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ʧʦʢʘʟʘʥʠʡ ʩ ʩʠʩʪʝʤʳ ʜʘʪʯʠʢʦʚ ʧʨʠʥʠʤʘʝʪ ʨʝʰʝʥʠʷ ʧʦ ʚʳʜʘʯʠ ʢʦʤʘʥʜ ʥʘ 

ʧʨʠʚʦʜʳ ʫʩʪʨʦʡʩʪʚʘ. ʉʦʚʨʝʤʝʥʥʳʝ ʩʠʩʪʝʤʳ ʚ ʢʘʯʝʩʪʚʝ ʠʥʬʦʨʤʘʮʠʠ ʦʙ 

ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʝ ʠʩʧʦʣʴʟʫʶʪ ʟʨʠʪʝʣʴʥʳʝ ʜʘʥʥʳʝ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʝ ʥʝʦʙʭʦʜʠʤʦ ʦʙʨʘʙʘʪʳʚʘʪʴ ʙʦʣʴʰʦʡ ʦʙʲʝʤ ʜʘʥʥʳʭ [1]. 

ʇʨʠ ʧʦʩʪʨʦʝʥʠʠ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʳ ʈʊʂ, ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʢʦʪʦʨʳʤ 

ʥʝʦʙʭʦʜʠʤʦ ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʙʦʣʴʰʦʡ ʧʦʪʦʢ ʟʨʠʪʝʣʴʥʳʭ ʜʘʥʥʳʭ, 

ʮʝʣʝʩʦʦʙʨʘʟʥʳʤ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʛʝʪʝʨʦʛʝʥʥʦʛʦ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ 

ʢʣʘʩʪʝʨʘ. ʏʪʦʙʳ ʠʩʧʦʣʴʟʦʚʘʪʴ ʨʘʩʧʨʝʜʝʣʝʥʥʫʶ ʚʳʯʠʩʣʠʪʝʣʴʥʫʶ ʩʠʩʪʝʤʫ, 

ʥʝʦʙʭʦʜʠʤ ʤʝʭʘʥʠʟʤ ʫʧʨʘʚʣʝʥʠʷ ʚʳʯʠʩʣʝʥʠʷʤʠ. 

ʉʫʱʝʩʪʚʫʶʱʠʝ ʩʠʩʪʝʤʳ 

ʉʪʘʥʜʘʨʪ MPI ([2] ʩʪʨ. 21) ʧʦʟʚʦʣʷʝʪ ʨʝʘʣʠʟʦʚʳʚʘʪʴ ʧʘʨʘʣʣʝʣʴʥʳʝ 

ʘʣʛʦʨʠʪʤʳ ʥʘ ʦʩʥʦʚʝ ʤʦʜʝʣʠ ʦʙʤʝʥʘ ʩʦʦʙʱʝʥʠʷʤʠ. ɺ ʜʘʥʥʦʡ ʤʦʜʝʣʠ 

ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʩʫʱʝʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ ʧʘʨʘʣʣʝʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʢʦʪʦʨʳʝ ʥʝ 

ʠʤʝʶʪ ʦʙʱʠʭ ʜʘʥʥʳʭ, ʘ ʩʠʥʭʨʦʥʠʟʘʮʠʷ ʠ ʦʙʤʝʥ ʩʦʦʙʱʝʥʠʷʤʠ ʚʳʧʦʣʥʷʶʪʩʷ 

ʯʝʨʝʟ ʩʠʩʪʝʤʫ ʜʦʩʪʘʚʢʠ ʜʘʥʥʳʭ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʨʝʘʣʠʟʦʚʳʚʘʪʴ ʢʘʢ 

ʧʘʨʘʣʣʝʣʴʥʦʩʪʴ ʥʘ ʤʥʦʛʦʷʜʝʨʥʦʤ ʚʳʯʠʩʣʠʪʝʣʴʥʦʤ ʫʟʣʝ, ʪʘʢ ʠ ʨʘʩʧʨʝʜʝʣʷʪʴ 

ʧʨʦʮʝʩʩʳ ʧʦ ʥʝʩʢʦʣʴʢʠʤ ʢʦʤʧʴʶʪʝʨʘʤ, ʩʦʝʜʠʥʝʥʥʳʤ ʩʝʪʴʶ.  

 ɼʨʫʛʦʡ ʧʦʜʭʦʜ ʢ ʨʝʘʣʠʟʘʮʠʠ ʧʘʨʘʣʣʝʣʴʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ï ʵʪʦ ʤʦʜʝʣʴ 

ʦʙʱʝʡ ʧʘʤʷʪʠ ([2] ʩʪʨ. 27), ʚ ʢʦʪʦʨʦʡ ʩʫʱʝʩʪʚʫʶʪ ʥʝʩʢʦʣʴʢʦ ʧʦʪʦʢʦʚ, 

ʦʙʣʘʜʘʶʱʠʝ ʧʨʠʚʘʪʥʦʡ ʧʘʤʷʪʴʶ (ʩʪʝʢ ʧʦʪʦʢʘ) ʠ ʦʙʱʝʡ ʧʘʤʷʪʴʶ (ʢʫʯʘ). ʆʙʱʘʷ 

ʧʘʤʷʪʴ ʤʦʞʝʪ ʙʳʪʴ ʩʦʚʤʝʩʪʥʦ ʠʩʧʦʣʴʟʦʚʘʥʘ ʥʝʩʢʦʣʴʢʠʤʠ ʧʘʨʘʣʣʝʣʴʥʳʤʠ 

ʧʦʪʦʢʘʤʠ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʵʪʦʡ ʤʦʜʝʣʠ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʧʨʦʱʝ, ʯʝʤ ʤʦʜʝʣʠ 

ʦʙʤʝʥʘ ʩʦʦʙʱʝʥʠʷʤʠ, ʥʦ ʪʨʝʙʫʝʪʩʷ ʟʘʙʦʪʠʪʴʩʷ ʦ ʢʦʨʨʝʢʪʥʦʡ ʩʠʥʭʨʦʥʠʟʘʮʠʠ 

ʜʦʩʪʫʧʘ ʢ ʧʘʤʷʪʠ. ʉʠʥʭʨʦʥʠʟʘʮʠʷ ʜʦʩʪʫʧʘ ʥʝʦʙʭʦʜʠʤʘ, ʪʘʢ ʢʘʢ ʦʜʥʦʚʨʝʤʝʥʥʳʡ 

ʥʝʩʠʥʭʨʦʥʠʟʠʨʦʚʘʥʥʳʡ ʜʦʩʪʫʧ ʢ ʦʜʥʦʡ ʦʙʣʘʩʪʠ ʧʘʤʷʪʠ ʠʟ ʥʝʩʢʦʣʴʢʠʭ ʧʦʪʦʢʦʚ 

ʧʨʠʚʝʜʝʪ ʢ ʥʝʦʧʨʝʜʝʣʝʥʥʦʤʫ ʧʦʚʝʜʝʥʠʶ ʧʨʦʛʨʘʤʤʳ. ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ 

ʧʘʨʘʣʣʝʣʴʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʩʫʱʝʩʪʚʫʝʪ ʩʪʘʥʜʘʨʪ OpenMP.   

ʈʘʩʩʤʦʪʨʝʥʥʳʝ ʪʝʭʥʦʣʦʛʠʠ ʧʦʟʚʦʣʷʶʪ ʪʦʣʴʢʦ ʨʝʘʣʠʟʦʚʳʚʘʪʴ 

ʧʘʨʘʣʣʝʣʴʥʳʝ ʘʣʛʦʨʠʪʤʳ, ʥʦ ʦʥʠ ʥʝ ʨʝʰʘʶʪ ʟʘʜʘʯʫ ʫʧʨʘʚʣʝʥʠʷ 

ʨʘʩʧʨʝʜʝʣʝʥʥʳʤʠ ʚʳʯʠʩʣʝʥʠʷʤʠ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʤʝʥʝʜʞʝʨ ʨʝʩʫʨʩʦʚ, ʥʘʧʨʠʤʝʨ Mesos [3].  ʄʝʥʝʜʞʝʨ ʨʝʩʫʨʩʦʚ ʙʫʜʝʪ ʧʨʠʥʠʤʘʪʴ 

ʨʝʩʫʨʩʥʳʡ ʟʘʧʨʦʩ (ʩʢʦʣʴʢʦ ʠ ʢʘʢʠʭ ʨʝʩʫʨʩʦʚ ʜʣʷ ʟʘʧʫʩʢʘ ʇʆ ʥʝʦʙʭʦʜʠʤʦ), 

ʚʳʜʝʣʷʪʴ ʨʝʩʫʨʩʳ ʠ ʟʘʧʫʩʢʘʪʴ ʥʘ ʥʠʭ ʚʳʯʠʩʣʠʪʝʣʴʥʫʶ ʧʨʦʛʨʘʤʤʫ.  
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ʇʨʝʠʤʫʱʝʩʪʚʦ ʪʝʭʥʦʣʦʛʠʠ MPI + OpenMP ï ʵʪʦ ʚʦʟʤʦʞʥʦʩʪʴ 

ʨʝʘʣʠʟʦʚʳʚʘʪʴ ʣʶʙʳʝ ʧʘʨʘʣʣʝʣʴʥʳʝ ʘʣʛʦʨʠʪʤʳ. ʅʝʜʦʩʪʘʪʦʢ ï ʵʪʦ ʩʣʦʞʥʦʩʪʴ ʚ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʠ ʦʪʩʫʪʩʪʚʠʝ ʚʩʪʨʦʝʥʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʦʪʢʘʟʦʫʩʪʦʡʯʠʚʦʩʪʠ, 

ʢʦʪʦʨʳʡ ʧʨʠʜʝʪʩʷ ʨʝʘʣʠʟʦʚʳʚʘʪʴ ʚʨʫʯʥʫʶ [4]. 

ʊʝʭʥʦʣʦʛʠʷ MapReduce [5] ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʤʦʜʝʣʴ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʠ 

ʩʠʩʪʝʤʫ ʫʧʨʘʚʣʝʥʠʷ ʚʳʯʠʩʣʝʥʠʷʤʠ, ʢʦʪʦʨʘʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʘʢʝʪʥʫʶ 

ʩʠʩʪʝʤʫ ʧʘʨʘʣʣʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ ʙʦʣʴʰʦʛʦ ʦʙʲʝʤʘ ʜʘʥʥʳʭ. ʇʦʣʴʟʦʚʘʪʝʣʴ 

ʩʠʩʪʝʤʳ ʜʦʣʞʝʥ ʟʘʧʨʦʛʨʘʤʤʠʨʦʚʘʪʴ ʘʣʛʦʨʠʪʤ ʚ ʚʠʜʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ 

ʚʳʟʦʚʘ ʬʫʥʢʮʠʡ Map ʠ Reduce. ʇʦʣʴʟʦʚʘʪʝʣʴʩʢʘʷ ʬʫʥʢʮʠʷ Map ʜʦʣʞʥʘ ʥʘ ʚʭʦʜ 

ʧʨʠʥʠʤʘʪʴ ʧʘʨʫ ộʢʣʶʯ, ʟʥʘʯʝʥʠʝỚ ʠʩʭʦʜʥʳʭ ʜʘʥʥʳʭ ʠ ʬʦʨʤʠʨʦʚʘʪʴ 

ʧʨʦʤʝʞʫʪʦʯʥʫʶ ʧʘʨʫ ộʢʣʶʯ, ʟʥʘʯʝʥʠʝỚ.  ɿʘʪʝʤ ʩʠʩʪʝʤʘ MapReduce 

ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʚʳʧʦʣʥʠʪ ʛʨʫʧʧʠʨʦʚʢʫ ʟʥʘʯʝʥʠʡ ʧʦ ʢʣʶʯʫ ʠ ʟʘʧʫʩʪʠʪ 

ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʫʶ ʬʫʥʢʮʠʶ Reduce. ʌʫʥʢʮʠʷ Reduce ʥʘ ʚʭʦʜ ʧʨʠʥʠʤʘʝʪ ʢʣʶʯ 

ʠ ʩʧʠʩʦʢ ʟʥʘʯʝʥʠʡ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʩʛʨʫʧʧʠʨʦʚʘʥʳ ʧʦ ʜʘʥʥʦʤʫ ʢʣʶʯʫ. ʌʫʥʢʮʠʷ 

Reduce ʜʦʣʞʥʘ ʦʙʨʘʙʦʪʘʪʴ ʩʧʠʩʦʢ ʟʥʘʯʝʥʠʡ ʠ ʩʬʦʨʤʠʨʦʚʘʪʴ ʨʝʟʫʣʴʪʠʨʫʶʱʠʡ 

ʤʘʩʩʠʚ. 

Apache Spark [6] ï ʵʪʦ ʩʠʩʪʝʤʘ, ʧʨʝʜʦʩʪʘʚʣʷʶʱʘʷ ʤʝʭʘʥʠʟʤʳ ʢʦʥʚʝʡʝʨʥʦʡ 

ʦʙʨʘʙʦʪʢʠ ʙʦʣʴʰʦʛʦ ʦʙʲʸʤʘ ʜʘʥʥʳʭ ʥʘ ʢʣʘʩʪʝʨʝ ʧʫʪʝʤ ʟʘʧʫʩʢʘ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʦʧʝʨʘʮʠʡ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʜʘʥʥʳʭ. ʇʦʣʴʟʦʚʘʪʝʣʴ ʩʠʩʪʝʤʳ 

ʜʦʣʞʝʥ ʨʝʘʣʠʟʦʚʘʪʴ ʫʧʨʘʚʣʷʶʱʫʶ ʧʨʦʛʨʘʤʤʫ, ʢʦʪʦʨʘʷ ʙʫʜʝʪ ʦʧʨʝʜʝʣʷʪʴ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʠ ʦʙʨʘʙʘʪʳʚʘʪʴ ʨʝʟʫʣʴʪʘʪʳ ʵʪʠʭ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ.  

ʇʨʝʠʤʫʱʝʩʪʚʘ MapReduce ʠ Apache Spark ʟʘʢʣʶʯʘʶʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʦʥʠ 

ʦʙʝʩʧʝʯʠʚʘʶʪ ʘʚʪʦʤʘʪʠʯʝʩʢʦʝ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʝ ʠ ʦʪʢʘʟʦʫʩʪʦʡʯʠʚʦʩʪʴ, ʘ 

ʥʝʜʦʩʪʘʪʦʢ ï ʵʪʦ ʦʛʨʘʥʠʯʝʥʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʜʣʷ ʟʘʜʘʯʠ ʧʦʪʦʢʦʚʦʡ ʦʙʨʘʙʦʪʢʠ 

ʟʨʠʪʝʣʴʥʳʭ ʜʘʥʥʳʭ.  

ʈʘʟʨʘʙʘʪʳʚʘʝʤʘʷ ʩʠʩʪʝʤʘ ʧʦʪʦʢʦʚʦʡ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ 

ɺʘʞʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʧʨʠʣʦʞʝʥʠʡ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʟʨʝʥʠʷ ʷʚʣʷʝʪʩʷ ʪʦ, 

ʯʪʦ ʠʟʚʣʝʯʝʥʠʝ ʠʥʬʦʨʤʘʮʠʠ ʠʟ ʧʦʪʦʢʦʚ ʩʝʥʩʦʨʥʳʭ ʜʘʥʥʳʭ ʤʦʞʝʪ ʙʳʪʴ ʨʘʟʙʠʪʦ 

ʥʘ ʥʝʩʢʦʣʴʢʦ ʵʪʘʧʦʚ. ʂʘʞʜʳʡ ʵʪʘʧ ʤʦʞʝʪ ʙʳʪʴ ʵʬʬʝʢʪʠʚʥʦ ʨʝʘʣʠʟʦʚʘʥ ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʩʦʧʨʦʮʝʩʩʦʨʘ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʫʜʦʙʥʳʤ ʠ ʵʬʬʝʢʪʠʚʥʳʤ ʩʧʦʩʦʙʦʤ 

ʨʝʘʣʠʟʘʮʠʠ ʪʘʢʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʷʚʣʷʝʪʩʷ ʢʦʥʚʝʡʝʨʥʘʷ ʤʦʜʝʣʴ 

ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ. ɺ ʢʦʥʚʝʡʝʨʥʦʡ ʤʦʜʝʣʠ ʘʣʛʦʨʠʪʤ ʦʧʠʩʳʚʘʝʪʩʷ ʚ ʚʠʜʝ ʛʨʘʬʘ 

ʨʘʙʦʪ. ɻʨʘʬ ʨʘʙʦʪ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʡ ʛʨʘʬ ʙʝʟ ʮʠʢʣʦʚ 

(Direct Acyclic Graph, DAG).  ɺ DAG ʢʘʞʜʘʷ ʩʪʘʜʠʷ ʘʣʛʦʨʠʪʤʘ ï ʵʪʦ ʫʟʝʣ ʛʨʘʬʘ, 

ʘ ʩʚʷʟʠ ʤʝʞʜʫ ʫʟʣʘʤʠ ï ʵʪʦ ʧʦʪʦʢʠ ʜʘʥʥʳʭ ʤʝʞʜʫ ʩʪʘʜʠʷʤʠ. ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ 

ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʢʦʥʚʝʡʝʨʥʳʤʠ ʚʳʯʠʩʣʝʥʠʷʤʠ ʘʚʪʦʨʘʤʠ ʨʘʙʦʪʳ ʙʳʣ 

ʨʘʟʨʘʙʦʪʘʥ ʦʥʣʘʡʥ ʘʣʛʦʨʠʪʤ ʧʣʘʥʠʨʦʚʘʥʠʷ PMR HEFT [7]. ɼʘʥʥʳʡ ʘʣʛʦʨʠʪʤ 

ʦʙʣʘʜʘʝʪ ʩʣʝʜʫʶʱʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ʆʥ ʧʦʟʚʦʣʷʝʪ ʧʣʘʥʠʨʦʚʘʪʴ 

ʠʩʧʦʣʥʝʥʠʝ ʛʨʘʬʘ ʨʘʙʦʪ ʩ ʨʝʟʝʨʚʠʨʦʚʘʥʠʝʤ ʨʝʩʫʨʩʦʚ. ʇʣʘʥ ʧʨʝʜʦʩʪʘʚʣʷʝʪ 

ʠʥʬʦʨʤʘʮʠʶ ʧʦ ʢʘʞʜʦʡ ʨʘʙʦʪʝ: ʥʘ ʢʘʢʠʭ ʨʝʩʫʨʩʘʭ ʨʘʙʦʪʘ ʙʫʜʝʪ ʟʘʧʫʱʝʥʘ; 

ʚʨʝʤʷ ʥʘʯʘʣʘ ʠʩʧʦʣʥʝʥʠʷ ʨʘʙʦʪʳ; ʚʨʝʤʷ ʟʘʚʝʨʰʝʥʠʷ ʠʩʧʦʣʥʝʥʠʷ ʨʘʙʦʪʳ. ʊʘʢ 

ʞʝ ʧʨʠ ʚʳʧʦʣʥʝʥʠʠ ʧʣʘʥʠʨʦʚʘʥʠʷ ʫʯʠʪʳʚʘʝʪʩʷ ʤʥʦʞʝʩʪʚʝʥʥʦʩʪʴ 

ʢʦʥʬʠʛʫʨʘʮʠʡ ʢʘʞʜʦʛʦ ʵʪʘʧʘ ʧʨʠʣʦʞʝʥʠʷ. ʂʦʥʬʠʛʫʨʘʮʠʷ ï ʵʪʦ ʨʝʘʣʠʟʘʮʠʷ 

ʨʘʙʦʪʳ, ʠʩʧʦʣʴʟʫʶʱʘʷ ʦʧʨʝʜʝʣʝʥʥʳʡ ʥʘʙʦʨ ʨʝʩʫʨʩʦʚ. ʈʘʟʥʳʝ ʢʦʥʬʠʛʫʨʘʮʠʠ 
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ʠʩʧʦʣʴʟʫʶʪ ʨʘʟʥʳʝ ʥʘʙʦʨʳ ʨʝʩʫʨʩʦʚ. ʅʘʧʨʠʤʝʨ, ʘʣʛʦʨʠʪʤ ʩʝʛʤʝʥʪʘʮʠʠ 

ʠʟʦʙʨʘʞʝʥʠʡ ʤʦʞʝʪ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥ ʢʘʢ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʦʣʴʢʦ 

ʤʥʦʛʦʷʜʝʨʥʦʛʦ ʮʝʥʪʨʘʣʴʥʦʛʦ ʧʨʦʮʝʩʩʦʨʘ, ʪʘʢ ʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʨʘʬʠʯʝʩʢʦʛʦ 

ʫʩʢʦʨʠʪʝʣʷ. ɸʣʛʦʨʠʪʤ ʧʣʘʥʠʨʦʚʘʥʠʷ ʚʚʦʜʠʪ ʵʚʨʠʩʪʠʢʫ ʪʦʧʦʣʦʛʠʯʝʩʢʦʡ 

ʩʦʨʪʠʨʦʚʢʠ ʛʨʘʬʘ ʨʘʙʦʪ, ʘ ʟʘʪʝʤ ʚ ʧʦʣʫʯʝʥʥʦʤ ʧʦʨʷʜʢʝ ʜʣʷ ʢʘʞʜʦʡ ʨʘʙʦʪʳ 

ʚʳʧʦʣʥʷʝʪ ʧʦʠʩʢ ʥʘʠʣʫʯʰʝʡ ʧʘʨʳ ộʩʣʦʪ, ʢʦʥʬʠʛʫʨʘʮʠʷ ʨʘʙʦʪʳỚ ʜʣʷ ʟʘʧʫʩʢʘ. 

ʅʘʠʣʫʯʰʠʡ ʩʣʦʪ ʟʘʧʫʩʢʘ ï ʵʪʦ ʪʦʪ ʩʣʦʪ, ʢʦʪʦʨʳʡ ʜʘʝʪ ʩʘʤʦʝ ʨʘʥʥʝʝ ʚʨʝʤʷ 

ʟʘʚʝʨʰʝʥʠʷ ʠʩʧʦʣʥʝʥʠʷ ʨʘʙʦʪʳ (earliest finish time, EFT). ʇʦʜ ʩʣʦʪʦʤ ʘʚʪʦʨʘʤʠ 

ʧʦʜʨʘʟʫʤʝʚʘʝʪʩʷ ʧʨʦʤʝʞʫʪʦʢ ʚʨʝʤʝʥʠ, ʚ ʢʦʪʦʨʦʤ ʜʦʩʪʘʪʦʯʥʦ ʜʦʩʪʫʧʥʳʭ 

ʨʝʩʫʨʩʦʚ ʜʣʷ ʟʘʧʫʩʢʘ ʪʝʢʫʱʝʡ ʧʣʘʥʠʨʫʝʤʦʡ ʨʘʙʦʪʳ ʥʘ ʢʦʥʢʨʝʪʥʦʤ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʤ ʫʟʣʝ.  

ɼʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʡ ʩʠʩʪʝʤʳ ʧʣʘʥʠʨʦʚʘʥʠʷ 

ʧʦʣʴʟʦʚʘʪʝʣʶ ʥʝʦʙʭʦʜʠʤʦ ʨʝʘʣʠʟʦʚʘʪʴ ʫʧʨʘʚʣʷʶʱʫʶ ʧʨʦʛʨʘʤʤʫ. 

ʋʧʨʘʚʣʷʶʱʘʷ ʧʨʦʛʨʘʤʤʘ ï ʵʪʦ ʧʨʠʣʦʞʝʥʠʝ, ʢʦʪʦʨʦʝ ʙʫʜʝʪ ʟʘʧʫʱʝʥʦ ʚʥʫʪʨʠ 

ʢʣʘʩʪʝʨʘ ʢʘʢ ʯʘʩʪʴ ʩʠʩʪʝʤʳ ʧʣʘʥʠʨʦʚʘʥʠʷ. ɼʘʥʥʘʷ ʧʨʦʛʨʘʤʤʘ ʜʦʣʞʥʘ ʦʧʠʩʘʪʴ 

ʚʩʶ ʣʦʛʠʢʫ ʦʙʨʘʙʦʪʢʠ ʧʦʪʦʢʘ ʩʝʥʩʦʨʥʳʭ ʜʘʥʥʳʭ ʚ ʚʠʜʝ ʚʳʟʦʚʦʚ 

çʩʧʝʮʠʘʣʴʥʳʭè ʬʫʥʢʮʠʡ ï ʦʧʝʨʘʮʠʡ, ʥʘ ʦʩʥʦʚʝ ʢʦʪʦʨʳʭ ʙʫʜʝʪ ʧʦʩʪʨʦʝʥ ʛʨʘʬ 

ʦʙʨʘʙʦʪʢʠ ʧʦʪʦʢʘ ʜʘʥʥʳʭ. ʕʪʦʪ ʛʨʘʬ ʙʫʜʝʪ ʟʘʧʣʘʥʠʨʦʚʘʥ, ʠ ʧʦʣʫʯʝʥʥʳʡ ʧʣʘʥ 

ʙʫʜʝʪ ʮʠʢʣʠʯʝʩʢʠ ʠʩʧʦʣʥʷʪʴʩʷ ʥʘ ʢʣʘʩʪʝʨʝ ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʝʛʦ ʥʝ ʦʪʤʝʥʷʪ. ɼʣʷ 

ʪʦʛʦ ʯʪʦʙʳ ʠʟʤʝʥʠʪʴ ʠʩʧʦʣʥʷʝʤʳʡ ʛʨʘʬ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ, ʥʝʦʙʭʦʜʠʤʦ 

ʦʪʤʝʥʠʪʴ ʪʝʢʫʱʠʡ ʠʩʧʦʣʥʷʝʤʳʡ ʛʨʘʬ ʠ ʧʨʝʜʦʩʪʘʚʠʪʴ ʥʘ ʧʣʘʥʠʨʦʚʘʥʠʝ ʥʦʚʳʡ 

ʛʨʘʬ.  

ɺʩʝ ʦʧʝʨʘʮʠʠ, ʢʦʪʦʨʳʝ ʥʝʦʙʭʦʜʠʤʳ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʫʧʨʘʚʣʷʶʱʝʡ 

ʧʨʦʛʨʘʤʤʳ, ʜʦʣʞʥʳ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥʳ ʧʦʣʴʟʦʚʘʪʝʣʝʤ ʩʠʩʪʝʤʳ ʦʪʜʝʣʴʥʦ.  ɺ 

ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʧʨʠʣʦʞʝʥʠʷ ʨʘʩʩʤʦʪʨʠʤ ʘʣʛʦʨʠʪʤ ʤʦʥʦʢʫʣʷʨʥʦʡ ʚʠʟʫʘʣʴʥʦʡ 

ʦʜʦʤʝʪʨʠʠ, ʢʦʪʦʨʳʡ ʩʦʩʪʦʠʪ ʠʟ ʩʣʝʜʫʶʱʠʭ ʵʪʘʧʦʚ: (1) ʧʦʣʫʯʝʥʠʝ ʜʚʫʭ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʢʘʜʨʦʚ; (2) ʠʟʚʣʝʯʝʥʠʝ ʠʟ ʢʘʜʨʦʚ ʦʙʣʘʩʪʠ ʩʦʜʝʨʞʘʱʝʡ 

ʧʦʜʩʪʠʣʘʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ; (3) ʚʳʯʠʩʣʝʥʠʝ ʢʣʶʯʝʚʳʭ ʪʦʯʝʢ ʠ ʠʭ 

ʜʝʩʢʨʠʧʪʦʨʦʚ ʧʦʣʫʯʝʥʥʳʭ ʯʘʩʪʝʡ ʠʟʦʙʨʘʞʝʥʠʷ; (4) ʩʦʧʦʩʪʘʚʣʝʥʠʝ ʢʣʶʯʝʚʳʭ 

ʪʦʯʝʢ ʜʚʫʭ ʠʟʦʙʨʘʞʝʥʠʡ ʧʦ ʠʭ ʜʝʩʢʨʠʧʪʦʨʘʤ; (5) ʚʳʯʠʩʣʝʥʠʝ ʚʝʢʪʦʨʘ 

ʧʝʨʝʜʚʠʞʝʥʠʷ ʧʦ ʩʦʧʦʩʪʘʚʣʝʥʥʳʤ ʢʣʶʯʝʚʳʤ ʪʦʯʢʘʤ ʠ ʦʙʥʦʚʣʝʥʠʝ ʪʝʢʫʱʝʡ 

ʧʦʟʠʮʠʠ ʈʊʂ.  

ʂʘʞʜʳʡ ʠʟ ʵʪʘʧʦʚ ʜʦʣʞʝʥ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥ ʚ ʚʠʜʝ ʜʠʥʘʤʠʯʝʩʢʠ 

ʟʘʛʨʫʞʘʝʤʦʡ ʙʠʙʣʠʦʪʝʢʠ, ʢʦʪʦʨʘʷ ʜʦʣʞʥʘ ʙʳʪʴ ʨʘʩʧʦʣʦʞʝʥʘ ʥʘ ʢʘʞʜʦʤ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʤ ʫʟʣʝ. ʇʨʠ ʵʪʦʤ, ʥʘʧʨʠʤʝʨ, ʵʪʘʧ (3) ʤʦʞʝʪ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥ ʥʝ 

ʪʦʣʴʢʦ ʥʘ CPU, ʥʦ ʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ GPU. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʜʣʷ ʵʪʘʧʘ (3) 

ʥʝʦʙʭʦʜʠʤʳ ʜʚʝ ʨʝʘʣʠʟʘʮʠʠ, ʢʦʪʦʨʳʝ ʙʫʜʫʪ ʨʘʩʧʦʣʦʞʝʥʳ ʥʘ ʫʟʣʝ, ʦʙʣʘʜʘʶʱʝʤ 

GPU. ʇʦʩʣʝ ʩʦʩʪʘʚʣʝʥʠʷ ʫʧʨʘʚʣʷʶʱʝʡ ʧʨʦʛʨʘʤʤʳ ʨʘʟʨʘʙʘʪʳʚʘʝʤʘʷ ʩʠʩʪʝʤʘ 

ʚʳʧʦʣʥʠʪ ʧʣʘʥʠʨʦʚʘʥʠʝ ʠ ʙʫʜʝʪ ʮʠʢʣʠʯʝʩʢʠ ʠʩʧʦʣʥʷʪʴ ʧʣʘʥ. ʄʝʥʝʜʞʝʨʳ ʫʟʣʦʚ 

ʦʪ ʛʣʘʚʥʦʛʦ ʫʟʣʘ ʙʫʜʫʪ ʧʦʣʫʯʘʪʴ ʥʝʦʙʭʦʜʠʤʳʝ ʜʘʥʥʳʝ ʠ ʢʦʤʘʥʜʳ ʥʘ ʟʘʧʫʩʢ. 

ʇʨʠ ʧʦʣʫʯʝʥʠʠ ʢʦʤʘʥʜʳ ʥʘ ʟʘʧʫʩʢ ʤʝʥʝʜʞʝʨ ʫʟʣʘ ʚʳʙʝʨʝʪ ʥʫʞʥʫʶ ʙʠʙʣʠʦʪʝʢʫ 

ʩ ʨʝʘʣʠʟʘʮʠʝʡ ʦʧʝʨʘʮʠʠ ʠ ʟʘʧʫʩʪʠʪ ʝʝ.   
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ʈʝʘʣʠʟʘʮʠʷ ʦʧʝʨʘʮʠʠ (5) ʦʙʣʘʜʘʝʪ ʚʥʫʪʨʝʥʥʠʤ ʩʦʩʪʦʷʥʠʝʤ, ʢʦʪʦʨʦʝ 

ʩʠʩʪʝʤʘ ʧʣʘʥʠʨʦʚʘʥʠʷ ʭʨʘʥʠʪ ʦʪʢʘʟʦʫʩʪʦʡʯʠʚʦ. ɼʣʷ ʦʪʢʘʟʦʫʩʪʦʡʯʠʚʦʛʦ 

ʭʨʘʥʝʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʢʚʦʨʫʤʥʳʡ ʘʣʛʦʨʠʪʤ ʩʠʥʭʨʦʥʥʦʡ ʨʝʧʣʠʢʘʮʠʠ ABD 

(Attia H., Bar-Noy A., Dolev D.) [8]. ʇʨʠ ʩʙʦʝ ʩʠʩʪʝʤʘ ʙʫʜʝʪ ʘʚʪʦʤʘʪʠʯʝʩʢʠ 

ʧʝʨʝʟʘʧʫʱʝʥʘ ʠ ʪʝʢʫʱʠʡ ʛʨʘʬ ʨʘʙʦʪ ʙʫʜʝʪ ʧʝʨʝʧʣʘʥʠʨʦʚʘʥ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

ʥʦʚʦʡ ʘʧʧʘʨʘʪʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʝʡ.  
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HEFT ʜʣʷ ʧʣʘʥʠʨʦʚʘʥʠʷ ʧʘʨʘʣʣʝʣʴʥʳʭ ʨʘʙʦʪ ʥʘ ʛʝʪʝʨʦʛʝʥʥʳʭ 

ʚʳʯʠʩʣʠʪʝʣʷʭ // ʇʨʝʧʨʠʥʪʳ ʀʇʄ ʠʤ. ʄ.ɺ. ʂʝʣʜʳʰʘ. 2024. ˉ 58. 34 ʩ. 

https://doi.org/10.20948/prepr-2024-58 

https://library.keldysh.ru/preprint.asp?id=2024-58  

8. Attiya H., Bar-Noy A., Dolev D. Sharing memory robustly in message-passing 

systems // Journal of the ACM (JACM). 1995. Vol. 42. Issue 1. Pp. 124ï142. 

https://doi.org/10.1145/200836.200869 

https://doi.org/10.20948/prepr-2024-58
https://library.keldysh.ru/preprint.asp?id=2024-58
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ʏʀʉʃɽʅʅʆɽ ʀʉʉʃɽɼʆɺɸʅʀɽ ɸʅʀɿʆʊʈʆʇʀʀ 

ʊʈɽʑʀʅʆɺɸʊʓʍ ʉʈɽɼ ʉ ʇʆʄʆʑʔʖ ʉɽʊʆʏʅʆ-

ʍɸʈɸʂʊɽʈʀʉʊʀʏɽʉʂʆɻʆ ʄɽʊʆɼɸ 

ʀ.ʅ. ɸʛʨʝʣʦʚ, ʅ.ʀ. ʍʦʭʣʦʚ  

ʄʌʊʀ (ʅʀʋ), ʛ. ɼʦʣʛʦʧʨʫʜʥʳʡ 

agrelov.in@phystech.edu, nikolay.khokhlov@phystech.edu 

ʅʝʬʪʝʛʘʟʦʚʳʡ ʢʦʤʧʣʝʢʩ ʈʦʩʩʠʠ ʠʛʨʘʝʪ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʵʢʦʥʦʤʠʢʝ ʩʪʨʘʥʳ, 

ʦʢʘʟʳʚʘʷ ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʝʸ ʨʘʟʚʠʪʠʝ. ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʳʭ ʤʝʪʦʜʦʚ ʨʘʟʚʝʜʢʠ ʫʛʣʝʚʦʜʦʨʦʜʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʷʚʣʷʝʪʩʷ 

ʩʝʡʩʤʦʨʘʟʚʝʜʢʘ. ʊʘʢʠʝ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʪʝʩʥʦ ʩʚʷʟʘʥʳ ʩ ʧʦʨʠʩʪʳʤʠ ʠ 

ʪʨʝʱʠʥʦʚʘʪʳʤʠ ʥʝʦʜʥʦʨʦʜʥʦʩʪʷʤʠ ʛʝʦʣʦʛʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ. ʅʘʣʠʯʠʝ ʪʨʝʱʠʥ 

ʚʳʟʳʚʘʝʪ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʘʥʠʟʦʪʨʦʧʠʠ, ʪʦ ʝʩʪʴ ʟʘʚʠʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʠ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʦʣʥ ʦʪ ʠʭ ʥʘʧʨʘʚʣʝʥʠʷ. ʕʪʦ ʷʚʣʝʥʠʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʠ 

ʘʥʘʣʠʟʝ ʩʝʡʩʤʠʯʝʩʢʠʭ ʜʘʥʥʳʭ. ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʯʠʩʣʝʥʥʦʤʫ 

ʠʩʩʣʝʜʦʚʘʥʠʶ ʘʥʠʟʦʪʨʦʧʠʠ ʩʢʦʨʦʩʪʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʨʦʜʦʣʴʥʳʭ ʫʧʨʫʛʠʭ 

ʚʦʣʥ ʚ ʪʨʝʱʠʥʦʚʘʪʦʡ ʩʨʝʜʝ. ɼʣʷ ʨʝʰʝʥʠʷ ʜʘʥʥʦʡ ʟʘʜʘʯʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ 

ʩʝʪʦʯʥʦ-ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʡ ʤʝʪʦʜ [1]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʟʨʘʙʦʪʘʥ ʤʝʪʦʜ ʠ ʧʨʦʚʝʜʝʥʳ ʯʠʩʣʝʥʥʳʝ ʠʟʤʝʨʝʥʠʷ 

ʟʘʚʠʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʫʧʨʫʛʠʭ ʚʦʣʥ ʦʪ ʫʛʣʘ ʥʘʢʣʦʥʘ ʪʨʝʱʠʥ, 

ʩʦʜʝʨʞʘʱʠʭʩʷ ʚ ʩʨʝʜʝ. ʇʨʠʤʝʨ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 1, 

ʙʝʣʳʤ ʦʪʤʝʯʝʥʦ ʨʘʩʧʦʣʦʞʝʥʠʝ ʪʨʝʱʠʥ. ʐʘʛ ʩʝʪʢʠ ʩʦʩʪʘʚʣʷʣ 0.02 ʤʤ, ʨʘʟʤʝʨ 

ʩʝʪʢʠ ï 2500 Ĭ 2500 ʫʟʣʦʚ (5 ʩʤ Ĭ 5 ʩʤ), ʰʘʛ ʧʦ ʚʨʝʤʝʥʠ ï 2*ρπ  ʩ. 

 

 

ʈʠʩ. 1. ʇʨʠʤʝʨ ʤʦʜʝʣʠʨʫʝʤʦʡ ʦʙʣʘʩʪʠ, ʩʦʜʝʨʞʘʱʝʡ ʪʨʝʱʠʥʳ.                 

ʈʘʩʧʦʣʦʞʝʥʠʝ ʨʘʟʣʦʤʘ ʚʳʜʝʣʝʥʦ ʙʝʣʳʤ ʮʚʝʪʦʤ. 

mailto:agrelov.in@phystech.edu
mailto:nikolay.khokhlov@phystech.edu
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ɼʣʷ ʫʯʝʪʘ ʰʠʨʠʥʳ ʨʘʩʢʨʳʪʠʷ ʪʨʝʱʠʥ ʚ ʨʘʙʦʪʝ ʧʨʠʤʝʥʷʣʠʩʴ ʥʘʣʦʞʝʥʥʳʝ 

ʩʝʪʢʠ [2]. ʅʘ ʨʠʩʫʥʢʝ 2 ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʝʪʦʯʥʘʷ ʤʦʜʝʣʴ ʪʨʝʱʠʥʳ. ɺʥʫʪʨʝʥʥʷʷ 

ʩʝʪʢʘ ʤʦʜʝʣʠ ʠʤʝʝʪ ʧʘʨʘʤʝʪʨʳ ʤʘʪʝʨʠʘʣʘ ʟʘʧʦʣʥʠʪʝʣʷ (ʚʦʟʜʫʭʘ), ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 

ʚʦʢʨʫʛ ʩʝʪʢʠ ʪʨʝʱʠʥʳ ʨʘʩʧʦʣʦʞʝʥʳ ʯʝʪʳʨʝ ʢʦʥʪʘʢʪʥʳʝ ʩʝʪʢʠ, ʧʘʨʘʤʝʪʨʳ 

ʢʦʪʦʨʳʭ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ. ʈʘʟʤʝʨ ʩʝʪʢʠ 

ʪʨʝʱʠʥʳ ʩʦʩʪʘʚʣʷʣ 6 Ĭ 600 ʫʟʣʦʚ (0,06 Ĭ 6 ʤʤ), ʩ ʰʘʛʦʤ ʩʝʪʢʠ 0,01 ʤʤ. ɺ 

ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʚʦʟʤʫʱʝʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʚʝʡʚʣʝʪ ʈʠʢʝʨʘ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 

50 ʤʤ. ʈʝʟʫʣʴʪʘʪ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠ ʩʨʘʚʥʝʥʠʝ ʩ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʴʶ [3] 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 3. ʅʘ ʨʠʩʫʥʢʝ 4 ʧʨʠʚʝʜʝʥ ʧʨʠʤʝʨ ʯʠʩʣʝʥʥʦʛʦ ʨʘʩʯʝʪʘ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʫʧʨʫʛʠʭ ʧʨʦʜʦʣʴʥʳʭ ʚʦʣʥ ʚ ʪʨʝʱʠʥʦʚʘʪʦʡ ʩʨʝʜʝ. 

 

 

ʈʠʩ. 2.  ʉʝʪʦʯʥʘʷ ʤʦʜʝʣʴ ʪʨʝʱʠʥʳ. ʉʝʪʢʘ, ʩʦʜʝʨʞʘʱʘʷ ʧʘʨʘʤʝʪʨʳ ʤʘʪʝʨʠʘʣʘ 

ʟʘʧʦʣʥʠʪʝʣʷ (ʚʦʜʳ), ʚʳʜʝʣʝʥʘ ʞʝʣʪʳʤ ʮʚʝʪʦʤ, ʘ ʢʦʥʪʘʢʪʥʳʝ ʩʝʪʢʠ ï ʢʨʘʩʥʳʤ. 

 

ʈʠʩ. 3.  ɻʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʨʦʜʦʣʴʥʳʭ                         

ʚʦʣʥ ʚ ʩʨʝʜʝ ʦʪ ʫʛʣʘ ʥʘʢʣʦʥʘ ʪʨʝʱʠʥ. 
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ʈʠʩ. 4.  ʇʨʠʤʝʨ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ                                   

ʚʦʣʥʳ ʚ ʪʨʝʱʠʥʦʚʘʪʦʡ ʩʨʝʜʝ. 

ʇʨʝʜʧʦʣʘʛʘʝʤʦʡ ʧʨʠʯʠʥʦʡ ʨʘʩʭʦʞʜʝʥʠʷ ʤʝʞʜʫ ʧʦʣʫʯʝʥʥʳʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ ʠ 

ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʧʨʝʜʩʢʘʟʘʥʠʷʤʠ ʷʚʣʷʝʪʩʷ ʧʝʨʝʭʦʜ ʦʪ ʪʨʝʭʤʝʨʥʦʡ ʢ ʜʚʫʤʝʨʥʦʡ 

ʧʦʩʪʘʥʦʚʢʝ ʟʘʜʘʯʠ. ɺ ʜʘʣʴʥʝʡʰʝʤ ʧʣʘʥʠʨʫʝʪʩʷ ʧʨʦʚʝʜʝʥʠʝ ʯʠʩʣʝʥʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚ ʪʨʝʭʤʝʨʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʜʣʷ ʙʦʣʝʝ ʪʦʯʥʦʛʦ ʘʥʘʣʠʟʘ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ: 

1. Mitskovets I.A., Khokhlov N.I. Simulation of propagation of dynamic 

perturbations in porous media by the grid-characteristic method with explicit 

description of heterogeneities // Computational Mathematics and Mathematical 

Physics. 2023. V. 63(10). Pp. 1904ï1917. 

2. Khokhlov N. [et al.]. Grid-characteristic method using Chimera meshes for 

simulation of elastic waves scattering on geological fractured zones // Journal of 

Computational Physics. 2021. V. 446. P. 110637. 

3. Guo J. [et al.]. Effective elastic properties of rocks with transversely isotropic 

background permeated by aligned pennyȤshaped cracks // Journal of Geophysical 

Research: Solid Earth. 2019. V. 124(1). Pp. 400ï424. 
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ʆɹʈɸɹʆʊʂʆʁ ʇʈʀ ɸɼʉʆʈɹʎʀʀ ɻɸɿʆɺ 
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 ʆʜʥʠʤ ʠʟ ʠʥʥʦʚʘʮʠʦʥʥʳʭ ʧʦʜʭʦʜʦʚ ʚ ʩʬʝʨʝ ʘʜʩʦʨʙʮʠʠ ʛʘʟʦʚ ʷʚʣʷʝʪʩʷ 

ʤʘʛʥʠʪʥʘʷ ʦʙʨʘʙʦʪʢʘ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʚʳʩʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʘʜʩʦʨʙʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ. ʇʨʠʤʝʥʝʥʠʝ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ 

ʧʨʦʮʝʩʩʘʤʠ ʘʜʩʦʨʙʮʠʠ ʛʘʟʦʚ ʦʪʢʨʳʚʘʝʪ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ 

ʦʙʣʘʩʪʠ ʜʠʥʘʤʠʢʠ ʛʘʟʘ. ɼʘʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʥʘʧʨʘʚʣʝʥʦ ʥʘ ʦʧʪʠʤʠʟʘʮʠʶ 

ʧʨʦʮʝʩʩʘ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʚʠʞʝʥʠʝ ʛʘʟʘ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʥʝʛʦ 

ʚʥʝʰʥʠʭ ʤʘʛʥʠʪʥʳʭ ʩʠʣ.  

ɼʚʠʞʝʥʠʝ ʚʷʟʢʦʛʦ ʪʝʧʣʦʧʨʦʚʦʜʥʦʛʦ ʛʘʟʘ ʚ ʦʜʥʦʤʝʨʥʦʤ ʩʣʫʯʘʝ 

ʦʧʠʩʳʚʘʝʪʩʷ ʩʠʩʪʝʤʦʡ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ [1] ʜʣʷ ʩʞʠʤʘʝʤʦʡ ʩʨʝʜʳ: 
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ɹʫʜʝʤ ʨʘʩʩʤʘʪʨʠʚʘʪʴ (1) ʧʨʠ ʟʘʜʘʥʥʳʭ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ: 

                0 0 0 0 0 0( ), ( ), (0, ).( ),t t tx u u Lx x xr r q q= = == = = Í             (2) 

ɿʘʜʘʯʘ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʝ ʢʨʘʝʚʳʝ ʫʩʣʦʚʠʷ, ʟʘʜʘʥʥʳʝ ʥʘ ʣʝʚʦʡ ʛʨʘʥʠʮʝ 

(x=0), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʟʘʜʘʶʪʩʷ ʩʢʦʨʦʩʪʴ, ʧʣʦʪʥʦʩʪʴ ʠ ʪʝʤʧʝʨʘʪʫʨʘ: 

            0 1 0 1 0 1( ), ( ), (0, ).( ),x x xt u u t Tt tr r q q= = == = = Í                    (3) 

ʅʘ ʣʝʚʦʡ ʛʨʘʥʠʮʝ ʛʘʟ ʚʳʪʝʢʘʝʪ ʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʩʪʘʚʷʪʩʷ ʫʩʣʦʚʠʷ: 

                   0 0, .x x L x x Lu q= == =                                                               (4) 

ɺʦʟʜʝʡʩʪʚʠʝ ʥʘ ʛʘʟ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʨʠ ʧʦʤʦʱʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ B.  

ɺ ʨʘʙʦʪʝ çɺʣʠʷʥʠʝ ʩʠʣʴʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʘʜʩʦʨʙʮʠʶ ʛʘʟʦʚè [2] 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ ʚʣʠʷʥʠʝ ʩʠʣʴʥʳʭ ʠʤʧʫʣʴʩʥʳʭ ʧʦʣʝʡ ʥʘ ʧʨʦʮʝʩʩ 

ʘʜʩʦʨʙʮʠʠ ʛʘʟʘ ʥʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʚʝʨʭʥʦʩʪʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʵʬʬʝʢʪ 

ʤʘʛʥʠʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʩʦʨʙʮʠʠ ʧʨʦʷʚʣʷʝʪʩʷ ʠʟʤʝʥʝʥʠʝʤ ʦʙʲʸʤʘ ʛʘʟʘ. 

ɿʘʜʘʯʘ ʦʧʪʠʤʘʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ ʫʧʨʘʚʣʝʥʠʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʥʘʭʦʞʜʝʥʠʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʨʝʜʳ ɟ, u, ɗ, ʘ ʪʘʢʞʝ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʧʘʨʘʤʝʪʨʦʚ: 

 

[ ] [ ] [ ] [ ]0 1 0 1 0, , , , 0. 0.0804, , 0.00 13, 0.0Í Í Í Ím B B kB k k L r  
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ʧʨʠ ʫʩʣʦʚʠʠ ʤʠʥʠʤʠʟʘʮʠʠ ʩʣʝʜʫʶʱʝʛʦ ʬʫʥʢʮʠʦʥʘʣʘ 

[ ] 2

0 0

1
, min.

( , )
,

T L

I u
T

dt

L x t

dx
r q

r
= ­ñ ñ                                                      (5) 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʜʘʥʥʦʡ ʩʠʩʪʝʤʳ (1) ʩ ʧʦʤʦʱʴʶ 

ʤʝʪʦʜʘ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ [3].  

ʇʦʣʫʯʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʘʥʥʳʝ ʧʦʜʚʝʨʛʘʶʪʩʷ 

ʧʦʩʣʝʜʫʶʱʝʡ ʦʙʨʘʙʦʪʢʝ ʜʣʷ ʦʙʫʯʝʥʠʷ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ [4], ʢʦʪʦʨʘʷ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʩʣʦʞʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʤʝʞʜʫ ʧʘʨʘʤʝʪʨʘʤʠ 

ʤʘʛʥʠʪʥʦʡ ʦʙʨʘʙʦʪʢʠ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʘʜʩʦʨʙʮʠʠ. 

ɼʘʥʥʳʡ ʧʦʜʭʦʜ, ʩʦʯʝʪʘʶʱʠʡ ʪʨʘʜʠʮʠʦʥʥʳʝ ʤʝʪʦʜʳ ʯʠʩʣʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʠ 

ʩʦʚʨʝʤʝʥʥʳʝ ʘʣʛʦʨʠʪʤʳ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ, ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʚʳʩʦʢʠʡ 

ʧʦʪʝʥʮʠʘʣ ʧʨʠʤʝʥʝʥʠʷ ʚ ʟʘʜʘʯʘʭ ʦʧʪʠʤʘʣʴʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʧʨʦʮʝʩʩʘʤʠ 

ʘʜʩʦʨʙʮʠʠ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ: 

1. ʃʦʡʮʷʥʩʢʠʡ ʃ.ɻ. ʄʝʭʘʥʠʢʘ ʞʠʜʢʦʩʪʠ ʠ ʛʘʟʘ: ʋʯʝʙ. ʜʣʷ ʚʫʟʦʚ ï 7-ʝ ʠʟʜʘʥʠʝ, 

ʠʩʧʨ. ï ʄ.: ɼʨʦʬʘ, 2003. 840 ʩ. 

2. ʂʨʠʚʦʰʝʝʚ ʉ.ʀ., ʐʥʝʝʨʩʦʥ ɻ.ɸ., ʇʣʘʪʦʥʦʚ ɺ.ɺ., ʉʝʣʝʤʠʨ ɺ.ɼ., 

ʊʘʮʝʥʢʦ ʆ.ʄ., ʌʠʣʠʧʧʦʚ ɸ.ɺ., ɹʳʯʢʦʚʘ ɽ.ɸ. ɺʣʠʷʥʠʝ ʩʠʣʴʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ ʥʘ ʘʜʩʦʨʙʮʠʶ ʛʘʟʦʚ // ɾʊʌ. 2016. ʊ. 86, ʚʳʧʫʩʢ 1. ʉ. 127ï131. 

3. ʉʪʨʝʥʛ ɻ., ʌʠʢʩ ɼʞ. ʊʝʦʨʠʷ ʤʝʪʦʜʘ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ. ï ʄ.: ʄʀʈ,                

1977. 351 ʩ. 

4. ʉʘʡʤʦʥ ʍʘʡʢʠʥ. ʅʝʡʨʦʥʥʳʝ ʩʝʪʠ: ʧʦʣʥʳʡ ʢʫʨʩ, 2-ʝ ʠʟʜʘʥʠʝ: ʇʝʨ. ʩ ʘʥʛʣ. ï 

ʄ.: ʀʟʜʘʪʝʣʴʩʢʠʡ ʜʦʤ çɺʠʣʴʷʤʩè. 2006. 1104 ʩ. 

 

ɺɿɸʀʄʆɼɽʁʉʊɺʀɽ ʄɸʃʆʁ ɼɺʀɾʋʑɽʁʉʗ ʉʌɽʈʓ ʉ 

ʇʆɻʈɸʅʀʏʅʓʄ ʉʃʆɽʄ ɹʃɸɿʀʋʉɸ 

ʌ.ɺ. ɸʥʪʘʢʦʚ 

ʄʌʊʀ (ʅʀʋ), ʛ. ɼʦʣʛʦʧʨʫʜʥʳʡ 

antakov.fv@phystech.edu 

 ʈʘʩʩʤʦʪʨʝʥʦ ʣʘʤʠʥʘʨʥʦʝ ʦʙʪʝʢʘʥʠʝ ʧʣʘʩʪʠʥʢʠ ʧʦʪʦʢʦʤ ʚʷʟʢʦʡ 

ʥʝʩʞʠʤʘʝʤʦʡ ʞʠʜʢʦʩʪʠ ʧʨʠ ʙʦʣʴʰʠʭ ʯʠʩʣʘʭ ʈʝʡʥʦʣʴʜʩʘ (ʨʠʩ. 1). ʅʘ 

ʨʘʩʩʪʦʷʥʠʠ ὒ ʦʪ ʥʘʯʘʣʘ ʧʣʘʩʪʠʥʢʠ ʠ ʥʘ ʚʳʩʦʪʝ ὰ Ӷ ὒ Ͻ ὰȟ ὰ ḻ 2Å Ⱦ  ʦʪ ʝʸ 

ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʩʧʦʣʦʞʝʥʘ ʤʘʣʘʷ ʩʬʝʨʘ, ʜʚʠʞʫʱʘʷʩʷ ʧʦ ʧʦʪʦʢʫ ʩ ʟʘʜʘʥʥʦʡ 

ʩʢʦʨʦʩʪʴʶ ὠ ὠ ό , ʛʜʝ  ὠ  ð ʩʢʦʨʦʩʪʴ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ. ɺ ʟʘʜʘʯʝ 

ʨʘʩʩʤʦʪʨʝʥ ʩʣʫʯʘʡ ό Ḻ ρ. ɼʣʷ ʪʘʢʦʛʦ ʪʝʯʝʥʠʷ, ʧʨʠ ʫʯʝʪʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʩ ʚʥʝʰʥʠʤ ʧʦʪʦʢʦʤ, ʧʦʪʝʥʮʠʘʣ ʩʦʩʪʦʠʪ ʠʟ ʩʫʤʤʳ 

ʧʦʪʝʥʮʠʘʣʦʚ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ, ʜʚʫʭ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʩʠʤʤʝʪʨʠʯʥʦ ʜʠʧʦʣʝʡ 

[1] ʠ ʧʦʪʝʥʮʠʘʣʘ ʦʪ ʚʳʪʝʩʥʷʶʱʝʛʦ ʜʝʡʩʪʚʠʷ ʩʘʤʦʛʦ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ. 
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ʈʠʩ. 1. ʉʭʝʤʘ ʪʝʯʝʥʠʷ: I ï ʚʷʟʢʠʡ ʧʦʜʩʣʦʡ, II ï ʦʩʥʦʚʥʘʷ ʯʘʩʪʴ ʇʉ,                               

III ï ʧʦʪʝʥʮʠʘʣʴʥʳʡ ʧʦʪʦʢ. 

ʀʟ ʪʝʦʨʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʩ ʚʥʝʰʥʠʤ ʧʦʪʦʢʦʤ [2] 

ʠʟʚʝʩʪʥʦ, ʯʪʦ ʚʦʟʤʫʱʝʥʥʦʝ ʜʘʚʣʝʥʠʝ ʜʝʡʩʪʚʫʝʪ, ʧʨʝʞʜʝ ʚʩʝʛʦ, ʥʘ ʚʷʟʢʠʡ ʪʦʥʢʠʡ 

ʧʦʜʩʣʦʡ (ʦʙʣʘʩʪʴ I ʥʘ ʨʠʩ.), ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʥʘ ʜʥʝ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ. ɺʳʩʦʪʘ 

ʨʘʟʤʝʱʝʥʠʷ ʜʠʧʦʣʷ ὰ 2Å Ⱦ Ὤȟ Ὤ ὕ ρ  ʚʳʙʨʘʥʘ ʠʩʭʦʜʷ ʠʟ ʪʨʝʙʦʚʘʥʠʡ 

ʪʝʦʨʠʠ ʩʚʦʙʦʜʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʀʟʫʯʘʝʤʦʝ ʪʝʯʝʥʠʝ ʷʚʣʷʝʪʩʷ 

ʥʝʫʩʪʘʥʦʚʠʚʰʠʤʩʷ, ʥʦ ʧʨʠ ʧʝʨʝʭʦʜʝ ʚ ʩʠʩʪʝʤʫ ʢʦʦʨʜʠʥʘʪ, ʩʚʷʟʘʥʥʫʶ ʩ 

ʜʠʧʦʣʝʤ, ʟʘʜʘʯʘ ʩʪʘʥʦʚʠʪʩʷ ʩʪʘʮʠʦʥʘʨʥʦʡ ʥʘ ʜʚʠʞʫʱʝʡʩʷ ʚʚʝʨʭ ʧʦ ʧʦʪʦʢʫ 

ʧʣʘʩʪʠʥʝ. ɼʣʷ ʚʷʟʢʦʛʦ ʧʦʜʩʣʦʷ I ʢʨʘʝʚʘʷ ʟʘʜʘʯʘ ʧʨʠʤʝʪ ʚʠʜ:  

Ὗ
‬Ὗ

‬ὢ
ὠ

‬Ὗ

‬ὣ
ὡ

‬Ὗ

‬ὤ

‬ὖ

‬ὢ

‬ Ὗ

‬ὣ
Ƞ  

‬ὖ

‬ὣ
πȟ 

Ὗ
‬ὡ

‬ὢ
ὠ

‬ὡ

‬ὣ
ὡ

‬ὡ

‬ὤ

‬ὖ

‬ὤ

‬ ὡ

‬ὣ
ȟ   

‬Ὗ

‬ὢ

‬ὠ

‬ὣ

‬ὡ

‬ὤ
πȟ 

ὖ ὓ Ͻ Ὢ
ρ

ς“Ὄ

‬ ὃ

‬ὼ

Ὠὼǲ Ὠᾀǲ

ὢ ὼǲ ὤ ᾀǲ
ȟ 

ὣ πȡ  Ὗ Ὗ Ƞ   ὠ ὡ πȠ   ὣ ᴼ Њȡ Ὗ ὣ ὃ ὢȟ ὤ Ὗ ȣ Ƞ   ὡ ᴼ πȟ 

ὢ ᴼ Њȟ ȿὤȿ ᴼ Њȡ Ὗ Ὗ ὣ ȣ ȟ ὡ πȠ   Ὢ
ςὢ ρ ὤ

ὢ ρ ὤ Ⱦ
Ȣ 

ɿʘʜʘʯʘ ʩʦʜʝʨʞʠʪ ʪʨʠ ʥʝʟʘʚʠʩʠʤʳʭ ʧʘʨʘʤʝʪʨʘ: ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʠʧʦʣʷ M, 

ʚʳʩʦʪʘ ʨʘʩʧʦʣʦʞʝʥʠʷ ʜʠʧʦʣʷ H ʠ ʩʢʦʨʦʩʪʴ ʩʪʝʥʢʠ  Ὗ . A(X,Z) ï ʪʦʣʱʠʥʘ 

ʚʳʪʝʩʥʝʥʠʷ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ. ʀʟ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ ʷʩʥʦ, ʯʪʦ ʥʘʧʨʘʚʣʝʥʠʷ 

ʜʚʠʞʝʥʠʷ ʞʠʜʢʦʩʪʠ ʥʘ ʥʠʞʥʝʡ (ώ π) ʠ ʚʝʨʭʥʝʡ (ώ ᴼ Њ) ʛʨʘʥʠʮʘʭ ʦʙʣʘʩʪʠ 

ʨʘʟʣʠʯʥʳ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʪʝʯʝʥʠʝ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʜʚʘ ʧʨʦʪʠʚʦʪʦʢʘ: 

ʧʨʠʩʪʝʥʥʳʡ ʩʣʦʡ, ʜʚʠʞʫʱʠʡʩʷ ʩʧʨʘʚʘ ʥʘʣʝʚʦ ʠ ʚʝʨʭʥʠʡ ʩʣʦʡ, ʪʝʢʫʱʠʡ ʩʣʝʚʘ 

ʥʘʧʨʘʚʦ, ʩʤ. [3]. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʩʫʱʝʩʪʚʫʝʪ ʧʦʚʝʨʭʥʦʩʪʴ ʨʘʟʜʝʣʘ ʧʨʦʪʠʚʦʪʦʢʦʚ 
ώ Ὓ ὼȟ ᾀ , ʥʘ ʢʦʪʦʨʦʡ ʧʨʦʜʦʣʴʥʘʷ ʩʢʦʨʦʩʪʴ ʨʘʚʥʘ ʥʫʣʶ. ɿʘʜʘʯʘ ʙʳʣʘ ʨʝʰʝʥʘ ʚ 

ʣʠʥʝʡʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ, ʧʨʠ ʩʪʨʝʤʣʝʥʠʠ ʧʘʨʘʤʝʪʨʘ ʄ ʢ ʥʫʣʶ. 
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Ὗ ὢȟ ὣȟ ὤ Ὗ ὣ ὓ Ͻ Ὗ ὢȟ ὣȟ ὤ ȣ ȟ ὠ ὢȟ ὣȟ ὤ ὓ Ͻ ὠ ὢȟ ὣȟ ὤ ȣȟ 

ὡ ὢȟ ὣȟ ὤ ὓ Ͻ ὡ ὢȟ ὣȟ ὤ ȣ ȟ ὖ ὓ Ͻ ὖ ȣȟ  

Ὓ ὢȟ ὤ Ὗ ὓ Ͻ Ὓ ὢȟ ὤ ȣ ȟ ὃ ὢȟ ὤ ὓ Ͻ ὃ ὢȟ ὤ ȣ 

ʇʦʩʣʝ ʧʨʠʤʝʥʝʥʠʷ ʜʚʦʡʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝ ʧʦ ʢʦʦʨʜʠʥʘʪʘʤ ʭ ʠ z 

ʢ ʣʠʥʝʡʥʦʡ ʟʘʜʘʯʝ, ʨʝʰʝʥʠʝ ʥʘʡʜʝʥʦ ʯʝʨʝʟ ʩʧʝʮʠʘʣʴʥʳʝ ʬʫʥʢʮʠʠ [4] ʚ ʚʠʜʝ: 

ὠ Ὧȟ ‒ȟ ὰ
Ὧ ὰ ὖ

ὭὯὃὭ ǲ ‒
ὃὭ ὸ Ὠὸ Ὠ‚ ȟ ὡ Ὧȟ ‒ȟ ὰ

“Ὥὰὖ

ὭὯ Ⱦ

ὋὭ ‒

ὃὭ ‒
ὃὭ ‒ ὋὭ ‒ ȟ 

ὖ Ὧȟ ὰ Ὢ
Ὄ ὭὯ ὃὭ ǲ ‒

Ὄ ὭὯ ὃὭ ǲ ‒ Ὧ ЍὯ ὰ ᷿ ὃὭ ὸ Ὠὸ
ȟ 

Ὗ ὠ  ǲ Ὥὰὡ ȟ ‒ Ὗ ὣ ὭὯ Ⱦ ȟ ‒ Ὗ ὭὯ . 

ʇʨʠʚʝʜʝʤ ʧʨʦʝʢʮʠʠ ʣʠʥʠʡ ʪʦʢʘ ʥʘ ʧʣʦʩʢʦʩʪʴ ʩʠʤʤʝʪʨʠʠ z = 0, Ὗ ρȟ 
Ὄ ρȟ ὓ πȟυ (ʨʠʩ. 2): 

 

ʈʠʩ. 2. ʇʨʦʝʢʮʠʠ ʣʠʥʠʡ ʪʦʢʘ ʥʘ ʧʣʦʩʢʦʩʪʴ ʩʠʤʤʝʪʨʠʠ. 
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ɺʳʚʦʜʳ: ʨʝʰʝʥʘ ʟʘʜʘʯʘ ʦ ʚʣʠʷʥʠʠ ʤʘʣʦʡ ʜʚʠʞʫʱʝʡʩʷ ʩʬʝʨʳ ʥʘ 

ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ ɹʣʘʟʠʫʩʘ ʩ ʫʯʝʪʦʤ ʩʚʦʙʦʜʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʅʘʡʜʝʥʦ 

ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ ʣʠʥʝʡʥʦʡ ʟʘʜʘʯʠ ʚ ʚʷʟʢʦʤ ʧʦʜʩʣʦʝ ʩ ʧʨʦʪʠʚʦʪʦʢʘʤʠ, 

ʩʦʜʝʨʞʘʱʝʝ ʩʣʦʞʥʫʶ ʢʘʨʪʠʥʫ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʦʪʨʳʚʥʳʭ ʟʦʥ, ʜʘʞʝ ʧʨʠ 

ʤʘʣʳʭ ʄ ʠ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ H.   

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʄʌʊʀ ʧʨʠ ʯʘʩʪʠʯʥʦʡ ʧʦʜʜʝʨʞʢʝ ʈʅʌ (ʧʨʦʝʢʪ ˉ 23-

19-00041 ʚ ʎɸɻʀ). 
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ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʩʧʦʩʦʙʦʚ ʧʦʣʫʯʝʥʠʷ 

ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ, ʠʩʧʦʣʴʟʫʶʱʠʭʩʷ ʚ ʧʨʠʙʦʨʦʩʪʨʦʝʥʠʠ, ʷʚʣʷʝʪʩʷ ʠʭ 

ʥʘʧʨʘʚʣʝʥʥʘʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʠʟ ʨʘʩʧʣʘʚʦʚ. ʆʜʥʘʢʦ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʛʨʘʜʠʝʥʪʳ, 

ʚʦʟʥʠʢʘʶʱʠʝ ʧʨʠ ʚʳʨʘʱʠʚʘʥʠʠ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʠʟ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʨʘʩʧʣʘʚʦʚ, ʧʨʠʚʦʜʷʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʥʘʧʨʷʞʝʥʠʡ, ʢʦʪʦʨʳʝ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʷʚʣʷʶʪʩʷ ʦʜʥʦʡ ʠʟ 

ʛʣʘʚʥʳʭ ʧʨʠʯʠʥ ʦʙʨʘʟʦʚʘʥʠʷ ʜʠʩʣʦʢʘʮʠʡ. ʅʘʣʠʯʠʝ ʜʠʩʣʦʢʘʮʠʡ ʩʫʱʝʩʪʚʝʥʥʦ 

ʚʣʠʷʝʪ ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʝ ʠ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ, 

ʧʦʵʪʦʤʫ ʧʣʦʪʥʦʩʪʴ ʜʠʩʣʦʢʘʮʠʡ ʠ ʠʭ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚ ʢʨʠʩʪʘʣʣʝ ʷʚʣʷʶʪʩʷ 

ʦʜʥʠʤʠ ʠʟ ʩʘʤʳʭ ʚʘʞʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʘʯʝʩʪʚʘ ʧʦʣʫʯʘʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ. 

ɺ ʨʘʙʦʪʝ ʠʟʫʯʝʥʦ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʠ ʨʘʟʚʠʪʠʝ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʠ 

ʜʠʩʣʦʢʘʮʠʡ ʚ ʜʚʫʭʢʦʤʧʦʥʝʥʪʥʦʤ ʤʦʥʦʢʨʠʩʪʘʣʣʝ AxB1-x, ʚʳʨʘʱʝʥʥʦʤ ʤʝʪʦʜʦʤ 

ʚʝʨʪʠʢʘʣʴʥʦʡ ʥʘʧʨʘʚʣʝʥʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ (ʤʝʪʦʜʦʤ ɹʨʠʜʞʤʝʥʘ). 
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ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʨʝʰʝʥʘ ʦʩʝʩʠʤʤʝʪʨʠʯʥʘʷ ʟʘʜʘʯʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 

ʜʚʫʭʢʦʤʧʦʥʝʥʪʥʦʛʦ ʨʘʩʧʣʘʚʘ, ʚ ʦʩʥʦʚʝ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʢʦʪʦʨʦʡ ʣʝʞʘʪ 

ʫʨʘʚʥʝʥʠʷ ʅʘʚʴʝ ï ʉʪʦʢʩʘ, ʫʨʘʚʥʝʥʠʷ ʪʝʧʣʦʤʘʩʩʦʧʝʨʝʥʦʩʘ ʚ ʪʚʝʨʜʦʡ ʠ ʞʠʜʢʦʡ 

ʬʘʟʘʭ ʠ ʫʩʣʦʚʠʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʬʘʟ [1]. 

ʅʘ ʚʪʦʨʦʤ ʵʪʘʧʝ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʧʦʣʷ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʨʝʰʝʥʠʠ ʟʘʜʘʯʠ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʜʠʩʣʦʢʘʮʠʡ ʩ ʧʦʤʦʱʴʶ 

ʨʝʰʝʥʠʷ ʪʝʨʤʦʫʧʨʫʛʦʧʣʘʩʪʠʯʝʩʢʦʡ ʟʘʜʘʯʠ ʤʝʭʘʥʠʢʠ ʜʝʬʦʨʤʠʨʫʝʤʦʛʦ ʪʚʝʨʜʦʛʦ 

ʪʝʣʘ ʚ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʦʤ ʧʨʠʙʣʠʞʝʥʠʠ [2]. 

ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʘ ʨʘʟʚʠʪʠʷ ʜʠʩʣʦʢʘʮʠʡ ʧʨʠʤʝʥʝʥʘ ʤʦʜʝʣʴ 

ɸʣʝʢʩʘʥʜʝʨʘ ï ʍʘʘʟʝʥʘ, ʷʚʣʷʶʱʘʷʩʷ ʦʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʤʦʜʝʣʝʡ ʤʘʢʨʦʫʨʦʚʥʷ, 

ʦʧʠʩʳʚʘʶʱʠʭ ʨʘʟʚʠʪʠʝ ʜʠʩʣʦʢʘʮʠʡ ʚ ʢʨʠʩʪʘʣʣʘʭ. ʕʪʦ ʣʦʢʘʣʴʥʘʷ ʤʦʜʝʣʴ, 

ʢʦʪʦʨʘʷ ʦʧʠʩʳʚʘʝʪ ʨʘʟʤʥʦʞʝʥʠʝ ʜʠʩʣʦʢʘʮʠʡ, ʥʦ ʥʝ ʠʭ ʛʝʥʝʨʘʮʠʶ, ʧʨʠ ʵʪʦʤ 

ʩʢʦʨʦʩʪʴ ʨʘʟʤʥʦʞʝʥʠʷ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʟʥʘʯʝʥʠʡ ʧʣʦʪʥʦʩʪʠ ʩʦʩʝʜʥʠʭ ʜʠʩʣʦʢʘʮʠʡ. 

ʀʟʥʘʯʘʣʴʥʦ ʢʨʠʩʪʘʣʣ ʜʦʣʞʝʥ ʠʤʝʪʴ ʥʝʙʦʣʴʰʫʶ ʥʝʥʫʣʝʚʫʶ ʧʣʦʪʥʦʩʪʴ 

ʜʠʩʣʦʢʘʮʠʡ, ʢʦʪʦʨʘʷ ʙʫʜʝʪ ʫʚʝʣʠʯʠʚʘʪʴʩʷ ʩ ʨʘʟʥʦʡ ʩʢʦʨʦʩʪʴʶ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʫʨʦʚʥʷ ʥʘʧʨʷʞʝʥʠʡ ʠ ʪʝʤʧʝʨʘʪʫʨʳ. ʄʦʜʝʣʴ ɸʣʝʢʩʘʥʜʝʨʘ ï ʍʘʘʟʝʥʘ ʚʢʣʶʯʘʝʪ ʚ 

ʩʝʙʷ ʫʨʘʚʥʝʥʠʝ ʜʣʷ ʠʟʤʝʥʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʜʠʩʣʦʢʘʮʠʡ ʚʦ ʚʨʝʤʝʥʠ, ʩʦʦʪʥʦʰʝʥʠʝ 

ʆʨʦʚʘʥʘ ʠ ʩʦʦʪʥʦʰʝʥʠʝ ʜʣʷ ʬʫʥʢʮʠʠ ʩʢʦʨʦʩʪʠ ʜʚʠʞʝʥʠʷ ʜʠʩʣʦʢʘʮʠʡ [3]. 

ɼʣʷ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʟʘʜʘʯʠ ʤʝʭʘʥʠʢʠ ʜʝʬʦʨʤʠʨʫʝʤʦʛʦ ʪʚʝʨʜʦʛʦ ʪʝʣʘ 

ʧʨʠʤʝʥʝʥ ʤʝʪʦʜ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʠʩʧʦʣʴʟʦʚʘʥʳ ʯʝʪʳʨʝʭʫʛʦʣʴʥʳʝ 

ʢʦʥʝʯʥʳʝ ʵʣʝʤʝʥʪʳ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ [2]. 

ʅʘ ʨʠʩʫʥʢʝ 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʚʫʤʝʨʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ 

ʥʘʧʨʷʞʝʥʠʡ ʠ ʜʝʩʷʪʠʯʥʳʭ ʣʦʛʘʨʠʬʤʦʚ ʧʣʦʪʥʦʩʪʠ ʜʠʩʣʦʢʘʮʠʡ 

ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ 480 ʯ.  

 

ʈʠʩ. 1. ɼʚʫʤʝʨʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ 480 ʯ: 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʧʨʷʞʝʥʠʡ (ʩʣʝʚʘ), ʧʣʦʪʥʦʩʪʠ ʜʠʩʣʦʢʘʮʠʡ (ʩʧʨʘʚʘ). 
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ʇʨʠʚʝʜʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʝʤʦʥʩʪʨʠʨʫʶʪ, ʯʪʦ ʤʘʢʩʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ 

ʧʣʦʪʥʦʩʪʠ ʜʠʩʣʦʢʘʮʠʡ (ʦʢʦʣʦ 4,5Ā10
5
 ʩʤ

-2
) ʜʦʩʪʠʛʘʶʪʩʷ ʚ ʥʠʞʥʝʡ ʦʙʣʘʩʪʠ ʦʢʦʣʦ 

ʙʦʢʦʚʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʠʩʪʘʣʣʘ, ʪʘʤ ʞʝ, ʛʜʝ ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʥʘʠʙʦʣʴʰʠʝ 

ʟʥʘʯʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʛʨʘʜʠʝʥʪʦʚ, ʠ ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʚʦʟʥʠʢʘʶʱʠʝ 

ʪʝʨʤʠʯʝʩʢʠʝ ʥʘʧʨʷʞʝʥʠʷ (ʩʤ. [2]). ʇʨʠ ʵʪʦʤ ʨʦʩʪ ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ 

(ʤʘʢʩʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʦʢʦʣʦ 2,5Ā10
-3

) ʠ ʧʣʦʪʥʦʩʪʠ ʜʠʩʣʦʢʘʮʠʡ ʧʨʠʚʦʜʠʪ ʢ 

ʫʤʝʥʴʰʝʥʠʶ ʫʨʦʚʥʷ ʥʘʧʨʷʞʝʥʠʡ ʚ ʥʠʞʥʝʡ ʯʘʩʪʠ ʢʨʠʩʪʘʣʣʘ ʩ ʪʝʯʝʥʠʝʤ ʚʨʝʤʝʥʠ 

ʠ ʩʤʝʱʝʥʠʶ ʟʦʥʳ ʤʘʢʩʠʤʘʣʴʥʳʭ ʥʘʧʨʷʞʝʥʠʡ (ʦʢʦʣʦ 12 ʄʇʘ) ʚ ʥʘʧʨʘʚʣʝʥʠʠ 

ʦʩʠ ʢʨʠʩʪʘʣʣʘ. 
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ʜʠʩʣʦʢʘʮʠʡ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʝ ʩ ʧʦʤʦʱʴʶ ʤʦʜʝʣʠ ɸʣʝʢʩʘʥʜʝʨʘ ï ʍʘʘʟʝʥʘ // 

ʅʝʦʙʨʘʪʠʤʳʝ ʧʨʦʮʝʩʩʳ ʚ ʧʨʠʨʦʜʝ ʠ ʪʝʭʥʠʢʝ: XIII ɺʩʝʨʦʩʩʠʡʩʢʘʷ 

ʢʦʥʬʝʨʝʥʮʠʷ (ʄʦʩʢʚʘ, 28ï30 ʷʥʚʘʨʷ 2025 ʛʦʜʘ): ʩʙʦʨʥʠʢ ʩʪʘʪʝʡ. ʊ. 2.                     

ʉ. 7ï10. 
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ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʨʘʩʩʝʷʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ ʥʘ ʩʣʦʞʥʳʭ 

ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʭ ʩʪʨʫʢʪʫʨʘʭ, ʩʦʜʝʨʞʘʱʠʭ ʧʨʦʚʦʜʷʱʠʝ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ 

ʤʘʪʝʨʠʘʣʳ, ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʢʣʶʯʝʚʳʭ ʟʘʜʘʯ ʧʨʠʢʣʘʜʥʦʡ ʵʣʝʢʪʨʦʜʠʥʘʤʠʢʠ. 

ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʘʥʘʣʠʟ ʪʘʢʠʭ ʦʙʲʝʢʪʦʚ ʚ X-ʜʠʘʧʘʟʦʥʝ (8-12 ɻɻʮ), 

ʢʦʪʦʨʳʡ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʨʘʜʠʦʣʦʢʘʮʠʠ, ʩʧʫʪʥʠʢʦʚʦʡ ʩʚʷʟʠ ʠ ʩʠʩʪʝʤʘʭ 

ʜʠʩʪʘʥʮʠʦʥʥʦʛʦ ʟʦʥʜʠʨʦʚʘʥʠʷ. ʊʦʯʥʳʡ ʨʘʩʯʝʪ ʵʬʬʝʢʪʠʚʥʦʡ ʧʣʦʱʘʜʠ 

ʨʘʩʩʝʷʥʠʷ (ʕʇʈ) ʚ ʵʪʦʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʥʝʦʙʭʦʜʠʤ ʢʘʢ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ 

ʤʘʣʦʟʘʤʝʪʥʳʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ, ʪʘʢ ʠ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʘʥʪʝʥʥ ʠ 

ʨʘʜʠʦʧʦʛʣʦʱʘʶʱʠʭ ʧʦʢʨʳʪʠʡ [1, 2]. 
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ɺʘʞʥʳʤ ʘʩʧʝʢʪʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʦʙʣʘʩʪʠ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪ, ʚ ʯʘʩʪʥʦʩʪʠ, 

ʚ X-ʜʠʘʧʘʟʦʥʝ, ʷʚʣʷʝʪʩʷ ʫʯʝʪ ʨʘʜʠʦʧʦʛʣʦʱʘʶʱʠʭ ʤʘʪʝʨʠʘʣʦʚ (ʈʇʄ), ʢʦʪʦʨʳʝ 

ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ ʩʥʠʞʝʥʠʷ ʫʨʦʚʥʷ ʨʘʩʩʝʷʥʠʷ ʠ ʤʠʥʠʤʠʟʘʮʠʠ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʤʝʭ [1ï3]. ʉʦʚʨʝʤʝʥʥʳʝ ʈʇʄ, ʪʘʢʠʝ ʢʘʢ ʫʛʣʝʧʣʘʩʪʠʢ, 

ʙʣʘʛʦʜʘʨʷ ʩʚʦʠʤ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤ ʠ ʧʨʦʯʥʦʩʪʥʳʤ ʩʚʦʡʩʪʚʘʤ ʥʘʭʦʜʷʪ 

ʧʨʠʤʝʥʝʥʠʝ ʚ ʘʚʠʘʮʠʦʥʥʦʡ ʠ ʢʦʩʤʠʯʝʩʢʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʚ ʚʦʝʥʥʦʡ 

ʪʝʭʥʠʢʝ. ʂʦʨʨʝʢʪʥʦʝ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʦʙʲʝʢʪʦʚ ʩ ʧʦʜʦʙʥʳʤʠ 

ʤʘʪʝʨʠʘʣʘʤʠ ʪʨʝʙʫʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʦʯʥʳʭ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʦ ʵʬʬʝʢʪʠʚʥʳʭ 

ʤʝʪʦʜʦʚ. ʆʜʥʠʤ ʠʟ ʪʘʢʠʭ ʠʥʩʪʨʫʤʝʥʪʦʚ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʩʩʝʷʥʠʷ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ʤʦʤʝʥʪʦʚ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ 

ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʨʝʰʝʥʠʷ ʚ ʠʥʪʝʛʨʘʣʴʥʦʤ ʚʠʜʝ ʠ ʪʨʝʙʫʶʱʠʡ ʨʝʰʝʥʠʷ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʠʥʪʝʛʨʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ [4]. ʆʜʥʘʢʦ ʝʛʦ ʧʨʷʤʦʝ ʧʨʠʤʝʥʝʥʠʝ 

ʢ ʙʦʣʴʰʠʤ ʦʙʲʝʢʪʘʤ, ʩʦʜʝʨʞʘʱʠʤ ʜʝʩʷʪʢʠ ʤʠʣʣʠʦʥʦʚ ʥʝʠʟʚʝʩʪʥʳʭ, ʩʦʧʨʷʞʝʥʦ 

ʩ ʢʨʘʡʥʝ ʚʳʩʦʢʠʤʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤʠ ʟʘʪʨʘʪʘʤʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʚ ʜʘʥʥʦʡ 

ʨʘʙʦʪʝ ʜʣʷ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʠʥʪʝʛʨʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʧʨʠʤʝʥʷʝʪʩʷ 

ʤʥʦʛʦʫʨʦʚʥʝʚʳʡ ʙʳʩʪʨʳʡ ʤʝʪʦʜ ʤʫʣʴʪʠʧʦʣʝʡ (MLFMM), ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ 

ʩʥʠʟʠʪʴ ʚʳʯʠʩʣʠʪʝʣʴʥʫʶ ʩʣʦʞʥʦʩʪʴ ʜʦ ὕ ὔ  ʠ ὕ ὔÌÏÇὔ  ʚ ʦʙʣʘʩʪʠ ʥʠʟʢʠʭ ʠ 

ʚʳʩʦʢʠʭ ʯʘʩʪʦʪ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [5]. 

ɿʘʜʘʯʠ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ ʧʨʘʢʪʠʯʝʩʢʠʡ ʠʥʪʝʨʝʩ, ʤʦʛʫʪ ʩʦʜʝʨʞʘʪʴ ʥʝ 

ʪʦʣʴʢʦ ʤʠʣʣʠʦʥʳ ʥʝʠʟʚʝʩʪʥʳʭ, ʥʦ ʠ ʢʦʤʧʦʥʝʥʪʳ ʨʘʟʥʳʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ 

ʤʘʩʰʪʘʙʦʚ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʠ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʚʦʟʥʠʢʘʶʪ 

ʵʣʝʤʝʥʪʳ, ʣʠʥʝʡʥʳʝ ʨʘʟʤʝʨʳ ʢʦʪʦʨʳʭ ʦʪʣʠʯʘʶʪʩʷ ʥʘ ʥʝʩʢʦʣʴʢʦ ʧʦʨʷʜʢʦʚ, ʯʪʦ 

ʤʦʞʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʟʘʤʝʜʣʠʪʴ ʩʭʦʜʠʤʦʩʪʴ ʧʨʠ ʨʝʰʝʥʠʠ ʉʃɸʋ ʠʪʝʨʘʮʠʦʥʥʳʤ 

ʤʝʪʦʜʦʤ. ɼʣʷ ʨʝʰʝʥʠʷ ʧʦʜʦʙʥʳʭ ʟʘʜʘʯ ʤʳ ʧʨʝʜʣʘʛʘʝʤ ʥʦʚʳʡ ʪʠʧ 

ʧʨʝʜʦʙʫʩʣʘʚʣʠʚʘʪʝʣʷ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʘʥʘʣʠʟʝ ʪʦʧʦʣʦʛʠʯʝʩʢʠʭ ʩʚʷʟʝʡ ʤʝʞʜʫ 

ʵʣʝʤʝʥʪʘʤʠ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ ʚ ʢʦʤʙʠʥʘʮʠʠ ʩ ʣʦʢʘʣʴʥʳʤʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʩʦʢʨʘʪʠʪʴ ʯʠʩʣʦ 

ʠʪʝʨʘʮʠʡ ʧʨʠ ʨʝʰʝʥʠʠ ʩʠʩʪʝʤʳ ʣʠʥʝʡʥʳʭ ʘʣʛʝʙʨʘʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ (ʉʃɸʋ) 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʧʨʝʜʦʙʫʩʣʘʚʣʠʚʘʪʝʣʷʤʠ, ʦʩʦʙʝʥʥʦ ʚ ʩʣʫʯʘʝ 

ʤʥʦʛʦʤʘʩʰʪʘʙʥʳʭ ʛʝʦʤʝʪʨʠʡ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʦʜʠʪʩʷ ʯʠʩʣʝʥʥʳʡ ʘʥʘʣʠʟ ʨʘʩʩʝʷʥʠʷ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ ʥʘ ʦʙʲʝʢʪʘʭ ʩʣʦʞʥʦʡ ʬʦʨʤʳ, ʚʢʣʶʯʘʷ ʠʜʝʘʣʴʥʳʝ 

ʧʨʦʚʦʜʥʠʢʠ ʠ ʜʠʵʣʝʢʪʨʠʢʠ, ʘ ʪʘʢʞʝ ʢʦʥʩʪʨʫʢʮʠʠ, ʩʦʜʝʨʞʘʱʠʝ 

ʨʘʜʠʦʧʦʛʣʦʱʘʶʱʠʝ ʤʘʪʝʨʠʘʣʳ. ʇʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʩ ʢʦʤʤʝʨʯʝʩʢʠʤ 

ʧʨʦʛʨʘʤʤʥʳʤ ʦʙʝʩʧʝʯʝʥʠʝʤ CST Studio Suite, ʠʩʧʦʣʴʟʫʶʱʠʤ ʨʝʰʘʪʝʣʴ ʥʘ 

ʦʩʥʦʚʝ ʪʝʭ ʞʝ ʠʥʪʝʛʨʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ, ʢʦʪʦʨʳʝ ʤʳ ʨʘʩʩʤʘʪʨʠʚʘʝʤ ʚ ʨʘʙʦʪʝ. 

ʂʨʦʤʝ ʵʪʦʛʦ, ʨʝʘʣʠʟʦʚʘʥʥʳʡ ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʤʧʣʝʢʩ ʚʝʨʠʬʠʮʠʨʦʚʘʥ ʚ 

ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʥʘ ʪʝʩʪʦʚʦʡ ʟʘʜʘʯʝ ʨʘʩʩʝʷʥʠʷ ʥʘ ʩʬʝʨʝ, ʠʤʝʶʱʝʡ 

ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ. ʇʦʢʘʟʘʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʤʝʪʦʜʘ ʜʣʷ 

ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʩ ʜʝʩʷʪʢʘʤʠ ʤʠʣʣʠʦʥʦʚ ʥʝʠʟʚʝʩʪʥʳʭ ʥʘ ʯʘʩʪʦʪʘʭ ʜʦ 18 ɻɻʮ ʜʣʷ 

ʦʙʲʝʢʪʦʚ ʤʝʪʨʦʚʳʭ ʨʘʟʤʝʨʦʚ. 
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ʇʨʠ ʯʠʩʣʝʥʥʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʤʝʪʦʜʘʤʠ 

ʤʝʭʘʥʠʢʠ ʩʧʣʦʰʥʦʡ ʩʨʝʜʳ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʝʭʥʦʣʦʛʠʷ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʘʜʘʧʪʘʮʠʠ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ. 

ʄʝʪʦʜʳ ʜʠʥʘʤʠʯʝʩʢʦʡ ʘʜʘʧʪʘʮʠʠ ʨʝʘʣʠʟʦʚʘʥʳ ʜʣʷ ʨʝʛʫʣʷʨʥʳʭ ʠ 

ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʦʢ. ɺ ʨʘʤʢʘʭ ʨʘʙʦʪʳ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʤʝʪʦʜʳ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʘʜʘʧʪʘʮʠʠ ʨʝʛʫʣʷʨʥʦʡ ʩʝʪʢʠ. ʉʫʱʝʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʦ ʧʦʜʭʦʜʦʚ ʢ 

ʨʝʘʣʠʟʘʮʠʠ ʘʜʘʧʪʘʮʠʠ ʨʝʛʫʣʷʨʥʦʡ ʩʝʪʢʠ: cell-based (ʣʠʩʪʦʚʦʡ) ʠ block-based 

(ʙʣʦʯʥʳʡ). 

 ʂʘʞʜʳʡ ʧʦʜʭʦʜ ʠʤʝʝʪ ʩʚʦʠ ʦʩʦʙʝʥʥʦʩʪʠ. ʃʠʩʪʦʚʘʷ ʤʦʜʝʣʴ ʧʦʟʚʦʣʷʝʪ 

ʘʜʘʧʪʠʨʦʚʘʪʴ ʪʦʣʴʢʦ ʷʯʝʡʢʠ, ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʦʪʤʝʯʝʥʥʳʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤ 

ʢʨʠʪʝʨʠʝʤ ʢ ʘʜʘʧʪʘʮʠʠ. ʅʝʜʦʩʪʘʪʢʦʤ ʧʦʜʭʦʜʘ ʷʚʣʷʶʪʩʷ ʩʫʱʝʩʪʚʝʥʥʳʝ 

ʚʨʝʤʝʥʥʳʝ ʟʘʪʨʘʪʳ ʥʘ ʚʳʧʦʣʥʝʥʠʝ ʦʧʝʨʘʮʠʠ ʘʜʘʧʪʘʮʠʠ. ɹʣʦʯʥʘʷ ʤʦʜʝʣʴ 

ʘʜʘʧʪʠʨʫʝʪ ʩʨʘʟʫ ʥʝʩʢʦʣʴʢʦ ʷʯʝʝʢ ʥʝʢʦʪʦʨʦʛʦ ʟʘʨʘʥʝʝ ʟʘʜʘʥʥʦʛʦ ʙʣʦʢʘ. ʊʘʢʦʡ 

ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʙʦʣʝʝ ʧʨʦʩʪʳʝ ʠ ʙʳʩʪʨʳʝ ʩʪʨʫʢʪʫʨʳ ʜʘʥʥʳʭ, ʥʦ 

ʥʝʠʟʙʝʞʥʦ ʚʣʝʯʝʪ ʟʘ ʩʦʙʦʡ ʫʚʝʣʠʯʝʥʠʝ ʨʘʟʤʝʨʦʚ ʩʝʪʢʠ. 

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʨʘʟʨʘʙʦʪʘʥʦ ʥʝʩʢʦʣʴʢʦ ʧʘʢʝʪʦʚ ʧʨʠʢʣʘʜʥʦʛʦ 

ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ, ʨʝʘʣʠʟʫʶʱʠʭ ʵʪʫ ʪʝʭʥʦʣʦʛʠʶ, ʥʘʧʨʠʤʝʨ: t8code 

[1], AMReX [2].  

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʩʨʘʚʥʝʥʠʝ ʣʠʩʪʦʚʦʛʦ ʠ ʙʣʦʯʥʦʛʦ ʧʦʜʭʦʜʦʚ ʢ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʘʜʘʧʪʘʮʠʠ ʥʘ ʨʘʩʧʨʝʜʝʣʸʥʥʦʡ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʝ. 

ɺʳʧʦʣʥʷʣʦʩʴ ʩʨʘʚʥʝʥʠʝ ʙʠʙʣʠʦʪʝʢ ʜʠʥʘʤʠʯʝʩʢʦʡ ʘʜʘʧʪʘʮʠʠ octreemesh ʠ 

AMReX [2]. ɺ ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʴʥʦʡ ʟʘʜʘʯʠ ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʟʘʜʘʯʘ ʦ 

mailto:bay.aa@phystech.edu
mailto:sergejgri@gmail.com


26 
 

ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʝʣʝʷïʊʝʡʣʦʨʘ ʚ ʪʨʸʭʤʝʨʥʦʡ ʧʦʩʪʘʥʦʚʢʝ 

(ʨʠʩʫʥʦʢ 1). 

ʉʨʘʚʥʝʥʠʝ ʚʳʧʦʣʥʷʣʦʩʴ ʧʦ ʩʣʝʜʫʶʱʠʤ ʧʘʨʘʤʝʪʨʘʤ: ʆʙʱʝʝ ʢʦʣʠʯʝʩʪʚʦ 

ʩʝʪʦʯʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʢʦʣʠʯʝʩʪʚʦ ʷʯʝʝʢ ʜʦʤʝʥʘ, ʚʨʝʤʷ ʚʳʧʦʣʥʝʥʠʷ ʦʜʥʦʡ 

ʠʪʝʨʘʮʠʠ, ʚʨʝʤʷ ʥʘ ʘʜʘʧʪʘʮʠʶ ʠ ʙʘʣʘʥʩʠʨʦʚʢʫ ʥʘʛʨʫʟʢʠ.  

