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ɺʚʝʜʝʥʠʝ 

 

ʉʦʚʨʝʤʝʥʥʘʷ ʪʝʥʜʝʥʮʠʷ ʨʘʟʚʠʪʠʷ ʤʠʢʨʦʧʨʦʮʝʩʩʦʨʦʚ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ 

ʦʙʦʨʫʜʦʚʘʥʠʷ ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʩʦʟʜʘʥʠʝ ʥʦʚʳʭ ʧʦʜʭʦʜʦʚ ʢ ʧʨʦʤʳʰʣʝʥʥʦʡ 

ʨʘʟʨʘʙʦʪʢʝ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ, ʦʪʚʝʯʘʷ ʚʩʝ ʙʦʣʝʝ ʚʳʩʦʢʠʤ ʪʨʝʙʦʚʘʥʠʷʤ 

ʧʦʪʨʝʙʠʪʝʣʷ ʠ ʩʦʚʨʝʤʝʥʥʳʤ ʫʩʣʦʚʠʷʤ ʢʦʥʢʫʨʝʥʮʠʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʧʦʚʳʰʝʥʠʝ 

ʢʦʣʠʯʝʩʪʚʘ ʷʜʝʨ ʚ ʤʠʢʨʦʧʨʦʮʝʩʩʦʨʘʭ ʟʘʩʪʘʚʣʷʝʪ ʧʨʦʛʨʘʤʤʥʳʭ ʨʘʟʨʘʙʦʪʯʠʢʦʚ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʥʦʛʦʧʦʪʦʯʥʳʝ ʘʣʛʦʨʠʪʤʳ ʠ ʧʨʠʤʝʥʷʪʴ ʪʝʭʥʦʣʦʛʠʠ 

ʤʥʦʛʦʧʦʪʦʯʥʦʡ ʧʨʦʛʨʘʤʤʥʦʡ ʨʘʟʨʘʙʦʪʢʠ ʥʝ ʪʦʣʴʢʦ ʜʣʷ 

ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʭ ʩʠʩʪʝʤ, ʥʦ ʠ ʜʣʷ ʧʝʨʩʦʥʘʣʴʥʳʭ ʢʦʤʧʴʶʪʝʨʦʚ ʠ 

ʤʦʙʠʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚ [2, 30]. 

ʇʦʚʳʰʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʷʜʝʨ ʚ ʤʠʢʨʦʧʨʦʮʝʩʩʦʨʘʭ ʟʘʯʘʩʪʫʶ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ 

ʧʦʥʠʞʝʥʠʝʤ ʪʘʢʪʦʚʦʡ ʯʘʩʪʦʪʳ ʢʘʞʜʦʛʦ ʷʜʨʘ ʤʠʢʨʦʧʨʦʮʝʩʩʦʨʘ, ʯʪʦ ʫʩʫʛʫʙʣʷʝʪ 

ʧʦʣʦʞʝʥʠʝ ʨʘʥʝʝ ʥʘʧʠʩʘʥʥʳʭ ʦʜʥʦʧʦʪʦʯʥʳʭ ʧʨʦʛʨʘʤʤ. ɼʘʣʝʢʦ ʥʝ ʨʝʜʢʦʩʪʴ ʚ 

ʩʦʚʨʝʤʝʥʥʦʡ IT-ʠʥʜʫʩʪʨʠʠ ʫʭʫʜʰʝʥʠʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʧʨʦʤʳʰʣʝʥʥʳʭ 

ʢʦʤʧʣʝʢʩʦʚ ʧʨʦʛʨʘʤʤ ʧʨʠ ʧʝʨʝʭʦʜʝ ʥʘ ʙʦʣʝʝ ʩʦʚʨʝʤʝʥʥʳʝ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ 

ʩʠʩʪʝʤʳ ʩ ʥʦʚʳʤʠ ʧʦʢʦʣʝʥʠʷʤʠ ʤʠʢʨʦʧʨʦʮʝʩʩʦʨʦʚ. ɼʘʥʥʳʡ ʬʘʢʪ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʩʪʠʤʫʣʠʨʫʝʪ ʨʘʟʨʘʙʦʪʢʫ ʤʥʦʛʦʧʦʪʦʯʥʳʭ ʧʨʦʛʨʘʤʤ ʜʣʷ 

ʜʦʩʪʠʞʝʥʠʷ ʥʘʠʣʫʯʰʠʭ ʧʦʢʘʟʘʪʝʣʝʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ. 

ʈʘʟʨʘʙʦʪʢʘ ʤʥʦʛʦʧʦʪʦʯʥʳʭ ʧʨʦʛʨʘʤʤ ʩ ʥʘʠʣʫʯʰʠʤʠ ʧʦʢʘʟʘʪʝʣʷʤʠ 

ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʥʝ ʠʤʝʝʪ ʦʙʱʝʛʦ ʧʦʜʭʦʜʘ. ʂʘʞʜʳʡ ʩʣʫʯʘʡ ʠʥʜʠʚʠʜʫʘʣʝʥ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʘʨʭʠʪʝʢʪʫʨʳ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʳ ʠ ʩʣʦʞʥʦʩʪʠ ʢʦʤʧʣʝʢʩʦʚ 

ʧʨʦʛʨʘʤʤ. ʊʘʢʦʝ ʧʦʣʦʞʝʥʠʝ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʪʨʫʜʥʦ ʚʳʷʚʣʷʝʤʳʭ ʦʰʠʙʦʢ 

ʚ ʢʦʜʝ ʧʨʦʛʨʘʤʤ, ʦʩʦʙʝʥʥʦ ʩʚʷʟʘʥʥʳʭ ʩ ʧʘʨʘʣʣʝʣʴʥʳʤ ʠʩʧʦʣʥʝʥʠʝʤ ʧʦʪʦʢʦʚ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʩʝʛʜʘ ʦʩʪʘʝʪʩʷ ʘʢʪʫʘʣʴʥʳʤ ʨʘʟʨʘʙʦʪʢʘ ʥʦʚʳʭ ʠ 

ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʩʪʘʨʳʭ ʩʨʝʜʩʪʚ ʚʝʨʠʬʠʢʘʮʠʠ ʠ ʢʦʥʪʨʦʣʷ ʢʘʯʝʩʪʚʘ ʧʨʦʛʨʘʤʤ 

ʚʦ ʚʨʝʤʷ ʨʘʟʨʘʙʦʪʢʠ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ (ʇʆ). 
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ɸʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ 

 

ʉʨʝʜʠ ʥʘʠʙʦʣʝʝ ʩʣʦʞʥʳʭ ʜʣʷ ʦʙʥʘʨʫʞʝʥʠʷ ʦʰʠʙʦʢ ʚ ʤʥʦʛʦʧʦʪʦʯʥʳʭ 

ʧʨʦʛʨʘʤʤʘʭ ʷʚʣʷʶʪʩʷ ʩʦʩʪʦʷʥʠʷ ʢʦʥʢʫʨʝʥʪʥʦʛʦ ʜʦʩʪʫʧʘ ʢ ʧʘʤʷʪʠ ʠʣʠ ʩʦʩʪʦʷʥʠʷ 

ʛʦʥʢʠ (race condition, RC). Race condition ï ʩʠʪʫʘʮʠʷ, ʢʦʛʜʘ ʥʝʩʢʦʣʴʢʦ ʧʦʪʦʢʦʚ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʦʙʨʘʱʘʶʪʩʷ ʢ ʦʜʥʦʤʫ ʠ ʪʦʤʫ ʞʝ ʨʝʩʫʨʩʫ, ʧʨʠʯʝʤ ʭʦʪʷ ʙʳ ʦʜʠʥ ʠʟ 

ʧʦʪʦʢʦʚ ʚʳʧʦʣʥʷʝʪ ʦʧʝʨʘʮʠʶ ʟʘʧʠʩʠ, ʠ ʧʦʨʷʜʦʢ ʵʪʠʭ ʦʙʨʘʱʝʥʠʡ ʪʦʯʥʦ ʥʝ 

ʦʧʨʝʜʝʣʝʥ [5]. ʅʘʣʠʯʠʝ ʩʦʩʪʦʷʥʠʡ ʛʦʥʦʢ ʧʨʠʚʦʜʠʪ ʢ ʥʝʜʝʪʝʨʤʠʥʠʨʦʚʘʥʥʦʤʫ 

ʧʦʚʝʜʝʥʠʶ ʧʨʦʛʨʘʤʤʳ. 

ʄʝʪʦʜʠʢʠ ʧʦʠʩʢʘ ʩʦʩʪʦʷʥʠʡ ʛʦʥʦʢ ʦʙʳʯʥʦ ʨʘʟʜʝʣʷʶʪ ʥʘ ʩʪʘʪʠʯʝʩʢʠʡ 

ʘʥʘʣʠʟ, ʜʠʥʘʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ, ʧʨʦʚʝʨʢʫ ʥʘ ʦʩʥʦʚʝ ʤʦʜʝʣʝʡ ʠ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ 

ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʢʦʨʨʝʢʪʥʦʩʪʠ ʧʨʦʛʨʘʤʤ. ɼʠʥʘʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʧʦʩʚʷʱʝʥ 

ʘʥʘʣʠʟʫ ʵʤʧʠʨʠʯʝʩʢʠʭ ʟʘʧʫʩʢʦʚ ʧʨʦʛʨʘʤʤʳ ʥʘ ʦʧʨʝʜʝʣʝʥʥʦʤ ʥʘʙʦʨʝ ʪʝʩʪʦʚ ʠ 

ʚʭʦʜʥʳʭ ʜʘʥʥʳʭ. ʉʫʱʝʩʪʚʫʶʪ ʜʦʚʦʣʴʥʦ ʤʥʦʛʦ ʢʦʤʤʝʨʯʝʩʢʠʭ ʠ ʙʝʩʧʣʘʪʥʳʭ 

ʧʨʦʛʨʘʤʤʥʳʭ ʫʪʠʣʠʪ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʧʨʦʚʦʜʠʪʴ ʜʠʥʘʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʥʘ 

ʨʘʟʥʳʭ ʧʣʘʪʬʦʨʤʘʭ ʠ ʘʨʭʠʪʝʢʪʫʨʘʭ: Intel Thread Checker, CHESS ʠ ʪ.ʜ. 

ʅʝʜʦʩʪʘʪʢʦʤ ʜʘʥʥʦʛʦ ʚʠʜʘ ʘʥʘʣʠʟʘ ʷʚʣʷʝʪʩʷ ʥʝʚʦʟʤʦʞʥʦʩʪʴ ʘʥʘʣʠʟʘ ʙʦʣʴʰʠʭ 

ʧʨʦʛʨʘʤʤʥʳʭ ʩʠʩʪʝʤ, ʪ.ʢ. ʢʦʣʠʯʝʩʪʚʦ ʥʝʦʙʭʦʜʠʤʳʭ ʪʝʩʪʦʚ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦ 

ʨʘʩʪʝʪ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʚʭʦʜʥʳʭ ʧʘʨʘʤʝʪʨʦʚ. 

ʉʪʘʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ï ʵʪʦ ʘʥʘʣʠʟ ʙʝʟ ʠʩʧʦʣʥʝʥʠʷ ʧʨʦʛʨʘʤʤʳ. 

ʇʨʝʠʤʫʱʝʩʪʚʦʤ ʜʘʥʥʦʛʦ ʚʠʜʘ ʘʥʘʣʠʟʘ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʚʝʨʢʠ ʠ 

ʫʩʪʨʘʥʝʥʠʷ ʦʰʠʙʦʢ ʚ ʢʦʜʝ ʚʦ ʚʨʝʤʷ ʨʘʟʨʘʙʦʪʢʠ, ʛʣʫʙʠʥʘ ʘʥʘʣʠʟʘ ʢʘʢ ʧʨʘʚʠʣʦ 

ʚʳʰʝ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʛʘʨʘʥʪʠʨʦʚʘʪʴ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʥʘʜʸʞʥʦʩʪʴ ʢʦʥʝʯʥʦʛʦ 

ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʨʦʜʫʢʪʘ. ɺ ʢʘʯʝʩʪʚʝ ʥʝʜʦʩʪʘʪʢʘ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʤʦʞʥʦ 

ʚʳʜʝʣʠʪʴ ʩʣʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʚ ʧʨʦʤʳʰʣʝʥʥʳʭ ʤʘʩʰʪʘʙʘʭ ʠ ʥʝ ʩʘʤʫʶ 

ʣʫʯʰʫʶ ʥʘʜʝʞʥʦʩʪʴ ʤʝʪʦʜʦʚ ʘʥʘʣʠʟʘ, ʢʦʪʦʨʳʝ ʥʝ ʜʘʚʘʣʠ ʙʳ ʣʦʞʥʳʝ 

ʩʨʘʙʘʪʳʚʘʥʠʷ: ʦʙʥʘʨʫʞʝʥʠʝ ʩʦʩʪʦʷʥʠʡ ʛʦʥʦʢ, ʢʦʛʜʘ ʠʭ ʥʘ ʩʘʤʦʤ ʜʝʣʝ ʥʝʪ, ʣʠʙʦ 

ʫʧʫʱʝʥʠʝ ʨʝʘʣʴʥʦ ʧʨʠʩʫʪʩʪʚʫʶʱʠʭ ʩʦʩʪʦʷʥʠʡ ʛʦʥʦʢ.  
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ɺ ʨʘʤʢʘʭ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʟʘ ʦʩʥʦʚʫ ʚʟʷʪʘ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ 

ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʤʥʦʛʦʧʦʪʦʯʥʳʭ ʧʨʦʛʨʘʤʤ, ʦʧʠʩʘʥʥʳʭ ʚ ʠʩʩʣʝʜʦʚʘʥʠʷʭ 

ɸ.ɻ. ʊʦʨʤʘʩʦʚʘ, ʄ.ʖ. ʂʫʜʨʠʥʘ, ɸ.ʉ. ʇʨʦʢʦʧʝʥʢʦ, ʅ.ɺ. ɿʘʙʦʨʦʚʩʢʦʛʦ [13-15]. 

ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʩʪʨʦʠʪʩʷ ʥʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʛʨʘʬʘ ʩʦʚʤʝʩʪʥʦʛʦ 

ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ, ʧʦʩʪʨʦʝʥʥʦʛʦ ʧʦ ʦʧʨʝʜʝʣʸʥʥʳʤ ʫʯʘʩʪʢʘʤ ʢʦʜʘ ʧʨʦʛʨʘʤʤʳ. 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʟʘʨʝʢʦʤʝʥʜʦʚʘʣʠ ʩʝʙʷ ʢʘʢ ʧʝʨʩʧʝʢʪʠʚʥʳʡ ʠ 

ʵʬʬʝʢʪʠʚʥʳʡ ʤʝʪʦʜ ʧʦʠʩʢʘ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʫʛʨʦʟ ʩʦʩʪʦʷʥʠʷ ʛʦʥʢʠ. ʆʜʥʘʢʦ 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʤʝʪʦʜ ʭʦʨʦʰʦ ʨʘʙʦʪʘʝʪ ʥʘ ʣʠʥʝʡʥʳʭ ʫʯʘʩʪʢʘʭ ʠ ʠʤʝʝʪ ʨʷʜ 

ʦʛʨʘʥʠʯʝʥʠʡ ʧʨʠ ʘʥʘʣʠʟʝ ʙʦʣʝʝ ʩʣʦʞʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ ʢʦʜʘ, ʪʘʢʠʭ ʢʘʢ ʮʠʢʣʳ, 

ʫʩʣʦʚʥʳʝ ʢʦʥʩʪʨʫʢʮʠʠ, ʘʣʠʘʩʳ. ʈʝʘʣʠʟʘʮʠʷ ʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ 

ʤʦʜʝʣʠ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʧʨʦʤʳʰʣʝʥʥʳʭ ʢʦʤʧʣʝʢʩʘʭ ʧʨʦʛʨʘʤʤ ʦʩʪʘʝʪʩʷ 

ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ, ʚ ʨʘʤʢʘʭ ʢʦʪʦʨʦʡ ʥʝʦʙʭʦʜʠʤʦ ʨʘʟʨʝʰʠʪʴ ʦʛʨʘʥʠʯʝʥʠʷ 

ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʤʝʪʦʜʘ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʨʘʩʰʠʨʠʪʴ ʢʣʘʩʩ ʧʨʠʤʝʥʠʤʦʩʪʠ 

ʤʝʪʦʜʘ ʩʨʝʜʠ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʇʆ. 

 

ʎʝʣʴ ʨʘʙʦʪʳ ʠ ʟʘʜʘʯʠ ʠʩʩʣʝʜʦʚʘʥʠʷ 

 

ɺ ʨʘʤʢʘʭ ʨʘʙʦʪʳ [13] ʫʞʝ ʙʳʣʘ ʧʨʝʜʧʨʠʥʷʪʘ ʧʦʧʳʪʢʘ ʧʨʠʙʣʠʟʠʪʴ 

ʤʘʪʝʤʘʪʠʯʝʩʢʫʶ ʤʦʜʝʣʴ ʢ ʧʨʦʤʳʰʣʝʥʥʦʤʫ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʤʝʪʦʜʘ ʘʥʘʣʠʟʘ. 

ʆʜʥʘʢʦ ʨʝʘʣʠʟʘʮʠʷ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, ʚʳʧʦʣʥʝʥʥʘʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʳʩʦʢʦʫʨʦʚʥʝʚʦʛʦ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʥʝ 

ʧʦʜʜʝʨʞʠʚʘʝʤʦʡ ʩʠʩʪʝʤʳ ʠ ʥʝ ʠʤʝʶʱʘʷ ʰʠʨʦʢʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ, ʥʝ ʧʦʟʚʦʣʷʝʪ 

ʧʨʠʤʝʥʷʪʴ ʤʝʪʦʜ ʚ ʧʨʦʤʳʰʣʝʥʥʦʡ ʨʘʟʨʘʙʦʪʢʝ ʇʆ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, 

ʩʦʚʨʝʤʝʥʥʘʷ ʧʨʦʤʳʰʣʝʥʥʘʷ ʨʘʟʨʘʙʦʪʢʘ ʇʆ ʥʝ ʦʙʭʦʜʠʪʩʷ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʦʧʪʠʤʠʟʠʨʫʶʱʠʭ ʢʦʤʧʠʣʷʪʦʨʦʚ, ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʫʶʪ ʧʨʦʤʝʞʫʪʦʯʥʦʝ 

ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʧʨʦʛʨʘʤʤʳ (intermediate representation ï IR) ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ 

ʦʧʪʠʤʠʟʘʮʠʡ ʥʘʜ ʢʦʜʦʤ ʧʨʦʛʨʘʤʤʳ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ IR 

ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʢʦʤʧʠʣʷʪʦʨʘ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʳ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʘʥʘʣʠʟʘ 

ʧʦʟʚʦʣʠʣʦ ʙʳ ʟʥʘʯʠʪʝʣʴʥʦ ʫʣʫʯʠhʪʴ ʧʨʠʤʝʥʠʤʦʩʪʴ ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʤʝʪʦʜʘ. 
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ʉʫʱʝʩʪʚʝʥʥʫʶ ʨʦʣʴ ʚ ʤʝʪʦʜʝ ʤʦʞʝʪ ʩʳʛʨʘʪʴ ʦʧʪʠʤʠʟʘʮʠʠ ʢʦʤʧʠʣʷʪʦʨʦʚ, 

ʢʦʪʦʨʳʝ ʤʦʛʣʠ ʙʳ ʩʦʟʜʘʪʴ ʥʘʠʣʫʯʰʠʡ ʢʦʥʪʝʢʩʪ IR ʧʝʨʝʜ ʧʨʠʤʝʥʝʥʠʝʤ ʤʝʪʦʜʘ 

ʘʥʘʣʠʟʘ ʤʥʦʛʦʧʦʪʦʯʥʳʭ ʧʨʦʛʨʘʤʤ.  

ʎʝʣʴʶ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ, ʘʜʘʧʪʘʮʠʷ ʠ 

ʨʝʘʣʠʟʘʮʠʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʤʥʦʛʦʧʦʪʦʯʥʳʭ 

ʧʨʦʛʨʘʤʤ. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʚ ʨʘʙʦʪʝ ʨʝʰʘʶʪʩʷ ʩʣʝʜʫʶʱʠʝ 

ʦʩʥʦʚʥʳʝ ʟʘʜʘʯʠ: 

¶ ʀʩʩʣʝʜʦʚʘʥʠʝ ʠ ʘʥʘʣʠʟ ʩʦʚʨʝʤʝʥʥʳʭ ʦʧʪʠʤʠʟʠʨʫʶʱʠʭ ʢʦʤʧʠʣʷʪʦʨʦʚ ʠ ʠʭ 

ʦʧʪʠʤʠʟʘʮʠʡ. ɺʳʷʚʣʝʥʠʝ ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʱʠʭ ʦʧʪʠʤʠʟʘʮʠʡ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʪʘʢʦʛʦ ʢʦʥʪʝʢʩʪʘ IR, ʢʦʪʦʨʳʡ ʩʦʜʝʨʞʘʣ ʙʳ ʥʘʠʤʝʥʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ 

ʠʟʤʝʥʝʥʠʡ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ, ʪ.ʝ. ʮʠʢʣʦʚ ʠ ʫʩʣʦʚʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ. 

¶ ʈʘʟʨʘʙʦʪʢʘ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʦʧʪʠʤʠʟʘʮʠʡ ʥʘʜ ʛʨʘʬʦʤ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ, 

ʥʝ ʚʣʠʷʶʱʠʭ ʥʘ ʘʥʘʣʠʟ ʢʦʥʪʝʢʩʪʘ ʧʨʦʛʨʘʤʤʳ ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʤʝʪʦʜʝ 

ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ. 

¶ ɸʜʘʧʪʘʮʠʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʠ ʤʝʪʦʜʘ ʘʥʘʣʠʟʘ ʧʦʜ ʥʦʚʳʡ ʢʦʥʪʝʢʩʪ 

IR. 

¶ ʈʝʘʣʠʟʘʮʠʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʚ ʢʦʥʪʝʢʩʪʝ ʧʨʦʤʳʰʣʝʥʥʦʛʦ IR ʚ ʚʠʜʝ 

ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʡ ʩʠʩʪʝʤʳ ʦʙʥʘʨʫʞʝʥʠʷ ʩʦʩʪʦʷʥʠʡ ʛʦʥʦʢ ʚ ʧʨʦʛʨʘʤʤʝ. 

 

ʆʙʲʝʢʪ ʠʩʩʣʝʜʦʚʘʥʠ ̫

 

ɺ ʨʘʙʦʪʝ ʦʙʲʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʧʨʦʮʝʜʫʨʘ ʧʦʠʩʢʘ ʩʦʩʪʦʷʥʠʡ 

ʛʦʥʦʢ ʚ ʤʥʦʛʦʧʦʪʦʯʥʳʭ ʘʣʛʦʨʠʪʤʘʭ, ʘ ʪʘʢʞʝ ʦʧʪʠʤʠʟʘʮʠʷ ʘʥʘʣʠʟʠʨʫʝʤʦʛʦ 

ʢʦʥʪʝʢʩʪʘ ʥʘ ʧʨʦʤʝʞʫʪʦʯʥʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʩ ʧʦʤʦʱʴʶ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ 

ʤʦʜʝʣʠ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʛʨʘʬʘʭ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ. 
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ʇʨʝʜʤʝʪ ʠʩʩʣʝʜʦʚʘʥʠʷ 

 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʤʝʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, 

ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʛʨʘʬʘʭ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ, ʧʦʩʪʨʦʝʥʠʝ ʢʦʪʦʨʳʭ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦ ʢʦʜʫ ʧʨʦʛʨʘʤʤ ʥʘ ʷʟʳʢʘʭ ʉʠ ʠ ʉʠ++. 

 

ʄʝʪʦʜ ʠʩʩʣʝʜʦʚʘʥʠʷ 

 

ɺ ʨʘʙʦʪʝ ʧʨʠʤʝʥʷʶʪʩʷ ʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʤʝʪʦʜʳ ʪʝʦʨʠʠ ʤʥʦʞʝʩʪʚ, ʪʝʦʨʠʠ 

ʛʨʘʬʦʚ, ʪʝʦʨʠʠ ʢʦʤʧʠʣʷʮʠʠ, ʤʝʪʦʜʳ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʥʘ ʷʟʳʢʘʭ ʚʳʩʦʢʦʛʦ 

ʫʨʦʚʥʷ. 

 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ 

 

ɺ ʧʨʦʮʝʩʩʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʣʫʯʝʥʳ ʩʣʝʜʫʶʱʠʝ ʥʦʚʳʝ ʥʘʫʯʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, 

ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ: 

¶ ʇʨʦʛʨʘʤʤʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʩʠʩʪʝʤʳ ʦʙʥʘʨʫʞʝʥʠʷ ʩʦʩʪʦʷʥʠʷ ʛʦʥʦʢ ʚ 

ʤʥʦʛʦʧʦʪʦʯʥʳʭ ʘʣʛʦʨʠʪʤʘʭ ʥʘ ʦʩʥʦʚʝ IR ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʢʦʤʧʠʣʷʪʦʨʘ, 

ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ IR ʧʨʦʛʨʘʤʤ ʨʘʟʣʠʯʥʳʭ ʷʟʳʢʦʚ ʚʳʩʦʢʦʛʦ 

ʫʨʦʚʥʷ, ʨʘʟʥʳʭ ʧʣʘʪʬʦʨʤ ʠ ʘʨʭʠʪʝʢʪʫʨ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʦʙʱʝʧʨʠʟʥʘʥʥʦʛʦ ʠ 

ʧʦʧʫʣʷʨʥʦʛʦ ʢʦʤʧʠʣʷʪʦʨʘ ʛʘʨʘʥʪʠʨʫʝʪ ʧʨʠʤʝʥʠʤʦʩʪʴ ʤʝʪʦʜʘ ʢ ʰʠʨʦʢʦʤʫ 

ʢʣʘʩʩʫ ʟʘʜʘʯ ʥʘ ʜʦʣʛʠʝ ʛʦʜʳ ʚʧʝʨʝʜ. ɺʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠ ̫

ʫʥʠʬʠʮʠʨʦʚʘʥʥʦʛʦ IR ʧʨʦʛʨʘʤʤ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʥʘ ʪʘʢʠʝ ʘʨʭʠʪʝʢʪʫʨʳ, 

ʢʘʢ Intel, ARM, Power, ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʨʘʩʰʠʨʠʪʴ ʢʣʘʩʩ 

ʧʨʠʤʝʥʠʤʦʩʪʠ ʤʝʪʦʜʘ ʚ ʩʨʝʜʝ ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʇʆ. ʇʦʷʚʠʣʘʩʴ ʚʦʟʤʦʞʥʦʩʪʴ 

ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʢʦʜ ʧʨʦʛʨʘʤʤʳ ʥʘ ʧʨʝʜʤʝʪ ʩʦʩʪʦʷʥʠʷ ʛʦʥʦʢ ʥʘ ʨʘʟʥʳʭ ʵʪʘʧʘʭ 

ʢʦʤʧʠʣʷʮʠʠ ï ʜʦ ʧʨʠʤʝʥʝʥʠʷ ʦʧʪʠʤʠʟʘʮʠʡ ʠ ʧʦʩʣʝ ʧʨʠʤʝʥʝʥʠʷ 

ʦʧʪʠʤʠʟʘʮʠʡ, ʯʪʦ ʜʘʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʚʝʨʢʠ. 

¶ ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, ʘʜʘʧʪʠʨʦʚʘʥʥʘʷ ʧʦʜ ʢʦʥʪʝʢʩʪ ʥʦʚʦʛʦ IR. 
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¶ ʄʝʪʦʜ ʣʠʥʝʘʨʠʟʘʮʠʠ ʛʨʘʬʘ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ ʜʣʷ ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ 

ʘʥʘʣʠʟʘ. ʆʩʦʙʝʥʥʦʩʪʴ ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʤʝʪʦʜʘ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ 

ʧʦʟʚʦʣʠʣ ʩʦʟʜʘʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ ʦʧʪʠʤʠʟʘʮʠʶ ʛʨʘʬʘ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ, 

ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʦʡ ʫʜʘʣʦʩʴ ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʠʟʙʘʚʠʪʴʩʷ ʦʪ ʣʠʰʥʠʭ 

ʫʟʣʦʚ ʛʨʘʬʘ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʫʤʝʥʴʰʠʪʴ ʢʦʣʠʯʝʩʪʚʦ 

ʚʝʪʚʣʝʥʠʷ ʫʧʨʘʚʣʝʥʠʷ ʥʘ ʛʨʘʬʝ. 

¶ ʂʦʤʧʣʝʢʩ ʧʨʦʛʨʘʤʤ ʠ ʨʝʟʫʣʴʪʘʪʳ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʜʣʷ 

ʚʳʷʚʣʝʥʠʷ ʥʘʣʠʯʠʷ ʛʦʥʦʢ ʚ ʥʝʢʦʪʦʨʳʭ ʤʥʦʛʦʧʦʪʦʯʥʳʭ ʘʣʛʦʨʠʪʤʘʭ, ʚ ʪʦʤ 

ʯʠʩʣʝ ʥʝʙʣʦʢʠʨʫʶʱʠʭ. 

ʈʘʙʦʪʘ ʠʤʝʝʪ ʧʨʠʥʮʠʧʠʘʣʴʥʫʶ ʥʦʚʠʟʥʫ, ʢʘʢ ʚ ʧʦʩʪʘʥʦʚʢʝ ʟʘʜʘʯʠ, ʪʘʢ ʠ ʚ 

ʚʳʙʦʨʝ ʤʝʪʦʜʦʚ ʨʝʰʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʳʭ ʟʘʜʘʯ.  

 

ʇʨʘʢʪʠʯʝʩʢʘʷ ʮʝʥʥʦʩʪʴ 

 

ʋʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʘ ʤʝʪʦʜʠʢʘ ʥʘʭʦʞʜʝʥʠʷ ʩʦʩʪʦʷʥʠʡ ʛʦʥʦʢ ʚ 

ʤʥʦʛʦʧʦʪʦʯʥʳʭ ʘʣʛʦʨʠʪʤʘʭ, ʨʝʘʣʠʟʘʮʠʷ ʢʦʪʦʨʳʭ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʦʤʤʝʨʯʝʩʢʦʤ 

ʇʆ. ʈʘʟʨʘʙʦʪʘʥʥʳʝ ʧʨʦʛʨʘʤʤʥʳʝ ʤʦʜʫʣʠ ʧʦʟʚʦʣʠʣʠ ʩʜʝʣʘʪʴ ʤʝʪʦʜʠʢʫ 

ʥʘʭʦʞʜʝʥʠʷ ʩʦʩʪʦʷʥʠʡ ʛʦʥʦʢ ʚ ʧʨʦʤʳʰʣʝʥʥʦʤ ʇʆ ʙʦʣʝʝ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʡ, 

ʥʘʜʝʞʥʦʡ ʠ ʫʥʠʚʝʨʩʘʣʴʥʦʡ, ʯʪʦ ʙʳʣʦ ʜʦʩʪʠʛʥʫʪʦ ʙʣʘʛʦʜʘʨʷ ʠʩʧʦʣʴʟʦʚʘʥʠʶ 

ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦʧʪʠʤʠʟʠʨʫʶʱʝʛʦ ʢʦʤʧʠʣʷʪʦʨʘ LLVM .  

ɺʳʷʚʣʝʥʥʳʝ ʠ ʧʨʝʜʣʦʞʝʥʥʳʝ ʦʧʪʠʤʠʟʘʮʠʠ LLVM  ʧʦʟʚʦʣʠʣʠ ʧʦʣʫʯʘʪʴ 

ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʱʠʡ ʢʦʥʪʝʢʩʪ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʘʥʘʣʠʟʘ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʧʦʠʩʢʘ ʩʦʩʪʦʷʥʠʡ ʛʦʥʦʢ ʚ ʘʣʛʦʨʠʪʤʝ.  

ʇʨʝʜʣʦʞʝʥʥʘʷ ʤʝʪʦʜʠʢʘ ʣʠʥʝʘʨʠʟʘʮʠʠ ʛʨʘʬʘ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ, ʢʦʪʦʨʘʷ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʦʩʣʝ ʦʧʪʠʤʠʟʘʮʠʡ LLVM  ʠ ʧʝʨʝʜ ʦʩʥʦʚʥʳʤ ʘʥʘʣʠʟʦʤ, ʧʦʟʚʦʣʠʣʘ 

ʨʘʩʰʠʨʠʪʴ ʢʣʘʩʩ ʟʘʜʘʯ, ʧʨʠʛʦʜʥʳʭ ʜʣʷ ʘʥʘʣʠʟʘ ʥʘ ʧʨʝʜʤʝʪ ʥʘʣʠʯʠʷ ʩʦʩʪʦʷʥʠʡ 

ʛʦʥʦʢ ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʝʪʦʜʘ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʛʨʘʤʤʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʥʦʚʰʝʩʪʚ ʠ ʫʣʫʯʰʝʥʠʡ ʧʦʟʚʦʣʠʣʘ 

ʨʘʩʰʠʨʠʪʴ ʢʣʘʩʩ ʟʘʜʘʯ, ʜʣʷ ʢʦʪʦʨʳʭ ʧʨʠʤʝʥʠʤ ʤʝʪʦʜ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʥʘ 



10 

ʦʩʥʦʚʝ ʛʨʘʬʘ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ. ʂʘʢ ʩʣʝʜʩʪʚʠʝ, ʜʘʥʥʳʡ ʤʝʪʦʜ 

ʘʥʘʣʠʟʘ ʩʦʩʪʦʷʥʠʡ ʛʦʥʦʢ ʤʦʞʥʦ ʙʦʣʝʝ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʚʝʨʠʬʠʢʘʮʠʠ 

ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʇʆ. 

 

ʇʫʙʣʠʢʘʮʠʠ ʠ ʘʧʨʦʙʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ 

 

ʇʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ ʦʧʫʙʣʠʢʦʚʘʥʦ 9 ʧʝʯʘʪʥʳʭ ʨʘʙʦʪ, ʚ ʪʦʤ ʯʠʩʣʝ 3 ʚ 

ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʠʟʜʘʥʠʷʭ, ʨʝʢʦʤʝʥʜʦʚʘʥʥʳʭ ɺɸʂ ʈʌ ʜʣʷ ʦʧʫʙʣʠʢʦʚʘʥʠʷ 

ʦʩʥʦʚʥʳʭ ʥʘʫʯʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʜʠʩʩʝʨʪʘʮʠʡ.  

ʇʫʙʣʠʢʘʮʠʠ ʚ ʚʝʜʫʱʠʭ ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʞʫʨʥʘʣʘʭ, ʚʭʦʜʷʱʠʝ ʚ ʧʝʨʝʯʝʥʴ 
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ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʩʠʩʪʝʤ, 2013. ï ʊ. 20, ˉ2. ï ʉ. 166-177. 

 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪ ʜʦʢʣʘʜʳʚʘʣʠʩʴ ʘʚʪʦʨʦʤ ʥʘ ʥʘʫʯʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ ʠ 

ʩʝʤʠʥʘʨʘʭ: 

1. ʊʨʫʜʳ 57-ʡ ʥʘʫʯʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʄʌʊʀ çɸʢʪʫʘʣʴʥʳʝ ʧʨʦʙʣʝʤʳ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠ ʧʨʠʢʣʘʜʥʳʭ ʥʘʫʢ ʚ ʩʦʚʨʝʤʝʥʥʦʤ ʠʥʬʦʨʤʘʮʠʦʥʥʦʤ 

ʦʙʱʝʩʪʚʝè (ʄʦʩʢʚʘ, 2014). 
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2. ʅʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʠ ʠʥʬʦʨʤʘʪʠʢʘè 

ʧʨʠ ʌɻɹʆʋ ɺʇʆ ʄɻʊʋ çʉʊɸʅʂʀʅè (ʄʦʩʢʚʘ, 2014). 

3. The 8th Congress of the International Society for Analysis, its Applications, and 

Computation (ʄʦʩʢʚʘ, 2011). 

4. ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʟʘʦʯʥʦʡ ʥʘʫʯʥʦ-ʧʨʘʢʪʠʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çɸʢʪʫʘʣʴʥʳʝ 

ʧʨʦʙʣʝʤʳ ʥʘʫʢʠè (ʊʘʤʙʦʚ, 2011). 

5. ʊʨʫʜʳ 52-ʡ ʥʘʫʯʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʄʌʊʀ çʉʦʚʨʝʤʝʥʥʳʝ ʧʨʦʙʣʝʤʳ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠ ʧʨʠʢʣʘʜʥʳʭ ʥʘʫʢè (ʄʦʩʢʚʘ, 2009). 

6. XXXVI ʤʝʞʜʫʥʘʨʦʜʥʘʷ ʤʦʣʦʜʝʞʥʘʷ ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çɻʘʛʘʨʠʥʩʢʠʝ 

ʯʪʝʥʠʷè (ʄʦʩʢʚʘ, 2009). 

 

ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʜʠʩʩʝʨʪʘʮʠʠ 

 

ɼʠʩʩʝʨʪʘʮʠʦʥʥʘʷ ʨʘʙʦʪʘ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, ʪʨʝʭ ʛʣʘʚ, ʟʘʢʣʶʯʝʥʠʷ, ʦʜʥʦʛʦ 

ʧʨʠʣʦʞʝʥʠʷ ʠ ʩʧʠʩʢʘ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ. ʉʧʠʩʦʢ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ 

ʠʩʪʦʯʥʠʢʦʚ ʚʢʣʶʯʘʝʪ 37 ʥʘʠʤʝʥʦʚʘʥʠʡ. ʆʙʱʠʡ ʦʙʲʝʤ ʨʘʙʦʪʳ ʩʦʩʪʘʚʣʷʝʪ 103 

ʩʪʨʘʥʠʮʳ. ʆʙʲʝʤ ʧʨʠʣʦʞʝʥʠʡ ʩʦʩʪʘʚʣʝ̫ʪ 12 ʩʪʨʘʥʠʮ. 

ɺʦ ʚʚʝʜʝʥʠʠ ʦʙʦʩʥʦʚʘʥʘ ʘʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ, ʩʬʦʨʤʫʣʠʨʦʚʘʥʘ ʮʝʣʴ ʨʘʙʦʪʳ 

ʠ ʦʧʨʝʜʝʣʝʥ ʧʝʨʝʯʝʥʴ ʨʝʰʘʝʤʳʭ ʟʘʜʘʯ, ʫʢʘʟʘʥʘ ʥʦʚʠʟʥʘ ʥʘʫʯʥʳʭ ʠʟʳʩʢʘʥʠʡ, 

ʦʪʤʝʯʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʧʦʜʭʦʜʘ, ʨʘʩʢʨʳʚʘʝʤʦʛʦ ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ, 

ʧʨʘʢʪʠʯʝʩʢʘʷ ʮʝʥʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʨʝʰʝʥʠʡ ʠ ʨʘʟʨʘʙʦʪʦʢ, ʘ ʪʘʢʞʝ ʜʘʥ ʢʨʘʪʢʠʡ 

ʦʙʟʦʨ ʩʦʜʝʨʞʘʥʠʷ ʧʦ ʛʣʘʚʘʤ. 

ɺ ʧʝʨʚʦʡ ʛʣʘʚʝ ʜʘʶʪʩʷ ʥʝʦʙʭʦʜʠʤʳʝ ʦʧʨʝʜʝʣʝʥʠʷ ʠ ʧʦʥʷʪʠʷ, ʢʦʪʦʨʳʤʠ 

ʦʧʝʨʠʨʫʶʪ ʚ ʨʘʙʦʪʝ. ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʧʨʠʚʦʜʠʪʩʷ ʘʥʘʣʠʪʠʯʝʩʢʠʡ ʦʙʟʦʨ 

ʧʨʦʛʨʘʤʤʥʳʭ ʨʘʟʨʘʙʦʪʦʢ ʠ ʣʠʪʝʨʘʪʫʨʳ ʧʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ. ʇʨʦʚʝʜʝʥ ʘʥʘʣʠʟ 

ʦʧʪʠʤʠʟʠʨʫʶʱʠʭ ʢʦʤʧʠʣʷʪʦʨʦʚ ʠ ʪʠʧʦʚ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ, 

ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʠʣ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʧʦʜʭʦʜ ʢ ʨʘʟʨʘʙʦʪʢʝ ʧʨʦʛʨʘʤʤʥʳʭ ʤʦʜʫʣʝʡ 

ʜʣʷ ʠʤʧʣʝʤʝʥʪʘʮʠʠ ʤʝʪʦʜʘ ʘʥʘʣʠʟʘ ʩʦʩʪʦʷʥʠʡ ʛʦʥʦʢ ʥʘ ʦʩʥʦʚʝ ʛʨʘʬʘ 

ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ. 
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ɺ ʧʝʨʚʦʡ ʛʣʘʚʝ ʧʨʠ ʘʥʘʣʠʟʝ ʦʧʪʠʤʠʟʠʨʫʶʱʠʭ ʢʦʤʧʠʣʷʪʦʨʦʚ ʜʝʣʘʝʪʩʷ ʚʳʚʦʜ 

ʦ ʚʦʟʤʦʞʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʠ ʘʜʘʧʪʠʨʦʚʘʪʴ ʥʝʢʦʪʦʨʳʝ ʦʧʪʠʤʠʟʘʮʠʠ 

ʢʦʤʧʠʣʷʪʦʨʘ ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʥʘʠʙʦʣʝʝ ʫʜʦʙʥʦʛʦ ʠ ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʧʨʦʛʨʘʤʤ, ʥʘʧʠʩʘʥʥʳʭ ʥʘ ʷʟʳʢʝ ʚʳʩʦʢʦʛʦ ʫʨʦʚʥʷ, ʯʪʦ ʧʦʟʚʦʣʠʪ 

ʨʝʰʠʪʴ ʟʘʜʘʯʫ ʣʠʥʝʘʨʠʟʘʮʠʠ CFG ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠ ʨʘʩʰʠʨʝʥʠʷ 

ʧʨʠʤʝʥʠʤʦʩʪʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʝʪʦʜʘ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʤʥʦʛʦʧʦʪʦʯʥʳʭ 

ʘʣʛʦʨʠʪʤʦʚ ʥʘ ʧʨʝʜʤʝʪ ʩʦʩʪʦʷʥʠʷ ʛʦʥʢʠ. 

ʇʦʤʠʤʦ ʘʥʘʣʠʟʘ ʦʧʪʠʤʠʟʠʨʫʶʱʠʭ ʢʦʤʧʠʣʷʪʦʨʦʚ ʚ ʧʝʨʚʦʡ ʛʣʘʚʝ 

ʧʨʠʚʦʜʠʪʩʷ ʦʙʟʦʨ ʩʫʱʝʩʪʚʫʶʱʠʭ ʩʨʝʜʩʪʚ ʧʦʠʩʢʘ ʩʦʩʪʦʷʥʠʡ ʛʦʥʦʢ ʚ ʧʨʦʛʨʘʤʤʘʭ. 

ʋʜʝʣʷʝʪʩʷ ʚʥʠʤʘʥʠʝ ʩʣʘʙʳʤ ʠ ʩʠʣʴʥʳʤ ʢʘʯʝʩʪʚʘʤ ʪʝʭ ʠʣʠ ʠʥʳʭ ʧʦʜʭʦʜʦʚ ʠ 

ʪʝʭʥʦʣʦʛʠʡ. ɼʝʣʘʝʪʩʷ ʚʳʚʦʜ ʦ ʪʝʢʫʱʝʤ ʧʦʣʦʞʝʥʠʠ ʩʪʘʪʠʯʝʩʢʠʭ ʘʥʘʣʠʟʘʪʦʨʦʚ, 

ʯʪʦ ʥʘ ʧʨʘʢʪʠʢʝ ʦʥʠ ʜʘʶʪ ʥʝʪʦʯʥʳʡ ʦʪʚʝʪ ʦ ʥʘʣʠʯʠʠ ʪʦʛʦ ʠʣʠ ʠʥʦʛʦ ʩʚʦʡʩʪʚʘ ʚ 

ʧʨʦʛʨʘʤʤʝ. ʆʩʥʦʚʥʦʡ ʧʨʠʥʮʠʧ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ: ʣʠʙʦ ʪʦʯʥʦʩʪʴ, ʣʠʙʦ ʚʨʝʤʷ. 

ɺʳʙʦʨ ʦʧʪʠʤʘʣʴʥʦʛʦ ʩʦʯʝʪʘʥʠʷ ʚʨʝʤʝʥʠ ʨʘʙʦʪʳ ʘʥʘʣʠʟʘʪʦʨʘ ʠ ʪʦʯʥʦʩʪʠ 

ʷʚʣʷʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʦʡ ʟʘʜʘʯʝʡ, ʢʦʪʦʨʘʷ ʨʘʟʨʝʰʘʝʪʩʷ ʚ ʢʘʞʜʦʤ ʩʣʫʯʘʝ ʦʪʜʝʣʴʥʦ. 

ɺ ʧʝʨʚʦʡ ʛʣʘʚʝ ʧʨʠʚʦʜʠʪʩʷ ʦʧʠʩʘʥʠʝ ʠʩʩʣʝʜʫʝʤʦʡ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ 

ʧʦʠʩʢʘ ʩʦʩʪʦʷʥʠʡ ʛʦʥʦʢ ʚ ʤʥʦʛʦʧʦʪʦʯʥʳʭ ʘʣʛʦʨʠʪʤʘʭ, ʘ ʪʘʢʞʝ ʚʚʦʜʷʪʩʷ 

ʥʝʦʙʭʦʜʠʤʳʝ ʦʧʨʝʜʝʣʝʥʠʷ ʠ ʧʦʥʷʪʠʷ, ʩʚʷʟʘʥʥʳʝ ʩ ʠʩʩʣʝʜʫʝʤʦʡ ʤʦʜʝʣʴʶ. 

ɺʦ ʚʪʦʨʦʡ ʛʣʘʚʝ ʦʧʠʩʳʚʘʝʪʩʷ ʨʝʘʣʠʟʘʮʠʷ ʤʦʜʝʣʠ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ 

ʥʘʭʦʞʜʝʥʠʷ ʩʦʩʪʦʷʥʠʷ ʛʦʥʢʠ ʚ ʤʥʦʛʦʧʦʪʦʯʥʳʭ ʘʣʛʦʨʠʪʤʘʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʣʠʥʝʘʨʠʟʦʚʘʥʥʦʛʦ ʛʨʘʬʘ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ. ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʧʨʦʚʦʜʠʪʩʷ ʘʥʘʣʠʟ 

ʦʧʪʠʤʠʟʘʮʠʡ ʢʦʤʧʠʣʷʪʦʨʘ LLVM. LLVM ʩʦʜʝʨʞʠʪ ʙʦʣʝʝ 100 ʫʥʠʢʘʣʴʥʳʭ 

ʦʧʪʠʤʠʟʘʮʠʡ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʚʣʠʷʥʠʷ ʥʘ CFG. 

