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ʉʦʨʦʢʽʥ ʄ.ɺ. ɯʥʬʦʨʤʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ ʥʘʩʣʽʜʢʽʚ 

ʪʝʭʥʦʛʝʥʥʠʭ ʚʧʣʠʚʽʚ ʥʘ ʩʪʘʥ ʨʽʯʦʢ ʽ ʧʨʠʙʝʨʝʞʥʦʾ ʟʦʥʠ ʤʦʨʷ ʥʘ ʦʩʥʦʚʽ ʜʚʦʚʠʤʽʨʥʠʭ 

ʨʽʚʥʷʥʴ. ï ʂʚʘʣʽʬʽʢʘʮʽʡʥʘ ʥʘʫʢʦʚʘ ʧʨʘʮʷ ʥʘ ʧʨʘʚʘʭ ʨʫʢʦʧʠʩʫ. 

ɼʠʩʝʨʪʘʮʽʷ ʥʘ ʟʜʦʙʫʪʪʷ ʥʘʫʢʦʚʦʛʦ ʩʪʫʧʝʥʷ ʢʘʥʜʠʜʘʪʘ ʪʝʭʥʽʯʥʠʭ ʥʘʫʢ ʟʘ 

ʩʧʝʮʽʘʣʴʥʽʩʪʶ 05.13.06 ï ̔ ʥʬʦʨʤʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾ. ï ɯʥʩʪʠʪʫʪ ʧʨʦʙʣʝʤ ʤʘʪʝʤʘʪʠʯʥʠʭ 

ʤʘʰʠʥ ʽ ʩʠʩʪʝʤ ʅʘʮʽʦʥʘʣʴʥʦʾ ʘʢʘʜʝʤʽʾ ʥʘʫʢ ʋʢʨʘʾʥʠ, ʂʠʾʚ, 2025. 

ʋ ʨʦʙʦʪʽ ʚʠʨʽʰʝʥʽ ʥʦʚʽ ʘʢʪʫʘʣʴʥʽ ʟʘʜʘʯʽ ʨʦʟʨʦʙʢʠ ʪʝʭʥʦʣʦʛʽʡ ʧʘʨʘʣʝʣʴʥʠʭ 

ʦʙʯʠʩʣʝʥʴ, ʩʪʚʦʨʝʥʥʷ ʽʥʬʦʨʤʘʮʽʡʥʦ-ʤʦʜʝʣʶʶʯʠʭ ʩʠʩʪʝʤ ʪʘ ʾʭ ʧʨʘʢʪʠʯʥʦʛʦ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʜʣʷ ʦʮʽʥʢʠ ʥʘʩʣʽʜʢʽʚ ʪʝʭʥʦʛʝʥʥʠʭ ʚʧʣʠʚʽʚ ʥʘ ʩʪʘʥ ʨʽʯʦʢ ʽ ʧʨʠʙʝʨʝʞʥʦʾ 

ʟʦʥʠ ʤʦʨʷ.  

ʈʦʙʦʪʘ ʤʽʩʪʠʪʴ ʚʩʪʫʧ, ʧôʷʪʴ ʨʦʟʜʽʣʽʚ, ʚʠʩʥʦʚʢʠ, ʩʧʠʩʦʢ ʚʠʢʦʨʠʩʪʘʥʠʭ ʜʞʝʨʝʣ ʪʘ 

ʩʽʤ ʜʦʜʘʪʢʽʚ. ɺʦʥʘ ʥʘʣʝʞʠʪʴ ʜʦ ʥʘʧʨʷʤʫ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʧʘʨʘʣʝʣʴʥʠʭ 

ʦʙʯʠʩʣʝʥʴ ʫ ʩʬʝʨʽ ʤʘʪʝʤʘʪʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʤʦʨʩʴʢʠʭ ʽ ʨʽʯʢʦʚʠʭ ʩʠʩʪʝʤ 

ʋ ʧʝʨʰʦʤʫ ʨʦʟʜʽʣʽ çʆʛʣʷʜ ʩʫʯʘʩʥʦʛʦ ʩʪʘʥʫ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ 

ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ ʥʘʩʣʽʜʢʽʚ ʪʝʭʥʦʛʝʥʥʠʭ ʚʧʣʠʚʽʚ ʥʘ ʚʦʜʥʽ ʦʙôʻʢʪʠ ʥʘ ʦʩʥʦʚʽ 

ʜʚʦʚʠʤʽʨʥʠʭ ʨʽʚʥʷʥʴè ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʩʫʯʘʩʥʠʡ ʩʪʘʥ ʦʙʣʘʩʪʽ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ 

ʜʣʷ ʨʦʟʚôʷʟʘʥʥʷ ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ ʫ ʯʘʩʪʠʥʥʠʭ ʧʦʭʽʜʥʠʭ. ɺʠʜʽʣʝʥʽ ʦʩʥʦʚʥʽ 

ʧʽʜʭʦʜʠ ʪʘ ʧʨʦʛʨʘʤʥʽ ʪʝʭʥʦʣʦʛʽʾ ʧʘʨʘʣʝʣʽʟʘʮʽʾ, ʦʨʽʻʥʪʦʚʘʥʽ ʥʘ ʩʫʯʘʩʥʽ ʛʝʪʝʨʦʛʝʥʥʽ 

ʦʙʯʠʩʣʶʚʘʣʴʥʽ ʩʠʩʪʝʤʠ. ɼʣʷ ʩʠʩʪʝʤ ʟ ʮʝʥʪʨʘʣʴʥʠʤʠ ʧʨʦʮʝʩʦʨʘʤʠ (CPU) ʽ 

ʨʦʟʧʦʜʽʣʝʥʦʶ ʧʘʤôʷʪʪʶ ï ʮʝ ʧʘʨʘʣʝʣʽʟʘʮʽʷ ʥʘ ʦʩʥʦʚʽ ʧʨʦʮʝʩʽʚ ʽʟ ʜʝʢʦʤʧʦʟʠʮʽʻʶ 

ʦʙʣʘʩʪʽ ʽ ʦʙʤʽʥʦʤ ʜʘʥʠʤʠ ʥʘ ʦʩʥʦʚʽ ʽʥʪʝʨʬʝʡʩʫ ʧʝʨʝʜʘʯʽ ʧʦʚʽʜʦʤʣʝʥʴ MPI. ɼʣʷ CPU-

ʩʠʩʪʝʤ ʟʽ ʩʧʽʣʴʥʦʶ ʧʘʤôʷʪʪʶ ʽ ʛʨʘʬʽʯʥʠʭ ʧʨʦʮʝʩʦʨʽʚ (GPU) ï ʧʘʨʘʣʝʣʽʟʘʮʽʷ ʥʘ ʦʩʥʦʚʽ 

ʧʦʪʦʢʦʚʦʾ ʦʙʨʦʙʢʠ, ʱʦ ʨʝʘʣʽʟʫʻʪʴʩʷ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʜʠʨʝʢʪʠʚ OpenMP ʪʘ OpenACC.  

ʈʦʟʛʣʷʥʫʪʦ ʦʩʥʦʚʥʽ ʩʫʯʘʩʥʽ ʧʽʜʭʦʜʠ ʜʦ ʤʦʜʝʣʶʚʘʥʥʷ ʛʽʜʨʦʜʠʥʘʤʽʢʠ ʨʽʯʦʢ ʽ 

ʧʨʠʙʝʨʝʞʥʦʾ ʟʦʥʠ ʤʦʨʷ ʥʘ ʦʩʥʦʚʽ ʜʚʦʚʠʤʽʨʥʠʭ ʨʽʚʥʷʥʴ ʫ ʯʘʩʪʠʥʥʠʭ ʧʦʭʽʜʥʠʭ. ʉʝʨʝʜ 

ʥʠʭ ʚʠʜʽʣʝʥʽ ʜʣʷ ʦʧʠʩʘʥʥʷ ʪʨʘʥʩʬʦʨʤʘʮʽʾ ʭʚʠʣʴ ʫ ʧʨʠʙʝʨʝʞʥʽʡ ʟʦʥʽ ʤʦʨʷ ï 

ʬʘʟʦʨʦʟʜʽʣʴʥʽ ʤʘʪʝʤʘʪʠʯʥʽ ʤʦʜʝʣʽ ʥʘ ʦʩʥʦʚʽ ʨʽʚʥʷʥʴ ɹʫʩʩ̔ʥʝʩʢʘ ʽ ʨʽʚʥʷʥʥ ̫ʧʦʣʦʛʠʭ 



 

ʩʭʠʣʽʚ (ʈʇʉ), ʜʣʷ ʪʝʯʽʡ ʫ ʨʽʯʢʘʭ ʽ ʤʦʨʷʭ ï ʤʦʜʝʣʽ ʥʘ ʦʩʥʦʚʽ ʨʽʚʥʷʥ ɹʤʽʣʢʦʾ ʚʦʜʠ (ʈʄɺ). 

ɿʜʽʡʩʥʝʥʦ ʦʛʣʷʜ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʤʦʜʝʣʶʚʘʥʥʷ ʚʟʘʻʤʦʧʦʚôʷʟʘʥʠʭ ʧʨʦʮʝʩʽʚ 

ʛʽʜʨʦʜʠʥʘʤʽʢʠ, ʜʠʥʘʤʽʢʠ ʥʘʥʦʩʽʚ ʽ ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʙʨʫʜʥʝʥʴ, ʟ ʘʢʮʝʥʪʦʤ ʥʘ 

ʽʥʬʦʨʤʘʮʽʡʥʦ-ʤʦʜʝʣʶʶʯʽ ʩʠʩʪʝʤʠ.  

ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʚʥʝʩʦʢ ʫʢʨʘʾʥʩʴʢʠʭ ʫʯʝʥʠʭ ʫ ʮʠʭ ʥʘʧʨʷʤʘʭ ʪʘ ʥʘʧʨʘʮʶʚʘʥʥʷ 

ɯʥʩʪʠʪʫʪʫ ʧʨʦʙʣʝʤ ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʘʰʠʥ ʽ ʩʠʩʪʝʤ ʅɸʅ ʋʢʨʘʾʥʠ, ʟʦʢʨʝʤʘ ʩʠʩʪʝʤʫ 

ʤʦʜʝʣʝʡ COASTOX. ʆʙˇʨʫʥʪʦʚʘʥʦ ʥʝʦʙʭʽʜʥʽʩʪʴ ʾʾ ʧʝʨʝʪʚʦʨʝʥʥʷ ʥʘ ʧʘʨʘʣʝʣʴʥʫ 

ʩʠʩʪʝʤʫ COASTOX-PRL, ʟʜʘʪʥʫ ʝʬʝʢʪʠʚʥʦ ʧʨʘʮʶʚʘʪʠ ʥʘ ʛʝʪʝʨʦʛʝʥʥʠʭ ʩʠʩʪʝʤʘʭ ʽʟ 

CPU ʪʘ GPU. ɼʣʷ ʮʴʦʛʦ ʚʠʟʥʘʯʝʥʦ ʜʦʮʽʣʴʥʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʛʽʙʨʠʜʥʦʛʦ ʧʽʜʭʦʜʫ. 

ʋ ʜʨʫʛʦʤʫ ʨʦʟʜʽʣʽ çʈʦʟʚʠʪʦʢ ʪʝʭʥʦʣʦʛʽʾ ʧʘʨʘʣʝʣʽʟʘʮʽʾ ʜʚʦʚʠʤʽʨʥʠʭ ʤʦʜʝʣʝʡ 

ʜʠʥʘʤʽʢʠ ʚʦʜʦʡʤ ʜʣʷ CPU-ʩʠʩʪʝʤ ʽ ʛʨʘʬʽʯʥʠʭ ʧʨʠʩʢʦʨʶʚʘʯʽʚè ʨʦʟʨʦʙʣʝʥʦ ʛʽʙʨʠʜʥʫ 

ʪʝʭʥʦʣʦʛʽʶ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ ʜʣʷ ʩʠʩʪʝʤ ʽʟ CPU ʪʘ GPU. ɺʦʥʘ ʧʦʻʜʥʫʻ 

ʧʘʨʘʣʝʣʽʟʘʮʽʶ ʥʘ ʦʩʥʦʚʽ MPI-ʧʨʦʮʝʩʽʚ ʽʟ ʧʦʪʦʢʦʚʦʶ ʧʘʨʘʣʝʣʽʟʘʮʽʻʶ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʜʠʨʝʢʪʠʚ OpenACC, ʦʬʦʨʤʣʝʥʠʭ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʫʥʽʬʽʢʦʚʘʥʦʛʦ ʩʪʠʣʶ. ʊʝʭʥʦʣʦʛʽʶ 

ʟʘʩʪʦʩʦʚʘʥʦ ʜʦ ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʦʜʝʣʝʡ, ʱʦ ʚʭʦʜʷʪʴ ʜʦ ʩʢʣʘʜʫ ʩʠʩʪʝʤʠ COASTOX-PRL.  

HWAVE ï ʤʦʜʝʣʴ ʣʽʥʽʡʥʦʾ ʪʨʘʥʩʬʦʨʤʘʮʽʾ ʭʚʠʣʴ, ʱʦ ʨʦʟʚôʷʟʫʻ ʈʇʉ ʤʝʪʦʜʦʤ 

ʩʢʽʥʯʝʥʠʭ ʨʽʟʥʠʮʴ ʥʘ ʧʨʷʤʦʢʫʪʥʠʭ ʨʦʟʨʘʭʫʥʢʦʚʠʭ ʩʽʪʢʘʭ. ɺʦʥʘ ʨʦʟʧʘʨʘʣʝʣʝʥʘ 

ʜʝʢʦʤʧʦʟʠʮʽʻʶ ʦʙʣʘʩʪʽ ʥʘ ʩʪʨʽʯʢʠ, ʚʚʝʜʝʥʥʷʤ halo-ʚʫʟʣʽʚ ʩʽʪʢʠ ʫʟʜʦʚʞ ʾʭʥʽʭ ʛʨʘʥʠʮʴ 

ʪʘ ʦʥʦʚʣʝʥʥʷʤ ʟʥʘʯʝʥʴ ʫ halo-ʚʫʟʣʘʭ ʥʘ ʦʩʥʦʚʽ MPI. ʇʘʨʘʣʝʣʽʟʘʮʽʷ ʦʨʽʻʥʪʦʚʘʥʘ ʥʘ 

CPU-ʩʠʩʪʝʤʠ ʟ ʨʦʟʧʦʜʽʣʝʥʦʶ ʧʘʤôʷʪʪʶ, ʘʣʝ ʪʘʢʦʞ ʧʽʜʪʨʠʤʫʻ ʩʠʩʪʝʤʠ ʟʽ ʩʧʽʣʴʥʦʶ 

ʧʘʤôʷʪʪʶ MPI-ʦʙʤʽʥʘʤʠ ʯʝʨʝʟ ʧʘʤôʷʪʴ.  

ShipSim ï ʤʦʜʝʣʴ ʜʚʦʚʠʤʽʨʥʦʾ ʛʽʜʨʦʜʠʥʘʤʽʢʠ ʤʽʣʢʦʾ ʚʦʜʠ, ʘʜʘʧʪʦʚʘʥʘ ʜʦ 

ʧʨʦʛʥʦʟʫ ʜʠʥʘʤʽʢʠ ʢʦʨʘʙʝʣʴʥʠʭ ʭʚʠʣʴ ʪʘ ʨʦʟʨʘʭʫʥʢʫ ʥʘʚʘʥʪʘʞʝʥʴ. ɰʾ ʨʦʟʧʘʨʘʣʝʣʝʥʦ ʽʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʜʠʨʝʢʪʠʚ OpenACC ʜʣʷ CPU-ʩʠʩʪʝʤ ʟʽ ʩʧʽʣʴʥʦʶ ʧʘʤôʷʪʪʶ ʪʘ GPU. 

ɼʠʨʝʢʪʠʚʘʤʠ ʦʬʦʨʤʣʝʥʽ ʧʨʦʛʨʘʤʥʽ ʮʠʢʣʠ ʯʠʩʝʣʴʥʠʭ ʩʢʽʥʯʝʥʦ-ʦʙôʻʤʥʠʭ ʩʭʝʤ 

ʨʦʟʚôʷʟʢʫ ʈʄɺ ʽ ʩʭʝʤ ʨʦʟʨʘʭʫʥʢʫ ʥʘʚʘʥʪʘʞʝʥʴ ʥʘ ʧʨʠʰʚʘʨʪʦʚʘʥʽ ʩʫʜʥʘ.  

COASTOX-HD-SED-RN ï ʤʦʜʝʣʴ ʜʚʦʚʠʤʽʨʥʠʭ ʛʽʜʨʦʜʠʥʘʤʽʢʠ, ʪʨʘʥʩʧʦʨʪʫ 

ʥʘʥʦʩʽʚ ʽ ʜʠʥʘʤʽʢʠ ʟʘʙʨʫʜʥʝʥʴ, ʱʦ ʨʦʟʚôʷʟʫʻ ʤʦʜʝʣʴʥʽ ʨʽʚʥʷʥʥʷ ʥʘ ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʠʭ 

ʩʽʪʢʘʭ ʤʝʪʦʜʦʤ ʩʢʽʥʯʝʥʠʭ ʦʙôʻʤʽʚ. ɺʦʥʘ ʨʦʟʧʘʨʘʣʝʣʝʥʘ ʜʣʷ CPU-ʩʠʩʪʝʤʠ ʟ 

ʨʦʟʧʦʜʽʣʝʥʦʶ ʧʘʤôʷʪʪʶ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʜʝʢʦʤʧʦʟʠʮʽʾ, halo-ʩʪʨʫʢʪʫʨ ʽ MPI-ʦʙʤʽʥʽʚ, 



 

ʘ ʪʘʢʦʞ ʜʣʷ GPU ʥʘ ʦʩʥʦʚʽ ʜʠʨʝʢʪʠʚ OpenACC. ɼʣʷ ʨʦʟʧʦʜʽʣʝʥʠʭ ʩʠʩʪʝʤ ʟʘʩʪʦʩʦʚʘʥʦ 

ʜʝʢʦʤʧʦʟʠʮʽʶ ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʦʾ ʩʽʪʢʠ ʥʘ ʦʩʥʦʚʽ ʧʦʜʽʣʫ ʛʨʘʬʽʚ ʽ ʧʦʭʽʜʥʽ MPI-ʪʠʧʠ 

ʜʘʥʠʭ ʜʣʷ halo-ʩʪʨʫʢʪʫʨ. ʏʠʩʝʣʴʥʫ ʩʭʝʤʫ ʧʝʨʝʥʦʩʫ ʫʜʦʩʢʦʥʘʣʝʥʦ ï ʨʝʘʣʽʟʦʚʘʥʦ 

ʚʘʨʽʘʥʪ ʩʭʝʤʠ ʧʽʜʚʠʱʝʥʦʛʦ ʧʦʨʷʜʢʫ ʪʠʧʫ ɻʦʜʫʥʦʚʘ ʜʣʷ ʦʧʠʩʫ ʧʨʦʮʝʩʽʚ ʽʟ ʨʽʟʢʠʤʠ 

ʛʨʘʜʽʻʥʪʘʤʠ ʢʦʥʮʝʥʪʨʘʮʽʾ. 

ʈʦʟʨʦʙʣʝʥʦ ʪʝʭʥʦʣʦʛʽʶ ʧʘʨʘʣʝʣʽʟʘʮʽʾ ʣʘʛʨʘʥʞʝʚʦʾ ʜʚʦʚʠʤʽʨʥʦʾ ʤʦʜʝʣʽ 

ʛʽʜʨʦʜʠʥʘʤʽʢʠ ʟʛʣʘʜʞʝʥʠʭ ʯʘʩʪʠʥʦʢ SPH2d ʜʣʷ ʨʦʟʧʦʜʽʣʝʥʠʭ CPU-ʩʠʩʪʝʤ. ɺʦʥʘ 

ʦʩʥʦʚʘʥʘ ʥʘ ʜʝʢʦʤʧʦʟʠʮʽʾ ʨʦʟʨʘʭʫʥʢʦʚʦʾ ʦʙʣʘʩʪʽ, ʧʦʜʽʣʝʥʦʾ ʥʘ ʢʦʤʽʨʢʠ ʟ ʣʘʛʨʘʥʞʝʚʠʤʠ 

ʯʘʩʪʠʥʢʘʤʠ, ʥʘ ʩʪʨʽʯʢʠ ʢʦʤʽʨʦʢ, ʫʚʝʜʝʥʥʽ ʫʟʜʦʚʞ ʾʭʥʽʭ ʛʨʘʥʠʮʴ halo-ʢʦʤʽʨʦʢ ʽ MPI-

ʦʙʤʽʥʘʭ ʟʥʘʯʝʥʴ ʜʣʷ halo-ʯʘʩʪʠʥʦʢ. ʅʝʬʽʢʩʦʚʘʥʠʡ ʭʘʨʘʢʪʝʨ ʜʠʩʢʨʝʪʠʟʘʮʽʾ ʤʦʜʝʣʽ 

ʚʨʘʭʦʚʘʥʦ ʜʦʜʘʪʢʦʚʠʤ ʚʚʝʜʝʥʥʷʤ ʧʨʦʮʝʜʫʨʠ ʤʽʛʨʘʮʽʾ ʯʘʩʪʠʥʦʢ ʤʽʞ ʧʽʜʦʙʣʘʩʪʷʤʠ. 

ʋ ʪʨʝʪʴʦʤʫ ʨʦʟʜʽʣʽ çʊʝʭʥʦʣʦʛʽʷ ʽʥʪʝʛʨʘʮʽʾ ʧʘʨʘʣʝʣʴʥʠʭ ʤʦʜʝʣʝʡ ʚ 

ʽʥʬʦʨʤʘʮʽʡʥʦ-ʤʦʜʝʣʶʶʯʫ ʩʠʩʪʝʤʫ COASTOX-PRLè ʦʧʠʩʘʥʦ ʨʝʘʣʽʟʘʮʽʶ ʽʥʪʝʛʨʘʮʽʾ 

ʨʦʟʨʦʙʣʝʥʠʭ ʧʘʨʘʣʝʣʴʥʠʭ ʤʦʜʝʣʝʡ ʫ ʻʜʠʥʫ ʽʥʬʦʨʤʘʮʽʡʥʦ-ʤʦʜʝʣʶʶʯʫ ʩʠʩʪʝʤʫ. 

ʉʪʚʦʨʝʥʦ ʧʨʦʛʨʘʤʥʽ ʤʦʜʫʣʽ COASTOX-PRL ʥʘ ʦʩʥʦʚʽ ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʦʜʝʣʝʡ, 

ʨʦʟʧʘʨʘʣʝʣʝʥʠʭ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʨʦʟʨʦʙʣʝʥʦʾ ʪʝʭʥʦʣʦʛʽʾ: ʤʦʜʫʣʴ ʪʨʘʥʩʬʦʨʤʘʮʽʾ ʭʚʠʣʴ 

ʫ ʧʨʠʙʝʨʝʞʥʽʡ ʟʦʥʽ HWAVE ʜʣʷ CPU-ʩʠʩʪʝʤ ʽʟ ʨʦʟʧʦʜʽʣʝʥʦʶ ʧʘʤôʷʪʪʶ (ʻ ʧʽʜʪʨʠʤʢʘ 

CPU-ʩʠʩʪʝʤ ʟʽ ʩʧʽʣʴʥʦʶ ʧʘʤôʷʪʪʶ), ʤʦʜʫʣʴ ʜʠʥʘʤʽʢʠ ʢʦʨʘʙʝʣʴʥʠʭ ʭʚʠʣʴ ʽ ʨʦʟʨʘʭʫʥʢʫ 

ʥʘʚʘʥʪʘʞʝʥʴ ShipSim ʜʣʷ CPU-ʩʠʩʪʝʤ ʟʽ ʩʧʽʣʴʥʦʶ ʧʘʤôʷʪʪʶ ʪʘ GPU, ʤʦʜʫʣʴ 

ʜʚʦʚʠʤʽʨʥʦʾ ʛʽʜʨʦʜʠʥʘʤʽʢʠ, ʪʨʘʥʩʧʦʨʪʫ ʥʘʥʦʩʽʚ ʽ ʟʘʙʨʫʜʥʝʥʴ COASTOX-HD-SED-RN 

ʜʣʷ ʛʽʙʨʠʜʥʠʭ ʘʨʭʽʪʝʢʪʫʨ: ʨʦʟʧʦʜʽʣʝʥʘ ʪʘ ʩʧʽʣʴʥʘ ʧʘʤôʷʪʴ, CPU ʪʘ GPU. 

ʇʨʦʛʨʘʤʥʽ ʤʦʜʫʣʽ ʨʝʘʣʽʟʦʚʘʥʦ ʤʦʚʦʶ Fortran. ʇʘʨʘʣʝʣʽʟʘʮʽʷ ʚ ʧʨʦʛʨʘʤʥʦʤʫ ʢʦʜʽ 

ʽʤʧʣʝʤʝʥʪʦʚʘʥʘ ʬʫʥʢʮʽʷʤʠ MPI ʜʣʷ ʨʦʟʧʦʜʽʣʝʥʠʭ CPU-ʩʠʩʪʝʤ, ʪʘ ʜʠʨʝʢʪʠʚʘʤʠ 

OpenACC ʜʣʷ GPU. ʆʙʠʜʚʽ ʪʝʭʥʦʣʦʛʽʾ ʧʽʜʪʨʠʤʫʶʪʴ CPU-ʩʠʩʪʝʤʠ ʟʽ ʩʧʽʣʴʥʦʶ 

ʧʘʤôʷʪʪʶ. 

ʅʘ ʦʩʥʦʚʽ ʨʝʘʣʽʟʦʚʘʥʠʭ ʬʘʡʣʦʚʠʭ ʽʥʪʝʨʬʝʡʩʽʚ ʽ bash/batch ʩʢʨʠʧʪʽʚ ʤʦʜʫʣʽ 

ʽʥʪʝʛʨʦʚʘʥʽ ʫ ʩʠʩʪʝʤʫ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʢʦʤʧʣʝʢʩʥʠʭ ʟʘʜʘʯ ʭʚʠʣʴ, ʪʝʯʽʡ, 

ʧʝʨʝʬʦʨʤʫʚʘʥʥʷ ʜʥʘ ʪʘ ʜʠʥʘʤʽʢʠ ʟʘʙʨʫʜʥʝʥʴ ʫ ʨʽʯʢʘʭ ʽ ʧʨʠʙʝʨʝʞʥʽʡ ʟʦʥʽ ʤʦʨʷ. 

ʈʦʟʨʦʙʣʝʥʦ ʬʘʡʣʦʚʽ ʬʦʨʤʘʪʠ, ʜʦʜʘʪʢʦʚʽ ʧʨʦʛʨʘʤʠ ʪʘ ʩʢʨʠʧʪʠ ʜʣʷ ʧʦʧʝʨʝʜʥʴʦʾ 

ʦʙʨʦʙʢʠ ʚʭʽʜʥʠʭ ʜʘʥʠʭ ʽ ʧʦʩʪʦʙʨʦʙʢʠ ʨʝʟʫʣʴʪʘʪʽʚ ʩʠʩʪʝʤʠ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 



 

ʩʪʦʨʦʥʥʴʦʛʦ ʚʽʣʴʥʦʛʦ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ ʜʣʷ ʦʙʨʦʙʢʠ ʛʝʦʧʨʦʩʪʦʨʦʚʠʭ ʜʘʥʠʭ 

ʪʘ ʛʝʥʝʨʘʮʽʾ ʨʦʟʨʘʭʫʥʢʦʚʠʭ ʩʽʪʦʢ (Aquaveo SMS, Blue Kenue, QGIS), ʘ ʪʘʢʦʞ ʜʣʷ 

ʧʨʝʜʩʪʘʚʣʝʥʥʷ ʽʥʪʝʨʘʢʪʠʚʥʠʭ ʚʝʙʢʘʨʪ ʥʘ ʦʩʥʦʚʽ ɻɯʉ-ʩʝʨʚʽʩʽʚ ArcGIS. 

ɺʧʨʦʚʘʜʞʝʥʦ ʬʘʡʣʦʚʽ ʽʥʪʝʨʬʝʡʩʠ ʪʘ ʚʽʜʧʦʚʽʜʥʽ ʩʧʝʮʠʬʽʢʘʮʽʾ ʜʣʷ ʽʥʪʝʛʨʘʮʽʾ 

ʤʦʜʫʣʽʚ COASTOX-PRL ʫ Java-ʩʠʩʪʝʤʠ ʧʽʜʪʨʠʤʢʠ ʧʨʠʡʥʷʪʪʷ ʨʽʰʝʥʴ (ʉʇʇʈ), 

ʟʦʢʨʝʤʘ ʜʣʷ ʨʝʘʛʫʚʘʥʥʷ ʥʘ ʨʘʜʽʘʮʽʡʥʽ ʘʚʘʨʽʾ JRODOS ʪʘ ʜʣʷ ʧʦʧʝʨʝʜʞʝʥʥʷ ʽ 

ʧʦʤôʷʢʰʝʥʥʷ ʥʘʩʣʽʜʢʽʚ ʧʦʚʝʥʝʡ HYDROS. 

ʋ ʯʝʪʚʝʨʪʦʤʫ ʨʦʟʜʽʣʽ çɯʥʬʦʨʤʘʮʽʡʥʽ ʩʠʩʪʝʤʠ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ ʥʘʩʣʽʜʢʽʚ 

ʪʝʭʥʦʛʝʥʥʠʭ ʚʧʣʠʚʽʚ ʥʘ ʜʠʥʘʤʽʢʫ ʪʝʯʽʡ ʽ ʭʚʠʣʴè ʧʨʝʜʩʪʘʚʣʝʥʦ ʨʝʟʫʣʴʪʘʪʠ ʩʪʚʦʨʝʥʥʷ 

ʪʘ ʘʧʨʦʙʘʮʽʾ ʥʠʟʢʠ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʜʣʷ ʫʨʘʭʫʚʘʥʥʷ ʚʧʣʠʚʽʚ ʪʝʯʽʡ ʽ ʭʚʠʣʴ ʧʨʠ 

ʧʣʘʥʫʚʘʥʥʽ ʛʦʩʧʦʜʘʨʩʴʢʦʾ ʜʽʷʣʴʥʦʩʪʽ, ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʥʝʙʝʟʧʝʯʥʠʭ ʥʘʩʣʽʜʢʽʚ 

ʥʘʜʟʚʠʯʘʡʥʠʭ ʩʠʪʫʘʮʽʡ ʫ ʤʦʨʩʴʢʠʭ ʽ ʨʽʯʢʦʚʠʭ ʩʠʩʪʝʤʘʭ, ʦʮʽʥʢʠ ʪʝʭʥʦʛʝʥʥʠʭ ʚʧʣʠʚʽʚ, 

ʫ ʪʦʤʫ ʯʠʩʣʽ ʚʦʻʥʥʦʛʦ ʭʘʨʘʢʪʝʨʫ, ʥʘ ʚʦʜʥʝ ʩʝʨʝʜʦʚʠʱʝ. 

ʈʦʟʨʦʙʣʝʥʦ ʚʝʨʠʬʽʢʦʚʘʥʽ ʩʠʩʪʝʤʠ ʜʚʦʚʠʤʽʨʥʦʛʦ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʟʦʥ ʽ ʛʣʠʙʠʥ 

ʟʘʪʦʧʣʝʥʥʷ ʥʘ ʜʽʣʷʥʢʘʭ ʙʘʩʝʡʥʽʚ ʨʽʯʦʢ ʇʨʫʪ ʽ ʉʽʨʝʪ ʧʽʜ ʯʘʩ ʨʘʧʪʦʚʠʭ ʜʦʱʦʚʠʭ 

ʧʘʚʦʜʢʽʚ, ʘ ʪʘʢʦʞ ʜʣʷ ʙʝʨʝʛʽʚ ʤ. ʂʠʚ̒ʘ ʫ ʧʝʨʽʦʜʠ ʚʠʩʦʢʠʭ ʚʦʜʦʧʽʣʴ ʥʘ ɼʥʽʧʨʽ. GPU-

ʚʝʨʩʽʾ ʧʘʨʘʣʝʣʴʥʦʛʦ ʤʦʜʫʣʷ ʛʽʜʨʦʜʠʥʘʤʽʢʠ ʩʠʩʪʝʤʠ COASTOX-PRL, ʽʥʪʝʛʨʦʚʘʥʽ ʚ 

ʦʙʦʣʦʥʢʫ HYDROS, ʟʘʙʝʟʧʝʯʫʶʪʴ ʧʨʠʩʢʦʨʝʥʥʷ ʦʙʯʠʩʣʝʥʴ ʙʽʣʴʰ ʥʽʞ ʫ 100 ʨʘʟʽʚ ʽ 

ʚʠʢʦʥʘʥʥʷ ʨʦʟʨʘʭʫʥʢʽʚ ʫ ʜʝʩʷʪʢʠ ʨʘʟʽʚ ʰʚʠʜʰʝ ʟʘ ʨʝʘʣʴʥʠʡ ʯʘʩ, ɦ ʦ ʜʦʟʚʦʣʷʻ 

ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʩʠʩʪʝʤʠ ʚ ʦʧʝʨʘʪʠʚʥʦʤʫ ʨʝʞʠʤʽ. 

ʅʘ ʦʩʥʦʚʽ GPU-ʚʝʨʩʽʾ ʤʦʜʫʣʷ ʛʽʜʨʦʜʠʥʘʤʽʢʠ ʩʪʚʦʨʝʥʦ ʽʥʬʦʨʤʘʮʽʡʥʽ ʩʠʩʪʝʤʠ 

ʚʠʩʦʢʦʜʝʪʘʣʽʟʦʚʘʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʥʘʩʣʽʜʢʽʚ ʨʫʡʥʫʚʘʥʥʷ ʛʽʜʨʦʚʫʟʣʽʚ ɼʥʽʧʨʦʚʩʴʢʦʛʦ 

ʢʘʩʢʘʜʫ ɻɽʉ, ʫ ʪʦʤʫ ʯʠʩʣʽ ʩʧʨʠʯʠʥʝʥʠʭ ʙʦʡʦʚʠʤʠ ʜʽʷʤʠ. ɼʣʷ ʂʦʟʘʨʦʚʠʮʴʢʦʾ ʜʘʤʙʠ, 

ʂʠʾʚʩʴʢʦʾ, ʂʘʭʦʚʩʴʢʦʾ ʪʘ ɼʥʽʧʨʦʚʩʴʢʦʾ ɻɽʉ ʧʨʦʛʥʦʟʦʚʘʥʦ ʟʦʥʠ ʟʘʪʦʧʣʝʥʥʷ ʟʘ ʨʽʟʥʠʤʠ 

ʩʮʝʥʘʨʽʷʤʠ ʧʨʦʨʠʚʫ. ɼʣʷ ʨʝʘʣʴʥʠʭ ʧʨʦʨʠʚʽʚ ʂʦʟʘʨʦʚʠʮʴʢʦʾ ʜʘʤʙʠ ʪʘ ʂʘʭʦʚʩʴʢʦʾ ɻɽʉ 

ʨʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʽʚ ʧʽʜʪʚʝʨʜʞʝʥʦ ʩʫʧʫʪʥʠʢʦʚʠʤʠ ʟʥʽʤʢʘʤʠ, ʘ ʜʣʷ ʂʘʭʦʚʩʴʢʦʾ ɻɽʉ 

ï ʪʘʢʦʞ ʽ ʜʘʥʠʤʠ ʛʽʜʨʦʧʦʩʪʽʚ. ɼʣʷ ʦʩʪʘʥʥʴʦʾ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʨʫʡʥʫʚʘʥʥʷ ʚʽʜʙʫʚʘʣʦʩʷ 

ʯʝʨʝʟ ʰʚʠʜʢʝ ʫʪʚʦʨʝʥʥʷ ʧʦʯʘʪʢʦʚʦʛʦ ʧʨʦʨʘʥʫ ʟ ʧʦʜʘʣʴʰʠʤ ʡʦʛʦ ʟʙʽʣʴʰʝʥʥʷʤ 

ʫʥʘʩʣʽʜʦʢ ʨʦʟʤʠʚʫ ˇʨʫʥʪʽʚ. ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʤʦʜʝʣʶʚʘʥʥʷ ʩʪʚʦʨʝʥʦ ɻɯʉ-ʤʘʪʝʨʽʘʣʠ ʜʣʷ 

ʚʝʙʢʘʨʪ, ʧʨʠʟʥʘʯʝʥʠʭ ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʝʨʞʘʚʥʠʤʠ ʫʩʪʘʥʦʚʘʤʠ. 



 

ʈʦʟʨʦʙʣʝʥʦ ʽʥʬʦʨʤʘʮʽʡʥʫ ʩʠʩʪʝʤʫ GPU-ʦʙʯʠʩʣʝʥʴ ʛʽʜʨʦʣʦʛʽʯʥʦʛʦ ʨʝʞʠʤʫ 

ʂʽʣʽʡʩʴʢʦʾ ʜʝʣʴʪʠ ɼʫʥʘʶ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʨʽʚʥʽʚ ʚʦʜʠ ʚ ʨʫʢʘʚʘʭ ʜʝʣʴʪʠ ʪʘ ʨʦʟʧʦʜʽʣʫ 

ʚʠʪʨʘʪ ʤʽʞ ʥʠʤʠ. ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʤʦʜʝʣʶʚʘʥʥʷ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʨʦʢ̒ʪʦʚʘʥʘ 

ʨʝʢʦʥʩʪʨʫʢʮʽʷ ʛʣʠʙʦʢʦʚʦʜʥʦʛʦ ʩʫʜʥʦʚʦʛʦ ʭʦʜʫ ɼʫʥʘʡïʏʦʨʥʝ ʤʦʨʝ ʟ ʜʚʦʤʘ 

ʦʛʦʨʦʜʞʫʚʘʣʴʥʠʤʠ ʜʘʤʙʘʤʠ ʤʘʪʠʤʝ ʥʝʟʥʘʯʥʠʡ ʚʧʣʠʚ ʥʘ ʨʽʚʥʽ ʚʦʜʠ ʪʘ ʨʦʟʧʦʜʽʣ ʚʠʪʨʘʪ. 

ʉʪʚʦʨʝʥʦ ʩʠʩʪʝʤʫ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ ʥʘʢʘʪʫ ʮʫʥʘʤʽ ʥʘ ʫʟʙʝʨʝʞʞʷ 

ʧʨʝʬʝʢʪʫʨ ʄʽʷˇʽ ʪʘ ʌʫʢʫʩʽʤʘ, ʚʝʨʠʬʽʢʦʚʘʥʫ ʟʘ ʜʘʥʠʤʠ ʮʫʥʘʤʽ ʧʽʜ ʯʘʩ ʟʝʤʣʝʪʨʫʩʫ 

2011 ʨ. ɺʠʢʦʨʠʩʪʘʥʥʷ GPU ʟʘʙʝʟʧʝʯʠʣʦ ʧʨʠʩʢʦʨʝʥʥʷ ʨʦʟʨʘʭʫʥʢʽʚ ʜʦ 90 ʨʘʟʽʚ. 

ʈʦʟʨʦʙʣʝʥʦ ʩʧʝʢʪʨʘʣʴʥʫ ʚʝʨʩʽʶ ʧʘʨʘʣʝʣʴʥʦʛʦ ʭʚʠʣʴʦʚʦʛʦ ʤʦʜʫʣʷ HWAVE, ʷʢʘ 

ʧʨʦʜʝʤʦʥʩʪʨʫʚʘʣʘ ʧʨʠʩʢʦʨʝʥʥʷ ʜʦ 27,5 ʨʘʟʽʚ ʥʘ ʢʣʘʩʪʝʨʽ ɯʥʩʪʠʪʫʪʫ ʢʽʙʝʨʥʝʪʠʢʠ. 

ɯʥʬʦʨʤʘʮʽʡʥʫ ʩʠʩʪʝʤʫ, ʩʪʚʦʨʝʥʫ ʥʘ ʡʦʛʦ ʦʩʥʦʚʽ, ʫ ʧʦʻʜʥʘʥʥʽ ʟ ʚʽʜʢʨʠʪʦʶ ʤʦʜʝʣʣʶ 

SWASH ʚʠʢʦʨʠʩʪʘʥʦ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʥʠʢʥʝʥʥʷ ʭʚʠʣʴ ʫ ʧʦʨʪʦʚʽ ʘʢʚʘʪʦʨʽʾ ʪʘ 

ʚʠʟʥʘʯʝʥʥʷ ʨʝʟʦʥʘʥʩʽʚ ʟ ʤʝʪʦʶ ʦʧʪʠʤʽʟʘʮʽʾ ʢʦʥʬʽʛʫʨʘʮʽʡ ʧʦʨʪʦʚʠʭ ʩʧʦʨʫʜ. 

ʄʦʜʝʣʴ SWASH ʨʘʟʦʤ ʽʟ ʨʦʟʨʦʙʣʝʥʦʶ ʧʘʨʘʣʝʣʴʥʦʶ ʤʦʜʝʣʣʶ ʛʽʜʨʦʜʠʥʘʤʽʢʠ 

ʟʛʣʘʜʞʝʥʠʭ ʯʘʩʪʠʥʦʢ SPH2d ʚʠʢʦʨʠʩʪʘʥʦ ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʥʘʢʘʪʫ ʭʚʠʣʴ ʥʘ ʙʝʨʝʛ ʪʘ 

ʦʮʽʥʢʠ ʭʚʠʣʴʦʚʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʥʘ ʙʝʨʝʛʦʚʽ ʩʧʦʨʫʜʠ. 

ʅʘ ʦʩʥʦʚʽ ʤʦʜʫʣʷ ʜʚʦʚʠʤʽʨʥʦʾ ʛʽʜʨʦʜʠʥʘʤʽʢʠ ʢʦʨʘʙʝʣʴʥʠʭ ʭʚʠʣʴ ShipSim 

ʩʪʚʦʨʝʥʦ ʽʥʬʦʨʤʘʮʽʡʥʫ ʩʠʩʪʝʤʫ GPU-ʦʙʯʠʩʣʝʥʴ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʛʝʥʝʨʘʮʽʾ ʪʘ 

ʧʦʰʠʨʝʥʥʷ ʢʦʨʘʙʝʣʴʥʠʭ ʭʚʠʣʴ ʫ ʧʦʻʜʥʘʥʠʭ ʚʦʜʦʡʤʘʭ ï ʨʽʯʮʽ San Jacinto ʪʘ ʘʢʚʘʪʦʨʽʾ 

ʪʝʨʤʽʥʘʣʘ Barbours Cut Terminal (ʉʐɸ). ʉʠʩʪʝʤʘ ʪʘʢʦʞ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʦʮʽʥʢʠ 

ʥʘʚʘʥʪʘʞʝʥʴ ʥʘ ʩʫʜʥʘ, ʧʨʠʰʚʘʨʪʦʚʘʥʽ ʙʽʣʷ ʧʨʠʯʘʣʽʚ ʪʝʨʤʽʥʘʣʘ. ɺʠʢʦʨʠʩʪʘʥʥʷ GPU 

ʟʘʙʝʟʧʝʯʠʣʦ ʧʨʠʩʢʦʨʝʥʥʷ ʨʦʟʨʘʭʫʥʢʽʚ ʜʦ 124 ʨʘʟʽʚ. 

ʋ ʧôʷʪʦʤʫ ʨʦʟʜʽʣʽ çɯʥʬʦʨʤʘʮʽʡʥʘ ʩʠʩʪʝʤʘ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ ʪʨʘʥʩʧʦʨʪʫ 

ʥʘʥʦʩʽʚ, ʟʘʙʨʫʜʥʝʥʴ ʽ ʧʝʨʝʬʦʨʤʫʚʘʥʥʷ ʜʥʘè ʨʦʟʛʣʷʥʫʪʦ ʩʪʚʦʨʝʥʥʷ ʪʘ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʥʘ ʙʘʟʽ COASTOX-PRL ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʢʦʤʧʣʝʢʩʥʠʭ ʟʘʜʘʯ, 

ʪʝʭʥʦʛʝʥʥʠʭ ʚʧʣʠʚʽʚ, ʛʽʜʨʦʜʠʥʘʤʽʢʠ ʽ ʜʠʥʘʤʽʢʠ ʜʦʤʽʰʦʢ ʫ ʨʽʯʢʘʭ ʽ ʧʨʠʙʝʨʝʞʥʽʡ ʟʦʥʽ 

ʤʦʨʷ. 

ʈʦʟʨʦʙʣʝʥʫ ʽʥʬʦʨʤʘʮʽʡʥʫ ʩʠʩʪʝʤʫ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ ʧʝʨʝʬʦʨʤʫʚʘʥʥʷ ʜʥʘ 

ʚ ʧʨʠʙʝʨʝʞʥʽʡ ʟʦʥʽ ʏʦʨʥʦʛʦ ʤʦʨʷ, ʟʘʩʪʦʩʦʚʘʥʦ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʢʣʽʤʘʪʠʯʥʠʭ 

ʟʤʽʥ ʥʘ ʨʦʟʤʠʚ ʫʟʙʝʨʝʞʞʷ ʤ. ɭʚʧʘʪʦʨʽʷ. ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʦʟʨʘʭʫʥʢʽʚ ʚʽʪʨʦʚʠʭ ʭʚʠʣʴ 



 

ʜʣʷ ʩʫʯʘʩʥʦʛʦ ʢʣʽʤʘʪʫ ʪʘ ʩʮʝʥʘʨʽʾʚ ʤʘʡʙʫʪʥʽʭ ʟʤʽʥ, ʘ ʪʘʢʦʞ ʩʪʚʦʨʝʥʠʭ ʥʠʤʠ 

ʫʟʜʦʚʞʙʝʨʝʛʦʚʠʭ ʪʝʯʽʡ, ʧʦʢʘʟʘʥʦ, ʱʦ ʫ XXI ʩʪʦʨʽʯʯʽ ʨʦʟʧʦʜʽʣ ʟʦʥ ʝʨʦʟʽʾ ʪʘ ʘʢʫʤʫʣʷʮʽʾ 

ʥʘ ʫʟʙʝʨʝʞʞʽ ʤʽʩʪʘ ʧʨʠʥʮʠʧʦʚʦ ʥʝ ʟʤʽʥʠʪʴʩʷ. ʇʨʦʛʥʦʟʦʚʘʥʝ ʧʽʜʩʠʣʝʥʥʷ ʽʥʪʝʥʩʠʚʥʦʩʪʽ 

ʩʝʜʠʤʝʥʪʘʮʽʡʥʠʭ ʧʨʦʮʝʩʽʚ ʫ ʥʘʷʚʥʠʭ ʟʦʥʘʭ ʟʘʣʠʰʘʻʪʴʩʷ ʚ ʤʝʞʘʭ ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ 

ʩʮʝʥʘʨʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʢʣʽʤʘʪʠʯʥʠʭ ʟʤʽʥ. 

ʉʪʚʦʨʝʥʦ ʩʠʩʪʝʤʫ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʜʠʥʘʤʽʢʠ ʨʘʜʽʦʥʫʢʣʽʜʽʚ ʚ ʂʠʾʚʩʴʢʦʤʫ 

ʚʦʜʦʩʭʦʚʠʱʽ, ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʤʦʞʣʠʚʦʛʦ ʥʘʜʭʦʜʞʝʥʥʷ ʟʘʙʨʫʜʥʝʥʥʷ ʚʦʜʘʤʠ ʨʽʯʦʢ 

ʇʨʠʧôʷʪʴ ʪʘ ɼʥʽʧʨʦ, ʚʠʤʠʚʘʥʥʷ ʟ ʘʢʪʠʚʥʦʛʦ ʚʝʨʭʥʴʦʛʦ ʰʘʨʫ ʜʥʘ ʪʘ ʚʠʧʘʜʽʥʥʷ ʥʘ ʚʦʜʥʫ 

ʧʦʚʝʨʭʥʶ. ʉʠʩʪʝʤʘ ʚʝʨʠʬʽʢʦʚʘʥʘ ʟʘ ʜʘʥʠʤʠ ʚʝʩʥʷʥʦʾ ʧʦʚʝʥʽ 1999 ʨ. ʈʝʟʫʣʴʪʘʪʠ 

ʤʦʜʝʣʶʚʘʥʥʷ ʩʧʣʝʩʢʫ ʢʦʥʮʝʥʪʨʘʮʽʾ 90Sr ʜʦʙʨʝ ʫʟʛʦʜʞʫʶʪʴʩʷ ʟʽ ʩʧʦʩʪʝʨʝʞʝʥʥʷʤʠ ʪʘ 

ʜʝʤʦʥʩʪʨʫʶʪʴ ʟʥʘʯʥʫ ʙʫʬʝʨʥʫ ʟʜʘʪʥʽʩʪʴ ʂʠʾʚʩʴʢʦʛʦ ʚʦʜʦʩʭʦʚʠʱʘ, ʱʦ ʟʤʝʥʰʫʻ ʧʽʢʦʚʽ 

ʢʦʥʮʝʥʪʨʘʮʽʾ ʨʘʜʽʦʥʫʢʣʽʜʽʚ ʯʝʨʝʟ ʨʦʟʚʝʜʝʥʥʷ ʪʘ ʦʩʘʜʞʝʥʥʷ, ʟʥʠʞʫʶʯʠ ʨʠʟʠʢʠ ʾʭʥʴʦʛʦ 

ʧʦʛʣʠʥʘʥʥʷ ʥʘʩʝʣʝʥʥʷʤ ʥʠʞʯʝ ʟʘ ʪʝʯʽʻʶ. 

ʅʘ ʦʩʥʦʚʽ ʢʠʾʚʩʴʢʦʾ ʤʦʜʝʣʽ ʧʦʚʝʥʝʡ ʨʦʟʨʦʙʣʝʥʦ ʩʠʩʪʝʤʫ ʧʨʦʛʥʦʟʫʚʘʥʥʷ 

ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʟʘʙʨʫʜʥʝʥʥʷ ʚ ʨ. ɼʥʽʧʨʦ ʚ ʤʝʞʘʭ ʤ. ʂʠʚ̒ʘ ʧʨʠ ʥʘʜʭʦʜʞʝʥʥʽ ʡʦʛʦ ʟ ʨ. 

ɼʝʩʥʘ. ʉʠʩʪʝʤʫ ʟʘʩʪʦʩʦʚʘʥʦ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʚʦʜʦʩʢʠʜʽʚ ʟ ʂʠʾʚʩʴʢʦʾ 

ɻɽʉ ʷʢ ʟʘʩʦʙʫ ʚʧʣʠʚʫ ʥʘ ʟʘʙʨʫʜʥʝʥʥʷ ʧʽʜ ʯʘʩ ʧʝʨʝʥʝʩʝʥʥʷ ʦʨʛʘʥʽʯʥʦʾ ʨʝʯʦʚʠʥʠ ʟ 

ʪʝʨʠʪʦʨʽʾ ʈʌ ʨʽʯʢʘʤʠ ʉʝʡʤ ʪʘ ɼʝʩʥʘ ʫ ʩʝʨʝʜʠʥ ̔ʩʝʨʧʥʷ 2024 ʨ. ɼʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʘʣʦ, 

ʱʦ ʚʦʜʦʩʢʠʜʠ ʝʬʝʢʪʠʚʥʦ ʟʥʠʞʫʶʪʴ ʢʦʥʮʝʥʪʨʘʮʽʶ ʟʘʙʨʫʜʥʶʚʘʣʴʥʦʾ ʨʝʯʦʚʠʥʠ ʪʘ 

ʧʨʠʩʢʦʨʶʶʪʴ ʾʾ ʚʠʥʦʩ ʟʘ ʤʝʞʽ ʤʽʩʪʘ. 

ʅʘʦʩʪʘʥʦʢ, ʨʦʟʧʘʨʘʣʝʣʝʥʽ ʩʠʩʪʝʤʠ ʙʫʣʦ ʧʨʦʪʝʩʪʦʚʘʥʦ ʥʘ ʧʨʠʩʢʦʨʝʥʥʷ 

ʨʦʟʨʘʭʫʥʢʽʚ. ʈʝʟʫʣʴʪʘʪʠ ʪʝʩʪʫʚʘʥʥʷ ʧʦʢʘʟʘʣʠ ʾʭʥʶ ʚʠʩʦʢʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʷʢ ʥʘ CPU, 

ʪʘʢ ʽ ʥʘ GPU. ɿʘʛʘʣʦʤ ʜʣʷ ʩʠʩʪʝʤ ʮʴʦʛʦ ʪʘ ʧʦʧʝʨʝʜʥʴʦʛʦ ʨʦʟʜʽʣʽʚ ʧʦʢʘʟʘʥʦ ʧʝʨʝʚʘʛʠ 

GPU-ʚʝʨʩʽʡ ʫ ʰʚʠʜʢʦʩʪʽ ʪʘ ʝʢʦʥʦʤʽʯʥʦʩʪʽ ʨʦʟʨʘʭʫʥʢʽʚ. ɺʦʥʠ ʟʘʙʝʟʧʝʯʫʶʪʴ ʧʽʜʚʠʱʝʥʫ 

ʜʝʪʘʣʽʟʘʮʽʶ ʟʘʜʘʯ ʽ ʦʧʝʨʘʪʠʚʥʽʩʪʴ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʥʘʚʽʪʴ ʥʘ ʧʝʨʩʦʥʘʣʴʥʠʭ ʢʦʤʧôʶʪʝʨʘʭ 

ʯʠ ʥʦʫʪʙʫʢʘʭ, ʦʙʣʘʜʥʘʥʠʭ ʧʦʪʫʞʥʠʤʠ ʚʽʜʝʦʢʘʨʪʘʤʠ. 
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ABSTRACT 

 

 

Sorokin M.V. Information technologies of parallel computations of the consequences 

of technogenic impacts on the state of rivers and coastal sea zones based on two-dimensional 

equations. ï Qualification scientific work in manuscript form. 

Dissertation for the degree of a candidate of technical sciences (doctor of philosophy) 

in specialty 05.13.06 ï Information Technology. ï Institute of Mathematical Machines and 

Systems Problems of the National Academy of Sciences of Ukraine, Kyiv, 2025. 

The work addresses relevant, new tasks in the development of parallel computing 

technologies and information-modeling systems, as well as their practical application in 

assessing the consequences of technogenic impacts on rivers and coastal sea zones. 

The work consists of an introduction, five chapters, conclusions, a list of references, 

and seven appendices. It belongs to the field of information technology and focuses on 

parallel computations in mathematical modeling of marine and river systems. 

The first chapter, ñReview of the current state of information technologies for parallel 

computations of the consequences of technogenic impacts on water bodies based on two-

dimensional equationsò, analyzes the current state of parallel computations for solving 

partial differential equations. The main approaches and software parallelization technologies 

oriented to modern heterogeneous computing systems are highlighted. For systems with 

central processing units (CPU) and distributed memory, parallelization is based on processes 

with domain decomposition and data exchange using the Message Passing Interface (MPI). 

For CPU systems with shared memory and graphical processing units (GPU), parallelization 

is based on stream processing implemented using OpenMP and OpenACC directives. 

The main modern approaches to modeling the hydrodynamics of rivers and coastal 

sea zones based on two-dimensional partial differential equations are considered. Among 

them, phase-resolving mathematical models based on the Boussinesq equations and the 

mild-slope equation (MSE) are highlighted for describing wave transformation in the coastal 

sea zone, and models based on the shallow water equations (SWE) are used for river and 

sea flows. Information technologies for modeling the interrelated processes of 



 

hydrodynamics, sediment transport, and pollution transfer are reviewed, with emphasis on 

information-modeling systems. 

The contribution of Ukrainian scientists in these areas and the developments of the 

Institute of Mathematical Machines and Systems Problems of the NAS of Ukraine, 

particularly the COASTOX model system, are analyzed. The need to transform it into the 

parallel COASTOX-PRL system, capable of efficiently operating on heterogeneous CPU 

and GPU systems, is justified. A hybrid approach to parallelization is considered appropriate 

for this purpose. 

In the second chapter, ñDevelopment of parallelization technology for two-

dimensional models of waterbody dynamics for CPU systems and GPUsò, a hybrid parallel 

computing technology for CPU and GPU systems is developed. It combines MPI-based 

process parallelization with stream parallelization using OpenACC directives, implemented 

in the program code according to a unified style. The technology is applied to mathematical 

models included in the COASTOX-PRL system. 

HWAVE ï a linear wave transformation model that solves the MSE using the finite 

difference method on rectangular computational grids. It is parallelized using domain 

decomposition into strips, introducing halo-nodes along their boundaries, and updating halo-

node values via MPI. The parallelization is aimed at CPU systems with distributed memory 

but also supports shared-memory systems through MPI memory exchanges. 

ShipSim ï a two-dimensional shallow water hydrodynamics model adapted for 

predicting ship wave dynamics and calculating loads. It is parallelized using OpenACC 

directives for shared-memory CPU systems and GPUs. The directives cover numerical loops 

of the finite-volume schemes for the SWE solution and schemes for calculating loads on 

moored vessels. 

COASTOX-HD-SED-RN ï a two-dimensional model of hydrodynamics, sediment 

transport, and pollution dynamics, solving model equations on unstructured grids using the 

finite-volume method. It is parallelized for distributed-memory CPU systems using 

decomposition, halo-structures, and MPI exchanges, and for GPUs using OpenACC 

directives. For distributed systems, decomposition of the unstructured grid based on graph 

partitioning and derived MPI data types for halo-structures are applied. The numerical 



 

transport scheme is improved by implementing a higher-order Godunov-type scheme for 

processes with sharp concentration gradients. 

A technology for parallelizing the Lagrangian two-dimensional smoothed particle 

hydrodynamics model SPH2d for distributed CPU systems is developed. It is based on 

decomposition of the computational domain, divided into cells with Lagrangian particles, 

into cell strips, introducing halo-cells along their boundaries, and MPI exchanges of halo-

particle values. The non-fixed discretization nature of the model is accounted for by 

introducing particle migration between subdomains. 

The third chapter, ñTechnology for Integrating Parallel Models into the COASTOX-

PRL Information-Modeling Systemò, describes the integration of the developed parallel 

models into a single information-modeling system. COASTOX-PRL program modules 

based on the mathematical models parallelized using the developed technology are created: 

the HWAVE coastal wave transformation module for distributed-memory CPU systems 

(with support for shared-memory CPU systems), the ShipSim ship wave dynamics and load 

calculation module for shared-memory CPU systems and GPUs, and the COASTOX-HD-

SED-RN two-dimensional hydrodynamics, sediment, and pollution module for hybrid 

architectures (distributed and shared memory, CPU and GPU). 

The program modules are implemented in Fortran. Parallelization in the code is 

implemented using MPI functions for distributed CPU systems and OpenACC directives for 

GPUs. Both technologies support shared-memory CPU systems. 

Based on implemented file interfaces and bash/batch scripts, the modules are 

integrated into a system for modeling complex tasks of waves, flows, seabed transformation, 

and pollution dynamics in rivers and coastal sea zones. File formats, additional programs, 

and scripts are developed for preprocessing input data and postprocessing system results 

using third-party free software for geospatial data processing and grid generation (Aquaveo 

SMS, Blue Kenue, QGIS), as well as for presenting interactive web maps based on ArcGIS 

services. 

File interfaces and corresponding specifications are implemented for integrating 

COASTOX-PRL modules into Java-based decision support systems (DSS), including for 

radiation accident response (JRODOS) and flood prevention and mitigation (HYDROS). 



 

In the fourth chapter, ñInformation systems of parallel computations of the 

consequences of technogenic impacts on flow and wave dynamicsò, the creation and testing 

results of several information systems for accounting for the impacts of flows and waves in 

planning economic activities, forecasting hazardous consequences of emergencies in marine 

and river systems, and assessing technogenic impacts, including those of a military nature, 

on the aquatic environment are presented. 

Verified two-dimensional flood zone and depth prediction systems are developed for 

the Prut and Siret river basins during sudden rain floods, as well as for Kyiv riverbanks 

during high water periods on the Dnipro River. GPU versions of the parallel hydrodynamics 

module of the COASTOX-PRL system, integrated into the HYDROS shell, provide a 

computation acceleration of over 100 times, performing calculations tens of times faster 

than real time, allowing operational use. 

Using the GPU hydrodynamics module, high-resolution information systems were 

created to simulate the consequences of Dnipro cascade hydropower dam failures, including 

those caused by military actions. Flood zones were predicted for different breach scenarios 

of the Kozarovychi dam, Kyiv, Kakhovka, and Dnipro HPPs. For actual breaches of the 

Kozarovychi dam and the Kakhovka HPP, calculation results were confirmed by satellite 

imagery, and for Kakhovka HPP, also by hydropost data. It was found that the destruction 

occurred due to rapid initial breach formation with subsequent widening and deepening 

caused by soil erosion. GIS materials for web maps intended for state authorities were 

created based on the modeling results. 

A GPU-based hydrological regime computation system for the Kiliya Delta of the 

Danube was developed to determine water levels in delta branches and flow distribution 

among them. Modeling results showed that the planned reconstruction of the Danube ï 

Black Sea Deep Water Navigation Route with two protective dams would have a minimal 

impact on water levels and flow distribution. 

A parallel tsunami run-up computation system for the Miyagi and Fukushima 

Prefecture coasts, verified against the 2011 earthquake tsunami data, was created. GPU 

usage accelerated computations up to 90 times. 



 

A spectral version of the parallel HWAVE module was developed, demonstrating 

acceleration up to 27.5 times on the Institute of Cybernetics cluster. The information system 

based on it, combined with the open SWASH model, was used to study wave penetration 

into port areas and determine resonances for optimizing port structures. 

The SWASH model, together with the parallel SPH2d smoothed particle 

hydrodynamics module, was used to forecast wave run-up on the shore and assess wave 

loads on coastal structures. 

Based on the ShipSim two-dimensional ship wave hydrodynamics module, a GPU 

computation information system was created to study ship wave generation and propagation 

in combined water bodies ï the San Jacinto River and Barbours Cut Terminal (USA). The 

system is also used to assess loads on vessels moored at the terminal. GPU usage accelerated 

calculations up to 124 times. 

The fifth chapter, ñInformation system of parallel computations of sediment, pollution 

transport, and seabed transformationò, describes the creation and use of information systems 

based on COASTOX-PRL to study complex tasks, technogenic impacts, hydrodynamics, 

and impurity dynamics in rivers and coastal sea zones. 

The developed parallel computation system for seabed transformation in the coastal 

zone of the Black Sea was applied to study the impact of climate change on the coastal 

erosion of Yevpatoria. Modeling of wind waves under current climate and future scenarios, 

as well as the resulting alongshore currents, showed that in the 21st century the distribution 

of erosion and accumulation zones along the cityôs coast will remain fundamentally 

unchanged. Predicted intensification of sedimentation processes in the observed zones 

remains within the uncertainty of scenario-based climate change modeling. 

A system for predicting radionuclide dynamics in the Kyiv Reservoir was created, 

taking into account possible contamination inflow from the Pripyat and Dnipro rivers, 

erosion from the active upper sediment layer, and deposition on the water surface. The 

system was verified using data from the spring flood of 1999. The simulation results of the 

90Sr concentration peak agree well with observations and demonstrate the significant 

buffering capacity of the Kyiv Reservoir, which reduces peak radionuclide concentrations 



 

through dilution and sedimentation, thereby lowering the risk of their ingestion by the 

population downstream. 

Based on the Kyiv flood model, a system was developed for forecasting the spread of 

contamination in the Dnipro River within the Kyiv city limits when entering from the Desna 

River. The system was used to study the effectiveness of water releases from the Kyiv HPP 

as a means of influencing pollution transport during the transfer of organic substances from 

the territory of the Russian Federation via the Seym and Desna rivers in mid-August 2024. 

The study showed that the water releases effectively reduce the concentration of pollutants 

and accelerate their removal from the city. 

Finally, the parallelized systems were tested for computational acceleration. The 

testing results demonstrated their high efficiency on both CPUs and GPUs. Overall, for the 

systems described in this and the previous chapter, the advantages of GPU versions in terms 

of speed and computational cost-effectiveness are evident. They provide increased task 

detail and operational forecasting capabilities even on personal computers or laptops 

equipped with powerful graphics cards. 

Keywords: information technologies, parallel computing, hybrid architectures, 

central processing units, graphics processing units, technogenic impacts, river systems, 

coastal zone, two-dimensional equations, modeling, information-modeling system, waves, 

currents, seabed morphodynamics, contaminant dynamics. 
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ʇɽʈɽʃɯʂ ʋʄʆɺʅʀʍ ʇʆɿʅɸʏɽʅʔ 

 

 

CPU 

GPU 

ɼʈʏʇ 

ʄʉʈ 

ʄʉʆ 

ʄʉɽ 

ʉʃɸʈ 

MPI 

ʈʄɺ 

ʈʇʉ 

SPH 

DEM 

ʎʄʈ 

ɻɯʉ 

ʉʇʇʈ 

ɸɽʉ 

ɻɽʉ 

ɻʇ 

ɻʉʍ 

ï central processing unit. 

ï graphics processing unit. 

ï ʜʠʬʝʨʝʥʮʽʘʣʴʥʽ ʨʽʚʥʷʥʥʷ ʫ ʯʘʩʪʠʥʥʠʭ ʧʦʭʽʜʥʠʭ. 

ï ʤʝʪʦʜ ʩʢʽʥʯʝʥʥʠʭ ʨʽʟʥʠʮʴ. 

ï ʤʝʪʦʜ ʩʢʽʥʯʝʥʥʠʭ ʦʙôʻʤʽʚ. 

ï ʤʝʪʦʜ ʩʢʽʥʯʝʥʥʠʭ ʝʣʝʤʝʥʪʽʚ. 

ï ʩʠʩʪʝʤʠ ʣʽʥʽʡʥʠʭ ʘʣʛʝʙʨʘʾʯʥʠʭ ʨʽʚʥʷʥʴ. 

ï message parsing interface. 

ï ʨʽʚʥʷʥʥʷ ʤʽʣʢʦʾ ʚʦʜʠ. 

ï ʨʽʚʥʷʥʥʷ ʧʦʣʦʛʠʭ ʩʭʠʣʽʚ. 

ï smoothed particles hydrodynamics. 

ï digital elevation model. 

ï ʮʠʬʨʦʚʘ ʤʦʜʝʣʴ ʨʝʣʴʻʬʫ. 

ï ʛʝʦʽʥʬʦʨʤʘʮʽʡʥʽ ʩʠʩʪʝʤʘ. 

ï ʩʠʩʪʝʤʘ ʧʽʜʪʨʠʤʢʠ ʧʨʠʡʥʷʪʪʷ ʨʽʰʝʥʴ. 

ï ʘʪʦʤʥʘ ʝʣʝʢʪʨʦʩʪʘʥʮʽʷ. 

ï ʛʽʜʨʦʝʣʝʢʪʨʦʩʪʘʥʮʽʷ. 

ï ʛʽʜʨʦʣʦʛʽʯʥʠʡ ʧʦʩʪ. 

ï ʛʣʠʙʦʢʦʚʦʜʥʠʡ ʩʫʜʥʦʚʠʡ ʭʽʜ. 
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ɺʉʊʋʇ 

 

 

ɸʢʪʫʘʣʴʥʽʩʪʴ ʪʝʤʠ. ʈʽʯʢʠ ʪʘ ʧʨʠʙʝʨʝʞʥʽ ʟʦʥʠ ʤʦʨʽʚ ʚʽʜʽʛʨʘʶʪʴ ʢʣʶʯʦʚʫ ʨʦʣʴ 

ʫ ʞʠʪʪʻʜʽʷʣʴʥʦʩʪʽ ʣʶʜʠʥʠ. ɺʘʞʣʠʚʝ ʟʥʘʯʝʥʥʷ ʤʘʻ ʦʮʽʥʢʘ ʪʝʭʥʦʛʝʥʥʠʭ ʚʧʣʠʚʽʚ ʥʘ ʪʘʢʽ 

ʚʦʜʥʽ ʩʠʩʪʝʤʠ. ɺ ʫʤʦʚʘʭ ʨʦʩʽʡʩʴʢʦʛʦ ʚʪʦʨʛʥʝʥʥʷ ʘʢʪʫʘʣʴʥʠʤ ʻ ʪʘʢʦʞ ʘʥʘʣʽʟ ʚʧʣʠʚʫ 

ʙʦʡʦʚʠʭ ʜʽʡ ʥʘ ʩʪʘʥ ʧʦʚʝʨʭʥʝʚʠʭ ʚʦʜ.  

ʄʘʪʝʤʘʪʠʯʥʽ ʤʦʜʝʣʽ, ʧʦʙʫʜʦʚʘʥʽ ʥʘ ʜʚʦʚʠʤʽʨʥʠʭ ʨʽʚʥʷʥʥʷʭ ʫ ʯʘʩʪʠʥʥʠʭ 

ʧʦʭʽʜʥʠʭ, ʻ ʦʜʥʠʤ ʟ ʦʩʥʦʚʥʠʭ ʽʥʩʪʨʫʤʝʥʪʽʚ ʜʦʩʣʽʜʞʝʥʥʷ ʪʘ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʩʪʘʥʫ ʨʽʯʦʢ 

ʪʘ ʧʨʠʙʝʨʝʞʥʦʾ ʟʦʥʠ ʤʦʨʷ. ɺʦʥʠ ʟʘʙʝʟʧʝʯʫʶʪʴ ʚʠʱʫ ʜʝʪʘʣʽʟʘʮʽʶ ʪʘ ʪʦʯʥʽʩʪʴ 

ʧʦʨʽʚʥʷʥʦ ʟ ʦʜʥʦʚʠʤʽʨʥʠʤʠ ʽ ʙʦʢʩʦʚʠʤʠ ʧʽʜʭʦʜʘʤʠ, ʧʝʨʝʚʝʨʰʫʶʯʠ ʪʨʠʚʠʤʽʨʥʽ ʤʦʜʝʣʽ 

ʟʘ ʰʚʠʜʢʽʩʪʶ ʧʨʦʛʥʦʟʫ ʡ ʥʝ ʧʦʩʪʫʧʘʶʯʠʩʴ ʾʤ ʫ ʪʦʯʥʦʩʪʽ ʚ ʤʝʞʘʭ ʩʚʦʛʦ ʥʘʫʢʦʚʦ 

ʦʙˇʨʫʥʪʦʚʘʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ. ʉʪʚʦʨʝʥʥʷ ʩʫʯʘʩʥʠʭ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʜʣʷ 

ʪʘʢʠʭ ʩʠʩʪʝʤ ʧʦʪʨʝʙʫʻ ʚʠʨʽʰʝʥʥʷ ʜʚʦʭ ʚʘʞʣʠʚʠʭ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʠʭ ʟʘʜʘʯ. 

ʇʝʨʰʘ ï ʮʝ ʧʨʠʩʢʦʨʝʥʥʷ ʨʦʟʨʘʭʫʥʢʽʚ, ʟʦʢʨʝʤʘ ʟʘ ʨʘʭʫʥʦʢ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ ʥʘ ʩʫʯʘʩʥʠʭ ʛʝʪʝʨʦʛʝʥʥʠʭ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʩʠʩʪʝʤʘʭ, ʷʢʽ 

ʧʦʻʜʥʫʶʪʴ ʨʦʟʧʦʜʽʣʝʥʽ ʦʙʯʠʩʣʶʚʘʣʴʥʽ ʚʫʟʣʠ, ʙʘʛʘʪʦʷʜʝʨʥʽ ʮʝʥʪʨʘʣʴʥʽ ʧʨʦʮʝʩʦʨʠ 

(CPU) ʟʽ ʩʧʽʣʴʥʦʶ ʧʘʤôʷʪʪʶ ʪʘ ʛʨʘʬʽʯʥʽ ʧʨʦʮʝʩʦʨʠ (GPU). ʊʘʢʝ ʧʨʠʩʢʦʨʝʥʥʷ 

ʟʘʙʝʟʧʝʯʫʻ ʥʝ ʣʠʰʝ ʧʽʜʚʠʱʝʥʥʷ ʦʧʝʨʘʪʠʚʥʦʩʪʽ ʤʦʜʝʣʶʚʘʥʥʷ, ʘ ʡ ʟʙʽʣʴʰʝʥʥʷ ʪʦʯʥʦʩʪʽ 

ʟʘʚʜʷʢʠ ʤʦʞʣʠʚʦʩʪʽ ʟʙʽʣʴʰʝʥʥʷ ʜʝʪʘʣʽʟʘʮʽʾ. ʆʙʠʜʚʘ ʝʬʝʢʪʠ ʤʘʶʪʴ ʟʥʘʯʝʥʥʷ ʷʢ ʜʣʷ 

ʝʢʦʥʦʤʽʯʥʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ, ʪʘʢ ʽ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʙʝʟʧʝʢʠ ʫ ʢʨʠʪʠʯʥʠʭ ʟʘʩʪʦʩʫʚʘʥʥʷʭ. 

ɼʨʫʛʘ ï ʮʝ ʩʪʚʦʨʝʥʥʷ ʽʥʬʦʨʤʘʮʽʡʥʦ-ʤʦʜʝʣʶʶʯʠʭ ʩʠʩʪʝʤ, ʱʦ ʧʦʻʜʥʫʶʪʴ 

ʤʘʪʝʤʘʪʠʯʥʽ ʤʦʜʝʣʽ ʨʽʟʥʠʭ ʬʽʟʠʯʥʠʭ ʧʨʦʮʝʩʽʚ ʫ ʚʦʜʥʠʭ ʩʝʨʝʜʦʚʠʱʘʭ, ʜʣʷ ʨʦʟʚôʷʟʘʥʥʷ 

ʢʦʤʧʣʝʢʩʥʠʭ ʟʘʚʜʘʥʴ ʭʚʠʣʶʚʘʥʥʷ, ʪʝʯʽʡ, ʧʝʨʝʥʝʩʝʥʥʷ ʥʘʥʦʩʽʚ ʽ ʧʝʨʝʬʦʨʤʫʚʘʥʥʷ ʜʥʘ 

ʪʘ ʜʠʥʘʤʽʢʠ ʟʘʙʨʫʜʥʶʶʯʠʭ ʨʝʯʦʚʠʥ ʫ ʨʽʯʢʘʭ ʽ ʤʦʨʷʭ, ʘ ʪʘʢʦʞ ʟʘʙʝʟʧʝʯʝʥʥʷ ʾʭ 

ʽʥʪʝʛʨʘʮʽʾ ʫ ʩʠʩʪʝʤʠ ʧʽʜʪʨʠʤʢʠ ʧʨʠʡʥʷʪʪʷ ʨʽʰʝʥʴ (ʉʇʇʈ) ʧʽʜ ʯʘʩ ʥʘʜʟʚʠʯʘʡʥʠʭ 

ʩʠʪʫʘʮʽʡ ʧʨʠʨʦʜʥʦʛʦ ʘʙʦ ʪʝʭʥʦʛʝʥʥʦʛʦ ʭʘʨʘʢʪʝʨʫ. 

ɿʥʘʯʥʠʡ ʚʥʝʩʦʢ ʫ ʨʦʟʚʠʪʦʢ ʤʝʪʦʜʽʚ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ ʜʣʷ ʤʦʜʝʣʝʡ, ʱʦ 

ʟʘʩʥʦʚʘʥʽ ʥʘ ʨʽʚʥʷʥʥʷʭ ʫ ʯʘʩʪʠʥʥʠʭ ʧʦʭʽʜʥʠʭ ʟʨʦʙʠʣʠ ʪʘʢʽ ʟʘʨʫʙʽʞʥʽ ʪʘ ʫʢʨʘʾʥʩʴʢʽ 

ʚʯʝʥʽ: Dongarra J., Robey R., Williams S., Kumar, V., Saad Y., ʄʦʣʯʘʥʦʚ ɯ.ʄ., ʍʽʤʽʯ ʆ.ʄ., 
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ʇʦʧʦʚ ʆ.ɺ., ʉʝʨʛʽʻʥʢʦ ɯ. ɺ., ɻʦʣʦʚʠʥʩʴʢʠʡ ɸ.ʃ., ɼʦʨʦʰʝʥʢʦ ɸ.ʖ., ʈʘʛʦʟʽʥ ɼ.ɺ. ʪʘ 

ʽʥʰʽ. ʉʪʚʦʨʝʥʥʷʤ, ʨʦʟʚʠʪʢʦʤ ʽ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʦʜʝʣʝʡ ʩʪʘʥʫ ʨʽʯʦʢ ʽ 

ʤʦʨʽʚ ʫ ʩʚʽʪʽ ʟʘʡʤʘʣʠʩʷ: Kirby J.T., Dalrymple R.A., Zijlema M., Berkhoff J.C.W., Wu W. 

ʪʘ ʙʘʛʘʪʦ ʽʥʰʠʭ. ɺ ʋʢʨʘʾʥʽ ʮʴʦʤʫ ʧʨʠʩʚʷʪʠʣʠ ʩʚʦʾ ʟʫʩʠʣʣʷ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʽ 

ʨʦʟʨʦʙʢʠ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʨʽʯʢʦʚʦʛʦ ʩʪʦʢʫ: ʆʚʯʘʨʫʢ ɺ.ɸ., ʃʦʙʦʜʘ ʅ.ʉ., ʉʥʽʞʢʦ 

ʉ.ɯ., ɼʽʜʦʚʝʮʴ ʖ.ʉ., ʆʩʘʜʯʠʡ ɺ.ɯ., ʆʩʠʧʦʚ ɺ.ɺ., ʄʦʢʽʥ ɺ. ɹ., ʂʨʠʞʘʥʽʚʩʴʢʠʡ ɭ.ʄ.; 

ʭʚʠʣʴʦʚʠʭ ʧʦʣʽʚ ʽ ʜʠʥʘʤʽʯʥʠʭ ʧʨʦʮʝʩʽʚ ʧʨʠʙʝʨʝʞʥʦʾ ʟʦʥʠ ʤʦʨʷ ï ʂʘʣʽʦʥ ɺ.ɸ., 

ʊʨʦʬʠʤʯʫʢ ʆ.ʄ., ʂʘʣʶʭ ʖ.ɯ., ʃʝʙʽʜʴ ʆ.ɻ., ʗʢʦʚʣʻʚ ɺ.ɺ., ɺʦʩʢʦʙʽʡʥʠʢ ɺ.ɸ., ʆʩʪʨʦʚʝʨʭ 

ɹ.ʄ., ʑʠʧʮʦʚ ʆ.ɸ., ʐʫʥʜʝʣʴ ʆ.ɯ., ʆʩʠʧʦʚ ɺ.ɺ., ʊʫʯʢʦʚʝʥʢʦ ʖ.ʉ., ʂʫʰʥʽʨ ɼ.ɺ. ʪʘ 

ʽʥʰʽ. ɯʩʪʦʪʥʠʡ ʚʥʝʩʦʢ ʫ ʨʦʟʚʠʪʦʢ ʤʦʜʝʣʝʡ ʨʽʯʦʢ ʽ ʤʦʨʷ ʟʨʦʙʠʣʠ, ʧʦʯʠʥʘʶʯʠ ʟ 1986 ʨ., 

ʜʦʩʣʽʜʥʠʢʠ ɯʥʩʪʠʪʫʪʫ ʧʨʦʙʣʝʤ ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʘʰʠʥ ʽ ʩʠʩʪʝʤ ʅɸʅ ʋʢʨʘʾʥʠ (ɯʇʄʄʉ): 

ɾʝʣʝʟʥʷʢ ʄ.ʁ., ʂʽʚʚʘ ʉ.ʃ., ʄʘʜʝʨʠʯ ɺ.ʉ., ɹʨʦʚʯʝʥʢʦ ɯ.ʆ., ɹʝʞʝʥʘʨ ʈ.ɺ. ʪʘ ʽʥʰʽ. 

ɿʦʢʨʝʤʘ ʚ ɯʇʄʄʉ, ʨʦʟʚʠʚʘʣʘʩʴ ʩʠʩʪʝʤʘ ʜʚʦʚʠʤʽʨʥʠʭ ʤʦʜʝʣʝʡ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʪʝʯʽʡ, 

ʧʝʨʝʬʦʨʤʫʚʘʥʥʷ ʜʥʘ ʽ ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʨʘʜʽʦʥʫʢʣʽʜʽʚ COASTOX, ʜʦʧʦʚʥʝʥʘ ʧʽʟʥʽʰʝ 

ʤʦʜʝʣʣʶ ʪʨʘʥʩʬʦʨʤʘʮʽʾ ʭʚʠʣʴ ʪʘ ʽʥʪʝʛʨʦʚʘʥʘ ʫ ʩʠʩʪʝʤʫ ʧʽʜʪʨʠʤʢʠ ʧʨʠʡʥʷʪʪʷ ʨʽʰʝʥʴ 

(ʉʇʇʈ) ʜʣʷ ʨʝʘʛʫʚʘʥʥʷ ʥʘ ʷʜʝʨʥʽ ʘʚʘʨʽʾ RODOS. 

ɸʢʪʫʘʣʴʥʦʶ ʟʘʜʘʯʝʶ ʜʠʩʝʨʪʘʮʽʡʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʩʪʘʣʘ ʨʦʟʨʦʙʢʘ ʪʝʭʥʦʣʦʛʽʾ 

ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ ʜʣʷ ʧʨʠʩʢʦʨʝʥʥʷ ʮʠʭ ʤʦʜʝʣʝʡ ʥʘ ʩʫʯʘʩʥʠʭ ʛʝʪʝʨʦʛʝʥʥʠʭ 

ʢʦʤʧôʶʪʝʨʘʭ ʟ ʨʦʟʧʦʜʽʣʝʥʠʤʠ ʚʫʟʣʘʤʠ, ʙʘʛʘʪʦʷʜʝʨʥʠʤʠ CPU ʪʘ GPU ʪʘ ʩʪʚʦʨʝʥʥʷ 

ʥʦʚʦʾ ʽʥʬʦʨʤʘʮʽʡʥʦ-ʤʦʜʝʣʶʶʯʦʾ ʩʠʩʪʝʤʠ ʧʘʨʘʣʝʣʴʥʠʭ ʤʦʜʝʣʝʡ COASTOX-PRL, ʘ 

ʪʘʢʦʞ ʽʥʪʝʛʨʘʮʽʷ ʾʾ ʜʦ ʉʇʇʈ. 

ɿʚôʷʟʦʢ ʨʦʙʦʪʠ ʟ ʥʘʫʢʦʚʠʤʠ ʧʨʦʛʨʘʤʘʤʠ, ʧʣʘʥʘʤʠ, ʪʝʤʘʤʠ. ɼʦʩʣʽʜʞʝʥʥʷ 

ʚʠʢʦʥʘʥʦ ʫ ʚʽʜʜʽʣʽ ʤʘʪʝʤʘʪʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʤʦʨʩʴʢʠʭ ʽ ʨʽʯʢʦʚʠʭ ʩʠʩʪʝʤ ɯʥʩʪʠʪʫʪʫ 

ʧʨʦʙʣʝʤ ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʘʰʠʥ ʽ ʩʠʩʪʝʤ ʅɸʅ ʋʢʨʘʾʥʠ ʚ ʨʘʤʢʘʭ ʪʘʢʠʭ ʦʩʥʦʚʥʠʭ 

ʥʘʫʢʦʚʠʭ ʧʨʦʻʢʪʽʚ:  

- ʇʨʦ̒ʢʪ ʅʘʮʽʦʥʘʣʴʥʦʛʦ ʬʦʥʜʫ ʜʦʩʣʽʜʞʝʥʴ ʋʢʨʘʾʥʠ (ʅʌɼʋ) ˉ 2020.01/0421 

ñʇʨʦʛʥʦʟʫʚʘʥʥʷ ʥʝʙʝʟʧʝʯʥʠʭ ʚʧʣʠʚʽʚ ʨʘʜʽʦʘʢʪʠʚʥʦ ʟʘʙʨʫʜʥʝʥʠʭ ʧʦʚʝʨʭʥʝʚʠʭ ʚʦʜ 

ʽ ʟʘʪʦʧʣʝʥʥʷ ʙʝʨʝʛʽʚ: ʨʦʟʚʠʪʦʢ ʤʦʜʝʣʝʡ ʪʘ ʾʭʥʻ ʚʧʨʦʚʘʜʞʝʥʥʷ ʜʣʷ ʟʤʝʥʰʝʥʥʷ 

ʥʘʩʣʽʜʢʽʚ ʥʘʜʟʚʠʯʘʡʥʠʭ ʩʠʪʫʘʮʽʡ ʫ ʤ. ʂʠʻʚʽ, ʩʧʨʠʯʠʥʝʥʠʭ ʚʦʜʘʤʠ ʨ. ɼʥʽʧʨʦò. 

2020.01-0421 (ˉ ʜʝʨʞ. ʨʝʻʩʪʨʘʮʽʾ 0120U104386, 2020ï2021 ʨʨ.). 
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- ʇʨʦ̒ʢʪ 7-ʾ  ʈʘʤʢʦʚʦʾ ʧʨʦʛʨʘʤʠ ʅɼʈ ɭʉ ʟ ʨʦʟʨʦʙʢʠ ʻʚʨʦʧʝʡʩʴʢʦʾ ʩʠʩʪʝʤʠ ʧʽʜʪʨʠʤʢʠ 

ʧʨʠʡʥʷʪʪʷ ʨʽʰʝʥʴ ʧʨʠ ʨʘʜʽʘʮʽʡʥʠʭ ʘʚʘʨʽʷʭ ʈʆɼʆʉ ï PREPARE (2013ï2016 ʨʨ.) 

ñInnovative integrated tools and platforms for radiological emergency preparedness and 

post-accident response in Europeò (ʧʽʜʪʚʝʨʜʞʝʥʦ ʧʫʙʣʽʢʘʮʽʻʶ ʚ ʞʫʨʥʘʣʽ 

ʽʥʜʝʢʩʦʚʘʥʦʤʫ ʚ ʙʘʟʽ Scopus). 

- ʇʨʦ̒ʢʪ ʷʧʦʥʩʴʢʦ-ʫʢʨʘʾʥʩʴʢʦʛʦ ʥʘʫʢʦʚʦ- ʪʝʭʥʽʯʥʦʛʦ ʩʧʽʚʨʦʙʽʪʥʠʮʪʚʘ çʇʦʢʨʘʱʘʥʥʷ 

ʨʘʜʽʘʮʽʡʥʦʛʦ ʢʦʥʪʨʦʣʶ ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʪʘ ʟʘʢʦʥʦʜʘʚʯʦʾ ʙʘʟʠ ʚ ʋʢʨʘʾʥʽ 

ʜʣʷ ʝʢʦʣʦʛʽʯʥʦʾ ʨʝʘʙʽʣʽʪʘʮʽʾ ʨʘʜʽʦʘʢʪʠʚʥʦ ʟʘʙʨʫʜʥʝʥʠʭ ʪʝʨʠʪʦʨʽʡè ʷʧʦʥʩʴʢʦʾ 

ʜʝʨʞʘʚʥʦʾ ʧʨʦʛʨʘʤʠ SATREPS ʗʧʦʥʩʴʢʦʛʦ ʘʛʝʥʪʩʪʚʘ ʤʽʞʥʘʨʦʜʥʦʛʦ 

ʩʧʽʚʨʦʙʽʪʥʠʮʪʚʘ (JICA) ʽ ʗʧʦʥʩʴʢʦʛʦ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʛʦ ʘʛʝʥʪʩʪʚʘ (JST) (2017ï

2023 ʨʨ.), ʈʝʻʩʪʨʘʮʽʡʥʘ ʢʘʨʪʢʘ ʧʨʦʻʢʪʫ ʚ ʂʘʙʽʥʝʪʽ ʄʽʥʽʩʪʨʽʚ ʋʢʨʘʾʥʠ ˉ 3726-02.  

- ɼʝʨʞʙʶʜʞʝʪʥʘ ʪʝʤʘ ʅɸʅ ʋʢʨʘʾʥʠ ñʈʦʟʨʦʙʢʘ ʢʦʤʧʣʝʢʩʫ ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʦʜʝʣʝʡ 

ʜʣʷ ʛʽʜʨʦʤʝʪʝʦʨʦʣʦʛʽʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʪʘ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʘʥʘʣʽʟʫ ʽ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʚ ʫʤʦʚʘʭ ʟʤʽʥ ʢʣʽʤʘʪʫò (ʰʠʬʨ 

ñɻɯɼʈʆʄɽʊɽʆò, ˉ ʜʝʨʞ. ʨʝʻʩʪʨʘʮʽʾ 0119U001433, 2019ï2023 ʨʨ.). 

- ñʂʽʣʴʢʽʩʥʽ ʽ ʷʢʽʩʥʽ ʘʩʧʝʢʪʠ ʫʧʨʘʚʣʽʥʥʷ ʚʦʜʥʠʤʠ ʨʝʩʫʨʩʘʤʠ ʋʢʨʘʾʥʠ ʚ ʫʤʦʚʘʭ 

ʨʝʛʽʦʥʘʣʴʥʠʭ ʢʣʽʤʘʪʠʯʥʠʭ ʟʤʽʥ: ʢʘʩʢʘʜʠ ʚʦʜʦʩʭʦʚʠʱ, ʧʨʠʙʝʨʝʞʥʘ ʟʦʥʘ ʚ ʛʠʨʣʘʭ 

ʚʝʣʠʢʠʭ ʨʽʯʦʢò (ʰʠʬʨ ñʉʝʨʝʜʦʚʠʱʝò, ˉ ʜʝʨʞ. ʨʝʻʩʪʨʘʮʽʾ 0110U004524; 

0112U004053; 0113U001720, 2011ï2014 ʨʨ.). 

ʄʝʪʘ ʽ ʟʘʚʜʘʥʥʷ ʜʦʩʣʽʜʞʝʥʥʷ. ʄʝʪʘ ʨʦʙʦʪʠ ï ʨʦʟʨʦʙʢʘ ʽʥʬʦʨʤʘʮʽʡʥʠʭ 

ʪʝʭʥʦʣʦʛʽʡ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ ʜʚʦʚʠʤʽʨʥʠʭ ʨʽʚʥʷʥʴ ʫ ʯʘʩʪʠʥʥʠʭ ʧʦʭʽʜʥʠʭ ʜʣʷ 

ʧʽʜʚʠʱʝʥʥʷ ʪʦʯʥʦʩʪʽ ʽ ʧʨʠʩʢʦʨʝʥʥʷ ʨʦʟʨʘʭʫʥʢʽʚ ʫ ʤʦʜʝʣʶʶʯʠʭ ʩʠʩʪʝʤʘʭ ʩʪʘʥʫ ʨʽʯʦʢ 

ʽ ʧʨʠʙʝʨʝʞʥʦʾ ʟʦʥʠ ʤʦʨʷ ʜʣʷ ʦʮʽʥʢʠ ʥʘʩʣʽʜʢʽʚ ʪʝʭʥʦʛʝʥʥʠʭ ʚʧʣʠʚʽʚ. 

ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʤʝʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʥʝʦʙʭʽʜʥʦ ʚʠʨʽʰʠʪʠ ʪʘʢʽ ʟʘʚʜʘʥʥʷ: 

ï ʧʨʦʘʥʘʣʽʟʫʚʘʪʠ ʩʫʯʘʩʥʽ ʽʥʬʦʨʤʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ 

ʜʚʦʚʠʤʽʨʥʠʭ ʨʽʚʥʷʥʴ ʩʪʘʥʫ ʨʽʯʦʢ ʽ ʧʨʠʙʝʨʝʞʥʦʾ ʟʦʥʠ ʤʦʨʷ, ʘ ʪʘʢʦʞ ʪʝʭʥʦʣʦʛʽʾ 

ʩʪʚʦʨʝʥʥʷ ʽʥʬʦʨʤʘʮʽʡʥʦ-ʤʦʜʝʣʶʶʯʠʭ ʩʠʩʪʝʤ; 

ï ʨʦʟʨʦʙʠʪʠ ʽʥʬʦʨʤʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ ʜʚʦʚʠʤʽʨʥʠʭ 

ʨʽʚʥʷʥʴ ʜʣʷ ʩʫʯʘʩʥʠʭ ʛʽʙʨʠʜʥʠʭ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʩʠʩʪʝʤ; 

ï ʨʦʟʨʦʙʠʪʠ ʪʝʭʥʦʣʦʛʽʾ ʽʥʪʝʛʨʘʮʽʾ ʧʘʨʘʣʝʣʴʥʠʭ ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʦʜʝʣʝʡ ʚ 
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ʥʦʚʫ ̔ʥʬʦʨʤʘʮʽʡʥʦ-ʤʦʜʝʣʶʶʯʫ ʩʠʩʪʝʤʫ COASTOX-PRL ʜʣʷ CPU ̔ GPU; 

ï ʟʘʩʪʦʩʫʚʘʪʠ ʨʦʟʨʦʙʣʝʥʽ ʽʥʬʦʨʤʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾ ʜʣʷ ʨʦʟʚôʷʟʘʥʥʷ 

ʧʨʘʢʪʠʯʥʠʭ ʟʘʜʘʯ ʟ ʦʮʽʥʢʠ ʥʘʩʣʽʜʢʽʚ ʪʝʭʥʦʛʝʥʥʠʭ ʚʧʣʠʚʽʚ, ʫ ʪʦʤʫ ʯʠʩʣʽ ʙʦʡʦʚʠʭ ʜʽʡ, 

ʥʘ ʩʪʘʥ ʚʦʜʥʠʭ ʦʙôʻʢʪʽʚ; 

ï ʟʨʦʙʠʪʠ ʢʽʣʴʢʽʩʥʫ ʦʮʽʥʢʫ ʧʨʠʩʢʦʨʝʥʥʷ ʨʦʟʨʦʙʣʝʥʠʭ ʽʥʬʦʨʤʘʮʽʡʥʦ-

ʤʦʜʝʣʶʶʯʠʭ ʩʠʩʪʝʤ ʥʘ ʩʫʯʘʩʥʠʭ ʛʽʙʨʠʜʥʠʭ ʘʨʭʽʪʝʢʪʫʨʘʭ ʽʟ ʮʝʥʪʨʘʣʴʥʠʤʠ ʪʘ 

ʛʨʘʬʽʯʥʠʤʠ ʧʨʦʮʝʩʦʨʘʤʠ. 

ʆʙôʻʢʪ ʜʦʩʣʽʜʞʝʥʥʷ ï ʧʨʦʮʝʩ ʩʪʚʦʨʝʥʥʷ ʽ ʟʘʩʪʦʩʫʚʘʥʥʷ ʽʥʬʦʨʤʘʮʽʡʥʠʭ 

ʪʝʭʥʦʣʦʛʽʡ ʤʦʜʝʣʶʚʘʥʥʷ ʩʪʘʥʫ ʧʦʚʝʨʭʥʝʚʠʭ ʚʦʜ. 

ʇʨʝʜʤʝʪ ʜʦʩʣʽʜʞʝʥʥʷ ï ̔ ʥʬʦʨʤʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ 

ʜʚʦʚʠʤʽʨʥʠʭ ʨʽʚʥʷʥʴ ʩʪʘʥʫ ʨʽʯʦʢ ʽ ʧʨʠʙʝʨʝʞʥʦʾ ʟʦʥʠ ʤʦʨʷ, ʪʝʭʥʦʣʦʛʽʾ ʽʥʪʝʛʨʘʮʽʾ 

ʧʘʨʘʣʝʣʴʥʠʭ ʤʦʜʝʣʝʡ ʫ ʽʥʬʦʨʤʘʮʽʡʥʽ ʩʠʩʪʝʤʠ. 

ʄʝʪʦʜʘʤʠ ʜʦʩʣʽʜʞʝʥʥʷ ʨʦʙʦʪʠ ʻ ʯʠʩʝʣʴʥʽ ʤʝʪʦʜʠ ʨʦʟʚôʷʟʘʥʥʷ ʨʽʚʥʷʥʴ 

ʤʘʪʝʤʘʪʠʯʥʦʾ ʬʽʟʠʢʠ, ʤʝʪʦʜʠ ʪʘ ʟʘʩʦʙʠ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ ʽ ʧʨʦʛʨʘʤʫʚʘʥʥʷ, 

ʪʝʭʥʦʣʦʛʽʾ ʧʨʦʢ̒ʪʫʚʘʥʥʷ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʩʠʩʪʝʤ, ʛʝʦʽʥʬʦʨʤʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾ. 

ʅʘʫʢʦʚʘ ʥʦʚʠʟʥʘ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ 

1. ʉʪʚʦʨʝʥʦ ʥʦʚʫ ̔ ʥʬʦʨʤʘʮʽʡʥʦ-ʤʦʜʝʣʶʶʯʫ ʩʠʩʪʝʤʫ COASTOX-PRL ʥʘ 

ʦʩʥʦʚʽ ʧʨʦʛʨʘʤʥʦʾ ʽʥʪʝʛʨʘʮʽʾ ʧʘʨʘʣʝʣʴʥʠʭ ʜʚʦʚʠʤʽʨʥʠʭ ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʦʜʝʣʝʡ 

ʜʠʥʘʤʽʢʠ ʚʦʜ ʽ ʟʘʙʨʫʜʥʝʥʴ ʫ ʨʽʯʢʘʭ ʽ ʧʨʠʙʝʨʝʞʥʽʡ ʟʦʥʽ ʤʦʨʷ. 

2. ɼʣʷ ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʦʜʝʣʝʡ ʽʥʬʦʨʤʘʮʽʡʥʦʾ ʩʠʩʪʝʤʠ COASTOX-PRL 

ʩʪʚʦʨʝʥʦ ʥʦʚʽ ̔ ʥʬʦʨʤʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ ʜʣʷ ʛʽʙʨʠʜʥʠʭ 

ʘʨʭʽʪʝʢʪʫʨ ʽʟ CPU ʪʘ GPU: ʤʦʜʝʣʽ ʣʽʥʽʡʥʦʾ ʪʨʘʥʩʬʦʨʤʘʮʽʾ ʭʚʠʣʴ HWAVE (CPU, 

ʨʦʟʧʦʜʽʣʝʥʘ ʧʘʤôʷʪʴ); ʤʦʜʝʣʽ ʜʚʦʚʠʤʽʨʥʦʾ ʛʽʜʨʦʜʠʥʘʤʽʢʠ ʤʽʣʢʦʾ ʚʦʜʠ ʥʘ ʧʨʷʤʦʢʫʪʥʠʭ 

ʩʽʪʢʘʭ ShipSim, ʘʜʘʧʪʦʚʘʥʦʾ ʜʦ ʧʨʦʛʥʦʟʫ ʢʦʨʘʙʝʣʴʥʠʭ ʭʚʠʣʴ ʪʘ ʨʦʟʨʘʭʫʥʢʫ 

ʥʘʚʘʥʪʘʞʝʥʴ (CPU ̔ GPU, ʩʧʽʣʴʥʘ ʧʘʤôʷʪʴ); ʤʦʜʝʣʽ ʜʚʦʚʠʤʽʨʥʦʾ ʛʽʜʨʦʜʠʥʘʤʽʢʠ, 

ʧʝʨʝʥʦʩʫ ʥʘʥʦʩʽʚ, ʧʝʨʝʬʦʨʤʫʚʘʥʥʷ ʜʥʘ ʪʘ ʜʠʥʘʤʽʢʠ ʟʘʙʨʫʜʥʝʥʴ ʥʘ ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʠʭ 

ʩʽʪʢʘʭ COASTOX-HD-SED-RN (CPU ʽ GPU, ʨʦʟʧʦʜʽʣʝʥʘ ʽ ʩʧʽʣʴʥʘ ʧʘʤôʷʪʴ). 

3. ʋʜʦʩʢʦʥʘʣʝʥʦ ʯʠʩʝʣʴʥʫ ʩʭʝʤʫ ʨʦʟʚôʷʟʢʫ ʨʽʚʥʷʥʴ ʧʝʨʝʥʦʩʫ ʫ ʤʦʜʝʣʽ ʥʘ 

ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʠʭ ʩʽʪʢʘʭ COASTOX-HD-SED-RN ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʪʦʯʥʦʩʪʽ 

ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʽʚ ʽʟ ʨʽʟʢʠʤʠ ʛʨʘʜʽʻʥʪʘʤʠ ʢʦʥʮʝʥʪʨʘʮʽʾ.  
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4. ɺʧʝʨʰʝ ʩʪʚʦʨʝʥʦ ʽʥʬʦʨʤʘʮʽʡʥʫ ʪʝʭʥʦʣʦʛʽʶ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ ʜʣʷ 

CPU-ʩʠʩʪʝʤ ʟ ʨʦʟʧʦʜʽʣʝʥʦʶ ʧʘʤôʷʪʪʶ ʜʣʷ ʣʘʛʨʘʥʞʝʚʦʾ ʤʦʜʝʣʽ ʜʚʦʚʠʤʽʨʥʦʾ 

ʛʽʜʨʦʜʠʥʘʤʽʢʠ ʟʛʣʘʜʞʝʥʠʭ ʯʘʩʪʠʥʦʢ SPH2d. 

5. ʋʜʦʩʢʦʥʘʣʝʥʦ ʧʨʦʛʨʘʤʥʽ ʽʥʪʝʨʬʝʡʩʠ ʪʘ ʩʧʝʮʠʬʽʢʘʮʽʾ ʜʣʷ ʽʥʪʝʛʨʘʮʽʾ 

ʧʘʨʘʣʝʣʴʥʠʭ ʤʦʜʫʣʽʚ ʩʠʩʪʝʤʠ COASTOX-PRL ʜʦ ʩʫʯʘʩʥʠʭ Java-ʉʇʇʈ JRODOS ʪʘ 

HYDROS. 

6. ʆʪʨʠʤʘʥʦ ʥʦʚʽ ʥʘʫʢʦʚʽ ʨʝʟʫʣʴʪʘʪʠ ʟ ʜʝʪʘʣʽʟʦʚʘʥʦʛʦ ʯʠʩʝʣʴʥʦʛʦ ʘʥʘʣʽʟʫ ʥʘ 

ʨʦʟʨʘʭʫʥʢʦʚʠʭ ʩʽʪʢʘʭ ʚʝʣʠʢʦʾ ʨʦʟʤʽʨʥʦʩʪʽ ʪʝʭʥʦʛʝʥʥʠʭ ʚʧʣʠʚʽʚ, ʫ ʪʦʤʫ ʯʠʩʣʽ 

ʟʫʤʦʚʣʝʥʠʭ ʚʽʡʩʴʢʦʚʠʤʠ ʜʽʷʤʠ, ʫ ʙʘʩʝʡʥʽ ʨ. ɼʥʽʧʨʦ, ʟʦʢʨʝʤʘ ʧʨʠ ʨʫʡʥʫʚʘʥʥʽ 

ʂʘʭʦʚʩʴʢʦʾ ɻɽʉ ʽ ʂʦʟʘʨʦʚʠʮʴʢʦʾ ʜʘʤʙʠ ʙʽʣʷ ʩ. ɼʝʤʠʜʽʚ. 

ʇʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʧʦʣʷʛʘʻ ʫ ʩʪʚʦʨʝʥʥʽ ʝʬʝʢʪʠʚʥʠʭ 

ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ ʥʘ CPU ̔  GPU ʜʣʷ ʜʚʦʚʠʤʽʨʥʠʭ 

ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʦʜʝʣʝʡ ʩʪʘʥʫ ʨʽʯʦʢ ʽ ʧʨʠʙʝʨʝʞʥʦʾ ʟʦʥʠ ʤʦʨʷ, ʽʥʪʝʛʨʦʚʘʥʠʭ ʫ ʩʫʯʘʩʥʫ 

ʤʦʜʝʣʶʶʯʫ ʩʠʩʪʝʤʫ COASTOX-PRL. ʎʝ ʟʘʙʝʟʧʝʯʠʣʦ ʩʫʪʪʻʚʝ ʧʨʠʩʢʦʨʝʥʥʷ 

ʨʦʟʨʘʭʫʥʢʽʚ ʽ ʜʘʣʦ ʤʦʞʣʠʚʽʩʪʴ ʫ ʢʦʤʧʣʝʢʩʥʠʭ ʟʘʜʘʯʘʭ ʦʮʽʥʢʠ ʥʘʩʣʽʜʢʽʚ ʪʝʭʥʦʛʝʥʥʠʭ 

ʚʧʣʠʚʽʚ ʧʽʜʚʠʱʫʚʘʪʠ ʜʝʪʘʣʽʟʘʮʽʶ ʤʦʜʝʣʶʚʘʥʥʷ, ʟʙʽʣʴʰʫʚʘʪʠ ʢʽʣʴʢʽʩʪʴ ʚʘʨʽʘʥʪʽʚ 

ʧʨʦʛʥʦʟʫ ʪʘ ʦʧʝʨʘʪʠʚʥʽʩʪʴ ʦʪʨʠʤʘʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ. 

ʅʘʡʙʽʣʴʰʫ ʧʨʘʢʪʠʯʥʫ ʮʽʥʥʽʩʪʴ ʤʘʶʪʴ ʪʘʢʽ ʦʜʝʨʞʘʥʽ ʟʘʚʜʷʢʠ ʮʴʦʤʫ ʨʝʟʫʣʴʪʘʪʠ: 

1. ʈʦʟʨʦʙʣʝʥʦ ʪʘ ʚʝʨʠʬʽʢʦʚʘʥʦ ʽʥʬʦʨʤʘʮʽʡʥʽ ʩʠʩʪʝʤʠ ʜʚʦʚʠʤʽʨʥʦʛʦ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʟʦʥ ʽ ʛʣʠʙʠʥ ʟʘʪʦʧʣʝʥʥʷ: ʜʣʷ ʙʘʩʝʡʥʽʚ ʨʽʯʦʢ ʇʨʫʪ ʽ ʉʽʨʝʪ ʧʽʜ ʯʘʩ ʨʘʧʪʦʚʠʭ 

ʜʦʱʦʚʠʭ ʧʘʚʦʜʢʽʚ, ʘ ʪʘʢʦʞ ʜʣʷ ʙʝʨʝʛʽʚ ʤ. ʂʠʻʚʘ ʧʽʜ ʯʘʩ ʚʠʩʦʢʠʭ ʚʦʜʦʧʽʣ ɹʥʘ ɼʥʽʧʨʽ. 

ʉʠʩʪʝʤʠ ʽʥʪʝʛʨʦʚʘʥʦ ʚ ʧʨʦʛʨʘʤʥʫ ʦʙʦʣʦʥʢʫ HYDROS. 

