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ɺʚʝʜʝʥʠʝ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ. ʉ ʤʦʤʝʥʪʘ ʧʦʷʚʣʝʥʠʷ ʢʦʤʧʴʶʪʝʨʥʦʡ ʛʨʘʬʠʢʠ ʩʠʥʪʝʟ 

ʢʦʤʧʴʶʪʝʨʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʥʘʰʸʣ ʤʥʦʞʝʩʪʚʦ ʧʦʣʝʟʥʳʭ ʧʨʠʣʦʞʝʥʠʡ. ʅʘʠʙʦʣʝʝ 

ʠʟʚʝʩʪʥʳʤʠ ʷʚʣʷʶʪʩʷ ʧʨʠʣʦʞʝʥʠʷ ʠʟ ʩʬʝʨʳ ʢʠʥʦʠʥʜʫʩʪʨʠʠ ʠ ʨʘʟʚʣʝʯʝʥʠʡ, ʛʜʝ 

ʩʠʥʪʝʟ ʠʟʦʙʨʘʞʝʥʠʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʩʦʟʜʘʥʠʷ ʚʠʟʫʘʣʴʥʦ ʢʨʘʩʠʚʳʭ ʢʦʤʧʴʶʪʝʨʥʳʭ 

ʠʛʨ ʠ ʩʧʝʮʵʬʬʝʢʪʦʚ ʢʠʥʦ. ʂʨʦʤʝ ʵʪʦʛʦ ʧʨʠʣʦʞʝʥʠʷ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʩʠʥʪʝʟʘ ʠʟʦ-

ʙʨʘʞʝʥʠʡ ʤʦʞʥʦ ʥʘʡʪʠ ʚ ʩʬʝʨʝ ʨʝʢʣʘʤʳ, ʤʝʜʠʮʠʥʝ, ʘʨʭʠʪʝʢʪʫʨʥʦʤ ʠ ʠʥʞʝʥʝʨʥʦʤ 

ʜʠʟʘʡʥʝ. ɺʦ ʤʥʦʛʠʭ ʵʪʠʭ ʦʙʣʘʩʪʷʭ ʩʠʥʪʝʟʠʨʫʝʤʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʩʦʜʝʨʞʠʪ ʨʝʘʣʠ-

ʩʪʠʯʥʦʝ ʛʣʦʙʘʣʴʥʦʝ ʦʩʚʝʱʝʥʠʝ, ʨʘʩʩʯʠʪʘʥʥʦʝ ʚ ʚʠʨʪʫʘʣʴʥʦʡ 3D ʩʮʝʥʝ. ʅʘʧʨʠʤʝʨ, ʚ 

ʩʬʝʨʝ ʘʨʭʠʪʝʢʪʫʨʥʦʛʦ ʜʠʟʘʡʥʘ ʨʝʘʣʠʩʪʠʯʥʳʡ ʩʠʥʪʝʟ ʠʟʦʙʨʘʞʝʥʠʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ 

ʦʪʚʝʪʘ ʥʘ ʚʦʧʨʦʩ, ʢʘʢ ʙʫʜʝʪ ʚʳʛʣʷʜʝʪʴ ʩʧʨʦʝʢʪʠʨʦʚʘʥʥʦʝ ʟʜʘʥʠʝ ʠʣʠ ʠʥʪʝʨʴʝʨ ʜʦʤʘ 

ʚ ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʷʭ ʦʩʚʝʱʝʥʠʷ. ɺ ʩʬʝʨʝ ʨʝʢʣʘʤʳ ʠ ʢʠʥʦʧʨʦʠʟʚʦʜʩʪʚʘ ʢʦʤʧʴʶ-

ʪʝʨʥʘʷ ʛʨʘʬʠʢʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʧʨʦʮʝʩʩʝ ʩʤʝʰʠʚʘʥʠʷ ʚʠʨʪʫʘʣʴʥʳʭ 3D ʦʙʲʝʢʪʦʚ ʠ 

ʚʠʜʝʦʟʘʧʠʩʝʡ ʜʣʷ ʚʠʟʫʘʣʠʟʘʮʠʠ ʩʣʦʞʥʳʭ ʩʮʝʥ ʠ ʩʮʝʥʘʨʠʝʚ, ʯʪʦ ʙʳʣʦ ʙʳ ʥʝʚʦʟ-

ʤʦʞʥʦ ʠʣʠ ʦʯʝʥʴ ʜʦʨʦʛʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʜʥʠʭ ʣʠʰʴ ʩʲʸʤʦʢ ʥʘ ʚʠʜʝʦʢʘʤʝʨʫ. 

ʇʦʜʦʙʥʳʝ ʩʬʝʨʳ ʧʨʠʣʦʞʝʥʠʷ ʪʨʝʙʫʶʪ ʚʳʩʦʢʦʛʦ ʫʨʦʚʥʷ ʨʝʘʣʠʟʤʘ, ʜʘʶʱʝʛʦ ʥʘ ʚʳ-

ʭʦʜʝ ʠʟʦʙʨʘʞʝʥʠʷ ʩʮʝʥʳ ʩ ʨʘʟʣʠʯʥʳʭ ʨʘʢʫʨʩʦʚ, ʚʠʟʫʘʣʴʥʦ ʥʝʦʪʣʠʯʠʤʳʝ ʦʪ ʨʝʘʣʴ-

ʥʳʭ ʬʦʪʦʛʨʘʬʠʡ ʪʘʢʠʭ ʞʝ ʩʮʝʥ ʚ ʨʝʘʣʴʥʦʤ ʤʠʨʝ. 

ʈʝʘʣʠʩʪʠʯʥʳʝ ʘʣʛʦʨʠʪʤʳ ʚʠʟʫʘʣʠʟʘʮʠʠ ʠʩʧʦʣʴʟʫʶʪ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ 

ʬʠʟʠʯʝʩʢʦʛʦ ʧʝʨʝʥʦʩʘ ʩʚʝʪʘ ʥʘ ʦʩʥʦʚʝ ʣʫʯʝʚʦʡ ʦʧʪʠʢʠ ʚ ʤʦʜʝʣʠʨʦʚʘʥʥʦʡ ʚʠʨʪʫ-

ʘʣʴʥʦʡ ʩʮʝʥʝ ʜʣʷ ʩʠʥʪʝʟʘ ʠʟʦʙʨʘʞʝʥʠʡ, ʢʦʪʦʨʳʝ ʩʥʠʤʘʶʪʩʷ ʩ ʨʘʟʣʠʯʥʳʭ ʨʘʢʫʨʩʦʚ ʩ 

ʫʯʸʪʦʤ ʩʚʦʡʩʪʚ ʢʘʤʝʨʳ ʥʘʙʣʶʜʘʪʝʣʷ. ɼʣʷ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʧʨʠʣʦʞʝʥʠʡ ʨʝʘ-

ʣʠʩʪʠʯʥʳʝ ʘʣʛʦʨʠʪʤʳ ʚʠʟʫʘʣʠʟʘʮʠʠ ʪʨʝʙʫʶʪ ʙʦʣʴʰʦʡ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʥʘʛʨʫʟʢʠ 

ʜʣʷ ʩʦʟʜʘʥʠʷ ʦʜʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ. ʅʘʧʨʠʤʝʨ, ʨʘʩʯʸʪ ʦʜʥʦʛʦ ʢʘʜʨʘ ʠʟʦʙʨʘʞʝʥʠʷ ʩʦ 

ʩʣʦʞʥʳʤ ʦʩʚʝʱʝʥʠʝʤ ʤʦʞʝʪ ʟʘʥʠʤʘʪʴ ʥʝʩʢʦʣʴʢʦ ʯʘʩʦʚ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʦʜʥʦʛʦ 

ʷʜʨʘ CPU ʇʦʵʪʦʤʫ ʙʦʣʴʰʠʥʩʪʚʦ ʧʦʜʦʙʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʦʬʬʣʘʡʥ 

ʚʠʟʫʘʣʠʟʘʮʠʠ (ʪ.ʝ. ʙʝʟ ʦʪʢʣʠʢʘ ʚ ʨʝʞʠʤʝ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ) ʜʘʞʝ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʠ ʙʦʣʴʰʠʭ ʤʥʦʛʦʫʟʣʦʚʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʩʠʩʪʝʤ. ʆʪʩʫʪʩʪʚʠʝ ʠʥʪʝʨʘʢʪʠʚʥʦʩʪʠ 

ʚʦ ʤʥʦʛʠʭ ʘʣʛʦʨʠʪʤʘʭ ʨʝʘʣʠʩʪʠʯʥʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ (ʙʳʩʪʨʦʛʦ ʦʪʢʣʠʢʘ ʚ ʛʝʥʝʨʘʮʠʠ 

ʨʝʘʣʠʩʪʠʯʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ) ʦʩʣʦʞʥʷʝʪ ʨʘʙʦʪʫ ʨʘʟʨʘʙʦʪʯʠʢʘ ʚʠʨʪʫʘʣʴʥʦʡ ʩʨʝʜʳ. 
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ʊʘʢʞʝ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ ʪʨʝ-

ʙʫʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʮʝʥ, ʛʜʝ ʚ ʣʶʙʦʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʣʶʙʦʡ ʦʙʲ-

ʝʢʪ ʠʣʠ ʝʛʦ ʯʘʩʪʴ ʤʦʛʫʪ ʠʟʤʝʥʠʪʴ ʩʚʦʶ ʬʦʨʤʫ ʠʣʠ ʧʦʣʦʞʝʥʠʝ ʚ ʤʠʨʦʚʦʡ ʩʠʩʪʝʤʝ 

ʢʦʦʨʜʠʥʘʪ, ʚ ʢʦʪʦʨʦʡ ʟʘʜʘʸʪʩʷ ʚʠʨʪʫʘʣʴʥʘʷ ʩʮʝʥʘ. ʂʘʢ ʧʨʘʚʠʣʦ, ʚ ʘʣʛʦʨʠʪʤʘʭ ʚʠ-

ʟʫʘʣʠʟʘʮʠʠ, ʧʨʠʤʝʥʷʶʱʠʭ ʨʝʘʣʠʩʪʠʯʥʫʶ ʤʦʜʝʣʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʚʝʪʘ, ʠʩʧʦʣʴ-

ʟʫʝʪʩʷ ʪʨʘʩʩʠʨʦʚʢʘ ʣʫʯʝʡ, ʛʜʝ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʪʨʝʙʫʶʪʩ,̫ ʯʪʦʙʳ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ 

ʜʘʥʥʳʝ ʩʮʝʥʳ ʙʳʣʠ ʦʨʛʘʥʠʟʦʚʘʥʳ ʚʥʫʪʨʠ ʩʧʝʮʠʘʣʴʥʦʡ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʙʘʟʳ ʜʘʥ-

ʥʳʭ ɻɹɼ (ʯʘʩʪʦ ʥʘʟʳʚʘʝʤʦʡ ʫʩʢʦʨʷʶʱʝʡ ʩʪʨʫʢʪʫʨʦʡ ʋʉ), ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ ʫʩʢʦ-

ʨʷʪʴ ʨʘʩʯʸʪ ʨʝʘʣʠʩʪʠʯʥʦʛʦ ʛʣʦʙʘʣʴʥʦʛʦ ʦʩʚʝʱʝʥʠʷ. 

ɺʦ ʤʥʦʛʠʭ ʩʬʝʨʘʭ ʢʦʤʧʴʶʪʝʨʥʦʡ ʛʨʘʬʠʢʠ, ʚʢʣʶʯʘʷ ʢʠʥʦʧʨʦʠʟʚʦʜʩʪʚʦ, ʘʨ-

ʭʠʪʝʢʪʫʨʥʳʡ ʠ ʠʥʞʝʥʝʨʥʳʡ ʜʠʟʘʡʥ, ʚʩʸ ʯʘʱʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʛʨʘʬʠʯʝʩʢʠʝ ʧʨʦʮʝʩ-

ʩʦʨʳ (GPU) [39] ʙʣʘʛʦʜʘʨʷ ʙʦʣʝʝ ʙʳʩʪʨʳʤ ʚʳʯʠʩʣʝʥʠʷʤ (ʚ 10-20 ʨʘʟ) ʠ ʙʦʣʝʝ ʚʳ-

ʩʦʢʦʡ ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʚʥʫʪʨʝʥʥʝʡ ʧʘʤʷʪʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʨʘʜʠʮʠʦʥʥʳʤʠ 

ʘʨʭʠʪʝʢʪʫʨʘʤʠ ʮʝʥʪʨʘʣʴʥʳʭ ʧʨʦʮʝʩʩʦʨʦʚ (CPU). ʅʝʜʦʩʪʘʪʢʦʤ GPU ʷʚʣʷʝʪʩʷ ʬʠʢ-

ʩʠʨʦʚʘʥʥʳʡ ʨʘʟʤʝʨ ʧʘʤʷʪʠ. ɺ ʩʫʱʝʩʪʚʫʶʱʠʭ ʨʝʘʣʠʟʘʮʠʷʭ GPU ʨʘʟʤʝʨ ʧʘʤʷʪʠ ʷʚ-

ʣʷʝʪʩʷ ʥʝʙʦʣʴʰʠʤ (1-12 GB) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʲʸʤʦʤ ʦʧʝʨʘʪʠʚʥʦʡ ʧʘʤʷʪʠ ʮʝʥ-

ʪʨʘʣʴʥʦʛʦ ʧʨʦʮʝʩʩʦʨʘ (60-100 GB ʠ ʙʦʣʝʝ).  

ɺʦ ʚʩʝʭ ʩʬʝʨʘʭ, ʚ ʢʦʪʦʨʳʭ ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʠʥʪʝʟ ʨʝʘʣʠʩʪʠʯʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ, 

ʧʨʦʠʩʭʦʜʠʪ ʨʦʩʪ ʪʨʝʙʦʚʘʥʠʡ ʢ ʦʙʲʸʤʫ ʜʝʪʘʣʠʟʘʮʠʠ ʤʦʜʝʣʠʨʫʝʤʳʭ ʠ ʚʠʟʫʘʣʠʟʠʨʫʝ-

ʤʳʭ ʚʠʨʪʫʘʣʴʥʳʭ 3D ʩʮʝʥ. ʅʘʧʨʠʤʝʨ, ʩʦʚʨʝʤʝʥʥʳʝ ʚʠʨʪʫʘʣʴʥʳʝ ʩʮʝʥʳ ʠʟ ʩʬʝʨ 

ʢʠʥʦʠʥʜʫʩʪʨʠʠ ʠ ʘʨʭʠʪʝʢʪʫʨʥʦʛʦ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʤʦʛʫʪ ʟʘʥʠʤʘʪʴ ʦʪ ʥʝʩʢʦʣʴʢʠʭ 

ʛʠʛʘʙʘʡʪ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʩʦʪʝʥ ʛʠʛʘʙʘʡʪ ʠʣʠ ʥʝʩʢʦʣʴʢʠʭ ʪʝʨʘʙʘʡʪ ʜʘʥʥʳʭ. ɼʣʷ ʵʬ-

ʬʝʢʪʠʚʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʚʩʝ ʩʦʚʨʝʤʝʥʥʳʝ ʨʝʘʣʠʩʪʠʯʥʳʝ ʘʣʛʦʨʠʪʤʳ ʚʠʟʫʘʣʠʟʘʮʠʠ 

ʪʨʝʙʫʶʪ ʭʨʘʥʝʥʠʷ ʚʩʝʭ ʜʘʥʥʳʭ ʩʮʝʥʳ ʚ ʧʘʤʷʪʠ, ʥʘʠʙʦʣʝʝ ʙʣʠʟʢʦ ʨʘʩʧʦʣʘʛʘʶʱʝʡʩʷ 

ʢ ʧʨʦʮʝʩʩʦʨʫ. ʏʘʩʪʦ ʧʦʜʦʙʥʦʝ ʪʨʝʙʦʚʘʥʠʝ ʬʠʟʠʯʝʩʢʠ ʥʝʚʦʟʤʦʞʥʦ ʦʩʫʱʝʩʪʚʠʪʴ. 

ʌʠʟʠʯʝʩʢʘʷ ʧʘʤʷʪʴ ʧʨʦʮʝʩʩʦʨʘ ʤʦʞʝʪ ʙʳʪʴ ʤʘʣʘ ʜʣʷ ʭʨʘʥʝʥʠʷ ʚʩʝʡ ʩʮʝʥʳ ʮʝʣʠʢʦʤ, 

ʵʪʦ ʘʢʪʫʘʣʴʥʦ ʜʣʷ ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʦʚ ʠ ʪʘʢʞʝ ʜʣʷ ʮʝʥʪʨʘʣʴʥʳʭ ʧʨʦʮʝʩʩʦʨʦʚ. 

ʇʦʜʦʙʥʦʝ ʦʛʨʘʥʠʯʝʥʠʝ ʪʨʝʙʫʝʪ ʨʘʟʨʘʙʦʪʢʠ ʩʣʦʞʥʳʭ ʩʪʨʫʢʪʫʨ ʜʘʥʥʳʭ ʠ ʢʵʰʠʨʦʚʘ-

ʥʠʷ ʜʣʷ ʘʤʦʨʪʠʟʘʮʠʠ ʨʘʩʭʦʜʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʜʦʩʪʘʚʢʦʡ ʜʘʥʥʳʭ ʩʮʝʥʳ ʠʟ ʚʥʝʰʥʝʛʦ 

ʭʨʘʥʠʣʠʱʘ (ʜʠʩʢʦʚʦʛʦ ʠʣʠ ʩʝʪʝʚʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ) ʚ ʦʧʝʨʘʪʠʚʥʫʶ ʧʘʤʷʪʴ.  
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ʎʝʣʴ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ. ʀʩʭʦʜʷ ʠʟ ʨʦʩʪʘ ʪʨʝʙʦʚʘʥʠʡ ʟʘʜʘʯ ʨʝʘʣʠ-

ʩʪʠʯʥʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ ʢ ʩʣʦʞʥʦʩʪʠ ʩʮʝʥ, ʤʘʩʩʦʚʦʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʳʯʠʩʣʠʪʝʣʴ-

ʥʦ ʤʦʱʥʳʭ ʠ ʦʛʨʘʥʠʯʝʥʥʳʭ ʚ ʦʙʲʸʤʝ ʧʘʤʷʪʠ ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʦʚ ʚʦʟʥʠʢʘʶʪ 

ʩʣʝʜʫʶʱʠʝ ʮʝʣʠ: 

- ʨʘʟʨʘʙʦʪʢʘ ʠ ʧʨʦʛʨʘʤʤʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʵʬʬʝʢʪʠʚʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʧʦʩʪʨʦʝ-

ʥʠʷ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʙʘʟʳ ʜʘʥʥʳʭ (ʫʩʢʦʨʷʶʱʝʡ ʩʪʨʫʢʪʫʨʳ), ʦʙʝʩʧʝʯʠʚʘʶʱʝʡ ʵʬ-

ʬʝʢʪʠʚʥʫʶ ʪʨʘʩʩʠʨʦʚʢʫ ʣʫʯʝʡ ʚ ʘʥʠʤʠʨʦʚʘʥʥʳʭ ʩʮʝʥʘʭ ʚʳʩʦʢʦʡ ʩʣʦʞʥʦʩʪʠ, ʚ ʪʦʤ 

ʯʠʩʣʝ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʦʚ; 

- ʨʘʟʨʘʙʦʪʢʘ ʠ ʧʨʦʛʨʘʤʤʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʵʬʬʝʢʪʠʚʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʧʦʠʩʢʘ ʧʝ-

ʨʝʩʝʯʝʥʠʡ ʣʫʯʝʡ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʛʨʘʬʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʦʨʘ ʜʣʷ ʤʘʩʩʠʚʥʳʭ ʩʮʝʥ, ʜʣʷ 

ʢʦʪʦʨʳʭ ʦʙʲʸʤ ʜʘʥʥʳʭ ʤʦʞʝʪ ʤʥʦʛʦʢʨʘʪʥʦ (ʚ ʜʝʩʷʪʢʠ ʨʘʟ) ʧʨʝʚʳʰʘʪʴ ʨʘʟʤʝʨʳ ʬʠ-

ʟʠʯʝʩʢʦʡ ʧʘʤʷʪʠ ʛʨʘʬʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʦʨʘ. ɸʣʛʦʨʠʪʤ ʧʦʠʩʢʘ ʧʝʨʝʩʝʯʝʥʠʡ ʜʦʣʞʝʥ 

ʦʙʝʩʧʝʯʠʚʘʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʣʦʞʝʥʠʷ ʚ ʣʶʙʳʭ ʘʣʛʦʨʠʪʤʘʭ ʨʘʩʯʸʪʘ ʛʣʦʙʘʣʴʥʦʛʦ 

ʦʩʚʝʱʝʥʠʷ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʠʥʪʝʨʘʢʪʠʚʥʳʭ ʘʣʛʦʨʠʪʤʘʭ, ʠ ʠʩʧʦʣʥʷʪʴʩʷ ʥʘ ʤʘʩʩʦʚʳʭ 

ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʘʭ. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ. ɼʣʷ ʫʩʢʦʨʝʥʠʷ ʧʨʦʮʝʩʩʘ ʧʦʩʪʨʦʝʥʠʷ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʙʘʟʳ 

ʜʘʥʥʳʭ (ɻɹɼ) ʚ ʨʘʤʢʘʭ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʨʘʟʨʘʙʦʪʘʥʳ ʩʣʝʜʫʶʱʠʝ ʦʨʪʦʛʦʥʘʣʴʥʳʝ 

ʘʣʛʦʨʠʪʤʳ (ʛʣʘʚʳ 2-5): 

1) ɸʣʛʦʨʠʪʤ ʦʙʥʦʚʣʝʥʠʷ ɻɹɼ ʚ ʢʘʞʜʦʤ ʢʘʜʨʝ ʘʥʠʤʘʮʠʠ ʩʮʝʥʳ, ʠʩʧʦʣʴʟʫʶʱʠʡ 

ʩʪʨʫʢʪʫʨʫ ʨʘʥʝʝ ʧʦʩʪʨʦʝʥʥʦʡ ɻɹɼ (ʛʣʘʚʘ 2).  ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʧʨʠ-

ʤʝʥʠʤ ʜʣʷ ʰʠʨʦʢʦʛʦ ʢʣʘʩʩʘ ʘʥʠʤʠʨʦʚʘʥʥʳʭ ʩʮʝʥ, ʚʢʣʶʯʘʷ ʘʥʠʤʘʮʠʠ ʚʟʨr-

ʚʦʚ ʠ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʝ ʜʚʠʞʝʥʠʝ. 

2) ɸʣʛʦʨʠʪʤ ʛʝʥʝʨʘʮʠʠ ʤʥʦʞʝʩʪʚʘ ʢʣʘʩʪʝʨʦʚ ʩʚʷʟʘʥʥʳʭ ʧʦʣʠʛʦʥʦʚ ʠ ʠʩʧʦʣʴʟʦ-

ʚʘʥʠʷ ʤʥʦʞʝʩʪʚʘ ʢʣʘʩʪʝʨʦʚ ʚ ʢʘʯʝʩʪʚʝ ʩʪʨʦʠʪʝʣʴʥʳʭ ʙʣʦʢʦʚ ʚ ʢʦʥʪʝʢʩʪʝ 

ʧʨʦʮʝʩʩʘ ʧʦʩʪʨʦʝʥʠʷ ɻɹɼ, ʪ.ʢ. ʤʥʦʞʝʩʪʚʦ ʢʣʘʩʪʝʨʦʚ ʥʘ ʧʦʨʷʜʦʢ ʤʝʥʴʰʝ 

ʤʥʦʞʝʩʪʚʘ ʧʦʣʠʛʦʥʦʚ (ʛʣʘʚʘ 3). ʀʩʧʦʣʴʟʫʝʪʩʷ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ ʚ ʧʨʦʮʝʩ-

ʩʝ ʘʥʠʤʘʮʠʠ ʩʚʷʟʥʦʩʪʴ ʪʨʝʫʛʦʣʴʥʠʢʦʚ ʩʦʭʨʘʥʷʝʪʩʷ ʧʦʩʪʦʷʥʥʦʡ, ʠ ʘʥʠʤʘʮʠʷ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʟʘ ʩʯʸʪ ʠʟʤʝʥʝʥʠʷ ʢʦʦʨʜʠʥʘʪ ʚʝʨʰʠʥ ʧʦʣʠʛʦʥʦʚ. ʇʦʜʦʙʥʦʝ 

ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʧʨʠʤʝʥʠʤʦ ʜʣʷ ʣʶʙʳʭ ʘʥʠʤʠʨʦʚʘʥʥʳʭ ʩʮʝʥ, ʚ ʪʦʤ ʯʠʩʣʝ ʩʦ-
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ʜʝʨʞʘʱʠʭ ʘʥʠʤʘʮʠʠ ʚʟʨʳʚʦʚ, ʝʩʣʠ ʦʙʣʦʤʢʠ ʚʟʨʳʚʦʚ ʠ ʤʝʩʪʘ ʨʘʟʨʳʚʦʚ ʦʙ-

ʣʦʤʢʦʚ ʨʘʩʩʯʠʪʘʥʳ ʟʘʨʘʥʝʝ. 

3) ɸʣʛʦʨʠʪʤʳ ʧʦʩʪʨʦʝʥʠʷ ɻɹɼ ʥʘ ʛʨʘʬʠʯʝʩʢʦʤ ʧʨʦʮʝʩʩʦʨʝ (ʛʣʘʚʳ 4 ʠ 5), ʧʦ-

ʪʨʝʙʣʷʶʱʠʝ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʤʝʥʴʰʝ ʧʘʤʷʪʠ, ʨʘʙʦʪʘʶʱʠʝ ʥʘ ʧʦʨʷʜʦʢ ʙʳʩʪ-

ʨʝʝ, ʯʝʤ ʘʥʘʣʦʛʠ ʥʘ CPU ʠ ʥʘ ʛʨʘʬʠʯʝʩʢʦʤ ʧʨʦʮʝʩʩʦʨʝ. ʊʘʢʞʝ ʨʝʰʝʥʘ ʧʨʦ-

ʙʣʝʤʘ ʨʘʟʨʝʟʘʥʠʷ ʧʦʣʠʛʦʥʦʚ ʥʝʦʜʥʦʨʦʜʥʳʭ ʨʘʟʤʝʨʦʚ ʚ ʨʘʤʢʘʭ ʬʠʢʩʠʨʦʚʘʥ-

ʥʦʛʦ ʦʛʨʘʥʠʯʝʥʠʷ ʨʘʟʤʝʨʘ ʧʘʤʷʪʠ. ʇʦʜʦʙʥʦʝ ʨʘʟʨʝʟʘʥʠʝ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʧʦ-

ʩʪʨʦʝʥʠʷ ɻɹɼ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʡ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʡ ʧʦʠʩʢ ʧʝʨʝʩʝʯʝʥʠʷ ʣʫ-

ʯʝʡ. 

ʈʘʟʨʘʙʦʪʘʥʳ ʤʘʩʰʪʘʙʠʨʫʝʤʳʝ ʘʣʛʦʨʠʪʤʳ ʧʦʠʩʢʘ ʧʝʨʝʩʝʯʝʥʠʡ ʣʫʯʝʡ ʠ ʬʠʣʴʪ-

ʨʘʮʠʠ ʪʝʢʩʪʫʨ (ʛʣʘʚʘ 6), ʧʦʟʚʦʣʷʶʱʠʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʝʨʠʡʥʳʭ ʛʨʘʬʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʨʦʚ ʨʝʘʣʠʩʪʠʯʥʦ ʚʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʤʘʩʩʠʚʥʳʝ ʩʮʝʥʳ, ʨʘʟʤʝʨ ʢʦʪʦʨʳʭ ʤʦ-

ʞʝʪ ʥʘ ʧʦʨʷʜʢʠ ʧʨʝʚʳʰʘʪʴ ʨʘʟʤʝʨ ʬʠʟʠʯʝʩʢʦʡ ʧʘʤʷʪʠ ʛʨʘʬʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʦʨʘ. 

ʈʘʟʨʘʙʦʪʘʥʥʳʝ ʘʣʛʦʨʠʪʤʳ ʥʘ ʧʦʨʷʜʦʢ ʙʳʩʪʨʝʝ ʩʫʱʝʩʪʚʫʶʱʠʭ ʘʥʘʣʦʛʦʚ, ʠʩʧʦʣ-

ʥʷʶʱʠʭʩʷ ʥʘ CPU ʠ ʥʘ ʛʨʘʬʠʯʝʩʢʦʤ ʧʨʦʮʝʩʩʦʨʝ. ʈʘʟʨʘʙʦʪʘʥʥʳʝ ʘʣʛʦʨʠʪʤʳ ʧʨʠ-

ʤʝʥʠʤʳ ʩʦʚʤʝʩʪʥʦ ʩ ʣʶʙʳʤʠ ʘʣʛʦʨʠʪʤʘʤʠ ʨʘʩʯʸʪʘ ʛʣʦʙʘʣʴʥʦʛʦ ʦʩʚʝʱʝʥʠʷ, ʦʩʥʦ-

ʚʘʥʥʳʤʠ ʥʘ ʪʨʘʩʩʠʨʦʚʢʝ ʣʫʯʝʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʠʥʪʝʨʘʢʪʠʚʥʳʭ. 

ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʧʦʠʩʢʘ ʧʝʨʝʩʝʯʝʥʠʡ ʣʫʯʝʡ ʧʦʟʚʦʣʠʣ ʜʦʩʪʠʯʴ ʣʦʛʘ-

ʨʠʬʤʠʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʠ ʧʦʠʩʢʘ ʧʝʨʝʩʝʯʝʥʠʡ ʦʪ ʨʘʟʤʝʨʘ ʢʵʰʘ ʛʨʘʬʠʯʝ-

ʩʢʦʛʦ ʧʨʦʮʝʩʩʦʨʘ (ʛʣʘʚʘ 6). ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʢʵʰ ʧʘʤʷʪʴ ʤʝʥʴʰʝʛʦ ʨʘʟ-

ʤʝʨʘ ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʧʨʠʝʤʣʝʤʦʡ ʩʢʦʨʦʩʪʠ ʧʦʠʩʢʘ ʧʝʨʝʩʝʯʝʥʠʡ. 

ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. ʅʘ ʦʩʥʦʚʝ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʩ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʝʤ ʪʝʭʥʦʣʦʛʠ CUDA ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʥʘ GPU [79] ʨʝʘʣʠ-

ʟʦʚʘʥ ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʤʧʣʝʢʩ ʠʥʪʝʨʘʢʪʠʚʥʦʡ ʨʝʘʣʠʩʪʠʯʥʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ, ʧʨʠʤʝ-

ʥʝʥʠʝ ʢʦʪʦʨʦʛʦ ʧʦʟʚʦʣʷʝʪ ʧʨʠʚʝʩʪʠ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʧʦʚʳʰʝʥʠʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴ-

ʥʦʩʪʠ ʪʨʫʜʘ ʚ ʘʨʭʠʪʝʢʪʫʨʥʦʤ, ʠʥʞʝʥʝʨʥʦʤ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʠ ʢʠʥʦʠʥʜʫʩʪʨʠʠ.  

ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʤʧʣʝʢʩ, ʚ ʯʘʩʪʥʦʩʪʠ, ʧʦʟʚʦʣʷʝʪ ʨʝʘʣʠʩʪʠʯʥʦ 

ʚʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʠʟʦʙʨʘʞʝʥʠʷ ʚ ʠʥʪʝʨʘʢʪʠʚʥʦʤ ʨʝʞʠʤʝ ʩ ʨʘʟʨʝʰʝʥʠʝʤ Full HD ʩʘ-

ʤʦʣʸʪʘ ɹʦʠʥʛ 777, ʩʦʩʪʦʷʱʝʛʦ ʠʟ 360 ʤʣʥ. ʪʨʝʫʛʦʣʴʥʠʢʦʚ ʚ ʨʝʞʠʤʝ ʠʥʪʝʨʘʢʪʠʚʥʦʡ 

ʚʠʟʫʘʣʠʟʘʮʠʠ. ɺ ʢʘʯʝʩʪʚʝ ʤʝʪʦʜʘ ʨʘʩʯʸʪʘ ʛʣʦʙʘʣʴʥʦʛʦ ʦʩʚʝʱʝʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ 
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ʄʦʥʪʝ-ʂʘʨʣʦ ʪʨʘʩʩʠʨʦʚʢʘ ʧʫʪʝʡ ʩ ʥʝʩʢʦʣʴʢʠʤʠ ʫʨʦʚʥʷʤʠ ʧʝʨʝʦʪʨʘʞʝʥʠʡ, ʠʩʧʦʣ-

ʥʷʶʱʘʷʩʷ ʥʘ ʩʝʨʠʡʥʦʤ ʛʨʘʬʠʯʝʩʢʦʤ ʧʨʦʮʝʩʩʦʨʝ ʩ 3 GB ʧʘʤʷʪʠ. ʅʘ ʨʘʩʯʸʪ ʦʜʥʦʛʦ 

ʢʘʜʨʘ ʠʟʦʙʨʘʞʝʥʠʷ ʙʝʟ ʚʠʜʠʤʳʭ ʰʫʤʦʚ ʚ ʩʨʝʜʥʝʤ ʪʨʘʪʠʪʩʷ 3 ʤʠʥʫʪʳ. ʀʥʪʝʨʘʢʪʠʚ-

ʥʳʡ ʨʝʞʠʤ ʨʝʘʣʠʩʪʠʯʥʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ 10 ʦʙʥʦʚʣʝʥʠʡ 

ʠʟʦʙʨʘʞʝʥʠʷ ʚ ʩʝʢʫʥʜʫ, ʪʦʛʜʘ ʢʘʢ ʙʦʣʝʝ ʨʘʥʥʠʝ ʤʝʪʦʜʳ ʪʨʝʙʦʚʘʣʠ ʥʝʩʢʦʣʴʢʦ ʩʝ-

ʢʫʥʜ ʠʣʠ ʤʠʥʫʪ ʜʣʷ ʨʘʩʯʸʪʘ ʢʘʞʜʦʛʦ ʄʦʥʪʝ-ʂʘʨʣʦ ʦʙʥʦʚʣʝʥʠʷ ʠʟʦʙʨʘʞʝʥʠʷ. 

ɸʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ. ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʜʦʢʣʘʜʳʚʘʣʠʩʴ ʠ ʦʙʩʫʞʜʘʣʠʩʴ ʥʘ:  

¶ ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ñIEEE/EG Interactive Ray Tracing Symposium 

2008ò, ʉʐɸ, ʃʦʩ-ɸʥʜʞʝʣʝʩ, 2008; 

¶ ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ñEurographics Symposium on Rendering 2009ò, 

ʀʩʧʘʥʠʷ, ɾʠʨʦʥʘ, 2009; 

¶ ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ñEurographics 2010ò, ʐʚʝʮʠʷ, ʅʦʨʨʯʧyʠʥʛ, 2010; 

¶ ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ñComputer Graphics International 2011ò, ʂʘʥʘʜʘ, 

ʆʪʪʘʚʘ, 2011; 

¶ ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ñHigh Performance Graphics 2011ò, ʂʘʥʘʜʘ, ɺʘʥ-

ʢʫʚʝʨ, 2011; 

¶ ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ñSIGGRAPH 2011ò, ʂʘʥʘʜʘ, ɺʘʥʢʫʚʝʨ, 2011; 

¶ ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ñGraphicon 2011ò, ʈʦʩʩʠʷ, ʄʦʩʢʚʘ, 2011; 

ʇʫʙʣʠʢʘʮʠʠ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʙʦʪʳ ʠʤʝʶʪʩʷ 7 ʧʫʙʣʠʢʘʮʠʡ, ʩʦʦʪʚʝʪʩʪ-

ʚʫʶʱʠʭ ʪʨʝʙʦʚʘʥʠʷʤ ɺɸʂ, ʠʟ ʥʠʭ 3 ʧʫʙʣʠʢʘʮʠʠ ʚ ʥʘʫʯʥʳʭ ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʞʫʨʥʘ-

ʣʘʭ [2][3][4] ʚʭʦʜʷʪ ʚ ʙʠʙʣʠʦʛʨʘʬʠʯʝʩʢʫʶ ʙʘʟʫ Web of Science ʠ 7 ʧʫʙʣʠʢʘʮʠʡ [1]- 

[7] ʚʭʦʜʷʪ ʚ ʙʠʙʣʠʦʛʨʘʬʠʯʝʩʢʫʶ ʙʘʟʫ Scopus. 
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ɻʣʘʚʘ 1 

ʆʙʟʦʨ ʧʨʝʜʤʝʪʥʦʡ ʦʙʣʘʩʪʠ 

1.1. ʂʦʥʚʝʡʝʨ ʘʣʛʦʨʠʪʤʘ ʨʝʘʣʠʩʪʠʯʥʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ 

ɸʣʛʦʨʠʪʤ ʨʝʘʣʠʩʪʠʯʥʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ ʢʦʥʚʝʡʝʨʘ, 

ʩʦʩʪʦʷʱʝʛʦ ʠʟ ʥʝʩʢʦʣʴʢʠʭ ʩʪʘʜʠʡ (ʩʤ. ʨʠʩ. 1.1). ɺ ʦʪʜʝʣʴʥʦʡ ʧʨʦʛʨʘʤʤʝ ʠʥʪʝʨʘʢ-

ʪʠʚʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ (ʩʪʘʜʠʷ ɸ) ʩʦʟʜʘʶʪʩʷ ʜʘʥʥʳʝ ʚʠʨʪʫʘʣʴʥʦʡ ʩʮʝʥʳ, ʚʢʣʶ-

ʯʘʶʱʠʝ ʚ ʩʝʙʷ ʠʩʪʦʯʥʠʢʠ ʩʚʝʪʘ, ʧʘʨʘʤʝʪʨʳ ʢʘʤʝʨʳ ʥʘʙʣʶʜʘʪʝʣʷ, ʛʝʦʤʝʪʨʠʯʝʩʢʦʝ 

ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦʙʲʝʢʪʦʚ ʩʮʝʥʳ, ʪʝʢʩʪʫʨʳ, ʟʘʜʘʶʱʠʝ ʩʚʦʡʩʪʚʘ ʧʦʚʝʨʭʥʦʩʪʝʡ ʦʙʲʝʢ-

ʪʦʚ. ʊʘʢʞʝ ʵʪʠ ʜʘʥʥʳʝ ʩʮʝʥʳ ʤʦʛʫʪ ʭʨʘʥʠʪʴʩʷ ʚ ʦʪʜʝʣʴʥʦʤ ʭʨʘʥʠʣʠʱʝ ʜʣʷ ʦʩʫʱʝ-

ʩʪʚʣʝʥʠʷ ʦʬʬʣʘʡʥ ʚʠʟʫʘʣʠʟʘʮʠʠ ʥʝʦʙʭʦʜʠʤʳʭ ʢʘʜʨʦʚ. ɺʩʝ ʵʪʠ ʜʘʥʥʳʝ ʧʝʨʝʜʘʶʪʩʷ 

ʥʘ ʢʦʥʚʝʡʝʨ ʚʠʟʫʘʣʠʟʘʮʠʠ, ʩʦʩʪʦʷʱʠʡ ʠʟ ʩʪʘʜʠʡ (ɹ) ï (ɽ).  

 

ʈʠʩ. 1.1: ʂʦʥʚʝʡʝʨ ʨʝʘʣʠʩʪʠʯʥʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ. ʆʨʘʥʞʝʚʳʤ ʮʚʝʪʦʤ ʦʪʤʝʯʝʥʳ ʩʪʘʜʠʠ, ʥʘ 

ʧʦʚʳʰʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʢʦʪʦʨʳʭ ʥʘʧʨʘʚʣʝʥ ʬʦʢʫʩ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ.  

ɺʦ-ʧʝʨʚʳʭ (ʩʪʘʜʠʷ ɹ), ʜʣʷ ʢʘʞʜʦʛʦ ʢʘʜʨʘ ʘʥʠʤʘʮʠʠ ʧʝʨʝʜ ʥʘʯʘʣʦʤ ʨʘʩʯʸʪʘ 

ʛʣʦʙʘʣʴʥʦʛʦ ʦʩʚʝʱʝʥʠ ̫ʥʝʦʙʭʦʜʠʤʦ 1 ʨʘʟ ʧʦʩʪʨʦʠʪʴ ʛʝʦʤʝʪʨʠʯʝʩʢʫʶ ʙʘʟʫ ʜʘʥʥʳʭ 

(ɻɹɼ), ʢʦʪʦʨʘʷ ʦʨʛʘʥʠʟʫʝʪ ʚ ʧʦʠʩʢʦʚʦʡ ʩʪʨʫʢʪʫʨʝ ʛʝʦʤʝʪʨʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ 

ʩʮʝʥʳ ʜʣʷ ʙʳʩʪʨʦʛʦ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʦʧʝʨʘʮʠʡ ʧʝʨʝʩʝʯʝʥʠʷ ʣʫʯʝʡ ʩ ʦʙʲʝʢʪʘʤʠ ʩʮʝ-

˥͔͔ͤͪ͊ͼ͙Ύ ͯ͡;͔͚ ͔͊ͣͪ͟· 
ͤ͊͋͡Ό͔͒͊ͭ͡Ύ

˽͙ͦͫ͟ ͔͔͔ͨͪͫ;͔͙͚ͤ ͯ͡;͔͚ ͙ 
͎͔͔͙͙ͦͣͭͪ ͫͼ͔ͤ·

˿;͙ͭ·͍͙͔͊ͤ ͍͚͍ͫͦͫͭ 
͍͔ͨͦͪͻ͔͚ͤͦͫͭ ͍ ͭͦ;͊͟ͻ 
͔͔͔ͨͪͫ;͔͙͚ͤ ͯ͡;͔͚

ˤ͊͒͟͡ ͍ ͙͔͙͔ͦ͋ͪ͊͗ͤ͘ 
˾͊ͫ;͖ͭ ͍͊͒͊͟͡ ͎ͦ͋͡. ͦ ͍͔ͫ΅.
˥͔͔ͤͪ͊ͼ͙Ύ ͍ͤͦ·ͻ ͯ͡;͔͚

˸͔͙͍͙͔ͦ͒ͪͦ͊ͤ͡ ͙͙͡ 
͙͙̆ͪ͊ͤ͡΅͔ ͫͼ͔ͤ·

˽͔͙͔ͦͫͭͪͦͤ ͎͔͔͙ͦͣͭͪ;͔͚ͫͦ͟ 
͋͊͘· ͒͊ͤͤ·ͻ ˥ˣ˨ ͫͼ͔ͤ·

ˮ͔͙͔ͦ͋ͪ͊͗ͤ͘

ˢ

ˣ

ˤ

˥

˨

˩



 

10 
 

ʥ  rʠ ʧʦʠʩʢʘ ʙʣʠʞʘʡʰʠʭ ʪʦʯʝʢ ʧʝʨʝʩʝʯʝʥʠʷ ʜʣʷ ʢʘʞʜʦʛʦ ʣʫʯʘ. ɺ ʜʘʣʴʥʝʡʰʝʤ ʚ ʪʝʢ-

ʩʪʝ ɻɹɼ ʤʦʞʝʪ ʥʘʟʳʚʘʪʴʩʷ ʫʩʢʦʨʷʶʱʝʡ ʩʪʨʫʢʪʫʨʦʡ (ʋʉ).  