ɸʧʨʠʦʨʥʳʝ ʧʨʝʜʧʦʣʦʞʝʥʠʷ ʦ ʪʦʤ, ʯʪʦ ʣʠʩʪʦʚʘʷ ʤʦʜʝʣʴ ʧʦʟʚʦʣʷʝʪ 

ʩʵʢʦʥʦʤʠʪʴ ʢʦʣʠʯʝʩʪʚʦ ʩʝʪʦʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʟʘ ʩʯʸʪ ʫʚʝʣʠʯʝʥʠʷ ʚʨʝʤʝʥʠ 

ʦʙʨʘʙʦʪʢʠ ʦʜʥʦʛʦ ʩʝʪʦʯʥʦʛʦ ʵʣʝʤʝʥʪʘ. ʈʝʟʫʣʴʪʘʪʳ ʩʨʘʚʥʝʥʠʷ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ 

ʨʘʙʦʪʝ [3]. 

ɺʳʯʠʩʣʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʛʠʙʨʠʜʥʦʛʦ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʘ K60, 

ʫʩʪʘʥʦʚʣʝʥʥʦʛʦ ʚ ʉʫʧʝʨʢʦʤʧʴʶʪʝʨʥʦʤ ʎʝʥʪʨʝ ʢʦʣʣʝʢʪʠʚʥʦʛʦ ʧʦʣʴʟʦʚʘʥʠʷ 

ʀʇʄ ʠʤ. ʄ. ɺ. ʂʝʣʜʳʰʘ ʈɸʅ [4].  

 

 

ʈʠʩ.1. ʂʦʥʮʝʥʪʨʘʮʠʷ ʧʝʨʚʦʛʦ ʚʝʱʝʩʪʚʘ ʥʘ ʧʣʦʩʢʦʩʪʠ ώ = 0.5 ʩʤ                              

ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ὸ = 5 ʤʢʩ. ʉʣʝʚʘ AMReX, ʩʧʨʘʚʘ octreemesh. 
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2. Zhang W., Myers A., Gott K., Almgren A., Bell J. AMReX: Block-structured 
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Journal of High-Performance Computing Applications. 2021. Vol. 35(6). Pp. 
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vladislav.balashov@imamod.ru, savenkov@keldysh.ru 

ʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʤʥʦʛʦʬʘʟʥʳʭ ʤʠʢʨʦʪʝʯʝʥʠʡ, ʚ ʢʦʪʦʨʳʭ 

ʩʫʱʝʩʪʚʝʥʥʫʶ ʨʦʣʴ ʠʛʨʘʶʪ ʢʘʧʠʣʣʷʨʥʳʝ ʵʬʬʝʢʪʳ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʙʦʣʴʰʦʡ 

ʠʥʪʝʨʝʩ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʦʧʪʠʤʠʟʘʮʠʠ ʧʨʦʤʳʰʣʝʥʥʳʭ ʠ ʧʨʠʨʦʜʥʳʭ 

ʧʨʦʮʝʩʩʦʚ. ɺ ʢʦʥʪʝʢʩʪʝ ʥʝʬʪʝʛʘʟʦʚʦʡ ʦʪʨʘʩʣʠ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʜʘʥʥʳʭ 

ʧʨʦʮʝʩʩʦʚ ʥʘʭʦʜʠʪ ʧʨʠʤʝʥʝʥʠʝ ʚ ʪʘʢ ʥʘʟʳʚʘʝʤʦʡ ʪʝʭʥʦʣʦʛʠʠ çʮʠʬʨʦʚʦʡ ʢʝʨʥè, 

ʢʦʪʦʨʘʷ ʦʨʠʝʥʪʠʨʦʚʘʥʘ ʥʘ ʜʦʧʦʣʥʝʥʠʝ ʪʨʘʜʠʮʠʦʥʥʳʭ ʣʘʙʦʨʘʪʦʨʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ. 

ʉʫʱʝʩʪʚʫʝʪ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʤʦʜʝʣʝʡ, ʢʦʪʦʨʳʝ ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ 

ʦʧʠʩʘʥʠʷ ʤʥʦʛʦʬʘʟʥʳʭ ʤʠʢʨʦʪʝʯʝʥʠʡ. ɺʩʝ ʠʭ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʜʚʘ ʙʦʣʴʰʠʭ 

ʢʣʘʩʩʘ: ʤʦʜʝʣʠ ʩ ʯʝʪʢʦʡ ʛʨʘʥʠʮʝʡ (ʥʘʧʨʠʤʝʨ, ʞʠʜʢʦʛʦ ʦʙʲʝʤʘ ʠ ʤʝʪʦʜ 

ʤʥʦʞʝʩʪʚ ʫʨʦʚʥʷ) ʠ ʤʦʜʝʣʠ ʪʠʧʘ ʜʠʬʬʫʟʥʦʡ ʛʨʘʥʠʮʳ, ʢʦʪʦʨʳʝ ʚ ʙʦʣʴʰʠʥʩʪʚʝ 

ʩʚʦʝʤ ʦʩʥʦʚʘʥʳ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʢʦʥʮʝʧʮʠʠ ʬʘʟʦʚʦʛʦ ʧʦʣʷ. ɺ ʧʝʨʚʦʡ ʛʨʫʧʧʝ 

ʤʝʞʬʘʟʥʘʷ ʛʨʘʥʠʮʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʚʝʨʭʥʦʩʪʴ çʥʫʣʝʚʦʡ ʪʦʣʱʠʥʳè, ʥʘ 

ʢʦʪʦʨʦʡ ʪʝʤ ʠʣʠ ʠʥʳʤ ʦʙʨʘʟʦʤ ʟʘʜʘʶʪʩʷ ʫʩʣʦʚʠʷ, ʩʚʷʟʳʚʘʶʱʠʝ ʫʨʘʚʥʝʥʠʷ 

ʜʚʠʞʝʥʠʷ ʞʠʜʢʦʩʪʠ ʧʦ ʨʘʟʥʳʝ ʩʪʦʨʦʥʳ ʦʪ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ, ʘ ʪʘʢʞʝ 

ʫʯʠʪʳʚʘʶʱʠʝ ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʥʘʪʷʞʝʥʠʝ. ɺ ʤʦʜʝʣʷʭ ʩ ʜʠʬʬʫʟʥʦʡ ʛʨʘʥʠʮʝʡ, ʢ 

ʢʦʪʦʨʳʤ ʦʪʥʦʩʷʪʩʷ ʤʦʜʝʣʠ ʪʠʧʘ ʬʘʟʦʚʦʛʦ ʧʦʣʷ, ʤʝʞʬʘʟʥʘʷ ʛʨʘʥʠʮʘ, ʥʘʧʨʦʪʠʚ, 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʣʦʡ ʤʘʣʦʡ, ʥʦ ʢʦʥʝʯʥʦʡ ʪʦʣʱʠʥʳ, ʚ ʧʨʝʜʝʣʘʭ ʢʦʪʦʨʦʛʦ 

ʜʝʡʩʪʚʫʶʪ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʩʠʣʳ. ʄʦʜʝʣʠ ʪʠʧʘ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʷʚʣʷʶʪʩʷ 

ʥʘʠʙʦʣʝʝ ʩʣʦʞʥʳʤʠ (ʦʥʠ ʢʘʢ ʧʨʘʚʠʣʦ ʚʢʣʶʯʘʶʪ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ 

ʧʨʦʠʟʚʦʜʥʳʝ ʚʳʩʦʢʠʭ ʧʦʨʷʜʢʦʚ ʠ ʷʚʣʷʶʪʩʷ ʩʠʣʴʥʦ ʥʝʣʠʥʝʡʥʳʤʠ), ʥʦ ʚ ʪʦ ʞʝ 

ʚʨʝʤʷ ʥʘʠʙʦʣʝʝ ʬʠʟʠʯʝʩʢʠ ʦʙʦʩʥʦʚʘʥʥʳʤʠ. ʇʦʧʫʣʷʨʥʳʤʠ ʧʨʠʤʝʨʘʤʠ ʤʦʜʝʣʝʡ 

ʜʘʥʥʦʡ ʢʣʘʩʩʘ ʩʣʫʞʘʪ ʤʦʜʝʣʠ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʫʨʘʚʥʝʥʠʷʭ ʂʘʥʘïʍʠʣʣʘʨʜʘ [1, 2], 

ʠ ɸʣʣʝʥʘïʂʘʥʘ [3]. 

ʆʩʥʦʚʥʳʤ ʵʣʝʤʝʥʪʦʤ ʤʦʜʝʣʝʡ ʪʠʧʘ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʷʚʣʷʝʪʩʷ ʩʧʝʮʠʘʣʴʥʳʡ 

ʚʠʜ ʬʫʥʢʮʠʦʥʘʣʘ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ɻʝʣʴʤʛʦʣʴʮʘ Y  (ʠʣʠ ʜʨʫʛʦʛʦ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ). ʉ ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʦʥ ʩʦʜʝʨʞʠʪ ʥʝʚʳʧʫʢʣʦʝ 

ʩʣʘʛʘʝʤʦʝ, ʢʦʪʦʨʦʝ ʟʘʚʠʩʠʪ ʦʪ ʣʦʢʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʷʜʢʘ (ʚ 

ʢʘʯʝʩʪʚʝ ʢʦʪʦʨʳʭ ʤʦʛʫʪ ʚʳʩʪʫʧʘʪʴ ʢʦʥʮʝʥʪʨʘʮʠʠ, ʧʣʦʪʥʦʩʪʠ ʢʦʤʧʦʥʝʥʪʦʚ  

ʠʣʠ ʠʩʢʫʩʩʪʚʝʥʥʦ ʚʚʝʜʝʥʥʳʝ ʚʝʣʠʯʠʥʳ) ʥʝʚʳʧʫʢʣʳʤ ʦʙʨʘʟʦʤ, ʘ ʩ ʜʨʫʛʦʡ ï 

ʩʣʘʛʘʝʤʦʝ, ʟʘʚʠʩʷʱʝʝ ʦʪ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʛʨʘʜʠʝʥʪʦʚ ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʷʜʢʘ. 

ɹʣʘʛʦʜʘʨʷ ʜʚʫʤ ʵʪʠʤ ʦʩʦʙʝʥʥʦʩʪʷʤ ʤʦʜʝʣʴ ʦʙʝʩʧʝʯʠʚʘʝʪ ʢʦʥʝʯʥʫʶ ʪʦʣʱʠʥʫ 

ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ, ʘ ʪʘʢʞʝ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʫʯʝʩʪʴ ʵʥʝʨʛʠʶ, 

ʩʦʩʨʝʜʦʪʦʯʝʥʥʫʶ ʚ ʤʝʞʬʘʟʥʦʤ ʩʣʦʝ (ʜʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʤʝʞʬʘʟʥʦʝ ʥʘʪʷʞʝʥʠʝ). 
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ɺʘʞʥʳʤ ʧʦʜʤʥʦʞʝʩʪʚʦʤ ʤʦʜʝʣʝʡ ʪʠʧʘ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʷʚʣʷʶʪʩʷ ʤʦʜʝʣʠ, 

ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʪʝʦʨʠʠ ʛʨʘʜʠʝʥʪʘ ʧʣʦʪʥʦʩʪʠ (density gradient theory, DGT). ɺ ʥʠʭ 

ʚ ʢʘʯʝʩʪʚʝ ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʷʜʢʘ ʚʳʩʪʫʧʘʶʪ ʤʘʩʩʦʚʳʝ (ʠʣʠ ʤʦʣʴʥʳʝ) ʧʣʦʪʥʦʩʪʠ 

ʢʦʤʧʦʥʝʥʪʦʚ . ʌʫʥʢʮʠʦʥʘʣ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ɻʝʣʴʤʛʦʣʴʮʘ ʚ ʥʠʭ ʟʘʜʘʝʪʩʷ ʚ 

ʚʠʜʝ  

ab a b
y l r r

W
Y + Ð ÖÐ Wñ

1
0 2

[ ] := { ( ) } ,dr r                                  (1) 

ʛʜʝ  ï ʣʦʢʘʣʴʥʘʷ ʦʙʲʝʤʥʘʷ ʧʣʦʪʥʦʩʪʴ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ (ʢʦʪʦʨʘʷ ʷʚʣʷʝʪʩʷ 

ʥʝʚʳʧʫʢʣʦʡ ʬʫʥʢʮʠʝʡ), 
ab
l  ï ʧʘʨʘʤʝʪʨʳ ʚʣʠʷʥʠʷ (ʛʨʘʜʠʝʥʪʥʳʝ ʧʘʨʘʤʝʪʨʳ), 

ʢʦʪʦʨʳʝ ʦʙʨʘʟʫʶʪ ʧʦʣʦʞʠʪʝʣʴʥʦ ʦʧʨʝʜʝʣʝʥʥʫʶ ʩʠʤʤʝʪʨʠʯʥʫʶ ʤʘʪʨʠʮʫ 

ʨʘʟʤʝʨʘ ³K K  (ʧʦ ʢʦʣʠʯʝʩʪʚʫ ʢʦʤʧʦʥʝʥʪʦʚ). 

ɺ ʩʦʦʪʥʦʰʝʥʠʠ (1) ʩʣʘʛʘʝʤʦʝ, ʟʘʚʠʩʷʱʝʝ ʦʪ 
a
rÐ , ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʛʨʘʜʠʝʥʪʥʫʶ ʵʥʝʨʛʠʶ. ʕʪʦ ʛʨʘʜʠʝʥʪʥʦʝ ʩʣʘʛʘʝʤʦʝ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ 

ʥʫʣʷ ʪʦʣʴʢʦ ʚ ʤʝʞʬʘʟʥʦʤ ʩʣʦʝ. ɺʤʝʩʪʝ ʩ ʥʝʚʳʧʫʢʣʦʩʪʴʶ y
0
 ʦʥʦ ʧʦʟʚʦʣʷʝʪ 

ʫʯʝʩʪʴ ʪʘʢʠʝ ʵʬʬʝʢʪʳ, ʢʘʢ ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʥʘʪʷʞʝʥʠʝ ʠ ʩʤʘʯʠʚʘʥʠʝ, ʘ ʪʘʢʞʝ 

ʦʙʝʩʧʝʯʠʪʴ ʢʦʥʝʯʥʫʶ ʪʦʣʱʠʥʫ ʤʝʞʬʘʟʥʦʛʦ ʩʣʦʷ. 

ɿʜʝʩʴ ʩʪʦʠʪ ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ ʚ ʤʦʜʝʣʷʭ ʪʠʧʘ ʬʘʟʦʚʦʛʦ ʧʦʣʷ (ʚ ʤʦʜʝʣʷʭ 

DGT, ʚ ʯʘʩʪʥʦʩʪʠ) ʧʦʥʷʪʠʝ ʬʘʟʳ ʷʚʥʦ ʥʝ ʚʚʦʜʠʪʩʷ. ʆʜʥʘʢʦ, ʙʣʘʛʦʜʘʨʷ 

ʩʧʝʮʠʘʣʴʥʦʤʫ ʚʠʜʫ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʚ ʦʙʣʘʩʪʠ ʦʙʨʘʟʫʶʪʩʷ ʫʩʪʦʡʯʠʚʳʝ 

ʧʦʜʦʙʣʘʩʪʠ ʩ ʧʨʘʢʪʠʯʝʩʢʠ ʦʜʥʦʨʦʜʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ. 

ʕʪʠ ʧʦʜʦʙʣʘʩʪʠ ʠʥʪʝʨʧʨʝʪʠʨʫʶʪʩʷ ʢʘʢ ʬʘʟʳ. 

ʄʦʜʝʣʠ DGT ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ ʜʝʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ. ʆʜʥʦʡ ʠʟ ʟʘʜʘʯ, ʢʦʪʦʨʘʷ ʯʘʩʪʦ 

ʨʝʰʘʝʪʩʷ ʩ ʠʭ ʧʦʤʦʱʴʶ, ʷʚʣʷʝʪʩʷ ʦʧʨʝʜʝʣʝʥʠʝ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ  ʧʦ ʟʘʜʘʥʥʳʤ ʟʥʘʯʝʥʠʷʤ ʧʘʨʘʤʝʪʨʦʚ ʚʣʠʷʥʠʷ 
ab
l  

ʠ ʚʳʨʘʞʝʥʠʶ ʜʣʷ y
0
. ɺ ʵʪʠʭ ʟʘʜʘʯʘʭ ʢʘʢ ʧʨʘʚʠʣʦ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ 

ʨʝʘʣʠʩʪʠʯʥʦʝ ʫʨʘʚʥʝʥʠʝ ʩʦʩʪʦʷʥʠʷ ʜʣʷ y
0
, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʦʯʝʥʴ ʪʦʥʢʦʡ 

(ʧʦʨʷʜʢʘ ʥʘʥʦʤʝʪʨʦʚ) ʪʦʣʱʠʥʝ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ. ʇʦʵʪʦʤʫ ʚ ʟʘʜʘʯʘʭ, 

ʩʚʷʟʘʥʥʳʭ ʩ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ ʜʠʥʘʤʠʢʠ ʤʥʦʛʦʬʘʟʥʦʡ ʞʠʜʢʦʩʪʠ ʚ ʙʦʣʴʰʠʭ 

ʤʘʩʰʪʘʙʘʭ, ʨʝʘʣʠʩʪʠʯʥʦʝ ʫʨʘʚʥʝʥʠʝ ʩʦʩʪʦʷʥʠʷ ʤʦʞʝʪ ʪʨʝʙʦʚʘʪʴ ʦʯʝʥʴ ʩʠʣʴʥʦʛʦ 

ʠʟʤʝʣʴʯʝʥʠʷ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ. ʂʨʦʤʝ ʪʦʛʦ, ʚʦ ʤʥʦʛʠʭ ʧʦʩʪʘʥʦʚʢʘʭ ʜʦʩʪʘʪʦʯʥʦ 

ʫʯʠʪʳʚʘʪʴ ʪʦʣʴʢʦ ʢʘʧʠʣʣʷʨʥʳʝ ʵʬʬʝʢʪʳ ʠ ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ ʨʝʘʣʠʩʪʠʯʥʦʡ 

ʪʝʨʤʦʜʠʥʘʤʠʢʦʡ. ʇʦ ʵʪʠʤ ʧʨʠʯʠʥʘʤ ʨʝʘʣʠʩʪʠʯʥʳʝ ʫʨʘʚʥʝʥʠʷ ʩʦʩʪʦʷʥʠʷ ʠʥʦʛʜʘ 

ʤʦʛʫʪ ʦʢʘʟʘʪʴʩʷ ʠʟʙʳʪʦʯʥʳʤʠ, ʠ ʮʝʣʝʩʦʦʙʨʘʟʥʦʡ ʷʚʣʷʝʪʩʷ ʠʭ ʟʘʤʝʥʘ ʥʝʢʠʤʠ 

ʤʦʜʝʣʴʥʳʤʠ ʘʣʴʪʝʨʥʘʪʠʚʘʤʠ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʧʦʩʪʫʧʘʶʪ ʚ ʨʘʙʦʪʘʭ [4, 5] (ʛʜʝ 

ʪʘʢʞʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʤʦʜʝʣʴ ʪʠʧʘ DGT), ʘ ʪʘʢʞʝ ʚʦ ʤʥʦʛʠʭ ʨʘʙʦʪʘʭ, 

ʧʦʩʚʷʱʝʥʥʳʭ ʤʦʜʝʣʷʤ, ʦʩʥʦʚʘʥʥʳʤ ʥʘ ʫʨʘʚʥʝʥʠʠ ʂʘʥʘïʍʠʣʣʘʨʜʘ (ʚʠʜ 

ʣʦʢʘʣʴʥʦʡ ʯʘʩʪʠ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʟʘʤʝʥʷʶʪ ʥʘ ʤʥʦʛʦʯʣʝʥ 4ʛʦ ʧʦʨʷʜʢʘ 

, ʛʜʝ c  ð ʢʦʥʮʝʥʪʨʘʮʠʷ, ʠʛʨʘʶʱʘʷ ʨʦʣʴ ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ). 

ʆʩʦʙʝʥʥʦʩʪʴʶ ʤʦʜʝʣʝʡ ʪʠʧʘ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʷʚʣʷʝʪʩʷ ʧʨʠʥʮʠʧʠʘʣʴʥʦʝ 

ʦʪʩʫʪʩʪʚʠʝ ʧʨʷʤʦʡ ʩʚʷʟʠ ʤʝʞʜʫ ʧʘʨʘʤʝʪʨʘʤʠ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʠ ʮʝʣʝʚʳʤʠ 

ʟʥʘʯʝʥʠʷʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ ʠ ʪʦʣʱʠʥʳ ʤʝʞʬʘʟʥʦʡ 

ʛʨʘʥʠʮʳ. ɺ ʥʘʠʙʦʣʝʝ ʧʨʦʩʪʳʭ ʩʣʫʯʘʷʭ ʤʦʜʝʣʝʡ ʂʘʥʘïʍʠʣʣʘʨʜʘ ʩ 

s
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ʧʦʣʠʥʦʤʠʘʣʴʥʦʡ ʣʦʢʘʣʴʥʦʡ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʝʡ  ʚ 

ʧʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʦʡ ʦʜʥʦʤʝʨʥʦʡ ʧʦʩʪʘʥʦʚʢʝ ʵʪʫ ʩʚʷʟʴ ʫʜʘʝʪʩʷ ʧʦʣʫʯʠʪʴ (ʙʦʣʝʝ 

ʪʦʛʦ, ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʠ ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ). ʆʜʥʘʢʦ ʚ ʙʦʣʝʝ 

ʩʣʦʞʥʳʭ ʩʠʪʫʘʮʠʷʭ (ʥʘʧʨʠʤʝʨ, ʜʣʷ DGT) ʵʪʦ ʩʠʣʴʥʦ ʩʣʦʞʥʝʝ (ʝʩʣʠ ʚʦʦʙʱʝ 

ʚʦʟʤʦʞʥʦ). ʇʦʵʪʦʤʫ ʧʨʠ ʧʦʜʙʦʨʝ ʧʘʨʘʤʝʪʨʦʚ ʤʦʜʝʣʠ ʪʘʢʠʭ, ʢʦʪʦʨʳʝ 

ʦʙʝʩʧʝʯʠʚʘʶʪ ʥʝʦʙʭʦʜʠʤʳʝ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʥʘʪʷʞʝʥʠʷ ʠ ʪʦʣʱʠʥʳ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ (ʠʣʠ ʧʦ ʢʨʘʡʥʝʡ ʤʝʨʝ, ʙʣʠʟʢʠʝ ʢ 

ʥʠʤ) ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʶʪ ʨʫʯʥʫʶ çʢʘʣʠʙʨʦʚʢʫè: ʥʘʧʨʠʤʝʨ, ʠʩʧʦʣʴʟʫʷ ʫʞʝ 

ʛʦʪʦʚʳʡ ʩʦʣʚʝʨ ʜʣʷ ʟʘʜʘʯʠ ʦ ʨʘʚʥʦʚʝʩʠʠ ʢʨʫʛʣʦʡ ʠʣʠ ʰʘʨʦʦʙʨʘʟʥʦʡ ʢʘʧʣʠ, ʠ, 

ʧʨʠʤʝʥʷʷ, ʥʘʢʦʧʣʝʥʥʳʡ ʦʧʳʪ, ʟʥʘʥʠʷ ʦʙ ʫʩʪʨʦʡʩʪʚʝ ʤʦʜʝʣʠ ʠ ʟʘʢʦʥ ʖʥʛʘï

ʃʘʧʣʘʩʘ ʧʦʩʪʝʧʝʥʥʦ ʚ ʭʦʜʝ ʤʥʦʛʦʢʨʘʪʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ʧʦʜʙʠʨʘʶʪ ʧʘʨʘʤʝʪʨʳ. ʊʘʢʘʷ ʤʝʪʦʜʠʢʘ ʷʚʣʷʝʪʩʷ ʟʘʪʨʘʪʥʦʡ ʠ ʪʨʫʜʦʝʤʢʦʡ ʜʣʷ 

ʜʚʫʭʬʘʟʥʦʛʦ ʩʣʫʯʘʷ, ʥʦ ʝʱʝ ʙʦʣʝʝ ʩʣʦʞʥʘ (ʝʩʣʠ ʚʦʦʙʱʝ ʨʝʘʣʠʟʫʝʤʘ) ʜʣʷ 

ʪʨʝʭʬʘʟʥʳʭ ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʳʭ ʟʘʜʘʯ. 

ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʨʘʟʨʘʙʦʪʢʝ ʠʥʩʪʨʫʤʝʥʪʘ, ʢʦʪʦʨʳʡ 

ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʦʙʣʝʛʯʘʝʪ ʟʘʜʘʯʫ ʧʦʜʙʦʨʘ (çʢʘʣʠʙʨʦʚʢʠè) ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ ʜʚʫʭ- 

ʠ ʪʨʝʭʬʘʟʥʳʭ ʤʦʜʝʣʝʡ DGT ʩ ʤʦʜʝʣʴʥʳʤʠ .  
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ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʤʦʜʝʣʴ ʪʠʧʘ ʬʘʟʦʚʦʛʦ ʧʦʣʷ, 

ʦʧʠʩʳʚʘʶʱʘʷ ʜʠʥʘʤʠʢʫ ʠʟʦʪʝʨʤʠʯʝʩʢʦʡ ʩʞʠʤʘʝʤʦʡ ʜʚʫʭʢʦʤʧʦʥʝʥʪʥʦʡ 

ʜʚʫʭʬʘʟʥʦʡ ʚʷʟʢʦʡ ʞʠʜʢʦʩʪʠ ʩ ʫʯʸʪʦʤ ʤʝʞʬʘʟʥʳʭ ʵʬʬʝʢʪʦʚ. ʈʘʟʨʘʙʦʪʢʘ ʠ 

ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʠ ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ ʜʣʷ ʘʥʘʣʠʟʘ 

ʤʥʦʛʦʬʘʟʥʳʭ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʤʠʢʨʦʪʝʯʝʥʠʡ ʩ ʜʦʤʠʥʠʨʫʶʱʠʤʠ 

ʢʘʧʠʣʣʷʨʥʳʤʠ ʵʬʬʝʢʪʘʤʠ ʦʩʪʘʸʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʥʘʫʯʥʦʡ ʟʘʜʘʯʝʡ. ʇʦʜʦʙʥʳʝ 

ʧʨʦʮʝʩʩʳ ʠʛʨʘʶʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʚ ʰʠʨʦʢʦʤ ʩʧʝʢʪʨʝ ʧʨʠʨʦʜʥʳʭ ʠ ʪʝʭʥʠʯʝʩʢʠʭ 

ʩʠʩʪʝʤ: ʦʪ ʧʦʨʠʩʪʳʭ ʩʨʝʜ (ʛʦʨʥʳʝ ʧʦʨʦʜʳ, ʙʠʦʣʦʛʠʯʝʩʢʠʝ ʪʢʘʥʠ) ʜʦ 

ʧʨʦʤʳʰʣʝʥʥʳʭ ʫʩʪʘʥʦʚʦʢ (ʪʨʫʙʦʧʨʦʚʦʜʳ, ʨʝʘʢʪʦʨʳ, ʜʚʠʛʘʪʝʣʠ). ʕʬʬʝʢʪʠʚʥʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʪʘʢʠʭ ʪʝʯʝʥʠʡ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʧʦʥʠʤʘʥʠʷ ʠʭ ʜʠʥʘʤʠʢʠ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʘʨʠʘʥʪ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ, 

ʧʨʝʜʣʦʞʝʥʥʦʡ ʚ [1] ʜʣʷ ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʩʣʫʯʘʷ. ʊʘʢʞʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ 

ʨʘʩʱʝʧʣʝʥʠʝ ʩʠʩʪʝʤʳ ʧʦ ʬʠʟʠʯʝʩʢʠʤ ʧʨʦʮʝʩʩʘʤ [2] ʥʘ ʧʦʜʩʠʩʪʝʤʫ, ʩʚʷʟʘʥʥʫʶ 

ʩ ʜʠʬʬʫʟʠʦʥʥʳʤʠ ʧʦʪʦʢʘʤʠ, ʠ ʧʦʜʩʠʩʪʝʤʫ ʩ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʤ ʨʘʩʯʸʪʦʤ. 

ʉʨʘʚʥʠʪʝʣʴʥʦ ʥʝʜʘʚʥʦ ʧʦʩʪʨʦʝʥʳ ʘʣʛʦʨʠʪʤʳ ʯʠʩʣʝʥʥʦʛʦ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ 

ʧʦ ʚʨʝʤʝʥʠ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʝ ʢʨʠʪʝʨʠʶ ʥʝʚʦʟʨʘʩʪʘʥʠʷ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʚ 

ʩʠʩʪʝʤʝ, ʯʪʦ ʥʝʦʙʭʦʜʠʤʦ ʚ ʩʣʝʜʩʪʚʠʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʡ ʩʧʝʮʠʬʠʢʠ ʩʠʩʪʝʤʳ 

ʫʨʘʚʥʝʥʠʡ, ʥʘ ʦʩʥʦʚʝ ʚʳʧʫʢʣʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ ʵʥʝʨʛʠʠ [3]. ɺ ʨʘʙʦʪʝ 

ʠʩʩʣʝʜʫʝʪʩʷ ʤʝʪʦʜ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ, ʩʦʚʤʝʱʘʶʱʠʡ ʧʨʠʤʝʥʝʥʠʝ ʚʳʧʫʢʣʦʛʦ 

ʨʘʩʱʝʧʣʝʥʠʷ ʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ ʤʝʪʦʜ ʣʦʢʘʣʴʥʳʭ ʠʪʝʨʘʮʠʡ (ʃʀʄ) [4]. 

ʄʝʪʦʜ ʃʀʄ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜʦʤ ʯʠʩʣʝʥʥʦʛʦ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʧʦ ʚʨʝʤʝʥʠ, ʛʜʝ 

ʫʩʪʦʡʯʠʚʦʩʪʴ ʜʦʩʪʠʛʘʝʪʩʷ ʟʘ ʩʯʸʪ ʧʨʠʤʝʥʝʥʠʷ ʤʥʦʛʦʯʣʝʥʦʚ ʏʝʙʳʰʸʚʘ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ: 

1. Liu J., Amberg G., Do-Quang M. Diffuse interface method for a compressible 

binary fluid // Phys. Rev. E. 2016. V. 93. ˉ 1. P. 013121. 

2. Kou J., Sun, S., Wang, X. Linearly Decoupled Energy-Stable Numerical Methods 

for Multicomponent Two-Phase Compressible Flow // SIAM Journal on 

Numerical Analysis. 2018. Vol. 56(6). Pp. 3219ï3248. 

3. Eyre D.J. An unconditionally stable one-step scheme for gradient systems // Tech. 

report, Department of Mathematics, University of Utah. 1997. unpublished. 

4. ɾʫʢʦʚ ɺ.ʊ. ʈʘʟʥʦʩʪʥʳʝ ʩʭʝʤʳ ʣʦʢʘʣʴʥʳʭ ʠʪʝʨʘʮʠʡ ʜʣʷ ʧʘʨʘʙʦʣʠʯʝʩʢʠʭ 

ʫʨʘʚʥʝʥʠʡ // ʇʨʝʧʨʠʥʪʳ ʀʇʄ ʠʤ. ʄ.ɺ. ʂʝʣʜʳʰʘ. 1986. ˉ 173. 31 ʩ. 
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ʆ ʉʄɽʐɸʅʅʆʁ ɿɸɼɸʏɽ ʉ ʀʅɺɸʈʀɸʅʊʅʓʄ ɻʈɸʅʀʏʅʓʄ 

ʋʉʃʆɺʀɽʄ ɼʃʗ ɺʆʃʅʆɺʆɻʆ ʋʈɸɺʅɽʅʀʗ                                                        

ɺ ʎʀʃʀʅɼʈɽ ʅɸɼ ʐɸʈʆʄ  

ʖ.ʆ. ɹʝʣʷʝʚʘ
1,2

, ɺ.ʇ. ɹʫʨʩʢʠʡ
2,3 

1
ʈʋɼʅ, ʛ. ʄʦʩʢʚʘ  

2
ʀʇʄʄ, ʛ. ɼʦʥʝʮʢ 

3
ʄʌʊʀ (ʅʀʋ), ʛ. ɼʦʣʛʦʧʨʫʜʥʳʡ  

yilia-b@yandex.ru, bvp30@mail.ru 

ɻʨʫʧʧʦʚʳʤ ʩʚʦʡʩʪʚʘʤ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʠ ʠʭ ʨʝʰʝʥʠʡ 

ʧʦʩʚʷʱʝʥʘ ʦʙʰʠʨʥʘʷ ʣʠʪʝʨʘʪʫʨʘ ([1, 2] ʠ ʜʨ.). ʆʜʥʘʢʦ, ʟʘʜʘʯʠ ʩ ʦʙʱʠʤʠ 

ʠʥʚʘʨʠʘʥʪʥʳʤʠ ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʠʟʫʯʝʥʳ ʚ ʛʦʨʘʟʜʦ ʤʝʥʴʰʝʡ ʩʪʝʧʝʥʠ. ɺ 

ʵʪʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʠʟʚʝʩʪʥʳʤʠ ʷʚʣʷʶʪʩʷ ʨʘʙʦʪʳ [3, 4]. ɿʥʘʯʠʪʝʣʴʥʳʡ ʚʢʣʘʜ ʚ 

ʠʟʫʯʝʥʠʝ ʦʙʱʠʭ ʠʥʚʘʨʠʘʥʪʥʳʭ ʛʨʘʥʠʯʥʳʭ ʟʘʜʘʯ ʙʳʣ ʩʜʝʣʘʥ ɺ.ʇ. ɹʫʨʩʢʠʤ. 

ʆʙʱʝʡ ʪʝʦʨʠʠ ʛʨʘʥʠʯʥʳʭ ʟʘʜʘʯ, ʢʘʢ ʠ ʛʨʘʥʠʯʥʳʤ ʟʘʜʘʯʘʤ ʩ ʵʢʚʠʚʘʨʠʘʥʪʥʳʤʠ 

ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʧʦʩʚʷʱʝʥʘ ʝʛʦ ʤʦʥʦʛʨʘʬʠʷ [5].  

ɺ ʨʘʙʦʪʝ ʤʳ ʨʘʩʩʤʘʪʨʠʚʘʝʤ ʩʤʝʰʘʥʥʫʶ ʟʘʜʘʯʫ ʜʣʷ ʚʦʣʥʦʚʦʛʦ ʫʨʘʚʥʝʥʠʷ 

ʚ ʮʠʣʠʥʜʨʝ ʥʘʜ ʰʘʨʦʤ:  

ό ɝόȟ ὼ ᶰ ὄȟ ὸ ᶰ πȟ Ὕ ȟ                                        (1) 

ʛʜʝ " Ø ᶰ 2װ ȡ ȿØȿ ρ , ʩ ʥʘʯʘʣʴʥʳʤʠ ʫʩʣʦʚʠʷʤʠ 

                              όȿ ό ὼ ȟ ό ȿ ό ὼ ȟ                                      (2) 

ʠ ʛʨʘʥʠʯʥʳʤ ʫʩʣʦʚʠʝʤ ʚʠʜʘ  

  όȿ ᶻ ɻ ό ȿ ᶻ ɼ πȢ                                             (3) 

ɿʜʝʩʴ ʤʳ ʧʨʝʜʧʦʣʘʛʘʝʤ, ʯʪʦ ʬʫʥʢʮʠʠ ɻ ὼ ȟ ɼװ ὼ  ʧʨʠʥʘʜʣʝʞʘʪ ʧʨʦʩʪʨʘʥʩʪʚʫ 

ὒ Ћὄ  ʠ ɻ В В ɻ ὣ , ʠ ɼ В В ‍ ὣ  ï ʠʭ ʨʘʟʣʦʞʝʥʠʷ ʚ ʨʷʜʳ 

ʌʫʨʴʝ ʧʦ ʩʬʝʨʠʯʝʩʢʠʤ ʬʫʥʢʮʠʷʤ ὣ . ʇʫʩʪʴ ʜʘʣʝʝ ό ȟ όװ ɀ ʟʘʜʘʥʥʳʝ ʬʫʥʢʮʠʠ, 

ό ᶰ Ὄ ὄ ȟ ό ᶰ ὒ ὄ . ʉʠʤʚʦʣ ᶻ ʦʙʦʟʥʘʯʘʝʪ ʩʚʝʨʪʢʫ ʥʘ ‬ὄ, ʦʥʘ ʤʦʞʝʪ ʙʳʪʴ 

ʟʘʧʠʩʘʥʘ ʚ ʚʠʜʝ 

ʕ ᶻ ɻ В В ʕ ɻ ὣ . 

ɻʨʘʥʠʯʥʘʷ ʟʘʜʘʯʘ ʩ ʫʩʣʦʚʠʷʤʠ ʚʠʜʘ (3) ʜʣʷ ʦʧʝʨʘʪʦʨʘ ʃʘʧʣʘʩʘ ʚ ʢʨʫʛʝ 

ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʚ [6] ʜʣʷ ʫʨʘʚʥʝʥʠʷ ɻʝʣʴʤʛʦʣʴʮʘ.  ɺ ʨʘʙʦʪʝ [7] 

ʨʘʩʩʤʘʪʨʠʚʘʣʦʩʴ ʩʪʘʮʠʦʥʘʨʥʦʝ ʫʨʘʚʥʝʥʠʝ ʐʨʝʜʠʥʛʝʨʘ ʚʦ ʚʥʝʰʥʦʩʪʠ ʰʘʨʘ. 

ʀʩʩʣʝʜʦʚʘʥ ʩʧʝʢʪʨ ʠ ʧʦʣʫʯʝʥʳ ʪʦʯʥʳʝ ʬʦʨʤʫʣʳ ʜʣʷ ʩʦʙʩʪʚʝʥʥʳʭ ʬʫʥʢʮʠʡ 

ʟʘʜʘʯʠ ʩ ʫʩʣʦʚʠʝʤ ʚʠʜʘ (3). ʈʘʟʨʝʰʠʤʦʩʪʴ ʟʘʜʘʯʠ ʜʣʷ ʫʨʘʚʥʝʥʠʷ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʚ ʢʨʫʛʝ ʙʳʣʘ ʨʘʩʩʤʦʪʨʝʥʘ ʚ ʨʘʙʦʪʝ [8]. 

ʋʩʣʦʚʠʝ (3), ʢʘʢ ʠʟʚʝʩʪʥʦ, ʦʙʣʘʜʘʝʪ ʩʚʦʡʩʪʚʦʤ ʠʥʚʘʨʠʘʥʪʥʦʩʪʠ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʛʨʫʧʧʳ ʧʦʚʦʨʦʪʦʚ ʰʘʨʘ: ʜʣʷ ʣʶʙʳʭ 6װ ᶰ /3װ 2װ , ʚʳʧʦʣʥʷʝʪʩʷ 

Ὕ ɻ ᶻ ό ɻ ᶻ Ὕ όȟ ʛʜʝ Ὕ Ὢ ὼ Ὢ ὠὼ . ʈʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʧʦʩʪʘʥʦʚʢʘ 
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ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʦʙʱʝʡ ʧʦʚʦʨʦʪʥʦ-ʠʥʚʘʨʠʘʥʪʥʦʡ ʧʦʩʪʘʥʦʚʢʦʡ ʛʨʘʥʠʯʥʦʡ 

ʟʘʜʘʯʠ ʚ ʰʘʨʝ, ʘ ʧʝʨʚʘʷ, ʚʪʦʨʘʷ ʠ ʪʨʝʪʴʷ ʢʨʘʝʚʳʝ ʟʘʜʘʯʠ ʷʚʣʷʶʪʩʷ ʝʝ ʯʘʩʪʥʳʤʠ 

ʩʣʫʯʘʷʤʠ. ɺ ʜʦʢʣʘʜʝ ʙʫʜʫʪ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʦ ʨʘʟʨʝʰʠʤʦʩʪʠ ʟʘʜʘʯʠ 

(1)ï(3). ɹʫʜʫʪ ʜʦʢʘʟʘʥʳ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʠ ʝʜʠʥʩʪʚʝʥʥʦʩʪʴ ʦʙʦʙʱʝʥʥʦʛʦ 

ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʧʨʝʜʧʦʣʦʞʝʥʠʷʭ ʥʘ ʛʨʘʥʠʯʥʳʝ ʬʫʥʢʮʠʠ.   

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ: 
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1984. 667 P. 
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ʄʘʢʩʚʝʣʣʘ ʥʘ ʪʝʢʫʱʠʡ ʤʦʤʝʥʪ ï ʤʝʪʦʜʳ ʢʦʥʝʯʥʳʭ ʨʘʟʥʦʩʪʝʡ ʚʦ ʚʨʝʤʝʥʥʦʡ 

ʦʙʣʘʩʪʠ (FDTD) [1]. ɺ FDTD ʜʠʥʘʤʠʢʘ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʤʦʜʝʣʠʨʫʶʪʩʷ 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʦʡ ʩʭʝʤʳ, ʧʨʠ ʵʪʦʤ ʢʦʤʧʦʥʝʥʪʳ ʧʦʣʝʡ 

ʦʪʥʦʩʷʪʩʷ ʢ ʩʜʚʠʥʫʪʳʤ ʚʦ ʚʨʝʤʝʥʠ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝ ʨʝʰʸʪʢʘʤ. ʊʦʯʥʦʩʪʴ ʩʭʝʤ 

FDTD ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʦʛʨʘʥʠʯʝʥʘ ʯʠʩʣʝʥʥʦʡ ʜʠʩʧʝʨʩʠʝʡ ï ʬʘʟʦʚʦʡ ʦʰʠʙʢʦʡ 

ʜʣʷ ʨʝʰʝʥʠʷ ʚ ʚʠʜʝ ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʦʡ ʚʦʣʥʳ. ɼʣʷ ʧʦʜʘʚʣʝʥʠʷ ʯʠʩʣʝʥʥʦʡ 

ʜʠʩʧʝʨʩʠʠ ʩʭʝʤʳ FDTD ʪʨʝʙʫʶʪ ʧʦʨʷʜʢʘ 20 ʫʟʣʦʚ ʥʘ ʩʘʤʫʶ ʢʦʨʦʪʢʫʶ ʜʣʠʥʫ 

ʚʦʣʥʳ ʚ ʟʘʜʘʯʝ [1].  

ɺ 2010 ʛʦʜʫ ʧʦʷʚʠʣʘʩʴ ʥʦʚʘʷ ʤʥʦʛʦʦʙʝʱʘʶʱʘʷ ʯʠʩʣʝʥʥʘʷ ʩʭʝʤʘ ʜʣʷ 

ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʡ ʄʘʢʩʚʝʣʣʘ [2]. ʆʥʘ ʚʦʟʥʠʢʣʘ ʢʘʢ ʘʜʘʧʪʘʮʠʷ ʤʝʪʦʜʘ 

ʨʝʰʸʪʦʯʥʳʭ ʫʨʘʚʥʝʥʠʡ ɹʦʣʴʮʤʘʥʘ (LBM), ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʤʦʛʦ ʜʣʷ ʟʘʜʘʯ 

ʛʠʜʨʦʛʘʟʦʜʠʥʘʤʠʢʠ. ʊʘʢʘʷ ʩʭʝʤʘ, ʢʘʢ ʠ ʚʩʝ ʩʭʝʤʳ LBM-ʪʠʧʘ, ʧʨʠʥʮʠʧʠʘʣʴʥʦ 

ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʩʭʝʤ FDTD. ɺ ʯʘʩʪʥʦʩʪʠ, ʦʥʘ ʥʝ ʷʚʣʷʝʪʩʷ ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʦʡ 

ʩʭʝʤʦʡ, ʘ ʚʳʯʠʩʣʝʥʠʝ ʧʦʣʝʡ ʧʨʦʠʩʭʦʜʠʪ ʣʦʢʘʣʴʥʦ ʠ ʧʦ ʧʨʦʩʪʨʘʥʩʪʚʫ, ʠ ʧʦ 

ʚʨʝʤʝʥʠ. 

ʄʳ ʧʦʩʪʨʦʠʣʠ ʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʣʠ ʧʨʦʩʪʫʶ ʩʭʝʤʫ ʤʝʪʦʜʘ ʨʝʰʸʪʦʯʥʳʭ 

ʫʨʘʚʥʝʥʠʡ ʄʘʢʩʚʝʣʣʘ (LMM), ʦʧʠʩʳʚʘʶʱʫʶ ʜʠʥʘʤʠʢʫ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ 

ʧʦʣʝʡ ʚ ʚʘʢʫʫʤʝ. ʀʩʩʣʝʜʫʝʤʘʷ ʩʭʝʤʘ ʦʢʘʟʳʚʘʝʪʩʷ ʚʝʩʴʤʘ ʢʦʤʧʘʢʪʥʦʡ ʜʘʞʝ ʚ 

ʩʨʘʚʥʝʥʠʠ ʩʦ ʩʪʘʥʜʘʨʪʥʳʤʠ ʩʭʝʤʘʤʠ LBM, ʧʦʩʢʦʣʴʢʫ, ʢʘʢ ʠ ʫʨʘʚʥʝʥʠʷ 

ʄʘʢʩʚʝʣʣʘ ʚ ʚʘʢʫʫʤʝ, ʷʚʣʷʝʪʩʷ ʧʦʣʥʦʩʪʴʶ ʣʠʥʝʡʥʦʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʚʦʠʭ 

ʧʝʨʝʤʝʥʥʳʭ, ʘ ʪʘʢʞʝ, ʥʘ ʷʟʳʢʝ ʛʠʜʨʦʛʘʟʦʜʠʥʘʤʠʢʠ, ʦʪʚʝʯʘʝʪ ʥʫʣʝʚʦʡ ʚʷʟʢʦʩʪʠ. 

ɺʩʣʝʜʩʪʚʠʝ ʫʢʘʟʘʥʥʳʭ ʩʚʦʡʩʪʚ ʥʘʤ ʫʜʘʣʦʩʴ ʷʚʥʦ ʧʦʣʫʯʠʪʴ ʜʠʩʧʝʨʩʠʦʥʥʳʝ 

ʩʦʦʪʥʦʰʝʥʠʷ ʜʣʷ ʭʘʨʘʢʪʝʨʥʳʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʩʭʝʤʳ (ʈʠʩ.1) ʠ 

ʧʦʢʘʟʘʪʴ ʥʘʣʠʯʠʝ ʜʚʝʥʘʜʮʘʪʠ ʥʘʧʨʘʚʣʝʥʠʡ, ʚʜʦʣʴ ʢʦʪʦʨʳʭ ʩʠʛʥʘʣ ʩ 

ʦʧʨʝʜʝʣʸʥʥʦʡ ʧʦʣʷʨʠʟʘʮʠʝʡ ʤʦʞʝʪ ʨʘʩʧʨʦʩʪʨʘʥʷʪʴʩʷ ʙʝʟ ʜʠʩʧʝʨʩʠʠ (ʩʚʝʪʣʦ-

ʟʝʣʸʥʳʝ ʣʠʥʠʠ ʥʘ ʧʨʘʚʦʤ ʛʨʘʬʠʢʝ ʨʠʩʫʥʢʘ 1).   

 
ʈʠʩ. 1. ɼʚʝʥʘʜʮʘʪʴ ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʚʝʪʚʝʡ ʩʭʝʤʳ LMM ʚ ʥʘʧʨʘʚʣʝʥʠʷʭ ʦʩʝʡ 

ʜʝʢʘʨʪʦʚʦʡ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ ▄ (ʩʣʝʚʘ) ʠ ʚ ʥʘʧʨʘʚʣʝʥʠʷʭ ʧʝʨʝʥʦʩʘ ʬʫʥʢʮʠʡ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ki (ʩʧʨʘʚʘ). ɿʝʣʸʥʳʤ ʮʚʝʪʦʤ ʦʙʦʟʥʘʯʝʥʳ ʦʩʥʦʚʥʳʝ ʚʝʪʚʠ, ʩʠʥʠʤ 

ï ʧʦʙʦʯʥʳʝ. ʐʪʨʠʭʧʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ ʦʪʚʝʯʘʶʪ ʜʫʙʣʠʨʫʶʱʠʤʩʷ ʚʝʪʚʷʤ. 

ʉʝʨʳʝ ʰʪʨʠʭʦʚʘʥʥʳʝ ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ (ʩʣʝʚʘ ʥʘʧʨʘʚʦ) 20/10/5/2/1                                 

ʫʟʣʘʤ ʥʘ ʜʣʠʥʫ ʚʦʣʥʳ. 
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ʈʠʩ. 2. ʕʚʦʣʶʮʠʷ ʧʨʦʜʦʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ Hz 

ʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ. ɸʤʧʣʠʪʫʜʘ ʧʦʣʷ ʨʘʚʥʘ 1,                         

ʧʨʝʜʝʣʳ ʮʚʝʪʦʚʦʡ ʧʘʣʠʪʨʳ: Ñ0.14. 

 

ʊʘʢʞʝ ʤʳ ʩʬʦʨʤʫʣʠʨʦʚʘʣʠ ʢʦʨʨʝʢʪʥʳʡ ʩʧʦʩʦʙ ʟʘʜʘʥʠʷ ʥʘʯʘʣʴʥʳʭ 

ʫʩʣʦʚʠʡ ʜʣʷ ʧʝʨʝʤʝʥʥʳʭ ʩʭʝʤʳ, ʥʝʦʙʭʦʜʠʤʳʡ ʜʣʷ ʪʦʯʥʦʛʦ ʚʳʧʦʣʥʝʥʠʷ ʟʘʢʦʥʘ 

ʩʦʭʨʘʥʝʥʠʷ ʵʥʝʨʛʠʠ. ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʚʘʞʥʦ ʜʣʷ ʦʧʠʩʘʥʠʷ ʵʚʦʣʶʮʠʠ ʩʣʦʞʥʦʡ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʣʝʡ, ʢ ʧʨʠʤʝʨʫ ʧʨʦʜʦʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʧʦʣʷ 

ʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ (ʨʠʩʫʥʦʢ 2). 

 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ: 

1. Taflove A., Oskooi A., Johnson S.G. Advances in FDTD computational 

electrodynamics: photonics and nanotechnology. Artech house, 2013. 670 P. 

2. The lattice Boltzmann method: principles and practice / K. Timm, H. 

Kusumaatmaja, A. Kuzmin et al. // Cham, Switzerland: Springer International 

Publishing AG. 2016. 690 P. 

3. Mendoza M., Mu¶oz J.D. Three-dimensional lattice Boltzmann model for 

electrodynamics // Physical Review E ï Statistical, Nonlinear, and Soft Matter 

Physics. 2010. Vol. 82. Issue 5. P. 056708. 

https://doi.org/10.1103/PhysRevE.82.056708 
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ʉ ʨʦʩʪʦʤ ʢʦʣʠʯʝʩʪʚʘ ʠ ʢʘʯʝʩʪʚʘ ʩʦʚʨʝʤʝʥʥʳʭ ʙʦʣʴʰʠʭ ʷʟʳʢʦʚʳʭ ʤʦʜʝʣʝʡ 

(LLM) ʧʦʷʚʠʣʘʩʴ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʥʠʷ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʭ ʘʩʩʠʩʪʝʥʪʦʚ, 

ʚʳʧʦʣʥʷʶʱʠʭ ʢʦʥʩʫʣʴʪʘʮʠʦʥʥʫʶ ʠ ʩʧʨʘʚʦʯʥʫʶ ʨʦʣʴ ʚ ʙʠʟʥʝʩ-ʧʨʦʮʝʩʩʘʭ 

ʢʦʥʢʨʝʪʥʳʭ ʦʨʛʘʥʠʟʘʮʠʡ. ʆʜʥʘʢʦ ʤʳ ʥʝ ʤʦʞʝʤ ʠʩʧʦʣʴʟʦʚʘʪʴ LLM ʚ ʯʠʩʪʦʤ 

ʚʠʜʝ, ʪʘʢ ʢʘʢ ʚ ʜʘʥʥʳʭ, ʥʘ ʢʦʪʦʨʳʭ ʦʥʠ ʦʙʫʯʘʣʠʩʴ, ʥʝʪ ʜʦʩʪʘʪʦʯʥʦʡ 

ʠʥʬʦʨʤʘʮʠʠ ʦʙ ʦʨʛʘʥʠʟʘʮʠʷʭ, ʜʣʷ ʢʦʪʦʨʳʭ ʩʪʨʦʷʪʩʷ ʘʩʩʠʩʪʝʥʪʳ. 

ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʝ ʨʝʰʝʥʠʷ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ï ʜʦʦʙʫʯʝʥʠʝ LLM 

[1] ʥʘ ʢʦʨʧʦʨʘʪʠʚʥʳʭ ʜʘʥʥʳʭ ʠ ʧʦʩʪʨʦʝʥʠʝ ʩʠʩʪʝʤ Retrieval Augmented 

Generation (RAG) [2]. ʕʪʠ ʧʦʜʭʦʜʳ ʧʦʟʚʦʣʷʶʪ ʵʬʬʝʢʪʠʚʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ LLM 

ʜʣʷ ʨʘʙʦʪʳ ʩ ʢʦʨʧʦʨʘʪʠʚʥʳʤʠ ʜʘʥʥʳʤʠ, ʦʜʥʘʢʦ ʦʙʣʘʜʘʶʪ ʨʷʜʦʤ ʥʝʜʦʩʪʘʪʢʦʚ. 

ɼʦʦʙʫʯʝʥʠʝ LLM ʪʨʝʙʫʝʪ ʟʥʘʯʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ ʠ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ 

ʢʘʯʝʩʪʚʝʥʥʦ ʨʘʟʤʝʯʝʥʥʳʭ ʜʘʥʥʳʭ. ɻʣʘʚʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʧʦʜʭʦʜʘ ʷʚʣʷʝʪʩʷ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʧʦʩʪʦʷʥʥʦʛʦ ʧʦʚʪʦʨʥʦʛʦ ʦʙʫʯʝʥʠʷ ʤʦʜʝʣʠ ʥʘ ʦʙʥʦʚʣʷʝʤʳʭ 

ʜʘʥʥʳʭ. ɼʘʞʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʘʤʦʛʦ ʵʢʦʥʦʤʥʦʛʦ ʧʦʜʭʦʜʘ ʢ ʜʦʦʙʫʯʝʥʠʶ ï Low-

Rank Adaptation (LoRA) [3] ʥʝ ʧʦʜʭʦʜʠʪ ʜʣʷ ʯʘʩʪʦʛʦ ʧʦʚʪʦʨʥʦʛʦ ʦʙʫʯʝʥʠʷ 

ʤʦʜʝʣʠ ʚ ʫʩʣʦʚʠʷʭ ʦʛʨʘʥʠʯʝʥʥʦʩʪʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʤʦʱʥʦʩʪʝʡ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ RAG ʧʦʟʚʦʣʷʝʪ ʥʘʤ ʛʠʙʢʦ ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʪʴ ʩ 

ʢʦʨʧʦʨʘʪʠʚʥʳʤʠ ʟʥʘʥʠʷʤʠ, ʪʘʢ ʢʘʢ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʤʳ ʥʝ ʦʙʫʯʘʝʤ ʤʦʜʝʣʴ, ʘ 

ʧʝʨʝʜʘʝʤ ʝʡ ʬʘʢʪʳ ʠʟ ʙʘʟʳ ʟʥʘʥʠʡ ʚʤʝʩʪʝ ʩ ʟʘʧʨʦʩʦʤ. ʉʘʤʠ ʬʘʢʪʳ ʚʳʙʠʨʘʶʪʩʷ 

ʟʘ ʩʯʝʪ ʩʭʦʞʝʩʪʠ ʩ ʟʘʧʨʦʩʦʤ ʥʘ ʦʩʥʦʚʝ ʢʦʩʠʥʫʩʥʦʛʦ ʩʭʦʜʩʪʚʘ ʣʠʙʦ L2 

ʨʘʩʩʪʦʷʥʠʷ. ɺʝʢʪʦʨʠʟʘʮʠʷ ʪʝʢʩʪʘ [4], ʧʦʟʚʦʣʷʶʱʘʷ ʠʩʢʘʪʴ ʩʭʦʞʝʩʪʴ, 

ʧʨʦʠʩʭʦʜʠʪ ʩ ʧʦʤʦʱʴʶ ʤʦʜʝʣʠ-ʨʝʪʨʠʚʝʨʘ, ʯʘʱʝ ʚʩʝʛʦ LLM, ʩʦʩʪʦʷʱʝʡ ʪʦʣʴʢʦ 

ʠʟ ʵʥʢʦʜʝʨʘ [5]. ʆʜʥʘʢʦ, RAG ʟʘʚʠʩʠʤ ʦʪ ʢʘʯʝʩʪʚʘ ʨʝʪʨʠʚʝʨʘ, ʦʰʠʙʢʠ ʚ ʝʛʦ 

ʨʘʙʦʪʝ ʤʦʛʫʪ ʥʘʨʫʰʠʪʴ ʨʘʙʦʪʫ ʩʠʩʪʝʤʳ. ʂʨʦʤʝ ʪʦʛʦ, ʤʳ ʥʝ ʤʦʞʝʤ ʥʘʧʨʷʤʫʶ 

ʫʧʨʘʚʣʷʪʴ ʩʪʠʣʝʤ ʦʪʚʝʪʦʚ ʤʦʜʝʣʠ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʳ ʧʨʝʜʣʘʛʘʝʤ ʦʙʲʝʜʠʥʠʪʴ ʵʪʠ ʧʦʜʭʦʜʳ, ʜʦʦʙʫʯʠʚ LLM 

ʥʘ ʥʘʙʦʨʝ ʜʘʥʥʳʭ ʩʦ ʩʧʝʮʠʬʠʯʥʳʤ ʬʦʨʤʘʪʦʤ ʚ ʢʘʯʝʩʪʚʝ ʛʝʥʝʨʘʪʦʨʘ ʚ ʩʠʩʪʝʤʝ 

RAG. ɺʤʝʩʪʦ ʦʙʳʯʥʦʛʦ ʠʥʩʪʨʫʢʮʠʦʥʥʦʛʦ ʥʘʙʦʨʘ ʜʘʥʥʳʭ [6], ʩʦʩʪʦʷʱʝʛʦ ʠʟ ʧʘʨ 

input-output, ʤʳ ʧʨʝʜʣʘʛʘʝʤ ʠʩʧʦʣʴʟʦʚʘʪʴ ʥʘʙʦʨ, ʩ ʜʦʙʘʚʣʝʥʥʳʤ ʧʦʣʝʤ context, 

ʟʘʧʦʣʥʷʝʤʳʤ top-n ʪʝʢʩʪʦʚʳʤʠ ʬʨʘʛʤʝʥʪʘʤʠ ʠʟ ʚʝʢʪʦʨʥʦʡ ʙʘʟʳ ʜʘʥʥʳʭ, 

ʧʦʩʪʨʦʝʥʥʦʡ ʥʘ ʢʦʨʧʦʨʘʪʠʚʥʳʭ ʜʘʥʥʳʭ. ʄʝʪʦʜ ʧʦʟʚʦʣʠʪ ʤʦʜʝʣʠ ʥʘʫʯʠʪʴʩʷ 

ʠʟʚʣʝʢʘʪʴ ʥʘʠʙʦʣʝʝ ʨʝʣʝʚʘʥʪʥʳʝ ʦʪʚʝʪʳ ʠʟ ʥʘʡʜʝʥʥʳʭ ʨʝʪʨʠʚʝʨʦʤ ʬʘʢʪʦʚ, ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʟʘʧʨʦʩʘ ʧʦʣʴʟʦʚʘʪʝʣʷ, ʚʤʝʩʪʦ ʧʨʦʩʪʦʛʦ ʟʘʧʦʤʠʥʘʥʠʷ ʬʘʢʪʦʚ. 

ʉʭʦʞʠʡ ʤʝʪʦʜ ʙʳʣ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥ ʚ ʨʘʙʦʪʘʭ [7, 8], ʦʜʥʘʢʦ ʨʘʙʦʪʳ ʙʳʣʠ 

ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʨʝʰʝʥʠʝ ʦʙʱʝʡ ʟʘʜʘʯʠ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʫʣʴʪʠʜʦʤʝʥʥʳʭ 

mailto:mail@vitbond.ru
mailto:eliseevv02@mail.ru
mailto:maximova.alexandra@mail.ru


36 
 

ʟʥʘʥʠʡ. ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ ʤʳ ʧʦʩʪʨʦʠʤ ʢʦʥʪʝʢʩʪʥʦ-ʠʥʩʪʨʫʢʮʠʦʥʥʳʡ ʥʘʙʦʨ 

ʜʘʥʥʳʭ ʜʣʷ ʦʙʫʯʝʥʠʷ ʤʦʜʝʣʠ-ʛʝʥʝʨʘʪʦʨʘ RAG ʩʠʩʪʝʤʳ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʦʛʦ 

ʘʩʩʠʩʪʝʥʪʘ ɼʦʥʝʮʢʦʛʦ ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʋʥʠʚʝʨʩʠʪʝʪʘ (ɼʦʥɻʋ). 

ɺ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʜʘʥʥʳʭ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʩʘʡʪ ɼʦʥɻʋ [9], ʧʦʩʢʦʣʴʢʫ 

ʦʥ ʩʦʜʝʨʞʠʪ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʡ ʠ ʤʘʰʠʥʥʦʯʠʪʘʝʤʳʡ ʢʦʥʪʝʥʪ. ɼʣʷ ʧʘʨʩʠʥʛʘ 

ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʥʘʙʦʨ ʩʢʨʠʧʪʦʚ [10], ʧʦʟʚʦʣʷʶʱʠʡ ʫʢʘʟʘʪʴ ʪʝʛ ʩ ʪʝʢʩʪʦʚʳʤ 

ʩʦʜʝʨʞʠʤʳʤ ʥʘ ʩʪʨʘʥʠʮʘʭ ʩʘʡʪʘ, ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʟʘʛʨʫʞʘʪʴ ʬʘʡʣʳ ʪʝʢʩʪʦʚʦʛʦ 

ʬʦʨʤʘʪʘ (.pdf, .docx, .pptx ʠ ʪ.ʜ.), ʠ ʛʣʫʙʠʥʫ ʦʙʭʦʜʘ. ʇʦʩʣʝ ʧʦʣʥʦʛʦ ʦʙʭʦʜʘ ʩʘʡʪʘ 

ʙʳʣʦ ʟʘʛʨʫʞʝʥʦ 2912 ʪʝʢʩʪʦʚʳʭ ʬʘʡʣʦʚ (ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʦʩʥʦʚʝ HTML-

ʩʪʨʘʥʠʮ), 3546 ʬʘʡʣʦʚ ʨʘʟʣʠʯʥʳʭ ʬʦʨʤʘʪʦʚ, ʩʫʤʤʘʨʥʦ ʙʳʣʦ ʚʳʛʨʫʞʝʥʦ 14.3 ɻʙ 

ʜʘʥʥʳʭ. 

ʇʨʠ ʘʥʘʣʠʟʝ ʪʝʢʩʪʦʚʳʭ ʬʘʡʣʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʧʘʨʩʠʥʛʝ HTML ʩʪʨʘʥʠʮ 

ʩʘʡʪʘ, ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʥʝʢʦʪʦʨʳʝ ʠʟ ʥʠʭ ʥʝ ʩʦʜʝʨʞʘʪ ʨʝʣʝʚʘʥʪʥʦʡ ʜʣʷ 

ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʛʦ ʘʩʩʠʩʪʝʥʪʘ ʠʥʬʦʨʤʘʮʠʠ. ʆʥʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʠʟ 

ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʩʪʨʘʥʠʮ, ʩʦʜʝʨʞʘʱʠʭ ʪʦʣʴʢʦ ʩʩʳʣʢʠ ʥʘ ʩʢʘʯʠʚʘʝʤʳʝ ʬʘʡʣʳ 

ʣʠʙʦ ʥʘ ʜʨʫʛʠʝ ʩʪʨʘʥʠʮʳ. ɼʣʷ ʫʜʘʣʝʥʠʷ ʥʝʧʨʠʛʦʜʥʳʭ ʢ ʛʝʥʝʨʘʮʠʠ ʠʥʩʪʨʫʢʮʠʡ 

ʬʘʡʣʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʚ ʢʘʯʝʩʪʚʝ ʩʫʜʝʡ ʪʨʠ ʙʦʣʴʰʠʝ ʷʟʳʢʦʚʳʝ ʤʦʜʝʣʠ: 

Gemma2-9b-it [11], LLaMA-3.1-70B-Instruct ʠ LLaMA-3.3-70B-Instruct. ɹʳʣ 

ʩʦʟʜʘʥ ʟʘʧʨʦʩ, ʚʢʣʶʯʘʶʱʠʡ ʥʘʟʚʘʥʠʝ ʠ ʩʦʜʝʨʞʠʤʦʝ ʬʘʡʣʘ, ʠ ʟʘʜʘʥʠʝ ʦʮʝʥʠʪʴ 

ʧʨʠʛʦʜʥʦʩʪʴ ʵʪʠʭ ʜʘʥʥʳʭ ʜʣʷ ʛʝʥʝʨʘʮʠʠ ʠʥʩʪʨʫʢʮʠʡ ʧʦ ʧʷʪʠʙʘʣʴʥʦʡ ʰʢʘʣʝ. 

ʇʦʩʣʝ ʦʮʝʥʢʠ ʙʳʣʦ ʧʨʠʥʷʪʦ ʨʝʰʝʥʠʝ ʫʜʘʣʠʪʴ ʬʘʡʣʳ, ʫ ʢʦʪʦʨʳʭ ʩʨʝʜʥʷʷ ʦʮʝʥʢʘ 

ʤʝʥʴʰʝ ʜʚʫʭ. ʇʨʦʝʢʪ ʩ ʚʳʙʦʨʦʤ ʨʝʣʝʚʘʥʪʥʳʭ ʪʝʢʩʪʦʚʳʭ ʬʘʡʣʦʚ, ʚʤʝʩʪʝ ʩ 

ʟʘʧʨʦʩʘʤʠ ʥʘ ʨʫʩʩʢʦʤ ʠ ʘʥʛʣʠʡʩʢʦʤ ʷʟʳʢʘʭ ʥʘʭʦʜʠʪʩʷ ʚ ʦʪʢʨʳʪʦʤ ʜʦʩʪʫʧʝ [12]. 

ɼʘʣʝʝ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʛʝʥʝʨʘʮʠʷ ʠʥʩʪʨʫʢʮʠʦʥʥʦʛʦ ʥʘʙʦʨʘ ʜʘʥʥʳʭ ʥʘ 

ʦʩʥʦʚʝ 2337 ʦʩʪʘʚʰʠʭʩʷ ʧʦʩʣʝ ʧʨʝʜʳʜʫʱʝʛʦ ʰʘʛʘ ʪʝʢʩʪʦʚʳʭ ʬʘʡʣʦʚ. ɹʳʣ 

ʧʦʩʪʨʦʝʥ ʟʘʧʨʦʩ, ʩʦʜʝʨʞʘʱʠʡ ʥʘʟʚʘʥʠʝ ʠ ʩʦʜʝʨʞʠʤʦʝ ʬʘʡʣʘ, ʠ ʟʘʜʘʥʠʝ 

ʩʛʝʥʝʨʠʨʦʚʘʪʴ ʤʘʢʩʠʤʘʣʴʥʦʝ ʯʠʩʣʦ ʧʘʨ ʠʥʩʪʨʫʢʮʠʷ-ʦʪʚʝʪ. ʆʥ ʙʳʣ ʦʪʧʨʘʚʣʝʥ 

ʜʣʷ ʢʘʞʜʦʛʦ ʨʝʣʝʚʘʥʪʥʦʛʦ ʬʘʡʣʘ ʤʦʜʝʣʠ LLaMA-3.3-70B-Instruct. ɼʣʷ ʬʘʡʣʦʚ, ʩ 

ʤʝʥʝʝ ʯʝʤ ʪʨʝʤʷ ʧʦʣʫʯʝʥʥʳʤʠ ʠʥʩʪʨʫʢʮʠʷʤʠ, ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʧʦʚʪʦʨʥʘʷ 

ʛʝʥʝʨʘʮʠʷ ʩ ʧʦʥʠʞʝʥʥʳʤ ʟʥʘʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ. ʕʪʦ ʜʦʙʘʚʠʣʦ ʙʦʣʝʝ 600 

ʥʦʚʳʭ ʠʥʩʪʨʫʢʮʠʡ, ʚʩʝʛʦ ʤʳ ʧʦʣʫʯʠʣʠ 25633 ʠʥʩʪʨʫʢʮʠʦʥʥʳʝ ʧʘʨʳ, ʯʪʦ 

ʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʦʙʫʯʝʥʠʷ ʤʦʜʝʣʠ ʥʘ ʢʦʨʧʦʨʘʪʠʚʥʦʤ ʜʦʤʝʥʝ. 

ʇʦʩʪʨʦʝʥʥʳʡ ʢʣʘʩʩʠʯʝʩʢʠʡ ʠʥʩʪʨʫʢʮʠʦʥʥʳʡ ʥʘʙʦʨ ʜʘʥʥʳʭ ʙʳʣ ʨʘʩʰʠʨʝʥ 

ʢʦʥʪʝʢʩʪʦʤ, ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ input. ʅʘ ʦʩʥʦʚʝ ʨʝʣʝʚʘʥʪʥʳʭ ʪʝʢʩʪʦʚʳʭ ʬʘʡʣʦʚ 

ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ ʚʝʢʪʦʨʥʘʷ ʙʘʟʘ ʩ ʧʦʤʦʱʴʶ ʤʦʜʝʣʠ Giga-Embeddings-instruct 

[13]. ʈʘʟʤʝʨ ʬʨʘʛʤʝʥʪʘ ʩʦʩʪʘʚʠʣ 500 ʪʦʢʝʥʦʚ ʤʦʜʝʣʠ LLaMA-3.1-8B ʩ 

ʧʝʨʝʢʨʳʪʠʝʤ ʚ 50, ʯʪʦ ʧʦʟʚʦʣʠʪ ʢʘʢ ʧʦʣʫʯʠʪʴ ʜʦʩʪʘʪʦʯʥʦ ʦʧʠʩʘʪʝʣʴʥʳʝ 

ʪʝʢʩʪʦʚʳʝ ʬʨʘʛʤʝʥʪʳ, ʪʘʢ ʠ ʠʟʙʝʞʘʪʴ ʩʠʣʴʥʦʡ ʨʝʩʫʨʩʥʦʡ ʥʘʛʨʫʟʢʠ ʚʦ ʚʨʝʤʷ 

ʜʦʦʙʫʯʝʥʠʷ. ʀʟ 2337 ʨʝʣʝʚʘʥʪʥʳʭ ʪʝʢʩʪʦʚʳʭ ʬʘʡʣʦʚ ʙʳʣʦ ʚʳʜʝʣʝʥʦ 9935 

ʬʨʘʛʤʝʥʪʦʚ. 

ɼʣʷ ʢʘʞʜʦʛʦ input ʠʟ ʧʦʣʫʯʝʥʥʦʛʦ ʨʘʥʝʝ ʥʘʙʦʨʘ ʜʘʥʥʳʭ ʚʳʙʨʘʥʳ ʪʨʠ 

ʥʘʠʙʦʣʝʝ ʙʣʠʟʢʠʭ ʬʨʘʛʤʝʥʪʘ ʠʟ ʚʝʢʪʦʨʥʦʡ ʙʘʟʳ (ʧʦ ʢʦʩʠʥʫʩʥʦʤʫ ʩʭʦʜʩʪʚʫ) ʠ 

ʜʦʙʘʚʣʝʥʳ ʚ ʧʦʣʝ context, ʩʬʦʨʤʠʨʦʚʘʚ ʥʘʙʦʨ ʜʘʥʥʳʭ ʚ ʬʦʨʤʘʪʝ input-context-

output. ʇʨʦʝʢʪ ʩ ʩʦʟʜʘʥʠʝʤ ʠʪʦʛʦʚʦʛʦ ʥʘʙʦʨʘ ʜʘʥʥʳʭ ʪʘʢʞʝ ʥʘʭʦʜʠʪʩʷ ʚ 

ʦʪʢʨʳʪʦʤ ʜʦʩʪʫʧʝ [14]. 
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ɺ ʜʘʣʴʥʝʡʰʝʤ ʧʣʘʥʠʨʫʝʪʩʷ ʜʦʦʙʫʯʠʪʴ ʤʦʜʝʣʴ LLaMA-3.1-8B ʥʘ 

ʧʦʩʪʨʦʝʥʥʦʤ ʚ ʨʘʙʦʪʝ ʥʘʙʦʨʝ ʜʘʥʥʳʭ ʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʝʝ ʚ ʢʘʯʝʩʪʚʝ ʛʝʥʝʨʘʪʦʨʘ ʚ 

ʩʠʩʪʝʤʝ RAG ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʦʛʦ ʘʩʩʠʩʪʝʥʪʘ ɼʦʥɻʋ. ɺ ʜʘʥʥʦʡ ʩʠʩʪʝʤʝ ʙʫʜʝʪ 

ʠʩʧʦʣʴʟʦʚʘʥʘ ʚʝʢʪʦʨʥʘʷ ʙʘʟʘ ʜʘʥʥʳʭ ʩ ʪʝʢʩʪʦʚʳʤʠ ʬʨʘʛʤʝʥʪʘʤʠ ʙʦʣʴʰʝʛʦ 

ʨʘʟʤʝʨʘ ï 2000 ʪʦʢʝʥʦʚ ʤʦʜʝʣʠ Giga-Embeddings-instruct ʩ ʧʝʨʝʢʨʳʪʠʝʤ ʚ 200, 

ʚʢʣʶʯʘʶʱʘʷ ʥʝ ʪʦʣʴʢʦ ʨʘʩʩʤʦʪʨʝʥʥʳʝ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʝʣʝʚʘʥʪʥʳʝ ʪʝʢʩʪʦʚʳʝ 

ʬʘʡʣʳ, ʥʦ ʠ ʬʘʡʣʳ ʨʘʟʣʠʯʥʳʭ ʬʦʨʤʘʪʦʚ, ʚʳʛʨʫʞʝʥʥʳʝ ʩ ʩʘʡʪʘ ɼʦʥɻʋ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʦʙʨʥʘʫʢʠ ʈʦʩʩʠʠ ʚ 

ʨʘʤʢʘʭ ʥʘʫʯʥʦʡ ʪʝʤʳ çʈʘʟʨʘʙʦʪʢʘ ʠ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʭ 

ʤʝʪʦʜʦʚ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʠ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʜʣʷ ʟʘʜʘʯ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʦʙʨʘʟʦʚ ʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚè FREM-2024-0001 

(ʈʝʛʠʩʪʨʘʮʠʦʥʥʳʡ ʥʦʤʝʨ 1023111000141-9-1.2.1). 
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ʂʦʥʩʪʨʫʢʮʠʠ ʩʦʚʨʝʤʝʥʥʳʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ ʜʣʷ ʜʣʠʪʝʣʴʥʦʛʦ 

ʘʪʤʦʩʬʝʨʥʦʛʦ ʧʦʣʝʪʘ ʦʙʣʘʜʘʶʪ ʩʣʦʞʥʳʤʠ ʢʦʤʧʦʥʦʚʢʘʤʠ, ʩʦʩʪʦʷʱʠʤʠ ʠʟ 

ʤʥʦʞʝʩʪʚʘ ʵʣʝʤʝʥʪʦʚ ʨʘʟʣʠʯʥʦʡ ʛʝʦʤʝʪʨʠʠ. ɺ ʩʣʫʯʘʝ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ 

ʪʝʯʝʥʠʡ ʵʪʦ ʥʝʠʟʙʝʞʥʦ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʦʪʨʳʚʥʳʭ ʦʙʣʘʩʪʝʡ ʦʢʦʣʦ 

ʦʨʝʙʨʝʥʥʳʭ ʯʘʩʪʝʡ ʢʦʥʩʪʨʫʢʮʠʠ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʚʠʭʨʝʚʳʭ 

ʩʠʩʪʝʤ ʨʘʟʣʠʯʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʬʦʨʤʳ ʣʝʪʘʪʝʣʴʥʦʛʦ 

ʘʧʧʘʨʘʪʘ ʠ ʨʝʞʠʤʦʚ ʧʦʣʝʪʘ ʚʠʭʨʝʚʳʝ ʩʪʨʫʢʪʫʨʳ ʯʘʩʪʦ ʠʤʝʶʪ ʦʯʝʥʴ ʩʣʦʞʥʫʶ 

ʩʪʨʫʢʪʫʨʫ, ʚʢʣʶʯʘʶʱʫʶ ʚ ʩʝʙʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʥʝʩʢʦʣʴʢʠʤʠ ʚʠʭʨʷʤʠ, 

ʤʝʞʜʫ ʚʠʭʨʷʤʠ ʠ ʫʜʘʨʥʳʤʠ ʚʦʣʥʘʤʠ, ʘ ʪʘʢʞʝ ʤʝʞʜʫ ʚʠʭʨʷʤʠ ʠ 

ʢʦʥʩʪʨʫʢʪʠʚʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ ʠʟʜʝʣʠʡ, ʯʪʦ ʤʦʞʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʚʣʠʷʪʴ ʥʘ ʠʭ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ.  

ʂʣʘʩʩʠʯʝʩʢʠʤ ʧʨʠʤʝʨʦʤ ʵʣʝʤʝʥʪʘ-ʚʠʭʨʝʛʝʥʝʨʘʪʦʨʘ ʩʣʫʞʠʪ ʪʨʝʫʛʦʣʴʥʦʝ 

ʢʨʳʣʦ, ʘʢʪʠʚʥʦ ʧʨʠʤʝʥʷʝʤʦʝ ʚ ʩʚʝʨʭʟʚʫʢʦʚʦʡ ʘʚʠʘʮʠʠ ʩ ʩʝʨʝʜʠʥʳ XX ʚʝʢʘ. ɺ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠʥʪʝʨʝʩ ʢ ʪʨʝʫʛʦʣʴʥʳʤ ʢʨʳʣʴʷʤ ʚ ʘʵʨʦʢʦʩʤʠʯʝʩʢʦʡ ʦʪʨʘʩʣʠ 

ʫʩʠʣʠʚʘʝʪʩʷ ʚ ʩʚʷʟʠ ʩ ʨʘʟʨʘʙʦʪʢʦʡ ʤʥʦʛʦʨʘʟʦʚʳʭ ʢʦʩʤʠʯʝʩʢʠʭ                                 

ʩʠʩʪʝʤ [1].  ʀʩʩʣʝʜʦʚʘʥʠʷ ʚʠʭʨʝʚʳʭ ʩʪʨʫʢʪʫʨ, ʦʙʨʘʟʫʶʱʠʭʩʷ ʧʨʠ                                    

ʦʙʪʝʢʘʥʠʠ ʘʵʨʦʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ, ʬʘʢʪʠʯʝʩʢʠ ʧʨʠʚʝʣʠ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ 

ʩʧʝʮʠʘʣʴʥʦʡ ʦʙʣʘʩʪʠ ï ʘʵʨʦʜʠʥʘʤʠʢʠ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʳʭ ʚʠʭʨʝʚʳʭ                 

ʩʪʨʫʢʪʫʨ [2]. 

ʀʟʫʯʝʥʠʶ ʘʵʨʦʜʠʥʘʤʠʢʠ ʪʨʝʫʛʦʣʴʥʳʭ ʢʨʳʣʴʝʚ ʧʦʩʚʷʱʝʥʦ ʤʥʦʞʝʩʪʚʦ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʘʙʦʪ [3ï6]. ʉʚʦʡʩʪʚʘ ʪʝʯʝʥʠʷ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘʜ ʧʦʜʚʝʪʨʝʥʥʦʡ ʩʪʦʨʦʥʦʡ ʪʨʝʫʛʦʣʴʥʦʛʦ ʢʨʳʣʘ ʜʦʩʪʘʪʦʯʥʦ 

ʭʦʨʦʰʦ ʠʟʫʯʝʥʳ. ɺ ʯʘʩʪʥʦʩʪʠ, ʙʳʣʘ ʧʨʦʠʟʚʝʜʝʥʘ ʢʣʘʩʩʠʬʠʢʘʮʠʷ ʚʦʟʤʦʞʥʳʭ 

ʨʝʞʠʤʦʚ ʦʙʪʝʢʘʥʠʷ [6], ʚʳʜʝʣʝʥʳ ʧʝʨʚʠʯʥʳʡ (ʚʠʭʨʝʚʘʷ ʧʝʣʝʥʘ), ʚʪʦʨʠʯʥʳʡ ʠ 

ʦʩʥʦʚʥʦʡ ʚʠʭʨʠ. ʏʪʦ ʢʘʩʘʝʪʩʷ ʵʚʦʣʶʮʠʠ ʚʠʭʨʝʚʦʡ ʩʠʩʪʝʤʳ ʥʘ ʫʜʘʣʝʥʠʠ ʦʪ 

ʢʨʳʣʘ, ʪʦ ʟʜʝʩʴ ʦʩʪʘʝʪʩʷ ʤʥʦʞʝʩʪʚʦ ʦʪʢʨʳʪʳʭ ʚʦʧʨʦʩʦʚ. ʉʧʝʮʠʘʣʴʥʦʛʦ 

ʚʥʠʤʘʥʠʷ ʪʨʝʙʫʝʪ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʚʠʭʨʝʡ ʥʘ ʦʙʪʝʢʘʥʠʝ ʵʣʝʤʝʥʪʦʚ 

ʢʦʥʩʪʨʫʢʮʠʠ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚʥʠʟ ʧʦ ʧʦʪʦʢʫ.   

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʶʪʩʷ ʚʠʭʨʝʚʳʝ ʩʠʩʪʝʤʳ, ʦʙʨʘʟʫʶʱʠʝʩʷ ʧʨʠ 

ʩʚʝʨʭʟʚʫʢʦʚʦʤ ʦʙʪʝʢʘʥʠʠ (ʧʨʠ ʯʠʩʣʝ ʄʘʭʘ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ ʄ = 2, 3) 

ʪʨʝʫʛʦʣʴʥʦʛʦ ʢʨʳʣʘ ʩ ʦʩʪʨʳʤʠ ʢʨʦʤʢʘʤʠ ʠ ʫʛʣʦʤ ʩʪʨʝʣʦʚʠʜʥʦʩʪʠ 78Á [6]. 

ʀʟʫʯʘʝʪʩʷ ʚʣʠʷʥʠʝ ʯʠʩʣʘ ʄʘʭʘ ʠ ʫʛʣʘ ʘʪʘʢʠ ʥʘ ʧʦʣʦʞʝʥʠʝ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʚʠʭʨʝʡ. ʆʪʜʝʣʴʥʦ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʣʠʷʥʠʝ ʚʠʭʨʝʚʦʡ ʩʠʩʪʝʤʳ ʪʨʝʫʛʦʣʴʥʦʛʦ 

ʢʨʳʣʘ ʥʘ ʦʙʪʝʢʘʥʠʝ ʧʨʷʤʦʫʛʦʣʴʥʦʛʦ ʢʨʳʣʘ, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʥʘ ʥʝʢʦʪʦʨʦʤ 

ʨʘʩʩʪʦʷʥʠʠ ʦʪ ʝʛʦ ʟʘʜʥʝʡ ʢʨʦʤʢʠ ʥʠʞʝ ʧʦ ʧʦʪʦʢʫ.  

ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʥʦʡ ʩʠʩʪʝʤʝ 

ʂ-60 [7] ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʚʪʦʨʩʢʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ARES ʜʣʷ 

ʨʘʩʯʝʪʘ ʪʨʝʭʤʝʨʥʳʭ ʪʫʨʙʫʣʝʥʪʥʳʭ ʪʝʯʝʥʠʡ ʚʷʟʢʦʛʦ ʩʞʠʤʘʝʤʦʛʦ ʛʘʟʘ.  
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ʈʠʩ.1. ɺʠʭʨʝʚʘʷ ʩʠʩʪʝʤʘ ʪʨʝʫʛʦʣʴʥʦʛʦ ʢʨʳʣʘ. ʀʟʦʧʦʚʝʨʭʥʦʩʪʠ 

ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʚʝʣʠʯʠʥʳ ʃʶʪʝʢʩ-ʢʨʠʪʝʨʠʷ. ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ  

ʩ ʧʨʷʤʦʫʛʦʣʴʥʳʤ ʢʨʳʣʦʤ ʧʨʠ ʄ = 3.  

 

ɺ ʠʣʣʶʩʪʨʘʪʠʚʥʳʭ ʮʝʣʷʭ ʜʣʷ ʦʜʥʦʛʦ ʠʟ ʨʘʩʯʝʪʦʚ ʥʘ ʨʠʩ. 1 ʠʟʦʙʨʘʞʝʥʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚʠʭʨʝʚʦʡ ʩʠʩʪʝʤʳ ʪʨʝʫʛʦʣʴʥʦʛʦ ʢʨʳʣʘ ʩ ʧʨʷʤʦʫʛʦʣʴʥʳʤ 

ʢʨʳʣʦʤ. ɸʥʘʣʠʟ ʩʠʩʪʝʤʳ ʧʨʦʚʦʜʠʣʩʷ ʩ ʧʦʤʦʱʴʶ ʃʶʪʝʢʩ-ʢʨʠʪʝʨʠʷ, 

ʠʟʦʧʦʚʝʨʭʥʦʩʪʠ ʨʘʩʢʨʘʰʝʥʳ ʧʨʦʜʦʣʴʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʈʦʨʪʝʢʩ-ʚʝʢʪʦʨʘ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ 

ʬʦʥʜʘ, ʧʨʦʝʢʪ ˉ 24-21-00230. 
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ʆʜʥʦʡ ʠʟ ʚʘʞʥʝʡʰʠʭ ʟʘʜʘʯ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ 

ʦʙʪʝʢʘʥʠʷ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ (ʃɸ) ʷʚʣʷʝʪʩʷ ʢʦʨʨʝʢʪʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʠʭ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʦʩʦʙʝʥʥʦ ʘʢʪʫʘʣʝʥ ʚʦʧʨʦʩ 

ʠʟʫʯʝʥʠʷ ʦʩʦʙʝʥʥʦʩʪʝʡ ʪʝʯʝʥʠʡ ʚ ʧʨʦʪʷʞʝʥʥʳʭ ʦʪʨʳʚʥʳʭ ʟʦʥʘʭ ʚ ʜʦʥʥʦʡ 

ʦʙʣʘʩʪʠ ʠ ʩʣʝʜʝ ʚʥʠʟ ʧʦ ʧʦʪʦʢʫ ʩ ʮʝʣʴʶ ʦʧʨʝʜʝʣʝʥʠʷ ʜʦʥʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, 

ʢʦʪʦʨʦʝ ʚʥʦʩʠʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʚʢʣʘʜ ʚ ʦʙʱʝʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʃɸ [1]. ɺʳʙʦʨ 

ʠʩʧʦʣʴʟʫʝʤʦʡ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʦʢʘʟʳʚʘʝʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ 

ʢʦʥʝʯʥʳʡ ʨʝʟʫʣʴʪʘʪ. 

ʄʝʪʦʜʳ ʥʘ ʦʩʥʦʚʝ RANS (URANS) ʫʨʘʚʥʝʥʠʡ ʙʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ ʜʣʷ 

ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʪʘʢʠʭ ʚʘʞʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʝʯʝʥʠʷ ʢʘʢ ʩʠʣʘ, ʤʦʤʝʥʪ, 

ʩʢʦʨʦʩʪʴ ʠ ʪ. ʜ., ʥʦ ʥʝ ʙʳʣʠ ʥʘʧʨʷʤʫʶ ʧʨʝʜʥʘʟʥʘʯʝʥʳ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʩʣʦʞʥʳʭ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʢʦʛʝʨʝʥʪʥʳʭ ʩʪʨʫʢʪʫʨ, ʢʦʣʝʙʘʥʠʡ ʜʘʚʣʝʥʠʷ ʠʣʠ 

ʪʫʨʙʫʣʝʥʪʥʳʭ ʥʘʧʨʷʞʝʥʠʡ, ʥʘʙʣʶʜʘʝʤʳʭ ʚ ʜʦʥʥʦʤ ʪʝʯʝʥʠʠ. ʆʜʥʘʢʦ ʤʝʪʦʜʳ 

ʜʘʥʥʦʛʦ ʢʣʘʩʩʘ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʠ ʜʣʷ ʘʥʘʣʠʟʘ ʨʘʟʣʠʯʥʳʭ ʜʦʥʥʳʭ 

ʢʦʥʬʠʛʫʨʘʮʠʡ. LES ʤʝʪʦʜ ʭʦʨʦʰʦ ʩʧʨʘʚʣʷʝʪʩʷ ʩ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʳʤʠ 

ʥʝʩʪʘʮʠʦʥʘʨʥʳʤʠ ʪʝʯʝʥʠʷʤʠ, ʟʘʚʠʩʷʱʠʤʠ ʦʪ ʚʨʝʤʝʥʠ ʠ ʛʝʦʤʝʪʨʠʠ, ʦʜʥʘʢʦ 

ʪʨʝʙʫʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʣʫʯʰʝʛʦ ʨʘʟʨʝʰʝʥʠʷ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ. ɻʠʙʨʠʜʥʳʝ ʤʝʪʦʜʳ 

ʪʠʧʘ RANS/LES ʠ DES ʠʩʧʦʣʴʟʫʶʪ ʢʦʤʙʠʥʘʮʠʠ ʦʧʠʩʘʥʥʳʭ ʚʳʰʝ ʤʝʪʦʜʦʚ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʝʯʝʥʠʷ. ʇʨʠ ʵʪʦʤ ʠʩʧʦʣʴʟʫʝʤʘʷ ʚ ʣʶʙʦʤ ʠʟ ʵʪʠʭ 

ʤʝʪʦʜʦʚ ʤʦʜʝʣʴ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʜʦʣʞʥʘ ʩ ʭʦʨʦʰʝʡ ʪʦʯʥʦʩʪʴʶ ʤʦʜʝʣʠʨʦʚʘʪʴ 

ʧʨʠʩʪʝʥʦʯʥʫʶ ʪʫʨʙʫʣʝʥʪʥʦʩʪʴ [2,3].  

 

 
 

ʈʠʩ.1. ʄʦʜʝʣʴ ʃɸ ʩ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʜʘʚʣʝʥʠʷ (ʩʣʝʚʘ), ʩʨʝʟʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʧʣʦʪʥʦʩʪʠ ʚ ʜʦʥʥʦʤ ʪʝʯʝʥʠʠ, ʨʘʩʯʝʪ ʩ SA, Ŭ = 0Á (ʩʧʨʘʚʘ). 
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ʈʠʩ. 2. ʉʪʨʫʢʪʫʨʘ ʪʝʯʝʥʠʷ ʚ ʜʦʥʥʦʡ ʦʙʣʘʩʪʠ, ʨʘʩʯʝʪ ʩ ʤʦʜʝʣʴʶ SA (ʩʚʝʨʭʫ)                 

ʠ ʛʠʙʨʠʜʥʳʤ ʤʝʪʦʜʦʤ IDDES+SA (ʩʥʠʟʫ), Ŭ = 0Á (ʩʧʨʘʚʘ). 

 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ ʦʙʪʝʢʘʥʠʷ ʤʦʜʝʣʠ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ, ʦʩʥʘʱʝʥʥʦʛʦ 

ʢʨʳʣʴʷʤʠ ʠ ʭʚʦʩʪʦʚʳʤ ʦʧʝʨʝʥʠʝʤ (ʈʠʩ. 1). ʈʘʩʩʤʦʪʨʝʥʳ ʥʝʩʢʦʣʴʢʦ ʨʝʞʠʤʦʚ 

ʧʦʣʝʪʘ ʧʨʠ ʯʠʩʣʝ ʄʘʭʘ ʄ = 2.5 ʠ ʫʛʣʘʭ ʘʪʘʢʠ Ŭ = 0Á, 5Á. ʄʦʜʝʣʠʨʦʚʘʥʠʝ 

ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʘʚʪʦʨʘʤʠ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ 

ʜʣʷ ʨʘʩʯʝʪʘ ʪʨʝʭʤʝʨʥʳʭ ʪʫʨʙʫʣʝʥʪʥʳʭ ʪʝʯʝʥʠʡ ʚʷʟʢʦʛʦ ʩʞʠʤʘʝʤʦʛʦ ʛʘʟʘ ʥʘ 

ʦʩʥʦʚʝ ʫʨʘʚʥʝʥʠʡ URANS ʩ ʤʦʜʝʣʷʤʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʉʧʘʣʘʨʪʘïɸʣʣʤʘʨʘʩʘ 

(SA), SST ʄʝʥʪʝʨʘ ʠ ʨʝʘʣʠʟʦʚʘʥʥʳʤ ʥʘ ʦʩʥʦʚʝ ʤʦʜʝʣʠ SA ʛʠʙʨʠʜʥʳʤ ʤʝʪʦʜʦʤ 

IDDES. ʀʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʚʳʙʦʨʘ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʥʘ ʭʘʨʘʢʪʝʨ 

ʪʝʯʝʥʠʷ ʚ ʜʦʥʥʦʡ ʦʙʣʘʩʪʠ.  

