʘʯʠʤ 

ʢʘʢ c c c

i i ia jbl= + . ʏʝʤ ʜʘʣʴʰʝ ʥʘ ʢʦʤʧʣʝʢʩʥʦʡ ʧʣʦʩʢʦʩʪʠ ʣʝʞʠʪ ʢʦʨʝʥʴ 

ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ c

il ʦʪ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʝʤʫ ʢʦʨʥʶ ʵʪʘʣʦʥʥʦʛʦ 

ʧʦʣʠʥʦʤʘ, ʪʝʤ ʚʳʰʝ ʧʦʛʨʝʰʥʦʩʪʴ ʝʛʦ ʨʘʟʤʝʱʝʥʠʷ.  ɿʘʜʘʜʠʤ ʩʣʝʜʫʶʱʠʤ 

ʦʙʨʘʟʦʤ ʧʦʛʨʝʰʥʦʩʪʴ ʨʘʟʤʝʱʝʥʠʷ i-ʛʦ ʢʦʨʥʷ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ: 

*

*

c

i i

i

i

l l
d

l

-
= . 

ʅʘʛʣʷʜʥʦ ʧʦʛʨʝʰʥʦʩʪʴ ʨʘʟʤʝʱʝʥʠʷ ʢʦʨʥʷ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩʫʥʢʝ 1.8 

 

ʈʠʩ. 1.8 ʇʦʛʨʝʰʥʦʩʪʴ ʨʘʟʤʝʱʝʥʠʷ i-ʛʦ ʢʦʨʥʷ. 

ʇʦʛʨʝʰʥʦʩʪʴ ʨʘʟʤʝʱʝʥʠʷ ʚʩʝʛʦ ʥʘʙʦʨʘ ʢʦʨʥʝʡ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ 

ʦʧʨʝʜʝʣʠʤ ʢʘʢ max i
i
dD= . 
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ɼʣʷ ʩʦʩʪʘʚʣʝʥʠʷ ʙʦʣʝʝ ʦʙʲʝʢʪʠʚʥʦʡ ʦʮʝʥʢʠ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʛʨʝʰʥʦʩʪʠ 

ʨʘʩʩʪʘʥʦʚʢʠ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ ʜʣʷ ʟʘʤʳʢʘʥʠʷ ʩʠʩʪʝʤʳ ʪʦʡ ʠʣʠ ʠʥʦʡ 

ʨʘʟʤʝʨʥʦʩʪʠ, ʧʨʦʚʝʜʝʤ ʜʣʷ ʢʘʞʜʦʛʦ n (n ï ʨʘʟʤʝʨʥʦʩʪʴ ʠʩʩʣʝʜʫʝʤʦʡ 

ʩʠʩʪʝʤʳ) 1000 ʯʠʩʣʦʚʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʚ ʢʘʞʜʦʤ ʠʟ ʢʦʪʦʨʳʭ ʙʫʜʝʤ ʩʪʨʦʠʪʴ 

ʤʦʜʘʣʴʥʳʡ ʨʝʛʫʣʷʪʦʨ ʩʥʘʯʘʣʘ ʘʣʛʦʨʠʪʤʦʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ, ʘ 

ʧʦʪʦʤ ʩ ʧʦʤʦʱʴʶ ʬʫʥʢʮʠʠ acker(). ʇʦʣʫʯʠʚʰʠʝʩʷ ʧʦʛʨʝʰʥʦʩʪʠ ʨʘʩʩʪʘʥʦʚʢʠ 

ʢʦʨʥʝʡ ʚ ʢʘʞʜʦʤ ʠʟ 1000 ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʢʘʢ ʜʣʷ ʧʝʨʚʦʛʦ ʩʣʫʯʘʷ, ʪʘʢ ʠ ʜʣʷ 

ʚʪʦʨʦʛʦ ʩʣʫʯʘʷ ʙʫʜʝʤ ʫʩʨʝʜʥʷʪʴ. ʏʠʩʣʝʥʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ʧʨʦʚʦʜʠʤ ʜʣʷ 

ʩʣʫʯʘʡʥʦ ʩʛʝʥʝʨʠʨʦʚʘʥʥʳʭ ʩʠʩʪʝʤ ʩ ʨʘʟʤʝʨʥʦʩʪʴʶ ʦʪ n=1 ʜʦ 15. ɺ ʢʘʯʝʩʪʚʝ 

ʵʪʘʣʦʥʥʦʛʦ ʧʦʣʠʥʦʤʘ ʜʣʷ ʯʠʩʣʝʥʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʚʦʟʴʤʝʤ ʧʦʣʠʥʦʤ 

ɹʘʪʪʝʨʚʦʨʪʘ n-ʛʦ ʧʦʨʷʜʢʘ. 

ʈʝʟʫʣʴʪʘʪʳ, ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʝ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʛʨʝʰʥʦʩʪʠ ʨʘʟʤʝʱʝʥʠʷ 

ʢʦʨʥʝʡ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʜʚʫʤʷ ʨʘʟʥʳʤʠ ʩʧʦʩʦʙʘʤʠ ʦʪ ʨʘʟʤʝʨʥʦʩʪʠ 

ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ ʥʠʞʝ. 

ʈʘʟʤʝʨʥʦʩʪʴ ʚʝʢʪʦʨʘ 

ʩʦʩʪʦʷʥʠʷ, n 

ʌʦʨʤʫʣʘ ɸʢʢʝʨʤʘʥʘ, 

ʧʦʛʨʝʰʥʦʩʪʴ 

ʨʘʟʤʝʱʝʥʠʷ ʢʦʨʥʝʡ 

ɸʣʛʦʨʠʪʤ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ 

ʟʘʤʳʢʘʥʠʷ, 

ʧʦʛʨʝʰʥʦʩʪʴ 

ʨʘʟʤʝʱʝʥʠʷ ʢʦʨʥʝʡ 

1    5.3957e-17    8.9373e-17 

2    1.6315e-13    1.8959e-13 

3    5.3072e-13    1.4459e-12 

4    4.8238e-11    5.0917e-11 

5    5.6851e-11    6.6290e-11 

6    1.5685e-10    6.2794e-10 

7    1.5038e-08    8.9459e-09 

8    1.5818e-07    1.9337e-06 

9    1.5237e-06    1.1131e-06 

10    7.8756e-06    2.9873e-06 
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11    2.2743e-03    5.8439e-04 

12    1.1455e-02    6.8308e-04 

13    1.4071e-01   1.1785e-03 

14    6.8786e-01    2.5416e-03 

15    2.1366e+00    9.2508e-03 

 

ɼʣʷ ʙʦʣʴʰʝʡ ʥʘʛʣʷʜʥʦʩʪʠ, ʨʝʟʫʣʴʪʘʪʳ ʜʘʥʥʦʛʦ ʯʠʩʣʝʥʥʦʛʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʝʜʩʪʘʚʠʤ ʥʘ ʛʨʘʬʠʢʝ, ʥʘ ʢʦʪʦʨʦʤ ʧʦ ʚʝʨʪʠʢʘʣʠ ʙʫʜʝʪ 

ʦʪʣʦʞʝʥʘ ʧʦʛʨʝʰʥʦʩʪʴ ʨʘʟʤʝʱʝʥʠʷ ʢʦʨʥʝʡ ʚ ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʤ ʤʘʩʰʪʘʙʝ 

(ʨʠʩ 1.9) 

 

ʈʠʩ. 1.9 ʇʦʛʨʝʰʥʦʩʪʴ ʨʘʟʤʝʱʝʥʠʷ ʢʦʨʥʝʡ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʣʛʦʨʠʪʤʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ ʠ ʬʫʥʢʮʠʠ acker(). 