ɺ ʢʘʯʝʩʪʚʝ ʚʳʭʦʜʥʳʭ ʜʘʥʥʳʭ ʩʪʘʜʠʷ ɺ ʧʨʦʠʟʚʦʜʠʪ ʤʥʦʞʝʩʪʚʦ ʣʫʯʝʡ, ʙʝʨʫ-

ʱʠʭ ʥʘʯʘʣʦ ʚ ʧʦʣʦʞʝʥʠʠ ʥʘʙʣʶʜʘʪʝʣʷ, ʩ ʫʯʸʪʦʤ ʬʦʢʫʩʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʠ ʨʘʟʨʝʰʝ-

ʥʠʷ ʠʟʦʙʨʘʞʝʥʠʷ. ɺ ʩʪʘʜʠʠ ɻ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦʠʩʢ ʧʝʨʝʩʝʯʝʥʠʷ ʣʫʯʝʡ ʠ ʚʩʝʭ ʦʙ̡-

ʝʢʪʦʚ ʩʮʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ɻɹɼ. ɺ ʩʪʘʜʠʠ ɼ ʧʨʦʠʟʚʦʜʠʪʩʷ ʩʯʠʪʳʚʘʥʠʝ ʩʚʦʡʩʪʚ 

ʧʦʚʝʨʭʥʦʩʪʝʡ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ ʚ ʪʦʯʢʘʭ ʧʝʨʝʩʝʯʝʥʠʷ ʜʣʷ ʢʘʞʜʦʛʦ ʣʫʯʘ, 

ʜʣʷ ʢʦʪʦʨʦʛʦ ʧʝʨʝʩʝʯʝʥʠʝ ʥʘʡʜʝʥʦ. ʉʚʦʡʩʪʚʘ ʧʦʚʝʨʭʥʦʩʪʝʡ ʤʦʛʫʪ ʟʘʜʘʚʘʪʴʩʷ ʬʫʥʢ-

ʮʠʷʤʠ ʨʘʩʩʝʠʚʘʥʠʷ ʠ ʧʦʛʣʦʱʝʥʠʷ ʩʚʝʪʘ, ʧʘʨʘʤʝʪʨʳ ʵʪʠʭ ʬʫʥʢʮʠʡ ʤʦʛʫʪ ʟʘʜʘʚʘʪʴʩʷ 

ʪʝʢʩʪʫʨʘʤʠ. ʊʝʢʩʪʫʨʘ ʷʚʣʷʝʪʩʷ 2D ʜʠʩʢʨʝʪʥʳʤ ʠʟʦʙʨʘʞʝʥʠʝʤ, ʟʘʜʘʶʱʠʤ ʚʘʨʴʠ-

ʨʫʶʱʠʝʩʷ ʧʘʨʘʤʝʪʨʳ. ʊʝʢʩʪʫʨʳ ʦʪʦʙʨʘʞʘʶʪʩʷ ʥʘ ʛʝʦʤʝʪʨʠʯʝʩʢʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʩ 

ʧʦʤʦʱʴʶ ʪʝʢʩʪʫʨʥʳʭ ʢʦʦʨʜʠʥʘʪ, ʟʘʜʘʥʥʳʭ ʚ ʧʨʦʛʨʘʤʤʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʣʷ ʢʘʞ-

ʜʦʡ ʢʦʥʪʨʦʣʴʥʦʡ ʪʦʯʢʠ ʧʦʚʝʨʭʥʦʩʪʠ. ʉʪʘʜʠʷ ɽ ʦʩʫʱʝʩʪʚʣʷʝʪ, ʩ ʫʯʸʪʦʤ ʩʚʦʡʩʪʚ 

ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʪʦʯʢʝ ʧʝʨʝʩʝʯʝʥʠʷ ʣʫʯʘ, ʨʘʩʯʸʪʳ ʧʨʷʤʦʛʦ ʠ ʥʝʧʨʷʤʦʛʦ ʦʩʚʝʱʝʥʠʷ, 

ʧʦʧʘʜʘʶʱʝʛʦ ʚ ʜʘʥʥʫʶ ʪʦʯʢʫ. ɼʣʷ ʨʘʩʯʸʪʘ ʧʨʷʤʦʛʦ ʦʩʚʝʱʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʝ-

ʨʠʪʴ ʙʣʦʢʠʨʫʶʪʩʷ ʣʠ ʣʫʯʠ ʩʚʝʪʘ, ʧʨʦʚʝʜʸʥʥʳʝ ʦʪ ʠʩʪʦʯʥʠʢʦʚ ʩʚʝʪʘ ʢ ʪʦʯʢʝ ʦʩʚʝ-

ʱʝʥʠʷ. ɽʩʣʠ ʥʝ ʙʣʦʢʠʨʫʶʪʩʷ (ʧʨʦʚʝʨʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʧʦʠʩʢʘ ʧʝʨʝʩʝʯʝʥʠʡ), ʪʦ 

ʧʨʦʠʟʚʦʜʠʪʩʷ ʚʢʣʘʜ ʚ ʯʘʩʪʴ ʠʟʦʙʨʘʞʝʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʪʦʯʢʝ. ʅʝʧʨʷʤʦʝ ʦʩʚʝ-

ʱʝʥʠʝ ʫʯʠʪʳʚʘʝʪ ʩʚʝʪ, ʜʦʩʪʠʛʘʶʱʠʡ ʵʪʦʡ ʪʦʯʢʠ ʧʦʩʨʝʜʩʪʚʦʤ ʥʝʩʢʦʣʴʢʠʭ ʦʪʨʘʞʝ-

ʥʠʡ ʠ ʧʨʝʣʦʤʣʝʥʠʡ ʯʝʨʝʟ ʜʨʫʛʠʝ ʦʙʲʝʢʪʳ ʩʮʝʥʳ. ʈʘʩʩʯʠʪʘʥʥʳʡ ʚʢʣʘʜ ʛʣʦʙʘʣʴʥʦʛʦ 

ʦʩʚʝʱʝʥʠʷ ʜʣʷ ʢʘʞʜʦʛʦ ʧʠʢʩʝʣʷ ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ ʠʟʦʙʨʘʞʝʥʠʝ (ɪ). ʉʫʱʝʩʪʚʫʶʪ ʠʪʝ-

ʨʘʪʠʚʥʳʝ ʘʣʛʦʨʠʪʤʳ, ʧʦʟʚʦʣʷʶʱʠʝ ʚʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʚʨʝʤʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸ-

ʪʦʚ ʛʣʦʙʘʣʴʥʦʛʦ ʦʩʚʝʱʝʥʠʷ ʚ ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ ʩ ʧʨʦʛʨʝʩʩʠʚʥʳʤ ʥʘʢʦʧʣʝʥʠʝʤ ʨʘʩ-

ʩʯʠʪʘʥʥʦʛʦ ʦʩʚʝʱʝʥʠʷ ʚ ʢʘʞʜʦʤ ʧʠʢʩʝʣʝ, ʧʦʟʚʦʣʷʷ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʧʨʦʠʟʚʦʜʠʪʴ ʠʥ-

ʪʝʨʘʢʪʠʚʥʫʶ ʥʘʚʠʛʘʮʠʶ ʚ ʩʮʝʥʝ ʠ ʥʘʙʣʶʜʘʪʴ ʧʦʩʪʝʧʝʥʥʫʶ ʩʭʦʜʠʤʦʩʪʴ ʢ ʢʦʥʝʯʥʦ-

ʤʫ ʨʝʟʫʣʴʪʘʪʫ.  

ɺ ʨʘʤʢʘʭ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʨʘʟʨʘʙʦʪʘʥʘ ʩʝʨʠʷ ʘʣʛʦʨʠʪʤʦʚ (ʛʣʘʚʳ 2 ï 5), ʧʦ-

ʟʚʦʣʷʶʱʠʭ ʟʥʘʯʠʪʝʣʴʥʦ ʫʩʢʦʨʠʪʴ ʧʨʦʮʝʩʩ ʧʦʩʪʨʦʝʥʠʷ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʙʘʟʳ ʜʘʥ-

ʥʳʭ (ʩʪʘʜʠʷ ɹ). ʉʢʦʨʦʩʪʴ ʧʦʩʪʨʦʝʥʠʷ ɻɹɼ ʷʚʣʷʝʪʩʷ ʢʨʠʪʠʯʥʦʡ ʧʦ ʚʨʝʤʝʥʠ ʩʪʘʜʠʝʡ 

ʢʦʥʚʝʡʝʨʘ ʜʣʷ ʩʮʝʥ, ʩʦʜʝʨʞʘʱʠʭ ʩʣʦʞʥʳʝ ʜʠʥʘʤʠʯʝʩʢʠʝ ʦʙʲʝʢʪʳ, ʜʣʷ ʢʦʪʦʨʳʭ ʥʝ-

ʦʙʭʦʜʠʤʦ ʚʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʢʘʜʨʦʚ. 



 

11 
 

ʊʘʢʞʝ ʚ ʨʘʤʢʘʭ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʨʘʟʨʘʙʦʪʘʥ ʘʣʛʦʨʠʪʤ ʧʦʠʩʢʘ ʧʝʨʝʩʝʯʝʥʠʡ 

ʣʫʯʝʡ ʠ ʦʙʲʝʢʪʦʚ ʩʮʝʥʳ (ʩʪʘʜʠʷ ɻ) ʠ ʩʯʠʪʳʚʘʥʠʝ ʩʚʦʡʩʪʚ ʧʦʚʝʨʭʥʦʩʪʝʡ (ʩʪʘʜʠʷ 

ɼ), ʟʘʜʘʥʥʳʭ ʪʝʢʩʪʫʨʘʤʠ (ʛʣʘʚʘ 6). ʕʪʦʪ ʘʣʛʦʨʠʪʤ ʧʦʜʜʝʨʞʠʚʘʝʪ ʙʦʣʴʰʠʝ ʩʮʝʥʳ, 

ʛʝʦʤʝʪʨʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʢʦʪʦʨʳʭ, ʘ ʪʘʢʞʝ ʪʝʢʩʪʫʨʳ ʤʦʛʫʪ ʥʝ ʚʤʝʱʘʪʴʩʷ 

ʧʦʣʥʦʩʪʴʶ ʚ ʧʘʤʷʪʴ ʛʨʘʬʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʦʨʘ. ɼʦʩʪʦʠʥʩʪʚʦʤ ʜʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ 

ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʘʷ ʩʢʦʨʦʩʪʴ ʠʩʧʦʣʥʝʥʠʷ, ʦʙʝʩʧʝʯʠʚʘʝʤʘʷ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʤʦʱʥʦ-

ʩʪʴʶ ʛʨʘʬʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʦʨʘ, ʚʦʟʤʦʞʥʦʩʪʴ ʠʥʪʝʨʘʢʪʠʚʥʦʡ ʨʘʙʦʪʳ ʚ ʩʧʝʮʠʘʣʴʥʳʭ 

ʧʨʠʣʦʞʝʥʠʷʭ.  

1.2. ʈʘʩʯʸʪ ʛʣʦʙʘʣʴʥʦʛʦ ʦʩʚʝʱʝʥʠʷ 

ɺ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʦʙʱʘʷ ʢʘʨʪʠʥʘ ʧʨʦʮʝʩʩʘ ʨʝʘʣʠʩʪʠʯʥʦʡ ʚʠ-

ʟʫʘʣʠʟʘʮʠʠ ʥʘ ʧʨʠʤʝʨʝ ʘʣʛʦʨʠʪʤʘ ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʄʦʥʪʝ-ʂʘʨʣʦ ʪʨʘʩʩʠʨʦʚʢʝ ʧʫʪʝʡ, 

ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʦʡ ʨʝʰʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝ ʚʠʟʫʘʣʠʟʘʮʠʠ [62]: 

ñW+= iiiii dwtwxLtwwxfrtwxLetwxL )cos(),,,(),,,,(),,,(),,,( 0000 qllll  (1.1) 

ʛʜʝ n ï ʥʦʨʤʘʣʴ ʚ ʪʦʯʢʝ x; ɚ ï ʜʣʠʥʘ ʚʦʣʥʳ; t ï ʚʨʝʤʷ;  

L0(x, w0, ɚ, t) ï ʠʟʣʫʯʝʥʠʝ ʟʘʜʘʥʥʦʡ ʜʣʠʥʳ ʚʦʣʥʳ ɚ, ʠʩʭʦʜʷʱʝʝ ʠʟ ʪʦʯʢʠ x 

ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ w0 ʚʦ ʚʨʝʤʷ t;  

L i(x, wi, ɚ, t) ï ʠʟʣʫʯʝʥʠʝ ʟʘʜʘʥʥʦʡ ʜʣʠʥʳ ʚʦʣʥʳ ɚ, ʧʦʧʘʜʘʶʱʝʝ ʚ ʪʦʯʢʫ x 

ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ wi ʚʦ ʚʨʝʤʷ t;  

Le(x, w0, ɚ, t)  ï ʩʚʝʪ, ʠʟʣʫʯʘʝʤʳʡ ʚ ʪʦʯʢʝ;  

fr (x, wi, w0, ɚ, t) ï ʜʚʫʥʘʧʨʘʚʣʝʥʥʘʷ ʬʫʥʢʮʠʷ ʨʘʩʩʝʠʚʘʥʠʷ ʩʚʝʪʘ, ʟʥʘʯʝʥʠʝ ʢʦ-

ʪʦʨʦʡ ʨʘʚʥʦ ʜʦʣʝ ʠʟʣʫʯʝʥʠʷ, ʦʪʨʘʞʸʥʥʦʛʦ ʚ ʪʦʯʢʝ x ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ w0, ʧʨʠ-

ʰʝʜʰʝʛʦ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ wi;  

cos(ɗi) ï ʢʦʩʠʥʫʩ ʫʛʣʘ ʤʝʞʜʫ n ʠ wi, ʜʦʣʷ ʟʘʪʫʭʘʥʠʷ ʧʘʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʛʣʘ;  

Ý ï ʦʙʣʘʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʚʩʝʭ ʚʦʟʤʦʞʥʳʭ ʫʛʣʦʚ wi ʧʘʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ, ʚ 

ʵʪʦʡ ʦʙʣʘʩʪʠ ʧʨʦʠʟʚʦʜʠʪʩʷ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʠʟʣʫʯʝʥʠʷ. 
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ʆʜʥʠʤ ʠʟ ʤʝʪʦʜʦʚ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ʚʠʟʫʘʣʠʟʘʮʠʠ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ʄʦʥʪʝ-

ʂʘʨʣʦ (ʩʤ. ʨʠʩ. 1.2): ʚʳʧʫʩʢʘʝʪʩʷ ʩʣʫʯʘʡʥʳʡ ʣʫʯ ʠʟ ʧʦʣʦʞʝʥʠʷ ʥʘʙʣʶʜʘʪʝʣʷ ʠʟ 

ʪʦʯʢʠ x0 ʯʝʨʝʟ ʧʠʢʩʝʣʴ pix ʠʟʦʙʨʘʞʝʥʠʡ, ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʟʥʘʯʝʥʠʝ ʧʝʨʝʤʝʥʥʦʡ  

alpha(pix, ɚ) = 1. ʇʨʦʠʟʚʦʜʠʪʩʷ ʧʦʠʩʢ ʙʣʠʞʘʡʰʝʛʦ ʧʝʨʝʩʝʯʝʥʠʷ ʣʫʯʘ ʩ ʦʙʲʝʢʪʘʤʠ 

ʩʮʝʥʳ (ʥʘʡʜʝʥʘ ʪʦʯʢʘ x1), ʧʦʩʣʝ ʵʪʦʛʦ ʚ ʪʦʯʢʝ x1 ʛʝʥʝʨʠʨʫʝʪʩʷ ʦʜʠʥ ʩʣʫʯʘʡʥʳʡ ʣʫʯ 

w1i (ʠʟʦʙʨʘʞʸʥ ʞʠʨʥʦʡ ʩʠʥʝʡ ʣʠʥʠʝʡ ʥʘ ʨʠʩ 1.2) ʠʟ ʦʙʣʘʩʪʠ ʦʧʨʝʜʝʣʝʥʠʷ Ý ʩ ʧʣʦʪ-

ʥʦʩʪʴʶ p1(w1i) ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʝʨʦʷʪʥʦʩʪʝʡ, ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʡ ʟʥʘʯʝʥʠʷʤ ʬʫʥʢ-

ʮʠʠ fr(x1, w1i, w0, ɚ, t) ʚ ʪʦʯʢʝ x1. ɼʘʣʝʝ ʦʙʥʦʚʣʷʝʪʩʷ ʟʥʘʯʝʥʠʝ alpha:  

alpha(pix, ɚ)  *= fr(x1, w1i, w0, ɚ, t) / p1(w1i) 

ʇʦʩʣʝ ʵʪʦʛʦ ʜʣʷ ʣʫʯʘ w1i ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʦʠʩʢ ʙʣʠʞʘʡʰʝʡ ʪʦʯʢʠ ʧʝʨʝʩʝʯʝʥʠʷ 

x2 ʩ ʛʝʦʤʝʪʨʠʝʡ, ʚ ʢʦʪʦʨʦʡ ʛʝʥʝʨʠʨʫʝʪʩʷ ʥʦʚʳʡ ʣʫʯ w2i ʠ ʪ.ʜ. ʧʦʢʘ ʥʝ ʙʫʜʝʪ ʥʘʡʜʝ-

ʥʦ ʧʝʨʝʩʝʯʝʥʠʝ ʩ ʠʩʪʦʯʥʠʢʦʤ ʩʚʝʪʘ ʚ ʪʦʯʢʝ xn. ɼʣʷ ʧʠʢʩʝʣʷ pix ʧʨʦʠʟʚʦʜʠʪʩʷ ʦʙ-

ʥʦʚʣʝʥʠʝ ʚʠʜʠʤʦʛʦ ʯʝʨʝʟ ʥʝʛʦ ʦʩʚʝʱʝʥʠʷ:  

intensity(pix) += alpha(pix, ɚ) * Le(xnŸx4) 

 

ʈʠʩ. 1.2: ʄʦʥʪʝ-ʂʘʨʣʦ ʪʨʘʩʩʠʨʦʚʢʘ ʧʫʪʠ ʩ ʷʚʥʳʤʠ ʩʦʝʜʠʥʝʥʠʷʤʠ ʩ ʠʩʪʦʯʥʠʢʘʤʠ ʩʚʝʪʘ 

ɼʦʧʦʣʥʝʥʠʝʤ ʢ ʫʨʘʚʥʝʥʠʶ ʚʠʟʫʘʣʠʟʘʮʠʠ, ʧʦʚʳʰʘʶʱʠʤ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʝʛʦ 

ʨʝʰʝʥʠʷ, ʷʚʣʷʝʪʩʷ ʧʨʦʮʝʩʩ ʷʚʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʪʦʯʢʠ x ʧʝʨʝʩʝʯʝʥʠʷ ʣʫʯʘ cʦ ʩʣʫʯʘʡ-

ʥʦʡ ʪʦʯʢʦʡ (ʥʘʧʨʠʤʝʨ, xn) ʥʘ ʠʩʪʦʯʥʠʢʝ ʩʚʝʪʘ. ʗʚʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʦʙʦʟʥʘʯʝʥʳ ʧʨʝ-

ʨʳʚʠʩʪʳʤʠ ʣʠʥʠʷʤʠ ʥʘ ʨʠʩ. 1.2. ɼʣʷ ʫʯʸʪʘ ʧʨʷʤʦʛʦ ʦʩʚʝʱʝʥʠʷ ʚ ʪʦʯʢʝ x ʤʝʪʦʜʦʤ 

ʷʚʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʤʦʜʠʬʠʮʠʨʫʝʪʩʷ ʫʨʘʚʥʝʥʠʝ (1.1): 

ñ ª+=
M

Mii dAxnxGtxxnLtwwxfrtwxLetwxL )(),,,(),,,,(),,,(),,,( 0000 llll  (1.2) 

2

)cos()cos(
)()(

xnx
xnxVxnxG

Lii

-
ª=ª

qq
  

x0

x1

x2 x3

x4
xn

fr(x0Ҧ ȄмҦȄнύ

fr(x1Ҧ ȄнҦȄоύ fr(x2Ҧ ȄоҦȄпύ

fr(x3Ҧ ȄпҦȄƴύ

Le(xnҦ x1)

Le(xnҦ x2) Le(xnҦ x3)

Le(xnҦ x4)
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ʛʜʝ V(xźxn) = 1, ʝʩʣʠ ʣʠʥʠʷ ʤʝʞʜʫ ʪʦʯʢʘʤʠ x ʠ xn ʥʝ ʙʣʦʢʠʨʫʝʪʩʷ ʜʨʫʛʠʤʠ 

ʦʙʲʝʢʪʘʤʠ. V(xźxn) = 0, ʝʩʣʠ ʙʣʦʢʠʨʫʝʪʩʷ.  

wi = norma(xn ï x) ï ʥʦʨʤʠʨʦʚʘʥʥʳʡ ʚʝʢʪʦʨ ʦʪ x ʜʦ xn. 

cos(ɗi) ï ʢʦʩʠʥʫʩ ʫʛʣʘ ʤʝʞʜʫ wi ʠ n; cos(ɗLi) ï ʢʦʩʠʥʫʩ ʫʛʣʘ ʤʝʞʜʫ -wi ʠ nL, 

ʥʦʨʤʘʣʴʶ ʚ ʪʦʯʢʝ xn. |x - xn|
2
 ï ʢʚʘʜʨʘʪ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʪʦʯʢʘʤʠ x ʠ xn. 

Li(xn, x, ɚ, t) ï ʠʟʣʫʯʝʥʠʝ, ʧʦʧʘʜʘʶʱʝʝ ʚ ʪʦʯʢʫ x ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ wi, ʚʳʭʦ-

ʜʷʱʝʝ ʠʟ ʪʦʯʢʠ xn ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠʩʪʦʯʥʠʢʘ ʩʚʝʪʘ. 

M ï ʦʙʣʘʩʪʴ ʚʩʝʭ ʪʦʯʝʢ ʧʦʚʝʨʭʥʦʩʪʠ ʠʩʪʦʯʥʠʢʘ ʩʚʝʪʘ (ʤʥʦʛʠʭ ʠʩʪʦʯʥʠʢʦʚ). 

 ʂʦʤʙʠʥʘʮʠʷ ʜʚʫʭ ʩʧʦʩʦʙʦʚ ʫʯʸʪʘ ʦʩʚʝʱʝʥʠʷ ʧʦ ʬʦʨʤʫʣʘʤ (1.1) ʠ (1.2) ʤʦʞʝʪ 

ʦʩʫʱʝʩʪʚʣʷʪʴʩʷ ʩ ʧʦʤʦʱʴʶ ʪʝʭʥʠʢʠ MIS (Multiple Importance Sampling, ʩʤ. ʨʘʙʦʪʫ 

[106]). ʂʨʦʤʝ ʤʝʪʦʜʘ ʦʙʨʘʪʥʦʡ ʄʦʥʪʝ-ʂʘʨʣʦ ʪʨʘʩʩʠʨʦʚʢʠ ʧʫʪʝʡ (ʦʪ ʥʘʙʣʶʜʘʪʝʣʷ ʚ 

ʧʦʠʩʢʘʭ ʠʩʪʦʯʥʠʢʦʚ ʩʚʝʪʘ) ʩʫʱʝʩʪʚʫʶʪ ʜʨʫʛʠʝ ʩʪʨʘʪʝʛʠʠ ʨʘʩʯʸʪʘ ʛʣʦʙʘʣʴʥʦʛʦ ʦʩ-

ʚʝʱʝʥʠʷ: ʧʨʷʤʘʷ ʪʨʘʩʩʠʨʦʚʢʘ (ʦʪ ʠʩʪʦʯʥʠʢʦʚ ʩʚʝʪʘ ʚ ʧʦʠʩʢʘʭ ʥʘʙʣʶʜʘʪʝʣʷ), ʜʚʫʥʘ-

ʧʨʘʚʣʝʥʥʘʷ ʪʨʘʩʩʠʨʦʚʢʘ (ʩʦʟʜʘʶʪʩʷ ʯʘʩʪʠʯʥʳʝ ʧʫʪʠ ʩ ʦʙʝʠʭ ʩʪʦʨʦʥ, ʠ ʠʭ ʢʨʘʡʥʠʝ 

ʪʦʯʢʠ ʷʚʥʦ ʩʦʝʜʠʥʷʶʪʩʷ). ɹʦʣʝʝ ʧʦʜʨʦʙʥʦʝ ʦʧʠʩʘʥʠʝ ʠ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʬʦʨʤʫʣʠ-

ʨʦʚʢʠ ʫʧʦʤʷʥʫʪʳʭ ʤʝʪʦʜʦʚ, ʘ ʪʘʢʞʝ ʠʭ ʤʦʜʠʬʠʢʘʮʠʡ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʩʝʨʠʠ ʨʘʙʦʪ 

[106][18][62][10][9][37]. 

 ʄʝʪʦʜʳ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʧʨʠʤʝʥʝʥʠʠ ʬʦʪʦʥʥʳʭ ʢʘʨʪ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʚ ʢʦʤʙʠ-

ʥʘʮʠʠ ʩ ʫʧʦʤʷʥʫʪʳʤʠ ʚʳʰʝ ʩʧʦʩʦʙʘʤʠ ʧʨʷʤʦʡ ʠ ʜʚʫʥʘʧʨʘʚʣʝʥʥʦʡ ʪʨʘʩʩʠʨʦʚʢʠ 

ʧʫʪʝʡ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʨʘʙʦʪʘʭ [40][58]. ʄʝʪʦʜʳ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʧʨʠʤʝʥʝʥʠʠ ʬʦ-

ʪʦʥʥʳʭ ʢʘʨʪ, ʧʦʟʚʦʣʷʶʪ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦ ʚʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʢʘʫʩʪʠʢʠ. 

 ʉʫʱʝʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ ʚʦʟʤʦʞʥʳʭ ʪʠʧʦʚ ʜʚʫʥʘʧʨʘʚʣʝʥʥʦʡ ʬʫʥʢʮʠʠ ʨʘʩʩʝʠ-

ʚʘʥʠʷ ʩʚʝʪʘ ʚ ʪʦʯʢʝ fr(x, wi, w0, ɚ, t). ʕʪʘ ʬʫʥʢʮʠʷ ʧʦʟʚʦʣʷʝʪ ʟʘʜʘʚʘʪʴ ʨʘʟʣʠʯʥʳʝ 

ʩʚʦʡʩʪʚʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʧʦʤʦʱʴʶ ʥʝʩʢʦʣʴʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʪʘʢʠʭ ʢʘʢ ʰʝʨʦʭʦʚʘ-

ʪʦʩʪʴ ʠ ʜʦʣʷ ʦʪʨʘʞʸʥʥʦʛʦ/ʧʦʛʣʦʱʸʥʥʦʛʦ ʩʚʝʪʘ. ʅʘ ʨʠʩ. 1.3 ʧʨʝʜʩʪʘʚʣʝʥʳ ʠʟʦʙʨʘ-

ʞʝʥʠʷ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ ʧʨʦʮʝʩʩ ʯʸʪʢʦʛʦ ʦʪʨʘʞʝʥʠʷ ʣʫʯʝʡ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʟʝʨ-

ʢʘʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ; ʧʨʦʮʝʩʩ ʨʘʟʤʳʪʦʛʦ ʦʪʨʘʞʝʥʠʷ, ʛʜʝ ʦʪʨʘʞʸʥʥʳʝ ʣʫʯʠ ʩʚʝʪʘ 

ʚʳʭʦʜʷʪ ʠʟ ʪʦʯʢʠ ʚ ʫʟʢʦʡ ʦʙʣʘʩʪʠ ʚʦʢʨʫʛ ʟʝʨʢʘʣʴʥʦ ʦʪʨʘʞʸʥʥʦʛʦ ʣʫʯʘ; ʧʨʦʮʝʩʩ 

ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ, ʛʜʝ ʦʪʨʘʞʸʥʥʳʝ ʣʫʯʠ ʩʚʝʪʘ ʚʳʭʦʜʷʪ ʠʟ ʪʦʯʢʠ ʚʦ ʚʩʝʭ ʥʘ-

ʧʨʘʚʣʝʥʠʷʭ. ɸʥʘʣʦʛʠʯʥʳʝ ʩʚʦʡʩʪʚʘ ʩʫʱʝʩʪʚʫʶʪ ʠ ʫ ʧʦʚʝʨʭʥʦʩʪʝʡ, ʧʨʦʚʦʜʷʱʠʭ 
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ʩʚʝʪ. ɹʦʣʝʝ ʧʦʜʨʦʙʥʳʝ ʤʘʪʝʨʠʘʣʳ ʦ ʜʚʫʥʘʧʨʘʚʣʝʥʥʳʭ ʬʫʥʢʮʠʷʭ ʨʘʩʩʝʠʚʘʥʠʷ ʩʚʝʪʘ 

ʤʦʛʫʪ ʙʳʪʴ ʥʘʡʜʝʥʳ ʚ ʨʘʙʦʪʘʭ [85][20][118]. 

 

ʈʠʩ. 1.3: ʅʝʢʦʪʦʨʳʝ ʚʠʜʳ ʬʫʥʢʮʠʡ ʦʪʨʘʞʝʥʠʷ ʠʣʠ ʧʨʝʣʦʤʣʝʥʠʷ ʩʚʝʪʘ ʚ ʪʦʯʢʝ: ʜʠʬʬʫʟ-

ʥʦʝ, ʯʸʪʢʦʝ ʠʣʠ ʨʘʟʤʳʪʦʝ. 

1.3. ʇʨʝʜʩʪʘʚʣʝʥʠʝ ʩʮʝʥʳ 

ɺ ʨʘʤʢʘʭ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʩʮʝʥʳ, ʛʝʦʤʝʪʨʠʯʝʩʢʦʝ ʧʨʝʜ-

ʩʪʘʚʣʝʥʠʝ ʢʦʪʦʨʳʭ ʷʚʣʷʝʪʩʷ ʧʦʣʠʛʦʥʘʣʴʥʳʤ (ʩʤ. ʨʠʩ. 1.4), ʷʚʣʷʶʱʠʤʩʷ ʩʪʘʥʜʘʨʪʦʤ 

ʚ ʧʦʜʘʚʣʷʶʱʝʤ ʙʦʣʴʰʠʥʩʪʚʝ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʜʣʷ ʩʦʟʜʘʥʠʷ ʚʠʨʪʫʘʣʴ-

ʥʳʭ ʩʮʝʥ. ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʦʙʲʝʢʪ ʧʦʣʠʛʦʥʘʣʴʥʦʡ ʩʮʝʥʳ ʟʘʜʘʸʪʩʷ ʚ ʚʠʜʝ 

ʤʥʦʞʝʩʪʚʘ ʪʨʝʫʛʦʣʴʥʠʢʦʚ, ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʠʭ ʛʨʘʥʠʯʥʳʝ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʲʝʢʪʘ. 

ʂʘʞʜʳʡ ʪʨʝʫʛʦʣʴʥʠʢ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʚʠʜʝ 3 ʠʥʜʝʢʩʦʚ ʚʝʨʰʠʥ ʠ ʠʥʜʝʢʩʘ ʤʘʪʝʨʠʘʣʘ 

ʧʦʚʝʨʭʥʦʩʪʠ. ʂʘʞʜʘʷ ʚʝʨʰʠʥʘ ʩʦʜʝʨʞʠʪ ʢʦʦʨʜʠʥʘʪʫ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʩʮʝʥʳ, ʚʥʝʰ-

ʥʶʶ ʥʦʨʤʘʣʴ ʠ ʪʝʢʩʪʫʨʥʫʶ ʢʦʦʨʜʠʥʘʪʫ. ʊʝʢʩʪʫʨʥʘʷ ʢʦʦʨʜʠʥʘʪʘ ʦʜʥʦʡ ʚʝʨʰʠʥʳ 

ʩʦʜʝʨʞʠʪ 2 ʯʠʩʣʘ ʚ ʜʠʘʧʘʟʦʥʝ [0..1], ʦʧʨʝʜʝʣʷʷ ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʧʦʣʦʞʝʥʠʝ ʪʦʯʢʠ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʚʝʨʰʠʥʝ, ʚ ʜʚʫʤʝʨʥʦʡ ʪʝʢʩʪʫʨʝ, ʨʘʟʨʝʰʝʥʠʝ ʢʦʪʦʨʦʡ ʤʦʞʝʪ ʙʳʪʴ 

ʣʶʙʳʤ. ʊʝʢʩʪʫʨʥʳʝ ʢʦʦʨʜʠʥʘʪʳ ʚʝʨʰʠʥ ʪʨʝʫʛʦʣʴʥʠʢʦʚ ʟʘʜʘʶʪ ʬʫʥʢʮʠʶ ʦʪʦʙʨʘ-

ʞʝʥʠʷ ʣʶʙʳʭ ʥʘʢʣʘʜʳʚʘʝʤʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʥʘ ʛʝʦʤʝʪʨʠʯʝʩʢʫʶ ʧʦʚʝʨʭʥʦʩʪʴ. ʊʝʢ-

ʩʪʫʨʥʘʷ ʢʦʦʨʜʠʥʘʪʘ ʚ ʣʶʙʦʡ ʪʦʯʢʝ ʪʨʝʫʛʦʣʴʥʠʢʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʘ ʦʩʥʦʚʝ ʠʥʪʝʨʧʦ-

ʣʷʮʠʠ ʪʝʢʩʪʫʨʥʳʭ ʢʦʦʨʜʠʥʘʪ ʚ ʚʝʨʰʠʥʘʭ ʪʨʝʫʛʦʣʴʥʠʢʘ. 

ɺ ʤʘʪʝʨʠʘʣʝ ʟʘʜʘʶʪʩʷ ʠʥʩʪʨʫʢʮʠʠ ʦ ʪʦʤ, ʢʘʢʠʝ ʪʝʢʩʪʫʨʳ ʥʘʢʣʘʜʳʚʘʶʪʩʷ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʴ, ʠ ʢʘʢ ʦʥʠ ʠʩʧʦʣʴʟʫʶʪʩʷ. ʄʘʪʝʨʠʘʣ ʪʨʝʫʛʦʣʴʥʠʢʘ ʤʦʞʝʪ ʦʧʨʝʜʝʣʷʪʴ 

˨͙ͺͺ͔ͯͤͦ͘˾ ͊ͣ͘·͔͖͔ͭͦ̉ͭͦ͟

˻͔͙͔ͭͪ͊͗ͤ

˽͔͔͙͔ͪͦͣͤ͡͡
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ʩʚʦʡʩʪʚʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʪʘʢʠʝ ʢʘʢ ʤʠʢʨʦ-ʰʝʨʦʭʦʚʘʪʦʩʪʴ (ʚʣʠʷʝʪ ʥʘ ʩʚʦʡʩʪʚʘ ʦʪʨʘ-

ʞʝʥʠʷ), ʜʦʣʶ ʦʪʨʘʞʸʥʥʦʛʦ, ʧʦʛʣʦʱʸʥʥʦʛʦ ʩʚʝʪʘ ʠ ʜʨʫʛʠʝ ʧʘʨʘʤʝʪʨʳ. ʅʘ ʢʦʥʢʨʝʪ-

ʥʝr ʪʝʢʩʪʫʨʳ ʫʢʘʟʳʚʘʶʪ ʩʩʳʣʢʠ ʚʥʫʪʨʠ ʤʘʪʝʨʠʘʣʘ, ʪʝʢʩʪʫʨʳ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ 

ʚʘʨʴʠʨʦʚʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ ʥʘ ʨʘʟʣʠʯʥʳʭ ʫʯʘʩʪʢʘʭ ʧʦʚʝʨʭʥʦʩʪʠ ʚ 

ʧʨʦʮʝʩʩʝ ʨʘʩʯʸʪʘ ʛʣʦʙʘʣʴʥʦʛʦ ʦʩʚʝʱʝʥʠʷ. ʄʘʪʝʨʠʘʣ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʚʠ-

ʜʝ ʪʝʢʩʪʫʨʳ ʠʣʠ ʧʨʦʛʨʘʤʤʳ [101][91]. 

 

ʈʠʩ. 1.4: ʇʦʣʠʛʦʥʘʣʴʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʩʮʝʥʳ 

ʊʘʢʞʝ ʩʫʱʝʩʪʚʫʶʪ ʜʨʫʛʠʝ ʩʧʦʩʦʙʳ ʟʘʜʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʝʡ ʚ ʚʠʜʝ ʥʘʙʦʨʘ ʢʨʠ-

ʚʦʣʠʥʝʡʥʳʭ ʧʘʪʯʝʡ (ʥʘʧʨʠʤʝʨ, ʩʤ. [78]), ʚʦʣʦʩʷʥʳʝ ʧʨʠʤʠʪʠʚʳ, ʦʙʲʸʤʥʳʝ ʠ ʪ.ʜ. 

ʆʜʥʘʢʦ ʨʘʩʩʤʦʪʨʝʥʠʝ ʵʪʠʭ ʚʠʜʦʚ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦʙʲʝʢʪʦʚ ʚʳʭʦʜʠʪ ʟʘ ʨʘʤʢʠ ʥʘ-

ʩʪʦʷʱʝʡ ʨʘʙʦʪʳ. 

ɺ ʨʘʤʢʘʭ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʚ ʛʣʘʚʘʭ 2-5 ʧʨʝʜʩʪʘʚʣʝʥʳ ʦʨʪʦʛʦʥʘʣʴʥʳʝ ʘʣʛʦ-

ʨʠʪʤʳ, ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʳʭ ʧʨʦʠʟʚʦʜʠʪʩʷ ʙʳʩʪʨʦʝ ʧʦʩʪʨʦʝʥʠʝ ʫʩʢʦʨʷʶʱʝʡ ʩʪʨʫʢ-

ʪʫʨʳ BVH. ɺ ʛʣʘʚʝ 6 ʦʧʠʩʘʥ ʘʣʛʦʨʠʪʤ ʧʦʠʩʢʘ ʧʝʨʝʩʝʯʝʥʠʷ ʣʫʯʝʡ, ʠʩʧʦʣʴʟʫʝʤʳʡ ʚ 

ʨʘʩʯʸʪʘʭ ʛʣʦʙʘʣʴʥʦʛʦ ʦʩʚʝʱʝʥʠʷ, ʧʦʟʚʦʣʷʶʱʠʡ ʵʬʬʝʢʪʠʚʥʦ ʠ ʠʥʪʝʨʘʢʪʠʚʥʦ ʨʘʙʦ-

ʪʘʪʴ ʩ ʤʘʩʩʠʚʥʳʤʠ ʩʮʝʥʘʤʠ, ʩʦʩʪʦʷʱʠʤʠ ʠʟ ʩʦʪʝʥ ʤʠʣʣʠʦʥʦʚ ʪʨʝʫʛʦʣʴʥʠʢʦʚ ʠ ʜʝ-

ʩʷʪʢʦʚ ʛʠʛʘʙʘʡʪ ʪʝʢʩʪʫʨʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ. 
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1.4. ʇʦʩʪʨʦʝʥʠʝ ʫʩʢʦʨʷʶʱʝʡ ʩʪʨʫʢʪʫʨʳ 

ʇʨʠʤʠʪʠʚʳ, ʠʟ ʢʦʪʦʨʳʭ ʩʦʩʪʦʠʪ 3D ʦʙʲʝʢʪ ʩʮʝʥʳ, ʚ ʜʘʥʥʦʡ ʩʪʘʜʠʠ ʜʦʣʞʥʳ 

ʙʳʪʴ ʦʨʛʘʥʠʟʦʚʘʥʳ ʚ ʩʧʝʮʠʘʣʴʥʦʡ ʫʩʢʦʨʷʶʱʝʡ ʩʪʨʫʢʪʫʨʝ (ʜʨʫʛʦʝ ʥʘʟʚʘʥʠʝ: ʛʝʦ-

ʤʝʪʨʠʯʝʩʢʘʷ ʙʘʟʘ ʜʘʥʥʳʭ, ɻɹɼ) ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʚʦ ʚʨʝʤʷ ʧʦʠʩʢʘ ʧʝʨʝʩʝʯʝʥʠʡ ʣʫʯʝʡ 

ʤʦʞʥʦ ʙʳʣʦ ʮʝʥʦʡ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʧʨʦʭʦʜʘ ʣʫʯʝʡ ʚ ʫʟʣʘʭ ʫʩʢʦʨʷʶʱʝʡ ʩʪʨʫʢʪʫʨʳ 

ʫʤʝʥʴʰʠʪʴ ʯʠʩʣʦ ʪʝʩʪʦʚ ʧʝʨʝʩʝʯʝʥʠʷ ʣʫʯʝʡ ʠ ʧʨʠʤʠʪʠʚʦʚ ʩʮʝʥʳ. ʋʩʢʦʨʷʶʱʘʷ 

ʩʪʨʫʢʪʫʨʘ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʢʘʯʝʩʪʚʝʥʥʦʡ (ʠʣʠ ʵʬʬʝʢʪʠʚʥʦʡ), ʝʩʣʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʙʦ-

ʣʝʝ ʚʳʩʦʢʫʶ ʩʢʦʨʦʩʪʴ ʧʦʠʩʢʘ ʧʝʨʝʩʝʯʝʥʠʡ ʣʫʯʝʡ. 

ɸʣʛʦʨʠʪʤ ʧʦʩʪʨʦʝʥʠʷ ʫʩʢʦʨʷʶʱʝʡ ʩʪʨʫʢʪʫʨʳ ʦʧʨʝʜʝʣʷʝʪ, ʢʘʢ ʦʨʛʘʥʠʟʦʚʘʪʴ 

ʧʦʣʠʛʦʥʳ, ʠʟ ʢʦʪʦʨʳʭ ʩʦʩʪʦʠʪ ʦʙʲʝʢʪ, ʚ ʠʝʨʘʨʭʠʶ ʠ ʚʳʯʠʩʣʷʝʪ 3D ʦʭʚʘʪʳʚʘʶʱʠʝ 

ʦʙʦʣʦʯʢʠ ʫʟʣʦʚ ʠʝʨʘʨʭʠʠ. ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʘʣʛʦʨʠʪʤʦʚ ʧʦʩʪʨʦʝʥʠʷ ʫʩʢʦʨʷʶʱʝʡ 

ʩʪʨʫʢʪʫʨʳ ʤʥʦʞʝʩʪʚʦ ʧʦʣʠʛʦʥʦʚ ʩʦʨʪʠʨʫʝʪʩ ̫ʚ 3D ʧʨʦʩʪʨʘʥʩʪʚʝ, ʧʦʩʣʝ ʵʪʦʛʦ ʜʘʥ-

ʥʦʝ ʤʥʦʞʝʩʪʚʦ ʩ ʧʦʤʦʱʴʶ ʦʜʥʦʡ ʠʟ ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ ʧʣʦʩʢʦʩʪʝʡ ʨʘʟʜʝʣʷʝʪʩʷ ʥʘ 

ʥʦʚʳʝ ʧʦʜʤʥʦʞʝʩʪʚʘ. ɼʣʷ ʢʘʞʜʦʛʦ ʠʟ ʥʦʚʳʭ ʧʦʜʤʥʦʞʝʩʪʚ ʧʦʣʠʛʦʥʦʚ ʩʦʟʜʘʸʪʩʷ 

ʫʟʝʣ, ʷʚʣʷʶʱʠʡʩʷ ʧʦʪʦʤʢʦʤ ʜʣʷ ʪʝʢʫʱʝʛʦ ʫʟʣʘ ʠ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʩʦʟʜʘʶʪʩʷ ʩʚʷʟʠ 

ʚʥʫʪʨʠ ʫʩʢʦʨʷʶʱʝʡ ʩʪʨʫʢʪʫʨʳ. ɼʘʥʥʳʡ ʧʨʦʮʝʩʩ ʨʘʟʜʝʣʝʥʠʷ ʧʨʦʜʦʣʞʘʝʪʩʷ ʨʝʢʫʨ-

ʩʠʚʥʦ ʧʦʢʘ ʢʘʞʜʳʡ ʫʟʝʣ ʥʝ ʙʫʜʝʪ ʩʦʜʝʨʞʘʪʴ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʝ ʤʥʦʞʝʩʪʚʦ 

ʧʦʣʠʛʦʥʦʚ. ʃʫʯʰʘʷ ʠʟʚʝʩʪʥʘʷ ʵʚʨʠʩʪʠʢʘ ʜʣʷ ʚʳʙʦʨʘ ʦʧʪʠʤʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ ʨʘʟʜʝ-

ʣʝʥʠʷ ʵʪʦ ʵʚʨʠʩʪʠʢʘ ʧʣʦʱʘʜʝʡ ʧʦʚʝʨʭʥʦʩʪʠ SAH (Surface Area Heuristic [47][43]). 

ʇʨʠʥʷʪʠʝ ʨʝʰʝʥʠʷ ʦ ʪʦʤ, ʢʘʢ ʣʫʯʰʝ ʨʘʟʜʝʣʠʪʴ ʤʥʦʞʝʩʪʚʦ ʧʦʣʠʛʦʥʦʚ ʚ ʧʨʝʜʝʣʘʭ 

ʫʟʣʘ N, ʦʩʥʦʚʘʥʦ ʥʘ ʬʫʥʢʮʠʠ ʦʞʠʜʘʝʤʦʡ ʩʪʦʠʤʦʩʪʠ ʧʨʦʭʦʜʘ ʣʫʯʘ ʯʝʨʝʟ ʵʪʦʪ ʫʟʝʣ: 

)(
)(

)(
)(

)(

)(
)( R

R
L

L NCount
NSA

NSA
NCount

NSA

NSA
NSAHCost Ö+Ö=  (1.3) 

ʛʜʝ SA(N) ï ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ ʦʭʚʘʪʳʚʘʶʱʝʛʦ ʰʝʩʪʠʛʨʘʥʥʠʢʘ AABB(N) 

ʜʣʷ ʫʟʣʘ N (AABB(N) ʷʚʣʷʝʪʩʷ ʦʙʦʣʦʯʢʦʡ ʜʣʷ ʚʩʝʭ ʧʦʣʠʛʦʥʦʚ, ʧʨʠʥʘʜʣʝʞʘʱʠʭ ʫʟʣʫ 

N); Count(N) ï ʯʠʩʣʦ ʧʦʣʠʛʦʥʦʚ, ʧʨʠʥʘʜʣʝʞʘʱʠʭ N; NL ʠ NR ï ʧʦʪʦʤʢʠ N. ʊʘʢʞʝ ʚ 

ʬʦʨʤʫʣʝ (1.3) ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʨʘʟʣʠʯʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ [47]. 