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ 

ʦʙʨʘʟʦʚʘʥʠʷ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ (ɻʦʩʟʘʜʘʥʠʝ).  
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ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ, ʚ ʩʚʷʟʠ ʩ ʨʘʟʚʠʪʠʝʤ ʪʝʭʥʦʣʦʛʠʡ ʵʣʝʢʪʨʦʜʚʠʞʝʥʠʷ, 

ʚʦʟʨʦʩ ʠʥʪʝʨʝʩ ʢ ʢʦʥʮʝʧʮʠʷʤ ʩʘʤʦʣʝʪʦʚ, ʠʩʧʦʣʴʟʫʶʱʠʭ ʵʣʝʢʪʨʠʯʝʩʢʠʝ 

ʨʘʩʧʨʝʜʝʣʝʥʥʳʝ ʩʠʣʦʚʳʝ ʫʩʪʘʥʦʚʢʠ [1, 2], ʚ ʯʘʩʪʥʦʩʪʠ, ʥʘ ʙʘʟʝ ʠʤʧʝʣʣʝʨʦʚ. 

ʀʤʧʝʣʣʝʨ ï ʣʦʧʘʪʦʯʥʘʷ ʤʘʰʠʥʘ ʥʝʙʦʣʴʰʦʛʦ ʜʠʘʤʝʪʨʘ, ʧʦʤʝʱʝʥʥʘʷ ʚ ʢʦʣʴʮʦ ʠ 

ʧʨʠʚʦʜʠʤʘʷ ʚʦ ʚʨʘʱʝʥʠʝ ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʝʤ. ʀʥʪʝʛʨʘʮʠʷ ʠʤʧʝʣʣʝʨʥʦʡ 

ʨʘʩʧʨʝʜʝʣʝʥʥʦʡ ʩʠʣʦʚʦʡ ʫʩʪʘʥʦʚʢʠ (ʀʈʉʋ) ʩ ʧʣʘʥʝʨʦʤ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ 

(ʃɸ) ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʳʤ ʦʙʨʘʟʦʤ ʫʣʫʯʰʠʪʴ ʥʝʩʫʱʠʝ ʩʚʦʡʩʪʚʘ ʃɸ [3] ʥʘ 

ʚʟʣʝʪʥʦ-ʧʦʩʘʜʦʯʥʳʭ ʨʝʞʠʤʘʭ ʧʦʣʝʪʘ ʠ ʨʘʩʰʠʨʠʪʴ ʫʩʣʦʚʠʷ ʙʘʟʠʨʦʚʘʥʠʷ 

ʚʦʟʜʫʰʥʦʛʦ ʩʫʜʥʘ. 

ʇʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʃɸ ʩ ʠʥʪʝʛʨʠʨʦʚʘʥʥʦʡ ʚ ʧʣʘʥʝʨ ʀʈʉʋ ʦʜʥʦʡ ʠʟ 

ʦʩʥʦʚʥʳʭ ʟʘʜʘʯ ʷʚʣʷʝʪʩʷ ʦʧʨʝʜʝʣʝʥʠʝ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ (ɸɼʍ) 

ʃɸ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʥʬʠʛʫʨʘʮʠʠ ʠ ʨʝʞʠʤʘ ʨʘʙʦʪʳ ʩʠʣʦʚʦʡ ʫʩʪʘʥʦʚʢʠ. 

ʆʛʨʦʤʥʳʡ ʠʥʪʝʨʝʩ ʚ ʜʘʥʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʨʘʩʯʝʪʥʳʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʙʪʝʢʘʥʠʷ ʃɸ ʩ ʀʈʉʋ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʝʪʦʜʦʚ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʛʘʟʦʚʦʡ ʜʠʥʘʤʠʢʠ (ʤʝʪʦʜʳ CFD). 

ʇʨʦʩʪʳʤ ʠ ʵʬʬʝʢʪʠʚʥʳʤ ʩʧʦʩʦʙʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʪʳ ʀʈʉʋ ʚ CFD 

ʨʘʩʯʝʪʘʭ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ çʘʢʪʠʚʥʦʛʦ ʜʠʩʢʘè [4], ʟʘʢʣʶʯʘʶʱʠʡʩʷ ʚ ʟʘʜʘʥʠʠ 

ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ (ɻʋ) ʥʘ ʚʭʦʜʥʳʭ ʠ ʚʳʭʦʜʥʳʭ ʩʝʯʝʥʠʷʭ ʠʤʧʝʣʣʝʨʦʚ. 

ɿʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ ʟʘʜʘʥʠʷ ɻʋ ʤʦʛʫʪ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥʳ ʧʦ ʤʝʪʦʜʫ ʨʘʩʯʝʪʘ 

ʪʷʛʠ ʠ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʩʠʣʦʚʦʡ ʫʩʪʘʥʦʚʢʠ ʩ ʵʣʝʢʪʨʠʯʝʩʢʠʤ 

ʠʤʧʝʣʣʝʨʦʤ [5], ʦʩʥʦʚʘʥʥʦʤʫ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʫʨʘʚʥʝʥʠʡ ʦʜʥʦʤʝʨʥʦʡ ʛʘʟʦʚʦʡ 

ʜʠʥʘʤʠʢʠ ʠ ʧʦʟʚʦʣʷʶʱʝʤʫ ʫʯʠʪʳʚʘʪʴ ʚʣʠʷʥʠʝ ʚʥʝʰʥʝʛʦ ʪʝʯʝʥʠʷ ʥʘ 

ʚʥʫʪʨʝʥʥʝʝ ʪʝʯʝʥʠʝ ʚ ʩʠʣʦʚʦʡ ʫʩʪʘʥʦʚʢʝ. ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, 

ʧʦʣʫʯʘʝʤʳʭ ʩ ʧʦʤʦʱʴʶ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ, ʧʦʜʪʚʝʨʞʜʝʥʘ ʩʨʘʚʥʝʥʠʝʤ ʩ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠʟʦʣʠʨʦʚʘʥʥʦʡ ʩʠʣʦʚʦʡ 

ʫʩʪʘʥʦʚʢʠ ʩ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʠʤʧʝʣʣʝʨʦʤ ʚ ɸɼʊ ʤʘʣʳʭ ʩʢʦʨʦʩʪʝʡ. 

ʆʙʝʩʧʝʯʠʚ ʨʝʞʠʤ ʨʘʙʦʪʳ ʩʠʣʦʚʦʡ ʫʩʪʘʥʦʚʢʠ ʠ ʧʨʠ ʥʝʦʙʭʦʜʠʤʦʩʪʠ 

ʩʢʦʨʨʝʢʪʠʨʦʚʘʚ ʝʛʦ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʭ CFD ʨʘʩʯʝʪʦʚ, ʤʦʞʥʦ 

ʧʦʣʫʯʠʪʴ ɸɼʍ ʃɸ ʩ ʀʈʉʋ ʩ ʫʯʝʪʦʤ ʪʷʛʠ ʩʠʣʦʚʦʡ ʫʩʪʘʥʦʚʢʠ. ɼʣʷ ʜʘʣʴʥʝʡʰʝʛʦ 

ʘʥʘʣʠʟʘ ʚʣʠʷʥʠʷ ʨʝʞʠʤʘ ʨʘʙʦʪʳ ʩʠʣʦʚʦʡ ʫʩʪʘʥʦʚʢʠ ʥʘ ɸɼʍ ʠ ʦʧʨʝʜʝʣʝʥʠʷ 

ʫʨʦʚʥʷ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʀʈʉʋ ʚʦʟʤʦʞʥʦ 

ʨʘʟʜʝʣʝʥʠʝ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʩʠʣ ʥʘ ʚʥʝʰʥʠʝ ʠ ʚʥʫʪʨʝʥʥʠʝ ʩ ʧʦʤʦʱʴʶ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʤʝʪʦʜʠʢʠ [6]. 

ɼʣʷ ʚʘʣʠʜʘʮʠʠ ʠʩʧʦʣʴʟʫʝʤʳʭ CFD ʤʝʪʦʜʦʚ ʨʘʩʯʝʪʘ ɸɼʍ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ 

ʨʘʩʯʝʪʥʦ-ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʦʜʝʣʠ ʦʪʩʝʢʘ ʢʨʳʣʘ ʩ ʀʈʉʋ, 

ʨʘʟʤʝʱʝʥʥʦʡ ʥʘ ʚʝʨʭʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʚʦʨʦʪʥʦʛʦ ʟʘʢʨʳʣʢʘ [3]. ɺ ʨʘʙʦʪʝ 
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ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʨʘʩʯʝʪʥʳʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʫʤʤʘʨʥʳʭ ɸɼʍ, 

ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʜʘʚʣʝʥʠʷ ʠ ʢʘʨʪʠʥ ʪʝʯʝʥʠʷ, ʢʦʪʦʨʦʝ ʧʦʢʘʟʘʣʦ ʢʦʣʠʯʝʩʪʚʝʥʥʦʝ ʠ 

ʢʘʯʝʩʪʚʝʥʥʦʝ ʩʦʛʣʘʩʦʚʘʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ. 

ʉʦʛʣʘʩʦʚʘʥʠʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ 

ʜʦʧʫʩʪʠʤʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʠʟʣʦʞʝʥʥʦʡ ʚ ʨʘʙʦʪʝ ʤʝʪʦʜʠʢʠ ʧʨʠ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʃɸ ʩ ʀʈʉʋ. ɸɼʍ ʢʨʳʣʘ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʘʤʠ CFD, ʤʦʞʥʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʧʨʠʙʣʠʞʝʥʥʳʭ ʤʝʪʦʜʦʚ ʨʘʩʯʝʪʘ ɸɼʍ ʢʨʳʣʘ ʩ 

ʀʈʉʋ [7]. ɺʳʰʝʠʟʣʦʞʝʥʥʘʷ ʤʝʪʦʜʠʢʘ ʨʘʩʯʝʪʘ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ 

ʠʥʩʪʨʫʤʝʥʪʦʚ, ʧʨʠʤʝʥʷʝʤʳʭ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʢʦʤʧʦʥʦʚʦʢ 

ʩʘʤʦʣʝʪʦʚ ʩ ʀʈʉʋ, ʥʘʧʨʠʤʝʨ, ʧʝʨʩʧʝʢʪʠʚʥʦʛʦ ʨʝʛʠʦʥʘʣʴʥʦʛʦ ʩʘʤʦʣʝʪʘ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʨʘʙʦʪʝ ʩʬʦʨʤʠʨʦʚʘʥʘ ʤʝʪʦʜʠʢʘ ʨʘʩʯʝʪʘ ʦʙʪʝʢʘʥʠʷ ʃɸ ʩ 

ʀʈʉʋ, ʚʢʣʶʯʘʶʱʘʷ ʵʪʘʧʳ ʨʘʩʯʝʪʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʟʦʣʠʨʦʚʘʥʥʦʛʦ ʠʤʧʝʣʣʝʨʘ, 

ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʚʥʝʰʥʝʛʦ ʪʝʯʝʥʠʷ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʤʧʝʣʣʝʨʦʚ ʚ ʩʦʩʪʘʚʝ 

ʀʈʉʋ ʠ ʨʘʩʯʝʪʘ ʩʫʤʤʘʨʥʳʭ ɸɼʍ ʩʘʤʦʣʝʪʘ ʩ ʀʈʉʋ.  
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ɿʘʜʘʯʘ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʩʤʝʰʝʥʠʷ ʛʘʟʦʚ ʚ ʫʩʣʦʚʠʷʭ ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ 

ʧʦʪʦʢʘ ʯʘʩʪʦ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʥʘ ʧʨʠʤʝʨʝ ʪʝʯʝʥʠʡ, ʢʦʪʦʨʳʝ ʬʦʨʤʠʨʫʶʪʩʷ ʧʨʠ 

ʠʥʞʝʢʮʠʠ ʧʦʧʝʨʝʯʥʦʡ ʚʪʦʨʠʯʥʦʡ ʩʪʨʫʠ ʚ ʩʚʝʨʭʟʚʫʢʦʚʦʡ ʧʦʪʦʢ ʚʦʟʜʫʭʘ ʯʝʨʝʟ 

ʦʪʚʝʨʩʪʠʝ ʥʘ ʧʣʦʩʢʦʡ ʩʪʝʥʢʝ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ ʥʝʩʢʦʣʴʢʠʭ ʩʪʨʘʥʘʭ ʘʢʪʠʚʥʦ 

ʨʘʟʚʠʚʘʶʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʦʚʳʭ ʵʬʬʝʢʪʠʚʥʳʭ ʩʧʦʩʦʙʦʚ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ 

ʩʤʝʰʝʥʠʷ ʛʘʟʦʚ ʚ ʵʪʦʤ ʪʝʯʝʥʠʠ (ʥʘʧʨʠʤʝʨ, ʚʦʟʜʫʭʘ ʠ ʧʦʧʝʨʝʯʥʦ 

ʠʥʞʝʢʪʠʨʫʝʤʦʛʦ ʪʦʧʣʠʚʘ ʜʣʷ ʛʦʨʝʥʠʷ ʚ ʩʚʝʨʭʟʚʫʢʦʚʦʤ ʧʦʪʦʢʝ) [1]. ɺ ʥʝʜʘʚʥʠʭ 

ʨʘʙʦʪʘʭ [2, 3] ʙʳʣʠ ʧʨʝʜʧʨʠʥʷʪʳ ʧʦʧʳʪʢʠ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʩʤʝʰʝʥʠʷ ʛʘʟʦʚ ʩ 

ʧʦʤʦʱʴʶ ʠʩʢʨʦʚʳʭ ʨʘʟʨʷʜʦʚ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʦ ʯʠʩʣʝʥʥʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚʳʰʝʦʧʠʩʘʥʥʦʛʦ ʪʝʯʝʥʠʷ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʧʝʨʠʦʜʠʯʝʩʢʠʭ 

ʠʩʢʨʦʚʳʭ ʨʘʟʨʷʜʦʚ, ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʩ ʥʘʚʝʪʨʝʥʥʦʡ ʩʪʦʨʦʥʳ ʦʪ ʦʪʚʝʨʩʪʠʷ 

ʠʥʞʝʢʪʦʨʘ, ʚ ʦʪʨʳʚʥʦʡ ʟʦʥʝ. ʎʝʣʴ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʣʘʩʴ ʚ ʚʳʷʚʣʝʥʠʠ 

ʤʝʭʘʥʠʟʤʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʚʦʟʤʫʱʝʥʠʡ ʚ ʩʪʨʫʝ ʠ ʦʪʢʣʠʢʘ ʩʪʨʫʠ ʥʘ ʠʩʢʨʦʚʦʡ 

ʨʘʟʨʷʜ. 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʨʘʩʯʸʪʦʚ ʙʳʣ ʧʨʠʤʝʥʸʥ ʦʪʝʯʝʩʪʚʝʥʥʳʡ ʧʨʦʛʨʘʤʤʥʳʡ 

ʢʦʤʧʣʝʢʩ FlowVision. ʈʘʩʯʝʪ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʧʫʪʝʤ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ 

ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ, ʦʩʨʝʜʥʸʥʥʳʭ ʧʦ ʈʝʡʥʦʣʴʜʩʫ 

(URANS) ʩ ʧʦʤʦʱʴʶ ʤʦʜʝʣʴʶ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ KEFV (ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʘʷ 

ʤʦʜʝʣʴ k-Ů). ʄʦʜʝʣʠʨʦʚʘʣʘʩʴ ʠʥʞʝʢʮʠʷ CO2 ʩ ʤʘʩʩʦʚʳʤ ʨʘʩʭʦʜʦʤ 3 ʛ/ʩ ʯʝʨʝʟ 

ʦʪʚʝʨʩʪʠʝ ʜʠʘʤʝʪʨʦʤ 3 ʤʤ ʚ ʩʚʝʨʭʟʚʫʢʦʚʦʡ ʧʦʪʦʢ ʩ ʯʠʩʣʦʤ ʄʘʭʘ 2, 

ʪʝʤʧʝʨʘʪʫʨʦʡ 170 ʂ ʠ ʜʘʚʣʝʥʠʝʤ 22 ʢʇʘ (ʧʘʨʘʤʝʪʨ ʠʥʞʝʢʮʠʠ J ʦʢʦʣʦ 1). ʈʘʟʨʷʜ 

ʤʦʜʝʣʠʨʦʚʘʣʩʷ ʢʘʢ ʠʤʧʫʣʴʩʥʳʡ ʠʩʪʦʯʥʠʢ ʪʝʧʣʘ. 

ɹʳʣʠ ʧʦʣʫʯʝʥʳ ʜʘʥʥʳʝ ʦ ʤʛʥʦʚʝʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʪʝʯʝʥʠʷ ʙʝʟ 

ʨʘʟʨʷʜʦʚ ʠ ʩ ʨʘʟʨʷʜʘʤʠ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʯʘʩʪʦʪʘʭ (ʨʠʩ. 1). ɺʦʟʥʠʢʥʦʚʝʥʠʝ 

ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʚʦʟʤʫʱʝʥʠʡ ʩ ʥʘʚʝʪʨʝʥʥʦʡ ʛʨʘʥʠʮʳ ʩʪʨʫʠ ʙʳʣʦ ʦʧʠʩʘʥʦ ʚ 

ʪʝʨʤʠʥʘʭ ʟʘʚʠʭʨʝʥʥʦʩʪʠ. ɹʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ, ʢʘʢ ʫʜʘʨʥʘʷ ʚʦʣʥʘ ʠ ʪʝʧʣʦʚʘʷ 

ʢʘʚʝʨʥʘ ʦʪ ʠʩʢʨʦʚʦʛʦ ʨʘʟʨʷʜʘ ʚʣʠʷʶʪ ʥʘ ʪʝʯʝʥʠʝ ʚ ʦʙʣʘʩʪʠ ʧʝʨʝʜ ʠʥʞʝʢʪʦʨʦʤ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʨʘʟʨʷʜ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʛʨʘʜʠʝʥʪʦʚ ʧʣʦʪʥʦʩʪʠ ʠ ʜʘʚʣʝʥʠʷ 

ʥʘ ʥʘʚʝʪʨʝʥʥʦʡ ʛʨʘʥʠʮʝ ʩʪʨʫʠ, ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʢ ʫʚʝʣʠʯʝʥʠʶ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʯʣʝʥʘ ʚ ʫʨʘʚʥʝʥʠʠ ʟʘʚʠʭʨʝʥʥʦʩʪʠ ʠ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ 

ʚʦʟʤʫʱʝʥʠʡ. 

ʊʘʢʞʝ ʜʘʥʥʳʝ ʦ ʪʝʯʝʥʠʠ ʙʳʣʠ ʦʙʨʘʙʦʪʘʥʳ ʩ ʧʦʤʦʱʴʶ ʩʦʙʩʪʚʝʥʥʦʛʦ 

ʦʨʪʦʛʦʥʘʣʴʥʦʛʦ ʨʘʟʣʦʞʝʥʠʷ (POD) ʠ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʩʦʙʩʪʚʝʥʥʦʛʦ 

ʦʨʪʦʛʦʥʘʣʴʥʦʛʦ ʨʘʟʣʦʞʝʥʠʷ (SPOD). ɹʳʣʠ ʚʳʷʚʣʝʥʳ ʜʦʤʠʥʠʨʫʶʱʠʝ ʤʦʜʳ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʨʘʟʣʦʞʝʥʠʡ ʜʣʷ ʩʣʫʯʘʝʚ ʦʪʩʫʪʩʪʚʠʷ ʠ ʥʘʣʠʯʠʷ ʨʘʟʨʷʜʦʚ. 
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ʈʠʩ. 1. ʇʨʠʤʝʨ ʜʘʥʥʳʭ ʠʟ ʨʘʩʯʝʪʘ. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʜʘʚʣʝʥʠʷ ʚ ʧʣʦʩʢʦʩʪʠ 

ʩʠʤʤʝʪʨʠʠ ʠ ʚʝʢʪʦʨʳ ʩʢʦʨʦʩʪʠ. ʏʝʨʥʘʷ ʣʠʥʠʷ ʦʙʦʟʥʘʯʘʝʪ ʫʩʣʦʚʥʫʶ ʛʨʘʥʠʮʫ 

ʩʪʨʫʠ (50% ʤʘʩʩʦʚʦʡ ʜʦʣʠ ʉʆ2). ʏʝʨʥʳʤ ʧʨʷʤʦʫʛʦʣʴʥʠʢʦʤ ʦʙʦʟʥʘʯʝʥʦ 

ʧʦʣʦʞʝʥʠʝ ʦʪʚʝʨʩʪʠʷ ʠʥʞʝʢʪʦʨʘ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ 

ʦʙʨʘʟʦʚʘʥʠʷ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ (ɻʦʩʟʘʜʘʥʠʝ).  
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ʄ.ɸ. ɺʦʨʦʥʦʚ
1
, ʊ.ʉ. ɾʫʢ

1
, ɽ.ɺ. ʉʪʝʧʘʥʦʚʘ

2
 

 1
ʌɻɹʅʋ ɺʅʀʀʌ, ʨ.ʧ. ɹʦʣʴʰʠʝ ɺʷʟʝʤʳ, ʄʦʩʢʦʚʩʢʘʷ ʦʙʣ.  

2
ʄɻʊʋ ʠʤ.ʅ.ʕ. ɹʘʫʤʘʥʘ, ʛ. ʄʦʩʢʚʘ  

jacky-st@yandex.ru   

ɺ ʩʝʣʴʩʢʦʤ ʭʦʟʷʡʩʪʚʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʦʧʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʧʨʠʩʫʪʩʪʚʠʷ ʧʘʪʦʛʝʥʦʚ ʠʤʝʝʪ ʜʣʠʪʝʣʴʥʫʶ ʠʩʪʦʨʠʶ ʠ ʰʠʨʦʢʦ 

ʧʨʠʤʝʥʷʝʪʩʷ [1]. ʇʨʠ ʦʙʩʣʝʜʦʚʘʥʠʠ ʧʦʩʝʚʦʚ ʠ ʨʘʩʪʝʥʠʡ ʜʣʷ ʨʘʩʧʦʟʥʘʚʘʥʠʷ 

ʧʨʠʩʫʪʩʪʚʠʷ ʚʨʝʜʥʳʭ ʮʝʣʝʚʳʭ ʦʙʲʝʢʪʦʚ ʢʘʞʜʦʝ çʠʟʦʙʨʘʞʝʥʠʝè (ʟʘʧʠʩʴ ʩʧʝʢʪʨʘ 

ʦʪʨʘʞʝʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ) ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʘʢ ʝʜʠʥʠʯʥʳʡ ʩʣʫʯʘʡ ʧʨʠ-

/ʦʪʩʫʪʩʪʚʠʷ ʮʝʣʝʚʦʛʦ ʚʨʝʜʥʦʛʦ ʦʨʛʘʥʠʟʤʘ. ʌʦʪʦʠʟʦʙʨʘʞʝʥʠʷ ʧʨʠ ʵʪʦʤ ʠʛʨʘʶʪ 

ʦʩʦʙʫʶ ʨʦʣʴ, ʪ.ʢ. ʜʦʧʫʩʢʘʶʪ ʧʨʷʤʦʡ ʘʥʘʣʠʟ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʫʯʝʥʳʤ-

ʘʛʨʦʥʦʤʦʤ. ʇʨʠʤʝʥʝʥʠʝ ʪʝʭʥʠʯʝʩʢʦʛʦ ʟʨʝʥʠʷ ʥʘ ʩʘʤʦʭʦʜʥʳʭ ʥʦʩʠʪʝʣʷʭ ʜʘʝʪ 

ʚʦʟʤʦʞʥʦʩʪʴ ʫʤʝʥʴʰʠʪʴ ʟʘʪʨʘʪʳ ʚʨʝʤʝʥʠ ʥʘ ʦʩʤʦʪʨ ʧʦʩʝʚʦʚ ʠ çʜʦʙʨʘʪʴʩʷè ʜʦ 

ʝʛʦ ʜʘʣʴʥʠʭ ʫʯʘʩʪʢʦʚ, ʩʦʙʨʘʪʴ ʠ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʨʘʩʩʦʨʪʠʨʦʚʘʪʴ ʧʦʣʫʯʝʥʥʳʝ 

ʜʘʥʥʳʝ. ɼʣʷ ʫʩʧʝʰʥʦʡ ʨʘʙʦʪʳ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʭ ʩʠʩʪʝʤ ʥʝʦʙʭʦʜʠʤ 

ʢʦʤʧʣʝʢʩ ʧʦʜʛʦʪʦʚʠʪʝʣʴʥʳʭ ʤʝʨʦʧʨʠʷʪʠʡ, ʙʘʟʦʡ ʢʦʪʦʨʦʛʦ ʩʣʫʞʠʪ ʜʘʥʥʦʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ï ʧʦʠʩʢ ʥʘʜʝʞʥʳʭ ʩʧʝʢʪʨʘʣʴʥʳʭ çʧʨʠʟʥʘʢʦʚè ʧʦʨʘʞʝʥʠʷ 

ʨʘʩʪʠʪʝʣʴʥʳʭ ʚʠʜʦʚ ʨʘʟʣʠʯʥʳʤʠ ʪʠʧʘʤʠ ʧʘʪʦʛʝʥʦʚ, ʘ ʪʘʢʞʝ ʩʙʦʨ ʠ 

ʢʣʘʩʩʠʬʠʢʘʮʠʷ ʮʠʬʨʦʚʳʭ çʠʟʦʙʨʘʞʝʥʠʡè ʧʦʚʨʝʞʜʝʥʠʡ, ʢʦʪʦʨʳʝ ʥʘʥʦʩʷʪ 

ʨʘʩʪʝʥʠʷʤ ʨʘʟʣʠʯʥʳʝ ʧʘʪʦʛʝʥʥʳʝ ʚʠʜʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʪʘʜʠʠ ʠ ʪʷʞʝʩʪʠ 

ʧʦʨʘʞʝʥʠʷ. 

ʆʩʥʦʚʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʦ ʬʠʟʠʦʣʦʛʠʯʝʩʢʦʤ ʩʦʩʪʦʷʥʠʠ ʨʘʩʪʝʥʠʷ ʤʦʞʝʪ 

ʙʳʪʴ ʧʦʣʫʯʝʥʘ ʠʟ ʘʥʘʣʠʟʘ ʦʪʨʘʞʝʥʠʷ ʨʘʩʪʝʥʠʷʤʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ 

ʜʣʠʥʦʡ ʦʪ 400 ʜʦ 1000 ʥʤ [2ï5]. ʆʩʥʦʚʥʦʝ ʦʪʣʠʯʠʝ ʜʘʥʥʦʛʦ ʜʠʘʧʘʟʦʥʘ ʦʪ 

ʦʙʳʯʥʦʡ ʮʠʬʨʦʚʦʡ ʬʦʪʦʩʲʸʤʢʠï ʚʢʣʶʯʝʥʠʝ ʠʥʬʦʨʤʘʮʠʠ ʧʦ ʜʣʠʥʥʳʤ 

ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʳʤ ʠ ʢʦʨʦʪʢʠʤ ʠʥʬʨʘʢʨʘʩʥʳʤ ʚʦʣʥʘʤ. ʅʘʨʘʙʦʪʘʥʥʳʝ ʤʥʦʛʠʤʠ 

ʧʦʢʦʣʝʥʠʷʤʠ ʘʛʨʦʥʦʤʦʚ ʧʨʠʝʤʳ ʦʮʝʥʢʠ ʙʠʦʤʘʩʩʳ (ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ), 

ʩʪʨʫʢʪʫʨʳ ʧʦʣʦʛʘ ʧʦʩʝʚʘ, ʩʦʜʝʨʞʘʥʠʷ ʭʣʦʨʦʬʠʣʣʘ ʚ ʣʠʩʪʴʷʭ, ʜʦʣʠ 

ʧʦʛʣʦʱʝʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʜʣʷ ʘʢʪʠʚʥʦʛʦ ʬʦʪʦʩʠʥʪʝʟʘ ʠ ʜʨʫʛʠʭ ʩʫʱʝʩʪʚʝʥʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʘʩʪʠʪʝʣʴʥʦʩʪʠ ʠʤʝʶʪ ʮʠʬʨʦʚʦʝ ʚʳʨʘʞʝʥʠʝ ʚ ʩʧʝʮʠʘʣʴʥʳʤ 

ʦʙʨʘʟʦʤ ʨʘʩʩʯʠʪʳʚʘʝʤʳʭ ʠʥʜʝʢʩʘʭ. ɺ ʬʦʢʫʩ ʚʥʠʤʘʥʠʷ ʧʦʧʘʣʠ ʭʦʟʷʡʩʪʚʝʥʥʦ 

ʟʥʘʯʠʤʳʝ ʢʫʣʴʪʫʨʳ, ʜʣʷ ʢʦʪʦʨʳʭ ʢʨʘʡʥʶʶ ʩʪʝʧʝʥʴ ʦʧʘʩʥʦʩʪʠ ʧʨʝʜʩʪʘʚʣʷʶʪ 

ʧʦʨʘʞʝʥʠʷ ʛʨʠʙʥʳʤʠ ʠʥʬʝʢʮʠʷʤʠ, ʫʱʝʨʙ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʧʦʣʥʦʡ ʧʦʪʝʨʝ 

ʫʨʦʞʘʷ ʠ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʦʣʥʦʛʦ ʫʥʠʯʪʦʞʝʥʠʷ ʧʦʩʝʚʘ [6]. ɺ ʢʘʯʝʩʪʚʝ ʩʝʥʩʦʨʘ ʩ 

ʥʝʦʙʭʦʜʠʤʳʤ ʩʧʝʢʪʨʘʣʴʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʠʩʧʦʣʴʟʦʚʘʥ ʩʧʝʢʪʨʦʤʝʪʨ 

Ocean Insight FLAME-S-VIS-NIR-ES (FLMS 16991, ʨʘʟʤʝʨʳ 140Ĭ95Ĭ40 ʤʤ, 

ʩʧʝʢʪʨʘʣʴʥʦʝ ʨʘʟʨʝʰʝʥʠʝ 0,3 ʥʤ). 

ʇʦʣʫʯʝʥʳ ʩʧʝʢʪʨʳ ʦʪʨʘʞʝʥʠʷ ʣʠʩʪʴʝʚ ʜʚʫʭ ʵʢʦʥʦʤʠʯʝʩʢʠ ʟʥʘʯʠʤʳʭ 

ʟʣʘʢʦʚʳʭ ʢʫʣʴʪʫʨ ï ʧʰʝʥʠʮʳ ʠ ʷʯʤʝʥʷ, ʧʦʨʘʞʝʥʥʳʭ ʜʚʫʤʷ ʚʠʜʘʤʠ ʧʘʪʦʛʝʥʦʚ. 
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ʄʘʩʰʪʘʙ ʠʩʩʣʝʜʦʚʘʥʠʷ ï ʥʘ ʫʨʦʚʥʝ ʦʪʜʝʣʴʥʳʭ ʣʠʩʪʴʝʚ. ʈʘʩʪʝʥʠʷ ʧʰʝʥʠʮʳ ʠ 

ʷʯʤʝʥʷ ʚʳʨʘʱʝʥʳ ʠ ʠʥʦʢʫʣʠʨʦʚʘʥʳ ʩʧʦʨʘʤʠ ʧʘʪʦʛʝʥʥʳʭ ʛʨʠʙʦʚ ʚ 

ʢʦʥʪʨʦʣʠʨʫʝʤʳʭ ʫʩʣʦʚʠʷʭ ʣʘʙʦʨʘʪʦʨʠʠ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʢʣʠʤʘʪʘ (ʎʂʇ ʃʀʂ 

ʌɻɹʅʋ ɺʅʀʀʌ). ʆʩʥʦʚʥʦʡ ʧʨʦʙʣʝʤʦʡ ʥʘ ʵʪʦʤ ʤʘʩʰʪʘʙʝ ʦʙʩʣʝʜʦʚʘʥʠʷ 

ʷʚʣʷʝʪʩʷ ʧʦʣʫʯʝʥʠʝ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʳʭ ʠ ʚʝʨʥʦ ʤʘʨʢʠʨʦʚʘʥʥʳʭ ʜʘʥʥʳʭ, 

ʧʦʩʢʦʣʴʢʫ ʫʜʘʝʪʩʷ ʧʦʣʫʯʠʪʴ ʪʦʣʴʢʦ ʩʤʝʰʘʥʥʳʝ ʩʧʝʢʪʨʳ, ʚʢʣʶʯʘʶʱʠʝ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʦʪʨʘʞʝʥʠʷ ʦʪ ʧʦʯʚʳ, ʨʘʩʪʝʥʠʷ ʠ ʧʘʪʦʛʝʥʘ, ʜʣʷ ʥʘʜʝʞʥʦʛʦ 

ʦʧʨʝʜʝʣʝʥʠʷ ʥʘʣʠʯʠʷ ʠ ʩʪʝʧʝʥʠ ʧʦʨʘʞʝʥʠʷ ʪʨʝʙʫʝʪʩʷ ʘʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ 

ʜʘʥʥʳʭ (ʧʨʦʙʣʝʤʘ ʪʘʢʞʝ ʭʘʨʘʢʪʝʨʥʘ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʟʘʙʦʣʝʚʘʥʠʡ 

ʛʠʧʝʨʩʧʝʢʪʨʘʣʴʥʳʤʠ ʤʝʪʦʜʘʤʠ ʧʨʠ ʜʠʩʪʘʥʮʠʦʥʥʦʤ ʟʦʥʜʠʨʦʚʘʥʠʠ ɿʝʤʣʠ,               

ʧʨʠ ʘʥʘʣʠʟʝ ʮʠʬʨʦʚʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʛʠʧʝʨ- ʠ ʤʫʣʴʪʠʩʧʝʢʪʨʘʣʴʥʦʡ                      

ʤʠʢʨʦʩʢʦʧʠʠ [7]). 

ʆʜʥʠʤ ʠʟ ʧʨʠʤʝʥʝʥʥʳʭ ʤʝʪʦʜʦʚ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʟʘʙʦʣʝʚʘʥʠʡ ʙʳʣʦ 

ʧʨʠʤʝʥʝʥʠʝ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ: ʪʦʯʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʙʦʣʴʥʳʭ/ʟʜʦʨʦʚʳʭ ʣʠʩʪʴʝʚ 

ʚʘʨʴʠʨʦʚʘʣʘʩʴ ʦʪ 88,1 ʜʦ 97,7% ʜʣʷ ʨʘʟʥʳʭ ʥʘʙʦʨʦʚ ʜʘʥʥʳʭ. ʅʘʠʙʦʣʝʝ ʩʣʦʞʥʳ 

ʜʣʷ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʨʘʩʪʝʥʠʷ, ʧʦʨʘʞʝʥʥʳʝ ʚ ʩʨʝʜʥʝʡ ʩʪʝʧʝʥʠ. ʆʜʥʘʢʦ ʧʨʠ 

ʧʦʩʪʨʦʝʥʠʠ ʫʩʨʝʜʥʝʥʥʳʭ ʧʦ ʚʳʙʦʨʢʝ ʢʨʠʚʳʭ ʥʝ ʫʜʘʝʪʩʷ ʜʦʩʪʦʚʝʨʥʦ ʨʘʟʜʝʣʠʪʴ 

ʫʩʨʝʜʥʝʥʥʳʝ ʢʨʠʚʳʝ ʜʣʷ ʙʦʣʴʥʳʭ ʠ ʟʜʦʨʦʚʳʭ ʣʠʩʪʴʝʚ ʥʘ 4ʡ ʜʝʥʴ ʧʦʩʣʝ 

ʟʘʨʘʞʝʥʠʷ, ʢʦʛʜʘ ʝʱʝ ʥʝ ʷʨʢʦ ʚʳʷʚʣʝʥʳ ʧʫʩʪʫʣʳ. ʂʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ 

ʣʠʩʪʴʝʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʟʚʠʪʠʷ ʤʠʮʝʣʠʷ ʛʨʠʙʘ ʚ ʪʢʘʥʠ ʭʦʟʷʠʥʘ ʠʟʤʝʥʷʝʪʩʷ, 

ʩʦ ʚʨʝʤʝʥʝʤ ʚʦʟʥʠʢʘʶʪ ʠʟʤʝʥʝʥʠʷ ʦʮʝʥʠʪʴ ʢʦʪʦʨʳʝ ʩʪʘʥʦʚʠʪʩʷ ʚʦʟʤʦʞʥʦ. 

ʂʚʘʥʪʠʣʴʥʳʡ ʘʥʘʣʠʟ ʨʘʩʧʨʝʜʝʣʝʥʠʷ (ʨʠʩ. 1) ʙʳʣ ʧʨʦʚʝʜʝʥ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʩʨʝʜʥʝʥʥʳʭ ʧʦ ʚʳʙʦʨʢʝ ʜʘʥʥʳʭ (ʢʨʘʡʥʠʝ ʩʣʫʯʘʠ ʠʩʢʣʶʯʝʥʳ). 

ʅʘʠʙʦʣʴʰʘʷ ʨʘʟʥʠʮʘ ʚ ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʷʭ ʙʳʣʘ ʦʙʥʘʨʫʞʝʥʘ ʚ ʢʨʘʩʥʦʡ ʯʘʩʪʠ 

ʩʧʝʢʪʨʘ (ʥʘ 680 ʥʤ). ʀʟʤʝʥʝʥʠʝ ʩʧʝʢʪʨʘʣʴʥʦʡ ʷʨʢʦʩʪʠ ʦʪʨʘʞʝʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ 

550ï680 ʥʤ ʩʦʩʪʘʚʠʣʦ ʦʢʦʣʦ ï10% ʦʪ ʚʩʝʛʦ ʜʠʘʧʘʟʦʥʘ ʜʣʷ ʟʜʦʨʦʚʳʭ ʨʘʩʪʝʥʠʡ, 

ʦʢʦʣʦ ï2% ʜʣʷ ʩʨʝʜʥʝʪʷʞʝʣʳʭ ʧʦʨʘʞʝʥʠʡ ʠ +20% ʜʣʷ ʪʷʞʝʣʳʭ ʧʦʨʘʞʝʥʠʡ: ʯʝʤ 

ʙʦʣʝʝ ʚʳʨʘʞʝʥʦ ʟʘʙʦʣʝʚʘʥʠʝ, ʪʝʤ ʰʠʨʝ ʦʙʱʠʡ ʢʚʘʥʪʠʣʴʥʳʡ ʜʠʘʧʘʟʦʥ ʟʥʘʯʝʥʠʡ 

ʚ ʥʘʯʘʣʝ ʢʨʘʩʥʦʡ ʛʨʘʥʠʮʳ. ʇʨʠ ʩʨʘʚʥʝʥʠʠ ʢʦʣʦʩʴʝʚ ʩ ʨʘʟʣʠʯʥʳʤ ʧʨʦʮʝʥʪʦʤ 

ʧʦʨʘʞʝʥʠʷ ʧʦʣʫʯʝʥʘ ʙʦʣʝʝ ʚʳʩʦʢʘʷ ʚʘʨʠʘʙʝʣʴʥʦʩʪʴ ʟʥʘʯʝʥʠʡ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʦʪʨʘʞʝʥʠʷ ʥʘ ʜʣʠʥʘʭ ʚʦʣʥ 350ï450 ʥʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʧʝʢʪʨʘʤʠ ʣʠʩʪʴʝʚ.  

 
 

ʈʠʩ. 1. ʋʩʨʝʜʥʝʥʥʳʝ ʠʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʩʧʝʢʪʨʘʣʴʥʦʛʦ                                       

ʦʪʨʘʞʝʥʠʷ ʣʠʩʪʴʝʚ ʷʯʤʝʥʷ ʨʘʟʥʳʭ ʩʪʝʧʝʥʝʡ ʧʦʨʘʞʝʥʠʷ  
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ɺ ʢʘʯʝʩʪʚʝ ʧʦʢʘʟʘʪʝʣʷ ʨʘʟʣʠʯʠʡ ʚ ʪʠʧʝ ʩʧʝʢʪʨʘʣʴʥʳʭ ʢʨʠʚʳʭ ʷʨʢʦʩʪʠ 

ʤʦʞʥʦ ʧʨʝʜʣʦʞʠʪʴ ʫʛʦʣ ʤʝʞʜʫ ʯʘʩʪʷʤʠ ʢʨʠʚʦʡ. ʆʪʨʘʞʝʥʠʝ ʥʘ ʜʣʠʥʘʭ ʚʦʣʥ ʦʪ 

550 ʜʦ 680 ʥʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ, ʤʘʢʩʠʤʘʣʴʥʦʤʫ ʠ ʤʠʥʠʤʘʣʴʥʦʤʫ ʦʪʨʘʞʝʥʠʶ 

ʟʜʦʨʦʚʦʛʦ ʨʘʩʪʝʥʠʷ. ʅʘʢʣʦʥ çʢʨʘʩʥʦʛʦ ʢʨʘʷè (710 ï 750 ʥʤ) ʚʩʝʛʜʘ ʙʦʣʝʝ 

ʧʦʣʦʛʠʡ ʫ ʨʘʩʪʝʥʠʡ, ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʩʪʨʝʩʩʦʚʦʤ ʩʦʩʪʦʷʥʠʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ ʫʛʦʣ 

ʤʝʞʜʫ ʜʘʥʥʳʤʠ ʯʘʩʪʷʤʠ ʛʨʘʬʠʢʘ ʜʣʷ ʟʜʦʨʦʚʳʭ ʠ ʙʦʣʴʥʳʭ ʨʘʩʪʝʥʠʡ ʦʪʣʠʯʘʝʪʩʷ. 

ʋ ʟʜʦʨʦʚʳʭ ʨʘʩʪʝʥʠʡ ʧʰʝʥʠʮʳ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʫʛʣʘ ʤʝʞʜʫ ʚʝʪʚʷʤʠ ʛʨʘʬʠʢʘ 

ʩʦʩʪʘʚʣʷʣʦ 59ï65%. ʇʨʠ ʩʨʝʜʥʝʡ ʩʪʝʧʝʥʠ ʪʷʞʝʩʪʠ ʟʘʙʦʣʝʚʘʥʠʷ ʵʪʦ ʟʥʘʯʝʥʠʝ 

ʩʦʩʪʘʚʣʷʣʦ 76ï78%, ʘ ʧʨʠ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ ʪʷʞʝʩʪʠ 86ï93% (100% 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʨʘʟʚʝʨʥʫʪʦʤʫ ʫʛʣʫ). ʊʘʢʦʡ ʧʨʠʟʥʘʢ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ 

ʩʨʘʚʥʝʥʠʷ ʩʧʝʢʪʨʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʪʨʘʞʝʥʠʷ ʣʠʩʪʴʝʚ ʜʣʷ ʦʮʝʥʢʠ ʩʪʝʧʝʥʠ 

ʧʦʨʘʞʝʥʠʷ. 

ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʧʦ ʦʙʥʘʨʫʞʝʥʠʶ 

ʟʘʙʦʣʝʚʘʥʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʠʧʝʨʩʧʝʢʪʨʘʣʴʥʳʭ ʠʟʤʝʨʝʥʠʡ (ʚ ʜʠʘʧʘʟʦʥʝ 

ʜʣʠʥ ʚʦʣʥ 350ï1150 ʥʤ) ʠ ʥʝʩʢʦʣʴʢʠʤʠ ʩʧʝʢʪʨʘʣʴʥʳʤʠ ʚʝʛʝʪʘʮʠʦʥʥʳʤʠ 

ʠʥʜʝʢʩʘʤʠ, ʢʦʪʦʨʳʝ ʥʘ 15ï17 ʜʝʥʴ ʫʢʘʟʳʚʘʶʪ ʥʘ ʨʘʟʚʠʪʠʝ ʟʘʙʦʣʝʚʘʥʠʷ [8]. 

ʉʧʝʢʪʨʘʣʴʥʳʝ ʧʦʢʘʟʘʪʝʣʠ ʩʚʷʟʘʥʳ ʩ ʨʘʟʣʠʯʥʳʤʠ ʫʨʦʚʥʷʤʠ ʩʦʜʝʨʞʘʥʠʷ 

ʭʣʦʨʦʬʠʣʣʘ, ʘʥʪʦʮʠʘʥʦʚ ʠ ʢʘʨʦʪʠʥʦʠʜʦʚ ʚ ʧʦʚʨʝʞʜʝʥʥʳʭ ʣʠʩʪʴʷʭ, ʠ ʨʘʟʣʠʯʠʷ 

ʤʦʞʥʦ ʦʙʥʘʨʫʞʠʪʴ ʚ ʜʠʘʧʘʟʦʥʝ ʚʠʜʠʤʦʛʦ ʩʚʝʪʘ, ʘ ʠʟʤʝʥʝʥʠʷ ʫʢʘʟʳʚʘʶʪ ʥʘ 

ʚʦʟʜʝʡʩʪʚʠʝ ʩʪʨʝʩʩʦʚ ʠ ʙʦʣʝʟʥʝʡ ʨʘʩʪʝʥʠʡ [9, 10]. 

ɼʣʷ ʩʝʣʴʩʢʦʭʦʟʷʡʩʪʚʝʥʥʳʭ ʢʫʣʴʪʫʨ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ʧʠʱʝʚʳʭ ʧʨʦʜʫʢʪʦʚ, ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʣʝʜʫʝʪ ʧʨʦʚʦʜʠʪʴ ʥʘ ʫʨʦʚʥʝ ʧʦʩʝʚʘ 

(ʦʪʜʝʣʴʥʦʛʦ ʧʦʣʷ ʠʣʠ ʛʨʫʧʧʳ ʧʦʣʝʡ) ʜʣʷ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʧʦʪʝʨʴ ʫʨʦʞʘʷ 

ʩʝʣʴʩʢʦʭʦʟʷʡʩʪʚʝʥʥʳʭ ʢʫʣʴʪʫʨ [11]. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʨʫʯʥʦʛʦ 

ʩʧʝʢʪʨʦʤʝʪʨʘ ʥʝʚʦʟʤʦʞʥʦ ʠ ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʠʩʪʘʥʮʠʦʥʥʳʝ ʤʝʪʦʜʳ 

ʦʮʝʥʢʠ. ʇʨʠ ʚʩʝʭ ʫʩʧʝʭʘʭ ʩʦʚʨʝʤʝʥʥʳʭ ʩʨʝʜʩʪʚ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʨʝʟʫʣʴʪʘʪʳ 

ʚʦ ʤʥʦʛʦʤ ʟʘʚʠʩʷʪ ʦʪ ʢʘʯʝʩʪʚʘ ʠʩʭʦʜʥʦʡ ʠʥʬʦʨʤʘʮʠʠ. ʅʝʡʨʦʩʝʪʝʚʘʷ ʤʦʜʝʣʴ 

ʩʧʨʘʚʠʣʘʩʴ ʩ ʠʜʝʥʪʠʬʠʢʘʮʠʝʡ ʟʜʦʨʦʚʳʭ ʣʠʩʪʴʝʚ ʠ ʢʦʣʦʩʴʝʚ, ʘ ʪʘʢʞʝ ʦʧʨʝʜʝʣʠʣʘ 

ʧʨʦʮʝʥʪ ʚʩʪʨʝʯʘʝʤʦʩʪʠ ʧʦʨʘʞʝʥʥʳʭ ʣʠʩʪʴʝʚ ʠ ʢʦʣʦʩʴʝʚ. ʈʝʟʫʣʴʪʘʪʳ 

ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʠ ʚʠʟʫʘʣʴʥʦʡ ʵʢʩʧʝʨʪʥʦʡ ʦʮʝʥʢʝ ʨʘʟʚʠʪʠʷ ʟʘʙʦʣʝʚʘʥʠʷ, ʚ ʩʣʫʯʘʝ 

ʟʜʦʨʦʚʳʭ ʨʘʩʪʝʥʠʡ ʪʦʯʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʪʘʢʞʝ ʜʦʩʪʠʛʘʣʘ 0,90ï0,98. 

ɻʠʧʝʨʩʧʝʢʪʨʘʣʴʥʳʝ ʠʟʤʝʨʝʥʠʷ ʦʪʨʘʞʝʥʠʷ ʟʜʦʨʦʚʳʭ/ʙʦʣʴʥʳʭ ʨʘʩʪʝʥʠʡ ʚ 

ʧʦʣʝʚʳʭ ʫʩʣʦʚʠʷʭ ʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʣʛʦʨʠʪʤʦʚ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ 

ʷʚʣʷʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʨʠʩʫʪʩʪʚʠʷ ʟʘʙʦʣʝʚʘʥʠʡ. ʆʜʥʘʢʦ 

ʪʘʢʞʝ ʤʥʦʛʦʦʙʝʱʘʶʱʠʝ ʨʝʟʫʣʴʪʘʪʳ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʧʨʠ ʙʦʣʝʝ çʧʨʦʩʪʳʭè 

ʘʣʛʦʨʠʪʤʘʭ ʦʙʨʘʙʦʪʢʠ ʥʘʙʦʨʦʚ ʜʘʥʥʳʭ, ʢʦʪʦʨʳʝ ʧʦʣʫʯʝʥʳ ʧʨʠ 

ʩʧʝʢʪʨʦʤʝʪʨʠʯʝʩʢʦʤ ʦʙʩʣʝʜʦʚʘʥʠʠ ʧʦʩʝʚʦʚ.  
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ʆʧʳʪ ʵʢʩʧʣʫʘʪʘʮʠʠ ʘʚʠʘʮʠʦʥʥʦʡ ʪʝʭʥʠʢʠ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʦʙʣʝʜʝʥʝʥʠʝ 

ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʧʘʩʥʳʭ ʚʦʟʜʝʡʩʪʚʠʡ ʝʩʪʝʩʪʚʝʥʥʦʡ ʚʥʝʰʥʝʡ ʩʨʝʜʳ ʠ ʩʦʟʜʘʝʪ 

ʩʝʨʴʝʟʥʫʶ ʧʨʦʙʣʝʤʫ ʜʣʷ ʙʝʟʦʧʘʩʥʦʩʪʠ ʧʦʣʝʪʦʚ ʛʨʘʞʜʘʥʩʢʠʭ ʩʘʤʦʣʝʪʦʚ ʚʦ ʚʩʝʤ 

ʤʠʨʝ. ɼʣʷ ʫʤʝʥʴʰʝʥʠʷ ʪʨʫʜʦʟʘʪʨʘʪ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚʥʝʜʨʷʶʪʩʷ 

ʩʦʚʨʝʤʝʥʥʳʝ ʯʠʩʣʝʥʥʳʝ ʤʝʪʦʜʠʢʠ ʜʣʷ ʨʘʩʯʝʪʘ ʦʙʣʝʜʝʥʝʥʠʷ ʠ ʚʣʠʷʥʠʷ ʥʘ 

ʘʵʨʦʜʠʥʘʤʠʢʫ ʤʦʜʝʣʝʡ [1]. ɼʣʷ ʫʣʫʯʰʝʥʠʷ ʢʘʯʝʩʪʚʘ ʧʦʣʫʯʘʝʤʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʚ 

ʇʇ çʃʦʛʦʩè ʙʳʣʠ ʜʦʨʘʙʦʪʘʥʳ ʤʝʪʦʜʳ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ 

ʧʨʦʮʝʩʩʘ ʦʙʣʝʜʝʥʝʥʠʷ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ, ʚ ʯʘʩʪʠ ʫʯʝʪʘ 

ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʪʚʝʨʜʦʡ ʧʦʚʝʨʭʥʦʩʪʠ [2] ʠ ʫʯʝʪʘ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʣʦʰʥʦʡ ʩʨʝʜʳ. 

ɺ ʨʝʞʠʤʘʭ ʦʙʣʝʜʝʥʝʥʠʷ, ʢʦʛʜʘ ʪʝʤʧʝʨʘʪʫʨʘ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ ʥʘʭʦʜʠʪʩʷ 

ʦʢʦʣʦ ʥʫʣʷ ʛʨʘʜʫʩʦʚ ʜʘʥʥʳʝ ʫʣʫʯʰʝʥʠʷ, ʧʦʟʚʦʣʠʣʠ ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʬʦʨʤʳ 

ʣʝʜʷʥʳʭ ʥʘʨʦʩʪʦʚ, ʢʦʪʦʨʳʝ ʣʫʯʰʝ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ 

ʜʘʥʥʳʤʠ. ʇʨʠ ʪʘʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʦʜʷʥʘʷ ʬʘʟʘ ʥʘʭʦʜʠʪʩʷ ʚ ʧʦʛʨʘʥʠʯʥʦʤ 

ʩʦʩʪʦʷʥʠʠ ʤʝʞʜʫ ʞʠʜʢʦʩʪʴʶ ʠ ʣʴʜʦʤ, ʨʘʩʪʝʢʘʷʩʴ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʫʝʪ 

ʨʦʛʦʦʙʨʘʟʥʳʝ ʥʘʨʦʩʪʳ ʩʣʦʞʥʦʡ ʬʦʨʤʳ, ʢʦʪʦʨʳʝ ʩʠʣʴʥʦ ʚʣʠʷʶʪ ʥʘ 

ʘʵʨʦʜʠʥʘʤʠʢʫ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ. ʇʨʘʚʠʣʴʥʦʝ ʧʨʝʜʩʢʘʟʘʥʠʝ ʤʝʩʪ 

ʦʙʨʘʟʦʚʘʥʠʷ ʥʘʣʝʜʠ ʠ ʬʦʨʤ ʣʝʜʷʥʳʭ ʥʘʨʦʩʪʦʚ, ʧʨʠ ʪʘʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, 

ʧʦʟʚʦʣʠʪ ʧʦʚʳʩʠʪʴ ʙʝʟʦʧʘʩʥʦʩʪʴ ʵʢʩʧʣʫʘʪʠʨʫʝʤʦʡ ʘʚʠʘʮʠʦʥʥʦʡ ʪʝʭʥʠʢʠ. ɺ 

ʨʘʙʦʪʝ ʧʨʠʚʝʜʝʥʳ ʦʩʥʦʚʥʳʝ ʫʨʘʚʥʝʥʠʷ ʠ ʠʭ ʤʦʜʠʬʠʢʘʮʠʠ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʠʣʠ 

ʧʦʣʫʯʠʪʴ ʙʦʣʝʝ ʢʘʯʝʩʪʚʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʦʙʣʝʜʝʥʝʥʠʷ 

ʧʨʦʬʠʣʷ ʢʨʳʣʘ NACA0012 ʚ ʚʝʨʠʬʠʢʘʮʠʦʥʥʳʭ ʟʘʜʘʯʘʭ. 

ʈʝʟʫʣʴʪʘʪʳ ʧʦʣʫʯʝʥʳ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʥʘʮʠʦʥʘʣʴʥʦʛʦ ʧʨʦʝʢʪʘ 

çʅʘʫʢʘ ʠ ʫʥʠʚʝʨʩʠʪʝʪʳè ʚ ʨʘʤʢʘʭ ʧʨʦʛʨʘʤʤʳ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ ʧʦ ʩʦʟʜʘʥʠʶ 

ʤʦʣʦʜʝʞʥʳʭ ʣʘʙʦʨʘʪʦʨʠʡ ˉ FSWE-2024-0001 (ʥʘʫʯʥʘʷ ʪʝʤʘ: çʈʘʟʨʘʙʦʪʢʘ 

ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ, ʤʦʜʝʣʝʡ ʠ ʘʣʛʦʨʠʪʤʦʚ ʜʣʷ ʦʧʠʩʘʥʠʷ ʪʝʯʝʥʠʡ ʞʠʜʢʦʩʪʝʡ ʠ 

ʛʘʟʦʚ ʚ ʝʩʪʝʩʪʚʝʥʥʳʭ ʧʨʠʨʦʜʥʳʭ ʫʩʣʦʚʠʷʭ, ʠ ʫʩʣʦʚʠʷʭ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ 

ʠʥʜʫʩʪʨʠʘʣʴʥʳʭ ʦʙʲʝʢʪʦʚ ʚ ʰʪʘʪʥʳʭ ʠ ʢʨʠʪʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ ʥʘ 

ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʘʭ ʵʢʩʘ- ʠ ʟʝʪʪʘʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠè).  
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ʋʨʘʚʥʝʥʠʷ ʛʠʜʨʦʪʝʨʤʦʜʠʥʘʤʠʢʠ ʘʪʤʦʩʬʝʨʳ ʷʚʣʷʶʪʩʷ ʪʠʧʠʯʥʳʤ 

ʧʨʠʤʝʨʦʤ ʞʝʩʪʢʦʡ ʩʠʩʪʝʤʳ, ʦʧʠʩʳʚʘʶʱʝʡ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʷʚʣʝʥʠʡ ʩ 

ʚʨʝʤʝʥʥʳʤʠ ʤʘʩʰʪʘʙʘʤʠ ʦʪ ʤʝʩʷʮʝʚ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʩʝʢʫʥʜ. ɺʳʯʠʩʣʠʪʝʣʴʥʘʷ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʪʘʢʠʭ ʩʠʩʪʝʤ ʚʦ ʤʥʦʛʦʤ ʟʘʚʠʩʠʪ ʦʪ ʚʳʙʦʨʘ 

ʤʝʪʦʜʘ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʧʦ ʚʨʝʤʝʥʠ.  

ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʷʚʥʳʭ ʤʝʪʦʜʦʚ ʨʘʟʤʝʨ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ ʤʦʜʝʣʠ 

ʦʛʨʘʥʠʯʝʥ (ʠʟ ʩʦʦʙʨʘʞʝʥʠʡ ʫʩʪʦʡʯʠʚʦʩʪʠ) ʬʘʟʦʚʦʡ ʩʢʦʨʦʩʪʴʶ ʙʳʩʪʨʳʭ 

ʟʚʫʢʦʚʳʭ ʠ ʠʥʝʨʮʠʦʥʥʦ-ʛʨʘʚʠʪʘʮʠʦʥʥʳʭ ʚʦʣʥ, ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʚʢʣʘʜ ʢʦʪʦʨʳʭ 

ʷʚʣʷʝʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʳʤ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʨʦʛʥʦʟʘ ʧʦʛʦʜʳ ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʢʣʠʤʘʪʘ [1]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʰʘʛ ʧʦ ʚʨʝʤʝʥʠ, ʦʧʨʝʜʝʣʷʝʤʳʡ ʠʟ ʪʨʝʙʦʚʘʥʠʷ 

ʫʩʪʦʡʯʠʚʦʛʦ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ, ʥʘʤʥʦʛʦ ʤʝʥʴʰʝ ʰʘʛʘ, ʦʧʨʝʜʝʣʷʝʤʦʛʦ ʠʟ 

ʩʦʦʙʨʘʞʝʥʠʡ ʪʦʯʥʦʩʪʠ ʧʦʣʫʯʘʝʤʳʭ ʨʝʰʝʥʠʡ.  

ʅʝʷʚʥʳʝ ʤʝʪʦʜʳ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʧʦ ʚʨʝʤʝʥʠ ʧʦʟʚʦʣʷʶʪ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʴʰʠʝ ʰʘʛʠ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʧʦ ʚʨʝʤʝʥʠ. ʆʩʥʦʚʥʳʝ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʟʘʪʨʘʪʳ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʥʝʷʚʥʦʛʦ ʤʝʪʦʜʘ ʦʙʫʩʣʦʚʣʝʥʳ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʨʝʰʝʥʠʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʩʠʩʪʝʤ ʣʠʥʝʡʥʳʭ 

ʘʣʛʝʙʨʘʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ (ʉʃɸʋ) ʩ ʙʦʣʴʰʠʤʠ ʨʘʟʨʝʞʝʥʥʳʤʠ ʤʘʪʨʠʮʘʤʠ ʥʘ 

ʢʘʞʜʦʤ ʰʘʛʝ ʧʦ ʚʨʝʤʝʥʠ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʥʝʷʚʥʦʛʦ 

ʧʦʜʭʦʜʘ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʩʪʴʶ ʦʧʨʝʜʝʣʷʝʪʩʷ ʯʠʩʣʝʥʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʠ 

ʧʘʨʘʣʣʝʣʴʥʦʡ ʤʘʩʰʪʘʙʠʨʫʝʤʦʩʪʴʶ ʘʣʛʦʨʠʪʤʘ ʨʝʰʝʥʠʷ ʚʦʟʥʠʢʘʶʱʠʭ ʉʃɸʋ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ ʀɺʄ ʈɸʅ ʠ ɻʠʜʨʦʤʝʪʮʝʥʪʨʝ ʈʦʩʩʠʠ ʚʝʜʝʪʩʷ 

ʨʘʟʨʘʙʦʪʢʘ ʛʣʦʙʘʣʴʥʦʡ ʘʪʤʦʩʬʝʨʥʦʡ ʤʦʜʝʣʠ ʩʣʝʜʫʶʱʝʛʦ ʧʦʢʦʣʝʥʠʷ ʥʘ ʩʝʪʢʝ 

ʢʫʙʠʯʝʩʢʘʷ ʩʬʝʨʘ [2]. ʇʦʣʫʥʝʷʚʥʳʡ [3] ʤʝʪʦʜ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʚʨʝʤʝʥʠ 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʘʢ ʦʜʠʥ ʠʟ ʦʩʥʦʚʥʳʭ ʚʘʨʠʘʥʪʦʚ ʜʣʷ ʜʘʥʥʦʡ ʤʦʜʝʣʠ. ɺ ʨʘʤʢʘʭ 

ʜʦʢʣʘʜʘ ʙʫʜʫʪ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʟʨʘʙʦʪʢʠ ʠ ʚʥʝʜʨʝʥʠʷ ʚ ʤʦʜʝʣʴ 

ʧʘʨʘʣʣʝʣʴʥʳʭ ʤʝʪʦʜʦʚ ʨʝʰʝʥʠʷ ʉʃɸʋ. ɺ ʯʘʩʪʥʦʩʪʠ, ʙʫʜʫʪ ʨʘʩʩʤʦʪʨʝʥʳ 

ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʢʦʨʦʩʪʠ ʩʭʦʜʠʤʦʩʪʠ, ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʠ 

ʧʘʨʘʣʣʝʣʴʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʝʘʣʠʟʦʚʘʥʥʳʭ ʧʦʜʭʦʜʦʚ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ (ʈʅʌ), 
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ɸʢʪʠʚʥʦʝ ʨʘʟʚʠʪʠʝ ɸʨʢʪʠʯʝʩʢʦʛʦ ʨʝʛʠʦʥʘ, ʙʦʛʘʪʦʛʦ ʟʘʧʘʩʘʤʠ ʧʦʣʝʟʥʳʭ 

ʠʩʢʦʧʘʝʤʳʭ, ʧʨʠʚʝʣʦ ʢ ʧʦʷʚʣʝʥʠʶ ʥʦʚʳʭ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʨʘʟʚʠʪʠʷ 

ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʤʝʩʪʦʨʦʞʜʝʥʠʡ. ʆʜʥʦʡ ʠʟ ʧʦʜʦʙʥʳʭ 

ʪʝʭʥʦʣʦʛʠʡ ʷʚʣʷʝʪʩʷ ʩʝʟʦʥʥʦʝ ʚʦʟʚʝʜʝʥʠʝ ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʣʝʜʦʚʳʭ ʦʩʪʨʦʚʦʚ ʚ 

ʢʘʯʝʩʪʚʝ ʥʝʬʪʷʥʳʭ ʧʣʘʪʬʦʨʤ ʠ ʧʣʦʱʘʜʦʢ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʛʝʦʣʦʛʦʨʘʟʚʝʜʦʯʥʳʭ 

ʨʘʙʦʪ ʠ ʠʩʩʣʝʜʦʚʘʥʠʡ [1]. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʧʦʜʦʙʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ ʧʨʠʚʦʜʠʪ ʢ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʦʮʝʥʢʠ ʠʭ ʩʪʦʡʢʦʩʪʠ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʠ 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʚʦʟʜʝʡʩʪʚʠʡ. ɼʣʷ ʫʯʸʪʘ ʪʘʷʥʠʷ ʣʴʜʘ ʧʨʠ ʥʘʣʠʯʠʠ ʪʝʧʣʦʚʳʭ 

ʧʦʪʦʢʦʚ ʦʪ ʪʸʧʣʳʭ ʪʝʯʝʥʠʡ ʚʦʜʳ ʠ ʚʦʟʜʫʭʘ ʨʘʥʝʝ ʙʳʣʘ ʧʦʩʪʘʚʣʝʥʘ ʠ ʨʝʰʝʥʘ 

ʟʘʜʘʯʘ ʉʪʝʬʘʥʘ ʚ ʨʘʙʦʪʘʭ [2, 3]. ʂ ʪʦʤʫ ʞʝ, ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʝ 

ʦʮʝʥʢʠ ʥʝ ʨʘʟʨʫʰʝʥʠʷ ʣʴʜʘ ʧʦʜ ʥʘʛʨʫʟʢʦʡ ʦʪ ʚʝʩʘ ʙʫʨʦʚʦʡ ʫʩʪʘʥʦʚʢʠ, ʦʜʥʘʢʦ, 

ʙʝʟ ʫʯʸʪʘ ʚʣʠʷʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʧʨʦʯʥʦʩʪʥʳʝ ʩʚʦʡʩʪʚʘ ʣʴʜʘ. 

ɺ ʨʘʤʢʘʭ ʧʨʦʜʦʣʞʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠʩʧʦʣʴʟʫʝʤʘʷ ʘʚʪʦʨʦʤ [3] 

ʜʚʫʤʝʨʥʘʷ ʧʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʙʳʣʘ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʘ ʩ ʧʦʤʦʱʴʶ ʚʚʝʜʝʥʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʣʫʯʝʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʣʴʜʘ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ [4ï7]. ɺ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʘ ʩʝʨʠʷ ʨʘʩʯʸʪʦʚ ʜʣʷ ʨʘʟʣʠʯʥʳʭ 

ʧʣʦʱʘʜʝʡ ʧʨʠʣʦʞʝʥʠʷ ʥʘʛʨʫʟʢʠ. ʎʝʣʴʶ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʘʚʠʪʩʷ ʦʧʨʝʜʝʣʝʥʠʝ 

ʤʠʥʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʥʘʛʨʫʟʢʠ, ʧʨʠ ʢʦʪʦʨʳʭ ʨʘʟʨʫʰʘʝʪʩʷ ʣʸʜ, ʘ ʪʘʢʞʝ 

ʚʳʜʝʣʝʥʠʝ ʭʘʨʘʢʪʝʨʥʳʭ ʟʦʥ ʨʘʟʨʫʰʝʥʠʷ ʣʴʜʘ. ɼʣʷ ʵʪʦʛʦ ʨʝʰʘʝʪʩʷ ʟʘʜʘʯʘ 

ʫʩʪʘʥʦʚʣʝʥʠʷ, ʚ ʢʦʪʦʨʦʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʠʥʘʤʠʯʝʩʢʘʷ ʦʧʨʝʜʝʣʷʶʱʘʷ ʩʠʩʪʝʤʘ 

ʫʨʘʚʥʝʥʠʡ ʣʠʥʝʡʥʦʡ ʠʟʦʪʨʦʧʥʦʡ ʪʝʦʨʠʠ ʫʧʨʫʛʦʩʪʠ ʠ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʝ 

ʚʨʝʤʷ ʨʘʩʯʸʪʘ, ʛʘʨʘʥʪʠʨʫʶʱʝʝ ʟʘʪʫʭʘʥʠʝ ʚʦʟʥʠʢʘʶʱʠʭ ʧʦʜ ʥʘʛʨʫʟʢʦʡ ʚʦʣʥ ʠ 

ʫʩʪʨʝʤʣʷʶʱʝʝ ʟʘʜʘʯʫ ʢ ʩʪʘʪʠʢʝ. ʉʪʨʦʠʪʩʷ ʤʦʜʝʣʴ ʘʢʚʘʪʦʨʠʠ ɸʨʢʪʠʯʝʩʢʠʭ 
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ʤʦʨʝʡ, ʩʦʩʪʦʷʱʘʷ ʠʟ ʣʝʜʦʚʦʛʦ ʦʩʪʨʦʚʘ, ʦʢʨʫʞʸʥʥʦʛʦ ʚʦʜʦʡ, ʩʪʦʷʱʝʛʦ ʥʘ 

ʩʤʷʛʯʸʥʥʦʤ ʤʦʨʩʢʦʤ ʛʨʫʥʪʝ, ʧʦʜ ʢʦʪʦʨʳʤ ʨʘʩʧʦʣʦʞʝʥ ʙʦʣʝʝ ʞʸʩʪʢʠʡ ʩʣʦʡ 

ʧʦʨʦʜʳ. ʉʯʠʪʘʝʪʩʷ, ʯʪʦ ʦʩʪʨʦʚ (ʧʦʧʝʨʝʯʥʳʤ ʨʘʟʤʝʨʦʤ 300 ʤ ʠ ʚʳʩʦʪʦʡ 10 ʤ) 

ʙʳʣ ʧʦʩʪʨʦʝʥ ʚ ʷʥʚʘʨʝ, ʠ ʝʛʦ ʧʝʨʠʦʜ ʵʢʩʧʣʫʘʪʘʮʠʠ ʟʘʢʘʥʯʠʚʘʝʪʩʷ ʚ ʘʚʛʫʩʪʝ. ɺ 

ʨʘʙʦʪʝ ʫʯʠʪʳʚʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝ ʝʛʦ ʛʝʦʤʝʪʨʠʠ ʠ ʨʘʩʩʯʠʪʘʥʥʳʝ ʪʝʤʧʝʨʘʪʫʨʥʳʝ 

ʧʨʦʬʠʣʠ ʚ ʢʦʥʮʝ ʢʘʞʜʦʛʦ ʤʝʩʷʮʘ.  

ʄʘʢʝʪ ʨʘʩʯʸʪʥʦʡ ʦʙʣʘʩʪʠ ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʧʨʦʬʠʣʠ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ. 1. 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʦʚ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʪʘʷʥʠʝ ʣʴʜʘ ʧʨʦʠʩʭʦʜʠʪ, ʚ ʦʩʥʦʚʥʦʤ, ʥʘ 

ʢʦʥʪʘʢʪʝ ʩ ʚʦʜʦʡ ʜʣʷ 1ï5 ʤʝʩʷʮʝʚ. ɿʥʘʯʠʪʝʣʴʥʦʝ ʧʦʥʠʞʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʚʙʣʠʟʠ ʚʝʨʭʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʣʴʜʘ ʥʘʯʠʥʘʝʪʩʷ ʚ ʣʝʪʥʠʡ ʧʝʨʠʦʜ (6ï8 ʤʝʩʷʮʳ). 

ɼʣʷ ʢʘʞʜʦʡ ʯʘʩʪʠ ʨʘʩʯʸʪʥʦʡ ʦʙʣʘʩʪʠ ʛʝʥʝʨʠʨʫʶʪʩʷ ʢʨʠʚʦʣʠʥʝʡʥʳʝ ʧʦʜʚʠʞʥʳʝ 

ʩʝʪʢʠ, ʚ ʢʘʞʜʦʤ ʫʟʣʝ ʢʦʪʦʨʳʭ ʩʦʭʨʘʥʷʶʪʩʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʫʧʨʫʛʠʝ 

ʧʘʨʘʤʝʪʨʳ. ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʳʡ ʰʘʛ ʚ ʦʩʪʨʦʚʝ (0) ʚʜʦʣʴ ʚʝʨʪʠʢʘʣʴʥʦʛʦ 

ʥʘʧʨʘʚʣʝʥʠʷ, Ὤ , ʢʦʣʝʙʘʣʩʷ ʦʪ 0.04984 ʤ ʜʦ 0.04985 ʤ, ʚʜʦʣʴ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ, 

Ὤ , ï ʦʪ 0.35 ʤ ʜʦ 1.2 ʤ. ʋʧʨʫʛʠʝ ʠ ʩʝʪʦʯʥʳʝ ʧʘʨʘʤʝʪʨʳ ʦʩʪʘʣʴʥʳʭ ʩʣʦʸʚ 

ʧʨʠʚʝʜʝʥʳ ʚ ʊʘʙʣʠʮʝ 1. ʄʝʞʜʫ ʩʝʪʢʘʤʠ ʩʪʘʚʠʪʩʷ ʢʦʥʪʘʢʪʥʦʝ ʫʩʣʦʚʠʝ ʧʦʣʥʦʛʦ 

ʩʣʠʧʘʥʠʷ, ʚʝʨʭʥʷʷ ʛʨʘʥʠʮʘ ʩʯʠʪʘʝʪʩʷ ʩʚʦʙʦʜʥʦʡ, ʙʦʢʦʚʳʝ ʩʪʦʨʦʥʳ ï 

ʥʝʦʪʨʘʞʘʶʱʠʝ. ʈʘʩʯʸʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʚʨʝʤʝʥʥʳʤ ʰʘʛʦʤ ʚ 10 ʤʢʩ ʜʦ ʤʦʤʝʥʪʘ 

ʧʦʷʚʣʝʥʠʷ ʧʝʨʚʳʭ ʨʘʟʨʫʰʝʥʠʡ ʠʣʠ ʜʦ 0.2 ʩ, ʢʦʛʜʘ ʘʤʧʣʠʪʫʜʘ ʚʦʣʥʦʚʳʭ 

ʧʨʦʮʝʩʩʦʚ ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʘʝʪʩʷ. ɺʳʯʠʩʣʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʧʦʤʦʱʴʶ 

ʩʝʪʦʯʥʦ-ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʛʦ ʤʝʪʦʜʘ ʠ ʤʦʥʦʪʦʥʠʟʠʨʦʚʘʥʥʦʡ ʩʭʝʤʳ ʪʨʝʪʴʝʛʦ 

ʧʦʨʷʜʢʘ ʘʧʧʨʦʢʩʠʤʘʮʠʠ [8]. 

 

 

ʈʠʩ. 1. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʧʨʦʬʠʣʠ ʚ ʣʝʜʦʚʦʤ ʦʩʪʨʦʚʝ ʚ ʢʦʥʮʝ                       

ʢʘʞʜʦʛʦ ʤʝʩʷʮʘ ʠ ʩʭʝʤʘ ʨʘʩʯʸʪʥʦʡ ʦʙʣʘʩʪʠ. 

ʊʘʙʣʠʮʘ 1: ʋʧʨʫʛʠʝ ʠ ʩʝʪʦʯʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʣʦʸʚ. 

ˉ ʉʣʦʡ Ὤ , ʤ Ὤ , ʤ ὧ , ʤ/ʩ ὧ , ʤ/ʩ ”, ʢʛ/ʤ
3
 

1 ɺʦʜʘ 
0.04984-

0.04985 
ρ 1500 1 1000 

2 ʄʦʨʩʢʦʝ ʜʥʦ 1 0.35-1.2 1806 316 2500 

3 ʅʠʞʥʠʡ ʛʨʫʥʪ 1 0.35-1.2 2250 1000 2500 
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ɼʣʷ ʫʯʸʪʘ ʥʝʣʠʥʝʡʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʣʴʜʘ ʠ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʝʛʦ 

ʩʚʦʡʩʪʚ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚʷʟʢʦʫʧʨʫʛʘʷ ʤʦʜʝʣʴ ʣʴʜʘ ʩ ʨʘʟʨʫʰʝʥʠʝʤ. ʋʧʨʫʛʠʝ 

ʧʘʨʘʤʝʪʨʳ ʣʴʜʘ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʧʦ ʬʦʨʤʫʣʝ ɹʝʨʜʝʥʥʠʢʦʚʘ: Ὁ ρ

σὛȾὛ ψχȢφ  πȢςρὝ  πȢππρχὝ Ͻ ρπ  ʇʘ [4], ʛʜʝ ʦʪʥʦʰʝʥʠʝ ʩʦʣʸʥʦʩʪʠ ʣʴʜʘ 

Ὓ τϸ ʠ ʩʦʣʸʥʦʩʪʠ ʨʘʩʩʦʣʘ Ὓ  ʧʦʣʘʛʘʝʪʩʷ ʨʘʚʥʳʤ ὛȾὛ πȢςυ, ʪʝʤʧʝʨʘʪʫʨʘ Ὕ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʘʩʩʯʠʪʘʥʥʳʤ ʧʨʦʬʠʣʷʤ ʚ ʢʦʥʮʝ ʢʘʞʜʦʛʦ ʤʝʩʷʮʘ. ʂʦʵʬʬʠʮʠʝʥʪ 

ʇʫʘʩʩʦʥʘ ʣʴʜʘ ʨʘʚʥʷʣʩʷ ’ πȢςωυ, ʧʣʦʪʥʦʩʪʴ ʚʳʯʠʩʣʷʣʘʩʴ ʢʘʢ ”
ωρχ ρ πȢπππρφυὝ  ʢʛ/ʤ3 [5]. ʇʨʦʯʥʦʩʪʴ ʣʴʜʘ ʦʮʝʥʠʚʘʣʘʩʴ ʩʦʛʣʘʩʥʦ 

ʬʦʨʤʫʣʝ Ὧ ρȢχφ ÅØÐ υȢψψ ὺ  ʄʇʘ [6], ʧʦʣʫʯʝʥʥʦʡ ʥʘ ʦʩʥʦʚʝ 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʦʙʰʠʨʥʦʛʦ ʦʙʲʸʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ. ɿʜʝʩʴ ʤʘʩʩʦʚʘʷ 

ʜʦʣʷ ὺ  ʦʧʨʝʜʝʣʷʣʘʩʴ ʩʦʛʣʘʩʥʦ ʟʘʚʠʩʠʤʦʩʪʠ ʌʨʘʥʢʝʥʰʪʝʡʥʘ-ɻʘʨʥʝʨʘ ὺ
Ὓ τωȢρψυȾȿὝȿ   πȢυσς ϸ [7]. ɺʷʟʢʦʫʧʨʫʛʦʝ ʧʦʚʝʜʝʥʠʝ ʣʴʜʘ ʨʝʘʣʠʟʦʚʘʥʦ ʩ 

ʧʦʤʦʱʴʶ ʤʦʜʝʣʠ ʄʘʢʩʚʝʣʣʘ ʩ ʭʘʨʘʢʪʝʨʥʳʤ ʜʣʷ ʣʴʜʘ ʚʨʝʤʝʥʝʤ ʨʝʣʘʢʩʘʮʠʠ ʚ 2 

ʤʩ. ɿʦʥʳ ʨʘʟʨʫʰʝʥʥʦʛʦ ʣʴʜʘ ʦʧʨʝʜʝʣʷʣʠʩʴ ʩʦʛʣʘʩʥʦ ʢʨʠʪʝʨʠʶ ʬʦʥ ʄʠʟʝʩʘ 

(πȢυί ί Ὧ π, ί  ï ʜʝʚʠʘʪʦʨ ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ) [9]. ɺ ʨʘʟʨʫʰʝʥʥʳʭ 

ʫʟʣʘʭ ʩʝʪʢʠ ʨʝʘʣʠʟʦʚʳʚʘʣʘʩʴ ʧʣʘʩʪʠʯʥʦʩʪʴ, ʪʦ ʝʩʪʴ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʧʦʩʪʦʷʥʥʘʷ 

ʢʦʨʨʝʢʮʠʷ ʥʘʧʨʷʞʝʥʠʡ ʜʣʷ ʚʦʟʚʨʘʪʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʪʝʢʫʯʝʩʪʠ. 

ɺ ʢʘʯʝʩʪʚʝ ʥʘʛʨʫʟʢʠ ʚ ʮʝʥʪʨʝ ʦʩʪʨʦʚʘ ʥʘ ʚʝʨʭʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʪʘʚʠʣʦʩʴ 

ʫʩʣʦʚʠʝ ʧʦʩʪʦʷʥʥʦʡ ʩʠʣʳ ʥʘ ʧʨʦʪʷʞʝʥʠʠ 5, 10, 25, 50, 75, 100 ʠ 150 ʤ. 

ʆʩʥʦʚʥʦʝ ʨʘʟʨʫʰʝʥʠʝ ʧʨʦʠʩʭʦʜʠʣʦ ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʟʦʥʳ ʧʨʠʣʦʞʝʥʠʷ ʥʘʛʨʫʟʢʠ, ʘ 

ʪʘʢʞʝ ʥʘ ʪʳʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʦʩʪʨʦʚʘ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʦʜ ʵʪʦʡ ʟʦʥʦʡ. 

ɺʝʣʠʯʠʥʘ ʥʘʛʨʫʟʢʠ ʚʘʨʴʠʨʦʚʘʣʘʩʴ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʤʠʥʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ, 

ʧʨʠ ʢʦʪʦʨʳʭ ʥʘʯʠʥʘʝʪʩʷ ʨʘʟʨʫʰʝʥʠʝ ʣʴʜʘ. ʅʘʡʜʝʥʥʳʝ ʦʮʝʥʢʠ ʜʣʷ ʢʘʞʜʦʛʦ 

ʤʝʩʷʮʘ ʠʟʦʙʨʘʞʝʥʳ ʥʘ ʨʠʩ. 2. ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʣʸʜ ʩʯʠʪʘʣʩʷ ʨʘʟʨʫʰʝʥʥʳʤ 

ʜʘʞʝ ʧʨʠ ʨʘʟʨʫʰʝʥʠʠ ʦʜʥʦʛʦ ʫʟʣʘ ʨʘʩʯʸʪʥʦʡ ʦʙʣʘʩʪʠ, ʯʪʦ ʥʘ ʧʨʘʢʪʠʢʝ ʥʝ 

ʜʦʣʞʥʦ ʧʨʠʚʦʜʠʪʴ ʢ ʩʫʱʝʩʪʚʝʥʥʦʡ ʧʦʪʝʨʠ ʥʝʩʫʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ ʜʘʥʥʦʡ 

ʢʦʥʩʪʨʫʢʮʠʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠʚʝʜʸʥʥʳʝ ʦʮʝʥʢʠ ʧʨʝʜʩʪʘʚʣʷʶʪʩʷ ʦʙʦʩʥʦʚʘʥʦ 

ʟʘʥʠʞʝʥʥʳʤʠ.  

 

ʈʠʩ. 2. ʇʨʝʜʝʣʴʥʘʷ ʥʘʛʨʫʟʢʘ, ʧʦʣʫʯʝʥʥʘʷ ʚ ʢʘʞʜʳʡ ʤʝʩʷʮ. 
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ʅʘ ʛʨʘʬʠʢʝ ʚʠʜʥʦ, ʯʪʦ ʥʘʠʙʦʣʝʝ ʧʨʦʯʥʳʤ ʣʸʜ ʦʢʘʟʳʚʘʝʪʩʷ, ʚ ʦʩʥʦʚʥʦʤ, ʚ 

ʢʦʥʮʝ ʤʘʷ, ʯʪʦ ʚ ʧʦʣʝʚʳʭ ʫʩʣʦʚʠʷʭ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʢʦʥʮʫ ʟʠʤʳ, ʢʦʛʜʘ 

ʝʩʪʝʩʪʚʝʥʥʳʝ ʣʝʜʷʥʳʝ ʦʙʨʘʟʦʚʘʥʠʷ ʟʘʢʘʥʯʠʚʘʶʪ ʩʚʦʸ ʬʦʨʤʠʨʦʚʘʥʠʝ ʠ 

ʦʙʣʘʜʘʶʪ ʥʘʠʙʦʣʴʰʝʡ ʧʨʦʯʥʦʩʪʴʶ. ɺ ʣʝʪʥʠʡ ʧʝʨʠʦʜ ʩ ʠʶʥʷ ʧʦ ʘʚʛʫʩʪ ʣʸʜ ʪʘʝʪ 

ʥʘʠʙʦʣʝʝ ʘʢʪʠʚʥʦ, ʪʝʤʧʝʨʘʪʫʨʘ ʚʙʣʠʟʠ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʩʪʸʪ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʫʤʝʥʴʰʝʥʠʶ ʝʛʦ ʧʨʦʯʥʦʩʪʠ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʤʝʥʴʰʝʡ ʩʪʦʡʢʦʩʪʠ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʨʘʟʛʨʫʟʢʠ ʠʣʠ ʧʨʝʢʨʘʱʝʥʠʷ 

ʵʢʩʧʣʫʘʪʘʮʠʠ ʦʩʪʨʦʚʘ ʚ ʣʝʪʥʠʡ ʧʝʨʠʦʜ. 

ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʟʦʥʳ ʧʨʠʣʦʞʝʥʠʷ ʥʘʛʨʫʟʢʠ ʩ 5 ʜʦ 25 ʤ ʚʝʣʠʯʠʥʘ 

ʧʨʝʜʝʣʴʥʦʡ ʥʘʛʨʫʟʢʠ ʟʥʘʯʠʪʝʣʴʥʦ ʫʤʝʥʴʰʘʝʪʩʷ ʚ ʟʠʤʥʠʝ ʠ ʚʝʩʝʥʥʠʝ ʤʝʩʷʮʳ, 

ʦʜʥʘʢʦ ʟʘʪʝʤ ʥʝʤʥʦʛʦ ʚʦʟʨʘʩʪʘʝʪ ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʤʝʥʷʝʪʩʷ. ɺ ʣʝʪʥʠʝ ʤʝʩʷʮʳ 

ʵʪʘ ʚʝʣʠʯʠʥʘ ʫʤʝʥʴʰʘʝʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʦ. ɽʩʣʠ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʥʘ ʦʩʪʨʦʚʝ 

ʚʦʟʚʦʜʠʪʩʷ ʥʝʢʦʪʦʨʦʝ ʟʜʘʥʠʝ ʠʣʠ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʢʦʤʧʣʝʢʩ, ʢʦʪʦʨʳʡ ʩʚʦʠʤ 

ʚʝʩʦʤ ʚʦʟʜʝʡʩʪʚʫʝʪ ʥʘ ʣʸʜ ʩ ʜʘʚʣʝʥʠʝʤ ʧʨʠʤʝʨʥʦ ʨʘʚʥʳʤ 2 ʢʇʘ, ʪʦ ʦʩʪʨʦʚ 

ʚʳʜʝʨʞʠʪ ʧʦʜʦʙʥʳʝ ʚʦʟʜʝʡʩʪʚʠʷ ʪʦʣʴʢʦ ʚ ʩʣʫʯʘʝ ʤʘʣʦʡ ʧʨʦʪʷʞʸʥʥʦʩʪʠ ʵʪʦʡ 

ʢʦʥʩʪʨʫʢʮʠʠ (10 ʤ ʠ ʤʝʥʝʝ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʭʦʪʷ ʦʩʪʨʦʚ 

ʤʦʞʝʪ ʚʳʜʝʨʞʘʪʴ ʚʝʩ ʙʫʨʦʚʦʡ ʫʩʪʘʥʦʚʢʠ ʠ ʥʝʙʦʣʴʰʠʭ ʟʜʘʥʠʡ, ʚʦʟʚʦʜʠʪʴ 

ʩʣʦʞʥʫʶ ʠ ʤʘʩʰʪʘʙʥʫʶ ʠʥʬʨʘʩʪʨʫʢʪʫʨʫ ʤʦʞʝʪ ʙʳʪʴ ʦʧʘʩʥʦ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʤʝʪʦʜʘʤʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʙʳʣʘ ʨʝʰʝʥʘ ʟʘʜʘʯʘ ʫʩʪʘʥʦʚʣʝʥʠʷ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ ʪʘʶʱʝʛʦ 

ʣʝʜʦʚʦʛʦ ʦʩʪʨʦʚʘ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʤʝʭʘʥʠʯʝʩʢʠʭ ʚʦʟʜʝʡʩʪʚʠʡ ʦʪ ʢʦʥʩʪʨʫʢʮʠʡ 

ʨʘʟʣʠʯʥʦʛʦ ʨʘʟʤʝʨʘ. ʇʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʧʨʝʜʝʣʴʥʦʡ ʥʘʛʨʫʟʢʠ ʤʦʛʫʪ 

ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʚ ʢʘʯʝʩʪʚʝ ʦʨʠʝʥʪʠʨʦʚʦʯʥʳʭ ʦʮʝʥʦʢ ʠʟʤʝʥʝʥʠʷ ʧʨʦʯʥʦʩʪʠ 

ʣʝʜʦʚʳʭ ʦʩʪʨʦʚʦʚ ʚ ʧʨʦʮʝʩʩʝ ʠʭ ʵʢʩʧʣʫʘʪʘʮʠʠ. ʇʨʝʜʣʦʞʝʥʥʳʡ ʧʦʜʭʦʜ ʢ 

ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʤʦʞʝʪ ʧʨʠʤʝʥʷʪʴʩʷ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʮʠʬʨʦʚʳʭ ʜʚʦʡʥʠʢʦʚ 

ʧʦʜʦʙʥʳʭ ʧʣʘʪʬʦʨʤ. ɺ ʢʘʯʝʩʪʚʝ ʥʘʧʨʘʚʣʝʥʠʷ ʜʘʣʴʥʝʡʰʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʤʦʞʥʦ ʫʢʘʟʘʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʙʦʣʝʝ ʪʦʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʨʦʬʠʣʝʡ ʚʦ ʣʴʜʫ, 

ʘ ʪʘʢʞʝ ʧʨʦʚʝʜʝʥʠʝ ʪʨʸʭʤʝʨʥʳʭ ʨʘʩʯʸʪʦʚ.  

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ 

ˉ 23-11-00035. 
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ʏʀʉʃɽʅʅʆɽ ʀɿʋʏɽʅʀɽ ʇʈʆʎɽʉʉɸ ɺʓʈɸʑʀɺɸʅʀʗ 

ʄʆʅʆʂʈʀʉʊɸʃʃʆɺ ʄɽʊʆɼʆʄ ʏʆʍʈɸʃʔʉʂʆɻʆ 

ɺ ʅɽʉʊɸʎʀʆʅɸʈʅʆʄ ʇʈʀɹʃʀɾɽʅʀʀ  
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ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥ ʧʨʦʮʝʩʩ ʚʳʨʘʱʠʚʘʥʠʷ ʦʙʲʝʤʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ 

ʤʝʪʦʜʦʤ ʏʦʭʨʘʣʴʩʢʦʛʦ ʩ ʞʠʜʢʦʩʪʥʦʡ ʛʝʨʤʝʪʠʟʘʮʠʝʡ ʨʘʩʧʣʘʚʘ. ɼʣʷ ʦʧʠʩʘʥʠʷ 

ʧʨʦʮʝʩʩʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʥʝʩʪʘʮʠʦʥʘʨʥʘʷ ʪʝʨʤʦ-ʢʘʧʠʣʣʷʨʥʘʷ 

ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʧʨʦʮʝʩʩʘ [1], ʫʯʠʪʳʚʘʶʱʘʷ ʪʝʧʣʦʧʝʨʝʥʦʩ ʚ ʩʠʩʪʝʤʝ 

ʪʠʛʝʣʴ-ʢʨʠʩʪʘʣʣ-ʨʘʩʧʣʘʚ-ʬʣʶʩ, ʦʙʨʘʟʦʚʘʥʠʝ ʤʝʥʠʩʢʘ ʫ ʙʦʢʦʚʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʢʨʠʩʪʘʣʣʘ, ʜʚʠʞʝʥʠʝ ʬʨʦʥʪʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʠʟʤʝʥʝʥʠʝ ʨʘʜʠʫʩʘ ʢʨʠʩʪʘʣʣʘ ʚ 

ʭʦʜʝ ʧʨʦʮʝʩʩʘ (ʩʤ. ʨʠʩ. 1). ɼʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʩ ʚʥʫʪʨʝʥʥʠʤʠ ʧʦʜʚʠʞʥʳʤʠ 

ʛʨʘʥʠʮʘʤʠ ʧʨʠʤʝʥʝʥ ʤʝʪʦʜ ʚʳʧʨʷʤʣʝʥʠʷ ʬʨʦʥʪʘ, ʚ ʨʘʩʯʝʪʘʭ ʠʩʧʦʣʴʟʦʚʘʥʘ 

ʛʝʦʤʝʪʨʠʯʝʩʢʠ ʢʦʥʩʝʨʚʘʪʠʚʥʘʷ ʨʘʟʥʦʩʪʥʘʷ ʩʭʝʤʘ, ʛʘʨʘʥʪʠʨʫʶʱʘʷ ʚʳʧʦʣʥʝʥʠʝ 

ʟʘʢʦʥʘ ʩʦʭʨʘʥʝʥʠʷ ʚʥʫʪʨʝʥʥʝʡ ʵʥʝʨʛʠʠ [2].  

ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʚʳʯʠʩʣʠʪʝʣʴʥʳʡ ʘʣʛʦʨʠʪʤ ʧʨʠʤʝʥʷʣʩʷ ʜʣʷ ʠʟʫʯʝʥʠʷ 

ʤʝʪʦʜʦʚ ʫʧʨʘʚʣʝʥʠʷ ʨʘʜʠʫʩʦʤ ʢʨʠʩʪʘʣʣʘ ʩ ʧʦʤʦʱʴʶ ʚʥʝʰʥʝʛʦ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 

ʧʦʣʷ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʨʝʞʠʤʦʚ ʚʳʨʘʱʠʚʘʥʠʷ, ʚ ʢʦʪʦʨʳʭ 

ʪʝʤʧʝʨʘʪʫʨʘ ʥʘʛʨʝʚʘʪʝʣʷ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʚʩʝʛʦ ʧʨʦʮʝʩʩʘ ʥʝ ʠʟʤʝʥʷʝʪʩʷ, ʨʘʜʠʫʩ 

ʢʨʠʩʪʘʣʣʘ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʪʝʯʝʥʠʝʤ ʚʨʝʤʝʥʠ. ɺ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʠʥʪʝʛʨʘʣʴʥʦʛʦ ʨʝʛʫʣʷʪʦʨʘ ʪʝʤʧʝʨʘʪʫʨʳ ʨʘʜʠʫʩ ʪʨʦʡʥʦʡ ʪʦʯʢʠ ʚ ʭʦʜʝ ʧʨʦʮʝʩʩʘ 

ʢʦʣʝʙʣʝʪʩʷ ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʟʘʜʘʥʥʦʛʦ ʟʥʘʯʝʥʠʷ; ʧʨʠ ʵʪʦʤ ʯʘʩʪʦʪʘ ʠ ʘʤʧʣʠʪʫʜʘ 

ʢʦʣʝʙʘʥʠʡ ʨʘʜʠʫʩʘ ʩ ʪʝʯʝʥʠʝʤ ʚʨʝʤʝʥʠ ʫʚʝʣʠʯʠʚʘʶʪʩʷ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ-ʠʥʪʝʛʨʘʣʴʥʦʛʦ ʨʝʛʫʣʷʪʦʨʘ ʚ ʭʦʜʝ ʧʨʦʮʝʩʩʘ ʪʝʤʧʝʨʘʪʫʨʘ 
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ʥʘʛʨʝʚʘʪʝʣʷ ʤʦʥʦʪʦʥʥʦ ʫʙʳʚʘʝʪ, ʢʦʤʧʝʥʩʠʨʫʷ ʠʟʤʝʥʝʥʠʝ ʦʙʲʝʤʘ ʪʚʝʨʜʦʡ ʠ 

ʞʠʜʢʦʡ ʬʘʟ; ʥʘ ʨʘʟʚʠʪʦʡ ʩʪʘʜʠʠ ʧʨʦʠʩʭʦʜʠʪ ʨʦʩʪ ʢʨʠʩʪʘʣʣʘ ʧʨʘʢʪʠʯʝʩʢʠ 

ʧʦʩʪʦʷʥʥʦʛʦ ʨʘʜʠʫʩʘ (ʩʤ. ʨʠʩ. 2).  

 

ʈʠʩ. 1. ʊʝʨʤʦ-ʢʘʧʠʣʣʷʨʥʘʷ ʤʦʜʝʣʴ ʧʨʦʮʝʩʩʘ                                            

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʨʘʩʯʝʪʥʘʷ ʦʙʣʘʩʪʴ  

 

 

ʈʠʩ. 2. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʢʨʠʩʪʘʣʣʝ, ʨʘʩʧʣʘʚʝ, ʬʣʶʩʝ ʠ ʪʠʛʣʝ ʥʘ 

ʧʦʟʜʥʝʡ ʩʪʘʜʠʠ ʧʨʦʮʝʩʩʘ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʧʦʩʪʦʷʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ 

ʥʘʛʨʝʚʘʪʝʣʷ (ʩʣʝʚʘ), ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʛʦ ʨʝʛʫʣʷʪʦʨʘ ʪʝʤʧʝʨʘʪʫʨʳ                                   

(ʚ ʮʝʥʪʨʝ) ʠ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ï ʠʥʪʝʛʨʘʣʴʥʦʛʦ ʨʝʛʫʣʷʪʦʨʘ (ʩʧʨʘʚʘ). 
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ʈʝʟʫʣʴʪʘʪʳ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʨʘʩʯʝʪʦʚ ʩʦʧʦʩʪʘʚʣʝʥʳ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ, 

ʧʦʣʫʯʝʥʥʳʤʠ ʚ ʨʘʤʢʘʭ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʦʡ ʤʦʜʝʣʠ ʧʨʦʮʝʩʩʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 

[3]. ʏʠʩʣʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʥʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ 

ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʘʷ ʤʦʜʝʣʴ ʥʝ ʫʯʠʪʳʚʘʝʪ ʨʷʜ ʚʘʞʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ, ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʝʝ ʧʦʤʦʱʴʶ, ʭʦʨʦʰʦ 

ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʨʘʩʩʤʦʪʨʝʥʥʦʤ 

ʜʠʘʧʘʟʦʥʝ ʧʘʨʘʤʝʪʨʦʚ. 
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ʇʦʚʳʰʝʥʠʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ ʠ ʨʘʟʨʘʙʦʪʢʘ 

ʚʳʩʦʢʦʪʦʯʥʳʭ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ, ʤʝʪʦʜʦʚ ʠ ʘʣʛʦʨʠʪʤʦʚ ʜʣʷ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ 

ʛʘʟʦʚʦʡ ʜʠʥʘʤʠʢʠ (Computational Fluid Dynamics, CFD) ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʜʘʣʴʥʝʡʰʝʤʫ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʤʝʪʦʜʦʚ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʝʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

(Scale-Resolving Simulation, SRS) ʪʫʨʙʫʣʝʥʪʥʳʭ ʪʝʯʝʥʠʡ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ 

ʪʫʨʙʦʤʘʰʠʥʦʩʪʨʦʝʥʠʷ. SRS ʧʦʜʭʦʜʳ ʪʠʧʘ LES (Large Eddy Simulation) 

ʧʦʟʚʦʣʷʶʪ ʚʦʩʧʨʦʠʟʚʝʩʪʠ ʪʦʥʢʠʝ ʵʬʬʝʢʪʳ, ʚʦʟʥʠʢʘʶʱʠʝ ʚ ʪʫʨʙʦʤʘʰʠʥʘʭ. 

ɺʚʠʜʫ ʜʦʨʦʛʦʚʠʟʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʨʘʩʯʝʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʷʪʩʷ ʜʣʷ 

ʦʪʜʝʣʴʥʳʭ ʩʪʫʧʝʥʝʡ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʦʚ ʪʫʨʙʦʤʘʰʠʥ, ʧʨʠ ʵʪʦʤ ʯʘʱʝ ʚʩʝʛʦ 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʫʧʨʦʱʝʥʥʘʷ ʧʦʩʪʘʥʦʚʢʘ ï ʧʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʘʷ ʨʝʰʝʪʢʘ 

ʣʦʧʘʪʦʢ. ʇʨʠʤʝʥʝʥʠʝ ʞʝ SRS ʜʣʷ ʨʝʰʝʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠʭ ʟʘʜʘʯ ʩʠʣʴʥʦ 

ʦʛʨʘʥʠʯʝʥʦ. 

ɺ ʜʦʢʣʘʜʝ ʙʫʜʝʪ ʧʨʝʜʩʪʘʚʣʝʥʘ ʤʝʪʦʜʦʣʦʛʠʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ 

ʵʬʬʝʢʪʦʚ ʚ ʪʫʨʙʦʤʘʰʠʥʘʭ, ʩʚʷʟʘʥʥʳʭ ʩ ʧʝʨʠʦʜʠʯʝʩʢʠʤ ʚʦʟʜʝʡʩʪʚʠʝʤ ʩʣʝʜʦʚ ʦʪ 

ʩʦʩʝʜʥʠʭ ʨʷʜʦʚ. ʆʥʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʨʦʚʝʜʝʥʠʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʜʚʘ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʵʪʘʧʘ (ʩʤ. ʨʠʩ. 1 ʜʣʷ ʚʠʟʫʘʣʠʟʘʮʠʠ). 
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ʈʠʩ. 1. ʉʭʝʤʘ ʜʚʫʭʩʪʘʜʠʡʥʦʡ ʤʝʪʦʜʦʣʦʛʠʠ ʨʘʩʯʝʪʦʚ. 

ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ (ʵʪʘʧ RANS) ʚʦ ʚʩʝʡ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ 

(ʚʢʣʶʯʘʷ ʚʩʝ ʩʪʫʧʝʥʠ ʪʫʨʙʦʤʘʰʠʥʳ) ʧʦʣʫʯʘʝʪʩʷ ʩʪʘʮʠʦʥʘʨʥʦʝ ʨʝʰʝʥʠʝ ʚ 

ʨʘʤʢʘʭ ʧʦʜʭʦʜʘ, ʦʩʥʦʚʘʥʥʦʛʦ ʥʘ ʨʝʰʝʥʠʠ ʦʩʨʝʜʥʝʥʥʳʭ ʧʦ ʈʝʡʥʦʣʴʜʩʫ 

ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝïʉʪʦʢʩʘ (Reynolds-Averaged NavierïStokes, RANS). ʇʨʠ ʵʪʦʤ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʪʦʜ ʥʝʣʠʥʝʡʥʳʭ ʛʘʨʤʦʥʠʢ (NLH) [1], ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ 

ʧʦʣʫʯʠʪʴ ʥʝʩʪʘʮʠʦʥʘʨʥʳʝ ʧʘʨʘʤʝʪʨʳ ʧʦʪʦʢʘ ʜʣʷ ʢʘʞʜʦʛʦ ʨʷʜʘ, ʩʚʷʟʘʥʥʳʝ ʩ 

ʦʪʥʦʩʠʪʝʣʴʥʳʤ ʜʚʠʞʝʥʠʝʤ (ʚʨʘʱʝʥʠʝʤ) ʝʛʦ ʩʦʩʝʜʥʠʭ ʨʷʜʦʚ. ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ï ʘʤʧʣʠʪʫʜʳ ʛʘʨʤʦʥʠʢ, ʩʚʷʟʘʥʥʳʭ ʩ ʯʘʩʪʦʪʘʤʠ ʤʝʣʴʢʘʥʠʷ ʩʣʝʜʘ 

ʦʪ ʣʦʧʘʪʦʢ ï ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʛʦ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʝʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

ɺ ʨʘʤʢʘʭ ʚʪʦʨʦʛʦ ʵʪʘʧʘ (SRS) ʩ ʧʦʤʦʱʴʶ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʝʛʦ ʧʦʜʭʦʜʘ 

ʜʝʪʘʣʴʥʦ ʠʩʩʣʝʜʫʶʪʩʷ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʪʜʝʣʴʥʦʛʦ ʨʷʜʘ. ʇʨʠ 

ʵʪʦʤ ʜʣʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ RANS ʨʝʰʝʥʠʷ, ʚʦʩʧʨʦʠʟʚʦʜʷʱʝʛʦ 

ʧʝʨʠʦʜʠʯʝʩʢʦʝ ʜʚʠʞʝʥʠʝ ʩʣʝʜʦʚ ʣʦʧʘʪʦʢ ʦʪ ʧʨʝʜʳʜʫʱʝʡ ʩʪʫʧʝʥʠ ʚ 

ʪʫʨʙʫʣʝʥʪʥʳʝ ʩʣʝʜʳ ʩʧʝʮʠʘʣʴʥʳʤ ʦʙʨʘʟʦʤ ʚ ʥʝʢʦʪʦʨʦʡ ʟʦʥʝ (ʩʤ. VSTG ʥʘ 

ʈʠʩ. 1 ʠ ʈʠʩ. 2) ʟʘʜʘʶʪʩʷ ʠʩʢʫʩʩʪʚʝʥʥʳʝ ʪʫʨʙʫʣʝʥʪʥʳʝ ʧʫʣʴʩʘʮʠʠ ʩ ʧʦʤʦʱʴʶ 

ʛʝʥʝʨʘʪʦʨʘ ʩʠʥʪʝʪʠʯʝʩʢʦʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ (Synthetic Turbulence Generator, STG) 

ʚ ʚʠʜʝ ʦʙʲʝʤʥʦʛʦ ʠʩʪʦʯʥʠʢʘ (Volume STG, VSTG) [2]. ʊʝʭʥʦʣʦʛʠʷ VSTG, 

ʧʨʝʜʣʦʞʝʥʥʘʷ ʠʟʥʘʯʘʣʴʥʦ ʜʣʷ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʠʩʪʦʯʥʠʢʘ (ʪʦ ʝʩʪʴ ʙʝʟ ʠʟʤʝʥʝʥʠʷ 

ʦʧʨʝʜʝʣʷʶʱʠʭ ʝʛʦ ʧʘʨʘʤʝʪʨʦʚ) ʙʳʣʘ ʘʜʘʧʪʠʨʦʚʘʥʘ ʜʣʷ ʫʯʝʪʘ 

ʥʝʩʪʘʮʠʦʥʘʨʥʦʩʪʠ: ʢʣʶʯʝʚʳʝ ʧʘʨʘʤʝʪʨʳ VSTG ʦʙʥʦʚʣʷʶʪʩʷ ʢʘʞʜʳʝ ʥʝʩʢʦʣʴʢʦ 

ʰʘʛʦʚ ʧʦ ʚʨʝʤʝʥʠ, ʠʩʧʦʣʴʟʫʷ ʨʝʰʝʥʠʝ ʚʚʝʨʭ ʧʦ ʧʦʪʦʢʫ ʥʘ ʥʝʢʦʪʦʨʦʤ 

ʨʘʩʩʪʦʷʥʠʠ ʦʪ ʠʩʪʦʯʥʠʢʘ. 

ʄʦʜʠʬʠʢʘʮʠʷ ʛʝʥʝʨʘʪʦʨʘ ʠʩʢʫʩʩʪʚʝʥʥʦʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʙʳʣʘ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʨʦʪʝʩʪʠʨʦʚʘʥʘ ʥʘ ʥʘʙʦʨʝ ʪʝʩʪʦʚʳʭ ʩʣʫʯʘʝʚ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ 

ʩʦʙʦʡ ʢʘʥʦʥʠʯʝʩʢʠʝ ʪʫʨʙʫʣʝʥʪʥʳʝ ʪʝʯʝʥʠʷ. ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʚ ʜʦʢʣʘʜʝ ʙʫʜʝʪ 

ʫʜʝʣʝʥʦ ʦʩʦʙʝʥʥʦʩʪʷʤ ʧʘʨʘʣʣʝʣʴʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʘʣʛʦʨʠʪʤʘ ʥʘ CPU ʠ GPU ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʭʥʦʣʦʛʠʡ MPI, OpenMP ʠ OpenCL ʚ ʨʘʤʢʘʭ ʧʨʦʛʨʘʤʤʥʦʛʦ 

ʢʦʤʧʣʝʢʩʘ NOISEtte [3]. 
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ʈʠʩ. 2. ʈʘʩʯʝʪʥʘʷ ʦʙʣʘʩʪʴ ʠ ʚʠʟʫʘʣʠʟʘʮʠʷ ʪʝʯʝʥʠʷ ʚ ʨʝʰʝʪʢʝ                                 

ʣʦʧʘʪʦʢ T106 ʚ ʥʝʩʪʘʮʠʦʥʘʨʥʦʡ ʧʦʩʪʘʥʦʚʢʝ/ 

ɼʣʷ ʜʝʤʦʥʩʪʨʘʮʠʠ ʧʨʝʜʣʦʞʝʥʥʦʡ ʤʝʪʦʜʦʣʦʛʠʠ ʙʫʜʫʪ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʪʝʯʝʥʠʷ ʜʣʷ ʫʧʨʦʱʝʥʥʦʡ 

ʢʦʥʬʠʛʫʨʘʮʠʠ ï ʚ ʧʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʦʡ ʨʝʰʝʪʢʝ ʣʦʧʘʪʦʢ ʪʫʨʙʠʥʳ ʥʠʟʢʦʛʦ 

ʜʘʚʣʝʥʠʷ T106 [4], ʜʣʷ ʢʦʪʦʨʦʡ ʠʤʝʶʪʩʷ ʵʪʘʣʦʥʥʳʝ ʜʘʥʥʳʝ (ʜʘʥʥʳʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʠ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʠʭ ʨʘʩʯʝʪʦʚ). ʈʘʩʯʝʪʥʘʷ ʦʙʣʘʩʪʴ ʠ 

ʚʠʟʫʘʣʠʟʘʮʠʷ ʪʝʯʝʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 2. ʍʘʨʘʢʪʝʨʥʦʝ ʯʠʩʣʦ ʈʝʡʥʦʣʴʜʩʘ 

ʟʘʜʘʯʠ, ʧʦʩʯʠʪʘʥʥʦʝ ʧʦ ʚʭʦʜʥʦʡ ʩʢʦʨʦʩʪʠ ʠ ʭʦʨʜʝ ʣʦʧʘʪʢʠ C ʩʦʩʪʘʚʣʷʝʪ 51000, 

ʯʠʩʣʦ ʄʘʭʘ ʥʘ ʚʳʭʦʜʝ Ma2nd = 0.4. ʉʣʝʜʳ ʦʪ ʧʨʝʜʳʜʫʱʝʡ ʩʪʫʧʝʥʠ ʚ ʜʘʥʥʦʡ 

ʟʘʜʘʯʝ ʚʦʩʧʨʦʠʟʚʦʜʷʪʩʷ ʧʝʨʠʦʜʠʯʝʩʢʠʤ ʜʚʠʞʝʥʠʝʤ ʢʨʫʛʣʳʭ ʮʠʣʠʥʜʨʦʚ ʥʘ 

ʥʝʢʦʪʦʨʦʤ ʨʘʩʩʪʦʷʥʠʠ ʚʚʝʨʭ ʧʦ ʧʦʪʦʢʫ ʦʪ ʣʦʧʘʪʢʠ. ɺ ʜʦʢʣʘʜʝ ʙʫʜʫʪ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʠ ʧʨʦʚʝʜʝʥ ʠʭ ʘʥʘʣʠʟ.  
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ɺ ʤʦʜʝʣʷʭ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʦʧʠʩʳʚʘʝʪʩʷ 

ʟʘʜʘʥʥʦʡ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʛʣʘʜʢʦʡ ʬʫʥʢʮʠʝʡ • • ὼȟ ὸ  [1ï4]. ʆʥʘ ʤʦʞʝʪ ʙʳʪʴ 

ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥʘ ʢʘʢ çʚʝʨʦʷʪʥʦʩʪʴè ʥʘʭʦʞʜʝʥʠʷ ʯʘʩʪʠʮʳ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ὸ 

ʚ ʪʦʯʢʝ ʧʨʦʩʪʨʘʥʩʪʚʘ ὼ. ɼʣʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʪʝʣʘ • ʠʤʝʝʪ ʚʠʜ ʧʝʨʠʦʜʠʯʝʩʢʦʡ 

ʬʫʥʢʮʠʠ, ʤʘʢʩʠʤʫʤʳ ʢʦʪʦʨʦʡ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʨʘʚʥʦʚʝʩʥʳʤ ʧʦʣʦʞʝʥʠʷʤ ʘʪʦʤʦʚ 

ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʝ. ɼʣʷ ʞʠʜʢʦʩʪʝʡ ʬʘʟʦʚʦʝ ʧʦʣʝ • ʠʤʝʝʪ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ, ʙʣʠʟʢʦʝ ʢ ʧʦʩʪʦʷʥʥʦʤʫ [3]. 

ɼʣʷ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʩʦʩʪʦʷʥʠʷ • ʜʦʩʪʘʚʣʷʝʪ ʤʠʥʠʤʫʤ ʩʧʝʮʠʘʣʴʥʦ 

ʚʳʙʨʘʥʥʦʤʫ ʬʫʥʢʮʠʦʥʘʣʫ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ɰ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʙʳʪʴ ʧʦʩʪʨʦʝʥ 

ʥʘ ʦʩʥʦʚʝ ʧʦʪʝʥʮʠʘʣʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʘʪʦʤʘ [1]. ɺ ʥʝʨʘʚʥʦʚʝʩʥʦʤ ʩʣʫʯʘʝ 

ʵʚʦʣʶʮʠʷ • ʦʧʨʝʜʝʣʷʝʪʩʷ ʵʚʦʣʶʮʠʦʥʥʳʤ ʫʨʘʚʥʝʥʠʝʤ, ʢʦʪʦʨʦʝ ʚʳʚʦʜʠʪʩʷ ʠʟ 

ʚʠʜʘ ʬʫʥʢʮʠʦʥʘʣʘ ɰ [2, 3]. ɺ ʧʨʦʮʝʩʩʝ ʵʚʦʣʶʮʠʠ ʬʘʟʦʚʦʝ ʧʦʣʝ ʩʦʭʨʘʥʷʝʪ ʩʚʦʶ 

ʦʙʱʫʶ ʬʘʟʦʚʫʶ ʢʦʥʮʝʥʪʨʘʮʠʶ ð ʠʥʪʝʛʨʘʣ ʦʪ • ʧʦ ʚʩʝʡ ʦʙʣʘʩʪʠ ʧʨʦʩʪʨʘʥʩʪʚʘ 

ʦʩʪʘʸʪʩʷ ʥʝʠʟʤʝʥʥʳʤ [2, 3]. 

ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʢʨʠʩʪʘʣʣʦʚ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʩʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ, ʦʩʥʦʚʘʥʥʫʶ ʥʘ ʫʨʘʚʥʝʥʠʠ ɻʠʥʟʙʫʨʛʘ-ʃʘʥʜʘʫ ʠʣʠ ʥʘ ʙʦʣʝʝ 

ʦʙʱʝʤ ʬʫʥʢʮʠʦʥʘʣʝ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ [3, 4]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʦʜʠʪʩʷ ʯʠʩʣʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʩʪʝʡʰʠʭ 

ʤʦʜʝʣʝʡ ʬʘʟʦʚʦʛʦ ʧʦʣʷ, ʧʨʠ ʵʪʦʤ ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʘʥʘʣʠʟʫ 

ʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʠʩʪʝʤʳ ʚ ʨʘʟʣʠʯʥʳʭ ʥʘʯʘʣʴʥʳʭ ʠ ʛʨʘʥʠʯʥʳʭ 

ʫʩʣʦʚʠʷʭ. ʈʘʙʦʪʘ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʧʦʜʨʦʙʥʦʝ ʦʧʠʩʘʥʠʝ ʠʩʧʦʣʴʟʫʝʤʦʛʦ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ ʠ ʤʝʪʦʜʦʚ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʘ ʪʘʢʞʝ 

ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʠ ʘʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʘʥʘʣʠʟ.  
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ʇʦʪʨʝʙʥʦʩʪʴ ʚ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʤʥʦʛʦʬʘʟʥʳʭ ʩʠʩʪʝʤ ʚʦʟʥʠʢʘʝʪ ʚʦ ʤʥʦʛʠʭ 

ʦʙʣʘʩʪʷʭ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ [1ï3]. ʆʜʥʘʢʦ ʠʟ-ʟʘ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʦʧʠʩʘʥʠʷ 

ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʦʙʲʝʢʪʦʚ (ʬʘʟ, ʛʨʘʥʠʮ ʨʘʟʜʝʣʘ ʤʝʞʜʫ ʥʠʤʠ), ʘ ʪʘʢʞʝ ʫʯʸʪʘ 

ʧʨʦʮʝʩʩʦʚ, ʩʚʷʟʘʥʥʳʭ ʩʦ ʩʣʠʷʥʠʝʤ ʠ ʨʘʟʜʝʣʝʥʠʝʤ ʬʘʟ, ʧʦʜʦʙʥʳʝ ʚʳʯʠʩʣʝʥʠʷ 

ʦʙʣʘʜʘʶʪ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʡ ʩʣʦʞʥʦʩʪʴʶ. ʄʝʪʦʜ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʧʦʟʚʦʣʷʝʪ 

ʟʥʘʯʠʪʝʣʴʥʦ ʫʧʨʦʩʪʠʪʴ ʚʳʯʠʩʣʝʥʠʷ ʚ ʨʷʜʝ ʧʦʜʦʙʥʳʭ ʟʘʜʘʯ, ʧʦʩʢʦʣʴʢʫ 

ʦʧʠʩʳʚʘʝʪ ʚʩʶ ʩʠʩʪʝʤʫ ʦʜʥʦʡ ʬʫʥʢʮʠʝʡ ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ. ɺ ʵʪʦʤ ʤʝʪʦʜʝ 

ʵʚʦʣʶʮʠʷ ʩʠʩʪʝʤʳ ʤʦʜʝʣʠʨʫʝʪʩʷ ʣʠʙʦ ʩʠʩʪʝʤʦʡ ʫʨʘʚʥʝʥʠʡ ʪʠʧʘ ɸʣʣʝʥʘ-ʂʘʥʘ, 

ʣʠʙʦ ʩʠʩʪʝʤʦʡ ʫʨʘʚʥʝʥʠʡ ʂʘʥʘ-ʍʠʣʣʘʨʜʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʛʦ, ʩʦʭʨʘʥʷʝʪʩʷ 

ʣʠ ʚ ʫʩʣʦʚʠʷʭ ʢʦʥʢʨʝʪʥʦʡ ʟʘʜʘʯʠ ʧʘʨʘʤʝʪʨ ʧʦʨʷʜʢʘ [4]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʝʪʦʜ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʧʨʠʤʝʥʸʥ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʩʪʨʫʢʪʫʨʳ ʧʝʥʳ ʚ ʫʩʪʘʥʦʚʠʚʰʝʤʩʷ ʩʦʩʪʦʷʥʠʠ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʧʘʨʘʤʝʪʨʘʭ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʝʸ ʵʚʦʣʶʮʠʠ ʠʟ ʟʘʜʘʥʥʦʛʦ ʥʘʯʘʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. ʇʝʥʘ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʷʯʝʠʩʪʫʶ ʩʪʨʫʢʪʫʨʫ, ʚ ʢʦʪʦʨʦʡ ʟʘʧʦʣʥʝʥʥʳʝ ʛʘʟʦʤ ʷʯʝʡʢʠ 

ʨʘʟʜʝʣʝʥʳ ʪʦʥʢʠʤʠ ʧʣʸʥʢʘʤʠ ï ʩʪʝʥʢʘʤʠ ʧʫʟʳʨʴʢʦʚ. ɺ ʨʘʤʢʘʭ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ 

ʤʦʜʝʣʠ ʢʘʞʜʦʡ ʷʯʝʡʢʝ ʧʝʥʳ ʩʪʘʚʠʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʝ ʦʪʜʝʣʴʥʘʷ ʬʘʟʘ, ʘ ʦʙʣʘʩʪʴ 

ʨʘʟʜʝʣʘ ʬʘʟ ʦʧʠʩʳʚʘʝʪʩʷ ʤʦʜʝʣʴʶ ʜʠʬʬʫʟʥʦʡ ʛʨʘʥʠʮʳ. ʀʟ ʧʨʠʥʮʠʧʘ ʤʠʥʠʤʫʤʘ 

ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʠ ʚʠʜʘ ʵʚʦʣʶʮʠʦʥʥʳʭ ʫʨʘʚʥʝʥʠʡ ʩʣʝʜʫʝʪ, ʯʪʦ ʚʠʜ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʬʫʥʢʮʠʠ ʦʧʨʝʜʝʣʷʝʪ ʧʨʦʮʝʩʩ ʵʚʦʣʶʮʠʠ ʩʠʩʪʝʤʳ. ɼʣʷ 

ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʷ ʤʦʜʝʣʴʶ ʩʚʦʡʩʪʚ ʧʝʥʳ ʚ ʢʘʯʝʩʪʚʝ ʬʫʥʢʮʠʠ ʧʣʦʪʥʦʩʪʠ 

ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ ʧʦʪʝʥʮʠʘʣ ʜʚʦʡʥʦʡ ʷʤʳ, 

ʧʨʝʜʣʦʞʝʥʥʳʡ ʚ ʨʘʙʦʪʝ [5]. ʆʥ ʦʙʝʩʧʝʯʠʚʘʝʪ ʨʘʟʜʝʣʝʥʠʝ ʠ ʥʝʩʤʝʰʠʚʘʥʠʝ ʬʘʟ, ʘ 

ʪʘʢʞʝ ʟʘʧʨʝʱʘʝʪ ʩʣʠʷʥʠʝ ʷʯʝʝʢ ʧʝʥʳ ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʪʝʥʦʢ 

ʤʝʞʜʫ ʥʠʤʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʧʦʚʝʜʝʥʠʝ ʩʠʩʪʝʤʳ ʚ ʭʦʜʝ ʵʚʦʣʶʮʠʠ ʙʫʜʝʪ 

ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʧʦʚʝʜʝʥʠʶ ʧʝʥʳ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʘʙʦʪʳ ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʨʘʟʥʦʩʪʥʳʝ ʩʭʝʤʳ ʜʣʷ ʯʠʩʣʝʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʵʚʦʣʶʮʠʠ ʧʝʥʳ ʚ ʦʜʥʦʤʝʨʥʦʤ ʠ ʜʚʫʤʝʨʥʦʤ ʩʣʫʯʘʷʭ, ʘ ʪʘʢʞʝ 

ʧʨʦʚʝʜʸʥ ʘʥʘʣʠʟ ʚʣʠʷʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʘ ʩʪʨʫʢʪʫʨʫ ʧʝʥʳ ʚ 

ʫʩʪʘʥʦʚʠʚʰʝʤʩʷ ʩʦʩʪʦʷʥʠʠ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʪʢʨʳʚʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨ ʧʝʥ, ʦʙʣʘʜʘʶʱʠʭ ʟʘʜʘʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʧʫʪʸʤ 

ʧʦʜʙʦʨʘ ʧʘʨʘʤʝʪʨʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ.  
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ʈʘʟʨʘʙʦʪʢʘ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʤʝʪʦʜʦʚ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʫʜʘʨʥʦ-

ʚʦʣʥʦʚʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʜʚʫʭʬʘʟʥʳʭ ʩʨʝʜʘʭ ʷʚʣʷʝʪʩʷ ʚʘʞʥʦʡ ʠ ʘʢʪʫʘʣʴʥʦʡ 

ʟʘʜʘʯʝʡ. ʇʦʜʦʙʥʳʝ ʧʨʦʮʝʩʩʳ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝʩʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ 

ʨʘʟʥʦʨʦʜʥʳʭ ʬʘʟ, ʠʤʝʶʪ ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚ ʧʨʠʨʦʜʝ ʠ ʪʝʭʥʦʣʦʛʠʷʭ. 

ʂʣʶʯʝʚʳʝ ʥʘʧʨʘʚʣʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʢʣʶʯʘʶʪ: ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʝ ʚʦʟʜʝʡʩʪʚʠʷ 

ʫʜʘʨʥʳʭ ʚʦʣʥ ʥʘ ʵʣʝʤʝʥʪʳ ʠʥʞʝʥʝʨʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ, ʩʦʟʜʘʥʠʝ ʯʠʩʣʝʥʥʳʭ 

ʘʣʛʦʨʠʪʤʦʚ ʜʣʷ ʘʥʘʣʠʟʘ ʨʘʟʨʫʰʝʥʠʷ ʤʘʪʝʨʠʘʣʦʚ ʠ ʦʧʨʝʜʝʣʝʥʠʷ ʩʦʩʪʘʚʘ 

ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʲʝʢʪʦʚ. 

ʉʫʱʝʩʪʚʫʝʪ ʤʥʦʛʦ ʨʘʟʣʠʯʥʳʭ ʤʦʜʝʣʝʡ ʦʧʠʩʘʥʠʷ ʛʝʪʝʨʦʛʝʥʥʳʭ ʩʨʝʜ. ɺ 

ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ [1], ʦʩʥʦʚʘʥʥʘʷ ʥʘ 

ʧʦʣʥʦʩʪʴʶ ʥʝʨʘʚʥʦʚʝʩʥʦʤ ʜʚʫʭʩʢʦʨʦʩʪʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʜʣʷ ʦʧʠʩʘʥʠʷ 

ʜʠʥʘʤʠʢʠ ʤʥʦʛʦʬʘʟʥʳʭ ʪʝʯʝʥʠʡ. ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʧʨʝʜʧʦʣʘʛʘʝʪ ʧʨʝʜʩʪʘʚʣʝʥʠʝ 

ʬʘʟ ʚ ʚʠʜʝ ʜʚʫʭ ʚʟʘʠʤʦʧʨʦʥʠʢʘʶʱʠʭ ʢʦʥʪʠʥʫʫʤʦʚ, ʦʙʣʘʜʘʶʱʠʭ ʥʝʟʘʚʠʩʠʤʳʤʠ 

ʢʠʥʝʤʘʪʠʯʝʩʢʠʤʠ ʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʧʦʣʷʤʠ ʩʢʦʨʦʩʪʝʡ ʠ 

ʪʝʥʟʦʨʘʤʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ. 

ʂʣʶʯʝʚʦʝ ʦʪʣʠʯʠʝ ʧʨʝʜʣʘʛʘʝʤʦʡ ʤʦʜʝʣʠ ʦʪ ʪʠʧʦʚʳʭ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʩʭʝʤ 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʛʠʧʝʨʫʧʨʫʛʦʤ ʦʧʠʩʘʥʠʠ ʧʦʚʝʜʝʥʠʷ ʬʘʟ. ɼʝʬʦʨʤʘʮʠʦʥʥʳʝ 

ʧʨʦʮʝʩʩʳ ʠ ʥʘʧʨʷʞʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʬʦʨʤʘʣʠʟʫʶʪʩʷ ʧʦʩʨʝʜʩʪʚʦʤ ʧʦʣʥʳʭ 

ʪʝʥʟʦʨʦʚ ʚʪʦʨʦʛʦ ʨʘʥʛʘ ʧʨʠ ʫʩʣʦʚʠʠ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʫʧʨʫʛʦʛʦ ʧʦʪʝʥʮʠʘʣʘ. ɺ 

ʯʘʩʪʥʦʤ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʫʨʘʚʥʝʥʠʝ ʩʦʩʪʦʷʥʠʷ ʫʯʠʪʳʚʘʝʪ ʠʩʢʣʶʯʠʪʝʣʴʥʦ 
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ʦʙʲʝʤʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʜʝʬʦʨʤʘʮʠʠ, ʤʦʜʝʣʴ ʩʚʦʜʠʪʩʷ ʢ ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʦʜʝʣʠ 

ɹʘʝʨʘïʅʫʥʮʠʘʪʦ, ʜʝʤʦʥʩʪʨʠʨʫʷ ʪʝʤ ʩʘʤʳʤ ʪʝʦʨʝʪʠʯʝʩʢʫʶ ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʴ ʩ 

ʫʩʪʦʷʚʰʠʤʠʩʷ ʧʦʜʭʦʜʘʤʠ ʚ ʧʨʝʜʝʣʴʥʦʤ ʩʣʫʯʘʝ. 

ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʤʦʜʠʬʠʢʘʮʠʷ ʤʦʜʝʣʠ, ʧʨʝʜʣʦʞʝʥʥʦʡ ʚ [1], 

ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʩʠʩʪʝʤʝ ʦʧʨʝʜʝʣʷʶʱʠʭ ʫʨʘʚʥʝʥʠʡ, ʚʢʣʶʯʘʶʱʝʡ ʟʘʢʦʥʳ 

ʩʦʭʨʘʥʝʥʠʷ ʤʘʩʩʳ, ʠʤʧʫʣʴʩʘ ʠ ʵʥʝʨʛʠʠ ʩ ʫʯʝʪʦʤ ʤʝʞʬʘʟʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, 

ʜʦʧʦʣʥʝʥʥʳʝ ʫʨʘʚʥʝʥʠʷʤʠ ʩʦʚʤʝʩʪʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʠ ʜʣʷ ʦʪʜʝʣʴʥʳʭ ʬʘʟ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʧʦʚʝʜʝʥʠʝ ʢʘʞʜʦʡ ʬʘʟʳ ʦʧʠʩʳʚʘʝʪʩʷ ʤʦʜʝʣʴʶ, ʩʭʦʜʥʦʡ ʩ 

ʤʦʜʝʣʴʶ ɻʦʜʫʥʦʚʘ-ʈʦʤʝʥʩʢʦʛʦ ʜʣʷ ʦʜʥʦʬʘʟʥʦʡ ʛʠʧʝʨʫʧʨʫʛʦʡ ʩʨʝʜʳ [2]. ɺ ʭʦʜʝ 

ʨʘʙʦʪʳ ʜʦʢʘʟʘʥʘ ʛʠʧʝʨʙʦʣʠʯʥʦʩʪʴ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʤʦʜʝʣʠ, ʥʘʡʜʝʥʳ ʝʝ 

ʩʦʙʩʪʚʝʥʥʳʝ ʯʠʩʣʘ ʠ ʩʦʙʩʪʚʝʥʥʳʝ ʚʝʢʪʦʨʳ. 

ʉ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʦʧʨʝʜʝʣʷʶʱʘʷ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ 

ʷʚʣʷʝʪʩʷ ʛʠʧʝʨʙʦʣʠʯʝʩʢʦʡ ʠ ʥʝʢʦʥʩʝʨʚʘʪʠʚʥʦʡ, ʯʠʩʣʝʥʥʦʝ ʨʝʰʝʥʠʝ ʢʦʪʦʨʦʡ 

ʦʩʣʦʞʥʝʥʦ ʥʘʣʠʯʠʝʤ ʨʘʟʨʳʚʥʳʭ ʨʝʰʝʥʠʡ. ɼʣʷ ʨʝʰʝʥʠʷ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʙʳʣʘ 

ʠʩʧʦʣʴʟʦʚʘʥʘ ʪʝʦʨʠʷ ɼʘʣʴʄʘʟʦïʃʝʬʣʦʭʘïʄʫʨʘʪʘ (DLM) [3], ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ 

ʧʦʩʪʨʦʝʥʠʝ ʦʙʦʙʱʝʥʥʳʭ ʨʝʰʝʥʠʡ ʯʝʨʝʟ ʚʚʝʜʝʥʠʝ ʧʘʨʘʤʝʪʨʠʟʦʚʘʥʥʦʛʦ çʧʫʪʠè ï

ʛʣʘʜʢʦʛʦ ʦʪʦʙʨʘʞʝʥʠʷ, ʠʥʪʝʨʧʦʣʠʨʫʶʱʝʛʦ ʤʝʞʜʫ ʩʦʩʪʦʷʥʠʷʤʠ ʨʝʰʝʥʠʷ ʥʘ 

ʨʘʟʨʳʚʝ. ɺʳʙʦʨ ʧʫʪʠ ʦʧʨʝʜʝʣʷʝʪ ʬʠʟʠʯʝʩʢʫʶ ʘʜʝʢʚʘʪʥʦʩʪʴ ʨʘʟʨʳʚʥʳʭ 

ʨʝʰʝʥʠʡ. 

ʏʠʩʣʝʥʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʦʩʥʦʚʘʥʘ ʥʘ ʤʝʪʦʜʝ ʢʦʥʝʯʥʳʭ ʦʙʲʝʤʦʚ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ çʢʦʥʩʝʨʚʘʪʠʚʥʳʭ ʧʦ ʧʫʪʠè (çpath-conservativeè) ʩʭʝʤ ï 

ʦʙʦʙʱʝʥʠʷ ʤʝʪʦʜʘ ɻʦʜʫʥʦʚʘ ʜʣʷ ʥʝʢʦʥʩʝʨʚʘʪʠʚʥʳʭ ʩʠʩʪʝʤ. ʇʦʪʦʢʠ ʩʯʠʪʘʶʪʩʷ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ ʤʝʪʦʜʦʤ HLL [4], ʫʯʠʪʳʚʘʶʱʠʤ DLM-ʬʦʨʤʘʣʠʟʤ. 

ɺ ʨʘʙʦʪʝ ʯʠʩʣʝʥʥʦ ʠʩʩʣʝʜʫʝʪʩʷ ʩʭʦʜʠʤʦʩʪʴ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʡ ʤʦʜʝʣʠ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʥʢʨʝʪʥʦʛʦ ʩʧʦʩʦʙʘ ʚʳʙʦʨʘ ʧʫʪʠ ʠ ʦʩʦʙʝʥʥʦʩʪʝʡ ʨʝʘʣʠʟʘʮʠʠ 

ʨʘʟʥʦʩʪʥʦʡ ʩʭʝʤʳ. ɺ ʢʘʯʝʩʪʚʝ ʪʝʩʪʦʚ ʠʩʧʦʣʴʟʫʶʪʩʷ ʦʜʥʦʤʝʨʥʳʝ ʟʘʜʘʯʠ ʈʠʤʘʥʘ 

ʦ ʨʘʩʧʘʜʝ ʨʘʟʨʳʚʘ. 
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ʏʀʉʃɽʅʅʆɽ ʀʉʉʃɽɼʆɺɸʅʀɽ ʄʆɼɽʃʀ ɼʀʌʌʋɿʅʆʁ ɻʈɸʅʀʎʓ 

ʉ ɼɺʋʍʒʗʄʅʓʄ ʇʆʊɽʅʎʀɸʃʆʄ ɼʃʗ ʆʇʀʉɸʅʀʗ 

ʕʃɽʂʊʈʀʏɽʉʂʆɻʆ ʇʈʆɹʆʗ  

ɸ.ɼ. ɾʫʢʦʚʩʢʠʡ
1
, ɽ.ɹ. ʉʘʚʝʥʢʦʚ

2
 

1
ʄɻʋ ʠʤʝʥʠ ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ, ʛ. ʄʦʩʢʚʘ 

2
ʀʇʄ ʠʤ. ʄ.ɺ. ʂʝʣʜʳʰʘ ʈɸʅ, ʛ. ʄʦʩʢʚʘ  

antonguk03@gmail.com, savenkov@keldysh.ru 

ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʘ ʤʦʜʝʣʴ ʪʠʧʘ çʜʠʬʬʫʟʥʦʡ ʛʨʘʥʠʮʳè [1], ʨʘʥʝʝ 

ʧʨʝʜʣʦʞʝʥʥʘʷ ʜʣʷ ʦʧʠʩʘʥʠʷ ʪʨʝʱʠʥ ʫʧʨʫʛʦʡ ʩʨʝʜʝ [2ï4], ʜʣʷ ʩʣʫʯʘʷ ʨʘʟʚʠʪʠʷ 

ʢʘʥʘʣʘ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʨʦʙʦʷ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʨʘʥʝʝ ʧʨʝʜʣʦʞʝʥʥʳʭ ʤʦʜʝʣʝʡ, 

ʨʘʩʩʤʦʪʨʝʥʥʘʷ ʤʦʜʝʣʴ ʦʧʠʩʳʚʘʝʪ ʵʚʦʣʶʮʠʶ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʩ ʧʦʤʦʱʴʶ 

ʥʝʢʦʥʩʝʨʚʘʪʠʚʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʪʠʧʘ ɸʣʣʝʥʘ-ʂʘʥʘ ʩ ʜʚʫʭʲʷʤʥʳʤ ʧʦʪʝʥʮʠʘʣʦʤ ʠ 

ʧʦʩʪʨʦʝʥʘ ʧʦ ʘʥʘʣʦʛʠʠ ʤʦʜʝʣʷʤʠ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʜʣʷ ʨʘʟʚʠʪʠʷ ʪʨʝʱʠʥ ʚ ʫʧʨʫʛʦʡ 

ʩʨʝʜʝ [2]. ɼʣʷ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʠ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʢʦʤʧʴʶʪʝʨʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ, 

ʢʦʪʦʨʳʝ ʢʘʯʝʩʪʚʝʥʥʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʦʩʥʦʚʥʳʤʠ ʭʘʨʘʢʪʝʨʥʳʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ 

ʨʝʘʣʴʥʦʛʦ ʬʠʟʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ.  

ʇʨʠʥʮʠʧ ʤʦʜʝʣʠ ʜʠʬʬʫʟʥʦʡ ʛʨʘʥʠʮʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʤʳ ʥʝ ʠʤʝʝʤ 

ʯʝʪʢʦʡ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʜʚʫʭ ʬʘʟ, ʩʯʠʪʘʝʪʩʷ, ʯʪʦ ʦʥʠ ʨʘʟʜʝʣʝʥʳ ʪʦʥʢʠʤ ʩʣʦʝʤ 

ʢʦʥʝʯʥʦʡ ʪʦʣʱʠʥʳ, ʚ ʧʨʝʜʝʣʘʭ ʢʦʪʦʨʦʛʦ ʩʚʦʡʩʪʚʘ ʩʨʝʜʳ ʤʝʥʷʶʪʩʷ ʙʳʩʪʨʦ, ʥʦ 

ʥʝʧʨʝʨʳʚʥʦ. ɼʦʙʘʚʠʚ ʚ ʩʚʦʙʦʜʥʫʶ ʵʥʝʨʛʠʶ ʩʠʩʪʝʤʳ ʧʦʚʝʨʭʥʦʩʪʥʫʶ ʵʥʝʨʛʠʶ 

ʜʠʬʬʫʟʥʦʡ ʛʨʘʥʠʮʳ, ʤʦʞʥʦ ʦʧʠʩʳʚʘʪʴ ʚʨʝʤʝʥʥʫʶ ʵʚʦʣʶʮʠʶ ʬʘʟ ʠʣʠ 

çʬʘʟʦʚʦʛʦ ʧʦʣʷè. 

ɼʣʷ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʠ ʠ ʯʠʩʣʝʥʥʦʡ ʩʭʝʤʳ, ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʤʦʜʝʣʴʥʳʝ 

ʧʦʩʪʘʥʦʚʢʠ ʟʘʜʘʯ ʜʣʷ ʩʣʫʯʘʷ ʦʜʥʦʨʦʜʥʦʡ ʠ ʥʝʦʜʥʦʨʦʜʥʦʡ ʩʨʝʜʳ. ʈʝʟʫʣʴʪʘʪʳ 

ʨʘʩʯʝʪʦʚ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʢʘʯʝʩʪʚʝʥʥʦ ʢʦʨʨʝʢʪʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʨʘʟʚʠʪʠʷ 

ʧʨʦʮʝʩʩʘ. 
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ʉʈɸɺʅɽʅʀɽ ʄɽʊʆɼʆɺ ɸɼɸʇʊɸʎʀʀ ʐɸɻɸ ʇʆ ɺʈɽʄɽʅʀ 
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ɺʂʃʖʏɸʖʑɽʁ ʋʈɸɺʅɽʅʀɽ ɸʃʃɽʅɸïʂɸʅɸ  

ɽ.ɺ. ɿʠʧʫʥʦʚʘ
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, ɽ.ɹ. ʉʘʚʝʥʢʦʚ
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ʀʇʄ ʠʤ. ʄ.ɺ. ʂʝʣʜʳʰʘ ʈɸʅ, ʛ. ʄʦʩʢʚʘ 

2
ʄʌʊʀ (ʅʀʋ), ʛ. ɼʦʣʛʦʧʨʫʜʥʳʡ  
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ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʤʦʜʝʣʠ ʪʠʧʘ ʜʠʬʬʫʟʥʦʡ ʛʨʘʥʠʮʳ ʩʦʩʪʘʚʣʷʶʪ ʮʝʣʳʡ 

ʢʣʘʩʩ ʧʦʜʭʦʜʦʚ ʜʣʷ ʨʝʰʝʥʠʷ ʧʨʠʢʣʘʜʥʳʭ ʟʘʜʘʯ ʛʠʜʨʦʜʠʥʘʤʠʢʠ, ʤʝʭʘʥʠʢʠ 

ʜʝʬʦʨʤʠʨʫʝʤʦʛʦ ʪʝʣʘ ʠ ʪʝʦʨʠʠ ʪʨʝʱʠʥ, ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ, ʩʦʣʠʜʠʬʠʢʘʮʠʠ ʠ 

ʪʝʦʨʠʠ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ. ʇʨʝʜʤʝʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʘʚʪʦʨʦʚ ʷʚʣʷʝʪʩʷ ʤʦʜʝʣʴ 

ʧʦʜʦʙʥʦʛʦ ʢʣʘʩʩʘ, ʦʧʠʩʳʚʘʶʱʘʷ ʨʘʟʚʠʪʠʝ ʢʘʥʘʣʘ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʨʦʙʦʷ ʚ 

ʪʚʝʨʜʦʤ ʜʠʵʣʝʢʪʨʠʢʝ, ʧʨʝʜʣʦʞʝʥʥʘʷ ʚ ʨʘʙʦʪʝ [1]. 

ɺʝʱʝʩʪʚʦ ʚ ʤʦʜʝʣʠʨʫʝʤʦʡ ʩʠʩʪʝʤʝ ʥʘʭʦʜʠʪʩʷ ʚ ʥʝʩʢʦʣʴʢʠʭ ʨʘʟʣʠʯʥʳʭ 

ʩʦʩʪʦʷʥʠʷʭ ï ʬʘʟʘʭ, ï ʧʨʠʯʝʤ ʚʝʱʝʩʪʚʦ ʚ ʦʜʥʦʡ ʠ ʪʦʡ ʞʝ ʬʘʟʝ ʦʙʨʘʟʫʝʪ 

ʥʝʢʦʪʦʨʳʝ ʦʜʥʦʨʦʜʥʳʝ ʦʙʣʘʩʪʠ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʤʝʪʦʜʦʤ ʜʠʬʬʫʟʥʦʡ ʛʨʘʥʠʮʳ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʬʘʟ ʚʝʱʝʩʪʚʘ ʦʧʠʩʳʚʘʝʪʩʷ ʛʣʘʜʢʦʡ ʬʫʥʢʮʠʝʡ ‰ ●ȟ ὸ , 

ʥʘʟʳʚʘʝʤʦʡ ʬʘʟʦʚʳʤ ʧʦʣʝʤ. ɺ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʟʘʜʘʯʝ ʟʥʘʯʝʥʠʝ ‰ ρ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʝʧʦʚʨʝʞʜʝʥʥʦʡ ʩʨʝʜʝ, ‰ π ï ʧʦʣʥʦʩʪʴʶ ʨʘʟʨʫʰʝʥʥʦʡ. ɺ 

ʦʙʣʘʩʪʷʭ ʦʜʥʦʨʦʜʥʦʩʪʠ ʬʘʟʦʚʦʝ ʧʦʣʝ ʙʣʠʟʢʦ ʢ ʧʦʩʪʦʷʥʥʦʤʫ, ʘ ʚ ʟʦʥʝ 

çʜʠʬʬʫʟʥʦʡ ʛʨʘʥʠʮʳè ï ʤʝʥʷʝʪʩʷ ʧʫʩʪʴ ʠ ʙʳʩʪʨʦ, ʥʦ ʥʝʧʨʝʨʳʚʥʦ. 

ʀʩʩʣʝʜʫʝʤʘʷ ʤʦʜʝʣʴ ʩʦʜʝʨʞʠʪ ʜʚʘ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʷ ʚ 

ʯʘʩʪʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ. ʆʩʥʦʚʥʦʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʚʪʦʨʦʝ ʠʟ ʥʠʭ ï 

ʫʨʘʚʥʝʥʠʝ ʜʠʥʘʤʠʢʠ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʪʠʧʘ ɸʣʣʝʥʘïʂʘʥʘ: 

 Ὂ ‰Ƞ ȿᶯɮȿ Ў‰. (1) 

ɿʜʝʩʴ ά ʠ ɜ ï ʯʠʩʣʦʚʳʝ ʧʘʨʘʤʝʪʨʳ, ɮ ●ȟ ὸ  ï ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ. 

ʉʠʤʚʦʣʦʤ Ὂ ʦʙʦʟʥʘʯʝʥʘ ʦʧʨʝʜʝʣʝʥʥʘʷ ʬʫʥʢʮʠʷ, ʦʪʨʘʞʘʶʱʘʷ ʩʧʝʮʠʬʠʢʫ 

ʤʦʜʝʣʠ; ʙʫʜʝʤ ʩʯʠʪʘʪʴ Ὂ ʬʫʥʢʮʠʝʡ ʦʪ ‰, ʧʨʠʥʠʤʘʶʱʝʡ ȿᶯɮȿ ʢʘʢ ʧʘʨʘʤʝʪʨ. 

ʇʦʜʨʦʙʥʦʝ ʦʧʠʩʘʥʠʝ ʤʦʜʝʣʠ ʩʤ. ʚ ʩʪʘʪʴʝ [2]. 

ʆʜʥʘ ʠʟ ʧʨʦʙʣʝʤ ʧʨʠ ʨʘʙʦʪʝ ʩ ʤʦʜʝʣʴʶ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ, ʢʘʢ ʧʨʘʚʠʣʦ, 

ʨʘʟʚʠʪʠʝ ʢʘʥʘʣʘ ʧʨʦʙʦʷ ʧʨʦʠʩʭʦʜʠʪ ʩʪʨʝʤʠʪʝʣʴʥʦ, ʥʦ ʵʪʦʤʫ ʧʨʝʜʰʝʩʪʚʫʝʪ 

ʜʦʣʛʠʡ ʧʝʨʠʦʜ ʢʨʘʡʥʝ ʤʝʜʣʝʥʥʳʭ ʠʟʤʝʥʝʥʠʡ ʚ ʩʠʩʪʝʤʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʤʝʪʦʜʝ ʢʦʥʝʯʥʳʭ ʨʘʟʥʦʩʪʝʡ ʨʝʛʫʣʷʨʥʦʡ ʧʦ ʚʨʝʤʝʥʠ ʨʘʩʯʝʪʥʦʡ 

ʩʝʪʢʠ ʚʠʜʠʪʩʷ ʥʝʨʘʮʠʦʥʘʣʴʥʳʤ. 

ʎʝʣʴ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ï ʠʩʩʣʝʜʦʚʘʪʴ ʨʘʟʣʠʯʥʳʝ ʧʦʜʭʦʜʳ ʢ ʘʜʘʧʪʘʮʠʠ 

ʨʘʩʯʝʪʥʦʛʦ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʦʧʠʩʘʥʥʦʡ ʩʠʩʪʝʤʳ. ʂ 

ʦʪʙʠʨʘʝʤʳʤ ʧʦʜʭʦʜʘʤ ʘʚʪʦʨʳ ʧʨʝʜʲʷʚʣʷʣʠ ʜʚʘ ʦʩʥʦʚʥʳʭ ʪʨʝʙʦʚʘʥʠʷ: ʚʦ-

ʧʝʨʚʳʭ, ʧʦʜʭʦʜ ʜʦʣʞʝʥ ʙʳʪʴ ʥʝ ʩʣʠʰʢʦʤ ʩʣʦʞʝʥ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʨʦʛʨʘʤʤʥʦʡ 

ʨʝʘʣʠʟʘʮʠʠ, ʚʦ-ʚʪʦʨʳʭ, ʥʝ ʪʨʝʙʦʚʘʪʴ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʦʙʲʝʤʘ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ 

ʚʳʯʠʩʣʝʥʠʡ. 
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ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ ʪʨʠ ʨʘʟʣʠʯʥʳʭ ʧʦʜʭʦʜʘ ʢ ʘʜʘʧʪʘʮʠʠ: 

ʧʝʨʚʳʡ ʧʨʝʜʣʦʞʝʥ ʚ ʩʪʘʪʴʝ [3], ʚʪʦʨʦʡ ï ʚ ʩʪʘʪʴʝ [4], ʪʨʝʪʠʡ ï ʩʘʤʠʤʠ ʘʚʪʦʨʘʤʠ 

ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ. 

ɺʚʝʜʝʤ ʧʝʨʝʤʝʥʥʳʡ ʰʘʛ ʧʦ ʚʨʝʤʝʥʠ † . ʇʫʩʪʴ ʢʘʞʜʦʝ ʟʥʘʯʝʥʠʝ †  

ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʩʥʠʟʫ ʠ ʩʚʝʨʭʫ ʟʘʨʘʥʝʝ ʚʳʙʨʘʥʥʳʤʠ †  ʠ †  

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

I ʧʦʜʭʦʜ. ʐʘʛ ʧʦ ʚʨʝʤʝʥʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʬʦʨʤʫʣʦʡ 

 † , (2) 

ʛʜʝ ὸέὰ  ï ʧʦʣʫʯʘʝʤʳʡ ʧʦʜʙʦʨʦʤ ʢʦʵʬʬʠʮʠʝʥʪ, ᴁ‰ ᴁ  ï ʨʘʚʥʦʤʝʨʥʘʷ ʥʦʨʤʘ 

ʧʨʦʠʟʚʦʜʥʦʡ ‰. ʈʘʩʩʯʠʪʘʪʴ ʥʦʨʤʫ ʥʝ ʩʦʩʪʘʚʣʷʝʪ ʪʨʫʜʘ, ʪʘʢ ʢʘʢ ‰  ʠʟ ʣʝʚʦʡ 

ʯʘʩʪʠ ʫʨʘʚʥʝʥʠʷ (1) ʫʞʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʩʭʝʤʝ. 

II ʧʦʜʭʦʜ. ʐʘʛ ʧʦ ʚʨʝʤʝʥʠ ʟʘʜʘʝʪʩʷ ʬʦʨʤʫʣʦʡ 

 † , (3) 

ʛʜʝ ὸέὰ  ï ʧʦʜʙʠʨʘʝʤʳʡ ʢʦʵʬʬʠʮʠʝʥʪ, ɩ  ï ʧʨʦʠʟʚʦʜʥʘʷ ʧʦʣʥʦʡ ʵʥʝʨʛʠʠ 

ʩʠʩʪʝʤʳ ɩ, ʨʘʩʯʝʪ ʢʦʪʦʨʦʡ ʤʦʞʥʦ ʧʨʦʚʝʩʪʠ ʧʦ ʠʟʚʝʩʪʥʳʤ ʬʦʨʤʫʣʘʤ. 

III ʧʦʜʭʦʜ. ɺ ʨʘʙʦʪʝ [2] ʧʨʝʜʣʦʞʝʥʦ ʫʩʣʦʚʠʝ ʫʩʪʦʡʯʠʚʦʩʪʠ ʠʩʧʦʣʴʟʫʝʤʦʡ 

ʨʘʟʥʦʩʪʥʦʡ ʩʭʝʤʳ, ʦʜʥʫ ʠʟ ʯʘʩʪʝʡ ʢʦʪʦʨʦʛʦ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʚ ʚʠʜʝ 

 ά† ÍÁØ ᶰ ȟ Ὂ ‰Ƞ ᶯɮ ρ. (4) 

ɺʤʝʩʪʦ ʤʘʢʩʠʤʫʤʘ ʧʦ ʚʩʝʤ ‰ ᶰ πȟρ  ʚʦʟʴʤʝʤ ʤʘʢʩʠʤʫʤ ʣʠʰʴ ʧʦ ʟʥʘʯʝʥʠʷʤ ‰  

ʩ ʪʝʢʫʱʝʡ ʠʪʝʨʘʮʠʠ ʨʘʩʯʝʪʘ. ʇʦʣʫʯʠʤ ʬʦʨʤʫʣʫ 

 † , (5) 

ʛʜʝ ' ה  ï ʦʧʨʝʜʝʣʝʥʥʘʷ çʫʜʦʙʥʘʷè ʬʫʥʢʮʠʷ, ʤʘʞʦʨʠʨʫʶʱʘʷ Ὂ . ʄʦʞʥʦ 

ʦʪʢʘʟʘʪʴʩʷ ʦʪ ʧʦʜʙʦʨʘ ʢʦʵʬʬʠʮʠʝʥʪʘ, ʧʦʣʦʞʠʚ ὸέὰ ρ, ʘ ʤʦʞʥʦ 

ʟʘʬʠʢʩʠʨʦʚʘʪʴ ʥʝʢʦʪʦʨʳʡ ὸέὰ ρ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʞʝʣʘʝʤʦʡ ʪʦʯʥʦʩʪʠ. 

ɼʣʷ ʢʨʘʪʢʦʩʪʠ ʧʝʨʚʳʡ ʧʦʜʭʦʜ ʙʫʜʝʤ ʥʘʟʳʚʘʪʴ ʘʜʘʧʪʘʮʠʝʡ ʧʦ ʬʘʟʦʚʦʤʫ 

ʧʦʣʶ, ʚʪʦʨʦʡ ï ʧʦ ʵʥʝʨʛʠʠ, ʪʨʝʪʠʡ ï ʧʦ ʫʩʪʦʡʯʠʚʦʩʪʠ. 

ɹʳʣʠ ʧʨʦʚʝʜʝʥʳ ʯʠʩʣʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʩ ʪʨʝʤʷ ʦʧʠʩʘʥʥʳʤʠ 

ʧʦʜʭʦʜʘʤʠ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ, ʤʦʜʝʣʠʨʫʶʱʝʡ ʫʧʨʦʱʝʥʥʳʡ, ʦʜʥʦʤʝʨʥʳʡ 

ʩʣʫʯʘʡ ʟʘʜʘʯʠ [2]. 

ɺ ʨʘʩʯʝʪʘʭ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʘʨʘʤʝʪʨʳ ʤʦʜʝʣʠ, ʦʪʨʘʞʘʶʱʠʝ ʨʝʘʣʴʥʳʡ 

ʬʠʟʠʯʝʩʢʠʡ ʵʢʩʧʝʨʠʤʝʥʪ; ʠʥʪʝʨʝʩʥʳ ʥʝ ʢʦʥʢʨʝʪʥʳʝ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ, ʘ ʠʭ 

ʥʝʨʝʛʫʣʷʨʥʦʩʪʴ, ʧʩʝʚʜʦʩʣʫʯʘʡʥʦʩʪʴ. 

ʈʘʩʯʝʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʜʣʷ ʩʣʝʜʫʶʱʝʛʦ ʪʠʧʠʯʥʦʛʦ ʩʣʫʯʘʷ ʧʦʚʝʜʝʥʠʷ 

ʩʠʩʪʝʤʳ: ʚ ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʩʨʝʜʘ ʥʝ ʧʦʚʨʝʞʜʝʥʘ (‰ ρ) ʚʝʟʜʝ, 

ʢʨʦʤʝ ʥʝʙʦʣʴʰʦʡ ʟʦʥʳ ʚ ʩʝʨʝʜʠʥʝ ʦʙʨʘʟʮʘ, ʛʜʝ ‰ πȢωυ. ʇʨʦʜʦʣʞʠʪʝʣʴʥʦʝ 

ʚʨʝʤʷ ʩʠʩʪʝʤʘ ʤʝʥʷʝʪʩʷ ʦʯʝʥʴ ʩʣʘʙʦ; ʢʘʥʘʣ ʧʨʦʙʦʷ ʧʦʩʪʝʧʝʥʥʦ ʨʘʩʪʝʪ ʚ ʜʣʠʥʫ. 

ʈʦʩʪ ʫʩʢʦʨʷʝʪʩʷ, ʧʦʢʘ ʥʝ ʧʨʦʠʩʭʦʜʠʪ ʙʳʩʪʨʦʛʦ ʧʘʜʝʥʠʷ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʜʦ ‰ π 

ʚ ʟʦʥʝ ʨʦʩʪʘ ʢʘʥʘʣʘ ʧʨʦʙʦʷ. ɿʘʪʝʤ ʢʘʥʘʣ ʥʘʯʠʥʘʝʪ ʨʘʩʪʠ ʚ ʪʦʣʱʠʥʫ ʧʨʠʤʝʨʥʦ ʩ 

ʧʦʩʪʦʷʥʥʦʡ ʩʢʦʨʦʩʪʴʶ. 
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ʇʘʜʝʥʠʝ ʬʘʟʦʚʦʛʦ ʧʦʣʷ ʦʪ ʥʝʤʥʦʛʠʤ ʤʝʥʝʝ 1 ʜʦ 0 ʧʨʦʠʩʭʦʜʠʪ ʦʯʝʥʴ 

ʙʳʩʪʨʦ, ʧʦʵʪʦʤʫ ʩʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦ ʨʘʚʥʦʤʝʨʥʦʡ ʥʦʨʤʝ ʥʝ 

ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ. ʀʟ-ʟʘ ʘʜʘʧʪʘʮʠʠ ʚʨʝʤʝʥʥʦʛʦ ʰʘʛʘ ʚʦʟʥʠʢʘʝʪ ʭʘʨʘʢʪʝʨʥʦʝ 

çʟʘʧʘʟʜʳʚʘʥʠʝè ʨʦʩʪʘ ʢʘʥʘʣʘ; ʜʘʞʝ ʝʩʣʠ ʦʥʦ ʩʦʩʪʘʚʠʪ ʜʦʣʠ ʧʨʦʮʝʥʪʘ ʦʪ ʚʩʝʛʦ 

ʚʨʝʤʝʥʠ ʦʧʳʪʘ, ʨʘʚʥʦʤʝʨʥʘʷ ʥʦʨʤʘ ʨʘʟʥʦʩʪʠ ʨʝʰʝʥʠʡ ʙʫʜʝʪ ʧʦʨʷʜʢʘ 1. ɼʣʷ 

ʩʨʘʚʥʝʥʠʷ ʨʝʰʝʥʠʡ ʢʘʞʜʦʤʫ ʤʦʤʝʥʪʫ ʚʨʝʤʝʥʠ ʦʜʥʦʛʦ ʨʘʩʯʝʪʘ ʩʦʧʦʩʪʘʚʣʷʝʪʩʷ 

ʥʘʠʙʦʣʝʝ ʧʦʭʦʞʠʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʜʨʫʛʦʛʦ; ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʚʳʯʠʩʣʷʝʪʩʷ ʙʦʣʝʝ 

ʪʦʥʢʘʷ çʥʦʨʤʘ ʨʘʟʥʦʩʪʠè ʠ ʚʝʣʠʯʠʥʘ ʟʘʧʘʟʜʳʚʘʥʠʷ. ʆʪʥʦʩʠʪʝʣʴʥʦʝ 

ʟʘʧʘʟʜʳʚʘʥʠʝ ʝʩʪʴ ʨʝʟʫʣʴʪʘʪ ʜʝʣʝʥʠʷ ʧʦʩʣʝʜʥʝʛʦ ʥʘ ʚʩʶ ʜʣʠʪʝʣʴʥʦʩʪʴ ʦʧʳʪʘ. 

ɺ ʪʘʙʣ. 1 ʧʝʨʝʯʠʩʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʩʨʘʚʥʝʥʠʡ ʩ ʠʩʭʦʜʥʳʤ ʨʘʩʯʝʪʦʤ ʜʣʷ 

ʪʨʝʭ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʘʜʘʧʪʘʮʠʡ ʧʨʠ ʫʩʢʦʨʝʥʠʠ ʧʨʠʤʝʨʥʦ ʚ 100 ʨʘʟ. ɺʠʜʥʦ, ʯʪʦ 

ʣʫʯʰʝ ʚʩʝʛʦ ʩʝʙʷ ʧʦʢʘʟʘʣ ʧʝʨʚʳʡ ʧʦʜʭʦʜ ï ʘʜʘʧʪʘʮʠʷ ʧʦ ʬʘʟʦʚʦʤʫ ʧʦʣʶ; ʣʠʰʴ 

ʥʝʤʥʦʛʦ ʭʫʞʝ ï ʪʨʝʪʠʡ ï ʧʦ ʫʩʪʦʡʯʠʚʦʩʪʠ. 

ʀʩʩʣʝʜʦʚʘʥʥʳʝ ʧʦʜʭʦʜʳ ʢ ʘʜʘʧʪʘʮʠʠ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ ʫʥʠʚʝʨʩʘʣʴʥʳ ʜʣʷ 

ʤʦʜʝʣʝʡ ʪʠʧʘ ʜʠʬʬʫʟʥʦʡ ʛʨʘʥʠʮʳ ʩ ʫʨʘʚʥʝʥʠʝʤ ɸʣʣʝʥʘïʂʘʥʘ (ʦʩʦʙʝʥʥʦ 

ʧʝʨʚʳʡ ʠ ʚʪʦʨʦʡ); ʦʥʠ ʤʦʛʫʪ ʧʦʣʫʯʠʪʴ ʜʘʣʴʥʝʡʰʝʝ ʨʘʟʚʠʪʠʝ ʠʣʠ ʙʳʪʴ ʧʨʷʤʦ 

ʧʨʠʤʝʥʝʥʳ ʥʘ ʧʨʘʢʪʠʢʝ. 

ʊʘʙʣʠʮʘ 1: ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʩ ʘʜʘʧʪʘʮʠʝʡ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ ʧʨʠ 

ʫʩʢʦʨʝʥʠʠ ʚ 100 ʨʘʟ.  

ʇʦʜʭʦʜ ʇʦ ʬʘʟʦʚʦʤʫ ʧʦʣʶ ʇʦ ʵʥʝʨʛʠʠ ʇʦ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʆʪʢʣʦʥʝʥʠʝ ρȢςσ ẗ ρπ  σȢςχ ẗ ρπ  ςȢςσ ẗ ρπ  

ʆʪʥʦʩʠʪʝʣʴʥʦʝ 

ʟʘʧʘʟʜʳʚʘʥʠʝ 
0.004% 0.19% 0.0046% 
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ʀʉʇʆʃʔɿʆɺɸʅʀɽ ʄɽʊʆɼɸ ʅɸʀʄɽʅʔʐʀʍ ʂɺɸɼʈɸʊʆɺ ɺ 

ʆɹʈɸɹʆʊʂɽ ʀɿʄɽʈɽʅʀʁ ʄɸɻʅʀʊʆʄɽʊʈʆɺ ʂɸ çTUSUR GOè  

ɻ.ʈ. ʄʘʢʘʨʦʚ, ɹ.ʆ. ʄʫʭʘʯʝʚ, ɼ.ʉ. ʀʚʘʥʦʚ 

ʀʇʄ ʠʤ. ʄ.ɺ. ʂʝʣʜʳʰʘ ʈɸʅ, ʛ. ʄʦʩʢʚʘ 
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ʄʝʪʦʜʳ ʦʙʨʘʙʦʪʢʠ ʠʟʤʝʨʝʥʠʡ ʷʚʣʷʶʪʩʷ ʥʝʦʪʲʝʤʣʝʤʦʡ ʯʘʩʪʴʶ ʢʘʢ 

ʧʦʩʪʦʙʨʘʙʦʪʢʠ ʪʝʣʝʤʝʪʨʠʠ ʤʘʣʳʭ ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ (ʂɸ), ʪʘʢ ʠ ʙʦʨʪʦʚʦʛʦ 

ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʂɸ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʝʰʘʝʪʩʷ ʟʘʜʘʯʘ ʧʦʜʙʦʨʘ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʘʛʥʠʪʦʤʝʪʨʦʚ, ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʥʘ ʙʦʨʪʫ ʂɸ çTUSUR GOè, ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ. 

ʀʩʧʦʣʴʟʫʝʪʩʷ ʩʣʝʜʫʶʱʘʷ ʤʦʜʝʣʴ ʠʟʤʝʨʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ɿʝʤʣʠ ([1]): 

ˆ meas model

ʉʉʂ= +DB KPB B  

ʛʜʝ ( )diag , ,K x y zk k k=  ï ʤʘʪʨʠʮʘ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʫʩʠʣʝʥʠʷ ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ 

ʵʣʝʤʝʥʪʦʚ ʤʘʛʥʠʪʦʤʝʪʨʘ, P  ï ʤʘʪʨʠʮʘ ʥʘʧʨʘʚʣʝʥʠʷ ʦʩʝʡ ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ 

ʵʣʝʤʝʥʪʦʚ, BD  ï ʩʤʝʱʝʥʠʝ ʥʫʣʷ ʤʘʛʥʠʪʦʤʝʪʨʘ. ʄʦʜʝʣʴ IGRF ʧʦʟʚʦʣʷʝʪ 

ʧʦʣʫʯʠʪʴ ʚʝʢʪʦʨ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ɿʝʤʣʠ ʚ ʠʥʝʨʮʠʘʣʴʥʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ 

(ʀʉʂ) Bmodel

ʀʉʂ , ʢʦʪʦʨʳʡ ʟʘʪʝʤ ʧʝʨʝʚʦʜʠʪʩʷ ʚ ʩʚʷʟʥʫʶ ʩ ʛʣʘʚʥʳʤʠ ʦʩʷʤʠ ʠʥʝʨʮʠʠ 

ʂɸ ʩʠʩʪʝʤʫ ʢʦʦʨʜʠʥʘʪ (ʉʉʂ). 

ʂʘʜʨ ʪʝʣʝʤʝʪʨʠʠ ʩʦʜʝʨʞʠʪ ʚ ʩʝʙʝ ʠʟʤʝʨʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʫ ʜʚʫʭ 

ʤʘʛʥʠʪʦʤʝʪʨʦʚ ʠ ʤʝʪʢʠ ʚʨʝʤʝʥʠ, ʢʦʛʜʘ ʠʟʤʝʨʝʥʠʝ ʙʳʣʦ ʧʦʣʫʯʝʥʦ. ʉʪʘʚʠʪʩʷ 

ʟʘʜʘʯʘ ʤʠʥʠʤʠʟʘʮʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʨʘʩʭʦʞʜʝʥʠʷ ʚʝʢʪʦʨʘ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, 

ʧʦʣʫʯʝʥʥʦʛʦ ʩʦʛʣʘʩʥʦ ʤʦʜʝʣʠ ʠʟʤʝʨʝʥʠʷ, ʩ ʜʘʥʥʳʤʠ ʠʟ ʪʝʣʝʤʝʪʨʠʠ: 

( ) ( )
2 2

, , , ,

1 1

1 1ˆ ˆ min
2 2

N N
meas meas

I i I i II i II i

i i

J
= =

= - + - ­ä äB B B B , 

ʛʜʝ ʠʥʜʝʢʩʳ I ʠ II ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʤʘʛʥʠʪʦʤʝʪʨʘʤ 1 ʠ 2, ʘ N  ï ʯʠʩʣʦ ʠʟʤʝʨʝʥʠʡ. 

ʆʧʪʠʤʠʟʘʮʠʷ ʨʘʟʜʝʣʷʝʪʩʷ ʥʘ 2 ʫʨʦʚʥʷ ï ʚʥʫʪʨʝʥʥʠʡ ʠ ʚʥʝʰʥʠʡ. ʅʘ 

ʚʥʫʪʨʝʥʥʝʤ ʫʨʦʚʥʝ ʬʠʢʩʠʨʫʶʪʩʷ ʚʩʝ ʧʘʨʘʤʝʪʨʳ, ʢʨʦʤʝ ʩʤʝʱʝʥʠʡ ʥʫʣʷ 

ʤʘʛʥʠʪʦʤʝʪʨʘ. ʀʭ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʘʥʘʣʠʪʠʯʝʩʢʠ ʟʘ 1 ʰʘʛ ʤʝʪʦʜʘ ʅʴʶʪʦʥʘ. ʅʘ 

ʚʥʝʰʥʝʤ ʫʨʦʚʥʝ ʦʧʪʠʤʠʟʘʮʠʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʪʦʜ ʨʦʷ ʯʘʩʪʠʮ (PSO, [2]), 

ʢʦʪʦʨʳʡ ʥʝ ʪʨʝʙʫʝʪ ʚʳʯʠʩʣʝʥʠʷ ʛʨʘʜʠʝʥʪʘ ʬʫʥʢʮʠʦʥʘʣʘ ʦʪ ʦʩʪʘʣʴʥʳʭ 

ʧʘʨʘʤʝʪʨʦʚ: ʤʘʪʨʠʮ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʫʩʠʣʝʥʠʷ K I  ʠ K II , ʤʘʪʨʠʮ ʥʘʧʨʘʚʣʝʥʠʷ 

ʦʩʝʡ ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʤʘʛʥʠʪʦʤʝʪʨʘ IP  ʠ IIP , ʘ ʪʘʢʞʝ ʧʦʜʙʠʨʘʶʪʩʷ 

ʥʘʯʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʢʚʘʪʝʨʥʠʦʥʘ ʦʨʠʝʥʪʘʮʠʠ 0Q  ʠ ʫʛʣʦʚʦʡ ʩʢʦʨʦʩʪʠ 0ɤ  ʜʣʷ 

ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʫʨʘʚʥʝʥʠʡ ʫʛʣʦʚʦʛʦ ʜʚʠʞʝʥʠʷ ʂɸ. 
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ʈʠʩ. 1. ʉʨʘʚʥʝʥʠʝ ʤʦʜʝʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ɿʝʤʣʠ                                        

ʩ ʠʟʤʝʨʝʥʠʷʤʠ ʙʝʟ ʦʙʨʘʙʦʪʢʠ ʠ ʩ ʦʙʨʘʙʦʪʢʦʡ. 

 

ɺ ʭʦʜʝ ʨʘʙʦʪʳ ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʨʘʟʣʠʯʥʳʭ ʤʦʜʝʣʝʡ ʠʟʤʝʨʝʥʠʷ 

ʤʘʛʥʠʪʦʤʝʪʨʘ, ʘ ʚ ʦʧʪʠʤʠʟʘʮʠʠ ʚʘʨʴʠʨʦʚʘʣʦʩʴ ʢʘʢ ʯʠʩʣʦ ʧʘʨʘʤʝʪʨʦʚ, ʪʘʢ ʠ 

ʨʘʟʜʝʣʝʥʠʝ ʠʭ ʥʘ ʚʥʫʪʨʝʥʥʠʡ ʠ ʚʥʝʰʥʠʡ ʫʨʦʚʥʠ. ʈʝʟʫʣʴʪʘʪʦʤ ʨʘʙʦʪʳ ʤʝʪʦʜʠʢʠ 

ʷʚʣʷʝʪʩʷ ʚʝʢʪʦʨ ʦʧʪʠʤʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʦʧʪʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ 

ʬʫʥʢʮʠʦʥʘʣʘ. ɹʳʣʦ ʟʘʤʝʯʝʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʫʧʨʦʱʝʥʥʦʡ ʤʦʜʝʣʠ 

ʠʟʤʝʨʝʥʠʷ ʟʥʘʯʠʪʝʣʴʥʦ ʩʦʢʨʘʱʘʝʪ ʚʨʝʤʷ ʚʳʧʦʣʥʝʥʠʷ ʧʨʦʛʨʘʤʤʳ, ʦʜʥʘʢʦ ʜʘʞʝ 

ʧʨʠ ʥʘʡʜʝʥʥʳʭ ʦʧʪʠʤʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʘʭ ʜʘʝʪ ʤʝʥʝʝ ʧʨʘʚʜʦʧʦʜʦʙʥʳʡ ʧʨʦʛʥʦʟ 

ʠʟʤʝʨʝʥʠʷ ʤʘʛʥʠʪʦʤʝʪʨʘ, ʪʦ ʝʩʪʴ ʟʥʘʯʝʥʠʝ ʬʫʥʢʮʠʦʥʘʣʘ ʩʠʣʴʥʦ ʚʳʰʝ, ʯʝʤ ʚ 

ʧʦʣʥʦʡ ʤʦʜʝʣʠ ʠʟʤʝʨʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ 

ˉ 22-71-10009 (https://rscf.ru/project/22-71-10009/). 
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ʇʨʦʝʢʪʳ ʧʦ ʟʘʢʘʯʢʝ ʜʠʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ (ʉʆ2) ʚ ʤʝʩʪʦʨʦʞʜʝʥʠʷ 

ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʥʘʙʠʨʘʶʪ ʧʦʧʫʣʷʨʥʦʩʪʴ, ʧʦʩʢʦʣʴʢʫ ʨʘʩʪʝʪ ʚʥʠʤʘʥʠʝ ʢ ʚʦʧʨʦʩʘʤ 

ʠʟʤʝʥʝʥʠʷ ʢʣʠʤʘʪʘ ʠ ʵʢʦʣʦʛʠʠ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʟʘʢʘʯʢʘ ʉʆ2 ʷʚʣʷʝʪʩʷ ʭʦʨʦʰʦ 

ʠʟʚʝʩʪʥʦʡ ʠ ʦʧʨʦʙʦʚʘʥʥʦʡ ʚ ʧʨʦʤʳʩʣʦʚʳʭ ʫʩʣʦʚʠʷʭ ʪʝʭʥʦʣʦʛʠʝʡ ʫʚʝʣʠʯʝʥʠʷ 

ʥʝʬʪʝʦʪʜʘʯʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠʤʝʥʝʥʠʝ ʵʪʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʨʠʚʣʝʢʘʪʝʣʴʥʦ ʢʘʢ 

ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʦʜʟʝʤʥʦʡ ʫʪʠʣʠʟʘʮʠʠ ʧʘʨʥʠʢʦʚʦʛʦ ʛʘʟʘ ʉʆ2, ʪʘʢ ʠ ʩ ʪʦʯʢʠ 

ʟʨʝʥʠʷ ʨʦʩʪʘ ʜʦʙʳʯʠ ʫʛʣʝʚʦʜʦʨʦʜʦʚ. 

ʉʤʝʰʝʥʠʝ ʟʘʢʘʯʠʚʘʝʤʦʛʦ ʚ ʥʘʛʥʝʪʘʪʝʣʴʥʳʝ ʩʢʚʘʞʠʥʳ ʉʆ2 ʩ ʧʣʘʩʪʦʚʳʤʠ 

ʬʣʶʠʜʘʤʠ ʫʩʣʦʞʥʷʝʪ ʠʭ ʬʘʟʦʚʦʝ ʧʦʚʝʜʝʥʠʝ. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ 50Á ʉ 

ʩʤʝʩʠ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʩ ʉʆ2 ʤʦʛʫʪ ʨʘʟʜʝʣʷʪʴʩʷ ʥʘ ʪʨʠ ʬʘʟʳ: ʜʚʝ ʞʠʜʢʠʝ ʠ ʦʜʥʫ 

ʛʘʟʦʦʙʨʘʟʥʫʶ. ʌʦʨʤʠʨʫʶʱʠʝʩʷ ʞʠʜʢʠʝ ʬʘʟʳ ʦʪʣʠʯʘʶʪʩʷ ʧʦ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ 

ʥʠʭ ʉʆ2, ʧʦ ʧʣʦʪʥʦʩʪʠ ʠ ʚʷʟʢʦʩʪʠ. 

ɺ ʥʘʩʪʦʷʱʝʤ ʜʦʢʣʘʜʝ ʦʙʩʫʞʜʘʶʪʩʷ ʩʦʚʨʝʤʝʥʥʳʝ ʧʦʜʭʦʜʳ, ʧʨʠʤʝʥʷʝʤʳʝ 

ʜʣʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʬʘʟʦʚʦʛʦ ʨʘʟʜʝʣʝʥʠʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ 

ʩʤʝʩʝʡ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʠ ʉʆ2, ʢʦʛʜʘ ʩʠʩʪʝʤʘ ʬʦʨʤʠʨʫʝʪ ʙʦʣʝʝ ʯʝʤ ʜʚʝ ʬʘʟʳ. 

ʊʨʘʜʠʮʠʦʥʥʳʝ ʤʝʪʦʜʳ ʨʘʩʯʝʪʘ ʬʘʟʦʚʳʭ ʨʘʚʥʦʚʝʩʠʡ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ 

ʩʤʝʩʝʡ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʦʙʳʯʥʦ ʚʢʣʶʯʘʶʪ: 1) ʧʨʦʚʝʨʢʫ ʩʪʘʙʠʣʴʥʦʩʪʠ ʩʦʩʪʦʷʥʠʷ 

ʩʤʝʩʠ ʧʨʠ ʟʘʜʘʥʥʳʭ ʪʝʨʤʦʙʘʨʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ; 2) ʠʪʝʨʘʮʠʦʥʥʳʡ ʨʘʩʯʝʪ 

ʧʘʨʘʤʝʪʨʦʚ ʬʘʟ ʚ ʩʣʫʯʘʝ, ʝʩʣʠ ʧʨʦʚʝʨʢʘ ʩʪʘʙʠʣʴʥʦʩʪʠ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʨʘʟʜʝʣʝʥʠʠ ʩʠʩʪʝʤʳ ʥʘ ʥʝʩʢʦʣʴʢʦ ʬʘʟ. ʊʘʢʦʡ ʩʧʦʩʦʙ ʨʘʩʯʝʪʘ ʰʠʨʦʢʦ ʧʨʠʤʝʥʠʤ 

ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʘʨʦʞʠʜʢʦʩʪʥʳʭ (ʜʚʫʭʬʘʟʥʳʭ) 

ʨʘʚʥʦʚʝʩʠʡ [1]. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʫʚʝʣʠʯʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʬʘʟ ʟʘʪʨʫʜʥʷʝʪ 

ʧʨʦʚʝʜʝʥʠʝ ʧʦʜʦʙʥʳʭ ʨʘʩʯʝʪʦʚ: ʫʩʧʝʭ ʧʨʦʮʝʜʫʨʳ ʟʘʚʠʩʠʪ ʦʪ ʫʜʘʯʥʦʛʦ ʚʳʙʦʨʘ 

ʥʘʯʘʣʴʥʳʭ ʧʨʠʙʣʠʞʝʥʠʡ ʜʣʷ ʢʦʥʩʪʘʥʪ ʬʘʟʦʚʦʛʦ ʨʘʚʥʦʚʝʩʠʷ [2]. 

ɺ ʜʦʢʣʘʜʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʢʘʯʝʩʪʚʝ ʘʣʴʪʝʨʥʘʪʠʚʥʦʛʦ ʩʧʦʩʦʙʘ ʨʘʩʯʝʪʘ 

ʬʘʟʦʚʳʭ ʨʘʚʥʦʚʝʩʠʡ ʩʤʝʩʝʡ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʠ ʉʆ2 ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ 

ʤʝʪʦʜ ʧʨʷʤʦʡ ʤʠʥʠʤʠʟʘʮʠʠ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ ʠʟʦʙʘʨʥʦ-ʠʟʦʪʝʨʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ 

[3ï5]. ʇʨʠ ʵʪʦʤ ʥʝʣʠʥʝʡʥʘʷ ʟʘʜʘʯʘ ʤʠʥʠʤʠʟʘʮʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʵʥʝʨʛʠʠ 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʡ ʩʠʩʪʝʤʳ ʧʦʩʣʝ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʩʚʦʜʠʪʩʷ ʢ ʟʘʜʘʯʝ ʣʠʥʝʡʥʦʛʦ 

ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ. ʈʝʰʝʥʠʝ ʵʪʦʡ ʟʘʜʘʯʠ ʜʘʝʪ ʠʥʬʦʨʤʘʮʠʶ ʦ ʬʘʟʦʚʦʤ 

ʩʦʩʪʦʷʥʠʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʨʘʚʥʦʚʝʩʥʦʡ ʩʤʝʩʠ ʟʘʜʘʥʥʦʛʦ ʩʦʩʪʘʚʘ, 

ʥʘʭʦʜʷʱʝʡʩʷ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʳʭ ʪʝʨʤʦʙʘʨʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ. 

ʉʭʝʤʘ ʧʨʦʚʦʜʠʤʳʭ ʨʘʩʯʝʪʦʚ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 1. ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʵʪʦʡ 

ʩʭʝʤʳ, ʠʪʦʛ ʨʘʩʯʝʪʦʚ ʟʘʚʠʩʠʪ ʦʪ ʟʘʜʝʡʩʪʚʦʚʘʥʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʩʦʩʪʦʷʥʠʷ. ɺ 
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ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʫʨʘʚʥʝʥʠʝ ʩʦʩʪʦʷʥʠʷ ʇʝʥʛʘïʈʦʙʠʥʩʦʥʘ, 

ʢʦʪʦʨʦʝ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʧʨʠʤʝʥʷʶʪ ʜʣʷ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʚʝʜʝʥʠʷ 

ʩʤʝʩʝʡ ʫʛʣʝʚʦʜʦʨʦʜʦʚ. ɿʘʤʝʪʠʤ, ʯʪʦ ʘʣʛʦʨʠʪʤ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʥʘ ʨʠʩ.1, 

ʧʨʠʤʝʥʠʤ ʜʣʷ ʣʶʙʦʛʦ ʫʨʘʚʥʝʥʠʷ ʩʦʩʪʦʷʥʠʷ, ʚ ʪʦʤ ʯʠʩʣʝ ʥʝ ʦʛʨʘʥʠʯʝʥ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʫʙʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ ʩʦʩʪʦʷʥʠʷ. 

ʈʠʩ. 2 ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʪʨʠ ʧʨʠʤʝʨʘ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʘ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ 

ʜʣʷ ʩʤʝʩʠ ʧʨʦʧʘʥʘ (C3H8), ʥ-ʛʝʢʩʘʜʝʢʘʥʘ (C16H34) ʠ ʉʆ2. ʉʤʝʩʴ ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 20.85Áʉ ʠ ʩʦʜʝʨʞʘʣʘ 6% ʤʦʣ. C3H8, 9% ʤʦʣ. C16H34 ʠ 85% ʤʦʣ. 

ʉʆ2. ʈʘʩʯʝʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʤʝʪʦʜʦʤ ʧʨʷʤʦʡ ʤʠʥʠʤʠʟʘʮʠʠ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ. 

ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʨʠʩ. 2, ʧʨʠ ʜʘʚʣʝʥʠʠ 5.56 ʄʇʘ ʩʤʝʩʴ ʥʘʭʦʜʠʣʘʩʴ ʚ 

ʩʦʩʪʦʷʥʠʠ ʧʘʨʦʞʠʜʢʦʩʪʥʦʛʦ ʨʘʚʥʦʚʝʩʠʷ, ʧʨʠ ʜʘʚʣʝʥʠʠ 5.59 ʄʇʘ ï ʚ 

ʪʨʝʭʬʘʟʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʘ ʧʨʠ ʜʘʚʣʝʥʠʠ 5.61 ʄʇʘ ʩʤʝʩʴ ʨʘʟʜʝʣʠʣʘʩʴ ʥʘ ʜʚʝ 

ʞʠʜʢʠʝ ʬʘʟʳ. 

ɿʘʤʝʪʠʤ, ʯʪʦ ʧʦʣʫʯʠʚʰʠʝʩʷ ʬʘʟʳ ʩʠʣʴʥʦ ʨʘʟʣʠʯʘʶʪʩʷ ʧʦ ʩʚʦʝʤʫ ʩʦʩʪʘʚʫ. 

ʂ ʧʨʠʤʝʨʫ, C16H34, ʢʘʢ ʚʝʱʝʩʪʚʦ ʩ ʥʘʠʙʦʣʴʰʝʡ ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʘʩʩʦʡ ʠʟ 

ʚʝʱʝʩʪʚ ʩʤʝʩʠ, ʧʨʠʩʫʪʩʪʚʫʝʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚ ʦʜʥʦʡ ʠʟ ʞʠʜʢʠʭ ʬʘʟ. ɺ ʪʦ ʞʝ 

ʚʨʝʤʷ C3H8, ʢʦʪʦʨʦʛʦ ʧʦ ʩʦʜʝʨʞʘʥʠʶ ʚ ʩʤʝʩʠ ʤʝʥʴʰʝ ʚʩʝʛʦ, ʧʨʠʩʫʪʩʪʚʫʝʪ ʚʦ 

ʚʩʝʭ ʬʘʟʘʭ. ʆʯʝʚʠʜʥʦ, ʚʚʠʜʫ ʨʘʟʥʦʛʦ ʩʦʩʪʘʚʘ ʬʘʟʳ ʨʘʟʣʠʯʘʶʪʩʷ ʠ ʧʦ ʜʨʫʛʠʤ 

ʬʠʟʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ (ʧʣʦʪʥʦʩʪʴ, ʚʷʟʢʦʩʪʴ ʠ ʜʨ.). 

ʉ ʧʦʤʦʱʴʶ ʦʙʩʫʞʜʘʝʤʦʛʦ ʚ ʥʘʩʪʦʷʱʝʤ ʜʦʢʣʘʜʝ ʤʝʪʦʜʘ ʨʘʩʯʝʪʘ ʬʘʟʦʚʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʩʤʝʩʠ ʤʦʞʥʦ ʧʨʦʩʣʝʜʠʪʴ, ʢʘʢ ʤʝʥʷʝʪʩʷ ʢʦʣʠʯʝʩʪʚʦ ʬʘʟ ʚ ʩʠʩʪʝʤʝ ʧʨʠ 

ʠʟʤʝʥʝʥʠʠ ʪʝʨʤʦʙʘʨʠʯʝʩʢʠʭ ʫʩʣʦʚʠʡ. ʈʠʩ.3 ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʧʨʠʤʝʨ ʧʦʣʫʯʝʥʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʘʚʣʝʥʠʷ ʤʦʣʴʥʳʭ ʜʦʣʝʡ ʬʘʟ, ʥʘ ʢʦʪʦʨʳʝ ʨʘʟʜʝʣʷʝʪʩʷ ʩʤʝʩʴ 

C3H8, C16H34 ʠ ʉʆ2.  
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ʈʠʩ. 2. ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʬʘʟʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠ ʩʦʩʪʘʚʘ ʬʘʟ ʜʣʷ ʩʤʝʩʠ C3H8, 

C16H34 ʠ ʉʆ2 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 20.85Áʉ.  

 
 

ʈʠʩ. 3. ɿʘʚʠʩʠʤʦʩʪʴ ʦʪ ʜʘʚʣʝʥʠʷ ʤʦʣʴʥʳʭ ʜʦʣʝʡ ʬʘʟ, ʥʘ ʢʦʪʦʨʳʝ ʨʘʟʜʝʣʷʝʪʩʷ 

ʩʤʝʩʴ C3H8, C16H34 ʠ ʉʆ2 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 20.85Áʉ. 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ.3, ʩ ʨʦʩʪʦʤ ʜʘʚʣʝʥʠʷ ʚ ʧʘʨʦʞʠʜʢʦʩʪʥʦʡ ʩʠʩʪʝʤʝ 

ʧʦʷʚʣʷʝʪʩʷ ʝʱʝ ʦʜʥʘ ʞʠʜʢʘʷ ʬʘʟʘ ʠ ʩʦʩʪʦʷʥʠʝ ʩʪʘʥʦʚʠʪʩʷ ʪʨʝʭʬʘʟʥʳʤ. 