ʇʦ ʜʘʥʥʳʤ ʠʟ ʪʘʙʣʠʮʳ ʠ ʛʨʘʬʠʢʘ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʪʦʯʥʦʩʪʴ 

ʨʘʟʤʝʱʝʥʠʷ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ ʢʘʢ ʬʫʥʢʮʠʝʡ acker() ʪʘʢ ʠ ʤʝʪʦʜʦʤ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ ʩʦʭʨʘʥʷʝʪʩʷ ʧʨʠʤʝʨʥʦ ʥʘ ʦʜʠʥʘʢʦʚʦʤ ʫʨʦʚʥʝ 

ʜʣʷ ʩʠʩʪʝʤ ʩ ʨʘʟʤʝʨʥʦʩʪʴʶ ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ ʦʪ 1 ʜʦ 9. ʅʘʯʠʥʘʷ ʩ n=10 

ʧʦʛʨʝʰʥʦʩʪʴ ʬʫʥʢʮʠʠ acker() ʩʪʘʥʦʚʠʪʩʷ ʩʥʘʯʘʣʘ ʥʘ 1, ʘ ʧʦʪʦʤ ʠ ʥʘ 2 ʧʦʨʷʜʢʘ 

ʙʦʣʴʰʝ ʯʝʤ ʧʦʛʨʝʰʥʦʩʪʴ ʘʣʛʦʨʠʪʤʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ ʘʣʛʦʨʠʪʤ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ ʧʦʟʚʦʣʷʝʪ ʥʘʤʥʦʛʦ ʪʦʯʥʝʝ ʦʩʫʱʝʩʪʚʣʷʪʴ 

ʤʦʜʘʣʴʥʳʡ ʩʠʥʪʝʟ ʣʠʥʝʡʥʳʭ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʠʩʪʝʤ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʚʦʠʤʠ 

ʘʥʘʣʦʛʘʤʠ, ʨʝʘʣʠʟʦʚʘʥʥʳʤʠ ʚ ʧʨʦʛʨʘʤʤʥʦʡ ʩʨʝʜʝ MATLAB . 
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1.8 ɺʳʚʦʜʳ ʧʦ ʛʣʘʚʝ 1. 

ɺ ʛʣʘʚʝ ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʦʙʱʠʝ ʧʦʣʦʞʝʥʠʷ ʪʝʦʨʠʠ ʧʦʩʪʨʦʝʥʠʷ 

ʘʜʘʧʪʠʚʥʳʭ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ, ʦʙʱʘʷ ʧʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʤʦʜʘʣʴʥʦʛʦ 

ʫʧʨʘʚʣʝʥʠʷ, ʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩʘʤ ʘʣʛʦʨʠʪʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ 

ʤʦʜ ʤʥʦʛʦʤʝʨʥʳʭ ʤʥʦʛʦʩʚʷʟʥʳʭ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ. 

ʇʨʝʜʩʪʘʚʣʝʥʥʳʡ ʯʠʩʣʝʥʥʳʡ ʘʣʛʦʨʠʪʤ ʧʦʟʚʦʣʷʝʪ ʢʘʢ ʦʩʫʱʝʩʪʚʣʷʪʴ 

ʤʦʜʘʣʴʥʳʡ ʩʠʥʪʝʟ ʨʝʛʫʣʷʪʦʨʘ, ʪʘʢ ʠ ʤʦʜʘʣʴʥʳʡ ʩʠʥʪʝʟʘ ʘʜʘʧʪʠʚʥʦʛʦ 

ʥʘʙʣʶʜʘʪʝʣʷ. ʆʩʥʦʚʥʳʤʠ ʜʦʩʪʦʠʥʩʪʚʘʤʠ ʤʝʪʦʜʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ 

ʟʘʤʳʢʘʥʠʷ ʤʦʞʥʦ ʥʘʟʚʘʪʴ ʩʦʭʨʘʥʝʥʠʝ ʪʦʯʥʦʩʪʠ ʨʘʩʩʪʘʥʦʚʢʠ ʢʦʨʥʝʡ 

ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʩ ʨʦʩʪʦʤ ʨʘʟʤʝʨʥʦʩʪʠ ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ, ʦʪʩʫʪʩʪʚʠʝ 

ʧʨʠʥʮʠʧʠʘʣʴʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ ʥʘ ʧʦʣʦʞʝʥʠʝ ʠ ʢʨʘʪʥʦʩʪʴ ʢʦʨʥʝʡ ʵʪʘʣʦʥʥʦʛʦ 

ʧʦʣʠʥʦʤʘ, ʘ ʪʘʢ ʞʝ ʦʪʩʫʪʩʪʚʠʝ ʦʛʨʘʥʠʯʝʥʠʡ ʥʘ ʚʠʜ ʩʘʤʦʡ ʤʘʪʨʠʮʳ ʩʠʩʪʝʤʳ: 

ʘʣʛʦʨʠʪʤ ʤʦʞʝʪ ʨʘʙʦʪʘʪʴ ʩ ʥʝʜʠʘʛʦʥʘʣʠʟʠʨʫʝʤʳʤʠ ʤʘʪʨʠʮʘʤʠ ʦʙʲʝʢʪʘ 

ʫʧʨʘʚʣʝʥʠʷ, ʚ ʩʠʣʫ ʪʦʛʦ, ʯʪʦ ʜʠʘʛʦʥʘʣʴʥʘʷ ʤʘʪʨʠʮʘ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ ʚ 

ʩʣʫʯʘʝ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʤʦʞʝʪ ʙʳʪʴ ʟʘʤʝʥʝʥʘ ʥʘ ʞʦʨʜʘʥʦʚʫ ʢʘʥʦʥʠʯʝʩʢʫʶ 

ʬʦʨʤʫ. 

ʇʨʦʚʝʜʝʥʥʦʝ ʩʨʘʚʥʝʥʠʝ ʨʦʩʪʘ ʧʦʛʨʝʰʥʦʩʪʠ ʨʘʩʩʪʘʥʦʚʢʠ ʢʦʨʥʝʡ 

ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʤʝʪʦʜʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ ʠ ʬʫʥʢʮʠʠ acker(), 

ʦʩʥʦʚʘʥʥʦʡ ʥʘ ʬʦʨʤʫʣʝ ɸʢʢʝʨʤʘʥʘ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʨʝʜʣʘʛʘʝʤʳʡ ʚ 

ʜʠʩʩʝʨʪʘʮʠʠ ʘʣʛʦʨʠʪʤ ʩʧʨʘʚʣʷʝʪʩʷ ʩ ʟʘʜʘʯʝʡ ʩʠʥʪʝʟʘ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʩ 

ʙʦʣʴʰʦʡ ʨʘʟʤʝʨʥʦʩʪʴʶ ʥʘʤʥʦʛʦ ʣʫʯʰʝ ʚʩʪʨʦʝʥʥʦʡ ʬʫʥʢʮʠʠ ʧʨʦʛʨʘʤʤʥʦʡ 

ʩʨʝʜʳ MATLAB . 

ɺʩʝ ʨʝʟʫʣʴʪʘʪʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʵʪʦʡ ʛʣʘʚʝ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʦʙʱʠʭ 

ʧʦʣʦʞʝʥʠʡ ʪʝʦʨʠʠ ʧʦʩʪʨʦʝʥʠʷ ʘʜʘʧʪʠʚʥʳʭ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʧʨʠʥʘʜʣʝʞʘʪ 

ʣʠʯʥʦ ʘʚʪʦʨʫ. 
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ɻʃɸɺɸ 2. ɿɸɼɸʏɸ ɺʓɺɽɼɽʅʀʗ ʀ 

ʋɼɽʈɾɸʅʀʗ ʄʂʉ ɺ ʇʆʃʆɾɽʅʀʀ 

ɼʀʅɸʄʀʏɽʉʂʆɻʆ ʈɸɺʅʆɺɽʉʀʗ. 