ʊʘʢʞʝ ʚ ʛʣʘʚʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʧʦʜʭʦʜ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʳʷʚʣʝʥʥʳʭ ʦʧʪʠʤʠʟʘʮʠʡ 

LLVM  ʥʘ ʧʨʘʢʪʠʢʝ ʩ ʮʝʣʴʶ ʣʠʥʝʘʨʠʟʘʮʠʠ ʛʨʘʬʘ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ. 

ɺʦ ʚʪʦʨʦʡ ʛʣʘʚʝ ʧʨʦʚʦʜʠʪʩʷ ʘʥʘʣʠʟ ʠʥʩʪʨʫʢʮʠʡ LLVM IR, ʥʝ ʚʣʠʷʶʱʠʭ ʥʘ 

ʤʘʪʝʤʘʪʠʯʝʩʢʫʶ ʤʦʜʝʣʴ ʧʦʠʩʢʘ ʩʦʩʪʦʷʥʠʡ ʛʦʥʦʢ, ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ 

ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ ʠʭ ʢʦʨʨʝʢʪʥʦʛʦ ʫʜʘʣʝʥʠʷ ʠʟ ʘʥʘʣʠʟʠʨʫʝʤʦʛʦ ʢʦʥʪʝʢʩʪʘ 

ʧʨʦʛʨʘʤʤʳ, ʯʪʦ ʧʨʠʚʦʜʠʪʩʷ ʚ ʫʪʚʝʨʞʜʝʥʠʷʭ ʠ ʪʝʦʨʝʤʘʭ 1-3. ʂʘʢ ʩʣʝʜʩʪʚʠʝ, ʚ 



13 

ʜʘʥʥʦʡ ʛʣʘʚʝ ʧʨʠʚʦʜʠʪʩʷ ʦʧʠʩʘʥʠʝ ʤʝʪʦʜʘ ʧʦʣʫʯʝʥʠʷ ʩʦʢʨʘʱʝʥʥʦʛʦ 

ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʧʨʦʛʨʘʤʤʳ, ʫʜʘʣʷʷ ʥʝʥʫʞʥʳʝ ʠʥʩʪʨʫʢʮʠʠ ʠʟ 

ʢʦʥʪʝʢʩʪʘ.  

ɺ ʧʦʩʣʝʜʫʶʱʝʤ ʚ ʜʘʥʥʦʡ ʛʣʘʚʝ ʥʘ ʦʩʥʦʚʝ ʜʦʢʘʟʘʥʥʳʭ ʪʝʦʨʝʤ ʠ ʫʪʚʝʨʞʜʝʥʠʡ 

ʧʨʠʚʦʜʠʪʩʷ ʦʧʠʩʘʥʠʝ ʘʣʛʦʨʠʪʤʘ ʫʜʘʣʝʥʠʷ ʧʫʩʪʳʭ CFG-ʫʟʣʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ 

ʩʦʢʨʘʱʝʥʥʦʤ ʧʨʦʤʝʞʫʪʦʯʥʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ. ʆʧʠʩʘʥʥʳʡ ʘʣʛʦʨʠʪʤ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʦʙʱʝʡ ʤʦʜʝʣʠ ʧʦʣʫʯʝʥʠʷ ʢʦʥʪʝʢʩʪʥʦ-ʟʘʚʠʩʠʤʦʛʦ 

ʣʠʥʝʘʨʠʟʦʚʘʥʥʦʛʦ ʛʨʘʬʘ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ. ʅʘ ʦʩʥʦʚʝ ʧʨʠʚʝʜʝʥʥʦʡ ʤʦʜʝʣʠ 

ʧʨʠʚʦʜʠʪʩʷ ʦʧʠʩʘʥʠʝ ʦʨʛʘʥʠʟʘʮʠʠ ʧʦʠʩʢʘ ʩʦʩʪʦʷʥʠʷ ʛʦʥʦʢ ʥʘ ʦʩʥʦʚʝ 

ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʝʪʦʜʘ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʠ ʣʠʥʝʘʨʠʟʦʚʘʥʥʦʛʦ ʛʨʘʬʘ ʧʦʪʦʢʘ 

ʫʧʨʘʚʣʝʥʠʷ.  

ɺ ʟʘʢʣʶʯʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʚʪʦʨʦʡ ʛʣʘʚʳ ʧʨʠʚʦʜʠʪʩʷ ʦʧʠʩʘʥʠʝ ʧʨʦʛʨʘʤʤʥʦʛʦ 

ʢʦʤʧʣʝʢʩʘ, ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʚ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ, ʜʣʷ ʦʨʛʘʥʠʟʘʮʠʠ ʩ ʚʳʩʦʢʦʡ 

ʩʪʝʧʝʥʴʶ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʩʠʩʪʝʤʫ ʧʦʠʩʢʘ ʥʝʨʘʟʨʝʰʠʤʳʭ ʩʦʩʪʦʷʥʠʡ ʛʦʥʦʢ. 

ʇʨʠʚʦʜʠʪʩʷ ʦʧʠʩʘʥʠʝ ʘʨʭʠʪʝʢʪʫʨʳ ʩʠʩʪʝʤʳ ʧʦʠʩʢʘ ʠ ʦʧʠʩʘʥʠʝ ʩʦʩʪʘʚʥʳʭ ʯʘʩʪʝʡ 

ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ. 

ɺ ʪʨʝʪʴʝʡ ʛʣʘʚʝ ʦʧʠʩʳʚʘʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʷ ʨʝʘʣʠʟʦʚʘʥʥʦʛʦ 

ʢʦʤʧʣʝʢʩʘ ʧʨʦʛʨʘʤʤ ʥʘ ʨʘʟʣʠʯʥʳʭ ʘʣʛʦʨʠʪʤʘʭ. ʇʦʢʘʟʳʚʘʝʪʩʷ, ʯʪʦ ʥʘ ʤʦʜʝʣʴʥʳʭ 

ʟʘʜʘʯʘʭ ʧʦʣʫʯʘʶʪʩʷ ʚʝʨʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʜʝʤʦʥʩʪʨʠʨʫʝʪʩʷ ʢʦʨʨʝʢʪʥʦʩʪʴ 

ʧʦʜʭʦʜʘ, ʠʩʧʦʣʴʟʫʷ ʧʨʦʤʝʞʫʪʦʯʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʧʨʦʛʨʘʤʤʳ ʠ ʝʛʦ ʜʘʣʴʥʝʡʰʝʝ 

ʫʧʨʦʱʝʥʠʝ. 

ɺ ʪʨʝʪʴʝʡ ʛʣʘʚʝ ʧʨʠʚʦʜʪ̫ʩʷ ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʜ, ʧʦʜʨʦʙʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʧʨʦʮʝʩʩʘ ʧʦʣʫʯʝʥʠʷ Reduced CFG, ʘ ʪʘʢʞʝ ʨʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ Reduced CFG ʚ 

Wolfram Mathematica. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʧʨʠʤʝʥʝʥʠʷ ʧʨʦʪʦʪʠʧʘ ʢʦʤʧʣʝʢʩʘ 

ʧʨʦʛʨʘʤʤ ʜʝʣʘʝʪʩʷ ʟʘʢʣʶʯʝʥʠʝ, ʯʪʦ ʧʦʜʭʦʜ ʨʘʙʦʪʘʝʪ ʢʦʨʨʝʢʪʥʦ ʥʘ ʤʦʜʝʣʴʥʳʭ 

ʟʘʜʘʯʘʭ ʠ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʚ ʜʨʫʛʠʭ ʨʝʘʣʴʥʳʭ ʟʘʜʘʯʘʭ ʩ ʜʚʫʤʷ ʧʦʪʦʢʘʤʠ, 

ʢʦʤʧʠʣʠʨʫʝʤʳʭ ʦʧʪʠʤʠʟʠʨʫʶʱʠʤ ʢʦʤʧʠʣʷʪʦʨʦʤ CLANG&LLVM. 

ɺ ʧʨʠʣʦʞʝʥʠʠ ʧʦʜʨʦʙʥʦ ʠʣʣʶʩʪʨʠʨʫʝʪʩʷ ʨʘʙʦʪʘ ʧʨʝʜʣʦʞʝʥʥʦʡ ʤʦʜʝʣʠ 

ʦʨʛʘʥʠʟʘʮʠʠ ʧʦʠʩʢʘ ʩʦʩʪʦʷʥʠʷ ʛʦʥʦʢ. ʇʨʠʚʦʜʷʪʩʷ ʧʨʦʤʝʞʫʪʦʯʥʳʝ 
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ʘʥʘʣʠʟʠʨʫʝʤʳʝ ʛʨʘʬʳ, ʧʦʣʫʯʝʥʥʳʝ ʘʥʘʣʠʟʘʪʦʨʦʤ ʥʘ Wolfram Mathematica, ʪʘʢʠʝ 

ʢʘʢ ʢʣʘʩʩʳ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʥʘ ʛʨʘʬʝ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ, ʘʥʘʣʠʟ 

ʧʫʪʝʡ ʥʘ ʨʘʩʯʝʪʥʦʤ ʛʨʘʬʝ. ʇʨʠʚʝʜʝʥʥʳʝ ʜʘʥʥʳʝ ʚ ʧʨʠʣʦʞʝʥʠʠ ʷʚʣʷʶʪʩʷ 

ʜʦʧʦʣʥʝʥʠʝʤ ʢ ʪʨʝʪʴʝʡ ʛʣʘʚʝ, ʛʜʝ ʧʨʠʚʦʜʷʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠʝ ʨʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ 

ʨʘʟʣʠʯʥʳʭ ʤʥʦʛʦʧʦʪʦʯʥʳʭ ʘʣʛʦʨʠʪʤʦʚ 

ɺ ʟʘʢʣʶʯʝʥʠʠ ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʦʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ 

ʨʘʙʦʪʳ. ʈʝʟʫʣʴʪʘʪʳ ʠ ʧʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ, ʩʦʚʧʘʜʘʶʪ. 
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ɻʣʘʚʘ 1. ʆʙʱʠʝ ʧʦʥʷʪʠʷ ʠ ʩʫʱʝʩʪʚʫʶʱʠʝ ʤʝʪʦʜ rʘʥʘʣʠʟʘ 

ʤʥʦʛʦʧʦʪʦʯʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʜʣʷ ʦʙʥʘʨʫʞʝʥʠʷ ʩʦʩʪʦʷʥʠʡ ʛʦʥʦʢ 

 

1.1. ʇʦʥʷʪʠʝ ʦʙ ʦʧʪʠʤʠʟʘʮʠʠ ʠ ʧʨʦʤʝʞʫʪʦʯʥʦʤ ʢʦʜʝ 

 

ɺʚʝʜʝʤ ʧʦʥʷʪʠʝ ʦʧʪʠʤʠʟʘʮʠʠ, ʢʦʪʦʨʦʝ ʙʫʜʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʚ ʜʘʣʴʥʝʡʰʝʤ. 

ʆʧʪʠʤʠʟʘʮʠʷ ï ʵʪʦ ʵʢʚʠʚʘʣʝʥʪʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʥʘʜ ʧʨʦʤʝʞʫʪʦʯʥʳʤ 

ʧʨʝʜʩʪʘʚʣʝʥʠʝʤ ʢʦʤʧʠʣʷʪʦʨʘ.  

ʇʨʦʤʝʞʫʪʦʯʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ï ʩʪʨʫʢʪʫʨʘ ʜʘʥʥʳʭ, ʬʠʢʩʠʨʫʶʱʘʷ 

ʩʦʩʪʦʷʥʠʝ(ʷ) ʧʨʦʛʨʘʤʤʳ ʚ ʧʨʦʮʝʩʩʝ ʢʦʤʧʠʣʷʮʠʠ ʦʪ ʠʩʭʦʜʥʦʡ ʟʘʧʠʩʠ ʥʘ ʚʭʦʜʥʦʤ 

ʷʟʳʢʝ ʜʦ ʚʳʭʦʜʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ï ʮʝʣʝʚʦʛʦ ʠʩʭʦʜʥʦʛʦ ʢʦʜʘ ʧʨʦʛʨʘʤʤʳ, 

ʠʩʧʦʣʥʷʝʤʦʡ ʥʘ ʟʘʜʘʥʥʦʡ ʧʣʘʪʬʦʨʤʝ. ʆʩʥʦʚʥʳʝ ʬʫʥʢʮʠʠ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ 

ʧʨʝʜʩʪʘʚʣʝʥʠʷ:  

¶ ʦʪʦʙʨʘʞʝʥʠʝ ʠ ʩʦʭʨʘʥʝʥʠʝ ʠʥʚʘʨʠʘʥʪʥʦʡ ʩʝʤʘʥʪʠʢʠ ʠʩʭʦʜʥʦʡ ʧʨʦʛʨʘʤʤʳ;  

¶ ʙʘʟʠʩ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʘʥʘʣʠʟʘ ʠ ʦʧʪʠʤʠʟʠʨʫʶʱʠʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ 

ʧʨʦʛʨʘʤʤʳ;  

¶ ʠʥʪʝʨʬʝʡʩ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʦ ʚʩʝʤʠ ʬʘʟʘʤʠ ʢʦʤʧʠʣʷʮʠʠ, ʧʦʟʚʦʣʷʶʱʠʡ 

ʬʠʢʩʠʨʦʚʘʪʴ ʠ ʧʝʨʝʜʘʚʘʪʴ ʠʟʤʝʥʝʥʠʷ ʧʨʦʛʨʘʤʤʳ.  

ɺ ʧʨʦʮʝʩʩʝ ʪʨʘʥʩʣʷʮʠʠ ʢʦʤʧʠʣʷʪʦʨ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʪ ʧʨʦʤʝʞʫʪʦʯʥʦʝ 

ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʠʩʭʦʜʥʦʡ ʧʨʦʛʨʘʤʤʳ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʝ, ʧʨʝʞʜʝ ʚʩʝʛʦ, ʜʣʷ 

ʫʜʦʙʩʪʚʘ ʛʝʥʝʨʘʮʠʠ ʢʦʜʘ ʠ/ʠʣʠ ʧʨʦʚʝʜʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʦʧʪʠʤʠʟʘʮʠʡ. ʉʘʤʘ ʬʦʨʤʘ 

ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʟʘʚʠʩʠʪ ʦʪ ʮʝʣʝʡ ʝʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ. ʅʘʠʙʦʣʝʝ 

ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʤʳʤʠ ʬʦʨʤʘʤʠ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʷʚʣʷʶʪʩʷ 

ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʡ ʛʨʘʬ (ʚ ʯʘʩʪʥʦʩʪʠ, ʘʙʩʪʨʘʢʪʥʦʝ ʩʠʥʪʘʢʩʠʯʝʩʢʦʝ ʜʝʨʝʚʦ, ʚ ʪʦʤ 

ʯʠʩʣʝ ʘʪʨʠʙʫʪʠʨʦʚʘʥʥʦʝ), ʪʨʝʭʘʜʨʝʩʥʳʡ ʢʦʜ (ʚ ʚʠʜʝ ʪʨʦʝʢ ʠʣʠ ʯʝʪʚʝʨʦʢ), 

ʧʨʝʬʠʢʩʥʘʷ ʠ ʧʦʩʪʬʠʢʩʥʘʷ ʟʘʧʠʩʴ. 

ʃʠʥʝʡʥʳʤ ʫʯʘʩʪʢʦʤ ʚ ʧʨʦʤʝʞʫʪʦʯʥʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʙʫʜʝʤ ʥʘʟʳʚʘʪʴ 

ʩʦʚʦʢʫʧʥʦʩʪʴ ʦʧʝʨʘʮʠʡ ʩ ʚʳʜʝʣʝʥʥʳʤʠ ʚʭʦʜʥʦʡ ʠ ʚʳʭʦʜʥʦʡ ʦʧʝʨʘʮʠʷʤʠ, 
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ʧʝʨʝʜʘʯʘ ʫʧʨʘʚʣʝʥʠʷ ʚ ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʪʦʣʴʢʦ ʯʝʨʝʟ ʚʭʦʜʥʫʶ 

ʦʧʝʨʘʮʠʶ. 

ɻʨʘʬ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ [16, 25] ï ʘʥʘʣʠʪʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ, ʢʦʪʦʨʫʶ 

ʣʦʛʠʯʝʩʢʠ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ, ʢʘʢ ʫʧʨʘʚʣʷʶʱʫʶ ʥʘʜʩʪʨʦʡʢʫ ʥʘʜ 

ʧʨʦʤʝʞʫʪʦʯʥʳʤ ʧʨʝʜʩʪʘʚʣʝʥʠʝʤ. ɺ ʨʝʘʣʠʟʘʮʠʠ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʡ 

ʩʭʝʤʦʡ ʷʚʣʷʝʪʩʷ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʫʧʨʘʚʣʷʶʱʝʛʦ ʛʨʘʬʘ ʢʘʢ ʦʪʜʝʣʴʥʦʛʦ ʦʙʲʝʢʪʘ, 

ʠʤʝʶʱʝʛʦ ʚʟʘʠʤʥʦ ʦʜʥʦʟʥʘʯʥʦʝ ʩʦʦʪʚʝʪʩʪʚʠʝ ʩ ʦʧʝʨʘʮʠʦʥʥʦʡ ʩʝʤʘʥʪʠʢʦʡ 

ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ, ʚ ʢʦʪʦʨʦʡ ʚʳʨʘʞʝʥʘ ʚʩʷ ʧʦʣʥʦʪʘ ʩʝʤʘʥʪʠʢʠ 

ʧʝʨʝʜʘʯʠ ʫʧʨʘʚʣʝʥʠʷ. ʇʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʘʧʨʘʚʣʝʥʥʳʡ ʩʚʷʟʥʳʡ ʛʨʘʬ, ʢʘʞʜʳʡ 

ʫʟʝʣ (ʚʝʨʰʠʥʘ) ʢʦʪʦʨʦʛʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʣʠʥʝʡʥʦʤʫ ʫʯʘʩʪʢʫ, ʘ ʜʫʛʘʤ ï 

ʫʧʨʘʚʣʷʶʱʠʝ ʩʚʷʟʠ ʤʝʞʜʫ ʥʠʤʠ, ʦʪʦʙʨʘʞʘʶʱʠʝ ʧʝʨʝʜʘʯʫ ʫʧʨʘʚʣʝʥʠʷ. ɺ ʛʨʘʬʝ 

ʝʩʪʴ ʜʚʘ ʚʳʜʝʣʝʥʥʳʭ ʫʟʣʘ: ʫʟʝʣ START, ʥʝ ʠʤʝʶʱʠʡ ʚʭʦʜʥʳʭ ʜʫʛ, ʠ ʫʟʝʣ STOP, 

ʥʝ ʠʤʝʶʱʠʡ ʚʳʭʦʜʥʳʭ ʜʫʛ. ɼʣʷ ʧʨʦʩʪʦʪʳ ʦʙʦʟʥʘʯʝʥʠʷ ʛʨʘʬ ʫʧʨʘʚʣʝʥʠʷ 

ʥʘʟʳʚʘʶʪ CFG (Control Flow Graph), ʘ ʫʟʣʳ ʠ ʜʫʛʠ ʛʨʘʬʘ ʫʧʨʘʚʣʝʥʠʷ ï CFG-ʫʟʣʳ 

ʠ CFG-ʜʫʛʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɼʘʣʝʝ ʚ ʪʝʢʩʪʝ ʙʫʜʫʪ ʩʠʥʦʥʠʤʠʯʥʦ ʫʧʦʪʨʝʙʣʷʪʴʩʷ 

ʦʙʘ ʦʙʦʟʥʘʯʝʥʠʷ ʛʨʘʬʘ ʫʧʨʘʚʣʝʥʠʷ ʠ ʝʛʦ ʩʦʩʪʘʚʣʷʶʱʠʭ. 

ʂʘʢ ʧʨʘʚʠʣʦ, ʜʣʷ ʣʶʙʦʡ ʦʧʪʠʤʠʟʘʮʠʠ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʦʙʲʝʢʪ ʧʨʠʤʝʥʝʥʠʷ. 

ʆʙʲʝʢʪ ʧʨʠʤʝʥʝʥʠʷ ï ʵʪʦ ʥʝʢʦʪʦʨʦʝ ʧʦʜʤʥʦʞʝʩʪʚʦ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ 

ʧʨʝʜʩʪʘʚʣʝʥʠʷ, ʩ ʢʦʪʦʨʳʤ ʨʘʙʦʪʘʝʪ ʦʧʪʠʤʠʟʘʮʠʷ. ʅʘʧʨʠʤʝʨ, ʦʧʝʨʘʮʠʷ, ʧʘʨʘ 

ʦʧʝʨʘʮʠʡ, ʫʟʝʣ ʫʧʨʘʚʣʷʶʱʝʛʦ ʛʨʘʬʘ, ʮʠʢʣ, ʧʨʦʮʝʜʫʨʘ. ʆʧʪʠʤʠʟʘʮʠʠ ʥʘ ʫʨʦʚʥʝ 

ʦʧʝʨʘʮʠʡ ʧʨʠʥʷʪʦ ʥʘʟʳʚʘʪʴ ʥʠʟʢʦʫʨʦʚʥʝʚʳʤʠ ʦʧʪʠʤʠʟʘʮʠʷʤʠ, ʦʧʪʠʤʠʟʘʮʠʠ, 

ʨʘʙʦʪʘʶʱʠʝ ʥʘ ʫʨʦʚʥʝ ʫʟʣʦʚ ʫʧʨʘʚʣʷʶʱʝʛʦ ʛʨʘʬʘ ï ʤʘʢʨʦʦʧʪʠʤʠʟʘʮʠʷʤʠ. 

ʎʝʣʠ ʦʧʪʠʤʠʟʘʮʠʠ ʤʦʞʥʦ ʧʦʜʨʘʟʜʝʣʠʪʴ ʥʘ ʜʚʝ ʢʘʪʝʛʦʨʠʠ. ʇʝʨʚʘʷ ʮʝʣʴ 

ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦʙʳ ʠʟʙʘʚʠʪʴʩʷ ʦʪ ʣʠʰʥʠʭ ʚʳʯʠʩʣʝʥʠʡ, ʚʪʦʨʘʷ ï ʥʘʠʙʦʣʝʝ 

ʦʧʪʠʤʘʣʴʥʦ ʘʜʘʧʪʠʨʦʚʘʪʴ ʧʨʦʛʨʘʤʤʫ ʢ ʠʤʝʶʱʠʤʩʷ ʘʨʭʠʪʝʢʪʫʨʥʳʤ 

ʦʩʦʙʝʥʥʦʩʪʷʤ ʠ ʘʧʧʘʨʘʪʥʳʤ ʨʝʩʫʨʩʘʤ. ʇʨʠ ʵʪʦʤ ʦʙʝ ʮʝʣʠ ʥʝ ʷʚʣʷʶʪʩʷ 

ʧʦʣʥʦʩʪʴʶ ʥʝʟʘʚʠʩʠʤʳʤʠ. ʀʥʦʛʜʘ ʘʜʘʧʪʘʮʠʷ ʢ ʘʧʧʘʨʘʪʥʳʤ ʦʩʦʙʝʥʥʦʩʪʷʤ 

ʪʨʝʙʫʝʪ ʫʚʝʣʠʯʠʪʴ ʯʠʩʣʦ ʚʳʧʦʣʥʷʝʤʳʭ ʢʦʤʘʥʜ, ʯʪʦʙʳ ʩʦʢʨʘʪʠʪʴ ʦʙʱʝʝ ʚʨʝʤʷ ʠʭ 
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ʚʳʧʦʣʥʝʥʠʷ, ʥʦ ʵʪʦ ʚʦʟʤʦʞʥʦ ʪʦʣʴʢʦ ʧʨʠ ʥʘʣʠʯʠʠ ʧʘʨʘʣʣʝʣʴʥʳʭ ʘʧʧʘʨʘʪʥʳʭ 

ʨʝʩʫʨʩʦʚ. 

ʇʨʦʛʨʘʤʤʘ, ʧʦʩʪʫʧʘʶʱʘʷ ʥʘ ʚʭʦʜ ʦʧʪʠʤʠʟʠʨʫʶʱʝʛʦ ʢʦʤʧʠʣʷʪʦʨʘ, 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʨʝʦʙʨʘʟʫʝʪʩʷ ʚ ʚʠʜ, ʫʜʦʙʥʳʡ ʜʣʷ ʘʥʘʣʠʟʘ ʠ ʦʧʪʠʤʠʟʘʮʠʡ. ɼʘʣʝʝ 

ʜʣʷ ʥʝʝ ʩʪʨʦʷʪʩʷ ʩʧʝʮʠʘʣʴʥʳʝ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʝ ʩʪʨʫʢʪʫʨʳ ʜʘʥʥʳʭ, 

ʦʙʣʝʛʯʘʶʱʠʝ ʦʙʘ ʧʨʦʮʝʩʩʘ. ʇʨʠ ʘʥʘʣʠʟʝ ʢʦʤʧʠʣʷʪʦʨ ʜʦʣʞʝʥ ʥʘʡʪʠ ʠ ʫʩʪʨʘʥʠʪʴ 

ʣʦʞʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ, ʜʣʷ ʯʝʛʦ ʟʘʯʘʩʪʫʶ ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʝʭʥʠʢʘ ʧʝʨʝʠʤʝʥʦʚʘʥʠʷ 

ʨʝʛʠʩʪʨʦʚ, ʘ ʧʨʠ ʦʧʪʠʤʠʟʘʮʠʠ ʜʦʣʞʝʥ ʠʟʙʘʚʠʪʴʩʷ ʦʪ ʣʠʰʥʠʭ ʚʳʯʠʩʣʝʥʠʡ, ʥʘʡʪʠ 

ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʚʳʧʦʣʥʷʝʤʳʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʢʦʤʘʥʜ, ʦʧʠʨʘʷʩʴ ʥʘ 

ʧʨʦʬʠʣʴʥʫʶ ʠʥʬʦʨʤʘʮʠʶ, ʠ ʧʦʩʪʨʦʠʪʴ ʜʣʷ ʥʠʭ ʦʧʪʠʤʘʣʴʥʳʡ ʢʦʜ, ʚʢʣʶʯʘʷ 

ʧʣʘʥʠʨʦʚʘʥʠʝ ʜʣʷ ʘʨʭʠʪʝʢʪʫʨ ʩ ʧʘʨʘʣʣʝʣʴʥʳʤʠ ʠʩʧʦʣʥʷʶʱʠʤʠ ʫʩʪʨʦʡʩʪʚʘʤʠ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʫʜʝʪ ʫʜʝʣʝʥʦ ʙʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ ʠʤʝʥʥʦ ʢ CFG ʠ 

ʩʚʷʟʘʥʥʳʤ ʩ ʝʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝʤ ʦʧʪʠʤʠʟʘʮʠʷʤ, ʭʦʪʷ ʧʦʜʦʙʥʳʝ ʘʥʘʣʠʪʠʯʝʩʢʠʝ 

ʩʪʨʫʢʪʫʨʳ, ʢʘʢ CFG, ʜʘʣʝʢʦ ʥʝ ʝʜʠʥʩʪʚʝʥʥʳ ʚ ʦʧʪʠʤʠʟʠʨʫʶʱʠʭ ʢʦʤʧʠʣʷʪʦʨʘʭ. 

ʇʨʠ ʵʪʦʤ ʧʨʦʤʝʞʫʪʦʯʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʠʩʭʦʜʥʦʡ ʧʨʦʛʨʘʤʤʳ ʤʦʞʥʦ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʧʨʦʛʨʘʤʤʫ ʜʣʷ ʘʙʩʪʨʘʢʪʥʦʡ ʤʘʰʠʥʳ, ʧʦʩʢʦʣʴʢʫ ʦʥʦ ʦʩʥʦʚʘʥʦ 

ʥʘ ʘʩʩʝʤʙʣʝʨʝ ʮʝʣʝʚʦʡ ʘʨʭʠʪʝʢʪʫʨʳ, ʥʦ ʧʨʠ ʵʪʦʤ ʥʝ ʷʚʣʷʝʪʩʷ ʧʨʦʛʨʘʤʤʦʡ ʥʘ 

ʷʟʳʢʝ ʘʩʩʝʤʙʣʝʨʘ [6]. ɼʘʥʥʘʷ ʦʩʦʙʝʥʥʦʩʪʴ ʧʦʟʚʦʣʷʝʪ ʥʘʠʙʦʣʝʝ ʪʦʯʥʦ ʠ 

ʦʧʪʠʤʘʣʴʥʦ ʧʦ ʩʣʦʞʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʨʦʤʝʞʫʪʦʯʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʚ ʤʝʪʦʜʝ 

ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʩʦʩʪʦʷʥʠʡ ʛʦʥʦʢ ʚ ʤʥʦʛʦʧʦʪʦʯʥʳʭ ʘʣʛʦʨʠʪʤʘʭ, ʦʧʠʩʘʥʥʦʤ 

ʚ ʨʘʙʦʪʘʭ [13-14]. 

 

1.2. ʆʧʪʠʤʠʟʠʨʫʶʱʠʝ ʢʦʤʧʠʣʷʪʦʨʳ 

 

ʆʧʪʠʤʠʟʠʨʫʶʱʠʝ ʢʦʤʧʠʣʷʪʦʨʳ ʟʘʥʠʤʘʶʪ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʩʦʚʨʝʤʝʥʥʦʡ 

ʧʨʦʤʳʰʣʝʥʥʦʡ ʨʘʟʨʘʙʦʪʢʝ, ʧʦʟʚʦʣʷʷ ʤʘʢʩʠʤʘʣʴʥʦ ʵʬʬʝʢʪʠʚʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʘʧʧʘʨʘʪʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʣʘʪʬʦʨʤ ʠ ʘʨʭʠʪʝʢʪʫʨ, ʥʘ ʢʦʪʦʨʳʭ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ 

ʠʩʧʦʣʥʝʥʠʝ ʧʨʦʛʨʘʤʤ. ʈʘʟʨʘʙʦʪʢʦʡ ʩʦʙʩʪʚʝʥʥʳʭ ʦʧʪʠʤʠʟʠʨʫʶʱʠʭ 

ʢʦʤʧʠʣʷʪʦʨʦʚ ʟʘʥʠʤʘʶʪʩʷ ʚʩʝ ʚʝʜʫʱʠʝ IT-ʢʦʨʧʦʨʘʮʠʠ ʠ ʢʦʤʧʘʥʠʠ, ʢʦʪʦʨʳʝ 
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ʩʚʷʟʘʥʳ ʥʝ ʪʦʣʴʢʦ ʩ ʠʥʞʝʥʝʨʥʳʤ ʨʘʟʚʠʪʠʝʤ ʧʣʘʪʬʦʨʤ ʠ ʘʨʭʠʪʝʢʪʫʨ, ʥʦ ʠ 

ʧʨʦʛʨʘʤʤʥʦʡ ʨʘʟʨʘʙʦʪʢʦʡ. ʆʩʥʦʚʥʘʷ ʤʦʪʠʚʘʮʠʷ ʢ ʨʘʟʨʘʙʦʪʢʝ ʩʦʙʩʪʚʝʥʥʦʛʦ 

ʦʧʪʠʤʠʟʠʨʫʶʱʝʛʦ ʢʦʤʧʠʣʷʪʦʨʘ ï ʩʦʙʩʪʚʝʥʥʳʤʠ ʩʠʣʘʤʠ ʵʬʬʝʢʪʠʚʥʝʝ ʨʘʟʨʝʰʠʪʴ 

ʧʨʦʙʣʝʤʳ ʛʝʥʝʨʘʮʠʠ ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʛʦ ʠ ʥʘʜʝʞʥʦʛʦ ʮʝʣʝʚʦʛʦ ʢʦʜʘ 

ʦʪʜʝʣʴʥʦ ʚʟʷʪʦʡ ʘʨʭʠʪʝʢʪʫʨʳ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʩʫʱʝʩʪʚʫʝʪ 

ʜʦʩʪʘʪʦʯʥʦʡ ʦʙʰʠʨʥʳʡ ʧʣʘʩʪ ʢʦʤʤʝʨʯʝʩʢʠʭ ʦʧʪʠʤʠʟʠʨʫʶʱʠʭ ʢʦʤʧʠʣʷʪʦʨʦʚ 

ʪʘʢʠʭ ʢʦʤʧʘʥʠʡ, ʢʘʢ Intel, Sun Microsystems, Transmeta, Microsoft, IBM, HP, 

Elbrus [9]. 

ʇʦʤʠʤʦ ʢʦʤʤʝʨʯʝʩʢʠʭ ʦʧʪʠʤʠʟʠʨʫʶʱʠʭ ʢʦʤʧʠʣʷʪʦʨʦʚ ʩʫʱʝʩʪʚʫʶʪ ʪʘʢʞʝ 

ʙʝʩʧʣʘʪʥʳʝ ʢʦʤʧʠʣʷʪʦʨʳ ʩ ʦʪʢʨʳʪʳʤ ʢʦʜʦʤ, ʢʦʪʦʨʳʝ ʨʘʟʚʠʚʘʶʪʩʷ ʛʨʫʧʧʘʤʠ 

ʨʘʟʨʘʙʦʪʯʠʢʦʚ ʧʦʚʩʝʤʝʩʪʥʦ ʚʦ ʚʩʝʤ ʤʠʨʝ. ʅʘʠʙʦʣʝʝ ʧʦʧʫʣʷʨʥʳʝ ʠ 

ʟʘʨʝʢʦʤʝʥʜʦʚʘʚʰʠʝ ʩʝʙʷ ʦʧʪʠʤʠʟʠʨʫʶʱʠʝ ʢʦʤʧʠʣʷʪʦʨʳ ï ʵʪʦ GCC ʠ 

CLANG&LLVM . 

 

 

ʈʠʩ. 1. ʉʪʨʫʢʪʫʨʘ ʦʧʪʠʤʠʟʠʨʫʶʱʝʛʦ ʢʦʤʧʠʣʷʪʦʨʘ. 

 

ʅʝʩʤʦʪʨʷ ʥʘ ʙʦʛʘʪʦʝ ʨʘʟʥʦʦʙʨʘʟʠʝ ʦʧʪʠʤʠʟʠʨʫʶʱʠʭ ʢʦʤʧʠʣʷʪʦʨʦʚ, ʠʭ 

ʩʪʨʫʢʪʫʨʘ ʩʦʩʪʦʠʪ ʠʟ ʪʨʝʭ ʘʙʩʪʨʘʢʪʥʳʭ ʤʦʜʫʣʝʡ (ʩʤ. ʨʠʩ.1): çfrontendè ï 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʧʨʦʛʨʘʤʤʳ, ʥʘʧʠʩʘʥʥʦʡ ʥʘ ʷʟʳʢʝ ʚʳʩʦʢʦʛʦ ʫʨʦʚʥʷ (ʗɺʋ), ʚ 

ʧʨʦʤʝʞʫʪʦʯʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ (IR ï intermediate representation); 

çʦʧʪʠʤʠʟʠʨʫʶʱʠʡ ʤʦʜʫʣʴè ï ʧʨʦʮʝʩʩ ʘʥʘʣʠʟʘ ʠ ʦʧʪʠʤʠʟʘʮʠʠ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ 

ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʧʨʦʛʨʘʤʤʳ; çbackendè ï ʛʝʥʝʨʠʨʦʚʘʥʠʝ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʦʛʦ 

ʤʘʰʠʥʥʦʛʦ ʢʦʜʘ. 

ʇʦʤʠʤʦ ʦʙʱʝʡ ʩʪʨʫʢʪʫʨʳ ʦʧʪʠʤʠʟʠʨʫʶʱʠʭ ʢʦʤʧʠʣʷʪʦʨʦʚ ʚʩʝʛʜʘ ʤʦʞʥʦ 

ʚʳʷʚʠʪʴ ʙʘʟʦʚʳʝ ʦʧʪʠʤʠʟʘʮʠʠ, ʢʦʪʦʨʳʝ ʠʤʧʣʝʤʝʥʪʠʨʦʚʘʥʳ ʚʦ ʚʩʝʭ 

ʢʦʤʧʠʣʷʪʦʨʘʭ, ʦʩʦʙʝʥʥʦ ʩʚʷʟʘʥʥʳʝ ʩ ʘʥʘʣʠʟʦʤ ʠ ʠʟʤʝʥʝʥʠʝʤ CFG, ʪʘʢʠʝ ʢʘʢ 

ʇʨʦʛʨʘʤʤʘ 

ʥʘ ʗɺʋ 

Frontend ʆʧʪʠʤʠʟʠʨʫʶʱʠʡ 

ʤʦʜʫʣʴ 
Backend ʄʘʰʠʥʥʳʡ 

ʢʦʜ 

ʆʧʪʠʤʠʟʠʨʫʶʱʠʡ ʢʦʤʧʠʣʷʪʦʨ 

IR IR 
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ʦʧʪʠʤʠʟʘʮʠʷ ʧʝʨʝʭʦʜʦʚ, ʦʧʪʠʤʠʟʘʮʠʠ ʚʳʟʦʚʦʚ ʦʧʪʠʤʠʟʘʮʠʷ ʮʠʢʣʦʚ ʠ ʮʝʧʦʯʝʢ 

ʧʝʨʝʭʦʜʦʚ ʠ ʪ.ʜ. [16]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʟʘʜʘʯʘ ʣʠʥʝʘʨʠʟʘʮʠʠ CFG ʜʣʷ ʦʨʛʘʥʠʟʘʮʠʠ 

ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʛʦ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʘʣʛʦʨʠʪʤʦʚ ʚ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ 

ʠʤʝʝʪ ʧʝʨʝʩʝʯʝʥʠʷ ʩ ʟʘʜʘʯʘʤʠ ʦʧʪʠʤʠʟʠʨʫʶʱʠʭ ʢʦʤʧʠʣʷʪʦʨʦʚ ï ʧʦʣʫʯʝʥʠʷ 

ʵʬʬʝʢʪʠʚʥʦʛʦ ʢʦʜʘ ʮʝʣʝʚʦʡ ʘʨʭʠʪʝʢʪʫʨʳ. ʇʨʠ ʵʪʦʤ ʧʦʜ ʣʠʥʝʘʨʠʟʘʮʠʝʡ CFG 

ʙʫʜʝʤ ʧʦʥʠʤʘʪʴ ʧʨʦʮʝʩʩ ʫʤʝʥʴʰʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʫʩʣʦʚʥʳʭ ʧʝʨʝʭʦʜʦʚ ʚ ʛʨʘʬʝ 

ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ, ʢʦʪʦʨʳʝ ʧʨʠʚʦʜʷʪ ʢ ʧʘʨʘʣʣʝʣʴʥʳʤ ʚʝʪʢʘʤ ʠʩʧʦʣʥʝʥʠʷ ʢʦʜʘ 

ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ.  

ʆʩʦʙʝʥʥʦ ʬʘʢʪ ʧʝʨʝʩʝʯʝʥʠʷ ʟʘʜʘʯ ʢʦʤʧʠʣʷʪʦʨʘ ʠ ʣʠʥʝʘʨʠʟʘʮʠʠ CFG 

ʧʨʦʷʚʣʷʝʪʩʷ ʜʣʷ ʦʧʪʠʤʠʟʠʨʫʶʱʠʭ ʢʦʤʧʠʣʷʪʦʨʦʚ ʘʨʭʠʪʝʢʪʫʨʥʳʭ ʧʣʘʪʬʦʨʤ, 

ʠʩʧʦʣʴʟʫʶʱʠʭ ʩʪʘʪʠʯʝʩʢʠʡ ʧʦʜʭʦʜ ʢ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʶ ʥʘ ʫʨʦʚʥʝ ʠʥʩʪʨʫʢʮʠʡ 

ï EPIC-ʘʨʭʠʪʝʢʪʫʨʳ (Explicitly Parallel Instruction Computing), ʘ ʪʘʢʞʝ 

ʘʨʭʠʪʝʢʪʫʨʥʳʭ ʧʣʘʪʬʦʨʤ ʩ ʷʚʥʦʡ ʧʦʜʜʝʨʞʢʦʡ ʧʘʨʘʣʣʝʣʠʟʤʘ ʥʘ ʫʨʦʚʥʝ 

ʦʪʜʝʣʴʥʳʭ ʠʥʩʪʨʫʢʮʠʡ ʩ ʰʠʨʦʢʠʤ ʢʦʤʘʥʜʥʳʤ ʩʣʦʚʦʤ ï VLIW -ʘʨʭʠʪʝʢʪʫʨʳ 

(Very Long Instruction Word). 

EPIC- ʠ VLIW-ʘʨʭʠʪʝʢʪʫʨʳ, ʢʘʢ ʧʨʘʚʠʣʦ, ʠʤʝʶʪ ʜʣʠʥʥʳʡ ʢʦʥʚʝʡʝʨ, ʠʟ-ʟʘ 

ʯʝʛʦ ʦʩʪʨʦ ʩʪʦʠʪ ʧʨʦʙʣʝʤʘ ʫʩʣʦʚʥʳʭ ʧʝʨʝʭʦʜʦʚ, ʪ.ʢ. ʚ ʤʦʤʝʥʪ ʠʩʧʦʣʥʝʥʠʷ 

ʦʧʝʨʘʮʠʡ ʫʩʣʦʚʥʦʛʦ ʧʝʨʝʭʦʜʘ ʧʨʦʮʝʩʩʦʨʫ ʥʝʠʟʚʝʩʪʥʦ ʜʦ ʢʦʥʮʘ, ʢʘʢʘʷ ʠʟ ʚʝʪʦʢ 

ʫʩʣʦʚʥʦʛʦ ʧʝʨʝʭʦʜʘ ʙʫʜʝʪ ʠʩʧʦʣʥʷʪʴʩʷ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʧʝʰʥʦʩʪʠ 

ʧʨʝʜʩʢʘʟʘʥʠʡ ʫʩʣʦʚʥʦʛʦ ʧʝʨʝʭʦʜʘ ʧʨʦʮʝʩʩʦʨ ʣʠʙʦ ʠʩʧʦʣʥʷʝʪ ʨʘʥʝʝ ʧʦʜʢʘʯʝʥʥʳʝ 

ʠʥʩʪʨʫʢʮʠʠ ʠʟ ʢʦʥʚʝʡʝʨʘ, ʣʠʙʦ ʦʩʚʦʙʦʞʜʘʝʪ ʢʦʥʚʝʡʝʨ ʠ ʟʘʛʨʫʞʘʝʪ ʥʫʞʥʳʝ 

ʠʥʩʪʨʫʢʮʠʠ, ʯʪʦ, ʦʯʝʚʠʜʥʦ, ʥʝʛʘʪʠʚʥʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ 

ʠʩʧʦʣʥʝʥʠʷ ʧʨʦʛʨʘʤʤ. ɼʣʷ ʨʝʰʝʥʠʷ ʜʘʥʥʦʡ ʧʨʦʙʣʝʤʳ ʥʝʤʘʣʳʡ ʚʢʣʘʜ ʚʥʦʩʠʪ 

ʦʧʪʠʤʠʟʠʨʫʶʱʠʡ ʢʦʤʧʠʣʷʪʦʨ ʪʦʡ ʠʣʠ ʠʥʦʡ ʧʣʘʪʬʦʨʤʳ, ʢʦʪʦʨʳʡ ʦʩʫʱʝʩʪʚʣʷʝʪ 

ʨʘʟʣʠʯʥʳʝ ʦʧʪʠʤʠʟʘʮʠʠ ʥʘ ʧʨʦʤʝʞʫʪʦʯʥʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʧʨʦʛʨʘʤʤ ʚ ʧʨʦʮʝʩʩʝ 

ʠʭ ʢʦʤʧʠʣʷʮʠʠ. 

ʇʨʦʮʝʩʩ ʦʧʪʠʤʠʟʘʮʠʠ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʢʦʤʧʠʣʷʪʦʨʘ 

ʨʘʟʜʝʣʝʥ ʥʘ ʬʘʟʳ ʦʧʪʠʤʠʟʘʮʠʠ, ʛʜʝ ʢʘʞʜʘʷ ʬʘʟʘ ʨʝʘʣʠʟʫʝʪ ʦʪʜʝʣʴʥʫʶ ʯʘʱʝ 

ʥʝʟʘʚʠʩʠʤʫʶ ʦʧʪʠʤʠʟʘʮʠʶ ʥʘʜ IR [16]. ɺʩʝ ʬʘʟʳ ʦʧʪʠʤʠʟʘʮʠʠ ʬʦʨʤʠʨʫʶʪ 
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ʣʠʥʝʡʢʫ ʦʧʪʠʤʠʟʘʮʠʡ, ʢʦʪʦʨʘʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʝʘʣʠʟʘʮʠʠ ʢʦʤʧʠʣʷʪʦʨʘ ʤʦʞʝʪ 

ʤʝʥʷʪʴʩʷ ʧʦ ʢʦʥʪʝʢʩʪʫ IR ʣʠʙʦ ʧʦ ʪʨʝʙʦʚʘʥʠʶ ʧʦʣʴʟʦʚʘʪʝʣʷ. ʆʩʦʙʝʥʥʦʩʪʴ 

ʨʝʘʣʠʟʘʮʠʠ ʢʦʤʧʠʣʷʪʦʨʦʚ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ IR ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʩʣʝ ʢʘʞʜʦʡ 

ʬʘʟʳ ʦʧʪʠʤʠʟʘʮʠʠ, ʘ ʪʘʢʞʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʘʙʩʪʨʘʢʪʥʳʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʵʪʦʛʦ 

IR, ʪʘʢʠʝ ʢʘʢ CFG. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʝʩʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʪʴ ʠ ʘʜʘʧʪʠʨʦʚʘʪʴ ʥʝʢʦʪʦʨʳʝ 

ʦʧʪʠʤʠʟʘʮʠʠ ʢʦʤʧʠʣʷʪʦʨʘ ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʥʘʠʙʦʣʝʝ ʫʜʦʙʥʦʛʦ ʠ 

ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʧʨʦʛʨʘʤʤ, ʥʘʧʠʩʘʥʥʳʭ ʥʘ ʷʟʳʢʝ ʚʳʩʦʢʦʛʦ ʫʨʦʚʥʷ, 

ʯʪʦ ʧʦʟʚʦʣʠʪ ʨʝʰʠʪʴ ʟʘʜʘʯʫ ʣʠʥʝʘʨʠʟʘʮʠʠ CFG ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʠ ʨʘʩʰʠʨʝʥʠʷ ʧʨʠʤʝʥʠʤʦʩʪʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʝʪʦʜʘ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ 

ʤʥʦʛʦʧʦʪʦʯʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʥʘ ʧʨʝʜʤʝʪ ʩʦʩʪʦʷʥʠʷ ʛʦʥʢʠ. 