ɼʘʣʴʥʝʡʰʝʝ ʫʚʝʣʠʯʝʥʠʝ ʜʘʚʣʝʥʠʷ ʧʨʠʚʦʜʠʪ ʢ ʧʦʩʪʝʧʝʥʥʦʤʫ ʨʘʩʪʚʦʨʝʥʠʶ 

ʛʘʟʦʦʙʨʘʟʥʦʡ ʬʘʟʳ ʚ ʞʠʜʢʦʡ ʬʘʟʝ, ʙʦʣʝʝ ʣʝʛʢʦʡ ʠʟ ʜʚʫʭ ʠʤʝʶʱʠʭʩʷ. ʇʦʩʣʝ 
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ʧʦʣʥʦʛʦ ʠʩʯʝʟʥʦʚʝʥʠʷ ʛʘʟʦʦʙʨʘʟʥʦʡ ʬʘʟʳ ʩʦʩʪʦʷʥʠʝ ʩʠʩʪʝʤʳ ʚʥʦʚʴ ʩʪʘʥʦʚʠʪʩʷ 

ʜʚʫʭʬʘʟʥʳʤ, ʪʝʧʝʨʴ ʚ ʥʝʤ ʩʦʩʫʱʝʩʪʚʫʶʪ ʜʚʝ ʞʠʜʢʠʝ ʬʘʟʳ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʢʘʟʘʥʦ, ʯʪʦ ʦʙʩʫʞʜʘʝʤʳʡ ʚ ʥʘʩʪʦʷʱʝʤ ʜʦʢʣʘʜʝ ʤʝʪʦʜ 

ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʯʠʪʳʚʘʪʴ ʬʘʟʦʚʳʝ ʨʘʚʥʦʚʝʩʠʷ ʩʤʝʩʝʡ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʩ ʉʆ2 ʚ 

ʩʣʫʯʘʝ, ʢʦʛʜʘ ʩʠʩʪʝʤʘ ʨʘʟʜʝʣʷʝʪʩʷ ʥʘ ʪʨʠ ʬʘʟʳ. ɿʘʤʝʪʠʤ, ʯʪʦ ʵʪʦʪ ʞʝ ʤʝʪʦʜ 

ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʨʘʩʯʝʪʘ ʬʘʟʦʚʳʭ ʨʘʚʥʦʚʝʩʠʡ ʩʠʩʪʝʤ, ʬʦʨʤʠʨʫʶʱʠʭ 

ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʬʘʟ. ʇʨʠ ʵʪʦʤ ʚʘʞʥʦʡ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ 

ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʦʪʩʫʪʩʪʚʠʝ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʘʜʘʧʪʠʨʦʚʘʪʴ ʩʭʝʤʫ ʨʘʩʯʝʪʘ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʛʦ, ʥʘ ʢʘʢʦʝ ʤʘʢʩʠʤʘʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʬʘʟ ʤʦʞʝʪ ʨʘʟʜʝʣʠʪʴʩʷ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʩʠʩʪʝʤʘ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ 

ˉ 24-77-10022. 
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ɺʚʝʜʝʥʠʝ 

ʇʨʦʠʟʚʦʜʩʪʚʦ ʧʦʣʠʚʠʥʠʣʭʣʦʨʠʜʘ (ʇɺʍ), ʦʜʥʦʛʦ ʠʟ ʩʘʤʳʭ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʩʪʨʦʠʪʝʣʴʩʪʚʝ, 

ʤʝʜʠʮʠʥʝ ʠ ʧʨʦʠʟʚʦʜʩʪʚʝ ʪʦʚʘʨʦʚ ʧʦʚʩʝʜʥʝʚʥʦʛʦ ʩʧʨʦʩʘ, ʩʚʷʟʘʥʦ ʩ ʩʝʨʴʝʟʥʳʤʠ 

ʵʢʦʣʦʛʠʯʝʩʢʠʤʠ ʧʨʦʙʣʝʤʘʤʠ. ʆʜʥʠʤ ʠʟ ʧʨʦʤʳʰʣʝʥʥʳʭ ʩʧʦʩʦʙʦʚ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ʩʳʨʴʷ (ʚʠʥʠʣʭʣʦʨʠʜʘ ʤʦʥʦʤʝʨʘ) ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʇɺʍ ʷʚʣʷʝʪʩʷ ʧʨʦʮʝʩʩ 

ʛʠʜʨʦʭʣʦʨʠʨʦʚʘʥʠʷ ʘʮʝʪʠʣʝʥʘ, ʜʣʷ ʢʦʪʦʨʦʛʦ ʪʨʘʜʠʮʠʦʥʥʳʤ ʢʘʪʘʣʠʟʘʪʦʨʦʤ 

ʷʚʣʷʝʪʩʷ ʭʣʦʨʠʜ ʨʪʫʪʠ, ʥʘʥʝʩʝʥʥʳʡ ʥʘ ʘʢʪʠʚʠʨʦʚʘʥʥʳʡ ʫʛʦʣʴ. ʊʘʢʠʝ 

ʢʘʪʘʣʠʟʘʪʦʨʳ ʪʦʢʩʠʯʥʳ ʠ ʧʨʠʚʦʜʷʪ ʢ ʟʘʛʨʷʟʥʝʥʠʶ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ. ɺ ʩʚʷʟʠ 

ʩ ʵʪʠʤ ʧʦʠʩʢ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ, ʪʘʢʠʭ ʢʘʢ 

ʙʝʟʤʝʪʘʣʣʠʯʝʩʢʠʝ ʫʛʣʝʨʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʩʪʘʥʦʚʠʪʩʷ ʚʘʞʥʦʡ ʟʘʜʘʯʝʡ. 

ʋʩʢʦʨʠʪʴ ʧʨʦʮʝʩʩ ʧʦʜʙʦʨʘ ʪʘʢʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʠ ʩʥʠʟʠʪʴ ʟʘʪʨʘʪʳ ʥʘ 

ʵʢʩʧʝʨʠʤʝʥʪʳ ʤʦʞʥʦ ʧʨʠʤʝʥʠʚ ʤʝʪʦʜʳ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ (ʄʆ), ʘ ʠʤʝʥʥʦ 

ʘʣʛʦʨʠʪʤʳ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʜʝʨʝʚʴʷʭ ʨʝʰʝʥʠʡ. 

ʎʝʣʴ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ï ʨʘʟʨʘʙʦʪʘʪʴ ʤʝʪʦʜ ʧʨʝʜʩʢʘʟʘʥʠʷ ʘʢʪʠʚʥʦʩʪʠ 

ʙʝʟʤʝʪʘʣʣʠʯʝʩʢʠʭ ʫʛʣʝʨʦʜʥʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʚ ʨʝʘʢʮʠʠ ʛʠʜʨʦʭʣʦʨʠʨʦʚʘʥʠʷ 

ʘʮʝʪʠʣʝʥʘ ʥʘ ʦʩʥʦʚʝ ʤʝʪʦʜʦʚ ʄʆ, ʘ ʪʘʢʞʝ ʦʮʝʥʠʪʴ ʚʘʞʥʦʩʪʴ ʬʘʢʪʦʨʦʚ, 

ʚʣʠʷʶʱʠʭ ʥʘ ʨʝʘʢʮʠʦʥʥʳʡ ʧʨʦʮʝʩʩ. 

ʆʩʥʦʚʥʘʷ ʯʘʩʪʴ 

ʊʘʢ ʢʘʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʯʥʦʤ ʚʠʜʝ ʠ 

ʩʦʜʝʨʞʘʪ ʜʦ 1000 ʧʨʠʤʝʨʦʚ, ʜʣʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʙʳʣʠ ʚʳʙʨʘʥʳ 

ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʛʨʘʜʠʝʥʪʥʦʛʦ ʙʫʩʪʠʥʛʘ ʦʪ Yandex Catboost ʠ 

ʘʣʛʦʨʠʪʤ ʩʣʫʯʘʡʥʦʛʦ ʣʝʩʘ [1ï3]. ɼʘʥʥʳʝ ʘʣʛʦʨʠʪʤʳ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʣʷ 

ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʢʘʢ ʢʣʘʩʩʠʬʠʢʘʮʠʠ, ʪʘʢ ʠ ʨʝʛʨʝʩʩʠʠ. ɸʥʘʣʠʟ ʬʘʢʪʦʨʦʚ ʧʨʦʚʝʜʝʥ 

ʩ ʧʦʤʦʱʴʶ ʘʣʛʦʨʠʪʤʘ ʐʝʧʣʠ [4]. 

ɹʘʟʘ ʜʘʥʥʳʭ ʚʢʣʶʯʘʝʪ ʩʦʙʨʘʥʥʳʝ ʠʟ ʣʠʪʝʨʘʪʫʨʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʜʘʥʥʳʝ [5], ʩʦʜʝʨʞʘʱʠʝ ʩʣʝʜʫʶʱʠʝ ʧʘʨʘʤʝʪʨʳ:  

¶ ʄʘʢʩʠʤʘʣʴʥʘʷ ʢʦʥʚʝʨʩʠʷ ʘʮʝʪʠʣʝʥʘ (Max_Conv, %); 

¶ ʊʝʤʧʝʨʘʪʫʨʘ ʨʝʘʢʮʠʠ (ʊ, ʂ); 

¶ ʆʙʲʝʤʥʘʷ ʩʢʦʨʦʩʪʴ ʧʦʜʘʯʠ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ (GHSV, ʯϖĭ); 
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¶ ʄʦʣʴʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ HCl:CϜHϜ; 
¶ ʋʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʢʘʪʘʣʠʟʘʪʦʨʘ (S_cat, ʤĮ/ʛ); 

¶ ʕʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʢʘʪʘʣʠʟʘʪʦʨʘ (ʩʦʜʝʨʞʘʥʠʝ N, O, S, %); 

¶ ʄʘʩʩʘ ʟʘʛʨʫʞʝʥʥʦʛʦ ʢʘʪʘʣʠʟʘʪʦʨʘ (m_cat, ʛ). 

ʀʩʭʦʜʥʘʷ ʙʘʟʘ ʜʘʥʥʳʭ ʩʦʩʪʦʷʣʘ ʠʟ 377 ʩʪʨʦʢ (ʩʠʩʪʝʤ). ʆʜʥʘʢʦ ʠʟ-ʟʘ 

ʥʘʣʠʯʠʷ ʧʨʦʧʫʱʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʢʦʣʠʯʝʩʪʚʦ ʩʠʩʪʝʤ, ʧʨʠʛʦʜʥʳʭ ʜʣʷ ʦʙʫʯʝʥʠʷ, 

ʦʢʘʟʘʣʦʩʴ ʤʝʥʴʰʝ. ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʡ ʪʦʯʥʦʩʪʠ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʪʦʣʴʢʦ ʩʪʨʦʢʠ ʩ ʧʦʣʥʳʤ ʥʘʙʦʨʦʤ ʜʘʥʥʳʭ. ʆʙʫʯʝʥʠʝ ʧʨʦʚʦʜʠʣʠ 

ʥʘ ʩʝʤʠ ʫʥʠʢʘʣʴʥʳʭ ʚʳʙʦʨʢʘʭ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʧʫʪʝʤ ʢʦʤʙʠʥʠʨʦʚʘʥʠʷ 

ʨʘʟʣʠʯʥʳʭ ʥʘʙʦʨʦʚ ʧʝʨʝʤʝʥʥʳʭ. ʇʝʨʝʜ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʘʥʥʳʝ ʙʳʣʠ ʦʯʠʱʝʥʳ 

ʦʪ ʧʫʩʪʳʭ ʷʯʝʝʢ, ʨʝʟʫʣʴʪʘʪ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʪʘʙʣʠʮʝ 1. 

ʊʘʙʣʠʮʘ 1: ʉʪʨʫʢʪʫʨʘ ʜʘʥʥʳʭ ʦʙʫʯʘʶʱʠʭ ʚʳʙʦʨʦʢ. 

ˉ ʏʠʩʣʦ ʩʪʨʦʢ ʅʘʙʦʨʳ ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ ʦʙʫʯʝʥʠʷ 

1 224 Max_Conv, GHSV , ʊ, HCl:C2H2, S_cat, N% 

2 224 Max_Conv, GHSV, ʊ, HCl:C2H2, S_cat, N%, S% 

3 140 Max_Conv, GHSV, ʊ, HCl:C2H2, S_cat, N%, S%, 'O% 

4 154 Max_Conv, GHSV, ʊ, HCl:C2H2, N%, m_cat 

5 122 Max_Conv, GHSV, ʊ, HCl:C2H2, S_cat, N%, m_cat 

6 122 Max_Conv, GHSV ,ʊ, HCl:C2H2, S_cat, N%, S%, m_cat 

7 91 Max_Conv, GHSV, ʊ, HCl:C2H2, S_cat, N%, S%, O%, m_cat 

ʇʝʨʚʳʡ ʵʪʘʧ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ ʧʨʝʜʧʦʣʘʛʘʣ ʪʨʘʥʩʬʦʨʤʘʮʠʶ ʟʘʜʘʯʠ 

ʨʝʛʨʝʩʩʠʠ ʚ ʟʘʜʘʯʫ ʢʣʘʩʩʠʬʠʢʘʮʠʠ. ʉ ʵʪʦʡ ʮʝʣʴʶ ʜʠʘʧʘʟʦʥ ʟʥʘʯʝʥʠʡ 

ʤʘʢʩʠʤʘʣʴʥʦʡ ʢʦʥʚʝʨʩʠʠ ʘʮʝʪʠʣʝʥʘ, ʚʘʨʴʠʨʫʶʱʠʡʩʷ ʦʪ 0 ʜʦ 100%, ʙʳʣ 

ʨʘʟʜʝʣʝʥ ʥʘ 10 ʨʘʚʥʳʭ ʠʥʪʝʨʚʘʣʦʚ (ʜʝʮʠʣʝʡ), ʢʘʞʜʳʡ ʠʟ ʢʦʪʦʨʳʭ ʙʳʣ 

ʦʙʦʟʥʘʯʝʥ ʢʘʢ ʦʪʜʝʣʴʥʳʡ ʢʣʘʩʩ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʥʝ ʪʦʣʴʢʦ ʫʧʨʦʱʘʝʪ 

ʠʥʪʝʨʧʨʝʪʘʮʠʶ ʨʝʟʫʣʴʪʘʪʦʚ, ʥʦ ʪʘʢʞʝ ʤʠʥʠʤʠʟʠʨʫʝʪ ʚʣʠʷʥʠʝ ʚʳʙʨʦʩʦʚ ʚ 

ʜʘʥʥʳʭ, ʯʪʦ ʦʩʦʙʝʥʥʦ ʚʘʞʥʦ ʧʨʠ ʨʘʙʦʪʝ ʩ ʥʝʦʜʥʦʨʦʜʥʳʤʠ ʠʣʠ ʟʘʰʫʤʣʝʥʥʳʤʠ 

ʥʘʙʦʨʘʤʠ. ʂʨʦʤʝ ʪʦʛʦ, ʢʣʘʩʩʠʬʠʢʘʮʠʷ ʥʘ ʦʩʥʦʚʝ ʜʝʮʠʣʝʡ ʧʦʟʚʦʣʷʝʪ ʙʦʣʝʝ ʯʝʪʢʦ 

ʚʳʜʝʣʠʪʴ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʠ ʪʝʥʜʝʥʮʠʠ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʩʢʨʳʪʳ ʧʨʠ 

ʘʥʘʣʠʟʝ ʥʝʧʨʝʨʳʚʥʳʭ ʟʥʘʯʝʥʠʡ. ʕʪʦ ʦʩʦʙʝʥʥʦ ʧʦʣʝʟʥʦ ʜʣʷ ʟʘʜʘʯ, ʛʜʝ ʪʦʯʥʦʝ 

ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʝ ʯʠʩʣʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʤʝʥʝʝ ʢʨʠʪʠʯʥʦ, ʯʝʤ ʦʙʱʝʝ ʧʦʥʠʤʘʥʠʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠ ʛʨʫʧʧʠʨʦʚʢʠ ʜʘʥʥʳʭ. 

ɼʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʙʳʣʠ ʚʳʙʨʘʥʳ ʜʚʘ ʘʣʛʦʨʠʪʤʘ: 

CatBoostClassifier ʠ RandomForestClassifier. ʕʪʠ ʤʝʪʦʜʳ ʙʳʣʠ ʚʳʙʨʘʥʳ ʧʦ ʩʣʝ-

ʜʫʶʱʠʤ ʧʨʠʯʠʥʘʤ: 
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- CatBoostClassifier: ʵʪʦʪ ʘʣʛʦʨʠʪʤ ʵʬʬʝʢʪʠʚʥʦ ʨʘʙʦʪʘʝʪ ʩ 

ʢʘʪʝʛʦʨʠʘʣʴʥʳʤʠ ʧʝʨʝʤʝʥʥʳʤʠ, ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʦʙʨʘʙʘʪʳʚʘʝʪ 

ʧʨʦʧʫʱʝʥʥʳʝ ʜʘʥʥʳʝ ʠ ʫʩʪʦʡʯʠʚ ʢ ʧʝʨʝʦʙʫʯʝʥʠʶ ʙʣʘʛʦʜʘʨʷ ʤʝʭʘʥʠʟʤʫ 

ʫʧʦʨʷʜʦʯʝʥʥʦʛʦ ʙʫʩʪʠʥʛʘ. 

- RandomForestClassifier: ʵʪʦʪ ʤʝʪʦʜ ʧʨʦʩʪ ʚ ʠʥʪʝʨʧʨʝʪʘʮʠʠ, ʫʩʪʦʡʯʠʚ ʢ 

ʚʳʙʨʦʩʘʤ ʠ ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʚʘʪʴ ʚʘʞʥʦʩʪʴ ʧʨʠʟʥʘʢʦʚ, ʯʪʦ ʜʝʣʘʝʪ ʝʛʦ 

ʧʦʣʝʟʥʳʤ ʜʣʷ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ. 

ɺʪʦʨʦʡ ʧʦʜʭʦʜ ʟʘʢʣʶʯʘʣʩʷ ʚ ʧʨʝʜʩʢʘʟʘʥʠʠ ʟʥʘʯʝʥʠʡ ʤʘʢʩʠʤʘʣʴʥʦʡ 

ʢʦʥʚʝʨʩʠʠ ʚ ʢʘʯʝʩʪʚʝ ʥʝʧʨʝʨʳʚʥʦʡ ʧʝʨʝʤʝʥʥʦʡ. ɼʣʷ ʵʪʦʡ ʟʘʜʘʯʠ ʙʳʣʠ ʚʳʙʨʘʥʳ 

ʤʦʜʝʣʠ CatBoostRegressor ʠ RandomForestRegressor. 

ɼʣʷ ʦʮʝʥʢʠ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʤʦʜʝʣʝʡ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʤʝʪʨʠʢʠ: ROC-

AUC (ʦʮʝʥʠʚʘʝʪ ʩʧʦʩʦʙʥʦʩʪʴ ʤʦʜʝʣʠ ʨʘʟʣʠʯʘʪʴ ʢʣʘʩʩʳ, ʯʪʦ ʚʘʞʥʦ ʜʣʷ ʟʘʜʘʯ 

ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʩ ʥʝʩʙʘʣʘʥʩʠʨʦʚʘʥʥʳʤʠ ʜʘʥʥʳʤʠ), MAE (ʩʨʝʜʥʷʷ ʘʙʩʦʣʶʪʥʘʷ 

ʦʰʠʙʢʘ, ʠʟʤʝʨʷʝʪ ʩʨʝʜʥʶʶ ʚʝʣʠʯʠʥʫ ʦʰʠʙʦʢ ʚ ʟʘʜʘʯʘʭ ʨʝʛʨʝʩʩʠʠ), R2 

(ʢʦʵʬʬʠʮʠʝʥʪ ʜʝʪʝʨʤʠʥʘʮʠʠ, ʧʦʢʘʟʳʚʘʝʪ ʜʦʣʶ ʜʠʩʧʝʨʩʠʠ, ʦʙʲʷʩʥʸʥʥʫʶ 

ʤʦʜʝʣʴʶ) ʠ RMSE (ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʝʩʢʘʷ ʦʰʠʙʢʘ, ʫʯʠʪʳʚʘʝʪ ʢʨʫʧʥʳʝ 

ʦʪʢʣʦʥʝʥʠʷ ʟʘ ʩʯʸʪ ʢʚʘʜʨʘʪʠʯʥʦʛʦ ʰʪʨʘʬʘ). 

ɼʣʷ ʤʦʜʝʣʝʡ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʚʳʩʦʢʘʷ ʧʨʝʜʩʢʘʟʘʪʝʣʴʥʘʷ 

ʩʧʦʩʦʙʥʦʩʪʴ: ʟʥʘʯʝʥʠʷ ROC-AUC ʣʝʞʘʪ ʚ ʜʠʘʧʘʟʦʥʝ [0.73; 0.80]. 

ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʨʝʛʨʝʩʩʠʦʥʥʳʝ ʘʣʛʦʨʠʪʤʳ ʩʣʫʯʘʡʥʦʛʦ ʣʝʩʩʘ ʩʧʦʩʦʙʥʳ 

ʜʘʚʘʪʴ ʣʫʯʰʠʝ ʧʨʝʜʩʢʘʟʘʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʡ ʢʦʥʚʝʨʩʠʠ ʘʮʝʪʠʣʝʥʘ, ʯʝʤ CatBoost. 

ɼʣʷ ʨʝʛʨʝʩʩʠʦʥʥʳʭ ʤʦʜʝʣʝʡ ʟʥʘʯʝʥʠʷ R
2
 ʣʝʞʘʪ ʚ ʜʠʘʧʘʟʦʥʝ [0.85; 0.97], ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʜʣʷ ʙʫʩʪʠʥʛʘ ʵʪʠ ʚʝʣʠʯʠʥʳ ʩʦʩʪʘʚʣʷʶʪ [0.61; 0.74]. ɿʥʘʯʝʥʠʷ ʤʝʪʨʠʢ 

MAE ʠ RMSE (ʦʮʝʥʢʘ ʥʘ ʪʝʩʪʦʚʳʭ ʜʘʥʥʳʭ) ʫ ʩʣʫʯʘʡʥʦʛʦ ʣʝʩʘ ʟʥʘʯʠʪʝʣʴʥʦ 

ʤʝʥʴʰʝ, ʯʝʤ ʫ ʙʫʩʪʠʥʛʘ.  

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʢʣʶʯʝʚʳʭ ʬʘʢʪʦʨʦʚ, ʚʣʠʷʶʱʠʭ ʥʘ ʤʘʢʩʠʤʘʣʴʥʫʶ 

ʢʦʥʚʝʨʩʠʶ ʘʮʝʪʠʣʝʥʘ, ʙʳʣ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʚʘʞʥʦʩʪʠ ʧʨʠʟʥʘʢʦʚ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ SHAP [4]. ʅʘʠʙʦʣʴʰʝʝ ʚʣʠʷʥʠʝ ʥʘ ʚʝʣʠʯʠʥʫ 

ʤʘʢʩʠʤʘʣʴʥʦʡ ʢʦʥʚʝʨʩʠʠ ʘʮʝʪʠʣʝʥʘ ʦʢʘʟʳʚʘʶʪ ʩʣʝʜʫʶʱʠʝ ʧʘʨʘʤʝʪʨʳ 

(ʧʝʨʝʯʠʩʣʝʥʳ ʚ ʧʦʨʷʜʢʝ ʫʙʳʚʘʥʠʷ ʠʭ ʟʥʘʯʠʤʦʩʪʠ):  

1. ʂʦʣʠʯʝʩʪʚʦ ʘʟʦʪʘ ʚ ʫʛʣʝʨʦʜʥʦʤ ʥʦʩʠʪʝʣʝ (N%) ï ʵʪʦʪ ʧʘʨʘʤʝʪʨ ʦʢʘʟʳʚʘʝʪ 

ʥʘʠʙʦʣʴʰʝʝ ʚʣʠʷʥʠʝ. ʂʘʪʘʣʠʪʠʯʝʩʢʠ ʘʢʪʠʚʥʳʤʠ ʮʝʥʪʨʘʤʠ ʷʚʣʷʶʪʩʷ 

ʘʪʦʤʳ ʘʟʦʪʘ, ʥʘʭʦʜʷʱʠʝʩʷ ʚ ʩʪʨʫʢʪʫʨʝ ʫʛʣʝʨʦʜʥʦʛʦ ʢʘʪʘʣʠʟʘʪʦʨʘ. ʏʝʤ 

ʙʦʣʴʰʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʮʝʥʪʨʦʚ, ʪʝʤ ʚʳʰʝ ʢʦʥʚʝʨʩʠʷ. 

2. ʊʝʤʧʝʨʘʪʫʨʘ ʨʝʘʢʮʠʠ (T) ï ʪʝʤʧʝʨʘʪʫʨʘ ʠʛʨʘʝʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʚ ʢʠʥʝʪʠʢʝ 

ʨʝʘʢʮʠʠ ï ʩʢʦʨʦʩʪʴ ʨʝʘʢʮʠʠ ʨʘʩʪʝʪ ʩ ʧʦʚʳʰʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ. 

3. ʉʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ (GHSV) ï ʵʪʦʪ ʧʘʨʘʤʝʪʨ ʚʣʠʷʝʪ ʥʘ 

ʚʨʝʤʷ ʢʦʥʪʘʢʪʘ ʨʝʘʛʝʥʪʦʚ ʩ ʢʘʪʘʣʠʟʘʪʦʨʦʤ, ʯʪʦ ʥʘʧʨʷʤʫʶ ʩʚʷʟʘʥʦ ʩ 

ʢʦʥʚʝʨʩʠʝʡ. ʏʝʤ ʚʳʰʝ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ, ʪʝʤ ʤʝʥʴʰʝ ʚʨʝʤʷ ʢʦʥʪʘʢʪʘ 

ʨʝʘʛʝʥʪʦʚ ʩ ʢʘʪʘʣʠʟʘʪʦʨʦʤ ʠ ʢʘʢ ʩʣʝʜʩʪʚʠʝ ʤʝʥʴʰʝ ʢʦʥʚʝʨʩʠʷ. 
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4. ʋʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʢʘʪʘʣʠʟʘʪʦʨʘ (S_cat) ï ʯʝʤ ʙʦʣʴʰʝ ʫʜʝʣʴʥʘʷ 

ʧʦʚʝʨʭʥʦʩʪʴ, ʪʝʤ ʙʦʣʴʰʝ ʧʣʦʱʘʜʴ ʢʦʥʪʘʢʪʘ ʨʝʘʛʝʥʪʦʚ ʩ ʢʘʪʘʣʠʟʘʪʦʨʦʤ, 

ʯʪʦ ʪʘʢʞʝ ʚʘʞʥʦ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʝʘʢʮʠʠ.  

ɿʘʢʣʶʯʝʥʠʝ 

ʈʘʟʨʘʙʦʪʘʥʳ ʠ ʧʨʦʪʝʩʪʠʨʦʚʘʥʳ ʤʦʜʝʣʠ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ 

ʛʨʘʜʠʝʥʪʥʦʛʦ ʙʫʩʪʠʥʛʘ ʦʪ Yandex Catboost ʠ ʘʣʛʦʨʠʪʤ ʩʣʫʯʘʡʥʦʛʦ ʣʝʩʘ ʜʣʷ 

ʧʨʝʜʩʢʘʟʘʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʡ ʢʦʥʚʝʨʩʠʠ ʘʮʝʪʠʣʝʥʘ ʚ ʨʝʘʢʮʠʠ ʛʘʟʦʬʘʟʥʦʛʦ 

ʛʠʜʨʦʭʣʦʨʠʨʦʚʘʥʠʷ ʘʮʝʪʠʣʝʥʘ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʷʶʪ 

ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʦʧʪʠʤʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ ʛʘʟʦʬʘʟʥʦʛʦ 

ʛʠʜʨʦʭʣʦʨʠʨʦʚʘʥʠʷ ʘʮʝʪʠʣʝʥʘ: ʜʣʷ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʚʝʣʠʯʠʥʳ ʤʘʢʩʠʤʘʣʴʥʦʡ 

ʢʦʥʚʝʨʩʠʠ ʘʮʝʪʠʣʝʥʘ ʩʪʦʠʪ ʩʬʦʢʫʩʠʨʦʚʘʪʴʩʷ ʥʘ ʦʩʥʦʚʥʳʭ ʢʣʶʯʝʚʳʭ 

ʧʘʨʘʤʝʪʨʘʭ, ʪʘʢʠʭ ʢʘʢ ʩʦʜʝʨʞʘʥʠʝ ʘʟʦʪʘ ʚ ʢʘʪʘʣʠʟʘʪʦʨʝ, ʪʝʤʧʝʨʘʪʫʨʘ ʨʝʘʢʮʠʠ, 

ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʠ ʫʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʢʘʪʘʣʠʟʘʪʦʨʘ. ʕʪʦ ʤʦʞʝʪ 

ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʧʦʚʳʰʝʥʠʶ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʦʮʝʩʩʘ ʠ ʩʥʠʞʝʥʠʶ ʟʘʪʨʘʪ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʦʙʨʥʘʫʢʠ ʈʦʩʩʠʠ ʚ 

ʨʘʤʢʘʭ ʥʘʫʯʥʦʡ ʪʝʤʳ çʈʘʟʨʘʙʦʪʢʘ ʠ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʭ 

ʤʝʪʦʜʦʚ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʠ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʜʣʷ ʟʘʜʘʯ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʦʙʨʘʟʦʚ ʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚè FREM-2024-0001 

(ʈʝʛʠʩʪʨʘʮʠʦʥʥʳʡ ʥʦʤʝʨ 1023111000141-9-1.2.1).  
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ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʪʦʜʦʚ ʧʨʠʩʪʝʥʦʯʥʳʭ ʬʫʥʢʮʠʡ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʪʫʨʙʫʣʝʥʪʥʳʭ ʪʝʯʝʥʠʡ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʦʩʨʝʜʥʸʥʥʳʭ ʧʦ ʈʝʡʥʦʣʴʜʩʫ ʫʨʘʚʥʝʥʠʡ 

ʅʘʚʴʝ-ʉʪʦʢʩʘ ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʟʠʪʴ ʪʨʝʙʦʚʘʥʠʷ ʢ ʧʨʠʩʪʝʥʦʯʥʦʤʫ 

ʨʘʟʨʝʰʝʥʠʶ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʩʢʦʨʝʥʠʶ ʧʨʦʮʝʩʩʘ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ 

ʩ ʨʘʩʯʸʪʘʤʠ ʩ ʨʘʟʨʝʰʸʥʥʳʤ ʧʦʛʨʘʥʠʯʥʳʤ ʩʣʦʝʤ. 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʦʜʠʬʠʢʘʮʠʠ ʤʝʪʦʜʘ ʧʝʥʘʣʠʟʠʨʦʚʘʥʥʳʭ 

ʧʨʠʩʪʝʥʦʯʥʳʭ ʬʫʥʢʮʠʡ (ʤʝʪʦʜ ʇʇʌ) [1, 2], ʢʦʪʦʨʳʡ ʠʤʝʝʪ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʫʶ 

ʬʦʨʤʫʣʠʨʦʚʢʫ, ʯʪʦ ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʝʛʦ ʧʦʚʳʰʝʥʥʫʶ ʛʠʙʢʦʩʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʧʦʜʭʦʜʘʤʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʠʤʝʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʤʝʥʷʪʴ 

ʧʦʣʦʞʝʥʠʝ ʪʦʯʢʠ ʩʰʠʚʢʠ (ʤʝʩʪʦ ʩʦʛʣʘʩʦʚʘʥʠʷ ʧʨʠʩʪʝʥʦʯʥʦʡ ʤʦʜʝʣʠ ʠ 

ʚʥʝʰʥʝʛʦ ʨʝʰʝʥʠʷ) ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʣʦʢʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʝʯʝʥʠʷ. 

ʅʘʧʨʠʤʝʨ, ʜʣʷ ʣʫʯʰʝʛʦ ʦʧʠʩʘʥʠʷ ʦʪʨʳʚʥʳʭ ʪʝʯʝʥʠʡ. ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʶʪʩʷ 

ʨʘʟʣʠʯʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ ʬʦʨʤʫʣʠʨʦʚʢʠ ʘʜʘʧʪʘʮʠʠ ʧʦʣʦʞʝʥʠʷ ʪʦʯʢʠ ʩʰʠʚʢʠ. 

ʌʦʨʤʫʣʠʨʦʚʢʠ ʪʝʩʪʠʨʫʶʪʩʷ ʠ ʩʨʘʚʥʠʚʘʶʪʩʷ ʥʘ ʟʘʜʘʯʘʭ ʦʙ ʦʪʨʳʚʥʦʤ ʦʙʪʝʢʘʥʠʠ 

ʧʣʘʩʪʠʥʳ ʠ ʦʙʪʝʢʘʥʠʠ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʨʦʬʠʣʷ. ɺʳʯʠʩʣʠʪʝʣʴʥʳʡ ʘʣʛʦʨʠʪʤ 

ʤʝʪʦʜʘ ʇʇʌ ʨʝʘʣʠʟʦʚʘʥ ʥʘ ʙʘʟʝ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ NOISEtte [3]. 

ʄʝʪʦʜ ʇʇʌ [1, 2] ʙʳʣ ʩʬʦʨʤʫʣʠʨʦʚʘʥ ʜʣʷ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

ʉʧʘʣʘʨʪʘ-ɸʣʣʤʘʨʘʩʘ. ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥ ʚʘʨʠʘʥʪ ʘʜʘʧʪʘʮʠʠ ʤʝʪʦʜʘ ʇʇʌ ʜʣʷ 

ʤʦʜʝʣʠ Ὧ SST ʄʝʥʪʝʨʘ, ʢʦʪʦʨʘʷ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʨʝʰʝʥʠʷ ‫ 

ʧʨʘʢʪʠʯʝʩʢʠʭ ʠ ʥʘʫʯʥʳʭ ʟʘʜʘʯ. ʇʨʝʜʩʪʘʚʣʝʥʥʳʡ ʚ ʨʘʙʦʪʝ ʩʧʦʩʦʙ ʦʙʦʙʱʝʥʠʷ 

ʙʳʣ ʫʩʧʝʰʥʦ ʧʨʦʪʝʩʪʠʨʦʚʘʥ ʥʘ ʤʦʜʝʣʴʥʳʭ ʜʚʫʤʝʨʥʳʭ ʟʘʜʘʯʘʭ.   

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ: 

1. ɺʘʩʠʣʴʝʚ ʆ.ɺ., ɾʜʘʥʦʚʘ ʅ.ʉ. ʄʝʪʦʜ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʫʨʙʫʣʝʥʪʥʦʛʦ 

ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʥʘ ʦʩʥʦʚʝ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʟʘʢʦʥʦʚ ʩʪʝʥʢʠ ʚ 

ʬʦʨʤʫʣʠʨʦʚʢʝ ʤʝʪʦʜʘ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʰʪʨʘʬʥʳʭ ʬʫʥʢʮʠʡ // ɾʫʨʥʘʣ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʤʘʪʝʤʘʪʠʢʠ ʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʬʠʟʠʢʠ. 2023. ʊ. 63. ˉ 5              

ʉ. 778ï794. https://doi.org/10.31857/S0044466923050198 

2. Vasilyev O.V., Zhdanova N.S. Generalization of the Penalized Wall Function 

Method for Modeling of Turbulent Flows with Adverse Pressure Gradient // 

Computational Mathematics and Mathematical Physics. 2023. Vol. 63, Issue 12. 

Pp. 2384ï2401. https://doi.org/10.1134/S0965542523120199 

3. Gorobets A., Bakhvalov P. Heterogeneous CPU+GPU parallelization for high-

accuracy scale-resolving simulations of compressible turbulent flows on hybrid 

supercomputers // Computer Physics Communications. 2022. Vol. 271. P. 108231 

https://doi.org/10.1016/j.cpc.2021.108231 

mailto:nik_kluev@mail.ru


80 
 

ʈɸʉʏɽʊ ʈɽʐɽʅʀʁ ʉʀʉʊɽʄʓ ʋʈɸɺʅɽʅʀʁ ɼʃʗ 

ʀɿʆɹɸʈʀʏɽʉʂʀʍ ʉʈɽɼ ʅɸ ʆʉʅʆɺɽ ɼʀʅɸʄʀʂʀ ʇʈʀʃʀʇɸʅʀʗ 

ʅ.ɺ. ʂʣʶʰʥʝʚ, ʖ.ɻ. ʈʳʢʦʚ 

ʀʇʄ ʠʤ. ʄ.ɺ. ʂʝʣʜʳʰʘ ʈɸʅ, ʛ. ʄʦʩʢʚʘ 

n_klyushnev@mail.ru, yu-rykov@yandex.ru 

ɼʦʢʣʘʜ ʧʦʩʚʷʱʝʥ ʨʘʟʚʠʪʠʶ ʩʫʱʝʩʪʚʫʶʱʝʡ ʧʨʦʛʨʘʤʤʥʦʡ ʨʝʘʣʠʟʘʮʠʠ 

ʧʨʠʙʣʠʞʝʥʥʦʡ ʜʠʥʘʤʠʢʠ ʧʨʠʣʠʧʘʥʠʷ, ʠʩʧʦʣʴʟʫʝʤʦʡ ʜʣʷ ʯʠʩʣʝʥʥʦʛʦ ʧʦʣʫʯʝʥʠʷ 

ʦʙʦʙʱʝʥʥʳʭ ʨʝʰʝʥʠʡ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʠʟʦʙʘʨʠʯʝʩʢʠʭ ʩʨʝʜ, ʩʤ. [1]. 

ʇʦʜʦʙʥʳʝ ʩʠʩʪʝʤʳ ʚʦʟʥʠʢʘʶʪ, ʚ ʯʘʩʪʥʦʩʪʠ, ʧʨʠ ʧʦʧʳʪʢʘʭ ʦʧʠʩʘʪʴ ʪʘʢʠʝ 

ʩʣʦʞʥʳʝ ʬʠʟʠʯʝʩʢʠʝ ʷʚʣʝʥʠʷ ʢʘʢ ʜʚʠʞʝʥʠʝ ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʩʨʝʜ, ʵʚʦʣʶʮʠʷ 

ʤʥʦʛʦʬʘʟʥʳʭ ʧʦʪʦʢʦʚ, ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʳʭ ʩʪʨʫʢʪʫʨ ʚʦ 

ɺʩʝʣʝʥʥʦʡ ʠ ʪ.ʜ. ʅʝʦʙʭʦʜʠʤʦʩʪʴ ʯʠʩʣʝʥʥʦʛʦ ʨʘʩʯʝʪʘ ʨʝʰʝʥʠʡ ʵʪʦʡ, ʚʥʝʰʥʝ 

ʧʨʦʩʪʦʡ, ʩʠʩʪʝʤʳ ʩʚʷʟʘʥʘ ʩ ʚʦʟʥʠʢʥʦʚʝʥʠʝʤ ʜʝʣʴʪʘ-ʦʩʦʙʝʥʥʦʩʪʝʡ ʚ 

ʦʙʦʙʱʝʥʥʳʭ ʨʝʰʝʥʠʷʭ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʟʘʪʨʫʜʥʷʝʪ ʩʪʨʦʛʠʡ ʤʘʪʝʤʘʪʠʯʝʩʢʠʡ 

ʘʥʘʣʠʟ ʜʣʷ ʨʘʟʤʝʨʥʦʩʪʝʡ ʙʦʣʴʰʝ ʝʜʠʥʠʮʳ, ʩʤ. [2, 3]. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʫʢʘʟʘʥʥʳʝ 

ʦʩʦʙʝʥʥʦʩʪʠ ʤʦʛʫʪ ʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ ʠʝʨʘʨʭʠʯʝʩʢʦʝ ʧʦʚʝʜʝʥʠʝ, ʪ.ʝ. 

ʦʙʨʘʟʦʚʳʚʘʪʴʩʷ ʥʘ ʤʥʦʛʦʦʙʨʘʟʠʷʭ ʨʘʟʥʦʡ ʨʘʟʤʝʨʥʦʩʪʠ, ʩʤ. [4] ʜʣʷ ʜʚʫʭ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʧʝʨʝʤʝʥʥʳʭ. 

ʉʦʟʜʘʥʥʘʷ ʘʚʪʦʨʘʤʠ ʯʠʩʣʝʥʥʘʷ ʤʦʜʝʣʴ ʙʳʣʘ ʚʘʣʠʜʠʨʦʚʘʥʘ ʚ ʜʚʫʤʝʨʥʦʤ 

ʩʣʫʯʘʝ [1] ʠ ʧʦʟʚʦʣʠʣʘ ʧʦʣʫʯʠʪʴ ʨʷʜ ʠʥʪʝʨʝʩʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ, ʦʜʥʘʢʦ 

ʜʘʣʴʥʝʡʰʠʝ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ [4], ʚ ʯʘʩʪʥʦʩʪʠ, ʧʦʢʘʟʘʣʠ, ʯʪʦ ʜʘʞʝ 

ʧʨʦʩʪʳʝ ʥʘʯʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʧʨʠʚʦʜʷʪ ʢ ʩʣʦʞʥʦʡ ʥʝʣʠʥʝʡʥʦʡ ʜʠʥʘʤʠʢʝ 

ʦʩʦʙʝʥʥʦʩʪʝʡ. ʇʦʵʪʦʤʫ ʜʣʷ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʚʫʤʝʨʥʳʭ 

ʨʝʰʝʥʠʡ, ʘ ʪʘʢʞʝ ʜʣʷ ʧʝʨʝʭʦʜʘ ʢ ʧʨʝʜʩʪʘʚʣʷʶʱʝʤʫ ʥʘʠʙʦʣʴʰʠʡ ʠʥʪʝʨʝʩ 

ʪʨʝʭʤʝʨʥʦʤʫ ʩʣʫʯʘʶ [5], ʥʝʦʙʭʦʜʠʤʘ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʘʷ ʧʘʨʘʣʣʝʣʴʥʘʷ 

ʨʝʘʣʠʟʘʮʠʷ ʤʦʜʝʣʠ. 
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ʄ.ɺ. ʂʝʣʜʳʰʘ. 1998. ˉ 30. 

4. ʈʳʢʦʚ ʖ.ɻ. ʆʙ ʵʚʦʣʶʮʠʠ ʠʝʨʘʨʭʠʠ ʫʜʘʨʥʳʭ ʚʦʣʥ ʚ ʜʚʫʤʝʨʥʦʡ 

ʠʟʦʙʘʨʠʯʝʩʢʦʡ ʩʨʝʜʝ // ʀʟʚʝʩʪʠʷ ʈɸʅ. 2024. ʊ. 88, ʚʳʧ. 2. ʉ. 96 ï 126. 

5. Rykov Yu.G. On the hierarchy of singularities in 3D pressureless gas // 
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ʇʨʠ ʧʝʨʝʤʝʱʝʥʠʠ ʩʫʜʥʘ ʚ ʫʩʣʦʚʠʷʭ ʤʦʨʩʢʦʛʦ ʚʦʣʥʝʥʠʷ ʝʛʦ ʛʨʝʙʥʦʡ ʚʠʥʪ, 

ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʚ ʢʦʨʤʦʚʦʡ ʯʘʩʪʠ, ʠʩʧʳʪʳʚʘʝʪ ʩʣʦʞʥʦʝ ʜʚʠʞʝʥʠʝ. ɻʣʫʙʠʥʘ ʝʛʦ 

ʧʦʛʨʫʞʝʥʠʷ ʤʦʞʝʪ ʤʝʥʷʪʴʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʬʘʟʳ ʚʦʣʥʳ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ, ʝʛʦ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʤʦʞʝʪ ʙʳʪʴ ʩʥʠʞʝʥʘ ʠʟ-ʟʘ ʧʦʪʝʨʠ ʪʷʛʠ ʠ ʢʨʫʪʷʱʝʛʦ ʤʦʤʝʥʪʘ. 

ʇʦʵʪʦʤʫ ʚʘʞʥʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʘʥʘʣʠʟ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʩ ʫʯʝʪʦʤ ʜʚʠʞʝʥʠʷ ʩʫʜʥʘ ʥʘ ʚʦʣʥʝʥʠʠ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʝʪʩʷ ʨʘʙʦʪʘ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʟʘ ʢʦʨʧʫʩʦʤ ʩʫʜʥʘ 

ʚ ʫʩʣʦʚʠʷʭ ʢʘʯʢʠ ʥʘ ʚʩʪʨʝʯʥʦʤ ʚʦʣʥʝʥʠʠ ʩ ʧʦʤʦʱʴʶ ʯʠʩʣʝʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʧʘʢʝʪʝ ʧʨʦʛʨʘʤʤ çʃʦʛʦʩè [1]. ʀʩʧʦʣʴʟʫʝʤʘʷ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ 

ʤʦʜʝʣʴ ʦʩʥʦʚʘʥʘ ʥʘ ʪʨʝʭʤʝʨʥʦʡ ʩʠʩʪʝʤʝ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ, ʦʩʨʝʜʥʝʥʥʳʭ 

ʧʦ ʈʝʡʥʦʣʴʜʩʫ. ɼʣʷ ʫʯʸʪʘ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠʤʝʥʷʝʪʩʷ ʤʝʪʦʜ Volume of 

Fluid [2]. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʚʨʘʱʝʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ 

ʩʢʦʣʴʟʷʱʠʭ ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ ʩ ʜʠʥʘʤʠʯʝʩʢʠʤʠ ʥʝʩʦʩʪʳʢʦʚʘʥʥʳʤʠ 

ʠʥʪʝʨʬʝʡʩʘʤʠ [3]. ɺ ʜʦʢʣʘʜʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʥʝʩʢʦʣʴʢʦ ʨʝʞʠʤʦʚ ʚʦʣʥʝʥʠʷ, 

ʧʨʦʚʦʜʠʪʩʷ ʩʨʘʚʥʝʥʠʝ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʠ 

ʩʫʜʥʘ ʚ ʤʦʜʝʣʴʥʦʤ ʠ ʥʘʪʫʨʥʦʤ ʤʘʩʰʪʘʙʘʭ, ʜʝʣʘʝʪʩʷ ʚʳʚʦʜ ʦ ʚʣʠʷʥʠʠ 

ʧʘʨʘʤʝʪʨʦʚ ʚʦʣʥʳ ʠ ʤʘʩʰʪʘʙʥʦʛʦ ʵʬʬʝʢʪʘ ʥʘ ʨʘʙʦʪʫ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʟʘ 

ʢʦʨʧʫʩʦʤ ʩʫʜʥʘ.  

ʈʝʟʫʣʴʪʘʪʳ ʧʦʣʫʯʝʥʳ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʥʘʮʠʦʥʘʣʴʥʦʛʦ ʧʨʦʝʢʪʘ 

çʅʘʫʢʘ ʠ ʫʥʠʚʝʨʩʠʪʝʪʳè ʚ ʨʘʤʢʘʭ ʧʨʦʛʨʘʤʤʳ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ ʧʦ ʩʦʟʜʘʥʠʶ 

ʤʦʣʦʜʝʞʥʳʭ ʣʘʙʦʨʘʪʦʨʠʡ ˉ FSWE-2024-0001 (ʥʘʫʯʥʘʷ ʪʝʤʘ: çʈʘʟʨʘʙʦʪʢʘ 

ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ, ʤʦʜʝʣʝʡ ʠ ʘʣʛʦʨʠʪʤʦʚ ʜʣʷ ʦʧʠʩʘʥʠʷ ʪʝʯʝʥʠʡ ʞʠʜʢʦʩʪʝʡ ʠ 

ʛʘʟʦʚ ʚ ʝʩʪʝʩʪʚʝʥʥʳʭ ʧʨʠʨʦʜʥʳʭ ʫʩʣʦʚʠʷʭ, ʠ ʫʩʣʦʚʠʷʭ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ 

ʠʥʜʫʩʪʨʠʘʣʴʥʳʭ ʦʙʲʝʢʪʦʚ ʚ ʰʪʘʪʥʳʭ ʠ ʢʨʠʪʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ ʥʘ 

ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʘʭ ʵʢʩʘ- ʠ ʟʝʪʪʘʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠè).  

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ: 

1. ʃʆɻʆʉ: ʇʘʢʝʪ ʧʨʦʛʨʘʤʤ ʠʥʞʝʥʝʨʥʦʛʦ ʘʥʘʣʠʟʘ ʠ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ [ʕʣʝʢʪʨʦʥʥʳʡ ʨʝʩʫʨʩ]. ʈʝʞʠʤ ʜʦʩʪʫʧʘ: www.logos.vniief.ru. 

2. Hirt C.W., Nichols B.D. Volume of fluid (VOF) method for the dynamics of free 

boundaries // J. Comput. Phys. 1981. Vol. 39. Pp. 201ï225.  

3. Kozelkov A. [et al.]. Numerical Approach Based on Solving 3D NavierïStokes 

Equations for Simulation of the Marine Propeller Flow Problems // Fluids. 2023. 

Vol. 8. P. 293. https://doi.org/10.3390/fluids8110293 
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ʇɽʈɽʄɽʅʅʓʍ ɼʃʗ ʆʇʊʀʄʀɿɸʎʀʀ ʅɽʂʆʄʇʃɸʅɸʈʅʓʍ 

ʄɽɾʆʈɹʀʊɸʃʔʅʓʍ ʇɽʈɽʃɪʊʆɺ 

ʂ.ʈ. ʂʦʨʥʝʝʚ 

ʀʇʄ ʠʤ. ʄ.ɺ. ʂʝʣʜʳʰʘ ʈɸʅ, ʛ. ʄʦʩʢʚʘ 

kirill_rnd@mail.ru 

ʆʜʥʦʡ ʠʟ ʧʨʦʙʣʝʤ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʤʝʞʧʣʘʥʝʪʥʳʭ ʧʝʨʝʣʸʪʦʚ ʤʘʣʳʭ 

ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ (ʄʂɸ) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʣʝʢʪʨʦʨʝʘʢʪʠʚʥʳʭ 

ʜʚʠʛʘʪʝʣʴʥʳʭ ʫʩʪʘʥʦʚʦʢ (ʕʈɼʋ) ʷʚʣʷʝʪʩʷ ʚʳʙʦʨ ʭʦʨʦʰʝʛʦ ʥʘʯʘʣʴʥʦʛʦ 

ʧʨʠʙʣʠʞʝʥʠʷ ʜʣʷ ʪʨʘʝʢʪʦʨʠʠ. ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʧʨʦʙʣʝʤʝ ʚʳʙʦʨʘ 

ʥʘʯʘʣʴʥʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʦʧʪʠʤʘʣʴʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʄʂɸ ʩ ʕʈɼʋ 

ʧʨʠ ʧʝʨʝʣʸʪʘʭ ʤʝʞʜʫ ʥʝʢʦʤʧʣʘʥʘʨʥʳʤʠ ʢʨʫʛʦʚʳʤʠ ʦʨʙʠʪʘʤʠ.  

ʉʫʱʝʩʪʚʫʶʪ ʜʚʝ ʦʙʱʝʧʨʠʥʷʪʳʝ ʤʦʜʝʣʠ ʨʘʙʦʪʳ ʕʈɼʋ: ʤʦʜʝʣʴ ʠʜʝʘʣʴʥʦ 

ʨʝʛʫʣʠʨʫʝʤʦʡ ʜʚʠʛʘʪʝʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʩ ʦʛʨʘʥʠʯʝʥʥʦʡ ʤʦʱʥʦʩʪʴʶ (ʀʈ-ʤʦʜʝʣʴ) 

[1] ʠ ʤʦʜʝʣʴ ʜʚʠʛʘʪʝʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʩ ʧʦʩʪʦʷʥʥʦʡ ʩʢʦʨʦʩʪʴʶ ʠʩʪʝʯʝʥʠʷ (ʇʉʀ-

ʤʦʜʝʣʴ). ʀʈ-ʤʦʜʝʣʴ ʜʘʸʪ ʥʠʞʥʶʶ ʦʮʝʥʢʫ ʥʘ ʨʘʩʭʦʜ ʨʘʙʦʯʝʛʦ ʪʝʣʘ, ʘ ʪʘʢʞʝ 

ʥʝʨʝʜʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʥʘʯʘʣʴʥʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ ʜʣʷ ʇʉʀ-ʤʦʜʝʣʠ. ɺ 

ʩʣʫʯʘʝ ʀʈ-ʤʦʜʝʣʠ ʩ ʧʦʩʪʦʷʥʥʦʡ ʜʦʩʪʫʧʥʦʡ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʤʦʱʥʦʩʪʴʶ 

ʤʠʥʠʤʠʟʘʮʠʷ ʨʘʩʭʦʜʘ ʨʘʙʦʯʝʛʦ ʪʝʣʘ ʵʢʚʠʚʘʣʝʥʪʥʘ ʤʠʥʠʤʠʟʘʮʠʠ ʬʫʥʢʮʠʦʥʘʣʘ: 
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J dta= ­ñ  (1) 

ʛʜʝ a ï ʵʪʦ ʚʝʣʠʯʠʥʘ ʨʝʘʢʪʠʚʥʦʛʦ ʫʩʢʦʨʝʥʠʷ, t0 ʠ tf  ï ʵʪʦ ʥʘʯʘʣʴʥʦʝ ʠ ʢʦʥʝʯʥʦʝ 

ʚʨʝʤʷ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʊʨʘʝʢʪʦʨʠʠ, ʥʘ ʢʦʪʦʨʳʭ ʤʠʥʠʤʠʟʠʨʫʝʪʩʷ ʜʘʥʥʳʡ 

ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʦʥʘʣ, ʥʘʟʳʚʘʶʪʩʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʦʧʪʠʤʘʣʴʥʳʤʠ. ɺ ʜʘʥʥʦʡ 

ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʦʧʪʠʤʘʣʴʥʳʝ ʧʝʨʝʣʸʪʳ ʤʝʞʜʫ 

ʥʝʢʦʤʧʣʘʥʘʨʥʳʤʠ ʢʨʫʛʦʚʳʤ ʦʨʙʠʪʘʤʠ ʚ ʙʝʟʨʘʟʤʝʨʥʦʡ ʟʘʜʘʯʝ ʜʚʫʭ ʪʝʣ. ʉ 

ʧʦʤʦʱʴʶ ʧʨʠʥʮʠʧʘ ʤʘʢʩʠʤʫʤʘ ʇʦʥʪʨʷʛʠʥʘ (ʇʄʇ) [2] ʟʘʜʘʯʘ ʦʧʪʠʤʠʟʘʮʠʠ 

ʩʚʦʜʠʪʩʷ ʢ ʜʚʫʭʪʦʯʝʯʥʦʡ ʢʨʘʝʚʦʡ ʟʘʜʘʯʝ ʩʦ ʩʣʝʜʫʶʱʝʡ ʩʠʩʪʝʤʦʡ ʨʘʩʰʠʨʝʥʥʳʭ 

ʫʨʘʚʥʝʥʠʡ ʜʚʠʞʝʥʠʷ: 
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ɿʜʝʩʴ r ʠ v ï ʵʪʦ ʧʦʣʦʞʝʥʠʝ ʠ ʩʢʦʨʦʩʪʴ ʂɸ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʘ pr ʠ pv ï ʵʪʦ 

ʚʝʢʪʦʨʳ, ʩʦʧʨʷʞʸʥʥʳʝ ʧʦʣʦʞʝʥʠʶ ʠ ʩʢʦʨʦʩʪʠ, ɛ ï ʛʨʘʚʠʪʘʮʠʦʥʥʳʡ ʧʘʨʘʤʝʪʨ, 

mailto:kirill_rnd@mail.ru


83 
 

ʢʦʪʦʨʳʡ ʚ ʙʝʟʨʘʟʤʝʨʥʦʡ ʟʘʜʘʯʝ ʨʘʚʝʥ ʝʜʠʥʠʮʝ. ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʟʘʜʘʯʠ 

ʚʩʪʨʝʯʠ ʟʘʜʘʶʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ:  

( ) ( )

( ) ( )
0 0 0 00,  0,

0,  0,f f f f

t t

t t

- = - =

- = - =

r r v v

r r v v
                                      (3) 

ʛʜʝ r0 ʠ v0 ï ʵʪʦ ʥʝʦʙʭʦʜʠʤʳʝ ʧʦʣʦʞʝʥʠʝ ʠ ʩʢʦʨʦʩʪʴ ʂɸ ʚ ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ 

ʚʨʝʤʝʥʠ, ʘ rf ʠ vf ï ʵʪʦ ʧʦʣʦʞʝʥʠʝ ʠ ʩʢʦʨʦʩʪʴ ʂɸ ʢʦʥʝʯʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ. ɺ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʵʪʠ ʚʝʣʠʯʠʥʳ ʚʳʙʨʘʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʢʨʫʛʦʚʳʤ ʦʨʙʠʪʘʤ. 

ʃʝʛʢʦ ʫʙʝʜʠʪʴʩʷ, ʯʪʦ ʧʨʠ ʦʧʪʠʤʠʟʘʮʠʠ ʚʨʝʤʝʥʠ ʧʝʨʝʣʸʪʘ ʟʘʜʘʯʘ ʚʩʪʨʝʯʠ 

ʦʢʘʟʳʚʘʝʪʩʷ ʵʢʚʠʚʘʣʝʥʪʥʘ ʥʝʢʦʪʦʨʦʡ ʟʘʜʘʯʝ ʧʝʨʝʣʸʪʘ ʩ ʬʠʢʩʠʨʦʚʘʥʥʳʤ 

ʚʨʝʤʝʥʝʤ. ʆʜʥʘʢʦ ʚ ʩʣʫʯʘʝ ʟʘʜʘʯʠ ʚʩʪʨʝʯʠ ʢʦʥʝʯʥʳʝ ʧʦʣʦʞʝʥʠʝ ʠ ʩʢʦʨʦʩʪʴ 

ʤʦʞʥʦ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʚ ʷʚʥʦʤ ʚʠʜʝ. ɼʘʣʝʝ ʪʝʨʤʠʥ çʟʘʜʘʯʘ ʧʝʨʝʣʸʪʘè ʙʫʜʝʪ 

ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʚ ʩʤʳʩʣʝ ʟʘʜʘʯʠ ʚʩʪʨʝʯʠ ʩ ʦʧʪʠʤʘʣʴʥʳʤ ʚʨʝʤʝʥʝʤ ʧʝʨʝʣʸʪʘ.  

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʩʠʩʪʝʤʘ (2) ʷʚʣʷʝʪʩʷ ʫʨʘʚʥʝʥʠʷʤʠ ɻʘʤʠʣʴʪʦʥʘ, ʰʠʨʦʢʦ 

ʠʟʚʝʩʪʥʳʤʠ ʚ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʝʭʘʥʠʢʝ. ʇʨʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʠ ʬʘʟʦʚʳʭ 

ʧʝʨʝʤʝʥʥʳʭ, ʩʦʧʨʷʞʸʥʥʳʝ ʧʝʨʝʤʝʥʥʳʝ ʥʝʦʙʭʦʜʠʤʦ ʧʨʝʦʙʨʘʟʦʚʘʪʴ ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʩʠʩʪʝʤʘ ʩʦʭʨʘʥʠʣʘ ʢʘʥʦʥʠʯʥʦʩʪʴ [3]:   

 

( )

( )

,

T

¡ = F

µFå õ
= æ ö

µç ÷
¡p

x x

x
p

x

                                                 (4) 

ɿʜʝʩʴ x ʠ p ï ʵʪʦ ʬʘʟʦʚʳʡ ʠ ʩʦʧʨʷʞʸʥʥʳʡ ʚʝʢʪʦʨʳ ʜʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ū, 

ʘ x' ʠ p' ï ʵʪʦ ʬʘʟʦʚʳʡ ʠ ʩʦʧʨʷʞʸʥʥʳʡ ʚʝʢʪʦʨʳ ʧʦʩʣʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ. ʊʘʢʦʝ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʥʘʟʳʚʘʝʪʩʷ ʢʘʥʦʥʠʯʝʩʢʠʤ. ʂʘʥʦʥʠʯʝʩʢʠʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 

ʧʦʟʚʦʣʷʶʪ ʣʝʛʢʦ ʤʝʥʷʪʴ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ ʠ ʧʝʨʝʭʦʜʠʪʴ ʦʪ ʦʜʥʦʛʦ ʥʘʙʦʨʘ 

ʬʘʟʦʚʳʭ ʧʝʨʝʤʝʥʥʳʭ ʢ ʜʨʫʛʦʤʫ. ʅʝʩʤʦʪʨʷ ʥʘ ʫʜʦʙʩʪʚʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ, ʩ 

ʧʦʤʦʱʴʶ ʪʘʢʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʥʝʣʴʟʷ ʦʩʫʱʝʩʪʚʠʪʴ ʧʝʨʝʭʦʜ ʦʪ 

ʢʦʤʧʣʘʥʘʨʥʦʛʦ ʧʝʨʝʣʸʪʘ ʢ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʤʫ ʧʝʨʝʣʸʪʫ. ʈʘʩʩʤʦʪʨʠʤ 

ʩʣʝʜʫʶʱʠʡ ʢʣʘʩʩ ʘʬʬʠʥʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʩʦʧʨʷʞʸʥʥʳʭ ʧʝʨʝʤʝʥʥʳʭ ʚ 

ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ, ʢʦʪʦʨʳʡ ʥʘʨʫʰʘʝʪ ʫʩʣʦʚʠʷ ʢʘʥʦʥʠʯʥʦʩʪʠ (ʬʘʟʦʚʳʝ 

ʧʝʨʝʤʝʥʥʳʝ ʥʝ ʧʦʜʚʝʨʛʘʶʪʩʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʶ), ʥʦ ʧʨʠ ʵʪʦʤ ʦʙʣʘʜʘʝʪ 

ʦʧʨʝʜʝʣʸʥʥʳʤ ʫʜʦʙʩʪʚʦʤ ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ: 
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                                    (5) 

ɼʘʥʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʝʢʪʦʨʘʤʠ ɟ ʠ ɜ, ʘ ʚʳʨʦʞʜʘʝʪʩʷ ʚ ʩʣʫʯʘʝ 

ʨʘʚʝʥʩʪʚʘ ʥʫʣʶ ʜʝʪʝʨʤʠʥʘʥʪʘ  
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2det ,R h=                                                (6) 

ʯʪʦ ʵʢʚʠʚʘʣʝʥʪʥʦ ʢʦʣʣʠʥʝʘʨʥʦʩʪʠ ʚʝʢʪʦʨʦʚ ɟ ʠ ɜ. ɽʩʣʠ ʜʦʧʦʣʥʠʪʴ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ (5) ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝʤ ʬʘʟʦʚʳʭ ʧʝʨʝʤʝʥʥʳʭ, ʘ 

ʪʘʢʞʝ ʚʟʷʪʴ ʝʜʠʥʠʯʥʳʝ ʚʝʢʪʦʨʳ ɟ ʠ ɜ, ʪʦ ʧʦʣʫʯʠʪʩʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʧʦʚʦʨʦʪʘ 

ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ. ɺ ʩʠʣʫ ʵʪʦʡ ʦʩʦʙʝʥʥʦʩʪʠ ʙʫʜʝʤ ʥʘʟʳʚʘʪʴ ʘʬʬʠʥʥʦʝ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ (5) R-ʧʨʝʦʙʨʘʟʦʚʘʥʠʝʤ (ʦʪ ʩʣʦʚʘ rotation).  

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʢʣʘʩʩʘ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʙʳʣ ʧʦʩʪʨʦʝʥ 

ʜʘʪʘʩʝʪ ʢʦʤʧʣʘʥʘʨʥʳʭ ʤʥʦʛʦʚʠʪʢʦʚʳʭ ʧʝʨʝʣʸʪʦʚ ʤʝʞʜʫ ʢʨʫʛʦʚʳʤʠ ʦʨʙʠʪʘʤʠ, ʚ 

ʢʦʪʦʨʳʭ ʫʛʣʦʚʘʷ ʜʘʣʴʥʦʩʪʴ ʙʳʣʘ ʨʘʚʥʘ 40 ʚʠʪʢʘʤ, ʘ ʧʘʨʘʤʝʪʨ ə (ʩʦʦʪʥʦʰʝʥʠʝ 

ʨʘʜʠʫʩʦʚ ʢʦʥʝʯʥʦʡ ʦʨʙʠʪʳ ʢ ʥʘʯʘʣʴʥʦʡ) ʚʘʨʴʠʨʦʚʘʣʩʷ ʦʪ 0.1 ʜʦ 10. ɺ ʜʘʪʘʩʝʪʝ 

ʩʦʜʝʨʞʠʪʩʷ 991 ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʦʧʪʠʤʘʣʴʥʘʷ ʪʨʘʝʢʪʦʨʠʷ çʟʘʜʘʯʠ ʧʝʨʝʣʸʪʘè. 

ʅʘʯʘʣʴʥʳʝ ʠ ʢʦʥʝʯʥʳ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʥʘ ʚʩʝʭ ʪʨʘʝʢʪʦʨʠʷʭ ʵʪʦʛʦ ʜʘʪʘʩʝʪʘ 

ʦʜʠʥʘʢʦʚʳ ʠ ʟʘʚʠʩʷʪ ʦʪ ə:  
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ɼʘʣʝʝ ʙʳʣʦ ʧʦʩʪʘʚʣʝʥʦ ʫʩʣʦʚʠʝ ʥʘ ʢʦʥʝʯʥʫʶ ʦʨʙʠʪʫ ʧʦʩʣʝ R-

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ: ʵʢʩʮʝʥʪʨʠʩʠʪʝʪ ʢʦʥʝʯʥʦʡ ʦʨʙʠʪʳ ʠ ʫʛʦʣ ʚʦʩʭʦʜʷʱʝʛʦ ʫʟʣʘ 

ʜʦʣʞʥʳ ʙʳʪʴ ʨʘʚʥʳ ʥʫʣʶ. ʇʦʩʣʝ ʯʝʛʦ ʙʳʣ ʧʦʩʪʨʦʝʥ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʡ ʜʘʪʘʩʝʪ, 

ʚ ʢʦʪʦʨʦʤ ʚʘʨʴʠʨʦʚʘʣʠʩʴ 2 ʠʟ 6 ʧʘʨʘʤʝʪʨʦʚ R-ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ (ɜ2 ʠ ɜ3), ʘ 

ʢʘʞʜʦʤʫ ʧʨʝʦʙʨʘʟʦʚʘʥʠʶ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʘ ʥʝʢʘʷ ʢʦʥʝʯʥʘʷ ʦʨʙʠʪʘ ʩ 

ʥʝʠʟʚʝʩʪʥʳʤʠ ʟʘʨʘʥʝʝ ʵʣʝʤʝʥʪʘʤʠ ʦʨʙʠʪʳ. ɺʩʧʦʤʦʛʘʪʝʣʴʥʳʡ ʜʘʪʘʩʝʪ ʩʦʩʪʦʷʣ 

ʠʟ 14322 ʪʨʘʝʢʪʦʨʠʡ. 

ʇʨʠ ʧʦʤʦʱʠ ʤʝʪʦʜʘ ʩʠʤʚʦʣʴʥʦʡ ʨʝʛʨʝʩʩʠʠ [4] ʫʜʘʣʦʩʴ ʦʙʨʘʙʦʪʘʪʴ ʜʘʪʘʩʝʪ 

ʠ ʧʦʣʫʯʠʪʴ ʩʣʝʜʫʶʱʝʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ, ʢʦʪʦʨʦʝ ʤʝʥʷʝʪ ʥʘʢʣʦʥʝʥʠʝ ʢʦʥʝʯʥʦʡ 

ʦʨʙʠʪʳ: 

2 2

2 2

1 0 0

1
0 ,

1
0

1 1

1 1

i

j
R

j j

j

j j

å õ
æ ö
æ ö
æ ö
= æ ö
æ ö
æ ö
-æ ö

ç ÷

+ +

+ +

                                       (8) 

ʛʜʝ j ï ʵʪʦ ʢʦʵʬʬʠʮʠʝʥʪ, ʢʚʘʟʠʣʠʥʝʡʥʦ ʩʚʷʟʘʥʥʳʡ ʩ ʥʘʢʣʦʥʝʥʠʝʤ ʢʦʥʝʯʥʦʡ 

ʦʨʙʠʪʳ. ʃʠʥʝʡʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʩʚʷʟʠ ʤʝʞʜʫ ʥʠʤʠ ʷʚʣʷʝʪʩʷ ʩʠʣʴʥʦ 

ʥʝʣʠʥʝʡʥʦʡ ʬʫʥʢʮʠʝʡ, ʟʘʚʠʩʷʱʝʡ ʦʪ ʜʨʫʛʠʭ ʵʣʝʤʝʥʪʦʚ ʥʘʯʘʣʴʥʦʡ ʠ ʢʦʥʝʯʥʦʡ 

ʦʨʙʠʪ. 

ʊʘʢ ʢʘʢ R-ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ (8) ʚʳʨʘʞʝʥʦ ʚ ʬʦʨʤʝ ʤʘʪʨʠʮʳ, ʝʛʦ ʤʦʞʥʦ 

ʧʨʝʦʙʨʘʟʦʚʳʚʘʪʴ ʩ ʧʦʤʦʱʴʶ ʧʦʜʦʙʥʳʭ ʤʘʪʨʠʮ: 

 
1 .ii

R R R R
W

-

W W
=                                                                         (9) 
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ɿʜʝʩʴ Rɋ ï ʵʪʦ ʤʘʪʨʠʮʘ ʧʦʚʦʨʦʪʘ, ʢʦʪʦʨʫʶ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ: 
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                                                             (10) 

ʛʜʝ ɋ ï ʵʪʦ ʫʛʦʣ ʚʦʩʭʦʜʷʱʝʛʦ ʫʟʣʘ ʦʨʙʠʪʳ. ɺ ʵʪʦʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʠ ʫʛʦʣ 

ʚʦʩʭʦʜʷʱʝʛʦ ʫʟʣʘ ʤʦʞʥʦ ʟʘʜʘʚʘʪʴ ʷʚʥʳʤ ʦʙʨʘʟʦʤ.  

ʀʪʦʛʦʚʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ (9) ʧʦʟʚʦʣʷʝʪ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʥʘʢʣʦʥʝʥʠʝ ʠ 

ʚʦʩʭʦʜʷʱʠʡ ʫʟʝʣ ʢʦʥʝʯʥʦʡ ʦʨʙʠʪʳ ʙʝʟ ʨʝʰʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʢʨʘʝʚʦʡ 

ʟʘʜʘʯʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʧʝʨʝʣʸʪʘ, ʠʩʧʦʣʴʟʫʷ ʪʦʣʴʢʦ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ 

ʢʦʤʧʣʘʥʘʨʥʦʛʦ ʧʝʨʝʣʸʪʘ ʤʝʞʜʫ ʢʨʫʛʦʚʳʤʠ ʦʨʙʠʪʘʤʠ. ʆʪʨʠʮʘʪʝʣʴʥʦʡ ʩʪʦʨʦʥʦʡ 

ʵʪʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʠʟʤʝʥʝʥʠʝ ʨʘʜʠʫʩʘ ʢʦʥʝʯʥʦʡ ʦʨʙʠʪʳ, ʯʪʦ 

ʧʨʠʭʦʜʠʪʩʷ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʟʘ ʩʯʸʪ ʚʳʙʦʨʘ ʜʨʫʛʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʨʘʜʠʫʩʦʚ ʜʦ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ. ʇʨʠʤʝʨ ʧʝʨʝʣʸʪʘ ʧʦʩʣʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ. 1. 

 
ʈʠʩ. 1. ʇʝʨʝʣʸʪ ʩ ʥʘʢʣʦʥʝʥʠʝʤ 10ę, ʚʦʩʭʦʜʷʱʠʤ ʫʟʣʦʤ 30ę ʠ ʨʘʜʠʫʩʦʤ                        

ʢʦʥʝʯʥʦʡ ʦʨʙʠʪʳ 1.5. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʵʪʦʡ ʪʨʘʝʢʪʦʨʠʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ                          

ʧʣʦʩʢʠʡ ʧʝʨʝʣʸʪ ʩ ə=1.54, j=-1.21 ʠ ʫʛʣʦʚʦʡ ʜʘʣʴʥʦʩʪʴʶ 5 ʚʠʪʢʦʚ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ ˉ 24-11-00038 

çʕʬʬʝʢʪʠʚʥʳʝ ʤʝʪʦʜʳ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʪʨʘʝʢʪʦʨʠʡ ʠ ʫʧʨʘʚʣʝʥʠʷ ʜʚʠʞʝʥʠʝʤ 

ʤʘʣʳʭ ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ ʚ ʜʘʣʴʥʝʤ ʢʦʩʤʦʩʝè.  
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2. ʇʦʥʪʨʷʛʠʥ ʃ.ʉ. ʠ ʜʨ. ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʪʝʦʨʠʷ ʦʧʪʠʤʘʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ. 3-ʝ 
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ʈʘʩʩʢʘʟʳʚʘʝʪʩʷ ʦʙ ʘʢʪʫʘʣʴʥʳʭ ʘʩʧʝʢʪʘʭ ʠ ʧʨʦʙʣʝʤʘʭ ʨʝʛʠʩʪʨʘʮʠʠ 

ʪʝʧʣʦʚʳʭ ʧʦʪʦʢʦʚ ʧʨʠ ʚʦʩʧʣʘʤʝʥʝʥʠʠ ʠ ʛʦʨʝʥʠʠ ʛʘʟʦʚʳʭ ʩʤʝʩʝʡ ʟʘ ʫʜʘʨʥʦʡ 

ʚʦʣʥʦʡ. ʇʦʣʫʯʘʝʤʳʝ ʨʝʟʫʣʴʪʘʪʳ ʚʘʞʥʳ ʜʣʷ ʚʘʣʠʜʘʮʠʠ ʨʘʩʯʝʪʥʳʭ ʤʦʜʝʣʝʡ ʠ 

ʧʨʦʛʨʘʤʤʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʧʨʠ ʯʠʩʣʝʥʥʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 

ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʠ ʦʧʨʝʜʝʣʝʥʠʠ ʩʪʝʧʝʥʠ ʠʭ ʩʦʛʣʘʩʦʚʘʥʠʷ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʜʝʪʝʢʪʦʨʦʚ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʧʨʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʧʨʦʮʝʩʩʦʚ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʷ ʠ ʛʦʨʝʥʠʷ 

ʧʨʦʧʘʥ- ʠ ʧʨʦʧʝʥ-ʚʦʟʜʫʰʥʳʭ ʩʤʝʩʝʡ [1, 2]. ɹʣʘʛʦʜʘʨʷ ʚʳʩʦʢʦʤʫ ʚʨʝʤʝʥʥʦʤʫ 

ʨʘʟʨʝʰʝʥʠʶ ʧʦʣʫʯʠʣʦʩʴ ʫʪʦʯʥʠʪʴ ʚʨʝʤʝʥʘ ʟʘʜʝʨʞʢʠ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʷ 

ʛʦʨʶʯʠʭ ʩʤʝʩʝʡ ʠ ʧʦʢʘʟʘʪʴ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʘʪʯʠʢʦʚ ʜʣʷ 

ʜʘʥʥʳʭ ʮʝʣʝʡ. ɹʣʘʛʦʜʘʨʷ ʨʘʟʚʠʪʠʶ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʤʝʪʦʜʦʚ ʩʪʘʣʠ ʙʦʣʝʝ 

ʟʘʤʝʪʥʳ ʪʘʢʠʝ ʥʝʩʪʘʮʠʦʥʘʨʥʳʝ ʷʚʣʝʥʠʷ, ʢʘʢ ʦʯʘʛʦʚʳʝ ʣʦʢʘʣʴʥʳʝ 

ʚʦʩʧʣʘʤʝʥʝʥʠʷ, ʜʣʷʱʠʝʩʷ ʥʝʩʢʦʣʴʢʦ ʤʠʢʨʦʩʝʢʫʥʜ, ʠʣʠ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʚ 

ʧʘʜʘʶʱʝʡ ʫʜʘʨʥʦʡ ʚʦʣʥʝ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʶ ʧʨʦʚʦʜʠʣʠʩʴ 

ʚ ʫʜʘʨʥʦʡ ʪʨʫʙʝ ʩ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʯʘʩʪʴʶ ʨʷʜʦʤ ʩ ʪʦʨʮʝʚʦʡ ʩʪʝʥʢʦʡ. ʇʦ 

ʧʦʢʘʟʘʥʠʷʤ ʧʨʠʙʦʨʦʚ ʚʦʟʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʤʦʤʝʥʪʳ ʧʨʦʭʦʜʘ ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʠ 

ʥʘʯʘʣʦ ʧʨʦʮʝʩʩʦʚ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʩʤʝʩʠ: ʨʦʩʪ/ʩʧʘʜ ʜʘʚʣʝʥʠʷ ʠ ʪʝʧʣʦʚʦʛʦ 

ʧʦʪʦʢʘ, ʠʟʣʫʯʝʥʠʝ ʩʚʦʙʦʜʥʳʭ ʨʘʜʠʢʘʣʦʚ. ɺʤʝʩʪʝ ʩ ʪʝʤ ʘʥʘʣʠʟ ʧʦʢʘʟʘʥʠʡ 

ʜʦʣʞʝʥ ʫʯʠʪʳʚʘʪʴ ʚʟʘʠʤʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʜʘʪʯʠʢʦʚ ʠ ʫʛʣʳ ʟʦʥ ʠʭ 

ʤʘʢʩʠʤʘʣʴʥʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ. 

ɺ ʩʠʣʫ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʨʦʮʝʩʩʘ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʛʦʨʶʯʝʡ ʩʤʝʩʠ ʟʘ 

ʦʪʨʘʞʝʥʥʦʡ ʫʜʘʨʥʦʡ ʚʦʣʥʦʡ (ʥʝʠʜʝʘʣʴʥʦ ʧʣʦʩʢʠʡ ʬʨʦʥʪ ʧʘʜʘʶʱʝʡ ʫʜʘʨʥʦʡ 

ʚʦʣʥʳ, ʚʣʠʷʥʠʝ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʫʜʘʨʥʦʡ ʪʨʫʙʳ ʠ ʜʨʫʛʠʝ ʘʩʧʝʢʪʳ 

ʘʩʠʤʤʝʪʨʠʠ ʪʝʯʝʥʠʷ ʠ ʥʝʠʜʝʘʣʴʥʦʩʪʠ ʧʨʦʮʝʩʩʦʚ) ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʝ ʤʦʞʝʪ 

ʥʘʯʘʪʴʩʷ ʚ ʪʘʢ ʥʘʟʳʚʘʝʤʦʡ ʩʣʝʧʦʡ ʟʦʥʝ, ʘ ʛʦʨʝʥʠʝ ʤʦʞʝʪ ʧʨʦʪʝʢʘʪʴ ʩ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴʶ. ʉʣʝʧʘʷ ʟʦʥʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʙʣʘʩʪʴ, 

ʛʜʝ ʚʭʦʜʥʘʷ ʘʧʝʨʪʫʨʘ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʧʨʠʙʦʨʦʚ ʥʝ ʧʦʟʚʦʣʷʝʪ ʤʛʥʦʚʝʥʥʦ 

ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʦʮʝʩʩʘ. ʄʘʣʘʷ ʠʥʝʨʮʠʦʥʥʦʩʪʴ ʜʘʪʯʠʢʦʚ 

ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʩʠʛʥʘʣʳ ʩ ʚʳʩʦʢʠʤ ʚʨʝʤʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ. ʆʜʥʘʢʦ ʠʭ 

ʤʘʢʩʠʤʘʣʴʥʫʶ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʦʙʝʩʧʝʯʠʚʘʶʪ ʚʦʟʤʫʱʝʥʠʷ ʜʘʚʣʝʥʠʷ ʠ 

ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ, ʥʘʧʨʘʚʣʝʥʥʳʝ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʠʭ ʧʨʠʝʤʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʀʥʳʝ ʩʣʫʯʘʠ ʤʦʛʫʪ ʚʳʟʳʚʘʪʴ ʟʘʜʝʨʞʢʠ ʚ ʧʦʢʘʟʘʥʠʷʭ ʢʘʥʘʣʦʚ ʨʝʛʠʩʪʨʘʮʠʠ. 

ʂʦʤʧʣʝʢʩʥʳʡ ʧʦʜʭʦʜ ʢ ʨʝʛʠʩʪʨʘʮʠʠ ʧʘʨʘʤʝʪʨʦʚ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʠ ʛʦʨʝʥʠʷ 

ʩʤʝʩʝʡ ʧʦʟʚʦʣʷʝʪ ʙʦʣʝʝ ʪʦʯʥʦ ʦʧʨʝʜʝʣʠʪʴ ʭʘʨʘʢʪʝʨ ʪʝʯʝʥʠʷ ʪʘʢʠʭ ʷʚʣʝʥʠʡ, 

ʚʨʝʤʝʥʥʳʝ ʟʘʜʝʨʞʢʠ ʥʘʯʘʣʘ ʩʦʧʫʪʩʪʚʫʶʱʠʭ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʠ ʫʨʦʚʥʠ ʠʭ 

ʪʝʧʣʦʚʳʜʝʣʝʥʠʷ. 

mailto:kotov@ipmnet.ru
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ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʢʣʘʩʩʠʯʝʩʢʠʤ ʨʘʟʨʳʚʥʳʤ ʤʝʪʦʜʦʤ ɻʘʣʝʨʢʠʥʘ 

[1] ʧʨʦʮʝʩʩʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʦʙʣʘʩʪʠ ʚʳʩʦʢʠʭ ʛʨʘʜʠʝʥʪʦʚ, ʪʨʝʙʫʝʪ ʧʨʠʤʝʥʝʥʠʷ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʦʩʦʙʳʭ ʧʨʦʮʝʜʫʨ ʤʦʥʦʪʦʥʠʟʘʮʠʠ, ʢʦʪʦʨʳʝ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, 

ʤʦʛʫʪ ʧʦʚʣʠʷʪʴ ʥʘ ʪʦʯʥʦʩʪʴ ʧʦʣʫʯʝʥʥʦʛʦ ʨʝʰʝʥʠʷ [2]. ɺʦʟʤʦʞʥʘʷ ʧʨʠʯʠʥʘ 

ʧʦʥʠʞʝʥʠʷ ʪʦʯʥʦʩʪʠ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʩʣʝʜʫʝʪ ʠʟ ʥʝʩʦʙʣʶʜʝʥʠʷ ʵʥʪʨʦʧʠʡʥʦʛʦ 

ʥʝʨʘʚʝʥʩʪʚʘ. ɺ ʢʘʯʝʩʪʚʝ ʘʣʴʪʝʨʥʘʪʠʚʳ ʧʨʦʮʝʜʫʨʳ ʣʠʤʠʪʠʨʦʚʘʥʠʷ ʧʨʝʜʣʘʛʘʝʪʩʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʙʘʟʠʩʥʳʭ ʬʫʥʢʮʠʡ, ʢʦʪʦʨʳʝ ʧʦʜʩʪʨʘʠʚʘʶʪʩʷ ʧʦʜ ʨʝʰʝʥʠʝ 

ʟʘʜʘʯʠ ʠ, ʚ ʩʣʫʯʘʝ ʥʘʨʫʰʝʥʠʷ ʵʥʪʨʦʧʠʡʥʦʛʦ ʥʝʨʘʚʝʥʩʪʚʘ ʚ ʷʯʝʡʢʝ, ʣʦʢʘʣʴʥʦ 

ʧʝʨʝʚʦʜʷʪ ʠʩʭʦʜʥʳʡ ʤʝʪʦʜ ʚ ʤʝʪʦʜ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ, ʥʦ ʥʘ ʠʟʤʝʣʴʯʝʥʥʦʡ ʚʜʚʦʝ 

ʩʝʪʢʝ [3]. ɼʣʷ ʤʝʪʦʜʘ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʵʥʪʨʦʧʠʡʥʦʝ ʥʝʨʘʚʝʥʩʪʚʦ ʛʘʨʘʥʪʠʨʦʚʘʥʦ 

ʚʳʧʦʣʥʝʥʦ. 

ʈʘʩʩʤʦʪʨʠʤ ʦʜʥʦʤʝʨʥʫʶ ʩʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ ʕʡʣʝʨʘ:  
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ʛʜʝ U ï ʚʝʢʪʦʨ ʢʦʥʩʝʨʚʘʪʠʚʥʳʭ ʧʝʨʝʤʝʥʥʳʭ ʠ F(U) ï ʚʝʢʪʦʨ ʧʦʪʦʢʦʚʳʭ 

ʬʫʥʢʮʠʠ. 

ɺ ʨʘʙʦʪʘʭ [4,5] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʣʷ ʦʙʦʙʱʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ 

ʫʨʘʚʥʝʥʠʡ ʕʡʣʝʨʘ ʠ ʜʣʷ ʣʶʙʦʡ ʛʣʘʜʢʦʡ ʬʫʥʢʮʠʠ ( ),ʭ tj ʚ ʦʙʣʘʩʪʷʭ ʩ ʢʫʩʦʯʥʦ-

ʛʣʘʜʢʦʡ ʛʨʘʥʠʮʝʡ ʚʳʧʦʣʥʝʥʦ ʩʦʦʪʥʦʰʝʥʠʝ:  

mailto:idk157@mail.ru
mailto:ladonkina@imamod.ru
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ʬʫʥʢʮʠʷ ʨʘʚʥʘ ʝʜʠʥʠʮʝ, ʚʪʦʨʘʷ ʙʘʟʠʩʥʘʷ ʬʫʥʢʮʠʷ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʬʫʥʢʮʠʶ, ʚʠʜ ʢʦʪʦʨʦʡ ʟʘʚʠʩʠʪ ʦʪ ʚʨʝʤʝʥʠ ʠ ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʩʦʜʝʨʞʘʪʴ ʨʘʟʨʳʚ ʚ 

ʮʝʥʪʨʝ ʷʯʝʡʢʠ. 
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ʇʨʠʙʣʠʞʝʥʥʦʝ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʡ (1,2) ʙʫʜʝʤ ʥʘʭʦʜʠʪʴ ʚ ʚʠʜʝ:  

( ) ( ) ( ) ( )0 1 1 ,, ,ii i iU x t U t U t x tj= +                                (5)
 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ  ʢʦʵʬʬʠʮʠʝʥʪʦʚ ( )piU t , p=0,1 ʙʫʜʝʤ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʬʦʨʤʫʣʫ (6) 
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ʛʜʝ ( ) ( )1 2 1 2, , ,i iU x t U x t- +  
ʧʦʣʫʯʘʶʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʈʠʤʘʥʘ ʩ 

ʜʘʥʥʳʤʠ ( )1 1 2,i iU x t- -  ʠ ( )1 2,i iU x t- , ( )1 2,i iU x t+  ʠ ( )1 1 2,i iU x t+ +  ʩʣʝʚʘ ʠ ʩʧʨʘʚʘ 

ʦʪ ʨʘʟʨʳʚʘ[6]. 

ʇʦʜʩʪʘʚʣʷʷ ʚ (6) ʙʘʟʠʩʥʳʝ ʬʫʥʢʮʠʠ (4), ʧʦʣʫʯʘʝʤ ʜʚʘ ʫʨʘʚʥʝʥʠʷ. ɼʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʧʝʨʚʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʣʷ 0 1ij =  ʧʦʣʫʯʠʤ ʫʨʘʚʥʝʥʠʝ (7), ʢʦʪʦʨʦʝ 

ʧʦʣʥʦʩʪʴʶ ʩʦʚʧʘʜʘʝʪ ʩ ʧʝʨʚʳʤ ʫʨʘʚʥʝʥʠʝʤ ʚ ʢʣʘʩʩʠʯʝʩʢʦʤ ʨʘʟʨʳʚʥʦʤ ʤʝʪʦʜʝ 

ɻʘʣʝʨʢʠʥʘ (7).  
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ɼʣʷ ʚʳʯʠʩʣʝʥʠʷ 
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ʇʨʠʚʝʜʝʤ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʘʣʛʦʨʠʪʤ.  

ɼʣʷ ʢʘʞʜʦʡ ʢʦʥʢʨʝʪʥʦʡ ʟʘʜʘʯʠ ʤʦʞʝʤ ʦʮʝʥʠʪʴ ʛʨʘʥʠʮʳ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚʦʟʥʠʢʘʶʱʠʭ ʫʜʘʨʥʳʭ ʚʦʣʥ. ɺ ʧʨʦʮʝʩʩʝ ʚʳʯʠʩʣʝʥʠʷ ʥʘ 

ʢʘʞʜʦʤ ʰʘʛʝ ʧʦ ʚʨʝʤʝʥʠ ʚʳʯʠʩʣʷʝʤ ʢʦʥʢʨʝʪʥʳʝ ʤʘʢʩʠʤʘʣʴʥʳʝ ʯʠʩʣʘ 

ʄʘʭʘ: MMaxi-1/2, MMaxi, MMaxi+1/2, ʦʙʨʘʟʫʶʱʠʝʩʷ ʧʨʠ ʨʝʰʝʥʠʠ ʟʘʜʘʯ 

ʨʘʩʧʘʜʘ ʧʨʦʠʟʚʦʣʴʥʦʛʦ ʨʘʟʨʳʚʘ ʥʘ ʛʨʘʥʠʮʘʭ i-ʦʡ ʷʯʝʡʢʠ ʩʝʪʢʠ ʠ ʚ ʪʦʯʢʝ 

xi; ʦʧʨʝʜʝʣʷʝʤ a , ʠʩʧʦʣʴʟʫʷ ʧʘʨʘʤʝʪʨʳ M1<M2:  

ʝʩʣʠ 1iMMax M< , ʪʦ 1n
ia
+ = 0, 

ʝʩʣʠ 2iMMax M> , ʪʦ 1n
ia
+ = 1, 

ʝʩʣʠ 1 2iM MMax M< < , ʪʦ 1 1
   .

2 1
a + =

-

-n i
i

MMax M

M M
 

 

ʈʘʩʩʤʦʪʨʠʤ ʟʘʜʘʯʫ WoodwardïColella blast waves [7]. ɼʘʥʥʘʷ ʟʘʜʘʯʘ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʤʦʜʝʣʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʚʫʭ ʫʜʘʨʥʳʭ ʚʦʣʥ ʠ ʷʚʣʷʝʪʩʷ 

ʦʜʥʠʤ ʠʟ ʦʙʱʝʧʨʠʥʷʪʳʭ ʪʝʩʪʦʚ ʜʣʷ ʧʨʦʚʝʨʢʠ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʯʠʩʣʝʥʥʳʭ 

ʤʝʪʦʜʦʚ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʛʘʟʦʚʦʡ ʜʠʥʘʤʠʢʠ. ʈʘʩʯʝʪʥʦʝ ʚʨʝʤʷ (ʊ=0.038, ʄ1=1.1, 

ʄ2=1.7.) 
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ʈʠʩ. 1. ʇʨʦʬʠʣʠ ʧʣʦʪʥʦʩʪʠ (ʩʧʨʘʚʘ ʧʨʠ ʩʠʣʴʥʦʤ ʫʚʝʣʠʯʝʥʠʠ). 

 

ʅʘ ʨʠʩ. 1 ʩʣʝʚʘ ʧʨʝʜʩʪʘʚʣʝʥ ʨʝʟʫʣʴʪʘʪ ʨʘʩʯʝʪʘ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ ʈʄɻ ʩ 

ʧʘʨʘʤʝʪʨʘʤʠ M1=1.1, M2=1.7 (ʯʝʨʥʳʝ ʪʦʯʢʠ). ʈʘʩʯʝʪ, ʚʳʧʦʣʥʝʥʥʳʡ 

ʢʣʘʩʩʠʯʝʩʢʠʤ ʈʄɻ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʣʠʤʠʪʠʨʫʶʱʝʡ ʬʫʥʢʮʠʠ ʂʦʢʙʫʨʥʘ, 

ʚʠʟʫʘʣʴʥʦ ʥʝ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʜʘʥʥʦʛʦ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʣʠʤʠʪʝʨʦʚ, ʵʪʫ ʟʘʜʘʯʫ ʨʘʟʨʳʚʥʳʤ ʤʝʪʦʜʦʤ ɻʘʣʝʨʢʠʥʘ ʧʦʩʯʠʪʘʪʴ ʥʝʚʦʟʤʦʞʥʦ.  