 

 

ʆʜʥʠʤ ʠʟ ʚʦʟʤʦʞʥʳʭ ʩʮʝʥʘʨʠʝʚ ʧʨʠʤʝʥʝʥʠʷ ʯʠʩʣʝʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ 

ʤʦʜʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ ʤʥʦʛʦʤʝʨʥʳʭ ʤʥʦʛʦʩʚʷʟʥʳʭ ʩʠʩʪʝʤ, ʧʨʝʜʩʪʘʚʣʷʝʤʦʛʦ ʚ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʦʨʠʝʥʪʘʮʠʡ 

ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʧʠʣʦʪʠʨʫʝʤʳʭ ʢʦʩʤʠʯʝʩʢʠʭ ʩʪʘʥʮʠʡ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʥʝʨʮʠʦʥʥʳʭ ʠʩʧʦʣʥʠʪʝʣʴʥʳʭ ʦʨʛʘʥʦʚ [33,34,35,36]. 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ, ʜʣʷ ʜʝʤʦʥʩʪʨʘʮʠʠ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʘʣʛʦʨʠʪʤʘ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ, ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʟʘʜʘʯʘ ʚʳʚʝʜʝʥʠʷ ʠ ʫʜʝʨʞʘʥʠʷ ʄʂʉ ʚ 

ʧʦʣʦʞʝʥʠʠ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ. ʈʘʚʥʦʚʝʩʥʘʷ ʦʨʠʝʥʪʘʮʠʷ ʄʂʉ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʜʝʡʩʪʚʫʶʱʝʡ ʥʘ ʥʝʝ ʩʫʧʝʨʧʦʟʠʮʠʝʡ ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ, 

ʛʠʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʠ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʤʝʥʪʦʚ. ɺ ʨʦʣʠ ʠʩʧʦʣʥʠʪʝʣʴʥʳʭ 

ʦʨʛʘʥʦʚ ʚ ʜʘʥʥʦʡ ʟʘʜʘʯʝ ʚʳʩʪʫʧʘʝʪ ʩʠʩʪʝʤʘ ʩʠʣʦʚʳʭ ʛʠʨʦʩʢʦʧʦʚ, 

ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʥʘ ʢʦʩʤʠʯʝʩʢʦʡ ʩʪʘʥʮʠʠ. ʋʧʨʘʚʣʝʥʠʝ ʫʛʣʦʚʳʤ ʧʦʣʦʞʝʥʠʝʤ 

ʩʪʘʥʮʠʠ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʸʪ ʫʧʨʘʚʣʷʶʱʝʛʦ ʤʦʤʝʥʪʘ, ʩʦʟʜʘʚʘʝʤʦʛʦ ʩʠʣʦʚʳʤʠ 

ʛʠʨʦʩʢʦʧʘʤʠ. ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʫʛʣʦʚʦʝ ʧʦʣʦʞʝʥʠʝ ʄʂʉ ʧʦ ʚʩʝʤ ʪʨʝʤ 

ʢʘʥʘʣʘʤ ï ʢʨʝʥʘ, ʨʳʩʢʘʥʴʷ ʠ ʪʘʥʛʘʞʘ. ɺ ʩʠʣʫ ʘʚʪʦʥʦʤʥʦʩʪʠ ʢʘʥʘʣʘ ʪʘʥʛʘʞʘ 

(ʢʘʥʘʣʳ ʢʨʝʥʘ ʠ ʨʳʩʢʘʥʴʷ ʛʠʨʦʩʢʦʧʠʯʝʩʢʠ ʩʚʷʟʘʥʳ), ʩʠʥʪʝʟ ʟʘʢʦʥʘ 

ʫʧʨʘʚʣʝʥʠʷ ʧʨʦʚʦʜʠʪʩʷ ʦʪʜʝʣʴʥʦ ʜʣʷ ʢʘʥʘʣʘ ʪʘʥʛʘʞʘ, ʠ ʜʣʷ ʢʘʥʘʣʦʚ ʢʨʝʥ-

ʨʳʩʢʘʥʴʝ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʄʂʉ ʥʘʭʦʜʠʪʩʷ ʥʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʚʳʩʦʢʦʡ 

ʦʨʙʠʪʝ, ʯʪʦ ʪʨʝʙʫʝʪ ʫʯʝʪʘ ʠʟʥʘʯʘʣʴʥʦ ʥʝʦʧʨʝʜʝʣʝʥʥʦʛʦ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʤʦʤʝʥʪʘ, ʧʦʵʪʦʤʫ ʚʝʢʪʦʨ ʩʦʩʪʦʷʥʠʷ, ʦʧʠʩʳʚʘʶʱʠʡ ʠʩʩʣʝʜʫʝʤʳʡ ʦʙʲʝʢʪ 

ʫʧʨʘʚʣʝʥʠʷ, ʜʦʣʞʝʥ ʩʦʜʝʨʞʘʪʴ ʥʝʩʢʦʣʴʢʦ ʢʦʤʧʦʥʝʥʪ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ 
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ʚʣʠʷʥʠʝ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʤʝʥʪʘ ʥʘ ʦʨʠʝʥʪʘʮʠʶ ʂɸ, ʢʦʪʦʨʳʡ 

ʠʜʝʥʪʠʬʠʮʠʨʫʝʪʩʷ ʚ ʘʣʛʦʨʠʪʤʝ ʫʧʨʘʚʣʝʥʠʷ ʄʂʉ. 

ɻʠʨʦʩʢʦʧʠʯʝʩʢʘʷ ʩʚʷʟʴ ʢʨʝʥʘ ʠ ʨʳʩʢʘʥʴʷ, ʜʝʣʘʝʪ ʥʝʚʦʟʤʦʞʥʳʤ 

ʧʦʩʪʨʦʝʥʠʝ ʦʪʜʝʣʴʥʦʛʦ ʟʘʢʦʥʘ ʫʧʨʘʚʣʝʥʠʷ ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ ʢʘʥʘʣʦʚ 

ʫʧʨʘʚʣʝʥʠʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʨʦʙʣʝʤʝ ʩʠʥʪʝʟʘ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʩ ʙʦʣʝʝ 

ʯʝʤ ʦʜʥʠʤ ʚʭʦʜʥʳʤ ʩʠʛʥʘʣʦʤ. ɹʦʣʝʝ ʪʦʛʦ, "ʨʘʩʰʠʨʝʥʠʝ" ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ, 

ʩ ʮʝʣʴʶ ʫʯʝʪʘ ʧʝʨʝʤʝʥʥʳʭ, ʦʪʚʝʯʘʶʱʠʭ ʟʘ ʘʵʨʦʜʠʥʘʤʠʢʫ, ʟʥʘʯʠʪʝʣʴʥʦ 

ʫʚʝʣʠʯʠʚʘʝʪ ʨʘʟʤʝʨʥʦʩʪʴ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ ʠ ʢʘʢ ʩʣʝʜʩʪʚʠʝ ʫʚʝʣʠʯʠʚʘʝʪ 

ʩʣʦʞʥʦʩʪʴ ʩʠʥʪʝʟʘ ʟʘʢʦʥʘ ʫʧʨʘʚʣʝʥʠʷ ʜʘʥʥʦʡ ʩʠʩʪʝʤʦʡ. ʇʦʵʪʦʤʫ, ʤʝʪʦʜ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʟʘʤʳʢʘʥʠʷ ʙʫʜʝʪ ʦʩʦʙʝʥʥʦ ʘʢʪʫʘʣʝʥ ʧʨʠ ʨʝʰʝʥʠʠ ʜʘʥʥʦʡ 

ʟʘʜʘʯʠ. 

2.1 ʆʧʠʩʘʥʠʝ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ ʠ ʚʳʚʦʜ 

ʣʠʥʝʘʨʠʟʦʚʘʥʥʳʭ  ʫʨʘʚʥʝʥʠʡ ʜʚʠʞʝʥʠʷ. 

ɺ ʢʘʯʝʩʪʚʝ ʦʨʙʠʪʘʣʴʥʦʡ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ ʙʫʜʝʤ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʩʠʩʪʝʤʫ LVLH  (Local Vertical - Local Horizontal). ɺ ʜʘʥʥʦʡ ʩʠʩʪʝʤʝ ʥʘʯʘʣʦʤ 

ʢʦʦʨʜʠʥʘʪ ʷʚʣʷʝʪʩʷ ʮʝʥʪʨ ʤʘʩʩ ʄʂʉ, ʦʩʴ OX ʥʘʧʨʘʚʣʝʥʘ ʚʜʦʣʴ ʚʝʢʪʦʨʘ 

ʦʨʙʠʪʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ, ʦʩʴ OZ ʠʟ ʮʝʥʪʨʘ ʤʘʩʩ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ ʚ ʮʝʥʪʨ 

ʟʝʤʣʠ, ʦʩʴ OY ʜʦʧʦʣʥʷʝʪ ʩʠʩʪʝʤʫ ʢʦʦʨʜʠʥʘʪ ʜʦ ʧʨʘʚʦʡ ʪʨʦʡʢʠ (ʈʠʩ. 2.1). ɺ 

ʢʘʯʝʩʪʚʝ ʩʚʷʟʘʥʥʦʡ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ ʙʫʜʝʤ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʠʩʪʝʤʫ ISS, ʦʩʠ 

ʢʦʪʦʨʦʡ ʩʦʚʧʘʜʘʶʪ ʩ ʦʩʷʤʠ ʢʦʦʨʜʠʥʘʪ ʩʠʩʪʝʤʳ LVLH  ʚ ʨʝʞʠʤʝ ʦʨʙʠʪʘʣʴʥʦʡ 

ʦʨʠʝʥʪʘʮʠʠ (ʈʠʩ. 2.2). 
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ʈʠʩ. 2.1 ʉʠʩʪʝʤʘ ʢʦʦʨʜʠʥʘʪ LVLH.  