2. ʈʦʟʨʦʙʣʝʥʦ ʽʥʬʦʨʤʘʮʽʡʥʽ ʩʠʩʪʝʤʠ ʧʘʨʘʣʝʣʴʥʠʭ ʚʠʩʦʢʦʜʝʪʘʣʽʟʦʚʘʥʠʭ 

ʦʙʯʠʩʣʝʥʴ ʥʘʩʣʽʜʢʽʚ ʨʫʡʥʫʚʘʥʥʷ ʛʽʜʨʦʚʫʟʣʽʚ ɼʥʽʧʨʦʚʩʴʢʦʛʦ ʢʘʩʢʘʜʫ ɻɽʉ. ʇʨʦʛʥʦʟʦʚʘʥʦ 

ʟʦʥʠ ʟʘʪʦʧʣʝʥʥʷ ʜʣʷ ʨʽʟʥʠʭ ʩʮʝʥʘʨʽʾʚ ʧʨʦʨʠʚʫ, ʫ ʪʦʤʫ ʯʠʩʣʽ ʚʥʘʩʣʽʜʦʢ ʙʦʡʦʚʠʭ ʜʽʡ, 

ʂʦʟʘʨʦʚʠʮʴʢʦʾ ʜʘʤʙʠ, ʂʠʾʚʩʴʢʦʾ, ʂʘʭʦʚʩʴʢʦʾ ʪʘ ɼʥʽʧʨʦʚʩʴʢʦʾ ɻɽʉ. ɼʣʷ ʂʘʭʦʚʩʴʢʦʾ ɻɽʉ 

ʧʽʜʪʚʝʨʜʞʝʥʦ ʰʚʠʜʢʝ ʬʦʨʤʫʚʘʥʥʷ ʧʦʯʘʪʢʦʚʦʛʦ ʧʨʦʨʘʥʫ ʟ ʧʦʜʘʣʴʰʠʤ ʡʦʛʦ ʟʙʽʣʴʰʝʥʥʷʤ 

ʫ ʰʠʨʠʥʫ ʪʘ ʛʣʠʙʠʥʫ ʚʥʘʩʣʽʜʦʢ ʨʦʟʤʠʚʫ ˇʨʫʥʪʽʚ. 

3. ʈʦʟʨʦʙʣʝʥʦ ʽʥʬʦʨʤʘʮʽʡʥʫ ʩʠʩʪʝʤʫ GPU-ʦʙʯʠʩʣʝʥʴ ʛʽʜʨʦʣʦʛʽʯʥʦʛʦ ʨʝʞʠʤʫ 

ʂʽʣʽʡʩʴʢʦʾ ʜʝʣʴʪʠ ɼʫʥʘʶ. ʈʦʟʨʘʭʫʥʢʠ ʧʦʢʘʟʘʣʠ, ʱʦ ʧʨʦʢ̒ʪʦʚʘʥʘ ʨʝʢʦʥʩʪʨʫʢʮʽʷ ɻʉʍ 
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ɼʫʥʘʡïʏʦʨʥʝ ʤʦʨʝ ʟ ʜʚʦʤʘ ʦʛʦʨʦʜʞʫʚʘʣʴʥʠʤʠ ʜʘʤʙʘʤʠ ʤʘʪʠʤʝ ʥʝʟʥʘʯʥʠʡ ʚʧʣʠʚ ʥʘ 

ʨʽʚʝʥʴ ʚʦʜʠ ʪʘ ʨʦʟʧʦʜʽʣ ʚʠʪʨʘʪ ʫ ʨʫʢʘʚʘʭ ʜʝʣʴʪʠ. 

4. ʈʦʟʨʦʙʣʝʥʦ ʽʥʬʦʨʤʘʮʽʡʥʫ ʩʠʩʪʝʤʫ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ ʥʘʢʘʪʫ ʮʫʥʘʤʽ ʥʘ 

ʫʟʙʝʨʝʞʞʷ ʧʨʝʬʝʢʪʫʨ ʄʽʷˇʽ ʪʘ ʌʫʢʫʩʽʤʘ ʧʽʜ ʯʘʩ ʟʝʤʣʝʪʨʫʩʫ 2011 ʨʦʢʫ ʚ ʗʧʦʥʽʾ. 

5. ʈʦʟʨʦʙʣʝʥʦ ʩʠʩʪʝʤʫ ʧʘʨʘʣʝʣʴʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʥʠʢʥʝʥʥʷ 

ʥʝʨʝʛʫʣʷʨʥʠʭ ʭʚʠʣʴ ʫ ʧʦʨʪʦʚʽ ʘʢʚʘʪʦʨʽʾ ʽʟ ʜʦʩʣʽʜʞʝʥʥʷʤ ʨʝʟʦʥʘʥʩʽʚ. 

6. ʈʦʟʨʦʙʣʝʥʦ ʩʠʩʪʝʤʫ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ ʥʘʢʘʪʫ ʭʚʠʣʴ ʪʘ ʨʦʟʨʘʭʫʥʢʫ 

ʭʚʠʣʴʦʚʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʥʘ ʙʝʨʝʛʦʚʽ ʩʧʦʨʫʜʠ. 

7. ʈʦʟʨʦʙʣʝʥʦ ʩʠʩʪʝʤʫ GPU-ʦʙʯʠʩʣʝʥʴ ʜʚʦʚʠʤʽʨʥʦʾ ʛʽʜʨʦʜʠʥʘʤʽʢʠ 

ʢʦʨʘʙʝʣʴʥʠʭ ʭʚʠʣʴ ʪʘ ʨʦʟʨʘʭʫʥʢʫ ʥʘʚʘʥʪʘʞʝʥʴ ʥʘ ʧʨʠʰʚʘʨʪʦʚʘʥʽ ʩʫʜʥʘ, ʷʢʫ 

ʚʠʢʦʨʠʩʪʘʥʦ ʜʣʷ ʧʦʻʜʥʘʥʠʭ ʚʦʜʦʡʤ ï ʨʽʯʮʽ San Jacinto ʪʘ ʘʢʚʘʪʦʨʽʾ ʪʝʨʤʽʥʘʣʘ Barbours 

Cut Terminal (ʉʐɸ). 

8. ʈʦʟʨʦʙʣʝʥʦ ʽʥʬʦʨʤʘʮʽʡʥʫ ʩʠʩʪʝʤʫ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ ʧʝʨʝʬʦʨʤʫʚʘʥʥʷ 

ʜʥʘ ʫ ʧʨʠʙʝʨʝʞʥʽʡ ʟʦʥʽ ʏʦʨʥʦʛʦ ʤʦʨʷ ʜʣʷ ʦʮʽʥʢʠ ʚʧʣʠʚʫ ʢʣʽʤʘʪʠʯʥʠʭ ʟʤʽʥ ʥʘ ʨʦʟʤʠʚ 

ʫʟʙʝʨʝʞʞʷ ʤ. ɭʚʧʘʪʦʨʽʷ. ʇʦʢʘʟʘʥʦ, ʱʦ ʫ XXI ʩʪʦʣʽʪʪʽ ʨʦʟʧʦʜʽʣ ʟʦʥ ʝʨʦʟʽʾ ʪʘ ʘʢʫʤʫʣʷʮʽʾ 

ʽʩʪʦʪʥʦ ʥʝ ʟʤʽʥʠʪʴʩʷ, ʘ ʧʨʦʛʥʦʟʦʚʘʥʝ ʧʦʩʠʣʝʥʥʷ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʧʨʦʮʝʩʽʚ ʧʝʨʝʙʫʚʘʻ ʚ 

ʤʝʞʘʭ ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ ʩʮʝʥʘʨʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʢʣʽʤʘʪʠʯʥʠʭ ʟʤʽʥ. 

9. ʈʦʟʨʦʙʣʝʥʦ ʽʥʬʦʨʤʘʮʽʡʥʫ ʩʠʩʪʝʤʫ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ 

ʨʘʜʽʦʥʫʢʣʽʜʽʚ 90Sr ʫ ʂʠʾʚʩʴʢʦʤʫ ʚʦʜʦʩʭʦʚʠʱʽ. ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʩʮʝʥʘʨʽʶ 

ʚʝʩʥʷʥʦʾ ʧʦʚʝʥʽ 1999 ʨ. ʜʦʙʨʝ ʟʙʽʛʣʠʩʷ ʟ ʜʘʥʠʤʠ ʩʧʦʩʪʝʨʝʞʝʥʴ ʪʘ ʧʨʦʜʝʤʦʥʩʪʨʫʚʘʣʠ 

ʟʥʘʯʥʫ ʙʫʬʝʨʥʫ ʟʜʘʪʥʽʩʪʴ ʚʦʜʦʩʭʦʚʠʱʘ, ʱʦ ʧʦʩʣʘʙʣʶʻ ʧʽʢʦʚʽ ʢʦʥʮʝʥʪʨʘʮʽʾ ʨʘʜʽʦʥʫʢʣʽʜʽʚ 

ʽ ʟʤʝʥʰʫʻ ʨʠʟʠʢʠ ʜʣʷ ʟʜʦʨʦʚôʷ ʥʘʩʝʣʝʥʥʷ ʥʠʞʯʝ ʟʘ ʪʝʯʽʻʶ. 

10. ʈʦʟʨʦʙʣʝʥʦ ʽʥʬʦʨʤʘʮʽʡʥʫ ʩʠʩʪʝʤʫ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ 

ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʦʨʛʘʥʽʯʥʦʛʦ ʟʘʙʨʫʜʥʝʥʥʷ ʫ ɼʥʽʧʨʽ ʚ ʨʘʡʦʥʽ ʤ. ʂʠʻʚʘ ʧʨʠ ʥʘʜʭʦʜʞʝʥʥʽ 

ʡʦʛʦ ʟ ʨ. ɼʝʩʥʘ. ʆʮʽʥʝʥʦ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʦʧʫʩʢʽʚ ʚʦʜʠ ʟ ʂʠʾʚʩʴʢʦʾ ɻɽʉ ʷʢ ʟʘʩʦʙʫ ʟʥʠʞʝʥʥʷ 

ʢʦʥʮʝʥʪʨʘʮʽʾ ʟʘʙʨʫʜʥʶʚʘʯʘ ʪʘ ʧʨʠʩʢʦʨʝʥʥʷ ʡʦʛʦ ʚʠʥʦʩʫ ʟʘ ʤʝʞʽ ʤʽʩʪʘ. 

ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ. ʆʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʾ, ʟʦʢʨʝʤʘ 

ʽʥʬʦʨʤʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾ ʩʪʚʦʨʝʥʥʷ ʩʠʩʪʝʤʠ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ  COASTOX-PRL, 

ʦʪʨʠʤʘʥʽ ʘʚʪʦʨʦʤ ʩʘʤʦʩʪʽʡʥʦ. ʅʘʫʢʦʚʽ ʧʨʘʮʽ [4, 9, 14, 26, 27] ʚʠʢʦʥʘʥʽ ʦʜʥʦʦʩʽʙʥʦ. ʋ 

ʨʦʙʦʪʘʭ, ʧʽʜʛʦʪʦʚʣʝʥʠʭ ʫ ʩʧʽʚʘʚʪʦʨʩʪʚʽ, ʘʚʪʦʨʫ ʥʘʣʝʞʘʪʴ ʪʘʢʽ ʨʝʟʫʣʴʪʘʪʠ: [1ï3, 5ï8, 
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10ï13, 15ï25, 28ï31] ï ʘʥʘʣʽʟ ʽʩʥʫʶʯʠʭ ʧʽʜʭʦʜʽʚ ʽ ʨʦʟʨʦʙʢʘ ʚʣʘʩʥʠʭ ʽʥʬʦʨʤʘʮʽʡʥʠʭ 

ʪʝʭʥʦʣʦʛʽʡ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ ʜʚʦʚʠʤʽʨʥʠʭ ʨʽʚʥʷʥʴ ʩʪʘʥʫ ʨʽʯʦʢ ʽ ʧʨʠʙʝʨʝʞʥʦʾ 

ʟʦʥʠ ʤʦʨʷ, ʨʦʟʨʦʙʢʘ ʽʥʬʦʨʤʘʮʽʡʥʦ-ʤʦʜʝʣʶʶʯʠʭ ʩʠʩʪʝʤ; [1ï3, 5ï7, 11, 13, 15ï19, 23ï

25, 28, 30] ï ʟʙʽʨ ʽ ʧʽʜʛʦʪʦʚʢʘ ʜʘʥʠʭ, ʧʦʙʫʜʦʚʘ ʤʦʜʝʣʝʡ ʚʦʜʥʠʭ ʦʙôʻʢʪʽʚ, ʥʘʣʘʰʪʫʚʘʥʥʷ 

ʪʘ ʚʝʨʠʬʽʢʘʮʽʷ, ʧʨʦʚʝʜʝʥʥʷ ʩʮʝʥʘʨʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ, ʦʙʨʦʙʢʘ ʡ ʘʥʘʣʽʟ ʨʝʟʫʣʴʪʘʪʽʚ, ʫ 

ʪʦʤʫ ʯʠʩʣʽ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʛʝʦʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ; [4, 7, 8, 11, 13, 15, 16, 18ï

20, 22] ï ʨʦʟʨʦʙʢʘ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʜʣʷ ʽʥʪʝʛʨʘʮʽʾ ʧʘʨʘʣʝʣʴʥʠʭ ʤʦʜʫʣʽʚ 

ʤʦʜʝʣʶʶʯʦʾ ʩʠʩʪʝʤʠ ʜʦ Java-ʉʇʇʈ. 

ɸʧʨʦʙʘʮʽʷ ʨʝʟʫʣʴʪʘʪʽʚ ʜʠʩʝʨʪʘʮʽʾ. ʆʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʨʦʙʦʪʠ ʧʨʝʜʩʪʘʚʣʷʣʠʩʷ 

ʽ ʦʙʛʦʚʦʨʶʚʘʣʠʩʷ ʥʘ ʤʽʞʥʘʨʦʜʥʠʭ ʪʘ ʫʢʨʘʾʥʩʴʢʠʭ ʥʘʫʢʦʚʠʭ ʘʩʘʤʙʣʝʷʭ, ʢʦʥʬʝʨʝʥʮʽʷʭ 

ʪʘ ʢʦʥʛʨʝʩʘʭ: ɻʝʥʝʨʘʣʴʥʠʭ ʘʩʘʤʙʣʝʷʭ ɭʚʨʦʧʝʡʩʴʢʦʛʦ ʩʦʶʟʫ ʛʝʦʣʦʛʽʯʥʠʭ ʥʘʫʢ EGU 

(ɺʽʜʝʥʴ, ɸʚʩʪʨʽʷ, 2014, 2015, 2018 ʨʨ., Online ï 2020, 2021 ʨʨ.); ʆʩʽʥʥʽʡ ʢʦʥʬʝʨʝʥʮʽʾ 

ɸʤʝʨʠʢʘʥʩʴʢʦʛʦ ʛʝʦʬʽʟʠʯʥʦʛʦ ʩʦʶʟʫ AGU (ʉʘʥ-ʌʨʘʥʮʠʩʢʦ, ʉʐɸ, 2019 ʨ.); 

ʄʽʞʥʘʨʦʜʥʦʤʫ ʢʦʥʛʨʝʩʽ ʟ ʝʢʦʣʦʛʽʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʪʘ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ 

iEMSs 2018 (ʌʦʨʪ-ʂʦʣʣʽʥʩ, ʉʐɸ, 2018 ʨ.); ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʦʾ 

ʢʦʥʬʝʨʝʥʮʽʾ çɺʆɼɸ ɼʃʗ ʄʀʈʋè (ʂʠʾʚ, 2024 ʨ.); ʄʽʞʥʘʨʦʜʥʽʡ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʦʾ 

ʢʦʥʬʝʨʝʥʮʽʾ ñʄʘʪʝʤʘʪʠʯʥʝ ʪʘ ʽʤʽʪʘʮʽʡʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʩʠʩʪʝʤ. ʄʆɼʉò (ʂʠʾʚ, 

ʏʝʨʥʽʛʽʚ, ɾʫʢʠʥ, 2009, 2010, 2011, 2013, 2016, 2018, 2020 ʨʨ.); ʄʽʞʥʘʨʦʜʥʽʡ ʥʘʫʢʦʚʽʡ 

ʢʦʥʬʝʨʝʥʮʽʾ ñʄʦʜʝʣʠʨʦʚʘʥʠʝ-2012ò (ʂʠʾʚ, 2012 ʨ.). 

ʇʫʙʣʽʢʘʮʽʾ. ʆʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ ʦʧʫʙʣʽʢʦʚʘʥʦ ʫ 31 

ʥʘʫʢʦʚʽʡ ʧʨʘʮʽ. ʉʝʨʝʜ ʥʠʭ 8 ʩʪʘʪʝʡ ʫ ʥʘʫʢʦʚʠʭ ʞʫʨʥʘʣʘʭ, ʷʢʽ ʚʢʣʶʯʝʥʽ ʜʦ 

ʥʘʫʢʦʤʝʪʨʠʯʥʠʭ ʙʘʟ ʜʘʥʠʭ. 6 ʩʪʘʪʝʡ ʫ ʧʨʦʬʽʣʴʥʠʭ ʥʘʫʢʦʚʠʭ ʞʫʨʥʘʣʘʭ, ʷʢʽ ʚʭʦʜʷʪʴ ʜʦ 

ʧʝʨʝʣʽʢʫ ɼɸʂ ʋʢʨʘʾʥʠ ʷʢ ʬʘʭʦʚʽ (ʫ ʪʦʤʫ ʯʠʩʣʽ 1 ʦʜʥʦʦʩʽʙʥʘ). 2 ʩʪʘʪʪʽ ʫ ʟʘʢʦʨʜʦʥʥʠʭ 

ʧʨʦʬʽʣʴʥʠʭ ʚʠʜʘʥʥʷʭ, ʧʨʦʽʥʜʝʢʩʦʚʘʥ ̔ʫ ʙʘʟʽ Scopus. 21 ʧʫʙʣʽʢʘʮʽʷ ʫ ʟʙʽʨʥʠʢʘʭ 

ʤʘʪʝʨʽʘʣʽʚ ʥʘʫʢʦʚʠʭ ʢʦʥʬʝʨʝʥʮʽʡ. 2 ʧʫʙʣʽʢʘʮʽʾ ʫ ñʇʦʚʽʜʦʤʣʝʥʥʷʭ ʅɸʅ ʋʢʨʘʾʥʠò ʥʘ 

ʩʘʡʪʽ ʅɸʅ ʋʢʨʘʾʥʠ. 

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

ʨʦʟʜʽʣʽʚ, ʚʠʩʥʦʚʢʽʚ, ʩʧʠʩʢʫ ʚʠʢʦʨʠʩʪʘʥʠʭ ʜʞʝʨʝʣ ʟ 252 ʥʘʡʤʝʥʫʚʘʥʴ ʪʘ 7 ʜʦʜʘʪʢʽʚ. 

ɿʘʛʘʣʴʥʠʡ ʦʙʩʷʛ ʜʠʩʝʨʪʘʮʽʾ ʩʢʣʘʜʘʻ 238 ʩʪʦʨʽʥʦʢ, ʽʟ ʷʢʠʭ 167 ʩʪʦʨʽʥʦʢ ʦʩʥʦʚʥʦʛʦ 

ʪʝʢʩʪʫ ʪʘ 44 ʩʪʦʨʽʥʢʠ ʜʦʜʘʪʢʽʚ. ɼʠʩʝʨʪʘʮʽʷ ʤʽʩʪʠʪʴ 87 ʨʠʩʫʥʢʽʚ ʪʘ 22 ʪʘʙʣʠʮʽ.  



13 

ʈʆɿɼɯʃ 1 

ʆɻʃʗɼ ʉʋʏɸʉʅʆɻʆ ʉʊɸʅʋ ɯʅʌʆʈʄɸʎɯʁʅʀʍ ʊɽʍʅʆʃʆɻɯʁ 

ʇɸʈɸʃɽʃʔʅʀʍ ʆɹʏʀʉʃɽʅʔ ʅɸʉʃɯɼʂɯɺ ʊɽʍʅʆɻɽʅʅʀʍ ɺʇʃʀɺɯɺ ʅɸ 

ɺʆɼʅɯ ʆɹôɭʂʊʀ ʅɸ ʆʉʅʆɺɯ ɼɺʆɺʀʄɯʈʅʀʍ ʈɯɺʅʗʅʔ 

1.1 ʇʨʦʛʨʘʤʥʽ ʪʝʭʥʦʣʦʛʽʾ ʧʘʨʘʣʝʣʽʟʘʮʽʾ ʘʣʛʦʨʠʪʤʽʚ ʨʦʟʚôʷʟʫʚʘʥʥʷ ʨʽʚʥʷʥʴ ʫ 

ʯʘʩʪʠʥʥʠʭ ʧʦʭʽʜʥʠʭ 

 

 

ʆʧʠʩ ʩʪʘʥʫ ʨʽʯʢʦʚʠʭ ʩʠʩʪʝʤ ʽ ʧʨʠʙʝʨʝʞʥʦʾ ʟʦʥʠ ʤʦʨʷ ˇʨʫʥʪʫʻʪʴʩʷ ʥʘ 

ʚʠʢʦʨʠʩʪʘʥʥʽ ʤʘʪʝʤʘʪʠʯʥʠʭ ʬʦʨʤʫʣʶʚʘʥʴ ʫ ʚʠʛʣʷʜʽ ʩʠʩʪʝʤ ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ 

ʫ ʯʘʩʪʠʥʥʠʭ ʧʦʭʽʜʥʠʭ (ɼʈʏʇ), ʷʢʽ ʦʧʠʩʫʶʪʴ ʨʫʭ ʨʽʜʠʥʠ ʪʘ ʧʝʨʝʥʝʩʝʥʥʷ ʫ ʚʦʜʥʦʤʫ 

ʧʦʪʦʮʽ ʟʘʚʠʩʣʠʭ ʨʝʯʦʚʠʥ ʽ ʟʘʙʨʫʜʥʝʥʴ. ʏʠʩʝʣʴʥʽ ʤʝʪʦʜʠ ʨʦʟʚôʷʟʘʥʥʷ ʨʽʚʥʷʥʴ 

ʙʘʟʫʶʪʴʩʷ ʥʘ ʨʽʟʥʠʭ ʬʦʨʤʘʭ ʜʠʩʢʨʝʪʠʟʘʮʽʾ ʥʝʧʝʨʝʨʚʥʠʭ ʟʤʽʥʥʠʭ, ʱʦ ʦʧʠʩʫʶʪʴ ʩʪʘʥ 

ʩʝʨʝʜʦʚʠʱʘ: ʘʙʦ ʯʝʨʝʟ ʧʦʜʘʥʥʷ ʾʭ ʫ ʚʠʛʣʷʜʽ ʥʘʙʦʨʽʚ ʟʥʘʯʝʥʴ ʫ ʟʘʜʘʥʠʭ ʪʦʯʢʘʭ 

ʧʨʦʩʪʦʨʫ, ʘʙʦ ʯʝʨʝʟ ʨʦʟʢʣʘʜ ʟʘ ʥʘʙʦʨʘʤʠ ʙʘʟʠʩʥʠʭ ʬʫʥʢʮʽʡ. ʆʜʥʠʤ ʽʟ ʦʩʥʦʚʥʠʭ 

ʩʫʯʘʩʥʠʭ ʧʽʜʭʦʜʽʚ ʜʦ ʧʨʠʩʢʦʨʝʥʥʷ ʨʦʟʨʘʭʫʥʢʽʚ ʻ ʧʘʨʘʣʝʣʽʟʘʮʽʷ ʘʣʛʦʨʠʪʤʽʚ ʜʣʷ ʨʽʟʥʠʭ 

ʪʠʧʽʚ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʘʨʭʽʪʝʢʪʫʨ [32ï38]. 

ʇʘʨʘʣʝʣʽʟʘʮʽʷ ʘʣʛʦʨʠʪʤʫ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʘʥʘʣʽʟʫ ʚʠʭʽʜʥʦʛʦ ʘʣʛʦʨʠʪʤʫ ʪʘ, ʟʘ 

ʥʝʦʙʭʽʜʥʦʩʪʽ, ʡʦʛʦ ʪʨʘʥʩʬʦʨʤʘʮʽʾ ʟ ʤʝʪʦʶ ʚʠʜʽʣʝʥʥʷ ʥʝʟʘʣʝʞʥʠʭ ʬʨʘʛʤʝʥʪʽʚ 

ʦʙʯʠʩʣʝʥʴ; ʦʨʛʘʥʽʟʘʮʽʾ ʪʘ ʫʟʛʦʜʞʝʥʥʷ ʧʘʨʘʣʝʣʴʥʦʛʦ ʚʠʢʦʥʘʥʥʷ ʮʠʭ ʬʨʘʛʤʝʥʪʽʚ; 

ʦʙôʻʜʥʘʥʥʷ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʚ ̒ ʜʠʥʠʡ ʨʦʟʚôʷʟʦʢ [32, 38]. ʂʦʥʢʨʝʪʥʘ ʧʨʦʛʨʘʤʥʘ 

ʪʝʭʥʦʣʦʛʽʷ ʤʘʻ ʘʜʘʧʪʫʚʘʪʠ ʘʣʛʦʨʠʪʤ ʧʽʜ ʘʨʭʽʪʝʢʪʫʨʫ ʦʙʯʠʩʣʶʚʘʣʴʥʦʾ ʩʠʩʪʝʤʠ. 

ʏʠʩʝʣʴʥʽ ʤʝʪʦʜʠ ʨʦʟʚôʷʟʘʥʥʷ ɼʈʏʇ ʟʘ ʧʽʜʭʦʜʦʤ ʜʦ ʜʠʩʢʨʝʪʠʟʘʮʽʾ ʤʦʞʥʘ 

ʧʦʜʽʣʠʪʠ ʥʘ ʩʽʪʢʦʚʽ ʪʘ ʙʝʟʩʽʪʢʦʚʽ. ʉʽʪʢʦʚʽ ï ʙʘʟʫʶʪʴʩʷ ʥʘ ʨʦʟʙʠʪʪʽ ʨʦʟʨʘʭʫʥʢʦʚʦʾ 

ʦʙʣʘʩʪʽ ʥʘ ʩʢʽʥʯʝʥʥʠʡ ʥʘʙʽʨ ʧʨʦʩʪʠʭ ʛʝʦʤʝʪʨʠʯʥʠʭ ʝʣʝʤʝʥʪʽʚ (ʢʦʤʽʨʦʢ), ʷʢʽ 

ʫʪʚʦʨʶʶʪʴ ʩʽʪʢʫ (ʨʝʛʫʣʷʨʥʫ ʯʠ ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʫ). ʋ ʚʫʟʣʘʭ ʩʽʪʢʠ ʰʫʢʘʶʪʴʩʷ 

ʥʘʙʣʠʞʝʥʽ ʟʥʘʯʝʥʥʷ ʰʫʢʘʥʠʭ ʬʫʥʢʮʽʡ, ʘ ʚʟʘʻʤʦʟʚ'ʷʟʦʢ ʤʽʞ ʥʠʤʠ ʚʠʟʥʘʯʘʻʪʴʩʷ 

ʪʦʧʦʣʦʛʽʻʶ ʩʽʪʢʠ. ʂʣʶʯʦʚʠʤʠ ʧʨʝʜʩʪʘʚʥʠʢʘʤʠ ʮʴʦʛʦ ʢʣʘʩʫ ʻ ʤʝʪʦʜ ʩʢʽʥʯʝʥʥʠʭ 

ʨʽʟʥʠʮʴ (ʄʉʈ) [39ï41], ʤʝʪʦʜ ʩʢʽʥʯʝʥʥʠʭ ʦʙôʻʤʽʚ (ʄʉʆ) [40ï42] ʽ ʤʝʪʦʜ ʩʢʽʥʯʝʥʥʠʭ 

ʝʣʝʤʝʥʪʽʚ (ʄʉɽ) [39, 40]. ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʥʠʭ, ʙʝʟʩʽʪʢʦʚʽ ʤʝʪʦʜʠ ʥʝ ʚʠʤʘʛʘʶʪʴ 
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ʧʦʙʫʜʦʚʠ ʷʚʥʦʾ ʩʽʪʢʠ, ʦʧʝʨʫʶʯʠ ʥʘʙʦʨʦʤ ʜʦʚʽʣʴʥʦ ʨʦʟʪʘʰʦʚʘʥʠʭ ʚ ʦʙʣʘʩʪʽ ʥʝʨʫʭʦʤʠʭ 

ʘʙʦ ʨʫʭʦʤʠʭ ʚʫʟʣʽʚ (ʯʘʩʪʠʥʦʢ). ɸʧʨʦʢʩʠʤʘʮʽʷ ʨʦʟʚôʷʟʢʫ ʙʫʜʫʻʪʴʩʷ ʣʦʢʘʣʴʥʦ ʜʣʷ 

ʢʦʞʥʦʛʦ ʚʫʟʣʘ ʥʘ ʦʩʥʦʚʽ ʛʨʫʧʠ ʡʦʛʦ çʩʫʩʽʜʽʚè, ʘ ʚʧʣʠʚ ʩʫʩʽʜʥʽʭ ʚʫʟʣʽʚ ʚʠʟʥʘʯʘʻʪʴʩʷ 

ʚʘʛʦʚʠʤʠ ʬʫʥʢʮʽʷʤʠ, ʱʦ ʟʘʣʝʞʘʪʴ ʚʽʜ ʚʽʜʩʪʘʥʽ. ʇʨʠʢʣʘʜʦʤ ʻ ʤʝʪʦʜ ʛʽʜʨʦʜʠʥʘʤʽʢʠ 

ʟʛʣʘʜʞʝʥʠʭ ʯʘʩʪʠʥʦʢ (SPH ï smoothed particles hydrodynamics) [43, 44]. 

ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʚʽʜʤʽʥʥʦʩʪʽ ʚ ʜʠʩʢʨʝʪʠʟʘʮʽʾ, ʦʙʯʠʩʣʶʚʘʣʴʥʝ ʷʜʨʦ ʙʽʣʴʰʦʩʪʽ 

ʤʝʪʦʜʽʚ ʟʚʦʜʠʪʴʩʷ ʜʦ ʜʚʦʭ ʦʩʥʦʚʥʠʭ ʪʠʧʽʚ ʦʧʝʨʘʮʽʡ. ʇʝʨʰʠʡ ʪʠʧ ï ʮʝ ʩʪʝʥʩʠʣʴʥʽ 

ʦʙʯʠʩʣʝʥʥʷ (stencil computations), ʭʘʨʘʢʪʝʨʥʽ ʜʣʷ ʷʚʥʠʭ ʩʭʝʤ ʫ ʄʉʈ ʽ ʄʉʆ. ʇʨʠ 

ʪʘʢʦʤʫ ʧʽʜʭʦʜʽ ʟʥʘʯʝʥʥʷ ʫ ʚʫʟʣʽ ʩʽʪʢʠ ʥʘ ʥʦʚʦʤʫ ʢʨʦʮʽ ʦʙʯʠʩʣʶʻʪʴʩʷ ʥʘ ʦʩʥʦʚʽ ʟʥʘʯʝʥʴ 

ʫ ʩʫʩʽʜʥʽʭ ʚʫʟʣʘʭ (ʱʦ ʩʢʣʘʜʘʶʪʴ çʩʪʝʥʩʠʣè ʘʙʦ çh ʘʙʣʦʥè) ʟ ʧʦʧʝʨʝʜʥʴʦʛʦ ʢʨʦʢʫ. ʎʽ 

ʦʧʝʨʘʮʽʾ ʣʦʢʘʣʽʟʦʚʘʥʽ, ʘ ʦʙʯʠʩʣʝʥʥʷ ʜʣʷ ʢʦʞʥʦʛʦ ʚʫʟʣʘ ʥʝʟʘʣʝʞʥʽ, ʱʦ ʩʪʚʦʨʶʻ 

ʧʝʨʝʜʫʤʦʚʠ ʜʣʷ ʧʘʨʘʣʝʣʽʟʘʮʽʾ [32, 38]. 

ɼʨʫʛʠʡ ï ʮʝ ʨʦʟʚôʷʟʘʥʥʷ ʩʠʩʪʝʤ ʣʽʥʽʡʥʠʭ ʘʣʛʝʙʨʘʾʯʥʠʭ ʨʽʚʥʷʥʴ (ʉʃɸʈ) ʪʘ 

ʜʦʧʦʤʽʞʥʽ ʤʘʪʨʠʯʥʦ-ʚʝʢʪʦʨʥʽ ʦʧʝʨʘʮʽʾ ʣʽʥʽʡʥʦʾ ʘʣʛʝʙʨʠ. ʅʝʷʚʥʽ ʩʭʝʤʠ ʚ ʄʉʈ ʽ ʄʉʆ, 

ʄʉɽ, ʘ ʪʘʢʦʞ ʙʘʛʘʪʦ ʙʝʟʩʽʪʢʦʚʠʭ ʧʽʜʭʦʜʽʚ ʬʦʨʤʫʶʪʴ ʚʝʣʠʢʫ, ʷʢ ʧʨʘʚʠʣʦ, ʨʦʟʨʽʜʞʝʥʫ 

ʩʠʩʪʝʤʫ ʨʽʚʥʷʥʴ, ʜʝ ʥʝʚʽʜʦʤʠʤʠ ʻ ʟʥʘʯʝʥʥʷ ʫ ʚʫʟʣʘʭ ʘʙʦ ʧʘʨʘʤʝʪʨʠ ʨʦʟʢʣʘʜʫ [38, 41, 

45, 46]. ʈʦʟʚôʷʟʘʥʥʷ ʩʠʩʪʝʤ ʻ ʦʩʥʦʚʥʠʤ ʦʙôʻʢʪʦʤ ʧʘʨʘʣʝʣʽʟʘʮʽʾ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʽʪʝʨʘʮʽʡʥʠʭ [38, 41, 45] ʘʙʦ ʧʨʷʤʠʭ ʤʝʪʦʜʽʚ [38, 46]. 

ʇʘʨʘʣʝʣʽʟʘʮʽʷ ʜʣʷ CPU-ʩʠʩʪʝʤ ʟ ʨʦʟʧʦʜʽʣʝʥʦʶ ʧʘʤôʷʪʪʶ ʥʘ ʦʩʥʦʚʽ ʧʨʦʮʝʩʽʚ 

ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ ʟʘʩʪʦʩʫʥʦʢ ʩʪʚʦʨʶʻ ʥʘʙʽʨ ʧʨʦʮʝʩʽʚ, ʢʦʞʝʥ ʟ ʫʥʽʢʘʣʴʥʠʤ 

ʽʜʝʥʪʠʬʽʢʘʪʦʨʦʤ (ʨʘʥʛʦʤ) ʽ ʚʣʘʩʥʠʤ ʘʜʨʝʩʥʠʤ ʧʨʦʩʪʦʨʦʤ. ʆʧʝʨʘʮʽʡʥʘ ʩʠʩʪʝʤʘ 

ʨʦʟʧʦʜʽʣʷʻ ʮʽ ʧʨʦʮʝʩʠ ʧʦ ʷʨʘʭ/ʧʨʦʮʝʩʦʨʘʭ ʦʙʯʠʩʣʶʚʘʣʴʥʦʾ ʩʠʩʪʝʤʠ. ɼʣʷ ʚʟʘʻʤʦʜʽʾ 

ʧʨʦʮʝʩʠ ʦʙʤʽʥʶʶʪʴʩʷ ʜʘʥʠʤʠ ʰʣʷʭʦʤ ʷʚʥʦʾ ʧʝʨʝʜʘʯʽ ʧʦʚʽʜʦʤʣʝʥʴ [32, 38].  

ʆʩʥʦʚʥʘ ʧʨʦʛʨʘʤʥʘ ʪʝʭʥʦʣʦʛʽʷ ʧʘʨʘʣʝʣʽʟʘʮʽʾ ʥʘ ʦʩʥʦʚʽ ʧʨʦʮʝʩʽʚ ï ʮʝ ʽʥʪʝʨʬʝʡʩ 

ʧʝʨʝʜʘʯʽ ʧʦʚʽʜʦʤʣʝʥʴ MPI (Message Passing Interface), ʷʢʠʡ ʩʪʘʚ ʤʽʞʥʘʨʦʜʥʠʤ 

ʩʪʘʥʜʘʨʪʦʤ ʟ 1994 ʨ. ʽ ʤʘʻ ʥʘ ʩʴʦʛʦʜʥʽ ʙʝʟʣʽʯ ʨʝʘʣʽʟʘʮʽʡ ʫ ʚʠʛʣʷʜʽ ʙʽʙʣʽʦʪʝʢ: Open MPI, 

MPICH, MSMPI, Intel MPI. ʉʪʘʥʜʘʨʪ ʚʠʟʥʘʯʘʻ ʬʫʥʢʮʽʾ ʜʣʷ ʩʪʚʦʨʝʥʥʷ, ʟʘʚʝʨʰʝʥʥʷ, 

ʩʠʥʭʨʦʥʽʟʘʮʽʾ ʧʨʦʮʝʩʽʚ, ʘ ʪʘʢʦʞ ʧʝʨʝʜʘʯʽ ʧʦʚʽʜʦʤʣʝʥʴ ʤʽʞ ʥʠʤʠ [32, 38, 47]. 

ʆʩʥʦʚʥʠʡ ʧʨʠʥʮʠʧ ʚʠʜʽʣʝʥʥʷ ʧʽʜʟʘʜʘʯ ʚ ʘʣʛʦʨʠʪʤʘʭ ɼʈʏʇ ï ʮʝ ʧʨʠʟʥʘʯʝʥʥʷ 

ʢʦʞʥʦʤʫ ʧʘʨʘʣʝʣʴʥʦʤʫ ʧʨʦʮʝʩʫ ʩʚʦʻʾ ʧʦʨʮʽʾ ʝʣʝʤʝʥʪʽʚ ʜʠʩʢʨʝʪʠʟʘʮʽʾ ʜʣʷ ʦʙʨʦʙʢʠ 
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(ʥʘʜʘʣʽ ʜʣʷ ʧʨʦʩʪʦʪʠ ʚʚʘʞʘʻʤʦ, ʱʦ ʥʘ ʦʜʠʥ ʧʨʦʮʝʩʦʨ ʧʨʠʧʘʜʘʻ ʦʜʠʥ ʧʨʦʮʝʩ). ʊʘʢʠʡ 

ʧʽʜʭʽʜ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʨʘʭʦʚʫʻ ʘʨʭʽʪʝʢʪʫʨʫ CPU-ʩʠʩʪʝʤʠ ʟ ʨʦʟʧʦʜʽʣʝʥʦʶ ʧʘʤôʷʪʪʶ: 

ʤʽʞʧʨʦʮʝʩʦʨʥʘ ʤʝʨʝʞʘ ʫ ʨʘʟʠ ʧʦʚʽʣʴʥʽʰʘ ʟʘ ʣʦʢʘʣʴʥʫ ʧʘʤôʷʪʴ, ʘ ʾʾ ʣʘʪʝʥʪʥʽʩʪʴ ʥʘ 

ʧʦʨʷʜʢʠ ʚʠʱʘ. ʑʦʙ ʤʽʥʽʤʽʟʫʚʘʪʠ ʜʦʨʦʛʽ ʦʙʤʽʥʠ, ʧʦʜʽʣ ʚʠʢʦʥʫʶʪʴ ʪʘʢ, ʱʦʙ 

ʛʝʦʤʝʪʨʠʯʥʦ ʙʣʠʟʴʢʽ ʝʣʝʤʝʥʪʠ ʬʦʨʤʫʚʘʣʠ ʟʚôʷʟʘʥʽ ʧʽʜʦʙʣʘʩʪʽ ʚʠʭʽʜʥʦʾ ʦʙʣʘʩʪʽ. ʊʦʤʫ 

ʮʝʡ ʧʽʜʭʽʜ ʜʦ ʧʘʨʘʣʝʣʽʟʘʮʽʾ ʥʘʟʠʚʘʶʪʴ ʜʝʢʦʤʧʦʟʠʮʽʻʶ ʦʙʣʘʩʪʽ (domain decomposition), 

ʘ ʜʣʷ ʩʽʪʢʦʚʠʭ ʘʣʛʦʨʠʪʤʽʚ ï ʧʦʜʽʣʦʤ ʩʽʪʢʠ (grid, mesh partitioning) [32, 38, 41, 48]. 

ʇʨʦʮʝʩʦʨʠ ʚʽʜ ʢʨʦʢʫ ʜʦ ʢʨʦʢʫ ʚʠʢʦʥʫʶʪʴ ʦʙʯʠʩʣʝʥʥʷ ʥʘ ʰʘʙʣʦʥʘʭ ʜʣʷ 

ʝʣʝʤʝʥʪʽʚ ʩʚʦʾʭ ʧʽʜʦʙʣʘʩʪʝʡ. ʅʘ ʤʝʞʘʭ ʧʽʜʦʙʣʘʩʪʝʡ ʰʘʙʣʦʥʠ ʚʠʭʦʜʷʪʴ ʟʘ ʤʝʞʽ, ʪʦʤʫ 

ʚʟʜʦʚʞ ʥʠʭ ʚʚʦʜʷʪʴʩʷ ʬʽʢʪʠʚʥʽ ʝʣʝʤʝʥʪʠ, ʱʦ ʚʽʜʧʦʚʽʜʘʶʪʴ ʨʝʘʣʴʥʠʤ ʝʣʝʤʝʥʪʘʤ 

ʩʫʩʽʜʥʽʭ ʧʽʜʦʙʣʘʩʪʝʡ, ʪʘʢ ʟʚʘʥʽ ʛʘʣʦ- ʘʙʦ ʧʨʠʤʘʨʥʽ ʝʣʝʤʝʥʪʠ (halo, ghost) [32, 38, 41, 

48]. ʇʝʨʝʜ ʦʙʯʠʩʣʝʥʥʷʤʠ ʥʘ ʛʨʘʥʠʯʥʠʭ ʰʘʙʣʦʥʘʭ ʟʥʘʯʝʥʥʷ ʛʘʣʦ-ʝʣʝʤʝʥʪʽʚ 

ʦʥʦʚʣʶʶʪʴʩʷ ʜʘʥʠʤʠ ʚʽʜ ʩʫʩʽʜʥʽʭ ʧʨʦʮʝʩʦʨʽʚ. ʇʨʘʢʪʠʯʥʘ ʨʝʘʣʽʟʘʮʽʷ ʦʙʤʽʥʽʚ 

ʚʠʢʦʥʫʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ MPI-ʬʫʥʢʮʽʡ [32, 38, 41, 48]. 

ɼʝʢʦʤʧʦʟʠʮʽʷ ʣʝʞʠʪʴ ʪʘʢʦʞ ʚ ʦʩʥʦʚʽ ʤʝʪʦʜʽʚ ʨʦʟʚ'ʷʟʘʥʥʷ ʉʃɸʈ. ʋ ʮʴʦʤʫ 

ʚʠʧʘʜʢʫ ʛʣʦʙʘʣʴʥʘ ʨʦʟʨʽʜʞʝʥʘ ʤʘʪʨʠʮʷ ʩʠʩʪʝʤʠ ʪʘ ʚʝʢʪʦʨʠ ʟʤʽʥʥʠʭ ʜʽʣʷʪʴʩʷ ʤʽʞ 

ʧʨʦʮʝʩʦʨʘʤʠ, ʪʘʢ ʱʦ ʢʦʞʝʥ ʟʙʝʨʽʛʘʻ ʢʦʤʧʦʥʝʥʪʠ ʚʝʢʪʦʨʽʚ ʽ ʜʽʣʷʥʢʠ ʤʘʪʨʠʮʴ ʣʠʰʝ ʜʣʷ 

ʝʣʝʤʝʥʪʽʚ ʩʚʦʻʾ ʧʽʜʦʙʣʘʩʪʽ. ɺ ʽʪʝʨʘʮʽʡʥʠʭ ʨʦʟʚôʷʟʫʚʘʯʘʭ ʢʣʶʯʦʚʘ ʦʧʝʨʘʮʽʷ ʤʥʦʞʝʥʥʷ 

ʤʘʪʨʠʮʽ ʥʘ ʚʝʢʪʦʨ ʚʠʤʘʛʘʻ ʜʣʷ ʦʙʯʠʩʣʝʥʥʷ ʣʦʢʘʣʴʥʦʾ ʯʘʩʪʠʥʠ ʨʝʟʫʣʴʪʫʶʯʦʛʦ ʚʝʢʪʦʨʘ 

ʢʦʤʧʦʥʝʥʪʽʚ ʚʠʭʽʜʥʦʛʦ ʚʝʢʪʦʨʘ ʚʽʜ ʩʫʩʽʜʥʽʭ ʧʽʜʦʙʣʘʩʪʝʡ. ɯ ʪʘʢʠʡ ʦʙʤʽʥ ʘʥʘʣʦʛʽʯʥʠʡ 

ʦʥʦʚʣʝʥʥʶ ʛʘʣʦ-ʝʣʝʤʝʥʪʽʚ [38, 41, 45]. 

ʇʨʠʥʮʠʧʠ ʜʝʢʦʤʧʦʟʠʮʽʾ ʦʙʣʘʩʪʽ ʟʘʩʪʦʩʦʚʥʽ ʽ ʜʦ ʧʨʷʤʠʭ ʤʝʪʦʜʽʚ ʨʦʟʚôʷʟʘʥʥʷ 

ʉʃɸʈ, ʧʨʦʪʝ ʾʭʥʷ ʧʘʨʘʣʝʣʴʥʘ ʨʝʘʣʽʟʘʮʽʷ ʩʪʠʢʘʻʪʴʩʷ ʟ ʩʝʨʡʦʟʥʽʰʠʤʠ ʪʨʫʜʥʦʱʘʤʠ. 

ʂʣʶʯʦʚʠʡ ʝʪʘʧ ʧʨʷʤʠʭ ʤʝʪʦʜʽʚ ï ʬʘʢʪʦʨʠʟʘʮʽʷ ʤʘʪʨʠʮʽ ï ʧʦʨʦʜʞʫʻ ʩʢʣʘʜʥʽ ʛʣʦʙʘʣʴʥʽ 

ʟʘʣʝʞʥʦʩʪʽ ʟʘ ʜʘʥʠʤʠ ʽ ʩʢʣʘʜʥʽʰʽ ʩʭʝʤʠ ʦʙʤʽʥʽʚ [38, 46]. 

ɼʝʢʦʤʧʦʟʠʮʽʷ ï ʚʘʞʣʠʚʠʡ ʝʪʘʧ ʧʘʨʘʣʝʣʽʟʘʮʽʾ, ʚʽʜ ʷʢʦʛʦ ʟʘʣʝʞʠʪʴ ʙʘʣʘʥʩʫʚʘʥʥʷ 

ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʧʨʦʮʝʩʦʨʠ ʪʘ ʦʙʩʷʛ ʜʘʥʠʭ, ʱʦ ʧʝʨʝʩʠʣʘʶʪʴʩʷ. ɼʣʷ ʧʨʦʩʪʠʭ 

ʨʝʛʫʣʷʨʥʠʭ ʩʽʪʦʢ ʧʦʜʽʣ ʤʦʞʝ ʙʫʪʠ ʪʨʠʚʽʘʣʴʥʠʤ [32, 38], ʜʣʷ ʩʢʣʘʜʥʽʰʠʭ ï ʨʦʟʚʠʥʝʥʽ 

ʩʧʝʮʽʘʣʴʥʽ ʤʝʪʦʜʠ, ʟʘʩʥʦʚʘʥʽ ʥʘ ʧʦʜʽʣʽ ʛʨʘʬʽʚ [38]. ʅʘʧʨʠʢʣʘʜ, Karypis ʽ Kumar 

ʨʦʟʨʦʙʠʣʠ ʘʣʛʦʨʠʪʤʠ [49, 50], ʨʝʘʣʽʟʦʚʘʥʽ ʧʽʟʥʽʰʝ ʫ ʚʠʛʣʷʜʽ ʙʽʙʣʽʦʪʝʢ METIS [51] ʪʘ 
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ParMETIS [52], ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʥʠʭ ʫ ʟʘʩʪʦʩʫʥʢʘʭ ʜʣʷ ʨʦʟʚôʷʟʘʥʥʷ ɼʈʏʇ, 

ʥʘʧʨʠʢʣʘʜ, ʫ ʙʽʙʣʽʦʪʝʮʽ ʧʨʷʤʠʭ ʤʝʪʦʜʽʚ ʨʦʟʚôʷʟʘʥʥʷ ʉʃɸʈ ï MUMPS [53], ʙʽʙʣʽʦʪʝʮʽ 

ʽʪʝʨʘʮʽʡʥʠʭ ʽ ʧʨʷʤʠʭ ʤʝʪʦʜʽʚ ï PETSc [54], ʘ ʪʘʢʦʞ ʚ ʭʚʠʣʴʦʚʽʡ ʤʦʜʝʣʽ SWAN [55]. 

ɺʽʜʟʥʘʯʠʤʦ, ʱʦ ʩʫʯʘʩʥʽ ʧʨʦʛʨʘʤʥʽ ʨʝʘʣʽʟʘʮʽʾ MPI ʧʽʜʪʨʠʤʫʶʪʴ ʦʙʤʽʥ ʜʘʥʠʤʠ 

ʤʽʞ ʧʨʦʮʝʩʘʤʠ ʯʝʨʝʟ ʧʘʤôʷʪʴ, ʱʦ ʜʦʟʚʦʣʷʻ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ MPI-ʧʘʨʘʣʝʣʽʟʘʮʽʶ ʥʘ 

ʦʩʥʦʚʽ ʧʨʦʮʝʩʽʚ ʪʘʢʦʞ ʥʘ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʩʠʩʪʝʤʘʭ ʽʟ ʩʧʽʣʴʥʦʶ ʧʘʤôʷʪʪʶ [32, 38, 48]. 

ɯʩʥʫʶʪʴ ʪʘʢʦʞ ʘʣʴʪʝʨʥʘʪʠʚʥʽ ʪʝʭʥʦʣʦʛʽʾ ʜʣʷ ʩʠʩʪʝʤ ʟ ʨʦʟʧʦʜʽʣʝʥʦʶ ʧʘʤôʷʪʪʶ, ʪʘʢʽ ʷʢ 

ʤʦʚʠ ʟ ʨʦʟʜʽʣʝʥʠʤ ʛʣʦʙʘʣʴʥʠʤ ʘʜʨʝʩʥʠʤ ʧʨʦʩʪʦʨʦʤ (PGAS), ʥʘʧʨʠʢʣʘʜ, Coarray 

Fortran, ʽ ʙʽʙʣʽʦʪʝʢʠ ʦʜʥʦʩʪʦʨʦʥʥʽʭ ʢʦʤʫʥʽʢʘʮʽʡ, ʷʢ OpenSHMEM, ʧʨʦʪʝ MPI 

ʟʘʣʠʰʘʻʪʴʩʷ ʜʦʤʽʥʫʶʯʠʤ ʩʪʘʥʜʘʨʪʦʤ ʫ ʥʘʫʢʦʚʠʭ ʪʘ ʽʥʞʝʥʝʨʥʠʭ ʦʙʯʠʩʣʝʥʥʷʭ. 

ʆʩʥʦʚʥʠʤ ʧʽʜʭʦʜʦʤ ʜʦ ʧʘʨʘʣʝʣʽʟʘʮʽʾ ʥʘ CPU-ʩʠʩʪʝʤʘʭ ʽʟ ʩʧʽʣʴʥʦʶ ʧʘʤôʷʪʪʶ ʻ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʦʪʦʢʽʚ (threads). ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʧʨʦʮʝʩʽʚ, ʮʝ ʙʽʣʴʰ "ʣʝʛʢʦʚʘʞʥʽ" ʰʣʷʭʠ 

ʚʠʢʦʥʘʥʥʷ, ʷʢʽ ʩʪʚʦʨʶʶʪʴʩʷ ʽ ʧʨʘʮʶʶʪʴ ʚ ʨʘʤʢʘʭ ʦʜʥʦʛʦ ʧʨʦʮʝʩʫ, ʨʦʟʜʽʣʷʶʯʠ ʡʦʛʦ 

ʩʧʽʣʴʥʠʡ ʘʜʨʝʩʥʠʡ ʧʨʦʩʪʽʨ. ɿʘʚʜʷʢʠ ʮʴʦʤʫ, ʦʙʤʽʥ ʜʘʥʠʤʠ ʤʽʞ ʧʦʪʦʢʘʤʠ ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʥʝʷʚʥʦ, ʧʨʦʪʝ ʚʠʥʠʢʘʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʾʭʥʴʦʾ ʩʠʥʭʨʦʥʽʟʘʮʽʾ, ʱʦʙ ʫʥʠʢʥʫʪʠ ʩʠʪʫʘʮʽʾ, ʢʦʣʠ 

ʢʽʣʴʢʘ ʧʦʪʦʢʽʚ ʦʜʥʦʯʘʩʥʦ ʥʘʤʘʛʘʶʪʴʩʷ ʟʤʽʥʠʪʠ ʦʜʥʫ ʡ ʪʫ ʩʘʤʫ ʟʤʽʥʥʫ [32, 38]. 

ʇʨʦʚʽʜʥʠʤ ʟʘʩʦʙʦʤ ʧʨʦʛʨʘʤʫʚʘʥʥʷ ʧʦʪʦʢʽʚ ʻ ʩʪʘʥʜʘʨʪ OpenMP (Open Multi-

Processing). ʎʷ ʪʝʭʥʦʣʦʛʽʷ ʜʦʟʚʦʣʷʻ ʧʘʨʘʣʝʣʽʟʫʚʘʪʠ ʧʨʦʛʨʘʤʠ ʥʘ C, C++ ʪʘ Fortran ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʩʧʝʮʽʘʣʴʥʠʭ ʜʠʨʝʢʪʠʚ ʢʦʤʧʽʣʷʪʦʨʘ, ʨʦʟʧʦʜʽʣʷʶʯʠ ʥʝʟʘʣʝʞʥʽ ʽʪʝʨʘʮʽʾ 

ʮʠʢʣʽʚ ʫ ʧʨʦʛʨʘʤʘʭ ʤʽʞ ʧʦʪʦʢʘʤʠ [32, 38, 47]. ʆʢʨʽʤ OpenMP ʽʩʥʫʶʪʴ ʽʥʰʽ ʧʨʦʛʨʘʤʥʽ 

ʟʘʩʦʙʠ, ʥʘʧʨʠʢʣʘʜ ʚʙʫʜʦʚʘʥʽ ʚ ʤʦʚʫ ʧʦʪʦʢʠ ï std::thread ʫ C++. ʌʫʥʜʘʤʝʥʪʘʣʴʥʦʶ 

ʪʝʭʥʦʣʦʛʽʻʶ ʻ POSIX Threads (Pthreads) ï ʥʠʟʴʢʦʨʽʚʥʝʚʠʡ API, ʱʦ ʥʘʜʘʻ ʧʨʷʤʝ 

ʢʝʨʫʚʘʥʥʷ ʧʦʪʦʢʘʤʠ. ʅʘ Pthreads ʧʦʙʫʜʦʚʘʥʘ ʙʽʣʴʰʽʩʪʴ ʚʠʩʦʢʦʨʽʚʥʝʚʠʭ ʟʘʩʦʙʽʚ, 

ʚʢʣʶʯʘʶʯʠ OpenMP, ʧʨʦʪʝ ʯʝʨʝʟ ʩʚʦʶ ʩʢʣʘʜʥʽʩʪʴ ʚʽʥ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʨʽʜʰʝ. ɼʣʷ 

ʯʘʩʪʠʥʠ ʟʘʩʪʦʩʫʥʢʽʚ ʨʦʟʨʦʙʣʝʥʦ ʷʢ MPI-, ʪʘʢ ʽ OpenMP-ʚʝʨʩʽʾ, ʥʘʧʨʠʢʣʘʜ, ʜʣʷ 

ʟʛʘʜʘʥʠʭ ʙʽʙʣʽʦʪʝʢ MUMPS [58] ʽ PETSc [54] ʪʘ ʭʚʠʣʴʦʚʦʾ ʤʦʜʝʣʽ SWAN [59]. ɺʫʟʴʢʠʤ 

ʤʽʩʮʝʤ ʥʘ ʩʠʩʪʝʤʘʭ ʟʽ ʩʧʽʣʴʥʦʶ ʧʘʤôʷʪʪʶ ʻ ʧʨʦʧʫʩʢʥʘ ʟʜʘʪʥʽʩʪʴ ʰʠʥʠ ʧʘʤôʷʪʽ. ɿ 

ʧʦʛʣʷʜʫ Roofline-ʤʦʜʝʣʽ [60, 32], ʦʩʥʦʚʥʽ ʦʧʝʨʘʮʽʾ ʧʨʠ ʨʦʟʚôʷʟʘʥʥʽ ɼʈʏʇ ʻ 

ʦʙʤʝʞʝʥʠʤʠ ʧʘʤôʷʪʪʶ (memory-bound). ʊʘʢ, ʩʪʝʥʩʠʣʴʥʽ ʦʙʯʠʩʣʝʥʥʷ ʤʘʶʪʴ ʥʠʟʴʢʫ 

ʘʨʠʬʤʝʪʠʯʥʫ ʽʥʪʝʥʩʠʚʥʽʩʪʴ, ʚʠʢʦʥʫʶʯʠ ʤʝʥʰʝ ʦʜʥʽʻʾ ʘʨʠʬʤʝʪʠʯʥʦʾ ʦʧʝʨʘʮʽʾ (FLOPS) 
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ʥʘ ʙʘʡʪ ʧʝʨʝʜʘʥʠʭ ʜʘʥʠʭ (byte). ʄʘʪʨʠʯʥʦ-ʚʝʢʪʦʨʥʘ ʘʨʠʬʤʝʪʠʢʘ ʤʘʻ ʜʝʱʦ ʚʠʱʫ 

ʽʥʪʝʥʩʠʚʥʽʩʪʴ, ʘʣʝ ʦʙʠʜʚʘ ʪʠʧʠ ʦʧʝʨʘʮʽʡ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʪʦʛʦ, ʱʦ ʟʥʘʯʥʘ ʯʘʩʪʠʥʘ ʯʘʩʫ 

ʚʠʪʨʘʯʘʻʪʴʩʷ ʥʘ ʧʝʨʝʜʘʯʫ ʜʘʥʠʭ. ʋ ʟʚôʷʟʢʫ ʟ ʮʠʤ ʟʥʘʯʥʽ ʟʫʩʠʣʣʷ ʧʨʠ ʨʦʟʨʦʙʮʽ 

ʘʣʛʦʨʠʪʤʽʚ ʩʧʨʷʤʦʚʘʥʽ ʥʘ ʧʽʜʚʠʱʝʥʥʷ ʘʨʠʬʤʝʪʠʯʥʦʾ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʰʣʷʭʦʤ 

ʦʧʪʠʤʽʟʘʮʽʾ ʨʦʙʦʪʠ ʟ ʜʘʥʠʤʠ, ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʽʻʨʘʨʭʽʾ ʧʘʤôʷʪʽ (ʢʝʰʽ ʧʨʦʮʝʩʦʨʽʚ 

L1/L2/L3, ʦʧʝʨʘʪʠʚʥʘ ʧʘʤôʷʪʴ). ʗʢ ʮʝ, ʥʘʧʨʠʢʣʘʜ, ʟʨʦʙʣʝʥʦ ʘʚʪʦʨʘʤʠ Roofline-ʤʦʜʝʣʽ 

ʜʣʷ ʩʪʝʥʩʠʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ [61] ʪʘ ʜʣʷ ʤʥʦʞʝʥʥʷ ʨʦʟʨʽʜʞʝʥʦʾ ʤʘʪʨʠʮʽ ʥʘ ʚʝʢʪʦʨ [62].  

ɿʥʘʯʥʠʡ ʚʥʝʩʦʢ ʫ ʨʦʟʚʠʪʦʢ ʤʝʪʦʜʽʚ ʨʦʟʚôʷʟʘʥʥʷ ʉʃɸʈ ʽ ɼʈʏʇ ʜʣʷ CPU-ʩʠʩʪʝʤ 

ʽʟ ʩʧʽʣʴʥʦʶ ʪʘ ʨʦʟʧʦʜʽʣʝʥʦʶ ʧʘʤôʷʪʪʶ ʚʥʝʩʣʠ ʫʢʨʘʾʥʩʴʢʽ ʜʦʩʣʽʜʥʠʢʠ ɯʥʩʪʠʪʫʪʫ 

ʢʽʙʝʨʥʝʪʠʢʠ ʽʤ. ɺ.ʄ. ɻʣʫʰʢʦʚʘ ʅɸʅ ʋʢʨʘʾʥʠ. ʄʦʣʯʘʥʦʚʠʤ ɯ. ʄ., ʍʽʤʽʯʝʤ ʆ. ʄ., 

ʇʦʧʦʚʠʤ ʆ. ɺ. ʪʘ ʾʭʥʽʤʠ ʢʦʣʝʛʘʤʠ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʽʪʝʨʘʮʽʡʥʽ ʪʘ ʧʨʷʤʽ ʧʘʨʘʣʝʣʴʥʽ 

ʘʣʛʦʨʠʪʤʠ ʨʦʟʚôʷʟʘʥʥʷ ʉʃɸʈ ʟ ʨʦʟʨʽʜʞʝʥʠʤʠ ʩʠʤʝʪʨʠʯʥʠʤʠ ʤʘʪʨʠʮʷʤʠ ʪʘ 

ʤʘʪʨʠʮʷʤʠ ʥʝʨʝʛʫʣʷʨʥʦʾ ʩʪʨʫʢʪʫʨʠ [63, 64]. ɼʣʷ ʦʩʪʘʥʥʽʭ, ʟʦʢʨʝʤʘ, ʨʦʟʨʦʙʣʝʥʦ 

ʧʨʷʤʠʡ ʙʣʦʯʥʦ-ʮʠʢʣʽʯʥʠʡ ʧʘʨʘʣʝʣʴʥʠʡ ʘʣʛʦʨʠʪʤ ʤʝʪʦʜʫ ʍʦʣʝʮʴʢʦʛʦ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ 

ʨʦʟʧʦʜʽʣ ʜʘʥʠʭ ʪʘ ʙʘʣʘʥʩʫʚʘʥʥʷ ʥʘʚʘʥʪʘʞʝʥʥʷ ʤʽʞ ʧʨʦʮʝʩʘʤʠ [64]. ɸʣʛʦʨʠʪʤʠ 

ʧʦʢʘʟʘʣʠ ʩʚʦʶ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʨʠ ʨʦʟʨʘʭʫʥʢʘʭ ʟʘʜʘʯ ʤʽʮʥʦʩʪʽ ʢʦʥʩʪʨʫʢʮʽʡ ʟ ʨʦʟʤʽʨʘʤʠ 

ʜʦ ʢʽʣʴʢʦʭ ʤʽʣʴʡʦʥʽʚ ʥʝʚʽʜʦʤʠʭ [63, 64]. ɺʦʥʠ ʨʝʘʣʽʟʦʚʘʥʽ ʚ ʧʨʦʛʨʘʤʥʦ-ʘʧʘʨʘʪʥʦʤʫ 

ʢʦʤʧʣʝʢʩʽ ɯʥʧʘʨʢʦʤ [65, 66], ʘ ʪʘʢʦʞ ʽʥʪʝʛʨʦʚʘʥʽ ʚ ʧʨʦʛʨʘʤʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ ʟ 

ʧʨʦ̒ʢʪʫʚʘʥʥʷ ʙʫʜʽʚʝʣʴʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡ ʢʦʤʧʘʥʽʾ çʃɯʈɸ-ʉɸʇʈè [66].  

ɺ ɯʥʩʪʠʪʫʪʽ ʢʽʙʝʨʥʝʪʠʢʠ ʩʪʚʦʨʝʥʦ ʽʥʬʨʘʩʪʨʫʢʪʫʨʫ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʢʣʘʩʪʝʨʽʚ 

ʉʂɯʊ ʟ ʧʨʦʛʨʘʤʥʠʤ ʟʘʙʝʟʧʝʯʝʥʥʷʤ, ʱʦ ʧʽʜʪʨʠʤʫʻ ʧʘʨʘʣʝʣʴʥʽ ʘʣʛʦʨʠʪʤʠ ʣʽʥʽʡʥʦʾ 

ʘʣʛʝʙʨʠ ʪʘ ʨʦʟʚôʷʟʘʥʥʷ ɼʈʏʇ [66, 67]. ʂʣʘʩʪʝʨʠ ʧʽʜôʻʜʥʘʥʦ ʜʦ ʛʨʽʜ-ʤʝʨʝʞʽ ï 

ʋʢʨʘʾʥʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʛʨʽʜ (ʋʅɻ). ɺʦʥʠ ʘʢʪʠʚʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʴ, ʥʘʧʨʠʢʣʘʜ, 

ʫ ʛʝʦʬʽʟʠʮʽ ï ʜʣʷ ʧʘʨʘʣʝʣʴʥʦʾ ʦʙʨʦʙʢʠ ʜʘʥʠʭ ʩʝʡʩʤʦʨʦʟʚʽʜʢʠ [68], ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ 

ʧʝʨʝʬʦʨʤʫʚʘʥʥʷ ʜʥʘ ʧʨʠʙʝʨʝʞʥʦʾ ʟʦʥʠ ʜʝʣʴʪʠ ɼʫʥʘʶ [29], ʘ ʪʘʢʦʞ ʜʣʷ ʽʥʰʠʭ ʟʘʜʘʯ: 

ʙʽʦʬʽʟʠʢʠ, ʬʽʟʠʯʥʦʾ ʭʽʤʽʾ, ʤʝʜʠʮʠʥʠ, ʢʚʘʥʪʦʚʦʾ ʤʝʭʘʥʽʢʠ, ʪʦʱʦ [66, 67]. 

ʇʦʯʠʥʘʶʯʠ ʟ 2000-ʭ ʨʦʢʽʚ, ʜʣʷ ʧʨʠʩʢʦʨʝʥʥʷ ʨʦʟʨʘʭʫʥʢʽʚ, ʟʦʢʨʝʤʘ ʨʦʟʚôʷʟʘʥʥʷ 

ɼʈʏʇ, ʧʦʯʘʣʠ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʛʨʘʬʽʯʥʽ ʧʨʦʮʝʩʦʨʠ (GPU), ʷʢʽ ʩʧʦʯʘʪʢʫ 

ʟʘʩʪʦʩʦʚʫʚʘʣʠʩʷ ʜʣʷ ʦʙʨʦʙʢʠ ʚʽʜʝʦʜʘʥʠʭ: ʚʽʜʝʦʢʘʨʪʠ ʪʘ ʧʨʠʩʢʦʨʶʚʘʯʽ ʥʘ ʦʩʥʦʚʽ GPU. 

ʋ GPU ʛʨʫʧʠ ʷʜʝʨ, ʧʦʪʦʢʦʚʠʭ ʧʨʦʮʝʩʦʨʽʚ (streaming processors ï SP), ʟ ʢʝʰʝʤ ʽ 
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ʨʦʟʜʽʣʶʚʘʥʦʶ ʧʘʤôʷʪʪʶ (shared memory) ʫʪʚʦʨʶʶʪʴ ʧʦʪʦʢʦʚʽ ʤʫʣʴʪʠʧʨʦʮʝʩʦʨʠ 

(streaming multiprocessors ï SM), ʷʢʽ ʨʦʟʜʽʣʷʶʪʴ ʛʣʦʙʘʣʴʥʫ ʧʘʤ'ʷʪʴ (global memory) 

[32, 69]. ʗʜʨʘ GPU ʧʨʦʩʪʽʰʽ ʪʘ ʤʝʥʰ ʧʦʪʫʞʥʽ, ʥʽʞ ʷʜʨʘ CPU, ʘʣʝ ʚ GPU ʾʭ ʥʘʙʘʛʘʪʦ 

ʙʽʣʴʰʝ (ʪʠʩʷʯʽ), ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʚʠʱʫ ʟʘʛʘʣʴʥʫ ʘʨʠʬʤʝʪʠʯʥʫ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ. 

ʌʘʢʪʠʯʥʦ, ʩʫʯʘʩʥʘ ʧʦʪʫʞʥʘ ʚʽʜʝʦʢʘʨʪʘ ʤʘʻ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ, ʧʦʨʽʚʥʷʥʥʫ (>10 TFLOPS 

ʫ ʦʜʠʥʘʨʥʽʡ ʪʦʯʥʦʩʪʽ) ʟ ʧʨʦʜʫʢʪʠʚʥʽʩʪʶ ʩʫʧʝʨʢʦʤʧôʶʪʝʨʽʚ ʧʦʯʘʪʢʦʚʦʛʦ ʨʽʚʥʷ 10-

ʨʽʯʥʦʾ ʜʘʚʥʠʥʠ. ʂʨʽʤ ʪʦʛʦ, ʧʨʦʧʫʩʢʥʘ ʟʜʘʪʥʽʩʪʴ ʤʽʞ ʷʜʨʘʤʠ ʪʘ ʛʣʦʙʘʣʴʥʦʶ ʧʘʤôʷʪʪʶ 

GPU (ʚʽʜ ʢʽʣʴʢʦʭ ʩʦʪʝʥʴ ʜʦ ʧʦʥʘʜ 1000 GB/s) ʟʥʘʯʥʦ ʚʠʱʘ, ʥʽʞ ʰʠʥʠ ʦʙʤʽʥʫ ʜʘʥʠʤʠ 

ʤʽʞ GPU ʪʘ ʦʧʝʨʘʪʠʚʥʦʶ ʧʘʤôʷʪʪʶ (~16-64 GB/s). ʎʽ ʜʚʘ ʬʘʢʪʦʨʠ ʟʘʙʝʟʧʝʯʠʣʠ ʩʪʨʽʤʢʝ 

ʟʨʦʩʪʘʥʥʷ ʧʦʧʫʣʷʨʥʦʩʪʽ GPU-ʧʘʨʘʣʝʣʽʟʘʮʽʾ. ɺʫʟʴʢʠʤ ʤʽʩʮʝʤ GPU ̒ ʧʦʚʽʣʴʥʠʡ 

ʽʥʪʝʨʬʝʡʩ ʟʚôʷʟʢʫ ʟ ʮʝʥʪʨʘʣʴʥʠʤ ʧʨʦʮʝʩʦʨʦʤ ï ʭʦʩʪʦʤ (host), ʚʽʜ ʷʢʦʛʦ ʚʽʥ ʦʪʨʠʤʫʻ 

ʢʦʤʘʥʜʠ ʪʘ ʜʘʥʽ (~16-64 GB/s). ʊʦʤʫ ʚ ʪʝʭʥʦʣʦʛʽʷʭ ʧʨʦʛʨʘʤʫʚʘʥʥʷ GPU ʨʝʘʣʽʟʦʚʘʥʽ 

ʟʘʩʦʙʠ ʧʦʧʝʨʝʜʥʴʦʛʦ ʟʘʚʘʥʪʘʞʝʥʥʷ ʜʘʥʠʭ ʫ ʛʣʦʙʘʣʴʥʫ ʧʘʤôʷʪʴ [32, 69]. 

ɿ ʙʦʢʫ ʯʠʩʝʣʴʥʦʛʦ ʘʣʛʦʨʠʪʤʫ, ʧʘʨʘʣʝʣʽʟʘʮʽʷ ʜʣʷ GPU ʢʦʥʮʝʧʪʫʘʣʴʥʦ ʩʭʦʞʘ ʥʘ 

ʧʘʨʘʣʝʣʽʟʘʮʽʶ ʥʘ ʦʩʥʦʚʽ ʧʦʪʦʢʽʚ, ʦʩʢʽʣʴʢʠ ʚ ʦʙʦʭ ʚʠʧʘʜʢʘʭ ʥʝʟʘʣʝʞʥʽ ʦʙʯʠʩʣʝʥʥʷ 

ʚʠʢʦʥʫʶʪʴʩʷ ʚ ʻʜʠʥʦʤʫ ʘʜʨʝʩʥʦʤʫ ʧʨʦʩʪʦʨʽ. ʆʜʥʘʢ ʥʘ ʨʽʚʥʽ ʘʨʭʽʪʝʢʪʫʨʠ ʪʘ ʪʝʭʥʦʣʦʛʽʡ 

ʤʦʜʝʣʽ ʚʽʜʨʽʟʥʷʶʪʴʩʷ. GPU-ʟʘʩʪʦʩʫʥʢʠ ʛʝʥʝʨʫʶʪʴ ʪʠʩʷʯʽ ʣʝʛʢʦʚʘʞʥʠʭ ʧʦʪʦʢʽʚ, 

ʦʨʛʘʥʽʟʦʚʘʥʠʭ ʫ ʩʽʪʢʫ (grid) ʟ ʙʣʦʢʽʚ (blocks) ʧʦʪʦʢʽʚ. ʎʷ ʩʪʨʫʢʪʫʨʘ ʧʦʪʽʤ 

ʚʽʜʦʙʨʘʞʘʻʪʴʩʷ ʥʘ ʘʧʘʨʘʪʥʫ ʯʘʩʪʠʥʫ GPU, ʜʝ ʧʦʪʦʢʠ ʚʩʝʨʝʜʠʥʽ ʙʣʦʢʽʚ ʚʠʢʦʥʫʶʪʴʩʷ 

ʧʦʨʮʽʷʤʠ (ʫ ʤʦʜʝʣʽ CUDA ʚʽʜ NVIDIA ʚʦʥʠ ʥʘʟʠʚʘʶʪʴʩʷ ʚʘʨʧʘʤʠ ï warps), ʘ ʧʦʪʦʢʦʚʽ 

ʤʫʣʴʪʠʧʨʦʮʝʩʦʨʠ ʧʘʨʘʣʝʣʴʥʦ ʦʙʨʦʙʣʷʶʪʴ ʙʝʟʣʽʯ ʙʣʦʢʽʚ [32, 48, 69]. 

ʋ ʩʬʝʨʽ ʧʨʦʛʨʘʤʫʚʘʥʥʷ GPU ʥʝʤʘʻ ʪʘʢʦʛʦ ʜʦʤʽʥʫʶʯʦʛʦ ʩʪʘʥʜʘʨʪʫ, ʷʢ MPI ʯʠ 

OpenMP. ʉʝʨʝʜ ʥʠʟʴʢʦʨʽʚʥʝʚʠʭ ʤʦʚ ʧʨʦʛʨʘʤʫʚʘʥʥʷ ʤʦʞʥʘ ʚʠʜʽʣʠʪʠ ʤʦʚʫ CUDA 

(ʨʦʟʰʠʨʝʥʥʷ ʩʪʘʥʜʘʨʪʥʠʭ C/C++ ʪʘ Fortran), ʤʦʚʠ OpenCL ʪʘ HIP (ʦʙʠʜʚʽ ï 

ʨʦʟʰʠʨʝʥʥʷ C/C++). HIP ʧʽʜʪʨʠʤʫʻ GPU ʚʽʜ AMD, CUDA ï ʣʠʰʝ GPU ʚʽʜ NVIDIA, 

OpenCL ʻ ʢʨʦʩʩʧʣʘʪʬʦʨʤʥʠʤ ʽ ʧʽʜʪʨʠʤʫʻ ʦʙʦʭ ʚʠʨʦʙʥʠʢʽʚ, ʘʣʝ ʻ ʩʢʣʘʜʥʽʰʠʤ ʫ 

ʦʩʚʦʻʥʥʽ ʪʘ ʧʨʘʢʪʠʯʥʦʤʫ ʧʨʦʛʨʘʤʫʚʘʥʥʽ. ʅʘ ʩʴʦʛʦʜʥʽ ʥʘʡʧʦʰʠʨʝʥʽʰʦʶ ʻ ʤʦʚʘ CUDA, 

ʪʘʢ ʩʘʤʦ ʷʢ ʽ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʨʦʜʫʢʪʽʚ NVIDIA ʜʣʷ GPU-ʦʙʯʠʩʣʝʥʴ. 

ʄʦʜʝʣʴ ʧʨʦʛʨʘʤʫʚʘʥʥʷ CUDA ̌ʨʫʥʪʫʻʪʴʩʷ ʥʘ ʚʟʘʻʤʦʜʽʾ ʭʦʩʪʘ ʪʘ ʧʨʠʩʪʨʦʶ 

(GPU) ʪʘ ʥʘʜʘʻ ʟʘʩʦʙʠ ʢʝʨʫʚʘʥʥʷ ʨʽʚʥʷʤʠ ʧʘʤôʷʪʽ ʧʨʠʩʪʨʦʶ (ʨʝʛʽʩʪʨʠ, ʨʦʟʜʽʣʶʚʘʥʘ, 
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ʛʣʦʙʘʣʴʥʘ). ʅʘ ʮʴʦʤʫ ʙʫʜʫʻʪʴʩʷ ʥʘʧʨʷʤʦʢ ʜʦʩʣʽʜʞʝʥʴ ʟ ʦʧʪʠʤʽʟʘʮʽʾ ʘʣʛʦʨʠʪʤʽʚ 

ʨʦʟʚôʷʟʘʥʥʷ ʉʃɸʈ ʪʘ ɼʈʏʇ ʜʣʷ GPU ʚʽʜʧʦʚʽʜʥʦ ʜʦ Roofline-ʤʦʜʝʣʽ: ʧʽʜʚʠʱʝʥʥʷ 

ʘʨʠʬʤʝʪʠʯʥʦʾ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʟʘ ʨʘʭʫʥʦʢ ʣʦʢʘʣʽʟʘʮʽʾ ʪʘ ʧʦʚʪʦʨʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʘʥʠʭ 

ʫ ʰʚʠʜʢʽʡ ʧʘʤôʷʪʽ [61,62]. ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʴ, ʥʘʢʦʧʠʯʝʥʠʭ ʥʘ ʩʴʦʛʦʜʥʽʰʥʽʡ ʜʝʥʴ 

ʱʦʜʦ ʨʦʟʚôʷʟʘʥʥʷ ʉʃɸʈ ʪʘ ɼʈʏʇ ʥʘ GPU, ʚʢʣʶʯʘʶʪʴ, ʥʘʧʨʠʢʣʘʜ, ʨʦʙʦʪʠ ʟ ʤʥʦʞʝʥʥʷ 

ʨʦʟʨʽʜʞʝʥʦʾ ʤʘʪʨʠʮʽ ʥʘ ʚʝʢʪʦʨ [70], ʽʪʝʨʘʮʽʡʥʠʭ ʤʝʪʦʜʽʚ ʨʦʟʚôʷʟʘʥʥʷ ʉʃɸʈ [71], 

ʦʙʯʠʩʣʝʥʴ ʪʨʠʚʠʤʽʨʥʠʭ ʩʢʽʥʯʝʥʥʠʭ ʨʽʟʥʠʮʴ [72] ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ CUDA. ʊʘʢʦʞ ʚʦʥʠ 

ʧʨʝʜʩʪʘʚʣʝʥʽ ʫ ʩʫʯʘʩʥʠʭ ʦʛʣʷʜʘʭ ʟ ʤʘʪʨʠʯʥʦ-ʚʝʢʪʦʨʥʠʭ ʦʧʝʨʘʮʽʡ [73, 74] ʪʘ 

ʦʙʯʠʩʣʶʚʘʣʴʥʦʾ ʛʽʜʨʦʜʠʥʘʤʽʢʠ (computational fluid dynamics ï CFD) [48]. 

ʆʢʨʽʤ ʥʠʟʴʢʦʨʽʚʥʝʚʠʭ ʟʘʩʦʙʽʚ ʧʨʦʛʨʘʤʫʚʘʥʥʷ, ʟʥʘʯʥʽ ʟʫʩʠʣʣʷ ʩʧʨʷʤʦʚʘʥʽ ʥʘ 

ʨʦʟʚʠʪʦʢ ʪʘ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚʠʩʦʢʦʨʽʚʥʝʚʠʭ ʪʝʭʥʦʣʦʛʽʡ. ʎʝ ʢʨʦʩʩʧʣʘʪʬʦʨʤʥʽ ʤʦʚʠ 

ʚʠʩʦʢʦʛʦ ʨʽʚʥʷ Kokkos, Raja, SYCL [32, 73], ʘ ʪʘʢʦʞ ʙʽʙʣʽʦʪʝʢʠ ʟʘʛʘʣʴʥʦʛʦ 

ʧʨʠʟʥʘʯʝʥʥʷ ʟ ʷʢʠʭ ʚʽʜʟʥʘʯʠʤʦ ʙʽʙʣʽʦʪʝʢʫ PETSc [54] ʪʘ ʥʘʙʽʨ ʙʽʙʣʽʦʪʝʢ ʚʽʜ 

ʨʦʟʨʦʙʥʠʢʽʚ NVIDIA: cuBLAS, cuSPARSE, cuSOLVER, cuTENSOR [75]. 

ʇʝʨʩʧʝʢʪʠʚʥʠʤ ʥʘʧʨʷʤʢʦʤ ʻ ʧʨʦʛʨʘʤʫʚʘʥʥʷ GPU ʥʘ ʦʩʥʦʚʽ ʜʠʨʝʢʪʠʚ. ʊʘʢʠʡ 

ʧʽʜʭʽʜ ʨʦʙʠʪʴ ʮʝʡ ʧʨʦʮʝʩ ʩʭʦʞʠʤ ʥʘ OpenMP-ʧʘʨʘʣʝʣʽʟʘʮʽʶ ʜʣʷ CPU: ʧʨʦʛʨʘʤʽʩʪ ʪʘʢ 

ʩʘʤʦ ʨʦʟʤʽʯʘʻ ʜʠʨʝʢʪʠʚʘʤʠ ʜʽʣʷʥʢʠ ʢʦʜʫ, ʘ ʢʦʤʧʽʣʷʪʦʨ ʛʝʥʝʨʫʻ ʜʣʷ ʥʠʭ ʥʘʙʽʨ ʧʦʪʦʢʽʚ, 

ʱʦ ʦʙʨʦʙʣʷʶʪʴʩʷ ʧʦʪʽʤ ʧʘʨʘʣʝʣʴʥʦ ʷʜʨʘʤʠ GPU. ɼʚʦʤʘ ʦʩʥʦʚʥʠʤʠ ʪʝʭʥʦʣʦʛʽʷʤʠ ʪʫʪ 

ʻ OpenACC [32, 76] ʪʘ OpenMP [32]. ɯʩʪʦʨʠʯʥʦ ʧʝʨʰʦʶ ʙʫʣʘ ʪʝʭʥʦʣʦʛʽʷ OpenACC, ʘ 

ʧʽʜʪʨʠʤʢʘ GPU ʚ OpenMP (ʜʠʨʝʢʪʠʚʘ target) ʟôʷʚʠʣʘʩʷ, ʧʦʯʠʥʘʶʯʠ ʟ ʚʝʨʩʽʾ 4.0. 

ɼʠʨʝʢʪʠʚʥʠʡ ʧʽʜʭʽʜ ʚʠʤʘʛʘʻ ʟʥʘʯʥʦ ʤʝʥʰʠʭ ʟʫʩʠʣʴ ʥʘ ʨʦʟʨʦʙʢʫ ʽ, ʨʘʟʦʤ ʟ ʪʠʤ, 

ʟʘʙʝʟʧʝʯʫʻ ʚʠʩʦʢʫ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ ʥʠʟʴʢʦʨʽʚʥʝʚʠʤʠ ʟʘʩʦʙʘʤʠ. ʊʘʢ, ʫ 

[77] ʧʨʠ ʧʦʨʽʚʥʷʥʥʽ OpenACC ʪʘ CUDA ʜʣʷ ʤʘʪʨʠʯʥʦʛʦ ʤʥʦʞʝʥʥʷ, 7-ʪʦʯʢʦʚʦʛʦ 

ʰʘʙʣʦʥʫ ʪʘ ʷʜʨʘ CFD-ʟʘʩʪʦʩʫʥʢʫ, OpenACC-ʚʝʨʩʽʾ ʜʝʤʦʥʩʪʨʫʶʪʴ ʚʽʜ 50% ʜʦ 98% 

ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ CUDA-ʚʝʨʩʽʡ. ʋ [78] ʜʣʷ ʩʪʝʥʩʠʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ OpenACC ʧʦʢʘʟʫʻ 

ʙʣʠʟʴʢʦ 50% ʚʽʜ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ CUDA ʽ ʧʨʠʙʣʠʟʥʦ ʥʘ 33% ʚʠʧʝʨʝʜʞʘʻ OpenMP. ʎʽ 

ʬʘʢʪʦʨʠ ʩʪʠʤʫʣʶʚʘʣʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʠʨʝʢʪʠʚ ʜʣʷ ʨʦʟʧʘʨʘʣʝʣʶʚʘʥʥʷ ʩʢʣʘʜʥʠʭ 

ʟʘʩʪʦʩʫʥʢʽʚ ʽʟ ʜʝʩʷʪʢʘʤʠ ʪʠʩʷʯ ʨʷʜʢʽʚ ʧʨʦʛʨʘʤʥʦʛʦ ʢʦʜʫ [79]. 

ɼʣʷ ʦʜʥʦʯʘʩʥʦʛʦ ʝʬʝʢʪʠʚʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʽʟʥʠʭ ʪʠʧʽʚ ʧʘʨʘʣʝʣʴʥʦʩʪʽ 

ʩʫʯʘʩʥʠʭ ʛʝʪʝʨʦʛʝʥʥʠʭ (ʛʽʙʨʠʜʥʠʭ) ʘʨʭʽʪʝʢʪʫʨ (ʨʦʟʧʦʜʽʣʝʥʽ ʚʫʟʣʠ ʟ CPU ʪʘ GPU/ CPU, 
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ʱʦ ʨʦʟʜʽʣʷʶʪʴ ʧʘʤôʷʪʴ ʚʩʝʨʝʜʠʥʽ ʚʫʟʣʘ/ GPU) ʨʦʟʚʠʚʘʻʪʴʩʷ ʛʽʙʨʠʜʥʠʡ ʧʽʜʭʽʜ, ʱʦ 

ʧʦʻʜʥʫʻ ʧʘʨʘʣʝʣʽʟʘʮʽʶ ʥʘ ʦʩʥʦʚʽ ʧʨʦʮʝʩʽʚ (ʚʫʟʣʠ) ʟ ʧʘʨʘʣʝʣʽʟʘʮʽʻʶ ʥʘ ʦʩʥʦʚʽ ʧʦʪʦʢʽʚ 

(CPU ʚʩʝʨʝʜʠʥʽ ʚʫʟʣʘ) ʪʘ ʧʦʪʦʢʦʚʫ ʦʙʨʦʙʢʫ ʥʘ GPU. ʈʽʟʥʽ ʧʽʜʭʦʜʠ MPI+OpenMP, 

MPI+CUDA, MPI+OpenACC ʚʞʝ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʦʩʠʪʴ ʰʠʨʦʢʦ ʚ ʟʘʩʪʦʩʫʥʢʘʭ ʽ 

ʙʽʙʣʽʦʪʝʢʘʭ: ʥʘʧʨʠʢʣʘʜ, ʚ ʟʘʩʪʦʩʫʥʢʫ MAS [79]. ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ MPI+OpenACC, ʫ 

ʙʽʙʣʽʦʪʝʮʽ PETSc [54] ï ʪʨʠ ʨʽʚʥʽ ʧʘʨʘʣʝʣʴʥʦʩʪʽ ï MPI+OpenMP+CUDA. 

ɺʽʜʟʥʘʯʠʤʦ ʟʥʘʯʥʽ ʜʦʩʷʛʥʝʥʥʷ ʚ ʨʦʟʚʠʪʢʫ ʧʘʨʘʣʝʣʴʥʠʭ ʤʝʪʦʜʽʚ ʜʣʷ GPU ʪʘ 

ʛʽʙʨʠʜʥʠʭ ʘʨʭʽʪʝʢʪʫʨ, ʟʨʦʙʣʝʥʽ ʫʢʨʘʾʥʩʴʢʠʤʠ ʚʯʝʥʠʤʠ. ɼʦʩʣʽʜʥʠʢʠ ɯʥʩʪʠʪʫʪʫ 

ʢʽʙʝʨʥʝʪʠʢʠ ʅɸʅʋ ʘʜʘʧʪʫʚʘʣʠ ʯʠʩʝʣʴʥʽ ʤʝʪʦʜʠ ʨʦʟʚôʷʟʘʥʥʷ ʉʃɸʈ, ʨʦʟʚʠʥʝʥʽ ʨʘʥʽʰʝ 

ʜʣʷ CPU [63, 64], ʜʣʷ ʦʙʯʠʩʣʝʥʴ ʥʘ ʛʽʙʨʠʜʥʠʭ ʘʨʭʽʪʝʢʪʫʨʘʭ ʟ GPU [80, 81]. ʅʦʚʽ 

ʧʘʨʘʣʝʣʴʥʽ ʘʣʛʦʨʠʪʤʠ ʙʫʣʠ ʚʠʢʦʨʠʩʪʘʥʽ, ʥʘʧʨʠʢʣʘʜ, ʜʣʷ ʧʨʘʢʪʠʯʥʠʭ ʟʘʜʘʯ ʨʦʟʨʘʭʫʥʢʫ 

ʩʪʽʡʢʦʩʪʽ ʢʦʤʧʦʟʠʪʥʠʭ ʤʘʪʝʨʽʘʣʽʚ [82] ʪʘ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʦʛʦ 

ʩʪʘʥʫ ʟʚʘʨʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡ [83]. ʊʘʢʦʞ ʥʠʤʠ ʙʫʚ ʨʦʟʨʦʙʣʝʥʠʡ ʘʚʪʦʤʘʪʠʯʥʠʡ 

ʘʜʘʧʪʠʚʥʠʡ ʨʦʟʚôʷʟʫʚʘʯ ʉʃɸʈ ʽʟ ʩʧʽʣʴʥʦʶ ʧʽʜʩʪʨʦʡʢʦʶ ʘʣʛʦʨʠʪʤʫ, ʧʨʦʛʨʘʤʠ ʪʘ 

ʘʨʭʽʪʝʢʪʫʨʠ ʛʽʙʨʠʜʥʦʾ ʩʠʩʪʝʤʠ ʜʦ ʨʦʟʚôʷʟʫʚʘʥʦʾ ʟʘʜʘʯʽ ʟ ʦʮʽʥʢʦʶ ʜʦʩʪʦʚʽʨʥʦʩʪʽ 

ʯʠʩʝʣʴʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ [84]. ɿʥʘʯʥʽ ʟʫʩʠʣʣʷ ʚ ʽʥʩʪʠʪʫʪʽ ʙʫʣʦ ʧʨʠʢʣʘʜʝʥʦ ʜʣʷ ʩʫʤʽʩʥʦʛʦ 

ʨʦʟʚʠʪʢʫ ʘʧʧʘʨʘʪʥʦ-ʧʨʦʛʨʘʤʥʠʭ ʩʠʩʪʝʤ  ʯʘʩʪʠʥʠ. ʉʪʚʦʨʝʥʦ ʢʦʤʧʣʝʢʩ ɯʥʧʘʨʢʦʤ_pg 

ʛʽʙʨʠʜʥʦʾ ʘʨʭʽʪʝʢʪʫʨʠ ʟ ʛʨʘʬʽʯʥʠʤʠ ʧʨʠʩʢʦʨʶʚʘʯʘʤʠ, ʜʦ ʧʨʠʢʣʘʜʥʦʛʦ ʧʨʦʛʨʘʤʥʝ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʷʢʦʛʦ ʚʢʣʶʯʝʥʦ: ʤʦʜʝʣʶʶʯʽ ʩʠʩʪʝʤʠ ʃʽʨʘ_g, ʅʘʜʨʘ_g, Weld-

Predictions_g [66]. ɺʽʜʧʦʚʽʜʥʠʡ ʨʦʟʚʠʪʦʢ ʦʪʨʠʤʘʣʘ ʪʘʢʦʞ ʢʣʘʩʪʝʨʥʘ ʽʥʬʨʘʩʪʨʫʢʪʫʨʘ 

ʉʂɯʊ: ʜʦ ʢʣʘʩʪʝʨʽʚ ʉʂɯʊ-4 ʽ ʉʂɯʊ-5 ʚʢʣʶʯʝʥʽ ʚʫʟʣʠ ʟ ʛʨʘʬʽʯʥʠʤʠ ʧʨʠʩʢʦʨʶʚʘʯʘʤʠ ʪʘ 

ʚʽʜʧʦʚʽʜʥʽ ʧʨʠʢʣʘʜʥʽ ʧʨʦʛʨʘʤʠ, ʱʦ ʧʽʜʪʨʠʤʫʶʪʴ GPU-ʦʙʯʠʩʣʝʥʥʷ [66, 67].  

ʇʠʪʘʥʥʷʤʠ ʘʚʪʦʤʘʪʠʯʥʦʾ ʧʘʨʘʣʝʣʽʟʘʮʽʾ ʪʘ ʘʚʪʦʪʶʥʽʥʛʫ ʘʣʛʦʨʠʪʤʽʚ ʣʽʥʽʡʥʦʾ 

ʘʣʛʝʙʨʠ ʪʘ ʨʦʟʚôʷʟʘʥʥʷ ɼʈʏʇ, ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ, ʟʦʢʨʝʤʘ, ʤʝʪʦʜʽʚ ʤʘʰʠʥʥʦʛʦ 

ʥʘʚʯʘʥʥʷ [85], ʪʘʢʦʞ ʟʘʡʤʘʚʩʷ ʢʦʣʝʢʪʠʚ ʫʯʝʥʠʭ ɯʥʩʪʠʪʫʪʫ ʧʨʦʛʨʘʤʥʠʭ ʩʠʩʪʝʤ ʅɸʅ 

ʋʢʨʘʾʥʠ ʧʽʜ ʢʝʨʽʚʥʠʮʪʚʦʤ ɼʦʨʦʰʝʥʢʘ ɸ.ʖ. ʅʠʤʠ ʙʫʣʘ ʨʦʟʨʦʙʣʝʥʘ ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʘ 

ʩʠʩʪʝʤʘ ʛʝʥʝʨʘʮʽʾ ʘʚʪʦʪʶʥʝʨʽʚ TuningGenie [86], ʚʠʢʦʨʠʩʪʘʥʘ ʜʣʷ ʨʦʟʨʦʙʢʠ 

ʝʬʝʢʪʠʚʥʠʭ ʧʘʨʘʣʝʣʴʥʠʭ ʘʣʛʦʨʠʪʤʽʚ, ʥʘʧʨʠʢʣʘʜ, ʜʠʬʫʟʽʾ ʪʘ ʘʜʩʦʨʙʮʽʾ ʚ ʥʝʦʜʥʦʨʽʜʥʠʭ 

ʥʘʥʦʧʦʨʠʩʪʠʭ ʩʝʨʝʜʦʚʠʱʘʭ ʜʣʷ CPU-ʩʠʩʪʝʤ [87], ʘ ʪʘʢʦʞ ʤʥʦʞʝʥʥʷ ʤʘʪʨʠʮʴ ʽ ʟʘʜʘʯʽ 
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N-ʪʽʣ ʥʘ GPU [88]. ʋ ʨʦʙʦʪʘʭ ʈʘʛʦʟʽʥʘ ɼ.ɺ. ʨʦʟʚʠʚʘʶʪʴʩʷ ʧʽʜʭʦʜʠ ʘʚʪʦʤʘʪʠʯʥʦʛʦ 

ʘʥʘʣʽʟʫ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ CUDA-ʧʨʦʛʨʘʤ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʽʻʨʘʨʭʽʾ ʧʘʤôʷʪʽ GPU [89]. 

 

 

1.2 ʆʛʣʷʜ ʧʽʜʭʦʜʽʚ ʜʦ ʤʦʜʝʣʶʚʘʥʥʷ ʛʽʜʨʦʜʠʥʘʤʽʢʠ ʨʽʯʦʢ ʽ ʧʨʠʙʝʨʝʞʥʦʾ ʟʦʥʠ 

ʤʦʨʷ ʥʘ ʦʩʥʦʚʽ ʜʚʦʚʠʤʽʨʥʠʭ ʨʽʚʥʷʥʴ 

 

 

ʅʝʣʽʥʽʡʥʽ ʨʽʚʥʷʥʥʷ ʤʽʣʢʦʾ ʚʦʜʠ (ʈɺʄ) ʷʚʣʷʶʪʴ ʩʦʙʦʶ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ ʜʣʷ 

ʦʧʠʩʫ ʨʫʭʫ ʨʽʜʠʥʠ ʚ ʦʙʣʘʩʪʷʭ, ʜʝ ʛʦʨʠʟʦʥʪʘʣʴʥʽ ʤʘʩʰʪʘʙʠ ʟʥʘʯʥʦ ʧʝʨʝʚʠʱʫʶʪʴ 

ʚʝʨʪʠʢʘʣʴʥʽ. ʎʷ ʩʠʩʪʝʤʘ ʨʽʚʥʷʥʴ ʚʠʚʦʜʠʪʴʩʷ ʟ ʧʦʚʥʠʭ ʪʨʠʚʠʤʽʨʥʠʭ ʨʽʚʥʷʥʴ ʅʘʚôʻ-

ʉʪʦʢʩʘ ʰʣʷʭʦʤ ʽʥʪʝʛʨʫʚʘʥʥʷ ʧʦ ʛʣʠʙʠʥʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʨʠʧʫʱʝʥʥʷ ʧʨʦ 

ʛʽʜʨʦʩʪʘʪʠʯʥʠʡ ʨʦʟʧʦʜʽʣ ʪʠʩʢʫ ʪʘ ʤʘʣʽʩʪʴ ʚʝʨʪʠʢʘʣʴʥʠʭ ʧʨʠʩʢʦʨʝʥʴ ʧʦʨʽʚʥʷʥʦ ʟ 

ʛʨʘʚʽʪʘʮʽʡʥʠʤʠ ʩʠʣʘʤʠ [39, 40, 42, 90, 91]. ʆʩʥʦʚʥʘ ʧʝʨʝʚʘʛʘ ʈɺʄ ʧʦʣʷʛʘʻ ʚ ʨʝʜʫʢʮʽʾ 

ʪʨʠʚʠʤʽʨʥʦʾ ʟʘʜʘʯʽ ʜʦ ʜʚʦʚʠʤʽʨʥʦʾ ʚ ʧʣʘʥʽ, ʱʦ ʩʫʪʪʻʚʦ ʟʤʝʥʰʫʻ ʦʙʯʠʩʣʶʚʘʣʴʥʽ 

ʚʠʪʨʘʪʠ ʧʨʠ ʟʙʝʨʝʞʝʥʥʽ ʦʩʥʦʚʥʠʭ ʬʽʟʠʯʥʠʭ ʤʝʭʘʥʽʟʤʽʚ ʪʝʯʽʾ. ʄʘʪʝʤʘʪʠʯʥʦ ʩʠʩʪʝʤʘ 

ʟʘʧʠʩʫʻʪʴʩʷ ʫ ʢʦʥʩʝʨʚʘʪʠʚʥʽʡ ʬʦʨʤʽ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʧʨʘʚʠʣʴʥʝ ʤʦʜʝʣʶʚʘʥʥʷ 

ʨʦʟʨʠʚʥʠʭ ʨʦʟʚôʷʟʢʽʚ, ʪʘʢʠʭ ʷʢ ʛʽʜʨʘʚʣʽʯʥʽ ʩʪʨʠʙʢʠ ʪʘ ʙʦʨʠ [40, 42, 90, 91]. ʋ ʨʽʯʢʦʚʠʭ 

ʩʠʩʪʝʤʘʭ ʈɺʄ ʝʬʝʢʪʠʚʥʦ ʦʧʠʩʫʶʪʴ ʧʘʚʦʜʢʦʚʽ ʭʚʠʣʽ, ʚʟʘʻʤʦʜʽʶ ʧʦʪʦʢʫ ʟ ʟʘʧʣʘʚʘʤʠ, 

ʬʦʨʤʫʚʘʥʥʷ ʤʝʘʥʜʨʽʚ ʪʘ ʪʨʘʥʩʧʦʨʪ ʥʘʥʦʩʽʚ. ʄʦʜʝʣʴ ʚʨʘʭʦʚʫʻ ʩʢʣʘʜʥʫ ʙʘʪʠʤʝʪʨʽʶ, 

ʟʤʽʥʥʫ ʰʠʨʠʥʫ ʨʫʩʣʘ ʪʘ ʛʽʜʨʘʚʣʽʯʥʠʡ ʦʧʽʨ ʨʦʩʣʠʥʥʦʩʪʽ [91, 92]. ɼʣʷ ʧʨʠʙʝʨʝʞʥʠʭ ʟʦʥ 

ʤʦʨʷ ʨʽʚʥʷʥʥʷ ʤʽʣʢʦʾ ʚʦʜʠ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʠʧʣʠʚʽʚ, ʰʪʦʨʤʦʚʠʭ 

ʥʘʛʦʥʽʚ, ʮʫʥʘʤʽ ʪʘ ʭʚʠʣʴʦʚʦʛʦ ʥʘʢʘʪʫ [93, 94]. ʆʩʦʙʣʠʚʦ ʚʘʞʣʠʚʦʶ ʻ ʟʜʘʪʥʽʩʪʴ ʤʦʜʝʣʽ 

ʦʧʠʩʫʚʘʪʠ ʥʝʣʽʥʽʡʥʫ ʪʨʘʥʩʬʦʨʤʘʮʽʶ ʭʚʠʣʴ ʥʘ ʤʽʣʢʦʚʦʜʜʽ, ʚʢʣʶʯʘʶʯʠ ʝʬʝʢʪʠ 

ʦʙʨʫʰʝʥʥʷ ʪʘ ʜʠʩʠʧʘʮʽʾ ʝʥʝʨʛʽʾ [93]. 

ʉʫʯʘʩʥʽ ʧʽʜʭʦʜʠ ʜʦ ʯʠʩʝʣʴʥʦʛʦ ʨʦʟʚôʷʟʘʥʥʷ ʈɺʄ ʙʘʟʫʶʪʴʩʷ ʧʝʨʝʚʘʞʥʦ ʥʘ ʄʉʆ, 

ʷʢʽ ʧʨʠʨʦʜʥʦ ʟʙʝʨʽʛʘʶʪʴ ʢʦʥʩʝʨʚʘʪʠʚʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʩʠʩʪʝʤʠ. ʅʘʡʙʽʣʴʰ 

ʨʦʟʧʦʚʩʶʜʞʝʥʠʤʠ ʻ ʩʭʝʤʠ ʪʠʧʫ ɻʦʜʫʥʦʚʘ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʥʘʙʣʠʞʝʥʠʭ ʨʦʟʚôʷʟʫʚʘʯʽʚ 

ʟʘʜʘʯʽ ʈʽʤʘʥʘ, ʪʘʢʠʭ ʷʢ HLL (Harten-Lax-van Leer), HLLC ʪʘ Roe. ʎʽ ʤʝʪʦʜʠ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʧʨʘʚʠʣʴʥʝ ʚʽʜʪʚʦʨʝʥʥʷ ʫʜʘʨʥʠʭ ʭʚʠʣʴ ʪʘ ʘʚʪʦʤʘʪʠʯʥʦ ʟʘʜʦʚʦʣʴʥʷʶʪʴ 
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ʝʥʪʨʦʧʽʡʥʽ ʫʤʦʚʠ [42, 90, 91]. ʂʨʠʪʠʯʥʠʤ ʘʩʧʝʢʪʦʤ ʯʠʩʝʣʴʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʻ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʜʦʙʨʦʾ ʟʙʘʣʘʥʩʦʚʘʥʦʩʪʽ (well-balanced property) ʩʭʝʤʠ ʜʣʷ ʢʦʨʝʢʪʥʦʛʦ 

ʚʽʜʪʚʦʨʝʥʥʷ ʩʪʘʮʽʦʥʘʨʥʠʭ ʩʪʘʥʽʚ ʥʘ ʩʢʣʘʜʥʦʤʫ ʨʝʣʴʻʬʽ ʜʥʘ. ʎʝ ʜʦʩʷʛʘʻʪʴʩʷ ʯʝʨʝʟ 

ʩʧʝʮʽʘʣʴʥʽ ʜʠʩʢʨʝʪʠʟʘʮʽʾ ʜʞʝʨʝʣʴʥʠʭ ʯʣʝʥʽʚ, ʱʦ ʚʨʘʭʦʚʫʶʪʴ ʪʦʧʦʛʨʘʬʽʶ. ʄʝʪʦʜʠ 

ʚʠʩʦʢʦʛʦ ʧʦʨʷʜʢʫ ʪʦʯʥʦʩʪʽ, ʪʘʢʽ ʷʢ WENO (Weighted Essentially Non-Oscillatory) ʪʘ 

ʩʭʝʤʠ ʟ ʦʙʤʝʞʝʥʥʷʤ ʧʦʪʦʢʽʚ ʪʠʧʫ TVD (Total Variation Diminishing), ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ 

ʜʣʷ ʟʤʝʥʰʝʥʥʷ ʯʠʩʝʣʴʥʦʾ ʜʠʬʫʟʽʾ ʧʨʠ ʟʙʝʨʝʞʝʥʥʽ ʤʦʥʦʪʦʥʥʦʩʪʽ ʨʦʟʚôʷʟʢʫ [40, 42, 90]. 

ɼʣʷ ʦʙʣʘʩʪʝʡ ʟʽ ʩʢʣʘʜʥʦʶ ʛʝʦʤʝʪʨʽʻʶ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʽ ʩʽʪʢʠ 

ʟ ʪʨʠʢʫʪʥʠʤʠ ʘʙʦ ʟʤʽʰʘʥʠʤʠ ʝʣʝʤʝʥʪʘʤʠ [42, 90, 92, 94]. ʄʝʪʦʜ ʨʦʟʨʠʚʥʠʭ ɻʘʣʝʨʢʽʥʘ 

(Discontinuous Galerkin) ʥʘʙʫʚʘʻ ʧʦʧʫʣʷʨʥʦʩʪʽ ʟʘʚʜʷʢʠ ʤʦʞʣʠʚʦʩʪʽ ʜʦʩʷʛʥʝʥʥʷ 

ʚʠʩʦʢʦʛʦ ʧʦʨʷʜʢʫ ʪʦʯʥʦʩʪʽ ʥʘ ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʠʭ ʩʽʪʢʘʭ ʪʘ ʧʨʠʨʦʜʥʽʡ ʧʘʨʘʣʝʣʽʟʘʮʽʾ [40, 

90, 94]. ɸʜʘʧʪʠʚʥʝ ʟʛʫʱʝʥʥʷ ʩʽʪʦʢ (AMR ï Adaptive Mesh Refinement) ʜʦʟʚʦʣʷʻ 

ʝʬʝʢʪʠʚʥʦ ʨʦʟʚôʷʟʫʚʘʪʠ ʟʘʜʘʯʽ ʟ ʚʝʣʠʢʠʤ ʜʽʘʧʘʟʦʥʦʤ ʤʘʩʰʪʘʙʽʚ, ʢʦʥʮʝʥʪʨʫʶʯʠ 

ʦʙʯʠʩʣʶʚʘʣʴʥʽ ʨʝʩʫʨʩʠ ʚ ʦʙʣʘʩʪʷʭ ʟ ʨʽʟʢʠʤʠ ʛʨʘʜʽʻʥʪʘʤʠ [42, 90, 94]. ʆʙʨʦʙʢʘ ʨʫʭʦʤʦʾ 

ʛʨʘʥʠʮʽ ʚʦʜʘ-ʩʫʰʘ (wetting-drying) ʟʘʣʠʰʘʻʪʴʩʷ ʩʢʣʘʜʥʦʶ ʧʨʦʙʣʝʤʦʶ [91, 92]. ɼʣʷ 

ʤʦʜʝʣʶʚʘʥʥʷ ʜʦʚʛʦʧʣʠʥʥʠʭ ʧʨʦʮʝʩʽʚ  ʚʘʞʣʠʚʠʤʠ ʻ ʥʘʧʽʚʥʝʷʚʥʽ ʩʭʝʤʠ ʟʘ ʯʘʩʦʤ, ʱʦ 

ʜʦʟʚʦʣʷʶʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʚʝʣʠʢʽ ʢʨʦʢʠ ʽʥʪʝʛʨʫʚʘʥʥʷ ʜʣʷ ʛʨʘʚʽʪʘʮʽʡʥʠʭ ʭʚʠʣʴ ʧʨʠ 

ʟʙʝʨʝʞʝʥʥʽ ʩʪʽʡʢʦʩʪʽ [39, 40, 42, 90ï93]. 