 

1.3. ʉʨʝʜʩʪʚʘ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ 

 

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʧʨʦʤʳʰʣʝʥʥʦʡ ʨʘʟʨʘʙʦʪʢʝ 

ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʩʫʱʝʩʪʚʫʶʪ ʢʘʢ ʢʦʤʤʝʨʯʝʩʢʠʝ, ʪʘʢ ʠ ʙʝʩʧʣʘʪʥʳʝ 

ʩʪʘʪʠʯʝʩʢʠʝ ʘʥʘʣʠʟʘʪʦʨʳ. ʌʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʧʦʜʭʦʜʳ ʚ ʨʝʘʣʠʟʘʮʠʠ ʩʪʘʪʠʯʝʩʢʠʭ 

ʘʥʘʣʠʟʘʪʦʨʦʚ ʤʥʦʛʦʧʦʪʦʯʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʤʦʛʫʪ ʙʳʪʴ ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʥʳ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ [13, 14]: 

1. ʀʜʝʥʪʠʬʠʢʘʮʠʷ ʨʝʩʫʨʩʦʚ. 

ɺ ʘʥʘʣʠʟʝ ʪʨʝʙʫʝʪʩʷ ʦʧʨʝʜʝʣʠʪʴ, ʢʘʢʘʷ ʧʘʤʷʪʴ ʨʘʟʜʝʣʷʝʪʩʷ ʤʝʞʜʫ ʧʦʪʦʢʘʤʠ.  

ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʟʘʜʘʯʫ ʨʝʰʠʪʴ ʥʝʣʴʟʷ, ʧʦʪʦʤʫ ʯʪʦ ʘʜʨʝʩʘʮʠʷ ʧʘʤʷʪʠ ʤʦʞʝʪ 

ʧʨʦʠʩʭʦʜʠʪʴ ʥʝʷʚʥʦ. ɺ ʩʣʫʯʘʝ ʩʦʟʜʘʥʠʷ ʪʨʝʜʦʚ ʚ Unix-ʩʠʩʪʝʤʘʭ ʥʝʦʙʭʦʜʠʤʦ 

ʜʦʙʘʚʣʷʪʴ ʚ ʘʥʘʣʠʟ ʚʩʝ ʛʣʦʙʘʣʴʥʳʝ ʧʝʨʝʤʝʥʥʳʝ, ʪ.ʢ. ʘʚʪʦʤʘʪʠʯʝʩʢʠ 

ʥʘʯʠʥʘʶʪ ʨʘʟʜʝʣʷʪʴʩʷ ʧʦʩʣʝ ʩʦʟʜʘʥʠʷ. ʇʦʤʠʤʦ ʧʨʦʯʝʛʦ ʧʝʨʝʤʝʥʥʳʝ ʤʦʛʫʪ 

ʧʝʨʝʜʘʚʘʪʴʩʷ ʚ ʢʘʯʝʩʪʚʝ ʧʘʨʘʤʝʪʨʘ ʚ ʧʦʪʦʢ, ʧʨʠʯʝʤ ʧʦ ʫʢʘʟʘʪʝʣʶ ʠʣʠ ʧʦ 

ʩʩʳʣʢʝ, ʯʪʦ ʩʦʟʜʘʝʪ ʫʛʨʦʟʫ ʧʦʷʚʣʝʥʠʷ ʩʦʩʪʦʷʥʠʡ ʛʦʥʦʢ, ʧʦʵʪʦʤʫ ʪʘʢʠʝ 

ʧʝʨʝʤʝʥʥʳʝ ʜʦʣʞʥʳ ʙʳʪʴ ʪʘʢʞʝ ʜʦʙʘʚʣʝʥʳ ʚ ʘʥʘʣʠʟ. 

2. ʀʜʝʥʪʠʬʠʢʘʮʠʷ ʧʦʪʦʢʦʚ. 
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ɸʥʘʣʠʟ ʪʨʝʙʫʝʪ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʢʦʥʢʫʨʠʨʫʶʱʠʭ ʧʦʪʦʢʦʚ. ʊʘʢʘʷ ʟʘʜʘʯʘ 

ʩʚʦʜʠʪʩʷ ʢ ʦʧʨʝʜʝʣʝʥʠʶ ʤʦʤʝʥʪʘ ʩʦʟʜʘʥʠʷ ʧʦʪʦʢʦʚ ʜʣʷ ʢʘʞʜʦʛʦ ʷʟʳʢʘ 

ʚʳʩʦʢʦʛʦ ʫʨʦʚʥʷ. ʄʝʪʦʜʳ ʩʦʟʜʘʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʢʘʢ ʷʚʥʳʤʠ ï ʩʠʩʪʝʤʥʳʡ 

ʚʳʟʦʚ (fork() ʚ Linux), ʪʘʢ ʠ ʥʝʷʚʥʳʤʠ ï ʩʠʛʥʘʣʳ ʠ ʩʦʦʙʱʝʥʠ,̫ ʧʨʠ ʵʪʦʤ 

ʩʦʟʜʘʥʠʝ ʧʦʪʦʢʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʷʟʳʢʦʤ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ, ʥʘ ʢʦʪʦʨʦʤ 

ʥʘʧʠʩʘʥ ʘʥʘʣʠʟʠʨʫʝʤʳʡ ʢʦʜ ʧʨʦʛʨʘʤʤʳ. ʀʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʩʦʟʜʘʥʠʝ 

ʧʦʪʦʢʦʚ ʤʦʞʥʦ ʥʘ ʩʪʘʜʠʠ ʢʦʤʧʠʣʷʮʠʠ ʧʨʦʛʨʘʤʤʳ. 

3. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʧʩʝʚʜʦʥʠʤʦʚ. 

ʉʪʘʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʧʨʦʛʨʘʤʤ, ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʫʶʪ ʫʢʘʟʘʪʝʣʠ, ʙʫʜʝʪ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʚʦʟʤʦʞʝʥ ʙʝʟ ʘʥʘʣʠʟʘ ʧʩʝʚʜʦʥʠʤʦʚ [19]. ʉʪʘʪʠʯʝʩʢʠʝ 

ʘʥʘʣʠʟʘʪʦʨʳ ʩʪʘʣʠ ʧʨʠʛʦʜʥʳ ʥʘ ʧʨʘʢʪʠʢʝ ʪʦʣʴʢʦ ʩ ʧʦʷʚʣʝʥʠʝʤ ʤʝʪʦʜʦʚ ʧʦ 

ʢʦʥʪʨʦʣʶ ʥʘʜ ʧʩʝʚʜʦʥʠʤʘʤʠ: ʚʥʝʰʥʝʧʨʦʮʝʜʫʨʥʳʡ ʘʥʘʣʠʟ ɼʦʡʯʘ [18] ʠ 

ʚʝʩʴʤʘ ʵʬʬʝʢʪʠʚʥʳʡ ʯʫʚʩʪʚʠʪʝʣʴʥʳʡ ʢ ʧʦʪʦʢʘʤ ʘʥʘʣʠʟ ʉʪʨʠʥʩʛʘʨʜʘ [28]. 

ʅʘʣʠʯʠʝ ʪʦʯʥʦʛʦ ʠ ʙʳʩʪʨʦʛʦ ʘʥʘʣʠʟʘ ʧʩʝʚʜʦʥʠʤʦʚ ʷʚʣʷʝʪʩʷ ʦʙʷʟʘʪʝʣʴʥʳʤ 

ʵʣʝʤʝʥʪʦʤ ʩʪʘʪʠʯʝʩʢʠʭ ʘʥʘʣʠʟʘʪʦʨʦʚ. ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʠʥʩʪʨʫʤʝʥʪʦʚ 

ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʦʚʝʨʭʥʦʩʪʥʳʡ ʘʥʘʣʠʟ, ʚ ʪʦʤ ʯʠʩʣʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʥʝʩʢʦʣʴʢʠʭ ʵʚʨʠʩʪʠʢ, ʠ ʯʘʩʪʦ ʧʨʦʧʫʩʢʘʶʪʩʷ ʧʩʝʚʜʦʥʠʤʳ [19]. ʅʘʜʦ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʩʪʘʪʠʯʝʩʢʠʭ ʘʥʘʣʠʟʘʪʦʨʘʭ ʵʪʦ ʜʝʣʘʝʪʩʷ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ 

ʫʤʝʥʴʰʠʪʴ ʯʠʩʣʦ ʣʦʞʥʳʭ ʩʨʘʙʘʪʳʚʘʥʠʡ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʦʷʚʣʝʥʠʷ 

ʧʨʦʮʝʩʩʦʨʦʚ ʩ ʪʝʭʥʦʣʦʛʠʝʡ HyperThreading ʘʥʘʣʠʟʘʪʦʨʳ, ʠʩʧʦʣʴʟʫʶʱʠʝ 

ʧʦʚʝʨʭʥʦʩʪʥʳʡ ʘʥʘʣʠʟ, ʩʪʘʣʠ ʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ ʩʦʚʩʝʤ ʧʣʦʭʠʝ ʨʝʟʫʣʴʪʘʪʳ. 

ɹʝʟ ʫʯʝʪʘ ʧʩʝʚʜʦʥʠʤʦʚ ʤʦʛʫʪ ʙʳʪʴ ʧʨʦʧʫʱʝʥʳ ʟʘʚʝʜʦʤʦ ʧʨʠʩʫʪʩʪʚʫʶʱʠʝ 

ʩʦʩʪʦʷʥʠʷ ʛʦʥʢʠ ï ʦʧʝʨʘʮʠʠ ʩ ʪʝʤ ʞʝ ʫʯʘʩʪʢʦʤ ʧʘʤʷʪʠ, ʥʦ ʥʘʟʚʘʥʥʳʤ ʧʦ-

ʜʨʫʛʦʤʫ ʠʣʠ ʧʝʨʝʜʘʥʥʳʤ ʧʦ ʘʜʨʝʩʫ. 

4. ɺʳʯʠʩʣʝʥʠʷ ʧʨʠ ʧʦʤʦʱʠ ʥʘʙʦʨʘ ʩʦʩʪʦʷʥʠʡ. 

ʅʘ ʩʘʤʦʤ ʜʝʣʝ, ʩʪʘʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʧʦʩʪʨʦʝʥ ʥʘ ʠʩʧʦʣʥʝʥʠʠ ʧʨʦʛʨʘʤʤʳ, ʥʦ 

ʧʦʜ ʠʩʧʦʣʥʝʥʠʝʤ ʟʜʝʩʴ ʧʦʥʠʤʘʶʪ ʥʝʤʥʦʛʦ ʜʨʫʛʦʝ: ʚʳʧʦʣʥʝʥʠʝ ʧʨʦʛʨʘʤʤʳ 

ʥʘ ʥʝʢʦʪʦʨʦʡ ʘʙʩʪʨʘʢʪʥʦʡ ʤʘʰʠʥʝ, ʩ ʥʘʙʦʨʦʤ ʘʙʩʪʨʘʢʪʥʳʭ ʥʝʩʪʘʥʜʘʨʪʥʳʭ 

ʩʦʩʪʦʷʥʠʡ, ʧʦʜʤʝʥʷʶʱʠʭ ʦʙʳʯʥʳʝ. ʆʩʥʦʚʥʦʝ ʧʦʥʷʪʠʝ ï ʩʦʩʪʦʷʥʠʝ, ʯʪʦ ʝʩʪʴ 
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ʥʘʙʦʨ ʧʝʨʝʤʝʥʥʳʭ ʧʨʦʛʨʘʤʤʳ ʩ ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʤʠ ʩ ʥʠʤʠ ʟʥʘʯʝʥʠʷʤʠ. ɺ 

ʩʣʫʯʘʝ ʩ ʚʥʫʪʨʠ-ʧʨʦʮʝʜʫʨʥʳʤ ʘʥʘʣʠʟʦʤ ʚ ʩʦʩʪʦʷʥʠʝ ʚʭʦʜʷʪ ʣʦʢʘʣʴʥʳʝ 

ʧʝʨʝʤʝʥʥʳʝ, ʘ ʚʥʝʰʥʝʧʨʦʮʫʨʥʳʡ ʘʥʘʣʠʟ ʚʥʦʩʠʪ ʚ ʩʦʩʪʦʷʥʠʝ ʝʱʝ ʠ 

ʛʣʦʙʘʣʴʥʳʝ ʧʝʨʝʤʝʥʥʳʝ, ʩʪʝʢ. ʎʝʣʴʶ ʩʪʘʪʠʯʝʩʢʠʭ ʘʥʘʣʠʟʘʪʦʨʦʚ ʷʚʣʷʝʪʩʷ 

ʩʚʷʟʴ ʤʥʦʞʝʩʪʚʘ ʚʩʝʚʦʟʤʦʞʥʳʭ ʩʦʩʪʦʷʥʠʡ ʩʦ ʚʩʝʚʦʟʤʦʞʥʳʤʠ ʤʦʤʝʥʪʘʤʠ 

ʠʩʧʦʣʥʝʥʠʷ ʧʨʦʛʨʘʤʤ. ʆʙʳʯʥʦ ʯʠʩʣʦ ʪʘʢʠʭ ʩʦʩʪʦʷʥʠʡ ʙʝʩʢʦʥʝʯʥʦ ʠʣʠ, ʧʦ 

ʢʨʘʡʥʝʡ ʤʝʨʝ, ʦʯʝʥʴ ʚʝʣʠʢʦ, ʧʦʵʪʦʤʫ ʩʪʘʪʠʯʝʩʢʠʝ ʘʥʘʣʠʟʘʪʦʨʳ ʜʦʣʞʥʳ 

ʩʚʦʜʠʪʴ ʩʦʩʪʦʷʥʠʷ ʢ ʫʧʨʦʱʝʥʥʦʤʫ ʦʧʠʩʘʥʠʶ, ʧʦʢʘʟʳʚʘʷ ʦʪʥʦʰʝʥʠʷ ʪʦʣʴʢʦ 

ʤʝʞʜʫ ʦʩʥʦʚʥʳʤʠ ʧʝʨʝʤʝʥʥʳʤʠ, ʥʦ ʚ ʩʪʘʪʠʯʝʩʢʠʭ ʘʥʘʣʠʟʘʪʦʨʘʭ ʵʪʦ 

ʩʚʦʜʠʪʩʷ ʚʩʝʛʦ ʣʠʰʴ ʢ ʦʪʩʣʝʞʠʚʘʥʠʶ ʪʦʣʴʢʦ ʚʦʟʤʦʞʥʳʭ ʟʥʘʯʝʥʠʡ. 

5. ɸʥʘʣʠʟ ʫʯʘʩʪʢʦʚ ʢʦʜʘ. 

ʅʝʢʦʪʦʨʳʝ ʤʝʪʦʜʳ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ (ʧʨʦʚʝʨʢʠ ʥʘ ʦʩʥʦʚʝ ʤʦʜʝʣʝʡ ʠʣʠ 

ʬʦʨʤʘʣʴʥʦʝ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ ʢʦʨʨʝʢʪʥʦʩʪʠ) ʪʨʫʜʥʦ 

ʧʨʠʤʝʥʠʪʴ ʚ ʙʦʣʴʰʠʭ ʧʨʦʛʨʘʤʤʘʭ. ʊʦʛʜʘ ʩʪʘʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʤʦʞʝʪ ʙʳʪʴ 

ʧʨʠʤʝʥʝʥ ʢ ʯʘʩʪʠ ʧʨʦʛʨʘʤʤʳ, ʦʜʥʘʢʦ, ʪʘʢʦʡ ʤʝʪʦʜ ʥʝ ʛʘʨʘʥʪʠʨʫʝʪ 

ʢʦʨʨʝʢʪʥʦʛʦ ʨʝʟʫʣʴʪʘʪʘ. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʩʪʘʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʤʦʞʝʪ 

ʙʳʪʴ ʧʨʠʤʝʥʝʥ ʢ ʯʘʩʪʠ ʧʨʦʛʨʘʤʤʳ (ʢ ʦʪʜʝʣʴʥʦʤʫ ʬʘʡʣʫ ʠ/ʠʣʠ ʧʨʦʮʝʜʫʨʝ), 

ʪʘʢʦʡ ʧʦʜʭʦʜ ʜʘʝʪ ʧʣʦʭʠʝ ʨʝʟʫʣʴʪʘʪʳ ï ʤʥʦʛʦ ʣʦʞʥʳʭ ʩʨʘʙʘʪʳʚʘʥʠʡ [19]. 

ʅʦ ʝʩʪʴ ʠ ʧʦʣʦʞʠʪʝʣʴʥʳʝ ʤʦʤʝʥʪʳ: ʜʝʡʩʪʚʠʪʝʣʴʥʦ, ʯʘʩʪʦ ʤʦʞʥʦ ʥʝ 

ʧʨʦʚʝʨʷʪʴ ʧʦʣʥʦʩʪʴʶ ʢʦʜ ʥʘ ʥʝʜʦʩʪʘʶʱʠʝ ʬʫʥʢʮʠʠ ʠ ʧʨʦʮʝʜʫʨʳ. 

 

ʉʪʘʪʠʯʝʩʢʠʝ ʘʥʘʣʠʟʘʪʦʨʳ ʨʘʟʜʝʣʷʶʪʩʷ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʧʦ ʪʠʧʫ ʘʥʘʣʠʟʘ. 

ɺʩʝʛʦ ʨʘʟʜʝʣʷʶʪ 3 ʪʠʧʘ ʘʥʘʣʠʟʘ: 

1. ʏʫʚʩʪʚʠʪʝʣʴʥʳʝ ʢ ʧʫʪʷʤ. 

ʉʨʝʜʩʪʚʘ, ʠʩʧʦʣʴʟʫʶʱʠʝ ʘʥʘʣʠʟ, ʯʫʚʩʪʚʠʪʝʣʴʥʳʡ ʢ ʧʫʪʷʤ, ʘʥʘʣʠʟʠʨʫʶʪ 

ʪʦʣʴʢʦ ʜʝʡʩʪʚʫʶʱʠʝ ʚʝʪʚʠ ʠʩʧʦʣʥʝʥʠʷ ʧʨʦʛʨʘʤʤ. ʆʥʠ ʫʯʠʪʳʚʘʶʪ 

ʧʝʨʝʤʝʥʥʳʝ ʠ ʫʩʣʦʚʥʳʝ ʢʦʥʩʪʨʫʢʮʠʠ, ʠʩʢʣʶʯʘʷ ʠʟ ʦʙʨʘʙʦʪʢʠ ʥʝʜʦʩʷʛʘʝʤʳʝ 

ʚʝʪʚʠ ʠʩʧʦʣʥʝʥʠʷ. 

2. ʅʝʯʫʚʩʪʚʠʪʝʣʴʥʳʝ ʢ ʧʫʪʷʤ. 
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ʉʨʝʜʩʪʚʘ ʘʥʘʣʠʟʘ, ʥʝ ʯʫʚʩʪʚʠʪʝʣʴʥʳʝ ʢ ʧʫʪʷʤ, ʥʝ ʧʨʦʠʟʚʦʜʷʪ ʦʪʩʝʚ ʠ 

ʨʘʩʩʤʘʪʨʠʚʘʶʪ ʚʩʝ ʚʘʨʠʘʥʪʳ ʠʩʧʦʣʥʝʥʠʷ. ʕʪʦʪ ʧʦʜʭʦʜ ʜʘʝʪ ʙʦʣʝʝ ʪʦʯʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ, ʥʦ ʨʘʙʦʪʘʝʪ ʜʦʣʴʰʝ ʧʦ ʚʨʝʤʝʥʠ.  

3. ʏʫʚʩʪʚʠʪʝʣʴʥʳʝ ʢ ʢʦʥʪʝʢʩʪʫ. 

ʘ) ʚʥʝʰʥʝʧʨʦʮʝʜʫʨʥʳʡ ʘʥʘʣʠʟ. 

ʉʨʝʜʩʪʚʘ, ʦʪʩʣʝʞʠʚʘʶʱʠʝ ʟʥʘʯʝʥʠʷ ʛʣʦʙʘʣʴʥʳʭ ʧʝʨʝʤʝʥʥʳʭ ʠ ʧʘʨʘʤʝʪʨʳ 

ʬʫʥʢʮʠʡ. ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʚʥʝʰʥʝʧʨʦʮʝʜʫʨʥʳʡ ʘʥʘʣʠʟ ʨʘʙʦʪʘʝʪ ʜʦʚʦʣʴʥʦ 

ʙʳʩʪʨʦ, ʦʜʥʘʢʦ ʥʝ ʦʯʝʥʴ ʪʦʯʝʥ. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʥʝ ʠʟʚʝʩʪʥʦ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʢ ʢʦʥʪʝʢʩʪʫ ʩʨʝʜʩʪʚʘ, ʧʦʟʚʦʣʷʶʱʝʛʦ ʥʘʭʦʜʠʪʴ ʚʩʝ ʜʝʬʝʢʪʳ 

ʢʦʜʘ ʙʝʟ ʣʦʞʥʳʭ ʩʨʘʙʘʪʳʚʘʥʠʡ. 

ʙ) ʚʥʫʪʨʠʧʨʦʮʝʜʫʨʥʳʡ ʘʥʘʣʠʟ. 

ʉʨʝʜʩʪʚʘ, ʘʥʘʣʠʟʠʨʫʶʱʠʝ ʢʘʞʜʫʶ ʬʫʥʢʮʠʶ ʦʪʜʝʣʴʥʦ, ʚʥʝ ʢʦʥʪʝʢʩʪʘ. 

ʎʝʣʴʶ ʙʦʣʴʰʠʥʩʪʚʘ ʨʘʟʨʘʙʦʪʦʢ ʩʪʘʪʠʯʝʩʢʠʭ ʘʥʘʣʠʟʘʪʦʨʦʚ ʷʚʣʷʝʪʩʷ 

ʩʦʟʜʘʥʠʝ ʩʨʝʜʩʪʚʘ ʩ ʤʠʥʠʤʘʣʴʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʣʦʞʥʳʭ ʩʨʘʙʘʪʳʚʘʥʠʡ, ʥʦ 

ʥʘ ʧʨʘʢʪʠʢʝ ʘʥʘʣʠʟʘʪʦʨʳ ʯʘʩʪʦ ʚʳʜʘʶʪ ʨʝʟʫʣʴʪʘʪ, ʯʪʦ ʜʝʬʝʢʪ çʚʦʟʤʦʞʝʥè. 

 

ʆʜʥʠʤ ʠʟ ʧʝʨʚʳʭ ʘʥʘʣʠʟʘʪʦʨʦʚ ʙʳʣ Lint. ʆʥ ʧʦʷʚʠʣʩʷ ʚ ʩʦʩʪʘʚʝ 

ʦʧʝʨʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ Unix 7 ʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ ʩʨʝʜʩʪʚʘ 

ʢʦʥʪʨʦʣʷ ʢʘʯʝʩʪʚʘ ʢʦʜʘ. ʉʦ ʚʨʝʤʝʥ ʩʨʝʜʩʪʚʘ Lint ʧʦʷʚʠʣʦʩʴ ʤʥʦʞʝʩʪʚʦ ʜʨʫʛʠʭ 

ʩʨʝʜʩʪʚ ʧʨʦʚʝʨʢʠ ʢʦʨʨʝʢʪʥʦʩʪʠ ʠʩʭʦʜʥʦʛʦ ʢʦʜʘ. ɺʘʞʥʦ ʨʘʩʩʤʦʪʨʝʪʴ ʦʙʟʦʨ 

ʥʘʠʙʦʣʝʝ ʠʟʚʝʩʪʥʳʭ ʩʨʝʜʩʪʚ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ [13]: 

1. Slint. 

Slint ï ʩʨʝʜʩʪʚʦ ʩʪʘʪʠʯʝʩʢʦʡ ʧʨʦʚʝʨʢʠ ʧʨʦʛʨʘʤʤ ʥʘ ʷʟʳʢʝ C. ʇʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʙʦʣʝʝ ʩʦʚʨʝʤʝʥʥʳʡ ʚʘʨʠʘʥʪ ʘʥʘʣʠʟʘʪʦʨʘ lint. ʆʩʦʙʝʥʥʦʩʪʴ ʵʪʦʛʦ 

ʩʨʝʜʩʪʚʘ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʦʥʦ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʜʦʙʘʚʠʪʴ ʚ ʢʦʜ 

ʩʧʝʮʠʘʣʴʥʳʝ ʘʥʥʦʪʘʮʠʠ, ʧʦʟʚʦʣʷʶʱʠʝ çʫʩʠʣʠʪʴè ʧʨʦʚʝʨʢʠ ʢʘʯʝʩʪʚʘ ʢʦʜʘ. 

2. Cppcheck. 

ʉʪʘʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟʘʪʦʨ ʜʣʷ ʧʨʦʚʝʨʢʠ ʢʦʜʘ ʥʘ ʷʟʳʢʘʭ C ʠ ʉ++. ʀʩʧʦʣʴʟʫʝʪ 

ʤʥʦʞʝʩʪʚʦ ʧʨʦʚʝʨʦʢ, ʢʦʪʦʨʳʝ ʥʝ ʜʝʣʘʶʪʩʷ ʢʦʤʧʠʣʷʪʦʨʦʤ. ɺ ʩʚʦʝʡ ʦʩʥʦʚʝ 
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ʠʩʧʦʣʴʟʫʝʪ ʥʘʙʦʨ ʵʚʨʠʩʪʠʢ. ʄʦʞʝʪ ʩʣʫʞʠʪʴ ʚ ʢʘʯʝʩʪʚʝ ʜʦʧʦʣʥʝʥʠʷ ʢ 

ʧʨʦʚʝʨʢʘʤ ʢʦʤʧʠʣʷʪʦʨʘ ʠ ʢʦʤʧʦʥʦʚʱʠʢʘ. ʆʙʥʘʨʫʞʠʚʘʝʪ ʦʛʨʘʥʠʯʝʥʥʦʝ 

ʯʠʩʣʦ ʦʰʠʙʦʢ ʠ ʦʙʣʘʜʘʝʪ ʥʝʙʦʣʴʰʦʡ ʪʦʯʥʦʩʪʴʶ. 

3. Clang. 

Clang ï ʢʦʤʧʠʣʷʪʦʨ, ʧʦʟʚʦʣʷʶʱʠʡ ʦʩʫʱʝʩʪʚʣʷʪʴ ʜʦʩʪʫʧ ʩʪʦʨʦʥʥʠʤ 

ʧʨʠʣʦʞʝʥʠʷʤ ʢ ʨʝʟʫʣʴʪʘʪʘʤ ʢʦʤʧʠʣʷʮʠʠ. ʈʘʙʦʪʘʝʪ ʩ ʷʟʳʢʘʤʠ C, C++, 

Objective-C, Objective-C++. ʇʦʤʠʤʦ ʢʦʤʧʠʣʷʪʦʨʘ ʩʦʜʝʨʞʠʪ ʚʩʪʨʦʝʥʥʳʡ 

ʩʠʥʪʘʢʩʠʯʝʩʢʠʡ ʘʥʘʣʠʟʘʪʦʨ. ɸʥʘʣʦʛʠʯʥʦ ʩʨʝʜʩʪʚʫ cppcheck ʤʦʞʝʪ ʩʣʫʞʠʪʴ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʩʨʝʜʩʪʚʦʤ ʧʨʦʚʝʨʢʠ ʥʘʧʠʩʘʥʥʦʛʦ ʢʦʜʘ ʚʩʣʝʜ ʟʘ 

ʢʦʤʧʠʣʷʪʦʨʦʤ ʠ ʢʦʤʧʦʥʦʚʱʠʢʦʤ. 

4. CHESS. 

Chess ï ʩʨʝʜʩʪʚʦ ʘʥʘʣʠʟʘ, ʠʩʧʦʣʴʟʫʶʱʝʝ ʚʤʝʩʪʝ ʧʨʦʚʝʨʢʫ ʥʘ ʦʩʥʦʚʝ ʤʦʜʝʣʝʡ 

ʠ ʜʠʥʘʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ. ɺʳʷʚʣʷʝʪ ʦʰʠʙʢʠ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʷ ʧʫʪʝʤ 

ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʧʣʘʥʠʨʦʚʘʥʠʷ ʠ ʯʝʨʝʜʦʚʘʥʠʷ ʧʦʪʦʢʦʚ. ʉʧʦʩʦʙʥʦ 

ʦʙʥʘʨʫʞʠʚʘʪʴ ʪʘʢʠʝ ʧʨʦʙʣʝʤʳ, ʢʘʢ ʩʦʩʪʦʷʥʠʝ ʛʦʥʢʠ, ʚʟʘʠʤʦʙʣʦʢʠʨʦʚʢʠ, 

ʟʘʚʠʩʘʥʠʷ, ʘʢʪʠʚʥʳʝ ʙʣʦʢʠʨʦʚʢʘʤʠ ʠ ʪ.ʜ. ʇʨʦʙʣʝʤʳ ʚ ʠʩʭʦʜʥʦʤ ʢʦʜʝ ʧʦʩʣʝ 

ʦʙʥʘʨʫʞʝʥʠʷ ʣʝʛʢʦ ʠʩʧʨʘʚʠʪʴ, ʪʘʢ ʢʘʢ ʵʪʦʪ ʘʥʘʣʠʟʘʪʦʨ ʜʘʝʪ ʧʦʣʥʦʩʪʴʶ 

ʚʦʩʧʨʦʠʟʚʦʜʠʤʳʝ ʨʝʟʫʣʴʪʘʪʳ. ʂʘʢ ʠ ʚ ʩʣʫʯʘʝ ʣʶʙʦʡ ʜʨʫʛʦʡ ʧʨʦʚʝʨʢʠ ʥʘ 

ʦʩʥʦʚʝ ʤʦʜʝʣʝʡ, ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʙʝʩʧʝʯʠʚʘʶʪ ʧʦʣʥʳʡ 

ʦʭʚʘʪ ʢʦʜʘ ʪʝʩʪʘʤʠ ï ʜʣʷ ʵʪʦʛʦ ʪʨʝʙʫʝʪʩʷ ʬʦʨʤʘʣʠʟʦʚʘʪʴ ʠʩʢʦʤʳʝ ʧʨʦʙʣʝʤʳ 

ʚ ʪʝʨʤʠʥʘʭ ʤʦʜʝʣʠ, ʧʦ ʢʦʪʦʨʦʡ ʧʨʦʠʩʭʦʜʠʪ ʚʝʨʠʬʠʢʘʮʠʷ. ʇʦʤʠʤʦ ʧʨʦʚʝʨʢʠ 

ʥʘ ʦʩʥʦʚʝ ʤʦʜʝʣʝʡ, ʘʥʘʣʠʟʘʪʦʨ CHESS ʨʘʙʦʪʘʝʪ ʠ ʚ ʜʠʥʘʤʠʯʝʩʢʦʤ ʨʝʞʠʤʝ, 

ʪ.ʝ. ʚʳʧʦʣʥʷʝʪ ʪʝʩʪ ʮʠʢʣʠʯʝʩʢʠ ʩ ʧʦʤʦʱʴʶ ʦʩʦʙʦʛʦ ʚʩʪʨʦʝʥʥʦʛʦ 

ʧʣʘʥʠʨʦʚʱʠʢʘ. ɺ ʢʘʞʜʳʡ ʧʨʦʭʦʜ ʪʝʩʪʘ ʚʳʙʠʨʘʝʪʩʷ ʥʦʚʳʡ ʚʘʨʠʘʥʪ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʨʦʮʝʩʩʦʨʥʦʛʦ ʚʨʝʤʝʥʠ ʤʝʞʜʫ ʧʦʪʦʢʘʤʠ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, 

ʵʪʦ ʩʨʝʜʩʪʚʦ ʧʨʦʚʝʨʢʠ ʥʘ ʦʩʥʦʚʝ ʤʦʜʝʣʝʡ, ʠ ʦʥʦ ʫʧʨʘʚʣʷʝʪ 

ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʤ ʧʣʘʥʠʨʦʚʱʠʢʦʤ, ʩʧʦʩʦʙʥʳʤ ʩʦʟʜʘʚʘʪʴ ʩʧʝʮʠʘʣʴʥʦʝ 

ʯʝʨʝʜʦʚʘʥʠʝ ʧʦʪʦʢʦʚ. ɼʣʷ ʫʤʝʥʴʰʝʥʠʷ ʚʘʨʠʘʥʪʦʚ ʘʥʘʣʠʟʘ ʚ CHESS 

ʧʨʠʤʝʥʷʝʪʩʷ ʯʘʩʪʠʯʥʘʷ ʨʝʜʫʢʮʠʷ ʠ ʦʛʨʘʥʠʯʝʥʠʝ ʯʠʩʣʘ ʥʦʚʳʭ ʢʦʥʪʝʢʩʪʦʚ 
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ʠʪʝʨʘʮʠʡ. ʀʩʧʦʣʴʟʫʷ ʦʛʨʘʥʠʯʝʥʠʝ ʯʠʩʣʘ ʢʦʥʪʝʢʩʪʦʚ ʠʪʝʨʘʮʠʡ, CHESS ʥʝ 

ʫʤʝʥʴʰʘʝʪ ʛʣʫʙʠʥʫ ʨʘʩʰʠʨʝʥʠʷ ʧʨʦʩʪʨʘʥʩʪʚʘ ʩʦʩʪʦʷʥʠʡ, ʘ ʫʤʝʥʴʰʘʝʪ 

ʢʦʣʠʯʝʩʪʚʦ ʧʝʨʝʢʣʶʯʝʥʠʡ ʧʦʪʦʢʦʚ ʚ ʜʘʥʥʦʤ ʩʝʘʥʩʝ ʨʘʙʦʪʳ ʧʨʠʣʦʞʝʥʠʷ. 

5. PVS-Studio. 

PVS-Studio ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʦʤʤʝʨʯʝʩʢʠʡ ʧʨʦʜʫʢʪ ʜʣʷ ʚʳʷʚʣʝʥʠʷ 

ʦʰʠʙʦʢ ʚ ʩʪʘʪʠʯʝʩʢʦʤ ʨʝʞʠʤʝ ʚ ʧʨʦʛʨʘʤʤʘʭ ʥʘ ʷʟʳʢʘʭ C, C++ ʠ ʉ++0x. ʕʪʦ 

ʩʨʝʜʩʪʚʦ ʘʥʘʣʠʟʘ ʨʘʟʨʘʙʦʪʘʥʦ ʥʘ ʦʩʥʦʚʝ ʙʠʙʣʠʦʪʝʢʠ VivaCore ʩ ʦʪʢʨʳʪʳʤ 

ʠʩʭʦʜʥʳʤ ʢʦʜʦʤ. ɼʘʥʥʦʝ ʩʨʝʜʩʪʚʦ ʘʥʘʣʠʟʘ ʦʰʠʙʦʢ ʩʦʩʪʦʠʪ ʠʟ ʥʝʩʢʦʣʴʢʠʭ 

ʫʪʠʣʠʪ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ VivaMP ʦʪʚʝʯʘʝʪ ʟʘ ʧʨʦʚʝʨʢʫ ʦʰʠʙʦʢ ʧʨʠ 

ʤʥʦʛʦʧʦʪʦʯʥʦʤ ʠʩʧʦʣʥʝʥʠʠ ʢʦʜʘ. ʉʘʤʦ ʩʨʝʜʩʪʚʦ ʜʦʩʪʘʪʦʯʥʦ ʪʷʞʝʣʦʚʝʩʥʦ ʠ 

ʠʩʧʦʣʴʟʫʝʪ ʤʥʦʛʦ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ. 

6. KISS. 

KISS ï ʝʱʝ ʦʜʠʥ ʠʥʩʪʨʫʤʝʥʪ ʜʣʷ ʧʨʦʚʝʨʢʠ ʠʩʭʦʜʥʦʛʦ ʢʦʜʘ, ʠʩʧʦʣʥʷʝʤʦʛʦ ʚ 

ʥʝʩʢʦʣʴʢʠʭ ʧʦʪʦʢʘʭ, ʥʘ ʦʩʥʦʚʝ ʤʦʜʝʣʝʡ. ʇʨʦʛʨʘʤʤʳ ʜʦʣʞʥʳ ʙʳʪʴ ʥʘʧʠʩʘʥʳ 

ʥʘ ʷʟʳʢʝ C. ʇʨʠʥʮʠʧ ʨʘʙʦʪʳ ʘʥʘʣʠʟʘʪʦʨʘ KISS ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʦʥ 

ʧʨʝʦʙʨʘʟʫʝʪ ʧʘʨʘʣʣʝʣʴʥʦʝ ʧʨʠʣʦʞʝʥʠʝ ʥʘ C ʚ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ, ʧʨʠ ʵʪʦʤ 

ʚʳʙʠʨʘʷ ʩʧʦʩʦʙ ʯʝʨʝʜʦʚʘʥʠʷ. ʇʦʩʣʝ ʵʪʦʛʦ ʚʳʧʦʣʥʷʝʪʩʷ ʩʦʙʩʪʚʝʥʥʦ ʘʥʘʣʠʟ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʩʨʝʜʩʪʚʘ ʧʨʦʚʝʨʢʠ ʥʘ ʦʩʥʦʚʝ ʤʦʜʝʣʝʡ. 

ɼʘʣʝʝ ʘʥʘʣʠʟʦʤ ʟʘʥʠʤʘʝʪʩʷ ʜʨʫʛʘʷ ʫʪʠʣʠʪʘ ï SLAM. 

7. SLAM. 

SLAM ï ʩʨʝʜʩʪʚʦ ʘʥʘʣʠʟʘ ʘʥʘʣʠʟʠʨʫʝʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʝ ʧʨʦʛʨʘʤʤʳ ʥʘ 

ʦʩʥʦʚʝ ʤʦʜʝʣʝʡ. ʆʰʠʙʢʠ, ʚʳʷʚʣʝʥʥʳʝ SLAM ʚ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʡ 

ʧʨʦʛʨʘʤʤʝ, ʪʨʘʥʩʣʠʨʫʶʪʩʷ ʚ ʦʰʠʙʢʠ ʜʣʷ ʠʩʭʦʜʥʦʡ ʧʨʦʛʨʘʤʤʳ [33]. ɺ 

ʭʫʜʰʝʤ ʩʣʫʯʘʝ ʩʣʦʞʥʦʩʪʴ SLAM ʦʮʝʥʠʚʘʝʪʩʷ ʢʘʢ O(PϽ(GϽL)3), ʛʜʝ P ï ʨʘʟʤʝʨ 

ʧʨʦʛʨʘʤʤʳ, G ï ʯʠʩʣʦ ʛʣʦʙʘʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ ʢʦʥʝʯʥʦʤ ʘʚʪʦʤʘʪʝ, L ï 

ʤʘʢʩʠʤʘʣʴʥʦʝ ʯʠʩʣʦ ʣʦʢʘʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ ʬʫʥʢʮʠʡ. KISS ʥʝ ʜʘʝʪ ʣʦʞʥʳʭ 

ʩʨʘʙʘʪʳʚʘʥʠʡ. 
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ʉʪʘʪʠʯʝʩʢʠʝ ʘʥʘʣʠʟʘʪʦʨʳ ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ ʚʝʨʠʬʠʢʘʮʠʠ ʦʧʨʝʜʝʣʝʥʥʳʭ 

ʩʚʦʡʩʪʚ ʚ ʧʨʦʛʨʘʤʤʘʭ ʠ ʧʨʦʚʝʨʢʠ ʩʦʦʪʚʝʪʩʪʚʠʷ ʦʧʨʝʜʝʣʸʥʥʳʤ ʢʨʠʪʝʨʠʷʤ, 

ʦʩʥʦʚʳʚʘʷʩʴ ʪʦʣʴʢʦ ʥʘ ʠʩʭʦʜʥʦʤ ʢʦʜʝ ʧʨʦʛʨʘʤʤʳ. ʅʘ ʧʨʘʢʪʠʢʝ ʩʪʘʪʠʯʝʩʢʠʝ 

ʘʥʘʣʠʟʘʪʦʨʳ ʜʘʶʪ ʥʝʪʦʯʥʳʡ ʦʪʚʝʪ ʦ ʥʘʣʠʯʠʠ ʪʦʛʦ ʠʣʠ ʠʥʦʛʦ ʩʚʦʡʩʪʚʘ ʚ 

ʧʨʦʛʨʘʤʤʝ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʧʨʦʙʣʝʤʦʡ ʧʦʜʦʙʥʳʭ ʩʨʝʜʩʪʚ ʘʥʘʣʠʟʘ ʧʨʦʛʨʘʤʤ. ɺ 

ʢʦʥʪʝʢʩʪʝ ʦʙʥʘʨʫʞʝʥʠʷ ʩʦʩʪʦʷʥʠʡ ʛʦʥʦʢ ʚ ʧʨʦʛʨʘʤʤʝ ʩʪʘʪʠʯʝʩʢʠʝ ʘʥʘʣʠʟʘʪʦʨʳ 

ʚʦʟʚʨʘʱʘʶʪ ʦʪʚʝʪʳ ʩʣʝʜʫʶʱʝʛʦ ʬʦʨʤʘʪʘ: 

a) ʝʩʣʠ ʩʦʩʪʦʷʥʠʝ ʛʦʥʢʠ ʝʩʪʴ, ʪʦ ʦʪʚʝʪ: ʛʦʥʢʘ ʜʦʣʞʥʘ ʧʨʦʠʟʦʡʪʠ. 

b) ʝʩʣʠ ʩʦʩʪʦʷʥʠʷ ʛʦʥʢʠ ʥʝʪ, ʪʦ ʦʪʚʝʪ: ʛʦʥʢʠ ʥʝ ʜʦʣʞʥʦ ʙʳʪʴ. 

ʆʩʥʦʚʥʦʡ ʧʨʠʥʮʠʧ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ: ʣʠʙʦ ʪʦʯʥʦʩʪʴ, ʣʠʙʦ ʚʨʝʤʷ [19]. 

ʆʪʩʶʜʘ ʚʦʟʥʠʢʘʝʪ ʪʝʥʜʝʥʮʠʷ ʣʦʞʥʳʭ ʩʨʘʙʘʪʳʚʘʥʠʡ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘʪʦʨʘ 

ʧʨʠ ʧʦʧʳʪʢʝ ʫʩʢʦʨʠʪʴ ʘʥʘʣʠʟ, ʯʪʦ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʙʝʩʧʦʣʝʟʥʦʩʪʠ ʨʝʟʫʣʴʪʘʪʘ 

ʘʥʘʣʠʟʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʝʩʪʴ ʜʚʘ ʪʠʧʘ ʣʦʞʥʦʛʦ ʦʪʚʝʪʘ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘʪʦʨʘ: 

a) false positive: ʛʦʥʢʠ ʥʝʪ, ʘ ʦʪʚʝʪ ï ʛʦʥʢʘ ʜʦʣʞʥʘ ʙʳʪʴ. 

b) false negative: ʛʦʥʢʘ ʝʩʪʴ, ʘ ʦʪʚʝʪ ï ʛʦʥʢʠ ʥʝ ʜʦʣʞʥʦ ʙʳʪʴ. 

ɺʳʙʦʨ ʦʧʪʠʤʘʣʴʥʦʛʦ ʩʦʯʝʪʘʥʠʷ ʚʨʝʤʝʥʠ ʨʘʙʦʪʳ ʘʥʘʣʠʟʘʪʦʨʘ ʠ ʪʦʯʥʦʩʪʠ 

ʷʚʣʷʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʦʡ ʟʘʜʘʯʝʡ, ʢʦʪʦʨʘʷ ʨʘʟʨʝʰʘʝʪʩʷ ʚ ʢʘʞʜʦʤ ʩʣʫʯʘʝ ʦʪʜʝʣʴʥʦ.  

 

1.4. ʄʝʪʦʜ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʥʘ ʦʩʥʦʚʝ ʛʨʘʬʘ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ 

ʧʦʪʦʢʦʚ 

 

ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʧʘʨʘʣʣʝʣʴʥʦʡ ʧʨʦʛʨʘʤʤʳ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʝʜʧʦʩʳʣʢʘ ï 

ʯʝʨʝʜʦʚʘʥʠʝ (ʤʫʣʴʪʠʧʨʦʛʨʘʤʤʥʦʩʪʴ) [15], ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʫʧʨʦʩʪʠʪʴ ʘʥʘʣʠʟ 

ʨʝʘʣʴʥʦʛʦ ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʚʳʯʠʩʣʝʥʠʷ, ʚʳʧʦʣʥʷʝʤʦʛʦ ʤʠʢʨʦʧʨʦʮʝʩʩʦʨʘʤʠ, ʠ ʧʨʠ 

ʵʪʦʤ ʚ ʧʦʣʥʦʡ ʤʝʨʝ ʧʨʝʜʩʪʘʚʠʪʴ ʢʦʥʪʝʢʩʪ ʧʨʦʛʨʘʤʤʳ. ʏʝʨʝʜʦʚʘʥʠʝ ʧʦʟʚʦʣʷʝʪ 

ʧʨʝʜʩʪʘʚʠʪʴ ʚʳʧʦʣʥʝʥʠʝ ʧʘʨʘʣʣʝʣʴʥʦʡ ʧʨʦʛʨʘʤʤʳ ʢʘʢ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ 

ʜʠʩʢʨʝʪʥʳʭ ʰʘʛʦʚ. ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʚ ʪʘʢʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʙʳʣʠ ʫʯʪʝʥʳ 

ʚʩʝʚʦʟʤʦʞʥʳʝ ʩʮʝʥʘʨʠʠ ʠʩʧʦʣʥʝʥʠʷ ʧʨʦʛʨʘʤʤʳ, ʠ ʧʨʠ ʵʪʦʤ ʪʨʝʙʦʚʘʥʠʷ ʢ 
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ʧʦʣʥʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʢʦʥʪʝʢʩʪʘ ʧʨʦʛʨʘʤʤʳ ʥʝ ʥʘʨʫʰʘʣʠʩʴ, ʥʝʦʙʭʦʜʠʤʦ, 

ʯʪʦʙʳ ʠʥʩʪʨʫʢʮʠʠ ʙʳʣʠ ʤʘʢʩʠʤʘʣʴʥʦ ʘʪʦʤʘʨʥʳʝ [15]. 