 

ʈʠʩ. 2.2 ʉʠʩʪʝʤʘ ʢʦʦʨʜʠʥʘʪ ISS. 
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ɼʠʥʘʤʠʢʘ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ, ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʄʝʞʜʫʥʘʨʦʜʥʦʡ 

ʂʦʩʤʠʯʝʩʢʦʡ ʉʪʘʥʮʠʠ ʦʧʠʩʳʚʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤʠ ʫʨʘʚʥʝʥʠʷʤʠ: 

1. ɼʠʥʘʤʠʯʝʩʢʠʤ ʫʨʘʚʥʝʥʠʝʤ ʫʛʣʦʚʦʛʦ ʜʚʠʞʝʥʠʷ ʢʦʩʤʠʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ 

ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ ʤʦʤʝʥʪʘ [37]. 

 
3

ɛ
J + ×J + + =3 ×J

r rr
ʘʵʨʦ+abs abs abs abs ʄ

r r
ɤ ɤ ɤ h ɤ×h , (2.1) 

  

ʛʜʝ J  - ʪʝʥʟʦʨ ʠʥʝʨʮʠʠ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ, h  ï ʚʝʢʪʦʨ ʩʫʤʤʘʨʥʦʛʦ 

ʢʠʥʝʪʠʯʝʩʢʦʛʦ ʤʦʤʝʥʪʘ ʩʠʣʦʚʳʭ ʛʠʨʦʩʢʦʧʦʚ 
3

ɛ
3 ×J

r r r

r r
 ï 

ʛʨʘʚʠʪʘʮʠʦʥʥʳʡ ʤʦʤʝʥʪ, 
r

r
 ï  ʝʜʠʥʠʯʥʳʡ ʚʝʢʪʦʨ ʤʝʩʪʥʦʡ ʚʝʨʪʠʢʘʣʠ; 

ʘʵʨʦ
ʄ ï ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʡ ʤʦʤʝʥʪ.  

2. ʂʠʥʝʤʘʪʠʯʝʩʢʠʤʠ ʩʦʦʪʥʦʰʝʥʠʷʤʠ ʚ ʢʚʘʪʝʨʥʠʦʥʦʤ ʚʠʜʝ [38] 

 ( ) ( )0  ,2 = -e e e

i i abs ie i
N N ɤ ɤ N   (2.2) 

ʛʜʝ e

i
N  - ʢʚʘʪʝʨʥʠʦʥ ʨʘʟʚʦʨʦʪʘ ʠʟ ʙʘʟʠʩʘ i ʚ ʙʘʟʠʩ e (i ï ʦʨʙʠʪʘʣʴʥʳʡ 

ʙʘʟʠʩ, e ï ʩʚʷʟʘʥʥʘʷ ʩʠʩʪʝʤʘ ʢʦʦʨʜʠʥʘʪ, ʦʩʠ ʢʦʪʦʨʦʡ ʨʘʩʧʦʣʦʞʝʥʳ 

ʚʜʦʣʴ ʛʣʘʚʥʳʭ ʦʩʝʡ ʠʥʝʨʮʠʠ ʂɸ),  ( ) 0
T

x y zɤ ɤ ɤè ø=ê úabs e
ɤ  ï ʚʝʢʪʦʨ 

ʘʙʩʦʣʶʪʥʦʡ ʫʛʣʦʚʦʡ ʩʢʦʨʦʩʪʠ ʚ ʧʨʦʝʢʮʠʷʭ ʥʘ ʩʚʷʟʘʥʥʳʡ ʙʘʟʠʩ, 

( ) [ ]00 0 0
T

ɤ= -
0 i
ɤ  ï ʚʝʢʪʦʨ ʫʛʣʦʚʦʡ ʩʢʦʨʦʩʪʠ ʧʨʠʙʦʨʥʦʛʦ ʙʘʟʠʩʘ ʚ 

ʧʨʦʝʢʮʠʷʭ ʥʘ ʦʨʙʠʪʘʣʴʥʫʶ ʩʠʩʪʝʤʫ ʢʦʦʨʜʠʥʘʪ. 

ɺ ʜʘʥʥʦʡ ʟʘʜʘʯʝ ʫʛʣʳ  ʦʪʢʣʦʥʝʥʠʷ  ʩʚʷʟʘʥʥʦʛʦ ʙʘʟʠʩʘ ʦʪ ʦʨʙʠʪʘʣʴʥʦʛʦ 

ʠ ʠʭ ʧʨʦʠʟʚʦʜʥʳʝ ʧʦ ʢʘʥʘʣʘʤ ʢʨʝʥʘ ʠ ʨʳʩʢʘʥʠʷ ʧʨʝʜʧʦʣʘʛʘʶʪʩʷ ʤʘʣʳʤʠ, 

ʤʘʣʳʤʠ ʧʨʝʜʧʦʣʘʛʘʶʪʩʷ ʠ ʧʨʦʠʟʚʦʜʥʳʝ ʧʦ ʚʨʝʤʝʥʠ  ʦʪ ʫʛʣʦʚ ʢʨʝʥʘ, 

ʨʳʩʢʘʥʠʷ ʠ ʪʘʥʛʘʞʘ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʥʘ ʩʘʤʠ ʫʛʣʳ ʦʪʢʣʦʥʝʥʠʷ ʚ ʢʘʥʘʣʝ 

ʪʘʥʛʘʞʘ ʵʪʦ ʦʛʨʘʥʠʯʝʥʠʝ ʥʝ ʥʘʢʣʘʜʳʚʘʝʪʩʷ. ɼʣʷ ʫʧʨʦʱʝʥʠʷ ʜʘʣʴʥʝʡʰʝʛʦ 

ʘʥʘʣʠʟʘ ʩ ʫʯʝʪʦʤ ʧʨʠʥʷʪʳʭ ʦʛʨʘʥʠʯʝʥʠʡ ʩʧʨʦʝʢʪʠʨʫʝʤ ʫʨʘʚʥʝʥʠʷ (2.1), (2.2) 

ʥʘ ʩʚʷʟʘʥʥʳʡ ʙʘʟʠʩ.        
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    ʇʨʝʞʜʝ ʚʩʝʛʦ, ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʚʳʨʘʟʠʪʴ ʢʦʤʧʦʥʝʥʪʳ ʢʚʘʪʝʨʥʠʦʥʘ  e

i
N  

ʯʝʨʝʟ ʫʛʣʳ ʢʨʝʥʘ, ʨʳʩʢʘʥʠʷ ʠ ʪʘʥʛʘʞʘ (ʫʛʣʳ ʂʨʳʣʦʚʘ), ʨʘʟʣʦʞʠʤ ʨʘʟʚʦʨʦʪ 

ʚʦʢʨʫʛ ʦʩʠ ʕʡʣʝʨʘ, ʟʘʜʘʚʘʝʤʳʡ ʵʪʠʤ ʢʚʘʪʝʨʥʠʦʥʦʤ  ʥʘ ʪʨʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ 

ʨʘʟʚʦʨʦʪʘ: ʚʦʢʨʫʛ ʥʘʯʘʣʴʥʦʛʦ ʧʦʣʦʞʝʥʠʷ ʦʨʪʘ e3 (i3) ï ʨʘʟʚʦʨʦʪ ʧʦ ʨʳʩʢʘʥʴʶ 

ʥʘ ʫʛʦʣ -y (ʩ ʢʚʘʪʝʨʥʠʦʥʦʤ ʨʘʟʚʦʨʦʪʘ P), ʚʦʢʨʫʛ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʧʦʣʦʞʝʥʠʷ 

ʦʨʪʘ e2 ï ʨʘʟʚʦʨʦʪ ʧʦ ʢʘʥʘʣʫ ʪʘʥʛʘʞʘ ʥʘ ʫʛʦʣ q (ʩ ʢʚʘʪʝʨʥʠʦʥʦʤ ʨʘʟʚʦʨʦʪʘ Y) 