ɺ ɯʇʄʄʉ ʅɸʅ ʋʢʨʘʾʥʠ ʨʽʟʥʽ ʚʝʨʩʽʾ ʯʠʩʝʣʴʥʦʛʦ ʨʦʟʚôʷʟʘʥʥʷ ʈɺʄ ʨʦʟʚʠʚʘʣʠʩʴ 

ʧʽʩʣʷ ʏʦʨʥʦʙʠʣʴʩʴʢʦʾ ʘʚʘʨʽʾ  ʷʢ ʙʘʟʦʚʘ ʯʘʩʪʠʥʘ ʤʦʜʝʣʶʶʯʦʛʦ ʢʦʤʧʣʝʢʩʫ COASTOX 

[32]. ʅʘ ʢʽʥʝʮʴ 1990-ʭ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʡ ʤʦʜʫʣʴ COASTOX (COASTOX Rectangular ï 

COASTOX-R) ʙʘʟʫʚʘʚʩʷ ʥʘ ʯʠʩʝʣʴʥʦʤʫ ʨʦʟʚôʷʟʘʥʥʽ ʈɺʄ ʢʽʥʮʝʚʦ-ʨʽʟʥʠʮʝʚʠʤʠ 

ʤʝʪʦʜʘʤʠ ʪʠʧʫ ɻʦʜʫʥʦʚʘ ʥʘ ʧʨʷʤʦʢʫʪʥʠʭ ʩʽʪʢʘʭ [96, 97]. ɺʘʞʣʠʚʠʤ ʝʪʘʧʦʤ ʩʪʘʣʦ 

ʩʪʚʦʨʝʥʥʷ ʩʫʯʘʩʥʦʾ ʚʝʨʩʽʾ ʩʠʩʪʝʤʠ COASTOX ʜʣʷ ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʠʭ ʩʽʪʦʢ COASTOX-

UN (Unstructured) ʫ ʧʝʨʰʽʡ ʧʦʣʦʚʠʥʽ 2000-ʭ ʟʽ ʟʤʽʥʦʶ ʤʝʪʦʜʫ ʯʠʩʝʣʴʥʦʛʦ ʨʦʟʚôʷʟʘʥʥʷ 

ʨʽʚʥʷʥʴ ʥʘ ʤʝʪʦʜ ʢʽʥʮʝʚʠʭ ʦʙôʻʤʽʚ ʟ ʝʬʝʢʪʠʚʥʠʤ ʘʣʛʦʨʠʪʤʦʤ ʨʦʟʨʘʭʫʥʢʫ ʟʦʥ 

ʦʩʫʰʝʥʥʷ-ʟʘʪʦʧʣʝʥʥʷ [98]. ʅʘ ʪʦʤʫ ʝʪʘʧʽ ʨʦʟʚʠʪʢʫ ʩʠʩʪʝʤʠ ʪʝʭʥʦʣʦʛʽʯʥʠʡ ʨʽʚʝʥʴ 

COASTOX-UN ʚʠʧʝʨʝʜʞʘʚ ʯʘʩʪʠʥʫ ʧʨʦʚʽʜʥʠʭ ʩʚʽʪʦʚʠʭ ʢʦʤʝʨʮʽʡʥʠʭ ʩʠʩʪʝʤ 

ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʨʦʟʛʣʷʥʫʪʠʭ ʥʠʞʯʝ ʚ ʧ. 1.3. ɸʣʝ, ʧʦʩʪʘʣʘ ʦʯʝʚʠʜʥʘ 
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ʥʝʦʙʭʽʜʥʽʩʪʴ ʨʦʟʨʦʙʢʠ ʧʘʨʘʣʝʣʴʥʠʭ ʘʣʛʦʨʠʪʤʽʚ ʽ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ, ʷʢʽ ʙ 

ʥʘʜʘʣʠ ʤʦʞʣʠʚʽʩʪʴ ʧʨʦʚʝʜʝʥʥʷ ʜʝʪʘʣʴʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʜʣʷ ʚʝʣʠʢʠʭ ʘʢʚʘʪʦʨʽʡ. 

ʇʨʠ ʤʦʜʝʣʶʚʘʥʥʽ ʭʚʠʣʴʦʚʠʭ ʧʦʣʽʚ ʫ ʧʨʠʙʝʨʝʞʥʠʭ ʘʢʚʘʪʦʨʽʷʭ  ʚ ʦʩʪʘʥʥʽ ʨʦʢʠ 

ʟʘʛʘʣʴʥʦʧʨʠʡʥʷʪʠʤ ʩʪʘʚ ʧʽʜʭʽʜ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʦʜʝʣʽ WAVEWATCH III [99] ʜʣʷ 

ʨʦʟʨʘʭʫʥʢʫ ʛʝʥʝʨʘʮʽʾ ʭʚʠʣʴ ʚʽʪʨʦʤ ʫ ʛʣʠʙʦʢʦʚʦʜʥʠʭ ʘʢʚʘʪʦʨʽʷʭ, ʤʦʜʝʣʽ SWAN [55, 59] 

ʫ ʰʝʣʴʬʦʚʽʡ ʟʦʥʽ ʪʘ ʫ ʧʨʠʙʝʨʝʞʥʠʭ ʚʦʜʘʭ, ʘ ʧʦʙʣʠʟʫ ʙʝʨʝʛʽʚ, ʫ ʟʦʥʘʭ ʽʩʪʦʪʥʦʾ 

ʤʽʥʣʠʚʦʩʪʽ ʜʦʥʥʦʛʦ ʨʝʣʴʻʬʫ ʡ ʧʨʠ ʥʘʷʚʥʦʩʪʽ ʛʽʜʨʦʪʝʭʥʽʯʥʠʭ ʩʧʦʨʫʜ, 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʤʦʜʝʣʽ, ʷʢʽ ʙʽʣʴʰ ʪʦʯʥʦ ʦʧʠʩʫʶʪʴ ʝʬʝʢʪʠ, ʜʠʬʨʘʢʮʽʾ ʪʘ ʚʽʜʙʠʪʪʷ 

ʭʚʠʣʴ, ʘ ʪʘʢʦʞ ʚʟʘʻʤʦʜʽʶ ʭʚʠʣʴ ʽʟ ʜʦʥʥʠʤʠ ʥʝʦʜʥʦʨʽʜʥʦʩʪʷʤʠ ̔ ʪʝʯʽʷʤʠ ʚ ʣʽʥʽʡʥʦʤʫ 

ʘʙʦ ʥʝʣʽʥʽʡʥʦʤʫ ʥʘʙʣʠʞʝʥʥʽ. ʉʝʨʝʜ ʤʦʜʝʣʝʡ ʦʩʪʘʥʥʴʦʛʦ ʢʣʘʩʫ ʥʘʡʧʦʰʠʨʝʥʽʰʠʤʠ ʚ 

ʧʨʘʢʪʠʮʽ ʧʨʦʢ̒ʪʫʚʘʥʥʷ ʛʽʜʨʦʪʝʭʥʽʯʥʠʭ ʦʙôʻʢʪʽʚ ʩʪʘʣʠ ʤʦʜʝʣʽ, ʟʘʩʥʦʚʘʥʽ ʥʘ ʣʽʥʽʡʥʦʤʫ 

ʨʽʚʥʷʥʥ ̔ʧʦʣʦʛʠʭ ʩʭʠʣʽʚ (ʈʇʉ, mild-slope equation) ʽ ʤʦʜʝʣʽ ʥʘ ʥʝʣʽʥʽʡʥʠʭ 

ʜʚʦʚʠʤʽʨʥʠʭ ʨʽʚʥʷʥʥʷʭ ɹʫʩʩʽʥʝʩʢʘ. ɺ ʦʩʪʘʥʥʽʭ ʩʪʨʫʢʪʫʨʘ ʈʄɺ ʜʦʧʦʚʥʶʻʪʴʩʷ 

ʜʦʜʘʪʢʦʚʠʤʠ ʯʣʝʥʘʤʠ ʟ ʧʦʭʽʜʥʠʤʠ ʚʠʩʦʢʠʭ ʧʦʨʷʜʢʽʚ, ʷʢʽ ʦʧʠʩʫʶʪʴ ʥʝʣʽʥʽʡʥʽʩʪʴ ʽ 

ʚʧʣʠʚ ʜʠʩʧʝʨʩʽʡʥʠʭ ʝʬʝʢʪʽʚ ʥʘ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʛʽʜʨʦʩʪʘʪʠʯʥʦʛʦ ʨʦʟʧʦʜʽʣʫ ʪʠʩʢʫ ʧʦ 

ʛʣʠʙʠʥʽ [100, 101], ʱʦ ʧʦʪʨʝʙʫʻ ʙʽʣʴʰʦʛʦ ʦʙôʻʤʫ ʦʙʯʠʩʣʝʥʴ. 

ɸʣʴʪʝʨʥʘʪʠʚʥʦʶ ʜʦ ʨʽʚʥʷʥʴ ɹʫʩʩʽʥʝʩʢʘ ʬʦʨʤʦʶ ʚʢʣʶʯʝʥʥʷ ʜʠʩʧʝʨʩʽʡʥʠʭ 

ʝʬʝʢʪʽʚ ( ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʛʽʜʨʦʩʪʘʪʠʯʥʦʛʦ ʨʦʟʧʦʜʽʣʫ ʪʠʩʢʫ) ʚ ʜʚʦʚʠʤʽʨʥʽ ʨʽʚʥʷʥʥʷ  ʪʠʧʫ 

ʈʄɺ ʻ ʤʦʜʝʣʴ SWASH, ʚ ʷʢʠʡ ʪʘʢʘ çʧʦʧʨʘʚʢʘè ʚ ʪʠʩʢ ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʜʦʜʘʪʢʦʚʠʤ 

ʨʽʚʥʷʥʥʷʤ [102].ʊʦʤʫ ʧʨʠ ʤʦʜʝʣʶʚʘʥʥʽ ʭʚʠʣʴʦʚʠʭ ʧʦʣʽʚ ʫ ʧʦʨʪʘʭ ʪʘ ʟʘʪʦʢʘʭ, ʽʟ ʥʝ 

ʜʫʞʝ ʨʽʟʢʦʶ ʟʤʽʥʦʶ ʜʥʘ, ʪʘʤ ʜʝ ʥʝʦʙʭʽʜʥʦ ʪʦʯʥʦ ʦʧʠʩʘʪʠ ʜʠʬʨʘʢʮʽʶ ʪʘ ʚʽʜʙʠʪʪʷ ʭʚʠʣʴ 

ʚʽʜ ʙʝʨʝʛʦʚʠʭ ʩʧʦʨʫʜ, ʚ ʪʦʡ ʞʝ ʯʘʩ, ʥʝʣʽʥʽʡʥʽ ʝʬʝʢʪʠ ʥʝ ʪʘʢ ʚʘʞʣʠʚʽ, ʯʘʩʪʽʰʝ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʤʦʜʝʣʽ, ʱʦ ʙʘʟʫʶʪʴʩʷ ʥʘ ʨʽʚʥʷʥʥʽ ʧʦʣʦʛʠʭ ʩʭʠʣʽʚ (ʈʇʉ) [103]. 

ɹʽʣʴʰʽʩʪʴ ʟ ʥʠʭ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʨʽʚʥʷʥʥʷ ʧʦʣʦʛʠʭ ʩʭʠʣʽʚ ʫ ʧʘʨʘʙʦʣʽʯʥʦʤʫ (REF/DIF-

1 [104], REF/DIF-S [105]) ʘʙʦ ʝʣʽʧʪʠʯʥʦʤʫ (CGWAVE [106], ARTEMIS [107]) 

ʥʘʙʣʠʞʝʥʥʽ. ʇʘʨʘʙʦʣʽʯʥʝ ʥʘʙʣʠʞʝʥʥʷ ʤʝʥʰ ʪʦʯʥʦ ʦʧʠʩʫʻ ʜʠʬʨʘʢʮʽʶ ʪʘ ʚʽʜʙʠʪʪʷ 

ʭʚʠʣʴ, ʘʣʝ ʡ ʤʝʥʰ ʯʠʩʝʣʴʥʦ ʚʠʤʦʛʣʠʚʝ, ʪʦʤʫ ʜʘʻ ʙʽʣʴʰ ʰʚʠʜʢʠʡ ʢʦʤʧôʶʪʝʨʥʠʡ 

ʘʣʛʦʨʠʪʤ. ʈʦʟʚʠʪʦʢ ʜʦʩʣʽʜʞʝʥʴ ʟ ʤʦʜʝʣʶʚʘʥʥʷ ʪʨʘʥʩʬʦʨʤʘʮʽʾ ʭʚʠʣʴ ʚ ʧʨʠʙʝʨʝʞʥʽʡ 

ʟʦʥʽ ʥʘ ʦʩʥʦʚʽ ʯʠʩʝʣʴʥʦʛʦ ʨʦʟʚôʷʟʢʫ ʈʇʉ ʫ ʛʽʧʝʨʙʦʣʽʯʥʽʡ ʬʦʨʤʽ ʨʦʟʧʦʯʘʚʩʷ ʟ 
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ʧʫʙʣʽʢʘʮʽʾ [108]. ʅʘʜʘʣʽ ʤʦʜʝʣʴ ʨʦʟʚʠʚʘʣʘʩʴ ʟ ʜʦʜʘʚʘʥʥʷʤ ʜʦʜʘʪʢʦʚʠʭ ʯʣʝʥʽʚ ʨʽʚʥʷʥʴ, 

ʷʢʽ ʜʦʟʚʦʣʷʣʠ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʾʾ ʜʣʷ ʙʽʣʴʰ ʢʨʫʪʠʭ ʩʭʠʣʽʚ [109ï111]. 

ɺ ɯʇʄʄʉ ʭʚʠʣʴʦʚʠʡ ʤʦʜʫʣʴ ʩʠʩʪʝʤʠ COASTOX ʨʦʟʚʠʚʘʚʩʷ ʟ ʢʽʥʮʷ 1990-ʭ ʥʘ 

ʦʩʥʦʚʽ HWAVE ï ʯʠʩʝʣʴʥʦʾ ʤʦʜʝʣʽ ʛʽʧʝʨʙʦʣʽʯʥʦʾ ʚʝʨʩʽʾ ʈʇʉ [108] ʟ ʜʦʜʘʚʘʥʥʷʤ ʥʦʚʠʭ 

ʤʦʞʣʠʚʦʩʪʝʡ ï ʨʦʟʨʘʭʫʥʢʽʚ ʪʨʘʥʩʬʦʨʤʘʮʽʾ ʭʚʠʣʴ ʥʘ ʪʝʯʽʷʭ [112, 113], ʥʘ ʧʨʦʥʠʢʥʠʭ 

ʭʚʠʣʝʨʽʟʘʭ [114], ʪʘ ʚ ʥʘʙʣʠʞʝʥʥʽ ʨʦʟʨʘʭʫʥʢʫ ʩʧʝʢʪʨʽʚ ʭʚʠʣʴ ʧʨʠʙʝʨʝʞʥʦʾ ʟʦʥʠ [28]. 

ɺʧʨʦʚʘʜʞʝʥʥʷ ʩʠʩʪʝʤʠ ʜʣʷ ʚʝʣʠʢʠʭ ʘʢʚʘʪʦʨʽʡ ʩʪʨʠʤʫʚʘʣʦʩʴ ʚʽʜʩʫʪʥʽʩʪʶ ʧʘʨʘʣʝʣʴʥʦʾ 

ʚʝʨʩʽʾ ʤʦʜʝʣʽ HWAVE.  

ʄʝʪʦʜʠ SPH ʜʦʟʚʦʣʷʶʪʴ ʨʦʟʚôʷʟʫʚʘʪʠ ʧʦʚʥʽ ʪʨʠʚʠʤʽʨʥʽ ʨʽʚʥʷʥʥʷ ʅʘʚôʻ-ʉʪʦʢʩʘ 

ʪʘ ʤʦʜʝʣʶʚʘʪʠ ʚʟʘʻʤʦʜʽʶ ʨʽʜʠʥʠ ʟ ʪʚʝʨʜʠʤʠ ʧʦʚʝʨʭʥʷʤʠ [43, 44]. ʎʝ ʤʦʞʝ ʙʫʪʠ 

ʚʠʧʨʘʚʜʘʥʠʤ ʧʽʜʭʦʜʦʤ ʽʟ ʧʨʠʡʥʷʪʥʠʤ ʯʘʩʦʤ ʨʦʟʨʘʭʫʥʢʫ ʜʣʷ ʥʝʚʝʣʠʢʠʭ ʟʘ ʨʦʟʤʽʨʦʤ 

ʘʢʚʘʪʦʨʽʡ (ʧʦʨʪ). ʊʘʢʦʞ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʥʘʢʘʪʫ ʭʚʠʣʴ ʪʘ ʜʽʾ ʥʘ ʙʝʨʝʛʦʚʽ ʩʧʦʨʫʜʠ 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʚʦʚʠʤʽʨʥʝ (ʧʦ ʚʝʨʪʠʢʘʣʽ) ʥʘʙʣʠʞʝʥʥʷ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʨʦʟʚʠʚʘʚʩʷ ʥʘ 

ʤʝʭʘʥʽʢʦ-ʤʘʪʝʤʘʪʠʯʥʦʤʫ ʬʘʢʫʣʴʪʝʪʽ ʂʠʾʚʩʴʢʦʛʦ ʥʘʮʽʦʥʘʣʴʥʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ (ʂʅʋ) 

ʽʤʝʥʽ ʊʘʨʘʩʘ ʐʝʚʯʝʥʢʘ  [44]. ʇʘʨʘʣʝʣʽʟʘʮʽʷ SPH-ʘʣʛʦʨʠʪʤʽʚ ʪʘʢʦʞ ʩʪʘʣʘ ʦʜʥʠʤ ʽʟ 

ʟʘʚʜʘʥʴ ʜʠʩʝʨʪʘʮʽʡʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ. 

ʍʚʠʣʽ, ʷʢʽ ʩʪʚʦʨʶʶʪʴʩʷ ʧʽʜ ʯʘʩ ʨʫʭʫ ʢʦʨʘʙʣʽʚ, ʤʘʶʪʴ ʟʥʘʯʥʠʡ ʚʧʣʠʚ ʥʘ 

ʧʨʠʙʝʨʝʞʥʠʡ ʨʝʣʴʻʬ ʫ ʧʦʨʪʦʚʠʭ ʘʢʚʘʪʦʨʽʷʭ ʽ ʩʫʜʥʦʧʣʘʚʥʠʭ ʢʘʥʘʣʘʭ [115, 116], 

ʩʧʨʠʯʠʥʷʶʪʴ ʩʠʣʴʥʽ ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʧʨʠʰʚʘʨʪʦʚʘʥʽ ʢʦʨʘʙʣʽ [117, 118] ʪʘ ʧʨʠʙʝʨʝʞʥʽ 

ʩʧʦʨʫʜʠ [119, 120]. ʈʦʟʛʣʷʜʘʶʪʴ ʪʨʠ ʦʩʥʦʚʥʽ ʧʽʜʭʦʜʠ ʜʦ ʯʠʩʝʣʴʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ 

ʢʦʨʘʙʝʣʴʥʠʭ ʭʚʠʣʴ [120]. ʅʘʡʙʽʣʴʰ ʜʝʪʘʣʽʟʦʚʘʥʠʡ ʦʧʠʩ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʧʨʦʮʝʩʽʚ 

ʥʘʜʘʻ CFD-ʧʽʜʭʽʜ, ʟʘʩʥʦʚʘʥʠʡ ʥʘ ʨʦʟʚôʷʟʘʥʥʽ ʪʨʠʚʠʤʽʨʥʠʭ ʨʽʚʥʷʥʴ ʅʘʚôʻ-ʉʪʦʢʩʘ, 

ʫʩʝʨʝʜʥʝʥʠʭ ʟʘ ʈʝʡʥʦʣʴʜʩʦʤ (RANS). ʆʜʥʘʢ ʜʣʷ ʚʠʢʦʥʘʥʥʷ ʟʘʢʦʥʽʚ ʟʙʝʨʝʞʝʥʥʷ ʪʘ 

ʧʦʜʘʚʣʝʥʥʷ ʯʠʩʣʦʚʦʾ ʜʠʬʫʟʽʾ ʜʣʷ CFD ʧʦʪʨʽʙʥʘ ʚʠʩʦʢʘ ʧʨʦʩʪʦʨʦʚʘ ʪʘ ʯʘʩʦʚʘ 

ʜʝʪʘʣʽʟʘʮʽʷ. ʊʦʤʫ RANS-CFD ʯʘʩʪʽʰʝ ʟʘʩʪʦʩʦʚʫʶʪʴ ʜʦ ʟʘʜʘʯ ʟ ʢʦʨʦʪʢʠʤʠ ʯʘʩʦʚʠʤʠ 

ʧʝʨʽʦʜʘʤʠ ʽ ʥʝʚʝʣʠʢʠʤʠ ʧʨʦʩʪʦʨʦʚʠʤʠ ʨʦʟʤʽʨʘʤʠ ʘʙʦ ʜʦ ʟʘʜʘʯ ʫ ʦʙʤʝʞʝʥʠʭ 

ʘʢʚʘʪʦʨʽʷʭ. ɿʘʩʪʦʩʫʚʘʥʥʷ ʡʦʛʦ ʜʦ ʚʝʣʠʢʠʭ ʘʢʚʘʪʦʨʽʡ ʻ ʨʝʩʫʨʩʦʤʽʩʪʢʠʤ ʽ ʪʨʠʚʘʣʠʤ ʟʘ 

ʯʘʩʦʤ ʦʙʯʠʩʣʝʥʴ [120, 121].  

ɺʽʜʧʦʚʽʜʥʦ ʜʦ ʧʽʜʭʦʜʫ ʪʝʦʨʽʾ ʧʦʪʝʥʮʽʡʥʦʾ ʪʝʯʽʾ, ʨʽʜʠʥʫ ʨʦʟʛʣʷʜʘʶʪʴ ʷʢ 

ʥʝʩʪʠʩʣʠʚʫ, ʥʝʚôʷʟʢʫ ʪʘ ʙʝʟʚʠʭʨʦʚʫ, ʚʥʘʩʣʽʜʦʢ ʯʦʛʦ ʨʽʚʥʷʥʥʷ ʨʫʭʫ ʨʽʜʠʥʠ ʟʚʦʜʷʪʴʩʷ ʜʦ 
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ʪʨʠʚʠʤʽʨʥʦʛʦ ʨʽʚʥʷʥʥʷ ʃʘʧʣʘʩʘ. ʎʝ ʜʦʟʚʦʣʷʻ ʚʨʘʭʦʚʫʚʘʪʠ ʪʦʯʥʫ ʪʨʠʚʠʤʽʨʥʫ ʬʦʨʤʫ 

ʢʦʨʧʫʩʽʚ ʩʫʜʝʥ, ʧʨʠ ʮʴʦʤʫ ʟʘʚʜʷʢʠ ʩʧʨʦʱʝʥʥʶ ʙʘʟʦʚʠʭ ʨʽʚʥʷʥʴ ʽ ʤʝʥʰʽʡ ʩʢʣʘʜʥʦʩʪʽ 

ʯʠʩʝʣʴʥʠʭ ʤʝʪʦʜʽʚ, ʚʽʥ ʟʥʘʯʥʦ ʤʝʥʰ ʦʙʯʠʩʣʶʚʘʣʴʥʦ ʟʘʪʨʘʪʥʠʡ, ʥʽʞ RANS-CFD. 

ʅʘʡʯʘʩʪʽʰʝ ʚ ʧʽʜʭʦʜʽ ʧʦʪʝʥʮʽʡʥʦʾ ʪʝʯʽʾ ʜʣʷ ʨʦʟʚôʷʟʘʥʥʷ ʨʽʚʥʷʥʥʷ ʃʘʧʣʘʩʘ 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʤʝʪʦʜ ʛʨʘʥʠʯʥʠʭ ʝʣʝʤʝʥʪʽʚ (BEM), ʷʢʠʡ ʟʚʦʜʠʪʴ ʪʨʠʚʠʤʽʨʥʫ ʟʘʜʘʯʫ 

ʚ ʦʙʣʘʩʪʽ ʜʦ ʦʙʯʠʩʣʝʥʴ ʧʦ ʧʦʚʝʨʭʥʷʭ, ʱʦ ʦʙʤʝʞʫʶʪʴ ʦʙʣʘʩʪʴ, ʜʠʩʢʨʝʪʠʟʦʚʘʥʠʭ ʫ 

ʚʠʛʣʷʜʽ ʥʘʙʦʨʫ ʧʘʥʝʣʝʡ [117, 120]. ɺʠʩʦʢʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʦʙʯʠʩʣʝʥʴ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ 

ʧʽʜʭʽʜ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʻ ʯʠʩʝʣʴʥʽ ʨʦʟʚôʷʟʘʥʥʷ ʫʩʝʨʝʜʥʝʥʠʭ ʟʘ ʛʣʠʙʠʥʦʶ ʨʽʚʥʷʥʴ 

ʅʘʚôʻ-ʉʪʦʢʩʘ (ʈʝʡʥʦʣʴʜʩʘ): ʨʽʚʥʷʥʴ ɹʫʩʩʽʥʝʩʢʘ ʘʙʦ ʈʄɺ.  

ʋʩʝʨʝʜʥʝʥʽ ʟʘ ʛʣʠʙʠʥʦʶ ʨʽʚʥʷʥʥʷ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ 

ʛʽʜʨʦʜʠʥʘʤʽʢʠ ʧʦʚʝʨʭʥʝʚʠʭ ʚʦʜ ʪʘ ʧʦʚôʷʟʘʥʠʭ ʟʘʜʘʯ ʧʨʠ ʚʝʣʠʢʽʡ ʭʘʨʘʢʪʝʨʥʽʡ ʜʦʚʞʠʥʽ 

ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʟʙʫʨʝʥʥʷ ʫ ʧʦʨʽʚʥʷʥʽ ʟ ʛʣʠʙʠʥʦʶ. ʇʽʩʣʷ ʜʦʜʘʚʘʥʥʷ ʜʦ ʥʠʭ ʯʣʝʥʽʚ, ʱʦ 

ʚʨʘʭʦʚʫʶʪʴ ʚʧʣʠʚ ʨʫʭʦʤʦʛʦ ʢʦʨʘʙʣʷ, ʚʦʥʠ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʛʝʥʝʨʘʮʽʾ 

ʽ ʜʠʥʘʤʽʢʠ ʜʦʚʛʠʭ ʢʦʨʘʙʝʣʴʥʠʭ ʭʚʠʣʴ, ʨʦʟʨʘʭʫʥʢʫ ʥʘʚʘʥʪʘʞʝʥʴ ʥʘ ʥʝʨʫʭʦʤʽ ʩʫʜʥʘ. 

ʏʣʝʥʠ ʟ ʥʝʣʽʥʽʡʥʽʩʪʶ ʽ ʜʠʩʧʝʨʩʽʻʶ ʜʦʟʚʦʣʷʶʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʨʽʚʥʷʥʥʷ ɹʫʩʩʽʥʝʩʢʘ 

ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʢʦʨʦʪʢʠʭ ʭʚʠʣʴ, ʩʪʚʦʨʶʚʘʥʠʭ ʥʝʚʝʣʠʢʠʤʠ, ʰʚʠʜʢʦ ʨʫʭʦʤʠʤʠ 

ʢʦʨʘʙʣʷʤʠ. ʇʨʠʢʣʘʜʦʤ ʪʘʢʦʛʦ ʧʽʜʭʦʜʫ ʻ ʤʦʜʝʣʽ COULWAVE [122] ʽ FUNWAVE-TVD 

[123], ʪʘ ʾʭ ʧʘʨʘʣʝʣʴʥʽ ʚʝʨʩʽʾ ʜʣʷ ʢʦʤʧôʶʪʝʨʽʚ ʟ ʨʦʟʧʦʜʽʣʝʥʦʶ ʧʘʤôʷʪʪʶ ï COULWAVE 

[124] ʘʙʦ GPU ï FUNWAVE-TVD [125]. ʈʦʟʨʦʙʣʝʥʘ ʚ ɯʇʄʄʉ ʂʦʣʦʤʽʡʮʝʤ ʪʘ ʽʥ. 

ʤʦʜʝʣʴ ʢʦʨʘʙʝʣʴʥʠʭ ʭʚʠʣʴ ʥʘ ʦʩʥʦʚʽ ʨʽʚʥʷʥʴ ɹʫʩʩʽʥʝʩʢʘ [126] ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʘʩʴ ʜʣʷ 

ʥʝʚʝʣʠʢʠʭ ʢʘʪʝʨʽʚ, ʷʢʽ ʛʝʥʝʨʫʶʪʴ ʭʚʠʣʽ ʢʦʨʦʪʰʦʾ ʜʦʚʞʠʥʠ, ʥʽʞ ʪʽ, ʱʦ ʤʦʞʫʪʴ 

ʤʦʜʝʣʶʚʘʪʠʩʷ ʈʄɺ, ʧʨʦʪʝ ʙʫʣʘ ʨʝʘʣʽʟʦʚʘʥʘ ʣʠʰʝ ʥʝ ʧʘʨʘʣʝʣʴʥʘ ʚʝʨʩʽʷ ʤʦʜʝʣʽ [126].  

ɼʣʷ ʚʝʣʠʢʠʭ ʩʫʜʝʥ ʧʦʙʣʠʟʫ ʙʝʨʝʛʽʚ ʯʠʩʝʣʴʥʽ ʤʦʜʝʣʽ ʥʘ ʦʩʥʦʚʽ ʈʄɺ ʩʪʘʣʠ 

ʧʦʧʫʣʷʨʥʠʤ ʽʥʩʪʨʫʤʝʥʪʦʤ ʫ ʽʥʞʝʥʝʨʥʠʭ ʧʨʦʻʢʪʘʭ, ʧʦʚôʷʟʘʥʠʭ ʽʟ ʢʦʨʘʙʝʣʴʥʠʤʠ 

ʭʚʠʣʷʤʠ. ʋ ʤʦʜʝʣʽ HIVEL2D [127] ʛʝʥʝʨʘʮʽʷ ʭʚʠʣʴ ʟʜʽʡʩʥʶʻʪʴʩʷ ʥʝʦʜʥʦʨʽʜʥʽʩʪʶ 

ʪʠʩʢʫ ʚ ʛʽʜʨʦʩʪʘʪʠʯʥʦʤʫ ʥʘʙʣʠʞʝʥʥʽ, ʩʧʨʠʯʠʥʝʥʦʶ ʦʩʘʜʢʦʶ ʩʫʜʥʘ, ʱʦ ʨʫʭʘʻʪʴʩʷ. 

ʂʦʨʧʫʩ ʩʫʜʥʘ ʚ [127] ʦʧʠʩʫʻʪʴʩʷ ʩʧʨʦʱʝʥʦʶ ʬʦʨʤʦʶ ʟ ʛʘʙʘʨʠʪʘʤʠ, 

ʪʨʘʧʝʮʽʻʧʦʜʽʙʥʠʤʠ ʫ ʚʝʨʪʠʢʘʣʴʥʦʤʫ ʧʝʨʝʪʠʥʽ, ʫ ʧʦʟʜʦʚʞʥʽʡ ʽ ʧʦʧʝʨʝʯʥʽʡ ʧʣʦʱʠʥʘʭ. 

ʄʦʜʝʣʴ HIVEL2D ʧʦʢʘʟʘʣʘ ʚʽʜʧʦʚʽʜʥʽʩʪʴ ʯʠʩʣʦʚʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʚʠʤʽʨʘʤ ʨʽʚʥʷ ʚʦʜʠ ʫ 

ʩʫʜʥʦʧʣʘʚʥʦʤʫ ʢʘʥʘʣʽ Sabine Neches Waterway ʧʨʠ ʧʨʦʭʦʜʞʝʥʥʽ ʚ ʥʴʦʤʫ ʩʫʜʝʥ ʟ 
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ʛʣʠʙʦʢʦʶ ʦʩʘʜʢʦʶ [128]. ʄʦʜʝʣʴ SGH [129] ʨʦʟʚʠʚʘʻ ʧʽʜʭʽʜ [127], ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ 

ʜʣʷ ʯʣʝʥʘ ʪʠʩʢʫ ʨʝʘʣʽʩʪʠʯʥʫ ʬʦʨʤʫ ʩʫʜʝʥ ʥʘ ʥʝʟʘʣʝʞʥʽʡ ʧʨʷʤʦʢʫʪʥʽʡ ʩʽʪʮʽ ʟ 

ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ ʚʠʱʦʶ, ʥʽʞ ʫ ʨʦʟʨʘʭʫʥʢʦʚʽʡ ʩʽʪʮʽ ʤʦʜʝʣʽ. ʋ [129] ʧʦʢʘʟʘʥʦ, ʱʦ 

ʪʘʢʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ ʪʦʯʥʽʰʝ ʧʝʨʝʜʙʘʯʠʪʠ ʧʨʦʩʘʜʢʫ ʢʦʨʘʙʝʣʴʥʦʾ ʭʚʠʣʽ, ʥʽʞ ʧʨʠ 

ʚʠʢʦʨʠʩʪʘʥʥʽ ʩʧʨʦʱʝʥʦʾ ʬʦʨʤʠ ʢʦʨʧʫʩʫ. ɸʥʘʣʦʛʽʯʥʦ ʟʨʦʙʣʝʥʦ ʚ ʨʦʙʦʪʽ [130], ʜʝ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʯʣʝʥʘ ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ ʪʠʩʢʫ ʤʦʞʣʠʚʽʩʪʴ ʛʝʥʝʨʘʮʽʾ ʭʚʠʣʴ ʜʦʜʘʥʘ ʚ ʤʦʜʝʣʴ 

REEF3D::SFLOW ʪʘ  ʚ ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʈʄɺ  ʤʦʜʝʣʷʭ Delft3D [131] ʽ XBeach [131, 132].   

ɺ ɯʇʄʄʉ ʟ 2004 ʨʦʢʫ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʛʝʥʝʨʘʮʽʾ ʭʚʠʣʴ ʨʫʭʦʤ ʚʝʣʠʢʠʭ ʢʦʨʘʙʣʽʚ 

ʽ ʪʨʘʥʩʬʦʨʤʘʮʽʾ ʭʚʠʣʴ ʚ ʧʨʠʙʝʨʝʞʥʽʡ ʟʦʥʽ ʨʦʟʨʦʙʣʷʣʘʩʴ ʤʦʜʝʣʴ ShipSim (ʚ ʩʢʣʘʜʽ 

ʤʦʜʝʣʶʶʯʦʾ ʩʠʩʪʝʤʠ COASTOX) [126], ʚ ʤʽʞʥʘʨʦʜʥʽʡ ʧʨʘʢʪʠʮʽ ʪʘʢʦʞ ʚʽʜʦʤʘ ʷʢ VH-

LU/VH-LL (Vessel Hydrodynamics Longwave Unsteady/Longwave Load) [133ï137]. 

ʄʦʜʝʣʴ ʟʘʩʥʦʚʘʥʘ ʥʘ ʨʦʟʚôʷʟʘʥʥʽ ʥʝʣʽʥʽʡʥʠʭ ʈʄɺ ʤʝʪʦʜʦʤ ʩʢʽʥʯʝʥʠʭ ʦʙôʻʤʽʚ ʥʘ 

ʧʨʷʤʦʢʫʪʥʽʡ ʩʽʪʮʽ ʻ ʯʘʩʪʠʥʦʶ ʧʨʦʛʨʘʤʥʦʛʦ ʢʦʤʧʣʝʢʩʫ COASTOX [126, 133]. ʄʦʜʝʣʴ 

ʧʦʢʘʟʘʣʘ ʭʦʨʦʰʫ ʚʽʜʧʦʚʽʜʥʽʩʪʴ ʧʨʠ ʧʦʨʽʚʥʷʥʥʽ ʟ ʣʘʙʦʨʘʪʦʨʥʠʤʠ ʜʘʥʠʤʠ ʽ ʧʦʣʴʦʚʠʤʠ 

ʚʠʤʽʨʶʚʘʥʥʷʤʠ [126, 133ï137]. ʗʢ ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ ʚ ʧʫʙʣʽʢʘʮʽʷʭ ʘʤʝʨʠʢʘʥʩʴʢʠʭ 

ʢʦʨʠʩʪʫʚʘʯʽʚ ʤʦʜʝʣʽ [135, 136, 137], ʚʦʥʘ ʜʦʩʠʪʴ ʪʦʯʥʦ ʨʦʟʨʘʭʫʚʘʣʘ ʧʘʨʘʤʝʪʨʠ 

ʦʩʥʦʚʥʠʭ ʭʚʠʣʴ, ʩʧʦʩʪʝʨʝʞʫʚʘʥʠʭ ʫ ʣʘʙʦʨʘʪʦʨʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʘʭ LaTaire ʪʘ ʽʥ. [138] 

ʽ van Wijhe, Pinkster [139], ʘ ʪʘʢʦʞ ʜʣʷ ʨʝʘʣʴʥʠʭ ʘʢʚʘʪʦʨʽʡ Mississippi River Gulf Outlet 

[126, 133, 134], ʩʫʜʥʦʧʣʘʚʥʦʛʦ ʢʘʥʘʣʫ ʧʦʨʪʫ ʆʢʣʝʥʜ [126, 133, 134, 136] ʽ ʚ ʧʦʨʪʫ 

Canaveral [136, 137]. ʅʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʧʨʠʰʚʘʨʪʦʚʘʥʽ ʢʦʨʘʙʣʽ, ʨʦʟʨʘʭʦʚʘʥʽ ShipSim, 

ʜʫʞʝ ʪʦʯʥʦ ʟʙʽʛʣʠʩʷ ʟ ʚʠʤʽʨʷʥʠʤʠ ʫ ʣʘʙʦʨʘʪʦʨʥʠʭ ʜʦʩʣʽʜʘʭ Remery [140] ʽ van Wijhe, 

Pinkster [139] ï ʜʠʚ. [126, 133ï137]. ʋ ʨʦʙʦʪʽ [141] ʧʦʨʽʚʥʶʚʘʣʠʩʷ ʟʤʽʥʠ ʨʽʚʥʷ ʚʦʜʠ ʽ 

ʰʚʠʜʢʦʩʪʽ ʪʝʯʽʾ, ʩʧʨʠʯʠʥʝʥʽ ʧʨʦʭʦʜʞʝʥʥʷʤ ʩʫʭʦʚʘʥʪʘʞʫ ʚ Brazos Santiago Pass, 

ʨʦʟʨʘʭʦʚʘʥʽ ʤʦʜʝʣʷʤʠ XBeach ʽ ShipSim ʫ 6 ʢʦʥʪʨʦʣʴʥʠʭ ʪʦʯʢʘʭ: ʫ ʢʘʥʘʣʽ, ʫ Lower 

Laguna Madre ʽ ʧʦʙʣʠʟʫ ʨʝʢʨʝʘʮʽʡʥʦʛʦ ʧʣʷʞʫ. ʇʦʢʘʟʘʥʦ, ʱʦ ʚʝʣʠʯʠʥʠ, ʨʦʟʨʘʭʦʚʘʥʽ 

ʦʙʦʤʘ ʤʦʜʝʣʷʤʠ, ʜʫʞʝ ʙʣʠʟʴʢʽ. ʅʘʨʘʟʽ ʤʦʜʝʣʴ ShipSim ʫʩʧʽʰʥʦ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʚ 

ʽʥʞʝʥʝʨʥʠʭ ʧʨʦʻʢʪʘʭ ʧʨʠ ʨʦʟʨʦʙʮʽ ʧʦʨʪʦʚʠʭ ʢʦʥʬʽʛʫʨʘʮʽʡ [137, 142,143], ʧʣʘʥʫʚʘʥʥʽ 

ʩʭʝʤ ʤʘʥʝʚʨʫʚʘʥʥʷ ʪʘ ʩʪʦʷʥʢʠ ʢʦʨʘʙʣʽʚ [144], ʜʦʩʣʽʜʞʝʥʥʽ ʤʦʨʬʦʣʦʛʽʯʥʠʭ ʟʤʽʥ, 

ʩʧʨʠʯʠʥʝʥʠʭ ʢʦʨʘʙʝʣʴʥʠʤʠ ʭʚʠʣʷʤʠ [141]. ʊʠʧʦʚʠʡ ʯʘʩ ʨʦʟʨʘʭʫʥʢʫ ʩʮʝʥʘʨʽʶ ʜʣʷ 

ʟʘʜʘʥʠʭ ʧʦʨʪʦʚʦʾ ʢʦʥʬʽʛʫʨʘʮʽʾ, ʪʠʧʫ ʢʦʨʘʙʣʷ ʽ ʩʭʝʤʠ ʤʘʥʝʚʨʫʚʘʥʥʷ ʥʘ ʩʫʯʘʩʥʦʤʫ 
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ʧʨʦʮʝʩʦʨʽ Intel ʘʙʦ AMD ʩʪʘʥʦʚʠʪʴ ʢʽʣʴʢʘ ʛʦʜʠʥ. ʊʦʤʫ ʙʝʟʧʝʨʝʯʥʦ ʘʢʪʫʘʣʴʥʦʶ ʩʪʘʣʘ 

ʟʘʜʘʯʘ ʨʦʟʨʦʙʢʠ ʧʘʨʘʣʝʣʴʥʦʾ ʚʝʨʩʽʾ ʤʦʜʝʣʽ ShipSim ʪʘ ʽʥʪʝʛʨʘʮʽʾ ʾʾ ʚ ʥʦʚʫ ʚʝʨʩʽʶ 

ʤʦʜʝʣʶʶʯʦʾ ʩʠʩʪʝʤʠ COASTOX-PRL ʟ ʧʘʨʘʣʝʣʴʥʠʤʠ ʦʙʯʠʩʣʶʚʘʣʴʥʠʤʠ ʤʦʜʫʣʷʤʠ. 

 

 

1.3 ʉʫʯʘʩʥʠʡ ʩʪʘʥ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʤʦʜʝʣʶʚʘʥʥʷ ʧʦʚôʷʟʘʥʠʭ 

ʧʨʦʮʝʩʽʚ ʛʽʜʨʦʜʠʥʘʤʽʢʠ, ʜʠʥʘʤʽʢʠ ʥʘʥʦʩʽʚ ʽ ʟʘʙʨʫʜʥʝʥʴ 

 

 

ʇʨʦʚʽʜʥʽ ʤʽʞʥʘʨʦʜʥʽ ʜʦʩʣʽʜʥʠʮʴʢʽ ʦʨʛʘʥʽʟʘʮʽʾ ʨʦʟʨʦʙʠʣʠ ʢʦʤʧʣʝʢʩʥʽ ʧʨʦʛʨʘʤʥʽ 

ʧʘʢʝʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʥʘ ʦʩʥʦʚʽ ʯʠʩʝʣʴʥʦʛʦ ʨʦʟʚôʷʟʘʥʥʷ ʜʚʦʚʠʤʽʨʥʠʭ ʨʽʚʥʷʥʴ, ʱʦ 

ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʚʠʨʽʰʝʥʥʷ ʧʨʘʢʪʠʯʥʠʭ ʟʘʜʘʯ ʨʽʯʢʦʚʦʾ ʪʘ ʧʨʠʙʝʨʝʞʥʦʾ 

ʽʥʞʝʥʝʨʽʾ. ʂʦʤʧʘʥʽʷ Deltares (ʅʽʜʝʨʣʘʥʜʠ)  ʨʦʟʨʦʙʠʣʘ  ʥʠʟʢʫ ʧʨʦʛʨʘʤʥʠʭ ʧʨʦʜʫʢʪʽʚ 

ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʛʽʜʨʦʜʠʥʘʤʽʢʠ ʚʦʜʥʠʭ ʦʙôʻʢʪʽʚ ʪʘ ʪʨʘʥʩʧʦʨʪʫ ʟʘʙʨʫʜʥʝʥʴ [145]. 

ʉʠʩʪʝʤʘ Delft3D FM (Flexible Mesh) ʚʠʢʦʨʠʩʪʦʚʫʻ ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʽ ʩʽʪʢʠ ʜʣʷ ʪʦʯʥʦʛʦ 

ʧʨʝʜʩʪʘʚʣʝʥʥʷ ʩʢʣʘʜʥʦʾ ʛʝʦʤʝʪʨʽʾ ʙʝʨʝʛʦʚʦʾ ʣʽʥʽʾ ʪʘ ʨʽʯʢʦʚʠʭ ʨʫʩʝʣ [146]. D-Flow FM, 

ʦʩʥʦʚʥʠʡ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʡ ʤʦʜʫʣʴ Delft3D FM, ʨʦʟʚôʷʟʫʻ ʜʚʦʚʠʤʽʨʥʽ ʪʘ ʪʨʠʚʠʤʽʨʥʽ 

ʈʄɺ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʄʉʆ, ʘ ʪʘʢʦʞ ʟʘʙʝʟʧʝʯʫʻ çʙʝʟʰʦʚʥʫè ʽʥʪʝʛʨʘʮʽʶ 

ʦʜʥʦʚʠʤʽʨʥʠʭ ʨʽʯʢʦʚʠʭ ʤʝʨʝʞ ʟ ʜʚʦʚʠʤʽʨʥʠʤʠ ʦʙʣʘʩʪʷʤʠ [146]. ʉʠʩʪʝʤʘ ʧʽʜʪʨʠʤʫʻ 

ʤʦʜʝʣʶʚʘʥʥʷ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʩʪʨʘʪʠʬʽʢʘʮʽʾ, ʪʨʘʥʩʧʦʨʪʫ ʥʘʥʦʩʽʚ ʨʽʟʥʠʭ ʬʨʘʢʮʽʡ ʪʘ 

ʢʦʤʧʣʝʢʩʥʦʾ ʷʢʦʩʪʽ ʚʦʜʠ. ɯʥʪʝʛʨʦʚʘʥʠʡ ʤʦʜʫʣʴ D-Water Quality ʟʘʙʝʟʧʝʯʫʻ 

ʤʦʜʝʣʶʚʘʥʥʷ ʧʦʥʘʜ 100 ʨʽʟʥʠʭ ʟʘʙʨʫʜʥʶʶʯʠʭ ʨʝʯʦʚʠʥ.  

ʂʦʤʧʘʥʽʷ DHI ʨʦʟʨʦʙʠʣʘ ʩʽʤʝʡʩʪʚʦ ʧʨʦʧʨʽʻʪʘʨʥʠʭ ʧʨʦʛʨʘʤʥʠʭ ʧʨʦʜʫʢʪʽʚ MIKE 

[147], ʱʦ ʚʢʣʶʯʘʻ MIKE 21 ʜʣʷ ʜʚʦʚʠʤʽʨʥʦʛʦ ʪʘ MIKE 3 ʜʣʷ ʪʨʠʚʠʤʽʨʥʦʛʦ 

ʤʦʜʝʣʶʚʘʥʥʷ. MIKE 21 FM ʚʠʢʦʨʠʩʪʦʚʫʻ ʛʥʫʯʢʽ ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʽ ʩʽʪʢʠ ʪʘ ʧʘʨʘʣʝʣʴʥʽ 

ʦʙʯʠʩʣʝʥʥʷ ʜʣʷ ʝʬʝʢʪʠʚʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʚʝʣʠʢʠʭ ʘʢʚʘʪʦʨʽʡ. ʄʦʜʫʣʴ MIKE 21 ST 

(Sediment Transport) ʟʘʙʝʟʧʝʯʫʻ ʜʝʪʘʣʴʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʪʨʘʥʩʧʦʨʪʫ ʥʝʟʚôʷʟʥʠʭ ʪʘ 

ʟʚôʷʟʥʠʭ ʥʘʥʦʩʽʚ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʭʚʠʣʴʦʚʦʛʦ ʚʧʣʠʚʫ ʪʘ ʤʦʨʬʦʣʦʛʽʯʥʠʭ ʟʤʽʥ. ʄʦʜʫʣʴ 

ECO Lab ʜʦʟʚʦʣʷʻ ʤʦʜʝʣʶʚʘʪʠ ʩʢʣʘʜʥʽ ʝʢʦʣʦʛʽʯʥʽ ʧʨʦʮʝʩʠ ʪʘ ʧʦʰʠʨʝʥʥʷ ʟʘʙʨʫʜʥʝʥʴ. 

ʉʠʩʪʝʤʘ HEC-RAS (Hydrologic Engineering Center River Analysis System) US 
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Army Corps of Engineers (USACE) ï[148] ʻ  ʧʨʘʢʪʠʯʥʦ ʩʪʘʥʜʘʨʪʦʤ ʜʣʷ ʛʽʜʨʘʚʣʽʯʥʦʛʦ 

ʤʦʜʝʣʶʚʘʥʥʷ ʚ ʉʐɸ. ɺʝʨʩʽʷ HEC-RAS 5.0 (2016 ʨ.) ʜʦʜʘʣʘ ʤʦʞʣʠʚʦʩʪʽ ʜʚʦʚʠʤʽʨʥʦʛʦ 

ʤʦʜʝʣʶʚʘʥʥʷ, ʘ ʚʝʨʩʽʷ 6.0 ʚʢʣʶʯʠʣʘ ʽʥʩʪʨʫʤʝʥʪʠ ʜʣʷ ʘʥʘʣʽʟʫ ʨʫʩʣʦʚʠʭ ʜʝʬʦʨʤʘʮʽʡ ʪʘ 

ʪʨʘʥʩʧʦʨʪʫ ʟʘʙʨʫʜʥʝʥʴ. ʄʦʜʫʣʴ HEC-RAS Water Quality ʜʦʟʚʦʣʷʻ ʤʦʜʝʣʶʚʘʪʠ 

ʪʝʤʧʝʨʘʪʫʨʥʠʡ ʨʝʞʠʤ, ʨʦʟʯʠʥʝʥʠʡ ʢʠʩʝʥʴ, ʮʠʢʣʠ ʘʟʦʪʫ ʪʘ ʬʦʩʬʦʨʫ, ʘ ʪʘʢʦʞ ʪʨʘʥʩʧʦʨʪ 

ʢʦʥʩʝʨʚʘʪʠʚʥʠʭ ʪʨʘʩʝʨʽʚ. GPU-ʧʨʠʩʢʦʨʝʥʥʷ, ʚʧʨʦʚʘʜʞʝʥʝ ʚ  HEC-RAS 2025 [148] 

ʜʦʟʚʦʣʷʻ ʤʦʜʝʣʶʚʘʪʠ ʥʘʜʚʝʣʠʢʽ ʦʙʣʘʩʪʽ ʟ ʤʽʣʴʡʦʥʘʤʠ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʢʦʤʽʨʦʢ. 

TELEMAC-MASCARET [149] ʻ ʚʽʜʢʨʠʪʦʶ ʩʠʩʪʝʤʦʶ ʤʦʜʝʣʶʚʘʥʥʷ, ʧʦʯʘʪʢʦʚʦ 

ʨʦʟʨʦʙʣʝʥʦʶ ʬʨʘʥʮʫʟʴʢʦʶ ʜʝʨʞʘʚʥʦʶ ʢʦʤʧʘʥʽʻʶ EDF (£lectricit® de France). 

ɻʽʜʨʦʜʠʥʘʤʽʯʥʽ ʤʦʜʫʣʽ TELEMAC-2D/3D ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʄʉɽ ʜʣʷ ʨʦʟʚôʷʟʘʥʥʷ ʈʄɺ 

ʥʘ ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʠʭ ʪʨʠʢʫʪʥʠʭ ʩʽʪʢʘʭ. ʄʦʜʫʣʴ TELEMAC-3D ʟʘʙʝʟʧʝʯʫʻ ʪʨʠʚʠʤʽʨʥʝ 

ʤʦʜʝʣʶʚʘʥʥʷ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʩʪʨʘʪʠʬʽʢʘʮʽʾ ʪʘ ʙʘʨʦʢʣʽʥʥʠʭ ʝʬʝʢʪʽʚ. ʉʠʩʪʝʤʘ ʚʢʣʶʯʘʻ 

ʩʧʝʮʽʘʣʽʟʦʚʘʥʽ ʤʦʜʫʣʽ: TOMAWAC ʽ ARTEMIS ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʭʚʠʣʴ, GAIA ʜʣʷ 

ʪʨʘʥʩʧʦʨʪʫ ʥʘʥʦʩʽʚ ʨʽʟʥʠʭ ʬʨʘʢʮʽʡ ʽ ʤʦʨʬʦʜʠʥʘʤʽʢʠ, WAQTEL ʜʣʷ ʷʢʦʩʪʽ ʚʦʜʠ ʪʘ 

ʪʨʘʥʩʧʦʨʪʫ ʟʘʙʨʫʜʥʝʥʴ. ʇʘʨʘʣʝʣʽʟʘʮʽʷ ʥʘ ʦʩʥʦʚʽ domain decomposition ʽ MPI ʜʦʟʚʦʣʷʻ 

ʝʬʝʢʪʠʚʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʧʘʨʘʣʝʣʴʥʽ CPU-ʩʠʩʪʝʤʠ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʚʝʣʠʢʠʭ 

ʘʢʚʘʪʦʨʽʡ ʟ ʜʝʪʘʣʴʥʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ [150]. 

ʇʽʩʣʷ ʘʚʘʨʽʾ ʥʘ ʏʦʨʥʦʙʠʣʴʩʴʢʽʡ ɸɽʉ ʜʣʷ ʟʘʜʘʯ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʦʛʦ 

ʟʘʙʨʫʜʥʝʥʥʷ ʇʨʠʧôʷʪʽ ʽ ɼʥʽʧʨʦʚʩʴʢʠʭ ʚʦʜʦʩʭʦʚʠʱ ʡ  ʦʙˇʨʫʥʪʫʚʘʥʥʷ ʚʦʜʦʦʭʦʨʦʥʥʠʭ 

ʟʘʭʦʜʽʚ ʫ ʏʦʨʥʦʙʠʣʴʩʴʢʽʡ ʟʦʥʽ ʚʽʜʯʫʞʝʥʥʷ ʚ ɯʇʄʄʉ ʅɸʅ ʋʢʨʘʾʥʠ ʟ ʪʨʘʚʥʷ 1986 ʨ. 

ʧʨʦʚʦʜʠʣʘʩʴ ʨʦʟʨʦʙʢʘ ʩʠʩʪʝʤʠ ʤʦʜʝʣʝʡ ʨʽʟʥʦʾ ʨʦʟʤʽʨʥʦʩʪʽ, ʱʦ ʚʢʣʶʯʘʣʘ ʧʦʯʘʪʢʦʚʫ 

ʚʝʨʩʽʶ ʜʚʦʚʠʤʽʨʥʦʾ ʤʦʜʝʣʽ COASTOX-R, ʟʘʩʥʦʚʘʥʦʾ ʥʘ ʨʦʟʚôʷʟʢʫ ʈʄɺ ʥʘ 

ʧʨʷʤʦʢʫʪʥʠʭ ʩʽʪʢʘʭ [95ï97]. 

ʂ 2010-ʤ ʨʦʢʘʤ COASTOX-UN ï ʮʝ ʥʘʡʩʫʯʘʩʥʽʰʘ ʩʠʩʪʝʤʘ ʤʦʜʝʣʶʚʘʥʥʷ 

ʛʽʜʨʦʜʠʥʘʤʽʢʠ (COASTOX-HD), ʪʨʘʥʩʧʦʨʪʫ ʥʘʥʦʩʽʚ (COASTOX-SED) ʽ ʨʘʜʽʦʥʫʢʣʽʜʽʚ 

(COASTOX-RN) ʫ ʨʽʯʢʦʚʠʭ ʩʠʩʪʝʤʘʭ ʽ ʧʨʠʙʝʨʝʞʥʠʭ ʨʘʡʦʥʘʭ ʤʦʨʽʚ ʟ ʫʨʘʭʫʚʘʥʥʷʤ 

ʚʧʣʠʚʫ ʨʽʯʢʦʚʦʛʦ ʩʪʦʢʫ, ʘʪʤʦʩʬʝʨʥʦʛʦ ʪʠʩʢʫ, ʚʽʪʨʫ ʽ ʚʽʪʨʦʚʠʭ ʭʚʠʣʴ. ʈʽʚʥʷʥʥʷ ʤʦʜʝʣʽ 

ʚʢʣʶʯʘʶʪʴ ʈʄɺ, ʜʚʦʚʠʤʽʨʥʽ ʨʽʚʥʷʥʥʷ ʧʝʨʝʥʦʩʫ ʥʘʥʦʩʽʚ ʪʘ ʨʘʜʽʦʥʫʢʣʽʜʽʚ ʽ ʨʽʚʥʷʥʥʷ 

ʦʙʤʽʥʫ ʤʽʞ ʚʦʜʥʦʶ ʪʦʚʱʝʶ ʽ ʚʝʨʭʥʽʤ ʰʘʨʦʤ ʜʥʘ, ʱʦ ʨʦʟʚôʷʟʫʶʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʄʉʆ ʥʘ ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʠʭ ʨʦʟʨʘʭʫʥʢʦʚʠʭ ʩʽʪʢʘʭ ʟ ʪʨʠʢʫʪʥʠʤʠ ʢʦʤʽʨʢʘʤʠ ʟʤʽʥʥʦʛʦ 
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ʨʦʟʤʽʨʫ [7]. COASTOX ʻ ʘʥʘʣʦʛʦʤ ʚʽʜʦʤʠʭ ʽ ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʥʠʭ ʩʠʩʪʝʤ 

ʤʦʜʝʣʶʚʘʥʥʷ, ʪʘʢʠʭ ʷʢ ʟʛʘʜʘʥʽ ʧʨʦʛʨʘʤʥʽ ʢʦʤʧʣʝʢʩʠ MIKE 21, TELEMAC, HEC-RAS. 

COASTOX ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʘʩʷ ʫ ʚʝʣʠʢʽʡ ʢʽʣʴʢʦʩʪʽ ʧʨʦʢ̒ʪʽʚ ʫ ʉʐɸ, ʉʣʦʚʘʯʯʠʥʽ, 

ɯʥʜʦʥʝʟʽʾ, ʉʽʥʛʘʧʫʨʽ, ʗʧʦʥʽʾ ʪʘ ʋʢʨʘʾʥʽ [133, 151ï153, 113, 29, 24]. COASTOX-HD, 

ʨʘʟʦʤ ʟ COASTOX-SED-RN ʚʢʣʶʯʝʥʦ ʚ ʤʦʜʫʣʴ ʜʚʦʚʠʤʽʨʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʜʠʩʧʝʨʩʽʾ 

ʨʘʜʽʦʥʫʢʣʽʜʽʚ ʫ ʚʦʜʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ ʜʣʷ ʩʠʩʪʝʤʠ ʧʽʜʪʨʠʤʢʠ ʧʨʠʡʥʷʪʪʷ ʨʽʰʝʥʴ 

(ʉʇʇʈ) ʟ ʨʝʘʛʫʚʘʥʥʷ  ʥʘ ʨʘʜʽʘʮʽʡʥʽ ʘʚʘʨʽʾ JRODOS [8], ʷʢʘ ʨʦʟʨʦʙʣʷʣʘʩʴ ʟ 1992 ʚ 

ʧʨʦ̒ʢʪʘʭ  ʈʘʤʢʦʚʠʭ ʅɼʈ ʧʨʦʢ̒ʪʽʚ ɭʉ. ʅʘ ʦʩʥʦʚʽ COASTOX-HD ʨʦʟʨʦʙʣʝʥʦ ʜʝʢʽʣʴʢʘ 

ʉʇʇʈ y ʛʽʜʨʦʣʦʛʽʯʥʦʛʦ ʧʨʦʛʥʦʟʫʚʘʥʥʷ: ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʟʘʪʦʧʣʝʥʥʷ ʙʝʨʝʛʽʚ ʨ. ɼʥʽʧʨʦ ʫ 

ʤ. ʂʠʚ̒̔ [154], ʤʦʜʝʣʶʚʘʥʥʷ ʧʦʚʝʥʝʡ ʥʘ ʨ. ɼʥʽʩʪʝʨ ʫ ʤ. ʄʦʛʠʣʽʚ-ʇʦʜʽʣʴʩʴʢʠʡ [22].  

ɺʠʢʦʨʠʩʪʘʥʥʷ ʧʦʜʽʙʥʠʭ ʩʠʩʪʝʤ ʤʦʜʝʣʝʡ ʜʣʷ ʨʦʟʚôʷʟʢʫ ʢʦʤʧʣʝʢʩʥʠʭ 

ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʟʘʜʘʯ ʫ ʚʦʜʦʡʤʘʭ ʚʝʣʠʢʦʛʦ ʨʦʟʤʽʨʫ, ʟ ʚʠʩʦʢʦʶ ʜʝʪʘʣʽʟʘʮʽʻʶ, ʥʘ 

ʪʨʠʚʘʣʠʭ ʯʘʩʦʚʠʭ ʧʝʨʽʦʜʘʭ ʧʦʪʨʝʙʫʻ ʟʥʘʯʥʠʭ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʨʝʩʫʨʩʽʚ. ʊʦʤʫ, ʘʚʪʦʨʦʤ 

ʮʴʦʛʦ ʜʠʩʝʨʪʘʮʽʡʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʟ 2008 ʨʦʢʫ ʨʦʟʚʠʚʘʣʠʩʷ ʽʥʬʦʨʤʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾ 

ʥʘ ʦʩʥʦʚʽ ʧʘʨʘʣʝʣʽʟʘʮʽʾ ʾʾ ʘʣʛʦʨʠʪʤʽʚ ʩʠʩʪʝʤʠ COASTOX ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʩʠʩʪʝʤʠ 

ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ  COASTOX-PRL.  

ʂʨʽʤ ʩʠʩʪʝʤʠ COASTOX, ʚ ʋʢʨʘʾʥʽ ʘʢʪʠʚʥʦ ʨʦʟʚʠʚʘʶʪʴʩʷ ʡ ʽʥʰʽ ʽʥʬʦʨʤʘʮʽʡʥʽ 

ʩʠʩʪʝʤʠ ʜʣʷ ʘʥʘʣʽʟʫ ʩʪʘʥʫ ʚʦʜʥʠʭ ʦʙôʻʢʪʽʚ. ɿʦʢʨʝʤʘ ʚ ɯʇʄʄʉ ʅɸʅ ʋʢʨʘʾʥʠ 

ʨʦʟʨʦʙʣʷʶʪʴʩʷ: 

¶ ɾʝʣʝʟʥʷʢʦʤ ʄ. ʁ., ʂʽʚʚʦʶ ʠ ʉ.ʃ. ʪʘ ʽʥ. ï ʩʠʩʪʝʤʘ ʦʜʥʦʚʠʤʽʨʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ 

ʛʽʜʨʦʜʠʥʘʤʽʢʠ ʽ ʟʘʙʨʫʜʥʝʥʥʷ ʨʽʯʦʢ ï RIVTOX, ʘ ʪʘʢʦʞ ʩʠʩʪʝʤʘ ʨʘʜʽʘʮʽʡʥʦʛʦ 

ʟʘʙʨʫʜʥʝʥʥʷ ʚʦʜʦʟʙʦʨʽʚ [7, 8, 155]; 

¶ ʄʘʜʝʨʠʯʝʤ ɺ. ʉ., ɹʨʦʚʯʝʥʢʦ ɯ. ʆ., ɹʝʞʝʥʘʨʦʤ ʈ. ɺ. ʪʘ ʽʥ. ï ʪʨʠʚʠʤʽʨʥʽ ʤʦʜʝʣʽ 

ʛʽʜʨʦʜʠʥʘʤʽʢʠ ʪʘ ʟʘʙʨʫʜʥʝʥʥʷ ʚʦʜʥʠʭ ʩʠʩʪʝʤ (THREETOX ʪʘ ʽʥ.) [156ï158]; 

¶ ɹʝʞʝʥʘʨʦʤ ʈ. ɺ., ʄʘʜʝʨʠʯʝʤ ɺ. ʉ. ï ʙʦʢʩʦʚʘ ʤʦʜʝʣʴ ʨʘʜʽʦʘʢʪʠʚʥʦʛʦ ʟʘʙʨʫʜʥʝʥʥʷ 

ʭʘʨʯʦʚʠʭ ʣʘʥʮʶʛʽʚ ʚʦʜʥʦʾ ʙʽʦʪʠ ʪʘ ʨʦʟʨʘʭʫʥʢʫ ʜʦʟ ï POSEIDON [159]. 

ɺ ɯʥʩʪʠʪʫʪʽ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡ ʽ ʛʣʦʙʘʣʴʥʦʛʦ ʽʥʬʦʨʤʘʮʽʡʥʦʛʦ ʧʨʦʩʪʦʨʫ ʅɸʅ 

ʋʢʨʘʾʥʠ ʊʨʦʬʠʤʯʫʢʦʤ ʆ.ʄ., ʂʘʣʶʭʦʤ ʖ.ɯ. ʪʘ ʽʥ. ʨʦʟʚʠʚʘʶʪʴʩʷ ʪʝʭʥʦʣʦʛʽʾ ʦʙʯʠʩʣʝʥʴ 

ʥʝʣʽʥʽʡʥʦʾ ʜʠʥʘʤʽʢʠ ʨʦʟʧʦʜʽʣʝʥʠʭ (ʙʫʢʩʠʨʫʚʘʥʠʭ) ʩʠʩʪʝʤ ʫ ʧʦʪʦʮʽ [160, 161]. 

ʋ ɺʽʥʥʠʮʴʢʦʤʫ ʥʘʮʽʦʥʘʣʴʥʦʤʫ ʪʝʭʥʽʯʥʦʤʫ ʫʥʽʚʝʨʩʠʪʝʪʽ ʄʦʢʽʥʠʤ ɺ. ɹ., 
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ʂʨʠʞʘʥʽʚʩʴʢʠʤ ɭ. ʄ. ʪʘ ʽʥ. ʨʦʟʨʦʙʣʷʶʪʴʩʷ ʽʥʬʦʨʤʘʮʽʡʥʽ ʩʠʩʪʝʤʠ ʢʦʥʪʨʦʣʶ ʷʢʦʩʪʽ ʚʦʜ 

ʥʘ ʦʩʥʦʚʽ ʜʘʥʠʭ ʤʦʥʽʪʦʨʠʥʛʫ [162, 163]. 

ɺ ɯʥʩʪʠʪʫʪʽ ʛʽʜʨʦʤʝʭʘʥʽʢʠ ʅɸʅ ʋʢʨʘʾʥʠ ʗʢʦʚʣʝʚʠʤ ɺ. ɺ., ɺʦʩʢʦʙʽʡʥʠʢʦʤ ɺ. ɸ., 

ʆʩʪʨʦʚʝʨʭʦʤ ɹ. ʄ. ʪʘ ʽʥ. ʜʦʩʣʽʜʞʫʚʘʣʠʩʷ ʤʦʜʝʣʽ ʭʚʠʣʴʦʚʠʭ ʧʨʦʮʝʩʽʚ ʥʘ ʦʩʥʦʚʽ ʤʦʜʝʣʽ 

ʚʽʜʢʨʠʪʦʛʦ ʜʦʩʪʫʧʫ SWAN ʪʘ ʚʣʘʩʥʦʾ ʧʦʢʨʘʱʝʥʦʾ ʤʦʜʝʣʽ ʧʦʣʦʛʠʭ ʩʭʠʣʽʚ ʜʣʷ ʘʥʘʣʽʟʫ 

ʥʘʩʣʽʜʢʽʚ ʪʝʭʥʦʛʝʥʥʠʭ ʚʧʣʠʚʽʚ ʥʘ ʤʦʨʩʴʢʫ ʯʘʩʪʠʥʫ ʜʝʣʴʪʠ ɼʫʥʘʶ [111, 164, 165]. 

ɺ ʋʢʨʘʾʥʩʴʢʦʤʫ ʛʽʜʨʦʤʝʪʝʦʨʦʣʦʛʽʯʥʦʤʫ ʽʥʩʪʠʪʫʪʽ ʅɸʅ ʋʢʨʘʾʥʠ ̔  ɼʉʅʉ 

ʆʩʠʧʦʚʠʤ ɺ. ɺ., ʉʧʝʢʦʶ ʆ. ʉ., ʆʩʘʜʯʠʤ ɺ. ɯ. ʪʘ ʽʥ. ʧʨʦʚʦʜʠʣʠʩʴ ʜʦʩʣʽʜʞʝʥʥʷ ʟ 

ʨʦʟʨʦʙʢʠ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʩʪʦʢʫ ʙʘʩʝʡʥʫ ʨ ɼʝʩʥʘ ʥʘ ʦʩʥʦʚʽ 

ʤʦʜʝʣʽ SWAT (Soil and Water Assessment Tool) [166], ʘ ʪʘʢʦʞ ʆʩʘʜʯʠʤ ɺ. ɯ., ʌʦʤʽʥʠʤ 

ɺ. ɺ., ɯʣʴʽʥʠʤ ʖ. ʇ. ʪʘ ʽʥ. ï ʟ ʚʧʨʦʚʘʜʞʝʥʥʷ ʤʦʜʝʣʽ SWAN ʜʣʷ ʦʧʝʨʘʪʠʚʥʦʛʦ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ  ʭʚʠʣʴʦʚʠʭ ʧʦʣʽʚ ʚ ʧʨʠʙʝʨʝʞʥʽʡ ʟʦʥʽ ɸʟʦʚʩʴʢʦʛʦ ʽ ʏʦʨʥʦʛʦ ʤʦʨʽʚ [167]. 

ʅʘ ʬʘʢʫʣʴʪʝʪʽ ʛʽʜʨʦʤʝʪʝʦʨʦʣʦʛʽʾ ʽ ʝʢʦʣʦʛʽʾ ʆʜʝʩʴʢʦʛʦ ʥʘʮʽʦʥʘʣʴʥʦʛʦ 

ʫʥʽʚʝʨʩʠʪʝʪʫ ʽʤʝʥʽ ɯ. ɯ. ʄʝʯʥʠʢʦʚʘ ʆʚʯʘʨʫʢ ɺ. ɸ., ʃʦʙʦʜʦʶ ʅ. ʉ. ʪʘ ʽʥ. ʨʦʟʨʦʙʣʷʶʪʴʩʷ 

ʛʽʜʨʦʣʦʛʽʯʥʽ ʤʦʜʝʣʽ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʩʪʦʢʫ ʨʽʯʦʢ ʋʢʨʘʾʥʠ ʫ ʢʦʨʦʪʢʦ- ̔  ʜʦʚʛʦʩʪʨʦʢʦʚʽʡ 

ʧʝʨʩʧʝʢʪʠʚʽ [168, 169], ʘ ʪʘʢʦʞ ʊʫʯʢʦʚʝʥʢʦ ʖ. ʉ., ʂʫʰʥʽʨʦʤ ɼ. ɺ., ʪʘ ʽʥ. ʪʨʠʚʠʤʽʨʥʘ 

ʤʦʜʝʣʴ Delft3D ʽ ʭʚʠʣʴʦʚʘ ʤʦʜʝʣʴ SWAN ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʩʪʘʥʫ 

ʧʽʚʥʽʯʥʦ-ʟʘʭʽʜʥʦʾ ʯʘʩʪʠʥʠ ʏʦʨʥʦʛʦ ʤʦʨʷ [170, 171]. 

ʋʧʨʦʚʘʜʞʝʥʥʷ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʡ ʘʥʘʣʽʟʫ ʩʪʘʥʫ 

ʧʽʚʥʽʯʥʦ-ʟʘʭʽʜʥʦʾ ʯʘʩʪʠʥʠ ʏʦʨʥʦʛʦ ʤʦʨʷ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʦʜʝʣʝʡ Delft3D ʽ SWAN 

ʪʘʢʦʞ ʨʦʟʚʠʚʘʻʪʴʩʷ ʫ ʩʧʽʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʥʷʭ ɯʥʩʪʠʪʫʪʫ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡ ʽ ʛʣʦʙʘʣʴʥʦʛʦ 

ʽʥʬʦʨʤʘʮʽʡʥʦʛʦ ʧʨʦʩʪʦʨʫ ʅɸʅ ʋʢʨʘʾʥʠ ̔  ʅʘʫʢʦʚʦʛʦ ʛʽʜʨʦʬʽʟʠʯʥʦʛʦ ʮʝʥʪʨʫ ʅɸʅ 

ʋʢʨʘʾʥʠ ï ʃʝʙʽʜʴ ʆ. ɻ., ʑʠʧʮʦʚʠʤ ʆ. ɸ., ʐʫʥʜʝʣʝʤ ʆ. ɯ. ʪʘ ʽʥ. [172, 173, 174]. 

ʄʦʜʝʣʶʚʘʥʥʷ ʜʦʚʛʦʩʪʨʦʢʦʚʠʭ ʢʣʽʤʘʪʠʯʥʠʭ ʟʤʽʥ ʩʪʦʢʫ ʨʽʯʦʢ ʋʢʨʘʾʥʠ 

ʧʨʦʚʦʜʠʪʴʩʷ ʥʘ ʛʝʦʛʨʘʬʽʯʥʦʤʫ ʬʘʢʫʣʴʪʝʪʽ ʂʅʋ ʽʤ. ʐʝʚʯʝʥʢʘ ʉʥʽʞʢʦ ʉ. ɯ., ɼʽʜʦʚʮʝʤ 

ʖ. ʉ. ʪʘ ʽʥ. ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʦʜʝʣʽ SWIM (Soil and Water Integrated Model) [175, 176]. 

ɺʽʜʤʽʪʠʤʦ, ʱʦ ʧʨʠ ʰʠʨʦʢʦʤʫ ʬʨʦʥʪʽ ʚʢʘʟʘʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʚ ʋʢʨʘʾʥʽ, ʨʦʟʨʦʙʢʘ 

ʩʫʯʘʩʥʠʭ ʩʠʩʪʝʤ ʧʘʨʘʣʝʣʴʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʨʽʯʢʦʚʠʭ ʽ ʧʨʠʙʝʨʝʞʥʠʭ ʩʠʩʪʝʤ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʥʘʡʩʫʯʘʩʥʽʰʠʭ ʪʝʭʥʦʣʦʛʽʡ ʨʦʟʧʘʨʘʣʝʣʝʥʥʷ ʥʘ GPU ʜʦ ʧʦʯʘʪʢʫ ʥʘʰʦʛʦ 

ʜʦʩʣʽʜʞʝʥʥʷ ʥʝ ʧʨʦʚʦʜʠʣʠʩʴ.  
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1.4 ɺʠʩʥʦʚʢʠ ʜʦ ʨʦʟʜʽʣʫ 1 

 

 

1. ʆʛʣʷʜʦʤ ʩʚʽʪʦʚʠʭ ʪʘ ʫʢʨʘʾʥʩʴʢʠʭ ʜʦʩʣʽʜʞʝʥʴ ʧʦʢʘʟʘʥʦ ʘʢʪʫʘʣʴʥʽʩʪʴ ʪʘ 

ʘʜʝʢʚʘʪʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʦʜʝʣʝʡ ʥʘ ʦʩʥʦʚʽ ʜʚʦʚʠʤʽʨʥʠʭ ʨʽʚʥʷʥʴ ʫ 

ʯʘʩʪʠʥʥʠʭ ʧʦʭʽʜʥʠʭ, ʘ ʪʘʢʦʞ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʩʪʚʦʨʝʥʠʭ ʥʘ ʾʭ ʦʩʥʦʚʽ, ʜʣʷ ʦʮʽʥʢʠ 

ʪʝʭʥʦʛʝʥʥʠʭ ʚʧʣʠʚʽʚ ʥʘ ʩʪʘʥ ʨʽʯʦʢ ʪʘ ʧʨʠʙʝʨʝʞʥʦʾ ʟʦʥʠ ʤʦʨʷ. 

2. ʇʦʢʘʟʘʥʦ ʥʝʦʙʭʽʜʥʽʩʪʴ ʧʘʨʘʣʝʣʽʟʘʮʽʾ, ʚʠʢʣʠʢʘʥʫ ʧʨʘʢʪʠʯʥʠʤʠ ʧʦʪʨʝʙʘʤʠ 

ʪʘ ʧʽʜʪʨʠʤʘʥʫ ʨʦʟʚʠʪʢʦʤ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʤʝʪʦʜʽʚ, ʘ ʪʘʢʦʞ ʘʢʪʫʘʣʴʥʽʩʪʴ 

ʨʦʟʨʦʙʢʠ ʛʽʙʨʠʜʥʠʭ ʪʝʭʥʦʣʦʛʽʡ, ʱʦ ʦʨʽʻʥʪʫʶʪʴʩʷ ʥʘ ʩʫʯʘʩʥʽ ʛʝʪʝʨʦʛʝʥʥʽ 

ʦʙʯʠʩʣʶʚʘʣʴʥʽ ʩʠʩʪʝʤʠ. 

3. ɿʘ ʦʛʣʷʜʦʤ ʧʽʜʭʦʜʽʚ ʜʦ ʨʦʟʧʘʨʘʣʝʣʝʥʥʷ ʨʦʟʚôʷʟʢʽʚ ʨʽʚʥʷʥʴ ʫ ʯʘʩʪʠʥʥʠʭ 

ʧʦʭʽʜʥʠʭ ʦʙˇʨʫʥʪʦʚʘʥʦ ʜʦʮʽʣʴʥʽʩʪʴ ʛʽʙʨʠʜʥʦʛʦ ʧʽʜʭʦʜʫ, ʱʦ ʧʦʻʜʥʫʻ ʧʘʨʘʣʝʣʽʟʘʮʽʶ ʥʘ 

ʦʩʥʦʚʽ ʜʝʢʦʤʧʦʟʠʮʽʾ ʦʙʣʘʩʪʽ ʽ ʧʘʨʘʣʝʣʴʥʠʭ MPI-ʧʨʦʮʝʩʽʚ, ʱʦ ʦʨʽʻʥʪʫʻʪʴʩʷ ʥʘ 

ʨʦʟʧʦʜʽʣʝʥʽ ʦʙʯʠʩʣʶʚʘʣʴʥʽ ʩʠʩʪʝʤʠ, ʪʘ ʜʠʨʝʢʪʠʚʠ OpenACC, ʷʢʽ ʧʽʜʪʨʠʤʫʶʪʴ  

ʩʠʩʪʝʤʠ ʟʽ ʩʧʽʣʴʥʦʶ ʧʘʤôʷʪʪʶ, ʙʘʛʘʪʦʷʜʝʨʥʽ CPU ʪʘ GPU. 

4. ʆʛʣʷʜʦʤ ʧʦʧʝʨʝʜʥʽʭ ʜʦʩʣʽʜʞʝʥʴ ʦʙˇʨʫʥʪʦʚʘʥʦ ʜʦʮʽʣʴʥʽʩʪʴ ʩʪʚʦʨʝʥʥʷ 

ʥʦʚʦʾ ʧʘʨʘʣʝʣʴʥʦʾ ʩʠʩʪʝʤʠ COASTOX-PRL ʥʘ ʦʩʥʦʚʽ ʥʝʧʘʨʘʣʝʣʴʥʦʾ ʩʠʩʪʝʤʠ 

COASTOX, ʨʦʟʨʦʙʣʝʥʦʾ ʚ ɯʇʄʄʉ ʅɸʅ ʋʢʨʘʾʥʠ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʭʚʠʣʴ, ʪʝʯʽʡ, 

ʧʝʨʝʬʦʨʤʫʚʘʥʥʷ ʜʥʘ ʪʘ ʜʠʥʘʤʽʢʠ ʟʘʙʨʫʜʥʝʥʴ, ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʦʙˇʨʫʥʪʦʚʘʥʦʛʦ 

ʛʽʙʨʠʜʥʦʛʦ ʧʽʜʭʦʜʫ. 

ʆʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʨʦʟʜʽʣʫ ʦʧʫʙʣʽʢʦʚʘʥʽ ʘʚʪʦʨʦʤ ʫ ʨʦʙʦʪʘʭ [1, 2, 4ï9, 13ï15, 20, 

26, 27].  
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ʈʆɿɼɯʃ 2 

ʈʆɿɺʀʊʆʂ ʊɽʍʅʆʃʆɻɯɰ ʇɸʈɸʃɽʃɯɿɸʎɯɰ ɼɺʆɺʀʄɯʈʅʀʍ ʄʆɼɽʃɽʁ 

ɼʀʅɸʄɯʂʀ ɺʆɼʆʁʄ ɼʃʗ CPU-ʉʀʉʊɽʄ ɯ ɻʈɸʌɯʏʅʀʍ ʇʈʀʉʂʆʈʖɺɸʏɯɺ 

 

 

ʋ ʨʦʟʜʽʣʽ ʧʦʩʣʽʜʦʚʥʦ ʧʨʝʜʩʪʘʚʣʝʥʽ ʪʝʭʥʦʣʦʛʽʾ ʧʘʨʘʣʝʣʽʟʘʮʽʾ ʤʘʪʝʤʘʪʠʯʥʠʭ 

ʤʦʜʝʣʝʡ, ʱʦ ʚʭʦʜʷʪʴ ʜʦ ʩʢʣʘʜʫ ʤʦʜʝʣʶʶʯʦʾ ʩʠʩʪʝʤʠ COASTOX-PRL, ʜʣʷ ʩʫʯʘʩʥʠʭ 

ʛʽʙʨʠʜʥʠʭ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʩʠʩʪʝʤ. ʇʽʜ ʥʠʤʠ ʨʦʟʫʤʽʶʪʴʩʷ ʷʢ ʦʢʨʝʤʽ ʦʙʯʠʩʣʶʚʘʣʴʥʽ 

ʚʫʟʣʠ ʟʽ ʩʧʽʣʴʥʦʶ ʧʘʤôʷʪʪʶ, ʱʦ ʤʦʞʫʪʴ ʤʽʩʪʠʪʠ ʜʝʢʽʣʴʢʘ ʙʘʛʘʪʦʷʜʝʨʥʠʭ CPU ʪʘ GPU, 

ʪʘʢ ʽ ʢʣʘʩʪʝʨʠ ʟ ʨʦʟʧʦʜʽʣʝʥʦʶ ʧʘʤôʷʪʪʶ, ʱʦ ʦʙôʻʜʥʫʶʪʴ ʪʘʢʽ ʚʫʟʣʠ. 

 

 

2.1 ɯʥʬʦʨʤʘʮʽʡʥʘ ʪʝʭʥʦʣʦʛʽʷ ʨʦʟʧʘʨʘʣʝʣʶʚʘʥʥʷ ʣʽʥʽʡʥʦʾ ʤʦʜʝʣʽ ʭʚʠʣʴ ʚ 

ʧʨʠʙʝʨʝʞʥʽʡ ʟʦʥʽ ʤʦʨʷ ʜʣʷ ʢʦʤʧôʶʪʝʨʽʚ ʟ ʨʦʟʧʦʜʽʣʝʥʦʶ ʧʘʤôʷʪʪʶ 

 

 

ʈʦʟʚʠʥʝʥʘ ʚ ɯʇʄʄʉ ʤʦʜʝʣʴ ʪʨʘʥʩʬʦʨʤʘʮʽʾ ʭʚʠʣʴ ʫ ʧʨʠʙʝʨʝʞʥʽʡ ʟʦʥʽ HWAVE 

[112, 113] ʻ ʩʢʣʘʜʦʚʦʶ ʩʠʩʪʝʤʠ COASTOX-PRL ʜʣʷ ʟʚôʷʟʘʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʭʚʠʣʴ, 

ʪʝʯʽʡ, ʪʨʘʥʩʧʦʨʪʫ ʥʘʥʦʩʽʚ ʪʘ ʧʝʨʝʬʦʨʤʫʚʘʥʥʷ ʜʥʘ. ʆʩʥʦʚʥʽ ʨʽʚʥʷʥʥʷ ʤʦʜʝʣʽï ʮʝ ʈʇʉ. 

ʈʇʉ ʚʧʝʨʰʝ ʩʬʦʨʤʫʣʴʦʚʘʥʽ Berkhoff [103] ʚ ʝʣʽʧʪʠʯʥʽʡ ʬʦʨʤʽ ʜʣʷ ʭʚʠʣʴʦʚʦʛʦ 

ʧʦʪʝʥʮʽʘʣʫ •ὼȟώȟὸ ʚ ʥʘʙʣʠʞʝʥʥʽ ʣʽʥʽʡʥʠʭ ʭʚʠʣʴ (ὌḺὰ) ʪʘ ʤʘʣʠʭ ʫʭʠʣʽʚ ʜʥʘ (‏Ḻ

Ὤὰϳ , Ὤ ï ʛʣʠʙʠʥʘ ʚʽʜʥʦʩʥʦ ʫʩʪʘʣʝʥʦʛʦ ʨʽʚʥʷ ʚʦʜʠ, Ὄ ï ʚʠʩʦʪʘ ʭʚʠʣʽ, ‏ ï ʩʝʨʝʜʥʽʡ ʫʭʠʣ 

ʜʥʘ ʥʘ ʜʦʚʞʠʥʽ Ὤ, ὰ Ὣ‫ϳ  ï ʭʘʨʘʢʪʝʨʥʘ ʜʦʚʞʠʥʘ ʭʚʠʣʽ, ï ʢʫʪʦʚʘ ʯʘʩʪʦʪʘ). ɺʦʥʠ ‫ 

ʦʧʠʩʫʶʪʴ ʚʽʜʙʠʪʪʷ ʚʽʜ ʧʝʨʝʰʢʦʜ, ʜʠʬʨʘʢʮʽʶ ʪʘ ʨʝʬʨʘʢʮʽʶ ʤʦʥʦʭʨʦʤʘʪʠʯʥʠʭ ʭʚʠʣʴ.  

ʋ HWAVE ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʛʽʧʝʨʙʦʣʽʯʥʘ, ʯʘʩʦʚʦ-ʟʘʣʝʞʥʘ ʬʦʨʤʘ ʨʽʚʥʷʥʴ, ʷʢʘ 

ʜʦʜʘʪʢʦʚʦ ʚʨʘʭʦʚʫʻ ʪʨʘʥʩʬʦʨʤʘʮʽʶ ʭʚʠʣʴ ʥʘ ʪʝʯʽʷʭ (ʘʥʘʣʦʛʽʯʥʦ [177]): 

 

• ‎ • ​ẗὦ​• „ Ὧὦ• π,                     (2.1) 

Ὗᴆẗ​, ​ ȟ . 



33 

‫ „ ὯᴆẗὟᴆ, „ ὫὯÔÁÎÈὯὬ – , 

ὦ ὧẗὧ, ὧ ÔÁÎÈὯὬ – , ὧ ὧẗρ Ὃ, Ὃ . 

 

ʊʫʪ „  ï ʢʫʪʦʚʘ ʯʘʩʪʦʪʘ ʫ ʩʠʩʪʝʤʽ ʢʦʦʨʜʠʥʘʪ, ʧʦʚôʷʟʘʥʽʡ ʟ ʪʝʯʽʻʶ; ὧ  ̔ ὧ  ï ʬʘʟʦʚʘ ʪʘ 

ʛʨʫʧʦʚʘ ʰʚʠʜʢʦʩʪʽ; Ὧᴆ ὯÃÏÓ—ȟὯÓÉÎ— , ʜʝ Ὧὼȟώ  ï ʭʚʠʣʴʦʚʝ ʯʠʩʣʦ, —  ï ʢʫʪ ʤʽʞ 

ʥʘʧʨʷʤʢʦʤ ʭʚʠʣʽ ʪʘ ʚʽʩʩʶ ὼ ; –  ï ʨʽʚʝʥʴ ʚʽʣʴʥʦʾ ʧʦʚʝʨʭʥʽ, ʦʙʫʤʦʚʣʝʥʠʡ ʚʠʢʣʶʯʥʦ 

ʪʝʯʽʻʶ. ʋ (2.1) ʧʝʨʝʜʙʘʯʘʻʪʴʩʷ, ʱʦ ʪʝʯʽʷ ʫʩʪʘʣʝʥʘ ʥʘ ʯʘʩʦʚʠʭ ʤʘʩʰʪʘʙʘʭ ʧʦʨʷʜʢʫ 

ʧʝʨʽʦʜʫ ʭʚʠʣʽ, ʘ ʾʾ ʰʚʠʜʢʽʩʪʴ Ὗᴆ ὟȟὟ   ʧʦʚʽʣʴʥʦ ʟʤʽʥʶʻʪʴʩʷ ʥʘ ʧʨʦʩʪʦʨʦʚʠʭ 

ʤʘʩʰʪʘʙʘʭ ʧʦʨʷʜʢʫ ʜʦʚʞʠʥʠ ʭʚʠʣʽ, ʪʦʙʪʦ ȿ​Ὗȿȟ​Ὗ Ḻὧὰϳ  [178]. 

ɺ (2.1) ʪʘʢʦʞ ʚʨʘʭʦʚʫʻʪʴʩʷ ʜʠʩʠʧʘʮʽʷ ʝʥʝʨʛʽʾ ʭʚʠʣʴ, ʦʙʫʤʦʚʣʝʥʘ ʜʦʥʥʠʤ ʪʝʨʪʷʤ 

‎ (ʟʛʽʜʥʦ ʟ [179]) ʪʘ ʦʙʚʘʣʝʥʥʷʤ ʭʚʠʣʴ ‎, (ʟʛʽʜʥʦ ʟ [180]): 

ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʧʽʜʭʽʜ [108] ʟ ʚʚʝʜʝʥʥʷʤ ʚʝʢʪʦʨʘ ʧʦʪʦʢʽʚ ὗᴆ ὗȟὗ  , 

ʚʨʘʭʦʚʫʶʯʠ ʛʘʨʤʦʥʽʯʥʫ ʟʘʣʝʞʥʽʩʪʴ ʟʤʽʥʥʠʭ ʚʽʜ ʯʘʩʫ ʽ ʥʝʭʪʫʶʯʠ ʯʣʝʥʘʤʠ ʚʠʱʦʛʦ 

ʧʦʨʷʜʢʫ ʤʘʣʦʩʪʽ, ʨʽʚʥʷʥʥʷ ʜʨʫʛʦʛʦ ʧʦʨʷʜʢʫ (2.1) ʟʚʦʜʷʪʴʩʷ ʚ ʤʦʜʝʣʽ ʜʦ ʩʠʩʪʝʤʠ 

ʨʽʚʥʷʥʴ ʧʝʨʰʦʛʦ ʧʦʨʷʜʢʫ: 

 

ᴆ
ὦ​• ὟᴆὟᴆẗ​• Ὗᴆ‎• ,                                (2.2) 

ὶ ​ὗᴆ ςὟᴆẗ​• ‎•, ὶ . 

 

ʈʽʚʝʥʴ ʚʽʣʴʥʦʾ ʧʦʚʝʨʭʥʽ – ʚ ʤʦʜʝʣʽ ʦʙʯʠʩʣʶʻʪʴʩʷ ʟʘ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ 

 

– • Ὗ Ὗ ‎ .                       (2.3) 

 

ʈʦʟʧʦʜʽʣ ʚʠʩʦʪ ʭʚʠʣʴ ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʯʝʨʝʟ ʩʝʨʝʜʥʻ ʟʥʘʯʝʥʥʷ ʚʽʜ ʨʽʚʥʷ ʚʽʣʴʥʦʾ 

ʧʦʚʝʨʭʥʽ ʟʘ ʧʝʨʽʦʜ ʚ ʢʦʞʥʽʡ ʪʦʯʮʽ ʧʨʦʩʪʦʨʫ, ʥʘʧʨʷʤʦʢ ʭʚʠʣʴ ï ʯʝʨʝʟ ʩʝʨʝʜʥʽ ʟʥʘʯʝʥʥʷ 

ʢʦʤʧʦʥʝʥʪ ʚʝʢʪʦʨʘ ʧʦʪʦʢʫ [108]: 
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Ὄ ςς–
ϳ
, — ÁÒÃÔÁÎὗ ὗϳ .                            (2.4) 

 

ɼʣʷ ʦʙʯʠʩʣʝʥʥʷ ʟʚʦʨʦʪʥʦʛʦ ʚʧʣʠʚʫ ʭʚʠʣʴ ʥʘ ʪʝʯʽʾ ʪʘ ʪʨʘʥʩʧʦʨʪ ʥʘʥʦʩʽʚ 

ʥʝʦʙʭʽʜʥʦ ʟʥʘʪʠ ʨʘʜʽʘʮʽʡʥʽ ʥʘʧʨʫʛʠ ʪʘ ʩʠʣʠ, ʱʦ ʚʠʢʣʠʢʘʶʪʴʩʷ ʭʚʠʣʷʤʠ. ʊʝʥʟʦʨ 

ʨʘʜʽʘʮʽʡʥʠʭ ʥʘʧʨʫʞʝʥʴ ʫ HWAVE ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʟʛʽʜʥʦ ʟ [181]: 

 

Ὓ Ὁ ὰὰ Ὁ ρ‏ ,                              (2.5) 

Ὁ πȢυ”Ὣὥ, ὰ ὯȾὯ, ‌ȟ‍ ὼȟώ, Ὧ ὯÃÏÓ—, Ὧ ὯÓÉÎ—. 

 

ɼʦʪʠʯʥʽ ʥʘʧʨʫʞʝʥʥʷ ʥʘ ʧʦʚʝʨʭʥʽ, ʚʦʜʠ ʚʠʢʣʠʢʘʥʽ ʭʚʠʣʷʤʠ, †, ʦʙʯʠʩʣʶʶʪʴʩʷ 

ʯʝʨʝʟ ʪʝʥʟʦʨ Ὓ  ʟʛʽʜʥʦ ʟ 

 

† , † .                         (2.6) 

 

ɺʽʜʧʦʚʽʜʥʦ, ʧʽʩʣʷ ʟʘʚʝʨʰʝʥʥʷ ʨʦʟʨʘʭʫʥʢʫ ʭʚʠʣʴʦʚʽ ʧʘʨʘʤʝʪʨʠ Ὄ , — , ʪʘ  ‫ 

ʜʦʪʠʯʥʽ ʥʘʧʨʫʞʝʥʥʷ † ʤʦʞʫʪʴ ʙʫʪʠ ʧʝʨʝʜʘʥʽ ʜʦ ʤʦʜʫʣʷ ʪʝʯʽʡ ʽ ʪʨʘʥʩʧʦʨʪʫ ʥʘʥʦʩʽʚ ʫ 

ʩʢʣʘʜʽ ʩʠʩʪʝʤʠ COASTOX. 

ʏʠʩʝʣʴʥʘ ʘʧʨʦʢʩʠʤʘʮʽʷ ʩʠʩʪʝʤʠ ʨʽʚʥʷʥʴ (2.2) ʚʠʢʦʥʘʥʘ ʥʘ ʧʨʷʤʦʢʫʪʥʽʡ 

ʨʽʚʥʦʤʽʨʥʽʡ ʩʽʪʮʽ ʟ ʨʦʟʙʠʪʪʷʤ ʟʘ ʥʘʧʨʷʤʢʘʤʠ. ɼʣʷ ʨʝʘʣʽʟʘʮʽʾ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ ʫ ʤʦʜʝʣʽ 

ʘʚʪʦʤʘʪʠʯʥʦ ʩʪʚʦʨʶʻʪʴʩʷ ʨʦʟʨʘʭʫʥʢʦʚʘ ʩʽʪʢʘ ʧʦʚʝʨʥʝʥʘ ʪʘʢ, ʱʦʙ ʚʽʩʴ ὼ  ʩʠʩʪʝʤʠ 

ʢʦʦʨʜʠʥʘʪ ʙʫʣʘ ʩʧʨʷʤʦʚʘʥʘ ʫʟʜʦʚʞ ʥʘʧʨʷʤʢʫ ʭʚʠʣʽ, ʘ ʚʽʩʴ ώ  ï ʫʟʜʦʚʞ ʭʚʠʣʴʦʚʦʛʦ 

ʬʨʦʥʪʫ (ʨʠʩ. 2.1). 

ʇʦʚʝʨʥʝʥʘ ʩʽʪʢʘ ʦʭʦʧʣʶʻ ʧʦʯʘʪʢʦʚʫ ʩʽʪʢʫ, ʪʘʢʦʞ ʨʽʚʥʦʤʽʨʥʫ ʽ ʧʨʷʤʦʢʫʪʥʫ, ʥʘ 

ʷʢʠʡ ʟʘʜʘʻʪʴʩʷ ʨʝʣʴʻʬ ʜʥʘ. ʈʝʣʴʻʬ çʧʫʩʪʠʭè ʜʽʣʷʥʦʢ ʧʦʚʝʨʥʝʥʦʾ ʩʽʪʢʠ ʚʠʟʥʘʯʘʻʪʴʩʷ 

ʝʢʩʪʨʘʧʦʣʷʮʽʻʶ ʟʥʘʯʝʥʴ ʟ ʧʦʯʘʪʢʦʚʦʾ ʩʽʪʢʠ. ɼʣʷ ʟʨʫʯʥʦʩʪʽ ʘʧʨʦʢʩʠʤʘʮʽʾ ʩʠʩʪʝʤʘ 

ʨʽʚʥʷʥʴ (2.2) ʧʦʜʘʻʪʴʩʷ ʫ ʤʘʪʨʠʯʥʦʤʫ ʚʠʛʣʷʜʽ:  



35 

 

ʈʠʩʫʥʦʢ 2.1 ï ʇʦʚʝʨʥʫʪʘ ʨʦʟʨʘʭʫʥʢʦʚʘ ʦʙʣʘʩʪʴ ʤʦʜʝʣʽ HWAVE 

 

╦ ═ ╦ ║ ╦ ╢,                                   (2.7) 

╦
ὗ
ὗ
•
, ═

π π ‍
π π ‎
‌ π ς‌

, ║

π π ‎
π π ‍
π ‌ ς‌

, ╢ ‎
‎Ὗ•
‎Ὗ•
ὶ•

, 

‌ ὶὟ, ‌ ὶὟ, ‌ ὶȾ‎, ‎ ‫Ὣϳ  

‍ ‎ ὦ Ὗ , ‍ ‎ ὦ Ὗ , ‎ ‎ὟὟ. 

 

ɺʽʜʧʦʚʽʜʥʦ ʜʦ ʦʙʨʘʥʦʾ ʯʠʩʝʣʴʥʦʾ ʩʭʝʤʠ ʩʠʩʪʝʤʘ (2.7) ʨʦʟʚôʷʟʫʻʪʴʩʷ ʤʝʪʦʜʦʤ 

ʨʦʟʙʠʪʪʷ ʟʘ ʥʘʧʨʷʤʢʘʤʠ. ʉʧʦʯʘʪʢʫ ʨʦʟʚôʷʟʫʻʪʴʩʷ ὢ -ʯʘʩʪʠʥʘ ʩʠʩʪʝʤʠï ʧʝʨʰʠʡ ʪʘ 

ʜʨʫʛʠʡ ʜʦʜʘʥʢʠ ʫ (2.7). ɼʘʣʽ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʦʪʨʠʤʘʥʽ ʥʘ ʧʦʧʝʨʝʜʥʴʦʤʫ ʢʨʦʮʽ 

ʟʥʘʯʝʥʥʷ, ʨʦʟʚôʷʟʫʻʪʴʩʷ ὣ -ʯʘʩʪʠʥʘ ʩʠʩʪʝʤʠ ï ʧʝʨʰʠʡ ʪʘ ʪʨʝʪʽʡ ʜʦʜʘʥʢʠ ʫ (2.7). 

ʅʘʧʨʠʢʽʥʮʽ ʜʦʜʘʻʪʴʩʷ ʚʢʣʘʜ ʚʽʣʴʥʦʛʦ ʯʣʝʥʘ. 

ɼʣʷ ʨʦʟʚôʷʟʢʫ ʥʘ ὢ -ʢʨʦʮʽ ʚʽʜʧʦʚʽʜʥʘ ʯʘʩʪʠʥʘ ʩʠʩʪʝʤʠ (2.7) ʧʨʠʚʦʜʠʪʴʩʷ ʜʦ 

ʢʘʥʦʥʽʯʥʦʛʦ ʚʠʛʣʷʜʫ: 

 

╤ ╥ ╤ π, ╥ ÄÉÁÇὺȟὺȟὺ ,                       (2.8) 

 

ʜʝ ╤ ὟȟὟȟὟ  ï ʢʘʥʦʥʽʯʥʽ ʟʤʽʥʥʽ, ╥ ï ʤʘʪʨʠʮʷ ʢʘʥʦʥʽʯʥʠʭ ʰʚʠʜʢʦʩʪʝʡ. 

ʊʘʢʠʤ ʯʠʥʦʤ ʥʘ ὢ-ʢʨʦʮʽ, ʦʪʨʠʤʫʻʤʦ ʩʠʩʪʝʤʫ ʟ 3-ʦʭ ʥʝʧʦʚôʷʟʘʥʠʭ ʨʽʚʥʷʥʴ, ʷʢʽ 

ʨʦʟʚôʷʟʫʶʪʴʩʷ ʦʢʨʝʤʦ. ʋ ʥʘʰʦʤʫ ʚʠʧʘʜʢʫ ʦʜʥʘ ʟ ʢʘʥʦʥʽʯʥʠʭ ʰʚʠʜʢʦʩʪʝʡ ʙʽʣʴʰʝ ʥʫʣʷ 
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(ὺ π), ʦʜʥʘ ʤʝʥʰʝ (ὺ π), ʘ ʦʜʥʘ ʜʦʨʽʚʥʶʻ ʥʫʣʝʚʽ (ὺ π). ɼʣʷ ʨʽʚʥʷʥʴ ʽʟ 

ʥʝʥʫʣʝʚʠʤʠ ʰʚʠʜʢʽʩʪʶ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʧʨʦʪʠʧʦʪʦʢʦʚʦ-ʟʤʽʱʝʥʘ (upwind-biased) ʩʭʝʤʘ 

4-ʛʦ ʧʦʨʷʜʢʫ ʟʘ ʧʨʦʩʪʦʨʦʤ ʥʘ 6-ʪʦʯʢʦʚʦʤʫ ʰʘʙʣʦʥʽ [182]. ʉʭʝʤʘ ʜʠʬʝʨʝʥʮʽʶʚʘʥʥʷ 

ʟʤʽʥʥʦʾ (ʧʦʟʥʘʯʠʤʦ ʾʾ ʷʢ ‰) ʟʘ ὢ ʫ ʢʽʥʮʝʚʦ-ʨʽʟʥʠʮʝʚʦʤʫ ʚʠʛʣʷʜʽ, ʫ ʙʫʜʴ-ʷʢʦʤʫ 

ʚʥʫʪʨʽʰʥʴʦʤʫ ʚʫʟʣʽ ʩʽʪʢʠ Ὥ, ʟʘʧʠʩʫʻʪʴʩʷ ʪʘʢ: 

 

ὺ В ὥ ‰ Ͻ, ‭ ÓÉÇÎὺ, ὥ ὥ            (2.9) 

ὥ (-0.055453, 0.360600, -1.221201, 0.554534, 0.389400, -0.027880). 

 

ɼʣʷ ʧʦʭʽʜʥʦʾ ʟʘ ʯʘʩʦʤ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʤʝʪʦʜ ɽʡʣʝʨʘ ʟ ʨʽʟʥʠʮʝʶ ʚʧʝʨʝʜ. 

ɼʦʜʘʚʘʥʥʷ ʘʥʪʠʜʠʬʫʟʽʡʥʦʛʦ ʯʣʝʥʘ 4-ʛʦ ʧʦʨʷʜʢʫ ʧʽʜʚʠʱʫʻ ʧʦʨʷʜʦʢ ʘʧʨʦʢʩʠʤʘʮʽʾ ʟʘ 

ʯʘʩʦʤ ʜʦ 2-ʛʦ ʽ ʜʦʟʚʦʣʷʻ ʧʽʜʚʠʱʠʪʠ ʜʦʧʫʩʪʠʤʽ ʟʥʘʯʝʥʥʷ ʯʠʩʣʘ ʂʫʨʘʥʪʘ ʟ ʧʦʨʷʜʢʫ 0.01 

ʜʦ ʧʦʨʷʜʢʫ 0.1. ʋ ʯʠʩʝʣʴʥʽʡ ʬʦʨʤʽ ʮʝ ʟʘʧʠʩʫʻʪʴʩʷ ʪʘʢ: 

 

Ў
ὺ ẗ π,            (2.10) 

 

ʜʝ çʰʣʷʧʢʘè (‰) ʧʦʟʥʘʯʘʻ ʟʥʘʯʝʥʥʷ ʥʘ ʧʦʪʦʯʥʦʤʫ ʯʘʩʦʚʦʤʫ ʢʨʦʮʽ, ʙʝʟ ʥʝʾ ï ʧʦʧʝʨʝʜʥʽ 

ʟʥʘʯʝʥʥʷ. ʇʽʩʣʷ ʨʦʟʨʘʭʫʥʢʫ ʟʥʘʯʝʥʴ ʢʘʥʦʥʽʯʥʠʭ ʟʤʽʥʥʠʭ, ʩʠʩʪʝʤʘ ʧʨʠʚʦʜʠʪʴʩʷ ʜʦ 

ʧʦʯʘʪʢʦʚʠʭ ʟʤʽʥʥʠʭ, ʷʢʽ ʥʘʜʘʣʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʥʘ ʥʘʩʪʫʧʥʦʤʫ ʯʘʩʦʚʦʤʫ ʢʨʦʮʽ. 