ʅʘ ʨʠʩ.1 ʩʧʨʘʚʘ ʧʦʢʘʟʘʥ ʬʨʘʛʤʝʥʪ ʧʨʦʬʠʣʝʡ ʧʣʦʪʥʦʩʪʠ, ʨʘʩʯʝʪʦʚ, ʚʳʧʦʣʥʝʥʥʳʭ 

ʥʘ ʩʝʪʢʝ ʩ 2000 ʷʯʝʝʢ: ʯʝʨʥʘʷ ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ ï ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ ʈʄɻ, 

ʢʨʫʞʢʠ - ʢʣʘʩʩʠʯʝʩʢʠʤ ʈʄɻ.  ʆʪʤʝʪʠʤ, ʯʪʦ ʧʨʠ ʨʘʩʯʝʪʘʭ ʥʘ ʤʝʣʢʠʭ ʩʝʪʢʘʭ, 

ʜʘʞʝ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʣʠʤʠʪʝʨʦʚ, ʢʣʘʩʩʠʯʝʩʢʠʡ ʈʄɻ ʥʘʯʠʥʘʝʪ 

ʦʩʮʠʣʣʠʨʦʚʘʪʴ.   

ʇʨʝʜʣʦʞʝʥʥʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʨʘʟʨʳʚʥʦʛʦ ʤʝʪʦʜʘ ɻʘʣʝʨʢʠʥʘ, ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʘʟʠʩʥʳʭ ʬʫʥʢʮʠʡ, ʟʘʚʠʩʷʱʠʭ ʦʪ ʚʨʝʤʝʥʠ, ʧʦʟʚʦʣʷʝʪ 

ʫʩʪʦʡʯʠʚʦ ʨʘʩʩʯʠʪʳʚʘʪʴ ʩʠʣʴʥʳʝ ʨʘʟʨʳʚʥʳʝ ʨʝʰʝʥʠʷ. ʂʦʵʬʬʠʮʠʝʥʪ Ŭ 

ʦʪʚʝʯʘʝʪ ʟʘ ʪʦʯʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʣʦʞʝʥʠʷ ʨʘʟʨʳʚʦʚ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ 

ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʟʘ ʢʘʯʝʩʪʚʦ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʩʭʝʤʳ.  

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ: 

1. Cockburn B. An Introduction to the Discontinuous Galerkin Method for 

ConvectionïDominated Problems, Advanced Numerical Approximation of 

Nonlinear Hyperbolic Equations // Lecture Notes in Mathematics, 1998. V. 1697. 

Pp. 151ï268. 

2. ʃʘʜʦʥʢʠʥʘ ʄ.ɽ., ʅʝʢʣʶʜʦʚʘ ʆ.ɸ., ʊʠʰʢʠʥ ɺ.ʌ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ 

ʣʠʤʠʪʝʨʘ ʥʘ ʧʦʨʷʜʦʢ ʪʦʯʥʦʩʪʠ ʨʝʰʝʥʠʷ ʨʘʟʨʳʚʥʳʤ ʤʝʪʦʜʦʤ ɻʘʣʝʨʢʠʥʘ. // 

ʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ. 2012. ʊ. 24. ˉ 12. ʉ. 124ï128. 

3. ʂʨʘʩʥʦʚ ʄ.ʄ., ʂʫʯʫʛʦʚ ʇ.ɸ., ʃʘʜʦʥʢʠʥʘ ʄ.ɽ., ʊʠʰʢʠʥ ɺ.ʌ. ʆʙʦʙʱʝʥʠʝ 

ʤʝʪʦʜʘ ɻʦʜʫʥʦʚʘ, ʠʩʧʦʣʴʟʫʶʱʝʝ ʢʫʩʦʯʥʦ-ʧʦʣʠʥʦʤʠʘʣʴʥʳʝ ʘʧʧʨʦʢʩʠʤʘʮʠʠ 

çʉʫʧʝʨʚʳʯʠʩʣʝʥʠʷ ʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝè, ʊʨʫʜʳ XVI 



91 
 

ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ, ʧʦʜ ʨʝʜ. ʈ.ʄ. ʐʘʛʘʣʠʝʚʘ, ʛ. ʉʘʨʦʚ, ʌɻʋʇ 

çʈʌʗʎ-ɺʅʀʀʕʌè 2017. ʉ. 168ï183.  

4. ʃʘʜʦʥʢʠʥʘ ʄ.ɽ., ʊʠʰʢʠʥ ɺ.ʌ. ʆʙʦʙʱʝʥʠʝ ʤʝʪʦʜʘ ɻʦʜʫʥʦʚʘ, ʠʩʧʦʣʴʟʫʶʱʝʝ 

ʢʫʩʦʯʥʦ-ʧʦʣʠʥʦʤʠʘʣʴʥʳʝ ʘʧʧʨʦʢʩʠʤʘʮʠʠ // ɼʠʬʬʝʨʝʥʮʠʘʣʴʥʳʝ ʫʨʘʚʥʝʥʠʷ. 

2015. ʊ. 51. ˉ 7. ʉ. 899ï907.  

5. ʃʘʜʦʥʢʠʥʘ ʄ.ɽ., ʊʠʰʢʠʥ ɺ.ʌ. ʆ ʤʝʪʦʜʘʭ ʪʠʧʘ ɻʦʜʫʥʦʚʘ ʚʳʩʦʢʦʛʦ ʧʦʨʷʜʢʘ 

ʪʦʯʥʦʩʪʠ // ɼʦʢʣʘʜʳ ʘʢʘʜʝʤʠʠ ʥʘʫʢ. 2015. ʊ. 461. ˉ 4. ʉ. 390ï393.  

6. ɻʦʜʫʥʦʚ ʉ.ʂ. ʈʘʟʥʦʩʪʥʳʡ ʤʝʪʦʜ ʯʠʩʣʝʥʥʦʛʦ ʨʘʩʯʝʪʘ ʨʘʟʨʳʚʥʳʭ ʨʝʰʝʥʠʡ 

ʫʨʘʚʥʝʥʠʡ ʛʠʜʨʦʜʠʥʘʤʠʢʠ // ʄʘʪ. ʩʙʦʨʥʠʢ. 1959. ʊ. 47(89) ˉ 3. ʉ. 271ï306. 

7. Woodward P.R., Colella P. The numerical simulation of two-dimensional fluid 

flow with strong shocks // Journal of Computational Physics. 1984. V. 54. 

Issue 1. Pp. 115ï173. https://doi.org/10.1016/0021-9991(84)90142-6 

ʀʉʉʃɽɼʆɺɸʅʀɽ ʊʆʏʅʆʉʊʀ ʉʆʃɺɽʈʆɺ ʇɸʂɽʊɸ OPENFOAM 

ʅɸ ɿɸɼɸʏɽ ʉɺɽʈʍɿɺʋʂʆɺʆɻʆ ʆɹʊɽʂɸʅʀʗ ɼɺʆʁʅʆɻʆ ʂʃʀʅɸ 

ɸ.ɽ. ʂʫʚʰʠʥʥʠʢʦʚ 

ʀʇʄ ʠʤ. ʄ.ɺ. ʂʝʣʜʳʰʘ ʈɸʅ, ʛ. ʄʦʩʢʚʘ 

kuvsh90@yandex.ru 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʩʚʝʨʭʟʚʫʢʦʚʳʭ ʪʝʯʝʥʠʡ ʠʛʨʘʝʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʚ 

ʩʦʚʨʝʤʝʥʥʦʡ ʘʵʨʦʢʦʩʤʠʯʝʩʢʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ 

ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ ʠ ʨʘʟʨʘʙʦʪʢʝ ʥʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ. 

OpenFOAM [1], ʢʘʢ ʦʪʢʨʳʪʘʷ ʧʣʘʪʬʦʨʤʘ ʜʣʷ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, 

ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʰʠʨʦʢʠʡ ʥʘʙʦʨ ʩʦʣʚʝʨʦʚ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʛʘʟʦʚʦʡ ʜʠʥʘʤʠʢʠ. 

ʆʜʥʘʢʦ ʚʳʙʦʨ ʦʧʪʠʤʘʣʴʥʦʛʦ ʩʦʣʚʝʨʘ ʜʣʷ ʢʦʥʢʨʝʪʥʦʡ ʟʘʜʘʯʠ ʥʝ ʚʩʝʛʜʘ 

ʦʯʝʚʠʜʝʥ. ɺʩʸ ʙʦʣʴʰʝ ʫʥʠʚʝʨʩʘʣʴʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʧʨʝʜʣʘʛʘʶʪ 

ʰʠʨʦʢʠʡ ʥʘʙʦʨ ʚʩʪʨʦʝʥʥʳʭ ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʠʥʪʝʛʨʘʮʠʠ 

ʥʦʚʳʭ. ʇʘʨʘʣʣʝʣʴʥʦ ʨʘʩʪʝʪ ʠ ʯʠʩʣʦ ʩʘʤʠʭ ʤʝʪʦʜʦʚ, ʦʜʥʘʢʦ ʠʭ ʨʘʟʨʘʙʦʪʯʠʢʠ ʥʝ 

ʚʩʝʛʜʘ ʘʥʘʣʠʟʠʨʫʶʪ ʪʦʯʥʦʩʪʴ ʥʘ ʨʘʟʥʳʭ ʪʠʧʘʭ ʟʘʜʘʯ. ʉʝʡʯʘʩ ʪʦʯʥʦʩʪʴ ʦʙʳʯʥʦ 

ʦʮʝʥʠʚʘʶʪ, ʩʨʘʚʥʠʚʘʷ ʨʝʟʫʣʴʪʘʪ ʩ ʨʝʬʝʨʝʥʪʥʳʤ ʨʝʰʝʥʠʝʤ (ʪʦʯʥʳʤ 

ʘʥʘʣʠʪʠʯʝʩʢʠʤ, ʧʨʦʚʝʨʝʥʥʳʤ ʯʠʩʣʝʥʥʳʤ ʠʣʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ). 

ɿʘʯʘʩʪʫʶ ʪʘʢʦʝ ʩʨʘʚʥʝʥʠʝ ʧʨʦʚʦʜʠʪʩʷ ʣʠʰʴ ʜʣʷ ʦʜʥʦʛʦ ʬʠʢʩʠʨʦʚʘʥʥʦʛʦ ʥʘʙʦʨʘ 

ʧʘʨʘʤʝʪʨʦʚ ʟʘʜʘʯʠ. 

ʇʨʝʜʣʘʛʘʝʤʳʡ ʦʙʦʙʱʝʥʥʳʤ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤ ʵʢʩʧʝʨʠʤʝʥʪʦʤ [2] ʧʦʜʭʦʜ 

ʦʩʥʦʚʘʥ ʥʘ ʩʨʘʚʥʝʥʠʠ ʮʝʣʳʭ ʢʣʘʩʩʦʚ ʟʘʜʘʯ, ʦʭʚʘʪʳʚʘʶʱʠʭ ʨʘʟʣʠʯʥʳʝ ʚʘʨʠʘʮʠʠ 

ʧʘʨʘʤʝʪʨʦʚ. ʈʝʟʫʣʴʪʘʪʳ ʪʘʢʦʛʦ ʘʥʘʣʠʟʘ ʜʘʜʫʪ ʧʦʣʴʟʦʚʘʪʝʣʶ ʥʝʦʙʭʦʜʠʤʫʶ 

ʠʥʬʦʨʤʘʮʠʶ ʦ ʪʦʯʥʦʩʪʠ, ʧʨʠʤʝʥʠʤʦʩʪʠ, ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠ ʥʘʜʝʞʥʦʩʪʠ ʤʝʪʦʜʦʚ 

ʜʣʷ ʢʦʥʢʨʝʪʥʦʡ ʟʘʜʘʯʠ. 
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ʇʦ ʘʥʘʣʦʛʠʠ ʩ ʧʨʦʰʣʳʤʠ ʨʘʙʦʪʘʤʠ [3, 4], ʙʳʣʘ ʚʟʷʪʘ ʟʘʜʘʯʘ 

ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ ʦʙʪʝʢʘʥʠʷ ʜʚʦʡʥʦʛʦ ʢʣʠʥʘ. ɼʘʥʥʘʷ ʟʘʜʘʯʘ ʠʤʝʝʪ ʘʥʘʣʠʪʠʯʝʩʢʦʝ 

ʨʝʰʝʥʠʝ [5ï7]. ɼʣʷ ʩʨʘʚʥʠʪʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 4 ʩʦʣʚʝʨʘ: 

rhoCentralFoam, sonicFoam, pisoCentralFoam ʠ QGDFoam. ɼʚʘ ʧʝʨʚʳʭ ʩʦʣʚʝʨʘ 

ʚʭʦʜʷʪ ʚ ʩʪʘʥʜʘʨʪʥʳʡ ʥʘʙʦʨ ʠ ʜʦʩʪʫʧʥʳ ʩʨʘʟʫ ʧʦʩʣʝ ʫʩʪʘʥʦʚʢʠ ʧʨʦʛʨʘʤʤʥʦʛʦ 

ʢʦʤʧʣʝʢʩʘ. ʀʩʭʦʜʥʳʡ ʢʦʜ ʦʩʪʘʚʰʠʭʩʷ ʝʩʪʴ ʚ ʦʪʢʨʳʪʦʤ ʜʦʩʪʫʧʝ [8, 9]. 

ʇʦʣʴʟʫʷʩʴ ʤʝʪʦʜʠʢʦʡ ʦʙʦʙʱʝʥʥʦʛʦ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ [2], 

ʠʩʩʣʝʜʦʚʘʣʦʩʴ ʚʣʠʷʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʥʘ ʪʦʯʥʦʩʪʴ ʨʝʰʝʥʠʷ. ʕʪʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ 

ʷʚʣʷʶʪʩʷ ʯʠʩʣʦ ʄʘʭʘ ʄ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ, ʫʛʣʳ ʜʚʦʡʥʦʛʦ ʢʣʠʥʘ Ŭ, ɓ ʠ 

ʠʩʧʦʣʴʟʫʝʤʳʡ ʩʦʣʚʝʨ. ʈʘʩʩʯʠʪʘʥʦ ʦʪʢʣʦʥʝʥʠʝ ʦʪ ʠʟʚʝʩʪʥʦʛʦ ʪʦʯʥʦʛʦ ʨʝʰʝʥʠʷ ʚ 

ʩʝʪʦʯʥʦʤ ʘʥʘʣʦʛʝ ʥʦʨʤʳ L2 ʜʣʷ ʜʘʚʣʝʥʠʷ, ʩʢʦʨʦʩʪʠ, ʧʣʦʪʥʦʩʪʠ ʠ ʪʝʤʧʝʨʘʪʫʨʳ. 

ʇʨʠʤʝʨ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ. 1. 

ɺ ʭʦʜʝ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦʣʫʯʝʥʳ ʤʥʦʛʦʤʝʨʥʳʝ ʤʘʩʩʠʚʳ 

ʜʘʥʥʳʭ, ʨʘʟʤʝʨʥʦʩʪʴ ʢʦʪʦʨʳʭ ʦʧʨʝʜʝʣʷʝʪʩʷ ʯʠʩʣʦʤ ʢʣʶʯʝʚʳʭ ʧʘʨʘʤʝʪʨʦʚ. 

ɺʠʟʫʘʣʠʟʘʮʠʷ ʵʪʠʭ ʜʘʥʥʳʭ ʚʳʧʦʣʥʝʥʘ ʩ ʧʦʤʦʱʴʶ ʧʦʚʝʨʭʥʦʩʪʝʡ ʦʰʠʙʦʢ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ OpenFOAM ʧʦʟʚʦʣʷʝʪ ʵʬʬʝʢʪʠʚʥʦ ʤʦʜʝʣʠʨʦʚʘʪʴ 

ʩʣʦʞʥʳʝ ʪʝʯʝʥʠʷ ʛʘʟʘ ʩ ʥʘʣʠʯʠʝʤ ʫʜʘʨʥʳʭ ʚʦʣʥ, ʜʘʥʳ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʨʠ 

ʚʳʙʦʨʝ ʩʦʣʚʝʨʘ. 

 
ʈʠʩ. 1. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠ Ŭ=10Á, ɓ=25Á ʠ ʯʠʩʣʝ                             

ʄʘʭʘ ʄ=3 ʜʣʷ ʩʦʣʚʝʨʘ rhoCentralFoam. 
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ɺ ʧʨʝʜʳʜʫʱʠʭ ʥʘʰʠʭ ʨʘʙʦʪʘʭ ʠ ʨʘʙʦʪʘʭ ʜʨʫʛʠʭ ʘʚʪʦʨʦʚ [1ï5] ʙʳʣʠ 

ʠʩʩʣʝʜʦʚʘʥʳ ʧʦʣʥʦʩʪʴʶ ʢʦʥʩʝʨʚʘʪʠʚʥʳʝ ʨʘʟʥʦʩʪʥʳʝ ʩʭʝʤʳ (ʇʂʈʉ) ʩ 

ʘʜʘʧʪʠʚʥʦʡ ʠʩʢʫʩʩʪʚʝʥʥʦʡ ʚʷʟʢʦʩʪʴʶ (ɸʀɺ) ʜʣʷ ʫʨʘʚʥʝʥʠʡ ʛʘʟʦʚʦʡ ʜʠʥʘʤʠʢʠ ʚ 
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ʧʝʨʝʤʝʥʥʳʭ ʕʡʣʝʨʘ. ɹʳʣʠ ʫʢʘʟʘʥʳ ʫʩʣʦʚʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ ɸʀɺ ʜʣʷ ʇʂʈʉ ʠ 

ʨʘʟʨʘʙʦʪʘʥ ʧʨʦʩʪʦʡ ʤʝʪʦʜ ʚʢʣʶʯʝʥʠʷ ɸʀɺ [6], ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʦʛʦ ʙʳʣʠ 

ʧʨʦʚʝʜʝʥʳ ʪʝʩʪʦʚʳʝ ʨʘʩʯʸʪʳ ʟʘʜʘʯʠ ʦ ʧʨʦʭʦʞʜʝʥʠʠ ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʧʦ 

ʦʜʥʦʨʦʜʥʦʤʫ ʬʦʥʫ ʠ ʟʘʜʘʯʠ ʉʦʜʘ. 

ɼʣʷ ʚʳʙʦʨʘ ʚʷʟʢʦʩʪʠ ʨʘʟʨʘʙʦʪʘʥʳ ʠʪʝʨʘʮʠʦʥʥʳʝ ʤʝʪʦʜʳ [6]: ʤʝʪʦʜ 

ʩʦʚʤʝʩʪʥʳʭ ʠʪʝʨʘʮʠʡ (ʜʘʣʝʝ ʄʝʪʦʜ 2) ʠ ʫʣʫʯʰʝʥʥʳʡ ʤʝʪʦʜ ʷʚʥʳʭ ʠʪʝʨʘʮʠʡ 

(ʜʘʣʝʝ ʄʝʪʦʜ 3, ʠʩʭʦʜʥʳʡ ʤʝʪʦʜ ʷʚʥʳʭ ʠʪʝʨʘʮʠʡ ï ʄʝʪʦʜ 1). 

ʄʝʪʦʜ 2 ʷʚʣʷʝʪʩʷ ʤʝʪʦʜʦʤ, ʚ ʢʦʪʦʨʦʤ ʚ ʦʜʥʦʡ ʠʪʝʨʘʮʠʠ ʦʜʥʦʚʨʝʤʝʥʥʦ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʠʩʢʫʩʩʪʚʝʥʥʘʷ ʚʷʟʢʦʩʪʴ ʠ ʚʳʧʦʣʥʷʶʪʩʷ ʨʘʟʜʝʣʴʥʳʝ ʧʨʦʛʦʥʢʠ 

ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʚʝʣʠʯʠʥ ʥʘ ʩʣʝʜʫʶʱʝʡ ʠʪʝʨʘʮʠʠ.  

ʄʝʪʦʜ 2 ʨʝʘʣʠʟʫʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

ɽʩʣʠ ʧʨʠ ʚʳʯʠʩʣʝʥʠʠ ʍ  ʚʦʟʥʠʢʣʠ ʦʩʮʠʣʣʷʮʠʠ, ʪʦ ʠʭ ʥʝʦʛʨʘʥʠʯʝʥʥʦʝ 

ʣʠʤʠʪʝʨʦʤ ʧʦʜʘʚʣʝʥʠʝ ʧʨʦʠʟʚʦʜʠʪʩʷ ʪʦʣʴʢʦ ʦʜʠʥ ʨʘʟ ʥʘ ʜʘʥʥʦʤ ʰʘʛʝ ʧʦ 

ʚʨʝʤʝʥʠ ʥʘ ʠʪʝʨʘʮʠʠ, ʩʣʝʜʫʶʱʝʡ ʧʦʩʣʝ ί ρ -ʦʡ. ʕʪʦʪ ʧʨʦʮʝʩʩ ʧʨʦʠʩʭʦʜʠʪ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ʂ ʢʦʵʬʬʠʮʠʝʥʪʫ ʧʨʠʚʝʜʸʥʥʦʡ ʚʷʟʢʦʩʪʠ ή ʜʦʙʘʚʣʷʝʪʩʷ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʢʦʥʢʨʝʪʥʦʡ ʧʝʨʝʤʝʥʥʦʡ, ʥʘʧʨʠʤʝʨ ʍ, ʢʦʥʩʪʘʥʪʘ ὧέὲίὸ , 

ʧʨʠʚʝʜʸʥʥʘʷ ʚʷʢʦʩʪʴ ɼ ʷʚʣʷʝʪʩʷ ʧʨʦʠʟʚʝʜʝʥʠʝʤ ʢʦʵʬʬʠʮʠʝʥʪʘ ή ʥʘ ʯʠʩʣʦ 

ʂʫʨʘʥʪʘ ɼ  ή Ὧὶ; ʟʘʪʝʤ ʚʳʯʠʩʣʷʝʪʩʷ ʧʨʠʨʘʱʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ɿʍ , ʢʦʪʦʨʦʝ 

ʜʦʙʘʚʣʷʝʪʩʷ ʢ ʍ ȟ ʪ.ʝ. ʍ װ ʍװɿװ װ ʍװ . ɼʘʣʝʝ ʘʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ 

ʜʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʧʦʚʪʦʨʷʝʪʩʷ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʩʢʦʨʦʩʪʠ ʠ ʜʘʚʣʝʥʠʷ. ɽʩʣʠ 

ʧʦʣʫʯʝʥʥʳʝ ʥʘ ʜʘʥʥʦʡ ʠʪʝʨʘʮʠʠ ʚʝʣʠʯʠʥʳ ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʫʩʣʦʚʠʶ ʩʭʦʜʠʤʦʩʪʠ 

ώ ώ ʀ ẗ ώ ʀ ȟ ώ ʍȟ όȟ Ὁ ͯὯ ρȟ ὲ, ʠ ʜʘʣʴʥʝʡʰʘʷ 

ʤʦʥʦʪʦʥʠʟʘʮʠʷ ʥʝ ʧʨʦʠʟʚʦʜʠʪʩʷ (ʦʩʮʠʣʣʷʮʠʠ ʦʪʩʫʪʩʪʚʫʶʪ ʠʣʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ɼ ʜʦʩʪʠʛʘʶʪ ʩʚʦʝʛʦ ʣʠʤʠʪʝʨʘ), ʪʦ ʠʪʝʨʘʮʠʦʥʥʳʡ ʧʨʦʮʝʩʩ 

ʟʘʢʘʥʯʠʚʘʝʪʩʷ ʠ ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʭʦʜ ʥʘ ʩʣʝʜʫʶʱʠʡ ʰʘʛ ʧʦ ʚʨʝʤʝʥʠ ʩ 

ʚʝʣʠʯʠʥʘʤʠ, ʚʳʯʠʩʣʝʥʥʳʤʠ ʥʘ ʧʦʩʣʝʜʥʝʡ ʠʪʝʨʘʮʠʠ.  ʀʥʘʯʝ ʠʪʝʨʘʮʠʦʥʥʳʡ 

ʧʨʦʮʝʩʩ ʧʨʦʜʦʣʞʘʝʪʩʷ.  

ɺ ʄʝʪʦʜʝ 3 ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʧʨʝʜʳʜʫʱʝʡ ʠʪʝʨʘʮʠʡ ʢʘʢ ʟʥʘʯʝʥʠʷ 

ʥʘ ʥʝʷʚʥʦʤ ʧʦ ʚʨʝʤʝʥʠ ʩʣʦʝ. ɼʘʥʥʳʡ ʤʝʪʦʜ ʨʝʘʣʠʟʫʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. 

ʅʘ ί-ʦʡ ʠʪʝʨʘʮʠʠ ʩʥʘʯʘʣʘ ʚʳʧʦʣʥʷʶʪʩʷ ʚʳʯʠʩʣʝʥʠʷ ʷʚʥʦʡ ʩʭʝʤʦʡ ʠ 

ʧʦʣʫʯʘʶʪʩʷ ʧʨʝʜʠʢʪʦʨʥʳʝ ʚʝʣʠʯʠʥʳ ʥʘ ʥʝʷʚʥʦʡ (ί ρ)-ʦʡ ʠʪʝʨʘʮʠʠ. ɿʘʪʝʤ, 

ʠʩʧʦʣʴʟʫʷ ʵʪʠ ʧʨʝʜʠʢʪʦʨʥʳʝ ʚʝʣʠʯʠʥʳ, ʚʳʧʦʣʥʷʝʪʩʷ ʧʨʝʜʠʢʪʦʨʥʦ-

ʢʦʨʨʝʢʪʠʨʫʶʱʘʷ ʧʨʦʮʝʜʫʨʘ, ʩʭʦʜʷʱʘʷʩʷ ʢ ί ρ-ʦʤʫ ʥʝʷʚʥʦʤʫ ʟʥʘʯʝʥʠʶ 

ʚʥʝʰʥʝʡ ʠʪʝʨʘʮʠʠ. ʕʪʘ ʧʨʦʮʝʜʫʨʘ ʤʦʞʝʪ ʧʦʚʪʦʨʷʪʴʩʷ 1 ʠʣʠ ʙʦʣʝʝ ʨʘʟ, 

ʧʨʠʙʣʠʞʘʷ (ί ρ)-ʦʝ ʠʪʝʨʘʮʠʦʥʥʦʝ ʟʥʘʯʝʥʠʝ ʢ ʩʭʦʜʠʤʦʩʪʠ. ʇʨʝʜʠʢʪʦʨʥʦ-

ʢʦʨʨʝʢʪʠʨʫʶʱʘʷ ʧʨʦʮʝʜʫʨʘ ʚʳʧʦʣʥʷʝʪʩʷ ʩ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʚʷʟʢʦʩʪʴʶ. ʇʨʠ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʢʦʨʨʝʢʪʠʨʦʚʢʠ ʚʷʟʢʦʩʪʠ (ʧʨʠ ʥʘʣʠʯʠʠ ʦʩʮʠʣʣʷʮʠʡ) 

ʠʪʝʨʘʮʠʦʥʥʳʡ ʧʨʦʮʝʩʩ ʙʫʜʝʪ ʧʨʦʜʦʣʞʘʪʴʩʷ, ʪʘʢ ʞʝ ʠ ʢʘʢ ʧʨʠ ʥʘʨʫʰʝʥʠʠ 

ʫʩʣʦʚʠʡ ʝʛʦ ʩʭʦʜʠʤʦʩʪʠ. 

ɼʣʷ ʪʝʩʪʠʨʦʚʘʥʠʷ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʤʝʪʦʜʦʚ ʚʳʧʦʣʥʝʥʳ ʨʘʩʯʸʪʳ 

ʢʣʘʩʩʠʯʝʩʢʦʡ ʟʘʜʘʯʠ ʕʡʥʬʝʣʴʜʪʘ (Einfeldt problem) [7] ʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʜʚʫʭ 

ʩʠʤʤʝʪʨʠʯʥʳʭ ʚʦʣʥ ʨʘʟʨʝʞʝʥʠʷ ʚ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʝ ʩʪʦʨʦʥʳ. ɺ ʪʘʙʣʠʮʝ 1 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘʯʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʵʪʦʡ ʟʘʜʘʯʠ. ɿʘ ʩʠʩʪʝʤʫ ʝʜʠʥʠʮ ʠʟʤʝʨʝʥʠʷ ʚ 

ʨʘʩʯʝʪʘʭ ʧʨʠʥʷʪʘ ʉʀ. ʇʦʢʘʟʘʪʝʣʴ ʘʜʠʘʙʘʪʳ ɾ ρȢτ. 
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ʊʘʙʣʠʮʘ 1: ʅʘʯʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʚ ʟʘʜʘʯʝ ʕʡʥʬʝʣʴʜʪʘ. 

ʃʝʚʘʷ ʦʙʣʘʩʪʴ ʇʨʘʚʘʷ ʦʙʣʘʩʪʴ 

” u P ” u P 

1.0 ï2.0 0.4 1.0 2.0 0.4 

ʇʨʠ ʨʘʩʯʸʪʝ ʩ ʥʘʯʘʣʴʥʦʛʦ ʤʦʤʝʥʪʘ Ὕ πȢπ ὧ ʚʦʟʥʠʢʘʶʪ ʦʩʮʠʣʣʷʮʠʠ ʚ 

ʮʝʥʪʨʝ ʚ ʧʨʦʬʠʣʷʭ ʩʢʦʨʦʩʪʠ ʠ ʚʥʫʪʨʝʥʥʝʡ ʵʥʝʨʛʠʠ ʠʟ-ʟʘ ʩʫʱʝʩʪʚʫʶʱʝʡ ʚ 

ʜʘʥʥʦʡ ʟʘʜʘʯʝ ʩʠʥʛʫʣʷʨʥʦʩʪʠ. ʊʘʢ ʢʘʢ ʦʩʥʦʚʥʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʪʝʩʪʠʨʦʚʘʥʠʝ 

ʯʠʩʣʝʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ, ʚʳʯʠʩʣʠʪʝʣʴʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ʧʨʦʠʟʚʦʜʠʪʩʷ ʩ 

ʥʝʢʦʪʦʨʦʛʦ ʤʦʤʝʥʪʘ ʚʨʝʤʝʥʠ Ὕ ᴼ π , ʜʣʷ ʢʦʪʦʨʦʛʦ ʚ ʢʘʯʝʩʪʚʝ ʥʘʯʘʣʴʥʳʭ 

ʜʘʥʥʳʭ ʠʩʧʦʣʴʟʫʝʪʩʷ ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ ʕʡʥʬʝʣʴʜʪʘ, ʙʣʘʛʦʜʘʨʷ 

ʯʝʤʫ ʫʤʝʥʴʰʘʝʪʩʷ ʚʣʠʷʥʠʝ ʥʘʯʘʣʴʥʦʡ ʩʠʥʛʫʣʷʨʥʦʩʪʠ. ʉ ʧʦʤʦʱʴʶ 

ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʨʝʰʝʥʠʷ, ʧʦʣʫʯʝʥʥʦʛʦ ʩʰʠʚʢʦʡ ʠʥʚʘʨʠʘʥʪʦʚ ʈʠʤʘʥʘ ʩ ʟʦʥʘʤʠ 

ʧʦʩʪʦʷʥʥʦʛʦ ʪʝʯʝʥʠʷ [7], ʧʨʘʚʦʝ ʧʦʣʦʞʝʥʠʝ ʛʨʘʥʠʮʳ ʩʪʘʙʠʣʴʥʦʡ 

çʛʦʨʠʟʦʥʪʘʣʴʥʦʡè ʟʦʥʳ ʚʳʯʠʩʣʷʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ  

ὼᶻ ὧ
ɾ ρ

ς
ό Ὕ  

ʛʜʝ ὅ  ï ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ ʧʨʠ ʥʘʯʘʣʴʥʦʤ ʫʩʣʦʚʠʠ, Õ ςȢπ ï ʥʘʯʘʣʴʥʘʷ 

ʩʢʦʨʦʩʪʴ ʩʧʨʘʚʘ. ɸʥʘʣʦʛʠʯʥʦ ʣʝʚʦʝ ʧʦʣʦʞʝʥʠʝ ʪʘʢʦʡ ʛʨʘʥʠʮʳ ʥʘʭʦʜʠʪʩʷ 

ʩʠʤʤʝʪʨʠʯʥʦ ʦʪʥʦʩʠʪʝʣʴʥʦ ʪʦʯʢʠ ʮʝʥʪʨʘ. ʇʨʠ ʵʪʦʤ ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʚʣʠʷʥʠʷ 

ʩʠʥʛʫʣʷʨʥʦʩʪʠ ʥʘʯʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʚʝʣʠʯʠʥʳ x ʙʦʣʴʰʝ ʜʣʠʥʳ ʦʜʥʦʛʦ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʰʘʛʘ Ὤ. 

ʅʘ ʨʠʩ.1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʘ ʟʘʜʘʯʠ ʕʡʥʬʝʣʴʜʪʘ ʚ ʤʦʤʝʥʪ 

Ὕ πȢρυ ὧ ʧʨʠ ʜʣʠʥʝ ʧʨʦʩʪʨʘʩʪʚʝʥʥʦʛʦ ʰʘʛʘ Ὤ πȢππς. ʅʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ 

Ὕ πȢπυ ὧ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʦʩʝʤʴ ʫʟʣʦʚ ʥʘʭʦʜʷʪʩʷ ʧʨʘʚʝʝ ʪʦʯʢʠ ʮʝʥʪʨʘ ʚ 

çʛʦʨʠʟʦʥʪʘʣʴʥʦʡè ʟʦʥʝ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʚ ʨʘʩʯʝʪʝ ʥʘʙʣʶʜʘʝʪʩʷ ʭʦʨʦʰʝʝ 

ʩʦʚʧʘʜʝʥʠʝ ʩ ʘʥʘʣʠʪʠʯʝʩʢʠʤ ʨʝʰʝʥʠʝʤ ʠ ʦʪʩʫʪʩʪʚʠʝ ʚʠʜʠʤʳʭ ʦʩʮʠʣʣʷʮʠʡ.  
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ʈʠʩ. 1. ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʘ ʟʘʜʘʯʠ ʕʡʥʬʝʣʴʜʪʘ ʚ ʤʦʤʝʥʪ T=1.5 ʩ:  

a) ʧʣʦʪʥʦʩʪʴ, b) ʩʢʦʨʦʩʪʴ, c) ʜʘʚʣʝʥʠʝ, d) ʚʥʫʪʨʝʥʥʷʷ ʵʥʝʨʛʠʷ. 
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ʅʀʗʋ ʄʀʌʀ, ʛ. ʄʦʩʢʚʘ  

2
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ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʷʚʣʝʥʠʡ ʚ 

ʘʢʢʨʝʮʠʦʥʥʳʭ ʜʠʩʢʘʭ. ʆʩʥʦʚʥʦʡ ʘʩʪʨʦʬʠʟʠʯʝʩʢʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʦʙʲʷʩʥʝʥʠʝ 

ʤʝʭʘʥʠʟʤʦʚ ʧʝʨʝʥʦʩʘ ʤʦʤʝʥʪʘ ʠʤʧʫʣʴʩʘ ʚ ʧʦʜʦʙʥʳʭ ʩʠʩʪʝʤʘʭ. ʉʫʱʝʩʪʚʫʶʱʠʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʫʢʘʟʳʚʘʶʪ ʥʘ ʨʦʣʴ ʚʦʣʥ ʈʦʩʩʙʠ ʠ ʠʭ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʚ ʧʨʦʮʝʩʩʝ 

ʧʝʨʝʥʦʩʘ ʛʘʟʘ ʚ ʘʢʢʨʝʮʠʦʥʥʦʤ ʜʠʩʢʝ. ɼʘʥʥʦʝ ʷʚʣʝʥʠʝ ʙʳʣʦ ʠʟʫʯʝʥʦ ʢʘʢ 

ʪʝʦʨʝʪʠʯʝʩʢʠ, ʪʘʢ ʠ ʯʠʩʣʝʥʥʦ. ɸʥʘʣʠʪʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʟʚʦʣʷʶʪ ʦʧʠʩʘʪʴ 

ʣʠʰʴ ʣʠʥʝʡʥʳʡ ʵʪʘʧ ʨʘʟʚʠʪʠʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʚʦʣʥ ʈʦʩʩʙʠ [1]. ɼʣʷ ʦʧʠʩʘʥʠʷ 

ʥʝʣʠʥʝʡʥʦʛʦ ʨʦʩʪʘ ʠʩʧʦʣʴʟʫʶʪ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ [2]. ʆʜʥʘʢʦ 

ʙʦʣʴʰʠʥʩʪʚʦ ʨʘʙʦʪ ʚʳʧʦʣʥʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʚʫʤʝʨʥʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ, 

ʢʦʪʦʨʦʝ ʥʝ ʫʯʠʪʳʚʘʝʪ ʚʝʨʪʠʢʘʣʴʥʫʶ ʩʪʨʫʢʪʫʨʫ ʘʢʢʨʝʮʠʦʥʥʦʛʦ ʜʠʩʢʘ. ʃʠʰʴ 

ʥʝʢʦʪʦʨʳʝ ʧʫʙʣʠʢʘʮʠʠ ʧʦʩʚʷʱʝʥʳ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʚ ʧʦʣʥʦʡ ʪʨʝʭʤʝʨʥʦʡ ʛʝʦʤʝʪʨʠʠ [3].  

ɺ ʥʦʚʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʜʠʥʘʤʠʢʘ ʚʦʣʥ ʈʦʩʩʙʠ ʙʫʜʝʪ ʠʩʩʣʝʜʦʚʘʥʘ ʚ 

ʢʦʥʪʝʢʩʪʝ ʘʢʢʨʝʮʠʦʥʥʳʭ ʜʠʩʢʦʚ ʚʦʢʨʫʛ ʥʝʡʪʨʦʥʥʳʭ ʟʚʝʟʜ ʚ ʜʚʦʡʥʳʭ ʩʠʩʪʝʤʘʭ. 

ɼʨʫʛʦʡ ʦʪʣʠʯʠʪʝʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ 

ʩʨʘʚʥʝʥʠʝ ʵʚʦʣʶʮʠʠ ʚʠʭʨʝʡ ʈʦʩʩʙʠ ʚ ʪʨʝʭʤʝʨʥʦʤ ʜʠʩʢʝ ʠ ʝʛʦ ʜʚʫʤʝʨʥʦʤ 

ʘʥʘʣʦʛʝ. ʉʦʦʪʚʝʪʩʪʚʠʝ ʤʝʞʜʫ ʧʦʜʭʦʜʘʤʠ ʥʘʙʣʶʜʘʝʪʩʷ ʣʠʰʴ ʜʦ ʤʦʤʝʥʪʘ 

ʥʘʩʳʱʝʥʠʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ. ʅʘ ʙʦʣʴʰʠʭ ʚʨʝʤʝʥʥʳʭ ʠʥʪʝʨʚʘʣʘʭ ʜʠʥʘʤʠʢʘ 

ʚʠʭʨʝʚʳʭ ʩʪʨʫʢʪʫʨ ʧʦʢʘʟʳʚʘʝʪ ʨʘʟʣʠʯʠʷ.  

 
 

ʈʠʩ. 1. ɺʠʭʨʠ ʈʦʩʩʙʠ ʚ 2D ʠ 3D ʘʢʢʨʝʮʠʦʥʥʳʭ ʜʠʩʢʘʭ. 
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ʆɹʋʏɽʅʀɽ ɼɽʊɽʂʊʆʈɸ YOLO ɼʃʗ ɻɽʅɽʈɸʎʀʀ ɺʍʆɼʅʓʍ 

ɼɸʅʅʓʍ ʀ ʀʅʊɽɻʈɸʎʀʀ ɺ ʄʀɺɸʈʅʋʖ ʉʀʉʊɽʄʋ 

ʊɽʍʅʀʏɽʉʂʆɻʆ ɿʈɽʅʀʗ ʅɸ ʇʈʀʄɽʈɽ ɿɸɼɸʏʀ 

ʆɹʅɸʈʋɾɽʅʀʗ ʃʖɼɽʁ ɺ ʉʇɸʉɸʊɽʃʔʅʓʍ ʆʇɽʈɸʎʀʗʍ 

ʆ.ɸ. ʃʷʤʮʝʚ, ɸ.ʖ. ʄʘʢʩʠʤʦʚʘ, ʀ.ɺ. ʏʝʨʥʷʜʴʝʚ  

ʀʇʄʄ, ʛ. ɼʦʥʝʮʢ 

gelo2003@yandex.ru, maximova.alexandra@mail.ru, chernyadev-i@mail.ru,   

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥ ʛʠʙʨʠʜʥʳʡ ʧʦʜʭʦʜ ʢ ʨʝʰʝʥʠʶ ʟʘʜʘʯʠ ʦʧʨʝʜʝʣʝʥʠʷ 

ʦʧʘʩʥʦʡ ʩʠʪʫʘʮʠʠ, ʪʨʝʙʫʶʱʝʡ ʦʢʘʟʘʥʠʷ ʧʦʤʦʱʠ ʧʨʠ ʦʩʫʱʝʩʪʚʣʝʥʠʠ 

ʩʧʘʩʘʪʝʣʴʥʳʭ ʦʧʝʨʘʮʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʝʩʧʠʣʦʪʥʳʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ 

(ɹʇʃɸ). ʆʩʥʦʚʫ ʤʝʪʦʜʘ ʩʦʩʪʘʚʣʷʝʪ ʢʦʤʙʠʥʘʮʠʷ ʤʦʜʝʣʠ ʜʣʷ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ 

ʦʙʲʝʢʪʦʚ ʥʘ ʦʩʥʦʚʝ YOLO (You Only Look Once) ʩ ʤʠʚʘʨʥʦʡ ʩʠʩʪʝʤʦʡ 

ʣʦʛʠʯʝʩʢʦʛʦ ʚʳʚʦʜʘ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʡ ʜʣʷ ʘʥʘʣʠʟʘ ʩʠʪʫʘʮʠʠ ʠ ʧʨʠʥʷʪʠʷ 

ʨʝʰʝʥʠʷ. ʇʨʝʜʣʦʞʝʥʥʦʝ ʨʝʰʝʥʠʝ ʟʘ ʩʯʸʪ ʠʥʪʝʛʨʘʮʠʠ ʩʦʚʨʝʤʝʥʥʳʭ ʤʝʪʦʜʦʚ 

ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʟʨʝʥʠʷ ʠ ʣʦʛʠʯʝʩʢʦʛʦ ʚʳʚʦʜʘ ʤʦʞʝʪ ʩ ʚʳʩʦʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ 

ʧʨʠʤʝʥʷʪʴʩʷ ʚ ʨʝʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ, ʥʘʧʨʠʤʝʨ, ʜʣʷ ʧʦʠʩʢʦʚʳʭ ʨʘʙʦʪ ʠʣʠ 

ʤʦʥʠʪʦʨʠʥʛʘ ʤʝʩʪʥʦʩʪʠ. ʇʨʠ ʦʩʫʱʝʩʪʚʣʝʥʠʠ ʩʧʘʩʘʪʝʣʴʥʳʭ ʦʧʝʨʘʮʠʡ 

ʠʩʧʦʣʴʟʫʶʪ ɹʇʃɸ ʩ ʫʩʪʘʥʦʚʣʝʥʥʳʤʠ ʥʘ ʥʠʭ ʛʠʧʝʨʩʧʝʢʪʨʘʣʴʥʳʤʠ 

ʚʠʜʝʦʢʘʤʝʨʘʤʠ, ʦʩʫʱʝʩʪʚʣʷʶʱʠʤʠ ʩʲʝʤʢʫ ʚ RGB ʠ ʠʥʬʨʘʢʨʘʩʥʦʤ ʨʝʞʠʤʘʭ. 

ʅʘ ʧʦʣʫʯʝʥʥʳʭ ʠʟʦʙʨʘʞʝʥʠʷʭ ʥʝʦʙʭʦʜʠʤʦ ʦʧʨʝʜʝʣʷʪʴ ʣʶʜʝʡ ʠ ʧʦ ʢʦʥʪʝʢʩʪʥʦʡ 

ʠʥʬʦʨʤʘʮʠʠ ʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʦʢʘʟʘʥʠʷ ʠʤ ʧʦʤʦʱʠ. 

ɼʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʣʶʜʝʡ ʙʳʣʘ ʦʙʫʯʝʥʘ ʥʝʡʨʦʩʝʪʝʚʘʷ 

ʤʦʜʝʣʴ YOLO [1ï3] ʥʘ ʧʦʣʫʯʝʥʥʳʭ ʩ ʢʘʤʝʨ ʠʟʦʙʨʘʞʝʥʠʷʭ ʜʚʫʭ ʪʠʧʦʚ: RGB ʠ 

ʠʥʬʨʘʢʨʘʩʥʳʭ. ɺ ʦʙʦʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʚʳʙʦʨ ʘʨʭʠʪʝʢʪʫʨʳ ʤʦʜʝʣʠ ʠ ʝʝ 

ʦʙʫʯʝʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʠʩʪʝʤʳ Ultralytics. ʉʠʩʪʝʤʘ 

ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʧʷʪʴ ʚʝʨʩʠʡ YOLOv11. YOLOv11 Nano ï ʩʘʤʳʡ ʙʳʩʪʨʳʡ ʠ 

ʤʘʣʝʥʴʢʠʡ ʚʘʨʠʘʥʪ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ YOLOv11 Extra Large ï ʩʘʤʳʡ ʪʦʯʥʳʡ, ʥʦ 

ʩʘʤʳʡ ʤʝʜʣʝʥʥʳʡ ʩʨʝʜʠ ʥʠʭ. ɺ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʡ ʤʦʜʝʣʠ ʙʳʣʘ ʚʳʙʨʘʥʘ 

YOLOv11 Nano ʩ 2.5ʄ ʧʘʨʘʤʝʪʨʦʚ, ʧʦʩʢʦʣʴʢʫ ʚ ʨʘʤʢʘʭ ʥʘʰʝʡ ʟʘʜʘʯʠ ʚʘʞʥʘ 

ʩʢʦʨʦʩʪʴ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʚ ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ. ʅʘ ʚʭʦʜ ʥʝʡʨʦʩʝʪʠ ʧʦʜʘʶʪʩʷ 
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ʠʟʦʙʨʘʞʝʥʠʷ, ʘ ʥʘ ʚʳʭʦʜʝ ʥʘʙʦʨ ʦʙʥʘʨʫʞʝʥʥʳʭ ʮʝʣʝʚʳʭ ʦʙʲʝʢʪʦʚ ʩ 

ʢʦʦʨʜʠʥʘʪʘʤʠ ʠʭ ʤʝʩʪʦʧʦʣʦʞʝʥʠʷ. ʎʝʣʝʚʳʤʠ ʦʙʲʝʢʪʘʤʠ ʤʦʛʫʪ ʙʳʪʴ ʣʶʜʠ, 

ʚʠʜʠʤʳʝ ʯʘʩʪʠ ʠʭ ʪʝʣ ʩ ʫʯʝʪʦʤ ʧʦʟʳ, ʠʥʬʦʨʤʘʮʠʷ ʦ ʢʦʪʦʨʳʭ ʧʝʨʝʜʘʝʪʩʷ ʥʘ 

ʚʭʦʜ ʩʠʩʪʝʤʳ ʤʠʚʘʨʦʥʦʛʦ ʚʳʚʦʜʘ [4]. ʅʘ ʜʘʥʥʦʤ ʵʪʘʧʝ ʨʘʙʦʪʳ ʤʦʜʝʣʴ YOLO 

ʦʙʫʯʘʣʘʩʴ ʥʘ ʜʚʫʭ ʥʘʙʦʨʘʭ ʜʘʥʥʳʭ.  

ɺ ʧʝʨʚʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʥʘʙʦʨ ʜʘʥʥʳʭ ʧʨʝʜʩʪʘʚʣʷʣ ʩʦʙʦʡ 9960 

ʠʟʦʙʨʘʞʝʥʠʡ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʩʦʙʨʘʥʳ ʚ ʣʝʩʥʦʡ ʤʝʩʪʥʦʩʪʠ ʧʨʠ ʜʥʝʚʥʦʤ 

ʦʩʚʝʱʝʥʠʠ, ʩʦʜʝʨʞʘʣʠ ʥʝʙʦʣʴʰʠʝ ʛʨʫʧʧʳ ʣʶʜʝʡ, ʠ ʧʨʝʜʩʪʘʚʣʷʣʠ ʩʦʙʦʡ RGB-

ʠʟʦʙʨʘʞʝʥʠʷ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʤ ʠʥʬʨʘʢʨʘʩʥʳʝ ʠʟʦʙʨʘʞʝʥʠʷ.  

ɺʦ ʚʪʦʨʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʤʦʜʝʣʴ ʦʙʫʯʘʣʘʩʴ ʥʘʙʦʨʝ ʜʘʥʥʳʭ ʠʟ 4900 ʧʘʨ 

ʠʥʬʨʘʢʨʘʩʥʳʭ ʠ RGB-ʬʦʪʦʛʨʘʬʠʡ, ʩʬʦʢʫʩʠʨʦʚʘʥʥʳʭ ʥʘ ʛʦʨʦʜʩʢʦʡ ʩʨʝʜʝ ʩ 

ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʴʶ ʣʶʜʝʡ ʚ ʢʘʜʨʝ, ʩʥʷʪʳʭ ʥʘ ʙʦʣʴʰʦʡ ʚʳʩʦʪʝ ʠ 

ʚʘʨʠʘʪʠʚʥʦʩʪʴʶ ʦʩʚʝʱʝʥʠʷ ï ʦʪ ʜʥʝʚʥʦʛʦ ʜʦ ʥʦʯʥʦʛʦ ʚʨʝʤʝʥʠ ʩʫʪʦʢ.  

ɼʘʥʥʳʝ ʦ ʨʝʟʫʣʴʪʘʪʘʭ ʦʙʦʠʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙ. 1. 

ʇʨʠʤʝʨ ʨʘʙʦʪʳ ʦʙʫʯʝʥʥʦʡ ʤʦʜʝʣʠ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 1.  

ɺ ʥʘʙʦʨʝ ʜʘʥʥʳʭ ʧʝʨʚʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʠʩʫʪʩʪʚʫʝʪ ʣʝʩʥʘʷ                 

ʤʝʩʪʥʦʩʪʴ, ʠʟ-ʟʘ ʯʝʛʦ ʥʘ RGB-ʠʟʦʙʨʘʞʝʥʠʷʭ ʯʝʣʦʚʝʢʘ ʤʦʛʣʦ ʙʳʪʴ ʥʝʚʠʜʥʦ ʠʟ-ʟʘ  

ʊʘʙʣʠʮʘ 1: ʈʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. 

ˉ ʵʢʩʧʝʨʠʤʝʥʪʘ Precision Recall mAP50 mAP50-95 

1 0.767 0.658 0.698 0.356 

2 0.595 0.453 0.468 0.272 

 

ʈʠʩ. 1. ʇʨʠʤʝʨ ʨʘʙʦʪʳ ʦʙʫʯʝʥʥʦʡ ʤʦʜʝʣʠ. ɺʝʨʭʥʠʡ ʨʷʜ ï ʠʩʭʦʜʥʦʝ                        

RGB-ʠʟʦʙʨʘʞʝʥʠʝ (ʩʣʝʚʘ) ʠ ʦʙʨʘʙʦʪʘʥʥʦʝ (ʩʧʨʘʚʘ). ʅʠʞʥʠʡ ʨʷʜ ï                    

ʠʩʭʦʜʥʦʝ ʠʥʬʨʘʢʨʘʩʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ (ʩʣʝʚʘ) ʠ ʦʙʨʘʙʦʪʘʥʥʦʝ (ʩʧʨʘʚʘ). 
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ʨʘʩʪʠʪʝʣʴʥʦʩʪʠ. ʉ ʫʯʝʪʦʤ ʚʥʝʰʥʠʭ ʬʘʢʪʦʨʦʚ, ʤʦʜʝʣʴ ʚʳʜʘʝʪ ʭʦʨʦʰʠʝ 

ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʜʝʪʝʢʪʠʨʦʚʘʥʠʶ ʢʘʢ ʥʘ RGB, ʪʘʢ ʠ ʥʘ ʠʥʬʨʘʢʨʘʩʥʳʭ 

ʠʟʦʙʨʘʞʝʥʠʷʭ. ɺ ʥʘʙʦʨʝ ʜʘʥʥʳʭ ʚʪʦʨʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʤʥʦʛʦ RGB-

ʠʟʦʙʨʘʞʝʥʠʡ ʚ ʥʦʯʥʦʝ ʚʨʝʤʷ ʩʫʪʦʢ. ɺ ʫʩʣʦʚʠʷʭ ʩʣʘʙʦʡ ʦʩʚʝʱʝʥʥʦʩʪʠ RGB-

ʢʘʤʝʨʘ ʤʦʞʝʪ ʧʦʣʥʦʩʪʴʶ ʪʝʨʷʪʴ ʦʙʲʝʢʪʳ, ʪʦʛʜʘ ʢʘʢ ʠʥʬʨʘʢʨʘʩʥʳʝ ʩʝʥʩʦʨʳ 

ʨʝʛʠʩʪʨʠʨʫʶʪ ʪʝʧʣʦʚʦʝ ʠʟʣʫʯʝʥʠʝ, ʥʝ ʟʘʚʠʩʷʱʝʝ ʦʪ ʚʥʝʰʥʝʛʦ ʩʚʝʪʘ [5]. ʄʦʜʝʣʴ, 

ʦʙʫʯʝʥʥʘʷ ʚʦ ʚʨʝʤʷ ʚʪʦʨʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʚʳʩʦʢʫʶ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠ ʪʦʯʥʦʩʪʴ ʚ ʦʙʥʘʨʫʞʝʥʠʠ ʣʶʜʝʡ ʥʘ ʠʥʬʨʘʢʨʘʩʥʳʭ 

ʠʟʦʙʨʘʞʝʥʠʷʭ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʦʙʫʯʝʥʥʳʝ ʤʦʜʝʣʠ ʭʦʨʦʰʦ ʩʧʨʘʚʣʷʶʪʩʷ ʩ 

ʦʙʥʘʨʫʞʝʥʠʝʤ ʣʶʜʝʡ ʢʘʢ ʥʘ RGB, ʪʘʢ ʠ ʥʘ ʠʥʬʨʘʢʨʘʩʥʳʭ ʩʥʠʤʢʘʭ.  

ɼʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʙʦʪʳ ʤʦʜʝʣʠ, ʙʫʜʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ 

MIVAR, ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʡ. ʅʝʢʦʪʦʨʳʝ ʧʨʠʤʝʨʳ ʧʨʘʚʠʣ:  

Å ʝʩʣʠ (ʧʦʟʘ ʥʝʝʩʪʝʩʪʚʝʥʥʘʷ) ʀ (ʦʙʲʝʢʪ ʥʘʭʦʜʠʪʩʷ ʚ ʦʧʘʩʥʦʡ ʟʦʥʝ), ʪʦ 

ʅʝʦʙʭʦʜʠʤʘ_ʧʦʤʦʱʴ = True; 

Å ʝʩʣʠ (ʦʙʲʝʢʪ ʠʤʝʝʪ ʚʳʩʦʢʠʡ ʚʝʨʪʠʢʘʣʴʥʳʡ ʢʦʥʪʫʨ) ʠ (ʩʦʦʪʥʦʰʝʥʠʝ 

ʚʳʩʦʪʳ ʢ ʰʠʨʠʥʝ > 1.8), ʪʦ ʫʚʝʣʠʯʠʪʴ ʚʝʨʦʷʪʥʦʩʪʴ, ʯʪʦ ʵʪʦ ʯʝʣʦʚʝʢ;  

Å ʝʩʣʠ (ʦʙʲʝʢʪ ʥʘʭʦʜʠʪʩʷ ʨʷʜʦʤ ʩ ʦʙʣʦʤʢʘʤʠ ʟʜʘʥʠʡ) ʀ (ʦʙʥʘʨʫʞʝʥʳ 

ʧʨʠʟʥʘʢʠ ʞʠʟʥʠ: ʜʚʠʞʝʥʠʝ, ʪʝʧʣʦʚʘʷ ʩʠʛʥʘʪʫʨʘ ʦʙʲʝʢʪʘ ʧʨʠʤʝʨʥʦ 30-

35ÁC), ʪʦ ʪʠʧ ʫʛʨʦʟʳ = ɿʘʚʘʣ.  

ʇʨʝʜʣʦʞʝʥʥʳʡ ʛʠʙʨʠʜʥʳʡ ʧʦʜʭʦʜ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʢʦʤʙʠʥʘʮʠʠ ʥʝʡʨʦʩʝʪʝʚʳʭ ʤʦʜʝʣʝʡ ʜʣʷ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ 

ʦʙʲʝʢʪʦʚ, ʟʥʘʯʠʤʳʭ ʜʣʷ ʦʧʠʩʘʥʠʷ ʢʦʥʪʝʢʩʪʘ ʩʠʪʫʘʮʠʠ, ʠ ʤʠʚʘʨʥʦʡ ʩʠʩʪʝʤʳ 

ʣʦʛʠʯʝʩʢʦʛʦ ʚʳʚʦʜʘ ʜʣʷ ʟʘʜʘʯ ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʘʩʥʳʭ ʩʠʪʫʘʮʠʡ. ɼʘʣʴʥʝʡʰʠʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʫʜʫʪ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʧʦʚʳʰʝʥʠʝ ʪʦʯʥʦʩʪʠ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ 

ʣʶʜʝʡ, ʘ ʪʘʢʞʝ ʨʘʩʰʠʨʝʥʠʝ ʪʠʧʦʚ ʜʝʪʝʢʪʠʨʫʝʤʳʭ ʦʙʲʝʢʪʦʚ, ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʧʨʘʚʠʣ ʤʠʚʘʨʥʦʡ ʙʘʟʳ ʟʥʘʥʠʡ, ʫʯʠʪʳʚʘʶʱʠʭ ʜʝʪʘʣʴʥʳʡ ʘʥʘʣʠʟ ʧʦʟʳ, ʦʮʝʥʢʫ 

ʩʦʩʪʦʷʥʠʷ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ ʠ ʜʨʫʛʠʝ ʘʩʧʝʢʪʳ. 
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ʉʪʘʮʠʦʥʘʨʥʳʝ ʧʣʘʟʤʝʥʥʳʝ ʜʚʠʛʘʪʝʣʠ (ʉʇɼ), ʚʧʝʨʚʳʝ ʧʨʝʜʣʦʞʝʥʥʳʝ 

ɸ.ʀ. ʄʦʨʦʟʦʚʳʤ ʚ 1968 ʛʦʜʫ, ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʨʘʢʝʪʥʦ-ʢʦʩʤʠʯʝʩʢʦʡ ʩʬʝʨʝ ʝʱʝ ʩ 

ʢʦʥʮʘ XX ʚʝʢʘ [1]. ʇʨʠʥʮʠʧ ʜʝʡʩʪʚʠʷ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ 

ʟʘʢʣʶʯʘʝʪʩʷ ʚʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ ʩ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʠ 

ʤʘʛʥʠʪʥʳʤ ʧʦʣʷʤʠ ʚ ʢʘʥʘʣʝ ʜʚʠʛʘʪʝʣʷ. ʅʘ ʤʦʤʝʥʪ 2012 ʛʦʜʘ ʚ ʢʦʩʤʦʩʝ 

ʨʘʙʦʪʘʣʦ ʙʦʣʝʝ ʪʨʸʭʩʦʪ ʉʇɼ. ɺ ʥʘʰʝ ʚʨʝʤʷ ʦʥʠ ʘʢʪʠʚʥʦ ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ 

ʢʦʨʨʝʢʪʠʨʦʚʢʠ ʦʨʙʠʪ ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ. 

ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ ʧʨʦʮʝʩʩʦʚ ʚ ʩʪʘʮʠʦʥʘʨʥʳʭ 

ʧʣʘʟʤʝʥʥʳʭ ʜʚʠʛʘʪʝʣʷʭ. ɼʣʷ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʦʛʦ ʦʧʠʩʘʥʠʷ ʜʠʥʘʤʠʢʠ ʘʪʦʤʦʚ ʠ 

ʠʦʥʦʚ ʚ ʩʪʘʮʠʦʥʘʨʥʦʤ ʧʣʘʟʤʝʥʥʦʤ ʜʚʠʛʘʪʝʣʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʦʜʥʦʤʝʨʥʦʝ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʝ ʧʨʠʙʣʠʞʝʥʠʝ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʠʥʪʝʛʨʘʣʴʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʜʣʷ 

ʨʘʟʨʷʜʥʦʡ ʮʝʧʠ [2]. ɺ ʨʘʤʢʘʭ ʵʪʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʜʚʝ ʤʦʜʝʣʠ: 

ʩʪʘʮʠʦʥʘʨʥʘʷ ʠ ʥʝʩʪʘʮʠʦʥʘʨʥʘʷ. ɺ ʢʘʯʝʩʪʚʝ ʠʩʩʣʝʜʫʝʤʳʭ ʧʘʨʘʤʝʪʨʦʚ ʚʟʷʪʳ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ ʠ ʘʪʦʤʦʚ ʚ ʢʘʥʘʣʝ ʜʚʠʛʘʪʝʣʷ, ʘ ʪʘʢʞʝ ʩʢʦʨʦʩʪʴ ʠʦʥʦʚ.  

ʆʙʩʫʞʜʘʝʤʳʝ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʨʝʘʣʠʟʦʚʘʥʳ ʯʠʩʣʝʥʥʦ ʚ 

ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʜʝ ʤʝʪʦʜʘʤʠ ʢʦʨʨʝʢʮʠʠ ʧʦʪʦʢʦʚ ʜʣʷ ʥʝʩʪʘʮʠʦʥʘʨʥʦʡ ʤʦʜʝʣʠ 

[3], ʤʝʪʦʜʦʤ ʈʫʥʛʝïʂʫʪʪʳ 4-ʛʦ ʧʦʨʷʜʢʘ ʠ ʤʝʪʦʜʦʤ ʕʡʣʝʨʘ ʜʣʷ ʩʪʘʮʠʦʥʘʨʥʦʡ 

ʤʦʜʝʣʠ. ʈʝʰʝʥʠʷ ʩʪʘʮʠʦʥʘʨʥʦʡ ʟʘʜʘʯʠ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʘʤʠ ʕʡʣʝʨʘ ʠ ʈʫʥʛʝï

ʂʫʪʪʳ ʩʦʚʧʘʜʘʶʪ, ʘ ʪʘʢʞʝ ʠʤʝʶʪ ʩʝʪʦʯʥʫʶ ʩʭʦʜʠʤʦʩʪʴ. ʈʝʰʝʥʠʝ 

ʥʝʩʪʘʮʠʦʥʘʨʥʦʡ ʟʘʜʘʯʠ ʚʝʨʠʬʠʮʠʨʦʚʘʥʦ ʥʘ ʨʝʟʫʣʴʪʘʪʘʭ ʜʣʷ ʩʪʘʮʠʦʥʘʨʥʦʡ 

ʟʘʜʘʯʠ. 

ʉ ʧʦʤʦʱʴʶ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʜʘ ʧʦʣʫʯʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʙʳʣʠ ʯʠʩʣʝʥʥʦ ʠʩʩʣʝʜʦʚʘʥʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʟʤʝʥʝʥʠʷ ʦʜʥʦʛʦ ʠʟ ʛʣʘʚʥʳʭ 

ʧʘʨʘʤʝʪʨʦʚ ʩʠʩʪʝʤʳ ï ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʮʝʧʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʨʘʩʯʝʪʦʚ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʪʨʠ ʨʝʞʠʤʘ ʪʝʯʝʥʠʡ ʚ ʢʘʥʘʣʝ ʉʇɼ ï 

ʫʩʢʦʨʠʪʝʣʴʥʳʡ, ʧʝʨʠʦʜʠʯʝʩʢʠʡ ʠ ʙʝʟʫʩʢʦʨʠʪʝʣʴʥʳʡ.  

ʂʘʞʜʳʡ ʠʟ ʨʝʞʠʤʦʚ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʪʘʢʞʝ ʙʳʣ ʠʩʩʣʝʜʦʚʘʥ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʚʘʨʠʘʮʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʢʘʥʘʣʘ. ɹʳʣʠ ʧʦʣʫʯʝʥʳ ʢʘʯʝʩʪʚʝʥʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʪʦʤʦʚ ʠ ʠʦʥʦʚ, ʘ ʪʘʢʞʝ ʩʢʦʨʦʩʪʠ 

ʠʦʥʦʚ ʚ ʢʘʥʘʣʝ. ɺ ʜʦʧʦʣʥʝʥʠʝ, ʜʣʷ ʧʝʨʠʦʜʠʯʝʩʢʦʛʦ ʨʝʞʠʤʘ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ 

ʟʘʚʠʩʠʤʦʩʪʴ ʧʝʨʠʦʜʘ ʢʦʣʝʙʘʥʠʡ ʪʝʯʝʥʠʷ ʦʪ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ 

ʮʝʧʠ. 
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ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʟʘʜʘʯʝ ʫʩʚʦʝʥʠʷ ʜʘʥʥʳʭ ʥʘʙʣʶʜʝʥʠʡ ʚ ʤʦʜʝʣʠ F ʩʣʦʷ 

ʠʦʥʦʩʬʝʨʳ INM-IM ʚ ʨʘʤʢʘʭ ʚʘʨʠʘʮʠʦʥʥʦʛʦ ʧʦʜʭʦʜʘ. ɺ ʢʘʯʝʩʪʚʝ ʜʘʥʥʳʭ 

ʥʘʙʣʶʜʝʥʠʡ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ TEC (ʧʦʣʥʦʝ ʵʣʝʢʪʨʦʥʥʦʝ ʩʦʜʝʨʞʘʥʠʝ) ʚʜʦʣʴ 

ʥʘʙʦʨʘ ʧʨʷʤʦʣʠʥʝʡʥʳʭ ʦʪʨʝʟʢʦʚ, ʩʦʝʜʠʥʷʶʱʠʭ ʩʪʘʥʮʠʠ ʠ ʩʧʫʪʥʠʢʠ. 

ʄʦʜʝʣʴ INM-IM ʧʦʩʪʨʦʝʥʘ ʥʘ ʦʩʥʦʚʥʳʭ ʩʪʘʥʜʘʨʪʥʳʭ ʧʨʝʜʧʦʣʦʞʝʥʠʷʭ 

ʦʪʥʦʩʠʪʝʣʴʥʦ F ʩʣʦʷ ʠʦʥʦʩʬʝʨʳ ɿʝʤʣʠ [1]. ʆʩʥʦʚʥʳʤ ʫʨʘʚʥʝʥʠʝʤ, ʨʝʰʘʝʤʳʤ ʚ 

ʤʦʜʝʣʠ INM-IM, ʷʚʣʷʝʪʩʷ ʫʨʘʚʥʝʥʠʝ ʥʝʨʘʟʨʳʚʥʦʩʪʠ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʛʣʦʙʘʣʴʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ὲ, 

ʟʘʧʠʩʘʥʥʦʝ ʚ ʩʬʝʨʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ ʚ ʜʠʧʦʣʴʥʦʤ 

ʧʨʠʙʣʠʞʝʥʠʠ (ʩ ʢʦʦʨʜʠʥʘʪʘʤʠ ‗ȟ •ȟ ᾀ , ʛʜʝ ‗ ᶰ πȟς“  ï ʤʘʛʥʠʪʥʘʷ ʜʦʣʛʦʪʘ, 

• ᶰ “Ⱦςȟ “Ⱦς  ï ʤʘʛʥʠʪʥʘʷ ʰʠʨʦʪʘ, ᾀ ᶰ ᾀ ȟ ᾀ  ʚʳʩʦʪʘ (ᾀ ρππ ʢʤ, ᾀ υππ 

ʢʤ), ʦʪʩʯʠʪʳʚʘʝʤʘʷ ʦʪ ʨʘʜʠʫʩʘ ɿʝʤʣʠ). ɺ ʵʪʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ ʦʥʦ ʠʤʝʝʪ ʚʠʜ   

‬

‬ὸ
ᶯ ὑᶯ ẗ

‬

‬ᾀ
ό ẗ ẗ

‬

‬ώ
ὺ ÃÏÓ • ẗ ẗ Ὧ ὲ Ὕὶ ὲ ὖȟ 

ʛʜʝ ὑ ï ʩʠʤʤʝʪʨʠʯʥʘʷ ʤʘʪʨʠʮʘ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʠʬʬʫʟʠʠ, ό ʠ ὺ ï ʢʦʤʧʦʥʝʥʪʳ 

ʩʢʦʨʦʩʪʠ ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ ʦʩʝʜʘʥʠʷ, Ὧ ï ʢʦʵʬʬʠʮʠʝʥʪ ʨʝʢʦʤʙʠʥʘʮʠʠ, 

ʩʣʘʛʘʝʤʦʝ Ὕὶ ὲ  ʦʪʚʝʯʘʝʪ ʪʨʸʭʤʝʨʥʦʤʫ ʧʝʨʝʥʦʩʫ, ʘ ʧʨʘʚʘʷ ʯʘʩʪʴ ὖ ʝʩʪʴ ʩʫʤʤʘ 

ʠʟʚʝʩʪʥʦʡ ʬʫʥʢʮʠʠ ʬʦʪʦʠʦʥʠʟʘʮʠʠ ὖ  ʠ ʥʝʠʟʚʝʩʪʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ Ὗ.  

ɺ ʜʦʢʣʘʜʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʘʢ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʦʚ ʩ ʧʨʠʙʣʠʞʸʥʥʦʡ 

ʤʦʜʝʣʴʶ, ʥʝ ʚʢʣʶʯʘʶʱʝʡ ʪʨʸʭʤʝʨʥʳʡ ʧʝʨʝʥʦʩ ʥʝʡʪʨʘʣʴʥʳʤ ʚʝʪʨʦʤ ʠ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤ ʜʨʝʡʬʦʤ, ʪʘʢ ʠ ʧʝʨʚʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʦʚ ʫʩʚʦʝʥʠʷ ʩ 

ʧʦʣʥʦʡ ʤʦʜʝʣʴʶ INM-IM.  
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ɺ ʨʘʤʢʘʭ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʫʩʚʦʝʥʠʷ ʜʘʥʥʳʭ ʩʯʠʪʘʝʪʩʷ, ʯʪʦ ʠʟʚʝʩʪʝʥ 

ʢʦʥʝʯʥʳʡ ʥʘʙʦʨ ʠʥʪʝʛʨʘʣʦʚ ʦʪ ʨʝʰʝʥʠʷ ʚ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ ὸ  ʚʜʦʣʴ ʟʘʜʘʥʥʳʭ 

ʧʨʷʤʦʣʠʥʝʡʥʳʭ ʪʨʘʝʢʪʦʨʠʡ ὰ . ɼʣʷ ʧʨʦʩʪʦʪʳ ʙʫʜʝʤ ʚʝʩʪʠ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʧʦ 

ʪʦʥʢʠʤ ʧʨʷʤʦʫʛʦʣʴʥʠʢʘʤ    (ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʠʤ ʧʨʷʤʳʝ ὰ , ʚʜʦʣʴ ʢʦʪʦʨʳʭ 

ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʩʠʛʥʘʣ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ TEC): 

ὲ ᾀȟ •ȟ ὸ ὥ ÃÏÓ • Ὠ• Ὠᾀ 4ÅÃ ȟ
 

 Ὧ ρȟ ȣ ȟ ὔȢ 

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʟʘʜʘʯʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʚʝʨʪʠʢʘʣʴʥʳʭ ʧʨʦʬʠʣʝʡ 

ʵʣʝʢʪʨʦʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʦ ʥʘʙʣʶʜʘʝʤʳʤ ʇʕʉ ʩʣʝʜʫʶʱʝʛʦ ʚʠʜʘ: ʥʘʡʪʠ 

ʬʫʥʢʮʠʶ ὲ ᾀȟ •ȟ ‗ȟ ὸ  ʠ ʫʧʨʘʚʣʝʥʠʝ Ὗ ᾀȟ •ȟ ‗ȟ ὸ  ʪʘʢʠʝ, ʯʪʦ ὲ ʷʚʣʷʝʪʩʷ ʨʝʰʝʥʠʝʤ 

ʦʩʥʦʚʥʦʛʦ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʫʨʘʚʥʝʥʠʷ ʤʦʜʝʣʠ, ʘ ʪʘʢʞʝ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʜʘʥʥʳʤ 

ʥʘʙʣʶʜʝʥʠʡ.  

ʉ ʧʦʤʦʱʴʶ ʪʝʦʨʠʠ ʥʝʢʦʨʨʝʢʪʥʳʭ ʟʘʜʘʯ ʧʨʝʜʣʦʞʝʥ ʠ ʨʝʘʣʠʟʦʚʘʥ 

ʠʪʝʨʘʮʠʦʥʥʳʡ ʤʝʪʦʜ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ. ʇʨʠʤʝʥʝʥʘ ʩʪʘʥʜʘʨʪʥʘʷ ʨʝʛʫʣʷʨʠʟʘʮʠʷ 

ʧʦ ʊʠʭʦʥʦʚʫ: ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʩʝʤʝʡʩʪʚʦ ʟʘʜʘʯ 

ʦʧʪʠʤʘʣʴʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ 

ὐ ὖ ȟ ὲ ὖ ÉÎÆ ὐ Ὗȟ ὲ Ὗ Ƞ

ὒὲ ὖ ȟ
 

ʛʜʝ ὖ ὖ Ὗ , ʘ 

ὐ Ὗȟ ὲ Ὗ ‌ ȿὟȿ ȿὅ ὲ ἢἭἫȿ ȟ 

‌ ï ʧʘʨʘʤʝʪʨ ʨʝʛʫʣʷʨʠʟʘʮʠʠ, ὒ ï ʦʧʝʨʘʪʦʨ ʦʩʥʦʚʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʧʨʷʤʦʡ ʤʦʜʝʣʠ 

INM-IM, ὅ  ï ʦʧʝʨʘʪʦʨ ʥʘʙʣʶʜʝʥʠʷ, ʘ ʚʝʢʪʦʨ ἢἭἫ ᶰ Ὑ  ʠʤʝʝʪ ʢʦʤʧʦʥʝʥʪʳ 

4ÅÃ . ʆʪʤʝʪʠʤ, ʯʪʦ ʥʘ ʧʨʘʢʪʠʢʝ ʜʘʥʥʳʝ ὝὩὧ   ʧʦʩʪʫʧʘʶʪ ʯʘʱʝ, ʯʝʤ ʚʳʙʨʘʥʥʳʡ 

ʰʘʛ ʧʦ ʚʨʝʤʝʥʠ, ʧʦʵʪʦʤʫ ʤʦʞʥʦ ʩʯʠʪʘʪʴ, ʯʪʦ ʦʥʠ ʠʟʚʝʩʪʥʳ ʥʘ ʚʩʸʤ ʚʨʝʤʝʥʥʦʤ 

ʦʪʨʝʟʢʝ, ʭʦʪʷ ʧʦʣʦʞʝʥʠʷ ʣʫʯʝʡ, ʠ ʠʭ ʢʦʥʬʠʛʫʨʘʮʠʷ ʟʘʚʠʩʷʪ ʦʪ ʚʨʝʤʝʥʠ. 

ʉʠʩʪʝʤʘ ʦʧʪʠʤʘʣʴʥʦʩʪʠ ʜʣʷ ʬʫʥʢʮʠʦʥʘʣʘ ὐ  ʨʝʰʘʝʪʩʷ ʠʪʝʨʘʮʠʦʥʥʦ, ʥʘ ʢʘʞʜʦʤ 

ʰʘʛʝ ʠʪʝʨʘʮʠʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ ʯʠʩʣʝʥʥʦ ʨʝʰʘʝʪʩʷ ʩʠʩʪʝʤʘ ʧʨʷʤʳʭ ʠ 

ʩʦʧʨʷʞʸʥʥʳʭ ʫʨʘʚʥʝʥʠʡ, ʧʨʠʯʸʤ ʜʣʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʜʠʬʬʫʟʠʦʥʥʳʭ 

ʦʧʝʨʘʪʦʨʦʚ ʚ ʵʪʠʭ ʫʨʘʚʥʝʥʠʷʭ ʠʩʧʦʣʴʟʫʶʪʩʷ ʦʨʠʛʠʥʘʣʴʥʳʝ ʨʘʟʥʦʩʪʥʳʝ ʩʭʝʤʳ, 

ʢʦʨʨʝʢʪʥʦ ʦʪʦʙʨʘʞʘʶʱʠʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʧʠʩʳʚʘʝʤʳʭ 

ʤʦʜʝʣʴʶ ʜʠʬʬʫʟʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ [2] ï ʘʤʙʠʧʦʣʷʨʥʘʷ ʜʠʬʬʫʟʠʷ ʧʨʦʪʝʢʘʝʪ 

ʩʪʨʦʛʦ ʚʜʦʣʴ ʛʝʦʤʘʛʥʠʪʥʳʭ ʩʠʣʦʚʳʭ ʣʠʥʠʡ.  

ʅʘ ʦʩʥʦʚʝ ʪʝʩʪʦʚʳʭ ʤʦʜʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʧʨʝʜʣʦʞʝʥʥʳʡ ʘʣʛʦʨʠʪʤ ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʘʪʦʯʥʦ ʪʦʯʥʦ ʚʦʩʩʪʘʥʦʚʠʪʴ 

ʚʦʟʤʫʱʝʥʥʦʝ ʪʝʩʪʦʚʦʝ ʨʝʰʝʥʠʝ, ʝʩʣʠ ʤʘʢʩʠʤʫʤ ʚʦʟʤʫʱʝʥʠʷ ʢʦʨʨʝʣʠʨʫʝʪ ʩ 

ʤʘʢʩʠʤʫʤʦʤ ʵʣʝʢʪʨʦʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ. ʇʨʦʚʝʜʝʥʳ ʯʠʩʣʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ 

ʧʦ ʫʩʚʦʝʥʠʶ ʨʝʘʣʴʥʳʭ ʜʘʥʥʳʭ ʥʘʙʣʶʜʝʥʠʡ ʦ ʥʘʢʣʦʥʥʳʭ TEC, ʧʦʣʫʯʝʥʥʳʭ ʩ 

ʧʦʤʦʱʴʶ ʘʣʛʦʨʠʪʤʘ ʂʘʩʩʠʦʧʝʷ [4] ʜʣʷ ʜʘʪʳ ʩ ʤʠʥʠʤʫʤʦʤ ʩʦʣʥʝʯʥʦʡ 

ʘʢʪʠʚʥʦʩʪʠ ʜʣʷ ʩʧʦʢʦʡʥʳʭ ʛʝʦʤʘʛʥʠʪʥʳʭ ʫʩʣʦʚʠʡ (ʢʦʥʝʮ ʤʘʨʪʘ 2021 ʛ.). 

ʇʘʨʘʤʝʪʨʳ ʚʥʝʰʥʝʛʦ ʬʦʨʩʠʥʛʘ (ʩʦʣʥʝʯʥʘʷ ʘʢʪʠʚʥʦʩʪʴ, ʛʝʦʤʘʛʥʠʪʥʳʝ ʠʥʜʝʢʩʳ 

ʠ ʪ. ʜ.) ʙʳʣʠ ʚʳʙʨʘʥʳ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʥʘʙʣʶʜʘʝʤʳʤʠ ʚ ʚʳʙʨʘʥʥʳʝ ʜʘʪʳ. 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʦʚ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʫʩʚʦʝʥʠʝ ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʠʙʣʠʞʘʝʪ 

ʤʦʜʝʣʴʥʳʡ ʚʝʨʪʠʢʘʣʴʥʳʡ TEC ʢ ʥʘʙʣʶʜʝʥʠʷʤ, ʦʩʦʙʝʥʥʦ ʜʣʷ ʜʥʝʚʥʦʡ ʯʘʩʪʠ 

ʩʫʪʦʯʥʦʛʦ ʮʠʢʣʘ ʠ ʜʣʷ ʦʙʝʠʭ ʚʝʨʩʠʡ INM-IM (ʧʨʠʙʣʠʞʸʥʥʦʡ ʠ ʧʦʣʥʦʡ). 
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ʈʠʩ. 1. ʉʫʪʦʯʥʳʡ ʭʦʜ ʚʝʨʪʠʢʘʣʴʥʦʛʦ TEC, ʧʦʣʫʯʝʥʥʳʡ ʩ ʧʦʤʦʱʴʶ ʤʦʜʝʣʠ 

INM-IM ʙʝʟ ʫʩʚʦʝʥʠʷ (ʬʠʦʣʝʪʦʚʳʡ), ʩ ʫʩʚʦʝʥʠʝʤ (ʟʝʣʸʥʳʡ), ʘ ʪʘʢʞʝ 

ʚʝʨʪʠʢʘʣʴʥʳʡ TEC ʧʦ ʜʘʥʥʳʤ IGS ʂʘʩʩʠʦʧʝʷ (ʩʠʥʠʡ), IGS SIMP-2 (ʦʨʘʥʞʝʚʘʷ) 

ʠ IONEX (ʞʝʣʪʘʷ). ʈʝʟʫʣʴʪʘʪʳ ʧʨʠʚʝʜʝʥʳ ʜʣʷ ʧʨʠʙʣʠʞʸʥʥʦʡ ʤʦʜʝʣʠ INM-IM 

(ʩʣʝʚʘ) ʠ ʧʦʣʥʦʡ ʚʝʨʩʠʠ (ʩʧʨʘʚʘ) ʚ ʪʦʯʢʘʭ 55N, 83E (ʩʚʝʨʭʫ), 33N, 116W 

(ʩʥʠʟʫ). 
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ɸʃɻʆʈʀʊʄɸ UMAP 

ʇ.ɺ. ʇʦʛʦʜʠʥ 
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ʉʥʠʞʝʥʠʝ ʨʘʟʤʝʨʥʦʩʪʠ ʠʛʨʘʝʪ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʩʦʚʨʝʤʝʥʥʦʤ 

ʝʩʪʝʩʪʚʦʟʥʘʥʠʠ, ʪʘʢ ʢʘʢ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʩʪʨʦʝʥʠʷ 

ʧʨʝʜʩʢʘʟʘʪʝʣʴʥʳʭ ʤʦʜʝʣʝʡ ʚ ʫʩʣʦʚʠʷʭ ʥʝʭʚʘʪʢʠ ʧʨʠʤʝʨʦʚ ʜʣʷ ʦʙʫʯʝʥʠʷ ʠ 

ʠʟʙʳʪʢʘ ʦʧʠʩʘʪʝʣʴʥʳʭ ʧʨʠʟʥʘʢʦʚ, ʚʠʟʫʘʣʠʟʘʮʠʠ ʜʘʥʥʳʭ ʜʣʷ ʦʮʝʥʢʠ ʢʘʯʝʩʪʚʘ 

ʢʣʘʩʪʝʨʠʟʘʮʠʠ ʠ ʨʘʟʥʦʦʙʨʘʟʠʷ ʚʳʙʦʨʦʢ. 

ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʨʝʟʫʣʴʪʘʪʳ ʧʨʦʮʝʜʫʨʳ ʩʥʠʞʝʥʠʷ ʨʘʟʤʝʨʥʦʩʪʠ ʙʳʣʠ 

ʧʨʘʢʪʠʯʝʩʢʠ ʧʨʠʤʝʥʠʤʳ ʠ ʧʦʣʝʟʥʳ, ʞʝʣʘʪʝʣʴʥʦ, ʯʪʦʙʳ ʚʟʘʠʤʦʨʘʩʧʦʣʦʞʝʥʠʝ 

ʪʦʯʝʢ ʜʘʥʥʳʭ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʥʠʟʢʦʡ ʨʘʟʤʝʨʥʦʩʪʠ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʠʩʭʦʜʥʦʤʫ 

ʩʦʭʨʘʥʷʣʦʩʴ ʢʘʢ ʣʦʢʘʣʴʥʦ, ʪʘʢ ʠ ʛʣʦʙʘʣʴʥʦ; ʪʘʢʞʝ ʥʝʤʘʣʦʚʘʞʥʳʤ ʷʚʣʷʝʪʩʷ 

ʫʤʝʨʝʥʥʦʝ ʧʦʪʨʝʙʣʝʥʠʝ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ. 

ʆʪʥʦʩʠʪʝʣʴʥʦ ʥʝʜʘʚʥʦ ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʥʝʣʠʥʝʡʥʳʡ ʘʣʛʦʨʠʪʤ ʩʥʠʞʝʥʠʷ 

ʨʘʟʤʝʨʥʦʩʪʠ UMAP ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʴʶ ʨʘʙʦʪʳ, ʥʝʙʦʣʴʰʠʤ 

ʢʦʣʠʯʝʩʪʚʦʤ ʛʠʧʝʨʧʘʨʘʤʝʪʨʦʚ, ʥʠʟʢʠʤ ʧʦʪʨʝʙʣʝʥʠʝʤ ʧʘʤʷʪʠ. ɸʣʛʦʨʠʪʤ 

ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ, ʠʩʩʣʝʜʦʚʘʪʝʣʠ ʦʪʤʝʯʘʶʪ, ʯʪʦ ʢʘʢ ʣʦʢʘʣʴʥʘʷ, ʪʘʢ ʠ 

ʛʣʦʙʘʣʴʥʘʷ ʩʪʨʫʢʪʫʨʘ ʜʘʥʥʳʭ ʭʦʨʦʰʦ ʩʦʭʨʘʥʷʶʪʩʷ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ               

UMAP [1, 2]. 

ʆʜʥʘʢʦ ʯʠʩʣʝʥʥʳʤ ʧʦʢʘʟʘʪʝʣʷʤ ʢʘʯʝʩʪʚʘ ʥʝ ʚʩʝʛʜʘ ʩʣʝʜʫʝʪ ʜʦʚʝʨʷʪʴ, ʝʩʣʠ 

ʠʭ ʦʛʨʘʥʠʯʝʥʠʷ ʥʝ ʜʦ ʢʦʥʮʘ ʧʦʥʷʪʥʳ [3], ʘ ʪʠʧʠʯʥʳʝ ʧʨʠʤʝʨʳ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

UMAP ʠʩʢʣʶʯʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʚʠʟʫʘʣʴʥʦʡ ʦʮʝʥʢʠ ʪʦʛʦ, ʥʘʩʢʦʣʴʢʦ ʭʦʨʦʰʦ 

ʩʦʭʨʘʥʷʝʪʩʷ ʛʣʦʙʘʣʴʥʘʷ ʠ ʣʦʢʘʣʴʥʘʷ ʩʪʨʫʢʪʫʨʘ ʜʘʥʥʳʭ, ʧʦʩʢʦʣʴʢʫ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʩʥʠʞʝʥʠʝ ʨʘʟʤʝʨʥʦʩʪʠ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʙʠʦʣʦʛʠʯʝʩʢʠʭ 

ʦʙʲʝʢʪʦʚ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʧʨʠʟʥʘʢʦʚ ʚʳʩʦʢʦʡ ʨʘʟʤʝʨʥʦʩʪʠ (ʜʝʩʷʪʢʠ, ʩʦʪʥʠ, 

ʪʳʩʷʯʠ ʧʨʠʟʥʘʢʦʚ), ʥʝʜʦʩʪʫʧʥʦʤ ʚʦʩʧʨʠʷʪʠʶ ʯʝʣʦʚʝʢʘ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʘ ʧʦʩʪʘʚʣʝʥʘ ʮʝʣʴ ï ʦʮʝʥʠʪʴ ʢʘʯʝʩʪʚʦ ʩʥʠʞʝʥʠʷ 

ʨʘʟʤʝʨʥʦʩʪʠ ʩ ʧʨʠʤʝʥʝʥʠʝʤ UMAP ʥʘ ʫʜʦʙʥʦʤ ʧʨʠʤʝʨʝ, ʚʘʨʴʠʨʫʷ ʦʜʠʥ ʠʟ 

ʛʠʧʝʨʧʘʨʘʤʝʪʨʦʚ, ï ʢʦʣʠʯʝʩʪʚʦ ʙʣʠʞʘʡʰʠʭ ʩʦʩʝʜʝʡ, ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ 

UMAP ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʨʘʩʧʦʣʦʞʝʥʠʷ ʢʘʞʜʦʡ ʪʦʯʢʠ ʜʘʥʥʳʭ ʧʨʠ ʩʥʠʞʝʥʠʠ 

ʨʘʟʤʝʨʥʦʩʪʠ. ɺ ʢʘʯʝʩʪʚʝ ʫʜʦʙʥʦʛʦ ʧʨʠʤʝʨʘ ʙʳʣʘ ʚʟʷʪʘ ʧʦʚʝʨʭʥʦʩʪʴ ʧʣʘʥʝʪʳ 

ɿʝʤʣʷ, ʘ ʪʦʯʥʝʝ ʚʳʙʦʨʢʘ ʪʦʯʝʢ ʩ ʧʦʚʝʨʭʥʦʩʪʠ, ʦʧʨʝʜʝʣʝʥʥʳʭ ʯʝʨʝʟ X, Y, Z 

ʢʦʦʨʜʠʥʘʪʳ (ʥʘʯʘʣʦ ʢʦʦʨʜʠʥʘʪ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʮʝʥʪʨʫ ʧʣʘʥʝʪʳ). ʏʠʩʣʝʥʥʦ 

ʢʘʯʝʩʪʚʦ ʩʦʭʨʘʥʝʥʠʷ ʣʦʢʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʜʘʥʥʳʭ ʙʳʣʦ ʦʮʝʥʝʥʦ ʢʘʢ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʡ ʨʘʩʩʪʦʷʥʠʡ ʚ ʪʨʝʭʤʝʨʥʦʤ ʠ ʜʚʫʭʤʝʨʥʦʤ 

ʧʨʦʩʪʨʘʥʩʪʚʝ ʤʝʞʜʫ ʪʦʯʢʘʤʠ, ʧʨʠʥʘʜʣʝʞʘʱʠʤʠ ʦʜʥʦʤʫ ʢʦʥʪʠʥʝʥʪʫ (ʯʝʤ ʚʳʰʝ 

ʧʣʦʪʥʦʩʪʴ ʚ ʨʘʡʦʥʝ ʝʜʠʥʠʮʳ, ʪʝʤ ʣʫʯʰʝ); ʘ ʢʘʯʝʩʪʚʦ ʩʦʭʨʘʥʝʥʠʷ ʛʣʦʙʘʣʴʥʦʡ 

ʩʪʨʫʢʪʫʨʳ, ï ʢʘʢ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʡ ʨʘʩʩʪʦʷʥʠʡ ʤʝʞʜʫ ʪʦʯʢʘʤʠ, 

mailto:pogodinpv@ibmc.msk.ru


106 
 

ʧʨʠʥʘʜʣʝʞʘʱʠʤʠ ʨʘʟʥʳʤ ʢʦʥʪʠʥʝʥʪʘʤ. ɺʳʙʨʘʥʥʳʡ ʧʨʠʤʝʨ ʫʜʦʙʝʥ ʪʝʤ, ʯʪʦ 

ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʪʴ ʢʘʯʝʩʪʚʦ ʩʥʠʞʝʥʠʷ ʨʘʟʤʝʨʥʦʩʪʠ ʚʠʟʫʘʣʴʥʦ, ʩʦʧʦʩʪʘʚʠʚ 

ʚʭʦʜʥʳʝ ʜʘʥʥʳʝ ʠ ʨʝʟʫʣʴʪʘʪ, ʨʝʟʫʣʴʪʘʪ ʠ ʠʩʧʦʣʴʟʫʝʤʳʝ ʥʘ ʧʨʘʢʪʠʢʝ 

ʜʚʫʭʤʝʨʥʳʝ ʢʘʨʪʳ. ʆʮʝʥʢʘ ʢʘʯʝʩʪʚʘ ʩʥʠʞʝʥʠʷ ʨʘʟʤʝʨʥʦʩʪʠ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʚ 

ʜʚʫʭ ʩʝʨʠʷʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ: ʚ ʦʜʥʦʡ ʩʝʨʠʠ ʙʳʣʠ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʪʦʣʴʢʦ ʪʦʯʢʠ, ʧʨʠʥʘʜʣʝʞʘʱʠʝ ʢʦʥʪʠʥʝʥʪʘʤ; ʚ ʜʨʫʛʦʡ ʩʝʨʠʠ 

ʪʦʯʢʠ, ʥʝ ʧʨʠʥʘʜʣʝʞʘʱʠʝ ʢʦʥʪʠʥʝʥʪʘʤ, ʪʘʢʞʝ ʙʳʣʠ ʚʢʣʶʯʝʥʳ ʚ ʧʨʦʮʝʜʫʨʫ 

ʩʥʠʞʝʥʠʷ ʨʘʟʤʝʨʥʦʩʪʠ, ʪʦ ʝʩʪʴ ʚʩʷ ʧʦʚʝʨʭʥʦʩʪʴ ʙʳʣʘ ʧʨʝʜʩʪʘʚʣʝʥʘ. 

ɼʦʧʦʣʥʠʪʝʣʴʥʦ, ʢʘʯʝʩʪʚʦ ʧʦʣʫʯʝʥʥʳʭ ʜʚʫʭʤʝʨʥʳʭ ʢʘʨʪ ʙʳʣʦ ʦʮʝʥʝʥʦ 

ʧʦʩʨʝʜʩʪʚʦʤ ʜʦʧʦʣʥʝʥʠʷ ʠʭ ʢʨʫʧʥʳʤʠ ʦʩʪʨʦʚʘʤʠ (ɻʨʝʥʣʘʥʜʠʷ ʠ ʄʘʜʘʛʘʩʢʘʨ) ʠ 

ʘʨʭʠʧʝʣʘʛʦʤ ʅʦʚʘʷ ɿʝʣʘʥʜʠʷ (UMAP ʧʦʟʚʦʣʷʝʪ ʥʘʥʝʩʪʠ ʥʘ ʛʦʪʦʚʫʶ ʢʘʨʪʫ 

ʪʦʯʢʠ, ʢʦʪʦʨʳʝ ʥʝ ʙʳʣʠ ʚʢʣʶʯʝʥʳ ʚ ʧʨʦʮʝʜʫʨʫ ʩʥʠʞʝʥʠʷ ʨʘʟʤʝʨʥʦʩʪʠ). 