ʠ ʚʦʢʨʫʛ  ʢʦʥʝʯʥʦʛʦ  ʧʦʣʦʞʝʥʠʷ ʦʨʪʘ e1ï ʨʘʟʚʦʨʦʪ  ʧʦ ʢʨʝʥʫ ʥʘ ʫʛʦʣ  g (ʩ 

ʢʚʘʪʝʨʥʠʦʥʦʤ ʨʘʟʚʦʨʦʪʘ R). 
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 (2.3) 

ʉ ʫʯʝʪʦʤ ʤʘʣʦʩʪʠ ʫʛʣʦʚ g, y, q  ʚʳʨʘʞʝʥʠʝ (2.3) ʙʫʜʝʪ ʚʳʛʣʷʜʝʪʴ ʩʣʝʜʫʶʱʠʤ 

ʦʙʨʘʟʦʤ 
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ʆʪʙʨʘʩʳʚʘʷ ʚʝʣʠʯʠʥʳ ʚʪʦʨʦʛʦ ʠ ʙʦʣʝʝ ʧʦʨʷʜʢʘ ʤʘʣʦʩʪʠ, ʧʦʣʫʯʘʝʤ 

ʩʣʝʜʫʶʱʠʝ ʢʦʤʧʦʥʝʥʪʳ ʢʚʘʪʝʨʥʠʦʥʘ e

i
N  
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q

y

è ø
é ù
é ù
é ù
é ù=
é ù
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ê ú
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iN , 

ʟʜʝʩʴ ʠʩʧʦʣʴʟʦʚʘʥʦ ʤʘʪʨʠʯʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦʧʝʨʘʮʠʠ ʢʚʘʪʝʨʥʠʦʥʥʦʛʦ 

ʫʤʥʦʞʝʥʠʷ. ɺʳʨʘʞʘʷ  ( )ʘʙʩe
ɤ  ʠʟ (2.2), ʧʦʣʫʯʘʝʤ: 

( ) ( )02= +e e e e

ʘʙʩ i i i ie i
ɤ N N N ɤ N, 

ʦʪʢʫʜʘ ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ ʚʝʣʠʯʠʥ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʤʘʣʦʩʪʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ 
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-ɣ+ɔɤ

è ø
é ù
=
é ù
é ùê ú

ʘʙʩ e(ɤ ) . (2.4) 

ɼʘʣʝʝ, ʧʨʦʝʢʪʠʨʫʷ ʝʜʠʥʠʯʥʳʡ ʚʝʢʪʦʨ ʤʝʩʪʥʦʡ ʚʝʨʪʠʢʘʣʠ ʥʘ ʩʚʷʟʘʥʥʳʡ ʙʘʟʠʩ, 

ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ ʚʝʣʠʯʠʥ 2-ʛʦ ʧʦʨʷʜʢʘ ʤʘʣʦʩʪʠ ʧʦʣʫʯʘʝʤ: 
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  (2.5)                                                                                                          

ʇʨʦʝʢʪʠʨʦʚʘʥʠʝ ʚʝʢʪʦʨʥʦʛʦ ʫʨʘʚʥʝʥʠʷ (2.2) ʥʘ ʩʚʷʟʘʥʥʳʡ ʙʘʟʠʩ ʩ 

ʫʯʝʪʦʤ (2.4) ʠ (2.5) ʜʘʝʪ ʤʘʪʨʠʯʥʦʝ ʫʨʘʚʥʝʥʠʝ:                  
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  (2.6)   

ɼʣ̫ ʫʧʨʦʱʝʥʠʷ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʚʳʢʣʘʜʦʢ ʧʨʠ ʥʝʩʫʱʝʩʪʚʝʥʥʦʤ 

ʫʱʝʤʣʝʥʠʠ ʦʙʱʥʦʩʪʠ ʦʢʦʥʯʘʪʝʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʦʩʠ 

ʩʚʷʟʘʥʥʦʛʦ ʙʘʟʠʩʘ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ ʩʦʚʧʘʜʘʶʪ ʧʦ ʥʘʧʨʘʚʣʝʥʠʶ ʩ ʝʛʦ  

ʛʣʘʚʥʳʤʠ ʦʩʷʤʠ ʠʥʝʨʮʠʠ.  

ʇʨʠʤʝʥʷʷ ʪʝʦʨʝʤʫ ʦʙ ʠʟʤʝʥʝʥʠʠ ʢʠʥʝʪʠʯʝʩʢʦʛʦ ʤʦʤʝʥʪʘ ʦʪʜʝʣʴʥʦ ʢ 

ʢʦʨʧʫʩʫ ʂɸ ʠ ʦʪʜʝʣʴʥʦ ʢ ʚʨʘʱʘʶʱʠʤʩʷ ʵʣʝʤʝʥʪʘʤ ʢʦʥʩʪʨʫʢʮʠʠ (ʩʠʣʦʚʳʤ 

ʛʠʨʦʩʢʦʧʘʤ) ʧʝʨʝʧʠʰʝʤ ʤʘʪʨʠʯʥʦʝ ʫʨʘʚʥʝʥʠʝ  ʚ ʚʠʜʝ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ 

[39]  
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  (2.7) 

ʛʜʝ ɔ, ɣ, ɗ - ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʫʛʣʳ ʨʘʟʚʦʨʦʪʘ ʧʦ ʢʘʥʘʣʘʤ ʢʨʝʥʘ, ʨʳʩʢʘʥʴʷ ʠ 

ʪʘʥʛʘʞʘ: xJ , yJ ,  zJ  ï ʤʦʤʝʥʪʳ ʠʥʝʨʮʠʠ ʄʂʉ ʦʪʥʦʩʠʪʝʣʴʥʦ ʛʣʘʚʥʳʭ ʦʩʝʡ 

ʠʥʝʨʮʠʠ; 0ɤ  - ʘʙʩʦʣʶʪʥʘʷ ʫʛʣʦʚʘʷ ʩʢʦʨʦʩʪʴ ʄʂʉ; xh , yh , zh  ï ʢʦʤʧʦʥʝʥʪʳ 

ʚʝʢʪʦʨʘ ʩʫʤʤʘʨʥʦʛʦ ʢʠʥʝʪʠʯʝʩʢʦʛʦ ʤʦʤʝʥʪʘ ʤʘʭʦʚʠʢʦʚ; 
x

ʘʵʨʦM , ʘʵʨʦ

yM , 
z

ʘʵʨʦM  - 

ʢʦʤʧʦʥʝʥʪʳ ʚʝʢʪʦʨʘ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʤʝʥʪʘ, , ,x y zu u u   ï ʢʦʤʧʦʥʝʥʪʳ 

ʫʧʨʘʚʣʷʶʱʝʛʦ ʤʦʤʝʥʪʘ, ʯʝʨʝʟ ʢʦʪʦʨʳʡ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʫʧʨʘʚʣʷʶʱʝʝ 

ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʢʦʨʧʫʩ ʂɸ. 

ʂ ʩʠʩʪʝʤʝ (2.7) ʜʦʙʘʚʠʤ ʝʱʝ ʥʝʩʢʦʣʴʢʦ ʫʨʘʚʥʝʥʠʡ, ʩʦʜʝʨʞʘʱʠʭ 

ʧʝʨʝʤʝʥʥʳʝ, ʦʪʚʝʯʘʶʱʠʝ ʟʘ ʚʦʟʜʝʡʩʪʚʠʝ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʤʝʥʪʘ ʥʘ 

ʩʪʘʥʮʠʶ [40]: 

2 2
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ʛʜʝ 
1 2 3 1 2 3, , , , ,q q q q q qy y y q q q - ʧʝʨʝʤʝʥʥʳʝ, ʦʪʚʝʯʘʶʱʠʝ ʟʘ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʝ 

ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʩʪʘʥʮʠʶ, ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʵʪʦ ʪʨʠ ʛʣʘʚʥʳʭ ʪʦʥʘ ʨʘʟʣʦʞʝʥʠʷ 

ʬʫʥʢʮʠʠ ʧʣʦʪʥʦʩʪʠ ʘʪʤʦʩʬʝʨʳ ( ) 0 0
max min mincos

2

t
a

w f
r r r r

-å õ
= - ³ +æ ö

ç ÷
 ʧʦ 

ʚʠʪʢʫ. 

2.2 ʆʧʠʩʘʥʠʝ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ 

ʩʦʩʪʦʷʥʠʡ. 