ʆʩʢʽʣʴʢʠ ʯʠʩʝʣʴʥʘ ʩʭʝʤʘ ʨʦʟʚôʷʟʢʫ ʨʽʚʥʷʥʴ ʻ ʷʚʥʦʶ, ʾʾ ʩʪʽʡʢʽʩʪʴ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ 

ʦʙʤʝʞʝʥʥʷʤ ʯʘʩʦʚʦʛʦ ʢʨʦʢʫ ʟʘ ʫʤʦʚʦʶ ʂʫʨʘʥʪʘ. ʂʦʝʬʽʮʽʻʥʪʠ ʨʽʚʥʷʥʴ ʥʝ ʟʘʣʝʞʘʪʴ ʚʽʜ 

ʯʘʩʫ, ʪʦʤʫ ʚʝʣʠʯʠʥʘ ʢʨʦʢʫ ʚʠʟʥʘʯʘʻʪʴʩʷ ʧʝʨʝʜ ʧʦʯʘʪʢʦʤ ʽʥʪʝʛʨʫʚʘʥʥʷ ʷʢ ʤʽʥʽʤʘʣʴʥʝ 

ʟʥʘʯʝʥʥʷ ʧʦ ʚʩʽʭ ʚʫʟʣʘʭ ʩʽʪʢʠ:: 

 

ῳὸ ὅὶẗÍÉÎ
ȟ
ȟ

ȟ
,                             (2.11) 

 

ʜʝ ὅὶ ï ʯʠʩʣʦ ʂʫʨʘʥʪʘ, ʦʧʪʠʤʘʣʴʥʝ ʟʥʘʯʝʥʥʷ ʷʢʦʛʦ ï 0.3. 
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ʏʠʩʝʣʴʥʘ ʘʧʨʦʢʩʠʤʘʮʽʷ (2.9) ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʪʽʣʴʢʠ ʜʣʷ ʚʫʟʣʽʚ ʩʽʪʢʠ, ʱʦ 

ʚʽʜʩʪʦʷʪʴ ʚʽʜ ʛʨʘʥʠʮʽ ʙʽʣʴʰ ʥʽʞ ʥʘ 3 ʚʫʟʣʠ. ɼʣʷ ʚʫʟʣʽʚ, ʚʽʜʜʘʣʝʥʠʭ ʥʘ 2 ʚʫʟʣʠ, 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʧʨʦʪʠʧʦʪʦʢʦʚʦ-ʟʤʽʱʝʥʘ ʩʭʝʤʘ 2-ʛʦ ʧʦʨʷʜʢʫ ʪʦʯʥʦʩʪʽ [182]: 

 

ὺ В ὥ ‰ Ͻ,                                 (2.12) 

ὥ (0.213933, -1.141798, 0.641798, 0.286067). 

 

ɼʣʷ ʚʫʟʣʽʚ ʥʘ ʚʽʜʩʪʘʥʽ 1 ʚʫʟʣʘ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʮʝʥʪʨʘʣʴʥʦ-ʨʽʟʥʠʮʝʚʘ ʩʭʝʤʘ:  

 

ὺ ‰ ‰ .                                  (2.13) 

 

ɼʣʷ ʚʠʭʽʜʥʠʭ ʢʘʥʦʥʽʯʥʠʭ ʟʤʽʥʥʠʭ ʥʘ ʚʩʽʭ ʛʨʘʥʠʮʷʭ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʧʦʚʥʽʩʪʶ 

ʧʨʦʪʠʧʦʪʦʢʦʚʘ ʩʭʝʤʘ 2-ʛʦ ʧʦʨʷʜʢʫ ʪʦʯʥʦʩʪʽ: 

 

ὺ ‰ τ‰ σ‰ , ʧʨʠ ὺ π.                    (2.14) 

 

ʅʘ ʟʘʭʽʜʥʽʡ ʭʚʠʣʝʛʝʥʝʨʫʶʯʠʡ ʛʨʘʥʠʮʽ ʛʨʘʥʠʯʥʘ ʫʤʦʚʘ ʟʘʜʘʻʪʴʩʷ ʯʝʨʝʟ ʽʥʚʘʨʽʘʥʪ 

ʈʠʤʘʥʘ: 

‚ ς ‍ ‌ϳ ẗὫ–„ϳ,                                        (2.15) 

 

ʜʝ – ὸ ï ʨʽʚʝʥʴ ʚʽʣʴʥʦʾ ʧʦʚʝʨʭʥʽ ʜʣʷ ʚʭʽʜʥʦʾ ʭʚʠʣʽ.  

ɼʣʷ ʚʫʟʣʽʚ ʥʘ ʩʭʽʜʥʽʡ ʛʨʘʥʠʮʽ, ʱʦ ʪʽʣʴʢʠ ʚʠʧʫʩʢʘʻ ʚʠʭʽʜʥʽ ʭʚʠʣʽ, ʢʘʥʦʥʽʯʥʘ 

ʟʤʽʥʥʘ ʧʨʠʨʽʚʥʶʻʪʴʩʷ ʜʦ ʥʫʣʷ. ɺʭʽʜʥʽ ʢʘʥʦʥʽʯʥʽ ʟʤʽʥʥʽ ʥʘ ʧʽʚʥʽʯʥʽʡ ʽ ʧʽʚʜʝʥʥʽʡ ʛʨʘʥʠʮʽ 

ʧʨʠʨʽʚʥʶʶʪʴʩʷ ʜʦ ʾʭʥʽʭ ʟʥʘʯʝʥʴ ʫ ʥʘʡʙʣʠʞʯʠʭ ʚʫʟʣʘʭ ʚʩʝʨʝʜʠʥʽ ʦʙʣʘʩʪʽ. 

ʊʝʭʥʦʣʦʛʽʷ ʧʘʨʘʣʝʣʽʟʘʮʽʾ ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʦʜʝʣʝʡ, ʱʦ ʚʭʦʜʷʪʴ ʜʦ ʩʢʣʘʜʫ ʩʠʩʪʝʤʠ 

COASTOX-PRL, ʜʣʷ CPU-ʩʠʩʪʝʤ ʟ ʨʦʟʧʦʜʽʣʝʥʦʶ ʧʘʤôʷʪʪʶ, ʨʦʟʚʠʥʝʥʘ ʟʜʦʙʫʚʘʯʝʤ, 

ʙʘʟʫʻʪʴʩʷ ʥʘ ʧʽʜʭʦʜʽ ʽʟ ʜʝʢʦʤʧʦʟʠʮʽʻʶ ʦʙʣʘʩʪʽ ʽ ʚʟʘʻʤʦʜʽʶʯʠʭ MPI-ʧʨʦʮʝʩʘʭ. 

ʇʨʦʜʝʤʦʥʩʪʨʫʻʤʦ ʡʦʛʦ ʥʘ ʧʨʠʢʣʘʜʽ ʭʚʠʣʴʦʚʦʾ ʤʦʜʝʣʽ HWAVE. 
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ʈʽʚʥʷʥʥʷ ʚʩʽʭ ʤʦʜʝʣʝʡ ʩʠʩʪʝʤʠ ʤʘʶʪʴ ʬʦʨʤʫ ʙʣʠʟʴʢʫ ʜʦ ʬʦʨʤʠ ʨʽʚʥʷʥʴ (2.7). 

ʇʽʩʣʷ ʧʨʦʩʪʦʨʦʚʦʾ ʽ ʯʘʩʦʚʦʾ ʜʠʩʢʨʝʪʠʟʘʮʽʾ ʦʙʯʠʩʣʝʥʥʷ ʟʥʘʯʝʥʴ ʟʤʽʥʥʠʭ ʫ ʚʫʟʣʘʭ 

ʨʦʟʨʘʭʫʥʢʦʚʦʾ ʩʽʪʢʠ ʥʘʙʫʚʘʻ ʚʠʛʣʷʜʫ ʙʣʠʟʴʢʦʛʦ ʜʦ ʪʦʛʦ, ʱʦ ʦʧʠʩʫʻʪʴʩʷ ʨʽʚʥʷʥʥʷʤʠ 

(2.9) ʽ (2.10). ʅʦʚʽ ʟʥʘʯʝʥʥʷ ʟʤʽʥʥʠʭ ʫ ʚʫʟʣʽ ʥʘ ʧʦʪʦʯʥʦʤʫ ʢʨʦʮʽ ‰ ʚʠʨʘʞʘʪʁʴʩʷ ʯʝʨʝʟ 

ʟʥʘʯʝʥʥʷ ʫ ʚʫʟʣʘʭ ʥʘ ʧʦʧʝʨʝʜʥʴʦʤʫ ʢʨʦʮʽ: ʚ ʪʦʤʫ ʩʘʤʦʤʫ ʚʫʟʣʽ ‰ ̔  ʚ ʩʫʩʽʜʥʽʭ ʚʫʟʣʘʭ 

‰ , ʱʦ ʚʠʟʥʘʯʘʶʪʴʩʷ ʰʘʙʣʦʥʦʤ ʘʣʛʦʨʠʪʤʫ.  

 

ʈʠʩʫʥʦʢ 2.2 ï ʉʭʝʤʘ ʧʘʨʘʣʝʣʽʟʘʮʽʾ ʘʣʛʦʨʠʪʤʫ ʥʘ ʦʩʥʦʚʽ ʜʝʢʦʤʧʦʟʠʮʽʾ ʽ ʧʨʦʮʝʩʽʚ 

 

ɸʣʛʦʨʠʪʤ ʧʨʦʭʦʜʠʪʴ ʮʠʢʣ ʥʘ ʧʦʪʦʯʥʦʤʫ ʢʨʦʮʽ (do é end do) ʦʙʯʠʩʣʶʶʯʠ ʟʤʽʥʥʽ (‰) 

ʫ ʚʩʽʭ ʚʫʟʣʘʭ ʩʽʪʢʠ. ʇʦʪʽʤ ʧʝʨʝʭʦʜʠʪʴ ʜʦ ʥʘʩʪʫʧʥʦʛʦ ʽ ʢʨʦʢʫʻ ʯʘʩʦʚʠʤʠ ʽʪʝʨʘʮʽʷʤʠ ʜʦ 

ʟʘʚʝʨʰʝʥʥʷ ʽʥʪʝʛʨʫʚʘʥʥʷ ʟʘ ʯʘʩʦʤ. ɺʽʜʧʦʚʽʜʥʦ ʜʦ ʧʘʨʘʣʝʣʽʟʘʮʽʾ ʥʘ ʦʩʥʦʚʽ 

ʜʝʢʦʤʧʦʟʠʮʽʾ ʦʙʣʘʩʪʽ ʢʦʞʝʥ ʧʨʦʮʝʩ ʦʙʯʠʩʣʶʻ ʟʤʽʥʥʽ ʫ ʮʠʢʣʘʭ ʥʘ ʩʚʦʾʡ ʧʽʜʦʙʣʘʩʪʽ 

(subdomain) (ʨʠʩ. 2.2). 

     

ʈʠʩʫʥʦʢ 2.3 ïɼʝʢʦʤʧʦʟʠʮʽʷ ʦʙʣʘʩʪʽ HWAVE ʪʘ ʩʪʨʫʢʪʫʨʘ halo-ʚʫʟʣʽʚ 

 

ʆʙʯʠʩʣʶʚʘʣʴʥʘ ʦʙʣʘʩʪʴ HWAVE ï ʨʝʛʫʣʷʨʥʘ ʧʨʷʤʦʢʫʪʥʘ ʩʽʪʢʘ. ɼʣʷ ʪʘʢʠʭ 

ʦʙʣʘʩʪʝʡ ʪʠʧʦʚʠʤʠ ʻ ʦʜʥʦʚʠʤʽʨʥʘ ʯʠ ʜʚʦʚʠʤʽʨʥʘ ʜʝʢʦʤʧʦʟʠʮʽʷ ʥʘ ʩʪʨʽʯʢʠ ʘʙʦ 

ʧʨʷʤʦʢʫʪʥʠʢʠ. ɺ ʧʘʨʘʣʝʣʴʥʦʤʫ ʘʣʛʦʨʠʪʤʽ HWAVE ʧʦʚʝʨʥʫʪʘ ʦʙʣʘʩʪʴ ʜʽʣʠʪʴʩʷ 

ʫʟʜʦʚʞ ʥʘʧʨʷʤʢʫ Y ʥʘ ʧʽʜʦʙʣʘʩʪʽ ʫ ʚʠʛʣʷʜʽ ʩʪʨʽʯʦʢ (ʨʠʩ. 2.3). ʅʘʧʨʷʤʦʢ ʨʦʟʜʽʣʝʥʥʷ 

ʦʙʨʘʥʦ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʨʦʟʪʘʰʫʚʘʥʥʷ ʝʣʝʤʝʥʪʽʚ ʜʚʦʚʠʤʽʨʥʠʭ Fortran ʤʘʩʠʚʽʚ ʟʤʽʥʥʠʭ ʫ 
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ʧʘʤôʷʪʽ. ʋ Fortran ʧʦʩʣʽʜʦʚʥʦ ʚ ʧʘʤôʷʪʽ ʨʦʟʤʽʱʝʥʽ ʝʣʝʤʝʥʪʠ ʩʪʦʚʙʮʷ ʜʚʦʚʠʤʽʨʥʦʛʦ 

ʤʘʩʠʚʫ U(i,j), ʪʦʙʪʦ ʝʣʝʤʝʥʪʠ ʫʟʜʦʚʞ ʥʘʧʨʷʤʢʫ X.  

ʆʙʣʘʩʪʴ ʜʽʣʠʪʴʩʷ ʥʘ ʩʪʨʽʯʢʠ ʦʜʥʘʢʦʚʦʾ ʰʠʨʠʥʠ. ɹʘʣʘʥʩʫʚʘʥʥʷ ʥʘʚʘʥʪʘʞʝʥʥʷ 

ʤʽʞ ʧʨʦʮʝʩʘʤʠ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʪʠʤ, ʱʦ ʢʽʣʴʢʽʩʪʴ ʛʨʘʥʠʯʥʠʭ ʚʫʟʣʽʚ ʚ ʩʽʪʮʽ HWAVE 

ʤʘʣʘ ʧʦʨʽʚʥʷʥʦ ʟ ʢʽʣʴʢʽʩʪʶ ʚʥʫʪʨʽʰʥʽʭ ʚʫʟʣʽʚ. ʇʨʦʮʝʩʫ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʥʘ ʢʨʦʮʽ ʟʘ Y-

ʥʘʧʨʷʤʢʦʤ ʟʥʘʯʝʥʴ ʟʤʽʥʥʠʭ ʫ ʛʨʘʥʠʯʥʠʭ ʚʫʟʣʘʭ ʧʽʜʦʙʣʘʩʪʽ ʧʦʪʨʽʙʥʽ ʜʘʥʽ ʽʟ ʛʨʘʥʠʯʥʠʭ 

ʚʫʟʣʽʚ ʩʫʩʽʜʥʴʦʾ ʧʽʜʦʙʣʘʩʪʽ, ʷʢʘ ʥʘʣʝʞʠʪʴ ʘʜʨʝʩʥʦʤʫ ʧʨʦʩʪʦʨʫ ʽʥʰʦʛʦ ʧʨʦʮʝʩʫ. ɼʣʷ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʦʙʯʠʩʣʝʥʴ ʫʟʜʦʚʞ ʛʨʘʥʠʮʴ ʚʚʦʜʷʪʴʩʷ ʜʝʢʽʣʴʢʘ ʨʷʜʽʚ ʬʽʢʪʠʚʥʠʭ halo-

ʚʫʟʣʽʚ. ɺʽʜʧʦʚʽʜʥʦ ʜʦ ʥʘʡʙʽʣʴʰʦʛʦ ʰʘʙʣʦʥʫ ʧʨʦʩʪʦʨʦʚʦʾ ʧʦʭʽʜʥʦʾ (2.11), 7-ʪʦʯʢʦʚʦʛʦ, 

ʷʢʱʦ ʚʨʘʭʦʚʫʚʘʪʠ ʦʙʠʜʚʘ ʥʘʧʨʷʤʢʠ, ʚʟʜʦʚʞ ʢʦʞʥʦʾ ʛʨʘʥʠʮʽ ʚʚʦʜʷʪʴʩʷ 3 ʨʷʜʠ 

ʜʦʜʘʪʢʦʚʠʭ halo-ʚʫʟʣʽʚ. ʇʝʨʝʜ ʦʙʯʠʩʣʝʥʥʷʤ ʟʥʘʯʝʥʴ ʥʘ ʥʦʚʦʤʫ ʯʘʩʦʚʦʤʫ ʢʨʦʮʽ 

ʟʥʘʯʝʥʥʷ ʟʤʽʥʥʠʭ ʫ halo-ʚʫʟʣʘʭ ʦʥʦʚʣʶʶʪʴʩʷ ʟʘʚʜʷʢʠ ʦʙʤʽʥʫ ʜʘʥʠʤʠ ʤʽʞ ʧʨʦʮʝʩʘʤʠ. 

ʆʥʦʚʣʝʥʥʷ ʚʠʢʦʥʫʻʪʴʩʷ ʦʜʠʥ ʨʘʟ ʥʘ ʧʦʪʦʯʥʦʤʫ ʯʘʩʦʚʦʤʫ ʢʨʦʮʽ ʧʽʩʣʷ ʚʠʢʦʥʘʥʥʷ 

ʧʽʚʢʨʦʢʽʚ ʟʘ ʦʙʦʤʘ ʥʘʧʨʷʤʢʘʤʠ. ɼʣʷ ʦʙʤʽʥʽʚ ʟʥʘʯʝʥʥʷ ʟʤʽʥʥʠʭ ʫ ʪʨʴʦʭ ʨʷʜʘʭ 

ʧʨʠʛʨʘʥʠʯʥʠʭ ʚʫʟʣʽʚ ʧʽʜʦʙʣʘʩʪʽ ʢʦʧʽʶʶʪʴʩʷ ʜʦ ʙʫʬʝʨʥʦʛʦ ʤʘʩʠʚʫ ʽ ʧʝʨʝʩʠʣʘʶʪʴʩʷ 

ʚʠʢʣʠʢʦʤ ʥʝʙʣʦʢʦʚʘʥʠʭ ʬʫʥʢʮʽʡ ʚʽʜʧʨʘʚʢʠ ʪʘ ʦʪʨʠʤʘʥʥʷ ʧʦʚʽʜʦʤʣʝʥʴ MPI_Isend(é), 

MPI_Irecv(é) ʩʧʽʣʴʥʦ ʽʟ ʬʫʥʢʮʽʻʶ ʟʘʚʝʨʰʝʥʥʷ ʦʧʝʨʘʮʽʡ ï MPI_Waitall(é). 

ɺʠʢʦʥʫʶʪʴʩʷ ʧʦ ʦʜʥʽʡ ʚʽʜʧʨʘʚʮʽ ʪʘ ʦʪʨʠʤʘʥʥʶ ʟ ʢʦʞʥʠʤ ʽʟ ʩʫʩʽʜʥʽʭ ʧʨʦʮʝʩʽʚ. ʇʦ 

ʦʪʨʠʤʘʥʥʽ ʜʘʥʠʭ ʫ ʧʨʠʡʤʘʶʯʠʡ ʙʫʬʝʨʥʠʡ ʤʘʩʠʚ ʧʨʦʮʝʩ ʢʦʧʽʶʻ ʟʥʘʯʝʥʥʷ ʜʦ halo-

ʚʫʟʣʽʚ. ʏʘʩʦʚʽ ʢʨʦʢʠ ʩʧʦʯʘʪʢʫ ʨʦʟʨʘʭʦʚʫʶʪʴʩʷ ʧʦ ʧʽʜʦʙʣʘʩʪʷʭ ʟʘ ʬʦʨʤʫʣʦʶ ʂʫʨʘʥʪʘ 

(2.13) ʧʽʩʣʷ ʯʦʛʦ ʦʙʠʨʘʻʪʴʩʷ ʤʽʥʽʤʘʣʴʥʝ ʟʥʘʯʝʥʥʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʛʣʦʙʘʣʴʥʦʾ 

ʨʝʜʫʢʦʚʘʥʦʾ ʬʫʥʢʮʽʾ MPI_Allreduce(é). ɺʠʚʽʜ ʜʘʥʠʭ ʟʜʽʡʩʥʶʻʪʴʩʷ master-ʧʨʦʮʝʩʦʤ ʽʟ 

ʨʘʥʛʦʤ ç0è. ɼʣʷ ʮʴʦʛʦ ʽʥʰʽ ʧʨʦʮʝʩʠ ʚʽʜʧʨʘʚʣʷʶʪʴ ʡʦʤʫ ʟʥʘʯʝʥʥʷ ʫ ʚʫʟʣʘʭ ʩʚʦʻʾ 

ʧʽʜʦʙʣʘʩʪʽ. ʎʝ ʪʘʢʦʞ ʨʝʘʣʽʟʦʚʘʥʦ ʬʫʥʢʮʽʷʤʠ MPI_Isend(é), MPI_Irecv(é) ʪʘ 

MPI_Waitall(é). ɿʘʟʥʘʯʠʤʦ, ʱʦ ʧʨʦʛʨʘʤʥʠʡ ʤʦʜʫʣʴ ʨʦʟʧʘʨʘʣʝʣʝʥʦʾ ʤʦʜʝʣʽ ʪʘʢʦʞ 

ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʠʡ ʥʘ CPU-ʩʠʩʪʝʤʘʭ ʟʽ ʩʧʽʣʴʥʦʶ ʧʘʤôʷʪʪʶ. 
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2.2 ɯʥʬʦʨʤʘʮʽʡʥʘ ʪʝʭʥʦʣʦʛʽʷ ʨʦʟʧʘʨʘʣʝʣʶʚʘʥʥʷ ʜʚʦʚʠʤʽʨʥʦʾ ʤʦʜʝʣʽ 

ʢʦʨʘʙʝʣʴʥʠʭ ʭʚʠʣʴ ʥʘ ʧʨʷʤʦʢʫʪʥʠʭ ʩʽʪʢʘʭ ʜʣʷ ʛʨʘʬʽʯʥʠʭ ʧʨʦʮʝʩʦʨʽʚ 

 

 

ʄʦʜʝʣʴ ShipSim (COASTOX-R), ʷʢʘ ʚʭʦʜʠʪʴ ʜʦ ʩʠʩʪʝʤʠ COASTOX-PRL, 

ʙʘʟʫʻʪʴʩʷ ʥʘ ʈʄɺ, ʷʢʽ ʦʧʠʩʫʶʪʴ ʘʜʚʝʢʮʽʶ ʚʦʜʥʠʭ ʤʘʩ ʟʘ ʟʘʜʘʥʠʤ ʨʝʣʴʻʬʦʤ ʧʽʜ ʜʽʻʶ 

ʛʨʘʚʽʪʘʮʽʾ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʛʽʜʨʦʩʪʘʪʠʯʥʦʛʦ ʪʠʩʢʫ, ʧʨʠʧʣʠʚʥʠʭ ʩʠʣ, ʩʠʣʠ ʂʦʨʽʦʣʽʩʘ, 

ʘʪʤʦʩʬʝʨʥʦʛʦ ʪʠʩʢʫ, ʜʽʾ ʚʽʪʨʫ, ʭʚʠʣʴʦʚʠʭ ʥʘʧʨʫʞʝʥʴ, ʜʦʥʥʦʛʦ ʪʝʨʪʷ ʽ ʪʫʨʙʫʣʝʥʪʥʦʾ 

ʚôʷʟʢʦʩʪʽ: 

╤
​╕ᴆ ╢ ​╕ᴆ,                                         (2.16) 
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ʊʫʪ ╤  - ʚʝʢʪʦʨ ʟʤʽʥʥʠʭ, ╕ᴆ ╔ȟ╖ - ʚʝʢʪʦʨ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʧʦʪʦʢʫ, ╕ᴆ ╔ȟ╖   ï 

ʚʝʢʪʦʨ ʜʠʬʫʟʽʡʥʦʛʦ ʧʦʪʦʢʫ (╔  ̔ ╖  - ʢʦʤʧʦʥʝʥʪʠ ʚ ὼ  ʪʘ ώ  ʥʘʧʨʷʤʢʘʭ), ╢  ï ʩʫʤʘ 

ʛʨʘʜʽʻʥʪʘ ʪʠʩʢʫ ʪʘ ʚʝʢʪʦʨʘ ʚʽʣʴʥʠʭ ʯʣʝʥʽʚ, ʷʢʽ ʚʠʟʥʘʯʘʶʪʴʩʷ ʟʘ ʬʦʨʤʫʣʘʤʠ; –ὼȟώȟὸ 

ï ʨʽʚʝʥʴ ʜʥʘ; ‚ὼȟώȟὸ ï ʨʽʚʝʥʴ ʚʽʣʴʥʦʾ ʧʦʚʝʨʭʥʽ ʚʦʜʠ; Ὤ ï ʛʣʠʙʠʥʘ ʚʦʜʠ (‚ –); ό, ὺ 

ï ὼ  ʪʘ ώ  ʢʦʤʧʦʥʝʥʪʠ ʦʩʝʨʝʜʥʝʥʦʾ ʧʦ ʛʣʠʙʠʥʽ ʰʚʠʜʢʦʩʪʽ ʧʦʪʦʢʫ; ή  όὬ , ή   ὺὬ  ï 

ʢʦʤʧʦʥʝʥʪʠ ʚʠʪʨʘʪʠ ʚʦʜʠ ʯʝʨʝʟ ʦʜʠʥʠʯʥʫ ʰʠʨʠʥʫ; Ὣ ï ʧʨʠʩʢʦʨʝʥʥʷ ʚʽʣʴʥʦʛʦ ʧʘʜʽʥʥʷ; 

”  ï ʛʫʩʪʠʥʘ ʚʦʜʠ; ‬–‬ὼϳ  , ‬–‬ώϳ   - ʧʦʭʠʣʠ ʜʥʘ ʚ x ʪʘ y ʥʘʧʨʷʤʢʘʭ; ‪  ï 

ʧʨʠʧʣʠʚʦʫʪʚʦʨʶʶʯʠʡ ʧʦʪʝʥʮʽʘʣ; † , †  - ʜʦʪʠʯʥʽ ʥʘʧʨʫʞʝʥʥʷ ʥʘ ʜʥʽ ʚ x ʪʘ y 

ʥʘʧʨʷʤʢʘʭ; † , †  ï ʚʽʪʨʦʚʽ ʜʦʪʠʯʥʽ ʥʘʧʨʫʞʝʥʥʷ ʥʘ ʧʦʚʝʨʭʥʽ ʚʦʜʠ; † , †  ï ʭʚʠʣʴʦʚʽ 

ʜʦʪʠʯʥʽ ʥʘʧʨʫʞʝʥʥʷ; Ὢ  ï ʧʘʨʘʤʝʪʨ ʂʦʨʽʦʣʽʩʘ; ὖ  ï ʘʪʤʦʩʬʝʨʥʠʡ ʪʠʩʢ ʥʘ ʚʽʣʴʥʽʡ 

ʧʦʚʝʨʭʥʽ, Ὀ, Ὀ ï ʢʦʤʧʦʥʝʥʪʠ ʢʦʝʬʽʮʽʻʥʪʫ ʪʫʨʙʫʣʝʥʪʥʦʾ ʚôʷʟʢʦʩʪʽ. 
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ɼʦʥʥʝ ʪʝʨʪʷ ʘʧʨʦʢʩʠʤʦʚʘʥʝ ʢʚʘʜʨʘʪʠʯʥʦʶ ʟʘʣʝʞʥʽʩʪʶ ʚʽʜ ʰʚʠʜʢʦʩʪʽ ʪʝʯʽʾ: 

 

† ”ϳ ὧόὟ, † ”ϳ ὧὺὟ, Ὗ Ѝό ὺ,                          (2.18) 

 

ʟ ʢʦʝʬʽʮʽʻʥʪʦʤ ʪʝʨʪʷ ὧ , ʱʦ ʟʘʜʘʻʪʴʩʷ ʬʦʨʤʫʣʘʤʠ ʄʘʥʽʥʛʘ ὧ Ὣὲ Ὤϳ   (ὲ  ï 

ʢʦʝʬʽʮʽʻʥʪ ʰʦʨʩʪʢʦʩʪʽ ʄʘʥʽʥʛʘ) ʘʙʦ ʐʝʟʽ ὧ Ὣὧ ϳ  (ὧ ï ʢʦʝʬʽʮʽʻʥʪ ʐʝʟʽ). 

ɺʽʪʨʦʚʽ ʜʦʪʠʯʥʽ ʥʘʧʨʫʞʝʥʥʷ ʚʠʟʥʘʯʘʶʪʴʩʷ ʫ ʪʘʢʠʡ ʩʧʦʩʽʙ: 

 

† ὅ”ὡ ÓÉÎ—, † ὅ”ὡ ÃÏÓ—,                             (2.19) 

 

ʜʝ ὅ  ï ʢʦʝʬʽʮʽʻʥʪ ʪʝʨʪʷ ʚʽʪʨʫ ʦ ʚʽʣʴʥʫ ʧʦʚʝʨʭʥʶ ʚʦʜʠ, ”  ï ʛʫʩʪʠʥʘ ʧʦʚʽʪʨʷ, ὡ  ï 

ʰʚʠʜʢʽʩʪʴ ʚʽʪʨʫ, — ï ʥʘʧʨʷʤʦʢ ʚʽʪʨʫ ʚ ʜʝʢʘʨʪʦʚʽʡ ʩʠʩʪʝʤʽ ʢʦʦʨʜʠʥʘʪ. 

ʍʚʠʣʴʦʚʽ ʜʦʪʠʯʥʽ ʥʘʧʨʫʞʝʥʥʷ ʨʦʟʨʘʭʦʚʫʶʪʴʩʷ ʟʘ ʬʦʨʤʫʣʘʤʠ (2.6). ʇʘʨʘʤʝʪʨ 

ʂʦʨʽʦʣʽʩʘ ʜʘʻʪʴʩʷ ʚʠʨʘʟʦʤ 

 

Ὢ ςɱÓÉÎ•,                                                    (2.20) 

 

ɱ ï ʢʫʪʦʚʘ ʯʘʩʪʦʪʘ ʦʙʝʨʪʘʥʥʷ ɿʝʤʣʽ, • ï hʠʨʦʪʘ. 

ʇʨʠʧʣʠʚʦʫʪʚʦʨʶʶʯʠʡ ʧʦʪʝʥʮʽʘʣ ʚʠʟʥʘʯʝʥʦ, ʷʢ ʫ ʤʦʜʝʣʽ ADCIRC [183]. 

ɺʧʣʠʚ ʩʫʜʥʘ ʚ ʨʽʚʥʷʥʥʷʭ ʤʦʜʝʣʽ ʚʨʘʭʦʚʫʻʪʴʩʷ ʪʘʢ ʩʘʤʦ, ʷʢ ʫ ʤʦʜʝʣʽ HIVEL2D 

[127], ʜʦʜʘʪʢʦʤ ʫ ʚʽʣʴʥʠʡ ʯʣʝʥ ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ ʪʠʩʢʫ, ʚʠʢʣʠʢʘʥʦʾ ʦʩʘʜʢʦʶ ʩʫʜʥʘ: 

 

ὖ ”ὫὨ,                                                     (2.21) 

 

ʜʝ Ὠ ï ʛʣʠʙʠʥʘ ʟʘʥʫʨʝʥʥʷ ʩʫʜʥʘ ʚ ʨʦʟʛʣʷʥʫʪʽʡ ʪʦʯʮʽ (Ὠ Ὠὼȟώȟὸ).  

ʋ ʤʦʜʝʣʽ ShipSim ʜʦʜʘʪʦʢ, ʧʦʚ'ʷʟʘʥʠʡ ʟ ʦʩʘʜʢʦʶ ʩʫʜʥʘ, ʨʝʘʣʽʟʦʚʘʥʦ ʷʢ ʛʦʨʙ ʥʘ 

ʜʥʽ ʫ ʚʠʛʣʷʜʽ ʧʝʨʝʚʝʨʥʫʪʦʛʦ ʢʦʨʧʫʩʫ ʩʫʜʥʘ, ʱʦ ʨʫʭʘʻʪʴʩʷ ʤʘʨʰʨʫʪʦʤ ʩʫʜʥʘ. 

ʇʝʨʝʤʽʱʝʥʥʷ ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ ʪʠʩʢʫ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʙʫʨʝʥʥʷ ʧʦʣʽʚ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ 
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ʟʤʽʥʥʠʭ ʽ ʛʝʥʝʨʘʮʽʾ ʩʫʜʥʦʚʠʭ ʭʚʠʣʴ, ʷʢʽ ʧʦʰʠʨʶʶʪʴʩʷ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʨʽʚʥʷʥʴ (2.16), 

(2.17) ʜʦ ʫʟʙʝʨʝʞʞʷ, ʙʝʨʝʛʦʚʠʭ ʩʧʦʨʫʜ ʽ ʧʨʠʰʚʘʨʪʦʚʘʥʠʭ ʩʫʜʝʥ. 

ɼʣʷ ʦʙʯʠʩʣʝʥʥʷ ʥʘʚʘʥʪʘʞʝʥʴ ʥʘ ʧʨʠʰʚʘʨʪʦʚʘʥʽ ʩʫʜʥʘ ʘʙʦ ʙʝʨʝʛʦʚʽ ʩʧʦʨʫʜʠ ʚ 

ʤʦʜʝʣʽ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʛʽʜʨʦʩʪʘʪʠʯʥʝ ʥʘʙʣʠʞʝʥʥʷ. ɽʣʝʤʝʥʪʘʨʥʽ ʩʠʣʠ 

ʛʽʜʨʦʩʪʘʪʠʯʥʦʛʦ ʪʠʩʢʫ ʽʥʪʝʛʨʫʶʪʴʩʷ ʧʦ ʧʦʚʝʨʭʥʽ ʢʦʨʧʫʩʫ ʩʫʜʥʘ ʜʣʷ ʦʙʯʠʩʣʝʥʥʷ 

ʧʦʟʜʦʚʞʥʴʦʾ ʪʘ ʧʦʧʝʨʝʯʥʦʾ ʩʢʣʘʜʦʚʦʾ ʩʠʣʠ, ʱʦ ʜʽʻ ʥʘ ʩʫʜʥʦ Ὂ Σ Ὂ Σ ʪʘ z-ʢʦʤʧʦʥʝʥʪʠ 

ʤʦʤʝʥʪʫ ʩʠʣ ὓ ʚʽʜʥʦʩʥʦ ʚʝʨʪʠʢʘʣʴʥʦʾ ʦʩʽ, ʱʦ ʧʨʦʭʦʜʠʪʴ ʯʝʨʝʟ ʮʝʥʪʨ ʩʫʜʥʘ: 

 

Ὂȿ Ḁ ὖὨίᴆ
ȿ
, ὓ Ḁ ὖ ὶᴆ Ὠίᴆ.                           (2.22) 

 

ʊʫʪ Ὓ ï ʧʦʚʝʨʭʥʷ ʢʦʨʧʫʩʫ ʩʫʜʥʘ; Ὠίᴆ ὲᴆὨί ï ʚʝʢʪʦʨ ʧʣʦʱʽ ʝʣʝʤʝʥʪʘʨʥʦʾ ʧʣʦʱʘʜʢʠ; ὲᴆ 

ï ʥʦʨʤʘʣʴ ʜʦ ʝʣʝʤʝʥʪʘʨʥʦʾ ʧʣʦʱʘʜʢʠ; ὶᴆ  ï ʨʘʜʽʫʩ-ʚʝʢʪʦʨ ʝʣʝʤʝʥʪʘʨʥʦʾ ʧʣʦʱʘʜʢʠ 

ʚʽʜʥʦʩʥʦ ʮʝʥʪʨʘ ʤʘʩ ʩʫʜʥʘ; ὖ ï ʛʽʜʨʦʩʪʘʪʠʯʥʠʡ ʪʠʩʢ ʥʘ ʝʣʝʤʝʥʪʘʨʥʫ ʧʣʦʱʘʜʢʫ. 

 

 

 

ʈʠʩʫʥʦʢ 2.4 ï a) ʧʨʠʢʣʘʜ ʨʦʟʨʘʭʫʥʢʦʚʦʾ ʩʽʪʢʠ ʜʣʷ ʪʝʨʤʽʥʘʣʘ Barbours Cut; ʙ) 

ʛʝʦʤʝʪʨʠʯʥʝ ʧʨʝʜʩʪʘʚʣʝʥʥʷ ʢʦʥʪʨʦʣʴʥʦʛʦ ʦʙôʻʤʫ ʨʦʟʨʘʭʫʥʢʦʚʦʾ ʩʽʪʢʠ ʤʦʜʝʣʽ 

 

ʈʽʚʥʷʥʥʷ ʤʦʜʝʣʽ ʨʦʟʚôʷʟʫʶʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʯʠʩʝʣʴʥʦʾ ʩʭʝʤʠ, ʦʪʨʠʤʘʥʦʾ 

ʤʝʪʦʜʦʤ ʢʦʥʪʨʦʣʴʥʠʭ ʦʙôʻʤʽʚ ʥʘ ʥʝʨʽʚʥʦʤʽʨʥʽʡ ʧʨʷʤʦʢʫʪʥʽʡ ʩʽʪʮʽ. ʉʭʝʤʘ ʷʚʥʘ, ʤʘʻ 
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ʧʝʨʰʠʡ ʧʦʨʷʜʦʢ ʪʦʯʥʦʩʪʽ ʟʘ ʯʘʩʦʤ ʽ ʧʝʨʰʠʡ ʘʙʦ ʜʨʫʛʠʡ ʧʦʨʷʜʦʢ ʪʦʯʥʦʩʪʽ ʟʘ 

ʧʨʦʩʪʦʨʦʤ, ʚʠʢʦʨʠʩʪʦʚʫʻ ʢʦʨʝʢʮʽʶ ʧʦʪʦʢʽʚ ʪʘ ʤʘʻ ʚʣʘʩʪʠʚʽʩʪʴ ʟʙʝʨʝʞʝʥʥʷ ʤʘʩʠ ʡ 

ʽʤʧʫʣʴʩʫ ʨʽʜʠʥʠ. 

ɼʣʷ ʨʝʘʣʽʟʘʮʽʾ ʩʭʝʤʠ  ʦʙʣʘʩʪʴ ʨʦʟʨʘʭʫʥʢʽʚ ʧʦʢʨʠʚʘʻʪʴʩʷ ʧʨʷʤʦʢʫʪʥʦʶ ʩʽʪʢʦʶ, ʫ 

ʷʢʽʡ ʢʦʞʥʘ ʚʫʟʣʦʚʘ ʪʦʯʢʘ ʦʪʦʯʝʥʘ ʢʦʥʪʨʦʣʴʥʠʤ ʦʙôʻʤʦʤ, ʛʨʘʥʠʮʽ ʷʢʦʛʦ ʧʨʦʭʦʜʷʪʴ 

ʪʦʯʥʦ ʧʦʩʝʨʝʜʠʥʽ ʤʽʞ ʩʫʩʽʜʥʽʤʠ ʚʫʟʣʘʤʠ ʩʽʪʢʠ (ʨʠʩ. 2.4). ɺʩʽ ʛʽʜʨʦʜʠʥʘʤʽʯʥʽ ʟʤʽʥʥʽ ʪʘ 

ʨʽʚʝʥʴ ʜʥʘ ʟʘʜʘʥʽ ʫ ʚʫʟʣʘʭ ʩʽʪʢʠ. ɻʨʘʥʠʮʽ ʚʟʜʦʚʞ ʦʩʽ x ʜʣʷ ʟʘʜʘʥʦʛʦ ʦʙôʻʤʫ 

ʧʦʟʥʘʯʘʶʪʴʩʷ ʷʢ West-East, ʚʟʜʦʚʞ ʦʩʽ y ï South-North. ɺʽʩʴ z ʧʨʠʡʤʘʻʪʴʩʷ 

ʩʧʨʷʤʦʚʘʥʦʶ ʚ ʧʨʦʪʠʣʝʞʥʠʡ ʙʽʢ ʜʦ ʚʝʢʪʦʨʘ ʩʠʣʠ ʪʷʞʽʥʥʷ. ɼʠʩʢʨʝʪʠʟʘʮʽʷ ʨʽʚʥʷʥʴ 

ʤʦʜʝʣʽ ʟʜʽʡʩʥʶʻʪʴʩʷ ʰʣʷʭʦʤ ʽʥʪʝʛʨʫʚʘʥʥʷ ʾʭ ʧʦ ʢʦʥʪʨʦʣʴʥʠʭ ʦʙôʻʤʘʭ. ɯʥʪʝʛʨʫʶʯʠ 

ʈʄɺ (2.16), (2.17) ʧʦ ʢʦʥʪʨʦʣʴʥʦʤʫ ʦʙôʻʤʫ A (ʨʠʩ. 2.4) ʟ ʛʨʘʥʠʮʝʶ L, ʦʪʨʠʤʫʻʤʦ: 

 

᷿
╤
​ẗ╕ᴆ ​ẗ╕ᴆ ╢Ὠὃ π.                               (2.23) 

 

ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʪʝʦʨʝʤʫ ɻʨʽʥʘ, ʽʥʪʝʛʨʘʣʠ ʧʦ ʦʙôʻʤʫ ʚʽʜ ʜʠʚʝʨʛʝʥʮʽʾ ʚʝʢʪʦʨʽʚ 

ʧʦʪʦʢʽʚ ʧʝʨʝʪʚʦʨʶʶʪʴʩʷ ʚ ʽʥʪʝʛʨʘʣʠ ʧʦ ʛʨʘʥʠʮʷʭ ʢʦʥʪʨʦʣʴʥʦʛʦ ʦʙôʻʤʫ: 

 

᷿
╤
╢Ὠὃ Ḃ╕ᴆẗὲᴆ ╕ ẗὲᴆὨὰπ.                        (2.24) 

 

ɼʣʷ ʧʦʭʽʜʥʦʾ ʟʘ ʯʘʩʦʤ ʫ (2.24) ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʩʭʝʤʘ ʧʝʨʰʦʛʦ ʧʦʨʷʜʢʫ ʚʧʝʨʝʜ 

ʟʘ ʯʘʩʦʤ, ʽʥʪʝʛʨʘʣʠ ʧʦ ʛʨʘʥʠʮʽ ʢʦʥʪʨʦʣʴʥʦʛʦ ʦʙôʻʤʫ ʟʘʤʽʥʶʶʪʴʩʷ ʩʫʤʦʶ ʧʦ ʡʦʛʦ 

ʩʪʦʨʦʥʘʭ, ʽʥʪʝʛʨʘʣʠ ʧʦ ʢʦʥʪʨʦʣʴʥʦʤʫ ʦʙôʻʤʫ ï ʩʝʨʝʜʥʽʤʠ ʟʥʘʯʝʥʥʷʤʠ ʚʝʢʪʦʨʽʚ ʫ 

ʦʙôʻʤʽ. ʊʦʜʽ ʚʝʢʪʦʨ ʟʤʽʥʥʠʭ ʥʘ ʥʘʩʪʫʧʥʦʤʫ ʯʘʩʦʚʦʤʫ ʢʨʦʮʽ ╤ ʫ ʢʦʥʪʨʦʣʴʥʦʤʫ ʦʙôʻʤʽ 

ὴ ʚʠʨʘʞʘʻʪʴʩʷ ʫ ʪʘʢʠʡ ʩʧʦʩʽʙ: 

 

╤ ╤ В ╕ᴆẗὲᴆῳὒ В ╕ᴆẗὲᴆῳὒ ῳὸ╢,          (2.25) 

 

ʜʝ ῳὸ  ï ʚʝʣʠʯʠʥʘ ʢʨʦʢʫ ʟʘ ʯʘʩʦʤ; ῳὃ  ï ʧʣʦʱʘ ʢʦʥʪʨʦʣʴʥʦʛʦ ʦʙôʻʤʫ ὴ ; ʽʥʜʝʢʩ Ὧ

ὡȟὉȟὛȟὔ ʧʦʟʥʘʯʘʻ ʩʪʦʨʦʥʠ ʢʦʥʪʨʦʣʴʥʦʛʦ ʦʙôʻʤʫ; ὲᴆ  ï ʦʜʠʥʠʯʥʘ ʥʦʨʤʘʣʴ ʜʦ ʩʪʦʨʦʥʠ 
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Ὧ; ῳὒ ï ʜʦʚʞʠʥʘ ʩʪʦʨʦʥʠ Ὧ. 

ɼʝʷʢʽ ʚʫʟʣʠ ʚ ʨʦʟʨʘʭʫʥʢʦʚʽʡ ʩʽʪʮʽ, ʷʢʽ, ʥʘʧʨʠʢʣʘʜ, ʚʽʜʧʦʚʽʜʘʶʪʴ ʚʠʩʦʢʦ 

ʨʦʟʪʘʰʦʚʘʥʠʤ ʜʽʣʷʥʢʘʤ ʩʫʰʽ (ʨʠʩ. 2.4), ʤʦʞʫʪʴ ʙʫʪʠ ʟʨʦʙʣʝʥʽ ʥʝʘʢʪʠʚʥʠʤʠ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʤʘʩʢʠ, ʪʘʢ ʱʦ ʦʙʯʠʩʣʝʥʥʷ ʚʠʢʦʥʫʶʪʴʩʷ ʣʠʰʝ ʜʣʷ ʘʢʪʠʚʥʠʭ ʚʫʟʣʽʚ. 

ʈʦʟʚôʷʟʘʥʥʷ ʨʽʚʥʷʥʴ (2.25) ʫ ʤʦʜʝʣʽ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟ ʨʦʟʱʝʧʣʝʥʥʷʤ ʧʦ ʥʘʧʨʷʤʢʘʭ. 

ʉʧʦʯʘʪʢʫ ʚʠʢʦʥʫʻʪʴʩʷ ʢʨʦʢ ʧʦ ὼ ʜʣʷ ὼ- ʪʘ ώ -ʨʽʚʥʷʥʴ ʽʤʧʫʣʴʩʫ, ʧʦʪʽʤ ʢʨʦʢ ʧʦ ώ. ʇʽʩʣʷ 

ʦʙʯʠʩʣʝʥʥʷ ʢʦʤʧʦʥʝʥʪ ʚʠʪʨʘʪ ʟʘ ʥʠʤʠ ʨʦʟʨʘʭʦʚʫʶʪʴʩʷ ʥʦʚʽ ʟʥʘʯʝʥʥʷ ʢʦʤʧʦʥʝʥʪ 

ʰʚʠʜʢʦʩʪʽ, ʷʢʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʨʦʟʚôʷʟʘʥʥʷ ʨʽʚʥʷʥʥʷ ʥʝʧʝʨʝʨʚʥʦʩʪʽ. ɼʣʷ 

ʢʦʥʚʝʢʪʠʚʥʠʭ ʯʣʝʥʽʚ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʩʭʝʤʘ ʟ ʢʦʨʝʢʮʽʻʶ ʧʦʪʦʢʽʚ, ʜʣʷ ʜʠʬʫʟʽʾ ï 

ʮʝʥʪʨʘʣʴʥʽ ʨʽʟʥʠʮʽ, ʢʦʤʧʦʥʝʥʪʠ ʛʨʘʜʽʻʥʪʘ ʪʠʩʢʫ ʫʩʝʨʝʜʥʶʶʪʴʩʷ ʧʦ ʦʙôʻʤʫ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʬʦʨʤʫʣʠ ʪʨʘʧʝʮʽʡ ʜʣʷ ʟʙʝʨʝʞʝʥʥʷ ʜʨʫʛʦʛʦ ʧʦʨʷʜʢʫ ʪʦʯʥʦʩʪʽ. 

ɿ ʫʨʘʭʫʚʘʥʥʷʤ ʮʴʦʛʦ ʜʠʩʢʨʝʪʠʟʦʚʘʥʘ ʬʦʨʤʘ ὼ-ʨʽʚʥʷʥʥʷ ʽʤʧʫʣʴʩʫ ʜʣʷ ʢʨʦʢʫ ʧʦ 

ʥʘʧʨʷʤʢʫ ὼ ʤʘʻ ʚʠʛʣʷʜ: 

 

ή
ȟ
ή
ȟ ȟ

Ὂ
Ȣȟ

Ὂ
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Ὂ
Ȣȟ

Ὂ
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,   (2.26) 

Ὂ
Ȣȟ

Ὀ
Ȣȟ

ȟ ȟ

ȟ ȟ
, Ὀ

Ȣȟ
πȢυὈ

ȟ
Ὀ

ȟ
ȟ 

Ὓ
ȟ

Ὤȟ Ὤ ȟ ‚ ȟ ‚ȟ Ὤȟ Ὤ ȟ ‚ȟ ‚ ȟ. 

 

ʊʫʪ ʚʠʢʦʨʠʩʪʘʥʦ ʽʥʜʝʢʩʘʮʽʶ ʢʦʥʪʨʦʣʴʥʠʭ ʦʙôʻʤʽʚ Ὥ , Ὦ  ʟʘ ʥʘʧʨʷʤʢʘʤʠ ὼ , ώ  ʟ 

ʫʨʘʭʫʚʘʥʥʷʤ ʪʦʛʦ, ʱʦ ʨʦʟʨʘʭʫʥʢʦʚʘ ʩʽʪʢʘ ʤʦʜʝʣʽ ʻ ʩʪʨʫʢʪʫʨʦʚʘʥʦʶ ʧʨʷʤʦʢʫʪʥʦʶ: ὴP

ὭȟὮ ; ר ᴾὭ πȢυȟὮ ; ꜡ᴾὭ πȢυȟὮ ; הᴾὭȟὮ πȢυ ; ﬞᴾὭȟὮ πȢυ . ὼȟ  ï ὼ  -ʢʦʦʨʜʠʥʘʪʘ 

ʢʦʥʪʨʦʣʴʥʦʛʦ ʦʙôʻʤʫ; ῳὼȟ  ï ʡʦʛʦ ʨʦʟʤʽʨ ʟʘ ʥʘʧʨʷʤʢʦʤ ὼ ; Ὥ ρȟȣȟὔ , Ὦ ρȟȣȟὔ ; 

ὔ, ὔ ï ʢʽʣʴʢʽʩʪʴ ʚʫʟʣʽʚ ʫ ʨʦʟʨʘʭʫʥʢʦʚʽʡ ʩʽʪʮʽ ʤʦʜʝʣʽ ʟʘ ʥʘʧʨʷʤʢʘʤʠ ὼ ʪʘ ώ.ʉʧʦʯʘʪʢʫ 

ʦʙʯʠʩʣʶʶʪʴʩʷ ʜʠʬʫʟʽʡʥʽ ʧʦʪʦʢʠ ʪʘ ʢʦʥʚʝʢʪʠʚʥʽ ʧʦʪʦʢʠ. ɸʣʛʦʨʠʪʤ ʢʦʨʝʢʮʽʾ 

ʢʦʥʚʝʢʪʠʚʥʠʭ ʧʦʪʦʢʽʚ ʩʬʦʨʤʫʣʴʦʚʘʥʦ ʥʘ ʦʩʥʦʚʽ ʧʨʦʩʪʦʾ ʩʭʝʤʠ ʥʘʧʨʘʚʣʝʥʠʭ ʧʦʪʦʢʽʚ 

ʧʝʨʰʦʛʦ ʧʦʨʷʜʢʫ ʪʘ ʮʝʥʪʨʘʣʴʥʦʾ ʩʭʝʤʠ ʜʨʫʛʦʛʦ ʧʦʨʷʜʢʫ [184]: 
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Ὂ
Ȣȟ

ό Ȣȟή ȟ

ό Ȣȟή ȟ
 
ÉÆ ό Ȣȟ π

ÉÆ ό Ȣȟ π
,                         (2.27) 

Ὂ
Ȣȟ

πȢυόȟή ȟ
ό ȟή ȟ

, ό Ȣȟ πȢυόȟ ό ȟ. 

 

ʇʽʩʣʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʧʦʪʦʢʽʚ ʥʠʟʴʢʦʛʦ ʧʦʨʷʜʢʫ ʨʽʟʥʠʮʷ ʤʽʞ ʥʠʤʠ ʪʘ ʧʦʪʦʢʘʤʠ 

ʚʠʩʦʢʦʛʦ ʪʘ ʥʠʟʴʢʦʛʦ ʧʦʨʷʜʢʫ ʢʦʨʠʛʫʻʪʴʩʷ ʥʘ ʦʩʥʦʚʽ ʧʨʦʤʽʞʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ï ή: 

 

ὅ
Ȣȟ

ẗ ȟ Ȣȟȟ ȟ ȟ ȟϳ ȟ ȟ ȟ ȟϳ

Ȣȟ

,  (2.28) 

ίίÓÇÎ‏Ὂ
Ȣȟ
. 

 

ώ-ʨʽʚʥʷʥʥʷ ʽʤʧʫʣʴʩʫ ʥʘ ʢʨʦʮʽ ʟʘ ὼ ʤʘʻ ʧʦʜʽʙʥʠʡ ʚʠʛʣʷʜ ʜʦ (2.26), ʟ ʚʽʜʧʦʚʽʜʥʦʶ 

ʟʘʤʽʥʦʶ ʢʦʤʧʦʥʝʥʪ ή, Ὂ, Ὂ ʥʘ ή, Ὂ, Ὂ, ʟʘ ʚʠʥʷʪʢʦʤ ʪʦʛʦ, ʱʦ ʚ ʨʽʚʥʷʥʥʽ ʚʽʜʩʫʪʥʷ 

ʢʦʤʧʦʥʝʥʪʘ ʛʨʘʜʽʻʥʪʘ ʪʠʩʢʫ: 
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.          (2.29) 

 

ʂʦʨʝʢʮʽʷ ʧʦʪʦʢʽʚ ʫ (2.29) ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘ ʚʠʨʘʟʘʤʠ, ʘʥʘʣʦʛʽʯʥʠʤʠ (2.27), (2.28).ʇʽʩʣʷ 

ʦʙʯʠʩʣʝʥʥʷ ʚʥʝʩʢʫ ʘʜʚʝʢʮʽʾ ʚ ʢʦʤʧʦʥʝʥʪʠ ʚʠʪʨʘʪʠ ʥʘ ʢʨʦʮʽ ʟʘ ὼ, ʦʙʯʠʩʣʶʶʪʴʩʷ ʚʥʝʩʦʢ 

ʜʠʬʫʟʽʾ ʪʘ ʚʥʝʩʦʢ ʢʦʤʧʦʥʝʥʪʠ ʛʨʘʜʽʻʥʪʘ ʛʽʜʨʦʩʪʘʪʠʯʥʦʛʦ ʪʠʩʢʫ. ʂʨʦʢ ʟʘ ώ ʜʣʷ ὼ- ʪʘ ώ-

ʨʽʚʥʷʥʴ ʽʤʧʫʣʴʩʫ ʚʠʢʦʥʫʻʪʴʩʷ ʘʥʘʣʦʛʽʯʥʦ. ʋ ʢʽʥʮʽ ʨʦʟʨʘʭʫʥʢʫ ʢʦʤʧʦʥʝʥʪ ʚʠʪʨʘʪʠ, ʜʣʷ 

ʜʦʥʥʦʛʦ ʪʝʨʪʷ, ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʢʚʘʜʨʘʪʠʯʥʦʾ ʘʧʨʦʢʩʠʤʘʮʽʾ (2.18), ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ 

ʥʘʧʽʚʥʝʷʚʥʘ ʩʭʝʤʘ: 
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ɼʣʷ ʨʽʚʥʷʥʥʷ ʥʝʧʝʨʝʨʚʥʦʩʪʽ ʪʘʢʦʞ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʘʣʛʦʨʠʪʤ ʨʦʟʱʝʧʣʝʥʥʷ ʟʘ 

ʥʘʧʨʷʤʢʘʤʠ ʟ ʢʦʨʝʢʮʽʻʶ ʢʦʥʚʝʢʪʠʚʥʠʭ ʧʦʪʦʢʽʚ. ʊʘʢ, ʜʣʷ ʢʨʦʢʫ ʟʘ ʥʘʧʨʷʤʢʦʤ ὼ 

ʨʽʚʥʷʥʥʷ ʥʝʧʝʨʝʨʚʥʦʩʪʽ ʟʘʧʠʩʫʻʪʴʩʷ ʫ ʚʠʛʣʷʜʽ 

 

Ὤ
ȟ
Ὤ
ȟ ȟ

Ὂ
Ȣȟ

Ὂ
Ȣȟ
,                         (2.31) 

 

ʫ ʷʢʦʤʫ ʧʦʪʦʢʠ Ὂ
Ȣȟ
  ʦʙʯʠʩʣʶʶʪʴʩʷ ʽ ʢʦʨʠʛʫʶʪʴʩʷ ʘʥʘʣʦʛʽʯʥʦ ʜʦ ʢʦʥʚʝʢʪʠʚʥʠʭ 

ʧʦʪʦʢʽʚ ʚ ʨʽʚʥʷʥʥʷʭ ʜʣʷ ʢʦʤʧʦʥʝʥʪ ʽʤʧʫʣʴʩʫ. ʆʩʢʽʣʴʢʠ ʦʧʠʩʘʥʘ ʯʠʩʝʣʴʥʘ ʩʭʝʤʘ ʻ 

ʷʚʥʦʶ, ʾʾ ʩʪʽʡʢʽʩʪʴ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʫʤʦʚʠ ʂʫʨʘʥʪʘ: 

 

ῳὸ ὅὶẗÍÉÎ
ȟ
ῳὼȟ όȟ ὫὬȟϳ ȟῳώȟ ὺȟ ὫὬȟϳ ,         (2.32) 

 

ʜʝ ʤʽʥʽʤʫʤ ʙʝʨʝʪʴʩʷ ʧʦ ʚʩʽʭ ʢʦʥʪʨʦʣʴʥʠʭ ʦʙôʻʤʘʭ. ɼʣʷ ʩʪʽʡʢʦʩʪʽ ʯʠʩʝʣʴʥʦʾ ʩʭʝʤʠ 

ʤʦʜʝʣʽ ʯʠʩʣʦ ʂʫʨʘʥʪʘ ὅὶ ʟʘʟʚʠʯʘʡ ʚʩʪʘʥʦʚʣʶʻʪʴʩʷ ʤʝʥʰʠʤ ʘʙʦ ʨʽʚʥʠʤ 0.5. ɻʨʘʥʠʯʥʽ 

ʫʤʦʚʠ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʜʚʽʯʽ: ʧʝʨʝʜ ʨʦʟʚôʷʟʘʥʥʷʤ ʨʽʚʥʷʥʴ ʽʤʧʫʣʴʩʫ ʪʘ ʧʽʩʣʷ ʦʥʦʚʣʝʥʥʷ 

ʟʥʘʯʝʥʴ ʰʚʠʜʢʦʩʪʝʡ ï ʧʝʨʝʜ ʨʦʟʨʘʭʫʥʢʦʤ ʨʽʚʥʷʥʥʷ ʥʝʧʝʨʝʨʚʥʦʩʪʽ. 

ɻʽʜʨʦʜʠʥʘʤʽʯʥʽ ʟʤʽʥʥʽ ʥʘ ʛʨʘʥʠʮʽ ʘʙʦ ʧʨʠʨʽʚʥʶʶʪʴʩʷ ʜʦ ʟʥʘʯʝʥʴ ʫ ʧʨʠʣʝʛʣʦʤʫ 

ʢʦʥʪʨʦʣʴʥʦʤʫ ʦʙôʻʤʽ, ʘʙʦ ʨʽʚʝʥʴ ʚʽʣʴʥʦʾ ʧʦʚʝʨʭʥʽ ʪʘ ʢʦʤʧʦʥʝʥʪʠ ʰʚʠʜʢʦʩʪʽ 

ʦʙʯʠʩʣʶʶʪʴʩʷ ʟʘ ʟʥʘʯʝʥʥʷʤʠ ʽʥʚʘʨʽʘʥʪʽʚ ʈʽʤʘʥʘ, ʱʦ ʜʦʟʚʦʣʷʻ ʭʚʠʣʷʤ, ʟʙʫʜʞʝʥʠʤ 

ʫʩʝʨʝʜʠʥʽ, ʚʽʣʴʥʦ ʟʘʣʠʰʘʪʠ ʦʙʣʘʩʪʴ ʤʦʜʝʣʶʚʘʥʥʷ. ʗʢʱʦ ʪʠʧ ʛʨʘʥʠʮʽ ʥʝ ʚʠʟʥʘʯʝʥʠʡ, 

ʘʚʪʦʤʘʪʠʯʥʦ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʛʨʘʥʠʯʥʘ ʫʤʦʚʘ ʪʠʧʫ çʚʝʨʪʠʢʘʣʴʥʘ ʩʪʽʥʢʘè, ʪʦʙʪʦ 

ʢʦʤʧʦʥʝʥʪʘ ʰʚʠʜʢʦʩʪʽ, ʥʦʨʤʘʣʴʥʘ ʜʦ ʛʨʘʥʠʮʽ, ʚʚʘʞʘʻʪʴʩʷ ʨʽʚʥʦʶ ʥʫʣʶ. ɼʦ 

ʦʙʯʠʩʣʝʥʦʛʦ ʟʙʫʨʝʥʥʷ ʚʽʣʴʥʦʾ ʧʦʚʝʨʭʥʽ ʚ ʤʦʜʝʣʽ ʤʦʞʝ ʟʘʩʪʦʩʦʚʫʚʘʪʠʩʷ ʬʽʣʴʪʨʘʮʽʷ ʜʣʷ 

ʟʛʣʘʜʞʫʚʘʥʥʷ ʚʠʩʦʢʦʯʘʩʪʦʪʥʠʭ ʢʦʣʠʚʘʥʴ ï ʥʝʬʽʟʠʯʥʠʭ, ʟʫʤʦʚʣʝʥʠʭ ʯʠʩʝʣʴʥʦʶ 

ʩʭʝʤʦʶ, ʘʙʦ ʪʘʢʠʭ, ʱʦ ʥʝ ʩʪʘʥʦʚʣʷʪʴ ʽʥʪʝʨʝʩʫ ʧʨʠ ʜʦʩʣʽʜʞʝʥʥʽ ʜʦʚʛʠʭ ʢʦʨʘʙʝʣʴʥʠʭ 

ʭʚʠʣʴ. ʌʽʣʴʪʨʘʮʽʷ ʚʠʢʦʥʫʻʪʴʩʷ ʟʘ 9-ʪʦʯʢʦʚʠʤ ʰʘʙʣʦʥʦʤ ʟ ʚʘʛʦʚʠʤʠ ʢʦʝʬʽʮʽʻʥʪʘʤʠ, 

ʟʘʜʘʥʠʤʠ ʤʘʪʨʠʮʝʶ ὥȟ  ʨʦʟʤʽʨʦʤ 3Ĭ3: 
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‚ȟ В В ὥȟ ‚ȟ ȟ В В ὥȟ , ὥȟ

ρ ς ρ
ς υ ς
ρ ς ρ

. (2.33) 

 

ʌʽʣʴʪʨ ʟʛʣʘʜʞʫʻ ʢʦʨʦʪʢʦʭʚʠʣʴʦʚʽ ʟʙʫʨʝʥʥʷ ʨʽʚʥʷ ʚʦʜʠ, ʧʦʨʷʜʢʫ ʨʦʟʤʽʨʫ ʢʦʤʽʨʢʠ 

ʩʽʪʢʠ ῳὼ , ʪʦʜʽ ʷʢ ʜʦʩʪʘʪʥʴʦ ʜʦʚʛʽ ʭʚʠʣʽ (‗ ρπῳὼ ) ʟʘʣʠʰʘʶʪʴʩʷ ʧʨʘʢʪʠʯʥʦ 

ʥʝʟʤʽʥʥʠʤʠ. ʂʦʨʧʫʩ ʨʫʭʦʤʦʛʦ ʩʫʜʥʘ ʟʘʜʘʻʪʴʩʷ ʥʘ ʥʝʟʘʣʝʞʥʽʡ ʚʽʜ ʨʦʟʨʘʭʫʥʢʦʚʦʾ 

ʧʨʷʤʦʢʫʪʥʽʡ ʩʽʪʮʽ (ʨʠʩ. 2.5): Ὥ , Ὦ  - ̔ ʥʜʝʢʩʠ ʜʦʚʽʣʴʥʦʾ ʢʦʤʽʨʢʠ ʩʫʜʥʦʚʦʾ ʩʽʪʢʠ ʚ 

ʧʦʟʜʦʚʞʥʴʦʤʫ ʪʘ ʧʦʧʝʨʝʯʥʦʤʫ ʥʘʧʨʷʤʢʘʭ; Ὥ ρȟȣȟὔ , Ὦ ρȟȣȟὔ . ɰʾ ʜʝʪʘʣʽʟʘʮʽʷ 

ʧʨʘʢʪʠʯʥʦ ʥʝ ʚʧʣʠʚʘʻ ʥʘ ʰʚʠʜʢʽʩʪʴ ʯʠʩʝʣʴʥʦʛʦ ʨʦʟʚôʷʟʘʥʥʷ ʈʄɺ. ʎʝ ʜʦʟʚʦʣʷʻ 

ʟʘʜʘʚʘʪʠ ʢʦʨʧʫʩʠ ʩʫʜʝʥ ʟ ʚʠʩʦʢʦʶ ʜʝʪʘʣʽʟʘʮʽʻʶ, ʱʦ ʧʽʜʚʠʱʫʻ ʷʢʽʩʪʴ ʨʦʟʨʘʭʫʥʢʫ 

ʩʫʜʥʦʚʠʭ ʭʚʠʣʴ ʽ ʥʘʚʘʥʪʘʞʝʥʴ ʥʘ ʩʫʜʥʘ. 

 

ʈʠʩʫʥʦʢ 2.5 ï ʇʨʠʢʣʘʜ ʢʦʨʧʫʩʫ ʩʫʜʥʘ ʥʘ ʚʣʘʩʥʽʡ ʧʨʷʤʦʢʫʪʥʽʡ ʩʽʪʮʽ 

 

ʇʨʝʜʩʪʘʚʣʝʥʥʷ ʢʦʨʧʫʩʽʚ ʻ ʜʚʦʚʠʤʽʨʥʠʤ, ʪʦʤʫ ʪʨʠʚʠʤʽʨʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʢʦʨʧʫʩʽʚ, 

ʪʘʢʽ ʷʢ, ʥʘʧʨʠʢʣʘʜ, ʙʫʣʴʙ ʥʘ ʥʦʩʽ ʩʫʜʥʘ, ʥʝ ʤʦʞʫʪʴ ʙʫʪʠ ʚʨʘʭʦʚʘʥʽ ʤʦʜʝʣʣʶ. ʌʦʨʤʠ 

ʢʦʨʧʫʩʽʚ, ʷʢʽ ʙʫʣʠ ʧʨʦʪʝʩʪʦʚʘʥʽ, ʚʢʣʶʯʘʶʪʴ ʪʘʥʢʝʨʠ, ʩʫʭʦʚʘʥʪʘʞʽ, ʢʨʫʾʟʥʽ ʩʫʜʥʘ, 

ʢʦʥʪʝʡʥʝʨʦʚʦʟʠ, ʧʦʨʦʤʠ, ʙʘʨʞʽ ʪʘ ʙʫʢʩʠʨʠ. 

ɸʣʛʦʨʠʪʤ ʨʫʭʫ ʩʫʜʥʘ ʥʘʚʝʜʝʥʦ ʫ ɼʦʜʘʪʢʫ ɺ. ʇʽʩʣʷ ʨʦʟʨʘʭʫʥʢʫ ʧʦʣʦʞʝʥʥʷ ʪʘ 

ʦʨʽʻʥʪʘʮʽʾ ʩʫʜʥʘ ʦʙʯʠʩʣʶʻʪʴʩʷ ʜʦʜʘʪʦʢ ʜʦ ʜʦʥʥʦʛʦ ʨʝʣʴʻʬʫ, ʱʦ ʚʨʘʭʦʚʫʻ ʦʩʘʜʢʫ 

ʢʦʨʧʫʩʫ ʩʫʜʥʘ ʜʣʷ ʥʦʚʦʛʦ ʧʦʣʦʞʝʥʥʷ ʩʫʜʥʘ. ʉʧʦʯʘʪʢʫ ʚ ʨʦʟʨʘʭʫʥʢʦʚʽʡ ʩʽʪʮʽ ʤʦʜʝʣʽ 

ʚʠʟʥʘʯʘʻʪʴʩʷ çʟʦʥʘ ʩʫʜʥʘè ï ʥʘʡʤʝʥʰʠʡ ʧʨʷʤʦʢʫʪʥʠʢ, ʱʦ ʤʽʩʪʠʪʴ ʧʨʷʤʦʢʫʪʥʫ ʩʽʪʢʫ 

ʢʦʨʧʫʩʫ ʩʫʜʥʘ (ʨʠʩ. 2.6). 

ɼʘʣʽ ʜʣʷ ʚʩʽʭ ʚʫʟʣʽʚ ʨʦʟʨʘʭʫʥʢʦʚʦʾ ʩʽʪʢʠ ʤʦʜʝʣʽ ʚʩʝʨʝʜʠʥʽ ʮʴʦʛʦ ʧʨʷʤʦʢʫʪʥʠʢʘ 
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ʧʝʨʝʚʽʨʷʻʪʴʩʷ ʫʤʦʚʘ, ʯʠ ʧʦʪʨʘʧʣʷʶʪʴ ʚʦʥʠ ʚʩʝʨʝʜʠʥʫ ʦʙʣʘʩʪʽ, ʥʘʢʨʠʪʦʾ ʩʽʪʢʦʶ 

ʢʦʨʧʫʩʫ ʩʫʜʥʘ, ʽ ʜʣʷ ʪʠʭ, ʱʦ ʧʦʪʨʘʧʠʣʠ, ʟʘ ʜʦʧʦʤʦʛʦʶ ʣʽʥʽʡʥʦʾ ʽʥʪʝʨʧʦʣʷʮʽʾ 

ʦʙʯʠʩʣʶʻʪʴʩʷ ʟʥʘʯʝʥʥʷ ʦʩʘʜʢʠ ʩʫʜʥʘ. ʇʝʨʝʜ ʨʦʟʚôʷʟʘʥʥʷʤ ʈʄɺ ʜʦ ʜʦʥʥʦʛʦ ʨʝʣʴʻʬʫ 

ʚʫʟʣʽʚ ʨʦʟʨʘʭʫʥʢʦʚʦʾ ʩʽʪʢʠ ʚ ʤʝʞʘʭ ʧʨʷʤʦʢʫʪʥʠʢʘ ʜʦʜʘʻʪʴʩʷ ʦʩʘʜʢʘ ʩʫʜʥʘ, ʘ ʧʽʩʣʷ ʡʦʛʦ 

ʨʦʟʚôʷʟʘʥʥʷ ʧʦʚʝʨʪʘʶʪʴʩʷ ʧʦʯʘʪʢʦʚʽ ʟʥʘʯʝʥʥʷ ʨʝʣʴʻʬʫ. ʊʘʢʦʞ ʧʽʩʣʷ ʨʦʟʚôʷʟʘʥʥʷ ʈʄɺ 

ʦʙʯʠʩʣʶʶʪʴʩʷ ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʧʨʠʰʚʘʨʪʦʚʘʥʽ ʩʫʜʥʘ. ʂʦʨʧʫʩ ʥʝʨʫʭʦʤʦʛʦ ʩʫʜʥʘ, ʪʘʢ 

ʩʘʤʦ ʷʢ ʽ ʨʫʭʦʤʦʛʦ, ʟʘʜʘʻʪʴʩʷ ʥʘ ʩʚʦʾʡ ʥʝʟʘʣʝʞʥʽʡ ʚʽʜ ʨʦʟʨʘʭʫʥʢʦʚʦʾ ʧʨʷʤʦʢʫʪʥʽʡ ʩʽʪʮʽ. 

 

ʈʠʩʫʥʦʢ 2.6 ï çɿʦʥʘ ʩʫʜʥʘè, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʟʤʽʥʠ ʨʝʣʴʻʬʫ ʜʥʘ ʚ 

ʨʦʟʨʘʭʫʥʢʦʚʽʡ ʩʽʪʮʽ ʤʦʜʝʣʽ 

 

ʌʦʨʤʘ ʢʦʨʧʫʩʫ ʩʫʜʥʘ ʧʦʜʘʻʪʴʩʷ ʫ ʚʠʛʣʷʜʽ ʙʘʛʘʪʦʛʨʘʥʥʠʢʘ, ʩʢʣʘʜʝʥʦʛʦ ʟ 

ʪʨʠʢʫʪʥʠʭ ʛʨʘʥʝʡ. ɼʣʷ ʦʙʯʠʩʣʝʥʥʷ ʥʘʚʘʥʪʘʞʝʥʴ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚʽʜʧʦʚʽʜʥʘ ʪʘʢʦʤʫ 

ʧʦʜʘʥʥʶ ʜʠʩʢʨʝʪʠʟʘʮʽʷ ʽʥʪʝʛʨʘʣʽʚ (2.22). ɿʥʘʯʝʥʥʷ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʟʤʽʥʥʠʭ, 

ʦʪʨʠʤʘʥʽ ʚ ʨʝʟʫʣʴʪʘʪʽ ʨʦʟʚôʷʟʘʥʥʷ ʈʄɺ, ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʩʠʣ 

ʩʪʘʪʠʯʥʦʛʦ ʪʠʩʢʫ ʥʘ ʢʦʞʥʫ ʪʨʠʢʫʪʥʫ ʛʨʘʥʴ. ɼʘʣʽ ʝʣʝʤʝʥʪʘʨʥʽ ʩʠʣʠ ʩʫʤʫʶʪʴʩʷ ʧʦ ʚʩʽʭ 

ʛʨʘʥʷʭ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʧʦʟʜʦʚʞʥʴʦʾ ʪʘ ʧʦʧʝʨʝʯʥʦʾ ʩʢʣʘʜʦʚʠʭ ʩʠʣʠ, ʱʦ ʜʽʻ ʥʘ ʩʫʜʥʦ, ʽ 

ʢʦʤʧʦʥʝʥʪ ʤʦʤʝʥʪʫ ʩʠʣ ʚʽʜʥʦʩʥʦ ʚʝʨʪʠʢʘʣʴʥʦʾ ʦʩʽ, ʱʦ ʧʨʦʭʦʜʠʪʴ ʯʝʨʝʟ ʮʝʥʪʨ ʩʫʜʥʘ: 

 

Ὂȿ В В В Ὢȿȟȟ
, Ὢȿȟȟ

ὖȟȟὲȿȟȟ
Ўίȟȟ,         (2.34) 

x

y

Model grid nodes

Ship grid boundaries

Ship zone - zone in the model 
grid containing theship grid

Grid nodesin ship zone

Grid nodesinside the ship grid
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ὓ В В В ὼȟȟὪȟȟ ώȟȟὪȟȟ . 

 

ʊʫʪ ʩʫʤʫʚʘʥʥʷ ʚʠʢʦʥʫʻʪʴʩʷ ʧʦ ʚʩʽʭ ʢʦʤʽʨʢʘʭ ʩʽʪʢʠ ʪʘ ʧʦ ʢʦʞʥʦʤʫ ʟ ʜʚʦʭ ʪʨʠʢʫʪʥʠʢʽʚ, 

ʥʘ ʷʢʽ ʨʦʟʜʽʣʝʥʘ ʢʦʤʽʨʢʘ. Ὢȿȟȟ
 ï ʧʦʟʜʦʚʞʥʷ ʪʘ ʧʦʧʝʨʝʯʥʘ ʩʢʣʘʜʦʚʽ ʝʣʝʤʝʥʪʘʨʥʦʾ ʩʠʣʠ 

ʥʘ ʪʨʠʢʫʪʥʫ ʛʨʘʥʴ; ὖȟȟ ï ʛʽʜʨʦʩʪʘʪʠʯʥʠʡ ʪʠʩʢ ʥʘ ʛʨʘʥʴ; Ўίȟȟ ï ʧʣʦʱʘ ʛʨʘʥʽ; ὲȿȟȟ
 

ï ʧʦʟʜʦʚʞʥʽ ʪʘ ʧʦʧʝʨʝʯʥʽ ʢʦʤʧʦʥʝʥʪʠ ʚʝʢʪʦʨʘ ʥʦʨʤʘʣʽ ʜʦ ʛʨʘʥʽ. 

ʆʩʥʦʚʥʽ ʯʠʩʝʣʴʥʽ ʘʣʛʦʨʠʪʤʠ ʤʦʜʝʣʽ (ʨʦʟʚôʷʟʘʥʥʷ ʈʄɺ, ʤʦʜʠʬʽʢʘʮʽʷ ʨʝʣʴʻʬʫ 

ʜʥʘ ʚ ʤʝʞʘʭ çʟʦʥʠ ʢʦʨʘʙʣʷè, ʨʦʟʨʘʭʫʥʦʢ ʥʘʚʘʥʪʘʞʝʥʴ) ʨʝʘʣʽʟʦʚʘʥʽ ʚ ʧʨʦʛʨʘʤʥʦʤʫ 

Fortran-ʢʦʜʽ ʫ ʚʠʛʣʷʜʽ ʮʠʢʣʽʚ ʟʘ ʚʩʽʤʘ ʘʢʪʠʚʥʠʤʠ ʚʫʟʣʘʤʠ ʨʦʟʨʘʭʫʥʢʦʚʦʾ ʩʽʪʢʠ, 

ʛʨʘʥʠʮʷʤʠ ʢʦʥʪʨʦʣʴʥʠʭ ʦʙôʻʤʽʚ, ʚʫʟʣʘʤʠ ʩʽʪʢʠ ʚ ʤʝʞʘʭ çʟʦʥʠ ʢʦʨʘʙʣʷè ʪʘ ʟʘ 

ʢʦʤʽʨʢʘʤʠ ʢʦʨʘʙʝʣʴʥʠʭ ʩʽʪʦʢ. ɰʭ ʦʩʦʙʣʠʚʽʩʪʶ ʻ ʪʝ, ʱʦ ʽʪʝʨʘʮʽʾ ʮʠʢʣʽʚ ʻ ʥʝʟʘʣʝʞʥʠʤʠ 

(ʦʜʥʘ ʚʽʜ ʦʜʥʦʾ ʥʘ ʧʦʪʦʯʥʦʤʫ ʢʨʦʮʽ), ʘ ʦʙʯʠʩʣʝʥʥʷ ï ʣʦʢʘʣʴʥʠʤʠ (ʧ. 1.1). ʎʽ 

ʚʣʘʩʪʠʚʦʩʪʽ ʻ ʦʩʥʦʚʦʶ ʧʘʨʘʣʝʣʽʟʘʮʽʾ ʘʣʛʦʨʠʪʤʽʚ ʤʦʜʝʣʽ, ʜʣʷ ʷʢʦʾ ʥʝʟʘʣʝʞʥʽ ʽʪʝʨʘʮʽʾ ʻ 

ʦʢʨʝʤʠʤʠ ʧʘʨʘʣʝʣʴʥʠʤʠ ʧʽʜʟʘʜʘʯʘʤʠ. ɿʘʚʜʷʢʠ ʮʴʦʤʫ ʘʣʛʦʨʠʪʤʠ ʧʨʠʨʦʜʥʠʤ ʯʠʥʦʤ, 

ʙʝʟ ʨʝʦʨʛʘʥʽʟʘʮʽʾ, ʨʦʟʧʘʨʘʣʝʣʶʶʪʴʩʷ ʥʘ ʦʩʥʦʚʽ ʧʦʪʦʢʽʚ (ʜʣʷ ʙʘʛʘʪʦʧʨʦʮʝʩʦʨʥʠʭ CPU-

ʩʠʩʪʝʤ ʟʽ ʩʧʽʣʴʥʦʶ ʧʘʤôʷʪʪʶ) ʘʙʦ ʧʦʪʦʢʦʚʦʾ ʦʙʨʦʙʢʠ ʥʘ GPU (ʧ. 1.1).ʃʦʢʘʣʴʥʽʩʪʴ 

ʚʽʜʢʨʠʚʘʻ ʧʝʨʩʧʝʢʪʠʚʫ ʪʦʛʦ, ʱʦ ʧʘʨʘʣʝʣʽʟʘʮʽʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʦʩʪʠʭ ʟʘʩʦʙʽʚ 

ʙʘʛʘʪʦʧʦʪʦʢʦʚʦʛʦ ʧʨʦʛʨʘʤʫʚʘʥʥʷ ʥʘ ʦʩʥʦʚʽ ʜʠʨʝʢʪʠʚ ʢʦʤʧʽʣʷʪʦʨʘ ʤʦʞʝ ʟʘʙʝʟʧʝʯʠʪʠ 

ʜʦʩʪʘʪʥʶ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʘʨʘʣʝʣʽʟʘʮʽʾ ʙʝʟ ʜʦʜʘʪʢʦʚʦʛʦ ʧʨʦʛʨʘʤʫʚʘʥʥʷ ʚʟʘʻʤʦʜʽʾ 

ʧʨʦʮʝʩʦʨʽʚ ʽʟ ʨʽʟʥʠʤʠ ʨʽʚʥʷʤʠ ʧʘʤôʷʪʽ. ɹʘʛʘʪʦʧʦʪʦʯʥʽʩʪʴ ʫ ʤʦʜʝʣʽ ShipSim ʨʝʘʣʽʟʦʚʘʥʘ 

ʟʜʦʙʫʚʘʯʝʤ ʟʘʩʦʙʘʤʠ ʧʨʦʛʨʘʤʥʦʛʦ ʩʪʘʥʜʘʨʪʫ OpenACC, ʷʢʠʡ ʧʽʜʪʨʠʤʫʻ 

ʧʘʨʘʣʝʣʽʟʘʮʽʶ ʧʨʦʛʨʘʤ ʜʣʷ ʙʘʛʘʪʦʷʜʝʨʥʠʭ CPU ʪʘ ʛʨʘʬʽʯʥʠʭ ʧʨʠʩʢʦʨʶʚʘʯʽʚ (ʧ. 1.1). 

ɼʠʨʝʢʪʠʚʠ OpenACC ʽʤʧʣʝʤʝʥʪʦʚʘʥʦ ʫ Fortran-ʢʦʜ ʤʦʜʝʣʽ ʜʣʷ ʪʦʛʦ, ʱʦʙ ʚʢʘʟʘʪʠ 

ʢʦʤʧʽʣʷʪʦʨʫ ʮʠʢʣʠ ʧʦ ʝʣʝʤʝʥʪʘʭ ʩʽʪʦʢ, ʜʣʷ ʷʢʠʭ ʥʝʦʙʭʽʜʥʦ ʟʛʝʥʝʨʫʚʘʪʠ 

ʙʘʛʘʪʦʧʦʪʦʢʦʚʠʡ ʢʦʜ ʜʣʷ ʦʙʨʦʙʢʠ ʽʪʝʨʘʮʽʡ ʮʠʢʣʽʚ ʧʘʨʘʣʝʣʴʥʦ ʷʜʨʘʤʠ CPU ʘʙʦ GPU. 

ʋʩʝʨʝʜʠʥʽ ʪʘʢʠʭ ʮʠʢʣʽʚ ʧʦʪʦʢʠ ʥʝ ʩʠʥʭʨʦʥʽʟʫʶʪʴʩʷ, ʩʠʥʭʨʦʥʽʟʘʮʽʷ ʚʠʢʦʥʫʻʪʴʩʷ 

ʘʚʪʦʤʘʪʠʯʥʦ ʧʽʩʣʷ ʟʘʚʝʨʰʝʥʥʷ ʮʠʢʣʽʚ. ʇʨʠ ʮʴʦʤʫ ʥʝ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʤʝʭʘʥʽʟʤʠ 

ʷʚʥʦʛʦ ʢʝʨʫʚʘʥʥʷ ʙʣʦʢʘʤʠ ʧʦʪʦʢʽʚ ï ʨʦʟʧʦʜʽʣ ʧʦʪʦʢʽʚ ʤʽʞ ʧʨʦʮʝʩʦʨʘʤʠ ʪʘ ʷʜʨʘʤʠ 

ʟʜʽʡʩʥʶʻʪʴʩʷ ʢʦʤʧʽʣʷʪʦʨʦʤ. ʂʨʽʤ ʪʦʛʦ, ʜʣʷ GPU ʫ ʧʨʦʛʨʘʤʥʦʤʫ ʢʦʜʽ ʷʚʥʦ 
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ʢʦʥʪʨʦʣʶʻʪʴʩʷ ʟʘʚʘʥʪʘʞʝʥʥʷ ʜʘʥʠʭ ʚʽʜ CPU (ʭʦʩʪʘ) ʚ ʧʘʤôʷʪ ɹGPU (ʧʨʠʩʪʨʦʶ) ʪʘ 

ʚʠʚʘʥʪʘʞʝʥʥʷ ʜʘʥʠʭ ʥʘʟʘʜ ʜʣʷ ʧʦʜʘʣʴʰʦʾ ʦʙʨʦʙʢʠ. 

ʆʩʦʙʣʠʚʽʩʪʶ GPU ̒ ʪʝ, ʱʦ ʾʭ ʦʙʯʠʩʣʶʚʘʣʴʥʘ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʜʣʷ ʦʧʝʨʘʮʽʡ ʟ 

ʦʜʠʥʘʨʥʦʶ ʪʦʯʥʽʩʪʶ ʧʝʨʝʚʘʞʘʻ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʜʣʷ ʦʧʝʨʘʮʽʡ ʟ ʧʦʜʚʽʡʥʦʶ ʪʦʯʥʽʩʪʶ. 

ʊʦʤʫ ʫ ʢʦʜʽ ʤʦʜʝʣʽ, ʩʧʦʯʘʪʢʫ ʥʘʧʠʩʘʥʦʤʫ ʚ ʧʦʜʚʽʡʥʽʡ ʪʦʯʥʦʩʪʽ, ʨʝʘʣʽʟʦʚʘʥʦ ʦʧʮʽʶ 

ʚʠʙʦʨʫ ʬʦʨʤʘʪʫ ʪʦʯʥʦʩʪʽ ʦʙʯʠʩʣʝʥʴ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʝʧʨʦʮʝʩʦʨʥʦʛʦ ʧʨʘʧʦʨʘ ʥʘ ʝʪʘʧʽ 

ʢʦʤʧʽʣʷʮʽʾ ʪʘ ʟʙʠʨʘʥʥʷ ʚʠʢʦʥʫʚʘʥʦʛʦ ʬʘʡʣʫ. 

ʇʝʨʝʜ ʟʘʧʫʩʢʦʤ ʽʪʝʨʘʮʽʡʥʦʛʦ ʧʨʦʮʝʩʫ ʚ ʯʘʩʽ ʧʘʨʘʤʝʪʨʠ ʪʘ ʤʘʩʠʚʠ 

ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʟʤʽʥʥʠʭ, ʽʥʽʮʽʘʣʽʟʦʚʘʥʽ ʥʘ ʝʪʘʧʽ ʧʨʝʧʨʦʮʝʩʽʥʛʫ, ʟʘʚʘʥʪʘʞʫʶʪʴʩʷ ʚ 

ʧʘʤôʷʪ ɹGPU ʟʘ ʜʦʧʦʤʦʛʦʶ ʜʠʨʝʢʪʠʚ !$ACC DATA COPY(...) ʽ !$ACC DATA 

COPYIN(...). ʎʝ ʟʨʦʙʣʝʥʦ ʟ ʤʝʪʦʶ ʫʥʠʢʥʝʥʥʷ ʙʘʛʘʪʦʨʘʟʦʚʦʾ ʧʝʨʝʜʘʯʽ ʜʘʥʠʭ ʚʽʜ CPU 

(ʭʦʩʪʘ) ʜʦ GPU (ʧʨʠʩʢʦʨʶʚʘʯʘ) ʧʽʜ ʯʘʩ ʽʥʽʮʽʘʣʽʟʘʮʽʾ ʧʘʨʘʣʝʣʴʥʠʭ ʮʠʢʣʽʚ. ʐʠʥʘ ʧʘʤôʷʪʽ 

ʤʽʞ CPU ̔ GPU ʧʨʘʮʶʻ ʟʥʘʯʥʦ ʧʦʚʽʣʴʥʽʰʝ, ʥʽʞ ʚʥʫʪʨʽʰʥʷ ʧʘʤôʷʪʴ GPU, ʪʦʤʫ ʯʘʩʪʽ 

ʧʝʨʝʩʠʣʘʥʥʷ ʟʥʠʞʫʶʪʴ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʘʨʘʣʝʣʽʟʘʮʽʾ. 

¶ !$ACC DATA COPY(...) ï ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʟʤʽʥʥʠʭ, ʟʥʘʯʝʥʥʷ ʷʢʠʭ ʧʦʪʨʽʙʥʦ 

ʧʦʚʝʨʥʫʪʠ ʥʘ ʭʦʩʪ ʧʽʩʣʷ ʟʘʚʝʨʰʝʥʥʷ ʽʪʝʨʘʮʽʡ ʫ ʯʘʩʽ; 

¶ !$ACC DATA COPYIN(...) ï ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʟʤʽʥʥʠʭ, ʷʢʽ ʧʦʪʨʽʙʥʽ ʣʠʰʝ ʥʘ 

ʧʨʠʩʢʦʨʶʚʘʯʽ (ʥʘ ʭʦʩʪ ʥʝ ʧʦʚʝʨʪʘʶʪʴʩʷ). 

ɹʘʛʘʪʦʧʦʪʦʯʥʘ ʦʙʨʦʙʢʘ ʧʦʝʣʝʤʝʥʪʥʦʛʦ ʢʦʜʫ ʚʠʟʥʘʯʘʻʪʴʩʷ ʧʦʩʣʽʜʦʚʥʠʤʠ 

ʜʠʨʝʢʪʠʚʘʤʠ: 

¶ !$ACC DATA PRESENT(...) ï ʧʦʟʥʘʯʘʻ ʜʣʷ ʢʦʤʧʽʣʷʪʦʨʘ, ʷʢʽ ʤʘʩʠʚʠ ʚʞʝ 

ʟʘʚʘʥʪʘʞʝʥʽ ʚ ʧʘʤôʷʪʴ GPU; 

¶ !$ACC KERNELS ï ʚʠʟʥʘʯʘʻ ʧʦʯʘʪʦʢ ʧʘʨʘʣʝʣʴʥʦʾ ʯʘʩʪʠʥʠ ʢʦʜʫ; 

¶ !$ACC LOOP INDEPENDENT PRIVATE(...) ï ʚʢʘʟʫʻ ʮʠʢʣ, ʷʢʠʡ ʦʙʨʦʙʣʷʪʠʤʝʪʴʩʷ 

ʙʘʛʘʪʦʧʦʪʦʢʦʚʦ, PRIVATE ʦʧʠʩʫʻ ʣʦʢʘʣʴʥʽ ʟʤʽʥʥʽ ʜʣʷ ʢʦʞʥʦʛʦ ʧʦʪʦʢʫ; 

¶ !$ACC END KERNELS ï ʟʘʚʝʨʰʫʻ ʧʘʨʘʣʝʣʴʥʫ ʯʘʩʪʠʥʫ ʪʘ ʚʠʢʦʥʫʻ 

ʩʠʥʭʨʦʥʽʟʘʮʽʶ ʧʦʪʦʢʽʚ; 

¶ !$ACC END DATA ï ʟʘʢʨʠʚʘʻ ʦʙʣʘʩʪʴ, ʫ ʤʝʞʘʭ ʷʢʦʾ ʙʫʣʠ ʘʢʪʫʘʣʴʥʽ ʤʘʩʠʚʠ, 

ʟʘʟʥʘʯʝʥʽ ʚ !$ACC DATA PRESENT(...). 
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ʗʢʱʦ ʢʽʣʴʢʘ ʧʦʝʣʝʤʝʥʪʥʠʭ ʮʠʢʣʽʚ ʨʦʟʤʽʱʝʥʦ ʧʦʩʣʽʜʦʚʥʦ ʚ ʦʜʥʽʡ ʧʽʜʧʨʦʛʨʘʤʽ ʪʘ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʦʜʥʽ ʡ ʪʽ ʩʘʤʽ ʤʘʩʠʚʠ ʟʤʽʥʥʠʭ (ʥʘʧʨʠʢʣʘʜ, ʜʣʷ ʜʦʜʘʚʘʥʥʷ ʚʢʣʘʜʫ 

ʜʠʬʫʟʽʾ ʪʘ ʛʨʘʜʽʻʥʪʘ ʛʽʜʨʦʩʪʘʪʠʯʥʦʛʦ ʪʠʩʢʫ ʜʦ ʢʦʤʧʦʥʝʥʪ ʚʠʪʨʘʪʠ), ʚʦʥʠ ʚʩʽ 

ʧʦʤʽʱʘʶʪʴʩʷ ʤʽʞ !$ACC KERNELS ʪʘ !$ACC END KERNELS ʟ ʚʽʜʧʦʚʽʜʥʠʤʠ 

ʜʠʨʝʢʪʠʚʘʤʠ !$ACC DATA PRESENT(...) ʽ !$ACC END DATA. 

ɺʽʜʧʦʚʽʜʥʦ ʜʦ ʯʠʩʝʣʴʥʠʭ ʩʭʝʤ, ʫ ʢʦʜʽ ʤʦʜʝʣʽ ʮʠʢʣʠ ʟʘ ʝʣʝʤʝʥʪʘʤʠ ʧʨʷʤʦʢʫʪʥʠʭ 

ʩʽʪʦʢ ʨʝʘʣʽʟʦʚʘʥʽ ʷʢ ʚʢʣʘʜʝʥʽ ʮʠʢʣʠ: ʟʘ ʥʘʧʨʷʤʢʦʤ y ï ̔ ʥʜʝʢʩ j, ʪʘ ʟʘ ʥʘʧʨʷʤʢʦʤ x ï 

ʽʥʜʝʢʩ i. ʊʦʤʫ ʜʠʨʝʢʪʠʚʘ !$ACC LOOP INDEPENDENT ʚʩʪʘʚʣʷʻʪʴʩʷ ʷʢ ʧʝʨʝʜ 

ʟʦʚʥʽʰʥʽʤ, ʪʘʢ ʽ ʧʝʨʝʜ ʚʥʫʪʨʽʰʥʽʤ ʮʠʢʣʦʤ, ʘ PRIVATE ï ʣʠʰʝ ʫ ʚʥʫʪʨʽʰʥʴʦʤʫ. ʗʢʱʦ 

ʚ ʽʪʝʨʘʮʽʾ ʧʘʨʘʣʝʣʴʥʦʛʦ ʮʠʢʣʫ ʻ ʢʦʨʦʪʢʠʡ ʚʢʣʘʜʝʥʠʡ ʮʠʢʣ (ʥʘʧʨʠʢʣʘʜ, ʧʦ ʜʚʦʭ 

ʪʨʠʢʫʪʥʠʢʘʭ ʫ ʤʝʞʘʭ ʧʨʷʤʦʢʫʪʥʦʾ ʢʦʨʘʙʝʣʴʥʦʾ ʩʽʪʢʠ), ʚʽʥ ʥʝ ʧʘʨʘʣʝʣʽʟʫʻʪʴʩʷ, ʘ 

ʚʠʢʦʥʫʻʪʴʩʷ ʚ ʦʜʥʦʤʫ ʧʦʪʦʮʽ. ʎʝ ʟʘʜʘʻʪʴʩʷ ʯʝʨʝʟ ʜʠʨʝʢʪʠʚʫ !$ACC LOOP SEQ ʧʝʨʝʜ 

ʮʠʤ ʢʦʨʦʪʢʠʤ ʮʠʢʣʦʤ. ʉʝʨʝʜ ʧʦʝʣʝʤʝʥʪʥʠʭ ʮʠʢʣʽʚ ʻ ʡ ʪʘʢʽ, ʱʦ ʤʘʶʪʴ ʥʝʣʦʢʘʣʴʥʽʩʪʴ 

ʪʠʧʫ ʨʝʜʫʢʮʽʾ ï ʥʘʧʨʠʢʣʘʜ, ʧʦʰʫʢ ʤʽʥʽʤʘʣʴʥʦʛʦ ʢʨʦʢʫ ʯʘʩʫ ʟʘ ʢʨʠʪʝʨʽʻʤ ʂʫʨʘʥʪʘ. ɼʣʷ 

ʮʴʦʛʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ !$ACC LOOP REDUCTION(min:...). ɸʥʘʣʦʛʽʯʥʦ, ʜʣʷ 

ʦʙʯʠʩʣʝʥʥʷ ʥʘʚʘʥʪʘʞʝʥʴ ʥʘ ʧʨʠʰʚʘʨʪʦʚʘʥʝ ʩʫʜʥʦ, ʜʝ ʟʜʽʡʩʥʶʻʪʴʩʷ ʯʠʩʝʣʴʥʝ 

ʽʥʪʝʛʨʫʚʘʥʥʷ ʧʦʟʜʦʚʞʥʽʭ ʽ ʧʦʧʝʨʝʯʥʠʭ ʩʢʣʘʜʦʚʠʭ ʩʠʣʠ ʪʘ ʤʦʤʝʥʪʫ ʚʽʜʥʦʩʥʦ 

ʚʝʨʪʠʢʘʣʴʥʦʾ ʦʩʽ, ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ !$ACC LOOP REDUCTION(+:...) ʜʣʷ 

ʧʘʨʘʣʝʣʴʥʦʛʦ ʩʫʤʫʚʘʥʥʷ. 

ʗʢʱʦ ʚ ʧʘʨʘʣʝʣʴʥʦʤʫ ʮʠʢʣʽ ʚʠʢʣʠʢʘʻʪʴʩʷ ʧʨʦʮʝʜʫʨʘ ʘʙʦ ʬʫʥʢʮʽʷ, ʚʦʥʘ 

ʦʛʦʣʦʰʫʻʪʴʩʷ ʷʢ ʪʘʢʘ, ʱʦ ʚʠʢʦʥʫʻʪʴʩʷ ʦʢʨʝʤʠʤ ʧʦʪʦʢʦʤ ï ʯʝʨʝʟ !$ACC ROUTINE 

SEQ. ʗʢ ʧʦʢʘʟʘʚ ʘʥʘʣʽʟ ʘʣʛʦʨʠʪʤʽʚ ʤʦʜʝʣʽ, ʜʣʷ ʦʙʯʠʩʣʝʥʥʷ ʧʦʣʦʞʝʥʥʷ ʪʘ ʦʨʽʻʥʪʘʮʽʾ 

ʢʦʨʘʙʣʷ ʩʣʽʜ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʧʦʜʚʽʡʥʫ ʪʦʯʥʽʩʪʴ. ʎʽ ʧʨʦʮʝʜʫʨʠ, ʘ ʪʘʢʦʞ ʦʙʯʠʩʣʝʥʥʷ 

ʰʣʷʭʫ ʪʘ ʤʝʞ çʟʦʥʠ ʢʦʨʘʙʣʷè, ʚʠʢʦʥʫʶʪʴʩʷ ʥʘ CPU. ʇʽʩʣʷ ʮʴʦʛʦ ʽʥʜʝʢʩʠ, ʷʢʽ 

ʚʠʟʥʘʯʘʶʪʴ ʣʽʚʠʡ ʥʠʞʥʽʡ (iE1, jE1) ʪʘ ʧʨʘʚʠʡ ʚʝʨʭʥʽʡ (iE2, jE2) ʚʫʟʣʠ ʧʨʷʤʦʢʫʪʥʠʢʘ 

çʟʦʥʠ ʢʦʨʘʙʣʷè, ʧʝʨʝʜʘʶʪʴʩʷ ʥʘ GPU ʯʝʨʝʟ ʜʠʨʝʢʪʠʚʫ !$ACC UPDATE 

DEVICE(iE1,iE2,jE1,jE2). ʇʝʨʝʜ ʚʠʚʝʜʝʥʥʷʤ ʧʘʨʘʤʝʪʨʽʚ ʽ ʤʘʩʠʚʽʚ ʟʤʽʥʥʠʭ, 

ʦʙʯʠʩʣʝʥʠʭ ʥʘ GPU, ʫ ʟʦʚʥʽʰʥʽ ʬʘʡʣʠ ʚʦʥʠ ʧʝʨʝʩʠʣʘʶʪʴʩʷ ʥʘ CPU ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʜʠʨʝʢʪʠʚʠ !$ACC UPDATE HOST(...). ʂʝʨʫʚʘʥʥʷ ʧʝʨʝʩʠʣʢʦʶ ʜʘʥʠʭ ʤʽʞ ʭʦʩʪʦʤ ʽ GPU 

ʟʘ ʜʦʧʦʤʦʛʦʶ ʜʠʨʝʢʪʠʚ OpenACC ʧʦʢʘʟʘʥʦ ʚ ʧʨʦʪʦʪʠʧʽ Fortran-ʢʦʜʫ ʤʦʜʝʣʽ ʫ ɼʦʜʘʪʢʫ 
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ɺ. ʉʭʝʤʫ ʧʘʨʘʣʝʣʽʟʘʮʽʾ ʧʦʝʣʝʤʝʥʪʥʠʭ ʮʠʢʣʽʚ ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ ʥʘ ʧʨʠʢʣʘʜʽ ʮʠʢʣʫ 

ʯʠʩʝʣʴʥʦʛʦ ʽʥʪʝʛʨʫʚʘʥʥʷ ʥʘʚʘʥʪʘʞʝʥʴ ʟʘ ʬʦʨʤʫʣʦʶ (2.34). ʇʨʠʢʣʘʜ Fortran-ʢʦʜʫ 

ʮʠʢʣʫ ʟ ʜʠʨʝʢʪʠʚʘʤʠ OpenACC ʥʘʚʝʜʝʥʦ ʚ ɼʦʜʘʜʢʫ ɸ. 

  

 

2.3 ɯʥʬʦʨʤʘʮʽʡʥʘ ʪʝʭʥʦʣʦʛʽʷ ʨʦʟʧʘʨʘʣʝʣʶʚʘʥʥʷ ʜʚʦʚʠʤʽʨʥʦʾ ʤʦʜʝʣʽ 

ʛʽʜʨʦʜʠʥʘʤʽʢʠ ʚʦʜʦʡʤ, ʧʝʨʝʥʦʩʫ ʥʘʥʦʩʽʚ ʽ ʜʠʥʘʤʽʢʠ ʟʘʙʨʫʜʥʝʥʴ ʥʘ 

ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʠʭ ʩʽʪʢʘʭ 

 

 

ɼʦ ʩʢʣʘʜʫ ʤʦʜʝʣʶʶʯʦʾ ʩʠʩʪʝʤʠ COASTOX-PRL ʪʘʢʦʞ ʚʭʦʜʠʪʴ ʤʦʜʝʣʴ 

ʛʽʜʨʦʜʠʥʘʤʽʢʠ, ʧʝʨʝʥʦʩʫ ʥʘʥʦʩʽʚ ʽ ʜʠʥʘʤʽʢʠ ʟʘʙʨʫʜʥʝʥʴ COASTOX-HD-SED-RN 

(COASTOX-UN), ʷʢʘ ʨʦʟʚôʷʟʫʻ  ʚʽʜʧʦʚʽʜʥʽ ʨʽʚʥʷʥʥʷ ʥʘ ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʠʭ ʩʽʪʢʘʭ. 

ʆʧʠʩ ʜʚʦʚʠʤʽʨʥʠʭ ʪʝʯʽʡ ʚ ʥʽʡ, ʷʢ ʽ ʚ ʤʦʜʝʣʽ ʢʦʨʘʙʝʣʴʥʠʭ ʭʚʠʣʴ ʙʘʟʫʻʪʴʩʷ ʥʘ ʈʄɺ 

(2.16), (2.17). ɸʣʝ, ʥʘ ʚʽʜʤʽʥʫ, ʚ ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʽʡ ʤʦʜʝʣʽ ʜʝʱʦ ʟʤʽʥʝʥʽ ʚʠʨʘʟʠ ʜʣʷ 

ʢʦʤʧʦʥʝʥʪ ʚʝʢʪʦʨʘ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʧʦʪʦʢʫ ╔, ╖, ʟʘʚʜʷʢʠ ʪʦʤʫ, ʱʦ ʜʦ ʥʠʭ ʧʝʨʝʥʝʩʝʥʦ 

ʛʨʘʜʽʻʥʪ ʛʽʜʨʦʩʪʘʪʠʯʥʦʛʦ ʪʠʩʢʫ ʟ ʚʝʢʪʦʨʘ ʚʽʣʴʥʠʭ ʯʣʝʥʽʚ ╢: 

 

╔

όὬ

όή ὫὬ

όή
, ╖

ὺὬ
ὺή

ὺή ὫὬ
, ╢

π

ὫὬ Ễ

ὫὬ Ễ

.           (2.35) 

 

ʊʝʯʽʾ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʨʦʟʤʠʚʫ ʜʦʥʥʠʭ ʚʽʜʢʣʘʜʽʚ, ʧʝʨʝʥʝʩʝʥʥʷ ʥʘʥʦʩʽʚ  ʧʦʪʦʢʦʤ ʽ 

ʧʝʨʝʚʽʜʢʣʘʜʝʥʥʷ ʟ ʧʝʨʝʬʦʨʤʫʚʘʥʥʷʤ ʜʦʥʥʦʛʦ ʨʝʣʴʻʬʫ. ʎʽ ʧʨʦʮʝʩʠ ʚ COASTOX-UN 

ʦʧʠʩʫʶʪʴʩʷ ʥʘ ʦʩʥʦʚʽ ʟʙʝʨʝʞʝʥʥʷ ʤʘʩʠ ʜʦʥʥʠʭ ʚʽʜʢʣʘʜʽʚ ʟʘ ʜʦʧʦʤʦʛʦʶ ʜʚʦʚʠʤʽʨʥʦʛʦ 

ʘʜʚʝʢʪʠʚʥʦ-ʜʠʬʫʟʽʡʥʦʛʦ ʨʽʚʥʷʥʥʷ ʧʝʨʝʥʦʩʫ ʯʘʩʪʠʥʦʢ ʧʦʪʦʢʦʤ ʨʽʜʠʥʠ: 

 

ήὛ ὬὈ ὗ ὗ ,                        (2.36) 

 



53 

ʨʘʟʦʤ ʟ ʨʽʚʥʷʥʥʷʤ ʝʨʦʟʽʾ/ʦʩʘʜʞʝʥʥʷ (ʘʥʘʣʦʛ ʨʽʚʥʷʥʥʷ ɽʢʩʥʝʨʘ): 

 

ρ ‰” ὗ ὗ ,                                      (2.37) 

 

ʜʝ Ὓ ï ʦʩʝʨʝʜʥʝʥʘ ʧʦ ʛʣʠʙʠʥʽ ʢʦʥʮʝʥʪʨʘʮʽʷ ʥʘʥʦʩʽʚ ʫ ʚʦʜʽ (ʢʛ/ʤ3); Dij ï ʢʦʤʧʦʥʝʥʪʠ 

ʢʦʝʬʽʮʽʻʥʪʘ ʛʦʨʠʟʦʥʪʘʣʴʥʦʾ ʜʠʬʫʟʽʾ; ” ï ʛʫʩʪʠʥʘ ʜʦʥʥʠʭ ʚʽʜʢʣʘʜʝʥʴ, ‰ ï ʧʦʨʠʩʪʽʩʪʴ 

ʚʝʨʭʥʴʦʛʦ ʜʦʥʥʦʛʦ ʰʘʨʫ; ὗ  ̔ ὗ  ï h ʚʠʜʢʦʩʪʽ ʝʨʦʟʽʾ ʽ ʦʩʘʜʞʝʥʥʷ (ʤʘʩʘ ʥʘʥʦʩʽʚ ʟ 

ʦʜʠʥʠʮʽ ʧʣʦʱʽ ʚ ʦʜʠʥʠʮʶ ʯʘʩʫ). ὗʽ ὗ ʫ ʬʦʨʤʫʣʘʭ (2.36), (2.37) ʤʘʶʪʴ ʩʝʥʩ ʧʦʚʥʠʭ 

ʰʚʠʜʢʦʩʪʝʡ ʝʨʦʟʽʾ ʽ ʦʩʘʜʞʝʥʥʷ, ʱʦ ʚʠʨʘʞʘʶʪʴʩʷ ʯʝʨʝʟ ʨʽʚʥʦʚʘʞʥʫ ʦʩʝʨʝʜʥʝʥʫ ʧʦ 

ʛʣʠʙʠʥʽ ʢʦʥʮʝʥʪʨʘʮʽʶ ʥʘʥʦʩʽʚ Ὓᶻ ̔  ʬʘʢʪʠʯʥʫ ʢʦʥʮʝʥʪʨʘʮʽʶ Ὓ [95]: 

 

ὗ ὗ ‍ύ Ὓᶻ Ὓ,                                       (2.38) 

 

ʜʝ ύ  ï h ʚʠʜʢʽʩʪʴ ʦʩʘʜʞʝʥʥʷ ʯʘʩʪʠʥʦʢ (ʛʽʜʨʘʚʣʽʯʥʘ ʢʨʫʧʥʽʩʪʴ); ‍  ïʢʦʝʬʽʮʽʻʥʪ 

ʨʦʟʤʠʚʫ, ʷʢʠʡ ʻ ʢʘʣʽʙʨʫʚʘʣʴʥʠʤ ʧʘʨʘʤʝʪʨʦʤ ʪʘʢ ʷʢ ʚʢʣʶʯʘʻ ʽ ʚʽʜʥʦʰʝʥʥʷ ʧʨʠʜʦʥʥʦʾ 

ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʘʥʦʩʽʚ ʜʦ ʦʩʝʨʝʜʥʝʥʦʾ ʧʦ ʛʣʠʙʠʥʽ ʢʦʥʮʝʥʪʨʘʮʽʾ ʽ ʝʢʨʘʥʫʶʯʽ ʨʦʟʤʠʚ 

ʚʣʘʩʪʠʚʦʩʪʽ ʧʦʚʝʨʭʥʽ ʜʥʘ ʨʽʯʢʦʚʠʭ ʧʦʪʦʢʽʚ. ɺ COASTOX-UN ʨʽʚʥʦʚʘʞʥʘ 

ʢʦʥʮʝʥʪʨʘʮʽʷ ʚʠʨʘʞʘʻʪʴʩʷ ʯʝʨʝʟ ʧʦʚʥʫ ʪʨʘʥʩʧʦʨʪʫʚʘʣʴʥʫ ʻʤʥʽʩʪʴ ʧʦʪʦʢʫ ʥʘʥʦʩʽʚ 

(ʟʘʚʠʩʣʠʭ ʪʘ ʜʦʥʥʠʭ ʨʘʟʦʤ) ʽ ʤʦʞʝ ʨʦʟʨʘʭʦʚʫʚʘʪʠʩʴ ʟʘ ʜʝʢʽʣʴʢʦʤʘ ʚʽʜʦʤʠʤʠ 

ʬʦʨʤʫʣʘʤʠ: Van Rijn, Soulsby, Camenen & Larsen [185].  