ɺ ʨʘʙʦʪʝ [13-15] ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʦʙʥʘʨʫʞʝʥʠʷ 

ʩʦʩʪʦʷʥʠʷ ʛʦʥʢʠ ʚ ʤʥʦʛʦʧʦʪʦʯʥʳʭ ʘʣʛʦʨʠʪʤʘʭ ʧʦʩʨʝʜʩʪʚʦʤ ʧʦʩʪʨʦʝʥʠʷ ʤʦʜʝʣʠ 

ʚʟʘʠʤʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʘʪʦʤʘʨʥʳʭ ʠʥʩʪʨʫʢʮʠʡ ʜʚʫʤʷ ʧʦʪʦʢʘʤʠ ʥʘ ʨʘʟʜʝʣʷʝʤʦʡ 

ʧʘʤʷʪʠ. ʆʙʱʘʷ ʠʜʝʷ ʤʝʪʦʜʘ ʩʚʦʜʠʪʩʷ ʢ ʩʣʝʜʫʶʱʠʤ ʜʝʡʩʪʚʠʷʤ: 

1. ɼʣʷ ʢʘʞʜʦʛʦ ʧʦʪʦʢʘ ʚʳʜʝʣʷʶʪʩʷ ʦʧʝʨʘʮʠʠ, ʩʚʷʟʘʥʥʳʝ ʩ ʨʘʟʜʝʣʷʝʤʳʤʠ 

ʧʝʨʝʤʝʥʥʳʤʠ. 

2. ʉʪʨʦʠʪʩʷ ʛʨʘʬ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ ʥʘ ʦʩʥʦʚʘʥʠʠ ʦʧʝʨʘʮʠʡ 

ʩ ʨʘʟʜʝʣʷʝʤʳʤʠ ʧʝʨʝʤʝʥʥʳʤʠ ʚ ʢʘʞʜʦʤ ʠʟ ʧʦʪʦʢʦʚ. 

3. ʅʘʭʦʜʷʪʩʷ ʢʣʘʩʩʳ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʧʦʣʥʳʭ ʧʫʪʝʡ ʥʘ ʛʨʘʬʝ ʩʦʚʤʝʩʪʥʦʛʦ 

ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ. 

4. ɸʥʘʣʠʟʠʨʫʶʪʩʷ ʧʦʣʥʳʝ ʧʫʪʠ ʥʘ ʛʨʘʬʝ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ, 

ʢʦʪʦʨʳʝ ʧʨʠʥʘʜʣʝʞʘʪ ʨʘʟʥʳʤ ʢʣʘʩʩʘʤ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ. ʅʘ ʦʩʥʦʚʝ 

ʘʥʘʣʠʟʘ ʚʳʙʠʨʘʶʪʩʷ ʧʫʪʠ, ʜʣʷ ʢʦʪʦʨʳʭ ʚʦʟʤʦʞʥʦ ʩʦʩʪʦʷʥʠʝ ʛʦʥʢʠ. 

5. ɺʳʜʝʣʝʥʥʳʝ ʧʫʪʠ ʘʥʘʣʠʟʠʨʫʶʪʩʷ, ʥʘʧʨʠʤʝʨ, ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ 

ʥʝʦʧʨʝʜʝʣʝʥʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ. 

6. ʇʦ ʩʦʩʪʦʷʥʠʶ ʚ ʬʠʥʘʣʴʥʦʡ ʚʝʨʰʠʥʝ ʜʝʣʘʝʪʩʷ ʚʳʚʦʜ ʦ ʥʘʣʠʯʠʠ ʛʦʥʦʢ. 

ɻʨʘʬ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ ï ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʡ ʛʨʘʬ, 

ʧʨʝʜʩʪʘʚʣʷʶʱʠʡ ʚʩʝʚʦʟʤʦʞʥʳʝ ʚʘʨʠʘʥʪʳ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ ʚ 

ʤʥʦʛʦʧʦʪʦʯʥʦʤ ʘʣʛʦʨʠʪʤʝ, ʛʜʝ ʢʘʞʜʘʷ ʜʫʛʘ ʘʩʩʦʮʠʠʨʦʚʘʥʘ ʩ ʘʪʦʤʘʨʥʦʡ 

ʦʧʝʨʘʮʠʝʡ ʦʜʥʦʛʦ ʠʟ ʧʦʪʦʢʘ, ʘ ʚʝʨʰʠʥʳ ï ʩ ʤʥʦʞʝʩʪʚʦʤ ʩʦʩʪʦʷʥʠʡ ʦʙʱʝʡ ʧʘʤʷʪʠ 

ʧʦʩʣʝ ʚʳʧʦʣʥʝʥʠʷ ʦʯʝʨʝʜʥʦʡ ʘʪʦʤʘʨʥʦʡ ʦʧʝʨʘʮʠʠ. ɺ ʩʣʫʯʘʝ ʜʚʫʭ ʧʦʪʦʢʦʚ 

ʠʩʧʦʣʥʝʥʠʷ ʛʨʘʬ ʤʦʞʥʦ ʦʧʠʩʘʪʴ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

Ὃḧ ὠȟὃȡ   ὠ ὺ
ȟ
ȟ

 ȟ    ὃ ὺȟὺ
ȟ
ȟ

 ᷾ ὺȟὺ
ȟ
ȟ

 ȟ ρ 

ʛʜʝ k, n ï ʢʦʣʠʯʝʩʪʚʦ ʦʧʝʨʘʮʠʡ ʧʝʨʚʦʛʦ ʠ ʚʪʦʨʦʛʦ ʧʦʪʦʢʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, i, j ï 

ʥʦʤʝʨ ʘʪʦʤʘʨʥʦʡ ʦʧʝʨʘʮʠʠ ʧʝʨʚʦʛʦ ʠ ʚʪʦʨʦʛʦ ʧʦʪʦʢʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, V ï 
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ʤʥʦʞʝʩʪʚʦ ʚʝʨʰʠʥ ʛʨʘʬʘ, ɸ ï ʤʥʦʞʝʩʪʚʦ ʜʫʛ ʛʨʘʬʘ. ʇʨʠʤʝʨ ʧʦʜʦʙʥʦʛʦ ʛʨʘʬʘ 

ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ. 2. 

 

ʈʠʩ. 2. ɻʨʘʬ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʜʚʫʭ ʧʦʪʦʢʦʚ ʥʘ ʨʘʟʜʝʣʷʝʤʦʡ ʧʘʤʷʪʠ. 

 

ʇʫʪʷʤ ʛʨʘʬʘ G ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʚʩʝʚʦʟʤʦʞʥʳʝ ʚʘʨʠʘʥʪʳ ʠʩʧʦʣʥʝʥʠʷ 

ʤʥʦʛʦʧʦʪʦʯʥʦʛʦ ʘʣʛʦʨʠʪʤʘ. ɺʝʨʰʠʥʘʤ ʛʨʘʬʘ V ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ 

ʩʦʩʪʦʷʥʠʡ ʦʙʱʝʡ ʧʘʤʷʪʠ ʧʦʩʣʝ ʚʳʧʦʣʥʝʥʠʷ ʦʯʝʨʝʜʥʦʡ ʠʥʩʪʨʫʢʮʠʠ, ʜʫʛʘʤ A ï 

ʘʪʦʤʘʨʥʳʝ ʦʧʝʨʘʮʠʠ ʥʘʜ ʨʘʟʜʝʣʷʝʤʳʤʠ ʧʝʨʝʤʝʥʥʳʤʠ. ʂʘʞʜʦʤʫ ʨʝʙʨʫ 

ʧʦʩʪʘʚʣʝʥʘ ʚ ʩʦʦʪʚʝʪʩʪʚʠʝ ʦʧʝʨʘʮʠʷ (R ï ʯʪʝʥʠʝ, W ï ʟʘʧʠʩʴ) ʠ ʷʯʝʡʢʘ ʧʘʤʷʪʠ, 

ʥʘʜ ʢʦʪʦʨʦʡ ʧʨʦʠʟʚʦʜʠʪʩʷ ʦʧʝʨʘʮʠʷ. 

ɻʨʘʬ G ʠʤʝʝʪ ʚʠʜ ʨʦʤʙʘ, ʚ ʢʦʪʦʨʦʤ ʥʘʯʘʣʴʥʘʷ ʚʝʨʰʠʥʘ ʥʘʭʦʜʠʪʩʷ ʩʚʝʨʭʫ, ʘ 

ʢʦʥʝʯʥʘʷ ï ʩʥʠʟʫ, ʘ ʚʩʝ ʨʝʙʨʘ ʠʤʝʪʁ ʥʘʧʨʘʚʣʝʥʠʝ ʩʚʝʨʭʫ ʚʥʠʟ. ʅʘʯʘʣʴʥʘʷ 

ʚʝʨʰʠʥʘ ʦʧʨʝʜʝʣʷʝʪ ʚʝʢʪʦʨ ʠʩʭʦʜʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʧʦʪʦʢʦʚ. 

ʅʘʯʘʣʴʥʦʡ ʚʝʨʰʠʥʝ ʩʦʧʦʩʪʘʚʣʝʥʳ ʟʥʘʯʝʥʠʷ ʚʩʝʭ ʨʘʟʜʝʣʷʝʤʳʭ ʧʝʨʝʤʝʥʥʳʭ 

ʧʦʩʣʝ ʠʥʠʮʠʘʣʠʟʘʮʠʠ. ʂʘʞʜʦʝ ʨʝʙʨʦ ʚ ʪʘʢʦʤ ʛʨʘʬʝ ʦʧʨʝʜʝʣʷʝʪ ʝʜʠʥʠʯʥʫʶ 

ʘʪʦʤʘʨʥʫʶ ʦʧʝʨʘʮʠʶ. ʇʦʩʣʝ ʩʦʚʝʨʰʝʥʠʷ ʧʦʪʦʢʦʤ ʦʯʝʨʝʜʥʦʡ ʦʧʝʨʘʮʠʠ 

ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʭʦʜ ʩʠʩʪʝʤʳ ʠʟ ʦʜʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʜʨʫʛʦʝ ʧʦ ʦʜʥʦʤʫ ʠʟ ʨʝʙʝʨ. 

ʂʦʥʝʯʥʘʷ ʚʝʨʰʠʥʘ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʬʠʥʘʣʴʥʦʝ (ʨʝʟʫʣʴʪʠʨʫʶʱʝʝ) ʩʦʩʪʦʷʥʠʝ 

ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ. 
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ʂʣʘʩʩ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ï ʥʘʙʦʨ ʧʦʣʥʳʭ ʧʫʪʝʡ ʥʘ ʛʨʘʬʝ G, ʜʣʷ ʢʦʪʦʨʳʭ 

ʩʦʩʪʦʷʥʠʝ ʷʯʝʡʢʠ ʧʘʤʷʪʠ ʚ ʢʦʥʝʯʥʦʤ ʫʟʣʝ ʦʜʠʥʘʢʦʚʦ. 

ɼʣʷ ʥʘʭʦʞʜʝʥʠʷ ʢʣʘʩʩʦʚ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʥʝʦʙʭʦʜʠʤʦ ʚʣʘʜʝʪʴ ʧʦʥʷʪʠʝʤ 

ʥʝʢʦʤʤʫʪʠʨʫʶʱʠʭ ʦʧʝʨʘʮʠʡ. ɽʩʣʠ ʩʫʱʝʩʪʚʫʝʪ ʭʦʪʷ ʙʳ ʦʜʥʘ ʦʙʱʘʷ ʷʯʝʡʢʘ 

ʧʘʤʷʪʠ, ʪʘʢʘʷ ʯʪʦ ʩʦʩʪʦʷʥʠʝ ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ ʦʪʥʦʩʠʪʝʣʴʥʦ ʝʸ ʧʦʩʣʝ 

ʚʳʧʦʣʥʝʥʠʷ ʜʚʫʭ ʦʧʝʨʘʮʠʡ ʤʦʞʝʪ ʟʘʚʠʩʝʪʴ ʦʪ ʠʭ ʧʦʨʷʜʢʘ, ʪʦ ʙʫʜʝʤ ʥʘʟʳʚʘʪʴ ɻ ʪʠ 

ʦʧʝʨʘʮʠʠ ʥʝʢʦʤʤʫʪʠʨʫʶʱʠʤʠ, ʚ ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ ʩʢʘʞʝʤ, ʯʪʦ ʦʥʠ 

ʢʦʤʤʫʪʠʨʫʶʪ ʤʝʞʜʫ ʩʦʙʦʡ [14]. ɸʣʛʦʨʠʪʤ ʧʦʠʩʢʘ ʢʣʘʩʩʦʚ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ 

ʙʘʟʠʨʫʝʪʩʷ ʥʘ ʧʦʥʷʪʠʠ ʥʝʢʦʤʤʫʪʠʨʫʶʱʠʭ ʦʧʝʨʘʮʠʡ. ʇʨʠʤʝʨ 

ʥʝʢʦʤʤʫʪʠʨʫʶʱʠʭ ʦʧʝʨʘʮʠʡ ʠʟʦʙʨʘʞʝʥ ʥʘ ʨʠʩ. 3 ʠ ʦʙʦʟʥʘʯʝʥ ʟʥʘʢʦʤ ç+è. 

 

ʈʠʩ. 3. ʇʨʠʤʝʨ ʫʢʘʟʘʥʠʷ ʥʝʢʦʤʤʫʪʠʨʫʶʱʠʭ ʦʧʝʨʘʮʠʡ ʥʘ ʛʨʘʬʝ. 

 

ɺ ʨʘʙʦʪʝ [14] ʜʦʢʘʟʳʚʘʝʪʩʷ, ʯʪʦ ʯʠʩʣʦ ʢʣʘʩʩʦʚ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʧʦʣʥʳʭ 

ʧʫʪʝʡ ʤʦʞʝʪ ʙʳʪʴ ʚʳʯʠʩʣʝʥʦ ʟʘ O(kϽn), ʛʜʝ k ʠ n ï ʢʦʣʠʯʝʩʪʚʦ ʘʪʦʤʘʨʥʳʭ 

ʦʧʝʨʘʮʠʡ ʢʘʞʜʦʛʦ ʠʟ ʧʦʪʦʢʦʚ. ɼʘʥʥʳʡ ʬʘʢʪ ʷʚʣʷʝʪʩʷ ʩʠʣʴʥʦʡ ʩʪʦʨʦʥʦʡ ʤʝʪʦʜʘ, 

ʫʢʘʟʳʚʘʶʱʠʡ ʥʘ ʧʦʪʝʥʮʠʘʣʴʥʫʶ ʚʳʩʦʢʫʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʘʥʘʣʠʟʘ ʧʨʠ 

ʨʝʘʣʠʟʘʮʠʠ. 

ɺ ʨʘʙʦʪʝ [13] ʙʳʣʘ ʫʣʫʯʰʝʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʠʩʩʣʝʜʫʝʤʦʛʦ ʘʥʘʣʠʟʘ, 

ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʨʘʩʰʠʨʠʪʴ ʧʨʠʤʝʥʠʤʦʩʪʴ ʤʝʪʦʜʘ. ʋʣʫʯʰʝʥʠʝ ʙʳʣʦ ʜʦʩʪʠʛʥʫʪʦ ʟʘ 

ʩʯʝʪ ʜʦʙʘʚʣʝʥʠʷ ʥʦʚʦʛʦ ʘʙʩʪʨʘʢʪʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ï ʨʘʩʯʝʪʥʦʛʦ ʛʨʘʬʘ, 
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ʢʦʪʦʨʳʡ ʩʪʨʦʠʪʩʷ ʥʘ ʦʩʥʦʚʝ ʛʨʘʬʘ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ. ʉ ʧʦʤʦʱʴʶ 

ʨʘʩʯʝʪʥʦʛʦ ʛʨʘʬʘ ʩʪʘʣʦ ʚʦʟʤʦʞʥʳʤ ʫʯʠʪʳʚʘʪʴ ʟʥʘʯʝʥʠʷ ʚʩʝʭ ʨʘʟʜʝʣʷʝʤʳʭ 

ʧʝʨʝʤʝʥʥʳʭ, ʘ ʥʝ ʧʨʦʩʪʦ ʦʙʱʫʶ ʧʘʤʷʪʴ.  

ʈʘʩʯʝʪʥʳʡ ʛʨʘʬ ï ʢʦʥʩʪʨʫʢʪʠʚʥʘʷ ʜʠʩʢʨʝʪʥʘʷ ʤʦʜʝʣʴ ʠʩʭʦʜʥʦʛʦ ʢʦʜʘ 

ʧʨʦʛʨʘʤʤʳ, ʧʨʝʜʩʪʘʚʣʷʶʱʘʷ ʩʦʙʦʡ ʥʘʧʨʘʚʣʝʥʥʳʡ ʛʨʘʬ, ʚ ʢʦʪʦʨʦʤ ʢʘʞʜʦʤʫ 

ʨʝʙʨʫ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʘʪʦʤʘʨʥʘʷ ʦʧʝʨʘʮʠʷ, ʘ ʚʝʨʰʠʥʘʤ ʩʪʘʚʠʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʝ 

ʤʥʦʞʝʩʪʚʦ ʟʥʘʯʝʥʠʡ ʚʩʝʭ ʨʘʟʜʝʣʷʝʤʳʭ ʧʝʨʝʤʝʥʥʳʭ. 

ʇʦʤʠʤʦ ʜʦʙʘʚʣʝʥʠʷ ʨʘʩʯʝʪʥʦʛʦ ʛʨʘʬʘ ʠ ʘʥʘʣʠʟʘ ʟʥʘʯʝʥʠʡ ʨʘʟʜʝʣʷʝʤʳʭ 

ʧʝʨʝʤʝʥʥʳʭ ʚ ʨʘʙʦʪʝ [13] ʫʜʝʣʝʥʦ ʚʥʠʤʘʥʠʝ ʚʝʪʚʣʝʥʠʷʤ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ ʠ 

ʮʠʢʣʘʤ. ʇʨʝʜʣʦʞʝʥʥʦʝ ʨʘʩʰʠʨʝʥʠʝ ʧʦʟʚʦʣʷʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦ 

ʧʘʨʘʤʝʪʨʠʟʠʨʦʚʘʪʴ ʥʝʢʦʪʦʨʳʝ ʚʝʪʚʣʝʥʠʷ ʠ ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʥʝʩʣʦʞʥʳʝ ʮʠʢʣʳ. ʅʘ 

ʨʠʩ. 4 ʧʦʢʘʟʘʥ ʧʨʠʤʝʨ ʧʦʩʪʨʦʝʥʠʷ ʨʘʩʯʝʪʥʦʛʦ ʛʨʘʬʘ ʥʘ ʧʨʠʤʝʨʝ ʘʣʛʦʨʠʪʤʘ 

ʇʝʪʝʨʩʦʥʘ ʜʣʷ ʜʚʫʭ ʧʦʪʦʢʦʚ [13]. 

 

 

ʈʠʩ. 4. ʈʘʩʯʝʪʥʳʡ ʛʨʘʬ ʜʣʷ ʘʣʛʦʨʠʪʤʘ ʇʝʪʝʨʩʦʥʘ. 
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ʄʦʜʝʣʴ ʩ ʨʘʩʯʝʪʥʳʤ ʛʨʘʬʦʤ ʷʚʣʷʝʪʩʷ ʣʦʛʠʯʥʳʤ ʧʨʦʜʦʣʞʝʥʠʝʤ ʨʘʟʚʠʪʠʷ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʘʥʘʣʠʟʘ ʤʥʦʛʦʧʦʪʦʯʥʳʭ ʘʣʛʦʨʠʪʤʦʚ, ʦʧʠʩʘʥʥʦʡ ʚ 

ʨʘʙʦʪʝ [14]. ʇʦʵʪʦʤʫ ʤʦʜʝʣʴ ʩ ʨʘʩʯʝʪʥʳʤ ʛʨʘʬʦʤ ʙʝʨʝʪʩʷ ʟʘ ʦʩʥʦʚʫ ʚ ʜʘʥʥʦʡ 

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʩ ʮʝʣʴʶ ʝʝ ʘʜʘʧʪʘʮʠʠ ʠ ʨʝʘʣʠʟʘʮʠʠ ʜʣʷ ʧʨʦʤʳʰʣʝʥʥʦʛʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ. 

ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʧʨʠʥʠʤʘʝʪʩʷ ʧʦʧʳʪʢʘ ʘʜʘʧʪʘʮʠʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ 

ʤʦʜʝʣʠ ʧʨʠ ʘʥʘʣʠʟʝ ʢʦʥʪʝʢʩʪʘ ʧʨʦʛʨʘʤʤʳ, ʧʦʣʫʯʝʥʥʦʛʦ ʚʩʣʝʜʩʪʚʠʝ 

ʣʠʥʝʘʨʠʟʘʮʠʠ ʛʨʘʬʘ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ. ʇʦʵʪʦʤʫ ʠʥʪʝʨʝʩʥʦ ʪʘʢʞʝ ʧʨʠʚʝʩʪʠ 

ʦʧʠʩʘʥʠʝ ʛʦʥʢʠ ʚ ʪʝʨʤʠʥʘʭ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʝʪʦʜʘ 

ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ. 

ɻʦʥʢʘ (ʚ ʪʝʨʤʠʥʘʭ ʛʨʘʬʘ G, ʦʧʠʩʘʥʥʳʡ ʚ (1)) ï ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʜʚʫʭ ʨʘʟʥʳʭ 

ʧʦʣʥʳʭ ʧʫʪʝʡ, ʜʣʷ ʢʦʪʦʨʳʭ ʚ ʬʠʥʘʣʴʥʦʤ ʩʦʩʪʦʷʥʠʠ ʩʦʩʪʦʷʥʠʷ ʭʦʪʷ ʙʳ ʦʜʥʦʡ ʠʟ 

ʷʯʝʝʢ ʧʘʤʷʪʠ ʨʘʟʣʠʯʥʳ. ʉ ʫʯʸʪʦʤ ʥʘʯʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʷʯʝʝʢ ʠ ʪʦʛʦ, ʢʘʢ ʠʭ 

ʟʥʘʯʝʥʠʷ ʤʝʥʷʶʪʩʷ, ʠʩʧʦʣʴʟʫʝʤ ʤʝʪʦʜ ʥʝʦʧʨʝʜʝʣʝʥʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ. ʅʘ 

ʢʘʞʜʦʤ ʚʝʪʚʣʝʥʠʠ ʜʦʙʘʚʣʷʝʤ ʢʦʵʬʬʠʮʠʝʥʪ Ŭ  ɴ{0, 1} ʢ ʠʟʤʝʥʝʥʠʶ ʚ ʣʝʚʦʡ ʚʝʪʚʠ 

ʠ (1-Ŭ) ï ʧʨʘʚʦʡ. ʄʥʦʞʝʩʪʚʦ ʥʝʦʧʨʝʜʝʣʝʥʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ D ʧʦʣʥʦʩʪʴʶ 

ʦʧʠʩʳʚʘʝʪ ʧʫʪʴ ʥʘ ʛʨʘʬʝ. ɺ ʬʠʥʘʣʴʥʦʡ ʚʝʨʰʠʥʝ ʠʤʝʝʤ ʤʥʦʞʝʩʪʚʦ ʟʥʘʯʝʥʠʡ, ʛʜʝ 

ʢʘʞʜʘʷ ʷʯʝʡʢʘ ʧʘʤʷʪʠ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʠʤʝʝʪ ʚʠʜ [13]: 

ὼ ὪὼᴆȟὈȟ (2) 

ʛʜʝ ὼᴆ ï ʩʦʩʪʦʷʥʠʝ ʚʩʝʭ ʷʯʝʝʢ ʧʘʤʷʪʠ ʚ ʥʘʯʘʣʴʥʦʡ ʚʝʨʰʠʥʝ, D ï ʟʥʘʯʝʥʠʷ 

ʥʝʦʧʨʝʜʝʣʝʥʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ, Ὢ ï ʥʝʢʦʪʦʨʘʷ ʬʫʥʢʮʠʷ, ʦʧʨʝʜʝʣʝʥʥʘʷ ʜʣʷ 

ʢʘʞʜʦʡ ʠʟ ʷʯʝʝʢ. ʀʩʭʦʜʷ ʠʟ ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʥʷʪʠʷ ʛʦʥʢʠ ʠ ʧʨʠʥʮʠʧʦʚ ʧʦʩʪʨʦʝʥʠʷ 

ʠ ʘʥʘʣʠʟʘ ʛʨʘʬʘ, ʠʟʣʦʞʝʥʥʳʭ ʚʳʰʝ, ʧʦʣʫʯʘʝʤ, ʯʪʦ ʛʦʥʢʘ ʚʦʟʤʦʞʥʘ ʪʦʛʜʘ ʠ 

ʪʦʣʴʢʦ ʪʦʛʜʘ, ʢʦʛʜʘ [13]: 

ὭɱȟὈȟὈȡὪὼᴆȟὈ ὪὼᴆȟὈ ȟ (3) 

ʛʜʝ Ὀ ʠ Ὀ  ï ʤʥʦʞʝʩʪʚʘ ʙʠʥʘʨʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ. 
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ɻʣʘʚʘ 2. ʈʝʘʣʠʟʘʮʠʠ ʤʦʜʝʣʠ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʥʘʭʦʞʜʝʥʠʷ 

ʩʦʩʪʦʷʥʠʷ ʛʦʥʢʠ ʚ ʤʥʦʛʦʧʦʪʦʯʥʳʭ ʘʣʛʦʨʠʪʤʘʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʣʠʥʝʘʨʠʟʦʚʘʥʥʦʛʦ ʛʨʘʬʘ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ 

 

2.1. ɸʥʘʣʠʟ ʦʧʪʠʤʠʟʘʮʠʡ ʥʘ ʧʨʦʤʝʞʫʪʦʯʥʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ 

 

ɺ ʨʘʙʦʪʝ ʙʳʣ ʚʟʷʪ ʟʘ ʦʩʥʦʚʫ ʢʦʤʧʠʣʷʪʦʨ CLANG&LLVM ʢʘʢ ʥʘʠʙʦʣʝʝ 

ʘʢʪʠʚʥʦ ʨʘʟʚʠʚʘʶʱʠʡʩʷ ʠ ʦʙʣʘʜʘʶʱʠʡ ʨʷʜʦʤ ʧʨʝʠʤʫʱʝʩʪʚ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʛʠʙʢʦʩʪʠ ʨʝʘʣʠʟʘʮʠʠ ʠ ʫʜʦʙʩʪʚʘ ʘʜʘʧʪʠʨʦʚʘʥʠʷ ʧʦʜ ʢʦʥʢʨʝʪʥʳʝ ʩʣʫʯʘʠ ʠ ʟʘʜʘʯʠ. 

CLANG&LLVM ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʦʧʪʠʤʠʟʘʮʠʡ ʠʩʧʦʣʴʟʫʝʪ 

ʧʣʘʪʬʦʨʤʦʥʝʟʘʚʠʩʠʤʳʡ IR ʚ SSA (Static Single Assignment) ʬʦʨʤʝ, ʧʨʠʯʝʤ 

CLANG ʚʳʩʪʫʧʘʝʪ front-endôʦʤ, ʪʨʘʥʩʣʠʨʫʷ ʷʟʳʢ ʚʳʩʦʢʦʛʦ ʫʨʦʚʥʷ ʚ IR ʥʫʞʥʦʛʦ 

ʚʠʜʘ (LLVM IR), ʘ LLVM ï ʦʧʪʠʤʠʟʠʨʫʶʱʠʤ ʢʦʤʧʠʣʷʪʦʨʦʤ, ʢʦʪʦʨʳʡ ʧʨʦʚʦʜʠʪ 

ʥʝʦʙʭʦʜʠʤʳʝ ʦʧʪʠʤʠʟʘʮʠʠ, ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʠʣʠ ʧʨʦʛʨʘʤʤʥʳʡ ʘʥʘʣʠʟ ʥʘ LLVM 

IR ʠ ʟʘʪʝʤ ʪʨʘʥʩʣʠʨʫʝʪ ʬʠʥʘʣʴʥʳʡ LLVM IR ʚ ʙʠʥʘʨʥʳʡ ʢʦʜ ʮʝʣʝʚʦʡ 

ʘʨʭʠʪʝʢʪʫʨʳ. ʆʙʱʘʷ ʩʪʨʫʢʪʫʨʘ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʢʦʤʧʠʣʷʪʦʨʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ 

ʨʠʩ. 5. 

 

 

ʈʠʩ. 5. ʉʪʨʫʢʪʫʨʘ ʢʦʤʧʠʣʷʮʠʠ ʩ ʧʦʤʦʱʴʶ CLANG&LLVM. 

 

ʌʦʨʤʘ ʩʪʘʪʠʯʝʩʢʦʛʦ ʝʜʠʥʩʪʚʝʥʥʦʛʦ ʧʨʠʩʚʘʠʚʘʥʠʷ (SSA) ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ 

ʩʘʤʳʭ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʬʦʨʤ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʧʦʪʦʢʘ ʜʘʥʥʳʭ ʧʨʦʛʨʘʤʤʳ ʠ 
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ʘʢʪʠʚʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʦʚʨʝʤʝʥʥʳʭ ʦʧʪʠʤʠʟʠʨʫʶʱʠʭ 

ʢʦʤʧʠʣʷʪʦʨʦʚ [26]. ɺ SSA-ʬʦʨʤʝ ʣʶʙʘʷ ʧʝʨʝʤʝʥʥʘʷ ʤʦʞʝʪ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥʘ 

ʪʦʣʴʢʦ ʦʜʠʥ ʨʘʟ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʜʣʷ ʩʦʙʣʶʜʝʥʠʷ ʜʘʥʥʦʛʦ ʦʛʨʘʥʠʯʝʥʠʷ ʜʦʣʞʥʳ 

ʚʳʧʦʣʥʷʪʴʩ ̫ʩʣʝʜʫʶʱʠʝ ʫʩʣʦʚʠʷ: 

¶ ʅʘʣʠʯʠʝ ű-ʫʟʣʦʚ ʚ ʪʦʯʢʘʭ ʩʭʦʞʜʝʥʠʷ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ. ű-ʫʟʝʣ ʜʣʷ 

ʧʝʨʝʤʝʥʥʦʡ ï ʵʪʦ ʦʧʝʨʘʮʠʷ, ʚʳʙʠʨʘʶʱʘʷ ʩʨʝʜʠ ʤʥʦʞʝʩʪʚʘ ʟʥʘʯʝʥʠʡ 

ʧʝʨʝʤʝʥʥʦʡ ʥʫʞʥʦʝ. 

¶ ʇʝʨʝʠʤʝʥʦʚʘʥʠʝ ʚʩʝʭ ʧʝʨʝʤʝʥʥʳʭ ʪʘʢ, ʯʪʦʙʳ ʢʘʞʜʦʤʫ ʦʧʨʝʜʝʣʝʥʠʶ 

ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʘ ʩʚʦʷ ʫʥʠʢʘʣʴʥʘʷ ʧʝʨʝʤʝʥʥʘʷ. 

LLVM  ʩʦʜʝʨʞʠʪ ʙʦʣʝʝ 100 ʫʥʠʢʘʣʴʥʳʭ ʦʧʪʠʤʠʟʘʮʠʡ, ʢʦʪʦʨʳʝ ʙʳʣʠ 

ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʚʣʠʷʥʠʷ ʥʘ CFG. ʇʨʝʜʣʘʛʘʝʪʩʷ ʨʘʩʩʤʦʪʨʝʪʴ ʠ 

ʦʮʝʥʠʪʴ ʚʣʠʷʥʠʝ ʩʣʝʜʫʶʱʠʭ ʦʧʪʠʤʠʟʘʮʠʡ, ʢʦʪʦʨʳʝ ʯʘʩʪʦ ʠʤʝʶʪ ʩʚʦʶ 

ʨʝʘʣʠʟʘʮʠʶ ʚ ʦʧʪʠʤʠʟʠʨʫʶʱʠʭ ʢʦʤʧʠʣʷʪʦʨʘʭ: 

¶ If -conversions ï ʧʝʨʝʚʦʜ ʚ ʧʨʝʜʠʢʘʪʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ [12]. 

ʉʦʚʨʝʤʝʥʥʳʝ EPIC-ʘʨʭʠʪʝʢʪʫʨʳ ʧʦʜʜʝʨʞʠʚʘʶʪ ʧʨʝʜʠʢʘʪʥʦʝ ʚʳʯʠʩʣʝʥʠʝ, 

ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʚʳʧʦʣʥʷʪʴ ʦʧʝʨʘʮʠʠ ʨʘʥʴʰʝ ʧʝʨʝʭʦʜʘ, ʚʝʜʫʱʝʛʦ ʥʘ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʫʯʘʩʪʦʢ. ʆʧʝʨʘʮʠʠ, ʚʳʥʝʩʝʥʥʳʝ ʚr ʰʝ ʧʝʨʝʭʦʜʘ, 

ʠʩʧʦʣʥʷʶʪʩʷ ʧʦʜ ʫʩʣʦʚʠʝʤ (ʧʨʝʜʠʢʘʪʦʤ) ʵʪʦʛʦ ʧʝʨʝʭʦʜʘ. ʀʩʧʦʣʴʟʫʷ 

ʧʦʜʜʝʨʞʢʫ ʧʨʝʜʠʢʘʪʥʳʭ ʚʳʯʠʩʣʝʥʠʡ, ʤʦʞʥʦ ʧʨʝʦʙʨʘʟʦʚʘʪʴ ʘʮʠʢʣʠʯʝʩʢʠʡ 

ʨʝʛʠʦʥ ʧʨʦʛʨʘʤʤʳ, ʩʦʩʪʦʷʱʠʡ ʠʟ ʥʝʩʢʦʣʴʢʠʭ ʣʠʥʝʡʥʳʭ ʫʯʘʩʪʢʦʚ, ʚ ʦʜʠʥ 

ʣʠʥʝʡʥʳʡ ʫʯʘʩʪʦʢ. ʇʨʠ ʵʪʦʤ ʜʝʡʩʪʚʠʠ ʙʫʜʫʪ ʫʜʘʣʝʥʳ ʚʩʝ ʚʥʫʪʨʝʥʥʠʝ 

ʧʝʨʝʭʦʜʳ ʘʮʠʢʣʠʯʝʩʢʦʛʦ ʨʝʛʠʦʥʘ. ʇʦ ʩʫʪʠ, if-conversion ʧʨʝʦʙʨʘʟʫʝʪ 

ʟʘʚʠʩʠʤʦʩʪʠ ʧʦ ʫʧʨʘʚʣʝʥʠʶ ʩ ʦʧʝʨʘʮʠʷʤʠ ʧʝʨʝʭʦʜʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦ 

ʜʘʥʥʳʤ ʩ ʧʨʝʜʠʢʘʪʘʤʠ. ɺ ʨʘʤʢʘʭ ʚʳʙʨʘʥʥʦʛʦ ʦʧʪʠʤʠʟʠʨʫʶʱʝʛʦ 

ʢʦʤʧʠʣʷʪʦʨʘ CLANG&LLVM ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ 

ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʚ ʧʨʝʜʠʢʘʪʥʫʶ ʬʦʨʤʫ ʥʝ ʨʝʘʣʠʟʦʚʘʥʦ, ʥʦ ʧʨʝʜʦʩʪʘʚʣʝʥ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ API [22], ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ ʦʧʝʨʠʨʦʚʘʪʴ ʩ ʥʫʞʥʳʤʠ 

ʩʪʨʫʢʪʫʨʘʤʠ IR ʠ ʝʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷʤʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʩʥʦʚʳʚʘʷʩʴ ʥʘ 
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ʠʟʚʝʩʪʥʳʭ ʘʣʛʦʨʠʪʤʘʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʠ ʦʙʱʝʧʨʠʥʷʪʳʭ ʧʨʘʢʪʠʢʘʭ [11, 26], 

ʤʦʞʝʤ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʚʦʟʤʦʞʥʘ ʨʝʘʣʠʟʘʮʠʷ if-conversion. 

¶ ʊʨʘʥʩʬʦʨʤʘʮʠʷ ʮʠʢʣʦʚ: 

ɺ ʩʦʚʨʝʤʝʥʥʳʭ ʦʧʪʠʤʠʟʠʨʫʶʱʠʭ ʢʦʤʧʠʣʷʪʦʨʘʭ ʨʝʘʣʠʟʦʚʘʥʳ ʜʝʩʷʪʢʠ ʠʣʠ 

ʜʘʞʝ ʩʦʪʥʠ ʨʘʟʣʠʯʥʳʭ ʪʨʘʥʩʬʦʨʤʘʮʠʡ ʮʠʢʣʦʚ, ʥʝʢʦʪʦʨʳʝ ʠʟ ʥʠʭ ʤʦʞʥʦ 

ʦʪʥʝʩʪʠ ʢ ʦʧʪʠʤʠʟʘʮʠʷʤ, ʧʨʠʤʝʥʝʥʠʝ ʢʦʪʦʨʳʭ ʥʝʷʚʥʦ ʧʨʠʚʦʜʠʪ ʢ 

ʣʠʥʝʘʨʠʟʘʮʠʠ CFG. ʕʪʠ ʠ ʤʥʦʞʝʩʪʚʦ ʜʨʫʛʠʭ ʪʨʘʥʩʬʦʨʤʘʮʠʡ ʮʠʢʣʦʚ 

ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʳ ʚ ʦʙʟʦʨʥʦʡ ʩʪʘʪʴʝ [17]. ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ 

ʨʘʩʩʤʦʪʨʝʥʳ ʪʘʢʠʝ ʦʧʪʠʤʠʟʘʮʠʠ CLANG&LLVM, ʧʨʠʤʝʥʝʥʠʝ ʢʦʪʦʨʳʭ ʩ 

ʧʨʘʢʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʥʘʠʣʫʯʰʠʤ ʦʙʨʘʟʦʤ ʦʪʚʝʯʘʶʪ ʟʘʜʘʯʝ 

ʣʠʥʝʘʨʠʟʘʮʠʠ CFG. ʉʦʛʣʘʩʥʦ ʦʬʠʮʠʘʣʴʥʦʡ ʜʦʢʫʤʝʥʪʘʮʠʠ 

ʦʧʪʠʤʠʟʠʨʫʶʱʝʛʦ ʢʦʤʧʠʣʷʪʦʨʘ LLVM  [24] ʚʦʟʤʦʞʥʦ ʧʨʠʤʝʥʠʪʴ 

ʩʣʝʜʫʶʱʠʝ ʦʧʪʠʤʠʟʘʮʠʠ ʢ ʮʠʢʣʘʤ ʥʘ IR, ʧʦʣʫʯʝʥʥʳʡ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʩ 

ʧʦʤʦʱʴʶ CLANG: 

o -lcssa (Loop-Closed SSA Form Pass) 

ʆʧʪʠʤʠʟʘʮʠʷ ʠʟʤʝʥʷʝʪ ʮʠʢʣʳ ʧʫʪʝʤ ʧʝʨʝʥʦʩʘ ʬʠ-ʫʟʣʦʚ ʚ ʢʦʥʝʮ ʮʠʢʣʦʚ 

ʜʣʷ ʚʩʝʭ ʟʥʘʯʝʥʠʡ, ʢʦʪʦʨʳʝ ʦʩʪʘʶʪʩʷ ʞʠʚʳʤʠ ʟʘ ʛʨʘʥʠʮʘʤʠ ʮʠʢʣʘ. 

ʅʘʧʨʠʤʝʨ: 

for (...)                for (...)  

    if (c)                   if (c)  

        X1 = ...                 X1 = ...  

    else             - >      else  

        X2 = ...                 X2 = ...  

    X3 = phi(X1, X2)         X3 = phi(X1, X2)  

... = X3 + 4              X4 = phi(X3)  

                            ... = X4 + 4  

ɼʦʧʦʣʥʠʪʝʣʴʥʳʝ ʬʠ-ʫʟʣʳ ʷʚʣʷʶʪʩʷ ʠʟʣʠʰʥʠʤʠ, ʥʦ ʦʥʠ ʣʝʛʢʦ ʫʜʘʣʷʪʩʷ 

ʧʦʩʣʝ ʦʧʪʠʤʠʟʘʮʠʠ InstCombine. ʆʩʥʦʚʥʘʷ ʚʳʛʦʜʘ ʜʘʥʥʦʡ 

ʪʨʘʥʩʬʦʨʤʘʮʠʠ ï ʵʪʦ ʩʜʝʣʘʪʴ ʧʨʠʤʝʥʝʥʠʝ ʜʨʫʛʠʭ ʮʠʢʣʦʚʳʭ 

ʦʧʪʠʤʠʟʘʮʠʡ, ʪʘʢʠʭ ʢʘʢ LoopUnswitch, ʙʦʣʝʝ ʧʨʦʩʪʳʤʠ. 

 



35 

o -licm (Loop Invariant Code Motion) 

ʆʧʪʠʤʠʟʘʮʠʷ ʚʳʧʦʣʥʷʝʪ ʧʝʨʝʤʝʱʝʥʠʝ ʠʥʚʘʨʠʘʥʪʥʦʛʦ ʢʦʜʘ ʚ ʮʠʢʣʝ, 

ʧʳʪʘʷʩʴ ʫʜʘʣʠʪʴ ʢʘʢ ʤʦʞʥʦ ʙʦʣʴʰʝ ʢʦʜʘ ʠʟ ʪʝʣʘ ʮʠʢʣʘ. 

o -loop-deletion (Delete dead loops) 

ʆʧʪʠʤʠʟʘʮʠʷ ʦʪʚʝʯʘʝʪ ʟʘ ʫʜʘʣʝʥʠʝ ʮʠʢʣʦʚ, ʢʦʪʦʨʳʝ ʥʝ ʚʥʦʩʷʪ ʚʢʣʘʜ ʚ 

ʚʦʟʚʨʘʱʘʝʤʦʝ ʟʥʘʯʝʥʠʝ ʬʫʥʢʮʠʠ. 

o -loop-reduce (Loop Strength Reduction) 

ʆʧʪʠʤʠʟʘʮʠʷ ʧʨʦʚʦʜʠʪ ʧʦʥʠʞʝʥʠʝ ʩʪʦʠʤʦʩʪʠ ʚʳʨʘʞʝʥʠʡ ʩ 

ʠʥʜʫʢʪʠʚʥʳʤʠ ʧʝʨʝʤʝʥʥʳʤʠ, ʟʘʤʝʥʷʷ ʜʦʨʦʛʠʝ ʦʧʝʨʘʮʠʠ ʥʘ ʙʦʣʝʝ 

ʜʝʰʝʚʳʝ. ɺ ʯʘʩʪʥʦʩʪʠ, ʚʳʨʘʞʝʥʠʷ ʩ ʤʘʩʩʠʚʘʤʠ ʠʟʤʝʥʷʶʪ ʪʘʢ, ʯʪʦʙʳ 

ʙʳʣʘ ʚʦʟʤʦʞʥʦʩʪʴ ʚʦʩʧʦʣʴʟʦʚʘʪʴʩʷ ʧʨʝʠʤʫʱʝʩʪʚʘʤʠ ʨʘʩʰʠʨʝʥʥʦʛʦ 

ʨʝʞʠʤʘ ʘʜʨʝʩʘʮʠʠ ʠʥʜʝʢʩʘ (scaled-index addressing modes), ʫʧʨʦʱʘʶʱʝʝ 

ʦʙʨʘʱʝʥʠʝ ʢ ʵʣʝʤʝʥʪʘʤ ʤʘʩʩʠʚʦʚ. 

o -loop-rotate (Rotate Loops) 

ʆʧʪʠʤʠʟʘʮʠʷ ʚʳʧʦʣʥʷʝʪ ʧʨʦʩʪʦʝ ʚʨʘʱʝʥʠʝ ʮʠʢʣʘ. 

o -loop-simplify (Canonicalize natural loops) 

ʆʧʪʠʤʠʟʘʮʠʷ ʚʳʧʦʣʥʷʝʪ ʥʝʩʢʦʣʴʢʦ ʪʨʘʥʩʬʦʨʤʘʮʠʡ ʥʘʜ ʝʩʪʝʩʪʚʝʥʥʳʤʠ 

ʮʠʢʣʘʤʠ, ʧʨʝʦʙʨʘʟʫʷ ʠʭ ʚ ʙʦʣʝʝ ʧʨʦʩʪʫʶ ʬʦʨʤʫ, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ 

ʜʝʣʘʪʴ ʧʦʩʣʝʜʫʶʱʠʡ ʘʥʘʣʠʟ ʠ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʧʨʦʱʝ ʠ ʵʬʬʝʢʪʠʚʥʝʝ, 

ʥʘʧʨʠʤʝʨ, ʜʣʷ LICM (Loop Invariant Code Motion). ɼʘʥʥʘʷ ʦʧʪʠʤʠʟʘʮʠʷ 

ʩʦʟʜʘʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʫʟʝʣ (ʧʨʝʜʮʠʢʣ) ʧʝʨʝʜ ʛʦʣʦʚʦʡ ʮʠʢʣʘ, ʯʪʦ 

ʛʘʨʘʥʪʠʨʫʝʪ ʥʘʣʠʯʠʝ ʪʦʣʴʢʦ ʝʜʠʥʩʪʚʝʥʥʦʡ ʚʭʦʜʥʦʡ ʜʫʛʠ ʚ ʮʠʢʣ. ʊʘʢʞʝ 

ʛʘʨʘʥʪʠʨʫʝʪʩʷ, ʯʪʦ ʧʦʩʣʝ ʧʨʠʤʝʥʝʥʠʷ ʦʧʪʠʤʠʟʘʮʠʠ ʠʟʤʝʥʝʥʥʳʡ ʮʠʢʣ 

ʙʫʜʝʪ ʠʤʝʪʴ ʪʦʣʴʢʦ ʦʜʥʫ ʦʙʨʘʪʥʫʶ ʜʫʛʫ.  

o -loop-unroll (Unroll loops) 

ʆʧʪʠʤʠʟʘʮʠʷ ʨʝʘʣʠʟʫʝʪ ʧʨʦʩʪʫʶ ʨʘʩʢʨʫʪʢʫ ʮʠʢʣʘ, ʢʦʪʦʨʘʷ ʟʘʢʣʶʯʘʝʪʩʷ 

ʚ ʩʦʟʜʘʥʠʠ ʥʝʩʢʦʣʴʢʦ ʢʦʧʠʡ ʠʪʝʨʘʮʠʡ ʮʠʢʣʘ (ʯʠʩʣʦ ʢʦʧʠʡ n ʥʘʟʳʚʘʝʪ 

ʬʘʢʪʦʨʦʤ ʨʘʟʚʝʨʪʢʠ) ʠ ʚ ʫʚʝʣʠʯʝʥʠʠ ʰʘʛʘ ʮʠʢʣʘ ʚ ʵʪʦ ʞʝ ʯʠʩʣʦ ʨʘʟ. 