ɸʣʛʦʨʠʪʤ ʧʦʩʪʨʦʝʥʠʷ ʦʮʝʥʠʚʘʝʪ ʨʘʟʣʠʯʥʳʝ ʩʧʦʩʦʙʳ ʨʘʟʜʝʣʝʥʠʷ ʛʝʦʤʝʪʨʠʠ, 

ʠʩʧʦʣʴʟʫʷ ʵʪʫ ʵʚʨʠʩʪʠʯʝʩʢʫʶ ʬʫʥʢʮʠʶ. ɺʳʙʠʨʘʝʪʩʷ ʦʧʪʠʤʘʣʴʥʦʝ ʨʘʟʜʝʣʝʥʠʝ, ʠ 

ʜʘʣʝʝ ʧʨʦʠʟʚʦʜʠʪʩʷ ʨʘʟʜʝʣʝʥʠʝ ʜʣʷ ʥʦʚʳʭ ʫʟʣʦʚ. ʆʧʪʠʤʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ ʨʘʟʜʝʣʝ-

ʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʠʥʠʤʘʣʴʥʘʷ ʦʞʠʜʘʝʤʘʷ ʩʪʦʠʤʦʩʪʴ ʧʨʦʭʦʜʘ ʣʫʯʘ, ʪ.ʝ. ʤʠʥʠ-
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ʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʬʫʥʢʮʠʠ (1.3). ʉʧʦʩʦʙ ʨʘʟʜʝʣʝʥʠʷ ʛʝʦʤʝʪʨʠʠ ʤʝʪʦʜʦʤ ʧʝʨʝʙʦʨʘ 

ʚʩʝʭ ʚʦʟʤʦʞʥʳʭ ʢʦʤʙʠʥʘʮʠʡ ʧʦʜʤʥʦʞʝʩʪʚ ʧʦʣʠʛʦʥʦʚ ʷʚʣʷʝʪʩʷ ʪʨʫʜʦʸʤʢʠʤ. ʉʫʱʝ-

ʩʪʚʫʶʪ ʨʘʟʣʠʯʥʳʝ ʤʝʪʦʜʳ ʫʤʝʥʴʰʝʥʠʷ ʚʨʝʤʝʥʥʦʡ ʩʣʦʞʥʦʩʪʠ ʵʪʦʡ ʩʭʝʤʳ ʨʘʟʜʝʣʝ-

ʥʠʷ, ʚʨʝʤʝʥʥʘʷ ʩʣʦʞʥʦʩʪʴ ʢʦʪʦʨʳʭ ʷʚʣʷʝʪʩʷ ʩʫʙ-ʢʚʘʜʨʘʪʠʯʥʦʡ [113][112] ʠʣʠ ʣʠ-

ʥʝʡʥʦʡ [54]. ʊʘʢʠʝ ʤʝʪʦʜʳ ʤʦʛʫʪ ʠ ʥʝ ʚʳʙʨʘʪʴ ʩʧʦʩʦʙ ʨʘʟʜʝʣʝʥʠʷ ʩ ʤʠʥʠʤʘʣʴʥʦʡ 

ʦʮʝʥʦʯʥʦʡ ʩʪʦʠʤʦʩʪʴʶ (1.3), ʥʦ ʦʥʠ ʚʳʙʠʨʘʶʪ ʟʘ ʤʝʥʴʰʝʝ ʚʨʝʤʷ ʩʧʦʩʦʙ ʨʘʟʜʝʣʝ-

ʥʠʷ, ʙʣʠʟʢʠʡ ʢ ʤʠʥʠʤʘʣʴʥʦʤʫ ʟʥʘʯʝʥʠʶ (1.3). ʅʠʞʝ ʧʨʠʚʝʜʝʥʳ ʩʭʝʤʳ ʫʩʪʨʦʡʩʪʚʘ 

3-ʭ ʦʩʥʦʚʥʳʭ ʚʠʜʦʚ ʫʩʢʦʨʷʶʱʠʭ ʩʪʨʫʢʪʫʨ. 

ʆʜʥʦʨʦʜʥʳʝ 3D-ʩʝʪʢʠ. ʉʦʟʜʘʸʪʩʷ ʦʜʥʦʨʦʜʥʘʷ 3D-ʩʝʪʢʘ ʚʥʫʪʨʠ ʚʩʝʛʦ 3D-

ʧʨʦʩʪʨʘʥʩʪʚʘ ʩʮʝʥʳ. ʂʘʞʜʳʡ ʧʦʣʠʛʦʥ ʚʩʪʘʚʣʷʝʪʩʷ ʚ ʷʯʝʡʢʠ ʩʝʪʢʠ, ʧʝʨʝʩʝʢʘʶʱʠʝ 

ʝʛʦ (ʩʤ. ʨʠʩ. 1.5). 

ʇʨʝʠʤʫʱʝʩʪʚʘ:  

1. ʇʦʩʪʨʦʝʥʠʝ ʩʝʪʢʠ ʙʳʩʪʨʦʝ: ʆ(n), ʛʜʝ n ï ʢʦʣʠʯʝʩʪʚʦ ʪʨʝʫʛʦʣʴʥʠʢʦʚ. 

2. ʇʨʦʩʪʘʷ ʧʨʦʮʝʜʫʨʘ ʧʨʦʭʦʜʘ ʣʫʯʘ ʚ ʷʯʝʡʢʘʭ ʩʝʪʢʠ ʚ ʧʦʠʩʢʘʭ ʧʝʨʝʩʝʯʝʥʠʷ ʩ 

ʩʦʜʝʨʞʘʱʠʤʠʩʷ ʧʦʣʠʛʦʥʘʤʠ (3D-ʨʘʩʪʝʨʠʟʘʮʠʷ ʣʫʯʘ). 

3. ʉʪʨʦʛʦ ʫʧʦʨʷʜʦʯʝʥʥʦʝ ʚ 3D-ʧʨʦʩʪʨʘʥʩʪʚʝ ʧʝʨʝʯʠʩʣʝʥʠʝ ʷʯʝʝʢ ʚʜʦʣʴ ʣʫʯʘ 

ʚʦ ʚʨʝʤʷ ʧʦʠʩʢʘ ʧʝʨʝʩʝʯʝʥʠʷ ʜʣʷ ʣʫʯʘ. 

 
ʈʠʩ. 1.5: ʆʜʥʦʨʦʜʥʘʷ 3D-ʩʝʪʢʘ 

ʅʝʜʦʩʪʘʪʢʠ:  

1. ʇʦʪʨʝʙʣʝʥʠʝ ʙʦʣʴʰʦʛʦ ʦʙʲʸʤʘ ʧʘʤʷʪʠ (ʨʘʩʭʦʜ ʧʘʤʷʪʠ ʥʘ ʧʫʩʪʳʝ ʷʯʝʡʢʠ), 

ʝʩʣʠ ʪʨʝʫʛʦʣʴʥʠʢʠ ʨʘʩʧʨʝʜʝʣʝʥʳ ʥʝʨʘʚʥʦʤʝʨʥʦ ʚ 3D-ʧʨʦʩʪʨʘʥʩʪʚʝ. ʉʶʜʘ 

ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʠ óʭʦʣʦʩʪʦʝô ʧʝʨʝʩʝʯʝʥʠʝ ʤʥʦʛʠʭ ʧʫʩʪʳʭ ʷʯʝʝʢ, ʧʦʧʘʜʘʶ-

ʱʠʭʩʷ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ ʣʫʯʘ.  
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ʂʦʤʤʝʥʪʘʨʠʡ. ɼʣʷ ʫʩʪʨʘʥʝʥʠʷ ʥʝʜʦʩʪʘʪʢʘ ʚʦʟʤʦʞʥʦ ʧʨʠʤʝʥʝʥʠʝ ʠʝʨʘʨʭʠʯʝ-

ʩʢʠʭ (ʚʣʦʞʝʥʥʳʭ ʜʨʫʛ ʚ ʜʨʫʛʘ) 3D-ʩʝʪʦʢ, ʥʦ ʧʨʠ ʵʪʦʤ ʟʥʘʯʠʪʝʣʴʥʦ ʫʩʣʦʞʥʷʝʪʩʷ 

ʧʨʦʮʝʜʫʨʘ ʧʨʦʭʦʜʘ ʣʫʯʘ.  

kd-tree. 3D-ʧʨʦʩʪʨʘʥʩʪʚʦ, ʟʘʥʠʤʘʝʤʦʝ ʩʮʝʥʦʡ, ʨʝʢʫʨʩʠʚʥʦ ʨʘʟʙʠʚʘʝʪʩʷ ʩʝʢʫ-

ʱʠʤʠ ʧʣʦʩʢʦʩʪʷʤʠ ʚʠʜʘ X = divx, Y = divy, Z = divz (ʩʤ. ʨʠʩ. 1.6). ɺʳʙʦʨ ʧʦʟʠʮʠʡ 

ʩʝʢʫʱʠʭ ʧʣʦʩʢʦʩʪʝʡ divx, divy, divz ʩ ʧʦʤʦʱʴʶ ʘʣʛʦʨʠʪʤʘ ʘʜʘʧʪʠʨʫʝʪʩʷ ʢ ʨʘʩʧʨʝʜʝ-

ʣʝʥʠʶ ʧʦʣʠʛʦʥʦʚ ʚ ʧʦʜʧʨʦʩʪʨʘʥʩʪʚʝ, ʨʝʢʫʨʩʠʚʥʦ ʦʪʜʝʣʷʷ ʧʫʩʪʳʝ ʦʙʣʘʩʪʠ ʧʨʦ-

ʩʪʨʘʥʩʪʚʘ ʦʪ ʦʙʣʘʩʪʝʡ, ʩʦʜʝʨʞʘʱʠʭ ʧʦʣʠʛʦʥʳ. ʊʘʢʠʝ ʘʜʘʧʪʠʚʥʳʝ ʜʝʨʝʚʴʷ ʥʘʟʳʚʘ-

ʶʪʩ ̫SAH-ʜʝʨʝʚʴʷʤʠ [47][43]. 

ʇʨʝʠʤʫʱʝʩʪʚʘ:  

1. ʅʝʪ ʧʝʨʝʢʨʳʪʠʡ ʚ 3D-ʧʨʦʩʪʨʘʥʩʪʚʝ ʤʝʞʜʫ ʦʙʦʣʦʯʢʘʤʠ ʫʟʣʦʚ ʜʝʨʝʚʘ . 

2. ʉʪʨʦʛʦ ʫʧʦʨʷʜʦʯʝʥʥʦʝ ʚ 3D-ʧʨʦʩʪʨʘʥʩʪʚʝ ʧʝʨʝʯʠʩʣʝʥʠʝ ʣʠʩʪʴʝʚ ʜʝʨʝʚʘ 

ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ ʣʫʯʘ ʚ ʧʨʦʮʝʩʩʝ ʧʦʠʩʢʘ ʧʝʨʝʩʝʯʝʥʠʷ ʣʫʯʘ. 

3. ʕʬʬʝʢʪʠʚʥʦʝ ʦʪʩʝʯʝʥʠʝ ʧʫʩʪʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʜʣʷ SAH-ʜʝʨʝʚʴʝʚ ʚʦ ʚʨʝʤʷ 

ʧʨʦʭʦʜʘ ʣʫʯʘ. 

 
ʈʠʩ. 1.6: kd-tree 

ʅʝʜʦʩʪʘʪʢʠ:  

1. ʇʦʩʪʨʦʝʥʠʝ SAH-ʜʝʨʝʚʘ ̫ʚʣʷʝʪʩʷ ʤʝʜʣʝʥʥʳʤ ʧʨʦʮʝʩʩʦʤ: ʚʨʝʤʝʥʥʘʷ ʩʣʦʞ-

ʥʦʩʪʴ ʘʣʛʦʨʠʪʤʘ ʧʦʩʪʨʦʝʥʠʷ ʦʮʝʥʠʚʘʝʪʩʷ ʢʘʢ O(n * log n), ʛʜʝ n ï ʢʦʣʠʯʝ-

ʩʪʚʦ ʧʦʣʠʛʦʥʦʚ ʩʮʝʥʳ. 

2. ɼʦ ʥʘʯʘʣʘ ʧʨʦʮʝʩʩʘ ʧʦʩʪʨʦʝʥʠʷ ʥʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʪʦʯʥʦ ʦʧʨʝʜʝʣʠʪʴ ʨʘʟʤʝʨ 

ʙʣʦʢʘ ʧʘʤʷʪʠ, ʜʦʩʪʘʪʦʯʥʦʛʦ ʜʣʷ ʭʨʘʥʝʥʠʷ kd-tree, ʪ.ʢ. ʣʶʙʦʡ ʧʦʣʠʛʦʥ ʤʦ-

ʞʝʪ ʥʘʭʦʜʠʪʴʩʷ ʚ ʥʝʩʢʦʣʴʢʠʭ ʣʠʩʪʴʷʭ kd-tree ʦʜʥʦʚʨʝʤʝʥʥʦ. 

3. ɼʝʨʝʚʦ ʷʚʣʷʝʪʩʷ óʚʳʩʦʢʠʤô (ʫʟʝʣ kd-tree ʩʦʦʪʚʝʪʩʪʚʫʝʪ 1-ʦʡ ʩʝʢʫʱʝʡ ʧʣʦʩ-

ʢʦʩʪʠ). 
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ʂʦʤʤʝʥʪʘʨʠʡ. ɼʣʷ kd-tree ʧʨʝʠʤʫʱʝʩʪʚʘ 1 ʠ 2 ʷʚʣʷʶʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʘʤʠ ʦʪ-

ʥʦʩʠʪʝʣʴʥʦ ʜʝʨʝʚʘ BVH. ʇʨʝʠʤʫʱʝʩʪʚʦ 3 ʷʚʣʷʝʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʦʜʥʦʨʦʜʥʦʡ ʩʝʪʢʠ. ʅʝʜʦʩʪʘʪʢʠ 2 ʠ 3 ʷʚʣʷʶʪʩʷ ʥʝʜʦʩʪʘʪʢʘʤʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʝʨʝʚʘ 

BVH. 

BVH (bounding volume hierarchy). ɺ ʧʨʦʮʝʩʩʝ ʧʦʩʪʨʦʝʥʠʷ ʠʝʨʘʨʭʠʠ ʦʭʚʘʪʳ-

ʚʘʶʱʠʭ ʦʙʦʣʦʯʝʢ ʨʝʢʫʨʩʠʚʥʦ ʩʦʨʪʠʨʫʶʪʩʷ ʧʨʠʤʠʪʠʚʳ (ʧʦʣʠʛʦʥ  rʩʮʝʥʳ ʠʣʠ ʜʨʫ-

ʛʠʝ ʦʙʲʝʢʪʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʦʙʦʣʦʯʢʘʤʠ ʚ ʢʦʥʪʝʢʩʪʝ ʵʪʦʛʦ ʧʨʦʮʝʩʩʘ) ʚ 3D-

ʧʨʦʩʪʨʘʥʩʪʚʝ, ʦʨʛʘʥʠʟʫʝʪʩʷ ʜʨʝʚʦʚʠʜʥʘʷ ʫʩʢʦʨʷʶʱʘʷ ʩʪʨʫʢʪʫʨʘ (ʩʤ. ʨʠʩ. 1.7). 

ɺʥʫʪʨʝʥʥʠʝ ʫʟʣʳ BVH ʷʚʣʷʶʪʩʷ ʦʭʚʘʪʳʚʘʶʱʠʤʠ ʦʙʦʣʦʯʢʘʤʠ AABB (axis-aligned 

bounding box ï ʰʝʩʪʠʛʨʘʥʥʠʢ) ʜʣʷ ʦʙʦʣʦʯʝʢ ʩʚʦʠʭ ʧʦʪʦʤʢʦʚ. ʂʘʞʜʳʡ ʧʨʠʤʠʪʠʚ 

ʤʦʞʝʪ ʥʘʭʦʜʠʪʴʩʷ ʪʦʣʴʢʦ ʚ ʦʜʥʦʤ ʫʟʣʝ ʜʝʨʝʚʘ. ɺ ʜʝʨʝʚʝ BVH, ʧʦʩʪʨʦʝʥʥʦʤ ʩ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʝʤ ʵʚʨʠʩʪʠʢʠ SAH, ʩʪʨʫʢʪʫʨʘ ʦʭʚʘʪʳʚʘʶʱʠʭ ʦʙʦʣʦʯʝʢ ʦʨʛʘʥʠʟʦʚʘʥʘ 

ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʢʘʢ ʤʦʞʥʦ ʣʫʯʰʝ ʦʪʜʝʣʠʪʴ ʧʫʩʪʳʝ ʦʙʣʘʩʪʠ ʧʨʦʩʪʨʘʥʩʪʚʘ ʦʪ 

ʦʙʣʘʩʪʝʡ, ʩʦʜʝʨʞʘʱʠʭ ʧʨʠʤʠʪʠʚʳ. 

ʇʨʝʠʤʫʱʝʩʪʚʘ:  

1. ʇʨʝʜʩʢʘʟʫʝʤʦʝ ʧʦʪʨʝʙʣʝʥʠʝ ʧʘʤʷʪʠ ʜʦ ʥʘʯʘʣʘ ʧʨʦʮʝʩʩ ʧʦʩʪʨʦʝʥʠʷ ʜʝʨʝʚʘ. 

ɼʣʷ ʭʨʘʥʝʥʠʷ BVH ʪʨʝʙʫʝʪʩʷ ʛʦʨʘʟʜʦ ʤʝʥʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʫʟʣʦʚ ʜʝʨʝʚʘ, 

ʯʝʤ ʜʣʷ ʭʨʘʥʝʥʠʷ kd-tree [48]. 

2. ɹr ʩʪʨʦʝ ʦʪʩʝʯʝʥʠʝ ʧʫʩʪʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʜʣʷ SAH-ʜʝʨʝʚʴʝʚ ʚ ʧʨʦʮʝʩʩʝ 

ʧʨʦʭʦʜʘ ʣʫʯʘ. ʋʟʣʳ BVH ʦʛʨʘʞʜʘʶʪʩʷ ʦʪ ʧʫʩʪʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʥʝ ʦʪʜʝʣʴ-

ʥʳʤʠ ʩʝʢʫʱʠʤʠ ʧʣʦʩʢʦʩʪʷʤʠ, ʘ ʩ ʧʦʤʦʱʴʶ ʦʭʚʘʪʳʚʘʶʱʠʭ ʦʙʦʣʦʯʝʢ (ʰʝʩ-

ʪʠʛʨʘʥʥʠʢʦʚ). 

 
ʈʠʩ. 1.7: BVH 
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ʅʝʜʦʩʪʘʪʢʠ:  

1. ʇʨʦʮʝʩʩ ʧʦʩʪʨʦʝʥʠʷ SAH-ʜʝʨʝʚʘ ʷʚʣʷʝʪʩʷ ʤʝʜʣʝʥʥʳʤ: ʚʨʝʤʝʥʥʘʷ ʩʣʦʞ-

ʥʦʩʪʴ ʘʣʛʦʨʠʪʤʘ ʧʦʩʪʨʦʝʥʠʷ ʦʮʝʥʠʚʘʝʪʩʷ ʢʘʢ O(n * log n), ʛʜʝ n ï ʢʦʣ-ʚʦ 

ʧʨʠʤʠʪʠʚʦʚ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʧʨʦʮʝʩʩʝ ʧʦʩʪʨʦʝʥʠʷ ʜʝʨʝʚʘ. 

2. ʅʝ ʩʪʨʦʛʦ ʫʧʦʨʷʜʦʯʝʥʥʦʝ ʚ 3D-ʧʨʦʩʪʨʘʥʩʪʚʝ ʧʝʨʝʯʠʩʣʝʥʠʝ ʣʠʩʪʴʝʚ ʜʝʨʝʚʘ 

ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ ʣʫʯʘ ʚʦ ʚʨʝʤʷ ʧʦʠʩʢʘ ʧʝʨʝʩʝʯʝʥʠʷ, ʪ.ʢ. ʚ ʜʘʥʥʦʤ ʜʝʨʝʚʝ 

ʜʦʧʫʩʢʘʶʪʩʷ ʧʝʨʝʢʨʳʪʠʷ ʤʝʞʜʫ ʦʙʦʣʦʯʢʘʤʠ ʫʟʣʦʚ BVH. 

3. ʇʨʦʙʣʝʤʳ ʩ ʜʣʠʥʥʳʤʠ ʠ ʪʦʥʢʠʤʠ ʪʨʝʫʛʦʣʴʥʠʢʘʤʠ ʜʣʷ AABB ʫʟʣʦʚ (ʙʦʣɹ-

ʰʠʝ ʦʙʲʸʤʳ ʧʫʩʪʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʚʥʫʪʨʠ ʦʙʦʣʦʯʝʢ, ʩʤ. ʨʠʩ. 1.7). 

ʂʦʤʤʝʥʪʘʨʠʡ. ʋʩʢʦʨʷʶʱʠʝ ʩʪʨʫʢʪʫʨʳ kd-tree ʠ BVH ʠʤʝʶʪ ʦʙʱʠʡ ʥʝʜʦʩʪʘ-

ʪʦʢ 1. ʅʝʜʦʩʪʘʪʢʠ 3 ʠ 4 ʜʣʷ ʜʝʨʝʚʘ BVH ʧʨʦʷʚʣʷʶʪʩʷ ʠ ʜʣʷ kd-tree (ʥʝʜʦʩʪʘʪʦʢ 2), 

ʪ.ʢ. ʜʣʠʥʥʳʝ ʠ ʪʦʥʢʠʝ ʪʨʝʫʛʦʣʴʥʠʢʠ ʤʦʛʫʪ ʥʘʭʦʜʠʪʴʩʷ ʚʦ ʤʥʦʞʝʩʪʚʝ ʫʟʣʦʚ kd-tree.  

ɺʳʙʦʨ ʫʩʢʦʨʷʶʱʝʡ ʩʪʨʫʢʪʫʨ.r ɺ ʢʘʯʝʩʪʚʝ ʙʘʟʦʚʦʡ ʫʩʢʦʨʷʶʱʝʡ ʩʪʨʫʢʪʫʨʳ 

ʜʣʷ ʤʥʦʛʠʭ ʧʨʦʛʨʘʤʤʥʳʭ ʧʨʦʜʫʢʪʦʚ ʠ ʘʢʘʜʝʤʠʯʝʩʢʠʭ ʧʨʦʪʦʪʠʧʦʚ [12] ʚ ʟʘʜʘʯʘʭ 

ʨʝʘʣʠʩʪʠʯʥʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ ʯʘʩʪʦ ʚʳʙʠʨʘʶʪ ʜʝʨʝʚʦ BVH, ʪ.ʢ. BVH ʠʤʝʝʪ ʚʘʞʥʳʝ 

ʧʨʝʠʤʫʱʝʩʪʚʘ (ʦʩʦʙʝʥʥʦ ʚʘʞʥʳʤ ʩʚʦʡʩʪʚʦʤ ʷʚʣʷʝʪʩʷ ʧʨʝʜʩʢʘʟʫʝʤʦʝ ʧʦʪʨʝʙʣʝʥʠʝ 

ʧʘʤʷʪʠ). ɼʣʷ ʥʝʜʦʩʪʘʪʢʘ 3 ʜʝʨʝʚʘ BVH ʚ ʨʘʤʢʘʭ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʨʘʟʨʘʙʦʪʘʥʦ 

ʵʬʬʝʢʪʠʚʥʦʝ ʨʝʰʝʥʠʝ (ʩʤ. ʛʣʘʚʫ 4). ɼʣʷ ʫʩʢʦʨʝʥʠʷ ʧʨʦʮʝʩʩʘ ʧʦʩʪʨʦʝʥʠʷ ʜʝʨʝʚʘ 

(ʥʝʜʦʩʪʘʪʦʢ 1) ʚ ʨʘʤʢʘʭ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʨʘʟʨʘʙʦʪʘʥʳ ʦʨʪʦʛʦʥʘʣʴʥʳʝ ʤʝʪʦʜʳ 

(ʛʣʘʚʳ 2-5), ʧʦʟʚʦʣʷʶʱʠʝ ʜʣʷ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʮʝʥ ʫʤʝʥʴʰʘʪʴ ʤʥʦʞʝʩʪʚʦ ʧʨʠʤʠʪʠ-

ʚʦʚ ʚ ʢʦʥʪʝʢʩʪʝ ʧʨʦʮʝʩʩʘ ʧʦʩʪʨʦʝʥʠʷ ʜʝʨʝʚʘ (ʛʣʘʚʘ 3), ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʜʠʥʘʤʠʯʝ-

ʩʢʠʭ ʩʮʝʥ ʩʪʨʫʢʪʫʨʫ ʨʘʥʝʝ ʧʦʩʪʨʦʝʥʥʦʛʦ ʜʝʨʝʚʘ (ʛʣʘʚʘ 2), ʘ ʪʘʢʞʝ ʟʘʜʝʡʩʪʚʦʚʘʪʴ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʤʦʱʥʦʩʪʠ ʛʨʘʬʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʦʨʘ (ʛʣʘʚʳ 4 ʠ 5). 

ɺ ʨʘʤʢʘʭ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʪʘʢʞʝ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʫʩʢʦʨʷʶʱʘʷ ʩʪʨʫʢʪʫʨʘ ʪʠ-

ʧʘ 3D ʩʝʪʢʠ ʜʣʷ ʦʨʛʘʥʠʟʘʮʠʠ ʧʘʨʘʣʣʝʣʴʥʳʭ ʧʨʝʨʳʚʘʥʠʡ ʚ ʘʣʛʦʨʠʪʤʝ ʧʦʠʩʢʘ ʧʝʨʝ-

ʩʝʯʝʥʠʡ ʣʫʯʝʡ ʠ ʩʮʝʥʳ ʥʘ ʛʨʘʬʠʯʝʩʢʦʤ ʧʨʦʮʝʩʩʦʨʝ, ʛʜʝ ʩʮʝʥʘ ʤʦʞʝʪ ʥʝ ʚʤʝʱʘʪʴʩʷ 

ʧʦʣʥʦʩʪʴʶ ʚʥʫʪʨʠ ʬʠʟʠʯʝʩʢʦʡ ʧʘʤʷʪʠ ʧʨʦʮʝʩʩʦʨʘ. 

ʇʨʝʜʳʜʫʱʠʝ ʘʣʛʦʨʠʪʤʳ ʧʦʩʪʨʦʝʥʠʷ. ʉ ʧʦʷʚʣʝʥʠʝʤ ʤʥʦʛʦʷʜʝʨʥʳʭ ʘʨʭʠʪʝʢ-

ʪʫʨ CPU ʠ GPU ʚ ʘʢʘʜʝʤʠʯʝʩʢʦʤ ʩʦʦʙʱʝʩʪʚʝ ʫʚʝʣʠʯʠʣʩʷ ʠʥʪʝʨʝʩ ʢ ʨʘʟʨʘʙʦʪʢʝ ʥʦ-

ʚʳʭ ʘʣʛʦʨʠʪʤʦʚ ʙʳʩʪʨʦʛʦ ʠ ʤʘʩʰʪʘʙʠʨʫʝʤʦʛʦ ʧʦʩʪʨʦʝʥʠʷ ʫʩʢʦʨʷʶʱʠʭ ʩʪʨʫʢʪʫʨ. ɺ 
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ʜʠʩʩʝʨʪʘʮʠʠ [47] ʩʦʜʝʨʞʠʪʩʷ ʧʦʜʨʦʙʥʳʡ ʘʥʘʣʠʟ ʠ ʦʧʠʩʘʥʠʝ ʩʚʦʡʩʪʚ, ʤʝʪʦʜʦʚ ʧʦ-

ʩʪʨʦʝʥʠʷ ʠ ʧʨʠʤʝʥʝʥʠʷ ʫʩʢʦʨʷʶʱʠʭ ʩʪʨʫʢʪʫʨ ʚ ʟʘʜʘʯʘʭ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʪʨʘʩʩʠʨʦʚ-

ʢʝ ʣʫʯʝʡ. 

ɼʦ ʥʝʜʘʚʥʝʛʦ ʚʨʝʤʝʥʠ ʙʦʣʴʰʘʷ ʯʘʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʡ ʬʦʢʫʩʠʨʦʚʘʣʘʩʴ ʥʘ ʩʦ-

ʚʝʨʰʝʥʩʪʚʦʚʘʥʠʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʠ ʦʧʪʠʤʠʟʘʮʠʠ ʨʘʩʭʦʜʘ ʧʘʤʷʪʠ 

ʫʩʢʦʨʷʶʱʠʭ ʩʪʨʫʢʪʫʨ [107]. ʉ ʠʟʤʝʥʝʥʠʝʤ ʧʘʨʘʜʠʛʤʳ ʧʦʩʪʨʦʝʥʠʷ ʧʨʦʮʝʩʩʦʨʥʦʡ 

ʘʨʭʠʪʝʢʪʫʨʳ ʦʪ ʦʜʥʦʛʦ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʤʦʱʥʦʛʦ ʧʨʦʮʝʩʩʦʨʥʦʛʦ ʷʜʨʘ ʢ ʘʨʭʠʪʝʢ-

ʪʫʨʝ ʥʝʩʢʦʣʴʢʠʭ ʷʜʝʨ ʙʦʣʝʝ ʥʠʟʢʦʡ ʯʘʩʪʦʪʳ ʧʦʷʚʠʣʦʩʴ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʥʦʚʳʭ 

ʘʣʛʦʨʠʪʤʦʚ. ɺ ʨʘʙʦʪʝ [36] ʧʨʝʜʩʪʘʚʣʝʥ ʘʣʛʦʨʠʪʤ ʧʦʩʪʨʦʝʥʠʷ ʠ ʦʙʭʦʜʘ kd-tree ʥʘ 

ʛʨʘʬʠʯʝʩʢʦʤ ʧʨʦʮʝʩʩʦʨʝ. ɹʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʟʥʘʯʠʪʝʣʴʥʳʭ ʫʣʫʯʰʝʥʠʡ ʘʣʛʦʨʠʪʤʘ 

ʧʦʩʪʨʦʝʥʠʷ ʧʨʝʜʣʦʞʝʥʦ ʚ ʨʘʙʦʪʘʭ [88][100][123]. ʕʬʬʝʢʪʠʚʥʘʷ ʤʘʩʰʪʘʙʠʨʫʝʤʘʷ 

ʨʝʘʣʠʟʘʮʠʷ ʘʣʛʦʨʠʪʤʘ ʧʦʩʪʨʦʝʥʠʷ kd-tree ʥʘ ʤʥʦʛʦʷʜʝʨʥʦʤ ʧʨʦʮʝʩʩʦʨʝ ʙʳʣʘ ʧʨʝʜ-

ʣʦʞʝʥʘ ʚ ʨʘʙʦʪʝ [27]. ɺ ʨʘʙʦʪʝ [113] ʧʨʝʜʩʪʘʚʣʝʥ ʙʠʥʦʚʳʡ (ʚ ʥʝʢʦʪʦʨʳʭ ʩʪʘʪʴʷʭ 

ʪʘʢʞʝ ʧʝʨʝʚʦʜʠʪʩʷ ʢʘʢ çʷʯʝʝʯʥʳʡè) ʘʣʛʦʨʠʪʤ ʙʳʩʪʨʦʛʦ ʧʦʩʪʨʦʝʥʠʷ ʜʝʨʝʚʘ BVH ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʚʨʠʩʪʠʢʠ SAH, ʠʩʧʦʣʥʷʶʱʠʡʩʷ ʥʘ ʤʥʦʛʦʷʜʝʨʥʦʤ ʧʨʦʮʝʩʩʦʨʝ. ʉ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʭʦʞʠʭ ʧʨʠʥʮʠʧʦʚ ʙʠʥʦʚʦʛʦ ʧʦʩʪʨʦʝʥʠʷ ʨʘʟʨʘʙʦʪʘʥ ʘʣʛʦʨʠʪʤ ʝʱʸ 

ʙʦʣʝʝ ʙʳʩʪʨʦʛʦ ʧʦʩʪʨʦʝʥʠʷ BVH, ʠʩʧʦʣʥʷʶʱʠʡʩʷ ʥʘ ʛʨʘʬʠʯʝʩʢʦʤ ʧʨʦʮʝʩʩʦʨʝ 

[102].  

ɺ ʨʘʙʦʪʘʭ [60][61] ʧʨʝʜʩʪʘʚʣʝʥʳ ʘʣʛʦʨʠʪʤʳ ʧʦʩʪʨʦʝʥʠʷ ʦʜʥʦʨʦʜʥʳʭ ʩʝʪʦʢ, ʘ 

ʪʘʢʞʝ ʠʝʨʘʨʭʠʠ ʩʝʪʦʢ ʥʘ ʛʨʘʬʠʯʝʩʢʦʤ ʧʨʦʮʝʩʩʦʨʝ. ʋʞʝ ʫʧʦʤʠʥʘʣʠʩʴ ʥʝʜʦʩʪʘʪʢʠ 

ʘʣʛʦʨʠʪʤʦʚ ʧʦʩʪʨʦʝʥʠʷ ʫʩʢʦʨʷʶʱʠʭ ʩʪʨʫʢʪʫʨ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʜʣʠʥʥʳʤ ʠ ʪʦʥʢʠʤ 

(ʪ.ʝ. ʧʨʦʪʷʞʸʥʥʳʤ) ʧʦʣʠʛʦʥʘʤ. ɺ ʨʘʙʦʪʝ [104] ʧʨʝʜʩʪʘʚʣʝʥ ʘʣʛʦʨʠʪʤ ʧʦʩʪʨʦʝʥʠʷ 

BVH, ʨʝʰʘʶʱʠʡ ʵʪʫ ʧʨʦʙʣʝʤʫ. ʇʦʣʫʯʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʙʦʪʳ ʵʪʦʛʦ ʘʣʛʦʨʠʪʤʘ 

ʜʝʨʝʚʴʷ BVH ʦʙʝʩʧʝʯʠʚʘʶʪ ʩʘʤʫʶ ʙʳʩʪʨʫʶ ʪʨʘʩʩʠʨʦʚʢʫ ʣʫʯʝʡ ʩʨʝʜʠ ʚʩʝʭ ʧʦʩʣʝʜ-

ʥʠʭ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʘʢʘʜʝʤʠʯʝʩʢʠʭ ʩʪʘʪʝʡ. ʆʜʥʘʢʦ ʵʪʦʪ ʘʣʛʦʨʠʪʤ ʧʦʩʪʨʦʝʥʠʷ 

BVH ʩʧʨʦʝʢʪʠʨʦʚʘʥ ʜʣʷ CPU ʘʨʭʠʪʝʢʪʫʨʳ ʠ ʟʘʥʠʤʘʝʪ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʚʨʝʤʝ-

ʥʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ. 

ɸʣʛʦʨʠʪʤʳ LBVH [71], HLBVH [82], ʨʝʘʣʠʟʫʶʱʠʝ ʧʦʩʪʨʦʝʥʠʝ BVH ʥʘ ʛʨʘ-

ʬʠʯʝʩʢʦʤ ʧʨʦʮʝʩʩʦʨʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʄʦʨʪʦʥ-ʢʦʜʦʚ, ʙʦʣʝʝ ʧʦʜʨʦʙʥʦ ʨʘʩʩʤʦʪʨʝ-
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ʥʳ ʚ ʛʣʘʚʝ 5 ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʥʦʚʳʤ ʙʦʣʝʝ ʧʨʦʩʪʳʤ ʠ ʙʳʩʪʨʳʤ ʘʣʛʦʨʠʪʤʦʤ, ʨʘʟʨʘʙʦ-

ʪʘʥʥʳʤ ʚ ʨʘʤʢʘʭ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ. 

1.5. ʇʦʠʩʢ ʧʝʨʝʩʝʯʝʥʠʷ ʣʫʯʝʡ ʠ ʦʙʲʝʢʪʦʚ ʩʮʝʥʳ 

ʇʦʠʩʢ ʧʝʨʝʩʝʯʝʥʠʷ ʣʫʯʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ BVH. ɺ ʧʘʨʘʣʣʝʣʴʥʦʡ ʤʥʦʛʦ-

ʧʦʪʦʯʥʦʡ ʧʨʦʛʨʘʤʤʝ ʚ ʧʦʪʦʢʝ ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʦʠʩʢ ʧʝʨʝʩʝʯʝʥʠʷ 1 ʣʫʯʘ ʠ ʛʝʦʤʝʪʨʠʠ 

ʦʙʲʝʢʪʦʚ ʩʮʝʥʳ. ɽʩʣʠ ʣʫʯ ʥʝ ʧʝʨʝʩʝʢʘʝʪ ʦʙʦʣʦʯʢʫ ʢʦʨʥʝʚʦʛʦ ʫʟʣʘ N ʜʝʨʝʚʘ BVH, ʪʦ 

ʧʝʨʝʩʝʯʝʥʠʷ ʜʣʷ ʣʫʯʘ ʥʝʪ.  

ɽʩʣʠ ʣʫʯ ʧʝʨʝʩʝʢʘʝʪ ʦʙʦʣʦʯʢʫ ʫʟʣʘ N, ʪʦ ʧʨʦʠʟʚʦʜʷʪʩʷ ʪʝʩʪʳ ʧʝʨʝʩʝʯʝʥʠʷ 

ʣʫʯʘ ʠ ʦʙʦʣʦʯʝʢ ʫʟʣʦʚ ʧʦʪʦʤʢʦʚ, NL ʠ NR:  

1) ɽʩʣʠ ʣʫʯ ʥʝ ʧʝʨʝʩʝʢʘʝʪ ʦʙʦʣʦʯʢʠ NL ʠ NR, ʪʦ ʠʟ ʩʪʝʢʘ ʚʳʥʠʤʘʝʪʩʷ ʫʟʝʣ, ʠ 

ʝʛʦ ʫʢʘʟʘʪʝʣʴ ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ ʧʝʨʝʤʝʥʥʫʶ N.  

2) ɽʩʣʠ ʣʫʯ ʧʝʨʝʩʝʢʘʝʪ ʦʙʦʣʦʯʢʫ ʪʦʣʴʢʦ ʫʟʣʘ NL (ʪʦʣʴʢʦ NR), ʪʦ ʫʩʪʘʥʘʚʣʠ-

ʚʘʝʪʩ ̫N = NL (N = NR).  

3) ɽʩʣʠ ʣʫʯ ʧʝʨʝʩʝʢʘʝʪ ʦʙʦʣʦʯʢʠ NL ʠ NR, ʠ ʧʨʠ ʵʪʦʤ ʧʝʨʝʩʝʯʝʥʠʝ ʩ ʦʙʦʣʦʯ-

ʢʦʡ NL ʙʣʠʞʝ ʢ ʦʩʥʦʚʘʥʠʶ ʣʫʯʘ, ʯʝʤ ʧʝʨʝʩʝʯʝʥʠʝ ʩ ʦʙʦʣʦʯʢʦʡ NR, ʪʦ ʫʩ-

ʪʘʥʘʚʣʠʚʘʝʪʩʷ N = NL, ʘ ʫʟʝʣ NR ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ ʩʪʝʢ.  

4) ʇʦʩʣʝ ʵʪʦʛʦ ʚʳʧʦʣʥʷʶʪʩʷ ʵʪʠ ʞʝ ʠʥʩʪʨʫʢʮʠʠ ʜʣʷ ʥʦʚʦʛʦ ʟʥʘʯʝʥʠʷ ʫʟʣʘ N. 

5) ɽʩʣʠ ʫʟʝʣ N ʷʚʣʷʝʪʩʷ ʣʠʩʪʦʤ BVH, ʢʦʪʦʨʳʡ ʩʦʜʝʨʞʠʪ ʧʨʠʤʠʪʠʚʳ ʩʮʝʥʳ, 

ʪʦ ʧʨʦʠʟʚʦʜʷʪʩʷ ʪʝʩʪʳ ʧʝʨʝʩʝʯʝʥʠʷ ʣʫʯʘ ʩʦ ʚʩʝʤʠ ʧʨʠʤʠʪʠʚʘʤʠ. ʊʦʯʢʘ 

ʙʣʠʞʘʡʰʝʛʦ ʧʝʨʝʩʝʯʝʥʠʷ ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ ʢʦʥʪʝʢʩʪʝ ʣʫʯʘ. 

ʆʙʟʦʨ ʨʘʥʥʠʭ ʨʘʙʦʪ. ɺ ʘʢʘʜʝʤʠʯʝʩʢʠʭ ʩʪʘʪʴʷʭ ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʝʪʦʜʳ 

ʧʘʢʝʪʥʦʡ ʪʨʘʩʩʠʨʦʚʢʠ ʣʫʯʝʡ (ʜʣʷ ʩʦʙʨʘʥʥʦʛʦ ʧʘʢʝʪʘ ʣʫʯʝʡ ʧʨʦʠʟʚʦʜʠʪʩʷ ʦʜʠʥ ʦʙ-

ʭʦʜ ʜʝʨʝʚʘ) ʠ SIMD ʣʫʯʝʡ (ʦʜʠʥ ʦʙʭʦʜ ʜʝʨʝʚʘ ʧʨʦʠʟʚʦʜʠʪʩʷ ʜʣʷ ʧʘʢʝʪʘ ʠʟ 4 ʠ ʙʦʣʝʝ 

ʣʫʯʝʡ): [111][35] ʜʣʷ ʠʩʧʦʣʥʝʥʠʷ ʥʘ CPU.  

ʅʘ CPU ʯʘʩʪʦ ʧʨʠʤʝʥʷʶʪʩʷ SIMD ʠʥʩʪʨʫʢʮʠʠ ʜʣʷ ʦʜʥʦʚʨʝʤʝʥʥʳʭ ʧʨʦʠʟʚʝ-

ʜʝʥʠʷ ʪʝʩʪʦʚ ʧʝʨʝʩʝʯʝʥʠʡ ʩ 4 ʣʫʯʘʤʠ ʦʜʥʦʚʨʝʤʝʥʥʦ, ʜʣʷ AVX  ʠʥʩʪʨʫʢʮʠʡ ï 8 ʣʫ-

ʯʝʡ ʦʜʥʦʚʨʝʤʝʥʥʦ. ʅʘ GPU ʧʨʦʠʟʚʦʜʩʪʚʘ NVIDIA  ʚʝʢʪʦʨʥʳʝ ʚʳʯʠʩʣʝʥʠʷ ʦʙʝʩʧʝ-

ʯʠʚʘʶʪ ʬʠʟʠʯʝʩʢʫʶ ʨʘʙʦʪʫ ʦʜʥʦʡ ʠʥʩʪʨʫʢʮʠʠ ʜʣʷ 32 ʧʦʪʦʢʦʚ (32 ʣʫʯʝʡ). ʇʨʦʙʣʝ-



 

23 
 

ʤʦʡ ʘʣʛʦʨʠʪʤʦʚ ʪʨʘʩʩʠʨʦʚʢʠ ʣʫʯʝʡ, ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚʝʢʪʦʨʥʳʭ ʚʳʯʠʩʣʝʥʠʡ, 

ʷʚʣʷʝʪʩʷ ʦʪʩʫʪʩʪʚʠʝ ʢʦʛʝʨʝʥʪʥʦʩʪʠ ʤʝʞʜʫ ʣʫʯʘʤʠ, ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʚ ʢʦʛʝʨʝʥʪʥʳʭ 

ʧʦʪʦʢʘʭ ʚ ʧʦʜʘʚʣʷʶʱʝʤ ʙʦʣʴʰʠʥʩʪʚʝ ʟʘʜʘʯ ʨʘʩʯʸʪʘ ʨʝʘʣʠʩʪʠʯʥʦʛʦ ʧʝʨʝʥʦʩʘ ʩʚʝʪʘ 

[13]. ʆʜʥʦʡ ʠʟ ʧʦʧʳʪʦʢ ʨʝʰʝʥʠʷ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʙʳʣʘ ʨʘʟʨʘʙʦʪʢʘ ʧʨʦʮʝʩʩʦʨʘ ʬʠʨ-

ʤʳ Caustic Graphics [25], ʩʧʨʦʝʢʪʠʨʦʚʘʥʥʦʛʦ ʩʧʝʮʠʘʣʴʥʦ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʟʘʧʨʦʩʦʚ 

ʧʦʠʩʢʘ ʧʝʨʝʩʝʯʝʥʠʡ ʣʫʯʝʡ ʠ ʧʦʣʠʛʦʥʦʚ ʩʮʝʥʳ. ʅʝʜʦʩʪʘʪʢʦʤ ʪʘʢʦʛʦ ʧʨʦʮʝʩʩʦʨʘ ʷʚ-

ʣʷʝʪʩʷ ʩʣʠʰʢʦʤ ʫʟʢʘʷ ʩʧʝʮʠʘʣʠʟʘʮʠʷ (ʧʦʠʩʢ ʧʝʨʝʩʝʯʝʥʠʡ) ʪʦʛʜʘ ʢʘʢ ʚ ʘʣʛʦʨʠʪʤʘʭ 

ʨʝʘʣʠʩʪʠʯʥʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʠʟʚʦʜʠʪʴ ʤʥʦʞʝʩʪʚʦ ʜʨʫʛʠʭ ʩʪʘʜʠʡ 

ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ, ʠ ʜʣʷ ʵʪʦʛʦ ʥʫʞʥʦ ʯʘʩʪʦ ʧʝʨʝʩʳʣʘʪʴ ʙʦʣʴʰʦʡ ʦʙʲʸʤ ʜʘʥʥʳʭ ʥʘ 

ʮʝʥʪʨʘʣʴʥʳʡ ʧʨʦʮʝʩʩʦʨ ʦʙʱʝʛʦ ʥʘʟʥʘʯʝʥʠʷ. 