ʇʝʨʝʡʜʝʤ ʢ ʦʧʠʩʘʥʠʶ ʜʠʥʘʤʠʢʠ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ 

ʩʦʩʪʦʷʥʠʡ. ʂʘʢ ʤʦʞʥʦ ʚʠʜʝʪʴ ʠʟ ʫʨʘʚʥʝʥʠʷ (2.7), ʢʘʥʘʣ ʢʨʝʥʘ ʠ ʨʳʩʢʘʥʴʷ 
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ʛʠʨʦʩʢʦʧʠʯʝʩʢʠ ʩʚʷʟʘʥʳ ʤʝʞʜʫ ʩʦʙʦʡ, ʘ ʢʘʥʘʣ ʪʘʥʛʘʞʘ ʷʚʣʷʝʪʩʷ ʘʚʪʦʥʦʤʥʳʤ 

(ʦʥ ʥʝ ʠʤʝʝʪ ʛʠʨʦʩʢʦʧʠʯʝʩʢʠʭ ʩʚʷʟʝʡ ʥʠ ʩ ʢʘʥʘʣʦʤ ʢʨʝʥʘ, ʥʠ ʩ ʢʘʥʘʣʦʤ 

ʨʳʩʢʘʥʴʷ) [41]. ʇʦʵʪʦʤʫ ʧʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʄʂʉ ʢʘʢ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ 

ʙʫʜʝʤ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʦʪʜʝʣʴʥʦ ʩʚʷʟʘʥʥʳʝ ʢʘʥʘʣʳ ʢʨʝʥʘ ʠ ʨʳʩʢʘʥʴʷ (ʚ 

ʜʘʣʴʥʝʡʰʝʤ ʙʫʜʝʤ ʥʘʟʳʚʘʪʴ ʝʝ ʩʠʩʪʝʤʘ çʢʨʝʥ-ʨʳʩʢʘʥʴʝè) ʠ ʦʪʜʝʣʴʥʦ ʢʘʥʘʣ 

ʪʘʥʛʘʞʘ (ʩʠʩʪʝʤʘ çʪʘʥʛʘʞè). 

ɺʝʢʪʦʨ ʩʦʩʪʦʷʥʠʷ ʠ ʚʝʢʪʦʨ ʫʧʨʘʚʣʝʥʠʷ ʜʣʷ ʩʠʩʪʝʤʳ çʢʨʝʥ-ʨʳʩʢʘʥʴʝè ʠ 

ʜʣʷ ʩʠʩʪʝʤʳ çʪʘʥʛʘʞè ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʙʫʜʫʪ ʠʤʝʪʴ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

1 1 2 2 3 3

T

x x z z ɣ ɣ ɣ ɣ ɣ ɣɔ ɔ h hdt ɣ ɣ h hdt q q q q q qè ø=
ê úñ ñɔɣx , 

[ ]
T

x zu u=
ɔɣ

u , 

1 1 2 2 3 3

T

y y ɗ ɗ ɗ ɗ ɗ ɗɗ ɗ h h dt q q q q q qè ø=
ê úñɗx  , 

yuè ø=ê úɗ
u . 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʩʦʩʪʦʷʥʠʡ ʦʙʲʝʢʪ ʫʧʨʘʚʣʝʥʠʷ ʙʫʜʝʪ 

ʦʧʠʩʳʚʘʪʴʩʷ ʩʣʝʜʫʶʱʠʤʠ ʫʨʘʚʥʝʥʠʷʤʠ  

 ;
ɔɣ ɔɣ ɔɣ ɔɣ ɔɣ

= A x + A ux    

 ,ɗ ɗ ɗ ɗ ɗ= A x +B ux    

ʛʜʝ ʤʘʪʨʠʮʳ ʩʠʩʪʝʤʳ ɔɣA  ʠ ɗA , ʠ ʤʘʪʨʠʮʳ ʫʧʨʘʚʣʝʥʠʷ ɔɣB  ʠ ɗB  ʜʣʷ ʩʠʩʪʝʤʳ 

çʢʨʝʥ-ʨʳʩʢʘʥʴʝè ʠ ʜʣʷ ʩʠʩʪʝʤʳ çʪʘʥʛʘʞè ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ  ʚʳʛʣʷʜʷʪ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 
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04 /x z y xG J J Jw= - , ( )0 /x x y z xH J J J Jw= - + , 2

0 ( ) / ,z x y zG J J Jw= -  

( )0 /z x y z zH J J J Jw= - + , 2

03 ( ) /y z x yM J J Jw= - . ɿʜʝʩʴ 0 0.0667 /ʛʨʘʜ ʩʝʢw= - ʟʥʘʯʝʥʠʝ 

ʫʛʣʦʚʦʡ ʩʢʦʨʦʩʪʠ ʦʨʙʠʪʘʣʴʥʦʛʦ ʙʘʟʠʩʘ LVLH , 

 6 2

129.978287 3.294386 5.279790
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5.279790 0.990955 193.699689

x xy xz

xy y yz
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J  - ʪʝʥʟʦʨ 

ʠʥʝʨʮʠʠ ʄʂʉ. 
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2.3  ɺʳʙʦʨ ʵʪʘʣʦʥʥʦʛʦ ʧʦʣʠʥʦʤʘ. ʆʙʦʙʱʝʥʥʳʝ 

ʧʦʣʠʥʦʤʳ ɹʘʪʪʝʨʚʦʨʪʘ. 

ʇʨʝʞʜʝ ʯʝʤ ʧʨʠʩʪʫʧʠʪʴ ʢ ʤʦʜʘʣʴʥʦʤʫ ʩʠʥʪʝʟʫ ʟʘʢʦʥʘ ʫʧʨʘʚʣʝʥʠʷ 

ʦʨʠʝʥʪʘʮʠʝʡ ʄʂʉ, ʥʝʦʙʭʦʜʠʤʦ ʦʧʨʝʜʝʣʠʪʴʩʷ ʩ ʪʝʤ, ʢʘʢʦʡ ʵʪʘʣʦʥʥʳʡ 

ʧʦʣʠʥʦʤ ʠʩʧʦʣʴʟʦʚʘʪʴ. ʕʪʘʣʦʥʥʳʡ ʧʦʣʠʥʦʤ ʦʧʨʝʜʝʣʷʝʪ ʨʘʩʧʦʣʦʞʝʥʠʝ 

ʢʦʨʥʝʡ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ, ʠ ʢʘʢ ʩʣʝʜʩʪʚʠʝ ʭʘʨʘʢʪʝʨ ʧʝʨʝʭʦʜʥʦʛʦ ʧʨʦʮʝʩʩʘ. 

ʏʘʱʝ ʚʩʝʛʦ ʜʣʷ ʦʮʝʥʢʠ ʢʘʯʝʩʪʚʘ ʧʝʨʝʭʦʜʥʦʛʦ ʧʨʦʮʝʩʩʘ ʠʩʧʦʣʴʟʫʶʪ 

ʪʘʢʠʝ ʢʨʠʪʝʨʠʠ ʢʘʢ ʩʪʝʧʝʥʴ ʫʩʪʦʡʯʠʚʦʩʪʠ ʠ ʩʪʝʧʝʥʴ ʢʦʣʝʙʘʪʝʣʴʥʦʩʪʠ [42]. 

ʉʪʝʧʝʥʴ ʫʩʪʦʡʯʠʚʦʩʪʠ ʯʠʩʣʝʥʥʦ ʨʘʚʥʘ ʘʙʩʦʣʶʪʥʦʤʫ ʟʥʘʯʝʥʠʶ 

ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʙʣʠʞʘʡʰʝʛʦ ʢ ʤʥʠʤʦʡ ʦʩʠ ʢʦʨʥʷ (ʨʠʩ. 2.3) 

 

ʈʠʩ. 2.3 ʉʪʝʧʝʥʴ ʫʩʪʦʡʯʠʚʦʩʪʠ ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ. 

ʏʝʤ ʙʦʣʴʰʝ ʩʪʝʧʝʥʴ ʫʩʪʦʡʯʠʚʦʩʪʠ (ʢʦʵʬʬʠʮʠʝʥʪ h), ʪʝʤ ʙʳʩʪʨʝʝ ʟʘʪʫʭʘʝʪ 

ʧʝʨʝʭʦʜʥʳʡ ʧʨʦʮʝʩʩ. ʊʘʢʞʝ ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʡ  

ʢʦʵʬʬʠʮʠʝʥʪ ʫʩʪʦʡʯʠʚʦʩʪʠ ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʜʝʣʘʝʪ ʩʠʩʪʝʤʫ 

ʫʧʨʘʚʣʝʥʠʷ ʙʦʣʝʝ ʨʦʙʘʩʪʥʦʡ, ʪʦ ʝʩʪʴ ʥʝ ʪʝʨʷʶʱʝʡ ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʨʠ 

ʥʝʢʦʪʦʨʳʭ ʠʟʤʝʥʝʥʠʷʭ ʚ ʟʥʘʯʝʥʠʷʭ ʧʘʨʘʤʝʪʨʦʚ ʩʠʩʪʝʤʳ. 