ʅʘʧʨʠʤʝʨ, ʨʘʟʚʝʨʪʢʘ ʩ ʬʘʢʪʦʨʦʤ 2: 

for (i = 0; i < n; i++)        for (i = 0; i < n - 1; i+=2) {  
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    a[i] = b[i] + c[ i];            a[i] = b[i] + c[i];  

                           - >      a[i+1] = b[i+1] + c[i+1];  

                               }  

                               for (; i < n; i++)             

                                   a[ i ] = b[ i ] + c[ i ];  

ʆʧʪʠʤʠʟʘʮʠʶ ʩʪʦʠʪ ʧʨʠʤʝʥʷʪʴ ʧʦʩʣʝ ʠʩʧʦʣʥʝʥʠʷ ʦʧʪʠʤʠʟʘʮʠʠ -indvars 

(Canonicalize Induction Variables), ʢʦʛʜʘ ʮʠʢʣʳ ʧʨʠʚʝʜʝʥʳ ʢ 

ʢʘʥʦʥʠʯʝʩʢʦʤʫ ʚʠʜʫ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʣʝʛʢʦ ʦʧʨʝʜʝʣʷʪʴ ʯʠʩʣʦ ʠʪʝʨʘʮʠʡ 

ʮʠʢʣʦʚ. 

o -loop-unswitch (Unswitch loops) 

ʆʧʪʠʤʠʟʘʮʠʷ ʠʟʤʝʥʷʝʪ ʮʠʢʣʳ, ʢʦʪʦʨʳʝ ʩʦʜʝʨʞʘʪ ʧʝʨʝʭʦʜʳ ʥʘ 

ʠʥʚʘʨʠʘʥʪʥʳʝ ʜʣʷ ʮʠʢʣʘ ʫʩʣʦʚʥʳʝ ʦʧʝʨʘʮʠʠ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʩʦʟʜʘʪʴ 

ʥʝʩʢʦʣʴʢʦ ʮʠʢʣʦʚ. ʅʘʧʨʠʤʝʨ: 

for (...)                  if (lic)  

    A                          for (...)  

    if (lic)      - >               A; B; C  

        B                  else  

    C                          for  (...)  

                                   A; C 

ʆʞʠʜʘʝʪʩʷ, ʯʪʦ ʦʧʪʠʤʠʟʘʮʠʷ LICM ʠʩʧʦʣʥʷʝʪʩʷ ʨʘʥʴʰʝ, ʯʪʦ ʜʝʣʘʝʪ 

ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʝ ʜʘʥʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ ʦʯʝʚʠʜʥʝʝ.  

o -loop-idiom (Recognize loop idioms) 

ʆʧʪʠʤʠʟʘʮʠʷ ʨʝʘʣʠʟʫʝʪ ʨʘʩʧʦʟʥʘʚʘʪʝʣʴ ʠʜʠʦʤ, ʢʦʪʦʨʳʡ 

ʪʨʘʥʩʬʦʨʤʠʨʫʝʪ ʧʨʦʩʪʳʝ ʮʠʢʣʳ ʚ ʙʝʩʮʠʢʣʦʚʫʶ ʬʦʨʤʫ.  

o -loop-instsimplify (Simplify instructions in loops) 

ʆʧʪʠʤʠʟʘʮʠʷ ʧʨʦʚʦʜʠʪ ʣʝʛʢʦʝ ʫʧʨʦʱʝʥʠʝ ʠʥʩʪʨʫʢʮʠʡ ʚ ʪʝʣʝ ʮʠʢʣʘ. 

 

ʉʨʝʜʠ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʦʧʪʠʤʠʟʘʮʠʡ LLVM  ʤʦʞʥʦ ʚʳʙʨʘʪʴ ʪʝ, ʢʦʪʦʨʳʝ 

ʤʦʛʫʪ ʧʨʠʚʝʩʪʠ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʠʟʤʝʥʝʥʠʶ CFG, ʘ ʪʘʢʞʝ ʧʨʦʯʠʭ 

ʧʨʝʜʩʪʘʚʣʝʥʠʡ IR, ʯʪʦ ʚ ʢʦʥʝʯʥʦʤ ʠʪʦʛʝ ʧʦʚʳʰʘʝʪ ʣʠʥʝʘʨʠʟʘʮʠʶ CFG ʧʨʦʛʨʘʤʤ 

ʠ ʫʧʨʦʱʘʝʪ ʨʘʟʣʠʯʥʳʝ ʚʠʜʳ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʢʦʜʘ ʧʨʦʛʨʘʤʤ ʥʘ ʧʨʝʜʤʝʪ 
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ʩʦʩʪʦʷʥʠʷ ʛʦʥʦʢ. ʉʪʦʠʪ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʜʣʷ ʫʩʧʝʰʥʦʡ ʣʠʥʝʘʨʠʟʘʮʠʠ CFG 

ʧʨʦʛʨʘʤʤ ʚʘʞʥʦ ʥʝ ʪʦʣʴʢʦ ʧʨʠʤʝʥʠʪʴ ʥʝʦʙʭʦʜʠʤʳʝ ʦʧʪʠʤʠʟʘʮʠʠ ʢʦʤʧʠʣʷʪʦʨʘ 

LLVM, ʥʦ ʠ ʧʨʘʚʠʣʴʥʦ ʧʦʜʦʙʨʘʪʴ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʟʘʧʫʩʢʦʚ ʦʧʪʠʤʠʟʘʮʠʡ, 

ʪʘʢ ʢʘʢ ʦʧʪʠʤʠʟʘʮʠʠ ʤʦʛʫʪ ʙʳʪʴ ʢʦʥʬʣʠʢʪʫʶʱʠʤʠ ï ʧʨʠʤʝʥʠʤʦʩʪʴ ʦʜʥʦʡ 

ʧʨʠʚʦʜʠʪ ʢ ʥʝʧʨʠʤʝʥʠʤʦʩʪʠ ʜʨʫʛʦʡ, ʠ ʥʘʦʙʦʨʦʪ, ʩʚʷʟʘʥʥʳʤʠ ï ʥʝʧʨʠʤʝʥʠʤʦʩʪʴ 

ʦʜʥʦʡ ʚʣʝʯʸʪ ʥʝʧʨʠʤʝʥʠʤʦʩʪʴ ʜʨʫʛʦʡ [10]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʠʙʦʣʴʰʠʡ ʠʥʪʝʨʝʩ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʚʣʠʷʥʠʷ ʥʘ CFG 

ʚʳʟʳʚʘʶʪ ʩʣʝʜʫʶʱʠʝ ʦʧʪʠʤʠʟʘʮʠʠ: 

¶ -lcssa, 

¶ -loop-simplify, 

¶ -licm, 

¶ -loop-reduce, 

¶ -loop-unroll, 

¶ -loop-unswitch. 

 

2.2. ʃʠʥʝʘʨʠʟʘʮʠʷ ʛʨʘʬʘ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ ʯʝʨʝʟ ʣʠʥʝʡʢʫ ʦʧʪʠʤʠʟʘʮʠʡ 

LLVM  

 

ʂʦʤʧʠʣʷʪʦʨ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʚʘʪʴ ʩʚʦʶ ʩʦʙʩʪʚʝʥʥʫʶ ʣʠʥʝʡʢʫ ʦʧʪʠʤʠʟʘʮʠʡ 

ʣʠʙʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʪʘʥʜʘʨʪʥʫʶ. ʉʪʘʥʜʘʨʪʥʳʭ ʣʠʥʝʝʢ ʦʧʪʠʤʠʟʘʮʠʡ ʫ LLVM ʪʨʠ: 

O1, O2, O3. ʀʭ ʪʘʢʞʝ ʥʘʟʳʚʘʶʪ ʫʨʦʚʥʷʤʠ ʦʧʪʠʤʠʟʘʮʠʡ, ʛʜʝ O1 ï ʤʠʥʠʤʘʣʴʥʳʡ 

ʥʘʙʦʨ ʦʧʪʠʤʠʟʘʮʠʡ, ʘ O3 ï ʤʘʢʩʠʤʘʣʴʥʳʡ. ʉʦʛʣʘʩʥʦ ʜʦʢʫʤʝʥʪʘʮʠʠ LLVM 

ʠʥʪʝʨʝʩʫʝʤʳʡ ʥʘʙʦʨ ʦʧʪʠʤʠʟʘʮʠʡ, ʚʳʷʚʣʝʥʥʳʡ ʚ ʧ.2.1, ʩʦʜʝʨʞʠʪʩʷ ʚʦ ʚʪʦʨʦʤ 

ʫʨʦʚʥʝ ʦʧʪʠʤʠʟʘʮʠʠ LLVM ï ʆ2. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʧʦʣʫʯʠʪʴ ʤʠʥʠʤʘʣʴʥʳʡ 

ʵʬʬʝʢʪ ʦʪ ʜʘʥʥʳʭ ʦʧʪʠʤʠʟʘʮʠʡ ʚʦ ʚʨʝʤʷ ʢʦʤʧʠʣʷʮʠʠ ʜʣʷ ʦʮʝʥʢʠ ʜʦʩʪʘʪʦʯʥʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʚʪʦʨʦʡ ʫʨʦʚʝʥʴ ʦʧʪʠʤʠʟʘʮʠʠ ʆ2. 

ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʠʥʪʝʨʝʩʥʦ ʨʘʩʩʤʦʪʨʝʪʴ CFG-ʛʨʘʬʳ 

ʚʟʘʠʤʦʠʩʢʣʶʯʘʶʱʝʛʦ ʘʣʛʦʨʠʪʤʘ ʇʝʪʝʨʩʦʥʘ ʜʣʷ 2 ʧʦʪʦʢʦʚ, ʦʜʥʘ ʠʟ ʨʝʘʣʠʟʘʮʠʠ 

ʢʦʪʦʨʦʛʦ ʥʘ ʷʟʳʢʝ ʉʠ ʚʳʛʣʷʜʠʪ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 
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/* Algorithm of Peterson */  

 

#include <stdio.h>  

#include <stdlib.h>  

#include <pthread.h>  

 

int volatile turn  = 0 ;  

int volatile flag0 = 0;  

int volatile flag1 = 0;  

 

static void *thread1_func ( void * args_ptr )  

{  

    turn =  1;  

    flag0 = 1;  

    while ( turn == 1 && flag1 == 1 );  

    /**** Critical section ****/  

    flag0 = 0;    

    return NULL;  

}  

 

static void *thread2_func ( void * args_ptr )  

{  

    turn = 0;  

    flag1 = 1;  

    while ( turn == 0 && flag0 == 1 );  

    /**** C ritical section ****/  

    flag1 = 0;  

    return NULL;  

}  

 

int main () {  

    pthread_t thread1,thread2;  

  

    if (pthread_create(&thread1, NULL, thread1_func, NULL) != 0)  

    {  

        return EXIT_FAILURE;  

    }  

  

    if (pthread_create(&thread2, NULL, threa d2_func, NULL) != 0)  

    {  

        return EXIT_FAILURE;  

    }  

  

    if (pthread_join(thread1, NULL) != 0)  

    {  

        return EXIT_FAILURE;  

    }  

     

    if (pthread_join(thread2, NULL) != 0)  

    {  

        return EXIT_FAILURE;  

    }  

     

    return 0;  

}  
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ɺʘʞʥʳʤ ʥʶʘʥʩʦʤ ʚ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʘʣʛʦʨʠʪʤʘ ʇʝʪʝʨʩʦʥʘ 

ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʨʠʤʠʪʠʚʘ çvolatileè. ʇʨʠ ʧʨʠʤʝʥʝʥʠʠ ʙʦʣʴʰʦʛʦ 

ʢʦʣʠʯʝʩʪʚʘ ʦʧʪʠʤʠʟʘʮʠʡ ʢʦʤʧʠʣʷʪʦʨ, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʝ ʟʥʘʝʪ ʦ ʨʘʟʜʝʣʷʝʤʳʭ 

ʧʝʨʝʤʝʥʥʳʭ ʚ ʢʦʜʝ, ʯʪʦ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʥʝʧʨʘʚʠʣʴʥʦʡ ʛʝʥʝʨʘʮʠʠ ʢʦʜʘ ʮʝʣʝʚʦʡ 

ʘʨʭʠʪʝʢʪʫʨʳ. ʅʘʧʨʠʤʝʨ, ʨʘʟʜʝʣʷʝʤʳʝ ʧʝʨʝʤʝʥʥʳʝ ʤʦʛʫʪ ʠ ʚʦʚʩʝ ʙʳʪʴ ʫʜʘʣʝʥʳ 

ʠʟ ʧʨʦʮʝʜʫʨ, ʠʩʧʦʣʥʷʝʤʳʭ ʧʦʪʦʢʘʤʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʟʨʘʙʦʪʯʠʢʫ ʥʝʦʙʭʦʜʠʤʦ 

ʩʣʝʜʠʪʴ ʟʘ ʨʘʩʩʪʘʥʦʚʢʦʡ ʙʘʨʴʝʨʦʚ ʟʘʧʠʩʠ ʚ ʧʘʤʷʪʴ ʚ ʩʣʫʯʘʝ ʘʢʪʠʚʥʦʛʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʦʧʪʠʤʠʟʘʮʠʡ ʢʦʤʧʠʣʷʪʦʨʦʚ. 

ʇʦʩʢʦʣʴʢʫ ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʜ ʦʙʦʠʭ ʪʨʝʜʦʚ ʩʠʤʤʝʪʨʠʯʝʥ, ʪʦ ʨʘʩʩʤʦʪʨʠʤ 

CFG ʦʜʥʦʛʦ ʠʟ ʥʠʭ ʥʘ ʧʨʦʤʝʞʫʪʦʯʥʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ LLVM  ʜʦ ʦʧʪʠʤʠʟʘʮʠʡ ʠ 

ʧʦʩʣʝ ʧʨʠʤʝʥʝʥʠʷ ʠʥʪʝʨʝʩʫʝʤʳʭ ʥʘʩ ʣʠʥʝʡʢʠ ʦʧʪʠʤʠʟʘʮʠʡ. ʅʘ ʨʠʩ. 6 ʠ ʨʠʩ. 7 

ʠʟʦʙʨʘʞʝʥ CFG çthread1_funcè ʜʦ ʠ ʧʦʩʣʝ ʧʨʠʤʝʥʝʥʠʷ ʦʧʪʠʤʠʟʘʮʠʡ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʌʫʥʢʮʠʦʥʘʣ LLVM  ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʧʨʦʤʝʞʫʪʦʯʥʦʝ 

ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʩ ʨʘʟʣʠʯʥʳʭ ʬʘʟ ʣʠʥʝʡʢʠ ʢʦʤʧʠʣʷʪʦʨʘ ʚ DOT-ʧʨʝʜʩʪʘʚʣʝʥʠʠ, 

ʢʦʪʦʨʳʝ ʣʝʛʢʦ ʚʠʟʫʘʣʠʟʠʨʫʝʪʩʷ ʨʘʟʣʠʯʥʳʤʠ ʫʪʠʣʠʪʘʤʠ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʛʨʘʬʦʚ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʧʨʦʮʝʩʩʝ ʧʨʠʤʝʥʝʥʠʷ ʤʝʪʦʜʘ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʢʦʜʘ ʥʘ 

ʧʨʝʜʤʝʪ ʩʦʩʪʦʷʥʠʷ ʛʦʥʦʢ ʚ ʤʥʦʛʦʧʦʪʦʯʥʦʤ ʘʣʛʦʨʠʪʤʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʦʷʚʣʷʝʪʩʷ 

ʫʜʦʙʥʦʝ, ʙʳʩʪʨʦʝ ʠ ʷʩʥʦʝ ʩʨʝʜʩʪʚʦ ʚʠʟʫʘʣʠʟʘʮʠʠ, ʯʪʦ ʧʦʚʳʰʘʝʪ ʛʣʫʙʠʥʫ ʘʥʘʣʠʟʘ 

ʠ ʫʧʨʦʱʘʝʪ ʧʨʠʤʝʥʠʤʦʩʪʴ ʤʝʪʦʜʘ. 

ʅʘ ʨʠʩ. 6 ʚʠʜʥʦ, ʯʪʦ ʥʘ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʦʤ LLVM  IR ʫʤʝʥʴʰʠʣʦʩʴ ʥʝ ʪʦʣʴʢʦ 

ʢʦʣʠʯʝʩʪʚʦ ʠʥʩʪʨʫʢʮʠʡ, ʥʦ ʠ ʚʝʪʚʣʝʥʠʡ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ. ʕʬʬʝʢʪ ʦʪ 

ʧʨʠʤʝʥʝʥʠʷ ʦʧʪʠʤʠʟʘʮʠʡ ʥʘ ʨʝʘʣʴʥʳʭ ʟʘʜʘʯʘʭ ʙʫʜʝʪ ʙʦʣʴʰʝ, ʯʪʦ ʩʜʝʣʘʝʪ 

ʧʨʠʤʝʥʝʥʠʝ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʙʦʣʝʝ ʜʦʩʪʫʧʥʳʤ [5]. 

ʂʘʢ ʚʠʜʥʦ ʥʘ ʨʠʩ. 6, ʧʦʷʚʠʣʠʩʴ ʥʦʚʳʝ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ï ű-ʫʟʣr, 

ʢʦʪʦʨʳʝ ʨʘʥʝʝ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʥʝ ʘʥʘʣʠʟʠʨʦʚʘʣʠʩʴ. 

ɼʦʢʘʞʝʤ ʚ ʩʣʝʜʫʶʱʝʤ ʧʘʨʘʛʨʘʬʝ, ʯʪʦ ű-ʫʟʝʣ ʚ LLVM  IR ʥʝ ʚʣʠʷʝʪ ʥʘ ʘʥʘʣʠʟ 

ʢʦʜʘ ʠ ʥʘ ʚʳʚʦʜʳ ʦ ʥʘʣʠʯʠʠ ʩʦʩʪʦʷʥʠʡ ʛʦʥʦʢ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʜʝ 

ʤʥʦʛʦʧʦʪʦʯʥʦʛʦ ʘʣʛʦʨʠʪʤʘ. 
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ʈʠʩ. 6. CFG ʪʨʝʜʘ ʚ ʘʣʛʦʨʠʪʤʝ ʇʝʪʝʨʩʦʥʘ ʜʦ ʧʨʠʤʝʥʝʥʠʷ ʦʧʪʠʤʠʟʘʮʠʡ. 
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ʈʠʩ. 7. CFG ʪʨʝʜʘ ʚ ʘʣʛʦʨʠʪʤʝ ʇʝʪʝʨʩʦʥʘ ʧʦʩʣʝ ʧʨʠʤʝʥʝʥʠʷ ʦʧʪʠʤʠʟʘʮʠʡ. 

 

 

2.3. ɸʥʘʣʠʟ ʠʥʩʪʨʫʢʮʠʡ SSA-ʬʦʨʤʳ LLVM  IR, ʥʝ ʚʣʠʷʶʱʠʭ ʥʘ 

ʤʘʪʝʤʘʪʠʯʝʩʢʫʶ ʤʦʜʝʣʴ ʧʦʠʩʢʘ RC 

 

ʀʩʩʣʝʜʫʝʤʳʡ ʤʝʪʦʜ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʤʥʦʛʦʧʦʪʦʯʥʳʭ ʘʣʛʦʨʠʪʤʦʚ 

ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ ʛʨʘʬʝ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ, ʫʟʣʳ ʢʦʪʦʨʦʛʦ ï 

ʘʪʦʤʘʨʥʳʝ ʦʧʝʨʘʮʠʠ. ɼʘʥʥʘʷ ʦʩʦʙʝʥʥʦʩʪʴ ʤʝʪʦʜʘ ʧʦʟʚʦʣʷʝʪ ʠʥʘʯʝ ʚʟʛʣʷʥʫʪʴ ʥʘ 
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ʧʨʦʤʝʞʫʪʦʯʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʧʨʦʛʨʘʤʤʳ. ʄʦʞʥʦ ʩʤʝʣʦ ʫʪʚʝʨʞʜʘʪʴ, ʯʪʦ 

ʥʝʢʦʪʦʨʳʝ ʠʥʩʪʨʫʢʮʠʠ IR ʧʨʦʛʨʘʤʤʳ ʤʦʛʫʪ ʙʳʪʴ ʫʜʘʣʝʥʳ ʠʟ ʘʥʘʣʠʟʠʨʫʝʤʦʛʦ 

ʢʦʥʪʝʢʩʪʘ ʧʨʦʛʨʘʤʤʳ ʚ ʩʠʣʫ ʠʭ ʥʝ ʚʣʠʷʥʠʷ ʥʘ ʧʨʦʮʝʩʩ ʘʥʘʣʠʟʘ ʚ ʨʘʤʢʘʭ 

ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʝʪʦʜʘ. ʇʦʩʪʘʚʠʤ ʧʝʨʝʜ ʩʦʙʦʡ ʟʘʜʘʯʫ ʚʳʷʚʣʝʥʠʷ ʪʝʭ ʠʥʩʪʨʫʢʮʠʡ 

IR, ʢʦʪʦʨʳʝ ʥʝ ʚʣʠʷʶʪ ʥʘ ʤʝʪʦʜ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ, ʘ ʪʘʢʞʝ ʟʘʜʘʯʫ 

ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʥʝ ʚʣʠʷʥʠʷ ʦʙʥʘʨʫʞʝʥʥʳʭ ʠʥʩʪʨʫʢʮʠʡ [1, 4]. 

ʅʘ ʧʨʦʤʝʞʫʪʦʯʥʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʘʪʦʤʘʨʥʳʤʠ ʦʧʝʨʘʮʠʷʤʠ ʷʚʣʷʶʪʩʷ 

ʠʥʩʪʨʫʢʮʠʠ LLVM  IR ʚ SSA-ʬʦʨʤʝ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ ʠʟ ʦʧʨʝʜʝʣʝʥʠʷ ʦ RC 

ʩʣʝʜʫʝʪ, ʯʪʦ ʢʦʥʢʫʨʝʥʪʥʳʡ ʜʦʩʪʫʧ ʢ ʧʘʤʷʪʠ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʯʝʨʝʟ ʘʪʦʤʘʨʥʳʝ 

ʦʧʝʨʘʮʠʠ ʯʪʝʥʠʷ/ʟʘʧʠʩʠ, ʢʦʪʦʨʳʝ ʚ LLVM  IR ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʠʥʩʪʨʫʢʮʠʠ 

load ʠ store. ʈʘʩʩʤʦʪʨʠʤ ʩʝʤʘʥʪʠʢʫ ʜʘʥʥʳʭ ʠʥʩʪʨʫʢʮʠʡ [23]: 

<result> = load  [volatile] <ty>* <pointer>[, alig n <alignment>][, 

!nontemporal !<index>][, !invariant.load !<index>]  

<result> = load atomic [volatile] <ty>* <pointer> [singlethread] 

<ordering>, align <alignment>  

!<index> = !{ i32 1 }  

 

store  [volatile] <ty> <value>, <ty>* <pointer>[, align 

<alignment>][, !nontemporal !<index>]  

store atomic [volatile] <ty> <value>, <ty>* <pointer> [singlethread] 

<ordering>, align <alignment>  

ʂʘʢ ʚʠʜʥʦ ʠʟ ʩʝʤʘʥʪʠʢʠ ʠʥʩʪʨʫʢʮʠʡ load ʠ store ʦʧʝʨʘʮʠʷ ʯʪʝʥʠʷ/ʟʘʧʠʩʠ 

ʚʩʝʛʜʘ ʧʨʦʠʩʭʦʜʠʪ ʯʝʨʝʟ ʫʢʘʟʘʪʝʣʴ ʥʘ ʧʘʤʷʪʴ, ʘ ʨʝʟʫʣʴʪʘʪ ʩʦʭʨʘʥʷʝʪʩʷ ʚ 

ʫʥʠʢʘʣʴʥʫʶ ʧʝʨʝʤʝʥʥʫʶ ʩʦʛʣʘʩʥʦ SSA-ʬʦʨʤʳ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʘʥʥʳʝ 

ʠʥʩʪʨʫʢʮʠʠ ʦʧʝʨʠʨʫʶʪ ʠ ʩ ʨʝʛʠʩʪʨʘʤʠ, ʠ ʩ ʧʘʤʷʪʴʶ. ʆʪʩʶʜʘ ʤʦʞʥʦ ʩʜʝʣʘʪʴ 

ʚʳʚʦʜ, ʯʪʦ ʠʥʩʪʨʫʢʮʠʠ, ʦʧʝʨʠʨʫʶʱʠʝ ʪʦʣʴʢʦ ʩ ʨʝʛʠʩʪʨʘʤʠ (ʚʠʨʪʫʘʣʴʥʳʤʠ 

ʨʝʛʠʩʪʨʘʤʠ ʠʣʠ ʚʨʝʤʝʥʥʳʤʠ ʧʝʨʝʤʝʥʥʳʤʠ ʚ SSA-ʬʦʨʤʝ), ʥʝ ʧʨʝʜʩʪʘʚʣʷʶʪ 

ʠʥʪʝʨʝʩʘ ʚ ʤʝʪʦʜʝ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ, ʪ.ʢ. ʥʝ ʚʣʠʷʶʪ ʥʘ ʚʦʟʥʠʢʥʦʚʝʥʠʷ 

RC. 

ɸʥʘʣʠʟʠʨʫʷ ʤʥʦʛʦʧʦʪʦʯʥʳʝ ʘʣʛʦʨʠʪʤʳ, ʥʝʣʴʟʷ ʥʝ ʫʧʦʤʷʥʫʪʴ ʢʣʘʩʩ 

ʠʥʩʪʨʫʢʮʠʡ, ʢʦʪʦʨʳʝ ʘʪʦʤʘʨʥʦ ʜʝʣʘʶʪ ʥʝʩʢʦʣʴʢʦ ʦʧʝʨʘʮʠʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ 
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ʦʧʝʨʘʮʠʠ ʩ ʧʘʤʷʪʴ.ʁ ʊʘʢʠʝ ʠʥʩʪʨʫʢʮʠʠ ʧʦʜʜʝʨʞʠʚʘʶʪʩʷ ʢʘʢ ʥʘ ʫʨʦʚʥʝ 

ʤʠʢʨʦʧʨʦʮʝʩʩʦʨʦʚ, ʪʘʢ ʠ ʥʘ ʫʨʦʚʥʝ ʷʜʨʘ ʦʧʝʨʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ. ʇʦʵʪʦʤʫ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʠʜʘ ʦʧʝʨʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ ʠ ʘʨʭʠʪʝʢʪʫʨʳ ʤʠʢʨʦʧʨʦʮʝʩʩʦʨʘ 

ʤʥʦʛʦʦʙʨʘʟʠʝ ʩʧʝʮʠʘʣʴʥʳʭ ʠʥʩʪʨʫʢʮʠʡ ʜʣʷ ʨʘʙʦʪʳ ʩ ʧʘʤʷʪʴʶ ʤʦʞʝʪ ʦʪʣʠʯʘʪʴʩʷ, 

ʥʦ, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʘʙʣʶʜʘʝʪʩʷ ʦʙʱʘʷ ʢʦʥʮʝʧʮʠʷ ï ʚʳʧʦʣʥʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ 

ʦʧʝʨʘʮʠʡ ʟʘ ʝʜʠʥʳʡ ʥʝʜʝʣʠʤʳʡ ʧʝʨʠʦʜ ʚʨʝʤʝʥʠ: ʯʪʝʥʠʝ ʠʟ ʧʘʤʷʪʠ, ʩʨʘʚʥʝʥʠʝ ʠ 

ʠʟʤʝʥʝʥʠʝ ʩʦʩʪʦʷʥʠʷ ʧʘʤʷʪʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʝʟʫʣʴʪʘʪʦʚ ʩʨʘʚʥʝʥʠʷ. ʗʨʢʠʤ 

ʧʨʠʤʝʨʦʤ ʪʘʢʦʡ ʠʥʩʪʨʫʢʮʠʠ ʷʚʣʷʝʪʩʷ CAS (Compare and Swap/Set), ʢʦʪʦʨʘʷ 

ʧʨʠʤʝʥʷʝʪʩʷ ʚ ʨʝʘʣʠʟʘʮʠʠ ʥʝʙʣʦʢʠʨʫʶʱʠʭ ʘʣʛʦʨʠʪʤʦʚ. ɺ LLVM  IR 

ʠʥʩʪʨʫʢʮʠʷʤʠ, ʧʨʦʚʦʜʷʱʠʝ ʘʪʦʤʘʨʥʦ ʥʝʩʢʦʣʴʢʦ ʦʧʝʨʘʮʠʡ ʥʘʜ ʧʘʤʷʪʴʶ, 

ʷʚʣʷʶʪʩʷ ʩʣʝʜʫʶʱʠʝ [23]: 

1.  çCMPXCHGè ï ʯʠʪʘʝʪ ʠʟ ʧʘʤʷʪʠ ʟʥʘʯʝʥʠʝ ʠ ʩʨʘʚʥʠʚʘʝʪ ʝʛʦ ʩ ʧʝʨʝʜʘʥʥʳʤ 

ʘʨʛʫʤʝʥʪʦʤ. ɽʩʣʠ ʟʥʘʯʝʥʠʷ ʨʘʚʥʳ, ʪʦ ʚ ʧʘʤʷʪʴ ʩʦʭʨʘʥʷʝʪʩʷ ʥʦʚʦʝ ʟʥʘʯʝʥʠʝ, 

ʧʝʨʝʜʘʥʥʦʝ ʦʯʝʨʝʜʥʳʤ ʘʨʛʫʤʝʥʪʦʤ. 

cmpxchg [weak] [volatile] <ty>* <pointer>, <ty> <cmp>, <ty> 

<new> [singlethread] <success ordering> <failure ordering> ; 

yields  { ty, i1 }  

2. çATOMICRMWè ï ʦʩʫʱʝʩʪʚʣʷʝʪ ʨʘʟʣʠʯʥʳʝ ʦʧʝʨʘʮʠʠ ʥʘʜ ʟʥʘʯʝʥʠʝʤ ʚ 

ʧʘʤʷʪʠ, ʛʜʝ ʧʝʨʚʳʡ ʘʨʛʫʤʝʥʪ ï ʪʠʧ ʦʧʝʨʘʮʠʠ (ʩʣʦʞʝʥʠʝ, ʚʳʯʠʪʘʥʠʝ, 

ʩʨʘʚʥʝʥʠʝ ʠ ʪ.ʜ.), ʚʪʦʨʦʡ ʘʨʛʫʤʝʥʪ ï ʘʜʨʝʩ ʚ ʧʘʤʷʪʠ, ʪʨʝʪʠʡ ʘʨʛʫʤʝʥʪ ï 

ʟʥʘʯʝʥʠʝ-ʘʨʛʫʤʝʥʪ ʢ ʦʩʫʱʝʩʪʚʣʷʝʤʦʡ ʦʧʝʨʘʮʠʠ. 

atomicrmw [volatile] <op eration> <ty>* <pointer>, <ty> <value> 

[singlethread] <ordering> ; yields ty  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʟʘʢʣʶʯʘʝʤ, ʯʪʦ ʢʣʘʩʩ ʘʪʦʤʘʨʥʳʭ ʦʧʝʨʘʮʠʡ ʪʠʧʘ CAS 

ʥʝʣʴʟʷ ʫʜʘʣʷʪʴ ʠʟ ʢʦʥʪʝʢʩʪʘ ʧʨʦʛʨʘʤʤʳ, ʪʘʢ ʢʘʢ ʦʥʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ 

ʤʦʛʫʪ ʩʦʟʜʘʪʴ RC ʚ ʧʘʨʘʣʣʝʣʴʥʦʡ ʧʨʦʛʨʘʤʤʝ. 

SSA ʬʦʨʤʘ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʥʘʣʠʯʠʝ ű-ʫʟʣʦʚ. 

ɼʦʢʘʞʝʤ, ʯʪʦ ű-ʫʟʝʣ ʥʝ ʚʣʠʷʝʪ ʥʘ ʠʩʩʣʝʜʫʝʤʳʡ ʤʝʪʦʜ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ [4, 

8]. ɺ LLVM  IR ű-ʫʟʝʣ ʥʘʟʳʚʘʝʪʩʷ ű-ʠʥʩʪʨʫʢʮʠʝʡ. ʆʩʦʙʝʥʥʦʩʪʴ SSA-ʬʦʨʤʳ 

LLVM  IR [6] ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʪʦ, ʯʪʦ ʚʩʝ ű-ʠʥʩʪʨʫʢʮʠʠ ʚ ʫʟʣʘʭ ʛʨʘʬʘ ʧʦʪʦʢʘ 
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ʫʧʨʘʚʣʝʥʠʷ ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʚ ʥʘʯʘʣʝ, ʠ ʜʦ ʥʠʭ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʥʠʢʘʢʠʭ ʜʨʫʛʠʭ 

ʠʥʩʪʨʫʢʮʠʡ. ʇʨʠ ʵʪʦʤ ű-ʠʥʩʪʨʫʢʮʠʷ ʠʤʝʝʪ ʩʣʝʜʫʶʱʫʶ ʬʦʨʤʫ:  

phi ʪʠʧ, [ʟʥʘʯʝʥʠʝ_1, label ʤʝʪʢʘ_1], ..., [ʟʥʘʯʝʥʠʝ_N, label 

ʤʝʪʢʘ_N], ʛʜʝ ʟʥʘʯʝʥʠʷ ï ʵʪʦ ʚʨʝʤʝʥʥʳʝ ʧʝʨʝʤʝʥʥʳʝ SSA-ʬʦʨʤʳ, ʭʨʘʥʷʱʠʝ 

ʨʝʟʫʣʴʪʘʪ ʠʩʧʦʣʥʝʥʠʷ ʢʘʢʠʭ-ʣʠʙʦ ʠʥʩʪʨʫʢʮʠʡ, ʘ ʤʝʪʢʠ ï ʫʟʣʳ CFG, ʩ ʢʦʪʦʨʳʭ 

ʧʨʠʰʣʦ ʜʘʥʥʦʝ ʟʥʘʯʝʥʠʝ. ʈʝʟʫʣʴʪʘʪ ʠʩʧʦʣʥʝʥʠʷ ʠʥʩʪʨʫʢʮʠʠ ʚ SSA 

ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʥʘ ʥʦʚʫʶ ʫʥʠʢʘʣʴʥʫʶ ʧʝʨʝʤʝʥʥʫʶ ï ʚʠʨʪʫʘʣʴʥʳʡ ʨʝʛʠʩʪʨ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʚʭʦʜʥʳʝ ʧʘʨʘʤʝʪʨʳ ű-ʠʥʩʪʨʫʢʮʠʠ ʚʩʝʛʜʘ ʷʚʣʷʶʪʩʷ ʨʝʛʠʩʪʨʘʤʠ, ʪ.ʝ. ʠʟ 

ʧʘʤʷʪʠ ʥʝ ʯʠʪʘʝʪ. ʀʟ ʦʧʨʝʜʝʣʝʥʠʷ ű-ʫʟʣʘ ʠ ʪʦʛʦ ʬʘʢʪʘ, ʯʪʦ ű-ʠʥʩʪʨʫʢʮʠʠ 

ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʚ ʥʘʯʘʣʝ ʫʟʣʘ ʛʨʘʬʘ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ, ʩʣʝʜʫʝʪ, ʯʪʦ ʨʝʟʫʣʴʪʘʪ 

ʩʦʭʨʘʥʷʝʪʩʷ ʥʘ ʚʠʨʪʫʘʣʴʥʦʤ ʨʝʛʠʩʪʨʝ. ʆʪʩʶʜʘ ʟʘʢʣʶʯʘʝʤ, ʯʪʦ ű-ʠʥʩʪʨʫʢʮʠʷ 

ʦʧʝʨʠʨʫʝʪ ʪʦʣʴʢʦ ʩ ʨʝʛʠʩʪʨʘʤʠ ʠ ʥʝ ʚʣʠʷʝʪ ʥʘ ʠʩʩʣʝʜʫʝʤʳʡ ʤʝʪʦʜ 

ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʤʥʦʛʦʧʦʪʦʯʥʳʭ ʘʣʛʦʨʠʪʤʦʚ. 

ʆʪʜʝʣʴʥʦ ʩʪʦʠʪ ʫʜʝʣʠʪʴ ʚʥʠʤʘʥʠʝ ʠʥʩʪʨʫʢʮʠʷʤ, ʢʦʪʦʨʳʝ ʧʝʨʝʜʘʶʪ 

ʫʧʨʘʚʣʝʥʠʝ ʚ ʧʦʪʦʢʝ ʠʩʧʦʣʥʝʥʠʷ ʧʨʦʛʨʘʤʤʳ, ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ʠʥʩʪʨʫʢʮʠʠ-

ʧʝʨʝʭʦʜʘ ʠʣʠ branch-ʠʥʩʪʨʫʢʮʠʠ. ɺ LLVM  IR ʢʘʞʜʳʡ ʣʠʥʝʡʥʳʡ ʫʯʘʩʪʦʢ, ʯʪʦ 

ʝʩʪʴ CFG-ʫʟʝʣ ʚ ʛʨʘʬʝ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ, ʟʘʢʘʥʯʠʚʘʝʪʩʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ 

branch-ʠʥʩʪʨʫʢʮʠʝʡ. ɺ LLVM IR ʩʫʱʝʩʪʚʫʶʪ ʩʣʝʜʫʶʱʠʝ branch-ʠʥʩʪʨʫʢʮʠʠ 

[23]: 

¶ ret ï ʠʥʩʪʨʫʢʮʠʷ, ʢʦʪʦʨʘʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʚʦʟʨʘʩʪʘ ʫʧʨʘʚʣʝʥʠʷ ʠʟ ʬʫʥʢʮʠʠ 

ʚ ʪʦʯʢʫ ʚʳʟʦʚʘ ʬʫʥʢʮʠʠ. 

ret  <type > < value >  ; ʚʦʟʚʨʘʪ ʟʥʘʯʝʥʠʷ ʠʟ ʥʝ void  ʬʫʥʢʮʠʠ 

ret  void             ; ʚʦʟʚʨʘʪ ʠʟ void  ʬʫʥʢʮʠʠ 

¶ br ï ʠʥʩʪʨʫʢʮʠʷ, ʢʦʪʦʨʘʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʧʝʨʝʜʘʯʠ ʫʧʨʘʚʣʝʥʠʷ ʚ ʜʨʫʛʦʡ 

ʣʠʥʝʡʥʳʡ ʫʯʘʩʪʦʢ ʚ ʪʝʢʫʱʝʡ ʬʫʥʢʮʠʠ. 

br i1 <cond>, label <iftrue>, label <iffalse>  

br  label  <dest >      ; ʙʝʟʫʩʣʦʚʥʳʡ ʧʝʨʝʭʦʜ 

¶ switch ï ʠʥʩʪʨʫʢʮʠʷ, ʢʦʪʦʨʘʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʧʝʨʝʜʘʯʠ ʫʧʨʘʚʣʝʥʠʷ ʚ ʦʜʠʥ 

ʠʟ ʥʝʩʢʦʣʴʢʠʭ ʣʠʥʝʡʥʳʭ ʫʯʘʩʪʢʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʷ. 

switch <in tty> <value>, label <defaultdest> [ <intty> <val>, 
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label <dest> ... ]  

¶ indirectbr ï ʠʥʩʪʨʫʢʮʠʷ, ʢʦʪʦʨʘʷ ʨʝʘʣʠʟʫʝʪ ʥʝʧʨʷʤʦʡ ʧʝʨʝʭʦʜ ʢ ʤʝʪʢʝ 

ʚʥʫʪʨʠ ʪʝʢʫʱʝʡ ʬʫʥʢʮʠʠ, ʧʨʠʯʝʤ ʫʢʘʟʘʥ ʘʜʨʝʩ ʤʝʪʢʠ, ʘ ʥʝ ʠʤʷ ʤʝʪʢʠ. 

indirectbr <somety>* <address>, [ label <dest1>, la bel <dest2>, 

... ]  

¶ invoke ï ʠʥʩʪʨʫʢʮʠʷ, ʢʦʪʦʨʘʷ ʧʝʨʝʜʘʝʪ ʫʧʨʘʚʣʝʥʠʝ ʫʢʘʟʘʥʥʦʡ ʬʫʥʢʮʠʠ 

<result> = invoke [cconv] [ret attrs] <ptr to function ty> 

<function ptr val>(<function args>) [fn attrs]  

 

ʇʦʩʢʦʣʴʢʫ ʧʨʦʠʩʭʦʜʠʪ, ʢʘʢ ʧʨʘʚʠʣʦ, ʧʦʧʨʦʮʝʜʫʨʥʳʡ ʘʥʘʣʠʟ ʢʦʜʘ ʚ 

ʧʨʦʮʝʩʩʝ ʧʦʠʩʢʘ RC, ʪʦ invoke ʠʣʠ ret ʠʥʩʪʨʫʢʮʠʠ ʥʝ ʧʨʝʜʩʪʘʚʣʷʶʪ ʠʥʪʝʨʝʩʘ ʜʣʷ 

ʤʝʪʦʜʘ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ, ʪ.ʢ. ʥʝ ʧʨʠʚʦʜʷʪ ʢ ʚʝʪʚʣʝʥʠʶ ʫʧʨʘʚʣʝʥʠʷ ʚ CFG 

ʧʨʦʮʝʜʫʨʳ. ʊʘʢʞʝ ʩʝʤʘʥʪʠʢʘ ʦʙʦʟʥʘʯʝʥʥʳʭ ʚʳʰʝ ʠʥʩʪʨʫʢʮʠʡ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ 

ʚʩʝ ʠʥʩʪʨʫʢʮʠʠ ʦʧʝʨʠʨʫʶʪ ʩ ʤʝʪʢʘʤʠ ʠ ʘʜʨʝʩʘʤʠ ʥʘ ʢʦʜ ʧʨʦʛʨʘʤʤʳ, ʘʜʨʝʩʘ 

ʢʦʪʦʨʳʭ ʨʘʩʧʦʣʦʞʝʥʳ ʥʘ ʚʠʨʪʫʘʣʴʥʳʭ ʨʝʛʠʩʪʨʘʭ/ʧʝʨʝʤʝʥʥʳʭ SSA-ʬʦʨʤʳ. 

ʆʪʩʶʜʘ ʟʘʢʣʶʯʘʝʤ, ʯʪʦ ʢʣʘʩʩ branch-ʠʥʩʪʨʫʢʮʠʡ ʥʝ ʚʣʠʷʝʪ ʥʘ ʩʦʟʜʘʥʠʝ 

ʥʝʨʘʟʨʝʰʠʤʦʛʦ ʩʦʩʪʦʷʥʠʷ ʛʦʥʢʠ, ʪ.ʢ. ʥʝ ʦʧʝʨʠʨʫʝʪ ʩ ʧʘʤʷʪʴʶ. ʆʜʥʘʢʦ 

ʫʜʘʣʝʥʠʝ branch-ʠʥʩʪʨʫʢʮʠʡ ʠʟ ʘʥʘʣʠʟʠʨʫʝʤʦʛʦ ʢʦʥʪʝʢʩʪʘ ʧʨʦʛʨʘʤʤʳ ʜʘʝʪ 

ʦʩʥʦʚʘʥʠʝ ʪʨʘʥʩʬʦʨʤʠʨʦʚʘʪʴ ʚʝʪʚʣʝʥʠʝ ʫʧʨʘʚʣʝʥʠʷ, ʩʦʟʜʘʥʥʦʝ ʜʘʥʥʳʤʠ branch-

ʠʥʩʪʨʫʢʮʠʷʤʠ, ʚ CFG ʧʨʦʛʨʘʤʤʳ. ɿʜʝʩʴ ʚʦʟʥʠʢʘʝʪ ʦʪʜʝʣʴʥʘʷ ʧʨʦʙʣʝʤʘ 

ʢʦʨʨʝʢʪʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʚʝʪʚʣʝʥʠʷ ʫʧʨʘʚʣʝʥʠʷ ʚ CFG ʧʨʦʛʨʘʤʤʳ. ɼʘʥʥʘʷ 

ʧʨʦʙʣʝʤʘ ʙʫʜʝʪ ʨʘʩʩʤʦʪʨʝʥʘ ʥʠʞʝ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʘʥʘʣʠʟ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʩʫʱʝʩʪʚʫʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʨʘʟʜʝʣʷʪʴ 

ʠʥʩʪʨʫʢʮʠʠ LLVM  IR ʥʘ ʪʝ, ʢʦʪʦʨʳʝ ʚʣʠʷʶʪ ʥʘ ʩʪʘʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ, ʠ ʪʝ, 

ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʦʧʫʱʝʥʳ. ʇʨʠʥʮʠʧ ʦʪʙʦʨʘ ʠʥʩʪʨʫʢʮʠʠ LLVM  IR ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʥʪʝʢʩʪʘ ʧʨʦʛʨʘʤʤʳ ʜʦ ʧʨʠʤʝʥʝʥʠʷ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ 

ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʫʧʨʦʩʪʠʪʴ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʧʨʦʛʨʘʤʤʳ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, 

ʫʧʨʦʩʪʠʪʴ ʛʨʘʬ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ.  
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2.4. ʇʦʣʫʯʝʥʠʷ ʩʦʢʨʘʱʝʥʥʦʛʦ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʦʛʦ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ 

ʧʨʝʜʩʪʘʚʣʝʥʠʷ LLVM ï Reduced Opt LLVM IR  

 

ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʤʧʣʝʢʩ ʧʦ ʘʥʘʣʠʟʫ 

LLVM  IR ʠ ʧʦʣʫʯʝʥʠʷ ʩʦʢʨʘʱʝʥʥʦʛʦ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ 

ʧʨʦʛʨʘʤʤʳ. ɺ ʢʘʯʝʩʪʚʝ ʪʝʭʥʠʯʝʩʢʦʛʦ ʩʨʝʜʩʪʚʘ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʘʥʘʣʠʟʘ ʙʳʣʦ 

ʚʳʙʨʘʥʦ ʧʨʝʜʩʪʘʚʣʝʥʠʝ LLVM  IR ʚ ʚʠʜʝ CFG ʚ DOT-ʬʦʨʤʘʪʝ. ɺ ʜʘʥʥʦʤ ʬʦʨʤʘʪʝ 

ʛʝʥʝʨʠʨʫʝʪʩʷ CFG ʩʨʝʜʩʪʚʘʤʠ ʦʧʪʠʤʠʟʠʨʫʶʱʝʛʦ ʢʦʤʧʠʣʷʪʦʨʘ, ʯʪʦ ʷʚʣʷʝʪʩʷ 

ʫʜʦʙʥʳʤ, ʪ.ʢ. ʪʘʢʦʡ ʬʦʨʤʘʪ ʣʝʛʢʦ ʚʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʤʥʦʞʝʩʪʚʦʤ ʫʪʠʣʠʪ, ʢʦʪʦʨʳʝ 

ʧʨʝʜʩʪʘʚʣʷʶʪ DOT-ʬʦʨʤʘʪ ʚ ʛʨʘʬʠʯʝʩʢʦʤ ʚʠʜʝ. 

ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʤʧʣʝʢʩ ʜʣʷ ʘʥʘʣʠʟʘ LLVM  IR ï ʘʥʘʣʠʟʘʪʦʨ 

IR ï ʩʦʩʪʦʠʪ ʠʟ ʨʘʟʣʠʯʥʳʭ ʵʪʘʧʦʚ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ LLVM  IR, ʢʘʢ ʚ ʦʨʠʛʠʥʘʣʴʥʦʤ 

ʚʠʜʝ, ʪʘʢ ʠ ʚ DOT-ʬʦʨʤʘʪʝ. ʆʙʱʘʷ ʘʨʭʠʪʝʢʪʫʨʘ ʘʥʘʣʠʟʘʪʦʨʘ ʠʟʦʙʨʘʞʝʥʘ ʥʘ 

ʨʠʩ. 8. ʅʘ ʚʭʦʜ ʘʥʘʣʠʟʘʪʦʨʫ ʧʦʩʪʫʧʘʝʪ ʢʦʜ ʧʨʦʛʨʘʤʤʳ, ʥʘʧʠʩʘʥʥʦʡ ʥʘ ʷʟʳʢʝ 

ʚr ʩʦʢʦʛʦ ʫʨʦʚʥʷ (ʗɺʋ), ʢʦʪʦʨʳʡ ʩʨʝʜʩʪʚʘʤʠ front-end ʢʦʤʧʠʣʷʪʦʨʘ CLANG 

ʪʨʘʥʩʣʠʨʫʝʪʩʷ ʚ LLVM  IR. ɺ ʢʘʯʝʩʪʚʝ front-end ʩʠʩʪʝʤʳ ʤʦʞʝʪ ʚʳʩʪʫʧʠʪʴ ʣʶʙʦʡ 

ʜʨʫʛʦʡ ʪʨʘʥʩʣʷʪʦʨ, ʢʦʪʦʨʳʡ ʩʦʟʜʘʝʪ ʢʦʨʨʝʢʪʥʦʝ ʧʣʘʬʦʨʤʦʥʝʟʘʚʠʩʠʤʦʝ 

ʧʨʦʤʝʞʫʪʦʯʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ LLVM  IR [8].  

ʉʦʛʣʘʩʥʦ ʧ. 2.1-2.2 ʚʳʷʚʣʝʥʥʳʝ ʦʧʪʠʤʠʟʘʮʠʠ LLVM  ʧʨʠʤʝʥʷʶʪʩʷ ʩ ʮʝʣʴʶ 

ʧʝʨʚʠʯʥʦʡ ʣʠʥʝʘʨʠʟʘʮʠʠ CFG ʠ ʩʦʢʨʘʱʝʥʠʷ ʦʙʱʝʛʦ ʢʦʣʠʯʝʩʪʚʘ ʠʥʩʪʨʫʢʮʠʡ ʚ 

ʧʨʦʛʨʘʤʤʝ. ɺ ʢʦʥʝʯʥʦʤ ʠʪʦʛʝ ʧʦʣʫʯʘʝʤ ʥʦʚʳʡ ʚʠʜ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ 

ʧʨʝʜʩʪʘʚʣʝʥʠʷ LLVM  IR ï Opt LLVM  IR. ɼʘʣʝʝ ʩʨʝʜʩʪʚʘʤʠ ʦʧʪʠʤʠʟʠʨʫʶʱʝʛʦ 

ʢʦʤʧʠʣʷʪʦʨʘ LLVM  ʧʦʣʫʯʘʝʤ CFG ʧʨʦʛʨʘʤʤʳ, ʧʦʩʪʨʦʝʥʥʦʝ ʥʘ LLVM  IR, ʚ 

DOT-ʬʦʨʤʘʪʝ. ɺʳʙʦʨ ʬʦʨʤʘʪʘ ʧʨʝʜʩʪʘʚʣʝʥʠʷ CFG ʥʝ ʷʚʣʷʝʪʩʷ ʧʨʠʥʮʠʧʠʘʣʴʥʳʤ 

ʠ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʣʶʙʦʡ ʜʨʫʛʦʡ ʧʨʠʛʦʜʥʳʡ.  

ɿʘʢʣʶʯʘʶʱʠʤ ʵʪʘʧʦʤ ʚ ʘʥʘʣʠʟʘʪʦʨʝ ʷʚʣʷʝʪʩʷ ʫʜʘʣʝʥʠʝ ʢʣʘʩʩʦʚ 

ʠʥʩʪʨʫʢʮʠʡ, ʥʝ ʚʣʠʷʶʱʠʭ ʥʘ ʩʪʘʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ. ɺʥʘʯʘʣʝ ʫʜʘʣʷʶʪʩʷ ʦʩʥʦʚʥʳʝ 

ʢʣʘʩʩʳ ʠʥʩʪʨʫʢʮʠʡ, ʚʳʷʚʣʝʥʥʳʝ ʚ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ, ʟʘʪʝʤ ʫʜʘʣʷʶʪʩʷ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʢʣʘʩʩʳ ʠʥʩʪʨʫʢʮʠʡ, ʫʢʘʟʘʥʥʳʝ ʧʦʣʴʟʦʚʘʪʝʣʝʤ. 



47 

 

ʈʠʩ. 8. ɸʨʭʠʪʝʢʪʫʨʘ ʧʨʦʛʨʘʤʤʥʦʛʦ ʘʥʘʣʠʟʘʪʦʨʘ IR. 

 

ɼʦʧʦʣʥʠʪʝʣʴʥʳʝ ʢʣʘʩʩʳ ʠʥʩʪʨʫʢʮʠʡ ʥʝʦʙʭʦʜʠʤʳ ʥʘ ʪʦʪ ʩʣʫʯʘʡ, ʝʩʣʠ 

ʦʩʥʦʚʥʳʭ ʢʣʘʩʩʦʚ ʠʥʩʪʨʫʢʮʠʡ ʥʝʜʦʩʪʘʪʦʯʥʦ, ʠ ʦʙʥʘʨʫʞʝʥʳ ʩʧʝʮʠʬʠʯʝʩʢʠʝ 

ʠʥʩʪʨʫʢʮʠʠ ʚ LLVM  IR, ʢʦʪʦʨʳʝ ʥʝ ʚʣʠʷʶʪ ʥʘ ʩʪʘʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʢʦʜʘ.  

ʉʦʛʣʘʩʥʦ ʧ.2.3 ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʘ ʩʪʘʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʥʝ ʚʣʠʷʶʪ 

ʠʥʩʪʨʫʢʮʠʠ, ʦʧʝʨʠʨʫʶʱʠʝ ʪʦʣʴʢʦ ʩ ʚʠʨʪʫʘʣʴʥʳʤʠ ʨʝʛʠʩʪʨʘʤʠ ʠʣʠ 

ʧʝʨʝʤʝʥʥʳʤʠ, ʚ ʪʦʤ ʯʠʩʣʝ branch-ʠʥʩʪʨʫʢʮʠʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ ʣʠʥʝʡʥʳʭ 

ʫʯʘʩʪʢʘʭ (CFG-ʫʟʣʘʭ) ʫʜʘʣʷʶʪʩʷ ʠʥʩʪʨʫʢʮʠʠ, ʢʦʪʦʨʳʝ ʥʝ ʦʙʨʘʱʘʶʪʩʷ ʢ ʧʘʤʷʪʠ. 

ʇʦʩʣʝ ʵʪʦʛʦ ʫʜʘʣʷʶʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʠʥʩʪʨʫʢʮʠʠ ʠʟ ʙʣʦʢʘ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ 

ʧʨʘʚʠʣ ʫʜʘʣʝʥʠʷ ʠʥʩʪʨʫʢʮʠʡ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ ʢ ʫʜʘʣʝʥʠʶ ʤʦʛʫʪ ʙʳʪʴ ʦʪʥʝʩʝʥʳ 

ʠʥʩʪʨʫʢʮʠʠ ʨʘʙʦʪʳ ʩ ʧʘʤʷʪʴʶ, ʢʦʪʦʨʘʷ ʥʝ ʨʘʟʜʝʣʷʝʪʩʷ ʤʝʞʜʫ ʧʦʪʦʢʘʤʠ [7]. 

ʅʘʜʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʘʥʥʳʡ ʵʪʘʧ ʧʨʠ ʫʜʘʣʝʥʠʠ branch-ʠʥʩʪʨʫʢʮʠʡ ʥʝ ʚʣʝʯʝʪ 

ʠʟʤʝʥʝʥʠʝ ʚ ʩʪʨʫʢʪʫʨʝ ʣʠʥʝʡʥʳʭ ʫʯʘʩʪʢʦʚ CFG, ʪ.ʝ. ʣʠʥʝʡʥʳʝ ʫʯʘʩʪʢʠ ʥʝ 

ʦʙʲʝʜʠʥʷʶʪʩʷ ʠ ʥʝ ʫʜʘʣʷʶʪʩʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʪʨʫʢʪʫʨʘ ʚʝʪʚʣʝʥʠʷ ʫʧʨʘʚʣʝʥʠʷ 

ʚ CFG ʩʦʭʨʘʥʷʝʪʩʷ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʛʦ ʵʪʘʧʘ ʘʥʘʣʠʟʘ ʛʨʘʬʘ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ.  

ʇʨʦʛʨʘʤʤʘ ʥʘ 

ʗɺʋ 

LLVM IR Opt LLVM IR 

Reduced Opt 

LLVM IR 

Reduced Opt 

LLVM IR 

CLANG 

ʇʨʠʤʝʥʝʥʠʝ 

ʦʧʪʠʤʠʟʘʮʠʡ LLVM 

ʇʨʠʤʝʥʝʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ 

ʧʨʘʚʠʣ ʫʜʘʣʝʥʠʷ ʠʥʩʪʨʫʢʮʠʡ 

ʋʜʘʣʝʥʠʝ ʦʩʥʦʚʥʳʭ 

ʢʣʘʩʩʦʚ ʠʥʩʪʨʫʢʮʠʡ 

ɸʥʘʣʠʟʘʪʦʨ IR 

CFG ʚ DOT-

ʬʦʨʤʘʪʝ 

LLVM 
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ʕʪʘʧ ʩʦʢʨʘʱʝʥʠʷ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦʯʝʥʴ ʵʬʬʝʢʪʠʚʝʥ ʚ 

ʧʨʦʤʳʰʣʝʥʥʳʭ ʢʦʤʧʣʝʢʩʘʭ ʧʨʦʛʨʘʤʤ, ʛʜʝ ʣʦʛʠʢʘ ʢʘʞʜʦʛʦ ʧʦʪʦʢʘ ʙʦʣʝʝ 

ʥʘʛʨʫʞʝʥʘ ʣʦʢʘʣʴʥʳʤ ʬʫʥʢʮʠʦʥʘʣʦʤ, ʥʝ ʩʚʷʟʘʥʥʳʤ ʩ ʨʘʟʜʝʣʷʝʤʳʤʠ 

ʧʝʨʝʤʝʥʥʳʤʠ. ʇʦʵʪʦʤʫ ʜʣʷ ʥʘʛʣʷʜʥʦʩʪʠ ʨʘʩʩʤʦʪʨʠʤ ʧʨʠʤʝʨ ʧʦʣʫʯʝʥʠʷ Reduced 

Opt IR ʚ ʘʣʛʦʨʠʪʤʝ ʇʝʪʝʨʩʦʥʘ ʙʝʟ ʵʪʘʧʘ ʧʨʠʤʝʥʝʥʠʷ ʦʧʪʠʤʠʟʘʮʠʡ LLVM . 

ʇʨʝʜʩʪʘʚʠʤ, ʯʪʦ ʧʨʦʤʝʞʫʪʦʯʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʧʝʨʚʦʛʦ ʧʦʪʦʢʘ (ʩʤ. ʨʠʩ. 6) ʩʨʘʟʫ 

ʧʦʧʘʣ ʥʘ ʵʪʘʧ ʧʦʣʫʯʝʥʠʷ Reduced Opt IR. ʈʘʩʩʤʦʪʨʠʤ CFG ʧʝʨʚʦʛʦ ʧʦʪʦʢʘ 

ʩʦʛʣʘʩʥʦ ʨʠʩ. 6: 

digraph  " CFG for  ' thread 1_func ' function " {  

label= "CFG for 'thread1_func' function";  

 

Node0x1d27ff0 [shape=record,label="{%0: \ l  %1 = alloca i8*, 

align 8 \ l  store i8* %args_ptr, i8** %1, align 

8\ l  store volatile i32 1, i32* @turn, align 4 \ l  

store volatile i32 1, i32* @flag0, align 4 \ l  br 

label %2 \ l}"];  

Node0x1d27ff0 - > Node0x1d28280;  

Node0x1d28280 [shape=record,label="{%2: \ l \ l  %3 = load 

volatile i32* @turn, align 4 \ l  %4 = icmp eq i32 

%3, 1 \ l  br i1 %4, label %5, label 

%8\ l|{<s0>T|<s1>F}}"];  

Node0x1d28280:s0 - > Node0x1d284c0;  

Node0x1d28280:s1 - > Node0x 1d28520;  

Node0x1d284c0 [shape=record,label="{%5: \ l \ l  %6 = load 

volatile i32* @flag1, align 4 \ l  %7 = icmp eq 

i32 %6, 1 \ l  br label %8 \ l}"];  

Node0x1d284c0 - > Node0x1d28520;  

Node0x1d28520 [shape=record,label="{%8: \ l \ l  %9 = phi i1 [ 

false, %2 ], [ %7, %5 ] \ l  br i1 %9, label %10, 

label %11 \ l|{<s0>T|<s1>F}}"];  

Node0x1d28520:s0 - > Node0x1d28910;  

Node0x1d28520:s1 - > Node0x1d28970;  
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Node0x1d28910 [shape=record,label="{%10: \ l \ l  br label 

%2\ l}"];  

Node0x1d28910 - > Node0x1d28280;  

Node0x1d28970 [shape=record,label="{ %11: \ l \ l  store volatile 

i32 0, i32* @flag0, align 4 \ l  ret i8* 

null \ l}"];  

}  

 

ɺ ʜʘʥʥʦʤ ʧʨʠʤʝʨʝ ɸʥʘʣʠʟʘʪʦʨ IR ʫʜʘʣʠʪ ʚʩʝ ʠʥʩʪʨʫʢʮʠʠ ʢʨʦʤʝ load ʠ store, 

ʧʦʩʣʝ ʯʝʛʦ Reduced Opt IR ʧʨʠʤʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

digraph "CFG for 'thread1_func' function" {  

label="CFG fo r 'thread1_func' function";  

 

Node0x1d27ff0 [shape=record,label="{%0: \ lstore i8* %args_ptr, 

i8** %1, align 8 \ lstore volatile i32 1, i32* 

@turn, align 4 \ lstore volatile i32 1, i32* 

@flag0, align 4 \ l}"];  

Node0x1d27ff0 - > Node0x1d28280;  

Node0x1d28280 [shape=re cord,label="{%2: \ l%3 = load volatile 

i32* @turn, align 4 \ l|{<s0>T|<s1>F}}"];  

Node0x1d28280:s0 - > Node0x1d284c0;  

Node0x1d28280:s1 - > Node0x1d28520;  

Node0x1d284c0 [shape=record,label="{%5: \ l%6 = load volatile 

i32* @flag1, align 4 \ l}"];  

Node0x1d284c0 - > Node0 x1d28520;  

Node0x1d28520 [shape=record,label="{%8: \ l|{<s0>T|<s1>F}}"];  

Node0x1d28520:s0 - > Node0x1d28910;  

Node0x1d28520:s1 - > Node0x1d28970;  

Node0x1d28910 [shape=record,label="{%10: \ l}"];  

Node0x1d28910 - > Node0x1d28280;  

Node0x1d28970 [shape=record,label="{% 11: \ lstore volatile i32 

0, i32* @flag0, align 4 \ l}"];  

}  
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ɺ ʛʨʘʬʠʯʝʩʢʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ Reduced Opt IR ʜʣʷ ʘʣʛʦʨʠʪʤʘ ʇʝʪʝʨʩʦʥʘ 

ʤʦʞʥʦ ʫʚʠʜʝʪʴ ʥʘ ʨʠʩ. 9, ʢʦʪʦʨʳʡ ʧʦʣʫʯʘʝʪʩʷ ʥʘʧʨʷʤʫʶ ʠʟ ʧʦʣʫʯʝʥʥʦʛʦ 

ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʧʦʩʣʝ ɸʥʘʣʠʟʘʪʦʨʘ IR. 

 

ʈʠʩ. 9. ɺʠʟʫʘʣʠʟʘʮʠʷ Reduced Opt IR ʜʣʷ ʘʣʛʦʨʠʪʤʘ ʇʝʪʝʨʩʦʥʘ. 

 

ʅʘ ʨʠʩ. 9 ʚʠʜʥʦ, ʯʪʦ ʢʦʥʪʝʢʩʪ ʧʨʦʛʨʘʤʤʳ ʩʫʱʝʩʪʚʝʥʥʦ ʫʧʨʦʩʪʠʣʩʷ. 

ʅʘʙʣʶʜʘʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʩʦʢʨʘʱʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʠʥʩʪʨʫʢʮʠʡ, ʢʦʪʦʨʳʝ ʥʘʜʦ ʙʳʣʦ 

ʙʳ ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʚ ʩʪʘʪʠʯʝʩʢʦʤ ʘʥʘʣʠʟʝ, ʥʦ ʠ ʧʦʷʚʣʷʶʪʩʷ ʧʫʩʪʳʝ CFG-ʫʟʣʳ, 

ʢʦʪʦʨʳʝ ʜʘʶʪ ʦʩʥʦʚʘʥʠʝ ʜʣʷ ʠʭ ʫʜʘʣʝʥʠ ̫ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʧʨʦʚʝʜʝʥʠʷ ʙʦʣʝʝ 

ʛʣʫʙʦʢʦʡ ʣʠʥʝʘʨʠʟʘʮʠʠ CFG ʧʨʦʛʨʘʤʤʳ. ʇʨʦʮʝʩʩ ʣʠʥʝʘʨʠʟʘʮʠʠ CFG ʥʘ 

ʧʦʜʦʙʥʦʤ ʢʦʥʪʝʢʩʪʝ ʧʨʦʛʨʘʤʤʳ ʩ ʫʯʝʪʦʤ ʩʦʙʣʶʜʝʥʠʷ ʢʦʨʨʝʢʪʥʦʩʪʠ ʜʣʷ 

ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʙʫʜʝʪ ʨʘʩʩʤʦʪʨʝʥ ʥʠʞʝ. 
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2.5. ʂʦʥʪʝʢʩʪʥʦ-ʟʘʚʠʩʠʤʘʷ ʣʠʥʝʘʨʠʟʘʮʠʷ ʛʨʘʬʘ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ ʥʘ 

ʩʦʢʨʘʱʝʥʥʦʤ ʧʨʦʤʝʞʫʪʦʯʥʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʧʨʦʛʨʘʤʤʳ 

 

ʇʨʠʥʮʠʧ ʩʦʢʨʘʱʝʥʠʷ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʧʨʦʛʨʘʤʤʳ 

ʧʦʩʨʝʜʩʪʚʦʤ ʫʜʘʣʝʥʠʷ ʠʥʩʪʨʫʢʮʠʡ, ʨʘʙʦʪʘʶʱʠʭ ʪʦʣʴʢʦ ʩ ʨʝʛʠʩʪʨʘʤʠ (ʠʣʠ 

ʚʠʨʪʫʘʣʴʥʳʤʠ ʨʝʛʠʩʪʨʘʤʠ ʚ SSA-ʬʦʨʤʝ), ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʥʘ ʧʨʝʜʩʪʘʚʣʝʥʠʝ 

CFG ʧʨʦʛʨʘʤʤʳ, ʢʦʪʦʨʦʝ ʚ ʜʘʣʴʥʝʡʰʝʤ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʩʪʘʪʠʯʝʩʢʦʤ ʘʥʘʣʠʟʝ 

ʢʦʜʘ. ʀʥʩʪʨʫʢʮʠʠ ʧʝʨʝʭʦʜʘ ʦʧʝʨʠʨʫʶʪ ʪʦʣʴʢʦ ʩ ʨʝʛʠʩʪʨʘʤʠ, ʧʦʵʪʦʤʫ ʚʦʟʤʦʞʥʘ 

ʩʠʪʫʘʮʠʷ, ʢʦʛʜʘ ʥʝʢʦʪʦʨʳʝ ʫʟʣʳ CFG ʦʩʪʘʶʪʩʷ ʧʫʩʪʳʤʠ, ʪ.ʢ. ʚ ʥʠʭ ʠʟʥʘʯʘʣʴʥʦ 

ʥʝ ʙʳʣʦ ʟʥʘʯʠʤʳʭ ʜʣʷ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʠʥʩʪʨʫʢʮʠʡ, ʪʘʢʠʭ ʢʘʢ load/store 

ʠʥʩʪʨʫʢʮʠʠ ʠʣʠ ʘʪʦʤʘʨʥʳʝ ʠʥʩʪʨʫʢʮʠʠ ʪʠʧʘ CAS. ʆʪʩʶʜʘ ʟʘʢʣʶʯʘʝʤ, ʯʪʦ ʫʟʣʳ 

CFG, ʥʝ ʩʦʜʝʨʞʘʱʠʝ ʟʥʘʯʠʤʳʭ ʠʥʩʪʨʫʢʮʠʡ, ʷʚʣʷʶʪʩʷ ʪʘʢʞʝ ʥʝʟʥʘʯʠʤʳʝ ʠ 

ʤʦʛʫʪ ʙʳʪʴ ʫʜʘʣʝʥʳ ʠʟ CFG. ʇʨʠ ʫʜʘʣʝʥʠʠ CFG-ʫʟʣʘ ʚʦʟʥʠʢʘʝʪ ʥʝʪʨʠʚʠʘʣʴʥʘʷ 

ʟʘʜʘʯʘ ï ʢʘʢ ʧʦʩʪʫʧʠʪʴ ʩ ʚʭʦʜʷʱʠʤʠ ʠ ʚʳʭʦʜʷʱʠʤʠ ʜʫʛʘʤʠ ʫʜʘʣʷʝʤʦʛʦ ʫʟʣʘ. 

ɺʦʟʥʠʢʘʶʪ ʩʣʝʜʫʶʱʠʝ ʥʝʪʨʠʚʠʘʣʴʥʳʝ ʩʣʫʯʘʠ: 

1. ɺʳʭʦʜʷʱʘʷ ʜʫʛʘ ʫʜʘʣʷʝʤʦʛʦ CFG-ʫʟʣʘ ʷʚʣʷʝʪʩʷ ʦʙʨʘʪʥʦʡ ʜʫʛʦʡ ʮʠʢʣʘ. 

2. ʀʟ ʫʜʘʣʷʝʤʦʛʦ CFG-ʫʟʣʘ ʚʳʭʦʜʷʪ ʥʝʩʢʦʣʴʢʦ ʜʫʛ ʚ ʨʘʟʥʳʝ ʥʝʧʫʩʪʳʝ ʉFG-

ʫʟʣʳ. 

ʊʝʦʨʝʤʘ 1. ʆʙʨʘʪʥʳʝ ʜʫʛʠ ʫ ʧʫʩʪʦʛʦ CFG ʤʦʛʫʪ ʙʳʪʴ ʫʜʘʣʝʥʳ ʙʝʟ ʚʣʠʷʥʠʷ 

ʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʫʶ ʤʦʜʝʣʴ ʤʝʪʦʜʘ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ.  

ɼʦʢʘʟʘʪʝʣʴʩʪʚʦ. ɺ ʨʘʙʦʪʝ [13] ʙʳʣʘ ʜʦʢʘʟʘʥʘ ʪʝʦʨʝʤʘ: çʜʣʷ ʦʧʠʩʘʥʠʷ ʮʠʢʣʘ 

ʚ ʘʥʘʣʠʟʠʨʫʶʱʝʤ ʛʨʘʬʝ ʜʦʩʪʘʪʦʯʥʦ ʦʜʥʦʛʦ ʧʦʚʪʦʨʝʥʠʷ ʪʝʣʘ ʮʠʢʣʘè. ɺ CFG 

ʪʝʣʦ ʮʠʢʣʘ ï ʵʪʦ ʚʩʝ CFG-ʫʟʣʳ ʥʘʯʠʥʘʷ ʦʪ ʛʦʣʦʚʳ ʮʠʢʣʘ ʠ ʜʦ CFG-ʫʟʣʘ, ʦʪʢʫʜʘ 

ʚʳʭʦʜʠʪ ʦʙʨʘʪʥʘʷ ʜʫʛʘ ʚ ʛʦʣʦʚʫ ʮʠʢʣʘ. ɻʦʣʦʚʦʡ ʮʠʢʣʘ ʥʘʟʳʚʘʶʪ CFG-ʫʟʝʣ, ʢʫʜʘ 

ʚʭʦʜʠʪ ʦʙʨʘʪʥʘʷ ʜʫʛʘ ʮʠʢʣʘ. ʆʪʩʶʜʘ ʟʘʢʣʶʯʘʝʤ, ʯʪʦ ʦʙʨʘʪʥʫʶ ʜʫʛʫ ʤʦʞʥʦ 

ʫʜʘʣʷʪʴ ʙʝʟ ʫʱʝʨʙʘ ʩʪʘʪʠʯʝʩʢʦʤʫ ʘʥʘʣʠʟʫ, ʯʪʦ ʠ ʪʨʝʙʦʚʘʣʦʩʴ ʜʦʢʘʟʘʪʴ. 

ʊʝʦʨʝʤʘ 2. ʇʨʠ ʫʜʘʣʝʥʠʠ ʧʫʩʪʦʛʦ CFG-ʫʟʣʘ ʩ ʥʝʩʢʦʣʴʢʦ ʚʳʭʦʜʷʱʠʤʠ 

ʜʫʛʘʤʠ ʥʝʣʴʟʷ ʦʜʥʦʟʥʘʯʥʦ ʩʦʛʣʘʩʦʚʘʪʴ ʠʟʤʝʥʝʥʠʝ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ ʙʝʟ ʫʱʝʨʙʘ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ. 
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ɼʦʢʘʟʘʪʝʣʴʩʪʚʦ. ʇʨʦʩʪʘʚʠʤ ʢʘʞʜʦʤʫ ʚʝʪʚʣʝʥʠʶ ʫʧʨʘʚʣʝʥʠʷ ʚ CFG 

ʥʝʦʧʨʝʜʝʣʝʥʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ‍, ʛʜʝ i ï ʥʦʤʝʨ ʫʟʣʘ ʚ CFG, j ï ʧʦʨʷʜʢʦʚʳʡ 

ʥʦʤʝʨ ʚʳʭʦʜʷʱʝʡ ʜʫʛʠ, ʧʨʠʯʝʤ Ὦ ɴ ρȟὔ ρ, ʛʜʝ N ï ʯʠʩʣʦ ʚʳʭʦʜʷʱʠʭ ʜʫʛ. 

ɽʩʣʠ ʠʟ CFG-ʫʟʣʘ ʚʳʭʦʜʠʪ 2 ʜʫʛʠ, ʪʦ ʥʝʦʧʨʝʜʝʣʸʥʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʧʝʨʚʦʡ ʜʫʛʠ 

ï ‍, ʘ ʚʪʦʨʦʡ ï ρ ‍ . ɽʩʣʠ ʠʟ CFG-ʫʟʣʘ ʚʳʭʦʜʠʪ 3 ʜʫʛʠ, ʪʦ ʥʝʦʧʨʝʜʝʣʸʥʥʳʡ 

ʢʦʵʬʬʠʮʠʝʥʪ ʧʝʨʚʦʡ ʜʫʛʠ ï ‍, ʚʪʦʨʦʡ ï ‍, ʪʨʝʪʴʝʡ ï ρ ‍ ‍ . ʇʨʠʤʝʥʷʷ 

ʜʘʥʥʳʡ ʧʨʠʥʮʠʧ ʧʨʠʩʚʘʠʚʘʥʠʷ ʥʝʦʧʨʝʜʝʣʸʥʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʢ ʚʝʪʚʣʝʥʠʷʤ, 

ʧʦʣʫʯʘʝʤ ʩʣʝʜʫʶʱʠʡ ʚʠʜ ʩʦʩʪʦʷʥʠʷ ʨʘʟʜʝʣʷʝʤʦʡ ʷʯʝʡʢʠ ʧʘʤʷʪʠ, ʢʦʪʦʨʳʡ 

ʠʟʥʘʯʘʣʴʥʦ ʙʳʣ ʦʧʠʩʘʥ ʚ ʬʦʨʤʫʣʝ (2): 

ὼ ὪὼᴆȟὈȟὄȟ 

ʛʜʝ B ï ʤʥʦʞʝʩʪʚʦ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ‍. ʂ ʜʘʥʥʦʤʫ ʦʧʠʩʘʥʠʶ ʷʯʝʡʢʠ ʧʘʤʷʪʠ 

ʧʨʠʤʝʥʠʤʘ ʜʦʢʘʟʘʥʥʘʷ ʚ ʨʘʙʦʪʝ [13] ʪʝʦʨʝʤʘ: çʥʘʣʠʯʠʝ ʛʦʥʢʠ ʚ ʧʨʝʜʣʘʛʘʝʤʦʡ 

ʤʦʜʝʣʠ ʩ ʚʝʪʚʣʝʥʠʷʤʠ ʵʢʚʠʚʘʣʝʥʪʥʦ ʥʘʣʠʯʠʶ ʛʦʥʢʠ ʚ ʟʘʜʘʯʝè. ʆʪʩʶʜʘ ʧʦʣʫʯʘʝʤ, 

ʯʪʦ ʩʦʩʪʦʷʥʠʝ ʛʦʥʢʠ ʥʘ CFG ʩ ʥʝʦʧʨʝʜʝʣʝʥʥʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʩʦʛʣʘʩʥʦ 

ʬʦʨʤʫʣʝ (3) ʦʧʠʩʳʚʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ:  

ὭɱȟὈȟὈȟὄȡὪὼᴆȟὈȟὄ ὪὼᴆȟὈȟὄȢ (4) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʩʣʫʯʘʝ ʥʘʣʠʯʠʷ ʛʦʥʢʠ ʚ ʟʘʜʘʯʝ ʜʦʣʞʝʥ ʩʫʱʝʩʪʚʦʚʘʪʴ 

ʬʠʢʩʠʨʦʚʘʥʥʳʡ ʥʘʙʦʨ ʥʝʦʧʨʝʜʝʣʸʥʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ‍, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʙʳʪʴ 

ʥʘʨʫʰʝʥ ʚ ʩʣʫʯʘʝ ʫʜʘʣʝʥʠʠ ʧʫʩʪʦʛʦ CFG-ʫʟʣʘ ʩ ʥʝʩʢʦʣʴʢʦ ʚʳʭʦʜʷʱʠʤʠ ʜʫʛʘʤʠ, 

ʪ.ʢ. ʣʶʙʦʝ ʠʟʤʝʥʝʥʠʝ ʵʪʠʭ ʜʫʛ (ʦʙʲʝʜʠʥʝʥʠʝ, ʫʜʘʣʝʥʠʝ ʠ ʪ.ʜ.) ʚʣʝʯʝʪ ʠʟʤʝʥʝʥʠʝ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ‍. ʆʪʩʶʜʘ ʜʝʣʘʝʤ ʚʳʚʦʜ, ʯʪʦ ʫʜʘʣʝʥʠʝ 

ʜʘʥʥʦʛʦ CFG-ʫʟʣʘ ʥʝʦʜʥʦʟʥʘʯʥʦ ʚʣʠʷʝʪ ʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʫʶ ʤʦʜʝʣʴ 

ʠʩʩʣʝʜʫʝʤʦʛʦ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ, ʯʪʦ ʠ ʪʨʝʙʦʚʘʣʦʩʴ ʜʦʢʘʟʘʪʴ. 

ʅʘ ʦʩʥʦʚʝ ʪʝʦʨʝʤʳ 1 ʠ ʪʝʦʨʝʤʳ 2 ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʠ ʨʝʘʣʠʟʦʚʘʥ ʘʣʛʦʨʠʪʤ 

ʫʜʘʣʝʥʠʷ ʧʫʩʪʦʛʦ CFG-ʫʟʣʘ, ʢʦʪʦʨʳʡ ʦʧʠʩʳʚʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ [3]: 

ɸʣʛʦʨʠʪʤ 1. ʋʜʘʣʝʥʠʝ ʧʫʩʪʦʛʦ CFG-ʫʟʣʘ. 

1. ʋʜʘʣʷʶʪʩʷ ʩʥʘʯʘʣʘ ʧʫʩʪʳʝ CFG-ʫʟʣʳ, ʫ ʢʦʪʦʨʳʭ ʦʜʥʘ ʚʳʭʦʜʷʱʘʷ ʜʫʛʘ: 

a. ɺʭʦʜʷʱʠʝ ʜʫʛʠ ʫʜʘʣʷʝʤʦʛʦ CFG-ʫʟʣʘ ʧʝʨʝʥʦʩʷʪʩʷ ʚ CFG-ʫʟʝʣ, 
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ʩʣʝʜʫʶʱʠʡ ʟʘ ʫʜʘʣʷʝʤʳʤ CFG-ʫʟʣʦʤ. 

b. ɺʳʭʦʜʷʱʘʷ ʜʫʛʘ ʠʟ ʫʜʘʣʷʝʤʦʛʦ CFG-ʫʟʣʘ ʧʨʦʩʪʦ ʫʜʘʣʷʝʪʩʷ. 

2. ʇʦʚʪʦʨʷʝʪʩʷ ʧ.1 ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʧʨʝʜʩʪʘʚʣʝʥʠʝ CFG ʥʝ ʧʝʨʝʩʪʘʥʝʪ 

ʤʝʥʷʪʴʩʷ, ʪ.ʝ. ʚʩʝ ʧʫʩʪʳʝ CFG-ʫʟʣʳ ʩ ʦʜʥʦʡ ʚʳʭʦʜʷʱʝʡ ʜʫʛʦʡ ʙʫʜʫʪ 

ʫʜʘʣʝʥʳ. 

3. ʇʫʩʪʳʝ ʫʟʣʳ, ʫ ʢʦʪʦʨʳʭ ʜʚʝ ʠ ʙʦʣʝʝ ʠʩʭʦʜʷʱʠʭ ʜʫʛʠ, ʦʩʪʘʶʪʩʷ ʚ CFG ʙʝʟ 

ʫʜʘʣʝʥʠʷ. 

ʇʦʩʣʝ ʧʨʠʤʝʥʝʥʠʷ ʘʣʛʦʨʠʪʤʘ 1 ʤʳ ʧʦʣʫʯʘʝʤ ʢʦʥʪʝʢʩʪʥʦ-ʟʘʚʠʩʠʤʳʡ 

ʣʠʥʝʘʨʠʟʦʚʘʥʥʳʡ ʛʨʘʬ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠ ̫ï Reduced CFG, ʢʦʪʦʨʳʡ ʷʚʣʷʝʪʩʷ 

ʦʩʥʦʚʥʦʤ ʢʦʥʪʝʢʩʪʥʦʤ ʜʣʷ ʘʥʘʣʠʟʘ ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʤʝʪʦʜʝ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ. 

ʇʨʝʞʜʝ, ʯʝʤ ʧʨʦʚʦʜʠʪʴ ʩʪʘʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʠʩʩʣʝʜʫʝʤʳʤ ʤʝʪʦʜʦʤ ʜʦʢʘʞʝʤ, ʯʪʦ 

ʘʥʘʣʠʟʠʨʫʝʤʳʡ ʢʦʥʪʝʢʩʪ ʷʚʣʷʝʪʩʷ ʢʦʨʨʝʢʪʥʳʤ ʜʣʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ 

ʤʝʪʦʜʘ ʚ ʩʣʝʜʫʶʱʝʡ ʪʝʦʨʝʤʝ. 

ʊʝʦʨʝʤʘ 3. ʅʘʣʠʯʠʝ ʥʝʨʘʟʨʝʰʠʤʦʛʦ ʩʦʩʪʦʷʥʠʷ ʛʦʥʢʠ ʥʘ ʨʝʜʫʮʠʨʦʚʘʥʥʦʤ 

ʛʨʘʬʝ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ ʵʢʚʠʚʘʣʝʥʪʥʦ ʥʘʣʠʯʠʶ ʛʦʥʢʠ ʚ ʟʘʜʘʯʝ. 

ɼʦʢʘʟʘʪʝʣʴʩʪʚʦ. ʀʟ ʦʧʠʩʘʥʠʷ ʘʣʛʦʨʠʪʤʘ 1 ʠ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʪʝʦʨʝʤʳ 2 

ʩʣʝʜʫʝʪ, ʯʪʦ ʬʦʨʤʫʣʳ (4) ʠ (3) ʵʢʚʠʚʘʣʝʥʪʥʦ ʦʧʠʩʳʚʘʶʪ ʩʦʩʪʦʷʥʠʝ ʛʦʥʢʠ ʚ 

ʘʣʛʦʨʠʪʤʝ. ʆʪʩʶʜʘ ʩʣʝʜʫʝʪ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ ʪʝʦʨʝʤʳ.  

ʇʨʠʚʝʜʝʤ ʧʨʠʤʝʨ ʢʦʥʪʝʢʩʪʥʦ-ʥʝʟʘʚʠʩʠʤʦʡ ʣʠʥʝʘʨʠʟʘʮʠʠ CFG. ʈʘʩʩʤʦʪʨʠʤ 

Opt LLVM  IR ʘʣʛʦʨʠʪʤʘ ʇʝʪʝʨʩʦʥʘ ʜʣʷ 2 ʧʦʪʦʢʦʚ, ʢʦʪʦʨʳʡ ʙʳʣ ʧʦʣʫʯʝʥ ʚ ʧ. 2.4. 

ʅʘ ʨʠʩ. 9 ʤʦʞʥʦ ʫʚʠʜʝʪʴ ʜʚʘ ʧʫʩʪʳʭ CFG-ʫʟʣʘ: 8 ʠ 10. CFG-ʫʟʝʣ 8 ʠʤʝʝʪ ʜʚʝ 

ʚʳʭʦʜʷʱʠʝ ʜʫʛʠ, ʧʦʵʪʦʤʫ ʩʦʛʣʘʩʥʦ ʘʣʛʦʨʠʪʤʫ 1 ʜʘʥʥʳʡ ʫʟʝʣ ʥʝ ʜʦʣʞʝʥ 

ʧʦʜʚʝʨʛʘʪʴʩʷ ʫʜʘʣʝʥʠʶ. CFG-ʫʟʝʣ ʠʤʝʝʪ ʦʜʥʫ ʦʙʨʘʪʥʦ ʚʳʭʦʜʷʱʫʶ ʜʫʛʫ, 

ʧʦʵʪʦʤʫ ʩʦʛʣʘʩʥʦ ʘʣʛʦʨʠʪʤʫ 1 ʙʫʜʝʪ ʫʩʧʝʰʥʦ ʫʜʘʣʝʥ, ʧʨʠʯʝʤ ʚʭʦʜʥʘʷ ʜʫʛʘ ʙʫʜʝʪ 

ʧʨʦʩʪʦ ʫʜʘʣʝʥʘ. ʈʝʟʫʣʴʪʘʪ ʧʨʠʤʝʥʝʥʠʷ ʘʣʛʦʨʠʪʤʘ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ. 10. ʂʘʢ 

ʚʠʜʥʦ ʠʟ ʨʠʩ. 10, ʫʜʘʣʦʩʴ ʠʟʙʘʚʠʪʴʩʷ ʦʪ ʮʠʢʣʘ ʠ ʥʝʢʦʪʦʨʳʭ ʧʝʨʝʭʦʜʦʚ ʚ CFG 

ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʘʣʛʦʨʠʪʤʘ. ʕʬʬʝʢʪ ʦʪ ʧʨʠʤʝʥʝʥʠʷ ʢʦʥʪʝʢʩʪʥʦ ʟʘʚʠʩʠʤʦʡ 

ʣʠʥʝʘʨʠʟʘʮʠʠ CFG ʥʘ ʨʝʘʣʴʥʳʭ ʟʘʜʘʯʘʭ ʙʫʜʝʪ ʙʦʣʴʰʝ, ʯʪʦ ʩʜʝʣʘʝʪ ʧʨʠʤʝʥʝʥʠʝ 

ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ, ʦʧʠʩʘʥʥʦʛʦ ʚ ʨʘʙʦʪʝ [13-15], ʙʦʣʝʝ ʜʦʩʪʫʧʥʳʤ.  
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ʈʠʩ. 10. CFG ʧʦʪʦʢʘ ʚ ʘʣʛʦʨʠʪʤʝ ʇʝʪʝʨʩʦʥʘ ʧʦʩʣʝ ʢʦʥʪʝʢʩʪʥʦ ʟʘʚʠʩʠʤʦʡ ʣʠʥʝʘʨʠʟʘʮʠʠ. 

 

ʅʘ ʨʠʩ. 10 ʦʩʪʘʣʦʩʴ ʚʝʪʚʣʝʥʠʝ ʫʧʨʘʚʣʝʥʠʷ, ʥʦ ʦʥʦ ʟʥʘʯʠʪʝʣʴʥʦ ʫʧʨʦʱʝʥʦ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʯʘʣʴʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ. ʇʦʜʦʙʥʦʤʫ ʚʝʪʚʣʝʥʠʶ ʤʦʞʥʦ ʩʥʦʚʘ 

ʧʨʠʤʝʥʠʪʴ ʧʨʠʥʮʠʧ ʥʝʦʧʨʝʜʝʣʝʥʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʨʘʩʯʝʪʥʦʛʦ 

ʛʨʘʬʘ, ʯʪʦ ʙʫʜʝʪ ʨʘʩʩʤʦʪʨʝʥʦ ʥʠʞʝ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ. 

 

2.6. ʇʦʠʩʢ ʩʦʩʪʦʷʥʠʡ ʛʦʥʦʢ ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʤʝʪʦʜʝ ʥʘ Reduced CFG 

 

ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʝʪʦʜʘ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ 

ʩʦʛʣʘʩʥʦ ʨʘʙʦʪʘʤ [13-15] ʧʨʝʜʧʦʣʘʛʘʝʪ ʧʦʩʪʨʦʝʥʠʝ ʛʨʘʬʘ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ, ʛʜʝ 

ʝʜʠʥʠʮʝʡ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʘʪʦʤʘʨʥʘʷ ʦʧʝʨʘʮʠʷ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʧʨʝʜʣʘʛʘʝʪʩʷ ʧʦʩʪʨʦʝʥʠʝ ʛʨʘʬʘ ʩʦʚʤʝʩʪʥʦʛʦ ʧʦʪʦʢʘ ʥʘ ʧʨʦʤʝʞʫʪʦʯʥʦʤ 

ʧʨʝʜʩʪʘʚʣʝʥʠʠ LLVM  IR, ʢʦʪʦʨʦʝ ʠʤʝʝʪ ʚʠʜ Reduced CFG. ʇʨʠʯʝʤ ʚʝʪʚʣʝʥʠʷ 

ʫʧʨʘʚʣʝʥʠʷ ʚ Reduced CFG ʥʝ ʫʯʠʪʳʚʘʶʪʩʷ ʧʨʠ ʧʦʩʪʨʦʝʥʠʠ ʛʨʘʬʘ ʧʦʪʦʢʘ 

ʫʧʨʘʚʣʝʥʠʷ. ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʪʦʣʴʢʦ ʠʥʩʪʨʫʢʮʠʠ ʠʟ Reduced CFG. 
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ʈʘʩʩʤʦʪʨʠʤ ʧʨʦʮʝʩʩ ʧʦʩʪʨʦʝʥʠʷ ʛʨʘʬʘ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ ʥʘ ʧʨʠʤʝʨʝ 

ʘʣʛʦʨʠʪʤʘ ʇʝʪʝʨʩʦʥʘ, ʨʝʘʣʠʟʘʮʠʷ ʢʦʪʦʨʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʧ. 2.2. ʉʦʛʣʘʩʥʦ ʧ.2.3. 

ɸʥʘʣʠʟʘʪʦʨ IR ʩʦʟʜʘʩʪ ʩʦʢʨʘʱʝʥʥʦʝ ʧʨʦʤʝʞʫʪʦʯʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʧʝʨʚʦʛʦ ʠ 

ʚʪʦʨʦʛʦ ʧʦʪʦʢʘ, ʢʦʪʦʨʦʝ ʤʦʞʥʦ ʫʚʠʜʝʪʴ ʥʘ ʨʠʩ. 11. 

 

ʈʠʩ. 11. Reduced Opt IR ʜʣʷ ʦʙʦʠʭ ʧʦʪʦʢʦʚ ʚ ʘʣʛʦʨʠʪʤʝ ʇʝʪʝʨʩʦʥʘ. 

 

ɼʘʣʝʝ ʢʦʥʪʝʢʩʪʥʦ ʟʘʚʠʩʠʤʘʷ ʣʠʥʝʘʨʠʟʘʮʠʷ ʛʨʘʬʘ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ ʩʦʟʜʘʩʪ 

Reduced CFG ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ ʧʦʪʦʢʦʚ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʫʚʠʜʝʪʴ ʥʘ ʨʠʩ. 12. 

 

ʈʠʩ. 12. Reduced CFG ʜʣʷ ʦʙʦʠʭ ʧʦʪʦʢʦʚ ʚ ʘʣʛʦʨʠʪʤʝ ʇʝʪʝʨʩʦʥʘ. 
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ʅʘ ʨʠʩ. 12 ʚʠʜʥʦ, ʯʪʦ ʚ Reduced CFG ʫʙʨʘʥʘ ʪʦʣʴʢʦ ʦʙʨʘʪʥʘʷ ʜʫʛʘ ʚ ʫʟʣʝ ˉ4, 

ʥʦ ʧʝʨʝʭʦʜ ʧʦ ʫʩʣʦʚʠʶ ʦʩʪʘʣʩʷ. ʇʦʩʢʦʣʴʢʫ ʧʫʩʪʳʭ ʫʟʣʦʚ ʥʝʪ, ʪʦ ʣʠʥʝʘʨʠʟʘʮʠʷ 

CFG ʦʢʘʟʘʣʘʩʴ ʤʠʥʠʤʘʣʴʥʦʡ. ʇʦʩʪʨʦʝʥʥʳʡ ʛʨʘʬ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ 

ʧʦʪʦʢʦʚ ʤʦʞʥʦ ʫʚʠʜʝʪʴ ʥʘ ʨʠʩ. 13, ʛʜʝ ʦʪʦʙʨʘʞʝʥʳ ʟʥʘʢʦʤ ç+è 

ʥʝʢʦʤʤʫʪʠʨʫʶʱʠʝ ʠʥʩʪʨʫʢʮʠʠ ʠ ʪʦʯʢʘ ʥʘʭʦʞʜʝʥʠʷ ʦʙʦʠʭ ʧʦʪʦʢʦʚ ʚ 

ʢʨʠʪʠʯʝʩʢʦʡ ʩʝʢʮʠʠ (ʪʦʯʢʘ çSè). 