ɺ ʨʘʙʦʪʘʭ [3][93][80][92] ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʘʣʛʦʨʠʪʤʳ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʠʜʝʝ 

ʪʨʘʩʩʠʨʦʚʢʠ ʦʭʚʘʪʳʚʘʶʱʠʭ (ʚʦʟʤʦʞʥʦ, ʫʩʝʯʸʥʥʳʭ) ʧʠʨʘʤʠʜ, ʩʦʜʝʨʞʘʱʠʭ ʤʥʦʛʦ 

ʣʫʯʝʡ ʠ ʘʤʦʨʪʠʟʘʮʠʠ ʩʣʦʞʥʦʩʪʠ ʪʝʩʪʦʚ ʧʝʨʝʩʝʯʝʥʠʷ. ʇʨʝʠʤʫʱʝʩʪʚʦʤ ʵʪʠʭ ʘʣʛʦ-

ʨʠʪʤʦʚ ʷʚʣʷʝʪʩʷ ʵʢʦʥʦʤʠʷ ʚʳʯʠʩʣʝʥʠʡ, ʥʝʩʤʦʪʨʷ ʥʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʜʦʧʦʣʥʠʪʝʣʴ-

ʥʦʡ ʷʚʥʦʡ ʩʦʨʪʠʨʦʚʢʠ ʣʫʯʝʡ ʜʣʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʛʝʨʝʥʪʥʳʭ ʣʫʯʝʡ ʠ ʩʦʟʜʘʥʠʷ ʧʠ-

ʨʘʤʠʜ. ʆʜʥʘʢʦ ʥʝʜʦʩʪʘʪʢʦʤ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʪʦʣʴʢʦ ʜʣʷ ʦʛʨʘʥʠ-

ʯʝʥʥʦʛʦ ʪʠʧʘ ʣʫʯʝʡ: ʧʝʨʚʠʯʥʳʝ ʣʫʯʠ, ʣʫʯʠ ʠʩʧʦʣʴʟʫʝʤʳʝ ʜʣʷ ʨʘʩʯʝʪʦʚ ʪʝʥʝʡ ʠ 

ʤʷʛʢʠʭ ʪʝʥʝʡ, ʯʸʪʢʦ ʦʪʨʘʞʸʥʥʳʝ ʠ ʧʨʝʣʦʤʣʸʥʥʳʝ ʣʫʯʠ. 

ʊʘʢʞʝ ʩʫʱʝʩʪʚʫʶʪ ʧʦʜʭʦʜʳ [3], ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʩʦʨʪʠʨʦʚʢʝ ʤʘʩʩʠʚʘ ʣʫʯʝʡ ʩ 

ʮʝʣʴʶ ʫʧʦʨʷʜʦʯʠʪʴ ʢʦʛʝʨʝʥʪʥʳʝ ʣʫʯʠ ʨʷʜʦʤ ʜʨʫʛ ʩ ʜʨʫʛʦʤ ʠ ʪʝʤ ʩʘʤʳʤ ʧʦʚʳʩʠʪʴ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʦʙʨʘʙʦʪʢʠ ʥʘ ʚʝʢʪʦʨʥʦʡ ʧʘʨʘʣʣʝʣʴʥʦʡ ʘʨʭʠʪʝʢʪʫʨʝ GPU. ʇʦʢʘ ʧʨʦ-

ʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʧʨʝʠʤʫʱʝʩʪʚʦ (ʥʘʢʣʘʜʥʦʡ ʨʘʩʭʦʜ, ʩʚʷʟʘʥʥʳʡ ʩ ʩʦʨʪʠʨʦʚʢʦʡ 

ʤʝʥʴʰʝ ʚʳʠʛʨʘʥʥʦʛʦ ʚʨʝʤʝʥʠ) ʪʘʢʦʛʦ ʧʦʜʭʦʜʘ ʪʦʣʴʢʦ ʜʣʷ ʧʝʨʚʠʯʥʳʭ ʣʫʯʝʡ, ʪʝʥʝ-

ʚʳʭ ʦʪ ʧʨʦʪʷʞʸʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʩʚʝʪʘ ʠ ʟʝʨʢʘʣʴʥʦ ʦʪʨʘʞʸʥʥʳʭ. ʈʝʟʫʣʴʪʘʪʳ ʩʘʤʦʡ 

ʙʳʩʪʨʦʡ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʪʨʘʩʩʠʨʦʚʢʠ ʣʫʯʝʡ ʥʘ GPU ʩ ʧʨʠʤʝʥʝʥʠʝʤ BVH ʜʣʷ 

ʩʮʝʥ, ʧʦʣʥʦʩʪʴʶ ʚʤʝʱʘʶʱʠʭʩʷ ʚ ʬʠʟʠʯʝʩʢʦʡ ʧʘʤʷʪʠ GPU, ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʨʘʙʦʪʝ 

[12].  

ɻʝʥʝʨʘʮʠʷ ʦʛʨʦʤʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʣʫʯʝʡ (ʜʝʩʷʪʢʠ ʤʠʣʣʠʦʥʦʚ) ʠ ʠʭ ʩʦʨʪʠʨʦʚ-

ʢʘ ʤʦʞʝʪ ʧʦʟʚʦʣʠʪʴ ʩʦʟʜʘʚʘʪʴ ʙʦʣʴʰʠʝ ʛʨʫʧʧʳ ʢʦʛʝʨʝʥʪʥʳʭ ʣʫʯʝʡ, ʜʣʷ ʢʦʪʦʨʳʭ ʚ 

ʧʨʦʮʝʩʩʝ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʧʝʨʝʥʦʩʘ ʩʚʝʪʘ ʙʫʜʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴʩʷ ʜʦʩʪʫʧ ʢ ʢʦʛʝʨʝʥʪ-
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ʥʳʤ ʜʘʥʥʳʤ ʩʮʝʥʳ. ɽʩʣʠ ʥʝʦʙʭʦʜʠʤʦ ʜʦʩʪʘʚʣʷʪʴ ʵʣʝʤʝʥʪʳ ʤʘʩʩʠʚʥʦʡ ʩʮʝʥʳ ʯʝʨʝʟ 

ʤʝʜʣʝʥʥʳʝ ʢʘʥʘʣʳ ʜʦʩʪʘʚʢʠ (ʥʘʧʨʠʤʝʨ, ʧʨʠ ʟʘʛʨʫʟʢʝ ʩ ʜʠʩʢʘ ʠʣʠ ʫʜʘʣʸʥʥʦʛʦ ʭʨʘ-

ʥʠʣʠʱʘ ʯʝʨʝʟ ʩʝʪʴ ʨʝʥʜʝʨ-ʬʝʨʤʳ), ʪʦ ʧʦʜʦʙʥʳʡ ʧʦʜʭʦʜ ʩʧʦʩʦʙʝʥ ʜʘʚʘʪʴ ʙʦʣʴʰʠʝ 

ʚʳʠʛʨʳʰʠ ʚ ʦʙʱʝʤ ʚʨʝʤʝʥʠ ʨʝʘʣʠʩʪʠʯʥʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ [34]. 

1.6. ɸʨʭʠʪʝʢʪʫʨʘ ʛʨʘʬʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʦʨʘ 

ʉʦʚʨʝʤʝʥʥʳʝ ʛʨʘʬʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʦʨʳ (GPU) ʷʚʣʷʶʪʩʷ ʚʳʯʠʩʣʠʪʝʣʴʥʦ 

ʤʦʱʥʳʤʠ ʫʩʪʨʦʡʩʪʚʘʤʠ, ʫʩʪʘʥʘʚʣʠʚʘʝʤʳʤʠ ʥʘ ʤʥʦʛʠʝ ʩʦʚʨʝʤʝʥʥʳʝ ʩʝʨʚʝʨʥʳʝ, 

ʥʘʩʪʦʣʴʥʳʝ ʠ ʤʦʙʠʣʴʥʳʝ ʨʘʙʦʯʠʝ ʩʪʘʥʮʠʠ. ʅʘʠʙʦʣʴʰʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ GPU 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʜʣʷ ʘʣʛʦʨʠʪʤʦʚ, ʚ ʢʦʪʦʨʳʭ ʧʨʦʠʟʚʦʜʷʪʩʷ ʢʦʛʝʨʝʥʪʥʳʝ ʚʳʯʠʩʣʝʥʠʷ ʩ 

ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʧʘʨʘʣʣʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʜʘʥʥʳʭ. GPU ʩʦʩʪʦʠʪ ʠʟ ʥʝʩʢʦʣʴ-

ʢʠʭ ʥʝʟʘʚʠʩʠʤʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʷʜʝʨ [79][39]. ʆʙʱʘʷ ʚʳʯʠʩʣʠʪʝʣʴʥʘʷ ʤʦʱʥʦʩʪʴ 

ʩʦʚʨʝʤʝʥʥʦʛʦ ʥʘʩʪʦʣʴʥʦʛʦ GPU ʚʘʨʴʠʨʫʝʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 1 ï 5 Teraflops (ʪʨʠʣʣʠʦ-

ʥʦʚ ʦʧʝʨʘʮʠʷ ʩ ʧʣʘʚʘʶʱʝʡ ʪʦʯʢʦʡ ʚ ʩʝʢʫʥʜʫ), ʨʘʟʤʝʨ ʬʠʟʠʯʝʩʢʦʡ ʚʥʫʪʨʝʥʥʝʡ ʧʘ-

ʤʷʪʠ GPU ʚʘʨʴʠʨʫʝʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 1 ï 6 GB (ʠ 12 GB ʜʣʷ ʩʘʤʳʭ ʜʦʨʦʛʠʭ ʚʝʨʩʠʡ), 

ʧʨʦʧʫʩʢʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʜʦʩʪʫʧʘ ʢ ʜʘʥʥʳʤ ʧʘʤʷʪʠ GPU ʩʦʩʪʘʚʣʷʝʪ ʥʝ ʤʝʥʝʝ 100-

150 GB / sec. ʍʦʩʪ-ʧʨʦʮʝʩʩʦʨ (CPU) ʠʥʠʮʠʘʣʠʟʠʨʫʝʪ ʧʘʨʘʣʣʝʣʴʥʳʝ ʧʨʦʛʨʘʤʤʳ (ʥʘ-

ʟʳʚʘʝʤʳʝ ʚ ʘʥʛʣʠʡʩʢʦʡ ʣʠʪʝʨʘʪʫʨʝ kernels) ʜʣʷ ʚʳʧʦʣʥʝʥʠʷ ʥʘ GPU, ʘ ʪʘʢʞʝ 

ʫʧʨʘʚʣʷʝʪ ʣʦʛʠʢʦʡ ʟʘʧʫʩʢʘ ʨʘʟʣʠʯʥʳʭ ʧʘʨʘʣʣʝʣʴʥʳʭ ʧʨʦʛʨʘʤʤ ʥʘ GPU ʚ ʨʘʟʣʠʯʥʦʝ 

ʚʨʝʤʷ.  

ɼʣʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʩʝʡ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʤʦʱʥʦʩʪʠ GPU ʥʝ-

ʦʙʭʦʜʠʤʦ ʟʘʧʫʩʢʘʪʴ ʧʘʨʘʣʣʝʣʴʥʳʝ ʧʨʦʛʨʘʤʤʳ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʥʝʩʢʦʣʴʢʠʭ ʪʳʩʷʯ 

(ʠʣʠ ʤʠʣʣʠʦʥʦʚ) ʧʘʨʘʣʣʝʣʴʥʳʭ ʧʦʪʦʢʦʚ. ʇʦʪʦʢʠ ʧʘʨʘʣʣʝʣʴʥʦʡ ʧʨʦʛʨʘʤʤʳ ʣʦʛʠʯʝ-

ʩʢʠ ʨʘʟʙʠʚʘʶʪʩʷ ʥʘ ʙʣʦʢʠ (ʢʘʞʜʳʡ ʙʣʦʢ ʧʦʪʦʢʦʚ ʬʠʟʠʯʝʩʢʠ ʦʙʨʘʙʘʪʳʚʘʝʪʩʷ ʥʘ 

ʝʜʠʥʩʪʚʝʥʥʦʤ ʷʜʨʝ GPU). ʂʘʞʜʳʡ ʙʣʦʢ ʧʦʪʦʢʦʚ ʣʦʛʠʯʝʩʢʠ ʨʘʟʙʠʚʘʝʪʩʷ ʥʘ ʥʝʩʢʦʣʴ-

ʢʦ ʚʝʢʪʦʨʦʚ (ʚ ʘʥʛʣʠʡʩʢʦʡ ʣʠʪʝʨʘʪʫʨʝ ʥʘʟʳʚʘʝʪʩʷ warp/wave ʜʣʷ GPU ʧʨʦʠʟʚʦʜʩʪʚʘ 

NVIDIA /AMD), ʛʜʝ ʢʘʞʜʳʡ ʚʝʢʪʦʨ ʧʨʝʜʩʪʘʚʣʷʝʪ ʛʨʫʧʧʫ ʠʟ 32 ʧʦʪʦʢʦʚ, ʜʣʷ ʢʦʪʦ-

ʨʳʭ ʬʠʟʠʯʝʩʢʠ ʚʳʧʦʣʥʷʝʪʩʷ 1 ʠʥʩʪʨʫʢʮʠʷ (ʩ 32 ʨʘʟʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ ʜʘʥʥʳʭ) ʚ 

ʢʘʞʜʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʥʘ ʷʜʨʝ GPU. ɽʩʣʠ ʜʣʷ ʵʪʦʡ ʠʥʩʪʨʫʢʮʠʠ ʥʝʦʙʭʦʜʠʤʦ ʜʣʠ-

ʪʝʣʴʥʦʝ ʦʞʠʜʘʥʠʝ ʨʝʟʫʣʴʪʘʪʘ (ʥʘʧʨʠʤʝʨ, ʯʪʝʥʠʝ ʜʘʥʥʳʭ, ʥʘʭʦʜʷʱʠʭʩʷ ʥʝ ʚ ʢʵʰʝ 

ʷʜʨʘ), ʪʦ ʢʦʥʪʝʢʩʪ ʨʝʛʠʩʪʨʦʚ ʜʣʷ ʪʝʢʫʱʝʛʦ ʚʝʢʪʦʨʘ ʩʦʭʨʘʥʷʝʪʩʷ, ʨʝʟʫʣʴʪʘʪ ʚʳʧʦʣ-
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ʥʝʥʠʷ ʦʧʝʨʘʮʠʠ ʜʣʷ ʵʪʦʛʦ ʚʝʢʪʦʨʘ ʦʞʠʜʘʝʪʩʷ, ʚʳʧʦʣʥʝʥʠʝ ʜʘʣʴʥʝʡʰʠʭ ʦʧʝʨʘʮʠʡ 

ʚʝʢʪʦʨʘ ʦʪʢʣʘʜʳʚʘʝʪʩʷ. ʇʦʩʣʝ ʵʪʦʛʦ ʚʳʙʠʨʘʝʪʩʷ ʜʨʫʛʦʡ ʚʝʢʪʦʨ ʧʦʪʦʢʦʚ ʚʥʫʪʨʠ ʵʪʦ-

ʛʦ ʞʝ ʙʣʦʢʘ ʜʣʷ ʚʳʧʦʣʥʝʥʠʷ ʜʨʫʛʠʭ ʦʧʝʨʘʮʠʡ, ʚʦʟʤʦʞʥʦ, ʤʝʥʝʝ ʟʘʪʨʘʪʥʳʭ. 

ɼʣʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʥʘ GPU ʚ ʣʶʙʦʤ ʘʣʛʦʨʠʪʤʝ ʥʝʦʙʭʦʜʠʤʦ ʨʘʟ-

ʙʠʚʘʪʴ ʨʘʙʦʪʫ ʥʘ ʧʦʜʟʘʜʘʯʠ ʥʝʙʦʣʴʰʦʛʦ ʨʘʟʤʝʨʘ, ʚʳʧʦʣʥʝʥʠʝ ʢʦʪʦʨʳʭ ʙʫʜʝʪ ʦʪʦ-

ʙʨʘʞʝʥʦ ʥʘ ʙʣʦʢʠ ʧʦʪʦʢʦʚ ʧʘʨʘʣʣʝʣʴʥʦʡ ʧʨʦʛʨʘʤʤʳ, ʦʩʫʱʝʩʪʚʣʷʪʴ ʢʦʛʝʨʝʥʪʥʳʡ 

ʜʦʩʪʫʧ ʢ ʧʘʤʷʪʠ ʚ ʨʘʤʢʘʭ ʦʜʥʦʛʦ ʚʝʢʪʦʨʘ ʧʦʪʦʢʦʚ, ʦʙʝʩʧʝʯʠʚʘʪʴ ʟʘʛʨʫʟʢʫ GPU ʜʦʩ-

ʪʘʪʦʯʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʧʘʨʘʣʣʝʣʴʥʳʭ ʧʦʪʦʢʦʚ. 

1.7. ɺʠʟʫʘʣʠʟʘʮʠʷ ʤʘʩʩʠʚʥʳʭ ʩʮʝʥ 

ɹʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʘʢʘʜʝʤʠʯʝʩʢʠʭ ʧʫʙʣʠʢʘʮʠʡ ʙʳʣʦ ʧʦʩʚʷʱʝʥʦ ʧʨʦʩʪʦʡ 

(ʥʝ ʨʝʘʣʠʩʪʠʯʥʦʡ) ʚʠʟʫʘʣʠʟʘʮʠʠ ʤʘʩʩʠʚʥʳʭ (ʚʳʩʦʢʦ-ʜʝʪʘʣʠʟʠʨʦʚʘʥʥʳʭ) ʧʦʣʠʛʦ-

ʥʘʣʴʥʳʭ ʦʙʲʝʢʪʦʚ. ɺ ʨʘʙʦʪʘʭ [42][31][108] ʧʨʝʜʩʪʘʚʣʝʥ rʦʙʟʦʨ rʨʘʟʣʠʯʥʳʭ ʩʪʨʘʪʝ-

ʛʠʡ ʜʣʷ ʚʠʟʫʘʣʠʟʘʮʠʠ ʤʘʩʩʠʚʥʳʭ ʩʮʝʥ. ɺʦ ʤʥʦʛʠʭ ʘʣʛʦʨʠʪʤʘʭ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʧʦʜ-

ʭʦʜ ʦ ʧʨʦʛʨʝʩʩʠʚʥʦʤ ʫʧʨʦʱʝʥʠʠ ʛʝʦʤʝʪʨʠʠ ʠ ʧʦʩʪʨʦʝʥʠʠ ʫʨʦʚʥʝʡ ʜʝʪʘʣʠʟʘʮʠʠ 

[22]. ʊʘʢʦʡ ʧʦʜʭʦʜ ʠʤʝʝʪ ʥʝʜʦʩʪʘʪʢʠ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩ ʪʨʘʩʩʠʨʦʚʢʦʡ ʣʫʯʝʡ, ʪ.ʢ. 

ʪʨʝʙʫʝʪ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʭ ʚʳʯʠʩʣʝʥʠʡ, ʢ ʪʦʤʫ 

ʞʝ ʧʝʨʝʭʦʜʳ ʤʝʞʜʫ ʫʨʦʚʥʷʤʠ ʜʝʪʘʣʠʟʘʮʠʠ ʚʦ ʚʨʝʤʷ ʚʠʟʫʘʣʠʟʘʮʠʠ ʤʦʛʫʪ ʥʝ ʙʳʪʴ 

ʙʝʩʰʦʚʥʳʤʠ. ɺ ʨʘʙʦʪʝ [122] ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʪʦʜ ʩʞʘʪʠʷ ʛʝʦʤʝʪʨʠʯʝʩʢʦʛʦ ʧʨʝʜ-

ʩʪʘʚʣʝʥʠʷ ʦʙʲʝʢʪʦʚ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʳ ʚʳʩʦʢʠʝ ʢʦʵʬʬʠʮʠʝʥʪʳ 

ʩʞʘʪʠʷ, ʦʜʥʘʢʦ ʩʞʘʪʳʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʷʚʣʷʶʪʩʷ ʥʝʧʨʠʤʝʥʠʤʳʤʠ ʥʘʧʨʷ-

ʤʫʶ ʚ ʧʨʦʮʝʩʩʝ ʪʨʘʩʩʠʨʦʚʢʠ ʣʫʯʝʡ (ʥʝʦʙʭʦʜʠʤʦ ʜʝʢʦʜʠʨʦʚʘʪʴ, ʯʪʦ ʪʨʝʙʫʝʪ ʙʦʣʴ-

ʰʦʛʦ ʦʙʲʸʤʘ ʥʘʢʣʘʜʥʳʭ ʨʘʩʭʦʜʦʚ). ɺ ʨʘʙʦʪʘʭ [69][70] ʪʘʢʞʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʝʪʦʜʳ 

ʩʞʘʪʠʷ ʧʦʣʠʛʦʥʘʣʴʥʳʭ ʦʙʲʝʢʪʦʚ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʘʣʛʦʨʠʪʤʘʭ 

ʪʨʘʩʩʠʨʦʚʢʠ ʣʫʯʝʡ, ʥʦ ʪ.ʢ. ʢʵʰʠʨʦʚʘʥʠʷ ʵʪʠ ʘʣʛʦʨʠʪʤʳ ʥʝ ʧʨʝʜʫʩʤʘʪʨʠʚʘʝʪ, ʪʦ 

ʜʘʥʥʳʝ ʩʞʘʪʦʡ ʩʮʝʥʳ ʜʦʣʞʥʳ ʧʦʣʥʦʩʪʴʶ ʥʘʭʦʜʠʪʴʩʷ ʚ ʧʘʤʷʪʠ ʧʨʦʮʝʩʩʦʨʘ. 

ɺ ʨʘʙʦʪʝ [81] ʧʨʝʜʩʪʘʚʣʝʥʘ out-of-core1 ʩʠʩʪʝʤʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʨʘʩʯʸʪʘ 

ʪʝʢʩʪʫʨ ʤʷʛʢʠʭ ʪʝʥʝʡ, ʥʘʟʳʚʘʝʤʘʷ PantaRay. ʉʠʩʪʝʤʘ PantaRay ʧʦʟʚʦʣʷʝʪ ʩʦʭʨʘʥʷʪʴ 

ʜʦʣʶ ʦʩʚʝʱʝʥʠʷ ʠ ʟʘʪʝʥʝʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʷʭ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ ʚ ʩʧʝʮʠ-

                                                           
1 ʊʝʨʤʠʥʦʤ out-of-core ʧʦʤʝʯʘʶʪʩʷ ʘʣʛʦʨʠʪʤʳ, ʦʙʨʘʙʘʪʳʚʘʶʱʠʝ ʦʙʲʸʤʳ ʜʘʥʥʳʭ, ʢʦʪʦʨʳʝ ʥʝ ʚʤʝɦ ʘʁʪʩ̫ 

ʧʦʣʥʦʩʪʴʶ ʠ ʦʜʥʦʚʨʝʤʝʥʥʦ ʚ ʧʘʤʷʪʠ ʧʨʦʮʝʩʩʦʨʘ. 
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ʘʣʴʥʳʭ ʪʝʢʩʪʫʨʘʭ, ʢʦʪʦʨʳʝ ʥʘ ʧʦʩʣʝʜʫʶʱʠʭ ʩʪʘʜʠʷʭ ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ ʙʳ-

ʩʪʨʦʡ ʥʘʚʠʛʘʮʠʠ ʚ ʩʮʝʥʝ. ɺ ʜʘʥʥʦʡ ʩʠʩʪʝʤʝ ʨʘʟʨʘʙʦʪʘʥ ʤʝʭʘʥʠʟʤ ʢʵʰʠʨʦʚʘʥʠʷ ʠ 

ʧʣʘʥʠʨʦʚʘʥʠʷ ʟʘʛʨʫʟʢʠ ʙʦʣʴʰʠʭ ʦʙʲʸʤʦʚ ʜʘʥʥʳʭ ʚʩrʦʢʦ-ʜʝʪʘʣʠʟʠʨʦʚʘʥʥʳʭ ʩʮʝʥ 

ʢʠʥʦʬʠʣʴʤʦʚ ʚ ʧʘʤʷʪʴ GPU.  

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ (ʛʣʘʚʘ 6) ʠʩʧʦʣʴʟʦʚʘʥʳ ʥʝʢʦʪʦʨʳʝ ʠʜʝʠ ʠʟ PantaRay, ʦʜ-

ʥʘʢʦ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʬʦʢʫʩ ʩʜʝʣʘʥ ʥʘ ʧʨʠʤʝʥʝʥʠʠ ʤʝʪʦʜʦʚ ʢʵʰʠʨʦʚʘʥʠʷ ʜʘʥ-

ʥʳʭ ʚʳʩʦʢʦ-ʜʝʪʘʣʠʟʠʨʦʚʘʥʥʳʭ ʥʘ GPU ʜʣʷ ʪʨʘʩʩʠʨʦʚʢʠ ʣʫʯʝʡ ʦʙʱʝʛʦ ʥʘʟʥʘʯʝʥʠʷ, 

ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʭ ʨʘʩʯʸʪʦʚ. ʇʨʝʠʤʫʱʝʩʪʚʦʤ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ 

ʷʚʣʷʝʪʩʷ ʧʨʠʤʝʥʠʤʦʩʪʴ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩ ʣʶʙʳʤʠ ʘʣʛʦʨʠʪʤʘʤʠ ʨʘʩʯʸʪʘ ʧʝʨʝʥʦ-

ʩʘ ʩʚʝʪʘ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʩ ʠʥʪʝʨʘʢʪʠʚʥʳʤʠ ʘʣʛʦʨʠʪʤʘʤʠ. 

ɺ ʨʘʙʦʪʘʭ [86][24] ʢʨʦʤʝ ʢʵʰʠʨʦʚʘʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʣʦʞʥʘʷ ʩʠʩʪʝʤʘ ʫʧʦʨʷ-

ʜʦʯʠʚʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʝʡ ʩʮʝʥʳ ʠ ʷʚʥʦʝ ʥʘʢʦʧʣʝʥʠʝ ʦʯʝʨʝʜʝʡ ʣʫʯʝʡ, ʛʜʝ ʢʘ-

ʞʜʘʷ ʦʯʝʨʝʜʴ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʜʥʦʡ ʦʙʣʘʩʪʠ ʩʮʝʥʳ. ʇʦʩʣʝ ʟʘʧʦʣʥʝʥʠʷ ʢʘʞʜʦʡ ʦʯʝ-

ʨʝʜʠ ʜʣʷ ʩʦʜʝʨʞʘʱʠʭʩʷ ʚ ʥʝʡ ʣʫʯʝʡ ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʦʠʩʢ ʧʝʨʝʩʝʯʝʥʠʷ ʣʫʯʝʡ ʩ ʛʝʦ-

ʤʝʪʨʠʝʡ, ʩʦʜʝʨʞʘʱʝʡʩʷ ʚ ʦʙʣʘʩʪʠ. ɺ ʨʘʙʦʪʝ [24] ʪʘʢʞʝ ʧʨʦʠʟʚʦʜʠʪʩʷ ʨʘʩʧʨʝʜʝʣʝ-

ʥʠʝ ʦʯʝʨʝʜʝʡ ʟʘʜʘʯ ʜʣʷ ʚʳʧʦʣʥʝʥʠʷ ʥʘ ʨʘʟʣʠʯʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʘʭ, ʩʦ-

ʜʝʨʞʘʱʠʭʩʷ ʚ ʢʦʤʧʴʶʪʝʨʝ (ʥʘ ʷʜʨʘ CPU ʠ GPU). ʇʦʜʦʙʥʳʝ ʩʠʩʪʝʤʳ ʧʦʟʚʦʣʷʶʪ 

ʨʝʘʣʠʩʪʠʯʥʦ ʚʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʦʯʝʥʴ ʙʦʣʴʰʠʝ ʩʮʝʥʳ, ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʳʰʘʶʱʠʝ 

ʦʙʲʸʤʳ ʠʤʝʶʱʝʡʩʷ ʧʘʤʷʪʠ ʧʨʦʮʝʩʩʦʨʦʚ. ʆʜʥʘʢʦ ʚ ʨʘʤʢʘʭ ʥʘʩʪʦʷʱʝʛʦ ʧʨʦʝʢʪʘ 

(ʛʣʘʚʘ 6) ʮʝʣʴʶ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʘʣʛʦʨʠʪʤʘ ʪʨʘʩʩʠʨʦʚʢʠ ʣʫʯʝʡ, ʧʨʠʤʝʥʠʤʦʛʦ 

ʜʣʷ ʠʥʪʝʨʘʢʪʠʚʥʳʭ ʧʨʠʣʦʞʝʥʠʡ. 

ɺ ʨʘʙʦʪʘʭ [120][108] ʧʨʝʜʩʪʘʚʣʝʥʳ ʘʣʛʦʨʠʪʤʳ out-of-core ʪʨʘʩʩʠʨʦʚʢʠ ʣʫʯʝʡ 

ʥʘ CPU ʜʣʷ ʤʘʩʩʠʚʥʳʭ ʩʮʝʥ. ɹʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʧʦʜʭʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʩʦʟʜʘʥʠʠ 

ʫʨʦʚʥʝʡ ʜʝʪʘʣʠʟʘʮʠʠ ʛʝʦʤʝʪʨʠʯʝʩʢʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʩʮʝʥ, ʧʦʜʩʠʩʪʝʤʝ ʤʝʥʝʜʞʝʨʘ 

ʚʠʨʪʫʘʣʴʥʦʡ ʧʘʤʷʪʠ ʦʧʝʨʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ. ʕʪʠ ʘʣʛʦʨʠʪʤʳ ʧʨʝʜʥʘʟʥʘʯʝʥʳ ʜʣʷ 

ʧʨʦʩʪʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ ʩʮʝʥ ʙʝʟ ʨʘʩʯʸʪʦʚ ʨʝʘʣʠʩʪʠʯʥʦʛʦ ʛʣʦʙʘʣʴʥʦʛʦ ʦʩʚʝʱʝʥʠʷ. 

ʊʘʢʞʝ ʦʥʠ ʧʣʦʭʦ ʤʘʩʰʪʘʙʠʨʫʶʪʩʷ ʥʘ ʤʥʦʛʦʷʜʝʨʥʳʭ CPU ʠ ʪʨʝʙʫʶʪ ʧʨʦʠʟʚʝʜʝʥʠʷ 

ʙʦʣɹh ʦʛʦ ʦʙʲʸʤʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʭ ʚʳʯʠʩʣʝʥʠʡ. 
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1.8. ɿʘʢʣʁ ʯʝʥʠʝ 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʧʨʝʜʩʪʘʚʣʝʥ ʦʙʟʦʨ ʩʫʱʝʩʪʚʫʶʱʠʭ ʜʦʩʪʠʞʝʥʠʡ ʠ ʧʨʦʙʣʝʤ ʚ 

ʨʝʘʣʠʟʘʮʠʠ ʦʩʥʦʚʥʳʭ ʩʪʘʜʠʡ ʢʦʥʚʝʡʝʨʘ ʨʝʘʣʠʩʪʠʯʥʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ. ɺ ʨʘʤʢʘʭ ʥʘ-

ʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʬʦʢʫʩ ʥʘʧʨʘʚʣʝʥ ʥʘ ʨʘʟʨʘʙʦʪʢʫ ʘʣʛʦʨʠʪʤʦʚ, ʧʦʟʚʦʣʷʶʱʠʭ: 

1. ʋʩʢʦʨʠʪʴ ʧʨʦʮʝʩʩ ʧʦʩʪʨʦʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʡ ʫʩʢʦʨʷʶʱʝʡ ʩʪʨʫʢʪʫʨʳ (ʛʣʘ-

ʚʳ 2-5),  ʦʙʝʩʧʝʯʠʚʘʶʱʝʡ ʚʳʩʦʢʫʶ ʩʢʦʨʦʩʪʴ ʧʦʠʩʢʘ ʧʝʨʝʩʝʯʝʥʠʷ ʣʫʯʝʡ. 

ʋʩʢʦʨʝʥʠʝ ʵʪʦʛʦ ʧʨʦʮʝʩʩʘ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʳʤ ʜʣʷ ʘʥʠʤʠʨʦʚʘʥʥʳʭ ʤʘʩ-

ʩʠʚʥʳʭ ʩʮʝʥ ʚ ʫʩʣʦʚʠʷʭ ʧʦʩʪʦʷʥʥʦʛʦ ʨʦʩʪʘ ʪʨʝʙʦʚʘʥʠʡ ʚ ʜʝʪʘʣʠʟʘʮʠʠ 

ʚʠʨʪʫʘʣʴʥʳʭ ʩʮʝʥ ʠ ʩʣʦʞʥʦʩʪʠ ʤʦʜʝʣʝʡ. 

2. ʆʙʝʩʧʝʯʠʪʴ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ ʙʳʩʪʨʦʛʦ ʧʦʠʩʢʘ ʧʝʨʝʩʝʯʝʥʠʷ ʣʫʯʝʡ ʜʣʷ ʤʘʩ-

ʩʠʚʥʳʭ ʩʮʝʥ (ʩʦʜʝʨʞʘʱʠʭ ʩʦʪʥʠ ʤʠʣʣʠʦʥʦʚ ʧʦʣʠʛʦʥʦʚ) ʥʘ ʛʨʘʬʠʯʝʩʢʦʤ 

ʧʨʦʮʝʩʩʦʨʝ (ʛʣʘʚʘ 6), ʠʤʝʶʱʝʤ ʧʨʝʠʤʫʱʝʩʪʚʦ ʤʦʱʥʳʭ ʧʘʨʘʣʣʝʣʴʥʳʭ 

ʚʳʯʠʩʣʝʥʠʡ ʠ ʥʝʜʦʩʪʘʪʦʢ ʚ ʤʘʣʦʤ ʨʘʟʤʝʨʝ ʬʠʟʠʯʝʩʢʦʡ ʧʘʤʷʪʠ. ʈʝʰʝʥʠʝ 

ʵʪʦʡ ʟʘʜʘʯʠ ʘʢʪʫʘʣʴʥʦ ʜʣʷ ʚʩʝʭ ʨʝʘʣʠʩʪʠʯʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʚʠʟʫʘʣʠʟʘʮʠʠ, 

ʪ.ʢ. ʚ ʥʠʭ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʦʠʩʢ ʧʝʨʝʩʝʯʝʥʠʡ ʣʫʯʝʡ, ʠ ʵʪʘ ʩʪʘʜʠʷ ʟʘʥʠʤʘʝʪ 

ʩʫʱʝʩʪʚʝʥʥʫʶ ʜʦʣʶ (25-75%) ʚʨʝʤʝʥʠ ʦʙʱʝʛʦ ʢʦʥʚʝʡʝʨʘ ʚʠʟʫʘʣʠʟʘʮʠʠ. 

ʆʩʦʙʝʥʥʦ ʘʢʪʫʘʣʴʥʳʤ ʨʝʰʝʥʠʝ ʵʪʦʡ ʟʘʜʘʯʠ ʷʚʣʷʝʪʩʷ ʚ ʫʩʣʦʚʠʷʭ ʨʦʩʪʘ 

ʪʨʝʙʦʚʘʥʠʡ ʚ ʜʝʪʘʣʠʟʘʮʠʠ ʩʮʝʥ ʠ ʩʣʦʞʥʦʩʪʠ ʤʦʜʝʣʝʡ. 
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ɻʣʘʚʘ 2 

ɸʣʛʦʨʠʪʤ ʦʙʥʦʚʣʝʥʠʷ ʫʩʢʦʨʷʶʱʝʡ ʩʪʨʫʢʪʫʨʳ ʩ ʫʯʸʪʦʤ 

ʨʘʥʝʝ ʧʦʩʪʨʦʝʥʥʦʡ ʫʩʢʦʨʷʶʱʝʡ ʩʪʨʫʢʪʫʨ r

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʦʧʠʩʘʥ ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʘʚʪʦʨʦʤ ʘʣʛʦʨʠʪʤ ʵʬʬʝʢʪʠʚʥʦʛʦ ʦʙ-

ʥʦʚʣʝʥʠʷ ʩʫʱʝʩʪʚʫʶʱʝʡ ʠʝʨʘʨʭʠʠ ʦʭʚʘʪʳʚʘʶʱʠʭ ʦʙʦʣʦʯʝʢ (ʩʦʢʨ. BVH, ʩʤ. ʨʘʟʜʝʣ 

1.4) ʥʘ ʦʩʥʦʚʝ ʩʪʨʫʢʪʫʨʳ ʨʘʥʝʝ ʧʦʩʪʨʦʝʥʥʦʡ ʠʝʨʘʨʭʠʠ BVH (ʚʧʝʨʚʳʝ ʦʧʫʙʣʠʢʦʚʘʥ 

ʚ ʩʪʘʪʴʝ [1]). ɼʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʦʨʛʘʥʠʟʘʮʠʠ ʧʦʣʠʛʦʥʦʚ ʚʥʫʪʨʠ ʜʝ-

ʨʝʚʘ BVH ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʮʝʥ ʠ ʧʦʟʚʦʣʷʝʪ ʧʨʦʠʟʚʦʜʠʪʴ ʜʝʨʝʚʴʷ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʵʬʬʝʢʪʠʚʥʫʶ ʪʨʘʩʩʠʨʦʚʢʫ ʣʫʯʝʡ. ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʦʙʲʝ-

ʜʠʥʷʝʪ ʜʦʩʪʦʠʥʩʪʚʘ ʥʝʩʢʦʣʴʢʠʭ ʙʦʣʝʝ ʨʘʥʥʠʭ ʤʝʪʦʜʦʚ, ʘʜʘʧʪʠʚʥʦ ʫʤʝʥʴʰʘʷ ʩʣʦʞ-

ʥʦʩʪʴ ʦʧʝʨʘʮʠʡ ʧʝʨʝʩʪʨʦʝʥʠʷ BVH ʚ ʢʘʞʜʦʤ ʢʘʜʨʝ ʚ ʧʨʦʮʝʩʩʝ ʘʥʠʤʘʮʠʠ ʩʮʝʥʳ. 

ʄʠʥʠʤʠʟʘʮʠʷ ʩʣʦʞʥʳʭ ʦʧʝʨʘʮʠʡ ʧʝʨʝʩʪʨʦʝʥʠʷ BVH ʚ ʢʘʞʜʦʤ ʢʘʜʨʝ ʘʥʠʤʘʮʠʠ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʙʣʘʛʦʜʘʨʷ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʛʨʫʧʧ ʪʨʝʫʛʦʣʴʥʠʢʦʚ, ʢʦʪʦʨʳʝ ʢʦʛʝʨʝʥʪ-

ʥʦ ʧʝʨʝʤʝʱʘʶʪʩʷ ʚ ʩʮʝʥʝ. ʊʘʢʠʤ ʛʨʫʧʧʘʤ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʦʜʜʝʨʝʚʴʷ BVH, ʠ ʚ 

ʧʨʦʮʝʩʩʝ ʦʙʥʦʚʣʝʥʠʷ ʩʪʨʫʢʪʫʨʳ BVH ʧʝʨʝʩʪʘʚʣʷʝʪʩʷ ʢʦʨʝʥʴ ʚʩʝʛʦ ʧʦʜʜʝʨʝʚʘ ʩ ʮʝ-

ʣʴʶ ʤʠʥʠʤʠʟʘʮʠʠ ʦʞʠʜʘʝʤʦʛʦ ʚʨʝʤʝʥʠ ʪʨʘʩʩʠʨʦʚʢʠ ʣʫʯʝʡ, ʦʙʝʩʧʝʯʠʚʘʝʤʦʛʦ ʥʦʚʦʡ 

ʩʪʨʫʢʪʫʨʦʡ BVH. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʘʣʛʦʨʠʪʤ ʵʬʬʝʢʪʠʚʥʦ ʦʙʨʘʙʘʪʳʚʘʝʪ ʩʪʨʫʢʪʫʨʠ-

ʨʦʚʘʥʥʦʝ ʜʚʠʞʝʥʠʝ. ʊʘʢʞʝ ʜʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʦʧʨʝʜʝʣʷʝʪ ʛʨʫʧʧʳ çʚʟʦʨʚʘʚʰʠʭʩʷè 

ʪʨʝʫʛʦʣʴʥʠʢʦʚ (ʪ.ʝ. ʧʦʜʚʝʨʛʥʫʚʰʠʝʩʷ ʭʘʦʪʠʯʥʦʤʫ ʜʚʠʞʝʥʠʶ) ʜʣʷ ʧʨʦʠʟʚʝʜʝʥʠʷ 

ʦʧʝʨʘʮʠʡ ʧʝʨʝʩʪʨʦʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʚʥʫʪʨʠ ʧʦʜʜʝʨʝʚʘ BVH, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ 

ʛʨʫʧʧʝ. ʕʬʬʝʢʪʠʚʥʘʷ ʣʦʢʘʣʠʟʘʮʠʷ ʦʧʝʨʘʮʠʡ ʧʝʨʝʩʪʨʦʝʥʠʷ ʪʦʧʦʣʦʛʠʠ ʥʘ ʥʝʩʢʦʣʴʢʦ 

ʥʝʟʘʚʠʩʠʤʳʭ, ʥʝʧʝʨʝʩʝʢʘʶʱʠʭʩʷ ʧʦʜʜʝʨʝʚʴʝʚ BVH ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʤʝʨʝ ʫʤʝʥʴʰʘ-

ʝʪ ʚʳʯʠʩʣʠʪʝʣʴʥʫʶ ʩʣʦʞʥʦʩʪʴ ʦʧʝʨʘʮʠʡ ʧʝʨʝʩʪʨʦʝʥʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʘʣʛʦʨʠʪʤʦʤ 

ʧʝʨʝʩʪʨʦʝʥʠʷ ʚʩʝʡ ʪʦʧʦʣʦʛʠʠ BVH. 

2.1. ɸʣʛʦʨʠʪʤ ʦʙʥʦʚʣʝʥʠʷ BVH  

ʅʘ ʚʭʦʜʝ ʘʣʛʦʨʠʪʤ ʦʙʥʦʚʣʝʥʠʷ ʧʨʠʥʠʤʘʝʪ ʜʝʨʝʚʦ BVH, ʧʦʩʪʨʦʝʥʥʦʝ ʜʣʷ 

ʧʨʝʜʳʜʫʱʝʛʦ ʢʘʜʨʘ ʘʥʠʤʘʮʠʠ ʠ ʥʦʚʳʝ ʢʦʦʨʜʠʥʘʪʳ ʚʝʨʰʠʥ ʪʨʝʫʛʦʣʴʥʠʢʦʚ. ɸʣʛʦ-

ʨʠʪʤ ʦʙʥʦʚʣʝʥʠʷ ʩʦʩʪʦʠʪ ʠʟ ʩʣʝʜʫʶʱʠʭ ʪʨʸʭ ʩʪʘʜʠʡ:  
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1) ʩʪʘʜʠʷ ʘʜʘʧʪʘʮʠʠ (ʦʙʥʦʚʣʝʥʠʝ ʢʦʦʨʜʠʥʘʪ ʦʭʚʘʪʳʚʘʶʱʠʭ ʦʙʦʣʦʯʝʢ BVH 

ʙʝʟ ʦʙʥʦʚʣʝʥʠʷ ʪʦʧʦʣʦʛʠʠ ʜʝʨʝʚʘ);  

2) ʩʪʘʜʠʷ ʧʝʨʝʩʪʨʦʝʥʠʷ (ʧʦʣʥʦʝ ʧʝʨʝʩʪʨʦʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʧʦʜʜʝʨʝʚʘ ʜʣʷ ʚʩʝʭ 

ʥʘʡʜʝʥʥʳʭ ʥʘ ʩʪʘʜʠʠ ʘʜʘʧʪʘʮʠʠ ʧʦʜʜʝʨʝʚʴʝʚ, ʚ ʢʦʪʦʨʳʭ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦ-

ʠʟʚʝʩʪʠ ʧʝʨʝʩʪʨʦʝʥʠʝ ʩʪʨʫʢʪʫʨʳ); 

3) ʩʪʘʜʠʷ ʤʠʛʨʘʮʠʠ (ʧʝʨʝʩʪʘʥʦʚʢʘ ʧʦʜʜʝʨʝʚʴʝʚ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʛʨʫʧʧʘʤ 

ʢʦʛʝʨʝʥʪʥʦ ʜʚʠʞʫʱʠʭʩʷ ʪʨʝʫʛʦʣʴʥʠʢʦʚ, ʚ ʥʦʚʳʝ ʧʦʟʠʮʠʠ ʚ ʜʝʨʝʚʘ). 

çɺʟʦʨʚʘʥʥʳʤ ʫʟʣʦʤè ʜʝʨʝʚʘ BVH ʥʘʟʳʚʘʝʪʩʷ ʫʟʝʣ ʜʝʨʝʚʘ, ʷʚʣʷʶʱʠʡʩʷ ʢʦʨ-

ʥʝʤ ʧʦʜʜʝʨʝʚʘ BVH, ʢʦʪʦʨʦʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʛʨʫʧʧʝ ʭʘʦʪʠʯʥʦ ʜʚʠʞʫʱʠʭʩʷ ʪʨʝ-

ʫʛʦʣʴʥʠʢʦʚ. çʄʠʛʨʠʨʫʶʱʠʤ ʫʟʣʦʤè ʜʝʨʝʚʘ BVH ʥʘʟʳʚʘʝʪʩʷ ʪʦʪ ʫʟʝʣ ʜʝʨʝʚʘ, ʚ̫-

ʣʷʶʱʠʡʩʷ ʢʦʨʥʝʤ ʧʦʜʜʝʨʝʚʘ BVH, ʢʦʪʦʨʦʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʛʨʫʧʧʝ ʢʦʛʝʨʝʥʪʥʦ ʜʚʠ-

ʞʫʱʠʭʩʷ ʪʨʝʫʛʦʣʴʥʠʢʦʚ. ʋʟʣʳ ʜʝʨʝʚʘ ʦʧʨʝʜʝʣʷʶʪʩʷ ʢʘʢ ʚʟʦʨʚʘʥʥʳʝ ʠʣʠ ʤʠʛʨʠ-

ʨʫʶʱʠʝ ʚʦ ʚʨʝʤʷ ʩʪʘʜʠʠ ʘʜʘʧʪʘʮʠʠ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʵʚʨʠʩʪʠʯʝʩʢʠʭ ʦʮʝʥʦʢ, ʠ ʦʙʨʘ-

ʙʘʪʳʚʘʶʪʩʷ ʚ ʩʪʘʜʠʷʭ ʧʝʨʝʩʪʨʦʝʥʠʷ ʠ ʤʠʛʨʘʮʠʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʕʚʨʠʩʪʠʯʝʩʢʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʤʠʛʨʠʨʫʶʱʠʭ ʫʟʣʦʚ ʜʝʨʝʚʘ. ɺʥʫʪʨʠ ʥʝʢʦ-

ʪʦʨʦʛʦ ʫʟʣʘ N ʦʮʝʥʢʘ ʩʪʝʧʝʥʠ ʨʘʩʭʦʞʜʝʥʠʷ ʧʨʷʤʳʭ ʧʦʪʦʤʢʦʚ NL ʠ NR ʦʩʫʱʝʩʪʚʣʷ-

ʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʚʳʯʠʩʣʝʥʠʷ ʟʥʘʯʝʥʠʷ SAH ʬʫʥʢʮʠʠ ʜʣʷ ʫʟʣʘ N (ʩʤ ʬʦʨʤʫʣʫ 1.3). 

ʀʟʥʘʯʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ SAH ʬʫʥʢʮʠʠ (1.3) ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʜʣʷ ʢʘʞʜʦʛʦ ʚʥʫʪʨʝʥʥʝ-

ʛʦ ʫʟʣʘ N ʠ ʩʦʭʨʘʥʷʝʪʩʷ ʚ ʧʦʣʝ SavedSAHCost(N). ɼʦʧʦʣʥʠʪʝʣʴʥʦ, ʢʦʣʠʯʝʩʪʚʦ ʚʩʝʭ 

ʪʨʝʫʛʦʣʴʥʠʢʦʚ, ʦʙʲʝʜʠʥʸʥʥʳʭ ʫʟʣʦʤ N, ʩʦʭʨʘʥʷʝʪʩʷ ʚ ʧʦʣʝ Count(N). ɿʥʘʯʝʥʠʝ 

SAHCost(N) (1.3) ʚʳʯʠʩʣʷʝʪʩʷ ʜʣʷ ʢʘʞʜʦʛʦ ʚʥʫʪʨʝʥʥʝʛʦ ʫʟʣʘ N ʜʝʨʝʚʘ BVH ʧʦʩʣʝ 

ʦʙʥʦʚʣʝʥʠʷ ʦʭʚʘʪʳʚʘʶʱʝʡ ʦʙʦʣʦʯʢʠ BV(N) ʚʦ ʚʨʝʤʷ ʢʘʞʜʦʛʦ ʰʘʛʘ ʩʪʘʜʠʠ ʘʜʘʧʪʘ-

ʮʠʠ. ɽʩʣʠ ʟʥʘʯʝʥʠʝ SAHCost(N) ʩʪʘʥʦʚʠʪʩʷ ʤʝʥʴʰʝ ʩʦʭʨʘʥʸʥʥʦʛʦ ʨʘʥʝʝ ʟʥʘʯʝʥʠʷ 

SavedSAHCost(N), ʪʦ ʫʟʣʳ NL ʠ NR ʦʧʨʝʜʝʣʷʶʪʩʷ ʢʘʢ ʤʠʛʨʠʨʫʶʱʠʝ ʫʟʣʳ ʠ ʧʦʜʜʝ-

ʨʝʚʴʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ NL ʠ NR ʷʚʣʷʶʪʩʷ ʢʘʥʜʠʜʘʪʘʤʠ ʥʘ ʩʤʝʥʫ ʧʦʟʠʮʠʠ ʚ 

ʩʪʨʫʢʪʫʨʝ BVH:  

dM
NstSavedSAHCo

NSAHCost
-<1

)(

)(
 (2.1) 

ʛʜʝ dM ï ʟʥʘʯʝʥʠʝ ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 0 ʜʦ 1, ʫʩʪʘʥʘʚʣʠʚʘʝʤʦʝ ʧʦʣʴʟʦʚʘʪʝʣʝʤ ʜʣʷ 

ʢʦʥʪʨʦʣʷ ʤʥʦʞʝʩʪʚʘ ʧʦʜʜʝʨʝʚʴʝʚ, ʢʦʪʦʨʳʝ ʥʝʦʙʭʦʜʠʤʦ ʧʝʨʝʩʪʘʚʠʪʴ. 
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ʈʠʩ. 2.1: ʈʘʩʭʦʞʜʝʥʠʝ ʫʟʣʦʚ NL ʠ NR (ʢʘʜʨ çʜʦè ʠ çʧʦʩʣʝè ʜʚʠʞʝʥʠʷ), ʷʚʣʷʶʱʠʭʩʷ ʥʝʧʦ-

ʩʨʝʜʩʪʚʝʥʥʳʤʠ ʧʦʪʦʤʢʘʤʠ ʫʟʣʘ N. ʋʟʣʳ NL ʠ NR ʦʧʨʝʜʝʣʷʶʪʩʷ ʢʘʢ ʤʠʛʨʠʨʫʶʱʠʝ ʦʪʥʦ-

ʩʠʪʝʣʴʥʦ ʜʨʫʛ ʜʨʫʛʘ ʩ ʧʦʤʦʱʴʶ ʚʳʯʠʩʣʝʥʠʷ ʬʫʥʢʮʠʠ (2.1). 

ʇʦʷʩʥʝʥʠʝ ʥʘ ʧʨʠʤʝʨʝ. ʇʫʩʪʴ ʜʘʥʳ ʜʚʘ ʧʦʜʜʝʨʝʚʘ ʩ ʢʦʨʥʷʤʠ NL ʠ NR ʩʦʦʪ-

ʚʝʪʩʪʚʝʥʥʦ, ʢʦʪʦʨʳʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʜʚʫʤ ʨʘʟʣʠʯʥʳʤ ʦʙʲʝʢʪʘʤ, ʜʚʠʞʫʱʠʭʩʷ ʚ ʧʨʦ-

ʪʠʚʦʧʦʣʦʞʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ (ʩʤ. ʨʠʩ. 2.1), ʧʨʠʯʸʤ NL ʠ NR ʷʚʣʷʶʪʩʷ ʥʝʧʦʩʨʝʜʩʪ-

ʚʝʥʥʳʤʠ ʧʦʪʦʤʢʘʤʠ N. ʆʭʚʘʪʳʚʘʶʱʘʷ ʦʙʦʣʦʯʢʘ BV(N) ʧʨʠ ʵʪʦʤ ʫʚʝʣʠʯʠʚʘʝʪʩʷ, 

ʵʪʦ ʦʪʨʘʞʘʝʪʩʷ ʚ ʫʚʝʣʠʯʝʥʠʠ SA(N) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʩʫʤʤʦʡ SA(NL) ʠ SA(NR) (ʩʤ. 

ʬʦʨʤʫʣʫ 1.3). ɽʩʣʠ ʟʥʘʯʝʥʠʷ Count(NL) ʠ Count(NR) ʦʩʪʘʶʪʩʷ ʧʦʩʪʦʷʥʥʳʤʠ ʚ ʪʝʯʝ-

ʥʠʝ ʚʨʝʤʝʥʠ, ʪʦ ʜʚʠʞʝʥʠʝ ʦʙʲʝʢʪʦʚ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ NL ʠ NR ʦʪʨʘʞʘʝʪʩʷ ʚ 

ʫʤʝʥʴʰʝʥʠʠ ʟʥʘʯʝʥʠʷ SAHCost(N). ɽʩʣʠ ʦʙʲʝʢʪʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ NL ʠ NR, ʜʚʠ-

ʞʫʪʩʷ ʚ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ, ʪʦ ʦʥʠ ʤʦʛʫʪ ʧʨʠʙʣʠʟʠʪʴʩʷ ʢ ʜʨʫʛʠʤ ʦʙʲ-

ʝʢʪʘʤ ʠ ʦʭʚʘʪʳʚʘʶʱʘʷ ʦʙʦʣʦʯʢʘ ʠʭ ʨʦʜʠʪʝʣʴʩʢʦʛʦ ʫʟʣʘ BV(N) ʤʦʞʝʪ ʧʝʨʝʩʝʢʘʪʴ 

ʦʙʦʣʦʯʢʠ ʜʨʫʛʠʭ ʦʙʲʝʢʪʦʚ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ, ʝʩʣʠ ʥʝ ʠʟʤʝʥʠʪʴ ʩʪʨʫʢʪʫʨʫ BVH, ʪʦ 

ʩʢʦʨʦʩʪʴ ʪʨʘʩʩʠʨʦʚʢʠ ʣʫʯʝʡ ʤʦʞʝʪ ʩʥʠʟʠʪʩɹʷ.  

ʇʫʩʪʴ ʟʥʘʯʝʥʠʝ Count(NL) ʠʣʠ Count(NR) ʫʤʝʥʴʰʘʝʪʩʷ ʧʦʩʣʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʟʥʘʯʝʥʠʷ SavedSAHCost(N), ʵʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʢʦʣʠʯʝʩʪʚʦ ʧʨʠʤʠʪʠ-

ʚʦʚ ʫʤʝʥʴʰʘʝʪʩʷ ʚʥʫʪʨʠ ʧʦʜʜʝʨʝʚʴʝʚ NL ʠʣʠ NR. ʊʘʢʘʷ ʩʠʪʫʘʮʠʷ ʚʦʟʤʦʞʥʘ, ʪʦʣʴʢʦ 

ʝʩʣʠ ʦʙʦʣʦʯʢʠ ʥʝʢʦʪʦʨʳʭ ʫʟʣʦʚ ʧʦʪʦʤʢʦʚ ʜʣʷ NL ʠʣʠ NR ʙʳʣʠ ʧʦʜʚʝʨʛʥʫʪʳ ʦʧʝʨʘ-

ʮʠʠ ʘʜʘʧʪʘʮʠʠ (ʩʤ. ʥʠʞʝ) ʧʦʩʣʝ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʤʠʛʨʘʮʠʠ ʠʭ ʫʟʣʦʚ ʧʦʪʦʤʢʦʚ. ʅʦ 

ʤʠʛʨʘʮʠʷ ʫʟʣʦʚ ʚʥʫʪʨʠ ʜʝʨʝʚʘ, ʧʨʦʠʟʚʝʜʸʥʥʘʷ ʥʝʩʢʦʣʴʢʦ ʨʘʟ, ʤʦʞʝʪ ʧʦʚʣʝʯʴ ʟʘ ʩʦ-

ʙʦʡ ʵʬʬʝʢʪ çʫʪʦʥʴʰʝʥʠʷè ʜʝʨʝʚʘ: ʚr ʩʦʪʘ ʜʝʨʝʚʘ ʤʦʞʝʪ ʩʪʘʪʴ ʥʘʤʥʦʛʦ ʙʦʣʴʰʝ, ʥʘ-

ʧʨʠʤʝʨ, ʚ 2 ʨʘʟʘ. ʊʘʢʘʷ ʩʠʪʫʘʮʠʷ ʚʥʫʪʨʠ ʧʦʜʜʝʨʝʚʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʫʟʣʫ N, ʤʦ-

ʞʝʪ ʙʳʪʴ ʦʙʥʘʨʫʞʝʥʘ, ʝʩʣʠ ʥʝʨʘʚʝʥʩʪʚʦ (2.1) ʚʝʨʥʦ. ɿʥʘʯʝʥʠʷ Count(NL) ʠ 

Count(NR) ʤʦʛʫʪ ʫʚʝʣʠʯʠʚʘʪʴʩʷ, ʪʦʣʴʢʦ ʝʩʣʠ ʧʨʦʮʝʩʩ ʚʩʪʘʚʢʠ ʢʘʢʦʛʦ-ʣʠʙʦ ʧʦʜʜʝʨʝ-

ʚʘ ʩʧʫʩʢʘʝʪʩʷ ʛʣʫʙʞʝ ʚ ʜʝʨʝʚʝ, ʦʜʥʘʢʦ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʟʥʘʯʝʥʠʝ SavedSAHCost(N) ʦʙ-

ʥʦʚʣʷʝʪʩʷ. 

˿ͭ͊ͪ·͔ ͙ͨͦ͘ͼ͙͙ ˹͍ͦ·͔ ͙ͨͦ͘ͼ͙͙
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ʆʧʨʝʜʝʣʝʥʠʝ ʚʟʦʨʚʘʥʥʳʭ ʫʟʣʦʚ ʜʝʨʝʚʘ. ɺʟʦʨʚʘʥʥʳʤ ʨʝʛʠʦʥʦʤ ʜʝʨʝʚʘ ʩʯʠ-

ʪʘʝʪʩʷ ʧʦʜʜʝʨʝʚʦ BVH ʩ ʢʦʨʥʝʤ N, ʚʥʫʪʨʠ ʢʦʪʦʨʦʛʦ ʩʫʱʝʩʪʚʫʝʪ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪ-

ʚʦ ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʦʭʚʘʪʳʚʘʶʱʠʭ ʦʙʦʣʦʯʝʢ ʤʝʞʜʫ ʚʩʝʚʦʟʤʦʞʥʳʤʠ ʫʟʣʘʤʠ-

ʧʦʪʦʤʢʘʤʠ N (ʩʤ. ʨʠʩ. 2.2). 

 

ʈʠʩ. 2.2: ʇʨʠʤʝʨ ʧʝʨʝʢʨʳʪʠʷ ʦʙʦʣʦʯʝʢ ʫʟʣʦʚ NL ʠ NR, ʜʣʷ ʢʦʪʦʨʦʛʦ ʫʟʝʣ N ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʢʘʢ ʚʟʦʨʚʘʥʥʳʡ. ʊʘʢʞʝ ʧʦʢʘʟʘʥʳ ʧʦʪʦʤʢʠ ʫʟʣʦʚ NL ʠ NR, ʢʦʪʦʨʳʝ ʦʧʨʝʜʝʣʝʥʳ ʢʘʢ ʤʠʛ-

ʨʠʨʫʶʱʠʝ ʚ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʝ ʥʘʧʨʘʚʣʝʥʠʷ.  

ɼʦʣʷ ʧʝʨʝʢʨʳʪʠʷ ʤʝʞʜʫ ʫʟʣʘʤʠ NL ʠ NR, ʧʦʪʦʤʢʘʤʠ ʫʟʣʘ N: 

))(),(min(

)),((
)(

NRSANLSA

NRNLOverlapBVSA
NMaxOverlap =  (2.2) 

ʛʜʝ OverlapBV(NL,NR) ï ʦʭʚʘʪʳʚʘʶʱʘʷ ʦʙʦʣʦʯʢʘ ʧʝʨʝʩʝʯʝʥʠʷ ʤʝʞʜʫ ʫʟʣʘʤʠ 

NL ʠ NR. MaxOverlap(N) ʧʨʠʥʠʤʘʝʪ ʟʥʘʯʝʥʠʷ ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 0 ʜʦ 1. ʋʟʝʣ N ʩʯʠʪʘ-

ʝʪʩʷ ʚʟʦʨʚʘʥʥʳʤ, ʝʩʣʠ MaxOverlap(N) ʠʤʝʝʪ ʚʳʩʦʢʦʝ ʟʥʘʯʝʥʠʝ (ʥʘʧʨʠʤʝʨ, ʙʦʣʴʰʝʝ, 

ʯʝʤ 0.3) ʠ ʝʩʣʠ ʚʳʧʦʣʥʷʝʪʩʷ ʫʩʣʦʚʠʝ: 

dE
NstSavedSAHCo

NSAHCost
+>1

)(

)(
 (2.3) 

ʛʜʝ dE ï ʟʥʘʯʝʥʠʝ ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 0 ʜʦ 1, ʫʩʪʘʥʘʚʣʠʚʘʝʤʦʝ ʧʦʣʴʟʦʚʘʪʝʣʝʤ ʜʣʷ 

ʢʦʥʪʨʦʣʷ ʥʘʜ ʤʥʦʞʝʩʪʚʦʤ ʧʦʜʜʝʨʝʚʴʝʚ, ʚʥʫʪʨʠ ʢʦʪʦʨʳʭ ʙʫʜʝʪ ʧʨʦʠʟʚʦʜʠʪʴʩʷ ʧʦʣ-

ʥʦʝ ʧʝʨʝʩʪʨʦʝʥʠʝ ʩʪʨʫʢʪʫʨʳ. 

2.2. ʉʪʘʜʠʷ ʘʜʘʧʪʘʮʠʠ  

ɼʘʥʥʘʷ ʩʪʘʜʠʷ ʦʙʥʦʚʣʷʝʪ ʦʭʚʘʪʳʚʘʶʱʠʝ ʦʙʦʣʦʯʢʠ ʚʩʝʭ ʫʟʣʦʚ ʜʝʨʝʚʘ BVH ʚ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʥʦʚʳʤʠ ʢʦʦʨʜʠʥʘʪʘʤʠ ʚʝʨʰʠʥ ʧʦʣʠʛʦʥʦʚ, ʜʣʷ ʢʦʪʦʨʳʭ ʥʝʦʙʭʦʜʠʤʦ 

ʩʬʦʨʤʠʨʦʚʘʪʴ ʜʝʨʝʚʦ BVH. ʉʪʨʫʢʪʫʨʘ ʩʚʷʟʝʡ ʜʝʨʝʚʘ ʧʨʠ ʵʪʦʤ ʥʝ ʤʝʥʷʝʪʩʷ. ʅʘʯʠ-

ʥʘʷ ʩ ʢʦʨʥʝʚʦʛʦ ʫʟʣʘ, ʚʩʝ ʫʟʣʳ ʜʝʨʝʚʘ BVH ʦʙʭʦʜʷʪʩʷ ʨʝʢʫʨʩʠʚʥʦ. ɺ ʧʦʨʷʜʢʝ ʩʥʠ-

NRNL

NRR

NRL

NLL

NLR

N

͙͎͙͔ͣͪͪͯͭ

͙͎͙͔ͣͪͪͯͭ

͙͎͙͔ͣͪͪͯͭ

͙͎͙͔ͣͪͪͯͭ

ˤ͍ͦͪ͊ͤͤ͘·͚ ͔ͯ͘͡ N
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ʟʫ-ʚʚʝʨʭ (ʧʦʩʣʝ ʚʦʟʚʨʘʪʘ ʫʧʨʘʚʣʝʥʠʷ ʨʝʢʫʨʩʠʚʥʦʛʦ ʚʳʟʦʚʘ), ʦʭʚʘʪʳʚʘʶʱʠʝ ʦʙʦ-

ʣʦʯʢʠ BV(N) ʫʟʣʦʚ ʦʙʥʦʚʣʷʶʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʦʭʚʘʪʳʚʘʶʱʠʤʠ ʦʙʦʣʦʯʢʘʤʠ ʥʝ-

ʧʦʩʨʝʜʩʪʚʝʥʥʳʭ ʫʟʣʦʚ ʧʦʪʦʤʢʦʚ, ʜʣʷ ʢʦʪʦʨʳʭ ʦʭʚʘʪʳʚʘʶʱʠʝ ʦʙʦʣʦʯʢʠ ʫʞʝ ʙʳʣʠ 

ʨʘʩʩʯʠʪʘʥʳ ʥʘ ʧʨʝʜʳʜʫʱʝʤ ʰʘʛʝ ʨʝʢʫʨʩʠʠ. ɼʣ̫ ʢʘʞʜʦʛʦ ʣʠʩʪʦʚʦʛʦ ʫʟʣʘ ʦʭʚʘʪʳ-

ʚʘʶʱʘʷ ʦʙʦʣʦʯʢʘ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʢʦʦʨʜʠʥʘʪʘʤʠ ʚʩʝʭ ʪʨʝʫʛʦʣʴʥʠ-

ʢʦʚ, ʧʨʠʥʘʜʣʝʞʘʱʠʭ ʫʟʣʫ.  

void  adapt_tree(node N)  

{  

  if ( is_leaf(N))  

  {  

    BV(N) = Union(BV(all  leaf  polygons))  

  }  

  else  

  {  

    adapt_tree(N.NL) ;  

    adapt_tree(N.NR);  

    BV(N) = Union(BV(N.NL), BV(N.NR));  

    Detect_migrated_or_exploded_node(N);  

  }  

}  

ʂʨʦʤʝ ʦʙʥʦʚʣʝʥʠʷ ʦʭʚʘʪʳʚʘʶʱʠʭ ʦʙʦʣʦʯʝʢ ʚʦ ʚʨʝʤʷ ʩʪʘʜʠʠ ʘʜʘʧʪʘʮʠʠ ʢʘʞ-

ʜʳʡ ʚʥʫʪʨʝʥʥʠʡ ʫʟʝʣ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ʤʠʛʨʠʨʫʶʱʠʡ ʠʣʠ ʚʟʦʨʚʘʥʥʳʡ ʠʣʠ ʥʠ ʪʦʪ 

ʥʠ ʜʨʫʛʦʡ. ɼʣʷ ʵʪʦʛʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʬʦʨʤʫʣʳ (2.1), (2.2) ʠ (2.3). ʋʢʘʟʘʪʝʣʠ ʥʘ ʤʠʛ-

ʨʠʨʫʶʱʠʝ ʠʣʠ ʚʟʦʨʚʘʥʥʳʝ ʫʟʣʳ ʜʦʙʘʚʣʷʶʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʤʘʩʩʠʚʳ: 

MigrateBuffer ʠʣʠ RebuildBuffer.  

ɽʩʣʠ ʫʟʣʳ NL ʠ NR (ʧʨʷʤʳʝ ʧʦʪʦʤʢʠ N) ʦʧʨʝʜʝʣʝʥʳ ʢʘʢ ʤʠʛʨʠʨʫʶʱʠʝ ʫʟʣʳ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛ ʜʨʫʛʘ, ʪʦ ʚ MigrateBuffer ʜʦʙʘʚʣʷʝʪʩʷ ʫʟʝʣ N. ɽʩʣʠ ʫʟʝʣ N ʦʧʨʝ-

ʜʝʣʸʥ ʢʘʢ ʚʟʦʨʚʘʥʥʳʡ, ʪʦ ʦʥ ʜʦʙʘʚʣʷʝʪʩʷ ʚ ʤʘʩʩʠʚ RebuildBuffer. 

ɿʘʪʝʤ ʜʣ ̫ʢʘʞʜʦʛʦ ʚʟʦʨʚʘʥʥʦʛʦ ʫʟʣʘ N ʧʨʦʠʟʚʦʜʪ̫ʩʷ ʩʣʝʜʫʶʱʠʝ 3 ʜʝʡʩʪʚʠʷ: 

1. ʋʟʝʣ N ʧʦʤʝʯʘʝʪʩʷ ʬʣʘʛʦʤ ʙʣʦʢʠʨʦʚʢʠ: Locked(N) = true. ʕʪʦ ʜʝʣʘʝʪʩʷ ʜʣʷ 

ʪʦʛʦ, ʯʪʦʙʳ ʠʩʧʦʣʴʟʦʚʘʪʴ ʦʙʦʣʦʯʢʫ ʫʟʣʘ N ʢʘʢ ʥʝʜʝʣʠʤʳʡ ʧʨʠʤʠʪʠʚ ʚ ʢʦʥʪʝʢʩʪʝ 

ʚʦʟʤʦʞʥʦʛʦ ʧʝʨʝʩʪʨʦʝʥʠʷ ʧʦʜʜʝʨʝʚʘ, ʝʩʣʠ ʪʘʢʦʝ ʧʦʪʨʝʙʫʝʪʩʷ ʚʳʧʦʣʥʠʪʴ ʜʣʷ ʢʘʢʦʛʦ 

ʣʠʙʦ ʫʟʣʘ ʧʨʝʜʢʘ N, ʦʧʨʝʜʝʣʸʥʥʦʛʦ ʚʟʦʨʚʘʥʥʳʤ ʚ  ʙʦʣʝʝ ʧʦʟʜʥʠʭ ʰʘʛʘʭ ʨʝʢʫʨʩʠʠ 

ʧʨʦʮʝʩʩʘ ʘʜʘʧʪʘʮʠʠ. ʕʪʦ ʜʝʡʩʪʚʠʝ ʧʦʟʚʦʣʷʝʪ ʧʨʦʠʟʚʦʜʠʪʴ ʦʧʝʨʘʮʠʠ ʥʝʟʘʚʠʩʠʤʦʛʦ 

ʧʝʨʝʩʪʨʦʝʥʠʷ ʜʣʷ ʚʩʝʭ ʧʦʜʜʝʨʝʚʴʝʚ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʙʣʦʢʠʨʦʚʘʥʥʳʤʠ ʢʦʨʥʷʤʠ. 



 

33 
 

2. ʆʙʦʣʦʯʢʘ BV(Ni) ʢʘʞʜʦʛʦ ʫʟʣʘ Ni, ʷʚʣʷʶʱʝʛʦʩʷ ʧʦʪʦʤʢʦʤ N, ʢʦʪʦʨʳʡ ʙʳʣ 

ʜʦʙʘʚʣʝʥ ʚ ʤʘʩʩʠʚ RebuldBuffer, ʧʨʦʚʝʨʷʝʪʩʷ ʥʘ ʧʝʨʝʩʝʯʝʥʠʝ ʩ OverlapBV(NL,NR) ï 

ʦʭʚʘʪʳʚʘʶʱʝʡ ʦʙʦʣʦʯʢʦʡ ʧʝʨʝʩʝʯʝʥʠʷ ʦʙʦʣʦʯʝʢ ʫʟʣʦʚ NL ʠ NR (ʷʚʣʷʶʱʠʭʩʷ ʧʨʷ-

ʤʳʤʠ ʧʦʪʦʤʢʘʤʠ N). ɽʩʣʠ BV(Ni) ʧʝʨʝʩʝʢʘʝʪ OverlapBV(NL,NR), ʪʦ ʬʣʘʛ ʙʣʦʢʠʨʦʚ-

ʢʠ ʜʣʷ Ni ʩʥʠʤʘʝʪʩʷ: Locked(Ni) = false. ʊ.ʝ. ʦʙʦʣʦʯʢʘ ʫʟʣʘ Ni ʥʝ ʙʫʜʝʪ ʠʩʧʦʣʴʟʦ-

ʚʘʪʴʩʷ ʢʘʢ ʝʜʠʥʳʡ ʧʨʠʤʠʪʠʚ ʚ ʢʦʥʪʝʢʩʪʝ ʦʧʝʨʘʮʠʠ ʧʝʨʝʩʪʨʦʝʥʠʷ ʜʣʷ ʧʦʜʜʝʨʝʚʘ, 

ʥʘʯʠʥʘʶʱʝʛʦʩʷ ʩ N. ʀʩʧʦʣʴʟʦʚʘʥʠʝ Ni ʢʘʢ ʥʝʜʝʣʠʤʦʛʦ ʧʨʠʤʠʪʠʚʘ ʚ ʢʦʥʪʝʢʩʪʝ ʦʧʝ-

ʨʘʮʠʠ ʧʝʨʝʩʪʨʦʝʥʠʷ ʧʦʩʣʫʞʠʣʦ ʙʳ ʙʦʣʴʰʠʤ ʧʨʝʧʷʪʩʪʚʠʝʤ ʚ ʫʜʘʣʝʥʠʠ ʧʝʨʝʢʨʳʪʠʡ 

ʚ ʧʦʜʜʝʨʝʚʝ, ʥʘʯʠʥʘʶʱʝʛʦʩʷ ʩ N (ʩʤ ʨʠʩ. 2.3). ɼʨʫʛʠʝ ʫʟʣʳ, ʦʙʦʣʦʯʢʠ ʢʦʪʦʨʳʭ ʥʝ 

ʧʝʨʝʩʝʢʘʶʪ OverlapBV(NL,NR) ʥʝ ʠʟʤʝʥʷʶʪ ʟʥʘʯʝʥʠʷ ʙʣʦʢʠʨʦʚʢʠ Locked, ʪ.ʢ. ʠʭ 

ʚʣʠʷʥʠʝ ʥʘ ʧʨʦʮʝʩʩ ʫʩʪʨʘʥʝʥʠʷ ʧʝʨʝʢʨʳʪʠʷ ʚ ʧʦʜʜʝʨʝʚʝ N ʷʚʣʷʝʪʩʷ ʤʠʥʠʤʘʣʴʥʳʤ. 

3. ɺʩʝ ʧʦʪʦʤʢʠ ʫʟʣʘ N ʫʜʘʣʷʶʪʩʷ ʠʟ ʤʘʩʩʠʚʘ MigrateBuffer, ʝʩʣʠ ʦʥʠ ʙʳʣʠ 

ʟʘʥʝʩʝʥʳ ʚ ʥʝʛʦ ʨʘʥʝʝ, ʪ.ʢ. ʦʥʠ ʙʫʜʫʪ ʨʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʳ ʚ ʧʦʜʜʝʨʝʚʝ ʩ ʧʦʤʦʱʴʶ 

ʦʧʝʨʘʮʠʠ ʧʝʨʝʩʪʨʦʝʥʠʷ. 

 

ʈʠʩ. 2.3: ɽʩʣʠ N ʦʧʨʝʜʝʣʸʥ ʢʘʢ ʚʟʦʨʚʘʥʥʳʡ ʫʟʝʣ, ʪʦ ʜʣʷ ʢʘʞʜʦʛʦ ʝʛʦ ʧʦʪʦʤʢʘ, ʦʙʦʣʦʯʢʘ 

ʢʦʪʦʨʦʛʦ ʧʝʨʝʩʝʢʘʝʪ ʦʙʦʣʦʯʢʫ OverlapBV(NL, NR), ʙʣʦʢʠʨʦʚʢʘ ʩʥʠʤʘʝʪʩʷ. ʎʝʣʴʶ ʧʝʨʝ-

ʩʪʨʦʝʥʠʷ ʧʦʜʜʝʨʝʚʘ, ʥʘʯʠʥʘʶʱʝʛʦʩʷ ʩ N, ʷʚʣʷʝʪʩʷ ʫʜʘʣʝʥʠʝ ʧʝʨʝʢʨʳʪʠʷ OverlapBV(NL, 

NR) ʠ ʣʶʙʳʭ ʜʨʫʛʠʭ ʧʝʨʝʢʨʳʪʠʡ ʚ ʧʦʜʜʝʨʝʚʝ. 

2.3. ʉʪʘʜʠʷ ʧʝʨʝʩʪʨʦʝʥʠʷ ʪʦʧʦʣʦʛʠʠ ʧʦʜʜʝʨʝʚʴʝʚ 

ʇʨʦʮʝʩʩ ʧʝʨʝʩʪʨʦʝʥʠʷ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʜʣʷ ʢʘʞʜʦʛʦ ʧʦʜʜʝʨʝʚʘ BVH, ʢʦʨʥʝ-

ʚʦʡ ʫʟʝʣ Ni ʢʦʪʦʨʦʛʦ ʙʳʣ ʦʧʨʝʜʝʣʸʥ ʢʘʢ ʚʟʦʨʚʘʥʥʳʡ ʥʘ ʩʪʘʜʠʠ ʘʜʘʧʪʘʮʠʠ. ʂʘʞʜʳʡ 

ʪʘʢʦʡ ʫʟʝʣ Ni ʟʘʧʠʩʘʥ ʚ ʤʘʩʩʠʚʝ RebuildBuffer ʠ ʦʪʤʝʯʝʥ ʩʠʤʚʦʣʦʤ L ʥʘ ʨʠʩ. 2.4 

(ʩʦʢʨʘʱʸʥʥʦ ʦʟʥʘʯʘʝʪ ʫʩʪʘʥʦʚʣʝʥʥʳʡ ʬʣʘʛ Locked(Ni)=true). 

NR
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Ni Ni
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ʈʠʩ. 2.4: ʇʨʝʜʩʪʘʚʣʝʥʳ ʧʦʜʜʝʨʝʚʴʷ BVH, ʥʘʯʠʥʘʶʱʠʝʩʷ ʩ ʫʟʣʦʚ Ni, ʦʪʤʝʯʝʥʥʳʝ ʩʠʤʚʦʣʦʤ 

L (ʪ.ʝ. ʠʤʝʶʱʠʝ ʬʣʘʛ ʙʣʦʢʠʨʦʚʢʠ Locked(Ni)=true), ʠ ʦʛʨʘʥʠʯʝʥʥʳʝ ʣʠʙʦ ʣʠʩʪʦʚʳʤʠ ʫʟʣʘ-

ʤʠ BVH, ʣʠʙʦ ʜʨʫʛʠʤ ʚʥʫʪʨʝʥʥʠʤʠ ʫʟʣʘʤʠ, ʦʪʤʝʯʝʥʥʳʤ ʩʠʤʚʦʣʦʤ L. ɺʥʫʪʨʠ ʵʪʠʭ ʧʦʜʜʝ-

ʨʝʚʴʝʚ ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʦʣʥʦʝ ʧʝʨʝʩʪʨʦʝʥʠʝ ʩʪʨʫʢʪʫʨʳ. ʅʘ ʜʘʥʥʦʤ ʠʟʦʙʨʘʞʝʥʠʠ ʢʘʞʜʦʝ 

ʧʦʜʜʝʨʝʚʦ ʦʯʝʨʯʝʥʦ ʬʠʛʫʨʦʡ ʩ ʩʝʨʦʡ ʛʨʘʥʠʮʝʡ. 

 ʇʨʦʮʝʩʩ ʧʦʣʥʦʛʦ ʧʝʨʝʩʪʨʦʝʥʠʷ ʪʦʧʦʣʦʛʠʠ ʜʣʷ ʢʘʞʜʦʛʦ ʧʦʜʜʝʨʝʚʘ BVH ʩ 

ʢʦʨʥʝʤ Ni ʠʩʧʦʣʴʟʫʝʪ ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʠʪʠʚʦʚ ʦʭʚʘʪʳʚʘʶʱʠʝ ʦʙʦʣʦʯʢʠ ʣʠʩʪʦʚʳʭ 

ʫʟʣʦʚ BVH ʠʣʠ ʦʭʚʘʪʳʚʘʶʱʠʝ ʦʙʦʣʦʯʢʠ ʟʘʙʣʦʢʠʨʦʚʘʥʥʳʭ ʚʥʫʪʨʝʥʥʠʭ ʫʟʣʦʚ BVH, 

ʠʤʝʶʱʠʝ ʬʣʘʛ Locked=true. ʕʣʝʤʝʥʪʳ ʤʥʦʞʝʩʪʚʘ ʦʙʦʣʦʯʝʢ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʧʨʦ-

ʮʝʩʩʝ ʧʝʨʝʩʪʨʦʝʥʠʷ ʧʦʜʜʝʨʝʚʘ, ʩʦʙʠʨʘʶʪʩʷ ʩ ʧʦʤʦʱʴʶ ʨʝʢʫʨʩʠʚʥʦʡ ʬʫʥʢʮʠʠ, ʦʙ-

ʭʦʜʷʱʝʡ ʚʩʝ ʫʟʣʳ ʧʦʜʜʝʨʝʚʘ ʩʚʝʨʭʫ ʚʥʠʟ, ʥʘʯʠʥʘʷ ʩ ʢʦʨʥʷ ʧʦʜʜʝʨʝʚʘ Ni ʠ ʟʘʢʘʥʯʠ-

ʚʘʷ ʣʠʙʦ ʣʠʩʪʦʚʳʤ ʫʟʣʦʤ BVH, ʣʠʙʦ ʟʘʙʣʦʢʠʨʦʚʘʥʥʳʤ ʚʥʫʪʨʝʥʥʠʤ ʫʟʣʦʤ Nj, 

ʠʤʝʶʱʠʤ ʬʣʘʛ Locked(Nj)=true (ʩʤ. ʨʠʩ. 2.4). 

ʇʨʦʮʝʩʩ ʧʝʨʝʩʪʨʦʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʢʘʞʜʦʛʦ ʧʦʜʜʝʨʝʚʘ ʷʚʣʷʝʪʩʷ ʨʝʢʫʨʩʠʚʥʦʡ 

ʦʧʝʨʘʮʠʝʡ ʨʘʟʜʝʣʝʥʠʷ ʤʥʦʞʝʩʪʚʘ ʦʙʦʣʦʯʝʢ, ʛʜʝ ʥʘ ʢʘʞʜʦʤ ʰʘʛʝ ʧʨʦʮʝʩʩ ʨʘʟʜʝʣʝ-

ʥʠʷ ʧʨʠʥʠʤʘʝʪ ʫʟʝʣ N ʠ ʤʥʦʞʝʩʪʚʦ ʦʙʦʣʦʯʝʢ S, ʢʦʪʦʨʳʝ ʜʦʣʞʥʳ ʙʳʪʴ ʨʘʟʜʝʣʝʥʳ ʚ 

ʛʨʘʥʠʮʘʭ ʦʙʦʣʦʯʢʠ BV(N). ʄʥʦʞʝʩʪʚʦ S ʨʘʟʜʝʣʷʝʪʩʷ ʥʘ ʜʚʘ ʥʝʧʝʨʝʩʝʢʘʶʱʠʭʩʷ 

ʧʦʜʤʥʦʞʝʩʪʚʘ SL ʠ SR, ʪʘʢ ʯʪʦʙʳ ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʚʦʟʤʦʞʥʳʝ ʧʝʨʝʢʨʳʪʠʷ ʤʝʞʜʫ 

ʦʭʚʘʪʳʚʘʶʱʠʤʠ ʦʙʦʣʦʯʢʘʤʠ ʧʦʜʤʥʦʞʝʩʪʚ SL ʠ SR ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʛʜʝ ʜʚʫʤ ʥʦ-

ʚʳʤ ʧʦʜʤʥʦʞʝʩʪʚʘʤ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʥʦʚʳʝ ʫʟʣʳ NL ʠ NR ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɼʘʣʝʝ, ʧʦ 

ʨʝʢʫʨʩʠʠ, ʤʥʦʞʝʩʪʚʘ ʦʙʦʣʦʯʝʢ SL ʠ SR ʨʘʟʜʝʣʷʶʪʩʷ ʥʘ ʥʦʚʳʝ ʧʦʜʤʥʦʞʝʩʪʚʘ ʚ ʛʨʘ-

ʥʠʮʘʭ ʦʙʦʣʦʯʝʢ ʫʟʣʦʚ NL ʠ NR ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʃʶʙʦʡ ʘʣʛʦʨʠʪʤ ʧʦʣʥʦʛʦ ʧʦʩʪʨʦʝ-

ʥʠʷ ʜʝʨʝʚʘ BVH (ʥʘʧʨʠʤʝʨ, [113], ʩʤ. ʦʙʟʦʨ ʚ ʨʘʟʜʝʣʝ 1.4) ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ 
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ʢʘʢ ʦʩʥʦʚʘ ʜʣʷ ʧʦʠʩʢʘ ʦʧʪʠʤʘʣʴʥʦʛʦ ʨʘʟʜʝʣʝʥʠʷ ʤʥʦʞʝʩʪʚ ʦʙʦʣʦʯʝʢ ʥʘ 2 ʯʘʩʪʠ ʠ 

ʛʝʥʝʨʘʮʠʠ ʥʦʚʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʜʜʝʨʝʚʘ.  ɿʥʘʯʝʥʠʷ Count(Nk) ʠ SavedSAHCost(Nk) 

ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʟʘʥʦʚʦ ʜʣʷ ʚʩʝʭ ʫʟʣʦʚ ʧʦʜʜʝʨʝʚʘ.  

2.4. ʉʪʘʜʠʷ ʤʠʛʨʘʮʠʠ ʧʦʜʜʝʨʝʚʴʝʚ 

ɼʣʷ ʢʘʞʜʦʡ ʧʘʨʳ ʫʟʣʦʚ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʢʘʢ ʤʠʛʨʠʨʫʶʱʠʝ (ʩʤ. 

ʨʠʩ. 2.2), ʪʦʣʴʢʦ ʠʭ ʫʟʝʣ ʧʨʝʜʦʢ ʩʦʭʨʘʥʷʝʪʩʷ ʚ ʤʘʩʩʠʚʝ MigrateBuffer. ɺʩʝ ʵʣʝʤʝʥʪʳ 

ʤʘʩʩʠʚʘ MigrateBuffer ʦʙʨʘʙʘʪʳʚʘʶʪʩʷ ʚ 4 ʮʠʢʣʘ (ʚ ʢʘʞʜʦʤ ʮʠʢʣʝ ʫʟʣʳ ʠʟ ʤʘʩʩʠʚʘ 

MigrateBuffer ʦʙʨʘʙʘʪʳʚʘʶʪʩʷ ʚ ʧʦʨʷʜʢʝ ʦʪ ʢʦʥʮʘ ʢ ʥʘʯʘʣʫ, ʯʪʦʙʳ ʩʥʘʯʘʣʘ ʦʙʨʘʙʦ-

ʪʘʪʴ ʧʦʜʜʝʨʝʚʴʷ, ʥʘʭʦʜʷʱʠʝʩʷ ʥʘ ʥʠʞʥʠʭ ʫʨʦʚʥʷʭ ʜʝʨʝʚʘ BVH): 

1. ʆʪʩʦʝʜʠʥʠʪʴ ʢʘʞʜʳʡ ʫʟʝʣ N ʠʟ ʤʘʩʩʠʚʘ MigrateBuffer ʦʪ ʜʝʨʝʚʘ BVH. 

2. ɸʜʘʧʪʠʨʦʚʘʪʴ ʦʩʪʘʚʰʫʶʩʷ ʯʘʩʪʴ ʜʝʨʝʚʘ (ʧʝʨʝʩʯʠʪʘʪʴ ʦʭʚʘʪʳʚʘʶʱʠʝ ʦʙʦʣʦʯʢʠ) 

ʚ ʧʦʨʷʜʢʝ ʩʥʠʟʫ-ʚʚʝʨʭ, ʥʘʯʠʥʘʷ ʩ ʫʟʣʘ-ʨʦʜʠʪʝʣʷ ʦʪʩʦʝʜʠʥʸʥʥʦʛʦ ʫʟʣʘ N.  

3. ɼʣʷ ʫʟʣʘ N ʥʘʡʪʠ ʫʟʝʣ X ʚ ʜʝʨʝʚʝ, ʥʘʯʠʥʘʷ ʩ ʢʦʪʦʨʦʛʦ ʤʦʞʥʦ ʥʘʯʠʥʘʪʴ ʚʩʪʘʚʣʷʪʴ 

N (ʚ ʘʜʘʧʪʠʨʦʚʘʥʥʦʤ ʜʝʨʝʚʝ ʦʙʦʣʦʯʢʘ N ʜʦʣʞʥʘ ʧʦʣʥʦʩʪʴʶ ʚʭʦʜʠʪʴ ʚ ʦʙʣʘʩʪʴ 

ʦʛʨʘʥʠʯʝʥʥʫʶ ʦʙʦʣʦʯʢʦʡ X; ʧʦʠʩʢ ʪʘʢʦʛʦ ʫʟʣʘ X ʥʘʯʠʥʘʝʪʩʷ ʩ ʤʝʩʪʘ ʦʪʩʦʝʜʠʥʝ-

ʥʠʷ ʫʟʣʘ N ʠ ʟʘʢʘʥʯʠʚʘʝʪʩʷ ʢʦʨʥʝʤ ʜʝʨʝʚʘ). 

4. ɺʩʪʘʚʠʪʴ ʧʨʷʤʳʝ ʧʦʪʦʤʢʠ ʫʟʣʘ N ʚ ʘʜʘʧʪʠʨʦʚʘʥʥʦʝ ʜʝʨʝʚʦ.  