ɺʳʯʠʩʣʠʪʝʣʴʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʚ ʧʨʦʛʨʘʤʤʥʦʡ ʩʨʝʜʝ 

ʜʣʷ ʩʪʘʪʠʩʪʠʯʝʩʢʠʭ ʚʳʯʠʩʣʝʥʠʡ R ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʫʱʝʩʪʚʫʶʱʠʭ ʙʠʙʣʠʦʪʝʢ 

ʜʣʷ ʥʘʫʯʥʳʭ ʚʳʯʠʩʣʝʥʠʡ, ʘʥʘʣʠʟʘ ʠ ʚʠʟʫʘʣʠʟʘʮʠʠ ʜʘʥʥʳʭ [4ï7]. ʂʦʜ, 

ʥʘʧʠʩʘʥʥʳʡ ʜʣʷ ʚʳʧʦʣʥʝʥʠʷ ʨʘʙʦʪʳ, ʜʦʩʪʫʧʝʥ ʧʦ ʩʩʳʣʢʝ: 

https://github.com/RSF-23-73-01058/test_UMAP_for_MAP 

ɹʳʣʠ ʧʦʣʫʯʝʥʳ ʩʣʝʜʫʶʱʠʝ ʨʝʟʫʣʴʪʘʪʳ: 1) ʩʦʛʣʘʩʥʦ ʯʠʩʣʝʥʥʳʤ ʦʮʝʥʢʘʤ: 

UMAP ʭʦʨʦʰʦ ʩʦʭʨʘʥʷʝʪ ʢʘʢ ʛʣʦʙʘʣʴʥʫʶ, ʪʘʢ ʠ ʣʦʢʘʣʴʥʫʶ ʩʪʨʫʢʪʫʨʫ ʜʘʥʥʳʭ; 

ʢʦʣʠʯʝʩʪʚʦ ʙʣʠʞʘʡʰʠʭ ʩʦʩʝʜʝʡ ʥʘ ʢʘʯʝʩʪʚʦ ʚʣʠʷʝʪ ʩʣʘʙʦ; ʚʢʣʶʯʝʥʠʝ ʪʦʯʝʢ, ʥʝ 

ʧʨʠʥʘʜʣʝʞʘʱʠʭ ʢʦʥʪʠʥʝʥʪʘʤ, ʚʝʜʝʪ ʢ ʧʦʚʳʰʝʥʠʶ ʢʘʯʝʩʪʚʘ ʩʦʭʨʘʥʝʥʠʷ 

ʩʪʨʫʢʪʫʨʳ ʜʘʥʥʳʭ 2) ʩʦʛʣʘʩʥʦ ʚʠʟʫʘʣʴʥʦʡ ʦʮʝʥʢʝ: ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʝʥʝʝ 10-

15 ʙʣʠʞʘʡʰʠʭ ʩʦʩʝʜʝʡ ʩʪʨʫʢʪʫʨʘ ʜʘʥʥʳʭ ʥʝ ʩʦʭʨʘʥʷʝʪʩʷ, ʚʢʣʶʯʝʥʠʝ ʪʦʯʝʢ, ʥʝ 

ʧʨʠʥʘʜʣʝʞʘʱʠʭ ʢʦʥʪʠʥʝʥʪʘʤ, ʚʝʜʝʪ ʢ ʩʫʱʝʩʪʚʝʥʥʦ ʣʫʯʰʝʤʫ ʩʦʭʨʘʥʝʥʠʶ 

ʛʣʦʙʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʣʫʯʰʝʤʫ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʶ ʥʦʚʳʭ ʪʦʯʝʢ ʥʘ ʛʦʪʦʚʦʡ 

ʢʘʨʪʝ, ʩʤ. ʨʠʩ. 1. 

 
ʈʠʩ. 1. ʈʝʟʫʣʴʪʘʪʳ ʨʘʟʤʝʱʝʥʠʷ ʥʦʚʳʭ ʪʦʯʝʢ (ɻʨʝʥʣʘʥʜʠʷ, ʄʘʜʘʛʘʩʢʘʨ, ʅʦʚʘʷ 

ɿʝʣʘʥʜʠʷ) ʥʘ ʛʦʪʦʚʦʡ UMAP ʢʘʨʪʝ. ʂʘʨʪʘ ʩʣʝʚʘ ʧʦʣʫʯʝʥʘ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʝ 

ʧʨʠʥʘʜʣʝʞʘʱʠʭ ʢʦʥʪʠʥʝʥʪʘʤ ʪʦʯʝʢ, ʢʘʨʪʘ ʩʧʨʘʚʘ ï ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʝ 

ʧʨʠʥʘʜʣʝʞʘʱʠʭ ʢʦʥʪʠʥʝʥʪʘʤ ʪʦʯʝʢ. 
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ʀʟ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʩʣʝʜʫʝʪ ʚʳʚʦʜ: ʢʘʯʝʩʪʚʦ ʩʥʠʞʝʥʠʷ 

ʨʘʟʤʝʨʥʦʩʪʠ, ʧʨʦʚʝʜʝʥʥʦʛʦ ʩ ʧʦʤʦʱʴʶ UMAP, ʤʦʞʥʦ ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʚʳʩʠʪʴ, 

ʝʩʣʠ ʧʨʦʚʦʜʠʪʴ ʝʛʦ ʜʣʷ ʚʩʝʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʧʨʠʟʥʘʢʦʚ (ʚ ʨʘʩʩʤʦʪʨʝʥʥʦʤ 

ʧʨʠʤʝʨʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʦʯʢʘʤ ʩʦ ʚʩʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ɿʝʤʣʠ), ʘ ʥʝ ʪʦʣʴʢʦ ʜʣʷ ʪʝʭ 

ʪʦʯʝʢ ʜʘʥʥʳʭ, ʯʪʦ ʠʤʝʶʪʩʷ ʚ ʨʘʩʧʦʨʷʞʝʥʠʠ ʦʪʜʝʣʴʥʦʛʦ ʫʯʝʥʦʛʦ (ʚ 

ʨʘʩʩʤʦʪʨʝʥʥʦʤ ʧʨʠʤʝʨʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʦʯʢʘʤ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʥʪʠʥʝʥʪʦʚ). 

ʇʦʤʠʤʦ ʧʨʦʯʝʛʦ, ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʨʘʟʤʝʨʥʦʩʪʠ ʠʩʭʦʜʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʠ ʪʠʧʘ 

ʧʨʠʟʥʘʢʦʚ (ʙʠʥʘʨʥʳʝ, ʥʘʧʨʠʤʝʨ) ʵʪʦ ʧʦʟʚʦʣʠʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʝʜʠʥʦʞʜʳ 

ʧʦʩʪʨʦʝʥʥʫʶ ʢʘʨʪʫ ʤʥʦʛʦʢʨʘʪʥʦ, ʚʥʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʛʦ ʥʘ ʪʦ, ʢʘʢʦʡ 

ʢʦʥʢʨʝʪʥʦ ʧʨʠʟʥʘʢ ʢʦʜʠʨʫʝʪ ʢʘʞʜʘʷ ʨʘʟʤʝʨʥʦʩʪʴ, ʵʪʦ ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʟʠʪ 

ʟʘʪʨʘʪʳ ʥʘ ʚʳʯʠʩʣʝʥʠʷ ʧʨʠ ʘʥʘʣʠʟʝ ʜʘʥʥʳʭ. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʳʚʦʜʳ ʩʜʝʣʘʥʳ ʥʘ ʦʩʥʦʚʝ ʨʝʟʫʣʴʪʘʪʦʚ, 

ʧʦʣʫʯʝʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʜʦʙʥʦʛʦ ʧʨʠʤʝʨʘ: ʠʩʭʦʜʥʘʷ ʨʘʟʤʝʨʥʦʩʪʴ ï 3, 

ʚʩʝ ʪʦʯʢʠ ʬʘʢʪʠʯʝʩʢʠ ʨʘʩʧʦʣʦʞʝʥʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʬʝʨʳ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

ʦʮʝʥʢʘ ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ ʩʜʝʣʘʥʥʳʭ ʚʳʚʦʜʦʚ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʪʨʝʙʫʝʪ ʧʨʦʚʝʜʝʥʠʷ 

ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ 

ˉ 23-73-01058 (https://rscf.ru/en/project/23-73-01058/).  
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ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ ʧʨʦʙʣʝʤʳ ʜʦʧʫʩʪʠʤʦʩʪʠ ʨʘʟʨʳʚʦʚ ʚ 

ʨʝʰʝʥʠʷʭ ʛʠʧʝʨʙʦʣʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʜʚʫʭ ʟʘʢʦʥʦʚ ʩʦʭʨʘʥʝʥʠʷ, ʦʧʠʩʳʚʘʶʱʠʭ 

ʢʚʘʟʠʧʦʧʝʨʝʯʥʳʝ ʚʦʣʥʳ ʚ ʥʝʣʠʥʝʡʥʦ-ʫʧʨʫʛʠʭ ʩʣʘʙʦʘʥʠʟʦʪʨʦʧʥʳʭ ʩʨʝʜʘʭ, 

ʧʦʣʫʯʝʥʥʳʭ ʚ [1]. ɼʣʷ ʦʧʨʝʜʝʣʷʶʱʝʡ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʩʪʘʥʜʘʨʪʥʳʡ ʤʝʪʦʜ ʚʷʟʢʦʡ ʨʝʛʫʣʷʨʠʟʘʮʠʠ. ʈʝʛʫʣʷʨʠʟʘʮʠʷ ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ 

ʨʘʟʨʳʚʫ ʤʦʛʫʪ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʜʚʝ ʨʘʟʣʠʯʥʳʭ ʩʪʨʫʢʪʫʨʳ (ʜʚʘ ʚʷʟʢʠʭ ʧʨʦʬʠʣʷ) 

[2, 3]. 

ʈʝʰʝʥʠʷ ʠʟʫʯʘʝʤʦʡ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʟʘʚʠʩʷʪ ʦʪ ʟʥʘʢʘ ʧʘʨʘʤʝʪʨʘ ʧʨʠ 

ʥʝʣʠʥʝʡʥʦʤ ʯʣʝʥʝ ʯʝʪʚʝʨʪʦʛʦ ʧʦʨʷʜʢʘ ʬʫʥʢʮʠʠ ʧʦʪʦʢʘ. ɺ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʦ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʫʩʪʦʡʯʠʚʦʩʪʠ ʩʪʨʫʢʪʫʨʳ ʨʘʟʨʳʚʦʚ ʜʣʷ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʠ 

ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʘ ʥʝʣʠʥʝʡʥʦʩʪʠ ‖. ɼʣʷ ʢʘʞʜʦʛʦ ʠʟ ʵʪʠʭ ʜʚʫʭ 

ʩʣʫʯʘʝʚ ʦʧʨʝʜʝʣʝʥʘ ʦʜʥʘ ʫʩʪʦʡʯʠʚʘʷ ʩʪʨʫʢʪʫʨʘ. ɽʩʣʠ ‖ π, ʪʦ ʫʩʪʦʡʯʠʚʘ 

çʚʝʨʭʥʷʷè ʩʪʨʫʢʪʫʨʘ, ʝʩʣʠ ‖ π, ʪʦ ʫʩʪʦʡʯʠʚʘ çʥʠʞʥʷʷè ʩʪʨʫʢʪʫʨʘ. ɸʥʘʣʠʟ 

ʣʠʥʝʡʥʦʡ (ʩʧʝʢʪʨʘʣʴʥʦʡ) ʫʩʪʦʡʯʠʚʦʩʪʠ ʵʪʠʭ ʜʚʫʭ ʧʨʦʬʠʣʝʡ ʧʦʢʘʟʘʣ, ʯʪʦ ʦʜʠʥ 

ʠʟ ʥʠʭ ʫʩʪʦʡʯʠʚ, ʘ ʜʨʫʛʦʡ ʥʝʫʩʪʦʡʯʠʚ. 

ʏʠʩʣʝʥʥʦ ʨʝʰʝʥʘ ʟʘʜʘʯʘ ʈʠʤʘʥʘ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʥʘʯʘʣʴʥʦʤʫ ʨʘʟʨʳʚʫ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜʚʘ ʨʘʟʣʠʯʥʳʭ ʚʷʟʢʠʭ ʧʨʦʬʠʣʷ. ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʧʦʢʘʟʘʣʠ, 

ʯʪʦ ʘʩʠʤʧʪʦʪʠʢʘ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʈʠʤʘʥʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʣʠʥʝʡʥʦ ʫʩʪʦʡʯʠʚʳʡ ʚʷʟʢʠʡ ʧʨʦʬʠʣʴ. ʃʠʥʝʡʥʦ ʥʝʫʩʪʦʡʯʠʚʳʡ ʚʷʟʢʠʡ ʧʨʦʬʠʣʴ 

ʥʝ ʷʚʣʷʝʪʩʷ ʨʝʰʝʥʠʝʤ ʟʘʜʘʯʠ ʈʠʤʘʥʘ. 

ʇʨʦʚʝʜʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʦʧʨʝʜʝʣʝʥʠʝ ʜʦʧʫʩʪʠʤʦʩʪʠ 

ʨʘʟʨʳʚʘ ʜʦʣʞʥʦ ʙʳʪʴ ʜʦʧʦʣʥʝʥʦ ʪʨʝʙʦʚʘʥʠʝʤ ʫʩʪʦʡʯʠʚʦʩʪʠ ʩʪʨʫʢʪʫʨʳ 

ʨʘʟʨʳʚʘ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ (ʛʨʘʥʪ          

ˉ 19-71-30012), https://rscf.ru/ru/project/19-71-30012/. 
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ɸʅɸʃʀɿ ʇʈɽɼʉʊɸɺʃɽʅʀʗ ɿʅɸʅʀʁ ɺ ʅɽʁʈʆʅʅʓʍ 

 ʉɽʊʗʍ ɺ ʂʆʅʊɽʂʉʊɽ ɿɸɼɸʏ ʆʇʊʀʄʀɿɸʎʀʀ  

ʅɽʁʈʆʉɽʊɽɺʓʍ ɺʓʏʀʉʃɽʅʀʁ 

ɸ.ʇ. ʇʦʧʦʚ 

ʀʇʄ ʠʤ. ʄ.ɺ. ʂʝʣʜʳʰʘ ʈɸʅ, ʛ. ʄʦʩʢʚʘ  

alekspopovr68@mail.ru 

ʈʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʦʚ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʤʘʰʠʥʥʦʛʦ ʟʨʝʥʠʷ ï ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ 

ʜʝʥʴ ʦʜʥʘ ʠʟ ʢʣʶʯʝʚʳʭ ʟʘʜʘʯ ʤʥʦʛʠʭ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʣʘʙʦʨʘʪʦʨʠʡ. 

ɸʣʛʦʨʠʪʤʳ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʟʨʝʥʠʷ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʘʚʪʦʥʦʤʥʳʭ 

ʨʦʙʦʪʦʪʝʭʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ, ʚ ʩʠʩʪʝʤʘʭ ʚʠʜʝʦʥʘʙʣʶʜʝʥʠʷ ʠ ʚ ʜʨʫʛʠʭ 

ʧʨʠʢʣʘʜʥʳʭ ʩʠʩʪʝʤ. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʧʨʠʤʝʥʝʥʠʝ ʩʦʚʨʝʤʝʥʥʳʭ 

ʥʝʡʨʦʩʝʪʝʚʳʭ ʨʝʰʝʥʠʡ ʩʦʧʨʷʞʝʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʦʣʴʰʠʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ 

ʨʝʩʫʨʩʦʚ. ʋʣʫʯʰʝʥʠʝ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ ʟʘʯʘʩʪʫʶ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ ʠʭ 

ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ: ʫʚʝʣʠʯʝʥʠʝ ʩʣʦʞʥʦʩʪʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʦʧʝʨʘʮʠʡ, 

ʫʚʝʣʠʯʝʥʠʝ ʯʠʩʣʘ ʚʳʯʠʩʣʷʝʤʳʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʪʘʢ ʜʘʣʝʝ. ɺ ʢʦʥʪʝʢʩʪʝ ʪʘʢʦʛʦ 

ʨʘʟʚʠʪʠʷ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ ʩʣʝʜʫʝʪ ʫʯʠʪʳʚʘʪʴ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʥʘ ʢʦʥʝʯʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ, ʢʦʪʦʨʳʝ ʦʛʨʘʥʠʯʝʥʳ ʚ ʩʚʦʝʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʠ 

ʨʘʟʚʠʚʘʶʪʩʷ ʤʝʜʣʝʥʥʝʝ, ʯʝʤ ʥʝʡʨʦʩʝʪʝʚʳʝ ʤʦʜʝʣʠ.  

ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʧʨʦʚʝʜʝʥ ʦʙʟʦʨ ʤʝʪʦʜʦʚ ʦʧʪʠʤʠʟʘʮʠʠ 

ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ ʠ ʘʥʘʣʠʟ ʨʘʙʦʪʳ ʤʝʪʦʜʦʚ ʦʧʪʠʤʠʟʘʮʠʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʨʘʙʦʪʳ 

ʩʦ ʟʥʘʥʠʷʤʠ ʠ ʧʨʝʜʩʪʘʚʣʝʥʠʷʤʠ ʟʥʘʥʠʡ ʚʥʫʪʨʠ ʦʙʫʯʝʥʥʦʡ ʥʝʡʨʦʩʝʪʝʚʦʡ 

ʘʨʭʠʪʝʢʪʫʨʳ. ɿʘʜʘʯʘ ʦʧʪʠʤʠʟʘʮʠʠ ʚʳʯʠʩʣʝʥʠʡ ʚʥʫʪʨʠ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ ʩʪʘʚʠʪʩʷ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ, ʪʨʝʙʫʝʪʩʷ ʧʦʣʫʯʠʪʴ ὃᶻ Ὂ ὃ , ʛʜʝ Ὂ ï ʬʫʥʢʮʠʷ 

ʦʧʪʠʤʠʟʘʮʠʠ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ, ʘ ὃ ʦʧʪʠʤʠʟʠʨʫʝʤʘʷ ʥʝʡʨʦʥʥʘʷ ʩʝʪʴ ʠ ὃᶻ 

ʥʝʡʨʦʥʥʘʷ ʩʝʪʴ, ʧʦʣʫʯʝʥʥʘʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʧʪʠʤʠʟʘʮʠʠ, ʧʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ  

Ὁ ὃȟ Ὀ Ὁ ὃᶻȟ Ὀ Ὁὴί , Ὓ ὃᶻȟ Ὀ Ὓ ὃȟ Ὀ Ὁὴί , 

 ὓ ὃȟ Ὀ ὓ ὃᶻȟ Ὀ Ὁὴί , 

ʛʜʝ Ὁȟ Ὓȟ ὓ ï ʬʫʥʢʮʠʦʥʘʣʳ ʦʮʝʥʢʠ ʦʰʠʙʢʠ, ʩʢʦʨʦʩʪʠ, ʧʦʪʨʝʙʣʝʥʠʷ ʧʘʤʷʪʠ 

ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ ʥʘ ʚʭʦʜʥʳʭ ʜʘʥʥʳʭ Ὀ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʘ Ὁὴί ȟ Ὁὴί  ʟʘʨʘʥʝʝ 

ʟʘʜʘʥʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ ʦʧʪʠʤʠʟʘʮʠʠ, ʘ Ὁὴί  ʢʘʯʝʩʪʚʝʥʥʘʷ ʦʮʝʥʢʘ ʦʧʪʠʤʠʟʘʮʠʠ. 

ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʳ ʤʝʪʦʜʳ ʢʚʘʥʪʠʟʘʮʠʠ ʪʨʘʥʩʬʦʨʤʝʨʥʳʭ ʠ ʩʚʝʨʪʦʯʥʳʭ 

ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ [1, 2], ʘ ʪʘʢʞʝ ʙʦʣʴʰʠʭ ʷʟʳʢʦʚʳʭ ʤʦʜʝʣʝʡ, ʚ ʢʦʪʦʨʳʭ ʪʦʯʥʦʝ 

ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʟʥʘʥʠʡ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʦʡ ʟʘʜʘʯʝʡ [3]. ʊʘʢʞʝ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ 

ʤʝʪʦʜʦʚ ʧʨʫʥʠʥʛʘ [4, 5] ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ ʠ ʝʛʦ ʚʣʠʷʥʠʷ ʥʘ ʧʨʝʜʩʪʘʚʣʝʥʠʝ 

ʟʥʘʥʠʡ ʠ ʠʟʙʳʪʦʯʥʦʩʪʴ ʥʝʡʨʦʩʝʪʝʚʦʡ ʤʦʜʝʣʠ. ʂʨʦʤʝ ʪʦʛʦ, ʦʩʦʙʦ ʚʥʠʤʘʥʠʝ 

ʫʜʝʣʝʥʦ ʤʝʪʦʜʘʤ ʜʠʩʪʠʣʣʷʮʠʠ ʟʥʘʥʠʡ [6, 7], ʢʘʢ ʤʝʪʦʜʘʤ ʦʧʪʠʤʠʟʘʮʠʠ 

ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ, ʢʦʪʦʨʳʝ ʦʩʫʱʝʩʪʚʣʷʶʪ ʧʨʷʤʦʝ ʠʣʠ ʥʝʧʨʷʤʦʝ ʩʞʘʪʠʝ ʟʥʘʥʠʡ 

ʚʥʫʪʨʠ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ. ɺ ʜʦʢʣʘʜʝ ʧʨʠʚʦʜʷʪʩʷ ʧʨʠʤʝʨʳ ʦʙʫʯʝʥʠʷ ʥʝʙʦʣʴʰʦʡ 
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ʩʝʪʠ ʫʯʝʥʠʢʘ ʧʨʠ ʧʦʤʦʱʠ ʩʝʪʠ ʫʯʠʪʝʣʷ ʟʘ ʩʯʝʪ ʧʝʨʝʜʘʯʠ ʚʥʫʪʨʝʥʥʠʭ ʩʠʛʥʘʣʦʚ 

ʫʯʠʪʝʣʷ. ʊʘʢʦʡ ʧʨʠʤʝʨ ʧʦʟʚʦʣʷʝʪ ʧʦʥʷʪʴ, ʢʘʢ ʚʥʫʪʨʝʥʥʠʝ ʩʠʛʥʘʣʳ ʧʝʨʝʜʘʶʪ 

ʠʥʬʦʨʤʘʮʠʶ ʦ ʮʝʣʝʚʦʡ ʨʝʰʘʝʤʦʡ ʟʘʜʘʯʝ. 

ʅʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʨʘʙʦʪ, ʧʦʩʚʷʱʝʥʥʳʭ ʟʘʜʘʯʝ ʦʧʪʠʤʠʟʘʮʠʠ ʥʝʡʨʦʥʥʳʭ 

ʩʝʪʝʡ ʠ ʚʥʫʪʨʝʥʥʝʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʟʥʘʥʠʡ, ʜʝʣʘʝʪʩʷ ʚʳʚʦʜ ʦ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʠ 

ʧʨʠʤʝʥʝʥʠʷ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʤʝʪʦʜʦʚ ʦʧʪʠʤʠʟʘʮʠʠ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ. ʊʘʢʦʡ 

ʚʳʚʦʜ ʧʦʟʚʦʣʷʝʪ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʧʨʠʤʝʥʝʥʠʝ ʙʦʣʴʰʠʭ ʥʝʡʨʦʩʝʪʝʚʳʭ ʤʦʜʝʣʝʡ 

ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʤʘʰʠʥʥʦʛʦ ʟʨʝʥʠʷ ʥʘ ʵʪʘʧʝ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ ʨʘʙʦʪʳ 

ʚʧʦʣʥʝ ʦʙʦʩʥʦʚʘʥʥʦ, ʪʘʢ ʢʘʢ ʧʦʩʣʝ ʧʦʣʫʯʝʥʠʷ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʤʦʞʥʦ ʧʨʦʚʝʩʪʠ ʦʧʪʠʤʠʟʘʮʠʶ ʠ ʠʪʦʛʦʚʫʶ ʠʥʪʝʛʨʘʮʠʶ 

ʥʝʡʨʦʩʝʪʝʚʦʛʦ ʨʝʰʝʥʠʷ.  
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ʉɺʆʁʉʊɺɸ ʄʅʆɻʆʏʃɽʅʆɺ ɼɺʋʍʇʆʃʖʉʅʓʍ 

ɺɽʈʆʗʊʅʆʉʊʅʓʍ ʂʆʅʊɸʂʊʅʓʍ ʉʍɽʄ 

ɹ.ɸ. ʇʦʨʦʰʠʥ 

ʀʇʄ ʠʤ. ʄ.ɺ. ʂʝʣʜʳʰʘ ʈɸʅ, ʛ. ʄʦʩʢʚʘ 

ʄɻʋ ʠʤʝʥʠ ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ, ʛ. ʄʦʩʢʚʘ 

poroshin.bogdan@mail.ru 

ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʠʟʫʯʝʥʠʶ ʜʚʫʭʧʦʣʶʩʥʳʭ ʚʝʨʦʷʪʥʦʩʪʥʳʭ 

ʢʦʥʪʘʢʪʥʳʭ ʩʭʝʤ ʚ ʢʘʯʝʩʪʚʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʜʠʩʢʨʝʪʥʳʭ ʚʝʨʦʷʪʥʦʩʪʥʳʭ 

ʨʘʩʧʨʝʜʝʣʝʥʠʡ.  ʆʪʤʝʪʠʤ, ʯʪʦ ʚʝʨʦʷʪʥʦʩʪʥʳʝ ʢʦʥʪʘʢʪʥʳʝ ʩʭʝʤʳ ʟʘʜʘʶʪ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʩʣʫʯʘʡʥʳʭ ʚʝʣʠʯʠʥ ʚ ʚʠʜʝ ʧʦʣʠʥʦʤʦʚ ʦʪ ʵʪʠʭ ʚʝʨʦʷʪʥʦʩʪʝʡ. 

ʄʳ ʥʘʟʳʚʘʝʤ ʵʪʠ ʧʦʣʠʥʦʤʳ ʤʥʦʛʦʯʣʝʥʘʤʠ ʚʝʨʦʷʪʥʦʩʪʠ ʩʭʝʤ. ʆʜʥʠʤ ʠʟ ʧʝʨʚʳʭ 

ʚʝʨʦʷʪʥʦʩʪʥʳʝ ʢʦʥʪʘʢʪʥʳʝ ʩʭʝʤʳ ʨʘʩʩʤʘʪʨʠʚʘʣ ʂ. ʐʝʥʥʦʥ [1] ʚ ʟʘʜʘʯʝ ʦ 

ʥʘʜʝʞʥʳʭ ʩʭʝʤʘʭ ʠʟ ʥʝʥʘʜʝʞʥʳʭ ʵʣʝʤʝʥʪʦʚ. ɿʘʪʝʤ ʚʝʨʦʷʪʥʦʩʪʥʳʝ ʢʦʥʪʘʢʪʥʳʝ 

ʩʭʝʤʳ ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʟʘʜʘʯʠ ʚʳʨʘʟʠʤʦʩʪʠ ʚʝʨʦʷʪʥʦʩʪʥʳʭ 

ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʚ ʨʘʙʦʪʘʭ ʈ.ʃ. ʉʭʠʨʪʣʘʜʟʝ [2, 3], ʌ.ʀ. ʉʘʣʠʤʦʚʘ (ʥʘʧʨʠʤʝʨ, [4]) 

ʠ ʈ.ʄ. ʂʦʣʧʘʢʦʚʘ (ʥʘʧʨʠʤʝʨ, [5]). 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʤʥʦʛʦʯʣʝʥʳ, ʚʳʨʘʞʘʶʱʠʝ 

ʚʝʨʦʷʪʥʦʩʪʠ, ʨʝʘʣʠʟʫʝʤʳʝ ʚʝʨʦʷʪʥʦʩʪʥʳʤʠ ʢʦʥʪʘʢʪʥʳʤʠ ʩʭʝʤʘʤʠ. ʀʟʫʯʘʶʪʩʷ 

ʥʝʢʦʪʦʨʳʝ ʩʚʦʡʩʪʚʘ ʤʥʦʛʦʯʣʝʥʦʚ ʚʝʨʦʷʪʥʦʩʪʠ ʩʭʝʤ. ʇʦʣʫʯʝʥʳ ʫʪʚʝʨʞʜʝʥʠʷ, 

ʦʧʠʩʳʚʘʶʱʠʝ ʩʚʷʟʴ ʤʝʞʜʫ ʥʝʢʦʪʦʨʳʤʠ ʠʟ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʤʥʦʛʦʯʣʝʥʘ 

ʚʝʨʦʷʪʥʦʩʪʠ ʩʭʝʤʳ ʠ ʪʦʧʦʣʦʛʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʩʭʝʤʳ.  

ɺ ʯʘʩʪʥʦʩʪʠ, ʧʝʨʚʘʷ ʧʨʦʠʟʚʦʜʥʘʷ ʤʥʦʛʦʯʣʝʥʘ ʚʝʨʦʷʪʥʦʩʪʠ ʩʭʝʤʳ ʚ ʪʦʯʢʝ 0 

ʨʘʚʥʘ ʯʠʩʣʫ ʨʸʙʝʨ, ʩʦʝʜʠʥʷʶʱʠʭ ʧʦʣʶʩʘ ʩʭʝʤʳ ʥʘʧʨʷʤʫʶ, ʘ ʚ ʪʦʯʢʝ 1 ï ʯʠʩʣʫ 

ʨʸʙʝʨ, ʨʘʟʤʳʢʘʶʱʠʭ ʜʘʥʥʫʶ ʩʭʝʤʫ. ʇʦʣʫʯʝʥʦ ʩʣʝʜʩʪʚʠʝ ʠʟ ʨʘʙʦʪʳ ʂ. ʐʝʥʥʦʥʘ 

[6], ʧʦʟʚʦʣʷʶʱʝʝ ʧʨʠ ʥʘʣʠʯʠʠ ʠʥʬʦʨʤʘʮʠʠ ʦ ʟʥʘʯʝʥʠʷʭ ʧʨʦʠʟʚʦʜʥʦʡ 

ʤʥʦʛʦʯʣʝʥʘ ʚʝʨʦʷʪʥʦʩʪʠ ʩʭʝʤʳ ʚ ʪʦʯʢʘʭ 0 ʠ 1 ʜʘʪʴ ʥʠʞʥʶʶ ʠ ʚʝʨʭʥʶʶ ʦʮʝʥʢʫ 

ʝʛʦ ʟʥʘʯʝʥʠʷʤ ʥʘ ʠʥʪʝʨʚʘʣʝ (0, 1). ʊʘʢʞʝ ʠʩʩʣʝʜʫʶʪʩʷ ʤʥʦʛʦʯʣʝʥʳ ʚʝʨʦʷʪʥʦʩʪʠ 

ʧʘʨʘʣʣʝʣʴʥʦ-ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʩʭʝʤ (ʜʘʣʝʝ ˊ-ʩʭʝʤ). ʄʳ ʥʘʟʳʚʘʝʤ ˊ-ʧʦʜʩʭʝʤʦʡ 

ʜʘʥʥʦʡ ˊ-ʩʭʝʤʳ ʣʶʙʦʡ ʧʦʜʛʨʘʬ ʵʪʦʡ ʩʭʝʤʳ, ʷʚʣʷʶʱʠʡʩʷ ˊ-ʩʭʝʤʦʡ ʩ ʪʝʤʠ ʞʝ 

ʧʦʣʶʩʘʤʠ. ɼʣʷ ˊ-ʩʭʝʤ ʧʨʝʜʣʦʞʝʥʦ ʠʭ ʦʧʠʩʘʥʠʝ ʚ ʪʝʨʤʠʥʘʭ ʩʭʝʤ ʠʟ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʙʘʟʠʩʝ {&, ᷉}, ʘ ʪʘʢʞʝ ʧʦʣʫʯʝʥ ʨʝʟʫʣʴʪʘʪ, 

ʧʦʟʚʦʣʷʶʱʠʡ ʜʘʪʴ ʧʦʣʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʚʩʝʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʤʥʦʛʦʯʣʝʥʘ 

ʚʝʨʦʷʪʥʦʩʪʠ ʪʘʢʦʡ ʩʭʝʤʳ ʧʦʩʨʝʜʩʪʚʦʤ ʤʥʦʞʝʩʪʚʘ ʚʩʝʭ ˊ-ʧʦʜʩʭʝʤ ʜʘʥʥʦʡ 

ʩʭʝʤʳ.  
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ʎʠʬʨʦʚʳʝ ʪʝʭʥʦʣʦʛʠʠ ʩʠʥʪʝʟʘ ʨʝʯʠ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʩʦʚʨʝʤʝʥʥʳʭ 

ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʩʠʩʪʝʤʘʭ. ʆʥʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʛʦʣʦʩʦʚʳʭ ʘʩʩʠʩʪʝʥʪʘʭ, 

ʘʫʜʠʦʛʠʜʘʭ, ʘ ʪʘʢʞʝ ʚʥʝʜʨʷʶʪʩʷ ʚ ʠʥʪʝʨʬʝʡʩʳ ʤʦʙʠʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚ ʜʣʷ 

ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʦʟʚʫʯʠʚʘʥʠʷ ʪʝʢʩʪʘ ʚ ʨʝʞʠʤʝ ʜʦʩʪʫʧʥʦʩʪʠ ʜʣʷ ʣʶʜʝʡ ʩ 

ʥʘʨʫʰʝʥʠʷʤʠ ʟʨʝʥʠʷ ʠ ʨʝʯʠ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʥʘʣʠʯʠʝ ʚ ʨʝʯʠ ʯʝʣʦʚʝʢʦʧʦʜʦʙʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʟʥʘʯʠʪʝʣʴʥʦ ʫʣʫʯʰʘʝʪ ʝʸ ʚʦʩʧʨʠʷʪʠʝ [1]. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʦʜʥʦʡ 

ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʟʘʜʘʯ ʚ ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʩʠʩʪʝʤ ʩʠʥʪʝʟʘ 

ʨʝʯʠ, ʤʘʢʩʠʤʘʣʴʥʦ ʧʨʠʙʣʠʞʝʥʥʦʡ ʢ ʝʩʪʝʩʪʚʝʥʥʦʡ. ɽʩʪʝʩʪʚʝʥʥʘʷ ʨʝʯʴ 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʤʥʦʞʝʩʪʚʦʤ ʧʘʨʘʤʝʪʨʦʚ, ʚʢʣʶʯʘʷ ʪʝʤʙʨ, ʛʨʦʤʢʦʩʪʴ, ʧʘʫʟʳ, ʘ 

ʪʘʢʞʝ ʜʨʫʛʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʦʠʟʥʦʰʝʥʠʷ, ʥʘʟʳʚʘʝʤʳʝ ʧʘʨʘʣʠʥʛʚʠʩʪʠʯʝʩʢʠʤʠ. 

ɺ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ ʪʘʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʢʘʢ, ʥʘʧʨʠʤʝʨ, ʥʘʣʠʯʠʝ ʬʦʥʦʚʳʭ ʰʫʤʦʚ 

ʠʣʠ ʚʳʨʘʞʘʝʤʘʷ ʛʦʚʦʨʷʱʠʤ ʵʤʦʮʠʷ, ʵʪʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʬʦʨʤʠʨʫʶʪ ʩʪʠʣʴ 

ʨʝʯʠ (çspeech styleè ʚ ʘʥʛʣʦʷʟʳʯʥʦʡ ʣʠʪʝʨʘʪʫʨʝ).  

ʉ ʨʘʟʚʠʪʠʝʤ ʥʝʡʨʦʩʝʪʝʚʳʭ ʘʨʭʠʪʝʢʪʫʨ ʩʪʘʣʦ ʚʦʟʤʦʞʥʳʤ ʟʘʜʘʥʠʝ ʩʪʠʣʷ ʩ 

ʧʦʤʦʱʴʶ ʧʨʦʤʧʪʦʚ ï ʢʦʨʦʪʢʠʭ ʦʪʨʳʚʢʦʚ ʪʝʢʩʪʘ, ʦʧʠʩʳʚʘʶʱʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʛʦʣʦʩʘ, ʢʦʪʦʨʳʝ ʜʦʣʞʥʘ ʚʦʩʧʨʦʠʟʚʝʩʪʠ ʩʠʩʪʝʤʘ. ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʩʠʩʪʝʤ, 

ʩʧʦʩʦʙʥʳʭ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʘʥʥʳʡ ʤʝʪʦʜ, ʪʨʝʙʫʶʪʩʷ ʦʙʫʯʘʶʱʠʝ ʜʘʥʥʳʝ, 

ʚʢʣʶʯʘʶʱʠʝ ʚ ʩʝʙʷ ʘʫʜʠʦʟʘʧʠʩʠ ʝʩʪʝʩʪʚʝʥʥʦʡ ʨʝʯʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʤ 

ʪʨʘʥʩʢʨʠʧʮʠʠ ʠ ʘʥʥʦʪʘʮʠʶ (ʨʘʟʤʝʪʢʫ) ʢʣʶʯʝʚʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 
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ʈʘʟʤʝʪʢʘ ʪʘʢʠʭ ʜʘʥʥʳʭ ʷʚʣʷʝʪʩʷ ʪʨʫʜʦʸʤʢʠʤ ʧʨʦʮʝʩʩʦʤ, ʟʘʯʘʩʪʫʶ 

ʪʨʝʙʫʶʱʠʤ ʵʢʩʧʝʨʪʥʳʭ ʟʥʘʥʠʡ ʠ ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʠ ʤʝʞʜʫ ʨʘʟʤʝʪʯʠʢʘʤʠ. ʇʦ 

ʵʪʦʡ ʧʨʠʯʠʥʝ ʨʘʟʤʝʪʢʘ ʩʫʱʝʩʪʚʫʶʱʠʭ ʨʫʩʩʢʦʷʟʳʯʥʳʭ ʢʦʨʧʫʩʦʚ ʢʘʢ ʧʨʘʚʠʣʦ 

ʷʚʣʷʝʪʩʷ ʫʟʢʦʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʦʡ (ʥʘʧʨʠʤʝʨ, ʠʥʪʦʥʘʮʠʦʥʥʘʷ ʨʘʟʤʝʪʢʘ ʚ 

ʢʦʨʧʫʩʝ RINCO [2]) ʣʠʙʦ ʦʭʚʘʪʳʚʘʝʪ ʪʦʣʴʢʦ ʙʘʟʦʚʳʡ ʥʘʙʦʨ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʦʪʜʝʣʴʥʦʛʦ ʪʠʧʘ (ʢʘʢ, ʥʘʧʨʠʤʝʨ, ʧʷʪʴ ʙʘʟʦʚʳʭ ʵʤʦʮʠʡ ʚ ʜʘʪʘʩʝʪʝ Dusha [3]). ʕʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʩʦʟʜʘʥʠʷ ʦʙʲʝʜʠʥʸʥʥʦʛʦ ʨʫʩʩʢʦʷʟʳʯʥʦʛʦ ʘʫʜʠʦ-

ʪʝʢʩʪʦʚʦʛʦ ʢʦʨʧʫʩʘ, ʩʦʜʝʨʞʘʱʝʛʦ ʫʥʠʬʠʮʠʨʦʚʘʥʥʳʡ ʥʘʙʦʨ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʣʷ 

ʛʠʙʢʦʛʦ ʩʠʥʪʝʟʘ ʝʩʪʝʩʪʚʝʥʥʦʡ ʨʝʯʠ.  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʤʝʪʦʜʳ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʩʪʠʣʝʚʦʡ 

ʨʘʟʤʝʪʢʠ, ʥʘʧʨʘʚʣʝʥʥʳʝ ʥʘ ʫʣʫʯʰʝʥʠʝ ʢʘʯʝʩʪʚʘ ʩʠʥʪʝʟʘ ʨʝʯʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʚ 

ʠʩʩʣʝʜʦʚʘʥʠʠ [4] ʧʨʝʜʣʦʞʝʥʘ ʩʠʩʪʝʤʘ ʪʝʛʦʚ (ʤʘʨʢʝʨʦʚ), ʧʦʜʨʘʟʜʝʣʷʶʱʘʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʜʚʝ ʛʨʫʧʧʳ: ʧʨʠʩʫʱʠʝ ʛʦʚʦʨʷʱʝʤʫ (Intrinsic), ʪʘʢʠʝ ʢʘʢ 

ʪʝʤʙʨ ʠ ʧʦʣ, ʠ ʩʠʪʫʘʪʠʚʥʳʝ (Situational), ʪʘʢʠʝ ʢʘʢ ʵʤʦʮʠʦʥʘʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ ʠ 

ʩʢʦʨʦʩʪʴ ʨʝʯʠ. ɸʚʪʦʨʘʤʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʧʘʡʧʣʘʡʥʳ ʜʣʷ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ 

ʠʟʚʣʝʯʝʥʠʷ ʜʘʥʥʳʭ ʪʝʛʦʚ. ʇʨʠʩʫʱʠʝ ʛʦʚʦʨʷʱʝʤʫ ʪʝʛʠ ʠʟʚʣʝʢʘʶʪʩʷ ʩ ʧʦʤʦʱʴʶ 

ʨʫʯʥʦʡ ʨʘʟʤʝʪʢʠ çʙʘʟʦʚʦʛʦè ʜʘʪʘʩʝʪʘ, ʢʦʪʦʨʳʡ ʟʘʪʝʤ ʤʘʩʰʪʘʙʠʨʫʝʪʩʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʝʣʠ, ʦʧʨʝʜʝʣʷʶʱʠʡ ʩʭʦʞʝʩʪʴ ʛʦʣʦʩʦʚ. ɽʩʣʠ ʛʦʣʦʩ ʠʟ 

ʥʝʨʘʟʤʝʯʝʥʥʳʭ ʜʘʥʥʳʭ ʦʧʨʝʜʝʣʠʣʩʷ ʢʘʢ ʩʭʦʞʠʡ ʩ ʥʝʢʠʤ, ʠʟʚʝʩʪʥʳʤ ʤʦʜʝʣʠ, ʪʦ 

ʦʥ ʨʘʟʤʝʯʘʝʪʩʷ ʢʘʢ ʠʤʝʶʱʠʡ ʪʝ ʞʝ ʪʝʛʠ. ɼʣʷ ʨʘʟʤʝʪʢʠ ʩʠʪʫʘʪʠʚʥʳʭ ʪʝʛʦʚ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʨʸʭʩʪʫʧʝʥʯʘʪʳʡ ʧʘʡʧʣʘʡʥ, ʛʜʝ ʧʨʦʚʦʜʠʪʩʷ ʬʠʣʴʪʨʘʮʠʷ ʧʦ 

ʩʪʝʧʝʥʠ ʵʤʦʮʠʦʥʘʣʴʥʦʡ ʦʢʨʘʩʢʠ ʚʳʩʢʘʟʳʚʘʥʠʷ, ʩʝʤʘʥʪʠʯʝʩʢʦʡ ʩʭʦʞʝʩʪʠ 

ʪʨʘʥʩʢʨʠʙʘʮʠʠ ʪʝʢʩʪʘ ʟʘʜʘʥʥʦʡ ʨʘʟʤʝʯʘʝʤʦʡ ʵʤʦʮʠʠ ʠ, ʥʘʢʦʥʝʮ, ʘʢʫʩʪʠʯʝʩʢʦʡ 

ʩʭʦʞʝʩʪʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʝʣʠ Gemini 1.5 Flash. ʅʘ ʚʳʭʦʜʝ ʦʩʪʘʶʪʩʷ 

ʪʦʣʴʢʦ ʦʪʨʳʚʢʠ, ʩ ʥʘʠʙʦʣʴʰʝʡ ʜʦʣʝʡ ʚʝʨʦʷʪʥʦʩʪʠ ʠʤʝʶʱʠʝ ʪʝ ʠʣʠ ʠʥʳʝ 

ʩʠʪʫʘʪʠʚʥʳʝ ʪʝʛʠ.  

ɺ ʨʘʙʦʪʝ [5] ʧʨʝʜʣʦʞʝʥ ʠʝʨʘʨʭʠʯʝʩʢʠʡ ʧʦʜʭʦʜ ʢ ʨʘʟʤʝʪʢʝ ʧʨʦʩʦʜʠʯʝʩʢʠʭ 

ʛʨʘʥʠʮ ʜʣʷ ʢʠʪʘʡʩʢʦʛʦ ʷʟʳʢʘ. ɸʚʪʦʨʳ ʦʪʤʝʯʘʶʪ, ʯʪʦ ʧʦʩʢʦʣʴʢʫ ʨʘʟʤʝʪʢʘ 

ʧʨʦʚʦʜʠʪʩʷ ʙʝʟ ʫʯʘʩʪʠʷ ʯʝʣʦʚʝʢʘ, ʩʠʩʪʝʤʘ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʧʦʚʳʰʝʥʥʫʶ 

ʢʦʥʩʠʩʪʝʥʪʥʦʩʪʴ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʨʫʯʥʦʡ ʨʘʟʤʝʪʢʦʡ, ʯʪʦ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʧʨʠʚʦʜʠʪ 

ʢ ʫʣʫʯʰʝʥʥʦʤʫ ʢʘʯʝʩʪʚʫ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʡ ʨʝʯʠ.  

ɺ ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ ʠʥʪʝʨʝʩ ʢ ʦʧʠʩʘʥʥʦʡ 

ʪʝʤʝ. ɺ ʯʘʩʪʥʦʩʪʠ, ʚ ʨʘʙʦʪʝ [6] ʧʨʝʜʣʦʞʝʥ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʡ ʤʝʪʦʜ ʨʘʟʤʝʪʢʠ 

ʫʜʘʨʝʥʠʡ ʚ ʧʦʵʪʠʯʝʩʢʠʭ ʪʝʢʩʪʘʭ, ʩʦʚʤʝʱʘʶʱʠʡ ʩʣʦʚʘʨʥʳʡ ʠ ʥʝʡʨʦʩʝʪʝʚʦʡ 

ʧʦʜʭʦʜʳ. ɸʚʪʦʨʳ ʦʪʤʝʯʘʶʪ, ʯʪʦ ʟʘ ʩʯʸʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʣʦʚʘʨʷ ʧʨʠ ʨʘʟʤʝʪʢʝ 

ʫʜʘʨʝʥʠʡ ʜʣʷ ʦʜʥʦʟʥʘʯʥʳʭ ʩʣʦʚ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʥʝʡʨʦʩʝʪʝʡ ʜʣʷ ʨʘʟʤʝʪʢʠ 

ʫʜʘʨʝʥʠʡ ʚ ʦʤʦʛʨʘʬʘʭ, ʫʜʘʣʦʩʴ ʜʦʩʪʠʯʴ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʨʝʚʦʩʭʦʜʷʱʠʭ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʦʣʴʢʦ ʦʜʥʦʛʦ ʠʟ ʤʝʪʦʜʦʚ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʙʟʦʨ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʘʥʘʣʠʟ ʤʝʪʦʜʦʚ, ʠʩʧʦʣʴʟʫʶʱʠʭʩʷ 

ʜʣʷ ʘʚʪʦʤʘʪʠʯʝʩʢʦʡ ʨʘʟʤʝʪʢʠ ʧʘʨʘʣʠʥʛʚʠʩʪʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʝʩʪʝʩʪʚʝʥʥʦʡ ʨʝʯʠ. ʅʘ ʦʩʥʦʚʝ ʧʨʦʚʝʜʸʥʥʦʛʦ ʘʥʘʣʠʟʘ ʧʨʝʜʣʦʞʝʥ ʧʘʡʧʣʘʡʥ 

ʘʧʨʦʙʘʮʠʠ ʧʦʜʭʦʜʘ ʢ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʨʘʟʤʝʪʢʠ, ʘ ʪʘʢʞʝ ʥʘʯʘʪʘ ʨʘʙʦʪʘ ʧʦ 

ʩʦʟʜʘʥʠʶ ʤʫʣʴʪʠʤʦʜʘʣʴʥʦʛʦ ʨʫʩʩʢʦʷʟʳʯʥʦʛʦ ʜʘʪʘʩʝʪʘ, ʫʯʠʪʳʚʘʶʱʝʛʦ 

ʚʳʰʝʫʢʘʟʘʥʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ, ʚ ʮʝʣʷʭ ʧʦʩʣʝʜʫʶʱʝʛʦ ʦʙʫʯʝʥʠʷ ʤʦʜʝʣʠ ʩʠʥʪʝʟʘ 

ʵʤʦʮʠʦʥʘʣʴʥʦ ʦʢʨʘʰʝʥʥʦʡ ʨʝʯʠ. 
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ɺ ʧʘʥʜʝʤʠʶ COVID-19, ʚ 2020 ï 2021 ʛʛ. ʥʘʙʣʶʜʘʣʦʩʴ ʥʝʦʞʠʜʘʥʥʦʝ ʠ 

ʚʘʞʥʦʝ ʷʚʣʝʥʠʝ ï ʨʝʟʢʦʝ ʩʥʠʞʝʥʠʷ ʟʘʙʦʣʝʚʘʝʤʦʩʪʠ, ʚʳʟʚʘʥʥʦʡ ʚʠʨʫʩʘʤʠ 

ʛʨʠʧʧʘ ʠ ʜʨʫʛʠʤʠ ʨʝʩʧʠʨʘʪʦʨʥʳʤʠ ʚʠʨʫʩʘʤʠ [1, 2]. ɺ ʣʠʪʝʨʘʪʫʨʝ ʚʳʜʚʠʛʘʝʪʩʷ 

ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ ʨʘʟʤʥʦʞʝʥʠʝ ʚʠʨʫʩʘ SARS-CoV-2 ʚ ʵʧʠʪʝʣʠʠ ʜʳʭʘʪʝʣʴʥʳʭ 

ʧʫʪʝʡ ʟʘʤʝʜʣʷʝʪ ʨʝʧʣʠʢʘʮʠʶ ʚʠʨʫʩʘ ʛʨʠʧʧʘ ɸ ʠ ʜʨʫʛʠʭ ʨʝʩʧʠʨʘʪʦʨʥʳʭ ʚʠʨʫʩʦʚ 

[2, 3]. ʉʨʝʜʠ ʚʦʟʤʦʞʥʳʭ ʤʝʭʘʥʠʟʤʦʚ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʵʪʦʪ ʵʬʬʝʢʪ, ʥʘʟʳʚʘʶʪ 

ʢʦʥʢʫʨʝʥʮʠʶ ʚʠʨʫʩʦʚ ʟʘ ʢʣʝʪʢʠ ʤʠʰʝʥʠ ʠ ʜʝʡʩʪʚʠʝ ʠʥʪʝʨʬʝʨʦʥʘ [3, 4]. ʈʦʣʴ 

ʠʥʪʝʨʬʝʨʦʥʘ ʚʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʚʠʨʫʩʥʳʭ ʠʥʬʝʢʮʠʡ ʭʦʨʦʰʦ ʠʟʫʯʝʥʘ ʚ 

ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʣʦʚʠʷʭ, ʥʦ ʥʝ ʚ ʞʠʚʦʤ ʦʨʛʘʥʠʟʤʝ. ɺʤʝʩʪʝ ʩ ʪʝʤ ʜʠʥʘʤʠʢʘ 

ʠʟʦʣʠʨʦʚʘʥʥʳʭ (ʪʦʣʴʢʦ ʛʨʠʧʧʘ, ʠʣʠ ʪʦʣʴʢʦ SARS-CoV-2 ʠʣʠ ʜʨʫʛʠʭ 

ʨʝʩʧʠʨʘʪʦʨʥʳʭ ʚʠʨʫʩʥʳʭ ʠʥʬʝʢʮʠʡ) ʧʦʜʨʦʙʥʦ ʠʟʫʯʝʥʘ.  

ʎʝʣʴʶ ʨʘʙʦʪʳ ʙʳʣʦ ʧʦʩʪʨʦʠʪʴ ʤʦʜʝʣʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚʠʨʫʩʦʚ ʚ 

ʵʧʠʪʝʣʠʠ ʜʳʭʘʪʝʣʴʥʳʭ ʧʫʪʝʡ, ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʩʪʨʦʠʚ ʤʦʜʝʣʴ ʥʘ ʦʧʠʩʘʥʠʝ 
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ʠʟʦʣʠʨʦʚʘʥʥʦʡ ʜʠʥʘʤʠʢʠ ʦʪʜʝʣʴʥʳʭ ʚʠʨʫʩʦʚ. ʅʘʩʢʦʣʴʢʦ ʥʘʤ ʠʟʚʝʩʪʥʦ, ʪʘʢʘʷ 

ʟʘʜʘʯʘ ʩʪʘʚʠʪʴʩʷ ʚʧʝʨʚʳʝ. 

ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʣʝʜʫʶʱʫʶ ʩʠʩʪʝʤʫ ʆɼʋ ʠʟ 

9 ʫʨʘʚʥʝʥʠʡ (ʪʘʙʣʠʮʘ 1): 

’ ὅ ‎ ὠ ‎ ὠ ὅᶻ ὅ ὅ ὅ ά ,              (1) 

 ’ ὅ ‎ ὠ ‎ ὠ ὅᶻ ὅ ὅ ὅ ά .              (2) 

ʇʝʨʚʳʡ ʯʣʝʥ ʫʨʘʚʥʝʥʠʡ (1), (2) ʦʧʠʩʳʚʘʝʪ ʧʨʦʜʫʢʮʠʶ ʚʠʨʫʩʘ 

ʠʥʬʠʮʠʨʦʚʘʥʥʳʤʠ ʢʣʝʪʢʘʤʠ, ʚʪʦʨʦʡ ï ʵʣʠʤʠʥʘʮʠʶ ʚʠʨʫʩʦʚ ʟʘ ʩʯʝʪ 

ʥʝʩʧʝʮʠʬʠʯʝʩʢʠʭ ʤʝʭʘʥʠʟʤʦʚ, ʪʨʝʪʠʡ ï ʨʘʩʭʦʜ ʚʠʨʫʩʦʚ ʥʘ ʠʥʬʠʮʠʨʦʚʘʥʠʝ 

ʚʦʩʧʨʠʠʤʯʠʚʳʭ ʢʣʝʪʦʢ.  

 „ ὠ ὅᶻ ὅ ὅ ὅ ά ὦ ˞ ,                   (3) 

 „ ὠ ὅᶻ ὅ ὅ ὅ ά ὦ ὅ Ȣ                   (4) 

ʊʘʙʣʠʮʘ 1: ʇʝʨʝʤʝʥʥʳʝ ʠ ʢʦʥʩʪʘʥʪʳ ʤʦʜʝʣʠ. 

ʇʝʨʝʤʝʥʥʘʷ ʆʧʠʩʘʥʠʝ 

ὠ  
ʢʦʥʮʝʥʪʨʘʮʠʷ ʚʠʨʫʩʦʚ SARS-CoV-2 ʚ ʵʧʠʪʝʣʠʠ  

ʜʳʭʘʪʝʣʴʥʳʭ ʧʫʪʝʡ 

ὠ  ʢʦʥʮʝʥʪʨʘʮʠʷ ʚʠʨʫʩʦʚ ʛʨʠʧʧʘ ɸ ʚ ʵʧʠʪʝʣʠʠ ʜʳʭʘʪʝʣʴʥʳʭ ʧʫʪʝʡ 

˞  
ʢʦʥʮʝʥʪʨʘʮʠʷ ʢʣʝʪʦʢ ʨʝʩʥʠʪʯʘʪʦʛʦ ʵʧʠʪʝʣʠʷ,  

ʠʥʬʠʮʠʨʦʚʘʥʥʳʭ ʚʠʨʫʩʦʤ SARS-CoV-2 

˞  
ʢʦʥʮʝʥʪʨʘʮʠʷ ʢʣʝʪʦʢ ʨʝʩʥʠʪʯʘʪʦʛʦ ʵʧʠʪʝʣʠʷ,  

ʠʥʬʠʮʠʨʦʚʘʥʥʳʭ ʚʠʨʫʩʦʤ ʛʨʠʧʧʘ ɸ 

ά ʢʦʥʮʝʥʪʨʘʮʠʷ ʨʘʟʨʫʰʝʥʥʳʭ ʢʣʝʪʦʢ ʨʝʩʥʠʪʯʘʪʦʛʦ ʵʧʠʪʝʣʠʷ 

ὓ  
ʢʦʥʮʝʥʪʨʘʮʠʷ ʢʣʝʪʦʢ-ʧʨʦʜʫʮʝʥʪʦʚ ʠʥʪʝʨʬʝʨʦʥʘ, 

ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ ʚʠʨʫʩʦʤ SARS-CoV-2 

ὓ  
ʢʦʥʮʝʥʪʨʘʮʠʷ ʢʣʝʪʦʢ-ʧʨʦʜʫʮʝʥʪʦʚ ʠʥʪʝʨʬʝʨʦʥʘ, 

ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ ʚʠʨʫʩʦʤ ʛʨʠʧʧʘ ɸ 

Ὅ 
ʢʦʥʮʝʥʪʨʘʮʠʷ ʠʥʪʝʨʬʝʨʦʥʘ ʚ ʚʳʩʪʠʣʘʶʱʝʤ ʩʣʦʝ  

ʩʣʠʟʠʩʪʦʡ ʵʧʠʪʝʣʠʷ ʜʳʭʘʪʝʣʴʥʳʭ ʧʫʪʝʡ 

˞  
ʢʦʥʮʝʥʪʨʘʮʠʷ ʢʣʝʪʦʢ ʨʝʩʥʠʪʯʘʪʦʛʦ ʵʧʠʪʝʣʠʷ, ʟʘʱʠʱʝʥʥʳʭ 

ʠʥʪʝʨʬʝʨʦʥʦʤ (ʨʝʟʠʩʪʝʥʪʥʳʭ ʢ ʠʥʬʠʮʠʨʦʚʘʥʠʶ). 

ʂʦʥʩʪʘʥʪʘ ʆʧʠʩʘʥʠʝ 

ὅᶻ 
ʢʦʥʮʝʥʪʨʘʮʠʷ ʢʣʝʪʦʢ ʵʧʠʪʝʣʠʷ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʩʝʛʤʝʥʪʝ 

ʜʳʭʘʪʝʣʴʥʳʭ ʧʫʪʝʡ 

ὓᶻ ʧʨʝʜʝʣʴʥʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʢʣʝʪʦʢ-ʧʨʦʜʫʮʝʥʪʦʚ ʠʥʪʝʨʬʝʨʦʥʘ 
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ʇʝʨʚʳʡ ʯʣʝʥ ʫʨʘʚʥʝʥʠʡ (3), (4) ʦʧʠʩʳʚʘʝʪ ʠʥʬʠʮʠʨʦʚʘʥʠʝ ʚʦʩʧʨʠʠʤʯʠʚʳʭ 

ʢʣʝʪʦʢ ʵʧʠʪʝʣʠʷ, ʚʪʦʨʦʡ - ʠʭ ʛʠʙʝʣʴ. 

  ὦ ˞ ὦ ὅ ‌ ὅᶻ ὅ ὅ ὅ ά ‌ άȢ         (5) 

ʇʝʨʚʳʡ ʠ ʚʪʦʨʦʡ ʯʣʝʥʳ ʫʨʘʚʥʝʥʠʷ (5) ʦʧʠʩʳʚʘʶʪ ʛʠʙʝʣʴ ʠʥʬʠʮʠʨʦʚʘʥʥʳʭ 

ʢʣʝʪʦʢ ʵʧʠʪʝʣʠʷ, ʪʨʝʪʠʡ ï ʝʩʪʝʩʪʚʝʥʥʫʶ ʛʠʙʝʣʴ ʥʝʠʥʬʠʮʠʨʦʚʘʥʥʳʭ ʢʣʝʪʦʢ 

ʵʧʠʪʝʣʠʷ, ʧʦʩʣʝʜʥʠʡ ï ʨʝʛʝʥʝʨʘʮʠʶ. 

  … ὓᶻ ὓ ὓ ὠ ‌ ὓ ,                          (6) 

  … ὓᶻ ὓ ὓ ὠ ‌ ὓ .                          (7) 

ʇʝʨʚʳʡ ʯʣʝʥ ʫʨʘʚʥʝʥʠʡ (6), (7) ʦʧʠʩʳʚʘʝʪ ʧʨʠʚʣʝʯʝʥʠʝ ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ 

ʧʨʦʜʫʮʝʥʪʦʚ ʠʥʪʝʨʬʝʨʦʥʘ ʢ ʦʙʣʘʩʪʠ ʠʥʬʠʮʠʨʦʚʘʥʠʷ, ʚʪʦʨʦʡ ï ʠʭ ʚʳʭʦʜ ʠʟ 

ʩʦʩʪʦʷʥʠʷ ʧʨʦʜʫʢʮʠʠ ʠʥʪʝʨʬʝʨʦʥʘ. 

 ” ὓ ὓ ‌ Ὅ „ Ὅ ὅᶻ ὅ ὅ ὅ ά .           (8) 

ʇʝʨʚʳʡ ʯʣʝʥ ʫʨʘʚʥʝʥʠʷ (8) ʦʧʠʩʳʚʘʝʪ ʧʨʦʜʫʢʮʠʶ ʠʥʪʝʨʬʝʨʦʥʘ 

ʘʢʪʠʚʠʨʦʚʘʥʥʳʤʠ ʧʨʦʜʫʮʝʥʪʘʤʠ, ʚʪʦʨʦʡ ï ʨʘʩʧʘʜ ʥʝʩʚʷʟʘʥʥʦʛʦ ʠʥʪʝʨʬʝʨʦʥʘ ʚʦ 

ʚʥʝʰʥʝʡ ʩʨʝʜʝ, ʪʨʝʪʠʡ ï ʨʘʩʭʦʜ ʠʥʪʝʨʬʝʨʦʥʘ ʥʘ ʟʘʱʠʪʫ ʢʣʝʪʦʢ ʵʧʠʪʝʣʠʷ. 

 „ Ὅ ὅᶻ ὅ ὅ ὅ ά ‌ ὅ .                    (9) 

ʇʝʨʚʳʡ ʯʣʝʥ ʫʨʘʚʥʝʥʠʷ (9) ʦʧʠʩʳʚʘʝʪ ʧʝʨʝʭʦʜ ʢʣʝʪʦʢ ʚ ʩʦʩʪʦʷʥʠʝ 

ʨʝʟʠʩʪʝʥʪʥʦʩʪʠ ʢ ʠʥʬʠʮʠʨʦʚʘʥʠʶ ʚʠʨʫʩʘʤʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʠʥʪʝʨʬʝʨʦʥʘ, 

ʚʪʦʨʦʡ ï ʚʳʭʦʜ ʠʟ ʵʪʦʛʦ ʩʦʩʪʦʷʥʠʷ. 

ɼʣʷ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʧʘʨʘʤʝʪʨʦʚ ʤʦʜʝʣʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚʠʨʫʩʥʳʭ 

ʠʥʬʝʢʮʠʡ ʧʦʜʛʦʪʦʚʣʝʥ ʥʘʙʦʨ ʜʘʥʥʳʭ, ʦʧʠʩʳʚʘʶʱʠʡ ʜʠʥʘʤʠʢʫ ʤʦʜʝʣʠʨʫʝʤʳʭ 

ʧʨʦʮʝʩʩʦʚ ʧʦ ʚʠʨʫʩʦʣʦʛʠʯʝʩʢʠʤ, ʛʠʩʪʦʣʦʛʠʯʝʩʢʠʤ, ʮʠʪʦʤʝʪʨʠʯʝʩʢʠʤ ʠ 

ʪʨʘʥʩʢʨʠʧʪʦʤʥʳʤ ʠʟʤʝʨʝʥʠʷʤ ʚ ʥʘʟʘʣʴʥʦʤ ʵʧʠʪʝʣʠʠ (in situ) ʯʝʣʦʚʝʢʘ (in vivo) 

ʥʘ ʦʪʨʝʟʢʝ ʚʨʝʤʝʥʠ ʚ 0 ï 7 ʩʫʪʦʢ ʧʦʩʣʝ ʠʥʬʠʮʠʨʦʚʘʥʠʷ. ʇʨʦʚʝʜʝʥʘ ʧʨʦʮʝʜʫʨʘ 

ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʧʘʨʘʤʝʪʨʦʚ ʤʦʜʝʣʠ.  

ɺ ʧʨʦʮʝʜʫʨʝ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ 

ʬʫʥʢʮʠʦʥʘʣ (10). ʊʘʢʦʡ ʚʠʜ ʬʫʥʢʮʠʦʥʘʣʘ ʫʜʦʙʝʥ ʚ ʩʣʫʯʘʝ ʙʦʣʴʰʦʛʦ ʨʘʟʙʨʦʩʘ 

ʚʝʣʠʯʠʥ ʜʘʥʥʳʭ. 

  ɮ ‌ В В
ȟ  

 

ȟ  

ȟ ,              (10) 

ʛʜʝ ʜʘʥʥʳʤ ʜʣʷ i-ʡ ʧʝʨʝʤʝʥʥʦʡ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ tj, ʦʙʦʟʥʘʯʝʥʥʳʤ ώ  , 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʝʰʝʥʠʝ ʤʦʜʝʣʠ ώ ὸ ȟ ‌ ; M ï ʨʘʟʤʝʨ ʚʝʢʪʦʨʘ ʜʘʥʥʳʭ, N ï 

ʨʘʟʤʝʨ ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʡ ʤʦʜʝʣʠ. 

ɺʳʯʠʩʣʠʪʝʣʴʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʵʬʬʝʢʪ ʩʠʣʴʥʦʛʦ ʠʣʠ 

ʯʘʩʪʠʯʥʦʛʦ ʫʛʥʝʪʝʥʠʷ ʨʝʧʣʠʢʘʮʠʠ ʚʠʨʫʩʘ ʛʨʠʧʧʘ ɸ ʚʠʨʫʩʦʤ SARS-CoV-2 

(ʨʠʩ. 1). 
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ʈʠʩ. 1. ʉʥʠʞʝʥʠʝ ʜʦʣʠ ʠʥʬʠʮʠʨʦʚʘʥʥʳʭ ʢʣʝʪʦʢ ὅ  ʧʨʠ ʠʥʬʠʮʠʨʦʚʘʥʠʠ 

ʛʨʠʧʧʦʤ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ t [ʩʫʪʢʠ] ʧʦʩʣʝ ʠʥʬʠʮʠʨʦʚʘʥʠʷ                                   

ʚʠʨʫʩʦʤ SARS-CoV-2 
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ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥ ʣʦʢʘʣʴʥʳʡ ʨʘʟʨʳʚʥʳʡ ʤʝʪʦʜ ɻʘʣʝʨʢʠʥʘ (LDG, 

ʩʤ. [1, 2]) ʜʣʷ ʦʜʥʦʤʝʨʥʦʡ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʢʦʥʚʝʢʮʠʠïʜʠʬʬʫʟʠʠ ʩ 

ʧʝʨʠʦʜʠʯʝʩʢʠʤʠ ʛʨʘʥʠʯʥʳʤ ʫʩʣʦʚʠʷʤʠ. ʄʝʪʦʜ LDG ʷʚʣʷʝʪʩʷ ʦʙʦʙʱʝʥʠʝʤ 

ʨʘʟʨʳʚʥʦʛʦ ʤʝʪʦʜʘ ɻʘʣʝʨʢʠʥʘ (RKDG) ʜʣʷ ʛʠʧʝʨʙʦʣʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ. ʉʫʪʴ 

ʤʝʪʦʜʘ LDG ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʫʨʘʚʥʝʥʠʡ ʚʳʩʦʢʦʛʦ ʧʦʨʷʜʢʘ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ, ʩ 

ʧʦʤʦʱʴʶ ʟʘʤʝʥʳ ʧʝʨʝʤʝʥʥʳʭ, ʚ ʚʠʜʝ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ. ʇʨʠ 

ʪʘʢʦʤ ʧʝʨʝʭʦʜʝ ʪʦʣʴʢʦ ʦʜʥʦ ʫʨʘʚʥʝʥʠʝ ʙʫʜʝʪ ʩʦʜʝʨʞʘʪʴ ʧʨʦʠʟʚʦʜʥʫʶ ʧʦ 

ʚʨʝʤʝʥʠ. ʋʨʘʚʥʝʥʠʷ, ʥʝ ʩʦʜʝʨʞʘʱʠʝ ʧʨʦʠʟʚʦʜʥʫʶ ʧʦ ʚʨʝʤʝʥʠ, ʤʦʞʥʦ 

ʨʘʟʨʝʰʠʪʴ ʣʦʢʘʣʴʥʦ ʚ ʢʘʞʜʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʷʯʝʡʢʝ ʩʝʪʢʠ.  

ɺ ʤʝʪʦʜʝ LDG ʧʨʠʤʝʥʷʶʪʩʷ ʙʘʟʠʩʥʳʝ ʬʫʥʢʮʠʠ, ʨʘʟʨʳʚʥʳʝ ʥʘ ʛʨʘʥʠʮʘʭ 

ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʯʠʩʣʝʥʥʦʤʫ ʨʝʰʝʥʠʶ ʠʤʝʪʴ ʨʘʟʨʳʚʳ ʥʘ 

ʵʪʠʭ ʛʨʘʥʠʮʘʭ, ʯʪʦ ʦʩʦʙʝʥʥʦ ʧʦʣʝʟʥʦ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʧʨʦʮʝʩʩʦʚ ʩ ʨʝʟʢʠʤʠ 

ʠʟʤʝʥʝʥʠʷʤʠ ʠʣʠ ʨʘʟʨʳʚʘʤʠ. ɺ ʢʘʯʝʩʪʚʝ ʩʠʩʪʝʤʳ ʙʘʟʠʩʥʳʭ ʬʫʥʢʮʠʡ ʚʳʙʨʘʥʘ 

ʦʨʪʦʛʦʥʘʣʴʥʘʷ ʩʠʩʪʝʤʘ ʧʦʣʠʥʦʤʦʚ ʃʝʞʘʥʜʨʘ.  

ɺ ʨʘʙʦʪʝ LDG ʧʨʠʤʝʥʷʝʪʩʷ ʢ ʣʠʥʝʡʥʳʤ ʠ ʥʝʣʠʥʝʡʥʳʤ ʟʘʜʘʯʘʤ 

ʢʦʥʚʝʢʮʠʠïʜʠʬʬʫʟʠʠ. ʇʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʜʣʷ ʩʠʩʪʝʤʳ 

ʫʨʘʚʥʝʥʠʡ ʛʠʜʨʦʜʠʥʘʤʠʢʠ, ʚʢʣʶʯʘʷ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʪʝʯʝʥʠʡ ʩ ʨʝʟʢʠʤʠ 

ʛʨʘʜʠʝʥʪʘʤʠ. 
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ʇʨʠ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʠ ʜʦʨʦʞʥʦʛʦ ʜʚʠʞʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ 

ʪʦʧʦʣʦʛʠʯʝʩʢʠʝ ʦʛʨʘʥʠʯʝʥʠʷ ʜʦʨʦʞʥʦʡ ʩʝʪʠ ʠ ʜʠʥʘʤʠʯʝʩʢʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-

ʚʨʝʤʝʥʥʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ, ʥʦ ʪʨʘʜʠʮʠʦʥʥʳʝ ʤʝʪʦʜʳ, ʪʘʢʠʝ ʢʘʢ STGCN [1] 

(Spatio-temporal Graph Convolutional Networks), ʦʩʥʦʚʘʥʳ ʥʘ ʩʪʘʪʠʯʝʩʢʠʭ 

ʤʘʪʨʠʮʘʭ ʩʤʝʞʥʦʩʪʠ, ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʳʭ ʪʨʫʜʥʦ ʫʣʦʚʠʪʴ ʜʠʥʘʤʠʯʝʩʢʠʝ ʩʚʷʟʠ, 

ʚʳʟʚʘʥʥʳʝ ʪʨʫʜʥʦ ʧʨʦʛʥʦʟʠʨʫʝʤʳʤʠ ʬʘʢʪʦʨʘʤʠ, ʪʘʢʠʤʠ ʢʘʢ ʠʟʤʝʥʝʥʠʷ ʧʦʛʦʜʳ 

ʠ ʜʦʨʦʞʥʦ-ʪʨʘʥʩʧʦʨʪʥʳʝ ʧʨʦʠʩʰʝʩʪʚʠʷ. ʊʘʢʞʝ ʪʨʘʜʠʮʠʦʥʥʳʝ ʤʝʪʦʜʳ ʥʝ 

ʫʯʠʪʳʚʘʶʪ ʦʛʨʘʥʠʯʝʥʠʷ ʬʠʟʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ [2]. ɺ ʢʘʯʝʩʪʚʝ ʧʫʪʠ 

ʧʨʝʦʜʦʣʝʥʠʷ ʫʢʘʟʘʥʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʝʪʩʷ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʫʣʴʪʠʤʦʜʘʣʴʥʳʡ ʤʝʪʘʛʨʘʬ ʩ ʨʘʩʰʠʨʝʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ, ʢʦʪʦʨʳʡ 

ʦʙʲʝʜʠʥʷʝʪ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʘʪʨʠʙʫʪʳ ʦʙʲʝʢʪʦʚ, ʧʦʛʦʜʥʳʝ ʷʚʣʝʥʠʷ ʠ ʜʘʥʥʳʝ ʦ 

ʜʦʨʦʞʥʦʤ ʜʚʠʞʝʥʠʠ ʚ ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʛʨʘʬʦʚʦʡ ʩʪʨʫʢʪʫʨʳ ʩʝʤʘʥʪʠʯʝʩʢʦʛʦ ʚʦʩʧʨʠʷʪʠʷ. ɺ ʯʘʩʪʥʦʩʪʠ, ʨʘʟʨʘʙʦʪʘʥ 

ʤʫʣʴʪʠʤʦʜʘʣʴʥʳʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʦʡ ʛʝʥʝʨʘʪʦʨ ʤʝʪʘʛʨʘʬʦʚ, 

ʠʩʧʦʣʴʟʫʶʱʠʡ ʩʝʪʴ graph attention network (GATv2 [3]) ʜʣʷ ʢʦʜʠʨʦʚʘʥʠʷ 

ʬʫʥʢʮʠʦʥʘʣʴʥʦʛʦ ʩʭʦʜʩʪʚʘ ʫʟʣʦʚ (ʥʘʧʨʠʤʝʨ, ʚʝʩʦʚ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʢʦʤʤʝʨʯʝʩʢʠʭ ʨʘʡʦʥʦʚ ʠ ʩʪʘʥʮʠʡ ʤʝʪʨʦ) ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʜʠʬʬʫʟʠʦʥʥʦʡ ʩʚʝʨʪʢʦʡ 

ʜʣʷ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʩʘʜʢʦʚ ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʟʘʤʝʜʣʝʥʠʷ 

ʜʦʨʦʞʥʦʡ ʩʝʪʠ. ʊʘʢʞʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʜʠʥʘʤʠʯʝʩʢʠ ʢʦʨʨʝʢʪʠʨʦʚʘʪʴ ʤʘʪʨʠʮʫ 

ʩʤʝʞʥʦʩʪʠ ʩ ʧʦʤʦʱʴʶ ʩʪʨʦʙʠʨʫʶʱʝʛʦ ʤʝʭʘʥʠʟʤʘ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʚʷʟʠ ʬʠʟʠʯʝʩʢʦʡ ʪʦʧʦʣʦʛʠʠ ʠ ʚʥʝʰʥʠʭ ʩʦʙʳʪʠʡ. ʌʦʨʤʫʣʘ 

ʚʳʨʘʞʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ:   

ὃ ὃ
ÐÈÙÓ

ṩ ʎ ὡ ύ
ÐÏÉ

ȿȿὬÒÁÉÎȿȿὬÒÁÉÎ  

ὃ  ï ʜʠʥʘʤʠʯʝʩʢʠʝ ʚʝʩʘ ʩʦʩʝʜʩʪʚʘ ʤʝʞʜʫ ʫʟʣʘʤʠ i ʠ j. ὃ
phys

 ï ʤʘʪʨʠʮʘ 

ʬʠʟʠʯʝʩʢʠʭ ʩʦʩʝʜʩʪʚ (ʥʘʧʨʠʤʝʨ, ʬʠʟʠʯʝʩʢʠ ʩʚʷʟʘʥʳ ʜʦʨʦʛʠ ʠʣʠ ʥʝʪ). ṩ ï  

ʧʨʦʠʟʚʝʜʝʥʠʝ ɸʜʘʤʘʨʜʘ (ʫʤʥʦʞʝʥʠʝ ʥʘ ʵʣʝʤʝʥʪ) ʜʣʷ ʦʙʲʝʜʠʥʝʥʠʷ ʬʠʟʠʯʝʩʢʠʭ 

ʢʚʘʨʪʘʣʦʚ ʩ ʜʠʥʘʤʠʯʝʩʢʠʤʠ ʧʦʧʨʘʚʦʯʥʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ. ʎ ï  

ʩʠʛʤʦʠʜʘʣʴʥʘʷ ʬʫʥʢʮʠʷ, ʢʦʪʦʨʘʷ ʩʞʠʤʘʝʪ ʚʳʭʦʜ ʚ ʜʠʘʧʘʟʦʥ [0,1] ʚ ʢʘʯʝʩʪʚʝ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʢʦʨʨʝʢʪʠʨʦʚʢʠ ʚʝʩʘ. ὡ  ï ʦʙʫʯʘʝʤʘʷ ʤʘʪʨʠʮʘ ʚʝʩʦʚ ʜʣʷ 

ʦʪʦʙʨʘʞʝʥʠʷ ʧʨʠʟʥʘʢʦʚ. ȿȿ ï ʦʧʝʨʘʮʠʷ ʩʨʘʱʠʚʘʥʠʷ ʚʝʢʪʦʨʦʚ (ʢʦʥʢʘʪʝʥʘʮʠʷ). 

ύ
poi

 ï  ʩʭʦʜʩʪʚʦ POI (ʪʦʯʝʢ ʠʥʪʝʨʝʩʘ) ʤʝʞʜʫ ʫʟʣʦʤ ʠ ʤʝʩʪʦʧʦʣʦʞʝʥʠʝʤ 
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(ʥʘʧʨʠʤʝʨ, ʩʦʚʧʘʜʝʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʤʤʝʨʯʝʩʢʠʭ ʠ ʞʠʣʳʭ ʨʘʡʦʥʦʚ). Ὤrain ï  

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʩʘʜʢʦʚ (ʥʘʧʨʠʤʝʨ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʦʩʘʜʢʦʚ, ʚʣʠʷʥʠʝ ʦʩʘʜʢʦʚ ʚ 

ʧʨʦʰʣʦʤ ʠ ʪ. ʜ.) ʜʣʷ ʫʟʣʘ i. ɺ ʛʨʘʬʦʚʳʭ ʥʝʡʨʦʥʥʳʭ ʩʝʪʷʭ ʫʟʣʳ i ʠ j ʦʙʳʯʥʦ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʜʚʝ ʩʫʱʥʦʩʪʠ ʠʣʠ ʤʝʩʪʘ ʚ ʩʝʪʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʮʝʥʘʨʠʷ 

ʧʨʠʤʝʥʝʥʠʷ. ɺ ʥʘʰʝʤ ʤʝʪʦʜʝ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʪʨʘʬʠʢʘ ʢʘʞʜʳʡ ʫʟʝʣ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʤʝʩʪʦʧʦʣʦʞʝʥʠʝ ʜʘʪʯʠʢʘ ʪʨʘʬʠʢʘ (ʥʘʧʨʠʤʝʨ, ʛʝʦʩʦʪʳ, ʢʘʤʝʨʳ), 

ʜʦʨʦʞʥʳʡ ʧʝʨʝʢʨʝʩʪʦʢ). 

ʀʩʭʦʜʷ ʠʟ ʵʪʦʛʦ ʤʳ ʚʥʝʜʨʷʝʤ ʤʦʜʫʣʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʦʛʦ 

ʚʥʠʤʘʥʠʷ ʩ ʫʯʝʪʦʤ ʢʘʥʘʣʦʚ, ʠʩʧʦʣʴʟʫʝʤ ʚʥʠʤʘʥʠʝ ʢ ʤʥʦʛʦʛʣʘʚʦʤʫ ʛʨʘʬʫ ʚ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʤ ʠʟʤʝʨʝʥʠʠ ʜʣʷ ʫʩʠʣʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʫʟʣʦʚ 

(ʥʘʧʨʠʤʝʨ, ʜʣʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʟʘʪʦʨʦʚ ʚ ʢʦʤʤʝʨʯʝʩʢʠʭ ʨʘʡʦʥʘʭ [4]) ʠ 

ʠʥʪʝʛʨʠʨʫʝʤ ʜʝʬʦʨʤʠʨʫʝʤʫʶ ʩʚʝʨʪʢʫ ʠ ʛʣʦʙʘʣʴʥʦʝ ʚʥʠʤʘʥʠʝ ʚʦ ʚʨʝʤʝʥʥʦʤ 

ʠʟʤʝʨʝʥʠʠ [5], ʯʪʦʙʳ ʬʠʢʩʠʨʦʚʘʪʴ ʣʦʢʘʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ, ʧʝʨʠʦʜʠʯʝʩʢʠʝ 

ʢʦʣʝʙʘʥʠʷ ʧʦʛʦʜʳ ʠ ʩʦʙʳʪʠʷ ʠ ʤʦʜʝʣʠʨʦʚʘʪʴ ʵʬʬʝʢʪʳ ʤʝʞʤʦʜʘʣʴʥʦʡ ʩʚʷʟʠ ʩ 

ʧʦʤʦʱʴʶ ʤʝʭʘʥʠʟʤʦʚ ʧʝʨʝʢʨʝʩʪʥʦʛʦ ʚʥʠʤʘʥʠʷ (ʪʘʢʠʭ ʢʘʢ ʘʩʩʦʮʠʘʮʠʷ 

çʩʠʣʴʥʳʡ ʜʦʞʜʴ ï ʜʝʣʦʚʦʡ ʨʘʡʦʥ ï ʚʝʯʝʨʥʠʡ ʯʘʩ ʧʠʢè). 

ʏʪʦʙʳ ʧʨʝʦʜʦʣʝʪʴ ʦʛʨʘʥʠʯʝʥʠʷ ʪʨʘʜʠʮʠʦʥʥʦʡ ʩʪʘʪʠʯʝʩʢʦʡ ʛʨʘʬʦʚʦʡ 

ʩʪʨʫʢʪʫʨʳ, ʦʥʘ ʟʘʤʝʥʷʝʪʩʷ ʜʠʥʘʤʠʯʝʩʢʦʡ ʛʝʪʝʨʦʛʝʥʥʦʡ ʛʨʘʬʦʚʦʡ ʩʪʨʫʢʪʫʨʦʡ, 

ʩʪʨʦʷʪʩʷ ʩʝʤʘʥʪʠʯʝʩʢʠʝ ʤʝʪʘ-ʧʫʪʠ (ʪʘʢʠʝ ʢʘʢ çʨʘʟʜʝʣ A ï ʧʝʨʠʦʜ ʚʨʝʤʝʥʠ-

ʧʦʛʦʜʘ ï ʨʘʟʜʝʣ Bè) ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʥʝʷʚʥʳʤ ʢʦʨʨʝʣʷʮʠʦʥʥʳʤ ʘʥʘʣʠʟʦʤ, ʘ 

ʪʘʢʞʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʛʝʪʝʨʦʛʝʥʥʳʡ ʛʨʘʬ. ʅʝʡʨʦʥʥʳʝ ʩʝʪʠ (HGNN [6]) ʧʦʟʚʦʣʷʶʪ 

ʠʟʫʯʘʪʴ ʜʠʥʘʤʠʯʝʩʢʠʝ ʚʝʩʘ ʛʨʘʥʠʮ ʠ ʦʙʲʝʜʠʥʷʪʴ ʤʝʭʘʥʠʟʤʳ ʨʝʘʛʠʨʦʚʘʥʠʷ ʥʘ 

ʩʦʙʳʪʠʷ ʚ ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ (ʪʘʢʠʝ ʢʘʢ ʦʙʥʘʨʫʞʝʥʠʝ ʜʦʨʦʞʥʦ-ʪʨʘʥʩʧʦʨʪʥʳʭ 

ʧʨʦʠʩʰʝʩʪʚʠʡ) ʜʣʷ ʦʙʥʦʚʣʝʥʠʷ ʤʘʪʨʠʮʳ ʩʤʝʞʥʦʩʪʠ. ʉ ʧʦʤʦʱʴʶ ʬʠʟʠʢʦ-

ʩʝʤʘʥʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʜʚʫʤʷ ʤʦʜʘʣʴʥʦʩʪʷʤʠ ʵʪʦʪ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ 

ʯʝʪʢʦ ʨʘʟʣʠʯʘʪʴ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʦʨʦʞʥʦʡ ʩʝʪʠ ʠ 

ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʳʝ ʧʦʩʣʝʜʩʪʚʠʷ ʯʨʝʟʚʳʯʘʡʥʳʭ ʩʠʪʫʘʮʠʡ, ʪʘʢʠʭ ʢʘʢ 

ʧʨʦʣʠʚʥʳʝ ʜʦʞʜʠ, ʢʦʪʦʨʳʝ ʧʨʠʚʦʜʷʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʟʘʪʦʨʦʚ ʚʦʢʨʫʛ ʵʧʠʮʝʥʪʨʘ ʩʦʙʳʪʠʷ. 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʤʝʭʘʥʠʟʤ ʠʝʨʘʨʭʠʯʝʩʢʦʛʦ ʚʥʠʤʘʥʠʷ 

ʦʧʪʠʤʠʟʠʨʫʝʪ ʫʯʝʪ ʨʘʟʥʦʨʦʜʥʳʭ ʟʥʘʥʠʡ ʟʘ ʩʯʝʪ ʜʚʦʡʥʦʛʦ ʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʘ ʫʨʦʚʥʝ ʫʟʣʦʚ ʠ ʥʘ ʫʨʦʚʥʝ ʪʨʘʝʢʪʦʨʠʠ: ʥʘ ʫʨʦʚʥʝ ʫʟʣʦʚ 

ʨʘʟʣʠʯʘʶʪʩʷ ʨʘʟʥʦʨʦʜʥʳʝ ʪʠʧʳ ʫʟʣʦʚ, ʪʘʢʠʝ ʢʘʢ ʜʘʪʯʠʢʠ ʜʦʨʦʞʥʦʛʦ ʜʚʠʞʝʥʠʷ, 

ʤʝʪʝʦʩʪʘʥʮʠʠ ʠ ʢʣʘʩʪʝʨʳ POI (ʥʘʧʨʠʤʝʨ, ʦʛʨʘʥʠʯʝʥʠʝ ʫʯʘʩʪʠʷ ʫʟʣʦʚ 

ʤʝʪʝʦʩʪʘʥʮʠʡ ʪʦʣʴʢʦ ʚ ʩʚʷʟʘʥʥʳʭ ʩ ʧʦʛʦʜʦʡ ʧʨʦʮʝʩʩʘʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ) ʠ 

ʜʠʥʘʤʠʯʝʩʢʠʡ ʨʘʩʯʝʪ ʢʦʨʨʝʣʷʮʠʦʥʥʳʭ ʚʝʩʦʚ ʧʝʨʝʢʨʝʩʪʥʳʭ ʪʠʧʦʚ ʫʟʣʦʚ 

(ʥʘʧʨʠʤʝʨ, ʢʦʣʠʯʝʩʪʚʝʥʥʘʷ ʦʮʝʥʢʘ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚʣʠʷʥʠʷ ʩʪʘʥʮʠʡ ʤʝʪʨʦ ʥʘ 

ʚʝʯʝʨʥʠʡ ʧʠʢ ʪʨʘʬʠʢʘ ʙʣʠʟʣʝʞʘʱʠʭ ʫʯʘʩʪʢʦʚ) ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʪʦʯʥʦʛʦ 

ʩʝʤʘʥʪʠʯʝʩʢʦʛʦ ʚʳʨʘʚʥʠʚʘʥʠʷ ʤʫʣʴʪʠʤʦʜʘʣʴʥʳʭ ʫʟʣʦʚ; ʥʘ ʫʨʦʚʥʝ ʧʫʪʝʡ ʦʥ 

ʧʨʠʩʚʘʠʚʘʝʪ ʜʠʥʘʤʠʯʝʩʢʫʶ ʚʘʞʥʦʩʪʴ ʪʘʢʠʤ ʤʝʪʘʧʫʪʷʤ ʢʘʢ çʫʯʘʩʪʦʢ ʜʦʨʦʛʠ ï 

ʧʦʛʦʜʥʳʝ ʫʩʣʦʚʠʷ ï ʩʦʙʳʪʠʝè (ʥʘʧʨʠʤʝʨ, ʫʚʝʣʠʯʝʥʠʝ ʚʝʩʘ ʤʘʨʰʨʫʪʘ çʘʚʘʨʠʷ ï 

ʟʘʪʦʨè ʚ ʩʮʝʥʘʨʠʷʭ ʩʠʣʴʥʦʛʦ ʜʦʞʜʷ), ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʦʜʜʝʨʞʢʘ 

ʤʫʣʴʪʠʤʦʜʘʣʴʥʳʭ ʫʟʣʦʚ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʩʝʤʘʥʪʠʯʝʩʢʦʤ ʤʝʪʘʧʫʪʝʰʝʩʪʚʠʠ 

ʩʮʝʥʳ, ʚʳʙʠʨʘʝʪʩʷ ʘʜʘʧʪʠʚʥʦ (ʥʘʧʨʠʤʝʨ,   ʤʘʨʰʨʫʪ   ʧʨʠʛʦʨʦʜʥʦʛʦ   ʩʦʦʙʱʝʥʠʷ    



121 
 

 
ʈʠʩ. 1. ʇʨʠʤʝʨ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʦʡ ʜʠʘʛʨʘʤʤʳ ʵʣʝʤʝʥʪʦʚ.  

ʚ ʙʫʜʥʠʝ ʜʥʠ ʠ ʤʘʨʰʨʫʪ ʜʝʣʦʚʦʛʦ ʨʘʡʦʥʘ ʧʦ ʧʨʘʟʜʥʠʢʘʤ), ʯʪʦʙʳ ʷʚʥʦ 

ʩʤʦʜʝʣʠʨʦʚʘʪʴ ʚʟʘʠʤʦʩʚʷʟʴ ʤʝʞʜʫ ʬʠʟʠʯʝʩʢʦʡ ʪʦʧʦʣʦʛʠʝʡ ʠ ʚʥʝʰʥʠʤʠ 

ʩʦʙʳʪʠʷʤʠ ʠ ʟʘʚʝʨʰʠʪʴ ʜʠʥʘʤʠʯʝʩʢʫʶ ʨʝʢʦʥʩʪʨʫʢʮʠʶ ʠ ʩʝʤʘʥʪʠʯʝʩʢʦʝ 

ʨʘʩʰʠʨʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʟʥʘʥʠʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʛʝʪʝʨʦʛʝʥʥʦʛʦ ʛʨʘʬʘ. 

ʆʩʥʦʚʥʦʝ ʥʦʚʰʝʩʪʚʦ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʦʧʪʠʤʠʟʘʮʠʠ 

ʤʫʣʴʪʠʤʦʜʘʣʴʥʦʛʦ ʦʙʲʝʜʠʥʝʥʠʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʳʭ ʤʝʪʘʜʠʘʛʨʘʤʤ ʠ 

ʨʘʟʨʘʙʦʪʢʝ ʤʝʭʘʥʠʟʤʘ ʫʯʝʪʘ ʨʘʟʥʦʨʦʜʥʳʭ ʟʥʘʥʠʡ, ʢʦʪʦʨʳʡ ʥʝ ʪʦʣʴʢʦ ʩʦʭʨʘʥʷʝʪ 

ʧʨʝʠʤʫʱʝʩʪʚʘ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʚʝʨʪʢʠ ʛʨʘʬʘ ʚ ʪʦʧʦʣʦʛʠʠ, ʥʦ ʠ ʧʦʚʳʰʘʝʪ 

ʘʜʘʧʪʠʚʥʦʩʪʴ ʩʣʦʞʥʳʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʳʭ ʤʦʜʝʣʝʡ ʟʘ ʩʯʝʪ 

ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʝʩʦʚ.  