ʋ ʤʦʜʝʣʽ COASTOX-UN ʪʨʘʥʩʧʦʨʪ ʨʘʜʽʦʥʫʢʣʽʜʽʚ ʫ ʨʦʟʯʠʥʥʽʡ ʬʦʨʤʽ 

ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʜʚʦʚʠʤʽʨʥʠʤ  ʘʜʚʝʢʪʠʚʥʦ-ʜʠʬʫʟʽʡʥʝ ʨʽʚʥʷʥʥʷʤ: 

 

ήὅ ὬὈ                              (2.39) 

‗Ὤὅ ὥὬὛὯ” ὅ ὅ ρ ‰ὤzὥ Ὧὅ ὅ , 

 

ʜʝ ὅ ï ʦʙôʻʤʥʘ ʦʩʝʨʝʜʥʝʥʘ ʧʦ ʛʣʠʙʠʥʽ ʢʦʥʮʝʥʪʨʘʮʽʷ ʨʘʜʽʦʥʫʢʣʽʜʽʚ ʫ ʨʦʟʯʠʥʥʽʡ ʬʦʨʤʽ 

(ɹʢ/ʤ3); ὅ  ï ʢʦʥʮʝʥʪʨʘʮʽʷ ʨʘʜʽʦʥʫʢʣʽʜʽʚ ʥʘ ʟʘʚʠʩʣʠʭ ʥʘʥʦʩʘʭ (ɹʢ/ʢʛ); ὅ  ï ʦʙôʻʤʥʘ 

ʢʦʥʮʝʥʪʨʘʮʽʷ ʨʘʜʽʦʥʫʢʣʽʜʽʚ ʫ ʚʝʨʭʥʴʦʤʫ ʜʦʥʥʦʤʫ ʰʘʨʽ (ɹʢ/ʤ3); ὤz  ï ʪʦʚʱʠʥʘ 
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ʚʝʨʭʥʴʦʛʦ ʘʢʪʠʚʥʦʛʦ ʜʦʥʥʦʛʦ ʰʘʨʫ; ‗ ï ʢʦʥʩʪʘʥʪʘ ʨʘʜʽʦʘʢʪʠʚʥʦʛʦ ʥʘʧʽʚʨʦʟʧʘʜʫ; Ὧ ̔  

Ὧ ï ʙʝʟʨʦʟʤʽʨʥʽ ʢʦʝʬʽʮʽʻʥʪʠ ʨʦʟʧʦʜʽʣʫ ʚ ʩʠʩʪʝʤʽ çʚʦʜʘ ï ʟʘʚʠʩʣʽ ʯʘʩʪʠʥʢʠè ʽ çʚʦʜʘ ï 

ʚʝʨʭʥʽʡ ʜʦʥʥʠʡ ʰʘʨè; ὥ ̔  ὥ ï ʚʽʜʧʦʚʽʜʥʦ ʰʚʠʜʢʦʩʪʽ ʦʙʤʽʥʫ ʜʣʷ ʮʠʭ ʩʠʩʪʝʤ. 

ɺʝʣʠʢʠʡ ʦʙʩʷʛ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ, ʥʘʢʦʧʠʯʝʥʠʭ ʟʘ ʦʩʪʘʥʥʽ ʨʦʢʠ ʧʽʩʣʷ 

ʘʚʘʨʽʾ ʥʘ ʏʦʨʥʦʙʠʣʴʩʴʢʽʡ ɸɽʉ, ʩʚʽʜʯʠʪʴ ʧʨʦ ʪʝ, ʱʦ ʭʘʨʘʢʪʝʨʥʽ ʯʘʩʠ ʜʝʩʦʨʙʮʽʾ ʜʦʚʰʽ 

ʟʘ ʭʘʨʘʢʪʝʨʥʽ ʯʘʩʠ ʘʜʩʦʨʙʮʽʾ. ʑʦʙ ʚʨʘʭʫʚʘʪʠ ʮʶ ʨʽʟʥʠʮʶ ʚ ʭʘʨʘʢʪʝʨʥʠʭ ʯʘʩʘʭ, 

ʰʚʠʜʢʦʩʪʽ ʦʙʤʽʥʫ ʫ ʨʽʚʥʷʥʥʽ (2.39) ʪʘ ʜʘʣʽ ʬʦʨʤʫʣʶʶʪʴʩʷ ʫ ʚʠʛʣʷʜʽ [186]: 

 

ὥ
ὥ ȟ
ὥ ȟ 
Ὧ” ὅ ὅ

Ὧ” ὅ ὅ
, ὥ

ὥ ȟ
ὥ ȟ 
Ὧὅ ὅ

Ὧὅ ὅ
,                       (2.40) 

 

ʜʝ ὥ , ὥ  ï  ʢʦʝʬʽʮʽʻʥʪʠ ʰʚʠʜʢʦʩʪʽ ʘʜʩʦʨʙʮʽʾ ʚʽʜʧʦʚʽʜʥʦ ʜʣʷ ʩʠʩʪʝʤ çʚʦʜʘ ï ʟʘʚʠʩʣʽ 

ʯʘʩʪʠʥʢʠè ʪʘ çʚʦʜʘ ï ʚʝʨʭʥʽʡ ʜʦʥʥʠʡ ʰʘʨè; ὥ  , ὥ   ï ʢʦʝʬʽʮʽʻʥʪʠ ʰʚʠʜʢʦʩʪʽ 

ʜʝʩʦʨʙʮʽʾ ʜʣʷ ʪʠʭ ʩʘʤʠʭ ʩʠʩʪʝʤ. 

ɼʦ ʘʜʚʝʢʪʠʚʥʦ-ʜʠʬʫʟʽʡʥʦʛʦ ʨʽʚʥʷʥʥʷ ʪʨʘʥʩʧʦʨʪʫ ʨʘʜʽʦʥʫʢʣʽʜʽʚ ʥʘ ʟʘʚʠʩʣʠʭ 

ʯʘʩʪʠʥʢʘʭ ʜʦʜʘʻʪʴʩʷ ʯʣʝʥ ʪʠʧʫ ʜʞʝʨʝʣʦ-ʩʪʽʢ, ʱʦ ʦʧʠʩʫʻ ʧʨʦʮʝʩʠ ʦʙʤʽʥʫ ʟ ʜʥʦʤ ʟʘ 

ʨʘʭʫʥʦʢ ʨʦʟʤʠʚʫ ʜʥʘ ʽ ʦʩʘʜʞʝʥʥʷ ʟʘʙʨʫʜʥʝʥʠʭ ʯʘʩʪʠʥʦʢ: 

 

ήὛὅ ὬὈ                          (2.41) 

‗ὬὛὅ ὥὬὛὯ” ὅ ὅ ὗ” ὅ ὗὅ. 

 

ɿʘʙʨʫʜʥʝʥʥʷ ʚʝʨʭʥʴʦʛʦ ʜʦʥʥʦʛʦ ʰʘʨʫ ʦʧʠʩʫʻʪʴʩʷ ʨʽʚʥʷʥʥʷʤ 

 

ρ ‰ ὤzὅ ‗ρ ‰ὤzὅ                             (2.42) 

ρ ‰ὥὤz Ὧὅ ὅ ὗ” ὅ ὗὅ . 

 

ʏʠʩʝʣʴʥʽ ʩʭʝʤʠ ʨʽʚʥʷʥʴ ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʾ ʤʦʜʝʣʽ COASTOX-HD, ʦʪʨʠʤʘʥʽ ʥʘ 

ʦʩʥʦʚʽ ʤʝʪʦʜʫ ʢʦʥʪʨʦʣʴʥʠʭ ʦʙôʻʤʽʚ, ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʷʢʦʛʦ, ʦʙʣʘʩʪʴ ʤʦʜʝʣʶʚʘʥʥʷ 

ʜʠʩʢʨʝʪʠʟʫʻʪʴʩʷ ʥʘ ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʫ ʨʦʟʨʘʭʫʥʢʦʚʫ ʩʽʪʢʫ ʽʟ ʪʨʠʢʫʪʥʠʤʠ ʢʦʤʽʨʢʘʤʠ ï 
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ʢʦʥʪʨʦʣʴʥʠʤʠ ʦʙôʻʤʘʤʠ (ʨʠʩ. 2.7ʘ). ʂʦʞʝʥ ʢʦʥʪʨʦʣʴʥʠʡ ʦʙôʻʤ ʦʪʦʯʫʻ ʪʦʯʢʫ 

ʨʦʟʪʘʰʦʚʘʥʫ ʫ ʮʝʥʪʨʽ ʪʨʠʢʫʪʥʠʢʘ, ʚ ʷʢʠʡ ʚʠʟʥʘʯʘʶʪʴʩʷ ʚʩʽ ʛʽʜʨʦʜʠʥʘʤʽʯʥʽ ʟʤʽʥʥʽ 

ʨʽʚʥʷʥʴ, ʨʽʚʝʥʴ ʜʥʘ ʟʘʜʘʥʦ ʫ ʚʫʟʣʘʭ ʩʽʪʢʠ ï ʚʝʨʰʠʥʘʭ ʪʨʠʢʫʪʥʠʢʽʚ, ʧʦʪʦʢʠ ʯʝʨʝʟ 

ʛʨʘʥʠʮʽ ʤʽʞ ʢʦʤʽʨʢʘʤʠ ʟʘʜʘʥʦ ʫ ʩʝʨʝʜʠʥʘʭ ʨʝʙʝʨ ʪʨʠʢʫʪʥʠʢʽʚ (ʨʠʩ. 2.7ʙ). ɺʽʩʴ ᾀ 

ʚʚʘʞʘʻʪʴʩʷ ʥʘʧʨʘʚʣʝʥʦʶ ʧʨʦʪʠʣʝʞʥʦ ʚʝʢʪʦʨʫ ʩʠʣʠ ʪʷʞʽʥʥʷ.  

  

ʈʠʩʫʥʦʢ 2.7 ï ʘ) ʧʨʠʢʣʘʜ ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʦʾ ʩʽʪʢʠ ʤʦʜʝʣʽ COASTOX-UN; ʙ) 

ʢʦʥʪʨʦʣʴʥʽ ʦʙôʻʤʠ ʽʟ ʧʨʠʚôʷʟʢʦʶ ʟʤʽʥʥʠʭ ʪʘ ʣʦʢʘʣʴʥʦʶ ʩʠʩʪʝʤʦʶ ʢʦʦʨʜʠʥʘʪ 

 

ɼʠʩʢʨʝʪʠʟʘʮʽʷ ʨʽʚʥʷʥʴ ʤʦʜʝʣʽ ʟʜʽʡʩʥʶʻʪʴʩʷ ʰʣʷʭʦʤ ʽʥʪʝʛʨʫʚʘʥʥʷ ʾʭ ʧʦ 

ʢʦʥʪʨʦʣʴʥʠʤ ʦʙôʻʤʘʤ. ɯʥʪʝʛʨʫʶʯʠ ʈʄɺ (2.16), (2.35) ʦʪʨʠʤʘʻʤʦ ʚʠʨʘʟ (2.23). ʇʽʩʣʷ 

ʧʝʨʝʪʚʦʨʝʥʥʷ ʡʦʛʦ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʪʝʦʨʝʤʫ ɻʨʽʥʘ, ï ʨʽʚʥʷʥʥʷ (2.24). ɺ ʨʝʟʫʣʴʪʘʪʽ 

ʜʠʩʢʨʝʪʠʟʘʮʽʾ ʨʽʚʥʷʥʥʷ (2.24) ʽʥʪʝʛʨʘʣʠ ʧʦ ʢʦʥʪʨʦʣʴʥʦʤʫ ʦʙôʻʤʫ ʘʧʨʦʢʩʠʤʫʻʪʴʩʷ 

ʩʝʨʝʜʥʽʤʠ ʟʥʘʯʝʥʥʷʤʠ ʚʝʢʪʦʨʽʚ ʚ ʦʙôʻʤʽ, ʘ ʽʥʪʝʛʨʘʣ ʧʦ ʛʨʘʥʠʮʽ ï ʩʫʤʦʶ ʧʦ ʡʦʛʦ ʨʝʙʨʘʭ: 

 

ῳὃ
╤

В ╕ᴆẗὲᴆῳὰ В ╕ᴆẗὲᴆῳὰ ῳὃ╢,                 (2.43) 

 

ʜʝ ῳὸ  ï ʯʘʩʦʚʠʡ ʢʨʦʢ, ῳὃ  ï ʧʣʦʱʘ ʢʦʥʪʨʦʣʴʥʦʛʦ ʦʙôʻʤʫ, ὲᴆ  - ʦʜʠʥʠʯʥʘ ʥʦʨʤʘʣʴ ʜʦ 

ʨʝʙʨʘ Ὧ (ὲᴆ ὲȟὲ ), ῳὰ ï ʜʦʚʞʠʥʘ ʨʝʙʨʘ Ὧ. 

ɸʣʛʦʨʠʪʤ ʨʦʟʚôʷʟʘʥʥʷ ʨʽʚʥʷʥʴ (2.43) ˇʨʫʥʪʫʻʪʴʩʷ ʥʘ ʩʭʝʤʽ SEA [187], ɦʦ ʙʫʣʘ 

ʩʬʦʨʤʫʣʴʦʚʘʥʘ ʷʢ ʩʭʝʤʘ 2-ʛʦ ʧʦʨʷʜʢʫ ʪʦʯʥʦʩʪʽ ʫ ʯʘʩʽ ʽ ʧʨʦʩʪʦʨʽ, ʘʜʘʧʪʦʚʘʥʽʡ ʜʦ 

ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʦʾ ʩʽʪʢʠ ʟ ʨʷʜʦʤ ʤʦʜʠʬʽʢʘʮʽʡ, ʦʧʠʩʘʥʠʭ ʫ [188]. ʈʦʟʚôʷʟʦʢ ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʟʘ ʷʚʥʠʤ ʜʚʦʝʪʘʧʥʠʤ ʤʝʪʦʜʦʤ ʈʫʥʛʝ-ʂʫʪʪʘ ʪʠʧʫ ʧʨʝʜʠʢʪʦʨ-ʢʦʨʝʢʪʦʨ ʽʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʜʚʦʭ ʨʽʟʥʠʭ ʤʝʪʦʜʽʚ ʦʙʨʘʭʫʥʢʫ ʧʦʪʦʢʽʚ ʥʘ ʝʪʘʧʘʭ ʧʨʝʜʠʢʪʦʨʘ ʪʘ 

-͎͙͒ͪͦ͒ͤ͊ͣ͜͜;ͤ͜ ͣͤͤ͘͜͜
-͍ͪͤ͜͜ ͒ͤ͊

-͙ͨͦͭͦ͟

(ʘ) (ʙ) 
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ʢʦʨʝʢʪʦʨʘ. ɼʣʷ ʨʦʟʨʘʭʫʥʢʫ ʧʦʪʦʢʽʚ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʧʽʜʭʽʜ ʟʘʩʥʦʚʘʥʠʡ ʥʘ 

ʚʣʘʩʪʠʚʦʩʪʽ ʦʙʝʨʪʘʣʴʥʦʾ ʽʥʚʘʨʽʘʥʪʥʦʩʪʽ ʜʚʦʚʠʤʽʨʥʠʭ ʈʄɺ. ɿʛʽʜʥʦ ʟ ʥʝʶ 

 

╕ᴆ╤ ẗὲᴆ ╣ ẗ╔╤, ╤ ╣ ẗ╤,                             (2.44) 

╣

ρ π π
π ὲ ὲ

π ὲ ὲ
, ╣

ρ π π
π ὲ ὲ

π ὲ ὲ
. 

 

ʜʝ ╣ ï ʤʘʪʨʠʮʷ ʧʦʚʦʨʦʪʫ ʚʝʢʪʦʨʽʚ ʜʦ ʣʦʢʘʣʴʥʦʾ ʩʠʩʪʝʤʠ ʢʦʦʨʜʠʥʘʪ ʽʟ ʚʽʩʩʶ ὼ ʫʟʜʦʚʞ 

ʚʝʢʪʦʨʘ ʥʦʨʤʘʣʽ ▪ ʜʦ ʛʨʘʥʠʮʽ ʤʽʞ ʢʦʤʽʨʢʘʤʠ (ʨʠʩ. 2.7ʙ), ╣  ï ʤʘʪʨʠʮʷ ʧʦʚʦʨʦʪʫ ʜʦ 

ʧʦʯʘʪʢʦʚʦʾ ʩʠʩʪʝʤʠ ʢʦʦʨʜʠʥʘʪ. ʊʘʢʠʤ ʯʠʥʦʤ, ʢʦʥʚʝʢʪʠʚʥʠʡ ʧʦʪʽʢ ʤʦʞʝ ʙʫʪʠ 

ʦʙʯʠʩʣʝʥʦ ʚ ʣʦʢʘʣʴʥʽʡ ʩʠʩʪʝʤʽ ʢʦʦʨʜʠʥʘʪ, ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʪʽʣʴʢʠ ʢʦʤʧʦʥʝʥʪʠ ╔, ʘ 

ʧʦʪʽʤ ʚʽʜʪʚʦʨʝʥʦ ʚ ʧʦʯʘʪʢʦʚʽʡ ʩʠʩʪʝʤʽ ʢʦʦʨʜʠʥʘʪ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʝʨʝʪʚʦʨʝʥʥʷ (2.44). 

ɼʣʷ ʨʦʟʨʘʭʫʥʢʫ ʢʦʤʧʦʥʝʥʪʠ ╔  ʥʘ ʝʪʘʧʽ ʧʨʝʜʠʢʪʦʨʘ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʩʭʝʤʘ 

ʦʙʯʠʩʣʝʥʥʷ ʧʦʪʦʢʫ ɻʦʜʫʥʦʚʩʴʢʦʛʦ ʪʠʧʫ ʽʟ ʥʘʙʣʠʞʝʥʠʤʠ ʤʝʪʦʜʘʤʠ ʨʦʟʚôʷʟʘʥʥʷ ʟʘʜʘʯʽ 

ʈʽʤʘʥʘ: HLLC ʯʠ Roe [90]. ʅʘ ʝʪʘʧʽ ʢʦʨʝʢʪʦʨʘ ʧʦʪʦʢʠ ʨʘʭʫʶʪʴʩʷ ʙʝʟʧʦʩʝʨʝʜʥʴʦ, ʚʥʠʟ 

ʟʘ ʧʦʪʦʢʦʤ (downwind), ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʩʪʘʥʠ ʟʘʜʘʯʽ ʈʽʤʘʥʘ: 

 

╔ ╤
╔╤ ȟÉÆπȢυό ό π

╔╤ ȟÉÆπȢυό ό π
,                           (2.45) 

 

ʜʝ ╤, ╤ ï ʚʝʢʪʦʨʠ ʟʤʽʥʥʠʭ ʥʘ ʣʽʚʽʡ ʽ ʧʨʘʚʽʡ ʩʪʦʨʦʥʘʭ ʛʨʘʥʠʮʽ, ʧʨʦʛʥʦʟʦʚʘʥʽ ʥʘ ʝʪʘʧʽ 

ʧʨʝʜʠʢʪʦʨʘ, ʧʝʨʝʪʚʦʨʝʥʽ ʜʦ ʣʦʢʘʣʴʥʦʾ ʩʠʩʪʝʤʠ ʢʦʦʨʜʠʥʘʪ; ό, ό ï h ʚʠʜʢʦʩʪʽ ʧʦʪʦʢʫ 

ʥʦʨʤʘʣʴʥʽ ʜʦ ʛʨʘʥʠʮʽ (ʧʦʟʠʪʠʚʥʠʡ ʥʘʧʨʷʤʦʢ ʚʽʜ ʣʽʚʦʾ ʢʦʤʽʨʢʠ ʜʦ ʧʨʘʚʦʾ). 

ɼʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʪʝʯʽʡ ʽʟ ʨʽʟʢʦʶ ʟʤʽʥʦʶ ʧʘʨʘʤʝʪʨʽʚ, ʟʘʛʘʣʴʥʠʡ ʢʦʥʚʝʢʪʠʚʥʠʡ 

ʧʦʪʽʢ ʯʝʨʝʟ ʨʝʙʨʦ ʢʦʤʽʨʢʠ ʥʘ ʝʪʘʧʽ ʢʦʨʝʢʪʦʨʘ ʬʦʨʤʫʣʶʻʪʴʩʷ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ TVD 

ʦʙʤʝʞʫʚʘʯʘ ʧʦʪʦʢʫ: 

╕ ╕ ‰ὶẗ‏ ,╕‏╕ ╕ ╕ ,                          (2.46) 

 

ʜʝ ╕  ï ʧʦʪʽʢ ʧʨʝʜʠʢʪʦʨʘ; ╕  ï ʧʦʪʽʢ ʢʦʨʝʢʪʦʨʘ; ‰ὶ  ï ʦʙʤʝʞʫʚʘʯ ʧʦʪʦʢʫ (minmod, 
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superbee ʘʙʦ Van-Leer) [90]; ὶ  ï ʚʽʜʥʦʰʝʥʥʷ ʚʘʨʽʘʮʽʾ ʚʚʝʨʭ ʟʘ ʧʦʪʦʢʦʤ ʜʦ ʣʦʢʘʣʴʥʦʾ 

ʚʘʨʽʘʮʽʾ ʧʦʪʦʢʫ, ʷʢʝ ʦʙʯʠʩʣʶʻʪʴʩʷ ʦʢʨʝʤʦ ʜʣʷ ʢʦʞʥʦʾ ʢʦʤʧʦʥʝʥʪʠ ʚʝʢʪʦʨʘ ʧʦʪʦʢʫ ʘʙʦ, 

ʱʦ ʪʝ ʞ ʩʘʤʝ, ʜʣʷ ʢʦʞʥʦʛʦ ʟ ʪʨʴʦʭ ʨʽʚʥʷʥʴ ʈʄɺ. ɼʣʷ ʪʨʠʢʫʪʥʦʾ ʢʦʤʽʨʢʠ ʚʽʜʥʦʰʝʥʥʷ ὶ 

ʜʣʷ ʢʦʞʥʦʾ ʢʦʤʧʦʥʝʥʪʠ ʚʝʢʪʦʨʘ ʧʦʪʦʢʫ ʚʠʟʥʘʯʘʻʪʴʩʷ ʫ ʪʘʢʠʡ ʩʧʦʩʽʙ: 

 

ὶ
Ὂẗῳὰ‏ ẗВ ὊẗῳὰȟÉÆὊ‏ π

Ὂẗῳὰ‏ ẗВ ὊẗῳὰȟÉÆὊ‏ π
,                        (2.47) 

 

ʜʝ ʩʫʤʘ ʧʦ Ὥ ï ʩʫʤʘ ʧʦ ʜʚʦʭ ʽʥʰʠʭ ʨʝʙʨʘʭ ʣʽʚʦʾ ʢʦʤʽʨʢʠ, ʩʫʤʘ ʧʦ Ὦ ï ʩʫʤʘ ʧʦ ʜʚʦʭ ʽʥʰʠʭ 

ʨʝʙʨʘʭ ʧʨʘʚʦʾ ʢʦʤʽʨʢʠ. ʇʦʪʽʢ ʧʦʟʠʪʠʚʥʠʡ, ʢʦʣʠ ʥʘʧʨʘʚʣʝʥʠʡ ʟʣʽʚʘ ʥʘʧʨʘʚʦ, ʟʛʽʜʥʦ ʨʠʩ. 

2.7ʙ. Ὂ  ï ʧʝʨʰʘ ʢʦʤʧʦʥʝʥʪʘ ʧʨʦʛʥʦʟʦʚʘʥʦʛʦ ʧʦʪʦʢʫ ╕ . ɺʥʝʩʦʢ ʜʠʬʫʟʽʾ ʫ ʟʤʽʥʫ 

ʤʦʤʝʥʪʽʚ ʚʨʘʭʦʚʫʻʪʴʩʷ ʥʘ ʝʪʘʧʽ ʧʨʝʜʠʢʪʦʨʘ. ɼʣʷ ʜʠʬʫʟʽʡʥʠʭ ʧʦʪʦʢʽʚ ʯʝʨʝʟ ʛʨʘʥʠʮʽ 

ʢʦʥʪʨʦʣʴʥʦʛʦ ʦʙôʻʤʫ ʫ (2.43) ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʮʝʥʪʨʘʣʴʥʽ ʨʽʟʥʠʮʽ. ɺʝʢʪʦʨ ʚʽʣʴʥʠʭ 

ʯʣʝʥʽʚ ╢  ʫ ʨʽʚʥʷʥʥʷʭ (2.16), (2.35) ʚʨʘʭʦʚʫʻʪʴʩʷ ʫ ʪʘʢʠʡ ʩʧʦʩʽʙ. ɹʽʣʴʰʽʩʪʴ ʡʦʛʦ 

ʩʢʣʘʜʦʚʠʭ ʜʦʜʘʻʪʴʩʷ ʜʦ ʚʝʢʪʦʨʘ ʟʤʽʥʥʠʭ ʧʽʩʣʷ ʧʨʝʜʠʢʦʨʘ-ʢʦʨʝʢʪʦʨʘ ʧʦʪʦʢʽʚ ʫ ʚʠʛʣʷʜʽ 

ʜʦʙʫʪʢʫ Ўὸ╢ , ʦʢʨʽʤ ʜʚʦʭ ʜʦʜʘʥʢʽʚ: ʯʘʩʪʠʥʠ ʦʙʫʤʦʚʣʝʥʦʾ ʧʦʭʠʣʦʤ ʜʥʘ ╢  ̔ ʜʦʥʥʦʛʦ 

ʪʝʨʪʷ ╢ . ɼʣʷ ʯʘʩʪʠʥʠ ʦʙʫʤʦʚʣʝʥʦʾ ʧʦʭʠʣʦʤ ʜʥʘ, ʜʣʷ ʫʟʛʦʜʞʝʥʦʩʪʽ, ʪʘʢʦʞ 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʚʦʝʪʘʧʥʠʡ ʤʝʪʦʜ ʈʫʥʛʝ-ʂʫʪʪʘ 

 

╢ ╢ ╢ ╢ ╢ ╢ ,                         (2.48) 

 

ʜʝ ╢   ʦʙʯʠʩʣʶʻʪʴʩʷ ʟʘ ʟʥʘʯʝʥʥʷʤʠ ʟʤʽʥʥʠʭ ʦʪʨʠʤʘʥʠʭ ʧʽʩʣʷ ʘʜʚʝʢʮʽʾ ʥʘ ʝʪʘʧʽ 

ʧʨʝʜʠʢʪʦʨʘ, ╢   ʟʘ ʟʥʘʯʝʥʥʷʤʠ ʟʤʽʥʥʠʭ ʧʨʦʛʥʦʟʦʚʘʥʠʤʠ ʥʘ ʝʪʘʧʽ ʢʦʨʝʢʪʦʨʘ. ɼʣʷ 

ʚʨʘʭʫʚʘʥʥʷ ʜʦʥʥʦʛʦ ʪʝʨʪʷ ʚ (2.16), (2.35), ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʢʚʘʜʨʘʪʠʯʥʦʾ ʘʧʨʦʢʩʠʤʘʮʽʾ 

(2.18), ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʥʘʧʽʚʥʝʷʚʥʘ ʩʭʝʤʘ, ʟʘ ʷʢʦʶ ʤʦʤʝʥʪʠ ή , 

ή ̖̟̝̠̑̏̈̑́̏̃̔̓̒ ̈ ̨̠̝̑̃̎̎: 

 

ή ή ὧ ή ή ή, ή ή ὧ ή ή ή,           (2.49) 
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ʜʝ ʰʣʷʧʢʘ ʧʦʟʥʘʯʘʻ ʚʝʣʠʯʠʥʫ ʥʘ ʥʘʩʪʫʧʥʦʤʫ ʯʘʩʦʚʦʤʫ ʢʨʦʮʽ. 

ʅʘ ʦʙʦʭ ʝʪʘʧʘʭ  ʯʠʩʝʣʴʥʦʾ ʩʭʝʤʠ ʤʦʞʝ ʚʠʥʠʢʥʫʪʠ ʩʠʪʫʘʮʽʷ ʧʝʨʝʚʠʪʨʘʪʠ, ʢʦʣʠ ʟ 

ʢʦʤʽʨʢʠ ʚʠʪʽʢʘʻ ʙʽʣʴʰʝ ʚʦʜʠ ʥʽʞ ʚ ʥʽʡ ʻ. ɺ ʩʭʝʤʽ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʚʦʝʪʘʧʥʘ 

ʢʦʨʝʢʮʽʡʥʘ ʧʨʦʮʝʜʫʨʘ, ʟʘ ʷʢʦʶ, ʩʧʦʯʘʪʢʫ, ʜʣʷ ʢʦʞʥʦʾ ʢʦʤʽʨʢʠ ʦʙʯʠʩʣʶʻʪʴʩʷ 

ʢʦʨʝʢʮʽʡʥʠʡ ʢʦʝʬʽʮʽʻʥʪ Ὑ   ʥʘ ʦʩʥʦʚʽ ʧʦʨʽʚʥʷʥʥʷ ʟʘʛʘʣʴʥʦʛʦ ʧʦʪʦʢʫ ʚʦʜʠ, ʱʦ 

ʟʘʣʠʰʘʻ ʢʦʤʽʨʢʫ ʯʝʨʝʟ ʫʩʽ ʩʪʦʨʦʥʠ Ὂ , ʽ ʤʘʢʩʠʤʘʣʴʥʦ ʤʦʞʣʠʚʦʛʦ ʧʦʪʦʢʫ Ὂ ȟ : 

 

Ὑ
Ὂ ȟ Ὂϳ ȟὭὪ Ὂ Ὂ ȟ

ρȟ                         ὭὪ Ὂ Ὂ ȟ
,                                 (2.50) 

Ὂ В άὥὼπȟὊȟẗῳὰ, Ὂ ȟ Ὤῳὃῳὸϳ . 

 

ʅʘ ʜʨʫʛʦʤʫ ʝʪʘʧʽ ʜʣʷ ʢʦʞʥʦʛʦ ʨʝʙʨʘ ʨʦʟʨʘʭʦʚʫʶʪʴʩʷ ʢʦʨʝʢʮʽʡʥʠʡ ʢʦʝʬʽʮʽʻʥʪ ὅ 

ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʢʦʨʝʢʮʽʡʥʠʭ ʢʦʝʬʽʮʽʻʥʪʽʚ ʩʫʩʽʜʥʽʭ ʢʦʤʽʨʦʢ (Ὑ  , Ὑ  ) ʽ 

ʚʽʜʢʦʨʠʛʦʚʘʥʠʡ ʧʦʪʽʢ ʤʘʩʠ Ὂᶻ: 

 

Ὂᶻ ὅὊ, ὅ
Ὑ ȟÉÆὊ π

Ὑ ȟÉÆὊ π
,                                   (2.51) 

 

ʆʩʢʽʣʴʢʠ ʯʠʩʝʣʴʥʘ ʩʭʝʤʘ ʈʄɺ ʷʚʥʘ, ʾʾ ʩʪʘʙʽʣʴʥʽʩʪʴ ʦʙʫʤʦʚʣʶʻʪʴʩʷ ʚʠʙʦʨʦʤ 

ʯʘʩʦʚʦʛʦ ʢʨʦʢʫ ʪʘʢ, ʱʦʙ ʚʠʢʦʥʫʚʘʣʘʩʷ ʫʤʦʚʘ ʂʫʨʘʥʪʘ:  

 

ῳὸ ὅὶẗÍÉÎςῳὃ ῳὰ ȟẗ ό ὺ ὫὬ ,            (2.52) 

 

ʜʝ ʤʽʥʽʤʫʤ ʟʥʘʭʦʜʠʪʴʩʷ ʧʦ ʚʩʽʭ ʢʦʤʽʨʢʘʭ, ʘ ῳὰ ȟ ï ʥʘʡʜʦʚʰʝ ʨʝʙʨʦ ʦʢʨʝʤʦʾ ʢʦʤʽʨʢʠ. 

ɼʣʷ ʩʪʽʡʢʦʩʪʽ ʜʚʦʚʠʤʽʨʥʠʭ ʩʭʝʤ ʜʨʫʛʦʛʦ ʧʦʨʷʜʢʫ ʫ ʯʘʩʽ, ʯʠʩʣʦ ʂʫʨʘʥʪʘ ὅὶ ʧʦʚʠʥʥʦ 

ʣʝʞʘʪʠ ʚ ʽʥʪʝʨʚʘʣʽ π ὅὶ πȢυ . ɼʣʷ ʙʽʣʴʰʦʩʪʽ ʧʨʘʢʪʠʯʥʠʭ ʟʘʩʪʦʩʫʚʘʥʴ ʫ ʤʦʜʝʣʽ 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʟʥʘʯʝʥʥʷ ὅὶ πȢτ. ɻʨʘʥʠʯʥʽ ʫʤʦʚʠ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʥʘ ʦʙʦʭ ʢʨʦʢʘʭ 

ʯʠʩʝʣʴʥʦʾ ʩʭʝʤʠ ʨʦʟʚôʷʟʘʥʥʷ ʈʄɺ, ʷʢ ʥʘ ʝʪʘʧʽ ʧʨʝʜʠʢʪʦʨʘ ʟʥʘʯʝʥʴ ʟʤʽʥʥʠʭ, ʪʘʢ ʽ ʥʘ 

ʝʪʘʧʽ ʢʦʨʝʢʪʦʨʘ. ɻʽʜʨʦʜʠʥʘʤʽʯʥʽ ʟʤʽʥʥʽ ʥʘ ʛʨʘʥʠʮʷʭ ʨʦʟʨʘʭʫʥʢʦʚʦʾ ʩʽʪʢʠ ʘʙʦ ʟʘʜʘʶʪʴʩʷ 
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ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʚʩʪʘʥʦʚʣʝʥʥʽ ʟʥʘʯʝʥʥʷ ʘʙʦ ʘʧʨʦʢʩʠʤʫʶʪʴʩʷ, ʯʠ ʟʽ ʟʥʘʯʝʥʴ ʟʤʽʥʥʠʭ ʫ 

ʧʨʠʣʝʛʣʠʭ ʜʦ ʛʨʘʥʠʮʴ ʢʦʤʽʨʢʘʭ, ʯʠ ʟʽ ʟʥʘʯʝʥʴ ʧʦʪʦʢʽʚ ʥʘ ʨʝʙʨʘʭ ʛʨʘʥʠʯʥʠʭ ʢʦʤʽʨʦʢ, 

ʯʠ ʟʽ ʟʥʘʯʝʥʴ ʽʥʚʘʨʽʘʥʪʽʚ ʈʽʤʘʥʘ ʥʘ ʛʨʘʥʠʮʷʭ, ʱʦ ʜʦʟʚʦʣʷʻ ʭʚʠʣʷʤ ʟʙʫʜʞʝʥʠʤ 

ʚʩʝʨʝʜʠʥʽ ʚʽʣʴʥʦ ʟʘʣʠʰʘʪʠ ʦʙʣʘʩʪʴ ʤʦʜʝʣʶʚʘʥʥʷ. ɼʣʷ ʛʨʘʥʠʮʴ ʽʟ ʫʤʦʚʘʤʠ, 

ʥʝʚʠʟʥʘʯʝʥʠʤʠ ʫ ʚʭʽʜʥʠʭ ʬʘʡʣʘʭ ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʾ ʤʦʜʝʣʽ COASTOX-HD, ʛʨʘʥʠʯʥʽ 

ʫʤʦʚʠ ʟʘʜʘʶʪʴʩʷ ʘʚʪʦʤʘʪʠʯʥʦ. ɼʣʷ ʈʄɺ ʟʘʜʘʶʪʴʩʷ ʛʨʘʥʠʯʥʽ ʫʤʦʚʠ ʽʟ ʥʫʣʴʦʚʦʶ 

ʢʦʤʧʦʥʝʥʪʦʶ ʥʦʨʤʘʣʴʥʦʾ ʜʦ ʛʨʘʥʠʮʽ ʰʚʠʜʢʦʩʪʽ. 

ʄʦʜʝʣʽ ʧʝʨʝʥʦʩʫ ʥʘʥʦʩʽʚ ʽ ʜʠʥʘʤʽʢʠ ʟʘʙʨʫʜʥʝʥʴ (ʨʘʜʽʦʥʫʢʣʽʜʽʚ) COASTOX-

SED-RN ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʻʜʠʥʫ ʨʦʟʨʘʭʫʥʢʦʚʫ ʩʽʪʢʫ ʨʘʟʦʤ ʟ ʤʦʜʝʣʣʶ ʛʽʜʨʦʜʠʥʘʤʽʢʠ 

COASTOX-HD (ʨʠʩ. 2.7). ʇʨʠʚôʷʟʢʘ ʟʤʽʥʥʠʭ ʘʥʘʣʦʛʽʯʥʘ: ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʘʥʦʩʽʚ ʽ 

ʨʘʜʽʦʥʫʢʣʽʜʽʚ ʚʠʟʥʘʯʘʶʪʴʩʷ  ʫ ʮʝʥʪʨʘʭ ʢʦʤʽʨʦʢ, ʨʽʚʝʥʴ ʜʥʘ ʟʘʜʘʻʪʴʩʷ ʫ ʚʫʟʣʘʭ ʩʽʪʢʠ, 

ʧʦʪʦʢʠ ʯʝʨʝʟ ʛʨʘʥʠʮʽ ʤʽʞ ʢʦʤʽʨʢʘʤʠ ï ʫ ʩʝʨʝʜʠʥʘʭ ʩʪʦʨʽʥ ʪʨʠʢʫʪʥʠʢʽʚ (ʨʠʩ. 2.7ʙ). 

ɼʣʷ ʤʦʜʝʣʽ COASTOX-SED-RN ̔ʩʥʫʶʯʫ ʯʠʩʝʣʴʥʫ ʩʭʝʤʫ ʨʦʟʚôʷʟʢʫ ʨʽʚʥʷʥʴ 

ʧʝʨʝʥʦʩʫ 1-ʛʦ ʧʦʨʷʜʢʫ ʫʜʦʩʢʦʥʘʣʝʥʦ ʟʜʦʙʫʚʘʯʝʤ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʪʦʯʥʦʩʪʽ 

ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʽʚ ʽʟ ʨʽʟʢʠʤʠ ʛʨʘʜʽʻʥʪʘʤʠ ʢʦʥʮʝʥʪʨʘʮʽʾ. ɼʣʷ ʮʴʦʛʦ ʘʜʘʧʪʦʚʘʥʦ 

ʯʠʩʝʣʴʥʫ ʩʭʝʤʫ ʨʦʟʚôʷʟʢʫ ʈʄɺ [1]. ʇʽʩʣʷ ʽʥʪʝʛʨʫʚʘʥʥʷ ʨʽʚʥʷʥʴ ʧʝʨʝʥʦʩʫ (2.36), (2.39), 

(2.41) ʧʦ ʪʨʠʢʫʪʥʠʭ ʢʦʤʽʨʢʘʭ ʨʦʟʨʘʭʫʥʢʦʚʦʾ ʩʽʪʢʠ ʫʪʚʦʨʶʻʪʴʩʷ ʩʠʩʪʝʤʘ ʘʣʛʝʙʨʘʾʯʥʠʭ 

ʨʽʚʥʷʥʴ, ʫ ʷʢʠʭ ʥʘʙʣʠʞʝʥʽ ʟʥʘʯʝʥʥʷ ʯʘʩʦʚʠʭ ʧʦʭʽʜʥʠʭ ʚʽʜ ʢʦʥʮʝʥʪʨʘʮʽʡ ʚʠʨʘʞʘʶʪʴʩʷ 

ʯʝʨʝʟ ʩʫʤʠ ʧʦʪʦʢʽʚ ʯʝʨʝʟ ʩʪʦʨʦʥʠ ʪʘ ʦʩʝʨʝʜʥʝʥʝ ʧʦ ʢʦʤʽʨʮʽ ʟʥʘʯʝʥʥʷ ʚʝʢʪʦʨʘ ʚʽʣʴʥʠʭ 

ʯʣʝʥʽʚ: 

ῳὃ В ὢήᴆẗὲᴆῳὰ В Ὂᴆẗὲᴆῳὰ ῳὃὙ.                 (2.53) 

 

ʊʫʪ ὢ  ï ʦʜʥʘ ʟ ʢʦʥʮʝʥʪʨʘʮʽʡ: Ὓ , ὅ , Ὓὅ ; Ὑ  ï ʚʽʣʴʥʠʡ ʯʣʝʥ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʨʽʚʥʷʥʥʷʤ 

(2.36), (2.39), (2.41). ɼʣʷ ʦʙʯʠʩʣʝʥʥʷ ʜʠʬʫʟʽʡʥʠʭ ʧʦʪʦʢʽʚ ʯʝʨʝʟ ʛʨʘʥʠʮʽ ʢʦʥʪʨʦʣʴʥʦʛʦ 

ʦʙôʻʤʫ ʚ (2.53) ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʮʝʥʪʨʘʣʴʥʘ ʨʽʟʥʠʮʝʚʘ ʘʧʨʦʢʩʠʤʘʮʽʷ. ɼʣʷ ʘʜʚʝʢʮʽʾ ï 

ʚʘʨʽʘʥʪ ʩʭʝʤʠ SEA, ʘʜʘʧʪʦʚʘʥʦʾ ʜʦ ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʠʭ ʩʽʪʦʢ ʽ ʪʨʘʥʩʧʦʨʪʥʠʭ ʨʽʚʥʷʥʴ. 

ɿʛʽʜʥʦ ʟʽ ʩʭʝʤʦʶ, ʥʘ ʝʪʘʧʽ ʧʨʝʜʠʢʪʦʨʘ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ upwind-ʘʧʨʦʢʩʠʤʘʮʽʷ 

ʘʜʚʝʢʪʠʚʥʦʛʦ ʧʦʪʦʢʫ, ʘ ʥʘ ʝʪʘʧʽ ʢʦʨʝʢʪʦʨʘ ï downwind-ʘʧʨʦʢʩʠʤʘʮʽʷ. ʂʦʤʙʽʥʘʮʽʷ 

ʧʦʪʦʢʽʚ ʥʠʟʴʢʦʛʦ ʪʘ ʚʠʩʦʢʦʛʦ ʧʦʨʷʜʢʽʚ ʟʜʽʡʩʥʶʻʪʴʩʷ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ TVD-

ʦʙʤʝʞʫʚʘʯʘ: minmod, superbee, van Leer, MC [90].ʆʪʨʠʤʘʥʘ ʚ ʨʝʟʫʣʴʪʘʪʽ ʯʠʩʝʣʴʥʘ 
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ʩʭʝʤʘ ʜʣʷ ʘʜʚʝʢʮʽʾ-ʜʠʬʫʟʽʾ ʫ ʨʽʚʥʷʥʥʷʭ ʧʝʨʝʥʦʩʫ ʻ ʤʦʥʦʪʦʥʥʦʶ, ʱʦ ʧʽʜʪʨʠʤʫʻ 

ʧʦʯʘʪʢʦʚʠʡ ʨʦʟʧʦʜʽʣ ʢʦʥʮʝʥʪʨʘʮʽʾ ʜʦʤʽʰʢʠ ʧʨʠ ʨʦʟʧʦʚʩʶʜʞʝʥʥʽ ʾʾ ʫ ʚʦʜʽ ʟʘ 

ʚʽʜʩʫʪʥʦʩʪʽ ʜʠʬʫʟʽʾ. ʏʣʝʥʠ ʪʠʧʫ ʜʞʝʨʝʣʦ-ʩʪʽʢ ʫ ʨʽʚʥʷʥʥʷʭ ʪʨʘʥʩʧʦʨʪʫ ʥʘʥʦʩʽʚ 

ʚʨʘʭʦʚʫʶʪʴʩʷ ʦʜʥʦʯʘʩʥʦ ʟ ʨʦʟʚôʷʟʘʥʥʷʤ ʨʽʚʥʷʥʥʷ ʜʠʥʘʤʽʢʠ ʜʥʘ, ʘ ʚ ʨʽʚʥʷʥʥʷʭ 

ʧʝʨʝʥʦʩʫ ʨʘʜʽʦʥʫʢʣʽʜʽʚ ï ʦʜʥʦʯʘʩʥʦ ʟ ʨʽʚʥʷʥʥʷʤ ʟʘʙʨʫʜʥʝʥʥʷ ʚʝʨʭʥʴʦʛʦ ʰʘʨʫ ʜʥʘ. 

ʈʽʚʥʷʥʥʷ ʟʤʽʥ ʚʽʜʤʽʪʦʢ ʜʥʘ (2.37) ʽ ʨʽʚʥʷʥʥʷ ʟʘʙʨʫʜʥʝʥʥʷ ʚʝʨʭʥʴʦʛʦ ʰʘʨʫ ʜʥʘ (2.42) ʥʝ 

ʤʽʩʪʷʪʴ ʧʨʦʩʪʦʨʦʚʠʭ ʧʦʭʽʜʥʠʭ, ʯʘʩʦʚʽ ʧʦʭʽʜʥʽ ʚ ʥʠʭ ʘʧʨʦʢʩʠʤʫʶʪʴʩʷ ʽʟ ʧʝʨʰʠʤ 

ʧʦʨʷʜʢʦʤ ʪʦʯʥʦʩʪʽ, ʧʨʘʚʽ ʯʘʩʪʠʥʠ ʮʠʭ ʨʽʚʥʷʥʴ ʽ ʯʣʝʥʠ ʜʞʝʨʝʣʦ-ʩʪʽʢ ʫ ʨʽʚʥʷʥʥʷʭ 

ʧʝʨʝʥʦʩʫ ʪʨʘʢʪʫʶʪʴʩʷ ʥʝʷʚʥʦ. ʈʽʚʥʷʥʥʷ ʟʘʙʨʫʜʥʝʥʥʷ ʜʥʘ ʨʘʟʦʤ ʽʟ ʨʽʚʥʷʥʥʷʤ ʧʝʨʝʥʦʩʫ 

ʨʦʟʯʠʥʝʥʠʭ ʨʘʜʽʦʥʫʢʣʽʜʽʚ ʪʘ ʨʽʚʥʷʥʥʷʤ ʧʝʨʝʥʦʩʫ ʨʘʜʽʦʥʫʢʣʽʜʽʚ ʥʘ ʟʘʚʠʩʣʠʭ ʯʘʩʪʠʥʢʘʭ 

ʫʪʚʦʨʶʶʪʴ ʟʚôʷʟʘʥʫ ʩʠʩʪʝʤʫ ʪʨʴʦʭ ʨʽʚʥʷʥʴ. ɼʣʷ ʾʾ ʨʦʟʚôʷʟʘʥʥʷ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ 

ʤʝʪʦʜ ʂʨʘʤʝʨʘ, ʥʝʟʘʣʝʞʥʦ ʜʣʷ ʢʦʞʥʦʾ ʢʦʤʽʨʢʠ ʨʦʟʨʘʭʫʥʢʦʚʦʾ ʩʽʪʢʠ. 

ʗʢ ʧʦʢʘʟʘʥʦ ʫ ʧʦʧʝʨʝʜʥʽʭ ʧʘʨʘʛʨʘʬʘʭ, ʯʠʩʝʣʴʥʽ ʩʭʝʤʠ ʤʦʜʝʣʽ COASTOX-HD-

SED-RN ̫ ʚʥʽ, ʩʢʽʥʯʝʥʥʦ-ʦʙôʻʤʥʽ, ʱʦ ʤʘʶʪʴ ʚʣʘʩʪʠʚʽʩʪʴ ʣʦʢʘʣʴʥʦʩʪʽ. ɼʣʷ 

ʧʘʨʘʣʝʣʽʟʘʮʽʾ ʘʣʛʦʨʠʪʤʽʚ ʤʦʜʝʣʶʶʯʦʾ ʩʠʩʪʝʤʠ COASTOX-PRL ʜʣʷ CPU-ʩʠʩʪʝʤ ʟ 

ʨʦʟʧʦʜʽʣʝʥʦʶ ʧʘʤôʷʪʪʶ ʟʜʦʙʫʚʘʯʝʤ ʨʦʟʚʠʥʫʪʦ ʧʽʜʭʽʜ ʥʘ ʦʩʥʦʚʽ ʜʝʢʦʤʧʦʟʠʮʽʾ ʦʙʣʘʩʪʽ ʽ 

ʧʘʨʘʣʝʣʴʥʠʭ MPI-ʧʨʦʮʝʩʘʭ. ɺ ʧ. 2.1 ʡʦʛʦ ʙʫʣʦ ʨʦʟʛʣʷʥʫʪʦ ʥʘ ʧʨʠʢʣʘʜʽ ʭʚʠʣʴʦʚʦʾ 

ʤʦʜʝʣʽ HWAVE, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʻ ʨʝʛʫʣʷʨʥʽ ʧʨʷʤʦʢʫʪʥʽ ʩʽʪʢʠ. ɼʣʷ ʤʦʜʝʣʝʡ 

COASTOX-HD-SED-RN ʜʝʢʦʤʧʦʟʠʮʽʷ ʦʙʣʘʩʪʽ, ʚʚʝʜʝʥʥʷ halo-ʩʪʨʫʢʪʫʨ, ʪʘ ʦʨʛʘʥʽʟʘʮʽʷ 

ʦʙʤʽʥʽʚ ʜʘʥʠʤʠ ʙʫʣʠ ʘʜʘʧʪʦʚʘʥʽ ʟʜʦʙʫʚʘʯʝʤ ʜʦ ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʠʭ ʩʽʪʦʢ ʤʦʜʝʣʝʡ. 

ɼʝʢʦʤʧʦʟʠʮʽʷ ʨʦʟʨʘʭʫʥʢʦʚʦʾ ʩʽʪʢʠ ʨʝʘʣʽʟʦʚʘʥʘ ʥʘ ʦʩʥʦʚʽ ʙʽʙʣʽʦʪʝʢʠ ʨʦʟʜʽʣʫ ʛʨʘʬʽʚ 

METIS [51]. ɺʦʥʘ ʧʨʦʩʪʦ ʽʥʪʝʛʨʫʻʪʴʩʷ ʚ Fortran-ʢʦʜ ʤʦʜʝʣʽ. ʅʘ ʦʩʥʦʚʽ ʤʘʩʠʚʫ, ʱʦ ʟʘʜʘʻ 

ʜʣʷ ʢʦʞʥʦʾ ʢʦʤʽʨʢʠ ʩʽʪʢʠ ʽʥʜʝʢʩʠ ʾʾ ʩʫʩʽʜʽʚ, ʛʝʥʝʨʫʻʪʴʩʷ ʜʫʘʣʴʥʠʡ ʛʨʘʬ, ʷʢʠʡ 

ʨʦʟʜʽʣʷʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʝʪʦʜʫ ʙʘʛʘʪʦʨʽʚʥʝʚʦʛʦ k-ʧʦʣʦʩʥʦʛʦ ʨʦʟʙʠʪʪʷ, 

ʨʝʘʣʽʟʦʚʘʥʦʛʦ ʫ ʬʫʥʢʮʽʾ METIS_PartGraphKway(é). ʅʘ ʨʠʩ. 2.8ʘ ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ 

ʧʨʠʢʣʘʜ ʜʝʢʦʤʧʦʟʠʮʽʾ ʨʦʟʨʘʭʫʥʢʦʚʦʾ ʩʽʪʢʠ ʤʦʜʝʣʽ ʏʦʨʥʦʛʦ ʽ ɸʟʦʚʩʴʢʦʛʦ ʤʦʨʽʚ, ʱʦ ʙʫʣʘ 

ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 2.7ʘ. METIS ʪʘʢʦʞ ʟʘʙʝʟʧʝʯʫʻ ʙʘʣʘʥʩʫʚʘʥʥʷ ʥʘʚʘʥʪʘʞʝʥʥʷ ʤʽʞ 

ʧʨʦʮʝʩʦʨʘʤʠ ʦʙʯʠʩʣʶʚʘʣʴʥʦʾ ʩʠʩʪʝʤʠ, ʟʘ ʨʘʭʫʥʦʢ ʨʦʟʜʽʣʝʥʥʷ ʩʽʪʢʠ ʥʘ ʯʘʩʪʠʥʠ, ʱʦ 

ʩʢʣʘʜʘʶʪʴʩʷ ʟ ʧʨʠʙʣʠʟʥʦ ʦʜʥʘʢʦʚʦʾ ʢʽʣʴʢʦʩʪʽ ʢʦʤʽʨʦʢ 
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ʈʠʩʫʥʦʢ 2.8 ï ʘ) ʧʨʠʢʣʘʜ ʨʦʟʜʽʣʝʥʥʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʙʽʙʣʽʦʪʝʢʠ METIS ʨʦʟʨʘʭʫʥʢʦʚʦʾ 

ʩʽʪʢʠ ʤʦʜʝʣʽ; ʙ) ʨʦʟʨʘʭʫʥʢʦʚʘ ʩʽʪʢʘ ʥʘ ʛʨʘʥʠʮʽ ʤʽʞ ʧʽʜʦʙʣʘʩʪʷʤʠ 

 

ʉʪʨʫʢʪʫʨʘ halo-ʝʣʝʤʝʥʪʽʚ ʩʽʪʢʠ (ʢʦʤʽʨʢʠ/ʚʫʟʣʠ/ʨʝʙʨʘ) ʚʠʟʥʘʯʘʻʪʴʩʷ ʰʘʙʣʦʥʘʤʠ 

ʯʠʩʝʣʴʥʠʭ ʩʭʝʤ ʨʦʟʨʘʭʫʥʢʫ ʟʤʽʥʥʠʭ. ɯʥʬʦʨʤʘʮʽʡʥʽ ʟʘʣʝʞʥʦʩʪʽ ʰʘʙʣʦʥʽʚ ʧʨʝʜʩʪʘʚʣʝʥʦ 

ʥʘ ʨʠʩ. 2.8ʙ. ʊʘʤ ʞʝ ʧʦʢʘʟʘʥʽ ʚʽʜʧʦʚʽʜʥʽ ʮʠʤ ʟʘʣʝʞʥʦʩʪʷʤ halo-ʩʪʨʫʢʪʫʨʠ. 

1. ɼʣʷ ʨʦʟʨʘʭʫʥʢʫ ʧʦʪʦʢʫ ʢʨʽʟʴ ʛʨʘʥʠʮʶ ʤʽʞ ʢʦʤʽʨʢʘʤʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ 

ʟʥʘʯʝʥʥʷ ʟʤʽʥʥʠʭ, ʟʘʜʘʥʠʭ ʫ ʮʝʥʪʨʘʭ ʮʠʭ ʢʦʤʽʨʦʢ. ʆʪʞʝ, ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʧʦʪʦʢʫ ʫ 

ʨʝʙʨʘʭ ʢʦʤʽʨʦʢ, ʱʦ ʣʝʞʘʪʴ ʥʘ ʤʽʞʧʨʦʮʝʩʦʨʥʠʭ ʛʨʘʥʠʮʷʭ, ʚʚʦʜʷʪʴʩʷ halo-ʢʦʤʽʨʢʠ, ʷʢʽ 

ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʜʦ ʥʠʭ ʧʨʠʣʷʛʘʶʪʴ. ɺʦʥʠ ʧʦʟʥʘʯʝʥʽ ʪʝʤʥʦ-ʩʽʨʠʤ ʢʦʣʴʦʨʦʤ ʥʘ ʨʠʩ. 2.8ʙ. 

2. ɼʣʷ ʢʦʨʝʢʮʽʾ ʧʦʪʦʢʫ ʢʨʽʟʴ ʙʫʜʴ-̫ ʢʝ ʨʝʙʨʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʟʥʘʯʝʥʥʷ ʧʦʪʦʢʽʚ 

ʟ ʜʚʦʭ ʽʥʰʠʭ ʨʝʙʝʨ ʢʦʤʽʨʢʠ, ʱʦ ʧʨʠʤʠʢʘʻ ʜʦ ʮʴʦʛʦ ʨʝʙʨʘ (ʟʣʽʚʘ ʘʙʦ ʩʧʨʘʚʘ, ʚ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʥʘʧʨʷʤʢʫ ʧʦʪʦʢʫ). ɺʽʜʪʘʢ, ʜʣʷ ʢʦʨʝʢʮʽʾ ʧʦʪʦʢʫ ʫ ʨʝʙʨʘʭ ʢʦʤʽʨʦʢ, ʱʦ 

ʣʝʞʘʪʴ ʥʘ ʤʽʞʧʨʦʮʝʩʦʨʥʠʭ ʛʨʘʥʠʮʷʭ, ʥʝʦʙʭʽʜʥʽ halo-ʨʝʙʨʘ ï ʨʝʙʨʘ halo-ʢʦʤʽʨʦʢ, 

ʧʦʟʥʘʯʝʥʠʭ ʪʝʤʥʦ-ʩʽʨʠʤ ʢʦʣʴʦʨʦʤ ʥʘ ʨʠʩ. 2.8ʙ. 

3. ɼʣʷ ʦʙʯʠʩʣʝʥʥʷ ʟʤʽʥʥʠʭ ʫ ʮʝʥʪʨʘʭ ʢʦʤʽʨʦʢ ʥʝʦʙʭʽʜʥʽ ʟʥʘʯʝʥʥʷ ʧʦʪʦʢʽʚ ʢʨʽʟʴ 

ʨʝʙʨʘ ʢʦʤʽʨʢʠ ʪʘ ʟʥʘʯʝʥʥʷ ʮʽʻʾ ʟʤʽʥʥʦʾ ʽʟ ʧʦʧʝʨʝʜʥʴʦʛʦ ʝʪʘʧʫ. ʊʦʤʫ, ʜʣʷ ʮʴʦʛʦ ʰʘʙʣʦʥʫ 

ʚʚʝʜʝʥʥʷ halo-ʝʣʝʤʝʥʪʽʚ ʩʽʪʢʠ ʥʝʧʦʪʨʽʙʥʦ. 

4. ɿʥʘʯʝʥʥʷ ʟʤʽʥʥʠʭ ʫ ʚʫʟʣʘʭ ʩʽʪʢʠ ʦʪʨʠʤʫʶʪʴʩʷ ʦʩʝʨʝʜʥʝʥʥʷʤ ʧʦ ʚʩʽʤ 

ʢʦʤʽʨʢʘʤ, ʱʦ ʦʪʦʯʫʶʪʴ ʜʘʥʠʡ ʚʫʟʦʣ. ɼʣʷ ʦʩʝʨʝʜʥʝʥʥʷ ʫ ʚʫʟʣʘʭ, ʱʦ ʣʝʞʘʪʴ ʥʘ 

ʤʽʞʧʨʦʮʝʩʦʨʥʠʭ ʛʨʘʥʠʮʷʭ, ʥʝʦʙʭʽʜʥʽ halo-ʢʦʤʽʨʢʠ, ʱʦ ʦʪʦʯʫʶʪʴ ʮʽ ʚʫʟʣʠ ʟ ʟʦʚʥʽʰʥʴʦʾ 
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ʩʪʦʨʦʥʠ. ɺʦʥʠ ʧʦʚʠʥʥʽ ʚʽʜʧʦʚʽʜʘʪʠ ʜʽʡʩʥʠʤ ʢʦʤʽʨʢʘʤ ʽʥʰʠʭ ʧʽʜʦʙʣʘʩʪʝʡ. ʆʩʢʽʣʴʢʠ, 

ʚʞʝ ʚʚʝʜʝʥʥʽ halo-ʢʦʤʽʨʢʠ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʧʦʪʦʢʽʚ, ʜʦʜʘʪʢʦʚʦ ʚʚʦʜʷʪʴʩʷ halo-ʢʦʤʽʨʢʠ, 

ʱʦ ʾʭ ʜʦʧʦʚʥʶʶʪʴ ʜʣʷ ʦʩʝʨʝʜʥʝʥʥʷ ʫ ʛʨʘʥʠʯʥʠʭ ʚʫʟʣʘʭ. ɺʦʥʠ ʧʦʟʥʘʯʝʥʽ ʩʚʽʪʣʦ-ʩʽʨʠʤ 

ʢʦʣʴʦʨʦʤ ʥʘ ʨʠʩ. 2.8ʙ.ɿʘʚʜʷʢʠ ʣʦʢʘʣʴʥʦʤʫ ʭʘʨʘʢʪʝʨʫ ʯʠʩʝʣʴʥʦʾ ʩʭʝʤʠ ʤʦʜʝʣʽ 

ʥʝʦʙʭʽʜʥʠʡ ʪʽʣʴʢʠ ʦʜʠʥ ʨʷʜ halo-ʝʣʝʤʝʥʪʽʚ ʫʟʜʦʚʞ ʤʽʞʧʨʦʮʝʩʦʨʥʠʭ ʛʨʘʥʠʮʴ. 

ɺʽʜʧʦʚʽʜʥʦ ʦʙôʻʤ ʜʘʥʠʭ, ʷʢʠʤ ʦʙʤʽʥʶʶʪʴʩʷ ʧʨʦʮʝʩʦʨʠ, ʜʦʨʽʚʥʶʻ, ʽʟ ʪʦʯʥʽʩʪʶ ʜʦ 

ʤʥʦʞʥʠʢʘ, ʢʽʣʴʢʦʩʪʽ ʝʣʝʤʝʥʪʽʚ ʫ ʦʜʥʦʤʫ halo-ʨʷʜʫ ʧʽʜʦʙʣʘʩʪʽ. 

ʇʨʦʛʨʘʤʥʦ ʦʙʤʽʥʠ ʜʘʥʠʤʠ ʚʠʢʦʥʫʶʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʚʠʢʣʠʢʽʚ ʫ Fortran ʢʦʜʽ 

ʤʦʜʝʣʽ ʥʝʙʣʦʢʦʚʘʥʠʭ ʬʫʥʢʮʽʡ ʚʽʜʧʨʘʚʢʠ ʪʘ ʦʪʨʠʤʘʥʥʷ ʧʦʚʽʜʦʤʣʝʥʴ MPI_Isend(é), 

MPI_Irecv(é) ʩʫʤʽʩʥʦ ʽʟ ʬʫʥʢʮʽʻʶ ʟʘʚʝʨʰʝʥʥʷ ʚʠʢʣʠʢʽʚ MPI_Waitall(é). ʇʽʩʣʷ 

ʨʦʟʜʽʣʝʥʥʷ ʩʽʪʢʠ ʜʣʷ ʢʦʞʥʦʛʦ ʧʨʦʮʝʩʦʨʘ ʚʠʟʥʘʯʘʶʪʴʩʷ ʩʫʩʽʜʥʽ ʧʨʦʮʝʩʦʨʠ, ʘ ʪʘʢʦʞ ï 

ʜʽʡʩʥʽ ʝʣʝʤʝʥʪʠ ʩʽʪʢʠ, ʟʥʘʯʝʥʥʷ ʟ ʷʢʠʭ ʙʫʜʫʪʴ ʜʦ ʥʠʭ ʚʽʜʧʨʘʚʣʷʪʠʩʷ, ʽ halo-ʝʣʝʤʝʥʪʠ 

ʩʽʪʢʠ, ʟʥʘʯʝʥʥʷ ʚ ʷʢʠʭ ʙʫʜʫʪʴ ʟʘʧʦʚʥʶʚʘʪʠʩʷ ʦʪʨʠʤʘʥʠʤʠ ʚʽʜ ʥʠʭ ʜʘʥʠʤʠ. 

ɺʽʜʧʦʚʽʜʥʽʩʪʴ ʚʽʜʧʨʘʚʣʝʥʥʷ ʽ ʦʪʨʠʤʘʥʥʷ ʟʥʘʯʝʥʴ ʚʩʪʘʥʦʚʣʶʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʧʦʭʽʜʥʠʭ MPI ʪʠʧʽʚ ʜʘʥʠʭ ʜʣʷ ʢʦʤʽʨʦʢ/ʚʫʟʣʽʚ/ʨʝʙʝʨ, ʥʘ ʦʩʥʦʚʽ ʤʘʩʠʚʽʚ ʾʭ ʽʥʜʝʢʩʽʚ, ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʬʫʥʢʮʽʡ MPI_Type_create_indexed_block(é) ʽ MPI_Type_commit(é).  

ɼʣʷ ʦʧʝʨʘʮʽʡ ʥʘ ʚʩʽʡ ʨʦʟʨʘʭʫʥʢʦʚʽʡ ʩʽʪʮʽ, ʷʢ ʪʦ ʧʦʰʫʢ ʤʘʢʩʠʤʫ ʘʙʦ ʤʽʥʽʤʫʤʫ ʧʦ 

ʚʩʽʭ ʝʣʝʤʝʥʪʘʭ ʨʦʟʨʘʭʫʥʢʦʚʦʾ ʩʽʪʢʠ, ʟʥʘʭʦʜʞʝʥʥʷ ʩʫʤʠ, ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʛʣʦʙʘʣʴʥʘ 

ʨʝʜʫʢʮʽʷ. ʂʦʞʝʥ ʧʨʦʮʝʩʦʨ ʚʠʢʦʥʫʻ ʚʽʜʧʦʚʽʜʥʫ ʦʧʝʨʘʮʽʶ ʥʘ ʩʚʦʾʡ ʧʽʜʦʙʣʘʩʪʽ, ʘ ʧʦʪʽʤ 

ʟʥʘʯʝʥʥʷ ʜʣʷ ʚʩʽʻʾ ʩʽʪʢʠ ʦʪʨʠʤʫʻʪʴʩʷ ʟʽ ʟʥʘʯʝʥʴ ʜʣʷ ʧʽʜʦʙʣʘʩʪʝʡ ʟʘ ʜʦʧʦʤʦʛʦʶ ʬʫʥʢʮʽʾ 

ʛʣʦʙʘʣʴʥʦʾ ʨʝʜʫʢʮʽʾ MPI_Allreduce(é).ɺʠʚʽʜ ʜʘʥʠʭ ʟʜʽʡʩʥʶʻʪʴʩʷ master-ʧʨʦʮʝʩʦʤ ʽʟ 

ʨʘʥʛʦʤ ç0è. ɼʣʷ ʮʴʦʛʦ ʚʩʽ ʽʥʰʽ ʧʨʦʮʝʩʦʨʠ ʚʽʜʩʠʣʘʶʪʴ ʡʦʤʫ ʟʥʘʯʝʥʥʷ ʫ ʚʩʽʭ ʝʣʝʤʝʥʪʘʭ 

ʩʚʦʻʾ ʧʽʜʦʙʣʘʩʪʽ, ʱʦ ʨʝʘʣʽʟʦʚʘʥʦ ʟʘ ʜʦʧʦʤʦʛʦʶ ʬʫʥʢʮʽʡ MPI_Isend(é), MPI_Irecv(é), 

ʩʫʤʽʩʥʦ ʽʟ MPI_Waitall(é), ̔ ʧʦʭʽʜʥʠʭ ʪʠʧʽʚ ʜʘʥʠʭ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʦʩʥʦʚʥʽ ʦʙʤʽʥʠ ʜʘʥʠʤʠ ʜʣʷ ʨʝʘʣʽʟʘʮʽʾ ʨʦʟʧʘʨʘʣʝʣʝʥʠʭ ʯʠʩʝʣʴʥʠʭ 

ʘʣʛʦʨʠʪʤʽʚ ʤʦʜʝʣʽ ʚʽʜʙʫʚʘʶʪʴʩʷ: 

¶ ʇʽʩʣʷ ʧʦʰʫʢʫ ʤʽʥʽʤʘʣʴʥʠʭ ʯʘʩʦʚʠʭ ʢʨʦʢʽʚ ʧʦ ʧʽʜʦʙʣʘʩʪʷʭ ʚʠʢʦʥʫʻʪʴʩʷ 

ʛʣʦʙʘʣʴʥʘ ʨʝʜʫʢʦʚʘʥʘ ʦʧʝʨʘʮʽʷ ʤʽʥʽʤʫʤʫ. 

¶ ʇʽʩʣʷ ʝʪʘʧʫ ʧʨʝʜʠʢʪʦʨʘ ʯʠʩʝʣʴʥʠʭ ʩʭʝʤ ʈʄɺ ʽ ʪʨʘʥʩʧʦʨʪʥʠʭ ʨʽʚʥʷʥʴ ï 

ʦʥʦʚʣʶʶʪʴʩʷ ʟʥʘʯʝʥʥʷ ʟʤʽʥʥʠʭ ʚ halo-ʢʦʤʽʨʢʘʭ. 
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¶ ɺʩʝʨʝʜʠʥʽ ʧʨʦʮʝʜʫʨʠ ʢʦʨʝʢʮʽʾ ʧʝʨʝʚʠʪʨʘʪ ʧʽʩʣʷ ʨʦʟʨʘʭʫʥʢʫ ʢʦʨʝʢʮʽʡʥʦʛʦ 

ʢʦʝʬʽʮʽʻʥʪʫ (2.50) ï ʦʥʦʚʣʶʶʪʴʩʷ ʟʥʘʯʝʥʥʷ Ὑ  ʚ halo-ʢʦʤʽʨʢʘʭ. 

¶ ʅʘ ʝʪʘʧʽ ʢʦʨʝʢʪʦʨʘ ʧʽʩʣʷ ʨʦʟʨʘʭʫʥʢʫ ʢʦʥʚʝʢʪʠʚʥʠʭ ʧʦʪʦʢʽʚ ï ʦʥʦʚʣʶʶʪʴʩʷ 

ʧʦʪʦʢʠ ʫ halo-ʨʝʙʨʘʭ. 

¶ ʇʽʩʣʷ ʝʪʘʧʫ ʢʦʨʝʢʪʦʨʘ ï ʦʥʦʚʣʶʶʪʴʩʷ ʟʥʘʯʝʥʥʷ ʟʤʽʥʥʠʭ ʚ halo-ʢʦʤʽʨʢʘʭ. 

¶ ʇʽʩʣʷ ʨʦʟʚôʷʟʘʥʥʷ ʨʽʚʥʷʥʥʷ ʧʝʨʝʬʦʨʤʫʚʘʥʥʷ ʜʥʘ ï ʚʠʢʦʥʫʶʪʴʩʷ ʦʙʤʽʥʠ ʜʣʷ 

ʨʦʟʨʘʭʫʥʢʫ ʥʦʚʠʭ ʟʥʘʯʝʥʴ ʨʽʚʥʷ ʫ ʚʫʟʣʘʭ ʥʘ ʛʨʘʥʠʮʽ ʧʽʜʦʙʣʘʩʪʽ (ʨʠʩ. 2.8ʙ). 

ʗʢ ʽ ʜʣʷ ʭʚʠʣʴʦʚʦʾ ʤʦʜʝʣʽ HWAVE, ʟʘʟʥʘʯʠʤʦ, ʱʦ ʧʨʦʛʨʘʤʥʠʡ ʤʦʜʫʣʴ 

ʧʘʨʘʣʝʣʴʥʦʾ ʤʦʜʝʣʽ COASTOX-HD-SED-RN ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʠʡ ʪʘʢʦʞ ʽ ʥʘ CPU-

ʩʠʩʪʝʤʘʭ ʟʽ ʩʧʽʣʴʥʦʶ ʧʘʤôʷʪʪʶ, ʟʘʚʜʷʢʠ ʚʣʘʩʪʠʚʦʩʪʷʤ ʪʝʭʥʦʣʦʛʽʾ MPI. 

ɼʣʷ ʧʘʨʘʣʝʣʽʟʘʮʽʾ ʤʦʜʝʣʽ COASTOX-HD-SED-RN ʜʣʷ ʙʘʛʘʪʦʷʜʝʨʥʠʭ CPU ʽ GPU 

ʟʜʦʙʫʚʘʯʝʤ ʘʜʘʧʪʦʚʘʥʦ ʧʽʜʭʽʜ, ʨʘʥʽʰʝ ʨʦʟʨʦʙʣʝʥʠʡ ʜʣʷ ʨʦʟʧʘʨʘʣʝʣʶʚʘʥʥʷ ʤʦʜʝʣʽ 

ʢʦʨʘʙʝʣʴʥʠʭ ʭʚʠʣʴ. ʏʠʩʝʣʴʥʽ ʩʭʝʤʠ ʤʦʜʝʣʽ COASTOX-UN ʨʝʘʣʽʟʦʚʘʥʦ ʫ ʧʨʦʛʨʘʤʥʦʤʫ 

Fortran-ʢʦʜʽ ʤʦʜʝʣʽ ʘʥʘʣʦʛʽʯʥʦ ʫ ʚʠʛʣʷʜʽ ʮʠʢʣʽʚ ʧʦ ʝʣʝʤʝʥʪʘʭ ʩʽʪʢʠ (ʚʫʟʣʠ, ʢʦʤʽʨʢʠ, 

ʨʝʙʨʘ) ʟ ʥʝʟʘʣʝʞʥʠʤʠ ʽʪʝʨʘʮʽʷʤʠ. ɺʽʜʧʦʚʽʜʥʦ, ʨʦʟʧʘʨʘʣʝʣʶʚʘʥʥʷ ʚʠʢʦʥʫʚʘʣʦʩʴ ʙʝʟ 

ʩʫʪʪʻʚʠʭ ʟʤʽʥ ʩʪʨʫʢʪʫʨʠ ʘʣʛʦʨʠʪʤʽʚ ʤʦʜʝʣʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʨʘʥʽʰʝ ʚʚʝʜʝʥʦʛʦ ʩʪʠʣʶ 

ʦʬʦʨʤʣʝʥʥʷ ʢʦʜʫ ʜʠʨʝʢʪʠʚʘʤʠ OpenACC. ʇʝʨʝʜ ʩʪʘʨʪʦʤ ʽʪʝʨʘʮʽʡʥʦʛʦ ʮʠʢʣʫ ʟʘ ʯʘʩʦʤ 

ʽʥʽʮʽʘʣʽʟʦʚʘʥʽ ʛʣʦʙʘʣʴʥʽ ʤʘʩʠʚʠ ʟʘʚʘʥʪʘʞʫʶʪʴʩʷ ʟ ʭʦʩʪʘ ʚ ʧʘʤôʷʪʴ ʛʨʘʬʽʯʥʦʛʦ 

ʧʨʦʮʝʩʦʨʘ ʟʘ ʜʦʧʦʤʦʛʦʶ ʜʠʨʝʢʪʠʚ !$ACC DATA COPYIN(...). 

ʎʠʢʣʠ, ʱʦ ʨʦʟʧʘʨʘʣʝʣʶʶʪʴʩʷ, ʦʬʦʨʤʣʶʶʪʴʩʷ ʫ ʪʘʢʠʡ ʩʧʦʩʽʙ: 

!$ACC DATA PRESENT(̔ ʤʝʥʘ ʛʣʦʙʘʣʴʥʠʭ ʤʘʩʠʚʽʚ) 

!$ACC KERNELS 

!$ACC LOOP INDEPENDENT PRIVATE(̔ ʤʝʥʘ ʣʦʢʘʣʴʥʠʭ ʟʤʽʥʥʠʭ)  

ʊʽʣʦ ʮʠʢʣʫ 

!$ACC END KERNELS 

!$ACC END DATA 

ʗʢʱʦ ʚ ʦʢʨʝʤʽʡ ʽʪʝʨʘʮʽʾ ʧʘʨʘʣʝʣʴʥʦʛʦ ʮʠʢʣʫ ʻ ʢʦʨʦʪʢʠʡ ʮʠʢʣ, ʥʘʧʨʠʢʣʘʜ ʫ ʮʠʢʣʽ 

ʧʦ ʢʦʤʽʨʢʘʭ ï ʚʥʫʪʨʽʰʥʽʡ ʮʠʢʣ ʧʦ ʪʨʴʦʭ ʛʨʘʥʠʯʥʠʭ ʨʝʙʨʘʭ, ʚʽʥ ʥʝ ʨʦʟʧʘʨʘʣʝʣʶʻʪʴʩʷ 

ʧʦ ʧʦʪʦʢʘʭ, ʘ ʚʠʢʦʥʫʻʪʴʩʷ ʦʢʨʝʤʠʤ ʧʦʪʦʢʦʤ. ʎʝ ʫʪʦʯʥʶʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʜʠʨʝʢʪʠʚʠ 

!$ACC LOOP SEQ ʧʝʨʝʜ ʢʦʨʦʪʢʠʤ ʮʠʢʣʦʤ. ɺʽʜʧʦʚʽʜʥʠʡ ʧʨʠʢʣʘʜ ʩʧʨʦʱʝʥʦʛʦ Fortran-

ʢʦʜʫ ʧʨʦʛʨʘʤʠ ʟ ʨʦʟʧʘʨʘʣʝʣʶʚʘʥʥʷʤ ʮʠʢʣʫ ʧʦ ʢʦʤʽʨʢʘʭ ʟ ʚʥʫʪʨʽʰʥʽʤ ʮʠʢʣʦʤ ʧʦ 

ʨʝʙʨʘʭ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ɼʦʜʘʪʢʫ ɺ. ɼʣʷ ʙʘʛʘʪʦʧʦʪʦʢʦʚʦʾ ʦʧʝʨʘʮʽʾ ʧʦʰʫʢʫ ʤʽʥʽʤʘʣʴʥʦʛʦ 
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ʯʘʩʦʚʦʛʦ ʢʨʦʢʫ ʟʘ ʫʤʦʚʦʶ ʂʫʨʘʥʪʘ-ʌʨʽʜʨʽʭʩʘ-ʃʝʚʽ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʠʨʝʢʪʠʚʘ 

ʧʘʨʘʣʝʣʴʥʦʛʦ ʮʠʢʣʫ ʽʟ ʨʝʜʫʢʮʽʻʶ ï !$ACC LOOP REDUCTION(min:é). ʗʢʱʦ ʫ ʮʠʢʣʽ 

ʧʨʠʩʫʪʥʽʡ ʚʠʢʣʠʢ ʬʫʥʢʮʽʾ, ʮʷ ʬʫʥʢʮʽʷ ʦʛʦʣʦʰʫʻʪʴʩʷ ʪʘʢʦʶ, ʱʦ ʚʠʢʦʥʫʻʪʴʩʷ ʫ 

ʧʘʨʘʣʝʣʴʥʦʤʫ ʨʝʞʠʤʽ ʦʢʨʝʤʠʤ ʧʦʪʦʢʦʤ, ʟʘ ʜʦʧʦʤʦʛʦʶ ʜʠʨʝʢʪʠʚʠ 

!$ACC ROUTINE SEQ. ʇʝʨʰ ʥʽʞ ʚʠʚʦʜʠʪʠ ʟʤʽʥʥʽ ʫ ʟʦʚʥʽʰʥʽ ʬʘʡʣʠ, ʤʘʩʠʚʠ ʟʤʽʥʥʠʭ 

ʢʦʧʽʶʶʪʴʩʷ ʟ GPU ʜʦ ʮʝʥʪʨʘʣʴʥʦʛʦ ʧʨʦʮʝʩʦʨʘ ʟʘ ʜʦʧʦʤʦʛʦʶ ʜʠʨʝʢʪʠʚ 

!$ ACC UPDATE HOST(...). ʇʨʠʢʣʘʜ Fortran-ʢʦʜʫ, ʱʦ ʽʣʶʩʪʨʫʻ ʦʧʠʩʘʥʠʡ ʧʽʜʭʽʜ 

ʥʘʚʝʜʝʥʦ ʫ ɼʦʜʘʪʢʫ ɺ. ɿʘʟʥʘʯʠʤʦ, ʱʦ ʧʘʨʘʣʝʣʽʟʘʮʽʷ ʥʘ ʦʩʥʦʚʽ ʜʠʨʝʢʪʠʚ OpenACC 

ʜʦʟʚʦʣʷʻ ʟʙʠʨʘʪʠ ʚʝʨʩʽʾ ʚʠʢʦʥʫʚʘʥʦʛʦ ʬʘʡʣʫ ʧʨʦʛʨʘʤʠ COASTOX-UN, ̫ʢ ʜʣʷ 

ʙʘʛʘʪʦʷʜʝʨʥʠʭ CPU-ʩʠʩʪʝʤ ʟʽ ʩʧʽʣʴʥʦʶ ʧʘʤôʷʪʪʶ, ʪʘʢ ʽ ʜʣʷ GPU. ʇʨʠ ʮʴʦʤʫ 

ʧʨʽʦʨʠʪʝʪʥʠʤʠ ʧʨʠʩʪʨʦʷʤʠ ʨʦʟʛʣʷʜʘʣʠʩʷ GPU, ʟʘʚʜʷʢʠ ʙʽʣʴʰʽʡ ʦʙʯʠʩʣʶʚʘʣʴʥʽʡ 

ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʽ ʙʽʣʴʰʽʡ ʧʨʦʧʫʩʢʥʽʡ ʟʜʘʪʥʦʩʪʽ ʧʘʤôʷʪʽ. 

 

 

2.4 ɯʥʬʦʨʤʘʮʽʡʥʘ ʪʝʭʥʦʣʦʛʽ ̫ʨʦʟʧʘʨʘʣʝʣʶʚʘʥʥʷ SPH-ʤʦʜʝʣ ̔ʚʟʘʻʤʦʜʽʾ 

ʭʚʠʣʴ ʟ ʙʝʨʝʛʦʚʠʤʠ ʩʧʦʨʫʜʘʤʠ ʜʣʷ ʢʦʤʧôʶʪʝʨʽʚ ʟ ʨʦʟʧʦʜʽʣʝʥʦʶ ʧʘʤôʷʪʪʶ 

 

 

ʈʫʭ ʥʴʶʪʦʥʽʚʩʴʢʦʾ ʚ'ʷʟʢʦʾ ʨʽʜʠʥʠ ʚ ʜʝʷʢʽʡ ʦʙʣʘʩʪʽ ʪʝʯʽʾ ʦʧʠʩʫʻʪʴʩʷ ʨʽʚʥʷʥʥʷʤ 

ʥʝʨʦʟʨʠʚʥʦʩʪʽ, ʅʘʚôʻ-ʉʪʦʢʩʘ, ʝʥʝʨʛʽʾ ʽ ʨʽʚʥʷʥʥʷʤ ʩʪʘʥʫ: 

 

”ẗÄÉÖ ὺᴆ πȟ

” ‘Ὕ ”Ὂȟ

” ὴẗÄÉÖ ὺᴆ ‘Ὕ Ὕ ȟ

ὴ ὴ”Ȣ  

                             (2.54) 

 

” ï ʛʫʩʪʠʥʘ ʨʽʜʠʥʠ, ὺ ï ʢʦʤʧʦʥʝʥʪʠ ʚʝʢʪʦʨʘ ʰʚʠʜʢʦʩʪʽ ὺᴆ, Ὡ ï ʧʦʚʥʘ ʝʥʝʨʛʽʷ, ὴ ï ʪʠʩʢ, 

‘ ï ʜʠʥʘʤʽʯʥʘ ʚôʷʟʢʽʩʪʴ, Ὕ ÄÉÖ ὺᴆϽ‏  ï ʪʝʥʟʦʨ ʚôʷʟʢʠʭ ʜʝʬʦʨʤʘʮʽʡ, 

‏  ï ʩʠʤʚʦʣ ʂʨʦʥʝʢʝʨʘ. 
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ɻʦʣʦʚʥʘ ʽʜʝʷ ʤʝʪʦʜʫ SPH ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ ʜʦʩʣʽʜʞʫʚʘʥʘ ʨʽʜʠʥʘ ʟʘʤʽʥʶʻʪʴʩʷ 

ʩʫʢʫʧʥʽʩʪʶ ʣʘʛʨʘʥʞʝʚʠʭ ʯʘʩʪʠʥʦʢ (ʨʠʩ. 2.9) [43, 44].  

 

ʈʠʩʫʥʦʢ 2.9 ï ʇʨʝʜʩʪʘʚʣʝʥʥʷ ʨʽʜʠʥʠ ʷʢ ʩʫʢʫʧʥʦʩʪʽ ʯʘʩʪʠʥʦʢ 

 

ʂʦʞʥʘ ʯʘʩʪʠʥʢʘ ʤʘʻ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʪʘʢʽ ʷʢ ʛʫʩʪʠʥʘ, ʧʨʦʩʪʦʨʦʚʽ ʢʦʦʨʜʠʥʘʪʠ, 

ʰʚʠʜʢʽʩʪʴ, ʪʝʤʧʝʨʘʪʫʨʘ ʪʘ ʽʥ. ɺʟʘʻʤʦʜʽʷ ʯʘʩʪʠʥʦʢ ʤʦʜʝʣʶʻʪʴʩʷ ʪʘʢʠʤ ʯʠʥʦʤ, ʱʦ ʥʘ 

ʢʦʞʥʫ ʯʘʩʪʠʥʢʫ ʚʧʣʠʚʘʶʪʴ ʪʽʣʴʢʠ ʯʘʩʪʠʥʢʠ ʽʟ ʾʾ ʧʝʚʥʦʛʦ ʦʢʦʣʫ (ʨʠʩ. 2.9).ʆʪʞʝ, ʥʝʭʘʡ 

ɸ(r) ï ʜʝʷʢʘ ʩʢʘʣʷʨʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ. ɿʛʽʜʥʦ ʤʝʪʦʜʫ ʟʛʣʘʜʞʝʥʠʭ ʯʘʩʪʠʥʦʢ ʚʩʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʝʯʽʾ ʘʧʨʦʢʩʠʤʫʶʪʴʩʷ ʽʥʪʝʛʨʘʣʘʤʠ: 

 

ὃὶ ᷿ὃὶǋὡ ὶ ὶǋȟǋὨὶǋ, 

 

ʜʝ ὡ ὶ ὶǋȟǋ ̔ ʥʪʝʨʧʦʣʷʮʽʡʥʝ ʷʜʨʦ ʟ ʜʦʚʞʠʥʦʶ ʟʛʣʘʜʞʫʚʘʥʥʷ ǋ
 ʜʣʷ ʣʶʙʦʾ ʯʘʩʪʠʥʢʠ 

ʟ ʦʙʣʘʩʪʽ W (ʨʠʩ. 2.9).: ɯʥʪʝʛʨʘʣ ʧʨʝʜʩʪʘʚʣʷʻʪʴʩʷ ʫ ʚʠʛʣʷʜʽ ʩʫʤʠ ʧʦ ʩʫʩʽʜʥʽʤ ʜʦ ʜʘʥʦʾ 

ʯʘʩʪʠʥʢʘʤ, ʱʦ ʜʘʻ ʚʦʜʥʦʯʘʩ ʟʤʦʛʫ ʧʦʭʽʜʥʽ ʚʽʜ ʬʫʥʢʮʽʾ ʚʠʨʘʟʠʪʠ ʷʢ ʧʦʭʽʜʥʽ ʚʽʜ ʷʜʨʘ: 

 

ὃ ὶ В ὃ ὡ ὶ ὶȟὬ , ​ὃ В ὃ​ὡ .                   (2.55) 

 

ʆʪʞʝ, ʚʩʽ ʯʣʝʥʠ ʨʽʚʥʷʥʴ ʨʫʭʫ, ʥʝʨʦʟʨʠʚʥʦʩʪʽ ʪʘ ʩʪʘʥʫ ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʫ ʚʠʛʣʷʜʽ 

(2.55). ɿʚʽʜʩʠ, ̔ʟ (2.54) ʦʪʨʠʤʫʻʤʦ ʩʠʩʪʝʤʫ ʨʽʚʥʷʥʴ ʨʫʭʫ ʚ ʜʠʩʢʨʝʪʥʽʡ ʬʦʨʤʽ: 

 

Вὓ ὺᴆ ὺᴆ ẗ​ὡ  ʘʙʦ ” Вὓὡ ,                  (2.56) 
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Вὓ   Ὂ, 

Вὓ ὺ​ὡ Ὕ Ὕ , 

ὴ ὴ” ὖ ρ, 

 

ʘ ʪʘʢʦʞ ʣʘʛʨʘʥʞʝʚʽ ʨʽʚʥʷʥʥʷ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʤʽʩʮʝʟʥʘʭʦʜʞʝʥʥʷ ʯʘʩʪʠʥʦʢ. 

 

ὺ ‫Вὓ
ȇ
ὡ .                                    (2.57) 

 

ɺôʷʟʢʽ ʯʣʝʥʠ ʤʘʶʪʴ ʚʠʛʣʷʜ 

 

  ȟ

Ὕ В ὺ В ὺ В ὺ ẗ​ὡ ‏ Ȣ
        (2.58) 

 

ʋ ʢʣʘʩʠʯʥʦʤʫ ʤʝʪʦʜʽ SPH ʥʘʡʙʽʣʴʰ ʧʦʰʠʨʝʥʠʤ ʩʧʦʩʦʙʦʤ ʧʦʩʪʘʥʦʚʢʠ ʫʤʦʚ ʥʘ 

ʪʚʝʨʜʽʡ ʤʝʞʽ ʻ ʘʙʦ ʚʠʢʦʨʠʩʪʘʥʥʷ çʚʽʨʪʫʘʣʴʥʠʭè ʯʘʩʪʠʥʦʢ, ʘʙʦ ʜʝʷʢʠʭ ʦʩʦʙʣʠʚʠʭ 

çʛʨʘʥʠʯʥʠʭè ʯʘʩʪʠʥʦʢ: 

ʘ) çʞʦʨʩʪʢʽè ʛʨʘʥʠʯʥʽ ʯʘʩʪʠʥʢʠ ʄʦʥʘʭʘʥʘ, ʷʢʽ ʨʦʟʪʘʰʦʚʫʶʪʴʩʷ ʫʟʜʦʚʞ ʪʚʝʨʜʦʾ 

ʤʝʞʽ ʚ ʦʜʠʥ ʨʷʜ, ʥʝ ʟʤʽʥʶʶʪʴ ʩʚʦʾʭ ʢʦʦʨʜʠʥʘʪ ʟ ʯʘʩʦʤ, ʽ ʜʽʶʪʴ ʥʘ ʯʘʩʪʠʥʢʠ ʨʫʭʦʤʦʛʦ 

ʩʝʨʝʜʦʚʠʱʘ ʟʘ ʜʦʧʦʤʦʛʦʶ ʚʣʘʩʥʦʛʦ ʧʦʪʝʥʮʽʘʣʫ ʚʟʘʻʤʦʜʽʾ. 

ʙ) çʧʩʝʚʜʦ-ʨʽʜʢʽè ʯʘʩʪʠʥʢʠ ʄʦʨʽʩʘ ʨʦʟʪʘʰʦʚʫʶʪʴʩʷ ʫʟʜʦʚʞ ʪʚʝʨʜʦʾ ʧʦʚʝʨʭʥʽ ʚ 

ʜʝʢʽʣʴʢʘ ʰʘʨʽʚ (ʚʽʜ ʜʚʦʭ ʜʦ ʧôʷʪʠ). ɺʦʥʠ ʚʟʘʻʤʦʜʽʶʪʴ ʽʟ ʯʘʩʪʠʥʢʘʤʠ ʧʦʪʦʢʫ ʷʢ ʟʚʠʯʘʡʥʽ 

ʨʽʜʢʽ ʯʘʩʪʠʥʢʠ, ʘʣʝ ʤʘʶʪʴ ʬʽʢʩʦʚʘʥʝ ʧʨʦʩʪʦʨʦʚʝ ʧʦʣʦʞʝʥʥʷ.  

ɺʽʣʴʥʘ ʧʦʚʝʨʭʥʽ ʨʽʜʠʥʠ ̔ʜʝʥʪʠʬʽʢʫʻʪʴʩʷ ʟʘ ʛʫʩʪʠʥʦʶ ʯʘʩʪʠʥʦʢ [43, 44]: 

ʗʢ ʚʽʜʦʤʦ, ʭʚʠʣʽ ʤʦʞʫʪʴ ʯʠʥʠʪʠ ʟʥʘʯʥʫ ʜʽʶ ʥʘ ʧʨʠʙʝʨʝʞʥʽ ʩʧʦʨʫʜʠ. ʆʜʠʥ ʟ 

ʤʦʞʣʠʚʠʭ ʧʽʜʭʦʜʽʚ ʦʙʯʠʩʣʝʥʥʷ ʤʽʩʮʝʚʦʛʦ ʪʠʩʢʫ ʥʘ ʪʚʝʨʜʫ ʛʨʘʥʠʮʶ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʚ 

ʨʦʙʦʪʽ [189]. ʇʨʠ ʦʮʽʥʮʽ ʣʦʢʘʣʴʥʦʛʦ ʪʠʩʢʫ ʚ ʜʘʥʽʡ ʪʦʯʮʽ M, ʡʦʛʦ ʟʥʘʯʝʥʥʷ ʦʪʨʠʤʫʻʤʦ 
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ʰʣʷʭʦʤ ʦʩʝʨʝʜʥʝʥʥʷ ʟʥʘʯʝʥʴ ʪʠʩʢʫ ʚʽʜ ʯʘʩʪʠʥʦʢ SPH ʚ ʧʨʠʛʨʘʥʠʯʥʽʡ ʟʦʥʽ Ὓ ʥʘʚʢʦʣʦ 

ʪʦʯʢʠ ʄ, ʜʝ ʽʥʪʝʛʨʘʣʠ ʘʧʨʦʢʩʠʤʫʻʪʴʩʷ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʬʦʨʤʫʣʠ ʪʨʘʧʝʮʽʡ: 

 

ὖ
᷿

᷿

В ǋǋ ǋ

В ǋǋ
.                                            (2.59) 

 

ʇʽʜʡʦʤʥʘ ʩʠʣʘ ʭʚʠʣʴ ʚʠʟʥʘʯʘʻʪʴʩʷ ʟʘ ʪʘʢʦʶ ʬʦʨʤʫʣʦʶ: 

 

Ὂ В ὖǋὨὛǋǋ .                                               (2.60) 

 

ʏʠʩʝʣʴʥʘ ʽ ʧʨʦʛʨʘʤʥʘ ʨʝʘʣʽʟʘʮʽʷ ʤʝʪʦʜʫ SPH ʙʫʜʫʻʪʴʩʷ ʥʘ ʯʘʩʦʚʽʡ ʜʠʩʢʨʝʪʠʟʘʮʽʾ 

ʩʠʩʪʝʤʠ ʨʽʚʥʷʥʴ (2.56), (2.57) ʜʣʷ ʯʘʩʪʠʥʦʢ ʽ ʩʭʝʤʽ ʨʦʟʨʘʭʫʥʢʫ ʜʚʦʯʘʩʪʠʥʢʦʚʠʭ 

ʚʟʘʻʤʦʜʽʡ. ɺ ʤʦʜʝʣʽ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʝʢʽʣʴʢʘ ʩʭʝʤ ʽʥʪʝʛʨʫʚʘʥʥʷ ʟʘ ʯʘʩʦʤ. ʗʢ 

ʧʨʠʢʣʘʜ ʥʘʚʝʜʝʤʦ ʩʭʝʤʫ ʪʠʧʫ ʧʨʝʜʠʢʪʦʨ-ʢʦʨʝʢʪʦʨ, ʟʛʽʜʥʦ ʷʢʽʡ ʥʘ ʢʦʞʥʦʤʫ ʢʨʦʮʽ 

ʩʧʦʯʘʪʢʫ ʦʙʯʠʩʣʶʶʪʴʩʷ ʟʥʘʯʝʥʥʷ ʟʤʽʥʥʠʭ ╤ ὶᴆȟὺᴆȟ”ȟὩ╣ ʥʘ ʧʽʚʢʨʦʮʽ: 

 

╤
ϳ

╤
Ў
╤, ὴ

ϳ
ὴ”

ϳ
.                         (2.61) 

 

ɿʘ ʥʠʤʠ ʦʙʯʠʩʣʶʶʪʴʩʷ ʢʦʨʝʢʪʦʚʘʥʽ ʟʥʘʯʝʥʥʷ çʧʨʠʩʢʦʨʝʥʴè ╤
ϳ
 , ʧʨʘʚʠʭ ʯʘʩʪʠʥ 

ʨʽʚʥʷʥʴ (2.56), (2.57) ̔ ʬʽʥʘʣʴʥʽ ʟʥʘʯʝʥʥʷ ʟʤʽʥʥʠʭ 

 

╤ ╤ ЎὸϽ╤
ϳ
, ὴ ὴ” .                         (2.62) 

 

ɺʽʜʧʦʚʽʜʥʦ ʜʦ ʨʦʟʨʦʙʣʝʥʦʛʦ ʘʣʛʦʨʠʪʤʫ ʜʦʩʣʽʜʞʫʚʘʥʘ ʦʙʣʘʩʪʴ ʨʦʟʜʽʣʷʻʪʴʩʷ ʥʘ 

ʢʚʘʜʨʘʪʥʽ ʢʦʤʽʨʢʠ ʟʽ ʩʪʦʨʦʥʦʶ ςὬ. ʂʦʞʥʘ ʯʘʩʪʠʥʢʘ ʚ ʢʦʤʽʨʮʽ ʤʦʞʝ ʚʟʘʻʤʦʜʽʷʪʠ ʪʽʣʴʢʠ 

ʟ ʯʘʩʪʠʥʢʘʤʠ ʟʽ ʩʚʦʻʾ ʪʘ ʟ ʩʫʩʽʜʥʽʭ ʢʦʤʽʨʦʢ, ʱʦ ʧʦʪʨʘʧʣʷʶʪʴ ʚ ʢʦʣʦ ʨʘʜʽʫʩʦʤ ςὬ (ʨʠʩ. 

2.9). ɼʣʷ ʨʦʟʨʘʭʫʥʢʫ ʜʚʦʯʘʩʪʠʥʢʦʚʠʭ ʚʟʘʻʤʦʜʽʡ ʮʠʢʣʠ ʧʦ ʯʘʩʪʠʥʢʘʭ ʟʘʤʽʥʶʶʪʴʩʷ ʥʘ 

ʮʠʢʣʠ ʧʦ ʢʦʤʽʨʢʘʭ. ʉʧʦʯʘʪʢʫ ʚʽʜʙʫʚʘʻʪʴʩʷ ʩʦʨʪʫʚʘʥʥʷ ʯʘʩʪʠʥʦʢ ï ʜʣʷ ʢʦʞʥʦʾ ʢʦʤʽʨʢʠ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʢʽʣʴʢʽʩʪʴ ʪʘ ʽʥʜʝʢʩʠ ʯʘʩʪʠʥʦʢ, ʱʦ ʜʦ ʥʝʾ ʧʦʪʨʘʧʠʣʠ. ɼʘʣʽ ʘʣʛʦʨʠʪʤ ʜʣʷ 
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ʢʦʞʥʦʛʦ ᾀ-ʨʽʚʥʷ ʧʨʦʭʦʜʠʪʴ ʫ ὼ-ʥʘʧʨʷʤʢʫ, ʦʙʯʠʩʣʶʶʯʠ ʚʟʘʻʤʦʜʽʾ ʜʣʷ ʢʦʞʥʦʾ ʯʘʩʪʠʥʢʠ 

ʚ ʢʦʤʽʨʮʽ: ʤʽʞ ʥʝʶ ʪʘ ʽʥʰʠʤʠ ʯʘʩʪʠʥʢʘʤʠ ʚ ʢʦʤʽʨʮʽ, ʤʽʞ ʥʝʶ ʪʘ ʯʘʩʪʠʥʢʘʤʠ ʩʫʩʽʜʥʽʭ 

ʢʦʤʽʨʦʢ. ɿ ʩʫʩʽʜʥʽʭ ʧʝʨʝʚʽʨʷʶʪʴʩʷ ʣʠʰʝ E, N, NW NE ʢʦʤʽʨʢʠ (ʨʠʩ. 2.10ʙ). 

ʆʙʯʠʩʣʝʥʠʡ ʚʥʝʩʦʢ ʦʜʥʦʯʘʩʥʦ ʜʦʜʘʻʪʴʩʷ ʜʦ çʧʨʠʩʢʦʨʝʥʴè ʦʙʦʭ ʚʟʘʻʤʦʜʽʶʯʠʭ 

ʯʘʩʪʠʥʦʢ, ʱʦ ʥʝʷʚʥʦ ʚʨʘʭʦʚʫʻ ʪʘʢʦʞ ʯʘʩʪʠʥʢʠ W, S, SW, SE ʢʦʤʽʨʦʢ. ɺʽʜʧʦʚʽʜʥʦ 

ʧʘʨʘʣʝʣʽʟʘʮʽʷ ʘʣʛʦʨʠʪʤʫ ʜʣʷ ʩʠʩʪʝʤ ʟ ʨʦʟʧʦʜʽʣʝʥʦʶ ʧʘʤôʷʪʪʶ ʟʘʩʥʦʚʘʥʘ ʥʘ 

ʜʝʢʦʤʧʦʟʠʮʽʾ ʦʙʣʘʩʪʽ ʫ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʜʦ ʾʾ ʨʦʟʜʽʣʝʥʥʷ ʥʘ ʢʦʤʽʨʢʠ ï ʦʙʣʘʩʪʴ ʜʽʣʠʪʴʩʷ ʫ 

ὼ-ʥʘʧʨʷʤʢʫ ʥʘ ʩʤʫʞʢʠ ʢʦʤʽʨʦʢ, ʪʘʢ ʱʦʙ ʚʦʥʠ ʤʽʩʪʠʣʠ ʧʨʠʙʣʠʟʥʦ ʦʜʥʘʢʦʚʫ ʢʽʣʴʢʽʩʪʴ 

ʯʘʩʪʠʥʦʢ (ʨʠʩ. 2.10ʘ). 

  

ʈʠʩʫʥʦʢ 2.10 ï ʘ) ʩʭʝʤʘ ʜʝʢʦʤʧʦʟʠʮʽʾ ʦʙʣʘʩʪʽ ʥʘʢʘʪʠ ʭʚʠʣʽ; ʙ) ʩʭʝʤʘ ʦʙʯʠʩʣʝʥʥʷ 

ʜʚʦʯʘʩʪʠʥʢʦʚʦʾ ʚʟʘʻʤʦʜʽʾ ʥʘ ʧʽʜʦʙʣʘʩʪʽ 

 

ɼʣʷ ʦʙʤʽʥʫ ʜʘʥʠʤʠ ʟ ʣʽʚʦʾ ʪʘ ʧʨʘʚʦʾ ʩʪʦʨʦʥʠ ʧʽʜʦʙʣʘʩʪʽ ʚʚʦʜʠʪʴʩʷ ʦʜʠʥ ʨʷʜ halo-

ʢʦʤʽʨʦʢ (ʨʠʩ. 2.10ʙ). ɿʥʘʯʝʥʥʷ ʟʤʽʥʥʠʭ ʜʣʷ ʯʘʩʪʠʥʦʢ ʚ ʮʠʭ ʢʦʤʽʨʢʘʭ ʦʥʦʚʣʶʶʪʴʩʷ ʚʽʜ 

ʩʫʩʽʜʥʽʭ ʧʨʦʮʝʩʽʚ. ʆʩʢʽʣʴʢʠ ʧʦʣʦʞʝʥʥʷ ʯʘʩʪʠʥʦʢ ʟʤʽʥʶʶʪʴʩʷ, halo-ʩʪʨʫʢʪʫʨʠ ʥʝ 

ʬʽʢʩʦʚʘʥʽ, ʪʦʤʫ ʦʙʤʽʥʠ ʚʽʜʙʫʚʘʶʪʴʩʷ ʯʝʨʝʟ ʙʫʬʝʨ. ɿʥʘʯʝʥʥʷ ʟʤʽʥʥʠʭ ʚʽʜʧʦʚʽʜʥʠʭ 

ʯʘʩʪʠʥʦʢ ʥʘ ʩʫʩʽʜʥʽʭ ʧʨʦʮʝʩʘʭ ʢʦʧʽʶʶʪʴʩʷ ʚ ʙʫʬʝʨ, ʧʝʨʝʩʠʣʘʶʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʥʝʙʣʦʢʦʚʘʥʠʭ ʬʫʥʢʮʽʡ ʚʽʜʧʨʘʚʢʠ ʪʘ ʦʪʨʠʤʘʥʥʷ ʧʦʚʽʜʦʤʣʝʥʴ MPI_Isend(é), 

MPI_Irecv(é) ʩʫʤʽʩʥʦ ʽʟ ʬʫʥʢʮʽʻʶ ʟʘʚʝʨʰʝʥʥʷ ʚʠʢʣʠʢʽʚ MPI_Waitall(é), ʥʘʧʨʠʢʽʥʮʽ 

ʦʥʦʚʣʶʶʪʴʩʷ ʟ ʙʫʬʝʨʫ ʜʣʷ halo-ʯʘʩʪʠʥʦʢ. ʆʩʢʽʣʴʢʠ ʯʘʩʪʠʥʢʠ ʤʦʞʫʪʴ ʚʠʡʪʠ ʟʘ ʛʨʘʥʠʮʽ 

ʧʽʜʦʙʣʘʩʪʽ ʜʦʜʘʪʢʦʚʦ ʚʚʦʜʠʪʴʩʷ ʱʝ ʦʜʥʘ ʧʨʦʮʝʜʫʨʘ ʦʙʤʽʥʽʚ-ʤʽʛʨʘʮʽʾ ʯʘʩʪʠʥʦʢ. 