ɽʱʝ ʦʜʥʠʤ ʢʨʠʪʝʨʠʝʤ ʢʘʯʝʩʪʚʘ ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʷʚʣʷʝʪʩʷ 

ʩʪʝʧʝʥʴ ʢʦʣʝʙʘʪʝʣʴʥʦʩʪʠ. ʀʟ ʥʘʯʘʣʘ ʢʦʦʨʜʠʥʘʪ ʧʨʦʚʝʜʸʤ ʣʫʯʠ ʯʝʨʝʟ ʜʚʘ 
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ʢʦʤʧʣʝʢʩʥʦ ʩʦʧʨʷʞʸʥʥʳʭ ʢʦʨʥʷ ʪʘʢ, ʯʪʦʙʳ ʚʩʝ ʦʩʪʘʣʴʥʳʝ ʢʦʨʥʠ ʦʢʘʟʘʣʠʩʴ 

ʤʝʞʜʫ ʵʪʠʤ ʠ ʣʫʯʘʤʠ (ʨʠʩ. 2.4). 

 

ʈʠʩ. 2.4 ʂ ʦʧʨʝʜʝʣʝʥʠʶ ʩʪʝʧʝʥʠ ʢʦʣʝʙʘʪʝʣʴʥʦʩʪʠ. 

ʉʪʝʧʝʥʴʶ ʢʦʣʝʙʘʪʝʣʴʥʦʩʪʠ ʥʘʟʳʚʘʝʪʩʷ ʦʪʥʦʰʝʥʠʝ  

min
i k

i
i k

m
b b

a a
= = . 

ʏʝʤ ʙʦʣʴʰʝ ʟʥʘʯʝʥʠʝ m, ʪʝʤ ʙʳʩʪʨʝʝ ʟʘʪʫʭʘʝʪ ʢʦʣʝʙʘʪʝʣʴʥʳʡ ʧʨʦʮʝʩʩ. ɽʩʣʠ 

ʥʘ ʩʠʩʪʝʤʫ ʥʘʢʣʘʜʳʚʘʝʪʩʷ ʪʨʝʙʦʚʘʥʠʝ ʟʘʜm m² , ʪʦ ʵʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʚʩʝ ʢʦʨʥʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʛʦ ʫʨʘʚʥʝʥʠʷ ʩʠʩʪʝʤʳ ʜʦʣʞʥʳ ʥʘʭʦʜʠʪʴʩʷ ʚʥʫʪʨʠ 

ʟʘʰʪʨʠʭʦʚʘʥʥʦʛʦ ʩʝʢʪʦʨʘ (ʩʤ. ʨʠʩ 2.4). 

ʀʜʝʘʣʴʥʳʤ ʚʘʨʠʘʥʪʦʤ ʵʪʘʣʦʥʥʦʛʦ ʧʦʣʠʥʦʤʘ, ʦʙʣʘʜʘʶʱʝʛʦ ʥʠʟʢʦʡ 

ʩʪʝʧʝʥʴʶ ʢʦʣʝʙʘʪʝʣʴʥʦʩʪʠ ʷʚʣʷʝʪʩʷ ʙʠʥʦʤ ʅʴʶʪʦʥʘ [31] 

( )0( )
n

P s s w= + , 0 0w> . 

ʅʘ ʢʦʤʧʣʝʢʩʥʦʡ ʧʣʦʩʢʦʩʪʠ ʢʦʨʥʠ ʙʠʥʦʤʘ ʅʴʶʪʦʥʘ ʨʘʩʧʦʣʦʞʝʥʳ ʚ ʦʜʥʦʡ 

ʪʦʯʢʝ, ʣʝʞʘʱʝʡ ʚ ʣʝʚʦʡ ʧʦʣʫʧʣʦʩʢʦʩʪʠ ʥʘ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʦʩʠ (ʨʠʩ. 2.5) 
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ʈʠʩ. 2.5 ɹʠʥʦʤ ʅʴʶʪʦʥʘ. ʈʘʩʧʦʣʦʞʝʥʠʝ ʢʦʨʥʝʡ. 

ʅʝʪʨʫʜʥʦ ʜʦʛʘʜʘʪʴʩʷ, ʯʪʦ ʩʪʝʧʝʥʴ ʢʦʣʝʙʘʪʝʣʴʥʦʩʪʠ ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ, 

ʢʦʨʥʠ ʢʦʪʦʨʦʡ ʣʝʞʘʪ ʩʦʛʣʘʩʥʦ ʙʠʥʦʤʫ ʅʴʶʪʦʥʘ, ʨʘʚʥʘ ʥʫʣʶ, ʘ ʩʪʝʧʝʥʴ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʪʘʢʦʡ ʩʠʩʪʝʤʳ ʙʫʜʝʪ ʨʘʚʥʘ ʧʘʨʘʤʝʪʨʫ 0w. ʉʫʱʝʩʪʚʝʥʥʳʤ ʞʝ 

ʥʝʜʦʩʪʘʪʢʦʤ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʘʥʥʦʛʦ ʪʠʧʘ ʧʦʣʠʥʦʤʦʚ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʩʠʩʪʝʤ 

ʫʧʨʘʚʣʝʥʠʷ ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʨʘʩʧʦʣʦʞʝʥʠʷ ʢʦʨʥʝʡ ʢ 

ʠʟʤʝʥʝʥʠʷʤ ʧʘʨʘʤʝʪʨʦʚ ʩʠʩʪʝʤʳ, ʯʪʦ ʚʳʟʚʘʥʦ ʢʨʘʪʥʦʩʪʴʶ ʢʦʨʥʝʡ ʧʦʣʠʥʦʤʘ, 

ʯʪʦ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʦʙʫʩʣʦʚʣʝʥʦ ʧʦʪʝʨʝʡ ʛʣʘʜʢʦʩʪʠ (ʪʘʢ ʢʘʢ ʜʝʪʝʨʤʠʥʘʥʪ 

ʧʦʣʠʥʦʤʘ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʦʙʨʘʱʘʝʪʩʷ ʚ  ʥʫʣʴ), ʥʝʩʤʦʪʨʷ ʥʘ ʩʦʭʨʘʥʝʥʠʝ 

ʥʝʧʨʝʨʳʚʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʨʥʝʡ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʛʦ ʧʦʣʠʥʦʤʘ ʦʪ ʝʛʦ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ, [43]. ʉʫʱʝʩʪʚʫʝʪ ʥʝʥʫʣʝʚʘʷ ʚʝʨʦʷʪʥʦʩʪʴ, ʯʪʦ ʧʨʠ ʤʘʣʝʡʰʝʤ 

ʚʦʟʤʫʱʝʥʠʠ ʦʜʥʦʛʦ ʠʟ ʧʘʨʘʤʝʪʨʦʚ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ, ʢʦʨʥʠ ʧʦʣʠʥʦʤʘ 

ʜʘʥʥʦʛʦ ʪʠʧʘ ʤʦʛʫʪ çʫʧʦʣʟʪʠè ʚ ʧʨʘʚʫʶ ʧʦʣʫʧʣʦʩʢʦʩʪʴ ʢʦʤʧʣʝʢʩʥʦʡ 

ʧʣʦʩʢʦʩʪʠ, ʪʦ ʝʩʪʴ ʩʜʝʣʘʪʴ ʩʠʩʪʝʤʫ ʫʧʨʘʚʣʝʥʠʷ ʥʝʫʩʪʦʡʯʠʚʦʡ. 