ɸʜʘʧʪʘʮʠʷ ʜʝʨʝʚʘ ʧʦʩʣʝ ʦʪʩʦʝʜʠʥʝʥʠʷ ʧʦʜʜʝʨʝʚʘ, ʥʘʯʠʥʘʶʱʝʛʦʩʷ ʩ ʫʟʣʘ N, 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʨʦʮʝʩʩ ʦʙʭʦʜʘ ʫʟʣʦʚ ʜʝʨʝʚʘ, ʥʘʯʠʥʘʷ ʩ ʤʝʩʪʘ ʦʪʩʦʝʜʠʥʝʥʠʷ N 

ʠ ʟʘʢʘʥʯʠʚʘʷ ʢʦʨʥʝʤ ʜʝʨʝʚʘ. ʇʨʠʤʝʥʷʝʪʩʷ ʧʝʨʝʭʦʜ ʥʘ ʨʦʜʠʪʝʣʴʩʢʠʝ ʫʟʣʳ (ʩʩʳʣʢʘ 

ʥʘ ʫʟʝʣ-ʨʦʜʠʪʝʣʴ ʭʨʘʥʠʪʩʷ ʜʣʷ ʢʘʞʜʦʛʦ ʫʟʣʘ X ʚ ʧʦʣʝ Parent(X)) ʠ ʦʙʥʦʚʣʝʥʠʝ ʦʙʦ-

ʣʦʯʢʠ BV(X) ʠ ʩʯʸʪʯʠʢʘ Count(X) ʚʳʰʝʩʪʦʷʱʝʛʦ ʫʟʣʘ ʥʘ ʦʩʥʦʚʝ ʨʘʩʩʯʠʪʘʥʥʳʭ ʨʘʥʝʝ 

ʜʘʥʥʳʭ ʠʭ ʧʦʪʦʤʢʦʚ. ɽʩʣʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʙʥʦʚʣʝʥʠʷ ʦʙʦʣʦʯʢʘ BV(X) ʥʝ ʠʟʤʝʥʷʝʪʩʷ, 

ʪʦ ʫʟʝʣ X ʷʚʣʷʝʪʩʷ ʫʟʣʦʤ, ʥʘʯʠʥʘʷ ʩ ʢʦʪʦʨʦʛʦ ʤʦʞʥʦ ʚʩʪʘʚʠʪʴ ʦʪʩʦʝʜʠʥʸʥʥʦʝ ʧʦʜ-

ʜʝʨʝʚʦ ʩ ʢʦʨʥʝʤ N. ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʰʘʛʦʚ ʘʜʘʧʪʘʮʠʠ ʜʝʨʝʚʘ 

ʟʘʢʘʥʯʠʚʘʝʪʩʷ ʥʘ ʫʟʣʝ X. ʅʝʦʙʭʦʜʠʤʦ ʚʩʪʘʚʠʪʴ ʧʦʜʜʝʨʝʚʦ ʩ ʢʦʨʥʝʤ N ʦʙʨʘʪʥʦ ʚ ʜʝ-

ʨʝʚʦ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʠʟʙʝʞʘʪʴ ʫʭʫʜʰʝʥʠʷ ʦʞʠʜʘʝʤʦʛʦ ʚʨʝʤʝʥʠ ʪʨʘʩʩʠʨʦʚʢʠ 

ʣʫʯʝʡ, ʦʙʝʩʧʝʯʠʚʘʝʤʦʝ ʥʦʚʦʡ ʩʪʨʫʢʪʫʨʦʡ ʜʝʨʝʚʘ, ʪ.ʝ. ʯʪʦʙʳ ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʢʦʣʠ-

ʯʝʩʪʚʦ ʧʝʨʝʢʨʳʪʠʡ ʩʨʝʜʠ ʦʙʦʣʦʯʝʢ ʫʟʣʦʚ. 
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ʈʠʩ. 2.5. ʂʦʛʜʘ ʧʦʜʜʝʨʝʚʦ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʝ ʫʟʣʦʤ N, ʥʝʦʙʭʦʜʠʤʦ ʚʩʪʘʚʠʪʴ ʚ ʜʝʨʝʚʦ, ʥʘʯʠ-

ʥʘʷ ʩ ʫʟʣʘ X, ʪʦ ʦʜʠʥ ʠʟ ʩʣʝʜʫʶʱʠʭ ʚʘʨʠʘʥʪʦʚ ʨʝʰʝʥʠʷ ʧʨʠʥʠʤʘʝʪʩʷ: 1) ʦʙʲʝʜʠʥʠʪʴ ʫʟʣʳ 

X ʠ N, ʦʢʦʥʯʠʪʴ ʨʝʢʫʨʩʠʶ; 2) ʧʦʧʨʦʙʦʚʘʪʴ ʚʩʪʘʚʠʪʴ ʫʟʝʣ N ʚ ʜʝʨʝʚʦ, ʥʘʯʠʥʘʷ ʩ ʫʟʣʘ XL 

ʠʣʠ XR, ʷʚʣʷʶʱʠʝʩʷ ʧʨʷʤʳʤʠ ʧʦʪʦʤʢʘʤʠ X; 3) ʨʘʟʜʝʣʠʪʴ ʫʟʝʣ N ʥʘ ʜʚʘ ʝʛʦ ʧʦʪʦʤʢʘ NL ʠ 

NR, ʠ ʚʩʪʘʚʠʪʴ ʠʭ ʚ ʜʝʨʝʚʦ, ʥʘʯʠʥʘʷ c X. 

ʇʨʦʮʝʩʩ ʚʩʪʘʚʢʠ ʧʦʜʜʝʨʝʚʘ ʩ ʢʦʨʥʝʤ N ʚ ʜʝʨʝʚʦ, ʥʘʯʠʥʘ ̫ʩ ʫʟʣʘ X ʚ ʜʝʨʝʚʝ, 

ʷʚʣʷʝʪʩʷ ʨʝʢʫʨʩʠʚʥʳʤ ʠ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ. 2.5. ʂʘʞʜʳʡ ʰʘʛ ʧʨʦʮʝʩʩʘ ʚʩʪʘʚʢʠ ʠʩ-

ʧʦʣʴʟʫʝʪ ʩʣʝʜʫʶʱʠʝ ʚʭʦʜʥʳʝ ʧʘʨʘʤʝʪʨʳ: X ï ʫʟʝʣ ʩ ʢʦʪʦʨʦʛʦ ʥʘʯʠʥʘʝʪʩʷ ʚʩʪʘʚʢʘ ʚ 

ʧʨʠʥʠʤʘʶʱʝʤ ʜʝʨʝʚʝ, N ï ʢʦʨʥʝʚʦʡ ʫʟʝʣ ʧʦʜʜʝʨʝʚʘ, ʢʦʪʦʨʦʝ ʥʫʞʥʦ ʚʩʪʘʚʠʪʴ ʚ ʥʝ-

ʢʦʪʦʨʦʝ ʤʝʩʪʦ ʧʨʠʥʠʤʘʶʱʝʛʦ ʜʝʨʝʚʘ ʧʦʜ ʫʟʣʦʤ ʠʣʠ ʥʘ ʫʨʦʚʥʝ X. 

ʅʘ ʢʘʞʜʦʤ ʰʘʛʝ ʧʨʦʮʝʩʩʘ ʚʩʪʘʚʢʠ ʧʨʠʥʠʤʘʝʪʩʷ ʦʜʠʥ ʠʟ ʚʘʨʠʘʥʪʦʚ ʨʝʰʝʥʠ:̫ 

1) ʆʙʲʝʜʠʥʠʪʴ ʫʟʣʳ X ʠ N ʧʦʜ ʥʦʚʳʤ ʫʟʣʦʤ U ʠ ʦʩʪʘʥʦʚʠʪʴ ʨʝʢʫʨʩʠʚʥʳʡ 

ʧʨʦʮʝʩʩ ʚʩʪʘʚʢʠ. 

2) ʇʦʥʠʟʠʪʴ ʨʝʰʝʥʠʝ ʦ ʚʩʪʘʚʢʝ ʧʦʜʜʝʨʝʚʘ N ʥʘ ʫʨʦʚʝʥʴ ʥʠʞʝ, ʪ.ʝ. ʧʳʪʘʪʴʩʷ 

ʚʩʪʘʚʠʪʴ N, ʥʘʯʠʥʘʷ ʩ ʧʨʷʤʳʭ ʧʦʪʦʤʢʦʚ XL ʠ XR ʫʟʣʘ X. 

ʕʪʠ ʚʘʨʠʘʥʪʳ ʨʝʰʝʥʠʷ ʘʩʩʦʮʠʠʨʫʶʪʩʷ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʟʥʘʯʝʥʠʝʤ SAH 

ʬʫʥʢʮʠʠ (ʩʤ. ʬʦʨʤʫʣʫ 1.3), ʢʦʪʦʨʦʝ ʚʳʯʠʩʣʷʝʪʩʷ ʜʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʢʦʥʬʠʛʫʨʘ-

ʮʠʡ ʫʟʣʦʚ. ʇʨʠʤʝʥʷʝʪʩʷ ʪʦʪ ʚʘʨʠʘʥʪ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʚʩʪʘʚʢʠ, ʢʦʪʦʨʳʡ ʩʦʦʪʚʝʪʩʪ-

ʚʫʝʪ ʥʘʠʤʝʥʴʰʝʤʫ ʟʥʘʯʝʥʠʶ SAH ʬʫʥʢʮʠʠ (1.3). ɽʩʣʠ ʚʳʙʨʘʥ 2-ʦʡ ʚʘʨʠʘʥʪ ʠ ʧʨʠ 
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ʵʪʦʤ ʦʙʨʘʟʦʚʘʣʦʩʴ (ʠʣʠ ʫʚʝʣʠʯʠʣʦʩʴ) ʧʝʨʝʢʨʳʪʠʝ ʦʙʦʣʦʯʝʢ ʤʝʞʜʫ XL ʠ XR, ʧʨʷ-

ʤʳʤʠ ʧʦʪʦʤʢʘʤʠ X, ʪʦ ʦʥ ʟʘʤʝʥʷʝʪʩʷ ʥʘ 3-ʠʡ ʚʘʨʠʘʥʪ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʚʩʪʘʚʢʠ: 

3) ʈʘʟʜʝʣʠʪʴ ʫʟʝʣ N ʥʘ ʝʛʦ ʧʨʷʤʳʝ ʧʦʪʦʤʢʠ NL ʠ NR ʠ ʚʩʪʘʚʠʪʴ ʢʘʞʜʳʡ ʠʟ 

ʥʠʭ ʚ ʜʝʨʝʚʦ ʥʝʟʘʚʠʩʠʤʦ, ʥʘʯʠʥʘʷ ʩ ʫʟʣʘ X. 

ʅʘ ʢʘʞʜʦʤ ʰʘʛʝ ʧʨʦʮʝʩʩʘ ʚʩʪʘʚʢʠ  ʟʥʘʯʝʥʠʷ Count(X), SavedSAHCost(X), 

BV(X) ʦʙʥʦʚʣʷʶʪʩʷ. ʕʚʨʠʩʪʠʯʝʩʢʠʡ ʤʝʪʦʜ ʦʙʥʘʨʫʞʝʥʠʷ ʤʠʛʨʠʨʫʶʱʠʭ ʫʟʣʦʚ ʦʧʨʝ-

ʜʝʣʷʝʪ ʜʘʞʝ ʩʣʫʯʘʠ, ʢʦʛʜʘ ʦʜʠʥ ʦʙʲʝʢʪ ʩʪʘʪʠʯʝʥ, ʘ ʩʦʩʝʜʥʠʡ ʦʙʲʝʢʪ ʜʚʠʞʝʪʩʷ ʚ 

ʩʪʦʨʦʥʫ ʦʪ ʧʝʨʚʦʛʦ. ʇʦʜʜʝʨʝʚʴʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʦʙʦʠʤ ʦʙʲʝʢʪʘʤ ʙʫʜʫʪ ʧʝʨʝʫʩ-

ʪʘʥʦʚʣʝʥʳ ʚ ʜʨʫʛʠʝ ʤʝʩʪʘ ʜʝʨʝʚʘ BVH, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʧʦʚʳʩʠʪʩʷ ʦʞʠʜʘʝʤʘʷ 

ʦʮʝʥʢʘ ʩʢʦʨʦʩʪʠ ʪʨʘʩʩʠʨʦʚʢʠ ʣʫʯʝʡ, ʦʙʝʩʧʝʯʠʚʘʝʤʘʷ ʧʦʩʪʨʦʝʥʥʳʤ ʜʝʨʝʚʦʤ. 

2.5. ʄʝʥʝʜʞʝʨ ʧʘʤʷʪʠ 

ʉʪʘʜʠʠ ʧʝʨʝʩʪʨʦʝʥʠʷ ʪʦʧʦʣʦʛʠʠ ʠ ʤʠʛʨʘʮʠʠ ʧʦʜʜʝʨʝʚʴʝʚ ʧʨʦʠʟʚʦʜʷʪ ʠʥʪʝʥ-

ʩʠʚʥʳʝ ʦʙʥʦʚʣʝʥʠʷ ʫʢʘʟʘʪʝʣʝʡ, ʩʚʷʟʳʚʘʶʱʠʭ ʫʟʣʳ ʚ ʜʝʨʝʚʝ. ɽʩʣʠ ʥʝ ʧʨʝʜʧʨʠʥʠ-

ʤʘʪʴ ʥʠʢʘʢʠʭ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʤʝʨ ʚ ʨʘʙʦʪʝ ʩ ʤʝʥʝʜʞʝʨʦʤ ʧʘʤʷʪʠ, ʚʳʜʝʣʷʶʱʠʤ ʠ 

ʦʩʚʦʙʦʞʜʘʶʱʠʤ ʧʘʤʷʪʴ ʜʣʷ ʢʘʞʜʦʛʦ ʫʟʣʘ ʜʝʨʝʚʘ, ʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʥʝʩʢʦʣʴʢʠʭ ʰʘ-

ʛʦʚ ʨʝʩʪʨʫʢʪʫʨʠʟʘʮʠʠ ʩʪʨʫʢʪʫʨʳ ʜʝʨʝʚʘ (ʧʝʨʝʩʪʨʦʝʥʠʝ ʠ ʤʠʛʨʘʮʠʷ) ʤʦʞʝʪ ʟʥʘʯʠ-

ʪʝʣʴʥʦ ʩʥʠʟʠʪʴʩ ̫ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʜʝʨʝʚʘ ʜʣʷ ʪʨʘʩʩʠʨʦʚʢʠ ʣʫʯʝʡ. ʕʪʦ ʧʨʦʠʩʭʦʜʠʪ, 

ʧʦʪʦʤʫ ʯʪʦ ʧʨʷʤʳʝ ʧʦʪʦʤʢʠ ʫʟʣʦʚ ʠ ʠʭ ʧʨʝʜʢʠ ʤʦʛʫʪ ʥʘʭʦʜʠʪʴʩʷ ʚ ʥʝʢʦʛʝʨʝʥʪʥʳʭ 

ʫʯʘʩʪʢʘʭ ʧʘʤʷʪʠ ʠ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʥʠʤʠ ʤʦʞʝʪ ʧʨʝʚʳʰʘʪʴ ʨʘʟʤʝʨ ʢʵʰ-ʣʠʥʠʠ 

ʧʨʦʮʝʩʩʦʨʘ. ʇʦʪʨʝʙʣʝʥʠʝ ʧʘʤʷʪʠ ʜʣʷ ʜʝʨʝʚʘ ʪʠʧʘ BVH ʷʚʣʷʝʪʩʷ ʦʛʨʘʥʠʯʝʥʥʳʤ 

(ʪʨʝʙʫʝʪʩʷ ʥʝ ʙʦʣʝʝ 2n-1 ʫʟʣʦʚ ʜʣʷ ʦʨʛʘʥʠʟʘʮʠʠ n ʧʨʠʤʠʪʠʚʦʚ). ʂʦʣʠʯʝʩʪʚʦ ʦʩʚʦ-

ʙʦʞʜʘʝʤʳʭ ʫʟʣʦʚ ʚʦ ʚʨʝʤʷ ʦʪʩʦʝʜʠʥʝʥʠʷ ʧʦʜʜʝʨʝʚʴʝʚ ʨʘʚʥʦ ʢʦʣʠʯʝʩʪʚʫ ʩʦʟʜʘʚʘʝ-

ʤʳʭ ʫʟʣʦʚ ʚʦ ʚʨʝʤʷ ʚʩʪʘʚʢʠ ʧʦʜʜʝʨʝʚʴʝʚ ʚ ʜʨʫʛʠʝ ʤʝʩʪʘ ʜʝʨʝʚʘ.  

ʈʘʩʩʪʘʥʦʚʢʘ ʫʟʣʦʚ ʜʝʨʝʚʘ BVH ʚ ʧʦʨʷʜʢʝ ʧʦʠʩʢʘ ʚ ʛʣʫʙʠʥʫ (ʢʦʛʜʘ ʫʟʝʣ ʠ 

ʦʜʠʥ ʠʟ ʝʛʦ ʧʦʪʦʤʢʦʚ ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʚ ʧʘʤʷʪʠ ʨʷʜʦʤ) ʠʣʠ ʚ ʧʦʨʷʜʢʝ ʧʦʠʩʢʘ ʚ ʰʠ-

ʨʠʥʫ (ʢʦʛʜʘ ʧʘʨʘ ʧʨʷʤʳʭ ʧʦʪʦʤʢʦʚ ʣʶʙʦʛʦ ʫʟʣʘ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʚ ʧʘʤʷʪʠ ʨʷʜʦʤ) ʷʚ-

ʣʷʝʪʩʷ ʦʧʪʠʤʘʣʴʥʦʡ ʠ ʵʬʬʝʢʪʠʚʥʦʡ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʙʳʩʪʨʦʡ ʪʨʘʩʩʠʨʦʚʢʠ ʣʫʯʝʡ 

[49]. ʄʝʥʝʜʞʝʨ ʧʘʤʷʪʠ ʜʣʷ ʪʘʢʦʡ ʟʘʜʘʯʠ ʩʪʨʦʠʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 
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1) ɺʳʜʝʣʷʝʪʩʷ ʣʠʥʝʡʥʳʡ ʤʘʩʩʠʚ ʫʟʣʦʚ ʜʝʨʝʚʘ BVH. ʅʘʜ ʥʠʤ ʩʪʨʦʠʪʩʷ ʧʦʠʩ-

ʢʦʚʘʷ ʩʪʨʫʢʪʫʨʘ MEM ʚ ʚʠʜʝ ʩʙʘʣʘʥʩʠʨʦʚʘʥʥʦʛʦ ʜʝʨʝʚʘ ʚʳʩʦʢʦʡ ʘʨʥʦʩʪʠ 

(ʥʘʧʨʠʤʝʨ, ʦʢʪʘʨʥʦʝ). 

2) ʂʘʞʜʳʡ ʫʟʝʣ ʜʝʨʝʚʘ ʤʝʥʝʜʞʝʨʘ ʧʘʤʷʪʠ MEM ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʙʣʦʢʫ ʫʟʣʦʚ 

BVH ʠ ʩʦʜʝʨʞʠʪ ʪʦʣʴʢʦ ʩʯʸʪʯʠʢ ʢʦʣʠʯʝʩʪʚʘ ʩʚʦʙʦʜʥʳʭ ʫʟʣʦʚ BVH. 

ʉʩʳʣʢʠ ʥʘ ʫʟʣʳ ʧʦʪʦʤʢʠ ʚ ʜʝʨʝʚʝ MEM ʭʨʘʥʠʪʴ ʥʝ ʥʫʞʥʦ, ʪ.ʢ. ʦʥʦ ʩʙʘ-

ʣʘʥʩʠʨʦʚʘʥʥʦʝ. 

3) ʇʨʠ ʟʘʧʨʦʩʝ ʥʘ ʚʳʜʝʣʝʥʠʝ ʫʟʣʘ-ʧʦʪʦʤʢʘ ʜʣʷ ʨʘʥʝʝ ʚʳʜʝʣʝʥʥʦʛʦ ʫʟʣʘ-

ʧʨʝʜʢʘ Ni ʚ ʤʝʥʝʜʞʝʨʝ ʧʘʤʷʪʠ MEM ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʦʠʩʢ ʩʚʦʙʦʜʥʦʛʦ ʫʟ-

ʣʘ. ɺʦ ʚʨʝʤʷ ʧʦʠʩʢʘ ʠʟ ʚʩʝʭ ʩʚʦʙʦʜʥʳʭ ʫʟʣʦʚ ʚʳʙʠʨʘʝʪʩʷ ʫʟʝʣ, ʫ ʢʦʪʦʨʦʛʦ 

ʘʜʨʝʩ ʨʘʩʧʦʣʦʞʝʥʠʷ ʚ ʧʘʤʷʪʠ ʙʣʠʞʘʡʰʠʡ ʢ Ni.  

4) ɺʦ ʚʨʝʤʷ ʚʳʜʝʣʝʥʠʷ ʫʟʣʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʩʯʸʪʯʠʢʠ ʩʚʦʙʦʜʥʳʭ ʫʟʣʦʚ 

ʧʦʠʩʢʦʚʦʡ ʩʪʨʫʢʪʫʨʳ MEM ʫʤʝʥʴʰʘʶʪ ʩʚʦʠ ʟʥʘʯʝʥʠʷ. ɺʦ ʚʨʝʤʷ ʦʩʚʦʙʦ-

ʞʜʝʥʠʷ ʫʟʣʦʚ ʩʯʸʪʯʠʢʠ ʫʚʝʣʠʯʠʚʘʶʪ ʩʚʦʠ ʟʥʘʯʝʥʠʷ. 

ʇʦʜʦʙʥʘʷ ʧʦʠʩʢʦʚʘʷ ʩʪʨʫʢʪʫʨʘ MEM ʧʦʟʚʦʣʷʝʪ ʛʝʥʝʨʠʨʦʚʘʪʴ ʜʝʨʝʚʴʷ BVH, 

ʛʜʝ ʫʟʣʳ-ʧʨʝʜʢʠ ʠ ʧʦʪʦʤʢʠ ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʚ ʧʘʤʷʪʠ ʢʦʛʝʨʝʥʪʥʦ, ʠ, ʥʝʩʤʦʪʨʷ ʥʘ 

ʯʘʩʪʳʝ ʦʧʝʨʘʮʠʠ ʦʪʩʦʝʜʠʥʝʥʠʷ ʠ ʧʨʠʩʦʝʜʠʥʝʥʠʷ ʧʦʜʜʝʨʝʚʴʝʚ ʚ ʨʘʟʥʳʭ ʤʝʩʪʘʭ 

BVH, ʦʙʱʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ BVH ʦʩʪʘʸʪʩʷ ʚʳʩʦʢʦʡ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʙʳʩʪʨʦʡ ʪʨʘʩ-

ʩʠʨʦʚʢʠ ʣʫʯʝʡ.  

2.6. ʈʝʟʫʣʴʪʘʪʳ 

ʈʝʘʣʠʟʦʚʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʦʙʥʦʚʣʝʥʠʷ ʫʩʢʦʨʷʶʱʝʡ ʩʪʨʫʢʪʫʨʳ BVH ʠʩʧʳʪʘʥ 

ʥʘ ʢʦʤʧʴʶʪʝʨʝ ʩ CPU Intel Core 2 Quad 2.4 GHz, 8Mb of L2 Cache, 1 GB of 800MHz 

DIMM  DDR2 RAM, GPU GeForce 8800 GTX. ʇʦʜʧʨʦʛʨʘʤʤʘ ʦʙʥʦʚʣʝʥʠʷ ʫʩʢʦʨʷʶ-

ʱʝʡ ʩʪʨʫʢʪʫʨʳ BVH ʥʘʧʠʩʘʥʘ ʥʘ ʷʟʳʢʝ C++, ʠʩʧʦʣʴʟʫʝʪ ʪʦʣʴʢʦ ʦʜʠʥ ʧʦʪʦʢ (ʦʜʥʦ 

ʷʜʨʦ ʧʨʦʮʝʩʩʦʨʘ) ʠ ʩʢʦʤʧʠʣʠʨʦʚʘʥʘ ʩ ʧʦʤʦʱʴʶ Intel Compiler 10.1.  

ɺ ʢʘʯʝʩʪʚʝ ʪʝʩʪʦʚʳʭ ʩʮʝʥ ʠʩʧʦʣʴʟʫʶʪʩʷ ʪʨʠ ʜʠʥʘʤʠʯʝʩʢʠʝ ʩʮʝʥʳ ʠʟ ʭʨʘʥʠ-

ʣʠʱʘ ʩʮʝʥ ʋʥʠʚʝʨʩʠʪʝʪʘ ʉʝʚʝʨʥʦʡ ʂʘʨʦʣʠʥʳ [105]. ɺ ʠʩʧʦʣʴʟʫʝʤʳʭ ʩʮʝʥʘʭ ʧʨʝʜ-

ʩʪʘʚʣʝʥʦ ʪʨʠ ʦʩʥʦʚʥʳʭ ʪʠʧʘ ʜʚʠʞʝʥʠʷ: ʚʟʨʳʚ ʠ ʠʟʤʝʥʝʥʠʝ ʪʦʧʦʣʦʛʠʠ ʦʙʲʝʢʪʘ, 

ʜʚʠʞʝʥʠʝ ʪʚʸʨʜʳʭ ʪʝʣ, ʜʝʬʦʨʤʘʮʠʷ ʦʙʲʝʢʪʘ (ʩʤ. ʨʠʩ. 2.6). 
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ʈʠʩ. 2.6-ʘ: ɺʟʨʳʚʘʶʱʠʡʩʷ ʜʨʘʢʦʥ. ʅʘ ʵʪʦʤ ʠʣʣʶʩʪʨʘʮʠʠ ʧʦʢʘʟʘʥʳ 3 ʢʘʜʨʘ ʠʟ ʜʠʥʘʤʠʯʝ-

ʩʢʦʡ ʩʠʤʫʣʷʮʠʠ ʚʟʨʳʚʘʶʱʝʛʦʩʷ ʜʨʘʢʦʥʘ (252ʂ ʪʨʝʫʛʦʣʴʥʠʢʦʚ). ʂʨʦʣʠʢ ʨʘʟʙʠʚʘʝʪ ʜʨʘʢʦʥʘ 

ʥʘ ʢʫʩʦʯʢʠ, ʵʪʦ ʚʣʝʯʸʪ ʟʘ ʩʦʙʦʡ ʩʠʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ ʪʦʧʦʣʦʛʠʠ ʩʮʝʥʳ. BVH ʫʟʣʳ ʧʦʜʩʚʝʯʝ-

ʥʳ ʥʘ ʩʨʝʜʥʝʤ ʠ ʧʨʘʚʦʤ ʠʟʦʙʨʘʞʝʥʠʠ ʟʝʣʸʥʳʤ ʮʚʝʪʦʤ. 

 

ʈʠʩ. 2.6-ʙ: ʉʠʤʫʣʷʮʠʷ ʭʘʦʪʠʯʥʳʭ ʩʪʦʣʢʥʦʚʝʥʠʡ N ʪʝʣ  (146ʂ ʪʨʝʫʛʦʣʴʥʠʢʦʚ). 

 

ʈʠʩ. 2.6-ʚ: ʉʠʤʫʣʷʮʠʷ ʜʚʠʞʝʥʠʷ ʪʢʘʥʠ ʥʘ ʰʘʨʝ (92K ʪʨʝʫʛʦʣʴʥʠʢʦʚ). 

ɺ ʢʘʞʜʦʡ ʠʟ 3 ʪʝʩʪʦʚʳʭ ʩʮʝʥ ʜʠʥʘʤʠʯʝʩʢʠʝ ʠʟʤʝʥʝʥʠʷ ʧʦʣʦʞʝʥʠʷ ʦʙʲʝʢʪʦʚ 

ʧʨʦʠʟʚʦʜʷʪʩʷ ʚ ʪʝʯʝʥʠʝ ʤʦʜʝʣʠʨʫʝʤʳʭ 3.33 ʩʝʢʫʥʜ ʘʥʠʤʘʮʠʠ ʩʮʝʥʳ, ʩʦʦʪʚʝʪʩʪ-

ʚʫʶʱʠʭ 100 ʢʘʜʨʘʤ ʚʠʜʝʦʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ. ʀʩʧʦʣʴʟʫʶʪʩʷ ʩʣʝʜʫʶʱʠʝ ʟʥʘʯʝʥʠʷ 

ʧʘʨʘʤʝʪʨʦʚ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʦʙʥʦʚʣʝʥʠʷ BVH: 

dM = 0.05 ï ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʤʠʛʨʠʨʫʶʱʠʭ ʫʟʣʦʚ (ʩʤ. ʬʦʨʤʫʣʫ 2.1).  

MaxOverlap(N) > 0.5 ï ʙʦʣʴʰʘʷ ʜʦʣʷ ʧʝʨʝʢʨʳʪʠʷ (ʩʤ. ʬʦʨʤʫʣʫ 2.2). 

dE = 0.01 ï ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʚʟʦʨʚʘʥʥʳʭ ʫʟʣʦʚ (ʩʤ. ʬʦʨʤʫʣʫ 2.3). 
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ɼʣʷ ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʭ ʩʮʝʥ ʩʫʤʤʘʨʥʦʝ ʚʨʝʤʷ ʦʙʥʦʚʣʝʥʠʷ ʜʝʨʝʚʘ BVH 

(ʩʤ. ʨʠʩ. 2.7) ʟʘʚʠʩʠʪ, ʚ ʦʩʥʦʚʥʦʤ, ʦʪ ʚʨʝʤʝʥʠ ʩʪʘʜʠʠ ʧʝʨʝʩʪʨʦʝʥʠʷ. ɺ ʤʦʤʝʥʪʘʭ 

ʟʥʘʯʠʪʝʣʴʥʳʭ (ʚʟʨʳʚʥʳʭ) ʜʠʥʘʤʠʯʝʩʢʠʭ ʠʟʤʝʥʝʥʠʡ ʚʦʟʥʠʢʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʧʨʦ-

ʠʟʚʦʜʠʪʴ ʤʥʦʞʝʩʪʚʦ ʦʧʝʨʘʮʠʡ ʧʝʨʝʩʪʨʦʝʥʠʷ ʧʦʜʜʝʨʝʚʴʝʚ (ʩʤ. ʨʠʩ. 2.8). ʇʨʘʢʪʠʢʘ 

ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʚ ʩʣʫʯʘʷʭ ʟʥʘʯʠʪʝʣʴʥʳʭ (ʚʟʨʳʚʥʳʭ) ʜʠʥʘʤʠʯʝʩʢʠʭ ʠʟʤʝʥʝʥʠʡ ʚ 

ʩʮʝʥʝ ʠʤʝʝʪʩʷ ʥʝʩʢʦʣʴʢʦ ʩʦʪʝʥ ʧʦʜʜʝʨʝʚʴʝʚ, ʩʪʨʫʢʪʫʨʫ ʢʦʪʦʨʳʭ ʥʝʦʙʭʦʜʠʤʦ ʧʝʨʝ-

ʩʪʨʦʠʪʴ (ʩʤ. ʨʠʩ. 2.9). ʕʪʠ ʧʦʜʜʝʨʝʚʴʷ ʤʦʞʥʦ ʧʝʨʝʩʪʨʘʠʚʘʪʴ ʥʝʟʘʚʠʩʠʤʦ ʩ ʧʨʠʤʝ-

ʥʝʥʠʝʤ ʤʥʦʛʦʷʜʝʨʥʦʛʦ ʧʨʦʮʝʩʩʦʨʘ, ʠʤʝʷ ʧʨʠ ʵʪʦʤ ʭʦʨʦʰʫʶ ʟʘʛʨʫʟʢʫ ʜʣʷ ʚʩʝʭ ʚʳ-

ʯʠʩʣʠʪʝʣʴʥʳʭ ʷʜʝʨ. ʉʪʘʜʠʷ ʤʠʛʨʘʮʠʠ ʧʦʜʜʝʨʝʚʴʝʚ ʷʚʣʷʝʪʩʷ ʚʳʯʠʩʣʠʪʝʣʴʥʦ ʥʝʜʦ-

ʨʦʛʦʡ ʜʣʷ ʪʝʩʪʠʨʫʝʤʳʭ ʩʮʝʥ, ʦʜʥʘʢʦ ʙʣʘʛʦʜʘʨʷ ʵʪʦʡ ʩʪʘʜʠʠ ʩʦʢʨʘʱʘʝʪʩʷ ʯʠʩʣʦ ʜʦ-

ʨʦʛʠʭ ʦʧʝʨʘʮʠʡ ʧʝʨʝʩʪʨʦʝʥʠʷ ʧʦʜʜʝʨʝʚʴʝʚ BVH. ʕʪʘ ʩʪʘʜʠʷ ʷʚʣʷʝʪʩʷ ʦʩʦʙʦ ʚʳʠʛ-

ʨʳʰʥʦʡ ʜʣʷ ʩʮʝʥ ʩ ʵʣʝʤʝʥʪʘʤʠ ʢʦʛʝʨʝʥʪʥʦʛʦ ʜʚʠʞʝʥʠʷ.  

ʅʘʧʨʠʤʝʨ, ʥʘ ʥʘʯʘʣʴʥʳʭ ʵʪʘʧʘʭ ʘʥʠʤʘʮʠʠ ʩʮʝʥʳ ʩʪʦʣʢʥʦʚʝʥʠʡ N ʪʝʣ ʧʨʦʠʟ-

ʚʦʜʠʪʩʷ ʤʥʦʞʝʩʪʚʦ ʦʧʝʨʘʮʠʡ ʧʝʨʝʩʪʨʦʝʥʠʷ ʧʦʜʜʝʨʝʚʴʝʚ (ʩʤ. ʨʠʩ. 2.8), ʧʦʪʦʤʫ ʯʪʦ 

ʜʣʷ ʧʝʨʚʦʛʦ ʢʘʜʨʘ ʜʘʥʥʦʡ ʩʠʤʫʣʷʮʠʠ ʚʩʝ ʪʝʣʘ ʩʢʦʥʮʝʥʪʨʠʨʦʚʘʥʳ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʚ 

ʧʣʦʪʥʫʶ ʢʫʯʫ, ʘ ʧʦʪʦʤ ʪʝʣʘ ʭʘʦʪʠʯʥʦ ʜʚʠʛʘʶʪʩʷ ʚ ʨʘʟʥʳʝ ʩʪʦʨʦʥʳ, ʩʦʫʜʘʨʷʷʩʴ ʤʝ-

ʞʜʫ ʩʦʙʦʡ, ʥʦ ʥʝ ʧʦʜʚʝʨʛʘʷʩʴ ʨʘʟʨʫʰʝʥʠʷʤ (ʪ.ʝ. ʪʦʧʦʣʦʛʠʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʨʠʤʠ-

ʪʠʚʦʚ ʚʥʫʪʨʠ ʵʪʠʭ ʪʝʣ ʩʦʭʨʘʥʷʝʪʩʷ). ʇʦʵʪʦʤʫ ʥʘ ʥʘʯʘʣʴʥʳʭ ʵʪʘʧʘʭ ʜʘʥʥʦʡ ʩʮʝʥʳ 

ʘʣʛʦʨʠʪʤ ʧʦʩʪʨʦʝʥʠʷ BVH ʥʝ ʤʦʞʝʪ ʘʩʩʦʮʠʠʨʦʚʘʪʴ ʦʪʜʝʣʴʥʳʝ ʪʝʣʘ ʩ ʦʪʜʝʣʴʥʳʤʠ 

ʧʦʜʜʝʨʝʚʴʷʤʠ BVH. ɺ ʵʪʦʡ ʩʮʝʥʝ ʧʦʩʣʝ 30-ʛʦ ʢʘʜʨʘ (ʩʤ. ʨʠʩ. 2.8) ʯʠʩʣʦ ʦʧʝʨʘʮʠʡ 

ʧʝʨʝʩʪʨʦʝʥʠʷ ʧʨʠʙʣʠʞʘʝʪʩʷ ʢ ʥʫʣʶ. ɼʘʞʝ ʧʦʩʣʝ ʧʨʦʢʨʫʪʢʠ ʩʠʤʫʣʷʮʠʠ ʜʦ 100-ʛʦ 

ʢʘʜʨʘ, ʧʦʪʦʤ ʧʨʦʢʨʫʪʢʠ ʥʘʟʘʜ ʜʦ 1-ʛʦ ʢʘʜʨʘ ʠ ʧʦʚʪʦʨʥʦʡ ʧʨʦʢʨʫʪʢʠ ʚʧʝʨʸʜ ʜʦ 100-

ʛʦ ʢʘʜʨʘ ʢʦʣʠʯʝʩʪʚʦ ʜʦʨʦʛʦʩʪʦʷʱʠʭ ʦʧʝʨʘʮʠʡ ʧʝʨʝʩʪʨʦʝʥʠʷ ʧʦʜʜʝʨʝʚʴʝʚ ʦʩʪʘʸʪʩʷ 

ʙʣʠʟʢʠʤ ʢ ʥʫʣʶ (ʥʘ ʫʨʦʚʥʝ 1%), ʧʨʠ ʵʪʦʤ ʩʪʘʜʠʷ ʤʠʛʨʘʮʠʠ ʚʳʧʦʣʥʷʝʪ ʧʦʯʪʠ ʚʩʶ 

ʨʘʙʦʪʫ ʧʦ ʦʙʥʦʚʣʝʥʠʶ ʩʪʨʫʢʪʫʨʳ BVH. ʇʦʜʦʙʥʳʡ ʵʬʬʝʢʪ ʥʘʙʣʶʜʘʝʪʩʷ, ʪ.ʢ. ʩ ʪʝ-

ʯʝʥʠʝʤ ʚʨʝʤʝʥʠ ʘʣʛʦʨʠʪʤ ʦʙʥʦʚʣʝʥʠʷ BVH, ʢʦʪʦʨʳʡ ʫʯʠʪʳʚʘʝʪ ʭʘʨʘʢʪʝʨ ʜʚʠʞʝʥʠʷ 

ʠ ʨʘʥʝʝ ʧʦʩʪʨʦʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ BVH, ʩʦʧʦʩʪʘʚʣʷʝʪ ʢʘʞʜʦʤʫ ʪʝʣʫ ʧʦʜʜʝʨʝʚʦ BVH 

ʠ ʧʨʦʠʟʚʦʜʠʪ ʚʳʯʠʩʣʠʪʝʣʴʥʦ ʜʝʰʸʚʳʝ ʦʧʝʨʘʮʠʠ ʤʠʛʨʘʮʠʠ ʧʦʜʜʝʨʝʚʴʝʚ ʜʣʷ ʦʙʝʩ-

ʧʝʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʡ ʪʨʘʩʩʠʨʦʚʢʠ ʣʫʯʝʡ.  
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ʈʠʩ. 2.7-ʘ: ɿʘʤʝʨʳ ʚʨʝʤʝʥʠ ʩʠʤʫʣʷʮʠʠ ʚʟʨʳʚʘ ʜʨʘʢʦʥʘ 

 

ʈʠʩ. 2.7-ʙ: ɿʘʤʝʨʳ ʚʨʝʤʝʥʠ ʩʠʤʫʣʷʮʠʠ ʩʪʦʣʢʥʦʚʝʥʠʡ N ʪʝʣ 

 

ʈʠʩ. 2.7-ʚ: ɿʘʤʝʨʳ ʚʨʝʤʝʥʠ ʩʠʤʫʣʷʮʠʠ ʪʢʘʥʠ ʥʘ ʰʘʨʝ. 
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ʈʠʩ. 2.8: ʏʠʩʣʦ ʦʧʝʨʘʮʠʡ ʧʝʨʝʩʪʨʦʝʥʠʷ ʚ ʨʘʟʨʘʙʦʪʘʥʥʦʤ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʤ ʘʣʛʦʨʠʪʤʝ, 

ʫʯʠʪʳʚʘʶʱʝʤ ʩʪʨʫʢʪʫʨʫ ʨʘʥʝʝ ʧʦʩʪʨʦʝʥʥʦʛʦ BVH, ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʯʠʩʣʫ ʦʧʝʨʘʮʠʡ ʚ 

ʘʣʛʦʨʠʪʤʝ ʧʝʨʝʩʪʨʦʝʥʠʷ BVH, ʥʝ ʫʯʠʪʳʚʘʶʱʝʛʦ ʩʪʨʫʢʪʫʨʫ ʨʘʥʝʝ ʧʦʩʪʨʦʝʥʥʦʛʦ BVH. 

 

ʈʠʩ. 2.9: ʏʠʩʣʦ ʧʦʜʜʝʨʝʚʴʝʚ BVH, ʩʪʨʫʢʪʫʨʫ ʢʦʪʦʨʳʭ ʥʝʦʙʭʦʜʠʤʦ ʧʦʩʪʨʦʠʪʴ ʟʘʥʦʚʦ ʚ ʩʪʘ-

ʜʠʠ ʧʝʨʝʩʪʨʦʝʥʠʷ ʜʣʷ ʩʮʝʥʳ ʚʟʨʳʚʘʶʱʝʛʦʩʷ ʜʨʘʢʦʥʘ. 

 

ʈʠʩ. 2.10: ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʜʝʨʝʚʘ BVH, ʧʦʩʪʨʦʝʥʥʦʛʦ ʩ ʧʦʤʦʱʴʶ ʘʣʛʦʨʠʪʤʘ, ʠʩʧʦʣʴʟʫʶʱʝ-

ʛʦ ʩʪʨʫʢʪʫʨʫ ʨʘʥʝʝ ʧʦʩʪʨʦʝʥʥʦʛʦ BVH ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʜʝʨʝʚʫ BVH, ʧʦʩʪʨʦʝʥʥʦʛʦ ʩ ʧʦʤʦ-

ʱʴʶ ʘʣʛʦʨʠʪʤʘ ʧʝʨʝʩʪʨʦʝʥʠʷ ʙʝʟ ʫʯʸʪʘ ʩʪʨʫʢʪʫʨʳ ʨʘʥʝʝ ʧʦʩʪʨʦʝʥʥʦʛʦ BVH. ɺ ʢʘʯʝʩʪʚʝ 

ʤʝʨʳ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʜʝʨʝʚʘ BVH ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʢʦʨʦʩʪʴ ʪʨʘʩʩʠʨʦʚʢʠ ʣʫʯʝʡ, ʢʦʪʦʨʘʷ 

ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʵʪʠʤ ʜʝʨʝʚʦʤ. 
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ʉʢʦʨʦʩʪʴ ʪʨʘʩʩʠʨʦʚʢʠ ʣʫʯʝʡ, ʢʦʪʦʨʘʷ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʜʝʨʝʚʦʤ BVH, ʩʦʟʜʘʥ-

ʥʳʤ ʥʦʚʳʤ ʙʦʣʝʝ ʙʳʩʪʨʳʤ ʘʣʛʦʨʠʪʤʦʤ, ʥʝ ʙʦʣʝʝ ʯʝʤ ʥʘ 10-15% ʥʠʞʝ ʩʢʦʨʦʩʪʠ 

ʪʨʘʩʩʠʨʦʚʢʠ ʣʫʯʝʡ, ʢʦʪʦʨʘʷ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʜʝʨʝʚʦʤ BVH, ʧʦʩʪʨʦʝʥʥʳʤ (ʤʝʜʣʝʥ-

ʥʳʤ) ʘʣʛʦʨʠʪʤʦʤ ʧʦʣʥʦʛʦ ʧʝʨʝʩʪʨʦʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʜʝʨʝʚʘ (ʩʤ. ʨʠʩ. 2.10). ʇʨʠʯʠ-

ʥʦʡ ʧʦʜʦʙʥʦʛʦ ʧʘʜʝʥʠʷ ʩʢʦʨʦʩʪʠ ʪʨʘʩʩʠʨʦʚʢʠ ʣʫʯʝʡ ʜʣʷ ʥʦʚʦʛʦ ʘʣʛʦʨʠʪʤʘ ʷʚʣʷʝʪʩʷ 

ʪʦʪ ʬʘʢʪ, ʯʪʦ ʚ ʩʪʘʜʠʠ ʤʠʛʨʘʮʠʠ ʧʦʠʩʢ ʤʝʩʪʘ ʜʣʷ ʚʩʪʘʚʢʠ ʧʦʜʜʝʨʝʚʴʝʚ ʧʨʦʠʟʚʦʜʠʪ-

ʩ ̫ʧʫʪʸʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʧʝʨʝʭʦʜʘ ʦʪ ʫʟʣʘ ʧʨʝʜʢʘ ʢ ʧʦʪʦʤʢʫ, ʙʝʟ ʨʘʩʩʤʦʪʨʝʥʠʷ 

ʚʩʝʛʦ ʫʨʦʚʥʷ ʜʝʨʝʚʘ ʚ ʰʠʨʠʥʫ. 

ɺʦ ʚʨʝʤʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩ ʘʣʛʦʨʠʪʤʦʤ ʦʙʥʦʚʣʝʥʠʷ BVH ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, 

ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʤʘʷ ʩʢʦʨʦʩʪʴ ʪʨʘʩʩʠʨʦʚʢʠ ʣʫʯʝʡ ʟʥʘʯʠʪʝʣʴʥʦ ʧʘʜʘʝʪ (ʙʦʣʝʝ ʯʝʤ ʥʘ 

40%), ʝʩʣʠ ʚ ʘʣʛʦʨʠʪʤʝ ʦʙʥʦʚʣʝʥʠʷ ʫʙʨʘʪʴ ʦʜʥʫ ʠʟ ʩʪʘʜʠʡ ʠ  ʠʩʧʦʣʴʟʦʚʘʪʴ ʪʦʣʴʢʦ 

ʩʪʘʜʠʶ ʧʝʨʝʩʪʨʦʝʥʠʷ ʠʣʠ ʪʦʣʴʢʦ ʩʪʘʜʠʶ ʤʠʛʨʘʮʠʠ. ʆʜʥʘʢʦ ʢʦʤʙʠʥʘʮʠʷ ʩʪʘʜʠʠ ʧʝ-

ʨʝʩʪʨʦʝʥʠʷ ʠ ʤʠʛʨʘʮʠʠ ʧʦʟʚʦʣʷʝʪ ʧʨʦʠʟʚʦʜʠʪʴ ʜʝʨʝʚʴʷ BVH ʧʨʠʝʤʣʝʤʦʛʦ ʢʘʯʝʩʪʚʘ 

ʜʣʷ ʚʠʟʫʘʣʠʟʘʮʠʠ ʘʥʠʤʠʨʦʚʘʥʥʳʭ ʩʮʝʥ ʤʝʪʦʜʦʤ ʪʨʘʩʩʠʨʦʚʢʠ ʣʫʯʝʡ. 

ʋʩʪʘʥʦʚʣʝʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʜʣʷ ʘʣʛʦʨʠʪʤʘ ʦʙʥʦʚʣʝʥʠʷ BVH (dE=0.05, 

dM=0.01, MaxOverlap > 0.5) ʷʚʣʷʶʪʩʷ ʦʧʪʠʤʘʣʴʥʳʤʠ ʜʣʷ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʮʝʥ ʨʘʟ-

ʣʠʯʥʦʛʦ ʪʠʧʘ. ʇʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ ʭʘʨʘʢʪʝʨ ʜʚʠʞʝʥʠʷ ʚ ʘʥʠʤʠʨʦʚʘʥʥʦʡ ʩʮʝʥʝ, ʠ 

ʠʟʤʝʥʷʷ ʧʘʨʘʤʝʪʨʳ ʘʣʛʦʨʠʪʤʘ ʦʙʥʦʚʣʝʥʠʷ BVH, ʤʦʞʥʦ ʜʦʙʠʪʴʩʷ ʙʦʣʝʝ ʚʳʩʦʢʦʡ 

ʩʢʦʨʦʩʪʠ ʦʙʥʦʚʣʝʥʠʷ BVH ʜʣʷ ʢʦʥʢʨʝʪʥʦʡ ʩʮʝʥʳ, ʥʦ ʵʪʦ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʜʦʧʦʣ-

ʥʠʪʝʣʴʥʦʤʫ ʧʘʜʝʥʠʶ ʩʢʦʨʦʩʪʠ ʪʨʘʩʩʠʨʦʚʢʠ ʣʫʯʝʡ, ʦʙʝʩʧʝʯʠʚʘʝʤʦʡ ʪʘʢʠʤ ʜʝʨʝʚʦʤ 

BVH ʠʣʠ ʤʝʥʝʝ ʵʬʬʝʢʪʠʚʥʦ ʨʘʙʦʪʘʪʴ ʜʣʷ ʜʨʫʛʠʭ ʘʥʠʤʠʨʦʚʘʥʥʳʭ ʩʮʝʥ. 