ʏʘʩʪʠʥʢʠ, ʱʦ ʟʘʣʠʰʘʶʪʴ ʦʙʣʘʩʪʴ ʚʠʢʣʶʯʘʶʪʴʩʷ ʟ ʾʾ ʩʧʠʩʢʫ ʯʘʩʪʠʥʦʢ, ʧʝʨʝʩʠʣʘʶʪʴʩʷ 

ʜʦ ʧʽʜʦʙʣʘʩʪʽ ʢʫʜʠ ʚʦʥʠ ʧʝʨʝʤʽʩʪʠʣʠʩʴ (ʯʝʨʝʟ ʙʫʬʝʨ), ʪʘʤ ʜʦʜʘʶʪʴʩʷ ʜʦ ʩʧʠʩʢʫ 

ʯʘʩʪʠʥʦʢ. ʇʝʨʝʜ ʢʦʞʥʠʤ ʨʦʟʨʘʭʫʥʢʦʤ ʜʚʦʯʘʩʪʠʥʢʦʚʠʭ ʚʟʘʻʤʦʜʽʡ ʩʧʦʯʘʪʢʫ 

(ʘ) 

(ʙ) 
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ʚʠʢʦʥʫʻʪʴʩʷ ʧʨʦʮʝʜʫʨʘ ʤʽʛʨʘʮʽʾ ʯʘʩʪʠʥʦʢ, ʧʦʪʽʤ ʩʪʘʥʜʘʨʪʥʘ ʧʨʦʮʝʜʫʨʘ ʩʦʨʪʫʚʘʥʥʷ 

ʯʘʩʪʠʥʦʢ ʪʘ ʧʨʦʮʝʜʫʨʘ ʦʥʦʚʣʝʥʥʷ ʟʥʘʯʝʥʴ ʟʤʽʥʥʠʭ halo-ʯʘʩʪʠʥʦʢ. 

ʅʝʙʣʦʢʦʚʘʥʽ ʬʫʥʢʮʽʡ ʚʽʜʧʨʘʚʢʠ ʪʘ ʦʪʨʠʤʘʥʥʷ ʧʦʚʽʜʦʤʣʝʥʴ ʪʘʢʦʞ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʟʙʦʨʫ ʜʘʥʠʭ ʥʘ ʤʘʩʪʝʨ-ʧʨʦʮʝʩʽ (ʯʝʨʝʟ ʙʫʬʝʨ) ʜʣʷ ʚʠʚʦʜʫ ʾʭ ʫ 

ʟʦʚʥʽʰʥʽ ʬʘʡʣʠ. ɼʣʷ ʦʙʯʠʩʣʝʥʥʷ ʯʘʩʦʚʦʛʦ ʢʨʦʢʫ ʟʘ ʫʤʦʚʦʶ ʂʫʨʘʥʪʘ ʚʠʢʦʥʫʻʪʴʩʷ 

ʛʣʦʙʘʣʴʥʽʡ ʨʝʜʫʢʦʚʘʥʠʡ ʧʦʰʫʢ ʤʽʥʽʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʥʷ ʥʘ ʦʩʥʦʚʽ ʬʫʥʢʮʽʾ 

MPI_Allreduce(é).  ʇʨʦʛʨʘʤʥʠʡ ʢʦʜ ʤʦʜʝʣʽ ʥʘʧʠʩʘʥʦ ʤʦʚʦʶ Fortran. ɺʩʽ ʧʨʦʮʝʜʫʨʠ 

ʦʙʤʽʥʽʚ ʟ MPI-ʬʫʥʢʮʽʷʤʠ ʟʽʙʨʘʥʽ ʚ ʦʢʨʝʤʠʡ ʤʦʜʫʣʴ. ɺʦʥʠ ʟʘʣʠʰʘʶʪʴʩʷ ʥʝʟʤʽʥʥʠʤʠ 

ʧʨʠ ʜʦʜʘʚʘʥʥʽ ʥʦʚʠʭ ʩʭʝʤ ʽʥʪʝʛʨʫʚʘʥʥʷ ʟʘ ʯʘʩʦʤ ʘʙʦ ʧʨʦʮʝʜʫʨ ʨʦʟʨʘʭʫʥʢʫ ʩʠʣ ʜʽʶʯʠʭ 

ʥʘ ʪʚʝʨʜʽ ʧʦʚʝʨʭʥʽ, ʷʢʱʦ ʥʝ ʟʤʽʥʶʻʪʴʩʷ ʩʭʝʤʠ ʩʦʨʪʫʚʘʥʥʷ ʯʘʩʪʠʥʦʢ. ʅʝʦʙʭʽʜʥʦ ʣʠʰʝ 

ʜʦʜʘʪʠ ʧʨʦʮʝʜʫʨʠ ʤʽʛʨʘʮʽʾ ʯʘʩʪʠʥʦʢ ʽ ʦʥʦʚʣʝʥʥʷ halo ʧʝʨʝʜ ʦʙʯʠʩʣʝʥʥʷʤ 

ʜʚʦʯʘʩʪʠʥʢʦʚʠʭ ʚʟʘʻʤʦʜʽʡ. 

 

 

2.5 ɺʠʩʥʦʚʢʠ ʜʦ ʨʦʟʜʽʣʫ 2 

 

 

1. ʈʦʟʨʦʙʣʝʥʦ ʪʝʭʥʦʣʦʛʽʶ ʧʘʨʘʣʝʣʽʟʘʮʽʾ ʥʘ ʦʩʥʦʚʽ ʧʨʦʮʝʩʽʚ ʽʟ ʜʝʢʦʤʧʦʟʠʮʽʻʶ 

ʧʨʷʤʦʢʫʪʥʠʭ ʨʦʟʨʘʭʫʥʢʦʚʠʭ ʩʽʪʦʢ, ʚʚʝʜʝʥʥʷʤ ʨʷʜʽʚ halo-ʚʫʟʣʽʚ ʪʘ ʦʨʛʘʥʽʟʘʮʽʻʶ ʦʙʤʽʥʫ 

ʜʘʥʠʤʠ ʤʽʞ ʧʨʦʮʝʩʘʤʠ ʥʘ ʦʩʥʦʚʽ MPI. ʅʘ ʾʾ ʦʩʥʦʚʽ ʨʦʟʧʘʨʘʣʝʣʝʥʦ ʤʦʜʝʣʴ HWAVE, ʱʦ 

ʧʨʦʛʥʦʟʫʻ ʪʨʘʥʩʬʦʨʤʘʮʽʶ ʭʚʠʣʴ ʫ ʧʨʠʙʝʨʝʞʥʽʡ ʟʦʥʽ ʤʦʨʷ ʥʘ ʙʘʟʽ ʨʦʟʚôʷʟʢʫ ʈʇʉ. 

ʄʦʜʝʣʴ ʧʨʠʟʥʘʯʝʥʘ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʥʘ CPU-ʩʠʩʪʝʤʘʭ ʟ ʨʦʟʧʦʜʽʣʝʥʦʶ ʧʘʤôʷʪʪʶ, ʘʣʝ 

ʧʽʜʪʨʠʤʫʻ ʪʘʢʦʞ ʩʠʩʪʝʤʠ ʟʽ ʩʧʽʣʴʥʦʶ ʧʘʤôʷʪʪʶ MPI-ʦʙʤʽʥʘʤʠ ʯʝʨʝʟ ʧʘʤôʷʪʴ. 

2. ɯʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʪʝʭʥʦʣʦʛʽʾ ʧʘʨʘʣʝʣʽʟʘʮʽʾ ʥʘ ʦʩʥʦʚʽ ʧʦʪʦʢʦʚʦʾ ʦʙʨʦʙʢʠ, ʱʦ 

ʙʘʟʫʻʪʴʩʷ ʚʚʝʜʝʥʦʤʫ ʩʪʠʣʽ ʦʬʦʨʤʣʝʥʥʷ ʢʦʜʫ ʜʠʨʝʢʪʠʚʘʤʠ OpenACC, ʨʦʟʧʘʨʘʣʝʣʝʥʦ 

ʤʦʜʝʣʴ ʜʚʦʚʠʤʽʨʥʦʾ ʛʽʜʨʦʜʠʥʘʤʽʢʠ ʤʽʣʢʦʾ ʚʦʜʠ ʥʘ ʧʨʷʤʦʢʫʪʥʠʭ ʩʽʪʢʘʭ ShipSim, 

ʘʜʘʧʪʦʚʘʥʫ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʛʝʥʝʨʘʮʽʾ ʽ ʜʠʥʘʤʽʢʠ ʢʦʨʘʙʝʣʴʥʠʭ ʭʚʠʣʴ ʪʘ ʨʦʟʨʘʭʫʥʢʫ 

ʥʘʚʘʥʪʘʞʝʥʴ ʥʘ ʧʨʠʰʚʘʨʪʦʚʘʥʽ ʩʫʜʥʘ. ʎʽʣʴʦʚʠʤʠ ʧʨʠʩʪʨʦʷʤʠ ʧʘʨʘʣʝʣʽʟʘʮʽʾ ʻ GPU (ʚ 

ʧʝʨʰʫ ʯʝʨʛʫ) ʪʘ ʙʘʛʘʪʦʷʜʝʨʥʽ CPU-ʩʠʩʪʝʤʠ ʟʽ ʩʧʽʣʴʥʦʶ ʧʘʤôʷʪʪʶ 

3. ʈʦʟʨʦʙʣʝʥʦ ʛʽʙʨʠʜʥʫ ʪʝʭʥʦʣʦʛʽʶ, ʱʦ ʧʦʻʜʥʫʻ ʜʠʨʝʢʪʠʚʠ OpenACC, 
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ʦʬʦʨʤʣʝʥʽ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʚʚʝʜʝʥʦʛʦ ʩʪʠʣʷ, ʪʘ ʧʘʨʘʣʝʣʽʟʘʮʽʶ ʥʘ ʦʩʥʦʚʽ ʧʨʦʮʝʩʽʚ ʽʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʜʝʢʦʤʧʦʟʠʮʽʾ ʩʽʪʢʠ ʥʘ ʦʩʥʦʚʽ ʧʦʜʽʣʫ ʛʨʘʬʽʚ, ʚʚʝʜʝʥʥʷ halo-ʩʪʨʫʢʪʫʨ ʪʘ 

ʧʦʭʽʜʥʠʭ MPI-ʪʠʧʽʚ ʜʘʥʠʭ ʜʣʷ ʦʙʤʽʥʽʚ. ʅʘ ʾʾ ʦʩʥʦʚʽ ʨʦʟʧʘʨʘʣʝʣʝʥʦ ʤʦʜʝʣʴ 

ʜʚʦʚʠʤʽʨʥʦʛʦ ʦʧʠʩʘʥʥʷ ʛʽʜʨʦʜʠʥʘʤʽʢʠ ʤʽʣʢʦʾ ʚʦʜʠ, ʪʨʘʥʩʧʦʨʪʫ ʥʘʥʦʩʽʚ ʽ ʟʘʙʨʫʜʥʝʥʴ 

ʥʘ ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʠʭ ʩʽʪʢʘʭ COASTOX-HD-SED-RN ʜʣʷ ʛʝʪʝʨʦʛʝʥʥʠʭ 

ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʩʠʩʪʝʤ, ʚ ʷʢʠʭ ʻ ʨʦʟʧʦʜʽʣʝʥʝ ʟôʻʜʥʘʥʥʷ ʚʫʟʣʽʚ, ʱʦ ʤʽʩʪʷʪʴ ʩʧʽʣʴʥʫ 

ʧʘʤôʷʪʴ CPU ʪʘ GPU.  

4. ɿʘʧʨʦʧʦʥʦʚʘʥʦ  ʥʦʚʫ ʩʭʝʤʫ ʪʠʧʫ ɻʦʜʫʥʦʚʘ ʥʘ ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʠʭ ʩʽʪʢʘʭ ʜʣʷ 

ʨʦʟʚôʷʟʘʥʥʷ ʨʽʚʥʷʥʴ ʧʝʨʝʥʦʩʫ ʫ ʤʦʜʝʣʽ  ʜʠʥʘʤʽʢʠ ʥʘʥʦʩʽʚ ʽ ʟʘʙʨʫʜʥʝʥʴ, ʷʢʘ ʻ ʩʭʝʤʦʶ 

ʧʽʜʚʠʱʝʥʦʛʦ ʧʦʨʷʜʢʫ ʪʦʯʥʦʩʪʽ ʽ ʧʽʜʪʨʠʤʫʻ  ʪʨʘʥʩʧʦʨʪ ʜʦʤʽʰʦʢ ʟ ʨʽʟʢʠʤʠ ʛʨʘʜʽʻʥʪʘʤʠ 

ʢʦʥʮʝʥʪʨʘʮʽʡ.  

5. ɸʜʘʧʪʦʚʘʥʦ ʪʝʭʥʦʣʦʛʽʶ ʧʘʨʘʣʝʣʽʟʘʮʽʾ, ʨʦʟʨʦʙʣʝʥʫ ʜʣʷ ʝʡʣʝʨʦʚʦʾ ʤʦʜʝʣʽ 

HWAVE, ʜʦ ʣʘʛʨʘʥʞʝʚʦʾ ʤʦʜʝʣʽ. ʊʝʭʥʦʣʦʛʽʷ ʧʦʻʜʥʫʻ ʜʝʢʦʤʧʦʟʠʮʽʶ ʦʙʣʘʩʪʽ, ʨʦʟʜʽʣʝʥʦʾ 

ʥʘ ʢʦʤʽʨʢʠ ʟ ʣʘʛʨʘʥʞʝʚʠʤʠ ʯʘʩʪʠʥʢʘʤʠ, ʚʚʝʜʝʥʥʷ ʨʷʜʽʚ halo-ʢʦʤʽʨʦʢ, MPI-ʦʙʤʽʥʠ 

ʜʘʥʠʤʠ halo-ʯʘʩʪʠʥʦʢ ʪʘ ʤʽʛʨʘʮʽʶ ʯʘʩʪʠʥʦʢ ʤʽʞ ʧʽʜʦʙʣʘʩʪʷʤʠ. ʅʘ ʾʾ ʦʩʥʦʚʽ 

ʨʦʟʧʘʨʘʣʝʣʝʥʦ ʤʦʜʝʣʴ ʛʽʜʨʦʜʠʥʘʤʽʢʠ ʟʛʣʘʜʞʝʥʠʭ ʯʘʩʪʠʥʦʢ SPH2d ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ 

ʥʘʢʘʪʫ ʭʚʠʣʴ ʽ ʨʦʟʨʘʭʫʥʢʫ ʥʘʚʘʥʪʘʞʝʥʴ ʥʘ ʙʝʨʝʛʦʚʽ ʩʧʦʨʫʜʠ. 

ʆʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʨʦʟʜʽʣʫ ʦʧʫʙʣʽʢʦʚʘʥʽ ʘʚʪʦʨʦʤ ʚ ʨʦʙʦʪʘʭ [1, 2, 4, 6, 7ï10, 12ï

15, 17, 20, 24, 26ï29]. 
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ʈʆɿɼɯʃ 3 

ʊɽʍʅʆʃʆɻɯʗ ɯʅʊɽɻʈɸʎɯɰ ʇɸʈɸʃɽʃʔʅʀʍ ʄʆɼɽʃɽʁ ɺ 

ɯʅʌʆʈʄɸʎɯʁʅʆ-ʄʆɼɽʃʖʖʏʋ ʉʀʉʊɽʄʋ COASTOX-PRL 

 

 

ʇʨʝʜʩʪʘʚʣʝʥʽ ʚ ʧʦʧʝʨʝʜʥʴʦʤʫ ʨʦʟʜʽʣʽ ʤʦʜʝʣʽ HWAVE, COASTOX-R (ShipSim), 

COASTOX-UN (HD-SED-RN) ʦʙôʻʜʥʘʥʽ ʫ ʽʥʬʦʨʤʘʮʽʡʥʦ-ʤʦʜʝʣʶʶʯʫ ʩʠʩʪʝʤʫ (ɯʄʉ) 

COASTOX-PRL. ɺʦʥʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʷʢ ʫ ʚʠʛʣʷʜʽ ʦʢʨʝʤʠʭ (standalone) 

ʟʘʩʪʦʩʫʥʢʽʚ, ʪʘʢ ʽ ʚ ʧʦʻʜʥʘʥʥʽ ʜʣʷ ʟʚôʷʟʘʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʭʚʠʣʴ, ʪʝʯʽʡ, 

ʧʝʨʝʬʦʨʤʫʚʘʥʥʷ ʜʥʘ ʽ ʪʨʘʥʩʧʦʨʪʫ ʟʘʙʨʫʜʥʝʥʴ (ʨʘʜʽʦʥʫʢʣʽʜʽʚ). ʊʘʢʦʞ ʨʝʘʣʽʟʦʚʘʥʦ 

ʤʦʞʣʠʚʽʩʪʴ ʚʟʘʻʤʦʜʽʾ ʢʦʤʧʦʥʝʥʪʽʚ ʩʠʩʪʝʤʠ ʟʽ ʩʪʦʨʦʥʥʽʤʠ ʧʨʦʛʨʘʤʘʤʠ.  

 

 

3.1 ɸʨʭʽʪʝʢʪʫʨʘ ʤʦʜʝʣʶʶʯʦʾ ʩʠʩʪʝʤʠ COASTOX-PRL ʜʣʷ ʜʚʦʭ ʪʠʧʽʚ 

ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʶʚʘʯʽʚ 

 

ʇʨʦʛʨʘʤʥʠʡ ʢʦʜ ʭʚʠʣʴʦʚʦʾ ʤʦʜʝʣʽ HWAVE ʥʘʧʠʩʘʥʠʡ ʤʦʚʦʶ Fortran ʽʟ 

ʜʦʜʘʚʘʥʥʷʤ MPI ʬʫʥʢʮʽʡ ʜʣʷ ʛʝʥʝʨʘʮʽʾ, ʩʠʥʭʨʦʥʽʟʘʮʽʾ ʽ ʟʘʚʝʨʰʝʥʥʷ ʧʨʦʮʝʩʽʚ, ʘ ʪʘʢʦʞ 

ʦʙʤʽʥʽʚ ʜʘʥʠʤʠ. ʄʦʜʫʣʴ ʧʘʨʘʣʝʣʽʟʫʚʘʚʩʷ ʪʘʢ, ʱʦʙ ʟʙʝʨʝʛʪʠ ʧʨʠʥʮʠʧʦʚʫ ʩʪʨʫʢʪʫʨʫ 

ʜʘʥʠʭ ʤʦʜʫʣʷ, ʘ ʪʘʢʦʞ ʧʦʪʦʢʠ ʜʘʥʠʭ ʤʽʞ ʥʠʤ ʪʘ ʩʪʦʨʦʥʥʽʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ. 

ʂʦʜ ʤʘʻ ʯʘʩʪʢʦʚʦ-ʤʦʜʫʣʴʥʫ ʩʪʨʫʢʪʫʨʫ ʟʛʽʜʥʦ ʟ ʷʢʦʶ ʚ ʦʢʨʝʤʽ ʤʦʜʫʣʽ ʚʠʜʽʣʝʥʽ 

ʪʠʧʠ ʜʘʥʠʭ ʪʘ ʧʘʨʘʤʝʪʨʠ, ʱʦ ʚʠʟʥʘʯʘʶʪʴ ʨʦʟʤʽʨʠ ʟʘʜʘʯʽ, ʤʘʩʠʚʠ ʟʤʽʥʥʠʭ ʪʘ ʬʽʟʠʯʥʽ ʽ 

ʯʠʩʣʦʚʽ ʧʘʨʘʤʝʪʨʠ, ʤʘʪʝʤʘʪʠʯʥʽ ʬʫʥʢʮʽʾ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʧʨʠ ʨʦʟʨʘʭʫʥʢʘʭ, ʘ 

ʪʘʢʦʞ MPI ʧʨʦʮʝʜʫʨʠ. ʈʝʰʪʘ ʧʨʦʮʝʜʫʨ ʪʘ ʬʫʥʢʮʽʡ ʨʦʟʧʦʜʽʣʝʥʽ ʟʘ ʧʨʠʟʥʘʯʝʥʥʷʤ ʫ 

ʬʘʡʣʘʭ ʧʨʦʛʨʘʤʥʦʛʦ ʢʦʜʫ. 

ʂʦʥʬʽʛʫʨʘʮʽʷ ʤʦʜʝʣʴʦʚʘʥʦʾ ʟʘʜʘʯʽ ʚʠʟʥʘʯʘʻʪʴʩʷ ʥʘʙʦʨʦʤ ʬʽʟʠʯʥʠʭ, ʯʠʩʣʦʚʠʭ ʪʘ 

ʢʝʨʫʶʯʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʷʢʽ ʟʙʝʨʝʞʝʥʽ ʫ ʢʦʥʬʽʛʫʨʘʮʽʡʥʦʤʫ ʬʘʡʣʽ ʪʝʢʩʪʦʚʦʛʦ ʬʦʨʤʘʪʫ. ɸ 

ʪʘʢʦʞ ʧʨʦʩʪʦʨʦʚʦ ʨʦʟʧʦʜʽʣʝʥʠʤʠ ʚʝʣʠʯʠʥʘʤʠ, ʱʦ ʦʧʠʩʫʶʪʴ ʚʦʜʦʡʤʫ ʡ ʥʝʭʚʠʣʴʦʚʽ 

ʢʨʫʧʥʦʨʦʟʤʽʨʥʽ ʪʝʯʽʾ. ʎʽ ʚʝʣʠʯʠʥʠ ʟʘʜʘʶʪʴʩʷ ʫ ʟʦʚʥʽʰʥʽʭ ʬʘʡʣʘʭ ʪʝʢʩʪʦʚʦʛʦ ʬʦʨʤʘʪʫ, 
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ʩʪʚʦʨʝʥʠʭ ʩʪʦʨʦʥʥʽʤʠ ʧʨʦʛʨʘʤʘʤʠ, ʧʝʨʝʜ ʧʦʯʘʪʢʦʤ ʤʦʜʝʣʶʚʘʥʥʷ ʽ ʥʝ ʟʤʽʥʶʶʪʴʩʷ ʚ 

ʧʨʦʮʝʩʽ ʨʦʟʨʘʭʫʥʢʫ. 

ʆʩʥʦʚʥʠʡ ʦʙʦʚôʷʟʢʦʚʠʡ ʬʘʡʣ ʤʽʩʪʠʪʴ ʜʘʥʽ ʧʨʦ ʚʽʜʤʽʪʢʠ ʜʥʘ ʚʦʜʦʡʤʠ ʚ ʬʦʨʤʘʪʽ 

XYZ, ʱʦ ʚʽʜʧʦʚʽʜʘʶʪʴ ʨʽʚʥʦʤʽʨʥʽʡ ʧʨʷʤʦʢʫʪʥʽʡ ʩʽʪʮʽ. ʆʢʨʽʤ ʨʝʣʴʻʬʫ ʚʽʥ ʚʠʟʥʘʯʘʻ 

ʧʦʯʘʪʢʦʚʫ ʩʠʩʪʝʤʫ ʢʦʦʨʜʠʥʘʪ ʤʦʜʝʣʽ. 

ʊʘʢʦʞ ʫ ʥʝʦʙʦʚôʷʟʢʦʚʦʤʫ ʬʘʡʣʽ ʤʦʞʫʪʴ ʙʫʪʠ ʟʘʜʘʥʽ ʢʦʤʧʦʥʝʥʪʠ ʰʚʠʜʢʦʩʪʽ ʪʝʯʽʾ 

U, V ʽ ʚʽʜʤʽʪʢʘ ʨʽʚʥʷ ʜʥʘ Z. ʎʝʡ ʬʘʡʣ ʪʘʢʦʞ ʪʝʢʩʪʦʚʠʡ ʟ ʬʦʨʤʘʪʦʤ ʩʭʦʞʠʤ ʜʦ XYZ: X, 

Y, Z, U, V. ʇʝʨʝʜʙʘʯʘʻʪʴʩʷ ʜʦʚʽʣʴʥʝ ʨʦʟʪʘʰʫʚʘʥʥʷ X, Y ʪʦʯʦʢ, ʦʧʠʩʘʥʠʭ ʫ ʬʘʡʣʽ. ʄʦʞʝ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʜʣʷ ʦʢʨʝʤʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʪʨʘʥʩʬʦʨʤʘʮʽʾ ʭʚʠʣʴ ʥʘ ʪʝʯʽʾ, ʘʣʝ 

ʦʩʥʦʚʥʝ ʧʨʠʟʥʘʯʝʥʥʷ ʜʣʷ ʟʚôʷʟʢʠ ʟ ʤʦʜʫʣʝʤ ʪʝʯʽʡ ʽ ʧʝʨʝʬʦʨʤʫʚʘʥʥʷ ʜʥʘ. ɿʘ ʡʦʛʦ 

ʥʘʷʚʥʦʩʪʽ ʧʦʯʘʪʢʦʚʠʡ ʨʝʣʴʻʬ ʧʝʨʝʧʠʩʫʻʪʴʩʷ ʟʥʘʯʝʥʥʷʤʠ ʟ ʮʴʦʛʦ ʬʘʡʣʫ. 

ʆʩʥʦʚʥʠʤʠ ʬʽʟʠʯʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʻ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʭʽʜʥʦʾ ʭʚʠʣʽ: ʚʠʩʦʪʘ 

(ʘʤʧʣʽʪʫʜʘ), ʧʝʨʽʦʜ ʽ ʥʘʧʨʷʤʦʢ ʚʽʜʥʦʩʥʦ ʧʦʯʘʪʢʦʚʦʾ ʩʠʩʪʝʤʠ ʢʦʦʨʜʠʥʘʪ, ʜʣʷ 

ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʾ ʭʚʠʣʽ, ʘʙʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʧʝʢʪʨʫ ʫ ʚʠʧʘʜʢʫ ʤʦʜʝʣʶʚʘʥʥʷ 

ʥʝʨʝʛʫʣʷʨʥʠʭ ʭʚʠʣʴ (ʜʠʚ. ʦʧʠʩ ʩʧʝʢʪʨʘʣʴʥʦʾ ʤʦʜʝʣʽ HWAVE-S ʚ ʧ. 4.5). ɼʣʷ 

ʤʦʜʝʣʴʥʦʛʦ ʩʧʝʢʪʨʫ (JONSWAP/ TMA) ʧʘʨʘʤʝʪʨʠ ʧʨʦʧʠʩʫʶʪʴʩʷ ʫ ʢʦʥʬʽʛʫʨʘʮʽʡʥʦʤʫ 

ʬʘʡʣʽ. ʈʝʘʣʽʟʦʚʘʥʦ ʪʘʢʦʞ ʤʦʞʣʠʚʽʩʪʴ ʧʦʝʪʘʧʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʭʚʠʣʴ ʽʟ ʛʝʥʝʨʘʮʽʻʶ ʥʘ 

ʛʣʠʙʦʢʽʡ ʚʦʜʽ (SWAN [55]) ʽ ʪʨʘʥʩʬʦʨʤʘʮʽʻʶ ʚ ʧʨʠʙʝʨʝʞʥʽʡ ʟʦʥʽ (HWAVE-S). ʊʦʜʽ ʜʣʷ 

ʭʚʠʣʴ ʧʨʦʤʦʜʝʣʴʦʚʘʥʠʭ SWAN ʩʧʝʢʪʨʘʣʴʥʠʡ ʨʦʟʧʦʜʽʣ ʟʙʝʨʽʛʘʻʪʴʩʷ ʚ ʪʝʢʩʪʦʚʦʤʫ 

ʬʦʨʤʘʪʽ ʚ ʭʘʨʘʢʪʝʨʥʽʡ ʪʦʯʮʽ ʥʘ ʚʭʽʜʥʽʡ ʛʨʘʥʠʮʽ ʦʙʣʘʩʪʽ HWAVE-S. 

ʉʭʝʤʫ ʨʦʙʦʪʠ ʤʦʜʫʣʷ ʧʽʩʣʷ ʟʘʧʫʩʢʫ ʤʦʞʥʘ ʧʨʝʜʩʪʘʚʠʪʠ ʫ ʪʘʢʠʡ ʩʧʦʩʽʙ: 

¶ ɿʘʧʫʩʢʘʶʪʴʩʷ MPI-ʧʨʦʮʝʩʠ, ʚʠʟʥʘʯʘʶʪʴʩʷ ʾʭ ʨʘʥʛʠ. 

¶ ʂʦʞʝʥ ʧʨʦʮʝʩ ʯʠʪʘʻ ʢʦʥʬʽʛʫʨʘʮʽʡʥʠʡ ʬʘʡʣ, ʬʘʡʣ ʧʦʯʘʪʢʦʚʦʛʦ ʨʝʣʴʻʬʫ ʽ ʬʘʡʣ ʟ 

ʚʽʜʤʽʪʢʘʤʠ ʜʥʘ, ʢʦʤʧʦʥʝʥʪʘʤʠ ʰʚʠʜʢʦʩʪʽ ʪʝʯʽʾ, ʟʘ ʥʘʷʚʥʦʩʪʽ. 

¶ ʉʪʚʦʨʶʻʪʴʩʷ ʧʦʚʝʨʥʫʪʘ ʩʠʩʪʝʤʘ ʢʦʦʨʜʠʥʘʪ ʟ ʛʨʘʥʠʮʝʶ ʧʘʨʘʣʝʣʴʥʦʶ ʬʨʦʥʪʫ 

ʚʭʽʜʥʦʾ ʭʚʠʣʽ (ʨʠʩ. 2.1). 

¶ ɺʽʜʙʫʚʘʻʪʴʩʷ ʜʝʢʦʤʧʦʟʠʮʽʷ ʧʦʚʝʨʥʫʪʦʾ ʦʙʣʘʩʪʽ ʥʘ ʩʪʨʽʯʢʠ ʫʟʜʦʚʞ Oy (ʨʠʩ. 2.3), 

ʚʠʟʥʘʯʘʶʪʴʩʷ ʩʫʩʽʜʥʽ ʧʨʦʮʝʩʠ. 

¶ ʂʦʞʝʥ ʧʨʦʮʝʩ ʽʥʪʝʨʧʦʣʶʻ ʚʽʜʤʽʪʢʠ ʜʥʘ (ʢʦʤʧʦʥʝʥʪʠ ʰʚʠʜʢʦʩʪʽ) ʥʘ ʚʣʘʩʥʫ 

ʧʽʜʦʙʣʘʩʪʴ ʟʘ ʤʝʪʦʜʦʤ ʙʽʚʘʨʠʘʥʪʥʦʾ ʽʥʪʝʨʧʦʣʷʮʽʾ [190]. 
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¶ ʂʦʞʝʥ ʧʨʦʮʝʩ ʨʦʟʨʘʭʦʚʫʻ ʢʦʝʬʽʮʽʻʥʪʠ ʩʠʩʪʝʤʠ ʨʽʚʥʷʥʴ (2.7) ʜʣʷ ʩʚʦʻʾ ʧʽʜʦʙʣʘʩʪʽ. 

¶ ʇʨʦʮʝʩʠ ʽʪʝʨʘʮʽʡʥʦ ʫ ʯʘʩʽ ʨʦʟʚôʷʟʫʶʪʴ ʩʠʩʪʝʤʫ ʨʽʚʥʷʥʴ (2.7) ʥʘ ʩʚʦʾʭ 

ʧʽʜʦʙʣʘʩʪʷʭ ʤʝʪʦʜʦʤ ʨʦʟʙʠʪʪʷ ʟʘ ʥʘʧʨʷʤʢʘʤʠ (ʧ. 2.1) ʟ ʦʥʦʚʣʝʥʥʷʤ halo 

ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʨʝʘʣʽʟʦʚʘʥʦʾ ʩʪʨʫʢʪʫʨʠ ʦʙʤʽʥʽʚ (ʧ. 2.1). 

o ʇʨʠ ʚʠʙʦʨʽ ʪʘʢʦʾ ʦʧʮʽʾ ʟʙʠʨʘʶʪʴʩʷ ʥʘ ʤʘʩʪʝʨ-ʧʨʦʮʝʩʽ ʽ ʚʠʚʦʜʷʪʴʩʷ ʚ ʟʦʚʥʽʰʥʽ 

ʬʘʡʣʠ ʯʘʩʦʚʽ ʩʝʨʽʾ ʟʥʘʯʝʥʴ ʨʽʚʥʷ ʚʽʣʴʥʦʾ ʧʦʚʝʨʭʥʽ. 

¶ ʇʽʩʣʷ ʫʩʪʘʣʝʥʥʷ ʭʚʠʣʶʚʘʥʥʷ ʧʨʦʮʝʩʠ ʨʦʟʨʘʭʦʚʫʶʪʴ ʚʠʩʦʪʠ ʽ ʥʘʧʨʷʤʦʢ ʭʚʠʣʴ 

(2.6) ʘ ʪʘʢʦʞ ʜʦʪʠʯʥʽ ʥʘʧʨʫʞʝʥʥʷ (2.8) ʧʦ ʧʽʜʦʙʣʘʩʪʷʭ. 

¶ ʈʦʟʨʘʭʦʚʘʥʽ ʟʥʘʯʝʥʥʷ ʟʙʠʨʘʶʪʴʩʷ ʥʘ ʤʘʩʪʝʨ-ʧʨʦʮʝʩʽ ʪʘ ʚʠʚʦʜʷʪʴʩʷ ʫ ʟʦʚʥʽʰʥʽ 

ʬʘʡʣʠ ʜʣʷ ʚʽʟʫʘʣʽʟʘʮʽʾ, ʘʥʘʣʽʟʫ ʯʠ ʟʚôʷʟʘʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ. 

¶ ʅʘʧʨʠʢʽʥʮʽ ʟʘʚʝʨʰʫʶʪʴʩʷ MPI-ʧʨʦʮʝʩʠ, ʟʚʽʣʴʥʷʻʪʴʩʷ ʧʘʤôʷʪʴ, ʟʘʧʠʩʫʶʪʴʩʷ 

ʬʽʥʘʣʴʥʽ ʜʘʥʽ, ʟʘʢʨʠʚʘʶʪʴʩʷ ʚʠʭʽʜʥʽ ʬʘʡʣʠ. 

  

ʈʠʩʫʥʦʢ 3.1 ï ʉʭʝʤʘ ʨʦʙʦʪʠ ʭʚʠʣʴʦʚʦʛʦ ʤʦʜʫʣʷ HWAVE ʽʥʬʦʨʤʘʮʽʡʥʦ-ʤʦʜʝʣʶʶʯʦʾ 

ʩʠʩʪʝʤʠ  COASTOX-PRL 
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ʉʭʝʤʫ ʨʝʘʣʽʟʘʮʽʾ ʤʦʜʫʣʷ ʚ ʽʥʬʦʨʤʘʮʽʡʥʦ-ʤʦʜʝʣʶʶʯʠʡ ʩʠʩʪʝʤʽ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ 

ʨʠʩ. 3.1. 

ɼʣʷ ʚʽʟʫʘʣʽʟʘʮʽʾ ʽ ʘʥʘʣʽʟʫ ʨʝʟʫʣʴʪʘʪʽʚ ʚ ʤʦʜʫʣʽ ʽʤʧʣʝʤʝʥʪʦʚʘʥʽ ʪʝʢʩʪʦʚʠʡ ʬʦʨʤʘʪ 

XYZ, ʬʦʨʤʘʪ Surfer ASCII Grid (*.grd) [191], ʙʽʥʘʨʥʠʡ ʬʦʨʤʘʪ ʧʨʦʛʨʘʤʠ Aquaveo SMS 

ï SMS Binary Dataset (*.dat) [192], ʘ ʪʘʢʦʞ ʙʽʥʘʨʥʠʡ ʬʦʨʤʘʪ ʧʨʷʤʦʢʫʪʥʠʭ ʩʽʪʦʢ (*.r2s) 

[193] ʧʨʦʛʨʘʤʠ Blue Kenue ʚʽʜ Canadian Hydraulic Center. 

ɼʣʷ ʟʚôʷʟʢʠ ʟ ʤʦʜʫʣʝʤ ʛʽʜʨʦʜʠʥʘʤʽʢʠ ʽ ʪʨʘʥʩʧʦʨʪʫ ï ʚʣʘʩʥʠʡ ʪʝʢʩʪʦʚʠʡ ʬʦʨʤʘʪ 

ʪʠʧʫ XYZ: X, Y, Z, †, †, Ὄ, —, Ὕ, Ὧ. 

ɺʠʢʦʥʫʚʘʥʠʡ ʬʘʡʣ ʤʦʜʫʣʷ ʟʙʠʨʘʻʪʴʩʷ ʢʦʤʧʽʣʷʪʦʨʘʤʠ Intel Fortran, PGI Fortran, 

NVIDIA Fortran ʚ ʦʧʝʨʘʮʽʡʥʠʭ ʩʝʨʝʜʦʚʠʱʘʭ Windows ʽ Linux. ɿʽ ʩʪʦʨʦʥʥʽʭ ʢʦʤʧʦʥʝʥʪ 

ʜʣʷ ʟʙʽʨʢʠ ʥʝʦʙʭʽʜʥʘ ʣʠʰʝ ʙʽʙʣʽʦʪʝʢʘ MPI. ɼʣʷ ʟʘʧʫʩʢʫ ʚʠʢʦʥʫʚʘʥʦʛʦ ʬʘʡʣʫ ʥʘ 

ʦʙʯʠʩʣʶʚʘʣʴʥʽʡ ʩʠʩʪʝʤʽ ʧʦʚʠʥʥʝ ʙʫʪʠ ʚʩʪʘʥʦʚʣʝʥʦ ʩʝʨʝʜʦʚʠʱʝ MPI ʟ ʫʪʠʣʽʪʦʶ 

mpirun | mpiexec.  ʇʨʦʚʦʜʠʪʴʩʷ  ʟʙʽʨʢʫ ʽ ʟʘʧʫʩʢ ʤʦʜʫʣʷ ʚ Windows ʟ ʨʝʘʣʽʟʘʮʽʷʤʠ 

ʙʽʙʣʽʦʪʝʢʠ MPI: MPICH, Microsoft MPI, Intel MPI. ɺ Linux ï ʟ ʙʽʙʣʽʦʪʝʢʘʤʠ Open MPI, 

MPICH, Microsoft MPI, Intel MPI. 

ʄʦʜʫʣʴ ʨʦʟʨʘʭʫʥʢʫ ʢʦʨʘʙʝʣʴʥʠʭ ʭʚʠʣʴ ShipSim ʙʘʟʫʻʪʴʩʷ ʥʘ ʧʽʜʩʠʩʪʝʤʽ 

ʤʦʜʝʣʝʡ ʤʽʣʢʦʚʦʜʥʦʾ ʛʽʜʨʦʜʠʥʘʤʽʢʠ, ʪʨʘʥʩʧʦʨʪʫ ʽ ʧʝʨʝʬʦʨʤʫʚʘʥʥʷ ʜʥʘ ʥʘ 

ʧʨʷʤʦʢʫʪʥʠʭ ʩʽʪʢʘʭ COASTOX-R ʟ ʤʦʜʝʣʶʶʯʦʾ ʩʠʩʪʝʤʠ COASTOX-PRL. 

ʇʨʦʛʨʘʤʥʠʡ ʢʦʜ ʤʦʜʫʣʷ ʥʘʧʠʩʘʥʦ ʤʦʚʦʶ Fortran. ʅʘʨʘʟʽ ʟ ʢʦʤʧʦʥʝʥʪʽʚ ʤʦʜʫʣʷ 

ʨʦʟʧʘʨʘʣʝʣʝʥʘ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʜʠʨʝʢʪʠʚ OpenACC ʣʠʰʝ ʛʽʜʨʦʜʠʥʘʤʽʢʘ ʨʘʟʦʤ ʟ 

ʧʨʦʮʝʜʫʨʘʤʠ ʛʝʥʝʨʘʮʽʾ ʢʦʨʘʙʝʣʴʥʠʭ ʭʚʠʣʴ ʪʘ ʨʦʟʨʘʭʫʥʢʫ ʥʘʚʘʥʪʘʞʝʥʴ. ʊʘʢʦʞ 

ʥʝʨʦʟʧʘʨʘʣʝʣʝʥʦʶ ʟʘʣʠʰʘʻʪʴʩʷ ʤʦʜʝʣʴ ʛʽʜʨʦʜʠʥʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ ʨʽʚʥʷʥʴ ɹʫʩʩʽʥʝʩʢʘ 

[126]. ɺʠʢʦʨʠʩʪʘʥʥʷ OpenACC ʜʦʟʚʦʣʷʻ ʤʽʥʽʤʽʟʫʚʘʪʠ ʚʧʣʠʚ ʧʘʨʘʣʝʣʽʟʘʮʽʾ ʥʘ 

ʧʦʯʘʪʢʦʚʫ ʩʪʨʫʢʪʫʨʫ ʜʘʥʠʭ ʤʦʜʫʣʷ, ʪʘ ʥʘ ʧʦʪʦʢʠ ʜʘʥʠʭ ʤʽʞ ʥʠʤ ʪʘ ʩʪʦʨʦʥʥʽʤʠ 

ʢʦʤʧʦʥʝʥʪʘʤʠ. 

ʇʨʦʛʨʘʤʥʠʡ ʢʦʜ ʤʦʜʫʣʷ ʤʘʻ ʯʘʩʪʢʦʚʦ-ʤʦʜʫʣʴʥʫ ʩʪʨʫʢʪʫʨʫ ʟ ʨʦʟʧʦʜʽʣʝʥʥʷʤ 

ʤʦʜʫʣʽʚ, ʘ ʪʘʢʦʞ ʧʨʦʮʝʜʫʨ ʽ ʬʫʥʢʮʽʡ, ʱʦ ʥʝ ʚʭʦʜʷʪʴ ʜʦ ʤʦʜʫʣʽʚ, ʧʦ ʦʢʨʝʤʠʤ ʬʘʡʣʘʤ. 

ɺ ʦʢʨʝʤʽ ʤʦʜʫʣʽ ʚʠʜʽʣʝʥʽ ʪʠʧʠ ʜʘʥʠʭ, ʧʘʨʘʤʝʪʨʠ, ʱʦ ʚʠʟʥʘʯʘʶʪʴ ʨʦʟʤʽʨʠ ʟʘʜʘʯʽ, 

ʬʽʟʠʯʥʽ, ʯʠʩʣʦʚʽ ʽ ʢʝʨʫʶʯʠ ʧʘʨʘʤʝʪʨʠ, ʤʘʩʠʚʠ ʟʤʽʥʥʠʭ, ʤʘʪʝʤʘʪʠʯʥʽ ʬʫʥʢʮʽʾ, 
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ʧʨʦʮʝʜʫʨʠ ʚʠʟʥʘʯʝʥʥʷ ʯʘʩʫ ʽ ʜʘʪʠ ʚ ʩʠʩʪʝʤʽ, ʧʨʦʮʝʜʫʨʠ ʽʥʪʝʨʧʦʣʷʮʽʾ, ʘ ʪʘʢʦʞ 

ʧʨʦʮʝʜʫʨʠ ʧʦʚôʷʟʘʥʽ ʟ ʢʦʨʘʙʝʣʴʥʠʤʠ ʭʚʠʣʷʤʠ.  

ʂʦʥʬʽʛʫʨʘʮʽʷ ʤʦʜʝʣʴʦʚʘʥʦʾ ʟʘʜʘʯʽ ʚʠʟʥʘʯʘʻʪʴʩʷ ʥʘʙʦʨʦʤ ʧʘʨʘʤʝʪʨʽʚ, ʱʦ ʟʘʜʘʥʽ 

ʫ ʢʦʥʬʽʛʫʨʘʮʽʡʥʦʤʫ ʬʘʡʣʽ ʪʝʢʩʪʦʚʦʛʦ ʬʦʨʤʘʪʫ. ɺʦʜʦʡʤʘ ʦʧʠʩʫʻʪʴʩʷ ʨʝʣʴʻʬʦʤ ʜʥʘ ʥʘ 

ʨʽʚʥʦʤʽʨʥʽʡ ʧʨʷʤʦʢʫʪʥʽʡ ʩʽʪʮʽ, ʱʦ ʟʘʜʘʻʪʴʩʷ ʚ ʪʝʢʩʪʦʚʦʤʫ ʬʘʡʣʽ ʬʦʨʤʘʪʫ XYZ ʯʠ 

ʬʦʨʤʘʪʫ Surfer ASCII Grid (*.grd). ʆʜʥʦʯʘʩʥʦ ʩʽʪʢʘ ʟʘʜʘʻ ʩʠʩʪʝʤʫ ʢʦʦʨʜʠʥʘʪ ʟʘʜʘʯʽ. 

ʈʫʭʦʤʠʡ ʢʦʨʘʙʝʣʴ, ʱʦ ʚʠʢʣʠʢʘʻ ʭʚʠʣʽ ʦʧʠʩʫʻʪʴʩʷ ʚ ʜʝʢʽʣʴʢʦʭ ʬʘʡʣʘʭ. ʎʝ ʬʘʡʣ 

ʟ ʬʦʨʤʦʶ ʢʦʨʧʫʩʫ ʢʦʨʘʙʣʷ ʚ ʬʦʨʤʘʪʽ Surfer ASCII Grid, ʘ ʪʘʢʦʞ ʪʝʢʩʪʦʚʽ ʬʘʡʣʠ ʟ 

ʯʘʩʦʚʠʤʠ ʩʝʨʽʷʤʠ ʜʘʥʠʭ, ʱʦ ʟʘʜʘʶʪʴ ʧʦʣʦʞʝʥʥʷ, ʰʚʠʜʢʽʩʪʴ ʪʘ ʦʨʽʻʥʪʘʮʽʶ ʢʦʨʧʫʩʫ. 

ʇʽʜʪʨʠʤʫʻʪʴʩʷ ʤʦʞʣʠʚʽʩʪʴ ʟʘʜʘʥʥʷ ʦʜʥʦʯʘʩʥʦ ʜʝʢʽʣʴʢʦʭ ʨʫʭʦʤʠʭ ʢʦʨʘʙʣʽʚ. ʅʝʨʫʭʦʤʽ 

ʢʦʨʘʙʣʽ, ʥʘ ʷʢʽ ʨʦʟʨʘʭʦʚʫʶʪʴʩʷ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʾʭ ʪʘʢʦʞ ʤʦʞʝ ʙʫʪʠ ʜʝʢʽʣʴʢʘ, 

ʦʧʠʩʫʶʪʴʩʷ ʬʘʡʣʘʤʠ ʬʦʨʤʠ ʢʦʨʧʫʩʫ (ʬʦʨʤʘʪ Surfer ASCII Grid), ʘ ʪʘʢʦʞ 

ʢʦʦʨʜʠʥʘʪʘʤʠ ʬʽʢʩʦʚʘʥʠʭ ʧʦʣʦʞʝʥʥʷ ʫ ʧʨʦʩʪʦʨʽ ʽ ʢʫʪʘ ʦʨʽʻʥʪʘʮʽʾ ʚʽʜʥʦʩʥʦ ʩʠʩʪʝʤʠ 

ʢʦʦʨʜʠʥʘʪ ʟʘʜʘʯʽ. 

ɸʣʛʦʨʠʪʤ ʨʦʙʦʪʠ ʤʦʜʫʣʷ ʟ ʤʦʤʝʥʪʫ ʟʘʧʫʩʢʫ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʪʘʢʠʭ ʝʪʘʧʽʚ: 

¶ ʆʩʥʦʚʥʠʡ ʧʨʦʮʝʩ, ʱʦ ʟʘʧʫʱʝʥʠʡ ʥʘ CPU, ʯʠʪʘʻ ʢʦʥʬʽʛʫʨʘʮʽʡʥʠʡ ʬʘʡʣ, ʬʘʡʣ 

ʨʝʣʴʻʬʫ ʚʦʜʦʡʤʠ ʽ ʬʘʡʣʠ, ʱʦ ʦʧʠʩʫʶʪʴ ʨʫʭʦʤʽ ʪʘ ʥʝʨʫʭʦʤʽ ʢʦʨʘʙʣʽ. 

¶ ʆʙʯʠʩʣʶʶʪʴʩʷ ʧʦʭʽʜʥʽ ʧʘʨʘʤʝʪʨʠ, ̔ ʥʽʮʽʘʣʽʟʫʶʪʴʩʷ ʤʘʩʠʚʠ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ 

ʟʤʽʥʥʠʭ. 

¶ ʄʘʩʠʚʠ ʦʙʯʠʩʣʶʚʘʥʠʭ ʟʤʽʥʥʠʭ ʽ ʥʝʦʙʭʽʜʥʽ ʧʘʨʘʤʝʪʨʠ ʟʘʚʘʥʪʘʞʫʶʪʴʩʷ ʚ ʧʘʤ'ʷʪʴ 

GPU. 

¶ ɿʘʧʫʩʢʘʻʪʴʩʷ ʽʪʝʨʘʮʽʡʥʠʡ ʧʨʦʮʝʩ ʫ ʯʘʩʽ ʜʣʷ ʨʦʟʚôʷʟʘʥʥʷ ʨʽʚʥʷʥʴ ʤʦʜʝʣʽ: 

o ɿʘ ʢʨʠʪʝʨʽʻʤ ʂʫʨʘʥʪʘ, ʥʘ GPU ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʟʥʘʯʝʥʥʷ ʢʨʦʢʫ ʧʦ ʯʘʩʫ ʽ 

ʧʦʪʦʯʥʠʡ ʯʘʩ ʤʦʜʝʣʽ. 

o ʆʙʯʠʩʣʶʶʪʴʩʷ ʧʦʣʦʞʝʥʥʷ ʪʘ ʦʨʽʻʥʪʘʮʽʷ ʢʦʨʘʙʣʷ (CPU). 

o ɺʠʟʥʘʯʘʶʪʴʩʷ ʤʝʞʽ çʟʦʥʠ ʢʦʨʘʙʣʷè ʚ ʦʙʯʠʩʣʶʚʘʣʴʥʽʡ ʩʽʪʮʽ ʤʦʜʝʣʽ (CPU). 

o ʋ ʤʝʞʘʭ çʟʦʥʠ ʢʦʨʘʙʣʷè ʦʙʯʠʩʣʶʻʪʴʩʷ ʜʦʜʘʪʦʢ ʜʦ ʨʝʣʴʻʬʫ ʜʥʘ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ 

ʥʦʚʦʤʫ ʧʦʣʦʞʝʥʥʶ ʜʥʠʱʘ ʢʦʨʘʙʣʷ (GPU). 

o ɺʽʜʧʦʚʽʜʥʦ ʜʦ ʯʠʩʝʣʴʥʦʛʦ ʘʣʛʦʨʠʪʤʫ (ʧ. 2.2) ʽʟ ʧʘʨʘʣʝʣʴʥʦʶ ʦʙʨʦʙʢʦʶ ʧʦʪʦʢʽʚ 

(ʧ. 2.2) ʥʘ GPU ʨʦʟʚôʷʟʫʶʪʴʩʷ ʈʄɺ ʟ ʜʦʜʘʚʘʥʥʷʤ ʨʦʟʨʘʭʦʚʘʥʦʾ ʜʦʜʘʥʢʠ ʜʦ 
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ʨʝʣʴʻʬʫ, ʨʦʟʙʠʪʪʷʤ ʢʨʦʢʫ ʟʘ ʥʘʧʨʷʤʢʘʤʠ, ʢʦʨʝʢʮʽʻʶ ʘʜʚʝʢʪʠʚʥʠʭ ʧʦʪʦʢʽʚ, ʘ 

ʪʘʢʦʞ ʬʽʣʴʪʨʘʮʽʻʶ ʨʽʚʥʷ ʚʽʣʴʥʦʾ ʧʦʚʝʨʭʥʽ ʪʘ ʟʥʘʯʝʥʴ ʛʣʠʙʠʥ ʜʣʷ ʟʛʣʘʜʞʫʚʘʥʥʷ 

ʢʦʨʦʪʢʦʭʚʠʣʴʦʚʠʭ ʟʙʫʨʝʥʴ. 

o ʆʙʯʠʩʣʶʶʪʴʩʷ ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʧʨʠʰʚʘʨʪʦʚʘʥʽ ʢʦʨʘʙʣʽ (GPU). 

o ʗʢʱʦ ʯʘʩ ʜʦʨʽʚʥʶʻ ʯʘʩʫ ʚʠʚʦʜʫ ʜʘʥʠʭ, ʧʨʦʛʨʘʤʘ ʟʘʧʠʩʫʻ ʟʥʘʯʝʥʥʷ 

ʥʘʚʘʥʪʘʞʝʥʴ ʽ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʟʤʽʥʥʠʭ ʫ ʟʦʚʥʽʰʥʽ ʬʘʡʣʠ. 

o ʇʝʨʝʚʽʨʷʻʪʴʩʷ ʢʨʠʪʝʨʽʡ ʚʠʭʦʜʫ ʟ ʯʘʩʦʚʦʛʦ ʽʪʝʨʘʮʽʡʥʦʛʦ ʧʨʦʮʝʩʫ (t<tmax). 

¶ ʇʽʩʣʷ ʟʘʚʝʨʰʝʥʥʷ ʨʦʟʚôʷʟʢʫ ʨʽʚʥʷʥʴ ʟʚʽʣʴʥʷʻʪʴʩʷ ʧʘʤôʷʪʴ GPU, ʟʘʧʠʩʫʶʪʴʩʷ 

ʬʽʥʘʣʴʥʽ ʜʘʥʽ, ʟʘʢʨʠʚʘʶʪʴʩʷ ʚʠʭʽʜʥʽ ʬʘʡʣʠ. 

 

 

 

ʈʠʩʫʥʦʢ 3.2 ï ʉʭʝʤʘ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʤʦʜʫʣʷ ʨʦʟʨʘʭʫʥʢʫ ʢʦʨʘʙʝʣʴʥʠʭ ʭʚʠʣʴ ShipSim  

ʽʥʬʦʨʤʘʮʽʡʥʦ-ʤʦʜʝʣʶʶʯʦʾ ʩʠʩʪʝʤʠ  COASTOX-PRL  
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ʉʭʝʤʫ ʤʦʜʫʣʷ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 3.2. ʇʨʦʪʦʪʠʧ Fortran-ʢʦʜʫ ʤʦʜʫʣʷ ʥʘʚʝʜʝʥʦ 

ʫ ɼʦʜʘʪʢʫ ɺ.  

ʏʘʩʦʚʽ ʨʷʜʠ ʢʦʤʧʦʥʝʥʪʽʚ ʥʘʚʘʥʪʘʞʝʥʴ ʟʙʝʨʽʛʘʶʪʴʩʷ ʫ ʬʘʡʣʘʭ ʪʝʢʩʪʦʚʦʛʦ 

ʬʦʨʤʘʪʫ ʪʠʧʫ ὸ, Ὂ, Ὂ, ὓ, ʪʘʢ ʱʦ ʜʘʥʽ ʤʦʞʫʪʴ ʙʫʪʠ ʚʽʟʫʘʣʽʟʦʚʘʥʽ ʜʣʷ ʘʥʘʣʽʟʫ ʫ ʙʫʜʴ-

ʷʢʦʤʫ ʟʘʩʪʦʩʫʥʢʫ ʜʣʷ ʧʦʙʫʜʦʚʠ ʜʚʦʚʠʤʽʨʥʠʭ ʛʨʘʬʽʢʽʚ. ʏʘʩʦʚʽ ʨʷʜʠ ʧʨʦʩʪʦʨʦʚʦ 

ʨʦʟʧʦʜʽʣʝʥʠʭ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʟʤʽʥʥʠʭ ʟʙʝʨʽʛʘʶʪʴʩʷ ʫ ʬʘʡʣʘʭ ʬʦʨʤʘʪʫ SMS Binary 

Dataset (*.dat). 

ɺʠʢʦʥʫʚʘʥʠʡ ʬʘʡʣ ʤʦʜʫʣʷ ʟʙʠʨʘʻʪʴʩʷ PGI Fortran ʚ ʆʉ Windows ʽ NVIDIA 

Fortran ʚ ʆʉ Linux. ɺ Windows 10|11 ʽʩʥʫʻ ʤʦʞʣʠʚʽʩʪʴ ʟʙʽʨʢʠ ʽ ʟʘʧʫʩʢʫ ʤʦʜʫʣʷ ʫ 

ʩʝʨʝʜʦʚʠʱʽ WSL (Windows Subsystem for Linux). ɼʣʷ ʟʘʧʫʩʢʫ ʤʦʜʫʣʷ ʥʘ GPU ʥʝ 

ʧʦʪʨʽʙʥʽ ʩʪʦʨʦʥʥʽ ʢʦʤʧʦʥʝʥʪʠ, ʥʝʦʙʭʽʜʥʘ ʥʘʷʚʥʽʩʪʴ ʛʨʘʬʽʯʥʠʭ ʧʨʠʩʢʦʨʶʚʘʯʽʚ 

NVIDIA. ʋ ʧʨʦʮʝʩʽ  ʟʘʧʫʩʢʫ ʤʦʜʫʣʷ ʧʝʨʝʚʽʨʷʻʪʴʩʷ  ʧʽʜʪʨʠʤʢʫ ʧʨʠʩʪʨʦʾʚ ʟ CUDA GPU 

Compute Capability 6.x-8.x. 

ʄʦʜʫʣʴ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʛʽʜʨʦʜʠʥʘʤʽʢʠ, ʪʨʘʥʩʧʦʨʪʫ, ʧʝʨʝʬʦʨʤʫʚʘʥʥʷ ʪʘ 

ʟʘʙʨʫʜʥʝʥʥʷ ʜʥʘ ʙʘʟʫʻʪʴʩʷ ʥʘ ʤʦʜʝʣʽ COASTOX-UN (ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʽ ʩʽʪʢʠ), ʱʦ 

ʚʭʦʜʠʪʴ ʜʦ ʩʢʣʘʜʫ ʤʦʜʝʣʶʶʯʦʾ ʩʠʩʪʝʤʠ COASTOX-PRL. ʄʦʜʫʣʴ ʥʘʧʠʩʘʥʦ ʤʦʚʦʶ 

Fortran ʪʘ ʨʦʟʧʘʨʘʣʝʣʝʥʦ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʛʽʙʨʠʜʥʦʛʦ ʧʽʜʭʦʜʫ: MPI+OpenACC. ʇʨʠ 

ʮʴʦʤʫ ʩʭʝʤʫ ʧʘʨʘʣʝʣʽʟʘʮʽʾ ʨʝʘʣʽʟʦʚʘʥʦ ʪʘʢ, ʱʦʙ ʟʙʝʨʝʛʪʠ ʧʦʯʘʪʢʦʚʫ ʩʪʨʫʢʪʫʨʫ ʜʘʥʠʭ 

ʚʩʝʨʝʜʠʥʽ ʤʦʜʫʣʷ, ʘ ʪʘʢʦʞ ʧʦʪʦʢʠ ʜʘʥʠʭ ʤʽʞ ʥʠʤ ʪʘ ʩʪʦʨʦʥʥʽʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ. 

ʄʦʜʫʣʴ ʤʘʻ ʥʘʡʙʽʣʴʰʫ ʜʦʣʶ Fortran ʤʦʜʫʣʽʚ ʫ ʧʨʦʛʨʘʤʥʦʤʫ ʢʦʜʽ. ɼʦ ʥʠʭ ʟʽʙʨʘʥʦ 

ʧʘʨʘʤʝʪʨʠ, ʱʦ ʚʠʟʥʘʯʘʶʪʴ ʨʦʟʤʽʨʠ ʟʘʜʘʯʽ, ʬʽʟʠʯʥʽ, ʯʠʩʣʦʚʽ ʽ ʢʝʨʫʶʯʠ ʧʘʨʘʤʝʪʨʠ, 

ʤʘʩʠʚʠ ʟʤʽʥʥʠʭ, ʤʘʪʝʤʘʪʠʯʥʽ ʬʫʥʢʮʽʾ, ʧʨʦʮʝʜʫʨʠ ʚʠʟʥʘʯʝʥʥʷ ʯʘʩʫ ʽ ʜʘʪʠ ʚ ʩʠʩʪʝʤʽ, 

ʧʨʦʮʝʜʫʨʠ ʽʥʪʝʨʧʦʣʷʮʽʾ, ʧʨʦʮʝʜʫʨʠ ʚʚʦʜʫ-ʚʠʚʦʜʫ ʜʘʥʠʭ, ʘ ʪʘʢʦʞ MPI ʧʨʦʮʝʜʫʨʠ. 

ʄʦʜʫʣʽ ʪʘ ʨʝʰʪʘ ʧʨʦʮʝʜʫʨ ʨʦʟʧʦʜʽʣʝʥʽ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʧʨʠʟʥʘʯʝʥʥʷ ʫ ʬʘʡʣʘʭ 

ʧʨʦʛʨʘʤʥʦʛʦ ʢʦʜʫ. 

ʄʦʜʫʣʴ ʤʘʻ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʬʦʨʤʘʪʽʚ ʚʭʽʜʥʠʭ ʪʘ ʚʠʭʽʜʥʠʭ ʬʘʡʣʽʚ, ʦʩʢʽʣʴʢʠ ʚʽʥ 

ʻ ʦʩʥʦʚʥʠʤ ʦʙʯʠʩʣʶʚʘʣʴʥʠʤ ʷʜʨʦʤ ʧʨʠ ʤʦʜʝʣʶʚʘʥʥʽ ʢʦʤʧʣʝʢʩʥʠʭ ʟʘʜʘʯ. ʌʘʡʣʦʚʽ 

ʽʥʪʝʨʬʝʡʩʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʟʚôʷʟʢʫ ʟ ʽʥʰʠʤʠ ʤʦʜʫʣʷʤʠ ʩʠʩʪʝʤʠ ʪʘ ʩʪʦʨʦʥʥʽʤʠ 

ʢʦʤʧʦʥʝʥʪʘʤʠ. ʂʦʥʬʽʛʫʨʘʮʽʷ ʤʦʜʝʣʴʦʚʘʥʦʾ ʟʘʜʘʯʽ ʟʘʜʘʻʪʴʩʷ ʥʘʙʦʨʦʤ ʧʘʨʘʤʝʪʨʽʚ ʫ 

ʬʘʡʣʽ ʪʝʢʩʪʦʚʦʛʦ ʬʦʨʤʘʪʫ, ʘʥʘʣʦʛʽʯʥʦʛʦ ʜʦ ʬʦʨʤʘʪʫ ʬʘʡʣʫ ʢʦʨʘʙʝʣʴʥʦʛʦ ʤʦʜʫʣʷ.  
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ɼʦʩʣʽʜʞʫʚʘʥʘ ʚʦʜʦʡʤʘ ʦʧʠʩʫʻʪʴʩʷ ʨʝʣʴʻʬʦʤ ʜʥʘ ʥʘ ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʽʡ 

ʪʨʠʢʫʪʥʽʡ ʩʽʪʮʽ. ɼʣʷ ʟʘʜʘʥʥʷ ʟʥʘʯʝʥʴ ʽʤʧʣʝʤʝʥʪʦʚʘʥʽ ʧʦʰʠʨʝʥʽ ʬʦʨʤʘʪʠ 

ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʠʭ ʩʽʪʦʢ ʜʚʦʚʠʤʽʨʥʠʭ ʤʦʜʝʣʝʡ: ADCIRC Mesh (*.14) [194], ADCIRC 
ASCII (*.63 ï ʩʢʘʣʷʨ, *.64 ï ʚʝʢʪʦʨ) [194] ʪʘ SMS 2D Mesh (*.2dm) [192]. ɸʥʘʣʦʛʽʯʥʦ 

ʚ ʬʘʡʣʘʭ ʩʽʪʦʢ ʤʦʞʫʪʴ ʟʘʜʘʚʘʪʠʩʷ ʽʥʰʽ ʨʦʟʧʦʜʽʣʝʥʽ ʧʘʨʘʤʝʪʨʠ, ʥʘʧʨʠʢʣʘʜ, ʢʦʝʬʽʮʽʻʥʪ 

ʜʦʥʥʦʛʦ ʪʝʨʪʷ, ʘʙʦ ʪʦʚʱʠʥʘ ʘʢʪʠʚʥʦʛʦ ʜʦʥʥʦʛʦ ʰʘʨʫ ʽ ʪ.ʜ., ʷʢʽ ʜʦʜʘʪʢʦʚʦ ʦʧʠʩʫʶʪʴ 

ʚʦʜʦʡʤʫ. ʎʽ ʞ ʬʦʨʤʘʪʠ ʬʘʡʣʽʚ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʧʨʦʩʪʦʨʦʚʦ ʨʦʟʧʦʜʽʣʝʥʠʭ 

ʧʦʯʘʪʢʦʚʠʭ ʫʤʦʚ. ʋ ʬʘʡʣʘʭ ʪʝʢʩʪʦʚʦʛʦ ʬʦʨʤʘʪʫ ʟʘʜʘʶʪʴʩʷ ʯʘʩʦʚʽ ʩʝʨʽʾ ʛʨʘʥʠʯʥʠʭ 

ʫʤʦʚ ʜʣʷ ʨʽʚʥʷ ʚʽʣʴʥʦʾ ʧʦʚʝʨʭʥʽ ʚʦʜʠ, ʢʦʤʧʦʥʝʥʪ ʰʚʠʜʢʦʩʪʽ ʪʝʯʽʾ, ʨʽʯʢʦʚʠʭ ʚʠʪʨʘʪ, 

ʢʦʥʮʝʥʪʨʘʮʽʡ ʘʙʦ ʧʦʪʦʢʽʚ ʥʘʥʦʩʽʚ ʯʠ ʟʘʙʨʫʜʥʶʶʯʠʭ ʨʝʯʦʚʠʥ. ʇʨʠ ʤʦʜʝʣʶʚʘʥʥʽ 

ʧʨʠʧʣʠʚʥʦʾ ʮʠʨʢʫʣʷʮʽʾ ʚ ʪʝʢʩʪʦʚʠʭ ʬʘʡʣʘʭ ʟʘʜʘʶʪʴʩʷ ʧʝʨʽʦʜʠ, ʘʤʧʣʽʪʫʜʠ ʽ ʬʘʟʠ 

ʢʦʤʧʦʥʝʥʪ ʧʨʠʧʣʠʚʫ ʚ ʛʨʘʥʠʯʥʠʭ ʚʫʟʣʘʭ ʩʽʪʢʠ. 

ɼʣʷ ʟʘʩʚʦʻʥʥʷ ʧʨʦʩʪʦʨʦʚʦ ʨʦʟʧʦʜʽʣʝʥʠʭ ʟʦʚʥʽʰʥʽʭ ʚʧʣʠʚʽʚ (ʬʦʨʩʽʥʛʽʚ - forcings) 

ʚ ʤʦʜʫʣʽ ʨʝʘʣʽʟʦʚʘʥʽ ʬʘʡʣʦʚʽ ʽʥʪʝʨʬʝʡʩʠ ï ʬʘʡʣʠ ʽʟ ʯʘʩʦʚʠʤʠ ʩʝʨʽʷʤʠ ʜʘʥʠʭ ʚ 

ʬʦʨʤʘʪʘʭ: ADCIRC ASCII (*.63, *.64), SMS Binary Dataset (*.dat), ʙʽʥʘʨʥʦʤʫ ʬʦʨʤʘʪʽ 

XMDF (*.h5), ʪʘ ʬʦʨʤʘʪʽ NetCDF (*.nc). XMDF [192] ï ʩʪʘʥʜʘʨʪ, ʱʦ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ 

ʙʽʙʣʽʦʪʝʢʦʶ ʚʽʜ Aquaveo ʜʣʷ ʤʦʚ C ̔ Fortran, ʜʣʷ ʟʙʝʨʽʛʘʥʥʷ ʛʝʦʤʝʪʨʠʯʥʠʭ 2D/3D 

ʜʘʥʠʭ ʩʪʨʫʢʪʫʨʦʚʘʥʠʭ ʪʘ ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʠʭ ʩʽʪʦʢ, ʷʢʠʡ ʚʠʢʦʨʠʩʪʦʚʫʻ HDF5 ʜʣʷ 

ʢʨʦʩʧʣʘʪʬʦʨʤʥʦʛʦ ʟʙʝʨʽʛʘʥʥʷ ʪʘ ʩʪʠʩʥʝʥʥʷ ʜʘʥʠʭ. NetCDF [195] ï ʙʽʥʘʨʥʠʡ 

ʤʘʰʠʥʦʥʝʟʘʣʝʞʥʠʡ ʬʦʨʤʘʪ, ʨʦʟʨʦʙʣʝʥʠʡ UCAR, ʜʣʷ ʟʙʝʨʝʞʝʥʥʷ ʽ ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ 

ʜʘʥʠʭ ʤʦʜʝʣʝʡ ʧʨʦʛʥʦʟʫ ʧʦʛʦʜʠ ʪʘ ʤʦʜʝʣʝʡ ʜʠʥʘʤʽʢʠ ʦʢʝʘʥʫ. ʎʽ ʽʥʪʝʨʬʝʡʩʠ ʩʣʫʞʘʪʴ 

ʜʣʷ ʦʜʥʦʩʪʦʨʦʥʥʴʦʛʦ (one-way) ʟʚôʷʟʢʫ ʟʽ ʩʪʦʨʦʥʥʽʤʠ ʤʦʜʝʣʷʤʠ ʧʨʦʛʥʦʟʫ ʧʦʛʦʜʠ 

(ʰʚʠʜʢʦʩʪʽ ʚʽʪʨʫ, ʘʪʤʦʩʬʝʨʥʦʛʦ ʪʠʩʢʫ, ʦʧʘʜʽʚ ʽ ʚʠʧʘʨʦʚʫʚʘʥʥʷ), ʤʦʜʝʣʷʤʠ ʚʽʪʨʦʚʠʭ 

ʭʚʠʣʴ WAVEWATCH III | SWAN (ʧʝʨʽʦʜʠ, ʚʠʩʦʪʠ, ʥʘʧʨʷʤʦʢ ʭʚʠʣʴ, ʜʦʪʠʯʥʽ 

ʥʘʧʨʫʞʝʥʥʷ), ʟʘʛʘʣʴʥʦʜʦʩʪʫʧʥʠʤʠ ʙʘʟʘʤʠ ʛʣʦʙʘʣʴʥʠʭ ʽ ʨʝʛʽʦʥʘʣʴʥʠʭ ʘʪʤʦʩʬʝʨʥʠʭ ʽ 

ʭʚʠʣʴʦʚʠʭ ʜʘʥʠʭ, ʤʦʜʝʣʷʤʠ ʟʘʙʨʫʜʥʝʥʥʷ ʘʪʤʦʩʬʝʨʠ (ʧʦʚʝʨʭʥʝʚʘ ʛʫʩʪʠʥʘ 

ʟʘʙʨʫʜʥʶʶʯʦʾ ʨʝʯʦʚʠʥʠ). 

ɼʣʷ ʜʚʦʩʪʦʨʦʥʥʴʦʛʦ (two-way) ʟʚôʷʟʢʫ ʟ ʭʚʠʣʴʦʚʦʶ ʤʦʜʝʣʣʶ HWAVE ʯʠ SWAN 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʬʘʡʣ ʪʝʢʩʪʦʚʦʛʦ ʬʦʨʤʘʪʫ, ʦʧʠʩʘʥʠʡ ʚʠʱʝ ʚ ʧ. 3.1. ɺʠʢʦʥʫʚʘʥʠʡ 

ʬʘʡʣ ʤʦʜʫʣʷ ʟʙʠʨʘʻʪʴʩʷ ʘʙʦ ʫ ʚʝʨʩʽʾ ʜʣʷ ʧʘʨʘʣʝʣʴʥʠʭ CPU-ʩʠʩʪʝʤ, ʘʙʦ ʫ ʚʝʨʩʽʾ ʜʣʷ 
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GPU. ɼʣʷ CPU-ʩʠʩʪʝʤ ʧʝʨʝʚʽʨʝʥʘ ʧʽʜʪʨʠʤʢʘ ʟʙʽʨʢʠ ʢʦʤʧʽʣʷʪʦʨʘʤʠ Fortran Intel, PGI, 

NVIDIA ʚ ʆʉ Windows ʽ Linux ʨʘʟʦʤ ʟ ʙʽʙʣʽʦʪʝʢʘʤʠ Open MPI, MPICH, Microsoft MPI, 

Intel MPI. ɺʝʨʩʽʷ ʜʣʷ GPU ʟʙʠʨʘʻʪʴʩʷ PGI Fortran ʘʙʦ NVIDIA Fortran ʪʘ ʟʘʧʫʩʢʘʻʪʴʩʷ 

ʥʘ GPU NVIDIA ʟ Compute Capability 6.x-8.x.  

ʉʭʝʤʘ ʨʦʙʦʪʠ ʤʦʜʫʣʷ ʜʣʷ CPU-ʩʠʩʪʝʤ ʚ ʧʘʨʘʣʝʣʴʥʦʤʫ ʨʝʞʠʤʽ ʽʟ MPI-

ʧʨʦʮʝʩʘʤʠ ʪʘʢʘ: 

¶ ɯʥʽʮʽʘʣʽʟʫʶʪʴʩʷ MPI-ʧʨʦʮʝʩʠ, ʚʠʟʥʘʯʘʶʪʴʩʷ ʾʭ ʨʘʥʛʠ. 

¶ ɺʩʽ ʧʨʦʮʝʩʠ ʯʠʪʘʶʪʴ ʟ ʚʭʽʜʥʠʭ ʬʘʡʣʽʚ ʢʦʥʬʽʛʫʨʘʮʽʡʥʽ ʧʘʨʘʤʝʪʨʠ, ʛʨʘʥʠʯʥʽ 

ʫʤʦʚʠ, ʧʦʯʘʪʢʦʚʽ ʫʤʦʚʠ ʨʝʣʴʻʬ ʪʘ ʪʦʧʦʣʦʛʽʶ ʩʽʪʢʠ. 

¶ ɺʽʜʙʫʚʘʻʪʴʩʷ ʜʝʢʦʤʧʦʟʠʮʽʷ ʩʽʪʢʠ (ʨʠʩ. 2.8), ʚʠʟʥʘʯʘʶʪʴʩʷ ʩʫʩʽʜʥʽ ʧʨʦʮʝʩʠ, 

ʟʘʜʘʶʪʴʩʷ halo-ʩʪʨʫʢʪʫʨʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʦʭʽʜʥʠʭ ʪʠʧʽʚ ʜʘʥʠʭ MPI. 

¶ ʇʨʦʮʝʩʠ ʽʥʽʮʽʘʣʽʟʫʶʪʴ ʛʽʜʨʦʜʠʥʘʤʽʯʥʽ ʟʤʽʥʥʽ ʪʘ ʧʨʦʩʪʦʨʦʚʦ ʨʦʟʧʦʜʽʣʝʥʽ 

ʧʘʨʘʤʝʪʨʠ ʥʘ ʚʣʘʩʥʠʭ ʧʽʜʦʙʣʘʩʪʷʭ.  

¶ ʇʨʠ ʚʢʣʶʯʝʥʥʽ ʩʪʦʨʦʥʥʽʭ ʚʧʣʠʚʽʚ ʧʨʦʮʝʩʠ ʧʦʧʝʨʝʜʥʴʦ ʟʯʠʪʫʶʪʴ ʜʣʷ ʢʦʞʥʦʛʦ 

ʚʧʣʠʚʫ ʪʦʧʦʣʦʛʽʶ ʩʽʪʢʠ ʬʦʨʩʽʥʛʫ ʪʘ ʧʝʨʰʽ ʜʚʘ ʜʘʪʘʬʨʝʡʤʠ, ʽʥʽʮʽʘʣʽʟʫʶʪʴ ʨʦʙʦʯʽ 

ʤʘʩʠʚʠ, ʜʣʷ ʢʦʞʥʦʾ ʢʦʤʽʨʢʠ ʩʚʦʻʾ ʧʽʜʦʙʣʘʩʪʽ ʚʠʟʥʘʯʘʶʪʴ ʩʫʩʽʜʥʽ ʪʦʯʢʠ ʜʣʷ 

ʧʦʜʘʣʴʰʦʾ ʽʥʪʝʨʧʦʣʷʮʽʾ. 

¶ ʉʪʘʨʪʫʻ ʽʪʝʨʘʮʽʡʥʠʡ ʧʨʦʮʝʩ ʟʘ ʯʘʩʦʤ ʜʣʷ ʨʦʟʚôʷʟʘʥʥʷ ʨʽʚʥʷʥʴ ʤʦʜʝʣʽ (ʢʨʦʢʠ 

ʚʠʢʦʥʫʶʪʴʩʷ ʚʩʽʤʘ ʧʨʦʮʝʩʘʤʠ ʟ ʚʽʜʧʦʚʽʜʥʠʤʠ ʦʙʤʽʥʘʤʠ ʜʘʥʠʤʠ):  

o ʈʦʟʨʘʭʦʚʫʻʪʴʩʷ ʯʘʩʦʚʠʡ ʢʨʦʢ (ʫʤʦʚʘ ʂʫʨʘʥʪʘ) ʽ ʧʦʪʦʯʥʠʡ ʯʘʩ ʤʦʜʝʣʽ. 

o ʋ ʨʘʟʽ ʥʝʦʙʭʽʜʥʦʩʪʽ ʟʘʚʘʥʪʘʞʫʻʪʴʩʷ ʥʘʩʪʫʧʥʠʡ ʜʘʪʘʬʨʝʡʤ ʚʧʣʠʚʫ. ɿ ʜʚʦʭ 

ʜʘʪʘʬʨʝʡʤʽʚ ʟʥʘʯʝʥʥʷ ʽʥʪʝʨʧʦʣʶʶʪʴ ʥʘ ʧʦʪʦʯʥʠʡ ʯʘʩ ʪʘ ʩʽʪʢʫ ʧʽʜʦʙʣʘʩʪʽ. 

o ʈʦʟʚôʷʟʫʶʪʴʩʷ ʈʄɺ ʟʘ ʧʘʨʘʣʝʣʴʥʦʶ ʩʭʝʤʦʶ ʧʨʝʜʠʢʪʦʨ-ʢʦʨʨʝʢʪʦʨ ʪʠʧʫ 

ɻʦʜʫʥʦʚʘ ʟ TVD ʢʦʨʝʢʮʽʻʶ ʘʜʚʝʢʪʠʚʥʠʭ ʧʦʪʦʢʽʚ (ʧ. 2.3). 

o ʆʙʯʠʩʣʶʶʪʴʩʷ ʟʥʘʯʝʥʥʷ ʨʽʚʥʦʚʘʞʥʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʘʥʦʩʽʚ. 

o ʈʦʟʚôʷʟʫʻʪʴʩʷ ʨʽʚʥʷʥʥʷ ʧʝʨʝʥʦʩʫ ʥʘʥʦʩʽʚ (ʧ. 2.3). 

o ʆʙʯʠʩʣʶʻʪʴʩʷ ʝʨʦʟʽʷ-ʩʝʜʠʤʝʥʪʘʮʽʷ. 

o ʈʦʟʚôʷʟʫʻʪʴʩʷ ʨʽʚʥʷʥʥʷ ʧʝʨʝʥʦʩʫ ʨʦʟʯʠʥʝʥʠʭ ʟʘʙʨʫʜʥʝʥʴ. 

o ʈʦʟʚôʷʟʫʻʪʴʩʷ ʨʽʚʥʷʥʥʷ ʧʝʨʝʥʦʩʫ ʘʜʩʦʨʙʦʚʘʥʠʭ ʟʘʙʨʫʜʥʝʥʴ. 
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o ʆʙʯʠʩʣʶʻʪʴʩʷ ʧʝʨʝʨʦʟʧʦʜʽʣ ʟʘʙʨʫʜʥʝʥʥʷ ʤʽʞ ʨʦʟʯʠʥʦʤ, ʘʜʩʦʨʙʦʚʘʥʦʶ 

ʬʨʘʢʮʽʻʶ ʪʘ ʚʝʨʭʥʽʤ ʰʘʨʦʤ ʜʥʘ. 

o ʗʢʱʦ ʯʘʩ ʜʦʨʽʚʥʶʻ ʯʘʩʫ ʚʠʚʦʜʫ, ʚʠʢʦʥʫʻʪʴʩʷ ʟʙʽʨ ʜʘʥʠʭ ʟʽ ʚʩʽʭ ʧʽʜʦʙʣʘʩʪʝʡ ʥʘ 

ʤʘʡʩʪʝʨ-ʧʨʦʮʝʩʽ, ʷʢʠʡ ʟʘʧʠʩʫʻ ʜʘʥʽ ʫ ʟʦʚʥʽʰʥʽ ʬʘʡʣʠ. 

o ʇʝʨʝʚʽʨʷʻʪʴʩʷ ʫʤʦʚʘ ʚʠʭʦʜʫ ʟ ʯʘʩʦʚʦʛʦ ʽʪʝʨʘʮʽʡʥʦʛʦ ʧʨʦʮʝʩʫ (t<tmax). 

¶ ʌʽʥʘʣʽʟʫʻʪʴʩʷ MPI-ʧʨʦʮʝʩʠ, ʟʚʽʣʴʥʷʻʪʴʩʷ ʧʘʤôʷʪʴ, ʟʘʧʠʩʫʶʪʴʩʷ ʬʽʥʘʣʴʥʽ ʜʘʥʽ, 

ʟʘʢʨʠʚʘʶʪʴʩʷ ʚʠʭʽʜʥʽ ʬʘʡʣʠ.  

ʉʭʝʤʘ ʨʦʙʦʪʠ ʚʝʨʩʽʾ ʤʦʜʫʣʷ ʜʣʷ GPU ʩʭʦʞʘ, ʟ ʪʽʻʶ ʚʽʜʤʽʥʥʽʩʪʶ, ʱʦ ʪʫʪ ʜʘʥʽ ʥʝ 

ʧʝʨʝʨʦʟʧʦʜʽʣʷʶʪʴʩʷ ʤʽʞ ʧʨʦʮʝʩʘʤʠ, ʘ ʟʘʚʘʥʪʘʞʫʶʪʴʩʷ ʜʦ ʧʨʠʩʪʨʦʶ ʽ, ʟʘʤʽʩʪʴ ʟʙʦʨʫ 

ʥʘ ʤʘʩʪʝʨ-ʧʨʦʮʝʩʽ, ʦʥʦʚʣʶʶʪʴʩʷ ʥʘ ʭʦʩʪʽ: 

¶ ʍʦʩʪ ʯʠʪʘʻ ʢʦʥʬʽʛʫʨʘʮʽʶ ʟʘʜʘʯʽ (ʧʘʨʘʤʝʪʨʠ, ʪʦʧʦʣʦʛʽʷ, ʫʤʦʚʠ).  

¶ ʍʦʩʪ ʽʥʽʮʽʘʣʽʟʫʻ ʟʤʽʥʥʽ ʪʘ ʨʦʟʧʦʜʽʣʝʥʽ ʧʘʨʘʤʝʪʨʠ.  

¶ ʍʦʩʪ ʟʯʠʪʫʻ ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʚʧʣʠʚʠ (ʪʦʧʦʣʦʛʽʷ, ʜʘʪʘʬʨʝʡʤʠ). 

¶ ʄʘʩʠʚʠ ʟʤʽʥʥʠʭ ʽ ʧʘʨʘʤʝʪʨʠ ʟʘʚʘʥʪʘʞʫʶʪʴʩʷ ʚ ʧʘʤôʷʪʴ GPU. 

¶ ʉʪʘʨʪʫʻ ʽʪʝʨʘʮʽʡʥʠʡ ʧʨʦʮʝʩ ʟʘ ʯʘʩʦʤ (ʦʙʯʠʩʣʝʥʥʷ ʥʘ GPU):  

o ʈʦʟʨʘʭʦʚʫʻʪʴʩʷ ʯʘʩʦʚʠʡ ʢʨʦʢ ʽ ʧʦʪʦʯʥʠʡ ʯʘʩ. 

o ʋ ʨʘʟʽ ʥʝʦʙʭʽʜʥʦʩʪʽ ʭʦʩʪ ʟʘʚʘʥʪʘʞʫʻ ʥʘʩʪʫʧʥʠʡ ʜʘʪʘʬʨʝʡʤ ʜʦ GPU. ɿʥʘʯʝʥʥʷ 

ʽʥʪʝʨʧʦʣʶʶʪʴʩʷ ʥʘ ʧʦʪʦʯʥʠʡ ʯʘʩ ʽ ʩʽʪʢʫ ʤʦʜʝʣʽ. 

o ʇʦʩʣʽʜʦʚʥʦ ʨʦʟʚôʷʟʫʶʪʴʩʷ ʤʦʜʝʣʴʥʽ ʨʽʚʥʷʥʥʷ (ʧ. 2.3). 

o ʗʢʱʦ ʯʘʩ ʜʦʨʽʚʥʶʻ ʯʘʩʫ ʚʠʚʦʜʫ, ʦʥʦʚʣʶʶʪʴʩʷ ʜʘʥʽ ʥʘ ʭʦʩʪʽ. ʍʦʩʪ ʟʘʧʠʩʫʻ ʜʘʥʽ 

ʫ ʟʦʚʥʽʰʥʽ ʬʘʡʣʠ. 

o ʇʝʨʝʚʽʨʷʻʪʴʩʷ ʫʤʦʚʘ ʚʠʭʦʜʫ ʟ ʯʘʩʦʚʦʛʦ ʽʪʝʨʘʮʽʡʥʦʛʦ ʧʨʦʮʝʩʫ (t<tmax). 

¶ ɿʚʽʣʴʥʷʻʪʴʩʷ ʧʘʤôʷʪʴ, ʟʘʧʠʩʫʶʪʴʩʷ ʬʽʥʘʣʴʥʽ ʜʘʥʽ, ʟʘʢʨʠʚʘʶʪʴʩʷ ʚʠʭʽʜʥʽ ʬʘʡʣʠ.  

ʉʭʝʤʫ ʤʦʜʫʣʷ ʽʥʬʦʨʤʘʮʽʡʥʦʾ ʩʠʩʪʝʤʠ ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ. 3.3. 

ʏʘʩʦʚʽ ʩʝʨʽʾ ʟʥʘʯʝʥʴ ʟʤʽʥʥʠʭ ʫ ʢʦʥʪʨʦʣʴʥʠʭ ʪʦʯʢʘʭ ʟʙʝʨʽʛʘʶʪʴʩʷ ʫ ʬʘʡʣʘʭ 

ʪʝʢʩʪʦʚʦʛʦ ʬʦʨʤʘʪʫ ʪʠʧʫ çʯʘʩ, ʟʥʘʯʝʥʥʷ 1, ʟʥʘʯʝʥʥʷ 2 è, ʪʘʢ ʱʦ ʤʦʞʫʪʴ ʙʫʪʠ 

ʚʠʢʦʨʠʩʪʘʥʽ ʫ ʙʫʜʴ-̫ ʢʦʤʫ ʟʘʩʪʦʩʫʥʢʫ ʜʣʷ ʘʥʘʣʽʟʫ ʪʘʙʣʠʯʥʠʭ ʜʘʥʠʭ ʪʘ ʧʦʙʫʜʦʚʠ 

ʛʨʘʬʽʢʽʚ. ʏʘʩʦʚʽ ʩʝʨʽʾ ʧʨʦʩʪʦʨʦʚʦ ʨʦʟʧʦʜʽʣʝʥʠʭ ʜʘʥʠʭ ʟʙʝʨʽʛʘʶʪʴʩʷ ʫ ʬʘʡʣʘʭ ʬʦʨʤʘʪʫ 

XMDF (*.h5), SMS Binary Dataset (*.dat) ʘʙʦ ʫ ʚʣʘʩʥʦʤʫ ʙʽʥʘʨʥʦʤʫ ʬʦʨʤʘʪʽ IMMSP 

Binary (*.dat), ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʚʟʘʻʤʦʜʽʾ ʽʟ Java-ʟʘʩʪʦʩʫʥʢʘʤʠ ï ʉʇʇʈ 
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JRODOS ʪʘ ʛʨʘʬʽʯʥʠʤ ʽʥʪʝʨʬʝʡʩʦʤ HYDROS. 

 

ʈʠʩʫʥʦʢ 3.3 ï ʉʭʝʤʘ ʨʦʙʦʪʠ ʤʦʜʫʣʷ ʛʽʜʨʦʜʠʥʘʤʽʢʠ, ʪʨʘʥʩʧʦʨʪʫ ʥʘʥʦʩʽʚ ʽ ʟʘʙʨʫʜʥʝʥʴ  

ʽʥʬʦʨʤʘʮʽʡʥʦ-ʤʦʜʝʣʶʶʯʦʾ ʩʠʩʪʝʤʠ COASTOX-PRL (GPU) 

 

 

3.2 ɺʟʘʻʤʦʜʽʷ ʧʘʨʘʣʝʣʴʥʠʭ ʤʦʜʝʣʝʡ ʫ ʩʢʣʘʜʽ ʩʠʩʪʝʤʠ COASTOX-PRL 

 

 

ɯʩʥʫʶʪʴ ʨʽʟʥʽ ʩʭʝʤʠ ʨʝʘʣʽʟʘʮʽʾ ʚʟʘʻʤʦʧʦʚôʷʟʘʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʚʽʪʨʦʚʠʭ ʭʚʠʣʴ, 

ʛʽʜʨʦʜʠʥʘʤʽʢʠ, ʤʦʨʬʦʜʠʥʘʤʽʢʠ ʽ ʜʠʥʘʤʽʢʠ ʟʘʙʨʫʜʥʶʚʘʯʽʚ. 

ʇʦʰʠʨʝʥʠʡ ʧʽʜʭʽʜ ï ʦʨʛʘʥʽʟʘʮʽʷ ʚʟʘʻʤʦʜʽʾ ʤʦʜʝʣʝʡ ʚ ʨʘʤʢʘʭ ʦʜʥʽʻʾ 

ʢʦʤʧôʶʪʝʨʥʦʾ ʧʨʦʛʨʘʤʠ. ʅʦʚʘ ʟʘʜʘʯʘ, ʷʢʫ ʥʝʦʙʭʽʜʥʦ ʧʨʦʤʦʜʝʣʶʚʘʪʠ, ʬʦʨʤʫʣʶʻʪʴʩʷ 
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ʯʝʨʝʟ ʚʭʽʜʥʽ ʢʦʥʬʽʛʫʨʘʮʽʡʥʽ ʬʘʡʣʠ ʽ ʬʘʡʣʠ ʟ ʧʨʦʩʪʦʨʦʚʦ ʨʦʟʧʦʜʽʣʝʥʠʤʠ ʜʘʥʠʤʠ. 

ʆʢʨʝʤʽ ʤʦʜʝʣʽ ʦʬʦʨʤʣʝʥʽ, ʷʢ ʧʽʜʧʨʦʛʨʘʤʠ ʘʙʦ ʥʘʙʽʨ ʧʽʜʧʨʦʛʨʘʤ. ɰʭʥʷ ʚʟʘʻʤʦʜʽʷ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʯʝʨʝʟ ʤʘʩʠʚʠ ʟʤʽʥʥʠʭ, ʷʢʽ ʻ ʜʦʩʪʫʧʥʠʤʠ ʚʩʽʤ ʧʽʜʧʨʦʛʨʘʤʘʤ ʟʘʛʘʣʴʥʦʾ 

ʧʨʦʛʨʘʤʠ ʯʝʨʝʟ ʟʘʛʘʣʴʥʠʡ ʘʜʨʝʩʥʠʡ ʧʨʦʩʪʽʨ, ʘ ʚ ʨʘʟʽ ʧʘʨʘʣʝʣʽʟʘʮʽʾ ʥʘ ʦʩʥʦʚʽ ʧʨʦʮʝʩʽʚ 

ï ʜʦʜʘʪʢʦʚʦ ʯʝʨʝʟ ʦʙʤʽʥʠ ʜʘʥʠʤʠ. ʊʘʢ, ʥʘʧʨʠʢʣʘʜ, ʨʝʘʣʽʟʦʚʘʥʦ, ʚʟʘʻʤʦʟʚôʷʟʘʥʝ 

ʤʦʜʝʣʶʚʘʥʥʷ, ʚʽʪʨʦʚʠʭ ʭʚʠʣʴ, ʛʽʜʨʦʜʠʥʘʤʽʢʠ ʽ ʤʦʨʬʦʜʠʥʘʤʽʢʠ ʚ ʩʠʩʪʝʤʽ ʤʦʜʝʣʝʡ 

CMS ʚʽʜ USACE [196].  

ʉʭʦʞʠʡ, ʘʣʝ ʪʨʦʭʠ ʚʽʜʤʽʥʥʠʡ ʧʽʜʭʽʜ, ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʻʜʠʥʠʡ ʚʠʢʦʥʫʚʘʥʠʡ ʬʘʡʣ, ʘʣʝ ʜʣʷ ʢʦʞʥʦʾ ʦʢʨʝʤʦʾ ʤʦʜʝʣʽ 

ʩʪʚʦʨʶʶʪʴʩʷ ʩʪʘʪʠʯʥʽ ʘʙʦ ʜʠʥʘʤʽʯʥʽ ʙʽʙʣʽʦʪʝʢʠ ʽ ʧʨʦʛʨʘʤʘ ʟʚʝʨʪʘʻʪʴʩʷ ʜʦ ʤʦʜʝʣʝʡ 

ʯʝʨʝʟ ʚʠʢʣʠʢʠ ʙʽʙʣʽʦʪʝʯʥʠʭ ʬʫʥʢʮʽʡ. ʊʘʢ ʨʝʘʣʽʟʦʚʘʥʦ ʚʟʘʻʤʦʜʽʶ ʤʦʜʝʣʝʡ ʫ ʩʠʩʪʝʤʘʭ 

Delft 3D ʽ Delft 3D FM [145], ʜʝ ʜʣʷ ʽʥʪʝʛʨʘʮʽʾ ʽ ʢʝʨʫʚʘʥʥʷ ʤʦʜʝʣʷʤʠ, ʜʣʷ ʷʢʠʭ ʟʽʙʨʘʥʽ 

ʜʠʥʘʤʽʯʥʽ ʙʽʙʣʽʦʪʝʢʠ, ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʽʥʪʝʨʬʝʡʩ BMI (Basic Model Interface) [197].  

ɺ ʤʦʜʝʣʶʶʯʽʡ ʩʠʩʪʝʤʽ TELEMAC-MASCARET, ʧʨʠ ʫʩʪʘʥʦʚʮʽ, ʜʣʷ ʦʢʨʝʤʠʭ 

ʤʦʜʝʣʝʡ ʟʙʠʨʘʶʪʴʩʷ ʩʪʘʪʠʯʥʽ ʙʽʙʣʽʦʪʝʢʠ ʽ ʜʣʷ ʢʦʞʥʦʾ ʥʦʚʦʾ ʟʘʜʘʯʽ, ʥʘ ʦʩʥʦʚʽ ʬʘʡʣʽʚ 

ʙʽʙʣʽʦʪʝʢ ʽ ʚʭʽʜʥʠʭ ʬʘʡʣʽʚ, ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʢʨʠʧʪʽʚ ʥʘ ʤʦʚʽ Python, ʟʙʠʨʘʻʪʴʩʷ ʩʚʽʡ 

ʚʠʢʦʥʫʚʘʥʠʡ ʬʘʡʣ [149]. 

ɿʛʽʜʥʦ ʱʝ ʦʜʥʽʡ ʩʭʝʤʽ ʽʥʪʝʛʨʘʮʽʾ, ʜʣʷ ʤʦʜʝʣʝʡ ʩʪʚʦʨʶʶʪʴʩʷ ʦʢʨʝʤʽ ʧʨʦʛʨʘʤʠ, ʘ 

ʾʭʥʷ ʚʟʘʻʤʦʜʽʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʯʝʨʝʟ ʚʠʭʽʜʥʽ/ʚʭʽʜʥʽ ʬʘʡʣʠ. ʆʜʥʽ ʤʦʜʝʣʽ ʟʘʧʠʩʫʶʪʴ, ʘ ʽʥʰʽ 

ʟʯʠʪʫʶʪʴ ʜʘʥʽ ʬʽʟʠʯʥʠʭ ʧʦʣʽʚ, ʥʝʦʙʭʽʜʥʽ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ, ʫ ʚʠʭʽʜʥʽ/ʚʭʽʜʥʽ ʬʘʡʣʠ 

ʚʽʜʧʦʚʽʜʥʠʭ ʬʦʨʤʘʪʽʚ. ʂʝʨʫʚʘʥʥʷ ʤʦʜʝʣʷʤʠ ʟʜʽʡʩʥʶʻʪʴʩʷ, ʯʝʨʝʟ bash-ʩʢʨʠʧʪʠ ʫ ʆʉ 

Linux, batch-ʩʢʨʠʧʪʠ ʫ ʆʉ Windows ʽ ʪ.ʜ. ɺʘʨʽʘʥʪ ʽʟ ʩʢʨʠʧʪʘʤʠ ʥʘ ʤʦʚʽ Python, 

ʥʘʧʨʠʢʣʘʜ, ʨʝʘʣʽʟʦʚʘʥʦ ʜʣʷ ʽʥʪʝʛʨʘʮʽʾ ʤʦʜʝʣʽ ʜʚʦʚʠʤʽʨʥʦʾ ʛʽʜʨʦʜʠʥʘʤʽʢʠ HEC-RAS ̔ 

ʤʦʜʝʣʽ ʷʢʦʩʪʽ ʚʦʜʠ WASP ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʟʘʙʨʫʜʥʶʶʯʠʭ ʨʝʯʦʚʠʥ 

ʚ ʨʽʯʮʽ ʐʘʪʪ ɸʣʴ-ɸʨʘʙ [198]. ʊʘʢʽʡ ʧʽʜʭʽʜ ʤʘʻ ʩʝʥʩ ʜʣʷ ʦʨʛʘʥʽʟʘʮʽʾ ʚʟʘʻʤʦʜʽʾ ʤʽʞ 

ʤʦʜʝʣʷʤʠ, ʱʦ ʨʦʟʨʦʙʣʷʶʪʴʩʷ ʦʢʨʝʤʠʤʠ ʢʦʣʝʢʪʠʚʘʤʠ, ʘ ʪʘʢʦʞ ʢʦʣʠ ʤʦʜʝʣʽ 

ʨʦʟʧʘʨʘʣʝʣʝʥʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʨʽʟʥʠʭ ʤʝʪʦʜʽʚ ʽ ʧʨʦʛʨʘʤʥʠʭ ʟʘʩʦʙʽʚ.  

ʉʘʤʝ ʪʘʢ ʨʝʘʣʽʟʦʚʘʥʦ ʜʚʦʩʪʦʨʦʥʥʶ ʚʟʘʻʤʦʜʽʶ (two-way) ʤʽʞ ʭʚʠʣʴʦʚʠʤ 

ʤʦʜʫʣʝʤ HWAVE/HWAVE-S ʤʦʜʝʣʶʶʯʦʾ ʩʠʩʪʝʤʠ COASTOX-PRL, ʘʙʦ ʭʚʠʣʴʦʚʦʶ 

ʤʦʜʝʣʣʶ SWAN, ʪʘ ʤʦʜʫʣʝʤ ʛʽʜʨʦʜʠʥʘʤʽʢʠ ʽ ʪʨʘʥʩʧʦʨʪʫ COASTOX-HD-SED-RN ʜʣʷ 
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ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʠʭ ʩʽʪʦʢ ï COASTOX-UN. ʗʢ ʦʧʠʩʘʥʦ ʚʠʱʝ ʚ ʧ. 3.1 ʚ ʥʴʦʤʫ ʤʦʜʝʣʽ 

ʜʚʦʚʠʤʽʨʥʦʾ ʛʽʜʨʦʜʠʥʘʤʽʢʠ COASTOX-HD, ʧʝʨʝʥʦʩʫ ʥʘʥʦʩʽʚ ʽ ʤʦʨʬʦʜʠʥʘʤʽʢʠ 

COASTOX-SED ̔ ʜʠʥʘʤʽʢʠ ʨʘʜʽʦʥʫʢʣʽʜʽʚ COASTOX-RN ʦʨʛʘʥʽʟʦʚʘʥʽ ʚ ʦʢʨʝʤʽ 

ʧʽʜʧʨʦʛʨʘʤʠ ʽ ʚʟʘʻʤʦʜʽʶʪʴ ʫ ʨʘʤʢʘʭ ʦʜʥʽʻʾ ʧʨʦʛʨʘʤʠ, ʜʣʷ ʷʢʦʾ ʟʙʠʨʘʻʪʴʩʷ ʻʜʠʥʠʡ 

ʚʠʢʦʥʫʚʘʥʠʡ ʬʘʡʣ. 

ʇʝʨʝʜ ʧʦʯʘʪʢʦʤ ʤʦʜʝʣʶʚʘʥʥʷ ʟʘʜʘʯʽ ʜʣʷ ʤʦʜʫʣʷ ʛʽʜʨʦʜʠʥʘʤʽʢʠ ʽ ʪʨʘʥʩʧʦʨʪʫ 

COASTOX-UN ̔ ʩʧʝʢʪʨʘʣʴʥʦʾ ʭʚʠʣʴʦʚʦʾ ʤʦʜʝʣʽ SWAN ʛʦʪʫʶʪʴʩʷ ʬʘʡʣʠ ʚʽʜʧʦʚʽʜʥʦʛʦ 

ʬʦʨʤʘʪʫ ʟ ʯʘʩʦʚʠʤʠ ʨʷʜʘʤʠ ʜʘʥʠʭ ʘʪʤʦʩʬʝʨʥʠʭ ʧʦʣʽʚ: ʪʠʩʢʫ, ʰʚʠʜʢʦʩʪʽ ʚʽʪʨʫ (ʨʠʩ 

3.4). ʎʽ ʜʘʥʽ ʘʙʦ ʙʝʨʫʪʴʩʷ ʟ ʜʦʩʪʫʧʥʠʭ ʥʘʙʦʨʽʚ ʜʘʥʠʭ ʨʝʘʥʘʣʽʟʫ NCEP CFSR, ERA-

Interim ʽ ʪ. ʜ., ʘʙʦ ʦʪʨʠʤʫʶʪʴʩʷ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚ ʨʝʟʫʣʴʪʘʪʽ ʤʦʜʝʣʶʚʘʥʥʷ ʯʠʩʝʣʴʥʦʶ 

ʤʦʜʝʣʣʶ ʧʨʦʛʥʦʟʫ ʧʦʛʦʜʠ: WRF, MM5 ʽ ʪ.ʜ.  

ʋ ʨʘʟʽ ʚʠʢʦʨʠʩʪʘʥʥʷ ʭʚʠʣʴʦʚʦʛʦ ʤʦʜʫʣʷ HWAVE-S ʜʣʷ ʥʴʦʛʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ 

ʥʝ ʚʽʪʨʦʚʽ ʧʦʣʷ, ʘ ʛʨʘʥʠʯʥʽ ʫʤʦʚʠ ʟ ʧʘʨʘʤʝʪʨʘʤʠ ʤʦʥʦʭʨʦʤʘʪʠʯʥʠʭ ʭʚʠʣʴ ʘʙʦ 

ʭʚʠʣʴʦʚʠʤ ʩʧʝʢʪʨʦʤ, ʱʦ ʦʪʨʠʤʘʥʽ ʨʘʥʽʰʝ ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʚʠʤʽʨʽʚ ʘʙʦ ʨʦʟʨʘʭʫʥʢʫ 

ʩʧʝʢʪʨʘʣʴʥʦʶ ʭʚʠʣʴʦʚʦʶ ʤʦʜʝʣʣʶ. ɼʣʷ ʛʽʜʨʦʜʠʥʘʤʽʢʠ (COASTOX-HD) ʛʦʪʫʶʪʴʩʷ 

ʬʘʡʣʠ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ. ʇʨʠ ʤʦʜʝʣʶʚʘʥʥʽ ʧʨʠʧʣʠʚʽʚ ʾʭʥʽ ʧʘʨʘʤʝʪʨʠ ʤʦʞʫʪʴ ʙʫʪʠ 

ʚʠʪʷʛʥʫʪʽ ʟ ʧʨʠʧʣʠʚʥʠʭ ʙʘʟ ʜʘʥʠʭ. ɼʣʷ ʨʽʯʦʢ ʚʠʪʨʘʪʠ ʚʦʜʠ ʙʝʨʫʪʴʩʷ ʟ ʜʘʥʠʭ ʚʠʤʽʨʽʚ 

ʥʘ ʛʽʜʨʦʣʦʛʽʯʥʠʭ ʧʦʩʪʘʭ ʘʙʦ ʦʪʨʠʤʫʶʪʴʩʷ ʟʘ ʧʨʦʛʥʦʟʦʤ ʛʽʜʨʦʣʦʛʽʯʥʦʶ ʤʦʜʝʣʣʶ.  

 

ʈʠʩʫʥʦʢ 3.4 ï ʉʭʝʤʘ ʚʟʘʻʤʦʜʽʾ ʤʦʜʫʣʽʚ ʽʥʬʦʨʤʘʮʽʡʥʦʾ  ʩʠʩʪʝʤʠ COASTOX-PRL 
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ʇʽʩʣʷ ʩʪʘʨʪʫ ʤʦʜʝʣʶʚʘʥʥʷ ʭʚʠʣʴʦʚʘ ʤʦʜʝʣʴ, ʟʘ ʰʚʠʜʢʽʩʪʶ ʚʽʪʨʫ ʘʙʦ 

ʧʘʨʘʤʝʪʨʘʤʠ ʚʭʽʜʥʦʾ ʭʚʠʣʽ, ʧʦʯʘʪʢʦʚʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʨʽʚʥʷ ʜʥʘ, ʽ ʰʚʠʜʢʽʩʪʶ ʪʝʯʽʾ, 

ʨʦʟʨʘʭʦʚʫʻ ʭʚʠʣʴʦʚʽ ʧʦʣʷ, ʜʦ ʟʘʜʘʥʦʛʦ ʤʦʤʝʥʪʫ ʯʘʩʫ ʘʙʦ ʩʪʘʮʽʦʥʘʨʥʦʛʦ ʩʪʘʥʫ, 

ʚʠʚʦʜʠʪʴ ʨʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʫ ʚʠʭʽʜʥʽ ʬʘʡʣʠ ʽ ʟʫʧʠʥʷʻ ʨʦʙʦʪʫ. ʇʽʩʣʷ ʮʴʦʛʦ 

ʩʪʘʨʪʫʻ ʧʨʦʛʨʘʤʘ, ʚ ʷʢʠʡ ʦʙôʻʜʥʘʥʽ ʤʦʜʝʣʽ ʛʽʜʨʦʜʠʥʘʤʽʢʠ, ʥʘʥʦʩʽʚ ʽ ʨʘʜʽʦʥʫʢʣʽʜʽʚ: 

COASTOX-HD-SED-RN.  