 

ʈʠʩ. 13. ɻʨʘʬ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ ʜʣʷ ʘʣʛʦʨʠʪʤʘ ʇʝʪʝʨʩʦʥʘ. 

 

ʊʦʯʢʘ S ʥʘ ʛʨʘʬʝ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ ʦʙʦʟʥʘʯʘʝʪ 

ʥʝʨʘʟʨʝʰʠʤʦʝ ʩʦʩʪʦʷʥʠʝ ʛʦʥʢʠ. ɽʩʣʠ ʙʫʜʫʪ ʦʙʥʘʨʫʞʝʥʳ ʜʦʧʫʩʪʠʤʳʝ ʧʫʪʠ 

ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ, ʢʦʪʦʨʳʝ ʧʨʦʭʦʜʷʪ ʯʝʨʝʟ ʵʪʫ ʪʦʯʢʫ, ʪʦ ʘʣʛʦʨʠʪʤ ʥʝ 

ʨʝʘʣʠʟʫʝʪ ʢʨʠʪʠʯʝʩʢʫʶ ʩʝʢʮʠʶ. 

ʈʝʘʣʠʟʦʚʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʧʦʠʩʢʘ ʢʣʘʩʩʦʚ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ [14] ʧʦʢʘʟʳʚʘʝʪ 

ʚ ʜʘʥʥʦʤ ʧʨʠʤʝʨʝ 24 ʢʣʘʩʩʘ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʥʘ Reduced CFG, ʢʦʪʦʨʳʝ 

ʧʨʠʚʝʜʝʥʳ ʚ ʧʨʠʣʦʞʝʥʠʠ 1. ɺ ʜʘʣʴʥʝʡʰʝʤ ʧʨʦʮʝʩʩ ʧʦʠʩʢʘ ʩʦʩʪʦʷʥʠʡ ʛʦʥʦʢ 

ʩʚʷʟʘʥ ʩ ʘʥʘʣʠʟʦʤ ʨʘʩʯʝʪʥʦʛʦ ʛʨʘʬʘ, ʢʦʪʦʨʳʡ ʩʪʨʦʠʪʩʷ ʪʘʢʞʝ ʥʘ Reduced CFG, 

ʥʦ ʫʯʠʪʳʚʘʝʪ ʧʨʦʩʪʳʝ ʚʝʪʚʣʝʥʠʷ ʫʧʨʘʚʣʝʥʠʷ. ɺ CFG-ʫʟʣʝ, ʚ ʢʦʪʦʨʦʤ ʙʦʣʝʝ ʦʜʥʦʡ 

ʠʩʭʦʜʷʱʝʡ ʜʫʛʠ, ʜʫʛʘʤ ʨʘʩʩʪʘʚʣʷʶʪʩʷ ʥʝʦʧʨʝʜʝʣʸʥʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ, ʪʘʢʞʝ 

ʢʘʢ ʵʪʦ ʧʨʦʜʝʣʳʚʘʝʪʩʷ ʚ ʜʦʢʘʟʘʪʝʣʴʩʪʚʝ ʪʝʦʨʝʤʳ 2. ʇʨʠ ʘʥʘʣʠʟʝ ʧʫʪʝʡ ʚ ʛʨʘʬʝ 
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ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʫʯʠʪʳʚʘʶʪʩʷ ʜʘʥʥʳʝ 

ʥʝʦʧʨʝʜʝʣʸʥʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ.  

ʇʨʠ ʧʦʩʪʨʦʝʥʠʠ ʨʘʩʯʝʪʥʦʛʦ ʛʨʘʬʘ ʚʚʦʜʠʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʬʫʥʢʮʠʷ ʥʘʜ 

ʚʝʢʪʦʨʦʤ ʩʦʩʪʦʷʥʠʷ ʩʠʩʪʝʤʳ, ʘʪʨʠʙʫʪʳ ʢʦʪʦʨʦʛʦ ʷʚʣʷʶʪʩʷ ʟʥʘʯʝʥʠʷ 

ʨʘʟʜʝʣʷʝʤʳʭ ʧʝʨʝʤʝʥʥʳʭ ï ʵʪʦ ʬʫʥʢʮʠʷ ʫʩʣʦʚʥʦʛʦ ʧʝʨʝʭʦʜʘ [13]:  

ὓȡὺȟὺ ᴼὖὼᴆ π, (5) 

ʛʜʝ P ï ʬʫʥʢʮʠʷ-ʧʨʝʜʠʢʘʪ, ʦʧʨʝʜʝʣʝʥʥʘʷ ʥʘ ʤʥʦʞʝʩʪʚʝ ʟʥʘʯʝʥʠʡ ʚʝʢʪʦʨʘ 

ʨʘʟʜʝʣʷʝʤʳʭ ʧʝʨʝʤʝʥʥʳʭ, ʦʧʨʝʜʝʣʷʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʝʨʝʜʚʠʞʝʥʠʷ ʩʠʩʪʝʤʳ ʠʟ 

ʪʝʢʫʱʝʡ ʚʝʨʰʠʥʳ ʧʦ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʜʫʛʝ ʚ ʨʘʩʯʝʪʥʦʤ ʛʨʘʬʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʚ ʨʘʩʯʝʪʥʦʤ ʛʨʘʬʝ ʜʦʙʘʚʣʷʶʪʩʷ ʜʫʛʠ-ʫʩʣʦʚʠʷ, ʢʦʪʦʨʳʭ ʚ Reduced CFG ʥʝʪ.  

ʋʪʚʝʨʞʜʝʥʠʝ 1. ɺ ʧʨʦʤʝʞʫʪʦʯʥʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ LLVM  IR ʠʥʩʪʨʫʢʮʠʷʤʠ, 

ʢʦʪʦʨʳʝ ʘʩʩʦʮʠʠʨʫʶʪʩʷ ʩ ʜʫʛʘʤʠ-ʫʩʣʦʚʠʷʤʠ, ʷʚʣʷʶʪʩʷ ʠʥʩʪʨʫʢʮʠʠ, 

ʧʦʜʛʦʪʘʚʣʠʚʘʶʱʠʝ ʘʨʛʫʤʝʥʪ branch-ʠʥʩʪʨʫʢʮʠʠ. 

ɼʦʢʘʟʘʪʝʣʴʩʪʚʦ ʫʪʚʝʨʞʜʝʥʠʷ 1 ʩʣʝʜʫʝʪ ʠʟ ʧʨʠʥʮʠʧʘ ʧʦʩʪʨʦʝʥʠʷ CFG ʠ 

ʦʧʨʝʜʝʣʝʥʠʷ branch-ʠʥʩʪʨʫʢʮʠʡ. ɽʩʣʠ ʠʤʝʝʪʩʷ ʚʝʪʚʣʝʥʠʝ ʫʧʨʘʚʣʝʥʠ,̫ ʪʦ ʧʝʨʝʭʦʜ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦ ʫʩʣʦʚʠʶ (branch ʧʦ ʫʩʣʦʚʠʶ). ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʷ 

branch-ʠʥʩʪʨʫʢʮʠʷ ʦʩʫʱʝʩʪʚʣʷʝʪ ʧʝʨʝʜʘʯʫ ʫʧʨʘʚʣʝʥʠʷ ʥʘ ʥʫʞʥʫʶ ʚʝʪʢʫ ʧʦʪʦʢʘ 

ʫʧʨʘʚʣʝʥʠʷ. 

ʋʪʚʝʨʞʜʝʥʠʝ 2. ɼʣʷ ʘʩʩʦʮʠʘʮʠʠ ʜʫʛʠ-ʫʩʣʦʚʠʷ ʜʦʩʪʘʪʦʯʥʦ ʦʜʥʦʡ 

ʠʥʩʪʨʫʢʮʠʠ, ʚʳʯʠʩʣʷʶʱʝʡ ʘʨʛʫʤʝʥʪ ʜʣʷ branch-ʠʥʩʪʨʫʢʮʠʠ ʧʦ ʫʩʣʦʚʠʶ. 

ɼʦʢʘʟʘʪʝʣʴʩʪʚʦ ʫʪʚʝʨʞʜʝʥʠʷ 2 ʩʣʝʜʫʝʪ ʠʟ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ 

ʧʨʝʜʩʪʘʚʣʝʥʠʷ LLVM IR.  ʇʦʩʢʦʣʴʢʫ LLVM  IR ʧʨʠʙʣʠʞʝʥ ʢ ʘʩʩʝʤʙʣʝʨʥʦʤʫ 

ʣʠʩʪʠʥʛʫ, ʪʦ ʠ ʬʠʥʘʣʴʥʳʡ ʘʨʛʫʤʝʥʪ ʧʝʨʝʜʘʯʠ ʫʧʨʘʚʣʝʥʠʷ ʩʦʟʜʘʝʪʩʷ ʦʜʥʦʡ 

ʠʥʩʪʨʫʢʮʠʝʡ. ɺ LLVM  IR ʪʘʢʦʡ ʠʥʩʪʨʫʢʮʠʝʡ, ʥʘʧʨʠʤʝʨ, ʷʚʣʷʝʪʩʷ fCMP, iCMP. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʫʛʘ-ʫʩʣʦʚʠʝ ʚ ʨʘʩʯʝʪʥʦʤ ʛʨʘʬʝ ʙʫʜʝʪ ʠʥʩʪʨʫʢʮʠʷ, 

ʷʚʣʷʶʱʘʷʩʷ ʧʨʝʜʢʦʤ ʜʣʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ branch-ʠʥʩʪʨʫʢʮʠʠ. ɸʥʘʣʠʟʘʪʦʨ IR 

ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʘʥʘʣʠʟʘ ʠ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʩʦʭʨʘʥʷʝʪ ʚʩʝʭ ʧʨʝʜʢʦʚ branch-

ʠʥʩʪʨʫʢʮʠʡ. ʉʧʠʩʦʢ ʪʘʢʠʭ ʧʨʝʜʢʦʚ ʙʫʜʝʪ ʜʦʩʪʫʧʝʥ ʚ ʤʦʤʝʥʪ ʧʦʩʪʨʦʝʥʠʷ 

ʨʘʩʯʝʪʥʦʛʦ ʛʨʘʬʘ. 



58 

ʇʦʩʪʨʦʠʤ ʨʘʩʯʝʪʥʳʡ ʛʨʘʬ ʜʣʷ ʘʣʛʦʨʠʪʤʘ ʇʝʪʝʨʩʦʥʘ, ʢʦʪʦʨʳʡ ʧʦʢʘʟʘʥ ʥʘ 

ʨʠʩ. 14.  

 

ʈʠʩ. 14. ʈʘʩʯʝʪʥʳʡ ʛʨʘʬ ʜʣʷ ʜʚʫʭ ʧʦʪʦʢʦʚ ʚ ʘʣʛʦʨʠʪʤʝ ʇʝʪʝʨʩʦʥʘ. 

 

ɺ ʙʦʣʝʝ ʨʘʥʥʠʭ ʨʘʙʦʪʘʭ [13-15] ʙʳʣʠ ʦʧʠʩʘʥʳ ʘʣʛʦʨʠʪʤʳ ʘʥʘʣʠʟʘ ʧʫʪʝʡ, 

ʚʟʷʪʳʝ ʠʟ ʢʣʘʩʩʦʚ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ. ʉ ʫʯʝʪʦʤ ʚʦʟʤʦʞʥʳʭ ʟʥʘʯʝʥʠʡ ʨʘʟʜʝʣʷʝʤʳʭ 

ʜʘʥʥʳʭ ʠ ʜʫʛ-ʫʩʣʦʚʠʡ ʚʳʷʩʥʷʶʪʩʷ ʜʦʧʫʩʪʠʤʳʝ ʧʫʪʠ ʥʘ ʨʘʩʯʝʪʥʦʤ ʛʨʘʬʝ ʠ, ʢʘʢ 

ʩʣʝʜʩʪʚʠʝ, ʥʘ ʛʨʘʬʝ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ. ɼʦʧʫʩʪʠʤʳʝ ʧʫʪʠ ʥʘ 

ʨʘʩʯʝʪʥʦʤ ʛʨʘʬʝ ʦʙʦʟʥʘʯʝʥʳ ʩʠʥʠʤʳ ʮʚʝʪʦʤ ʥʘ ʨʠʩ. 15.  

 

ʈʠʩ. 15 ɼʦʧʫʩʪʠʤʳʝ ʧʫʪʠ ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ ʥʘ ʨʘʩʯʝʪʥʦʤ ʛʨʘʬʝ. 
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ʂʘʢ ʚʠʜʥʦ ʥʘ ʨʠʩ. 15, ʜʦʧʫʩʪʠʤʳʝ ʧʫʪʠ ʥʝ ʧʨʦʭʦʜʷʪ ʯʝʨʝʟ ʪʦʯʢʫ S, ʦʪʩʶʜʘ 

ʜʝʣʘʝʤ ʚʳʚʦʜ, ʯʪʦ ʘʣʛʦʨʠʪʤ ʇʝʪʝʨʩʦʥʘ ʢʦʨʨʝʢʪʥʦ ʨʘʟʨʝʰʘʝʪ ʢʨʠʪʠʯʝʩʢʫʶ ʪʦʯʢʫ.  

 

2.7. ʄʦʜʝʣʴ ʘʚʪʦʤʘʪʠʟʘʮʠʷ ʧʦʠʩʢʘ ʩʦʩʪʦʷʥʠʡ ʛʦʥʦʢ 

 

ɺ ʨʘʤʢʘʭ ʘʜʘʧʪʠʨʦʚʘʥʥʦʡ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʤʝʪʦʜʘ ʩʪʘʪʠʯʝʩʢʦʛʦ 

ʘʥʘʣʠʟʘ ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʠ ʨʝʘʣʠʟʦʚʘʥʘ ʥʦʚʘʷ ʤʦʜʝʣʴ ʦʨʛʘʥʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ 

ʘʥʘʣʠʟʘ ʢʦʜʘ ʧʨʦʛʨʘʤʤʳ, ʢʦʪʦʨʳʡ ʦʨʠʝʥʪʠʨʦʚʘʥ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝ LLVM IR. 

ʇʨʝʜʣʦʞʝʥʥʘʷ ʤʦʜʝʣʴ ʠʟʦʙʨʘʞʝʥʘ ʥʘ ʨʠʩ. 16. 

 
ʈʠʩ. 16. ʄʦʜʝʣʴ ʦʨʛʘʥʠʟʘʮʠʠ ʧʦʠʩʢʘ ʩʦʩʪʦʷʥʠʡ ʛʦʥʦʢ. 

 

ʇʨʝʜʣʦʞʝʥʥʘʷ ʤʦʜʝʣʴ ʜʦʙʘʚʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʳʝ ʵʪʘʧʳ ʧʦ ʧʦʜʛʦʪʦʚʢʝ 

ʘʥʘʣʠʟʠʨʫʝʤʦʛʦ ʢʦʥʪʝʢʩʪʘ. ɸʥʘʣʠʟʠʨʫʝʤʳʡ ʢʦʥʪʝʢʩʪ ʩʫʱʝʩʪʚʝʥʥʦ ʩʦʢʨʘʱʘʝʪʩʷ, 

ʥʦ ʩʘʤʦʡ ʩʠʣʴʥʦʡ ʩʪʦʨʦʥʦʡ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʝʛʦ ʧʨʠʤʝʥʝʥʠʷ ʢ ʙʦʣʴʰʦʤʫ 

ʯʠʩʣʫ ʧʨʦʤʳʰʣʝʥʥʳʭ ʧʨʦʛʨʘʤʤ. ʋʥʠʚʝʨʩʘʣʴʥʦʩʪʴ LLVM  IR ʧʦʟʚʦʣʷʝʪ ʛʠʙʢʦ 

ʧʨʠʤʝʥʷʪʴ ʤʝʪʦʜ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʥʘ ʨʘʟʣʠʯʥʳʭ ʧʣʘʪʬʦʨʤʘʭ ʠ 

ʘʨʭʠʪʝʢʪʫʨʘʭ. 

ɸʨʭʠʪʝʢʪʫʨʘ ʨʝʘʣʠʟʦʚʘʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʧʨʦʛʨʘʤʤ ʚʢʣʶʯʘʝʪ ʢʘʢ 

ʩʦʙʩʪʚʝʥʥʫʶ ʨʝʘʣʠʟʘʮʠʶ ʫʪʠʣʠʪ ʥʘ ʩʢʨʠʧʪʦʚʳʭ ʷʟʳʢʘʭ, ʪʘʢ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʩʪʦʨʦʥʥʠʭ ʧʨʦʛʨʘʤʤ. ʇʨʝʜʣʦʞʝʥʥʘʷ ʤʦʜʝʣʴ ʧʦʟʚʦʣʷʝʪ ʩ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ 

ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʪʴ ʧʨʦʮʝʩʩ ʘʥʘʣʠʟʘ ʢʦʜʘ ʧʨʦʛʨʘʤʤʳ. 
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ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʢʦʤʧʣʝʢʩ ʧʨʦʛʨʘʤʤ ʧʦ ʘʥʘʣʠʟʫ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ 

ʨʝʘʣʠʟʦʚʘʥʥʳʡ ɸʥʘʣʠʟʘʪʦʨ IR, ʢʦʪʦʨʳʡ ʧʦʣʫʯʘʝʪ ʥʘ ʚʭʦʜ ʢʦʜ ʧʨʦʛʨʘʤʤʳ, 

ʢʦʤʧʠʣʠʨʫʝʤʳʡ ʢʦʤʧʠʣʷʪʦʨʦʤ CLANG, ʧʦʩʣʝ ʯʝʛʦ ʘʥʘʣʠʟʘʪʦʨ ʩʦʟʜʘʝʪ ʢʦʥʪʝʢʩʪ 

ʧʨʦʛʨʘʤʤʳ Reduced CFG, ʢʦʪʦʨʳʡ ʧʦʜʘʝʪʩʷ ʥʘ ʚʭʦʜ ʘʥʘʣʠʟʘʪʦʨʫ ʥʘʧʠʩʘʥʥʳʡ ʚ 

ʩʠʩʪʝʤʝ ʢʦʤʧʴʶʪʝʨʥʦʡ ʘʣʛʝʙʨʳ Wolfram Mathematica. ɸʥʘʣʠʟʘʪʦʨ ʚ Wolfram 

Mathematica ʧʦ ʘʣʛʦʨʠʪʤʘʤ, ʦʧʠʩʘʥʥʳʤ ʨʘʥʝʝ ʚ ʨʘʙʦʪʘʭ, ʩʪʨʦʠʪ ʛʨʘʬ 

ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ, ʚʳʜʝʣʷʝʪ ʢʣʘʩʩʳ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ, 

ʧʨʝʜʩʪʘʚʠʪʝʣʠ ʢʣʘʩʩʦʚ, ʟʘʪʝʤ ʨʘʩʯʝʪʥʳʡ ʛʨʘʬ ʠ ʘʥʘʣʠʟ ʧʫʪʝʡ ʥʘ ʥʝʤ. ʅʘ ʚʳʭʦʜʝ 

ʠʟ ʘʥʘʣʠʟʘʪʦʨʘ ʥʘ Wolfram Mathematica ʧʨʦʠʩʭʦʜʠʪ ʚʳʚʦʜ ʨʝʟʫʣʴʪʘʪʦʚ: 

ʦʪʦʙʨʘʞʘʶʪʩʷ ʚʦʟʤʦʞʥʳʝ ʩʧʦʩʦʙʳ ʠʩʧʦʣʥʝʥʠʷ. ɽʩʣʠ ʝʩʪʴ ʧʫʪʠ, ʚ ʢʦʪʦʨʳʭ ʚʩʝ 

ʧʦʪʦʢʠ ʦʜʥʦʚʨʝʤʝʥʥʦ ʧʨʦʭʦʜʷʪ ʯʝʨʝʟ ʢʨʠʪʠʯʝʩʢʫʶ ʩʝʢʮʠʶ, ʟʥʘʯʠʪ 

ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʜʝʣʘʝʪʩʷ ʚʳʚʦʜ ʦ ʚʦʟʤʦʞʥʦʩʪʠ ʥʝʨʘʟʨʝʰʠʤʦʛʦ ʩʦʩʪʦʷʥʠʷ ʛʦʥʢʠ. 

ɸʨʭʠʪʝʢʪʫʨʘ ʩʠʩʪʝʤʳ ʧʦʠʩʢʘ ʩʦʩʪʦʷʥʠʡ ʛʦʥʦʢ ʠʟʦʙʨʘʞʝʥʘ ʥʘ ʨʠʩ. 17. 

 

ʈʠʩ. 17. ɸʨʭʠʪʝʢʪʫʨʘ ʩʠʩʪʝʤʳ ʧʦʠʩʢʘ ʩʦʩʪʦʷʥʠʡ ʛʦʥʦʢ. 

 

Reduced CFG ʧʦʜʘʝʪʩʷ ʥʘ ʚʭʦʜ ʘʥʘʣʠʟʘʪʦʨʫ Wolfram Mathematica ʚ 

ʧʨʝʦʙʨʘʟʦʚʘʥʥʦʤ ʚʠʜʝ. ɸʥʘʣʠʟʘʪʦʨ ʪʨʘʥʩʣʠʨʫʝʪ Reduced CFG ʚ ʣʠʩʪʠʥʛ 

ʩʣʝʜʫʶʱʝʛʦ ʚʠʜʘ: 

Init  

<ʪʠʧ ʦʧʝʨʘʮʠʠ> <ʧʝʨʝʤʝʥʥʘʷ> <ʦʧʝʨʘʮʠʷ ʠʥʠʮʠʘʣʠʟʘʮʠʠ> 

...  

Thread  

<ʪʠʧ ʦʧʝʨʘʮʠʠ> <ʧʝʨʝʤʝʥʥʘʷ> <ʦʧʝʨʘʮʠʷ> <ʚʥʫʪʨʝʥʥʠʡ ʪʠʧ> 

...  

Thread  

<ʪʠʧ ʦʧʝʨʘʮʠʠ> <ʧʝʨʝʤʝʥʥʘʷ> <ʦʧʝʨʘʮʠʷ> <ʚʥʫʪʨʝʥʥʠʡ ʪʠʧ> 

...  

End 
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ʃʠʩʪʠʥʛ ʨʘʟʜʝʣʝʥ ʥʘ ʣʦʛʠʯʝʩʢʠʝ ʙʣʦʢʠ: Init ï ʥʘʯʘʣʴʥʘʷ ʠʥʠʮʠʘʣʠʟʘʮʠʷ 

ʨʘʟʜʝʣʷʝʤʳʭ ʧʝʨʝʤʝʥʥʳʭ; Thread ï ʙʣʦʢ ʦʧʠʩʘʥʠʷ ʦʜʥʦʛʦ ʠʟ ʧʦʪʦʢʘ ʠʩʧʦʣʥʝʥʠʷ, 

ʙʣʦʢ ʟʘʢʘʥʯʠʚʘʝʪʩʷ ʥʘʯʘʣʦʤ ʦʯʝʨʝʜʥʦʛʦ ʙʣʦʢʘ Thread ʣʠʙʦ ʧʨʠʟʥʘʢʦʤ ʦʢʦʥʯʘʥʠʷ 

ʣʠʩʪʠʥʛʘ End. 

ʕʣʝʤʝʥʪʳ ʣʠʩʪʠʥʛʘ ʦʟʥʘʯʘʶʪ ʩʣʝʜʫʶʱʝʝ: 

<ʪʠʧ ʦʧʝʨʘʮʠʠ> ï ʦʧʝʨʘʮʠʷ ʯʪʝʥʠʷ ʠʣʠ ʟʘʧʠʩʠ ʚ ʩʤʳʩʣʝ ʤʝʪʦʜʘ 

ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ. ɺʦʟʤʦʞʥʳʝ ʦʙʦʟʥʘʯʝʥʠʷ: W ʠ R. 

<ʧʝʨʝʤʝʥʥʘʷ> ï ʧʝʨʝʤʝʥʥʘʷ ʚ Reduced CFG, ʥʘʜ ʢʦʪʦʨʦʡ ʧʨʦʠʩʭʦʜʠʪ 

ʦʧʝʨʘʮʠʷ ʯʪʝʥʠʷ ʠʣʠ ʟʘʧʠʩʠ. 

<ʦʧʝʨʘʮʠʷ> ï ʦʧʠʩʘʥʠʝ ʦʧʝʨʘʮʠʠ ʠʩʭʦʜʷ ʠʟ ʦʧʠʩʘʥʠʷ Reduced CFG ʥʘ 

LLVM  IR. 

<ʚʥʫʪʨʝʥʥʠʡ ʪʠʧ> ï ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʧʨʠʟʥʘʢ ʦʧʝʨʘʮʠʠ ʜʣʷ ʘʥʘʣʠʟʘʪʦʨʘ 

Wolfram Mathematica. ɺʦʟʤʦʞʥʳʝ ʦʙʦʟʥʘʯʝʥʠʷ: U ï ʟʘʧʠʩʴ, ʉ ï ʧʨʦʚʝʨʢʘ 

ʫʩʣʦʚʠʷ, S ï ʘʪʦʤʘʨʥʘʷ. ɺʦ ʚʥʫʪʨʝʥʥʝʤ ʪʠʧʝ ʚʦʟʤʦʞʥʘ ʢʦʥʢʘʪʝʥʘʮʠʷ 

ʦʙʦʟʥʘʯʝʥʠʡ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʥʩʪʨʫʢʮʠʡ LLVM  IR. ɼʘʥʥʳʡ ʪʠʧ ʢʘʢ ʨʘʟ 

ʦʧʠʩʳʚʘʝʪ ʜʫʛʠ-ʫʩʣʦʚʠʠ ʚ ʨʘʩʯʝʪʥʦʤ ʛʨʘʬʝ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʥʩʪʨʫʢʮʠʠ ʚ 

LLVM  IR. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʦʟʜʘʥʥʳʡ ʢʦʤʧʣʝʢʩ ʧʨʦʛʨʘʤʤ ʧʦʟʚʦʣʷʝʪ ʩ ʚʳʩʦʢʦʡ 

ʩʪʝʧʝʥʴ ʁʘʚʪʦʤʘʪʠʟʘʮʠʠ ʥʘʣʘʜʠʪʴ ʧʨʦʮʝʩʩ ʚʝʨʠʬʠʢʘʮʠʠ ʢʦʤʧʣʝʢʩʦʚ ʧʨʦʛʨʘʤʤ 

ʤʝʪʦʜʦʤ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʥʘ ʦʩʥʦʚʝ ʛʨʘʬʘ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ. 

ʇʨʠʤʝʨ ʠ ʨʘʟʙʦʨ ʤʦʜʝʣʴʥʳʭ ʟʘʜʘʯ ʨʘʩʩʤʦʪʨʝʥ ʚ ʩʣʝʜʫʶʱʝʡ ʛʣʘʚʝ. 
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ɻʣʘʚʘ 3. ʇʨʘʢʪʠʯʝʩʢʠʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʘʥʘʣʠʟ ʧʨʠʤʝʥʝʥʠʷ 

ʧʨʦʛʨʘʤʤʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʤʦʜʝʣʠ ʧʦʠʩʢʘ ʩʦʩʪʦʷʥʠʡ ʛʦʥʦʢ ʚ 

ʤʥʦʛʦʧʦʪʦʯʥʳʭ ʘʣʛʦʨʠʪʤʘʭ 

 

3.1. ʉʧʠʥʣʦʢ (ʩʧʠʥ-ʙʣʦʢʠʨʦʚʢʘ) 

 

ʉʧʠʥ-ʙʣʦʢʠʨʦʚʢʘ ï ʘʣʛʦʨʠʪʤ, ʨʝʘʣʠʟʫʶʱʠʡ ʢʨʠʪʠʯʝʩʢʫʶ ʩʝʢʮʠʶ [29, 35]. 

ɺ ʘʣʛʦʨʠʪʤʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʨʘʟʜʝʣʷʝʤʘʷ ʧʝʨʝʤʝʥʥʘʷ, ʢʦʪʦʨʘʷ ʠʥʜʠʮʠʨʫʝʪ ʧʦʪʦʢʘʤ 

ʦ ʪʦʤ, ʟʘʥʷʪʘ ʢʨʠʪʠʯʝʩʢʘʷ ʩʝʢʮʠʷ ʠʣʠ ʥʝʪ. ɺ ʨʝʘʣʠʟʘʮʠʠ ʘʣʛʦʨʠʪʤʘ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʘʪʦʤʘʨʥʳʝ ʦʧʝʨʘʮʠʠ, ʪʘʢʠʝ ʢʘʢ CAS. 

ʂʨʠʪʝʨʠʡ ʢʦʨʨʝʢʪʥʦʩʪʠ ʘʣʛʦʨʠʪʤʘ ï ʥʘʣʠʯʠʝ ʚ ʢʨʠʪʠʯʝʩʢʦʡ ʩʝʢʮʠʠ ʥʝ ʙʦʣʝʝ 

ʦʜʥʦʛʦ ʧʦʪʦʢʘ ʠʩʧʦʣʥʝʥʠʷ. ʅʘ ʛʨʘʬʝ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʘ ʠ 

ʨʘʩʯʝʪʥʦʤ ʛʨʘʬʝ ʜʘʥʥʳʡ ʢʨʠʪʝʨʠʡ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʥʝ ʜʦʣʞʥʦ ʙʳʪʴ ʜʦʧʫʩʪʠʤʳʭ 

ʧʫʪʝʡ, ʧʨʦʭʦʜʷʱʠʭ ʯʝʨʝʟ ʢʨʠʪʠʯʝʩʢʫʶ ʩʝʢʮʠʶ. ʅʘ ʛʨʘʬʘʭ ʢʨʠʪʠʯʝʩʢʘʷ ʩʝʢʮʠʷ 

ʦʙʦʟʥʘʯʝʥʘ ʪʦʯʢʦʡ S. 

ʈʘʩʩʤʦʪʨʠʤ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ɸʥʘʣʠʟʘʪʦʨʘ IR ʥʘ ʉʠ-ʢʦʜʝ, ʦʜʥʘ ʠʟ 

ʨʝʘʣʠʟʘʮʠʠ ʢʦʪʦʨʦʛʦ ʧʨʠʚʝʜʝʥʘ ʥʠʞʝ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʢʦʜʘ ʨʝʘʣʠʟʘʮʠʠ ʘʣʛʦʨʠʪʤʘ, 

ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʮʝʜʫʨʫ thread_func. ʇʨʦʤʝʞʫʪʦʯʥʦʝ 

ʧʨʝʜʩʪʘʚʣʝʥʠʝ LLVM  IR ʚ ʚʠʜʝ CFG ʜʘʥʥʦʡ ʧʨʦʮʝʜʫʨʳ ʠʟʦʙʨʘʞʝʥʦ ʥʘ ʨʠʩ. 18, 

ʯʪʦ ʷʚʣʷʝʪʩʷ ʥʘʯʘʣʴʥʳʤ ʘʥʘʣʠʟʠʨʫʝʤʳʤ ʢʦʥʪʝʢʩʪʦʤ ʚ ʩʠʩʪʝʤʝ ʚʝʨʠʬʠʢʘʮʠʠ 

ʢʦʜʘ ʘʣʛʦʨʠʪʤʘ. ɼʘʣʝʝ ɸʥʘʣʠʟʘʪʦʨ IR ʧʨʝʦʙʨʘʟʫʝʪ ʧʝʨʚʦʥʘʯʘʣʴʥʳʡ ʢʦʥʪʝʢʩʪ 

ʢʦʜʘ ʘʣʛʦʨʠʪʤʘ ʚ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʦʝ ʧʨʦʤʝʞʫʪʦʯʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ Opt IR, 

ʢʦʪʦʨʳʡ ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩ. 19. ʅʘ ʨʠʩ. 19 ʚʠʜʥʦ, ʯʪʦ ʢʦʥʪʝʢʩʪ ʩʫʱʝʩʪʚʝʥʥʦ 

ʩʦʢʨʘʪʠʣʩʷ.  

ɼʘʣʴʥʝʡʰʠʤ ʚʘʞʥʳʤ ʵʪʘʧʦʤ ʚ ɸʥʘʣʠʟʘʪʦʨʝ IR ʚʳʩʪʫʧʘʝʪ ʰʘʛ ʧʦʣʫʯʝʥʠʷ 

ʩʦʢʨʘʱʝʥʥʦʛʦ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ Reduced Opt IR. ʉʪʦʠʪ ʟʘʤʝʪʠʪʴ, 

ʯʪʦ ʚ ʢʦʥʪʝʢʩʪʝ ʧʨʠʩʫʪʩʪʚʫʝʪ ʘʪʦʤʘʨʥʘʷ ʠʥʩʪʨʫʢʮʠʷ cmpxchg, ʢʦʪʦʨʘʷ ʚʭʦʜʠʪ ʚ 

ʦʩʦʙʳʡ ʢʣʘʩʩ ʘʥʘʣʠʟʠʨʫʝʤʳʭ ʠʥʩʪʨʫʢʮʠʡ ʠ ʫʜʘʣʝʥʘ ʠʟ ʢʦʥʪʝʢʩʪʘ ʥʝ ʙʫʜʝʪ. 

ʈʝʟʫʣʴʪʘʪ ʨʘʙʦʪʳ ʘʥʘʣʠʟʘ ʠ ʢʦʥʝʯʥʳʡ ʚʠʜ Reduced Opt IR ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩ. 20. 
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/* Spi nlock  */  

 

#include <stdio.h>  

#include <stdlib.h>  

#include <pthread.h>  

#define CAS(a,b,c) __sync_bool_compare_and_swap (a,b,c)  

#define SPINLOCK _BUSY 1 

#define SPINLOCK_FREE 0  

 

int volatile lock = SPINLOCK_FREE;  

 

static void *thread_func ( void * args_ptr )  

{  

    while (CAS(&lock,SPINLOCK_FREE,SPINLOCK_BUSY));  

    /**** Critical section -  Spinlock was captured ****/  

    lock = SPINLOCK_FREE;  

}  

 

in t main () {  

    pthread_t thread1,thread2;  

  

    if (pthread_create(&thread1, NULL, thread_func, NULL) != 0)  

    {  

        return EXIT_FAILURE;  

    }  

  

    if (pthread_create(&thread2, NULL, thread_func, NULL) != 0)  

    {  

        return EXIT_FAILURE;  

    }  

  

    if (pthread_join(thread1, NULL) != 0)  

    {  

        return EXIT_FAILURE;  

    }  

     

    if (pthread_join(thread2, NULL) != 0)  

    {  

        return  EXIT _FAILURE;  

    }  

     

    return  0;  

}  

 

Reduced Opt IR ʧʦʢʘʟʳʚʘʝʪ ʧʫʩʪʳʝ CFG-ʫʟʣʳ ʚʩʣʝʜʩʪʚʠʝ ʫʜʘʣʝʥʠʷ ʢʣʘʩʩʦʚ 

ʠʥʩʪʨʫʢʮʠʡ, ʥʝ ʚʣʠʷʶʱʠʭ ʥʘ ʩʪʘʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ. ʇʦʣʫʯʠʚʰʠʡʩʷ ʢʦʥʪʝʢʩʪ ʜʘʝʪ 

ʦʩʥʦʚʘʥʠʝ ʫʜʘʣʠʪʴ CFG-ʫʟʣʳ ʠ ʜʫʛʠ ʩʦʛʣʘʩʥʦ ɸʣʛʦʨʠʪʤʫ 1 ʠ ʜʦʢʘʟʘʥʥʳʤ 

ʪʝʦʨʝʤʘʤ 1-3. ʅʘ ʨʠʩ. 20 ʪʘʢʞʝ ʠʟʦʙʨʘʞʝʥ Reduced CFG ʦʪ ɸʥʘʣʠʟʘʪʦʨʘ IR. 
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ʈʠʩ. 18. ʅʘʯʘʣʴʥʳʡ CFG ʧʨʦʮʝʜʫʨʳ thread_func ʚ ʘʣʛʦʨʠʪʤʝ ʩʧʠʥ-ʙʣʦʢʠʨʦʚʢʠ. 

 

 

ʈʠʩ. 19. Opt IR ʚ ʚʠʜʝ CFG ʧʨʦʮʝʜʫʨʳ thread_func ʚ ʘʣʛʦʨʠʪʤʝ ʩʧʠʥ-ʙʣʦʢʠʨʦʚʢʠ. 
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ʈʠʩ. 20. ʇʨʝʦʙʨʘʟʦʚʘʥʠʝ Reduced Opt IR ʚ Reduced CFG ʧʨʦʮʝʜʫʨʳ thread_func ʚ ʘʣʛʦʨʠʪʤʝ 

ʩʧʠʥ-ʙʣʦʢʠʨʦʚʢʠ. 

 

ʌʠʥʘʣʴʥʳʤ ʵʪʘʧʦʤ ʦʧʪʠʤʠʟʘʮʠʠ ʘʥʘʣʠʟʠʨʫʝʤʦʛʦ ʢʦʥʪʝʢʩʪʘ ʧʝʨʝʜ 

ʩʪʘʪʠʯʝʩʢʠʤ ʘʥʘʣʠʟʦʤ ʷʚʣʷʝʪʩʷ ʪʨʘʥʩʣʷʮʠʷ Reduced CFG ʚ ʥʫʞʥʦʛʦ ʚʠʜʘ 

ʣʠʩʪʠʥʛ, ʢʦʪʦʨʳʡ ʧʦʜʘʝʪʩʷ ʘʥʘʣʠʟʘʪʦʨʫ ʥʘ Wolfram Mathematica. ɺ ʵʪʦʤ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʠ ʠʥʩʪʨʫʢʮʠʠ LLVM  IR ʦʪʦʙʨʘʞʘʶʪʩʷ ʚ ʜʚʘ ʢʣʘʩʩʘ ʪʠʧʦʚ 

ʦʧʝʨʘʮʠʡ (W/R), ʘ ʪʘʢʞʝ ʚ ʢʣʘʩʩʳ ʚʥʫʪʨʝʥʥʝʛʦ ʪʠʧʘ ʦʧʝʨʘʮʠʡ. ɽʩʣʠ ʠʥʩʪʨʫʢʮʠʷ 

ʥʘʭʦʜʠʪʩʷ ʠʟ ʢʣʘʩʩʘ ʘʪʦʤʘʨʥʳʭ ʠʥʩʪʨʫʢʮʠʡ, ʪʦ ʦʧʝʨʘʮʠʷ ʧʦʤʝʯʘʝʪʩʷ ʢʘʢ S-ʪʠʧʘ. 

ɽʩʣʠ ʠʥʩʪʨʫʢʮʠʷ ʧʨʠʥʘʜʣʝʞʠʪ ʢʣʘʩʩʫ ʩʨʘʚʥʝʥʠʷ, ʦʧʝʨʘʮʠʷ ʧʦʤʝʯʘʝʪʩʷ ʢʘʢ C-

ʪʠʧʘ. ɽʩʣʠ ʦʧʝʨʘʮʠʷ ʥʝ ʚʭʦʜʠʪ ʥʠ ʚ ʦʜʠʥ ʠʟ ʢʣʘʩʩʦʚ ʠʥʩʪʨʫʢʮʠʡ, ʪʦ ʦʥʘ 

ʧʦʤʝʯʘʝʪʩʷ ʢʘʢ U-ʪʠʧʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʪʨʘʥʩʣʠʨʦʚʘʥʥʳʡ ʣʠʩʪʠʥʛ Reduced CFG 

ʜʣʷ ʘʣʛʦʨʠʪʤʘ ʩʧʠʥ-ʙʣʦʢʠʨʦʚʢʠ ʚʳʛʣʷʜʠʪ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 
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Init   

W   lock   lock =0 

Thread  

R   lock    lock ==0 CS 

W   lock    lock =1  U 

R   V2     V2==0   C 

W   lock    lock =0  U 

Thread  

R   lock   lock==0 CS  

W   lock   lock=1  U  

R   V2     V2==0   C 

W   lock   lock=0  U  

End 

 

ɸʥʘʣʠʟʘʪʦʨ ʥʘ Wolfram Mathematica ʦʙʥʘʨʫʞʠʣ ʜʣʷ ʜʘʥʥʦʛʦ ʣʠʩʪʠʥʛʘ 

Reduced CFG 14 ʢʣʘʩʩʦʚ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ (ʩʤ. ʇʨʠʣʦʞʝʥʠʝ). ɸʥʘʣʠʟ ʥʘ 

ʨʘʩʯʝʪʥʦʤ ʛʨʘʬʝ ʚʳʷʚʠʣ ʪʦʣʴʢʦ 2 ʜʦʧʫʩʪʠʤʳʭ ʧʫʪʝʡ ʠʩʧʦʣʥʝʥʠʷ ʥʘ ʛʨʘʬʝ 

ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ, ʢʦʪʦʨʳʝ ʦʪʦʙʨʘʞʝʥʳ ʥʘ ʨʠʩ. 21.  

 

ʈʠʩ. 21. ɼʦʧʫʩʪʠʤʳʝ ʧʫʪʠ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ ʚ ʘʣʛʦʨʠʪʤʝ ʩʧʠʥ-ʙʣʦʢʠʨʦʚʢʠ. 

 

ʂʘʢ ʚʠʜʥʦ ʥʘ ʨʠʩ. 21, ʥʠ ʦʜʠʥ ʠʟ ʜʦʧʫʩʪʠʤʳʭ ʧʫʪʝʡ ʥʝ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʪʦʯʢʫ 

S, ʯʪʦ ʦʟʥʘʯʘʝʪ ʥʝʚʦʟʤʦʞʥʦʩʪʴ ʦʜʥʦʚʨʝʤʝʥʥʦʛʦ ʥʘʣʠʯʠʷ ʧʦʪʦʢʦʚ ʚ ʢʨʠʪʠʯʝʩʢʦʡ 

ʩʝʢʮʠʠ. ʆʪʩʶʜʘ ʚʳʪʝʢʘʝʪ ʚʳʚʦʜ, ʯʪʦ ʘʣʛʦʨʠʪʤ ʫʩʧʝʰʥʦ ʨʘʟʨʝʰʘʝʪ ʢʨʠʪʠʯʝʩʢʫʶ 

ʩʝʢʮʠʶ ʠ ʷʚʣʷʝʪʩʷ ʢʦʨʨʝʢʪʥʳʤ. 

S S 



67 

3.2. ʅʝʢʦʨʨʝʢʪʥʳʡ ʘʣʛʦʨʠʪʤ ʩʧʠʥ-ʙʣʦʢʠʨʦʚʢʠ 

 

ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʨʘʩʩʤʦʪʨʠʤ ʥʝʢʦʨʨʝʢʪʥʳʡ ʘʣʛʦʨʠʪʤ ʩʧʠʥ-ʙʣʦʢʠʨʦʚʢʠ, 

ʟʘʤʝʥʠʚ ʘʪʦʤʘʨʥʳʝ ʠʥʩʪʨʫʢʮʠʠ CAS ʥʘ ʘʥʘʣʦʛʠʯʥʳʝ, ʥʦ ʨʘʟʜʝʣʴʥʳʝ [37]. 

static void *thread_func ( void * args_ptr )  

{  

    while ( lock != SPINLOCK_FREE );  

    lock = SPINLOCK_BUSY;  

    /**** Critical section -  Spinlock was captured ****/  

    lock = SPINLOCK_FREE;  

}  

 

ʀʟ ʧʨʠʚʝʜʝʥʥʦʛʦ ʧʨʠʤʝʨʘ ʥʝʢʦʨʨʝʢʪʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʩʧʠʥ-ʙʣʦʢʠʨʦʚʢʠ 

ʢʦʥʝʯʥʳʡ ʢʦʥʪʝʢʩʪ ʧʨʦʛʨʘʤʤʳ ʠʟʦʙʨʘʞʝʥ ʥʘ ʨʠʩ. 21.  

 

 

ʈʠʩ. 21. ʇʨʝʦʙʨʘʟʦʚʘʥʠʝ IR ʚ Reduced CF ʧʨʦʮʝʜʫʨʳ thread_func ʚ ʥʝʢʦʨʨʝʢʪʥʦʤ ʘʣʛʦʨʠʪʤʝ 

ʩʧʠʥ-ʙʣʦʢʠʨʦʚʢʠ. 
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ʃʠʩʪʠʥʛ Reduced CFG ʧʨʠ ʵʪʦʤ ʙʫʜʝʪ ʩʛʝʥʝʨʠʨʦʚʘʥ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

Init  

W   lock    lock=0  

Thread  

R   lock    V2=lock U  

R   V2      V2==0   C  

W   lock    lock=1  U  

W   lock    lock=0  U  

Thread  

R   lock    V2=lo ck U  

R   V2      V2==0   C  

W   lock    lock=1  U  

W   lock     lock =0  U 

End 

 

ɼʘʥʥʳʡ ʣʠʩʪʠʥʛ ʪʘʢʞʝ ʩʦʟʜʘʝʪ 14 ʢʣʘʩʩʦʚ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʝʡ (ʩʤ. 

ʇʨʠʣʦʞʝʥʠʝ), ʢʦʪʦʨʳʝ ʥʘʭʦʜʷʪʩʷ ʘʥʘʣʠʟʘʪʦʨʦʤ ʥʘ Wolfram Mathematica. ɸʥʘʣʠʟ 

ʧʫʪʝʡ ʜʘʥʥʳʭ ʢʣʘʩʩʦʚ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʝʡ ʥʘ ʨʘʩʯʝʪʥʦʤ ʛʨʘʬʝ ʧʦʢʘʟʳʚʘʝʪ 8 

ʚʦʟʤʦʞʥʳʭ ʧʫʪʝʡ ʠʩʧʦʣʥʝʥʠʷ ʥʘ ʛʨʘʬʝ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ, 

ʢʦʪʦʨʳʝ ʠʟʦʙʨʘʞʝʥʳ ʥʘ ʨʠʩ. 22. 

 

ʈʠʩ. 22. ɼʦʧʫʩʪʠʤʳʝ ʧʫʪʠ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ ʚ ʥʝʢʦʨʨʝʢʪʥʦʤ ʘʣʛʦʨʠʪʤʝ ʩʧʠʥ-

ʙʣʦʢʠʨʦʚʢʠ. 
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ʂʘʢ ʚʠʜʥʦ ʥʘ ʨʠʩ. 22 ʩʨʝʜʠ ʥʘʡʜʝʥʥʳʭ ʜʦʧʫʩʪʠʤʳʭ ʧʫʪʝʡ ʝʩʪɹ  ʪʝ, ʢʦʪʦʨʳʝ 

ʧʨʦʭʦʜʷʪ ʯʝʨʝʟ ʪʦʯʢʫ S, ʢʦʪʦʨʘʷ ʛʦʚʦʨʠʪ ʦ ʥʘʣʠʯʠʠ ʜʚʫʭ ʦʜʥʦʚʨʝʤʝʥʥʦ ʧʦʪʦʢʦʚ 

ʚ ʢʨʠʪʠʯʝʩʢʦʡ ʩʝʢʮʠʠ. ʆʪʩʶʜʘ ʤʳ ʟʘʢʣʶʯʘʝʤ, ʯʪʦ ʜʘʥʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʘʣʛʦʨʠʪʤʘ 

ʥʝ ʨʘʟʨʝʰʘʝʪ ʢʨʠʪʠʯʝʩʢʫʶ ʩʝʢʮʠʶ ʠ ʚʦʟʤʦʞʥʦ ʥʝʨʘʟʨʝʰʠʤʦʝ ʩʦʩʪʦʷʥʠʝ ʛʦʥʢʠ.  