ɽʱʝ ʦʜʥʠʤ ʠʥʪʝʨʝʩʥʳʤ ʩʝʤʝʡʩʪʚʦʤ ʧʦʣʠʥʦʤʦʚ, ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʭ 

ʚ ʦʩʥʦʚʥʦʤ ʧʨʠ ʧʦʩʪʨʦʝʥʠʠ ʬʠʣʴʪʨʦʚ, ʷʚʣʷʶʪʩʷ ʧʦʣʠʥʦʤʳ ɹʘʪʪʝʨʚʦʨʪʘ [31] 

ʂʣʘʩʩʠʯʝʩʢʠʡ ʧʦʣʠʥʦʤ ɹʘʪʪʝʨʚʦʨʪʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ 
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ʅʘ ʢʦʤʧʣʝʢʩʥʦʡ ʧʣʦʩʢʦʩʪʠ ʢʦʨʥʠ ʧʦʣʠʥʦʤʦʚ ɹʘʪʪʝʨʚʦʨʪʘ ʨʘʚʥʦʤʝʨʥʦ 

ʨʘʩʧʦʣʦʞʝʥʳ ʣʝʚʦʡ ʧʦʣʫʧʣʦʩʢʦʩʪʠ ʥʘ ʦʢʨʫʞʥʦʩʪʠ ʨʘʜʠʫʩʦʤ cw  ʠ ʮʝʥʪʨʦʤ ʚ 

ʥʘʯʘʣʝ ʢʦʦʨʜʠʥʘʪ (ʨʠʩ. 2.6) 

 

ʈʠʩ. 2.6 ʈʘʩʧʦʣʦʞʝʥʠʝ ʢʦʨʥʝʡ ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʧʦʣʠʥʦʤʘ ɹʘʪʪʝʨʚʦʨʪʘ ʥʘ 

ʢʦʤʧʣʝʢʩʥʦʡ ʧʣʦʩʢʦʩʪʠ. 

ʆʩʥʦʚʥʳʤ ʜʦʩʪʦʠʥʩʪʚʦʤ ʧʦʣʠʥʦʤʘ ɹʘʪʪʝʨʚʦʨʪʘ ʷʚʣʷʝʪʩʷ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʦʥ 

ʦʙʣʘʜʘʝʪ ʤʘʢʩʠʤʘʣʴʥʦ ʛʣʘʜʢʦʡ ɸʏʍ (ʘʤʧʣʠʪʫʜʥʦ-ʯʘʩʪʦʪʥʦʡ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ) ʥʘ ʯʘʩʪʦʪʘʭ ʧʨʦʧʫʩʢʘʥʠʷ, ʯʪʦ ʜʝʣʘʝʪ ʜʘʥʥʳʡ ʪʠʧ 

ʧʦʣʠʥʦʤʦʚ ʭʦʨʦʰʠʤ ʚʘʨʠʘʥʪʦʤ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʬʠʣʴʪʨʦʚ. ʅʦ ʜʣʷ ʟʘʜʘʯ 

ʤʦʜʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ, ʜʘʥʥʦʝ ʩʝʤʝʡʩʪʚʦ ʧʦʣʠʥʦʤʦʚ ʥʝ 

ʧʦʜʭʦʜʠʪ ʚ ʩʠʣʫ ʪʦʛʦ, ʯʪʦ ʧʦʩʪʨʦʝʥʥʘʷ ʩʠʩʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ʙʫʜʝʪ ʦʙʣʘʜʘʪʴ 

ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʢʦʣʝʙʘʪʝʣʴʥʦʩʪʠ ʠ ʥʠʟʢʦʡ ʩʪʝʧʝʥʴʶ ʫʩʪʦʡʯʠʚʦʩʪʠ. 

ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʩʘʤʘʷ ʧʨʘʚʘʷ ʧʘʨʘ ʢʦʤʧʣʝʢʩʥʦ-ʩʦʧʨʷʞʝʥʥʳʭ ʢʦʨʥʝʡ 

ʨʘʩʧʦʣʦʞʝʥʘ ʩʣʠʰʢʦʤ ʙʣʠʟʢʦ ʢ ʤʥʠʤʦʡ ʦʩʠ, ʠ ʧʨʠ ʨʦʩʪʝ ʨʘʟʤʝʨʥʦʩʪʠ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ, ʩʪʝʧʝʥʴ ʫʩʪʦʡʯʠʚʦʩʪʠ ʙʫʜʝʪ ʩʪʨʝʤʠʪʴʩʷ 

ʢ ʥʫʣʶ, ʘ ʩʪʝʧʝʥʴ ʢʦʣʝʙʘʪʝʣʴʥʦʩʪʠ ʢ ʙʝʩʢʦʥʝʯʥʦʩʪʠ (ʨʠʩ. 2.7) 
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ʈʠʩ. 2.7 ʉʪʝʧʝʥʴ ʢʦʣʝʙʘʪʝʣʴʥʦʩʪʠ m ʠ ʩʪʝʧʝʥʴ ʫʩʪʦʡʯʠʚʦʩʪʠ h ʧʨʠ 

ʧʦʣʠʥʦʤʝ ɹʘʪʪʝʨʚʦʨʪʘ ʙʦʣʴʰʦʡ ʨʘʟʤʝʨʥʦʩʪʠ. 

ʆʜʥʠʤ ʠʟ ʨʝʰʝʥʠʡ ʜʘʥʥʦʡ ʧʨʦʙʣʝʤʳ ʤʦʞʝʪ ʩʪʘʪʴ ʚʚʝʜʝʥʠʝ ʥʦʚʦʛʦ 

ʧʘʨʘʤʝʪʨʘ, ʦʪʚʝʯʘʶʱʝʛʦ ʟʘ ʫʜʘʣʝʥʥʦʩʪʴ ʩʘʤʦʡ ʧʨʘʚʦʡ ʧʘʨʳ ʢʦʨʥʝʡ ʜʘʥʥʦʛʦ 

ʩʝʤʝʡʩʪʚʘ ʧʦʣʠʥʦʤʦʚ ʦʪ ʢʦʤʧʣʝʢʩʥʦʡ ʦʩʠ. ɽʩʣʠ ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʦʣʦʞʠʪʴ ʚʩʝ 

ʢʦʨʥʠ ʥʘ ʦʢʨʫʞʥʦʩʪʠ ʚ ʣʝʚʦʡ ʧʦʣʫʧʣʦʩʢʦʩʪʠ ʪʘʢ, ʯʪʦʙʳ ʦʥʠ ʣʝʞʘʣʠ ʤʝʞʜʫ 

ʜʚʫʤʷ ʩʠʤʤʝʪʨʠʯʥʳʤʠ ʣʫʯʘʤʠ, ʧʨʦʚʝʜʝʥʥʳʤʠ ʠʟ ʥʘʯʘʣʘ ʢʦʦʨʜʠʥʘʪ, ʪʦ 

ʩʪʝʧʝʥʴ ʢʦʣʝʙʘʪʝʣʴʥʦʩʪʠ ʪʘʢʦʛʦ ʧʦʣʠʥʦʤʘ ʟʥʘʯʠʪʝʣʴʥʦ ʫʤʝʥʴʰʠʪʩʷ, ʘ 

ʩʪʝʧʝʥʴ ʫʩʪʦʡʯʠʚʦʩʪʠ ʥʘʦʙʦʨʦʪ ʚʦʟʨʘʩʪʝʪ (ʨʠʩ. 2.8). ʅʘʟʦʚʝʤ ʧʦʜʦʙʥʳʡ ʪʠʧ 

ʧʦʣʠʥʦʤʦʚ ʦʙʦʙʱʝʥʥʳʤʠ ʧʦʣʠʥʦʤʘʤʠ ɹʘʪʪʝʨʚʦʨʪʘ. ʆʙʦʙʱʝʥʥʳʝ ʧʦʣʠʥʦʤʳ 

ɹʘʪʪʝʨʚʦʨʪʘ ʧʦʣʫʯʘʶʪʩʷ ʠʟ ʢʣʘʩʩʠʯʝʩʢʠʭ ʧʦʣʠʥʦʤʦʚ ɹʘʪʪʝʨʚʦʨʪʘ ʚʚʝʜʝʥʠʝʤ 

ʚʘʨʴʠʨʫʝʤʦʛʦ ʧʘʨʘʤʝʪʨʘ j, ʦʧʨʝʜʝʣʷʶʱʝʛʦ ʚʝʣʠʯʠʥʫ ʜʫʛʠ, ʥʘ ʢʦʪʦʨʦʡ 

ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʢʦʨʥʠ. ɸʥʘʣʠʪʠʯʝʩʢʘʷ ʟʘʧʠʩʴ ʜʘʥʥʦʛʦ ʧʦʣʠʥʦʤʘ ʚʳʛʣʷʜʠʪ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ 


















































































