COASTOX-HD ̔ʟ ʟʦʚʥʽʰʥʽʭ ʬʘʡʣʽʚ ʙʝʨʝ ʘʪʤʦʩʬʝʨʥʽ ʧʦʣʷ, ʨʽʯʢʦʚʽ ʚʠʪʨʘʪʠ, 

ʧʘʨʘʤʝʪʨʠ ʧʨʠʧʣʠʚʽʚ ʽ ʜʘʥʽ ʨʦʟʨʘʭʦʚʘʥʽ ʭʚʠʣʴʦʚʦʶ ʤʦʜʝʣʣʶ: ʥʘʧʨʷʤʢʠ, ʧʝʨʽʦʜʠ, 

ʚʠʩʦʪʠ ʭʚʠʣʴ ʪʘ ʭʚʠʣʴʦʚʽ ʜʦʪʠʯʥʽ ʥʘʧʨʫʞʝʥʥʷ. ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʮʽ ʚʝʣʠʯʠʥʠ, 

COASTOX-HD ʦʙʯʠʩʣʶʻ ʨʽʚʝʥʴ ʚʽʣʴʥʦʾ ʧʦʚʝʨʭʥʽ ʽ ʛʣʠʙʠʥʫ ʚʦʜʠ, ʢʦʤʧʦʥʝʥʪʠ 

ʰʚʠʜʢʦʩʪʽ ʪʝʯʽʾ. ɼʘʣʽ ʚʦʥʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ COASTOX-SED ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ 

ʧʝʨʝʥʦʩʫ ʥʘʥʦʩʽʚ. ʈʦʟʨʘʭʦʚʘʥʽ ʰʚʠʜʢʦʩʪʽ ʟʤʫʯʫʚʘʥʥʷ-ʦʩʘʜʞʝʥʥʷ, ʢʦʥʮʝʥʪʨʘʮʽʷ 

ʥʘʥʦʩʽʚ ʽ ʥʦʚʽ ʟʥʘʯʝʥʥʷ ʨʽʚʥʷ ʜʥʘ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ COASTOX-RN ʜʣʷ ʦʙʯʠʩʣʝʥʥʷ 

ʢʦʥʮʝʥʪʨʘʮʽʾ ʨʘʜʽʦʥʫʢʣʽʜʽʚ ʫ ʨʦʟʯʠʥʽ, ʢʦʥʮʝʥʪʨʘʮʽʾ ʨʘʜʽʦʥʫʢʣʽʜʽʚ, ʘʜʩʦʨʙʦʚʘʥʠʭ ʥʘ 

ʯʘʩʪʠʥʢʘʭ ʥʘʥʦʩʽʚ, ʽ ʢʦʥʮʝʥʪʨʘʮʽʾ ʨʘʜʽʦʥʫʢʣʽʜʽʚ ʫ ʜʦʥʥʦʤʫ ʰʘʨʽ.  

ʇʦ ʟʘʚʝʨʰʝʥʥʶ ʨʦʟʨʘʭʫʥʢʫ ʨʘʜʽʦʥʫʢʣʽʜʽʚ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʝʨʝʭʽʜ ʜʦ ʥʦʚʦʛʦ 

ʯʘʩʦʚʦʛʦ ʢʨʦʢʫ. COASTOX-HD-SED-RN ʧʨʦʩʫʚʘʻʪʴʩʷ ʫ ʯʘʩʽ ʜʦ ʧʨʦʭʦʜʞʝʥʥʷ ʟʘʜʘʥʦʛʦ 

ʯʘʩʦʚʦʛʦ ʽʥʪʝʨʚʘʣʫ ʘʙʦ ʜʦ ʧʝʨʝʚʠʱʝʥʥʷ ʟʘʜʘʥʦʛʦ ʨʽʚʥʷ ʜʥʘ. ʗʢ ʪʽʣʴʢʠ ʮʽ ʢʨʠʪʝʨʽʾ 

ʚʠʢʦʥʫʶʪʴʩʷ, ʧʨʦʛʨʘʤʘ ʚʠʚʦʜʠʪʴ ʢʦʤʧʦʥʝʥʪʠ ʰʚʠʜʢʦʩʪʽ ʪʝʯʽʾ, ʨʽʚʝʥʴ ʚʽʣʴʥʦʾ ʧʦʚʝʨʭʥʽ 

ʚʦʜʠ ʽ ʨʽʚʝʥʴ ʜʥʘ, ʜʣʷ ʧʦʜʘʣʴʰʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʭʚʠʣʴʦʚʦʶ ʤʦʜʝʣʣʶ, ʟʘʧʠʩʫʻ ʨʝʩʪʘʨʪ 

ʬʘʡʣ ʽ ʟʘʚʝʨʰʫʻ ʨʦʙʦʪʫ. 

ʇʦʪʽʤ ʟʥʦʚ ʩʪʘʨʪʫʻ ʭʚʠʣʴʦʚʘ ʤʦʜʝʣʴ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʜʣʷ ʦʙʯʠʩʣʝʥʥʷ ʭʚʠʣʴ 

ʥʦʚʠʡ ʨʽʚʝʥʴ ʜʥʘ, ʥʦʚʠʡ ʨʽʚʝʥʴ ʚʦʜʠ ʽ ʦʥʦʚʣʝʥʽ ʢʦʤʧʦʥʝʥʪʠ ʰʚʠʜʢʦʩʪʽ ʪʝʯʽʾ. ʇʽʩʣʷ ʥʝʾ, 

ʚʞʝ ʟ ʨʝʩʪʘʨʪʫ, ʟʘʧʫʩʢʘʻʪʴʩʷ COASTOX-HD-SED-RN. ʊʘʢʽ ʮʠʢʣʠ ʟʤʽʥʠ ʨʦʙʦʪʠ 

ʧʨʦʛʨʘʤ ʪʨʠʚʘʶʪʴ ʜʦ ʧʨʦʭʦʜʞʝʥʥʷ ʚʩʴʦʛʦ ʧʝʨʽʦʜʫ ʤʦʜʝʣʶʚʘʥʥʷ. 

ʇʨʦʛʨʘʤʥʦ ʮʠʢʣ ʧʦʝʪʘʧʥʦʛʦ ʟʘʧʫʩʢʫ ʧʨʦʛʨʘʤ ʨʝʘʣʽʟʦʚʘʥʦ ʟʘ ʜʦʧʦʤʦʛʦʶ bash-

ʩʢʨʠʧʪʽʚ ʚ ʆʉ Linux ʘʙʦ batch-ʩʢʨʠʧʪʽʚ ʚ ʆʉ Windows. ɺʠʢʦʥʫʚʘʥʽ ʬʘʡʣʠ ʭʚʠʣʴʦʚʦʾ 

ʤʦʜʝʣʽ ʪʘ COASTOX-UN ʨʘʟʦʤ ʽʟ ʚʭʽʜʥʠʤʠ ʬʘʡʣʘʤʠ ʩʧʦʯʘʪʢʫ ʨʦʟʪʘʰʦʚʫʶʪʴʩʷ ʚ 

ʦʢʨʝʤʠʭ ʧʘʧʢʘʭ. ʉʢʨʠʧʪ ʚʠʢʦʥʫʻ ʧʦʩʣʽʜʦʚʥʝ ʢʦʧʽʶʚʘʥʥʷ çʨʝʟʫʣʴʪʘʪʽʚ 

ʤʦʜʝʣʶʚʘʥʥʷè/çʚʭʽʜʥʠʭ ʬʘʡʣʽʚè ʽʟ ʧʘʧʢʠ ʚ ʧʘʧʢʫ, ʧʝʨʝʭʦʜʠ ʤʽʞ ʧʘʧʢʘʤʠ ʽ ʟʘʧʫʩʢ 
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ʧʨʦʛʨʘʤ. ʋ batch-ʩʢʨʠʧʪʽ, ʥʘʧʨʠʢʣʘʜ, ʮʠʢʣ ʨʝʘʣʽʟʦʚʘʥʦ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʽʪʢʠ ʧʦʯʘʪʢʫ 

ʮʠʢʣʫ :next ̔ ʦʧʝʨʘʪʦʨʘ ʧʝʨʝʭʦʜʫ goto next. ɺʠʭʽʜ ʽʟ ʮʠʢʣʫ ʥʘ ʤʽʪʢʫ :finish ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʟʘ ʫʤʦʚʦʶ if %errorlevel%==0 goto finish. %errorlevel% ï ʮʝ ʩʪʘʪʫʩ ʟʘʚʝʨʰʝʥʥʷ 

ʧʨʦʛʨʘʤʠ COASTOX-UN, ̫ʢʠʡ ʚʦʥʘ ʧʦʚʝʨʪʘʻ ʚ ʆʉ ʟʘ ʜʦʧʦʤʦʛʦʶ ʚʠʢʣʠʢʫ 

ʚʥʫʪʨʽʰʥʴʦʾ ʧʽʜʧʨʦʛʨʘʤʠ Fortran ï call EXIT(status). ʉʪʘʪʫʩ ʚʠʭʦʜʫ ʜʦʨʽʚʥʶʚʘʪʠʤʝ 0, 

ʢʦʣʠ COASTOX-UN ʜʦʩʷʛʥʝ ʢʽʥʮʝʚʦʛʦ ʯʘʩʫ ʤʦʜʝʣʶʚʘʥʥʷ ʟʘʜʘʯʽ. 

 

 

3.3 ʇʦʧʝʨʝʜʥʷ ʦʙʨʦʙʢʘ ʚʭʽʜʥʠʭ ʜʘʥʠʭ ʽ ʧʦʩʪʦʙʨʦʙʢʘ ʨʝʟʫʣʴʪʘʪʽʚ 

 

 

ʇʦʧʝʨʝʜʥʷ ʦʙʨʦʙʢʘ (ʧʨʝʧʨʦʮʝʩʠʥʛ) ʚʭʽʜʥʠʭ ʜʘʥʠʭ ʤʦʜʝʣʶʶʯʦʾ ʩʠʩʪʝʤʠ 

COASTOX-PRL, ʚ ʪʦʤʫ ʯʠʩʣʽ ʧʨʦʩʪʦʨʦʚʦ ʨʦʟʧʦʜʽʣʝʥʠʭ, ʙʘʟʫʶʪʴʩʷ ʥʘ ʰʠʨʦʢʦʤʫ 

ʥʘʙʦʨʽ ʬʦʨʤʘʪʽʚ ʽʤʧʣʝʤʝʥʪʦʚʘʥʠʭ ʫ ʤʦʜʫʣʷʭ ʩʠʩʪʝʤʠ.  

ɺʭʽʜʥʽ ʢʦʥʬʽʛʫʨʘʮʽʡʥʽ ʬʘʡʣʠ ʤʦʜʫʣʽʚ ʪʝʢʩʪʦʚʦʛʦ ʬʦʨʤʘʪʫ ʤʦʞʫʪʴ ʨʝʜʘʛʫʚʘʪʠʩʷ 

ʫ ʚʙʫʜʦʚʘʥʠʭ ʪʝʢʩʪʦʚʠʭ ʨʝʜʘʢʪʦʨʘʭ ʆʉ Windows ʪʘ Linux, ʪʘʢʠʭ ʷʢ Notepad ʪʘ Vim, 

ʘʙʦ ʫ ʩʪʦʨʦʥʥʽʭ, ʥʘʧʨʠʢʣʘʜ Notepad++. 

ɼʣʷ ʧʽʜʛʦʪʦʚʢʠ ʧʨʦʩʪʦʨʦʚʦ ʨʦʟʧʦʜʽʣʝʥʠʭ ʜʘʥʠʭ ʤʦʞʫʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ 

ʩʪʦʨʦʥʥʽ ʢʦʤʝʨʮʽʡʥʽ ʧʨʦʛʨʘʤʠ ʘʣʝ ʚʠʙʽʨ ʬʦʨʤʘʪʽʚ ʜʣʷ ʽʤʧʣʝʤʝʥʪʘʮʽʾ ʙʫʚ ʪʘʢʠʤ, ʱʦʙ 

ʢʦʨʠʩʪʫʚʘʯ ʥʘ ʝʪʘʧʽ ʧʨʝʧʨʦʮʝʩʠʥʛʫ ʤʽʛ ʦʙʤʝʞʠʪʠʩʷ ʚʽʣʴʥʦ ʨʦʟʧʦʚʩʶʜʞʝʥʠʤʠ 

ʟʘʩʪʦʩʫʥʢʘʤʠ. ʇʦʙʫʜʦʚʘ ʨʝʛʫʣʷʨʥʠʭ ʧʨʷʤʦʢʫʪʥʠʭ ʩʽʪʦʢ ʪʘ ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʠʭ ʩʽʪʦʢ ʜʣʷ 

ʤʦʜʫʣʽʚ ʩʠʩʪʝʤʠ ʤʦʞʝ ʚʽʜʙʫʚʘʪʠʩʷ ʚ ʧʨʦʛʨʘʤʥʦʤʫ ʧʨʦʜʫʢʪʽ Aquaveo SMS, ʷʢʠʡ ʪʘʢʦʞ 

ʤʘʻ ʚʽʣʴʥʫ ʚʝʨʩʽʶ Community Edition, ʘʙʦ ʫ ʚʽʣʴʥʦʤʫ ʧʨʦʛʨʘʤʥʦʤʫ ʟʘʙʝʟʧʝʯʝʥʥʽ Blue 

Kenue. ʆʙʠʜʚʽ ʧʨʦʛʨʘʤʠ ʤʘʶʪʴ ʥʘʙʦʨʠ ʽʥʩʪʨʫʤʝʥʪʽʚ ʜʣʷ ʨʝʜʘʛʫʚʘʥʥʷ ʛʝʦʧʨʦʩʪʦʨʦʚʠʭ 

ʜʘʥʠʭ, ʬʦʨʤʫʚʘʥʥʷ ʜʚʦʚʠʤʽʨʥʠʭ ʪʦʧʦʣʦʛʽʡ, ʪʘ ʛʝʥʝʨʘʮʽʾ ʩʽʪʦʢ, ʟ ʦʧʠʩʦʤ ʷʢʠʭ ʤʦʞʥʘ 

ʦʟʥʘʡʦʤʠʪʠʩʴ ʫ ʚʽʜʧʦʚʽʜʥʠʭ ʤʘʥʫʘʣʘʭ [192, 193]. ʎʽ ʧʨʦʛʨʘʤʠ ʜʦʟʚʦʣʷʶʪʴ ʩʪʚʦʨʶʚʘʪʠ 

ʩʽʪʢʠ ʜʣʷ HWAVE, COASTOX-ShipSim, COASTOX-UN ʫ ʬʦʨʤʘʪʘʭ XYZ, SMS 2DM, 

ʪʘ Surfer ASCII Grid.  

ɼʣʷ ʦʩʪʘʥʥʴʦʛʦ ʬʦʨʤʘʪʫ ʪʘʢʦʞ ʤʦʞʝ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʢʦʤʝʨʮʽʡʥʘ ʧʨʦʛʨʘʤʘ 

Golden Software Surfer. ɺʦʥʘ, ʥʘʧʨʠʢʣʘʜ, ʘʢʪʠʚʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʘʩʴ ʘʤʝʨʠʢʘʥʩʴʢʠʤʠ 
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ʢʦʨʠʩʪʫʚʘʯʘʤʠ ʤʦʜʫʣʷ ʢʦʨʘʙʝʣʴʥʠʭ ʭʚʠʣʴ ShipSim ʟ ʢʦʤʧʘʥʽʾ Coast & Harbor 

Engineering ʜʣʷ ʧʽʜʛʦʪʦʚʢʠ ʚʭʽʜʥʠʭ ʜʘʥʠʭ ʧʨʦ ʢʦʨʧʫʩʠ ʢʦʨʘʙʣʽʚ.  

ʐʠʨʦʢʠʡ ʬʫʥʢʮʽʦʥʘʣ ʨʦʙʦʪʠ ʟ ʛʝʦʧʨʦʩʪʦʨʦʚʠʤʠ ʜʘʥʠʤʠ ʫ ʪʦʯʢʦʚʠʭ ʪʘ 

ʨʘʩʪʨʦʚʠʭ ʬʦʨʤʘʪʘʭ ʥʘʜʘʻ ʛʝʦʽʥʬʦʨʤʘʮʽʡʥʘ ʩʠʩʪʝʤʘ (ɻɯʉ) QGIS. ɺʦʥʘ ʜʦʟʚʦʣʷʻ 

ʥʘʧʨʷʤʫ ʩʪʚʦʨʶʚʘʪʠ ʬʘʡʣʠ ʫ ʬʦʨʤʘʪʘʭ XYZ ʪʘ Surfer ASCII Grid. ʅʝʟʚʘʞʘʶʯʠ ʥʘ 

ʤʦʞʣʠʚʽʩʪʴ ʚʽʟʫʘʣʽʟʘʮʽʾ ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʠʭ ʩʽʪʦʢ ʬʦʨʤʘʪʫ SMS 2DM, ʛʝʥʝʨʘʮʽʷ ʩʽʪʦʢ 

ʚʙʫʜʦʚʘʥʠʤʠ ʟʘʩʦʙʘʤʠ ʫ QGIS ʧʦʢʠ ʱʦ ʥʝ ʧʽʜʪʨʠʤʫʻʪʴʩʷ. ɼʣʷ ʮʴʦʛʦ ʨʦʟʨʦʙʣʝʥʽ 

ʩʪʦʨʦʥʥʽ ʧʣʘʛʽʥʠ, ʥʘʧʨʠʢʣʘʜ, ʚʽʣʴʥʠʡ BASEmesh ʚʽʜ ʰʚʝʡʮʘʨʩʴʢʦʛʦ ʽʥʩʪʠʪʫʪʫ ETH 

Zurich. ɼʣʷ ʩʪʚʦʨʝʥʥʷ ʨʝʛʫʣʷʨʥʠʭ ʧʨʷʤʦʢʫʪʥʠʭ ʩʽʪʦʢ ʪʘ ʽʥʪʝʨʧʦʣʷʮʽʾ ʥʘ ʥʠʭ ʨʝʣʴʻʬʫ, 

ʘ ʪʘʢʦʞ ʧʨʦʩʪʠʭ ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʠʭ ʩʽʪʦʢ ʜʠʩʩʝʨʪʘʥʪʦʤ ʩʪʚʦʨʝʥʦ ʚʣʘʩʥʽ ʩʢʨʠʧʪʠ 

ʤʦʚʦʶ Python ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʙʽʙʣʽʦʪʝʢ NumPy ʪʘ Matplotlib. 

ʇʦʩʪʦʙʨʦʢʘ ʨʝʟʫʣʴʪʘʪʽʚ ʩʠʩʪʝʤʠ COASTOX-PRL ʦʩʥʦʚʘʥʘ ʥʘ ʽʤʧʣʝʤʝʥʪʦʚʘʥʠʭ 

ʬʦʨʤʘʪʘʭ ʚʠʭʽʜʥʠʭ ʬʘʡʣʽʚ. ɼʣʷ ʬʘʡʣʽʚ ʟ ʯʘʩʦʚʠʤʠ ʨʷʜʘʤʠ ʟʥʘʯʝʥʴ ʫ ʢʦʥʪʨʦʣʴʥʠʭ 

ʪʦʯʢʘʭ ʤʦʞʝ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʙʫʜʴ-̫ ʢʠʡ ʧʨʦʛʨʘʤʥʠʡ ʟʘʩʽʙ ʜʣʷ ʨʦʙʦʪʠ ʟ ʪʘʙʣʠʯʥʠʤʠ 

ʜʘʥʠʤʠ ʪʘ ʧʦʙʫʜʦʚʠ ʜʚʦʚʠʤʽʨʥʠʭ ʛʨʘʬʽʢʽʚ. ʅʘʧʨʠʢʣʘʜ Microsoft Excel, Google Sheets 

ʽ ʪ.ʜ. ɼʠʩʝʨʪʘʥʪʦʤ ʨʦʟʨʦʙʣʝʥʽ Python-ʩʢʨʠʧʪʠ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʙʽʙʣʽʦʪʝʢ Pandas ʪʘ 

Matplotlib ʜʣʷ ʘʥʘʣʽʟʫ ʟʥʘʯʝʥʴ ʫ ʢʦʥʪʨʦʣʴʥʠʭ ʪʦʯʢʘʭ ʪʘ ʧʦʙʫʜʦʚʠ ʛʨʘʬʽʢʽʚ. 

ɸʥʘʣʽʟ ʽ ʚʽʟʫʘʣʽʟʘʮʽʷ ʧʨʦʩʪʦʨʦʚʦ ʨʦʟʧʦʜʽʣʝʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ COASTOX-PRL 

ʦʨʽʻʥʦʚʘʥʽ ʥʘ ʚʞʝ ʟʛʘʜʘʥʽ ʚʽʣʴʥʽ ʧʨʦʛʨʘʤʥʽ ʧʨʦʜʫʢʪʠ: SMS Community Edition, Blue 

Kenue, QGIS. ɼʠʩʝʨʪʘʥʪʦʤ ʪʘʢʦʞ ʨʦʟʨʦʙʣʝʥʽ ʩʢʨʠʧʪʠ ʚʽʟʫʘʣʽʟʘʮʽʾ ʤʦʚʦʶ Python ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʙʽʙʣʽʦʪʝʢ GeoPandas, Matplotlib, PyVista ʪʘ ʽʥ. 

ʇʨʠ ʜʦʩʣʽʜʞʝʥʥʽ ʧʦʚʝʥʝʡ ʨʽʟʥʦʛʦ ʧʦʭʦʜʞʝʥʥʷ (ʧʘʚʦʜʢʠ, ʚʝʩʥʷʥʽ ʚʦʜʦʧʽʣʣʷ, 

ʧʨʦʨʠʚʠ ʜʘʤʙ ʪʘ ʛʨʝʙʝʣʴ) ʚʠʥʠʢʣʘ ʥʝʦʙʭʽʜʥʽʩʪʴ ʦʙʨʦʙʢʠ ʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ ʩʮʝʥʘʨʥʠʭ 

ʨʝʟʫʣʴʪʘʪʽʚ ʪʘ ʧʦʙʫʜʦʚʠ ʛʝʦʧʨʦʩʪʦʨʦʚʠʭ ʢʘʨʪ ʟʦʥ ʟʘʪʦʧʣʝʥʥʷ ʪʘ ʛʣʠʙʠʥ ʟʘʪʦʧʣʝʥʥʷ. 

ɼʣʷ ʮʴʦʛʦ ʜʠʩʝʨʪʘʥʪʦʤ ʙʫʣʠ ʨʦʟʨʦʙʣʝʥʽ ʩʢʨʠʧʪʠ bash/batch ʜʣʷ ʆʉ Linux/Windows. 

ʉʢʨʠʧʪʠ ʚʠʢʣʠʢʘʶʪʴ Fortran ʧʨʦʛʨʘʤʫ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʻ ʬʫʥʢʮʽʾ ʚʽʜʢʨʠʪʦʾ ʙʽʙʣʽʦʪʝʢʠ 

Shapelib ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʰʝʡʧ-ʬʘʡʣʽʚ. ʐʝʡʧ-ʬʦʨʤʘʪ ʧʦʧʫʣʷʨʥʠʡ ʬʦʨʤʘʪ ʚʝʢʪʦʨʥʠʭ 

ʛʝʦʧʨʦʩʪʦʨʦʚʠʭ ʜʘʥʠʭ, ʷʢʠʡ ʧʽʜʪʨʠʤʫʻ ʙʽʣʴʰʽʩʪʴ ɻɯʉ ʩʠʩʪʝʤ. ʉʢʨʠʧʪʠ ʩʪʚʦʨʶʶʪʴ ʜʣʷ 

ʟʦʥ ʟʘʪʦʧʣʝʥʥʷ ï h ʝʡʧ-ʬʘʡʣʠ ʟ ʧʦʣʽʛʦʥʘʤʠ ʟʦʥ, ʜʣʷ ʛʣʠʙʠʥ ʟʘʪʦʧʣʝʥʥʷ ï ʪʦʯʢʦʚʽ 

ʰʝʡʧ-ʬʘʡʣʠ ʟʽ ʟʥʘʯʝʥʥʷʤʠ ʛʣʠʙʠʥ ʫ ʪʦʯʢʘʭ ï ʚʫʟʣʘʭ ʨʦʟʨʘʭʫʥʢʦʚʠʭ ʩʽʪʦʢ.  
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ʈʠʩʫʥʦʢ 3.5 ï ɯʥʪʝʨʬʝʡʩ ʽʥʪʝʨʘʢʪʠʚʥʦʾ ɻɯʉ ʢʘʨʪʠ ʟʘʪʦʧʣʝʥʥʷ ʙʝʨʝʛʽʚ ʂʠʻʚʘ ʧʨʠ 

ʛʽʧʦʪʝʪʠʯʥʦʤʫ ʧʨʦʨʠʚʽ ʛʨʝʙʣʽ ʂʠʾʚʩʴʢʦʾ ɻɽʉ 

 

 

ʈʠʩʫʥʦʢ 3.6 ï ɯʥʪʝʨʬʝʡʩ ʽʥʪʝʨʘʢʪʠʚʥʦʾ ɻɯʉ ʢʘʨʪʠ ʟʘʪʦʧʣʝʥʥʷ ʙʝʨʝʛʽʚ ʥʠʞʥʴʦʛʦ 

ɼʥʽʧʨʘ ʧʨʠ ʨʫʡʥʫʚʘʥʥʽ ʛʨʝʙʣʽ ʂʘʭʦʚʩʴʢʦʛʦ ʚʦʜʦʩʭʦʚʠʱʘ 

 

ʅʘ ʦʩʥʦʚʽ ʚʠʭʽʜʥʠʭ ʬʘʡʣʽʚ ʨʝʟʫʣʴʪʘʪʽʚ ʤʦʜʝʣʶʚʘʥʥʷ ʩʠʩʪʝʤʠ COASTOX-PRL 

ɻɯʉ ʝʢʩʧʝʨʪʦʤ ʋʎɽɺʇ ɸʊʅ ʋʢʨʘʾʥʠ ʆʣʝʢʩʽʻʤ ɯʱʫʢʦʤ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʽʥʩʪʨʫʤʝʥʪʽʚ 

ArcGIS ʙʫʣʦ ʨʦʟʨʦʙʣʝʥʦ ʬʫʥʢʮʽʦʥʘʣ ʽʥʪʝʨʘʢʪʠʚʥʠʭ ʛʝʦʧʨʦʩʪʦʨʦʚʠʭ ʢʘʨʪ ʜʣʷ ʧʦʪʨʝʙ 

ʜʝʨʞʘʚʥʠʭ ʫʩʪʘʥʦʚ, ʟʦʢʨʝʤʘ ɼʝʨʞʘʚʥʦʾ ʩʣʫʞʙʠ ʋʢʨʘʾʥʠ ʟ ʥʘʜʟʚʠʯʘʡʥʠʭ ʩʠʪʫʘʮʽʡ 
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(ɼʉʅʉ) ʽ ʂʠʾʚʩʴʢʦʾ ʤʽʩʴʢʦʾ ʜʝʨʞʘʚʥʦʾ ʘʜʤʽʥʽʩʪʨʘʮʽʾ (ʂʄɼɸ). ʉʪʚʦʨʝʥʽ ʰʝʡʧ-ʬʘʡʣʠ ʫ 

ʮʠʭ ʢʘʨʪʘʭ ʩʣʫʞʘʪʴ ʦʩʥʦʚʦʶ ʜʣʷ ʚʽʟʫʘʣʽʟʘʮʽʾ ʟʦʥ ʪʘ ʛʣʠʙʠʥ ʟʘʪʦʧʣʝʥʥʷ ʟ ʤʦʞʣʠʚʽʩʪʶ 

ʘʥʘʣʽʟʫ ʚʧʣʠʚʫ ʥʘ ʥʘʩʝʣʝʥʥʷ ʪʘ ʽʥʬʨʘʩʪʨʫʢʪʫʨʫ. ɯʥʪʝʨʬʝʡʩ ʢʘʨʪ ʜʦʟʚʦʣʷʻ 

ʧʝʨʝʤʠʢʘʪʠʩʴ ʤʽʞ ʰʘʨʘʤʠ ʟʦʥ/ʛʣʠʙʠʥ ʟʘʪʦʧʣʝʥʥʷ ʜʣʷ ʨʽʟʥʠʭ ʩʮʝʥʘʨʽʾʚ ʪʘ ʰʘʨʘʤʠ ʽʟ 

ʟʘʪʦʧʣʝʥʠʤʠ ʦʙôʻʢʪʘʤʠ, ʤʘʩʰʪʘʙʫʚʘʪʠ ʦʙʣʘʩʪʴ ʜʦʩʣʽʜʞʝʥʥʷ, ʪʘ ʧʝʨʝʛʣʷʜʘʪʠ ʟʥʘʯʝʥʥʷ 

ʛʣʠʙʠʥ ʫ ʚʠʙʨʘʥʠʭ ʪʦʯʢʘʭ. ʇʨʠʢʣʘʜʠ ʢʘʨʪ ʧʦʢʘʟʘʥʽ ʥʘ ʨʠʩ. 3.5, 3.6.  

 

 

3.4 ɯʥʪʝʛʨʘʮʽʷ ʧʘʨʘʣʝʣʴʥʠʭ ʤʦʜʝʣʝʡ COASTOX-PRL ʟ ʛʨʘʬʽʯʥʠʤʠ 

ʽʥʪʝʨʬʝʡʩʘʤʠ ʥʘ Java 

 

 

ʊʝʭʥʦʣʦʛʽʾ ʽʥʪʝʛʨʘʮʽʾ ʨʦʟʨʘʭʫʥʢʦʚʠʭ ʤʦʜʝʣʝʡ ʫ ʉʇʇʈ ʚ ʩʝʨʝʜʦʚʠʱʽ Java ʙʫʣʠ 

ʨʦʟʨʦʙʣʝʥʽ ʚ ɯʇʄʄʉ ʅɸʅ ʋʢʨʘʾʥʠ ɭʚʜʽʥʠʤ ɭ. ʆ., ʪʘ ʽʥʰʠʤʠ ʜʣʷ ʩʪʚʦʨʝʥʥʷ 

ʻʚʨʦʧʝʡʩʴʢʦʾ ʉʇʇʈ ʜʣʷ ʨʝʘʛʫʚʘʥʥʷ ʥʘ ʨʘʜʽʘʮʽʡʥʽ ʘʚʘʨʽʾ JRODOS [200ï202]. ʎʷ 

ʪʝʭʥʦʣʦʛʽʷ ʙʫʣʘ ʚʧʨʦʚʘʜʞʝʥʘ ʜʣʷ ʧʨʦʛʨʘʤʥʦʛʦ ʢʦʤʧʣʝʢʩʫ COASTOX ʷʢ ʜʣʷ ʚʝʨʩʽʾ, 

ʽʥʪʝʛʨʦʚʘʥʦʾ ʚ ʉʇʇʈ JRODOS [8, 20], ʪʘʢ ʽ ʚ ʦʢʨʝʤʽʡ (stand-alone) ʚʝʨʩʽʾ ʩʠʩʪʝʤʠ ʧʽʜ 

ʧʨʦʛʨʘʤʥʠʤ ʽʥʪʝʨʬʝʡʩʦʤ HYDROS [154, 22, 18, 19].  

JRODOS ʬʦʨʤʫʻ ʽʥʬʦʨʤʘʮʽʡʥʽ ʧʦʪʦʢʠ ʤʽʞ ʦʜʥʦ- ʪʘ ʜʚʦʚʠʤʽʨʥʠʤʠ 

ʛʽʜʨʘʚʣʽʯʥʠʤʠ ʤʦʜʝʣʷʤʠ, ʟʘʙʝʟʧʝʯʫʻ ʦʪʨʠʤʘʥʥʷ ʜʘʥʠʭ ʧʨʦ ʚʠʧʘʜʽʥʥʷ ʥʘ ʚʦʜʥʫ 

ʧʦʚʝʨʭʥʶ ʚʽʜ ʤʦʜʝʣʝʡ ʟʘʙʨʫʜʥʝʥʥʷ ʘʪʤʦʩʬʝʨʠ, ʧʝʨʝʜʘʻ ʨʦʟʨʘʭʦʚʘʥʽ ʢʦʥʮʝʥʪʨʘʮʽʾ ʜʦ 

ʤʦʜʫʣʽʚ ʨʦʟʨʘʭʫʥʢʫ ʜʦʟ ʜʣʷ ʥʘʩʝʣʝʥʥʷ, ʦʨʛʘʥʽʟʦʚʫʻ ʜʦʩʪʫʧ ʤʦʜʝʣʝʡ ʜʦ ʙʘʟ ʜʘʥʠʭ 

ʤʦʥʽʪʦʨʠʥʛʦʚʠʭ ʩʠʩʪʝʤ ʽ ʩʠʩʪʝʤ ʧʨʦʛʥʦʟʫ ʧʦʛʦʜʠ, ʧʝʨʝʜʘʻ ʨʝʟʫʣʴʪʘʪʠ ʜʦ ɻɯʉ-ʩʝʨʚʝʨʽʚ 

ʜʣʷ ʚʽʟʫʘʣʽʟʘʮʽʾ, ʘ ʪʘʢʦʞ ʧʽʜʪʨʠʤʫʻ ʛʨʘʬʽʯʥʠʡ ʽʥʪʝʨʬʝʡʩ ʢʦʨʠʩʪʫʚʘʯʘ ʜʣʷ ʢʦʞʥʦʛʦ 

ʤʦʜʫʣʷ ʩʠʩʪʝʤʠ. 

ɺʝʨʩʽʷ HYDROS ʤʘʻ ʜʝʱʦ ʫʨʽʟʘʥʠʡ ʬʫʥʢʮʽʦʥʘʣ ʙʝʟ ʟʚôʷʟʢʫ ʟ ʤʦʜʝʣʷʤʠ  

ʟʘʙʨʫʜʥʝʥʥʷ ʘʪʤʦʩʬʝʨʠ ʪʘ ʨʦʟʨʘʭʫʥʢʫ ʜʦʟ. ɺʦʥʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʘʩʴ ʫ ʷʢʦʩʪʽ ʩʠʩʪʝʤʠ 

ʧʝʨʝʜʙʘʯʝʥʥʷ ʧʘʚʦʜʢʽʚ ʚ ʙʘʩʝʡʥʘʭ ʨʽʯʦʢ ʇʨʫʪ ʽ ʉʨ̔ʝʪ [18, 19], ʩʠʩʪʝʤʠ ʤʦʜʝʣʶʚʘʥʥʷ 

ʧʦʚʝʥʝʡ ʥʘ ʨ. ɼʥʽʩʪʝʨ ʫ ʤ. ʄʦʛʠʣʽʚ-ʇʦʜʽʣʴʩʴʢʠʡ [22] ʪʘ ʩʠʩʪʝʤʠ ʧʨʦʛʥʦʟʫʚʘʥʥʷ 

ʟʘʪʦʧʣʝʥʥʷ ʙʝʨʝʛʽʚ ʤ. ʂʠʻʚʘ ʚʥʘʩʣʽʜʦʢ ʚʝʩʥʷʥʦʛʦ ʚʦʜʦʧʽʣʣʷ ʥʘ ʨ. ɼʥʽʧʨʦ [154].  
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ʈʦʟʨʦʙʣʝʥʽ ʟʜʦʙʫʚʘʯʝʤ ʧʘʨʘʣʝʣʴʥʽ ʨʦʟʨʘʭʫʥʢʦʚʽ ʤʦʜʫʣʽ ʥʦʚʦʾ ʤʦʜʝʣʶʶʯʦʾ 

ʩʠʩʪʝʤʠ COASTOX-PRL ʫ ʚʝʨʩʽʷʭ ʜʣʷ CPU ʽ GPU ʧʽʜʢʣʶʯʘʣʠʩʷ ʜʦ ʥʦʚʠʭ ʤʦʜʠʬʽʢʘʮʽʡ 

ʧʨʦʛʨʘʤʥʦʛʦ ʽʥʪʝʨʬʝʡʩʫ HYDROS ʥʘʫʢʦʚʠʤ ʩʧʽʚʨʦʙʽʪʥʠʢʦʤ ɯʇʄʄʉ ʅɸʅ ʋʢʨʘʾʥʠ 

ʇʠʣʠʧʝʥʢʦ ʆ. ɯ. [18, 19] ʥʘ ʦʩʥʦʚʽ ʽʤʧʣʝʤʝʥʪʦʚʘʥʠʭ ʬʘʡʣʦʚʠʭ ʽʥʪʝʨʬʝʡʩʽʚ ʪʘ 

ʚʽʜʧʦʚʽʜʥʠʭ ʩʧʝʮʠʬʽʢʘʮʽʡ. HYDROS ʤʘʻ ʢʣʽʻʥʪ-ʩʝʨʚʝʨʥʫ, ʙʘʛʘʪʦʢʦʨʠʩʪʫʚʘʮʴʢʫ, 

ʢʨʦʩʧʣʘʪʬʦʨʤʥʫ, ʨʦʟʧʦʜʽʣʝʥʫ ʘʨʭʽʪʝʢʪʫʨʫ ʦʩʥʦʚʥʠʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ ʷʢʦʾ ʻ ʢʣʽʻʥʪ, 

ʫʧʨʘʚʣʷʶʯʠʡ ʩʝʨʚʝʨ (ʤʝʥʝʜʞʝʨ), ʦʙʯʠʩʣʶʚʘʣʴʥʠʡ ʢʦʤʧʦʥʝʥʪ (ʦʙʯʠʩʣʶʚʘʯ) ʪʘ ʩʝʨʚʝʨ 

ʜʘʥʠʭ ʽʟ ʙʘʟʦʶ ʜʘʥʠʭ PostgreSQL (ʨʠʩ. 3.7). 

 

 

ʈʠʩʫʥʦʢ 3.7 ï ʉʭʝʤʘ ʽʥʪʝʛʨʘʮʽʾ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʤʦʜʫʣʝʡ COASTOX-PRL ʧʽʜ 

ʽʥʪʝʨʬʝʡʩʦʤ ʩʠʩʪʝʤʠ HYDROS 

 

ʉʧʨʦʱʝʥʦ ʾʭ ʚʟʘʻʤʦʜʽʶ ʤʦʞʥʘ ʧʨʝʜʩʪʘʚʠʪʠ ʫ ʪʘʢʠʡ ʩʧʦʩʽʙ [200ï202]: 

¶ ʂʦʨʠʩʪʫʚʘʯ ʯʝʨʝʟ ʛʨʘʬʽʯʥʠʡ ʽʥʪʝʨʬʝʡʩ ʢʣʽʻʥʪʘ, ʚ ʨʘʤʢʘʭ ʥʦʚʦʛʦ ʯʠ ʨʘʥʽʰʝ 

ʟʙʝʨʝʞʝʥʦʛʦ ʧʨʦʻʢʪʘ, ʛʦʪʫʻ ʚʭʽʜʥʽ ʜʘʥʽ ʪʘ ʟʘʚʜʘʥʥʷ ʤʝʥʝʜʞʝʨʫ.  

¶ ʄʝʥʝʜʞʝʨ ʟʘʙʝʟʧʝʯʫʻ ʟʚôʷʟʦʢ ʤʽʞ ʚʩʽʤʘ ʢʦʤʧʦʥʝʥʪʘʤʠ ʩʠʩʪʝʤʠ: ʦʪʨʠʤʫʻ 

ʜʘʥʽ/ʟʘʚʜʘʥʥʷ ʚʽʜ ʢʣʽʻʥʪʘ, ʟʙʝʨʽʛʘʻ-ʟʘʚʘʥʪʘʞʫʻ ʧʨʦʻʢʪʠ ʟ ʙʘʟʠ ʜʘʥʠʭ, ʬʦʨʤʫʻ 

ʚʭʽʜʥʽ ʧʘʨʘʤʝʪʨʠ ʪʘ ʢʦʤʘʥʜʠ ʜʣʷ ʦʙʯʠʩʣʶʚʘʯʘ.  
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¶ ʆʙʯʠʩʣʶʚʘʯ ʽʥʽʮʽʘʣʽʟʫʻ ʪʘ ʟʘʧʫʩʢʘʻ ʧʨʦʮʝʩʠ ʯʠʩʝʣʴʥʠʭ ʤʦʜʝʣʝʡ, ʢʦʥʪʨʦʣʶʻ 

ʚʠʢʦʥʘʥʥʷ ʟʘʜʘʯʽ, ʟʘʩʚʦʶʻ ʨʦʟʨʘʭʦʚʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʣʷ ʧʝʨʝʜʘʯʽ ʾʭ ʤʝʥʝʜʞʝʨʫ, ʘ 

ʪʘʢʦʞ ʟʘʙʝʟʧʝʯʫʻ ʟʚôʷʟʦʢ ʤʽʞ ʤʦʜʝʣʷʤʠ. 

ʄʦʜʝʣʽ ʥʘʧʠʩʘʥʽ ʥʘ Java ʽʥʪʝʛʨʫʶʪʴʩʷ ʟ ʦʙʯʠʩʣʶʚʘʯʝʤ ʙʝʟʧʦʩʝʨʝʜʥʴʦ. 

ʉʢʦʤʧʽʣʴʦʚʘʥʽ ʫ ʜʠʥʘʤʽʯʥʽ ʙʽʙʣʽʦʪʝʢʠ ʟʘʩʪʦʩʫʥʢʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʫ ʚʠʛʣʷʜʽ 

ʧʣʘʛʽʥʽʚ. ʄʦʜʫʣʽ COASTOX-PRL ʚʭʦʜʷʪʴ ʜʦ ʩʠʩʪʝʤʠ ʫ ʚʠʛʣʷʜʽ ʚʠʢʦʥʫʚʘʥʠʭ ʬʘʡʣʽʚ. 

ɿʚôʷʟʦʢ ʤʽʞ ʥʠʤʠ ʪʘ ʦʙʯʠʩʣʶʚʘʯʝʤ ʚʽʜʙʫʚʘʻʪʴʩʷ ʯʝʨʝʟ ʬʘʡʣʦʚʽ ʽʥʪʝʨʬʝʡʩʠ.  

ʇʽʜ ʯʘʩ ʟʘʧʫʩʢʫ ʤʝʥʝʜʞʝʨ ʩʪʚʦʨʶʻ ʜʣʷ ʥʦʚʦʾ ʦʙʯʠʩʣʶʚʘʣʴʥʦʾ ʟʘʜʘʯʽ ʦʢʨʝʤʫ 

ʜʠʨʝʢʪʦʨʽʶ ʽ ʟʙʝʨʽʛʘʻ ʜʦ ʥʝʾ ʚʭʽʜʥʽ ʬʘʡʣʠ ʪʘ ʚʠʢʦʥʫʚʘʥʽ ʬʘʡʣʠ ʤʦʜʫʣʽʚ. 

ʌʘʡʣʠ ʮʠʬʨʦʚʦʾ ʤʦʜʝʣʽ ʚʦʜʦʡʤʠ (ʨʝʣʴʻʬ ʽ ʪ.ʜ.) ʧʽʜʛʦʪʦʚʘʥʽ ʩʪʦʨʦʥʥʽʤʠ 

ʧʨʦʛʨʘʤʘʤʠ ʥʘ ʝʪʘʧʽ ʧʨʝʧʨʦʮʝʩʠʥʛʫ (ʧ. 3.3), ʚʦʥʠ ʢʦʧʽʶʶʪʴʩʷ ʜʦ ʜʠʨʝʢʪʦʨʽʾ ʙʝʟ ʟʤʽʥ 

ʚ ʩʠʩʪʝʤʽ. ʂʦʨʠʩʪʫʚʘʯ ʯʝʨʝʟ ʽʥʪʝʨʬʝʡʩ ʢʣʽʻʥʪʘ ʤʦʞʝ ʤʽʥʷʪʠ ʢʝʨʫʶʯʽ ʧʘʨʘʤʝʪʨʠ ʪʘ 

ʛʨʘʥʠʯʥʽ ʫʤʦʚʠ (ʚʠʪʨʘʪʠ, ʨʽʚʥʽ ʚʦʜʠ). ʉʪʚʦʨʝʥʠʡ ʚ ʧʨʦʢ̒ʪʽ ʥʦʚʠʡ ʢʦʥʬʽʛʫʨʘʮʽʡʥʠʡ 

ʬʘʡʣ ʪʘ ʬʘʡʣʠ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ ʟʙʝʨʽʛʘʶʪʴʩʷ ʤʝʥʝʜʞʝʨʦʤ ʜʦ ʜʠʨʝʢʪʦʨʽʾ ʟʘʜʘʯʽ. ʊʘʢʦʞ 

ʜʦ ʥʝʾ ʤʦʞʫʪʴ ʙʫʪʠ ʟʘʚʘʥʪʘʞʝʥʽ ʬʘʡʣʠ ʟ ʧʨʦʩʪʦʨʦʚʦ ʨʦʟʧʦʜʽʣʝʥʠʤʠ ʜʘʥʠʤʠ 

ʘʪʤʦʩʬʝʨʥʠʭ ʧʦʣʽʚ.  

ʇʽʩʣʷ ʟʘʧʫʩʢʫ ʢʦʨʠʩʪʫʚʘʣʴʥʠʮʴʢʘ ʟʘʜʘʯʘ ʧʨʘʮʶʻ ʚ ʦʢʨʝʤʦʤʫ ʽʟʦʣʴʦʚʘʥʦʤʫ 

ʧʨʦʮʝʩʽ, ʟʙʽʡ ʷʢʦʛʦ ʥʝ ʚʧʣʠʚʘʻ ʥʘ ʨʦʙʦʪʫ ʽʥʰʠʭ ʢʦʤʧʦʥʝʥʪʽʚ HYDROS.  

ʏʝʨʝʟ ʦʙʯʠʩʣʶʚʘʯ ʽ ʤʝʥʝʜʞʝʨ ʜʦ ʢʣʽʻʥʪʘ ʧʦʩʪʫʧʘʻ ʪʝʢʩʪʦʚʘ ʢʦʥʩʦʣʴʥʘ 

ʽʥʬʦʨʤʘʮʽʷ ʚʽʜ COASTOX-PRL, ʟʘ ʷʢʦʶ ʢʦʨʠʩʪʫʚʘʯ ʤʦʞʝ ʦʮʽʥʶʚʘʪʠ ʢʦʨʝʢʪʥʽʩʪʴ 

ʨʦʟʨʘʭʫʥʢʫ. ʋ ʨʘʟʽ ʧʦʤʠʣʦʢ ʚʽʥ ʤʘʻ ʟʤʦʛʫ ʟʘʚʝʨʰʠʪʠ ʧʨʦʮʝʩ ʜʦʩʪʨʦʢʦʚʦ. ʇʽʩʣʷ 

ʟʘʚʝʨʰʝʥʥʷ ʨʦʟʨʘʭʫʥʢʫ, ʯʝʨʝʟ ʬʘʡʣʦʚʽ ʽʥʪʝʨʬʝʡʩʠ ʥʘ ʦʩʥʦʚʽ ʙʽʥʘʨʥʠʭ ʬʦʨʤʘʪʽʚ 

IMMSP Binary ʤʝʥʝʜʞʝʨ ʦʪʨʠʤʫʻ ʯʘʩʦʚʽ ʩʝʨʽʾ ʟʥʘʯʝʥʴ ʨʦʟʧʦʜʽʣʝʥʠʭ ʚʝʣʠʯʠʥ, ʯʝʨʝʟ 

ʪʝʢʩʪʦʚʽ ʬʦʨʤʘʪʠ ï ʯʘʩʦʚʽ ʩʝʨʽʾ ʟʥʘʯʝʥʴ ʚ ʢʦʥʪʨʦʣʴʥʠʭ ʪʦʯʢʘʭ. ʄʝʥʝʜʞʝʨ ʟʙʝʨʽʛʘʻ ʾʭ 

ʜʦ ʙʘʟʠ ʜʘʥʠʭ ʚ ʨʘʤʢʘʭ ʟʙʝʨʝʞʝʥʥʷ ʧʨʦʢ̒ʪʫ ʪʘ ʧʝʨʝʜʘʻ ʥʘ ʢʣʽʻʥʪ ʜʣʷ ʚʽʟʫʘʣʽʟʘʮʽʾ ʫ 

ʢʦʨʠʩʪʫʚʘʣʴʥʠʮʴʢʦʤʫ ʽʥʪʝʨʬʝʡʩʽ (ʨʠʩ. 3.8). 
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ʈʠʩʫʥʦʢ 3.8 ï ɻʨʘʬʽʯʥʠʡ ʽʥʪʝʨʬʝʡʩ ʧʨʦʛʨʘʤʥʦʾ ʦʙʦʣʦʥʢʠ HYDROS: ʘ) ʥ̔ʪʝʨʬʝʡʩ 

ʟʘʜʘʥʥʷ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ; ʙ) ʚʝʢʪʦʨʥʘ ʢʘʨʪʘ ʟ ʥʘʢʣʘʜʝʥʠʤ ʰʘʨʦʤ ʛʣʠʙʠʥ; ʚ) ʯʘʩʦʚʘ 

ʜʠʥʘʤʽʢʘ ʚ ʢʦʥʪʨʦʣʴʥʽʡ ʪʦʯʮʽ; ʛ) ʛʨʘʬʽʢ ʧʨʦʬʽʣʷ 

(ʙ) 

(ʚ) (ʛ) 

(ʘ) 
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ɯʥʪʝʨʬʝʡʩ ʩʠʩʪʝʤʠ ʤʘʻ ɻɯʉ ʤʦʞʣʠʚʦʩʪʽ ʽ ʜʦʟʚʦʣʷʻ ʚʽʟʫʘʣʽʟʫʚʘʪʠ ʨʦʟʨʘʭʫʥʢʦʚʫ 

ʦʙʣʘʩʪʴ ʪʘ ʨʦʟʧʦʜʽʣʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʥʘ ʚʝʙʢʘʨʪʘʭ Google Maps, 

OpenStreetMap ʘʙʦ ʥʘ ʚʝʢʪʦʨʥʠʭ ɻɯʉ-ʢʘʨʪʘʭ (ʨʠʩ. 3.8ʘ). ʇʽʜʪʨʠʤʫʻ ʚʽʟʫʘʣʽʟʘʮʽʶ 

ʜʚʦʚʠʤʽʨʥʠʭ ʛʨʘʬʽʢʽʚ: ʯʘʩʦʚʦʾ ʜʠʥʘʤʽʢʠ ʨʦʟʨʘʭʦʚʘʥʠʭ ʚʝʣʠʯʠʥ ʚ ʢʦʥʪʨʦʣʴʥʠʭ ʪʦʯʢʘʭ 

ʽ ʛʨʘʬʽʢʽʚ ʧʨʦʬʽʣʽʚ ʟʥʘʯʝʥʴ.  

ɿʘʚʜʷʢʠ ʨʦʟʧʦʜʽʣʝʥʽʡ ʘʨʭʽʪʝʢʪʫʨʽ HYDROS ʢʦʤʧʦʥʝʥʪʠ ʤʦʞʫʪʴ ʙʫʪʠ ʨʦʟʤʽʱʝʥʽ 

ʥʘ ʨʽʟʥʠʭ ʢʦʤʧôʶʪʝʨʘʭ: ʢʣʽʻʥʪ ʥʘ ʇʂ, ʥʘ ʷʢʦʤʫ ʧʨʘʮʶʻ ʢʦʨʠʩʪʫʚʘʯ, ʤʝʥʝʜʞʝʨ ʽ 

ʦʙʯʠʩʣʶʚʘʯ ʥʘ ʙʘʛʘʪʦʧʨʦʮʝʩʦʨʥʦʤʫ ʩʝʨʚʝʨʽ, ʧʨʠʟʥʘʯʝʥʦʤʫ ʜʣʷ ʽʥʪʝʥʩʠʚʥʠʭ 

ʦʙʯʠʩʣʝʥʴ. ʈʦʟʨʦʙʢʘ ʥʦʚʠʭ ʚʝʨʩʽʡ ʤʦʜʫʣʽʚ COASTOX-PRL ʜʣʷ GPU ʜʦʟʚʦʣʷʻ 

ʦʙʭʦʜʠʪʠʩʴ ʜʣʷ ʨʦʟʛʦʨʪʘʥʥʷ HYDROS ʥʦʫʪʙʫʢʦʤ ʘʙʦ ʇʂ ʟ ʧʦʪʫʞʥʦʶ ʚʽʜʝʦʢʘʨʪʦʶ. 

 

 

3.5 ɺʠʩʥʦʚʢʠ ʜʦ ʨʦʟʜʽʣʫ 3 

 

 

1. ʉʪʚʦʨʝʥʦ ʧʨʦʛʨʘʤʥʽ ʤʦʜʫʣʽ ʽʥʬʦʨʤʘʮʽʡʥʦ-ʤʦʜʝʣʶʶʯʦʾ ʩʠʩʪʝʤʠ 

COASTOX-PRL ʥʘ ʦʩʥʦʚʽ ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʦʜʝʣʝʡ, ʨʦʟʧʘʨʘʣʝʣʝʥʠʭ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʨʦʟʨʦʙʣʝʥʦʾ ʪʝʭʥʦʣʦʛʽʾ: ʤʦʜʫʣʴ ʪʨʘʥʩʬʦʨʤʘʮʽʾ ʭʚʠʣʴ ʫ ʧʨʠʙʝʨʝʞʥʽʡ ʟʦʥʽ HWAVE, 

ʤʦʜʫʣʴ ʜʠʥʘʤʽʢʠ ʢʦʨʘʙʝʣʴʥʠʭ ʭʚʠʣʴ ʽ ʨʦʟʨʘʭʫʥʢʫ ʥʘʚʘʥʪʘʞʝʥʴ ShipSim, ʤʦʜʫʣʴ 

ʜʚʦʚʠʤʽʨʥʦʾ ʛʽʜʨʦʜʠʥʘʤʽʢʠ, ʪʨʘʥʩʧʦʨʪʫ ʥʘʥʦʩʽʚ ʽ ʟʘʙʨʫʜʥʝʥʴ COASTOX-HD-SED-

RN. 

2. ʅʘ ʦʩʥʦʚʽ ʽʤʧʣʝʤʝʥʪʦʚʘʥʠʭ ʬʘʡʣʦʚʠʭ ʽʥʪʝʨʬʝʡʩʽʚ ʽ bash/batch ʩʢʨʠʧʪʽʚ 

ʤʦʜʫʣʽ ʽʥʪʝʛʨʦʚʘʥʽ ʫ ʩʠʩʪʝʤʫ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʢʦʤʧʣʝʢʩʥʠʭ ʟʘʜʘʯ ʭʚʠʣʴ, ʪʝʯʽʡ, 

ʧʝʨʝʬʦʨʤʫʚʘʥʥʷ ʜʥʘ ʪʘ ʜʠʥʘʤʽʢʠ ʟʘʙʨʫʜʥʝʥʴ ʫ ʨʽʯʢʘʭ ʽ ʧʨʠʙʝʨʝʞʥʽʡ ʟʦʥʽ ʤʦʨʷ. 

3. ʈʦʟʨʦʙʣʝʥʦ ʬʘʡʣʦʚʽ ʬʦʨʤʘʪʠ, ʜʦʜʘʪʢʦʚʽ ʧʨʦʛʨʘʤʠ ʽ ʩʢʨʠʧʪʠ, ʜʣʷ 

ʧʦʧʝʨʝʜʥʴʦʾ ʦʙʨʦʙʢʠ ʚʭʽʜʥʠʭ ʜʘʥʠʭ ʪʘ ʧʦʩʪʦʙʨʦʙʢʠ ʨʝʟʫʣʴʪʘʪʽʚ ʩʠʩʪʝʤʠ COASTOX-

PRL ̔ ʟ ʟʘʣʫʯʝʥʥʷʤ ʩʪʦʨʦʥʥʴʦʛʦ ʚʽʣʴʥʦʛʦ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ ʜʣʷ ʦʙʨʦʙʢʠ 

ʛʝʦʧʨʦʩʪʦʨʦʚʠʭ ʜʘʥʠʭ ʪʘ ʛʝʥʝʨʘʮʽʾ ʨʦʟʨʘʭʫʥʢʦʚʠʭ ʩʽʪʦʢ (Aquaveo SMS, Blue Kenue, 

QGIS), ʘ ʪʘʢʦʞ ʜʣʷ ʧʨʝʜʩʪʘʚʣʝʥʥʷ ʽʥʪʝʨʘʢʪʠʚʥʠʭ ʚʝʙʢʘʨʪ ʥʘ ʦʩʥʦʚʽ ɻɯʉ ʩʝʨʚʽʩʽʚ 

ArcGIS. 
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4. ʈʦʟʨʦʙʣʝʥʦ ʬʘʡʣʦʚʽ ʽʥʪʝʨʬʝʡʩʠ ʪʘ ʚʽʜʧʦʚʽʜʥʽ ʩʧʝʮʠʬʽʢʘʮʽʾ ʜʣʷ ʽʥʪʝʛʨʘʮʽʾ 

ʤʦʜʫʣʽʚ ʩʠʩʪʝʤʠ COASTOX-PRL ʜʦ ʉʇʇʈ ʜʣʷ ʨʝʘʛʫʚʘʥʥʷ ʥʘ ʨʘʜʽʘʮʽʡʥʽ ʘʚʘʨʽʾ 

JRODOS ʪʘ ʉʇʇʈ ʟ ʧʦʧʝʨʝʜʞʝʥʥʷ ʪʘ ʧʦʤôʷʢʰʝʥʥʷ ʥʘʩʣʽʜʢʽʚ ʧʦʚʝʥʝʡ ʨʽʟʥʦʛʦ 

ʧʦʭʦʜʞʝʥʥʷ HYDROS. 

ʆʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʨʦʟʜʽʣʫ ʦʧʫʙʣʽʢʦʚʘʥʽ ʘʚʪʦʨʦʤ ʫ ʨʦʙʦʪʘʭ [7ï9, 11, 13ï20, 22ï

24, 28ï31]. 
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ʈʆɿɼɯʃ 4 

ɯʅʌʆʈʄɸʎɯʁʅɯ ʉʀʉʊɽʄʀ ʇɸʈɸʃɽʃʔʅʀʍ ʆɹʏʀʉʃɽʅʔ ʅɸʉʃɯɼʂɯɺ 

ʊɽʍʅʆɻɽʅʅʀʍ ɺʇʃʀɺɯɺ ʅɸ ɼʀʅɸʄɯʂʋ ʊɽʏɯʁ ɯ ʍɺʀʃʔ  

4.1 ɯʥʬʦʨʤʘʮʽʡʥʽ ʩʠʩʪʝʤʠ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ ʟʦʥ ʟʘʪʦʧʣʝʥʴ ʚʽʜ 

ʧʦʚʝʥʝʡ 

 

 

ʄʦʜʫʣʽ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ ʭʚʠʣʴ ʪʘ ʪʝʯʽʡ ʽʥʬʦʨʤʘʮʽʡʥʦʾ ʩʠʩʪʝʤʠ 

COASTOX-PRL ʫʩʧʽʰʥʦ ʧʨʦʡʰʣʠ ʚʝʨʠʬʽʢʘʮʽʶ ʥʘ ʪʝʩʪʘʭ, ʷʢʽ ʚʚʘʞʘʶʪʴʩʷ 

ʝʪʘʣʦʥʥʠʤʠ ʜʣʷ ʤʦʜʝʣʝʡ ʜʚʦʚʠʤʽʨʥʦʾ ʛʽʜʨʘʚʣʽʢʠ (ʨʝʟʫʣʴʪʘʪʠ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ɼʦʜʘʪʢʫ 

ɻ). ɺ ʈʦʟʜʽʣʽ 4 ʧʨʝʜʩʪʘʚʣʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʴ ʥʘʩʣʽʜʢʽʚ ʪʝʭʥʦʛʝʥʥʠʭ ʚʧʣʠʚʽʚ ʥʘ 

ʪʝʯʽʾ ʽ ʭʚʠʣʴʦʚʽ ʧʦʣʷ, ʚ ʪʦʤʫ ʯʠʩʣʽ ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʥʘʩʣʽʜʢʽʚ ʚʽʡʩʴʢʦʚʠʭ ʜʽʡ ʥʘ ʚʦʜʥʽ 

ʩʠʩʪʝʤʠ ʚʥʘʩʣʽʜʦʢ ʨʫʡʥʫʚʘʥʥʷ ʦʙôʻʢʪʽʚ ʢʨʠʪʠʯʥʦʾ ʽʥʬʨʘʩʪʨʫʢʪʫʨʠ ʚ ʫʤʦʚʘʭ 

ʚʪʦʨʛʥʝʥʥʷ ʨʦʩʽʡʩʴʢʠʭ ʚʽʡʩʴʢ ʚ ʋʢʨʘʾʥʫ. 

ɺ 2014-2016 ʨʨ. ʫ ʨʘʤʢʘʭ ʩʧʽʣʴʥʦʛʦ ʫʢʨʘʾʥʩʴʢʦ-ʨʫʤʫʥʩʴʢʦʛʦ ʧʨʦʢ̒ʪʫ EAST 

AVERT ʙʫʣʘ ʨʦʟʨʦʙʣʝʥʘ ʩʠʩʪʝʤʘ ʧʨʦʛʥʦʩʪʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʧʦʚʝʥʝʡ ʫ ʚʝʨʭʥʽʭ 

ʙʘʩʝʡʥʘʭ ʨʽʯʦʢ ʉʽʨʝʪ ʽ ʇʨʫʪ. ʉʠʩʪʝʤʘ ʧʦʻʜʥʫʻ ʤʦʜʫʣʴ ʯʠʩʝʣʴʥʦʛʦ ʧʨʦʛʥʦʟʫʚʘʥʥʷ 

ʦʧʘʜʽʚ [203], ʛʽʜʨʦʣʦʛʽʯʥʠʡ ʚʦʜʦʟʙʽʨʥʠʡ ʤʦʜʫʣʴ, ʘ ʪʘʢʦʞ ʤʦʜʫʣʴ ʨʦʟʨʘʭʫʥʢʫ 

ʧʦʰʠʨʝʥʥʷ ʧʘʚʦʜʢʦʚʠʭ ʭʚʠʣʴ ʫ ʨʽʯʢʦʚʠʭ ʤʝʨʝʞʘʭ [204] (ʨʠʩ. 4.1). ʋʩʽ ʤʦʜʫʣʽ 

ʘʚʪʦʤʘʪʠʯʥʦ ʧʦʻʜʥʘʥʽ ʽ ʦʙʛʦʨʥʫʪʽ ʚ ʽʥʪʝʨʬʝʡʩ ʢʦʨʠʩʪʫʚʘʯʘ HYDROS [205].  

 

ʈʠʩʫʥʦʢ 4.1 ï ʃʘʥʮʶʛ ʤʦʜʝʣʝʡ ʩʠʩʪʝʤʠ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʧʦʚʝʥʝʡ ʫ ʙʘʩʝʡʥʘʭ ʨʽʯʦʢ 

ʉʽʨʝʪ ʽ ʇʨʫʪ 
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ʈʠʩʫʥʦʢ 4.2 ï 12 ʧʨʠʨʽʯʢʦʚʠʭ ʜʽʣʷʥʦʢ ʇʨʫʪʘ ʽ ʉʽʨʝʪʘ ʽʟ ʧʦʪʝʥʮʽʡʥʦ ʚʠʩʦʢʠʤ ʨʠʟʠʢʦʤ 

ʟʘʪʦʧʣʝʥʥʷ ʧʽʜ ʯʘʩ ʧʦʚʝʥʝʡ, ʦʙʨʘʥʽ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʟʦʥ ʟʘʪʦʧʣʝʥʴ 

 

ʊʘʙʣʠʮʷ 4.1 ï ɼʽʣʷʥʢʠ ʙʘʩʝʡʥʽʚ ʨʽʯʦʢ ʇʨʫʪ, ʉʽʨʝʪ, ʦʙʨʘʥʽ ʜʣʷ ʜʚʦʚʠʤʽʨʥʦʛʦ 

ʤʦʜʝʣʶʚʘʥʥʷ. NC ï ʢʽʣʴʢʽʩʪʴ ʢʦʤʽʨʦʢ ʚ ʨʦʟʨʘʭʫʥʢʦʚʽʡ ʩʽʪʮʽ ʜʽʣʷʥʢʠ. T ï ʯʘʩ 

ʨʦʟʨʘʭʫʥʢʫ 3 ʜʥʽʚ 1% ʝʢʩʪʨʝʤʘʣʴʥʦʾ ʧʦʚʝʥʽ ʥʘ ʚʽʜʝʦʢʘʨʪʽ RTX 3080 (SP) 

ˉ  ʈʽʯʢʘ ɻʝʦʛʨʘʬʽʯʥʝ ʨʦʟʪʘʰʫʚʘʥʥʷ NC T, ʭʚ 

1 ʇʨʫʪ ɼʫʙʠʚʮʽ - ʃʫʞʘʥʠ - ʄʘʤʘʾʚʮʽ - ʏʝʨʥʽʚʮʽ 839 290 50.6 

2 ʇʨʫʪ ʅʦʚʦʩʝʣʠʮʷ - ʄʘʨʰʠʥʮʽ 604 358 29.6 

3 ʇʨʫʪ ɺʘʥʯʠʢʽʚʮʽ - ʂʦʩʪʠʯʘʥʠ - ɼʨʘʥʠʮʷ ï ʄʘʤʘʣʠʛʘ 435 520 18.1 

4 ʉʽʨʝʪ ʂʘʤôʷʥʢʘ - ʏʝʨʝʧʢʽʚʮʽ 288 752 20.9 

5 ʉʽʨʝʪ ɹʝʨʝʛʦʤʝʪ - ʃʫʢʽʚʮʽ - ʉʪʘʨʘ ɾʘʜʦʚʘ 357 315 24.6 

6 ʄ. ʉʽʨʝʪ ɹʘʥʠʣʽʚ ï ʇʽʜʛʽʨʥʠʡ 410 169 43.1 

7 ʇʨʫʪ ɺʦʚʯʢʽʚʮʽ - ʉʥʷʪʠʥ 
747 471 36.1 

11 ʏʝʨʝʤʦʰ ʂʥʷʞʝ - ɺʘʰʢʽʚʮʽ - ʏʦʨʪʦʨʠʡ 

8 ʇʨʫʪ ʂʦʣʦʤʠʷ - ʅʠʞʥʽʡ ɺʝʨʙʽʞ - ɼʝʙʝʩʣʘʚʮʽ 1 241 180 93.8 

9 ʏʝʨʝʤʦʰ ʋʩʪʴ-ʇʫʪʠʣʘ 59 680 18.0 

10 ʏʝʨʝʤʦʰ ɺʠʞʥʠʮʷ - ʏʦʨʥʦʛʫʟʠ 233 823 23.9 

12 ʉʽʨʝʪ ʉʪʦʨʦʞʠʥʝʮʴ 489 600 28.7 
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ʄʦʜʫʣʴ ʧʦʰʠʨʝʥʥʷ ʧʘʚʦʜʢʦʚʦʾ ʭʚʠʣʽ ʚʠʢʦʨʠʩʪʦʚʫʻ ʦʜʥʦʚʠʤʽʨʥʫ ʛʽʜʨʘʚʣʽʯʥʫ 

ʤʦʜʝʣʴ, ʱʦ ʦʭʦʧʣʶʻ ʨʽʯʢʠ ʇʨʫʪ ʽ ʉʽʨʝʪ ʽʟ ʥʘʡʙʽʣʴʰʠʤʠ ʧʨʠʪʦʢʘʤʠ. ɺʽʥ ʧʨʘʮʶʻ ʜʦʩʠʪʴ 

ʰʚʠʜʢʦ, ʚʩʷ ʨʽʯʢʦʚʘ ʤʝʨʝʞʘ ʤʦʜʝʣʶʻʪʴʩʷ ʧʨʦʪʷʛʦʤ ʧʨʠʙʣʠʟʥʦ 30 ʭʚ., ʽ ʚ ʧʦʻʜʥʘʥʥʽ ʽʟ 

ʤʝʪʝʦʨʦʣʦʛʽʯʥʠʤ ʪʘ ʛʽʜʨʦʣʦʛʽʯʥʠʤ ʤʦʜʫʣʷʤʠ ʜʦʟʚʦʣʷʻ ʧʨʦʛʥʦʟʫʚʘʪʠ ʧʘʚʦʜʢʠ ʚ 

ʦʧʝʨʘʪʠʚʥʦʤʫ ʨʝʞʠʤʽ [18, 19]. 

ʂʨʽʤ ʮʴʦʛʦ, ʜʣʷ ʙʘʩʝʡʥʽʚ ʇʨʫʪʘ ʪʘ ʉʽʨʝʪʫ ʙʫʣʦ ʚʠʟʥʘʯʝʥʦ 12 ʜʽʣʷʥʦʢ ʽʟ 

ʧʦʪʝʥʮʽʡʥʦ ʚʠʩʦʢʠʤ ʨʠʟʠʢʦʤ ʟʘʪʦʧʣʝʥʥʷ, ʥʘ ʷʢʠʭ ʨʦʟʪʘʰʦʚʘʥʽ ʥʘʩʝʣʝʥʽ ʧʫʥʢʪʠ. ɼʣʷ 

ʮʠʭ ʜʽʣʷʥʦʢ ʫ ʩʠʩʪʝʤʽ ʩʪʚʦʨʠʣʠ ʤʦʜʫʣʴ ʜʚʦʚʠʤʽʨʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʟʦʥ ʟʘʪʦʧʣʝʥʥʷ ʥʘ 

ʦʩʥʦʚʽ ʨʦʟʨʦʙʣʝʥʦʛʦ ʟʜʦʙʫʚʘʯʝʤ ʤʦʜʫʣʷ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ ʜʚʦʚʠʤʽʨʥʦʾ 

ʛʽʜʨʘʚʣʽʢʠ COASTOX-HD ʟ ʩʠʩʪʝʤʠ COASTOXïPRL [18, 19]. ɻʨʘʥʠʮʽ ʮʠʭ ʜʽʣʷʥʦʢ ʥʘ 

ʢʘʨʪʽ ʨʝʛʽʦʥʫ ʧʦʟʥʘʯʝʥʽ ʥʘ ʨʠʩ. 4.2, ʘ ʥʘʡʙʽʣʴʰʽ ʥʘʩʝʣʝʥʽ ʧʫʥʢʪʠ ʥʘʚʝʜʝʥʽ ʚ ʪʘʙʣ. 4.1. 

ʄʘʢʩʠʤʘʣʴʥʽ ʚʠʪʨʘʪʠ ʝʢʩʪʨʝʤʘʣʴʥʠʭ ʧʦʚʝʥʝʡ ʜʣʷ ʚʩʽʭ ʜʽʣʷʥʦʢ ʙʫʣʠ 

ʨʦʟʨʘʭʦʚʘʥʽ, ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʤʝʪʦʜʠʢʠ, ʨʦʟʨʦʙʣʝʥʦʾ ʚ ʆʜʝʩʴʢʦʤʫ ʜʝʨʞʘʚʥʦʤʫ 

ʝʢʦʣʦʛʽʯʥʦʤʫ ʫʥʽʚʝʨʩʠʪʝʪʽ (ʆɼɽʢʋ) [206, 207].  

ʈʦʟʨʘʭʫʥʢʦʚʘ ʩʽʪʢʠ ʤʦʜʝʣʽ ʜʣʷ ʦʙʨʘʥʠʭ ʜʽʣʷʥʦʢ ʧʦʙʫʜʦʚʘʥʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ Aquaveo SMS. ʈʦʟʤʽʨ ʢʦʤʽʨʦʢ ʩʽʪʦʢ ʟʘʜʘʚʘʚʩʷ ʫʟʜʦʚʞ ʨʫʩʝʣ 

ʦʩʥʦʚʥʠʭ ʨʽʯʦʢ 8-10 ʤ, ʧʨʠʪʦʢʽʚ ï 5-7 ʤ, ʜʦ 50 ʤ ʥʘ ʙʦʢʦʚʠʭ ʛʨʘʥʠʮʷʭ ʜʽʣʷʥʦʢ. ʈʝʣʴʻʬ 

ʥʘ ʩʽʪʢʠ ʧʝʨʝʥʦʩʠʚʩʷ ʟ ʜʝʪʘʣʴʥʠʭ (5ʭ5 ʤ) ʮʠʬʨʦʚʠʭ ʤʦʜʝʣʝʡ ʨʝʣʴʻʬʫ (ʎʄʈ), 

ʨʦʟʨʦʙʣʝʥʠʭ ɻɯʉ ʛʨʫʧʦʶ ʧʨʦʢ̒ʪʫ. ʇʨʠʢʣʘʜ ʩʽʪʢʠ ʟ ʨʝʣʴʻʬʦʤ ʜʣʷ ʜʽʣʷʥʢʠ 1-ʏʝʨʥʽʚʮʽ 

ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 4.4ʘ. 

ɼʦʥʥʝ ʪʝʨʪʷ ʟʘʜʘʚʘʣʦʩʷ ʢʦʝʬʽʮʽʻʥʪʦʤ ʰʦʨʩʪʢʦʩʪʽ ʄʘʥʽʥʛʘ. ʁʦʛʦ ʟʥʘʯʝʥʥʷ 

ʚʩʪʘʥʦʚʣʶʚʘʣʦʩʷ 0.025 ʤ-1/3ʩ ʜʣʷ ʚʩʽʭ ʚʫʟʣʽʚ ʨʽʯʦʢ ʽ 0.1 ʤ-1/3ʩ ʜʣʷ ʚʩʽʭ ʚʫʟʣʽʚ ʩʫʰʽ. 

ɼʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʧʦʚʝʥʽ ʥʘ ʧʦʙʫʜʦʚʘʥʽʡ ʩʽʪʮʽ ʥʘ ʾʾ ʚʭʽʜʥʠʭ ʛʨʘʥʠʮʷʭ ʟʘʜʘʶʪʴʩʷ 

ʚʠʪʨʘʪʠ, ʘ ʥʘ ʚʠʭʽʜʥʠʭ ï ʟʤʽʥʥʽ ʫ ʯʘʩʽ ʨʽʚʥʽ ʚʦʜʠ. ʇʨʠ ʤʦʜʝʣʶʚʘʥʥʽ ʚ ʦʧʝʨʘʪʠʚʥʦʤʫ 

ʨʝʞʠʤʽ ʚʠʪʨʘʪʠ ʪʘ ʨʽʚʥʽ ʤʘʶʪʴ ʦʙʯʠʩʣʶʚʘʪʠʩʷ ʟʚôʷʟʢʦʶ ʨʦʟʧʦʜʽʣʝʥʦʾ ʤʦʜʝʣʽ 

ʚʦʜʦʟʙʦʨʫ "ʦʧʘʜʠ-ʩʪʽʢ" ʪʘ ʦʜʥʦʚʠʤʽʨʥʦʾ ʛʽʜʨʘʚʣʽʯʥʦʾ ʤʦʜʝʣʽ. ɼʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ 

ʩʮʝʥʘʨʽʾʚ ʝʢʩʪʨʝʤʘʣʴʥʠʭ ʧʦʚʝʥʝʡ (10%, 5%, 1%, 0.1% ʟʘʙʝʟʧʝʯʝʥʦʩʪʽ) ʫ ʚʭʽʜʥʠʭ 

ʩʪʚʦʨʘʭ ʟʘʜʘʚʘʣʠʩʷ ʰʪʫʯʥʽ 4-ʜʝʥʥʽ ʛʽʜʨʦʛʨʘʬʠ, ʤʘʢʩʠʤʘʣʴʥʽ ʚʠʪʨʘʪʠ ʷʢʠʭ 

ʚʠʟʥʘʯʘʣʠʩʷ ʟʘ ʤʝʪʦʜʠʢʦʶ ʆɼɽʂʋ. ɿʦʢʨʝʤʘ, ʜʣʷ ʜʽʣʷʥʢʠ 1-ʏʝʨʥʽʚʮʽ ʨʦʟʨʘʭʦʚʘʥʽ 

ʤʘʢʩʠʤʘʣʴʥʽ ʚʭʽʜʥʽ ʚʠʪʨʘʪʠ ʜʦʨʽʚʥʶʶʪʴ ὗȢϷ  7873 ʤ
3/ʩ, ὗ Ϸ  4890 ʤ3/ʩ, ὗ Ϸ  
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3325 ʤ3/ʩ, ὗ Ϸ  2690 ʤ3/ʩ. ʈʦʟʨʘʭʦʚʘʥʽ 5% ʚʭʽʜʥʽ ʚʠʪʨʘʪʠ ʚʠʷʚʠʣʠʩʷ ʙʣʠʟʴʢʠʤʠ ʜʦ 

ʤʘʢʩʠʤʘʣʴʥʦʾ ʚʠʪʨʘʪʠ ʧʽʜ ʯʘʩ ʧʦʚʝʥʽ 2008 ʨ. ï ὗ  3985 ʤ3/ʩ ʟʘ ʩʧʦʩʪʝʨʝʞʝʥʥʷʤʠ 

ʥʘ ʛʽʜʨʦʧʦʩʪʽ ʫ ʤ. ʏʝʨʥʽʚʮʽ (ʟʘ ʦʮʽʥʢʦʶ ʾʾ ʟʘʙʝʟʧʝʯʝʥʽʩʪʴ ʩʪʘʥʦʚʠʪʴ 4.2%, 

ʧʦʚʪʦʨʶʚʘʥʽʩʪʴ ï 24 ʨʦʢʠ).  

 

ʈʠʩʫʥʦʢ 4.3 ï ʘ) ʚʠʪʨʘʪʘ ʪʘ ʨʽʚʝʥʴ ʚʦʜʠ ʚʠʤʽʨʷʥʽ ʥʘ ʛʽʜʨʦʧʦʩʪʫ ʫ ʤ. ʏʝʨʥʽʚʮʽ ʧʽʜ ʯʘʩ 

ʧʦʚʝʥʽ 2008 ʨ.; ʙ) ʩʮʝʥʘʨʥʠʡ 1%-ʛʽʜʨʦʛʨʘʬ ʪʘ ʨʽʚʝʥʴ ʚʽʣʴʥʦʾ ʧʦʚʝʨʭʥʽ ʫ ʚʠʭʽʜʥʦʤʫ 

ʩʪʚʦʨʽ ʤʦʜʝʣʽ ʜʽʣʷʥʢʠ 1-ʏʝʨʥʽʚʮʽ ʜʣʷ ʮʴʦʛʦ ʛʽʜʨʦʛʨʘʬʫ 

 

ʈʽʚʥʽ ʚʦʜʠ ʥʘ ʚʠʭʽʜʥʠʭ ʛʨʘʥʠʮʷʭ Ὄ  ʨʦʟʨʘʭʦʚʫʚʘʣʠʩʷ ʟʘ ʚʠʪʨʘʪʘʤʠ ὗ  ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʨʦʟʚôʷʟʘʥʥʷ ʨʽʚʥʷʥʥʷ ʄʘʥʥʽʥʛʘ ʜʣʷ ʪʝʯʽʾ ʫ ʚʽʜʢʨʠʪʦʤʫ ʢʘʥʘʣʽ [91]. 

ʇʨʠʢʣʘʜ ʩʮʝʥʘʨʥʦʛʦ 1%-ʛʽʜʨʦʛʨʘʬʫ ʪʘ ʨʽʚʝʥʴ ʚʦʜʠ ʫ ʚʠʭʽʜʥʦʤʫ ʩʪʚʦʨʽ, ʨʦʟʨʘʭʦʚʘʥʠʡ 

ʟʘ ʨʽʚʥʷʥʥʷʤ ʄʘʥʽʥʛʘ ʜʣʷ ʮʴʦʛʦ ʛʽʜʨʦʛʨʘʬʫ, ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ. 4.3ʙ. ʇʽʩʣʷ ʨʦʟʨʦʙʣʝʥʥʷ 

ʤʦʜʝʣʝʡ ʜʽʣʷʥʦʢ ʚʠʢʦʥʫʚʘʣʠʩʴ ʩʮʝʥʘʨʥʽ ʨʦʟʨʘʭʫʥʢʠ ʝʢʩʪʨʝʤʘʣʴʥʠʭ ʧʦʚʝʥʝʡ. ʏʘʩ 

ʤʦʜʝʣʶʚʘʥʥʷ ʙʫʚ ʧʨʠʡʥʷʪʠʤ 3 ʜʦʙʠ ʜʣʷ ʪʦʛʦ, ʱʦʙ ʧʦʙʘʯʠʪʠ ʧʽʢ ʧʦʚʝʥʽ ʪʘ ʧʦʯʘʪʢʦʚʠʡ 

ʝʪʘʧ ʾʾ ʩʧʘʜʫ.  

ɼʣʷ ʜʽʣʷʥʦʢ 1-ʏʝʨʥʽʚʮʽ (ʇʨʫʪ) ʽ 12-ʉʪʦʨʦʞʠʥʝʮʴ (ʉʽʨʝʪ) ʧʨʦʚʝʜʝʥʦ ʚʘʣʽʜʘʮʽʶ 

ʤʦʜʝʣʽ ʥʘ ʦʩʥʦʚʽ ʜʘʥʠʭ ʩʧʦʩʪʝʨʝʞʝʥʴ ʧʦʚʝʥʽ 2008 ʨ.: ʚʠʤʽʨʽʚ ʨʽʚʥʷ ʨʽʯʦʢ ʥʘ 

ʛʽʜʨʦʧʦʩʪʘʭ ʪʘ ʬʣʫʜʤʘʨʢʽʚ ï ʚʽʜʤʽʪʦʢ ʨʽʚʥʽʚ ʧʦʚʝʥʽ ʥʘ ʤʽʩʮʝʚʦʩʪʽ ʟ ʛʝʦʛʨʘʬʽʯʥʦʶ 

ʧʨʠʚôʷʟʢʦʶ, ʷʢʽ ʟʙʠʨʘʣʠʩʷ ʧʘʨʪʥʝʨʘʤʠ ʧʨʦʻʢʪʫ EAST AVERT ʧʽʜ ʯʘʩ ʡʦʛʦ ʚʠʢʦʥʘʥʥʷ. 

ʗʢ ʧʨʠʢʣʘʜ, ʥʘ ʨʠʩ. 4.4ʙ, ʚ, ʜ, ʝ ʥʘʚʝʜʝʥʦ ʧʨʦʤʦʜʝʣʴʦʚʘʥʽ ʢʘʨʪʠ ʛʣʠʙʠʥ 

ʤʘʢʩʠʤʘʣʴʥʦ ʟʘʪʦʧʣʝʥʥʷ ʜʽʣʷʥʢʠ 1-ʏʝʨʥʽʚʮʽ ʜʣʷ ʝʢʩʪʨʝʤʘʣʴʥʠʭ ʧʦʚʝʥʝʡ ʽʟ 

ʟʘʙʝʟʧʝʯʝʥʽʩʪʶ 10%, 5%, 1%, 0.1%.  
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ʈʠʩʫʥʦʢ 4.4 ï ɼʽʣʷʥʢʘ ʜʚʦʚʠʤʽʨʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ 1-ʏʝʨʥʽʚʮʽ: ʘ) ʨʝʣʴʻʬ 

ʨʦʟʨʘʭʫʥʢʦʚʦʾ ʦʙʣʘʩʪʽ; ʙ-ʜ) ʢʘʨʪʠ ʛʣʠʙʠʥ ʟʘʪʦʧʣʝʥʥʷ ʥʘ ʜʽʣʷʥʮʽ: ʙ) ʧʦʚʽʥʴ 

ʟʘʙʝʟʧʝʯʝʥʽʩʪʶ 10%; ʚ) 5%; ʛ) ʧʦʚʽʥʴ 2008 ʨ.; ʜ) 1%; ʝ) 0.1% 

 

ʊʘʢʦʞ ʥʘ ʨʠʩ. 4.4ʛ ʜʣʷ ʧʦʨʽʚʥʷʥʥʷ ʥʘʚʝʜʝʥʦ ʢʘʨʪʫ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʘʪʦʧʣʝʥʥʷ, 

ʨʦʟʨʘʭʦʚʘʥʫ ʜʣʷ ʧʦʚʝʥʽ 2008 ʨ. ʥʘ ʮʽʡ ʜʽʣʷʥʮʽ. ʅʠʞʯʝ ʥʘ ʨʠʩ. 4.5ʘ ʧʦʢʘʟʘʥʽ ʟʙʽʣʴʰʝʥʽ 

ʟʦʙʨʘʞʝʥʥʷ ʢʘʨʪʠ ʟʘʪʦʧʣʝʥʥʷ ʜʽʣʷʥʢʠ ʚ ʨʘʡʦʥʘʭ ʏʝʨʥʽʚʮʽʚ ʽ ʩʝʣʘ ʄʘʤʘʾʚʮʽ, ʥʘʢʣʘʜʝʥʦʾ 

ʥʘ ʚʝʢʪʦʨʥʫ ɻɯʉ-ʢʘʨʪʫ ʨʘʡʦʥʫ. ʅʘ  ʨʠʩ. 4.5ʙ ʪʘʢʦʞ ʧʦʢʘʟʘʥʦ ʨʘʡʦʥ ʩ. ʄʘʤʘʾʚʮʽ ʥʘ ʎʄʈ 

ʜʽʣʷʥʢʠ ʽʟ ʨʦʟʪʘʰʫʚʘʥʥʷʤ ʬʣʫʜʤʘʨʢʽʚ. 

(ʘ) 

(ʚ) 

(ʜ 

(ʙ) 

(ʛ) 

(ʝ) 
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ʈʠʩʫʥʦʢ 4.5 ï ʂʘʨʪʘ ʛʣʠʙʠʥ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʘʪʦʧʣʝʥʥʷ ʜʽʣʷʥʢʠ 1-ʏʝʨʥʽʚʮʽ ʧʽʜ ʯʘʩ 

ʧʦʚʝʥʽ 2008 ʨ.: ʘ) ʨʘʡʦʥ ʤ. ʏʝʨʥʽʚʮʽʚ ʽ ʩ. ʄʘʤʘʾʚʮʽ; ʙ) ʟʙʽʣʴʰʝʥʝ ʟʦʙʨʘʞʝʥʥʷ ʨʘʡʦʥʫ 

ʩ. ʄʘʤʘʾʚʮʽ ʽʟ ʨʦʟʪʘʰʫʚʘʥʥʷʤ ʬʣʫʜʤʘʨʢʽʚ 

 

ʊʘʙʣʠʮʷ 4.2 ï ʌʣʫʜʤʘʨʢʠ ʥʘ ʜʽʣʷʥʮʽ 1-ʏʝʨʥʦʚʮʽ ʚ ʨʘʡʦʥʽ ʩ. ʄʘʤʘʾʚʮʽ. 

ʉʧʦʩʪʝʨʝʞʝʥʽ (ʉ) ʪʘ ʨʦʟʨʘʭʦʚʘʥʽ (ʈ) ʟʥʘʯʝʥʥʷ ʚ ʤ 

 ̄ ʅʘʟʚʘ ʉ ʈ 

18 ʚʫʣ. ʉʚʷʪʦʛʦ ɺʦʣʦʜʠʤʠʨʘ 0 1.4 

9 ɺʽʜʤʽʪʢʘ ʥʘ ʟʘʢʠʥʫʪʦʤʫ ʙʫʜ. ʧʦ ʚʫʣ. ʉʚ. ɺʦʣʦʜʠʤʠʨʘ 35 0.4 1.17 

10 ɺʽʜʤʽʪʢʘ ʥʘ ʩʪʽʥʽ ʩʢʣʘʜʩʴʢʦʛʦ ʜʚʦʨʫ ʚʫʣ. ʂʠʾʚʩʴʢʘ 15 1.56 1.93 

11 ʋʨʽʟ ʥʘ ʫʟʙʽʯʯʽ ʜʦʨʦʛʠ ʤʽʞ ʙʫʜ. 44, 47, 49 ʧʦ ʚʫʣ. ʄʠʨʫ 47 0 0.28 

12 ʋʨʽʟ ʚʦʜʠ, ʢʫʪ ʙʫʜ. ʧʦ ʚʫʣ. ʃʴʚʽʚʩʴʢʘ 26 0 0.18 

13 ʋʨʽʟ ʙʽʣʷ ʤʝʪʘʣ. ʩʪʦʚʧʘ ʥʘʚʧʨʦʪʠ ʙʫʜ. ʧʦ ʚʫʣ. 9 ʪʨʘʚʥʷ 59 0 0.07 

14 ʋʨʽʟ ʙʽʣʷ ʤʝʪʘʣ. ʩʪʦʚʧʘ ʥʘʚʧʨʦʪʠ ʙʫʜ. ʧʦ ʚʫʣ. ʃʝʨʤʦʥʪʦʚʘ 22 0 0 

 

ʋ ʩ. ʄʘʤʘʾʚʮʽ ʚʠʟʥʘʯʝʥʦ 7 ʬʣʫʜʤʘʨʢʽʚ (ʪʘʙʣ. 4.2). ɿ ʨʠʩ. 4.5ʙ ʚʠʜʥʦ, ʱʦ 

ʧʨʦʤʦʜʝʣʴʦʚʘʥʘ ʛʨʘʥʠʮʷ ʟʦʥʠ ʟʘʪʦʧʣʝʥʥʷ ʙʣʠʟʴʢʘ ʜʦ ʪʦʯʦʢ 11-14, ʜʝ ʩʧʦʩʪʝʨʽʛʘʚʩʷ 

ʫʨʽʟ ʚʦʜʠ ʧʽʜ ʯʘʩ ʧʦʚʝʥʽ 2008. ʅʘʡʙʽʣʴʰʝ ʚʽʜʜʘʣʝʥʥʷ, ʜʦ 30 ʤ, ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʜʣʷ 

ʊʦʯʢʠ 11. ʇʨʦʤʦʜʝʣʴʦʚʘʥʽ ʛʣʠʙʠʥʠ ʚ ʊʦʯʢʘʭ 11-14 ʥʝʚʝʣʠʢʽ, ʥʘʡʙʽʣʴʰʝ ʟʥʘʯʝʥʥʷ ï 28 

ʩʤ ï ʪʘʢʦʞ ʦʪʨʠʤʘʥʝ ʜʣʷ ʊʦʯʢʠ 11. 

ʋ ʊʦʯʮʽ 18, ʜʝ ʟʛʽʜʥʦ ʟʽ ʩʧʦʩʪʝʨʝʞʝʥʥʷʤʠ, ʪʘʢʦʞ ʬʽʢʩʫʚʘʚʩʷ ʫʨʽʟ ʚʦʜʠ, 

ʤʦʜʝʣʶʚʘʥʥʷ ʧʦʢʘʟʘʣʦ ʜʦʩʠʪʴ ʚʝʣʠʢʝ ʟʥʘʯʝʥʥʷ ï 1 ʤ 40 ʩʤ. ʆʜʥʘʢ ʦʢʦʣʠʮʽ ʪʦʯʢʠ 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʨʽʟʢʠʤ ʧʝʨʝʧʘʜʦʤ ʨʝʣʴʻʬʫ (ʧʨʦʣʷʛʘʻ ʩʪʘʨʠʮʷ), ʘ ʤʝʞʘ ʟʦʥʠ 

(ʘ) 

(ʙ) 
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ʟʘʪʦʧʣʝʥʥʷ ʨʦʟʪʘʰʦʚʘʥʘ ʚʩʴʦʛʦ ʟʘ 18 ʤ ʚʽʜ ʪʦʯʢʠ 18. ʋ ʊʦʯʮʽ 10 ʧʨʦʤʦʜʝʣʴʦʚʘʥʝ 

ʟʥʘʯʝʥʥʷ 1 ʤ 93 ʩʤ ʚʽʜʨʽʟʥʷʻʪʴʩʷ ʥʘ 24% ʚʽʜ ʩʧʦʩʪʝʨʝʞʝʥʦʛʦ ʨʽʚʥʷ 1 ʤ 56 ʩʤ. ʋ ʊʦʯʮʽ 

9 ʨʦʟʨʘʭʦʚʘʥʝ ʟʥʘʯʝʥʥʷ 1 ʤ 17 ʩʤ ʧʦʤʽʪʥʦ ʚʽʜʨʽʟʥʷʻʪʴʩʷ ʚʽʜ ʨʝʟʫʣʴʪʘʪʽʚ ʩʧʦʩʪʝʨʝʞʝʥʴ 

ï 40 ʩʤ. ʊʦʯʢʘ ʨʦʟʪʘʰʦʚʘʥʘ ʧʦʙʣʠʟʫ ʩʪʘʨʠʮʽ, ʨʝʣʴʻʬ ʚ ʦʢʦʣʠʮʷʭ ʟʥʠʞʝʥʠʡ, ʽ 

ʧʨʦʤʦʜʝʣʴʦʚʘʥʽ ʛʣʠʙʠʥʠ ʥʘʚʢʦʣʦ ʪʦʯʢʠ ʩʪʘʥʦʚʣʷʪʴ 1ï1.5 ʤ. ʄʦʞʣʠʚʦ, ʙʫʜʽʚʣʷ 

ʣʦʢʘʣʴʥʦ ʧʽʜʥʷʪʘ ʥʘʜ ʦʪʦʯʝʥʥʷʤ, ʱʦ ʥʝ ʚʽʜʦʙʨʘʞʝʥʦ ʚ ʎʄʈ. 

ʋ ʮʽʣʦʤʫ ʨʝʟʫʣʴʪʘʪʠ ʧʦʨʽʚʥʷʥʥʷ ʛʣʠʙʠʥ ʧʦʚʝʥʽ 2008 ʨʦʢʫ, ʚʠʟʥʘʯʝʥʠʭ ʟʘ 

ʩʧʦʩʪʝʨʝʞʝʥʥʷʤʠ, ʽʟ ʧʨʦʤʦʜʝʣʴʦʚʘʥʠʤʠ ʥʘ ʩʫʯʘʩʥʦʤʫ ʨʝʣʴʻʬʽ ʥʘ ʜʽʣʷʥʮʽ 1-ʏʝʨʥʽʚʮʽ 

ʤʦʞʥʘ ʚʚʘʞʘʪʠ ʟʘʜʦʚʽʣʴʥʠʤʠ, ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʧʦʤʽʪʥʠʭ ʟʤʽʥ ʨʝʣʴʻʬʫ ʚ ʦʢʨʝʤʠʭ 

ʨʘʡʦʥʘʭ ʧʦʙʣʠʟʫ ʨʫʩʣʘ ʇʨʫʪʘ ʪʘ ʚ ʩʘʤʦʤʫ ʨʫʩʣʽ. ɺʝʨʠʬʽʢʘʮʽʶ ʟʘ ʜʽʣʷʥʢʦʶ 12-

ʉʪʦʨʦʞʠʥʝʮʴ ʜʠʚ. ʫ ɼʦʜʘʪʢʫ ɻ. 

ʇʽʩʣʷ ʩʪʚʦʨʝʥʥʷ ʤʦʜʝʣʽ ʫʩʽʭ 12 ʜʽʣʷʥʦʢ ʙʫʣʠ ʽʥʪʝʛʨʦʚʘʥʽ ʫ ʧʨʦʛʨʘʤʥʫ ʦʙʦʣʦʥʢʫ 

HYDROS ʩʠʩʪʝʤʠ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʟʦʥ ʟʘʪʦʧʣʝʥʥʷ ʫ ʙʘʩʝʡʥʘʭ ʨʽʯʦʢ ʉʽʨʝʪ ʽ ʇʨʫʪ. 

ʉʠʩʪʝʤʘ ʜʦʟʚʦʣʷʻ ʛʦʪʫʚʘʪʠ ʩʮʝʥʘʨʽʾ ʪʘ ʚʽʟʫʘʣʽʟʫʚʘʪʠ ʪʘ ʟʙʝʨʽʛʘʪʠ ʨʝʟʫʣʴʪʘʪʠ 

ʨʦʟʨʘʭʫʥʢʽʚ.  

ɿʘʟʥʘʯʠʤʦ, ʱʦ ʧʨʽʦʨʠʪʝʪʥʠʤ ʥʘʧʨʷʤʦʤ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʚʦʚʠʤʽʨʥʠʭ ʤʦʜʝʣʝʡ 

ʜʽʣʷʥʦʢ 1ï12 ʙʫʣʠ ʩʮʝʥʘʨʥʽ ʨʦʟʨʘʭʫʥʢʠ. ɿ ʧʦʷʚʦʶ ʥʦʚʠʭ GPU-ʤʦʜʫʣʽʚ ʩʠʩʪʝʤʠ 

COASTOX-PRL ʟôʷʚʠʣʘʩʷ ʤʦʞʣʠʚʽʩʪʴ ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʤʦʜʝʣʽ ʜʣʷ ʦʧʝʨʘʪʠʚʥʦʛʦ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʥʘ ʇʂ ʽʟ ʧʦʪʫʞʥʦʶ ʛʨʘʬʽʯʥʦʶ ʢʘʨʪʦʶ. ʎʝ ʧʽʜʪʚʝʨʜʞʫʶʪʴ ʯʘʩ 

ʨʦʟʨʘʭʫʥʢʫ 3 ʜʽʙ 1% ʝʢʩʪʨʝʤʘʣʴʥʦʛʦ ʩʮʝʥʘʨʽʶ (ʪʘʙʣ. 4.1): ʜʣʷ ʥʘʡʙʽʣʴʰʦʾ ʜʽʣʷʥʢʠ 8-

ʂʦʣʦʤʠʷ (1 241 180 ʢʦʤʽʨʦʢ) ʯʘʩ ʦʙʯʠʩʣʝʥʴ ʩʪʘʥʦʚʠʪʴ ʧʨʠʙʣʠʟʥʦ 1.5 ʛʦʜʠʥʠ, ʱʦ ʫ 48 

ʨʘʟʽʚ ʰʚʠʜʰʝ ʟʘ ʨʝʘʣʴʥʠʡ ʯʘʩ. 

ɼʣʷ ʧʨʦʛʥʦʟʫ ʥʘʩʣʽʜʢʽʚ ʟʘʪʦʧʣʝʥʴ ʧʨʠʙʝʨʝʞʥʠʭ ʩʤʫʛ ʤ. ʂʠʚ̒ʘ ʚʦʜʘʤʠ ɼʥʽʧʨʘ, ʫ 

ʚʠʧʘʜʢʫ ʚʠʩʦʢʦʛʦ ʚʦʜʦʧʽʣʣʷ, ʚ ɯʇʄʄʉ ʙʫʣʘ ʨʦʟʨʦʙʣʝʥʘ ʩʠʩʪʝʤʘ ʤʦʜʝʣʶʚʘʥʥʷ 

ʧʘʚʦʜʢʽʚ ʥʘ ʨ. ɼʥʽʧʨʦ ʥʘ ʜʽʣʷʥʮʽ ʚʽʜ ʛʠʨʣʘ ʨ. ɼʝʩʥʘ ʪʘ ʛʨʝʙʣʽ ʂʠʾʚʩʴʢʦʾ ɻɽʉ ʜʦ ʛʨʝʙʣʽ 

ʂʘʥʽʚʩʴʢʦʾ ɻɽʉ [154, 4]. 

ʆʙôʻʜʥʘʥʘ ʮʠʬʨʦʚʘ ʤʦʜʝʣʽ ʨʝʣʴʻʬʫ (ʎʄʈ) ʜʥʘ ʨʽʯʦʢ ʽ ʙʝʨʝʛʽʚ ʂʠʻʚʘ ʨʦʟʜʽʣʴʥʦʶ 

ʟʜʘʪʥʽʩʪʶ 10 ʤ ʙʫʣʘ ʩʪʚʦʨʝʥʘ ɻɯʉ-ʝʢʩʧʝʨʪʦʤ ɯʱʫʢʦʤ ʆ.ʆ. [154] ʥʘ ʦʩʥʦʚʽ ʜʘʥʠʭ 

ʝʭʦʣʦʪʥʦʾ ʟʡʦʤʢʠ ʛʣʠʙʠʥ ɼʥʽʧʨʘ ʽ ɼʝʩʥʠ 2006 ʨ., ʨʘʩʪʨʦʚʦʾ ʩʪʘʪʠʩʪʠʯʥʦʾ ʧʦʚʝʨʭʥʽ ʟ 

ʨʦʟʨʽʟʥʝʥʥʷʤ ʧʽʢʩʝʣʷ 10 ʤ, ʦʪʨʠʤʘʥʦʾ ʟʘ ʜʘʥʠʤʠ ʘʝʨʦʬʦʪʦʟʡʦʤʢʠ ʪʝʨʠʪʦʨʽʾ ʤʽʩʪʘ 



101 

2010 ʨ. ʽ ʘʢʪʫʘʣʴʥʠʭ ʜʘʥʠʭ ʤʽʩʴʢʦʛʦ ʨʝʣʴʻʬʫ ʤ. ʂʠʻʚʘ ʟ ʨʦʟʨʽʟʥʝʥʥʷʤ ʧʽʢʩʝʣʷ 5 ʤ ʟʘ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʣʽʜʘʨʥʦʾ ʟʡʦʤʢʠ 2020 ʨ.  

 

 

 

 

 

ʈʠʩʫʥʦʢ 4.6 ï ʂʠʾʚʩʴʢʘ ʤʦʜʝʣʴ ʧʦʚʝʥʝʡ: ʘ) ʨʝʣʴʻʬ ʨʦʟʨʘʭʫʥʢʦʚʦʾ ʦʙʣʘʩʪʽ ʽ ʨʦʟʧʦʜʽʣ 

ʢʦʝʬʽʮʽʻʥʪʘ ʄʘʥʽʥʛʘ; ʙ) ʚʠʤʽʨʷʥʽ ʚʠʪʨʘʪʠ ʨʽʯʦʢ ɼʥʽʧʨʦ ʽ ɼʝʩʥʘ ʧʽʜ ʯʘʩ ʚʦʜʦʧʽʣʣʷ 

1979 ʨ.; ʚ) ʨ̔ ʚʥʽ ʚʦʜʠ ʚ ʢʦʥʪʨʦʣʴʥʠʭ ʪʦʯʢʘʭ ʟʘ ʩʧʦʩʪʝʨʝʞʝʥʥʷʤʠ ʪʘ ʚ ʤʦʜʝʣʽ 

 

ʅʘ ʦʩʥʦʚʽ ʎʄʈ ʙʫʣʘ ʧʦʙʫʜʦʚʘʥʘ ʨʦʟʨʘʭʫʥʢʦʚʘ ʩʽʪʢʘ, ʟ 77 111 ʚʫʟʣʽʚ ʪʘ 152 112 

ʢʦʤʽʨʦʢ, ʱʦ ʚʘʨʽʶʶʪʴʩʷ ʟʘ ʨʦʟʤʽʨʘʤʠ ʚʽʜ 50ʤ ʙʽʣʷ ʨʫʩʝʣ ʨʽʯʦʢ ʜʦ 300ʤ ʥʘ ʩʫʭʠʭ 

ʛʨʘʥʠʮʷʭ ʦʙʣʘʩʪʽ (ʨʠʩ. 4.6ʘ). ʉʽʪʢʘ ʧʦʙʫʜʦʚʘʥʘ ʟ ʫʱʽʣʴʥʝʥʥʷʤ ʚ ʨʘʡʦʥʽ ʨʫʩʣʘ ɼʥʽʧʨʘ 

ʪʘ ʦʩʪʨʦʚʽʚ, ʚ ʥʝʾ ʪʘʢʦʞ ʚʥʝʩʝʥʽ ʦʩʥʦʚʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʨʝʣʴʻʬʫ ʙʝʨʝʛʽʚ: ʟʘʭʠʩʥʽ ʜʘʤʙʠ, 

ʥʘʩʠʧʠ ʟʘʣʽʟʥʠʯʥʠʭ ʰʣʷʭʽʚ ʪʘ ʘʚʪʦʜʦʨʽʛ. 

ɼʣʷ ʥʘʣʘʰʪʫʚʘʥʥʷ ʤʦʜʝʣʽ ʙʫʣʘ ʦʙʨʘʥʘ ʽʩʪʦʨʠʯʥʘ ʧʦʚʽʥʴ 1979 ʨ., ʷʢʘ, ʟʘ 

ʩʧʦʩʪʝʨʝʞʝʥʥʷʤʠ, ʻ ʥʘʡʙʽʣʴʰʦʶ ʚ ʂʠʻʚʽ ʧʽʩʣʷ ʚʚʝʜʝʥʥʷ ʚ ʝʢʩʧʣʫʘʪʘʮʽʶ ʂʘʥʽʚʩʴʢʦʾ 

ɻɽʉ. ɼʘʥʽ ʧʨʦ ʛʽʜʨʦʛʨʘʬʠ ʨʽʯʦʢ ʪʘ ʨʽʚʥʽ ʚʦʜʠ ʥʘ ʛʽʜʨʦʧʦʩʪʘʭ, ʚʠʤʽʨʷʥʽ ʧʽʜ ʯʘʩ ʧʦʚʝʥʽ 

1979 ʨ., ʙʫʣʠ ʥʘʜʘʥʽ ʋʢʨʘʾʥʩʴʢʠʤ ʛʽʜʨʦʤʝʪʝʦʨʦʣʦʛʽʯʥʠʤ ʮʝʥʪʨʦʤ ɼʝʨʞʘʚʥʦʾ ʩʣʫʞʙʠ 
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ʋʢʨʘʾʥʠ ʟ ʥʘʜʟʚʠʯʘʡʥʠʭ ʩʠʪʫʘʮʽʡ (ʋʢʨɻʄʎ) (ʨʠʩ. 4.6ʙ, ʚ). ɼʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʥʘ 

ʛʨʘʥʠʮʷʭ ʟʘʜʘʚʘʣʠʩʴ, ʥʘ ʚʭʽʜʥʠʭ ï ʚʠʪʨʘʪʘ ɼʝʩʥʠ ʽ ʩʢʠʜ ʂʠʾʚʩʴʢʦʾ ɻɽʉ, ʥʘ ʚʠʭʽʜʥʽʡ ï 

ʨʽʚʝʥʴ ʚʦʜʠ ʫ ʚʝʨʭʥʴʦʤʫ ʙôʻʬʽ ʂʘʥʽʚʩʴʢʦʾ ɻɽʉ. ʋ ʷʢʦʩʪʽ ʧʦʯʘʪʢʦʚʠʭ ʫʤʦʚ ʨʽʚʝʥʴ ʚʦʜʠ 

ʫʟʜʦʚʞ ʚʩʽʻʾ ʜʽʣʷʥʢʠ ɼʥʽʧʨʘ ʧʨʠʨʽʚʥʶʚʘʚʩʷ ʧʦʯʘʪʢʦʚʦʤʫ ʨʽʚʥʶ ʂʘʥʽʚʩʴʢʦʛʦ 

ʚʦʜʦʩʭʦʚʠʱʘ ï 90.91 ʤ. 