ɼʘʥʥʳʡ ʧʨʠʤʝʨ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʤʝʪʦʜʘ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ 

ʥʘ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʦʤ ʢʦʥʪʝʢʩʪʝ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʧʨʦʛʨʘʤʤʳ ʠ 

ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʧʨʦʛʨʘʤʤ ʦʙʥʘʨʫʞʠʚʘʪʴ ʩʦʩʪʦʷʥʠʷ ʛʦʥʢʠ. 

 

3.3. ɸʣʛʦʨʠʪʤ ʇʝʪʝʨʩʦʥʘ 

 

ʈʝʘʣʠʟʘʮʠʷ ʘʣʛʦʨʠʪʤʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʧ. 2.2 [32-34]. ʇʦʩʢʦʣʴʢʫ ʨʝʘʣʠʟʘʮʠʷ 

ʧʦʪʦʢʦʚ ʩʠʤʤʝʪʨʠʯʥʘʷ, ʪʦ ʜʦʩʪʘʪʦʯʥʦ ʨʘʩʩʤʦʪʨʝʪʴ ʦʜʠʥ ʠʟ ʥʠʭ. ʅʘʯʘʣʴʥʦʝ 

ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʧʦʪʦʢʦʚ ʚ ʚʠʜʝ LLVM  IR ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 6. Opt IR, ʧʦʣʫʯʝʥʥʳʡ 

ɸʥʘʣʠʟʘʪʦʨʦʤ IR, ʧʦʢʘʟʘʥ ʥʘ ʨʠʩ. 7. 

ɼʘʣʝʝ ɸʥʘʣʠʟʘʪʦʨ IR ʧʦʣʫʯʘʝʪ Reduced Opt IR, ʢʦʪʦʨʳʡ ʠʟʦʙʨʘʞʝʥ ʥʘ 

ʨʠʩ. 11. ʀʟ Reduced Opt IR ʧʦʣʫʯʘʝʪʩʷ Reduced CFG. ɼʝʪʘʣʠ ʵʪʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ 

ʙʳʣʠ ʦʧʠʩʘʥʳ ʚ ʧ. 2.6, ʧʨʠ ʵʪʦʤ ʨʝʜʫʮʠʨʦʚʘʥʥʳʡ ʛʨʘʬ ʠʟʦʙʨʘʞʝʥ ʥʘ ʨʠʩ. 12. 

Reduced CFG ʧʦʜʘʝʪʩʷ ʘʥʘʣʠʟʘʪʦʨʫ ʥʘ Wolfram Mathematica, ʢʦʪʦʨʳʡ 

ʩʪʨʦʠʪ ʛʨʘʬ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ, ʠʱʝʪ ʢʣʘʩʩʳ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ, ʦʧʨʝʜʝʣʷʝʪ 

ʧʫʪʠ ʥʘ ʢʘʞʜʦʤ ʢʣʘʩʩʝ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʠ ʧʨʦʚʦʜʠʪ ʠʭ ʘʥʘʣʠʟ ʥʘ ʨʘʩʯʝʪʥʦʤ 

ʛʨʘʬʝ. ʇʨʦʤʝʞʫʪʦʯʥʳʝ ʠʪʦʛʠ ʨʘʙʦʪʳ ʜʘʥʥʦʛʦ ʘʥʘʣʠʟʘʪʦʨʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ 

ʇʨʠʣʦʞʝʥʠʠ ʜʘʥʥʦʡ ʨʘʙʦʪʳ. 

ʉʪʦʠʪ ʫʧʦʤʷʥʫʪʴ ʧʨʦ ʚʭʦʜʥʳʝ ʜʘʥʥʳʝ, ʢʦʪʦʨʳʝ ʧʦʜʘʶʪʩʷ ʚ ʘʥʘʣʠʟʘʪʦʨ ʥʘ 

Wolfram Mathematica. Reduced CFG ʠʟ ʬʦʨʤʘʪʘ LLVM  IR ʧʨʝʦʙʨʘʟʦʚʘʥ ʚ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʣʠʩʪʠʥʛ, ʢʦʪʦʨʳʡ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

Init  

W flag 0 flag 0=0 

W flag1  flag1=0  

Thread  

W turn   turn=1  U 
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W fl ag0  flag0=1  U 

R turn   VR2=turn  U 

R VR2  VR2==1 C 

R flag1  VR5=flag1  U 

R VR5  VR5==1 C 

W flag0  flag0=0  U 

Thread  

W turn   turn=0  U 

W flag1  flag1=1  U 

R turn   VR2=turn  U 

R VR2  VR2==0 C 

R flag0  VR5=flag0  U 

R VR5  VR5==1 C 

W flag 1 flag 1=0 U 

End 

 

ʈʝʟʫʣʴʪʘʪ ʘʥʘʣʠʟʘ ʥʘ Reduced CFG ʧʦʢʘʟʘʣ 24 ʢʣʘʩʩʘ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ (ʩʤ. 

ʇʨʠʣʦʞʝʥʠʝ), ʘʥʘʣʠʟ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʢʣʘʩʩʦʚ ʧʦʢʘʟʘʣ 2 ʜʦʩʪʫʧʥʳʭ ʧʫʪʠ 

ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ (ʩʤ. ʨʠʩ. 15) ʥʘ ʨʘʩʯʝʪʥʦʤ ʛʨʘʬʝ, ʢʦʪʦʨʳʝ ʥʝ ʧʨʦʭʦʜʷʪ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʧʦ ʢʨʠʪʠʯʝʩʢʦʡ ʩʝʢʮʠʠ. ʆʪʩʶʜʘ ʚʳʪʝʢʘʝʪ ʚʳʚʦʜ, ʯʪʦ ʘʣʛʦʨʠʪʤ 

ʢʦʨʨʝʢʪʥʦ ʨʘʟʨʝʰʘʝʪ ʢʨʠʪʠʯʝʩʢʫʶ ʩʝʢʮʠʶ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʟʘʢʣʶʯʘʝʤ, ʯʪʦ 

ʨʝʘʣʠʟʦʚʘʥʥʘʷ ʤʦʜʝʣʴ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʥʘ ʦʧʪʠʤʠʟʠʨʫʝʤʦʤ 

ʧʨʦʤʝʞʫʪʦʯʥʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʜʣʷ ʘʣʛʦʨʠʪʤʘ ʇʝʪʝʨʩʦʥʘ ʨʘʙʦʪʘʝʪ ʢʦʨʨʝʢʪʥʦ. 

 

3.4. ʉʪʝʢ ʊʨʝʡʙʝʨʘ 

 

ʉʪʝʢ ʊʨʝʡʙʝʨʘ ï ʥʝʙʣʦʢʠʨʫʶʱʘʷ ʨʝʘʣʠʟʘʮʠʷ ʩʪʝʢʘ, ʘʣʛʦʨʠʪʤ ʢʦʪʦʨʦʛʦ ʙʳʣ 

ʚʧʝʨʚʳʝ ʦʧʠʩʘʥ ʚ 1986 ʛ. ʈ.ʂ. ʊʨʝʡʙʝʨʦʤ [20, 27, 36]. ʆʨʠʛʠʥʘʣʴʥʘʷ ʨʝʘʣʠʟʘʮʠʷ 

ʘʣʛʦʨʠʪʤʘ ʙʳʣʘ ʥʘ ʷʟʳʢʝ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ HLASM [21]. ʆʙʳʯʥʦ ʨʝʘʣʠʟʘʮʠʷ 

ʘʣʛʦʨʠʪʤʘ ʧʨʝʜʧʦʣʘʛʘʝʪ ʜʚʘ ʠʥʪʝʨʬʝʡʩʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʦ ʩʪʝʢʦʤ: PUSH(), 

POP(). ʅʠʞʝ ʧʨʠʚʝʜʝʥʘ ʨʝʘʣʠʟʘʮʠʷ ʘʣʛʦʨʠʪʤʘ ʥʘ ʷʟʳʢʝ ʉʠ. 
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/* Non- blocking  stack  using  Treiber ' s algorithm  */  

 

#define CAS(a,b,c) __sync_bool_compare_and_swap (a,b,c)  

typedef struct node Node;  

 

Node * volatile GlobalTop;  

 

struct node {  

    Node * next;  

    int value;  

     

    node (int val) {  

        value = val;  

        next = NULL;  

    }  

};  

 

// --------------------------------------------------------------  

// Push an element onto the stack  

// ----------------------------------------------------- ---------  

void PUSH(int value) {  

    Node * oldHead;  

    Node * newHead = new Node(value);  

    do {  

        oldHead = GlobalTop;  

        newHead- >next = oldHead;  

    } while (!CAS(&GlobalTop, oldHead, newHead));  

}  

 

// -------------------------------------- ------------------------  

// Pop an element off the stack  

// --------------------------------------------------------------  

int POP() {  

    Node * oldHead;  

    Node * newHead;  

    do {  

        oldHead = GlobalTop;  

        if (oldHead == NULL) return 0;  

        newHead = oldHead - >next;  

    } while (!CAS(&GlobalTop, oldHead, newHead));  

    return oldHead - >value;  

}  

 

ʈʘʟʜʝʣʷʝʤʳʤʠ ʧʝʨʝʤʝʥʥʳʤʠ ʜʣʷ ʜʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʷʚʣʷʶʪʩʷ ʵʣʝʤʝʥʪʳ 

ʩʪʝʢʘ. ɺ ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ ʨʘʟʜʝʣʷʝʤʦʡ ʧʝʨʝʤʝʥʥʦʡ ʷʚʣʷʝʪʩʷ ʪʦʣʴʢʦ ʫʢʘʟʘʪʝʣʴ 

ʥʘ ʚʝʨʰʠʥʫ ʩʪʝʢʘ.  

ʈʘʩʩʤʦʪʨʠʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ɸʥʘʣʠʟʘʪʦʨʘ IR. ʅʘ ʨʠʩ. 23 ʠʟʦʙʨʘʞʝʥʦ 

ʥʘʯʘʣʴʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ POP() ʠʥʪʝʨʬʝʡʩʘ, ʥʘ ʨʠʩ. 24 ʪʘʢʞʝ ʠʟʦʙʨʘʞʝʥʦ 
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ʥʘʯʘʣʴʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ PUSH() ʠʥʪʝʨʬʝʡʩʘ. ɸʥʘʣʠʟʘʪʦʨ IR ʧʨʝʦʙʨʘʟʫʝʪ 

ʢʘʞʜʳʡ ʠʟ ʠʥʪʝʨʬʝʡʩʦʚ ʚ Opt IR, ʨʝʟʫʣʴʪʘʪ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʠʟʦʙʨʘʞʝʥ ʥʘ 

ʨʠʩ. 25. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ. 25, ʣʠʥʝʘʨʠʟʘʮʠʷ ʛʨʘʬʘ ʩ ʧʦʤʦʱʴʶ ʦʧʪʠʤʠʟʘʮʠʡ 

ʢʦʤʧʠʣʷʪʦʨʘ LLVM  ʜʘʝʪ ʩʫʱʝʩʪʚʝʥʥʫʶ ʚʳʛʦʜʫ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʠʩʩʣʝʜʫʝʤʦʛʦ 

ʤʝʪʦʜʘ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ. ɼʘʣʝʝ ʥʘ ʨʠʩ. 26 ʧʨʠʚʝʜʝʥ Reduced Opt IR 

ʠʥʪʝʨʬʝʡʩʦʚ, ʧʦʣʫʯʝʥʥʳʭ ɸʥʘʣʠʟʘʪʦʨʦʤ IR. ʇʨʠ ʧʦʣʫʯʝʥʠʠ Reduced Opt IR ʜʣʷ 

ʧʨʦʮʝʜʫʨʳ PUSH() ʙʳʣʠ ʧʨʠʤʝʥʝʥʳ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʧʨʘʚʠʣʘ ʫʜʘʣʝʥʠʷ: 

¶ ʫʜʘʣʠʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʦ store ʠʥʩʪʨʫʢʮʠʠ ʠʟ %0 ʫʟʣʘ (ʩʤ. ʨʠʩ. 26), ʧʦʩʢʦʣʴʢʫ 

ʦʥʠ ʠ ʠʭ ʘʨʛʫʤʝʥʪʳ ʥʝ ʩʚʷʟʘʥʳ ʩ ʨʘʟʜʝʣʷʝʤʦʡ ʧʝʨʝʤʝʥʥʦʡ GlobalTop; 

¶ ʥʝ ʫʜʘʣʷʪʴ Call ʠʥʩʪʨʫʢʮʠʶ ʠʟ %0 ʫʟʣʘ (ʩʤ. ʨʠʩ. 26), ʦʩʫʱʝʩʪʚʣʷʶʱʘʷ ʚʳʟʦʚ 

ʙʠʙʣʠʦʪʝʯʥʦʡ ʬʫʥʢʮʠʠ new(), ʢʦʪʦʨʘʷ ʚʦʟʚʨʘʱʘʝʪ ʫʢʘʟʘʪʝʣʴ ʥʘ 

ʜʠʥʘʤʠʯʝʩʢʫʶ ʧʘʤʷʪʴ. 

ʅʘ ʟʘʢʣʶʯʠʪʝʣʴʥʦʤ ʵʪʘʧʝ ʪʨʘʥʩʬʦʨʤʘʮʠʠ LLVM  IR ʧʦʣʫʯʘʝʤ Reduced CFG 

ʠʩʩʣʝʜʫʝʤʳʭ ʧʨʦʮʝʜʫʨ PUSH() ʠ POP(). ʅʘ ʨʠʩ. 26 ʚʠʜʥʳ ʧʫʩʪʳʝ CFG-ʫʟʣʳ, ʯʪʦ 

ʜʘʝʪ ʦʩʥʦʚʘʥʠʝ ʜʣʷ ʙʦʣʝʝ ʛʣʫʙʦʢʦʡ ʣʠʥʝʘʨʠʟʘʮʠʠ CFG. ʅʘ ʨʠʩ. 27 ʧʨʠʚʝʜʝʥ 

Reduced CFG ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʨʦʮʝʜʫʨ. ʇʨʦʚʝʜʝʤ ʧʦʠʩʢ ʩʦʩʪʦʷʥʠʡ ʛʦʥʦʢ ʥʘ 

ʧʦʣʫʯʝʥʥʦʤ Reduced CFG ʧʨʦʮʝʜʫʨ. 

ʈʘʩʩʤʦʪʨʠʤ ʪʨʠ ʩʮʝʥʘʨʠʷ ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʜʚʫʭ ʧʦʪʦʢ: 

1. ʇʝʨʚʳʡ ʧʦʪʦʢ ʚʳʟʳʚʘʝʪ POP(), ʚʪʦʨʦʡ ʧʦʪʦʢ ï POP(). 

2. ʇʝʨʚʳʡ ʧʦʪʦʢ ï PUSH(), ʚʪʦʨʦʡ ʧʦʪʦʢ ï PUSH(). 

3. ʇʝʨʚʳʡ ʧʦʪʦʢ ï PUSH(), ʚʪʦʨʦʡ ʧʦʪʦʢ ï POP(). 

ʉʮʝʥʘʨʠʠ ʚʳʰʝ ʷʚʣʷʶʪʩʷ ʙʘʟʦʚʳʤʠ ʩʮʝʥʘʨʠʷʤʠ, ʠ ʣʶʙʳʝ ʜʨʫʛʠʝ ʩʮʝʥʘʨʠʠ 

ʦʧʝʨʠʨʦʚʘʥʠʷ ʩʦ ʩʪʝʢʦʤ ʯʝʨʝʟ PUSH() ʠ POP() ʝʩʪʴ ʢʦʤʧʦʟʠʮʠʷ ʙʘʟʦʚʳʭ 

ʩʮʝʥʘʨʠʝʚ. ʇʦʵʪʦʤʫ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ ʢʦʨʨʝʢʪʥʦʡ ʠʣʠ ʥʝʢʦʨʨʝʢʪʥʦʡ ʨʘʙʦʪʳ 

ʘʣʛʦʨʠʪʤʘ ʥʘ ʜʘʥʥʳʭ ʙʘʟʦʚʳʭ ʩʮʝʥʘʨʠʷʭ ʙʫʜʝʪ ʚ ʧʦʣʥʦʡ ʤʝʨʝ ʧʦʣʥʳʤ 

ʜʦʢʘʟʘʪʝʣʴʩʪʚʦʤ ʢʦʨʨʝʢʪʥʦʩʪʠ ʠʣʠ ʥʝʢʦʨʨʝʢʪʥʦʩʪʠ ʚʩʝʛʦ ʘʣʛʦʨʠʪʤʘ.  
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ʈʠʩ. 23. ʅʘʯʘʣʴʥʳʡ CFG ʧʨʦʮʝʜʫʨʳ POP() ʚ ʩʪʝʢʝ ʊʨʝʡʙʝʨʘ. 
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ʈʠʩ. 24. ʅʘʯʘʣʴʥʳʡ CFG ʧʨʦʮʝʜʫʨʳ PUSH() ʚ ʩʪʝʢʝ ʊʨʝʡʙʝʨʘ. 
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ʈʠʩ. 25. Opt IR ʧʨʦʮʝʜʫʨ POP() ʠ PUSH() ʚ ʩʪʝʢʝ ʊʨʝʡʙʝʨʘ. 
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ʈʠʩ. 26. Reduced Opt IR ʧʨʦʮʝʜʫʨ POP() ʠ PUSH() ʚ ʩʪʝʢʝ ʊʨʝʡʙʝʨʘ. 
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ʈʠʩ. 27. Reduced CFG ʧʨʦʮʝʜʫʨ POP() ʠ PUSH() ʚ ʩʪʝʢʝ ʊʨʝʡʙʝʨʘ. 
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ʈʘʩʩʤʦʪʨʠʤ ʧʝʨʚʳʡ ʩʮʝʥʘʨʠʡ: ʧʝʨʚʳʡ ʧʦʪʦʢ ï POP(), ʚʪʦʨʦʡ ʧʦʪʦʢ ï 

POP(). ʇʨʝʦʙʨʘʟʦʚʘʥʥʳʡ Reduced CFG ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʣʠʩʪʠʥʛ ʜʣʷ 

ʘʥʘʣʠʟʘʪʦʨʘ ʥʘ Wolfram Mathematica ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

Init  

W   GlobalTop  GlobalTop= <ADDR> 

Thread  

R   GlobalTop   VR2=GlobalTop   U  

R   VR2         VR2!=0          C  

R   VR2         VR6=VR2         U  

R   GlobalTop   VR2==GlobalTop  CS  

W   GlobalTop   GlobalTop=VR6   U  

R   GlobalTop   GlobalTop==VR2  C  

R   VR2          VR13=VR2        U  

Thread  

R   GlobalTop   VR2=GlobalTop   U  

R   VR2         VR2!=0          C  

R   VR2         VR6=VR2         U  

R   GlobalTop   VR2==GlobalTop  CS  

W   GlobalTop   GlobalTop=VR6   U  

R   GlobalTop   GlobalTop==VR2  C  

R   VR2         V R13=VR2        U  

End 

 

ɼʝʣʘʝʪʩʷ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ ʠʟʥʘʯʘʣʴʥʦ ʫʢʘʟʘʪʝʣʴ GlobalTop ʠʤʝʝʪ ʥʝ 

ʥʫʣʝʚʦʝ ʟʥʘʯʝʥʠʝ <ADDR>. ʀʥʩʪʨʫʢʮʠʷ cmpxchg ʦʪʦʙʨʘʞʘʝʪʩʷ ʚ ʜʚʝ ʦʧʝʨʘʮʠʠ 

ʚ ʣʠʩʪʠʥʛʝ: 

R   GlobalTop    VR2==GlobalTop   CS -  ʘʪʦʤʘʨʥʦʝ ʩʨʘʚʥʝʥʠʝ, 

W   GlobalTop    GlobalTo p=VR6   U -  ʟʘʧʠʩʴ ʟʥʘʯʝʥʠʷ. 

ɽʩʣʠ ʚ ʦʪʦʙʨʘʞʘʝʤʦʡ ʚ ʣʠʩʪʠʥʛ ʠʥʩʪʨʫʢʮʠʠ ʝʩʪʴ ʘʨʛʫʤʝʥʪ, ʢʦʪʦʨʳʡ ʚ 

ʣʠʩʪʠʥʛʝ ʝʱʝ ʥʝ ʦʙʲʷʚʣʝʥ, ʪʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʦʤʝʞʫʪʦʯʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ Opt 

LLVM  IR ʜʣʷ ʘʥʘʣʠʟʘ ʵʪʦʛʦ ʘʨʛʫʤʝʥʪʘ ʠ ʪʝʭ ʠʥʩʪʨʫʢʮʠʡ, ʢʦʪʦʨʳʝ ʛʦʪʦʚʷʪ 

ʜʘʥʥʳʡ ʘʨʛʫʤʝʥʪ. ɽʩʣʠ ʩʨʝʜʠ ʠʥʩʪʨʫʢʮʠʡ-ʧʨʝʜʢʦʚ ʝʩʪʴ ʠʥʩʪʨʫʢʮʠʠ, ʩʚʷʟʘʥʥʳʝ ʩ 
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ʨʘʟʜʝʣʷʝʤʦʡ ʧʘʤʷʪʴʶ, ʠ ʜʘʥʥʘʷ ʠʥʩʪʨʫʢʮʠʷ ʫʞʝ ʦʪʦʙʨʘʞʝʥʘ ʚ ʣʠʩʪʠʥʛʝ, ʪʦ 

ʨʝʟʫʣʴʪʠʨʫʶʱʠʡ ʚʠʨʪʫʘʣʴʥʳʡ ʨʝʛʠʩʪʨ ʪʘʢʦʡ ʠʥʩʪʨʫʢʮʠʠ ʟʘʤʝʥʷʝʪ ʘʨʛʫʤʝʥʪ ʚ 

ʘʥʘʣʠʟʠʨʫʝʤʦʡ ʠʥʩʪʨʫʢʮʠʠ. ɺ ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ ʘʨʛʫʤʝʥʪ ʠʥʩʪʨʫʢʮʠʠ ʥʝ 

ʠʟʤʝʥʷʝʪʩʷ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʩʯʝʪ ʥʘ ʧʦʣʫʯʝʥʥʦʤ ʣʠʩʪʠʥʛʝ Reduced CFG ʧʦʢʘʟʘʣ 12 

ʢʣʘʩʩʦʚ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʝʡ (ʩʤ. ʇʨʠʣʦʞʝʥʠʝ), ʘ ʘʥʘʣʠʟ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʵʪʠʭ 

ʢʣʘʩʩʦʚ (ʩʤ. ʇʨʠʣʦʞʝʥʠʝ) ʧʦʢʘʟʘʣ 4 ʜʦʧʫʩʪʠʤʳʭ ʧʫʪʠ ʥʘ ʛʨʘʬʝ ʩʦʚʤʝʩʪʥʦʛʦ 

ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ (ʩʤ. ʨʠʩ. 28). ʂʨʠʪʠʯʝʩʢʦʡ ʩʝʢʮʠʝʡ ʚ ʧʨʦʮʝʜʫʨʝ ʙʫʜʝʪ 

ʥʘʯʘʣʦ ʦʧʝʨʘʮʠʷ  

çW   GlobalTop    GlobalTop =VR6   Uè, 

ʘ ʪʦʯʢʘ ʦʜʥʦʚʨʝʤʥʥʦʛʦ ʥʘʭʦʞʜʝʥʠʷ ʜʚʫʭ ʧʦʪʦʢʦʚ ʢʨʠʪʠʯʝʩʢʦʡ ʩʝʢʮʠʠ 

ʦʙʦʟʥʘʯʝʥʘ ʙʫʢʚʦʡ S ʥʘ ʨʠʩ. 28.  

 

ʈʠʩ. 28. ɼʦʧʫʩʪʠʤʳʝ ʧʫʪʠ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ ʚ ʧʨʠ ʧʘʨʘʣʣʝʣʴʥʦʤ ʚʳʟʦʚʝ 

ʧʨʦʮʝʜʫʨʳ POP() ʚ ʢʘʞʜʦʤ ʠʟ ʧʦʪʦʢʝ. 
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ʂʘʢ ʚʠʜʥʦ ʥʘ ʨʠʩ. 28, ʥʝʪ ʥʠ ʦʜʥʦʛʦ ʜʦʧʫʩʪʠʤʦʛʦ ʧʫʪʠ, ʢʦʪʦʨʳʡ ʧʨʦʭʦʜʠʣ 

ʙʳ ʯʝʨʝʟ ʪʦʯʢʫ S, ʯʪʦ ʦʟʥʘʯʘʝʪ ʦʪʩʫʪʩʪʚʠʝ ʦʜʥʦʚʨʝʤʝʥʥʦʛʦ ʥʘʭʦʞʜʝʥʠʷ ʜʚʫʭ 

ʧʦʪʦʢʦʚ ʚ ʢʨʠʪʠʯʝʩʢʦʡ ʩʝʢʮʠʠ. ʆʪʩʶʜʘ ʟʘʢʣʶʯʘʝʤ, ʯʪʦ ʧʨʦʮʝʜʫʨʘ POP() 

ʫʩʧʝʰʥʦ ʨʝʘʣʠʟʫʝʪ ʢʨʠʪʠʯʝʩʢʫʶ ʩʝʢʮʠʶ ʠ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʩʦʩʪʦʷʥʠʶ ʛʦʥʦʢ ʧʨʠ 

ʧʘʨʘʣʣʝʣʴʥʦʤ ʠʩʧʦʣʥʝʥʠʠ ʝʝ ʚ ʧʦʪʦʢʘʭ. 

ʈʘʩʩʤʦʪʨʠʤ ʚʪʦʨʦʡ ʩʮʝʥʘʨʠʡ: ʧʝʨʚʳʡ ʧʦʪʦʢ ï PUSH(), ʚʪʦʨʦʡ ʧʦʪʦʢ ï 

PUSH(). ʇʨʝʦʙʨʘʟʦʚʘʥʥʳʡ Reduced CFG ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʣʠʩʪʠʥʛ ʜʣʷ 

ʘʥʘʣʠʟʘʪʦʨʘ ʥʘ Wolfram Mathematica ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

Init  

W GlobalTop  GlobalTop= <ADDR> 

Thread  

R   VR1         VR1= <ADDR>      U 

R   GlobalTop   VR7=GlobalTop   U  

W   VR7         VR4=VR7         U  

R   GlobalTop   VR7==GlobalTop  CS  

W   GlobalTop   GlobalTop=VR1   U  

R   GlobalTop   GlobalTop==VR7  C  

Thread  

R   VR1         VR1= <ADDR>      U 

R   GlobalTop   VR7=GlobalTop   U  

W   VR7         VR4=VR7         U  

R   GlobalTop   VR7==GlobalTop  CS  

W   GlobalTop   GlobalTop=VR1   U  

R   GlobalT op   GlobalTop==VR7  C  

End 

 

ɸʥʘʣʠʟʘʪʦʨ ʥʘ Wolfram Mathematica ʠʥʪʝʨʧʨʝʪʠʨʫʝʪ <ADDR> ʢʘʢ 

ʥʝʢʦʪʦʨʦʝ ʫʥʠʢʘʣʴʥʦʝ ʯʠʩʣʦ, ʘʩʩʦʮʠʠʨʦʚʘʥʥʦʝ ʩ ʘʜʨʝʩʦʤ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʘʥʘʣʠʟʘʪʦʨʦʤ ʙʳʣʠ ʚʳʷʚʣʝʥʳ 20 ʢʣʘʩʩʦʚ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʥʘ ʜʘʥʥʦʤ ʣʠʩʪʠʥʛʝ 

Reduced CFG (ʩʤ. ʇʨʠʣʦʞʝʥʠʝ). ʂʨʠʪʠʯʝʩʢʘʷ ʩʝʢʮʠ ̫ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʥʘʯʠʥʘʝʪʩʷ 

ʚ ʪʦʯʢʝ ʧʝʨʝʜ ʚʳʧʦʣʥʝʥʠʝʤ ʦʧʝʨʘʮʠʠ  

çW   GlobalTop    GlobalTop =VR1   Uè, 



81 

ʧʨʠ ʵʪʦʤ ʦʜʥʦʚʨʝʤʝʥʥʦʝ ʥʘʭʦʞʜʝʥʠʝ ʧʦʪʦʢʦʚ ʚ ʢʨʠʪʠʯʝʩʢʦʡ ʩʝʢʮʠʠ ʦʙʦʟʥʘʯʝʥʘ 

ʙʫʢʚʦʡ S ʥʘ ʨʘʩʯʝʪʥʦʤ ʛʨʘʬʝ (ʩʤ. ʨʠʩ. 29).  

 

ʈʠʩ. 29. ɼʦʧʫʩʪʠʤʳʝ ʧʫʪʠ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ ʚ ʧʨʠ ʧʘʨʘʣʣʝʣʴʥʦʤ ʚʳʟʦʚʝ 

ʧʨʦʮʝʜʫʨʳ PUSH() ʚ ʢʘʞʜʦʤ ʠʟ ʧʦʪʦʢʝ. 

 

ɸʥʘʣʠʟ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʢʣʘʩʩʦʚ ʚʳʷʚʠʣ 7 ʜʦʧʫʩʪʠʤʳʭ ʧʫʪʝʡ, ʢʦʪʦʨʳʝ 

ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 29. ʅʠ ʦʜʥʠ ʠʟ ʜʦʧʫʩʪʠʤʳʭ ʧʫʪʝʡ ʥʝ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʪʦʯʢʫ S, 

ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʢʦʨʨʝʢʪʥʦʤ ʨʘʟʨʝʰʝʥʠʠ ʢʨʠʪʠʯʝʩʢʦʡ ʩʝʢʮʠʠ ʚ ʩʣʫʯʘʝ 

ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʚʳʟʦʚʘ ʧʨʦʮʝʜʫʨ PUSH() ʚ ʧʦʪʦʢʘʭ. 

ʈʘʩʩʤʦʪʨʠʤ ʪʨʝʪʠʡ ʩʮʝʥʘʨʠʡ: ʧʝʨʚʳʡ ʧʦʪʦʢ ï POP(), ʚʪʦʨʦʡ ʧʦʪʦʢ ï 

PUSH(). ʇʨʝʦʙʨʘʟʦʚʘʥʥʳʡ Reduced CFG ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʣʠʩʪʠʥʛ ʜʣʷ 

ʘʥʘʣʠʟʘʪʦʨʘ ʥʘ Wolfram Mathematica ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 
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Init  

W GlobalTop  GlobalTop= =<ADDR> 

Thread  

R   GlobalTop   VR2=GlobalTop   U  

R   VR2         VR2!=0          C  

R   VR6         VR6=VR2         U  

R   GlobalTop   VR2==GlobalTop  CS  

W   GlobalTop   GlobalTop=VR6   U 

R   GlobalTop   GlobalTop==VR2  C  

R   VR13        VR13=VR2        U  

Thread  

R   VR1         VR1= =<ADDR>     U 

R   GlobalTop   VR7=GlobalTop   U  

W   VR4         VR4=VR7         U  

R   GlobalTop   VR7==GlobalTop  CS  

W   GlobalTop   GlobalTop=VR1   U  

R   Gl obalTop   GlobalTop==VR7  C  

End 

 

ʅʘ ʜʘʥʥʦʤ ʣʠʩʪʠʥʛʝ Reduced CFG ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ 12 ʢʣʘʩʩʦʚ 

ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ (ʩʤ. ʇʨʠʣʦʞʝʥʠʝ). ʅʘʯʘʣʦ ʢʨʠʪʠʯʝʩʢʦʡ ʩʝʢʮʠʠ ʜʣʷ ʧʝʨʚʦʛʦ 

ʧʦʪʦʢʘ ʥʘʯʠʥʘʝʪʩʷ ʚ ʪʦʯʢʝ ʚʳʧʦʣʥʝʥʠʷ ʦʧʝʨʘʮʠʠ  

çW   GlobalTop    GlobalTop =VR6   Uè, 

ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʜʣʷ ʚʪʦʨʦʛʦ ʧʦʪʦʢʘ ʢʨʠʪʠʯʝʩʢʘʷ ʩʝʢʮʠʷ ʚ ʪʦʯʢʝ  

çW   GlobalTop    GlobalTop =VR1   Uè, 

ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʪʦʯʢʘ ʥʘ ʨʘʩʯʝʪʥʦʤ ʛʨʘʬʝ, ʛʜʝ ʦʙʘ ʧʦʪʦʢʘ ʥʘʭʦʜʷʪʩʷ ʚ 

ʢʨʠʪʠʯʝʩʢʦʡ ʩʝʢʮʠʠ ʦʙʦʟʥʘʯʝʥʘ ʪʦʯʢʦʡ S (ʩʤ. ʨʠʩ. 30). ɸʥʘʣʠʟ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ 

ʢʣʘʩʩʦʚ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʧʦʢʘʟʳʚʘʝʪ 4 ʜʦʧʫʩʪʠʤʳʭ ʧʫʪʝʡ, ʧʨʠʯʝʤ, ʢʘʢ ʚʠʜʥʦ ʥʘ 

ʨʠʩ. 30, ʥʠ ʦʜʠʥ ʠʟ ʥʠʭ ʥʝ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʪʦʯʢʫ S. 
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ʈʠʩ. 30. ɼʦʧʫʩʪʠʤʳʝ ʧʫʪʠ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ ʚ ʧʨʠ ʧʘʨʘʣʣʝʣʴʥʦʤ ʚʳʟʦʚʝ 

ʧʨʦʮʝʜʫʨ PUSH() ʠ POP() ʚ ʢʘʞʜʦʤ ʠʟ ʧʦʪʦʢʝ. 

 

ʇʦʩʢʦʣʴʢʫ ʥʠ ʦʜʠʥ ʠʟ ʜʦʧʫʩʪʠʤʳʭ ʧʫʪʝʡ ʥʝ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʪʦʯʢʫ S, 

ʟʘʢʣʶʯʘʝʤ, ʯʪʦ ʦʜʥʦʚʨʝʤʝʥʥʦ ʜʚʘ ʧʦʪʦʢʘ ʚ ʢʨʠʪʠʯʝʩʢʦʡ ʩʝʢʮʠʠ ʥʘʭʦʜʠʪɹʩʷ ʥʝ 

ʤʦʛʫʪ. ʆʪʩʶʜʘ ʚʳʚʦʜ ï ʧʨʦʮʝʜʫʨʳ POP() ʠ PUSH() ʢʦʨʨʝʢʪʥʦ ʨʘʟʨʝʰʘʶʪ 

ʢʨʠʪʠʯʝʩʢʫʶ ʩʝʢʮʠʶ ʧʨʠ ʧʘʨʘʣʣʝʣʴʥʦʤ ʠʩʧʦʣʥʝʥʠʠ ʚ ʧʦʪʦʢʘʭ. 

ɺʩʝ ʪʨʠ ʙʘʟʦʚʳʭ ʩʣʫʯʘʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʥʪʝʨʬʝʡʩʦʚ ʩʪʝʢʘ ʊʨʝʡʙʝʨʘ (POP-

POP, PUSH-PUSH, PUSH-POP) ʧʦʢʘʟʘʣʠ ʢʦʨʨʝʢʪʥʫʶ ʨʘʙʦʪʫ ʩ ʢʨʠʪʠʯʝʩʢʦʡ 

ʩʝʢʮʠʝʡ ʠ ʢ ʩʦʩʪʦʷʥʠʶ ʛʦʥʢʠ ʥʝ ʧʨʠʚʦʜʷʪ. ʇʦʩʢʦʣʴʢʫ ʣʶʙʦʝ ʧʘʨʘʣʣʝʣʴʥʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩʦ ʩʪʝʢʦʤ ʯʝʨʝʟ ʠʥʪʝʨʬʝʡʩ PUSH(), POP() ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ 

ʯʝʨʝʟ ʩʦʚʦʢʫʧʥʦʩʪʴ ʙʘʟʦʚʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ, ʟʘʢʣʶʯʘʝʤ, ʯʪʦ ʘʣʛʦʨʠʪʤ ʩʪʝʢʘ 

ʊʨʝʡʙʝʨʘ ʨʘʙʦʪʘʝʪ ʢʦʨʨʝʢʪʥʦ ʠ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʩʦʩʪʦʷʥʠʶ ʛʦʥʦʢ. 
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3.5. ɺʳʚʦʜʳ 

 

ʈʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʫʢʘʟʳʚʘʶʪ ʥʘ ʫʩʧʝʰʥʦʩʪʴ ʨʘʙʦʪʳ ʨʘʟʨʘʙʦʪʘʥʥʦʡ 

ʩʠʩʪʝʤʳ ʚʝʨʠʬʠʢʘʮʠʠ ʤʥʦʛʦʧʦʪʦʯʥʳʭ ʧʨʦʛʨʘʤʤ ʥʘ ʦʩʥʦʚʝ ʘʜʘʧʪʠʨʦʚʘʥʥʦʡ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʣʠʥʝʘʨʠʟʦʚʘʥʥʦʛʦ ʛʨʘʬʘ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ ʧʨʦʛʨʘʤʤʳ. ʉʦʩʪʦʷʪʝʣʴʥʦʩʪʴ 

ʤʦʜʝʣʠ ʩʣʝʜʫʝʪ ʚʩʣʝʜʩʪʚʠʝ ʩʦʚʧʘʜʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʩ 

ʦʙʱʝʧʨʠʟʥʘʥʥʳʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ ʤʦʜʝʣʴʥʳʭ ʟʘʜʘʯ, ʦʧʠʩʘʥʥʳʭ ʚ ʢʦʤʧʝʪʝʥʪʥʳʭ 

ʥʘʫʯʥʳʭ ʪʨʫʜʘʭ. 

ʇʣʘʪʬʦʨʤʦʥʝʟʘʚʠʩʠʤʦʩʪʴ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʰʠʨʦʢʦ 

ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʦʧʪʠʤʠʟʠʨʫʶʱʝʛʦ ʢʦʤʧʠʣʷʪʦʨʘ CLANG&LLVM  ʧʦʟʚʦʣʷʝʪ ʥʘ 

ʧʨʘʢʪʠʢʝ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʠʩʪʝʤʫ ʚʝʨʠʬʠʢʘʮʠʠ ʜʣʷ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʇʆ ʜʣʷ 

ʨʘʟʣʠʯʥʳʭ ʘʨʭʠʪʝʢʪʫʨ ʠ ʧʣʘʪʬʦʨʤ. 
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ɿʘʢʣʶʯʝʥʠʝ 

 

ɺ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ, ʘʜʘʧʪʠʨʦʚʘʥʘ ʠ ʨʝʘʣʠʟʦʚʘʥʘ 

ʤʘʪʝʤʘʪʠʯʝʩʢʘ ̫ ʤʦʜʝʣʴ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʤʥʦʛʦʧʦʪʦʯʥʳʭ ʧʨʦʛʨʘʤʤ ʥʘ 

ʦʩʥʦʚʝ ʛʨʘʬʘ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʧʦʪʦʢʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʦʛʦ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʧʨʦʛʨʘʤʤʳ ʚ ʢʘʯʝʩʪʚʝ 

ʘʥʘʣʠʟʠʨʫʝʤʦʛʦ ʢʦʥʪʝʢʩʪʘ ʚ ʩʪʘʪʠʯʝʩʢʦʤ ʘʥʘʣʠʟʝ.  

ʇʨʠʤʝʥʝʥʠʝ ʧʣʘʪʬʦʨʤʦʥʝʟʘʚʠʩʠʤʦʛʦ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ 

ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʦʧʪʠʤʠʟʠʨʫʶʱʝʛʦ ʢʦʤʧʠʣʷʪʦʨʘ ʧʦʟʚʦʣʠʣʦ ʫʧʨʦʩʪʠʪʴ ʘʥʘʣʠʟ ʠ 

ʧʦʚʳʩʠʪʴ ʧʨʠʤʝʥʠʤʦʩʪʴ ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʝʪʦʜʘ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʚ 

ʧʨʦʤʳʰʣʝʥʥʳʭ ʢʦʤʧʣʝʢʩʘʭ ʧʨʦʛʨʘʤʤ. ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʤʝʪʦʜ ʣʠʥʝʘʨʠʟʘʮʠʠ 

ʛʨʘʬʘ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ ʧʨʦʛʨʘʤʤʳ ʜʣʷ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʧʦʟʚʦʣʠʣ 

ʩʫʱʝʩʪʚʝʥʥʦ ʩʦʢʨʘʪʠʪʴ ʘʥʘʣʠʟʠʨʫʝʤʳʡ ʢʦʥʪʝʢʩʪ ʧʨʦʛʨʘʤʤʳ, ʫʣʫʯʰʠʚ ʢʘʯʝʩʪʚʘ 

ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ. 

ɺ ʧʨʦʮʝʩʩʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʣʫʯʝʥʳ ʩʣʝʜʫʶʱʠʝ ʨʝʟʫʣʴʪʘʪʳ: 

1. ʇʨʦʛʨʘʤʤʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʩʠʩʪʝʤʳ ʚʝʨʠʬʠʢʘʮʠʠ ʩʦʩʪʦʷʥʠʷ ʛʦʥʦʢ ʚ 

ʤʥʦʛʦʧʦʪʦʯʥʳʭ ʘʣʛʦʨʠʪʤʘʭ ʥʘ ʦʩʥʦʚʝ IR ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʢʦʤʧʠʣʷʪʦʨʘ, 

ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ IR ʧʨʦʛʨʘʤʤ ʨʘʟʣʠʯʥʳʭ ʷʟʳʢʦʚ ʚʳʩʦʢʦʛʦ 

ʫʨʦʚʥʷ, ʨʘʟʥʳʭ ʧʣʘʪʬʦʨʤ ʠ ʘʨʭʠʪʝʢʪʫʨ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʦʙʱʝʧʨʠʟʥʘʥʥʦʛʦ ʠ 

ʧʦʧʫʣʷʨʥʦʛʦ ʢʦʤʧʠʣʷʪʦʨʘ ʛʘʨʘʥʪʠʨʫʝʪ ʧʨʠʤʝʥʠʤʦʩʪʴ ʤʝʪʦʜʘ ʢ ʰʠʨʦʢʦʤʫ 

ʢʣʘʩʩʫ ʟʘʜʘʯ ʥʘ ʜʦʣʛʠʝ ʛʦʜʳ ʚʧʝʨʝʜ. ɺʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ 

ʫʥʠʬʠʮʠʨʦʚʘʥʥʦʛʦ IR ʧʨʦʛʨʘʤʤ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʥʘ ʪʘʢʠʝ ʘʨʭʠʪʝʢʪʫʨʳ 

ʢʘʢ Intel, ARM, Power, ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʨʘʩʰʠʨʠʪʴ ʢʣʘʩʩ 

ʧʨʠʤʝʥʠʤʦʩʪʠ ʤʝʪʦʜʘ ʚ ʩʨʝʜʝ ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʇʆ. ʂʘʢ ʩʣʝʜʩʪʚʠʝ, 

ʧʦʷʚʣʷʝʪʩʷ ʚʝʩʦʤʦʝ ʩʨʝʜʩʪʚʦ ʦʮʝʥʢʠ ʢʘʯʝʩʪʚʘ ʧʨʠ ʨʘʟʨʘʙʦʪʢʠ 

ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʇʆ. 
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2. ɸʜʘʧʪʠʨʦʚʘʥʥʘʷ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʚʝʨʠʬʠʢʘʮʠʠ ʤʥʦʛʦʧʦʪʦʯʥʳʭ 

ʘʣʛʦʨʠʪʤʦʚ. ʇʨʠʚʝʜʝʥʳ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʫʪʚʝʨʞʜʝʥʠʡ ʠ ʪʝʦʨʝʤ, ʢʦʪʦʨʳʝ 

ʧʦʟʚʦʣʠʣʠ ʧʨʠʤʝʥʷʪʴ ʤʦʜʝʣʴ ʥʘ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʦʤ ʧʨʦʤʝʞʫʪʦʯʥʦʤ 

ʧʨʝʜʩʪʘʚʣʝʥʠʠ.  

3. ʄʝʪʦʜ ʣʠʥʝʘʨʠʟʘʮʠʠ ʛʨʘʬʘ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ ʜʣʷ ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ 

ʘʥʘʣʠʟʘ. ʆʩʦʙʝʥʥʦʩʪʴ ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʤʝʪʦʜʘ ʩʪʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ 

ʧʦʟʚʦʣʠʣʘ ʩʦʟʜʘʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ ʦʧʪʠʤʠʟʘʮʠʶ ʛʨʘʬʘ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ, 

ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʦʡ ʫʜʘʣʦʩʴ ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʠʟʙʘʚʠʪʴʩʷ ʦʪ ʣʠʰʥʠʭ 

ʫʟʣʦʚ ʛʨʘʬʘ ʧʦʪʦʢʘ ʫʧʨʘʚʣʝʥʠʷ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʫʤʝʥʴʰʠʪʴ ʢʦʣʠʯʝʩʪʚʦ 

ʚʝʪʚʣʝʥʠʷ ʫʧʨʘʚʣʝʥʠʷ ʥʘ ʛʨʘʬʝ. 

4. ʋʩʧʝʰʥʦʝ ʧʨʠʤʝʥʝʥʠʝ ʩʠʩʪʝʤʳ ʚʝʨʠʬʠʢʘʮʠʠ ʩʦʩʪʦʷʥʠʡ ʛʦʥʦʢ ʥʘ 

ʤʦʜʝʣʴʥʳʭ ʟʘʜʘʯʘʭ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʠʣʠ ʥʝ ʪʦʣʴʢʦ ʧʦʜʪʚʝʨʜʠʪʴ ʥʘʜʝʞʥʦʩʪʴ 

ʥʝʢʦʪʦʨʳʭ ʤʥʦʛʦʧʦʪʦʯʥʳʭ ʘʣʛʦʨʠʪʤʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʥʝʙʣʦʢʠʨʫʶʱʠʭ, ʥʦ 

ʦʙʥʘʨʫʞʠʪʴ ʩʦʩʪʦʷʥʠʝ ʛʦʥʢʠ ʚ ʟʘʚʝʜʦʤʦ ʥʝʢʦʨʨʝʢʪʥʳʭ ʘʣʛʦʨʠʪʤʘʭ. 
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