2.7. ɿʘʢʣʶʯʝʥʠʝ 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʙʳʣ ʧʨʝʜʩʪʘʚʣʝʥ ʘʣʛʦʨʠʪʤ, ʢʦʪʦʨʳʡ ʵʬʬʝʢʪʠʚʥʦ ʦʙʥʦʚʣʷʝʪ 

ʜʝʨʝʚʦ BVH. ʕʪʦʪ ʘʣʛʦʨʠʪʤ ʧʨʦʠʟʚʦʜʠʪ ʥʘʠʤʝʥʝʝ ʨʝʩʫʨʩʦʸʤʢʠʝ ʦʧʝʨʘʮʠʠ ʦʙʥʦʚ-

ʣʝʥʠʷ ʜʝʨʝʚʘ, ʤʠʥʠʤʠʟʠʨʫʷ ʯʘʩʪʳʝ ʚʳʟʦʚʳ ʩʣʦʞʥʳʭ ʦʧʝʨʘʮʠʡ ʧʝʨʝʩʪʨʦʝʥʠʷ ʧʦʜ-

ʜʝʨʝʚʴʝʚ. ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʫʤʝʥʴʰʠʪʴ ʯʠʩʣʦ ʩʣʦʞʥʳʭ ʦʧʝʨʘʮʠʡ ʧʝʨʝʩʪʨʦʝʥʠʷ, ʘʣʛʦ-

ʨʠʪʤ ʢʦʤʙʠʥʠʨʫʝʪ ʘʜʘʧʪʘʮʠʶ BVH, ʤʠʛʨʘʮʠʶ ʧʦʜʜʝʨʝʚʴʝʚ BVH ʠ ʣʦʢʘʣʠʟʦʚʘʥʥʦʝ 

ʧʝʨʝʩʪʨʦʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʧʦʜʜʝʨʝʚʴʝʚ BVH.  
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ʆʙʥʦʚʣʝʥʠʝ BVH ʩ ʧʦʤʦʱʴʶ ʵʪʦʛʦ ʘʣʛʦʨʠʪʤʘ ʜʣʷ ʪʝʩʪʦʚʳʭ ʩʮʝʥ ʦʩʫʱʝʩʪʚʣʷ-

ʝʪʩʷ ʚ 2-4 ʨʘʟʘ ʙʳʩʪʨʝʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʘʣʛʦʨʠʪʤʦʤ ʧʦʣʥʦʛʦ ʧʝʨʝʩʪʨʦʝʥʠʷ BVH, ʥʝ 

ʫʯʠʪʳʚʘʶʱʝʛʦ ʩʪʘʨʦʡ ʩʪʨʫʢʪʫʨʳ BVH.  

ɺ ʘʥʠʤʘʮʠʷʭ ʩ ʵʣʝʤʝʥʪʘʤʠ ʢʦʛʝʨʝʥʪʥʦʛʦ ʜʚʠʞʝʥʠʷ ʘʣʛʦʨʠʪʤ ʟʘʜʝʡʩʪʚʫʝʪ ʚ 

ʦʩʥʦʚʥʦʤ ʪʦʣʴʢʦ ʩʪʘʜʠʶ ʤʠʛʨʘʮʠʡ ʧʦʜʜʝʨʝʚʴʝʚ. ʉʧʝʮʠʘʣʴʥʳʡ ʤʝʥʝʜʞʝʨ ʧʘʤʷʪʠ 

ʧʦʜʜʝʨʞʠʚʘʝʪ ʧʨʠʝʤʣʝʤʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʟʤʝʱʝʥʠʷ BVH ʚ ʧʘʤʷʪʠ ʚ ʫʩʣʦʚʠʷʭ 

ʩʫʱʝʩʪʚʫʶʱʝʡ ʢʵʰ-ʠʝʨʘʨʭʠʠ ʧʨʦʮʝʩʩʦʨʘ. ɻʝʥʝʨʘʮʠʷ ʩʦʪʝʥ ʠ ʪʳʩʷʯ ʥʝʟʘʚʠʩʠʤʳʭ 

ʧʦʜʜʝʨʝʚʴʝʚ ʜʣʷ ʧʝʨʝʩʪʨʦʝʥʠʷ ʜʘʞʝ ʚ ʩʠʤʫʣʷʮʠʷʭ ʚʟʨʳʚʦʚ ʧʦʟʚʦʣʠʪ ʟʘʜʝʡʩʪʚʦʚʘʪʴ 

ʤʥʦʞʝʩʪʚʦ ʧʨʦʮʝʩʩʦʨʥʳʭ ʷʜʝʨ ʜʣʷ ʫʩʢʦʨʝʥʠʷ ʧʨʦʮʝʩʩʘ ʦʙʥʦʚʣʝʥʠʷ BVH.  
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ɻʣʘʚʘ 3 

ɸʣʛʦʨʠʪʤ ʧʦʩʪʨʦʝʥʠʷ ʫʩʢʦʨʷʶʱʝʡ ʩʪʨʫʢʪʫʨʳ ʩ  

ʠʩʧʦʣʟɹʦʚʘʥʠʝʤ ʢʣʘʩʪʝʨʠʟʘʮʠʠ ʚʭʦʜʥʳʭ ʜʘʥʥʳʭ 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʧʨʝʜʩʪʘʚʣʝʥ ʘʣʛʦʨʠʪʤ ʙʳʩʪʨʦʛʦ ʧʦʩʪʨʦʝʥʠʷ ʜʝʨʝʚʘ BVH ʜʣʷ 

ʜʠʥʘʤʠʯʝʩʢʠʭ 3D ʩʮʝʥ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʝʜʧʦʣʦʞʝʥʠʷ ʩʦʭʨʘʥʝʥʠʷ ʩʚʷʟʥʦʩʪʠ 

ʧʦʣʠʛʦʥʦʚ ʚ ʩʮʝʥʝ (ʚʧʝʨʚʳʝ ʦʧʫʙʣʠʢʦʚʘʥ ʚ ʩʪʘʪʴʝ [2]).  

ɺʦ ʤʥʦʛʠʭ ʩʣʫʯʘʷʭ ʘʥʠʤʘʮʠʷ ʩʮʝʥʳ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʨʠ ʧʦʤʦʱʠ ʠʟʤʝʥʝʥʠʷ 

ʢʦʦʨʜʠʥʘʪ ʚʝʨʰʠʥ ʧʦʣʠʛʦʥʦʚ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʩʚʷʟʠ ʤʝʞʜʫ ʪʨʝʫʛʦʣʴʥʠʢʘʤʠ ʦʩʪʘʶʪ-

ʩʷ ʥʝʠʟʤʝʥʥʳʤʠ (ʪ.ʝ. ʠʥʜʝʢʩʳ ʚʝʨʰʠʥ ʦʩʪʘʶʪʩʷ ʧʦʩʪʦʷʥʥʳʤʠ ʚ ʩʪʨʫʢʪʫʨʝ ʜʘʥʥʳʭ 

ʢʘʞʜʦʛʦ ʪʨʝʫʛʦʣʴʥʠʢʘ). ʇʦʜʦʙʥʳʝ ʘʥʠʤʠʨʦʚʘʥʥʳʝ ʩʮʝʥʳ ʥʘʟʳʚʘʶʪ ʜʝʬʦʨʤʠʨʫʝ-

ʤʳʤʠ [110]. ɸʥʠʤʠʨʦʚʘʥʥʳʝ ʩʮʝʥʳ, ʩʦʜʝʨʞʘʱʠʝ ʚʟʨʳʚʘʶʱʠʝʩʷ ʦʙʲʝʢʪʳ, ʤʦʞʥʦ 

ʟʘʧʨʦʛʨʘʤʤʠʨʦʚʘʪʴ ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʩʚʷʟʝʡ ʪʨʝʫʛʦʣʴʥʠʢʦʚ ʚ ʧʨʦʮʝʩʩʝ ʘʥʠʤʘʮʠʠ, ʝʩ-

ʣʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʦʧʨʝʜʝʣʠʪʴ ʦʙʣʦʤʢʠ ʦʙʲʝʢʪʦʚ ʠ ʤʝʩʪʘ ʨʘʟʨʳʚʘ [90].  

ɽʩʣʠ ʚ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʤʦʜʝʣʠ, ʧʨʝʜʩʪʘʚʣʷʶʱʝʡ ʦʙʲʝʢʪ ʦʪʥʦʰʝʥʠʝ ʂʦʣ-ʚʦ 

ɺʝʨʰʠʥ / ʂʦʣ-ʚʦʊʨʝʫʛʦʣʴʥʠʢʦʚ < 3, ʪʦ ʩʨʝʜʠ ʪʨʝʫʛʦʣʴʥʠʢʦʚ ʤʦʜʝʣʠ ʝʩʪʴ ʜʦʣʷ ʩʚʷʟ-

ʥʦʩʪʠ (ʪ.ʝ. ʥʘ ʥʝʢʦʪʦʨʳʝ ʚʝʨʰʠʥʳ ʩʩʳʣʘʶʪʩʷ ʥʝʩʢʦʣʴʢʦ ʪʨʝʫʛʦʣʴʥʠʢʦʚ). ɺ ʨʝʘʣʴ-

ʥʳʭ ʩʮʝʥʘʭ ʪʨʝʫʛʦʣʴʥʠʢ ʥʝ ʷʚʣʷʝʪʩʷ ʦʪʜʝʣʴʥʳʤ ʦʙʲʝʢʪʦʤ ï ʵʪʦ ʚʩʝʛʦ ʣʠʰʴ ʧʨʠʤʠ-

ʪʠʚ ʛʝʦʤʝʪʨʠʯʝʩʢʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ. ɼʘʞʝ ʥʝʙʦʣʴʰʦʝ ʯʠʩʣʦ ʩʚʷʟʘʥʥʳʭ ʪʨʝʫʛʦʣʴ-

ʥʠʢʦʚ ʧʨʝʜʩʪʘʚʣʷʶʪ ʥʝʢʦʪʦʨʳʡ ʦʙʲʝʢʪ. 

ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʝʜʣʘʛʘʝʤʦʛʦ ʚ ʵʪʦʡ ʛʣʘʚʝ ʧʦʜʭʦʜʘ ʤʦʞʥʦ ʫʩʢʦʨʠʪʴ ʣʶ-

ʙʦʡ ʘʣʛʦʨʠʪʤ ʧʦʩʪʨʦʝʥʠʷ BVH. ʋʩʢʦʨʝʥʠʝ ʧʨʦʮʝʩʩʘ ʧʦʩʪʨʦʝʥʠʷ BVH ʜʦʩʪʠʛʘʝʪʩʷ 

ʧʨʠ ʧʦʤʦʱʠ ʫʤʝʥʴʰʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʧʨʠʤʠʪʠʚʦʚ, ʢʦʪʦʨʳʝ ʫʯʠʪʳʚʘʶʪʩʷ ʚ ʧʨʦʮʝʩ-

ʩʝ ʧʦʩʪʨʦʝʥʠʷ BVH. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʠʪʠʚʦʚ ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʣʘʩʪʝʨʳ ʪʨʝʫʛʦʣʴʥʠ-

ʢʦʚ, ʦʛʨʘʥʠʯʝʥʥʳʝ ʦʭʚʘʪʳʚʘʶʱʠʤʠ ʦʙʦʣʦʯʢʘʤʠ. ɺ ʢʘʞʜʦʤ ʪʘʢʦʤ ʢʣʘʩʪʝʨʝ ʩʦʜʝʨ-

ʞʠʪʩʷ ʥʝʩʢʦʣʴʢʦ ʩʚʷʟʘʥʥʳʭ ʪʨʝʫʛʦʣʴʥʠʢʦʚ. ɿʘ ʩʯʸʪ ʵʪʦʛʦ ʜʦʩʪʠʛʘʝʪʩʷ ʫʩʢʦʨʝʥʠʝ 

ʩʪʘʜʠʠ ʧʦʩʪʨʦʝʥʠʷ BVH ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʘʣʛʦʨʠʪʤʘʤʠ ʧʦʩʪʨʦʝʥʠʷ 

BVH, ʛʜʝ ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʠʪʠʚʦʚ, ʫʯʠʪʳʚʘʶʱʠʭʩʷ ʚʦ ʚʨʝʤʷ ʧʦʩʪʨʦʝʥʠʷ, ʠʩʧʦʣʴʟʫ-

ʶʪʩʷ ʦʪʜʝʣʴʥʳʝ ʪʨʝʫʛʦʣʴʥʠʢʠ.  
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ʂʦʥʬʠʛʫʨʘʮʠʷ ʢʣʘʩʪʝʨʦʚ ʪʨʝʫʛʦʣʴʥʠʢʦʚ ʜʣʷ ʢʘʞʜʦʛʦ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʦʙʲʝʢʪʘ 

ʩʮʝʥʳ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʜʦ ʥʘʯʘʣʘ ʘʥʠʤʘʮʠʠ. ʇʦʣʫʯʝʥʥʳʝ ʢʣʘʩʪʝʨʳ 

ʩ ʦʙʥʦʚʣʸʥʥʳʤʠ ʢʦʦʨʜʠʥʘʪʘʤʠ ʚʝʨʰʠʥ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʧʨʦʮʝʩʩʝ ʧʦʣʥʦʛʦ ʧʝʨʝ-

ʩʪʨʦʝʥʠʷ BVH ʚ ʢʘʞʜʦʤ ʢʘʜʨʝ ʘʥʠʤʘʮʠʠ ʩʮʝʥʳ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʠʥʜʝʢʩʳ ʚʝʨ-

ʰʠʥ, ʥʘ ʢʦʪʦʨʳʝ ʩʩʳʣʘʶʪʩʷ ʪʨʝʫʛʦʣʴʥʠʢʠ, ʦʩʪʘʶʪʩʷ ʧʦʩʪʦʷʥʥʳʤʠ ʚ ʧʨʦʮʝʩʩʝ ʘʥʠ-

ʤʘʮʠʠ. ɼʘʥʥʦʝ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʷʚʣʷʝʪʩʷ ʜʦʧʫʩʪʠʤʳʤ ʜʣʷ ʰʠʨʦʢʦʛʦ ʢʣʘʩʩʘ ʘʥʠʤʠ-

ʨʦʚʘʥʥʳʭ ʩʮʝʥ. ʇʨʠ ʵʪʦʤ ʘʥʠʤʘʮʠʷ ʤʦʞʝʪ ʙʳʪʴ ʠʝʨʘʨʭʠʯʝʩʢʦʡ, ʜʝʬʦʨʤʠʨʫʝʤʦʡ 

ʠʣʠ ʚʟʨʳʚʥʦʡ. ʇʨʦʝʢʪʠʨʦʚʘʥʠʝ ʵʚʨʠʩʪʠʢʠ, ʠʩʧʦʣʴʟʫʶʱʝʡʩʷ ʜʣʷ ʛʝʥʝʨʘʮʠʠ ʢʣʘʩʪʝ-

ʨʦʚ, ʦʩʥʦʚʘʥʦ ʥʘ ʤʦʜʝʣʠ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʚʝʨʦʷʪʥʦʩʪʠ ʠ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʢʦʛʝʨʝʥʪ-

ʥʦʛʦ ʜʚʠʞʝʥʠʷ ʩʚʷʟʘʥʥʳʭ ʪʨʝʫʛʦʣʴʥʠʢʦʚ, ʧʨʠʥʘʜʣʝʞʘʱʠʭ ʦʜʥʦʤʫ ʢʣʘʩʪʝʨʫ. 

3.1. ʇʨʦʝʢʪʠʨʦʚʘʥʠʝ ʵʚʨʠʩʪʠʢʠ ʛʝʥʝʨʘʮʠʠ ʢʣʘʩʪʝʨʦʚ 

ɻʝʦʤʝʪʨʠʯʝʩʢʘʷ ʚʝʨʦʷʪʥʦʩʪʴ. ʇʫʩʪʴ ʟʘʜʘʥʳ X ʠ Y ï ʚr ʧʫʢʣʳʝ ʦʙʣʘʩʪʠ 3D 

ʧʨʦʩʪʨʘʥʩʪʚʘ, X ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ Y, ʪ.ʝ. YYX =Æ  (ʩʤ. ʨʠʩ. 3.1a). ʉʦʛʣʘʩʥʦ ʚʳʚʦʜʘʤ 

ʚ ʩʪʘʪʴʝ [47] P(Y | X) = SA(Y) / SA(X) ï ʫʩʣʦʚʥʘʷ ʚʝʨʦʷʪʥʦʩʪʴ, ʯʪʦ ʧʨʦʠʟʚʦʣʴʥʳʡ 

ʣʫʯ, ʧʝʨʝʩʝʢʘʶʱʠʡ ʦʙʦʣʦʯʢʫ ʦʙʣʘʩʪʠ X, ʧʝʨʝʩʝʯʸʪ ʦʙʦʣʦʯʢʫ ʦʙʣʘʩʪʠ Y, ʛʜʝ SA(X) ï 

ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ ʦʭʚʘʪʳʚʘʶʱʝʡ ʦʙʦʣʦʯʢʠ ʦʙʣʘʩʪʠ X.  

 

ʈʠʩ. 3.1: ɻʝʦʤʝʪʨʠʯʝʩʢʘʷ ʚʝʨʦʷʪʥʦʩʪʴ, ʯʪʦ ʧʨʦʠʟʚʦʣʴʥʳʡ ʣʫʯ, ʧʝʨʝʩʝʢʘʶʱʠʡ ʦʙʣʘʩʪʴ 

ʧʨʦʩʪʨʘʥʩʪʚʘ X, ʪʘʢʞʝ ʧʝʨʝʩʝʢʘʝʪ ʦʙʣʘʩʪʴ Y, ʨʘʚʥʘ P(Y | X) = SA(Y) / SA(X). 

ʂʦʛʜʘ ʜʣʷ ʧʨʦʠʟʚʦʣʴʥʦʛʦ ʣʫʯʘ ʚʦ ʚʨʝʤʷ ʧʦʠʩʢʘ ʧʝʨʝʩʝʯʝʥʠʷ ʩ ʛʝʦʤʝʪʨʠʝʡ 

ʩʮʝʥʳ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʦʙʭʦʜ ʜʝʨʝʚʘ BVH, ʦʨʛʘʥʠʟʫʶʱʝʛʦ ʩʮʝʥʫ, ʪʦ ʩʢʦʨʦʩʪʴ ʦʙʭʦ-

ʜʘ BVH ʚʳʰʝ, ʝʩʣʠ ʚʝʨʦʷʪʥʦʩʪʴ P(Y | X) ʚʳʰʝ, ʛʜʝ ʦʙʣʘʩʪʴ Y ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʛʝʦʤʝʪ-
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ʨʠʯʝʩʢʦʤʫ ʧʨʠʤʠʪʠʚʫ, ʩʦʜʝʨʞʘʱʝʤʫʩʷ ʚ ʣʠʩʪʝ BVH, ʦʙʣʘʩʪʴ X ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʭʚʘ-

ʪʳʚʘʶʱʝʡ ʦʙʦʣʦʯʢʝ ʜʘʥʥʦʛʦ ʣʠʩʪʘ. 

ʄʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʚʝʨʦʷʪʥʦʩʪʠ P(Y | X) ʪʦʛʦ, ʯʪʦ ʣʫʯ, ʧʝʨʝʩʝʢʘʶʱʠʡ 

AABB-ʦʙʦʣʦʯʢʫ ʪʨʝʫʛʦʣʴʥʠʢʘ, ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʧʝʨʝʩʝʢʘʝʪ ʩʘʤ ʪʨʝʫʛʦʣʴʥʠʢ, ʨʘʚʥʦ 

0.5 (ʩʤ. ʨʠʩ. 3.1b). ɼʣʷ ʪʨʝʫʛʦʣʴʥʠʢʘ ʧʨʦʠʟʚʦʣʴʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʠ ʨʘʟʤʝʨʘ ʟʥʘʯʝʥʠʝ 

P(Y | X) ʤʦʞʝʪ ʙʳʪʴ ʟʥʘʯʠʪʝʣʴʥʦ ʥʠʞʝ 0.5. 

ɽʩʣʠ Y ï ʩʬʝʨʘ ʨʘʜʠʫʩʘ R, ʠ X ï ʦʭʚʘʪʳʚʘʶʱʠʡ ʢʫʙ ʜʣʷ ʩʬʝʨʳ Y, ʪʦ 

6/))2(6/(4)|( 22 pp =Ö= RRXYP  (ʩʤ. ʨʠʩ. 3.1c). ɽʩʣʠ Y ï ʧʨʦʠʟʚʦʣʴʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥ-

ʥʳʡ ʧʣʦʩʢʠʡ ʜʠʩʢ ʨʘʜʠʫʩʘ R, ʠ X ï ʦʭʚʘʪʳʚʘʶʱʠʡ ʢʫʙ ʜʣʷ ʚʩʝʭ ʚʦʟʤʦʞʥʳʭ ʦʨʠʝʥ-

ʪʘʮʠʡ ʜʠʩʢʘ, ʪʦ 12/))2(6/()(2)|( 22 pp =ÖÖ= RRXYP  (ʩʤ. ʨʠʩ. 3.1d). ɼʣʷ ʬʠʢʩʠʨʦʚʘʥ-

ʥʦʡ ʧʨʦʠʟʚʦʣʴʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʜʠʩʢʘ ʦʭʚʘʪʳʚʘʶʱʘʷ ʦʙʦʣʦʯʢʘ AABB ʠʤʝʝʪ ʤʝʥʴ-

ʰʫʶ ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ, ʯʝʤ ʦʭʚʘʪʳʚʘʶʱʠʡ ʢʫʙ ʜʣʷ ʚʩʝʭ ʚʦʟʤʦʞʥʳʭ ʦʨʠʝʥʪʘ-

ʮʠʡ: ]4/..12/()|( ppÍXYP ) (ʩʤ. ʨʠʩ. 3.1e).  

ɺʦ ʤʥʦʛʠʭ ʩʣʫʯʘʷʭ ʟʥʘʯʝʥʠʝ ʚʝʨʦʷʪʥʦʩʪʠ P(Y | X) ʚʳʰʝ, ʝʩʣʠ ʦʙʣʘʩʪʴ Y ʧʨʝʜ-

ʩʪʘʚʣʷʝʪ ʩʬʝʨʫ ʠʣʠ ʜʘʞʝ ʩʚʦʙʦʜʥʦ ʚʨʘʱʘʶʱʠʡʩʷ ʜʠʩʢ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʚʝʨʦʷʪʥʦ-

ʩʪʴʶ ʜʣʷ ʦʙʣʘʩʪʠ Y, ʷʚʣʷʶʱʝʡʩʷ ʪʨʝʫʛʦʣʴʥʠʢʦʤ (ʩʤ. ʥʠʞʥʠʝ ʛʨʘʥʠʮʳ ʠʥʪʝʨʚʘʣʦʚ 

P(Y | X) ʥʘ ʨʠʩ. 3.1). ʉ ʫʯʸʪʦʤ ʵʪʠʭ ʥʘʙʣʶʜʝʥʠʡ ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʛʦʨʘʟʜʦ ʚʳ-

ʛʦʜʥʝʝ ʩʦʟʜʘʚʘʪʴ ʢʣʘʩʪʝʨʳ ʩʚʷʟʘʥʥʳʭ ʪʨʝʫʛʦʣʴʥʠʢʦʚ, ʷʚʣʷʶʱʠʭʩʷ ʘʧʧʨʦʢʩʠʤʘʮʠʷ-

ʤʠ ʩʬʝʨʳ ʠʣʠ ʜʠʩʢʘ, ʘ ʟʘʪʝʤ ʠʩʧʦʣʴʟʦʚʘʪʴ ʦʭʚʘʪʳʚʘʶʱʠʝ ʦʙʦʣʦʯʢʠ ʵʪʠʭ ʢʣʘʩʪʝʨʦʚ 

ʢʘʢ ʥʝʜʝʣʠʤʳʝ ʧʨʠʤʠʪʠʚʳ ʚ ʧʨʦʮʝʩʩʝ ʧʦʩʪʨʦʝʥʠʷ BVH ʚ ʢʘʞʜʦʤ ʢʘʜʨʝ ʘʥʠʤʘʮʠʠ 

(ʠ ʪʝʤ ʩʘʤʳʤ ʫʩʢʦʨʷʪʴ ʧʦʩʪʨʦʝʥʠʝ BVH). ʉʬʝʨʘ ʠʣʠ ʜʠʩʢ ʤʦʞʝʪ ʚʨʘʱʘʪʴʩʷ ʠ ʜʚʠ-

ʛʘʪʴʩʷ ʩʚʦʙʦʜʥʦ ʚ ʤʠʨʦʚʳʭ ʢʦʦʨʜʠʥʘʪʘʭ, ʠ ʚ ʵʪʦ ʞʝ ʩʘʤʦʝ ʚʨʝʤʷ ʟʥʘʯʝʥʠʝ P(Y | X) 

ʩʦʭʨʘʥʷʝʪ ʩʨʘʚʥʠʪʝʣʴʥʦ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ]4/..12/( pp .  

ʇʨʦʛʥʦʟ ʢʦʛʝʨʝʥʪʥʦʛʦ ʜʚʠʞʝʥʠʷ ʩʚʷʟʘʥʥʳʭ ʪʨʝʫʛʦʣʴʥʠʢʦʚ. ʊ.ʢ. ʢʣʘʩʪʝʨʳ 

ʪʨʝʫʛʦʣʴʥʠʢʦʚ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʜʦ ʧʨʦʮʝʩʩʘ ʘʥʠʤʘʮʠʠ, ʪʦ ʢʣʘʩʪʝʨ-

ʥʘʷ ʵʚʨʠʩʪʠʢʘ ʜʦʣʞʥʘ ʛʘʨʘʥʪʠʨʦʚʘʪʴ, ʯʪʦ ʢʣʘʩʪʝʨʳ ʦʩʪʘʥʫʪʩʷ ʥʝʨʘʟʨʳʚʥʳʤʠ ʚ ʧʨʦ-

ʮʝʩʩʝ ʘʥʠʤʘʮʠʠ. ʉʤ. ʨʠʩ. 3.2: ʦʙʘ ʢʣʘʩʪʝʨʘ ʘʧʧʨʦʢʩʠʤʠʨʫʶʪ ʜʠʩʢ, ʢʘʞʜʳʡ ʩʦʩʪʦʠʪ 

ʠʟ 14 ʪʨʝʫʛʦʣʴʥʠʢʦʚ, ʥʦ ʢʣʘʩʪʝʨ (b) ʠʤʝʝʪ ʙʦʣʝʝ ʧʣʦʪʥʫʶ ʩʚʷʟʥʦʩʪʴ (13 ʨʘʟʣʠʯʥʳʭ 

ʚʝʨʰʠʥ), ʯʝʤ ʢʣʘʩʪʝʨ (a) (16 ʨʘʟʣʠʯʥʳʭ ʚʝʨʰʠʥ). ʅʝʪ ʛʘʨʘʥʪʠʠ, ʯʪʦ ʢʣʘʩʪʝʨ (a) ʚ 
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ʧʨʦʮʝʩʩʝ ʘʥʠʤʘʮʠʠ ʩʦʭʨʘʥʠʪ ʬʦʨʤʫ, ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʫʶ ʜʠʩʢ: ʯʘʩʪʠ ʢʣʘʩʪʝʨʘ (a) 

ʤʦʛʫʪ ʩʚʦʙʦʜʥʦ ʚʨʘʱʘʪʴʩʷ, ʥʘʨʫʰʘʷ ʬʦʨʤʫ, ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʫʶ ʜʠʩʢ. ʂʣʘʩʪʝʨʥʘʷ 

ʵʚʨʠʩʪʠʢʘ ʜʦʣʞʥʘ ʧʦʚʳʰʘʪʴ ʚʝʨʦʷʪʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ ʢʣʘʩʪʝʨʦʚ ʪʠʧʘ (b), ʢʦʪʦʨʳʝ 

ʠʤʝʶʪ ʙʦʣʝʝ ʧʣʦʪʥʫʶ ʩʚʷʟʥʦʩʪʴ ʪʨʝʫʛʦʣʴʥʠʢʦʚ (ʠ ʤʝʥʴʰʝʝ ʟʥʘʯʝʥʠʝ ʦʪʥʦʰʝʥʠʷ 

ʂʦʣʠʯʝʩʪʚʦɺʝʨʰʠʥ / ʂʦʣʠʯʝʩʪʚʦʊʨʝʫʛʦʣʴʥʠʢʦʚ), ʢʦʪʦʨʳʝ ʠʤʝʶʪ ʙʦʣʴʰʫʶ ʚʝʨʦʷʪ-

ʥʦʩʪʴ ʩʦʭʨʘʥʠʪʴ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʫʶ ʜʠʩʢ ʬʦʨʤʫ ʚ ʧʨʦʮʝʩʩʝ ʩʚʦʙʦʜʥʦʛʦ ʜʚʠʞʝʥʠʷ 

ʠ ʚʨʘʱʝʥʠʷ. 

 

ʈʠʩ. 3.2: ʂʣʘʩʪʝʨ b ʠʤʝʝʪ ʙʦʣʝʝ ʧʣʦʪʥʫʶ ʩʚʷʟʥʦʩʪʴ ʪʨʝʫʛʦʣʴʥʠʢʦʚ (ʠ ʤʝʥʴʰʝʝ ʟʥʘʯʝʥʠʝ 

ʦʪʥʦʰʝʥʠʷ ʂʦʣʠʯʝʩʪʚʦɺʝʨʰʠʥ / ʂʦʣʠʯʝʩʪʚʦʊʨʝʫʛʦʣʴʥʠʢʦʚ), ʯʝʤ ʢʣʘʩʪʝʨ a.  

ɺʳʚʦʜ ʢʣʘʩʪʝʨʥʦʡ ʵʚʨʠʩʪʠʢʠ. ʃʶʙʦʡ ʩʦʙʠʨʘʝʤʳʡ ʢʣʘʩʪʝʨ ʪʨʝʫʛʦʣʴʥʠʢʦʚ 

ʜʦʣʞʝʥ ʠʤʝʪʴ ʬʦʨʤʫ, ʧʦʭʦʞʫʶ ʥʘ ʩʬʝʨʫ ʠʣʠ ʜʠʩʢ. ʇʫʩʪʴ ʝʩʪʴ k ʩʚʷʟʘʥʥʳʭ ʪʨʝ-

ʫʛʦʣʴʥʠʢʦʚ ʠ ʦʭʚʘʪʳʚʘʶʱʘʷ ʩʬʝʨʘ S(k) ʨʘʜʠʫʩʘ R(k), ʢʦʪʦʨʘʷ ʧʣʦʪʥʦ ʦʭʚʘʪʳʚʘʝʪ 

ʚʩʝ ʪʨʝʫʛʦʣʴʥʠʢʠ ʢʣʘʩʪʝʨʘ (ʩʤ. ʨʠʩ. 3.3).  

 

ʈʠʩ. 3.3: ʂʣʘʩʪʝʨ ʪʨʝʫʛʦʣʴʥʠʢʦʚ ʜʦʣʞʝʥ ʠʤʝʪʴ ʬʦʨʤʫ, ʧʦʭʦʞʫʶ ʥʘ ʩʬʝʨʫ ʠʣʠ ʜʠʩʢ. 

ʇʣʦʱʘʜʴ ʣʶʙʦʛʦ ʢʨʫʛʘ ʚʥʫʪʨʠ ʩʬʝʨʳ S(k):   

2)()( kRkAreaC Ö=p  (3.1) 

ʇʣʦʩʢʦʩʪʴ P ʩ ʥʦʨʤʘʣʴʶ NAVG ʝʜʠʥʠʯʥʦʡ ʜʣʠʥʳ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʮʝʥʪʨ S(k): 

)()(
1

ä
=

=
k

i

iAVG nNormalizedkN  (3.2) 
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ʛʜʝ ni ï ʥʦʨʤʘʣʴ ʝʜʠʥʠʯʥʦʡ ʜʣʠʥʳ ʜʣʷ i-ʛʦ ʪʨʝʫʛʦʣʴʥʠʢʘ. ɽʩʣʠ ʚʩʝ ʥʦʨʤʘʣʠ ʚ 

ʩʫʤʤʝ (3.2) ʘʥʥʫʣʠʨʫʶʪ ʜʨʫʛ ʜʨʫʛʘ, ʪʦ NAVG(k) = NaN (ʛʜʝ NaN=0/0) (ʥʘʧʨʠʤʝʨ, ʚ 

ʩʣʫʯʘʝ, ʢʦʛʜʘ ʪʨʝʫʛʦʣʴʥʠʢʠ ʢʣʘʩʪʝʨʘ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʬʝʨʫ ʠʣʠ ʢʫʙ). ɺ ʵʪʦʤ ʩʣʫʯʘʝ 

ʩʣʝʜʫʝʪ ʫʩʪʘʥʦʚʠʪʴ ʣʶʙʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ NAVG(k) (ʥʘʧʨʠʤʝʨ, ʥʘʠʙʦʣʝʝ ʚʝʩʦʤʦʝ ʟʥʘ-

ʯʝʥʠʝ ʩʨʝʜʠ ni ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʣʦʱʘʜʠ ʪʨʝʫʛʦʣʴʥʠʢʘ).  

ʉʫʤʤʘ ʧʣʦʱʘʜʝʡ k ʩʧʨʦʝʮʠʨʦʚʘʥʥʳʭ ʪʨʝʫʛʦʣʴʥʠʢʦʚ ʥʘ ʧʣʦʩʢʦʩʪʴ P:  

ä
=

Ö=
k

i

iAVGi nkNdotabsTriAreakAreaP
1

))),((()(  (3.3) 

ʛʜʝ TriAreai ï ʧʣʦʱʘʜʴ i-ʛʦ ʪʨʝʫʛʦʣʴʥʠʢʘ, dot(a, b) ï ʩʢʘʣʷʨʥʦʝ ʧʨʦʠʟʚʝʜʝʥʠʝ. 

ʂʣʘʩʪʝʨ, ʩʦʩʪʦʷʱʠʡ ʠʟ k ʪʨʝʫʛʦʣʴʥʠʢʦʚ, ʘʧʧʨʦʢʩʠʤʠʨʫʶʪ ʩʬʝʨʫ ʠʣʠ ʜʠʩʢ 

ʣʫʯʰʝ, ʝʩʣʠ ʩʣʝʜʫʶʱʘʷ ʬʫʥʢʮʠʷ ʠʤʝʝʪ ʙʦʣʝʝ ʚʳʩʦʢʦʝ ʟʥʘʯʝʥʠʝ: 

)(

)(
)(

kAreaC

kAreaP
kreg =  (3.4) 

ɼʣʷ ʣʦʢʘʣʴʥʦ ʛʣʘʜʢʠʭ ʠ ʧʣʦʩʢʠʭ (ʜʣʷ ʚʩʝʭ i dot(NAVG(k),ni) > 0) ʧʦʚʝʨʭʥʦʩʪʝʡ 

)1..0[)( Íkreg . ɼʣʷ ʢʨʠʚʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʟʥʘʯʝʥʠʝ reg(k) ʤʦʞʝʪ ʙʳʪʴ ʚʳʰʝ 1 (ʥʘ-

ʧʨʠʤʝʨ, ʜʣʷ ʩʬʝʨʳ). ɿʘʤʝʯʘʥʠʝ: ʬʫʥʢʮʠʷ reg(k) ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʚʘʪ ɹʘʧʧʨʦʢʩʠʤʘ-

ʮʠʶ ʩʬʝʨʳ ʠʣʠ ʜʠʩʢʘ ʜʣʷ ʥʘʙʦʨʘ ʪʨʝʫʛʦʣʴʥʠʢʦʚ, ʪ.ʢ. ʟʥʘʯʝʥʠʝ AreaC(k) ʚʳʯʠʩʣʷʝʪ-

ʩʷ ʜʣʷ ʦʭʚʘʪʳʚʘʶʱʝʡ ʩʬʝʨʳ S(k), ʧʣʦʪʥʦ ʦʙʣʝʛʘʶʱʝʡ k ʪʨʝʫʛʦʣʴʥʠʢʦʚ.  

ʆʛʨʘʥʠʯʠʚʘʶʱʠʝ ʢʦʤʧʦʥʝʥʪʳ ʜʣʷ ʢʣʘʩʪʝʨʥʦʡ ʵʚʨʠʩʪʠʢʠ. ɼʣʷ ʢʦʥʪʨʦʣʷ 

ʩʚʷʟʥʦʩʪʠ ʢʣʘʩʪʝʨʘ ʠʟ k ʩʦʝʜʠʥʸʥʥʳʭ ʪʨʝʫʛʦʣʴʥʠʢʦʚ ʚʚʦʜʠʪʩʷ ʢʦʤʧʦʥʝʥʪʘ: 

MaxCount

ksnctVerticeCountDisti
kregBound

)(
)( =  (3.5) 

ʛʜʝ MaxCount ï ʧʨʠʙʣʠʞʸʥʥʦʝ ʤʘʢʩʠʤʘʣʴʥʦʝ ʯʠʩʣʦ ʚʝʨʰʠʥ ʚ ʢʣʘʩʪʝʨʝ, ʢʦ-

ʪʦʨʦʝ ʷʚʣʷʝʪʩʷ ʧʘʨʘʤʝʪʨʦʤ ʘʣʛʦʨʠʪʤʘ ʢʣʘʩʪʝʨʠʟʘʮʠʠ. ɿʥʘʯʝʥʠʝ ʬʫʥʢʮʠʠ regBound(k) 

ʣʠʥʝʡʥʦ ʟʘʚʠʩʠʪ ʦʪ ʯʠʩʣʘ ʥʝʧʦʚʪʦʨʷʶʱʠʭʩʷ ʠʥʜʝʢʩʦʚ ʚʝʨʰʠʥ ʚʥʫʪʨʠ ʢʣʘʩʪʝʨʘ 

CountDistinctVertices(k).  regBound(k) ʧʨʠʥʠʤʘʝʪ ʤʝʥʴʰʝʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʢʣʘʩʪʝʨʘ ʩ 

ʙʦʣʝʝ ʧʣʦʪʥʦʡ ʩʚʷʟʥʦʩʪʴʶ (ʩ ʤʝʥʴʰʠʤ ʟʥʘʯʝʥʠʝʤ ʦʪʥʦʰʝʥʠʷ ʂʦʣʠʯʝʩʪʚʦɺʝʨʰʠʥ / 

ʂʦʣʠʯʝʩʪʚʦʊʨʝʫʛʦʣʴʥʠʢʦʚ). ʆʛʨʘʥʠʯʠʚʘʶʱʘʷ ʢʦʤʧʦʥʝʥʪʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʩʦ-

ʩʪʘʚʣʝʥʠʷ ʩʣʝʜʫʶʱʝʡ ʵʚʨʠʩʪʠʯʝʩʢʦʡ ʬʫʥʢʮʠʠ: 

)()()(Pr kregBoundkregkeAcc -=  (3.6) 
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ɿʥʘʯʝʥʠʝ ʬʫʥʢʮʠʠ (3.6) ͙͔͔ͣͭ ʙʦʣʴʰʝʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʢʣʘʩʪʝʨʦʚ, ʙʣʠʟʢʦ ʘʧ-

ʧʨʦʢʩʠʤʠʨʫʶʱʠʭ ʜʠʩʢ/ʩʬʝʨʫ ʠ ʠʤʝʶʱʠʭ ʙʦʣʝʝ ʧʣʦʪʥʫʶ ʩʚʷʟʥʦʩʪʴ.   

ʇʨʦʙʣʝʤʘ ʙʦʣʴʰʦʡ ʧʨʦʪʷʞʸʥʥʦʡ ʦʙʦʣʦʯʢʠ ʢʣʘʩʪʝʨʘ ʥʝ ʫʯʠʪʳʚʘʝʪʩʷ ʚ ʵʚʨʠ-

ʩʪʠʢʝ (3.6). ʊʘʢʘʷ ʧʨʦʙʣʝʤʘ ʤʦʞʝʪ ʩʫʱʝʩʪʚʦʚʘʪʴ ʜʣʷ ʦʙʲʝʢʪʦʚ, ʩʦʩʪʘʚʣʝʥʥʳʭ ʠʟ 

ʪʨʝʫʛʦʣʴʥʠʢʦʚ ʥʝʦʜʥʦʨʦʜʥʳʭ ʨʘʟʤʝʨʦʚ (ʥʘʧʨʠʤʝʨ, ʜʣʷ ʦʙʲʝʢʪʦʚ ʘʨʭʠʪʝʢʪʫʨʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ). ɺ ʩʣʫʯʘʝ, ʠʟʦʙʨʘʞʸʥʥʦʤ ʥʘ ʨʠʩ. 3.4a, ʦʙʘ ʢʣʘʩʪʝʨʘ ʠʤʝʶʪ ʦʜʠʥʘ-

ʢʦʚʦʝ ʢʦʣʠʯʝʩʪʚʦ ʪʨʝʫʛʦʣʴʥʠʢʦʚ, ʥʦ ʦʜʠʥ ʢʣʘʩʪʝʨ ʩʦʩʪʘʚʣʝʥ ʠʟ ʙʦʣʴʰʠʭ ʪʨʝʫʛʦʣʴ-

ʥʠʢʦʚ, ʘ ʜʨʫʛʦʡ ʠʟ ʤʘʣʝʥʴʢʠʭ. 

ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ ʧʨʠ ʜʚʠʞʝʥʠʠ ʢʣʘʩʪʝʨʦʚ ʤʦʛʫʪ ʦʙʨʘʟʦʚʘʪʴʩʷ ʦʙʣʘʩʪʠ ʙʦʣʴʰʠʭ 

ʧʝʨʝʢʨʳʪʠʡ ʤʝʞʜʫ ʠʭ ʦʙʦʣʦʯʢʘʤʠ. ʇʦʜʦʙʥʳʝ ʧʝʨʝʢʨʳʪʠʷ ʧʦʨʦʞʜʘʶʪ ʙʦʣʴʰʦʝ 

ʯʠʩʣʦ ʪʝʩʪʦʚ ʧʝʨʝʩʝʯʝʥʠʡ ʣʫʯʘ ʠ ʦʙʦʣʦʯʝʢ ʚʦ ʚʨʝʤʷ ʦʙʭʦʜʘ BVH, ʢʦʪʦʨʳʝ ʤʦʞʥʦ 

ʙʳʣʦ ʙʳ ʠʟʙʝʞʘʪʴ, ʝʩʣʠ ʙʳ ʢʣʘʩʪʝʨʥʘʷ ʵʚʨʠʩʪʠʢʘ ʦʪʩʝʢʘʣʘ ʩʦʟʜʘʥʠʝ ʧʨʦʪʷʞʸʥʥʳʭ 

ʙʦʣʴʰʠʭ ʢʣʘʩʪʝʨʦʚ (ʩʤ. ʨʠʩ. 3.4b). ɼʣʷ ʨʝʰʝʥʠʷ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʚʚʦʜʠʪʩʷ óʰʪʨʘʬ-

ʥʘʷô ʢʦʤʧʦʥʝʥʪʘ ʵʚʨʠʩʪʠʢʠ:  

)
))((

,1max()(
AvgSAMaxSize

kSSA
ksizeBound

Ö
=  (3.7) 

ʛʜʝ AvgSA ï ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ ʦʭʚʘʪʳʚʘʶʱʝʡ ʩʬʝʨʳ ʩʨʝʜʥʝʛʦ ʪʨʝʫʛʦʣʴ-

ʥʠʢʘ ʦʙʲʝʢʪʘ, MaxSize ï ʧʨʠʙʣʠʞʸʥʥʳʡ ʤʘʢʩʠʤʘʣʴʥʳʡ ʞʝʣʘʝʤʳʡ ʛʝʦʤʝʪʨʠʯʝʩʢʠʡ 

ʨʘʟʤʝʨ ʢʣʘʩʪʝʨʘ (MaxSize ï ʧʨʝʜʫʩʪʘʥʦʚʣʝʥʥʳʡ ʧʘʨʘʤʝʪʨ). ɿʥʘʯʝʥʠʝ ʬʫʥʢʮʠʠ size-

Bound(k) ʙʦʣʴʰʝ 1 ʜʣʷ ʢʣʘʩʪʝʨʘ ʠʟ k ʪʨʝʫʛʦʣʴʥʠʢʦʚ, ʦʙʦʣʦʯʢʘ ʢʦʪʦʨʦʛʦ ʠʤʝʝʪ ʥʝ-

 

ʈʠʩ. 3.4: ʇʨʦʙʣʝʤʘ ʙʦʣʴʰʦʛʦ ʛʝʦʤʝʪʨʠʯʝʩʢʦʛʦ ʨʘʟʤʝʨʘ ʜʣʷ ʢʣʘʩʪʝʨʘ: (a) AABB ʦʙʦʣʦʯʢʘ 

ʙʦʣʴʰʝʛʦ ʢʣʘʩʪʝʨʘ ʧʝʨʝʢʨʳʚʘʝʪ AABB ʦʙʦʣʦʯʢʫ ʤʝʥʴʰʝʛʦ ʢʣʘʩʪʝʨʘ, ʯʪʦ ʧʦʨʦʞʜʘʝʪ 

ʙʦʣʴʰʝʝ ʯʠʩʣʦ ʪʝʩʪʦʚ ʧʝʨʝʩʝʯʝʥʠʷ ʣʫʯʘ ʠ ʦʙʲʝʢʪʦʚ ʚʦ ʚʨʝʤʷ ʦʙʭʦʜʘ BVH; (b) ʝʩʣʠ ʢʣʘ-

ʩʪʝʨʥʘʷ ʵʚʨʠʩʪʠʢʘ ʦʪʩʝʢʘʝʪ ʩʦʩʪʘʚʣʝʥʠʝ ʧʨʦʪʷʞʸʥʥʳʭ ʢʣʘʩʪʝʨʦʚ, ʪʦʛʜʘ ʦʙʣʘʩʪʠ ʧʝ-

ʨʝʢʨʳʪʠʷ ʤʝʞʜʫ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʦʙʦʣʦʯʢʘʤʠ ʫʤʝʥʴʰʘʶʪʩʷ, ʠ ʪʘʢʞʝ ʫʤʝʥʴʰʘʝʪʩʷ 

ʢʦʣʠʯʝʩʪʚʦ ʪʝʩʪʦʚ ʧʝʨʝʩʝʯʝʥʠʷ ʣʫʯʘ ʠ ʦʙʦʣʦʯʝʢ ʚ ʧʨʦʮʝʩʩʝ ʦʙʭʦʜʘ BVH.  
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ʞʝʣʘʪʝʣʴʥʦ ʙʦʣʴʰʦʡ ʛʝʦʤʝʪʨʠʯʝʩʢʠʡ ʨʘʟʤʝʨ. ʂʦʤʧʦʥʝʥʪʘ sizeBound(k) ʢʦʤʙʠʥʠʨʫ-

ʝʪʩʷ ʩ ʵʚʨʠʩʪʠʢʦʡ (3.6) ʩʣʝʜʫʶʱʠʤ ʩʧʦʩʦʙʦʤ: 

)()()()( kregBoundksizeBoundkregkAcc Ö-=  (3.8) 

ɿʥʘʯʝʥʠʝ ʬʫʥʢʮʠʠ (3.8) ʧʦʥʠʞʘʝʪʩʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʟʥʘʯʝʥʠʝʤ ʬʫʥʢʮʠʠ 

(3.6), ʝʩʣʠ ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ ʦʭʚʘʪʳʚʘʶʱʝʡ ʦʙʦʣʦʯʢʠ ʢʣʘʩʪʝʨʘ ʙʦʣʴʰʝ ʜʦʧʫʩ-

ʪʠʤʦʡ ʧʣʦʱʘʜʠ MaxSize 

.
 AvgSA. ɽʩʣʠ ʟʥʘʯʝʥʠʝ Acc(k) > 0, ʪʦʛʜʘ ʥʘʙʦʨ k ʩʦʝʜʠʥʸʥ-

ʥʳʭ ʪʨʝʫʛʦʣʴʥʠʢʦʚ ʩʯʠʪʘʝʪʩʷ ʧʨʠʝʤʣʝʤʳʤ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʣʘʩʪʝʨʘ.  

3.2. ɻʝʥʝʨʘʮʠʷ ʤʥʦʞʝʩʪʚʘ ʢʣʘʩʪʝʨʦʚ 

ɹʦʣʴʰʝʝ ʟʥʘʯʝʥʠʝ Acc(k) (ʬʦʨʤʫʣʘ 3.8) ʩʦʦʪʚʝʪʩʪʚʫʝʪ óʣʫʯʰʝʤʫô ʢʣʘʩʪʝʨʫ ʚr -

ʚʦʜʦʚ ʧʦʜʛʣʘʚʳ 3.1. ɺʳʨʘʞʝʥʠʝ Acc(k) ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʚʠʜʝ ʩʫʤʤʳ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ 

ʠ ʥʝʛʘʪʠʚʥʦʛʦ ʚʢʣʘʜʘ ʩʚʦʡʩʪʚ ʢʣʘʩʪʝʨʘ, ʦʮʝʥʸʥʥʳʭ ʚʳʨʘʞʝʥʠʷʤʠ (3.4), (3.5) ʠ (3.7), 

ʚ ʦʙʱʫʶ ʦʮʝʥʢʫ ʧʨʠʝʤʣʝʤʦʩʪʠ ʩʦʟʜʘʥʠʷ ʢʣʘʩʪʝʨʘ. ɺ ʚʳʨʘʞʝʥʠʠ ʜʣʷ Acc(k) ʥʝʛʘ-

ʪʠʚʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʩʢʦʤʙʠʥʠʨʦʚʘʥʳ ʚ ʫʤʥʦʞʝʥʠʠ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʩʦʩʪʘʚʣʷʪʴ ʩʙʘ-

ʣʘʥʩʠʨʦʚʘʥʥʳʝ ʢʣʘʩʪʝʨʳ ʠ ʧʦ ʛʝʦʤʝʪʨʠʯʝʩʢʦʤʫ ʨʘʟʤʝʨʫ ʠ ʧʦ ʢʦʣʠʯʝʩʪʚʫ ʚʝʨʰʠʥ 

ʪʨʝʫʛʦʣʴʥʠʢʦʚ ʚʥʫʪʨʠ ʢʣʘʩʪʝʨʘ (ʩʤ. ʨʠʩ. 3.7). ʌʫʥʢʮʠʷ Acc(k) ʧʨʠʤʝʥʠʤʘ ʜʣʷ ʜʚʫʭ 

ʘʣʛʦʨʠʪʤʦʚ ʛʝʥʝʨʘʮʠʠ ʢʣʘʩʪʝʨʦʚ, ʢʦʪʦʨʳʝ ʨʘʙʦʪʘʶʪ ʚ ʧʦʨʷʜʢʝ ʩʥʠʟʫ-ʚʚʝʨʭ: ʠʪʝʨʘ-

ʪʠʚʥʦʝ ʚʳʨʘʱʠʚʘʥʠʝ ʠ ʩʢʣʝʡʢʘ ʢʣʘʩʪʝʨʦʚ. 

ʀʪʝʨʘʪʠʚʥʦʝ ʚʳʨʘʱʠʚʘʥʠʝ ʢʣʘʩʪʝʨʦʚ. ʅʘ ʢʘʞʜʦʤ ʰʘʛʝ ʠʥʠʮʠʘʣʠʟʠʨʫʝʪʩʷ 

ʧʫʩʪʦʡ ʥʦʚʳʡ ʢʣʘʩʪʝʨ, ʠ ʩʣʫʯʘʡʥʳʡ ʪʨʝʫʛʦʣʴʥʠʢ ʜʦʙʘʚʣʷʝʪʩʷ ʚ ʵʪʦʪ ʢʣʘʩʪʝʨ. ɿʘʪʝʤ 

ʜʣʷ ʢʣʘʩʪʝʨʘ ʠʟ k-1 ʪʨʝʫʛʦʣʴʥʠʢʦʚ ʚʳʯʠʩʣʷʝʪʩʷ ʟʥʘʯʝʥʠʝ Acc(k) ʜʣʷ ʚʩʝʭ ʪʨʝʫʛʦʣʴ-

ʥʠʢʦʚ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʜʦʙʘʚʣʝʥʳ ʚ ʵʪʦʪ ʢʣʘʩʪʝʨ (ʚʦʟʤʦʞʥʳʡ ʜʦʙʘʚʦʯʥʳʡ ʪʨʝ-

ʫʛʦʣʴʥʠʢ ʜʦʣʞʝʥ ʙʳʪʴ ʩʦʝʜʠʥʸʥ ʩ ʢʣʘʩʪʝʨʦʤ ʧʦʩʨʝʜʩʪʚʦʤ ʦʙʱʠʭ ʠʥʜʝʢʩʦʚ ʚʝʨʰʠʥ, 

ʩʤ. ʨʠʩ. 3.5). ʊʨʝʫʛʦʣʴʥʠʢ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʤʘʢʩʠʤʘʣʴʥʦʤʫ ʟʥʘʯʝʥʠʶ Acc(k), ʜʦ-

ʙʘʚʣʷʝʪʩʷ ʚ ʢʣʘʩʪʝʨ. ʇʨʦʮʝʩʩ ʠʪʝʨʘʪʠʚʥʦʛʦ ʚʳʨʘʱʠʚʘʥʠʷ ʢʣʘʩʪʝʨʘ ʦʩʪʘʥʘʚʣʠʚʘʝʪ-

ʩʷ, ʝʩʣʠ Acc(k) < 0 ʜʣʷ ʚʩʝʭ ʚʦʟʤʦʞʥʳʭ ʜʦʙʘʚʣʝʥʠʡ.   

ʀʪʝʨʘʪʠʚʥʘʷ ʩʢʣʝʡʢʘ ʢʣʘʩʪʝʨʦʚ (ʜʝʪʘʣʠ ʚ ʩʪʘʪʴʝ [38]). ʕʪʦʪ ʧʦʜʭʦʜ ʠʩʧʦʣʴ-

ʟʫʝʪ ʜʚʦʡʩʪʚʝʥʥʳʡ ʛʨʘʬ, ʧʦʩʪʨʦʝʥʥʳʡ ʜʣʷ ʛʝʦʤʝʪʨʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠ ʦʙʲʝʢʪʘ (ʩʤ. 

ʨʠʩ. 3.6a). ɼʚʦʡʩʪʚʝʥʥʳʡ ʛʨʘʬ ʦʧʨʝʜʝʣʷʝʪʩʷ ʦʪʦʙʨʘʞʝʥʠʝʤ ʢʘʞʜʦʛʦ ʪʨʝʫʛʦʣʴʥʠʢʘ 

ʦʙʲʝʢʪʘ ʚ ʫʟʝʣ ʜʚʦʡʩʪʚʝʥʥʦʛʦ ʛʨʘʬʘ, ʠ ʩʦʝʜʠʥʝʥʠʝʤ 2-ʫʭ ʜʚʦʡʩʪʚʝʥʥʳʭ ʫʟʣʦʚ ʵʪʦʛʦ 
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ʛʨʘʬʘ ʨʝʙʨʦʤ, ʝʩʣʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʪʨʝʫʛʦʣʴʥʠʢʠ ʩʦʝʜʠʥʝʥʳ ʧʦʩʨʝʜʩʪʚʦʤ ʦʙʱʠʭ 

ʠʥʜʝʢʩʦʚ ʚʝʨʰʠʥ. ʋʜʘʣʝʥʠʝ ʨʝʙʨʘ ʚ ʜʚʦʡʩʪʚʝʥʥʦʤ ʛʨʘʬʝ ʩʢʣʝʠʚʘʝʪ 2 ʫʟʣʘ ʚ 1 (ʩʤ. 

ʨʠʩ. 3.6b). ʕʪʘ ʦʧʝʨʘʮʠʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʢʣʝʡʢʝ 2-ʫʭ ʢʣʘʩʪʝʨʦʚ ʪʨʝʫʛʦʣʴʥʠʢʦʚ ʚ 

ʦʜʠʥ ʢʣʘʩʪʝʨ.  

 

ʈʠʩ. 3.5: Acc(k) ʚʳʯʠʩʣʷʝʪʩʷ ʜʣʷ ʢʘʞʜʦʛʦ ʧʨʠʤʳʢʘʶʱʝʛʦ ʢ ʢʣʘʩʪʝʨʫ ʪʨʝʫʛʦʣʴʥʠʢʘ: t1, t2, 

t3, t4. ʊʨʝʫʛʦʣʴʥʠʢ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʤʘʢʩʠʤʘʣʴʥʦʤʫ ʟʥʘʯʝʥʠʶ Acc(k), ʜʦʙʘʚʣʷʝʪʩʷ ʚ ʢʣʘ-

ʩʪʝʨ. t1 ʠ t4 ʤʦʛʫʪ ʙʳʪʴ ʜʦʙʘʚʣʝʥʳ ʙʝʟ ʜʦʙʘʚʣʝʥʠʷ ʥʦʚʳʭ ʚʝʨʰʠʥ ʚ ʢʣʘʩʪʝʨ. 

 

ʈʠʩ. 3.6: ʋʜʘʣʝʥʠʝ ʜʚʦʡʩʪʚʝʥʥʦʛʦ ʨʝʙʨʘ: 2 ʪʨʝʫʛʦʣʴʥʠʢʘ (a), ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʫʟʣʘʤ ʚ 

ʜʚʦʡʩʪʚʝʥʥʦʤ ʛʨʘʬʝ, ʩʢʣʝʠʚʘʶʪʩʷ ʚ ʦʜʠʥ ʢʣʘʩʪʝʨ (b). 

ʂʘʞʜʦʤʫ ʜʚʦʡʩʪʚʝʥʥʦʤʫ ʨʝʙʨʫ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʟʥʘʯʝʥʠʝ Acc(k). ɺʩʝ ʜʚʦʡʩʪʚʝʥ-

ʥʳʝ ʨʸʙʨʘ ʦʪʩʦʨʪʠʨʦʚʘʥʳ ʚ ʦʯʝʨʝʜʠ. ʆʯʝʨʝʜʴ ʨʝʘʣʠʟʦʚʘʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʭʵʰ-

ʪʘʙʣʠʮʳ, ʢʣʝʪʢʠ ʢʦʪʦʨʦʡ ʦʪʦʙʨʘʞʝʥʳ ʥʘ ʠʥʪʝʨʚʘʣ [-2..2] ʚʦʟʤʦʞʥʳʭ ʟʥʘʯʝʥʠʡ 

ʬʫʥʢʮʠʠ Acc(k), ʠʟʤʝʥʷʶʱʝʡʩʷ ʚ ʵʪʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʷ ʚʩʝʭ ʦʧʨʦʙʦʚʘʥʥʳʭ ʦʙʲʝʢʪʦʚ. 

ʂʣʘʩʪʝʨʥʳʡ ʘʣʛʦʨʠʪʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʫʜʘʣʷʝʪ ʜʚʦʡʩʪʚʝʥʥʳʝ ʨʸʙʨʘ ʩ ʤʘʢʩʠʤʘʣʴ-

ʥʳʤ ʟʥʘʯʝʥʠʝʤ Acc(k). ʇʦʩʣʝ ʪʦʛʦ ʢʘʢ 2 ʜʚʦʡʩʪʚʝʥʥʳʭ ʫʟʣʘ ʩʢʣʝʝʥʳ ʚ ʦʜʠʥ ʫʟʝʣ 

ʟʥʘʯʝʥʠʝ Acc ʦʙʥʦʚʣʷʝʪʩʷ ʜʣʷ ʚʩʝʭ ʜʚʦʡʩʪʚʝʥʥʳʭ ʨʝʙʸʨ, ʩʦʝʜʠʥʸʥʥʳʭ ʩ ʥʦʚʳʤ ʫʟ-

ʣʦʤ. ʕʪʦʪ ʠʪʝʨʘʪʠʚʥʳʡ ʧʨʦʮʝʩʩ ʦʩʪʘʥʘʚʣʠʚʘʝʪʩʷ, ʝʩʣʠ ʪʝʢʫʱʝʝ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘ-

ʯʝʥʠʝ Acc ʚ ʦʯʝʨʝʜʠ ʤʝʥʴʰʝ 0. ʇʦʩʣʝ ʦʩʪʘʥʦʚʢʠ ʧʨʦʮʝʩʩʘ ʩʢʣʝʡʢʠ ʚʩʝ ʠʤʝʶʱʠʝʩʷ 

ʜʚʦʡʩʪʚʝʥʥʳʝ ʫʟʣʳ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʩʦʜʝʨʞʘʪʴ ʧʦ ʥʝʩʢʦʣʴʢʫ ʪʨʝʫʛʦʣʴʥʠʢʦʚ, ʧʨʝʜ-

ʩʪʘʚʣʷʶʪ ʤʥʦʞʝʩʪʚʦ ʢʣʘʩʪʝʨʦʚ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʧʘʨʘʤʝʪʨʘʤ MaxSize, MaxCount. 

ɸʣʛʦʨʠʪʤ ʚʳʨʘʱʠʚʘʥʠʷ ʢʣʘʩʪʝʨʦʚ ʩʦʟʜʘʸʪ ʢʣʘʩʪʝʨʳ ʦʜʠʥ ʟʘ ʜʨʫʛʠʤ. ʕʪʦʪ ʘʣ-

ʛʦʨʠʪʤ ʤʦʞʝʪ ʩʦʟʜʘʪʴ ʧʦʜʤʥʦʞʝʩʪʚʦ ʦʪʣʠʯʥʳʭ ʢʣʘʩʪʝʨʦʚ, ʥʝ ʦʩʪʘʚʠʚ ñʩʳʨʴʷò ʜʣʷ 

ʜʨʫʛʠʭ ʢʣʘʩʪʝʨʦʚ (ʩʤ. ʨʠʩ. 3.7, ʩʪʨʝʣʢʘ ʥʘ ʠʟʦʙʨʘʞʝʥʠʠ ʧʦʩʝʨʝʜʠʥʝ). 
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ʈʠʩ. 3.7: ʉʣʝʚʘ: ʪʨʝʫʛʦʣʴʥʠʢʠ ʦʙʲʝʢʪʘ, ʧʦʩʝʨʝʜʠʥʝ: ʢʣʘʩʪʝʨʳ ʧʦʣʫʯʝʥʳ ʠʪʝʨʘʪʠʚʥʳʤ 

ʚʳʨʘʱʠʚʘʥʠʝʤ, ʩʧʨʘʚʘ: ʢʣʘʩʪʝʨʳ ʧʦʣʫʯʝʥʳ ʠʪʝʨʘʪʠʚʥʦʡ ʩʢʣʝʡʢʦʡ.  

ɸʣʛʦʨʠʪʤ ʩʢʣʝʡʢʠ ʢʣʘʩʪʝʨʦʚ ʠʪʝʨʘʪʠʚʥʦ ʛʝʥʝʨʠʨʫʝʪ ʚʩʝ ʢʣʘʩʪʝʨʳ ʦʜʥʦʚʨʝ-

ʤʝʥʥʦ. ʕʪʦʪ ʘʣʛʦʨʠʪʤ ʫʯʠʪʳʚʘʝʪ ʛʣʦʙʘʣʴʥʫʶ ʢʦʥʬʠʛʫʨʘʮʠʶ ʟʥʘʯʝʥʠʡ Acc ʠ ʩʢʣʝʠ-

ʚʘʝʪ ñʣʫʯʰʫʶò ʧʘʨʫ ʩʫʙ-ʢʣʘʩʪʝʨʦʚ ʥʘ ʢʘʞʜʦʤ ʰʘʛʝ. ʇʘʨʥʦʝ ʩʢʣʝʠʚʘʥʠʝ ʤʦʞʝʪ ʩʦʟ-

ʜʘʪʴ ʟʫʙʯʘʪʳʝ ʛʨʘʥʠʮʳ ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ ʢʣʘʩʪʝʨʘʤʠ (ʩʤ. ʨʠʩ. 3.7, ʧʨʘʚʘʷ ʢʘʨʪʠʥ-

ʢʘ). ɿʫʙʯʘʪʳʝ ʛʨʘʥʠʮʳ ʤʦʛʫʪ ʙʳʪʴ ʚʳʨʦʚʥʝʥʳ ʧʨʠ ʧʦʤʦʱʠ ʚʳʯʠʩʣʝʥʠʷ ʢʨʘʪʯʘʡʰʝ-

ʛʦ ʧʫʪʠ ʧʦ ʨʸʙʨʘʤ ʪʨʝʫʛʦʣʴʥʠʢʦʚ ʦʙʲʝʢʪʘ [96].  

3.3. ʇʦʩʪʨʦʝʥʠʝ ʫʩʢʦʨʷʶʱʝʡ ʩʪʨʫʢʪʫʨʳ ʥʘ ʦʩʥʦʚʝ ʤʥʦʞʝʩʪʚʘ ʢʣʘʩʪʝʨʦʚ 

ʇʦʩʣʝ ʩʦʟʜʘʥʠʷ ʤʥʦʞʝʩʪʚʘ ʢʣʘʩʪʝʨʦʚ ʪʨʝʫʛʦʣʴʥʠʢʦʚ ʢʘʞʜʳʡ ʢʣʘʩʪʝʨ ʩʦʜʝʨ-

ʞʠʪ ʩʧʠʩʦʢ ʠʥʜʝʢʩʦʚ ʪʨʝʫʛʦʣʴʥʠʢʦʚ ʠ ʩʧʠʩʦʢ ʥʝʧʦʚʪʦʨʷʶʱʠʭʩʷ ʠʥʜʝʢʩʦʚ ʚʝʨʰʠʥ, 

ʚʭʦʜʷʱʠʭ ʚ ʩʦʙʨʘʥʥʳʡ ʢʣʘʩʪʝʨ. ɺʝʨʰʠʥ rʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʦʭʚʘʪʳ-

ʚʘʶʱʝʡ ʦʙʦʣʦʯʢʠ ʜʣʷ ʢʘʞʜʦʛʦ ʢʣʘʩʪʝʨʘ ʜʣʷ ʢʘʞʜʦʛʦ ʢʘʜʨʘ ʘʥʠʤʘʮʠʠ. ɼʣʷ ʧʦ-

ʩʪʨʦʝʥʠʷ ʜʝʨʝʚʘ BVH ʠʩʧʦʣʴʟʫʝʪʩʷ ʣʶʙʦʡ ʘʣʛʦʨʠʪʤ ʧʦʩʪʨʦʝʥʠʷ (ʥʘʧʨʠʤʝʨ, ʧʨʝʜ-

ʣʦʞʝʥʥʳʡ ʚ ʩʪʘʪʴʝ [113]). ʅʦ ʚʤʝʩʪʦ ʤʥʦʞʝʩʪʚʘ ʪʨʝʫʛʦʣʴʥʠʢʦʚ ʘʣʛʦʨʠʪʤ ʧʦʩʪʨʦʝ-

ʥʠʷ ʦʨʛʘʥʠʟʫʝʪ ʤʥʦʞʝʩʪʚʦ ʦʙʦʣʦʯʝʢ ʢʣʘʩʪʝʨʦʚ ʚ ʠʝʨʘʨʭʠʶ (ʩʤ. ʨʠʩ. 3.8).  

 
 

ʈʠʩ. 3.8: ʇʦʩʪʨʦʝʥʠʝ BVH ʚ ʢʘʞʜʦʤ ʢʘʜʨʝ ʘʥʠʤʘʮʠʠ. BVH ʩʪʨʦʠʪʩʷ ʥʘ ʦʩʥʦʚʝ ʦʭʚʘʪʳ-

ʚʘʶʱʠʭ ʢʦʨʦʙʦʢ AABB, ʚʳʯʠʩʣʝʥʥʳʭ ʜʣʷ ʢʘʞʜʦʛʦ ʢʣʘʩʪʝʨʘ ʪʨʝʫʛʦʣʴʥʠʢʦʚ. 

˽͔͙͔ͦͫͭͪͦͤ ͔͔͍͒ͪ͊ BVHΣ ͎͙ͦͪ͊ͤͯ͘Ό΅͔͎ͦ ͦ͋ͦͦ͡;͙͟ ͔͍͊ͫͭͪͦ͟͡ 
͍ ͙͔ͪ͊ͪͻ͙ΌΣ ͍ ͨͪͦͼ͔͔ͫͫ ͎͊͗͒ͦͦ͟ ͊͒ͪ͊͟ ͙͊ͤͣ͊ͼ͙͙
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ɺ ʘʣʛʦʨʠʪʤʝ ʧʦʩʪʨʦʝʥʠʷ BVH ʤʥʦʞʝʩʪʚʦ ʦʙʦʣʦʯʝʢ ʢʣʘʩʪʝʨʦʚ ʨʝʢʫʨʩʠʚʥʦ ʨʘʟ-

ʜʝʣʷʝʪʩʷ ʥʘ 2 ʥʝʧʝʨʝʩʝʢʘʶʱʠʭʩʷ ʧʦʜʤʥʦʞʝʩʪʚʘ. ʇʨʦʮʝʩʩ ʨʘʟʜʝʣʝʥʠʷ ʟʘʢʘʥʯʠʚʘʝʪ-

ʩ,̫ ʝʩʣʠ ʤʥʦʞʝʩʪʚʦ ʢʣʘʩʪʝʨʦʚ, ʩʦʜʝʨʞʠʪ ʩʫʤʤʫ ʪʨʝʫʛʦʣʴʥʠʢʦʚ, ʤʝʥʴʰʫʶ, ʯʝʤ ʧʨʝ-

ʜʫʩʪʘʥʦʚʣʝʥʥʦʝ ʟʥʘʯʝʥʠʝ L (ʥʘʧʨʠʤʝʨ, L = 32). ʇʦʩʣʝ ʦʩʪʘʥʦʚʢʠ ʩʦʟʜʘʸʪʩʷ ʣʠʩʪ ʜʝ-

ʨʝʚʘ ʩʦ ʩʩʳʣʢʦʡ ʥʘ ʙʣʦʢ ʠʥʜʝʢʩʦʚ ʢʣʘʩʪʝʨʦʚ.  

3.4. ʉʨʘʚʥʝʥʠʝ ʩ ʢʦʥʢʫʨʠʨʫʶʱʝʡ ʢʣʘʩʪʝʨʥʦʡ ʵʚʨʠʩʪʠʢʦʡ 

ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʚ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʢʣʘʩʪʝʨʥʘʷ ʵʚʨʠʩʪʠʢʘ ʦʪʣʠʯʘʝʪʩʷ ʦʪ 

ʵʚʨʠʩʪʠʢʠ, ʧʨʝʜʣʦʞʝʥʥʦʡ ʚ ʩʪʘʪʴʝ [38], ʧʦ ʬʦʨʤʫʣʠʨʦʚʢʝ ʠ ʮʝʣʠ ʧʨʠʤʝʥʝʥʠʷ. ɺ 

[38] ʠʪʝʨʘʪʠʚʥʦ ʩʢʣʝʠʚʘʶʪʩʷ ʢʣʘʩʪʝʨʳ ʩ ʥʘʠʤʝʥʴʰʠʤ ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʤ ʩ ʢʣʘʩʪʝ-

ʨʦʤ ʟʥʘʯʝʥʠʝʤ ʦʰʠʙʢʠ. ʌʫʥʢʮʠʷ ʦʰʠʙʢʠ: Error(k) = Efit + a1Edir + a2Eshape. ʄʝʥɹ-

ʰʝʝ ʟʥʘʯʝʥʠʝ ʢʦʤʧʦʥʝʥʪʳ Efit ʩʦʦʪʚʝʪʩʪʚʫʝʪ ñʙʦʣʝʝ ʧʣʦʩʢʦʤʫò ʢʣʘʩʪʝʨʫ (ʪ.ʝ. ʨʦʚ-

ʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ). ʄʝʥʴʰʝʝ ʟʥʘʯʝʥʠʝ ʢʦʤʧʦʥʝʥʪʳ Edir ʩʦʦʪʚʝʪʩʪʚʫʝʪ ñʙʦʣʝʝ ʩʦʥʘ-

ʧʨʘʚʣʝʥʥʳʤò ʥʦʨʤʘʣʷʤ ʪʨʝʫʛʦʣʴʥʠʢʦʚ ʚʥʫʪʨʠ ʢʣʘʩʪʝʨʘ. ʄʝʥʴʰʝʝ ʟʥʘʯʝʥʠʝ ʢʦʤʧʦ-

ʥʝʥʪʳ Eshape ʩʦʦʪʚʝʪʩʪʚʫʝʪ ñʙʦʣʝʝ ʨʝʛʫʣʷʨʥʦʡò ʬʦʨʤʝ ʛʨʘʥʠʮʳ ʢʣʘʩʪʝʨʘ (ñʨʝʛʫʣʷʨ-

ʥʘò̫ ʛʨʘʥʠʮʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʛʨʘʥʠʮʝ ʜʠʩʢʘ). a1 ʠ a2 ï ʫʩʪʘʥʦʚʣʝʥʥʳʝ ʧʦʣʴʟʦʚʘʪʝʣʝʤ 

ʚʝʩʘ ʜʣʷ ʢʦʤʧʦʥʝʥʪ ʚʳʨʘʞʝʥʠʷ.  

ʕʚʨʠʩʪʠʢʘ Acc(k), ʨʘʟʨʘʙʦʪʘʥʥʘʷ ʚ ʨʘʤʢʘʭ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ, ʩʧʨʦʝʢʪʠʨʦʚʘ-

ʥʘ ʩ ʫʯʸʪʦʤ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʦʙʝʩʧʝʯʠʚʘʪʴ ʚʳʩʦʢʫʶ ʩʢʦʨʦʩʪʴ ʧʦʠʩʢʘ ʧʝʨʝʩʝʯʝʥʠʡ 

ʣʫʯʝʡ ʠ ʛʝʦʤʝʪʨʠʠ ʚ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʮʝʥʘʭ. ʉʪʨʦʷʪʩʷ ʢʣʘʩʪʝʨʳ, ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʠʝ 

ʩʬʝʨʳ ʠʣʠ ʜʠʩʢʠ, ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʜʝʨʝʚʘ BVH ʠ ʦʜʥʦʚʨʝʤʝʥʥʦʡ 

ʧʦʜʜʝʨʞʢʠ ʩʚʦʙʦʜʥʦʛʦ ʜʚʠʞʝʥʠʷ ʠ ʚʨʘʱʝʥʠʷ ʢʣʘʩʪʝʨʦʚ (ʙʳʣʘ ʫʯʪʝʥʘ ʤʦʜʝʣʴ ʛʝʦ-

ʤʝʪʨʠʯʝʩʢʦʡ ʚʝʨʦʷʪʥʦʩʪʠ). ʕʚʨʠʩʪʠʢʘ Acc(k) ʧʨʠ ʦʮʝʥʢʝ ʢʦʥʬʠʛʫʨʘʮʠʠ ʢʣʘʩʪʝʨʦʚ 

ʦʪʜʘʸʪ ʧʨʝʜʧʦʯʪʝʥʠʝ ʢʣʘʩʪʝʨʘʤ ʧʣʦʪʥʦʡ ʩʚʷʟʥʦʩʪʠ, ʢʦʪʦʨʳʝ ʠʤʝʶʪ ʤʝʥʴʰʫʶ ʚʝʨʦ-

ʷʪʥʦʩʪʴ ʙʳʪʴ ʨʘʟʦʨʚʘʥʥʳʤʠ ʧʨʠ ʩʚʦʙʦʜʥʦʤ ʜʚʠʞʝʥʠʠ. ʕʪʠ ʩʚʦʡʩʪʚʘ Acc(k) ʧʦʟʚʦ-

ʣʷʶʪ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʨʘʩʩʯʠʪʳʚʘʪʴ ʤʥʦʞʝʩʪʚʦ ʢʣʘʩʪʝʨʦʚ, ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʢʘʢ ʩʪʨʦʠʪʝʣʴʥʳʝ ʙʣʦʢʠ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʚʳʩʦʢʦʢʘʯʝʩʪʚʝʥʥʳʭ ʜʝʨʝʚʴʝʚ BVH ʚ ʢʘʞ-

ʜʦʤ ʢʘʜʨʝ ʘʥʠʤʘʮʠʠ (ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʪʦʤ, ʯʪʦ ʛʨʫʧʧʳ ʩʚʷʟʘʥʥʳʭ 

ʪʨʝʫʛʦʣʴʥʠʢʦʚ ʦʩʪʘʶʪʩʷ ʩʚʷʟʘʥʥʳʤʠ ʚʦ ʚʨʝʤʷ ʘʥʠʤʘʮʠʠ).  
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3.5. ʈʝʟʫʣʴʪʘʪʳ 

 ʋʩʪʘʥʦʚʢʠ ʨʝʘʣʠʟʘʮʠʠ ʘʣʛʦʨʠʪʤʘ. ɸʣʛʦʨʠʪʤ ʛʝʥʝʨʘʮʠʠ ʢʣʘʩʪʝʨʦʚ ʠ ʧʦ-

ʩʪʨʦʝʥʠʷ ʜʝʨʝʚʘ BVH ʨʝʘʣʠʟʦʚʘʥ ʥʘ ʷʟʳʢʝ C++ ʜʣʷ ʠʩʧʦʣʥʝʥʠʷ ʥʘ CPU ʩ ʠʩʧʦʣʴʟʦ-

ʚʘʥʠʝʤ ʤʥʦʛʦʧʦʪʦʯʥʦʩʪʠ. ʀʟʤʝʨʝʥʠʷ ʧʦʢʘʟʘʪʝʣʝʡ ʘʣʛʦʨʠʪʤʘ ʧʨʦʠʟʚʦʜʠʣʠʩʴ ʥʘ ʥʦ-

ʫʪʙʫʢʝ ASUS G1S ʩ ʧʨʦʮʝʩʩʦʨʦʤ Intel Core 2 Duo T5550 (2 ʷʜʨʘ ʥʘ ʯʘʩʪʦʪʝ 

1.83GHz, L2 cache 2 MB, DDR2 RAM 2 GB, 32-bit Windows Vista).  

ɺ ʢʘʯʝʩʪʚʝ ʙʘʟʦʚʦʛʦ ʘʣʛʦʨʠʪʤʘ ʧʦʩʪʨʦʝʥʠʷ BVH ʜʣʷ ʦʨʛʘʥʠʟʘʮʠʠ ʢʣʘʩʪʝʨʦʚ ʚ 

ʠʝʨʘʨʭʠʶ ʠʩʧʦʣʴʟʫʝʪʩʷ ʘʣʛʦʨʠʪʤ [38]. ɼʣʷ ʧʨʦʚʝʨʢʠ ʩʢʦʨʦʩʪʠ ʧʦʠʩʢʘ ʧʝʨʝʩʝʯʝʥʠʡ 

ʣʫʯʝʡ, ʦʙʝʩʧʝʯʠʚʘʝʤʦʡ ʧʦʩʪʨʦʝʥʥʳʤ ʜʝʨʝʚʦʤ BVH, ʠʩʧʦʣʴʟʫʝʪʩʷ ʘʣʛʦʨʠʪʤ ʧʘʢʝʪ-

ʥʦʡ ʪʨʘʩʩʠʨʦʚʢʠ (ʚʢʣʶʯʘʷ ʧʘʢʝʪʳ, SIMD-ʣʫʯʠ, ʦʪʩʝʯʝʥʠʝ ʧʦ ʧʠʨʘʤʠʜʘʤ, SIMD-

ʦʪʩʝʯʝʥʠʝ ʚʝʨʰʠʥ [93]), ʜʣʷ ʪʨʘʩʩʠʨʦʚʢʠ ʦʪʨʘʞʸʥʥʳʭ ʣʫʯʝʡ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʠʩ-

ʧʦʣʴʟʫʝʪʩʷ ʧʨʦʛʨʘʤʤʥʘʷ ʬʠʣʴʪʨʘʮʠʷ SIMD-ʣʫʯʝʡ (ʩʤ. [80]). ɸʣʛʦʨʠʪʤ ʧʘʢʝʪʥʦʡ 

ʪʨʘʩʩʠʨʦʚʢʠ ʣʫʯʝʡ ʠʩʧʦʣʴʟʫʝʪ ʤʥʦʛʦʧʦʪʦʯʥʦʩʪʴ, ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʨʘʟʙʠʚʘʝʪ ʠʟʦʙʨʘ-

ʞʝʥʠʝ ʥʘ ʢʚʘʜʨʘʪʥʳʝ ʙʣʦʢʠ ʧʠʢʩʝʣʝʡ ʨʘʟʤʝʨʘ 32
2
, ʢʦʪʦʨʳʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʘʢʝʪʘʤ 

ʠʟ 1024 ʣʫʯʝʡ, ʦʨʛʘʥʠʟʦʚʘʥʥʳʭ ʚ 256 SIMD-ʣʫʯʝʡ (ʪ.ʝ. ʠʩʧʦʣʴʟʫʝʪʩʷ ʦʜʥʘ SIMD 

ʠʥʩʪʨʫʢʮʠʷ ʜʣʷ ʨʘʙʦʪʳ ʩ ʜʘʥʥʳʤʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ 4 ʣʫʯʘʤ ʦʜʥʦʚʨʝʤʝʥʥʦ). 

ʀʟʦʙʨʘʞʝʥʠʷ ʚ ʜʘʥʥʦʡ ʛʣʘʚʝ ʩʛʝʥʝʨʠʨʦʚʘʥʳ ʧʨʠ ʨʘʟʨʝʰʝʥʠʠ 1024
2
. 

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʯʠʩʣʦ ʢʣʘʩʪʝʨʦʚ, ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʧʨʦʮʝʩʩʝ ʧʦ-

ʩʪʨʦʝʥʠʷ BVH, ʤʦʞʝʪ ʙʳʪʴ ʨʘʟʣʠʯʥʳʤ (ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʢʣʘʩʪʝʨʥʦʡ 

ʵʚʨʠʩʪʠʢʠ), ʨʝʢʫʨʩʠʚʥʳʡ ʧʨʦʮʝʩʩ ʨʘʟʜʝʣʝʥʠʷ ʤʥʦʞʝʩʪʚʘ ʧʨʠʤʠʪʠʚʦʚ ʠ ʛʝʥʝʨʘʮʠʠ 

ʥʦʚʳʭ ʫʟʣʦʚ ʜʝʨʝʚʘ BVH ʦʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʜʣʷ ʩʦʟʜʘʥʠʷ ʣʠʩʪʘ, ʝʩʣʠ ʚ ʫʟʣʝ ʩʦʜʝʨ-

ʞʠʪʩʷ ʥʝʩʢʦʣʴʢʦ ʢʣʘʩʪʝʨʦʚ ʩ ʦʙʱʝʡ ʩʫʤʤʦʡ ʪʨʝʫʛʦʣʴʥʠʢʦʚ ʥʝ ʙʦʣʝʝ 32. ɼʣʷ ʜʠʥʘ-

ʤʠʯʝʩʢʠʭ ʩʮʝʥ ʢʣʘʩʪʝʨʳ ʪʨʝʫʛʦʣʴʥʠʢʦʚ ʩʪʨʦʷʪʩʷ 1 ʨʘʟ ʩ ʫʯʸʪʦʤ ʢʦʦʨʜʠʥʘʪ ʚʝʨʰʠʥ 

1-ʛʦ ʢʘʜʨʘ ʘʥʠʤʘʮʠʠ. ɺ ʧʨʦʮʝʩʩʝ ʘʥʠʤʘʮʠʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʦʜʥʦ ʠ ʪʦʞʝ ʤʥʦʞʝʩʪʚʦ 

ʢʣʘʩʪʝʨʦʚ ʪʨʝʫʛʦʣʴʥʠʢʦʚ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ BVH, ʥʦ ʧʨʠ ʵʪʦʤ ʦʙʥʦʚʣʷʶʪʩʷ ʠʭ ʦʙʦ-

ʣʦʯʢʠ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʛʨʫʧʧʳ ʩʚʷʟʘʥʥʳʭ ʪʨʝʫʛʦʣʴʥʠʢʦʚ ʦʩʪʘʶʪʩʷ ʩʚʷʟʘʥʥʳʤʠ 

ʚʦ ʚʨʝʤʷ ʘʥʠʤʘʮʠʠ. 

ɺʠʟʫʘʣʠʟʘʮʠʷ ʢʣʘʩʪʝʨʦʚ. ʇʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʚʨʠʩʪʠʯʝ-

ʩʢʦʡ ʬʫʥʢʮʠʠ Acc(k) ʢʣʘʩʪʝʨʳ ʠʟʦʙʨʘʞʝʥʳ ʥʘ ʨʠʩ. 3.9. ɼʣʷ ʛʝʥʝʨʘʮʠʠ ʤʥʦʞʝʩʪʚʘ 

ʢʣʘʩʪʝʨʦʚ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʘʣʛʦʨʠʪʤ ʠʪʝʨʘʪʠʚʥʦʡ ʩʢʣʝʡʢʠ ʢʣʘʩʪʝʨʦʚ. ɼʣʷ ʩʮʝʥʳ Thai 
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statue ʜʣʷ ʛʝʥʝʨʘʮʠʠ ʢʣʘʩʪʝʨʦʚ ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʦʣʴʢʦ ʠʪʝʨʘʪʠʚʥʦʝ ʚʳʨʘʱʠʚʘʥʠʝ ʢʣʘ-

ʩʪʝʨʦʚ, ʪ.ʢ. ʥʝ ʭʚʘʪʘʝʪ ʚʠʨʪʫʘʣʴʥʦʛʦ ʘʜʨʝʩʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ 32-ʙʠʪʥʦʡ ʆʉ ʜʣʷ 

ʨʘʟʤʝʱʝʥʠʷ ʜʚʦʡʩʪʚʝʥʥʦʛʦ ʛʨʘʬʘ ʚ ʧʘʤʷʪʠ ʜʣʷ ʦʙʲʝʢʪʘ, ʩʦʩʪʦʷʱʝʛʦ ʠʟ 10 ʤʣʥ. ʪʨʝ-

ʫʛʦʣʴʥʠʢʦʚ. ɼʣʷ ʦʙʲʝʢʪʦʚ Cloth ʠ Thai ʩʦʟʜʘʶʪʩʷ ʢʣʘʩʪʝʨʳ ʞʝʣʘʝʤʦʡ ʜʠʩʢʦʦʙʨʘʟ-

ʥʦʡ ʬʦʨʤʳ, ʪ.ʢ. ʚʩʝ ʪʨʝʫʛʦʣʴʥʠʢʠ ʵʪʠʭ ʦʙʲʝʢʪʦʚ ʠʤʝʶʪ ʦʜʥʦʨʦʜʥʳʝ ʨʘʟʤʝʨʳ. ɼʣʷ 

ʦʙʲʝʢʪʘ Conference ʩʦʟʜʘʶʪʩʷ ʢʣʘʩʪʝʨʳ ʨʘʟʣʠʯʥʦʡ ʬʦʨʤʳ, ʯʘʱʝ ʧʨʷʤʦʫʛʦʣʴʥʦʡ, 

ʪ.ʢ. ʵʪʦʪ ʦʙʲʝʢʪ ʩʦʩʪʦʠʪ ʠʟ ʪʨʝʫʛʦʣʴʥʠʢʦʚ ʥʝʦʜʥʦʨʦʜʥʳʭ ʨʘʟʤʝʨʦʚ, ʯʘʱʝ ʜʣʠʥʥʳʭ ʠ 

ʪʦʥʢʠʭ. 

 

 

ʈʠʩ. 3.9: ʉʣʝʚʘ: ʜʠʥʘʤʠʯʝʩʢʠʡ ʦʙʲʝʢʪ Cloth Simulation (92K ʪʨʝʫʛʦʣʴʥʠʢʦʚ), ʧʦʩʝʨʝʜʠʥʝ: 

ʩʮʝʥʘ Conference room (282ʂ ʪʨʝʫʛʦʣʴʥʠʢʦʚ), ʩʧʨʘʚʘ: ʩʮʝʥʘ Thai statue (10 ʤʣʥ. ʪʨʝʫʛʦʣʴ-

ʥʠʢʦʚ). ɺʝʨʭʥʠʡ ʨʷʜ: ʪʨʝʫʛʦʣʴʥʠʢʠ ʨʘʩʢʨʘʰʝʥʳ ʨʘʟʥʳʤ ʮʚʝʪʦʤ. ʅʠʞʥʠʡ ʨʷʜ: ʢʣʘʩʪʝʨʳ 

ʪʨʝʫʛʦʣʴʥʠʢʦʚ ʨʘʩʢʨʘʰʝʥʳ ʨʘʟʥʳʤ ʮʚʝʪʦʤ, ʩʦʟʜʘʥʳ ʩ ʧʦʤʦʱʴʶ ʬʫʥʢʮʠʠ Acc(k) ʩ ʧʘʨʘ-

ʤʝʪʨʘʤʠ MaxSize = MaxCount = 100. 

ʀʩʧʦʣʴʟʫʝʤʳʝ ʩʮʝʥʳ. ɼʣʷ ʪʝʩʪʠʨʦʚʘʥʠʷ ʘʣʛʦʨʠʪʤʘ ʛʝʥʝʨʘʮʠʠ ʢʣʘʩʪʝʨʦʚ, 

ʠʩʧʦʣʴʟʫʝʪʩʷ 6 ʦʙʲʝʢʪʦʚ (ʩʤ. ʨʠʩ. 3.10), ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ ʨʘʟʥʳʝ ʢʣʘʩʩʳ ʦʙʲʝʢʪʦʚ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ: ʜʝʬʦʨʤʠʨʫʝʤʳʡ ʦʙʲʝʢʪ ʪʢʘʥʠ, ʩʠʤʫʣʷʮʠʷ ʚʟʨʳʚʘ, ʩʠʤʫʣʷʮʠʷ 

ʩʪʦʣʢʥʦʚʝʥʠʡ [105], ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʝ ʜʚʠʞʝʥʠʝ, ʤʦʜʝʣʴ ʩ ʤʥʦʞʝʩʪʚʦʤ ʜʣʠʥʥʳʭ 

ʠ ʪʦʥʢʠʭ ʪʨʝʫʛʦʣʴʥʠʢʦʚ, ʙʦʣʴʰʘʷ ʤʦʜʝʣʴ ʩ ʦʜʥʦʨʦʜʥʳʤʠ ʪʨʝʫʛʦʣʴʥʠʢʘʤʠ. 


















































































































































