ʅʘ ʨʠʩʫʥʢʝ 1 ʧʨʝʜʩʪʘʚʣʝʥʳ: ʤʝʪʝʦʩʪʘʥʮʠʷ E ï ʫʟʝʣ-ʠʩʪʦʯʥʠʢ ʧʦʛʦʜʥʳʭ 

ʜʘʥʥʳʭ ʜʣʷ ʘʥʘʣʠʟʘ ʚʣʠʷʥʠʷ ʧʦʛʦʜʳ ʥʘ ʜʨʫʛʠʝ ʩʮʝʥʘʨʠʠ (ʥʘʧʨʠʤʝʨ, ʜʦʨʦʞʥʦʝ 

ʜʚʠʞʝʥʠʝ); ʜʘʪʯʠʢʠ A ʠ B ï ʦʪʚʝʯʘʶʪ ʟʘ ʩʙʦʨ ʜʘʥʥʳʭ ʦ ʪʨʘʬʠʢʝ (ʥʘʧʨʠʤʝʨ, 

ʪʨʘʥʩʧʦʨʪʥʳʡ ʧʦʪʦʢ, ʩʢʦʨʦʩʪʴ ʠ ʪ.ʜ.) ʠ ʷʚʣʷʶʪʩʷ ʢʦʥʝʯʥʳʤ ʧʫʥʢʪʦʤ ʩʙʦʨʘ 

ʠʥʬʦʨʤʘʮʠʠ ʦ ʪʨʘʬʠʢʝ; ʧʝʨʝʢʨʝʩʪʦʢ X ï ʫʟʝʣ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʫʟʣʘ, ʦʥ ʥʘʧʨʷʤʫʶ 

ʩʚʷʟʘʥ ʩ ʜʘʪʯʠʢʘʤʠ ʪʨʘʬʠʢʘ, ʯʪʦ ʦʪʨʘʞʘʝʪ ʩʚʷʟʴ ʩ ʬʠʟʠʯʝʩʢʠʤ 

ʤʝʩʪʦʧʦʣʦʞʝʥʠʝʤ; ʢʦʤʤʝʨʯʝʩʢʘʷ ʟʦʥʘ C ï ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʝ ʜʘʥʥʳʝ POI (Point 

of Interest), ʠʩʧʦʣʴʟʫʝʤʳʝ ʜʣʷ ʦʧʠʩʘʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʘʪʨʠʙʫʪʦʚ ʟʦʥʳ 

(ʥʘʧʨʠʤʝʨ, ʢʦʤʤʝʨʯʝʩʢʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ, ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʙʲʝʢʪʦʚ); ʩʪʘʥʮʠʷ 

ʤʝʪʨʦ D ï ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʫʟʝʣ ʪʨʘʥʩʧʦʨʪʥʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ, 

ʠʥʪʝʛʨʠʨʦʚʘʥʥʳʡ ʚ ʤʫʣʴʪʠʤʦʜʘʣʴʥʳʡ ʤʝʪʘʛʨʘʬ. 

ɺ ʜʘʣʴʥʝʡʰʠʭ ʨʘʙʦʪʘʭ ʧʣʘʥʠʨʫʝʪʩʷ ʠʟʫʯʠʪʴ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʝ 

ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʤʥʦʛʦʠʥʪʝʣʣʝʢʪʫʘʣʴʥʦʡ 

ʘʨʭʠʪʝʢʪʫʨʝ, ʦʙʲʝʜʠʥʷʶʱʝʡ ʥʝʡʨʦʥʥʳʝ ʩʝʪʠ ʩ ʛʝʪʝʨʦʛʝʥʥʳʤʠ ʛʨʘʬʘʤʠ (HGNN) 

ʠ ʪʝʦʨʠʶ ʜʠʥʘʤʠʯʝʩʢʠʭ ʠʛʨ. ɺ ʥʘʰʝʡ ʘʨʭʠʪʝʢʪʫʨʝ ʩʪʘʪʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ, ʪʘʢʠʝ 

ʢʘʢ ʨʘʩʧʦʣʦʞʝʥʠʝ ʩʚʝʪʦʬʦʨʘ ʠ ʪʦʧʦʣʦʛʠʷ ʜʦʨʦʛʠ, ʠ ʜʠʥʘʤʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ, 

ʪʘʢʠʝ ʢʘʢ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʚʠʞʝʥʠʷ ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʨʝʜʩʪʚ ʠ ʧʝʰʝʭʦʜʦʚ [7], 

ʝʜʠʥʦʦʙʨʘʟʥʦ ʢʦʜʠʨʫʶʪʩʷ ʢʘʢ ʫʟʣʳ ʛʝʪʝʨʦʛʝʥʥʦʛʦ ʛʨʘʬʘ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʯʘʩʪʴʶ 

ʘʨʭʠʪʝʢʪʫʨʳ, ʧʨʝʜʩʪʘʚʣʷʶʱʝʡ ʛʝʪʝʨʦʛʝʥʥʳʝ ʵʣʝʤʝʥʪʳ. ɼʨʫʛʦʡ ʚʘʞʥʦʡ ʯʘʩʪʴʶ 

ʘʨʭʠʪʝʢʪʫʨʳ ʷʚʣʷʝʪʩʷ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʜʠʥʘʤʠʯʝʩʢʠʭ ʠʛʨ, ʢʦʪʦʨʦʝ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʵʚʦʣʶʮʠʦʥʥʫʶ ʪʝʦʨʠʶ ʠʛʨ ʜʣʷ ʘʥʘʣʠʟʘ ʠʥʪʝʨʝʩʫʶʱʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʤʝʞʜʫ 

ʪʨʘʥʩʧʦʨʪʥʳʤʠ ʩʨʝʜʩʪʚʘʤʠ ʠ ʧʝʰʝʭʦʜʘʤʠ ʠ ʨʘʟʣʠʯʥʳʤʠ ʨʝʞʠʤʘʤʠ ʜʚʠʞʝʥʠʷ 

(ʥʘʧʨʠʤʝʨ, ʧʨʘʚʦʧʦʚʦʨʦʪʥʳʝ ʪʨʘʥʩʧʦʨʪʥʳʝ ʩʨʝʜʩʪʚʘ, ʢʦʥʢʫʨʠʨʫʶʱʠʝ ʩ 

ʧʝʰʝʭʦʜʘʤʠ ʟʘ ʧʨʘʚʦ ʧʨʦʝʟʜʘ) [8], ʠ ʫʩʪʘʥʘʚʣʠʚʘʝʪ ʤʝʭʘʥʠʟʤ ʧʦʤʠʥʫʪʥʦʛʦ 

ʦʙʥʦʚʣʝʥʠʷ ʩʪʨʘʪʝʛʠʠ ʧʫʪʝʤ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʠ ʵʚʦʣʶʮʠʦʥʥʳʭ ʟʘʢʦʥʦʚ 

ʛʨʫʧʧʦʚʦʛʦ ʧʦʚʝʜʝʥʠʷ (ʥʘʧʨʠʤʝʨ, ʨʘʚʥʦʚʝʩʠʷ ʅʵʰʘ). ʊʦʯʥʦʩʪʴ ʠ 

ʩʚʦʝʚʨʝʤʝʥʥʦʩʪʴ ʧʨʦʛʥʦʟʦʚ ʜʣʷ ʤʥʦʛʦʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʭ ʩʠʩʪʝʤ 
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ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʪʝʣ ʧʨʠ ʚʥʝʟʘʧʥʳʭ ʧʝʨʝʛʨʫʟʢʘʭ (ʥʘʧʨʠʤʝʨ, ʚʦ ʚʨʝʤʷ 

ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʳʭ ʤʝʨʦʧʨʠʷʪʠʡ) ʤʦʞʥʦ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʦʚʳʩʠʪʴ ʟʘ ʩʯʝʪ 

ʛʝʪʝʨʦʛʝʥʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʵʣʝʤʝʥʪʦʚ ʠ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʠʛʨʦʚʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 
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ʇʆɼʍʆɼ ʂ ɸɼɸʇʊʀɺʅʆʄʋ ʈɸʉʇʈɽɼɽʃɽʅʀʖ ʈɽʉʋʈʉʆɺ 

ʅɽʁʈʆʉɽʊɽʁ ʅɸ ʆʉʅʆɺɽ ʆʐʀɹʂʀ ɸʇʇʈʆʂʉʀʄɸʎʀʀ 

ʍ. ʉʝ
1
, ɺ.ʉ. ʉʤʦʣʠʥ

2
, ʍ. ʐʵʥ

1
  

1
ʄɻʋ ʠʤʝʥʠ ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ, ʛ. ʄʦʩʢʚʘ  

2
ʀʇʄ ʠʤ. ʄ.ɺ. ʂʝʣʜʳʰʘ ʈɸʅ, ʛ. ʄʦʩʢʚʘ 

hajhaose@gmail.com,  smolin@keldysh.ru, haoyuishen@yandex.ru 

ɺʚʝʜʝʥʠʝ 

ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʥʝʡʨʦʥʥʳʝ ʩʝʪʠ ʜʦʩʪʠʛʣʠ ʟʥʘʯʠʪʝʣʴʥʳʭ ʫʩʧʝʭʦʚ ʚ 

ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ï ʦʪ ʧʨʦʩʪʳʭ ʟʘʜʘʯ ʨʝʛʨʝʩʩʠʠ ʠ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʜʦ 

ʛʝʥʝʨʘʪʠʚʥʳʭ ʤʦʜʝʣʝʡ. ʀʟʫʯʝʥʠʝ ʦʩʥʦʚʥʦʛʦ ʤʝʪʦʜʘ ʦʙʫʯʝʥʠʷ ï ʦʙʨʘʪʥʦʛʦ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʦʰʠʙʢʠ (BP) ʧʦʟʚʦʣʠʣʦ ʥʝ ʪʦʣʴʢʦ ʜʘʣʝʢʦ ʧʨʦʜʚʠʥʫʪʴʩʷ ʚ 

ʨʝʰʝʥʠʠ ʩʘʤʳʭ ʨʘʟʥʳʭ ʟʘʜʘʯ ʀʀ, ʥʦ ʠ ʚʳʷʚʠʣʦ ʨʷʜ ʧʨʦʙʣʝʤ, ʚʩʪʨʝʯʘʶʱʠʭʩʷ ʥʘ 

ʧʨʘʢʪʠʢʝ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʤʥʦʞʝʩʪʚʦ ʠʩʩʣʝʜʦʚʘʥʠʡ, 

ʥʘʧʨʘʚʣʝʥʥʳʭ ʥʘ ʠʟʫʯʝʥʠʝ ʧʨʠʯʠʥ ʵʪʠʭ ʧʨʦʙʣʝʤ [1ï3], ʥʦ ʧʦʢʘ ʥʝ ʚʩʝ 

ʥʝʜʦʩʪʘʪʢʠ ʘʣʛʦʨʠʪʤʘ BP ʫʜʘʣʦʩʴ ʧʦʣʥʦʩʪʴʶ ʫʩʪʨʘʥʠʪʴ. 

ɺ ʜʘʥʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʧʨʝʜʩʪʘʚʣʝʥ ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ 

(ʧʦ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʬʫʥʢʮʠʠ) ʘʥʘʣʠʟ ʢʣʶʯʝʚʦʛʦ ʬʘʢʪʦʨʘ ʩʥʠʞʝʥʠʷ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʥʝʡʨʦʩʝʪʝʡ ʠ ʧʨʝʜʣʘʛʘʝʪʩʷ ʥʦʚʳʡ ʤʝʪʦʜ ʥʘʩʪʨʦʡʢʠ ʧʘʨʘʤʝʪʨʦʚ, 

ʩʦʯʝʪʘʶʱʠʡ ʛʨʘʜʠʝʥʪʥʳʡ ʩʧʫʩʢ ʠ ʢʘʨʪʠʨʦʚʘʥʠʝ. ʇʝʨʚʳʝ ʧʦʣʫʯʝʥʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ 

ʫʣʫʯʰʝʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʦʙʫʯʝʥʠʷ. 

ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʝʡʨʦʥʥʳʭ ʨʝʩʫʨʩʦʚ 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʨʘʟʤʝʨʘ ʠ ʛʣʫʙʠʥʳ ʥʝʡʨʦʥʥʦʡ 

ʩʝʪʠ ʥʝ ʚʩʝʛʜʘ ʧʦʚʳʰʘʝʪ ʝʸ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ [4, 5], ʫʢʘʟʳʚʘʷ ʥʘ 

ʥʝʵʬʬʝʢʪʠʚʥʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʯʘʩʪʠ ʥʝʡʨʦʥʦʚ ʧʨʠ ʦʙʫʯʝʥʠʠ ʤʝʪʦʜʦʤ 

ʦʙʨʘʪʥʦʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʦʰʠʙʢʠ (BP). ʕʢʩʧʝʨʠʤʝʥʪʳ ʚʳʷʚʠʣʠ ʜʚʝ ʦʩʥʦʚʥʳʝ 

ʧʨʦʙʣʝʤʳ: ʘ) ʤʥʦʛʠʝ ʥʝʡʨʦʥʳ ʥʝ ʧʨʦʷʚʣʷʶʪ ʥʝʣʠʥʝʡʥʳʭ ʩʚʦʡʩʪʚ ʥʘ ʫʯʘʩʪʢʘʭ ʩ 

ʚʳʩʦʢʦʡ ʦʰʠʙʢʦʡ, ʟʘʩʪʨʝʚʘʷ ʚ ʣʦʢʘʣʴʥʳʭ ʤʠʥʠʤʫʤʘʭ ʠ ʙ) ʯʘʩʪʴ ʥʝʡʨʦʥʦʚ 

ʨʘʙʦʪʘʝʪ ʪʦʣʴʢʦ ʚ ʣʠʥʝʡʥʦʤ ʨʝʞʠʤʝ. 

ʍʦʪʷ ʩʫʱʝʩʪʚʫʶʪ ʤʝʪʦʜʳ [6] ʜʣʷ ʨʝʰʝʥʠʷ ʚʪʦʨʦʡ ʧʨʦʙʣʝʤʳ, ʚʦʧʨʦʩ 

ʦʧʪʠʤʘʣʴʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʝʡʨʦʥʥʳʭ ʨʝʩʫʨʩʦʚ ʠʟʫʯʝʥ ʩʣʘʙʦ. ɺ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ ʘʢʪʠʚʘʮʠʷ ʥʝʡʨʦʥʦʚ ʟʘʚʠʩʠʪ ʦʪ ʛʨʘʜʠʝʥʪʥʦʛʦ ʩʧʫʩʢʘ, ʯʪʦ ʥʝʜʦʩʪʘʪʦʯʥʦ 

ʵʬʬʝʢʪʠʚʥʦ. ʇʨʝʜʣʘʛʘʝʪʩʷ ʤʝʪʦʜʘ ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʘʢʪʠʚʘʮʠʠ 

ʥʝʡʨʦʥʦʚ. 

ɺʚʝʜʝʤ ʩʣʝʜʫʶʱʠʝ ʦʙʦʟʥʘʯʝʥʠʷ: ═ᴆ▓ ╪░
▓   ʠ ╞ᴆ▓ ▫░

▓   ï ʚʭʦʜʥʦʡ ʠ 

ʚʳʭʦʜʥʦʡ ʚʝʢʪʦʨʘ ʘʢʪʠʚʘʮʠʠ ʩʣʦʷ ▓, ʛʜʝ ╪░
▓ ï ʝʛʦ Ὥ-ʦʡ ʢʦʤʧʦʥʝʥʪ (ʘʢʪʠʚʘʮʠʷ ░-

ʪʦʛʦ ʥʝʡʨʦʥʘ), ╦ᴆ
░
▓ ï ʚʝʢʪʦʨ ʚʭʦʜʥʳʭ ʚʝʩʦʚ ʩʚʷʟʝʡ Ὥ-ʪʦʛʦ ʥʝʡʨʦʥʘ ▓-ʦʛʦ ʩʣʦʷ ╫░

▓ 

ï ʩʤʝʱʝʥʠʝ ʵʪʦʛʦ ʥʝʡʨʦʥʘ, ʘ █ ï ʥʝʣʠʥʝʡʥʘʷ ʬʫʥʢʮʠʷ, ʪʦʛʜʘ ʢʦʤʧʦʥʝʥʪʳ 

ʚʝʢʪʦʨʦʚ ═ᴆ▓ ʠ ╞ᴆ▓ ʟʘʚʠʩʷʪ ʦʪ ╦ᴆ
░
▓ ʠ ʚʳʭʦʜʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ╞ᴆ▓  ʧʨʝʜʳʜʫʱʝʛʦ 

ʩʣʦʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ:  

╪░
▓ ╦ᴆ

░
▓╞ᴆ▓ ╫░

▓ Ƞ ▫░
▓ █ ╪░

▓                                    (1) 

mailto:hajhaose@gmail.com
mailto:smolin@keldysh.ru
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ʈʘʟʚʠʚʘʷ ʠʜʝʶ ʨʘʟʜʝʣʴʥʦʛʦ ʦʙʫʯʝʥʠʷ ʚʝʩʦʚ ʠ ʩʤʝʱʝʥʠʡ ʥʝʡʨʦʥʦʚ 

ʧʨʝʜʣʦʞʝʥʥʫʶ ʚ [3], ʤʳ ʦʙʫʯʘʝʤ ʚʝʩʘ ʤʝʪʦʜʦʤ BP, ʘ ʜʣʷ ʢʦʨʨʝʢʪʠʨʦʚʢʠ 

ʩʤʝʱʝʥʠʡ ʠʩʧʦʣʴʟʫʝʤ ʤʝʪʦʜ ʢʘʨʪʠʨʦʚʘʥʠʷ, ʢʦʪʦʨʳʡ ʩʜʚʠʛʘʝʪ ʧʦʣʦʞʝʥʠʝ 

ʦʙʣʘʩʪʝʡ ʧʨʦʷʚʣʝʥʠʷ ʥʝʣʠʥʝʡʥʳʭ ʩʚʦʡʩʪʚ ʥʝʡʨʦʥʦʚ ʪʘʢ, ʯʪʦʙʳ ʵʪʠ ʦʙʣʘʩʪʠ 

ʨʘʩʧʨʝʜʝʣʷʣʠʩʴ ʧʦ ʧʨʦʩʪʨʘʥʩʪʚʫ ʚʝʢʪʦʨʦʚ ╞ᴆ▓  ʨʘʚʥʦʤʝʨʥʦ ʧʦ ʨʘʩʩʪʦʷʥʠʷʤ ʠ 

ʫʨʦʚʥʷʤ ʦʰʠʙʢʠ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʠʷ. 

ʂʘʨʪʠʨʦʚʘʥʠʝ 

ʂʣʘʩʩʠʯʝʩʢʦʝ ʢʘʨʪʠʨʦʚʘʥʠʝ (SOM, ʧʦ ʂʦʭʦʥʝʥʫ [7]) ï ʵʪʦ ʨʘʟʜʝʣʝʥʠʝ 

ʚʝʢʪʦʨʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʥʘ ʦʙʣʘʩʪʝʡ, ʢʘʞʜʘʷ ʠʟ ʢʦʪʦʨʳʭ ʧʨʝʜʩʪʘʚʣʝʥʘ ʪʦʯʢʦʡ, 

ʧʝʨʝʤʝʱʘʝʤʦʡ ʚ ʧʨʦʮʝʩʩʝ ʢʘʨʪʠʨʦʚʘʥʠʷ ʚ ʮʝʥʪʨ ʦʧʨʝʜʝʣʷʝʤʦʡ ʝʡ ʦʙʣʘʩʪʠ 

(ʬʦʨʤʘ ʠ ʧʦʣʦʞʝʥʠʝ ʢʦʪʦʨʦʡ ʧʨʠ ʵʪʦʤ ʪʦʞʝ ʠʟʤʝʥʷʝʪʩʷ). ɺ ʩʣʫʯʘʝ ʛʣʫʙʦʢʠʭ 

ʥʝʡʨʦʩʝʪʝʡ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ╞  (ʩʦʩʪʦʷʥʠʡ ʚʝʢʪʦʨʦʚ ╞ᴆ▓ ) ʢʘʞʜʦʤʫ ʵʣʝʤʝʥʪʫ 

░ ʩʣʦʷ ▓ ʩʦʧʦʩʪʘʚʣʷʝʪʩʷ ʛʨʘʥʠʮʘ ░
▓ ʨʘʟʤʝʨʥʦʩʪʠ ╝ , ʛʜʝ ╝ 

▓  ï 

ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʩʣʦʷ ▓ . ɻʨʘʥʠʮʘ ░
▓ ʜʝʣʠʪ ʧʨʦʩʪʨʘʥʩʪʚʦ ╞  ʥʘ ʜʚʝ 

ʯʘʩʪʠ: ʚ ʦʜʥʦʡ ʯʘʩʪʠ ╪░
▓ , ʘ ʚ ʜʨʫʛʦʡ ╪░

▓ . ɻʨʘʥʠʮʘ ░
▓ ʩʦʜʝʨʞʠʪ ʚʩʝ 

ʚʝʢʪʦʨʘ ╞ᴆ▓ , ʪʘʢʠʝ, ʯʪʦ ╪░
▓ :  

░
▓ ╞ᴆ▓ ╪░

▓ ╦ᴆ
░
▓╞ᴆ▓ ╫░

▓ .                              (2) 

ʃʶʙʘʷ ʧʨʷʤʘʷ, ʧʨʦʚʝʜʸʥʥʘʷ ʚ ░
▓ ʙʫʜʝʪ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʘ ʚʝʢʪʦʨʫ ╦ᴆ

░
▓ ʧʦ 

ʧʦʩʪʨʦʝʥʠʶ. ɻʨʘʥʠʮʳ ░
▓ ʟʘʜʘʶʪ ʬʦʨʤʫ ʦʙʣʘʩʪʝʡ ּר░

▓ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ╞  (ʧʦ 

ʦʜʥʦʡ ʦʙʣʘʩʪʠ ʥʘ ʢʘʞʜʳʡ ʵʣʝʤʝʥʪ ʩʣʦʷ ▓). ʉʚʦʡʩʪʚʦʤ, ʦʧʨʝʜʝʣʷʶʱʠʤ 

ʧʨʠʥʘʜʣʝʞʥʦʩʪʴ ʚʝʢʪʦʨʦʚ ╞ᴆ▓  ʦʙʣʘʩʪʠ ּר░
▓ ʷʚʣʷʝʪʩʷ ʤʠʥʠʤʘʣʴʥʦʩʪʴ ʜʣʠʥʳ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʘ (ʢʦʪʦʨʳʡ ʩʯʠʪʘʝʪʩʷ ʢʘʢ ▀░
▓ ╪░

▓Ⱦ ╦ᴆ
░
▓ ) ʦʧʫʱʝʥʥʦʛʦ ʠʟ 

ʚʝʢʪʦʨʘ ╞ᴆ▓  ʥʘ ʛʨʘʥʠʮʫ ░
▓: 

░רּ
▓ ╞ᴆ▓ ȿ ▀░

▓ ▀▒
▓ ȟ   ᶪ▒ ░ Ȣ                                  (3) 

ʊʘʢ ʞʝ, ʢʘʢ ʠ ʧʨʠ ʢʣʘʩʩʠʯʝʩʢʦʤ ʥʝʡʨʦʢʘʨʪʠʨʦʚʘʥʠʠ, ʛʨʘʥʠʮʳ ░
▓ 

ʠʟʥʘʯʘʣʴʥʦ ʤʦʛʫʪ ʥʝ ʥʘʭʦʜʠʪʩʷ ʚ ʩʝʨʝʜʠʥʝ ʦʧʨʝʜʝʣʷʝʤʳʭ ʠʤʠ ʦʙʣʘʩʪʝʡ ּר░
▓ , ʥʦ 

ʚ ʧʨʦʮʝʩʩʝ ʢʘʨʪʠʨʦʚʘʥʠʷ ʧʝʨʝʤʝʱʘʶʪʩʷ ʚ ʜʘʥʥʦʝ ʧʦʣʦʞʝʥʠʝ. ɿʘʪʝʤ, ʠʩʭʦʜʷ ʠʟ 

ʪʝʢʫʱʝʛʦ ʦʪʦʙʨʘʞʝʥʠʷ ʩʝʪʠ ʠ ʬʫʥʢʮʠʠ ʧʦʪʝʨʴ, ʜʚʠʛʘʶʪ ʧʦʣʦʞʝʥʠʝ ░
▓, ʠʟʤʝʥʷʷ 

╫░
▓ ʧʦ ʟʘʢʦʥʫ  

Ў╫░
▓ ♬▀░

▓╛ȟ                                                      (4) 

ʛʜʝ ╛ ï ʧʦʣʦʞʠʪʝʣʴʥʦ ʦʧʨʝʜʝʣʸʥʥʘʷ ʬʫʥʢʮʠʷ ʧʦʪʝʨʴ, ʚ ʪʘʢʦʝ ʩʦʩʪʦʷʥʠʝ, ʧʨʠ 

ʢʦʪʦʨʦʤ ʜʦʩʪʠʛʘʝʪʩʷ ʥʫʣʝʚʦʝ ʟʥʘʯʝʥʠʝ ʩʫʤʤʳ ʧʨʠʨʘʱʝʥʠʡ Ў╫░
▓ ʧʦ ʙʘʪʯʫ ʜʣʷ 

ʢʘʞʜʦʡ ʦʙʣʘʩʪʠ ּר░
▓: 

В Ў╫░▲
▓╫╪◄╬▐

▲ ḙ Ȣ                                                    (5) 
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ʈʠʩ. 1. ʅʝʡʨʦʥʥʘʷ ʩʝʪʴ ʩ ʦʜʥʠʤ ʩʢʨʳʪʳʤ ʩʣʦʝʤ. 

ʆʜʥʦʤʝʨʥʘʷ ʤʦʜʝʣʴ ʠ ʵʢʩʧʝʨʠʤʝʥʪ ʩ ʧʦʨʦʛʦʚʳʤ ʢʘʨʪʠʨʦʚʘʥʠʝʤ 

ʈʝʘʣʠʟʘʮʠʷ ʵʪʦʛʦ ʤʝʪʦʜʘ ʜʣʷ ʦʜʥʦʤʝʨʥʳʭ ʚʭʦʜʥʳʭ ʜʘʥʥʳʭ ʧʨʦʩʪʘ ʠ ʫʞʝ 

ʜʦʩʪʠʛʣʘ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʫʩʧʝʭʘ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʦ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʦʜʥʦʤʝʨʥʦʡ 

ʬʫʥʢʮʠʠ. ʄʳ ʧʦʩʪʨʦʠʣʠ ʤʦʜʝʣʴ ʩ ʦʜʥʠʤ ʩʢʨʳʪʳʤ ʩʣʦʝʤ (ʩʤ. ʨʠʩ. 1), ʛʜʝ ʚ 

ʢʘʯʝʩʪʚʝ ʥʝʣʠʥʝʡʥʦʡ ʬʫʥʢʮʠʠ ʠʩʧʦʣʴʟʦʚʘʣʠ ReLU ʠʣʠ SoftPlus.  

 ʀʥʠʮʠʘʣʠʟʘʮʠʷ: ʤʘʪʨʠʮʘ ʚʭʦʜʥʳʭ ʩʚʷʟʝʡ ʩʢʨʳʪʦʛʦ ʩʣʦʷ, ʩʦʩʪʦʷʱʘʷ ʠʟ 

ʜʚʫʭ ʚʝʢʪʦʨ-ʩʪʨʦʢ ╦ᴆ  ʠ ║ᴆ  ʠʥʠʮʠʘʣʠʟʠʨʫʝʪʩʷ ʩʣʫʯʘʡʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʠʟ 

ʠʥʪʝʨʚʘʣʘ Ñ1 ʠ ʚʝʢʪʦʨ ╦ᴆ ʜʣʷ ReLU ʦʩʪʘʸʪʩʷ ʥʝʦʙʫʯʘʝʤʳʤ. ʂʦʤʧʦʥʝʥʪʳ ║ᴆ  

(╫░  ʠʟʤʝʥʷʶʪʩʷ ʧʦ ʟʘʢʦʥʫ (4), ʯʪʦ ʧʦʩʪʝʧʝʥʥʦ ʧʨʠʚʦʜʠʪ ʢ ʚʳʧʦʣʥʝʥʠʶ 

ʫʩʣʦʚʠʷ (5). 

ʆʙʥʦʚʣʝʥʠʝ ║ᴆ  ʧʨʦʠʩʭʦʜʠʪ ʥʝ ʥʘ ʢʘʞʜʦʤ ʰʘʛʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʘ ʧʦʩʣʝ 

ʦʙʫʯʝʥʠʷ ʩʝʪʠ ʚʩʝʤ ʵʪʘʣʦʥʥʳʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝʤ ʦʯʝʨʝʜʥʦʛʦ ʙʘʪʯʘ. 

ɸʥʘʣʦʛʠʯʥʦ, ʧʦ ʦʢʦʥʯʘʥʠʶ ʦʙʫʯʝʥʠʷ ʙʘʪʯʫ, ʧʨʦʠʩʭʦʜʠʪ ʠ ʦʙʥʦʚʣʝʥʠʝ 

╦ᴆ , ʥʦ ʵʪʠ ʚʝʩʘ ʩʚʷʟʝʡ ʦʙʫʯʘʶʪʩʷ ʧʦ ʤʝʪʦʜʫ BP. ɺ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʬʫʥʢʮʠʠ SoftPlus, ʢʦʤʧʦʥʝʥʪʳ ʚʝʢʪʦʨʘ ╦ᴆ  ʪʦʞʝ ʠʟʤʝʥʷʶʪʩʷ ʚ ʢʦʥʮʝ ʙʘʪʯʘ ʧʦ 

ʤʝʪʦʜʠʢʝ BP. 

ʀʩʧʦʣʴʟʫʷ ʚʳʰʝʦʧʠʩʘʥʥʫʶ ʤʦʜʝʣʴ ʩ ʬʫʥʢʮʠʝʡ ʘʢʪʠʚʘʮʠʠ ReLU ʠ 

SoftPlus ʚ ʟʘʜʘʯʝ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʦʜʥʦʤʝʨʥʦʡ ʬʫʥʢʮʠʠ, ʪʦʯʥʦʩʪʴ ʚʳʨʦʩʣʘ ʥʘ 1-2 

ʧʦʨʷʜʢʘ, ʩʭʦʜʠʤʦʩʪʴ ʟʥʘʯʠʪʝʣʴʥʦ ʫʣʫʯʰʠʣʘʩʴ, ʘ ʪʘʢʞʝ learning_rate ʩʪʘʣ ʙʦʣʝʝ 

ʥʘʜʝʞʥʳʤ. ʇʨʠ ʵʪʦʤ ʥʫʞʥʦ ʥʘʡʪʠ ʙʘʣʘʥʩ ʤʝʞʜʫ ʟʥʘʯʝʥʠʷʤʠ learning_rate, ʚ 

ʤʝʪʦʜʝ BP ʠ ʢʘʨʪʠʨʦʚʘʥʠʠ ʠ ʨʘʟʤʝʨʘʤʠ ʙʘʪʯʝʡ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ 

ʢʦʨʨʝʢʪʠʨʦʚʢʠ ʩʤʝʱʝʥʠʡ ʚ ʩʢʨʳʪʳʭ ʩʣʦʷʭ ʧʦ ʟʘʢʦʥʫ (4) ʚ ʧʨʦʮʝʩʩʝ ʦʙʫʯʝʥʠʷ 

(ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʭ ʦʪʩʫʪʩʪʚʠʝʤ) ʜʘʶʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʵʬʬʝʢʪ ï ʟʘ 6000 ʠʪʝʨʘʮʠʡ 

ʙʳʣʦ ʩʜʝʣʘʥʦ 30 ʢʦʨʨʝʢʪʠʨʦʚʦʢ, ʠ ʦʰʠʙʢʘ ʫʤʝʥʴʰʠʣʘʩʴ ʙʦʣʝʝ, ʯʝʤ ʚʜʚʦʝ. 

SoftPlus ʠ ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʛʣʘʜʢʦʡ ʬʫʥʢʮʠʠ 

ʌʫʥʢʮʠʷ SoftPlus ʠʤʝʝʪ ʨʷʜ ʧʨʝʠʤʫʱʝʩʪʚ. ʆʥʘ ʛʣʘʜʢʘ ʚʦ ʚʩʝʭ ʪʦʯʢʘʭ, ʯʪʦ 

ʜʝʣʘʝʪ ʝʸ ʙʦʣʝʝ ʫʩʪʦʡʯʠʚʦʡ ʚ ʧʨʦʮʝʩʩʝ ʛʨʘʜʠʝʥʪʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ, ʯʝʤ ReLU 

[8]. ʇʨʠ ʵʪʦʤ, SoftPlus ʩʦʭʨʘʥʷʝʪ ʢʣʶʯʝʚʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ ReLU: ʦʪʦʙʨʘʞʘʝʪ 

ʚʭʦʜʳ ʚ ʜʠʘʧʘʟʦʥ ʦʪ 0 ʜʦ ʙʝʩʢʦʥʝʯʥʦʩʪʠ. ʕʪʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʙʝʩʧʝʯʠʚʘʶʪ ʝʸ 

ʙʦʣʴʰʠʡ ʧʦʪʝʥʮʠʘʣ ʜʣʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʛʣʘʜʢʠʭ ʬʫʥʢʮʠʡ. 
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ɺ ʚʳʰʝʦʧʠʩʘʥʥʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ, ʛʨʘʜʠʝʥʪʥʦʝ ʦʙʥʦʚʣʝʥʠʝ ὡϋ ʪʨʝʙʫʝʪʩʷ 

ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ SoftPlus ʜʣʷ ʣʫʯʰʝʡ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ 

ʢʦʣʝʙʘʥʠʡ ʬʫʥʢʮʠʠ ʥʘ ʟʘʜʘʥʥʦʤ ʠʥʪʝʨʚʘʣʝ. ɺ ʦʪʣʠʯʠʠ ʦʪ ReLU, ʫ ʢʦʪʦʨʦʛʦ 

ʠʟʤʝʥʝʥʠʝ ʥʘʢʣʦʥʘ ʤʛʥʦʚʝʥʥʦ ʧʨʦʠʩʭʦʜʠʪ, ʩʢʦʨʦʩʪʴ ʵʪʦʛʦ ʧʨʦʮʝʩʩʘ ʚ SoftPlus 

ʨʝʛʫʣʠʨʫʝʪʩʷ ʧʘʨʘʤʝʪʨʦʤ ╦ϋ. ʂʨʦʤʝ ʪʦʛʦ, ʚʩʪʨʦʝʥʥʘʷ ʢʦʥʩʪʘʥʪʘ ʚ SoftPlus 

ʪʦʞʝ ʧʦʟʚʦʣʷʝʪ ʵʬʬʝʢʪʠʚʥʦ ʨʝʰʠʪʴ ʵʪʫ ʧʨʦʙʣʝʤʫ. 

ʅʘʧʨʘʚʣʝʥʠʷ ʜʘʣʴʥʝʡʰʝʛʦ ʨʘʟʚʠʪʠʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʣʷ ʦʜʥʦʤʝʨʥʳʭ ʟʘʜʘʯ ʠ ʦʜʥʦʩʣʦʡʥʳʭ 

ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ ʥʝ ʦʟʥʘʯʘʶʪ ʘʥʘʣʦʛʠʯʥʦʛʦ ʫʣʫʯʰʝʥʠʷ ʚ ʤʥʦʛʦʤʝʨʥʦʤ ʩʣʫʯʘʝ 

ï ʵʪʦ ʩʦʩʪʘʚʣʷʝʪ ʦʩʥʦʚʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʜʘʣʴʥʝʡʰʠʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. 

ɺ ʤʥʦʛʦʤʝʨʥʳʭ ʟʘʜʘʯʘʭ ʠʩʧʦʣʴʟʫʝʤ ʬʦʨʤʫʣʫ ▀░
▓ ╪░

▓Ⱦ ╦ᴆ
░
▓  

ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʚʝʢʪʦʨʘ ╞ᴆ▓  ʜʦ ʛʠʧʝʨʧʣʦʩʢʦʩʪʠ ░
▓ ʜʣʷ ʢʦʨʨʝʢʪʠʨʦʚʢʠ ὦ  ʜʣʷ 

ʩʤʝʱʝʥʠʷ ʝʸ ʨʘʩʧʦʣʦʞʝʥʠʷ ʢ ʮʝʥʪʨʫ ʦʙʣʘʩʪʠ ּר░
▓. ɺ ʤʥʦʛʦʩʣʦʡʥʳʭ ʤʦʜʝʣʷʭ 

ʛʨʘʜʠʝʥʪʥʦʝ ʦʙʥʦʚʣʝʥʠʝ ʧʨʠʤʝʥʷʝʪʩʷ ʢʦ ʚʩʝʤ ʚʝʩʦʚʳʤ ʤʘʪʨʠʮʘʤ, ʘ 

ʢʘʨʪʠʨʦʚʘʥʠʝ ʩʤʝʱʝʥʠʷ ʧʦ ʟʘʢʦʥʫ (4) ï ʢʦ ʚʩʝʤ ʩʣʦʷʤ, ʢʨʦʤʝ ʧʦʩʣʝʜʥʝʛʦ.  
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ʉʦʚʨʝʤʝʥʥʘʷ ʥʝʡʨʦʥʘʫʢʘ, ʢʣʠʥʠʯʝʩʢʘʷ ʤʝʜʠʮʠʥʘ ʠ ʨʘʟʨʘʙʦʪʢʘ 

ʠʥʪʝʨʬʝʡʩʦʚ çʤʦʟʛ-ʢʦʤʧʴʶʪʝʨè ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʦʧʠʨʘʶʪʩʷ ʥʘ ʘʥʘʣʠʟ 

ʤʦʟʛʦʚʦʡ ʘʢʪʠʚʥʦʩʪʠ. ʊʘʢʦʡ ʘʥʘʣʠʟ ʧʦʟʚʦʣʷʝʪ ʛʣʫʙʞʝ ʠʟʫʯʘʪʴ ʢʦʛʥʠʪʠʚʥʳʝ 

ʧʨʦʮʝʩʩʳ, ʜʠʘʛʥʦʩʪʠʨʦʚʘʪʴ ʥʝʚʨʦʣʦʛʠʯʝʩʢʠʝ ʨʘʩʩʪʨʦʡʩʪʚʘ ʠ ʩʦʟʜʘʚʘʪʴ 

ʠʥʥʦʚʘʮʠʦʥʥʳʝ ʩʠʩʪʝʤʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʯʝʣʦʚʝʢʘ ʩ ʪʝʭʥʠʢʦʡ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʤʠ ʪʝʭʥʦʣʦʛʠʷʤʠ 

ʤʦʥʠʪʦʨʠʥʛʘ ʚ ʠʥʪʝʨʬʝʡʩʘʭ çʤʦʟʛ-ʢʦʤʧʴʶʪʝʨè ʷʚʣʷʶʪʩʷ ʵʣʝʢʪʨʦ-

ʵʥʮʝʬʘʣʦʛʨʘʬʠʷ (ʕʕɻ), ʬʫʥʢʮʠʦʥʘʣʴʥʘʷ ʤʘʛʥʠʪʥʦ-ʨʝʟʦʥʘʥʩʥʘʷ ʪʦʤʦʛʨʘʬʠʷ 

(ʬʄʈʊ), ʤʘʛʥʠʪʦʵʥʮʝʬʘʣʦʛʨʘʬʠʷ (ʄʕɻ)  ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʚ 

ʙʣʠʞʥʝʤ ʠʥʬʨʘʢʨʘʩʥʦʤ ʜʠʘʧʘʟʦʥʝ (fNIRS). ʂʘʞʜʘʷ ʠʟ ʵʪʠʭ ʪʝʭʥʦʣʦʛʠʡ ʠʤʝʝʪ 

ʩʚʦʠ ʧʨʝʠʤʫʱʝʩʪʚʘ ʠ ʦʛʨʘʥʠʯʝʥʠʷ. ʆʙʲʝʜʠʥʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʤʝʪʦʜʦʚ 

ʤʦʥʠʪʦʨʠʥʛʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʦʚʳʡ ʤʫʣʴʪʠʤʦʜʘʣʴʥʳʡ ʧʦʜʭʦʜ, 

ʢʦʪʦʨʳʡ ʩʦʯʝʪʘʝʪ ʧʨʝʠʤʫʱʝʩʪʚʘ ʢʘʞʜʦʡ ʪʝʭʥʦʣʦʛʠʠ ʠ ʧʦʟʚʦʣʷʝʪ ʧʨʝʦʜʦʣʝʪʴ ʠʭ 

ʦʛʨʘʥʠʯʝʥʠʷ. ɻʠʙʨʠʜʥʘʷ ʩʠʩʪʝʤʘ ʕʕɻ-fNIRS ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʜʠʥ ʠʟ 

ʥʘʠʙʦʣʝʝ ʜʦʩʪʫʧʥʳʭ ʠ ʥʝʠʥʚʘʟʠʚʥʳʭ ʧʦʜʭʦʜʦʚ ʢ ʦʙʨʘʙʦʪʢʝ ʜʘʥʥʳʭ, ʯʪʦ 

ʨʘʩʰʠʨʷʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʩʫʱʝʩʪʚʫʶʱʠʭ ʧʨʠʣʦʞʝʥʠʡ ʚ ʠʥʪʝʨʬʝʡʩʘʭ çʤʦʟʛ-

ʢʦʤʧʴʶʪʝʨè. 

ʆʜʥʘʢʦ ʢʘʞʜʘʷ ʠʟ ʠʩʧʦʣʴʟʫʝʤʳʭ ʤʦʜʘʣʴʥʦʩʪʝʡ (ʕʕɻ/fNIRS) ʠʤʝʝʪ ʩʚʦʠ 

ʧʨʝʠʤʫʱʝʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʢʠ. ʅʘʧʨʠʤʝʨ, ʵʣʝʢʪʨʦʵʥʮʝʬʘʣʦʛʨʘʬʠʷ (ʕʕɻ) 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʦʝ ʚʨʝʤʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ, ʥʦ ʦʙʣʘʜʘʝʪ ʥʠʟʢʦʡ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʪʦʯʥʦʩʪʴʶ, ʪʦʛʜʘ ʢʘʢ fNIRS ʬʠʢʩʠʨʫʝʪ ʛʝʤʦʜʠʥʘʤʠʯʝʩʢʠʝ 

ʠʟʤʝʥʝʥʠʷ ʩ ʣʫʯʰʠʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ, ʥʦ ʫʩʪʫʧʘʝʪ ʚ ʩʢʦʨʦʩʪʠ 

ʨʝʛʠʩʪʨʘʮʠʠ. ʂʦʤʙʠʥʘʮʠʷ ʵʪʠʭ ʤʝʪʦʜʦʚ ʦʪʢʨʳʚʘʝʪ ʧʫʪʴ ʢ ʤʫʣʴʪʠʤʦʜʘʣʴʥʦʤʫ 

ʘʥʘʣʠʟʫ, ʦʙʲʝʜʠʥʷʶʱʝʤʫ ʵʣʝʢʪʨʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ ʥʝʡʨʦʥʦʚ ʠ ʩʚʷʟʘʥʥʳʝ ʩ 

ʤʝʪʘʙʦʣʠʟʤʦʤ ʛʝʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ, ʯʪʦ ʧʦʚʳʰʘʝʪ ʪʦʯʥʦʩʪʴ ʠ ʛʣʫʙʠʥʫ 

ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʜʘʥʥʳʭ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʤʫʣʴʪʠʤʦʜʘʣʴʥʳʭ ʩʠʩʪʝʤ, ʠʭ ʚʥʝʜʨʝʥʠʝ 

ʩʪʘʣʢʠʚʘʝʪʩʷ ʩ ʩʝʨʴʸʟʥʳʤʠ ʧʨʦʙʣʝʤʘʤʠ. ʈʘʟʣʠʯʠʷ ʚ ʧʨʠʨʦʜʝ ʩʠʛʥʘʣʦʚ fNIRS ʠ 

ʕʕɻ, ʘ ʪʘʢʞʝ ʠʭ ʚʨʝʤʝʥʥʳʭ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʫʩʣʦʞʥʷʶʪ 

ʩʦʚʤʝʩʪʥʫʶ ʦʙʨʘʙʦʪʢʫ ʜʘʥʥʳʭ. ʂʨʦʤʝ ʪʦʛʦ, ʘʣʛʦʨʠʪʤʳ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ 

ʠʥʪʝʣʣʝʢʪʘ, ʧʨʠʤʝʥʷʝʤʳʝ ʜʣʷ ʘʥʘʣʠʟʘ, ʯʘʩʪʦ ʦʩʪʘʶʪʩʷ çʯʸʨʥʳʤʠ ʷʱʠʢʘʤʠè, 

ʯʪʦ ʩʥʠʞʘʝʪ ʜʦʚʝʨʠʝ ʢ ʨʝʟʫʣʴʪʘʪʘʤ ʚ ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʳʭ ʦʙʣʘʩʪʷʭ, ʪʘʢʠʭ ʢʘʢ 

ʤʝʜʠʮʠʥʘ. ʕʪʦ ʦʧʨʝʜʝʣʷʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚʥʝʜʨʝʥʠʷ ʤʝʪʦʜʦʚ ʦʙʲʷʩʥʠʤʦʛʦ 

ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ (XAI), ʩʧʦʩʦʙʥʳʭ ʨʘʩʢʨʳʪʴ ʣʦʛʠʢʫ ʧʨʠʥʷʪʠʷ 

ʨʝʰʝʥʠʡ ʤʦʜʝʣʷʤʠ ʠ ʦʙʝʩʧʝʯʠʪʴ ʚʘʣʠʜʘʮʠʶ ʚʳʚʦʜʦʚ ʥʘ ʦʩʥʦʚʝ 

ʥʝʡʨʦʬʠʟʠʦʣʦʛʠʯʝʩʢʠʭ ʟʥʘʥʠʡ. 
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ʎʝʣʴʶ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʛʠʙʨʠʜʥʦʡ ʤʦʜʝʣʠ ʜʣʷ 

ʩʦʚʤʝʩʪʥʦʛʦ ʘʥʘʣʠʟʘ fNIRS ʠ ʕʕɻ, ʥʘʧʨʘʚʣʝʥʥʦʡ ʥʘ ʧʨʝʦʜʦʣʝʥʠʝ ʦʛʨʘʥʠʯʝʥʠʡ 

ʦʪʜʝʣʴʥʳʭ ʤʦʜʘʣʴʥʦʩʪʝʡ. ʆʩʦʙʳʡ ʘʢʮʝʥʪ ʩʜʝʣʘʥ ʥʘ ʠʥʪʝʛʨʘʮʠʠ ʤʝʪʦʜʦʚ XAI 

ʜʣʷ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʨʝʰʝʥʠʡ ʤʦʜʝʣʠ, ʯʪʦ ʧʦʟʚʦʣʠʪ ʥʝ ʪʦʣʴʢʦ ʧʦʚʳʩʠʪʴ ʪʦʯʥʦʩʪʴ 

ʧʨʝʜʩʢʘʟʘʥʠʡ, ʥʦ ʠ ʫʩʪʘʥʦʚʠʪʴ ʩʦʦʪʚʝʪʩʪʚʠʝ ʤʝʞʜʫ ʚʳʷʚʣʝʥʥʳʤʠ ʧʘʪʪʝʨʥʘʤʠ 

ʘʢʪʠʚʥʦʩʪʠ ʤʦʟʛʘ ʠ ʠʟʚʝʩʪʥʳʤʠ ʥʝʡʨʦʬʠʟʠʦʣʦʛʠʯʝʩʢʠʤʠ ʤʝʭʘʥʠʟʤʘʤʠ. 

ɺ ʢʘʯʝʩʪʚʝ ʜʘʪʘʩʝʪʘ ʚ ʨʘʙʦʪʝ ʙʳʣʦ ʠʩʧʦʣʴʟʦʚʘʥʦ ʧʦʜʤʥʦʞʝʩʪʚʦ ʜʘʥʥʳʭ ʠʟ 

ʦʪʢʨʳʪʦʛʦ ʥʘʙʦʨʘ ʜʘʥʥʳʭ Open access dataset for simultaneous EEG and NIRS 

brain-computer interface (BCI) [1, 2], ʘ ʠʤʝʥʥʦ ʪʘ ʯʘʩʪʴ, ʚ ʢʦʪʦʨʦʡ ʫʯʘʩʪʥʠʢʘʤ 

ʙʳʣʘ ʧʦʩʪʘʚʣʝʥʘ ʟʘʜʘʯʘ ʤʦʪʦʨʥʦʛʦ ʚʦʦʙʨʘʞʝʥʠʷ (Motor Imagery, MI). ɺ 

ʚʳʙʨʘʥʥʦʤ ʧʦʜʤʥʦʞʝʩʪʚʝ (ʜʘʪʘʩʝʪ ɸ) ʩʦʜʝʨʞʠʪʩʷ ʠʥʬʦʨʤʘʮʠʷ ʦ ʚʳʧʦʣʥʝʥʠʠ 

ʫʯʘʩʪʥʠʢʘʤʠ ʪʘʢʪʠʣʴʥʦʛʦ ʤʦʪʦʨʥʦʛʦ ʚʦʦʙʨʘʞʝʥʠʷ (ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦʱʫʱʝʥʠʷ 

ʩʞʘʪʠʷ ʠ ʨʘʟʞʘʪʠʷ ʨʫʢʠ, ʢʘʢ ʙʫʜʪʦ ʫʯʘʩʪʥʠʢ ʜʝʨʞʠʪ ʤʷʯ). ʅʘ ʵʢʨʘʥʝ ʧʦʷʚʣʷʣʘʩʴ 

ʩʪʨʝʣʢʘ, ʫʢʘʟʳʚʘʶʱʘʷ ʥʘ ʣʝʚʫʶ ʠʣʠ ʧʨʘʚʫʶ ʩʪʦʨʦʥʫ, ʯʪʦ ʩʠʛʥʘʣʠʟʠʨʦʚʘʣʦ, 

ʢʘʢʫʶ ʨʫʢʫ ʥʫʞʥʦ ʧʨʝʜʩʪʘʚʣʷʪʴ. ɿʘʜʘʯʘ ʚʳʧʦʣʥʷʣʘʩʴ ʚ ʪʝʯʝʥʠʝ 10 ʩʝʢʫʥʜ, 

ʧʦʩʣʝ ʯʝʛʦ ʩʣʝʜʦʚʘʣ ʧʝʨʠʦʜ ʦʪʜʳʭʘ (15ï17 ʩʝʢʫʥʜ). ʂʘʞʜʘʷ ʩʝʩʩʠʷ ʚʢʣʶʯʘʣʘ 20 

ʧʦʚʪʦʨʝʥʠʡ (10 ʜʣʷ ʣʝʚʦʡ ʠ 10 ʜʣʷ ʧʨʘʚʦʡ ʨʫʢʠ). 

ɼʣʷ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʜʚʫʭ ʩʦʩʪʦʷʥʠʡ (ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʧʨʘʚʦʡ ʠ ʣʝʚʦʡ ʨʫʢʠ) 

ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʩʚʝʨʪʦʯʥʘʷ ʥʝʡʨʦʥʥʘʷ ʩʝʪʴ ʩ ʜʦʣʛʦʡ ʢʨʘʪʢʦʩʨʦʯʥʦʡ ʧʘʤʷʪʴʶ 

(CNN-LSTM) ï ʘʨʭʠʪʝʢʪʫʨʘ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ ʩ ʚʨʝʤʝʥʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʥʘ 

ʦʩʥʦʚʝ ʜʘʥʥʳʭ fNIRS+ʕʕɻ. ʆʙʨʘʙʦʪʢʘ ʜʘʥʥʳʭ ʚʢʣʶʯʘʣʘ ʬʠʣʴʪʨʘʮʠʶ ʕʕɻ-

ʩʠʛʥʘʣʦʚ ʩ ʧʦʤʦʱʴʶ ʥʠʟʢʦʯʘʩʪʦʪʥʦʛʦ ʬʠʣʴʪʨʘ ɹʘʪʪʝʨʚʦʨʪʘ 6-ʛʦ ʧʦʨʷʜʢʘ, ʘ ʜʣʷ 

fNIRS-ʜʘʥʥʳʭ ʚʳʧʦʣʥʷʣʦʩʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʦʧʪʠʯʝʩʢʦʡ ʧʣʦʪʥʦʩʪʠ ʚ ʠʟʤʝʥʝʥʠʷ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʦʢʩʠʛʝʤʦʛʣʦʙʠʥʘ (HbO) ʠ ʜʝʟʦʢʩʠʛʝʤʦʛʣʦʙʠʥʘ (HbR) ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʟʘʢʦʥʘ ɹʝʨʘïʃʘʤʙʝʨʪʘ ʩ ʧʦʩʣʝʜʫʶʱʝʡ 

ʘʥʘʣʦʛʠʯʥʦʡ ʬʠʣʴʪʨʘʮʠʝʡ, ʤʘʨʢʠʨʦʚʢʦʡ ʜʘʥʥʳʭ, ʫʩʪʨʘʥʝʥʠʝʤ ʚʳʙʨʦʩʦʚ ʠ 

ʥʦʨʤʘʣʠʟʘʮʠʝʡ. ʂʣʶʯʝʚʳʤ ʘʩʧʝʢʪʦʤ ʦʙʨʘʙʦʪʢʠ ʩʪʘʣ ʚʳʙʦʨ ʨʘʟʤʝʨʘ ʦʢʥʘ ʚ 5 

ʩʝʢʫʥʜ ʩ 20% ʧʝʨʝʢʨʳʪʠʝʤ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʟʘʜʝʨʞʢʦʡ ʛʝʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʦʪʚʝʪʘ (0ï9 ʩʝʢʫʥʜ). ʇʨʝʜʣʦʞʝʥʥʘʷ ʜʚʫʭʢʘʥʘʣʴʥʘʷ ʘʨʭʠʪʝʢʪʫʨʘ ʥʝʡʨʦʩʝʪʠ ʩ 

ʦʪʜʝʣʴʥʳʤʠ ʚʝʪʚʷʤʠ ʜʣʷ ʦʙʨʘʙʦʪʢʠ fNIRS (CNN/LSTM) ʠ ʕʕɻ (CNN/LSTM) 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʘ ʩʚʦʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʚ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʩʦʩʪʦʷʥʠʡ 

ʤʦʪʦʨʥʦʛʦ ʚʦʦʙʨʘʞʝʥʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʫʥʠʤʦʜʘʣʴʥʳʤ ʧʦʜʭʦʜʦʤ. 

ʇʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʦʚ ʦʙʲʷʩʥʠʤʦʛʦ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ (XAI), 

ʪʘʢʠʭ ʢʘʢ SHAP ʠ LIME, ʧʦʟʚʦʣʠʣʦ ʚʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʚʘʞʥʳʝ ʚʨʝʤʝʥʥʳʝ ʦʢʥʘ 

ʜʣʷ ʕʕɻ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ ʦʙʣʘʩʪʠ ʜʣʷ fNIRS, ʦʙʝʩʧʝʯʠʚʘʷ ʧʨʦʟʨʘʯʥʦʩʪʴ 

ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʡ ʤʦʜʝʣʴʶ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʥʝ ʪʦʣʴʢʦ ʧʦʚʳʰʘʝʪ ʜʦʚʝʨʠʝ ʢ 

ʩʠʩʪʝʤʝ, ʥʦ ʠ ʦʪʢʨʳʚʘʝʪ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʠʥʪʝʨʧʨʝʪʘʮʠʠ 

ʥʝʡʨʦʬʠʟʠʦʣʦʛʠʯʝʩʢʠʭ ʤʝʭʘʥʠʟʤʦʚ ʤʦʪʦʨʥʦʛʦ ʚʦʦʙʨʘʞʝʥʠʷ, ʢʦʪʦʨʳʝ 

ʚʦʩʪʨʝʙʦʚʘʥʳ ʢʘʢ ʚ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ, ʪʘʢ ʠ ʚ ʢʣʠʥʠʯʝʩʢʦʡ 

ʧʨʘʢʪʠʢʝ. 
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ʈʘʟʨʳʚʥʳʡ ʤʝʪʦʜ ɻʘʣʸʨʢʠʥʘ ʫʩʧʝʰʥʦ ʧʨʠʤʝʥʷʣʩʷ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʩʪʦʣʢʥʦʚʝʥʠʡ ʪʚʝʨʜʳʭ ʪʝʣ ʩʦ ʣʴʜʦʤ [1]. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʪʘʢʦʡ ʤʝʪʦʜ 

ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʣʘʚʘʶʱʠʭ 

ʪʝʣ ʩ ʣʝʜʦʚʳʤ ʧʦʣʝʤ. ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʧʝʨʚʦʥʘʯʘʣʴʥʳʡ ʫʜʘʨ ʦ ʛʨʘʥʠʮʫ ʧʦʣʷ ʠ 

ʧʦʩʣʝʜʫʶʱʝʝ ʧʦʩʪʝʧʝʥʥʦʝ ʧʨʦʜʘʚʣʠʚʘʥʠʝ ʤʘʩʩʳ ʣʴʜʘ. ɺʦʟʜʝʡʩʪʚʠʝ ʞʠʜʢʦʡ 

ʩʨʝʜʳ ʧʦʢʘ ʥʝ ʫʯʠʪʳʚʘʝʪʩʷ. 

ɼʣʷ ʦʧʠʩʘʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʣʴʜʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʦʜʝʣʴ ʤʦʜʝʣʴ 

ʫʧʨʫʛʦʧʣʘʩʪʠʯʥʦʩʪʠ ʇʨʘʥʜʪʣʷ-ʈʝʡʩʘ ʩ ʢʨʠʪʝʨʠʝʤ ʪʝʢʫʯʝʩʪʠ ʬʦʥ ʄʠʟʝʩʘ [2]; 

ʨʘʟʨʫʰʝʥʠʝ ʤʘʪʝʨʠʘʣʘ ʫʯʪʝʥʦ ʧʨʠ ʧʦʤʦʱʠ ʢʨʠʪʝʨʠʝʚ ʥʘ ʤʘʢʩʠʤʘʣʴʥʳʝ 

ʛʣʘʚʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʠ ʤʘʢʩʠʤʘʣʴʥʫʶ ʧʣʘʩʪʠʯʝʩʢʫʶ ʜʝʬʦʨʤʘʮʠʶ. ɺʦ 

ʠʟʙʝʞʘʥʠʝ ʧʦʩʪʨʦʝʥʠʷ ʯʠʩʣʝʥʥʦʛʦ ʤʝʪʦʜʘ ʜʣʷ ʠʟʥʘʯʘʣʴʥʦ ʥʝʣʠʥʝʡʥʦʡ ʤʦʜʝʣʠ 

ʧʨʦʠʟʚʦʜʠʪʩʷ ʝʝ ʨʘʩʱʝʧʣʝʥʠʝ ʧʦ ʨʘʟʣʠʯʥʳʤ ʬʠʟʠʯʝʩʢʠʤ ʧʨʦʮʝʩʩʘʤ ï 

ʠʟʥʘʯʘʣʴʥʦ ʨʝʰʘʝʪʩʷ ʣʠʥʝʡʥʳʡ ʩʣʫʯʘʡ, ʘ ʟʘʪʝʤ, ʧʨʠ ʫʩʣʦʚʠʠ ʚʳʧʦʣʥʝʥʠʷ 

ʚʳʙʨʘʥʥʦʛʦ ʢʨʠʪʝʨʠʷ ʪʝʢʫʯʝʩʪʠ, ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʝʨʝʨʘʩʯʝʪ ʨʝʰʝʥʠʷ ʩ ʫʯʝʪʦʤ 

ʧʣʘʩʪʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ ʠ ʚʦʟʚʨʘʱʝʥʠʝʤ ʥʘʧʨʷʞʝʥʠʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʪʝʢʫʯʝʩʪʠ.  

ʈʘʟʨʳʚʥʳʡ ʤʝʪʦʜ ɻʘʣʸʨʢʠʥʘ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʢʦʥʩʝʨʚʘʪʠʚʥʫʶ, hp-

ʘʜʘʧʪʠʚʥʫʶ (ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʣʦʢʘʣʴʥʦʛʦ ʫʚʝʣʠʯʝʥʠʷ ʧʦʨʷʜʢʘ ʘʧʧʨʦʢʩʠʤʘʮʠʠ 

ʢʘʢ ʧʦ ʚʨʝʤʝʥʠ, ʪʘʢ ʠ ʧʦ ʧʨʦʩʪʨʘʥʩʪʚʫ) ʯʠʩʣʝʥʥʫʶ ʩʭʝʤʫ ʚʳʩʦʢʦʛʦ ʧʦʨʷʜʢʘ 

ʪʦʯʥʦʩʪʠ. ɻʣʘʚʥʳʝ ʝʛʦ ʥʝʜʦʩʪʘʪʢʠ ï ʙʦʣʴʰʘʷ ʚʳʯʠʩʣʠʪʝʣʴʥʘʷ ʩʣʦʞʥʦʩʪʴ ʠ 

ʧʦʷʚʣʝʥʠʝ ʦʩʮʠʣʣʷʮʠʡ ʚ ʨʘʟʨʳʚʥʳʭ ʨʝʰʝʥʠʷʭ. ʏʠʩʣʝʥʥʳʝ ʧʦʪʦʢʠ ʤʝʞʜʫ 

ʩʦʩʝʜʥʠʤʠ ʷʯʝʡʢʘʤʠ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ ʚʳʯʠʩʣʷʶʪʩʷ ʠʟ ʪʦʯʥʦʛʦ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ 

ʈʠʤʘʥʘ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʩʦʭʨʘʥʠʪʴ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠ ʝʩʪʝʩʪʚʝʥʥʳʤ 

ʦʙʨʘʟʦʤ ʟʘʜʘʪʴ ʛʨʘʥʠʯʥʳʝ ʠ ʢʦʥʪʘʢʪʥʳʝ ʫʩʣʦʚʠʷ.  ɺ ʥʘʰʠʭ ʨʘʩʯʝʪʘʭ ʥʘ ʙʦʢʦʚʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʣʝʜʦʚʦʛʦ ʧʦʣʷ ʟʘʜʘʚʘʣʠʩʴ ʧʦʛʣʦʱʘʶʱʠʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ, ʚʩʝ 

ʦʩʪʘʣʴʥʳʝ ʛʨʘʥʠʮʳ ï ʩʚʦʙʦʜʥʳʝ. ʂʦʥʪʘʢʪʳ ʤʝʞʜʫ ʚʥʫʪʨʝʥʥʠʤʠ ʷʯʝʡʢʘʤʠ ʪʝʣ ï 

ʧʦʣʥʦʝ ʩʣʠʧʘʥʠʝ, ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʢʦʥʪʘʢʪʘ ʤʝʞʜʫ ʪʝʣʘʤʠ 

ʟʘʜʘʚʘʣʦʩʴ ʫʩʣʦʚʠʝ ʩʚʦʙʦʜʥʦʛʦ ʩʢʦʣʴʞʝʥʠʷ.  

ɺ ʜʦʢʣʘʜʝ ʧʨʝʜʩʪʘʚʣʝʥ ʘʥʘʣʠʟ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʦʣʥ ʥʘʧʨʷʞʝʥʠʡ ʚ ʤʘʩʩʝ 

ʣʴʜʘ ʧʦʩʣʝ ʩʪʦʣʢʥʦʚʝʥʠʷ, ʘ ʪʘʢʞʝ ʦʙʱʠʭ ʢʘʯʝʩʪʚʝʥʥʳʭ ʢʘʨʪʠʥ ʨʘʟʨʫʰʝʥʠʷ 

ʣʝʜʦʚʦʛʦ ʧʦʣʷ. ʉʫʤʤʘʨʥʳʝ ʥʦʨʤʘʣʴʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʨʦʜʘʚʣʠʚʘʶʱʝʛʦ ʪʝʣʘ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʦʮʝʥʢʠ ʚʝʣʠʯʠʥʳ ʩʦʧʨʦʪʠʚʣʝʥʠʷ 

ʣʴʜʘ. ʅʘ ʨʠʩ. 1 ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʧʨʠʚʝʜʝʥʳ ʩʦʩʪʦʷʥʠʝ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ ʯʝʨʝʟ 

ʥʝʢʦʪʦʨʦʝ ʚʨʝʤʷ ʧʦʩʣʝ ʫʜʘʨʘ ʠ ʛʨʘʬʠʢ ʠʟʤʝʥʝʥʠʷ ʩʠʣʳ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʣʴʜʘ ʚʦ 

ʚʨʝʤʝʥʠ.  
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ʕʃɽʂʊʈʆʅʅʆʄ ʉʆɼɽʈɾɸʅʀʀ ɺ ʄʆɼɽʃʀ ʀʆʅʆʉʌɽʈʓ INM-IM 
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ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥ ʥʦʚʳʡ ʧʦʜʭʦʜ ʢ ʫʩʚʦʝʥʠʶ ʜʘʥʥʳʭ ʦ ʧʦʣʥʦʤ 

ʵʣʝʢʪʨʦʥʥʦʤ ʩʦʜʝʨʞʘʥʠʠ ʜʣʷ ʤʦʜʝʣʠ ʠʦʥʦʩʬʝʨʳ INM-IM [1], ʦʩʥʦʚʘʥʥʳʡ ʥʘ 

ʧʨʠʤʝʥʝʥʠʠ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ, ʦʙʫʯʝʥʥʳʭ ʥʘ ʤʦʜʝʣʴʥʳʭ ʨʘʩʯʝʪʘʭ. ʄʝʪʦʜ 

ʧʦʟʚʦʣʷʝʪ ʚʦʩʩʪʘʥʘʚʣʠʚʘʪʴ ʢʣʶʯʝʚʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʦʥʦʩʬʝʨʳ, ʪʘʢʠʝ ʢʘʢ 

ʰʠʨʦʪʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʘʢʩʠʤʘʣʴʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʚʳʩʦʪʥʳʝ 

ʧʨʦʬʠʣʠ ʚ ʜʘʥʥʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʪʦʯʢʝ. ʈʘʙʦʪʘ ʚʝʜʝʪʩʷ ʚ ʨʘʤʢʘʭ 

ʜʝʷʪʝʣʴʥʦʩʪʠ ʀɺʄ ʈɸʅ ʧʦ ʩʦʟʜʘʥʠʶ ʢʦʤʧʣʝʢʩʥʳʭ ʤʦʜʝʣʝʡ ɿʝʤʥʦʡ ʩʠʩʪʝʤʳ, 

ʚʢʣʶʯʘʶʱʠʭ ʚ ʢʘʯʝʩʪʚʝ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʙʣʦʢʘ ʠʦʥʦʩʬʝʨʥʳʡ ʠ ʪʝʨʤʦʩʬʝʨʥʳʡ. 

ʇʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʥʝʡʨʦʩʝʪʝʚʦʛʦ ʤʝʪʦʜʘ ʩ ʚʘʨʠʘʮʠʦʥʥʳʤ ʧʦʜʭʦʜʦʤ ʢ 

ʫʩʚʦʝʥʠʶ ʜʘʥʥʳʭ [2], ʧʦʢʘʟʘʥʘ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʤʝʪʦʜʦʚ 

ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʢ ʟʘʜʘʯʘʤ ʠʦʥʦʩʬʝʨʳ. ʈʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʧʝʨʚʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʨʝʰʝʥʠʶ ʟʘʜʘʯʠ ʫʩʚʦʝʥʠʷ ʜʘʥʥʳʭ ʜʣʷ ʜʚʫʤʝʨʥʦʡ ʜʠʬʬʫʟʠʦʥʥʦʡ 

ʚʝʨʩʠʠ ʤʦʜʝʣʠ ʠʦʥʦʩʬʝʨʳ INM-IM ʩ ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʫʧʨʘʚʣʝʥʠʝʤ ʢʘʢ ʧʦ 

ʧʨʘʚʦʡ ʯʘʩʪʠ, ʪʘʢ ʠ ʧʦ ʥʘʯʘʣʴʥʳʤ ʜʘʥʥʳʤ ʩ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʨʘʟʙʠʝʥʠʝʤ 

ʚʨʝʤʝʥʥʦʛʦ ʠʥʪʝʨʚʘʣʘ ʥʘ ʧʦʜʦʪʨʝʟʢʠ. 

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʟʘʜʘʯʘ ʫʩʚʦʝʥʠʷ ʜʘʥʥʳʭ TEC ʜʣʷ ʜʚʫʤʝʨʥʦʡ 

ʜʠʬʬʫʟʠʦʥʥʦʡ ʚʝʨʩʠʠ ʤʦʜʝʣʠ ʠʦʥʦʩʬʝʨʳ INM-IM. ʆʩʥʦʚʥʦʝ ʜʠʥʘʤʠʯʝʩʢʦʝ 

ʫʨʘʚʥʝʥʠʝ ʤʦʜʝʣʠ ʦʧʠʩʳʚʘʝʪ ʧʨʦʮʝʩʩʳ ʬʦʪʦʠʦʥʠʟʘʮʠʠ, ʧʣʘʟʤʦʭʠʤʠʠ, 

ʘʤʙʠʧʦʣʷʨʥʦʡ ʜʠʬʬʫʟʠʠ ʚʜʦʣʴ ʩʠʣʦʚʳʭ ʣʠʥʠʡ ʛʝʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʘ ʪʘʢʞʝ 

ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ ʦʩʝʜʘʥʠʷ. ɺ ʢʘʯʝʩʪʚʝ ʜʘʥʥʳʭ ʥʘʙʣʶʜʝʥʠʷ ʜʣʷ ʘʩʩʠʤʠʣʷʮʠʠ 

ʚʳʩʪʫʧʘʶʪ ʠʥʪʝʛʨʘʣʳ ʦʪ ʵʣʝʢʪʨʦʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ὲ ʧʦ ʟʘʜʘʥʥʳʤ 

ʪʨʘʝʢʪʦʨʠʷʤ ï ʧʨʷʤʦʣʠʥʝʡʥʳʤ ʦʪʨʝʟʢʘʤ, ʩʦʝʜʠʥʷʶʱʠʤ ʩʪʘʥʮʠʶ ʥʘ ʟʝʤʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʩʦ ʩʧʫʪʥʠʢʦʤ:  

ừ
Ử
Ừ

Ử
ứ ‬

‬ὸ
ᶯ ὑᶯ ẗ

‬

‬ᾀ
ό ẗ ẗ

‬

‬ώ
ὺ ÃÏÓ • ẗ ẗ Ὧ ὲ Ὕὶ ὲ ὖ Ὗ

ὲ ᾀȟ •ȟ ὸ ὥ ÃÏÓ • Ὠ• Ὠᾀ ὝὩὧ ὸ Ȣ
  

ɺ ʧʨʠʚʝʜʸʥʥʳʭ ʫʨʘʚʥʝʥʠʷʭ ὲ ï ʵʣʝʢʪʨʦʥʥʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ, ὖ  ï ʬʫʥʢʮʠʷ 

ʬʦʪʦʠʦʥʠʟʘʮʠʠ, Ὧ ï ʢʦʵʬʬʠʮʠʝʥʪ ʨʝʢʦʤʙʠʥʘʮʠʠ, 

ὑ
ὑ ὑ ὑ

ὑ ὑ ὑ

Ὀ ÓÉÎ Ὅ Ὀ ÓÉÎ Ὅ ÃÏÓ Ὅ ÃÏÓ •

Ὀ ÓÉÎ Ὅ ÃÏÓ Ὅ ÃÏÓ • Ὀ ÃÏÓ Ὅ ÃÏÓ •
 

 ʤʘʪʨʠʮʘ ʵʬʬʝʢʪʠʚʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʠʬʬʫʟʠʠ, Ὀ ï ʢʦʵʬʬʠʮʠʝʥʪ 

ʜʠʬʬʫʟʠʠ,  Ὅ ÁÒÃÔÁÎ ς ÔÇ • ï ʫʛʦʣ ʤʘʛʥʠʪʥʦʛʦ ʥʘʢʣʦʥʝʥʠʷ, όȟ ὺ ï ʵʬʬʝʢʪʠʚʥʳʝ 

ʩʢʦʨʦʩʪʠ, ʩʚʷʟʘʥʥʳʝ ʩ ʧʨʦʮʝʩʩʘʤʠ ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ ʦʩʝʜʘʥʠʷ. 
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ʅʝʡʨʦʩʝʪʝʚʦʡ ʧʦʜʭʦʜ ʢ ʨʝʰʝʥʠʶ ʟʘʜʘʯʠ ʚʚʦʜʠʪʩʷ ʩ ʮʝʣʴʶ ʦʧʪʠʤʠʟʘʮʠʠ 

ʚʨʝʤʝʥʠ ʨʘʙʦʪʳ ʫʩʚʦʝʥʠʷ ʜʘʥʥʳʭ ʦ TEC ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʚʘʨʠʘʮʠʦʥʥʳʤ 

ʘʣʛʦʨʠʪʤʦʤ, ʨʘʩʯʝʪ ʧʦ ʢʦʪʦʨʦʤʫ ʷʚʣʷʝʪʩʷ ʚʳʯʠʩʣʠʪʝʣʴʥʦ ʩʣʦʞʥʦʡ ʟʘʜʘʯʝʡ. ɺ 

ʢʘʯʝʩʪʚʝ ʘʨʭʠʪʝʢʪʫʨʳ ʚʳʙʨʘʥ ʤʥʦʛʦʩʣʦʡʥʳʡ ʧʝʨʮʝʧʪʨʦʥ (MLP), ʚʭʦʜʥʦʡ ʩʣʦʡ 

ʢʦʪʦʨʦʛʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʘʟʤʝʨʥʦʩʪʠ ʜʘʥʥʳʭ ʦ ʧʦʣʥʦʤ ʵʣʝʢʪʨʦʥʥʦʤ 

ʩʦʜʝʨʞʘʥʠʠ, ʘ ʚʳʭʦʜʥʦʡ ð ʚʦʩʩʪʘʥʘʚʣʠʚʘʝʤʳʤ ʧʘʨʘʤʝʪʨʘʤ ʠʦʥʦʩʬʝʨʳ. 

ʆʙʫʯʝʥʠʝ ʧʨʦʚʦʜʠʪʩʷ ʤʝʪʦʜʦʤ ʩʪʦʭʘʩʪʠʯʝʩʢʦʛʦ ʛʨʘʜʠʝʥʪʥʦʛʦ ʩʧʫʩʢʘ (SGD) ʩ 

ʬʫʥʢʮʠʝʡ ʧʦʪʝʨʴ ὒ ʩ ʚʝʩʘʤʠ, ʧʦʟʚʦʣʷʶʱʝʡ ʫʯʝʩʪʴ ʨʘʟʣʠʯʥʳʝ ʪʦʯʢʠ ʩʝʪʢʠ ʩ 

ʨʘʟʥʳʤʠ ʧʨʠʦʨʠʪʝʪʘʤʠ. 

ʇʨʦʚʝʜʝʥʳ ʯʠʩʣʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʦʙʫʯʝʥʠʶ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ ʥʘ 

ʤʦʜʝʣʴʥʳʭ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʧʦʤʦʱʴʶ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʘ ʤʦʜʝʣʠ INM-

IM ʚ ʜʚʫʤʝʨʥʦʡ ʜʠʬʬʫʟʠʦʥʥʦʡ ʧʦʩʪʘʥʦʚʢʝ ʠ ʧʦʣʥʦʡ ʪʨʝʭʤʝʨʥʦʡ ʧʦʩʪʘʥʦʚʢʝ 

INM-IM, ʫʯʠʪʳʚʘʶʱʝʡ ʪʨʝʭʤʝʨʥʳʡ ʘʜʚʝʢʪʠʚʥʳʡ ʧʝʨʝʥʦʩ ʥʝʡʪʨʘʣʴʥʳʤ ʚʝʪʨʦʤ 

ʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤ ʜʨʝʡʬʦʤ. ʈʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ ʚʳʩʦʢʫʶ ʪʦʯʥʦʩʪʴ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʥʝʡʨʦʩʝʪʴʶ ʢʣʶʯʝʚʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʣʷ ʵʣʝʢʪʨʦʥʥʦʡ 

ʢʦʥʮʝʥʪʨʘʮʠʠ. ɺ ʨʘʙʦʪʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʰʠʨʦʪʥʦʛʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʘʢʩʠʤʫʤʘ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʧʦ ʚʳʩʦʪʝ, ʚʝʨʪʠʢʘʣʴʥʳʭ 

ʇʕʉ ʧʦ ʜʘʥʥʳʤ ʦʙ ʠʥʪʝʛʨʘʣʘʭ ʧʦ ʥʘʢʣʦʥʥʳʤ ʧʨʷʤʦʣʠʥʝʡʥʳʤ ʪʨʘʝʢʪʦʨʠʷʤ, ʘ 

ʪʘʢʞʝ ʚʳʩʦʪʥʦʛʦ ʧʨʦʬʠʣʷ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʥʘ ʟʘʜʘʥʥʦʡ ʰʠʨʦʪʝ. 

ʅʘ ʛʨʘʬʠʢʘʭ (ʨʠʩ. 1) ʧʨʠʚʝʜʝʥʳ ʧʨʠʤʝʨʳ ʧʨʝʜʩʢʘʟʘʥʠʡ ʩ ʧʦʤʦʱʴʶ 

ʥʝʡʨʦʩʝʪʠ ʩ ʥʘʠʙʦʣʴʰʝʡ ʠ ʥʘʠʤʝʥʴʰʝʡ ʦʰʠʙʢʦʡ. ʈʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ 

ʫʩʚʦʝʥʠʝ ʜʘʥʥʳʭ ʦʢʘʟʳʚʘʝʪʩʷ ʥʘʠʙʦʣʝʝ ʪʦʯʥʳʤ ʚ ʜʥʝʚʥʳʝ ʯʘʩʳ, ʥʦ ʜʘʝʪ 

ʥʝʩʢʦʣʴʢʦ ʭʫʜʰʠʡ ʨʝʟʫʣʴʪʘʪ ʚ ʥʦʯʥʦʝ ʚʨʝʤʷ ʠ ʧʨʠ ʧʝʨʝʭʦʜʘʭ ʩ ʥʦʯʥʦʛʦ ʥʘ 

ʜʥʝʚʥʦʡ ʨʝʞʠʤ. ʉʠʪʫʘʮʠʷ ʜʦʩʪʘʪʦʯʥʦ ʪʠʧʠʯʥʘ ʜʣʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʚʩʝʭ ʪʨʸʭ 

ʪʠʧʦʚ ʜʘʥʥʳʭ (ʚʝʨʪʠʢʘʣʴʥʦʛʦ TEC, ʤʘʢʩʠʤʫʤʘ ʵʣʝʢʪʨʦʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ 

ʚʳʩʦʪʥʦʛʦ ʧʨʦʬʠʣʷ). 

 

 

ʈʠʩ. 1. ʍʫʜʰʝʝ ʠ ʣʫʯʰʝʝ ʧʨʝʜʩʢʘʟʘʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʝʨʪʠʢʘʣʴʥʳʭ TEC ʧʦ 

ʰʠʨʦʪʝ  ὸὩὧ  • . ʅʘ ʛʨʘʬʠʢʘʭ ʧʨʝʜʩʪʘʚʣʝʥʦ ʠʩʢʦʤʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ (ʩʠʥʷʷ 

ʣʠʥʠʷ), ʘ ʪʘʢʞʝ ʧʨʝʜʩʢʘʟʘʥʥʦʝ ʥʝʡʨʦʩʝʪʴʶ (ʦʨʘʥʞʝʚʘʷ ʣʠʥʠʷ). ʅʘʜ ʛʨʘʬʠʢʘʤʠ 

ʫʢʘʟʘʥʘ ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʦʰʠʙʢʘ ʚ ὒ  ʥʦʨʤʝ. 
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ʀʩʩʣʝʜʦʚʘʥʠʝ ʠ ʦʩʚʦʝʥʠʝ ʃʫʥʳ ʥʘʭʦʜʠʪʩʷ ʚ ʮʝʥʪʨʝ ʚʥʠʤʘʥʠʷ ʤʠʨʦʚʦʛʦ 

ʥʘʫʯʥʦʛʦ ʩʦʦʙʱʝʩʪʚʘ. ɺ ʯʘʩʪʥʦʩʪʠ, ʚ ʙʣʠʞʘʡʰʠʝ ʛʦʜʳ ʧʣʘʥʠʨʫʝʪʩʷ ʟʘʧʫʩʢ 

ʦʪʝʯʝʩʪʚʝʥʥʦʛʦ ʦʨʙʠʪʘʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ çʃʫʥʘ-ʈʝʩʫʨʩ-1 ʆɸè ʥʘ ʥʠʟʢʫʶ 

ʧʦʣʷʨʥʫʶ ʦʢʦʣʦʣʫʥʥʫʶ ʦʨʙʠʪʫ (50-80 ʢʤ) ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʜʠʩʪʘʥʮʠʦʥʥʦʛʦ 

ʟʦʥʜʠʨʦʚʘʥʠʷ ʣʫʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʪʝʯʝʥʠʝ ʛʦʜʘ. ʇʦʜʜʝʨʞʘʥʠʝ ʚʳʩʦʪʳ ʥʠʟʢʦʡ 

ʦʨʙʠʪʳ ʢʦʩʤʠʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ (ʂɸ) ʩʦʧʨʷʞʝʥʦ ʩ ʩʫʱʝʩʪʚʝʥʥʳʤʠ ʪʨʫʜʥʦʩʪʷʤʠ 

ʠʟ-ʟʘ ʥʝʩʬʝʨʠʯʥʦʩʪʠ ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ ʧʦʣʷ ʃʫʥʳ. ʅʝʦʜʥʦʨʦʜʥʦʩʪʠ 

ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ ʧʦʣʷ ʧʨʠʚʦʜʷʪ ʢ ʟʥʘʯʠʪʝʣʴʥʳʤ ʚʦʟʤʫʱʝʥʠʷʤ ʦʨʙʠʪʳ, ʯʪʦ 

ʤʦʞʝʪ ʚʳʚʝʩʪʠ ʂɸ ʟʘ ʧʨʝʜʝʣʳ ʪʨʝʙʫʝʤʦʛʦ ʢʦʨʠʜʦʨʘ ʚʳʩʦʪ, ʢʨʠʪʠʯʥʦʛʦ ʜʣʷ 

ʢʦʨʨʝʢʪʥʦʡ ʨʘʙʦʪʳ ʘʧʧʘʨʘʪʫʨʳ ʜʠʩʪʘʥʮʠʦʥʥʦʛʦ ʟʦʥʜʠʨʦʚʘʥʠʷ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ 

ʨʘʟʨʘʙʦʪʢʘ ʵʬʬʝʢʪʠʚʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʧʦʜʜʝʨʞʘʥʠʷ ʥʠʟʢʦʡ ʦʢʦʣʦʣʫʥʥʦʡ ʦʨʙʠʪʳ 

ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ. 

ɹʝʟ ʧʦʜʜʝʨʞʘʥʠʷ ʦʨʙʠʪʳ ʂɸ, ʚʳʚʝʜʝʥʥʳʡ ʥʘ ʢʨʫʛʦʚʫʶ ʦʢʦʣʦʣʫʥʥʫʶ 

ʦʨʙʠʪʫ ʚʳʩʦʪʦʡ 65 ʢʤ, ʚʳʡʜʝʪ ʟʘ ʧʨʝʜʝʣʳ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʢʦʨʠʜʦʨʘ ʚʳʩʦʪ 

(ʦʪ 50 ʜʦ 80 ʢʤ) ʯʝʨʝʟ 25 ʩʫʪʦʢ ʠ ʩʪʦʣʢʥʸʪʩʷ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʃʫʥʳ ʧʨʠʤʝʨʥʦ 

ʯʝʨʝʟ 85 ʩʫʪʦʢ ʠʟ-ʟʘ ʚʦʟʤʫʱʝʥʠʡ, ʚʳʟʚʘʥʥʳʭ ʥʝʩʬʝʨʠʯʥʦʩʪʴʶ ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ 

ʧʦʣʷ ʃʫʥʳ. ʆʛʨʘʥʠʯʝʥʠʝ ʥʘ ʚʳʩʦʪʫ ʂɸ ʚ ʟʘʜʘʥʥʦʤ ʢʦʨʠʜʦʨʝ (50-80 ʢʤ) 

ʵʢʚʠʚʘʣʝʥʪʥʦ ʦʛʨʘʥʠʯʝʥʠʶ ʥʘ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʵʢʩʮʝʥʪʨʠʩʠʪʝʪʘ ʦʨʙʠʪʳ, 

ʧʦʩʢʦʣʴʢʫ ʙʦʣʴʰʘʷ ʧʦʣʫʦʩʴ ʦʨʙʠʪʳ ʷʚʣʷʝʪʩʷ ʠʟʚʝʩʪʥʦʡ ʚʝʣʠʯʠʥʦʡ ʠ ʨʘʚʥʘ 

ʩʫʤʤʝ ʨʘʜʠʫʩʘ ʃʫʥʳ ʠ ʥʦʤʠʥʘʣʴʥʦʡ ʚʳʩʦʪʳ ʦʨʙʠʪʳ. ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥ 

ʛʨʘʬʠʢ ʵʚʦʣʶʮʠʠ ʵʢʩʮʝʥʪʨʠʩʠʪʝʪʘ ʠ ʘʨʛʫʤʝʥʪʘ ʧʝʨʠʮʝʥʪʨʘ, ʧʦʣʫʯʝʥʥʳʡ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʵʚʦʣʶʮʠʠ ʢʨʫʛʦʚʦʡ ʦʨʙʠʪʳ ʂɸ ʥʘ 4 

ʧʝʨʠʦʜʘ ʦʙʨʘʱʝʥʠʷ ʃʫʥʳ.  
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ʈʠʩ. 1. ɻʨʘʬʠʢ ʵʚʦʣʶʮʠʠ ʵʢʩʮʝʥʪʨʠʩʠʪʝʪʘ ʠ ʘʨʛʫʤʝʥʪʘ ʧʝʨʠʮʝʥʪʨʘ. 

ʅʘ ʛʨʘʬʠʢʝ ʧʨʦʩʣʝʞʠʚʘʝʪʩʷ ʧʝʨʠʦʜʠʯʥʦʩʪʴ ʵʚʦʣʶʮʠʠ ʵʢʩʮʝʥʪʨʠʩʠʪʝʪʘ ʠ 

ʘʨʛʫʤʝʥʪʘ ʧʝʨʠʮʝʥʪʨʘ, ʬʦʨʤʠʨʫʶʱʘʷ ʧʦʚʪʦʨʷʶʱʠʝʩʷ ʢʨʠʚʳʝ ʩ ʧʝʨʠʦʜʦʤ, 

ʨʘʚʥʳʤ ʧʝʨʠʦʜʫ ʦʙʨʘʱʝʥʠʷ ʃʫʥʳ. ʀʟ ʵʪʦʛʦ ʩʣʝʜʫʝʪ, ʯʪʦ ʚʠʜ ʛʨʘʬʠʢʘ ʵʚʦʣʶʮʠʠ 

ʵʢʩʮʝʥʪʨʠʩʠʪʝʪʘ ʠ ʘʨʛʫʤʝʥʪʘ ʧʝʨʠʮʝʥʪʨʘ, ʧʦʩʪʨʦʝʥʥʦʛʦ ʥʘ ʧʝʨʠʦʜ ʦʙʨʘʱʝʥʠʷ 

ʃʫʥʳ, ʙʫʜʝʪ ʦʜʠʥʘʢʦʚʳʤ ʜʣʷ ʣʶʙʳʭ ʥʘʯʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʵʪʠʭ ʵʣʝʤʝʥʪʦʚ 

ʦʨʙʠʪʳ ʧʨʠ ʟʥʘʯʝʥʠʷʭ ʵʢʩʮʝʥʪʨʠʩʠʪʝʪʘ, ʙʣʠʟʢʠʭ ʢ ʥʫʣʶ. 

ʆʪʤʝʪʠʤ ʪʘʢʞʝ, ʯʪʦ ʬʘʟʦʚʘʷ ʪʨʘʝʢʪʦʨʠʷ  ʤʦʞʝʪ ʫʜʦʚʣʝʪʚʦʨʷʪʴ 

ʦʛʨʘʥʠʯʝʥʠʶ ʥʘ ʤʘʢʩʠʤʘʣʴʥʳʡ ʵʢʩʮʝʥʪʨʠʩʠʪʝʪ ʪʦʣʴʢʦ ʥʘ ʦʜʥʦʤ ʧʝʨʠʦʜʝ 

ʦʙʨʘʱʝʥʠʷ ʃʫʥʳ, ʧʦʵʪʦʤʫ ʢʦʨʨʝʢʮʠʠ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʦʜʠʪʴ ʥʝ ʨʝʞʝ ʯʝʤ ʨʘʟ ʚ 

ʧʝʨʠʦʜ. 

ʉʚʦʡʩʪʚʦ ʩʭʦʞʝʩʪʠ ʬʘʟʦʚʳʭ ʪʨʘʝʢʪʦʨʠʡ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ 

ʧʦʩʪʨʦʝʥʠʷ ʵʬʬʝʢʪʠʚʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʧʦʜʜʝʨʞʘʥʠʷ ʦʨʙʠʪʳ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʚ 

ʨʘʙʦʪʘʭ [1ï3]. ʇʨʝʜʣʘʛʘʝʪʩʷ ʚʳʙʨʘʪʴ ʣʶʙʳʝ ʥʘʯʘʣʴʥʳʝ ʫʩʣʦʚʠʷ (ʥʘʧʨʠʤʝʨ, 

ʥʫʣʝʚʦʡ ʵʢʩʮʝʥʪʨʠʩʠʪʝʪ) ʠ, ʯʠʩʣʝʥʥʦ ʧʨʦʠʥʪʝʛʨʠʨʦʚʘʚ ʫʨʘʚʥʝʥʠʷ ʜʚʠʞʝʥʠʷ 

ʂɸ, ʧʦʩʪʨʦʠʪʴ ʛʨʘʬʠʢ ʵʚʦʣʶʮʠʠ  ʥʘ 27.4 ʩʫʪʦʢ. ɼʘʣʝʝ ʧʦ ʪʦʯʢʘʤ 

ʧʦʣʫʯʝʥʥʦʡ ʪʨʘʝʢʪʦʨʠʠ ʤʦʞʥʦ ʧʦʩʪʨʦʠʪʴ ʤʠʥʠʤʘʣʴʥʫʶ ʦʭʚʘʪʳʚʘʶʱʫʶ 

ʦʢʨʫʞʥʦʩʪʴ [4], ʠ ʧʝʨʝʤʝʩʪʠʪʴ ʝʸ ʮʝʥʪʨ ʚ ʧʦʣʶʩ ʧʦʣʷʨʥʦʡ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ 

(ʨʠʩ. 3). 

ʇʝʨʝʤʝʩʪʠʚ ʥʘʯʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʚʤʝʩʪʝ ʩ ʮʝʥʪʨʦʤ ʤʠʥʠʤʘʣʴʥʦʡ 

ʦʭʚʘʪʳʚʘʶʱʝʡ ʦʢʨʫʞʥʦʩʪʠ, ʧʦʣʫʯʠʤ ʩʢʦʨʨʝʢʪʠʨʦʚʘʥʥʳʝ ʥʘʯʘʣʴʥʳʝ ʫʩʣʦʚʠʷ, 

ʥʘ ʦʩʥʦʚʝ ʢʦʪʦʨʳʭ ʚʥʦʚʴ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʪʨʘʝʢʪʦʨʠʷ . ʀʪʝʨʘʮʠʦʥʥʳʡ 

ʧʨʦʮʝʩʩ ʧʨʦʜʦʣʞʘʝʪʩʷ ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʩʤʝʱʝʥʠʝ ʮʝʥʪʨʘ ʦʭʚʘʪʳʚʘʶʱʝʡ 

ʦʢʨʫʞʥʦʩʪʠ ʥʝ ʩʪʘʥʝʪ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʳʤ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʥʘʭʦʜʷʪʩʷ 

ʦʧʪʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʵʢʩʮʝʥʪʨʠʩʠʪʝʪʘ ʠ ʘʨʛʫʤʝʥʪʘ ʧʝʨʠʮʝʥʪʨʘ, 

ʤʠʥʠʤʠʟʠʨʫʶʱʠʝ ʦʪʢʣʦʥʝʥʠʷ ʚʳʩʦʪʳ ʂɸ ʚ ʪʝʯʝʥʠʝ ʣʫʥʥʦʛʦ ʤʝʩʷʮʘ. 

ʆʪʤʝʪʠʤ ʪʘʢʞʝ, ʯʪʦ ʚʠʜ ʪʨʘʝʢʪʦʨʠʠ  ʟʘʚʠʩʠʪ ʦʪ ʥʘʯʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ 

ʜʦʣʛʦʪʳ ʚʦʩʭʦʜʷʱʝʛʦ ʫʟʣʘ (ɼɺʋ) ʚʦ ʚʨʘʱʘʶʱʝʡʩʷ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ, 

ʩʚʷʟʘʥʥʦʡ ʩ ʬʠʛʫʨʦʡ ʃʫʥʳ. ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʟʘʜʘʯʘ ʧʦʠʩʢʘ ʦʧʪʠʤʘʣʴʥʦʡ ʜʣʷ 

ʧʦʜʜʝʨʞʘʥʠʷ ʦʨʙʠʪʳ ʩʚʦʜʠʪʩʷ ʢ ʧʦʠʩʢʫ ʦʧʪʠʤʘʣʴʥʦʛʦ ʥʘʯʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ 

ɼɺʋ. 