ɯʟ ʧʦʨʽʚʥʷʥʥʷ ʧʨʦʤʦʜʝʣʴʦʚʘʥʠʭ ʽ ʩʧʦʩʪʝʨʝʞʝʥʠʭ ʨʽʚʥʽʚ ʚʦʜʠ (ʈʠʩ. 4.7ʚ) 

ʚʠʧʣʠʚʘʻ, ʱʦ ʤʦʜʝʣʴ ʚʽʨʥʦ ʚʽʜʪʚʦʨʶʻ ʝʚʦʣʶʮʽʶ ʨʽʚʥʷ ɼʥʽʧʨʘ ʧʽʜ ʯʘʩ ʧʦʚʝʥʽ 1979 ʨ. 

ʥʘ ʚʩʽʡ ʜʦʩʣʽʜʞʫʚʘʥʽʡ ʜʽʣʷʥʮʽ ʚ ʤʝʞʘʭ ʤ. ʂʠʚ̒ʘ ï ʚʽʜ ʛʨʝʙʣʽ ʂʠʾʚʩʴʢʦʾ ɻɽʉ ʜʦ 

ʂʘʥʽʚʩʴʢʦʛʦ ʚʦʜʦʩʭʦʚʠʱʘ. 

ʇʽʩʣʷ ʥʘʣʘʰʪʫʚʘʥʥʷ ʤʦʜʝʣʴ ʙʫʣʘ ʽʥʪʝʛʨʦʚʘʥʘ ʚ ʧʨʦʛʨʘʤʥʫ ʦʙʦʣʦʥʢʫ HYDROS ʽ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʘʩʷ ʚ ʋʢʨɻʄʎ ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʥʘʩʣʽʜʢʽʚ ʚʝʩʥʷʥʠʭ ʚʦʜʦʧʽʣʴ [154]. 

ʈʦʟʨʘʭʫʥʢʠ ʚ ʋʢʨɻʄʎ ʚʠʢʦʥʫʚʘʣʠʩʴ ʟʘ ʜʦʧʦʤʦʛʦʶ ʨʦʟʨʦʙʣʝʥʦʾ ʟʜʦʙʫʚʘʯʝʤ 

ʧʘʨʘʣʝʣʴʥʦʾ MPI-ʚʝʨʩʽʾ ʯʠʩʝʣʴʥʦʾ ʤʦʜʝʣʽ COASTOX-HD (ʧ. 2.3) ʥʘ ʇʂ ʟ 

ʙʘʛʘʪʦʷʜʝʨʥʠʤ ʧʨʦʮʝʩʦʨʦʤ (4 ʷʜʨʘ). ɺʦʥʠ ʙʫʣʠ ʜʦʩʠʪʴ ʪʨʠʚʘʣʠʤʠ, ʱʦ ʦʙʤʝʞʫʚʘʣʦ 

ʢʽʣʴʢʽʩʪʴ ʤʦʜʝʣʴʥʠʭ ʩʮʝʥʘʨʽʾʚ ʬʦʨʤʫʚʘʥʥʷ ʚʦʜʦʧʽʣʣʷ, ʷʢʽ ʤʦʛʣʠ ʙʫʪʠ ʨʦʟʛʣʷʥʫʪʽ, ʽ 

ʫʥʝʤʦʞʣʠʚʣʶʚʘʣʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʦʜʝʣʽ ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʨʘʧʪʦʚʠʭ ʧʦʚʝʥʝʡ ʚ 

ʦʧʝʨʘʪʠʚʥʦʤʫ ʨʝʞʠʤʽ, ʥʘʧʨʠʢʣʘʜ, ʫ ʨʘʟʽ ʘʚʘʨʽʾ ʥʘ ʂʠʾʚʩʴʢʠʡ ɻɽʉ. 

ʋ 2020 ʨ. ʟʜʦʙʫʚʘʯʝʤ ʦʙʯʠʩʣʶʚʘʣʴʥʠʡ ʤʦʜʫʣʴ ʤʦʜʝʣʽ ʧʦʚʝʥʝʡ ʙʫʚ ʦʥʦʚʣʝʥʠʡ 

GPU-ʚʝʨʩʽʻʶ (ʧ. 2.3). ʎʝ ʜʦʟʦʣʷʻ ʚʠʢʦʥʫʚʘʪʠ ʨʦʟʨʘʭʫʥʢʠ ʥʘ ʇʂ ʽʟ ʧʦʪʫʞʥʦʶ 

ʚʽʜʝʦʢʘʨʪʦʶ ʟʥʘʯʥʦ ʰʚʠʜʰʝ ʡ ʜʘʻ ʟʤʦʛʫ ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʤʦʜʝʣʴ ʜʣʷ ʦʧʝʨʘʪʠʚʥʠʭ 

ʧʨʦʛʥʦʟʽʚ. ʇʽʜ ʪʘʢʦʞ ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʟʘʪʦʧʣʝʥʥʷ ʙʝʨʝʛʽʚ ɼʥʽʧʨʘ ʚ 

ʤ. ʂʠʻʚʽ ʧʽʜ ʯʘʩ ʚʝʩʥʷʥʠʭ ʧʦʚʝʥʝʡ ʨʽʟʥʦʾ ʟʘʙʝʟʧʝʯʝʥʦʩʪʽ, ʘ ʪʘʢʦʞ ʚʥʘʩʣʽʜʦʢ 

ʨʫʡʥʫʚʘʥʥʷ ʛʨʝʙʣʽ ʂʠʾʚʩʴʢʦʾ ɻɽʉ (ʜʠʚ. ʧ. 4.2). ʋ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʜʦ ʜʠʨʝʢʪʠʚʠ 

2007/60/EC ɭʚʨʦʧʝʡʩʴʢʦʛʦ ʧʘʨʣʘʤʝʥʪʫ [208], ʱʦʜʦ ʦʮʽʥʢʠ ʪʘ ʫʧʨʘʚʣʽʥʥʷ ʨʠʟʠʢʘʤʠ 

ʧʦʚʝʥʝʡ, ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʙʫʣʠ ʦʙʨʘʥʽ ʧʦʚʝʥʽ ʚʠʩʦʢʦʾ ʚʽʨʦʛʽʜʥʦʩʪʽ, ʟʘʙʝʟʧʝʯʝʥʽʩʪʶ 

50% ʽ 25%, ʩʝʨʝʜʥʴʦʾ ʚʽʨʦʛʽʜʥʦʩʪʽ, ʟʘʙʝʟʧʝʯʝʥʽʩʪʶ 10%, 5% ʽ 3%, ʪʘ ʥʠʟʴʢʦʾ 

ʚʽʨʦʛʽʜʥʦʩʪʽ ʟʘʙʝʟʧʝʯʝʥʽʩʪʶ 1% ʽ 0,1%. ʄʘʢʩʠʤʘʣʴʥʽ ʚʠʪʨʘʪʠ ʚʝʩʥʷʥʠʭ ʧʦʚʝʥʝʡ ʫ 

ʙʘʩʝʡʥʽ ɼʥʽʧʨʘ ʮʠʭ ʟʘʙʝʟʧʝʯʝʥʦʩʪʝʡ ʟʙʫʣʠ ʨʦʟʨʘʭʦʚʘʥʽ ʋʢʨɻʄʎ ʜʣʷ ʧʫʥʢʪʽʚ 

ʩʧʦʩʪʝʨʝʞʝʥʴ ʥʘ ʨʽʯʢʘʭ ʉʦʞ, ʇʨʠʧôʷʪʴ, ɼʝʩʥʘ ʪʘ ɼʥʽʧʨʦ (ʪʘʙʣ. 4.3).  
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ʊʘʙʣʠʮʷ 4.3 ï ʄʘʢʩʠʤʘʣʴʥʽ ʚʠʪʨʘʪʠ (ʤ3/ʩ) ʚʦʜʠ ʚʝʩʥʷʥʠʭ ʚʦʜʦʧʽʣʴ 

ʈʽʯʢʘ - ʧʦʩʪ 
ʁʤʦʚʽʨʥʽʩʪʴ ʧʝʨʝʚʠʱʝʥʥʷ (ʟʘʙʝʟʧʝʯʝʥʽʩʪʴ), % 

0.1 1 3 5 10 25 50 

ʨ. ʉʦʞ ï ʤ. ɻʦʤʝʣʴ 11160 6900 5130 4370 3410 2210 1340 

ʨ. ɺʝʨʭʥʽʡ ɼʥʽʧʨʦ ï ʩ. ʈʽʯʠʮʷ 8660 5560 4270 3730 3020 2120 1440 

ʨ. ʇʨʠʧôʷʪʴ ï ʤ. ʄʦʟʠʨ 8760 5470 4140 3580 2870 1970 1300 

ʨ. ɼʝʩʥʘ ï ʤ. ʏʝʨʥʽʛʽʚ 14500 7950 5620 4660 3520 2210 1320 

ʨ. ɼʥʽʧʨʦ ï ʤ. ʂʠʾʚ 36394 21790 16097 13708 10731 7085 4485 

 

ɺʽʜʧʦʚʽʜʥʦ ʜʦ ʤʘʢʩʠʤʘʣʴʥʠʭ ʚʠʪʨʘʪ ʚ ʋʢʨɻʄʎ ʙʫʣʠ ʧʦʙʫʜʦʚʘʥʽ ʩʮʝʥʘʨʥʽ 

ʛʽʜʨʦʛʨʘʬʠ: ʜʣʷ ʨ. ɼʝʩʥʘ ï ʥʘ ʦʩʥʦʚʽ ʛʽʜʨʦʛʨʘʬʘ ʽʩʪʦʨʠʯʥʦʾ ʧʦʚʝʥʽ 1970 ʨ.; ʜʣʷ ʩʢʠʜʫ 

ʂʠʾʚʩʴʢʦʾ ɻɽʉ ï ʥʘ ʦʩʥʦʚʽ ʚʠʩʦʢʠʭ ʚʦʜʦʧʽʣʴ 1970 ʽ 1979 ʨʨ. ʥʘ ʨ. ʇʨʠʧôʷʪʴ ʽ ʧʦʚʝʥʽ 

1970 ʨ. ʥʘ ɺʝʨʭʥʴʦʤʫ ɼʥʽʧʨʽ ʽ ʨ. ʉʦʞ. ʇʦʙʫʜʦʚʘʥʽ ʩʮʝʥʘʨʥʽ ʛʽʜʨʦʛʨʘʬʠ, ʱʦ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʴ ʷʢ ʛʨʘʥʠʯʥ ̔ʫʤʦʚʠ ʤʦʜʝʣʽ, ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 4.7. 

  

ʈʠʩʫʥʦʢ 4.7 ï ʉʮʝʥʘʨʥʽ ʛʽʜʨʦʛʨʘʬʠ ʚʠʪʨʘʪ ʧʽʜ ʯʘʩ ʚʝʩʥʷʥʠʭ ʧʦʚʝʥʝʡ ʨʽʟʥʦʾ 

ʟʘʙʝʟʧʝʯʝʥʦʩʪʽ: ʘ) ʨ. ɼʝʩʥʘ; ʙ) ʨ. ɼʥʽʧʨʦ ï ʩʢʠʜ ʂʠʾʚʩʴʢʦʾ ɻɽʉ 

 

ʈʽʚʝʥʴ ʚʦʜʠ ʥʘ ʚʠʭʽʜʥʽʡ ʛʨʘʥʠʮʽ ʜʣʷ ʚʩʽʭ ʩʮʝʥʘʨʽʾʚ ʧʨʠʡʤʘʚʩʷ ʩʪʘʣʠʤ, ʨʽʚʥʠʤ 

ʥʦʨʤʘʣʴʥʦʤʫ ʧʽʜʧʽʨʥʦʤʫ ʨʽʚʥʶ (ʅʇʈ) ʂʘʥʽʚʩʴʢʦʾ ɻɽʉ ï 91.5 ʤɹʉ. ʇʝʨʽʦʜ 

ʤʦʜʝʣʶʚʘʥʥʷ ʙʫʚ ʦʙʨʘʥʠʡ 30 ʜʥʽʚ, ʘʙʠ ʦʭʦʧʠʪʠ ʧʦʯʘʪʦʢ, ʧʽʢ ʽ ʩʧʘʜ ʧʘʚʦʜʢʫ, ʚʽʜʧʦʚʽʜʥʦ 

ʜʦ ʩʮʝʥʘʨʥʠʭ ʛʽʜʨʦʛʨʘʬʽʚ ï ʚʽʜ 1 ʢʚʽʪʥʷ ʜʦ 1 ʪʨʘʚʥʷ. 

(ʘ) (ʙ) 
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ʈʠʩʫʥʦʢ 4.8 ï ʂʘʨʪʠ ʟʘʪʦʧʣʝʥʥʷ ʙʝʨʝʛʽʚ ɼʥʽʧʨʘ ʚ ʤ ʂʠʻʚʽ ʚʥʘʩʣʽʜʦʢ ʚʝʩʥʷʥʠʭ 

ʧʦʚʝʥʝʡ: ʘ) ʟʘʙʝʟʧʝʯʝʥʽʩʪʶ 50 % (ʤʘʢʩʠʤʘʣʴʥʘ ʚʠʪʨʘʪʘ ɼʥʽʧʨʘ ʚ ʂʠʻʚʽ ï 4485 ʤ3/ʩ); 

ʙ) ʟʘʙʝʟʧʝʯʝʥʽʩʪʶ 10 % (ʚʠʪʨʘʪʘ ï 10731 ʤ3/ʩ) 

 

ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʩʮʝʥʘʨʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʨʽʚʥʽ ʚʦʜʠ ʚ ʢʦʥʪʨʦʣʴʥʠʭ 

ʪʦʯʢʘʭ ʤʦʜʝʣʽ (ʜʠʚ. ʤʘʢʩʠʤʘʣʴʥʽ ʟʥʘʯʝʥʥʷ ʚ ʪʘʙʣ. 4.4), ʘ ʪʘʢʦʞ ʧʦʙʫʜʦʚʘʥʽ ɻɯʉ-ʢʘʨʪʠ 

ʟʦʥ ʟʘʪʦʧʣʝʥʴ ʚʝʩʥʷʥʠʭ ʧʦʚʝʥʝʡ ʦʙʨʘʥʦʾ ʟʘʙʝʟʧʝʯʝʥʦʩʪʽ. ʅʘ ʨʠʩ 4.8, ʷʢ ʧʨʠʢʣʘʜ, 

ʥʘʚʝʜʝʥʦ ʢʘʨʪʠ ʟʦʥ ʟʘʪʦʧʣʝʥʥʷ ʜʣʷ ʧʦʚʝʥʝʡ ʽʟ ʟʘʙʝʟʧʝʯʝʥʽʩʪʶ 50% ʪʘ 10%. 10% ʧʦʚʽʥʴ 

(ʤʘʢʩʠʤʘʣʴʥʘ ʚʠʪʨʘʪʘ 10 731 ʤį/ʩ) ʻ ʥʘʡʙʣʠʞʯʦʶ ʟʘ ʚʝʣʠʯʠʥʦʶ ʜʦ ʧʦʚʝʥʽ 1979 ʨʦʢʫ, 

ʧʽʜ ʯʘʩ ʷʢʦʾ, ʟʘ ʩʧʦʩʪʝʨʝʞʝʥʥʷʤʠ ʥʘ ʛʽʜʨʦʧʦʩʪʽ ʚ ʂʠʻʚʽ, ʤʘʢʩʠʤʘʣʴʥʘ ʚʠʪʨʘʪʘ 

ʩʪʘʥʦʚʠʣʘ 10 500 ʤį/ʩ. 

ɻʣʠʙʠʥʠ ʪʘ ʨʽʚʥʽ ʚʦʜʠ ʜʣʷ ʚʩʽʭ ʧʨʦʨʘʭʦʚʘʥʠʭ ʩʮʝʥʘʨʽʾʚ ʟʙʝʨʝʞʝʥʦ ʚ ʙʘʟʽ ʜʘʥʠʭ 

PostgreSQL ʧʨʦʛʨʘʤʥʦʛʦ ʢʦʤʧʣʝʢʩʫ HYDROS. ɺʦʥʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ 

ʚʠʟʥʘʯʝʥʥʷ ʛʣʠʙʠʥ ʟʘʪʦʧʣʝʥʥʷ ʚ ʤʽʩʮʷʭ ʨʦʟʪʘʰʫʚʘʥʥʷ ʦʙôʻʢʪʽʚ ʦʩʦʙʣʠʚʦʛʦ ʟʥʘʯʝʥʥʷ, 

ʩʪʚʦʨʝʥʥʷ ʢʘʨʪ ʥʝʙʝʟʧʝʢʠ ʧʦʚʝʥʝʡ, ʦʮʽʥʢʠ ʨʠʟʠʢʽʚ ʽ ʨʦʟʨʦʙʢʠ ʚʽʜʧʦʚʽʜʥʠʭ ʢʘʨʪ 

ʨʠʟʠʢʽʚ. 

 

(ʘ) (ʙ) 
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ʊʘʙʣʠʮʷ 4.4 ï ʄʘʢʩʠʤʘʣʴʥʽ ʨʽʚʥʽ ʚʦʜʠ ʨʦʟʨʘʭʦʚʘʥʽ ʤʦʜʝʣʣʶ ʫ ʢʦʥʪʨʦʣʴʥʠʭ 

ʪʦʯʢʘʭ ʫʟʜʦʚʞ ʨʫʩʣʘ ɼʥʽʧʨʘ ʧʽʜ ʯʘʩ ʚʝʩʥʷʥʠʭ ʧʦʚʝʥʝʡ ʟʘʙʝʟʧʝʯʽʥʥʽʩʪʶ 50, 25, 10, 5, 3, 

1 ʽ 0.1 %, ʘ ʪʘʢʦʞ ʧʦʚʝʥʽ 1979 ʨʦʢʫ (ʚ ʜʫʞʢʘʭ - ʚʠʤʽʨʠ) 

ʂʦʥʪʨʦʣʴʥʘ 

ʪʦʯʢʘ 

ʈʽʚʝʥʴ ʚʦʜʠ (ʤ) 

50% 25% 10% 5% 3% 1% 0.1% 1979 

ʂʠʾʚ ɻɽʉ 93.88 95.25 96.74 97.74 98.44 99.93 102.79 96.31 (96.54) 

ɻʠʨʣʦ ɼʝʩʥʠ 93.84 95.21 96.69 97.67 98.37 99.86 102.69 96.2 

ʇʽʚʥ. ʤʽʩʪ 93.55 94.84 96.24 97.18 97.84 99.29 102.18 95.79 

ʄʽʩʪ ʄʝʪʨʦ 93.27 94.47 95.77 96.63 97.22 98.58 101.21 95.34 (95.36) 

ʇʽʚʜ. ʤʽʩʪ 93.04 94.14 95.34 96.11 96.65 97.87 100.32 94.94 

ɹʦʨʪʥʠʯʽ 92.72 93.62 94.70 95.47 96.03 97.24 99.73 94.28 

ɺʠʰʝʥʴʢʠ 92.60 93.39 94.43 95.18 95.73 96.92 99.38 94.02 

ʂʦʟʠʥ 92.36 93.09 94.08 94.80 95.34 96.52 98.95 93.67 

ʇʣʶʪʠ 92.01 92.48 93.18 93.72 94.15 95.13 97.27 92.81 

ʋʢʨʘʾʥʢʘ 91.95 92.40 93.06 93.58 93.99 94.95 97.07 92.69 (92.85) 

 

ɿʘʜʘʯʘ ʟʘʪʦʧʣʝʥʥʷ ʙʝʨʝʛʽʚ ʨ. ɼʥʽʧʨʦ ʚ ʤ. ʂʠʻʚʽ ʧʽʜ ʯʘʩ ʚʝʩʥʷʥʦʛʦ ʚʦʜʦʧʽʣʣʷ 1979 

ʨ. ʙʫʣʘ ʦʙʨʘʥʘ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʨʦʟʤʽʨʫ ʨʦʟʨʘʭʫʥʢʦʚʦʾ ʩʽʪʢʠ ʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ 

ʧʘʨʘʣʝʣʴʥʦʾ ʚʝʨʩʽʾ ʤʦʜʝʣʽ ʧʦʚʝʥʝʡ [13]. 

ɿ ʮʽʻʶ ʤʝʪʦʶ ʟ ʙʘʟʦʚʦʾ ʨʦʟʨʘʭʫʥʢʦʚʦʾ ʩʽʪʢʠ ʙʫʣʦ ʩʪʚʦʨʝʥʦ ʱʝ ʪʨʠ ʧʦʩʣʽʜʦʚʥʦ 

ʙʽʣʴʰʦʛʦ ʨʦʟʤʽʨʫ ʰʣʷʭʦʤ ʨʦʟʜʽʣʝʥʥʷ ʢʦʞʥʦʛʦ ʨʝʙʨʘ ʩʽʪʢʠ ʥʘʚʧʽʣ ʽ ʢʦʞʥʦʾ ʪʨʠʢʫʪʥʦʾ 

ʢʦʤʽʨʢʠ ʥʘ ʯʦʪʠʨʠ ʪʨʠʢʫʪʥʠʢʘ. ʉʪʚʦʨʝʥʽ ʯʦʪʠʨʠ ʩʽʪʢʠ ʤʘʶʪʴ ʜʦʚʞʠʥʫ ʨʝʙʝʨ ʙʘʟʦʚʠʭ 

ʪʨʠʢʫʪʥʠʢʽʚ ʫʟʜʦʚʞ ʨʫʩʣʘ ɼʥʽʧʨʘ 50 ʤ, 25 ʤ, 12.5 ʤ ʽ 6.25 ʤ ʪʘ ʨʦʟʤʽʨʠ: 77 092/152 074, 

306 257/608 296, 1 220 809/2 433 184, 4 874 801/9 732 736 ʚʫʟʣʽʚ/ʢʦʤʽʨʦʢ. 

ʊʝʩʪʫʚʘʥʥʷ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʙʘʛʘʪʦʷʜʝʨʥʠʭ ʧʨʦʮʝʩʦʨʘʭ ʨʦʙʦʯʽʡ ʩʪʘʥʮʽʾ Dell ʽ 

ʛʨʘʬʽʯʥʠʭ ʢʘʨʪʘʭ Quadro RTX 5000 ʽ GeForce RTX 3080. ɼʣʷ ʚʩʽʭ ʩʮʝʥʘʨʽʾʚ, ʦʢʨʽʤ 

ʦʜʥʦʛʦ, ʦʮʽʥʶʚʘʚʩʷ ʯʘʩ ʤʦʜʝʣʶʚʘʥʥʷ 1 ʜʥʷ ʧʦʚʝʥʽ 1979 ʨ. ɼʣʷ ʥʘʡʙʽʣʴʰʦʾ ʩʽʪʢʠ ʯʘʩ 

ʤʦʜʝʣʶʚʘʥʥʷ ʥʘ 1 ʷʜʨʽ ʨʦʙʦʯʦʾ ʩʪʘʥʮʽʾ ʟʘʚʝʣʠʢʠʡ. ɺʽʥ ʦʮʽʥʶʚʘʚʩʷ ʟʘ ʯʘʩʦʤ 

ʤʦʜʝʣʶʚʘʥʥʷ 1 ʛʦʜʠʥʠ ʧʦʚʝʥʽ. ʈʝʟʫʣʴʪʘʪʠ ʪʝʩʪʫʚʘʥʥʷ ʟʽʙʨʘʥʽ ʚ ʪʘʙʣ. 4.5. 
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ʊʘʙʣʠʮʷ 4.5 ï ʆʮʽʥʢʘ ʝʬʝʢʪʠʚʥʦʩʪʽ ʤʦʜʝʣʽ ʧʦʚʝʥʝʡ ʚ ʤ. ʂʠʻʚʽ ʧʨʠ ʨʦʟʨʘʭʫʥʢʘʭ 

ʥʘ CPU ̔ GPU, ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʨʦʟʤʽʨʫ ʨʦʟʨʘʭʫʥʢʦʚʦʾ ʩʽʪʢʠ 

ῳὰ, 

ʤ 
NC 

ʏʘʩ ʨʦʟʨʘʭʫʥʢʫ 1 ʜʥʷ 

ʧʦʚʝʥʽ 1979 ʨ., ʛʦʜ 
ʇʨʠʩʢʦʨʝʥʥʷ 

ʇʨʠʩʢʦʨ. 

ʧʨʦʪʠ MPI 

Dell 7920 RTX 

5000 

RTX 

3080 

Dell 

MC 

RTX 

5000 

RTX 

3080 

RTX 

5000 

RTX 

3080 Serial MC 

50 152 074 1.25 0.055 0.037 0.020 22.63 33.57 62.72 1.48 2.77 

25 608 296 10.88 0.50 0.19 0.092 21.72 57.54 118.33 2.65 5.45 

12.5 2 433 184 113.9 5.28 1.23 0.65 21.58 92.77 174.49 4.30 8.09 

6.25 9 732 736 972.5 50.04 10.23 5.38 19.43 95.03 180.64 4.89 9.29 

 

 

ʈʠʩʫʥʦʢ 4.9 ï ʆʮʽʥʢʘ ʝʬʝʢʪʠʚʥʦʩʪʽ ʤʦʜʝʣʽ ʧʦʚʝʥʝʡ ʚ ʤ. ʂʠʻʚʽ: ʘ) ʧʦʨʽʚʥʷʥʥʷ ʯʘʩʽʚ 

ʨʦʟʨʘʭʫʥʢʫ 1 ʜʥʷ ʧʘʚʦʜʢʫ 1979 ʨ.; ʙ) ʧʨʠʩʢʦʨʝʥʥʷ MPI ʪʘ GPU ʚʝʨʩʽʡ COASTOX-HD 

ʧʦʨʽʚʥʷʥʦ ʟ ʥʝʧʘʨʘʣʝʣʴʥʦʶ ʚʝʨʩʽʻʶ 

 

ʏʘʩ ʦʙʯʠʩʣʝʥʥʷ ʟʘʜʘʯʽ ʥʘ ʨʦʙʦʯʽʡ ʩʪʘʥʮʽʾ, ʷʢ ʫ ʧʘʨʘʣʝʣʴʥʦʤʫ ʪʘʢ ʽ ʫ 

ʥʝʧʘʨʘʣʝʣʴʥʦʤʫ ʨʝʞʠʤʽ, ʤʘʻ ʙʣʠʟʴʢʫ ʜʦ ʩʪʫʧʝʥʝʚʦʾ ʟʘʣʝʞʥʽʩʪʴ ʚʽʜ ʨʦʟʤʽʨʫ 

ʨʦʟʨʘʭʫʥʢʦʚʦʾ ʩʽʪʢʠ (ʨʠʩ. 4.9ʘ). ʎʝ ʧʦʚôʷʟʘʥʦ ʟ ʪʠʤ, ʱʦ ʯʠʩʝʣʴʥʘ ʩʭʝʤʘ ʨʦʟʚôʷʟʢʫ ʈʄɺ 

ʚ ʤʦʜʝʣʽ ʷʚʥʘ, ʯʘʩʦʚʠʡ ʢʨʦʢ ʦʙʠʨʘʻʪʴʩʷ ʟ ʫʤʦʚʠ ʂʫʨʘʥʪʘ, ʪʦʤʫ ʢʽʣʴʢʽʩʪʴ ʦʙʯʠʩʣʝʥʴ 

ʦʙʝʨʥʝʥʦ ʧʨʦʧʦʨʮʽʡʥʘ ʜʦ ʢʫʙʘ ʣʽʥʽʡʥʠʭ ʨʦʟʤʽʨʽʚ ʢʦʤʽʨʢʠ. ɸ ʦʩʢʽʣʴʢʠ ʢʽʣʴʢʽʩʪʴ 

ʢʦʤʽʨʦʢ ʦʙʝʨʥʝʥʦ ʧʨʦʧʦʨʮʽʡʥʘ ʢʚʘʜʨʘʪʫ ʣʽʥʽʡʥʠʭ ʨʦʟʤʽʨʽʚ, ʢʽʣʴʢʽʩʪʴ ʦʙʯʠʩʣʝʥʴ ʽ ʯʘʩ 

ʧʨʠʙʣʠʟʥʦ ʧʨʦʧʦʨʮʽʡʥʽ ʢʽʣʴʢʦʩʪʽ ʢʦʤʽʨʦʢ ʫ ʩʪʫʧʝʥʶ 3/2. 

ɿʘʣʝʞʥʽʩʪʴ ʯʘʩʫ ʤʦʜʝʣʶʚʘʥʥʷ ʥʘ ʛʨʘʬʽʯʥʠʭ ʧʨʦʮʝʩʦʨʘʭ ʚʽʜ ʨʦʟʤʽʨʫ ʩʽʪʢʠ ʜʝʱʦ 

ʧʦʚʽʣʴʥʽʰʘ ʟʘ ʩʪʫʧʽʥʴ 3/2. ʉʘʤʝ ʤʦʜʝʣʶʚʘʥʥʷ ʥʘ ʦʙʦʭ ʚʠʢʦʨʠʩʪʘʥʠʭ ʫ ʪʝʩʪʫʚʘʥʥʽ 

(ʘ) (ʙ) 
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ʛʨʘʬʽʯʥʠʭ ʧʨʦʮʝʩʦʨʘʭ ʰʚʠʜʰʝ ʥʽʞ ʥʘ ʨʦʙʦʯʽʡ ʩʪʘʥʮʽʾ. ʅʘʚʽʪʴ ʜʣʷ ʩʘʤʦʾ ʚʝʣʠʢʦʾ ʩʽʪʢʠ, 

ʟ ʙʣʠʟʴʢʦ 10 ʤʽʣʴʡʦʥʘʤʠ ʢʦʤʽʨʦʢ, ʯʘʩ ʤʦʜʝʣʶʚʘʥʥʷ ʤʝʥʰʠʡ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ ʽ ʤʦʜʝʣʴ 

ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʘ ʜʣʷ ʧʨʦʛʥʦʟʫ ʢʠʾʚʩʴʢʠʭ ʧʦʚʝʥʝʡ ʚ ʦʧʝʨʘʪʠʚʥʦʤʫ ʨʝʞʠʤʽ. 

ʇʨʠʩʢʦʨʝʥʥʷ MPI-ʚʝʨʩʽʾ ʤʦʜʝʣʽ ʩʣʘʙʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʨʦʟʤʽʨʫ ʩʽʪʢʠ, ʪʨʦʭʠ 

ʟʤʝʥʰʫʶʯʠʩʴ ʧʨʠ ʟʨʦʩʪʘʥʥʽ ʢʽʣʴʢʦʩʪʽ ʢʦʤʽʨʦʢ (ʨʠʩ. 4.9ʙ). ʇʨʠʩʢʦʨʝʥʥʷ GPU-ʚʝʨʩʽʾ 

ʥʘʚʧʘʢʠ ʨʽʟʢʦ ʟʨʦʩʪʘʻ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʨʦʟʤʽʨʫ ʩʽʪʢʠ ʜʦ ʧʝʚʥʦʛʦ ʾʾ ʚʝʣʠʯʠʥʠ (ʜʝʢʽʣʴʢʘ 

ʤʽʣʴʡʦʥʽʚ ʢʦʤʽʨʦʢ) ʜʘʣʽ ʟʨʽʩʪ ʫʧʦʚʽʣʴʥʶʻʪʴʩʷ, ʜʦʩʷʛʘʶʯʠ ʥʘʩʠʯʝʥʥʷ (ʨʠʩ. 4.9ʙ).  

GeForce RTX 3080 ʥʘ ʚʩʽʭ ʩʽʪʢʘʭ ʧʨʠʙʣʠʟʥʦ ʚ 2 ʨʘʟʠ ʰʚʠʜʰʘ ʟʘ Quadro RTX 

5000. ʇʦʨʽʚʥʷʥʥʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʚʽʜʝʦʢʘʨʪ, 29.77 TFLOPS ʧʨʦʪʠ 11.15 TFLOPS, ʽ 

ʧʨʦʧʫʩʢʥʦʾ ʟʜʘʪʥʦʩʪʽ ʧʘʤôʷʪʽ, 760.3 GB/s ʧʨʦʪʠ 448.0 GB/s, ʧʽʜʪʚʝʨʜʞʫʻ ʧʨʠʧʫʱʝʥʥʷ, 

ʱʦ ʜʣʷ ʨʦʟʨʦʙʣʝʥʦʾ ʧʘʨʘʣʝʣʴʥʦʾ ʤʦʜʝʣʽ, ʯʠʩʝʣʴʥʽ ʩʭʝʤʠ ʷʢʦʾ ʚʽʜʥʦʩʷʪʴʩʷ ʜʦ 

ʘʣʛʦʨʠʪʤʽʚ ʟ ʥʝʚʠʩʦʢʦʶ ʦʙʯʠʩʣʶʚʘʣʴʥʦʶ ʽʥʪʝʥʩʠʚʥʽʩʪʶ, ʧʨʦʧʫʩʢʥʘ ʟʜʘʪʥʽʩʪʴ ʧʘʤôʷʪʽ 

ʻ ʙʽʣʴʰ ʚʘʞʣʠʚʠʤ ʦʙʤʝʞʫʶʯʠʤ ʬʘʢʪʦʨʦʤ ʧʨʠʩʢʦʨʝʥʥʷ ʯʠʤ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ. 

 

 

4.2 ɯʥʬʦʨʤʘʮʽʡʥʽ ʩʠʩʪʝʤʠ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ ʥʘʩʣʽʜʢʽʚ ʨʫʡʥʫʚʘʥʥʷ 

ʛʽʜʨʦʪʝʭʥʽʯʥʠʭ ʩʧʦʨʫʜ 

 

 

ɻʽʜʨʦʣʦʛʽʯʥʠʡ ʈʝʞʠʤ ɼʥʽʧʨʘ ʚʽʜ ʛʠʨʣʘ ʇʨʠʧôʷʪʽ ʚʠʟʥʘʯʘʻʪʴʩʷ ʨʦʙʦʪʦʶ 

ʂʠʾʚʩʴʢʦʛʦ ʛʽʜʨʦʚʫʟʣʘ, ʱʦ ʚʧʣʠʚʘʻ ʥʘ ʛʽʜʨʦʣʦʛʽʯʥʽ ʫʤʦʚʠ ʚʠʱʝ ʪʘ ʥʠʞʯʝ ʛʨʝʙʣʽ. 

ʈʦʟʨʦʙʣʝʥʘ ʧʘʨʘʣʝʣʴʥʘ ʤʦʜʝʣʴ ʧʦʚʝʥʝʡ ʫ ʤʽʩʪʽ [4] (ʧ. 4.1) ʧʨʠʜʘʪʥʘ ʜʣʷ ʧʨʦʛʥʦʟʫ ʷʢ 

ʧʨʠʨʦʜʥʠʭ ʧʦʚʝʥʝʡ, ʪʘʢ ʽ ʘʚʘʨʽʡʥʠʭ ʧʘʚʦʜʢʽʚ ʚʽʜ ʩʢʠʜʽʚ ʂʠʾʚʩʴʢʦʾ ɻɽʉ ʽ ʥʘʩʣʽʜʢʽʚ 

ʨʫʡʥʫʚʘʥʥʷ ʛʨʝʙʣʽ ɻɽʉ. 

ɼʦ ʩʢʣʘʜʫ ʂʠʾʚʩʴʢʦʛʦ ʛʽʜʨʦʚʫʟʣʘ (ʨʠʩ. 4.10) ʚʭʦʜʷʪʴ ʧʨʘʚʦʙʝʨʝʞʥʘ ʽ ʣʽʚʦʙʝʨʝʞʥʘ 

ʟʝʤʣʷʥʽ ʛʨʝʙʣʽ, ʩʫʜʥʦʧʣʘʚʥʠʡ ʰʣʶʟ, ʙʫʜʽʚʣʷ ɻɽʉ ʟ ʚʦʜʦʩʢʠʜʘʤʠ ʪʘ ʣʽʚʦʙʝʨʝʞʥʘ 

ʟʘʭʠʩʥʘ ʜʘʤʙʘ. ɿʘʛʘʣʴʥʘ ʜʦʚʞʠʥʘ ʥʘʧʽʨʥʦʛʦ ʬʨʦʥʪʫ ʟʝʤʣʷʥʠʭ ʩʧʦʨʫʜ ï 42 ʢʤ, ʙʫʜʽʚʣʽ 

ɻɽʉ ï 285 ʤ, ʦʙôʻʤ ʂʠʾʚʩʴʢʦʛʦ ʚʦʜʦʩʭʦʚʠʱʘ ʟʘ ʅʇʈ (103 ʤ) ï 3.73 ʢʤį, ʥʘʧʽʨ ʟʘ ʫʤʦʚ 

ʅʇʈ ʫ ʚʝʨʭʥʴʦʤʫ ʪʘ ʥʠʞʥʴʦʤʫ ʙôʻʬʘʭ (ʂʘʥʽʚʩʴʢʝ ʚʦʜʦʩʭʦʚʠʱʝ ï 91.5 ʤ) ï 11.5 ʤ. 
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ʈʠʩʫʥʦʢ 4.10 ï ʘ) ʚʠʛʣʷʜ ʙʫʜʽʚʣʽ ʽ ʛʨʝʙʣʽ ʂʠʾʚʩʴʢʦʾ ɻɽʉ ʽʟ ʧʽʚʜʝʥʥʦʛʦ ʟʘʭʦʜʫ; ʙ) 

ʟʘʛʘʣʴʥʠʡ ʚʠʛʣʷʜ ʨʦʟʨʘʭʫʥʢʦʚʦʾ ʦʙʣʘʩʪʽ ʤʦʜʝʣʽ ʧʨʦʛʥʦʟʫ ʥʘʩʣʽʜʢʽʚ ʨʫʡʥʫʚʘʥʥʷ ʛʨʝʙʣʽ 

ʂʠʾʚʩʴʢʦʾ ɻɽʉ; ʚ) 3D ʟʦʙʨʘʞʝʥʥʷ ʩʽʪʢʠ ʟ ʧʨʦʨʘʥʦʤ ʫ ʨʘʡʦʥʽ ɻɽʉ 

 

ɼʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʥʘʩʣʽʜʢʽʚ ʨʫʡʥʫʚʘʥʥʷ ʛʨʝʙʣʽ ʂʠʾʚʩʴʢʦʾ ɻɽʉ ʟʜʦʙʫʚʘʯʝʤ 

ʢʠʾʚʩʴʢʫ ʤʦʜʝʣʴ ʧʦʚʝʥʝʡ ʙʫʣʦ ʜʦʧʦʚʥʝʥʦ ʦʙʣʘʩʪʶ ʂʠʾʚʩʴʢʦʛʦ ʚʦʜʦʩʭʦʚʠʱʘ (ʩʽʪʢʘ 

4280 ʚʫʟʣʽʚ, 7594 ʢʦʤʽʨʢʠ, ʢʦʝʬʽʮʽʻʥʪ ʄʘʥʽʥʛʘ 0.028 ʤ-1/3ʩ) ʪʘ ʟʘʩʪʦʩʦʚʘʥʦ ʜʚʦʝʪʘʧʥʠʡ 

ʧʽʜʭʽʜ. ʅʘ ʧʝʨʰʦʤʫ ʝʪʘʧʽ ʦʢʨʝʤʦ ʨʦʟʨʘʭʦʚʘʥʦ ʨʦʟʧʦʜʽʣʠ ʪʝʯʽʡ ʽ ʨʽʚʥʽʚ ʚʦʜʠ ʫ 

ʚʦʜʦʩʭʦʚʠʱʽ ʪʘ ɼʥʽʧʨʽ ʥʠʞʯʝ ʛʨʝʙʣʽ ʧʝʨʝʜ ʾʾ ʨʫʡʥʫʚʘʥʥʷʤ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʦʢʨʝʤʽ 

ʨʦʟʨʘʭʫʥʢʦʚʽ ʩʽʪʢʠ. ʅʘ ʜʨʫʛʦʤʫ ʝʪʘʧʽ, ʥʘ ʦʙôʻʜʥʘʥʽʡ ʩʽʪʮʽ (81 375 ʚʫʟʣʽʚ, 159 706 

ʢʦʤʽʨʦʢ), ʟʤʦʜʝʣʴʦʚʘʥʦ ʤʠʪʪʻʚʝ ʫʪʚʦʨʝʥʥʷ ʧʨʦʨʘʥʫ (ʣʦʢʘʣʴʥʝ ʟʥʠʞʝʥʥʷ ʨʝʣʴʻʬʫ ï 400 

ʤ ʟʘʚʰʠʨʰʢʠ, ʥʠʟ 90 ʤ), ʱʦ ʩʧʨʠʯʠʥʷʻ ʭʚʠʣʶ ʧʨʦʨʠʚʫ, ʷʢʘ ʰʚʠʜʢʦ ʧʦʰʠʨʶʻʪʴʩʷ 

ʟʘʧʣʘʚʦʶ.  

ɿʘ ʟʘʜʘʥʠʭ ʫʤʦʚ COASTOX- PRL ʧʨʦʛʥʦʟʫʻ ʝʚʦʣʶʮʽʶ ʪʝʯʽʡ, ʨʽʚʥʽʚ ʚʦʜʠ ʪʘ ʟʦʥʠ 

ʟʘʪʦʧʣʝʥʥʷ, ʷʢʽ ʟʘʣʝʞʘʪʴ ʚʽʜ ʧʘʨʘʤʝʪʨʽʚ ʧʨʦʨʘʥʫ, ʨʽʚʥʷ ʚʦʜʠ ʫ ʚʦʜʦʩʭʦʚʠʱʽ ʪʘ ʨʝʞʠʤʽʚ 

ɼʥʽʧʨʘ ʽ ɼʝʩʥʠ.  ɺʠʢʦʥʘʥʦ ʨʦʟʨʘʭʫʥʢʠ ʜʣʷ ʯʦʪʠʨʴʦʭ ʩʮʝʥʘʨʽʾʚ: ʩʝʨʝʜʥʽ ʤʝʞʝʥʝʚʽ 

(ʙ) 
(ʘ) 

(ʚ) 
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ʫʤʦʚʠ (ʚʠʪʨʘʪʠ ɼʥʽʧʨʘ ï 500 ʤį/ʩ, ɼʝʩʥʠ ï 200 ʤį/ʩ) ʪʘ ʧʽʢʠ ʚʝʩʥʷʥʠʭ ʧʦʚʝʥʝʡ 

ʟʘʙʝʟʧʝʯʝʥʽʩʪʶ 50 %, 10 % ʽ 1 % ʧʨʠ ʨʽʚʥʽ ʚʦʜʠ ʫ ʚʦʜʦʩʭʦʚʠʱʽ 103 ʤ (ʅʇʈ). 

 

ʈʠʩʫʥʦʢ 4.11 ï ʇʽʜʥʷʪʪʷ ʨʽʚʥʽʚ ʚʦʜʠ ʚ ʢʦʥʪʨʦʣʴʥʠʭ ʪʦʯʢʘʭ ʫʟʜʦʚʞ ʨʫʩʣʘ ɼʥʽʧʨʘ ʜʣʷ 

ʩʮʝʥʘʨʽʾʚ ʧʨʦʨʠʚʫ ʂʠʾʚɻɽʉ ʪʘ ʚʝʩʥʷʥʦʛʦ ʚʦʜʦʧʽʣʣʷ ʟʘʙʝʟʧʝʯʝʥʽʩʪʶ 5 % 

 

     

ʈʠʩʫʥʦʢ 4.12 ï ʈʦʟʧʦʜʽʣʠ ʰʚʠʜʢʦʩʪʝʡ ʪʝʯʽʾ ʧʨʠ ʨʫʡʥʫʚʘʥʥʽ ʛʨʝʙʣʽ ʂʠʾʚʩʴʢʦʾ ɻɽʉ ʫ 

ʩʝʨʝʜʥʽ ʤʝʞʝʥʝʚʽ ʫʤʦʚʠ ʜʣʷ 10 ʭʚ ʽ 1 ʛʦʜ ʧʽʩʣʷ ʧʨʦʨʠʚʫ 

 

фмΦлл

фоΦлл

фрΦлл

фтΦлл

ффΦлл

млмΦлл

млоΦлл

˾
͜
͍
͔
ͤ
Έ
 
͍
ͦ
͒
͙
 

όͣ
Σ
 x˿
ύ

͔͔ͫͪ͒ͤ͜ ͍͙ͯͣͦ

р҈ ͍ͨͦͤ͜Έ

͙͍ͨͪͦͪ ͔͔ͫͪ͒ͤ͜ ͍͙ͯͣͦ

͙͍ͨͪͦͪ ͨ͜͟ рл҈

͙͍ͨͪͦͪ ͨ͜͟ мл҈

͙͍ͨͪͦͪ ͨ͜͟ м҈
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ʊʘʙʣʠʮʷ 4.6 ï ʄʘʢʩʠʤʘʣʴʥʽ ʰʚʠʜʢʦʩʪʽ ʪʝʯʽʾ ʫ ʢʦʥʪʨʦʣʴʥʠʭ ʪʦʯʢʘʭ ʫʟʜʦʚʞ ʨʫʩʣʘ 

ɼʥʽʧʨʘ ʧʽʩʣʷ ʨʫʡʥʫʚʘʥʥʷ ʛʨʝʙʣʽ ʟʘ ʨʽʟʥʠʭ ʛʽʜʨʦʣʦʛʽʯʥʠʭ ʫʤʦʚ 

ʂʦʥʪʨʦʣʴʥʘ 

ʪʦʯʢʘ 

ʐʚʠʜʢʽʩʪʴ ʪʝʯʽʾ (ʤ/ʩ) ʜʣʷ ʩʮʝʥʘʨʽʶ ʧʨʦʨʠʚʫ  

ʩʨ. ʤʝʞ. ʫʤʦʚʠ ʧʽʢ 50% ʧʦʚ. ʧʽʢ 10% ʧʦʚ. ʧʽʢ 1% ʧʦʚ. 

ʂʠʾʚ ɻɽʉ 7.65 6.26 5.44 3.81 

ɻʠʨʣʦ ɼʝʩʥʠ 1.47 1.15 0.83 0.58 

ʇʽʚʥ. ʤʽʩʪ 2.61 2.49 2.37 2.18 

ʄʽʩʪ ʄʝʪʨʦ 2.21 2.31 2.48 2.48 

ʇʽʚʜ. ʤʽʩʪ 0.34 0.28 0.22 0.36 

ɹʦʨʪʥʠʯʽ 2.05 2.10 1.96 1.74 

ɺʠʰʝʥʴʢʠ 0.77 0.71 0.43 0.38 

ʂʦʟʠʥ 1.73 1.77 1.88 1.95 

ʇʣʶʪʠ 1.68 1.80 2.04 2.36 

ʋʢʨʘʾʥʢʘ 0.66 0.67 0.66 0.69 

 

ʄʘʢʩʠʤʘʣʴʥʝ ʧʽʜʥʷʪʪʷ ʨʽʚʥʷ ʚʦʜʠ ʚ ʢʦʥʪʨʦʣʴʥʠʭ ʪʦʯʢʘʭ ʫʟʜʦʚʞ ɼʥʽʧʨʘ (ʨʠʩ. 

4.11) ʧʦʢʘʟʫʻ, ʱʦ ʟʘʪʦʧʣʝʥʥʷ ʟʘʧʣʘʚʠ ʚ ʂʠʻʚʽ ʚʥʘʩʣʽʜʦʢ ʨʫʡʥʫʚʘʥʥʷ ʛʨʝʙʣʽ ʂʠʾʚʩʴʢʦʾ 

ɻɽʉ ʧʨʠ ʩʝʨʝʜʥʽʭ ʤʝʞʝʥʝʚʠʭ ʫʤʦʚʘʭ ʻ ʧʦʨʽʚʥʷʥʥʠʤ ʽʟ ʚʝʩʥʷʥʦʶ ʧʦʚʽʥʥʶ 

ʟʘʙʝʟʧʝʯʝʥʽʩʪʶ 5 %. ʆʩʢʽʣʴʢʠ ʧʽʩʣʷ ʧʨʦʨʠʚʫ ʛʨʝʙʣʽ ʚʦʜʘ ʨʫʭʘʻʪʴʩʷ ʜʫʞʝ ʰʚʠʜʢʦ, 

ʚʘʞʣʠʚʦ ʦʮʽʥʶʚʘʪʠ ʥʝ ʣʠʰʝ ʛʣʠʙʠʥʠ, ʘ ʡ ʰʚʠʜʢʦʩʪʽ ʪʝʯʽʾ. ʇʨʠʢʣʘʜʠ ʾʭʥʴʦʛʦ ʨʦʟʧʦʜʽʣʫ 

ʜʣʷ ʩʝʨʝʜʥʽʭ ʤʝʞʝʥʝʚʠʭ ʫʤʦʚ ʯʝʨʝʟ 10 ʭʚ ʪʘ 1 ʛʦʜ ʧʽʩʣʷ ʧʨʦʨʠʚʫ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 4.12, 

ʘ ʤʘʢʩʠʤʘʣʴʥʽ ʟʥʘʯʝʥʥʷ ʫ ʢʦʥʪʨʦʣʴʥʠʭ ʪʦʯʢʘʭ ʜʣʷ ʚʩʽʭ ʩʮʝʥʘʨʽʾʚ ʥʘʚʝʜʝʥʦ ʫ ʪʘʙʣ. 4.6. 

ɿ ʥʝʾ ʚʠʜʥʦ, ʱʦ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʤʘʩʰʪʘʙʽʚ ʚʝʩʥʷʥʦʾ ʧʦʚʝʥʽ ʤʘʢʩʠʤʘʣʴʥʽ ʰʚʠʜʢʦʩʪʽ 

ʪʝʯʽʾ ʤʦʞʫʪʴ ʥʝ ʟʨʦʩʪʘʪʠ, ʘ ʟʤʝʥʰʫʚʘʪʠʩʷ ʯʝʨʝʟ ʤʝʥʰʠʡ ʧʝʨʝʧʘʜ ʨʽʚʥʽʚ ʤʽʞ 

ʚʦʜʦʩʭʦʚʠʱʝʤ ʽ ɼʥʽʧʨʦʤ ʥʠʞʯʝ ʛʨʝʙʣʽ. ʅʘʡʙʽʣʴʰʽ ʰʚʠʜʢʦʩʪʽ (> 5 ʤ/ʩ) 

ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʙʽʣʷ ʛʨʝʙʣʽ, ʘ ʚ ʨʘʡʦʥʘʭ ʤʦʩʪʽʚ ï ʥʝ ʧʝʨʝʚʠʱʫʶʪʴ 2.6 ʤ/ʩ. 

ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʛʣʠʙʠʥ ʽ ʨʽʚʥʽʚ ʚʦʜʠ ʜʣʷ ʚʩʽʭ ʩʮʝʥʘʨʽʾʚ ʧʨʦʨʠʚʫ 

ʟʙʝʨʝʞʝʥʦ ʚ ʙʘʟʽ ʜʘʥʠʭ PostgreSQL ʧʨʦʛʨʘʤʥʦʛʦ ʢʦʤʧʣʝʢʩʫ HYDROS. ɰʭ ʤʦʞʥʘ 

ʚʠʢʦʨʠʩʪʘʪʠ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʛʣʠʙʠʥ ʟʘʪʦʧʣʝʥʥʷ ʦʙôʻʢʪʽʚ ʦʩʦʙʣʠʚʦʛʦ ʟʥʘʯʝʥʥʷ, 

ʩʪʚʦʨʝʥʥʷ ʢʘʨʪ ʥʝʙʝʟʧʝʢʠ ʪʘ ʦʮʽʥʶʚʘʥʥʷ ʚʽʜʧʦʚʽʜʥʠʭ ʨʠʟʠʢʽʚ. 

ʇʽʩʣʷ ʚʪʦʨʛʥʝʥʥʷ ʈʌ ʫ 2022 ʨ. ʪʘ ʦʙʩʪʨʽʣʽʚ ʂʠʻʚʘ ʚʠʥʠʢʣʘ ʟʘʛʨʦʟʘ ʨʫʡʥʫʚʘʥʥʷ 
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ʜʘʤʙʠ ʂʠʾʚʩʴʢʦʾ ɻɽʉ. ʆʧʠʩʘʥʫ ʚʠʱʝ ʽʥʬʦʨʤʘʮʽʡʥʫ ʩʠʩʪʝʤʫ ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ ʜʣʷ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʧʨʦʨʠʚʥʠʭ ʧʘʚʦʜʢʽʚ ʟʘ ʛʽʜʨʦʣʦʛʽʯʥʦʾ ʩʠʪʫʘʮʽʾ ʣʶʪʦʛʦ ïʙʝʨʝʟʥʷ 2022 ʨ. 

[31]. ʈʦʟʛʣʷʜʘʣʠʩʷ ʜʚʽ ʜʘʪʠ ʤʦʞʣʠʚʦʛʦ ʧʨʦʨʠʚʫ (25.02 ʪʘ 02.03) ʽ ʪʨʠ ʰʠʨʠʥʠ ʧʨʦʨʘʥʫ: 

400 ʤ, 280 ʤ, 100 ʤ. ɺʘʨʽʘʥʪ 400 ʤ (ʨʫʡʥʫʚʘʥʥʷ ɻɽʉ ʽ ʯʘʩʪʠʥʠ ʟʝʤʣʷʥʠʭ ʛʨʝʙʝʣʴ) 

ʚʠʟʥʘʥʦ ʤʘʣʦʡʤʦʚʽʨʥʠʤ, ʪʦʤʫ ʦʙʨʘʥʦ ʩʮʝʥʘʨʽʾ ʟ ʧʨʦʨʘʥʘʤʠ 280 ʤ ʪʘ 100 ʤ. ʏʝʨʝʟ 

ʚʠʱʠʡ ʨʽʚʝʥʴ ʚʦʜʦʩʭʦʚʠʱʘ 2 ʙʝʨʝʟʥʷ (102.73 ʤ ʧʨʦʪʠ 102.65 ʤ 25 ʣʶʪʦʛʦ) ʟʘ ʦʩʥʦʚʫ 

ʚʟʷʪʦ ʩʘʤʝ ʮʶ ʜʘʪʫ: ʧʨʠʧʣʠʚ ʜʦ ʚʦʜʦʩʭʦʚʠʱʘ ï 1450 ʤį/ʩ, ʩʢʠʜ ɻɽʉ ï 1664 ʤį/ʩ, 

ʚʠʪʨʘʪʘ ɼʝʩʥʠ ï 218 ʤį/ʩ, ʨʽʚʝʥʴ ʂʘʥʽʚʩʴʢʦʛʦ ʚʦʜʦʩʭʦʚʠʱʘ ï 91.43 ʤ. 

ʅʘ ʨʠʩ. 4.13 ʥʘʚʝʜʝʥʦ ʢʘʨʪʠ ʛʣʠʙʠʥ ʟʘʪʦʧʣʝʥʥʷ ʜʣʷ ʧʨʦʨʠʚʽʚ ʰʠʨʠʥʦʶ 280 ʤ ʽ 

100 ʤ. ʅʘʡʙʽʣʴʰʽ ʧʣʦʱʽ ʟʘʪʦʧʣʝʥʥʷ ʧʨʦʛʥʦʟʫʶʪʴʩʷ ʫ ʟʥʠʞʝʥʠʭ ʜʽʣʷʥʢʘʭ: ʥʘ ʧʽʚʥʦʯʽ ï 

ʚʽʜ ʛʨʝʙʣʽ ɻɽʉ ʜʦ ʛʨʘʥʠʮʴ ʂʠʻʚʘ, ʤʢʨ-ʥ. ʆʙʦʣʦʥʽ ʪʘ ʊʨʦʻʱʠʥʠ; ʥʘ ʧʽʚʜʥʽ ï ʚʽʜ 

ʇʽʚʜʝʥʥʦʛʦ ʤʦʩʪʫ ʜʦ ʜʘʤʙ ʫ ʂʦʟʠʥʽ ʡ ʇʨʦʮʝʚʽ. ʋ ʂʠʻʚʽ ʤʦʞʣʠʚʝ ʧʽʜʪʦʧʣʝʥʥʷ ʦʢʨʝʤʠʭ 

ʜʽʣʷʥʦʢ ʫʟʜʦʚʞ ʆʙʦʣʦʥʩʴʢʠʭ ʦʟʝʨ, ʦʩʪʨʦʚʽʚ ɼʥʽʧʨʘ, ʜʘʯʥʠʭ ʤʘʩʠʚʽʚ (ɼʝʩʥʷʥʩʴʢʝ, 

ʈʫʩʘʥʽʚʩʴʢʽ ʩʘʜʠ, ʅʠʞʥʽ ʩʘʜʠ), ʘ ʪʘʢʦʞ ʙʽʣʴʰ ʟʥʘʯʥʠʭ ʪʝʨʠʪʦʨʽʡ ʥʘ ʧʽʚʜʥʽ ʤʽʩʪʘ ï ʚʽʜ 

ɻʦʣʦʩʽʾʚʩʴʢʦʛʦ ʨʘʡʦʥʫ ʜʦ ɹʦʨʪʥʠʯʽʚ.  

   

ʈʠʩʫʥʦʢ 4.13 ï ɻʣʠʙʠʥʠ ʟʘʪʦʧʣʝʥʥʷ ʙʝʨʝʛʽʚ ʂʠʻʚʘ ʧʨʠ ʨʫʡʥʫʚʘʥʥʽ ʛʨʝʙʣʽ ʂʠʾʚʩʴʢʦʾ 

ɻɽʉ: ʘ) ʧʨʦʨʘʥ ʰʠʨʠʥʦʶ 280 ʤ; ʙ) ʧʨʦʨʘʥ ʰʠʨʠʥʦʶ 100 ʤ 

(ʘ) (ʙ) 
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ʈʠʩʫʥʦʢ 4.14 ï ɼʠʥʘʤʽʢʘ ʭʚʠʣʽ ʧʨʦʨʠʚʫ ʫ ʢʦʥʪʨʦʣʴʥʽʡ ʪʦʯʮʽ ʥʘ ʈʫʩʘʥʽʚʩʴʢʠʭ ʩʘʜʘʭ, 

ʚʫʣ. 15-ʘ ʉʘʜʦʚʘ ʧʨʠ ʧʨʦʨʠʚʽ ʜʘʤʙʠ ʂʠʾʚɻɽʉ ʜʣʷ ʧʨʦʨʘʥʽʚ 280 ʽ 100 ʤ 

 

ʊʘʙʣʠʮʷ 4.7 ï ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʭʚʠʣʽ ʟʘʪʦʧʣʝʥʥʷ ʚ ʢʦʥʪʨʦʣʴʥʠʭ ʪʦʯʢʘʭ ʫ ʤ. ʂʠʻʚʽ 

ʧʨʠ ʧʨʦʨʠʚʽ ʜʘʤʙʠ ʂʠʾʚʩʴʢʦʾ ɻɽʉ ʜʣʷ ʧʨʦʨʘʥʽʚ: ʰʠʨʠʥʦʶ 280 ʤ ʽ 100 ʤ 

ʂʦʥʪʨʦʣʴʥʘ ʪʦʯʢʘ ɻʣʠʙʠʥʘ 

ʟʘʪʦʧʣ. (ʤ) 

ʏʘʩ ʜʦʙʽʛʘʥʥʷ 

(ʛʦʜ) 

ʏʘʩ ʧʽʢʘ 

ʟʘʪʦʧʣ. (ʛʦʜ) 

280 ʤ 100 ʤ 280 ʤ 100 ʤ 280 ʤ 100 ʤ 

ʆʙʦʣʦʥʴ, ʊʈʎ ʄʝʪʨʦʧʦʣʽʩ 0.95 0.00 12.5 - 22.67 - 

ʈʫʩʘʥʽʚʩʴʢʠ ʩʘʜʠ, ʚʫʣ. 15-ʘ ʉʘʜʦʚʘ 2.78 1.50 6.0 14.67 20.17 32.0 

ʉʝʣʦ ʆʩʦʢʦʨʢʠ, ʚʫʣ. ɯʞʝʚʩʴʢʘ 1.95 0.94 4.67 10.0 25.17 33.67 

ʂʦʨʯʫʚʘʪʝ, ʚʫʣ. ʅʦʚʦʧʠʨʦʛʽʚʩʴʢʘ 1.81 0.90 4.5 8.83 28.5 35.0 

ʅʠʞʥʽ ʩʘʜʠ, ʚʫʣ. 45-ʘ ʉʘʜʦʚʘ 1.58 0.66 5.0 11.5 27.17 34.33 

 

ɺʝʣʠʯʠʥʘ ʧʨʦʨʘʥʫ ʚʧʣʠʚʘʻ ʥʘ ʛʣʠʙʠʥʫ, ʯʘʩ ʧʦʯʘʪʢʫ ʪʘ ʯʘʩ ʧʽʢʫ ʟʘʪʦʧʣʝʥʥʷ (ʨʠʩ. 

4.14, ʪʘʙʣ.4.7). ʅʘʧʨʠʢʣʘʜ, ʫ ʈʫʩʘʥʽʚʩʴʢʠʭ ʩʘʜʘʭ ʧʨʠ ʧʨʦʨʘʥʽ 280 ʤ ʛʣʠʙʠʥʘ 1,2 ʤ 

ʥʘʩʪʘʻ ʯʝʨʝʟ 8 ʛʦʜ, ʘ ʧʨʠ 100 ʤ ï ʯʝʨʝʟ 23 ʛʦʜ 20 ʭʚ, ʱʦ ʜʘʻ ʯʘʩ ʜʣʷ ʝʚʘʢʫʘʮʽʾ.  

ʅʘ ʦʩʥʦʚʽ ʨʝʟʫʣʴʪʘʪʽʚ ʤʦʜʝʣʶʚʘʥʥʷ ɻɯʉ-ʝʢʩʧʝʨʪʦʤ ɯʱʫʢʦʤ ʆ.ʆ. ʥʘ ɻɯʉ-ʧʦʨʪʘʣʽ 

ɼʉʅʉ ʫ ʟʘʢʨʠʪʽʡ ʤʝʨʝʞʽ ʦʧʫʙʣʽʢʦʚʘʥʦ ʽʥʪʝʨʘʢʪʠʚʥʫ ʢʘʨʪʫ ʟʦʥ ʽ ʛʣʠʙʠʥ ʟʘʪʦʧʣʝʥʥʷ. 

ʂʨʽʤ ʪʦʛʦ ʟʘ ʦʬʽʮʽʡʥʠʤ ʟʘʧʠʪʦʤ ʤʘʪʝʨʽʘʣʠ ʧʝʨʝʜʘʥʽ ʜʦ ɼʝʧʘʨʪʘʤʝʥʪʫ ʤʫʥʽʮʠʧʘʣʴʥʦʾ 

̉͊ͫ πнлΦмт͎ͦΣ͒ ƳŀȄҐ нΦтуͣ

̉͊ͫ πсΦлл͎ͦΣ͒ ˭ͤ ͊;͔ͤͤΎ πлΦмуͣ

̉͊ͫ πуΦлл͎ͦΣ͒ ˭ͤ ͊;͔ͤͤΎ πмΦннͣ

л

лΦр

м

мΦр

н

нΦр

о

лΦлл рлΦлл мллΦлл мрлΦлл нллΦлл

˥
͡
͙
͋
͙
ͤ
͊

Σ
 ͣ

̉͊ͫ ͨͫ͜͡Ύ ͙͍ͨͪͦͪͯΣ ͎ͦ ͒

͍ͯΦ͡ мр ˿͍͊͒ͦ͊πͨ ͪͦͪ͊ͤ нул ͣ 

̉͊ͫ πонΦлл͎ͦΣ͒ ƳŀȄҐ мΦрлͣ

̉͊ͫ πмпΦст͎ͦΣ͒ ˭ͤ ͊;͔ͤͤΎ πлΦмнͣ

̉͊ͫ πноΦоо͎ͦΣ͒ ˭ͤ ͊;͔ͤͤΎ πмΦнлͣ

л

лΦр

м

мΦр

н

нΦр

о

лΦлл рлΦлл мллΦлл мрлΦлл нллΦлл

˥
͡
͙
͋
͙
ͤ
͊

Σ
 ͣ

̉͊ͫ ͨͫ͜͡Ύ ͙͍ͨͪͦͪͯΣ ͎ͦ ͒

͍ͯΦ͡ мр ˿͍͊͒ͦ͊ πͨ ͪͦͪ͊ͤ млл ͣ 
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ʙʝʟʧʝʢʠ ʂʄɼɸ. ɼʦ ʥʘʙʦʨʫ ʧʝʨʝʜʘʥʠʭ ɻɯʉ-h ʘʨʽʚ ʫʚʽʡʰʣʠ: ʟʦʥʠ ʪʘ ʛʣʠʙʠʥʠ ʟʘʪʦʧʣʝʥʥʷ 

ʜʣʷ ʚʝʩʥʷʥʠʭ ʧʦʚʝʥʝʡ ʽʟ ʟʘʙʝʟʧʝʯʝʥʽʩʪʶ 1% ʽ 5%, ʛʣʠʙʠʥʠ ʟʘʪʦʧʣʝʥʥʷ ʙʝʨʝʛʽʚ ʂʠʻʚʘ 

ʧʨʠ ʨʫʡʥʫʚʘʥʥʽ ʛʨʝʙʣʽ (ʧʨʦʨʘʥʠ 100 ʤ ʽ 280 ʤ), ʘ ʪʘʢʦʞ ʨʦʟʧʦʜʽʣʠ ʰʚʠʜʢʦʩʪʝʡ ʪʝʯʽʾ 

ʯʝʨʝʟ 10, 25, 40 ʭʚ ʽ 1 ʛʦʜ ʧʽʩʣʷ ʧʨʦʨʠʚʫ ʜʣʷ ʢʦʞʥʦʛʦ ʩʮʝʥʘʨʽʶ. ɯʥʪʝʨʬʝʡʩ ʢʘʨʪʠ 

ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʧ. 3.2. 

26 ʣʶʪʦʛʦ 2022 ʨ. ʧʽʜ ʯʘʩ ʨʦʩʽʡʩʴʢʦʛʦ ʚʪʦʨʛʥʝʥʥʷ ʙʫʣʦ ʫʰʢʦʜʞʝʥʦ ʂʦʟʘʨʦʚʠʮʴʢʫ 

ʜʘʤʙʫ ɯʨʧʽʥʩʴʢʦʛʦ ʛʽʜʨʦʚʫʟʣʘ, ʱʦ ʨʝʛʫʣʶʻ ʧʝʨʝʢʘʯʫʚʘʥʥʷ ʚʦʜʠ ʟ ʨ. ɯʨʧʽʥʴ ʫ ʂʠʾʚʩʴʢʝ 

ʚʦʜʦʩʭʦʚʠʱʝ (ʨʠʩ. 4.15ʘ). ʏʝʨʝʟ ʨʽʟʥʠʮʶ ʨʽʚʥʽʚ ʚʦʜʘ ʟ ʚʦʜʦʩʭʦʚʠʱʘ ʧʦʯʘʣʘ ʧʦʩʪʫʧʦʚʦ 

ʟʘʪʦʧʣʶʚʘʪʠ ʜʦʣʠʥʫ ɯʨʧʝʥʷ, ʩʪʚʦʨʠʚʰʠ ʟʘʛʨʦʟʫ ʧʽʜʪʦʧʣʝʥʥʷ ʩʽʣ ʂʦʟʘʨʦʚʠʯʽ, ɼʝʤʠʜʽʚ 

ʪʘ ʽʥʰʠʭ ʥʘʩʝʣʝʥʠʭ ʧʫʥʢʪʽʚ. ʇʦʩʪʘʣʘ ʧʦʪʨʝʙʘ ʦʧʝʨʘʪʠʚʥʦ ʚʠʟʥʘʯʠʪʠ ʤʘʢʩʠʤʘʣʴʥʫ 

ʟʦʥʫ ʟʘʪʦʧʣʝʥʥʷ, ʛʣʠʙʠʥʠ ʪʘ ʨʠʟʠʢʠ ʜʣʷ ʥʘʩʝʣʝʥʥʷ ʡ ʛʦʩʧʦʜʘʨʩʴʢʠʭ ʦʙôʻʢʪʽʚ [31]. 

26 ʣʶʪʦʛʦ 2022 ʨ. ʧʽʜ ʯʘʩ ʨʦʩʽʡʩʴʢʦʛʦ ʚʪʦʨʛʥʝʥʥʷ ʙʫʣʦ ʫʰʢʦʜʞʝʥʦ ʂʦʟʘʨʦʚʠʮʴʢʫ 

ʜʘʤʙʫ ɯʨʧʽʥʩʴʢʦʛʦ ʛʽʜʨʦʚʫʟʣʘ, ʱʦ ʨʝʛʫʣʶʻ ʧʝʨʝʢʘʯʫʚʘʥʥʷ ʚʦʜʠ ʟ ʨ. ɯʨʧʽʥʴ ʫ ʂʠʾʚʩʴʢʝ 

ʚʦʜʦʩʭʦʚʠʱʝ. ʏʝʨʝʟ ʨʽʟʥʠʮʶ ʨʽʚʥʽʚ ʚʦʜʘ ʟ ʚʦʜʦʩʭʦʚʠʱʘ ʧʦʯʘʣʘ ʧʦʩʪʫʧʦʚʦ 

ʟʘʪʦʧʣʶʚʘʪʠ ʜʦʣʠʥʫ ɯʨʧʝʥʷ, ʩʪʚʦʨʠʚʰʠ ʟʘʛʨʦʟʫ ʧʽʜʪʦʧʣʝʥʥʷ ʩʽʣ ʂʦʟʘʨʦʚʠʯʽ, ɼʝʤʠʜʽʚ 

ʪʘ ʽʥʰʠʭ ʥʘʩʝʣʝʥʠʭ ʧʫʥʢʪʽʚ. ʇʦʩʪʘʣʘ ʧʦʪʨʝʙʘ ʦʧʝʨʘʪʠʚʥʦ ʚʠʟʥʘʯʠʪʠ ʤʘʢʩʠʤʘʣʴʥʫ 

ʟʦʥʫ ʟʘʪʦʧʣʝʥʥʷ, ʛʣʠʙʠʥʠ ʪʘ ʨʠʟʠʢʠ ʜʣʷ ʥʘʩʝʣʝʥʥʷ ʡ ʛʦʩʧʦʜʘʨʩʴʢʠʭ ʦʙôʻʢʪʽʚ [31]. 

ɼʣʷ ʧʨʠʩʢʦʨʝʥʥʷ ʩʪʚʦʨʝʥʥʷ ʤʦʜʝʣʽ ʨʦʟʨʘʭʫʥʢʦʚʫ ʩʽʪʢʫ ʥʦʚʦʾ ʜʽʣʷʥʢʠ ʦʪʨʠʤʘʣʠ 

ʙʝʟ ʩʪʘʥʜʘʨʪʥʦʾ ʧʨʦʮʝʜʫʨʠ ʥʘʪʷʛʫʚʘʥʥʷ ʘʨʦʢ ʪʘ ʟʛʫʱʝʥʥʷ ʚʫʟʣʽʚ, ʰʣʷʭʦʤ ʚʠʨʽʟʘʥʥʷ 

ʜʦʣʠʥʠ ʨʽʯʢʠ ʟ Copernicus GLO-30 DEM [209] ʽ ʜʦʜʘʚʘʥʥʷʤ ʾʾ ʜʦ ʙʘʟʦʚʦʾ ʩʽʪʢʠ 

ʂʠʾʚʩʴʢʦʛʦ ʚʦʜʦʩʭʦʚʠʱʘ. ʇʽʜʩʫʤʢʦʚʘ ʩʽʪʢʘ ʥʘʣʽʯʫʚʘʣʘ 63 442 ʚʫʟʣʠ ʡ 121 988 ʢʦʤʽʨʦʢ 

(ʨʠʩ. 4.15ʙ); ʢʦʝʬʽʮʽʻʥʪ ʰʦʨʩʪʢʦʩʪʽ ʜʣʷ ʚʩʽʻʾ ʦʙʣʘʩʪʽ ʩʪʘʥʦʚʠʚ 0.028 ʤ-1/3ʩ. 

ʏʝʨʝʟ ʚʽʜʩʫʪʥʽʩʪʴ ʜʘʥʠʭ ʧʨʦ ʨʫʩʣʦ ɯʨʧʝʥʷ ʪʘ ʡʦʛʦ ʤʘʣʫ ʚʠʪʨʘʪʫ (< 10 ʤį/ʩ) ʚʧʣʠʚ 

ʨʽʯʢʠ ʥʝ ʚʨʘʭʦʚʫʚʘʣʠ ï ʭʘʨʘʢʪʝʨ ʟʘʪʦʧʣʝʥʥʷ ʚʠʟʥʘʯʘʚʩʷ ʨʽʚʥʝʤ ʂʠʾʚʩʴʢʦʛʦ 

ʚʦʜʦʩʭʦʚʠʱʘ. ɿʘ ʜʘʥʠʤʠ ʋʢʨɻʄʎ ʫ ʙʝʨʝʟʥʽ ʡʦʛʦ ʤʘʢʩʠʤʘʣʴʥʠʡ ʨʽʚʝʥʴ ʩʪʘʥʦʚʠʚ 

103.63 ʤ, ʩʝʨʝʜʥʽʡ ʧʨʠʧʣʠʚ ï 1670 ʤį/ʩ. ɿʘʜʘʥʠʡ ʨʝʣʴʻʬ, ʰʦʨʩʪʢʽʩʪʴ, ʛʨʘʥʠʯʥʽ ʫʤʦʚʠ 

ʥʘ ʇʨʠʧôʷʪʽ ʪʘ ɼʥʽʧʨʽ ʡ ʧʦʯʘʪʢʦʚʠʡ ʨʽʚʝʥʴ ʚʦʜʦʩʭʦʚʠʱʘ ʧʦʚʥʽʩʪʶ ʚʠʟʥʘʯʘʣʠ 

ʟʘʪʦʧʣʝʥʥʷ ʚ ʤʦʜʝʣʽ. 
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ʈʠʩʫʥʦʢ 4.15 ï ʘ) ʬʦʪʦ ʂʦʟʘʨʦʚʠʮʴʢʦʾ ʜʘʤʙʠ; ʙ) ʨʦʟʨʘʭʫʥʢʦʚʘ ʦʙʣʘʩʪʴ ʤʦʜʝʣʽ 

ʧʨʦʨʠʚʫ ʂʦʟʘʨʦʚʠʮʴʢʦʾ ʜʘʤʙʠ; ʙ) 3D ʚʠʜ ʥʘ ʜʘʤʙʫ ʟ ʧʨʠʣʝʛʣʦʶ ʦʙʣʘʩʪʶ ʜʦʣʠʥʠ 

 

 

ʈʠʩʫʥʦʢ 4.16 ï ʇʨʦʛʥʦʟʦʚʘʥʘ ʟʦʥʘ ʟʘʪʦʧʣʝʥʥʷ ʜʦʣʠʥʠ ʨʽʯʢʠ ɯʨʧʽʥʴ ʥʘ ʦʙʨʦʙʣʝʥʠʭ 

ʩʫʧʫʪʥʠʢʦʚʠʭ ʟʥʽʤʢʘʭ Sentinel-2: ʘ) SWIR; ʙ) NDWI 

(ʘ) (ʙ) 

(ʚ) 

ʙ ʘ 

м ͎ͦ͒Φ ͨͫ͜͡Ύ ͙͍ͨͪͦͪͯ 
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ɿʘ ʩʮʝʥʘʨʽʻʤ ʧʨʦʚʝʜʝʥʦ 20-ʜʝʥʥʠʡ ʧʨʦʛʥʦʟ ʧʽʩʣʷ ʧʨʦʨʠʚʫ ʜʘʤʙʠ. ɺʦʜʘ ʟ 

ʂʠʾʚʩʴʢʦʛʦ ʚʦʜʦʩʭʦʚʠʱʘ ʚʠʪʽʢʘʻ ʯʝʨʝʟ ʧʨʦʨʘʥ, ʟʘʧʦʚʥʶʶʯʠ ʜʦʣʠʥʫ ɯʨʧʝʥʷ (ʨʠʩ. 

4.15ʚ). ʄʦʜʝʣʴ ʨʦʟʨʘʭʦʚʫʻ ʰʚʠʜʢʦʩʪʽ ʪʝʯʽʾ, ʨʽʚʥʽ ʪʘ ʛʣʠʙʠʥʠ, ʚʠʟʥʘʯʘʶʯʠ ʤʘʢʩʠʤʘʣʴʥʽ 

ʛʣʠʙʠʥʠ ʡ ʟʦʥʫ ʟʘʪʦʧʣʝʥʥʷ. ʅʘ ʨʠʩ. 4.16 ʧʦʢʘʟʘʥʦ ʩʫʧʫʪʥʠʢʦʚʽ ʟʥʽʤʢʠ Sentinel-2 ̔ʟ 

ʥʘʥʝʩʝʥʦʶ ʧʨʦʛʥʦʟʦʚʘʥʦʶ ʟʦʥʦʶ ʟʘʪʦʧʣʝʥʥʷ. ʇʦʨʽʚʥʷʥʥʷ ʟʥʽʤʢʽʚ ʽ ʨʦʟʨʘʭʫʥʢʽʚ 

ʧʽʜʪʚʝʨʜʞʫʻ ʪʦʯʥʝ ʚʽʜʪʚʦʨʝʥʥʷ ʛʨʘʥʠʮʽ ʨʝʘʣʴʥʦʾ ʟʘʪʦʧʣʝʥʦʾ ʪʝʨʠʪʦʨʽʾ. 

ɺʽʜʧʦʚʽʜʥʦ ʜʦ ʧʨʦʛʥʦʟʫ ʩʫʪʪʻʚʦ ʟʘʪʦʧʣʶʻʪʴʩʷ ʣʠʰʝ ʩ. ɼʝʤʠʜʽʚ - ʚʫʣʠʮʽ 

ɯʨʧʽʥʩʴʢʘ, ʉʘʜʦʚʘ, ɹʦʛʜʘʥʘ-ʍʤʝʣʴʥʠʮʴʢʦʛʦ, ʇʦʰʪʦʚʘ, ʚʦʜʘ ʧʽʜʭʦʜʠʪʴ ʜʦ ʂʠʾʚʩʴʢʦʾ 

ʚʫʣʠʮʽ ʟ ʘʚʪʦʰʣʷʭʦʤ ʈ-02 (ʬʦʪʦ ʽ ʚʽʜʝʦ ʩʘʤʝ ʮʠʭ ʜʽʣʷʥʦʢ ʙʫʣʠ ʦʧʫʙʣʽʢʦʚʘʥʽ çThe New 

York Timesè [210]). ʋ ʂʦʟʘʨʦʚʠʯʘʭ ʚʦʜʘ ʜʦʭʦʜʠʪʴ ʜʦ ʦʢʦʣʠʮʽ ʪʘ ʦʢʨʝʤʠʭ ʜʽʣʷʥʦʢ. ʋ 

ɻʫʪʽ-ʄʝʞʠʛʽʨʩʴʢʽʡ ʟʘʪʦʧʣʶʻʪʴʩʷ ʢʨʘʡʥʷ ʚʫʣʠʮʷ ʢʦʦʧʝʨʘʪʠʚʫ çʃʶʪʝʞʩʴʢʠʡè..  

ɿʘ ʧʨʦʛʥʦʟʥʠʤʠ ʜʘʥʠʤʠ ʩʪʚʦʨʝʥʦ ʢʘʨʪʦʛʨʘʬʽʯʥʽ ɻɯʉ ʤʘʪʝʨʽʘʣʠ, ʷʢʽ ʧʝʨʝʜʘʥʦ 

ɼʉʅʉ ʜʣʷ ʦʮʽʥʢʠ ʥʘʩʣʽʜʢʽʚ ʽ ʧʣʘʥʫʚʘʥʥʷ ʨʝʘʛʫʚʘʥʥʷ.  ʈʦʟʨʦʙʣʝʥʘ ʤʦʜʝʣʴ ʨʦʟʰʠʨʶʻ 

ʤʦʞʣʠʚʦʩʪʽ ʩʠʩʪʝʤʠ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʧʦʚʝʥʝʡ. ɼʦʜʘʚʘʥʥʷ ʨʝʣʴʻʬʫ ʨʫʩʣʘ ʪʘ ʘʢʪʫʘʣʴʥʦʾ 

ʚʦʜʥʦʩʪʽ ʜʦʟʚʦʣʠʪʴ ʧʨʦʛʥʦʟʫʚʘʪʠ ʚʝʩʥʷʥʽ ʧʦʚʝʥʽ ʥʘ ɯʨʧʝʥʽ ʪʘ ʨʝʞʠʤ ʨʦʙʦʪʠ ʥʘʩʦʩʥʦʾ 

ʩʪʘʥʮʽʾ ɯʨʧʽʥʩʴʢʦʛʦ ʛʽʜʨʦʚʫʟʣʘ ʚ ʫʤʦʚʘʭ ʚʦʜʦʧʽʣʣʷ. 

ʇʽʩʣʷ ʚʪʦʨʛʥʝʥʥʷ ʚʽʡʩʴʢ ʈʌ ʥʘ ʪʝʨʠʪʦʨʽʶ ʋʢʨʘʾʥʠ ʽ ʟʘʭʦʧʣʝʥʥʷ ʂʘʭʦʚʩʴʢʦʾ ɻɽʉ 

(ʨʠʩ. 4.17) ʚʠʥʠʢ ʨʠʟʠʢ ʟʘʪʦʧʣʝʥʥʷ ʪʝʨʠʪʦʨʽʡ ʥʠʞʯʝ ʛʨʝʙʣʽ ɻɽʉ ʚʥʘʩʣʽʜʦʢ 

ʫʰʢʦʜʞʝʥʥʷ ʯʝʨʝʟ ʙʦʡʦʚʽ ʜʽʾ ʾʾ ʛʽʜʨʦʪʝʭʥʽʯʥʠʭ ʩʧʦʨʫʜ. ɿôʷʚʠʣʘʩʷ ʧʦʪʨʝʙʘ ʫ 

ʧʨʦʛʥʦʟʫʚʘʥʥʽ ʥʘʩʣʽʜʢʽʚ ʪʘʢʦʛʦ ʟʘʪʦʧʣʝʥʥʷ, ʘ ʪʘʢʦʞ ʩʪʚʦʨʝʥʥʽ ʜʦʧʦʤʽʞʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, 

ʟʦʢʨʝʤʘ ʜʣ ̫ɼʉʅʉ, ʜʣʷ ʧʣʘʥʫʚʘʥʥʷ ʥʘʜʟʚʠʯʘʡʥʠʭ ʟʘʭʦʜʽʚ ʥʘ ʚʠʧʘʜʦʢ ʧʦʚʝʥʽ [30, 9].  

ʈʦʟʨʦʙʣʝʥʘ ʟʜʦʙʫʚʘʯʝʤ ʤʝʪʦʜʠʢʘ ʧʨʦʛʥʦʟʫ ʙʘʟʫʚʘʣʘʩʴ ʥʘ ʤʦʜʫʣʽ ʜʚʦʚʠʤʽʨʥʦʾ 

ʛʽʜʨʘʚʣʽʢʠ ʩʠʩʪʝʤʠ COASTOX-PRL, ʘ ʪʘʢʦʞ ʥʘ 2-ʝʪʘʧʥʦʤʫ ʧʽʜʭʦʜʽ, ʨʦʟʚʠʥʝʥʦʤʫ 

ʨʘʥʽʰʝ ʧʽʜ ʯʘʩ ʤʦʜʝʣʶʚʘʥʥʽ ʛʽʧʦʪʝʪʠʯʥʠʭ ʧʨʦʨʠʚʽʚ ʛʨʝʙʣʽ ʂʠʾʚʩʴʢʦʾ ɻɽʉ. 

ʂʘʭʦʚʩʴʢʠʡ ʛʽʜʨʦʚʫʟʦʣ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʧʨʘʚʦʙʝʨʝʞʥʦʾ ʟʝʤʣʷʥʦʾ ʛʨʝʙʣʽ, ʙʝʪʦʥʥʦʾ 

ʚʦʜʦʟʣʠʚʥʦʾ ʛʨʝʙʣʽ ʛʨʘʚʽʪʘʮʽʡʥʦʛʦ ʪʠʧʫ (28 ʧʨʦʣʴʦʪʽʚ ʽʟ ʧʣʦʩʢʠʤʠ ʟʘʪʚʦʨʘʤʠ), ʙʫʜʽʚʣʽ 

ɻɽʉ, ʩʫʜʥʦʧʣʘʚʥʦʛʦ ʰʣʶʟʫ, ʟʝʤʣʷʥʦʾ ʚʩʪʘʚʢʠ ʤʽʞ ʥʠʤʠ, ʪʘ ʣʽʚʦʙʝʨʝʞʥʦʾ ʟʝʤʣʷʥʦʾ 

ʛʨʝʙʣʽ (ʨʠʩ. 4.17ʚ). ʂʘʭʦʚʩʴʢʝ ʚʦʜʦʩʭʦʚʠʱʝ ï ʥʘʡʙʽʣʴʰʝ ʫ ɼʥʽʧʨʦʚʩʴʢʦʤʫ ʢʘʩʢʘʜʽ, 

ʦʙôʻʤʦʤ 18.18 ʢʤį ʧʨʠ ʅʇʈ 16 ʤ, ʨʦʟʨʘʭʫʥʢʦʚʠʡ ʥʘʧʽʨ ɻɽʉ ï 15.4 ʤ. ʈʦʟʨʦʙʣʝʥʘ 

ʤʦʜʝʣʴ ʚʢʣʶʯʘʣʘ ʩʽʪʢʠ ʂʘʭʦʚʩʴʢʦʛʦ ʚʦʜʦʩʭʦʚʠʱʘ ʪʘ ʥʠʞʥʴʦʾ ʪʝʯʽʾ ɼʥʽʧʨʘ ʟ 
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ʙʘʪʠʤʝʪʨʽʻʶ ʽ ʨʝʣʴʻʬʦʤ ʙʝʨʝʛʽʚ (ʨʠʩ. 4.17ʘ, ʙ), ʧʦʙʫʜʦʚʘʥʽ ʟʘ ʎʄʈ FABDEM [211] ʪʘ 

ʛʣʠʙʠʥʘʤʠ ʟ ʥʘʚʽʛʘʮʽʡʥʠʭ ʢʘʨʪ. ʉʽʪʢʫ ʟʘʧʣʘʚʠ ʚʽʜ ʛʨʝʙʣʽ ʜʦ ʛʠʨʣʘ ʽ ɼʥʽʧʨʦʚʩʴʢʦʾ ʟʘʪʦʢʠ 

ʩʪʚʦʨʝʥʦ ʰʣʷʭʦʤ ʚʠʨʽʟʘʥʥʷ ʟ FABDEM, ʧʽʢʩʝʣʽ ʷʢʦʛʦ (~20Ĭ30 ʤ) ʜʽʣʠʣʠʩʷ ʧʦ ʜʽʘʛʦʥʘʣʽ 

ʥʘ ʜʚʘ ʪʨʠʢʫʪʥʠʢʠ. 

 
ʈʠʩʫʥʦʢ 4.17 ï ʘ) ʢʘʨʪʘ ʨʘʡʦʥʫ ʂʘʭʦʚʩʴʢʦʛʦ ʚʦʜʦʩʭʦʚʠʱʘ (OpenStreetMap) ʽ 

ʥʠʞʥʴʦʛʦ ɼʥʽʧʨʘ ʟ ʨʦʟʨʘʭʫʥʢʦʚʦʶ ʩʽʪʢʦʶ ʤʦʜʝʣʽ; ʙ) 3D ʟʦʙʨʘʞʝʥʥʷ ʩʽʪʢʠ ʟ 

ʧʨʦʨʘʥʦʤ ʫ ʨʘʡʦʥʽ ɻɽʉ; ʚ) ʬʨʦʥʪʘʣʴʥʝ ʬʦʪʦ ʂʘʭʦʚʩʴʢʦʾ ɻɽʉ ʟ ʥʠʞʥʴʦʛʦ ʙôʻʬʫ 

 

ʉʽʪʢʘ ʚʦʜʦʩʭʦʚʠʱʘ, ʟʛʝʥʝʨʦʚʘʥʘ ʚ Aquaveo SMS, ʟʛʫʱʝʥʘ ʚʟʜʦʚʞ ʢʦʣʠʰʥʴʦʛʦ 

ʨʫʩʣʘ (70ï80 ʤ) ʪʘ ʙʝʨʝʛʽʚ (50 ʤ), ʫ ʚʽʜʜʘʣʝʥʠʭ ʟʦʥʘʭ ʨʦʟʤʽʨ ʢʦʤʽʨʦʢ ʟʙʽʣʴʰʫʚʘʚʩʷ ʜʦ 

250 ʤ, ʥʘʡʙʽʣʴʰ ʨʦʟʨʽʜʞʝʥʘ ʯʘʩʪʠʥʘ ï ʧʦʙʣʠʟʫ ʘʨʭʽʧʝʣʘʛʫ ɺʝʣʠʢʽ ʡ ʄʘʣʽ ʂʫʯʫʛʫʨʠ. 

ʆʙôʻʜʥʘʥʘ ʩʽʪʢʘ ʨʝʛʽʦʥʫ ʤʘʻ 3 793 350 ʚʫʟʣʽʚ ʽ 7 527 307 ʢʦʤʽʨʦʢ; ʜʦ ʥʝʾ ʧʨʠʻʜʥʘʥʦ 

(ʘ) 

(ʚ) 

(ʙ) 
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ʩʽʪʢʫ ʏʦʨʥʦʛʦ ʤʦʨʷ ʜʣʷ ʫʥʠʢʥʝʥʥʷ ʚʧʣʠʚʫ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ. ʂʦʝʬʽʮʽʻʥʪ ʄʘʥʽʥʛʘ: 0.022 

ʤ ĭƱįĿʩ ʜʣʷ ʚʦʜʦʩʭʦʚʠʱʘ, 0.026 ï ʜʣʷ ʨʫʩʣʘ ɼʥʽʧʨʘ ʡ ʤʦʨʷ, 0.1 ï ʜʣʷ ʦʩʪʨʦʚʽʚ ʽ ʙʝʨʝʛʽʚ. 

ʇʨʦʛʥʦʟ ʥʘʩʣʽʜʢʽʚ ʨʫʡʥʫʚʘʥʥʷ ʛʨʝʙʣʽ ʂʘʭʦʚʩʴʢʦʾ ɻɽʉ ʚʠʢʦʥʫʚʘʚʩʷ ʘʥʘʣʦʛʽʯʥʦ 

ʜʦ ʢʠʾʚʩʴʢʦʾ ʤʦʜʝʣʽ ʧʨʦʨʠʚʽʚ. ʅʘ ʦʢʨʝʤʠʭ ʩʽʪʢʘʭ ʚʦʜʦʩʭʦʚʠʱʘ ʡ ʥʠʞʥʴʦʛʦ ɼʥʽʧʨʘ ʟ 

ʥʫʣʴʦʚʠʭ ʰʚʠʜʢʦʩʪʝʡ ʽ ʟʘʜʘʥʦʛʦ ʨʽʚʥʷ ʚʦʜʠ ʤʦʜʝʣʶʚʘʣʠʩʷ ʨʦʟʧʦʜʽʣʠ ʪʝʯʽʡ ʽ ʨʽʚʥʷ 

ʚʽʣʴʥʦʾ ʧʦʚʝʨʭʥʽ ʧʨʠ ʟʘʜʘʥʠʭ ʩʢʠʜʘʭ ɼʥʽʧʨʦʚʴʩʢʦʾ ʽ ʂʘʭʦʚʩʴʢʦʾ ɻɽʉ. ʇʦʪʽʤ ʦʪʨʠʤʘʥʽ 

ʨʦʟʧʦʜʽʣʠ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʷ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʧʦʯʘʪʢʦʚʠʭ ʫʤʦʚ ʥʘ ʧʦʚʥʽʡ ʩʽʪʮʽ ʽʟ 

ʟʘʧʠʩʦʤ ʾʭ ʚ ʨʝʩʪʘʨʪ-ʬʘʡʣ ʧʨʦʛʨʘʤʠ. ɻʝʦʤʝʪʨʽʷ ʧʨʦʨʘʥʫ ʛʨʝʙʣʽ ʟʘʜʘʚʘʣʘʩʴ ʨʝʣʴʻʬʦʤ ʽ 

ʟʘʣʠʰʘʣʘʩʴ ʥʝʟʤʽʥʥʦʶ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʤʠʪʪʻʚʦʤʫ ʨʫʡʥʫʚʘʥʥʶ. ʇʝʨʝʜ ʩʪʘʨʪʦʤ 

ʤʦʜʝʣʶʚʘʥʥʷ ʚʽʜʦʤʽ ʨʝʣʴʻʬ ʧʨʦʨʘʥʫ ʪʘ ʨʦʟʧʦʜʽʣʠ ʰʚʠʜʢʦʩʪʝʡ ʽ ʨʽʚʥʷ ʚʦʜʠ ʚʠʱʝ ʽ 

ʥʠʞʯʝ ʛʨʝʙʣʽ. ʇʽʩʣʷ ʩʪʘʨʪʫ ʭʚʠʣʷ ʧʨʦʨʠʚʫ ʨʫʭʘʻʪʴʩʷ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʙʘʟʦʚʠʭ ʨʽʚʥʷʥʴ 

ʤʦʜʝʣʽ. 

ʅʘ ʝʪʘʧʽ ʨʦʙʦʪʠ ʚʦʩʝʥʠ 2022 ʨ.  ʨʦʟʛʣʷʜʘʣʠʩʷ ʩʮʝʥʘʨʽʾ ʧʨʦʨʠʚʫ ʟ ʧʽʜʥʷʪʪʷʤ ʨʽʚʥʷ 

ʚʦʜʠ ʫ ʚʦʜʦʩʭʦʚʠʱʽ 15 ʤ ɹʉ (ʱʦ ʚʽʜʧʦʚʽʜʘʣʦ ʜʽʘʧʘʟʦʥʫ ʛʽʜʨʦʣʦʛʽʯʥʠʭ ʫʤʦʚ 

ʂʘʭʦʚʩʴʢʦʛʦ ʚʦʜʦʩʭʦʚʠʱʘ) ʪʘ ʧʨʷʤʦʢʫʪʥʠʤ ʧʨʦʨʘʥʦʤ ʥʘ ʚʩʶ ʰʠʨʠʥʫ (400 ʤ) 

ʚʦʜʦʟʣʠʚʥʦʾ ʛʨʝʙʣʽ (ʨʠʩ. 4.17ʘ). ɼʘʥʽ ʧʨʦ ʛʽʜʨʦʣʦʛʽʯʥʠʡ ʩʪʘʥ ʚʦʜʥʠʭ ʦʙôʻʢʪʽʚ ʽ ʨʽʚʥʽ 

ʚʦʜʠ ʥʘ ʚʦʜʦʤʽʨʥʠʭ ʧʦʩʪʘʭ ʙʫʣʠ ʥʘʜʘʥʽ ʋʢʨɻʄʎ. ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʤʦʜʝʣʶʚʘʥʥʷ ʙʫʣʠ 

ʧʦʙʫʜʦʚʘʥʽ ɻɯʉ-ʢʘʨʪʠ ʟʦʥ ʪʘ ʛʣʠʙʠʥ ʟʘʪʦʧʣʝʥʥʷ, ʟ ʤʦʞʣʠʚʽʩʪʶ ʘʥʘʣʽʟʫ ʚʧʣʠʚʫ ʥʘ 

ʥʘʩʝʣʝʥʥʷ ʪʘ ʽʥʬʨʘʩʪʨʫʢʪʫʨʫ ʥʘʩʝʣʝʥʠʭ ʧʫʥʢʪʽʚ (ʧ. 3.3, ʨʠʩ. 3.6), ʷʢʽ ʙʫʣʠ  ʪʘ ʧʝʨʝʜʘʥʽ 

ʜʦ ɼʉʅʉ ʫ ʣʶʪʦʤʫ 2023 ʨ. ʂʨʽʤ ʪʦʛʦ, ʧʦʙʫʜʦʚʘʥʽ ʛʨʘʬʽʢʠ ʜʠʥʘʤʽʢʠ ʨʽʚʥʷ ʚʦʜʠ ʫ 

ʚʦʜʦʩʭʦʚʠʱʽ ʪʘ ʚ ʢʦʥʪʨʦʣʴʥʠʭ ʪʦʯʢʘʭ ʚ ʥʘʩʝʣʝʥʠʭ ʧʫʥʢʪʘʭ ʫ ʟʘʧʣʘʚʽ ʅʠʞʥʴʦʛʦ 

ɼʥʽʧʨʘ, ʟʦʢʨʝʤʘ ʫ ʍʝʨʩʦʥʽ, ʟ ʷʢʠʭ ʩʣʽʜʫʚʘʣʦ, ʱʦ ʧʨʠʨʽʯʢʦʚʘ ʧʽʚʜʝʥʥʦ-ʟʘʭʽʜʥʘ ʯʘʩʪʠʥʘ 

ʤʽʩʪʘ ʤʦʞʝ ʙʫʪʠ ʟʘʪʦʧʣʝʥʘ ʜʦ ʚʠʩʦʪʠ 5.5 ʤ (ʨʠʩ. 4.19ʚ, ʛ ï ʩʠʥʽ ʢʨʠʚʽ).  

ʅʘʚʝʩʥʽ 2023 ʨ. ʚʥʘʩʣʽʜʦʢ ʚʝʩʥʷʥʦʛʦ ʚʦʜʦʧʽʣʣʷ ʽ ʦʙʤʝʞʝʥʦʛʦ ʩʢʠʜʫ ɻɽʉ ʨʽʚʝʥʴ 

ʂʘʭʦʚʩʴʢʦʛʦ ʚʦʜʦʩʭʦʚʠʱʘ ʧʦʩʪʫʧʦʚʦ ʧʽʜʽʡʤʘʚʩʷ ʽ ʥʘʧʨʠʢʽʥʮʽ ʪʨʘʚʥʷ ʜʦʩʷʛ ʥʘʡʚʠʱʠʭ 

ʟʘ 30 ʨʦʢʽʚ ʢʨʠʪʠʯʥʠʭ ʟʥʘʯʝʥʴ ï ʙʣʠʟʴʢʦ 17 ʤ. ʋ ʢʽʥʮʽ ʪʨʘʚʥʷ ï ʥʘ ʧʦʯʘʪʢʫ ʯʝʨʚʥʷ 

ʨʦʟʧʦʯʘʚʩʷ ʬʦʨʩʦʚʘʥʠʡ ʩʢʠʜ ʚʦʜʠ ʯʝʨʝʟ ʚʦʜʦʟʣʠʚʥʫ ʛʨʝʙʣʶ, ʱʦ ʜʦʙʨʝ ʚʠʜʥʦ ʥʘ 

ʩʫʧʫʪʥʠʢʦʚʦʤʫ ʟʥʽʤʢʫ ʚʽʜ 04.06.2023 (ʨʠʩ. 4.18ʘ).  06.06.2023 ʨ. ʙʣʠʟʴʢʦ 3 ʛʦʜʠʥʠ 

ʩʪʘʣʦʩʷ ʯʘʩʪʢʦʚʝ ʨʫʡʥʫʚʘʥʥʷ ʚʦʜʦʟʣʠʚʥʦʾ ʛʨʝʙʣʽ ɻɽʉ, ʽ ʚʦʜʘ ʟ ʚʦʜʦʩʭʦʚʠʱʘ ʧʦʯʘʣʘ 

ʽʥʪʝʥʩʠʚʥʦ ʚʠʣʠʚʘʪʠʩʴ ʯʝʨʝʟ ʟʨʫʡʥʦʚʘʥʽ ʚʦʜʦʟʣʠʚʥʽ ʦʪʚʦʨʠ ʙʽʣʷ ʙʫʜʽʚʣʽ ɻɽʉ. 
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ʈʠʩʫʥʦʢ 4.18 ï ʉʫʧʫʪʥʠʢʦʚ ̔ʟʥʽʤʢʠ (Planet Labs) ʂʘʭʦʚʩʴʢʦʾ ɻɽʉ: ʘ) ʚʽʜ 04.06.2023 

ʜʦ ʘʚʘʨʽʾ; ʙ) ʚʽʜ 06.06.2023 ʧʽʩʣʷ ʨʫʡʥʫʚʘʥʥʷ ʛʨʝʙʣʽ ɻɽʉ 

 

ɿʛʦʜʦʤ, ʧʽʜ ʜʽʻʶ ʧʦʪʦʢʫ ʚʦʜʠ ʚʽʜʙʫʚʘʣʦʩʷ ʧʦʜʘʣʴʰʝ ʨʫʡʥʫʚʘʥʥʷ ʦʪʚʦʨʽʚ 

ʚʦʜʦʟʣʠʚʥʦʾ ʛʨʝʙʣʽ, ʱʦ ʚʽʜʧʦʚʽʜʥʦ ʧʨʠʟʚʦʜʠʣʦ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʦʙôʻʤʽʚ ʚʠʪʦʢʫ ʚʦʜʠ 

ʯʝʨʝʟ ʧʨʦʨʘʥ. ʏʝʨʝʟ ʜʝʷʢʠʡ ʯʘʩ ʧʦʯʘʣʦʩʷ ʨʫʡʥʫʚʘʥʥʷ ʟʝʤʣʷʥʦʾ ʛʨʝʙʣʽ ʤʽʞ 

ʩʫʜʥʦʧʣʘʚʥʠʤ ʰʣʶʟʦʤ ʽ ʙʫʜʽʚʣʝʶ ɻɽʉ, ʱʦ ʟʘʬʽʢʩʦʚʘʥʦ ʥʘ ʩʫʧʫʪʥʠʢʦʚʦʤʫ ʟʥʽʤʢʫ ʚʽʜ 

06.06.2023 (ʨʠʩ. 4.18ʙ).  

ɿ ʨʘʥʢʫ 06.06.2023 ʨ. ʩʬʦʨʤʦʚʘʥʘ ʢʦʤʘʥʜʘ ʩʧʝʮʽʘʣʽʩʪʽʚ ʨʦʟʧʦʯʘʣʘ ʦʧʝʨʘʪʠʚʥʝ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʜʠʥʘʤʽʢʠ ʚʦʜʠ ʥʠʞʯʝ ʛʨʝʙʣʽ ʂʘʭʦʚʩʴʢʦʾ ɻɽʉ ʜʣʷ ʧʦʯʘʪʢʦʚʦʛʦ ʨʽʚʥʷ 

ʚʦʜʠ ʫ ʂʘʭʦʚʩʴʢʦʤʫ ʚʦʜʦʩʭʦʚʠʱʽ 16.77 ʤ, ʷʢʠʡ ʩʧʦʩʪʝʨʽʛʘʚʩʷ ʥʘ ʛʽʜʨʦʣʦʛʽʯʥʠʭ ʧʦʩʪʘʭ 

ʋʢʨɻʄʎ ʧʝʨʝʜ ʧʨʦʨʠʚʦʤ, ʪʘ ʦʙʨʘʥʦʾ ʥʘ ʧʝʨʰʦʤʫ ʝʪʘʧʽ ʛʝʦʤʝʪʨʽʾ ʧʨʦʨʘʥʫ: ʰʠʨʠʥʦʶ 

400 ʤ ʧʦ ʚʩʽʡ ʚʠʩʦʪʽ ʚʦʜʦʟʣʠʚʥʦʾ ʛʨʝʙʣʽ.  

ɿôʷʩʫʚʘʣʦʩʷ, ʱʦ ʨʦʟʧʦʜʽʣ ʧʨʦʤʦʜʝʣʴʦʚʘʥʠʭ ʛʣʠʙʠʥ ʟʘʪʦʧʣʝʥʥʷ ʻ ʜʦʩʠʪʴ 

ʙʣʠʟʴʢʠʤ ʜʦ ʨʝʟʫʣʴʪʘʪʽʚ, ʦʪʨʠʤʘʥʠʭ ʨʘʥʽʰʝ ʜʣʷ ʩʮʝʥʘʨʽʶ ʟ ʨʽʚʥʝʤ ʚʦʜʠ 15 ʤ, ʘ 

ʟʤʦʜʝʣʴʦʚʘʥʽ ʟʦʥʠ ʟʘʪʦʧʣʝʥʥʷ ʜʦʙʨʝ ʫʟʛʦʜʞʫʻʪʴʩʷ ʤʽʞ ʩʦʙʦʶ ʪʘ ʽʟ ʟʦʥʦʶ, 

ʧʦʙʫʜʦʚʘʥʦʶ ʟʘ ʧʨʦʩʪʦʨʦʚʠʤ ʘʥʘʣʽʟʦʤ ʩʫʧʫʪʥʠʢʦʚʠʭ ʟʥʽʤʢʽʚ (ʨʠʩ. 4.19ʙ). 

ɸʣʝ ʧʨʦʤʦʜʝʣʴʦʚʘʥʘ ʜʠʥʘʤʽʢʘ ʨʽʚʥʽʚ ʚʦʜʠ ʫ ʢʦʥʪʨʦʣʴʥʠʭ ʪʦʯʢʘʭ ʤʦʜʝʣʽ 

ʚʽʜʩʪʘʚʘʣʘ ʚʽʜ ʯʘʩʦʚʦʛʦ ʭʦʜʫ ʨʽʚʥʽʚ, ʚʠʤʽʨʷʥʠʭ ʥʘ ʛʽʜʨʦʣʦʛʽʯʥʠʭ ʧʦʩʪʘʭ ʋʢʨɻʄʎ ʫ ʤ. 

ʅʽʢʦʧʦʣʴ (ʥʘʚʧʨʦʪʠ ɿʘʧʦʨʽʟʴʢʦʾ ɸɽʉ) ʪʘ ʤ. ʍʝʨʩʦʥ (ʨʠʩ. 4.19ʚ 4.19ʛ). 

ʗʢ ʙʫʣʦ ʚʠʟʥʘʯʝʥʦ ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʚʽʟʫʘʣʴʥʠʭ ʩʧʦʩʪʝʨʝʞʝʥʴ, ʚʽʜʝʦʟʡʦʤʢʠ ʪʘ 

ʩʫʧʫʪʥʠʢʦʚʠʭ ʟʥʽʤʢʽʚ, ʰʠʨʠʥʘ ʧʨʦʨʘʥʫ ʫ ʛʨʝʙʣʽ ɻɽʉ ʟ̔ ʯʘʩʦʤ ʟʙʽʣʴʰʫʚʘʣʘʩʴ. ʆʢʨʽʤ 

(ʘ) (ʙ) 
















































































































































































































































